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Chapter 1

Introduction

Recently, the demand for natural gas has been increasing rapidly around
the world. There are two major methods for natural gas transportation:
pipelines and liquefied natural gas carrier. Pipelines are usually chosen
when transportation distance is shorter than several thousand kilometers.
Especially, offshore pipelines might give us a good solution due to advan-
tages as follows:

• offshore pipelines build a shortest connection between countries across
the deep sea.

• procuring of site for laying offshore pipelines is usually easier than
that for laying onshore pipeline, though negotiation with fishery is
necessary.

• laying cost for offshore pipelines is lower than that for onshore pipelines
especially in Japan.

However, a method for the safety design against fractures in offshore
pipelines still has a number of uncertain aspects. In the present study,
the author developed a numerical model for unstable ductile fracture in
offshore pipelines, which is one of major fracture types in pipelines, and
also conducted small-scale pipe rupture tests to validate the model.

In this chapter, background and objectives of the present study are de-
scribed. Also, previous studies for unstable ductile fracture in pipelines are
presented to clarify the motivation of the present study.

1
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1.1 Background

1.1.1 Growing supply of natural gas

World energy consumption has been growing rapidly with economic growth
of developing countries in Asia and Africa, see Fig. 1.1[1]. Especially, pro-
duction of the natural gas is increasing notably due to its rich deposit, low
carbon dioxide emission, high heat efficiency, see Fig. 1.2[1]. In addition,
production of non-conventional natural gas such as shale gas and methane
hydrate is expanding[2]. Therefore, natural gas production is expected to
keep increasing in the future.

In Japan, the use of natural gas which was imported from overseas
started instead of the use of naphtha since about 1967, and the use of nat-
ural gas in major cities started after a few years. Since then, the supply of
natural gas has been increasing continuously, and natural gas is now one
of key energy resources, see Fig. 1.3. Especially, the supply of natural
gas is expected to be accelerated as a substitution for nuclear energy after
Fukushima nuclear accident in 2011.

For the use of natural gas, methods for transporting it from production
area to consumption area are necessary. There are two major methods for
the transportation: pipelines and liquefied natural gas carrier. The more
economical method depending on transportation distance is chosen. Provi-
sional calculation suggests that when Japan imports natural gas from East
Asia and Southeast Asia, transportation by pipelines should be more eco-
nomical way if transportation distance is shorter than about 4,300km, see
Fig. 1.4[3, 4]. Because Japan is surrounded by the sea, transportation by
offshore pipelines might be best way.

1.1.2 Offshore pipelines for CCS

CCS(Carbon Capture & Storage) is now regarded as one of the most ef-
fective way to reduce carbon dioxide emissions, where waste carbon diox-
ide is captured in power plants, and transported into storage site, then de-
posited there. Recently, the use of CCS has been expanding around the
world[6, 7]. Pipelines play an important role in transporting waste carbon
dioxide into storage site. Especially, offshore pipelines are necessary when
storage site is located under the seabed, see Fig. 1.5.
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Fig. 1.1 World total primary energy supply from 1971 to 2012[1]

Fig. 1.2 Natural gas production from 1971 to 2013 by region[1]
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Fig. 1.3 Total energy demand in Japan from 1965 to 2012 by fuel(edited from [5])
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If pipelines transporting natural gas from production area to consump-
tion area are regarded as arteries of energy, pipelines for CCS is regarded as
veins of energy. Pipelines which have roles of arteries and veins of energy
are crucially important in energy industry.

Fig. 1.5 Schematic showing elements of CCS infrastructure[8]

1.1.3 Situation of offshore pipelines

The history of natural gas pipelines and the situation of offshore pipelines
in Japan and overseas are briefly introduced below[9, 10, 11].

1.1.3.1 Offshore pipelines in America and Europe

Laying onshore pipelines in America in the 1920s, an onshore pipeline
with the length of 1,600km linking Texas to Chicago was constructed in
1931. In Europe, construction of small-scale onshore pipelines started in
the early 1940s, and an onshore pipeline with the lengths of 788km was
laid in Russia. In the 1960s, construction of a widespread pipeline grid
for transporting natural gas in Groningen gas field into European countries
started. Since then, pipelines has been not only a key of energy policy but
also a key of diplomacy in America and Europe. Now, there is a dense and
widespread pipeline grid in Europe, see Fig. 1.6.
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On the other hand, construction of large-scale offshore pipelines started
when development of the North Sea gas field started. Although North Sea
gas field was found in the 1970s, laying offshore pipelines was acceler-
ated in the 1990s due to the need of high technologies regarding both of
production and transportation. Since then, many offshore pipelines linking
Africa, Russia and West Asia to European countries has been constructed.

The longest offshore pipeline is Nord Stream with the lengths of
1,222km, linking Russia to Germany through the Baltic sea, see Fig. 1.7.
Construction started 5 years after the agreement between Russia and Ger-
many, then was successfully completed in 2012. On the other hand, con-
structions of offshore pipelines laid with water depths exceeding 1,000km
have been expanding recently. Medgaz is offshore pipelines with maxi-
mum water depths of 2,160m, linking Algeria to Spain, and is now under
operation. South stream is planned offshore pipelines linking Russia to
Bulgaria through the Black Sea, and the maximum water depths is sup-
posed to be 2,250km.

Fig. 1.8 shows 197 offshore pipeline projects from 1966 to 2012 includ-
ing projects under construction as length versus depth graph, which were
laid by Saipem’s pipelaying vessels[11]. Solid marks represent the projects
of more than 25 inches pipeline, and open marks are for the projects of less
than 25 inches pipeline diameter. Circle marks represent the projects com-
pleted after 1995, and triangular marks for the projects completed before
1995. It is clearly seen that almost offshore pipelines in the deep water
depth of greater than 1,000m were constructed using less than 25inch di-
ameter pipes after 1995.

Pipelines are laid using pipelaying vessels, see Fig. 1.9[12]. Pipes are
welded, coated and examined on the pipelaying vessel, then installed into
the sea as the vessel moves forward. There are two major installation meth-
ods: conventional S-lay method and newer J-lay method, see Fig. 1.10[11].
J-lay method reduces the stress imposed on the pipelines, and is a better
choice for the installation in deep waters, in excess of 2,000m.

1.1.3.2 Offshore pipelines in Japan

In Japan, the construction of a pipeline transporting natural gas of a gas
field in Niigata Prefecture to the prefecture started in the 1960s. Since
then, a large-scale pipeline with the lengths of 330km, which is referred
to as Tokyo pipeline, was laid, linking Niigata Prefecture to Tokyo. In
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Fig. 1.6 Pipeline grids in Europe[13]

Fig. 1.7 The route of the Nord Stream[14]
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Fig. 1.8 Offshore pipeline projects from 1966 to 2012 including projects under construc-
tion, showing depth and length of each project(edited from [11])

Fig. 1.9 Pipelay vessel Castoro Sei[12]
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Fig. 1.10 Pipe installation methods: S-lay and J-lay[11]

the 1980s, small-scale pipeline grids within prefectures were constructed
around LNG receiving terminals. The Tohoku natural gas pipeline with the
lengths of 261km, linking the LNG receiving terminal in Niigata Prefec-
ture to Sendai Prefecture, was completed in 1996.

On the other hand, there is no large-scale offshore pipeline in Japan.
In the early 2000s, Sakhalin pipeline project, which transports natural gas
in Sakhalin, Russia to Japanese major cities such as Tokyo by offshore
pipelines, was under review, see Fig. 1.11[15]. However, the project failed
not only because there is no standard for offshore pipeline design but also
because power and gas industry stick to the transportation by liquefied nat-
ural gas carriers. Also, the offshore pipeline project, linking the LNG ter-
minal in Niigata Prefecture to Iwaki City, Fukushima Prefecture via Sendai
Prefecture, failed in 2008 due to increasing price of steels although some
demonstration experiments were conducted to propose design standard.

However, the needs for large-scale offshore pipelines are now being re-
viewed because drastic increase of the demand of natural gas is anticipated
as a substitution for nuclear power after the Fukushima nuclear accident
in 2011. In 2013, Tokyo Gas officially announced the construction of an
offshore pipeline linking Hitachi to Kashima in Ibaraki Prefecture, which
is expected to be completed by 2015.

1.1.4 Fracture in pipelines

1.1.4.1 Fracture types

There are generally four types of fractures in pipelines. Characteristics of
each type are briefly described below.
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Fig. 1.11 Sakhalin project in Japan[15]
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• Unstable ductile fracture
The present study focuses on this fracture type. A crack propagates
with the velocity of less than 400m/s, and generates large plastic de-
formation ahead of a crack tip. If a crack velocity is equal to gas
decompression velocity, a crack becomes unstable and might result in
crucial accidents. The safety design for the fracture is usually deter-
mined by Charpy absorbed energy.

• Brittle fracture
A crack is initiated at lower temperature, and propagates with the
velocity of about 400 to 1,000m/s. Small plastic deformation is ex-
hibited ahead of a crack tip. The safety design for the fracture is de-
termined by shear area fraction in the drop weight tear tests or Charpy
impact tests.

• Fatigue fracture
A fatigue crack is initiated and grows by fluctuating internal pressure
of a pipe. A fatigue crack with a particular length might lead occur-
rences of unstable ductile crack and brittle crack. For preventing this
fracture, avoiding pressure fluctuation is crucially important.

• Stress corrosion cracking
A crack, which is subjected to tensile stress in a corrosive environ-
ment, grows unexpectedly. The crack might lead occurrences of un-
stable ductile crack and brittle crack. Pipe coating and cathodic pro-
tection are one of the methods for preventing stress corrosion crack-
ing.

1.1.4.2 Unstable ductile fracture

The present study focuses on the unstable ductile fracture. The unstable
ductile crack propagation occurs at higher temperature at which almost
existing pipelines are now operated, and its velocity is usually smaller than
400 m/s which is comparable to gas decompression velocity. The crack is
described as a competition between crack velocity and gas decompression
velocity; if the two velocities are the same, constant pressure at a crack
tip is kept as shown in Fig. 1.12, which leads pipeline fracture by unstable
crack propagation, see Fig. 1.13. Therefore, investigations on the unstable
crack propagation in pipelines have been conducted focusing on the two
velocities. Previous studies are introduced in the next section.
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Fig. 1.12 Mechanism of unstable ductile crack propagation

Fig. 1.13 Photo of unstable ductile crack propagation[16]
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1.2 Previous studies on unstable ductile fracture

Previous studies regarding unstable ductile crack propagation/arrest are
briefly explained below.

1.2.1 Methods for evaluating unstable ductile crack propagation

1.2.1.1 Battelle Two-Curve method

It had been a mystery why ductile crack propagates long unsteadily al-
though crack velocity is smaller than decompression velocity at initial
pressure. In 1960s and 1970s, Battelle Memorial Institute conducted a
series of full-scale burst tests on natural gas pipe and proposed the Bat-
telle Two-Curve (BTC) method that has been most widely used in pipeline
industry[17]. In the method, crack resistance curve, which is regarded as
fracture velocity curve dependent on pressure at a crack tip, and gas de-
compression curve, which is regarded as decompression velocity curve
dependent on pressure, are compared: unstable ductile crack is judged
to occur if the two curves have intersections, if not, the crack is judged
to decelerate rapidly and be arrested, see Fig. 1.14. The two curves are
considered independently, which means that the interaction between crack
propagation and gas decompression is neglected. Moreover, the equation
for crack resistance curve was determined empirically based on the ex-
perimental data of the full-scale burst tests. Meanwhile, Mimura pointed
out that because both decompression velocity and crack velocity decrease
with decreasing pressure at a crack tip, comparison between both velocities
leads to the evaluation for unstable ductile crack propagation/arrest[18].

1.2.1.2 HLP method

In Japan, HLP committee which consists of Japanese major steel compa-
nies started to investigate unstable ductile fracture since 1978 and con-
ducted a series of full-scale burst tests on controlled rolled X70 pipe[19,
20, 21]. Meanwhile, HLP committee proposed the HLP method that is
based on the BTC method and improved by incremental formulation which
enables calculation for the history of crack length and velocity[22]. In the
HLP method, the empirical equation for crack resistance curve was some-
what modified from that of BTC method based on the data of the full-scale
burst tests on X70 pipes. Makino et al. proposed a modified HLP method
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Fig. 1.14 Battelle two-curve method

by changing parameters of the equation of crack resistance curve in order
to extend applicability of the method to higher grade pipe, X100[23, 24].

