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Abstract

Kyu Jung Yeom
Department of Materials Science and Engineering
The Graduate School

Seoul National University

In this thesis, the COpipeline of required toughness is discussed. tewto
analysis of CQ pipeline for appropriate geometries, the fluidusture interaction
(FSI) is used by combination of ABAQUS and Fluefhe natural gas has
experienced with single-phase decompression when ctlack occurs during
operation. Otherwise, G(ipeline mostly operates with two phase of sutcat
or dense phase for efficiency with high density Envdviscosity. It is caused phase
transition when the crack propagation is occurréti guddenly drop the pressure
and temperature which is plateau curve behavior.

The two cases of C(ipeline have studied in thesis. Firstly, the eli#int crack
sizes ratio analyzes from 10 % to 90 % for critioérnal pressure. The initiation
crack located in longitudinal direction from outsidf diameter. The 3 m length of
CQO; pipeline considers the appropriated flow of 100C3,. At last, the crack
propagation of two successive sections with girgfovtook into account for analysis

of toughness required.
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The material properties of API X70 pipeline waswoed by the results of tensile
test. The fracture toughness was converted thauf@energy based on the BS 7910
with plane strain condition from Charpy v-notch ewp test. In part of crack
propagation, the Traction-Separation theory appleded on comparison with
experiment and simulation. The girth weld effecsupposed to be conducted the
simulation based on the experimental shape of theesd, affected zone, and girth
weld of API X70 pipe.

The fluid of 100 % C®@ recognized with homogeneous equilibrium model,
enhanced wall treatment, and Real Peng-Robisortiequ state with confirmation
followed dense phase of GOlhe interaction surface with fluid and structise
found to be consistent for FSI, the iteration hasdticted to analyze with 100 %
fluid at first, then simulated structure analysysXi~EM.

The crack with the maximum principle stress is mted over yield strength of
materials for crack propagation. The crack propgagattudied by XFEM, which is
not required with direction of crack and remest@therwise, seam crack needs to
propagate of crack. The failure theory was usedimmax principle stress, which
predicts the propagated.

The critical internal pressure was acquired depgndn the crack size ratio. Even
though the crack existence with 10 % crack size, dhtical internal pressure

dropped in a short time. It causes the integritypipleline. The results of crack
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propagation with FSI is lower than the structuralgsis. It is reason that the high
pressure was initiated with inlet of G@uid.

The simulation results of basic study of crack giato and measurement of
pressure with crack propagation by FSI, the FEEDaffiect for decreasing cost of

construction of C@pipeline.

Keywords: CQ pipeline, Crack propagation, Girth weld, Tracteeparation, Crack

tip opening displacement, Charpy V-notch impact, tEkiid structure interaction,

Critical internal pressure, XFEM, Maximum princigess

Student Number: 2010-20616
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1. Introduction

1.1 Needs and Scope of CCS Project

Electricity generation is one of the major sourcgsarbon dioxide emissions and
fossil fuel power plants play major roles in glogrming. Due to global warming,
the temperature is increasing and glaciers arangedt the South and North Poles,
leading to arise in sea levels. In 2010, indulsted countries announced the Kyoto
Protocol in an agreement to reduce the producti@aron dioxide (Cg) by 2050.
Furthermore, the 2015 United Nations Climate Chabgeference was held in Paris
in order to negotiate a reduction in climate cha@grbon capture and storage (CCS)
Is the process of CQransport using pipelines, ships, and trucks fmde CQ and

prevent it from entering the atmosphere.

Oil and gas industry has similar with €@peline transportation. But the mechanism
and operation condition are different from the coespgion stations and design of
pipeline and etc. For the selection of pipelinghtstrength low-alloy steels (HSLA)

are commonly used for transportation from 1960iddoge diameter and thickness.

In order to prevent from tear and crack propagatisteel pipeline, stainless steel
is alternative case of prevent from fracture. Hosvethe weld of pipeline needs

more money to develop the technique for quick agy ¢o way of connection with
1



pipeline of seam weld and girth weld. Moreover, fihding of defects in pipeline is
difficult to find the locations and geometries. éxbvise, the steel pipeline uses the
pigging system to analyze with defect shapes acatiins. In conclusion, the use

the stainless pipeline could cause an amount oesntmdesign for Copipeline.

In order to develop the CG(pipelines with appropriate thickness, diameter and
toughness, it is important to predict the flow dratture behavior of the pipelines.
The trend of flow is different from those of liquahd gas pipelines. The tendency
of liquid pipeline fractures is short and narrowil@lgas pipeline fractures are long
and wide. The Ceypipeline decompression is also different from ¢hotliquid and
gas pipelines and crack initiation and propagatm@O; pipelines show different
behaviors [1]. It is unclear whether cracks inQfpelines lead to ruptures similar

to liquid or gas pipelines.

In the view of fracture behavior of pipeline, piipels contained defects sometimes
fail. Pipelines transport with gaseous fluid, twmape fluid, dense-phase fluids, or
liquid. The fracture behavior must analyze the toess or other effects before
operation of pipeline. The assessment of brittectiire was assessed by semi-
empirical equation which developed by NG-18 ealyd’s and the drop-weight tear

test (DWTT) could solve the problem of brittle fra@ propagation.



In order to evaluate the fracture propagation atitkibehavior, there is a developed
Battelle two curve method (BTCM) by Battelle Menabrinstitute (BMI). This is
developed in the 1970s by Keinfer, using the acsizd pipe, which is artificially
generated cracks using various experimental camditi determined the either
fracture propagation and arrest. However, BTCM ugdtie 1970s with APl X65
pipe, which was lower than 100 Joule of fracturergn The comparisons with high
strength and toughness of pipeline and @ipeline would not appreciate with based
on the BTCM assessment. The researchers have fourekd correction factor for
assessing the crack propagation. The trend of ipg@h recently uses with high
strength and toughness pipeline due to reduceodteo€ construction. The results of
charpy v-notch (CVN) impact test would above theamity of CVN tester and
newly produced pipeline is higher than elderly proet pipeline when are equalized

with compositions.

Because natural gas (NG) is different from the, @ipeline with operational
pressure and condition as shown in Fig. 1.1. Wh@riddecompressed, the pressure
and temperature is decreased slowly but the behafA00O, considers the two phase
region. This region would be difficult to transpttough the pipe when fracture is
occurred caused instantly widespread of. @@der the ground. The density is safe
even if the rupture because NG is lighter tharCGtinerwise the density is NG is €O
is known as heavier than air and remained the gretith CG. CO; is more likely

to be toxic if the C@pipeline is ruptured. [2]
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Fig. 1.1. Comparison decompression curve with CO, and Methane

The operational condition of the NG is different C@peline with operational
pressure and the temperature. The design of thsskaed diameter is applied
different view of consideration. NG operates withBMPa and - 77.3C at critical
point, otherwise the 96% Cperates 7.247 MPa and 31 at critical point as
shown in Fig. 1.2. General operating pressure ofiN&5 MPa, C®is transported
with temperature of 8.5 ~ 15 MPa and®@or more with dense phase or supercritical
phase for high density and low viscosity efficigniTherefore, when designing €O

pipeline, it must be needed to assess other apgpesac
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Fig. 1.2. Difference of phase envelope with NG & [2]

Therefore, finite element method (FEM) can simugitelarly to the actual situation
in order to be analyzed with structural analysig #und analysis of C@pipeline by

fluid structure interaction (FSI) connected at g@me time. In this study, the
minimum toughness required value of the ,Gfipeline was studied for efficient

design.

A small-scale test specimens was used to analgzertitk propagation through the
structural analysis for acquiring the fracture tlyeto simulate three-dimension
model of fracture propagation which is measure®biN impact test and crack tip
opening displacement (CTOD) test of API X 70 pipke crack propagation with
girth weld was considered to simulate the actuapshof pipeline. An analysis of

the impact of flow analysis GQwith equation of state (EOS) due to the flow by
5



applying flow behavior at the same time with PerapiRon, viscosity, thermal

conductivity, and specific heat capacity:)C



2. Background and literature review
2.1 CCS and COrransportation

2.1.1 Captured method

CQ; transportation consists of tanks, ships, and piesifor gases and liquids [3] as
shown in Fig 2.1In order to transport COthe pipeline is a continuous method that
allows Megatons of transports per year. Otherwigeks and ships are used, but
they need storage sites and equipment for evaparttideposit into the ground [4].
When liquid volume of C® transports 3million/m3 per year, road and rail is
inefficient. LNG-type vessels are very costly anill vesult in high unit cost of
transport. Thus, the most reasonable transportetiby pipelines [5]. Transporting
captured of C@with trucks, rails and ships are relatively linditguantities. LNG-
type vessels are very costly and will result irhhigit cost of transport. Transporting
captured of C@ with trucks, rails and ships are relatively lindtguantities.
However, the pipeline network could be transpogt émormous quantities of GO
[6]. However, the pipeline network could be tram$pbe enormous quantities of
CQ; [4]. The pipeline network can transport enormouardities of CQ [3] while

trucks and rails cost more than twice as muchagitteline method [5].
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Fig. 2.1. The method of transportation of CO

Existed of carbon steel are suitable to transp@ ®ith low level of moisture
content for approximately 500 ppm. €@ipeline considers containing with lower

H.S for transportation [3].

In the case of CCS, it is divided into three lacgses with capture technology of
CQO; emissions, such as the power plant and etc, ©€€overy method that is
discharged from the mass emission sources whiclkepplants is divided into three

large following depending on where and how to abltate CQasshown in Fig 2.1.

- Post-combustion capture: Before the burning skilofuels, separated hydrogen

and CQ then capture.

- Pre-combustion capture: After the burning of flogels, separated nitrogen and

CQO, then capture.



- Oxyfuel: Injection of oxygen to the combustoggped by C@emissions.

Post-Combustion Capture Pre-Combustion Capture Oxyfuel
T ser Fuel
\KFUBIS “‘gx uess 2 \ Fuels )
~> K >

e Sep. N -

/, —9H %) — /_) ¥ gy /; ¥
Nig > Comb. Air - Comb. Air Comb.
CO, N, and Others Water

Fig. 2.2. Three method of captured £0

As shown in Table 2.1, procedure of post-combusimed to decrease of amount of
SO, and Pre-combustion and Oxfuel are predicted tba@mic method despite of
their procedure owns the Sulphur according to IP&gort. However, since never
decided yet for method of capturing @ is necessary to consider with various

impurities depending on the generation of;@@d other impurities.

Table. 2.1. The expectation of €é&nd impurity compaosition to occur in the

chemical factory [3]

Coal Fired | Gas Fired
Coal Fired Power Plants Component

% Volume % Volume




SO, <0.01 <0.01
Post-Combustion Capturg NO <0.01 <0.01
N JAr/O, 0.01 0.01
HO 0.01-0.6 <0.01
H, 0.8-2.0 1
Pre-Combustion Capture | CO 0.03-0.4 0.04
CH4 0.01 2
NJArIO, 0.03-0.6 1.3
SO2 0.5 <0.01
Oxyfuel NO 0.01 <0.01
N_/Ar/O, 3.7 4.1

The tendency of liquid-vapor affects with differemdmpositions of C@pipeline.
As it can be seen as shown in Fig. 2.3 which @@ other impurities affect the

phase envelope curve. Therefore, it is necessaajuaion flow, structure, and

design of CQpipeline.
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Fig. 2.3. Phase envelope curve depending on thea@®other impurities

In case of CQ transportation of U.S.A and Canada, the.@peline has been
operating far from the cities with short term opiera NG is lighter than the air and
it is distributed into the air in case of accidartterwise the flow of C@is high
concentration, it is undergone under the groundchviii causes the death from
asphyxia. Recently there is no consideration ofaipen in CQ pipeline otherwise
the operation of NG has experienced with over 48rgéncluding design and
construction. There might have operated for slemgjth to transport from factories
in South Korea. There is no experience of operafi@a pipeline, therefore, it is
required to study of design with G@ipeline in order to acquire the proper thickness,

diameter, and toughness for preventing from craiokggation.

The consideration of design ¢@ipeline is described as below

11



- Transport with condition of dense phase or sugigral phase in order to obtain of
efficiencies.

- Transport from 15 MPa to ambient pressure foclciaropagation, or reverse of
pressure in case of burst pressure test

- Need to define the fracture behavior of {ipeline

- Operates dense phase or supercritical phasel&ithPa and 330 K

- Calculate thermal conductivity,@r dense phase of G@uid

12



2.1.2 Analysis of C@project

The CQ pipeline operates very short term compared with &@ installed the

Enhanced Oil Reservoir (EOR) in the century of redtd™ There is summary of

projects of CQpipeline from now on as shown in Table 2.2.

Table. 2.2. CCS projects of North America and Earfj.

a : Country codes: AU=Australia, CA=Canada, CN=@hirDE=Germany,
DZz=Algeria, FR=France NL=Netherlands, NO=Norway, £l¥nited Kingdom,
US=United States

b : Legend status: P=Planned, O=Operational anca@e€lled

¢ : EOR=Enhanced Oil Recovery, ECBMR=Enhanced BedlMethane Recovery)

Country Length | Capacity| Onshore
Project name Statu$ Sink
codé (km) (Mtonly) | /Offshore
North-America
CQO; Slurry CA P Unknown [Unknown| Onshore EOR
Quest CA P 84 1.2 Onshore |Saline aquifer
AIbeIr_ti?u;I'runk CA P 240 15 Onshore| Unknown
Weyburn CA O 330 2 Onshore EOR
Saskpower | o\ p 66 1.2 | Onshore| EOR
Boundary Dan
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Beaver Creek US (@] 76 Unknown| Onshore EOR
Monell us @] 52.6 1.6 Onshore EOR
Bairoil us @] 258 23 Onshore| Unknown

Salt Creek us @] 201 4.3 Onshore EOR
Sheep us | o 656 11 | Onshore| CO2 hub

Mountain

Slaughter usS 56 2.6 Onshore EOR
Cortez us 808 24 Onshore| CO2 hub

Central Basin US 231.75 27 Onshore| CO2 hub

Ca”y"’.’ Reef us @] 354 Unknown| Onshore| Unknown
Carriers

Choctaw
(NEJD) us 0] 294 7 Onshore EOR
Decatur usS 0] 1.9 11 Onshore [Saline aquife
Europe
Porous
Snghvit NO (@] 153 0.7 Both Sandstone
formation
Peterhead | UK | P 116 10 Both | Depleted
oil/gas field
Longannet | UK | C 380 2 Both | Depleted
oil/gas field
White Rose | UK P 165 20 Both |[Saline aquifg
Kingsnorth UK C 270 10 Both Depletgd
oil/gas field
ROAD NL | P 25 5 Both | Depleted
oil/gas field
Barendrecht| NL C 20 0.9 Onshore Deplet_ed
oil/gas field
14



OCAP NL (@] 97 0.4 Onshore | Greenhouses
Janschwalde DE C 52 2 Onshore Sandstpne
formation
Lacq FR | O 27 0.06 | Onshore| Depleted
oil/gas field
Rest of the World
Rhourde
Nouss- | DZ | P 30 05 | Onshore| Depleted
) oil/gas field
Quartzites
Qinshui CN P 116 0.5 Onshore| ECBMR
Gorgon AU P 8.4 4 Onshore fSandstpne
ormation

The general composition of G@ipeline has been informed as shown in Table 2.3

for CCS projects.

