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Presented here are five papers on large-scale analyses ofa complex shell structure. Thefirst, longerpaper, “Nonlinear Behavior of Space Shuttle Superlightweight
Liquid-Oxygen Tank Under Prelaunch Loads,” covers the structure, the analysis technique, some loading cases, and experimental verification on the method. It is
followed by a companionpaper, “Modeling and Nonlinear Structural Analysis of a Large-Scale Launch Vehicle,” which goes into greater depth on the methods,
and then by three shorter papers, “Effects of Welding-Induced Imperfections on Behavior of Space Shuttle Superlightweight Tank,” “Nonlinear Behavior of
Space Shuttle Superlightweight Tank Under Booster Ascent Loads,” and “Nonlinear Behavior of Space Shuttle Superlightweight Tank Under End-of-Flight
Loads,” covering interesting behavior under differing load cases. These papers are intended to stand on their own (and hence have some redundant introductory
material) but are complementary to one another, and so they are presented here together:

Nonlinear Behavior of Space Shuttle Superlightweight
Liquid-Oxygen Tank Under Prelaunch Loads

Michael P. Nemeth,* Vicki O. Britt,” Richard D. Young,i Timothy J. Collins,} and James H. Starnes Jr.1
NASA Langley Research Center, Hampton, Virginia 23681-2199

The new Space Shuttle superlightweight external fuel tank flew for the first time on 2 June 1998 (Space Trans-
portation System-mission 91). We present results of elastic linear-bifurcation buckling and nonlinear analyses of
one of its major components; that is, the liquid-oxygen tank. The contents include an overview of the structure
and a brief description of the finite element code that was used to conduct the analyses. Results are presented that
illustrate three distinctly different types of nonlinear response phenomena for thin-walled shells that are subjected
to combined mechanical and thermal loads that launch-vehicle shell designers may encounter. A procedure is
demonstrated that can be used by structural analysts and designers to obtain reasonable, conservative estimates of
linear-bifurcation, buckling-load knockdown factors for shells that are subjected to complex loading conditions or
to characterize the effects of initial geometric imperfections on nonlinear shell response phenomena. Results are
also presented that show that the superlightweight liquid-oxygen tank can carry loads in excess of twice the values
of the operational prelaunch loads considered and that a fluid-filled launch-vehicle shell can be highly sensitive to

initial geometric imperfections.

Introduction

HE new eraof internationalcooperationin space has created the

need for the Space Shuttle toreacha 51.6-deg, high-inclination
orbit. Until recently, achieving this orbit required the payload of the
orbiter to be reduced by approximately 10,000 Ib. To recover most
of the lost payload and to faciliate construction of the International
Space Station, NASA began development of a new, lighter-weight
external fuel tank for the Space Shuttle that is made primarily from
an aluminumdithium alloy and that has substantially thinner shell
walls. This new design,referredto by NASA as the superlightweight
(SLWT) tank, weighs approximately 58,000 1b, which is approxi-
mately 8000 1b lighter than the lightweight aluminum external tank
previously in service. The new SLWT external tank flew for the first
time on 2 June 1998 on the last Space Shuttle mission to the MIR
Space Station (Space Transportation System-mission 91).

An important considerationin the design of the SLWT tank was
the nonlinearbehaviorof the thin-walledregions of the structure that
experiencecompressivestresses.Local buckling, globalbuckling,or
excessive stable, wrinklelike bending deformations of the shell wall
can cause the thermal protection system (TPS) to separate from the
tank, which could cause the vehicle to fail. Typically, in designing a
thin-walled shell structure like the SLWT tank, the effects of small
initial geometric imperfections on the stability of the structure must
be considered to obtain a meaningful estimate of the buckling-load
level for a given loading condition. However, the effects of small
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initial geometric imperfections on the stability of even simple shell
geometries that are subjected to combined mechanical and thermal
loadings are not generally known and are often estimated in an ul-
taconservativeand contrived manner from known results for simple
shell geometries that are subjected to simple loading conditions. In
addition, complex shell structures like the SLWT tank may exhibit
nonlinear response phenomena that may not be represented ade-
quately by a contrived shell behavioral model. Certainly, the effects
of small initial geometric imperfections can be obtained for spe-
cific structural configurations by using carefully designed, probably
large-scale, experiments. However, this approach can be costly and
can have significant, undesirable effects on a production schedule.
Thus, it is beneficial to have an analysis approach for problems of
this nature that captures adequately the possible nonlinear response
phenomenaand the effects of small initial geometric imperfections.
With these considerationsin mind, and to ensure that the SLWT tank
design does not have a shell-wall instability response or undesirable
wrinklelike bending deformations, meaningful finite element anal-
ysis predictions of the nonlinear response of the SLWT tank were
sought by NASA.

One component of the SLWT tank that experiences significant
compressive stresses is the liquid-oxygen (LO,) tank. A primary
goal of the SLWT tank study that has been conducted by NASA
was to determine how much additionalload, beyond the operational
loads for two critical prelaunch loading conditions and two critical
flight loading conditions, the LO, tank can withstand before buck-
ling or exhibiting wrinklelike bending deformations that can lead to
failure of the TPS. Toward that goal, this paper presents results of
large-scale elastic linear-bifurcation buckling and nonlinear finite
element analyses of the SLWT LO, tank that were conducted by
NASA Langley Research Center personnel for the two prelaunch
loading conditions. In addition, results are presented for two full-
scale structuraltestsof the originalstandard-weight(SWT)LO, tank
configuration that differs primarily in shell wall thickness, weight,
and material type from the SLWT LO, tank. These two tests were
conducted nearly 20 years ago and are the only tests available that
exhibit a buckling event in the LO, tank. Because the SWT LO,
tank is so geometrically similar to the SLWT LO, tank, results for
these tests were obtained to gain confidence in the finite element
modeling approach used in the present study and to demonstrate
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that the approach yields meaningful representations of the nonlin-
ear structural response of the SLWT LO, tank.

A primary objective of the present paper is to illustrate a large-
scale finite element analysis approach that is used in the present
study to show that the SLWT LO, tank can sustain load levels in
excess of the operational load levels of the two prelaunch loading
conditions, and to provide results that can be used to gain insight
into the performance of the TPS. These results demonstrate a sim-
ple way of obtaining information from the finite element results that
can be useful for assessingthe performanceof TPS for future launch
vehicles. This illustrationdemonstratesa practical means for assess-
ing or verifying the nonlinear response of complex launch-vehicle
structures, and sensitivity of the response to small initial geometric
imperfections,that could be used in some cases possibly as a viable
alternativeto, or at leasta complementto, large-scalestructural test-
ing. Another objective is to illustrate some of the generic aspects
of the SLWT tank analyses that could be applicable to the analysis
and design of other liquid-fuel launch vehicles. First, an overview
of the SLWT LO, tank and intertank structure and the loading con-
ditions are presented. Then, the analysis code is briefly discussed,
and the results of the elastic, linear-bifurcation buckling analyses
and the nonlinear analyses are presented. The number of details
used to construct the finite element models that were used in the
present study are enormous, and as a result, many of the details are
not presented herein. To highlightsome of the generic shell-analysis
aspects, a detailed discussion of the nonlinear response phenomena
that were exhibited by the SWT LO, tank and encountered in the
present study is given. This discussion includes the sensitivities of
the response phenomena to initial geometric imperfections. More-
over, the significance of using linear-bifurcationbuckling analyses
to characterize or represent the nonlinear behavior and the use of
buckling-load knockdown factors to represent the effects of initial
geometricimperfectionsare discussed. These two analysiselements
encompass the traditional approach that is commonly used by in-
dustry for the preliminary design of shell structures.

In analyzingthe SLWT LO, tank and the two structural tests, and
in presenting the results, a specific procedure is used in the present
study to articulate the nonlinearbehavior associated with each load-
ing condition. First, results of elastic, linear-bifurcation buckling
analysesare presented. Then, results of nonlinearanalysesof the ge-
ometrically perfect, elastic shell and the elastic shell with an initial
geometric imperfection in the form of the linear-bifurcationbuck-
ling mode are presented. This procedureis notnew (e.g., see Ref. 1),
and althoughit is presentedin the present paper for a specific launch
vehicle, it is a procedure that can be applied to large problems like
the design of future liquid-fuel launch vehicles or to smaller prob-
lems like the analysis of simple shell components that are subjected
to simple loadings. In addition to characterization of the nonlinear
behavior, the procedure can be used to obtain reasonable, not too
overly conservative, estimates of linear-bifurcation, buckling-load
knockdown factors for doubly curved shells that are subjected to
complex loading conditions. These buckling-load knockdown fac-
tors are intended to reflect reductions in load-carrying capacity of
a shell that are caused by initial geometric imperfections. Gener-
ally, buckling-load knockdown factors, or imperfection sensitivity
estimates, for shells with compound curvature that are subjected to
simple or complex loading conditions are unknown. For shell struc-
tures like the SLWT LO, tank, estimates of imperfection sensitivity
for combined loadings are often obtained by crude engineering ap-
proaches and are typically ultraconservative, which usually results
in higher cost. Thus, the analysis procedure used in the present
paper demonstrates in detail a means for eliminating unnecessary
conservatism from preliminary designs that involve shell stability.

