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Abstract

Excess and obsolete stocks of chemical warfare material (CWM) were
sea disposed by the United States between 1919 and 1970. One-ton
containers were used for bulk storage of CWM and were the largest
containers sea disposed. Disposal depths ranged from 300 to 17,000
feet. Based on a Type D container assembly drawing, three independent
analyses (one corrosion and two structural) were performed on the
containers to address the corrosion resistance from prolonged exposure
to sea water and the structural response during the descent. Corrosion
predictions were made using information about corrosion rates and the
disposal environment. The structural analyses employed two different
finite element codes and were used to predict the buckling and material
response of the container during sea disposal. The results of these
investigations are summarized below. Detailed reports on each study
are contained in the appendices.

Introduction

Between 1919 and 1970, the United States sea disposed of excess, obsolete and unserviceable
chemical warfare material. Disposal sites are in both the Atlantic and Pacific Oceans with depths ranging
from 300 to 17,000 ft. below sea level (bsl). The disposal methods varied from loose disposal of
individual items to consolidation in hulks and sinking. Corrosion from prolonged exposure will
ultimately result in the failure of the containers. An assessment of corrosion was completed to determine
if earlier estimates on the rate of corrosion could be supported. In addition, an evaluation was performed
to determine if the one-ton containers might have failed during disposal due to hydrostatic pressures.

A Type D one-ton container was analyzed to determine its structural response during sea disposal and
long-term corrosion resistance. The sea disposal analysis included structural buckling and material
yielding due to the high external hydrostatic pressure. The Type D one-ton container has an internal
volume of approximately 192 gallons and is 81.5 in. in length with a 30-in. diameter. Figure 1 shows a
1937 assembly drawing of the container. The container weighs approximately 1,600 lbs empty and has a
maximum gross weight of 3,500 Ibs. The tanks are filled with a liquid to approximately 90% of the
volume. The tank is cylindrical with concave hemispherical end caps attached using a forge lap weld.
The failure of the welded region was not considered due to a lack of information. The container is
constructed from hot-rolled steel with a 0.41-in.-thick cylindrical wall and 0.75-in.-thick end caps. As a
safety measure, three plugs are installed in each end cap and are designed to rupture at 500 psi of internal
pressure. In the following analyses, the material properties were estimated since the exact properties of
the steel were not known. After the completion of the analyses, a federal material specification,
QQ-S-636, was deciphered from the assembly drawing and obtained. Although the material properties
were not listed in the specification, the chemical composition was listed. The chemical composition
specifies a maximum of 0.20% Carbon, 0.60% Manganese, 0.06% Phosphorus, and 0.06% Sulfur. This
chemical composition is consistent with an AISI 1020 steel. Additional literature searches will be
required to determine the material properties from this time period for the specified thicknesses.

Three studies were performed to assess the integrity of the one-ton container following sea-disposal: a
corrosion assessment and two independent structural analyses. The corrosion assessment (Appendix A)
was performed at the Weapons and Materials Research Directorate of the U.S. Army Research



Laboratory. A previous corrosion assessment, published in 1973, estimated the time to penetration to be
539 years. Since that study, a better understanding of deep-sea corrosion has developed. Using the new
information and a better knowledge of the deep-sea environment, the time to penetration was reassessed
assuming a similar site. The other two analyses, performed at NASA Langley Research Center, used
finite element codes to predict the structural response during loose or “over the side” sea disposal. As
discussed in Appendix B, the container was analyzed using STAGS®, a geometrically nonlinear shell
analysis code developed to analyze buckling and post-buckling behavior. Using this code, the stresses
and buckling response from applied hydrostatic pressure on the container were evaluated with and
without geometric imperfections. As discussed in Appendix C, an explicit, transient dynamic, finite
element code (LS-DYNA®) was used to simulate the effects of increasing hydrostatic pressure on the
container. In addition, methods to simulate the internal contents of the tank and the impact with the ocean
floor were investigated.

Summary

Appendix A addresses the corrosion resistance of the containers. A previous assessment, published in
1973, estimated the time to penetration of the one-ton container with continuous exposure to seawater to
be 539 years for a depth of 5600 ft. in the Pacific Ocean. Since this report did not include any supporting
data, this estimation was reevaluated and found to be optimistic. Under uniform corrosion conditions,
times to perforation were estimated to be between 80 and 300 years depending on dissolved oxygen
concentrations. Water currents, biological effects, contact with dissimilar metals and the exact water
chemistry at the site of disposal may further accelerate the corrosion rate. In some cases, a slight increase
in seawater velocity can nearly double the corrosion rate. Current estimates for the Titanic, located
12,470 ft. below the surface of the Atlantic Ocean, indicate that the 0.75-in.-thick hull will last only 184
years. For the one-ton container, interactions of corrosion and hydrostatic stress may cause failures much
sooner than corrosion alone. Because of the complexities of the factors involved, a significant amount of
added effort may only slightly increase the confidence of the predictions. Additional literature searches
on corrosion rates and conditions at known disposal sites, obtaining specific information on container
materials and construction processes, obtaining specific information on the container coatings and
processes, and locating additional comparison studies involving similar materials in the ocean may only
somewhat reduce the uncertainty of the estimates.

The structural buckling (rapid collapse of the container) and container stresses were analyzed in
Appendix B. STAGS® was used for the analysis and is a geometrically-nonlinear, finite element, shell
analysis code which was specifically developed to analyze buckling and post-buckling behavior. Linear
elastic properties were used to model the behavior of the steel. Initial yielding (permanent plastic
deformation of the steel) was predicted using the maximum tensile stress. Since the actual yield stress
was unknown, the yielding was bounded by a range of yield stresses for hot-rolled steel. Three
competing mechanisms were examined that could result in a loss of structural integrity: structural
buckling, yielding of the cylinder walls, and yielding of the end caps. Using a linear analysis, structural
buckling was predicted to occur when the external pressure exceeded the internal pressure by 679 psi.
For all analyses, the internal pressure was assumed to be 14.7 psi. Consequently, this buckling pressure
corresponded to an ocean depth of 1520 ft bsl. The end caps were predicted to begin yielding for pressure
differences of 577 to 1065 psi (1290 to 2390 ft. bsl), depending on the yield properties. Since dents and
other geometric anomalies may significantly reduce the critical buckling pressure, geometrically
nonlinear analyses were performed that included initial imperfections in the container geometry. To
obtain the most severe cases, imperfection shapes were selected that corresponded to the buckling shapes
from the linear analysis. The imperfection amplitudes studied were 1%, 10%, or 100% of the thickness of
the cylinder wall. In general, the buckling pressure was not very sensitive to initial imperfections in the



container. Buckling pressures for imperfections with amplitudes less than 10% of the cylinder wall
thickness were only slightly lower than the pressures from the linear analysis (no imperfections). The
most severe case investigated was for an imperfection shape with three nodes around the circumference,
and an amplitude equal to the cylinder wall thickness. For this case, the critical buckling pressure was
reduced by 27% which corresponds to a depth of 1110 ft. bsl. For a container with an imperfection, either
the end caps or the cylindrical section were predicted to begin yielding prior to buckling. The effect of
the internal pressure was investigated by calculating the internal volume loss as a function of external
pressure. This study showed that the container would begin yielding or buckle prior to any significant
volume loss. For buckling calculations, internal pressure increases only need to be considered if a fluid
occupies more than 99% of the container volume. Yielding may be beneficial if the container can
collapse down to the fluid volume without a material failure. However, additional material and internal
contents information are required to predict this post-buckling and post-yielding behavior. The vent plugs
(if left installed), valve threads, and the forge weld attaching the end caps may be susceptible to leakage
during descent and should be analyzed further.

