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ABSTRACT

Both large steel pressurized vessels and pressurized laminated cylindrical shells
represent engineering problems for which there are no analytical solutions. A method of
stress analysis of Syncrude Canada Limited’s two coker burner large steel pressurized
vessels is necessary because of planned increases in the vessels” design loads :nd a history
of fatigue crack failures. Pressurized laminated cylindrical shells are an attractive
alternative to shells made of conventional engineering materials. However, the ply
stacking sequence of laminated shells must be custom designed for the end-use toading
conditions in order to most competitively nse the material.

A method is developed whereby a detailed stress/strain analysis of the coker burner
pressurized vessels and the lamina*ed cylindrical shells with (+0.-0.4+0,+0.-0.+0) and
multi-directional lay-up angles could be performed. This is accomplished by developing
and testing finite element models for use with the ANSYS program. Thus, the
stress/strain response of the burner vessels subjected to internal pressure and the laminated
shells subjected to internal pressure and axial load 1s obtained.

Emphasis is given to discussion of the results for the burner vessel nozzle-shell
intersections, and an elastic-plastic limit load calculation is presented for two of the nozzle-
shel! intersections subjected to combined internal pressure and external nozzle loads.
i"lstic peak stress results were compared against experiments and found to be 50% lower.
Out - +f-j::one bending was determined to be more critical than in-plane bending and shear
forces » . ihe elastic-plastic case.

4w . 2sults for the laminated shells are used to demonstrate both the rationale for
describing thi response of the shells in terms of strain rather than stress, and that the radial

displacement is smallest for angles of 6 greater than 70°.
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CHAPTER 1
FINITE ELEMENT ANALYSIS OF A LARGE PRESSURIZED VESSEL

AND LAMINATED CYLINDRICAL SHELLS

1.1 INTRODUCTION

Designers of large steel pressurized vessels and pressurized laminated cylindrical
shells are presented with engineering problems for which there are no analytical solutions.
However. this thesis demonstrates that the finite element method can be applied to such
internal pressure problems in order to obtain a solution that provides results that are useful
to designers. It further details verification of the results and reminds the reader that since
the nature of these problems are such that there are no analytical results with which to
compare to the finite element results, the finite element results must be used and
interpreted with some caution and by persons trained in finite element methods.

Chapters 2 and 3 of this thesis present the analysis of a large steel pressurized
vessel. Chapters 4 and 5 present the analysis of pressurized laminated cylindrical shells.

In none of the cases presented is there an analytical solution that is available to designers.



1.2 ANALYSIS OF A LARGE STEEL PRESSURIZED VESSEL

Syncrude Canada Limited's coker burner pressure vessels 8-1C-2 and 8-2C-2 are
two similar steel pressure vessels 54 feet [17 m] in diameter and 68 feet [21 m] tall and
critical components of Syncrude Canada Limited’s Mildred Lake Upgrading Plant; Figure
1-1 is a photograph of the coker burner pressure vessels. These pressure vessels have
frequently been in need of repairs and replacement parts. When such a problem occurs
at a location where the vessel shell has been pierced for a nozzle opening, designers are
required to perform a stress analysis in order to effect a temporary repair, such as a leak-
box, and/or fabricate a replacement part. The extremely large size of these vessels and
the 14 nozzles piercing them represent complex geometry such that obtaining required
information using analytical methods is difficult or impossible.

A method is developed whereby detailed elastic stress/strain analysis of the nozzle-
shell interse. ion regions of the coker burner vessels could be performed. This is
accomplished by developing a finite element model for use with the commercial program
ANSYS, a program that is currently available on-site at Syncrude. This model is tested
using an internal pressure load case. The results from this analysis are discussed in terms
of stress and are shown to compare well with the published experimental data.

The finite element model developed herein hence offers three key advantages. The
first is that it includes all of the major openings into the vessel. The second is that it can
predict the deformed geometry under a particular load case. Finally, the developed model
can easily facilitate numerical experimentation of new nozzle—sheil juncture configurations.

2



The design methods used in the pressure vessel industry to determine limits on
external loads applied to nozzles are generally based on approximate approaches with large
factors of safety. Although these large tactors of satety compensate for the unknown and
omitted items. the resulting components are heavily over-designed. This practice is not
cost effective and wastes both material and fabrication time. Such practice also leads 1o
thick reinforcements and as such can cause high thermal gradients in the shell wall.

A method is developed with which an elastic-plastic analysis of two of the nozzles
opening into the burner vessels could be performed. This is accomplished by developing
models of the nozzle/shell intersections which take into account the nonlinear stress-strain
response of the material. An analysis of the two nozzles was performed using the ANSYS
program. The results from this analysis are used to determine the plastic limits of the
nozzle-shell juncture region subjected to combined external loading and internal pressure.

A design approach using this plasti~ limit load is discussed.

1.3  ANALYSIS OF PRESSURIZED LAMINATED CYLINDRICAL SHELLS

Laminated fibre reinforced plastics (FRP) cylindrical shells are a cost effective
alternative to conventional materials in piping products, downhole tubes, and projectile
casings and barrels. Since the mechanical properties of laminated shells are strongly
dependent upon the ply stacking sequence of the lamina layers, this sequence must be
custom designed for the particular end use loading conditions in order to most effectively

and competitively use the material.



A method is developed which can predict the lamina lay-up sequence for laminated
cylindrical shells subjected to combined internal pressure and axial loading that yields
minimum diametral strain. This is accomplished using the finite element method to model
the lamina lay-up (+06,-6.+6,+0,-0,+8) subjected to combined internal pressure and
axial loading. A finite element stress and strain analysis was performed using the ANSYS
program, and a comparison between the strain response of the various laminates was
carried out to determine the lay-up offering the least diametral strain.

The highest fibre angle for which laminated FRP shells can be continuously wound
is approximately 70°. The effect that this manufacturing limitation has on diametral strain
is determined.

The stress/strain response of multi-directional laminate cylindrical shells subjected
to biaxial loading is determined. This is accomplished using the finite element method to
model a stacking sequence of [+70°,+45°,+45°,+70°,0°,-45°,£45°,+45°,4£45, +45°]
as an axisyn:vctric cylindrical shell. Internal pressure and axial load conditions were
simulated. A finite element stress and strain analysis was performed using the ANSYS
program, and the stress and strain distribution through the wall thickness of the shells are

plotted.
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ANALYSIS OF A LARGE STEEL PRESSURIZED VESSEL

Syncrude Canada Limited’s two coker burner pressure vessels represent internal
pressure problems that cannot currently be solved using analytical methods. Chapters Two
and Three of this thesis present solutions to pressure vessel problems that are obtained by

applying he finite element method and the submodelling technique in a new wa, .

