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SUMMARY

This dissertation applies a commercial flow simulation software package together
with common signal processing techniques to the task of accurately detecting leakage
in a large commercial gas pipeline. The techniques developed significantly improved
the ability to produce accurate, reliable and stable leak detection predictions for the
gas transmission pipeline studied and can be applied generally to other pipelines as
well.  Recommendations for minimum pipeline requirements to implement

successful leak detection are also detailed.

There are several commercial software packages available that perform some form of
leak detection via system modelling. However, due to the commercial aspects of
these products, vendors do not publish the detailed methods of leak detection. This
thesis identifies the fundamental techniques required to have accurate and reliable
leak detection on a gas transmission pipeline, whilst taking into account the lack of

measurement data typically encountered on most gas pipelines.

The investigation confirmed that a mass balance technique could be successfully
used to produce stable leak detection results for compressible flow mn gas
transmission pipelines. This leak detection [using mass balance] can be achieved
without flow measurement along the pipeline, instead, using only pressure and
temperature measurements. Although it is recognized that flow measurement data
will greatly improve the ability to detect leaks, the focus of this work is on pipelines
where this flow measurement data at intermediate points along the pipeline is not
available. It was also demonstrated the reliability of the leak detection was improved
by the application of on-line signal processing techniques at various stages of the data
processing. It was clear early into the investigation that the majority of the errors
within the leak detection model were created by random errors from the input ficld
data. These non-systematic errors from the measurement data that included pressure
and temperature, produced interference with model output. This interference

resembled random “white” noise that was removed by a combination of well

established data filtering techniques.




The most appropriate process of calculating leak detection flow was determined after
analysing the results of different techniques applied to large quantities of actual
pipeline operating data. The validation of the on-line techniques developed provides
a valuable resource for those wishing to implement similar leak detection schemes
elsewhere. Furthermore a software environment was chosen which mcorporated an
open input and output platform for data that could be interfaced with any operating
system. Therefore these techniques can be applied to the numerous Supervisory

Control and Data Acquisition (SCADA) systems in operation throughout the gas

transmission industry, to provide a low cost solution to leak monitoring.
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NOTATION

The notation for quantities used generally throughout the thesis is listed below.

Other notation that is used in a limited context is defined as it is iniroduced within

the text.

a Weights for weighted average

A Cross sectional arca of pipeline section

B Rate of gas leak (TJ/day)

B Total amount of gas leak over a given time period (T]}

D Internal diameter of pipe section (mm)
I Cut off frequency for low pass filter (Hz)
f Friction factor

k Constant of proportionality

L Energy of gas within pipeline section. Also known as linepack ('TJ)
n Number of samples

P Pressure at a point along a pipeline section (MPag)

P Average pipeline section pressure (MPag)

R Gas Constant (KJ/kg K)

Re Reynold's number

T Average pipeline section temperature (K)

t Time (day)

U Unaccounted gas over a given period from energy balance (1)
vV Volume of pipeline section (m)

W Energy flow rate into or out of a pipeline section (TJ/day)

W Accumulated energy from into or out of a pipeline section (TJ)
Z Distance along a pipeline section (km)

£ Surface roughness (mm)

p Gas density (kg/m®)

G Standard deviation or uncertainty of sample

Xl




1.0 INTRODUCTION

1.1  General

The ability for prompt and reliable detection of uncontrolled releases of gas,
commonly referred to as leaks in long gas transmission pipelines has been an elusive
goal in the industry. Uncontrolled release of gas into the atmosphere has both an
economic and environmental impact as noted by Tollefson (1972) on both pipeline
operators and the community. Often these incidents have to be reported to the
pipehine regulatory authority in the country the pipeline is located. The early
detection of leaks can prevent both environmental hazards and financial loss. Leak

detection can be classified in the following main categories:

. posttive detection;

= inferred detection.

Positive detection relates to ways, either by physical detection such as operators or
the general public detecting a gas odour or dead vegetation, or by employing sensors
that such as fibre optic cables that will alarm if a rupture or gas quantities are
detected within proximity to a sensor as outlined by Bowles and Morrow (1996) and
Zhang (1996). This method explicitly confirms the presence of a leak without the
reltance on related observations or measurements. Inferred detection employs the use
of related measurements to infer the presence of a leak within a region. This can
include the use of a mathematical model to perform a mass balance on sections
within a pipeline, the examination of pressure rates of change or pulses at measured
intervals. These methods are only as accurate as the data used, and cannot explicitly
confirm the presence of a leak alone, but are a useful tool for monitoring possible
leaks. This thesis investigates applying signal processing technigues to a model
simulating a gas transmission pipeline in order to obtain reliable leak detection

information from the model.

In long transmission-lines, it is often not feasible to install gas detection equipment at

suitable intervals to provide a reliable gas detection system. At above ground




stations such as compressors and processing facilities, this method is feasible and is
often employed successfully. However, the majority of gas pipelines are buried and
range from a few hundred to a few thousand kilometres in length, thus making this
process rmpractical to implement. Most existing gas transmission pipelines typically
only monitor pressure and temperature at intervals along the pipeline length. Ideally
gas flow measurement at these points would be used in an on-line model to infer the
presence of a leak. Since main line flow measurement is sparse on the Goldfields
Gas Pipeline (as with most gas transmission pipelines), it will be investigated
whether reliable leak detection can be achieved with pressure and temperature
measurements alone at these locations. In addition to lack of measured data for the
model, measurement errors due inherent uncertainty from the measuring equipment
introduce further uncertainty into the model results. Due to uncertainty present in all
input data from both systematic and non-system errors, “false” leaks may be inferred
and more importantly, genuine leaks may be undetected. The effect of field
measurement uncertainty on leak detection is described by Turner (1987) and Wike
(1993). Thus when no actual leaks are present, the leak flow output from the model
should always be zero, however due to the inherent inaccuracies in measurement for

both dynamic and physical data, this is unlikely to occur.

The mathematical model uses conservation of mass equations to solve for unknowns
at each node including pressure and temperature, based on the physical information
supplied to the model. Therefore when field data such as pressure and temperature
are used in the model, the conservation of mass condition 1s compromised due to
ﬁfst]y, inaccuracies in measurement of the field data, and secondly, discrepancies
between the model and actual pipeline. The magnitude of the conservation of mass
imbalance is commonly referred to as a leak flow. Due to the inherent uncertainty of
field measurements, the leak flow values will contain non-systematic errors or noise.
In addition to non-systemic errors there can be systematic errors present such as
errors in calibration or faults with the measuring equipment. Systematic errors can
be eliminated by the calibration of the model by adjusting physical quantities such as
the pipeline roughness of a section. Non-systematic errors cannot be eliminated

easily as they are random and can only be described in terms of a normal distribution

about a mean, which can be considered the “true” value. For this reason, signal




processing techniques are applied to reduce the effect of non-systematic errors,

enabling the correct magnitude of leak flows and their locations to be identified.

Any uncertainty with real time field measured data will have an impact on the
accuracy of the model. Therefore if it is not possible to reduce the uncertainty of an
input measurement, a method must be developed that will address these uncertainties
on both the measured inputs, and leak flow outputs of the model. Some other
sources of uncertainty common to all pipelines are instrument repeatability, dead-
band filtering, time stamp error, changes in fluid properties, and even changes in the
physical characteristics of the pipeline system itself. These data uncertainties
combine to conceal a leak from detection, because if a leak does not cause a
measurement to change by more than its uncertainty, that measurement cannot be

used to infer the presence of a leak as illustrated by Wike (1993).

The preceding areas are addressed by this thesis through research and testing with
actual pipeline data obtained from the Goldfields Gas Transmission (GGT) Natural
Gas Pipeline of Western Australia. The mathematical model was developed using a
commercial package called FlowTran, owned and marketed by William J Turner Pty
Ltd. The data filtering techniques and subsequent program code are developed
separately within a Microsoft Visual Basic / Excel ™ environment, examples of
which are illustrated by Rakesh (1997). A standard Microsoft Excel ™ interface is

supplied with FlowTrén, and this was used as the basis of all program development.

This research is an emerging field within the gas pipeline industry. With more
stringent greenhouse gas regulations, it is imperative that emissions are identified
quickly. In this study, the feasibility of implementing a leak detection system using
mathematical modelling is investigated. Limitations of the system are identified, and
recommendations for minimum system requirements to produce accurate results are
made. Accuracy is defined in this report by two parameters, the smallest leak flow

rate detectable, and the number of time this can be detected without false alarms

under normal operating conditions.




1.2  Previous Work in the Area of Leak Detection

The successful implementation of reliable leak detection systems by means of on-line
mathematical modelling is still an emerging area in the field of gas transmission
pipelines. This is due to many of the commercial software packages not having been
validated by actual operating data and published in the public domain. There are
numerous published works for on-line modelling and real time simulations of gas
transmission pipelines, which include Graham et a/. (1989), Turner and Mudford
(1992) and Zhang (1996). However there are no publications with specific emphasis
on leak detection in gas transmission pipelines and results using actual operating
data. The more common publications relate to process optimisation and prediction of

cvents.

There are works that relate to leak detection techniques other than on-line modelling.
These incluode work by Schwendeman (1987) for monitoring and leak detection of
underground liquid hydrocarbon storage systems, Hardy (1978) whose work outlined
various physical detection systems, and Butler (1982) who covered the leak detection
options for liquid hydrocarbon transmission pipelines. It should be noted that the
implementation of leak detection has been more successful in liquid pipelines
compared to gas pipelines. This is due to liquids not undergoing compressible flow
during transportation, which greatly reduces the complexity of flow and density
calculations. In addition to the computational simplicity of incompressible flow,
because a liquid hydrocarbon leak is more dangerous than a gas hydrocarbon leak,
more levels of safety management are commonly employed. Methods of
containment and automatic control of leaks are described by Bowles and Morrow

(1996).

The work of Wike (1993) and Zhang (1996) utilised actual pipeline data. However
Wike’s papers related to proprictary software, therefore the leak detection techniques
were omitted from the public domain. Zhang focused on the operating data from
liquid pipelines where success was experienced with the implementation. The most
significant published work for a leak detection technique utilising on-line modelling

of a gas transmission pipeline is by Turner (1987), which was preceded by a more
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comprehensive article including leak location estimation, Turner and Mudford (1988)
although published later. These papers were both approached theoretically, making

assumptions for the uncertainty of real time data.

The basis of the leak detection methodology proposed by Turner and Mudford (1988)
is the utilisation of a mass balance on individual pipeline sections. The pipeline
section is typically designated the portion between two pressure or flow
measurements. This is developed in more detail later in Section 3.5. Since
compressible flow allows significant changes of mass within a pipeline section, large
differences between flow into and flow out of a pipeline section may occur during
transient conditions, even without the presence of a leak. Thus it is a requirement for
an accurate transient model of the pipeline system, to avoid the generation of false

leaks caused by devices such as compressors during intermittent operation.

Turner and Mudford (1988) acknowledged a significant component of systematic and
random measurement noise exists on all measured quantities. These measurement
errors lead to errors in the calculated pipeline section imbalances. The systematic
errors can be eliminated by comparing the model against measurement data and
adjusting quantities such as pipe wall roughness to negate the difference. The non-
systematic or random measurement error was reduced by averaging a pipeline section
leak flow over several measurement periods, which is discussed in further detail in
Chapter 5. Statistical analysis was then employed to investigate the propagation of
noise, and hence determine an acceptable leak detection threshold. An algorithm for
determining the location of a leak along a pipeline section was introduced, however
an alternative technique is introduced in this work that allows the estimation of leak
location within a pipeline section if pressure and flow are available at the end points
of the section. Turner and Mudford’s algorithm was based on the ratio of leak flow
between adjacent pipeline sections. The algorithm employed in this work, makes the
assumption that some form of flow measurement is present at each end of a section

where a leak exists. The behaviour of these flows can then be used to estimate the

leak location.




Turner and Mudford initially tested their leak detection process against noise free
simulated measurement data with induced leaks ranging from 2% to 50% of pipeline
flow. After this was simulated, measurement noise was introduced by specifying a
standard error for a measurement and multiplying this by a series of normally
distributed, pseudo-random numbers that have a standard deviation of unity and a
mean of zero. The standard error assumed for pressure measurement was 20 kPa,
which agrees well with the allowable error of a calibrated pressure transmitter. The
noise for flow and temperature measurements was set to zero, which is optimistic

even though the impact of these measurements on leak flow is less than pressure.

Turner (1987) introduced the use of moving weighted averages and quantifying the
optimal number of measurement periods to average the leak flow results to obtain
reliable information. He concluded that his method provides a factor of three
reduction in threshold for leak detection averaged over fifty measurement periods
compared to no averaging. The derivation of equations relating leak sensitivity to the
number measurement periods is listed in Section 4.4. The compromise with filtering
data to reduce the leak detection threshold is the introduction of a time delay in the
detection of the true leak magnitude, and this time delay is proportional to the
number of measurements averaged. It should be noted that in both Turner’s works,
the data filtering was applied only to the output of the model, namely the leak flows.
The only processing of input data was the limitation of these values to +3.5 standard
deviations. The possibility of filtering the input data to the model in the same
manner as the output data was not considered extensively. This concept is

introduced in the course of this present work.

1.3 Present Objectives and Outline of Content

Given the lack of public domain reporting of leak detection studies, this thesis seeks
to continue the work of Turner and Mudford by introducing real measurement data to
the simulations. The model output using real data was analysed to investigate the
effects of several techmiques to increase the model sensitivity to leaks, whilst

reducing measurement noise. Since the averaging process employed by Turner was
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effectively a simple filter in the time domain, it was decided to investigate other
forms of filtering in both the time and frequency domains. A range of applications
were examined which have been illustrated in texts including Oppenheim (1978) and
Stanley (1975) to determine the most appropriate filter for the given behaviour of the

model output.

For testing of techniques, sample pipeline sections were used with a set of test data.
Off-line testing of several signal processing techniques including averaging and low
pass filters, were performed to verify which produced the most reliable results. This
enabled the different filters to be compared against the same input data, which would
not be possible if the signal processing techniques were tested against on-line data.
Once the most suitable techniques for providing reliable leak data were determined,

the implementation of the online model was commenced.

The successful implementation of an on line leak detection system can be

summarised into four main processes that have to be completed:

a) develop a mathematical model which represents the physical pipeline;

b) implement real time data exchange between the model and the Supervisory
Control And Data Acquisition (SCADA) system,

¢) develop signal processing techniques to process both input data and leak flows
from the model and remove the effects of measurement noise;

d) compare and validate each signal processing technique by conducting a simulated
real time leak test on the pipeline;

e) evaluate possible improvements to such areas as input data and model.

Stage (a) was addressed with the development of a mathematical model using
SIROGAS to represent the actual pipeline. This included the accurate representation
of compressors, pipe section lengths and elevations. This was then tested against

actual data from the pipeline to tune certain parameters such as pipeline surface

roughness and ground temperatures.




Stage (b) was completed by implementing the transfer of measured data between the
SCADA system and the external PC on which the model was running by the use of
File Transfer Protocol (FTP). This is outlined in more detail in Section 2.3. The
model then was tested over extended time periods to verify the reliability of data
exchange. The validity of the results from the model is reliant on the frequency and
quality of the data being received from the SCADA system. Stages (a) and (b) were
part of the system implementation and on-line model development, and are discussed

in more detail in Chapter 3.

Stage (c) was necessary to increase the clarity of results once measurement noise was
introduced to the mode! input data. Using the results from the test pipeline sections,
the optimum combination of data filters was applied to the online model. Each filter
was then evalnated by its ability to firstly, remove random measurement noise, and
secondly, the ability of the filter to respond to a step response induced by a leak for
the test pipeline sections. This is outlined in Chapter 5 describing the output data

analysis.

Once the optimum filter was selected, stage (d) of the project concluded with the
estimation of simulated leaks induced via the input data. Leaks of constant
magnitude were created by manipulating the input data. The resultant model output
was then examined to determine the length of time before the correct magnitude of
cach leak was detected. The achievable leak detection threshold was also determined
for each pipeline section examined. The performance of each filter was examined to

determine the most appropriate technique, with the results listed in Chapter 6.

After analysis of the results, recommendations for the improvement of the model

performance were made in Chapter 7. These improvements were then proposed for

implementation on the GGT Pipeline.




2.0 BACKGROUND

2.1 GGT Pipeline

The purpose of transmission pipelines is to safely and economically transport product
from producer to consumer. The product can range from oil to natural gas to water
or slurry transportation of minerals. The data collection for the purpose of this study
was obtained from the GGT natural gas pipeline. The GGT pipeline traverses two
thirds of WA, taking natural gas from the northwest shelf and transporting it to
Kalgoorlie in the Goldfields region. It is nearly 1400 kilometres long and delivers

over 1100 tonnes of natural gas per day.

Goldfields Gas
Transmission Pipeline

Dampier to Bunbury
Gas Pipeline

Gas Fuelled Power Suation
\ @ Mining Centres

@ Compressor Stations
| & Tren Ore Area

\ @ Gold & Nickel Atea

Goldfields Gas Transmission Pipeline - Gas Fuelled Power Stations September 1957

Figure 2.1. The GGT Pipeline

An overview of the pipeline is shown in Figure 2.1. Tt illustrates that the pipeline is
the second largest gas pipeline to be built in Western Australia, the Epic Energy
Dampier to Bunbury Natural Gas Pipeline (DBNGP) being the largest. It can be seen

from the diagram, that the pipeline traverses some remote locations of the state.

Thus, any uncontrolled release of gas could go undetected for days or weeks.




Typical operating data from the pipeline is transmitted via satellite from the field
Remote Terminal Units (RTU’s) to the control centre located in Perth. Therefore
information critical to the leak detection model such as pressure, temperature and gas
composition is telemetered at one minute intervals to the SCADA system at the

control centre.

The entire pipeline model representing the GGT pipeline consists of smaller pipeline
sections determined by locations where pressure and temperature data are measured.
Due to the amount of input and output data being processed, pipeline sections will be
treated individually. Of particular note are the three pipeline sections Anaconda to
Leonora, Ned’s Creek to Wiluna and Jeedamya to Cawse that are examined later.
These sections and the completed network model are described in further detail in

Chapter 3. These sections are too small to be shown in detail on Figure 2.1.

2.2 FlowTran and Sirogas

FlowTran is the Windows based graphical interface part of the SIROGAS program.
SIROGAS is a computer program for simulating the transient and steady state
behaviour of fluid in complex pipe networks containing devices such as compressors
and regulators by employing a one dimensional finite difference method. At each
time step, the program provides a semi implicit solution of the system equations.
The numerical procedures used in STROGAS were developed by Tumer and Maguire
(1993) in an earlier computer program, NAIAD, for the cooling water networks of
nuclear power reactors. SIROGAS was developed in Fortran, which is noted for its
computational speed, whereas FlowTran was developed in a Windows environment,

providing all the associated benefits of a multi-layered graphical system.