Table. 2.3. Tendency of G@nd other impurities for CCS projects [8].

Canyon Ree| Central | Sheep Mt.
_ _ Weyburn Cortez
Carriers Basin Source
Co. 95% 98.50% 95.80% 96% 95%
CHs 5% 0.20% 1.70% 0.70% 1-5%
N2 <0.5% 1.30% 0.90% <300ppm 4%
H.S 100ppm - - 0.90% 0.00%
15



cz - - 0.60% 2.30% Trace
CO, - - - 0.10% -

Oz - - - <50ppm -

Sre  |Anthropogeni| Natural Natural |Anthropogenii Natural
H.O 50ppm wt | 257ppm wt| 129ppm wt| 20 ppm vol | 257ppm wt

It is known the important effect for controlling lafwering N> in EOR, but the CCS

IS not considerate effect. The €gipeline considers limiting of contains of$ifor

transportation [3].
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2.1.3 Analysis of C@standards

Although CQ pipelines are actively used along with enhancédemovery, NG
pipelines, and liquid pipelines, there are somiedihces in the operating conditions
and design of pipelines. Moreover, the transpamadf CQ in pipelines occurs in a
dense or supercritical phase to ensure highly ieffictransportation with high

density and low viscosity, which are required f@%[9].

CQ; pipelines should be conformed to design baset®atandards and regulations.
Although CQ transport by pipelines can be performed like Weghti, pipelines
from Benlah, North Dakota, USA, to the Weyburnfald in Sakatchewan, Canada
project in 2000. The guidelines and standards fof @pelines are still considered
inadequate. The main reason is that @ipelines are located and operated in remote

areas such as Texas and New Mexico.

In the USA, CQ pipelines are subject to federal regulation urtideDepartment of
Transportation 49 Code of Federal Regulations Fagt{10. The US Department of
Transportation sets the minimum safety standards pipelines transporting

hazardous liquids, which includes €0

17



ASME B31.4 [11]is a code intended for liquid pipelines that coassdCQ
compressed above its critical pressure as a liqtiderwise, ASME B31.8 [12] is a
code for gas pipelines that excludes;@{pelines used for transportation. Codes like
ASME B31.4, DNV-OS-F101 [9] and ISO 13623 [13] niag applicable for CO
pipelines, but they do not consider anthropoger@ @ dense or supercritical

phases.

Det Norske Veritas (DNV) launched a supported Jdimtustry Project called
CO2PIPETRANS with the objective to develop a DN\tBamended Practice (RP)

for transportation of C&in onshore and offshore pipelines in 2008 [9].

DNV-RP-J202 [2] was issued in 2010 to standardig® fipelines and provides
guidelines for the design, construction, and opamabf steel pipelines for GO
transportation. The objective of RP is to providedgnce for the safe and reliable
design, construction, and operation of pipelineserided for large scale
transportation of C®and to supplement existing standards such as E231

DNV-OS-F101, and ASME B31.4, as shown in Table 2.4.
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Table 2.4. Standards comparison among ISO 1362¥-O8-F101 and ASME

B31.4 for ductile fracture.

ASME
Standards ISO 13623 DNV-0OS-F101
B31.4
Sec.7 Construction- Linepipe
Sec.8 Construction- Components
. and Assemblies
5. Materials Sec.8 Materials and
and pipeline Coatings Sec.9 Construction -Corrosion -
design Sec.10 Construction Protection
and Weight Coating
Sec.10 Construction -Installation
5.5 Running Sec.402.5
Sec.7 1 200 Supplementary
ductile Sec.8.1.6 Shear (Specific for
requirement, fracture arrest
fracture Fracture Toughness CO
properties
control pipelines)

19



2.2 Design of C@pipeline

Pressure, bar
100000

1000.0

- | | Copyrihi 2 1398 Chemicalogic Corpodation

Dvioam with COTab VED |

a1
100 50 <Al - -6l -0 -0 1 20 El] [ o K] 40 =0

Fig. 2.4. Phase diagram of €{04]

In the above of Fig, 2.4., GOs transported near the triple point when transpgr
CQO; to the ship. It is known that transporting fron?@to 31°C and from 9 MPa to
15 MPa. This status is the most efficient due theesp of dense or supercritical which
is more high density and low viscosity of €@ a leak occurs during transportation,

the pressure is reduced along the saturated Inéhi$ case, the two phase has

20



occurred in one phase, and the Qipeline is fractured, and G@ay be exposed

to the outside and cause serious death of human lif
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2.2.1 Determined of pipe thickness

Before determining the pipe thickness, the pipendigr should be determined
according to the pressure drop allowance per anith, friction, CQ density, and
CO; mass flow rate. The following equation is an exEngd how to calculate the

pipe diameter.

AP _ 32fm?

D : Pipeline diameter

AP/AL : Maximum allowable pressure drop
m : CQ mass flow rate

p : CO, density

f : Fanning friction pressure

Using the above equation, the mass flow rate te dipmeter ratio is calculated as

shown in Fig. 2.5.
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Diameter as a Function of CO, Mass Flow Rate
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35 -
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=
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o
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|
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0 . . . . .
0 10 20 30 40 50 60
Mass flow rate (Mt CO./yr)

Fig. 2.5 Maximum mass CGQAlow rate as a function of pipeline diameter [15].

In addition to the above equation, there are varmtaluation methods according to
the mass flow of the pipeline as shown in Tablg. Phe pipe diameter is calculated

from the results obtained through the flow asswraralysis.
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Table.2.5 Equations for the calculation of pipelit@meter.

equations for
turbulent flow

- Avoids use of iterative
calculations

Contents Evaluation Formula
No topographic height
Friction factor independent of flow , 320, EDrzn
rate D" =——"5

pr’(4p/L)
Fluid & pipeline characteristics
into account
- Topographic height into account
HydraUIiC 80f BD,%‘D-

prlpdz -2,)+(p - pz)]]

2

Iterative calculations

Friction factor in function of
diameter

Y, LA -
7| MZ,RT(p- p)+29R.M(h —h)]

Steady friction factor

2
sp=2.050 TP

calculation

D5
Hydraulic AveragedveIOC|ty has to be
equations with aSSUme D= 4Q,
velocity as Does not take pressure drop into vrp
parameter account
Pressure not taken into account 045
Optimal design Economic pipe diameter Dop,zo.%a(%J P80

When the diameter of pipeline is determined ushng dbove equation, the pipe

thickness is calculated below equation which iscdbed in the ASME and BS
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specifications. Otherwise the standard of DVN isgtated of calculation of pipeline

thickness.

_ PD,
T 2SEFT

t : Minimum of pipe thickness (mm)

P : Design internal pressure (MPa)

Do : Diameter of pipeline (mm)

S : Yield strength of pipeline (MPa)

E : Longitudinal joint factor

T : Temperature factor

F : Design factor

Pipe are based on nominal pipe size (NPS). ForNMR&d higher pipes, the nominal
diameter is equal to the outer diameter. The NPBodaepresents the standard size

of the tube in inches such as and NPS 1/2 and NPS 1
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Determine the structural factor (F) is describeda®w. The structural factor of

ASME B31 [16] and BS 8010 [17] is described as shawTable 2.6.

Table. 2.6. Design factor of standards.

Design factor/Standard| ASME B31.§ ASME B31/4 BS®01
Design factor (liquid) - 0.72 0.72
Design factor (Gas) 0.4~0.8 - 0.3~0.72

There is not stated of DNV standard for predictiighickness measurement. The
structure factor with onshore pipeline is describetSO 13623; Annex B [13] as

shown in Table. 2.7.
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Table. 2.7 Utilization factors onshore in DNV-RF322

Fluid Fluid category D and E
Location Category| Location Class (Population density)
c LC1 LC2 | LC3 | LC4 | LC5
0.77 0.77
General Route 0.77] 0.67| 0.55| 0.45
0.83 0.83
Crossings and Parallel
encroachments
Minor roads 0.77 0.77 0.7]70.67| 0.55| 0.45
Major roads, railways,
canals, rivers, diked flood 0.67 0.67 0.61 0.67| 0.55| 0.45
defenses and lakes
Pig traps and multi-pipe i
0.67 0.67 0.67 0.67| 0.55| 0.45
slug catchers
Special constructions
such as fabricated
_ o 0.67 0.67 0.67 0.67| 0.55| 0.45
assemblies and pipeline
on bridges

In the case of non-human areas which located idréuand desert, the design factor

is 0.83 to determine the pipe thickness.

In this study, design factor was evaluated by dppl$.4, which is mainly applied

to domestic gas piping design, and 0.72, whichhis liquid transport piping
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coefficient. Temperature derating factor of pipelia described as shown in Table

2.8.

Table 2.8. Temperature derating factor, T, forlgtge [12]

Temperature,’F(TC) Temperature derating Factor, T
250 (121) or less 1.000
300 (149) 0.967
350 (177) 0.933
400 (204) 0.900
450 (232) 0.867

If the temperature is a medium value, calculate Thgalue according to the
proportional method. The temperature coefficiemtdogiven pipeline is value 1.

Longitudinal joint factor is described as showmable 2.9.
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Table 2.9 Longitudinal joint factor, E [12].

Spec. No Pipe Class E factor
Seamless
ASTM A 53 Electric-Resistance-Welded 1.00
Furnace-Butt Welded, Continuous Weld
ASTM A 106 Seamless 1.00
ASTM A 134 Electric-Fusion Arc-Welded 0.60
ASTM A 135 Electric-Resistance - Welded 1.00
ASTM A 139 Electric-Fusion Arc-Welded 0.80
Seamless
ASTM A 333 ) ) 1.00
Electric-Resistance — Welded
ASTM A 381 Submerged-Arc-Welded 0.80
Electric-Fusion-Welded
ASTM A 671 Classes 13,23,33,43,53 0.80
Classes 12,22,32,42,52
Electric-Fusion-Welded
ASTM A 672 Classes 13,23,33,43,53 1.00
Classes 12,22,32,42,52
Electric-Fusion-Welded
ASTM A 691 Classes 13,23,33,43,53 0.80
Classes 12,22,32,42,52
ASTM A 984 Electric-Resistance - Welded 1.00
ASTM A 1005 | Double Submerged-Arc-Welded 1.00
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ASTM A 1006 | Laser Beam Welded 1.00

Electric Welded 1.00
Seamless 1.00
API 5L Submerged-Arc-Welded 1.00

(Long, Seam or Helical seam)

Furnace-Butt Welded, Continuous Weld| 0.60

The welding efficiency of a given longitudinal joifactor is determined by the

above table and is '1' given. (CASE A, B)

Mill Torrance of pipeline is described the domesgiigeline as shown in Table

2.10. (unit :mm)
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Table. 2.10 Mill Torrance of pipeline for domestic

Thickness of pipe Tolerance
<5.0 (0.197") +0.5 (0.020")

>5.0 (0.197") to < 15.0 (0.591") +0.1t
>15.0 (0.591") +1.5 (0.060")

The Mill Torrance is considered below Table 2.hlstandard of API 5L [18] and

Table 2.12 in standard of ISO 3183 [13].
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Table. 2.11 Tolerances for wall thickness [18]

Tolerance (% of specified wall thickness

Size Type of pipe Grade X42 or
Grade B or Lower ]
Higher
<278 All +20.0-125 +15.0-12.5
>2 8 and < 20 All +15.0-125 +15.0-12.5
>20 Welded +175-125 +195- 8.0
>20 Seamless +15.0-12.5 +17.5-10.0
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Table. 2.12 Tolerances for wall thickness, Tabg13]

Wall thickness (t) Tolerances
mm (in) mm (in)
SMLS pipe
+ 0.6 (0.024)
<4.0(0.157) - 0.5(0.020)
> 4.0(0.157)t0 <10.0 +0.15t
(0.394) - 0.125t
>10.0 (0.157) to < 25.0 +0.125t
(0.984) - 0.125t

> 25.0 (0.984)

+ 3.7 (0.146) or + 0.1 t, whichever is the
greater

19%

+3.0(0.120) or -0.1t, whichever is th
greater
HFW pipe
< 6.0 (0.236) + 0.4 (0.016)
+ 0.7 (0.028)
+1.0(0.039)
SAW pipe
< 6.0 (0.236) + 0.5 (0.020)
> 6.0 (0.236) to < 10.0
(0.394) + 0.7 (0.028)
> 10.0 (0.394) to < 20.0
(0.787) + 0.7 (0.028)
+ 1.5 (0.060
> 20.0 (0.787) _ 1.0((0.039))

The Kingsnorth Carbon Capture & Storage Projectictvttarried out the CCS

demonstration project and carried out the basiggdesf CQO pipeline in the UK,

was evaluated using ISO 3183, Table J.4 [13] tathisd.5mm.
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Corrosion-resistant depth prevents the pipe thisknéom decreasing with
considering the extra pipe thickness due to casrosdihe allowable corrosion depth

of the pipe is designed to be set to 1.5 mm [19].
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2.2.2 Determined of pipe toughness

Development of the ductile fracture propagationtadrtechnology is critical to
ensure structural integrity and supply of gas. Mwe, understanding for
requirement toughness of pipelines is one of thpoimant design factors for
preventing the brittle and ductile fracture. Sid@¥0s, the brittle fracture arrest
criterion was developed by Maxey. Otherwise, thetithufracture criterion does not
exist [20]. Running ductile fracture may cause tastaophic failure of gas pipeline
Fracture resistance is important to design fagtdra@nsider Charpy impact energy

to prevent propagation.

In order to research the requirement of toughnesddctile fracture, there are

existed representatively methods as CVN impactaegdtCTOD.

CVN uses v-notched specimen to measure the abser@rdy during fracture. The
absorbed energy is a measure of toughness forialatend temperature-dependent
ductile-brittle transition widely used in industag it is easy to prepare and conduct.
The results of the CVN impact test can be obtaipgidkly and cheaply [21]. The
CTOD suggested fracture concept wittas the characteristic parameter of CTOD

[22, 23]
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The CTOD criterion states that in ductile materaabck initiation starts, if the crack
tip opening displacemeist exceeds a critical materials specific limit vabsg as

shown below equation

~,
I
Q.

tc

This assessment assumes that atomic interactioesf@cross the faces an opening
crack as cohesive zone. This method is more relimbtompare CVN because it is
the limited to specimen size for understand ofitRictack propagation. The CTOD
used for preparation with conventional method atatively inexpensive to testify
the toughness of pipe. Therefore, the conditionstrbe tested when utilized as
supplement pipelines according to the British Sgéadsl Institution and American

Society for Testing and Materials [24, 25].
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2.2.2.1CVN

Charpy impact testing also known as CVN test carsid with hammer to strike the

specimen to measure the toughness of pipe withybemdfrom height. Since it is

easy to make the specimen and testify, the switig pandulum measure the height

of the swing for absorbed energy of the specimeshas/n in Fig. 2.6. The test has
conducted with a range of low and high temperatarepredicting the ductile to

brittle transition temperature (DBTT) curve.