The structural response of the container to an external pressure was simulated using an explicit,
transient dynamic, finite element code (LS-DYNA®) in Appendix C. An LS-DYNA® finite-element
model of the cylindrical container containing 9,752 shell elements was created. The model was analyzed
without the internal contents to determine the buckling load for the externally applied pressure. The
LS-DYNA® simulation predicted that initial buckling would occur for an external pressure of 699.2 psi.
This value is only 3% higher than the buckling pressure predicted by the STAGS® simulation (679 psi)
described in Appendix B. Two methods to simulate the internal contents were investigated. In the first
method, the interior was filled with solid elements that were assigned a material property that mimicked
the ideal gas law for pressure as a function of volumetric strain. The internal pressure was not significant
until the interior volume of the container was reduced to near the fluid volume. This reduction in
container volume requires yielding in the container. Consequently, the predictions are highly dependent
on the tensile and compressive material properties to failure of the container, as well as the properties of
the internal contents. Since these properties were not available, the results from this analysis are not
presented. In the second method to simulate the internal contents, a coupled fluid-structure interaction
simulation was investigated using the Arbitrary Lagrange Euler (ALE) formulation within LS-DYNA®.
A model to simulate the impact with the ocean floor was also created. This model included the external
pressure, the internal contents, and the impulsive loading simulating the impact. Since this model is also
very dependent on specific failure data and properties, no results are presented.
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Figure 1. Assembly drawing of a Type D one-ton container



Appendix A: Corrosion Assessment of a
One-Ton Container

John Kelley
U.S. Army Research Laboratory
Weapons and Materials Research Directorate
Aberdeen Proving Ground, Maryland

Introduction

This appendix addresses the corrosion resistance of the containers at a depth of 5000 ft. beneath the
Pacific Ocean. A report published in 1973 by US Army Munitions Command [1] describes the behavior
of chemical agents exposed to various environmental conditions. The report also includes a table in the
appendix which lists estimated times to penetration by corrosion of 11 different munitions and containers
at a depth of 5600 ft. (1700 meters) in the Pacific Ocean. In the table, the one-ton container is estimated
to last 539 years before corrosion will penetrate the thinnest section of the wall. The report, however, did
not include any data to support that estimate. Further, interactions of corrosion and hydrostatic stress may
cause failures much sooner than corrosion alone and will not be considered in this analysis. The purpose
of this section is to attempt to determine if the 539 years is a reasonable estimate for the corrosion life of
these containers.

Application of Previously Reported Data

There are several factors that influence the corrosion rate in deep water. They are: water temperature,
dissolved oxygen, water current velocity, biological effects, and galvanic effects among others. Although
all factors should be considered, some assumptions were made in order to expedite this investigation:

1. Galvanic effects will be neglected because the amount of cathode (brass plugs and valve) is
considered insignificant compared to that large anode (steel containers)

Biological effects will be neglected at this time

The tanks are made from uncoated carbon steel

The thinnest section of the one-ton container = 0.41 inches (0.010414 meters ) [2]

All were disposed of in the Pacific Ocean

The average depth at the site of disposal is approximately 5000 ft. bsl (1500 meters)

SANRAE i N

Using Figure Al and Table Al, we can further assume the following [3]:
7.  The temperature at the ocean floor is between 36 and 41 degrees F (2 and 5 degrees C)
8.  The dissolved oxygen is between 0.0005 and 0.003 ft*/ft’ (0.5 and 3.0 mL/L)



Figure Al. Dissolved oxygen (DO), temperature (T), and corrosion loss at a site in the Pacific Northwest. [3]

The dissolved oxygen concentration and the seawater temperature are the more predominant factors
for determining corrosion rates in deep-sea environments. However, literature shows that the presence of
dissolved oxygen (DO) appears to be the most significant. The amount of dissolved oxygen has been
reported to have a nearly linear relationship with corrosion loss [2, 5]. It has been reported that in some
eastern and western Pacific Ocean sites the DO concentrations at depths greater than 3300 feet (1000
meters) are much lower than at the surface and may be as low as 0.001 ft*/ft’ (1 mL/L) [2].

Presented in Table Al is a list of empirical data taken from a surface study [4] conducted at
Wrightsville Beach and a deep-sea study in the Pacific Ocean. The study considered the effects of such
parameters as dissolved oxygen concentration, salinity, temperature, and pH. Equation 1 was derived
from this study and, as mentioned in the test, is limited to the areas where the study was conducted.
However, by assuming that there will be little difference in these parameters (pH and Salinity) in the
Pacific water, and by using the assumptions established earlier, an estimate of the deep-water corrosion
rate can be made. These corrosion rates can be seen in Figure A2.



Table Al: Corrosion Rates of Carbon Steel for Near-Surface and Deep-Sea Immersion [4]

CR=21.3+254DO +0.356T
Where: CR = Estimated Corrosion Rate (pm)
DO = Dissolved Oxygen Concentration (mL/L)

T = Water Temperature (°C)

4.5

4.0 |

Dissolved Oxygen Content (mL/L)

0.0 | | | | |
0 50 100 150 200 250 300 350

Time to Perforation (years)

Figure A2. Corrosion penetration of a 0.41 inch (0.010414 meters) thick carbon steel container in 36 degrees F (2

degrees C) seawater. Plotted using Eq. 1, Metals Handbook Vol. 1 9" ed., pg 739. Calculations do not consider
water current velocity.

(1



Velocity Effects

An increase in the seawater velocity will typically increase the rate of corrosion of steel. The effect is
twofold: 1) the steady flow of water acts to provide a constant supply of dissolved oxygen to the steel 2)
the moving water helps to release some of the protective oxide allowing the oxygen to come in contact
with the steel. However, given the unique conditions in deep-water atmospheres (low DO and
temperatures, and anaerobic bacteria growth), it is unclear at this time what the magnitude of the increase
would be. There has been work done to study the effects of velocity on the corrosion of steel. Figure A3
is the result of one such study showing the effects of the velocity of seawater at ambient temperature. It is
evident that the relationship between the velocity effect and corrosion rate is nearly linear at lower
velocities. In fact, Figure A3 shows that in some cases, with a slight increase in velocity the rate of
corrosion can nearly double.

Figure A3: Effect of velocity on the corrosion of steel by seawater at ambient temperature. [5]

Case Study

Since it sank in 1912, the Titanic has been one of the most studied shipwrecks in history. The ship
was also constructed from carbon steel similar to AISI 1020 with a chemical composition that specifies a
maximum of 0.20% Carbon, 0.47% Manganese, 0.045% Phosphorus, and 0.069% Sulfur [6]. Several
observations of the Titanic have revealed corrosion products known as rusticles. It is thought that these
rusticles are caused by iron consuming bacteria that grow rapidly under anaerobic (no oxygen) conditions
[7]. Although it is corroding slower than first anticipated, some corrosion experts predict that the vessel
will collapse on itself in about another 75-90 years [8]. If that prediction is true, the Titanic will have
lasted between 169 to 184 years. However, the Titanic is located 3800 m (12,470 ft) below the surface of
the Atlantic Ocean, which has somewhat different chemistry than the Pacific Ocean. Thus, the exact
effect the anaerobic bacteria will have on the one-ton containers in the Pacific Ocean is unknown at this



time and will be neglected for this comparison. But it should be understood that biological effects would
likely accelerate the degradation of the steel.

Summary

Based on empirical data found in the literature, the case study presented, and using the derived
equation, it appears that the 539 years to perforation by corrosion reported in Epstein et al [1] is
considered somewhat optimistic. It is more likely that the one-ton containers would have corroded
through in far less time. Figure A2 is an estimate of some times to perforation under uniform corrosion
conditions with a known water temperature and known dissolved oxygen concentrations. These
estimates, however, neglect several important factors including sediment cover, water current velocity,
biological effects and the exact water chemistry at the site of disposal, which can influence the corrosion
process and cause significant acceleration of corrosion rates. The case history of the Titanic serves to
illustrate what happens to a carbon-steel vessel in deep seawater after nearly 100 years. The average
thickness of the hull of the Titanic was originally 0.75 inches (0.01905 meters) , and it is predicted to last
about 184 years. Even so, this estimate is still quite rough, as scientists are still learning about this new
phenomenon, which produced rusticles on the Titanic and influences the corrosion rate. Therefore,
making a corrosion rate estimate for the ton-containers is especially difficult given that many of the
conditions at each individual disposal site are unknown. Because of the nature of deep-water corrosion, it
is very difficult to tightly bracket the life expectancy with a high degree of confidence. In fact, a
significant amount of added effort may only slightly increase the confidence of the prediction.