1.2.1.3 Finite element based model and other models

The BTC method and the HLP method have the same problem that the in-
teraction between crack propagation and gas decompression is neglected
and the empirical equation for crack resistance curve is determined based
on limited data of full-scale burst tests. To overcome these disadvantages,
some physically-based model was proposed. Emery et al. proposed the
numerical model with the assumption that a pipe is an assembly of rings
and crack propagation is regarded as cutting of the rings[25]. O’Donoghue
et.al. first proposed a finite element based model where gas flow, pipe de-
formation and crack propagation are coupled and the judgement for crack
propagation/arrest is done by crack tip opening angle (CTOA)[26]. In
Japan, Yoshimura et al. developed one-way coupled 3D finite element
simulation model, where the interaction among pipe deformation and gas
decompression is not considered[27]. Although some full finite element
based models were proposed[28, 29], they inevitably consume long CPU
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time and require arbitrary parameters, e.g. critical CTOA.
Therefore, numerical models that are not based on 3D finite element

model have been proposed. One of these is 1D finite difference based
model developed by Misawa et al. , where the interaction between pipe de-
formation, gas decompression and crack propagation is incorporated[30].
The model is called the UT model. Pipe deformation is described by using
a single shape parameter based on the Freund model[31], and gas flow is
assumed to be one-dimensional flow where gas leakage from crack open-
ing is considered. Crack propagation criterion is based on dynamic en-
ergy balance considering accumulated plastic strain energy, kinetic energy
of pipe wall movement, work done by gas on pipe wall and resistance
for crack propagation dependent on crack velocity. Because the model is
achieved by simple formulation and solved by finite difference method, it
consumes shorter CPU time as compared to 3D FE based models.

The UT model incorporates the soil backfill effect as an added mass
effect. The author reformulated the soil backfill effect together with some
improvements on gas decompression and pipe deformation modeling, then
applied to the full-scale natural gas pipeline burst tests[32]. Figure 1.15
shows an example of the calculated results with experimental results shown
by blue arrows, where there are generally good agreements between the
calculated and experimental results for the cases with and without soil
backfill. Figure 1.16 shows the dependence of soil backfill depth on unsta-
ble crack propagation; increasing soil backfill depth makes a crack more
likely to be arrested.

1.2.2 Methods for offshore pipelines

There is no established method for unstable ductile fracture in offshore
pipelines. W. A. Maxey surveyed offshore pipeline burst tests conducted
ever, and proposed the modified crack resistance curve in BTC method for
offshore pipelines[33], see Fig. 1.17 and Fig. 1.18. However, the applica-
bility of the modified curve is definitely limited because there were only
four full-scale offshore pipeline burst tests, which is not enough to propose
an empirical method. Also, Inoue incorporated dynamic external pressure
changes, which is generated by rapid bubble growth at pipe burst under-
water, into the HLP method, and calculated unstable crack propagation in
offshore pipelines[34]. However, dynamic pressure changes was formu-
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Fig. 1.15 An example calculated result for the full-scale natural gas pipeline burst tests
with and without soil backfill[32]

Fig. 1.16 The effect of soil backfill depth on unstable ductile crack propagation[32]
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lated based on the limited data of full-scale offshore pipeline burst tests.
In addition, there is no FE based or other model, where coupling phe-

nomenon among gas decompression, bubble growth, pipe deformation and
crack propagation are incorporated. Therefore, coupled numerical model
without empirical parameters is necessary for the safety design against un-
stable ductile crack propagation in offshore pipelines.

The author developed simplified bubble growth model in master’s thesis[35],
where a crack propagation is not considered and the bubble is assumed to
be sphere. The author clarified that gas decompression delays due to the
bubble generation/growth underwater as compared with gas decompres-
sion in onshore pipelines.

Fig. 1.17 Ductile fracture correlations between air, sand and water backfill[33]
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Fig. 1.18 Dependence of kinds of backfill on crack resistance curve in BTC

1.2.3 Existing full-scale offshore pipeline burst tests

There are only four published full-scale offshore pipeline burst tests con-
ducted by C.S.M and Battelle Memorial Institute in the late 1980s[33, 36],
see Fig. 1.19. The reasons for few number of the tests are that testing cost
is so high and high-tech equipments are required. Although the data ob-
tained from the tests are valuable, the amount of the data is not enough to
discuss the effects of parameters such as water depth, pipe geometry and
kinds of gas on unstable ductile fracture behavior. For example, the test
performed by C.S.M was conducted in water depth of 30m, which is far
shallower than water depth of several thousand meters where existing off-
shore pipelines are now in operation.

Due to the difficulties of full-scale offshore pipeline burst tests, there
is no doubt that the development of a numerical model which is able to
discuss parameters such as water depth is strongly necessary.
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Fig. 1.19 A photo of full-scale offshore pipeline burst test[36]
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1.3 Objectives of the present study

In the present study, the author developed a numerical model, which is
called ”UT offshore model” hereafter, to predict unstable ductile crack
propagation/arrest in offshore pipelines. As the name suggests, the UT
offshore model is based on the UT model, and improved so that it can be
applied to offshore pipelines. The features of the model are as follows:

• water effects such as delayed gas decompression by bubble genera-
tion/growth and constrained pipe deformation by surrounding water
are incorporated in the model.

• pipe deformation, gas decompression and bubble growth are formu-
lated based on one-dimensional partial differential equations which
are solved by finite difference method.

• the interaction among pipe deformation, gas decompression, bubble
growth and crack propagation is considered.

• the model has a potential as an engineering tool for offshore pipeline
design due to its low CPU cost as compared with three-dimensional
finite element based models.

The author also conducted underwater rupture tests especially to val-
idate the bubble growth model in the UT offshore model by observing
bubble growth behavior using high-speed camera. In addition, the model
is applied to the published full-scale offshore pipeline burst test. Also,
parametric studies were conducted using the UT offshore model to clarify
the effects of the parameters such as water depth and pipe geometry on the
behavior of unstable ductile fracture in offshore pipelines,

1.4 Structure of the thesis

The present thesis consists of seven chapters.
· Chapter 2 introduces basic theories related to the present study.
· Chapter 3 describes the detail of the UT offshore model.
· Chapter 4 explains underwater rupture tests and presents calculation re-
sults for the validation of bubble growth model.
· Chapter 5 presents calculation results for the full-scale offshore pipeline



1.4. STRUCTURE OF THE THESIS 21

burst tests.
· Chapter 6 introduces results of parametric studies and discusses the ef-
fects of water depth, pipe geometry and mechanical properties on the be-
havior of unstable ductile crack in offshore pipelines.
· Chapter 7 describes the conclusions and future works of the present study.





Chapter 2

Basic theories

The present chapter introduces basic theories related to the present study.

2.1 Compressible fluid mechanics

The theories of compressible fluid mechanics is presented below[37][38][39].

2.1.1 State equation

If pressurep, densityρ and temperatureT are given, the state equation for
the ideal gas is as follows;

p = ρRT (2.1)

where,R is specific gas constant which is referred to as a value of gas
constant divided by molecular weight of a gas.

2.1.2 Mass conservation in one-dimensional flow

Suppose for one-dimensional compressible gas flow inside a pipe with
cross sectional areaA, pressurep, densityρ and flow rateu, where vis-
cosity is neglected, see Fig. 2.1. Mass conservation inside a cross sectional
volume with thickness ofδx during infinitesimal timeδt leads to the fol-
lowing equation;

(ρuA)δt =
∂(ρAδx)

∂t
δt+

[
ρuA+

∂(ρuA)

∂x

]
δt

...
∂(ρA)

∂t
+
∂(ρuA)

∂x
= 0 (2.2)

23
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This equation is the equation for mass conservation.

2.1.3 Momentum conservation in one-dimensional flow

Suppose for one-dimensional compressible gas flow inside a pipe with
cross sectional areaA, pressurep, densityρ and flow rateu as well as mass
conservation, see Fig. 2.2. By considering impulse by pressure and mo-
mentum of fluid, momentum conservation inside a cross sectional volume
with thickness ofδx during infinitesimal timeδt leads to the following
equation;

∂(ρuAδx)

∂t
δt = pAδt+

(
p+

∂p

∂x

δx

2

)
∂A

∂x
δtδx−

[
pAδt+

∂(pAδt)

∂x
δx

]
+ρu2Aδt−

[
ρu2Aδt+

∂(ρu2Aδt)

∂x
δx

]
...

∂(ρuA)

∂t
+
∂(ρu2A)

∂x
= −A∂p

∂x
(2.3)

This equation is the equation for momentum conservation.

Fig. 2.1 Mass conservation in one-dimensional compressible gas flow

2.1.4 Energy conservation law(isentropic process)

If adiabatic and reversible change of gas is assumed, entropy inside the sys-
tem is kept constant. For the ideal gas, the relationship between pressurep
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Fig. 2.2 Momentum conservation in one-dimensional compressible gas flow

and densityρ under adiabatic change is given by

pρ−γ = const (2.4)

whereγ is specific heat ratio. Eq. (2.4) can be rewritten using the state
equation of (2.1);

pT− γ
γ−1 = const (2.5)

Use of Eq. (2.4) and Eq. (2.5) leads to the relationship under isentropic
change as follows;

ρ = ρ0

(
p

p0

) 1
γ

(2.6)

T = T0

(
p

p0

)γ−1
γ

(2.7)

wherep0 andρ0 is pressure and density at an initial condition, respectively.
If isentropic change is assumed, general relationships between pressure
p, densityρ and temperatureT are expressed as follows, irrespective of
whether the gas is ideal or not;

ρ = ρ(p) (2.8)

T = T (p) (2.9)
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2.1.5 Acoustic velocity

If cross sectional areaA is constant and changes in flow rateu is neglected
in one-dimensional flow, Eq. (2.2) and Eq. (2.3) can be rewritten as fol-
lows;

∂ρ

∂t
+
∂(ρu)

∂x
= 0 (2.10)

∂(ρu)

∂t
= −∂p

∂x
(2.11)

In addition, an assumption of isentropic change, where pressurep is a func-
tion of densityρ, leads to the following equation;

∂p

∂x
=
dp

dρ

∂ρ

∂x
(2.12)

Equation (2.10), Eq. (2.11) and Eq. (2.12) lead to the partial differential
equation in terms of densityρ as follows;

∂2ρ

∂t2
=
dp

dρ

∂2ρ

∂x2
(2.13)

This is the equation of wave motion. Because the velocity of density wave
represents the velocity of acoustic wave, the acoustic velocity is expressed
as;

a =

√
dp

dρ
(2.14)

2.1.6 Choked flow

Suppose for compressible gas inside a substantially large tank with pres-
surep0, flow rateu0 = 0, densityρ0 and temperatureT0, and the gas is
flowing out through a hole with cross sectional area ofA, see Fig. 2.3.

If cross sectional areaA is constant and the flow is steady, Bernouli’s
law leads to the following equation;

u2

2
+

∫
dp

ρ
= const (2.15)

By considering initial conditions, the above equation is rewritten as fol-
lows;

u2

2
+

∫ p

0

dp

ρ
=

∫ p0

0

dp

ρ
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Fig. 2.3 One-dimensional choked flow

... u =

√
2

∫ p0

p

dp

ρ
(2.16)

Mass flow rateṁ is expressed as;

ṁ = ρuA = ρA

√
2

∫ p0

p

dp

ρ
(2.17)

Moreover, if the ideal gas changes its state under isentropic change, sub-
stituting Eq. (2.1) and Eq. (2.8) into Eq. (2.17) leads to the following
equation;

ṁ = Aρ0

(
p

p0

) 1
γ

√
2

∫ p0

p

1

ρ0

(
p

p0

)− 1
γ

dp

= Aρ0

(
p

p0

) 1
γ

√√√√ 2γ

γ − 1

p0
ρ0

[
1−

(
p

p0

)γ−1
γ

]

=
p0A√
RT0

√√√√ 2γ

γ − 1

[(
p

p0

) 2
γ

−
(
p

p0

)γ+1
γ

]
(2.18)

When the following equation hold,̇m reaches the maximum value.

p

p0
=

(
2

γ + 1

) γ
γ−1

(2.19)
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The maximum value, where gas flow is said to be choked, is expressed as;

ṁmax =
p0A√
RT0

√
γ

(
2

γ + 1

)γ+1
γ−1

(2.20)

Because the maximum value of mass flow rate is proportional to cross
sectional areaA and determined by pressurep0 and temperatureT0 at the
initial condition, the maximum value of mass flow rate for the actual gas is
generally expressed as;

ṁmax = Aṁ(p0, T0) (2.21)

2.2 Bubble growth equation

Formulation of the bubble growth is explained in the present section[40].
Suppose for a spherical bubble surrounded by non-compressible liquid, see
Fig. 2.4.R(t) is bubble radius, and density and temperature substantially
far from the bubble arep∞(t) andT∞, respectively.T∞ is assumed to be
constant. In addition, it is assumed that densityρL and viscosity coefficient
µL of the liquid are constant, and pressurepB and temperatureTB inside
the bubble are uniform.