8-mm rod {0.315")

3p%e2®

0. 25-mm red (0.010")
-4mm (0,157 %)

Center of
l-mm ¢ d Strike 4'
{0.038") \_ qornm[l.5?4l|f—+i'

/‘\\90'«9'
SPECIMEN % 5.1000)
H - Center of
W g - Strike
iy wi2)
pacimen
ANVIL— Suppar!
e— N

Fig. 2.6 Charpy (Simple-Beam) Impact Test [26].

The specimen of testify with CVN test is descrilvgth 10 mm x 10mm x 55 mm
for standard size, 10 mm x 7.5 mm x 55mm, 10 mm7n@n x 55 mm, 10 mm x

5mm x 55 mm, 10 mm x 3.3 mm x 55 mm, and 10 mm5an#n x 55 mm for
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subsize specimen according to the ASTM A370 as showrig. 2.7 (Standard Test

Method and Definitions for Mechanical Testing oé&tProducts).

s
ag¢
H |
HET
—L/2 _"{ = 2 mm [2.079 in} — D25 mm
T ] | T o (0.010 in,] raa.
i j_ - 13 mm
| . I T—b--11 10394 A
1 A
55 mm | ! _} 1
TTra = ™ = 10 mim
r‘- {2165 in. ) | {3594 in ) \?Iqu_ﬁu

(a) Standard Full Size Specimen

2.5mm A3mm 5mm 6. 7Tmm 7.5mm
(0.098 in, ) ilo.llﬂin.} ;(’O.!B?in.ll E‘Zﬁ‘lin.l (0.295in.)

I E“E mm (0.079 in.}

(b) Standard Subsize Specimens

Fig. 2.7. Charpy V-notch Impact Test Specimens wiimdard and subsize [26].

The DBTT curve is important the curvature due tanged fracture energy suddenly.
The curve is hardly measure the precisely pointtienge material properties. The
DBTT is derived by empirically way to measure. Whiie high strength and
toughness of pipeline conduct to testify of CVNeTGVN energy goes up to the
maximum allowable energy for the test machine. Etleough the equivalent

material properties of pipeline with production @dst and present, the present

38



pipeline would higher than the past pipeline. Sitieese reason and CVN test did
not cover up the whole thickness of pipeline, thisrelemand to apply another

method to acquire the proper toughness of pipaeliod as DWTT or CTOD.
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2.2.2.2DWTT

The DWTT has been proposed as a fracture parantieté¢rcan be used to

characterize material toughness. The size of smawEnof the charpy test and the
Izod test are comparatively smaller than DWTT gpeci [27] and therefore the

length of fracture ligament is not long enough éaah steady state fracture [28].
DWTT method is one of the suitable methods to aliethe fracture behavior to real
pipe lines application [29, 30] as shown in Fi@.2.he DWTT predicts of transition

temperature and fracture behavior of pipeline. Aditg to the American Petroleum
Institute (API), press notch (PN) DWTT uses for ltsughness of pipeline and
Chevron notch(CN) DWTT is recommended for high tougss. The specimen of
DWTT process with transverse-longitudinal directfonreducing the thickness of

pipeline as 19 mm and makes test with PN or CN D\&pdcimen.

The assessment of DWTT is predicted the 85 % ddirsfiacture proportion from

preventing brittle fracture.
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Radius 25.4 + 6.35 mm

Hammer

—

t
|
1
1
Width :
76.2 + 3mm Length 305 + 19 mm
!
t
1
: Press or Chevron Notch
. |———— 127 £ 1.6 mm
Radius A
14.3 £ 1.59 mm Span 254 + 1.6 mm

Fig.2.8 Geometry of DWTT experiment [31].
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2.2.2.3CTOD

Fracture mechanism specimens made of ductile ratgeare loaded, it can be
observed that the tip of the originally sharp cracklergoes with wide stretching,

and blunting due to plastic deformation, even leefbe crack initiates.

Opening displacement of crack faces exceeds lipd@icrack opening due to purely
elastic deformation. Local measure of the pladtiairs around the crack tip. This
parameteidt is called CTOD. Wells and Burdekin & Stone suggdsa fracture
concept that the crack tip opening displacendeas characteristic parameter. The
CTOD criterion states that in ductile materialsckraitiation starts, if the crack tip

opening displacemeidt exceeds a critical, materials specific limit vadie

Cohesive zone model is based on the assumptiohiamaterial’'s failure process
during fracture occurs only in a narrow strip-stthpene in front of the main crack.
The first model from Barenblatt is assume that &aadnteraction forces across the
faces of an opening crack as cohesive zone. Aksigh zone model is needed as a

consequence of unrealistic stress singularity etdtack tip disappear. A similar
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model was developed by Dugdal to simulated a stigped plastic zone ahead of

the crack in ductile metal sheets.

This assessment assumes that atomic interactioesf@cross the faces an opening

crack as cohesive zone. This method is more relimbtompare CVN because it is

the limited to specimen size for understand of itictack propagation as shown

Fig. 2.9. The B and W was determined accordingngitudinal and circumferential

direction as shown in Fig. 2.10.

See figures 6-8
and7.3.

AV 5

(4]
.

Section through
notch

o ew o aw o

-]

[Z[2%w]A]

~ o {[o%n]a]

Fig. 2.9. Geometry of CTOD specimen [24, 25]
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Rubber band

See roller Holes to )
defail below [suif pegs or spring
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o
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S=4LW+0.02W _|
\_._.__B&_ﬁ /—-Bosses for rubber
/bands or springs
I]:L_, @= W/zmm.Wmux.

Fig. 2.10. Geometry and set position of holder =],

B : Thickness
W : 2 x (B) thickness (1.0 < W/B 4.0)
a : Crack length (0.45W <a< 0.55W)

The pre-cracking condition was described with rommperature and fatigue
precracking force accuracy of + 2.5 %. The maxinfatigue precracking forcEs

is considered the final 1.3 mm or 50 % length.
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F = B(W — a)*(gysp + 0rsp)
- 4S

ovsp : 0.2 % proof strength at the temperature of fatigweracking (MPa)

otsp: Tensile strength at the temperature of fatigeeacking (MPa)

S : Span length

Growth and coalescence of microvoids, a geomehl@stening of the remaining
ligaments occurs. The cohesive zone model (CZMurass that growth and
coalescence of microvoids, a geometric shorteniitlgeoremaining ligaments occurs
[32] as shown in Fig. 2.11. In this study, CTOD glation was applied the bilinear
behavior for FEA. In order to establish the dam#wory of CTOD, equations
derived for damage initiation, evolution and fraetenergy. Damage initiation of
material starts at the point when the stress airsteaches the user defined damage
initiation criterion. Maximum nominal stress critamn (MAXS) used for in this

Traction Separation (TS) law in mode | [28, 33].

45



A: Complete material separation
B: Mavimum tracton st 53
C: No material separation

Figure 2.7: Embedded cohesive process zone and typical traction-separation (TS) curve.,
(L1 & Chandra, 2003).

Fig. 2.11. Representation of the Ductile Failure Process by CZM
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Damage initiation

The material starts at the point when the stresstrain reaches the user defined
damage initiation criterion. In this study, we cidies criterion with maximum
nominal stress criterion (MAXS). The value of.Ks taken 10,000,000 MPa in TS
laws [28]. Kin, Kss and K; are uncoupled traction-separation law which isaétm
Knn2(1+v) (Poisson’s ratiov : 0.3) for values of I and K. The material starts at
the point when the stress or strain reaches thradefieed damage initiation criterion.
A TS law is a progressive damage model that defimesnaximum traction based
on the separation or strain history of the elem&he bilinear TS laws has been
chosen to analyze the CTOD simulation and expetinidre interface between two
CTODs was considered zero thickness of specimen.

<tn> ts tt

maxX - oo (=1
tn tS tt

T% (nominal stress) : 3-4&, [28, 33]

T%, T% (shear strength) : 0.75 X,
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Damage evolution

_ ooy o
ooy -on

D : Damage scalar
&', Effective displacement at complete failure
8% : Effective displacement at damage initiation

o : Non-dimensional material parameter that defireeraite of damage evolution

The fracture energy is equal to the area undetrt@ion-separation curve. The
fracture toughness of the cohesive zone modelrmgef fracture energy can be

expressed to represent the traction-separatiomsasthown in Fig. 2.12
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Fig. 2.12. Bilinear traction-separation law [28].

4, (t°%): Maximum traction (B)
8%, (8c): Final separation (A)

To: Fracture toughness
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2.3 BTCM and other approaches

As below of Table 2.13, there is comparison otlerind ductile fracture of pipeline.

Table. 2.13. Comparison of brittle and ductile fuae

Brittle fracture

Ductile fracture

Fracture
propagation
speed

365m/s ~ 914m/s

400~800ft/sec

Fracture
propagating

Simultaneous along the axis

=

of the pipeline are common

Straight line along the axis

Fracture
surface
pattern

Sinusoidal pattern
(due to fracture and elastig
stress wave)

Shear facture through the
thickness and local wall

thinning.

Fracture
surface

Narrow ‘lips’ on the
internal and external surfacg
on the pipe(No global plasti

deformation effect)

O P

Extensive global plastic
deformation with the pipe
ahead of the fracture
oversized and the pipe
behind the fracture flattened.

In order to develop the design with €@ipeline, it is important to predict the

decompression curve and fracture behavior of @ipelines. The decompression

curve is different from liquid and gas pipelineseTliquid pipelines would fracture
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with short and narrow and gas pipeline with lond ande as shown in Fig. 2.13.
However, CQ pipeline of decompression are also different frigopid and gas

pipelines, crack initiation and propagation of Q@pelines could show different
behavior [1]. It is unclear that cracks with €flpelines could rupture as a liquid

pipeline or gas pipeline.

@

Fig. 2.13. (a) Gas and (b) liquid pipelines fracture behavior.

When the pipeline occurs the fracture, pipelineseinof rupture and leak and
dispose the gas into the air. The pipeline doegemitire the proper toughness in
order to prevent from the crack propagation resuthe propagation or arrest as

shown in Fig. 2.13.
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LEAK RUPTURE

2\

PROPAGATION ARREST

Fig. 2.13. Leaks, ruptures and propagating frastfiie

The mechanism occurs for the gas and liquid pipelitowever, the COpipeline
contains the different gas decompression and fradbehavior occurs different
behavior of fracture initiation or propagation. T$tandard of C®pipeline issued
only the DNV-RP-J202 (2012) by Det Norske VeritBN{/) which called Design
and operation of COPipelines. This standard consist of design, fatigand
assessment of Guipeline. The most of these subjects cite froneottandards
with ASME or ISO. This standard need to predictrfare information in order to

design of CQpipeline.

The supplement existing standards such as ISO 13&3Petroleum and natural

gas Industries-Pipeline transportation systems)VEMS-F101 [9] (Submarine
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Pipeline Systems) and ASME B31.4 [11] (Pipeline nBgortation Systems for

Liquid Hydrocarbons and Other Liquids)).

The study of ductile fracture is necessary to ecanthe method which conducts with
based on the engineering or simulation but theselasrds are discussed with details

of conduction for verification of ductile fracture.
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2.3.1 Assessment of BTCM

BTCM is based on the semi-empirical analysis wigizhld predict the minimum of
requirement toughness combined with decompressive @nd crack fracture. This
method predict the critical axial crack length degexd on the solution of modified

Dugdale plastic zone correction.

The development of axial through-wall-crack equagiodescribed with the
mechanism of axial through-wall-cracked pipe freety Maxey and Kiefner. The

driving force of crack used the plane stress intgfiactor as blow.

2c : Total axial through-wall crack length (inch)

ot . Flow stress (ksi)

o : Hoop stress at failure, (ksi)

K. : Critical plane-stress stress-intensity factksj-{n®)
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The driving force could predict when axial crackaigyer than the crack of flat-plate.

In case of axial crack, Folias bulging factortN& applied as below.

K¢ : Plane stress fracture toughness (accordingetexperiment data)

on : Hoop stress at failure

M- : Folias bulging factor for a through-wall axiabck

In order to estimate above the equation, the ciosl analyze betweenlénd CVN
energy. This equation could anticipate using betwieitial crack length and Charpy

toughness for acquiring empirical relationship lasven in Fig. 2.14.

55



C. : Charpy V-notch impact energy, ft-lb

Ac : Net-section area of the Charpy specimen, i.&2Dir?

E : Elastic modulus, psi

K. : Plane-stress critical stress intensity facteisip°

G. : Plane-stress strain energy release rate, in?lb/i

L]
I8 Through—Wall Flaws for which
8- L_ﬁt = 0.8
4]
5 @ Line Pips Materials
® 9% NI Steel -
&= L)
L . -~
GexIT inlbs o %
4 ]
Ly .
® Gy
2=
"/, a
9
L
l I I L l L | i
1::.':l * 2 & 1 8 {[u]
12 Cy

—y TR “}.rfn:
e

Fig. 2.14. The relationship between Gc and CV ffaliascale fracture initiation

tests to Charpy upper-shelf energy.
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The relationship equations of driving force andrelation analyze between Kc and

CVN energy combine equation as below.

AGE ) seg MG
(8co% A, ) (20,)

This equation could be adaptation through K to Bedgw.

The curve of J-R manages to forecast with crackvtirand maximum load. The
definition of Mr (Bulging factor) is yield strength + 68.95MPa. Taeal crack

stability analyses were related to the decomprassiove. The speed of brittle
fracture was from 1000 to 1500 m/s of crack propaga350 m/s for the NG. The
speed of brittle fracture is faster than the deaesgion curve, the crack is
propagated (otherwise speed of water is sloweiftléfracture arrest criteria were
proposed other studies related with CVN energyWAI T. However, the speed of

ductile fracture is slower than brittle fracturer fpropagation. the effect of
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decompression curve in the internal flow is impotta predict the fracture behavior

of pipeline.

In the case of decompression behavior of flow &gblvith pressure, the flow

suffered from 1) ideal gas, 2) two phase, or J)lsiphase gas as shown in Fig. 2.15.

al ] |
g lsssirepa £ Isanirops GO tenleoes (D)
b Sohaaton
; R piEviurE
E PrENEE
b Qi Py
[T i 7]
[T Wi e Wia

Fel=

2=l R MDA e swhemaiie lnenbopes

Terrparalurs

Fig. 2.15. Schematic of decompression behavioddmtile fracture arrest

conditions.

In the case of above figure, the x axis describesdepressurization pressure (Pd),
the y axis describes instantaneous pressure speed ¢§Va) / the initial sound speed
(V) (Va/ V). In case of methane, it shows the Idgas behavior with 405 m/s for
the initial sound speed. Rich NG shows decompraske&havior in two phases.

