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ABSTRACT

The finite element method is the most commonly usedernapproach when solving
complex pactical cylindercylinder junctions in pressure vessels. This is used when the
geometrical arrangement is out with the permitted scope of the d®sighe approaches

or when detailed stress information is required as in a fatigue assessmerdtresgh
concentrations occur on the crotch corner for cylirdinder joints, and it is possible

to reach solutions for this problem by using both theoretical and numerical solutions.
However, those approaches do not fully overlap nor have the same underlying
asumptions. As such, an innovative hifigkelity finite element model has been
developed to provide a holistic unified approach which can tackle a wide range of

problems

In this study, various detailed nozzle design challenges were investigated incingiag s
and multiple nozzle combinations, nozeMinder systems with different size ratios,
obligue nozzles combinations, fillet weld applications, pad reinforcements, stress
linearization, external loading cases, limit loads, and cyclic loads. In addiistic,

elastic- perfectly plastic, full plastic and fracture analysis were performed.

Stress intensity factors are obtained with the results of finite element analysis for various
internal pressure and external loading conditions, and an attachrmmeangper and design

curves are proposed. Finally, the Multiple Plastic Slope method, which is an alternative
to Tl and TES methods, which can be applied more practically and can make a more

conservative plastic limit load estimation, has been proposed.
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CHAPTER 1. INTRODUCTION

1.1. Background

Pressure vessels are multifunctional and used in sectors such as energy production
industry for fossil and nucle&nergy, especially in oil, chemistry, petroleum and nuclear
branches, petrochemical industry for storage and processing of crude fuel in tanks and
storage at gas stations, and chemical industry for chemical reactors. are extremely
important equipment. Iparticular,cylindrical,and spherical pressure vessels are widely

used as a common structural component in many engineering design applications.

Pressure vessels can be subjected to many actions, including internal pressure and
external loads applied twozzles in a local load configuration. Detection of these loads

on the system is important for the safe operation of the system. If the necessary
precautions are not taken, serious damage to the structure may occur. In order to prevent
failure or damage tthe systempressure vessel design codes used to determine the
vesselwall thicknesses and allowable overall design requirements to ensure safe
operation requirements. The codes contwtailedformulae and rules focalculations

for stress analysiandbut alsodesign by analysiapproaches for useith finite element
methodwhich continue tdbedevelogd In the main, design by rule assessments account

for much of the pressure vessel design undertaken today, however, some of these
approaches are nowld and have restrictions and assumptions which can now be

improved upon using modern finite element analysis.

All international pressure vessel codes contain rules for nshek junctions. Current
methods contained in these codese based on expeniee with shell theory or limit

analysisand a limited set of experimental validatioM®st of theseprevious studies were



carried out in the 1960s theboiler and power generation industries andesxgtate of

the art at the timeAlthough somaupdatedapproaches have been provided in the recent
studies in the literature, there is not yet a comprehensive approach that provides a modern
designanalysis solution for the industnyhich deals with all of the configurations
required and incorporates all of thessible options for loading, reinforcement pads and
also rules for the assessment of cracked structioeghis reason, both new approach

is required based on the developmentadifigh-fidelity finite elementmodeling, a
comprehensive series of paratric studies examining all of the options for single and
combined loadin@gnd the improvement or reconstitution of existimgphs aneéquations

have become a necessitg. addition, there are various design by analysis approaches
now available includinglastic analysis, limit analysis and full elasfiastic analysisit

is also important to provide clear guidance as to how to approach the design of pressure
vessels using these techniques and to show how they can be used to develop new

approaches toazzlecylinder intersections.

1.2. Statement of the Problem

In manypressure vessel problems, the highest stregtasoccur at the nozzle cylinder
intersectionsDetermining the maximum loading conditions to be applied in any pressure
vessel is of graamportance in terms of taking the necessary precautions in the design
and future fatigue evaluatiohe conventional design sets a limit on the membrane and
membrane plus bending stresses, but it is preferable to determine the boundary load and
then apfy an appropriate factor fafety. Finite element analysis is one of the most
widely used omerical procedures andll stress valuesn the containers can be
determined very easily with the finildement methadHowever,due to some method

differences such as mesh techniques applied in finite elementlimgdé&oundary



conditions, sensitivity analysis, and selentiof appropriate material and element type,
the resultobtained from the analys@o not exactly match hundred percenEor this
reason, digh-qualitymodel that can respond to different shapes and applicatiquses

to be created for nozzle shetbmbinations with different thickness ratitsaddition, the
elastic, elasti¢ perfectly plastic and plastic loaditignit loadsof this model should also
be accurately determined with this model.

In addition to the finite element method, it is posstolealculate the stress values for
pressure vessel nozzle connections that are subjected to variousisoagi€lassical
approachesThe pressure vessel design codes developed for this purpose spetafit
rules and when considering the researchrdiigre it is noticeable that there are
differences between the results obtained from the pressure vessel design codes and the
results obtained by the finite element metheak this reason, it is necessary to produce
solutions that respond to both finislement analysis and current international design
codes with similar accuracy for nozakell junctions exposed to various load

configurations

1.3. Aim and scope of this research

The aim of this study is to first construct a highcuracy finite elememmodel to take

into account the high stress values occurring in nezgiader connections subjected to
internal pressure and external loading conditions. This model can be used for external
loading, determination of limit loads, connection of multiplezzies and fracture
problems. The ultimate goal is to provide more accurate results by improving some

existing equations in the literature for nozeiginder connection problems.

Specific objectives of this research can be listed as follow:



(1) Review thebackground analysis for nozzle shell junctions to the currentU3,

and EU code methods.

(i) Understand and be able to apply classic stress analysis, finite element analysis for

elastic, inelastic, shakedown and ratchetting for such junctions.

(i)  Understand and define the loading system on such jundtioriernal pressure,

forces and momentmnd note their significance on the overall assessment

(iv)  Define the bounds of applicability of each analysis techniqueshad how it

reflects the key failre mechanisms found in pressure vessel design.

(v) Carry out the parameter study and develop relationships for the leading

parameter$ stress, deflection, limit loads, shakedowads,and fracture problems.

(vi)  Develop governinggraphs orquations bad on the outcomes of this woakd

provide guidance to code writers for future improvements to the rules for industry

1.4. Outline of the Thesis

Thesis consists a@ightchapters

Chapter lindicate the general objectives and presentation of the.study

Chapter 2 presents an extensive summary of literature studies on current international
pressure vessel codes, studies on nezgliader intersections, including elastic and in
elastic analysis and their calculations, as well as fracture problems fregsesrlyin

pressure vessels.

Chapter 3 presents studies Fagh-fidelity finite element modéng. In this section, the

determination of geometry foa nozzlecylinder intersection, material selection, mesh



sensitivity analysis, application of loading camsiis and boundary conditions, and

verification of the finite element model are included.

In Chapter 4-5, the analysis types to be applied for firate element modsl are
determined. Then, elastic analysis, limit loading analysis, plastic analysisyeln c

loading analysis are performed.

Chapter6 presents models of possible cracks on the crotch corner and welding, and

calculations of the stress intensity factors in different opening modes.

Chapter7 provides stress concentration design curves foouarioading situations and

introduces a new method for plastic limit load estimation.

Chapter8 summarises the thesis and provides conclusions and suggdstidature

research



CHAPTER 2. LITERATURE REVIEW

2.1.Introductory Remarks

A briefreview of the most recent literatuom the design and analysis of pressure vessels,
especiallypertaining tocylindrical vessels,and nozzle junctions, is presented in this
section. In the literature review, elastic, elasperfectly plastic, and plastic alysis and

international design codes including their application steps are also included.

2.2. Research on Current International Pressure Vessel Codes

If pressure vessels are to be defined in the simplest way, they are containers and tanks
that carry or ®re fluids, are exposed to internal and external pressamdgequire high
impermeability. The use of pressure vessels around the world has been crucial to the
success and expansion of desigianufacturingand retail point of sale in much of the
engireering world. Pressure vessels have many different uses, both industrial and
domestic. Estimating the explosion pressure of the vessels is of vital importance, as the
explosion of these can cause serious loss of life and property. When all these are taken
into consideration, it is necessary to have knowledge about the elastic-alagtio
behaviarrs of suchstructures together witlinite element analysiin order to fully meet

the scope in pressure vessel design. For this, in the first step, a deegpantieg of the

current international pressure vessel design and analysis codes that have been accepted

throughout the world is required.

It is important to understand the seriousness of the situation in remembering some of the
historical anecdotes thatléo the emergence of pressure vessel codes. With the invention
of steam engines in the late 18th century, the use of pressure vessels became very

common. Following this, in the first quarter of the 19th century, thousands of boiler



explosions occurred ibhoth America and Europe and many people lost their [{Es

One of the most notable of these was the boiler explosion that occurred on March 10,
1905, at the Grover Shoe Factory in Brockton, Massachusetts. This accident resulted in
58 deaths and 117 imjas. For this reason, the ASME Boiler and Pressure Vessel Code
(B&PVC) [2] was first conceived in 1911 to protect the safety of the public. Over the past

100 years, these standards have been developed and have survived to the present day.

There are currdly 4 basic pressure vessel codes in use worldwide. These are ASME VIl
DIV 2[2], PD5500[3], EN13445[4] and Pressure Equipment Directive (PEB).

Although the ASME Boiler and Pressure Vessel Code (B&PVC) was conceived in 1911,
the first ASME code wasssued in 1915. Various additions have been made since the
inception of the code to allow for a wider variety of products to be designed after the
code. In addition, reviewing the codes and making the necessary changes is a process that

is still on the agedta.

On the other hand, the first code used in Britain was BS1500, issued in the 1950s. Along
with BS1515, this code helped develop and create the BS5500 code. After the
introduction of the European standard code EN13#45n 2002, the PD5500 was

createdbecause the British Standards Institute had to withdraw the BS5500 code when

the European standard was publistjéfl

The Pressure Equipment Directi(lRED), which came into force in the EU region from
19 July 2016, is a Europedevel legal framework fopressure equipment presenting
pressure hazards applicable to the design and manufacture of pressure equipment. The
PED covers the design as per the pressure equipment directive, with pressure more than

0.5 bar gauge is termed as pressure equipment. Unele€ammunity regime of the



Pressure Equipment Directive, pressure equipment and assemblies defined by the
directive must be safe and meet essential safety requirements covering design,
manufacture,and testing; meet appropriate conformity assessment pnasedand

should bear the CE mark and other information.

In addition to all these, existing structures in pressure vessel applications can be exposed
to external global loads and local loads including various forces and moments as well as
internal pressureA series of calculations have been proposed by the Welding Research
Council to calculate local stresses due to external local loads acting on the nozzle in
cylindrical shells. WRC1077], WRC297[8], and WRG&37[9] are the top bulletins for

these calcukgons. In particular, WRC107 and WRC53%vhich is a moreexact
implementation of the WRTD7, offer the necessary formulas and diagrams for spherical
and cylindrical pressure vessels under external loads. This approach is based on shell
theory and does naodke into account of the opening formed by the nozzle inteosecti

This is encapsulated in WRC29xhich too relies onhell theory. At the junction, this

methodhas deficiencieand cannot fully represettiegeometry athe junction.

Besides all thisa cylinder/sphere model can be used for cylint&zle junctions,
according to a method adopted in the BS5500. The stress concentration factor thus
obtained can then be applied to the nominal hoop stress in the cylindrical container. Rose
[10] provides @neral support for the concept of using cylinder/sphere SCF values for
cylinder/cylinder g e 0 ma present there iA oocacaurdté n g
calculation method available for nozzles in cylindrical shells, but comparisons with
experimentally dermined values of SCF show that the accurate calculation for spherical

vessels, based on thin shell theory, can be adopted for cylindrical vessels with little error,



and is preferable to other approximate cakioites for cylinders It is probably bettefior

smallr (d/ D) rather than | arge d/ Do.

In addition, Lecke and Penny11] presented a large number of design curves for SCF
under various parameters for nozzle joints in spherical vessels. Elastic analysis can now
be done with finite element models. riice stresses and peak stresses can be easily
determined by many programs. Although the calculations and analysis are very advanced,
Leckie-Penny curves remain popular because they still require great care and detailed
study. So much so that evem &ylindercylinder junctions, eckie-Penny curves are used

first and adapted to these problems.

In addition to these, in 1966 Mong¥2] conducted a study with experimental data
obtained from the literature. In total, more than 80 test results and the eflectoafs

basic geometric parameters (D/T, d/D, t/T.)etmm SCF were interpreted. Money then
experimented witlvarious combinations of basic sizing and found that the measured SCF

values correlated best with the parametdyove

Besides, since cylindaylinder connection problems are handled in WRC 537, there are
calculations with round attachment parameters. The calculations and parameters to be
used were plotted with the results of Bijlaard's widr®] and in terms of dimensionless
geometric parameteusing an electronic computer. Therefore, this is considered the first

step in the procedure and the applicable geometric parameters.

2.3. Researchon NozzleShell Junction Behaviourfor in the Elastic Region
Nozzles are one of the most important compaémtbe examined in the design and
analysis of pressure vessels, as a geometric discontinuity occurs due to the opening

formed in the container at the nozziinder junctions. This discontinuity creates much



higher stress concentrations in the containader the influence of internal pressure and
external local loads. Even in overload situations, the container may collapse or burst with
very large plastic deformations. Considering these effects before manufacturing, design
and analysis studies are cadiout to avoid possible failure mechanisms. Practically,
these examinations are carried out in 3 stages: elastic stress analysis, limit loading (elastic
- perfect plastic) analysis and plastic strain analysis after the loads on the container and
damage mdes are determined. Under this subheading, some studies in the literature,

mostly on elastic region analysaegiven.

In terms of engineering applications, structures such as pressure vessels, piping
installations and reactors must be economical ingesfrdesign criteria and also high
security. Especially for nozzghell junctions exposed to internal pressure and external
loads, high stresses in the connection area should be reduced as much as possible.
Therefore, in pressure vessel applications, @nie most convenient and economical
ways to retrofit an insulated nozzle is to use a pad or baldraimfgrcingplate. There

are many studies in the literature for determination of critical stregsnse and
calculations. WRC107 and WRC53fe among he most widely used sources for

calculating local stresses in pressure vessels.

Andrade et al[14] examined stresses due to external loads in a study of rogirider
connections subjected to extreme loads. For this purpose, they presented-aes®lzle
model in which reinforcement plates are not used. In this study, WRC107, WRC297 and
the stress results obtained from the model subjected to external loads using the finite
element method were comparéd.the analysis phase, the authors used a nozzte jo
finite element model without reinforcement plate and welding neglelctetidition, it

can be observed that a very small diameter nozzle islteddend the brick mesh used

10



prevents a perfect mesh distribution in critical ar€aespite this, the autins state that
the results obtainedyre safe when comparealthe aforementioneulletins, but it does

not provide a universal solution for the industry.

In other studies, Dekker et 4lL5] have undertaken several finite element analyses to
calculate sesses on the nozzle walls rather than stresses on the shell. The reason for this
is that the local load stress calculation methods have important differences between each
other. As a result of thesmdlings, researchers formulated the 'modified imprarethk

ring method' and introduced a new approaginother purpose of this study may be that

the nozzle stresses remain in the second plan in the codes. For example, in the existing
codes, especially the shell design is emphasized. Similarlyjd-Bekinydid not show

nozzle stresses in their codes. This is considered a weakness in terms of design and such

studies are very valuable as they open new avenues for researchers.

Also, there are many specialized computer programs that provide code applications to
problems with nozzle cylinder combinations. While the approaches are generally very
similar, there are some differences in results. In sustudy, Chandiramani et §16]
obtained a comparative study by comparing the solutions obtained by thel@mitent
method with the basic calculations in Bulletin 297 and Bulletin 5Bi7addition, this

study generally discusses the conformity of the required compensating area to the ASME
code[2] at the junction of large diameter and heavy nozzles. The asidies that this

would not be an ideal situation for an ASME code if all the required area came from the
nozzle. For this reason, the study determines the optimum shell and nozzle dimensions to

achieve the lowest junction stresses.
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In another study using RC bulletins, Cheema et dlL7] performed finite element
solutions for pad reinforced nozzles and compared the results with WRC107 and
WRC297. The authors, who stated that the aforementioned bulletins could not respond to
the geometrical limitations thaiccur in containers with large openings, presented a
comparison method with their studyome shortcomings were identified in the study.
Since the problem in the article is taken from a pressure vesgattpthey only perform
analy®s for a single geortrg. While meshing, 8 node isoparametric shell elements are
used. The authors also did not share any finite element model images. For this reason, it
cannot be guaranteed that the accuracy obtained by the authors, the elements used

meshing technigyendthe boundary conditions will be valid for a different geometry.

Herrmann[18], on the other hand, presents a FE analysis for elastic isotropic shells in
their work. The study includes nozzle intersections and fepdieie poblems. Stating

that the analyss can be applied to surface and boundary loads arbitrarily, the authors has
shown the accuracy of the ansdg in his work with a few samples and claims that the
obtained accuracy is at an excellent lelrethis study, the authors mdteel the nozzle
cylinder junction using shell theory. Cylinder and nozzle thicknesses were neglected. In
addition, although meshing techniques are very inspiring according to the period in which
the study was conducted, current technological developments and finite elealgsisa
method can be made mawedined using a variety afoftwareplatforms For this reason,

this study is invaluable in order to see the development of finite elementlmgdel

technigues and solutions for nozzidinder connection problems in thett&® years.

Furthermore, Mukhtaf19] tried to determine the stresses by using FEM for cylinder
nozzle connection problems. For this, stress concentration factor expressions were

obtained for both the nozzle and the cylinder. Using some models availatiie in

12



literature for validation, thauthors also used tle¢asticFE analyss results they obtained

to find the maximum stress positidrhis study is based on the thin shell theory and only
cases where the ratio of the radius to thickness of the nozzteisigreater than 10
(Rn/Tn>10) are considered. In addition to this, SCF determination was made for only 3
parameters. (1. Rv/Tv (Vessel radius / cylinder thickness), 2. Tn/Tv (Nozzle
thickness/vessel thickness), 3. Rn/Rv (Nozzle radius/Vessel radiugddition to this,

only internal pressure loading is examined in the stAdya result, a useful database of

SCF values was created for nozejdinder intersections.

Moreover Figueiredo andNeto[20], stated that the limits presented in Section IHhef

ASME Code are based only on shell theory and there are deficiencies in solid finite
element analysis. For this purpose, they introduced an elastic stress linearization
procedure for nozzleylinder intersection problems. The results are compared with

ASME Section Il limits.

In pad applications around the nozzle, the shape of the pad and the rate of material
contribution is also very important. In this study, Kharat ef2dl] compared the stress
results they obtained with 4 different pad applicationh FEA. In the light of the
obtained results, the authors suggested 2 pad types were more suitable for the design
procedue. There are some shortcomings in this study as well. The authors state that
reinforcement is appropriate in order not to reachithiéload, but a limit load study has

not been done. In addition, there is no explanation that the maximum stresses obtained
remain in the elastic region. On the other hand, material properties are not given in the
study, which restricts readers from coemting on which reinforcement types can meet
these stresses. Despite all this, it can be a useful study in terms of introducing different

types of reinforcement plates to designers.
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Xue et al. [22] run a study for cylindenozzle intersections with and Wwdut
reinforcement plates. The aim of the study is to determine the experimental limit pressure
for a constant /D parameter. With the test results, the authors noted that pad

reinforcement significantly backehd reinforcedhe container for the limit pssures.

In a manner similar to a previous study, the strength betrawfdhe structure for pad
reinforced and nopad cylindercylinder intersections was investigated by Fang et al.
[23]. Vessels were producesith different diameter ratios (@) for this study and
obtainedFEA results were supported tigth these experiments. By determining the
plastic limit moment load affecting the nozzle, lesithin curves were obtained for each
test. The study provided a broad perspective for understanding padness on the

pressure vessels and nozzle junctions.

In addition, the authors have also focused on pad reinforced nozzles platigzsoidal
pressure vessel heads. In 1986, Chao §4]ltried to understand the effects of the size

and thickness ofhe nozzles located in the ellipsoidal pressure vessel head on radial
flexibility using shell theory. In 1999, a study was carried out to determine the optimum
pad sizes for the nozzle connections in the ellipsoidal pressure vessel heads by Nash et
al.[25]. Moreover, design curves are presented for the allowable stress calculations of the
each applied forces. In 2002, $kaskyet al.[26] was figured out stress analysis onpad
applied nozzles in different configurations on the ellipsoidal heads of peegsssels.

The geometric parameters of the connections were discussed with the numerical and

experimental results.

It takes an important place in oblique nozzles for nozzle combinations in pressure vessels.

As the angle between the nozzle and the sheligds the maximum stress magnitudes

14



also change. For this reason, the authors have made significant studies on this subject as
well. Petrovic et al[27] completed a study on the moment effect caused by external
loading on the oblique nozzle. The stresules were obtained with FEA are classified
according to the maximum stress criteria. Weil3 ef28l] managed a comprehensive
strength analysis for oblique nozzles in cylindrical pressure vessels. The fatigue
behaviar of the nozzles was investigated irder to determine possible fatigue failure
locations in nozzle connections subjected to internal pressure and axial loads.
Additionally, Patel et al[29] performed limit load analysis for multiple oblique nozzle
connections. Finally, Robinson et [80] experimentally investigated the behavif

obligue flush nozzles in spherical pressure vessels in the plastic region.

2.4. Researchon Nozzle Shell Junction Behaviourfor in the Plastic Region
In this section, a summary of the literature review on lioaid, plastic anakes, and

cyclic loads for nozzkeylinder junctions will be given.

Understanding the potential to support maximum loading conditions is an important
aspect in the design and analysis of pressure vessel applications. This is especially
important for thirwalled pressure vessels where stresses reaching the initial material
yield point can lead to very dangerous situations. Pressure vessels can be subjected to
stresses from a variety of loading conditions, including internal pressure dtipglenu
external loads from connected piping systems. Once the vyield point is exceeded, the
structure can accommodate more loading until the plastic zone becomes excessive and
causes the plastic to collapse. This can be difficult to determine, especiatiyexternal

loads act with internal pressure. For this reason, there are many studies in the literature
that examine in detail the limit value at which the system reaches the first yield point and

the plastic degradation from exceeding the yield poinaitacbllapse.
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As mentionedbefore, bulletins such as WRC107, WRC297 and WRC&&7currently

used to calculate local stresses in cylindrical and spherical pressure vessels. In addition,
codes such as ASME Ber and Pressure Vessel Code, EN 13345d P3500:2000

have put forward a series of studies and calculations in order to avoid plastic instability
and to detect limit loading conditions. In addition to all these studies, there are many

studies based on elasptastic analysis in order to calculatagtic loads in the literature.