CHAPTER 2

ELASTIC ANALYSIS OF A LARGE STEEL PRESSURIZED VESSEL

2.1  INTRODUCTION

2.1.1 The Coker Burner Pressure Vessels

The two coker burner vessels. serial numbers 8-1C-2 and 8-2C-2. (hereafter
referred to as the burner vessels) at Syncrude Canada Limited’s Primary Upgrading plant
are critical components of Syncrude Canada Limited’s Plant 8 fluid coking process. This
process involves spraying bitumen, a heavy tar-like oil extracted from mined oil sand,
through nozzles into one of two heated chambers called the coker pressure vessels
(cokers). Inside the cokers the bitumen molecules “crack” into gas, naphtha, gas oil, and
coke. The heat required for the cracking process is provided by burning some of the

rroduct coke in the burner vessels and by returning the hot coke to the cracking chamber.
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The coke is returned to the cokers through piping thiat connects the cokers and the burner
vessels and is propelled through the piping using steam injected standpipes.

The injection of steam into these standpipes produces cyclic loading and vibration
of the standpipes [1]. This type of vibration has previously been determined by
metallurgical examination to be the cause of through thickness fatigue cracking at the
intersection of a major nozzle piercing the burner vessel [2, 3].  Through thickness
cracking of an operating pressure vessel requires an immediate repair, and for a case in
which the failure occurs because of fatigue effects. a replacement part needs to be
designed with an adequate fatigue life.

The burner vessels were originally designed to meet the requirements of the ASME
Boiler and Pressure Vessel Code Section VIII Division 1 only. Therefore, none of the
burner vessel components were designed to resist fatigue failures due to cyclic service by
the vessels’ vendor. The Division 1 design methodology is not currently considered to be
adequate to meet the loading requirements of the burner pressure vessels.

A photograph of the coker burner vessels is shown in Figure 1-1.

2.1.2 Coker 2000

Syncrude Canada Limited established in 1995 a corporate goal of producing 90
million barrels of Syncrude Sweet Blend (SSB) oil. A key milestone of this goal is called
‘Coker 2000'. The purpose of this project is to increase the process load on the cokers
and the burner pressure vessels until these vessels are running at one and a half times their
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original capacity. This project is to be completed by the year 2000.

One of the major obstacles of this project is that these vessels are already operating
at their maximum allowable working pressures. Therefore, a sophisticated analysis
method, such as the one demonstrated in this chapter, is required in order to demonstrate

that the vessels’ design is adequate to carry the load increases that will accomplish ‘Coker

2000'.

2.1.3 Context of this Finite Element Analysis

A stress and strain analysis of the nozzle-vessel intersections is required in the case
of both temporary repairs and reinforcements, as well as for the design and installation of
replacement components. An analytic:l analysis of the nozzle/shell intersection problem
is difficult or impossible for many practical configurations, such as those with
reinforcement pads.

It was the objective of this project to develop a tool with which Syncrude Canada
Limited could perform on-site stress/strain analyses of the entire burner pressure vessel
using the finite element method. This project was unique from previous finite element
analysés [3] in that it considered the entire vessel with all of the major openings. This was

accomplished by applying the submodelling technique in a new way.



2.1.4 Benefits from Performing this Finite Element Analysis

The development of the burner vessel finite element model provides the designers
at Syncrude Canada Limited a tool with which detailed stress/strain analyses of the vesscl
4nd its components can be performed. This tool can be used to demonstrate that the
burner pressure vessels’ design is adequate to carry the steadily increasing design loads
required to accomplish ‘Coker 2000 . Further, it can be used compare alternate
configurations for replacement components, as well as to predict and compare an estimate
of the fatigue life that can be expected from existing and replacement components.

Most of the openings into the burner vessel have been designed with heavy
reinforcement pads on the shell side of the nozzle-shell juncture. However, numerical and
physical experiments indicate that to minimize the stress in the shell, the reinforcement
material should be added to the nozzle thickness instead of the shell thickness |4, 5]. It
was found by the present analysis that for the case of pure internal pressure loading heavy
reinforcement of the shell resulted in relatively high local stresses in the shell at the
outside edge of the reinforcing pads.

Finally, the method that is developed for analysing the burner pressure vessels can
be used for analysing pressure vessels in general. This method is obtained by applying
the finite element method and the submodelling technique in a new way. The developed
method allows a pressure vessel such as the burner vessel to be modelled complete with

all of the openings piercing the vessel.



2.2 REVIEW OF DESIGN METHODS

All pressure vessels that are in service in Canada and the United States are required
by the respective national legislation to meet the design criteria of the ASME Boiler and
Pressure Vessel Code Section VIII. Section VIII of this code is divided into two different
design methodologies: Division 1, called Design by Rules, and Division 2, called Design
by Analysis. The following Sections 2.2.1 and 2.2.2 of this thesis detail the use of these

codes. as well as some limitations.

2.2.1 Design by Rules

Division 1 presents a method of pressure vessel design termed design by rules.
These rules make use of standard configurations that experience has shown are adequate
to carry pressure loading. Non-standard configurations for welded joints, nozzle-shell
intersections, and reinforcement strategies as detailed in the code are not permitted
according to the rules of Division 1. This, combined with a factor of safety of four on the
allowable stress intensity, is the rational in Division 1 for no requirement of a detailed
stress analysis of pressure vessels designed to this division.

Since a detailed stress analysis is not usually performed in the design of Division
1 pressure vessels, the true factor of safety of such vessels is never actually determined.
The safety factor four applied in order to determine the allowable stress intensities does
not consider any local stress increases or peak stresses that may exist at locations such as
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nozzle-shell intersections. For example. if the stress near a nozzle shell intersection were
twice as high as the far-field stress in a vessel. and since the factor of safety on the far-
field stress is four. then the safety factor of the vessel based on stress would be two.
However, since a detailed stress analysis of the vessel is not usually performed, the actual
factor of safety on the vessel is not typically calculated or known.

The lack of a requirement for a detailed stress calculation in Division 1 is of
particular importance when a vessel is to be designed for cyclic loading. In the case of
cyclic service conditions, peak stresses developed at locations such as the nozzle-shell
intersections strongly influence the number of loading cycles that the vessel can be
expected to withstand. Thus, any pressure vessels that are expected to be subjected to
cyclic loading conditions are required 1 be designed in accordance with Section VIII

Division 2 of the ASME Code.

