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1 Information and Disclaimer

1.1 EPDECOM V2.0
EPDECOM is an implementation of the Battelle Two-Curve Method [1] [2]. It calculates the minimum
required arrest capacity of transmission steel pipes necessary to arrest a running ductile fracture.

EPDECOM references the GERG-2008 equation of state (EOS) computing library from Ruhr Universitat
Bochum, Germany [3].

V2.0 was developed in 2019 at the University of Wollongong, funded by the Future Fuels CRC, and
supported through the Australian Government Cooperative Research Centres' Program. The cash and in-
kind support from the APGA RSC is gratefully acknowledged.

EPDECOM is owned and distributed by the Future Fuels CRC.

For more information:

°"‘° Future Fuels CRC www futurefuelscrc.com

i“ Australian Government Bus|ness
S . WWW.Crca.asn.au
= Department of Industry, Cooperative Research
saombimoiny s S sy Cooperative Research Centres
‘C(APGA Australian Pipelines WWWw.apga.org.au

and Gas Association

] UNIVERSITY
OF WOLLONGONG

. . www.uow.edu.au
AUSTRALIA University of Wollongong

1.2 Warranty and liability

The Future Fuels CRC strives to deliver a high-quality software product. However, it does not warrant or
represent (to the extent permitted by law) the merchantability or fitness for a particular purpose of the
EPDECOM V2.0 software, or that the use of any information disclosed in the EPDECOM V2.0 software
does not infringe on privately owned property rights.

The Future Fuels CRC will not be liable for any damage that may result from the use of, or errors or
omissions in, the EPDECOM V2.0 Software, or any information disclosed in or derived from the
EPDECOM V2.0 software.

1.3 Copyright
Copyright of the EPDECOM software is owned by the Future Fuels CRC. Unauthorised reproduction or
redistribution of the program is prohibited.

1G]
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2 Application deployment

2.1 System requirements

EPDECOM is a standalone application running on the Microsoft Windows operating system in version 10
and above. The operating system is required to have 1 GB of RAM memory and at least 200 MB of hard
disk space available.

2.2 Purchase orders

This section is targeted towards the company’s representative who will place an order for EPDECOM.

EPDECOM V2.0 requires one valid license key per user, per computer.

To obtain license keys for each user within the company, a Purchase Order will need to be placed with a list
of all users and their corporate email addresses who require a copy of the application within the company.
Upon approval of the order, each user will be contacted by email and provided with a link to retrieve a copy
of the application. They will be invited to place a license key request by following the licensing process
presented in section 2.3.5 ‘License requests’.

For more information on licensing options, or to place an order, please send your request using the contact
form available at https://www.futurefuelscrc.com/about/contact.

2.3 Installation

This section is targeted towards the users of EPDECOM within the company.

2.3.1 Purchase order
The company representative must place a purchase order for a list of users. As a user, you must be
included in this list.

2.3.2 Download of the installer
Once the order is approved, you will receive a link by email to download the application’s installer.
The installer is an executable (.exe) that will deploy EPDECOM on your computer.

2.3.3 Installation
Note: Some antiviruses may complain about the safety of the installer.

Execute the installer by double clicking on it. EPDECOM will be installed in the directory
“EPDECOM” under your Windows local programs directory. This 1is typically
C:\Users\[username]\AppData\Local\Programs\EPDECOM where [username]| 1is your
Windows user account. This is the installation directory of the application.

2.3.4 Launch EPDECOM
Note: Some antiviruses may complain about the safety of the executable.

The application is best started from the Windows application menu. Alternatively, the executable
‘epdecom-win.exe’ is available from the ‘bin’ directory under the installation directory.

EPDECOM must be executed as a normal user. The application will abort if it is started as an
administrator.

2.3.5 License requests
On the first launch, or if the supplied license is invalid or expired, the application will present you
with its license panel, see Figure 1.

If you already have a license key, go to section 2.3.6. Otherwise, place a license request as follows:
a. Click the button ‘create a request file’. A window will appear to save the request file at a
location of your choice. The default directory is the ‘license’ directory of the application

located under the installation directory.

b. Send the request file to the Future Fuels CRC license manager by replying to the email that
provided you with the download link to the application’s installer.
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c.  Upon receipt of your request file, a license key will be generated and sent back to you by email.
Save the license key at a location of your choice. It is recommended to save your license file
in the 7icense’ directory of the application. You can rename the license key if you wish.

Product: EPDECOM

Product version: 2.0

Product branch: R1

Machine ID: Parallels-E5S8FA7B1BC7641CC8B6CE6913FDEDECFT
User: Unknown

Company: EPDECOM

License status: No license file set
Expiry date: None

‘ Load a license file |

To obtain a license, please create a request file
and send it to the Future Fuels CRC license manager.

‘ Create a request file |

‘ Close the license panel |

Figure 1 License panel presented to the user if the license key is invalid or expired

2.3.6 Load the license
From the license panel (Figure 1), click the button 7oad a license file’ to open a file browser and select
your license key, see Figure 2. The license panel will set the license status as ‘Valid license’ on
successful loading.

& Select the license file X
&« AR <« sourcetree > epdecom » release » EPDECOM-2.0R1b » v O L Search EPDECOM-2.0R1b
Organise + New folder ==~ [ e
& Documents A Hame Date modified Type Size
‘ Downloads ancillaries File folder
B Movies art File folder
J’! Music bin File folder
=] Pictures cenfig File folder
. Local Disk (C) documentation File folder
10 File fold
= Element on 'Mac' (T:) e rotdEr
license File folder
= Time Machine Backups on 'Ma log File folder
== Dropbox on 'Mac' (W:)
== iCloud on 'Mac' (i)
= Mextcloud on 'Mac' (V) v £ >
File name: ‘I\censeﬁEPDECOM}OWBdS.b(t \/| license files ~

Figure 2 Browse your file system to select your license key file. It is recommended to save your license file in the 'license' directory

available under the installation directory of the application.

2.3.7 Access the interface
Click the button ‘Close license panel’ to access the application main interface. The application will
terminate if the license is expired or invalid.
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3 User Interface

3.1  Overview
Upon start-up (section 2.3.4), EPDECOM will check the status of the license key file (section 2.3.6). If the
license key 1s valid, the user is presented with the main interface as shown in Figure 3.

EPDECOM20 ) - 8 x
e View ofo

Project Units & Preferences

Pipeline name Decompression model | 10 isentropic ™
Section name

Pressure unit MPa =
Save setup

Temperatureunit | € -
Save data e

o e Velocity unit mis 9
Decompression step [MPa] Equationofsate | GERG2008 ~
Initial gauge pressure range: Companent visibility

Nb. pts Mm A r

Minimum [MPa] co
Masimum [MPa] co2
Initial temperature range: =]
Nb. pts ™m cz

r =}
Minimum 1 =
Maximum (=} nc4
Use TP caloulation

ics

Caleulate decompression ncs
nce
nc7
nca
Backfil Buried - =

Fracture model | NG18 -

71737377933 aan

Ouiter diameter_(mml

§ Fracture model | EPCRC ¥/T -
Displayed case None o

Pipe outer diameter ~ mm hd
Display format | Figures - pe

Graph Decompression path - Pipe wall thickness | mm -

Hastcmodulus | MPa -
Options

*  Show phase boundary Strength unit ki -

*  Show decompression path Fracture energy ] -

Figure 3 Main interface of EPDECOM V2.0 with the project panel on the left, the units and preferences panel on the right and the
display panel at the centre presenting the EPDECOM logo.

The interface is structured around a common menu bar at the top, three control panels and a progress bar at
the bottom.

The Project panel is located on the left of the interface. It is used to select models, input parameters and
options, run calculations and select display modes and result cases.

The Units and Preferences panel is located on the right of the interface. It is used to select units and preferences
for each model.

The Display panel is located in the centre of the interface. It is used to display figures, tables, logs and interface
options. It displays the EPDECOM logo on start-up.

Entry fields will change colour depending on their status. A ‘sandy yellow’, as shown by the decompression step
entry field in Figure 3, indicates that this entry is compulsory. A white entry field indicates either an optional
field or a valid entry. Greyed out entries indicate a disabled field in the current context.

3.2 Menubar
The menu bar is accessed from the top left of the interface window. It is composed of three items: File, View
and Info as shown in Figure 4.

File View Info

New project
£ EPDECOM 2.0 (R1) Load project
File View Info Save project
Project Export results
Pipeline name Exit
() (b)

File View Info
pro  Hide Units & Preferences panel
Show GUI option panel

Pi . .
P Show license panel File View Info
SeC  Show log panel Project About
(© (d)

Figure 4 (a) The menu bar with the three menus: (b) File menu, (c) View menu and (d) Info menu.
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3.2.1 File menu
The File menu has five items, as shown in Figure 4(b). Item New project clears all entries from the project
panel and sets the default parameters for the models, if applicable.

Load project opens a file browser inviting the user to select a setup project file, in .eppj format, to load in the
project panel as shown in Figure 5(a).

Save project opens a similar file browser inviting the user to select a file to overwrite or a location to save the
file to, see Figure 5(b). The file extension is automatically set to .eppj.

Export results opens a file browser inviting the user to select a file to overwrite or a location to save the file to,
similar to saving a project setup file as shown in Figure 5(b). The file extension is automatically set to .x/sx.

The directory selected from the Load project, Save project or the Export results items is saved internally by the
application. Subsequent loading/saving actions will open straight to that directory when the file browser is
opened.

T Load project setup fie.. x| | 2 swve project sotup e s x
+ Softwares » sourcetiee + epdecom » 10 1 Projects > Demo 1 v o ; | + Sobtwares » sourcetree 3 epdecom 3 10 > Projects > Demo 1
- @ | | Ogner  Newtoie - @

I This PC

Organise = Hew folder

Demel_setup.eppi PP File B 30 Objects Demol_setup.eppi

Save astype:  epp) files

Concel A bide Folders Cance

| B e |

(a) (b)
Figure 5 (a) A file browser automatically opens to select a project setup file to load in the project panel. Here the user selected the
file ‘Demol_setup.eppj’. (b) A similar file browser is provided to save a project setup file. Here the user saves a file under the name
My_new_project.eppy. The file browser is similar when exporting the results in a spreadsheet.

Selecting the Exit item saves the setup from the Units and Preferences panel (section 3.4) in the user
configuration file before closing the application. The same action can be completed by clicking the close
button at the top right corner of the window.

EPDECOM will automatically load the user configuration file on next start-up to set the default preferences
and units for the user. The configuration file is a .json file located in the config directory of the EPDECOM
installation directory (section 2.3.3). Although it can be edited with a simple text editor, this feature is not
officially supported.

3.2.2 View menu
The View menu has four items as shown in Figure 4(c). The first item hides or shows the Units and preferences
panel (section 3.4) from the interface. Once the preferences and units for the study have been selected, this
panel is not commonly used. Hiding it allows more space for the display panel. Note that this panel is always
displayed at start-up.

The second item of the View menu shows the options for the Graphical User Interface (GUI) in the display
panel, as shown in Figure 6. A limited number of options are available, related to the font size or the
resolution of the interface. The automatic detection of the dpi (dots per square inch) is recommended;
however, users can uncheck the auto-detection and specify their own. Changes to the font size are
automatically executed. Changing the dpi requires the application to be restarted.

1G]
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Figure 6 The GUI option panel is accessed from the View menu. It is displayed in the display panel of the interface.

The license panel (Figure 1) can be accessed from the Show license panel item of the View menu. The license
panel provides information on the application, its version and branch, the Machine ID the application is
running on, the status of the license and its expiry date. A button is available to load a ficense key. The bottom

Font size 112
Figure axis font size [-]|13
Figure title font size [-]|13

1|96

dpi (requires restart) [ ® autodetect

Close

section is dedicated to the request license process as detailed in section 2.3.5.

The item Show log panel displays the logs of the current EPDECOM session, see Figure 7. Information
headers from particular activities are displayed in blue. Non-critical information is displayed in black.
Successful actions are shown in green. Warnings are displayed in orange. Errors are displayed in red.

The logs are appended to the log file log.zxt accessible under the log directory of the application installation

directory (section 2.3.3). It is safe to clear the content of the log file if it becomes large.

Figure 7 The log panel is accessed from the View menu and displayed in the display panel of the interface.

3.2.3 Info menu

The Info menu has one item as shown in Figure 4. The About item opens a window providing general

i g it

information on EPDECOM, see Figure 8.

T3 about EPDECOM - %

@EPDECOM

Centres Programme

EPDECOM is an implementation of the Battelle Two-Curve Method.
It calculates the minimum required arrest capacity of transmission steel pipes.

V2.0 was developed in 2019 at the University of Wollongong,
funded by the Future Fuel CRC, supported through
the Australian Government Cooperative Research Centres’ Program.
We gratefully acknowledge the cash and in-kind support from all our
research, government and industry participants.

EPDECOM is owned and distributed by the Future Fuel CRC.
For more information:

www.futurefuelscre.com WWW.Crca.asn.au
www.apga.orgau  www.uow.eduau

OK

Figure 8 The pop-up window 'About EPDECOM' is accessible from the Info menu.
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3.3 Project panel
The Project panel is located on the left-hand side of the Graphical User Interface (GUI). It is composed of
four sections in which the user can provide the input parameters, select models and access data.