Overview of the SLWT Tank Structure

The Space Shuttle consists of the orbiter, two solid rocket boost-
ers (SRBs), and the external tank (ET), as shown in Fig. 1. The ET
consists of a LO, tank, a liquid-hydrogen (LH,) tank, and an inter-
mediate structure called the intertank (Fig. 1). The intertank trans-
mits the weight of the fuel, the ET structural weight, and the orbiter
weight to the SRBs prior to launch and transmits thrust loads from
the SRBs and the orbiter to the ET during ascent. The LO, tank is
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Fig. 2 LO, tank components; values of XT are given in inches.

a thin-walled monocoque shell made primarily of 2195 aluminum—
lithium alloy, and is approximately 49 ft long and has a maximum
diameter of approximately 27.5 ft, as indicated in Fig. 2. The LO,
tank consists of a forward-ogive section made from 8 gore panels,
an aft-ogive section made from 12 gore panels, a cylindrical barrel
section made from 4 barrel panels, and an aft ellipticaldome section
made from 12 gore panels. The coordinatesystems used to locate the
elements of the LO, tank and the intertank are also shown in Fig. 2.
The coordinates (X T, Y, Z) are typically referred to as the global
coordinate system of the ET, and axial positions along the tank are
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indicatedby the coordinate value of X T in inches. For example, the
junction between the forward and aft ogives is indicated by writ-
ing XT =536.74 in. Cylindrical coordinates are also used and are
given by (r, 6, XT), where a positive value of 6 is measured from
the positive Z axis toward the positive ¥ axis, as shown in Fig. 2.

The LO, tank also has a forward T-ring and an aft Y-ring frame
that supports a baffle that prevents the fuel from sloshing during
ascent. The slosh baffle, a lightweight (approximately 455 Ib), thin-
walled structure, is supported by two deep, thin-walledrings at each
end that attach to the forward T-ring and the aft Y-ring frame. Other
parts of the LO, tank include a nonstructural nose cone, a forged
forward-ogivefitting and cover plate, an aft spherical dome cap that
contains the LO, suction fitting and a covered manhole, and a vortex
baffle attached to the base of the aft dome cap. The LO, tank gore
and barrel panels are stretch formed, chemically milled, and then
welded together. The panelsare fabricated with substantialthickness
tailoring to reduce structural weight. The thickness distributions of
the panels are very complex and as a result are not presented herein.
A qualitative example of the extent of the thickness tailoring in the
aft ogive is given in Ref. 2. The panels are made somewhat thicker
at the welds to form a stiffenerlike region that is used as a weld
land. The primary role of the weld lands is to compensate for any
reductionin shell-wall strength that is caused by welding. Tapering
the weld lands in thickness and width along their length reduces
weight and alleviates stress concentrations in the shell that result
from abrupt changes in thickness.

The intertank is a right-circularcylinder that is made from 2090
aluminum-ithiumand 7075 aluminum alloysandis shownin Fig. 3.
The approximately 22.5-ft-longintertank has a diameter of approx-
imately 27.5 ft and consists of six 45-deg curved panels that are
stiffened longitudinally with external hat stiffeners and are referred
to herein as skin-stringer panels. The intertank also has two mas-
sive 45-deg curved panels, referred to as thrust panels, located per-
pendicularto the Y axis of the intertank (Fig. 3) that are stiffened
longitudinally with integrally machined external blade stiffeners.
These eight panels are assembled into the intertank with mechan-
ical fasteners and are attached to five large internal ring frames, a
forward flange, and an aft flange. Longitudinal straps (referred to
herein as roll ties) suppress lateral-torsional deflection of the ring
frames. The main centralring frame, two thrustpanel longerons,and
the thrust panels are connected to each end of a tapered beam that is
referred to herein as the SRB beam (Fig. 3). The SRB beam spans
the diameter of the intertank along the Y axis and has a maximum
depth (in the X T direction) of approximately 43 in. at its midspan.
Forged fittings (referred to herein as SRB thrust fittings) that are
incapable of transmitting moments are fastened to the ends of the
SRB beam. The primary role of the thrust panels is to diffuse the
large axial loads introduced by the SRBs into the intertank and then
into the LO; tank shell wall. The SRB beam compensates for the
eccentricity of the concentrated loads introduced by the SRBs. The
SRB beam also supports the loads normal to the intertank (paral-
lel to the SRB beam) at the SRB attachment points. The intertank
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also has a 46 in. high x 52 in. wide frame-reinforced nonstructural
access door located along the cylinder generator at approximately
0=146deg.

Critical Prelaunch Loading Conditions

Two critical SLWT tank prelaunch loading conditions and two
critical in-flight loading conditions were identified and supplied by
the members of the SLWT tank structural verification team at the
NASA Marshall Space Flight Center and at the Lockheed Martin
Manned Space Systems Division. The general characteristicsof the
critical loads are indicated in Fig. 4. These loads consist of the wind
or aerodynamic pressure loads, the structural weight or inertia, the
pressure exerted on the shell wall by the LO,, the ullage pressure
inside the tank, the interface forces exerted by each SRB shown in
Fig. 1 (indicated by the vectors R and R, in Fig. 4), the interface
forces between the intertank and the LH, tank (indicated by the vec-
tors F and M in Fig. 4), and the thermally induced loads associated
with the cryogenic-fueltemperatures. These loading conditionscor-
respond to worst-case conditions, and as a result, no attempts are
made in the present study to addressissues of loading imperfections
or perturbations, with the exception of the wind loading.

The two critical loading conditions that are addressed herein cor-
respond to prelaunch fueling conditions that occur when the Space
Shuttle is on the launch pad. Prior to launch, the LH, tank is filled
with LH,, and then the LO, tank is filled with LO,. The firstloading
condition considered corresponds to a full LH, tank and an empty
LO, tank. For this condition, there is no pressure and no temperature
change in the LO, tank. However, the lower 45 in. of the intertank
are subjected to an axisymmetric, uniform through-the- thickness
temperature field that varies linearly from —423°F, where the in-
tertank is attached to the LH, tank, to 50°F at the top of the LH,
tank forward dome. The nominal ambient temperature of the LO,
tank and the intertank prior to fueling is 5S0°F. The SRB interface
forces (kips; 1 kip= 1000 1b) that were supplied by the SLWT tank
structural verification team are given by

R, = —224.092i — 52.223j — 28.954k (D

R, = —343.624i + 48.261j — 30.754k 2)

where the vectors Ry and R, are shown in Fig. 4 and where, j, and
k are standard orthonormal base vectors associated with the X7, Y,
and Z axes, respectively. Similarly, the interface force (kips) and
moment (in.-kips) between the intertank and the LH, tank are given
by

F = 541.593i +9.614;j + 63.494k 3)

M = —310.500i + 10,715.745j + 16,828.589% “4)
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Fig. 5 Axisymmetric temperature profile for prelaunch loading con-
dition with full LH, and LO, tanks; values of XT are given in inches;
nominal ambient temperature = 50°F.

The LO,; tank is also subjected to wind pressure that has a resultant
force given by —5.652j — 3.786k kips. Comparison of the magni-
tude of the wind load with the other loads that act on the structure
indicates that the wind load is relatively small. The actual wind
pressure distribution that was input into the finite element models
is somewhat complicated and, as a result, is not presented herein.

The second prelaunch loading condition considered corresponds
to full LH, and LO, tanks, but without ullage pressure. For this
condition, the LO, tank s filled to X7 =447 in. (see Fig. 2), which
corresponds to a depth of approximately 43 ft. For this case, the
hydrostatic pressure distribution in the LO, tank is essentially ax-
isymmetric. Asymmetry in the pressure distribution is caused by
the eccentric weight of the orbiter, is relatively small, and is ne-
glected. The specific weight of the LO, used in the present study
is 0.04123 1b/in.?, and the maximum hydrostatic gauge pressure is
approximately 21 psi at the bottom of the tank. The corresponding
weight of the LO, is approximately 1348 kips.

For the second prelaunchloading condition, the temperature dis-
tribution in the LO, tank and the intertank is axisymmetric and
uniform through-the-thickness, and is shown in Fig. 5. The temper-
ature field for the LO, tank has a uniform value of —297°F between
XT =447 and 852.8 in., but varies from a value of —150°F at the
nose to —297°F at the free surface of the LO, (XT =447 in.). The
intertank is subjectedto a temperature field that variesin a piecewise
linear manner from —423 to 50°F and then to —297°F as the inter-
tank is traversed from X7 = 1129 to 852.8 in. The temperature field
shown in Fig. 5 represents the changes in the temperature distribu-
tion that occur from the nominal, uniform prefueling temperature
of 50°F, and the corresponding thermally induced loads.

The SRB interface forces (kips) that were supplied by the SLWT
tank structural verification team for the second prelaunch loading
condition are given by

R, = —906.447i — 105.605j — 30.502k (S)
R, = —1035.789% + 108.128j — 32.557k (6)

Likewise, the interface force (kips) and moment (in.-kips) between
the intertank and the LH, tank are given by

F =568.113i + 3.014j + 66.913k 7
M = —354.488i + 11,249.318j + 19,443.206k (8)

and the LO, tank is subjected to a wind load with a resultant force
given by —5.537j-3 .854k kips. Once again, comparisonof the mag-
nitude of the wind load with the other loads acting on the structure
indicates that the wind load is also relatively small for this loading
condition. The actual wind pressure distribution that was input into
the analysis models is not presented herein because of its somewhat
complicated nature.