Fig. 2.4 A bubble in non-compressible liquid
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Pressurep(r, t), flow rateu(r, t) and temperatureT (r, t) in the liquid
are expressed as a function of distance from the bubble centerr and time
t. Mass conservation leads to the following equation;

u(r, t) =
F (t)

r2
(2.22)

If no mass transfer through the bubble surface is assumed,u(R, t) =
dR/dt holds. Therefore,F (t) is given by;

F (t) = R2dR

dt
(2.23)

Even if mass transfer by evaporation and condensation happens, Eq.
(2.23) gives good approximation. Suppose for a bubble with water vapor.
Growth rate of volume of water vapor, which is equal to growth rate of
volume of bubble, is expressed as4πR2dR/dt. Therefore, growth rate of
mass of water vapor is given byρV (TB)4πR2dR/dt, whereρV is saturated
density of water vapor. Because the growth rate of mass of water vapor is
equal to mass flow rate coming into the bubble through the surface, it is ex-
pressed asρV (TB)(dR/dt)/ρL. From the above discussion, the following
equation holds;

u(R, t) =
dR

dt
− ρV (TB)

ρL

dR

dt
=

[
1− ρV (TB)

ρL

]
dR

dt
(2.24)

F (t) =

[
1− ρV (TB)

ρL

]
R2dR

dt
(2.25)

In practical cases,ρV (TB) << ρL holds. Therefore, Eq. (2.23) is
proven to be good approximate equation. Eq. (2.23) is used in the dis-
cussion hereafter.

If Newtonian fluid is assumed, Navier-Stokes equation to the direction
of r is given by;

− 1

ρL

∂p

∂r
=
∂u

∂t
+ u

∂u

∂r
− νL

[
1

r2
∂

∂r
(r2

∂u

∂r
)− 2u

r2

]
(2.26)

Substitutingu = F (t)/r2 leads to the following equation;

− 1

ρL

∂p

∂r
=

1

r2
dF

dt
− 2F 2

r5
(2.27)

where, the viscosity term is neglected because the contribution of viscosity
is incorporated into the boundary condition explained below.
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Fig. 2.5 Bubble surface

Becausep → p∞ whenr → ∞, integrating Eq. (2.27) leads to the
following equation;

p− p∞
ρL

=
1

r

dF

dt
− 1

2

F 2

r4
(2.28)

Finally, supposed for an infinitesimally thin film containing the bubble
surface for derivation of the boundary condition, see Fig. 2.5. Net force
per unit area acting on the film is expressed as;

(σrr)r=R + pB − 2S

R
(2.29)

Becauseσrr = −p+2µL∂u/∂r holds, the net force per unit area is rewrit-
ten as;

pB − (p)r=R − 4νL
R

dR

dt
− 2S

R
(2.30)

If there is no mass transfer by evaporation and condensation through the
surface, the net force should be zero. Substituting(p)r=R of Eq. (2.30) into
Eq. (2.28) leads to the Rayleigh-Plesset equation as follows;

pB(t)− p∞(t)

ρL
= R

d2R

dt2
+

3

2

(
dR

dt

)2

+
4νL
R

dR

dt
+

2S

ρLR
(2.31)
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2.3 Relationship between displacements and strains of a
shell element in a thin cylinder under finite deforma-
tion

R0

θ

∆θ

∆x

A

B
D

C
A′

B′
C′

D′

∆θ′

Fig. 2.6 Deformation of thin cylindrical shell element

The relationship between displacements and strains, which are gener-
ated by pipe deformation, is described below[41]. Suppose for an infinites-
imal shell element deforms from ABCD to A′B′C′D′, see Fig. 2.6. Cylin-
drical coordinates of pointA, pointB, pointC and pointD are given by;

A (x, θ, R0, ) (2.32)

B (x+∆x, θ, R0) (2.33)

C(x+∆x, θ +∆θ, R0) (2.34)

D (x, θ +∆θ,R0) (2.35)

where,x, θ andr represent axial direction, circumferential direction and
radial direction, respectively. After the deformation, coordinates of each
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point is given by;

A′
(
x+ u, θ + v

R0
, R0 + w

)
(2.36)

B′
(
x+ u+

∂u

∂x
∆x, θ + v

R0
+ 1

R0

∂v

∂x
∆x,R0 + w +

∂w

∂x
∆x

)
(2.37)

C′
(
x+ u+

∂u

∂x
∆x+

∂u

∂θ
∆θ, θ + v

R0
+ 1

R0

∂v

∂x
∆x

+ 1
R0

∂v

∂θ
∆θ,R0 + w +

∂w

∂x
∆x+

∂w

∂θ
∆θ

)
(2.38)

D′
(
x+ u+

∂u

∂θ
∆θ, θ + v

R0
+ 1

R0

∂v

∂θ
∆θ,R0 + w +

∂w

∂θ
∆θ

)
(2.39)

where,u, v andw represent axial displacement, circumferential displace-
ment and radial displacement, respectively. In addition, higher order terms
than the second order term are neglected. Axial strain, circumferential
strain, engineering shear strain and change in circumferential curvature
are expressed as follows;

εx = lim
∆x→0

A′B′

AB
− 1 (2.40)

εθ = lim
∆θ→0

A′D′

AD
− 1 (2.41)

γxθ = lim
∆x→0

lim
∆θ→0

−−→
A′D′ · −→AD
R0∆x∆θ

(2.42)

κθ = lim
∆θ→0

[
∆θ′

A′D′ −
∆θ

AD

]
(2.43)

Geometric calculation leads to the following equation;

∆θ′ = ∆θ +
1

R0

∂v

∂θ
+

1

R0 + w

R0

R0 +
∂v

∂θ

∂w

∂θ
− 1

R0 + w +
∂w

∂θ
∆θ

R0

R0 +
∂v

∂θ
+
∂2v

∂θ2
∆θ

(2.44)

From the above discussions, the relationships between displacements
and strains of a shell element in thin cylinder under finite deformation are
given by;

εx =

√(
∂u

∂x
+ 1

)2

+

(
w

R0
+ 1

)2(
∂v

∂x

)2

+

(
∂w

∂x

)2

− 1 (2.45)



2.4. SUMMARY 33

εθ =

√(
w

R0
+ 1

)2(
1
R0

∂v

∂θ
+ 1

)2

+

(
1
R0

∂u

∂θ

)2

+

(
1
R0

∂w

∂θ

)2

− 1

(2.46)

γxθ =

(
w

R0
+ 1

)2
∂v

∂x

(
1

R0

∂v

∂θ
+ 1

)
+

1

R0

(
∂u

∂x
+ 1

)
∂u

∂θ
+

1

R0

∂w

∂x

∂w

∂θ

(2.47)

κθ =
1

R0

[(
1 +

1

R0

∂v

∂θ

)2(
1 +

w

R0

)2

+

(
1

R0

∂u

∂θ

)2

+

(
1

R0

∂w

∂θ

)2
]−1

2 {
1 +

∂v

∂θ

+
R0

[(
R0 +

∂v
∂θ

) (
∂w
∂θ

)2
+ (R0 + w) ∂w∂θ

∂2v
∂θ2 −

(
R0 +

∂v
∂θ

)
(R0 + w) ∂

2w
∂θ2

]
(R0 + w)2

(
R0 +

∂v
∂θ

)2
− 1

R0

(2.48)

Moreover, if ratios of displacements,u, v, w, to radiusR0 are assumed
to be infinitesimal, the relationships between displacements and strains un-
der infinitesimal deformation are given by;

εx =
∂u

∂x
(2.49)

εθ =
1

R0

∂v

∂θ
+
w

R0
(2.50)

γxθ =
1

R0

∂u

∂θ
+
∂v

∂x
(2.51)

κθ =
1

R0
2

(
∂v

∂x
− ∂2w

∂x∂θ

)
(2.52)

2.4 Summary

·Basic theories of compressible fluid mechanics and material mechanics
are described.
· Mass and momentum conservation equations in one-dimensional com-
pressible gas flow are derived.
· Choked flow which has limited maximum mass flow rate is explained.
· The Rayleigh-Plesset equation describing bubble growth is derived.
· The relationships between displacements and strains of a shell emelent in
a thin cylinder under finite deformation are derived.





Chapter 3

The UT offshore model description

The present chapter introduces the UT offshore model in detail. The UT
offshore model is the first model to describe unstable ductile fracture in
offshore pipelines where coupling phenomenon between gas decompres-
sion, bubble growth, pipe deformation and crack propagation. The model
is based on the UT model developed by Misawa et al.[30], and improved
by the author so that the model can be applied to offshore pipelines. The
model is developed by Mathematica which are well-known formula ma-
nipulation language.

3.1 Overview of the UT offshore model

Fig. 3.1 shows the fracture behavior in offshore pipelines. The features of
the fracture behavior as follows:

• Gas decompression delays due to the bubble formation/growth, as
compared with free gas decompression in onshore pipelines. Delayed
decompression keeps higher pressure at a crack tip, which makes a
crack more likely to propagate.

• Pipe deformation is constrained by surrounding water, which makes
a crack more likely to be arrested.

• Hydrostatic pressure also constrains pipe deformation, which makes
a crack more likely to be arrested.

• External dynamic pressure generated by bubble growth also constrains
pipe deformation, which makes a crack more likely to be arrested.

35
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The UT offshore model incorporates the features explained above other
than the effect of external dynamic pressure. The velocity of pressure wave
generated by bubble formation/growth, which is around 1,500m/s is far
faster than ductile crack velocity which is slower than 400m/s. Therefore,
the effect of external dynamic pressure on unstable ductile fracture is rea-
sonably neglected.

The UT offshore model consists of four sub models: gas decompression
model, bubble growth model, pipe deformation model and crack propaga-
tion model. Each model is described in detail below.

Fig. 3.1 Overview of the fracture behavior in offshore pipelines

3.2 Pipe deformation model

3.2.1 Governing equation

Pipe deformation modeling is based on the Freund model, where gov-
erning equation of pipe deformation is reduced to one-dimensional time-
dependent partial differential equation with regard to single parameter[31].

Displacement components are defined as shown in Fig. 3.2:v andw are
circumferential and radial displacements, and we assumed that axial dis-
placementu can be neglected. According to the finite deformation theory,
strain components are given by;
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εx =

√(
w

R0
+ 1

)2(
∂v

∂x

)2

+

(
∂w

∂x

)2

− 1 (3.1)

εθ =

√(
w

R0
+ 1

)2(
1

R0

∂v

∂θ
+ 1

)2

+

(
1

R0

∂w

∂θ

)2

− 1 (3.2)

γxθ =

(
w

R0
+ 1

)2
∂v

∂x

(
1

R0

∂v

∂θ
+ 1

)
+

1

R0

∂w

∂x

∂w

∂θ
(3.3)

Fig. 3.2 Coordinates and displacements of deformed pipe

whereR0 is pipe radius. From the experimental measurements[30],
circumferential strainεθ is so small that we assumed thatεθ = 0. Thus,
Eq. (3.2) can be rewritten as;

εθ =

√(
w

R0
+ 1

)2(
1

R0

∂v

∂θ
+ 1

)2

+

(
1

R0

∂w

∂θ

)2

− 1 = 0

∴
(
w

R0
+ 1

)2(
1

R0

∂v

∂θ
+ 1

)2

+

(
1

R0

∂w

∂θ

)2

= 1 (3.4)

A change in circumferential curvatureκθ is expressed as follows using
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Eq. (2.48) and Eq. (3.4);

κθ =
1

R0
2

∂v

∂θ
+

(
R0 +

∂v
∂θ

) (
∂w
∂θ

)2
+ (R0 + w) ∂w∂θ

∂2v
∂θ2 −

(
R0 +

∂v
∂θ

)
(R0 + w) ∂

2w
∂θ2

(R0 + w)2
(
R0 +

∂v
∂θ

)2
(3.5)

Equation (3.4) means that if eitherw or v is determined, the other one
is determined. According to the experimental measurements[30], radial
displacementw can be expressed as a function of shape parameterψ, see
Fig. 3.3;

w(ψ, θ) = 2R0ψ

(
1− cos

θ

2

)
(3.6)

Fig. 3.3 Shape parameterψ determining pipe deformation

Because circumferential displacementv can also be expressed as a func-
tion of ψ, strain components and a change in circumferential curvature in
Eq. (3.1), Eq. (3.3) and Eq. (3.5) are expressed by using shape parameter
ψ as follows;

εx = εx

(
ψ,
∂ψ

∂x
, θ

)
(3.7)

γxθ = γxθ

(
ψ,
∂ψ

∂x
, θ

)
(3.8)

κθ = κθ (ψ, θ) (3.9)

For the derivation of the governing equation, suppose for a thin-shell
element of a pipe where axial forceNx, shear forceQxθ and circumferential
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bending momentMθ are acting, see Fig. 3.4. Axial forceNx, shear force
Qxθ and circumferential bending momentMθ are expressed as;

Nx(ψ, ψ,x) =

∫ h/2

−h/2
σ (εx(ψ, ψ,x)) dz = hσ (εx(ψ, ψ,x)) (3.10)

Qxθ(ψ, ψ,x) =

∫ h/2

−h/2
τ (γxθ(ψ, ψ,x)) dz = hτ (γxθ(ψ, ψ,x)) (3.11)

Mθ(ψ) =

∫ h/2

−h/2
zσ (zκθ(ψ)) dz (3.12)

whereh is pipe wall thickness and distribution along the thickness direc-
tion of stress and strain are assumed as shown in Fig. 3.5. In addition, it is
assumed that axial forceNx, shear forceQxθ and circumferential bending
momentMθ are yielded separately.

