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ABSTRACT

The environmentally challenged conditions of deep offshore oil and gas operatisns
necessitated th#emand for uniquenaterialsthat could withstand both the loading conditions
of the opeations andhecorrosion resistanc&he work presented herein raglored the use
of Functionally Graded Material (FGM) tealidateits ability to proffer solutiors to deep

offshore oil and gas operatioasd their componentgarticularly in the Gulf oGuinea.

FGM wasspecifically used inthe present worldue to itsunique property exhibition that
changesontinuouslythroughout its thicknessith no discontinuities within the materidlhis
uniquefeaturewas utilized in this research to derive a combinatiof@M6é s t hmdet coul d
the requiredstrength fracture toughnesspecific stiffness and corrosion rate for oil and gas

operationsn Gulf of Guinea.

An assessment of currently available material lmoations was investigateid determine
feasible FGM combinatios (metal and ceramics) that could meet th@que operating
requiremerd In tandemthe Analytic Hierarchy lPocess (AHP) technigu&as further used to
rank thematerialsidentified and asensitivity analysiswas carried out on weight, price and
density variatiors in the final ranking the material The four (4)most highly ranked
Metal/Ceramic combinations were used for all firete element thermal and structural

analyses undertakem thiswork.

Four (4) distinctFGM pipeweremodeled by finite element analysis (FEA) using tiAdaqus

Finite Element systerbased on th&ey Metal/Ceramics materials selectdd reasonably

mimic thephysical behaviour of a series offshore pipingsystemsonfigurations. In practice,

three piping configurations were considered; Straight, Elbow armRI€Ce pipecomponents

all thesewvere modelledior a range of pressure and temperature conditibnan the reviewed

literature, onlyafew benchmarks were availalite validate thecomputational mode|shis is

as a result of the evolving nature of tlsage of FGM for piping in oil and gas industdsing

work by Ghannadet al. o n 2Dfithermeelastic model of an axisymmetric FGM hollow
cyindeb, the FGM parameters used for the validses
and vonmises stressThe comparison of results obtainedr om Ghannadds Pape
excellentagreement witlileviations ofmost of the vaables used for theithin 5% with both

the numerical and analytical results from the literature.

As an FGM cannot have a single yield point by definitiore@umation for the determination of
effective yield str enwithidepdndsmon tihe§ibldstrengthao$thed e v e |



FGM constituents and the ndvomogeneity factor of the FGMhis equation was validated
using the conventional averaging approach of the FGM vyield strengths and it showed excellent

agreement with less thdn% f o r wikhGiyhérsrumbers of layers.

Further to the determination of an ideal approach to calculate the effective yield strength of the
F G Mspthe Finite Element Analysis (FEA) of the four FGM combinations were modelled
using the approach in the validated model with the main intgmteglicting the design limits

for each of the FGM material combinations. This was repeated fthréeepipingcompments

consideredStraight, Elbow and -Piece Pipe configurations).

The normalized stress approawsias used for the determination of the design limit, this
approach compared the effective yield strerajtthe FGM tothe effective Vormises stress

for each of the configurations to determithe FGM failure tendencies due to yieldinghd

FGM design limit was determined when any of kwger in the FGMnormalized stress was

closest to one (1), above this limit the mitebegirs to yield (Fail). The design limit was

determined using theormalized stresbetweenthe ranges 00.99< normalized stress<1.01.

The FEA of the FGM sonsidered was limited to thermal and pressure loading, hence only
thermaland pressure designi mi t s wer e deter mi nedinéllaghe al | t

configurations and nehomogeneityfactors

From thetypical oil and gas operating conditions considered in Gulf of Guihealesign limit
results for thé&traight pipesrevealsthatallthe 20 GM6 s ¢ deplayedfor theoperations
being consideredlhe results from this study allowestiaightFr GM6s t o be ranked

thermaland pressure loading conditions.

On the same note, the design limgsults for theElbow Pipesr eveal s t hat only
from the 20 modell ed FGMO s coul d be adequce
consideredThe results from this study allowedbowF GM6s t o be nrnharmded ba:

and pressure loading conditions

Furthermore,the design limit results for th&-PiecesPipesr eveal s t hat al |
modelled could be adequately deployed for the operations being consibleee@sults from
this study allowed i ece FGMOs t o Dbhermal and gressure badsmg d o n

conditions.

Finally, it is wotth noting that thework undertaken herein concludeg® development oa

matrix of internal pressure and thermal loadiiog Straight, Elbow and -Piece FGMPipe



configurations that could serve as guide for FGM material selefdiooil and @gs service

conditions similar to that in Gulf of Guinea.
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CHAPTER 1: INTRODUCTION

1.1.BACKGROUND

A functionally graded material (FGM) is a specialized type of material which is characterized

by gradual changes of its composition and microstructure through the whole volume of the
componentThis gradualvariation in the microstructure givese to a vaation in the material
properties in specific directions through the thickness of the matarigdoup of Japanese
Scientiss made the idea of functionally graded materials (FGMs) pronounc&@84, while

in search of a material that can be used as tHdyarders during a space plane projedteT
materialswas considere@s a novel idea antheyd es cr i bed the FGM as i
composite that has all its properties (mechanical, physical and chemical) changing
continuously with no di $Eeyciopadia of Materid@s®ol. Iwi t hi n
11). Thechanges in the material propertiesaugh the volume of the component in FGM are
accomplished by the combination of two dissimilar materials (e.g. mixing a metal with a
ceramic), in which the ratio of mixture varies from layer to layer through the entire FGM. For
example, metal and ceranfttGM could be accomplished by placing the metal layer in one

side and ceramic layer in other side of the FGM having numerous interlayers between them.
With each interlayer having a distinct volume fraction when compared with the main
constituents of the FGMhe composition variation through the layers of the FGM results in a
smooth and gradual transition from metal phase to ceramic phase (see figure 1.1).

The unique propeytvariationexhibited by FGM through the layers is the main reason FGM is
being manufactured to take advantage of the properties trend. For instance, in a graded
metal/ceramic components, unique properties like strength, toughness and machinability of
metal, coupledvith heat, wear and corrosion resistance of ceramic is being realized from a
single component. This advantage makes FGMs verycapje in various applicationé\fash,

2000) This has resulted in a quest to research more on FGMs so as to developznEGikli

in different industrial applications.

Material A

\

> Gradient

Material

Fig.1.1: Schematic image of FGM



The excellent uniqueness with the FGM is the awareness that gradients can be designed at a
micro-structure level to tailor specific materials to specialized functional pe&iace in
particular applications. The continuous variation in material properties is actually the
distinction between FGM andonventional ompositethat has stepped material properties
without continuity. This continuous gradation of propertied=M reduces the effect of
thermal stresses, residual stresses and stress conoenttat is usually prevalent with
conventionalcomposite This now hasgiven rise toFGM beng considered in application

where extreme thermal loading is required (e.g. strattngineering desigr{Mine, 2013.

FGM materials also reduce the interface problem as a result of proficient and continuous

change of material properties from one surface to an@ae, 2013.

The behavior of FGM structures when subjected to mecaido@ding have been focused on

by many researchers from different engineering background in recent years, this is not limited
to engineering applications as nuclear power plants, heat engine components, subsea
components and aerospace structure etc.

As ealier stated, FGMs are specialized composites in which the volume fraction of particles
varies in one or numerous directions. A vital benefit of a repetitive variation of volume fraction
of constituent phases in the FGM is the eradication of stress disgbnthat is a norm with
laminated composites arftence,problems that could arise due to delaminatidfictor &

Larry, 2007)

With the advent of improved manufacturing techniques such asdhmesmsional printing,
centrifugal casting, powder metallurgy, chemical vapor deposition and spray forming, bulk
FGMs are becoming a commercial reality evident in its application in theraspace and
structural industriegVictor & Larry, 2007) Researchemsnd engineers must now find ways to
determine the best method by which to tailor constituent materials according to a particular
application. This endeavor involves three main partsgeberating models to accurately
determine the material properties for a specific material composition, 2) creating efficient
methods by which to analyze such components in response to certain loads, and 3) finding
methodologies to efficiently determineetloptimal distribution of material composition such

that performance goals are maximized. Other effects such as constituent material chemistry,
and residual stresses imposed on the structure due to the manufacturing process are also
important criteria to @nsider.

In the first case, therare several homogenization methods for estimating the effective

properties of two phase functionally graded materials. Most methods can be separated into two



main groups, namely, rigorous elasticity based approachesimaplified strength of materials
based estimates. The main reason for use of a homogenization scheme is due to the fact that
modern computational techniques aresiited to tackling a complete three dimensional
solution to the governing elasticity equats for large scale structures that are microscopically
heterogeneous. Thus, it is possible to replace an@&Bterogeneous microstructure with an
idealized microstructure that is easier to analyze. The homogenization scheme in tandem with
the idealizedmicrostructure provides an effective representation of the material properties
based on the relative volume fractions of constituent materials. In this manner the analysis of
FGMs can be simplified using theory of elasticity, with homogenized macrosceperiah
properties that vary spatially. Secondly, modern numerical techniques are currently under
development for the analysis of FGMs. These include mesh free methods sucHera¢hé

free Galerkin Method, as well as the moralitianal Finite ElemenMethod (UJeda& Gasik

2000) However, each of the aforementioned numerical techniques isaordpproximate
method; they only weakly satisfy the governing thesmtasticity theory in an integral sense or
through the principal of virtual work.

Advanced materials have played a crucial role in the development of our society and culture.
The development ohdvanced polymers, the engineering allogsd advanced structural
ceramics was made from basic exploitationbase elements from the periodic tabioi
various inorganic and organic compounds (see Figure 1.2). Furthermore, FGMs have been
developed by combining advanced engineering materials in the form of particulates, fibers,
whiskers, or platelets. In the continuous drive to improve structuralrpefce there is a
currentinitiative to tailor the material architecture at microscopic scales to optimize certain

functional properties of a structure.

| > ceramics = -

Inorganic
Compound Metal Alloy fEnhance Fibres
I fParticulates ) "
Bulk Composite Functionally
Base Elements Glass 3 ﬂPIaFe lets > composite ] Laminates [ Graded
I TWhiskers )
fFoams Materials
Organic Polymers .
Compound fMatrices
% Elastomers -

Fig. 1.2 lllustration of modern material hierarchy [5]



1.2.CONVENTIONAL ENGINEERING MATERIAL BEHAVIOUR

There are numerous type of materials with highly distinct properties. The availability of
numerous materials gives an engineer the advantage to select the material that will be most
suited for any component been designed. Consequently, it is vital testarakethe mechanical
properties of the materials and the physical phenomena causing them. The atomic structure of
materials determines their mechanical propertiesprobe further into thesproperties, it is

vital to have knowledge of the materials stuwe.

1.2.1 Metals
Metals are special class of materials with numerous impoaggpitcations They are wi-

known for their numerouadvantageouproperties, not limited to high thermal and electrical
conductivity, ductility (i.e. their capability to undergeaking without breaking) and the luster
exhibited on their surfaces. Metals ductility coupled with the special strength achieved through
alloying makes appealing to be used for various engineering applications. They possess a high
tendency for oxidation. &hce, they are transformed into metallic alloy as ned@esnentsare

soluble in them in their solid state. For example, the alloying iron and carbon produce steel.
This is possible with a large number of metallic elements to produce a wide range of alloys.
Many of which have numerous technical value, of note are the following: alloys based on iron
(steels and cast ironsgluminum copper (bronzes and brasses), nickel, titanium, and
magnesiumJoachimet.al.) Atoms in metals are arranged in such a wayttheit electrons

are spread over many atoms. This is mostly achieved in atoms arranged in a dense and regular
manner. This makes metals to form crystals that are illustrious by th@ntelled structure
exhibited.

1.2.2 Ceramics
Ceramics are classified as allametallic and noforganic materialéHornbogen et. al., 1994)

The Physical distinction between metals and ceramics is in the type on bonding, ceramics
possess a bonding type that results in the outer shell being completely filled and does not consist
of metallic bonding. They sometimes exist as one element in different forms (e.g. as diamond
or graphite) and may al so be in a compounds
are silicate ceramics, containing silicon oxide, oxide ceramics examplajnalm oxide

Al203, zirconium oxide ZrO2, or magnesium oxide and ceramics without oxide example;
silicon nitride and silicon carbide. Ceramics are bonded chemically in different forms, it could

exist with ionic, covalent, van der Waals, hydrogen and dipohds.



More often the ceramics crystal structure is complex when compared with that of metals. For
instance, basic ceramics like diamond does not form cubic or hexagonal structures like metals
when it crystallize. Diamond lattice structure is cubicahia t ur e, however, It
Bravais lattice due to the fact that each atomic site has its uniqueness. This type of lattices are
known aslattices with a basisNotable example of such lattice is also the hexagonal-close
packed structure, which is l@eved by insertion a diatomic basis by each location of the
Bravais latticqlJoachimet.al.)

Most times, ceramics are not being used in the crystalline form, they are mostly used in their
amorphous state. When used in this state, they are known as glassest cases, glasses are
transparent due to fact that they do not possess the grain boundaries required for light refraction.
They are mostly based on silicon oxide, Sistly used for window glass. Enamel is another
glassy material that is worthyf aote, is used for coating metals. It has high impact strength
and it is a good corrosion resistance material.

Ceramics exhibits high strength and elastic stiffness when subjected to compressive load, they
have appreciable resistance against many chésnaal also shows stability at elevated
temperature (applicable to only crystalline ceramics), most glasses (Amorphous Ceramics)
have no high melting point, they becomes less hardened at elevated temperatures and exhibits
t he charact er iwd The emperatureaat whichstltecAmsrphdus Ceramics
softens is reasonably below crystalline ceramics melting point.

Besides all the benefits of ceramics properties as stated aboyealsbeexhibits distinct
disadvantage: Their brittleness is a great challenge during service and manufacturing process.
They normally fail by brittle fracture, hence the initial crack existing in the material is a key
factor in the determination of theirshgth.

Ceramicgdo notdeformplastically. Failure mostly occsithroughcleavage fracturethrough
anexisting crack that keeps growing and propagating. The compaction of ceggméarstes
poreswhichactlike cracks and thus leam) to failure througlcrack propagation. Ceramics are
unable of eliminate the effect of the crack propagation due to lack of plastic deformation. This
make the fracture toughness of ceramics to be low in comparison with metals, ceramics usually
contain cracks with fhierent stes and orientations. Ceramics strength is determined by the
cracks that havthe lowest failure strength and its fracture toughness is mainly determined by
its chemical bonding strength as it informs the energy required to create fresh surface.

The corept known asnodulus interactionis one of the ways to detect cracks in ceramics, the
stress required to progress with a crack is

is larger than that of the matrix due to the matrix being partly unloadédwine particles.
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However, i f the Youngds modulus of the parti
shifted away from the particles, hence the stress is elevated with the particles and cracks are
attracted by the patrticle. In additionthie particles cannot be penetrated by the crack, the crack

will have to progress along its boundary. It is wgrth note that in all these cases the crack

path becomes enlargégbachimet.al.)

1.2.3Polymers
Polymers contains macromolecules, they are masthded together with covalent bonding,

through a large molecular chains. For this reason, chain molecules can be considered as the
basic building units of a polymer. Unlike metals and Ceramics which are made up of atoms,
polymers are made of linear compatewhich in return makes their structure more intricate

than other classes of materi@l®achim et.al.).

The individual chain molecules (which is made up of several identical units, called monomers)
contained in a polymer are normally organic compourtte fumber of monomers in a
molecular chain is usually of the orderttop twhich causes a total molecular length of up

to a few micrometerslhe average number of monomers in the chain molecules of a polymer

is called the degree of polymerization. Evarglecule which can link in such a chain reaction

can be used to produce polymers. Along these lines, there exists a wide range of polymers with
emphatically changing synthetic and physical properties and in between the molecular chains,
there are no stronghemical bonds. Contingent upon the molecular structure, the firmly
temperature dependent dipole, hydrogen, or van der Waals bonds are shaped. Polymers could
be formed byaddition polymerizatiorandcondensation polymerizatiodastrzebskil976).

The mechanical properties of polymers are principally determined by the portability of the
chain molecules. The portability relies upon the chemical structure of the polymer. For
example, a polymer which contains a carbon chain (single bond) is pliable af gdseharbon

atoms because a single bond between two carbon atoms is free to rotate freely. Alternatively,
double bonds are rigid and this is because the mobility or portability is also affected by the
presence of side groups. Ethylene is a typical exawipa monomer that can form a polymer.

The resulting polymer consists of a chain with a carbon atom back bone. Symbolically, this is
written as 06 'O with the index O6nd denoting the n
polymerization. As clarifiedabove, straight chains are the establishing units of polymers.
Though, it is conceivable to covalently crdisgk the chains, shaping a molecular system.
Thesecrost i nks are vital in deciding the mechani

the clains in respect to one another and consequently render it difficult to draw out single chain



molecules. Because of this, a difference can be drawn bethesnoplasticsvith no cross

linkage, elastomers (or rubbersyith few crosslinks and duromers (addtionally called
thermosetting polymers, thermosets, or resitise last name being because of the way that
they are shaped by solidifying a resin component) with numerous crosslinks. Elastomers and
duromers, unlike thermoplastics which can be senystaline (made up of a mixture of
crystalline and amorphous regions), both have chemical bonds that make a regular arrangement
of the chain molecules impossible which in return makes them almost completely amorphous.
The volume fraction of the crystalline reg®in a semcrystalline thermoplastic is called its
crystallinity. In a semicrystalline thermoplastic, the crystalline regions consist of only
regularly folded molecules. Usually, The crystalline regions have a thickness of approximately
10nm and also Ength between 1um aridpm andn between them are amorphous regions.
The crystalline regions are regularly arranr
material, formingspheruliteswhich are similar to the crystallites in a metal. Their extenision

about 0.01mm to 0.1mm.

1.2.4Fibre Reinforced Composites
There are different materials (composites) which can be consolidated to exploit positive

properties of each material used. The result of this mix might be alluring for molecule or
particle reinforcing of metals and for disperssirengthened ceramics. Cpasites, being

fairly difficult to precisely define can be thought about as a material that includes two
physically distinct phases. Composites used today are characterized by the following
properties:

1 A strengthening second phase is embedded in a con8maatrix.

1 The strengthening second phase and the matrix are initially separate materials and are
joined during processing internal processes like precipitation do thus not produce the
second phase.

1 The particles of the second phase have a size ofadenmrometres at least.

1 The strengtheningfieect of the second phase is at least partially caused by load transfer.

1 The volume fraction of the strengthening second phase is at least approximately 10%.

(Joachim et.al.).

Fibre reinforced composites, or ybre composi
phase are long ybres, surrounded by a matri x
Onemodelisglasg br e forti fied pol yme networiGitmRirfgrced n wh i

by including glass ybres As at first express



wanted properties of the constituents. Focusingonglass e r ei nf orced pol yi
ybres increment the fithess and strgth, and the encompassing lattice makes the material
increasingly bendable and shields the ybres
number of possible combinations due to the fact that different materials are joined in
composites. Metal, ceramior polymer matrix composites can be strengthened wiitardint

kinds of particles or ybres. Composites ma\)

strengthening particles (ybres, fabrics, etc

1.3.ENVIRONMENTAL DEGRADATIO N OF CONVENTIONAL ENGINEERING
MATERIALS
There are various differences in the level or degree of reactivity of the major group of
conventional materials (metals, polymers and ceramics) even though all materials will react to
some degree with certain enviroantal constituents. Metals are by a wide margin the most
reactive of these groups and this is a reason why metals are found in nature in form of
compounds. The metals compounds in the ores, oxides, sulfides, nitrides and the likes are very
stable compours] At the point when metals are expelled from these components, they want to
return to where they originated from. Metals are taken from their ore and refined with the goal
that they are formable and effectively manufactured into numerous desirablersgwdbere
they can be utilized. While returning to where they originated from, they may mix and react
with many elements that exist in whatever environment to which they may become exposed,
including those that are not normally found in ambient atmosphiiese could include the
oxygen, gaseous hydrogen, nitrogen atmospheres, etc.
Billions of dollars is been spent for extracting metals from their compounds as found in nature,
and then billions more to protect them from reactions that occur in their nesrenent.
Estimates of loses in US industries due to corrosion of steel fall in the range $70Billion to
$80Billion per yeanRogers, et. al. 1995In the same vein an estimated amount of above
$50Million is spent per year in Deep Offshore Gulf of GuineadNigeria for maintaining

corrosion related issue.

Metals are responsive due to the fact that they have free electrons meandering around searching
for something to which they can end up appended, and in this manner bring down the general
energy of the maix. Polymers are considerably more exposed to natural debasement than
ceramics. In polymers, light inside the scope of the bright wavelength area can bredR the C
bonds between molecules, causing what is knowohasring [carbonization]. One of the

greatest effects of environment on polymers is caused by organic solvents.



In polymers, the solvents of electtbemical reactions in polymers diffuses into the polymer
body without breaking bonds and then causes plastization and swelling effects, which is
commonly known as physical erosions. Natural B@additionally lead to the decay of polymer
properties. A few synthetic chemicals cause crazing and modification of mechanical properties
of polymers. When all is said in done, polymers are influenced yigg atomic response,

heat, oxygen, stickiness and natural solvent.

Some chemicals can attack ceramics which leads to their degradation and loss of quality but
after all of these, ceramics are still the materials that are least affected by envir@onant.
ceramics are used to etch glasses and this is so because these ceramics have their silicates
attacked by hydrofluoric acid. Strongly bond ceramics are very stable and inert to attack be

attack by most aqueous solutions including acids and alkalingoss.

1.3.1 Corrosion of Metals
Generally, metals reacts with the earth and its environment and this can be classified into two

noteworthy groups: That with the fluid condition (through a galvanic cell) that is otherwise
called electrochemical consumpticemd that with different reactants, for example, oxygen
(oxidation), acids and a large group of other media. The most noticeable degradation system
for metals is galvanic corrosion and it is describes as the loss of metal by a galvanic response.

This is acomplished by evacuation of either iron particles or the electrons.

Taking into consideration a real iron sample which consists of grain boundaries, displacements
and impurity atoms mostly in the form of precipitates such as iron carbides or oxide irglusion
left as a residue of the refining process. Any of these can wind up being anodic or cathodic in
line with the main body of the iron. The atoms in the grain boundary are more disordered and
not as rigidly stuck together as those in the perfect latticéhésds the reason why the atoms

in the grain boundary can go into solutions simpler than the atoms with the grain proper. A
boundary is anodic if more atoms go into solutions at the grain boundary than from the former
lattice causing more electrons todenerated there and these electrons will be expended in the
inside of the grain not minding the fact that the region itself may be producing its electrons by

the dissolution of the iron atoms.

The termd P a s s i desctibesoanp@ocess that affects tberasion rates of metals very
considerably and always in an advantageous direction. High passivity metals form tight
adherent proactive oxide, stainless steel is passive because of its chromium content Nickel and

Iron show some degree of passivity but twothe extent of stainless steel. Polarization curves
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are used to visualize Passivation. This curve shows the plot of electrode potential against log
of the current density [as shown in figure 1.3]. The active region of the polarization curve has
the currat and electrode disintegration rate of a typical active metal increment exponentially
with expanding positive potential on the electrode otherwise called the metal active state. In
the case of metals with passive capacity, a marked decrease existsia tieorrosion which

has a factor of o 1 when the potential exceeds some critical value denoted as Ep on the

polarization curve. The corresponding critical current is know@@ogers, et. al. 1995).
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Fig 1.3: Schematic polarization curf@ a metal that displays an actiyeassive transition.
Source(Rogers, et. al. 1995).

The current density speedily reduces to a constant value which does not change with expanding
electrode potential once tligp value is lower than the electrode potahtThis is the passive

state of the metal as noted on the above polarization curve as the passive region. But when the
electrode potential attained is sufficiently high ] the metal again becomes active. The part

of the curve is termed theans-passive region

Nature can change the condition of passivity. Most oxide films are affected negatively by
chlorine ions, particularly that of aluminium. Confined erosion can occur because of breaks in

the film. Different sorts of corrosion can bepexienced by metals.
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Uniform Corrosionas the term suggestsdefined as a type of corrosion attack (deterioration)
that is more or less uniformly distributed over the entire exposed surface of a metal. Uniform
corrosion also refers to the corrosion tpatceeds at approximately the same rate over the
exposed metal surfac&€ast irons and steels corrode uniformly when exposed to open

atmospheres, soils and natural waters, leading to the rusty appearance.

Localized Corrosionor known aitting corrosionwhen the depth is more than the diameter

of the pit. At certain depths the pits may branch out into several directions. A small, narrow pit
with minimal overall metal loss can lead to the failure of an entire engineering siysfetting
corrosion, thenodic sites do not shift but become fixed at certain points on the surface. Pitting
often requires a certain amount of initiation time but the pits grows faster with time as
conditions within the pit becomes more aggressive. Oxygen fixation cells caa pituland

the distinction in oxygen concentration between the pit and the surface will quicken pit
development rates.

Crevice Corrosion:This refers to the localized attack on a metal surface at, or immediately
adjacent to, the gap or crevice betweenjouting surfaces. The gap or crevice can be formed
between two metals or a metal and 1moetallic material. Outside the gap or without the gap,

both metals are resistant to corrosion. Relating to themetallic material scenario, the second
material maybe debris, such as grease or mud, gaskets and parking materials and as a result
this type of crevice corrosion has been callieghosit or gasket corrosiorRelating to the

0 me-mat al 6 scenari o, cracks and sevwemwxstweeay be
two regions of the same metals. The mechanism varies from material to material and with
environment, but what is common in all crevice corrosion is the presence of a crevice where

stagnant fluids collect.

Stray-Current Corrosion This refers @ corrosion resulting from stray currenthe current
flowing through paths other than the intended circuit most commonly encountered in soils
containing water. It is more common in underground structures. Protective coating and

insulation are two possiblpreventive methods that may be used for this type of corrosion.

Intergranular Corrosion. Sometimes callediritercrystalline corrosioh or "interdendritic
corrosiort, Consists of selective attack at the grain boundaries. The fact that chemical etchants
reveals grain boundaries is evidence of the susceptibility to chemical attack and dissolution at
these boundaries. It occurs in austenitic stainless steels, some super alloys, and possibly in other

high-chromium alloys that have been heated into certaineestyre ranges.
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Selective Leaching Corrosianrefers to the selective removal of one element (minor) from an
alloy by corrosion processes. A common example islézéncification of unstabilized brass,

whereby a weakened, porous copper structure is prdduce

Erosion-Corrosiont. Erosion Corrosionefers tothe combined action involvingrosionand
corrosion in the presence of a moving corrosive fluid or a metal component moving through

the fluid, leading to accelerated loss of metal. Grooves and gudliesally appear.

Corrosion fatigue Corrosion Fatigue refers to the process in which a
metal fracturesprematurely under conditions of simultaneous corrosion and repeated cyclic
loading at lower stress levels or fewer cycles than would be required tofaagse of that

metal in the absence of the corrosive environment. One primary role of corrosion in the
corrosion fatigue process is that of providing surface defects for crack formation and
propagation. Crack propagation can also be enhanced by a cerpostess in some alloys
whereby the energy required to break atom bonds and provide two new surfaces is reduced by

the corrosive media.

1.3.2 Environmental Degradation of Ceramic Materials
Ceramics materials are basically insulators, the type of uniform camre@sperienced in metals

cannothappen on account of absence of conductor. This does not mean that other forms of
chemical attacks are not conceivalblgdrofluoric acid is used to etch glass and other ceramics
materials. The degradation of ceramics byaim@ronment is less as compared to that of metals
and polymers. Numerous ceramics materials will decompose at high temperatures, and most

times, the environment can fasten or change the decomposition rate.

Dissolution corrosiondescribes the impact whiclerrosion and other environmental influence

has on ceramics material and some of the same metallic behavior of grain boundary or stress
corrosion may be included. There are many parts which can provide a conductive path for
electrons to flow in galvanicetl reaction and some examples of these components are bonding
agents, grain growth and mineralizer. Thus, corrosive attack is often centeradthute
guantities of such components. Processes like reaction sintering, vapors deposition and hot
pressing hae eliminated the effects of this minor constituents and hence less concern for

corrosive effects in ceramics.

Weatheringdescribes the corrosion of glasses by atmospheric conditions. Weathering occurs

due to the presence of water vapor and is believee telhted to tensile stress set up by an
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ion exchange of the alkali by hydrogen ions. Sk silica glasses lose considerable strength
due to atmospheric corrosion by water vapor. Glass corrosion by liquids occurs more frequently
than that by vapors. @ses are soluble in liquids over a wide range of PH values from acids
to bases, including water to a slight extent. The &8ijbate glasses such as the borosilicates
and alumina silicates of about 9836, content have excellent corrosion resistatm@pared

to the watessoluble sodium silicates. Glasses fibres are much more subject to corrosion than
are the bulk glasses due to the higher surface/volume ration. Humid environments lower the
strength of the glass fibres which is why most glass fibeepradduced with a polymer coating.

Ceramics are relatively resistant when they are chemically attacked and this can be easily
related to bond strength. Though weakly bonded ionic salts, nitrates, oxalates, chlorides and
sulfates are dissolved in water amdak acids, while the more strongly bondedb®l, SiN4

and ZSiOq are resistant to many types of chemicals, including aqueous solutions, strong acids,
bases and liquid metals and hence can be used as crucible materials. These oxides are also acid

and bas resistant and are used either to replace metals or as a coating for metals.

Ceramic materials are used in applications like gas turbine and becailsg wéry high
temperatures are not desired. Oxides and silicates are more stable-ienfpginatureoxide
environment are the carbides, nitrides and borides. Porosity is also a factor since oxidation can
occur along interconnected pore channels. For heat enginig,a8id SiC appear to be the
leading candidate materials since they possess good statiymal conductivity, low

thermal expansion and good high temperature strength.

1.3.3 Environmental Degradation of Composites
The responses of metals [steels], polymers and ceramics to ecological degradation have been

portrayed in discussions above. It worétdirange to state that the ecological impacts would
kind of pursue the rule of mixtures since the properties of composites are an element of their
constituents and this is somewhat true. Any of the ecological impacts referenced already on the
individual @mnstituent would be relied upon to effectively affect these particular constituents;
given that there exist a way whereby the harming fixings can arrive at the individual

constituents.

In increasingly modern composites, for example, organic matrix fiompaosites, different
issues emerge. The most generally dreaded is the disintegration and breaking of interfacial
bonds. Swelling and plastization of tars can be causesabgr and irnthis way allowsthe

entrance of water or different fluids by capillaragtivity along the fibematrix interface.
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Weakening of PMC [Polymer Matrix Composites] by dampness or chemical assimilation is of
incredible concern. The quality of these composites can be decreased if the compound species
in the environment attack the lgmer, the support material or the interface between the two
materials. MMC [Metal Matrix Composites] are not as susceptible to moisture as susceptible
to moisture deterioration as are PMCo6s. The
temperature tability of the matrix and reinforcement constituents in the environment of
interest. Damage from external environment can be minimized if the reinforcement material is

not exposed. Gal vanic corr os(@oachiméteal). been obs

This section explored the properties and degradation of basic Engineering Materials; Metals,
Ceramics and Composites, this is vitalthis study as it gives a premise upon which the

proposed FGM solution could be benchmarked based on properties and behavior.