2.2.2 Design by Analysis

Division 2 of Section VIII of the ASME Code provides a methodology for
designing pressure vessels that are not governed by Division 1. This methodology is
termed design by analysis. Specifically, all pressure vessels which are to be designed for
cyclic service or make use of non-standard configurations are governed by Division 2.

Design by analysis requires that the stress at any given point be determined.
Further, it requires that this be done using one of the following methods: numerical
analysis, experimental stress aralysis, or the stress index method. Analytical methods are
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not mentioned in Division 2 at the present time because there does not as yet exist any
analytical solutions for determining the stress distribution around nozzle-shell intersection
regions.

Experimental analysis requires construction and testing of geometrically similar
components to those which will be used in service. This is time consuming and expensive
since it requires the fabrication of additional components and testing machines capable of
simulating the design conditions. More importantly, experimental analysis does not easily
or economically facilitate experimenting with changes in the geometry in order to improve
a component’s design.

The stress index method makes use of various formulas based on data gathered
from experimental tests. This method is useful only if the opening to be considered is
isolated from other openings. Further, the stress index method is not conservative when
comparing experimental data for a small vessel diameter to nozzle thickness ratio, D/,
against larger D/t ratios [6]. This limitation means that large vessels, such as the burner
vessels considered by this analysis, are not well suited to using the stress index method.

Numerical analysis using the finite element method can satisfy the requirement of
Division 2 that the stresses at every point be checked against the appropriate allowable
stresses. Further, this method facilitates experimenting with changes to the geometry in
order to investigate improvements of components’ design.

The curved geometry typical of pressure vessels, however, presents a difficult
problem using the finite element method. This arises because of the high stress gradients
that are developed near nozzle-shell intersections. It is desirable but difficult because of
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the curved geometry to obtain a fine discretization scheme in these regions.
This thesis presents the use of the submodelling technique to overcome this
difficulty. The use of this technique is detailed in Section 2.4.2, and the technique itself

is detailed in Appendix A.

2.2.3 Hydrostatic Testing

In both methodologies, design by analysis and design by rules, there is a final
mandatory check of a pressure vessel that is performed to ensure that the design of the
vessel is adequate for internal pressure. This test is termed the Aydrostatic test, or
frequently. the hydrotest. This test involves filling a vessel full of water and applying an
internal pressure of 1.5 times the design pressure of the vessel. If no leaks develop during
the hydrotest then the vessel is considered to have passed the hydrotest. If a leak

develops, then the hydrotest is not passed.

2.3 PHYSICAL CONDITIONS

2.3.1 Vessel Geometry

The burner vessels are vertical pressure vessels of 652" [16 561 mm)] inner
diameter and 324" [8 230 mm] from the tangent of the top head and shell to the tangent
of the bottom head and shell. The top head is semi-spherical, and the bottom head is 2:1

13



semi-ellipsoidal. The geometry and specifications used in this study were taken froin the
certified as built drawings for the burner vessel, Equipment Number 8-1C-2, which were

plotted from Syncrude Canada Limited's on-line drawing library.

2.3.2 Attachment Geometry

There were 14 nozzles and manways opening into each burner vessel. These
openings are listed in Table 2-1. Nozzles with openings of 3" [76 mm] or less were not
included in this table or this analysis, as the effects of such openings are very loca:ized anG
are unlikely to produce significant stress intensities. That is, nozzles with nuzzle-sheil
inside diameter ratios, or d/D, ratios, of less than 0.005 were not included in tls. :cops
of this study.

The term d/D, ratio and all subsequent terms are defined in the nomenclature

section of this thesis.

2.3.3 Fabrication Material

The burner vessels' heads, shells, and all manway and nozzle necks at the
attachment juncture were fabricated from ASTM A-516 Grade 70 low alloy steel, except
for the neck of nozzle N4 and the neck of nozzle N8, which were fabricated from A-106-B
and A-403 Type 304 stainless steel, respectively. The material éroperties used for A-516-
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70 were as follows:

Elastic Modulus E = 28.7 x 10° psi
Poisson's Ratio v =03

Yield Stress S, = 38000 psi
Tensile Strength S, = 70000 psi

Material properties for the A-106-B and A-403 Type 304 materials were not used. since
these nozzles were not considered to be major openings are were therefore not included
in this analysis; the consideration defining major openings is given in Section 2.4.3.
The corrosion allowance on the shell, heads, and nozzles was specified as 1/16"
[1.6 mm]. Corrosion allowance was deducted from the appropriate thicknesses in this

analysis.

2.4  FINITE ELEMENT MODEL

2.4.1 FEA Software and HardWare

All modelling and analyses were performed using the commercial program ANSYS

version 5.0 running on the IBM RISC System/6000 hardware located in the University of

Alberta's Mechanical Engineering Building. The ANSYS program was limited to a

wavefront of 700 equations.

15



2.4.2 Submodelling Technique

The finite element model of the burner vessel was developed using the
submodelling technique. This technique is detailed in Appendix A of this thesis.

The curvature of typical of pressure vessel geometry has previously made it very
difficult to practically develop an adequate mesh for a model of an entire vessel complete
with its openings. The high mesh density near a nozzle-shell intersection meant that a
complicated transition region from this high mesh density to a low far-field mesh density
was needed in order to limit the time and resources required to solve the finite element
problem to a practical level.

The use of the submodelling technique in this analysis reduced the need for
complicated transition regions near the nozzle openings. By making use of this technique,
this analysis has demonstrated that a finite element model of the entire burner vessel and
all of its major openings can be practically solved using the current standard RISC
System/6000 workstation technology. Further, it facilitates future experimentation with
different designs in regions of interest, such as different fillet radi:. and nozzle external

loadings from the attachments.

2.4.3 Major Openings

Eight nozzles and manways were identified as being the major openings into the

bus:er vessel. The criterion for consideration as a major opening was a diameter ratio,
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d,/D,. of greater than 0.01. As described in Table 2-2. the four manways mark numbers
M2 through M5 were of a low d, /D, ratio. Further. since these four manways were
remote from other openings and not likely to be subjected to significant external loads, it
was considered unlikely that a highly refined analysis of them would be required. The
eight nozzles which were thus selected as major openings are shown in bold letters in
Table 2-2 and are the following: mark numbers N7, S1, S2, 83, S5, S6, S10, and M1.