Proposed Work

Because of the nature of deep-water corrosion, it is very difficult to tightly bracket the life expectancy
with a high degree of confidence. In fact, a significant amount of added effort may only slightly increase
the confidence of the prediction. If improved corrosion estimates are needed, ARL proposes the
following at a minimum: 1) A thorough survey of literature on the topic of deep-water corrosion in the
ocean in order to learn more about the specific characteristics. Mappings of salinity, water temperature,
biological makeup, dissolved oxygen content and ocean currents could be applied to this examination to
calculate the corrosion rates in various oceans. 2) Although the general construction of the one-ton
containers is known, a more specific account of the materials, construction techniques and processes
(welding process, mill scale present, etc.) is needed. All of these can affect the rate of corrosion. 3) It is
likely that the one-ton containers were coated with either an organic, or inorganic coating, or a
combination of the two coating types. Coatings have been known to cause preferential corrosion (if
damaged) as well as protect structures from corrosion. Much of it depends on the types of coatings and
processes used, and if the coating was damaged when the one-ton containers were disposed. Therefore, it
is important to know the types of coatings and processes, and the relative age and condition prior to
disposal. 4) Finally, as can be seen by the example of the Titanic, “real world” case studies are invaluable
in understanding some of the extraordinary circumstances present beneath the ocean. For this reason, a
more comprehensive literature review of these types of case studies involving similar materials (such as
with shipwrecks) should be performed.
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Appendix B: Structural Buckling Analysis of a
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Summary

The effects of increasing hydrostatic pressure on a Type D one-ton container were investigated using
the STAGS® structural analysis program. Finite element models of the complete container were created
using MSC.Patran® for input into the STAGS® analysis code. The material properties or a range of
material properties were obtained from the ASM Metals Handbook since the actual properties were
unknown. Three competing structural and material responses were examined: structural buckling (rapid
collapsing of the container), cylinder yielding, and end cap yielding. The maximum principal tensile
stress was used to predict the yielding of the cylinder and the end caps. Using a linear analysis, structural
buckling was predicted to occur when the external pressure exceeded the internal pressure by 679 psi.
For all analyses, the internal pressure was assumed to be 14.7 psi. Consequently, this buckling pressure
corresponds to an ocean depth of 1520 feet. However, the end caps were predicted to begin yielding
between 577 and 1065 psi (1290 to 2390 ft. bsl) depending on yield properties. Geometrically nonlinear
analyses were performed that included the effects of initial imperfections in the container geometry. To
obtain the most severe case, imperfection shapes were selected that corresponded to the mode shapes
from the first and second eigenvalues. The amplitudes of the imperfections that were investigated were
1%, 10%, or 100% of the thickness of the cylinder wall. Buckling pressures from nonlinear analyses of
imperfections with amplitudes of only 1% of the cylinder wall thickness were nearly identical to those
from the linear results (no imperfections). The most severe case was an imperfection with the mode
shape of the first eigenvalue with an amplitude equal to the cylinder wall thickness. For this case, the
critical buckling pressure was reduced by 27%, which corresponds to a depth of 1110 ft. bsl. In general,
the container was not sensitive to small initial imperfections in the geometry. Increases in the internal
pressure caused by a reduction in the container volume due to the increasing hydrostatic pressure were not
found to affect the predictions. For a container with an imperfection, either the end caps or the cylindrical
section should experience localized yielding prior to structural buckling. Yielding may be beneficial if
the internal volume can be reduced to near the fluid volume prior to a material failure. However,
additional material and container information is required to predict this post-buckling and post-yielding
behavior. The forge welds used to attach the end caps are critical but were not analyzed due to a lack of
information. In addition, other potential sources of leaking such as the valve threads and the safety vents
(if left in place during sea disposal) should be investigated.

Introduction

A Type D one-ton container was analyzed using the STAGS® (STructural Analysis of General Shells)
finite element [1] program to determine the material and structural response during sea disposal.



Structural buckling (rapid collapsing of the container) due to the high external hydrostatic pressure was
considered the primary threat. Figure 1 (main section of report) shows the assembly drawing of the
container from 1937. Finite element models of the entire container were created based on this assembly
drawing using the MSC.Patran® finite element modeling software [2]. Finite element models with two
different mesh sizes were created to confirm the convergence of the model. The STAGS® finite element
program was used to analyze the buckling and evaluate the container stresses caused by the hydrostatic
pressure. STAGS® is used extensively throughout the aerospace, shipbuilding and other industries for
analysis of panels, pressure vessels, and general shell structures. STAGS® was specifically developed to
perform geometrically nonlinear analyses of complex systems that includes the buckling and
post-buckling regimes. Specific routines are included in STAGS® that allow initial geometric
imperfections to be added to the model.

Initially, the Type D one-ton container was analyzed without an imperfection using a linear analysis to
obtain the critical buckling pressures (eigenvalues) and associated mode shapes. A stress analysis was
performed to determine the maximum stresses and their locations. Since cylinder buckling can be
strongly affected by the presence of geometric imperfections, geometrically nonlinear analyses were
performed on containers with assumed initial imperfections. Manufacturing defects, variations in
thickness, and variations in material properties may also have a large influence on the buckling
predictions but were not investigated. In the nonlinear analyses, the effects of two geometric
imperfection shapes, corresponding to the first two eigenvalue mode shapes, were evaluated with three
different amplitudes. An imperfection coinciding with the shape of a buckling mode should provide a
“worst case” buckling value. No data were available on actual geometric imperfections, thickness
variations, or manufacturing defects. Using the nonlinear analyses, the critical buckling pressure and
container stresses were evaluated. Finally, an analysis was performed to determine the effects on the
predictions of an internal pressure increase caused by a reduction in the cylinder’s internal volume due to
the hydrostatic pressure.

Tank Properties and Dimensions

The Type D one-ton container is a cylindrical tank 81.5 + 0.5 inches long with an outside diameter of
30.0 = 0.5 inches. An assembly drawing of the tank is shown in Figure 1 of the main section of this
report. On this drawing, the container material is specified as hot-rolled steel in the “as-rolled” condition
with minimum wall thicknesses of 13/32 (0.406) inches for the cylindrical section and 3/4 (0.75) inches
for the hemispherical end caps. Since the actual steel properties for the containers were not known, the
properties for this analysis were obtained for hot-rolled steel from the ASM Metals Handbook [3] and are
listed in Table B1. Depending on the thickness, quality and composition of the steel, the yield and tensile
strengths can vary greatly as given by the ranges in Table B1.

Table B1. Properties of Hot-Rolled Steel

. Yield strength Tensile strength
E, msi \Y ; .
range, ksi range, ksi
Hot-Rolled Steel 29.0 0.29 26-48 40-67

The internal volume of the cylinder was calculated based on the dimensions given in the assembly
drawing. The container volume was calculated as the volume of the hemispherical end caps (Vendcap)
subtracted from the volume of the cylindrical portion (¥¢yinder) and is given in equation 1
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where the inner cylindrical radius (7;) equals 14.59 inches, the internal cylinder length (/) equals 72.1
inches, and the height of the hemispherical section (%) equals 3.78 inches. The calculated volume was
45680 in® which equals 26.43 ft’ or 197.7 gallons.

Material and Structural Response

This analysis considers three competing material and structural responses as the hydrostatic pressure
increases: buckling (rapid collapse of the container walls), yielding in the cylindrical section, and
yielding in the hemispherical end caps. Any of these three responses may cause a significant loss of
structural integrity. For ductile materials such as low-carbon steels, the onset of yielding in tension is
often used to predict structural failure. Using this criterion typically provides a conservative material
failure prediction. A more sophisticated material and failure model is required to predict the failure after
yielding has occurred and would require specific material properties that were unavailable. Yielding may
accelerate buckling and reduce the critical buckling pressure. Low-carbon steels have a maximum
elongation at failure of 20 to 40%. Yielding could be beneficial if the internal volume could be reduced
by the amount of the gas volume before a material failure occurs. Consequently, the internal and external
pressures would equalize to limit further structural damage. In this analysis, yielding was predicted when
the maximum principal tensile stress exceeded the yield stress. When loaded in compression, structures
made from ductile materials will typically buckle before reaching the compressive failure strength of the
material. Consequently, compressive stresses were used for buckling computations and not compressive
fracture analyses.