In the present study, for considering non-linearity, the author assumed
that materials of interest follow the power hardening law;

σ(ε) =


Eε for |ε| < εYS

EσYS

(
ε

εYS

)n

for εYS ≤ ε

−EσYS

(
−ε
εYS

)n

for ε ≤ −εYS

(3.13)

τ(γ) =


Gγ for |γ| < γYS

GτYS

(
γ

γYS

)n

for γYS ≤ γ

−GτYS

(
−γ
γYS

)n

for γ ≤ −γYS

(3.14)

whereσ is tensile stress,τ is shear stress,G is shear modulus,σYS is
tensile yield stress,τYS is shear yield stress which is assumed to be equal
to 0.5σYS from the Tresca yield criterion,εYS is tensile yield strain andγYS

is shear yield strain. Tensile yield stressσYS is calculated by substituting
ε̇ = 102(/sec) into Eq. (3.15) which determine the tensile yield stress
depending on strain ratėε empirically[42].
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σYS = σYS0exp

[
(497.5− 68.90 ln σYS0)

(
1

T

28.32

18.42− ln ε̇
− 1

293

)]
(3.15)

whereσYS0(MPa) is tensile yield stress at the quasi-static condition and
T (K) is temperature.n is strain hardening exponent which is determined
from the empirical equation as follows[43];

n = −0.11097 +
169.63

σYS
− 19580

σYS
2

(3.16)

Fig. 3.4 Thin-shell element receiving forces and bending moment

Fig. 3.5 Distribution of stress and strain generated by bending moment in thickness direc-
tion
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Finally, the governing equation for pipe deformation is obtained using
the principle of virtual work. Internal workWint and external workWext in
a thin shell element of a pipe as shown Fig. 3.5 in are given by;

Wint =

∫∫
S

(Nxδεx +Qxθδγxθ +Mθδκθ) dS (3.17)

Wext =

∫∫
S

{
(p− pstatic)δw − ρpipeh

[(
∂2v

∂t2

)
δv +

(
∂2w

∂t2

)
δw

]}
dS

(3.18)

wherep is internal pressure,pstatic is hydrostatic pressure,ρpipe is density of
a pipe steel, andS covers whole mid-surface of a pipe. Note that increas-
ing water depth which increases hydrostatic pressure decreases the internal
work; the fact that increasing water depth constrains pipe deformation is
considered in the pipe deformation model. By using virtual displacement
δψ, increments of strain components and displacement components are
given by;

δεx =
∂εx
∂ψ

δψ +
∂εx
∂ψ,x

δψ,x (3.19)

δγxθ =
∂γxθ
∂ψ

δψ +
∂γxθ
∂ψ,x

δψ,x (3.20)

δκθ =
∂κθ
∂ψ

δψ (3.21)

δv =
∂v

∂ψ
δψ (3.22)

δw =
∂w

∂ψ
δψ (3.23)

whereψ,x ≡ ∂ψ

∂x
. Also, secondary partial derivatives of the displacement

components with respect to timet are given by;

∂2v

∂t2
=
∂v

∂ψ

∂2ψ

∂t2
+
∂2v

∂ψ2

(
∂ψ

∂t

)2

(3.24)

∂2w

∂t2
=
∂w

∂ψ

∂2ψ

∂t2
+
∂2w

∂ψ2

(
∂ψ

∂t

)2

(3.25)
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SettingWint = Wext leads to the following equation;

∫ L
0

∫ π
−π

{
Nx

∂εx
∂ψ

+Qxθ
∂γxθ
∂ψ

+Mθ
∂κθ
∂ψ

− ∂

∂x

(
Nx

∂εx
∂ψ,x

+Qxθ
∂γxθ
∂ψ,x

)
− (p− pstatic)

∂w

∂ψ

+ρpipeh

[(
∂v

∂ψ

)2

+

(
∂w

∂ψ

)2
]
∂2ψ

∂t2
+ ρpipeh

[
∂v

∂ψ

∂2v

∂ψ2
+
∂w

∂ψ

∂2w

∂ψ2

](
∂ψ

∂t

)2
}
δψdθdx = 0

(3.26)

whereL is pipe length. Because virtual displacementδψ is an arbitrary
function with respect tox, the following equation should hold;

F1 (ψ, ψ,x) + (p− pstatic) (x, t)F2 (ψ) +
∂

∂x
F3 (ψ, ψ,x) + F4 (ψ)

(
∂ψ

∂t

)2

+ F5 (ψ)
∂2ψ

∂t2
= 0

(3.27)

where,

F1 (ψ, ψ,x) =

∫ π

−π

(
Nx

∂εx
∂ψ

+Qxθ
∂γxθ
∂ψ

+Mθ
∂κθ
∂ψ

)
dθ (3.28)

F2 (ψ) =

∫ π

−π

∂w

∂ψ
dθ (3.29)

F3 (ψ, ψ,x, ψ,xx) = −
∫ π

−π

(
Nx

∂εx
∂ψ,x

+Qxθ
∂γxθ
∂ψ,x

)
dθ (3.30)

F4 (ψ) =

∫ π

−π
ρpipeh

(
∂v

∂ψ

∂2v

∂ψ2
+
∂w

∂ψ

∂2w

∂ψ2

)
dθ (3.31)

F5 (ψ) =

∫ π

−π
ρpipeh

[(
∂v

∂ψ

)2

+

(
∂w

∂ψ

)2
]
dθ (3.32)

Equation (3.27) is the governing equation for pipe deformation, which is
time dependent one-dimensional partial differential equation with respect
to axial directionx. After the discretization with respect tox andt, solving
Eq. (3.27) using finite difference method gives pipe deformation profile
along to axial direction at each time step.　Equation (3.28) to Eq. (3.32)
can be calculated preliminarily. Because these term need not be calculated
time step by time step, CPU cost is reduced.
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Initial conditions and boundary conditions are given by;

ψ(t = 0, x) =
∂ψ

∂t
(t = 0, x) = 0 (3.33)

ψ(t, x = xct) =
∂ψ

∂x
(t, x = 0) = 0 (3.34)

where,xct is the position of a crack tip. Equation (3.27) is solved between
x = 0 andxct. In the present study, a half of a pipe is calculated using
symmetry conditions. Therefore, the position ofx = 0 is located at the
center of a initial crack.

3.2.2 Water backfill effect

When a pipe is laid underwater, pipe deformation is constrained by the sur-
rounding water. In the present study, the water backfill effect is considered
as an added density by calculating kinetic energy of surrounding water that
is forced to move by pipe deformation. Formulation of the water backfill
effect is explained below.

Suppose for a pipe buried to the water depth ofhb, see Fig. 3.6. In order
to evaluate the water backfill effect, three assumptions with regard to the
water movement are considered as follows:

• the water is continuum with constant volume and density: non-compressible
fluid

• the water has velocity only in the radial direction

• shear force does not act in the water

From these assumptions, radial velocity of the water, which is locatedr
away from the pipe center, is given by;

ẇwater=
R0

r

∂w

∂r
(3.35)

Thus, the whole kinetic energy of the water ranging from the pipe surface
to the water surface is given by;
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2

∫ π−θopen(ψ)

0

∫ R0+hb

R0+w(ψ,θ)

1

2
ρwater

(
R0 + w(ψ, θ)

r

∂w

∂t

)2

rdrdθ (3.36)

where,ρwater is density of the water.θopen is the angle where a pipe is
opening, see Fig. 3.6. It is assumed that the water inside the angle ofθopen

is moved by the leaked gas.
On the other hand, if it is assumed that the water is condensed toward

the pipe surface and has the same thicknessh as a pipe wall, kinetic energy
of the condensed water is given by;

2

∫ π

0

∫ R0+h

R0

1

2
ρadd

(
∂w

∂t

)2

rdrdθ (3.37)

where,ρadd is added density of a pipe.
Setting Eq. (3.36) equal to Eq. (3.37) leads to the equation of added

density as a function of pipe radiusR0, pipe thicknessh, water depthhb,
density of the waterρwater and shape parameterψ;

ρadd= ρadd(R0, h, hb, ρwater, ψ) (3.38)

The dependence of added density on shape parameter and depth forρwater=
1, 000kg/m3,R0 = 12inches andh = 30mm is shown in Fig. 3.7.

In order to take into account the water backfill effect of the pipe defor-
mation model,F4(ψ) andF5(ψ) in Eq. (3.31) and Eq. (3.32) are modified
by adding the term of the added densityρaddwith regard to radial direction;

F 4 (ψ) =

∫ π

−π

[
ρpipeh

(
∂v

∂ψ

∂2v

∂ψ2
+
∂w

∂ψ

∂2w

∂ψ2

)
+ ρaddh

∂w

∂ψ

∂2w

∂ψ2

]
dθ

(3.39)

F 5 (ψ) =

∫ π

−π

{
ρpipeh

[(
∂v

∂ψ

)2

+

(
∂w

∂ψ

)2
]
+ ρaddh

(
∂w

∂ψ

)2
}
dθ

(3.40)
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Fig. 3.6 Water backfill around a pipe

Fig. 3.7 Dependence of shape parameter and water depth on added density,ρwater =
1, 000kg/m3,R0 = 12inch andh = 30mm
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3.3 Gas decompression model

3.3.1 Governing equations

In the present study, it is assumed that gas flow is one-dimensional and
thermodynamic behavior is based on isentropic change. In order to con-
sider the gas leak from the crack opening as shown in Fig. 3.8, the mass
conservation equation of Eq. (2.2) is modified as follows;

(ρuA)∆t =
∂ (ρA∆x)

∂t
∆t+

[
ρuA+

∂ (ρuA)

∂x
∆x

]
∆t+ ṁ∆t

∴ ∂ (ρA)

∂t
+
∂ (ρuA)

∂x
+ ṁ

∆x = 0 (3.41)

where,ṁ is mass flow rate which is going out from the crack opening to
the bubble. By using crack opening lengthϕ as shown in Fig. 3.9,̇m is
expressed as;

ṁ = ∆xϕṁ(p, T ) (3.42)

where,ṁ is mass flow rate per unit area of the crack opening.
Therefore, the mass conservation equation of a cracked pipe is given

by;

∂ (ρA)

∂t
+
∂ (ρuA)

∂x
+ ϕṁ(p, T ) = 0 (3.43)

To summarize, the governing equations of gas decompression in a cracked
pipe is as follows using Eq. (2.3), Eq. (2.8) and Eq. (2.9);

∂ (ρA)

∂t
+
∂ (ρuA)

∂x
+ ϕṁ(p, T ) = 0 (3.44)

∂ (ρuA)

∂t
+
∂
(
ρu2A

)
∂x

= −A∂p
∂x

(3.45)

ρ = ρ (p) (3.46)

T = T (p) (3.47)
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In the present study, cross sectional areaA of a pipe is assumed to be
constant, which is equal toπR2

0. Crack opening lengthϕ is calculated
from the pipe deformation model. Equation (3.46) and Eq. (3.47) are
obtained using commercial software such as GASDECOM and REFPROP;
GASDECOM predicts state change of natural gas well, on the other hand,
REFPROP is suitable especially for gas containing carbon dioxide[44, 45].