A piping system such as the GGT pipeline model is known as a network and Is made
up of flow paths and devices that join flow paths together. The main dependent

variables within each flow path can be summarised as follows:
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« (as composition

« Mass flow rate

« Fluid pressure

« Fluid temperature

« Flow path surface temperature

» Flow path wall or ground temperature a nodes

In calculating the steady state and transient behaviour of compressible gas in a
complex flow network, SIROGAS treats the flow network as a set of one-
dimensional flow paths each of which begins and ends at a connection. Flow paths
can consist of uniform round pipes, complex tubes of varying shape and area, or even
banks of tubes such as those used in heat exchangers. The basic conditions are that
fluid mass can only enter or leave the flow path at the ends, and that momentum and
encrgy can pass through the flow path walls or directly into the fluid, and also be
moved with the fluid through the ends. Nodes are placed at the start, finish and any
required intermediate positions in each flow path so that an implicit finite difference
method can be used for each flow path. The typical nodal spacing used in the GGT
pipeline model was 1 km. A justification of this spacing is provided in Chapter 3.

Flow path connectors provide boundary conditions to the model and simulate actual
devices. These may include preset pressure or flow regulation, or pressure increases
simulating compression. There are various types of connection that are available for
the construction of a network model with STROGAS, and include pressure regulation,
flow regulation and compression. Boundary conditions may include flows, pressures
and temperatures (at supply and demand points), set points (for compressors,

regulators, etc) and ground temperatures.

The user can generate more complex devices by using any combination of the above
standard connections. To begin a transient calculation, the following initial

conditions must be specified at every node:

» mass flow rate

» pressure

11




« temperature

« enthalpy

In addition to flow rate, pressure and temperature, the state of all connections must be
determined. For example, this may include the operating point of a compressor, or
the flow through a regulator. These initial conditions are obtained prior to a transient
calculation by either a steady-state calculation or by reading dynamic values from a
previous SIROGAS calculation on the same network, referred to as a restart
calculation. The SIROGAS steady-state section consists of a series of steady-state

calculations for individual flow paths or for all flow paths in the network.

If the network steady state option is used, the steady state is calculated corresponding
to the flow, pressure and temperature boundary conditions appropriate fo the
network. This is performed within SIROGAS by running a transient simulation of
the network beginning from a state of low flow, equal pressure and equal temperature
at all nodes, uniform composition and gravity set to zero. This is termed the global
state. The values of all boundary conditions, wall temperature and set points are
changed from their global values to their requited initial values using a cosine
variation over a user specified period. These values are then held constant until a
steady state is reached or until a limit placed on the calculation is reached. The
transient calculation can now be commenced from this initial steady state. If more
than one steady state calculation is performed in SIROGAS, the last one is used as

the initial state for the transient.

Three parameters must be specified in the set of data for each flow path calculation
which include pressure and temperature at one node, and either pressure at another
node or mass flow rate in the flow path. This is demonstrated later when each flow
path (pipeline section) is examined in isolation from the entire pipeline network, as
pressure and temperature are defined at each end point. The finite difference
equations are derived from the equations of conservation of mass, momentum and
energy for the gas mixture, and the energy equation for the pipe wall. These
equations, together with the boundary conditions and the connection equations, fully

define the system.
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The conditions throughout the network at the end of cach time step are determined
from the initial conditions at the start of the time step together with the boundary
conditions. The time step in an off-line model (where conservation of mass 1s
preserved and measured pressures are not imposed) will vary to limit the maximum
change in values. However, in an on-line model the time step is constrained to the
period between field data updates of parameters including pressure and temperature.

This is once every minute for the GGT pipeline.

2.3 SCADA System and Data Collection

The leak detection model must be interfaced with the existing SCADA system on the
GGT pipeline.  As described earlier, the SCADA system utilises satellite
communications to transfer information from the pipeline to the control centre. The
reliability of this can be affected by weather and atmospheric conditions. This was a
consideration when developing the data exchange between the SCADA system and
the leak detection model. Figure 2.2 outlines the transferral of data within the GGT

pipeline SCADA system.

Perth Control Centre Remote Site

Remote
Terminal

Operator Terminals

Alarms
Setpoints
Data Site Station

Network
Hub

Earth Station

Figure 2.2 The SCADA System
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Examples of typical applications interfacing with SCADA technology available are
outlined by Reith e al. (1990). The SCADA systemn primarily performs the

following functions:

1. Provide the operator with the ability to perform basic control duties, i.e. opening
and closing valves remotely, starting and stopping compressors.

2. Generate alarms when parameters are outside normal operating conditions.

3. Provide a historic database of information gathered from the pipeline, which can

be displayed as data or on trends.

Item (3) was utilised by the model, as some of the information gathered from the
pipeline is required to be the input for simulation at each time period. Data required
by the model is collected and stored by the SCADA system at one minute intervals
from measurement devices located on the pipeline. Thus when model requests new
data for the next simulation period, this is retrieved from the historical database on
the SCADA system. The final on-line model required a method of transferring data
between the flow modelling software, and the SCADA database. The method
selected was File Transfer Protocol (FTP) between the SCADA database and the

network personal computer that executes the model using SIROGAS.

Macroview
Unix Server

Windows
Based PC

] ]

Leak Detection Model

Scada Hiswory Database

]

F1P “Get” Outpur Receive Deliver
Request Data File Data Script Data Script
FIP “Put™ Tnput
Request Mata File

Figure 2.3 FTP Overview
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FTP was chosen due to the robusiness of the process, and ability to transfer data
quickly between the SCADA server on a Unix platform, and the Windows based
computer. A script was written on the SCADA server that created a text file each
minute containing all the required dynamic inputs to the model such as pressure and
temperature. The computer running the model then transfers this file each minute
using FTP, which is then read into the model. If the file is not available for transfer,
the model then waits and retries at the next simulation period. The transfer of data

between the SCADA system and the model is illustrated in Figure 2.3.

Due to the diversity of SCADA systems available in the market place, there may be a
wide range of effective methods to transfer data between a SCADA system and the
model. For example many SCADA vendors offer standard data transter protocols
with their systems such as Dynamic Data Exchange (DDE), Open Database
Connectivity (ODBC) and Object Linking and Embedding (OLE). Therefore it is
more useful to describe the general process for implementation of the leak detection

model.

SIROGAS Calculation

DLL write to DLL read from
h 4

i SIROGAS SIROGAS i

________________________________________________________________

Input values read from Model Qutput written
SCADA by Excel to SCADA by Excel

v

SCADA Database

Figure 2.4 System Overview
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Figure 2.4 outlines the overall process and requirements for a leak detection model
using SIROGAS via Excel. The main advantage of using Excel as the central
platform controlling the leak detection model is that the Visual Basic code within
Excel is compatible with a variety of different applications such as SCADA and
SIROGAS. The Visual Basic code calls standard Dynamic Link Libraries (DLL’s)
developed within SIROGAS, which enable inputs and outputs to be exchanged with
the Fortran code in SIROGAS without needing to start the FlowTran interface. In
this implementation, the FTP process to transfer data is controlled using Visual
Basic, but other forms of data transfer can be controlled in the same manner. The

Visual Basic code developed to control the model is listed in Appendix A.

The actual pipeline data used for the simulation was extracted from the SCADA
system into an Excel spreadsheet. This included all pressure, temperature, flow,
compressor set points and gas composition data. Eight days of one minute samples
were collected for later use in this thesis, which provided 11,520 input data points for

each pipeline section within the model.
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3.0 PIPELINE MODEL DEVELOPMENT

3.1 Entire Pipeline Network

The first step in creating an on-line model is to develop and test a FlowTran mput file
off-line. This was done by using the graphical interface of FlowTran to physically
replicate the features of the GGT pipeline to best represent the field conditions.
There was a range of standard FlowTran devices that were used as mentioned in
Chapter 2. An example of the graphical display for the GGT pipeline model is

1llustrated below.

i laaba,
Apcha In ‘arral e
- yloo et .
b
F‘:l:hundug
e, il e |

Turca ezt

Sections chosen
for investigation

Figure 3.1 GGT Pipeline Network

17




The inputs and outputs of this model are defined to meet the data exchange

requirements from the SCADA database. Table 3.1 provides a description of each

point in the model and how it relates to the corresponding pipeline facility.

Pipeline Facility Facility Corresponding FlowTran Available
Type Names Device Inputs
Pipeline Inlet — Gas received Apache Known Pressure junction - A known pressure Gas Composition,

from offshore production.

junction is a junction at which a known pressure
and optionally emperature is maintained instead
of mass and energy conservation. Composition
of gas leaving the connection is determined by
conservation of mixture masscs. This junction
can be used when a measured pressure and

optionally temperature is available.

flow rate, pressure

and temperature.

Main Line Valve (MLV) —
Remotely operated valve for
isolating pipeline sections.
Pressure and temperature also

measured.

Three Rivers, Mt
Keith, Anaconda,
Leonora, Cawse,
Kal North and Kal

West.

Known Pressure junction — As above.

Pressure.

Scraper Station - Remotely
operated valve for isolating
pipeline sections. Pressure and
temperature also measured, and
provision for tuture compressor

station.

Wyloo West,
Paraburdao, Turec
Creek, Newman,
Ned’s Creek,
Wiluna. [_einster

and Jeedamya.

Known Pressure junction — As above,

Pressure and

temperalure.

Compressor Station — Gas

Yarraloola and

Compressor Unit - A compressor unit connection

Compressor unit

pressure increased to boost Ilgarari, simulates a single compressor unit. [t is performance
pipeline capacity. represented in STROGAS by a single flow curves, discharge
controlled connection that is at the junction of pressure set point.
two pipes: the end of the inlet pipc, and the start
of the outlet pipe.
Delivery Station — Outlet flow MNewmanT, Flow Regulator - A flow regulator connects to a (as flow rale.
from pipeline to customer. PlutonicT, single pipe to simulate a demand and/or supply

Wildun'l', Mt
KeithT, LeinsterT,
AnacondaT,
CawseT, Kal
NorthT, Kal
SouthT

point.

Table 3.1 Model Device Overview
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The model was configured to accept SCADA data at each time step. This data
included outlet flows, pipeline pressures and temperatures, compressor set points.
Thus all the boundary conditions to the SIROGAS simulation are provided at each
time step from the SCADA data. Each of the physical devices on the pipeline was
mapped to a FlowTran device, using methodology as illustrated by Rasins (1997).

One boundary condition is that of the composition of the gas entering the inlet of the
pipeline, this gas replaces the assumed steady state value of composition as the on-
line model progresses. Thelen (1995} and Van der Hoeven (1998) investigated the
tracking of gas composition through gas pipelines, with particular emphasis on
blending ditferent gas composition streams. It was also verified that all components
of the gas mixture were in the gaseous phase when the composition was supplied to
FlowTran as previously investigated by Thelen (1995) and Van der Hoeven (1998),
as not to falsely introduce two phase flow. The FlowTran input file defining all the

necessary parameters in the final on-line implementation is listed in Appendix B.

3.2 Pipeline Sections

The entire pipeline network consists of many smaller components and devices. A
pipeline section can be defined as the flow path adjoining two known pressures.
There are sixteen pipeline sections in the GGT network model, two of which contain
compressor devices. These pipeline sections can be seen in Figure 3.1 and include
the flow paths Wyloo West to Paraburdoo and Ilgarari In to Three Rivers for
example. Effectively each of these sections can be modelled in isolation since the
pressures and temperatures are known at each end, from the measured field data. The
only reason to create an entire network model is to track any gas composition
changes from one pipeline section to the next. These changes have an effect on fluid
properties such as enthalpy and density, which in turn can affect the integrity of the

model.

For the purposes of this investigation, the pipeline sections chosen for analysis were

modelled in isolation, where each pipeline section consisted of a separate model with
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only two known pressure devices joined by a flow path that represented the physical
characteristics of each section. When this method is employed, the composition of
the gas cannot be tracked along the GGT pipeline, therefore the average composition
for the eight day data collection period was used. Since gas composition did not vary
substantially over the time period the data was collected, the impact on the density
calculation is minimal, and therefore this approximation is valid. This made data

handling and presentation of results more convenient.

!Pipe]ine Section Linepack Average Flow Residence Time
| (T (TJ/day) (Days)
Ilgarari In to Ilgarari 0.013 85.198 0.000
Apache Inlet to Yarraloola 2.648 99.611 0.027
Anaconda to Leonora 3.548 33.887 0.105
Kal North to Kal West 3.580 23.145 | 0.155
Three Rivers to Ned’s Creek 14.720 70.317 0.209
Turee Creek to Newman 22.078 81.624 0.270
Newman to llgarari In 23.083 75.494 0.306
Mt Keith to Leinster 22.321 58.408 0.382
Cawse to Kal North 11.951 30.734 0.389
Wiluna to Mt Keith 29.691 66.857 0.444
Ngarari to Three Rivers 41.387 85.198 0.486
Leonora to Jeedamya 16.276 31477 0.517
Ned's Creek to Wiluna | 47,6535 71.507 0.666
Yarraloola to Wyloo West 72,113 99.611 0.724
Paraburdoo to Turee Creek 68.371 81.860 0.835
Lemster to Anaconda 43.131 49.624 0.869
Wyloo West to Paraburdoo 77.981 §1.206 0.960
Jeedamya to Cawse 36.140 34.253 1.055

Table 3.2 Residence Times for Pipeline Sections

Each pipeline section was ranked in order of residence time. The residence time was
defined as the time interval required to replace the entire contents (linepack) for a
given pipeline section. The ratio of a section linepack measured in Terajoules, to the
typical flow through that section measured in Terajoules per day, provided a

residence time in days for each section. Table 3.2 shows the residence times for cach
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pipeline section in order from lowest to highest. The residence time provides a
measure of whether linepack or flow will dominate. By choosing three pipeline
sections with different residence times, the effect of leak detection performance can

be assessed for a range of conditions.

The three pipeline sections chosen from the entire pipeline network for detailed
analysis have important physical properties for the model listed in Table 3.3. The
sections were chosen to provide diversity in both size and typical flow, and thus
demonstrate the prediction of leaks for a certain range of conditions. The lowest
residence times belong to Ilgarari In to llgarari and Apache Inlet to Yarraloola.
These however were not used, as these are not true pipeline sections, only short
sections of pipe on the suction side of each compressor to provide an accurate suction
pressure. Therefore Anaconda to Leonora was chosen as the pipeline section with
the shortest residence time, Jeedamya to Cawse was chosen for the longest residence
time, and Wiluna to Mt Keith was chosen as a pipeline section with a residence time

between the lowest and highest.

Pipeline Section | Length Diameter
(km) (mm)
Anaconda to Leonora 11.10 345
Ned’s Creek to Wiluna 124 40 345
Jeedamya to Cawse 112.19 345

Table 3.3 Pipeline Section Data

3.3 Test Pipeline Section

For most of the initial investigation, a test pipeline section was used to examine the
effects of a leak on a section, and to determine the best method to verify the presence
of a leak. The test section consisted of two known pressure junctions joined by a
flow path of length 100 km and diameter 394.4 mm and is shown in Figure 3.2 (a).
These dimensions were chosen to representative of a typical pipeline section on the

GGT pipeline network. To generate input data for the pipeline test section model,
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another model was created that consisted of a flow path that represented the test
pipeline section with a junction inserted along the length so that a simulated leak
flow could be extracted. The junction could be relocated along the 100 km flow path
to simulate the effects of leaks at different locations. In addition to the flow path
representing the test pipeline section, there were two identical flow paths, one
upstream and one downstream of the pipeline test section. These represent adjacent
pipeline sections that would be present in the entire GGT pipeline network. This
model can be seen in Figure 3.2(b). Since the simulated leak was conducted over
relatively short time periods, it was assumed that the outer boundary pressures of the
neighbouring sections remained constant as they are a large distance from the pipe
section being examined. In reality these pressures would be affected by a leak in an
adjacent section to a small extent. This model allowed FlowTran to calculate the
inlet and outlet pressures and temperatures of the pipeline test section when the leak

was present. These values then became the inputs for the model in Figure 3.2(a).

100km Test Pipeline Section

1
A

) ] 1
Input for Simulated Input for Simulated
Inlet Pressures Outlet Pressures

Figure 3.2(a) Model for Pipeline Test Section

L_’\’l?.ighbouri'ng 100km Pipeline Sectne\:ﬁ/ 160km Tes1 Pipeline Seclion Neighbouring 100km Pipeline Sedi?

f * ¥

Pressure held constant Caleulated Inlet Induced leak flow at Caleulated Outlel Pressure held constant
at 10 MPag Pressure varible location Pressure al 8 MPag

Figure 3.2(b) Model to Generate Data for Pipeline Test Section
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3.4 Nodal Spacing

Using the test pipeline section, the effect of nodal spacing on a flow path between
two devices was examined. This was done by inducing a rapid transient at the inlet
to the section, and observing the tesultant effects along the flow path. The steady
state conditions for the pipeline section included a constant inlet pressure of 8 MPag,
a constant outlet flow of 80 TJ/day and a constant gas temperature of 25°C. The gas
temperature is maintained at this value by using a ground temperature of 25°C along
the entire pipeline section. It is assumed that the measured temperature data from the
GGT pipeline used later is representative of the upstream ground temperature. This
assumption is valid for good heat transfer from the ground to the flowing gas, and
sufficiently long pipeline sections (greater than 10 km). These parameters are

indicative of a typical large section on the GGT pipeline.

From steady state conditions the inlet pressure was increased from 8 MPag to 10
MPag over a time period of one minute, which is extreme for typical operating
conditions of most pipelines. However, at compressor or pressure regulating
stations, similar conditions can be induced. Therefore any inaccuracies in pressure or

flow estimation will directly impact the integrity} of the leak detection system.

Figure 3.3 Transient Respense to a Step Change
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The outlet pressures versus time can be seen in Figure 3.3, for different nodal
spacing. Within the first ten minutes after the pressure rise, there is substantial
variance between cach of the node densities, especially those greater than one node
spaced every 4 km along the flow path. There is marginal improvement by reducing
the node spacing from 4 km to 1 km. After 90 minutes the number of nodes along
the flow path has negligible effect as the system has almost reached steady state
conditions once again. Figure 3.2 shows the outlet pressure of the section for
increasing node spacing. The gradient of each of the lines is close to zero between a
1 km and 4 km spacing for all time periods. Therefore a nodal spacing of 4 km or

closer would be sufficient for use within the model.

Another method of confirming the suitability of the selected nodal spacing is by
calculating the Courant Number of the model as discussed by Fletcher (1991). The
dimensionless Courant Number provides a measure of the impact of the nodal

spacing on the model results, and is defined in Equation 3.1.

W, At (3.1)

Courant Number =
AZ

This examines for a model time step of Ar the ratio of average flow W across a
finite segment of pipeline between two nodes AZ , to the mass contained within the
same segment L. Figure 3.4 lists the Courant Number as a function of time for the
first 20 minutes after the transient for the first 10 nodal spaces, with a constant time

step of 1 minute to represent the on-line model.

The calculated Courant Number exceeds the value of 1 for the first five nodal
spacings. Ideally the Courant Number should be less than 1 for explicit solutions,
however since the model is implicit, this result is acceptable. Figure 3.4
demonstrates that the effects of the transient diminish rapidly with distance from the
inlet. The effects around devices that create known rapid transients can also be
reduced by the use of irregular nodal spacings, by having a finer nodal mesh adjacent

to these devices as discussed by Turner and Mudford (1988).