Ocean Hydrostatic Pressure

The density of ocean water varies only slightly with temperature (greatest sensitivity), salinity, and
pressure. The density near the surface is approximately 0.03703 Ibm/in’ (1.025 g/cm’) but is relatively
constant at (0.03714 Ibm/in’) 1.028 g/cm’ below 3000 feet. For this analysis, a constant value of 0.03714
Ibm/in’® (1.028 g/cm’) was used. The hydrostatic pressure was calculated as:

])total = thm + pgh (2)

where Py, 1s the hydrostatic pressure, Py, is the atmospheric pressure, p is the density of seawater, g is
the acceleration due to gravity, and /4 is the depth. For the initial analyses, the pressure difference was
held constant and independent of container deformations. The initial internal pressure was assumed to be
atmospheric. Consequently, the relative pressure (P — Pann) Was simply pgh.

Finite Element Model

A STAGS® [1] finite element model of the full tank was created using MSC.Patran® [2] based on the
dimensions in the assembly drawing (Figure 1 of main report). The exterior hemispherical cover for the
valves was not included in the model since it is not a structural part. The holes for the valves and vent
plugs were not modeled since they are filled. “Classic” four-node quadrilateral shell elements
(STAGS® E410) were used to model the container walls. The surface contours in the model were created
to match the interior contours of the tank, which simplified the model in the region where the
hemispherical end caps are welded to the cylinder wall. An eccentricity was supplied to the shell



properties to account for the offset of the mid-plane of the container walls from the reference surface. A
similar approach was used in the welded region where the joint is represented by a wall thickness of 1.156
inches (combined cylinder and end cap thickness) with an eccentricity. The geometry of the region
around the lap weld was not precisely defined in the assembly drawing. Consequently, a computer
program was used to extract data points along the interior contours of this joint from an image of the
assembly drawing. The coordinates of these points were then used to generate a spline in MSC.Patran®.
The reference surface for this region is shown for this cross section in Figure B1. After a quadrant of the
cross-sectional geometry was generated in MSC.Patran®, this quadrant was mirrored then rotated 360° to
obtain the full 3D geometry.

Two finite element models were generated with 48 and 96 shell elements around the circumference,
which corresponded to nominal element edge lengths of 2 inches and 1 inch, respectively. An example of
the mesh with 48 elements around the circumference is shown in Figure B2. These two models were used
to verify the solution convergence. The boundary conditions consisted of fixing the displacements of
three nodes on the perimeter of the end caps. The top node on the “+x” end cap was fixed in the x, y, and
z directions. On the “—x” end cap, the top node was fixed in the y and z directions, and the bottom node
was fixed in only the z direction.

Interior surface of cylindrical section

Interior surface of end cap \

Figure B1. Cross section of inner surface geometry.



Figure B2. An MSC.Patran® model of the container with 2-inch-square elements.

Applied Pressure

A “live” hydrostatic pressure was applied at the reference surface. A ‘live’ pressure loading option
maintains the pressure normal to the deformed surface throughout geometrically nonlinear deformations.
A slight discrepancy was created since the actual hydrostatic pressure is applied to the exterior surface
instead of the interior reference surface. Since the hoop stresses are twice the magnitude of the axial
stress, an equivalent exterior pressure was calculated based on equivalent hoop stresses. The hoop stress
at any given location in a simple cylinder due to internal and external pressures is given by equation 3 [4].
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where P; is the interior pressure, P, is the exterior pressure, r; is the inner radius, 7, is the outer radius, and
r is the radial position for the stress calculation. The hoop stress on the interior wall can then be
calculated by setting  equal to r; (equation 4).
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An equivalent exterior pressure, P,, can then be obtained by matching the hoop stress produced by an
interior pressure with the hoop stress produced by an exterior pressure. This relationship is shown in
equation 5 and produces an equivalence factor of -0.973 or an interior pressure of -1.000 psi produces the
same interior surface hoop stress as 0.973 psi of an exterior pressure.
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Similarly for the axial stress, the stress differs for a pressure applied to an interior or exterior surface
(equation 6).
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An equivalent exterior pressure is obtained by matching the axial stresses for an internal and external
pressure (equation 7).
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For the geometry in this case, the equivalence factor is 0.947 or an interior pressure of -1.000 produced
the same axial stress as an external pressure of 0.947 psi. As stated previously, the factor obtained from
the hoop stress calculation (0.973) was used since the hoop stress is approximately twice as large as the
axial stress, and the buckling deformations are primarily in the hoop direction.

Linear Analysis
Deformations

A linear analysis was initially performed to investigate the deformations and verify the model. An
example of a deformed mesh is shown in Figure B3 for an equivalent external pressure of 0.973 psi
(1.000 psi of internal pressure). Along the cylindrical section, the primary deformation is a uniform
inward contraction of the cylinder. A small transition region exists near the end caps where the cylinder
walls rejoin the end caps. The normal deformations are significantly larger for the end caps than for the
cylindrical walls.



Figure B3. Normal displacement contours plotted on the deformed geometry from a linear analysis
Bifurcation-Buckling Analysis

The first ten eigenvalues from a linear buckling analysis were obtained using STAGS®. Meshes with
either 48 or 96 circumferential elements were used which corresponded to square elements with edge
lengths of 2 or 1 inches, respectively. This analysis assumes no internal pressure changes due to
container deformations. The critical external hydrostatic pressures associated with each eigenvalue are
summarized in Table B2 along with the mode shapes. The number of half-waves in the longitudinal
directions and full-waves in the circumferential directions are denoted by the parameters m and n,
respectively. The mode shapes corresponding to these eigenvalues are shown in Appendix BA for the
mesh with 1-inch square elements. The shape of the first (lowest) eigenvalue is different between the two
meshes but represents only a 2.5% difference in the critical pressures. Several of the other eigenvalues
also are associated with different mode shapes for the two meshes. However, the critical pressures
associated with each eigenvalue are nearly identical for the two meshes. Also, for a given mesh, the
critical pressures are almost identical for each pair of eigenvalues (i.e., 1-2, 3-4, etc.). The paired
eigenvalues represent simple rotations of the same mode shape about the x-axis or nearly coincident
buckling modes. The lowest critical buckling pressure (eigenvalue 1) of 679 psi corresponded to a
pressure at 1520 ft. below sea level. For the 1-inch element mesh, two eigenvalues for the bifurcation
loads are clustered near the lowest critical pressure. For all subsequent analyses, only the mesh with the
1-inch-square elements was used.



Table B2. Critical Buckling Exterior Pressures

2-inch elements 1-inch elements
. Critical external Buckling Critical external Buckling Distance below
Eigenvalue . shape . shape
pressure, psi pressure, psi sea level, ft
m, n m, n
1 696 1,3 679 1,3 1520
2 696 1,3 684 1,2 1530
3 912 1,4 911 1,2 2040
4 912 1,4 911 1,4 2040
5 1374 1,6 1370 1,5 3070
6 1374 1,5 1371 1,5 3080
7 1443 2,4 1443 2,4 3240
8 1443 2,4 1447 2,4 3250
9 1614 2,5 1612 2,5 3620
10 1614 2,5 1613 2,5 3620

The geometry of the container can be idealized as a thin-walled cylinder with the ends closed and held
circular. A formula [4] exists for this simplified geometry to calculate the critical buckling pressure for a
uniform external pressure applied to both the ends and the cylinder wall. Using this formula, a critical
pressure of 694 psi was calculated for a buckling geometry with three full waves around the
circumference (n = 3). This value is just 2.2% higher than the critical pressure calculated using STAGS®
and supports the validity of the STAGS® predictions.

Stress Analysis

The stresses in the container were evaluated to determine if the end caps or cylindrical walls might
yield prior to the first buckling pressure eigenvalue. Initially for model verification purposes, the stresses
obtained from the finite element analysis were compared to the closed-form values for a simple cylinder
with closed ends subjected to external hydrostatic pressure. For this case, the hoop and axial stresses
were calculated using the formulas given in equations 3 and 6, respectively. The ratio of hoop stress to
axial stress is not exactly 2.0 due to the relatively low ratio of wall thickness to cylinder radius. These
stresses were compared to the stresses obtained from the linear finite element analysis (Table B3) for an
equivalent external pressure of 679 psi, which corresponds to the critical pressure associated with the first
eigenvalue. The stresses calculated from the equations were within 2% of those obtained from the finite
element analysis in the center section of the cylinder. Plots of the hoop and axial stress distributions for
the inner surface are shown in Figures B5 and B6, respectively. The axial and hoop stresses are
compressive and uniform in the cylindrical section but decrease slightly near the end caps. The shear
stresses are negligible and are not presented.