Equation (3.44) and Eq. (3.45) are time dependent one-dimensional
partial differential equations with respect to axial directionx. After dis-
cretization with respect tox andt, solving Eq. (3.44) and Eq. (3.45) using
finite difference method gives the distributions of pressure, density, gas
flow rate and temperature along to axial direction at each time step.

Initial conditions and boundary conditions are as follows;

p(t = 0, x) = p0 (3.48)

T (t = 0, x) = T0 (3.49)

u(t = 0, x) = 0 (3.50)

∂p

∂x
(t, x = 0) = 0 (3.51)

u(t, x = xL) = 0 (3.52)

where,p0, T0 andL are initial pressure, initial temperature and pipe length,
respectively.

3.3.2 Gas leak

3.3.2.1 Gas leak from pipe to bubble through crack opening

When a pipe is laid underwater, gas leak might be constrained by bubble
formation/growth, which leads to the delay of gas decompression. In order
to incorporate this phenomena, mass flow rate per unit area from the crack
opening to the bubblėm is formulated so that it depends on the pressure
inside the bubble. The formulation is described in detail below.

Gas leak from the crack opening to the bubble is modeled by the leak
from a substantially large tank to the exterior environment which is re-
garded as bubble interior in the present study, see Fig. 3.10.p0, p andpB
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Fig. 3.8 Mass conservation of fluid with leakage from a crack opening

Fig. 3.9 Crack opening length of deformed pipe
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is considered as pressure inside the pipe, leaking gas pressure and pressure
inside the bubble, respectively.

For the ideal gas, as Eq. (2.18) indicates, mass flow rate through the
cross sectional areaA is given by

ṁ =
p0A√
RT0

√
2γ

γ − 1
H(p/p0) (3.53)

where,

H(p/p0) =

[(
p

p0

) 2
γ

−
(
p

p0

)γ+1
γ

]
(3.54)

The functionH(p/p0) determines the value of mass flow rate. Fig. 3.11
shows the dependence ofH on the pressure ratiop/p0 for specific heat
ratioγ = 1.4. As Fig. 3.11 shows, the functionH(p/p0) has the maximum
value forp/p0 ∼= 0.528, when gas flow is said to be choked. The pressure
of choked leaking gas flow is referred to aspchokedhereafter, which is nearly
equal to0.528p0 for the ideal gas withγ of 1.4.

However, it is reasonably assumed that the leaking gas pressurep should
be greater than the pressure in the exterior environmentpB. Therefore, if
pB > pchoked, leaking gas pressurep cannot be choked pressurepchoked,
if not, leaking gas pressurep becomespchoked. In the present study, it is
assumed that leaking gas pressurep becomespB whenpB > pchoked, which
leads the maximum value of the functionH within the possible range of
leaking gas pressurep.

For the actual gas, the function ofH(p/p0) and the pressure of choked
leaking gas flowpchokedalso exist. Therefore, mass flow rate per unit area
ṁ is generally given by;

ṁ =


p0√
RT0

√
2γ

γ − 1
H(pB/p0) for pB > pchoked

p0√
RT0

√
2γ

γ − 1
H(pchoked/p0) for pB ≤ pchoked

(3.55)

To summarize, mass flow rate per unit areaṁ is expressed as a function
of pressure inside the bubble and the pipe whenpB > pchoked, which de-
creases with the increasing pressure inside the bubble. On the other hand,
mass flow rate per unit areȧm is determined only by the pressure inside
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the pipe whenpB ≤ pchokedbecausepchoked is determined by the pressure
inside the pipe. By incorporating the formulation of mass flow rate de-
pending on the pressure inside the bubble into the model, the delay of gas
decompression by bubble formation/growth is considered.

Fig. 3.12 shows a example of calculated mass flow rate depending on
the pressure inside the bubble for a standard rich natural gas. Note that in
the present study, density represented in the vertical axis is proportional to
pressure due to the isentropic assumption.

Fig. 3.10 Gas leakage from a pipe to a bubble

Fig. 3.11 Dependence of the ratio of leaking pressure to internal pressure on functionH
determining mass flow rate
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Fig. 3.12 Dependence of mass flow rate on bubble pressure and initial pressure

3.3.2.2 Gas leak in the axial direction from the full bore opening at the pipe center
to the bubble

Because a half of a pipe is calculated using symmetry conditions in the
present study, gas flow exists at the pipe center, which is referred to as
x = 0 in the calculation, as shown in Fig. 3.23 which shows an example
of calculated gas flow rate distribution using the present model. In order
to satisfy the mass balance within the pipe and the bubble, mass flow rate
of gas flow in the axial direction at the pipe center should be transformed
into the leak to the bubble. Otherwise, mass flow rate at the pipe center
just disappear.

In the present study, mass flow rate of gas flow in the axial direction
at the pipe center, which is referred to as axial mass flow rate hereafter, is
assumed to be transformed into added gas leak from the pipe to the bubble
through the crack opening. Transformed axial mass flow rate is distributed
linearly from the pipe centerx = 0 to x = 4R0, which corresponds to four
times pipe radius, so that added mass flow rate is equal to zero atx = 4R0.

The author confirmed that ways of transformation of axial mass flow
rate into added mass flow rate through the crack opening does not affect
calculated results strongly.
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3.4 Bubble growth model

Bubble growth has been studied over the years especially focusing on the
bubble growth in underwater explosions [46, 47, 48, 49]. However, there
are very few models of the bubble growth in offshore pipelines where ax-
ial crack propagates, of which is a finite based model developed by A.
Meleddu et al., where crack propagation is not considered[50]. In the
present study, bubble growth is reduced to the one-dimensional gas flow.
The detailed description is below.

3.4.1 Governing equations

In the present study, it is assumed that bubble is one-dimensional gas flow
with changing cross sectional area and thermodynamic behavior is based
on isentropic change. In order to consider the gas supply from the pipe to
the bubble through the crack opening as shown in Fig. 3.13, the mass con-
servation equation is different from Eq. (3.43) of the gas decompression
model in that the sign of the term regarding mass flow rateṁ is opposite;

∂ (ρBAB)

∂t
+
∂ (ρBuBAB)

∂x
− ϕṁ(p, T ) = 0 (3.56)

AB = πR2
B (3.57)

where,ρB, uB,AB andR are bubble density, gas flow rate inside the bubble,
cross sectional area of the bubble and bubble radius, respectively. Momen-
tum conservation equation has the form as Eq. (3.45);

∂ (ρBuBAB)

∂t
+
∂
(
ρBu

2
BAB

)
∂x

= −AB
∂pB

∂x
(3.58)

where,pB is bubble pressure.
Because cross section of the bubble is assumed to be circular and sur-

rounding water is assumed not to move to the axial direction, bubble growth
to the radial direction can be described by the cylindrical coordinates sys-
tem. Rayleigh-Plesset equation of Eq. (2.31) is extended into the cylindri-
cal coordinates system as follows;
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∂v

∂t
=

1

RLog(R∞/R)

[
pB − p∞
ρL

− Log(R∞/R) +
1

2
v2 − 4ν

R
− 2S

ρLR

]
(3.59)

∂R

∂t
= v (3.60)

where,v, p∞, ρL, ν andS are bubble growth rate to the radial direction,
hydrostatic pressure, density of the water, dynamic viscosity and surface
tension per unit length.R∞ is the infinite distance where the water is static,
which is assumed to be equal to the water depth in the present study.

Because the gas flow inside the bubble is assumed to be isentropic, bub-
ble densityρB and bubble temperatureTB are expressed as a function of
bubble pressurepB;

ρB = ρB (pB) (3.61)

TB = TB (pB) (3.62)

Equation (3.61) and Eq. (3.62) are obtained using commercial software
such as GASDECOM and REFPROP as well as gas decompression mod-
eling.

Governing equations for bubble growth consist of Eq. (3.56), Eq. (3.57),
Eq. (3.58), Eq. (3.59), Eq. (3.60), Eq. (3.61) and Eq. (3.56). Equation
(3.56), Eq. (3.58), Eq. (3.59) and Eq. (3.60) are time dependent one-
dimensional partial differential equations with respect to axial directionx.
After the discretization with respect tox and t, solving these equations
using finite difference method gives the distribution of bubble parameters
along to axial direction at each time step.

Initial conditions are boundary conditions are as follows;

pB(t = 0, x) = p0 (3.63)

TB(t = 0, x) = T0 (3.64)

uB(t = 0, x) = 0 (3.65)

R(t = 0, x) = R0 (3.66)

v(t = 0, x) = 0 (3.67)



54 CHAPTER 3. THE UT OFFSHORE MODEL DESCRIPTION

∂pB

∂x
(t, x = 0) = 0 (3.68)

uB(t, x = xct) = 0 (3.69)
∂RB

∂x
(t, x = 0) = 0 (3.70)

∂vB

∂x
(t, x = 0) = 0 (3.71)

where,p0, T0 andxct are initial pressure and temperature inside the pipe
and the position of a crack tip, respectively.R0 is initial bubble radius
which is set to 1mm in the present study. The governing equations for the
bubble growth are solved betweenx = 0 andxct; A tip of the bubble is lo-
cated as a tip of a crack, which means that the bubble is assumed to expand
to the axial direction with moving crack tip and assumed not to expand to
the axial direction beyond a crack tip. Also, the central axis of the bubble
is fixed at the central axis of the pipe. Although the bubble moves up by
the effect of buoyancy force in the actual phenomena, this phenomena is
negligible in the present study because crack velocity is much faster than
rising velocity of the bubble. In the present study, a half of a pipe is cal-
culated using symmetry conditions. Therefore, the position ofx = 0 is
located at the center of an initial crack.

Fig. 3.13 One-dimensional compressible gas glow with increasing cross sectional area
inside a bubble
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3.4.2 Generation of a new node depending on crack propagation

A tip of the bubble extends as the crack propagates. Therefore, a new node
is generated when the crack propagates by one incremental length∆x.
Each value of a new node is set as follows;

pB(t, x = xnew) = p(t, x = xnew) (3.72)

TB(t, x = xnew) = T (t, x = xnew) (3.73)

uB(t, x = xnew) = 0 (3.74)

R(t, x = xnew) = R0 (3.75)

v(t, x = xnew) = 0 (3.76)

To summarize, bubble pressure and temperature of a new node are set to
pressure and temperature inside the pipe at the same position, and bub-
ble radius and growth rate are set to initial bubble radius, which is 1mm
through the present study, and zero, and gas flow rate inside the bubble is
set to the same as the boundary condition.

3.5 Crack propagation model

A crack propagates by incremental length∆x when the propagation con-
dition explained below is satisfied. In the present study, dynamic energy
balance is applied to the crack propagation condition.

There are four kinds of energies to be considered: work done by gas to
the pipe wallWgas, strain energy generated by pipe deformation behind a
crack tipU , Kinetic energy of the pipe wall and the surrounding waterEk

and strain energy generated by crack tip singularity ahead of a crack tip
UR. Therefore, dynamic energy balance is given by;

dWgas

dx
− dU

dx
− dEk

dx
− dUR

dx
= 0 (3.77)

In the present study,dWgas/dx, U. /dx anddEk/dx are calculated using
the pipe deformation model with the assumption that a crack propagates by
dx while pipe deformation profile is unchanged; pipe deformation profile
shifts parallel bydx.