Analysis Code and Finite Element Modeling

The results of the elastic, linear-bifurcation buckling and non-
linear analyses were obtained with the STAGS nonlinear structural
analysis code for general shells.® The finite element models of the
SLWT tank used in the present study are very complex and in-
clude many structural details and the skin thickness variations or
tailoring used to reduce structural weight; for example, see Ref. 2.
STAGS was chosen for analyzing the SLWT tank because of its
robust state-of-the-art nonlinear-equation solution algorithms and
its general user-input capability that is convenient for modeling
branched shells that are typically used for launch vehicles. The
shell elements that were used to model the SLWT tank response
are based on classical thin-shell theory. The use of these elements
is justifed from a practical perspective because the ratio of the
wall thickness to the minimum radius of curvature at each point
of the undeformed LO, tank is typically much less than 0.1, and,
as will be shown, because the ratio of the largest thickness of the
shell wall that forms a given deformation pattern to the smallest
characteristic length of the deformation pattern is less than 0.1
(Refs. 4-6). A description of the attributes of STAGS and how
the features of STAGS were used in the present study to model
the SLWT LO, tank and intertank are presented in Refs. 2 and 7.
The finite element modeling details for the SLWT LO, tank and
intertank are lengthy and are not presented herein; they are dis-
cussed in Refs. 2 and 7. Details of how the applied loads were
simulated, how mesh refinements were conducted, and how sensi-
tivity to initial geometric imperfections was assessed are presented
subsequently.

Load Simulation

A primary goal of the SLWT LO, tank study was to determine a
meaningful estimate of how much additionalload, beyond the oper-
ational loads, the tank can withstand before buckling or exhibiting
excessive bending deformations that will damage the thermal pro-
tection system. The basic approach used in the present study to
achieve this goal is to apply all of the loads illustrated in Fig. 4 to
the given finite element model, except for the SRB interface loads.
In the finite element model, the nodes on the ends of the SRB beam,
where the SRB forces act, were restrainedso that the SRB interface
forces becamereactionsand rigid-body motion was eliminated. The
simple LO, pressure distribution and the temperature distribution
were input into the STAGS models with the user-written Fortran
subroutines to provide a spatial description which faciliates finite
element mesh refinement. The substantiallymore complicated wind
load, given as a discrete force field, was approximated by a Fourier
series representation that was also input directly into the STAGS
models with a user-written Fortran subroutine, to faciliate finite el-
ement mesh refinement. The slosh baffle weight of approximately
455 1b was applied to the slosh baffle supportrings at XT = 744.85
and 851.0 in. (see Fig. 2) as eccentric, uniformly distributed line
loads. The LH, tank interface force and moment were applied to the
model with the least-squares loading and moving plane boundary
features of STAGS.? The STAGS least-squaresloading feature used
a least-squares fit to convert concentrated forces and moments ap-
plied at an axial location into statically equivalent shell-wall stress
resultants. The moving plane boundary feature of STAGS enforced
the geometric constraintthat all nodes within the given plane remain
coplanar during deformation, which is consistentwith the high stift-
ness of the intertank at the LH, tank interface.

Next, the applied loads were separated into two groups. The first
group contains the LH, tank interface force and moment, which
were indentified by the SLWT tank structural verification team as
the primary source of destabilizing compressivestresses in the LO,
tank that may occur at load levels greater than the corresponding
operational load level. The second group of loads consisted of the
LO, pressure (for the second loading condition), the wind load,
the structural weight, the thermal load, and the weight of the slosh
baffle located inside the barrel section of the LO, tank. Constantin
value, the loads in the second group were identified by the SLWT
tank structural verification team as part of the operational loads that
are considered to be passive loads when determining the stability
margin of safety of the LO, tank.
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In performing linear-bifurcationbuckling and nonlinear analyses
with STAGS, two load factors, p, and p,, were assigned to the first
(active) and second (passive) load groups, respectively.First, alinear
analysis was conducted to verify that the SRB reactions calculated
from the applied loads were reasonably close to the specified values
given herein. Differences between the SRB reactions computed for
a specific finite element model and the corresponding forces that
were given arise, to some exent, from discrepanciesin the structural
geometry that yield small errorsin the calculated structuralmass and
the resultant force of the applied LO, pressure. These discrepancies
arise, for the most part, fromthe discretizationof the curved, variable
thicknesssurfaces with flat finite elements and the use of a simplified
finite element representation of the intertank. Another source of
discrepancies arises from the approximation of the wind pressure
by the Fourier series representation.

For both prelaunch loading conditions, the i components of the
reactions, which are the largest source of destabilizing stresses in
the LO, tank, and the kK components were in excellent agreement
with the corresponding specified values, with differences less than
approximately 1.5%. In contrast, the j components of the reactions
were not in very good agreement with the specified values. These
discrepancies were caused inadvertently and, for the most part, by
restraining the elongationof the SRB beam. However, because the j
componentsof thereactionsactalongthe axis of the SRB beam, their
effectis mostly contained within the central region of the intertank.
As aresult, the SRB beam reactions are reasonable approximations
to the actual forces and were judged by the SLWT tank structural
verification team to provide an adequate representationof the actual
load transfer from the intertank to the LO, tank.

For the linear-bifurcation buckling analyses, the load factor for
the passive load group was assigned a value of one (p, = 1) and the
load factor for the active load group p, was defined as the eigen-
value. Setting p;, =1 defines a fixed-magnitude linear prebuckling
state that is not scaled by the eigenvalue. In particular, STAGS uses
both the prebuckling membrane stress state and prebuckling defor-
mations of the passive loads to compute the overall stiffness matrix
of a structure. Moreover, STAGS uses only the prebuckling stress
state of the active loads to compute the overall geometric stiffness
matrix. A discussion of this approach is found in Ref. 8. Thus, the
linear-bifurcationanalysisof STAGS for structureswith a fixed, pas-
sive set of loads is not the same as bifurcation analyses found in the
literaturethatuse only the linear, membrane prebucklingstress state.

For the nonlinear analyses, the load factors for both load groups
were increased simultaneously to a value of one (p, = p, =1),
which corresponds to the operational values of the loads and pro-
vides the proper nonlinear prebuckling state for the LO, tank. Then
the load factor p, of the primary destabilizingloads was increased
until an instability was reached or the operational loads were sub-
stantially exceeded.

Mesh Refinement Procedure

In the process of conducting the analyses for the present study,
several different finite element models with differentlevels of mesh
refinement were developed for each loading condition considered.
The goal of the mesh refinement procedure was to identify finite
element models that predict adequately the nonlinear structural re-
sponse, yet had as few degrees of freedom (DOF) as reasonably
possible. To identify the mesh required for a given loading con-
dition, it is necessary to determine the regions of the structure that
buckle and to determine the characteristicwavelengthsof the buckle
patterns. Because the location of the buckled regions and the buckle
patterns depend on the loading condition, the following mesh re-
finement procedure was repeated for each loading condition.

A series of linear-bifurcationbuckling analyses were conducted
to obtain a finite element mesh that yields a converged minimum
eigenvalue. Starting with a uniform mesh, modifications were made
to models iteratively in which the buckled regions were made more
refined and unneeded mesh refinement was eliminated elsewhere,
with care taken not to introduce spurious solutions. Variations in
the mesh refinement were facilitated by the use of the five-node and
seven-node rectangular transition elements available in STAGS.>?
Convergencewas evidentwhen doubling the refinement in the buck-

led regions of the LO, tank had little effect on the minimum eigen-
value. Nonlinear analyses were then conducted with the finite ele-
ment model with the greatest refinement in the buckled regions and
also with the correspondingmodel that had one less level of refine-
ment. This step was done to confirm that there was little difference
between the nonlinear solutions for the models with the two levels
of mesh refinement. In the mesh refinement studies, a rule of thumb
was used thatdictated thatthe finite elementmesh should have a min-
imum of four elements per half-wave in the bending deformations.

Geometric Imperfection Sensitivity

An important consideration in the present study is the effects of
initial geometric imperfections. Linear-bifurcation buckling-mode
imperfection shapes were used in the analysis because measured
inital geometric imperfection data were not available and because
this type of imperfectionis thought to yield, if not the worst, a high
degree of imperfection sensitivity? This statement is rationalized
by noting that the linear-bifurcation buckling mode represents an
adjacent equilibrium state that the structure has an intrinsic affin-
ity to deform into, provided that there are no substantial nonlinear
prebuckling effects present. Moreover, in the absence of substan-
tial nonlinear prebuckling effects, the linear-bifurcation buckling
mode is similar to one or more of the dominant, unstable non-
linear deformation states that the geometrically perfect structure
passes through at buckling, and an imperfection in the form of the
linear-bifurcationbuckling mode provides a mechanism for a rela-
tively early departure, with a preferred direction, from the primary
equilibrium path of the structure. When substantial prebuckling de-
formations are present, the linear prebuckling stress state does not
provide an accurate estimate of the stress state for higher values of
the load factor. Thus, bifurcation buckling modes obtained with a
linear prebuckling stress state may not be similar to the dominant,
unstable nonlinear deformation states and may not provide a mech-
anism for a relatively early departure from the primary equilibrium
path of the structure.