Therefore, it is necessary to increase the toughieorder to prevent ductile
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fracture. The speed of wave is immediately sourgdpwhich gas decompression
lowers temperature and sound speed decreases, upayer by decreasing gas
velocity. Velocity of decompression pressure gath wnmediate sonic velocity is

related to the rate which ductile fracture develops

Based on the ideal gas the expansion is isentraybiich leads to a cross section of
the pipe. The ideal gas proposes an evaluationular@ssuming homogeneous in
case of flow. The equation was proposed with retethip between wave velocity

and pressure as below equation.

2y

_ v-1
szaiv_lly
y+1\y+1)V,

P4 : Decompressed pressure level

P : Initial line pressure,

V : Pressure wave velocity,

Va: Acoustic velocity of gas at initial pressure dechperature

vy : Initial specific heat of gas.
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The pressure slowly decreases due to the full-lopening rapidly grows, it is
possible to know with 1) slit occurrence, 2) decossgion. Decompression of
decreasing cause increase the in near the locatiene the original rupture had

begun, and toughness for preventing from crackgmafon is required.

NG containing hydrocarbons heavier than methanefisrred to rich gas. The
hydrocarbon tends the behavior of two-phase an@ momplex than the ideal gas.
In order to assess the rich gas, the assessmesgdsthe GASDECOM. BMI was

developed with empirical equation as below

1
C.o o 6
V. = B f _d—l

Vs : Fracture speed, m/s

Cs : Backfill constant backfill constant (2.76 for backfill, 2.00 for soil backfilled

and 1.71 for water backfilled pipe)
or : Flow stress (SMYS + 68.9MPa), MPa

CVP : Charpy V-notch upper-shelf energy for a 2iigkness specimen, J
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od : Decompressed hoop stress (PdRm/t), MPa

oa . Arrest stress, MPa

_| 20, (1875CVPHY)
g, = arccos exp —~——— ——s="
333n 240% (R 1)

P4 : Decompressed pressure, MPa
Rm : Mean pipe radius, mm
t : Pipe or tube thickness, mm

E : Elastic modulus, MPa

In order to define of ductile fracture, Battelle sneonducted full scale hydrostatic
burst test used low toughness and strength pipleeirarly 1970's by Maxey. The
approach of BTCM was assessed the crack propagatien the driving force for
propagation fracture is presented by decompressiore. When BTCM analyzed
for crack propagation, the gas decompression cumas determined by

GASDECOM program which developed by Kenneth E. IBigmon behalf of the
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BMI 1970's to analyze with different gas mixturéBhe crack propagation is

predicted when the crack resistance curve and dae@ssion of gas are tangent

The crack resistance curve concluded with semi-doabiequation as shown in

below equation.

Vs : Crack propagation velocity (m/s)

C : Backfill parameter (2.75)

or: oy,+69MPa

R : G/Ac (C.: Charpy impact energy,-:A 80mnt(area of Charpy specimen)

P : Instant decompressed pressure near the cpaWfa)

Pa: 2tc4/D (arrest pressure at the crack tip (MPa)
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oyt
" R

t : Pipe thickness (mm).

s . 2 . [ CVNEZ
2" 333 24A52Rt

E : Elastic modulus (GPa)

D : Pipe diameter (mm)

o : Flow stress which iSc, + o )2

The above equations were based on the full scalmhbtatic burst tests used NG.

The prediction of crack propagation assumes withgeat between gas

decompression curve and crack resistance curveoassn Fig. 2.16
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Crack Resistance Curve

P |

/ Pipe Toughness

Gas Decompression Curve

Pressure

\Propagate

Velocity

Fig. 2.16. The assessment of BTCM

The gas decompression curve obtained used GASDECOM with variety of impurities.

The GASDECOM describes the simple decompression models for predicting the
decompression behavior of fluid with involving lean and rich gas. The EOS uses
Benedict, Webb, Rubin, Sratling (BWRS) and developed to use the Span-Wagner for
CO; and GERG-2008 for CO,-rich mixture [1]. The GASDECOM was developed in
early 1970’s and used results of full scale hydrostatic burst test with low strength and

toughness pipelines
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2.3.2 Limitations of BTCM

DNV-RP-J202 states about the BTCM especially fodarastanding of ductile
fracture that need to confirm with appropriate fieastion based on BTCM and

engineering method.

BTCM approach assumed that pipelines with crackdavropagate when the crack
resistance curve and gas decompression curve amgerit each other. It is very
simple way to calculate when the pipelines of geioe® grade and toughness are
known. However, it was based on the semi-empimneethod, low toughness and
strength of pipeline such as APl X65 and belowbRnms could be anticipated to

analyze with pipelines of high strength and tougisne

The study of trend with toughness of pipeline iréasing of CVN energy, which
the crack propagation could be preventing fromténae In this Fig. 2.27., it can be
seen that the high strength and toughness pipggpiged from 100 Joule with CVN

energy.
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Fig. 2.17. The trend of CVN energy of pipeline [36]

When pipelines are used to transport with,GOis needed to test with full scale

fracture propagation test for adapting BTCM apphoac

In the late 1970’s, Japanese researchers starteje research program High-
strength Line Pipe (HLP) and conducted a seridsilbgcale fracture propagation
tests for X70 gas pipeline steels at pressure 9% SMYS and at temperature of
-5 °C by Iron and Steel Institute of Japan (ISIJ) withP [37, 38]. Series of full

scale burst tests, X70, 48in, 18.3mm, dry air, Bitdl They are considered with

simply extended the BTCM by curve fitting with preacked DWTT energy and
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recalibration is needed for the new fluids and meaterials with modern steel with

high strength and toughness as below equations.

0393
O¢ (P
V, = 0670—~| —-1

JRP.

a

to K
P, =| 0382—" |cos?| ex —w
D o %JDt

Vs : Crack velocity(m/s)

o : (oyst ous)/2 (MPa)

R : D/A, (J/mn¥)

D, : Total energy of PC DWTT (J)
A, : Fracture area (mh

P : Decompressed pressure (MPa)

Pa: Arrest pressure (MPa)
D, (estimate)= 3.29t°CY;>**

The Japanese researcher developed HLP to prediat @rack length. HLP
considered with correlation between PC-DWTT and Cafiérgy. They found the
recalibration is needed for the new fluids and meaterials with modern steel with
high strength and toughness. However, it needetise the equation of applied

crack velocity [39], and problems similar to the@®@W for AP1 X80 and above [40].
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Researchers have studied the correction fact@satyze the Cepipeline by using

GASDECOM [35, 36, 41, 42]. However, The BTCM pragiainconservative

correction factors of 1.4 to 1.7 for X80 and X18&spectively [39] as shown in Fig.

2.17.
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Fig. 2.17. The comparisons the BTCM and resultsuo$t pressure test, result in

the not the appropriate method by BTCM

The requirements for Safe and Reliable.Z@nsportation Pipeline study the ductile

fracture propagation [43]. The purpose of the pajeto predict the crack initiation

and leak by releasing a large quantity of,@®test corrosion and stress corrosion

events (DNV, 2011). The full scale burst propagatiest with initial crack is

conducted to predict the arrest of the long dudtéeture propagation. The test

condition is 24 inches in diameter, 14.11 mm ickhess, and 15 MPa in internal
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pressure. Furthermore, the pipeline was buried in depth of soil at 16C. The
assessment combines the centro sviluppo materalehwith BTCM to predict the
arrest condition and propagation of GASMISC. The atthis model predicts the

crack propagation of the GQipeline underwater water [24] as shown in Fig82.

16
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Fig. 2.18. The results of decompression model @& study of

arrest/propagation for Gipeline

Tensor Engineering developed the BTCM for the itattan of CQ pipelines in
Abu Dhabi as shown in Fig. 2.19. The toughnessutation used BTCM with a
decompression curve and dragged the conclusiontiefiepipe with thicker walls

rather than crack arrest due to the costly arnestild fracture [45].
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Fig. 2.19. The results of BTCM with varied toughsie$ pipeline by Tensor

Engineering.

Full scale test or engineering method will remaia standard by which to prove the
viability of a pipelines design [9, 12] Fracture@pagation tests had done with £0O
pipelines, but the tests were used with pipelifesrall diameter, thin wall and low
toughness [34]. These were subjected to test witkcarresters effectively. It was
not clear to prove the fracture propagate with BT GMest Jefferson test which
conducted by National grid was performed with higlughness and CGOrich
mixture to confirm that initial defect becomes bad and wide ruptures as shown
through Fig.2.20 to 2.21 and Table 2.14 to 2.17esEhtests were successful to
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achieve the both arrest and propagate fii@elines. The results of West Jefferson
test were compared with BTCM for appropriate theasaeement of toughness of
pipeline. The conclusion was not analytically potidg the arrest or propagation of

crack.

Table 2.14 The average yield and tensile streragtti,average Charpy V-notch

impact energy of each pipe [1].

ield tensile
Test|_. yie CVN K, G
Pipe No| strength | strength ©
No. (N/m?) | (N/mn?) (®)] (MPa/m) | (MPA.mm)
1 3553 | 533.3 610.7 201 216 157
44993
2 491 582.2 184 206 143
(W)
3 4‘(%92 511 589 194 212 152

Table. 2.15. The test condition of gflpeline




Impurities (mol, %) Pressure | Buried depths
" CO; N; (MPa) (m)
01 100 - 14.82 1.0
02 100 - 15.09 1.3
03 87.5 12.5 14.90 1.3

Fig.2.20 The picture of West Jefferson tests Wi (GL Noble Denton)
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Table 2.16. The length of the test vessel

Test No length of vessel, m
1 16.16
2 16.97 (8.43+8.54)
3 22.71 (5.955+10.80+5.955)
( Tes:::i01 =2 ;] |1.35r:;2.125m=§ - %

3d
)
o
3
N
o
3

275m o
PO2 POl PO& POS POS
| | | | | iml
( Test 02 —_— )
No. 44003 No. #4082
s T )

69m

01 29m 40m o2
Po1 | Pz o3 o3
im} || Im} iml
T
Test 03 —+—
( No.55(S) || No.33(S) i No. 33(N) No. 55(N)
| 1"

Fig. 2.21. Schematic diagram of CO2 pipeline witdick position and length
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Table. 2.17. The results of crack propagationvést CO; pipeline

Length of crack Length of crack
No. Fracture behavior
initiation (m) propagation (m)
01 0.7 3.045 Fish-mouth shape
02 3.0 5.600 Fish-mouth shape
03 1.8 15.665 Long and wide shape

The condition of pipeline used API X65 (Grade L4584 mm of diameter, and

25.4 mm of thickness. The arrest with green ‘X’ knar supposed to be above the

line and propagation is under the line as showign2.22 for appropriate prediction.

Even though the correction factor used with 1.ZTfest 01 and 1.8 for Test 02 did

not match with arrest and propagation marks as shiowig. 2.22.
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Fig. 2.22. The relationship between saturate presaud requirement toughness of

pipeline

The most conservative of the various correctionoi@achas been used and still the
predictions of BTCM is non-conservative. The pressu the crack tip in both tests
was significantly lower than the observed or prestigplateau (saturation pressure),
but the fracture in the two tests still propagdtether than predicted. As a result of
these, The BTCM is not applicable to liquid or demhase C®or CQ-rich

mixtures for predicting of crack propagation. Thividg force appears to be higher

than predicted.
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2.4 Thermodynamic

2.4.1 Equation of state

One of the simplest equations of state for thippse is the ideal gas law, which is
roughly accurate for gases at low pressures artu teigperatures. However, this
equation becomes increasingly inaccurate at higherssures and lower

temperatures, and fails to predict condensatiom &i@as to a liquid.

Introduced in 1949, the Redlich-Kwong EOS was ssim®rable improvement over
other equations of that time. It is an analyticicuBOS and is still of interest

primarily due to its relatively simple form. Theiginal form is

_RT ag
" V—b V(+b)TOS

p

P : Pressure (Pa)

R : Universal gas constant

V : Molar volume (n¥kmol)
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T : Temperature (K)

a0, b : Pressure and temperature, in certain circumges

The simply equation of Equation of State is idea$ dgaw, which is not quietly
accurate equation for low pressure and high presdure researchers studied the
failure of prediction of condensation from a gaslitpid. In order to improve
equation of state, the equation has proposed wdwvé&Redlich-Kwong, Peng-

Robinson equation, Aungier-Redlich-Kwong [46].

The Peng-Robinson EOS used in order to determinbeofphase behavior with
various mixtures of impurities compared to pure,CIhis equation developed in
1976 with Ding-Yu Pengand Donald Robinson, which applicable to all

calculations of all fluid properties in NG process&he equation is similar to the

Soave equation.

__RT ao
Vim=b  VZy +2bV, -b?

p

0.4572RT?
a=s——
PC
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_ 0.0778(RT,
P

C

b

o = (L+0.37464+ 1542260 - 0.2699202)(L—T,°%))2

o[-

m : Molar volume

Z: PVIRT

o : Related to the critical temperature Tc,

P. : Critical pressure,

o : Acentric factor of the species
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2.4.2 Homogenous equilibrium method for transpb@©. flow

The CQ flow of fluent need to treats homogeneous gas ote{HEM) phase in

chemical reactions for equivalent as a single-pbheenical reaction. Otherwise, the
flow could not flow equivalently in a diameter appline. The reaction rate scaled
by the volume fraction of the particular phaseha tell. Specify mass fraction of

each species considered in Fluent [47].

2 (p)+Otlpw)=-03,+R +5

Ri : Net rate of production of species i by chemieaiction

S : Rate of creation by addition from the dispergkdse plus any user-defined

sources
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2.4.3 Estimation of Gas Viscosities

We predicted of viscosity with gas mixture from dhetical models before
simulating 100 % Coflow. The molecular theory of gases has been @afftly
developed to allow the prediction of transport @igs. The viscosity of gases may

be accurately estimated by the viscosity of qupbesical molecules.

W= 26.7x107 (MZT)UZ
6.Q

n

u : Gas viscosity, Poise (0.1 kg/ms)
M : Molecular weight (g)

T : Absolute temperature (K)

oc: Collision diameter

Q,: Collision integral

= =1.92T 6. =1.222vnt"®
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k : Boltzmann constant (=1.38x30)/mol- k)
¢ : Energy parameter for interaction between mok(kgni/s?>- mol)
Tm: Melting temperature (K)

Vm : Boiling temperature (K)

Z:XiHi(Mi)ll2

Wmix = ZXi(Mi)UZ

Xi : Mole fraction of componertof viscosityu
M; : Molecular weight of component

The confirmation of gas viscosity is used multigps with Zn of 20 M, Nof 50
M, and CO of 30 M. The estimation of gas viscositycalculated with 3.2610

kg/ms by above equations.

The viscosity of the fluid is calculated by the s@mpirical equation for thermal

conductivity.