Work done by gas to the pipe wall per unit length is given by;
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dWgas

dx
= −

∫ xct

0

∫ π

−π
(p(x)− pstatic)

∂w

∂x
R0dθdx (3.78)

Strain energy generated by pipe deformation behind a crack tip per unit
length is given by;

dU
dx =

∫ xct

0

∫ π
−π

[(∫ εx
0

∂Nx

∂x
dεx

)
+

(∫ γxθ
0

∂Qxθ

∂x
dγxθ

)
+

(∫ κθ
0

∂Mθ

∂x
dκθ

)]
R0dθdx

=
∫ π
−π

(∫ εx
0

[
Nx

]x=xct

x=0
dεx +

∫ γxθ
0

[
Qxθ

]x=xct

x=0
dγxθ +

∫ κθ
0

[
Mθ

]x=xct

x=0
dκθ

)
R0dθ

(3.79)

BecauseNx = Qxθ = Mθ = 0 atx = xct, the above equation is rewritten
as;

dU
dx =

∫ π
−π

(∫ εx
0 Nx

∣∣
x=0

dεx +
∫ γxθ
0 Qxθ

∣∣
x=0

dγxθ +
∫ κθ
0 Mθ

∣∣
x=0

dκθ
)
R0dθ

(3.80)

Kinetic energy of the pipe wall and the surrounding water per unit length
is given by;

dEk
dx =

∫ xct

0

∫ π
−π

∂

∂x

{
1
2ρpipe

[(
∂v

∂t

)2

+

(
∂w

∂t

)2
]
+ 1

2ρadd

(
∂w

∂t

)2
}
R0dθdx

=
∫ π
−π

{
1
2ρpipe

[(
∂v

∂t

∣∣∣∣
x=0

)2

+

(
∂w

∂t

∣∣∣∣
x=0

)2
]
+ 1

2ρadd

(
∂w

∂t

∣∣∣∣
x=0

)2
}
R0dθ

(3.81)

Strain energy generated by crack tip singularity ahead of a crack tip per
unit lengthdUR/dx corresponds toJ resistance which is well known in
fracture mechanics. Hereafter,dUR/dx is written asJR. JR is obtained
from some experimental measurements conducted by Aihara et al.[51].
According to Reference [51],JR is obtained by measuring the propaga-
tion energy of drop weight tear tests and plastic deformation exhibited on
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the fractured pipes of full-scale burst tests on X65 pipes, and increases with
increasing crack velocityV as follows;

dUR(V )

dx
= JR(V ) = JR(V = 0)

[
1 + 38.8

(
V

250

)3
]

(3.82)

where,JR(V = 0) is strain energy ahead of a crack tip under the quasi-
static condition; in the present study,JR(V = 0) is expressed as;

JR(V = 0) = h · DWTTpre (3.83)

where,h is pipe thickness and DWTTpre is absorbed energy of pre-cracked
drop weight tear test on an interested pipe. DWTTpre can be converted
from Charpy impact energy CV using the empirical equation[52];

DWTTpre[J] = 3.29
(
h[mm]103

)1.5
CV[J/mm2]0.544 (3.84)

In the calculation, the crack propagation condition is given by;

dWgas

dx
− dU

dx
− dEk

dx
≥ JR(V ) (3.85)

V =
∆x

n0∆t
(3.86)

where,n0 is number of time steps while the crack is judged no to propagate.

3.6 Calculation flow

Figure 3.14 shows the flowchart of the UT offshore model. First, pipe
deformation is calculated, and then crack propagation by∆x is judged.
Next, whether or not the crack is arrested is judged; in the present study, the
crack is judged to be arrested if no further pipe deformation occurs. If the
crack is judged not to be arrested, gas decompression and bubble growth
are solved by using calculated pipe deformation profile which is related to
gas outflow from the crack opening to the bubble. Finally, time step∆t is
added. Repeating this procedure gives whole behavior of unstable ductile
crack in offshore pipelines, where coupled phenomenon are considered;
UT offshore model is weak two-way coupling model.
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Fig. 3.14 Calculation flow chart
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3.7 An example of calculation result

In the present section, in order to demonstrate how the UT offshore model
works and predicts the unstable ductile crack propagation behavior in off-
shore pipelines briefly, an example of calculated result is presented.

Table 3.1 shows calculation conditions. Note that very low Charpy
absorbed energy is assumed for realizing long propagation intentionally.
Incremental length∆x and time step size∆t are set to 20mm and 5µs,
respectively.

Calculation time was around 1 hour. Figure 3.15 shows the calculated
history of crack propagation. Figure 3.16 to Fig. 3.18 show 3D view of pipe
deformation and crack propagation, showing pressure value inside the pipe
by colors. Figure 3.19 to Fig. 3.21 show 3D view of bubble growth, show-
ing bubble pressure value by colors. Note that the tip of the bubble moves
as the crack tip propagates. Figure 3.22 to Fig. 3.23 show histories of pres-
sure and flow rate distribution inside a pipe. Figure 3.24 to Fig. 3.25 show
histories of pressure and flow rate distribution inside a bubble. Figure 3.26
to Fig. 3.27 show histories of bubble radius and growth rate distribution.

The UT offshore model is able to calculate time histories of pipe de-
formation, gas decompression, bubble growth and crack propagation con-
sidering the interactions among them. The validation of the UT offshore
model is described in the Chap.4 and Chap.5.
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Table 3.1 Calculation condition

Medium Air
Initial pressure (MPa) 15.7

Temperature (◦ C ) 15
Outer diameter (inch) 36
Pipe thickness (mm) 20.8
Pipe density (kg/m3) 7860

Pipe length (m) 108
Tensile yield strength (MPa) 413

Grade X60
Charpy absorbed energy (J/cm2) 6

Initial crack length (inch) 36
Water depth (m) 30

Water density (kg/m3) 1000
Water dynamic viscosity (m2/s) 1.0 × 10−6

Water surface tension (N/m) 72.75 × 10−3

Software for isentropic process GASDECOM
∆x (mm) 20
∆t (µs) 5

Fig. 3.15 Crack tip position versus crack velocity
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Fig. 3.16 3D pipe view at 17.5ms

Fig. 3.17 3D pipe view at 35.1ms
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Fig. 3.18 3D pipe view at 52.6ms

Fig. 3.19 3D bubble view at 17.5ms
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Fig. 3.20 3D bubble view at 35.1ms

Fig. 3.21 3D bubble view at 52.6ms
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Fig. 3.22 History of pressure distribution inside a pipe at each time

Fig. 3.23 History of flow rate distribution inside a pipe at each time
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Fig. 3.24 History of bubble pressure distribution at each time

Fig. 3.25 History of flow rate distribution in a bubble at each time
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Fig. 3.26 History of bubble radius distribution at each time

Fig. 3.27 History of bubble growth rate distribution at each time
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3.8 Summary

· Pipe deformation model described by a single parameter is presented.
· Water backfill effect is formulated as an added density effect
· Gas decompression is modeled as one-dimensional compressible gas flow
under isentropic condition
·Bubble growth is modeled as one-dimensional compressible gas flow with
increasing cross sectional area under isentropic condition
· Crack propagation condition is based on the dynamic energy balance,
where strain energy behind and ahead of a crack tip, work done by gas to
the pipe wall and kinetic energy of the pipe wall are considered.
· Calculation flow is introduced.
· An example of calculation result is presented.





Chapter 4

Underwater rupture tests

For the validation of the bubble growth model in the UT offshore model,
the author conducted underwater rupture test using aluminum pipes with
water depth of 1m. In the tests, bubble growth behavior was observed by
high-speed camera which filmed with 5,000fps. Also, history of internal
and external pressure were measured by pressure transducers. The detailed
description of the tests is below.

4.1 Testing conditions

Table 4.1 shows the testing conditions. Two pure aluminum pipes, whose
grade are AL1070 according to JIS-Z3232, with surface notch were pres-
surized by pure nitrogen until the pipes bursted at particular pressure. Note
that the notch length for No.1 was longer than that for No.2. The thickness
of the pipes were originally 3mm, but was reduced to particular thickness
as shown in Fig. 4.1. Geometry of surface notches is shown in Fig. 4.2.
The depth of surface notches was determined by the following empirical
equation so that the pipes burst at around 1MPa.

σhc = σ0
1− d/h

1− d/(hMT)
(4.1)

MT =
(
1 + 1.255λ2 − 0.0135λ4

)1/2
(4.2)

λ =
c√
Rh

(4.3)

where,σhc is critical circumferential stress at the leak,h is pipe thickness,
d is surface notch depth andc is half notch length.MT is referred to as

69
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bulging factor[17].σ0 is yield stress, which is assumed to be 100MPa in
the present calculation.

The pipes were laid inside the water tank, see Fig. 4.3 and Fig. 4.4. The
bottom of the water tank is 2m by 1.5m, and the height is 2m. Four circular
windows were designed for high-speed cameras and lighting, see Fig. 4.5.
The water tank with stiffeners was designed based on elastic design against
pressure waves generated by the burst using finite element analysis. The
water depth was set to 1m throughout the present tests. Tested pipes were
fixed on the mount as shown in Fig. 4.6 so that the pipes should be stable
during the burst.

The two high-speed cameras were set close to the windows to capture
both of side and axial view, see Fig. 4.7 and Fig. 4.8. Filming rate was
5,000fps throughout the tests.

Three pressure transducers were introduced to measure the histories of
static and dynamic internal pressure and the history of dynamic external
pressure. Their locations are shown in Fig. 4.1.

The summary of the pressurizing system and measurement instruments
is shown in Fig. 4.9.

Figure 4.10 to Fig. 4.12 are photographs during the tests.

Fig. 4.1 Tested pipe arrangement, top view
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Fig. 4.2 Surface notch geometry
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Fig. 4.3 Water tank
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Fig. 4.4 Water tank

Fig. 4.5 Window for high-speed camera and lighting

Fig. 4.6 Tested pipe setting
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Fig. 4.7 High-speed camera and lighting

Fig. 4.8 Photo of the test
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Fig. 4.9 Pressurizing system and instruments for measurements

Fig. 4.10 Photo of pipe setting
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Fig. 4.11 Photo during the test

Fig. 4.12 Photo of the tested pipe in the water



78 CHAPTER 4. UNDERWATER RUPTURE TESTS

4.2 Test results

4.2.1 Overview of the results

Figure 4.13 shows fractured pipe in the water for No.1. The fractured pipes
after the burst are shown in Fig. 4.14 and Fig. 4.15. For the both tests, the
cracks deviated to the circumferential direction at the tip of the surface
notches; the cracks did not propagate to the axial direction beyond the tip
of the surface notches.

The burst pressures were 0.95MPa and 1.31MPa as shown in Table 4.2,
respectively, which were around the intended pressure, 1MPa. The histo-
ries of dynamic internal and external pressures were successfully measured
and are shown in Fig. 4.16 and Fig. 4.17. For the test No.1, external pres-
sure transducer was attached at closer position to the pipe center shown in
Fig. 4.1. On the other hand, for the test No.2, external pressure transducer
was attached at farther position from the pipe center shown in Fig. 4.1.
Sudden increase in internal pressure as shown in Fig. 4.16 is regarded as
measurement error.

The behaviors of the bubble growth were also successfully captured by
high-speed camera. Fig. 4.18 to Fig. 4.41 show side and axial views of
the bubble profile at each time. Because the cross sectional shape is cir-
cular as seen in axial views, the assumption that the bubble growth can be
described by cylindrical coordinate system in the bubble growth modeling
is reasonable. The detailed understandings on the histories of the bubble
growth are described in the next subsection.

Table 4.2 Pressure(MPa) at the rupture

No.1 0.95
No.2 1.31
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Fig. 4.13 Photo of tested pipe after the burst for No.1
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Fig. 4.14 Fractured tested pipe for No.1

Fig. 4.15 Fractured tested pipe for No.2
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Fig. 4.16 Time histories of dynamic internal and external pressure for No.1

Fig. 4.17 Time histories of dynamic internal and external pressure for No.2
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Fig. 4.18 Bubble profile at 0ms after the burst for No.1, side view

Fig. 4.19 Bubble profile at 2ms after the burst for No.1, side view
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Fig. 4.20 Bubble profile at 4ms after the burst for No.1, side view

Fig. 4.21 Bubble profile at 6ms after the burst for No.1, side view
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Fig. 4.22 Bubble profile at 20ms after the burst for No.1, side view

Fig. 4.23 Bubble profile at 40ms after the burst for No.1, side view
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Fig. 4.24 Bubble profile at 0ms after the burst for No.1, axial view

Fig. 4.25 Bubble profile at 2ms after the burst for No.1, axial view
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Fig. 4.26 Bubble profile at 4ms after the burst for No.1, axial view

Fig. 4.27 Bubble profile at 6ms after the burst for No.1, axial view
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Fig. 4.28 Bubble profile at 20ms after the burst for No.1, axial view

Fig. 4.29 Bubble profile at 40ms after the burst for No.1, axial view
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Fig. 4.30 Bubble profile at 0ms after the burst for No.2, side view

Fig. 4.31 Bubble profile at 2ms after the burst for No.2, side view
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Fig. 4.32 Bubble profile at 4ms after the burst for No.2, side view

Fig. 4.33 Bubble profile at 6ms after the burst for No.2, side view
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Fig. 4.34 Bubble profile at 20ms after the burst for No.2, side view

Fig. 4.35 Bubble profile at 40ms after the burst for No.2, side view
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Fig. 4.36 Bubble profile at 0ms after the burst for No.2, axial view

Fig. 4.37 Bubble profile at 2ms after the burst for No.2, axial view
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Fig. 4.38 Bubble profile at 4ms after the burst for No.2, axial view

Fig. 4.39 Bubble profile at 6ms after the burst for No.2, axial view
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Fig. 4.40 Bubble profile at 20ms after the burst for No.2, axial view

Fig. 4.41 Bubble profile at 40ms after the burst for No.2, axial view
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4.2.2 The history of the bubble growth

In order to measure the histories of the bubble growth quantitatively, trans-
parent board with white grids, each of which is 20mm by 20mm, was cap-
tured at the same position as the tested pipes, see Fig. 4.42. Actual size of
the captured photos is about 420mm by 420mm. On the other hand, outline
of each captured bubble profile was traced by yellow line which has par-
ticular RGB data, see Fig. 4.43. By the image processing code developed
by the author, the distribution of the bubble radius was obtained as shown
in Fig. 4.44; bubble radius was assumed to be half of the distance between
top and bottom of the outline at each position along the axial direction.
Horizontal axis directly corresponds to the width of Fig. 4.44; the center
of the pipe corresponds to 220mm in the horizontal axis.