24




Figure 3.4 Courant Number for Nodal Spacing of 1 km
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3.5 Compressor Performance

The characteristics of the compressor need to be modelled accurately to provide
reliable data such as flow and temperature of the gas leaving the compressor. Any
inaccuracies in compressor flow greater than the leak flow threshold would impact
the validity of the leak detection results. Wright (1998) and Bryant (1997)
demonstrated the benefits of accurate compressor modelling. The compressor
performance curves shown in Figure 3.5 were generated using a modelling program
supplied by the compressor vendor. These were then verified against pipeline
compressor operating data. The curves were then transformed into tables of data for

implementation into the FlowTran model, which are listed in Appendix C.

The isentropic efficiency in Appendix C is obtained from the modelled inlet and
outlet conditions of the compressor, compared to ideal isentropic compression as
illustrated by Rogers and Mayhew (1992). A simple method of interpolation and
extrapolation is employed within STROGAS to obtain values between defined
compressor performance points. The main discrepancies in compressor flow
estimation occur during compressor start up when a recycle valve is used to

manipulate flows until the compressor is exposed to full pipeline pressures and is
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often referred to as “fully loaded”. During these relatively short periods of time, the
flow obtained from the compressor curves in Figure 3.5 is recycled back into the
compressor inlet and is not actually introduced into the pipeline. The modelled
compressor flow can also be under or over estimated if the compressor maximum

power or fuel gas usage is calculated mcorrectly.

Figure 3.5 GGT Aricl Compressor Performance Curves
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3.6 Pipeline Roughness

As mentioned in Section 1.1, the pipeline roughness is used to effectively remove any
systematic errors from the model for a given set of input data. A physical measure of
inner pipe wall roughness cannot be determined easily, therefore the quantity is
adjusted to satisfy the known pressure and flow data being used in the model. Most
of the other physical characteristics can be obtained readily with a known measure of
uncertainty. This is why the pipeline roughness was calculated using actual operating
data. Often this process is referred to as “tuning” the model, which in reality is using
the pipeline roughness as a calibrating factor that compensates for all the cumulative

errors in the model to produce results similar to the physically measured data.
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The method used to calculate sectional roughness was iterative. An on-line model
was constructed with an initial set of assumed sectional roughnesses. This was then
run using real time pipetine data that produced calculated sectional flows. Actual
sectional flows were obtained by using average measured input and output flows on
the pipeline. The surface roughness was then adjusted using Equation 3.6 to make
the calculated sectional flow equal the actual sectional flow. The on-line model was
then executed with the revised sectional roughness. This process was repeated

several times until convergence was obtained for sectional flows.

From the Darcy Equation we have the following equations that relate both the

calculated flow W, and the required flow W, .

g 62
7,
i, (3.3)

Where &, and k, are constants of proportionality that incorporate pressure drop,
average density of the gas, length and diameter of pipe section. The friction factor f;
is calculated, whilst the required friction factor f> needs to be obtained in order to
adjust the surface roughness to produce the desired flow. All these parameters do not
change for the calculated and actual pipeline data, therefore ki equals 4. Thus by

taking the ratio of Equations 3.2 and 3.3, an expression can be obtained for f; in
terms of W,, W, and fi.
(3.4)

Once the new friction factor > has been obtained using Equation 3.4, a new surface
roughness can be calculated using Equation 3.5, which is a rearrangement of the

Colebrook Equation listed by Munson et al. {1994) and Gudmundsson (1998).
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c=37 D{lO"-’”ﬂ _1.255 } (3.5)

Rer7

The new surface roughness g, was then substituted back into the FlowTran model,
which was executed against the same operational data. Due to Reynold’s Number
changing with the revised surface roughness and thus revised flow rates, this process

was repeated until convergence of the sectional roughness value €, was achieved.

The iterative algorithm converged within three iterations, providing sectional
roughness values that in turn produced pressure values that matched the operating
data. This process was repeated for each pipeline flow path between points where
pressure data is measured in the pipeline. This was used to determine the sectional
surface roughness values that were employed for the three pipeline sections chosen

for investigation. These factors are listed in Table 3.4 on the following page.

The *“tuning”™ process could be performed on-liﬁe, as this has been implemented by
some operators an example of which is illustrated by Tumer et al. (1992). However
with this technique there is the risk that real systematic events such as the failure of a
pressure transmitter, could be “tuned” out of the model by the continuous adjustment
of the local pipeline section Toughness parameters. This is not desirable, as these
events should be highlighted as a false leak and be rectified. Periodic tuning of the

model provides greater control over the model integrity.

It is evident from Table 3.4 there are considerable variations in the calculated
roughness values between each pipeline section. Physically, there would not be such
variance in roughness encountered along the length of a pipeline. This discrepancy is
caused by anomalies between the model and on-line pipeline data such as
inaccuracies in physical real time measurement, and assumptions made within the
model. For example, if on a pipeline section the inlet pressure transmitter is
indicating a lower pressure than in reality, and the outlet pressure transmitter is
indicating a higher pressure than in reality, the modelled pipeline section flow will be

lower than the actual section flow. This would also impact the adjacent pipeline
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sections that share the same pressure transmitters. Therefore Equation 3.4 will
compensate by reducing the refined friction factor, which in turn will impact the
overall pipeline section roughness in Equation 3.5. This is acceptable due to the
model being executed against the same two pressure transmitters that the pipeline
roughness was calculated. Thus the friction factor has become a calibration factor for
errors in the pressure transmitiers and any other real time data used in the model.
Without using the pipeline section roughness as a calibration factor, these systematic
errors would produce an offset in modelled output data versus actual data. This 1s

described in further detail in the following chapter.

Pipeline Initial Roughness | Model Flow Measured Flow | Flow | Final Roughness
Section {mm)} (TJ/day) (TJ/day) Error {mm)
Anaconda to 1.811357 35.639 35.639 0.00% 1.811357
Leonora

Ned's Creek 0.007494 73.128 73.128 0.00% 0.007494

to Wiluna

Jeedamya to 0.000146 35.639 35.639 0.00% 0.000146
Cawse

Table 3.4 Determination of Sectional Pipeline Roughness
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4.0 LEAK DETECTION

4.1 Mass Balance Technique

The term “leak”™ implies the presence of a system disturbance in addition to actual
loss of gas from the pipeline. As mentioned earlier in Chapter 1, a method is
required for calculating or detecting leaks, and this method must be insensitive to
measurement noise. It was decided to employ a method of mass balance for each

pipeline section as described by Turner and Mudford (1988) and Turner (1987).

An alternative method would be to examine the discrepancy in mass flow caused by
forcing the measured pressure data into the Known Pressure Junction FlowTran
device. This particular type of connection provides a FlowTran output, which 1s the
flow required to maintain the measured pressure, which is essentially the leak flow at
this point. Unfortunately, this method is extremely sensitive to measurement noise
(particularly pressure) and rapid transients. By utilising the mass balance technique,

this sensitivity is greatly reduced.

Most transmission pipelines utilise some form of mass balance technique to track any
potential measurement errors relating to inlet and outlet meters on the pipeline.
Figure 3.1 in the previous chapter illustrates the inlet and outlet meters on the entire
GGT pipeline system. On a daily basis the total inlet flow, the total outlet flow and
the net accumulation of gas within the pipeline is reconciled. This provides a reliable
measure of the system metering accuracy, in addition to identifying any possible
leaks within the system. This reconciliation process can be summarised by the

following equation.

U= W, -> W, -AL (4.1)
Where U is the unaccounted gas within the system, Wi, and W, are the total masses
into and out of the system over the given period, and AL is the net accumulation of
gas within the system during the same period. Equation 4.1 may estimate the

magnitude of the unaccounted gas within the system satisfactorily, however it
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provides no estimate of location along the entire pipeline. For a 1400 km long
pipeline, the ability to estimate which pipeline section is likely to have a leak is

extremely useful.

Figure 4.1 below illustrates a pipeline section at an initial time ¢, It contains an initial

mass or inventory of gas L and has instantaneous flow rates upstream and

downstream of the section W, and W, respectively. The flow rates W, and W, and

instantaneous linepack L (gas contained within pipeline section) are provided at each

measurement period by FlowTran.

At time t

s (] B ) — e
At time t+1

Wu,m —_— () L ) —» W['),tﬂ

Figure 4.1 Pipeline Section Mass Balance

The strategy involves using all the measured pressures and temperatures to determine
the mass of gas (linepack) L in the relevant pipeline section at the start of each

measurement period.

The total average flow into and out of the pipeline section, is the linear average of the
instantaneous flow rates at the start and end of ecach time step. This makes the
assumption that the time step is small in comparison with the rate of change of flow,

thus we have the first term of a Taylor series centred in ftme.

(4.2)
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Therefore the total leak B is defined as follows, with the convention of an
unaccounted loss of mass within the pipeline section being identified as a positive

leak.

b Wy-Wy-AL (4.4)
At

4.2 Leak Location

The ability to estimate the location of a leak within a pipeline section may be useful
for longer pipeline sections. Figure 4.2 demonstrates the effects of a leak on the
pressure gradient and hence mass flow rate on a given pipeline section. It can be
seen that that the mass flow rate is higher upstream of the leak compared with the
downstream flow rate caused by the additional flow induced by the leak. It therefore
follows that the pressure gradient is steeper on the upstream side of the leak
compared with the downstream side.

Upstream
Pressuce P U

Leak Location

Pressure Profile

Upstream Drywnstream
Flow \:’VU . Pressure P,
Leak W
i L Downstream
Flow Protile Flow Wy,

Leak Location Z

-+

g Length of Pipeline Section Z

A A

4
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Figure 4.2 Effect of a Leak on Pipeline Section Pressure and Flow

32




If pressure and flow can be determined at cach end of the pipeline section, an
estimation of the leak location Z, can be made. Using the Darcy equation to relate
pressure and flow for both the sections upstream and downstream of the leak gives

equations 4.5 and 4.6.
R -F = kb’LZLm? (4.3)
P -F= k],D(ZS_ZL)WS (4.6)

Where k., and k., are factors that account for friction factor, density and diameter.

Substituting equation 4.5 into 4.6 yields the following expression.
By —F, = kw.ZJ_WrL;z' + kLDZSW;'kaLW; 4.7

Substituting AP for P,-P, and rearranging in terms of the leak location Z,, we have

the final equation 4.8 to determine the location of a leak on a pipeline section.

_ APk Z W, (4.8)
' kUI_ W;_,?’kw W;

If it is assumed that the differences between average friction factor and average fluid
density upstream and downstream of the leak are small, then the following equations
are obtained.

K=y =k (49)

_ AP-KZ W, (4.10)
LRWE-W,)

To avoid calculating friction factor and density at each time step to determine £, the
value of k can be obtained from data prior to the leak when Z, equals zero. Assuming

no leak flow, the following equation evaluates & at each time step.
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AP (4.11)
zZw,

k=

The procedure for determining the location of a leak would involve using the last
value of k& calculated prior to a leak being identified, over the period the leak 1s
present with the current values of pressure and flow. This method is relatively
simple and efficient, as it requires only the values of flow and pressure at the infet

and outlet of a section to be available to determine leak location.

Equation 4.10 was employed using the test pipeline section model shown in Figure
3.2a, outlined in Chapter 3. A leak of 10 TJ/day was simulated at three locations
along the 100 km section, at 25 km, 50 km and 75 km. The leak was commenced at
a simulation time of 100 minutes and held constant for the duration of the simulation.
Figure 4.3 shows the value of Z, versus simulation time for each of the simulated

leak locations.

Figure 4.3 Calculated Leak Location
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It can be seen from the graphs that equation 4.10 converges most rapidly for the leak
situated at the mid point of the test pipeline section. For all three leaks, the algorithm
for estimating leak location converged within five kilometres of the true leak

location. This is a significant improvement in the operational response time in
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locating a leak, over current estimates that would rely on the leak being sufficiently

large enough to create local distortions in measured pressure.

The method described here is different to Turner and Mudford’s algorithm, as an
assumption is made that some form of flow measurement is available at each end of
the pipeline section, in addition to pressure and temperature. Most pipelines may
have check flow measurements along the pipeline at certain areas of interest, such as
compressor stations. These flow values are sufficient to estimate the leak location

once the mass balance technique has identified a leak.

4.3 Testing of Mass Balance Technique

For the case when model flows are used in place of measured flows, the mass balance
technique was investigated by employing the two test pipeline section models
illustrated in Figures 3.2(a) and 3.2(b). Initially the leak conditions for the pipeline
section were obtained by using the model in Figure 3.2(a), where a constant 10
TJ/day leak was extracted at three locations along the pipeline section, 25 km, 50 km
and 75 km. This represents a leak of approximately 10% of total throughput for the
GGT pipeline. In this model, the pipeline section end point conditions of pressure
and temperature were calculated by SIROGAS. When the leak detection model is
employed in reality, the pressure, and temperature and possibly flow information is
only available at the end points of each pipeline section for the model. Therefore this
data was substituted as the input for the model in Figure 3.2(b), to simulate real data

conditions.

This model is conservative in terms of transients experienced in a normal operating
pipeline since the pressures further upstream and downstream of the test pipeline
section are not being varied. However this provides an indication of the performance
of leak estimation if modelled flow is used instead of measured flow if measured
flow is not available. The effects of elevation (altitude) were not considered at this

stage of the test model.
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Figure 4.4 Model Leak Magnitude versus Actual Leak Magnitude
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Figure 4.4 above shows the leak magnitude estimation based for each of three leak
locations. The graph indicates that the mass balance technique underestimates
leakage when only end point data is used in the model. This is due mainly to the
upstream and downstream flow being calculated incorrectly by the model. It is also
apparent from Figure 4.4, that the leak magnitude is largely independent of leak
location. This indicates that modelled flow obtained from end point pressures and

temperatures alone may not be suitable to estimate the correct leak magnitude.

Since there are only two pressure values available for input to the model, one at cach
end of the pipeline section, the model calculates a continuous pressure profile
between the two pressures, and therefore does not compensate for the “kink” in the
profile caused by the leak. This has the effect of underestimating the flow upstream
of the leak and overestimating the flow downstream of the leak. Figure 4.5 illustrates
the difference between the actual pressure and flow profiles compared to the
modelled profiles, once steady state conditions have been restored after the leak has
been present for a period of time. Figure 4.4 also illustrates that the leak flow decays
over time even though the induced leak is at a constant flow rate. This is due to the
pipeline section approaching steady state conditions by the upstream flow increasing

to meet the demand of the leak flow. The overall effect is that the pipeline end point
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pressures stabilise after a period of time, approaching the conditions represented in

Figure 4.5.
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Figure 4.5 Comparison Between Model and Actual Profiles

The model cannot correctly calculate the increase in flow upstream of the leak, and
the decrease in flow downstream of the leak from the pipeline section end point
pressure ajone. This is demonstrated by the flow errors from the misinterpretation of
the pressure profile illustrated in Figures 4.6 and 4.7. Figure 4.6 compares the inlet
flow for the pipeline section, which indicates the model using end point conditions
underestimates the actual flow due to underestimating the actual pressure gradient
towards the leak. Figure 4.7 illustrates that the model also overestimates the outlet
flow due to overestimation of the actual pressure gradient away from the leak. These

two errors combine in Equation 4.4 to underestimate the leak flow.

The flow error causes most of the underestimation in the overall leak magnitude for
the pipeline section. This is apparent afier the transient effects begin to diminish
after leak initiation, and the pipeline section begins to establish steady state

conditions after compensating for the additional leak flow.
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Figure 4.6 Comparison Between Actual and Medelled Flow into Pipeline Sectien for a 1.eak at 50 km
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Figures 4.6 and 4.7 also show that the model initially indicates a reduction in pipeline
section upstream flow and an increase in downstream flow, where in fact the
opposite is true. This is solely due to not having pressure information, other than at
the end points of the pipeline section. Interpretation of these pressures alone, causes

erroneous flow estimation.

Figure 4.7 Comparison Between Actual and Modelled Flow out of Pipeline Section for a Leak at 50 km
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The magnitude of error in linepack estimation is much smaller than flow estimation

between the model and actual data, as can be secen for Figure 4.8. This suggests that
main sources of error in determining the leakage flow B from Equation 4.4, arise

from W, and W, and not AL .

Figure 4.8 Comparison Between Actual and Modelled Linepack Change for a Leak at 50 km
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4.4 Effect of Measurement Uncertainty Using Modelled ¥lows

The concept of measurement uncertainty recognises that all measured values are
subject to inherent error. Therefore no measured value can be stated with absolute
confidence in the result. Since the model requires a range of measured inputs to
calculate the leak magnitude on each pipeline section, the output of the model will be
susceptible to all the individual uncertainties of these inputs. Each pipeline section
requires pressure, temperature and gas composition as an input. For the purpose of
this investigation, it will be assumed that the gas composition uncertainty has a small
effect on the overall calculated leak uncertainty compared with pressure and
temperature. Therefore when utilising calculated flow to estimate leak magnitude,
only the effects of pressure and temperature on the overall calculated leak will be

examined.
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The term uncertainty that has been used to describe the difference between the actual
value being measured (also known as the measurand), and the value produced by the
measuring instrument, Uncertainty can also be related to the standard deviation of a
set of measurements. For example, if a given quantity were measured a number of
times by the same measuring instrument, the results would be normally distributed
about a mean. The mean should be the true value only for an infinite number of
averaged measurements compensating for non-systematic errors, and if the measuring
instrument has no bias. An instrument could exhibit bias if it had not been calibrated
properly or some other fault caused it to produce a systematic (non-random) offset or
error. Figure 4.9 below illustrates the measurement uncertainty and systematic errors
involved with measurement. The bias in field measurements was compensated by
adjusting the pipeline section surface roughness, as outlined in Chapter 3.

1 Measured Actual
Mean Value

(Systematic Emor)

Measured Frequency

4 Uncertainty

0

Measured Values

Figure 4.9 Measurement Uncertainty and Error

Turner investigated the effects of measurement uncertainty on the total calculated
leak flow uncertainty. The total measurement uncertainty of a parameter that is
calculated from variables each with their own uncertainty is given by the following

equation from Keller ez al. (1990).

o, = (PE[6x,)x 0.} +.....~ ((BE/x,)x 7, )’ (4.12)
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Where F is the equation that defines the calculated parameter (in this case the leak

B), and o, is the uncertainty associated with the dependent variable x. By taking

the partial derivatives of Equation 4.4 and substituting into Equation 4.12, the

following equation is produced for total leak flow uncertainty &, . It should be noted

the effect of time stamp error has been ignored in Equation 4.13.

R P R (4.13)

Where oy, is the uncertainty of flow into the pipeline section, o, 1is the

uncertainty of flow out of the pipeline section, and o, is the uncertainty of the gas

accumulation rate within the pipeline section. In this case, the flow is obtained by
calculation within the model from the input pressures and temperatures. If the flow
were measured, the uncertainty would be the inherent accuracy of the measuring
instrument. Since the case where the modelled flow is used for leak estimation is
being examined, a relationship between pressure, temperature and flow needs to be
developed. The uncertainty in the calculated leak will also be referred to as the leak
detection threshold, since if a leak is not greater than this value, it cannot be detected.
An examination of the leak detection threshold for different forms of filter is

conducted in the following Chapter.