1.4. STATEMENT OF THE PROBLEM

Recent challenging Engineering Operatiamshe Gulf of Guinedas increased the demand

for unique structural materials due to the severe working conditions, specifically in Offshores
Oil and Gas facilities were the challenge mbbg corrosion is really alarming. Hence, a need

for research into a specialized material that meet the challenges stfeamgtire toughness

specific stiffness and corrosion experience in most Deep Offshore Operations including the
Gulf of Guinea wherall deep water operation in Nigeria are located. In clear perspectives, this
research was necessitated as a result of the lingering operational challenges faced with Sea

Water Processing Line on most Deep Offshore Production Facilities in the Gulf @&aGuin

This research foced on a specific facility with a profound exposure in termstlodse
challenge®n its Sea Water Processing Line during operaifibe.line was originally designed

with steel pipes and later replaced with a conventional compasiterial of FRP (Fiber
Reinforced Polymer) to reduce the effect of corrosion on the line due to the corrosive nature of

sea water as shown in the pictures below:
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Fig. 1.4: Applicaibn of Fiber Reinforced Plastic (FRP) on an Offshore Facilities at Gulf of
Guinea.

The stopgap solution of replacing the sea water processing system with FRP on the facility has
yielded favorable outcome as most of the challenges faced with the steglygym greatly

eliminated, particularly that of the corrosion.
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Despite all the benefits derived frdfRP, some salient challengasebeing experienced while

using the FRP on the sea wabencessing systems a result of stress@heseinclude:

A Limitation to operating conditions.
A Frequent cracking of the FRP.
A Frequent failure at the flange.

Consequently, the above mentioned challenges result in a huge maintenance cost for the FRP

annually, running into about 2 million USD per operating facility.

Hence, tle justification for a research on a material that will have all the advantages of FRP (in
terms of specific stiffness and corrosion resistance) and equally have wide range of operating
temperature with the fracture toughness required to withstand cradlaagd failure during

operations.

Although the highlighted challenges were experienced in the Gulf of Guinea. The findings from
the research could be applicable to all Oil and Gas Operations, most especially Offshore

Operations.

The class of materials grosed to meet these increased demands is Functionally Graded
Materials (FGMs).The uniqueness f F (pidgediesmakes it suitable tbe tailored to
specificservice/operations such as tinegetemperature gradient and corrosive environment

in the oil and gas industry

The applications of functionally graded materials (FGMs) are increasing because of their
capability to control the thermmechanical stresses in structures under thermal and mechanical
loadings. FGMs are a new kind admposite materials whose therm@chanical properties

vary continuously along certain directions. There have been few analytical solutions from
numerous researchers in recent years to determine the stress distribution in structures,

especially in cylindgal structures.

This research work focuses on 8ieess analysis of functionally graded pipe components, with
the main purpose of making it an ideal replacement for the conventional materials used in

extreme service condition in offshore Oil and Gas djmera

1.5.AIM AND OBJECTIVES
The aim of thevork contained in this thesis toanalyze the stregssona Functionally Graded

Pipecomponentsubjected to thermal and mechanical loagiagericallywith the purpose of
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using the material as a replacement toenircomposite material (FRP) used on the Sea Water

Processing Line of most FPSO in deep offshore operations in Gulf of Guinea.

Thisis achieved through the followingpecificobjectives:

A To performstressanalysis of FGM as a finite pipe undarange oflifferent thermal
and mechanical loadisg that replicates the re&ife operatingscenarios

A To determineand optimizehe materiatonstituento be used for the FGM modelling.

A Predicts the design limit of the FGM based on Von Mises failure criteria.

A Cary out parametric studies foother FGM pipe ®nfigurations and mateal
combinations, this will givensight on themost optimal configuration and material
combination The configurationsinder consideratioare:

1 Straight FGMpipe Configuration
1 ElbowFGM pipeconfiguration.
1 T-PieceFGM pipeconfiguration.
All theseFGM configurationsand material combinationgeresubjected to mechanical

and thermal loading conditiormmsly.

1.6.SIGNIFICANCE OF THE STUDY

The reviewed literature for this research revedhed there is little information available on
FGM as applied to pipe components. Nevertheless, the benefits of FGMs as offeetl in
service conditionssuch as structural suppahows that there is much potential for their
application to the oil and ga®dor. The outcome from theesearchexplored FGMPipe
application in the oil and gas industry aislo revealed the piping configuratiosgéight pipe,
elbow pipe and Jpiece pip¢ that is suitable for different pressure and terapure limits In
addition, theresearch also proffedthe optimumFGM materialcombination to be considered
for oil and gas operationsithin theconditiors below.

A Ability to withstand the operating temperature range of 0 t6@50
A Excellent Corrosion Resistance

A Excellentinteraction with salt water.

A Availability.

A Excellent fracture toughness

A Excellent specific stiffness due to offshore application

A Fatigue and tensile strength

A Economicconsiderations
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The outcome ofhe researcks a benchmark for future studies on FGM utilization for oil and

gas piping operation. In addition, it will also guide in the decisiaking forall the prevailing
challenges faced by the operators of deep offshore Oil and Gas Assets on the Sea Water
Proeessing Line of their facilities.

1.7.SCOPE OF STUDY
The study is to analyze the effect of stress on a Functionally Graded Pipe subjected to different

thermal and mechanical loading. The focus will be as follows:

A To perform a finite element analysis on the F@Nd to also perform a detailed
simulation on the FGM through various loading conditions.

A Select the most optimum materials for the FGM combinations.

A Developandpedi ct the design |limit for the FGM

A Perform an elbow FGM pipe configuration FEA and deteeniis design limits.

A Perform a Tpiece FGM pipe configuration FEA and determine its design limits.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTORY REMARKS

There have been numerous studies performed to analyze the response of Functionally Graded
Materials subjeced to mechanical andhermalloading and other variables, most of these
investigations are based on analytical or numerical appeaachis chapterdelvesinto some

of thesditeraturesrelated andelevant to the problem under consideration.

Furthermore, some literatures on material selection were also reviewadashiggive insight

on the material selection approach that was considered imabenp study while determining

the most suitable material constituent for the FGM that will tineetlesired service conditians

In addition literatures on FGM Pipe configurations were also reviewed with more attention on
the Hbow Pipe configurationbeing one of the configurations consideradhis study These
literatures asreviewed provided wdepthunderstanding diteratures relating to the structural
behavior ofdifferent aspeatof elbow (bend) pipesThese ranges from the determination of

the ultimate loading conditionthat theelbow pipe will fail (Internal Pressure, Bending
Moment, etc.)andsomeparametric studies on the pipe bend to understand the failure mode
under difference ranges of design.

In summarythe review focusson, literature on generic FGM study, Finite Element Analysis

of FGMOGs, Materi al Selection approach of FGNM
They are as detailed in the following subsection.

2.2 RESEARCH ON FUNCTIONALLY GRADED MATERIALS

Severalkey papers in théterature were reviewetb give an insight on thpresent state of

knowl edge on Finite EIl ement Anal ysi sThef FGM
detailedsummary of althe contributions from thkteratures reviewedithin this sectiorare

detailed in table 2.1.

1. Abotula et. al. 2012undertookresearch ordynamic curving cracks in functionally
graded materials under thermmechanical loadingThe study focused on the crack growth
along the path on FGM, Basic Material properties such as thermal conductivity, mass
density, sheamodulusand coefficienbf thermal expansiowere variedalong the gradation
directionof the FGM The stress field of the crack propagation in the FGM was developed
using the asymptotic analysis in conjunction with displacement potentials. Asymptotic
temperature fieldsvasdevelopedor both the exponential variation of thermal conductivity

andfor temperature fieldsvhich wasused to derive thermamechanical stress fields ftine
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curving crack in FGMsThe derivedthermaemechanical stress fieldsas used to develop

components of the stresses and the effect of curvature parameters, temperature and gradation

on these stresseseatiscussedFinally, the minimum strain energy density criteriwas used
to determinghe effect of curvature parameters, criipkspeeds, naghomogeneity value3he

finding from this study revealed thdiet thermemechanicaktressat thecracktip is affected

significantly by norhomogeneity parameterg. t was al so determined

mechanical properties gradation affects the contourseahaximum shear stress considerably

on the other hanthermal properties gradatioas no significanteffect on the stresse$he

main conclusiorirom this study is thahon-homogeneity factor has high influence on thermo
mechanical stress and that for stresasiderationemphasis should be more on mechanical
property gradation of the FGM rather thae thermalpropertygradation.

2. Shariyat et.al2013, researched on lowelocity impact analysis of the functionally
graded plates using commercial finite elemsoftwareand discrete models for variations of

the material propertie3he sudy focused on #analysis ofwo directionally graded circular
platesusing the nonlinear approach when subjectedréboadsthat is radial.Some unique
featuresof this research are(a) thestudy modelled a precise variation of material properties.

, (b)itfocusedon FGMO6s wit h pr o padial any tramsaerse diréctioasn(c)i n
it takes into account theanitial compressive/extensional radial loads, fdevaluated the
influence of radial préoad with thenonlinear von Karmatype straifi displacement relations,

(e) it used the refined contact law account for the material heterogeradtigg the plate
thickness .The study performed detailedsensitivity analysis including effects of various
material hetrogeneity, geometric, and motigarameters araccomplishedThe study by
Shariyat et.auided the approach used in the present research to account for the material
properties heterogeneity along the pipe thickness

2.3 RESEARCH ON FGM USING FINITE ELEMENT ANALYSIS ON
VARIOUS LOADING CONDITIONS
This section focuson the review of literatures that weegloredspecificallytoward thestudy

of Finite Element Analysi®f F GM6 s s udvareus tloadihg conditiong he review
delineated orthose studies performed within the past five yeardetailed review of some
literatures that were within the scope of reference are detailed belmle, all reviewed

literatures within this confines aseimmarized inable 2.2
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2.3.1. JingHua Zhanga, Guange Lia and ShiRong Lib (2015)

JingHua Zhanga, et. al (2015) researched on the transient displacements of ai ceesathic
Functionally Graded Material (FGM) cylindrical shell subjected to dynamic thermal loading
are investigated using the differential quetdre method (DQM). Th@rading of metal
ceramic propertiealong thethickness directiorwas determined by theimple power law
distributionthat accounted for theolume fractions of the constituents as shown in equation
and figure 2.1 belowLaplace tansform and power series approach was used to detdhmine
transient temperature field bbththe ceramitmetal Furthermorethe transient displacements

of the axisymmetric deformed she&lkereobtained by solving governing equations using the
DQM. Thestudy also analyzed tledfects of the shape geometry and the material constitutions
on the transient central deflectiorhe study discovered thtte transient deformations of the
FGM cylindrical shell under dynamic thermal loadioguld be controlledby changing the

volume fractions of the ceramics.
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Fig 2.1: The sketch of the ceraniimetal FGM cylindrical shell subjected to dynamic thermal
loading.(Jing-Hua, et. al,2015)

According to this model, the effectiveaterial properties (Young's modulus E, coefficient of

t her mal expansion U, the specific heat capat
mass density (}J) can be expressed as:

0 O 0 hoa 0 2.2
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Poi sson' s r atconmsidesablydwithettse material constituents so it is assumed to
be a constant, i .e. ¢ (z) = ¢:

The research bying-Hua Zhangat. al. was basedn the classical shell theomith boundary
conditionsat both edges simply supported. Throusfiady, the fdlowing conclusion was
drawn:

A The thermal membrane foremd the temperature field tends to be stable with as time
increases, whilene thermal bending moment reaches a peak at first from zero and then
tends to be zero with time goes by.

A Consideringhickness, radius and length effectthe FGM shelltransient deflection.

The thicker shell responds slowterdeflectionand tend$iave asmaller stable value,
while the bigger radius responds faster and tendsawebigger stable value€n the
contrary, the effect on the transient deflectionrnsgligible considering the bigger
length.On the same notehe thermal membrane force in the circumferential direction
increasegradually and tends to be stableertime.

A Theproperties of FGMlue to its gadationhavesignificant effects on the deformation
of the FGM shells. The central deflections of the metal/ceramic FGM shelis-are
betweerthose of the metal and the ceramic shells and increase monotonously as power
law index increaseddence, the defldions of theFGM cylindrical shellcould be
alteredby changing the volume fractions of the constituent matefTdis. research
guided the approach used in FGM Material gradation in the present research by the use
of the PowelLaw Equation, it also shedhore light on the relevance oGM property
gradation on the FI@ deformation.

2.3.2. Mine Uslu Uysal (2013)

Uysal investigatedthe thermal and mechaaicloading on functional gradeplates The
research was based on the mechanical deformation behavior of shear deformable functionally
graded ceramimetal (FGM) platesThe buildup of the FGM was based power law theory.

In addition, themechanical properties of the plate are graded in hiekriess direction
according to a powdaw, displacement and stress is obtained using finite element method
(FEM). The load is uniforty distributed over the plate surfadeut varied in the thickness
direction only. The FGM modield by Uysal is defined tbe a material which has a continuous
gradation through thehickness (h)with either side being fully metal @eramic respectively

A mixture of the two materials composes the thretigh thickness characteristics. This
materialgraddion along the tlikness (h) igleterminedby a par &mwntasmon @A no

homogeneity factodtn=0t he pl ate is a fully ceramic pl a
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metal. The nonhomogeneity factor anthe position in the plateleterminethe material

properties of the whole FGlEInd varesaccording to a power law.

Ceramic

b _

A v
I/ h
A

Metal

-
o

Z

Fig.2.2 Schematic diagram and dimension of plate

=

Fly 1

Fig. 2.3 Schematic of the FGM gradation

The typical material properties P,& etc, arevaried through the plate thinkss according to

the expressions (a power law) as shown below:

% U % % — % 2.4
ou 6O 6 — @) 25
pU P P — 1) 2.6

Thevaluefi nio the above equatiois significart as itinfluences the volume fraction of the
FGM constituentlt essentiallydetermineshe amount and distribution of cerarnetalin the
plate. Higher values of "n‘'makesthe plateto tendtoward metal (loweplatesurface) on the
other hanglower values of'n" make the platéend toward ceramic (uppplatesurface). The
"n" value could be varied to tailor the FGM to specific applications. Uysal characsgiZe
for each of the models studied.
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The approach used study by Uysal et@betermine the matatigradation of FGM was used

in the present research. The use of ply and technique of dividing the FGM into two to determine
material variation through the ndromogeneity factor as utilized by Uysal et al. was also
explored in the present research. Iniadd, the power law was also used to derive the FGM

constituent proper as used by the study being reviewed.

2.4 RESEARCH ON MATERIAL SELECTION FOR ENGINEERING
APPLICATIONS
Optimisingthe material selection/combination for FGM is one oé tesearctobjectives for

this work andto effectivelyachievethis objective, some past literatures that on FGM material
combination and applications were review&lis sectionof the literature review foces on

the review of past literatures on FGM Modelling Wit emphasis on the materials
combinatioriapplicationof the FGM Some of literatures reviewed that considered the FGM
materiab similar tothe materials bthis study are presented belowhe detailed literatures
reviewed on FGM material selection/applicatis as summarized in table 2.3

2.4.1 Douglas E. Burkes and John J. Moore (2006)

Burkes and Moorstudied the microstructure and kinetics of a functionally graded WiTk
composite produced by combustion synthé®suglas& John,2006)

They were able t@roduce Nickel Titanium alloy or Nitinol (NiTi) and Titanium Carbide
(TiCx) functionally graded material (FGM) through use of a combustion synthesis (CS)
reaction utizing the propagating mode (SHS). The produced FGM takes advantage of the
unique supereléis and shape memory capabilities of Nitinol with the high hardness, wear and
corrosion resistance of Titanium Carbide Ceramics. The produced FGM was considered the
graded in both its porosity and composition with excellent material interaction. “Regy X
diffraction (XRD) of the FGM conducted shows presence of Titanium Carbide with equi
atomic Nitinol and minor NiTi2 and NiTi3 phases. The Xi€ntent in the FGMlecreased

with increasing Nitinol content. A detail study conducted over the length of thediGMs a
decrease in hardness as the Nitinol content increased.

2.4.2 N. H. Faisal et al. (2017)

Faisal et al. researched on the Cyclic Nanoindentation and-INgaxt Fatigue Mechanisms

of Functionally Graded TiN/TiNi Filnf{Faisal et al.2017).

Faisal et al. sidied the fatigue mechanisms of functionally graded Titanium Nitrite (TiN) and
Titanium Nickel alloy (TiNi) films under the effect of several loading cycle and impact

investigations. The functionally graded film has the unique properties ofejaasciy and
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shape memory behavior of TiNi film combined with the tribological and-cortiosion
properties of the Titanium Nitrite (TiN) Ceramics. Thanomechanical investigation was
conducted on the FGM to study the modes of failure employing both conic&eskovich
indenters with varied loads within a particular range. The study reveals that the results changes
profoundly to the load applied, mode of loading and geometry of probe. The study concludes
that the induced localised indentation stress, filnufailand generation of pseudiasticity at

a lower load range is critically dependent on the shape of the indenter.

2.4.3 Xing-Hong Zhang et al. 2000

Zhang et al. researched on thierostructure and mechanical properties of-N{Junctionally

graded materialby simultaneous combustion synthesis and compa¢Korg-Hong et al.

2000.

The study by Zhang et al. was able to fabricate Titanium Carbide (TiC) and Nickel (N) FGM
through the instantaneous combustion fusion and hot compaction of Titanium, Carbon and
Nickel powders under a hydrostatic pressure. The grading of the composition was enhanced by
FEA and achieved through the piling diverse powder mixtures of preferred compositions. X
ray diffraction and microprobe analysis investigation of the FGM reveaighit combustion
reaction was complete and the final products has phases of TiC and Ni only. The FGM physical
and mechanical properties measurements reveals that these properties were mainly dependent
on Nickel content and apparently get to its peak &lokedensity, flexural strength and
hardness at standard temperature when the Nickel content was increased to 20 wt%. The
maximum in fracture toughness value was found to be with FGM Combination -&0TwE%

Ni material.

244 In-Jin Shon and Zuhair A. Munir (®5)

Shon and Munir worked on Synthesis of TiC, TE&l Composites, and Ti€Cu Functionally

Graded Materials by Electrothermal CombustiionJin & Munir, 2005)

The study synthesized Titanium carbide and its composites and FGMsiafCLiGhrough an
electothermal combustion (ETC) method. Th&nium carbide synthesized through ETC
showed minimal porosity as compared to those synthesized by ordinary ignition with the aid
of radiative heating. The study revealed tmhposites and FGMs with higher coppentent

can be synthesized effectively by electrothermal combustion. It also revealed that in the
Functionally Graded Material product the variation in composition in the graded region was

seen to be almost I|inear for samples with O
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2.4.5 Zhaohui Zhang et al. (2012)

Zhang et al researched on the new rapid route- sdunsynthesize TiBTi system functionally

graded materials uggrspark plasma sintering methath@ohui etl., 2012)

The research was on a fdayer Titanium Boride and Titaum system FGM that was
synthesized speedily through a sintering procedure that uses spark plasma with the aid of
graphite die that changes in its cross sectional area. The configuration and microstructure the
FGN layers were categorized byra&y diffracion (XRD) and scanning electron microscopy.

The mechanical properties of individual layer were analyzed with the aid of three point bending
procedure and a singlge notched beam method. The results from the research reveals that
a steady graded temparee field can be achieved while utilizing the Spark Plasma Sintering
(SPS) process. The synthesized FGM displays fine and dense microstructure that is continuous
and free from crack at the interfaces. The relatively high hardness observed at the interfaces
signifies that the interfaces between the FGM are-balided. The study also reveals that the
bending strength and the fracture toughness of the FGM layers are high when the material is

synthesized with a préesigned die than when it is synthesized &itommon cylindrical die.

2.5 RESEARCH ON PRESSURE SYSTEMS PIPING COMPONENTS USING

FGM DESIGN
Over the years, there have been numerous studies on different aspect of elbow (bend) pipes,

this studies ranges from the determination of the ultimate loadingdjtions to which the pipe

will fail (Internal Pressure, Bending Moment, etc.) to some parametric studies on the pipe bend
to understand the failure mode under difference ranges of design. Most of the studies presently
in literatures focuses on elbow (izh pipe made of conventional engineering materials, based
on the available literatures, studies on the Finite Element Analysis (FEA) of Elbow (bend)
FGM Pipes are limited or unavailable, hence phesenstudy will give a fair understanding

of how bend FGM pipe behave under combine loading conditions. The review of literature
reveals the following researches and findings as regards to FEA of elbow pipes made from
conventional engineering materials (As soarized in table 2.4).

2.5.1Christo Michael T., Veerappan A. R., and Shanmugam S. (2012)

Michael et. al. researched on the Comparison of plastic limit and collapse loads in pipe bends
with shape imperfections underpiane bending and an internal presg@hristo et. al. 2012).

The research by Michael et al. was premised on the fact that when Elbow (bend) pipes are

subjected to closing bending moment, there is a significant deformation (ovalization) in the
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cross section this tends to make the geomettgrideated, as shown in figure, Delow it
results in the thinning of the extrados and thickening of the Intr@iussto et. al. 2012).

7]

: z ,}, 4_.«){}-—7 "4“&.7 - 'ﬁ,ﬂ Dimax
|

—T— Crown

Figure 2.4: Pipe bend geometry with attached straight(@ipgsto et. al. 2012)

The degree to which ovalizatiarccurs is dependent on the variance of major and minor
diameters divided by the pipe nominal diameter. This is expressed in percentage form as

percentage ovality;

0 ————7ZpTnm 2.7

Where

Based on the study, thinning occurs at pipe bend extrados, and it is illustrated as the ratio of
the variance of the pipe bend nominal thickness and the minimum thickness divide by the pipes

nominal thickness, this is equally expressed in percentage $erm a

P

Zp T 2.8

On the other hand, thickening occurs at pipes intrados and it is illustrated as the variance pipe
bend maximum thickness and the nominal thickness divided by the pipes nominal thickness,

this is expressed ipercentage terms as;

0 Zp T 2.9
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The study by Michael et al. compared the limit load on the basis of minimal displacement limit
analysis and failure load on the basis of extreme displacement analysis for pipe elbow (bend)
with imperfectshapes, the study was carried out with finite element method using ABAQUS
software. The failure and limit moments were determined from the drawn mootainbn

curves for each of the model. The failure load was obtained using theetastiEslope
method. The study reveals that the effect of thinning on limit and failure moments are negligible
and consequently thinning need not to be examined when analysing pipe bends. It also reveals
that ovality plays significant role in both limit and failk loads for most cases examined.
Furthermore, it was revealed that ovality plays a significant role in the determination of failure
loads.Despite the difference in the loading condition between the present research and the
research being reviewed, theviewved study guided in the modelling of the FGM Elbow pipe

on Abaqus.

2.5.1 ShunJie Li, ChangYu Zhou, Jian Li, XiangMing Pan and XiagHua He (2017)
Li et. al. worked on theffect of bend angle on plastic limit loads of pipe bends under different
loadconditions ShunJie et. al. 2017)
The research blyi et. al. was based on the following assumptions:
A The researcBampleis a pipe bend with thin wall having equal thickness, while
residual stresses from the forming stages is not been considered.
A Seamlssly plastic and elastic material was assumed that is adapted-to non
hardening J 2 flow theory.
A Huge displacement analysis is being considered, due to the large deformation
envisaged as a result of bending moment and pressure.
Based on these assumptionsget. al. modelled pipe bend with thin wall (with ratio of pipe
external diameter to internal diamet¢rO 1 . 2) having equal t hi ckng
studies were modelled ranging fram 2, 5 & 10 mmR = 200, 400 & 600 mm and bend angle
values as @°, 60°, 90°, 120°, 150°and 180°respectively. A total of 270 models were used in
this study to give insight on tredfect of bend angle on pipe bend plastic limit loads.
The research utilized ndmear three dimensional analyses to study the effeaglies (bend)
on plastic limit loads of pipe bends. Base on the FEA carried out, which focuses on the features
of deformation, stress and strain and the influence of bend angle on the limit load. From the
results, it shows that bend angle has higher elffesteen 00120° when subjected to internal
pressure, irplane bending moment and torsion moment, and at angles betw2e®°0Ader

out-of-plane momenf The reviewed study has a similar loading condition that is common with
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the present research; that iselmal Pressure in the pipe. Although, the present study did not
consider bending and torsion moment, the reviewed research provided clarity epamtlti

constraint (MPC) application on Abaqus.

2.5.2 Yun-Jae Km and ChangSik Oh (2007).

Kim and Oh researchexh the Effects of attached straight pipes on finite element limit analysis
for pipe bendgYun-Jaeand ChangSik, 2007)

The study by Kim and Oh explored the effects of attached straight pipes on pipe bends under
internal pressure loading and bending mome&he research estimated size and influence of

the length of the straight pipe attached to pipe bend$. (BBis was based on Finite Element
Analyss seamlessly plastic elastic materials having minimal geometry change option. One of
the vital point ofthis research is the application of bending moment at the piping end devoid
of end effects. This was achieved by the use of a subroutine forpuirticonstraint (MPC)

in the ABAQUS software. The research considered®@80d pipes, with average radiasd

pipe thickness as r and t respectively, with R as the bend radius. This is as shown in Figure 2.
R/r and r/t are vital variables that are associated with the bend configuration, this is inclusive

of t he bend acdhheiremtonskipyisasstateddn the equation below:

_ L 2.10

The values of these variables were tactically used at different ranges to be able to determine
the effect of pipe bend configuration on pl_
from 0.1 to 0.5 was used. Based on the research objective, the length of the attached straight
pipe was also varied, L (Fig. 1), was also systematically varied, with the inclusion of a limit

scenario when L=0 (9(ipe bend with no pipe attached).
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Wall thickness (t)

Figure 2.5:Schematic illustration of 9(ipe bend with the attached Pip&n-Jae and
ChangSik, 2007).
The study reveals that the effect of the length of the attached straight pipe on plastic limit loads

is significant, the load limits tend to reducelwieduction in the length of the attached straight
pipe. While in the scenario where there was no attachment to the pipe bend (Limiting Case),
the load limits were found to be almost same as current analytical soluttmseviewed

study guided the modlang of the elbow FGM pipe ithe present study. It guided thength

of the straight FGM pipes attached to the elbow ends that will notladtieleal limiting loads

for each considered elbow FGM pipe.

2.5.3 JianLi, ChangYuZzZhou, JiLinXue, Xiao-HuaHe (2014)

Li et. al. researched on Limit loads for pipe bends under combined pressure-afighlane
bending moment based on finite element analyian et. al. 2014).

Li et. al. analyzed the effect of minimal displacement, huge displacement with configuration
and material that are not linear were considered in the study, the focus of the analysis was on
limit load of pipe elbows (bends) subjected to both internal pressure anftgahe bending
moment, this was studied with the aid of a+liaear finite elenent simulations that has three
dimensions with the intention of giving more insight to limit load of pipe elbows under complex
loading conditions.

Sixteen (16) models were used for this research, theselshave four (4) different radiuses

and four (4) dferent pipe wall thickness and an elbow bend angle @8 considered. The
attached straight pipe to the elbow has a length that is adequate (L>3r) to negate the proven
end effect on the limit load, the bend characteristics was also define fronoadqdats stated

above.
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The FEA was performed with ABAQUS code, the left elbow pipe end left plane end had fixed
constraint boundary condition, while on the right plane end of the pipe, a-Rabutti
Constraint (MPC) was applied to all the nodes at tlaael(as shown in Figure 3). These
resulted to a single node at the middle of the plane and a firm beam was designed by connecting
the node at the middle of the plane to the other node on the plane. This made is easier to apply
a bending moment on the platteough the node at the center, Internal pressure and axial
tension stress were applied also applied to the right plane end of the elbofdigmpet. al.

2014).

Fixed end

Figure 2.6: Finite element model with boundary conditi@ien et. al. 2014).
Ther reseach revealed through normalized methods that the relative thickness of the pipe bend
(r/t) is the major factor influencing bending moment limits. It was also found that yield strain
has significant effect on limit load when considering large displacermeamtnsideredThis
literature provided clarity on the minimum ratio of the Length of the attached straight Pipe (L)
to the radius of the elbow pipe (r) that will negate the end effect on the limiting load. This same
approach was used in the present study.
2.5.4 Andrew Robertson, Hongjun Li and Donald Mackenzie (2005)
Robertson et. al. worked gastic collapse of pipe bends under combined internal pressure
and inplane bendingAndrew et. al. 2005)
This study made use of ANSYS code to model three (3) pgystems with Slbow bend
and attached with straight pipe at each ends of the bend, the straight pipes were terminated with
rigid flanges, this is as shown in Figure 4. The chosen length of the straight pipeanasr®

that the response of the bendataplied load was not influenced by the stiff flanges at pipes
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end. This condition was proven to have been met for all the three piping system considered

when L>10rm through a sensitivity analysis conducted.

M M

Figure 2.7: Pipe bend attached to two strarght subject to iplane bendingAndrew et. al.

2005).

This study considered three load cases; proportional loading, successive pressast
loading and sumessive momenpressure loadingAndrew et. al. 2005) The outcome of the

study reveals thakesults show that hypothetical limit analysis is not conventional for all the
blends of loading considered. It equally revealed that analytical plastic load is reliant on the
criteria of the collapse considered. The effect of significant deformatiorntés betounted for
through plastic variability load. It was also observed that the comparative and gressure
moment load cases displays reasonable geometric strengthening, while on the other hand,
moment pressure load case displays reasonable geometric miegke

2.5.5 Sumesh S, AR. Veerappan, S Shanmugam (2017).

Sumesh et. al. worked on the Structural Deformations on Critical Cracked Pressurised Pipe
Bends: Implication on the Voniges StressgSumesh et. al. 2017)

This study used ABAQUS code to perform the FiE&lbow pipe with distorted configuration

and having acute circumferential cracks through its wall and the limit analysis considered.
Also, the length of the straight pipe (L) attached to the elbow pipe was chosen to be 10 times
the radius of the pipe,dhmeans L=10r. Téresearch focuses on mainly circumferential cracks
through the walbndité crucial effect on pipe bendsd collapsemoment when compared

with axial and surface cracks. The study assumes the crack to be located at in the elbow centre
by the extrados. The comparative lengths of crack proportional to crack threshold angles were
also examined.

The research provided theriaion in Von mses stresses gotten along the bends of elbows

with throughwall critical cracks under internal pressure as a result of configuration anomalies.
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The study considered two extremely cracketlédBow pipe models with pipe ratios of 5 and
10, have bend ratios of 2 and 3 for the 3D FEA. The outcome of the FEA shaspaidtylin

stress observed in the intrados, crown, extrados and crack tip area, this was attributed to the

effect of bend radius and ovalifumesh et. al. 2017).