Figure 9 shows an overview of the panel. Starting from the top, the Project panel displays the project description
module, the decompression module, the fracture module and the display module. The decompression and fracture
modules are within a scroll region. In the figure, the 1D isentropic model is selected; the fracture module is
not visible but starts shortly after the decompression settings. Information about each module is provided in
Chapter 5.

Project
Pipeline name

Section name

Save setup
Save data
Decompression model 1D isentropic A >
. Decompression settings

Equation of state GERG 2008 ~
Decompression step [MPa]

Mixture name: Initial gauge pressure range:

Load mixture Save mixture Nb. pts # |1

Minimum [MPa]

Component Molar fraction .
Maximum [MPa]

coz 0.000000 =

c1 0.000000 Initial temperature range:

Cc2 0.000000 Nb. pts [#] 1

H2 0.000000 (o [

He 0.000000 =

N2 0.000000 D - -

02 0.000000 isplayed case | None
Display format | Figures =
Graph Decompression path >

e Options
Total: 0.000000 Normalise 4 Sl
Calculate phase boundary x  Show decompression path

Figure 9 Overview of the Project panel with, from top to bottom, (i) the project description module, (ii) the decompression module
with the 1D isentropic model selected showing both the mixture table and part of the decompression grid entry fields, and (iii) the
display module using the Figures display format to show the decompression path.

3.4 Units and Preferences panel

The Units and Preferences panel is located on the right-hand side of the Graphical User Interface (GUI). Figure
10 shows an overview of the panel. It follows a similar structure as that of the Project panel. It is composed
of two sections: a section relevant to decompression modules and one relevant to fracture modules.
Information about the preferences available for each module is provided in Chapter 5.

3.5 Display panel
The Display panel is located at the centre of the interface. It will display information under different formats
depending on the status of the calculations and the display format selected by the user.

Upon start-up of the application, the Display panel shows the logo of the application as shown in Figure 3.
Accessing the logs or the GUT options from the View menu (section 3.2.2) will display the log panel and the
GUI option panel as shown in Figure 6 and Figure 7 respectively.

Other forms of displays are accessible from the display module located at the bottom of the Project panel. They
relate to the display of results computed or loaded by EPDECOM. There are two formats available to display
the results: figures and tables. The Figures module gives access to the Decompression path figure, the Two-Curve
figure, the Charpy V-Notch (CVN) energy figure and the Mixture properties figure. The Tables module gives access
to the Decompression table and the Fracture table. These two modules are discussed in sections 5.6 and 5.7
respectively.

1G]
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Figure 10 Units and Preferences panel showing (i) the preferences for the 1D decompression model, (ii) the components of GERG
2008 EOS that are visible from the mixture composition table in the project panel and (iii) the preferences for the EPCRC Y/ T
model.
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4 General use

This chapter focuses on the general use of EPDECOM. The order of the chapter’s sections can be seen as
the typical sequence a user would follow to complete a study, namely:

Understand the context,

Consider the applicability of the models for the design at hand, and their limitations,

Set the preferences and units,

Set or load the details of the project,

Calculate the phase boundary of the mixture to better visualise if/when two-phase decompression
can occur, within the range of operating conditions,

Calculate the decompression curves within the range of operating conditions,

Calculate the minimum required arrest capacity,

Save the project setup, and;

Export the data.

M

Yo~

Details on each of these steps are covered in each subsection below. For more information on the user
interface, see chapter 3, and for details on the models, refer to chapter 5.

Any information required to conduct a study is entered in the project panel (section 3.3). The set of
information necessary will depend on the selected decompression and fracture models, as detailed in chapter
5. Not all information is compulsory to conduct a study.

4.1 Context

Fracture is an important consideration in the design of steel pipelines. The conditions that cause a defect in
a material to grow (rupture) and to stop growing (arrest) must be determined because steel pipelines are long,
continuous structures, and therefore a crack can propagate for a long distance if it is not arrested.

The material property of the pipe that defines how it will resist fracture is toughness. The tougher a pipe is,
the larger the amount of energy required to create a crack is, and hence the greater is its tolerance to defects.
A generalised method for predicting the fracture propagation toughness requirement was developed by the
Battelle Institute, called the Battelle Two-Curve Method (BTCM). In the BTCM, two equations are
developed — the relationship between decompression wave-speed and pressure, and the relationship between
fracture velocity and hoop stress.

As each of these equations applies to a mixture and any number of initial conditions, many numerical
computations are required which are best provided using a dedicated software package. EPDECOM V2.0
is an implementation of the NG18 equations used in the original BTCM. It uses modern equations of state,
in particular GERG 2008, to predict the decompression wave speed, providing better predictions of the
toughness requirement than other similar software packages. Several correction factors are available in the
software as required. EPDECOM is intended for use in assessing designs involving the transport of rich gas,
complex mixtures and/or CO, mixtures. One application of this is in the control plan against running ductile
fracture (RDF) in API5SL pipes used in high pressure transmission pipeline applications.

‘When the length of an initial crack exceeds a certain level, the crack starts to propagate. Gas rapidly escapes
through the tip of the crack. During the early stages of the crack propagation, the internal gas pressure can
be assumed to momentarily remain the same as the full opening necessary for non-steady outflow of the gas
has not yet been established [1]. Decompression starts when the opening is full; the internal pressure and
corresponding hoop stress drop. As gas flows towards the rupture, a decompression wavefront travels down
the pipeline, causing a pressure gradient that varies from operating pressure far down the pipeline, to a
fracture velocity dependent pressure at the section of the running crack tip [1]. The relationship between
pressure and velocity of decompression is given by the decompression wave velocity characteristic of the
mixture. In EPDECOM the decompression wave speed is calculated using either of the decompression modules
(sections 5.2 and 5.3) and displayed on the Two-Curve figure (section 5.6.1.2).

As a crack starts to propagate, the velocity of the propagation initially increases. Once the pressure upstream
of the crack tip decreases, the hoop stress in the pipeline decreases. The decrease in stress leads to a decrease
in fracture velocity. When the hoop stress reaches a certain value, the fracture propagation velocity drops to
zero and the running fracture stops. Therefore, the criterion for a ductile fracture to arrest is that the
decompression wave speed must travel faster than the speed of the crack, at all pressures from operating
pressure down to the arrest pressure, so that the stress driving the crack reduces below the arrest stress. In

I
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EPDECOM the fracture velocity curve is calculated using either one of the fracture modules (sections 5.4 and
5.5) and displayed on the Two-Curve figure (5.6.1.2).

In gas pipelines, the decompression process is “slow” due to the expansion of the mixture. Ductile cracks
grow in the order of 100 to 300m/s. A ductile fracture would propagate indefinitely if the velocity of the
fracture is greater than the velocity of the gas decompression wave. Schematically this situation arises if the
fracture velocity curve admits a region that sits below the decompression curve, as shown by Curve 3 in
Figure 11. If the fracture velocity is always lower than the decompression wave velocity then the fracture
arrests, as shown by curve 1 in the figure.

Curve 2

Curve 1 Curve 3

Fracture
curves

Decompression
curve

Pressure

Toughness

Velocity

Figure 11 Schematic of possible interactions between the decompression curve and the fracture curve. Curve 1: Fracture arrest, curve
2: limit of propagation, curve 3: fracture propagation.

The condition of tangency between the two curves represents the limit between arrest and propagation of
the fracture. This condition is illustrated by curve 2 in the figure. The fracture propagation toughness, taken
as the Charpy V-Notch toughness, associated to the tangency condition is the minimum required toughness
necessary to arrest the running fracture. The pressure at the origin of the limit fracture velocity curve, i.e. at
V=0 in curve 2 of Figure 11, is referred to as the arrest pressure. The reader is referred to section 0 for a
detailed theoretical background.

In the Battelle Two-Curve Method, an iterative calculation is required to determine the tangency between
the decompression wave velocity curve and the fracture velocity curve.

4.2 Applicability and Limitations

A classic BTCM study requires a model to describe the fracture velocity curve and a model to describe the
decompression wave speed curve for the mixture. There are many models available in the literature.
EPDECOM V2.0 currently provides two models for each curve.

Of the two fracture models available, the primary model is the original fracture model developed at the
Battelle Memorial Institute and referred to in this document as the NG18 model [4]. The second model is
the Energy Pipelines CRC Y/T model (EPCRC Y/T) [5]. The latter is targeted towards grades of steel at
and above X70 without using correction factors. It accounts for the influence of the yield to tensile ratio on
the arrest capacity of the pipes. Refer to sections 5.4 and section 5.5 for the implementation details of each
model and to the appendix for the theoretical background. Both models define the arrest capacity of pipes
based on their geometry, strength properties and toughness. Toughness is based on the measured full-size
Charpy energy.

In general, both fracture models are applicable to common lean and rich natural gas mixtures used in the
transmission pipeline industry, provided that the decompression curve in the assessment depicts the actual
decompression curve conservatively, for the range of operating pressures and temperatures of the pipeline.
This is normally the case if the user selects the one-dimensional isentropic decompression model (section 5.2),
as this model is supported by calls to the GERG 2008 equation of state (EOS) computing library. Expert
assessment is nonetheless advised to judge the validity of the predicted decompression curve.

- EPDECOM V2.0 - User manual - 13
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As an alternative to the aforementioned decompression model, users can supply their own set of
decompression curves; calculated from third party applications or obtained from decompression tube
experiments (section 5.3). EPDECOM V2.0 does not provide guarantees on the validity of the results based
on user-supplied decompression curves. Expert assessment is highly recommended in this case.

In general, users must exert expert knowledge to consider the suitability of the decompression model and
the fracture model used in the BTCM. Design parameters must be weighed against the scope of the models,
their calibration database and the applicability of the correction factors. Please refer to each model
description provided in this manual as well as the relevant published literature.

Despite historically being a slow-moving technology, RDF control does evolve regularly. Expert knowledge
of recent developments, associated scientific publications and standards can be instrumental in judging of
the suitability of a model for less common mixtures and pipe materials. In particular, whereas GERG 2008
is suitable to predict the decompression curve of dense-phase CO, mixtures' from EPDECOM, the NG18
and the EPCRC Y/T fracture models are not suitable to determine the required toughness for these
mixtures.

Other mixtures for which limited full-scale burst tests are available should be considered with caution and
expert advice should be sought. An experimental program involving decompression tubes and full-scale tests
may be required as an alternative to numerical predictions.

4.3 Changing preferences and units

EPDECOM provides a flexible approach to set the preferences of models and the units of input and output
parameters through the Units and Preferences panel (section 3.4). The units of all numerical inputs and outputs
can be changed at any time using this panel. Numerical input entry fields, figures and tables are
automatically updated as preferences are changed.

In particular, inputs can be typed in the entry fields of a project using a particular unit. The unit in the
preference panel can be changed to convert the numerical entry automatically. Please note that rounding
errors may occur between units.

4.4 Setting or loading project details

The description of the pipeline project is limited to the name of the pipeline and the name of the section.
This information is not compulsory for computation, but it is useful to keep track of several studies. The
information is provided through the Project module (section 5.1) and saved in setup files or exported data files.
Setup files can be loaded from the File menu of the menu bar (section 3.2.1) to automatically populate models
based on the setup file content. Calculations are not carried out automatically once a setup file has been
loaded.

4.5 Calculating the phase boundary

The phase boundary can be calculated from the 1D isentropic model as discussed in section 5.2. This model
requires information on the mixture composition. Mixtures can be saved and loaded individually from the
interface. This can be useful to conduct studies on different pipeline designs.

The 1D isentropic decompression model provides more information on the thermodynamics of mixtures
than the decompression file option. The decompression file option allows external decompression curves to
be imported but does not provide the benefit of the additional mixture information and adjustment.

For mixtures with more than one component, users can calculate and visualise the two-phase boundary in
the temperature-pressure plane. The feature is useful to observe how the decompression path can interact
with the two-phase region, depending on the initial conditions. If calculated, the phase boundary is
automatically included in the export data file (section 4.9).

!'The reader is referred to the report of the tripartite project conducted by APGA-EPRG-PRCI on the validity
of the predictions of the GERG 2008 EOS for anthropogenic CO, mixtures. See [10].
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4.6 Calculating the decompression curve

Calculating decompression curves requires information on the decompression calculation step, the initial
pressure range and initial temperature range. Users also provide the number of pressure and temperature
points np and nr within these ranges. EPDECOM calculates all the decompression curves, i.e. #p X nr cases
and presents them in a temperature-pressure grid, discussed below in section 4.6.2.

Decompression paths can be visualised in the temperature-pressure plane, along with the two-phase
boundary if applicable, as detailed in section 5.6.1.1. Alternatively, they can be visualised in the velocity-
pressure plane from the Two-Curve figure (section 5.6.1.2) to inspect interactions with fracture velocity
curves. Thermodynamic properties can also be visualised graphically by selecting a property for each axis
(section 5.6.1.4). Calculated decompression data, encompassing the decompression curve data and the
thermodynamics data, can be inspected from the decompression tables (section 5.7.1.1). All the
decompression data are included in the export data file (section 4.9).