In general, the sign of the linear-bifurcationbuckling mode is ar-
bitrary and is determined by the specific algorithm used to perform
the calculations. For a shell structure with nonnegative Gaussian
curvature, the sign of the buckling mode (eigenvector) indicates
whether a specific region of the buckling mode of a curved surface
is directed toward or away from the concave side of the surface. As
aresult, these two orientationsof the same buckling mode generally
correspondto differentdegrees of nonlinearinteractionbetween the
imperfection shape and the membrane compressive stresses. In the
present study, the negative of the linear-bifurcationbuckling modes
obtained from the STAGS models were used as the imperfection
shapes because it was found, for every case presented herein, that
they provide the strongest nonlinear interaction with the compres-
sive stresses in the shell wall.

Results for SLWT Tank Prelaunch Loads

Results are presentedin this section for the two prelaunchloading
conditionsdiscussedearlier. First, results are presented for the load-
ing conditionthat has a full LH, tank and an empty LO, tank. Then,
results are presented for the loading condition that has a full LH,
tank and a full LO, tank. For this second loading condition, results
are presented that were obtained from STAGS models that neglect
the slosh baffle ring stiffnesses. To determine the effect of neglect-
ing the slosh baffle ring stiffnesses, additional results were obtained
with models that include these ring stiffnesses. Comparison of these
results shows that neglecting the slosh baffle ring stiffnesses in the
STAGS models yields similar structural deformationsand the lower,
more conservativepredictionof the LO, tank load-carryingcapacity
atload levels greater than the level of the operationalloads. For both
prelaunch loading conditions, results were also obtained with and
without the relatively small wind loads. Neglecting the wind loads
was foundto have an essentially negligible effect on the results. The
results that are presented are for no wind loads.

Full LH, and Empty LO, Tanks
The models that were investigatedfor this prelaunchloading con-
dition range from 104,600 to 213,500 DOF. The model that was
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Fig. 6 Linear-bifurcation buckling mode for prelaunch loading con-
dition with full LH, tank and empty LO, tank; 146,700 DOF, p, = 3.26,
and p;, = 1.0.

identified as adequate for predicting the linear-bifurcation buck-
ling behavior is shown in Fig. 6 and correspondsto 146,700 DOF.
Figure 6 shows a buckle in the LO, barrel on the negative Y -axis
side of the tank. The 104,600- and 146,700-DOF models have the
same general mesh arrangement shown in Fig. 6, but the level of
local refinement of the mesh shown in Fig. 6 for the 146,700-DOF
model is essentially twice that of the 104,600-DOF model. The
eigenvalues for the 104,600- and 146,700-DOF models are given
by p, =3.36 and 3.26, respectively. These values correspond to
active (destabilizing) loads that are approximately three times the
magnitude of the corresponding operational loads. Based on the
smoothness of the buckling mode shown in Fig. 6 and the 3% dif-
ference in the eigenvalues, the 146,700-DOF model is considered
adequate for representing the linear-bifurcation buckling behavior
of the LO,; tank for this loading condition. In addition, the ratio of
the largestthicknessin the area of the bucklingmode shownin Fig. 6
to its smallest characteristic length is less than 0.1, which indicates
that finite elements that are based on classical thin-shell theory are
adequate.

Next, the 104,600- and 146,700-DOF models were used to con-
duct nonlinear analyses of a geometrically imperfect shell. An im-
perfectionshape in the form of the correspondinglinear-bifurcation
buckling mode with a negative amplitude and with an imperfection-
amplitude-to-wall-thickness ratio A/t =0.25 was used in these
analyses. The thickness in the ratio A/ ¢, the minimum wall thick-
ness for the LO, barrel, has a value equal to 0.140 in. The results
of these analyses, shown in Fig. 7, are presented as a plot of load
factor p, vs the normal displacement of the shell wall at the largest
crest of the buckle defined by the coordinates X7' =787.97 in. and
0=300.94 deg. (See Fig. 2 for coordinate definitions.) The dashed

104, 600 DOF model

Buckle crest
XT = 787.97 in., 6 = 300.94 deg

Load
factor, 146, 700 DOF model

Pa

1

0

r#{
0 02 04 06 -08 -1 .2
Normal displacement at buckle crest, in.

Fig. 7 Convergence of nonlinear solutions for prelaunch loading con-
dition with full LH; and empty LO; tanks and imperfection-amplitude-
to-shell-thickness ratio A/t = 0.25.

and solid lines shown in Fig. 7 correspond to the 104,600- and
146,700-DOF models, respectively. The unfilled square symbols
and the filled circular symbols shown in Fig. 7 correspond to the
discrete values of the load factor for the finite element results that
were obtained with the 104,600-and 146,700-DOF models, respec-
tively. The results shown in Fig. 7 indicate that there is a small
discrepancy between the two nonlinear solutions. The solution for
the more refined model has larger values of displacements for some
values of the load factor, but the differencesin the load factors for the
two models is approximately 5% or less for all values of the normal
displacement. This discrepancy is attributed to the fact that the less
refined model overestimates the bending stiffness of the structurein
the region of the buckle. The relatively small differences between
the results in Fig. 7 suggest that the 146,700-DOF model is reason-
ably converged and adequate for conducting nonlinear analyses for
this loading condition.

Results obtained from nonlinearanalyses for a geometrically per-
fect shell and for geometrically imperfect shells with values for
the imperfection-amplitude-to-wall-thicknessratio A/ t = 0.25,0.5,
and 1.0 are shown in Fig. 8. These results were obtained with the
146,700-DOF model and with the imperfection shape in the form of
the correspondinglinear-bifurcationbuckling mode with a negative
amplitude. The filled circles indicate solutionsfor the geometrically
perfectshell, and the unfilled squares, triangles, and circles indicate
solutions for the geometrically imperfect shells with A/t =0.25,
0.5, and 1.0, respectively. The horizontal dashed line represents the
linear-bifurcation buckling load level. The results shown in Fig. 8
are presented as a plot of the load factor p, vs the normal displace-
ment of the shell wall at the largest crest of the buckle, defined by
the coordinates X7 =789.939 in. and 6 =301.64 deg.

The results in Fig. 8 indicate a significant reduction in the appar-
ent meridional stiffness of the barrel section of the LO, tank, where
the buckles appear, at a load factor slightly less than the linear-
bifurcation buckling load level. These results also indicate that the
barrel section of the LO, tank exhibits stable postbuckling load-
carrying capacity for the geometrically imperfect shells and, as a
result, is practically insensitive to initialimperfections.'® Moreover,
the shallowness of the barrel panel that contains the buckle and the
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Fig. 8 Effect of imperfection amplitude on the nonlinear solutions for
prelaunch loading condition with full LH, and empty LO, tanks.

presence of stable postbucklingload-carrying capacity suggest that
the buckling behavioris effectively like that of the stable-symmetric
bifurcation type; that is, the unstable bifurcation behavior'® usually
associated with singly curved panels is essentially benign. For this
type of nonlinear response, the linear-bifurcation buckling anal-
ysis gives a meaningful representation of the nonlinear response
phenomena and gives a reasonable estimate of the buckling load
level, especially for the smaller imperfection amplitudes. In this
case, any use of a buckling-load knockdown factor would produce
results that are overly conservative.

The buckle patterns obtained from the linear-bifurcation buck-
ling analysis and the nonlinear analyses are all very similar in shape
and occur in the same location. The stress distributionin the shell
that causes the buckle pattern to form is shown in Fig. 9 for a geo-
metrically perfect shell and for p, = p, = 1. Contours of the mem-
brane meridional and shear stresses on the negative Y-axis side
(6=270deg) of the tank are shown in Figs. 9a and 9b, respectively,
in pound per square inch. These contours indicate that high merid-
ional compression stresses exist in the thrust panel directly above
the SRB attachment point, as expected. However, the thrust panels
are massive and very stiff compared to the LO, tank shell and, as a
result, do not buckle before the LO, tank. The contoursalso indicate
that buckling occurs in a region of the barrel where there are sig-
nificant shear stresses in the shell that interact with the meridional
compressive stresses and reduce the buckling load.