Although the present finite element model only includes the eight major openings,
the model is generated in such a way that all of the nozzle and manway openings of greater
than 3" [76 mm)] diameter could be easily included should a future need arise. This was
accomplished by including all of the nozzles and manways of greater than 3" [76 mm]
diameter in the ANSYS global and submodel solid models. These ANSYS solid models
are the representations of the physical geometry within the software from which the actual

finite element models (nodes and elements) are generated.

2.4.4 Global Model

The use of the Submodelling technique required that the analysis of the burner
vessel be performed in two steps. The first step was a global analysis in order to obtain
results away from the nozzle-shell intersections. The second step was to apply the
submodelling technique using the results from the global analysis in order to obtain results
near the nozzle-shell intersections.

The global analysis involved developing a global model of the burner vessel
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complete with all of the major openings. This part of the analysis made use of a mesh
which produced adecuate results away from the nozzle-shell intersections, but which was
oo coarse to produce satisfactory results in the local regions near the nozzle openings.

The solid modelling technique was used to generate the finite element model. That
is, a solid model representing the vertices, edges, and faces of the physical geometry with
keypoints, lines. and areas, respectively, was first created and then automatically meshed
to generate the nodes and elements which compose the finite element model.

The solid model of the burner vessel consisted of 618 areas, 1354 lines, and 773
keypoints. A plot showing the lines of the burner vessel solid model is shown in Figure
2-1. Appropriate meshing controls were prescribed to the solid model to ensure that all
elements were quadrilateral and, as close as was practical, of an aspect ratio of 1:1. The
model was constructed using 2555, 8 node ANSYS Shell93 isoparametric shell elements
[7]. A plot showing the element discretization of the global model is shown in Figure 2-2.

As stated earlier, in order to facilitate the possible future need to analyse one of the
nozzles that was not considered to be one of the eight major openings, the global solid
model included, in addition to these eight, all of the nozzle and manway openings of
greater than 3" (76 mm) diameter. Hence, the developed model could easily facilitate an

analysis of one of the smaller nozzles should such a future need arise.

2.4.5 Submodels

The second step in the analysis of the burner vessel was the analysis of an
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independent, more finely meshed model. or submodel. of each nozzle-shell intersection
region. The displacement results obtained after performing a finite element analysis of the
global model of the first step were prescribed as displacements along the boundary of the
more finely meshed submodels.

The discretization of the global model into lines and areas was done in such a way
that the submodels of the nozzle-shell intersection regions could easily be obtained by
selecting the appropriate areas, lines, and keypoints from the global model. Figure 2-3
shows an example of an element plot of one of the submodels, Submodel N7.

This is a new application of the submodelling technique that made an analysis of
the burner vessel with all of its major openings possible. This type of analysis could not
have been practically accomplished without using this technique. The submodelling

technique is described in detail in Appendix A of this thesis.

2.5 INTERNAL PRESSURE CONDITIONS

2.5.1 Simulated Loading

A stress/strain analysis of the finite element model subjected to the pure internal
pressure was performed. The magnitudes of internal pressure simulated on each
component were in accordance with the design conditions detailc:t on the as-built
fabrication drawing 8-1C-2 number 1 revision 8. These design conditions have been
summarized in Table 2-3. A plot of the global model nodes showing this simulated
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interna! pressure loading is shown in Figure 2-4.

2.5.2 Boundary Conditions

The burner vessels are vertical, skirt supported pressure vessels. The skirt support
consists of a cylindrical shell welded to each burner vessel near the tangent line of the
bottom head of the vessel cylindrical shell (bottom tangent line). In order to simulate this
type of support, kinematic boundary conditions were prescribed to all nodes located on
the locus of the bottom tangent line. The nodes to which these boundary conditions were
prescribed were constrained from any displacement along the axial direction of the burner
vessel. A plot of the global model nodes showing location of these prescribed constraints
is shown in Figure 2-5. In this figure, the prescribed constraints are depicted using a
small blue triangle and constrain displacement in the z-direction as defined in the figure.

The ANSYS program used to create the burner vessel finite element model had a
wavefront limitation of 700. With only the above constraints prescribed, the solution
wavefront was found to be 1366. To enable the internal pressure simulation to continue,
a furth. r assumption was necessary. Specifically, that subjected to pure internal pressure,
the bending forces that are developed near an opening are of significance only in regions
near that opening. Thus, in accordance with this assumption, the rotational degrees of
freedom were constrained for each node, suppressing the bending of the shell elements of
the global model. Therefore, membrane forces only were considered in the global model.
This was considered adequate since the submodels, which consider combined membrane
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and bending forces acting in the shell near openings. demonstrate that the bending torces
attenuate rapidly with the distance from the opening. This attenuation is evident in Figure
2-8Kk.

Once the solution for the global model was obtained, kinematic boundary
conditions were then prescribed to the individual submodels using the cut-boundary
displacement method. That is, the appropriate nodal degree of freedom value from the
results of the global analysis was prescribed as a boundary condition for each node along
the cut boundary of the submodel. This method is described in detail in the Appendix A

of this thesis.

2.6 RESULTS FROM THE INTERNAL PRESSURE SIMULATION

2.6.1 Global Model Results

The purpose of the finite element analysis of the global model was to provide the
stress, strain, and displacement fields in regions remote from the discontinuities and
openings. Further, the global analysis was to provide an indication of how rapidly the
local stresses associated with discontinuities and openings diminished with distance, or the
attenuation length of the local stresses.

Figure 2-6 shows a plot of the circumferential stress in pounds per square inch
developed in the hemi-spherical top head of the global model near the region of the radial
cylindrical nozzle mark number S6. The circumferentiai s:ress away from the nozzle-shell
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intersection shown in this figure can be compared to the results predicted by the theory of
shells of revolution. This comparison is detailed explicitly in Figure 2-7 and is discussed
in the following paragraph.

The variation in the normal and tangential stress components along a longitudinal
cut through the nozzle and shell with distance from the nozzle-shell juncture are plotted
in Figure 2-7. The stress components have been non-dimensionalized by the allowable
stress intensity of 23,333 psi for SA-516-70 steel [8], and the distance from the juncture
was taken as positive along the vessel meridian and was non-dimensionalized by the inside
diameter of the nozzle opening. The tangential and normal stress components predicted
by shell theory for the spherical shell are also plotted in Figure 2-7 for easy comparison
to the stresses predicted by the global model. This figure demonstrates the strong
agreement between the finite element results and the shell theory. Details on the theory
of shells of revolution can be found in several texts [5. 9, 10].