By repeating above procedure, histories of the bubble profile are ob-
tained as shown in Fig. 4.45 and Fig. 4.46. The average bubble growth rate
at the maximum radius until 6ms for the test No.1 was around 15m/s. For
the test No.2, that was around 19m/s. Although the tip of the bubble is
assumed to be fixed at the crack tip in the UT offshore model, experimen-
tal results clarified that the bubble expands to the axial direction beyond
the crack tip. The UT offshore model needs improvements regarding this
discrepancy for analyzing a bubble growth for a non propagating crack.
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Fig. 4.42 Transparent board with white grids at the same position as the tested pipes,
captured by high-speed camera

Fig. 4.43 An example of bubble outline traced by yellow line
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Fig. 4.44 An example of bubble profile, bubble radius distribution

Fig. 4.45 Time history of bubble profile at each time for No.1
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Fig. 4.46 Time history of bubble profile at each time for No.2
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4.3 Calculation results for the validation of the bubble
growth modeling in the UT offshore models

For the validation of the bubble growth modeling in the UT offshore model,
simulating calculations were conducted by inputting the same conditions
as the experimental ones. In the present calculations, the cracks were as-
sumed not to propagate beyond the tip of the surface notch because the
experimental results showed that the cracks deviated to the circumferen-
tial direction at the tip of the surface notch. Therefore, simplified crack
opening profiles, which is determined by shape parameterψ as shown in
Fig. 3.3, were incorporated into the calculations as input conditions ac-
cording to the experimental measurements;
For test No.1,

ψ(x, t) =


− 2t

x2st · 0.006
x2 +

2t

0.006
for 0 ≤ t < 0.003, 0 ≤ x ≤ xst

− 2

x2st

(
1− t

0.006

)
x2 + 1 for 0.003 ≤ t ≤ 0.006, 0 ≤ x ≤ xst

(4.4)

For test No.2,

ψ(x, t) =
t

0.006
for 0 ≤ t < 0.006, 0 ≤ x ≤ xst (4.5)

where units ofx andt are meter and second, respectively.xst is the posi-
tions of the tips of surface notched which correspond to 0.15m and 0.05 m
for test No.1 and No.2. It was assumed that there was no crack opening
ahead of the surface notches.

It follows that the present calculations are for the validation of only the
bubble growth and gas decompression modeling in the UT offshore model.
Calculation conditions are shown in Table 4.3 Incremental length∆x and
time step size∆t are set to 1mm and 0.25µs, respectively.

Calculated internal pressure histories are shown in Fig. 4.47 and Fig. 4.48.
Calculations were conducted until 6ms when the crack was arrested in the
circumferential direction and the pipe did not deforms any more. Red and
blue lines show the calculated and experimental result, respectively. Al-
though small difference are seen, there are generally good agreements be-
tween the calculated and experimental result.
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Figure 4.49, Fig. 4.50 and Fig. 4.51 show comparison between calcu-
lated and experimental histories of the bubble profile for No.1. Note that
the tip of the bubble was fixed at the tip of the surface notch in the cal-
culated results. Except for the small difference at the bubble end, good
agreements between calculated and experimental bubble profile are seen.
Fig. 4.52 shows the comparison between calculated and experimental his-
tory of the bubble radius at the pipe center. The slope of the curves cor-
respond to the bubble growth rate at the position. There is also a good
agreement between them.

Figure 4.53, Fig. 4.54 and Fig. 4.55 show comparison between the cal-
culated and experimental histories of the bubble profile for No.2. Unlike
the calculated results for No.1, there are big discrepancies between calcu-
lated and experimental results. The main reason for the discrepancies is
supposedly that the bubble tip is fixed at the crack tip. In the test No.1, the
bubble did not expand to the axial direction beyond the tip of the surface
notch. On the other hand, in the test No.2, the bubble clearly expanded
beyond the tip of surface notch. It might be said that prediction accuracy
for the bubble growth drops if the model is applied to the test where the
bubble expansion to the axial direction is far greater than the crack length.
However, the crack velocity, which is usually around 200m/s, might be
greater than bubble expansion velocity to the axial direction. Therefore,
the bubble can expand beyond the crack tip only when the crack is already
arrested or drastically slowed down. Because the surface notch length for
No.2 is shorter than that for No.1, the discrepancies supposedly happened
due to the long time calculation after the crack was arrested.

To summarize, gas decompression modeling was successfully validated
through the good agreements between calculated and experimental results.
Also, bubble growth modeling was validated through the good agreements
between calculated and experimental result for No.1. From the discrep-
ancies seen in the calculation results for No.2, it might be clarified that
the bubble growth model is applicable until the crack is arrested; in other
words, the UT offshore model is not suitable for the bubble growth for a
stationary crack.
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Table 4.3 Calculation condition

Medium Pure nitrogen
Initial pressure (MPa) 0.95 for No.1 & 1.31 for No.2

Temperature (◦ C ) 20
Outer diameter (mm) 70
Pipe thickness (mm) 1.00 for No.1 & 0.45 for No.2

Pipe length (m) 1.6
Initial crack length (mm) 300 for No.1 & 100 for No.2

Water depth (m) 1
Water density (kg/m3) 1000

Water dynamic viscosity (m2/s) 1.0 × 10−6

Water surface tension (N/m) 72.75 × 10−3

Software for isentropic process REFPROP
∆x (mm) 1
∆t (µs) 0.25

Fig. 4.47 Calculated time history of dynamic internal pressure for No.1
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Fig. 4.48 Calculated time history of dynamic internal pressure for No.2

Fig. 4.49 Calculated bubble profile at 2ms after the burst for No.1
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Fig. 4.50 Calculated bubble profile at 4ms after the burst for No.1

Fig. 4.51 Calculated bubble profile at 6ms after the burst for No.1
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Fig. 4.52 Calculated time history of bubble radius at the pipe center for No.1

Fig. 4.53 Calculated bubble profile at 2ms after the burst for No.2
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Fig. 4.54 Calculated bubble profile at 4ms after the burst for No.2

Fig. 4.55 Calculated bubble profile at 6ms after the burst for No.2
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Fig. 4.56 Calculated time history of bubble radius at the pipe center for No.2
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4.4 Summary

· The small-scale underwater pipe rupture tests were conducted.
· The time histories of bubble profile and dynamic internal and external
pressure were successfully observed using high-speed camera and pres-
sure transducers.
· The calculation by gas decompression model ad bubble growth model in
the UT offshore model showed good agreements with the experimental re-
sults especially for No.1.
· The applicable range of the UT offshore model is clarified through the
discussion about the discrepancies between the calculated and experimen-
tal results for No.2.



Chapter 5

Calculation for the full-scale offshore
pipeline burst test

For the validation of the whole UT offshore model, calculation for the full-
scale offshore pipeline burst test was conducted. The UT offshore model
was applied to the test conducted by C.S.M in the 1980s[36]. The detail of
the calculation is described below.

5.1 Testing conditions[36]

Reference [36] includes two offshore tests on 20 and 36 inch X60 pipes.
The present calculation was conducted for the test on the 36 inch pipe,
because this test is reported in more detail in Ref.[36].

The geometry of the tested pipe was:

• Outside diameter : 36 inches

• Thickness : 20.5 mm

• Length of each pipes : 9 m

The pipes were welded to total length of 108m, see Fig. 5.1. Figure 5.1
also shows Charpy absorbed energy of each pipe. Testing instrumentations
are shown in Fig. 5.2. Solid and open marks represent internal and external
pressure transducers, respectively. Also, 32 timing wires were attached on
the surface of the tested pipe. Testing conditions are shown in Table 5.2.
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Fig. 5.1 Tested pipe arrangement and Charpy energy of each pipe[36]

Fig. 5.2 Instrumentation layout[36]

Table 5.1 Testing condition[36]
Outside diameter Thickness Length Depth Pressure Medium Temperature

(inch) (mm) (m) (m) (MPa) (◦ C )
36 20.8 108 30 15.7 Air 15



5.2. TESTING RESULT 109

5.2 Testing result[36]

Photos of the test are shown in Fig. 5.3. High water column, reaching
around 70m, was observed.

The histories of the internal pressure at the positions 3.4m and 18m
away from the pipe center are shown in Fig. 5.4. Also, the histories of
the crack propagation are shown in Fig. 5.5, where the slope of the lines
correspond to the crack velocities. These testing results are compared with
the calculated results described in the next section.

Fig. 5.3 Photos of the test showing high water column[36]
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Fig. 5.4 Experimental time histories of internal pressure 3.4m and 18m away from the
pipe center[36]

Fig. 5.5 Experimental time histories of the crack length[36]
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5.3 Calculated result

Calculation conditions are shown in Table 5.2. Incremental length∆x and
time step size∆t were set to 20mm and 5µs, respectively. The calculation
was conducted for a half of the pipe in the right hand side of Fig. 5.1.

Figure 5.6 shows the comparison between calculated and experimental
histories of the internal pressure at the position 3.4m and 18m away from
the pipe center. Fig. 5.7 shows the comparison between calculated and
experimental histories of the crack propagation, showing the crack tip po-
sition versus the crack velocity. Blue and black lines represent calculated
and experimental results, respectively.

In Fig. 5.6, the calculated history of the internal pressure at the posi-
tion 3.4m away from the pipe center is higher than the experimental one,
because the calculated crack is arrested behind the pressure measurement
position, i.e., 3.4m, as shown in Fig. 5.7. After the crack propagates at
particular position, the crack opening occurs together with the pipe defor-
mation, then the pressure at the position suddenly decreases due to the gas
leak from the crack opening. Therefore, the discrepancy in Fig. 5.6 is re-
sulted from small discrepancy of crack propagation history which means
that there is not the problem of the gas decompression model.

In Fig. 5.7, the calculated average crack velocity is close to the ex-
perimental one, which are around 180m/s. Also, there is generally good
agreement between the calculated and experimental arrest length because
both of the cracks are arrested within the same pipe which is 9m long.

Due to the good agreements between calculated and experimental re-
sults, it is clarified that the UT offshore model can be applied to the unsta-
ble ductile crack in offshore pipelines. Needless to say, more calculations
for the validation of the model are necessary. However, because there have
been only a few full-scale offshore pipeline burst tests in history, a lack of
number of calculations for the validation is inevitable at the current mo-
ment. It is strongly necessary that more full-scale offshore pipeline burst
tests on newer pipe grade should be conducted in the future.

5.4 Summary

· For the validation of the UT offshore model, the calculation for the full-
scale offshore pipeline burst test was conducted.



112CHAPTER 5. CALCULATION FOR THE FULL-SCALE OFFSHORE PIPELINE BURST TEST

· The calculated results showed good agreements with the experimental
ones.
· To validate the UT offshore model more precisely, more full-scale off-
shore pipeline burst tests are necessary.

Table 5.2 Reference conditions for the parametric studies

Medium Air
Initial pressure (MPa) 15.7

Temperature (◦ C ) 15
Outer diameter (inch) 36
Pipe thickness (mm) 20.8
Pipe density (kg/m3) 7860

Pipe length (m) 108
Tensile yield strength (MPa) 413

Grade X60
Charpy energy (J/cm2) see Fig. 5.1

Initial crack length (inch) 36
Water depth (m) 30

Water density (kg/m3) 1000
Water dynamic viscosity (m2/s) 1.0 × 10−6

Water surface tension (N/m) 72.75 × 10−3

Software for isentropic process GASDECOM
∆x (mm) 20
∆t (µs) 5
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Fig. 5.6 Calculated time histories of internal pressure 3.4m and 18m away from the pipe
center

Fig. 5.7 Calculated crack tip position versus crack velocity





Chapter 6

Parametric study

Parametric study was conducted to discuss the effects of pipe geometry,
mechanical properties and water depth on unstable ductile crack propaga-
tion/arrest in offshore pipelines by the UT offshore model.