Full LH; and LO, Tanks

The models investigated for this prelaunch loading condition
ranged from 48,990 to 121,500 DOF. The model identified as ad-
equate for predicting linear-bifurcation buckling that appears in
Fig. 10 corresponds to 99,100 DOF. A 79,950-DOF model was
investigated that has the same general mesh arrangement as that
shown in Fig. 10, but the local refinement shown on the right side of
the ogive was used for both locally refined regions of the ogive. The
eigenvalues for the 79,950- and 99,100-DOF models are given by
Po =3.94 and 3.78, respectively, where a value of 1.0 corresponds
to the operational values of the destabilizing loads. Because of the

535.7

Location
of buckle

892.9

SRB axial
interface
force

6 =270 deg

SRB
attachment

point

a) Meridional stress
-107.1
-321.4

Location
-535.7 of buckle

SRB axial
interface
force
0 =270 deg
SRB
attachment
point

b) Shear stress

Fig. 9 Membrane stress distributions in geometrically perfect LO;
tank and intertank for prelaunch loading condition with full LH, and
empty LO; tanks; p, = pp = 1, stress values in pounds per square inch.

smoothness of the buckling mode shown in Fig. 10 and the 4% dif-
ference in the eigenvalues, the 99,100-DOF model was used to rep-
resent the linear-bifurcationbuckling behavior of the LO, tank for
this loading condition. In addition, the ratio of the largest thickness
in the area of the buckling mode shown in Fig. 10 to its smallest
characteristiclength is less than 0.1, which indicates that finite ele-
ments thatare based on classical thin-shell theory are adequate. The
79,950-and 99,100-DOF models also were used to obtainnonlinear
solutions for a geometrically perfect shell. The nonlinear solutions
for these two models yield load vs normal displacement plots in
which the difference in the load factors for the two models is ap-
proximately 4% or less for all values of the normal displacement.
These solutions indicate that the 99,100-DOF model is reasonably
converged and represents adequately the nonlinear behavior of the
LO; tank for thisloading condition. Thus, all subsequentresults pre-
sented in this section were obtained with the 99,100-DOF model.
A short-wavelength buckle in the forward part of the aft ogive,
shown in Fig. 10, is essentially a wrinkle in the skin on the negative
Y -axis side of the tank. Here, the term short is used to indicate that
the characteristic wavelength of the buckle pattern is small com-
pared to the overall dimensions of the LO, tank. The loads acting
along the shell meridians near the SRB attachmentpointdevelopthe
meridional compressive stress resultants shown in Fig. 11a (given
in pounds per inch for p, = p, = 1) that caused the buckling mode
shown in Fig. 10. Insightinto the formation of the buckling mode is
obtained by noting that Gaussian curvature is a geometric measure
related to how much the shell membrane stiffness participatesin its
bendingdeformations. The resultsin Fig. 11 indicate that the merid-
ional compressive stress resultants and the circumferential tension
stress resultantsincrease in the LO, tank from the tip of the forward
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Fig. 10 Linear-bifurcation buckling mode for prelaunch loading con-
dition with full LH, and LO, tanks; 99,100 DOF, p, = 3.78, and p;, =
1.0.

ogiveto the intertank. The magnitude of the shell Gaussiancurvature
decreases in the aft ogive, which causes local buckling to occur at
this location. In the forward ogive, there are relatively small values
of hoop tensile stresses to stabilize the shell, but the Gaussian cur-
vature is high. In the aft ogive, the meridional compressive stresses
and hoop tensile stresses are larger than in the forward ogive, but
the Gaussian curvature is much smaller. The STAGS results suggest
that the higher values of meridional compressive stresses and lower
values of Gaussian curvature in the aft ogive are the dominant fac-
tors that influence the location of the buckling mode. These findings
also indicate that the shortness of the half-wavelength of the buck-
ling mode is a result of the high values of the circumferential tensile
stress resultants shown in Fig. 11 that are caused by the hydrostatic
pressure exerted on the shell wall by the LO,.

Results obtained from nonlinear analyses of a geometri-
cally perfect shell and a geometrically imperfect shell with an
imperfection-amplitude-to-wall-thickness ratio A/t =0.3 are pre-
sented in Figs. 12 and 13, respectively. The thickness 7 in the ratio
A/t is the minimum wall thickness of the aft ogive and has a value
equal to 0.100 in. The results shown in Fig. 13 were obtained by
using an imperfection shape that is in the form of the corresponding
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Fig. 11 Stress distributions in geometrically perfect LO, tank and in-
tertank for prelaunch loading condition with full LH, and LO; tanks;
Pa =Pp = 1, stress resultant values in pounds per inch.

linear-bifurcationbuckling mode with a negative amplitude. The re-
sults shown in Figs. 12 and 13 are for nonlinear solutions that were
obtained by increasing the load factors p, and p, simultaneously
to a value of one and then holding p, constant while increasing the
magnitude of the load factor p,. The normal displacements along
the length of the aft-ogive shell wall are represented by the solid
lines in Figs. 12 and 13 for values of the load factor p, approx-
imately equal to 3.0, 4.0, and 5.0. Overall, negative values of the
normal displacements are indicated by the left-hand-side ordinate
for these three lines because of contraction of the aft ogive that is
caused primarily by the LO, thermal load. The linear-bifurcation
buckling mode is represented by the dashed line in Figs. 12 and 13
with normalized amplitudes given by the right-hand ordinate of the
figures. The bifurcationmode in Figs. 12 and 13 shows the similarity
between the nonlinear solution and the linear-bifurcationbuckling
mode and indicates how the imperfection shape influences the non-
linear solution. The solid lines shown in Figs. 12 and 13 predict a
short-wavelengthbendingresponsein the aft ogive over the negative
Y axis (0=270 deg) that is similar in shape to the corresponding
linear-bifurcation buckling mode shape, except at the ends of the
aft ogive. The overall slope of the solid lines (obtained by fitting a
straightline to each curve) in Figs. 12 and 13 is due to the outward
displacement of the shell wall caused by the increase in pressure as
P, and p,, are simultaneously increasedto a value of one in the non-
linear analysis. This nonlinear effect is inherently not represented
in a linear-bifurcationbuckling analysis and, as a result, the overall
slope of the dashedlinesis zero valued. Moreover, the bending defor-
mations that appear at the ends of the aft ogive of the geometrically
perfectshell are notcapturedby the linear-bifurcationbuckling anal-
ysis. Thus, in a strict sense, the linear-bifurcationbuckling analysis
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Fig. 12 Bending deformations in aft ogive of a geometrically perfect LO; tank shell for prelaunch loading condition with full LH; and LO, tanks;
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Fig. 13 Bending deformations in aft ogive of a geometrically imperfect LO; tank shell for prelaunch loading condition with full LH, and LO; tanks;
6 =270 deg, p, = 1.0, and imperfection-amplitude-to-wall-thickness ratio A/t = 0.3.

does not representaccurately the nonlinearresponse phenomenafor
this loading condition.

The results presentedin Figs. 12 and 13 predict a stable nonlinear
response at load levels substantially greater than the load predicted
by the linear-bifurcationbuckling analysis (p, = 3.78). This behav-
ior shows that the use of a linear-bifurcationbuckling analysis with
a knockdown factor will yield overly conservative results for this
loading condition. As the load increases, substantial bending de-
formations (indicated by the waviness of the curves) develop and
grow in the shell wall, reducing the apparent meridional stiffness
of the aft ogive. The nonuniformity of the bending deformations is
caused by the thickness variations in the ogive and the presence of
the weld lands. The results in Fig. 13 indicate that a geometrical im-
perfection in the shape of the linear-bifurcationbuckling mode and
with a small negative amplitude will greatly increase the severity of
the bending deformations and will cause the growth of the bending
deformations to start at much lower load levels. For the load levels
considered, the von Mises stresses were well below the yield stress
of the material.

The reduction in apparent meridional stiffness of the aft ogive is
shown more explicitly in Fig. 14. In Fig. 14, the intensities of the
bending deformations (indicated by the magnitude of the normal
displacement amplitude) at X7 = 637.66 in. for the geometrically
perfectshell (see x =99.3 in. in Fig. 12) and at X T = 633.77 in. for
the geometrically imperfect shell (see x =95.4 in. in Fig. 13) are
given as a function of the load factor p,. These locations represent
the locations of the largest bending deformations shown in Figs. 12

and 13. The amplitudeA w shown in Fig. 14 is the distance from the
maximum value of the local shell-wall displacementto the adjacent
minimum value and represents the intensity of the local bending
deformationin the response. The filled circles shown in Fig. 14 cor-
respond to results for a geometrically perfect shell and the unfilled
triangles and squares correspond to results for geometrically im-
perfect shells with imperfection-amplitude-to-wall-thicknessratios
of A/t=0.1 and 0.3, respectively (+ =0.100 in.). The horizontal
dashed line shown in Fig. 14 represents the linear-bifurcationbuck-
ling load level.