K= u(Cy+1.25R)
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The conclude with viscosity, specific heat capaip), and thermal conductivity
is 1.8945x16 kg/ms, 40.816 KJ/KmolK, and 0.00097 W/mK for 10@$£Q; fluid

in this study.
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Table 2.19. Force constants for the Lennard-JootnBal model [48]

€

€

o, A o, ra o, £
Species A K Species A K Species A °K
Al 2.655 2750 CH,CCH 4.761 252 Li,O 3.561 1827
AlO 3.204 542 C;H, 5.118 237 Mg 2.926 1614
Al 2940 2750 a-C,H,OH 4.549 577 N 3298 71
Air 3.711 79 n-C,H,, 4.687 531 MH; 2.900 558
Ar 31542 93 iso-C,H,, 5.278 330 NO 3492 117
e 31.385 31 n-CyH,, 5.784 341 N, 3,798 71
CClL 4692 213 CeH,s 6.182 297 N, O 3.828 232
CCLF, 525 253  aCH, 5949 39 Na 3.567 1375
CCl, 5.947 323 Cl 3.613 131 NaCl 4.186 1989
CH 3.370 69 Cl, 4217 316 NaOH 3.804 1962
CHCl; 5.389 340 H 2.708 37 Na, 4.156 1375
CH,0H 3.626 482 HCN 3.630 569 Ne 2.820 33
CH, 3758 149 HCI 3.339 345 O 3.050 107
CN 3.856 75 H, 2.827 60 OH 3.147 80
cO 3.690 52 H,0 3.737 32 0, 3.467 107
CO, 3941 195 H,O, 4,196 289 S 3.839 847
CS, 4.483 467 H.S 3.623 301 S0 31993 301
C, 3913 79 He 2.551 10 SO. 4.112 335
C,H, 4033 232 Hg 2969 750 Si 2.910 3036
C,H, 4.163 225 I, 5.160 474 Sio 3.374 565
C;H, 4443 216 Kr 3.655 179 Si0, 3.706 2954
C;H;OH 4,530 363 Li 2.850 1899 UF, 5.967 237
CyN, 4361 349 LiO 3,334 450 Xe 4.047 231
C,H,CHCH, 4.678 299 Liz 3.200 1899 Zn 2.284 1393

* Taken largely from R. A. Svehia, NASA TR R-132, 1962

83



Table 2.20. Collision integrals for the Lennardgsrpotential model [49]

£T AT AT
€ Q.=190, ﬂg T 0,=0Q, ng e D=0, ng
0.30 2.785 2.662 1.60 1279 1.167 380 09811 0.8942
035 2628 2476 1.65 1.264 1.153 3.90 0.9755 0.8888
0.40 2492 2318 1.70 1.248 1.140 4.00 09700 0.8836
045 2368 2184 1.7 1.234 1.128 4,10 0.9649 0.8788
050 2.257 2066 1.80 1.221 1.116 420 09600 0.8740
0.55 2156 1.966 1.85 1.209 1.105 4.30 0.9553 0.869%4
060 2065 1877 1.90 1.197 1.094 4.40 0.9507 0.8652
065 1982 1.798 195 1.186 1.084 4.50 0.9464 0.8610
0.70 1908 1.729 200 1.175 1.075 4.60 0.9422 0.8568
0.75 1.84] 1.667 210 1.156 1.057 470 0.9382 0.8530
080 1.780 1.612 220 1.138 1.041 4.80 0.9343 0.8492
0.85 1.725 1.562 2,30 122 1.026 4.90 J.9305 0.8456
090 1675 1.517 2.40 1107 1.012 5.0 09269 0.8422
095 1.629 1476 2.50 1.093  0.999 60 0.8963 0.8124
1.00 1.587 1.439 2.60 1.081 0.9878 7.0 0.8727 0.78%
1.05 1.549 1.406 2,70 1.069  0.9770 8.0 0.8538 0.7712
.10 1.514 1375 2.80 1.058 09672 9.0 0.8379 0.7556
1.15 1.482 1.346 290 1.048 0.9576 100 0.8242 0.7424
1.20 1.452 1.320 3.00 1.039 0.9490 20.0 0,7432 0.6640
1.25 1424 1.29 3.10 1.030 09406 30.0 0.7005 0.6232
130 1.399 1.273 320 1.022 0.9328 40.0 0.6718 0.5960
1.35 1.375 1.253 330 1.014 0.9256 50.0 0.6504 0.5756
1.40 1.353 1.233 3.40 1.007 009186 60.0 0.6335 0.559%
1.45 1.333 1.215 3.50 09999 0.9120 70.0 0.6194 0.5464
1.50 1.314 1.198 3.60 09932 0.9058 80.0 0.6076 0.5352
1.55 1.296 1.182 3.70 09870 0.8998 90.0 0.5973  0.5256
100.0 0.5882 0.5170
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Table 2.21. Constant-Pressure specific heats adusrdeal gases [50]

C=kI/kmol K 8=T(Kelvin)/100

Max

Range Error
Gas K Yo
N, C,o=39.060 —512.79 87" + 107270 — 820406 3003500 0.43
| 0, Cpo=37.432+0.020 102 6"% — 178.570'* +236.38 82 300-3500 030
H, C,o=56.505 — 702.74 0 %" + 1165.0 8 ' — 560.706 '+ 300-3500 0.60
co C,o=69.145 — 0.704 63 6°7* — 200.778 7 °* +176.76 6 °™  300-3500 0.42
OH Cpo=81.546 — 59.350 8°% +17.329 6°™ — 42660 6 300-3500 0.43
NO Cpo=59.283 — 1,7096 8°° — 70.613 8 °° + 74.889 8~ 300-3500 0.34
H,0 C,o= 143.05 — 183.54 8°% + 82,751 8°° — 3.6989 0 300-3500 043
Co, C,o= —3.7357+30.529 8°° — 4.1034 6+ 0.024 198 0* 300-3500 0.19
NO, C,o=46.045 +216.100%% — 363.66 8 %" + 23255082 300-3500 0.26
CH, Cpo=~672.87 +439.74 8° — 24875 8°7 +323886°°  300-2000 0.15
C;H, Cpo= —95.395 + 123.15 0% — 35.641 8°7* + 182,770 3002000 0.07
C,H, C,o=6.895+ 17.26 @ — 0.6402 8% +0.007 28 &° 300-1500 0.83
CyH, C,o=—4.042 +30.46 8 — 1.571 6%+ 0.031 71 8° 3001500 0.40
CHy,p Cyo=3.954+37.120 — 1.83382+0.03498 6° 300-1500 0.54

Source: From T.C. Scott and R.E. Sonntag. University of Michigan, unpublished 1971, except C;H,, CyH,, and
C.H,, from K.A. Kobe, Petroleum Refiner, 28, No. 2, 113 (1949).

In this simulation, we considered to use the soligh density-based in the CFD

model for high-pressure CG@low. The density-based solver predicts betteteary

than shock and acoustic wave otherwise pressuedbasolver

incompressible flows.
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3. Research approach

The studies are discussed for crack propagatiorcieaudk behavior.

BS 7910 & R6 procedures for impact of the plastiftapse solution on the crack
driving force are comparison. The crack dimensisrcansidered with external
circumferential surface breaking flaws which is sidered the geometries with
depths (3 mm, 6 mm, 9 mm and 12 mm) and lengthsn(®) 60 mm and 90 mm)
which is not semi-elliptical. The dimension of dipe is 3.3m long, 14.3 mm t, and
D 273.1mm. The material property is 207 GPa oftiflanodulus, 0.3 of Poisson’s
ratio, and 450 MPa of yield strength. The conditadrsimulation considered with
perfectly plastic, C3D20R, and fine mesh was usedhfe crack ligament as shown

in Fig. 3.1 and 3.2 [51].

Flaw

SymmetryinZ

’

L Symmetry inX Cquplmg reference
: point

Fig. 3.1. FEA boundary conditions for pure bendifighe pipe.
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20: Step Time = 08413

Fig. 3.2. PEEQ strain with local collapse of a pigth flaw of 9x60 mm under

tensile loading.

The results of comparison with impact of the plastic collapse solution considered
with symmetry condition even though the crack existed middle of pipeline. The flaw
cracks are considered with crack depths and lengths. The axial crack with depths is

reasonable to understand of pipeline for acquire appropriate of toughness.

Other study considered with external axial crackdoquired the stress intensity
factor (SIF) but there is limitation application st RO/Ri is equal to 2.0 as shown

in Fig. 3.3 [52].
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P=1 I\

Fig. 3.3. External axial edge crack in a thick agitr

The SIF can be determined by below equation [5B, 54

c? c?
Ms =,/1+1.255— -0.0135——
Rt R2t2

K, _
G\/E RP«/E

oy - PD/(2 x t) is the hoop stress,
M+ : Folias correction factor, taking account of atore of a pipe
R : mean radius of the pipe

t : pipe wall thickness
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According to the above equation of SIF, the cradkhvaxial direction was

determined, But the value of SIF may limit to pypth geometry of crack.

The study of crack propagation considered with seaok which predict the crack
direction and length with demanded of users by DY3NB as shown in Fig. 3.4 and

3.5 [55].

PROPAGATING CRACK I PIPE
Tere= 15

[\

Fig. 3.4. The 3 parts of the pipe in LS-DYNA: maipe wall (red), "explosive

charge" (green), crack path (blue).
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Fig. 3.5. The crack propagates alongstitBrection, leaving behind a growing

opening of width B(X) in the pipe.

As the crack symmetrically propagates in both dioes, only half of the domain is

shown.

This study used one dimensional finite volume methgth shell element used,
explosive (seam crack) used by LS-DYNA. The fraetiveory of crack propagation
has to use for crack propagation. The simulatialig with crack need to use the
hexagonal element which considers the differenheld thickness of pipeline. but

shell element used one thickness element.

Other studies of crack used smoothed particle ldyaramics-finite element method
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(SPH-FEM) with meshless method. A coupled SPH-FE&thod is developed to

simulate the dynamic fracture of cylindrical shalbjected to internal explosion as

shown in Fig. 3.6 and 3.7 [56].

SPH particles @ @ @ @
QY9

Finite elements

Fig. 3.6. SPH patrticles coupled with finite elengent

Initial flaw

Cylindrical shell

Internal explosive

Fig. 3.7. Coupled SPH-FEM simulation model
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But this study did not consider the fracture themirgrack propagation and flow of
air or CQ fluid. The decompression or fracture theory foeyemting from crack

propagation are important effects as discuss of @ BEction.

Structural Integrity of C@Transportation Infrastructures projected by MATTIRA
(Materials for Next Generation G®ipeline Transport Systems) which conducted
to research the control corrosion, stress corraosiacking and fracture propagation

for understanding of supercritical @@ U.K.

This study considered with fracture mechanics belhaof CO, pipeline with
longitudinal crack in the pipeline. Due to very lotemperature during
decompression, low temperature fracture toughrests tinked to a detailed finite
element based stress analysis. Outflow model seshtiw the temperature in front
of the crack may drop as low as —"@as shown in Fig. 3.8 and 3.9 [57]. This study
simply applied yield strength of pipeline and tengpere at the front of crack. The
effect of CQ pipeline has to consider with fracture theory #iad of CO, and other

imputers in real condition of CGlow.
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Area of applied low temperature, (crack front zone)

Fig. 3.8. Crack front area, applied low temperaamee.

Fig. 3.9. Ambient, low temperature in front of ttrack of CQ pipeline.

The crack propagation assumed with certain shapgg#line as show in Fig. 3.10
and Fig. 3.11 for 3D simulation of pressure disttibn behind the crack tip. The
model of pipeline was implement GERG-2008 of indfiu The boundary condition
of simulation was set with ambient pressure folad@nd no condition for inlet. The
simulation condition was used with adiabatic walb-slip, Advection Upstream
Splitting Method (AUSM), and density-based solv&ut this study was no
consideration of fracture toughness, material ptogme welds [58]. The

experimental results or other results need forfieation of crack propagation.
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et S

Fig. 3.10. 3D computational mesh and boundary ¢mmdi

ANSYS

Fig. 3.11. Flow velocity field close to the fractuspening
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3.1 Problem with FEM and CFD analysis

FEM used to predict the over-simplistic transidaotdf flow models and limit to
various EOS [59]. CFD did not deal with impact ape wall heat transfer and
friction effect [60, 61]. Moreover, increased pragsand reducing the pipe diameter
if pipe friction ignored. In this study of crackgmagation with C@ pipeline the
decompression behavior, flow and fracture analgesimportant to understand for
acquiring the appropriate the requirement of toeghn It is need to couple both

structure and fluid analysis.

The flow of CQ transports as supercritical or dense phase fanesity with high
density and low viscosity. Brittle fracture could bolved with low temperature in
order to deviate the ductile to brittle transitimmperature. Brittle fracture is well
known to prevent from fracture for increasing tenapare. Otherwise, ductile
fracture is not well understudied. Originally trguation of BTCM was assessed the
crack propagation which is developed by Battelledarly 1960’'s with low toughness
and strength pipe. HLP was developed their equdtipductile fracture based on
the BTCM. But, high strength and toughness of jgeare limited to apply their
consideration. Other for predicting the ductiletime is based on the BTCM with
correction factor. Ductile fracture need to study further in order to predict the

fracture propagation. In this study, we consider %I coupled with structure and
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fluid to better understand of behavior with crackgagation of high strength and
toughness Cgpipeline. Aims is for measurement of requiremenghness of CO

pipeline by FSI.
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3.2 Structural analysis by FEM

The geometry of API X70 pipe is a 762 mm in diamet&.9 mm in wall thickness,
respectively. The details of mechanical propemigsshown in Table 3.1 and detail

of composition of API X70 describes in Table 3.2.

Table 3.1. Mechanical properties of APl X70 pipelin

Mechanical properties API1 X70
Young’'s modulus (MPa) 207000
Poisson’s ratio 0.3
Yield strength (MPa) 532.2
Tensile strength (MPa) 626.8
Charpy impact energy (J) 464
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Table 3.2. Chemical compositions of API X70 pipelin

Element (wt. %)

C P Mn S Si
0.07 - 1.73| 0.003 0.12
o F _lfAFI’I X7Q I I I I

I/././

800 [ = g

700 e

True Stress (M Pa)
\I

600 B

500 B

400 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

True Strain (%)

Fig. 3.12 True stress-strain curves of API X70 |@efor used in XFEM.

Charpy impact test was conducted to measure tbhifeaenergy which is correlated
with the pipe ductile tearing resistance. The speaiwas taken from the in API X70
pipeline of base metal and made as 10 x 10 x 5%matandard size of API 5L [18].
The result of Charpy impact energy is 464 Joulshasvn in Table 3.1 and applied
with XFEM simulation to analyze how crack is reaiste with difference crack

propagation of API X70 pipeline.
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Before considering of crack propagation with API X70 pipe, the stress distribution
should measure the hoop stress [62] of none existed of cracks in pipe. The API X70
pipe was modeled three dimension and symmetry condition. The hoop stress
simulated with internal pressure of 8 MPa which is design pressure in API X70 pipe.
The results show that the stress was concentrated from outside to inside of pipe as

shown Fig. 3.13

L.

Fig. 3.13. Result of hoop stress analysis of pipeline

The hoop stress measured around 192 MPa in FEM and obtained with below

equation.
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1/D
Jhoop = E(Tj P (6)

Ghoop: HOOP stress
D : Diameter of pipe
t : Thickness of pipe

pi : Internal pressure of applied in pipe

The result of hoop stress measurement could apelgitnulation condition of crack

sizes studies and crack propagation, respectively.