In pressure vessels with nozzle connection, the nozzle shell connection areas are the areas
where the weakegioints are due to the presence of stress concentrations arising from the
intersectiorcut. The cameterratios d/Dare important and shell theory is reliable for d/D

<0.3 but has weaknesses when this rises to 1.0. It is noted that much of the literature is
based on establishing the elastic stress solution with little available on limit load
calculation for multiple lad combinations. Sang et@1], attempted to obtain the results

of inelastic stress analysis of a pressure vessel and nozzle connectidiamiteratios

of 0.526 (d/D =0.526). Theseesults were solved under increasing internal pressures
with the help of experimental studies and nonlinear finite element methods (FEM). The
analysesvere supportedy experimental studies to demonstrate limit loads originating
from internal pressure and to compare with the results of the FEM. In addition, a burst
tesing was carried out tanderstand and validate the limit design method. In addition,
the authors stated that this mmdh does not require the elastic analysis stress
categorization procedure. They also signified that the applicability of methoohucis

simpler than the elastic design procedure

Besides,he O0el astic ltodpewnsad i oy [SRiavdsausedforah et
internal pressure @nmoment loading conditions in nozzle cylinder connections. With

this method, limit and shakedown intersegtibagrams can be obtained. In addition, the
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mentioned method was used to determine the upper and lower litmit wbzzle cylinder
junction. The main objective is to investigate a highly compiessel problem for the
nozzlecylinder intersection unden¢ internal pressure and the nozzle subjected to torque
loading. In conclusion, it is stated that the obtained results were compared with the

existing methods and better values were obtained.

In addition, Dekkeand Stikvoor{33] conducted research on thteess intenses for the

nozzle- cylinder connection. After reviewing the existing standards, some standards such
as thePD500, the German AfMerkblatter{34] and the Dutch Rules for Pressure Vessel
have been suggested that it is unreliable for-tatled and relatively large nozzles.
Thereupon the authors determined the purpose of the study as to provide the significant
differences between the existing design codes and standards when calculating the stress
intensity occurring at the nozzéylinder unctions.For this purpose, they compared the
results using the existing design codes and finite element method. The prapaiysds

have allowed for a more reliable calculation of the external loads on the nozzle. As such,
in this study, a finite elemémpproach is used to develop a suitabdeleh and undertake

a parametric limit loads study for cylindercylinder intersections subject to internal
pressure and combinatiomd external loads which will lead to an improved design

approach.

Additionally, Muscat et al[35] introduced a plastic work criterion in order to enable the
evaluation of plastic collapse and limit loading conditions in pressure vessels through
design and analysis. The authors stated that this criterion is a suitable method to

charcterize gross plastic deformation.
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Liu et al.[36] on the other hand, aimed to choose the breaking criteria for pressure vessels
under internal pressure and to calculate the plastic collapse loads of pressure vessels with

the theoretical method they pregzal.

Also, Kulkarni used a finite element software and experimental data to determine the
explosion pressures of domestic twalled LPG tankg37]. The TES(twice-elastic
slope) criterion was used as a validation method and the mean error factors were

presented.

Another study using the TES method in the calculation of critical collapse loads was
conducted by Balakrishng88]. In summary, wall thinning and ovality were investigated
for pipe bends under bending momedsinally, the effects of these paraers on the B2
stress on the existing pipe structure were investig@t2aan be simply defined as the
stress index corresponding to irregularities and uniform wall thickness in circular pipe

elbows under bending moment.

Deng et al[39], stated that thelesign methods of ASME Boiler and Pressure Vessel
Codes should be reconsidered by addressing the decreasing safety factor values from 5.0
to 2.4 in pressure vessel design over the years. In their study, they investigated the ductile

fracture stresses ofdétmaterials with some elasfitastic stress analysis.

FurthermoreMoffat et al.[40] made an evaluation on the methods of obtaining plastic
charges for some pressure vessel components. In conclusion, they stated that The CEN
TC54 technique gives a manaique limit load (or plastic load) than The ASME 1ll TES

technique.

Wu [41] conducted a study of plastic load detection for nozzle cylindrical camtan

their study. The plastic load values resulting from thelame moment at the nozzle were
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compare with the experimental, finite element analysis and TES criterion. The author
stated that the results were in good agreement with each Bileemaximum error of the
average experimental veis FE calculated limit moments svabout 10%lIn addition,
proposed equation provides an alternative solution to determine the plastic limit moment

of cylindernozzle connections subjected teplane load on nozzles.

Another study on plastic limit loading of nozaiennected cylindrical pressure vessels
was done by Rkash et al[42] The approximate plastic limit load was obtained by TES
method and examined in terms of different combined inclination angle of the nozzles. It
has been stated that the obtained results give useful results in terms of design and

optimizaton.

Lee[43] presented results for plastic load detectioGrdegreepipe bends in his study.
Basically, TES and plastic limit solutions are included in the calculations. As a result, it

was suggested that theptane closing bending modgthe most tical loading mode.

Patel et al[44] calculated the plastic limioad by considering a 4®bliquenozzle. The
authors conducted experimental studies to verify the stress values obtained by the finite

element method. They used TES and Tl methodsrfur lbad estimation.

In the plastic limit load study performed by Li et [@5] for lateral nozzles, the plastic
load was similarly determined by TES method and the obtained results were compared
with FEA and experimental results. Plastic deformatiop@mies for the analysis model
are discussed. The results showed that significant deformation properties occurred in the

test vessels.

Skopinsky[46] carried out a plastic loading study for the ellipsoidal pressure vessel head

i nozzle junction under inteal pressure. The authors developed a new method that can
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be used to determine the plastic load for this intersection. In addition, the effects of
dimensionless geometric parameters on the plastic limit pressure are also discussed in the

study.

As mentiond above, various calculations and limit load analyses are needed to determine
the capacity that the structure can withstand before collapse. On the other hand, cyclical
loadings within the elastiplastic area should also be considered rather than soagis.|
Because cyclical loads may cause the structure to fail sooner than expected due to low
cycle density. Examining the plastic behaviour of structures subjected to cyclic loading
in pressure vessel design has been one of the issues that have beerzetphasent

years. An elastiplastic material subjected to cyclic loading will give an elastic

shakedown, plastic shakedown or ratcheting response after a certain cycle.

Zeng et al[47] studied the plastic shakedown behaviour for a cylindrical coetainder
cyclic loading using a water pressure loading system. In this experimentally supported
study, conditions such as total strain and shakedown range, modelledssaiss

relationship under large deformation, and ratcheting behaviours were egdamine

Anwar et al.[48] investigated the effect of cyclic temperature and cyclic pressure in
pressure vessels. They looked into the stress distributions that occur with cyclic loads on
the wall of the pressure vessel with a time dependent numerical nferdet. this study

it was concluded that the contact surface of a cylinder subjected to cyclical pressure and
temperature is always subjected to the maximum effective stress. Minimum effective
stresses were detected on the outer surface. In addition, the stguited that the limit

values of mean pressure and temperature were inversely proportional, and the limit values
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of pressure and temperature amplitude were directly proportiaralmmarythe results

obtained were in agreement with the study paramatetsiumerical findings.

Abdalla [49] determined elastic shakedown loads at nozzle intersections using a
simplified technique in the study. The resulting elastic boundary loads form the Bree
diagram and are compared with the elastic plastic finite elemadtdimulations. The

author says these results are in perfect correlation.

Bakry[50], on the other hand, studied internal pressure and bending cyclic loadings using
hillside nozzles. According to the changing hillside angle, the cyclic loads were

determired by the nonlinear superposition method and the results were discussed.

2.5. Research On Pressure Vessels Fracture Behaviour

Potential failures caused by breakage problems are an important issue in structural
integrity evaluations of pressure vesselsad.@arrying capacity is limited in such thin
walled structures. Buckling and compression forces due to internal pressure and external
loads can cause a decrease in the limit loads in the containers and even bursting. Such
problems usually start with smalurface cracks and these cracks could be grown in a
path until eventually the structure deteriorates. Cracks that may occur in pressurized
vessels may be caused by manufacturing procedures or in various environmental effects.
One of the most important pr@ns that arises in the industry is the evaluation and
consideration of the safety criteria of structures such as pressure vessels throughout their
service life. For this reason, various studies have been conducted to examine the

behaviour of pressure vesds and pipes containing cracks.

Studies on fracture problems in pressure vessels gained much more importartbe after

1960s. Copley and SandefS51] conducted a study in 1969 for cracks placed
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longitudinally on a cylindrical vessel. This study showedadternative way to the

researchers to determine the residual strength of a broken cylindrical vessel in those years.

In 1972, Erdogan et a[52] researched an unsymmetrical crack problem placed in a
cylindrical container in a circumferential direction. tlne same year, the researchers
examined the fatigue and fracture conditions for cracks along the shellridreydi and
spherical vesse[83]. In this problem, the internal pressure effect on the vessels is given
with torsion. The resulting Crack Opegi Displacement (COD) and Stress Intensity

Factor (SIF) values were verified by bursting tests results.

In addition to all these studies, there are many additional studies in the literature related
to SIF calculations and the development of these calooktiThese equations are also

still open to new approaches and interpretatin 1982, Newman and R&b4] studied
internal surface cracks in cylindrical pressure vessels. In the study, stress intensity factors
were determined by changing parameters asatrack length, crack depth, wall thickness

at certain rates. The study includes calculations in mbdpening mode only. Empirical
equations in the study were developed with extended parameter variations. The results

obtained have been confirmed kiher results in the literature.

Liu et al [55] performedlinear elastic fracture analysis for a Reactor Pressure Vessel
(RPV). It was assumed here that cracks may occur at the raytirlder intersections

where the stress is most concentrated. As atresitulations were made for different

crack shapes and design conditions that did not endanger safety. In another study, possible
elliptical cracks in the nozzeessel junction area wediscussed by Murtaza et g6].

Here, the effect of pressure plthermal stress on SIF values were investigated. After all,

it was emphasized that the applications made were completely safe in terms of fracture
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mechanicsOn the other hand, Jin et f8.7], obtained fracture driving forces (KI, J) and

T stresses in RP corner cracks by using traditional calculation methods. Additionally,
they put forward a simplified calculation process that can estimate the Weibull stress
calculation occurring under this stress field and along the crack tip more effectively with
the nodified boundary layer model. Another study on cracks in the Reactor Pressure
Vessel was done by Susmikafi8]. In this study, dntegral and SIF calculations were
chosen as crack parameters. Also, it was stated that the 3D modelling was in accordance
with the SIF calculations and some critical loading conditions that could cause breakage

was specified.

Akrami et al.[59] studied the effect of buckling load on cracks in cylindrical shells. In
this study, which was based on analytical and numerical ei@lgaparameters such as
cylinder length, crack location and intensity constitute the basic criteria. At the end of the
study, the authors proposed an empirical equation to compare buckling loads in cracked
and uncracked structures. Moreover, the buckelgaviour of broken cylinders was also
disaussed by Estekanchi and Vaf&0]. In Estekanchi's study, a program has been
developed for FE modelling of cracks in different lengths and directions. Then, buckling

behaviour in tensile and compression loadthese models was investigated.

Besides these, Alizadel6l] validated his model using the extended finite element
method for various parameters and investigated the use of CFRP laminates to strengthen

the container in crack problems.

In this study, inclhed cracks occurring on the inner surface of cylindrical pressure vessels
were investigated by Subbai@b?]. It was given point to here that the critical slope was

30 degrees and as this angle increased, the Mddading became more dominant.
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Furthermoe, SIF calculations were made simultaneously for the presence of more than

one crack with the numerical simulation

In 1996, Challanger et §63] stated that procedles such as BSI PD6493: 1984] and

ASME Xl used in the fracture mechanics applicatiohpressure vessels in the industry

do not have many examples in practice. For this reason, they compared the failure
mechanisms for 8 different pressure vessels with these methods. As a result, they proved
that the procedures weesafe. In 1997, Liaw etl. [65] wanted to investigate the effect of
material structure and mechanical properties on fracture bemhamipressure vessels.
Thereuponthe initiation and propagation of cracks were investigated by doing fatigue
behaviar research on pressure vessteels. Fatigue life analgs were compared with
experimental results. Thanks to these results, crack initiation and fatigue life results that
can be encountered when using different crack sizes for pressure vessel steels have been

developed.

In the 20@s, Chai and Zhan@6] conducted a study on these problems by detecting that
there is no calculation method in the literature on the surface crack and embedded
elliptical crack interactions in cylindrical pressure vessels. SIF values were obtained for
mary crack variationsThe result is an interpolation method that helps to estimate SIF
values for specific crack depth/crack length ratios. In another studiakket al.[67]

provided some computational methods for complex stress fields that cause hreakage

In 2005, Diamantoudis and Labef8] introduced a finite element solution for semi
elliptical cracks. The authors stated that the solutions in the literature only provide
solutions for containers with equal stress distributions and there is no nurselitan

for complex structures with stress distribution in different axes such as nozzle junction
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areas. For this purpose, the authors proposed an alternative solution method for stress
intensity factor calculations by introducing a mibie method fomozzle junction areas

and cracks that may occur at the spherical end junctions of the cylinder.

In 2006, Saffih and Harif69] [70] examined the elliptical cracks in cylindrical structures
with a thickness &nsition. In the first studj69], a 3:dimensimal finite element model,
which is also compatible with numerical solutions, wasposed. In the other stufi0],

a simple J integral calculation method is presented to calculate the plastic behavio

the deepest point of the crack.

Additionally, Kirkhope[71] derived empirical equations for the KI calculation at the
deepest crack location for specific crack depth / crack length ratios using the Kl values of
single and multiple cracks occurring in thiralled cylinders in Is study. Also, Hachi et

al. [72] developed a computer code for SIF calculations of elliptical cracks in the Mode |
opening state. The results obtained were compared with other methods in the literature
and it was stated to have high aaay. In 2002, Ayhan and Nidd3] conducted atudy

on the detailed general formulation of enriched crack tip elements fordimeasional

crack problems. The advantage of this formulation over other approaches is that the same
calculation algorithm can be used for more complex crack tis aheanother study by
Ayhan [74], a threedimensional methodology was presented for simulation of fatigue
crack propagation. With this method, named Fracture and Crack Propagation Analysis
System (FCPAS), mixed mode surface cracks can bg eakillated. Bozku et al.[75]
conducted numerical and experimental studies on the mbt&dcture sample using

the finte element method and FCPA®]. Kurt [76] on the other hand, obtained SIF
solutions for mixeemode cracks on the interior surfaces of sphericasgure vesssl

again using FEM and FCPAS.
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2.6. Concluding Remarks

In summary, all these literature studies show that nezzdeel connection problems,
elastic stress analysis, limit loading analysis, plastic load determination, fracture
mechanics and iatnational design codes have a wide research area in many subjects.
The application of the finite element method has prepared the environment to carry out
this research more easily and accurately in the theoretical sense. However, studies have
shown that een in similar problem solutions in complex structures, application
differences can occur. For this reason, it is very important for designers to gather elastic,
elastici perfectly plastic, plastishakedownand fractureanalysesinder a single study
sothat the failure mechanisms can be handled with a large study. For this purpose, in the
following sections, first of all, a higfidelity nozzlecylinder finite element model will

be created and then the analysis types mentioned will be applied on thid, mod

respectively.
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CHAPTER 3. DEVELOPMENT of a HIGH-FIDELITY FINITE

ELEMENT MODEL

3.1.Introductory Remark's

A high-fidelity finite element model has been developed in this section that will apply to
all geometries used by industry and will provide a ursigkeapproximation to local loads

for nozzlecylinder joints, as well as account for the maximum stresses around the crotch
corner of nozzleylinder junctions subjected to combined loads. For this purpose,
geometry, material selection, mesh sensitivitalgsis and loading conditions were
determined, and then verification studies were carried out for the finite element model

created.

3.2. Statement of the Problem

In the case of pressure vessel problems, the highest stresses often occur in the nozzle
cylinder intersection regions. Accurate determination of these stress values is of great
importance in terms of taking necessary precautions in design and future fatigue
assessment. Finite element analysis is one of the ocoosmonly used numerical
proceduresAlthough all stress values on the vessels with finite element method can be
determined very easily, because of the differences in the method applied, the results are
not completely aligned. The aim of this study is to create afidglity model which can
respond to differerdhapes and applications for nozzle shell combinations with different
thickness ratios. At this time, the scope of this problem is for a linear elastic solution
establishing maximum stress values around the crotch corner which daiitbas basis

for the model.
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3.3. Geometry

When creatinghe finite element model, the problem of an opeaded cylindenozzle
intersection is considered. The ratio of inner nozzle dianfe}e¢o inner shell diameter

(D) is accepted as 0&s a startig valueand the analyses are repeated by enlarging the
cylinder diameter. In addition, twalifferent boundary conditions are examined
throughout the study in order to examine the stress distributions around the crotch corner
in more detail. Firstly, as skwn inthe Figure 3. 1, whilst the model is restricted by one

side, by means of boundary conditions, on the other hand axial movement will be allowed

on the other side.

L
=i

Figure 3.1 Model of the nozzle cylinder junctions (no saddle)

In addition, since the whole model will be under the influence of internal pressure, an
openiended cylinder is used and thrust force is observed at both ends. On the other hand,
the vessel is placed on adslles(Figure 3. 2) . For this reason, the movement will be

released at the both ends of the cylinder.

Saddles, by the way, are completely restridcteanovement in all directions from the

bottom surface area. Mareer, internal, and external radius (welding) applications,
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which are among the most effective applications for the optimization of stress values, are

also examined under a subsection.

Figure 32 Model of the nozzle cylinder junctions (with saddle)

3.4. Material Selection and Properties

In this study, the use of higluality carbon steel is considered suitablproduceboilers

and pressure vessels, which ideally comply with the high standards set bydhs,aiid
petrochemical industry. For this purpose,-546 Grade 70 Carbon steel was chosen as
the shell material, and ASTM A266 Grade 2 Carbon Steel was chosen as the nozzle

candidatematerial[77] [78].

The material properties for the nozzle and saedlgiven inTable 3.1 in detail. For the
saddl e applications, a 2 1ppr@pRae andahe mwegldd s Mo d u

material was assumed tovesthesame properties as the nozzle material.
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Table 3.1 Material Properties for Nozzle and Shell

Material Name Youn¢c Poi ss Yield Ultimate Tensile
Modulus ratio Strength Strength
Shell- SA516 Grade 70 Carbol .y op, g 260MPa  485620MPa
steel pressure vessel plafég]
Nozzle- ASTM A266 Grade 2950, 029 200MPa 570MPa

Carbon Sted78]

However, the tensile properties of welds are normally overmatched to the parent material.
The yield strength values shown in the table are the minimum values to be considered. It
is noted, however, that highsiield strength values can be obtained in practical

applications. The values shown in the table are used directly in the analyses.

3.5.Element Type andM eshSensitivity

Figure 3. 3 shows details of a typical finitelement mesh of the cylindeonzzle
interaction noting the inside diameter of notdigis always the half of vessel inside
diamete(Di). For a model with an inner diameter of 500mm, the element size was 30mm,
and for the remaining cas it was 50mm. Kthermore, the element type was chosen as

SOLID186 which is a higher ordef[3 quadratic formulatiomith 20-node solid element.

The choice of element type when undertaking finite element analysis is important as this
is determined the ability of the mod&d represent the stress distribution. ANSYS
SOLID186[79], a higherorder 3D solid element with 2@odes that exhibits quadratic
displacement behaviour &nployed inFigure 3. 4. Theelement is defined by 20 nasle
having three degrees of freedom per node and supports plasticity, and other phenomenon

and is suitable for the present application.
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Figure 34 SOLID186 homogeneous structural solid geometry

As the maximum stress variation in the analysis is the region of the rebedle
combination, a mesh sensitivity analysis is needed for this region. For this reason, the
effect of the number of elemergstending along the thickness of the nozzle to the stress

values was examined. The nozzle thickr{@ds dividedinto 1, 2, 4, 6, 8 and 10 elements
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in each analysis. The distributions of the elements for using 2 and 4 elements along the

nozzle are shown iRigure 3.5, andFigure 3. 6.

Figure 35 Applying 2 elements throughout the nozzle thickness

Figure 3.6 Applying4 elements throughout the nozzle thickness

As a result of the mesh sensitivity analysis carried out, there are no significant differences
in their stress distributions and values. The maximum difference between the stress values
occurred when 2 elementsere used throughout the nozzle. This difference is less than

1%. The results are shown in thigure 3.7.
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Figure 3.7 Variation of stress values according to element numbers

Althoughthe results are very close, it seems that mesh distributions are more reasonable
when 4 and 6 elements are used. For this reason, it was decided to use 6 elements

throughout the nozzle thickness to meet a common point for all studies.

3.6. Verification of the Finite ElementModel

1. First, verification work will be done for the nozzle cylinder finite element
model under internal pressurdhile performing the verification study, the study of
Chandiraman(i16] is taken as a basis and the stress resulerofgercentage contribution
(no reinforcement) to area from the shell are used. In addition tosthedf ahand
calculationmethod the stress values obtained by the finite element method are used in
these processes. While these results are obtainedalties of internal pressure is taken
as 8.5 MPa as indicated in the study. The thrust forces on the nozzle and cylinder with

the effect of the internal pressure are also calculaté&bgtion 3. 1 andEquation 3.2
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using the equivalent pressure approach for thecapdioading Allowable and FEA

stress results are given in thelow.

0 z0

0 o) Equation 3.1
0 20Q
o 0 Equation 3.2

As can be seen from thi@gure 3. 8, the results obtained are very close to the current

study and the model itherefore verified with these results. In the following steps,

parametric studies are carried out and studies are performed to reduce the mdégmum

Misesstress values on the crotch corner.
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Figure 38 Stresses (MPa) vs Shell sizes (mm) from shell

Another validation study is done for the external loading condition. These

loads are applied from the nozzle centre and analyses are made for tensile load,

longitudinalmoment,and circumferential momesituations. The obtained FEA results
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are compared with WRC 539]. The results of this comparison are shown irRigere

3.9 andFigure 3.10.