The results shown in Fig. 14 indicate that the amplitude of the
greatest local bending deformation grows with increasing load and
that the amount of growth increases substantially with increasing
geometric imperfection amplitude. The results predict that the shell
can support loads greater than the critical buckling load predicted
by a linear-bifurcationbuckling analysis. AsA w increases, the ap-
parent meridional stiffness decreases, and as a result, the positive-
valued constant of proportionality between an increment in load
and the corresponding increment in normal-displacement ampli-
tude decreases. This trend is manifested by the reduction in slope
of the load vs normal-displacementamplitude curves. This type of
response is similar to the response reported by Stevens et al. in
Ref. 11 for cylindrical shells subjected to combined internal pres-
sure and a pure bending moment. The results in Ref. 11 indicate
that the amplitude of the short-wavelength deflection approaches a
horizontaltangentas the load increases and that the value of the load
for the horizontal tangent corresponds to a local collapse mode of
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the cylinder. Mathematically, the horizontal tangent indicates that
unbounded growth of the displacement occurs for an infinitesimal
increasein the load. The response displayedin Fig. 14 does notnec-
essarily indicate approach of a horizontal tangent as A w increases.
In fact, the response for the geometrically perfect shell does not ex-
hibit a significant change in apparent meridional stiffness at a load
factor near the linear-bifurcation buckling load level, which again
reinforces the statement that the linear-bifurcationbuckling analy-
sis does not represent accurately the nonlinearresponse. Unlike the
responseof asimple cylinder,substantialloadredistributionmay oc-
curin this structure. If a horizontaltangentin a load vs displacement
amplitude curveis approached, the region of the shell containing the
bending deformations becomes incapable of supporting additional
load, and the compressive load is redistributed to another portion
of the aft ogive. If other parts of the ogive cannot support the re-
distributed compressive load, the shell will collapse. However, if
other parts of the ogive can support the redistributed compressive
load, the slope of the load vs displacement amplitude curve will
increase as the loading increases. In general, geometric imperfec-
tions with large amplitudes also could cause a similar redistribution
in load, and as a result, the corresponding slope of the load vs dis-
placement amplitude curve would increase. This effect is a result
of a reduction in the apparent membrane stiffness that occurs as
the imperfection amplitude increases. Similar curves for smaller
geometric imperfection amplitudes would approach a horizontal
tangent.

In additionto results presented herein that were used to assess the
stability of the SLWT LO, tank, the results presentedin Figs. 12-14
were obtained to provide insight into the effect of the wrinklelike
short-wavelengthbending deformationson the behavior of the TPS.
Theseresultsindicate thatlarge local bending deformationsmay oc-
curin the shell wall for loads that are much smaller than the local col-
lapse load and may cause the TPS to debond from the shell wall and
fail. The results presentedin Fig. 15 indicate approximate estimates
ofthe localradius of curvaturefor the largestbending deformationin
the aft ogive along the negative Y axis (6 =270 deg). These bending
deformations are located at X7 = 637.66 in. for the geometrically
perfect shell (see x =99.3 in. in Fig. 12) and at XT =633.77 in.
for the geometrically imperfect shells (see x =95.4 in. in Fig. 13).
The local radius of curvature p shown in the right-hand sketch of
Fig. 15 is calculated by the formula

p=11+w)1E/ v ©
where w, the local displacement shown in the right-hand side in
Fig. 15, is approximated by

w = (A w/2)sin(2rx/ L) (10)
where 4 is the buckle wavelength and A w is the deformation am-
plitude (see Fig. 14). The prime marks denote differentiation with
respect to the local x coordinate. At the crests of the wave defined
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by x =4/4 and 34/4, w' =0, and the radius of curvature is given
by

p =2 Q2r%A w) (11)

The values of p were calculated, for each value of X7 that corre-
sponds to the largest bending deformation in the aft ogive, by de-
termining A and A w from the corresponding finite element results
and then substituting these values into Eq. (11). The filled circles
shown in Fig. 15 correspondto results for the geometrically perfect
shell, and the unfilled triangles and squares correspond to results
for geometrically imperfect shells with imperfection-amplitude-+to-
wall-thicknessratios of A/t =0.1 and 0.3, respectively. The imper-
fection shape is identical to the linear-bifurcation buckling mode
with a negative amplitude shown in Fig. 10. The results in Fig. 15
demonstrate that the geometric imperfection amplitude has a signif-
icantinfluence on the local radius of curvature of the deformed shell
wall. For example, if a given thermal protection system is known to
debond from the shell wall at a value of p =100 in., the maximum
load factor is reduced from a value of approximately 4.8 for the
geometrically perfect shell to 3.2 for the geometrically imperfect
shell with A/t =0.3.

SWT Tank Full-Scale Structural Test Results

To obtain confidence in the STAGS modeling approach used for
the SLWT LO, tank, finite element analyses were performed for
two full-scale structural tests with the same modeling approach that
was used for the SLWT LO, tank. These two tests are the only
experimental data available for any Space Shuttle LO, tank that ex-
hibited a buckling event. The two full-scale tests were conducted
approximately 20 years ago at the NASA Marshall Space Flight
Center on the original SWT LO, tank during the development pro-
gram of the original Space Shuttle ET, and both test articles buckled
unexpectedly. Because buckling was unexpected, measurements of
initial geometric imperfections in the tank wall were not made for
either of these test specimens. As a result, these test results cannot
be used quantitatively as an absolute measure of the accuracy of
the STAGS models of the SLWT LO, tank. However, adequacy of,
and confidence in, the STAGS models are obtained if the location
of the buckle pattern observed in each test is predicted accurately
and the corresponding buckling load is bounded by the finite el-
ement analysis predictions for a geometrically perfect shell and a
shell with a severe initial geometric imperfection in the form of
the linear-bifurcation mode that has an amplitude of one nominal,
minimum-gauge wall thickness. Although these two conditions do
not represent strictly sufficient conditions for the absolute accuracy
of the finite element models, it was rationalized by the SLWT tank
structural verification team that they do represent necessary condi-
tions for the finite element analyses and should be met. In particular,
if the finite element models are in error to the extent that they rep-
resent inadequately the membrane and bending stiffnesses of the
structure and the internal load distribution, it is most likely that
these two conditions could not be met.

The SWT LO, tank has essentially the same geometry as the
SLWT LO, tank, butis made of 2219 aluminum alloy. The primary
difference between the two LO, tanks is that the skins of the SWT
tank are thicker than those of the SLWT tank, with the thicknesses
much more uniformly distributedover the SWT tank shell. Thus, the
modeling approach described earlier for the SLWT tank was used
to model the two full-scale SWT tank test articles, and the behavior
of the SWT tank has a direct relationship with the behavior of the
SLWT tank. The SWT tank model was generated by modifying the
STAGS userwritten subroutine® that was used to describe the thick-
ness distribution of the SLWT tank to account for the SWT tank
thicknesses and by changing the material properties. The SLWT
tank structural verification team indicated that the differences be-
tweenthe SWTintertankand the SLWT intertankare negligiblewith
respect to the transfer of loads from the intertank to the LO, tank.
As aresultof this information, the SLWT intertank part of the finite
element models was not modified. The two full-scale SWT tank
tests described subsequently are referred to herein as the structural
test article (STA) and the ground vibration test article (GVTA).

+Y' 0.57 psig ullage
Tank filled to
XT =455 in pressure
with room i
tempe{ature zset:uz&:ﬂg's
water " XT weight
1394 kips
uniformly
\ distributed
line load at
*‘¢¢““ XT =852.8 in.
1295.5 kips 1295.5 kips
SRB beam

Self-equilibrated sinusoidal LH, tank
simulator load at XT = 1129 in.

Fig. 16 Loadsfor SWT tank STA at buckling.

STA Results

The STA consisted of a SWT LO, tank and a SWT intertank
mounted vertically to a LH, tank load simulator and two rigid ver-
tical posts at the SRB attachment points. The LH, tank load sim-
ulator was modeled by a self-equilibrated line load that is applied
to the bottom of the intertank and varies sinusoidally around the
circumference, as depicted in Fig. 16. A uniformly distributed cir-
cumferential line load of 1394 kips was also applied to the tank at
XT =852.8 in. During the test, these two loads were applied first
and then the tank was filled with room temperature water while an
ullage pressure was maintained in the tank. After filling the tank
to XT =455 in., a depth of approximately 42 ft, the ullage pres-
sure was slowly reduced. When the ullage pressurereached 0.57 psi
gauge pressure, the tank unexpectedly buckled in the forward ogive
between XT =455 and 475 in. and between 6 =253 and 277 deg
(negative Y-axis side of the tank). The SRB interface forces that are
reacted at the two vertical posts had magnitudes equal to 1295 kips
(Fig. 16).

To simulate the test loading conditions in a practical manner,
all loads shown in Fig. 16, except for the SRB beam loads, were
controlled in the analysis by a load factor p,. A value of p, =1
corresponds to values of the loads at which the actual test article
buckled. Finite element models were constructed for the STA in
which the tank was supported at the ends of the SRB beam and the
loadsat the endsof the SRB beam were computedas reactions. These
reactionswere foundto be in excellentagreement(differencesofless
than 1%) with the correspondingspecified SRB beam loads shownin
Fig. 16, which indicatesthat finite element modeling details, such as
the mass distribution and applied loads, are represented accurately.

A limited convergence study was also performed with several
finite element models of the STA. The final model that was used
to analyze the STA has 159,993 DOF and is highly refined in the
forward ogive on the negative Y -axis side of the tank. The linear-
bifurcation buckling mode obtained for the STA with this mesh is
showninFig. 17 andis a short-wavelengthbuckle, with respectto the
size of the forward ogive. Once again, the ratio of the largest thick-
ness in the area of the buckling mode to its smallest characteristic
length is less than 0.1, which indicates that finite elements that are
based on classical thin-shell theory are adequate. The location of
the linear-bifurcationbuckling mode shown in Fig. 17 is the same
as the location observed during the test. The eigenvalue for this
linear-bifurcationmode is given by p, = 1.14.