Feedback is provided on success, warnings or failure to calculate decompression cases through the various
figures and tables as well as in the export data file.

4.6.1 Loading a decompression curve

As an alternative to calculating decompression curves, users can import multiple curves by selecting several
files from a file browser. The imported files must follow a particular format to allow EPDECOM to account
for possible change of units between imported files and user selected units.

There is no restriction on the decompression curves being from the same mixtures, but each imported curve
must have a unique initial (temperature, pressure) point. EPDECOM imports the curves and sets them in a
temperature-pressure grid, discussed below in section 4.6.2.

Not all formats available to access data of calculated decompression curves are available for imported
decompression curves. Decompression paths are not available as no thermodynamics data is supplied in the
import file. Decompression curves can be visualised in the velocity-pressure plane from the Two-Curve
figure (section 5.6.1.1) or inspected from the decompression tables (section 5.7.1.1). Imported
decompression curves are included in the export data file (section 4.9).

4.6.2 Accessing cases in the decompression calculation grid

Irrespective of whether decompression data is set by the user as part of the 1D isentropic model (section 5.2)
or by importing several decompression curves (section 5.3), EPDECOM presents the various decompression
curves as a grid of a range of initial pressures and temperatures. This allows easy navigation of what can
become a large number of cases.

The calculation grid can be visualised as a matrix of nrtemperature points column-wise by #p pressure points
row-wise. The temperature increases from the first column to the last column of the grid. The pressure
increases from the bottom row to the top row of the grid.

A case identifying number, or case id, is given by the following equation:
id=ir+ (i, —1) xny 1)

Where:
ir = the index of the temperature point starting at 1, i.e. the column number starting from the left,
i, = the index of the pressure point starting at 1, i.e. the row number starting from the bottom,
nr = the number of temperature points in the grid.

Case 1 is the cell at the bottom left of the matrix, case nrxnp is the cell at the top right. Figure 12 shows an
example 10x5 calculation grid where the top right cell would be case 50, where iz=10 and i,,=5.

This notion of a decompression calculation grid is central to the interaction of the user with the data. The
user interface allows the selection of a particular decompression case through a drop-down list, keyboard
arrow keys or mouse selection.

I
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Figure 12 Format of the calculation grid with temperature points given column-wise and pressure points given row-wise.

The first method is from the drop-down list in the display module at the bottom of the Project panel. The drop-
down list enumerates the case 7ds. Selecting a particular case from the list will automatically set that case’s
data in the figure or the table that is currently displayed. While this method is acceptable for a small grid, it
becomes cumbersome over a larger one as the user needs to know the id of a case to access it.

The second method is using the arrow keys of the keyboard. It is activated in two ways. Every time a
decompression or a fracture calculation is completed, case selection by arrow keys will be automatically
activated. It is deactivated whenever the user selects an item from the Project panel, the Units and Preferences
panel or the Menu bar. To reactivate the selection mode, simply move the mouse pointer over the figure or
table shown in the Display panel.

The left and right arrow keys move the selected case to the left or right from the active case in the grid, i.e.
the case moves at constant pressure while changing the temperature point. The down and up arrow keys
move the selected case to the above or below case in the grid, i.e. the case moves at constant temperature
while changing the pressure point. The change of cases wraps around the grid automatically, e.g. moving
right from the last column of the grid selects the first column of the grid.

Tables and figures provide feedback information on the currently selected case by displaying the case id and
the initial temperature-pressure point at the top of the screen, in the units selected by the user. Figure 13
provides an example of this for the Two-Curve figure. Information on how each type of figure or table
provides feedback on the active case is provided in sections 5.6 and 5.7 respectively.

Decompression wave and fracture velocity

Case 34 - Decomp. status: OK
14 NG18 CVN Energy: 117.1] - Correction: Leis,,,,: 129.0 |, Wilkowski,,,: 160.0 |, Wilkowski,,,: 119.2 |

|

f

12 J‘

Pressure [MPag]

T,=833C 1
2 o o o 0o o o 0o © 0 o
a ©o oo e@o0co0oo0o0O0O
© 0 © 0 0 0 0 0 0 ©
© 0o 00000O0OO
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Velocity [m/s]

Figure 13 Illustration of access to a case from the Two-Curve figure. Both decompression and fracture curves are displayed for case 34

of a 10x5 calculation grid. The grid is displayed at the bottom right corner of the figure with a filled marker indicating the active case.

Tool tips along the active column and active row inform of the initial temperature and pressure for the case.
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Phase boundary & decompression path

Case 23 P,=11.25 MPa, T,=-19.74 C |
status: Some data points were skipped and some observed and increase in the speed of sound at a rate above 10 m/s/bar.
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Figure 14 Close up on a decompression path figure for which the case issued a warning. The grid is used as an indicator of the
starting points for the decompression path in this figure. Part of the two-phase region, in green, is visible at the bottom. The
decompression path enters the phase-boundary. The active marker is highlighted in orange, advising the user of a warning. The
status message at the top of the window indicates that some points failed during the calculation and that some points observe an
increase in speed of sound above the threshold rate of 10 m.s”.bar

The third method to access a case is restricted to interactions with figures. Figures have a display of the grid
on their bottom right corner, except for the Decompression path figure which uses the grid to explicitly show
the starting points of the decompression paths. A left-click from the mouse over the case’s marker in the grid
will automatically display the data for this case in the figure.

The active marker is filled. Inactive markers are empty. Grey markers indicate that the status of the
calculations is OK. An orange marker signals a warning. A red marker indicates a problem. Selecting the
coloured markers will provide further information on the warning or the error, see Figure 14 for an
illustration of a case with a warning.

4.7 Calculating the minimum required arrest capacity
Once decompression curves have been calculated or imported, users can focus on calculating the minimum
arrest capacity of the design for each decompression case.

The required arrest capacity of a pipe depends on its geometry (diameter, wall thickness), its strength
properties, toughness and other design factors such as backfill depth or type. Both the NG18 and the EPCRC
Y/T models require the user to provide the geometry and strength properties of the pipes and information
on either type or depth of backfill. EPDECOM calculates the minimum required arrest capacity by
calculating the minimum required toughness of the pipe steel. This translates to the minimum required full-
size Charpy energy. It is the latter that is provided to the user. The Charpy energy is eventually provided
with various correction factors depending on the fracture model selected.

Once the fracture model is selected and the input information is provided, EPDECOM will calculate the
required Charpy energy for all the decompression curves available. Calculation errors are reported to the
user through the log panel (section 3.2.2), pop-up windows and messages within tables and figures. Users
can interact with the fracture velocity cases using the same methods used with the decompression curves,
namely, using a drop-down list, arrow keys from the keyboard or the mouse to navigate through the cases
(section 4.6.2).
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The fracture velocity data can be presented in several formats. The fracture velocity curve can be visualised
in the Two-Curve figure along with the decompression curve (section 5.6.1.2) or from the fracture velocity
table (section 5.7.1.2). Charpy full-size energy can be visualised from the Charpy graph as function of
pressure at constant temperature or as function of temperature at constant pressure across the decompression
calculation grid.

4.8 Saving a project setup
The setup of a study can be saved to file for later use from the project module (section 5.1) or from the File
menu of the menu bar (section 3.2.1). All numerical input parameters and options are saved.

Project inputs related to file names are saved as strings in the setup file. Moving the location of these input
files will result in failure to load them automatically when loading a setup file (section 4.4).

The setup file is a text file in ‘.eppj’ format. It can be edited manually in any text editor as long as the file
format is retained. Please note that the format is subject to changes between versions of EPDECOM. As
such, while manual editing is possible, it is not officially supported.

4.9 Exporting data
Setup data and results obtained from calculations can be exported to a Microsoft Excel spreadsheet from the
project module (section 5.1) or from the File menu of the menu bar (section 3.2.1).

The format of the export file is self-explanatory with a set of sheets relevant to different information sets.
One sheet provides the setup of the study, e.g. the input parameters and selected models. Another sheet
records data from the phase boundary if available. Individual sheets for each decompression case provide
decompression data and fracture velocity data and the status of these calculations. All fracture curves are
included in the export data file in the same sheets as their respective decompression curves.

Charpy energies are summarised in a dedicated sheet. They are tabulated in the decompression calculation
grid as function of initial temperature and initial pressure. A dedicated Charpy energy table is provided for

each correction factor available in the model

Calculation errors are also reported in the export file.
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5 Modules
Computational modules are presented in this chapter. Many of the modules have an interface to the user on
the Project panel (section 3.3) as well as an interface on the Units & Preferences panel (section 3.4).

Entry fields used to provide inputs to modules change colour depending on their status and context. A ‘sandy
yellow’ tone indicates that filling this entry is compulsory. A white entry field indicates either an optional field
or a valid entry. Greyed out entries indicated a disabled field in the current context of the application.

5.1 Project module
The Project module provides basic functionalities to identify the pipeline and its section and to manage project
setup files.

5.1.1 Interface and usage
The main interface to this module is located at the top of the Project panel as shown in Figure 15.

Project
Pipeline name |my pipeline

Section name  |my section

Save setup ¥:/Softwares/sourcetree/epdecom/output,

Save data Y:/Softwares/sourcetree/epdecom/output,

Figure 15 Interface to the Project module from the Project panel.

Both the pipeline name and section name entries accept alphanumeric characters including spaces. The two
fields are optional and can be left empty.

The third item of this interface is used to save the project setup to a project setup file. It is made of the save
setup button and a text field. A file browser opens upon clicking the button, as shown in Figure 5(b), to save
the project setup to a file or overwrite an existing project setup file. This functionality is also accessible from
the File menu (section 3.2.1). The path to the selected setup file is automatically written in the text field on
the right of the button when a file location is chosen.

The last item is used to export the data of a project to a project data file as a Microsoft Excel spreadsheet. It is
made of the save data button and a text field. A file browser opens upon clicking the button, similar to that
shown in Figure 5(b), to save the project data to a file or overwrite an existing project data file. This
functionality is also accessible from the File menu (section). The path to the selected data file is automatically
written in the text field on the right of the button when a file location is chosen.

The module provides access to two supplementary functionalities that are not presented in the Project panel.
The items New project and Load project are accessible from the File menu in the menu bar (section 3.2.1).

EPDECOM keeps track of the last directory used to load or save a file to limit browsing the file system tree.

5.1.2 Preferences
This module has no preferences.

5.1.3 Limitations
o The project setup file (*.eppj) is a json file. Although it can be modified manually from a text editor,
this feature is not officially supported.

¢ Information about a pipeline project is limited to the pipeline name and the section name.
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6.2 1D isentropic decompression module

The 1D isentropic module is one of the two decompression ‘models’ available in EPDECOM V2.0. It provides
functionalities to select a gas mixture, calculate phase boundary, define a range of initial temperatures and
pressures, and display the decompression curves for each initial condition.

The 1D isentropic decompression module provides a standard implementation of the unidimensional
isentropic and inviscid model used to calculate decompression wave speeds as in decompression codes such
as GASDECOM [6] [7], DECOM [7] [8], and EPDECOM V1.0 [9]. An equation of state (EOS) is required
to calculate the density, speed of sound and temperature along the isentropic decompression. EPDECOM
V2.0 uses the GERG 2008 EOS library implemented by Ruhr Universitit Bochum, Germany [3] on behalf
of the Groupe Européen de Recherches Gaziéres (GERG). The user manual for the library is available from
the Documentation directory of EPDECOM under the installation directory (section 2.3.3). GERG 2008 is
valid for wide ranges of temperature, pressure, and composition and covers the gas phase, the liquid phase,
the supercritical region, and vapour-liquid equilibrium states for natural gases and other mixtures. It has
demonstrated very good predictive performance with lean and rich natural gas mixtures as well as
anthropogenic CO, mixtures [10]. It is able to represent the most accurate experimental binary and multi-
component data for gas phase and gas-like supercritical densities, speeds of sound, and enthalpy differences
mostly to within their low experimental uncertainties.

By default, EPDECOM calculates the decompression curve using the pressure-entropy tuple of state
variables to call GERG’s flash point subroutine. This is referred to as the PS calculation mode. In most cases
this mode is well suited, and particularly efficient to follow an isentropic path. In some situations, it is
preferable to use the 7P mode, as discussed in section 5.2.1.5

5.2.1 Interface and usage

5.2.1.1  Equation of state

This module is activated from the 1D Isentropic model drop-down list available from the Project panel, see
Figure 16.

Decompression model | 1D isentropic hd

Equation of state | DT =~

Decompression file

Figure 16 Select the 1D Isentropic model from the drop-down list of the Project panel

Once the model is selected, the interface to the module appears, see Figure 17. It is composed of two parts.
The upper part offers the selection of the equation of state (EOS). V2.0 only allows GERG 2008 at this stage.