The charpy energy has acquired by CVN impact tést ¥W0% upper shelf of API

X70 pipe and weld metal.

Manual weldment was used for the HAZ for girth asghm welds. The weld
consumables and welding parameters are shown floXA® pipe in Table 3.3. The
joint designs of the girth and seam weld are shioviig. 3.14. The microstructures
of the API X70 pipe with seam and girth welds areven as Fig. 3.15. In the case
of domestic pipelines, the implement of radiograptasting is conducting after

welding of the pipeline. Thus, the pipelines wesswamed to initially have no defects.
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Table 3.3Weld consumables and welding parameters of API 6.

Filler metal Welding
Layer| Welding Amperage | Voltage
Weld Diameter| Polarity Speed
No. | Process Class (A) V)
(mm) (cm/min)
1 GTAW | ER70S-G 2.4 DCSP| 100-170 | 12-20| 6-12
Girth | 2 GTAW | ER70S-G 2.4 DCSP| 170-240 | 15-24 | 8-14
weld | 3 SMAW | E9016-G 3.2 DCRP| 80-150 20-40| 3-12
4&5| SMAW | E9016-G 4 DCRP| 100-180 | 20-42| 3-12
1 GMAW | ER70S-G 1.6 DCEN 520 28 17
DCEP 820 37
2 SAW 105
Seam AC 660 42
weld F8A4-EA2 4 DCEP 890 37
3 | SAW AC 710 42 115

GTAW : Gas tungsten arc welding

SMAW : Shielded metal arc welding

GMAW : Gas metal arc welding

SAW : Submerged arc welding

DCSP : Direct current straight-polarity

DCRP : Direct current reverse-polarity

DCEN : Direct current electrode negative
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DCEP : Direct current electrode positive

AC : Alternating Current

5 3 g TN
4
t t 3
N 2 1
(a) Joint design of seam weld (b) Joint design of girth weld

Fig. 3.14. Joint design of seam and girth welds of API X70 pipe.

(a) Seam weld in API X70 pipe (b) Girth weld in API X70 pipe

Fig. 3.15. Microstructures of API X70 pipes with seam and girth welds.

A plate-type subsize specimen (6.3 mm in width and 2.0 mm in thickness) with girth
weld [26] used for the tensile test of HAZ. The tensile test specimens of base metal,

weld metal, and HAZ were polished and etched, and their microstructures were
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observed, as shown Fig. 3.15 accordingly, the acquired tensile test specimens of 100%

base metal, weld metal, and HAZ are shown in Fig.3.16.

( :. : Tensile test specimen

Weld metal
Base metal HAZ Weld metal
b ad ol
(a) Seam weld (b) Girth weld

Fig. 3.16. Diagrams of tensile specimen with seam and girth welds of API X70

pipe.
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3.3 Toughness energy conversion

There is standard of conversion fracture energyutlin the British Standard. Stress
intensity factor K is measured in this study (oltezhas the elastic energy release
rate G). Elastic crack-tip solution and the endflgory of established relationship

between Kand G [63].

K, : Stress intensity factor

G : Elastic energy release rate

E’: E for plane stress conditions

E’: E/(1+) for plane strain conditions

SIF is valid for a through crack in an infinite f@an tension. Resistance parameters

crack-tip conditions and in measuring fracturestsice is considered.
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The conversion of fracture energy described inrtwathods. Method 1 is described
with 100% shear, upper shelf behavior is presenti@Wergy correlation with K

Kmat fracture toughness corresponding to a ductilekceaxtension of 0.2 mm, .-

[64],
E(O 5%, lﬁsx 02 msscvfszse)
Kk - h \
I02 100d1-+?)
Kioz2: MPa/m,

Cv: Charpy upper shelf energy (J)
E : Young's Modulus (MPa)

v : Poisson’s Ratio.

Second method is based on the upper shelf CVN gremelation with Kc which

provided for guidance from BS PD 6539 [65]

2
(—Kmat] = 052(&— 0.02]
Ty Ty
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oy : Yield Strength(MPa)
Cy : CVN energy (J)

Kumat : MPa/m®?

Verification is conducted by curve fitting with value of 450 MPa (Yield strength) and

C, (140 Joule). The value is acquired with 175 K. comparison as shown in Fig. 3.17.

Kmat Fracture Toughness (MPa m95)
260
240

220 -
200 -

180 |- ()/ N
160 -

175 K, (MPa.m"0.5)

140 [~
120 -
100 [~

YS=350MPa YS=450MPa YS|550MPa YS =650 MPa
8or | — i U U,

pob——t e T
40 60 80 100 120 140 160 180 200 220

Charpy Impact Energy (J)

Fig. 3.17. Confirmation CVN energy by method 2 with upper shelf correlation.

The unit conversion is described as below equations
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o - K ((mParym)?*)
E (MPa)
_ MPa? [n
MPa
=MPalh

=MPalmmx1073

Method 1 is appropriate method of conversion witlarpy energy according to
comparison equations. The method 1 will use forvession of CVN energy for

different crack sizes.
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3.4 XFEM

In the XFEM, two additional displacement functiare enriched in finite element
solution space: [67] One is a discontinuous fumcti@t represents the displacement
jump across the crack surface while the other esniar-tip asymptotic functions
that capture the singularity around the crackigfdf The displacement function is

written as

where N(x) is the general nodal shape functiorisuhe general nodal displacement
vector associated with the continuous part of thigefelement solution, H(x) is the
associated discontinuous jump function across taekcsurfaces, as the product
of the enriched degree of freedom vecta(xFis the associated elastic asymptotic
crack-tip function, b a is the product of the enriched freedom degrdee T

discontinuous jump function H(x) across the craoiazes is given by

H(x): 1 |f(x—x)@120
-1 otherwise
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here x is a sample Gauss pointjscthe point on the crack closet to x, and n & th
unit outward normal to the crack at, xespectively. The asymptotic crack tip

functions in an isotropiwc elastic materia(¥ are

Fa(x):{\/_rsin% ,\/_nosg,ﬁsirﬂineg,ﬁsireine%}

where (r, h) is a polar coordinate system witlorigin at the crack tip, and h =0 is
tangent to the crack surface around the tip. Thesive segment method is based

on traction-separation cohesive behavior thatiergby

t KSS 5’5
t=1t,t=| Ky [4=K3
tt Ktt 5t

where t is the nominal traction stress vector wltchsists three components:it,

and the corresponding displacementsdaré,, ands:, respectively.

The failure criterion for propagation can be defizs below
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f - {<0.max>}
0
amax
where f is maximum principle stress rataxis maximum principle stress agthax

is maximum allowable principle stress, respectively

ASME B31 and Subsections NC and ND (Classes 2 araf Section Il of the
ASME Boiler and Pressure Vessel Codes [68] stdtas yielding in a piping
component occurs when the magnitude of any ofiheetmutually perpendicular

principle stresses exceeds the yield point streafythe material.

In this study, we used the maximum principle sttessry with Charpy impact test
result for crack initiation and propagation of pipe in XFEM. This is most

commonly used when describing the strength of gigystems [67, 69, 70]
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3.5 Variable of Crack sizes study

The following flow chart is considered for FSI simulation as follows. In order to
analysis of different crack sizes and crack propagation, the work flow has been
proposed as shown in Fig. 3.18. Before conducting of structure and fluid analysis,
the surface of FSI has to be consistent of each other. The convergence is obtained
through iteration of the fluid analysis, and then the FSI analysis is considered by

performing the XFEM.

Consistence with surface mesh between fluid & structure

Initialization

Constant coupling time step to 1,

Eluid iteration because of a steady state

15 MPa

Pressure

NN

Ambient
pressure
convergence

XFEM iteration
15 MPa

remesh

Pressure

0 MPa

Time
convergence

Post-processing

Fig. 3.18. Workflow for FSI simulation.
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The CQ pipeline was considered by understanding the behaf/the crack depths
using MpCCI [71] which facilitated cooperation iath structural and fluid analyses.
The dynamic mesh used a rigid body type. The cogplime was set to value ‘1.0’
in order to simulate ABAQUS with Fluent a consistey MpCCI. The FSI method
is method of interaction with structure and fluiglerial coupling method uses for
Gauss-Seidel Algorithm which one code runs theratbde waits for simulation as
shown in Fig. 3.19. This is method of numericallgloulating simultaneous
equations which is equivalent of the iterationhs equations. Gauss-Seidel method
uses a combination of iterative equations and agmeation. This method is
executed when one code, that is ABAQUS, is exectibedother code Fluent waits
for it, and the Fluent is given to ABAQUS to givefarmation. The method of
coupling is considered the one-way coupling whislegjthe information of pressure

and position with fluent to ABAQUS.
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Step 2 : Initial coupling

Step 1 : Initializing the solution

(@) Fluent —@=————y® e ® s
Fluent @ @ ® . M M M M
M M M M P P P P
P P P P g
. . p © c HAO) C C
c c G c ¢ :¢ . e
1 1 1 1 1 VI ) 1
ABAQUS @B — @& — @ > ABAQUS @ o] 9 @ ® >
®) t ()t t ) ty t 1) t
Step 4
(@)
Step 3 ; Fluent @ - ® g
- (a) M : M, M
uen ﬁ_ﬁ—ﬁ—ﬁ—' P P ".‘ P % @ep
P @) P P € TR o B
c @mic ™ ¢ s C IC L YR
iC '!C \i IC ABAQUS OI “. ‘ ‘ >
ABAQUS @ > ® L Q (©)
1% 4 © 1) 5] % 4 b 5

Fig.3.19. Gauss-Seidel Algorithm for consistency of ABAQU S &luent

The results of CTOD studied with comparison between experiment and simulation
for acquirement of fracture toughness. The different crack sizes ratio was analyzed
by internal pressure by structure and FSI simulation in order to recognize the critical

internal pressure. The proposed model in this study are described as shown in Table

3.5 with CTOD and CVN
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Table. 3.5. The proposed model with CTOD and CVN

CTOD CVN

B : Thickness 10 mm x 10mm x 55mm

Thickness of

W : 2 x (B) thickness 10 mm % 7.5 mm x 55mm

pipe
(1.0 <W/B<4.0) (subsize)
Theory in . _ ' o
FEM Traction-separation Maximum principle energy
. Compared eperiment and _
Verification Hoop stress equation

simulation

The structure model for the pipe considers a wanésurface axial cracks [51, 72]
as shown in Table 3.6 using XFEM, which is not a®at on the mesh and crack

direction
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Table. 3.6. The depths of the crack with surfadalan API X70 pipe thickness.

Crack depth ratios according to thickness (%)

10 | 20| 30| 40| 504 60 70 80 9(

Crack lengths according to thickness (mm)

1.59|3.18|4.77| 6.36| 7.95| 9.54| 11.13| 12.72| 14.31

The structure and fluid analysis applied surfaceewenfirmed by applied with
inner surface of structure and outer surface afl flihe condition of boundary and
load were equivalent with hoop stress verificatibhe model of crack not only
considered with 3 m length of three dimension a@ubdundary conditions and the
length of pipeline but also considers the approgffiaw of CQ with 3 m length of
pipeline for conducting burst pressure test [73, TAe density of elements used the
10 % crack depth from outer surface thicknesspélpie. When the element density
is 2,318,509 with C3D8R (8-node linear brick elemetth reduced-integration
points) as shown in Fig. 6, the critical interne¢gsure was constant at 14.44 MPa.
We determined this element density in order toysttatiant crack depths from the
outer surface thickness for structural and fluidlgsis. The crack depths varied for
the outer thickness from 10 % to 90 % pipe thicknas shown in Table 3.6. The

true stress-strain curve and fracture energy westuated at a variety of crack
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depths. According to the true stress-strain cuitve,maximum principle stress for

the API X70 pipe was 532 MPa for crack propagation.
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3.6 Crack propagation study of AP1 X70 pipe by FSI

The crack propagation prediction with BTCM is reqdifor correction factors and
additional studies [38, 41, 58, 75]. These studmssidered the non-effect of girth
weld to understand crack propagation and did nplyahe damage theory for crack
propagation with simulation of ductile crack grovisdised on cohesive zone models
[76]. The crack propagation forecasting is demagdmunderstand both structure

and fluid with EOS.

In order to take into account the crack propagapiediction of the C@pipeline,
we established a flow chart, as shown in TableThé.fracture considers the CTOD
results by comparing the experiment and simulamording to the CZM. The GO

flow and girth weld were analyzed to predict thguieed toughness.
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Table 3.6. The sequence simulation of FSI for mted) the requirement toughness

of the CQ pipeline.

No. Sequence for analysis of crack propagation analysis
1 Acquire fracture theory (Traction-Separation law)
Fracture
2 Verify between CTOD Experiment and simulation

Acquire FSI simulation method

3 FSI _ o
. identification of mesh, surface of FSI

4 Fluid Fluid analysis of CO& impurities of pipeline

Combine fracture theory of structure analysis with

fluid of CO, condition
FSI ©

6 Conclude the requirement of G@ipeline toughness

For the purpose of decreasing internal pressugpefine, the time step used the
exponential decay in ABAQUS in order to decreasaetistep from 1.0 to 0.0.
According to the equation of exponential decay,dbeay effect was controlled to

decrease the internal pressure very instantly mgusalue of 0.05 as shown in Fig.

3.20.
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Fig. 3.22. Calculated drop of internal pressure.

a=Aq+Aexd-(t-to)ty) for t=t,
a=A, for t<t,

In order to verify the decreasing, the internal pressure in ABAQUS, we used tabular
amplitude set the of time step from 1.0 of relative load with 0.0 time to 0.0 of relative
load with 1.0 of time which internal pressure is increased with decreasing the total
time of structure. The total time and decreasing the inlet and outlet condition of fluent
is consistent with step time of structure analysis. The comparison of time amplitude
was shown in Fig. 3.21 with 10 % of crack size. The condition time amplitude was

applied with of Fig. 3.21 (a) with time amplitude from 0 MPa to 15 MPa and (b)
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Time amplitude from 15 MPa to 0 MPa. The results of time step were 0.9780 and

0.0218, which equal to 14.67 MPa and 14.673 MPa, respectively.

S, Max. Principal S, Max, Principal
(Avg: 75%) (Avg: 75%)
+6.159+02 +6.1938+02
+5.660e+02 +5.6028+02
+5.162e+02 +5.1902+02
+4.5646+02 +4.6098+02
131050402 +4.1888+02
13.1660402 +3.687e+02
+2.670e+02 +3.185e+02
+2.172e+02 +2 fiB4e+02
+1673e+02 +2.1878+02
+1.175e+02 +16828+02
+6.764e+01 +1.1818+02
+1.780e+01 +6,703e+01
+1.781e+01
?
7 8= X
(a)Time amplitude from 0 MPa to 15 MPa 1B6)MPa to 0 MPa

Fig. 3.22. Stress analysis of AW 10% for verifioatiof time amplitude compared

between (a) 0 MPa to 15 MPa (b) 15 MPa to 0 MPa
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The three dimensional model for crack propagat®mdescribed as below. The
structure model was simulated with 1/2 scale. Time tstep was applied the time
amplitude in order to decrease the internal presguo O in step with 15 MPa of
inner surface which considered high inlet and ouitessure of COpipeline [58,

72]. The boundary condition was applied with y syetm at the front of crack and
pin condition at end of pipe. The element was G2d8R as equivalent with CTOD
simulation of 96,063 element number. The geometrf£60OD is based on the

experiment for simulation as shown in Table 3.7 &igd 3.22.