Table B3. Comparison of Stresses from the Closed-Form and Finite Element Analyses.

Closed Form, .. . Percent
Stress Eqn. 3 or 6 Finite Element Analysis Difference
Ohoops KSi -25.4 -25.1 1.2
Oaxial, K81 -12.4 -12.5 0.8




Figure B5. Hoop stress distribution at 679 psi.

Figure B6. Axial stress distribution at 679 psi.



The hemispherical end caps have larger relative displacements and higher stresses than the cylindrical
section of the container. Plots of the maximum principal stress are shown for the inner and outer surfaces
of the container in Figures B7 and B8, respectively. On the inner surface, the maximum principal tensile
stress is 29.6 ksi. A region of peak stress exists in a ring on the end cap that is located radially outward
approximately 50% to 70% of the cylinder radius (Figure B7). On the exterior surface of the end cap, the
maximum principal stress reaches 30.6 ksi. This area of peak stress exists adjacent to the welded region
in the end cap.

Figure B7. Principal Stress Distribution on the Interior Surface at 679 psi.



Figure B8. Principal Stress Distribution on the Exterior Surface at 679 psi.
Critical Pressures and Depths

The stresses in the cylindrical portion of the container are compressive so yielding is not expected in
this region prior to buckling. However, for the end caps, the principal stresses reach 29.6 ksi on the
interior surface and 30.6 ksi on the exterior surfaces due to bending. These peak stresses are in the region
(26-48 ksi) where yielding may occur. Despite the larger thickness, the end caps are more likely to yield
than the cylindrical portion since they are in bending. The critical pressures and depths for each response
are summarized in Table B4. Depending on material properties, the critical depth range for either end cap
yielding or structural buckling to occur is between a depth of 1290 and 1520 ft. bsl.

Table B4. Critical pressures and depths from linear analysis

Cylinder End Cap Yielding Buckhngepth Critical Ragi; =
Yielding P, psi Depth, ft. bsl P, psi ft bsl P, psi ft bsl
none 577-1065 1290-2390 679 1520 577-679 1290-1520

Nonlinear Analysis with Initial Imperfections
Buckling Analysis

An actual container will have inherent geometric irregularities and may also be dented during use,
transport, or disposal. A more rigorous geometrically nonlinear analysis was performed on the container



with an initial imperfection in the cylindrical geometry. Initially, a nonlinear analysis was conducted on
the container geometry without any initial imperfections, which led to inconsistent buckling pressures.
Perfectly symmetrical geometries with uniform wall thicknesses and linear material properties may not
analytically buckle with increasing hydrostatic pressure. In this case, the cylindrical geometry may be
compressed until its radius becomes zero. However, small numerical instabilities will typically occur
which will lead to the sudden collapse of the geometry but inconsistent buckling pressures. For a perfect
cylinder, a linear eigenanalysis should be used to predict bifurcation-buckling load levels. Since a perfect
cylinder is not practical, a nonlinear buckling analysis of the geometry containing initial imperfections
will result in a more realistic prediction and, typically, lower buckling pressures.

An imperfection-sensitivity study was performed to determine the effect on the buckling pressure
using the mesh with 1-inch-square elements. The internal pressure was assumed to be insensitive to
container deformations. The cylinder was given an initial geometric imperfection corresponding to the
buckling mode shape of the first eigenvalue (¢;). An imperfection shape from an eigenvalue should
provide a conservative value of the buckling pressure. The maximum amplitude of the imperfection was
fixed at 1% (0.01t*¢), 10% (0.1t*¢), or 100% (1t*¢) of the thickness, ¢, of the cylindrical wall. This
investigation was repeated for the mode shape corresponding to the second eigenvalue (¢,). Both initial
imperfections consisted of one half-wave in the longitudinal direction (m=1). The first imperfection
(¢1) consisted of three full-waves in the circumferential direction (#=3), while the second imperfection
consisted of two full-waves in the circumferential direction (n=2). These mode shapes are shown in
Figures BA-1 and BA-2 in Appendix BA.

The critical pressures from these analyses are listed in Table B5 along with the eigenvalue from the
linear analysis (no imperfection). For all cases, the final deformed shape is nearly identical, except for
magnitude, to the shape of the initial imperfection. For initial imperfections with a magnitude of 1% of
the thickness, the critical buckling pressures approached the linear eigenvalues. For magnitudes of 10%
of the wall thickness, the critical buckling pressure was within 6% of the eigenvalue. For magnitudes of
100% of the wall thickness, the buckling pressure was reduced by 27% for the first imperfection shape
(m=1, n=3) and 8% for the second imperfection shape (m=1, n=2). Overall, the buckling pressures were
relatively insensitive to small imperfections in the container.

Table B5. Critical Buckling Pressures from Nonlinear Analysis

Initial Imperfection
D = a¢; (m=1, n=3) D = a¢, (m=1,n=2)
. Imperfection Critical Distance Critical Distance
Analysis type amplitude (o) pressure, psi below sea pressure, psi below sea
’ level, ft ’ level, ft
Linear, 0 (none) 679 1520 679 1520
Eigenvalue
Nonlinear /100 675 1510 668 1500
Nonlinear /10 640 1440 664 1490
Nonlinear t 494 1110 632 1420

Stress Analysis

As the cylindrical wall deforms due to increasing hydrostatic pressure and the presence of an initial
geometrical defect, high tensile stresses develop on both the interior and exterior surfaces primarily by
bending. The maximum principal tensile stresses are plotted just prior to the initiation of unstable



buckling (640 psi) for the interior and exterior surfaces in Figures B9 and B10, respectively, for the
0.1t*¢; imperfection. The highest stresses are found in the cylindrical portion of the container and
significantly exceed those in the end caps. On the interior surface, the maximum principal stress reaches
148 ksi and is centered on regions that are buckled inward. For the exterior surface, the maximum value
is 132 ksi and is located in the regions that are buckled outward. Regions on the exterior surface of the
cylindrical portion near the end caps also have high stresses. The maximum values exceed the yield stress
and tensile strength of hot-rolled steel. Consequently, the container is expected to experience yield
stresses prior to the occurrence of buckling for this case.

Figure B9. Maximum principal stress contours on the interior surface for 0.1t*¢; imperfection.



Figure B10. Maximum principal stress contours on the exterior surface for 0.1t*¢; imperfection.
Critical Pressures and Depths

Losses of structural integrity of the container may be caused by any one of three competing
mechanisms. An example of these three mechanisms is shown as a function of equivalent external
pressure for the case of a container with a 0.1t*¢; imperfection. The maximum principal tensile stress is
plotted as a function of external pressure in Figure B11 for the interior and exterior surface for both the
cylindrical portion and the end caps. Initially, the principal stresses in the cylinder are compressive until
non-uniform deformations develop around the initial imperfection. All the principal stresses increase
nearly asymptotically as the container approaches the critical pressure where buckling occurs. For this
case, the exterior surface of the end caps will yield at an external pressure of 513 to 636 psi while the
interior surface will yield at a pressure of 571 to 641 psi. Similarly for the cylindrical portion, the interior
and exterior surfaces will yield between 589 and 622 psi. The container is predicted to buckle at 640 psi.
If the actual yield stress is below 34 ksi, the end caps are predicted to yield initially. If the actual yield
stress is above 34 ksi, the cylindrical portion is expected to yield first. In either case, yielding is expected
prior to the onset of buckling and should occur between 511 and 620 psi, which corresponds to depths of
1150 to 1390 ft. below sea level.
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The critical pressures for each of the three mechanisms are summarized in Table B4 for all cases that
were studied. The final columns provide an overall critical pressure and depth range.
pressure generally provides an upper bound on the overall critical pressures. For all cases except the
1t*¢, imperfection, the overall predictions did not change significantly with the imperfection shape and
amplitude. However, the container with a 1t*¢, imperfection had critical pressures that were more than
A large amplitude imperfection with a deformation shape
corresponding to the first eigenvalue is unlikely to occur. Excluding this case, critical depths are between

50% lower than the other conditions.
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Figure B11. Maximum principal tensile surface stresses for a 0.1t*¢, imperfection.