—
Decompression model | 1D isentropic = Normalise Reset
Equation of state GERG 2008 = Calculate phase boundary
Mixture name: Decompression settings

Load mixture Save mixture Decompression step [MPa]
Component Molar fraction Initial gauge pressure range:
co2 0.0 - Nb. pts # 1
€1 0.0 Minimum [MPa] |1
c2 0.0
ca 0.0 Maximum [MPa]
s 2% Initial temperature range:
H2 0.0
He 0.0 Nb. pts [#] 1
N2 0.0 Minimum q
02 0.0 .

Maximum [
= Use TP calculation

Total: 0.000000 Calculate decompression

Figure 17 The interface to the module is displayed below the decompression model drop-down list. (left) It is composed of a section
relevant to the equation of state and tools to load, save and specify the composition of the mixture. (right) A section is also
provided to set the details of the calculation grid and the decompression step.
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5.2.1.2  Mixture composition

Below the EOS is the text entry for the mixture name. Any alphanumerical characters are permitted,
including spaces. Two buttons, Load mixture and Save mixture, allow mixtures to be reused once they are
saved to files. Clicking on either the Load mixture or Save mixture buttons opens a file browser to select or
write, or overwrite a mixture file. Mixture files are written in .epmx format. Upon loading a mixture, the
molar fractions of the components appear in the mixture table below the Load mixture button.

The mixture table is used to define the molar fraction of the mixtures. It is made of two columns: Component
and Molar fraction. The Component column lists the components the user sets as visible from the Units &
Preferences panel (section 5.2.2). Reducing the number of visible components in the table eases interactions.

To enter the molar fraction of a component, click the relevant row along the Molar fraction column. Positive
or null entries are accepted, alphabetical or special characters are not. The total fraction of the mixture is
updated in real time as the fractions are entered.

Although the total fraction must be equal to 1.0, it is possible to fill the table to a total of 100.0 (or another
preferred base) and then click the Normalise button, shown on the right of Figure 17. The table can be reset
to zero by clicking on the Reset button located next to the Normalise button.

Any change to the composition of a mixture will clear the memory of all fracture curves, decompression
curves and phase boundary calculated in previous steps.

5.2.1.3  Calculating the phase boundary

The Calculate phase boundary button is available for ‘mixtures’ of at least two components. When selected
EPDECOM will call the EOS to obtain the phase boundary. The boundary will be displayed in the
Decompression path figure (section 5.6). Some mixtures lead to failed phase boundary calculations from the
EOS library. In these cases, an Error message will be displayed. Clicking OK will return the user to the main
interface. It is recommended to adjust the mixture composition to one which has a calculable phase
boundary; however, although not ideal, a phase boundary calculation error does not preclude subsequent
calculations of decompression curves.

5.2.1.4  Setting the decompression calculation grid

The second section of the 1D Isentropic module focuses on the definition of the decompression calculation
grid. As shown on the right side of Figure 17, the user can fill the settings for the calculation grid in the area
below the Phase boundary button. The units of all pressure and temperature entries can be changed from the
Units and Preference panel (section 5.2.2).

The first entry of the section is the decompression step. It is a strictly positive pressure fraction used to control
the decompression calculations. It is the maximum pressure step allowed between two pressure points. The
smaller the decompression step the more accurate the decompression curve. Small decompression steps can
be useful to limit the unphysical slope of a decompression plateau inherent to the use of a non-zero
decompression step. The decompression computing time increases linearly with the decompression step.
The fracture velocity computing time increases exponentially with the decompression step?.

Below the decompression step are six entries which are used to set the decompression calculation
(temperature-pressure) grid. A minimum and maximum for both temperature and pressure, and the number
of points within each range, can be defined. If a single point is used, then only the entry box for the minimum
is accessible. Each point of the grid defines an initial condition which is used to calculate a decompression
curve. Refer to section 4.6.2 for details on the grid and how to interact with each case in the grid.
EPDECOM will carry out consistency checks to validate that the minimum is less than the maximum and
that the arrays are within the accepted range of the equation of state.

Any change to the decompression step or definitions of the grid will clear the memory of all fracture curves
and decompression curves. The phase boundary, if calculated for the mixture, will be retained.

2 The fracture curve is based on a non-linear pressure step to refine the number of points close to the arrest
pressure. The maximum pressure step of the fracture curve is close to the pressure step of the decompression
curve.
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5.2.1.5 TP mode — An alternative calculation routine

A check box “Use TP calculation” is available immediately below the decompression settings. By default,
EPDECOM calculates the decompression curve using the pressure-entropy tuple of state variables to call
GERG’s flash point subroutine. This is referred to as the PS calculation mode. In most cases this mode is
well suited, and particularly efficient to follow an isentropic path. However, it has some limitations. Some
GERG 2008 subroutines (such as the calculation of the phase boundary) cannot be called within the two-
phase region for a ‘mixture’ made of a single component (i.e. a pure component, 100% molar fraction).
Therefore, the TP mode is necessary to calculate decompression curves for ‘mixtures’ having only one
component or when the default pressure-entropy (PS) mode leads to instabilities of the calculations in the
equation of state. In TP mode, EPDECOM calculates the properties of the mixtures using the temperature-
pressure tuple of state variables i.e. (T, P). For more information on PS and TP modes, refer to the theory
in the appendix.

The TP mode can also be useful to calculate decompression curves of multi-component mixtures whenever
GERG 2008 hits convergence issues. These are typically identified from the loss of points in the
decompression curve, unphysical oscillations of thermodynamics properties or crashes of the GERG library.
In such cases the TP mode can help overtaking these issues, albeit this is not guaranteed.

Because of the internal optimisation of 7P mode, it is significantly slower than the default PS mode.

Using the TP mode is not the only possible approach to circumvent convergence or instabilities of the EOS
library. Users can also move the initial conditions to pass around, but close to, a troublesome region of the
decompression. Having two decompression curves surrounding the targeted, but failing, decompression
curve can be sufficient to estimate the required toughness through interpolation for instance. Similar
techniques can be applied by changing the composition of the mixture ever so slightly.

5.2.1.6  Calculating decompression

The last interface to the module is the Calculate decompression button. Clicking it will run the decompression
calculations. The computing time will vary depending on the size of the grid, the decompression step and
the complexity/type of the mixture. The interface is locked during the calculation process. The progress bar
of the interface will provide feedback on the progress status. Decompression cases with warnings or errors
will issue an information window to inform the user. Calculations proceed once the information window
has been closed. Warnings and errors are automatically recorded by the log system and accessible from the
log panel (section 3.2.2).

Once the decompression calculations are completed, EPDECOM will display the first case of the grid in the
active display format or the Two-Curve figure by default. Decompression data can be accessed through figures
(section 5.6) and tables (section 5.7) using the case selection methods (section 4.6.2) as well as from the
export data file (section 4.9).

5.2.2 Preferences
The preferences of the module are accessed by selecting the 1D Isentropic model from the Decompression model
drop-down list of the Units & Preferences panel (section 3.4) as shown in Figure 18.

Units & Preferences

Decompression model | 1D isentropic ¥

. v 1 i
Pressure unit e

Decompression file

Figure 18 Selection of the 1D isentropic model to access the preferences of the module.

The user is presented with the preferences interface in the panel as shown in Figure 19. The pressure unit
can be selected from {bar, Pa, kPa, MPa, psi, ksi}. The temperature unit can be selected from {K, C, F}. The
velocity unit can be selected from {m/s, f/s}. Note that the velocity unit of the fracture model is also adjusted
by changing the velocity unit of the decompression curve. All pressure (not stress), velocity or temperature
variables in input or output data will be converted to the new unit across the interface.
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If one or several entries are already filled when changing the unit then the entries will be converted to the
new unit automatically. Note that round-off errors can occur, especially with pressure units that change
numerals by several orders of magnitudes (e.g. between Pa and MPa).

The module provides a drop-down list to select the equation of state for which the user wishes to modify the
preferences. V2.0 only provides GERG 2008, no other option is available from the drop-down list.

Below the unit and EOS selection is the visible components table. The table lists all the components available
from the equation of state in the first column and a check box associated with each component in the second
column. Checking a box makes a component visible in the mixture composition table of the module (section
5.2.1.2) displayed in the Project panel (section 3.3). Components made visible have their molar fraction set to
zero in the mixture composition table.

; —>
Units & Preferences Component Visibility
Decompression model | 1D isentropic ¥ Ar L -
co r
Pressure unit MPa v co2 W
) c1 o
Temperature unit i 7
&2 v
Velocity unit m/s v c3 i
. ic4 3
Equation of state GERG 2008

Figure 19 Preferences interface of the 1D Isentropic module is accessible from the Units & Preferences panel.

Any change to the visibility of components will clear the memory of all fracture curves, decompression
curves and phase boundary calculated in previous steps.

5.2.3 Limitations
e  Viscosity of the mixture is not accounted for in this decompression model.

e There is no thermal exchange with the pipe wall.

o The properties of the mixture from the equation of state are quasi-static properties. Dynamic effects
such as delayed nucleation are not considered.

e Some thermodynamics properties are not defined within the two-phase region. For instance, the
speed of sound must be calculated using the method presented in the Appendix.

e  The properties of the mixture in the two-phase region assumes a homogeneous state?®, in equilibrium
between phases. The properties of each phase are not accounted for separately.

e  Mixture files (*.epmx) are written in json format. The files can be edited manually using a text editor.
However, this feature is not officially supported.

e  Success of the decompression calculation depends upon the underlying performance of the equation
of state, its stability and handling of errors.

o The one-dimensional nature of the model restricts its use to account for the pressure field upstream
of the crack tip, not downstream of the fracture where a supersonic flow takes place.

5.3 Decompression file module

The Decompression file module is the second of the two decompression ‘models’ available in EPDECOM V2.0.
It provides functionalities to import one or several decompression curves saved in files under a specific
format.

3 e.g. for a decompression path entering the two-phase region from the dew curve, the mixture is assumed
to be akin to a mist in suspension in the gas phase.

I
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5.3.1 Decompression files

The format of a decompression file is illustrated in Figure 20. The file uses the comma separated value (csv)
format, typically identified by the .csv extension. The file has only two columns. The first column is the
decompression wave speed data, the second is the gauge pressure. There can be only one decompression
curve per file.

The first line is the header of each column. The first header is written as ‘W [unitW]’. Where:
e unitWis any velocity unit accepted by EPDECOM: {m/s, ft/s}.
e  Units are case sensitive.

The second header is written as ‘P [unitP] @ T=X[unitT]’. Where:
e unitP is any pressure unit accepted by EPDECOM: {bar, Pa, kPa, MPa, psi, ksi}.
e unitT is any temperature unit accepted by EPDECOM: {K, C, F}.
e  Units are case sensitive.
e  Xisthe numerical value for the initial temperature for which the decompression curve was measured
or calculated.

Subsequent lines in the file give the decompression wave speed and the gauge pressure from the initial
pressure to an arbitrary minimum pressure or minimum decompression velocity. There is no restriction on
the uniformity of the pressure steps between each pressure point.

W [m/=],F [MPa] @ T=15[C]
445,303, 15
443.881,14.901
447,454,14.803
441.016,14.704
439.57,14.605
438.123,14.507
436.663,14.408

Figure 20 The format of a decompression file includes information provided in the headers, the data relevant to the decompression
wave speed W and that of the gauge pressure P.

5.3.2 Interface and usage
The Decompression file module is activated from the Decompression model drop down list available from the
Project panel, see Figure 21(a).

Decompression model | Decompression file ¥ Decompression model | Decompression file ~
PR 1D isentropic |
Decompression Files P o Decompression Files
¥ Decompression file
(a) (b)

Figure 21 (a) Select the Decompression file model from the drop-down list of the Project panel. (b) The interface to the module is a
single button and a test field listing the decompression files selected by the user.

Once the model is selected, the interface to the module is presented to the user, see Figure 21(b). It is
composed of the Decompression files button and a text field. Clicking the button opens a file browser to let the
user select one or several files from a source directory as shown in Figure 22. The list of selected files is
automatically written in the text field on the right of the button.

The loading process of a decompression file starts by reading the units of the file. The decompression wave
speed array, the gauge pressure array and the initial temperature are converted to the units selected by the
user under the Units and Preferences panel (section 3.4).

If more than one file is being loaded, EPDECOM checks that each decompression curve is related to a
unique initial (temperature, pressure) point. The initial condition is given by the temperature entry in the
header and the first pressure point. A decompression curve is not loaded if a curve with the same initial point
was previously loaded. EPDECOM will automatically update the Two-Curve figure to display the first
available decompression curve.

1G]
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« v o < Softwares » sourcetree » epdecom » |0 » Projects » Demo2 ~ ] Search Demo 2
Organise + Mew folder == - M@ o
~
esktop ame ate modified fype ize
[ Deskt AN D fified Typ Si
] Documents | | sample_decompression_l.csv CSV File 2KB
¥ Downloads | | sample_decompression_2.csv CSV File 2KB
B Movies | | sample_decompression_3.csv CSV File 2KB
b Music
&=/ Pictures
2 Local Disk (C:)

= Element on 'Mac' (T:)

== Time Machine Backups on 'Ma
= Dropbox on 'Mac' (W:)

= iCloud on 'Mac' (X:)

= MNextcloud on 'Mac' (¥?)