Table 2.1: Summary of research on Functionally Graded Materials

Researcher

Load Case

Type of Specimen Mode of Analysis

Description

Studied the relationship between driving force, th

Gu and Asaro (1996) Stress intensity factor an isotropic and FGM strip. Orthot_ropy _rescalmg and energy release rate and toughness of tmaterial and
analytical solution L .
direction of crack propagation.
Reddy (2000) shear deformation Functionally graded third-order shear deformation analyzed the static behavior of functionally grade
rectangular plate plate theory rectangular plates
Functionally graded Inverse Analysis and Kalman filte Determination of properties of Graded Materials k£

Nakamura, T et. al 2000

indented Load

rectangular plate technique Inverse Analysis and Instrumented Indentation
Cheng and Batra (2000) three-dimensional thermos functionally graded elliptic asymptotic expansion
9 elasticdeformations v P ymp p
. . The study establishes a clear separation between des
Jackson (2000) FGM Object Representation Method of FGM objects, their processing, and their fabricatior
three-dimensional thermos  functionally graded

Reddy and Cheng (2001)

elastic deformations

mptotic expansion
rectangular plate asymptotic expansio

J.H. Kim and G.H. Paulin
(2002)

Fracture analysis

FGM Numerical Techniques

Investigated the effects of boundary condition:
material properties an@rack tip mesh generation

Vel and Batra
(2002,2003a, 2003b)

steadystate and quasstatic
transient thermoselastic

Functionally graded thick

Power series
plate

steadystate and transient thermoslastic response of
functionally graded plates

Swaminathan, K. et. a

Static and Dynamic

Functionally graded material

Both analytical and numerica

The research presents a comprehensive review of 1
various methods employed to study the static, dynan

2014 methods and stability behavior of FunctiorglGraded Material
(FGM) plates
. steadystate and quasstatic  Functionally graded thick meshless local Petre@alerkin steadystate and transient thermoslastic response of
Qian and Batra (2004) ) . .
transient thermoselastic plate method functionally gradedlates
Setoodeh, A. R & Afrahim EulecBernouli  model,  Von this research presents an analytical solution for the s

S. 2014

Functionally Graded Pipe

Karman and Galerkin method

dependent nonlinear vibration behavior of mieppes
conveying fluid madef functionally graded materials'

studied on the effects of material gradation on fractur

5+ SG I to ¢ Bending and stress intensit graded orthotropic coating Analytical - and Finite element mechanics parameters for cracks lying alotige
factor method .
interface
Hiroyuki Matsunaga, thermal and mechanical loading Plates two-dimensional (2D) higher Stress analysis of functionally graded plates subjectec
2008 conditions order deformation theory thermal and mechanical loadings. Composite Structul
Hoang V. T. and Nguye Compressive, thermal  anc Analytical approach to investigate the stability ¢

D.D., 2010

combined loads.

functionally graded plates Galerkin procedure

functionally graded plates under-plane compressive,
thermal and combined loads.

Response of functionally graded (FG) rectangular ple

Alibeigloo, A., 2010 thermo-mechanical load functionally graded (FG, Fourier series and statspace with smply supporteq edges lsub1e(_:ted to thermc
rectangular plates method mechanical loads usinghree-dimensional therme

elastic analysis.
first-order shear deformation Large deflection analysis ofshear deformable

Golmakani, M. E &
Kadkhodayan, M. 2011

thermo-mechanical load

Functionally Graded Plates

plate theory (FSDT) and larg

deflection von Karman equations

functionally graded plates subjected to thermc
mechanical loads and under various bounda
conditions

Singha M. K et. al. 2011

Transverse load

Finite element procedure and

Functionally graded plate NewtoncRaphson

technique

iteration

Nonlinear behaviors of functionally graded materi
(FGM) plates under transverse distributed load a
investigated using a high precision plate bending fin
element

Ismail Mechab et. al 2012

Functionally graded plate

Fourvariable refined plat¢heory

analytical solutions of static and dynamic analysis
functionally graded plates using Fewariable refined
plate theory
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Fallah, F. and Nosier, A asymmetric transverse loadin¢ Functionally Graded

2012.

and heat conduction

(FG
circular plates

A two parameter perturbation
technique, in conjunction with
Fourier series

Nonlinear behavior of functionally graded circular plat
with various boundary supports under asymmetr
thermo-mechanical loading. Composite Structures

Sandeep Abotula et. al

Mixed-mode dynamic crack growth along an arbitrari

ThermoeMechanical Loading FGM Asymptotic analysis smoothly varying path in functionally graded materia
2012 ) ’ )
(FGMs) under thermanechanical loading was studied.
hvsical neutral surface and hiah Modeling and Analysis of FGM rectangular plates bas
DaGuang Zhang, 2013  Thermal, Buckingnd Bending FGM Plates phy: 9 on physical neutral surface and high order she

order shear deformation theory

deformation theory

Salehi, M. et. al 2013

rotating bendingfatigue

functionally graded steel
(FGS)

Vickers micrehardness test and
scanning electron  microscop)
(SEM)

Fatigue behavior of functionally graded steel product
by electraslag remelting.

Iso-geometric approach (IGA) ant

Isogeometric approach (IGA) and higher ord

Loc V. Tran et. al, 2013  static, dynamic and buckling rTactt:rsz(!i;) and  circular higher order deformation plate deformation plate theory (HSDT) to study the behavi
P theory (HSDT) of functionally graded material (FGM) plates.
thermal and mechanical loadin¢ Functionally Graded multi-term Galerkin method and

Bateni M, et. al 2013

conditions

Rectangular Plate

four-variable refined plate theory

A comprehensive study on stability of FGM plates

Shariyat M., Jafari R. 201

Velocityimpact analysis

Functionally graded plates

Researched on nonlinear levelocity impact analysis of
two directionally graded circular plates under radie
preloads

WonHong Lee et. al 2014

Bending Analysis

functionally graded material
(FGM) plates

refined higher order shear and
normal deformation theory

Refined higher order shear and normal deformatic
theory for E, P, and SFGM plates on Pasternak elast
foundation

ZhongMin Wang & Yan
Zhuang Liu, 2015

transverse vibration

Functionally Graded Pipes

IFYAEG2YQa LINRY

the research addressed problems related to tf
transverse vibration of pipe conveying fluid made
functionally graded material

Gagandeep Bhardwaj et
al, 2015

transverse and moment

functionally graded material
(FGM) plates

extended iso-geometric analysis
(XIGA)

Numerical simulation of functionally graded cracke
plates using NURBS based XIGA under different Ic
and boundary conditions

HuuTai Thai & Seurg
Eock Kim, 2015

mechanical and thermal

functionally graded plates
and shells

theoretical models

A review of theories for the modeling and analysis
functionally graded plates and shells

Haizhu Pan , Tianshu Sor
and Zhihai Wang 2015

functionally graded material
(FGM) plates

Numerical Techniques

Analyzed the influences of thenon-homogeneity
constants and geometric parameters on the stre
intensity factors (SIFs)

Zhangi Cheng et. al 2015

Mixed-mode loading

Functionally Graded Plate

peridynamic model

Peridynamic model for dynamic fracture in functionall
graded materials.

classical Kirchhaff.ove theory,

Transient analysis of homogeneous as well as F

Sator, L et. al 2016. Transversal dynamic loading. -(I;::dkg(zhlg:ate Functionally 1st and 3rd order shear (functionally graded material) th and/or thick plates
deformations plate theories subjected to transversal dynamic loading.
functionally graded Investigated Analytically the vibration and sour

Tieliang Yang et. al 2016

Thermal environment

materials (FGM) plates

Analytical Technique

radiation characteristics dtinctionally graded materials
(FGM) plates subjected to thermal environment
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Table 2.2: Summary of research on FGM using Finite Element Analysis on various loading conditions

Researcher

Load Case

Type of Specimen Mode of Analysis

Description

Praveen, GN and Reddy,
J. N. (1997)

Thermal Loading

functionally graded ceramic
metal plates

finite element

Investigated the response of functionally grade
ceramiemetal plates using finite element that account
for the transverse shear strains, rotary inertia ar
moderately large rotations in the von Karman sense.

, Pt RPNPY Fy
(2004)

Fracture and thermal analysis

FGM Coatings

Finite Element Method

Studied to determine the effect of temperature
dependence of the material properties.

. Pt RPNFOU5). S i

mechanical and

thermal loads

transient

Finite Element Method

Compared the SIF of FGM and that of homogenec
ceramics coating

L. BanksSills et al. (2005)

Linear Elastic Fracture

anisotropic and monoclinic

material

Finite Element Method

Derivedstress intensity factors for various problems
employing Displacement Extrapolation,-IMtegral and
Jintegral methods.

R. Afshar , M. Bayat, R.F
Lalwani and Y.H. Yau
2010

Mechanical

Glasslike
functionally graded cylinder

(viscoelastic)

FiniteElement Method

Investigated the elastic behavior of gldde
functionally graded infinite hollow cylinder unde
hydrostatic loads using finite element method

Hosseini, S. S. et. al 201z

mechanical and steady state

thermal loading

isotropic and orthotropic
functionally graded
materials (FGMs)

extended finite element method
(XFEM)

Thermoemechanical XFEM crack propagation analysis
functionally graded materials.

Malekzadeh,P &
Monajjemzadeh S.M
2012

Thermal Loading

Functionally graded plate

finite element method (FEM) with
bSsYIN] Q& GAYS
scheme

Investigated the dynamic response of functional
graded (FG) plates in thermal environment under
moving load

Malekzadeh,P & Shojaee
S. A 2012

Thermal Loading

Functionally graded plate

three-dimensional finite element
method (FEM)

Investigated the dynamic response of functional
graded (FG) plates under a moving heat source

Woo-Young Jung and
SungCheon Han 2013.

Vibration Analysis

functionally graded material
laminated

(FGM) and
composite structures

finite element, based on a first
order shear deformation theory

Transient analysis of FGM and laminated compos
structures using a refined-8ode ANS shell element

Asemi et.al. (2013).

three dimensional

analyses

static

Functionallygraded plate

Finite Element Method

Studied the effects of power law exponents on stai
behavior of a fully clamped 2BGM plate

Navid Valizadeh et.
2013

at,

Static bending, mechanical an
linear free
flexural vibration and supersonic

thermal buckling,

flutter

Functionally graded materia

(FGM) plates.

NURBSased finite element analysis of functionall
graded plates: Static bending, vibration, buckling a
flutter

Uysal (2013)

mechanical and thermal loads

Metal-ceramics FGM Plates

research explored analysis of FGM flat plates and sl
panels, and their applications to r structural problems

Bhattacharya, S. et. a
2013

Cyclic Thermal Loading

Functionally graded plates

The fatigue lives of aluminum alloy, FGM and a
equivalent composite plates are evaluated using Pe
law in the presence of multiple discontinuities, and a
compared with each other

NguyenXuan, H. et. al,
2014

static, free vibration
buckling analysis

and

Functionally graded plates

based isegeometric finite
element method

FEA Using Abaqus

XFEM

Isogeometric  finite  element

analysis (IGA) with a refined plat
theory (RPT)

Isogeometric finite element analysis (IGA) with
refined plate theory (RPT) for static, free vibration ai
buckling analysis of functionally gradechterial (FGM)
plates

Kamran Asemi,
Manouchehr Salehi and
Mehdi Akhlaghi, 2014

Thermal Loading

an axisymmetric

functionally
materials

graded

thick
truncated cone made of

Finite Element Method

Transient thermal stresses in functionally graded thi
truncated cones by graded finite element method.
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Table 2.3: Summary of FGM Literatures reviewed on material composition

S/N

FGM PRODUCTION

PAPERS REVIEWED METALS CERAMICS METHOD FGM PROPERTIES OBSERVATIONS
) ; 1 Unique superplastic 1 Minor NiTi2 and NiTi3
1 Douglas E. Burkes and Johividore  Nickel Titanium  Titanium g;Tt%:tL?i;iyn:::&s (S 2 Shape memory capabilities Produced
(2006) alloy (Nitinol) Carbide : 9 3 High hardness, wear and 2 Hardness reduces with
propagating mode (SHS) ] : . -
corrosion resistance increase in Nitinol.
1 Quasielasticity and shape Localizedndentation stress,
. Nickel Titanium N s ) memory behavior. film failure, and pseudo
2 N. H. Faisal etal. (2017) alloy (Nitinol) Titanium Nitrite  Not Provided 2 Tribological and antiorrosion elasticity is dependent on the
properties shape of the indenter
1 FGM properties mainly
Maximum fracture toughness was dependent on Nickel content
. . Titanium Simultaneous combustion  found to be withFGM 2 Properties get to its peak
3 XingHong Zhang et al. 2000 Nickel Carbide fusion and hot compaction ~Combination of Ti30 wt% Ni values of density, flexural
material strength and hardness at
standard temperature
Titanium carbide synthesized
4 In-Jin Shon and Zuhair A. Munir through ETC showed minimal
(2005) Titanium Electro thermal porosity as compared to those
Copper Carbide combustion (ETC) method Not Provided synthesized by ordinary ignition
1 Fine and dense microstructure )
. ) steady graded temperature field
that is continuous and free from canbe achieved while utilizin
5 Zhaohui Zhang et al. (2012) sintering procedure that crack at the interfaces '€ utlizing
. ) the Spark Plasma Sintering (SP
uses spark plasma with the 2 Bending strength and the rocess
Titanium Titanium Boride  aid of graphite die fracture toughness are high P
1 Silicon Carbide
6 (SiC) Improved hardness on the
1 Copper Titanium Oxide  Centrifugal MixeePowder surface of theAl/TiO2 FGM as a
Yoshimi Watanabe et al. (2009) 2 Aluminum (TiO2) Method Not Provide result of TIO2 nangatrticles.
FGM has invariably absent
ductile property, whictwas
7 1 High toughness and hardness  attributed to the formation of
Alumina 2 Resistant to crack than pure oxides and carbides from the
Clémentine Madeca et al. (2017) Titanium (Ti) (AL203) Spark plasma sintering Alumina sintered FGM materials
Highalloy . . .
Magnesia Partially . P Temperature difference between the
8 Sabine Decker & Lutz Kriiger (2016) metast_a_ble Stabilized Zirconia Asymmetrlc Spark Reduced the initiation of two constituent makes it had to
austenitic steels (Mg-PS2) Plasma Sintering (SPS) cracks densify the EGM Part
(CrMnNi steel) & Y
1 Thixotropic sample performance
was influenced by deformation time
9 Yongjin Wang et al. (2015) 9Cr18 steel Not Provided Thixoforging Process Exhibited high wear atlow strain rate
9 9 ’ ging resistant 2 Thixotropic process reduce barrier
and acute distortion associated with
the formation of FGM structure
1 FGMs with nansized HA (nHA)
shows improved densification as
stainless steel . Sintering and compared to the the FGMs with
10 Muhammad Akmal et al. (2015) (316L) hydroxyapatite (HA) compaction Increased the hardness micro-sized HA (MHA)
2 Chromium was seen to be diffusing
through the316L and HA interfaces
) : - : i . Cracks observed was due to the
11 Lourdes D. Bobbio et al. (2018) 304L stainless Titanium alloy (Fi Additive manufacturing S A - .
steel 6AF4V) technique Not Provided ONB+ U A2y -FETFEAIBWNA U ¢
1 F|ne and dense . 1 The fabrication process can be use
microstructure that is ) )
) for FGM micrearchitectures that are
Titanium carbor continuous and free from complex
12 J.A. Escribano et al. (2014) stainless steel P Colloidal processing crack at the interfaces plex
nitrite Ti(C,N) . 2 Fabrication process good for
2 Bending strength and ) ’
processing of fine powders that has
the fracture toughness - -
. lower flow ability and compressibility.
are high
13 Justyna Zygmuntowicz et al. (2016)  Nickel Aluminium Oxide centrifugatslip casting Not provided Nickel particles effectively sprea
Y ¥o ’ method p in a gradient path of the FGM.
1 Cooling rate, burning velocity
1 Extremely elastic and and combustion temperature at
. L N . shape memory capabilites  each layer of the FGM declined
14 John J. Moore (2006) Nickel Titanium Titanium Carbide Combustion Synthesis 2 Extreme hardness, with increasing Nitinol content.

alloy (Nitinol, NiTi) (TiCx)

corrosion and wear
resistance

2 Presence of blowholes were ir
the FGM layer with high Nitinol
content.
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Muhammad Ihsan Abdul Latiff et al.

Sintering temperature has no
influence on the sintering

15 (2014) Nickel Alumina Plate Sintering process Not Provided behaviors of the FGM, inclusive
of its radial dimensions and
microstructures

1 Superior corrosion
;\(le;;t_agﬁg ;\r?asooll_:ltlons of NicketCobalt alloy gradient
16 Liping Wang et al. (2006) 2 Exhibited extraordinary depOS[ts show graded structure
. : alteration from facecentred
Electrodeposition and improvement of wear cubic to hexagonal close nackec
NicketCobalt alloy  Cobaltoxide subsequent cyclic thermal resistance andiry self 9 P
(NicCo) (Wurtzite, CoO) oxidation and quenching lubricating performance
1 LBDMD process can effectivel
dzaS G2 T+ OoNROI
Laser Based Direct Metal defect free
17 E, Yarraparredy et al. (2006) Nickel Tungsten Carbide  Deposition (LBDMD) High erosion resistance H CDaQ& SNBAAZ2,
Process better than that of Nickel
Tungsten alloy and that of Steel
(grade 414)
éé“ﬁfigzza:;dgeii;g;;?e 1-Technique is highly adequate
s . 9 for the W/Cu FGMs fabrication
Intensified electrical manner for the surface at the 2. FGM fabricated at higher
18 XinXing Ma et al. (2018) Copper Tungsten* current influence and inner layer to the core layer. N
; - o o temperature and over a long
density that is quite high ~ 2-Thermal conductivity othe . .
EGM decreases as the period of time has tendency to
temperature increases absorb higher copper content
Resonance frequency results of
19 Wilfredo Montealegre Rubi2012)  copper (Cu) Nickel (Niy* Sintering technique with e the simulated solution and the
the aid of spark plasma. experimental solution were
almost same.
1- FGM has lower CD4
production as compared SMF80
Silicon Carbide Sintering Process under Fatigue cracks was observed nuclgar g_raph‘ite
20 YunHan Ling et al. (2002) Copper (Cu) (sic) extremegl high pressure 2 Y iKS CDaQa . 2-Minorimpairmentwas
yhigh p about 300 cyclic impacts observedonthe€Da Qa ac
after in situ plasma irradiation.
Non-aqueous tape 1-LYONBlF asSa Ay
casting method in electrical and thermal ,
21 Guogiang Luo et al. (2014) Copper Tungsten* combination with the conductivityas compared to S;T:%tga?ir:ai Parallel FGM's
space hotpressing that of standardized
sintering technique composite.
centrifugal sintered FGM was successfully fabricate
22 Takahiro Kunimine et al. (2014). Copper Diamond* castin ?nethods Not Provided with the proposed technique in
9 improved conditions
1-Major cracks at the macro
) - . level
23 Mustafa Ubeyli et al. (2014 Aluminum Alloy S|I'|con Carbide powder metallurgy High strength 2-Micro-cracks were observed in
(AA) 7075 (SiC)
the samples in region near to the
deformation zone
1- Higher hardness value at 1-Tensile stregth of the FGM
the outer zone as compared was found to be related to Silico
. . ) Carbide Particle percentage
24 ElGaly, I. H. et al. (2017) Aluminium (Al) Slllcpn Carplde centrifugal casting o the inner Zones. increase.
Particles (SiCp) 2-Hardness value increased .
with increase in SiCp weight 2-Wear resistance not related to
fraction Silicon Carbide Particle
percentage increase
The FGM's main wear
o » . . . o mechanisms were identified as
25 Fatih Erdemir et al. (2015) AILljmlnlum alloy S|I'|con Carbide hot prTSS|qg andh ) 1-Good corrosion reisitance  zprasive and adhesive wear
(AI2024) (SiC) consolidation technique  2-Lower wear rate mechanisms
1-Increase in tensile and yield
strength of the FGM as the
volume fraction of SiC particle
increases between 0.20.30
= 47 Aluminium alloy Silicon Carbide . . ) 2-deduction in tensile and yield

26 wo w2 Fondaatzs (2002) (AFA359) Particles (SiCp) centrifugal casting Not Provided strength was observed within Sif
concentration of 0.3§0.40
3-Rate of crack propagation is
inversely proportional to SiC
content.
1-Higher hardness value (94.4

27 Jayakumar, E et al. (2016) Aluminum (A319) Silicon Carbide Centrifugal Casting Relatively high hardness HRB) wasbtained at the zone

Particles (SiCp)

Technique

that is rich in SiC particles.
2-Resistance to wear was
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observed at the FGMMC partiele
rich zone

Table 2.4: Summary of Literatures reviewed on Finite Element Analysis of Bend Pipes under various loading

conditions.
Loadin Pipe bend
SIN PapersReviewed Material Used ng FE Tool used configurations Observations
Condition .
considered

1 Christo Michael T. et. al. (2012}

Stainless Steel

Combination of in
plane closing
bending and an
internal pressure

ABAQUS Version 6.9.

90 Pipe bend only

1-Theeffect of thinning on limit
and failure moments are
negligible.

2-Ovallity plays significant role in
both limit and failure loads
determination.

Not stated but has

Internal pressure,
torsion moment, iR

Considered pipe bend with

1- bend angle has higher effect
between 01120° when
subjected to internal pressure,

2 ShunJie Li et. al (2017). , 2dzy3Qa i Plane bending ABAQUS angle of 30°, 60°, 90°, 120°, in-plane bending morant and
of 2 x10MPa moment and outof- 150°and 180 torsion moment, and at angles
plane moment. between 0D90°under outof-
plane moment
1-Theeffect of the length of the
Internal 90 Pipe bend with variation a_lttgched St_ra'ght_p_'Pe on plastic
3 YunJae Kiand Chasgjk Oh (2007)  Not stated Pressure and in ABAQUS Version 612 of attached straight pipe IMit loads is significant.

plane bending

length

2-Load limits tend to reduce with
reduction in the length of the
attached straight pipe.

4 Jian Li et. al. (2014)

Not stated but has
Young's modulus
of 210,000MPa

Internal pressure
and outof-plane
bending

ABAQUS Version 6.9.

90 Pipe bend only

1-The relative thickness of the
pipe bend (r/t) is the major
factor influencing bending
moment limits.

2-It was also found that yield
strain has significant effect on
limit load when considering large
displacement

Andrew Robertson, Hongjun Li and
Donald Mackenzie (2005)

Not stated but has
Elastic Modulus of
200 GN/m,

Internal pressure
and inplane closing
moment)

ANSYS V6.1 & V7.1

90 Pipe bend only, with
sensitivity analysis on the
length of attached straight

pipe

1-Thehypothetical limit analysis
is not conventional for all the
blends of loading considered.
2-The analytical plastic load is
reliant on the criteria of the
collapse considered.

6 Jian Li et. al. (2015)

Not stated but has
,2dzy3Qa e
of 200GPa

Torsion moment and
in-Plane bending

ABAQUS

90 Pipe bend only

1-The major factor affecting the
limit load is r/t.

2-Plastic load limits is not
affected by loading path and
material constants.

3-The Results show that the
estimate from circular
interaction is very vital for elbow
pipe analysis subjected to both
torsion and bending moment.

7 Sumesh S. et. al. (2017)

Stainless steel

Internal Pressure
and Axial Tension

ABAQUS Version 6.10

90 Pipe bend only

Analysis shows disparity in stres
observed in the intrados, crown,
extrados and crack tip area, this
was attributed to the effect of
bend radius and ovality.
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2.6 CONCLUDING REMARKS
There have been numerous researches on Functionally Graded Materials (FGM) of various

configurations ranging from; Plates, Shell, Cylinder, Cone etc. subjected to different forms of
loading as stated in the above reviews. Tégsearch watilored towardsinderstanding the
behavior of FGM under various loading conditions.

From the above review, it clearly shows that there is currently no research on FGM that is
tailored towards developing an FGM piping structure that is aimed at deploying the FGM to
proffer solution to any operational challenges being faced with the Oil and Gas Indnstry.
addition, the out of some of the reviewed literatures provided an informed steer on how to
proceed with some of the challenges faced in the present study.

Firstly, the literaturereviewed on FGM material combinatiagprovided good understanding

on the material combinations thiadve beerdeployed for the FGM fabrications, it equally
shed light on the available FGM fabrication technologies with all their advantages and
drawbacks.

Secondly,the literatures reviewed on FEA of elbow pipesveakd that thereare limited
researches on elbow FGM pipes. However, the review guided the approach used to model the
FGM elbow pipe in the present research. This guidance is not linutedd effect of the
attached straight pipe on elbow pipe limiting load eladity on multipoint constraint (MPC)
application on Abaqus.

Lastly, the reviewed literatures on straight FGM FEA provided clarity in the present research
on issues around r&ial gradation of FGM, determination of FGM material variation through
the nonhomogeneity factor and the power law application to derive FGM material properties
through the thickness.

On the same note, the present reseasghiored the unique charactistics of the FGM to
proffer solutionto the challengedbeing faced with thepiping system of deep offshore
operations of the iband gas industry, particularly the Gulf of Guinea andxaminedthe
possibility of utilizing different pipe configurations fdahese services in thel and gas
industry To achieve this, the research mdeela Straight, Elbow and -Piece Pipe
configurations and subjeadd it to Thermal and Mechanical loading. Thsovided better
appreciation othe different~FGM pipe configurat o rbehavior and possibility dheir usage

for various services in the nearest future.

To achieve this, the studgonsideredinto the vast Engineering Material availélp and

propertieswith the aid of the CES Edupark Softwareado determine theandidate rateriab
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that will be suitable for the proposed FGM combination. All these are as detailed in the

succeeding chapter.
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CHAPTER 3: MATERIAL SELECTION

3.1.INTRODUCTION

The most significant reason for Facilities Degradation and equipment faillme @il ind gas
industry is largely attributed to corrosion. The selection of materials that are completely
resistant to all corrosive agents (process fluid) is possible for most applications; however the
drawback is the associated cost of such approaatce;ién practice, cost effective materials

of known corrosion rates are selected, provision is mostly made through the material thickness
to compensate for the gradual effect of corrosion over the life of the material. It is equally vital
not to neglect ta effect of atmospheric corrosion when selecting materials, as it often leads to
many instances of facilities failure and at times does greater damage to facilities than the
internal corrosion. Consequently, all facets of corrosion traits must be addressedthoth

project and operation phase of the facilities.

Corrosion in oil and gas industry is mostly to be propagated otitgliquid phasgwater and

sour crude)the oil phasdif sweet crudejs been considered not to berrosive.Hence, it is
necessary for water to be present for corrosion to be propagated; this means water vapor with

temperature above dew point is not corrosive in beh@ioeza, 2014).

Furthermore, in a three phase flow (oil, gas and water), for corrosmopagate there must
be evidence of the materials been wetted by water.ifasiable means that if water in a three
phase flow is trapped by the oll, it is most likely that corrosion will not be propagated.

The main factors controlling corrosion in thiéand gas industry are as follows [96]:

CO2 partial pressure
H2S patrtial pressure
Fluid temperature
Water salinity

Water cut

= =4 4 4 A -

Fluodynamics

T PH.
Engineers in the 2icentury are exposed wide ranges of materials that will enable them meet
all challengeshat are corrosion related.

In addition to the advent of newer and improved materials such as GFRP, FGM, etc., there

have been giant stride in materials processing and advanced techniques for molding ceramics,
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polymers, and composites. The technique foten selection in recent time has greatly
improved due to the availability of the required knowledge of materials that enable them to be
used more efficiently and effectively to reduce cost. Unlike in early days were material
selection was basically adl and error process. This chapter, therefore, focuses mainly on the
material selection for a Functionally Graded Materials Pipe for the oil and gas application.

A functionally graded material (FGM) is a newly improved material which is characterized by
stepwise variation of microstructure and composition of the material over a volume of the
component. This gradual variation results in varying of material properties in special
coordinates through the thickness of the material. In an FGM, the variatioratefiah
properties through the volume of the component is mostly accomplished by the combination

of metal and ceramic mixture, the mixing ratio varies from layer to layer in the material.

The main purpose of FGMs, such as metal ceramic FGMs, is to ta&atage of different
properties of metal and ceramic. In graded metal/ceramic components, incompatible properties
like strength, toughness and machinability of metal are coupled with heat, wear and corrosion
resistance of ceramic in a single part. The doation of these unique properties from each of

the FGM constituent makes FGMs very applicable in various applications and to be tailored to

specific applications were the conventional engineering material will not be suitable.

3.2.MATERIAL CLASSIFICATION AND RANKING
Classification and ranking all available engineering material is vital to this study, which will

ensure that the most suitable material combination is identified for the Functional Graded
Material that will meet the required need as detailed irPtioblem Definition Section of the
study. The material selection and ranking process was achieved through the use of CES
Edupack 2017 software.
The aim is to be able to rank and identify candidate materials, both metallic and ceramics that
could be explored further on their possibility of been used in the proposed FGM solution. The
first check on the candidate material is its ability to be depldgethe specified service
condition.
The candidate material is required to possess the following properties from an industrial
perspective for NNPC:

A Ability to withstand the operating temperature range of 0 t6@50

A Withstand maximum operate pressur@bBarG.

A Excellent Corrosion Resistance

A Excellent interaction with salt water.
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A Readily available.

A Ability to me machined.

A Excellent tensile strength.

A Excellent Fracture Toughness

A Excellent specific stiffness due to offshore application.

3.2.1 Candidate CeramicMaterials

The ceramic material to be considered for the FGM must have properties that are compatible
with that of the ideal candidate material for the FGM as highlighted above. To achieve this,
a hypothetical technical ceramics material was created hpropgrties that are required for
the service condition as proposed in the FGM solution. Properties considered in developing
the hypothetical materials are as highlighted above.
This was used as a benchmark to adequately select from the 326 technicial wextmals
that are on CES Edupack 2017 software.
Specific stiffness of the material is vital as it determines the total weight of the pipe on the
offshore facilities where the proposed design is intended to be deployed, offshore operations
has weight costrains hence ceramics material with high specific stiffness will be ideal for
the FGM material. A test of this property on all technical ceramics in the software reveals
that only 126 technical ceramics materials met the minimum criteria set for spéffiiiess
of above0.11GPa/(kg/rf) and that of the hypothetical ceramics. This is as shown in the
table 3.1 below:

10007

s 0w V

N
Q
=]

Young's modulus (GPa)
- \'.
% I

Hypothetical Ceramics Materials

o

0.0:

H
T
100 1000 10000

Density (kg/m~3)

Figure 3.1: Comparison of Specific Stiffness of Ceramic Materials with reference to
the Hypothetical Material.
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As stated in the problem definition, one of the main challenges with the existing solution
deployed is the high rate of crack propagation. Therefore, to mitigate against this identified
challenge, ceramics material with high fracture toughness will benreended as a
candidate material for the FGM¥racture toughness is a property that defines matsyibiy

to withstand fractureit is actually one the most important properties that is considered for
many design applications. Hence, the fracture tougghoéthe 126 ceramics materials that
passed the initial test was compared concurrently with the cost per unit volume of each of the
materials. This approach will guide in identifying materials with high fracture toughness as
well as the cost and benefirived from the materials.

The chart below shows that only 53 of the 126 met the minimum criteria required when the
fracturetoughnes$1.25MPa.rf® minimum was usedyas compared with the cost per unit
weight of thematerial§ Considered only cost below 70USD/K@hey are broadly classified

into the ranges of the following:

Alumina, Aluminiummitrate, Beryllia, Boron Carbide, Molybdenum, Sialons, Silicon
carbide, Siliconnitrite, Titaniumcarbide, Titaniurdiboride, Titaniumdioxide, Tungsten
carbide, Zirconia, Zirconiuntarbide

T e et o et SELLE LTSS e T e T i T T -

10g-—==~

Fracture toughness (MPa.m”0.5)

S (I SN o | N N N
1

0.001g——=—F———— e e e b e et R e s -

0.001 0.01 0.1 1 10 100 1000 10000 100000 le6 le7

Price (USD/kQg)

Figure 3.2: Comparison of Fracture Toughness with Unit Price of identified Ceramic
Materials.

From the review of the literature, several FGM production technique has been deployed in
the past for divers operations and applications, they includestrifugal Casting, Hot
Pressing, Powder Metallurgy, Sintering Process, Laser Based Direct DeposihuSton

Synthesis and Colloidal Processinthe Sintering process of metals and ceramics was the
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most common technique used in FGM fabrication as revealed from the literature review, this
informed the decision to use the process as the basis for seldwimgost appropriate
ceramics to be used for the FGM considering the fact that the proposed FGM is-a metal
ceramics FGM, the results from this evaluation shows thatAlalyina, Aluminum Nitrite,

Boron Carbide, Silicon Carbide, Silicon Nitride, Tungstearbide and Zirconiascaled
through the test of the possibility of being fabricated as FGM through the conventional
Sintering Process. Hence, the seven identified ceramics materials can potentially be used as
candidate material for the proposed FGM.