It is useful to be able to estimate the effect of pressure and temperature uncertainty on

o o, and o,; since it is assumed that these will be functions primarily of

s Wy
pressure and temperature uncertainty. Firstly the model flow can be approximated by

the following simplification of Darcy’s equation.

i (4.14)

Where k, is a constant of proportionality that contains calorific value, friction

factor, pipeline section length and diameter. Assumptions made here are that there is

no uncertainty in the measurement of length and diameter, the friction factor remains
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basically constant for small changes in pressure, and finally, there is no uncertainty in
time measurement to obtain the flow and linepack rates. It is unlikely that there can
be any reduction in the uncertainty of diameter, length and time measurements.
However, pressure and temperature measurements can be improved by either

reducing the measuring instrument span, or by filtering the input data.

An approximation for density p is made in the following equation of state, where T

is the pipeline section average gas temperature, and R is the gas constant.

P (BB @15)
RT 2RT

Substituting Equation 4.15 into 4.14 and rearranging in terms of flow, Equation 4.16

is obtained which provides a simplified equation for flow in terms of pressure and

o pI_p: PEE (4.16)
WzWU:WD: (L' _PD ):k,,T (L' _ !J)
2RTk, T

Equation 4.16 is only valid if the constant k;; is independent of changes in upstream

temperature only.

pressure, downstream pressure and average pipeline section temperature. The only

quantity contained within &, that will vary with these conditions is the pipeline

section friction factor since upstream and downstream pressure will affect flow,
which in turn will result in a change in friction factor. However, for the range of
flow conditions that are being examined, this change is relatively small, therefore the
assumption of the constant is sufficient to examine the behaviour of pressure and

temperature uncertainty, on flow uncertainty.

Similarly for linepack, the following expression in terms of pressure and temperature
arises. Again k., is used to convert from mass to energy. The rate of linepack change
is determined by the difference in linepack between the beginning and end of a
measurement period, divided by the interval of the measurement period. Therefore

the At term is the interval between measurements, and it is assumed if this 1s small
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the absolute values for pressure and temperature do not change significantly between
measurement periods.

A = key ﬁf _ kep (B, +1})V 5 (P J_rPD) 4.17)
At RT At 2RT L T

Taking the partial derivatives of Equations 4.16 and substituting into Equation 4.12
we have the following equation assuming that the uncertainty of both pressure

measurenments, P, and P, are the same.

BP0 o 19
T, = Oy, — ki = 2 LD
T \(@-PH 4T

Applying the same process for the linepack relationship in Equation 4.17, and again

assuming the uncertainty of both pressure measurements are the same, Equation 4.19

is obtained.

2 2 4.19
o KlBirB) | 200 ol -
YT @Ry T
Using Equations 4.18 and 4.19 the effect of pressure or temperature measurement

uncertainty can be examined separately by letting o, or o, equal zero. The

equations for flow and linepack uncertainty then become linear with increasing
values of uncertainty for pressure or temperature as illustrated in Figures 4.12 to
4.14. By evaluating the constants in equations 4.18 and 4.19, the results can also be
substituted into Equation 4.13 to provide an expression for total leak flow uncertainty

in terms of pressure and temperature uncertainty directly.

This relationship can be verified by again using the test pipeline section in Figure
3.2(b). The same inlet and outlet conditions for the model were used as previously,
however this time they were held constant to simulate a no leak, steady state
situation. As expected, the calculated leak flow was zero throughout the simulation
period. The next step was to add uncertainty or noise to the pressure and temperature

measurements that are used in the simulation. This was done by using the random
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number function in Microsoft Excel ™, which uses a Gaussian (normal) distribution.
Typical values of uncertainty for pressure are 0.025 MPa and 0.3 K for temperature.
The nominal values or measurand for inlet pressure, outlet pressure and temperature
were 9.387 MPa, 8.725 MPa and 298.15 K respectively. Therefore all input values
were normally distributed about the measurand as the mean, plus or minus the stated
total uncertainty. It should be noted here that all uncertainty amounts relate to the
absolute value measured. Figure 4.10 shows the pressure and temperature inputs

including measurement noise.

Figure 4.10 Model Inputs with Measurement Noise
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The calculated leak flows from the STROGAS model using the data in Figure 4.10
were extremely noisy as can be seen from Figure 4.11, with a total leak flow

uncertainty of 85.629 Tl/day. By solving for the constants k; and k,, and

substituting into Equations 4.18 and 4.19, the expected uncertainty for leak flow can
be obtained via Equation 4.13. This produced a calculated leak flow uncertainty of
86.145 Tl/day that demonstrates good agreement with the actual leak flow

uncertainty obtained from the model output and shown in Figure 4.11.

44




Figure 4.11 Leak Flow Uncertainty Caused by Measurement Noise
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4.5 Effect of Measurement Uncertainty Using Measured Flows

The focus of the investigation thus far, has been the use of modelled flows in the
mass balance technique. This is due to the lack of pipeline section flow measurement
available on the GGT Pipeline, which is representative of most gas transmission
pipelines. However, if the use of modelled flows calculated from pipeline section
pressures and temperatures proves to be unsuccessful with the mass balance
technique for detecting leaks reliably, it will be useful to know the minimum flow
measurement required to achicve a satisfactory level of leak detection. This flow

measurement can then be installed at predefined locations.

Again using the equation state, a relationship for the rate of change of section

linepack can be determimed.

PAZ (4.20)
=—=—C,
RTAt

The term A represents the pipeline section cross sectional area, and the constant Cy is

the calorific heating valuc of the gas to convert linepack units from mass to heating
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energy units of gas. This is still basically a mass measurement, but as mentioned
earlier, gas flow measurement and linepack are typically measured in terms of the gas
heating value, which is represented in terms of energy. By substituting Equation 4.20
into Equation 4.4, an expression for leak flow can be obtained when measured

pipeline section flow is available.

PAZ (4.21)
- = CV
RTAt

The term W is the measured flow rate difference (accumulation) into and out of the
pipeline section. Taking partial derivatives of Equation 4.21 and substituting into
Equation 4.12, an cquation for the uncertainty in leak estimation in terms of flow and

pressure measuremernt can be obtained.

o _ L g 1A 202 @
5 \/; W RT A7 B

It should be noted that the contribution of pipeline section temperature uncertainty to

linepack uncertainty and hence leak uncertainty was omitted in Equation 4,22, as this
is demonstrated to be small compared to pressure measurement uncertainty in the

following section.

In the design and construction of a new gas pipeline, or when considering the
implementation of a leak detection system, it may be useful to understand the
maximum distance between pipeline flow measurements to obtain reliable leak
detection. The uncertainties for pressure and flow measurement are readily available
from manufacturer’s data for the respective instruments. The pipeline operator will
define the uncertainty for calculated leak flow from the smallest leak to be detected,
and the number of samples averaged » by how quickly the leak needs to be detected.
Once these parameters are obtained the maximum allowable distance between flow

measurements can be calculated from Equation 4.23.
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7 RTAt |no, -o,, (4.23)
T AC, o

Equation 4.23 will be used later when the implementation of flow measurement for

the GGT Pipeline is investigated.

4.6 Leak Detection Threshold

It is important at this point to define the minimum leak size the model is able to
detect. In the previous section the uncertainty of measured inputs was defined, which
is the standard deviation of a set of measurements assuming they are normally
distributed about the mean. In a similar manner, the uncertainty of the calculated
leak or leak detection threshold can be defined as the standard deviation of a set of
calculated leak values from the model. Therefore if an actual leak is not larger that
the uncertainty of the leak detection model, the leak will be deemed to be
undetectable. Tt is apparent from Equation 4.13 the leak detection threshold of the

model can be reduced in the following ways;

1. by reducing the uncertainty in the inputs to the model or;

2. by reducing the uncertainty of the calculated leak flow from the model.

Figure 4.11 demonstrates that without some means of noise reduction, the output
from the leak detection model will be meaningless. Therefore in the following
chapter methods of reducing the measurement and hence leak noise will be

investigated.

To verify Equations 4.18 and 4.19 are in fact linear, the uncertainty associated with
the pressure inputs to the model was varied whilst the uncertainty associated with
temperature measurements was held at zero. The converse was repeated for
temperature. The uncertainty values were expressed as relative uncertainty, which is
a percentage of the average pressure and temperature so that comparisons can be

made. Figure 4.12 shows the results of this investigation.
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Figure 4.12 Measurement Noise versus leak Delection Threshold
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From the graph it is evident that relatively small uncertainties in pressure and
temperature measurement can result in a large leak detection threshold. More
importantly, pressure dominates the contribution to calculated leak uncertainty for
equivalent magnitudes of measurement uncertainty. The ratio of leak detection
threshold for pressure compared to that for temperature is approximately 11. It
should be noted that in practice, the relative uncertainty in pressure is typically of the
otder of three times the relative temperature uncertainty. Therefore reducing the
uncertainty in pressure measurement either by filtering the data or physically
changing the configuration of the pressure transmitter will be more beneficial for
reducing the overall leak detection threshold than reducing the temperature

measurement uncertainty.

In addition to identifying which model input measurement contributes the most to
calculated leak flow uncertainty, it is also useful to note whether the calculated flow
or linepack is influenced the most by the measurement uncertainty. Figure 4.13
below shows the relationship between flow and linepack uncertainty for varying

pressure uncertainty.
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Figure 4.13 Pressure Measurement Noise versus Linepack and Flow Lncertainty
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It is evident from the graph that increasing the pressure measurement uncertainty has
a much greater effect on the linepack calculation rather than the flow. The ratio of
linepack uncertainty to flow is approximately 54 throughout the range of data. This
indicates the linepack uncertainty is clearly the main contributor to leak flow
uncertainty and thus the leak detection threshold. The only way to reduce the
linepack uncertainty is to reduce the size of the pipeline sections, which means less
distance between pressure and temperature measurements, since they determine the

size of a pipeline section.

Figure 4.14 shows a similar analysis, this time based on temperature uncertainty.
The ratio of linepack uncertainty to flow uncertainty is much higher than that for
pressure at approximately 195 throughout the range of values. Again it 15 the

linepack that is affected most by measurement uncertainty.
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Figure 4.14 Temperature Measurement Noise versus Linepack and Flow Uncertainty
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Lastly, it is interesting to note that typical values of uncertainty were used in
generating the leak flows of Figure 4.11. The leak flow uncertainty of 86 Tl/day
would make most leaks undetectable. Recall that previously a 10 Tl/day leak was
simulated in Section 4.3. Clearly a strategy for reducing the leak flow uncertainty is

required and this will be investigated in the following chapter.
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5.0 REDUCTION OF LEAK UNCERTAINTY

5.1 Selection of Filters

Due to the effects of measurement uncertainty on the calculated leak flow, a method
needs to be derived to reduce these effects so that the leak flow data is able to
indicate actual leaks reliably. The measurement uncertainty causes values to be input
to the model to be randomly distributed about a mean. This behaviour resembles
random noise, which is sometimes referred to Gaussian noise. To reduce the noise
on the output of the model, and hence have accurate and reliable leak flow data, 1t 15
apparent that some form of on-line filtering is required on the input data, output data,
or both. There are many excellent texts available that provide guidance in the use of
filters. Gabel (1973), Hamming (1977) and Lahti (1992) are examples of some
publications. Three filters were chosen for investigation that are commonly used,

and are well suited for removing random noise. These filters arc as follows:

. Moving Average
. Weighted Moving Average

" Low Pass

The first two filters are time domain based, whereas the low pass filter 1s a frequency

domain filter. Each filter was assessed against the following criteria:

. Ability to reduce the leak detection threshold
= Response to a step input simulating a leak i.e. the ability to keep the time

constant to a minimum

To assess each filter, the randomly generated noise of the previous chapter was
super-imposed on the input data to the simulation of the test section that was
described in Chapter 3. The use of actual pipeline data is not introduced until

Chapter 6 after an optimum filter has been selected.
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The response of the filter and estimation of leak magnitude was tested using a
simulated leak size of 10 TJ/day. This step change in leak value for O TJ/day to 10
TJ/day commences at a simulation time of 100 minutes, as shown in Figure 5.1 with

Nno noise present.

Figure 5.1 Simulated Leak with no Measurement Noise

Leak Flow (TJ/day)

Time {minutes)

Now the same level of measurement uncertainty was added to the pressure and
temperature inputs as was used in Chapter 4 to produce the output shown in Figure

5.2.

The induced measurement noise consisted of a maximum uncertaioty of 0.025 MPa
for pressure, and 0.3 K for temperature from the measurand. The effects of the
measurement noise completely concealed the leak as can be seen in Figure 5.2. Each
of the filters were then compared using the data shown in Figures 4.11 and 5.2 to find
the filter or combination of filters which have the highest noise reducing capability

without substantially delaying the detection of a leak from the actual time of

inception.




Figure 5.2 Simulated Leak with Measurement Noise
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5.2 Moving Average Filter

The moving average is the most common filter in discrete signal processing, mainly
because it is the easiest digital filter to understand and use. In spite of its simplicity,
the moving average filter is optimal for many common tasks, which require a
reduction in random noise whilst retaining a sharp step response. This makes it one
of the best filters for time domain encoded signals, which would be expected from
the measurement noise generated from non-systematic errors. However, the moving
average is the worst filter for frequency domain encoded signals, with little ability to
separate one band of frequencies from another. However, due to the nature of
filtering being performed in this application, there is no requirement to separate or
climinate one set of frequency characteristics from another. The main objective is to
reduce random noise, therefore the moving average filter is more than adequate to
perform this function. There is a range of filters related to the moving average that
have similar characteristics including the Gaussian, Blackman, and multiple-pass
moving average. Since the moving average is the simplest, it is efficient

computationally and relatively straightforward to implement.
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As the name implies, the moving average filter operates by averaging a number of
neighbouring points from the input signal to produce each point in the output signal.
To reduce the calculated leak flows caused by measurement noise, Turner and
Mudford (1988) averaged the output leak flow results over several consecutive
measurement periods to produce a more stable and less sensitive leak flow rate. This
is a basic form of data filtration and is in effect a type of low pass filter. The general

algorithm employed to produce an average leak flow is shown below.

e (5.1)

Since the calculated leak flow noise is generated from the measurement noise on the
model inputs, the effects of removing the noise from the source data were also
investigated. Therefore a comparison was made between input data filtering only
(pressure and temperature), output filtering only (leak flows), and a combination of
both input and output data filtering. The number of consecutive measurements # has
to be determined to provide optimum leak detection sensitivity. By increasing n, the
noise reduction is improved, but as a compromise resolution of a step change 1s

reduced which effectively creates a time delay in leak detection.

Figure 5.3 Leak Detection Threshold for Increasing Samples Averaged
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Figure 5.3 shows the noise reduction by increasing » for each set of data that was
filtered. The moving average filter was applied in three different ways. Firstly the
filter was only applied to the input data for the model, namely the pipeline section
inlet and outlet pressure, and temperature. The second method investigated was to
apply the moving average only to the leak flow output of the model. Finally, the

moving average filter was applied to the input data and leak flow output.

It 1s evident from Figure 5.3 that the greatest rate of improvement for noise reduction
was obtained from between n equal to 1 and 20 measurement periods for all three
cases. Increasing # to 20 measurement periods reduced the leak detection threshold
by approximately 92% for all three cases, but increasing n from 20 to 100 only

provided an additional reduction in the leak detection threshold.

Figure 5.4 Calculated Leak Flows for 1 =20
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The combined input and output data filter was compared to the single filters by
matching the delay or offset produced by the filter. For example, averaging 10 input
measurement periods and then averaging the corresponding 10 output measurements,
produces an overall offset of 20 measurement periods. Therefore this case was then
examined against both the input only and output only filter for # equal to 20 to
produce a fair comparison. The results of the cotresponding filtered output of the

model can be seen in Figure 5.4
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Figure 5.5 illustrates the further improvement for »# equal to 100 measurement
periods. The noise has been reduced substantially compared to the unfiltered data in
Figure 5.2, however it is still difficult to ascertain the leak magnitude from Figure
5.4. Figure 5.5 clearly illustrates the magnitude of the leak to be approximately 10
TJ/day and the offset of 100 minutes from leak inception can also be seen. It is
interesting to note that input only, and output only filters produced nearly identical

results, whereas the combined filter had a greater smoothing effect.

Figure 5.5 Calculated Leak Flows far » = 100
MOVING AVERAGE FILTER
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5.3 Weighted Moving Average Filter

The weighted moving average filter is similar to the moving average filter except for
the use of a kernel that applies weights to each of the values in the range. Tumer
(1987) derived weights by optimising the equations for leak flow uncertainty, and
demonstrated that the weights were far from optimum if the ratio of measured flow to
linepack uncertainty is small. For this reason, a Gaussian kernel was selected for

this application that is often referred to as Gaussian smoothing. In the previous

56




section, the weighting for cach of the values in the average was simply 1/n.

Equation 5.1 can be written in terms of individual weights.

5= Sak 52
i=1

Where the sum of the weights in the sample equals unity as shown in Equation 5.3.

" (5.3)

In this case the weighting will follow the relationship of the (Gaussian distribution
given by Equation 5.4 below.
1 = (5.4)

O s o

Since the average will be performed on-line in real time, the most recent value will
have the largest weighting. The weights will follow the shape of half a normal
distribution curve, where x is a value that ranges from 1-n to 0, and ¢ is the standard

deviation of the distribution.

The standard deviation of the weighting values affects the degree of influence the
most recent values has over the entire averaged value. Thercfore as ¢ approaches
infinity, the values of each of the weights in the distribution approaches 1/n, which is
simply the uniformly weighted moving average filter demonstrated in the previous
section. This is illustrated clearly in Figure 5.6, where various values of o were

examined for a 20 sample weighted average.
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Figure 5.6 Weighting Coefficents for Differeat Values of o for a Weighted Average of n =20
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The value of ¢ was optimised to minimise the standard deviation of the sample

being filtered, whether that be input or output data for the model.

Figure 5.7 Leak Detection Threshold for [nereasing Samples Averaged
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Figure 5.7 shows that there was a small improvement when Gaussian smoothing was
applied to the output of the model directly for optimised values of ¢ . However the

optimised value of ¢ for filtering input or combined input and output data was large,
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thus there was little improvement from the moving average filter. This is due to the
optimum noise reduction produced by uniform weights, whereas lower values of o

possess better response to a step input, at the sacrifice of noise reduction.

Figure 5.8 illustrates the improvement when Gaussian smoothing is applied directly

to the output of the model for a 100 sample moving average.

Figure 5.8 Calculated Leak Flows for # = 100
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The level of noise reduction from the weighted moving average filter is similar to the
moving average filter. This is due to the Gaussian weights being optimised to

provide the best noise reduction.