B LU TR ¥ EFr ) i E

File name: ‘"samp\e_decompresslon_}.csv" "sample_decompression_l.csv" "sample_decom V| csv files ~

oss

Figure 22 A file browser opens for the user to select one or several files from a source directory. Here the user selected three files
sample_decompression_1, 2 and 3.

EPDECOM will construct a grid based on the array of unique temperatures and unique gauge pressures.
Consequently, the grid may account for more cases than were loaded. For example, consider two
decompression files with respective initial points (12.1, 15.0) and (11.0, 6.3) in (C, MPa) units. Thus, the
unique temperature and pressure arrays are (11.0, 12.1) and (6.3, 15.0) respectively. The grid is composed
of two temperature points and two pressure points for a total of 4 cases. When visualising the data in the
Two-Curve figure, EPDECOM will show the markers for case 2 (12.1, 6. 3) and for case 3 (11.0, 15.0) inred
because these cases were not provided as part of the decompression files import process. See section 4.6.2 for
more details about the representation of the calculation grid in EPDECOM.

5.3.3 Preferences
The Decompression file module preferences are accessed from the Decompression model drop down list available
from the Units & Preferences panel, see Figure 23a).

Units & Preferences Units & Preferences

Decompression model | Decompression file ¥ Decompression model | Decompression file ¥

This module has no pn el

v Decompression file Pressure unit MPa -
@) Temperature unit C v
Velocity unit m/s hd

(b)

Figure 23 (a) Selection of the decompression file model from the Units & Preferences panel to access its preferences. (b) Preferences
interface of the module once the model has been selected.

The preferences of the module are limited to selection of the units for pressure, temperature and velocity,
see Figure 23(b). The pressure unit can be selected from {bar, Pa, kPa, MPa, psi, ksi}. The temperature unit
can be selected from {K, C, F}. The velocity unit can be selected from {m/s, f/s}. Note that the velocity unit
of the fracture model is also adjusted by changing the velocity unit of the decompression curve. All pressure
(not stress), velocity or temperature variables in input or output data will be converted to the new unit across
the interface.

5.3.4 Limitations

e The decompression files must be in the same source directory. Importing files from different
directories is not supported.

e Itis permitted to have an incomplete decompression curve provided in a file, with the last pressure
point at a non-zero velocity. However, the tangent condition calculated from the fracture models
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may fail if the fracture velocity is constrained, by design, to velocities below that of the last pressure
point of the decompression curve.

5.4 NG18 fracture module

The original Battelle Memorial Institute fracture model — referred to here as the NG18 model — uses small-
scale lab tested material properties to characterise ductile fracture propagation behaviour in the full-scale
pipe. It is based on two assumptions [4]:

a) The fracture propagation velocity is proportional to the plastic wave velocity. The ductile fracture
and the plastic zone ahead of the fracture are assumed to be equivalent to some large value of plastic
deformation that can be described by small-scale material properties. The concept also considers
that this high level of plastic strain can only propagate as fast as the plastic wave [2].

b) The fracture propagation velocity is affected by the difference between the arrest pressure and the
pressure at the crack tip.

The predictive performance of the NG18 equations were compared with an extensive full-scale test database
[4] [11]. The equations showed a deviation in the predictions beginning at a full-size Charpy energy of about
95 J. This observation indicated a loss of accuracy of the model towards non-conservative predictions of the
Charpy energy; that is, a design based on the predicted Charpy energy would be progressively more likely
to fail at stopping RDF as the Charpy energy requirement increased. This led to the development of
correction factors, applied to the predicted Charpy energy for toughness greater than 95J. Three correction
factors have been implemented in EPDECOM to correct the NG18 model: one developed by Leis [11], one
developed by Wilkowski et al., called the Wilkowski 1977 equation [12], and another developed by
Wilkowski called the Wilkowski 2000 equation [13] [14]. Further details about the model theory and these
correction equations can be found in the Appendix.

5.4.1 Interface and usage

The NGI8 fracture module is activated from the fracture model drop-down list of the Project panel (section 3.3) as
shown in Figure 24a. The interface is displayed in the Project panel as shown in Figure 24b. It includes
selection of the backfill mode, and text entries for the wall thickness, elastic modulus and yield strength. All
these quantities are compulsory to run the model. The tensile strength is optional. If the entry field is left
empty then the flow stress ¢ is defined as 6 = oy + 10 ksi. Otherwise the flow stress is defined as the average
of the yield and tensile strength: ¢ = (oy + o1)/2.

Fracture model | NG18 v

Backfill Buried v

Quter diameter [mm] 610.0

[
Wall thickness [mm] 13.0
[

Elastic modulus [MPa] 206000.0

Yield strength  [ksi] | 65.0
Fracture model NG18 -
Tensile strength [ksi]

Backfill EPCRC Y/T v
v NG18 Calculate toughness

(a) (b)
Figure 24 (a) Select the NG18 model from the drop-down list of the Project panel to activate the module. (b) Once activated the
NG18 module displays its interface in the Project panel.

Any change to the input parameters of the module deletes the existing fracture velocity curve and predicted
Charpy energy from the memory.

Minimum required toughness is calculated by clicking the Calculate toughness button. The calculations are

attempted for all the decompression curves available in memory. Possible calculation errors are notified
through message windows and recorded in the logs.
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5.4.2 Preferences

The preferences of the NG18 fracture module are activated from the fracture model drop-down list of the Units &
Preferences panel (section 3.4) as shown in Figure 25a. The interface to the preferences is displayed in the
panel as shown in Figure 25b.

Fracture model  NG18 ~
Pipe outer diameter mm v
Pipe wall thickness mm ~
Elastic modulus MPa ~
Fracture model | NG18 ~ . .
Strength unit ksi ~
Pipe outer diam ERERETIT v
v NG18 Fracture energy ] h
() (b)

Figure 25 (a) Select the NG 18 model from the drop-down list of the Units & Preferences panel to access the module’s preferences.
(b) Preferences interface of the 1D Isentropic module is accessible from the Unites & Preferences panel.

The preferences of the module are limited to selection of the units for the diameter, wall thickness, elastic
modulus, strengths (yield strength, tensile strength) and fracture energy.

The unit for the diameter and the wall thickness is selected in {mm, m, inch}. The unit for the elastic modulus
is selected in {MPa, GPa, ksi, psi}. Strength units are selected in {MPa, kPa, Pa, ksi, psi}. Fracture energy
units are selected in {J, ft. Ibf}. Note that the velocity unit of the fracture model is adjusted above in the
decompression preferences module as it also sets the velocity unit of the decompression curve.

5.4.3 Limitations
The original form of the NG18 model has numerous limitations:
e It requires corrections for predicted Charpy energies above ~95J. Applicable correction factors for
a particular design are subject to export knowledge and consideration.

o The corrections required have been shown to depend on the grade of the steel and possibly its
vintage.

e The model has been calibrated against full-scale tests using mostly lean natural gas, air and nitrogen.
The extent of the validity with other mixtures is subject to expert knowledge and consideration

e In particular, the model is not applicable to the prediction of Charpy energy for pipelines
transporting mixtures predominantly composed of dense-phase CO; .

e  Charpy energy measurements have their own issues [11] with some features of the fracture process
(e.g. separations, sometime referred to as splits [15] [16]) affecting the results and introducing much
scatter in the data.

5.6 EPCRC Y/T fracture module

The NG18 fracture velocity equation is based on the assumption that the fracture propagation velocity is the
same as the plastic wave speed and that each is proportional to the slope of the stress-strain curve at the
characteristic strain. The characteristic strain was determined from fracture mechanics and it was assumed
that the flow stress corresponds to the characteristic strain in the stress-strain curve. However, there is no
evidence to prove this. It is known that the slope of the stress-strain curve varies widely from the yield point
to the ultimate tensile stress. Therefore, improper use of the stress/strain pair may result in inaccurate
prediction of the fracture velocity, in turn leading to an inaccurate prediction of the arrest toughness.

The EPCRC Y/T model retains the assumption that the fracture propagation velocity is the same as the
plastic wave speed and they are proportional to the slope of the stress-strain curve at the characteristic strain.
However, the characteristic strain is re-defined. The basic assumption of the Battelle fracture velocity model
is that the fracture propagates along with the upstream plastic zone at a characteristic strain. Therefore, the
energy used in the fracture velocity model should only be the energy required to reach the characteristic
strain, not the total energy generating the fracture. Compared to the NG18 model, this model not only

I
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considers the effects of the strength and toughness of the material, but also considers the effect of (uniaxial)
ductility.

A full-scale fracture propagation test database was established to calibrate the model. The calibration was
driven by optimising the predictions to achieve the following two objectives:
1) All the predicted Charpy arrest energy values of the propagation pipes are higher than their actual
values. This ensures that the model is conservative against the calibration data.

2) The root mean square of the difference between the predicted Charpy arrest energy and the actual
Charpy energy of all the arrest points is minimised.

5.5.1 Interface and usage

The EPCRC Y/T fracture module is activated from the fracture model drop-down list of the Project panel (section
3.3) as shown in Figure 26a. The interface is displayed in the Project panel as shown in Figure 26b. It
includes text entries for the pipe outer diameter, wall thickness, elastic modulus, yield and tensile strengths
and backfill depth. All these quantities are compulsory to run the model. Any change to the input parameters
of the module deletes existing fracture velocity curve and predicted Charpy energy from the memory.

Fracture model | EPCRC Y/T hd

Quter diameter [m] 610
Wall thickness  [m)] 13

Elastic modulus [GPa] 206
Yield strength  [MPa] 555

Tensile strength [MPa] (720

Fract del EPCRCY, hd
racure moce 0 Backfill depth  [m] 1

Outer diameter "—Em - -
Calculate toughness
Wall thickness. |__1C18 g
€)) (b)

Figure 26 (a) Select the EPCRC Y/ T model from the drop-down list of the Project panel to activate the module. (b) Once
activated the EPCRC Y/ T module displays its interface.

Minimum required toughness is calculated by clicking the Calculate toughness button. The calculations are
attempted for all the decompression curves available in memory. Possible calculation errors are notified
through message windows and recorded in the logs.

5.5.2 Preferences

The preferences of the EPCRC Y/ T fracture module are activated from the fracture model drop-down list of the
Units & Preferences panel (section 3.4) as shown in Figure 27a. The interface to the preferences is displayed in
the panel as shown in Figure 27b.

Fracture model | EPCRC Y/T v
Diameter m v
Wall thickness m v
Elastic modulus GPa v
Strength unit MPa h
Fracture model | EPCRC Y/T -
Backfill depth unit m M
Diameter @ ERIRC VT -
NG18 Fracture energy J hd
€)) (b)

Figure 27 (a) Select the EPCRC Y/ T model from the drop-down list of the Units & Preferences panel to access the module’s
preferences. (b) The preferences of the module.

The preferences of the module are limited to selection of the units for the diameter, wall thickness, elastic
modulus, strengths (yield strength, tensile strength), backfill depth and fracture energy.

1G]
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The unit for the diameter and the wall thickness is selected in {mm, m, inch}. The unit for the elastic modulus
is selected in {MPa, GPa, ksi, psi}. Strength units are selected in {MPa, kPa, Pa, ksi, psi}. The backfill depth
units are selected in {m, mm, inch, foot}. Fracture energy units are selected in {J, ft. Ibf}. Note that the
velocity unit of the fracture model is adjusted above in the decompression preferences module as it also sets
the velocity unit of the decompression curve.

5.5.3 Limitations

e The model is only suitable for buried pipes, not for unburied pipes. The backfill depth used in the
parameter calibration ranges from 0.5 m to 1.5 m.

¢ Round bar tensile specimens should be used to define the yield and tensile strengths with the yield
strength taken as Rygs.

e The calibration database focuses on X70 to X100 pipes in natural gas and air. The application of
the model is therefore targeted towards higher grades.

e The extent of the validity with other mixtures is subject to expert knowledge and consideration.

e In particular, the model is not applicable to the prediction of Charpy energy for pipelines
transporting mixtures predominantly composed of dense-phase CO, [17] [18].

e The calibration database is small compared to that of the NGI18 model, this enforced the
requirement for a conservative calibration process. As a result, the model can be particularly
conservative, especially with large Y/T ratios.

e Charpy energy measurements have their own issues [11] with some features of the fracture process
(e.g. separations, sometime referred to as splits [15] [16]) affecting the results and introducing much
scatter in the data. Well known limitations of Charpy energy in the NG18 model are carried over
in the EPCRC Y/T model.

o The flow stress is always defined as ¢ = oy + 10 Kksi.

5.6 Figure display module

There are four types of figures available in EPDECOM. All axes displayed in the figures have units that can
be changed on-the-fly from the Units & Preferences panel (section 3.4). They all provide a display of the
calculation grid from which computed decompression and fracture cases can be accessed (section 4.6.2).

Unless the user clicks a point of the calculation grid, it is possible to display an arbitrary point in the figure
with a display of the coordinate using a left click of the mouse. A right click would make the tooltip
disappear.