The seen (7) identified ceramics materials were further streamlined into four (4) based on
the availability of literatures that have used the materials in the past for FGM fabrication, this
proves material availability and also demonstrates that the techni@odgbricating the
FGM6s from the materials has been proven.
Silicon Carbide (HIP), Tungsten Carbide (Hot Press) Alumina and Zirconia (MgO
stabilized). These were further ranked based on their suitability usdzkfor the proposed

service condition. The ranking is as shown in the table 3.3 below.

Table 3.3: Detailed attributes of candidate ceramics materials.

Price per Fracture Fatigue Tensile Salt water Fresh Density Young
unit volume toughness strength at strength application water Kg/m3) Modulus
(USD/Kg) (Mpa. m™0.5) 1077 Cycles (Mpa) application (GPa)
(Mpa)
Silicon Carbide 17.6 3.25 439 500.5 3 3 3145 400
(HIP)
Tungsten 23.85 8.2 309 352.5 4 4 15700 669
Carbide
(Hot Press)
Alumina 94 5.6 6.2 219.5 250.5 2 2 3650 330
(SGM)
Zirconia 22.85 13 363 414 1 1 5740 246.5
(Transformation

toughened) L

3.

2.2 Candidate Metallic Materials
The Metallic Material to be considered for the FGM must have properties that are compatible

with that of the ideal candidateaterial for the FGM to be used in offshore oil and gas
operations. To achieve this, a hypothetical technical metallic material was created having
properties as required for the service condition proposed for the FGM. Properties considered
for the hypothetal materials are as highlighted:

A Ability to withstand the operating temperature range of 0 t6@50
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A Excellent Corrosion Resistance

A Excellent interaction with salt water.

A Readily available.

A Excellent tensile strength.

A Excellent specific stiffness due effshore application

A Fatigue and tensile strength

A Excellent Fracture toughness
The Hypothetical material was used as a benchmark to adequately select from the 1832
Metallic materials that are on the database of CES Edupack 2017 software.
The role playedby specific stiffness of the material is vital as it determine to total weight of
the pipe on the offshore facilities, the constraint posed by weight in all deep offshore designs
is key and worth considering. To mitigate against this, metallic mistevith high specific
stiffness(Above 0.11GP#kg/m®) would be ideal for the FGM material. About 159 Metallic
materials from the database closely met the minimum criteria set for specific stiffness and

that of the hypothetical material. This is as shown irtdbé& below:
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Figure 3.3: Comparison of Specific Stiffness of Metals with reference to the
Hypothetical Material.

As stated in the problem definition, one of the main challenges with the existing solution
deployed offshore is the high rate of crack aggtion. Therefore, to mitigate against this
identified challenge, metallic material with high fracture toughness property will be
recommended as a candidate material for the FGM. To achieve this, the fracture toughness
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of the 159 metallic materials thaagsed the initial test was compared with the cost per unit
volume of each of the materials. This will guide in identifying materials with high fracture
toughness as compared to the cost and benefit derived from the materials.

The chart below shows that gril11 of the 159 met the minimum criteria required for the
fracturetoughnes$70MPa.nY-> minimum was usedind cos{Considered only cost below
55USD/KQg) they are broadly classified into the ranges of the following materials:

Grades of Stainless Steel, Copper based alloys, Nickel based alloys, Chromium based alloys
and Cobalts alloys.
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Figure 3.4: Comparison of Fracture Toughness with Unit Price of identified Metals.

The literatures review shows that the most widely depl&@®l production techniques are;
Centrifugal Casting, Hot Pressing, Powder Metallurgy, Sintering Process, Laser Based
Direct Deposit, Combustion Synthesis and Colloidal Processirgm the identified
fabrication techniques, the sintering process of meidicaramics was used as the basis for
selecting the most appropriate metal to be used for the FGM considering the fact that the
proposed FGM is a metakramics FGM, the results from this evaluation reveals that only
Grades of Stainless Steel, Copper based alloys and Nickel basedsalitgd through the

test of identifying the possibility of being fabricated as through the conventional FGM
fabrication process, that is the Sintering Process. Hence, the three idemfiallic

materials can potentially be used as candidate material for the proposed FGM.
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The three identified possible candidate metallic materials have all been used as materials for
FGM fabrication in the past, this is as proven from the review of &lailderatures. This

gives comfort on material availability and availability of technology for fabricating the FGM
using the materials; hence the three identified metallic materials will be ranked in terms of

their suitability for the proposed service og@on. This is as shown in the table below.

Table 3.4: Detailed attributes of candidate Metals.

Price per Fracture Fatigue Tensile Youn
. P toughness  strength at Salt water  Freshwater Density g
unit volume strength L L Modulus
(USDIKg) (Mpa. 1077 Cycles (Mpa) application  application (Kg/m3) (GPa)
9 m”0.5) (Mpa) P
NicketFeCr alloy, INCOLOY 5 2, 434 212.5 620 3 3 195 7950
800, Annealed
Stainless Steel, austenitic,
ASTM CRO , cast, water 2.655 158.5 274.5 530 2 2 195 7765
quenched
Copper C14200, Soft 5.46 92.75 105 220 1 1 1225 8925

3.2.3 Ranking of Candidates Materials through MADM
The multiple attribute decision making (MADM) is a technique of problem solving that is

specifically used to resolve complications in material selection from among a depficuetity

of alternative materials. It provides details processes on the manner to which attribute of
identified alternatives will be handled to give a desired choice of material. There are numerous
techniques of MADM, this include, weighted product methgBM), weighted sum method
(WSM), analytic hierarchy process (AHP) technique for order preference by similarity to ideal
solution (TOPSIS), ELECTRE, etc. The AHP and TOPSIS technique is the most widely
applied for making decisions from wide ranges of alitves. They are both decision making
approaches that utilizes logic in arriving at a preferred choice from alternative sets of candidate
materials that are defined in terms of their individual attribofestdr & Larry, 2007)

AHP is used to arrive at ¢hpreferred candidate material and to equally rank the materials in
terms of priorities. The AHP approach is an effective and malleable decision making technique
that helps in setting priorities and make appropriate decision when considering both ggialitati
and quantitative features of a decision. It aids to reduce multifaceted choices to a sequences
individual comparisons, AHP has the technique to provide strong justifications for all decisions
made. This unique capability of AHP makes it the most redaadd extensively used decision

making technique (Rao & Davim, 2008).
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3.2.3.1Steps for the Proposed AHP Methodology.
The methodology to be utilized in ranking the candidate materials for the FGM, both Ceramics

and Metals is based on the itemized attributes dérikom the service condition the FGM wiill

be deployed. The sequence of the Methodology is as shown below.

w DEVELOPING A MODEL
wDERIVING RANKING(WEIGHTS) FOR THE CRITERIA

wWCHECK FOR CONSISTENCY
wDERIVING LOCAL RANKING (PREFERENCES)FOR THE ALTERNATIVE]S

wDERIVE OVERALL RANKING (MODEL SYNTHESIS)

WSENSITIVITY ANALYSIS

wMAKING A FINAL DECISION

) FCECECICECHC 74

Fig. 3.5: AHP methodology for to be deployed for ranking all candidate materials (Mu &
PereyraRojas, 2017).

a) Model Development

This is the firsstep for an AHP analysis; it entails building of decision hierarchy which is also
known as decision modeling. This simply involves the building of hierarchy to ease the analysis
and decision making.

Analytic hierarchy process (AHP) technique is deploye@&mwproblem is structured as a
hierarchy. Figure 3.6 demonstrates the hierarchy considered for the selection and ranking of
candidate materials for the FGM. The first level in the hierarchy is our goal; this is to be able
to select the most optimal metaldaceramics material for the FGM. The second level in the
hierarchy constitutes our objective, these include the quantitative and qualitative requirements
to be reviewed to enable the achievement of the goal as stated in the first hierarchy. The third
level gives the classifications of the requirements as stated in level two, while the fourth level
gives details of the criteria of all the classified requirements. These are the criteria to be used
for comparing alternatives (Candidate Materials).

The AHP hasthe advantages hierarchical decomposition, this gives clearer and better
understand of the problem and equally enables the precise achievement of decision based on

the itemized criteria and the available alternatives to be evaluated.
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Optimal Material for FGM i
1st Level: Goal Oil and Gas Offshore
environment

f
. i At Quantitative Qualitative
2nd Level: Objective requirement
Physical Mechanical In;[r):Ccttuarlgd Cost Environmenal
. roperties
3rd Level: Class Properties prop: BlOpEries impact

1- Tensile ‘ 1-Durability

Strength in Fresh
. Water
2-Fatigue
4th Level: Criteria Density Strength TELaC;“re Price pe' (L 2-Durability
el in Salt
3 Young Water

Modulus

Fig 3.6: Thehierarchy structure of performance criteria considered for the FGM materials
selection problem.

b) Deriving Ranking (Weights) for the Criteria

All itemized criteria in figure 3.6 will have different level of importance to the ultimate
functionality of the materials selected for the FGM. Hence, a second step is required to guide
in deriving the relative priorities (weights) for all the itemized criteria. It is term relative due to
the fact that the criteria priorities obtained are measured against eachhytheyans of
comparison.

It can be assumed that when selecting materials for a particular service condition, all criteria to
be considered in making the decision will not have equal importance. The subjectivity in
assigning importance to the different eria makes it necessary to first derive pairwise
comparisons of the relative priority of each criterion with respect to each of the others (Mu &
PereyraRojas, 2017). The comparison was achieved using a numerical scale developed by
Saaty (Saaty, 2012). This as shown in Table 3.5
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Table 3.5: Saatyds pairwise comparison scale

Verbal Judgment Numeric Value

Extremely important

Very Strongly more important

Strongly more important

Moderately more important
Equally important

RPINWAOI|O[(N|00|O

To achieve this pairwise comparison, three tasks are involved:
A Developing a matrix for comparison at each level of the hierarchy starting from the second
level and descending.
A Computing the relative weights of each element irhieearchy.
A Checking the consistency of judgement through a continuous estimation of consistency
ratio.
Elements are compared in sets with emphasis on their significance with each other on same
level, this is further compared with an element in the pregdugher level. Starting with the
top of the hierarchy and descending downward, these sets of comparisons at each level can be

simplified to a number of square matrides @ as shown in the subsequent equations

(Navid, et. al. 2013):

- e e z e -

[ O é. ® ) €.

®» O €. © PO pO €. o

SCRNGIN I ~a.; ~a.; I © : :

e . v, o, 00

O O é. o ppw po .. ®
- - - - 3.1

The reciprocal property of the matrix is represented as thus:

W — 3.2

Asstatedearliegr t he Saatydés scale of relative i mport

for making subjective pawise comparisons (Table 3.8). After concluding with all sets of
matrix comparison, Specific weights of vector 0 ;0 ;8 80 were computed (Victor

& Larry, 2007).The weight computation involves two main steps. Firstly, the comparison of
matrix setsp ~ ® this is normalized with Equation 3.3 and then secondly, the weights

are computed using equati8r.

A 3.3
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For all’Q phchB 8 8 i

On the same note, weight is calculated as thus:

z

B

0 3.4

Forall'Q phct8 8 8 I

Equation 3.5 gives the relationship between the weight of the végtand thatof the
comparison matrix set that exists.

08 a 35

Is an important parameter used for validation in AHP, it is equally used as referencing
index to modify information by calculating the consistency ratidY of the vector estimate.

CalculatingCR can be done by obtaining the consistency index (Cl) of each other n matrix
from the equation 3.6 as shown:

60 —— 3.6
Using equation 5CRcan be calculated as thus:
oY — 3.7

The random consistency index that can be obtained from a randomly generatedeair
matrix comparison is called Random Inconsistency Index (RI). This is as shown in table 3.9
below, the values of RI for 1 to 10 orders of matrices. The comparisoansedeacceptable if

the values 0b 'Y 1. However, if the values @f 'Y 1, it is an indication of judgement

that is not consistent. Hence, the initially assumed values used for the pairwise comparison of

the matrix A should be reevaluated and studied.

Table 3.6: Random inconsistency indices (RI) for n = 10.

N 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 |0.9 112 |1.24 |132 |141 |146 |1.49

The total measure of all pavise comparisons of entities involve in the decision making by
employing the geometric meanedch assessment as shown in equation 3.8:

W B ® 3.8

Given that® is a constituent of matrix A with individuaj i plth8 8 8 &0 and

correspond to the geometric mean of all individéals The total CR for thegroup is
computed with equations 3.6 and 3.7 [4].
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Table 3.3 and 3.4 shows that all the itemized criteria have difference values, this can be inferred

as different importance/priority to each contribution to the FGM in functioning appropriately
asenvisaged To determine each criterionds priorit
assessed by assigning value from the numeric scale as presented in Table 3.5. This portrays the
relative preference (intensity judgement) from each of the compared painsterfa as

informed by the basic requirements of the candidate material. This is as computed in table 3.7.

Table 3.7: Pairwise comparison matrix with intensity judgments

FGM Salt /Fresh
Candidate | Price per Fracture  Fatigue Tensile . Young
. . water Density
Material | unit volume toughness strength strength o Modulus
. application
Selection
Price per 1.00 0.25 2.00 2.00 0.20 3.00 0.50
unit volume
Fracture 5.00 1.00 7.00 4.00 0.20 6.00 2.00
toughness
Fatigue 0.25 0.14 1.00 0.50 0.11 0.50 0.20
strength
Tensile 0.50 0.25 2.00 1.00 0.13 2.00 0.33
strength
SalFresh | g g9 200  9.00 800 1.00 800  4.00
water
application
Density 0.33 0.17 2.00 0.50 0.13 1.00 0.20
Young 2.00 0.50 5.00 3.00 0.25 4.00 1.00
Modulus

Table 3.8 shows the resultbtained when equations 1, 2, 3 and 4 are applied on the above
matrix. The procedure followed as described earlier in this chapter is as follows; firstly, was to
aggregate each of the cell in the matrix in table 3.7, this was followed with the natioaliz

of the entire matrix. The normalized matrix was further weighted to arrive at the result is table
3.8.

From the results in Table 3.8, it is obvious that for the selection of FGM candidate material for
offshore oil and gas service conditions as itedizn the criteria for the requirements,
durability of material in Salt/Fresh Water application is the most important criterion (0.41)
based on the intensity judgement made. This is followddhlsyure toughnessof the material
(0.23), followed by Young Modulus (0.14), then materiaCost (0.09), then subsequently
Tensile Strengthfollows (0.06) and finallyDensity 0.04 , whileFatigue Strengthhad 0.03

in ranking.
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The priorities of the criteria in Table 3.8 were not allocated arbitrarily but were estabdish

empirical judgments guided by the basic attributes required from a material to function

effectively in the proposed service condition. Fréable 3.8, it can be interpreted that the

criteria have the following priorities in descending order; 41%, ,2B806, 9%, 6%, 4% and

3% respectively..

Table 3.8: Result presentation: original judgments and priorities

FGM Salt /Fresh
Candidate | Price per Fracture Fatigue  Tensile . Young -
. . water Density Priority
Material unit volume  toughness strength strength o Modulus

. application

Selection

Pr:f:’itper 1.00 0.25 200  2.00 0.20 3.00 050  0.09
volume

Fracture 5.00 1.00 7.00 4.00 0.20 6.00 2.00 0.23
toughness

Fatigue 0.25 0.14 1.00 0.50 0.11 0.50 0.20 0.03
strength

Tensile 0.50 0.25 2.00 1.00 0.13 2.00 0.33 0.06
strength
SalvFresh | g g9 2.00 9.00 800 100 800 400 041
water
application

Densi 0.33 0.17 2.00 0.50 0.13 1.00 0.20 0.04
ensity

Young 2.00 0.50 5.00 3.00 0.25 4.00 1.00 0.14
Modulus

c) Check for Consistency
It is necessary to check that the decisions made in arriving at the priorities in section above are

consistent. This is vital owing to the fact that the comparison made were pairwise, hence there

will be need to ascertain the pairwise comparison resuggssalith the results when a global

comparison of all other criteria are perform with respect to each other. Some level of

inconsistency is allowed in AHP since the assigned numeric values were derived from the

indi vi

dual

6s

j ud g e nbe subjective. hi s

coul

d

somet i

me s

From equation 5, 6 and 7, the consistency ratio (CR) which compares the consistency index

(CI) of the matrix in Table 3.7 (the matrix based on our judgments) against the consistency

index of a generic random matrix (RI) as represented lmeT& 6. The random matrix is the

matrix with judgments made in a random manner, hence it is expected not to be consistent, it

should be highly inconsistent. In specific terms, RI is the average consistency index of 500
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matrices that are randomly filledhiE is as provided in Table 3.6 for matrices of different
sizes.

From equation 3.7, CR of 0.10 or less is deemed acceptable to continue the AHP evaluation.
However, for greater than 0.10 consistency ration, it will be required to revise the judgments
to be able to identify the major cause of the inconsistency.

Applying equations 3.3, 3.4, and 3.5 on Table 3.8, the value of can be determined. It is

as shown in Table 3.9 below.

w

¢rofS odpY /FEOdzZ I GAZ2Y 2F < YIE

FGM . .
Candidate Pnce.per Fracture  Fatigue Tensile Salt [Fresh . Young Weighte Priorities
. unit water Density d Sum (A)/(B)
Material toughness strength strength o Modulus (B)
. volume application (A)
Selection
Price per 0.09 0.06 0.06 0.11 0.08 0.12 0.07 0.60 0.09 6.73
unit
volume
Fracture 0.45 0.23 0.21 0.23 0.08 0.25 0.29 1.74 0.23 7.44
toughness
Fatigue 0.02 0.03 0.03 0.03 0.05 0.02 0.03 0.21 0.03 6.89
strength
Tensile 0.04 0.06 0.06 0.06 0.05 0.08 0.05 0.40 0.06 7.01
strength
Salt/Fresh 0.45 0.47 0.27 0.46 0.41 0.33 0.57 2.96 0.41 7.21
water
applicatio
n
) 0.03 0.04 0.06 0.03 0.05 0.04 0.03 0.28 0.04 6.80
Density
Young 0.18 0.12 0.15 0.17 0.10 0.16 0.14 1.03 0.14 7.18
Modulus
Total 49.26
< YIE 7.04

Recall equation 6 as thus:
00—

For this studythe numbers of criteria are 7, that means n=7. Applying this gives a Consistency
Index of Cl= 0.06. From Table 3.6, the Random dmsistency Index for n=7, is 1.32 and
recall equation 3.7,

6Y —
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Having known the values for Cl and RI, from the above equation CR was determined to be
0.0045, hence since proportion of inconsistency from original judgement CR 0.0045
determined is less than 0.10, it can be inferred that the original judgments fer @dlitvise
comparisorof the matrix is reasonably consistent. Thus, the process of deaisikimg with

AHP can be continued. However, if the value of the inconsistency proportion were to be greater
than 0.1, the judgement from the pairwise matrices casgawill have to be reviewed. This

is an iterative process that will be reviewed until all inconsistencies is minimized to the level

stated above.

d) Deriving Local Priorities (Preferences) for the Alternatives

This step of AHP involves determining the m@meice for the relative priorities of all the
identified candidate materials with respect to each the seven itemized criterion. In summary,
this section tends to evaluate the ranking (priorities) of all candidate materials (Metal and
Ceramics) in Tables 3.and 3.4 with respect to all the individual criterion as seen Tables 3.3
and 3.4. It is termed Local Priorities (Ranking) based on the fact that the comparison of the
candidate materials is with each of the criterion and this is €iffdrom the overaltanking

will be determined later.

To determine the local rankings, a pairwise comparison of candidate materials with each

criterion is evaluated using the Saatyb6s n

for metals will be done independentlytivithat of ceramics; hence two models will be
considered in this section. The Rule of Thumb is perform one comparison in a model with two
candidate materials (alternatives) for each criterion (Material 1 with Material 2), and to perform
three comparison ia model with three candidate materials (alternatives) for each criterion
(Material 1 with Material 2, Material 2 with Material 3, and Material 1 with Material 3) and so
on. From Tables 3.3 and 3.4 there are three (3) candidate materials for ceramazs &yl f
candidate materials for ceramics, this means there will be three (3) comparison matrices for
metals and six (6) comparisons matrices for ceramics with each of the criterion. This can be
done with a sequence of questions as seen below. Recall aAblesT3.3 and 3.4, it means
there will be twenty one (21) comparison matrices for metal and forty two (42) comparison

matrices for ceramics that corresponds to the following statements:

1 Metals
With respect to the Price, Fracture toughness, Fasigeagth, Tensile strength, Durability in

Salt/Fresh water, Material Density and Young Modulus criteria:

58

u



1) CompareNickel-Fe-Cr alloywith Stainless Steel, austenitic.

2) CompareNickel-Fe-Cr alloywith Copper C14200, Soft

3) CompareStainless Steel, austenitidal with Copper C14200, Soft
1 Ceramics
With respect to the Price, Fracture toughness, Fatigue strength, Tensile strength, Durability in
Salt/Fresh water, Material Density and Young Modulus criteria:

1) CompareSilicon Carbide (HIPvith Tungsten Carbide (Hotréss).

2) Compare Silicon Carbide (HIP) with Zirconia (Transformation toughened) L

3) Compare Silicon Carbide (HIP) with Alumina 94 (SGM)

4) Compare Tungsten Carbide (Hot Press) with Alumina 94 (SGM)

5) Compare Tungsten Carbide (Hot Press) with Zirconia (Transformetigghened) L

6) Compare Alumina 94 (SGM)with Zirconia (Transformation toughened) L
From the statement comparison for metals, the questions thus follow:
With respect to Price which of the candidate material is prefeNetkel-Fe-Cr alloy or
Stainless Steghusteniti@
From the Saatyds numeric scale for prioritie
two criteria can be determine with respect to price and adequately scaled numerically according
to Saatyds scal e. St &angyasmmpar8dteNickel Alloy; hgncee f er r
a numerical value of 5 is assigned to Stainless Steel as compared with Nickel Alloy in the
comparison Matrix. The same process is repeated for the remaining material comparison with
respect to price, this is fugh normalized and prioritized as was done earlier in Section (b)
above. The matrix in Table 3.10 shows the ranking of metals with respect to price in USD as
provided in CES Edupack 2017 software.

Table 3.10: Ranking of Metals with respect to Price

Stainless Steel,

NickekFeCr alloy, austenitic, ASTM  Copper C14200,

INCOLOY 800, CF20, cast, water Soft Ranking
Annealed
quenched
NicketFeCr alloy,
INCOLOY 800, 1.00 0.17 033 0.09
Annealed
Stainless Steel,
austenitic, ASTM CGF 6.00 1.00 5.00
0.71

20, cast, water
guenched
Copper C14200, Sofi 3.00 0.20 1.00 0.20
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This is repeated for the remaining six (6) criteria, the results for the overall ranking for metals
is as are as representedable 3.11.

Table 3.11: Local Ranking of theMetal Candidate Materials with respect to each
criterion

Fatigue Durability in

Price per unit Fracture Tensile . Young

Candidate Materials volume toughness fgf; %[Sc?;s strength Savl\tlla::erresh (?(Z?r?% Modulus
YAY
(USD/Kg) (MPa. m"0.5) (MPa) (MPa) application (GPa)

NicketFeCr alloy,
INCOLOY 800, 0.09 0.76 0.28 0.64 0.33 0.20 0.23
Annealed
Stainless Steel,
Sustenitc, ASTM CF 0.71 0.17 0.64 0.28 0.33 0.20 0.12
quenched
Copper C14200, Soft 0.20 0.06 0.08 0.07 0.33 0.60 0.65

Similar, a comparison of the identified ceramics material with respect to price was made to
understand the ceramics material to be preferred when price is consider8di¢ergCarbide

(HIP) or Tungsten Carbide (Hot Press))

Al so refer to the Saatyds numeric scale for
two criteria can be determine with respect to price and adequately scaled numerically in
alignment t o S@abidgSteelisprefariecestrondlyias consparad to Tungsten
Carbide in respect to price; hence a numerical value of 4 is assigned to Silicon Carbide as
compared with Tungsten Carbide. Same is repeated for the remaining material comparison with
respect to pce; this is further normalized and prioritized (Ranked) as was done earlier. The

matrix in Table 3.12 shows the ranking of metals with respect to price.

Table 3.12: Ranking of Ceramics with respect to Price.

Tungsten Zirconia

Silicon Carbide Carbide (Hot Alumina 94 (Transformation Ranking

(HIP) Press) (SGM) toughened) L
Silicon Carbide
(HIP) 0.12 0.25 0.10 0.22 0.17
Tungsten
Carbide (Hot 0.03 0.06 0.08 0.04 0.05
Press)
Alumina 94
(SGM) 0.82 0.56 0.73 0.67 0.69
Zirconia
(Transformation 0.04 0.13 0.08 0.07 0.08

toughened) L
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This is repeated for the remaining six (6) criteria, the results for the overall local ranking for
Ceramics is as represented in table 3.13.

Table 3.13: Local Ranking of theCeramics Candidate Materials with respect to each
criterion

. Durability
Price per unit Fracture st:::r:lgltl;]eat Tensile with Densit Young
Candidate Materials volume toughness 10,\7% cles strength Fresh/Salt K /m3))l Modulus
(USDIKg)  (MPa. m*0.5) (MP;') (MPa) water 9 (GPa)
application
Silicon Carbide (HIP) 0.17 0.04 0.54 0.50 0.25 0.48 0.22
Tungsten Carbide (Ho
Press) 0.05 0.24 0.16 0.16 0.25 0.04 0.57
Alumina 94 (SGM) 0.69 0.12 0.08 0.08 0.25 0.30 0.13
Zirconia
(Transformation
toughened) L 0.08 0.59 0.23 0.26 0.25 0.18 0.08

e) Derive Overall Priorities (Model Synthesis)

So far, the local rankings (priorities) that give indication of the preferred candidate materials
for both metals and ceramics based on their individual standing as compared with each criterion
has have been obtained. This further calculates the ovemlhgafor each of the itemized
candidate material; this overall ranking takes cognizance of the weight of each criterion that
was used in the earlier comparison. Being the fact that all values provided in this model are
used in this section, hence the smttis termed Model Synthesis. The overall ranking is
calculated by first considering the local rankings as presented in Tables 3.11 and 3.13.

Tables 3.11 and 3.13 were furtherenealuated to consider the weights of each criterion, the
various weightedankings for the candidate material is as shown in Table 3.14 and 3.15 for

both metals and ceramics.

Table3.14: Weighted Ranking of Metals Candidate Materials

. Durability
. Fracture Fatigue . A
Price per Tensile with . Young
. toughness  strength at Density
unit volume ~ strength Salt/Fresh Modulus
(USDIKg) (MPa. 1077 Cycles (MPa) water (Kg/m3) (GPa
9 m"0.5) (MPa) ater

application
Criteria Weights 0.0892 0.2336 0.0304 0.0574 0.4102 0.0411 0.1434
NicketFeCr alloy, 0.0082 0.1782 0.0086 0.0369 0.1354 0.0082 0.0330

INCOLOY 800, Annealec

Stainless Steel,
austenitic, ASTM G0 , 0.0630 0.0405 0.0195 0.0162 0.1354 0.0082 0.0175
cast, water quenched

Copper C14200, Soft 0.0180 0.0148 0.0024 0.0042 0.1354 0.0246 0.0929

Table3.15: Weighted Ranking of Ceramics Candiddtgerials
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Durability

Price per Fracture Fatigue Tensile with Youn
. P toughness  strength at Density g
unit volume (MPa 1077 Cycles strength Fresh/Salt (Kg/m3) Modulus
(USD/Kg) m"0.5) (MPa) (MPa) W.ater. (GPa)
application

Criteria Weights 0.0892 0.2336 0.0304 0.0574 0.4102 0.0411 0.1434
Silicon Carbide (HIP) 0.0154 0.0104 0.0163 0.0287 0.1025 0.0198 0.0318
Tungsten Carbide (Hot
Press) 0.0047 0.0564 0.0048 0.0093 0.1025 0.0017 0.0823
Alumina 94 (SGM) 0.0619 0.0290 0.0023 0.0045 0.1025 0.0122 0.0181
Zirconia (Transformation
toughened) L 0.0071 0.1377 0.0070 0.0149 0.1025 0.0074 0.0111

In conclusion, the overall candidate materials ranking is obtained by adding all the candidate
materials weighted ranking for each of the criterion in the rovahies 3.14 and 3.15. This is

as shown in Tables 3.16 and 3.17 according, the rankings in the tables are arranged in
descending order.

Table 3.16: Overall Ranking for Metals
FGM's Candidate Materials for Metals Overall Ranking

1. NickelFeCr alloy, INCOLCB00, Annealed 0.408
2. Stainless Steel, austenitic, ASTM20F, cast, water quenched 0.300

3. Copper C14200, Soft 0.292

Table 3.17: Overall Ranking for Ceramics

FGM's Candidate Materials for Ceramics Overall Ranking
1. Zirconia (Transformation toughened) L 0.288
2. Tungsten Carbide (Hot Press) 0.262
3. Alumina 94 (SGM) 0.231
4. Silicon Carbide (HIP) 0.225

From the tables above, it means given the various importance (Weight) of all the identified
criteria for the FGM Material Selection (Price, Fracture Toughness, Fatigue Strength, Tensile
Strength, Durability in Fresh and Sea Water Application, Density amghd Modulus),
AnnealedNickel-Fe-Cr alloy (INCOLOY 800) is thereferable Metal for the FGM tailored
service conditions (overall ranking = 0.408), wiidlieconia (Transformation toughened i)

the preferable ceramics for the same service conditionsalbreanking = 0.288).

f) Sensitivity Analysis
From the overall ranking of all candidate materials, it can be deduced that the overall ranking

is highly dependent on the weight assigned to each criterion, it is worthwhile to perform
sensitivity analysis to be able to appreciate the deviation that agsé&lin the final results if
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some of the assumptions made to arrive at the initial weighting of the criteria changes. This

process is vital, as it gives an appreciation on robustness of the original decision and the drivers

(criteria that drastically at the original results). Hence, this process must be concluded before

making final decision.

Recall that in Table 3.8, Price was assigned lower priority as compared to other criteria due to

the fact that in Selecting possible candidate materials as shokigures 3.2 and 3.4 price

limits were used, hence this was assumption for the lower priority assigned Price in Table 3.8.