The circumferential stress component, 0 ,and the longitudinal stress component,

a,. for a closed thin walled spherical shell and a closed thin walled cylindrical shell were

calculated using the following equations:

Spherical shell: oy = o, = pD, /2T 2.1
Cylindrical shell: oy = pD, /4t

o, = pD, 2T (closed) (2.2)
where:

p = internal pressure
D,, = shell mean diameter
T = shell thickness
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and compared to the numerical results from Figure 2-7 for a «/d ratio of 11, respectively.
For the spherical shell, the numerically calculated stress components differed from those
calculated using Equation 2.1 by 5% in the circumferential direction and 5% in the
longitudinal direction. Note since there were no longitudinal piping loads applied to the
finite element models, the theoretical longitudinal stress for a spherical shell was reduced
to account for nozzle S6, an opening of 96" [2438 mm] diameter. The theoretical far-
field stresses for a spherical shell have been superimposed on the finite element results
plotted in Figure 2-7 for the sake of comparison. For the open cylindrical nozzle the
difference was 5% in the circumferential direction and 1% in the longitudinal direction.
A similar comparison of the far-field stress for the cylindrical section ot the global model
near nozzle S5 was done using Equation 2.2. The results of this comparison are listed in
Table 2-4. Since the dominant stress component in determining proximity to yielding is
the circumferential component, the solution for the far-field stress using the global model
is considered adequate. Note that the burner vessel geometry is such that the longitudinal
stress, o0;, would vary along the cylindrical axis, from fully closed towards a less
constrained condition, and also that the internal pressure varies along the cylindrical axis

as indicated in Table 2-3.

2.6.2 Submodel Results

The cut-boundary displacement method was used to prescribe the boundary

conditions of the submodels. In constraining the rotational degrees of freedom of the
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global model, it was assumed that the deflection under pure internal pressure would occur
by dilation only. This assumption is reasonable for areas remote from discontinuities.
This assumption is acceptable for the global model, since the global model is to provide
results for regions away from the discontinuities. However, this assumption cannot be
made for the submodels since they include regions of discontinuity, such as nozzle
openings, where local bending stresses would occur. Hence. the rotational degrees of
freedom of the submodels were left unconstrained.

The internal pressure loading prescribed to the submodels was in accordance with
the design pressure of the burner vessel, as described in Table 2-3. Similar to the global
model, no external loads, such as radial thrust. shearing loads or moments, were applied
to the nozzle ends in the submodels.

Figure 2-8a to 2-8n shows the circumferential and longitudinal stresses developed
in each submodel (N7, S1. S2, §3. S5, S6. and S10) under the internal pressure. These
plots indicate that the maximum stress occurs on the shell side of the nozzle-shell juncture
for configurations with no reinforcement pad, such as in the case of Submodel S6.
However, when a reinforcement pad configuration was used, the location of the maximum
stress could be found at the outside edge of the reinforcement pad on the shell-side of the
juncture, such as in the case of Submodels S2 and S3.

The deflected shapes of a circumferential and a longitudinal cut through the nozzle-
shell juncture for each submodel are shown in Figure 2-9a to 2-91 for Submodels N7, S1,
S2, S3, S5, S6, and S10. These plots suggest that the stiffening of the shell at the

intersection of a cylindrical nozzle prevents the shell from deforming in a membrane
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dominated manner near the junction. Thus, relatively high local stresses in the vicinity
of the nozzle openings rosu't from the bending of the shell required for the deformation
compatibility with the higher stiffness of the nozzle-shell juncture. Similar behaviour is
observed if a reinforcement pad is used. In the latter case, the location of the maximum
stress is at the edge of the pad. For example, in the case of Submodel S35, a reinforcement
pad was included. It is seen from Figures 2-9i and 2-9j that the bending of the sheli under
internal pressure results in a local maximum located at the outside edge of the
reinforcement pad. The circumferential and longitudinal stress distributions corresponding
to Figures 2-9i and 2-9j are shown in Figures 2-8i and 2-8j. The edge of the
reinforcement pad in the stress contour plots is two elements away along the shell from

the nozzle/shell juncture.

2.6.3 Convergence of Stress

The convergence of the burner vessel model was tested by comparing the maximum
circumferential stress in the vicinity of nczzle S6 as predicted by two difterent solutions.
The first was the solution of Submodel S6, which made use of 960 elements. The second
was a solution obtained by re-meshing the solid model of Submodel S6 using 2340
elements.

The stress predicted by the two models did not significantly vary. This suggests
that the solution has converged for the mesh density used in Submodel 86, since more than
doubling this number of elements produces no significant change in the magnitude of the
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predicted stress.

2.6.4 Comparison to Physical Experiments

In order to further test the accuracy of the developed model, the finite element
results for Submodel S6 from the internal pressure simulation, were compared to the
results of physical experiments found in the literature. Note that no exactly matching
geometry was available; hence, the trends for similar geometries will be discussed.

Figure 2-10 illustrates the trend of the normal and tangential stress components at
the mid-surface for a cylindrical nozzle intersecting a spherical shell reported in a
photoelastic experimental study {11]. These stresses are reported in the literature for the
outside and inside surfaces of the shells. The mid-surface values of these components were
calculated assuming a linear stress distribution between the inside and outside surfaces.
The mid-surface values are plotted in order to facilitate easy comparison to the finite
element results obtained.

The experimental geometry and the geometry of nozzle S6 are detailed in Table 2-5
for comparison. The material used in the experiments was Araldite 6020, an epoxy resin.
The fringe patterns were calibrated by comparing regions remote from discontinuities to
stresses computed by shell theory. The maximum peak stress reported by the
experimentalists was 2 times the magnitude of the far-field stress developed in the
spherical shell.

Figure 2-11 is a plot of the finite element results for the variation of the normal
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and tangential components of stress at the mid-surface along a longitudinal cut through
Submodel S6. The maximum peak stress to allowable stress ratio and far-tield stress to
allowable stress ratio calculated for nozzle S6 is 0.6 and 0.45. respectively. The
maximum calculated peak stress is then (0.60 + 0.45) = 1.3 times higher than the far-
field stress. Thus, the peak stress intensification determined using finite element analysis
is 50% lower than the peak stress intensification of 2.0 reported in the experimental study.
With the exception of the magnitude of the peak stress intensification , the trend of the
stress variation from the finite element results compares well to that of the physical study.

The convergence of the finite element predicted far-field stresses for submodel S6
to the theoretical stresses for a spherical shell [9] are superimposed on the finite element
results for submodel S6 in Figure 2-11. The theoretical far-field tangential stress is less
than the theoretical far-field normal stress to account for the open area of the nozzle. This
was necessary because no longitudinal piping loads were applied to the finite element
models. Thus, this figure demonstrates that the finite element predictions for submodel

S6 converge to the stresses calculated using shell theory.