5.6.1 Interface and usage

The Figure display module is activated from the Display format drop-down list accessed from the Project panel
(section 3.3) as shown in Figure 28a. Once activated the module will display a drop down list from which
the different figures can be selected as shown in Figure 28b.

Each figure, namely the Decompression path figure, the Two-Curve figure, The Charpy V-Notch (CVN) energy figure
and the Mixture properties figure, have different options. Some do not have any. The various options displayed
for each figure within the panel are shown in Figure 29.

The Decompression path figure and the Two-Curve figure allow some of the curves to be hidden if the user wishes

to focus on a particular curve. The Mixture properties figure allows the user to select which properties to
plot against one another.
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Graph Two-Curve 7

Options Decompression path

H i - v -
Display format | Figures %  Show dect Two-Curve

v E CVN energy
Figures =
Gra.ph Tobles X Showfrad e properties
(@) (b)
Figure 28 (a) Select the Figure item of the Display format drop-down list from the Project panel to activate the module. (b) Select

the figure of your choice from the Graph drop-down list. Four types of figures are available: Decompression path, Two-Curve,
CVN energy and Mixture properties.

Graph Decompression path g Graph Two-Curve =
. Options
Options
*  Show decompression curve
% Show phase boundary

*x  Show fracture curve
% Show decompression path

(b)
()
Graph Mixture properties =4
Graph CVN ener: v
p R4 Options
Options Ordinate: P v
No options Abscissa: T e
(© (d)

Figure 29 Summary of the interfaces of each available figure with their eventual options. (a) Decompression path & phase
boundary figure, (b) Two-Curve figure, (c) Charpy energy figure and (d) Mixture properties figure.

5.6.1.1  The Decompression path figure
A typical Decompression path figure is shown in Figure 30. The figure displays the phase boundary of the
mixture (if it has been calculated successfully) and the decompression path for the active case.

In the example, a calculation grid of 5 temperature points by 5 pressure points is shown. Cases can be
selected using the keyboard arrow keys or the mouse within the figure as discussed in section 4.6.2.

Here case 1 has been selected. The figure has an information region at the top centre which displays initial
pressure and temperature and the status of the calculation for the active case.

5.6.1.2  The Two-Curve figure

A typical Two-Curve figure is shown in Figure 31. The figure can display the decompression curve (grey) and
the fracture velocity (red). This presents the user with a rapid assessment of the quality, or lack of, of the
decompression calculations and the tangent condition between the two curves.

In the figure, a calculation grid of 5 temperature points by 5 pressure points is shown. Cases can be selected
using the keyboard arrow keys or the mouse within the figure as discussed in section 4.6.2. An orange circle
is visible within the grid, indicative that a warning was issued for that case. The user can click the circle to
show the relevant figure and inspect the warning.

Here case 2 has been selected. Tool tips are shown along the calculation grid in the bottom right corner to
inform of the initial conditions for the active case (-12.5 °C and 10 MPa in the figure).

The figure also displays information at the top centre. The grey information region refers to the
decompression model. The decompression calculations were successful in this case. The red information
region refers to the fracture model. The calculations were successful and the Charpy energy from the NG18
model and its three correction factors are displayed.

1G]
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Figure 30 The Decompression path & phase boundary figure showing the boundary in green and the decompression path for case 1
along with the decompression grid initial conditions.

Decompression wave and fracture velocity

Case 2 - Decomp. status: OK

NG18 CVN Energy: 65.5 ) - Correction: Leis,,: 65.5 ), Wilkowski,,: 70.7 |, Wilkowski_: 65.5 |

Pressure [MPag]

-1
o o o o o
o +] o (=] [+]
o o o o
o © 0o o o
0
o 50 100 150 200 250 300 350

Velocity [m/s]
Figure 31 The Two-Curve figure showing the decompression curve in grey and the fracture velocity of the NG18 model in red for case
2 of the calculation grid. Both the decompression curve and the fracture curve returned an OK status. The NG 18 model provides the
Charpy energy along with several correction factors.
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5.6.1.3  The Charpy energy figure

Charpy V-Natch full size energy

140

CVN energy []]

£.=15.00 MPa »

coooe
ocooowe
coooe
coooe

404

30 20 10 a 10 o 0
Temperature [C]

Figure 32 The Charpy energy figure set to show the fracture energy as function of the initial temperature of the calculation grid at a
constant pressure of 15 MPa.

A typical Charpy energy figure is shown in Figure 32. The figure displays the uncorrected Charpy energy as
function of the temperature points or the pressure points of the calculation grid at constant pressure or
temperature respectively. This presents the user with a rapid assessment of the evolution of the required
energy as a function of a particular variable of the initial conditions.

In the figure a calculation grid of 5 temperature points by 5 pressure points is shown. The upper row of the
grid is selected. The grid indicates that the figure displays the Charpy energy as function of temperature at a
constant pressure of 15 MPa.

Moving the up/down arrow keys would display the evolution of the energy as function of temperature at a
higher/lower pressure. A left-click from the mouse over any point in a different row would display the curve
for that row.

If the user uses the left/right arrow keys, the figure will automatically switch to a visualisation of the energy
as function of pressure at constant temperature. Switching from constant pressure to constant temperature
and vice versa can also be done by using a right click on the mouse over one of the grid points.

5.6.1.4  The Mixture properties figure

A typical Mixture properties figure is shown in Figure 33. The figure can display any of the mixture properties
(Pressure (P), temperature (T), density (D), speed of sound (C), entropy (S) and enthalpy (H)) against
another, along the decompression path. The user can select the two properties from the option panel as
shown in Figure 34.

Units of the figure for pressure, temperature and velocity can be changed from the active decompression
module preferences (e.g. section 5.2.2). Density, entropy and enthalpy units cannot be changed from the
interface as they use the units provided by the equation of state.

5.6.2 Preferences
All units of the figures can be changed from the Units & Preferences panel (section 3.4) through the preferences
of the decompression and fracture modules depending on the type of variables being displayed.

Pressure, temperature and velocity units are changed from the preferences of the decompression modules.
Units for Charpy energy can be changed from the preferences of the fracture modules.

1G]
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Figure 33 The Mixture properties figure set to show the density as function of temperature.

Displayed case | None '|
P
. a T
Display format | Figures ~
v D
Graph | Mixture properties & v|
S
Options H
Ordinate: D g
Abscissa: T ~

Figure 34 The Mixture properties figure provides lists to select the properties to display along the abscissa and ordinate axes.

5.6.3 Limitations
e There are no Zoom & Pan functionalities within the figures,

e Figures cannot be saved as images,
o  Units for density, entropy and enthalpy cannot be changed.

e  Only the Charpy energy without correction is displayed in the Charpy energy figure.

5.7 Table display module
There are two types of tables available in EPDECOM. All columns of the tables, with the exception of
density, entropy and enthalpy, have units that can be changed on-the-fly from the Units & Preferences panel

(section 3.4).

5.7.1 Interface and usage

The Tables display module is activated from the Display format drop-down list accessed from the Project panel
(section 3.3) as shown in Figure 35a. Once activated the module will display a Table drop down list from
which the different tables can be selected as shown in Figure 35b.

Tables v‘ Display format | Tahles v
! ¥ Decompression data
Figures ‘
v Tables itz v Table: Fracture data v
() (b)

Figure 35 (a) Select the Table item of the Display format drop-down list from the Project panel to activate the module. (b) The
module provides two types of tables: the Decompression data table and the Fracture data table.

Display format

Table:
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5.7.1.1  The Decompression table

A typical Decompression table is shown in Figure 36. The table displays the thermodynamic variables along
the decompression path as well as the error code, if any, returned by the equation of state. The headers
inform of the properties in each column and the current units.

Information is displayed above the table’s headers to inform of the active case, its initial conditions and the
status of the calculations. The case to visualise can be changed by using arrow keys or the case drop-down list
available from the Project panel (section 4.6.2).

Case 22 - Po=15.00 MPa, To = -12.50 C - Calculation status: OK

.

-Dsm 0210 150000 -125 2691837 |507.0210 2836  -36:

200 [0 506.7625 |14.9900 |-12.52 269.1448 | 506.8357 0_0?32? -2.836 -362.1
3 o 506.5038 |14.9800 |-12.54 260.1050 |506.6504 |0.1466 |-2.836  |-362.1
4 0 5062450 |14.9700 |-12.56 2690670 (5064649 02199 |-2836 |-3621
5 [0 505.9861 |14.9600 |-12.58 269.0280 |5062794 (02933 2836 |-3622
6 |0 5057270 |14.9500 |-1261 2680890 5060937 (03667 2836 |-3622
7 0 5054678 |14.9400 |-12.63 268.9500 |505.9080 (04402 | -2836 |-3622
8 0 5052085 |14.9300 |-12.65 268.9109 (5057221 |05136 | -2836  |-3623
9 0 5049490 |14.9200 |-1267 2688718 |5055361 |05872 2836 |-3623
10 |0 504.6893 |14.9101 |-12.69 268.8327 |505.3501 |0.6607 | -2836 |-3624
1 [0 504.4295 |14.9001 |-12.71 2687936 |505.1639 (07343 | 2836 |-3624
12 0 504.1696 |14.8901 |-12.73 2687544 |504.9776 |0.808 | 2836 |-3624
130 503.9096 |14.8801 |-12.75 268.7152 |504.7912 |0.8817 | -2836 |-3625
14 |0 5036494 |148701 |-1278 2686760 |504.6047 09554 2836 |-3625
15 |0 503.3888 | 14.8601 -12.8 268.6366 |504.4179 [1.0291 | -2836 |-3625

Figure 36 View of the Decompression table for case 22. Initial conditions are summarised above the headers of the table along with
the status of the decompression.

5.7.1.2  The Fracture table
A typical Fracture table is shown in Figure 37. The table displays the gauge pressure and the fracture velocity
of the fracture velocity curve. The headers inform of the variable in each column and the current units.

Information is displayed above the table’s headers to inform of the active case, its initial conditions and the
status of the calculations. The case to visualise can be changed by using arrow keys or the case drop-down list
available from the Project panel (section 4.6.2).

Case 22 - Po=15.00 MPa, To = -12.50 C - Calculation status: OK

|
[ ] 114.0732
2 149900 |114.0512
3 149800 [114.0292
4 149700 [114.0072
5 149600 [113.9852
6 149500 |113.9631
7 149400 [113.9411
8 149300 [113.9190
9 149200 [113.8969
10 | 149101 [113.8747
11 | 149001 |113.8526
12 | 148901 |1138304

Figure 37 View of the Fracture table for case 22. Initial conditions are summarised above the headers of the table along with the

status of the calculation.

5.7.2 Preferences
All units of the tables can be changed from the Units & Preferences panel (section 3.4) through the preferences
of the decompression and fracture modules depending on the type of variables being displayed.

Pressure, velocity and temperature units are changed from the preferences of the decompression modules.

5.7.3 Limitations
o  Units for density, entropy and enthalpy cannot be changed in the decompression table.

e There is no Charpy energy table.
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Appendix: Background theories

Forewords: The Australian code of practice for the control of fracture of steel pipeline provides a more
complete discussion on the state of the art. The reader is encouraged to consult it for further information
[19].

A Decompression model theory
A1 Basis of 1D isentropic decompression models
The 1D isentropic decompression module provides a standard implementation of the unidimensional

isentropic and inviscid model used to calculate decompression wave speeds as traditionally implemented in
decompression codes such as GASDECOM [6] [7], DECOM (7] [8], and EPDECOM V1.0 [9].

In this model, the decompression wave speed W of a mixture is calculated by:
W=C-u (2)

Where:
C is the speed of sound behind the decompression wave, and
u is the mean outflow velocity behind the decompression wave.

Increments in pressure along the isentropic decompression process are used to calculate Cand u. The outflow
velocity u at any given pressure is the sum of the incremental Au determined from

u= Z Aul 3)

P=P,
where
AP

Aulg = —
* plsCls

4

p1s the mass density of the mixture
| indicates calculations carried out at constant entropy,
AP is the pressure step (AP < 0).

The calculations are carried out from the initial absolute pressure P, to the absolute choke pressure P.
identified when the decompression wave speed W equals zero. In general, the decompression process leads
to a decrease of the mixture’s temperature, decrease of the speed of sound, increase of the outflow velocity
and a decrease of the decompression wave speed.

An equation of state (EOS) is required to calculate the density, speed of sound and temperature along the
isentropic decompression. For instance, the Benedict-Webb-Rubin-Starling (BWRS) EOS [20] is used in
GASDECOM. EPDECOM V1.0 adopted the GERG 2008 EOS which demonstrated very good predictive
performance with lean and rich natural gas mixtures as well as anthropogenic CO, mixtures [10].

By default, EPDECOM calculates the decompression curve using the pressure-entropy tuple of state
variables to call GERG’s flash point subroutine. This is referred to as the PS calculation mode. In most cases
this mode is well suited, and particularly efficient to follow an isentropic path. In some situations, it is
preferable to use the 7P mode, as discussed in section 5.2.1.5.
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A2 The GERG 2008 Equation of state
EPDECOM V2.0 uses the GERG 2008 library implemented by Ruhr Universitit Bochum, Germany [3].
The user manual for the library is available from the Documentation directory of EPDECOM under the
installation directory (section 2.3.3).