On the same Density was assigned lower priority in Table 3.8 due to the assumption that weight

will not be a concern on the OffsleoFacilities were the FGM will be deployed. Based on the

foregoing, the real question is what will be the best alternative candidate materials if the

assumptions made as stated above becomes unrealistic. Sensitivity analysis with the following

scenarios &s performed to provide for uncertainties in weight, price and density:

1. All criteria having the same weight.

2. Increasing the weight assigned to price and maintaining the weightings proportion of other
criteria in Table 3.8.

3. Increasing the weight assigneddiensity and maintaining the weighting proportion of other
criteria as in Abo above.

Table 3.18a: Scenario 1 for Metals

Price . . Salt/Fresh
. Fracture Fatigue Tensile . Young .
per unit water Density Ranking
. toughness strength strength o Modulus
Weight application
Criteria Weights 0.1429 0.1429 0.1429 0.1429 0.1429 0.1429 0.1429
NicketFeCr alloy, INCOLOY 4 155 51090 00403 0.0919 0.0471  0.0286  0.0328 0.3629
800, Annealed
Stainless Steel, austenitic,
ASTM CRO , cast, water 0.1010 0.0248 0.0915 0.0404 0.0471 0.0286 0.0175 0.3509
quenched
Copper C14200, Soft 0.0288 0.0091 0.0111 0.0105 0.0471 0.0857 0.0926 0.2849
Table 3.18b: Scenario 2 for Metals
Prlce_ PET Fracture Fatigue Tensile Salt/Fresh Density Young .
unit toughness strength  strength water (Kg/m3) Modulus Ranking
Weight g 9 g application g (GPa)
Criteria Weights 0.2000 0.2032 0.0265 0.0499 0.3569 0.0357 0.1247
NicketFeCr alloy, INCOLOY 5184 1550 00075  0.0321 0.1178  0.0071  0.0287 0.3666
800, Annealed
Stainless Steel, austenitic,
ASTM CRO , cast, water 0.1414 0.0353 0.0169 0.0141 0.1178 0.0071 0.0152 0.3479
quenched
Copper C14200, Soft 0.0403 0.0129 0.0021 0.0037 0.1178 0.0214 0.0808 0.2789
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Tables 3.18c: Scenario 3 for Metals

Prlcg PET Fracture Fatigue Tensile Salt/Fresh Density Young .
unit toughness strength  strength water (Kg/m3) Modulus Ranking
weight 9 9 9 application 9 (GPa
Criteria Weights 0.2000 0.1775 0.0231 0.0436 0.3117 0.1400 0.1090
NicketreCr alloy, INCOLOY 5184 01354 00065 00281 01020 00280  0.0250 0.3444
800, Annealed
Stainless Steel, austenitic,
ASTM CR0 , cast, water 0.1414 0.0308 0.0148 0.0123 0.1029 0.0280 0.0133 0.3436
quenched
Copper C14200, Soft 0.0403 0.0113 0.0018 0.0032 0.1029 0.0840 0.0706 0.3140
Table3.19 a: Scenario 1 for Ceramics
Price per Fracture . . Fresh/Salt
. Fatigue Tensile . Young .
unit toughnes water Density Ranking
) Strength  strength s Modulus
weight s application
Criteria Weights 0.1429 0.1429 0.1429 0.1429 0.1429 0.1429 0.1429
SiliconCarbide (HIP) 0.0247 0.0064 0.0766 0.0713 0.0357 0.0688 0.0317 0.3151
Zirconia (Transformation
toughened) L 0.0114 0.0842 0.0327 0.0371 0.0357 0.0257 0.0111 0.2379
Alumina 94 (SGM) 0.0992 0.0177 0.0110 0.0113 0.0357 0.0425 0.0181 0.2355
Tungsten Carbid@Hot Press)  0.0075 0.0345 0.0225 0.0230 0.0357 0.0058 0.0820 0.2110
Table 3.19b: Scenario 2 for Ceramics
Prlce_ PE" Fracture Fatigue Tensile Fresh/Salt . Young .
unit toughness) strength  strength water Density Modulus Ranking
Weight g 9 9 application
Criteria Weights 0.2000 0.2055 0.0268 0.0505 0.3610 0.0361 0.1262
Alumina 94 (SGM) 0.1389 0.0255 0.0021 0.0040 0.0902 0.0108 0.0159 0.2874
Zirconia (Transformation
toughened) L 0.0159 0.1212 0.0061 0.0131 0.0902 0.0065 0.0098 0.2629
Tungsten CarbidéHot Press) 0.0105 0.0496 0.0042 0.0081 0.0902 0.0015 0.0725 0.2366
Silicon Carbide (HIP) 0.0346 0.0092 0.0143 0.0252 0.0902 0.0174 0.0280 0.2189
Tables 3.19c: Scenario 3 for Ceramics
Prlce_ PET Fracture Fatigue Tensile Fresh/Salt . Young .
unit toughness strength  strength water Density Modulus Ranking
Weight g application
Criteria Weights 0.2000 0.1775 0.0231 0.0436 0.3117 0.1400 0.1090
Alumina 94 (SGM) 0.1389 0.0220 0.0018 0.0035 0.0779 0.0417 0.0138 0.2995
Silicon Carbide (HIP) 0.0346 0.0079 0.0124 0.0218 0.0779 0.0675 0.0241 0.2462
Zirconia (Transformation
toughened) L 0.0159 0.1047 0.0053 0.0113 0.0779 0.0252 0.0085 0.2488
Tungsten Carbide (Hot Press  0.0105 0.0429 0.0036 0.0070 0.0779 0.0057 0.0626 0.2102
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g) Making a Final Decision
This is the final step required to make an informed decision on the Candidate Material for the

FGM. To achieve this, it will be required to compare overall ranking as represented in Tables
3.16 and 3.17 with the priorities from the sensitivity analysikaible 3.18 and 3.19. This is to

give an appreciable if the differences from the sensitivity analysis are large enough to tweak
the decisions (Ranking) in tables 3.16 and 3.20.

The Chart below gives a fair comparison of the three Scenarios with thaioktiad ranking

for both Metals and Ceramics Candidate Materials.

m Overall Ranking

W Scenario 1

1 Scenario 2
Nickel-Fe-Cr  Stainless Steel, Copper C14200,  mScenario 3
alloy, INCOLOY austenitic, ASTM Soft
800, Annealed  CF-20, cast,
water quenched

Metal Candidate Materials

Fig: 3.7: Representation of all analyzed results for the Metallic Candidate material

m Overall Ranking

M Scenario 1

M Scenario 2

M Scenario 3

Ceramics Candidate Materials

Fig 3.8: Representation of all analyzed results for the Ceramics Candidate material
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3.3.CONCLUDING REMARKS

Having evaluated all existing metals and ceramics based on the predefined operational range
as required for the oil and gas operations and based on all the analysis and sensitivities carried
out as summarized in Fig. 3.7 and 3.8. The ranking ob#s¢ material for both metal and
ceramics is as detailed in in Table 3.20.

Table 3.20: Final Results Presentation.

Coefficient of Specific

thermal Poisson's Thermal Heat Densit Tensile
E (GPa) . . conductivity . Y Strength  Ranking
expansion CTE  ratio K (W/m.K) Capacity Cv (kg/m3) (MPa)
(/K) ' (J/9.K)

Ranking for Metal
NicketFeCr alloy, INCOLOY
800, Annealed 195 14.25 0.34 115 502.5 7950 620 1
Stainless Steel, austenitic,
ASTM CRO0 , cast, water
quenched 195 17.5 0.27 15.5 500 7765 530
CopperC14200, Soft 122.5 17.5 0.345 165.5 380.5 8925 220
Ranking for Ceramics
Zirconia (Transformation
toughened) L 246.5 9.8 0.3 2 450 5740 414 1
Alumina 94 (SGM) 330 7.55 0.24 21 880 3650 250.5 2
Silicon Carbide (HIP) 400 5 0.15 80.05 802 3145 500.5 3
Tungsten Carbide (Hot Press) 669 5.8 0.21 29 180 15700 352.5 4
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CHAPTER 4: DEVELOPMENT OF NUMERICAL MODEL
FOR FGM PIPES

4.1. INTRODUCTORY REMARKS
A numerical modelling approach was used in this chapter to evaluate properties and behaviour

of FGM against a prescribed defined number of criteria; this same approach was applied to
assess different pipeline configurations; straight pipe, pipe bend (elbow) api@deeThe
results from the extensive analysis conducted will be addressed isebsehapters.

However, in the present chapter a methodology has been developed to demonstrate the use of
finite element method on application of a straight FGM pipe. This methodology was used to
develop the straight FGM pipe model on Abaqus Software éding condition to replicate

the actual conditions of the referenced offshore piping systems. The usage of FGM for piping
in oil and gas industry is still evolving as a result, little or no information exist that could be
used as benchmarks to the emsresearch. Apart from the corrosion concern, thermal and
mechanical loading is the next consideration of the referenced offshore oil and gas piping
system, this led to a focused review of the literature on studies of FGM pipes subjected to
transient themo-mechanical loading. It is noted that the available literature on this subject were
limited, the closest was the study by Ghanegdl.[102] who presented a 2D therretastic

model of an axisymmetric FGM hollow cylinder. Compared to other studiesnn@ta
provided a more realist behaviour of the FGM pipe as the work considers the edge effects for
finite-length pipe.

The adopted methodology makes an attempt to examine the problem of an axisymmetric
cylindrical FGM pipe subjected to thermal and preskading. To achieve this, the developed
model is validated with published work by Ghannad et al, 2019. The result from this present
research was compared with a classical analytical approach and a numerical approach using
the ANSYS finite element code.

4.2. FGM MODEL DEVELOPMENT FOR A STRAIGHT PIPE

4.2.1 Problem Formulation
The focus herein is on axisymmetric planetrain problem as shown in tlsghematic in

Fig.4.1 A 20 Layers axisymmetric plan was considered so as to explore thé bétief FGM
properties gradation and it was assumed that the properties of FGM material varies along the
thickness direction only. The inner surfagse "Q¢, towards the inner diameter of the

cylinder is ceramic rich (Zirconia), while the outer surface "Q ¢, towards the outer
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diameter of the cylinder is metal rich (Titanium). Same FGM material was used by Ghannad,
hence the choice of the material was ensure effective result benchmark and validation.

The effective material properties at any given point within the axisymmetric plane, such as like

Youngo6s modul us , tBermalmgansion @¢osfficemnt, tofythe functionally

graded plane can be determined by power law as stated in equatiah,4814.3.

The volume fraction variatiow , of ceramic throughout the plain thickness gives an indication

of the volumetric fraction of ceramic at a given location along the thickness. The fraction is
established on the combination of metal and ceramd gives an indication of the material
composition in terms of volume at any given location along the thickness. Assuming the
volume fraction for Ceramics is defineddas therefore the volume fraction of metal will be

the balance of the materialchthis can be defined @s . As stated earlie®i fQa nd U
varies in accordance to power law and their correspondence values are determined and entered
into ABAQUS/CAE 6.14 Softwaraccordingly

It i s a known f a ®ftndthémalexpahsian cogfficieft areceimpdratuse
dependent. On the other hand, mass dehsiyd the thermal conductivit@are independent

of the temper at ugigassumedd ® bdPconstansas it i 3ot so t@rperature
dependent. ABAQUS/CAE 6.14 Standard Model Software was used to simulate the
axisymmetric 2€ayered FGM model subjected to both Thermal and Mechanical loading. As
stated, the model was based on an axisymmetric shell deformable structure clamped at both

ends. The details of threodel development are described in the following subsection.
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Ply 1 —> Z

Ro

Figure 4.1: Figure depicting the origin of Z

4.2.2 Model Focus and Developments
The methodology utilised to model the axisymmetric pipe with FGMs using a finite element

approach was established by defining the coordinate systems, theoretical formulation and
boundary conditions. Units used were as follows: length pressure I/m3, temperature

[°K], expansion 1/°K], density [kg/m3], conductivity [W/m-°K]. Due to the tnae of FGM

material properties that changes throughout the thickness of the cylinder, the numerical model
was separated into numerous distinct sections so as to properly capture the changes in
properties. The models were treated like isotropic materMisterial properties were

calculated at the miglane of each section using the power law equations as outlined below:

%U % % - - +% (4.1)
6 e 6 - _ 0 (4.2)
QU 0 M - - +7 (4.3)

The sections and the corresponding properties are then crusted together to create the through
thethickness variation of material properties. Although the gradual change in material
properties is not reflected in the layered sew| the material gradation can be obvious when

a sufficient number of sections is been considdfagl.4.1depicts an axisymmetric section of

a cylinder with its thickness discretized into twenty layers, Ply 1 in Fig. 4.1tieedhner
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diameter of the cylinder, and the origin of the z axis is at thephaide of the cylinder thickness

with +z in the direction towards the outer diameter.

The FGM model developed has its inner section to be ceramic rich, while the outer section is
metal rich. The mixture of the two materials makes up the thickness characteristics. This

materi al variation i s dehomogemeityhfaiod). Abny=0¢he par a me

plate is a fully metal plate while at= the plate is fully ceramic. Material properties depends

on the n value and the positionfofz along the thickness of the cylinder. Material properties
vary according to a power law as showrequation 4.1, 4.2, & 4.3. Typically, the properties
therefore vary through the cylinder thickness according to power law.

The model is made of a moderately thigklled cylindrical shell with an outer radiusand

inner radiusri; and lengthL; which is subjected to axisymmetric conditions of pressare
external heat flux Hi at inner surface, the outer surface of the cylinder is considered to be
interacting with the ambient temperature. Frieig. 4.2,the position of a distinate point m,

(r) within the cylindrical shell element can be identified by two parameters, R and z,Ris

+z.

R represents the distance from the center line of the cylinder in the axial diredsotine

distance, typically from a point in the middiéthe cylinder thickness. It is worth noting that,

zandx must be within the range of Q @ "Qqﬁn @ 0 respectively, where h is the

TLEEELEE
[EEEE=issE

Figure 4.2: Crossection of cylinder under ThermdechanicalLoading [102]
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4.2.3 Geometry and material properties
The candidate pipe can be represented as an axisymmetric construction with a cylindrical

shape. It was dimensioned with an inner radius 40mm, an outer radius = 60mm and a
lengthD = 800mm.The parts were then partitioned into 20 layers with the same thickness using
datum planes as shownkig 4.3a and 4.3b

The axisymmetric cylindrical shell structure is Zirconia rich from the inside and Titanium rich
from theoutside, the material properties of the inner and outer surface is as listed below:

Inner surface (Zirconia):

0=117.0 00 ¢ =0.3;” =58900 "W ;| =7.11xp 1T pf0
=204 0¥a 0O

Outer surface (Titanium):

0=66.2 '00 ¢y =0.3;” =44300 "®W ;| =103 xp ® PO
=181 wTd ©

sSaarY

L) L) L] .

Figure 4.3 Cylinder PartSketch Figure 4.3b: of thand partitioned part of the cylinder with
datum planes in Abaqus
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4.2.4 Element type and mestsensitivity
Fig 4.4shows details of a typical finite element mesh of the axisymmetric pipe section. The

behaviour of different element sizes in the cresstion of the axisymmetric section was
examined to provide both accurate results and reduced computation time.

Mesh Cowergence study was carried autd the result converges satisfactorily with 270
number ofelements.The axisymmetric pipe was meshed with CAX4T elements which has
three degrees of freedoms for each node: temperature, and two translations in radial and axia
directions. A Standard Element with linear geometric order was utilised, the sections were
modelled using the -Aode axisymmetric thermally coupled quadrilateral, bilinear

displacement and temperature (CAX4T).

20mm

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
fi=s

Figure 4.4: Meshedxisymmetric cylindrical shell

4.2.1 Loading and boundary conditions
The nodes at the end of the cylinder were restrained at both ends with two types of boundary

conditions as defined below:
1 An encastrement for the mechanical boundary condition
1 A fixed temperature of 50 °@as used so as to replicaéibe model been validated.
1 The loading conditions applied to the inner wall of the cylinder is as stated below:
1 A receding surface heat flux of 150 W2n
1 Aninternal pressure of 80 MPa
A predefinedtemperature of Z& was also applied at the initial step of the modieese are

as shown in Fig. 4.5.
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Fig. 4.5:Thermal boundary conditions (left), mechanical boundary conditions (top right), and

zoom on the surface of mechanibalundary conditions (bottom right)

4.3. RESULTS VALIDATION
To ensure validation of the finite element models that were modelled using Abaqus, the

numerical FEM analysis results for temperature distribution, radial/axial displacements,
radial/axial/circumfereml stresses were compared against that of Analytical and FEM (Using
commercial FE Code ANSYS) of similar study conducted by Ghannad et al., 2017.

The main aim of the comparison was to verify and validate the accuracy of the finite element
model. The comp&son of the FEA results for the temperature distribution, radial displacement,
axial displacement, axial stress, circumferential stress anemfees stress along the middle
surface of the cylinder length is as shown from Fig 4.6a, 4.6b, 4.6c, 4.6& 4.6€ Table

4.1 also give a detailed comparison between the stresses from the research conducted by
Ghannad et.al 2017 and that of the current research using ABAQUS/CAE 6.14 Software. The
comparison of results obt ai nesgbodvagrdeimentt viitat f r ¢
above 95% accuracy with most of the variables used for the comparison. However, for the axial
stress with n=1, there was slight divergence in the outcome when compared with the referenced
literature (about 30%). But the axial strdes n=5 shows good agreement with that of the
referenced literature, with deviation within 5% when compared with both the numerical and

analytical results from the literature. This is as shown in Table 4.1.
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TheFirstorder shear deformation thedSDT)and FEM values for the stresses at x = L/2 &

z = 0 from Ghannad et. al outcome was compared with that of the current study. The result
reveals that circumferential stress, axial stress andrvisas stress for the model using n=5

had less than 5% deviationhile the circumferential stress and Vimises stress for the model
using n=1 shows similar excellent outcome.

Table 4.1: Comparison of the results for FSDT and FEM calculations for stresses at x = L/2 &
z = 0 by Ghannad et. al. 20 and that of the current study with Abaqus

Method n=1 n=5
Analytical Ghannad et. al 147.72 173.85
Circumferential
s FEM (ANSYS) Ghannad et. al 150.67 170.47
tress
FEM (Abaqus) 160.13 172.4
Analytical Ghannad et. al -10.59 -26.84
Axial Stress FEM (ANSYS) Ghannad et. al -8.35 -31.12
FEM (Abaqus) -5.99 -32.79
Analytical Ghannad et. al 167.03 194.49
Von Mises FEM (ANSYS) Ghannad et. al 166.43 198.23
FEM (Abaqus) 175.24 201.23
4.5 es e e FEM Abaqug
4.0 == == = Analytical Ghannad et.al
3.3 FEM [ANSYS] Ghannad et.al
3.0
£2.5
2.0
L5
1.0
0.5
0.0
0 0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.6aDistribution oftemperature along the middle surface in FGM cylinder

——FEM Abaqus

—— FEM [ANSYS] Ghannad et. al

Analytical Ghannad et. al

0.2 0.4 0.6 0.8 Vl 1.2

[gxhghl

x/L

Figure 4.6bDistribution of axial displacement along the middle surface in FGM cylinder
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35
30 = = = = mFEM [ANSYS] Ghannad et. al
25
20
15
10

FEM Abaqus

Analytical Ghannad et. al

[Ur/ri]E4

0 0.2 0.4 0.6 0.8 1 1.2
x/L

0.0 FEM [ANSYS]
01° 0.2 0.4 0.6 0.8 0 12 et
e Analytical Ghannad
0.1
-0.2 —
< 0.2
-0.3
-0.3
-0.4

x/L

Figure 4.6dDistribution of axial stress along the middle surface in FGM cylinder

2.5 e FEM Abaqus

2.0 Analytical Ghannad et al

B L5

S
® 1.0

) |

0.0
0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.6cDistribution of radial displacement alongetmiddle surface in FGM cylinder

Figure 4.6e: Distribution of circumferential stress along the middle surfag@NMcylinder
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2.5 e FEM Abaqus

7~ J\ FEM [ANSYS] Ghannad et. al
2.0 J

0 0.2 0.4 0.6 0.8 1 1.2

Figure 4.6f: Distribution of Von mises effective stress along the middle surface in FGM
cylinder

4.4, PARAMETRIC STUDY
The developed finite element model predicts the behaviour of the axisymmetric cylinder

subjectedo both thermal and mechanical loading. Using this model, parametric studies were
carried out to understand t h-Bomegereit Gattor)ef n u mk
the FGM behaviour.

4.4.1 The effect of number of layers
A study of the effect of numbef layers was examined, the layer configurations were 5, 10

and 20 layer systems. This study intends to help understand the behaviour and variation in
strength, stiffness and load carry capability of the FGM pipe when designed with different
number of Igers. The parameters considered for the study were temperature distribution, radial
displacement, axial displacement and \Woises stress, all considered along the middle of the
cylinder. While the loading conditions, boundary conditions and ambient mondiere same

for the various scenarios considered. Fig.4.7a, 4.7b, 4.7c & 4.7d depict the performance of the
different layered FGM model considered under the various parameters. From Fig 4.7 (a) it can
be seen that the number of layers of FGM has nofgignt effect on the axial displacement,
although shows slight changes; with less than 1% changes in the axial displacement as the
number of layers. This view is further affirmed in table 4.2 in which the axial displacement
remain unchanged for both 5 abd layers.

From Fig. 4.7 (b), it can be depicted that number of layers of FGM has no effect on the radial
displacement of the FGM. While from Fig. 4.7 (c), shows same trend with no significant
changes in the temperature distribution along the length ¢f@M Pipe as the number layer

increases, hence increase in number of layers has no significant effect on the temperature
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distribution along the length of the FGM pipe. This trend is similar to the effect of number of
layers on the axial displacement; widss than 3% increase in temperature distribution as
shown in table 4.2.

From Fig 4.7 (d), it can be seen that increase in number of layers of FGMs has little influence
on the VonAmises, it slightly increases with the increase in number of layer andlslight
decreases with a further increase in the number of layers. However the difference between
maximum Vonmises between the three scenarios considered is less than 3%. Hence the effect
of number of layers on the considered properties of an FGM in minirdalaanbe negligible.

Axial displacement 20layers, n=5

Axial displacement 5layers, n=5

Axial displacement 10layers, n=5

[U2/i]E4
(]

x/L

Figure 4.7a:Comparison of distribution of axial displacement along the middle surface in FGM cylinder
for FGM of different number of layers.

35 Radial displacement 20 layers, n=5
30 e Radial displacement 5layers, n=5
E 25 Radial displacement 10 layers, n=5
= 20
=15
=
10
5
0 1
0 0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.7b: Comparison of distribution of radial displacement along the middle surface in
FGM cylinder for FGM of different number of layers
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7.0 Temperature 20 Layers, n=5
6.0 e Temperature 5 Layers, n=>5

e Temperature 10 Layers, n=5

5.0
4.0
3.0
2.0
1.0
0.0

T/T*

0 0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.7c: Comparison of distribution of temperature along the middle surfd&8Nh
cylinder for FGM of different number of layers

3.0 - e Von Mises 10 Layers, n=2

e Vo Mlises 5 Layers, n=2

2.5 ]
/R ﬂ Von Mises 20 Layers, n=2

00 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2

x/L

Figure 4.7d: Comparison of distribution of Von mises along the middle surface in FGM
cylinder for FGM of different number of layers

4.4.2 The effect of nonhomogeneity factor (n)
A further study on the effect of ndromogeneity factor (n) was also considered, Hfgctors

considered for this study were n=1, 2, and 5. Similarly, parameters considered were
temperature distribution, radial displacement, axial displacement andnigen stress, all
considered along the middle of the cylinder. The loading conditions, boundary conditions and
ambient condition were constant for the various studies. Fig. 4.8a, 4.8b, 4.8c & 4.8d depict the
performances of the FGM models with differenfators considered under the various
parameters. From these figures, it can be seen thathomaogeneity (n) factor of
Zirconial/ Titanium FGM has a significant effe
loading conditions. It clearly shows that as #mmmogeneity factor increases, temperature

distribution, radial displacement and \fomises stress significantly increases proportionately,
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the only exception is the axial displacement that shows slight discrepancy in the proportionate
increase. This is aseWn in Table 4.2.

Table 4.2: Summary table for comparison of the results for different layers-fatbrs for
the four parameters at x = L/12 & z = 0.

n=1 n=2 n=5
Radial diplacement | 10 Layers 0.0001179 0.0001163 0.0001234
(mm)
(V1) 5 Layers 0.000118 0.0001166 0.0001233
Axial displacement 10 Layers 0 0 0
(mm)
(U2) 5 Layers 0 0 0
Von Mises (Pa) 10 Layers 1.78E+08 1.91E+08 2.05E+08
(def f) 5 Layers 1.67E+08 1.80E+08 1.97E+08
Temperature 10 Layers 95.2912 110.412 143.009
(T) (°C) 5 Layers 95.3427 109.892 139.346
10 Axial displacement 10 Layer n=1
Axial displacement 10Layers n=2
5 Axial displacement 10layers, n=5
=
= 0
=) 0.2 0 0.6 0.8 1 1.2
-5
-10 YL

Figure 4.8a: Comparison of distribution of axial displacement along the middle surface in FGM
cylinder for FGM of different ffactors (noshomogeneity factor)

35 Radial diplacement 10Layer, n=1
30

25
20
15
10

Radial displacement 10 Layers, n=2

Radial displacement 10 layers, n=5

[U1/i]E4

0 0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.8b: Comparison of distributiarif radial displacement along the middle surface in
FGM cylinder for FGM of different fiactors (norhomogeneity factor)
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7.0 Temperature 10 Layers, n=1
e Temperature 10 Layers, n=2

6.0

e Temperature 10 Layers, n=5

5.0
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0 0.2 0.4 0.6 0.8 1 1.2
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Figure 4.8c: Comparison of distribution of temperature along the middle surface in FGM
cylinder for FGM of different ffactors (noshomogeneity factor)

3.0 Von Mises 10 Layers, n=1
55 e W on Mises 10 Layers, n=2
' e Von Mises 10 Layers n=5
2.0
2y
3
ES L5
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-0.2 0 0.2 0.4 0.6 0.8 1 1.2
x/L

Figure 4.8d: Comparison of distribution of \fomses along the middle surface in FGM
cylinder for FGM of different ffactors (noshomogeneity factor)

4.5. CONCLUDING REMARKS
The numerical investigation of an axisymmetric cylindrical mipestructed with Zirconia and

Titanium FGM with variable number of layers subjected to thermal and mechanical loading
was considered using the Abaqus software. A series of results validation was also undertaken
on the model to ascertain the validity of @M Models.

The FGM finite element models developed were validated against already published
results with ANSY'S and first ordeshear deformation theory (FSDT) from Ghannad et. al 2017
and it shows good agreement. The FGM finite element models werealibsely depict the
behaviour of the Zirconia/Titanium axisymmetric cylindrical model subjected to mechanical
and thermal loading. Hence, a parametric study was conducted to understand further the effect
of number of layers and ndromogeneity factor (m)n the FGM Model.
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It was also seen that the number of layers of FGM has no effect on the radial
displacement, but shows slight effect on axial displacement, temperature amdisésn as
they increase slightly with increase in number of layers with ticepion of Vomamises the
slightly decreases with further increase in number of layers. However, the study shows that the
nonrhomogeneity (n) factor of the FGM has signi
loading. It clearly shows that as rbomogeneity factor increases, the radial displacement,
temperature distribution and Vanises equally increase significantly with similar proportion,
the only exception is the axial displacement that shows slight discrepancy in its proportionate
increase as thefactor increases.
The validation of the developed methodology in this chapter becomes the basis and reference
point for all other models to be developed is subsequent chapters. It is worth of note that the
FGM material combination and loading conditioagplied for the validated model was
informed by the material and loading conditions of the referenced journal by Ghannad.
The subsequent chapters will utilize the same validated approach to determine the design limits
for all the piping configuration cordered. However, the loading condition, FGM material
combination and piping configuration will based on actual line list data for the referenced

offshore oil and gas piping system and candidate material selection from Chapter 3.
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CHAPTER 5 DESIGN LIMIT PR EDICTION FOR FGM

5.1. DETERMINATION OF EFFECTIVE YIELD STRENGTH OF FGM
To adequately predict the design limit for an FGM component, it is necessary to define some

sort of appropriate failure criterion. For an isotropic material, a common industrial approach is

to use the Vommises criterion for three dimensional systems as found in many international
pressure vessel codes. With an FGM component, the concept of yield across a section is null
and void and therefore an alternative approach is required to providguaralent failure

criterion. As such, it is necessary to determine the effective yield strength of the entire FGM
through the wall thickness of the component. This is challenging, as, to date, there is no known
and proven appr oac h efteftivedield seength. The pregentavork Ha$s Mo s

been able to offer an approach to determinin

It is a known fact that the yield strength of each layer of the FGM is unique to that layer, these
are dependent on the idestrength of ceramic and metal that made up the FGM. Thus, the
volume fractions of ceramic and metallic components that represent the amount of each

material in the pipe is used to infer the effective yield strength.

@ - - [5.1]

To determine the volume fractions of ceramics, the pipe thickness (h), the position of ceramics
in the entire FGM thickness (z) and ARbomogeneity factor must be known.

w P W [5.2]

On the same note, the volurher act i on of met al was deri ved
volume fraction from the entire FGM6s vol ume

So, the effective yield strength can be written as:

» B . F&  , | & [5.3]

. B w F8- - wh P 8- - [5.4]

with,  and, p as the ceramic and metal yield strength respectively.

From equation 5.4 above it can be seen that the effective yield strength is dependent on the
parameter z. The objective is to determine an equation that isdepgndent omon
homogeneity parametérn 6, as it is the only parameter t|

strength.
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From the known mathematical principles:

For n=1, there is an equally concentration of ceramic and metal in the FGM. Hencejeeffect

yield strength,  is the average between; and, .

For n >1, there is much ceramic than metal in the FGM. Hence, effective yield sirength

will be closer to the value qf ; than,, .

For n<1, there is much metidlan ceramic in the FGM. Hence, effective yield strepgth

will be closer to the value of ; than,

From equation 5.4, in order to eliminate the parameter z from the equation, it is replaced by a

factor AAO represented as thus,
6 - - [5.5]

Thus, equation 5.4 is presented as thus:
» . h® , p8p O [5.6]

The next step is to find the expression of A that is dependent of the n parameter.

From equation 5.5, we know that,
6 -0ME p BHAGNOIBAIGENRT O & Qo
0 mML'ME mMQOaRO da
0 PpL'MEOC b Q6 ORI & Qw
The above scenarios was represented graphically, consequently, the function A (n) evolves as
stated in Figure 3.below:
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A=f(n)
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Fig. 5.1: Curve representing AA0 as a functi

This function has the following equation,

6¢ — [5.7]

Indeed,

R
[}

Eal ko)

p
e 0TI
O Q€ p
w o

From Equation 5.7 and 5.6, the effective yield strength as a functiooreiomogeneity

pY

parametein 0 i s determined in equation 5. 8.
» h ” 58_ ” Fl8_ [58]

Equation 5.8 gives the effective yield strength of the pipe depending only on the non
homogeneity parameter n. The properties of the idedtifandidate material used is as shown

in table 5.1.
Table 5.1: Properties of a typical identified candidate material
Tensile
Material Poisson's Density Strength YS
properties E (GPa) CTE(/K) ratio k (W/m.K) Cv (J/kkg.K)|  (kg/m3) (MPa) N (MPa)
Ceramic Zirconia
(inside) (toughened) 246.5 0.0000098 0.3 2 450 5740 414 4 414
Metal INCOLOY 800
(outside) (annealed) 195 0.00001425 0.34 11.5 502.5 7950 620 310

Applying the ceramic and metal yield strength from table 5.1 in equation 5.8 for different
valuesof n. The respective effective yield strength is presented in the table 5.2 below.
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Table 5.2: Effective yield strength of the FGM 1 pip#th different noshomogeneity
parameter values.

Non-homogeneity parameter (n) Effective yield stre
0.5 344.6MPa
1 362MPa
2 379.3MPa
5 396.6MPa

To further verify the accuracy of this developed equation for the effective yield strength, the
results in table 5.2 was compared with results derived from the traditional averaging of the
yield strengthal cul at ed by an average of the | ayersbo
has the following equation:

Vi 2 & [5.9]

with,
[, the number of layers
» h» the yield strength of the layer number i

A comparison othe results for the effective yield strength using the averaging approach and
the developed technique for different number of layers andhnorogeneity factor is as
presented below.