Table B4. Critical pressures and depths for geometrically nonlinear analysis

Cylinder Yielding End Cap Yielding Buckling Overall Prediction
Imperfection
P, psi P, psi P, psi P, psi Depth, ft. bsl

None - 577-1065 679 577-679 1290-1520
(Linear)
0.01t*¢, - >569 675 569-675 1280-1510
0.1t*¢, 589-622 513-636 640 513-620 1150-1390

1t*¢, 188-267 281-385 508 188-267 422-599
0.01t*¢, - >580 668 580-668 1300-1500
0.1t*¢, - >574 664 574-664 1290-1490

1t*¢, >507 >499 632 499-632 1120-1420

The buckling




Effects of Internal Pressure

The deformations caused by the external hydrostatic pressure will cause a decrease in the internal
volume with a resultant increase in the internal pressure. The increase in internal pressure may reduce the
deformations relative to a given external pressure and delay the onset of buckling or yielding. The effects
of the internal pressure increase will be greatest in containers with a large percentage of fluid. If the
container is 100% full with an incompressible fluid, the container will never buckle or yield since the
internal and external pressures will equalize. For this analysis, the fluid will be considered
incompressible relative to the gas in the container. An analysis was performed to determine how an
increase in internal pressure would change the results from the previous analyses. In addition, an
investigation was performed to determine if there was a critical percentage of incompressible fluid, which
would prevent the container from buckling or yielding.

Computer programs were written to calculate the internal volume based on nodal coordinates from the
finite element model. For the cylindrical portion of the container, the volume was calculated from the
coordinates of each node that makes up the cylindrical section. The total volume was the sum of 7872
individual volume calculations based on groups of four nodes. Using this technique, the calculated
volume of an undeformed mesh was within 0.2% of the exact volume of a perfect cylinder. To obtain the
volume from a deformed mesh, the nodal displacements were extracted from the finite element results.
The original coordinates were then adjusted based on the nodal displacements. These nodal coordinates
from the deformed mesh are then used as input to the computer program to calculate the volume. The
volume loss is simply the volume from the deformed mesh subtracted from the initial volume. This
calculation will include the volume loss due to end shortening as well as out-of-plane displacements.

The largest out-of-plane displacements were predicted to occur in the hemispherical end caps.
Consequently, the volume loss due to end cap deformations also needs to be calculated. This volume loss
was estimated by assuming that the deformed and undeformed shapes could be represented by the base of
a sphere. This assumption is exact for the undeformed geometry since the end caps are hemispherical
away from the welded region. The volume for the base of a sphere is calculated as

V= éﬂh(Saz + hz) (5)

where a is the radius of the base circle, and /4 is the height of the base of the sphere measured from the
center of the base circle. The radius of the base circle, a, was fixed as the inner diameter of the
cylindrical portion of the container. The change in the height of the sphere base, /, was calculated from
the deformed geometry as the difference between the nodal displacement at the center of the cap and the
average displacement around the circumference at the base circle (end of cylinder). The volume loss was
taken as the difference between the deformed and undeformed geometries.

Initially, the reduction in volume was obtained from a linear analysis with a 679-psi external pressure
(first eigenvalue). The container volume was reduced by a total of 106 in® where 77% of the loss came
from deformations in the cylindrical portion and 23% was due to end cap deformations. This volume loss
represents only a 0.21% reduction in the total volume. The new internal pressure, P, can be calculated
using eq. 6 which is derived from the ideal gas law

V
P, =|—2—|P 6
def (I/O—AV)O ()



where P, is the original internal pressure, V, is the original volume, and AV is the reduction in internal
volume. Consequently, the internal pressure will only increase by 0.23% if the container is filled entirely
with a gas. Similarly, the pressure will increase by 2.4%, 4.9%, and 30.3% for a cylinder containing 10%,
5%, and 1% gas, respectively. If the internal pressure is initially at atmospheric conditions, the internal
pressure increases by 0.35, 0.72, and 4.45 psi for gas percentages of 10%, 5%, and 1% gas, respectively.
These small increases will have a negligible influence on the external pressure for buckling since they are
less than 0.7% of the critical external pressure. Consequently, these increases in internal pressure should
not affect the external pressure at which initial buckling occurs.

Larger deformations with corresponding larger losses of volume are predicted using a nonlinear
analysis with an initial geometric imperfection. The reduction in container volume was calculated from
the nonlinear analyses for the three imperfection amplitudes corresponding to the first eigenvalue mode
shape presented in the previous section. In Figure B12, the percent volume loss as a function of external
pressure is shown as a curve for each imperfection amplitude. The thick dashed line represents the results
from the linear analysis. For an imperfection amplitude of #100, the volume loss as a function of
pressure is nearly identical to the linear results with only a slight divergence near the critical buckling
pressure. The nearly identical curves may be expected since the critical buckling pressure from the
nonlinear analysis is nearly identical to the eigenvalue from the linear analysis (Table B5). For an
imperfection amplitude of #10, the volume loss curve diverges from the linear results at a much lower
external pressure and increases rapidly near the critical buckling pressure. For an imperfection amplitude
of ¢, the volume loss curve diverges immediately from the linear analysis result and continues to increase
rapidly. The maximum volume losses, occurring at the critical buckling pressure, were 0.22%, 0.48%,
and 6.91% for imperfection amplitudes of #100, #10, and ¢, respectively. Consequently, significant
increases in internal pressure may only occur with large imperfection amplitudes.

1.25
Imperfection Amplitude
—0O—t
1.00 1 5-y10
——1/100
— -0 (linear analysis)
0.75 |
Percent
Volume
Loss
0.50 |
0.25 |
0.00 : : : : .

0 100 200 300 400 500 600 700
External Pressure, psi

Figure B12. Volume loss curves for three imperfection amplitudes for ¢; imperfection.



The case with the lowest critical buckling pressure and largest volume losses was for a container with
an imperfection amplitude equal to the cylinder wall thickness and a buckling mode shape corresponding
to the first eigenvalue. For this case, the maximum principal stresses were plotted as a function of
container volume loss to determine the effect of an increase in internal pressure (Figure B13). This
analysis indicates that a cylinder wall would yield at volume losses of 0.15 to 0.27%. These small
reductions in overall volume would have a negligible effect on the predicted critical buckling pressure
unless the cylinder contained greater than 99.5% of an incompressible fluid. Consequently, the effects of
an internal pressure on the analysis can be neglected for all cases unless the container is almost entirely
filled with an incompressible fluid. However, all fluids are compressible and will allow a reduction in the
internal volume. However, due to plasticity of the steel material, it is possible that volume changes could
become large enough to bring it into equilibrium with the external pressure.
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Figure B13. Maximum principal tensile stresses as a function of volume loss for t*¢; imperfection.

Post-Yielding Response

The Type D container was predicted to experience localized yielding of the cylindrical wall or end
caps prior to reaching unstable buckling. For both the wall and end caps, the maximum principal tensile
stresses are reached as a result of bending. Consequently, the yielding will initiate on the surface.
Additional information on the material properties and the internal contents is required to further analyze
the response after yielding begins. Yielding has the potential to accelerate buckling or reduce the
buckling pressure. However, yielding could be beneficial if the container could deform sufficiently,
without failing, to reduce the pressure differential between the interior and exterior. Low-carbon steels
have a maximum elongation at failure of 20 to 40%. Consequently, it is possible that the internal volume
could be reduced to the volume of liquid (approximately 10% reduction) before material failure occurs



which may limit further structural damage.
Additional Potential Leakage Sources

Three potential sources of leaks that were not analyzed in this report are the forge lap welds, the vent
plugs, and the valve threads. A forge lap weld is used to attach each end cap to the cylinder during
manufacturing. A typical forge weld is accomplished by heating the parts, removing them from the heat
source, superimposing them, and then applying pressure to the joint [5]. Forge welding was the earliest
known welding process but is not routinely used today. The quality of the welded joint can vary greatly
using this process. The weld may not fully take place if the two mating surfaces are not sufficiently
heated. If the metal surfaces are overheated, a brittle joint of very low strength may result. The external
hydrostatic pressure applied to a low quality joint may create a leakage path or cause a structural failure.
The failure of the welded region was not analyzed due to a lack of specific information on joint strength
and quality. Three vent plugs are installed in each end cap and are designed to rupture at 500 psi of
internal pressure as a safety measure. It is unclear whether the vent plugs were replaced with solid plugs
prior to sea disposal. If the vent plugs are installed, the external pressure may cause the plugs to rupture,
which would provide a leakage path. Typical safety plugs will rupture with pressure applied to the
opposite (non-rated) side, which would be the case for hydrostatic pressure on the container. However,
the rupture pressure will likely be different from the rated relief pressure of 500 psi. If these plugs rupture
due to an external pressure at 500 psi of pressure difference, the container will leak at a depth of
approximately 1150 ft., assuming the internal pressure is at 14.7 psi. The valve threads may leak due to
different values of thermal expansion for the end caps and the valve fittings. Leaks may also develop at
the threads due to machining tolerances or due to installation problems.