GERG 2004 is valid for wide ranges of temperature, pressure, and composition and covers the gas phase,
the liquid phase, the supercritical region, and vapour-liquid equilibrium states for natural gases and other
mixtures consisting of 18 components: methane, nitrogen, carbon dioxide, ethane, propane, n-butane,
isobutane, n-pentane, isopentane, n-hexane, n-heptane, n-octane, hydrogen, oxygen, carbon monoxide,
water, helium, and argon. GERG 2008, the extended version of GERG-2004, considers three additional
components n-nonane, n-decane, and hydrogen sulphide, resulting in a total of 21 components [21].

GERG 2008 is able to represent the most accurate experimental binary and multi-component data for gas
phase and gas-like supercritical densities, speeds of sound, and enthalpy differences mostly to within their
low experimental uncertainties.

GERG 2004 and GERG 2008 are based on pure substance equations of state for each of the considered
mixture components and correlation equations for binary mixtures consisting of these components. GERG
equations of states are expressed in terms of the Helmholtz free energy as a function of temperature and
density. The reduced Helmholtz free energy () is expressed in GERG EOSs by

a0, 7.5)=c’(p,T,.¥)+a"(0,1,X), )

where the function a°® represents the properties of the ideal-gas mixture at a given mixture density p,
temperature T, and molar composition X according to

N
a®(p,T,X)= le- [(zg!-(p, T)+In x!-]

i=1 ©6)
and the residual part o' of the reduced Helmholtz free energy of the mixture is given by

N N-1 N

a'(0,7,%)= z x; oL (0,7)+ E Zx!-xj-lfb- ay(0,7),

i=l i=1 j=i+l (7

where 0 is the mixture reduced density and t is the mixture inverse reduced temperature given by:
d= p_ and 7= Tr(x)‘
Pr(¥) r (8)

The dimensionless form of the Helmholtz free energy in Eqn. 6 in the ideal-gas state of component i is given
by

Rfec i Y T ) / T N
a(p.T) = ?[m{—j’f s sl S f+ 3 o
C,i : k=46

f T .
sinhtﬁ“- LJ
. 0ik T

0
- E Roi,k In

k=57

. .‘h(ﬁn- 'Q‘W’
cos l ok J o

where p; and T.; are the critical parameters of the pure component i. The residual part of the reduced
Helmbholtz free energy of component i is given by

Kpali Kpali +KE.\:p g coik
s PR S 1.1 t..1 —atoik
(I:”-((s.,’f) = E ,”m',k ook glek ¢ E ; Moi k drlonk gloik o S .
k=1 JR'=‘I(F'0I,r"|'| (10)

The function «j;(§,7) in Eqn. (7) is given by
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KP(]L.'_,." KP(JI,y'+KExp,y' 2
fii & _tii k Gik ik ~Miikl0=€iu) —Bixld—viix)
aL-(flr) = E nyj g SUE IR 4 Z My k Ok gk o AT Tk ik ik
=1 k=Kpol,ij+1 (11)
The values of the coefficients n;x and the exponents djj, tix, Nix, ik, Pik, and y;,k were determined by non-
linear multi-property regression analysis. A database of more than 100,000 experimental data points for the
thermodynamic properties of binary mixtures, natural gases and other multi-component mixtures was used
to develop the structure, coefficients and parameters of the correlation equations for binary mixtures, and to
evaluate the behaviour of the equation of state.

The pure substance equations of state for each of the considered mixture components used in the mixture
model in GERG 2004/GERG 2008 are typically simpler than the equations of state for the pure
components, e.g. the equation for carbon dioxide in GERG 2004/ GERG 2008 has 22 terms, compared to
the 42 terms in the Span and Wagner EOS [22].

GERG 2008 is able to represent the most accurate experimental binary and multi-component data for gas
phase and gas-like supercritical densities, speeds of sound, and enthalpy differences mostly to within their
low experimental uncertainties [21].

a) The normal range of validity of GERG 2008 covers temperatures of 90 K < T <450 K and pressures
of P <35 MPa. The uncertainty of GERG 2008 in gas phase density and speed of sound is less than
0.1% in the temperature range from 250 K~270 K to 450 K at pressures up to 35 MPa. This
uncertainty is valid for various types of natural gases as well as for many binary and other mixtures
consisting of the 21 natural gas components covered by GERG 2008.

b) In the liquid phase, the uncertainty of GERG 2008 in density amounts to less than 0.1 to 0.5% for
many binary and multi-component mixtures. The estimated uncertainty in liquid phase (isobaric)
enthalpy differences is less than 0.5 to 1%.

¢) The Vapour-Liquid Equilibrium (VLE) is described with reasonable accuracy. Accurate vapour
pressure data for binary and ternary mixtures consisting of the main natural gas components are
reproduced by GERG2008 to within their experimental uncertainty, approximately 1 to 3%.

The GERG 2008 library can conduct flashpoint calculations based on a range of state variable tuples such
as Temperature-Pressure (7, P) and pressure-entropy (P,S). The library can calculate the boundary of the two-
phase region for multi-component mixtures.
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A3 TP mode - An alternative calculation routine
By default, EPDECOM calculates the decompression curve using the pressure-entropy tuple of state
variables to call GERG’s flash point subroutine. This is referred to as the PS calculation mode. In most cases
this mode is well suited, and particularly efficient to follow an isentropic path. However, it has some
limitations.

Some GERG 2008 subroutines cannot be called within the two-phase region for a ‘mixture’ made of a single
component (i.e. a pure component, 100% molar fraction). For instance, the calculation of the phase
boundary is not possible from the routine. Routines based on the pressure-entropy tuple of state variables
are not callable.

Whenever a user calculates the decompression curve of a pure component, the 7P calculation mode must
be used. In this mode EPDECOM calculates the properties of the mixtures using the temperature-pressure
tuple of state variables i.e. (T, P).

Starting from the initial temperature and pressure condition, EPDECOM obtains the initial entropy and
other thermodynamics properties from GERG 2008. All subsequent calculations at lower pressure points
will be invoked using the temperature at the previous pressure point and the pressure at the current point.
An internal EPDECOM convergence routine optimises the temperature until the entropy at the new pressure
point is equal to the initial entropy within precision. Once the Temperature has been optimised EPDECOM
obtains all other thermodynamics properties using GERG’s TP flashpoint subroutine.

It is possible to inspect if the decompression conserves the entropy within reasonable bounds from the
decompression tables (section 5.7) or the export data file (section 4.9).

Second, the TP mode can be useful to calculate decompression curves of multi-component mixtures
whenever GERG 2008 hits convergence issues. These are typically identified from the loss of points in the
decompression curve, unphysical oscillations of thermodynamics properties or crashes of the GERG library.
In such cases the 7P mode can help overtaking these issues, albeit this is not guaranteed.

Using the 7P mode is not the only possible approach to circumvent convergence or instabilities of the EOS
library. Users can also move the initial conditions to pass around, but close to, a troublesome region of the
decompression. Having two decompression curves surrounding the targeted, but failing, decompression
curve can be sufficient to estimate the required toughness through interpolation for instance. Similar
techniques can be applied by changing ever so slightly the composition of the mixture.

Because of the internal optimisation carried out on in 7P mode, the method is significantly slower than the
default PS mode.

I
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A4 Speed of sound of a mixture in the two-phase region
Some thermodynamics properties of a mixture are undefined within the two-phase region if the two phases
are not considered individually. This is the case for the speed of sound. This is evidently a problem when it
comes to the 1D isentropic model whenever the decompression path has a section in that region.

The traditional approach is to assume that the speed of sound of this “homogeneous” multi-phase fluid can
be approximated by the fundamental equation of the speed of sound as shown in Eqn. 12.

ap AP
= ’Eﬁ /55 (12)

Where
C is the speed of sound,
P the absolute pressure and
p the density.
The subscript ‘s’ indicates that the partial derivative is taken along an isentropic path.

The equation can be approximated numerically within the two-phase region by calculating the change in
density between two pressure points, close to each other, along the isentropic path of the decompression.

For calculations using the TP mode (section 5.2.1.5), the calculation of the density at these pressure points
involves the optimisation routine carried on the temperature.

1G]
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B Fracture module theory
B.1 NG18 fracture model
The Battelle Memorial Institute developed a fracture propagation velocity model in the 1970s [2]. It aimed
to use small-scale lab tested properties of the material to characterise ductile fracture propagation behaviour
in the full-scale pipe. It was based on two assumptions [4]:

a) The fracture propagation velocity is proportional to the plastic wave velocity. The ductile fracture
and the plastic zone ahead of the fracture are assumed to be equivalent to some large value of plastic
deformation that can be described by small-scale material properties. The concept also considers
that this high level of plastic strain can only propagate as fast as the plastic wave [2].

b) The fracture propagation velocity is affected by the difference between the arrest pressure and the
pressure at the crack tip.

The derivation procedure of the Battelle fracture propagation model is briefly described in the following.
The plastic wave velocity has been found to be proportional to the square root of the slope of the stress-strain
relationship [4]. Based on assumption a) one obtains:

Voo |9© 13
| (13)

where V¢ is the fracture propagation velocity, o is the stress and ¢ is the strain. The stress-strain relationship
from the yield stress to the ultimate tensile stress can be generally expressed by a power law, namely:

o = Ag" (14)

where n is the strain hardening component, which can be determined by a tensile test. Eqn. 14 gives the
slope of the stress-strain relationship as:

do ne1 o] 15
. ne n . (15)

Substitution of Eqn. 15 into Eqn. 13 yields:

V; \E (16)

The material’s resistance to fracture R extracted from the tensile test results correspond to the area below the
stress-strain curve. It is expressed by

R =3¢ (17)

where © is the flow stress, ¢ = oy + 10 ksi, and oy is the yield stress. Therefore, Eqn. 16 can be rewritten
as:

Vi o \/% (18)

Alternatively, the material’s resistance to fracture R can also be expressed as the specific Charpy plateau
energy:

R=-2 (19)

where Cy is the Charpy plateau energy (upper shelf energy) and A. is the fracture area of the Charpy
specimen.
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When the length of the initial crack exceeds a certain level, the crack starts to propagate. During the early
stages of the crack propagation, the crack propagation velocity increases, but the internal gas pressure can
be assumed to momentarily remain the same as the full opening necessary for non-steady outflow of the gas
has not yet been established [1]. The decompression starts when the opening is full, so that the internal
pressure and corresponding hoop stress drops and the fracture propagation velocity decreases. When the
hoop stress drops to a certain value, the fracture propagation velocity becomes zero, and the fracture is
arrested. This hoop stress value is termed the ductile fracture arrest hoop stress or ductile fracture arrest
stress o, and the corresponding internal pressure is called the ductile fracture arrest pressure P,.

The ductile fracture arrest pressure provides the lower pressure boundary where the fracture velocity is near
zero. At the arrest pressure the fracture behaves like a static event. Therefore, the pressure for the static
fracture initiation can be used to determine the arrest pressure of the fracture propagation. Eqn. 20 has been
used to predict the ductile fracture arrest pressure P,. It is referred here as the NG 18 arrest pressure equation.

o,t 26t ~(ZBRE)
Pp=—= arccos (e 8c52 ) (20)
r mMyr

where c is half of the crack length when the crack is arrested, t is the pipe wall thickness, r is the pipe radius,
My is the Folias bulging factor and B is a unit conversion factor.

Two unknowns Mt and c appear in Eqn. 20. Mr can be calculated in terms of ¢ using Eqn. 21, so that ¢

remains the only unknown parameter in Eqn. 20. Figure 38 shows Mo}, /G plotted against (C,BE)/(G2+/rt)
from full-scale test data.

o2 ot \05
Mt =11+ 1.255—-0.0135 21
T ( * rt (rt)2> 1)

In Figure 38 the solid line, representing c/+/rt = 3, best separates the propagation data and arrest data.
c/rt = 3 corresponds to Mr = 3.33. Therefore, the arrest pressure equation can be rewritten as
20t

_( BRE )
P, = 333 ATCCos (e 24Vrt5? ) (22)

Figure 39 plots the pressure ratio P/F, against the normalized velocity V;/(G//Cy/A. derived from full-
scale tests [4]. Two sets of data are shown in Figure 39. One set (open squares) corresponds to backfilled
pipes with approximately 30 inches of soil or sand cover. The other data set (open circles) corresponds to
pipes without backfill.

Based on data in Figure 39, Eqn. 23 was developed to describe the relationship between the pressure at the
crack tip and the fracture velocity:

a

P
X |=-=1 2
Vr (Pa ) (23)
where P is the fluid pressure at the crack tip and P, is the arrest pressure.

Combining Eqn. 18 and Eqn. 23 gives the basic form of the Battelle fracture velocity equation, referred here
as the NG18 fracture velocity equation, as follows:

a

V= (z-1) (24)

There are two unknowns in Eqn. 24: C and a. Curve-fitting of full-scale burst test data shown in Figure 39
gives @=1/6 and C = 0.47 for soil backfill and C = 0.648 for no backfill.
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Figure 39 Relationship between the pressure at the crack tip and the fracture velocity [4].