5.4 Low Pass Filter

Typically, when it is desirable to remove one set of frequencies from another, some
form of low pass filter is employed. This is a common technique covered in detail by
nearly all signal processing publications and is quite a robust filter for removing
random background noise. The process involves examining the power spectrum to
verify which frequencies dominate the signal in the time domain. This is outlined in

many signal processing texts including Astola (1997), Cappellini (1978), Hamming
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(1977) and Ifeachor (1993). Once this is verified, all frequencies above this region
are eliminated and the signal is transformed from the frequency domain back into the
time domain by way of Fourier transformation, which is covered in detail by
Nussbamer (1981), Phillips (1995), Terrell (1988), Tolimieri (1989) and Vaseghi
(1996). This frequency above which, other frequencies are blocked is often referred
to as the cut off frequency 7. Tn this case, only the lowest frequency was allowed to
pass, to provide the best noise reduction. Therefore the cut off frequency varied,

depending on the number of samples used.

The number of samples used in this case is required to follow the relationship 2" as
demonstrated by Brigham (1988), therefore sample numbers of 4, 8, 16, 32, 64 and
128 were chosen for investigation. Noise reduction as a function of sample size is
shown in Figure 5.9, since the leak was commenced at a simulation time of 100
minutes, the 128 sample filter would not have produced an output until the leak had

been present for 28 minutes.

It is evident from Figure 5.9 where the input, output and combined data filters
converge to the same level of noise reduction for sample numbers greater than 64.
For sample numbers less than this, the output and combined low pass filters had
superior performance compared to the input low pass filter alone. This is most likely
due to the higher proportion of values in the frequency spectrum that were allowed to
pass for high values of n compared to low values of n. For sample numbers greater
than 64 a higher proportion of frequencies were passed for the same cut off

frequency, resulting in less noise reduction but greater response.
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Figure 5.9 Leak Detection Threshold far Increasing Samples Averaged
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Figure 5.10 shows the performance of the low pass filter when a moving sample of
128 values is applied. It is interesting to note that all three variations of the

application of the low pass filter produce exactly the same level of noise reduce in

the time domain for 128 samples.

Figure 5,10 Calculated Leak Fiows for n =128
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5.5 Comparison of Filters

Each of the filters tested had similar noise reduction properties when applied to both
input and output data for the model. To determine the most suitable filter to apply
using actual pipeline data in the following chapter, each filter was assessed for the
ability to reduce the leak detection threshold, provide good response to a step input or

leak, and to overall smooth random fluctuations in leak flow.

Figure 5.11 illustrates there was virtually no difference in performance between both
of the time based moving average filters when applied to the input data only. The
low pass filter however, did not perform as well for larger values of n. Therefore
since the moving average filter is the simplest for implementation and was equal to
the weighted moving average in noise reduction, this was chosen for the optimum

input filter.

Figure 5.11 Leuk Detection Threshald for Each Input Data Filter
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Due to the relatively small amount of measurement noise on each of the inputs
resulting in a large amount of leak flow noise on the output, even small
improvements in reducing measurement noise resulted in large improvements in leak

flow noise reduction. However, a corresponding delay was introduced proportional
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to the number of measurements » that was filtered. Therefore a compromise has to

be made between leak flow noise reduction, and delay of response to leak initiation.

Figure 5.12 Leak Detection Threshold for Each Output Filter
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Figure 5.12 shows the performance of each of the filters when applied direcily to the
model output. The low pass filter when applied directly to the output leak flows of
the model has superior performance than both moving average filters for low values
of n. For values of n greater than 16 the low pass filter provides a slightly inferior

level of noise reduction as both the moving average filters.

Figure 5.13 shows that for the combined filters, the moving average filter provides
superior noise reduction compared to the other filters for sample numbers greater

than 20. For sample numbers less than 20, again the low pass filter provided the

highest noise reduction.
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Figure 5.13 Leak Detection Threshold for Each Combined Fitter
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5.6 Selection of Optimum Filter

The results in this chapter assisted in deciding which filter or combination of filters
would be suitable for testing against real pipeline data for the pipeline sections
chosen in Chapter 3. Due to the similar performance of each of the filters, it was
decided to proceed with the simplest, the moving average filter. The moving average
filter performed surprisingly well, especially when applied to the input and output
data of the model. The choice of the number of samples to average n, 18 a
compromise between noise reduction and the response delay to a step leak input.
Therefore an initial estimate of 30 input samples and 30 output samples was
investigated against the real time pipeline measurements. This should provide a

stable estimate of leak magnitude within 60 minutes of leak onset.
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6.0 TESTING OF OPTIMUM FILTER
6.1 Introduction

In Chapter 5, the moving average filter was selected as the most favourable. In this
chapter, the moving average filter is applied to the real time data from the GGT
pipeline for the selected pipeline sections outlined in Chapter 3. The ability for the
selected filter to reduce noise compared to the unfiltered data is examined. In
addition to noise reduction, the filter response to an induced leak step input Is
investigated against the real pipeline data. The simulated leak was created by
reducing the inlet and outlet pressure of each selected pipeline section by a constant
amount at each time step. A uniform decrease in inlet and outlet pressure at each
time step will produce a calculated leak of constant magnitude. The relationship is
linear, therefore the required pressure change for a given leak flow can be determined
through trial and error relatively quickly. This pressure behaviour is not likely to
occur in practice, as was previously discussed in Chapter 4, the upstream pipeline
section flow will increase to compensate for the leak. However, this method is

sufficient to provide a constant step change to examine the filter performance.

The simulated leak was commenced at a simulation time of 5000 minutes, and lasted
for a duration of 200 minutes for each pipeline section. This duration was chosen as
the inlet and outlet pressures could not be reduced for an extended period of time,
without the pressures dropping to abnormally low levels. The simulated leak was
held constant at a magnitude of 10 TJ/day for each of the three selected pipeline
sections. This corresponded to approximately 28% of the typical flow for the
pipeline sections Anaconda to Leonora and Jeedamya to Cawse, and approximately
14% of the typical flow for Ned’s Creek to Wiluna. The three pipeline sections are
to be examined before confirming the final configuration of the model and filter. If
the configuration examined is acceptable for all three sections, which represent the
range of pipeline sections that will be encountered on the GGT pipeline, this will be

used in the final on line implementation.
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For the presentation of results, the y-axis scales, which represent leak flow magnitude
on each of the graphs, were kept at the same limits. This provides the ability to
compare the calculated leak flow results for each of the pipeline sections examined.
There is extensive graphical data presented in this chapter, as it is necessary 10

present the filter performance for the large amounts of actual pipeline data collected.

6.2 Anaconda to Leonora

The first section examined was Anaconda to Leonora that also has the lowest
retention time as outlined in Chapter 3. It was expected that this pipeline section
would have the lowest overall calculated leak flow noise, as this is dominated by the
calculated linepack noise and Anaconda to Leonora has the lowest linepack to flow

ratio.

The data used was eight days or 11520 one minute samples of pressure and
temperature from cach of the pipeline section end points. Figure 6.1 shows the input
data for the model over the eight day period. Initially the model was run without
filtering the data to determine the extent of the unfiltered leak detection threshold for

the pipeline section,

The diurnal temperature variations can be clearly seen from the model input data
shown in Figure 6.1. The gas temperature measurements are taken at above ground
stations on the pipeline. Therefore this indicated that the temperature transmitters are
affected of ambient diurnal temperature variations on the above ground station. In
reality, since the majority of the pipeline is buried, the gas temperature for the section

should be immune to ambient temperature effects and only show seasonal variations.
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Figure 6.1 Model Inputs with Measurement Noise
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Figure 6.2 shows the uncertainty in leak flow estimation when the data used in the
model is unfiltered. The leak uncertainty is much lower than that simulated for the
larger test pipeline section. The unfiltered leak detection threshold for Anaconda to
Leonora was approximately 2.98 TJ/day compared with 85.63 T)day for the test
pipeline section. Therefore a lower leak detection threshold is attainable for the
equivalent filter applied to the larger test section. It becomes evident that due to the
diversity in pipeline section sizes on the GGT pipeline, the performance of the leak

detection model will vary from section to section.
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Figure 6.2 Unfiltered Leak Flows
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The combined input and output moving average filter was then applied to the model
data. The pressure and temperature input data was averaged over 30 measurement
periods to reduce the measurement noise. The corresponding calculated leak flow
data produced from the model was also averaged over 30 measurement periods.
Therefore the maximum anticipated delay between detecting the correct magnitude of
the leak and the actual leak onset should be less than 60 measurement periods. Since
measurements are taken at one minute intervals the maximum delay in detecting a

leak should be less than 60 minutes.

The filtered input measurements are shown in Figure 6.3, where it can be seen that

the random measurement variations caused by the uncertainty of each measurement

have been reduced.




Figure 6.3 Muoving Average Filtered Maodetl Inpats
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Figure 6.4 illustrates the effectiveness of the moving average filter in removing the
calculated leak flow noise. The leak flow uncertainty has been reduced from 2.98

TJ/day for the unfiltered data, to 0.24 TJ/day for the filtered data.

Figure 6.4 Moving Average Filtered Leak Flows
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The number of input measurements that are averaged can be increased for further

noise reduction, however the possibility of under estimating the magnitude of a
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transient leak that has a duration less than the averaged samples becomes greater.
Since it has already been confirmed that the mass balance technique already under
estimates leak magnitude, it is advisable to keep the number of input samples
averaged to a minimum once overall leak uncertainty has been reduced to acceptable

levels,

The final test of the filter was to verify the ability to respond to a step input caused by
a leak. Reducing the measured inlet and outlet pressures of the pipeline section by
approximately 7.35 kPag each measurement period simulated a 10TJ/day leak of
constant magnitude. The corresponding filtered input data is shown i Figure 6.5. It
can be seen for the calculated flows to detect this leak, an extremely large drop in
pressure is required for simulation in the smaller pipeline section. This Is an
unrealistic scenario, as this would not occur in reality for a leak of this magnitude,

indicating that using the modelled flows in this situation would not be ideal.

Figure 6.5 Muving Average Filtered Model Inputs for a Simulated Leak
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When analysing the results in Figure 6.6 it 1s evident that there is a delay of 60
minutes between the simulated leak onset at a simulation time of 5000 minutes, and
the time at which a stable leak magnitude is determined. This confirms the
presumption of maximum delay in estimating the leak magnitude when selecting the

optimum filter. Figure 0.6 1illustrates that the leak onset time and magnitude is
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clearly visible. Therefore it is deemed that the level of filtering is suitable for this
pipeline section. If more rapid response times are required, the number of samples
averaged can be reduced, but the ability to estimate the magnitude accurately may be

compromised in addition to increasing the risk of false alarms.

Figure 6.6 Muving Average Filtered Leak Flows for a Simutaied Leak
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6.3 Ned’s Creek to Wiluna

The next section examined was Ned’s Creek to Wiluna which has a mid range
retention time when compared to other pipeline sections on the GGT pipeline. It was
expected that this pipeline section would have more calculated leak flow noise than

the Anaconda to Leonora pipeline section, since it has a higher linepack to flow ratio.

Again, the data used was eight days or 11520 one minute samples of pressure and
temperature from each of the pipeline section end points. Figure 6.7 shows the input
data for the model over the eight day period. Initially the model was run without
filtering the data to determine the extent of the unfiltered leak detection threshold for

the pipeline section.
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The diurnal temperature variations can again be clearly seen from the model mput
data shown in Figure 6.7. The gas temperatures are higher for this pipeline section
compared to Anaconda to Leonora duc to Ned’s Creek to Wiluna being located
approximately 300 km north of Anaconda to Leonora in a warmer region of Western
Australia. A transient disturbance in pressure can be seen between the simulation
time of 0 and 1000 minutes. These rapid changes were caused by the llgarari

Compressor, upstream of the pipeline section being examined.

Figure 6.7 Model Inputs with Measurement Noise
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Figure 6.8 shows the uncertainty in leak flow estimation when the data used in the
model is unfiltered. Again, the calculated leak uncertainty is much lower than that
simulated for the larger test pipeline section. The unfiltered leak detection threshold
for Ned’s Creek to Wiluna was approximately 11.78 TJ/day compared with 85.63
Tl/day for the test pipeline section. However, as predicted the uncertainty in
calculated leak flows for Ned’s Creek to Wiluna is higher than Anaconda to Leonora,
due to the larger linepack to flow ration of the Ned’s Creek to Wiluna section. Once
again, a lower leak detection threshold is attainable for the equivalent filter applied to
the larger test scction. The pipeline section from Ned’s Creek to Wiluna 1s actually
longer than the test pipeline section, however the diameter of the test section is

larger, causing the overall linepack to be higher. Therefore it is expected the leak
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detection threshold will not be able to be reduced to the same levels as the pipeline

section from Anaconda to Leonora by applying the same filter.

Figure 6.8 Unfiltered Leak Flows
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The same combined input and output moving average filter was again applied to the
model data. The filtered input measurements are shown 1n Figure 6.9, where it can
be seen that the random measurement variations caused by the uncertainty of each

measurement have again been reduced.

The transient pressure effect caused by the upstream compressor is still large after
filtering. This was the cause of the false leak estimation during the transient period

shown in Figure 6.10.
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Figure 6.9 Maoving Average Fittered Yodel Inpuats
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Figure 6.10 Moving Average Filtered Leak Flows

0

Leak Flow (TItday)

n [vs) 2000 2000 4000 S000 OO0 000 000 SU00 10006 11000

Time {minutes)

Figure 6.10 also illustrates the effectiveness of the moving average filter in removing
the calculated leak flow noise. The leak flow uncertainty has been reduced from
11.78 Tl/day for the unfiltered data, to 2.51 Tl/day for thc filtered data. The
threshold 1s higher than the pipeline section Anaconda to Leonora. This was

expected since the pipeline section Ned’s Creek to Wiluna is approximately 11 times
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the size of Anaconda to Leonora, which is proportional to the ratio of leak thresholds

tor the two pipeline sections.

As previously highlighted, there are two disturbances in calculated leak flow, one at a
simulation time of approximately 320 minutes and the other at 610 minutes. On
further investigation of other pipeline data, it appears that the disturbance
corresponds with two compressor shut downs and restarts approximately three hours
apart at the Ilgarari compressor station that is approximately 200 km upsiream of
Wiluna. This raises the issue that the model has not estimated the flow correctly into
the pipeline section during the period of rapid pressure transients. Each time the inlet
pressure of the section has increased rapidly, the model has over estimated the inlet
flow to the section over that short period. Since the mass (linepack) within the
section has not changed substantially during the same period, a leak is falsely
indicated. This indicates the inability to prevent false leak indication when pressure

is used to estimate flow.

The next investigation was again to examine the filter with an artificially created
leak. A 10TJ/day leak of constant magnitude at the midpoint of the pipeline section
was simulated by reducing the measured inlet outlet pressures of the pipeline section
by approximately 3.87 kPag each measurement period. The corresponding filtered

input data is shown in Figure 6.11,
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Figure 6,11 Maving Average Filtercd Modcl Inpaes for a2 Simulated Leak
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Figure 6.12 shows the induced leak was clearly identified at the correct magnitude.
Apart from the compressor transient effects at the start of the simulation, the
calculated leak flows were reduced to low levels prior to and after the induced leak at

the simulation time of 5000 nunutes.

Figure 6,12 Moving Average Filterced Leak Flows for a Simulated Leak
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6.4 Jeedamya to Cawse

The final section examined was Jeedamya to Cawse, which has the highest retention
time of all pipeline sections on the GGT pipeline. It was expected that this pipeline
section would have more calculated leak flow noise than both the Anaconda to
Leonora and Ned's Creek to Wiluna pipeline sections, since it has the highest

linepack to flow ratio.

Again, the data used was eight days or 11520 one minute samples of pressure and
temperature from each of the pipeline section end points. Figure 6.13 shows the
input data for the model over the eight day period. Initially the modcl was run
without filtering the data to determine the extent of the unfiltered leak detection
threshold for the pipeline section. The measured inlet and outlet pressures show little
evidence of transient disturbances, as this pipeline section is sufficiently far away

from any compressors or pressure controlling devices to remain unaffected.

Figure .13 Madel Inputs with Measurement Noise
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Figure 6.14 shows the uncertainty in leak flow estimation when the data used in the
model is unfiltered. Again, the calculated leak uncertainty is much lower than that

simulated for the larger test pipeline section.
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Figure 6.14 Unfiltered Leak Flows
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The unfiltered leak detcction threshold for J eeda:mya to Cawse was approximately
11.05 TJ/day compared with 85.63 Tl/day for the test pipeline section. However, the
uncertainty in calculated leak flows for Jeedamya to Cawse is lower than Ned’s
Creek to Wiluna, due to the overall size of Ned’s Creek to Wiluna section. Theretore
as predicted in Chapter 5, pipeline section flow has little influence over the leak flow
uncertainty and is purely dictated by pipeline section size. Once again, a lower leak
detection threshold is attainable for the equivalent filter applied to the test pipeline

sectlon.

The same combined input and output moving average filter was again applied to the
model data. The filtered input measurements are shown in Figure 6.15, where it can
be seen that the random measurement variations caused by the uncertainty of each
measurement have been reduced. There were no noticeable transient pressure effects

as was evident in the previous section.
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Figure 6,15 Maving Average Filtered Model Inputs
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Figure 6.16 illustrates the effectiveness of the moving average filter in removing the
calculated leak flow noise. The leak flow uncertainty has been reduced from 11.05

TJ/day for the unfiltered data, to 1.22 TI/day for the filtered data.

Figure 6.16 Moving Average Filtered Leak Flows
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The next investigation was again to examine the filter with an artificially created

leak. A 10 T]/day leak of constant magnitude at the midpoint of the pipeline section
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was simulated by reducing the measured inlet outlet pressures of the pipeline section

by approximately 3.82 kPag each measurement period. The corresponding filtered

input data is shown in Figure 6.17.

Figure 6.17 Moving Average Filtered Model Inputs for a Simuiated Leak
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Figure 6.18 illustrates that the leak onset time and magnitude is clearly visible from
the typical calculated leak flow rates when no leak is present. Therefore it 1s deemed

that the level of filtering is suitable for this pipeline section.
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Figure 6.18 Moving Average Filtered Leak Flows for a Simulated Leak
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6.5 Summary of Results

The results 1in this chapter have confirmed the filter configuration was acceptable for
all three sections, which represent the range of pipeline sections that will be

encountered on the GGT pipeline, therefore this will be used in the final on line

implementation.

Pipeline Section Unfiltered Filtered Leak Percentage of | Section Typical
Leak Detection Detection Section Typical Linepack
Threshold Threshold Flow
Anaconda to Leonora 2.98 TYiday 0.24 T)/day 0.71% 40T)
- Ned’s Creek to Wiluna 11.78 Tl/day 2.51 TJ/day 3.51% 31.07TJ
‘ Jeedamya to Cawse 11.05 Tl/day 1.22 TJ/day 3.56% 375T]

Table 6.1 Summary of Leak Detection Thresholds

Table 6.1 illustrates that the for the representative pipeline sections examined in this
chaptcr, the achievable leak detection threshold was as low as 0.71% of section flow

for the smaller pipeline section and as high as 3.56% for the larger pipeline section.
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The percentage is higher for Jeedamya to Cawse since the typical flow for that

section is less than half of the typical section flow for Ned’s Creek to Wiluna.
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7.0 DISCUSSION

7.1 Validity of Model

The pipeline sections tested against real data confirmed that the selected
configuration and filter would be suitable for implementation mto the final on-line
model as it provided a robust and stable platform to execute against the real pipeline
data. The initial tuning of the model by adjusting the sectional surface roughness
values was successful in reducing the amount of “offset” in leak flow values. The
model performed satisfactorily when rapid transients were encountered such as the
start up and shut down of compressor stations, and the rapid change in delivery flow
at an outlet. The input data from the SCADA system was not altered in any way to
provide an artificial environment for the model apart from the simulation of leaks.
Even though the model produced reliable results throughout the investigation, these
transient events were detected as false leaks as was evident from the pipeline section
Ned’s Creek to Wiluna. In reality if a known event was occurring, it is relatively
simple to disrcgard the leak flow on that pipeline section for a period after the event.
The length of this period would be determined from operational experience with the

model being on-line.