Next, a series of nonlinear analyses were conducted with the
159,993-DOF model for values of the imperfection-amplitude+to-
wall-thicknessratio A/t =0, 0.1, 0.25, 0.5, and 1.0. The thickness
t in the ratio A/t is the minimum wall thickness of the forward
ogive and has a value equal to 0.080 in. For each of these cases,
the geometric imperfection shape was input in the form of the
linear-bifurcationbuckling mode shown in Fig. 17, with a negative
amplitude.
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Fig. 18 Effect of imperfection amplitude on the buckling load for the
STA.

Figure 18 shows the results of the nonlinear analyses of the STA.
The maximum normal displacement that occurs at the crest of the
buckle pattern is shown in Fig. 18 as a function of the load factor
Pa- The buckle crest is located at X7 =457.6 and 466.6 in. for
the geometrically perfect and imperfect shells, respectively, and at
0=267.2 deg. The filled circles and the unfilled circles, diamonds,
squares, and triangles correspond to results for A/t =0, 0.1, 0.25,
0.5, and 1.0, respectively. The horizontal dashed line represents the
linear-bifurcation buckling load level. The results for all values of
A/ t indicate a monotonic increase in normal displacement with in-
creasingload. For each case, the load factor vs normal-displacement

14 ; ; ;
1.2 At =a(t).064
N Y Pa=1
Limit-point 4|
load factor, Y pa = 1 corresponds to
Pa 0.8 buckling load of test
0.6 e
S 1
0.4
021/t = 0.080 in.|
ol 1 |
0 0.2 0.4 0.6 0.8 1

Imperfection-amplitude-to-wall-
thickness ratio, A/t

Fig. 19 Predicted imperfection sensitivity of the STA.

curve approaches a horizontal tangent as the load factor increases,
which indicates an incipient limit-point or snap-through response
of the shell. The characterization of the shell response as a limit-
point or snap-through response is also justified by the fact that the
value of the limit-point load factor decreases with increasing im-
perfection amplitude. At each limit point, the shell exhibited rela-
tively large inward normal displacements and substantial bending
deformations (particularly for A/t =1.0) at the same location of
the linear-bifurcation buckling mode shown in Fig. 17, which is
compatible with an incipient snap-throughbuckling response at this
location. The actual nonlineardeformation patternfor the limit point
(prior to snap through) that was obtained from a nonlinear analysis
of the STA with A/t = 1.0 is shown in Fig. 18, and the ratio of the
deformation pattern’s largest thickness to its smallest characteristic
length is less than 0.1. The meridional and circumferential stress
resultant distributions are similar to those presented in Fig. 11 for
the prelaunch loading condition with full LH, and LO, tanks.

The values of the limit points are shown in Fig. 19 as a func-
tion of geometric imperfection amplitude and load factor, and indi-
cate the imperfection sensitivity of the forward ogive of the STA.
The limit points that were obtained for the STA span a broad
load range bounded by p, = 1.18 for a geometrically perfect shell
and p, = 0.53 for a geometrically imperfect shell with A/¢=1.0
(A =0.0801in.) and a severe, linear-bifurcation-modeimperfection
shape. This load range corresponds to a 55% reduction in load-
carrying capacity of a geometrically perfect shell. The similarity
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between the linear-bifurcation buckling mode and the deformation
pattern obtained from the nonlinear analysis of the geometrically
perfect shell, the coincidence of their locations, and the approx-
imately 3.5% difference between the linear-bifurcation-budkling
eigenvalue and the limit-load level for the geometrically perfect
shell, indicate that the linear-bifurcationanalysis characterizes ad-
equately the nonlinear response phenomena exhibited by the STA.
In addition, the small difference between the linear-bifurcation-
buckling eigenvalue and the limit-load level for the geometrically
perfectshell indicates a small stiffening effect that is caused by ge-
ometrically nonlinear prebuckling deformations. The 55% reduc-
tion in load-carrying capacity of a geometrically perfect shell that
is caused by the inital geometric imperfections considered corre-
sponds to a linear-bifurcationbuckling-load knockdown factor ap-
proximately equal to 0.46.

The dashed line shown in Fig. 19 has a value of A/t =0.064 for
P. = 1 (which corresponds to the buckling load of the test), which
is bounded by the analytical results for A/ ¢ =0 and 1. This result,
and the accurate prediction of the buckle location, suggest that the
STAGS modeling approach described herein provides a reasonably
accurate indication of the SWT LO, tank behavior. More specifi-
cally, the results suggest that the modeling approach captures the
membrane and bending stiffnesses and the internal load path ade-
quately, and should be applicable to similar loading conditions. In
particular, the buckling-loadlevel that is obtained for the geometri-
cally perfectstructure must be greater than thatobserved for the tests
because of the inherent presenceof small initial geometricimperfec-
tions that generally tend to reduce the buckling load of thin-walled
shells. In addition, an imperfection amplitude of one minimum-
gauge wall thickness is considered to be at the border of amplitudes
that are considered to be small. Thus, if a large amplitude is needed
to bound the test results, it is likely that the finite element model
has a significant deficiency. Because of the high degree of similarity
between the SWT and SLWT LO, tanks, the results suggest that the
SLWT tank models should capture adequately the actual LO, tank
membrane and bending stiffnessesand, as a result, provide a reason-
able representationof the SLWT LO, tank nonlinear shell response.

GVTA Results

The GVTA consistedofa SWT tank mounted ontwo SRBs andan
orbiter attached to the SWT tank. The SWT tank consistedof a LO,
tank, a LH, tank, and an intertank. In this configuration, the SWT
tank is inclined at an angle of approximately 10 deg in the X7T-Z
plane because of the eccentric weight of the orbiter. The loads that
act on the LO, tank and intertank during the test and the inclination
angle oo =10 deg are shown in Fig. 20. These loads were supplied
by the SLWT tank structural verification team and consist of two
SRB interface force components, the LH, tank interface force and
moment, a uniformly distributed circumferential line load of 20.86
kips applied at XT =852.8 in., and a hydrostatic water pressure
distribution that corresponds to the tank fill level of X7 = 645 in.
(a depth of approximately 26.5 ft). No ullage pressure was present
inside the LO, tank during the test. The hydrostatic pressure distri-
bution for the GVTA was defined in the STAGS models with a user-
written subroutine in terms of the local axial coordinate x shown in
Fig. 20b. The pressuredistributionis given by p(x, 8) = 0 for values
of x <x; —r(x)tanacos 0, where x is the local coordinate of the
fill level that is defined by the positive numerical differencebetween
stations XT = 645 and 371 in., as shown in Fig. 20b. The symbol 6
is the cylindrical coordinate defined in Fig. 2, and r(x) is the polar
radius of the shell reference surface (see Fig. 20b) that was calcu-
lated from the differential geometry of the LO, tank components.
For the remaining values of x, the pressure is given by

p(x, 0) = y[(x —xy)cosa+ r(x)sinocos 0] (12)

where y is the specific weight of water at room temperature.

The original test plan for the GVTA was to fill the tank with
water and then to perform a ground vibration test. However, when
the water levelreached X T = 6451in., the tank buckledunexpectedly
in the forward ogive between approximately X7 =437 and 503 in.
and between 0 =247 and 281 deg (negative Y -axis side of the tank).

20.860 kips

uniformly

Room distributed
temperature line load at

water XT = 852.8

559.099 kips 559.099 kips

XT=1129 /; 19,284.900 in-kips
02.862 kips 231138 kips

a) Front view

b) Side view
Fig. 20 Loads for SWT tank GVTA at buckling; X7 values in inches.

The test loading conditions for the GVTA were simulated in the
manner described herein for the STA; that is, all loads shown in
Fig. 20, except for the SRB interface forces, were assignedto a load
factor p, such that a value of p, =1 correspondsto buckling of the
test article. Several finite element models were constructed for the
GVTA in which the tank was supported at the ends of the SRB beam
and the loads at the ends of the SRB beam were computed as reac-
tions. These reactions were found to be in very good agreement (to
within approximately 4%) with the specified SRB interface forces
shown in Fig. 20a.

A limitied convergence study was performed with several finite
element models of the GVTA. The final model selected to analyze
the GVTA has 252,300 DOF and is highly refined in the forward
ogive on the negative Y -axis side of the tank. The linear-bifurcation
buckling mode obtained for the GVTA with this mesh is shown in
Fig. 21. This buckling mode is also a short-wavelength buckling
mode similar to the one obtained for the STA. The location of the
linear-bifurcationbuckling mode shown in Fig. 21 is essentially the
same as the location of the buckle that was observed during the test.
The eigenvalueis given by p, =2.41.

Next, the 252,300-DOF model was used to conduct nonlinear
analyses for values of the imperfection-amplitudeto-wall-thickness
ratio A/t =0, 0.125, 0.25, 0.5, 0.75, and 1.0. The minimum wall
thickness ¢ for the forward ogive has a value equal to 0.080 in. For
each of these cases, the geometric imperfection shape was in the
form of the linear-bifurcationbuckling mode shown in Fig. 21, with
a negative amplitude.