Table 53C0mparlson for n:05 Comparison of average and effective yield strength
Number | 0y, Oy e | Relative for n=0.5
345,4

of average | (MPa) | error 3452
layers | (MPa) (%) £ /\"‘

5 3435 3446 0.32 & e
10 3453 | 3446 02 e /

3434

7 9 11 13 15 17 19 21

20 3449 | 344.6 0.09 J Nurmber of layers

—&— Average yield strength —&— Effective yield strength
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Table 5.4: Comparison with n=1

Number dy, Oy, e | Relative

of layers | average | (MPa) | error
(MPa) (%)

5 360.9 | 362 0.77

10 362 362 0

20 362 362 0

Table5.5: Comparison with n=2

Number | 0y | ly,er | Relative
of average | (MPa) | error
layers (MPa) (%)

5 378.4 | 379.3| 0.24
10 379.1| 379.3| 0.05
20 379.3 | 379.3 0

Table 5.6: Comparison with n=5

Number | 0Oy | Oy er | Relative
of average | (MPa) | error
layers (MPa) (%)

5 3949 | 396.6 | 0.43
10 396.2 | 396.6 | 0.10
20 396.5| 396.6 | 0.03

Comparison of average and effective yield strength
forn=1
362,2

. 3620 & » g

361,8
361,6

w
2
S

361,2

Yield strength (MPa

361,0

360,8
5 7 9 11 13 15 17 19 21
Number of layers

—&— Average yield strength —&—Effective yield strength

Comparison of average and effective yield strength

forn=2

3794

3793 & > ]
g 2
£ 3791
= 379,0
=
5, 3789
g 3788
% 3787
S 3786
> 3785

3784

3783

5 7 9 11 13 15 17 19 21
Number of layers
—®— Average yield strength —®—Effective yield strength
Comparison of average and effective yield strength
forn=5

396,8

396,6
= 3964
-9
= 396,2
= 396,0
2 395,8
ol
& 3956
3
T 3954
v
= 3952

3950

3948

5 7 9 1 13 15 17 19 21

Number of layers

—8— Average yield strength ~ —@—Effective yield strength

The outcome of the effective yield strength utilizing the two approaches as detailed above

(traditional averaging and novel approach), show less than 0.5% deviation in outcome for all

the number of layers considered and for all the-m@mogeneity factoransidered.

It was also observed that the accuracy of the outcome from the develop technique increases
with increase in number of layers, this validates the appropriateness of the novel approach in
determining the effective yield strength of FGM traditioaaproach will be cumbersome for

FGM6s with | ayer number of | ayers.
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5.2. FEA OF THE IDENTIFIED CANDIDATE MATERIALS -USING
STRAIGHT PIPE CONFIGURATION AS CASE STUDY

5.2.1 Description of the model
Having identified the candidate materials and a suitable approat#taomine the effective

yield strength the analysis in the preceding sections focused on how to determine the design
limits for each of the candidate materials identified in Chapter 3 for all pipe configurations
considered. The subsequent sections detalledimerical analysis and models developed and
was used to determine the design limits for each of the candidate material for the straight pipe
configuration. A 12 inches Schedule 80 straight pipe was considered for the analysis; this is to

replicate theeferenced piping system.

5.2.2 Part Module
The part used was an axisymmetric part along thaxis, thus, the crossection of the pipe

along its thickness was created.

The axisymmetric part was model |l ed di8G fer eni
straight pipe, which means that the inner radius is 14maAv and the wall thickness is
17.48mm. The length does not play a role in the modelling, 800mm was used for the pipe

length.

1 L=80anm
ﬂ ri= 144.47mm — -
1 ro=161.95mm o §.

f t=17.48mm ===

Fig 5.2:A typical representation of the axisymmetric modelled pipe in 3D.

5.2.3 Property Module
The property module is a tool on Abaqus that guides and enable the user to select and assign

specific material properties to any identified section of the modelled pAthaous. This tool

was used to assign material properties to the modelled axisymmetric FGM pipe modelled.
From the detailed material selection process done in the chapter three that was driven by the
requirement of the Deep Water Oil and Gas operationsedas these requirements and
economics four (4) distinct FGM combinations (Metal and Ceramics) were developed to be
able to meet the need of the operations.

The metals and ceramics used for the Four (4) distinct FGMs are as detailed below:
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Metal 1: NiFe-Cr alloy, INCOLOY 800, annealed
Metal 2: Stainless steel, austenitic, ASTI¥-20, cast, water quenched
Metal 3: Copper, C14200, soft

Ceramic 1: Zirconia, transformation toughened, L
Ceramic 2: Alumina 94, SGM

Ceramic 3: Silicon carbide, HIP

Ceramic4: Tungsten carbide, hot press

The combination of these materials ( Met al ar
stated below:
Table 5.7: Composition of the four different FGMs.

FGM 1 FGM2 FGM3 FGM4
Metall-Ceramicl | Metal2-Ceramic2 Metal3-Ceramic3 | Metal3-Ceramic4

As stated above, Seven (7) materials were considered in this study for the FGM combinations.
All the properties of these materials were found from CES Edupack and are as presented in

details in the table 5.8 below:

Table 5.8: Mechanicand thermal properties of the metal and ceramic materials.

Coefficient of Thermal Specific Yield
E(GPa) thermalexpansion | Poisson'sratio  conductivity k = HeatCapacity | Density (kg/m3) Tensile Strength (MPa) | Ranking | Strength
CTE( /K) (W/m.K) Cv (Mg K) (Mpa) |
ing for Metal

Nickel-Fe-Cr alloy, INCOLOY 800, Annealed

195 | 14,25 0,34 11,5 . s025 | 7950 | 620 1 310
Stainless Steel, austenitic, ASTM CF-20, cast, water
(quenched 195 | 17,5 0,27 15,5 | 500 | 7765 530 2 250
Copper C14200, Soft 1225 | 175 0,345 165,5 3805 | 8925 220 3 55

king for Ceramics

Zirconia (Transformation toughened) L 246,5 98 03 2 450 5740 414 1 414
Alumina 94 [SGM) 330 | 1,55 0,24 21 | 880 1 3650 | 2505 2 250
Silicon Carbide {HIF) 400 | 5 0,15 80,05 | 802 | 3145 500,5 3 500
Tungsten Carbide (Hot Press) 669 | 58 0,21 29 180 15700 3525 4 352

To be able to determine the FGM properties at a specified. position, the volume fractions of

both the metal and ceramic was used. This is as shown in the equation 5.9 and 5.10 below:

T- —h/2

-h/2

Figure 5.3: Picture depicting position of Metal/Ceramics in the FGM
) - - [5.9]

W p [5.10]

with,
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1 h the thickness of the pipeline
1z the position in the thicknesh(2 <z <h/2)

1 nthenonhomogeneity parameter

From the above figure, it should be noted that for z=h{2aMc= 0 and \heta= 1, conversely

for z=h/2. Hence, it is logical that at z=h/2 the FGM is fully metal and dt/25t is fully

ceramic. From the equations aboae)ew parameter, the ndlmogeneity parameter (n) has

been introduced. This parameter represents how the variation of the properties progresses along
the thickness.

Having known the effect of nehomogeneity factor and volume fraction as stated in chapte
four, the properties of the FGM at any point could be determined with the power law equations
4.1, 4.2 and 4.3 as stated in chapter four (4).

These equations are used to calculate all the different properties along the thickness of the

axisymmetric pipean example is shown in the preceding tables for FGM 1, Five (5) Layers

and n=1.
Table 5.9: Development of the properties along the thickness with n=1 for the FGM 1.
Material properties E (GPa) CTE( /K) Poisson's ratio k (W/m.K) Cv (J/kg.K) | Density (kg/m3)| Tensile Strength (MPa) N YS (Mpa
Zirconia (toughened) | 246.5 0.0000098 0.3 2 450 5740 414 1 414
INCOLOY 800 (anneale) 195 0.00001425 0.34 11.5 502.5 7950 620 310
Position [-h/2 ; h/2] E CTE k k (W/m.K) Cv d Tensile Strength (MPa)| Yield strengthf
-1.00E-02 246.5 9.80E-06 0.30 2.0 450.0 5740 414 414
-9.00E-03 243.9 1.00E-05 0.30 25 452.6 5851 424 409
-8.00E-03 241.4 1.02E-05 0.30 3.0 455.3 5961 435 404
-7.00E-03 238.8 1.05E-05 0.31 3.4 457.9 6072 445 398
-6.00E-03 236.2 1.07E-05 0.31 3.9 460.5 6182 455 393
-5.00E-03 233.6 1.09E-05 0.31 4.4 463.1 6293 466 388
-4.00E-03 231.1 1.11E-05 0.31 4.9 465.8 6403 476 383
-3.00E-03 228.5 1.14E-05 0.31 5.3 468.4 6514 486 378
-2.00E-03 225.9 1.16E-05 0.32 5.8 471.0 6624 496 372
-1.00E-03 223.3 1.18E-05 0.32 6.3 473.6 6735 507 367
0 220.8 1.20E-05 0.32 6.8 476.3 6845 517 362
1.00E-03 218.2 1.22E-05 0.32 7.2 478.9 6956 527 357
2.00E-03 215.6 1.25E-05 0.32 7.7 481.5 7066 538 352
3.00E-03 213.0 1.27E-05 0.33 8.2 484.1 7177 548 346
4.00E-03 210.5 1.29E-05 0.33 8.7 486.8 7287 558 341
5.00E-03 207.9 1.31E-05 0.33 9.1 489.4 7398 569 336
6.00E-03 205.3 1.34E-05 0.33 9.6 492.0 7508 579 331
7.00E-03 202.7 1.36E-05 0.33 10.1 494.6 7619 589 326
8.00E-03 200.2 1.38E-05 0.34 10.6 497.3 7729 599 320
9.00E-03 197.6 1.40E-05 0.34 11.0 499.9 7840 610 315
1.00E-02 195.0 1.43E-05 0.34 11.5 502.5 7950 620 310
Table5.10L: Example of properties in each layer for | =5 G, n=1).
Coefficient of Thermal Specific
Layer number E (GPa)| thermalexpansion | Poisson's ratio | conductivity k | HeatCapacityl Density (kg/m3)| Tensile Strength (MP3)Yield strength
CTE(/K) (W/m.K) Cv (Jkg.K)
Layer 1 241.35 1.02E-05 0.30 3.0 455.3 5961 434.6 398.4
Layer 2 231.05 1.11E-05 0.31 4.9 465.8 6403 475.8 382.8
Layer 3 220.75 1.20E-05 0.32 6.8 476.3 6845 517 362.0
Layer 4 210.45 1.29E-05 0.33 8.7 486.8 7287 558.2 341.2
Layer 5 200.15 1.38E-05 0.34 10.6 497.3 7729 599.4 320.4

This is repeated for the entire nRbomogeneity factor being considered and for all the FGM
also. Generally four (4) models were developed based on FGM combination stated above and
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for each of t hese four FGMO s , anot he- five

homogeneity factor value.

5.2.4 Step Module

The model deployed a coupled temperatilisplacement analysis, this is premised on the fact
that temperature will create some striesthe pipe. The time period of step is 1800 seconds

with an automatic increment was used.

5.2.5 Load Module
In this module, both boundary conditions with mechanical and thermal loadings were

implemented. It is vital to note that the loadings are not yet kn@whwill be determined

based on the design limits for each FGM. However, to arrive at the design limits the initial
loadng with thermal loading of 42K and a pressure of 3MPa both on the inner surface
were applied. These values were changed in ¢odae as close as possible of the design limit.

It is vital to note that the pressure was applied as loading on Abaqus, while the temperature
was applied as a boundary condition. The other boundary condition implemented is a Y
symmetry on the top and bothoof the pipeThis boundary condition prevents the pipe from
moving along the Y axis and rotating around the X and Zanisan ambient temperature of
298K was implemented in the whole pipe through the predefined field on Abaqus. This is

represented indure 5.4 below.

Fig. 5.4: Loading and bounda? conditions on the axisymmetric pipe

5.2.6 Mesh Module

The mesh used divides the part in 100 linear quadrilateral elements Ay . This type
of element is a-4hode axisymmetric thermally couplgdadrilateral, bilinear displacement and
temperature elements. It enables Abaqus to calculate the coupled thexamanical stress at

each node. In addition, a linear interpolation between the values at each node was used.
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5.3. ESTABLISHING THE DESIGNLIMIT FOR THE FGMG6 S
In this section, the steps taken to determine the design limit for the first FGM that is composed

of the NiFeCr alloy (INCOLOY 800) for the metal and the Zirconia (transformation
toughened) for the ceramic is described. This same appreagiplicable to the remaining
three FGMOs.

The first approach was the model of an FGM wilayered part and nehomogeneity factor,

n= 1. The yield strength for FGM 1 and n=1 is 38Ra (calculated with the effective yield
strength equation 5.8).

The pressure was kept constant atMRa initially and the temperature was varied starting
from 427K. The iterative method deployed for the temperature design limit deteramnati
represented in figure 5.9@low. In a similar manner, the temperature was latstant at
determined temperature design limit and the pressure was varied starting from 3.2MPa. Same
iterative method was deployed for the pressure design limit determination as represented in
figure 5.5b bedw. In summary if Voamises stress is higher than the yield strength, the
temperature is reduced. Conversely, if the Woises stress is lower than the yield strength,

the temperature is increased. This is repeated until a point is achieved when thregiith

is almost same with the Vamises stress; that means the normalized stress in equation 5.14 is
almost equal to 1.

Runthe modelled FGM with
Run the modelled FGM temperature kept congant at the
with pressure constat at determined temperature design

3.2MPa and temperature limit and pressure as 3.2MPa
427K

Rerun the modelled FGM with

Rerun the modelled FGM temperature kept onstant at

with pressureconstant at

0 Ne==) ) the limit valueand alter the
3.2MPa and decreasing pressurefrom 3.2MPa
temperature from 42°K ||

YES YES

l

1 J[ 1
e b (o }:Y

Figure 5.5a: Approach adopted for the temperature  Figure 5.5B8: Approach adopted for the pressure
loading. loading
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The check for failure criterion is to know if the \fomses stress induced in the material is
equal to or exceeds the material yield strength (for ductile material). This can be simplified as
detailed inequation 5.14 below:

1 1 [5.14]
Wherg  E e maximum Vormises stress afd is the yield stress.
Table 5.6 was used to determine the yield strength in each of the elbow pipe layer and the result
from the Abaqus software can bged to determine the Vanises stress localized to each layer
of the FGM for a given Pressure and Thermal Loading. To enable the adequate comparison of
the values of equation 5.14 in all the FGM layers and predicts the possibility of failure
(yielding) inany of the layers, a normalized stress approach was adopted based on the principle

of equation 5.15 as thus

, b [5.15]

Equation 5.15 was used to determine the risk of failure through yielding if the norméiezsd s

is greater than one (1); that means the material has exceed the elastic limit. However, if the
normalized stress is less than one (1), then there is no risk of failure due to yielding. It is vital

to note that the FGM design limit is reached whenafly t he FGM6és | ayer nor
closest to one (1), above this limit the material will begin to yield (Fail). For the purpose of this
research the normalized stress is between 0.99< normalized stress<1.01.

Thus, for FGM 1 and nehomogeneity fadr of 1, applying a thermal loading of 419K the

Von-mises from Abaqus software is as presented in the figure below.

+++++
WWWWWwWwwWwwwwwwec

ODB: job17-48.0db Abagus/Standard 6.14-1 ™Mon Aug 06 15:12:15 Paris, Madrid 2018
X Step
1Ncre

Fig. 5.6: Von-mises stress in the pipe for FGM 1 and n=1.
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Applying equation 5.15, 5.8 and the value of the yield strength for each of the layer, table
5.11 and figure 5.7 was developed.

Table. 5.1 Normalised stress infayer pipe with FGM 1, n=1 and T=419K

Maximum Yield Normalised
Von Mises strength stress
stress (MPa)
(MPa)
Layer 1 334 398 0.8392
Layer 2 328 382 0.8586
Layer3 326 362 0.9005
Layer 4 327 341 0.9589
Layer 5 329 320 1.0281

Comparison FGM 1, n=1, T=419K

1,2

0,8
0,6
0,4

0,2

layerl layer2 layer3 layerd layer5

Normalised stress Limit

Fig. 5.7: Representation of the normall
stress in the layers of the FGM 1, n=1 pipe
for T=419K

From the above figures, layer 5 will yield due to the fact that the Von mises stress is greater
than the yield strength in the Material, hence the thermal loading is decreased to 415K so as to
achieve a reduced Von mises stress. This will ensure thabthealized stress is between

0.99< normalized stress<1.01.

Table 5.12Normalised stress inlayer
pipe with FGM1, n=1 and T=415K

Maximum Yield Normalised
Von Mises  strength stress
stress (MPa) (MPa)
Layer 1 324 398 0.8141
Layer 2 318 382 0.8324
Layer 3 316 362 0.8729
Layer 4 317 341 0.9296
Layer 5 319 320 0.9969

Comparison FGM 1, n=1, T=415K

1,2

038
0,6
0,4

0,2

layerl layer2 layer3 layerd layer5

Normalised stress Limit

Fig.5.84: Representation of the normalised stress
the layers of the FGM 1, n=1 pipeline for T=415K.

From the above figures, it is clear that the condition for design limit is achieved at a maximum
temperature is 415K for FGM=1, n=Ihis same approach was replicatéexidetailed in table

5.5b was used or

Pressur e

| oadi ng andesporidiag nont her

homogeneity factors (n). The results for alé thesign limits obtain for the straight pipe
axisymmetric FGM pipes is as detailed in tables 5.13 and 5.14.
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Table 5.13: Straight Pipe Temperature Design Limits

Straight Pipe Temperatur®esign Limit

FGM1 FGM2 FGM3 FGM4
n=1 415 366 3235 3155
n=2 419 375 3315 318
n=3 423 373 338 326.6
n=4 425 372 344 322
n=5 427 373 353 3245
Table 5.14: Straight Pipe Pressure Design Limits

Straight Pipe Pressure Design Limit

FGM1 FGM2 FGM3 FGM4
n=1 10 3.3 13 15
n=2 13 3.5 23 21
n=3 12 6.5 27 24
n=4 12 8 33 26
n=5 16 9 36 27
A further comparison of the desi

i nsight

on

t he

F GMO s -hdneogenegtyfactor is alteréds Thisvis asn

presented in figures 5.9 and 5.10

Temperature (K)

450
400
350
300
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200
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Comparison of Temperature Design Limit
(Straight Pipe FGM1, 2, 3 &4)
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n=3
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Design
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Li mitt
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compari son fo
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Comparison of Pressure Design Limit
( Straight Pipe FGM1, 2, 3 & 4)

©
< ) FGM1
@1 20 FGM2
2 15 FGM3
-
a. 10 FGM4

n=1 n=2 n=3 n=4 n=5

Fig. 5.10: Temperature Design Lingito mpar i son for the FGMO0s

5.4. CONCLUDING REMARKS
The results from table and figure 5.9 revealed the temperature design limits for the four FGM

configurations and the influence of ribmogeneity factor on these limits. It shows that the
FGM material combination and ndmomogeneity factor has significanbfluence on
temperature design limits of FGM, it shows direct proportionality with increase in non

homogeneity factor.

On the same note, the results from table and figure 5.10 revealed that pressure design limit is
equally influenced by both ndmomogeniy factor and material combination, with pressure

design limit increasing proportionately with rbomogeneity in most cases.

Furthermore, the research proffered an approach to determine the effective yield strength of
mul tiple | ayer ededBpiatswas Gehcemaree wighl the onvention
averaging approach for limited layered FGM, and it showed good agreement as the result
converges with higher number of layers. In addition, the temperature and pressure design limits
for 20 di s thdifferent mé&Eedddombinations and Akomogeneity factor under

t her mal and pressure | oading was determined.

temperature and pressure are represented in Figure 5.11.
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Pipeline Design Limit

440
420 ] ® n=5
400
380

360

Thermal loading (K)

340 — n=3
n=1 n=2

n=1 n=s
300

Inner pressure (MPa)

®FGM1 @®FGM2 FGM 3 FGM 4

30

n=4

35

n=5

40

Fig. 5: Design limit for the FGM pipeline depending on the inner pressure and thermal loadir
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CHAPTER 6: ELBOW PIPE CONFIGURATION FGM DESIGN LIMITS

AND ITS IMPACT ON THE FGM BEHAVIOUR

6.1. INTRODUCTION

Pipelines and piping are increasingly used in oil andagheities due to the increasing rate of

oil and gas exploration and utilization of petroleum product, these pipes are often exposed to
high rate of corrosion due to the terrain and environment to which they are deployed. The major
protection deployed agast corrosion is often coating of the pipeline, however this research
has explored the use of Functional Graded Material (FGM) made from the most suitable
material to mitigate against the effect of corrosion in oil and gas operations. Models of straight
FGM pipes were developed and analysis to help in the determination of the design limits to
which these FGM pipe could be deployed in oil and gas operations. The usage of pipe in oll
and gas operation is not limited to straight pipes, and it is noted tledbgials and elbows are

also crucial to form parts of the piping system that is widely utilised in oil and gas operations
(Jian et. al. 2014).

Elbow pipes normally change the direction of fluid flow in pipelines and piping, hence are
exposed to unique typef loading, which includes temperature, internal pressure, torsion,
bending moment and sometime a combination of these loading because of thermal expansion
(Jian et. al. 2014). On this premise, it is vital to maintain the operational integrity of elbow
pipes in the entire piping structure. Furthermore, if this elbow integrity is neglected, it could
lead to accidents in the oil or gas facility due to the unique loading system in elbow pipes; this
could lead to a great loss. Hence, it is vital to equallyroebte design limits of elbow pipe

under combine loading condition.

In thischapterthe behaviour of an FGM pigdbowis examined with the aim of predicting its
elastic design limit when subjected to numerous loading conditions. Finite Element Analysis
of four (4) elbow FGM pipes made of different material combinati®onsodelledand analysed
using theABAQUS software packagend the resulting allowable pressure and temperature
limits are compared with the limits obtained from FGM straight pigastherparametric
studiesare alsaconducted to determine the influence of #mmogeneity factor on the design

limits for the elbow FGMpipes.

6.2. MODELLING OF ELBOW PIPES
The uniqueness of the elbow pipe is its capabiliyemrm (ovalizewhen subjected to closing

bending moment and internal pressure loading, whilst at the same time, the internal pressure
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opposes the pipebds ovalization and try to ma
resulted from the Flexibility Factohat enables the pipe to exhibit additional rotation when
subjected to Bending Moment as compared to straight fijesav& Tembhare2013. The

FEA of the elbow pipe was guided by the ASME B31.1 codes, but with slight variation from
the norm being thahe material used was not conventional and the design parameters such as
internal pressure and temperature were to be determined for a predefined elbow pipe.

At the time of writing, bhereis little available in the literature on the design and analysis of
FGM piping components, however, Ghannad et. al 2017 has presented the 2Ddlasto
behaviour of an FG cylinder under thesme&chanical loadssing a first order shear theory,
which can be used to validate the approach.

In the present research, tleading on the elbow FGM pipe is therefore limited to internal
pressure and temperature loading only,taedutcome was used to determinedlesign limits

of the identified candidate materialurtherparametric studiesere performed othe elbow

FGM Pipesto provide insight on elbow FGM behavior when certain properties are varied. The
preceding sections focused on the elbow FGM geometry development, material selection,
loading, boundary conditions and results.

6.2.1 Model Geometry

Theelbow FGM Pipe wasnodeled using the samgenericpipe dimensions andchedule as

the straight pipe, which is 12 inahominal bore andSchedule 80thickness This was
intentionaly chosen to be able to benchmark with the straight pipe and the solution being
considered fortte oil and gas operations. The geometry is as shown in figgjrieebow.
Theelbow model has innatiameter as 288.9mm (i.e. ri = 144.45mm) and the wall thickness
is 17.48mm. The bend angle of tléow Pipe considered was Q@lso the length of the
attached straight pipe is long enoudh ¥ 3r) to discount the effect of the erdmbundary
conditionson limit loads of the Elbow FGMiving sufficient dieout distance from any
external effectsThese dimensions are as shown in Table 6.6 below:

Table 6.6: Elbw Pipe Dimensions

t(mm) R(mm) r=ri +t/2 (mm) L (mm) ri (mm) a= Rt/r?
17.5 200 153.25 1000 144.45 0.149
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[=1000mm ID=288.9mm
. R=200m

Ceramics

Figure 62: Schematic of the Modelled Elbow FGM Pipe
6.2.2 Materials
6.2.1.1FGM Material Composition
The detailed material selection process was doae @arlier chapter with the aid of the CES
Edupack Software, the choice of the material was driven by the requirement of the Deep Water
Oil and Gas operations. Based on these requirements and economics four (4) distinct FGM
combinations (Metal and Ceramicgjere developed to be able to meet the need of the
Operations as stated above. The model deployed the use of ceramics at the inner surface of the
Elbow Pipe while metal at the outer surface. This choice was premised on the material

properties like high tougness and thermal resistance, high strength and excellent corrosion
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resistance. These properties will progressively change from that of ceramic to the metal
gradually in the thickness of the pipe.
The metals and ceramics used forfthier (4) distinct FGMsre as detailed below:

Metal 1: NiFe-Cr alloy, INCOLOY 800, annealed
Metal 2: Stainless steel, austenitic, ASTO-20, cast, water quenched
Metal 3: Copper, C14200, soft

Ceramic 1: Zirconia, transformation toughened, L
Ceramic 2: Alumina 94, SGM
Ceramic 3: Silicon carbide, HIP

Ceramic 4: Tungsten carbide, hot press

The combination of these materials (Met al ar
stated below:

Table 6.2: Composition of the 4 different FGMs.

FGM 1 FGM2 FGM3 FGM4

Metall-Ceramicl | Metal2-Ceramic2 Metal3-Ceramic3 | Metal3-Ceramic4

6.2.1.2FGM Materials Properties

As stated aboveseven (7) materials were considered in this study for the FGM combinations.
All the properties of these materials were found from CES Edupack and are as presented in
details in the table 6.3 below:

Table 6.3: Mechanical and thermal properties of the na@thlceramic materials.

Coefficient of Thermal Specific Yield
E (GPa) thermalexpansion | Poisson'sratio  conductivity k = HeatCapacity | Density (kg/m3) Tensile Strength (MPa) | Ranking | Strength
CTE( /K) (W/m.K) Cv (/kg.K) (Mpa) |
ing for Metal

Nickel-Fe-Cr alloy, INCOLOY 800, Annealed

|o1es | 14,25 0,34 11,5 . s025 | 7950 | 620 1 310
Stainless Steel, austenitic, ASTM CF-20, cast, water
(quenched | 195 | 17,5 0,27 15,5 500 | 7765 530 2 250
Copper C14200, Soft | 1225 | 17,5 0,345 165,5 3805 | 8925 220 3 55

king for Ceramics

Zirconia (Transformation toughened) L | 46,5 | 98 03 2 | 450 | 5740 | 414 1 414
Alumina 94 [SGM) | 330 | 1,55 0,24 21 | 880 1 3650 2505 2 250
Silicon Carbide {HIF) | 400 | 5 0,15 80,05 802 | 3145 500,5 3 500
Tungsten Carbide (Hot Press) | 669 | 58 0,21 29 180 | 15700 3525 4 352

To be able to determine tkeébowFGM properties at a specified position, the volume fractions
eqguation foboth the metal and ceramic was uasdletailed in equation 5.9 and 5.10 of chapter
5.

From equations 5.9 and 5.10r z=h/2, Veerami= 0 and \heta= 1, conversely for zsh/2. Hence,

it is logical that at z=h/2he FGM is fully metal and at zh/2, it is fully ceramic.Theequations
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introduceda new parameteknown asthe nonhomogeneity parameter (njhis parameter
represents how the variation of the properties progretzesigh the eloow FGM pipe
thickness.

Having known the effect of nehomogeneity factor and volume fraction as stated in the above,
the properties of the FGM at any poirande determined with thpower lawequationsas

stated in equations 4.1, 4.2 and 4.3 in chapter 4.

These equations are used to calculate all the different properties in the thickness of the elbow
pipe, an example is shown in the preceding tables for FGMeL(5)layers and n=1.

Table 6.4: Development of the properties along the thickness with n=1 for the FGM 1.

Material properties E (GPa) CTE(/K) Poisson's ratio k (W/m.K) Cv (J/kg.K) | Density (kg/m3)| Tensile Strength (MPa) N YS (Mpa
Zirconia (toughened) 246.5 0.0000098 0.3 2 450 5740 414 1 414
INCOLOY 800 (annealefl) 195 0.00001425 0.34 11.5 502.5 7950 620 310

Position [-h/2 ; h/2] H CTE k k (W/m.K) Cv d Tensile Strength (MPa)| Yield strengthy

-1.00E-02 246.5 9.80E-06 0.30 2.0 450.0 5740 414 414

-9.00E-03 243.9 1.00E-05 0.30 2.5 452.6 5851 424 409

-8.00E-03 241.4 1.02E-05 0.30 3.0 455.3 5961 435 404

-7.00E-03 238.8 1.05E-05 0.31 3.4 457.9 6072 445 398

-6.00E-03 236.2 1.07E-05 0.31 3.9 460.5 6182 455 393

-5.00E-03 233.6 1.09E-05 0.31 4.4 463.1 6293 466 388

-4.00E-03 231.1 1.11E-05 0.31 4.9 465.8 6403 476 383

-3.00E-03 228.5 1.14E-05 0.31 5.3 468.4 6514 486 378

-2.00E-03 225.9 1.16E-05 0.32 5.8 471.0 6624 496 372

-1.00E-03 223.3 1.18E-05 0.32 6.3 473.6 6735 507 367

0 220.8 1.20E-05 0.32 6.8 476.3 6845 517 362

1.00E-03 218.2 1.22E-05 0.32 7.2 478.9 6956 527 357

2.00E-03 215.6 1.25E-05 0.32 7.7 481.5 7066 538 352

3.00E-03 213.0 1.27E-05 0.33 8.2 484.1 7177 548 346

4.00E-03 210.5 1.29E-05 0.33 8.7 486.8 7287 558 341

5.00E-03 207.9 1.31E-05 0.33 9.1 489.4 7398 569 336

6.00E-03 205.3 1.34E-05 0.33 9.6 492.0 7508 579 331

7.00E-03 202.7 1.36E-05 0.33 10.1 494.6 7619 589 326

8.00E-03 200.2 1.38E-05 0.34 10.6 497.3 7729 599 320

9.00E-03 197.6 1.40E-05 0.34 11.0 499.9 7840 610 315

1.00E-02 195.0 1.43E-05 0.34 11.5 502.5 7950 620 310

Table 6 %: Example of properties in each layer for | =5 (FGM 1, n=1).

Coefficient of Thermal Specific
Layer number E (GPa)| thermalexpansion | Poisson's ratio | conductivity k | HeatCapacity| Density (kg/m3)| Tensile Strength (MP3)Yield strength
CTE( /K) (W/m.K) Cv (J/kg.K)
Layer 1 241.35 1.02E-05 0.30 3.0 455.3 5961 434.6 398.4
Layer 2 231.05 1.11E-05 0.31 4.9 465.8 6403 475.8 382.8
Layer 3 220.75 1.20E-05 0.32 6.8 476.3 6845 517 362.0
Layer 4 210.45 1.29E-05 0.33 8.7 486.8 7287 558.2 341.2
Layer 5 200.15 1.38E-05 0.34 10.6 497.3 7729 599.4 320.4

This is repeated for the entire nRbomogeneity factor being considergtd for all the FGN s .

6.2.3 Step Module

The elbow pipeline was subjected to a thermal load and an internal pressure, a fully coupled
temperaturalisplacement procedure was used for the analysis. The time period of step is 3600
seconds with an automatic incremevas used.

6.2.4 Load Module

The boundary conditionsnechanical andhermal loadings werapplied to the eloow FGM
pipein this moduleon the Abaqus softwar&he approach used for the load application on the
elbow pipe is similar to that of the straight pifies vital to note thatinlike the conventional
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modelling where the loads are knowm the presentesearchthe load are not yet known.