The main issue with using leak detection systems on gas pipelines that employ a
mass balance on each section is that the model has to deal with the transicnt
conditions observed with compressible flow. This compressibility effect allows large
changes in the mass within each pipeline section and therefore large differences
between mass flow into and out of a section under transient conditions, even withoul
the presence of a leak. That is why leak detection is commonplace on liquid
pipelines with incompressible flow, but reliability is still illusive on gas pipelines.
Obviously, as the distance between pressure, temperature and flow measurements
increase, 1.c. the pipeline sections become longer, the problem with compressibility
becomes worse. In addition to this, the larger pipeline sections only require small
changes in pressure and temperature measurements at the end points, to produce
large changes in total section mass (linepack). Thus for the same lcvel of

measurement uncertainty, a smaller pipeline section will have lower linepack
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uncertainty and hence a lower leak detection threshold. This was highlighted in the
results, when the shorter pipeline sections exhibited more stable leak flow results
than the longer pipeline sections, irrespective of the flow through the pipeline
section. It was demonstrated in Chapter 5 that linepack which is a function of the
pipeline section sizc, dominated the leak flow uncertainty. Therefore, the solution is
to have more frequent pressure and temperature measurements along the pipeline.
The main disadvantage with this is the large increase of construction cost of the
pipeline that could threaten the feasibility of some pipelines. Currently on the GGT
pipeline, there are 17 pressure measurcment points on a pipeline nearly 1380 km

long. This averages to a pressure measurement approximately every 80 km.

I increasing the number of measurement points on the pipeline is not an option, the
best way to reduce these effects is to have a very accurate transient model, with
adequate filtering. The main area that generated false leaks during this study was in
the vicinity of the compressor stations. Even though the manufacturer’s compressor
curves were input into the FlowTran model, and these proved to be reliable for steady
statc operating data, this was not the case for start up and shut down of the
compressor units. Figure 6.10 clearly shows the transient effects of a compressor
shut down in the adjacent pipeline sections, when the model indicated leaks of up to
20 TJ/day during a shut down and subsequent restart. However, in each instance the
false lcak decayed relatively quickly as the corresponding transient disappeared. This
problem may be reduced by comparing the leak flows generated in each pipeline
section to the unaccounted gas in the entire pipeline network from Equation 4.1. The
entire pipeline system will not be affected to the same cxtent from rapid transients as
the pipeline sections adjacent to the source of the transient. Therefore if Equation 4.1
does not indicate a leak of similar magnitude as that of any pipeline section

indicating a leak, it can generally be regarded as false.

It should be highlighted that the leaks were created by manipulating the inlet and
outlet pressures of each pipeline section to replicate the effects of a leak. In reality,
this would not occur. 1f a real rupture were to occur on a pipeline section, the
upstream flows would increase to compensate for the additional flow. After a period

of time the system would approach stcady state conditions and the rapid changes in
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pressure at cach end of the pipeline section seen at the leak onset would diminish.
This was apparent in Figure 4.4 when the calculated leak flow rate quickly decreased
as the pipeline section approached steady state, even though the leak was still
present. Another 1ssue to consider with the modelling of each of the leaks was the
assumption that a leak flow rate would remain constant. Turner (1987) noted that the
flow rate in the vicinity of a leak might be quite “noisy” and change rapidly at the
rupture site as the local pressures change. In this case the leak flow may not
converge to a single value, as was the case in this model. The deviation nevertheless,

will sttll be present, but will be rapidly changing.

7.2  Selection of Filter

The three different filters used in the leak flow data analysis all produced similar
levels of noise reduction. The unfiltered results from the model were unintelligible
thus being no use in their current form. This was mainly due to the random noise
generaled by measurement uncertainty from real time data used as input to the model.
It was demonstrated in Chapter 5 that the pressure data contributed the most to leak
flow noise, due to the uncertainty it created in the calculated pipeline section
lincpack. The filter selected needed to eliminate this random noise whilst still

retaining a sharp response to a step function, namely a leak.

The moving average performed this function most adequately out of all the filters
examined, due to its noise reduction capabilities in addition to its computational
simplicity. Smith (1999) identifies the moving average filter as the optimum for this
task. Turner (1987) investigated the use of average and weighted average filters on
the output of the leak detection model. Turner demonstrated that the relative increase
in noise reduction by averaging more than 20 measurement periods begins to decline.
This was also demonstrated in Chapter 5 for the test pipeline section. Thus the noise
reduction compared to the delay of detecting the leak onset becomes less attractive
after average 20 samples. Not withstanding this, some judgement must be exercised
taking into account the type of pipeline system being modelled. For the GGT

pipeline, 1t 1s deemed that a delay of 60 minutes i1s an acceptable offsct. It was
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illustrated in Chapter 6 that for a 30 sample input and 30 sample output average the
delay in detecting the correct leak magnitude was approximately 60 minutes for each
of the pipeline sections examined. However the noise reduction and hence
smoothing of the leak flow output by averaging both input and output data was betler

than simply averaging 60 samples of output data that causes a similar delay.

The other two filters that were investigated but not employed in the final on-line
model implementation were the weighted moving average and the low pass filter.
Both these filters demonstrated similar properties to that of the moving average filter.
The weighted moving average filter performed well when there were high levels of
linepack noise present, When these levels were reduced by filtering the input data,

the weights approached 1/n which provided the same level of noise reduction as the

moving average filter.

The low pass filter possessed superior noise reduction capabilities for values of »
below 20, however for higher values of », the filter produced similar results to that of
the moving average and weighted moving average filters. This may raise the
possibility of using multiple, or all types of filters on both input and output. These
filters would theoretically have the same response time to a leak and may have
superior noise reduction properties, however three separate filtering processes are
involved which adds computational complexity. The practicalitics of constructing an
on-line modecl have to be considered in the decision of which filter to use. The
computational processes employed in the on-line model are required to be robust and
rcliable, having to run every minute for 24 hours a day, therefore the most efficient
processes should be employed. Thus the gain of additional processes has to be

justified against the possibie loss of reliability.

7.3  Use of Measured Flow

The results indicated that it many cases flow measurement 1s required to estimate
leak flow reliably and accurately. Using pressure and temperaturc measurements at

each end of a pipeline section are not sufficient for leak detection in a variety of
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circumstances. The purpose of this section is to define the minimum flow
measurement required on the GGT Pipeline to obtain leak detection to a standard

acceptable to the pipeline operator.

The effects of using measured flow on leak detection were examined using a pipeline
section of the same dimensions as the test pipeline section, which is representative of
the GGT Pipeline. Using Equation 4.23, different parameters were varied to examine
the effect on the maximum distance allowable between flow measurements. Table
7.1 shows the values used in Equation 4.23 for investigating the effect of increasing

the number of leak flow results averaged.

Parameter Value Units
R 4.30E+02 JikgK
T 3.00E+(2 K
1h) 3.94E+02 mm
A 1.22E-01 m’
Cy 4 98E+07 Jikg
At 6.94E-04; Day
Ty 2.00E+00 Tl/day
Oy 2.00E+00 Tliday
5 2 50E+03 Pa

Table 7.1. Parameters Used in Flow Measurement Investigation

The uncertainty chosen for leak flow was 2 TJ/day, which is the minimum range of
leak flow required to be detected. The uncertainty for flow measurement of 2 TJ/day
corresponds to an assumed 2% accuracy for the anticipated flow pipeline section
flow rate of 100 TJ/day. This is a common level of accuracy in many flow meters
manufactured today. The pressure uncertainty of 2.5 kPa was derived from the 30
measurement input average used in Chapter 6. Figure 7.1 illustrates the effect of
increasing the amount of leak flow values averaged has on the distance required

between flow measurements.
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Figure 7.1 Number of Samples Averaged vs Section Length
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It can be seen from Figure 7.1 that even 1f flow measurement were installed at every
location where pressure and temperature is measured, which is on average more than
100 km apart, the time delay to detect the actunal leak magnitude would be more than

two hours.

The next stage to examine was the relationship between leak flow uncertainty and
maximum distance required between flow measurements. The values in Table 7.1
were used again with the number of leak flow measurements averaged n, being held
constant at 30. This corresponds to the 30 input, 30 output average filter used n

Chapter 6.
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Figure 7.2 Leak Uncertainty vs Section Length
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Figure 7.2 illustrates the linear relationship between leak flow uncertainty and
distance between flow measurements. Therefore if a pipeline operator deemed it
acceptable to double the acceptable leak magnitude detection limit, the required

distance between flow measurements would also be doubled.

The final parameter thal was investigated was the effect of pressure measurement
uncertainty on leak detection uncertainty. Again the values in Table 7.1 werc used
with the number of output values averaged, » held constant at 30 and the pressure

uncertainty was varied.

Figure 7.3 shows that the required distance between flow measurements reduces
rapidly as pressurc uncertainty increases between 0 and 2 kPa. Therefore 1f pressure
uncertainty can be minimised, the distance required between flow measurements
could be greatly increased. In theory this can be achieved without substantially
increasing the time to detect the leak if the main source of pressure uncertainty is

non-systematic.
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Figure 7.3 Pressure Uncertainty vs Section Length
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The way in which pressure measurement non-systematic error could be greatly
reduced is by performing averaging at the source of the measurement. As discussed
earlier, the central SCADA system only receives updated pressure values once a
minute. Therefore each addition sample averaged to remove random error increases
leak detection time by one minute. However, as illustrated in Figure 2.4, the field
RTU is receiving much more frequent updates at approximately each 100
milliseconds. An averaging process could be simply implemented within the RTU to
provide an already filtered pressure to the SCADA system each minute. Even if the
RTU performed an average once per second, the reduction in pressure uncertainty 1s
significant. Using this in addition to the 30 value input average outlined in Cﬁapter
6, the pressure uncertainty is reduced to less than 0.3 kPa. This produces a required
distance between flow measurements from Figure 7.3 of more than 520 km. This
would mean that flow metering would only need to be installed at three or four

locations on the GGT Pipeline.
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8.0 CONCLUSION

8.1 Summary

Reliable leak detection can be achieved by using a combination of an accurate
transient model and common signal processing techniques. Important factors that
required addressing during the implementation of the leak detection model were
accuracy and spacing of field measurements, accurate compressor performance
models and successful “tuning” of the model to operating data. The main
significance of this work lies in the demonstration of the theory presented by utilising
real world data from a large gas transmission pipeline, which is representative of
many other pipelines throughout the world. Furthermore, there had been no previous
investigation of into the effects of averaging the input data for model to reduce
measurement uncertainty. This proved to be successful in reducing overall leak flow
uncertainty, and hence lowering the leak detection threshold of the model. The
techniques employed in this investigation are supported by the publication of actual
pipeline operating data in Chapter 6 substantiating the effectiveness of each of the
methods investigated. Using the calculated pipeline section flows obtained from
recorded pressure and temperature data demonstrated several limitations in detecting
leaks adequately. These included the decay of leak magnitude for a leak of constant
value, the ability to adapt to rapid pressure transients, and the large pressure changes
required for small pipeline sections to detect a leak. Even acknowledging the
limitations of the proposed leak detection system, it has been demonstrated that a
range of leak flows can now be reliably detected if the correct pipeline infrastructure

15 1n place.

The main deficiency in the model was the requirement to use calculated pipeline
section flows instead of measured pipeline flows., The results demonstrated that by
using the calculated section flows the leak detection magnitude would always be
conservative and also decay with time as the model reaches steady state after mitial
leak propagation. Chapter 7 demonstrated that reliable leak detection could be
achieved to a minimum of 2% of total pipcline throughput with only minor metering

additions. This means that the useful limits of the model range from the smallest
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leaks able to be detected by conventional means on most pipelines, down to the leak
detection threshold of the model. To detect all leaks smaller than 2% within a
pipeline system, substantial infrastructure would need to be implemented on the GGT
Pipeline. The threshold varies depending on the size of the pipeline section, as was
demonstrated in Chapter 6 when actual operating data from the GGT pipeline was
utilised. Thus for small pipeline sections, the leak detection threshold will be much
lower than that for larger pipeline sections for the same level of filtering. For
example if flow metering were to be installed at every location where pressure and
temperature are measured, the leak detection uncertainty could be reduced to 0.60%
of pipeline throughput for the larger pipeline sections, and as little as 0.37% for the
smallest pipeline sections. This retrospective implementation would cost over
AUSS$3,500,000 for the already operating GGT Pipeline, and probably would not be
justified for the small increase in leak detection resolution. However, this cost 1s not
prohibitive for a large pipeline being constructed, as this amount 1s only a small

percentage of the overall construction cost.

Using caleulated pipeline flow, the ability of the model to reduce leak flow
uncertainty and yet respond to an induced step input simulating a leak was verified
using actual measured data from the GGT pipeline. The performance of the modci
was not ideal, and most results indicated that additional pipeline flow metering
would need to bc installed to achieve reliable leak detection. Taking this into
account, the leak detection system tested would still provide useful data and would
be better than having no system at all. For example, it is estimated that a leak of
morc 20 TJ/day (approximately 25% of pipeline throughput) or more would be
required to create a noticeable pressure distortion, depending on the location on the
pipeline section. The distortion in the pressure gradient of the pipeline would even
then, only be noticeable if someone were already looking for a problem m the
vicinity. Alarm limits on the SCADA system could not be reliably set to detect this
on rate of change or absolute valuc of pressure, since these values are within normal
operating conditions. Therefore even though a pressure gradient distortion begins to
commence at a leak of 20 TJ/day, it is more likely that the leak would have to be
much larger to be detected by conventional techniques. The filtered leak detection

thresholds for cach of the pipeline sections summarised in Table 6.1 were 0.24
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TJ/day for Anaconda to Leonora, 2.51 TJ/day for Ned’s Creek to Wiluna, and 1.22
Tl/day for Jeedamya to Cawse. Therefore a range of leaks from approximately 2.5 to
20 TJ/day that were currently undetectable, are now readily detectable. This 1s even
more important when it is highlighted that leaks from ruptures are likely to fall

within this range.

The mass balance technique for leak detection produces similar results independent
of leak location. This is advantageous since results are consistent itrespective of the
lcak location along a pipeline section. It was also demonstrated in Chapter 4 that the
mass balance method was conservative due to the model not estimating the pipeline
section inlet and outlet flow correctly. Therefore to be able to estimate the amount of
gas inventory lost in the event of a leak, it is more reliable to use the entire pipeline
network mass balance outlined in Equation 4.1. Thus a total pipeline mass balance
should be used in conjunction with leak flow information from each pipeline section
to both estimate the true magnitude of the leak, and to eliminate false leaks. The
total pipeline mass balance calculation should be performed at the same frequency as
each of the pipeline section mass balance calculations, so that a comparison can be
made. Therefore once the initial leak initiation time and magnitude is 1dentified by
the total pipeline mass balance, a comparison can be made to each of the calculated
leak flows on each pipeline section. The pipeline section that exhibits similar
imbalance properties to that of the total pipeline mass balance is likely to be the
section that contains the leak. If none of the pipeline sections indicate a similar
imbalance, the problem is probably due to a systematic error with the total pipeline
mass balance caused by an error in boundary flow measurement. Once the pipeline
section on which a leak exists is identified, the location can be accurately defined 1f
flow measurement at each end of the pipeline section is present, as was demonstrated

in Chapter 4.

8.2 Further Work and Recommendations

By utilising the combination of total pipeline mass balance, and pipeline section mass

balance, the likelihood of false leak alarms is greatly reduced. This methodology,
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along with the 30 sample moving average filter applied to the input and output of the
model was implemented for an extended on-line test period on the SCADA system.
The system has been on-line for extended periods of time and has proved to be stable
and reliable, with no generation of false alarms. The platform on which the model
was implemented, allows the engineer the flexibility to modify the system to meet the
requirements of different pipelines. Other long term benefits of the on-line model
have included the ability to track gas composition along the pipeline, and the use of

prediction models for real time capacily management.

From the results in Chapter 6 and the finding regarding the utilisation of flow
measurement in Chapter 7, it is recommended that flow measurement be installed at
a minimum of four locations along the GGT Pipeline. This would reduce the
distance between measured flow data to a maximum of 300 km and theoretically
reduce leak detection uncertainty to less than 2 Tl/day. Flow metering is already
installed at the inlet of the pipeline and all outlets {delivery points). It is proposed to

install the additional metering at the following locations:

. Paraburdoo Compressor Station;
" Tlgarari Compressor Station;

. Wiluna Compressor Station;

= Jeedamya Scraper Station.

Compressor stations were chosen based on the even spacing along the pipeline and
the ability to use the measured flow data for compressor performance monitoring in
addition to leak detection. Once flow measurement 1s installed, further testing to
could be conducted to verify its success. Additional metering could be installed at

later stages if the need or the funds becomes apparent.

Further work could involve the verification and investigation of the on-line model
behaviour when a leak occurs. This could be either from an actual leak or induced
conditions, for example by venting a substantial quantity of gas from the pipeline.
Routine public awareness demonstrations are held where gas quantities are vented

which would provide an opportune forum to test the effectiveness of the leak
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detection model. Data will be collected from such events, analysed and published m
the future.
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ON-LINE LEAK DETECTION SIMULATION

! WRITTEN BY : W. TUENER AND M. SULLIVAN
! VERSION : 5.0
! DATE i 12/10/2000

! WRITTEN FOR : GOLDFIELDS CGAS TRANSMISSION

' PROGRAM DESCRIFTICH

! This program utilises the SIROGAS.DLL function to pass pipeline measurement
values

! within this spreadsheet to a pipeline mecdel created on FlowTran., The values are

! transferred irte the model via FTP to the SCADA system controlled

! via this program. The FlowTran model ocutputs values back into this spreadshest

! where signal processing techaniques are used to generate reliable leak detection

! values. Thkis values are then written back to the SCADA system via a FTP process

! also controlled via this program.

Oprtion Explicit
'SIROGAS DLL Subroutines. This 4l1l is installed in the windows system directory

'once a function is called and the SIROGAS input and output files cpened, the dll can
only be released by closing the workbook.