Concluding Remarks

The following remarks are from the investigation of a Type D one-ton container using the STAGS®
structural analysis program.

1. Three basic mechanisms were investigated that may result in a loss of structural integrity: buckling
initiation, cylinder yielding, and end cap yielding. Due to a lack of information, a failure of the welded
region between the end caps and the cylindrical portion could not be evaluated.

2. A linear analysis of a container without imperfections showed the lowest critical buckling pressure to
be 679 psi. This pressure is only 2.2% lower than the critical pressure calculated using a formula for a
simple closed-end cylinder under uniform external pressure. The buckled container geometry consisted
of one half wave along the length and either 2 or 3 full waves around the circumference. A stress analysis
indicated that the end caps would begin yielding at external pressures between 577 and 1065 psi
depending on the specific yield properties. Consequently, based on a linear analysis, critical external
pressures are between 577 and 679 psi, which corresponds to a depth of 1290 to 1520 ft. below sea level.

3. Dents or other geometrical imperfections may significantly lower buckling pressures. A geometrically
nonlinear analysis was performed on a container with two imperfection shapes and three imperfection
amplitudes. In general, the container was found to be relatively insensitive to imperfections with low
amplitudes. The worst case was for an imperfection with an amplitude of 100% of the cylinder wall
thickness and a shape corresponding to the mode shape of the first eigenvalue. This imperfection reduced
the buckling pressure by only 27% from the linear analysis of a defect-free container. For this case, the
critical external pressures were 188 to 267 psi which corresponds to depths of 422 to 599 ft. below sea
level. All other cases had significantly higher critical pressures before a loss of structural integrity



occurred. The nonlinear analysis also showed that either the end caps or cylindrical section would likely
begin yielding prior to the buckling of the container.

4. The effects of internal pressure were investigated by calculating the internal volume loss as a function
of external pressure. This study showed that the container would begin yielding prior to any significant
volume loss. Consequently, for buckling calculations, internal presssure increases only need to be
considered when a fluid occupies more than 99% of the container volume.

5. The Type D container was predicted to yield prior to structural buckling. The yield stresses are
produced on the surface primarily by localized bending. Yielding may be beneficial if the internal
container volume could be reduced to near the internal fluid volume before a material failure occurs.
However, additional information on the material properties and the internal contents is required to further
analyze this response.

6. Three potential sources of leaks exist which were not analyzed in this report. Forge lap welds were
used to attach the end caps during container manufacturing. This type of weld often has quality problems
and could fail or partially fail during descent. Six vent plugs are installed in the end caps and are
designed to vent at an internal pressure of 500 psi. If these are left in place and rupture due to an external
pressure of 500 psi of pressure difference, the container will leak at a depth of approximately 1150 ft.
The valve threads are also a potential leakage source due to thermal mismatches, machining tolerances,
and installation problems.
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Appendix BA: Buckling Mode Shapes

The first ten eigenvalues were calculated using the mesh with 2-inch-square elements. These first ten
buckling mode shapes are shown in Figures BA1-BA10. The odd-numbered modes are simple rotations
of the previous mode shape.

Figure BA1. Mode shape for eigenvalue 1.
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Figure BA2. Mode shape for eigenvalue 2.

Figure BA3. Mode shape for eigenvalue 3.
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Figure BA4. Mode shape for eigenvalue 4.

Figure BAS. Mode shape for eigenvalue 5.
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Figure BA6. Mode shape for eigenvalue 6.

Figure BA7. Mode shape for eigenvalue 7.
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Figure BAS. Mode shape for eigenvalue 8.

Figure BA9. Mode shape for eigenvalue 9.
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Figure BA10. Mode shape for eigenvalue 10.
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Appendix C: Simulations of a One-Ton
Container Exposed to External Pressure
Using an Explicit, Transient Dynamic,
Finite Element Code (LS-DYNA®)

Karen E. Jackson and Edwin L. Fasanella
NASA Langley Research Center
Hampton, VA

Introduction

An explicit, transient dynamic finite element code, LS-DYNA® [1], was used to simulate the structural
response of a Type D one-ton chemical container loaded by an external pressure representing disposal at
sea. The one-ton containers are fabricated of hot-rolled steel with dimensions of 81.5-in. in length and
30-in. in diameter. The Type D container is cylindrical in shape with two concave hemispherical end
caps. The cylinder wall has a thickness of 0.41-in., and the end caps are 0.75-in. thick. The containers
were reported to be 90% full. An assembly drawing of the container is shown in Figure 1 of the main
section of this report. The objective of the simulation was to address the structural response of a pristine
one-ton container during sea disposal due to the effects of hydrostatic pressure. A maximum disposal
depth of 17,000 ft. (3.22 miles) was assumed.

LS-DYNA® [1], marketed by Livermore Software Technology Corporation (LSTC), was used to
simulate the structural response of a one-ton cylindrical container with concave hemispherical end caps.
The LS-DYNA® model was executed without the internal contents to determine the buckling load of the
container. Data from these simulations were compared with the results from the STAGS® linear buckling
analyses (Appendix B). There are significant differences in the two codes. For example, STAGS® is a
structural analysis code in which global stiffness matrices are formed, and an eigenvalue problem is
solved to determine when buckling will occur. LS-DYNA®, however, is a transient dynamic finite
element code that solves equations of motion using an explicit time integration approach, and for this case
buckling will be indicated when the shape changes rapidly.

Analytical techniques were also developed to simulate the effects of the internal contents on the
structural response and the subsequent impact with the ocean floor. As the container’s internal volume
decreases due to the external pressure, the internal pressure will increase resulting in a reduced pressure
differential between the interior and exterior. Consequently, the critical external pressure or critical depth
where significant structural damage occurs may increase. To achieve a significant increase in the internal
pressure, the interior volume must be reduced to near the volume of the fluid contents. The container will
have to undergo yielding to obtain this amount of volume reduction. Therefore, this analysis is highly
dependent on specific material response properties up to failure in both tension and compression. Since
these properties were not available, no results of this investigation will be presented. In the following
sections of the paper, the model development and the analytical results for the empty container are
presented. Brief descriptions of the models to simulate the internal contents and the impact with the
ocean floor are also given.



Container Model

A simplified geometry model of the container was created in MSC.Patran® [2], a pre- and
post-processing software package marketed by MSC.Software, Inc. The geometry was meshed, element
properties were assigned, and an LS-DYNA® input model was generated. The LS-DYNA® model of the
container, shown in Figures C1 and C2, contained three separate parts: the cylinder wall, end caps, and
end cap sleeves. This model contained: 9,752 Belytschko-Tsay shell elements and 79,050 nodes. The
nominal element edge length of the mesh is 1 inch.

A *MAT PLASTIC_KINEMATIC material property was used to represent the steel properties of the
container. This material definition in LS-DYNA® allows for a linear elastic response up to a specified
yield stress, followed by a plastic response to ultimate failure. The LS-DYNA® simulations were
executed using the same material properties as used for the buckling analysis in Appendix B. The
specific properties, listed in Table BI, are for AISI 1020 hot-rolled steel. For the LS-DYNA®
simulations, a lower-bound yield stress of 26,000 psi was used. Note that modeling of the fluid contents
will be discussed in a later section of the paper.

A linearly increasing external hydrostatic pressure was applied to elements in the model using the
*LOAD SHELL SET command in LS-DYNA®. Initially, a maximum pressure loading of 7,573 psi was
used. This value was calculated based on the estimated hydrostatic pressure at a depth of 17,000 ft. The
pressure was applied to the elements forming the cylinder wall and the end caps, but not to the end cap
sleeves since both sides of the sleeves are exposed to the hydrostatic pressure.