The results of the nonlinear analyses of the GVTA are shown
in Fig. 22. The maximum normal displacement that occurs at the



NEMETH ET AL. 801

0 = 247 deg

Forward ogive mesh

Fig. 21 Linear-bifurcation buckling mode for the GVTA; 252,300 DOF and p, = 2.41.
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Fig. 22 Effect of imperfection amplitude on the buckling load for the
GVTA.

crest of the buckle pattern is located at X7 =466.7 in. and at
0=267.2 degand is shown in Fig. 22 as a function of the load factor
P.. The filled squares, triangles, and circles and the unfilled circles,
squares,and triangles correspondto results for A/t =0,0.125,0.25,
0.5, 0.75, and 1.0, respectively. The horizontal dashed line repre-
sents the linear-bifurcationbuckling load level. Similar to the STA
results, the GVTA resultsindicate a monotonicincreasein load with
increasing normal displacement that terminates at a limit point for
all nonzero values of A/t. At each limit point, the shell exhibited
relatively large inward normal displacements and substantial bend-

2'5 1 1 I 1 1
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Fig. 23 Predicted imperfection sensitivity of the GVTA.

ing deformations (particularly for A/t =1.0) at the same location
of the linear-bifurcationbuckling mode shown in Fig. 21, which is
consistent with an incipient snap-through buckling response at this
location. The actual nonlineardeformation pattern that corresponds
to the limit point that was obtained from a nonlinear analysis of the
GVTA with A/ t =1.01is shownin Fig. 22. The ratio of the deforma-
tion pattern’s largest thickness to its smallest characteristic length
is less than 0.1, which indicates that finite elements that are based
on classical thin-shell theory are adequate. The values of the limit
points displayed in Fig. 22 are shown in Fig. 23 (filled circles) as
a function of the geometric imperfection amplitude and load fac-
tor to indicate the imperfection sensitivity of the GVTA. The limit
points obtained for the GVTA span a broad load range bounded
by p, =2.46 for a geometrically perfect shell and p, =0.92 for a
geometrically imperfect shell with A/t = 1. This load range corre-
sponds to a 62% reduction in load-carrying capacity of a geomet-
rically perfect shell. The load reduction predicted for the GVTA is
approximately 7% greater than that for the STA, and is attributed to
the differencein the loading conditions. The approximately 2% dif-
ference in the limit load for the geometrically perfect shell and the
linear-bifurcationeigenvalue is again attributed to a small effect of
geometric nonlinearity. As for the STA, the similarity between the
linear-bifurcation buckling mode and the deformation pattern ob-
tained from the nonlinearanalysis of the geometrically perfectshell,
the coincidence of their locations, and the approximately 2% dif-
ference between the linear-bifurcation-budling eigenvalue and the
limit-load level for the geometrically perfect shell, indicate that the
linear-bifurcation analyses characterizes adequately the nonlinear
response phenomenaexhibited by the GVTA. The 62% reductionin
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load-carryingcapacity of a geometrically perfectshell thatis caused
by the inital geometric imperfections considered corresponds to a
linear-bifurcation buckling load knockdown factor approximately
equal to 0.38.

The dashed line shown in Fig. 23 has a value of A/t=0.625
(A =0.05041n.) for p, = 1 (which correspondsto the buckling load
of the test). Because of the accurate prediction of the buckle loca-
tion and the prediction of reasonable bounds on the experimental
buckling-load level, the results for the GVTA also suggest that the
STAGS modeling approach captures the stiffness and internal load
paths well enough to provide reasonably accurate indications of the
SWT, and hence the SLWT, LO, tank nonlinear shell responses.

Concluding Remarks

Buckling and nonlinear analyses of the Space Shuttle SLWT
LO, tank have been presented. An overview of the LO, tank and
intertank structures has been presented, the loading details for two
importantprelaunchloadingconditionshave beendescribed,and the
method used in the present study to simulate these loading condi-
tions has been discussed. In addition, the analysiscode thathas been
used at the NASA Langley Research Center for linear-bifurcation
buckling and nonlinear analyses of the SLWT LO, tank has been
briefly described.

Results have been presented herein for the SLWT LO,; tank that
is subjected to two prelaunch loading conditions and for two full-
scale structural tests that were conducted during the development
program of the original SWT tank approximately 20 years ago.
The SWT LO, tank has essentially the same geometry as the 2195
aluminum-ithium SLWT LO,, tank, but is made of 2219 aluminum
alloy. The primary difference between the two LO, tanks is that the
skins of the SWT tank are thicker than those of the SLWT tank, with
the thicknessesmuch more uniformly distributedover the SWT tank
shell. These results have illustrated three distinctly different types
of nonlinear response phenomena for thin-walled shells subjected
to combined mechanical and thermal loads that may be encountered
in the design of other liquid-fuellaunch vehicles and that should be
considered in the design of a TPS. In addition, a discussion of the
applicabilityof linear-bifurcationbucklinganalysesto the character-
ization of the three nonlinear response phenomena has been given.
Moreover, the results have indicated that meaningful predictions
of the response of these shells generally require large-scale, high-
fidelity finite element models. This need results from the presence
of localized, short-wavelength response phenomena in a relatively
large structure that are caused primarily by circumferential tension
stresses that are associated with internal ullage and fuel pressures.
Use of coarse finite element models for similar problems could miss
a similar response mode entirely.

For the first SLWT tank prelaunch loading condition, the LH,
tank is full and the LO, tank is empty. The finite element results
predict that the nonlinear response is characterized by a platelike
or very shallow curved-panel-likebuckling response that is essen-
tially insensitive to initial geometric imperfections. The results also
indicate that for this type of launch-vehicleresponse phenomenon,
linear-bifurcationanalyses yield areasonablecharacterizationof the
nonlinearresponse. For this loading condition, the barrel section of
the LO, tank is predicted to buckle at loads that are more than twice
the operational destabilizing loads.

For the second SLWT tank prelaunchloading condition, the LH,
and LO; tanks are full. The nonlinearresponse for this loading con-
dition is characterized by a short-wavelengthbending deformation
that grows in amplitude in a stable manner with increasing load. For
this loading condition, local bending deformations appear in the aft
ogive of the LO, tank that do not lead to a general instability mode
butmay cause failure of the TPS for load levelsin excess of approxi-
mately twice the operationalload level. Results have been presented
in the present paper that can be used to estimate the load level at
which the TPS may become damaged. Moreover, the results predict
that the severity of the local deformations is significantly affected
by localized initial geometric imperfections. For this type of launch-
vehicle response phenomenon, the linear-bifurcationbuckling anal-
yses do not represent adequately the mechanics of the actual shell
response, and underestimate signficantly the elastic load-carrying

capacity of the structure. In particular, the linear-bifurcationbuck-
ling analyses did not predict some significant local bending defor-
mations that develop near the ends of the aft ogive and that could
affect significantly the performance of the TPS. For problems of
this type, the use of shell stability knockdown factors with linear-
bifurcation buckling results would be overly conservative.

For the two full-scale structural tests of the SWT, the nonlinear
responses exhibit local buckling of a doubly curved shell segment
of the LO, tank forward ogive that is characterized by a limit-point
or snap-throughbehavior. The accurate prediction of the buckle pat-
tern locations that were obtained from the linear-bifurcation anal-
ysis and from the nonlinear analysis of the geometrically perfect
GVTA shell, and the small differencebetweenthelinear-bifurcation-
buckling eigenvalue and the limit-load level for the geometrically
perfectshell,indicate that the linear-bifurcationanalyses adequately
characterize the nonlinear response phenomena exhibited by the
two tests. The magnitude of the load level that corresponds to the
limit point has been shown to be very sensitive to local initial ge-
ometric imperfections in the LO, tank. Specifically, load reduc-
tions of about 55-62% of the buckling load of a geometrically per-
fect shell are predicted for a geometric imperfection shape in the
form of the linear-bifurcation-bucling mode and with a one-wall-
thickness imperfection amplitude. The 55 and 62% reduction in
load-carrying capacity corresponds to linear-bifurcation buckling-
load knockdown factors approximately equal to 0.46 and 0.38,
respectively.

The buckling loads that were obtained from the highly refined
finite element models for both tests correspond to geometric im-
perfection amplitudes that are greater than zero and less than one
minimum-gauge wall thickness. This result implies that the finite
element models capture adequately the membrane and bending stiff-
nesses and the internal load path of the SWT LO, tank. In particular,
the buckling-loadlevel thatis obtained for the geometrically perfect
structure must be greater than that observed for the tests because of
the inherent presence of small initial geometric imperfections and
the fact that, in many cases, small initial geometric imperfections
are known to cause substantialreductionsin the buckling resistance
of thin-walled shells. In addition, an imperfection amplitude of one
minimum-gauge wall thickness is considered to be at the border of
amplitudes that are considered to be small. Thus, if a large ampli-
tude is needed to bound the test results, it is likely that the finite
element model has a significant deficiency. Moreover, the location
of the buckles was predicted to be in essentially the same location
that was observed for each test. Thus, the finite element results for
the two full-scaletests, and the high degree of similarity between the
SWT and SLWT LO, tanks,suggestthat the finite elementmodeling
approach used in the present study should represent the nonlinear
behavior of the SLWT LO, tank reasonably well.
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