Hence athermal loading 481K and a pressure of 3MPa were initially applied on the inner
surface of the elbow FGMvith a predefined temperature of 298K used as the ambient
temperaturewith aniterative approacthendeployed to determine the thermal and load design
limit by comparing the effective FGMeld stress with the Vomnises stress for the combined
thermal and mechanic@pressure loading)A similar approach was used to detene the
pressure design limitgshe determine design temperature for each FGM model was kept
constant while the pressure was been varied from the 3.2MPa in an iterative manner to be able
to determine the pressure design limits for all the FGM models considered. The approach used
for boththe thermal and pressure design limits is as represented in Fig. 5.5 a & b.

The pressure and temperature were both applied at the elbow pipe inner surface. The pressure
is applied as a load while the temperature is applied as boundary condition fosttef. It

is importantto statethat in Abaqus the pressureaigplied as load while but the temperature

is appliedas boundary conditioms shown in figure 6.8elow.

Figure 6.3 Loading and boundary conditions on the elbow pipe.

6.2.5 Mesh Module
The meshis used by Abaqus softwate discretize the part in numerous elemenitgshe

modelled part. This enables theftwareto calculate the stresses at each node.
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A mesh convergence stughas carried out an8120 elements were used for the elbow pipe
model.The part of the modelled elbow FGM pipe was meshed by assigning seeds of 0.03mm
global sizealong the edges. The element tygesignedwas hexagonal, $iode thermally
couple brick, trilinear displacement and temperature with C3D8T elements.

U

Figure 6.4 Themeshed elbow pipe

6.2.6 ResultsEst abl i shing the Design Limits for the
Theresults for the temperature and pressure design limit@baw FGMpipe was determined

when theelbow pipe was subjected to bothermal andmechanicalloading at a standard
predefined temperature of 298K. The analysis focusdiverfs) layerselbow FGM Pipe, this

was as a result of the learning from the straight pipe design limit determination in which the

five (5) layered models resulted in higlpeesure and thermdimits as desired.

The presentedresuls also revealed the effect of the rRbamogeneity factor (n) on the
determined limits. It equally comparthe results from the limits obtained from both straight

and elbow pipe for théour (4) iden i f i ed FGMO0s for the candi daft
earlier chapter.

The determination of the design limit for this research was based on the Distortion Energy
Theory; in which two typs of energy is being comparedeldistortion energy in reality

scenario and the distortion energy as at the failure time, according to this theory failure occur
when the distortion energy real case exceeds theyerar at the time of failure (ASME
Handbook)

Thedistortion energy needed pél( is expressed in tars of the principal stress as shown in

equation 10.
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[6.6]
Y is normally written in terms of VeMises the equivalent stregs ), this is as express in
equation 11.
LV
[6.7]
On the same note, the distortion energy at the time of failure is express as thus:
1+v 5
Ugsim = 3 Oy
[6.8]
Hence, equation 6.8 limit value of the distortional energy density for any given material
(ASME Handbook) Based oriVorr-mises failure criterion, anynaterial subjected to multi
axial loading will undergo yielding when the distortional energy is equal or have greater value

than the limit value of the material as statedgoation 6.8

—1 —1 [6.9]

From equation 6,2hecheck for failure dterion is to know if the Von mses stress induced in
the material is equal to or exceeds the material yield strength (for ductile material). This can be
simgified as detailed in equation 6. b@low:

| 1 [6.10]
Table6.4 was used to determine the yield strength in each of the elbow pipe layer and the result
from the Abaqus softwamgasused to determine the Vanises stress localized to each layer
of the FGM for a given Pressure and Thermal Loading. To enable theaseleqmpason of
the values of equation 6.1@ all the FGM layers and predicts the possibility of failure
(yielding) in any of the layers, a normalized stress approach was adoptédbaise principle
of equation 6.10It is as thus:

i b [6.11]
h

Equation 6.11vas used to determine the risk of failure through yielding if the normalized stress

is greater than one (1); that means the material has exceed the elastic limit. However, if the
normalized stress is less thame (1), then there is no risk of failure due to yielding. It is vital

to note that the FGM design | i smortnalizedstrese a c h e d

is closest to one (1), above this limit the material will begin to yield (Fail). For tip@geiof
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this research the normalized stress is between 0.99< normalized stres3fg.Gldopted
approach in determining the design limit for the elbow pipe is same with that of the straight
pipe illustrated in figure 5.5 of chapter 5.

Applying the above @proach, figure 6.5 revealedetmaximum Vormises stress for the
limiting temperature of 474#kom the Abaqus model fahe FGM 1 (Metal 1: NiFe-Cr alloy,
INCOLOY 800, annealed and Ceramic 1: Zirconia, transformation toughenedlitth.ypor
homogeneityfactor (n) as 1. This was achieved by varying the temperature while the pressure
was kept constant and applying equation 6.11 the limiting temperature of 474K was
determined. Meresults of thestress component considered were those close to the elbow bend
of the FGMpipe, this was done so as to eliminate the influence of stress concentration at
boundary conditions of the pipe end edges. On the same nateaxiraum Voamises for the
limiting pressure for the same FGM 1 as presented in figure 6.@etdsved by varying the
pressure while the temperature was kept constant and also applying equation 6.11 the limiting

pressure of 2.5MPa was determined

n=1 VM max ¥S normalised stress [imit
T=474K layerl 332 308 0.834170854 1 FGM1, n=1, Temp=474K
layer2 222 382 0.581151832
layer3 174 362 0.480662983
layerd 235 341 0.68914856
layer5 320.1 320 1.0003125

12

[E Y P
—

0.3

0.6

0.4

0.2

layerl layer2 layer3 layerd

sl normalised strass limit

Figure 6.5 Temperature design limit for FGM 1 and n=1
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|_ n=1 VM max YS normalised stress limit
LFressure:Z.SMPa layerl 335 398 0.841708543 1
layer2 224 382 0.586387435

1

layer3 168 362 0.464088398 1 1
1
1

12

layerd 226 341 0.662756598
layer5 322 320 1.00625

0.8

0.6
04
0.2

9.207e+01
L 47.41de401 0

layerl

Figure 6.6 Pressure design limit for FGMahd n=1

The sameapproach was used to determine phessure and temperature design limits for all

FGM1, n=1, Pressure=2.5MPa

layer2 layer3

s i ormalised stress

layerd

limit

the other considere6eGM combinations with their distinct ndromogeneity factorsas

considered. Theomprehensiveesults for all the design limits obtathfor the elbow FGM

Pipes is as detailad Appendix A, andsummay of the temperature and pressure design limits

for the four (4) FGM combination considered and their distinctimmmogeneity factors (n)

are as detailedn tables 6.8 and 6.9.

Table 6.8Elbow FGM Temperature Design Limits

Elbow Pipe Temperature Design Limit

FGM1 FGM2 FGM3 FGM4
n=1 474 381 320 313
n=2 476 387 334 318
n=3 477 383 343 321
n=4 480 381 351 323
n=5 481 379 357 325

Table 6.9: Elbow FGM Pressure Design Limits

ElbowPipe Pressure Design Limit

FGM1 FGM2 FGM3 FGM4
n=1 2.2 2.26 0.82 0.8
n=2 24 2.28 0.82 0.85
n=3 2.3 2.28 0.83 0.87
n=4 24 2.3 0.84 0.9
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n=5 2.42 2.3 0.86 0.93

A further comparison of the desi gdesignedmi t s f o
give better insight on t h-Bomégekity factodis altergdn | i m
This is as presented figures 6.7 and 6.8

The summarized results for the temperature and pressure design limits as presented in tables
6.8/6.9 abovand figure 6.7/6.8 below revealed that #mmogeneity factor (n) influences the
temperature design limits of elbow pipes more significantly than its effect on the pressure
design limit the pipe. In addition, FGM material combination has significant effetioth
temperature and pressure design limits of elbow FGM pipes. In summary, for thermal
consideration of elbow FGM pipes, emphasis should be on both FGM material combination
and the nofhomogeneity factor, while for pressure considerations, emphasifisbe more

on FGM material combination than on Rbamogeneity factor.

Comparison of Temperature Design Limit
(Elbow FGM1, 2, 3 &4)

=
~ 500
ul
= A
E 400 FGM1
"g’. 300 FGM2
& 200 FGM3
100 FGM4
0
n=1 n=2 n=3 n=4 n=5

Figure6.7 Temper ature Design Limit comparison fo

Comparison of Pressure Design Limit
(Elbow Pipe FGM1, 2,3 & 4)

w

25
©

s 2 FGML
15 FGM2
=

2 FGM3
T FGMA4

o
[0}

n=1 n=2 n=3 n=4 n=5

Figure6.8 Pr essur e Design Limit comparison for t
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6.2.7 Detailed Result Comparison for Straight and Elbow FGM Pi

The determined design limits for both #teaight andelbow Pipe were further compared, this
was intended to give good understanding of the limits for all the configurations. This is as
detailed in figure$.9 and 6.10.

Comparison of Pressure Design Limit for Elbow and Straight
Pipe

35 FGM4 Elbow Pipe
FGM4 Straight Pipe

—&— FGM3 Elbow Pipe

—&— FGM3 Straight Pipe

" /
—&— FGM2 Straight Pipe

—&— FGM2 Elbow Pipe

Pressure (MPa)
S}

0 1 2 3 - 5 6

—&— FGML1 Elbow Pipe

—&— FGM1 Straight Pipe
Non-Homogeneity Factor (n)

Figure 6.9 Pressure Desiglimit comparison for Straight and Elbow Pipe.

Comparison of Temperature Design Limit Elbow and Straight Pipe

600
500
— *~— - o— °
FGM4 Elbow Pipe
400 o o v o ° ’
x ’_-—:‘_ = = ~— FGM4 Straight Pipe
: =0 % $ : —e—FGM3 Elbow Pipe
£ 300
- —e— FGMS3 Straight Pipe
o
5 500 —8— FGM2 Elbow Pipe
—8— FGM2 straight Pipe
100 —&— FGML1 Elbow Pipe
—&— FGML Straight Pipe
0
0 1 2 3 4 5 6

Non-Homogeneity Factor (n)

Figure 6.10 Temperature Design Limit comparison for Straight and Elbow Pipe.
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The comparison of the temperature and pressure design limits between straight and elbow FGM
pipe as displayed in figure 6.918. and tables 5.9, 5.10, 6.8 & 6.9 revealed quite close
temperature limits between the two configurations. The difference in the temperature limits
ranges from 0.184% at maximum, it equally showed similar trend in the temperature limits
variation; it inceases with increase in ntwmogeneity factor for both configuration.

However, the comparison of the pressure design limit between the two configurations shows
huge disparity in the limits, but the trend for the pressure limit variation for the both
configuration is somewhat similar, as they both showed minimal incremental variation in the

limits with increase in nothomogeneity factor.

6.3. CONCLUDING REMARKS

In this chapterthe degin limits for 20 different bow FGM pipelines were determined, this
compises of 4 FGMs with 5 ffierent norhomogeneity factor with each of the modelled pipe
having different temperature and presstatngs. The results from tablé.8/6.9 and figure
6.7/6.8revealed the temperatuaed pressurdesign limits for the fouelbowFGM pipesand

the influence of noitnomogeneity factor on these limits.

The results revealed the significance of #m@mogeneity factor (n) on temperature design
limits of elbow pipes as compared to its significance on pressure design limit op¢heéOpi

the same note, it revealed that FGM material combination has significance on both temperature
and pressure design limits of elbow FGM pipes.

A further comparison of the value and significance of the both limits for straight and elbow
FGM pipe revels that, both configurations have relatively close temperature design limits. On
the contrary, the pressure design limits for the both configurations have huge disparity.

Elbow Pipeline Design Limit

,_>
35
i
N

Thermal Loading (K)

n=
340 s
n=1 n=2

nofpof

0 0.5 1 1.5 2 2.5 3

Inner Pressure (MPa)

FGM 1 FGM 2 FGM 3 FGM 4

Figure 6.11 Temperature Design Limit comparison for Straight and Elbow Pipe

109



Figure 6.11 give a detailed representation of the design limits for all the 20 different elbow
FGM pipe considered. It revealed that FGM1 and FGM2 gives higher pressure and thermal
design limits. Hence, could be deployed in areas with high pressure and t@rederations.
Figure 6.11 ould therefore srve as guide in the choice of the FGM to deploy based on the

operatioml requirements andting (Pressure and Temperature)
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CHAPTER 7: T-PIECE PIPE CONFIGURATION FGM

DESIGN LIMITS AND ITS IMPACT ON FGM BE HAVIOUR
7.1.INTRODUCTORY REMARKS

Different configurations of ipelines angiping are increasingly used oil and gas activities
due to the increasing rate @f and gas exploration and utilization petroleum product, these
pipes are often expose to high rate of corrosion due to the terrain to which they are deployed.
The use ofunctional Graded Material (FGMs a mitigatioragainst the effect of corrosion
in oil and gasoperationshas been explored in previous chaptersttier Straight and Elbow
Pipe This present chapter focuses on the behaviour of a typi€aéde Functional Graded
Materials operating within the oil and gas operation parameters.

The behaviour of the -Piece FGM pipe is examined with the aim of prediciisgelastic
design limits when subjected tooth thermal and mechanical loadiegnditions. Finite
Element Analysis of four (4)-PieceFGM pipes made of diérent material combations was
modelled with ABAQUS software package, this limitasgompared with the limits obtained
from FGM straightand Elbowpipes Further parametric studiegereperformedto determine

the influence of noinomogeneity factor on the design limits oé PieceFGM pipes.

7.2.MODELLING OF T -PIECE PIPE

In a piping system, arbncted pieceis used to change the flow direction of fluid to a desired
location, branch piece comes in form of either Y, T or crossed configurations. The usual
configuration is to cua hole and insert a branch or pull through a transition in the main pipe
so as to fix the branch pipe into the main pipe, which enables the flow directional .cHaisge
concept leads to the generatioriraérnal pressure deformatiotisat could furthedegenerate
tolongitudinal and hoop stressehich flattersthe pipeand leads ttocalizedbuckling(Arash,
2000) This will eventuallylead tothe collapse and failure of tiiepiece pipe

The loading of the Piece pipe as presented in this chaptamgdd to internal pressure and
temperatureactions onlyand the outcomef the analysisvas used to determine the design
limits of the identified candidate materialarametric studies &reperformed on th&-Piece
FGM Pipes tohave good understanding ®fPiece FGM pipe whegertain properties are
varied. Thefollowing sections expandn theT-Piecemodel geometry developmenEGM
model validationmaterial selection, loading, boundary conditions sultsequentesults.
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7.3.MODEL GEOMETRY

The main section ahe T-PieceFGM Pipe was model using the same pipe schedutass
been used fothe straight pipeand elbow pipe componentehich 12in nominal bore and
Schedule 8®ipe wall thicknessThis was intentiondf chosen to be able to benchmark with
the straght pipe and the solution being considered for the oil and gas operafiomshannel
(nozzle) used for the-Piece was twahird of the main pipe that is 8 inch@$he ggometry is
as shown in figure.Z, below.

TheT-Piece main pipe model has innérdeter as 288.9mm (i.e. ri = 144.45mm) and the wall
thickness is 17.48mm. Thzzle (channel) of -piece has inner diameter of 192.6mm (i.e. ri
=90.47mm) and the wall thickness remain the same as that of the maifh@ipe dimensions
are as shown in Tabdl.1below:

Table7.1: T-PiecePipe Dimensions

t (mm) ri pipe(mm) ro=ri + t(mm) L (mm) ri nozzle(mm) ro=ri + t(mm)
1748 144.45 161.96 1700 90.47 107.95
OD =215.91mm

= 1173.56mm

0D=323.86 (IO ' B

I

1700mm

Figure 7.1 Schematic of the Modelled-PieceFGM Pipe

7.4.T-PIECE NUMERICAL RESU LT VALIDATION

The modelled TPiece FGM result was validated with the analytical approach developed by
Decock that provided a solution for the determination of the Stress Concentration Factor of the
T-Piececomponent. The solution by Decock was proposed at IGRMTonf.on Pressure
Vessel Tech, Part Il, ASME, San Antonio, Texas, Oct 1@&ME Handbook)
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The solution by Decock wdsased upon the fact that the maximum stress occurs at the crotch

corner Thisgives the equatiofor the stress concentration (SGIS)thus:

8

_ —Z— —

YO 'O

_ —Z—

[7.1]

The Parameters for theHiece component been validated, is as thus:

Pressure &= 2MPa
Design ten= 2%
Thickness = 17. 48
Cylinder (

l nside die= 288.9
Cylindger (

Mean Di ame = 306. 3
Cylimhdb=® T
Thickness = 11. 65
(t)

l nsi de Di a= 192. 6
the nd)zzl e

Mean Di ame = 204 . 2

nozgdmed )
Applying the above data with the Decock equatioves an SCF of 4.416

The circumferenti al membr ane stress range in
classical stress/ pressure-relationship for a
” — [7.2]

z 8
['17. 53MPa

” z
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Thmaxi mum stres-Bi eaegi svfear ftrloen Tmul t i pl yi ng

circumferenti al membr ane stress. This is

4. 416*17= 5737 .MIPMP a
The ame parameters above wesed to develop a model Adaqus using a homogenous
materialwith properties as shown in table 7.2 below, thi® ieeplicate the solution derived

with the Decock equation.

Table 72: Properties of materials used for the result validation

Material properties E (GPa) CTE( /K) Poisson's ratio k (W/m.K) Cv (J/g.K) Density (kg/m3) | Tensile Strength (MPa)
|ASTM CF-20 (stainless steel) 195 0.0000175 0.27 15.5 500 7765 530

Theresult from thé=EA analysis performed oAbaqususing theabove material properties
with the dimensions as stated above for tHeidce is as represented in figure 7.2; this

reveals the principal stresses for th@i€ce Model.

S, Max. Principal

(Avg: 75%)
+8.231e+01
+7.517e+01
+6.803e+01
+6.08%+01
+5.375e+01
+4.661e+01
+3.947e+01
+3.233e+01
+2.519e+01
+1.805e+01 VY VA
+1.091e+01 %%
+3.774e+00
-3.365e+00

4 P A VA YA VA VA VA VA VA VA VAV AV

Fig. 72: Principal Stresses for the replicatedPiece Model

From the results ohe FEA, the Maximum Principal Stress for théiece is 82.3MPa, when
compared with the maximum stress77.4MPa derived from the SCF applying the Decock
equation orthe T-Piecewith the same dimension¥he comparison shows go@djreement
(94.1%)with the FEA results from Abaqus with only 5.986viation in the maximum stress

value
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7.5.MATERIALS

7.5.1. FGM Material Composition
In furtherance to the development and validation of tHei€eCe pipe model in the above

section, the preceding sections considered the development and application of the FGM
materials selecteth chapter3 with the aid of the CES Edupack Softwares reiteated in
previous chaptershe choice of the material was driven by the requirement of the Deep Water
Oil and Gas operationg-our (4) distinct FGM combinations (Metal and Ceramics) were
developed to be able to meet the need of the Operations as stated&ie model deployed

the use of ceramics at the inner surface ofTHi&ecePipe while metal at the outer surface.

This choice was premised on the material properties like high toughness and thermal resistance,
high strength and excellent corrosionistance. These properties will progressively change
from that of ceramic to the metal gradudhyoughthe thickness of th&-piecepipe.

The metals and ceramics used for the Four (4) distinct FGMs are as detailed below:

Metal 1: NiFe-Cr alloy, INCOLOY 800, annealed

Metal 2: Stainless steel, austenitic, ASTO¥-20, cast, water quenched
Metal 3: Copper, C14200, soft

Ceramic 1: Zirconia, transformation toughened, L

Ceramic 2: Alumina 94, SGM

Ceramic 3: Silicon carbide, HIP

Ceramic 4: Tungsten carld@dhot press

The combination of these materials (Metal and Ceramic) was uséd for ( 4) FGMO s
stated below:

Table7.3: Composition of the 4 different FGMs.

FGM 1 FGM2 FGM3 FGM4

Metall-Ceramicl | Metal2Ceramic2 Metal3-Ceramic3 | Metal3-Ceramic4

7.5.2. FGM Materials Properties
As stated above, Seven (7) materials were considered in this study for the FGM combinations.

All the properties of these materials were found from CES Edupack and are as presented in
details in the tabl&.4 below:
Table7.4: Mechancal and thermal properties of the metal and ceramic materials.
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Coefficient of Thermal Specific Yield
E(GPa) thermalexpansion | Poisson'sratio  conductivity k = HeatCapacity | Density (kg/m3) Tensile Strength (MPa) | Ranking | Strength
CTE( /K) (W/m.K) Cv (Mg K) (Mpa) |
ing for Metal
Nickel-Fe-Cr alloy, INCOLOY 800, Annealed
|o1es | 14,25 0,34 11,5 . s025 | 7950 | 620 1 310
Stainless Steel, austenitic, ASTM CF-20, cast, water
(quenched | 195 | 17,5 0,27 15,5 500 | 7765 530 2 250
Copper C14200, Soft | 1225 | 175 0,345 165,5 3805 | 8925 220 3 55
ing for Ceramics
Zirconia (Transformation toughened) L | 46,5 | 98 03 2 | 450 1 5740 | 414 1 414
Alumina 94 [SGM) | 330 | 1,55 0,24 21 | 880 1 3650 | 2505 2 250
Silicon Carbide {HIF) | 400 | 5 0,15 80,05 | 802 | 3145 500,5 3 500
Tungsten Carbide (Hot Press) | 669 | 58 0,21 29 180 | 15700 3525 4 352

To be able to determine the-Piece FGM properties at a specified position, the volume
fractionsequation foboth the metal and ceramic was uasdlietailed in equation 5.9 and 5.10
of chapter 5.

From equations 5.9 and 5.10¢ z=h/2, \teramic= 0 and \heta= 1, conversely for zh/2. Hence,

it is logical that at z=h/2 the FGM is fully metal and atlg2 it is fully ceramic.These
equationsintroduceda new parameteknown asthe nonhomogeneity parameter (nthis
parameter represents how the variation of the properties progresses aldrgidice FGM

pipethickness.

Having known the effect of nenomogeneity factor and volume fraction et in the above,
the properties of the FGM at any pomdisdetermined with theower law equationsas stated
in equations 4.1, 4.2 and 4.3 in chapter 4.

These equations are used to calculate all the different properties in the thickne3s Pietbe

pipe, an example is shown in the preceding tables for FGM 1, Five (5) Layers and n=1.
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Table7.5: Development of the properties along the thickness with n=1 for the FGM 1.

Material properties E (GPa) CTE(/K) Poisson's ratio k (W/m.K) Cv (J/kg.K) | Density (kg/m3)| Tensile Strength (MPa) N YS (Mpa
Zirconia (toughened) 246.5 0.0000098 0.3 2 450 5740 414 1 414
INCOLOY 800 (annealefl) 195 0.00001425 0.34 11.5 502.5 7950 620 310

Position [-h/2 ; h/2] H CTE k k (W/m.K) Cv d Tensile Strength (MPa)| Yield strengthy

-1.00E-02 246.5 9.80E-06 0.30 2.0 450.0 5740 414 414

-9.00E-03 243.9 1.00E-05 0.30 2.5 452.6 5851 424 409

-8.00E-03 241.4 1.02E-05 0.30 3.0 455.3 5961 435 404

-7.00E-03 238.8 1.05E-05 0.31 3.4 457.9 6072 445 398

-6.00E-03 236.2 1.07E-05 0.31 3.9 460.5 6182 455 393

-5.00E-03 233.6 1.09E-05 0.31 4.4 463.1 6293 466 388

-4.00E-03 231.1 1.11E-05 0.31 4.9 465.8 6403 476 383

-3.00E-03 228.5 1.14E-05 0.31 5.3 468.4 6514 486 378

-2.00E-03 225.9 1.16E-05 0.32 5.8 471.0 6624 496 372

-1.00E-03 223.3 1.18E-05 0.32 6.3 473.6 6735 507 367

0 220.8 1.20E-05 0.32 6.8 476.3 6845 517 362

1.00E-03 218.2 1.22E-05 0.32 7.2 478.9 6956 527 357

2.00E-03 215.6 1.25E-05 0.32 7.7 481.5 7066 538 352

3.00E-03 213.0 1.27E-05 0.33 8.2 484.1 7177 548 346

4.00E-03 210.5 1.29E-05 0.33 8.7 486.8 7287 558 341

5.00E-03 207.9 1.31E-05 0.33 9.1 489.4 7398 569 336

6.00E-03 205.3 1.34E-05 0.33 9.6 492.0 7508 579 331

7.00E-03 202.7 1.36E-05 0.33 10.1 494.6 7619 589 326

8.00E-03 200.2 1.38E-05 0.34 10.6 497.3 7729 599 320

9.00E-03 197.6 1.40E-05 0.34 11.0 499.9 7840 610 315

1.00E-02 195.0 1.43E-05 0.34 11.5 502.5 7950 620 310

Table7 67: Example of properties in eatdyer for | =5 (FGM 1, n=1).

Coefficient of Thermal Specific
Layer number E (GPa)| thermalexpansion | Poisson's ratio | conductivity k | HeatCapacityl Density (kg/m3)| Tensile Strength (MP3)Yield strength
CTE( /K) (W/m.K) Cv (J/kg.K)
Layer 1 241.35 1.02E-05 0.30 3.0 455.3 5961 434.6 398.4
Layer 2 231.05 1.11E-05 0.31 4.9 465.8 6403 475.8 382.8
Layer 3 220.75 1.20E-05 0.32 6.8 476.3 6845 517 362.0
Layer 4 210.45 1.29E-05 0.33 8.7 486.8 7287 558.2 341.2
Layer 5 200.15 1.38E-05 0.34 10.6 497.3 7729 599.4 320.4

Tables 7.5 and 7.6 summarized the properties used for

FGM 1 withamoogeneity factor

(n) as 1,hissame proceduris repeated for the entifeG M6 s

with their respectiveon-homogeneity fetor.

7.6.STEP MODULE

The T-piece pipeline was subjected to a thermal load and an internal pressure, a fully coupled

temperaturalisplacement procedure was used for the analysis. The time period of step is 3600

seconds with an automatic increment was used.

7.7.LOAD MODULE

The boundary conditionspechanical andhermal loadings werenplemented to the -piece

FGM pipein this moduleon the Abaqus softwar&he approach used for the load application

consi

dPé&eceenddelf o r

on the Fpiece pipe is similar to that of the straight and ellpgve. It is vital to note thatinlike

the conventional modelling were the loads are known. In this resd¢hectoad are not yet

known Hencethermal loading of 56K and a pressure of 3MPa were initially applied o

the inner surface of the-piece FGM with a predefined temperature of 298K used as the
ambient temperatur@hereafter, the determined limit for temperature was kept constant and

the 3.2MPa pressure was been variegtative approach wakendeployed to determine the
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thermal and load design limit by comparing the effective R@MNI stress with the Voimmises

stress for the combined thermal and mechariprakssure loading)

The pressure and temperauvere both applied at thepiecepipe inner surface. The pressure

is applied as a load while the temperature is applied as boundary condition for the first step. It

is importantto statethat in Abaqus the pressureapplied asa load while the temperature is

appliedas boundary conditioms shown in figure.3 below.

Figure 7.3: Loading and boundary conditions on tHeidce pipe.

7.8. MESH MODULE

The meshis used on Abaqus softwate discretize the part in numerous elements so that
Abaqus software can calculate the stresses at each node.

A mesh convergence studsascarriedout and30,000 elementwas used fothe T-Piece pipe
model;seeds were defined by assigning a global size as 0.628lomg the edges. Then the
element type was assignedndde thermally couple tetrahedron, linear displacement and
temperature wit C3D4T elements. This as presented in figure 7.4 below.
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Figure 74: The Meshed -Piecepipe.
7.9. RESULTS

The results for the temperature and pressure design lintthieoT-piece FGM pipe was
determined when the-Piecepipe was subjected to bothermal andnechanicaloading at a
standard predefined temperature of 298K. The analysis focusé@deo(b) Layers Tpiece
FGM pipe, this was resudd from the learningwith the straight and elbow pipe desitymit
determination in which thiBve (5)layered models resulted in highmessure and temperature
limits as desired.

The presentedesultrevealed the effect of the ndmomogeneity factor (n) on the determined
limits. A further comparison ahe result®btained from the limits fdooth straigh elbow and
T-Piece pipavas consideretbrthefour ( 4) i d evithtrdfefence tdhe EaGdidéates

materials determined in earlier chapters.

Design limitsdeterminationwas premisedn the Distortion Energy Theomys detailed in
chapter 6 and coittering equations 6.6, 6.7, 6.8 and 6.9, m&terialis subjected to mukHi

axial loading will undergo yielding when the distortional energy is equal or have greater value
than the limit value of the material as stated in equation 6.8.
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Hence, the check fdailure criterion is to know if the Voemises stress induced in the material
is equal to or exceeds the material yield strength. This can be simplifstatedin equation
7.6 below:
| | [7.6]
Table 7.4 was used to determine $ield strength in each of the-Hiece pipe layer and the
result from the Abaqus software was used to determine than&es stress localized to each
layer of the FGM for a given Pressure and Thermal Loading. To enable the adequate
comparison of the valuexd equation 7.6 in all the FGM layers and predicts the possibility of
failure (yielding) in any of the layers, a normalized stress approach was adopted based on the

principle of equation 7.6. It is as thus:

, " [7.7]

h

Equation 7.7 was used to determine the risk of failure through yielding if the normalized stress
is greater than one (1); that means the material has exceed the elastic limit. However, if the
normalized stress is less than one (1), then there is nofriakure due to yielding. It is vital

to note that the FGM design | i smortnalizedstrese a c h e d
is closest to one (1), above this limit the material will begin to yield (Fail). For the purpose of
this research the nornizéd stress is between 0.99< normalized stress<Tl@d.adopted
approach in determining the design limit for th@i€ce pipe is same with that of the straight

and elbow pipe illustrated in figure 5.5 of chapter 5.