Table 3.7. The geometries and experimental comd@fcCTOD.

Temperature a B W F
(C) (mm) (mm) | (mm) | (Pm, kg)
Base metal of
20.00 14.80 14.97 30.00| 2,721.70
API X70
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Unit : mm

30 (W)
Precrack

69 (2.3x W) 69 (2.3 x W)

(a) Front view of CTOD model  (b) Top view

Fig. 3.22. The modeling of CTOD specimen by ABAQUS.

The FEA used C3D8R (8-node linear brick element with reduced-integration points)
element and three-dimensional model. The experiment and simulation of CTOD are
conducted to be based on the three-point bending test (BS7448, 2005; ASTM E1290-

08, 2008).

The boundary condition of CTOD with two anvils is encased and one holder above
the specimen set to x and z direction with zero displacement in order to move to
propagate the crack with y direction. The specimen of CTOD set the z direction with
zero displacement. The interaction contact and properties of CZM is considered for
surface based cohesive behavior. The viscosity coefficient is set to 107 for

stabilization. The a, i1s made to use surface cohesive method.
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In order to apply the true stress-strain curve,tédmsile test conducted with base
metal, HAZ, and weld. The base metal and weld wsadurod-type subsize
specimens (A: 32 mm, D: 6.25mm, R: 6mm). The HAZhvgirth weld used plate-
type subsize specimen (width: 6.3mm, t: 2.0mm) (SA370, 2010). The tensile
specimen of base metal, HAZ, and weld were grinmledl polished to acquire the
proper position of each specimen. The true strigagiscurve of base metal, HAZ,

and weld are shown in Fig. 3.23

1000

(0]

T T T T T T
—— Base metal of API X70 pi
—— Girth Weld of API X70 pipe
i HAZ of API X70 pipe

800

True Stress(MPa)

400 s 1 s 1 s 1 s 1 s 1 s
0.0 0.2 0.4 0.6 0.8 1.0 1.2

True Strain (%)

Fig. 3.23. True stress—strain curve of the basalméth APl X70 pipe for base,

HAZ, and girth weld.
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The comparison of CTOD results with experiment and simulation is shown in Fig.
3.24. The results of load and displacement curve was measured by ABAQUS. The
results obtained from the CTOD experiment were compared and analyzed with cases
which the true stress-strain curve was not only applied through the tensile test, and
material properties but also applied with traction-separation in this simulation. The
result of true stress-strain curve was well agreed with experiment, otherwise the
result of elastic property was not detached with pre-cracks which the curve is deeply
increased more than elastic modulus as shown in Fig. 3.25. The coupling is
conducted with XFEM of structure analysis and Fluent of fluid analysis with

considering CO; based on the CZM of fracture criterion.

(a) CTOD experiment (b) Results of CTOD by FEM

Fig. 3.24. The comparison CTOD between experiment and simulation.
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Fig. 3.25. The comparison with results of load displacement of experiment and
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Displacement (mm)

simulation.
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The structure analysis used XFEM with 1250 mm tghewall crack length with
two successive sections of APl X70 pipe. The tiaiafith of the CQ@pipeline was
15,050 mm, which takes into account an arbitramgtle of 50 mm with base metal
at the end of the two girth welds. Consideratiomiieen to the complete crack
propagation of the girth weld. The length and cradkiation of CQ pipeline
considered to simulate based on High Strength Ripe Research Committee which

is organized by the Iron and Steel Institute ofadeip 1978.

The initial crack size has an important influenmedimulation of crack propagation.
Therefore, the length and height of the initialcravere verified with the Table 3.8
and the mesh of the GQipeline was confirmed while changing the mesh sizhe

thickness and the diameter.

Table 3.8. Consideration of crack propagation.

Subjects Check list

Mesh size in pipeline

Element 1 |Depth

2 |Length

Dimension of crack
Crack size |1 |Depth

2 |Length
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The API X70 pipeline was based on the diamete6@f mm, thickness of 15.9 mm
was determined to set up the mesh more than 5 seedickness direction. The
mesh near the crack tip was established a few meshes due to the accuracy of
the analysis. The is the important effect of crpobpagation is needed to set the
initial crack between meshes in order to propatiserack in XFEM otherwise the

crack propagation is not simulated in ABAQUS asnahin Fig. 3.26.

Fig. 3.26. Shape of detail initial crack size inABUS.

The CQ pipeline was modeled with 1/2 scale due to boundandition and load.
The boundary condition was set with Y symmetryhat start of crack propagation,
and the X and Z direction at the bottom of pipelifbe FEM model with C®

pipeline of two sections girth welds is as showfig 3.27.
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Y symmetry

Internal Pressure
15 MPa

X, Z : displacement

Fig. 3.27. whole model of API X70 pipe with 2 section of girth weld.

The simulation was conducted with results of experimental data from girth weld of
API X70 pipeline. The effect of girth weld influences the crack propagation, which
predict the direction and toughness of pipeline. This suggests that crack propagation
can be predicted with effect of the girth weld, which were not applied by other
researchers as shown in Fig. 3.28. The Fig. 3.28 described the weld, HAZ and base
metal were merged to connect each other in order to prevent separation during

applied internal pressure of pipe.

128

Al 2o 8t



Weld HAZ BASE metal Whole Girth model

Fig. 3.28. Detail modeling of crack propagation with girth weld

The material properties were used in Table 3.9 for base metal, weld, and HAZ at
207,000 MPa of Elastic, 0.3 of Poisson’s ratio and 7680 kg/m? of density. The model
of girth weld based on the experiment data from API X70 pipe with manual
weldment for HAZ and gas tungsten arc welding and shield metal arc welding for

girth weld as shown in Fig. 3.29 [74].
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Fig. 3.29. FEA schematic diagrams of girth weld

Table 3.9. Material properties of API X70 pipe for damage theory in FEA.

Fracture
MaxS Damage .
) toughness | Elastic modulus (MPa)
Material (MPa)
(MPa-mm)

Normal | 1% 2nd Linear Kon Ks | Kg

Base 1,746 | 1,310 | 1,310 12.99 10,000,000 | 3,846,154
HAZ 1,584 | 1,188 | 1,188 11.78 10,000,000 | 3,846,154
Weld 1,989 | 1,492 | 1,492 14.80 10,000,000 | 3,846,154

In the case of fluid analysis CO», the simulation condition is equivalent to the
analysis of different crack sizes studies with inlet, outlet, and wall conditions. The

fluid analysis was considered with Real Peng-Robison, enhanced wall treatment, and

HEM [47].
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The model of the fluid was created by ABAQUS CABMWSAT file in order to
import through to Fluent. The inside of structunel @utside of fluid mesh has to be
consistent for FSI. The fluid geometry had diameteir30.2 mm and length of
15,050 mm. The element type is hexagonal with nusbé& 952,960. The fluid
model was imported into ANSYS mesh in order to @¢lae element and boundary

conditions at 1/2 scale, as shown in Fig. 3.30.g@adl fluid results in Fig. 3.30 (b).

Inlet
15 MPa 156407
. 136407

T

1.2e+07
. »”

9e+06

Wall

. 7.5e+06

6e+06

\ 450406
310406
Outlet I /

. 1.6e+06
Ambient Pressure ’

16405

(a) Condition of Fluent (b) Result of Fluent

Fig. 3.30. 100% Ce&Xluid analysis of APl X70 pipe by Fluent.
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4. Results and discussion

4.1 Basic crack analysis of G@ipeline

There are some agued with differences of NG and @@eline. Decompression
curve analysis by BTCM assumes with started egentgbressure and temperature
for CO; and NG. The comparison with decompression curveoaflition is with

100 % CH, 100% CQ, 20°C, and start 15 MPa as shown in Fig. 4.1.

N
—

ol

T

S G 4

o = N W

LI L R |
3

plateau curve

Pressure (MPa)

o =2 N W B OO N ® ©
LI I e

0 50 100 150 200 250 300 350 400 450 500 550

Velocity (m/s)

Fig. 4.1. The comparisons with NG and 9 BTCM
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The results of decompression curve with,@&Hjradually decreased. Otherwise,,.CO

is plateau curve occurred caused phase trandittanses the pressure suddenly drop

and crack propagation when the crack propagatkestplace.

The different C@and NG flow was analyzed with Fluent which 100 @,(3 used
by used Homogeneous Equilibrium Method, Real Peoigigdn EOS and other

simulation conditions. The 100 iteration is conewlctor two cases as shown in Fig.

4.2.
100 % CH, 100 % CO,
40007 Inlet 1 S0evo7
. 15 MPa . 1 350v07
P , D
Wall

e /,
1=

I % Qutlet
oes - Ambient pressure I P / K’X

Fig. 4.2. The comparison with 100 % ¢&hd CQ with 100 iteration of fluid

analysis
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Because of short iteration, the pressure drop of @GHhigher than C® The
comparisons with BTCM and Fluent analysis, the phaansition predicts during

operation of pipeline when the pipeline occursdtaek propagation.

This result was correlated with hoop stress law and FEM result. The crack initiation
of API X70 was simulated without crack by XFEM in API X70 pipe. The model of
crack in API X70 is two-dimensional, symmetry condition. STATUSXFEM is
defined in ABAQUS field output [77]. The status of an enriched element is 1.0 when
the element is crack and 0.0 when the element is not initiated in XFEM. As shown
in Fig. 4.3 the result shows that there was no crack propagation in XFEM if there is

no crack in pipes until internal pressure reached 8 MPa and more.

Fig. 4.3. Crack initiation with XFEM in API X70 pipeline.
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4.2.1 Crack propagation

In order to analyze the crack propagation, thekcdmspths were varied from 10 %
to 90 % of pipeline thickness as shown Table 1. ffhe stress-strain curve and
fracture energy were applied to resistance withréety of crack depths. According
to the true stress-strain curve, the maximum stre&®1 X70 pipe was 532 MPa for
crack propagation. The maximum pressure was pestlibly constant internal
pressure as 4 MPa as shown Fig. 4.4. The 10 %, &t9®0% crack depths of
pipelines thickness were compared with maximumaipie stress. The stress of 10%
crack depth was not reached maximum stress of AR pipe, which means the
crack was not propagated. Otherwise, stress of 3M@®0 % of crack depth were

exceeded 532 MPa and already propagated.
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11495640
7473840
$0.000e+0

0
0

Fig. 4.4. Maximum principle stress analysis with constant internal pressure at 4 MPa

with (a) 10 %, (b) 50 %, and (c) 90 % of crack depths with pipelines thickness.

The stress distribution is depending on the pipelines thickness when the 10 %, 50 %
and 90 % crack depths of pipeline thickness shown as in Fig. 4.5. The 50 % crack
size of pipeline thickness reached 430 MPa and maximum principle stress of 90 %
reached more than 532 MPa as 550 MPa. The 50 % was not reached the maximum
principle stress and was not propagated but the 90 % was already propagated. The
results of critical internal pressure are shown as in Table 5.1 with varied crack depths

ratio. The crack propagation of API X70 with varied of crack depths could obtain
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results that maximum principle stress affect pipelihickness with crack size and

collated with the maximum stress position and craasition in pipeline.

550 L\"\'\ T v T Y T T T T T T 3
&6 | ﬂ\ —8— 10% Crack size
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Fig. 4.5. Stress distribution of API X70 by XFEMtWwi10%,

depths of pipelines thickness.
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Table 4.1 Result of critical internal pressure wdtfierent crack ratios in API X70

pipeline.
Crack size ratio of thickness (%)
10 20 30 40 50 60 70 80 90
Critical internal pressure (MPa)
22.65| 9.00 | 5.18 | 5.17 | 5.15 | 430 | 3.87 | 3.65 | 3.44
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4.2.1.2 Seam crack

In this study, the seam crack was analyzed for iooirfg crack propagation
behavior by comparisons with XFEM. The seam cradbwn to conduct the crack

propagation with independent on the direction ef¢hack as shown in Fig. 4.6.

Fig. 4.6. Initial crack test condition of FEM fogam crack

For the modeling and meshed with FEM, the seankdsamodeled with 1/2 scale,
three-dimension, z symmetry condition. The elenentsed C3D8Refement is a
general-purpose linear brick element, with reduced integration). The material

properties of API X70 used equal as the chapter 4.1.
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Structure analysis of seam crack is described lasvig=quences.

1) use g vector in seam crack which could selextkclength and crack direction

2) choose the crack length, set the condition atlkcpropagation

3) set the initial crack length as 50 mm with sefiraction in pipe

The results of seam crack with structural analigsgescried as shown in Fig. 4.7.

Unit : MPa

S, Mises

(Avg: 75%)
+6.0Se+03
+5.56e+03
+5.07e+03
+4.58e+03
+4.09e+03
+3.59e+03
+3.10e+03
+2.61e+03
+2.12e+03
+1.63e+03
+1.14e+03
+6.48e+02
+1.56e+02

Max: +6.05e+03
Elem: PART-1-1.34
Node: 8

Min: +1.56e+02

Elem: PART-1-1.6068

Node: 46

Fig. 4.7. The result of seam crack for structuralysis.
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It appears the most concentrated stress is 605WitRaend of crack propagation.
The seam crack only considers the specified withcserack lengths for analysis of
J-integral, stress intensity factor. It concludedttseam crack only considered the
selected crack length and position, although tteé ceack propagation of HLP

condition propagated along with different CVN eneagd lengths.

In part of fluid analysis uses dynamic mesh in otdeconsider the remised near
crack position when crack is propagated. The caiof flow considered with
energy equation, Air (Ideal gas), Enhanced wallvfinlet is 11.6 MPa, K-epsilon
behavior with standard model, and standard walction. The fluid model is
considered to flow of 100% CQwith ideal gas and modeled 365.1 mm in diameter.
The model generated by ABAQUS CAE for containedsisiency of ABAQUS and
Fluent model and condition. If the mesh between ARJS and Fluent has
inconsistence, the FSI could not run the simulatidre model and fluid analysis is

shown in Fig. 4.8.
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Unit: Pe

Fig. 4.8. The results of fluid analysis by Fluent.

The interval time is set as ‘1.0’ and number ofat®ns is set more than 100. The
more mesh used in fluid model, the more numbentafractions need to calculate.
Above the figure, the scale is set as 20 counts thede is no difference of
decompression behavior. The results of FSI witimsgrack in ABAQUS and Fluent
is shown in Fig.4.9. The maximum stress point dfdéfl structure results was found
605 MPa and 50 MPa difference. The crack is ngpggated as shown in Fig. 4.9;

other analysis approach is needed for analysisackgropagation.
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5. Maes

(Avg: 75%)
+6.050e40)
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Elem: PART-1-1.4
Node: &
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Elem: PART-1-1.6068
Node: 46

Elem

Node: 1105

FSI analy

Fig. 4.9. The maximum stress point of FSI and stmecresults differences.
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4.2.1.2 XFEM

The structure and fluid analysis applied surfaceewsdnfirmed by applied with
inner surface of structure and outer surface dfiflin order to study the mesh

sensitivity, the mesh element study of the strecaualysis performed as shown in

Fig. 4.10.
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Fig. 4.10 Element study for element size at 10 &tksize.
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The condition of boundary and load were equivadgtit hoop stress verification as

shown in Fig. 4.11.