WhenFigure 3. 9 is examined, it can be seen that the results obtained with the
FEA, and WRC 537 calculations overlap perfectly. Whkggure 3. 10is examined, the
maximum difference emerges in thecamferential moment (i) application. FEA
results here are about 5% less than WRC 537. In longitudinal momenaglelication,

this difference is much less.

In this part, various modéhg tediniques, mesh sensitivity anadgs and
validation studies arearried out to obtain a highiccuracy finite element model. The
generated finite element model is validated for both internal pressure and external loading

conditions.
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Figure 39 Maximum stress values for a nozztecylinderjunction under tensile loads
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There are model validation anadgswithin the fracture analyssection of this
thesis but since thenesh technique will be different in models with cracks, this part will
be examined in Chapter 6 to ensure the integrity of the topic. In addition, the created
model is parameterized with the help of the written finite element macros. In this way,
automaticmodeling can be done by entering only geometry dimensions such as nozzle

diameter, vessel thickness etc. into the macro.

In summary, a high precision finite element model that can respond to many
different geometries and loading conditions has beertedtea this sectiomnd is now

used to address a number of problems and approaches in subsequent chapters.
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CHAPTER 4. FINITE ELEMENT ANALYSIS INVESTIGATION

PART 1- ELASTIC ANALYSI S

4.1. Introductory Remarks

This chapterinvestigatesthe finite elemeat analyses irthe elastic region for nozzle
connections in pressure vessel problems with parametric studies and discusses the results.
Single and multiple nozzle connection problems, oblique nozzles, stress aralysis,

stress linearization approach #ine main research subjects.

4.2. Elastic Stress Analysis

The finite element method is the most commonly used approach when solving complex
practical cylindercylinder junctions in pressure vesseldien a desigiby-analysis
assessment is being undertakd@iis approach is alsaised when the geometrical
arrangement is out with the permitted scope of the ddsignle approachesfor
example d/D ratio exceeded or when oblique or hillside nozzkeemployedor when
detailed stress information is required as a fatigue assessment. Higtiess
concentrations occur on the crotch corner for cylirdinder joints, and it is possible

to reach solutions for this problem by using both theoretical and numerical solutions.
However, those approaches do not fuNyedapor converge to a unique solution for all
methodsor have the same underlying assumptions. As such, an innovatividality

finite element model should be developed to provide a holistic unified approach which
can tackle a wide range of problenis this study, various detailed nozzle design
challenges were investigated including single and multiple nozzle combinations;nozzle
cylinder systems with different size ratios, fillet weld applications, and external loading

cases were analysed. The tesobtained are compared with wedispected calculation
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methods such as WRBllletin 537[9], and a new approach is presented for the analysis

of cylindercylinder combinations.

To give more details, the priority here is to first examine the effectaspstorner, inner

fillet, and welding applications on maximum stress valdes cylindernozzle
intersections in stress analysis. In this way, it will be determined which method gives
better results in order to reduce the maximum stress in critical loading situations. For this
reasontheinternal fillet application and its effecéseintroduced first. Then, the effect

of changing the inner fillet and outer fillet (welding) sizesexamined. When these
analyes are copleted, external loading anagsis performed for a suitabl nozzle
cylinder model. Verificationsare made with WRC Bulletin 537, which has a very
common use in external upload analysis. Then, stress analysis with multiple nozzle
combinations, the effect of oblique nozzles and nozzle angle on maximum stress values
isexamined. In the last stage, the elastic analysisg@ypleted with pad reinforcement

analysis, which is an effective maximum stress reduction method.

4.2.1. Investigation of the Inner Fillet Applying Effects
Firstly, it is well known in indusirthat the use of a weld as a stress reducer can be highly
effective. In addition, the presence of a radius crotch corner can also provide a stress
reducing effect. However, there is little in the literature as to how effective or to what
extent the stregeducing effect actually is and to what extent the combined effect of these
features can have on the overall systé&m.notedtherefore the ultimate target is to
decrease the maximum critical stress values on the crotch corner by applying an inner
fillet throughout the nozzeylinder intersection. This is commonly undertaken in
industry. The representative image foeinner fillet application is showm Figure 4.

1. The greater the nozzle opening in pressusseis, the greater the maximum stress that
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will occur at the crath corner. At this stage, anadgsare first performed for a constant
internal pressure and di/Di (nozzle inner diameter / vessel inner diameter). The aim here
is to observe how the size bt structure anthe change in wall thicknessTj/affect the
maximum stress under the same pressureegalor this reason, the anaysre repeated

by changing the t/T values for 3 different Di values (500mm, 100@msh2000mm). In

total, 69 analysswere made for this comparison.

Figure 41 Inner fillet application

At the end of the analyses, results were compared for models with sharp corner, outside
welding fillet and inner fillet. A representative image of each oétimodels is shown in

Figure 4.2

There is sharp corners representatiofrigure 4. 2. a. This means that the nozzle is
directly penetrated through the vessel. An inneeffik not applied to the crotch corner
and the welding (outer fillet) is neglected. Figure 4. 2. b, only the outer fillet is
modedled, the inner fillet is not applied in the crotch cornerfigure 4. 2. c both outer

and inner fillet are applied to the crotch corner. It is possible to say that most industries
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use option a and do not benefit from option b and c. The purpose of this comparison is to
determine whether optiorisand ¢ have a role in reducing the maximum stresses and a

gain that will benefit the industry.

Outer +
Inner fille

Outer fillet
only

Sharp corners

a b C
Figure 42 a =no fillet, b =only outer fillet (welding), ¢ =inner and outer fillet together.

The most challenging part in theoadling phase was the inner fillet application. Because
in APDL models, it is possible to get a lot of fluctuation and topology errors while
modeling nontlinear oval tube structures in APDL. This may prevent proper meshing in
the finite element applicatn. Therefore, attention should be paid to tépin order to

get the stress analysis results correctly.

In all analyses, SA16 Grade 70 Carbon Steel Pressure Vessel Rléteand ASTM
A266 Grade 2 Carbon Steel material8] are used for shell andnzle respectivelySix
elements were applied throughout the nozzle thickness. The obtained maximum stress

values and comparisons are given infigure 4. 3, Figure 4.4, and Figure 4.5.

In the analysis here, the pure elastic model is adopted without considering the yield.
Values of stresses are for showing performance trend only. For this reason, very high

stress values are obtathe
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Figure 45 Maximum stress values for the vessels with 2000 mm inner diameter

In the analysis carried out, the vessel dimensions were doubledimac(di/Di=0.5)

from 500mm to 1000mm and from 1000mm to 2000nfime aim here is to assess the
effect of vessel fleility. When the graphs are examined, the outside fillet weld
connection for a vessel with 500 mm inner diameter provides a 4% reduction in average
at maximum critical stress values for each nozzle shell thickness ratio. However, when
the vessel size isicreased, the differences are 1.5% in average for vessels with 1000 mm
inner diameter and the differences are less than 1% for vessels with 200@okng

atthe cases where the outer fillet weld and the inner fillet are applied at the same time, a
redudion of about 10% for a 500 mm vessel and 5 percent for the other cases are obtained
at the maximum stress valudse stress distribution for a vessel with an inner diameter

of 500mm, the location of the maximum stress, and the inner and outer fillstsoare

in a representative picture igure 4. 6.
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Figure 46 Stress distributions for nozzle cylinder intersections under internal pressure

As such, it is obvious that the effecttbe inner fillet application is more significant in
reducing maximum stress values. In the analysis undertaken, the weld geometry and inner
fillet dimensions were kept constant. It is therefore worth considering optimizing the
junction by changing both theeld and fillet dimensions separately for any given case.
Using this approach, the most reasonable parameters can be obtained for fillet

applications at the nozzleessel intersections.

Also, as mentioned, di/Diid not change even though anaygsvere mde for 3 different
Divalues. In addition, vessel and nozzle lengths were increased with the increase in vessel
diameter. In this way, these graphs show us the result that the inner fillet and weld
application is much more effective as the vessel getdemmnadgardless of other results.
These data will lead to a useful approach to increase vessel strength, especiallyfor small

scale pressure vessel designers and manufacturers.

4.2.2. Investigation of the Changing Outer Welding Fillet Dimension Effects
In order to investigate the effect of outside fillet weld dimensions, the maximum stress

values obtained were compared for the cylinder with an inner diameter of 2000 mm and

the nozzle of 1000 mm inner diameter (di/Di = 0:H)e reason for choosing a vessel
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with an inner diameter of 2000mm is that, as can be sebakigure 4.5, the maximum

stress results obtained are very close to the sharp corner results. A clear difference was
seen in the vessel with an inneamtieter of 500mniseeFigure 4. 3). It will be better
understood in this 2000mm inner diameter whether the change of the welding size
significantly affects the stress distributiodsnm, 10mm,15 mm, 30mm, and 45 mm

width - length sizes are used as outer welding dimensions. The weld geometry with 15

mm leg length is given itheFigure 4.7.

15 mm

E

l 15 mm

Figure 4.7 Outside fillet weld dimensions

Analyses weg undertaken for 7 different thickness ratios (t/T) ané ftifferent welding

width. The results can be seentlve Figure 4. 8. As can be seen in the graph, only the
variation of the fillet weld dimensions is natfactor that influenced considerably the
stress values. As can be seen in the graph, the welding size increased for each case. In all
cases, the stress values on the crotch corner were very close to each other and the
difference between these values Vess than 1 percenAt the maximum point, this
difference (between 5mm width = and 45mm width) is approximately[2%.to this

reason, the same operation was applied in the inner fillet formed around the crotch corner
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Figure 48 Maximum stress values when changing outside fillet weld sizes

4.2.3. Investigation of the Changing Inner Fillet Dimension Effects
It was stated previously that the changes in weld profile dimensions did not have a
significant effect. As a result tiie analysis obtained, it is proposed that the formation of
the inner fillet may have more significant effects. In each successive analysis, the radius
of the inner fillet was increased by 5 mm and the effects were companed.

representation of the innéllets applied for 2 different radis given in theFigure 4. 9.

Figure 49 Inner fillet application for different radii
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If the model with a sharp corner is compared with a modblsmm internal fillet, when

the thickness ratio between nozzle and shell is 0.97, a 11.8% decrease is observed in the
maximum stress values on the crotch corner. This ratio is the highest value obtained in
the comparative analysis. In other values, a&erage difference of 9 percent was
observed. Stress values continue to decrease when the fillet is applied greater than 5 mm.

The resulting maximum VeMises stress results are showrFigure 4.10with a graph.
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Figure 4.10 Maximum stress values when changing inner fillet dimensions

Consequently, this difference continues albeit at a diminishing rate. Finally, when the
model having a sharp junction and a model with a 20 mm inndrdiéecompared, the
average stress is reduced by 18% in the maximum point. In the view of such information,
it is evident that the influence of internal fillet is more productive than welding to diminish

stress values on cylindasylinder intersected case
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4.2.4. Multiple External Loads Applications
Pressure vessels are primarily subjected to operating pressures. In addition, they must
withstand other loads exerted by attachments such as nozzles and connected pipes etc.
Such loads are called local loadschuse the stresses caused by such loads are limited to
the small surrounding area. Also, it was observed that the maximum stress was dominant
in the crotch cornein the inner nozzleylinder connections under the effect of internal
pressure. It is necemy to determine this situation within the local loads. Because the

direction of the load will change, the maximum stress location is expected to change.

For this study, the maximum stress values of the model under various loads will is

considered for a sgle geometry configuratiofit is shownin theFigure 4.11.

|
= |
|
[
,--'-_""-. |
[N
i
ey

Cylindrical Shell

Figure 411 Multiple external loading conditions
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Table 4.1 Applying loads combinations andhagnitudes for each case
Loading Magnitudes

Analysis Number 1t 2nd 3 4n 5 6t
Pnt (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
1% My (kNm) 1 5 10 25 50 100
case Mc(kNm) ) ) ) ) ) )
M. (KNm) - - - - - -
Prt (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
2@ My (KNm) - - - - - -
CaS€  Mc(kNm) 1 5 10 25 50 100
M. (KNm) - - - - - -
Pt (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
39 Mr(kNm) - - - - - -
case ;1 (knm) i i i ) ) i
M. (KNm) 1 5 10 25 50 100
Pr (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
gn Mr(kNm) - - - - - -
case Me(kNm) 1 5 10 25 50 100
M. (KNm) 1 5 10 25 50 100
Pni (MPa) 0.5 0.5 0.5 0.5 0.5 0.5
gn Mr(kNm) 1 5 10 25 50 100
case Me(kNm) 1 5 10 25 50 100
M. (kNm) 1 5 10 25 50 100

While performing local external loading analysis, di/Di will bken as 0.5 again in order

to be consistent with previous internal pressure analysis. In addition, since it is seen that
15 mm inner radius and 15 mm weld width are sufficient in terms of geometry and
maximum stress values, these measures will be useal &ggiin, if Figure 4.3 4.5 is
examined, the same ratios are chosen here as the lowest stress value for internal pressure

is obtained at t/T = 0.24 in this geometry.
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Analyses were carried out in 5 stages while examining the external loads. These load
combinations and magnitudes are giventlire Table 4. 1. In total, 6 analysesvere

performed for each case.

In order to apply the external loading conditions, link elements are located between the
nozzle ceme and thenozzle edges. An applied form of link elementshswn in Figure
4.12. Asa result of the use of these elements, centrally applied loading conditions can be

simply added.

Figure 412 Link elements applications

The stress values obtained as a result of the study are piottezFigure 4. 16. When

the results obtained amnsideredonly the circumferential moment with the internal
pressureand the only longitudinal moment effect have the nearly same stress results. In
other cases, as the overload condition that affects the nozzle increases, the stress values

also increase significantly as expected

In addition to these, the stress distribos of the 1st case, 2nd case and 3rd case at
maximum loading condition€L.OOkN) are shown in thEigure 4. 13, Figure 4. 14, and
Figure 4. 15. As can be seen from the figures, ti@ximum stress magnitudes shift

according to the local loads even they are same values (L00kN each). Furthermore, the
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maximum stress area seen in the crotch corner in case of residual internal pressure now

tends to slide outward with the effect of local loads.

B
.378825 14.5986 28.8183 43.038 57.2577
7.48869 21.7084 35.9281 50.1479 64.3676

Figure 4.13 1st case stress distributionlQOkN.m torsional moment)

.11297 26.2826 52.4523 78.62189 104,792
13.1978 39.3675 65.5371 91.7068 117.87¢6

Figure 414 2nd case stress distribution (100N.m circumferential momen)

T
.105166 26.7723 53.4394 80.1066
13.4387 40.1059 66.773 120.107

Figure 415 3rd case stress distribution (100N.mlongitudinal moment)
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External Loads vs Maximum Stresses
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Figure 416 Maximum stress values under various external loads

In addition to these analgs, the maximum stress valuexarred in the models due to
the tensile stress, longitudinal, and circumferential moment effect of were compared with

the calculations in the WRC 537 bulletin.

WRC 537 has discussed in detail the calculations of stress due to radial load,
circumferentialmoment,and longitudinal moment. Accordingly, the parameters must be
determined before starting the calculations. In this study, since the cytyldeter
connection problems are handled, calculations will be made naithd attachment

parameters. The lalations and parameters to be used are given below.
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The results of Bijlaard's work have been plotted in terms ofdiimensional geometric
parameters by use of an electronic computer. Hence, the first step in this procedure is to

evaluate the applicabfgeometric parametegrandb .

The shell parameteyis given by the ratio of the shell mrddius to shell thickness thus:

g Y_ Equation 4.1
~
For cylindrical shells, either round or rectangular attachments magrstdered. For a

round attachment the parametss evaluated using the expression:

T Xiv Equation 4.2

b Y

4.2.4.1. Calculation Procedure of Stresses According to WRC537
4.2.4.1.1. Stresses resultimgr radial load, P

U Circumferential Stresses(lq)

a) STEP 1. Using the applicable valuev@ndgcalculatedn Equation 4.1 and

Equation 4.2, enterFigure A. 13and read off the dimensionless membrane force

b) STEP 2. By the same procedure used in STEP ér Eigiure A. 10 or Figure

A. 12 and find the dimensionless bending moment 10 .

c) STEP 3. Using applicable values Bf Rm, and T, find the circumferential

membrane stress— by:
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0 0 0
Y O0FY Y'Y

Equation 4.3

d) STEP 4. By a procedure similar to that used in STEP 3, find the circumferential

bending stress— thus:

@0 U_ ﬂ Equation 4.4
Y o Y

e) STEP 5. Corhine the circumferential membrane and bending stresses by use

of thegeneral stress equatiadimgether with the proper choice of sign;

0

<4<

(PD Equation 45
_"Y

Longitudinal Stresses (sx)

Follow the 5 steps outlined in Circumferential Stresses except «‘cl?a’c is

obtainedusingFigure A. 14; and — , usingFigure A. 11 or Figure A. 12 It

follows that:
6_ _ 0 Y Equation 4.6
Y ory Y'Y
@0 U_ E Equation 4.7
Y o Y
@0 U_ @ Equation 4.8
Y o Y
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4.2.4.1.2. Stresses resulting from circumferential momeat, M

U Circumferential Stresses(sr)
a) STEP 1. Using the applicable valuestoénd gcalculaedin Equation 4. 1

andEquation 4. 2, enterFigure A. 3 and read off the dimensionless membrane

force —
¥ b

b) STEP 2. By the same procedure used in STEP 1, Eigiere A. 1 and find the

: . : f
dimensionless bending moment??

c) STEP 3. Using applicable valuesMt, Rn, 6, andT, find the circumferenal

f
membrane stress— by

& O 0 Equation 4.9
Y O0TIY b Y DY

d) STEP 4. By a procedure similar to that used in STEP 3, find the circumferential

. f
bending stress—— thus:

@0 0 f o)) Equation 4.10
Y O fY b Y bY

e) STEP 5. Combine the circumferential membrane and bending stresses by use

of the gewral stress equatiptogether wih the propechoice of sign

. 0r @y Equation 4.11
wf U =g U =
Y Y
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U Longitudinal Stresseqs)

Follow the 5 steps outlined in circumferential stresses except Hﬁaﬁ IS

obtained usig Figure A. 4; and , using Figure A. 2 It follows that:

T b
0 0 0 .
v, O IY D Y OY Equaton 4.12
(pi‘) 0 (pU E ion 4.13
v 0 IY b Y OY quation 4.
0 U_ 0 (pU_ Equation 4.14
” Y Y

4.2.4.1.3. Stresses resulting from longitudinal moment, M

U Circumferential Stresses(sr)

Follow the 5 steps outlined in circumferential stregsesectiord.2.4.1.2 except that

f . . - f : :
———— is obtained usingrigure A. 9; and ———— , usng Figure A. 5or
¥ » T b
Figure A. 6. It follows that:
& 0 0 Equation 4.15
Y 0 XY b YDBY
(pi) f 0 f (PU Equation 4.16

Y 0O TY b YUY
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U Longitudinal Stresseqsx)

Follow the 5 steps outlined in circumferehg8&resses in sectigh2.4.1.2. except that

[

T o is obtained using FigureB4 and

= >, using Figure A. 7 or

Figure A. 8. It follows that:

0 0 0 .

v, 5 IY b Y bY Equation 4.17
@ 0 90 E ion 4.18
v, O IY b Y 6Y quation 4.

42.4.2. Comparison ofthe FEA and WRC537 Calculations for External Loading
Applications

As shownin Figure 4.16in external loading analysis, 5 different cases vesamined,

and the results were shown. In aduhtio these analyses, in this sewtithe calculations

in the WRG&G37 bulletin are compared with the maximum stress values that occur in the
models due to the tensile stress, longitudinal and circumferential moment effects. These
comparison results can Beenin Table 4.2, Table 4.3, andTable 4.4. Theseresults

are only used for the values of 25kN, 50kN, and 100kN since the meffesitis evident

especially in the cases of 10kN and overload loading.

Table 4.2 Comparison of maximum stress results for model under tensile loading

Magnitude Maximum Stress Values (Von Mises)

Load type Pnt (MPa) M+ (kN.m) FEA (MPa) WRC537 (MPa)
0.5 25 16.55 18.05
Torsional 0.5 50 32.49 35.93
Moment 0.5 100 63.34 69.48
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Table 4.3 Comparison of maximum stress results for model under circumferential moment loading

Magnitude Maximum Stress Values (Von Mises)
Load type Pnt (MPa)  Mc (KN.m) FEA (MPa) WRC537 (MPa)
0.5 25 31.06 33.20
Circumferential
Moment 0.5 50 60.7 66.4
0.5 100 120.1 132.8

Table 4.4 Comparison of maximum stress results for model under longituali moment loading

Magnitude Maximum Stress Values (Von Mises)
Load type Pnt (MPa) Mg (kN.m) FEA (MPa) WRC537 (MPa)
0.5 25 30.05 31.21
Longitudinal
Moment 0.5 50 59.32 62.42
0.5 100 117.87 124.85

As can be seen in the Tables, the resultsanmemarable especially in cases where the
model is subject totensile loadingonly. For the models where the longitudinal and
circumferential moment is applied, the differencesamceind5percentand FEA results

were lower than WRC537 calculatioi$e closeesults obtained once again demonstrate
the correctness of the model. Whilst this gives confidence that WRC537 is conservative
for the moment cases, it is over predicting the maximum stress which can have an

influence when using these stresses for fatifj@evaluation.

In summary, in this section, the nozzle in vessel is exposed to external local loads. In
total, 5 different external loading situations were examined. One of the most important
points in these analyses is the displacement of the maximess $ield according to the

load direction, as can be seen infgure 4.13-15. In other words, while the maxim

stress zone is in the crotcornerregion under internal pressure, it has shifted to the
weldingarea under external loads. Another issue is that local loads of the same magnitude

change the maximum stress depending on the direction (Mc was always higher).
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In mixed loading situations, it is understood that the more load is placed on the system at
thesame time, the more the stress will increase, only the stress field will shift to the side

of the dominant load.

4.2.5. Pressure Vessel with Two Nozzletersections
In some practical applications, it is required to have nozzles closely located in

combindion. If the nozzles are excessively close to each other, with a small ligament, this
arrangement can cause the stress to increase significantly. The ligament distance between
the nozzles should not exceed a certain ratio to prevent large stresses tbatunalf

the nozzles need to be closer to each other than the calculated pitch, it may be necessary
to apply additional reinforcement plates to the vessel. If two adjacent nozzles with the
same diameter are to be considered, the minimum pitch P betvememstdetermined by

Equation 4.19.