Private Declare Sub SGNAME Lib "SiroGas" (versnm As Double, ByRef iflag &s Long,
ByVal stub As String, ByVal wsgs As String, ByvVal comp As String, ByVal prof As
String, ByVal egns As String, ByVal rstr As String, ByVal i As Long, ByVal § As Long,
BvVal k As Long, ByVal 1 As Long, ByVal m As Long, ByVal n As Long)

Private Declare Sub SGSTRT Lib "SiroGas" (iagin As Long, iagout As Leong, ichapt As
Long, nouendd As Long)

Private Declare Sub SGRUN Libk "SiroGas" {(iflag As Long, sgtime As Double, argind As
Double, iagin As Long, outtime As Double, ichapt As Long, argoutd As Deoukle, iagout
As Long)

Private Declare Sub SGDESC Lib "SireGas" (io As Long, laposn As Long, ByVal arrkey As
string, BvyVal avaxl As String, ByVal aun As String, ipos As Long, RByVal descrp As
String, ByVal iarr As Long, ByVal iay As Long, ByVal iaun As Long, ByVal ides As
Long)

Glcbhbal InpFileFound As Integer 'Can only check for inp once as SIROGAS does not
release once started.

Glcbal Tnext As Double 'time to simulaticon teo

G3lobal sgtime As Double 'time in seconds passed to and from SIRCGAS

Glcbal iflag As Long 'sircgas input flags

Glebal jflag As Long 'sircgas output indicator

Global ifagin As Long 'number of input args

Glcbal argin() As Double 'input wvalues

Gleobal jagout As Long 'mumber of output args

Global argout(} As Double 'output values

Global outtime () As Double 'times at whichk cutput values for each chapter apply
Glcohal nouend (! As Long 'position in argout of last item for this chapter

Glchbal ichapt As Long 'Number of chapters in SIROGAS inp file specifying output
arguments from the DLL

Global iout As Integer 'current cutput row

Global ioutold As Integer 'old iout

Glebal tScadasStart As Double 'Excel time corresponding to SIROGAS time 0

Gleohal tSradalNext &5 Double 'Excel time of next set of Scada data

Glebal stub Ag String * 60 'root of inp eg demo for demo.inp

Glchal rstr As String * 60 'restart; onlv if restart case

Glcobal ecls 'end of line

Global ResumeFileName As String 'file recording time offset and restart file name
Global FlowTranDir$

Global LastFileDelete 'calendar time of laast delete
Glcbal DataCount As Integer 'used in GetScadalata

Sub TrackingBegin ()
'This macro executed at start of tracking. It sets up.
If val(Application.Version) < 7 Then
MsgBox "Excel Version 7.0 or later required to call the 32 bit SIROGAS.d11l;
sorry . "
End
End If
Call FindPlowTran {(FlowlranDir$)
LastFileDelete = Nowl)
eonli = Chr${10) + Chr3s{13) 'end of line

'sets up name of resume file

Dim 1 As Integer, j As Integer 'General purpose do indexes

'write Scada time corresponding to SIROGAS 0 time, and name of file containing
network dynamic state (restart file)

ResumeFileName = Trimé (Range("Configurationrile";)
ResumeFileName = Left$ (ResumeFileName, Len{ResumeFileName) - 3} & "dat"
ResumeFile:

i = FreeFile()
On Error Resume Next
Open ResumeFileName For Append As i
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If Err » 0 Then
'assume file is read only (which it is on demo cd} so use temp file
If InStr(ResumeFileName, "c:“\Track.dat") =» 1 Then

ResumeFileMName = "c:\Track.dat"
GolTo ResumeFile
BElge
MsgBox {"Unable to write resume file " & ResumeFileName & "; so please do not
pause tracking."}
End If
End If
On Error GoTo 0
Close 1

'Pass SIROGAS file names SGSNAME
Dim comp As String * 2048 'compressor
Dim wsgs As String * 2048 'wsg - may be blank if opticn -1 not used
Dim prof As String * 2€48 'profile
Dim egns As String * 2048 'equation of state; only for version «<2.4 inp
Call GetFileNames (stub, wsgs, comp, prof, egns, rstr)
If InStriwsgs, ".wsg"] = 0 Then wsgs = Lefts{stub, InStristub, " ") - 1} & ".wsg"
If Range("CurrentTrackingState") . FormulaR1lCl = "Resuming" Then
'info on resume time should be in .dat file written by TrackingPause macro
i1 = FreeFile()
Or. Error Resume Next
Open ResumeFileName For Input As i
If Err » 0 Then

MsgBox "Unable to resume as " & ResumeFileName & " not found."
Range ("CurrentTrackingState") . FormulaR1Cl = "
Exit Sub

End If

Input #i, tScadaStart, Tnext, rstr

Close i

Kill ResumeFileName
On Errcr GoTo O

Else

Tnext = 0O

Range {"CurrentTrackingState') .FormulaRlCl = "Beginning"
End If
iflag = 8

Dim Lfnams Az Long 'assume all names have same length
Lfname = Len(stub)
Dim versnm As Deouble
versnm = -2.61
On Error Resume Next
Call SGNAME(versnm, iflag, stub, wsgs, comp, prof, egns, rstr, ILfname, Lfname,
Lfname, Lfname, Lfname, Lfname}
i = Err
On Error GoTo O
Call TestSgError ("SGNAME", i, iflag, stub)
jflag = iflag
Select Case Range("CurrentTrackingState") .FormulaR1C1l
Case "Stopped", "" 'leave Resuming for later
Range {"CurrentTrackingState") .FormulaRlCl = "Beginning"
End Select

'Get number of input and output items, and number of chapters

ichapt = 10

ReDim outtime(l To ichapz) As Double 'output time for each chapter

ReDim ncuend (1l To ichapt) As Long 'position in argout of last item for this chapter
'Start SIROGAS and get regquirements

On Error Resume Next

Call SGSTRT (ilagin, iagout, ichapt, nouend{1l))

1 Ery

On Error GoTo 0

Call TestSgError ("SGSTRT", 1, iagin, stub)

Dim msg$
If iagin <« 1 Then msg$ = "Cannot proceed as nc inputs to SIROGAS specified in
configuration file " & Trim$ (stub)

If iagout < 1 Then msg$ = msg$ & eol$ & "Cannot proceed as no outputs from SIROGAS
specified in configuration file " & Trim$ (stub)
If iagin <« 1 Or ilagout <« I Then
MsgBox msg$ & eol$ & "Stopping now."
Range | "CurrentTrackingState") .FormularRlCl = ""
End
End If
'Redimension to reflect actual requirements for this inp file if required
ReDim argin(l To iagin) As Double 'input to sirogas
ReDim argout (1 To iagout) As Double 'sutput from SIROGAS
If UBound{cuttime) < ichapt Then ReDim outtime (ichapt), nouend(ichapt)
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'Set up Excel worksheets and charts

'args for SGDESC

Dim incut As Long '=1 for input; 2 for outpu:t

Dim iaposn As Long 'position of item in SIROGAS array
Dim arrkey Rs String * 8 'SIRCGAS key word for this item
Dim ayaxl As String * 12 'y axis label for this item
Dim aun Ag String * 12 'units of this item

Dim ipos As Long 'position in netwerk of this item

Dim descrp As String * 120 'description of item

Dim iarrkey As Long 'length of arrkey

iarrkey = Lenl{arrkey)
Dim iayaxl As Long 'length of ayaxl
layaxl = Len{ayaxl)

Dim iaun As Leong 'length of aun

iaun = Lenf{aun)

Dim idescrp As Long 'length of descrp
idescrp = Leni{descrp)

"Fill in Input and output Headings
Range ("InputHeadings") = ""

inout = 1

Range ("InputHeadings") = " "

Range ("InputHeadings"} .Cells (5, 1) = "Scada Time"
Range ("InputHeadings") .Cells (S, 2) = "SIRCQGAS Time"
Range ("InputHeadings"} .Cells (6, 2) = "seconds"
Range ("FlowTranOut") .ClearContents

For i = -iagin To iagout

iaposn = Abs(i)

If i « 0 Then inout = 1 Else inout = 2

Cn Error Resume MNext

Call SGDESC(inout, iapasn, arrkey, ayaxl, aun, ipos, descrp, iarrkey, iayaxl,
iaun, idescrp!

Jj = Err

Oon Error GoTo ©

Call TestSgError {"SGDESC", Jj, inout, stub)

Select Case 1

Case 0
'run title
Worksheets ("FlowTranInput") .Cells {2, 2) = Trim${descrp)
Range ("flowTranQut") .Cells{(3, 1) = Trim$ (descrp)
Case Is < O
jo=2 -1

Range { " InputHeadings") .Cells {1, j} = ilaposn
Range (" InputHeadings") .Cells (2, j) = arrkey
Range ("InputHeadings") .Cells (3, j) = ipos
Range {"InputHeadings"} .Cells {4, j} = ayaxl
Range {"InputHeadings") .Cells ({5, j) = aun
Range {"InputHeadings") .Cells (&, j) = Trim$ (descrp)

Case Is > 0

j =1+ 1

Range ("FlowTranOut"} .Cells {1, j) = iaposn

Range ("FlowTranOut"} .Cells {2, j) = arrkey

Range ("FlowTranOut"} .Cells {3, j)} = ipos

Range ("FlowTranOut"} .Cells (4, j} = ayaxl

Range ("FlowTranoOut") .Cells {5, j) = aun

Range ("FlowTranCut") .Cellis{s, j) = Trim$(descrp)

End Select

Next 3
'set time for first run of simulation
Application.CnTime Now + Timevalue({("00:00:01"), "TrackingCaontinue", Low +
TimeValue ("00:00:20")
sgtime = -1
End Sub

Private Sub TrackingContinue()
'This macro gets scada data for new time. We already have data for old time.
'Tells SIRCGAS to simulate toc new time.
'check setup data
'Check TrackingState
Select Case Range ("CurrentTrackingState") . FormulaR1Cl
Case "Stopped", "Paused"
Exit Sub
Case "Stopping®
GoTo quit
End Select
'remerber current location so can restore
Dim SheetTitle$
Dim OldRange As Range
SheetTitle$ = ActiveSheet . Name
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'On Error Regume Next ‘chart does not have cells

Set 0ldRange = ActiveCell

‘Simulate up to latest SCADA data

‘Run if possible; see 1f any data

Dim i As Integer, 3 As Integer 'general use

'Is it a continuation of a simulaticon already begun?

If sgtime > -1 Then GoTo ContinueSimulation ' ... .. e
'First simulation so set startup values

iout = Range {"InputHeadings") .Rows.Count

icuteld = iout

Const tconverz = 3600 'hours to secs

Dim sec As Double, DT As Double, DLP As Double, FlowIn As Double, F_owOut As Double
Dim tim$, dats 'time and date

'Get lst set of Scada data

EeDim ScadaData (UBcound{argin)) As Double

Dim GetEZrr As Integer

Call GertScadaDatalsec, tim$, dat$, ScadaData(}, GetBrr)

If GetErr <> 0 Then GoTo GetError

tScadaStart = DateValue{dat$) * 3500 * 24 + gec 'convert to Excel secs
'write file for resume

1 = FreeFilel)

Open Resumel:ileMName For Output As 1

Print #i, tScadaStart, Tnext, Trim$i{stub) & ".rst"

Cloge 1

'Put latest data on worksheet

Range ("LatestScadaData") .Cells({l, 1) = tim$ & " " & dats
Range ("LatestScadaDatam™) .Cells(1l, 2) = 0
For 1 = 1 To UBcund (argin)
argin{i) = ScadaDataii)
Range {"LatestScadabData") .Cells(l, 2 + i) = argin{i}
Next i
Dim msg$
msg$ = "Descriptions of FlowTran input and outputs written." & eol$§
If Range("CurrentTrackingState") .FormulaR1Cl = "Resuming" Then
msg$ = msgS & "Ready to resume simulation " & Trim$(stub) & " bequn at " & dat$ &
TN g timg
jflag = 48
Else

L

meg§ = msg$ & "Ready to start simulation " & Trim$(stub) & " from " & dat§ &
& tim$
jflag = 64
End If
MsgBox msg$
'set SGRUN input flag

iflag = 64
'Run simuation continuation
Do

'more data needed; see if more data in file
Do

'On Error Resume Next

ReDim ScadaData (UBound (argin)) As Double

Call CZetScadaData(sec, tim$, dat$, ScadaDatal), GetBrr)
I1f @GetErr <> 0 Then GoTo GetError 'normal exit when no more data in file
Range |"CurrentTrackingState") .FormulaRlCl = "Running'
tScadaNext = DateValue(dat$) * 3600 * 24 + sec - tScadaStart
For 1 = 1 Ta UBournd{argin)
argin({i}) = ScadaData(i)
Mext i

Loop Until tScadaNext > Tnext

Tnext = tScadalNext

sgtime = Tnext

iflag = iflag

On Error Resume Next

Call SGRUN(jflag, sgtime, argin{l), ilagin, cuttime(l), ichapt, argout!l), iagout)
j = Err

On Error GoTo ©

Call TestSgError ("SGRUN", 7§, jflag, stub)

'put output in sheet

iout = iout + 1
Range ("FlowTranOut') .Cella({iout, 1} = (sgtime + tScadaStart) / (3600 * 24#)
For i = 1 Teo UBound{argout)
Range | "FlowTranQut") .Cells{iout, i1 + 1) = argout(i)
Next i
If igut = 7 Then
DT = Range("FlowTranCut").Cells{iout, 1) - Range("FlowTranCut").Cellis{iout -
1, 1)
For 1 = 1 To 18
DLP = Range ("FlowTranfut ") .Cells (iout, i + 137 -
Range {("FlowTranOut") .Cells{iout - 1, i + 13}
Flowln = Range ["FlowTranOut") .Cells [iout, i + 31} +

Range ("FlowTranOut") .Cells{iout - 1, i + 31)
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FlowOut = Range {"FlowTranOut") .Cells{iout, i + 49) +
Range ("FlowTranOQut ") .Cells{icut - 1, 1 + 4%)

Range {"8cadalutput") .Cells(iocut, 1 + 5} = (DT * {{(FlowIn - FleowOut) / 2}
- DLP) / DT
Next i
End If

If iout » 7 Then
Kill "C:\GASAPPS\GGT\ggtwrite.txt"
End It
If iout » 7 Then
Close #1
Open "C:\GASAPPS\GGTA\GGTWRITE.TXT" For Append As #1 ' Append creates a file
if it deesn't already exist.

For 1 = 1 To 23
Write #1, Range("ScadaOutput").Cells(iout, i) .value

Next 1
End If
Close #1
Dim SendIt
SandTt = Shell ("C:\GASAPPS\GCT\PUTDATA.BAT", vbMinimizedNoFocus)
rpplication.Wait TimeSerial (Hour(Now(}), Minute(Mow(}), Seccond(Now{)] + %)

ContinueSimulation:

If Range |"CurrentTrackingState”) . FormulaRiCl = "Resuming" Then
'ensure TrackingState is Running
Tnext = sgtime
Range ("CurrentTrackingState”) .FormulaR1Cl = "Running"
End I=Z
Loop
quit:
'end sircgas
jflag = 0
sgkime = 0

On Error Resume Next
Call SGRUN(jflag, sgtime, argin{l), lagin, outtime(l), ichapt, argout({l), iagout)

Range ("CurreatTracking3tate”) .FormulaRiCl = "Stopped"
Exit Sub
GetError: 'error in getting data; assumed to be because no mere data available

'so brinc displays up to date
Select Case GetErr
Case Ig > O

GoTo quit
Case -1
Dim DeleteRows As Integer
DeleteRows = iout - Range ("InputHeadings") .Rows.Count -
Range ("RecentValuesToKeep")
If Range{"CurrentTracking3tate") .FormulaRlCl = "Beginning" Then
MsgBox "No Scada data available! I will ceontinue to leok for it."
Range {"CurrentTrackingState") .FormulaR1Cl = "Running"
End IE

If DeleteRows » 0 Or lout <> Icutcld Then
‘put latest input on sheet

Range {"Latest8cadabata”) .Cells(l, 1) = tim$ & " * & dakt$
For 1 = 1 To UBoundiargin)

Range {"LatestScadaData") .Cells (i, 2 + 1) = arginli)
Next 1
Fange ("LatestScadabData™) .Cellsg(l, 21 = Tnext

'put latest output in plot
icutoeld = iout
‘delete excess rows; note that graph range is changed by Excel
If DeleteRows > 0 Then
Dim DeleteRange$

DeleteRanged = "A7:A" & LTrim3(S8tri(DeleteRows + 6))
Sheets ("FlowTranCutput") .Range (DeleteRanges) .EntireRow.Delete
1ogut = 1cut - DeleteRows

End If

End If
"set time for next run of simalation

Dim GrabIt
GrabIt = Shell ("C:\GASAPPS\GET\GETDATA.BAT", vbMinimizedNoFocus)

Application.Wait TimeSerial {Hour(Now()), Minute (Now()), Second{Now()} + 5}

ActiveWorkhook . Save

Application.OnTime Now + TimevValue (Range ("Wakelnterval") .Text),
"TrackingContinue"

keset 'so can delete Scada.dat
If SheetTitle$ <> ActiveSheet.Name Then Sheets{SheetTitle$).Select
On Error Resume Next 'chart does not have cells
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If CldRange <> ActiveCell Then OldRange.Select
On Error GoTo O
End Select
'‘check for delete of restart files; new file written at next SGRUN
Call FilelengthControl (Range ["ConfigurationFile") & "rst'")
Call FileLengthControl (Range ("RestartConfigurationFile") & "rst™)

sub SetGraphRows (icol, Ch As Chart, PlotS8tart, PlotEnd)
"set rows to he plotted

Dim LRow$, RRow$, FCols

LRow$ = LTrim$ {(Str$(PlotEnd})

RRow$ = LTrim$ (Str$iPlotStarkt}) )

PCal$ = Chrs (Asc("A") + icol - 1)

Dim RPlot$

RPlots = "A" & RRowS & ":A" & LRowS 'xX values
RPlots = RPlots & ", " & PColS & RRowS & ":" & PCol$ & LRowd 'y values
Ch.SetSourceData Scurce:=Sheets ("FlowTranOutput") .Range (RPlot), PlotBy:=x1Colunmns

End Sub

Sub TrackingEnd{)
"set to stop tracking at next run of Simulation

If Range{"CurrentTrackingState") . FormulaRlCl = "Ruaning" Then
Range ("CurrentTrackingState") .FormulaRlCl = "Stopping”
Range ("RestartConfiguraticonFile”) .Font.Bold = Falze
Range ["ConfigurationFile") .Font.Bold = False

Else
MsgBox "Cannot stop as not running.”