In the Battelle Two-Curve Method, an iterative calculation is required to determine the tangency between
the decompression wave velocity curve and the fracture velocity curve. This numerical approach was tedious
before the advance in computing power. In order to simplify the calculation, the following equation, termed
the PRC-BMI simplified equation, was developed by regressing the arrest toughness calculated by the BTCM
for a specific set of operating conditions [1]:

1
C, = 3.57 x 107 502(rt)3 (25)

where Cy is the full-size Charpy energy.
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The predictive performance of the NG18 equations were compared with an extensive full-scale test database
[4] [11]. The database included data for 258 full-scale fracture propagation experiments. These data
represented 120 arrest (47 percent of the total) and 138 propagation (53 percent) data points. The PRC-BMI
simplified equation shows a deviation in the predictions as shown in Figure 40, beginning at a full-size
Charpy energy of about 95 J.

This observation indicated a loss of accuracy of the model towards non-conservative predictions of the
Charpy energy; i.e. a design based on the predicted Charpy energy would be progressively more likely to fail
at stopping a running ductile fracture as the Charpy energy requirement increased. This led to the
development of correction factors applied to the predicted Charpy energy.

The following sections present three correction factors implemented in EPDECOM to correct the NG18
model.

B.1.1  Leis correction model
Leis developed an equation to correct the arrest toughness for toughness predicted by the BTCM or PRC-
BMI simplified equation greater than 95 J [11].

CVNgrrest = CVNpyy CVNgy; <95] (26a)
CVNgrrost = CVNgays + 0.002 X CVNZOY — 21.18 CVNgy; =95]  (26b)

where CVN . 1s the corrected full-size Charpy arrest energy. CVNgyy is the full-size Charpy arrest energy
calculated with the BTCM or PRC-BMI simplified equation,

B.1.2  Wilkowski correction models
Wilkowski ez al. [12] developed an equation, called the Wilkowski 1977 equation, to determine the corrected
Charpy minimum arrest toughness for high toughness steels as follow.

175 — 300

1
(3(E/A)BTCM + 1800)0.385
(E/A)‘é\gr?gted—charpy = 3 (ft _ lb/inz) (27)

where ((E/A)srem 1s the specific arrest toughness calculated by the BTCM.
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In 2000 Wilkowski developed another correction model, called the Wilkowski 2000 equation, which is
expressed as [14]:

1
(3(E/A)BTCM + 1800)0.385
— 300

175
1.3 .
(E/A)%Z#?a(c)ted—charpy = 3 (ft— lb/lnz) (28)
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B.2 EPCRC Y/T Decompression file module theory
The NG18 fracture velocity equation is based on the assumption that the fracture propagation velocity is the

same as the plastic wave speed and that each is proportional to the slope of the stress-strain curve at the
characteristic strain. The characteristic strain was determined from fracture mechanics and it was assumed
that the flow stress corresponds to the characteristic strain in the stress-strain curve. However, there is no
evidence to prove that the flow stress and the characteristic strain calculated as part of the model are a pair
in the stress-strain curve. It is known that the slope of the stress-strain curve varies widely from the yield
point to the ultimate tensile stress. Therefore, improper use of the stress/strain pair may result in inaccurate
prediction of the fracture velocity, in turn leading to an inaccurate prediction of the arrest toughness.

Based on the basic assumption of the Battelle fracture velocity model, the fracture propagates along with the
upstream plastic zone at a characteristic strain. Therefore, the energy used in the fracture velocity model
should only be the energy required to reach the characteristic strain, not the total energy generating the
fracture.

The EPCRC Y/T model retains the assumption used to construct the NG18 fracture velocity equation. The
fracture propagation velocity is the same as the plastic wave speed and they are proportional to the slope of
the stress-strain curve at the characteristic strain. However, the characteristic strain is re-defined.

Leis proposed that fracture propagation in a gas pipeline is a collapse-controlled failure process [1] [23]. It
has been experimentally observed that the through-wall (plastic) collapse (TWC) zone, which is evident
from the axial through-wall thinning at the front of the fracture, continues to deepen and lengthen as the
pressure increases to the limit pressure. Therefore, Leis pointed out that the pipe ruptures once this TWC
zone reaches its critical length and depth, and thereafter propagates in the wake of the plastic wave that is
triggered by rupture of the pipe. Failure through the net ligament via unstable shear gives rise to its axial
propagation along the pipe. Failure thus depends on plastic collapse, and the flow properties of the steel that
control its resistance to TW shear failure.

The basic principle of the BTCM is to use material properties based on small-scale tests to predict the fracture
behaviour of the full-scale pipe. It is necessary to determine the characteristic strain from the most commonly
used small-scale mechanical test: the tensile test. In the tensile test plastic instability is usually believed to
occur at the ultimate tensile stress corresponding to uniform elongation &,. According to Leis’ theory, the
characteristic strain used to calculate the fracture propagation velocity should correspond to the uniform
elongation. That is Eqn. 13 should read:

(29)

The Hollomon equation is used to describe the true stress-true strain behaviour during the tensile test, as
shown in Eqn. 30:

o = Ag" (30)

where o is the true stress, € is the true strain, A is the stiffness parameter and n is the strain hardening
exponent. The material deforms uniformly until the occurrence of plastic instability in the tensile test. In
the regime of uniform deformation, true stress and true strain can be expressed in terms of the engineering
stress ¢ and the engineering strain €" as:

oc=0"(1+¢") 31D
e=1In(1+¢") 32)
Therefore, Eqn. 30 can be rewritten as

N (In(1 + &))"

(1+¢") (33)

I

- EPDECOM V2.0 - User manual - 48



Plastic instability, which is evident as necking in the tensile test, generally occurs when the engineering stress
reaches its maximum value. At this point, the slope of the engineering stress-strain curve is zero:

do” =0 34

de* e B (34)
which gives

gp=e"—1 (35)

where e is the base of the natural logarithm. The slope of the true stress-strain curve at € = g, (or € = €})
can be calculated by

do o, oy(l+ey)

_ = = 36
dele—g, nsu nln(1+£{;) (36)

where oy, is the engineering ultimate tensile stress. The specific energy (E;) required to generate plastic
instability in the tensile test can be determined by the area of the engineering stress-strain curve before
necking (" < g):

€u
E; = f o'de” (37)
0
Substitution of Eqn. 33 into Eqn. 37 gives
1
E; = n_l_—lcfl(l + &) In(1+¢g) (38)
or
(n+ DE;
In(1+¢) =—7—"-7T- 39
Substitution of Eqn. 39 into Eqn. 36 yields
do n (o})?
— = 1+ ¢})? 40
dele—,, n+1 Ej 1+ &) (40)
Here, o}, can be expressed by
oy
N 41

where oy is the engineering yield stress. E;, represents the plastic instability specific energy in the tensile test.
However, this parameter is not usually measured. The Charpy absorbed energy (C.) is the widely used
toughness parameter in the pipeline industry. C, represents the total energy consumed in the Charpy impact
test.

In the EPCRC Y/T model the following relationship is assumed to link E;, to the specific Charpy energy

R=C,/A..
€ m
Ei=({=] R (42)
&

where € is the total elongation (total engineering strain to failure) and m is an unknown constant.
Substitution of Eqns. 35 and 40-42 into Eqn. 29 gives:

*

Oy
Ve < B Nr (43)
n_ e" (e —m/2
= — 44
g n+1Y/T (st*) (44)
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The EPCRC Y/T model adopts the form of the NG 18 arrest pressure equation (Eqn. 22) and NG18 fracture
velocity equation (Eqn. 23) to link the pressure at the crack, the arrest pressure and the fracture velocity. In
order to consider the effect of the backfill depth, the fracture propagation velocity is assumed to be
proportional to the backfill depth (H) for the buried pipe:
Hy\*

v (ﬁ) (45)
where Hy is the reference backfill depth, it is set to 1 m in the model. k is an unknown constant. Thus, the
new fracture velocity model is expressed as:

1/6

Ho\* oy (P
v=cb(5) &5 =
where C is an unknown constant. There are three calibration constants in the model: C, m and k. The strain
hardening exponent n, the yield-to-tensile ratio Y/T and the ratio of uniform elongation to total elongation
&, /&t are supplementary material properties. These three parameters are measures of the ductility of the
material and are inter-related. Compared to the NG18 model, this model not only considers the effects of
the strength and toughness of the material, but also considers the effect of (uniaxial) ductility.

A full-scale fracture propagation test database was established to calibrate the model. The primary database
includes data for 227 pipes from 32 full-scale tests published since 1980. Out of this primary database, data
for 95 pipes was carefully selected to calibrate the model. The selected data satisfied the following conditions:

e transverse round bar yield stress and ultimate tensile stress were available in the database;
e the selected pipes were buried in the full-scale test;

e Initiation pipes and pipes located after the arrest pipes were excluded.

Asshown in Eqns. 44 and 46, the model requires the strain hardening exponent 7 and the ratio of the uniform
elongation to the total elongation (g, /g;/). These values are rarely available from published full scale test
results. Fortunately, it was observed that the yield-to-tensile ratio Y/ T is closely related to strain hardening
exponent #n and &;,/ef [24] [25]. Liessem et al. derived an analytical relationship between Y/T and 7 as
follows [24]:

L aten (X " 47
Y/T & esy 47
where ¢y is the engineering strain at the yield strength. The yield strength available from most full-scale tests
is Ryss, it is measured at a total strain of 0.5%. The strain &y is therefore defined as 0.5% in the model.

It is not convenient to use Eqn. 47 to explicitly calculate » from Y/7. Instead, an explicit equation was
developed, as shown in Eqn. 48, as an alternative to Eqn. 47.

0.4607 1.6099

n=0.1507(In(2 = Y/T)) +0.5745(In(2 - Y/T)) (48)

Ji et al. [26] reported the Y/T ratios and the &;,/¢/ ratios for a number of X70 and X80 pipes based on
measurements from round bar tensile tests. The measured Y/T ratios and &;,/&; ratios in the transverse
direction as reported by Ji et al are shown in Figure 41by solid circle symbols. ¢,,/¢; decreases slightly with
the Y/T ratio for relatively lower Y/T values. When the Y/T ratio exceeds approximately 0.85, &,,/&;
decreases significantly as the Y/T ratio increases.

The experimental data was best-fitted using Eqn. 49, the equation is shown in blue in Figure 41. Eqn. 49
represents the trend of the experimental data adequately.

&
- = 0429 % tanh(11.98(1 —Y/T)) (49)
t
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Figure 41 Comparison of experimental data of Ref. [26] and predictions by Eqn. 49

Calibration of the three parameters of the model (C, m, k) was conducted through a minimisation problem.
The input dataset for calibration encompassed information on the gas composition, initial pressure and
temperature, yield strength, Y/T ratio, pipe diameter and wall thickness, backfill depth, strain hardening
exponent and g;;/¢; for each of the selected full-scale tested pipe. All but the strain hardening exponent and
&, /& were available from the database. The strain hardening exponent and &, /e; were calculated from Eqn.
48 and Eqn. 49.

The calibration was driven by optimising the predictions to achieve the following two objectives:

3) All the predicted Charpy arrest energy values of the propagation pipes must be higher than their
actual values. This ensures that the model is conservative against the calibration data.

4) The root mean square of the difference between the predicted Charpy arrest energy and the actual
Charpy energy of all the arrest points needs to be minimised.

The optimisation results in C = 0.5842, m = 2.3711 and k = 0.5201, when using SI units (mm, MPa, J). The
calibrated model is summarised here for convenience using the set of SI units (mm, MPa, J).

—

v
Y/T =—
/ o
_ 14+ Y/T
= TyT
2.0.t _1000.11.15.5
Pa = maTCCOS (e 24.rt.5? >

EPCRC Y/ T model _ n = 0.1507.[In(2 — Y/T)]%4%%7 4+ 0.5745.[In(2 — Y/T)]*6%%° (50)

g*

—+ = 0429 x tanh(11.98(1 - Y/T))
t
[ et (e —m/2

i g Y/T \&

-en(8) (2

1/6

1G]

- EPDECOM V2.0 - User manual - 51



It should be noted that:
1) The model is only suitable for buried pipes, not for unburied pipes. The backfill depth used in the
parameter calibration ranges from 0.5 m to 1.5 m.
2) The flow stress is always defined as 6 = oy + 10 ksi.

3) The yield stress and ultimate tensile stress are measured by the round bar tensile test.

The actual Charpy energies are plotted against the minimum required Charpy energies predicted by the
model in Figure 42. The 1:1 line is also marked in the figure. The hollow symbols represent ‘propagation’
pipes, while the solid symbols account for the ‘arrest’ pipes. The square, star and triangle symbols denote
the X70/75, X80 and X100 grade pipes, respectively. All the ‘propagation’ points are located below the 1:1
line. This means that no correction factor is needed.
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Figure 42 Actual Charpy energy against arrest toughness predicted by the new fracture velocity model
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