2.6.5 Evaluating Finite Element Results

The model of the burner vessel developed and presented herein can be used to solve
many practical problems that may arise in the future. Generally, the allowable stresses
used to compare against finite element results must consider a more complete scope than
that considered in the analysis presented in this thesis. Weld quality, heat treatment,
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material properties and shot peening are examples of what must be considered by designers
when establishing allowable stresses for comparison to the finite element results.

The Fe/Pipe program is a finite element program that is specific to pressure vessels
and pressure piping. This software uses the approach of increasing by default the reported
stress intensity at nozzle-shell intersection by 35% to 50% of the stress intensity calculated
by the finite element analysis. This is done based on the experience of the authors of the
Fe/Pipe program in an attempt to account for uncertainties at such regions [12]. The
comparison presented in Section 2.6.4 of this thesis comparing the burner vessel finite
element results against experimental results from the literature would support such an
increase.

In all cases, it is the responsibility of the pressure vessel designer to interpret finite
element analysis results as predictive only and with consideration to the assumptions made
in performing the analysis.

Although an effort has been made in this analysis to verify the results as much as
possible, there is at present no measured experimental data on pressure vessels of the scale
of the burner vessels with which to base a complete verification. Therefore, the results
presented herein should be used be used with caution and by persons qualified in the
methods and interpretation of finite element techniques and results.

The burner vessel analysis identifies a need for a set of finite element results for
intersecting shells complete with experimental measurements for matching geometries.
Comparisons of the finite element results and the physical measurements would be
valuable in order to obtain further information regarding the accuracy of the finite element
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method applied to intersecting shell problems.

2.7 DISCUSSION AND SUMMARY OF RESULTS

The finite element analysis of the burner vessel using the model deve!lcped in this
project produced a significant amount of information. The elastic stress/strain response
of the vessel subjected to an internal pressure was obtained. Moreover, the deflected
shape of the vessel wall near the nozzle openings was plotted. This deformed geometry
would have been difficult or impossible to obtain by analytical methods.

The deflected shape and stress component plots provided insight into the
consequences of reinforcing nozzle openings using heavy reinforcement pads instead of
heavier nozzle walls. These consequences were shown to include relatively high stress
levels and bending deformation in the vessel shell at the outside edge of the reinforcing
pad.

The rational put forward for heavy reinforcing pads is that in the case of failure it
would be more desirable that the failure occurs in the nozzle neck portion of the opening
than in the vessel shell. Thus, it would seem intuitively reasonable that increasing the
thickness of the vessel shell near the opening by means of a reinforcing pad would have
the effect of shifting the failure location from the shell to the nozzle neck.

However, in some cases, such as at opening S5, the use of a reinforcing pad has
resulted in high stress levels throughout the portion of the shell covered by the reinforcing
pad. This effect is evident in the stress contour plots for opening S5, Figures 2-8i and 2-
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8j. For this configuration subjected to internal pressure, the use of a reinforcement pad
effectively increased the chance for a failure in the vessel shell away from the nozzle/shell
juncture towards the edge of the reinforcement pad because of the local bending stresses
in the shell at the edge of the pad. Thus, the results of this analysis suggest that in order
to minimize the region of high local stress intensity near an opening subjected to internal
pressure it is desirable for the reinforcement material to be located within the nozzle neck
and to not use local reinforcement pads welded to the vessel shell.

The convergence of stress for cne of the submodels was performed which
demonstrated that the mesh density used for the submodel was adequate. Finally, the trend
of the stress variation along a cut through a nozzle-shell intersection was found to be ip

good agreement with results of a photoelastic study from the literature.

2.8 CONCLUSIONS

An analysis tool was developed for the two coker burner vessels located at
Syncrude Canada Limited’s Mildred Lake Upgrading Plant was developed. These vessels
are of an enormous scale, and each is pierced by several openings. The nature and
complexity of the vessel geometry does not lend itself to either an analytical solution or
the stress index method, and a single finite element model of the entire vessel is not
currently practical because of the naturc of the geometry.

The analysis tool reported here used the cut boundary displacement method to
develop a finite element model and the appropriate submodels required to analyse the
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entire vurner vessels complete with all of their major openings. This analysis tool was
used to predict the stress/strain response of the burner vessels subjected to internal
pressure, and the results of this analysis were discussed.

The results of the finite element analysis performed leads to the tfollowing

conclusions:
L. The finite element model of the burner vessel 8-1C-2 was shown to predict
the elastic stress/strain and displacement fields developed under a
prescribed internal pressure.
II. The results from this analysis were used to gain an insight into the

Lzhaviour of the vessel shell in the vicinity of an opening or attachment.
IlI.  The results from this analysis were used to demonstrate the convergence of
far-field stress for an internal pressure simulation.
IV.  The peak stresses compared against the far-field stresses determined using
the finite elememt results for the internal pressure simulation were found
to be 50% less than a the peak stresses compared to the far-field stress

reported from physical experiments.
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Table 2-1

Description of Nozzles and Manways

Mark No. Size Description
S1 53" 1.D. cold coke riser
S2 44" 1.D. hot coke riser
S3 14" scouring coke standpipe
S5 53" 1.D. elutriator overhead return
S6 96" 1.D. flue gas outlet
S10 62" 1.D. primary air inlet
N4 10" elutriator feed standpipe
N7 14" coke addition inlet
N8 6" coke withdrawal outlet
Ml 112" 1.D. manway
M2 34" 1.D. manway
M3 34" 1.D. manway
M4 32" 1.D. manway
M5 24" 1.D. manway
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Table 2-3

Design Temperatures and Pressures

Location Temperature (°F) Pressure
bottom head 650 max. -20 min. 54 psig
shell 600 max. -20 min. 48 psig at top T.L. and increase
uniformly to 54 psig at bottom T.L.
top head 600 max. -20 min. 48 psig
Table 2-4
Summary of Far-Field Comparison
Cylindrical Shell Spherical Shell
% Difference in g, 3 5
% Difterence in g; 15 5
Table 2-5
Details of Nozzle S6 and a Nozzle from the Literature
Mark D, T D/T d; t di/t d/D, t/T s/S
no. (in.) | (in.) (in.) (in.)
S6 652 | 0.75 | 869 96 1.875 | £1.2 | 0.147 | 2.50 | 0.118
Experiments | 14.3 | 0.585 | 24.2 | 1.845 | 0.158 | 11.7 | 0.129 | 0.270 | 0.994
17]
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Figure 2-7  Variation in the circumferential and longitudinal stress components along
a longitudinal cut through nozzle S6 with the Cistance from the nozzle-
shell juncture, non-dimensionalized through dividing by the nozzle
diameter. The far-field stress from shell theory [9] is superimposed on
this plot.
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CHAPTER 3
ELASTIC-PLASTIC ANALYSIS OF A LARGE STEEL PRESSURIZED VESSEL