Equation 4.19

Also, pitch is determined as Rnd R for longitudinal and axial directions respectively

between nozzles. These positionssrewn inFigure 4. 17.

Here, the stress distribution for two nozzles with longitudinal, radial and both longitudinal
and radial distances without reinforcement plates are examined. The results are obtained
and interpreted for the stresses occurring in the crotch corner withinvéhaozzles
arrangement. In this case, only internal pressure is considered. Also, crotch corner fillet
radius and welding fillet radius are not changed to be consistent with previous analyses,

and they are 5mm and 15mm, respectively.
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Figure 417 Dimensions of the longitudinal and axial distance [13]

4.2.5.1. Investigation of the Cylindrical Vessel with 2 Longitudinal Located Nozzles

Von-Mises stress results have been obtained for 3 different distances magnitude for 2
nozzkes placed in longitudinal direction on the cylindrical shell. In these analyses, the
nozzles are positioned symmetrically to the midpoint of the cylindrical vessel and the
spacing of the nozzle centres are defined 200mm, 300mm, and 400mm, respectively. A
representative image showing the distance between the nozzles is siagure. 18.

In these analyses, similarly to the single nozzle model, only the inner pressure was applied
to the shell and the shell was cvaged to move from one side and was exposed to thrust
from the other side. Furthermore, the nozzles were also under the influence of thrust with
internal pressure. To distinguish the nozzles from each other, the first nozzle is closer to
the side that ththrust force affects and the further away nozzle from the axial thrust side
is called the 2nd nozzle. The results of the analysis for each of the 2 nozzles ame given

thefollowing Figure 4.19andFigure 4. 20.
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Figure 418 Longitudinal placed nozzles
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Figure 419 Maximum stress values on 1st nozzle crotch corner

As can le seen from the Figurethe maximum strespoint is at the junction area of the

first nozzle. Especially when the distance between the nozzles reaches 300mm and

60



400mm, the results are very closestich otherand the differences are around 1%. On

the other hand, the difference between the stralses reached up to 12% in the case of
200 mm pitch. The reason for this is that the stress increases considerably when the
nozzles are very close to each other due to the influence of thetdi the first on the
second. In fact, in these 3 casegliidnal reinforcement plate is required when the
minimum pitches are calculated. However, it is obvious that the stress values are very

high for the nozzles with a distance of 200mm.
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Figure 420 Maximum stress values on 2naozzle crotch corner

4.2.5.2. Varying the distance from nozzle centre to the end of the vessel
Previously, the focus for the analysis was only on the distance between nozzles. On the

other hand, as the distance between the nozzles increases, the Ustiarea the nozzle
centre and the end of the container decreases. As such, the distance between the nozzles
was increased, and therefore the distance between the nozzle centre and the end of the

vessel was decreased. Thus, the distance between the ozt and the end of the
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vessel should be kept constant by adding the material to the end of the vessel and the new

cases should be-examined under thesenditions ashown inFigure 4.21.

L,

a b
Figure 421 a) the cases that lengths of vessels are same, b) thesdlat distances between centref
the nozzles and end

For the three cases shown in part b~wfure 4. 21 above the analysis for 6 tferent
thickness ratios was performed. Results for 1st and 2nd nozpesassl shown in

Figure 4.22, andFigure 4.23 below.

When the values in the graphs are analybexe for the 1st nozzle, closer to the side the
thrust force affects have almost the same magnitude, the differences between the values

being less than 1%. That is, the addition of material to the end of the vessel has not
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contributed physically to therstss values on the nozzles. Considering the 2nd nozzle,
which is the nozzle close to the side where the boundary conditions are applied are
examined, it is observed that the difference between the stress values reaches up to 5%
when the distance betweerethozzles reaches 400 mm. As noted, the pressure vessel
was restricted to the movement from one side and the thrust was applied from the other
side. In the light of this, along with the last change, the 2nd nozzle has been located
400mm further away fromhe thrust applied. In other words, the positioning of the
nozzles far away from the applied force can be said to be an approach which reduces the

stress values which is common with industry practices and the use of-auligistance.
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Figure 422 Analysis results for 1st nozzles
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Figure 423 Analysis results for 2nd nozzles

4.2.5.3. Investigation of the Cylindrical Vessel with 2 Radial Located Nozzles

This study examines four different casesspairs of radially located nozzles. Firstly, the
Von-Mises stresses are examined for two nozzles positioned in the same plane but offset
at 90 degrees. Subsequent studies are carried out with the offset angle between the nozzles
at 60 degrees. In theal two cases, a length of 250 mm longitudinal offset is included

on the nozzles positiong@r) at 90 and 60 degrees. These situations are compared with
each other separately. The representative image for positioning nbzzles igivenin

Figure 4. 24. P represents the longitudinal distance andrépresents thangular

distance between nozzles.
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Figure 424 The symbolic image for positioning of the nozzles
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Figure 425Von-Mises stress values for 9@egree radial distance
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Figure 426 Von-Mises stress values for 6@egree radial distance

The nozzles placed at 90 degrees are examined in two configurations. Tieedista
between the nozzles in the first arrangementj$0. In the second case, there is a 90
degree radial gap between the nozzles and an offset distance of 250 mm. In addition, the
models are loaded by internal pressure and axial thrust driven by iniezesure. The

results arg@resented ifrigure 4. 25.

When the results are examined, it was observed that the stress values were lower in both
radial and longitudinal nozzles. It is obvious from this that, as tea af ligament

material between the nozzles increases, the stress values are observed to have decreased.
In addition, in all studies, it is seen that the stress values decrease when the radial distance
is reduced by 30 degrees. Also, in the model kas PO degrees, the maximum tensile

stress was observed at the 1st nozzle near the corner positioned at the top of the shell.

Conversely, when{Rwvas 60 degrees, the maximum stress was observed at the 2nd offset
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nozzle. The internal pressure effect is mucbrenpronounced when the 2nd nozzle
deflection angle decreases from 90 degrees to 60 degrees. A summary of the total stress

values can beeen inFigure 4. 26.

4.2.6. Investigation of thePad Reinforcementfor Oblique and Standard Nozzles

Due to practical requirements, pressure vessels often have nozzle connections of various
shapes, sizes, and positions. Oblique nozzle is one of them and it is penetrated containers
at various angles according to the design conuitidBesides, high stresses occur
especially in the opening area due to effect of various loading conditions in pressure
vessels with nozzles. It is very important to detect these stresses and to detect any damage
before that may occur. Therefore, in presstessel applications, one of the most feasible

and economical ways of reinforcing an isolated nozzle is to use a pad or compensating
plate. Where a pad is used, the extra material is considered to as effective as provided by
a thick vessel plate, so a @b fit in the vessel shell is required. Considering this
information, in this study, welded pad reinforcement will be applied to the nozzle cylinder
intersections in the cylindrical pressure vessels. In addition, the effect of internal pressure,
obligue nazle angle and pad contribution on maximum stresses in the pressure vessel

will be examined under various parameters.

In summary, the purpose of this study is to investigate the effect of pad reinforcement on
nozzle problems placed in a vertical or at dase angle in a cylindrical container. In line
with this objective, critical paths will be determined on the system and stress linearization

along these paths will be calculated with FEA.
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4.2.6.1. Finite Element Modelling Description

In this section, tb nozzlecylinder connection will be modelled using the ANSYS

program. The main variable in the model will be the oblique nozzle connection @hgle (

and pad thicknessgor finite element modelling 3 different materials weredus® can be

seenin the Figure 4. 27. SA-516 Grade 70 Carbon steel pressure vessel plate with a
Youngdés modulus value of 200GPa was <chosen
material, ASTM A266 Grade 2 CduubwneoStecel ,
190GPa, was used. Since the saddles are not in the critical region to be examined, no
specific materi al sel ect ismodulus avas ddfieed as ma d e

290GPa

Figure 427 Cylindrical shell oblique nozzle connections

In these analyses, the nozzle inner diameter is alwéysrih of the shell inner diameter.
The system is only under internal pressure. From the saddle subfields, the model has fixed
supported. By the way, shell is free to moverfiooth ends. For cylindrical nozzles lying

in a plane, higher stresses may occur in the lateral cross section. For this reason, the
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obligue nozzle angleq) should not exceed 8B]. In the lightof this information,
analysis will be performed such that the andlp between the nozzle and the cylindrical
container will be maximum 45A representative representation of the oblique nozzle

angle is givenn theFigure 4. 28.

Figure428h o f AljdzS y211tS y3atS 6a0 RA&LI I &

4.2.62. Stress Linearization Analysis (SLA)

In this section, stress distributions for some locations in obliquee®ezahnections will

be examined. For these ars$y 6 critical paths were identified as showrfigure 4.

29. The path number 1 represents the intersection of the nozzle wihethéop point

and will show thelistribution of stress from the nozzle outer wall to the inner wall. The
path number 2 represents the intersection point of the top of the pad and the nozzle. The
path number 3 is fromweld top point and nozzle combination to nozzle inner wall. The
pathnumber 4 is the joining line between the shell and the nozzle and stress change from
shell inner wall to outer wall is examined. The path number 5 was determined as a path

between Shell and the weld origin starting point in a similar approach to pathméimbe
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Von-Mises stress distributions will be obtained in all analysis. In all cases, Membrane

and Total stress values will be plotted comparatively.

Figure 429 Determined paths to be analysed for oblique nozzle
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Figure 430 FEA Stress distribution and a Stress linearization representation
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In addition, analyss will take place in 3 states for oblique nozzles. First, the oblique
nozzle angle change and then the pad contribution effect for a spexifile angle will

be figured out. Finally pad diameter changing will be investigatetthe Figure 4. 30, a
representative FEA solution and stress linearization graph are plotted for a pad reinforced

nozzlecylinder intersection with an oblique nozzle angle of 45 degrees.

In the following steps, the effect of pad contribution will be investigated first. For this,

the pad thickness will be increased regularly for a low inclined oblique nozzle. Then, the
effect of @md diameter on stress values will be investigated. Then, the effects of changing
the oblique nozzle angle on the strain linearization for a constant pad contribution will be

discussed.

4.2.62.1. ChangingPad Contribution

In this section, the effect ofad contribution on stress linearization will be studied. The
paths to be investigated are the same as in the previous section. Similarly, an internal
pressure of 5MPa was applied to the inner wall of the system. di/Di and t/T ratios are
again similar the i@vious analyses. Furthermore, the nozzle angle is determined as 15
degrees. The analyses will be examined in 4 stages, these are 0% (no pad), 25%, 50% and

75% pad additions. (% pad contribution = Tp/T * 100)

The paths to be examined in the nozzles aectsl as pad bottom (1), pad top (2) and
welding top (3). Due to the absence of a pad contribution in the case of 0% contribution,
paths 1 and 2 were eliminated automatically. For the connection between graphics to be

consistent, 0% pad contribution statwidi be ignored in path number 3.

WhenFigure 4. 31 - Figure 4. 36 are éxkamined, it can be observed that the membrane

and total stress values of the nozzle decrease astheoptribution increases. Among
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these 3 paths, the closest path to the maximum stress zone is the path number 1. When
paths 1 and 3 are examined among themselves, membrane stress values of path number 3
are 50% less than path number 1 at the minimum ploipath number 1, the membrane

stress difference between 25% additive and 50% additive is 2.7%, while the difference
between 50% pad contribution and 75% pad contribution is 0.6%. These differences are
greater in paths 2 and 3. The reason for this isafighe pad contribution increases, the

2 and 3 paths are located at points farther from the critical area.

When the 4th and 5th paths are examindegnre 4.37 andFigure 4.40, stress changes
can be easily observed throughout the shell thickness. 0% pad contributions have also
been examined in these graphs. As can be seen from the graphics, the pad contribution

reduced the stress 6% at the minimum point.

In path number &he stress values on the side where the nozzle is inclined are on average
0.5% higher. As seen in the total stress giagfigure 4.41andFigure 4.42, the stress
valuesare almost linearly constant until the pad starts, while the tension in the area under

the pad decreases and peaks at the crotch corner.
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4.2.6.22. ChangingPadDiameter

In this section, the relationship between stress linearization and pad diameter magnitudes
is examined. Unlike the others, the welding effect was ignoréaeimnalyses. Since the

pad diameter effeds examined, the pad contribution around the nozzle should be equal

in terms of stress distribution. For this reason, the nozzle angle should be 0 degrees, that
is, a vertical nozzle should be used. In all cadé®i = 0.16 and T/t = 0.9. 50% pad
additive was applied to the shell. Nozzle sizes are fixed and the only variable in each
analysis is the pad diameter. This variable is shownpédi [ the graphs. For these
analyses, 4 critical paths around the padendetermined. These are the thickness of the
nozzle along the bottom of the pad, the thickness of the nozzle along the pad top, the
border line of the nozzle and shell under the pad, and the shell thickness of the pad end

point. These are named as pdthg, 3, and 4 respectively and shawtheFigure 4.43.

4| 3

Figure 443 Determined paths to be analysed for vertical nozzle

79



When the paths selected on the nozzle are examined, the amengbresses obtained in
the path numbered 1 are approximately 40% more than the path number 2. In addition, as

the pad diameter increased, there was a decrease in the stress values.

When the paths along the shell are examined, approximately 20% moseostess on
the path close to the nozzle. Again, as with the nozzle, the tension values decreased as the

pad diameter increased.

In both nozzle andhell membrane stresses, the stress differences in paths numbered 1, 2
and 3 are less than 1.5%. Only onhpaumber 4 the difference is around 6%. This
happens because it moves away from the critical maximum stress zone. In total stresses,
in all cases, very close to each other and approximately 1% difference were obtained. The
most important point is that th&tress values along the Shell show an almost linear

increase, while the stress increase in the nozzle region is parabolic.
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4.2.62.3. Chamging Oblique Nozzle Angle()
In this section, a cylindrical pressure vessel with a single nozzle under constant 5SMPa

pressure will be examined for stress variations for the 6 critical paths mentioned. In these
analyses, Di 5500mm, T=25mm, di=Di/l2and t=12.5 There is a 50 percempad
contribution in all issues (IT = 0.5). The only variable in the analysis is the nozzle angle.
SLA analyses were repeated for O degrees (vertical nozzle), 15degrees, 30degrees and
45degrees nozzle angle. The obtained-Whses Membrane and Totaksss values are

given in the figures below.

When theFigure 4. 52 - Figure 4. 57 were examined, the stress linearization changes
along the nozzle thickness are examined ohifferent locations. These can be briefly
called pad bottom (1), pad top (2) and welding top (3). In nozzle joint problems, the
tension values in the opening zone are maximum. That is why, stress values tend to

increase as approaches the crotch corner.nWhe graphics are checked out within
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themselveshoth membrane and total stress values increase as the nozzle angle increases.
In addition, the highest stress values were obtained in path number 1. However, when the
nozzle angles of 0 degrees and 45 deg@e compared in membrane stress plots, the
differences are approximately 14% for path numbdFifjure 4. 52), 34% for path
number 2Figure 4.54), and 45% for path numb@& (Figure 4.56). Total stress values

increase from the nozzle outer wall to the inner wall in all graphics.

Paths 4 and 5 represent the closest and farthest shell thickness to the nozzle under the pad.
The stresslistribution is from the outer wall of the shell to the inner wall. The distribution

of total stress values on path number 4 is very close to each other and the difference is
less than 6% at the maximum point. On path number 5, the stress is maximemat th
degree nozzle at the initial starting point, and the difference to O degrees is close to 20
percent. The stress values are very close to each other at the point closest to the crotch
corner and the maximum difference is less than 4%. The resutb@m® inthe Figure

4.58- Figure 4.61.

Finally, stress values were obtained along top of the shell is from beginning and end point
of the shell (path number 6). The reador the gap in the graphics is the nozzle opening

and opening dimension is outer diameter of the nozzle. Membrane stress as shown in the
Figure is 60.3MPa and constant for a vertical nozzle with an angle of O degrees. On the
other hand, as the nozzle #mgncreases, this uniformity is lost on both sides of this
opening. The most important point is that the stresses are higher where the nozzle bends.
Although the difference in stress values is much less than 1 percent here, it is important
for stress distbution studies. In the total stress graphrigure 4. 62 and Figure 4. 63

while the stress distribution moves steadily along the shell, the stress reaches the peak

point & it goes on the nozzle.
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4.3. Concluding remarks

In conclusion, Stress linearization was used to define constanirear thickness FEA
(Finite Element Analysis) stress distributions and membrane and membrane + bending
stress distributions in Pressure Vessel Design by Analysis in this section. The basis of this
method is to correlate and determine the stress ocgaamg a path with the concept of

limit load. As a result of this work, a comprehensive stress linearization study was carried
out for a nozzlecylinder combination that was subjected only to internal pressure. Also,
stress distribution at critical locatis determined on the nozzle and shell was
investigated. According to the results, the tension is maximum in the paths chosen close
to the opening zone in both the shell and the nozzle. Moreover, especially the increase in
pad contribution significantly deiced the stresses obtained on the same paths. On the
other hand, since the stress distribution on both sides of the sloping was not equal in
obligue nozzles, the differences in stress magnitudes could be easily detected by this
method. Finally, this studgrovides researchers an alternative stress analysis for critical

locations in the intersection area in the design and analysis of cylinder nozzle connections.
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CHAPTER 5. FINITE ELEMENT ANALYSIS INVESTIGATION
PART 2 - INELASTIC ANALYSIS

5.1.Introductory Remarks

This section investigates finite element analyses in inelastic region for nozzle connections
in pressure vessel problems with parametric studies and discusses the results. Elastic
PerfectlyPlastic (Limit Load) Analysis, Full Elastic Plastic Aysis,and Cyclic Loading

Analysis are the main research subjects.

5.2 Elastici Perfectly Plastic (Limit Load) Analysis

In pressure vessel problems, detection of limit loads is of great importance to prevent
permanent damage. The traditional design nmithdetermineelastic membrane and
bending stressemd ensure these are kept away from some recognised limit to avoid the
failure mechanism on gross plastic deformation. However, an alternative to this approach
is to find the limit load for the systeiinthat is, the load just liere full plasticity is
reachedA suitable safety factor for the systémadis thenapplied and the pressure vessel

can be deemed safe. this study, limitload values for internal pressure and extegnal
applied loads are examimeunder various parameteasid configurationsThe same
geometric arrangement is usedpa&s previous chapters with tinezzlefree to moven

all directions. Boundary conditions are applied only under saddle and the saddle base is
fully fixed. The load ation variables are internal pressure, external moment, and tensile
force. Itis important to determine the maximum internal pressure and external load values

in cylindercylinder connection problems to prevent plastic collapse of the system.

As abenchmak example for a ccularcylinder, itis worth @nsidering Perfect Plasticity

and Tresca criteria for thick walled open cylinders without any nozatennection
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Figure 5. 1, and as sucHijrst yield and limit loadvalues can be calculated using the

following equations. For vessels with nozzle connection, the results will be calculated

with elastieperfectly plastic analysis.

Figure 51 Cylindrical vessel without nozzle connectioqPefect Cylinder

” ‘l i
"0'0i G Q’QW 0 ? P — Equation 5.1

i .
0 QadGodQ , o &— Equation 5.2
|

In the calculations made, the ltmoads of only a perfect cylinder (Di = 500mm)
subjected to internal pressure and vessel with a nozzle (Di = 500mm, di = 125mm, t =
15mm) were taken into consideration. Analyses were repeated for 4 different shell

thicknesses (TPRerfect cylinder and rzale connectedylinderare represented Figure

5.1 andFigure 5.2 respectively
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Figure 52 Cylindrical vessel with nozzle connection

The results obtained are showntire Table 5.1. As it can baised from the results in the

Table, as the wall thickness increases, the resistance of the vessel against the internal
pressure increases, so the limit puesvalues increase in both cases. Although the nozzle
size remains constant, when T = 10mm, the difference between the two cadés, is 2.

while at T = 25mm, this difference has increased to 6.2%.

Table 5.1 The effect of shelltickness change on limit load in nozzle and withembzzle vessels
(Perfect Cylinder i No Nozzle (Cylinder with a Nozzle)

Junctions)
T(mm) Limit Pressure (MPa) Limit Pressure (MPa) Differences
10 102 99 24%
15 151 144 5.2%
20 203 192 5.9%
25 248 233 6.2%

However, the wall thickness is not the only parameter that affects the vessel strength.

Nozzle opening variation can also change the maximum stress and ultimately the limit
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loading conditions. For this reason, a comparison study sheuitblde by changing the

nozzle opening with the inner diameter (di) parameter.

In thesecomparisoranalyses, Di = 500mm, T = 15mm and t = 15mm. Only the nozzle
inner diametexdi) will be changed. Limit analysis results for 3 different nozzle inner

diametes are given ithe Table 5.2.

Table 52 The effect of nozzle inner diameter changes on limit load in nozzle and withoa#zle vessels
(Perfect Cylinder i No Nozzle (Cylinder with a Nozzle)

Junctions)
di(mm) Limit Pressure (MPa) Limit Pressure (MPa) Differences
75 15149 1506 0.588%
100 15149 15 0.984%
125 15149 144 4.945%

In such analyss, it is expected that as the nozzle opening increases, the stress values on
the cotch corner increase further and therefore the limit loads are also reduced. It is
observed that the difference between the two cases becomes more pronounced as the
nozzle opening increases. It is noted that the limit load values make a significant
difference in the nozzleylinder crotch corner. For this reason, the effects of nozzle
diameter variation, nozzle and shell thickness changes and external force magnitude on

limit loads are examined in detail.
5.21. Effect of Changing Nozzle Diameter

In this study, the variation of the limit pressure values according to the nozzle size will
beconsideredin the analyses to be realized, the main shell inner diamejés @D0mm,
the main shell outer diameterd)s 530mm and the nozzle thickness (t) isdigs 15mm.

The only variable is the nozzle inner diameter (di), and analyses are performed for 6
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different nozzle sizes. The limit pressure values obtained for t/T = 1.0 are shiven in

Figure 5. 3.
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Internal Diameter of Nozzle (mm)

Figure 53 Limit loads for changing nozzle diameter

As can be seeim Figure 5. 3, as the nozzle diameter increases, the maximum internal
pressure that the system can bear decreases. The reasbe lumyt oressure magnitude
decreases as the nozzle diameter increases, is that the opening in the main shell increases

and reduces the available material to support the load.
5.22. Effect of Changing Nozzle and Shell Thicknesses

Here, the nozzle and elhinner diameters are kept constant. The thicknesses start from
5mm and is increased in 5mm increments and the analyses repeated. The load acting on

the system is internal pressure only and limit internal pressure is established as seen in

Figure 5. 4.
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Figure 54 Limit loads for changing thickness magnitudes for nozzle and shell

In both cases, as the wall thickness increases, the vessel becomes stiffer in supporting the

internal pressre and larger loads are needed to develop plasticity in the system.