Applying the above approach, figure 7.1®vealed he maximum Vonrmises stress for the
limiting temperature of 566 from the Abaqus model faheFGM 1 (Metal 1: NiFe-Cr alloy,
INCOLOY 800, annealed and Ceramic 1: Zirconia, transformation tougheneud;ith)hon
homogeneity factor (n) as 1. This was achieved by varying the temperature while the pressure
was kept constant and applying equation 7.7 the limiting temperature of 565K was determined.
On the same note, tmeaximum Vonmises for the limiting presure for the same FGM 1 as
presented in figure 7.6 waghieved by varying the pressure while the temperature was kept

constant and also applying equation 7.7 the limiting pressure of 6.6 MPa was determined
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Pressure=4MPa n=1

VM max Y5 normalised stress limit
layer1 220 398 0552763819 1
layer2 137 382 0.358638743 1
layer3 121 362 0.334254144 1
layerd 141 31 0.413489736 1
|ayers 322 320 1.00625 1
Figure 7.5: Temperature design limit for FGMand n=1
n=1 VI max ] normalised stress|  limit
Pressure=6.6MPa|  layerl 233 398 0585427136 1
|layer2 145 382 0.379581152 1
|layer3 129 362 0.3563535091 1
|layerd 134 341 0.392961877 1
|layers 322 320 100625 1

Figure 7.6: Pressure design limit for FGM 1 and n=1
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The sameapproach was used to determthe pressure and temperature design limits for all

the other consideredcGM combinations with their distinct ndromogeneity factors

considered. Theomprehensiveesults for all the design limits obtain for thePiece FGM

Pipes is as detailed lppendix B, andhe summay of the temperature and pressure design

limits for the four (4) FGM combination considered and their distincthrmnogeneity facdrs
(n) are as detailei tables7.8 and7.9.
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Table 78: T-PieceFGM Temperature Design Limits

T-Piece Pipe Temperature Design Limit

FGM1 FGM2 FGM3 FGM4
n=1 565 397 319.5 312.5
n=2 510 371 320 311
n=3 487 363.5 322.5 311.6
n=4 489 360.5 325.5 312.3
n=5 484 359.5 328 313.3
Table 79: T-PieceFGM Pressure Design Limits

Elbow Pipe Pressure Design Limit

FGM1 FGM2 FGM3 FGM4
n=1 6.6 4.9 8.2 7.8
n=2 20 12.2 104 94
n=3 24.2 13.6 6.2 104
n=4 26 14.4 12.78 111
n=5 24.8 15 13.8 11.7
A further comparison of the desi

insightonthe 1P i e c e

FGMO s

is as presented in figures 7.7 an8.7
The results from th&able 7.8/7.9 and figure 7.5/7.6 revealed that for most cases, as the non

gn

mi t s

d e s i ghmomdgéneity factor isvaftezedhiEt h e

homogeneity factor (n) increases, the temperature and pressure design lirqiiecé pipes

increases. In addition, it also revealed that FGM material combination has signifieenbe

both temperature and pressure design limits of elbow FGM pipes. In summary, for thermal and

pressure consideration ofHiece FGM pipes, the emphasis should be on both FGM material

combination and the nemomogeneity factor.
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Comparison of Temperature Design Limit
(T-Piece FGML1, 2, 3 &4)

600

500 \

=
= —_—— o =
é 400
© - FGM1
)
£ 300 FGM2
)
= FGM3
200
FGM4
100
0
n=1 n=2 n=3 n=4 n=5

Figure 7.7: Tempr at ur e Design Limit comparison for

Comparison of Pressure Design Limit (T-Piece Pipe FGM1, 2, 3 & 4)

30

25

§ 20 —e—FGM1
‘g‘ 15 FGM2
2 FGM3
$ 10
o
> FGMA4
5
0
n=1 n=2 n=3 n=4 n=5

Figure 78: Pressure Design Limit comparison for

7.10. CONCLUDING REMARKS

In this chaptersimilar to the preceding chaptethe degyn limits for 20 different TPiece

FGM pipelines weredetermined, this comprises of four FGMs with fiddferent non
homogeneity fact@with each of the modelled pipe having different temperature and pressure
ratings. The results from table 7.8/7.9 and figui®7.8revealed the temperature and pressure
design limits for the four FPieceFGM pipes and the influence of ntwwmogeneity factor on
these limits.

The results revealed the significance of #fm@mogeneity factor (n) on rigerature design
limits of T-Piece FGMpipes as compared to its significarme pressure design limit of the
pipe. On the same note, it revealed that FGM material combination has significance on both
temperature angressure design limits of-FPieceFGM pipes.
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T-Piece Pipeline Design Limit
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Figure 7.11: Temperature Design Limit comparison fétiéce Pipe

Figure 7.11 give a detailed representation of the design limits for all the 20 diffeReatd
FGM Pipelines considered. It was revealed that FGM1 and FGM2 lyiylesrthermal design
limits, while only FGM 1 provides a distinct pressure design limit. ieigulXould serve as
guide in the choice of the particularPieceFGM to deploy based on operatadmeed in
terms oftherequiredrating (Pressure and Temperature). The-lnomogeneity factor for the
variousT-PieceFGM consdered in figure 7.1tan beobtainedby referring to tables 7.8 and
7.9.
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CHAPTER EIGHT: DESIGN RECOMMENDATIONS

8.1. INTRODUCTORY REMARKS
This chapter proposed thesign recommendatiorisr F G M deshaviours when subjected to

thermal and mechanical loading. The recommendadio f o c us aterialEl€&tidg s m
effectiveyield strengthand the dsignlimits for FGM configuratios based on oil and gas
operational window.

8.2. IDEAL FGM MATERIALS FOR DEEP OFFSHORE OIL AND GAS

OPERATIONS
The material parameters ustxd determire the ideal FGM Metal/Ceramics for oil and gas

operations were; cost per unit volume, fracture toughness, fatigue strength, tensile strength, salt
and fresh water application, density afoung s odufus of the material&dentifying each of

these properteforeach otherecommendecdhateriabwasvital due to the uniqueness of deep

water operatiosof oil and gas. CES Edupark 2017 software was asea checko identify

all materials wititheappreciablgropertieshighlighted above. The analytic hieraycprocess

(AHP) technique wasurther usedto determire the ideal FGM material combination atwl

perform sensitivity analysis. The results from the detbstudy thereforerecommends the
following FGM materials Metal/ceramics asitablefor offshore oil and gas operations.

Metals

Metal 1: NiFe-Cr alloy, INCOLOY 800, annealed
Metal 2: Stainless steel, austenitic, ASTO¥-20, cast, water quenched
Metal 3: Copper, C14200, soft
Ceramics
Ceramic 1: Zirconia, transformation toughenled,
Ceramic 2: Alumina 94, SGM
Ceramic 3: Silicon carbide, HIP
Ceramic 4: Tungsten carbide, hot press
8.3. FGM BEHAVIOURAL DEPENDENCE NUMBER OF LAYERS AND

NON-HOMOGENEITY FACTOR (n)
FGM Pipe made from metals and ceramics \@@mumber of layers subjected to thermal and

mechanical loading was modelled on the Abaqus software to determine the effect of number
of layers and noimomogeneity factor (n) on the FGM behaviour. As stated in chdptbis

model was validated against alneady published result with ANSYS and first orcérear
deformation theory (FSDT) from Ghannad et. al [2017] and it sdowod agreement.
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Theresults from the detailed FEA as stated aboseommends that the number of layers of
FGM has no significant &fct on the radial displacement, axial displacement, temperature and
Von-mises, This is as shown in figure-8d below. On theontrary thenon-homogeneity (n)
factor of FGM has significant effect o GM06 s p er f o thermal and machamicalr
loading Increase imon-homogeneity factoof the FGM leads to proportionate increasdte

radial displacement, axial displacement, temperature distribution anthiges This is as

shown in figure 868h below.

1

Axial displacement 20layers, n=5

Axial displacement 5layers, n=5

Axial displacement 10layers, n=5

Axial displacement
<o

x/L

Figure 8a: Axial displacement comparison.
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30 e Radial displacement Slayers, n=5

25
20
15
10
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0.2 0.4 0.6 0.8 1 1.2

Figure 8b: Radial displacement comparison
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7.0 Temperature 20 Layers, n=5

6.0 Temperature 5 Layers, n=>5

Temperature 10 Layers, n=5
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Tem

2.0
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Figure 8c: Temperature distribution comparison
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Figure 8d: VoAmises comparison
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Figure 8e: Axial displacement comparison
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Figure 8f: Radial displacement comparison
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Figure 8g: Temperature distributicomparison
3.0 Von Mises 10 Layers, n=1
55 Von Mises 10 Layers, n=2
’ Von Mises 10 Layers n=5
@ 2.0
b
=15
2
- 10
0.5
6:0
-0.2 0.2 0.4 0.6 0.8 1.2

x/L

Figure 8h: VoAmises comparison
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8.4. EFFECTIVE YIELD STRENGTH OF FGM COMPONENTS
Thedetermirationof the total yield strength of the constituent layarthe FGMis a precursor

to determining the design limit of the FGM when Vimises failure dteria is been considered

The traditional approachf achieving the effective yield strengthll be to determine the net

average of each of the yield strength in the entire FGM. This approach becomes cumbersome
when the number of layers in the FGM in@es Tle proposed novel approael stated in

equation 8.1can be used or t he deter mination of effecti
depends only on the ndromogeneity factor (n). This approach was bench marked against the
traditional averaging methodmnd it showed excellent agreememth deviation reducing

minimally to about zeras the number of layers increases.
w B w R8— . h 88—
[8.1]
The equation was premised on the Power Law equation and was compared and wvailidated
analytical approach of summing up all averages for the individual FGM constituent. The details

of the equation development and all assumptions/validations used are as presented in chapter

5 of this research.

8.5. DESIGN LIMIT FOR STRAIGHT FGM PIPE
It is vital to know all design limits of all the recommended FGM material consti@etttis

will give insight on thesuitability of anyspecific FGM constituerib the deep offshore oil and

gas operations in Gulf of Guinea. The Vimises failure criteria was ad to determinethe

design limit( f ai | ur e ¢ o nforiatl the four (4)Ustraighd pipe FENhat was
modelled. They are as thus:

FGM 1: Ni-Fe-Cr alloy, INCOLOY 800, annealed/ Zirconia, transformation toughened, L

FGM 2: Stainless steadustenitic, ASTMCF-20, cast, water quenched/ Alumina 94, SGM

FGM 3: Copper, C14200, soft/ Silicon carbide, HIP

FGM 4: Copper, C14200, soft/ Tungsten carbide, hot press

From thereferencedihe listing of the seawater processing line that formed the basihkis

study, the operating temperature and pressure range is 318K and 2.1MPa respectively. The
comparison of theleriveddesign limits for the all the modelletraight pipes GM6 s and t h

required operating conditions is represented in Figure 8i below:
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Straight Pipe FGM Design Limit
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Figure 8i: Pressure and Temperature Design Limits for Straight FGM Pipes
Based on the foregoing, this research recommends as thus for straight pipgE@hbns in
deep offshore oil and gas operations in Gulf of Guinea:
1 Althe20mo del | ed d&&NMabesandaoukel be perfectly deployed on the sea
water injection line based on the present operating conditions.
T For ther mal | oading preferences and consi
the following descending order FGM 1>FGM 2>FGM 3>FGM 4
T For Pressure |l oading preferences and consi
the following descending order FGM 3>FGM 4>FGM 1>FGM 2
1 The matrix developed in figure 8i could be used for FGM selection basaa gas

service conditions simitao that in Gulf of Guinea.

8.6. DETERMINATION OF DESIGN LIMIT FOR ELBOW FGM PIPE
The Vonmises failure criteria was equally usedieterminehe design limit (failure condition;

Uy KUy ) for all theelbowF G M &Tke. Four (4) Metal/Ceramics FGbbnsideredreas thus:
FGM 1:Ni-FeCr alloy, INCOLOY 800, annealed/ Zirconia, transformation toughened, L
FGM 2: Stainless steel, austenitic, ASTOW-20, cast, water quenched/ Alumina 94, SGM
FGM 3: Copper, C14200, soft/ Silicon carbide, HIP

FGM 4. Copper, C1420@0ft/ Tungsten carbide, hot press

As stated in the section above, tlegerencedine listing of the seawater processing line that

formed the basis for this study, the operating temperature and pressure range is 318K and
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2.1MPa respectively. The comparison of ttexiveddesign limits for the all the modelled

ebowpipeFGM6és and the required operating condi't

Elbow Pipeline Design Limit

Thermal Loading (K)

Figure 8.j: Pressure and Thermal Design Limits for Elbow FGM Pipes

Basedon the foregoing, this research recommends as thus for the elbovppijatiosin deep
offshore oil and gas operations in Gulf of Guinea
1 OnlylOmodel | ed FGMO0s ar e adequ a tfoethesseadvatero u |l d
injection line based on the gent operating conditions. These are Elbow Pipes made
from FGMéds 1 and 2.
T For ther mal | oading preferences and consi
the following descending order FGM 1>FGM 2>FGM 3>FGM 4
1 For pressure loading preferences andscond er at i ons, t he FGM6s ar
the following descending order FGM 3>FGM 4>FGM 1>FGM 2
1 The matrix developed in figure 8j could be used for elbow pipe configuration FGM

selection based amil and gas service conditions similar to that in GoffGuinea.

8.7. DETERMINATION OF DESIGN LIMIT FOR T -PIECE FGM PIPE
Similar approach was used for thd”fecetheVon-mises failure criteria was usealdetermine

the design | i mivO )fdralthé iPi &€ ceo FrdGiMidiso n Foilsr ( 4)
FGM were as thus:

FGM 1:Ni-Fe-Cr alloy, INCOLOY 800, annealed/ Zirconia, transformation toughened, L

FGM 2: Stainless steel, austenitic, ASTOW20, cast, water quenched/ Alumina 94, SGM

FGM 3: Copper, C14200, soft/ Silicon carbide, HIP

FGM 4: Copper{14200, soft/ Tungsten carbide, hot press
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Still maintaining the same principle, theferencedihe listing of the seawater processing line
that formed the basis for this study, the operating temperature and pressure range is 318K and
2.1MPa respectivelyThe comparison of thderiveddesign limits for the all the modelled T

PiecepipeF GM6s and the required operating condit.]

T-Piece Pipeline Design Limit

n=1

Thermal loading (K)

Figure 8.k: Pressure and Thermal Design Limits for Elbow FGM Pipe

Based on the foregoing,isivesearch recommends as thus for tH&élce pipe:

1 Most oft he model |l ed FGM6és are adequate and c
seawater injection line based on the present operating conditions, with the exception of
the T-PieceFGM pipe made from FGM.

T For ther mal | oading preferences and consi
the following descending order FGM 1>FGM 2>FGM 3>FGM 4.

1 Pressure loading limits for the considere®BT ece FGMO6s have no dire
the FGM material combation. Hence for pressure loading preference and
considerations, the FGM will be considered on individual basis depending on their non
homogeneity factors.

9 The matrix developed in figure 8k could be used fa?i@ce pipe configuration FGM
selection basedn Oil and Gas service conditions similar to that in Gulf of Guinea.
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8.8. CONCLUDING REMARKS
The dependence of FGM unique behaviours (radial displacement, axial displacement,

temperature and Vemises) on number of layers and Aommogeneity factor (nyvhen

subjected to thermal and pressure loading was recommended in this study.

Furthermore, a novel approach to determine the effective yield strength of the FGM material
combination was recommended in this research. In addition, the study recommended the
pressure and temperature regime/limits all the considered FGMs could be effectively deployed

based on configurations and materials combinations.

The recommendations from the research was premised on numerical analysis approach
deployed for the entirestudy,hi s coul d be further i mproved

validated in future studies.
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CHAPTER NINE: CONCLUSIONS AND FURTHER WORK

9.1. INTRODUCTION
The focus of this research was to explore the potential of using Functionally Graded Pipe

(FGM) for theSea Water Processing Line on most FPSO in deep offshore operations in Gulf
of Guinea. To achieve this, representative Functionally Graded Pipeline components were
modelled, analyzed and validated numerically on Abaqus by subjecting it to both thermal and
mechanical loading.

The material constituent of the FGM used was modelled with the aid of CES Edupack Software
and was ranked based on the materials ability to withstand thenneabperation conditions

on the referenced Sea Water Processing Line. litiaadldthe design limits of all the modelled
FGM pipes were predicted based on Muoises failure criteria.

Lastly, parametric studies of the FGM pipe configurations (Straight FGM pipe, Elbow FGM
pipe and TPiece FGM pipe configuration) and a variety of enal combinations was
performed. This gave insight on the most optimal configuration and material combination for

the service conditions.

9.2. MATERIAL SELECTION AND RANKING
Engineering materials available as at 2017 on CES Edupack was assessed to determine th

most suitable metal/ceramics material to be deployed for the FGM pipe that will meet the
unique operating requirements. tandem, the Aalytic Hierarchy Process (AHP) technique
was used to rank the materials identified on CES Edupark. A sensitivitysenaias carried
on the identified materials based on weight, price and density variations in the final ranking of
the materials. The study revealed the most ranked Metal/Ceramic combinations are as detailed
below:

Metal 1: NiFe-Cr alloy, INCOLOY 800annealed

Metal 2: Stainless steel, austenitic, ASTO¥-20, cast, water quenched
Metal 3: Copper, C14200, soft

Ceramic 1: Zirconia, transformation toughened, L
Ceramic 2: Alumina 94, SGM

Ceramic 3: Silicon carbide, HIP

Ceramic 4: Tungsten carbidet press

9.3. NUMERICAL INVESTIGATION OF FGM AND DESIGN LIMIT

PREDICTION
Sixty (60) FGM pipes were modelled for the three FGM configurations considered, finite

element analysis (FEA) using the Abaqus Finite Element system was used to reasonably mimic
the phystal behaviour of a series of offshore piping systems configurations. The three piping
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configurations considered were Straight, Elbow an@i€ce pipe components; all these were
modelled for a range of pressure and temperature conditions. From the rditerarde, only

a few benchmarks were available to validate the computational models, this was because of the
evolving nature of the usage of FGM for piping in the oil and gas industry. Using the research

by Ghannagtalon @ 2 D-etl aesrtmac model of an axi symmetr.i
developed FGM was validated using the following parameters; axial stress, circumferential
stress and vemises stress. The validation result comparison showed excellent agreerent wit

the referenced journal with deviations of 5% at the maximum with both the numerical and

analytical results from the journal.

As an FGM cannot have a single yield point by definition, an equation for the determination of
effective yi el advasslevelopedgvhidn depemds orFtlie Miéldsstrength of the
FGM constituents and the ndvomogeneity factor of the FGM. This equation was validated
using the conventional averaging approach of the FGM yield strengths determination and it

showed excellentagre ment wi th | ess than 1% for FGMG&6s

The normalized stress approach was used for the determination of the design limit; this
approach compared the effective yield strength of the FGM to the effectiveniées stress

for each 6 the configurations to determine the FGM failure tendencies due to yielding. The

FGM design limit was determined when any of the layers in the FGM normalized stress was
closest to one (1), above this limit the material begins to yield (Fail). The designas
determined using the normalized stress between the ranges of 0.99< normalized stress<1.01.
The FEA of the FGM6s considered was | imited

t hermal and pressure design | imits were dete

This study compared the design limits for Straight, Elbow arféiete Pipe to provide
appreciable understanding of the limits for all the configurations as detailed in figures 7.9 and
7.10.
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Comparison of Temperature Design Limit
(Straight, Elbow and T-Piece Pipe FGM1, 2, 3 &4)
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Figure 7.9: Pressure Design Limit comparison for Straighip\Eland FPiece Pipe.

Comparison of Pressure Design Limit (Straight, EIbow and T-Piece Pipe
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Figure 7.10: Temperature Design Limit comparison for Straight, Elbow dPidce Pipe.

The comparison of the temperature and pressure design limits between straight, elbew and T
Piece FGM pipe as displayed in figure 7.9/7.10 and tables 5.9, 5.10, 6.8, 6.9, 7.8 & 7.9 revealed
that the temperature design limits between the three configurateneswithin a close range

with a maximum of 8% variation for most the FGM material combination considered.
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However, the FGM 1 material combination was an outlier with the temperature design limit
variation of up to 27% between the three configurationadtition, Straight and Elbow FGM

pipe exhibited similar trend in the temperature limits variation; it increases with increase in
nornthomogeneity factor for both configurations. This is contrary for #iaete FGM pipe,

the temperature design limit mostBduces with increase in ndvomogeneity factor.

In addition, the comparison of the pressure design limit between the three configurations shows
huge disparity in the limits, but the trend for the pressure limit variation for the three
configurations wersomewhat similar, as they both showed minimal incremental variation in

the limits with increase in nehomogeneity factor.

From the typical oil and gas operating envelop considered in Gulf of Guinea as depicted in
figures 8i, 8 and 8k, the design limegsults for theStraight pipes revealed that all the 20
FGM6s could be deployed for t hetheodpsegmlmiti on s
results for theT-PiecesPipesalsor eveal ed t hat mo s t of t he F(
adequately deployed for the operations being considered. But on the contrary, the design limit
results for theelbow Pipesr eveal ed that only 10 FGMOs from

be adequately deployddr the operations being considered.

Considering the FGMés materi al constituent,
could be deployed for higher temperature and pressure design consideration. Hence, it could
be inferred t hat ma&idMamsnbinaton melow areonmre tdequate for
higher temperature/pressure operation irrespective of the configuration (i.e., straight pipe,

elbow pipe and Jpiece pipe).

1 Ni-Fe-Cr alloy, INCOLOY 800, annealed and Zirconia, transformation toughened, L

1 Stainless steel, austenitic, ASTOF20, cast, water quenched and Alumina 94, SGM
On the contrary, the study revealed that FGM 3 and FGM 4 could only be deployed to
minimally high temperature and pressure for straight pipe FGM configuration only. Hence,
mateial combination for FGM 3 and 4 as detailed below are more adequate for lower pressure
and temperature when considering other FGM configurations like elbow-pretd pipes.

1 Copper, C14200, soft and Silicon carbide, HIP

1 Copper, C14200, soft and Tungstanbide, hot press
The design I imits of all the considered FGM
FGMs are more suitable for straight pipe configuration, although could be used for Elbow and

T-Piece but not as good as straight pipe.
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Finally, it is worth noting that the work undertaken herein developed matBced and 8k
dependent on internal pressure and thermal loading for Straight, EIbowRirdeTFGM Pipe
configurations, this coul d s emoiladgassergicei de |

conditions similar to that in Gulf of Guinea.

9.4. SUGGESTION FOR FURTHER WORK
The recommendations from the research was premised on the limitation of adopting only

numerical analysis approach through the entire study, this couigrther improved if the

model |l ed FGMO6s are further validated t hrouog

the following future researches are suggested.

1 Present research considered mainly numerical analysis to deduce all the findings, hence
further study can be performed premised on experimental approach. This will help to bridge
all gaps and assumption between the numerical and experimental results.

1 The present study considered only thermal and pressure loading conditions, a further
research aald be perform that will consider other loading conditions like bending, fatigue
life of the FGM, cracks on FGM etc. this will provide a broader understanding of FGM
pipes.

1 The present research focused on few of the possible metal/ceramics matekalations
for the FGM models. The identified candidate materials were 3 metals and 4 ceramics
materials. From this materials combination variables, about 24 different metal/ceramic FGM
could be developed each exhibiting there unique properties. Hovtheepresent study
considered only 4 of these possibilities. Hence, further studies is recommended on the other

aspect of material combination yet to be explored.
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APPENDIX A: TEMPERATURE AND PRESSURE DESIGN
LIMIT FOR ELBOW PIPES
DESIGN LIMITS FOR FGM 1

| n=2 VM max YS normalised stress limit
| T=476K layerl 307 410 0.748780488 1 FGM1, n=2, Temp=476K
1 layer2 231 403 0.573200993 1 1.2
layer3 168 387 0.434108527 1 1
layerd 226 362 0.624309392 1
layers 320.1 328 1.003353659 1 08
0.6
0.4
0.2
0
layerl layer2 layer3 layera layers
e=femnormalised stress e imit
VM max ¥S Inormalised stresg limit
layerl 308 210 0.751219512 1 FGM1, n=2, Pressure =2.4MPa
layer2 232 403 0.575682382 1 1.2
B; i layer3 171 387 0.441860465 1
- layerd 220 362 0.607734807 1 :
layer5 329.1 328 1.003353659 1 0.8
0.6
0.4
0.2
0
layerl layer2 layer3 layerd layerS
= normalised stress — efe|imit
| n=3 VM max Ys normalised stress limit
Pressure=2.3MPa| layerl 292 413 0.707021792 1 FGML, n=3, Pressure=2.3MPa
layer2 228 410 0.556097561 1 12
layer3 173 399 0.43358396 1 .
layer4 213 376 0.566489362 1
layer5 337 335 1.005970149 1 0.8
0.6
0.4
0.2
0
layerl layer2 layer3 layera layers
e=femnormalised stress sl limit
VM max YS normalised stress limit
layerl 292 413 0.707021792 1 FGM1, n=3, Pressure=2.3MPa
layer2 228 410 0.556097561 1 12
layer3 173 399 0.43358396 1 1
layer4 213 376 0.566489362 1 0.8
layer5 337 335 1.005970149 1 0.6
0.4
0.2
0
layerl layer2 layer3 layerd layer5
=S normalised stress e [imit
VM max YS normalised stres limit
layerl 286 414 0.690821256 1 FGM2, n=2, Temperature=480K
layer2 227 412 0.550970874 1 12
layer3 181 406 0.445812808 1 1
layerd 212 386 0.549222798 1
layers 340.3 340 1.000882353 1 o8
0.6
0.4
0.2

layerl layer2 layer3 layer4 layers

=s=—normalised stress  e===limit
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VM max A& normalised stres: limit
layerl 270 414 0.652173913 1
layer2 269 412 0.652912621 1
layer3 269 406 0.662561576 1
layer4 269 386 0.696891192 1
layers 342.7 340 1.007941176 1
VM max YS normalised stres limit
layerl 283 414 0.683574879 1
layer2 227 413 0.549636804 1
layer3 183 409 0.447432763 1
layerd 208 393 0.529262087 1
layer> 347.2 345 1.006376812 1
‘ n=5 VM max ¥s normalised stres limit
‘ P=2.42MPa layer1 283 414 0.683574879 1
layer2 227 413 0.549636804 1
layer3 183 409 0.447432763 1
layerd 208 393 0.529262087 1
layer5 348.1 345 1.008985507 1
DESIGN LIMITS FOR FGM 2
‘ n=1 VM max YS normalised stress| limit
‘ T=381K layerl 247 250 0.988 1
layer2 193 250 0.772 1
layer3 142 250 0.568 1
layerd 150 250 0.6 1
layers 224 250 0.896 1
‘ n=1 VM max ¥S normalised stress limit
‘ Pressure=2.26MPa layerl 252 250 1.008 1
layer2 196 250 0.784 1
layer3 143 250 0.572 1
layerd 152 250 0.608 1
layers 227 250 0.908 1
VM max ¥S normalised stresg| limit
layerl 235 250 0.94 1
layer2 206 250 0.824 1
layer3 163 250 0.652 1
layerd 153 250 0.612 1
layers 252 250 1.008 1

1.2

0.8
0.6
0.4
0.2

12

0.8
0.6
0.4
0.2

1.2

0.8
0.6
0.4
0.2

12

0.8
0.6
04
0.2

12

o8
06
04
02

FGM1, n=4, Pressure=2.4MPa

L

layerl layer2 layer3 layerd layers
e=g==normalised stress e [imit
FGM1, n=5, Temperature=481K
layer1 layer2 layer3 layera layers
s=Bemnormalised stress s limit
FGM1, n=5, P=2.24MPa
layerl layer2 layer3 layerd layers

sl normalised stress e limit

Comparison n=1 T=320K,FGM2

—_——

layerl

layer2 layer3 layerd layers

=8 Normalised stress == Limit

Comparison n=1 Pressure=2.26MPa, FGM2

—_——

layerl

layer2 layer3 layerd layers

el SEri@S]  e—Series?

Comparison n=2 T=387K, FGM2

—_—

layerl

layer2 layers layerd layers

== Normalised stress == Limit

149



‘ n=2 VM max ¥s normalised stress limit
‘ Pressure: 2.28MPa layerl 233 250 0.932 1
layer2 207 250 0.828 1 15
layer3 163 250 0.652 1
layera 153 250 0.612 1 :
layers 252.5 250 1.01 1 05
(]
| n=3 VM max ¥§ normalised stress| limit
| T=383K layerl 209 250 0.836 1
layer2 194 250 0.776 1 15
layer3 158 250 0.636 1
layerd 140 250 0.56 1 :
layers 252 250 1.008 1 0s
0
n=3 VM max ¥S normalised stress| limit
layerl 211 250 0.844 1
layer2 196 250 0.784 1 12
layer3 159 250 0.636 1 1
layerd 140 250 0.56 1 08
layers 253 350 1.012 1 o6
0.4
02
0
VM max Ys normalised stress limit
layerl 201 250 0.804 1
layer2 185 250 0.74 1 12
layer3 154 250 0.616 1 1
layerd 129 250 0.516 1 0.8
layers 251.7 250 1.0068 1 0.8
04
0.2
0
‘ n=4 VM max ¥S normalised stress limit
‘ P=2.3MPa layerl 203 250 0.812 1
layer2 186 250 0.744 1 12
layer3 154 250 0.616 1 1
layerd 129 250 0.516 1 08
layers 252.5 250 1.01 1 06
04
02
0
n=5 VM max ¥S normalised stress| limit
T=379K layerl 199 250 0.796 1 12
layer2 179 250 0.716 1 1
layer3 148 250 0.592 1 08
layerd 123 250 0.492 1 08
layers 251.8 250 1.0072 1 ::
0
n=5 VM max s normalised stress limit
P=2.32MPa layerl 199 250 0.796 1
layer2 179 250 0.716 1 12
layer3 148.3 250 0.5932 1 1
layera 123 250 0.492 1 08
layers 252.6 250 1.0104 1 gj
0.2
i}

Comparison n=2 P=2.28MPa, FGM2

L—_-—-_ﬁh‘-_‘—"——L

layer1 layer2 layer3 layera layers

== Normalised stress == Limit

Comparison n=3 T=383K

.__—__.-"—"—'-——-—___

layerl layer2 layer3 layera layers

—#—3Seriesl —8— Series2

Comparison n=3 T=383K p=2.3MPa

w

layerl layer2 layer3 layerd layers
== Series] =S Series2
FGM2, n=4, T=381
5
layerl layer2 layer3 layerd layers

=== normalised stress s limit

FGM2, n=4 P=2.3Mpa

layer1 layer2 layers layera layers

== Normalised stress sl Limit

FGM 2, n=5, T=379

layerl layer2 layer3 layerd layers

=8 normalised stress == |imit

FGM2, n=5P=2.32MPa

layerl layer2 layer3 layera layers

= Normalised stress e |imit
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DESIGN LIMITS FOR FGM 3

| n=1

VM max YS ormalised stressg| limit .
|Pressure -0.82MPa] _ layerl 972 a1 0.23649635 1 Comparison n=1 Pressure=0.82MPa
layer2 66.6 344 0.193604651 1 12
layer3 46.9 255 0.183921569 1 1
layer4 48.3 166 0.290963855 1 08
layer5 61.2 61 1.003278689 1 0.6
0.4
0.2 e
0
layerl layer2 layer3 layer4 layers
==@==Normalised stress ==@==Limit
VM max YS ormalised stresg limit .
layer1 99.8 411 0.242822384 1 Comparison n=1T=321K, FGM3
layer2 68.7 344 0.199709302 1 1.2
layer3 48.7 255 0.190980392 1 1 2
layer4 49.4 166 0.297590361 1 08
layer5 62.8 61 1029508197 1 0.6
0.4
0.2
]
layer1 layer2 layers layera layers
w—g=Series] === Series2
VM max YS ormalised stressg limit N
layer1l 114 478 0.238493724 1 Comparison n=2 T=334K
layer2 87 441 0.197278912 1 15
layer3 75 361 0.207756233 1 N
layer4 73 245 0.297959184 1
layer5 89.7 89 1.007865169 1 05
o}
layer1 layer2 layer3 layer4 layerS
=== Series] ==@==Series?
‘ n=2 VM max YS ormalised stress limit .
[P=0.83MPa | Ilayerl 117 478 0.244769874 1 Comparison n=2 P=0.83MPa
layer2 93 441 0.210884354 1 15
layer3 77 361 0.213296399 1 s _
layer4 75 245 0.306122449 1
layer5 92 89 1.033707865 1 0.5
0
layerl layer2 layer3 layerd layers
0.83
== Serigs]l === Series
VM max Ys ormalised stresg limit .
layer1 120 494 0.24291498 1 Comparison n=3 T=343K
layer2 97 476 0.203781513 1 15
layer3 86 418 0.205741627 1
layer4 87 302 0.28807947 1 :
layers 113.8 113 1.007079646 1 o5 /
0
layer1 layer2 layer3 layer4 layers
=e=—Normalised stress ==@==Limit
VM max YS ormalised stresy limit .
layerl 120 494 0.24291498 1 Comparison n=3 P=0.83MPa
layer2 97 476 0.203781513 1 15
layer3 87 418 0.208133971 1
layer4 87 302 0.28807947 1 N
layers 114.1 113 1.009734513 1 os
0
layerl layer2 layer3 layera layers
e SEries] === Series2
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DESIGN LIMITS FOR FGM 4
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