SUBJECTED TO NOZZLE EXTERNAL LOADS

3.1 INTRODUCTION

Several nozzle opening attachments on Syncrude Canada Limited's coker burner
pressure vessels (hereafter referred to as the burner vessel) are subjected to combined
internal pressure and static external loads. The design method used in the pressure vessel
industry is to determine limits on such loadings, based on approximate formulas with large
factors of safety built into them to account for the unknown or omitted items, such as the
extent of yielding or the material behaviour [1]. This practice often results in grossly
over-designed components and a waste of material and fabrication time. Chapter 3 of this
thesis presents an elastic-plastic solution to this pressure vessel problem obtained by
applying the finite element method.

There has been considerable work done, theoretically and experimentally, towards
determining the plastic limit of unpierced cylindrical and spherical shells [2]. There is also
extensive literature on plastic limit theory of axisymmetric intersecting shells [3, 4, 5, 6],
as well as experimental investigations [7, 8, 9]. However, these investigations were
limited to the axisymmetric case of a radial cylindrical nczzle intersecting a spherical shell,
and only the limit pressure was determined. Much less work bas beea done on the

determination of the limit pressure of intersecting cylinder/cyiinder shells {10] or the
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plastic limits for external loads on nozzles [11]. In determining the limit load, the material
is assumed to be elastic-perfectly-plastic, and thus the limit load is associated with the
gross (unconstrained) plastic flow.

The purpose of this investigation was to perform an elastic-plastic analysis of the
two worst case burner vessel nozzle openings subjected to the following loads: combined
internal pressure and in-plane (inplane) or out-of-plane (outplane) moments, and combined
internal pressure and inplane or outplane shear forces. This was accomplished by
developing a finite element model of the nozzle-shell intersection regions and performing
an elastic-plastic analysis of the model using the ANSYS program. The results from this

analysis were used to determine the plastic limit of the nozzle-shell intersection.

3.2 PHYSICAL CONDITIONS

3.2.1 Nozzle Geometry

Analyses of iwo nozzle openings into the burner vessel were performed for this
investigation. The first was nozzle mark number S6, a 96" [2438 mm] 1.D. nozzle which
prejects radially from the crown of the spherical top head. This nozzle was of particular
interest because interniittent repairs on the piping line ieading from the nozzle result in
various static external pip:ng loads on the nozzle-shell connection.

The second opening considered was nozzle mark number N7, a 22" {559 mm] 1.D.
opening renforced with an insert plate aud located on the cylindrical shell portion cf ihe
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burner vessel. The nozzle-shell juncture at this opening was determined to be the worst
case nozzle in terms of stress by the elastic finite element analysis of the burner vessel

detailed in Chapter 2.

3.2.2 Fabricaticn Material

The spherical and cylindrical shells and the cylindrical nozzle necks considered in
this analysis were fabricated from ASTM A-516 Grade 70 low alloy steel. The burner
vessel was fabricated in 1971 and has undergone several hundred loading cycles. such as
shutdowns and startups. For this reason, it was assumed that the monotonic stress-strain
behaviour for virgin ASTM A-516 Grade 70 material would no longer be representative
of the vessel material. Instead, the cyclic curve for ASTM A-516 Grade 70 material was
approximated using piecewisc linear s¢- - - and incorporated into the finite element
mode] as the monotonic stress-strain respcii--: of the material. The cyclic curve was found

in the literature [12] and is given according to the following equation:

g
€= +—)
E E,

where
E=287x100.5.1.

E,=0.155x1 Up s.i.
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n 1193

The cyclic curve and the piecewise linear approximation of it are plotted in Figure 3-1.

3.3 FINITE ELEMENT MODEL

3.3.1 FEA Software and Hardware

All modelling and analyses were performed using the ANSYS program version 5.0
rinning on the IBM RISC System/6000 hardware located in the University of Alberta's

Mechanical Engineering Building.

3.3.2 Hardening Behaviour

The finite element submodels of nozzles S6 and N7, developed to perform the
elastic analysis of the burner vessel detailed in Chapter 2. were modified for use in this
investigation. Specifically, the material behaviour of each submodel was changed from
linear elastic to that of kinematic hardening elastic-plastic material. A kinematically
hardening material model was considered adequate since the plastic limits for the external
nozzle loads were obtained by simulating all loading in a quasi-static and monotonically
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increasing manner.

The mulii-linear kinemauc hardening model available within the ANSYS program
was used to accomplish this modification. The piecewise approximation of the cyclic
curve plotted in Figure 3-1 was inputted as the monotonic stress-strain response ot the

modelled material.

3.4 LOADING AND BOUNDARY CONDITIONS

3.4.1 Direction Notation

The intersection geometry of the nozzle-shell intersections is given by the anial,
inplane. and outplane directions. which are defined as follows [13]:
. The axial direction is along the axis of the nozzle and positive out of the vessel.
. The inplane direction is perpendicular to both the axis of the nozzle and the axis
of the vessel. The positive sense for this vector is arbitrary.
’ The outplane direction is formed by crossing the inplane direction into the axial
direction.
This direction notation is consistent with the right hand rule and is illustrated in Figure 3-
2. Thus, according to this notation an inplane moment produces deflection that is
symmetric in the out-plane, while an inplane force produces a deflection that is symmetric
in the in-plane. For example, moments and shear forces applied to the radially
axisymmeiric nozzle £6 are referred to as outplane and inplane, respectively, because of
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the deflections developed.

3.4.2 Boundary Conditions

The boundary conditions applied to the submodels were those determined from the
elastic analysis of the global model detailed in Chapter 2. As described in Chapter 2, the
boundaries of the submodels were selected in such a way as to be outside the attenuation
length of the local stresses developed near the nozzle openings.