While a 20mm thickness increase in the nozzle increases the limiting internal pressure by
about 14%, this rate is close to 80% greater for the shell. These results show that the effect
of thickness change on the limiting internal pressure is about 5 times higher for the nozzle
than the shell that is the nozzle carries the load more effectively than the nozzle in this

case

5.23. Effect of Varying External Loads

Here, thelimit exterral loads are investigated whilst maintaining constant internal
pressure values. The external loads investigated comprise th@ ptaigitudinal (V)

and circumferential forc€€c). The loading conditions shown inFigure 5. 5. Internal
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pressure magnitudes are increased by 5MPa in each analysis. The results obtained from

the analysis are shown in detailFigure 5. 6.

Figure 55 Load convetions for the model
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Figure 56 Limit loads for changing external loads

It is clear the tensile force (P) applied in the Z direction according to the graph is much

more dominant than the other loads. The increase in presk@&MPa in the system
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leads to a 30% decrease in limit tensile force. In addition, the change in limit longitudinal
and circumferential forces for the same rate of pressure increase is less than 2%. This is
an indication that the limit load change is aftected by the pressure change when

moment loads are presartd it dominated by the pressure loading in the main.

As a result of this study, a comprehensive limit loading study was obtained for anozzle
cylinder combination subjected to internal pressamd external loading conditions. First,

the limit load calculations for the perfect cylinder were compared with the finite element
limit analyses of the nozzeylinder junction under some parameters. In the obtained
comparison analyses results, the tilnad differences were less than 7%. This approach
will allow researchers to have an idea about the problem and its results without waiting
for modelling and FEA results in rapid engineering calculations. Finally, considering the
limit load analysis forlte combined load, the variation of the load parameters indicates
the potential fooverloadcarrying capacity when the load combinations act together with

the internal pressure.

5.3 Full Elastic Plastic Analysis

The phenomenon of plasticity, with its silegt definition, is a permanent deformation

given to a material under load. This means that the material cannot return to its original
shape as a result of emptying a load on the structure. In pressure vessels, this may occur
as a result of excessive pressand cyclical loads. Under the influence of these forces,

the container may collapse and even larger deformations may be caused in the event of
an explosion. Considering these effects before manufacturing, design and analysis studies
are carried out tavoid possible failure mechanisms. Practically, these studies are carried
out in 3 stages: elastic stress analysis, limit loading (elagéidect plastic) analysis and

plastic strain analysis after the loads on the container and damage modes araetbtermi
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Since the plastic limit loads of the structure can be estimated thanks to fullplastic

analysis, this study has a great share in the predetermination of possible damages.

This section evaluates the elaglastic behaviour of the system fongle and cyclic
loading conditions at cylindrical pressure vessetzle junctions undenternal pressure.
Firstly, a plastic internal pressure calculation is made for 5 differentadi@siiby using

Tl and TES methods, which are widely used in theditee[40], [41], [42], [43], [44],

[45] and frequently encounterefES and Tl method are two methods used to estimate
the plastic limit load in the structure. Based on the-dafdrmation curve graph of the
material in two applications. The method difeces will be discussed in detail in the
following sectionsFinally, cyclic loading analysis are performed using the d/D and t/T

parameterand the results are discussed.

5.3.1. Methodology - Determining Plastic Limit Load

Detection of plastic loads f great importance in the design and analysis of pressure
vessels. Especially for nozzé®nnected pressure vessels, Twice Elastic Slope (TES) and
Tangent Intersection (TI) Criteria are the main methods recommended for determining

plastic limit loads. Irthis section, the application of these criteria are summarized.

The TES criterion is a characteristic load obtained from thede&ormation graph as a
result of elastigplastic analysis applied to the vessels. 2 times the angle of the elastic slop,
., represents the angleand a line is drawn from there. Thaguation is formulateeh
Equation 5. 3. The TES criterion defines the point where this line intersects with the
load-deformation curve as the limit &t load or the gross plastic loadg(PA

representative illustration given inthe Figure 5.7.
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. O OE CoO O Equation 5.3

Load (P)

—

Deformation
Figure 5.7 Twice Elastic Slope (TES) Criterion

Tangent Intersection (TI) criterion is another widely used method to find plastic load. The
Tl criterion, like the TES criterion, defines the plastic load by using thede&mimation

curve. A tangential line idrawn from the point where the maximum principal stress is 5
percent on the graph and intersects with the elongated elastic line. This intersection point
is defined as the plastic load. A representativetifdi®on isgiven in theFigure 5. 8. For

more detailed information on the TI criteria applicatib/g EN 134454] draft standard

can be consulted.
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Load (P)
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Deformation
Figure 58 Tangent IntersectionTl) Criterion

5.32. StressStrain Curve

For the two criteria(TES, Tl)mentioned above, plastic load calculations can be made by
using the loagleformation graphs. In order to estimate this graph, first of all, the-stress
strain curve of the material and the strain values corresponding to eaclvatiesnust

be determined. The material properties of the material to be used in this study are 260
MPa yield strength at thaefd point and 485MPa ultimate strength at thamate point.
Besides, Young modulus was determined as 200GPa and elongatin Based on this
information, with the Ramber@sgood approac|8l], the total strain can be calculated

as a function tthe stress as seenthre Equation 5. 4.

" " Equation 54
- = TBIT G
O c“Y

where"Y is the tensile yil strength of the materiah is the strain hardening exponent

ande is the plastic strain at failur@ he strainhardening expom#, n, is calculated as

following Equation 5.5 the value of the n is 0.1403.
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aeEQryY Equation 55
a € WISt 11 ¢

The strain values at the yield pbare calculated witkquation 5. 6. below and its value

is 0.0033. Here, a plastic strain value of 0.002 is also added to be consistent with the 0.2%
offset method.
Y .
Q . miTic Equation5. 6
O
And finally, the strain value obtained at Ultimate Strength Points is calculated with the

Equation 5.7 below and its value is 0.1724.

Yo Equation 5.7

500
450
400
350

=]
=]

Ou.2%=261.3
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I~ I~ [
[—] n

- -

E = 200E3
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Figure 59 Calculated Engineering Stre§irain Curve

The engineering stresdrain curve obtainedecause othe calculations made with the

RambergOsgood equations is giveémtheFigure 5. 9.
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5.33. TES and Tl Criteria Implementation

In this section, a parametric study will be conducted in 3 different methods to determine
the plastic load (internal pressure) values in an agretedhalf-pressure vessel, whose
front end side views are given the Figure 5. 10. In modelling, the inner radius (Di) of

the main cylinder is 500mm and the wall thickness (T) is fixed as 22.5mm and t/T is 1.0.
Here,the inner diameter of the nozzle, in other words, the opening in the main cylinder
will be increased at certain rates (di/Di = 0.05, 0.10, 0.15, 0.20, and 0.25) to obtain plastic

load values.

Figure 510Front and side viewsf the finite element model

In the previous section, the streggin diagram of the material was drawn with the
RambergOsgood approach. These strefigin values were directly inputtedANSYS,
and LoadStrain graphics were obtained for each di/Drapaeter with Multilinear

Kinematic Hardening solutions.

For more detailed information about how the lséchin curves are obtained, the

di/Di=0.25 case can be examined. First, points are selected at certain intervals from the
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stressstrain graph of the aterial given inFigure 5. 9. For each of these points, there is

a pressure value for the strain value corresponding to that wah the help of limit
analyss in ANSYS. By using these obtained pressure valwastdtrain graphs to be

used in TES and Tl methods are obtained. The pressure values obtained for 9 different

strain values for the di/Di=0.25 condition are given inThaele 5.3.

Table 5.3 Determination of pressure values for Lodsitrain graph drawing

Stress(MPa) Strain(mm) Load-Pressure(MPa)
0 0 0
260 0.0033 21.0
267.75 0.0037 21.64
286.92 0.0053 23.2
299.7 0.0068 24.3
363.6 0.0231 29.44
427.49 0.0705 34.61
459.44 0.1173 37.2
485.0 0.1724 39.317

After drawing the loagtrain graphthe gross plastic load is found with the TES criterion
firstly. As mentioned in Sectidh 3.1. Methodology- Determining Plastic Limit Loath this
method a line is drawn from 2 timeke angle of the elastic slope, and the point where it
intersects with the loastrain line is now the gross plastic load. The computed plastic

loads are showim Figure 5.11.

As the second method, the plastic load will be detected with the TI criterion. In this
method, a tangent is drawn from the 5 percent strain value. This tangential line is
intersected with the extended elastic slope and the plastic load value is found. The plastic

load values (R) obtained for 5 different di/Di are showntime Figure 5.12.
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Figure 511 Gross plastic loads according to TES criterion
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Figure 512 Gross plastic loads according to Tl criterion
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5.5. Cyclic Loading Analysis

Plastic shakedown behaviour is one in which the steady state is a closedpasttic

loop, with no net accumulation of plastic deformation. Ratcheting\betir is one in
which the steady state is an open elggslistic loop, with the material accumulating a
net strain during each cycle. For this reasbakedowrand ratcheting conditions should

be examined since it is expected that a collapse will mairat the end of possible cyclic
loadings in designd.he highest load from which the shakedown is obtained tetbmed

the shakedown load. If shakedown cannot be achieved, additional plastic strain is
obtained after each cycle. This behaviour is calatheting. A representation of

shakedown load and ratcheting behaviour in cyclic loads is gieigure 5. 13.

Since shakedown loads are very difficult to determine, they are created for simple
components onlyral are assumed to hayperfectplastic behaviour in the material.
Regarding nozzles and openings in pressure vessels, it is recommended that shakedown
criteria be based on elastic strains. These assumptions are based mAPeedly

sphere/cylinder solutits[11].

Load
A
+ Shakedown load : L ok au ./" | o
¢ o ¢ o
/‘”.
First y‘l‘vold
y YYy YVYYy
‘ Below Above
shakedown shakedown

load ‘ ‘ ‘ ‘ ‘ ‘ load

»

-
Strain

< >4 p>
Ratcheting

Figure 513 The loadstrain behaviour for cyclic loading
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There are not many published experimental results for cyclic loading conditions in nozzle
junctions. However, in a study conducted by Procter and Sti@@jg studies were
conducted on 6 different nozzles for cases with nezetsel diameter ratio ({Dm)

0.875, nozzle diametercylinder thickness ratio (dT) 16, and nozzlevessel thickness

ratio (t/T) 0.373. In this study, the authors present a parantater with test pressure

and first yield pressure ratio. Here it is stated that the incremental strain drops to zero
after 30 cycles for the case where the test pressure is/1liihe case of 1.823ghey

say that small incremental strains continue eafegr 45 cyclesin this way, they showed

strain accumulations with increasing test pressure forytfiefpand p*1.85 ranges.

In this section, firstly, the analyses are repeated {2 1.7 and PP, = 1.82 cases
using the same parameters as thetera& Strong approach. The results of the analyses

performed in 100 cycles are givenFigure 5. 14 andFigure 5. 15.

When the graphs are examined, as stated for #i% 2 1.82 case, small incremental
strains continue even at the 100th cycle. However, it was observed that although Procter
and Strong stated that the incremental strain dropped to zero after 30 cycles fdRthe P

= 1.7 situation, it continued even at th@t@Ocycle. For this purpose, for a more detailed

analysis, solutions will be made with finite element analysis for differgiitdratios.
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Figure 514 Cyclic loading analysis resultsl00 cycles, #Py=1.7, dm/Dm=0.875
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Figure 515 Cyclic loading analysis resuksl00 cycles, #Py=1.82, dm/Dm=0.875

dm/Dm ratios will be determined by making changes only in the nozzle diameters so that
the cylinder diameters remain the same. In the analys#3; = 1.82 status will be
examined first, and cyclic loading analyses were performed for 3 diffeséDt.dThe

results are shown iRigure 5. 16, Figure 5. 17, andFigure 5.18.
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Figure 516 Cyclic loading analysis resulsl6 cycles, #Py=1.82, dm/Dm=0.875
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As can be seen from the graphs, as tiBdratio decreases, the vessel reaches the burst
pressure and therefore, FEA s@uatcannot be obtained in case affp = 1.82. In case
dm/Dm = 0.6, R/Py value can be the highest 1.8 to obtain cyclic loading solutions. For this
reason, the analyses were repeated in the case ofylaf thee same®Dm ratios. The

results are showim Figure 5. 19, Figure 5. 20, andFigure 5.21.
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Figure 519 Cyclic loading analysis resul¢sl6 cycle, R/Py=1.7, dm/Dm=0.875
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Figure 520 Cyclic loading analysis resultsl6 cycles, PPy=1.7, dm/Dm=0.75
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Figure 521 Cyclic loading analysis resulsl6 cycles, #Py=1.7, dm/Dm=0.6

As can le seen from the graphs, as théDi, ratio decreases, the strain values increase

for the same low cycle case. Because the nozzle diameter decreases, and this increases
the resistance of the vessel to internal pressure. As the number of cycles intlreases,
additional plastic strain after each cycle decreases and tends to decrease in ratcheting

value.

All these analyses obtained with the ProdeiStrong approach show that it can be
difficult to find the maximum test pressure value as th®uh ratio chages. Also, as it

can be seen from the graphs, the maximum test pressure value will change as the nozzle
diameter increases. In order to reveal a more localized and standard cyclic loading study
on the yield pressure, a value af® =1.7 rather than 1.88ave more accurate solutions

to examine the total strain and ratcheting changes in low cycle analyses.

5.6. Concluding Remarks

In summary, in this section, studies were carried out on 3 different analysis methods.
These are elastic perfectly plastic (limt load) analyss, full elastid plastic amlyses

and cyclic loading analgs. Firstly, limit analyses made for nozzle cylinder intersections

and perfect cylinder limit load calculations without nozzle connection were compared.
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For this comparison, onlyiiernal pressure is used since there cannot be an external load
acting on the nozzle in the perfect cylinder. The close results obtained with differences of
less than 8%, provided pressure vessel designers with a rapid engineering calculation
approach witbut the need for motleng and FEA for nozzle connections. Then, it was
concluded that this FE model is suitable for limit loadings and the internal pressure and
external loading conditions of the model were examined under various dimension
parameters. Ithis way, the load carrying capacity of the pressurized cabin was examined

in detail according to the load conditions and size changes.

In the second part, full elastic plasticalyseswere performed. In these anadgs TES
and TI methods, which are fregptly encountered, were used for the estimation of the
plastic limit load. These methods were examined under various di/Di parameters and

plastic limit load estimations were made.

Finally, cyclic loading anakes were performed for different dm/Dm pasias. As a
result of the analys made, examinations were made on ttie/Ratio recommended by
Procter & Strong for test pressure, and it was seen thatrtRe=R,82 value was very
high at some points and that the structure would undergo plastic caliagpsery short

period of time with this value.

After all the elastic, limit loadplastic and cyclic load analys carried out so far, it was
decided to examine the breaking conditions of the structure. For this purpose, potential
crack modding and calalation of stress concentration factors for nozztiender

intersections under different loading conditions will be presented in the next section.
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CHAPTER 6- INVESTIGATION OF THE FRACTURE BEHAVIOUR
ON PRESSURE VESSEL- NOZZLE JUNCTIONS

6.1. Description of the Fracture Mechanics and A GeneraDverview

Cracks are found in many engineering structures, including machinery, buildings, and
other structural members such as steel structures. Initial defects @Eraoics, inter
granular spaces, corrosion, aifdbles formed during casting) in machinery and structural
elements subjected to repeated loads may turn into crack propagation over time. These
cracks can cause a massive damage in the form of breakage. Fracture mechanics studies
damage that is determinetmost entirely by fracture. The first successful work in this

field was carried out by Griffith in 192(B3]. In his study, Griffith observed the
progression of brittle cracks in glass. In this work, Griffith formulated how-axisting

crack would bgin to propagate by introducing a simple energy balance. Elastic strain
energy in a system tends to decrease as the crack progresses, and this energy is the energy
required for fracture surfaces to occur.

The Griffith approach was also applied to the lariftacture of metallic materials by

Zener and Hollomon in 194fB4]. Because it is not possible to include permanent
deformation as a constant value specific to each material in Griffith's approach, this
relation cannot be used directly for metals. In 850s, Irwin developed fracture
principles for metallic materials based on the Griffith critg8B. Thus, he pioneered the
development of Linear Elastic Fracture Mechanics (LEFM). In addition, as a result of the
studies carried out with the stress ity factor approach, the susceptibility of materials

to subcritical cracking such as fatigue crack propagation or stress corrosion cracking has

bemme predictable to some extent
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Since Linear Elastic Fracture Mechanics (LEFM) is applicable where pii@étiomation

in the crack tip region is limited, Elasti®lastic Fracture Mechanics (EPFM) comes into

play when significant plastic deformation occurs in the crack tip region. This work began

in 1961 with Wells' work under the name of crack opening dispiane (COD)[86].

After the Industrial Revolution, in the 19th century, there was a great increase in the use
of metal in buildings. However, due to the damage to these structures, accidents that
caused great loss of life and property were also seenougthsome of the accidents

were due to design errors, over time it was understood that a much larger part of these
damages occurred due to production errors due to the initiation of cracks in the materials
and breakage of structural elements. With the ldgweent of fracture mechanics and
crack propagation methods, better production methods have been used, and the damages
caused by the prevention of defects in the material internal structures have been reduced

to minimum levels. Today, efforts are still bgimade to develop these studies.

6.2. Methodology

Pressure vessels can be subjected to various external local forces and moments acting in
combination with main internal pressure. As a result of the stress system set up, and in
the presence of attachmemelds, surface cracks can occur on the interior and exterior
walls. If these cracks cannot be detected at an early stage, there is a real potential for the
vessel to rupture with obvious dangerous consequences. The behaviour of fractured or
geometric discotinuity structures can be investigated with linear elastic fracture
mechanics (LEFM) parameters. The stress intensity factor (SIF) is the leading one, and
with correct calculations, it can produce the stress intensity in the crack tip region. In

cylindercylinder intersections subject to local loads, the maximum stress distribution
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occurs in and around these opening areas and failure in the system usually occurs in this

region.

Using this approach, the present study develops -thirmensional mixed modersss
intensity factor solutions on for external cracks on nozzle joints in cylindrical pressure
vessels nozzle junctions for a variety of geometrical configurations. This was undertaken
using a finite element approach and employing a bespoke softwaranddolver,
FCPAS- Fracture and Crack Propagation Analysis Sysieno create the finite element
mesh and propagation characteristics. From this, a parameter study examining the
influence of the crack shape, size and position was carried out with @fesslire vessel
nozzle cylinder intersection geometry configuration and the appropriate stress intensity
factors identified and reported. The FCPAS tool is shown to be an effective approach to

modelling and characterizing cracks in pressure vessel nozzles.

6.3. FCPAS (Fracture and Crack Propagation Analysis System)

FCPAS (Fracture and Crack Propagation Analysis Sydqtéth)s a finite element based
software that can perform fraceuand crack propagation anak/sn threedimensional
problems. By using eiwhed elements along the crack tip, the FRAC3D program provides
an efficient and accurate calculation of stress intensity factors (Kl, Kl and KllI) without
the need for special meshing in the crack region andgmadysis requiring a very long

postprocessing.

In order to make these calculations, the creation of models, the creation of meshing, and
the application of boundary conditions and loads are done using ANSYS. Then, the finite

element model information, boundary conditions and load data from AN&¥S
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converted to FCPAS format. Finally, the FCPAS Solver is run to solve the crack problem

and determine the stress intensity factors for the problem of interest.

The chartbelow (Figure 6. 1)showsthe general algghm and file structure of the

process.
. ANSYS ™
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o Modelling
o Meshing
P
r I
4 f 1 j T T 1
P *.elis | *.node | *.dlis | *.sflis | *.crelems | *.crnodes
r LI L L) T T ¥
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Figure 6.1 General flow of the analysis proceg&!]

6.4. Statement of the Problem and Mixed Mode SIF€alculation Method
In this section, mixedanode stress intensity factors will balculated for some potential
crack profiles that may occur in the crotch corner and upper weld region of the nozzle

cylinder joints. In 3D mixed mode crack propagation problems, the size and direction of
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the crack changes with the magnitude and directfdheoforces acting on the system.
FCPAS (Fracture and Crack Propagation Analysis System) is used for-mods 3D

SIF calculations. This program provides efficient and accurate calculation of stress
intensity factors (KI, KlIl and KIll) using enriched etents along the crack tip.

When nozzle connections in pressurised vessels are examined, the areas where the stress
is maximum are located on the crotch corner on the inner surface (a) and on the weld
joints on the outer surface (bYhe stress level heig highest at the crotch corner and
welding (shown in red) according to the loading condition, while the stress level decreases

as you move away from this regidviaximum stress locations are shoimrFigure 6. 2.

a b

Figure 6.3 a) perpendicular crack on nozzleylinder connectiong87] andb) transverse cracks on the
weld on nozzle-cylinder connectiong88]
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Two different situations supporting this information are shown inFigere 6. 3. In

Figure 6. 3. a, cracks are shown perpendiculartie hozzle, and iRigure 6. 3. b, along

the weld path, cracks are shown. ligére a, it usually starts with a small crack opening

in the crotch corner, and then the container ruptures with crack progressioruria If;ig

it cannot carry the loads on the weldimgne,and it shows itself as a crack in the outer
wall. For this reason, these two conditions are generally taken into consideration when
moddling cracks in nozzleylinder junctions. In addition to this,ldfacture problems

start with a small crack and then breakage, tear or rupture occurs in the form of crack
progression. It is also very difficult to predict the exact shapesafréick. For this reason,
analyes should be performed with various crackgténand crack diameter parameters

during the modéing and analysis phase.

Figure 6.4 shows a nozzle separated from the cylinder and a surface crack located over
the weld zone, anBligure 6.5 shows a representative surface crack located on the crotch

corner.