In the model, the end caps and end cap sleeves together weighed 491 lbm and the cylinder wall
weighed 798 Ibm. Thus, the total weight of the container without contents is 1,289 Ibm. In comparison,
the actual container is reported to weigh 1,600 Ibm. The origin of the model and the center-of-gravity are
located at x= 0 in., y= 0 in., and z= 0 in., which represents the center point of the mid-plane of the model.
The x-axis is oriented along the longitudinal axis of the cylinder, as shown in Figure C1. The y-axis is
normal to the x-axis and points vertically upwards, while the z-axis points to the right. Thus, a right-
handed coordinate system was used.



Figure C1. LS-DYNA® model of the container.

(a) End caps. (b) End cap sleeves.

(c) Cylinder wall.

Figure C2. LS-DYNA® model parts.



Simulations of Internal Contents and Impact

LS-DYNA® models were developed to simulate the 90%-filled container when subjected to external
hydrostatic pressure and impact with the ocean floor. Two approaches were used to simulate the internal
contents. In the first approach, the interior space within the container was completely meshed with solid
elements. The solid elements were assigned a material property that was based on the ideal gas law and
input into the LS-DYNA® model using a *DEFINE_CURVE option. This material model was used to
simulate a 10% gaseous volume combined with a 90% fluid volume. For the initial simulation, the fluid
was assumed to be water. Near 10% volumetric strain, a dramatic increase in internal pressure occurs up
to the pressure to be in equilibrium with the external pressure. After a volumetric strain of approximately
10% is achieved, a linear curve with a slope of 300,000 psi (the approximate bulk modulus of water) is
input. For example, at a depth of 17,000 ft, water exhibits a volumetric strain of approximately 2%.
Thus, at a maximum disposal depth of 17,000 ft., the container with 10% gas (or air) would experience a
volumetric strain of about 12%. With accurate material failure properties, this analysis would be
expected to give reasonable predictions of container rupture due to hydrostatic external pressure.

A second approach to represent the fluid contents would be to perform a coupled fluid-structure
interaction simulation using the Arbitrary Lagrange Euler (ALE) formulation within LS-DYNA®. For
this type of simulation, a fixed grid of solid elements is created to fill the interior of the container. The
liquid and gaseous portions of the contents would be represented using the appropriate Equations of State
(EOS). A coupling surface would be defined between the fluid contents and the elements forming the
container model. As external hydrostatic pressure is applied, the container deforms and the fluid contents
react to the applied pressure loading. Note that for ALE simulations, the element grid remains fixed in
space; however, the fluid contents are free to move from element to element in the interior of the
container in response to the applied load. The ALE approach is the most accurate method of modeling
fluid/liquid/gaseous contents within the container. However, precise information would be needed to
define the EOS. Also, material failure data for the container would have to be provided in order to predict
rupture.

The model filled with solid elements was also used to simulate the impact with the ocean floor. This
model combined the loading of the externally applied hydrostatic pressure with the impulsive loading
simulating the impact with the ocean floor. The value of terminal velocity, 13.2 ft/s, was specified as a
requirement for the impact simulation. It is interesting to note that a container falling at a constant
velocity of 13.2 ft/s would require 21.5 minutes to reach a depth of 17,000 ft. The model is translating
vertically downward in the negative y-direction and impacts at an attitude where the x-direction is parallel
to the ocean floor. An impact velocity was assigned to all of the nodes in the container model, and a soil
model was added to represent the ocean floor. The soil model is representative of a soft soil found at the
Utah Test and Testing Range (UTTR) and was developed at NASA Langley for test-analysis correlation
studies related to the Mars Sample Return (MSR) program [3]. A contact definition was used to represent
the container impact with the ocean floor. Without material property data that accurately represents the
complete failure response of the steel in the container, rupture of the container cannot be predicted.

Analytical Predictions — No Internal Contents

LS-DYNA® simulations were executed in which an external hydrostatic pressure, linearly increasing
from 0 to 7,573-psi, was applied to the elements forming the end caps and the cylinder wall of the model.
The external pressure was reduced from the original value of 7,573 psi to 800 psi based on initial
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LS-DYNA® simulations, which showed that buckling of the container occurred at a much lower value of
external pressure. No internal contents were included in this model. The termination of the LS-DYNA®
dynamic simulation was selected to provide a converged response. LS-DYNA® simulation results and
comparisons with the STAGS® [4] results are presented.

Contour plots of resultant displacement are shown in Figure C3 for increasing external pressures in the
model approaching the buckling pressure and just after buckling. Each contour plot has a different fringe
level. The magnitudes of the fringe levels change dramatically for external pressures between 699 and
701 psi, increasing from a maximum of 0.53 in. at 699 psi to 5.7 in. at 701 psi. These results indicate that
buckling occurs between 699 and 701 psi.

To further clarify the precise external pressure at initial buckling, a plot of diameter versus external
pressure is shown in Figure C4. The diameter is nearly constant at 30 in. until dramatic changes in
diameter occur just before 700 psi. From this plot, it is evident that buckling occurs at 699.2 psi, which is
rounded to 699 psi. The diameter was established as the length between two opposing cylinder nodes
near the mid-plane of the container.

A fringe plot of in-plane longitudinal stress is shown in Figure C5. This fringe plot was obtained for
an external pressure of 699 psi. The fringe ranges for the plot shown in Figure C5 have been set to match
those of the plot of axial stress from the STAGS® linear buckling analysis, shown in Figure B6. The plot
of axial stress from the STAGS® model was obtained for an external pressure of 679 psi, which is the
buckling pressure obtained from the linear structural analysis. These two plots are very similar. In both
plots the longitudinal stress in the cylinder is compressive and is nearly constant through the cylinder.
Also, stress variations are seen near the interface between the cylinder and the end cap sleeves. The
concave surface of the end cap exhibits the highest tensile stress. Note that no comparison with the hoop
stress was possible since the LS-DYNA® simulations were not performed using cylindrical coordinates.

These results indicate that the linear buckling and explicit dynamic simulations are providing
comparable initial buckling pressures, such that the LS-DYNA® buckling pressure (699 psi) is only 3%
higher than the STAGS® buckling pressure (679 psi). In fact, the buckling pressure for the dynamic
solution is expected to be slightly higher than the buckling pressure obtained from the linear, structural
buckling simulation since the LS-DYNA® analysis incorporates some minimal inertial effects. There are
no inertial effects in the static STAGS® simulation.

One concern in applying an explicit, transient dynamic code to simulate an essentially quasi-static
problem, such as the initial buckling behavior of the empty container, is to ensure that the kinetic energy
of the simulation is very low in comparison to the internal and/or strain energy. Therefore, the internal
and kinetic energy time histories were output from the simulation and are plotted in Figure C6. The
results shown in Figure C6 indicate that the kinetic energy is essentially zero until buckling occurs.
Conversely, the internal energy increases gradually with increasing external pressure, until buckling
occurs. At 700-psi, both curves increase rapidly as buckling and collapse of the structure occurs.



Figure C3. Contour plots of resultant displacement for the model without internal contents.

Figure C4. Plot of mid-plane diameter versus external pressure.
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Figure C5. Fringe plot of in-plane stress at 699-psi external pressure.

Figure C6. Comparisons of internal versus kinetic energy for the LS-DYNA® simulation.



Concluding Remarks

An analytical study was conducted to determine the survivability of a cylindrical container with
concave hemispherical end caps during sea disposal. An LS-DYNA® finite element model of the
container was developed based on an assembly drawing. Material properties representative of AISI 1020
steel were selected for the cylinder wall, end caps, and end cap sleeves.

The LS-DYNA® model was executed without internal contents to determine the buckling load of the
container for the case of externally applied loads only. Linearly increasing external hydrostatic pressure
up to 800 psi was applied to the container to determine the initial buckling. The LS-DYNA® simulation
predicted that initial buckling would occur for an external pressure of 699.2 psi. This value is only 3%
higher than the buckling pressure predicted by the STAGS® simulation (679 psi) described in Appendix
B. The consistency of the results provides confidence in the container model for use in additional
simulations.

Finally, two approaches were discussed to represent the fluid contents within the container. In order to
predict rupture of the tank, accurate material failure data must be supplied. Additional details on the
valves, threads, welds, etc. are required to further determine the survivability during sea disposal. This
information was not provided, thus, the LS-DYNA® simulations of sea disposal and the sea floor impact
are not included.
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