Set of initial precrack

Y
F4 X

Modeling of crack sizes of 3 m length Mesh distribution

Fig. 4.11. Modeling and mesh distribution of diffet crack sizes ratio.

When the crack exists in pipe, the critical intérpeessure was affected crack

propagation even though 10% crack depth is exlsésdd on the results in Fig. 4.12.

The critical internal pressure with varied craclttieratios were derived as shown

in Table 4.2. This study is based on the compangtdnFSI study.
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s, Max. Principal S, Max. Principal
(Avg: 75%) (Avg: 75%)

+1.9580+02 1000402
+1.791e+02 +1911e+02
+1.623e+02 +1.723e402
Y +1.4560+02 +1535e+02
+1.288e+02 +1.347e402
+1.1200+02 1.15%e+02
+9.526e+01 +9.705e+01
+7.849e+01 +7.823e4+01
+6.173e+01 +5.941e+01
Z X 4.496e+01 4.058e+01
1258200401 12.176e401

+1.143e+01 +2.944e+0(

1e+00 -1.588e+01

Internal
Pressure

) 4

(@) (b)

S, Max. Principal

-4.529e+01

(d)

Fig. 4.12. Schematic model of pipe and crack locafa) for maximum principle

stress analysis at constant internal pressurei®8 at (b) 10 %, (c) 30 %, and (d)

50 % crack depths of pipe thickness.
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Table 4.2 Results for critical internal pressurdifierent crack ratios of thickness.

Critical Internal Crack size from outside of diameter
Pressure (CIP)
(MPa) 10 20 30 40 50 60 70 80 90
Structure (1) 14.4/13.41110.531 6.81( 5.31| 4.17| 2.2 | 1.7 | 1.78
FSI (2) 9.23| 8.75| 7.03] 4.55| 3.56| 1.49] 0.42| 1.15{ 0.99
(1)-(2) 5.21| 4.66| 3.5 | 2.26| 1.75| 2.68| 1.78| 0.55( 0.79
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The pipeline was successfully propagated at thekcvath girth welds of two
sections. Two girth weld sections were analyzeth wiaximum principle stress and
STATUSXFEM, which predict that the crack is prop@ghaor not propagated at
value ‘1.0." Value ‘1.0’ is defined as full crackgpagation. The two section of the
girth weld model and full propagation are showfig. 4.13 (a) by STATUSXFEM
mode in ABAQUS at 13.97 MPa of internal pressurd detail of girth weld
modeling. Fig. 4.13 (b) shows the stress distrioutbefore cracking due to crack
propagation at 13.98 MPa. Finally, Fig. 4.13. &}He stress distribution after the
final time step of a full crack propagation. Theref the maximum principle stress
is predicted to be higher than the base metal ¢fX&® pipe at 532 MPa, which is
expected to cause sufficient internal pressureggation. Based on this structural
analysis, C@pipeline was analyzed optimum toughness requireimeperforming

CQO; flow analysis, and FSI with structure and fluicdcimoperation.

STATUSXFEM

(Avg: 759%)
+1.000e+00
+3.167e-01 5
+8.333e-01 v
+7.500e-01
+6.667e-01 1(
+5.833e-01 X
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

(a) Crack propagation results of two section witthgvelds in part of structure.
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S, Max. Principal
(Avg: 75%)

=6.157e+02

(b) Before detached thickness

S, Max. Principal

(Avg: 75%)
+4.083e+03
+3.726+03
+3.369e+03

+8.718e+02
+5.151e402
+1.583e+02
-1.985e+02

(c) Aftemdied thickness

Fig. 4.13. Result of crack propagation with stroetanalysis of APl X70 pipe.
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4.3 Fluid analysis

This study used Fluent, which is capable of apgiywarious EOS, for part of the
fluid analysis [47]. The computational fluid dynammipackage ANSYS-Fluent can
simulate laminar and turbulent multi-dimensionabmetries. Fluid simulation was
performed using Fluent 15.0 while the model andhr&fsfluid were created by
ABAQUS CAE. The fluid model was considered at 1¢als in order to apply the
boundary conditions with inlet, outlet, wall andreypetry condition. The diameter
of the API X70 pipe was 365.1 mm in the 3D fluidhsiation. The element type
used hexagonal, which is identical with the strrestonodel that has a number of
3,019,997. The turbulence model for 100 %.@8sumed at 330 K. The pressure
inlet was 15 MPa for dense phase transportati@f78]. The boundary condition
is considered with 15 MPa for inlet and atmosphpr&ssure for outlet. The fluid
utilized the K-epsilon model with enhanced wallatreent. Furthermore, the
boundary condition wall was a stationary wall with slip for the shear condition.
The EOS used the Robin-Pension [79], which is salided for the thermophysical
properties of liquid densities [47], and €@¥8]. The CQ fluid is treated as
homogenous gas phase while the mixture is consldergpecies model in Fluent
and equivalent phase with mixture fluid [47]. Tlesults of the fluid simulation are
shown in Fig. 4.14. The FSI simulation was firstfpamed for fluid analysis with

CQ; flow and the fluid information was used for stwretl analysis [81].
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Fig. 4.14. Result of C&Xlow by Fluent.
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4.4 Crack analysis of Gipeline using FSI

The CQ pipeline was considered with understanding thebiel depending on the
crack depths using MpCCI, which facilitated coopierabetween ABAQUS and
Fluent. The comparison of the results for the Ffallygsis are shown in Fig. 4.14 at
constant 8 MPa of internal pressure. The highessstregion was the same in the
FSI and the structure results. The fracture thepplied the equivalent maximum
principle stress as the XFEM results. The critinggrnal pressure when using FSI
to understand the GOflow and structure effect is described in Tabl@. 4A
comparison of Table 4.2 of structure results FSults shows effect of critical
internal pressure is noticeable when the flow issodered. The FSI analysis result
shows that the critical internal pressure valuereleses as compared with the
structural analysis [82]. Therefore, it is foundttkthe influence of the cracks in the
fluid is large, which can be distinguished from thsults of structure and FSl in the

same internal pressure condition as shown in Fi.4and 4.15.
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S, Max. Principal

(Avg: 75%)
+1.959e+02
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S, Max. Principal
(Avg: 75%)
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-4.629e+01

(©)

Fig. 4.15. The results of FSI with maximum prineig@tress analysis at constant

internal pressure of 8 MPa at (a) 10 %, (b) 30 A6, @) 50 % crack depths of pipe

thickness.

This is the results of FSI with successive twoisestof girth weld. In the case of

assessment of CG@ipeline for requirement toughness, FSI was canmsitiby serial

coupling method uses for Gauss-Seidel Algorithmclwhone code runs the other

code waits for simulation between structure anddflihe structure and fluid

analysis are simultaneously considered in ordeistothe FSI method for analysis

of crack propagation with GQipeline. The FSI simulation was first performed f
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fluid analysis with CQflow and the fluid information was used for stuwet analysis

[81].

The results for the FSI analysis are shown in &ig6. Fig. 4.16 (a) confirmed that
the crack propagation went completely through tinekhess of C@pipeline via the
STATUSXFEM mode. Fig. 4.16 (b) and (c) analyzed @@, pipeline fracture
before and after cracks, reflectively, by the maxamprinciple stress according to
the time step in ABAQUS. As a result, the intenrassure for crack propagation of

CO, pipelines was analyzed with at 13.99 MPa.

In the case of the fluid analysis, the highestsues was generated at the inlet due
to inlet and outlet boundary conditions. This reseds analyzed at a pressure 0.02
MPa different from the structural analysis res[88]. The crack propagation could

be predicted through FSI analysis.
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(a) Crack propagation results of 2 sections witthgivelds in part of FSI.
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Fig. 4.16. Results of crack propagation with FSlgsis of API1 X70 pipe.
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5. Further study

Verification of West Jefferson Tests

The CQ pipeline with buried depths was experiment by dlai grid. The pipeline

of tests was used API X65 which is equal to Gradé0.with varied types of
composition of C@and NQ. The dimeter of pipe was 914mm, and thickness was
25.4 mm. Test 1 was concerned with 100 % @@h 1.0 m buried depth. The test
02 and 03 was 95 % G@nd 5 % NQwith 1.0 m, and was 95 % G@nd 5 % NQ@

with 1.0 m.

The explosive charger was set to middle ot @{Peline with 0.7 m for Test 01, 3.0
m for Test 02, and 1.8 m for Test 03. The explosithiarger assumed through
thickness of pipeline for crack propagation. TheNCist conducted xx tester with
full size of CVN specimen with upper shelf. The C€Nergy was 225 Joule for Test

01, 205 Joule for Test 02, and 217 Joule for Tést O

The result was successful for burst tests and eedjaippropriated shapes of burst
with CO; pipeline. The tests 01 and 02 of burst resultewieig off and Test 03 was

propagated.
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The sequence of verification was described in T&dldoy FSI method in this paper.
For the conducting of FSI verification, the anatysi crack propagation in structure

part consider simulating at the first in order ¢g@ire the appropriate verification.

The structure part of analysis of crack propagatias used ABAQUS 6.12 and 1/2
scale considered in order to apply boundary and ¢oadition. The element of GO
pipeline used C3D8R (element). The density of jmgel7.85 x 10 kg/m2 and
gravity was used. The fracture energy was convadedse the below equations in

decried with BS 7910 [64] equation J.6.

0.256

E(o.53q,fjfs)(o.2°'133°“us j
K 0= ASEEN
JO.2 10041 _ V2)

Kjoz2: MPa/m

Cv : Charpy upper shelf energy (J)

E : Young's Modulus (MPa)

v : Poisson’s Ratio
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In order to apply the fracture energy of CVN, thmét meeds to covert to ABAQUS
based on the equation of energy released rateiequahis equation established

with elastic crack-tip solution and the energy tiyawith relationship between K

and G [40].
G= K_|2
=

K, : Stress intensity factor
G : Elastic energy release rate

E’: E for plane stress conditions

Table 5.1. The fracture energy conversion basetit®@CVN energy by West

Jefferson Test of C{pipeline.

CVN SIF G
(@) (MPa/m) (MPA.mm)
201 216 225
184 206 205
194 212 217
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Using the sequence of simulation for verificatidM@st Jefferson tests is described

in Table 5.2.

Table. 5.2 The process of simulation sequencegsifdiication method.

Sequences Simulation
1 Analysis of pipe (applied internal pressure)
2 Crack Propagation of pipe
3 Pipe+Gravity
4 Pipe+Gravity+Soil pressure
5 Pipe+Gravity+Soil pressure +Crack Propagation

The sequences of number 1 and 2 have to conductadresysis of crack propagation

before considering of buried depth effect as shimwfig. 5.1.

The soil pressure is calculated with this equatrpredict of actual soil load

experienced by a pipe [83].

Psp= (9.81)¢s)[H + 1.1 x 104(OD)]

Psp . Geostatic load, MPa

H : Burial depth to top of pipe, m

vs : Soil density, kg/M(Sand, dry : 1550 kg/h

OD : Outside diameter of pipe, m
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X,y displacement

(a) Modeling of crack propagation (b) Detail of crack position

Fig. 5.1. The model of verification with West Jefferson tests.

New consideration of crack propagation for Test 03 has been proposed in this study.
The pressure decay from initial pressure (14.9 MPa) to end of test (8.2 MPa) has set
up for verification. The difference CVN energy applied with 5.955+5.4m (1/2 scale
model) ((total length: 22.71m (5.955+10.80+5.955)). The wet sand density was

applied with value of 1905 kg/m® as shown in Fig. 5.2.

West 54m
193 CVN

'1" 5.955m

« Different CVN energy applied e Soil load ; upper side

Fig. 5.2. The applied value of CVN and soil effect of West Jefferson tests.
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Crack propagation verification of test 03 conducted as shown in Fig. 5.3. The

simulation was fully crack propagation. The end of tip internal pressure acquired

with 13.89736 MPa. As the results expectation of crack propagation, the internal

pressure was not dropped at 8.2 MPa. The simulation has to extend the time step

with 50 m/s. Besides, the increment of internal pressure was 4.73671 MPa.

STATUSXFEM

(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

S, Max. Principal

(Avg: 75%)
+3.814e+03
+3.494e+03
+3.174e+03
+2.855e+03
+2.535e+03
+2.216e+03
+1.896e+03
+1.576e+03
+1.257e+03
+9.370e+02
+6.173e+02
+2.977e+02
-2.195e+01

Fig. 5.3. The results of crack propagation verification of West Jefferson Test.

The length of crack initiation is equal to direction of crack propagation with 1.3 m

length for crack deviation as shown in Fig. 5.4. The simulation was running and did

not increase the time step. It seems the crack deviation is delicate to the mesh

condition. The results of Fig. 5.4 (a) was applied with 35 seeds in hoop direction,
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170 seeds in longitudinal direction. Otherwise Fig. 5.4 (b) was 43, and 170 seed.

Need to study of verification with mesh density study.

STATUSXFEM
(Avg: 75%)

+8.333e-02
+0.000e+0i

* 35 hoop, 170 length * *43 hoop, 170 length

Fig. 5.4. The result of crack deviation with West Jefferson Tests.
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6. Summary

The ductile fracture analysis is important to prévieom the catastrophic fracture.
In order to assess the ductile fracture, the assdsof BTCM is predicted whether
crack is propagated or not. However, this methosl besed on the low strength and
toughness of NG pipeline lower than API X65 wittDlbule of fracture energy.
This method has limitation of using GQ@ipeline and high strength, toughness.
When NG is dropped pressure, the single phase dwsred with low speed. The
two phase of C®flow behaved the plateau curve which it causes@li@nsition

with dropped the pressure of pipeline.

In order to develop the crack propagation of.@ipeline, the FSI simulation has
conduct to combine structure and fluid behaviore Tifferent crack size ratio
considered for acquired critical internal presswith failure theory of maximum
principle stress. The study of crack propagatiarogaized with girth weld effect
based on confirmation of experiment and simulatitiich is results of CTOD with
load and displacement curve. The FSI results tetalee lower than structure results

because it may affect high pressure with startédlé of fluid analysis.

The verification of method with crack size ratiodacrack propagation with two
successive section of girth weld may influence tast of construction if the
simulation is preceded with Front End Engineeriregsign (FEED). According to

the results of FSI, the length of pipeline or diffiet CVN energy with each section
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of pipeline would have extended for actual FEEDt@ysin order to assess the
appropriate required toughness of (iipeline. The soil effect of pipeline could be

expected to apply above the pipeline to simulagectiack propagation.
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