Figure 64 Representation of outer wall crack location armdodelling
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Figure 65 Representation of innewall crack location and modelling

In the finite FE model of the cracked model, the most important location is the crack
opening region. For this reason, there are some improved methods when meshing in this
region. One of them is the enriched element nuethothis method, an element size of

0.01 is first assigned to the crack tip. An area mesh is created from the crack tip field and
this mesh is swept along the crack path. For this reason, the cracked volumes have the
appearance of brick mesh. As the rermg volumes have crack spaces, sweep mesh
cannot be applied. For this reason, free meshpbeabto other volumes with tethedron

elements.

In the finite element model with cracks, the elements toudhieagrack tip are defined
as enriched elementsi@ arepresentative image of the enriched elements is given in

Figure 6.6.

The elements showim Figure 6. 6 that directly touch the crack front are enriched
elements and doured in pink. The elements represented in orange colour are called
transition elements and they act as a bridge with other regular finite elements moving

along the crack path.
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Figure 6.6 A representative view of enriched ahtransition elements running along the crack

In addition to the conventional finite element formulation, these elements also contain the

stress

d and

}

i ntensity

factors

ocated

at

t

he

| o<ia bn ewgriched element the u, v and w displacements are

calculated with the equatiofis3] [89] given below.

0 , h-f B O ,hRH 6
B 0 ,hkHQ B
B 0 .,k Q B
B 0 ,hkF Q B

O, h-f B O ,hf 0
B 0 ,h-i Q B
B 0 .,k Q B
B 0 .,k Q@ B

o,k B O ,RR 0
B 0 .,k Q B
B 0 ,hkifQ B
B 0 ,hrFQ B

I n the above

coordinates. Z0 is the reset function that varies between 0 and 1. fu, gu, hu, fv, gv, hv, fw,

& ki "Q, h-R
0 GO & L, bR
0 GO & , h-A
0 GV
& R Q, kR
0 GU & kR
0 GU ¢, hh
0 Gu
& i Q, hh
0 GU &, bR
0 GU & , h-A
0 GV

equations,

Nj

represents

gw and hware derived from analytically known functions in asymptotic crack tip
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displacement expressions and mipdnodl and modlll transferred from the local
coordinate system to the global coordinate system. represent the displacement

componentsm takes the value 10 or 20 depending on the element type. The expression

of B 0 GUyp representsthe change of stress intensity factors of edge elements

touching the c¢crack front. G is s the | oca

betweenl1 and 1[73] [89].

6.5. Verification Studies

6.5.1. 15 Verification Example

In this study, the aim is to obtainddmensional mixedanode stress intensity factors of
various crack profiles that may occur on the nozzle outer wall. The values of the stress
intensity factorsare obtained using FCPAS gseviously stated. A validation studty
undertakenn this section to show that the method achieves the correct results. Newman
Raju's work was used to show the accuracy of the method. In sumkemmnan,and
Raju[54] studied internal surface cracksaylindrical pressure vessels in 1980. In their
studies, stress intensity factors were determined by changing parameters such as crack
length, crack depth, the wall thickness at certain rates. The study includes calculations in
model opening mode only. Irthis section, an elliptical crack was inserted into a
cylindrical vessel, similar to Newm&Raju's approach. The model used by New4Raju

and the resulting half finite element model is shown in detdtigare 6. 7 andFigure

6. 8, respectively.
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Figure 6.7 Internal surface crack in a dpder (Newmanw I 2 dzQa [54/2 RS 0

Figure 6.8 Finite element modelling of NewmaiRaju approach

NewmanRaju studies only include KI SIFs calculations, and these calculations are given

in the following equations.

p2 A AA2. Eouati
quation 6.1
+ = - = A A
5 "1% 3"g'8
1 p p& o ﬁA 8 Equation 6.2
. o Y . o, w o, W, Equation 6.3
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In this equation, Gvalues are taken from the tables in the current article in accordance
with the parameters to be used. The inner diameter of the cylinder is idett@s 250

mm. Also, the wall thickness is 25mm, the crack radius and depth are 12.5mm and the
internal pressure to be applied is 10MPa. In line with this information, Kl stress intensity

factor.

In this equation, Gj values are taken from the tablesdardance with the parameters to

be used54]. The inner diameter of the cylinder is determined as 250 mm. Also, the wall
thickness is 25mm, the crack radius and depth are 12.5mm and the internal pressure to be
applied is 10MPa. The KI stress intensity éactalues are then calculated at 9 different
points from O degrees to 180 degrees with NewRaju approach. As a result of the
calculations obtained, the comparison results are givEigure 6. 9.

As can be seefrom Figure 6. 9, the results obtained avery close to each other and
differences of SIFs are nearly six per cent at the point where the difference is highest.
There are some factors in making this differencahéncurrent study, there is a lack of
information regarding boundary conditions and determination of cylinder length. For this
reason, a cylindrical pressure vessel seated on 2 saddles was used in verification in order
to be consistent with other analydisthis way, all boundary conditions are applied under
saddles and the cylinder is completely free to movement in all directions. In addition, KlI
and KlIl values were ignored in the study. This difference is quite reasonable when these

factors are takeimto consideration

125



= = Bozkurt — Newman & Raju

20

18 /
@16-’\-§__-— ——”,’
1} = = = =
s 12 |
2 10 }
w s}
2 6}
< .1

2 F

0 i i i i i

0 30 60 90 120 150 180

4, degree
Figure 69 Verification of Bozkurt solution with Newman & Raju approach

6.5.2. 29 Verification Example
For the second verification, Sedighiani's st{@] was used. In this study, Sedighiani
obtained nomalized SIF values for the cracks occurring in the nozzle outer wall. The

model used by Sedighiani is symbolized as follawsigure 6. 10.

——
\"\~--:~'-:< S
: . Nozzle
L & ! |
I
Crack ' -
y - Shell
’[ Al - “_ 2
i P /
T . S
4 1 B
R : *Loading Section

Figure 6.10 Geometry and main parametersfmozzle- cylinder connectiong90]
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The parameters to be used in the verification study are as follows.

alc=0.3,at=02,t/frm=0.3,rMmM/Rm=0.2,t/Ts=1

As in the previous study, some assumptions have been made in addition to the existing
parametes in the modelling phase since the boundary conditions and some measurements
in the model are missing. The vessel is restricted the movement for all directions from the

saddles sularea, allowing the movement of the vessel in all directions.

During the c&ulation phase, YI, YIl and YIII values are used to show the Kil, Kll and

Klll to normalized. Equations are shownEquation 6.4 - Equation 6. 6.

L
A, LE_ Equation 6.4
a vz +
L
4, L‘E L Equation 6.5
a vz +
L
JJ-|= EL L‘E_H: Equation 6.6
a vz +

Here YI, YII and Yl represent mode modell, and modelll. The following

formulationEquation 6. 7 is used for shear and axial load calculations.

Equation 6.7

In the analysis, the First step was to determine the nozzle length. Due to external loads
are made from the centre of the nozzle, the length of the nozzle directly affects the stress
intensity factors. For this purpose, the siéa load was applied in Z direction for 3

different nozzle lengths and the analyses were repeated. Results for YI values only are

givenin Figure 6.11.
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Figure 6.11YI normalized Sl#istributions for determining the correct nozzle length

As seen in the figure, as the nozzle sizes increase, the stress intensity factors increase
linearly. Since it is very difficult to detect the exé&ngth for comparison, the 80n long

nozzle, whichs the closest value, have been found suitable for comparison. The analysis
with the abovanentioned parameters was repeated and the comparison results are given

in Figure 6.12.

When the results given above are ekaad, similar trends along the crack and very close
results were obtained for YI and Yl values. For the YIl case, more linear SIF values
emerged throughout the crack, rather than the current study. The reason why these small
differences occurred is besmithe boundary conditions are uncertain, as mentioned
earlier. Also in this study, the link element method was used to apply the loading from
the nozzle centre. In the Sedighiani's study, it was not stated how this loading was done

centripetally. Finallywhen the nozzle dimensions are determined exactly, it is clear that
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the results are much closer. The computations obtained in the light of these results are

consistent.

— Sedighiani - Y e Bozkurt - YI
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Figure 6.12 Verification of the YI, Yl and YlII nornizéd SIF distributions

6.6. Parameter Studies

6.6.1. Internal surface crack SIF computing on nozzlé cylinder junction
In this section, the SIF values of the cracks placed on the crotch corner under various
loadings along the crack were calculated. BirSIF values are obtained for 6 different
crack depth and crack diameter ratios (a/c). Then, by keeping the crack radius (c) constant,
the crack depth (a) is changed, and the values of the stress intensity factors are obtained.
In the next step, the effe of the internal pressure change for a fixed a/c value is
investigated. Stress intensity factors are obtained based on the different crack angles.

Finally, external loading cases are examined. In external loading, firstly, forces are
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applied to the X, Yand Z directions individually from nozzle centre. Thereafter, studies
employing combinations of loadings are performed by means of a parameter study Stress
Intensity Factor values are obtained using FCPAS (Fracture and Crack Propagation

Analysis System)

6.6.1.1. Changing the ratio of crack depth and crack radius (a/c)

Here, crack modelling was undertaken by changing the ratios of crack depth to crack
radius. Mixed mode SIF values were obtained along the crack for 7 different ratios. 40
elements were usddroughout the crack in modelling. In the graphics obtained, point O
represents crack start and point 1 represents the crack end. The elements placed between
the points 0 and 1 are named as-donensional crack tip position in the graphic and are

shownin Figure 6.13.

m=t>» () - Crack
Initial Point

End Point

Figure 6.13 Non-dimensional crack tip position

In the analysis performed, the crack depth (a) is 10mm and is constant for all ratios. In
addition, 10MPa internal pressuacts on the pressure vessel inner surface. For a/c

variation analysis, the crack is positioned at an angle of 90 degrees t@ii® Kor this
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reason, crack opening acts like pure mbgpening) and there are no results for mode
Il (sliding) and moddll (tearing) effect. VoaMises stress distributions for a/c=1,33 ratio

is shownin Figure 6. 14 and zoomed picture for crack opening is showhigure 6. 15.

64.4444 128.889 193.333 257.778
32,2222 96.6667 161.111 225.556 290

Figure 6.14 Von-Mises stress distributions and crack opening

64.4444 128.889 193.333 257.778
32.2222 96.6667 161.111 225.556 290

Figure 6.15Zoomed picture for crack opening

Also and Mixed Mode Stress Intensity Factor magnitudes obtained after the analysis is

shownin Figure 6. 16.
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Figure 6.16 Mixed mode Stress Intensity Factors distributions along the crack front for a/c=1,33

As it can be seen from the SIF values obtained, the mixed mode situatmbosarved
in cracks formed only by the effect of internal pressure and at an angle of 90degrees to
the X-axes. Only pure mode | (opening) effect is present. Matieess intensity factors

are also givein Figure 6. 17 for other cases analysed.

Figure 6. 17 presents SIF magnitudes extending along the crack in a/c ratio changes. As
mentioned earlier, the crack depth (a) is 10mm and fixed in the analysis. A decrease in
a/c vdue means an increase in crack radius (c). The graph clearly shows that as the crack
diameter (c) increases, the stress intensity factor magnitudes also increase. Because
increasing the crack diameter increases the crack opening in the nozzle, larger
deformation occurs. Similarly, because the extension of the crack diameter enlarges the

crack opening in the nozzle, larger deformation occurs.
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Figure 6.17 Mode-I Stress Intensity Factors distributions for various a/c magnitudes

6.6.1.2. Changing therack size for circular cracks

In this section, the effect of change in the size of circular cracks on SIF values is
examined. In all analysis, the a/c ratio is taken to be 1. Analyses are undertaken for
pressure vessels with ébthm crack depth and continue with an increase ,b6frign in

each analysis and a 10MPa internal pressure is applied on the pressure vessel inner

surface. The SIF values obtained gingen inFigure 6. 18.
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Figure 6.18 Mode-I Stress Intensity Factors distributions in crack size change for a/c=1,0

Consideringhe Equation 6. 8 below, the SIF values to be obtained with each increase
of the value should imease in the square root ratio of the crack depth. As can be seen

from the graph, the results are in accordance witlEthetion 6. 8.

o . o Equation 6.8

6.6.1.3. Changingnternal pressure

In the previous section, SIF changes at a constant pressure value for circular cracks were
examined. In this section, how the elliptical cracks afectdd by the internal pressure
change are considered. For this purpose, an elliptical crack with an a/c raflowd<?

chosen. Analyses started with 1MPa internal pressure and were randomly increased until
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they reached 10MPa. As the crack is positioatdn angle of 90 degrees as in other
examples, only modeSIF values are considered. The SIF magnitudes obtained are given

in theFigure 6. 19.

=—1MPa - « 3MPa -==5MPa

50 oo 8MPa ——10MPa
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0 0.2 0.4 N 0.6 0.8 1

Non-dimensional crack tip position

Figure 6.19 Mode-I Stress Intensity Faors distributions for internal pressure change

As can be seen frofeigure 6. 19, each pressure raise increases the SIF values linearly
according to the ramping raf€he Equation 6. 9 taken in Newman &Raju's study54]

is given below. This equation applies to perfect cylinders and considers only the hoop
stress. For cylindecylinder intersections, hoop stress can be obtained usingWwses

and Tresca equations or theatdation methoden WRC297[8]. Considering all these
calculation methods, it is known that the increase in internal pressure (p) in complex

structures increases the Kl values linearly.
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Looking at the SIF values given in the graph, an increase is observed linearly. This
situation is compatiblevith Equation 6. 9. Since the crack radius is half of the crack
depth, there is much more stress accumulation at the crack initial point compared to the
crack end. This accumulation becomes more evident as the internal pressure increases.
As can be seen from the graphFigure 6. 19, there is an almost linear SIF distribution
throughout the crack in the crack problem with 1MPa internal pressure. However, when
the pressure is increased 10 times, the stress intensity factor value that occurs at the crack

initiation is about 20% igher.

6.6.14. Changingecrack angle for various loading conditions

In the previous sections, only analyses related to opening-imedee made and SIF
values were examined. In this section, mixestmSIF values are obtained by changing
the crack angle (d). Finite el ement model | |

Figure 6. 20.

Figure 620 Angular crack application oorotch corner
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6.6.14.1. Internal pressure effect

In the analysis, only the internal pressure effect is examined first. Thereafter tensile,
compressive, circumferential, and longitudinal forces affect the system separately from
the centre of the nozzle @iBIF values are computed. Finally, all these external loads are

combined with various configurations and combined loadings are applied.

Firstly, a constant 10MPa internal pressure is applied to the system. The crack angle is
increased by 15degrees in eactalysis from 30degrees to 150degrees. In each case, the
a/c ratio is 1Since the effects of openingjiding, and tearing in the system are observed

at the same time, the SIF values obtained are givéigimre 6. 21, Figure 6. 22, and

Figure 6.23 with 3 different graphs.
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Figure 621 Mode-I Stress Intensity Factors distributions for crack angle change

137



KIIl SIF (MPa-m¥s)

N
o

a=10mm,c=10mm «e++« 30degree

- = =5degree

[
(93]

[EY
o

- «=gG0degree

(63}

= . 75degree

= ==90degree

= .« 105degree

KIl SIF (MPa-mbs)
M o

= «=120degree

AN
o

== =135 degree

AN
(6]

eeee+ 150degree

R
o

0 0.2 0.4 0.6 0.8 1
non-dimensional crack tip position

Figure 622 Mode-II Stress Intensity Factors distributions for crack angle change
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Figure 623 Mode-lll Stress Intensity Factors distributions for crack angle change
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As can be seen from Figes, only modé effect is observed at 90degree crack angle. In
all graphs, SIF values are the same for cracks at a distance equal to the angle of 90degrees
(such as 45 and 135degrees). Only in the cases of haw@ modelll, the values change

the sign ¢, -) since the axis of sliding and tearing changes after 90 degrees.

If the 90degree crack is placed on thexs in the FE Modelling, when all the graphs

are examined, it is observed that as the angle made with the Y axis increases, the opening
effect (nodel) extending along the crack is replaced by sliding (ribdand tearing

(mode 1ll). The biggest difference is observed undoubtedly on the rhasféect.

Because at 90degree crack angle, the same opening behaviour is observed throughout the
crack, ad this effect disappears as the crack angle increases. The opening effect is almost

lost in the crack cerdgrdue to the mixed mode effect.

6.6.14.2. Tensile and compressive forces effect

Here, the tensile and compressive forces applied in the Z a&ididir from the centre

of the nozzle are examined. A 1000kN load is applied to the system in each analysis. The

alc ratio of 1,0 is chosen. The crack angl e
with 15 degrees increasing in each step. First, Sl&es are taken for tensile loads and

the same process is repeated for compressive forces. Calculated SIF values are given in

theFigure 6.24, Figure 6. 25, andFigure 6.26in 3 separate graplar Kl, Kll and KIII.
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Figure 624 Mode-| Stress Intensity Factors distributions for tensile and compressive forces
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Figure 625 Mode-II Stress Intensity Factors distributions for tensile and compressive forces
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Figure 626 Mode-Ill Stress Intensity Factors distributions for tensile and compressive forces

When the graphs are examined, the SIF values auata&nKl, KIl and KllI states are the

same for tensile and compressive forces. Since only the directions of the applied forces

are opposite, the SIF values obtained are displaced both positively and negatively.

In all cases, maximum SIF values occur atdiek initiation and ending. In case of K,

as the crack angle decreases, the opening in the middle of the crack is replaced by sliding

and tearing with the mixed mode loading effect. For this reason, as the dimensionless

crack tip position approaches theint 05, Kl values approach 0.

When the KIlI graph is examined, it is observed that the sliding at thgoth2changes

direction. While the sliding effect decreases up to the pointfSIF values increase
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until the end of the crack. In the case<dli, the tearing effect continues up taBQpoint

with a decrease in SIF values.

6.6.14.3. Circumferential shear force effect (VX)

Here, external forces loaded from the centre of the nozzle are continued with the
circumferential forces applied on theaXis. The only force acting on the system is VX
named circumferential force and no internal pressure is applied to the system. Like the
applied tensile force, the load magnitude is 1000kN and the crack angle is changed in
each analysigVMlixed-mode K valuesomputed are shown igigure 6. 27 - Figure 6.

29.

It is clearly observed that as the crack angle increases, Kll and Klll values have also
increased as can be seen fromdhagphs. Contrary to only internal pressure and tensile
loading applications, pumaodel condition is not observed when a circumferential force
loading is applied in 9@egree crack angle. Moreover, the opening effect disappears
completely at 90 degreesich the moddl/Ill state is appeared. In other words, the

situations that affect the crack are sliding and tearing modes.
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Figure 627 Mode-I Stress Intensity Factors distributions for circumferential forces
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Figure 628 Mode-ll Stress Intensity Factors distributions for circumferential forces
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Figure 629 Mode-lll Stress Intensity Factors distributions for circumferential forces

6.6.14.4. Longitudinal shear forcdfect (VY)

In this section, mixednode stress intensity factors are calculated as a result of single
longitudinal forces applied along the Y axis from the centre of the nozzle. As with other
external force applications, there is no internal pressuretiafjegbe system. The applied
longitudinal shear force (VY) is 1000kN and the crack angle is increased by 15 degrees
in asimilar way in each analysis. The calculated stress intensity factors along the crack

are giverFigure 6. 30, Figure 6.31, and Figure 6. 32
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Figure 6.30 Mode-I Stress Intensity Factors distributions for longitudinal shear forces
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Figure 6.31 Mode-Il Stress Intensity Factors distributions for longitudinal shear forces
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Figure 6.32Mode-lll Stress Intensity Factors distributions for longitudinal shear forces
As seen in the gr&ys, pure modé opening is observed at 90degrees due to the
direction of the applied shear force. Mixed mode effect has occurred as the crack
angle decreases especially in the middle of the crack; Madduesincrease as the
angle value decreases. Modelll, the crack initiation at all angle valudsas
maximum SIF values. Depending on the magnitude of the avigldelll tearing
changes direction. At 75degrees, this changing locatior2 isriits away from the

beginning of the crack, while at 30degs 0,6.

6.6.14.5. Combined external loadingffect

In previous external loading cases, stress intensity factors that emerged as a result
of individual loading were examined. Here, the various combined external loading
situations are examined togeth€ircumferential shear force and tensile force in

the first case, longitudinal shear force and tensile force in the second case,
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longitudinal and circumferential shear forces in the third case, and finally
circumferential shear force, longitudinal sheacéand tensile force were applied

to the system in combination. For these analyses, a circular crack with a 10mm crack
radius and a 45degree angle was placed on the crotch corner. Then, the combine
loads mentioned aboweere applied to the system. Eachtloé external loads is
500kN. The SIF values obtained are given inRigure 6. 33, Figure 6. 34, and

Figure 6. 35.

When the Modd graph is examined, the situation in which the opening is greatest
occurred in the VX + VY case. In this case, it can be said that the tensile force has
an adverse effect on the opening of the crack. In the case ofVslikng, a linear
decrease startinfjom the negative direction and a linear increase in the positive
direction to the crack end is observed in all loads. The only difference is the
locations in which the SIF values reach 0 on the crack line. In the case ofiNMode

in the absence of temsiloading, the SIF value starts &MPa.mY2 and tears
disappear after approximately 0.2 units at the beginning of the crack. Then, the
tearing mode SIFs reaches up to 4 MPa.m%: by changing directions. When the
tensile loading is applied to the system, ¢hange of direction is almost lost, and

all SIF values continue with positive direction and very little change throughout the
crack. For this reason, it can be said that P (tensile) load has a balancing effect on

SIF values coming on the crack.
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Figure6. 33 Mode-I Stress Intensity Factors distributions for combine external loading
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Figure 6.34 Mode-II Stress Intensity Factors distributions for combine external loading
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Figure 6.35Mode-Ill Stress Intensity Factors distributions for combine external loading

6.6.2. Outer surface crack SIF computing on nozzlé cylinder junction
In this section, the mixethode stress intensity factors extending along the cracknine i
modelled crack profilegFigure 6. 4) with finite elements method under various
parameters will be computed. In all analyses the cylinder dimensions will be fixed as Di
=500mm and T = 25mm. Changes will be bas®dozzle and crack sizes. The parameter
analysis to be made will take place in 4 stages. First, the mixed mode SIFs will be
examined by obtaining elliptical crack profiles of different sizes by changing the ratio
(a/c) of crack depth to crack radius underonstant internal pressure. Subsequently, the
internal pressure changes will be examined, provided that they remain in the linear elastic
zone in the vessel. Then, by changing the nozzle thickness, the effect of ro/ri change on
SIFs will be figured outinally, the various local forces on the nozzle will be combined

in 8 different ways and examined.
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6.6.2.1. Changingcrackdepthmagnitude (a/c ratio)
In this section, half elliptical surface crack profiles were modelled by keeping the crack

radius (c) castant and only modifying the crack depth (a). A representative- semi
elliptical profile showing the locations of the crack depth and crack diameter is shown in

Figure 6. 36.