6.1 Reference conditions

The conditions of full-scale offshore pipeline burst test conducted by CSM
as described in the previous chapter are adopted as reference conditions,
see Table 6.1. Parameters which are changed in the present chapter are
as follows: water depth, pipe thickness, outer diameter, pipe grade(tensile
yield strength) and toughness. The effect of each parameter on unstable
ductile crack propagation/arrest behavior is described below.

6.2 Water depth

Calculations were conducted by changing water depth from 0m to 1,000m,
see Tab. 6.2. Calculated histories of crack propagation are shown in Fig. 6.1.
The peak velocities at the beginning decreases with increasing water depth,
and unstable propagation happens only for the case with water depths of
0m, which are regarded as the case of onshore pipeline. The calculated re-
sults that increasing water depth makes a crack more likely to be arrested
is reasonable.

Figure 6.2 shows internal pressure distributions at 50ms for each water
depth. Increasing water depth results in much more delay of gas decom-
pression. Note that the pressure close to the pipe center goes to plateau,
because internal pressure does not drop below the hydrostatic pressure in
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Table 6.1 Reference conditions for the parametric study

Medium Air
Initial pressure (MPa) 15.7

Temperature (◦ C ) 15
Outer diameter (inch) 36
Pipe thickness (mm) 20.8
Pipe density (kg/m3) 7860

Pipe length (m) 108
Tensile yield strength (MPa) 413

Grade X60
Charpy energy (J/cm2) right hand side of the test section as shown in Fig. 5.1

Initial crack length (inch) 36
Water depth (m) 30

Water density (kg/m3) 1000
Water dynamic viscosity (m2/s) 1.0 × 10−6

Water surface tension (N/m) 72.75 × 10−3

Software for isentropic process GASDECOM
∆x (mm) 20
∆t (µs) 5

the UT offshore model. Although the delays of gas decompression lead
to high crack driving force, the cracks inversely get more likely to be ar-
rested. The reason for that might be because increasing hydrostatic pres-
sure and water backfill dominantly affect the behavior of unstable ductile
crack propagation in offshore pipelines.

Table 6.2 Changed water depth

Water depth
(m)

0(air)
30(reference value)

100
300
1000

6.3 Pipe thickness

Calculations were conducted by changing pipe thickness from 10mm to
35mm, see Table 6.3. Calculated histories of crack propagation are shown
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Fig. 6.1 Dependence of crack propagation/arrest on water depth

Fig. 6.2 Dependence of internal pressure distributions on water depth, t=50ms
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in Fig. 6.3.
The peak velocities at the beginning increases with decreasing pipe

thickness, and unstable propagation happens only for the case with pipe
thickness of 10mm. This trend is reasonable because circumferential stress
in a pipe inversely increases with decreasing pipe thickness. The calcu-
lated results also indicate that the reduction of pipe thickness to half of the
reference value has almost the same effect as lifting up offshore pipeline
in water depths of 30m to the ground; in other words, there is a possibil-
ity that pipe thickness can be reduced in offshore pipelines regarding the
safety against unstable ductile crack propagation.

Table 6.3 Changed pipe thickness

Pipe thickness
(mm)

10
15

20.5(reference value)
25
35
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Fig. 6.3 Dependence of crack propagation/arrest on pipe thickness

6.4 Pipe outer diameter

Calculations were conducted by changing pipe outer diameter from 15inch
to 80inch, see Table 6.4. Calculated histories of crack propagation are
shown in Fig. 6.4. The peak velocities at the beginning decreases with
decreasing pipe outer diameter, and crack arrest lengths decreases with de-
creasing pipe outer diameter. Although unstable crack propagation does
not happen in any cases, the trend that decreasing pipe outer diameter
makes a crack more likely to be arrested is reasonable because circumfer-
ential stress in a pipe proportionally decreases with decreasing pipe outer
diameter. However, the calculated results indicate that the effect of pipe
outer diameter is not as strong as that of pipe thickness.

6.5 Pipe grade(tensile yield strength)

Calculations were conducted by changing pipe grade from X40 to X100,
see Table 6.5. Calculated histories of crack propagation are shown in
Fig. 6.5. The calculated results indicate that the effect of pipe grade is
much weaker than that of other parameters.



120 CHAPTER 6. PARAMETRIC STUDY

Table 6.4 Changed pipe outer diameter

Pipe outer diameter
(inch)

15
20

36(reference value)
60
80

Fig. 6.4 Dependence of crack propagation/arrest on pipe outer diameter

Table 6.5 Changed pipe grade

Pipe grade (tensile yield strength)

X40(276MPa)
X50(345MPa)

X60(413MPa reference value)
X80(551MPa)
X100(689MPa)
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Fig. 6.5 Dependence of crack propagation/arrest on tensile yield stress (pipe grade)

6.6 Toughness

Calculations were conducted by changing toughness of the all pipes in the
test section as shown in Fig. 5.1, from one-tenth of reference value to nine-
tenth of the reference value, see Tab. 6.6. Note that toughness referred here
corresponds to Charpy energy. Calculated histories of crack propagation
are shown in Fig. 6.6. The peak velocities at the beginning increases with
decreasing toughness, and unstable propagation happens only for the case
with toughness ratio of 0.1. The calculated results that increasing tough-
ness makes a crack more likely to be arrested is reasonable. The calculated
results also indicate that the reduction of toughness to one-tenth of the ref-
erence value has almost the same effect as lifting up offshore pipeline in
water depths of 30m to the ground; in other words, there is a possibil-
ity that pipe toughness can be reduced in offshore pipelines regarding the
safety against unstable ductile crack propagation. In the present calculated
result, unstable ductile crack propagation does not happen if the toughness
is reduced to half of reference value.
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Table 6.6 Changed toughness

Toughness ratio to reference value

0.1
0.5
0.7
0.9

1.0(reference value)

Fig. 6.6 Dependence of crack propagation/arrest on toughness
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6.7 Summary

· Parametric studies are conducted by changing water depth, pipe thick-
ness, pipe outer diameter, pipe grade and toughness.
· Increasing water depth makes a crack more likely to be arrested mainly
because increasing hydrostatic pressure and water backfill have strong ef-
fect on crack propagation in offshore pipelines
· The effects of pipe thickness, pipe outer diameter, pipe grade and tough-
ness on unstable ductile crack propagation/arrest are discussed.
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Conclusions

7.1 Summary of the present study

In the present study, numerical model for the safety design against un-
stable ductile fracture in offshore pipelines, which is called the UT off-
shore model, was developed. There has not been any established numerical
model considering the interactions between pipe deformation, gas decom-
pression, bubble growth and crack propagation. In the UT offshore model,
the above phenomenon are formulated based on the mechanical approach
such as material mechanics, elastic mechanics, thermo dynamics, fluid me-
chanics and fracture mechanics. The features of the model are as follows:

• Pipe deformation, gas decompression and bubble growth are formu-
lated based on time dependent one-dimensional partial differential
equations which are solved by finite difference method.

• The model is weak two-way coupling model where the interactions
between pipe deformation, gas decompression, bubble growth and
crack propagation are considered.

• Pipe deformation is formulated using a single parameter, shape pa-
rameter determining pipe deformation profile in the cross section. In
the pipe deformation modeling, the effect of hydrostatic pressure on
pipe deformation is incorporated.

• Water backfill effect, which constrains pipe deformation, is formu-
lated as an added density effect.

• Gas decompression and bubble growth are modeled as one-dimensional
compressible gas flow under the isentropic condition. For the bub-
ble growth modeling, the increase in the bubble radius is described
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modifying the bubble growth equation derived from Rayleigh-Plesset
equation in the bubble dynamics.

• One of water effects that gas decompression is delayed by bubble
generation/growth is incorporated into the model by formulating mass
flow rate from a pipe to a bubble through a crack opening.

• Crack propagation is judged by dynamic energy balance, where strain
energy generated by pipe deformation behind a crack tip, work done
by gas to a pipe wall, kinetic energy of a pipe wall and strain energy
generated by a crack tip singularity, which is usually referred to as
resistance for crack propagation, are considered.

• Because the model is based on one-dimensional finite differential
method, lower CPU cost is consumed as compared with three-dimensional
finite element based models. Therefore, the model has a potential as
an engineering tool for offshore pipeline design.

For the validation of the bubble growth modeling in the UT offshore
model, small-scale underwater pipe rupture tests were conducted on pure
aluminum pipes pressurized by pure nitrogen in water depth of 1m. The
results from the tests are as follows:

• Tested pipes successfully bursted at intended pressure close to 1MPa.

• Time histories of dynamic internal and external pressure were mea-
sured.

• Time histories of bubble profile were successfully captured by high-
speed camera with filming rate of 5,000fps.

• Quantitative data of time histories of bubble profile was obtained us-
ing image processing code developed by the author.

Calculations for the rupture tests using bubble growth modeling in the
UT offshore model were conducted. The results from the calculations are
as follows:

• The calculated time histories of dynamic internal pressure were in
good agreement with the experimental ones.
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• the calculated time history of bubble profile for the case with longer
initial notch length were in good agreement with the experimental
one. On the other hand, there was no close agreement between cal-
culated and experimental result for the case with shorter initial notch
length.

• It is clarified that the present bubble growth modeling is applicable
only if there is no appreciable bubble growth in the axial direction. If
the bubble grows beyond the crack tip, prediction accuracy of bubble
growth might drop. However, this discrepancy can be small for a
propagating crack.

Also, for the validation of the whole UT offshore model, a calculation
for the full-scale offshore pipeline burst test performed ever by C.S.M was
conducted. The results from the calculations are as follows:

• Calculated time histories of the dynamic internal pressure showed
generally good agreements with the experimental ones.

• The UT offshore model successfully predicted arrest length; both of
calculated and experimental arrest length were within one pipe, which
means that unstable ductile crack did not happen.

• It is suggested that the UT offshore model is applicable to full-scale
offshore pipeline burst tests.

• Because the number of full-scale offshore pipeline burst tests per-
formed ever is so small, the complete validation of the whole UT
model is inevitably difficult. More full-scale offshore pipeline burst
tests especially on newer grade pipe in the deeper water are necessary
in the future.

Finally, parametric studies were conducted by changing water depth,
pipe thickness, pipe radius, pipe grade and toughness to discuss the effects
of each parameter on unstable ductile crack propagation/arrest in offshore
pipelines. The obtained remarks are as follows:

• Increasing water depth makes a crack more likely to be arrested mainly
because increasing hydrostatic pressure and water backfill have strong
effect on crack propagation in offshore pipelines although increasing
water depth results in gas decompression delay which keeps crack
driving force at higher level.
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• Peak crack velocities increases with decreasing pipe thickness, and
the trend toward the occurrence of unstable ductile crack propagation
is strengthen by decreasing pipe thickness.

• Peak crack velocities increases with increasing pipe outer diameter,
and the trend toward the occurrence of unstable ductile crack propa-
gation is strengthen by increasing pipe outer diameter.

• Dependence of crack propagation/arrest on pipe grade(yield strength)
is not clearly observed.

• Peak crack velocities increases with decreasing pipe toughness, and
the trend toward the occurrence of unstable ductile crack propagation
is strengthen by decreasing pipe toughness.

Although all the above remarks corresponds to general understandings
and are reasonable, the fact that the UT offshore model is able to present
quantitative evaluation is crucially important. Therefore, the UT model
has a potential as an engineering tool for offshore pipeline design such as
required toughness, design pressure, pipe geometry and so on. It shall be
noted that the UT offshore model is for the safe design against unstable
ductile crack propagation. When designing offshore pipelines, the safety
design against other fracture types such as brittle crack and fatigue crack
is also necessary.

7.2 Future works

The UT offshore model contains some shortcomings to be improved as
follows:

• A mesh size dependency is not clarified yet.

• More calculations for the validation of the model is necessary.

• Speed dependency of strain energy ahead of a crack tip, which is re-
garded asJ resistance in fracture mechanics, is determined by limited
experimental data. Moreover, the mechanism of speed dependency is
not clarified yet.

• Bubble expansion to the axial direction beyond a crack tip is not in-
corporated.
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• External dynamic pressure generated by rapid bubble growth is not
calculated. As mentioned in the present thesis, external dynamic
pressure is expected not to affect unstable ductile fracture behavior
strongly. However, understandings on external dynamic pressure is
crucially important in risk assessment.

The author will be continuously improving the UT offshore model espe-
cially regarding the above topics. The eventual goal is that the UT offshore
model is adopted as a tool for offshore pipeline design in pipeline industry.
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