The boundary conditions pre-cribed approximately represent the physical
boundaries corresponding to the externa: ‘oad cases. That is, a much higher stiffness at
the boundary than that which can physiczlly be expected at the boundaries has been
assumed. The result of this assumption is that a secondary stress field develops in the
finite element model due to the prescribed boundary conditions. However, this secondary
stress field was shown to be well within the elastic range of the material and, most
importantly, to diminish very rapidly with distance from the boundary. The attenuation
of the secondary stress field is evident in Figure 3-3. The short attenuatizn length of this
secondary stress field suggests that the boundary conditions do not significantly influence
the stress results in the region of interest, the nozzle/shell intersection, and that the

prescribed boundary conditions are, therefore, adequate.

3.4.3 Applied Loads
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The external loading conditions considered in this investigation were inplane and
outplane shearing forces and inplane and outplane moments. Each of these external
loading conditions was applied to each submodel in combination with the internal design
pressure of the burner vessel listed in Table 2-3.

Figures 3-4a to 3-4f show the simulated external loading on each sut.nodel. For
the sake of clarity. the vectors indicating the internal pressure are not shown in some
cases. The length of the outside projection of the nozzles from the shell wall is itlustrated
in these figures. This projection was 53" and 23.4" for S6 and N7, respectively. giving

a projection-to-diameter ratio of about 1:1 for both N7 and S6.

3.5 RESULTS

The plastic limit was determined for Submodels S6 and N7 subjected to inplane or
outplane moments combined with internal pressure and inplane or outplane shear forces

combined with internal pressure.

3.5.1 Plastic Limit Load

In contrast to an elastic-perfectly-plastic material, a strain hardening material does
not exhibit a distinct limit load. In the latter case, the plastic limit, or limit load, for each
nozzle and loading configuration is defined by the load corresponding the intersecticn of
the line of elastic response and the tangent of the plastic behaviour. In the case of
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determining limit pressures. this method was reported in the literature to result in a limit
pressure which compared reasonably closely with that determined using other reported
methods, such as the 0.2% strain offset approach, and also to agree well with the
experimentally observed limit pressure [10, 11]. Figure 3-5 illustrates the approach of
determining the plastic limit by intersection of the elastic and tangent to the plastic
response. Figures 3-6a to 3-6f are plots of the simulated inplane external moment,
outplane external moment, inplane shear, and outplane shear force verses the deflection
at the point of load application. The initial elastic behaviour is apparent, as is the gradual
onset of plastic behaviour and hardening. The limit loads found using the tangent
approach for each loading and nozzle considered are listed in Table 3-1 and shown in
Figures 3-6a to 3-6f. The tangent lines used to determine these limit loads have been
superimposed over Figures 3-6a to 3-6f and have been included in the appendix of this
thesis as Figures A-1 to A-6.

Since the shear force to which the submodels were subjected was applied at the tip
of the external projection of the nozzles, it was reasonable to assume that the shell would
be subjected to an associated moment equal to the shear force times a moment arm equal
in length to the external projection of the respective nozzles. Figure 3-7 is a plot of this
associated moment verses the deflection at the point of load application. The curves for
the applied external moments have been superimposed onto the plot for comparison.

It is evident from Figures 3-7a and 3-7b that there is no significant difference in
the iimit Joad for an outplane moment and an inplane shear, or an inplane moment and an
oulplane shear. This suggests that the moment developed because of the offset of the shear
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force from the vessel shell. and not the shear force itself. governs the onset of plasticity.

The sitfness of each nozzle shell intersection for each loading condition is
reported in Table 3-1. These stiffness values represent the slope of the tangent o the
elastic response and were calculated according to the following equation for external shear

‘Jalr

. orce
stiffness =-.L——
displacement

and by

. moment
stiffness =————-
rotaticn

for external moments.

It can be seen from Figures 3-7a and 3-7h, as well as by comparing the Submode]
N7 stiffness values listed in Table 3-1, that the vessel cylindrical shell is 30% stitfer in the
inplane direction: than in the outplane direction. Further, comparison of the Submodel N7
limit loads listed Table 3-1 demonstrates that the limit load associated with the outplane
moment is 4% lower than the limit load associated with the outplane moment for this
geometry. Thus, this data suggests that the outplane moment is the critical case of the
external loads considered. For the case of the spherical shell, outplane external loads give
results that are identical to those of inplane external loads.

Figure 3-8 is a piot of inplane moment and outplane moment verses deflection from
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physical experiments found in the literature [11]. The curves in this figure represent the
deflection near the point of load application, similar to the curves plotted in Figure 3-6.
Comparing the tangent to the elastic response for the inplane and outplane moment curves
plotied in Figure 3-8 gives the stiffness to be 35% lower for the outplane moment case
than for the inplane moment case. This is in agreement with the trend shown in Figures
3-7a and 3-7b.

The equivalent plastic strain distributions at the plastic limit for Submodels S6 and
N7 subjected to external loadings are shown in Figure 3-9a to 3-9f. This figure illustrates
the locations at which the onset of plastic flow begins.

Comparing Figures 3-9¢ and 3-9f demonsirates that the plastic strain intensity
developed at the limit load in Figure 3-9f, the outplane moment case, is 35% greater than
that shewn in Figure 3-9e. the inplane moment case. This result is consistent with the
trend shown by Figures 3-7a and 3-7b.

Figure 3-10 is a plot of the equivalent stress at the plastic limit for each case.
Figures 3-9 siad 3-10 are uselui in that they provide insight into locations on the physical

vessel where the strain should be monitored should high external loadings be ~nticipated.

3.5.2 Allowable Load

The ASME Boiler and Pressure Vessel Code [14] requires that the allowable
loading be limited to 2/3 of the load at the plastic limit corresponding to a factor of safety
of 1.5. This is consistent with the factor of safety recommended by the same code as the
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limit of the developed stress intensity relative to the yield stress intensity of the material.
Figure 3-5 illustrates the allowable load relative to the plasiic limit of a given load:
deflection response of a system. That the ASME Code provides for an approach based on
design by limit loads is of practical importance since nearly all pressure vessel designs,

including that of the burner vessel, must be in accordance with this code.

3.5.3 Effect of Substep Size

An accurate solution to the finite element problem couid not be expected it the full
loads were applied to the submodels in a single step since the material response over the
entire range of applied loading was non-linear. For this reason. the exwernal loading and
the interisal ; :ssure were applied to the submodels using incremental loading. or substeps,
equal to 5% of the final load to be applied. The solution was obtained for each substep
consecutively, and the material response was updated at each substep to account for the
change in lus with the increasing load.

~nt nsed was adequate to ensure that the analyses performed

w 'p size. This was verified by re-solving Submodels S6 and
N’ mnent, the worst case external loading, using a substep size
equa. .i¢ final applied l