Figure 6.36 A representative view of semélliptical crack profile

In each analysis c value is,5&1m and constant. In addition, the crack depth was
changed in each analysis and mixed mode SIF values were obtained for 7 different crack
profiles from a/c = (B to at = 18. The results obtained were grouped separately for
model (opening),Modell (sliding) and moddll (tearing). KI Stress Intensity Factors
results obtained for Modkstatus are shown fRigure 6. 37, Kll Stress Intensity Factors
results obtained favModell status are shown iRigure 6. 38, and KIII Stress Intensity

Factors results obtained for metestatus are shown iRigure 6. 39.
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Figure 6.37 Mode-I SIF distributions according to the change in crack depth (a) along the crack fronts
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Figure 6.38 Mode-II SIF distributions according to the changedrack depth (a) along the crack fronts
€=6.25, Pint=10MPa
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Figure 6.39 Mode-lll SIF distributions according to the change in crack depth (a) along the crack fronts
€=6.25, Pint=10MPa

As it can be seen from the graphs, witle increase of the crack depth, the material
approaches the fracture state more and especially the-Inaining effect appears
clearly. The same situation is observed in the case of4thadd Modelll, but it changes

linearly from negative to a posiiwalue along the crack line, especially in the case of
modelll. This is because under maH loading, crack surfaces tend to deform opposite
each other around the crack tip centre point. Moreover, the sudden increase or decrease
in the stress intensifiactors at both crack tips is caused by the-fiedace effect, and it

is more obvious in the Kl graph. This situation is ignored in the calculations

6.6.2.2. Changingnternalpressure (Pint)
In this section, a study has been done on how internalypeesariation affects SIF

values. Considering the equations introduced by NewRwgn, the internal pressure
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increase is expected to increase the SIF values linearly as the internal pressure directly
affects the hoop stress in the cylinder

However, thesequations were given for perfect cylinder internal surface cracks without
nozzle connection and modieases only. In this study, it was found important to examine
these analyses because the cracks are located on the outer surface of the nozzle and the
mixed-mode conditions are examined. In the analysis, the crack depth is half the radius
of the crack (a/c = 0,5). In addition, analyses were carried out for 5 different internal
pressure magnitudes and the SIF results are givéigure 6. 40, Figure 6. 41, and

Figure 6.42.

The internal pressure to be applied during the analysis should not reach the limit load.
Considering the Perfectddticity and Tresca criteria, the force and limit required for the
initial yield to be realized can be calculated byHggiation 5.1 andEquation 5.2[91].

Since the yielgtrength of the shell is smaller than the nozzle (260MPa for shell, 290MPa
for nozzle), the calculations were made to obtain the limit load in the shell. As a result of
these calculations, pressure values less than 24,7MPa should be applied to thercontain
in order not to reach the yield point. For this reason, aesalyith a maximum limiting

value of 15MPa were undertaken.
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Figure 6.40 Mod-I SIF distributions according to the change in internal pressure (Pint) along thekcra
fronts, a/c=0,5
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Figure 641 Mod-II SIF distributions according to the change in internal pressure (Pint) along the crack
fronts, a/c=0,5
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Figure 642 Mod-I Il SIF distributions according to ¢hchange in internal pressure (Pint) along the
crack fronts, a/c=0,5

When the computed SIF values given in the graph are examined, a linear increase is seen
in each crack point except the turning points. This situation is compaitbl&quation

6. 9. In all cases the opening effect (mode [) is much more dominant than linaaie

modelll effects. Since the crack depth is half the crack radius, there is much more stress
build-up at the crack midpoint compared to ttrack tip. This accumulation becomes

more pronounced in Modeand modell as the internal pressure increases.

In summary, in this problem, the only force acting on the system is the internal pressure,
and the stress shows a symmetrical distribution tdsvéine outer walls. In Modk a

tensile stress normal to the crack plane occurs. For this reason, a full opening state occurs
in the crack centre. In the modlestate, the crack is in the-plane shear state. That is, it

is under a shear stress thatsguarallel to the crack plane and perpendicular to the crack

front. For this reason, the sliding effect in the crack centre is more pronounced than the
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crack tip.Another important point in Modeand Modell cases is that the SIF values are

0 at the 0.1rad 0.9 positions. SIF values may be higher than expected in the calculations
due to the fact that the crack tip and crack end are under the free surface effect. For this
reason, excessive SIF spatters on the free surfaces can be neglected. The afoeeimention
0.1 and 0.9 positions physically change the direction of crack opening in-Mouk

Mode-Il. This numerically corresponds to 0 in SIF calculations.

On the other hand, in the case of Mdtgthe crack is in the oubf-plane shear state. In
other wordsthere is a shear stress parallel to the crack plane and acting parallel to the
crack front. For this reason, the tearing effect is zeroed in the centre and is more

pronounced at the crack tip

6.6.2.3. Changingnozzle diameter (do/di)

In this section,le outer diameter / inner diameter ratio (do/di) will be changed by keeping
the nozzle inner diameter constant. In other words, SIF changes will be analysed using
the change in nozzle thickness. In these analyses, the outer nozzle diameter is constant
and133,3mm. The a/c ratio is 0,5. The analyses were carried out in 5 steps for different
do/di ratios and the results obtained are giveRigure 6. 43, Figure 6. 44, andFigure

6.45.

The least nozzle thickness is the case where do/di = 1,2. At this rate, the crack depth has
reached approximately 70% of the nozzle thickness. When do/di = 1,2, hoop stress is
approximately 48% higher thato/di = 1,4. The difference between hoop stress at 1,6
and 1,4 do/di ratioareabout 27%. On the other hand, SIF values increased by an average

of 35% at this point as can be seen from the figures. Considering all these situations, this
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increase is quiteeasonable. In general, as expected, SIF values decrease with increasing

nozzle thickness.

do/di

20 —_—12 e 14 ===16 = =18 =-:20

1.0

o
o

=
o

N
o

Kl SIF (MPa-mY)

30 F do=133,3mm

0 0.2 0.4 0.6 0.8 1
non-dimensional crack tip position

Figure 6.43 Mode-l SIF distributions according to the change in do/di ratios along the crack fronts,
a/c=0,5-do=133,3mm
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Figure 6.44 Mode-II SIF distributions according to the change in do/di ratios along the crack fronts,
a/c=0,5- do=133,3mm
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Figure 645 Mode-IIl SIF distributions according to the change in do/di ratios ajaite crack fronts,
a/c=0,5-do=133,3mm

6.6.2.4. External Loading Applications

In this section, local loads on the system from the nozzle centre were examined in
different combinations. First, the SIF values are calculated by analysing the tensile force
(Vz), longitudinal force (Vy), and circumferential force (Vx) independently. Load
conventions can be seenkigure 6. 46.

Then, calculations are made for all variations in groups of 2, 3 and 4. Single axessoading
are represented by black colour, 2 axes loading variations with green colour, 3 axes
loading combination with red and finally 3 axes loading with pressure loading
combination with purple. The results obtained are showigare 6. 47, Figure 6. 48,

andFigure 6. 49.
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Nozzle

Figure 646 Load conventions for the model
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Figure 6.47 Mode-I SIF distributions according to the change in combine external loadings along the
crack fronts, a/c=0,5 do/di=1,2
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In these analyses, VX, Vy and Vz are 1000kN for each case. Internal pressure is included
in combined loading only in the last casel @s value is 10MPa. As can be seen from the
Mode | graph, the situation where the SIF values are the highest in the external loading
situations are the cases with tensile loading (Vz). SIF values are the highest even when
single Vz loading because thensde force directly triggers the opening of the crack. In
Mode lll case, Vz and Vy forces play the leading roles in tearing effect. Since the
direction of the force changes in multiple loads, an SIF rise is not observed as dominant
as singular loads in ¢hopening, sliding, and tearing modes. The most interesting
observation that can be said for the 3 graphs here alone is that the internal pressure has

almost no effect on SIF changes.
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Figure 6.48 Mode-Il SIF distributions amrding to the change in combine external loadings along the

non-dimensional crack tip position

crack fronts, a/c=0,5 do/di=1,2
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Figure 649 Mode-Ill SIF distributions according to the change in combine external loadings along the
crack fronts, a/c=0,5 do/di=1,2

6.7. Concluding remarks

In pressure vessels, the nozzle region and the welded areas are the parts where the highest
and most complex stress concentrations are experienced due to the available opening.
When the system is only under internal presstine highest stress regions occur at
nozzlecylinder intersections, and these critical regions can change depending on the
direction and magnitude of the force, especially in external local loads. Identifying these
critical locations and possible failureechanisms is crucial to avoid damaging such
structures. There are some SIF calculation methods for cracks found on perfect cylinders

in the literature, but these methods only provide calculations for the openingl mode
caused by hoop stress. On the otiemnd, although studies based on fracture mechanics

related to nozzleylinder intersections have been made, there is no definitive solution for
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calculating mixed mode stress intensity factors in possible cracks. For this reason, in this
section, possibleracks that may occur in the nozgiginder intersections under various
loads, in the crotch corner and upper weld area, are heddahd stress intensity factor

calculations are presented.
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CHAPTER 7 - GENARATING DESIGN CURVES FOR STRESS
CONCENTRATION FACTORS AND PROPOSING NEW
APPROACH FOR ESTIMATING PLASTIC LOAD

7.1. Introductory Remarks

In this chapter the results of the parametric analysis performed in the elastic and plastic
regions will be rediscussed, and alternative improved approacheghdoexisting
solutions presented. First of all, stress intensity factors (S.@&gbtained with the
maximum stresses calculated by finite element analysis for nozzle/cylinder connections
under the influence of internal pressure and external locas.|d@dden, a wide range of
design curves are presented for cylinder / cylinder connection problems by changing the
basic dimensions on the geometry such as cylinder diameter, nozzle diameter, wall

thicknesses with different parametric approaches and loadimgjtions.

Finally, a new approach will be presented as an alternative to TES and Tl methods that

help to estimate plastic load with the help of lelflormation curves.

7.2. Generating Design Curves br Nozzle-Cylinder Connection Problems

Analysing cylinder/cylinder geometry in pressure vessel problems is much more difficult
than sphere/cylinder. Although a large number of suggestions are presented in theoretical
solutions, none have been adopted in a design code to date, as implementations contain
seveely limiting assumptions. For example, when it is desired to obtain a suitable S.C.F
for a nozzle in a cylindrical vessel, the calculation is made starting from a spherical vessel.
In some implementations it uses a sphere/cylinder model where the spheieeithe
diameter of the actual cylindrical vessel, the goal here is to ensure that the remote
membrane stress on the sphere is equal to the hoop stress in the cylindrical vessel. Another

approach uses a sphere 1.5 times the radius of the cylindreselvélowever, when
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detailed stress distributions are obtained in cylinder/nozzle connection problems, it can
be predicted that it will be different from thgphere/nozzle connection geometry.
Therefore, there is a need for stress concentration facto&sF(B.design curves
containing various geometric parameters that will directly guide designers in

cylinder/cylinder problems.

7.2.1. GeneratingDesign Curves Basedn Stress Concentration Factors
The most important step in obtaining the stress concemtrctors is the determination

of the maximum stress. In nozzle / cylinder problems, as explained in the previous
sections, the highest stresses occur at the crotch corner in internal pressure problems,
while it varies depending on the direction and magle of the force in external loads.

For this reason, in this part, the maximum stress magnitudes under internal pressure and
external loads are calculated with finite element analysis solutions, regardless of the
location where the stress occurs (crotohner, welding, nozzle wall etc.). Results are

given in terms of stress concentration factors defined as;

S.C.F.= (Maximum calculatédon Misesstress in cylinder) / (membrane stress).

Here, membrane stress is PD/ T foflacalloading er n al

(r is nozzle radius)

Initially, design curves will only be obtained for SCF results in neeyleder
connections without pad reinforcement under internal pressure. Then the pad
reinforcement effect will be examined. In the 3rd stegsigh curves are created for
external local loads. All these S.C.F. data obtained are plotted with the aid of an

appropriate attachment parametér
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7.2.1.1.
Reinforcement Under Internal Pressure

Generatindesign Curvesfor NozzleCylinder Junctions Without Pad

First, a fixed size cylinder is considered. That is, the wall thickness and diameter of the

cylinder are constant throughout all analys¥ariables in the analysis are nozzle

diameter and nozzle thickness.
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Figure 7.1 Stress Concentration Factors for maximustress innozzle/cylinder junctions with no pad
reinforcement subject to internal pressure

If Figure 7.1is examined, curves are obtained for 13 different di/Di ratios. In each curve,

there are SCF results for 10 different t/T. t/T ratios go from 0.2 to 2.0 with a constant

increase. The point where SCF is highasalso the point where t/T is lowest. In t/T

changes, some points are shown on the di/Di=0.728 curve as a representation. In addition,

Attachment Parameter is expressed as in the equation since cylinder diameter is constant

and nozzle diameter is variable.
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|
8 = Equation 7.1

o

As seen irFigure 7.1 the increase in nozzle diameter for the same t/T ratios also causes
an increase in S.C.F values. When the curves th# same di/Di ratio are examined, it

is observed that there is a parabolic decrease in S.C.F values as t/T values increase. It is
noteworthy that when the di/Di ratio falls below 0.25, the curve first tends to decrease

linearly and the S.C.F variatiorecreases considerably.
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Figure 7.2 Stress Concentration Factors for maximustress innozzle/cylinder junctions with no pad
reinforcement subject to internal pressure

Another case studied is where the main variable is #€. durves to be obtained vary
between t/T = 0.25 2.50 and progress with 0.25 increments for each curve. Here, Di and
T values are fixed and each point on the curves represents the di/Di change. In total, S.C.F

values were obtained for 11 different diatios in the generation of each curve, and the
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increase in the ratios was 0.05 at each point. Generated curves are showfigarénhe

7.2.

As can be seeftom the Figure 7. 2, the di/Di ratio for each curve is 0.6 at the highest
point of S.C.F and 0.1 at the lowest poi@bnsidering that the shell diameter did not
change, the increase in the nozzle diameter increased the S.C.F values for each curve. On
the other hand, siecthe increase in nozzle wall thickness creates an effect increasing the
strength, as t/T increases, S.C.F values drop.

In the third case, the t/T change will be handled with different parameters. dm/Dm and
t/T are equal in all cases. In this problem, egrare obtained by changing t provided that

T remains constant in all cases, and a total of 9 different t/T cases are examined. Each
curve is drawn with the S.C.F results obtained from 5 different analyses. Each of these

points is the case where D/T is 20, 30, 40 an&0. The results arghown inFigure 7.
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Figure 7.3 Stress Concentration Factors for maximustress innozzle/cylinder junctions with no pad
reinforcement subject tomternal pressure
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The trend of the S.C.F curves is the same for each cabewasin theFigure 7.3. On the
other hand, as t/T increases, dm/Dm will increase at the same rate, so the nozzle opening
almost exceedse half of the shell diameter. For this reason, since the maximum stress

will increase, S.C.F values also tend to increase significantly.

In the case of t/T = 0.15, the difference between the S.C.F values obtained from D/T=10
and D/T=50 pointsireapproximately 21%, while in the case of t/T = 0.55, this difference
Is approximately 47%. That is, an increase of approximately 3.5 times in t/T creates a

125% increase in S.C.F values at the maximum point.
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Figure 7.4 Stress Concenation Factors for maximunstress innozzle/cylinder junctions with no pad
reinforcement subject to internal pressure

In case 4, curves for 9 different D/T values are obtained by increasing the shell diameter
(D) at a fixed shell thickness (T). Here, thamis on the curves are determined according

to the dm/Dm parameter. For each curve, dm/Dm was determined as 0.15, 0.25, 0.35,
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0.45 and 0.55. In aknalyses, t/T=1Whenthe Figure 7.4 is examined under all these
conditions, it is observed that although the nozzle diameter increases at the same rate as
the shell diameter increases, the S.C.F does not remain constant and tends to increase.
When this increase is dm/Dm=0.15, it is approximately 3% at the maximum aoeht

when dm/Dm=0.55, this difference increases to 30%. This shows that regardless of the
shell diameter, the larger the nozzle diameter, that is, the opening, the more the S.C.F will

increase due to the stress in the structure.

7.2.1.2.  GeneratingDedgn Curves for NozzleCylinder Junctions withPad
Reinforcement Under Internal Pressure

The application of reinforcement plate is one of the most effective methods to reduce the
maximum stress values in pressure vessel problems. In this section, iengedblsow

S.C.F values change with pad reinforcement and design curves are created. Firstly, S.C.F
changes are examined for a constant shell and nozzle thickness by increasing the pad
thickness (Tp). Here t/T=1 and is constant. dm/Dm is determined a®2210.33, 0.44,

0.55 and 0.66. Here, by changing the nozzle diameter and therefore the inner diameter of

the pad, the maximum stress is changed. Generated cunsteane inthe Figure 75.

Another situation ighat here the main variable is pad reinforcement, so the attachment

parameter b is recreated according to the pad diameter. The new expression is;

g H :
- Equation 7.2

[T

As can be seeftom the Figure 75, pad reinforcementecreased S.C.F values by 4.21%
at the maximum point while dm/Dm=0.11. This situation falls below 1% after
dm/Dm=0.44. In this case, it can be said that pad reinforcement is a more effieetihod

for smaller nozzles to reduce S.C.F.
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Figure 7.5 Stress Concentration Factors for maximustress innozzle/cylinder junctions with pad
reinforcement subject to internal pressure

In another study on the effect of padntribution on S.C.F change, one of the main
variables will be the increase in pad thickness in a similar way. The other variable is the
change of the pad diameter (Dp). In order to observe this variable, 5 different Dp/dm
ratios (1.25, 1.5, 1.75, 2.0, &R.25) are determined for each curve generation. While
determining this ratio, the nozzle diameter (dm) is kept constant in the analyzes and the
paddiameter (Dp) is increased at constant intervals. Obtained results are shown in the

Figure 76.

Considering that the nozzlepening,and main cylinder dimensions do not change,
changing the pad diameter plays a role that directly affects S.C.F. If Dp/dm = 1.25 is
compared with Dp/dm = 2.25, approximately 2 times insgea pad diameter will result

in an 80% decrease in S.C.F values. In addition to all these, the increase in pad thickness
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plays a role in decreasing S.C.F values, similar to the previous graph. An 85% pad

contribution will increase S.C.F by over 13% ori@age.
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Figure 7.6 Stress Concentration Factors for maximustress innozzle/cylinder junctions with pad
reinforcement subject to internal pressure

Considering the design curves obtained from the pad reinforcement ressiltiear that
the pad reinforcement and even the pad diameter applied have a positive reducing effect
on S.C.F. Increasing the pad diameter together with the pad thickness will reduce the

S.C.F, especially in cases where the nozzle opening is large @®thialue approaches

1.0).

7.2.1.3. GeneratinDesign Curvesor NozzleCylinder Junction&nder External Local
Loads

In this section, maximum stresses due to external local loadings will be determined and
stress concentration factors related to thes @btained. Then, design curves related to

external loads are obtained with a suitable attachment parameter. The location where the
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maximum stresses occur in external loads varies according to the direction and magnitude

of the force. That's why S.C.Edculation is obtained with the following expression.

Equation 7.3

SCF:qj+I;r—§,<(i:x,y, 2)

Here, Vx is the shearing force applied in the axial direction, Vy is the shearing force
applied in the logitudinal direction, and Vz is the tensile force. The representation of

these forces is given in tikégure 7.7.

Vz

Vy
VX |

]

Figure 7.7 Load conventions for nozzle / cylinder junctions

The same grameters will be applied for all external loading problems. The main variable

in the analysis will be di/Di. In total, design curves are created for 11 different di/Di.
Here, Di is always constant. In other words, the inner diameter of the nozzle (di) is
widened at each step, and external forces act on the nozzle. Another variable forming the
curves will be t/T. The t/T ratio, on the other hand, was increased with equal weights at
10 different points, starting from 0.2 to 2.0, to create a wide ranged raiioni area.

The purpose of choosing these variables is to provide the opportunity to examine the
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nozzle and cylinder diameters and their wall thicknesses, which directly affect the

maximum stress on the structure, in the same design curve graph.

Thedesign curvesreated under the aforementioned parameters for Vx, Vy and Vz are

shown in theFigure 7.8, Figure 7.9, andFigure 7. 10.
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Figure 7.8 Stress Concentration Factors for maximustress innozzle/cylinder junctions subject to

External Loads (Vx)

When the Vx loading is examin&uFigure 7.8, theS.C.F valies tend to decrease almost

linearly as t increases up to the di/Di = 0.38 curve. However, when the nozzle diameter

reaches almost half of the cylinder diameter (di/Di = 0.485), the S.C.F at t/T=0.2 is quite

high. This is because the nozzle thicknessafihot meet the increasing maximum stress

as di increases. This t/T=0.2 case is also one of the most striking points of the design

curves.

Another issue is that as the nozzle inner diameter increases, the maximum S.C.F

obtained for the same t/T decreaaed the wall thickness effect almost disappears.
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Because as the di/Di value approaches 1, the clearance on the cylinder increases
considerably and the maximum stress values that the vessel can withstand decrease. This
means that SCF values decrease as#ime rate. After di/Di=0.54, the nozzle opening

exceeds half the vessel diameter. At this point, the stress in the system is much higher
than the increase in nozzle thickness can afford. Therefore, as can be seen from the figure,

the SCFb r e | a tartscatinedrizaton tsehd.
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Figure 7.9 Stress Concentration Factors for maximustress innozzle/cylinder junctions subject to
External Loads (Vy)

If theFigure 7.9 onwhich the Vy face is applied is examined, the comments that can

be made for Vx are mostly similar. However, a similar trending progression of the curves
is remarkable, especially after the di/Di=0.425 curve. However, in case of t/T=0.2, the
nozzle wall thickness cannieet the loads on the structure and wall stresses are observed

too much. Another striking point is that Vx loading produces an average of 15% more
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S.C.F values than Vy. This shows that the axial loading applied in the X direction has a

tendency to force thsystem more than that applied in the longitudinal direction.

The last case to be examined is the case of loading the tensile in the Z direction. The
results are shen intheFigure 7. 10. If each curve is examinesparately, it will be seen

that an increase in t incressS.C.F as in other extermads.
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Figure 7.10 Stress Concentration Factors for maximusiress innozzle/cylinder junctions subject to
External Loads (Vz)

In summary all these obtained design curves show that pressure and external loads lead
to a nonlinear loadstress relationship. Another important point here is that the analysis
made,and the curves obtained refer to loads in a certain direction (only tensie, onl
longitudinal, only axial directions etc.). As a result, this study is a guide for designers
and researchers for various radius and wall thickness parameters in internal pressure and

external loading conditions.
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7.3. Multiple Plastic Slope (MPS Method

As with all structural problems, the plastic failure mechanism in pressure vessels is a
gradual process and it is very difficult to determine the certain plastic load precisely.
Although most of researchers has been tried to determine the uncertain agtssqads

by methods such as TES and TI criteria, new approacheslculations must be

established due to the obvious differences between the results of these methods.

WhenFigure 7.11andFigure 7.12 are examined with these approaches, it will be seen
that even for the same problem, there differences of up to 15 percent in the
determination of gross plastibad. In addition, when considering the Tangent
Intersectio Criterion, it is possible to obtain slightly different results depending on the
ability of the person whaeonstructst, since the tangential drawing depends on a single
point (5% strain point). In addition, since brittle materials that do not exceed 5%
elongation do not comply with this rule, the tangent is drawn from the point where the
maximum strain is in plastic deformations, and this is a big handicap. In addition, drawing
load-deformation graphs for each problem causes great time losses in p@aratudies.
Considering all these, the Multiple Plastic Slope (MPS) method, which is an easier

implementation, is proposed in this section.

In this method, the strestrain diagram of the material is drawn first, again with the
RambergOsgood approach.hle n sl opes (Li, Li +1, € Ln)
offset line, each of which reaches the ultimate strergfil), (@s seen in thEéigure 7. 13.

The strain values corresponding to 8tavalues for each drawn sle@re also read from

the StressStrain diagramTo put it simply, in the first step, the stresgain values up to

the 0.2% offset line are taken directly from the diagram. Then, for each L line drawn, the

strain value corresponding to the Stu value edreAll these stresstrain values are
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entered in ANSYS for multilinear kinematic hardening analysis. As a result of the finite
element analysis to be made, the maximum pressure values corresponding to each L line

are found.
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45
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L —
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Figure 7.11 Gross plastic loads according to TES criterion
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Figure 712 Gross plastic loads according to Tl criterion
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Figure 7.13 Determination of stress strain values for MPS method

Here, thepoint to be considered in the design and analysis phase of the-nplnztker
problem exposed to internal pressure should be to find a plastic pressure value to calculate
the allowable static pressure. In other words, it is to approximate the presadmerat

the plastic deformation is too high, rather than the collapse load. When ASME VIl
Division 2 Appendix 4136.5 is considered, it is stated that the loads determined in plastic
analysis should not exceed ttlirds of the lower bound collapse load.ithiVthese

expressions, the allowable pressure vaRs (s

v v Q| Equation 7.4

wherePpis the internal collapse pressure obtained as a result of plastic analysis for this

problem.

If an approximate allowable internal pressure expression is determinece lYRB

method byintegratingeEquation 7. 4, Paupsfor n elastic slopes is
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Equation 7.5

wherePy; is the collapse internal pressur@uwe obtained for eadhplastic slop.

Plastic load values obtained by the MPS method are calculated for 5 different di/Di

parameters, as in the TES and Tl methdtie. compared results are shown inFfigure

7. 14 below.
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Figure 7.14 Comparison of the plastic loads for TES, Tl and MPS

As can be seen from the Figure, the plastic load value obtained by the MPS method is
guite close to the values obtained by the TES and Tl criteriaddd®ess can be predicted,
plastic deformation occurs at lower pressures as the nozzle diameter increases. With an
increase of 5 times the inside diameter of the nozzle (di), this value causes a decrease of

approximately 8% in the plastic load for MPS, 8%he TES criterion and 8% in the Tl
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criterion. This figure also shows that the values calculated using thsti@aa graph in
the TES and Tl methods are similar to the load trends of the MPS method, which directly

uses the results obtained with FEAules andEquation 7. 5.

7.4. Concluding remarks

In theearlier part of this workstress concentration factor curves related to an attachment
parameter were plotted for the nozzldinder intersection under inteahpressure and

local loading. All these obtained design curves show that pressure and external loads lead
to a nonlinear loadstress relationship. Another important point here is that the analysis
made,and the curves obtained refer to loads in a cedagrction (only tensile, only
longitudinal, only axial directions etc.). As a result, this study is a guide for designers
and researchers to find SCF for various radius and wall thickness parameters in internal

pressure and external loading conditions.

In thelatter part of the workan alternative method to TES and Tl methods is proposed.
In this method, called Multiple Plastic Slope (MPS), it can be said that plastic limit load
is estimated by taking data from more than one point on the kiealn gaph, and it can

be said that it gives more reliable results, especially compared to the TES rsthbd.

other hand, since the tangential line is drawn from a single point in the Tl method, there
is a slight possibility that the person drawing will makenistake. For this reason, this

proposed alternative method will be beneficialtfar wider community and code writers
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CHAPTER 8 1 CONCLUSIONS AND RECOMMENDATIONS

The general objective of this studsas to conduct a larggcale desigianalysis studyor
nozzlecylinder connections. For this purposegh fidelity computational model was
developedanda wide rangng of parameter study presented, covering the elastic, elastic
i perfectly plastic, full plastic, cyclimading,and fracture behaviws ofthe structure. As

a result, stress concentration factor design curves dependingwail-astablished
attachment parameter were plotted for nozzfénder connections and a new approach,
the Multiple Plastic Slope (MPS) Method, which can predict plabtgt load, was

presented.

8.1. Results and Conclusions

In chapter 2, a literature review on the desamglysisand international design codes of
pressure vessels in cylindrical vessels and nozzle conneetiemrespresentedThese
literature studies hav shown that nozzeessel connection problems, elastic stress
analysis, limit loading analysis, plastic load determination, fracture mechanics and
international design codes have a wide research area in many subjgaiagh the
application of the fing element method has paved the way for these studies to be done
more easily and accurately in the theoretical sense, the studies have shown that
application differences can occur even in similar problem solutions in complex structures.
For this reason, aigh-fidelity finite element model should be created for answering all

these analysis methods. Chapter 3 was written for this purpose.

In Chapter 3, a higfidelity finite element model has been developed, which will be
applied to all geometries used by thdustry and will provide a universal approximation

to local loads for nozzileylinder connections, as well as i@ into account the
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maximum stresses around the crotch cofBecause stress analysis of cylindglinder
connections is a very challenginengineering problem in finite element method
applicationsin order to ensure high sensitivity, first of all, mesh sensitivity aeslysre
completedand the most appropriate element size and number were determined for the
structure to be createflince the maximum stress values in the model occur at the nozzle
junction, these sensitivity analgs were made according to the number of elements
extending along the nozzle thickneAs. a result of these anabg it has been revealed
that the number of efeents extending along the nozzle (provided that there is no single
or 2 elements) does not have a great effect on the stress \ddarsmaterial selection,
loading conditions and boundary conditions were determined. Then, various validation
studies werearried out for the finite element model creatédstly, the obtained nozzle
cylinder model was compared with one of the existing models in Chandirastanis

[16] and validation anales were performed on this modehe reason for choosing this
study is that all model parameters are shared clearly and in detail in the article. In this
way, it was possible to make comparisons in different size param&ecsndly,
validation studies were performed using WRC Bulletin 537 calculations for tensile force
longitudinal moment and circumferential moment loadings acting on the nozzle. In
particular, the validation results under tensile force loading perfectly maithed: was

a maximum stress difference of less than 5% in the Mc and ML results. Aparhiggm

2 more validation tsidies were carried out for tHeacture problems in Chapter 6. This
part was not included in Chapter 3 in terms of subject inteditize validations obtained
here, the results of the maximum stress intensity factor were atdoneced with a
difference of less than 6%. The reason for this difference is explained in the relevant

section, which is due to the free surface effect at the crack tip. All these validation studies
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under very diverse conditions prove that the generatéd €lement model will respond

to a wide range of nozzlecylinder connection problems with high precision.

In the 4h chapter, finite element anagssin the elastic region for nozzle connections in
pressure vessel problems with parametric studies amined and the results were
discussed. In addition, single and multiple nozzle connection problems, oblique nozzles,
stress analysis and stress linearization approach were examined irFdstaparameter

studies were carried out for the effectsirmfer fillet and outer fillet on the validated
model. Here the main aim was to reasonably reduce the stress values in the-cylinder
nozzle connection. First, an inner radius of 5 mm was applied to the model mesh corner,
resulting in a 10% reduction in steesalues.These differences decreased by about 2
percent when the diameter of the cylinders was increased. These results showed that the
outer weld fill and inner radius dimensions should be examined sepanatédyng so,
analyses were made on the chaind welding dimensions. It was seen that the weld size is not
very effective in reducing the stress in models with under internal pressure only. Following these
analyses, inner radius dimensions were increased. As a result, the maximum stress values
decraased by up to 10% and the most suitable welding dimensions and inner radius sizes were
determined. In the next step, analyses were made for 5 different external loading situations. In the
case of internal pressure, the maximum stress region was obsetivediatich corner, while in

these analyses, as the external moment effect increased, the maximum stress region shifted to the
outer wall, especially to theveld (seeFigure 4. 13, Figure 4. 14, andFigure 4. 15). After

that, torsionalcircumferentialand longitudinal loading conditions were compared with
WRC537 calculationsFor the models where the external moment was applied, the

differences were nearly 5 percent. The close results obtained once again demonstrate the

correctness of the model. Whilst this gives confidence that WRC 537 was conservative
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for the moment cases, it was over predicting the maximum stress which can have an

influence when using these stresses for fatigue life evaluation.

Then, multiple nozzle combinations were examined. When considering multiple nozzle
combinations, it can be seen the stress values decrease when the pitch between nozzles in
axial direction igeduced. In addition, the stress values increase when pitched nozzles in
the longitudinal direction are positioned close to each other. Therefore, if the nozzles get
too close to each other radially or longitudinally, there is the potential for plasépsml
Therefore, maintaining the dmut distance as shown by the code equation remains
important even in limit load analysis. It is also noted that the maximum stresses in the
multiple nozzle analyses occurred on the crotch corner in all cases whealiptessure

is applied. Changes in the maximum stress magnitudes were observed when the pitch
between the nozzles was changed. However, the stress magnitudes in the 1st nozzles,
which are close to the thrust force, are greater in both longitudinal aally gasitioned
situations rather than at the 2nd nozzle posiiiohence showing the result of the
combined interaction. These situations therefore need to be assessedsehyecase

basis.

The last study of chapter 4 was pad reinforcement for oblmzeles and standard
nozzles. In this part, the research based on the stress linearization tecBhigs®.
linearization is used to define constant and linear thickness FEA (Finite Element
Analysis) stress distributions and membrane and membrane ngestidtiss distributions

in Pressure Vessel Design by Analysis. In addition, the basis of this method is to correlate
and determine the stress occurring along a path with the concept of limit load. As a result
of this work, a comprehensive stress lineararatstudy was carried out for a nozzle

cylinder combination that was subjected only to internal pressure. In the study, stress
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distribution at critical locations determined on the nozzle and shell was investigated.
According to the results, the tensiommaximum in the paths chosen close to the opening
zone in both the shell and the nozzle. Also, especially the increase in pad contribution
significantly reduced the stresses obtained on the same paths. On the other hand, since
the stress distribution on osides of the sloping was not equal in oblique nozzles, the
differences in stress magnitudes could be easily detected by this method. As a result, this
study provides researchers an alternative stress analysis for critical locations in the

intersection ara in the design and analysis of cylinder nozzle connections.

Chapter 5 contains inelastic analysis. These are limit loading analysis, full-plastic
analysis,and cyclic loading analysis. The work in the limit loading situation was
completed in 3 ma stages. Firstly, the effect of nozzle diameter change was investigated.
Here, it was observed that the limit load value decreased as the nozzle diameter increased.
The reason why the limit pressure magnitude decreases as the nozzle diameter increases,
is that the opening in the main shell increases and reduces the available material to support
the load.Then, the effects of nozzle and shell thicknesses on the limit load conditions
were examined. Finally, the limit loading conditions of external loadiages are
examined.The thickness of the cylinder and nozzle were increased by 5mm in each
analysisseparatelyAs can be seen in the limit pressure calculations in pressure vessels,
the most important variable is the inner and outer diameter ratio. Asulk of this
approach, when the thickness increases, the limit load increases linearly. In Case 3, the
internal pressure values were increased by 5MPa in each analysis and limit loads were
determined for external loading conditions. In the stress calontaf shear force,
Bijlaard's [13] calculation approaches were shown in WRC537. According to this

approach, the shear forces acting on the nozzle do not cause longitudinal and
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circumferential stresses in the shell. Therefore, the increase in pressiediesvessel
reduces the shear limit forces to a very small extent (approx. 3%). As a result of this
analysis, it was observed that the longitudinal (VL) and circumferential (VC) shear forces
transfer the material to the plastic region at much lower salda the Z axis, tensile
loading (P) was involved. Tensile loading directly affects the longitudinal and
circumferential stresses on the shell. For this reason, to transfer this material into the
plastic zone, approximately 3 times mtadsshould be aplied. Therefore, tensile limit

load values tend to decrease as the internal pressure increases. These results were

consistent with the current approach.

Then, full elastic plastic anges were performed. First of alES, and Tl methods,
which are fregantly used in estimating the limit plastic load, were introduced. By using
these methods, limit plastic load estimations were made for 5 different di/Di ratios. These
analyses formed the basis of comparison for the new plastic limit load estimation method

(MPS) to be proposed in Chapter 7.

Finally, cyclic loading analyses were performed for different dm/Dm parameters. As a
result of the analyses made, examinations were made on the PT/PY ratio recommended
by Procter & Strong for test pressure, and it wan Heat the PT/PY=1,82 value was very

high at some points and that the structure would undergo plastic collapse in a very short

period of time with this value.

In the 6th chapter, information is given about the outer wall cracks and the inner wall
cracks inthe nozzlecylinder connections. Then, the finite element model was validated
by NewmanrRaju calculationd54] and Sedighiani's work90]. There are some SIF

calculation methods for cracks located on perfect cylinders in the literature, but these
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methodsonly provide calculations for the opening mddsaused by the hoop stress. On

the other hand, although studies based on fracture mechanics related tecylortés
intersections have been made, there is no definitive solution for calculating mixed mode
stress intensity factors in potential cracks that may occur. For this purpose, in this study,
alternative solutions related to the calculation of stress intensity factors under internal
pressure and various external local loads of elliptical cracks loaatadocation very

close to the nozzle cylinder intersection (upper side of the welding) and inner wall crack
located on the crotch corner were produced. As a result of the studies, it was observed
that the SIF values increased in direct proportion tarthgnitude of the loading and the

size of the crack only in cracks under internal pressure. On the other hand, it was
determined that the direction of the force is more effective than the magnitude of the force
in external loads applications. For examglee single tensile force (Vz) of 1000kN
applied from the nozzle center has a greater Kl SIF value than the local forces applied in
3 different directions simultaneously (1000kN Vx + 1000kN Vy + 1000kN Vz) and the

crack tends to open more.

In summary, thistudy discusses in detail the SIF calculations for surface cracks that may
occur in the nozzle inner and outer wall in nozafénder connection problems and

provides a wide parameter study.

In the 7th chapter, firstly, the maximum stresses calculatéidibyelement analysis and
stress intensity factors (S.C.F.) were obtained for nozzle/cylinder connections under the
influence of internal pressure and external local loads. Then, basic dimensions on
geometry such as cylinder diameter, nozzle diametdr thekness were changed with
different parametric approaches and loading conditions, and a wide range of design curves

for cylinder/cylinder connection problems were preseriteslummary, all these obtained
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design curves shown that pressure and extdoaals lead to a nelnear loadstress
relationship. As a result, this study is a guide for designers and researchers for various

radius and wall thickness parameters in internal pressure and external loading conditions.

Finally, a new approach (MP8)aspresented as an alternative to TES and Tl methods that help

to estimate plastic load with the help of ledeformation curves. This method was compared with

TES and Tl methods and the results were presented. It has been a good alternative method for
reseachers due to its ease of application, the fact that the researcher does not have the possibility
of making mistakes while drawing tangent lines like the Tl method, and because the TI method

has hypothetical results for brittle materials (maximum straieliew 5%).

8.2. Recommendations

1. This study is basically based on finite element analysis. Especially in industrial
containers, not every researcher has the opportunity to test the results due to the cost and
size of the structure. Validation studies ofst@pproaches can be carried out in special
test centres or laboratories.

2. This work can be expanded with composite materials in order to provide more
flexibility and strength to the structure.

3. Since the obtained design curves contain too many differesutneders, it is very
difficult to express them with a single formulation. For this reason, equations compatible
with finite element analysis can be developed by combining appropriate parameters.

4. Although not very important in the United Kingdom, there ikigh risk of
earthquakes due to the mobility of fault lines in many parts of the rest of the world. For
this reason, it will be useful to make seismic analyses of pressure vessels. Especially i
the maximum stress areas can be followed by using the sensor technology with these

study results, it can create a new study area for nayfileder connection problems.
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Appendix A - WRC 537 Local Stresses in
Cylindrical Shells Due to External Loadingi
Solid Attachments

197



=
s Q:J“
(¥
=
I
=

Dimensionless Bending Moment,

0.1

0.01

Figure A1 Moment

3

________

=135
=50
=100

=300

01

E-hi b

02

0.3 0.

Attachment Parameter, /3

Ey

4 0.5

Due to an External Circumferential Momentdn a Circular Cylindeg Original




M,
ﬂff .-'IIRH JS

r
)
Wi,

Dimensionless Bending Moment,

01

\ -r= ?'5

=10

\\——'Flﬁ

‘\—,_______-_-_-_-— = 25
{35
--‘_-_-_‘_‘—-——_
=50
—— =75
— =100
[ —— =150
—
1= 2
[ += 300
0.01
1] 0.1 0.2 0.3 0.4 0.5

Figure A2 - Moment

4 4Hob

Attachment Parameter,

199

Vi

Due to an External Circumferential Momentfén a Circular Cylindeg Extapolated




100

Dimensionless Membrane Force, 1

Q.01 ;'I/ 7
0.001
0 01 02 03 04 as
Attachment Parameter,  [#
|
Figure A3 ¢ Moment W%fb Due to an External Circumferential Momentddn a Circular Cylindeg Extrapolated
3 m]

200




100

=300
- ___-___‘—-———-___
= /_r:_'lﬂﬂ _'—‘—-—-—-_.__________
“E =150 I ——— e
1= 10 /-": B e
=1 S=———
:“',' =1 B
I
. =35 |
'r= 3 |t ——T
O -_;5,,/""—.’._._. _______________._._-—-—-—-—'_-_'_
o 1 e S
2 __,‘—r-“‘"_"—_ﬂ —
= ‘_._-_________._-—-—-—|
@ =1 ’!"_’____f_———- - ——
= f_______J
J‘E =1 (/_/--—""’/J
-_?
8 = o
j 01 = =
2 // /5/’
=
=
[71]
:
O oot
0.001
] 0.1 0.2 03 0.4 0.5
Attachment Parameter, [3
4
Figure A4 ¢ Moment 5 J%7=|f 5 Due to an External Circumferential Momentddn a Circular Cylindeg Original
P10

201




o1
= =5
-y )
- =735
el
—_ = 10
Il =15
b~ 001 —5
=
g =35
2
= =50
= =75
2 =7
3 =100
4]
g - =150
S o001 S e 208
2 ==ly= 200
=
@
E
(=]
0.0001
0 01 0.2 0.3 0.4 05
Attachment Parameter, /3
]
Figure A5 ¢ Moment TJ:: Due to an External Longitudinal Moment ivbn a Circular Cylinder (Stress on the Longitudinahielaf Symmetryy; Original
]

202



¢

M
M, /R B

Y=

Dimensionless Bending Moment,

0.1 |
_
%%
\ n,_.__'__'_' H-"‘-._ """--,.____' ___"'r=_"_\
- T 1""---.,_ ‘-1_""--.. ‘-1‘_1""--.
\\ .. ‘_“%\% l‘“"-.. -.._|_'_‘- --.._‘_“1 --._-r=:,r_q
Y - “'- T T L""-,_ ‘-""‘- ‘-1"‘--.
NG L el ] el el e . el
N - . . Teel el Teeel Rl Tedy=10
‘\-. .“'\ \"- ‘-"‘-.. ‘-“‘--. - e q‘_""-.._ Rt =
. "'\.‘ \"._ -._\_‘ . -.._‘__‘_1 -.___'-_ Lo - _
% b S Tl T T e T
. ~. .. . -] S
ﬂﬂ n - o - - - . r—__
\-.,‘__.‘ e . "-._‘__“ 1“"-.,_ -_‘_‘_‘_1-‘ ‘n.___‘_'__“- ““““““ _r=-55
- -~ e e
Y S S 1“-‘_ T ""-..__'
e . e — S == 7=350
,‘ -‘“‘ - - ‘-..,__1 "--_“__‘_
- - . = ==
-“_““ ‘-.._“‘_ -H"‘-._ L-,_‘_-_‘- "'--‘.__'___
T "'-._‘_‘ "'-._|_| "-..__‘_'
“"‘-—- ‘-"‘-u. -‘H""'-.,_ ‘-""-n-..—.
e R R =={y=100
- B T ""‘-..__‘
""--..___ = - e "‘--._'_ —
. Rt ~ly= 150
_..,__h“-‘ ‘_"--..__"_
R ~=200
==dy=1300

0.001
0 01 02 0.3 0.4 0.5

Attachment Parameter, ,3

Figure A6 ¢ Moment Due to an External Longitudinal Moment iMon a Circular Cylindeg Original

N
J]JT=|Db

203



Figure A7 ¢ Moment Due to an External Longitudinal Moment iMon a Circular Cylinder (Stress on the Longitudinal Plane of Symmetdy)ginal

4,
J'|£7={Db

204
