End If

Sub TrackingPause ()
"set tracking to pause.
'Rezume can be at this Excel session - the same SIROGAS cale is continued

' or at a later Excel session - the restart inp file will be used in a restart
SIROGAS case using the rat file named in the .dat file.
If Range("CurrentTrackingState"}.FormulaRlCl = "Running" Then

'set to pause tracking

Range ("CurrentTrackingState") .FormulaR1Cl = "Paused"

MsgBox "Tracking paused and FlowTran license released. You can resume during tais
or a later Excel session of the unsaved Tracking.xls."
End
Else
MsgBox "Sorry; cannot pause as not running."
End If
End Sub

Sub TrackingResume!)
Select Case Range{"CurrentTrackingState”) .FormulaR101
Case "Paused", "*
‘a new SIRCGAS calc Beginning from the dynamic state from the restart file.
Range ["CurrentTrackingState") .FormulaR1Cl = "Resuming”
Call TrackingBegin
Case Else
MsgBax "Sorry; cannot resume as already tracking " &
Range ("CurrentTrackingState") . FormulaR1C1
End Select

Sub FilelengthContraol (fNames)
'Deletes file fName3 at time interval from Setup sheet
If Nowl() » LastFileDelete + Timevalue (Range("DeleteRestartFile")) Tken
Cn Error Resume Next
Kill fNames
Or: Error GoTo O
LastFileDelete = Now(}
End If
End Sub

Sub GetFileNames({stub$, wsgs$, comp$, prof$, eqnss, rstrs)
‘Change to FlowTran directory

Dim i As Integer

‘check inp file exists

If Range (*CurrentTrackingState") .FormulaR1Cl = "Resuming" Then
Range !"RestartConfigqurationFile") .Font .Bald = Trus

Range ("ConfiqurationFile")} .Font.Bold = False
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stub$ = Range ("RestartConfigurationFile")

Else
Range |"RestartConfigurationFile") .Font.Bold = False
Range {"ConfiguracionFile") .Font.Bold = True
stub$ = Range ("ConfigurationFile")

End If

‘Can only check for inp once as SIROGAS does not release once started.
If InpFileFound = (G Then

1 = FreeFile!(}

On Errcor Resume Next

Oper. stub$ For Input As 1

If Brr » © Then

MsgBox "Unable to open file " & stub$ & U, Please
'ConfigurationFile'"
Exit Sub
End If
InpFileFound = True
End If
On Error GoTo O
Close 1
i = Len{stub$)

stub$ = Left$istub$, i - 4)

comp$ = FlowTranDir$ & "compress.cmp"
prof$ = FlowTranDir3 & "profiles.pro"
eqns$ = FlowTranDir$ & "bwrs.eqgs"

End Sub

————— Option Bxplicit
Dim Data0ld{1C0)

check range

Sub GetScadaData!sec Az Double, tim$, dat$, Data{) As Double, GetError As Integer)

'Tkis routine wmust get scada data; all arguments are outputs

'sec = time to which data applies; number of seconds after midnight eqg 58033.16

'zim$ = time to which data applies eg "16:07:13" {this is vb5 Time$ format)

'datg = time to which data applies; eg "01-06-1998" (this is vb5 Date$ format)

'Data() = wvalues of scada data in the order specified in the InputvVariables chapters

of the SIROGAS configuraticn (inp) file
! These scada data are also listed in the .out file
'GetError = ¢ 1f no error; -1 if data may be available later; =0
tracking
'This example gets the data from a file, but any method will do.
'Mote that procedure writing any Scada data file must not allow the
indefinitely
Dim i As Integer
Sratic iscada As Integer 'iscada=0 initially
On Error GoTo GetScadaError
DataCount = LataCount + 1
If iscada = 0 Then 'open file containing ScadaData

i = FreeFile(}

On Error Resume Next

If DataCcunt = 1 Then

Open Range ("StartDataFile") For Input As i
Else
Open Range ("ScadalataFile") For Input As 1

End If

If Err » ¢ Then GoTo HAGetScadaBrror

igcada = 1
Encd If
On Error Resume Next
Input #iszcada, sec, tims, dats
If Err » 0 Then GoTo HGetScadakrror
For i = 1 To UBound (Data)

Input #iscada, Data(i)

If BErr » ¢ Then GoTo HGetScadaError

If Pata{i)} = -999 Then 'Filter for bhad data -959
Data (i) = Datacld{i)
End If
Next I
For i = 1 To UBound (Data)
Darta0ld{i) = Datalii)
Next 1
GetZrror = 0
Exit Sub
GetScadakError: 'Error occured

Resume HGetScadaError

HGetScadaError:

On Error GoTo 0

Close iscada 'so can be deleted
iscada = 0

GetError = -1
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End Sub
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Default wvaluss for Fleowlran wjc?7jul22
CONTROLS

version number VERSN
netwrk palance TCL
1.¢000000E CB

nax no. of its ITMAX
min ck SMIN
5.0000000E-01
max ¢k SMAX
8.0000000E+09
target chno CTAR
1.C000000E-Q2
max chance CMAX
2.C000000E+00
max newdk/old CINC
2.0000000E+00
MaxTime & restart TMAX
C.CO00000E+Q0
restart time RTIME
initial dt RDELT

freq full print XFP

fr1l print after TSFP
2.C000000E+Q3

freq restart dump ZFRST
ZOMPOSTITION

BWRSmixa

*Default egteady state compesitien
METHANE
6.7560528E-01
ETHYLEXE
¢.CO000000E+QO
ETHANE
1.0584123E-01
PROPYLEXE
¢.CON00N0DE+ON
PROPANE
€.6520121E-02
I BUTAXE
2.50718B7E-02
N BUTAXNE
2.50718R87E-C2
PENTANE
1-0882531E-C2
N-PENTANE
1.0883%31E-¢C2
K HEXANE
Z..€066485E C2
N-HEFTANE
0.0COCCOCE+0Q
N -OUTARE
€.00000CCE+CO
Wi TROGEN
Z.Z541271E-C2
CTARBOX DIOXIDE
3.5409813E-02
HYDROGEN SULFIDE
0.000CU00E+CO
COMPOSITION
EWREmixE
METHANE
F_44CC7S3E-C]
ETHYLENE
0.0CCCCCCE+CQ
ETHANE
2.0444C1CE-C1
PROPYLENE
0.0CCCOCOE+CO
PROPANE
3.534436CE G2
I-BUTANE
1.5525053E-C2
N BUTANE
1.5529053E-C2
1-PEXTANE
2.8553306E-C3
N -FPENTENE
2.8553206E-C3
N -HEXAKE
4.€048505E C&
N-HEPTANE
0.0COCCOCE+CO
R OCTANE
0.0CCCCCCE+CO
R TROGEN
2.9%42323E-C2
CARBON DIOXIDE
4.7036C38E-C2
EYDROGEN SULFIDE
0.0CCCCOCE+CO
COMPOSITION
BWREmMixT
METHANE
F.6983541E-01
ETHYLENE
¢.0Qc00coE+C0
ETHAXE
E.55B7523E-02
PROFYLEXNE
§.C000000E+QD
PROPANE
1.€831942E-02
I-BUTEXNE
3.16594383E-03
N-EBUTANE
2.1684383E-03
I PENTANE
1.9671567E-03
N - FENTANE
1.2671557E-03

z

2.elC

1c

rot_used

rok_ueed
4

110

N-HEXANE

0.0000000E=00

N-HEFPTANE

0.0000000E~00

N-OCTANE

0.0000000E~00

NITROCGEN

5.3472547E 02

CARBON DIOXIDE

B.3399388E-02

HYJRCGEN SULFIDE

0.00DJDDDE+DD

PIFE

Apache_Inlet to Yarraicola
*Original F_owlran Version 1.10 Pize wvalues
aumber of nodes Ri

axial pesition ¥4 9oL,
1100,

altitude ALT a0,
50,

diameter DIAM
3.9440000E-0%

roughness RGHVAL
0.0000000E+00

heat -transfer coef HAFVEL
4.0000000E-00

gqround temp TECVAL
3.0873000E~-02

PIFE

Yarraloola o Wyloo_West

*Criginal FlowTran Version 1.10 Pipe values

>

.

aumker of nodes N 128
axlal position 4 110G,
2114.5445, 13LZ9.09Z3,

4143.5358, G5158.1813,
5l72.7258, TLE87.273¢,

8201.818l, 92.6€.3635,

10230.91, 11245.455,
12259.999, 13274 .544,
14289.092, 15303.83¢,
15318.183%, 17332 .72E,
1B347.273, 1%361.87.7,

20376.365, 21330.2°,
22405.454,

24434 .5456, 25449.09°,

26463.635, 27478 ..83,
23492.728, 29507 .272,
30521.817, 31536.367,
32550.909, 33565.457,
34560.001, 35594.544,
36609.09, 37823.835,
38538.183, 39652 .727,
£0667.275, 4LBELELD,
4£2595.364, 437.0.208,
44725.453, 45740.00°
267542 .545, 47762.093,

50812.726, 5GE7.Z7L,
52841.819, 53856.163,
54B70.908, 55585.456, 56300
57904.879, 5ER09.757,
59914.533, 6£09.9.501,
51924.39, 6H2929.268,
53934.148, 64%2%.02Z,
55943.902, &&948.781,
57953.45, 6B8958.537,




aoolz.187.  B1017.C74,
BE021.952, B302€.829,
24031.7C7, 85Cle.c84,
£6041.461, 27CdE.342,

G4080.487 G085, 365
BEO0SC. 242, S7055.123 38100,
3eC4.877 16C1ce. 75,
I02114.€64. 10211%.51
103124.39, 16412%.27,
105134.14, 1¢6122.C3,
I07143.%, 108148.78,
l0%1s3.66, 1ip1s8.53,
1i1163.42, 1121e8.23,
213173.17, 114178.C5,
iinlgz. g3 116187.81,
il17152.868, 118137 .58,
118202.44, 120207.32,
1zi212.15, 122217.07,
122221.55, 122226.83,
12231.71 126236.58,
127241.47, 12B246.34
123251.22, 130256.1,
12126C.57 1322e5.85,
122270.73. 134275.61,
135Z280.45, 136285.35,
?2?0.2_5, 1382556.12, 133327,
6909103353585,
53.3B1820e787105,
55.072731C180664,
BG.763629%133301,
58.4545402526855,
€0.14654505%2041,
61.B363605313955,
€3.627271270752
€5.2181930541552,
€€.90B0881347555,
€8.5095984741211
7C.2905088134755,
71.5818159152832,
73.5727294921875,
75.3538322021484
77.0545501708984,
78.7454528808524
8C.4353532202148,
82.1272735593703,
83.31817462595315,
85.5030855082847,
87.1929353482422
BB.332330372873377,
S0.5515176259551,
S2.27272735530856,
93.34363583058641

RLT

111

5.6545486453195,

)

%}

7.34545153543805,

e

9.0363615343359,
100.72730255127,

102.41819758531536,
104.105100341737,
105.800003051758,

10

=

.4508%8132324,
105.181800342285,
110.872703552240,
112.563598634613,
114.255501342773,
115.945503234¢803,

11

-1

63639831543,

119.327301025391,
121.018203735352,
122.7090988152%8,
124£.4£00001525E79,
126.090895605445,
127.781799315406,
129.472702026367,
131.163604736328,
132.854598999023,
134£.5455017069684,
136.236404415245,
137.527307128906,
135.618194580075,
141.30905972%3039,
143.463394165013,
143.926B03588667,
144 .390197753904,
124 .853698730449,
145.317092895508,
145.780502312334,
146.243896484375,
145.707305908203,

147 .170700073242,

H
=
e

+034094238281,
148.09759352.4844,
148.551004638072,
149,024398803711,
149.48773296875,

149.951202392578,
150.414596557017,
150.87800753418,

151 .341306258008,

152.2638235282808¢6,

153.731704712914,
153.195038876953,
153.658423041992,
154.12190246582,

154 .585403442383,
155 . 048797607422,

155.512207¢3125,

143,




LEELS7EECLI106289,
L56.438995361328,
156, 9G24C478515E,
157 .36E7989L018E,
157.8200959926758,
155 .222624081797,
158 .7561C2515€25,
1532 .219497680€€64,
59 _€829C7104452,
160, 1463012695131,
~B0.ECOBC2246004,
1AL .0T7319€6411133,
161 .GREE0EA24%E]1,
162 .4€3394165639,
152 .9ZE80358E88E7,
163 .39019775290¢,
163, 853608730469,
164 . 317092895508,
164 . TROS0Z2219336,
165, 243806484375,
165.707205908203,
165 .170700073242,
166, 634201049805,
167 . 097505224844,
167 . 561004638672,
168 .024398E803712,

158 . 4877296675,

163 .87809753418,
170.341506958008,

170.80420223047,

171 . 268205288086,

174 . 048727607422,
174 . 5_220703.25,

174 . 975600196289
175.438995361328,
1753.9024047852546,
176.3659057617.9
175.829299926758,
177.292624093797,

177 .7E6_035L8625,

173 . 600B0Z246004,
180.0731064221313,

130 .52€605834961,
diameter
3.9440000E 01
rocughness
5.9000000K.- 05

le2,

181,

DIAM

RGAVAL

112

heat transfer ceef HFVAL
4.CCCCCCCE+DD

grourd bemp TFCVAL
3.CB73CCCE 02

PIPE

Wyloo Wsst to Faraburdoo

*Origiral FlowTran Versicn 2.10 Pipe values
*

rumber of aodes N
axial positieon Z
14G365.81, 141311.53,

142317.44, 143323.26,

14432%.07, 145334 .88,

14&34¢C.7, 147346.51,

148352.32, 143358 .14,

150363 .85, 151363.77,

152375.58, 153381.4,

1243287 .21, 133395.23,

15£3%8 .84, 1537434 .45,

1E8418.4€, 133416.28,

1e€422.0%, 151427.91,

1£2433.72, 153433.54,

1£4445.38, 155451.15,

166456 .87, 157452 .73,

1le8468 .6,
17C48C.23, 171486.05,
1724%1.8¢, 1734387.88,

174503 .42, 1755339.3,
17e¢51%5.12, 1773290.33,

1784E2€ .74, 179532.55,
180538.37, 181544.18, 182550,
182E555.41, 184551.53,

185ER€7 .45, 185573.25,
187572.08, 158584.89
149=90.71, 180595.52,
1816€2.32, 152508.14,
123¢13.58%, 154515.77
135625.58, 186531.35,

187627 .2, 158643.02,

195648 .83, 200654.65,

i0leed. 46, 202666.28,
Z02e7Z.09, 204677.91,
Z0S€83.7Z, 206689 .54,
207695.25, 20B701.17,

Z09706.58, Z210712.8, 211718.6,

218759.21, 218765.11,
ZZ0770.92,  221776.74,
ZZZ782 .55, 223788B.37,
2247%4.18, 225800, 226801.28,
227802.56, 22BB03.84,
22980%.13,  230806.41,
231807.69, 232808.57,
233810.2€, 234B11.53,
23£812.42, 235814.1,
237815.3%9, 238815.5%5,
239817.9%, 240B19.23,

241820.52,

165

133300,




243823 .08 Z44824.
245825 .45, Z46EZA
247828 .2, 248829 .49
249830,78 ZA0RAZ
251833.33, 52834
233835.9, 254837
2535B3E .45, 256639
237E42.03, 258842 .
239543.58, 260644,
261846.°26, L&ZE47.
253848 .7_, 264850,

253E5 ZEQESS
2TIEET .69, ZT1ELE
Z728610.26 L7386
27T4E62Z . EZ, z75564
R275865.38, Z7TE0G

2e:-8:51.28,

292E8E5.9, 293887 .LE

294866 .46,
29589L.02,

298E693.59,

.72, anisan,

u
5103142424,

L23020529882E

183,

184,

185

131

132

133

134.5

195

195

197

198

199

200

201

202

235401000977,

E60504150331,

LEZ5A07299805,

L790E9519043,

7557283132844,

LTZO902489255,

BEEDDABZEET2,

65119934082,

-0.0302490224,

CAELA05629645,

L54B493530272,

LATEED9E2

_IB966736AE,

90z,

-44389453125,

LADEDITERDEEL,

S372.00830078,

L3ATE030T79492,

S302307128204,

LEZE¥IOR0I953C,

L232604%80469,

204 .

205,

3.193763Z28714094,

Z95EET.

297E92.

299894

74,
a1,

87,

30.827.44

ALT

113

.093002315326,
.0B320546875,
L0Z3300170898,
.98840332C0313,
-253506465727,
.218594360352,
211.8836%7505766,
L8a880065818,
13203208594,
LTTE098510742,
L744201660156,
LFO0930480857,
.674292700195,
.E35455B45609,
604598599023,
L.G658793701172,
.534836850585,
-465103145414,
.420206258828,
. 295401000877,
2605041503591,
LAZB6G07225805,
L230635180L83,
ZZ2.255738335%844,
SZ220201485258,

L186004638672,

$534CB2,
L11630248C234%,
-081405639648,
L0a6483530273,
.011596675%688,
.976695825102,
- 24802978516,
Z38.20622768C0664,
23%.872200683C078,
LB37203675492,
-8023071283086,
L7€7395015531 .
LFIZE04G9B0269,
S6976592871094,
€Z72603C0508,
246.627899168922,
LBE230023183306,
LBBA127C214B
24%.523300170858,
-488403320313,
2E1.452506465727,
-418594360352,
. 282697505768,
.34880065914,
L213995361328,
L278113769531,
.2442C1660155,
.205288EE507801,

258,1744C7358284

”"

”"

-

.5,




26G.133455849609,
261.104614257813,
262.059783701172,

2E£3.034912109375,

264 .73080 3359,
Z6E. 461486816406,
ZEE.1532251255%766,
266.%23C557C031325,
Z67.6538C850375,

Z6E.384613C271CY,
289 .11538€%€28%],

269 . 84619140625,

2T .TEX 95556647,

274.2305804443359,

b

74.96L4086E1A408,

b
-1
o

LE9ZZIL2R97646,

u
-1
P

LAZ3095703125,

o
i
-l

-15380853375,
277.854613037209
278.51501E60962691,
279.34513140525
280.076304236875
2B0.5077058745234,
2B1.335313153554,
282.2563195555641,
283.730804443553
284.4514085016405

26%.192291259755,

%]
@
n

.923085703125,
286 .65380859375,
287 .3B4B13037109,
288 .1153B6962831

288 . 846059851516,

5}
o
¥

.BE76S50435€RB75,

[}
[t}
=S

LA0776874C234,
Z91.GC3B513183554,
Z91.7€2155EB56641,

223.23CBCA443355,

%)
p
0

.%614868164C6,

X
%
£

-WERZZ01Z597EE,
295.422C9E702125,
296.1539G0146484,
Z96.884613G371C%,
227 .€1E2BE€S6Z891,
£98 .34619140625,

233 . 076204296875,

299.807708740214,

E385131835%4,
A01.26919805R6641,
IN2.73GACA443359,
303 .4€6148€8164C¢,

104 ,.1922212597¢6¢,

264,

[
»
I

302,

114

304.923035703128,
305.65330853275,

305.384513037109,
307.115385962801,
307.84519140425,

30B.575904296875,
309.307708740234,
310.038513183594,

31

o

. 7651555556041,
312.230804243359
312.561486815406,
313.6%22%1253745
314.423CSE703125,
315.1539CC145484,
31E5.884€130371083,
216.615286962821,
217.34€1%3120625,
218.076804296875,
A18.807708740234,
215.5385123183589%,
320.269195656641,
dizmeter
3.%440000E-01
roughness
1.0000000E-05
heat transier coe
4.0000000E+CC
ground temp
1.0862000E+C2
PIPE

Paraburdoo to Turs

*Griginal FlowTrar

=

nurher cf nedes
axial pesition
304906.93, 205213
305320.73, 307927
308334.565, 309941

310948.51, 3l19ss

312942.37, 213989,

314976.24, 315983
316990.1, 317997

319003.95, 220010.
321017.82, 322024
323031.53, 324038,
325045.54, 326053
327059.41, 32E066.
329073.27, 33000.
331087.13, 332094.
333100.95, 334107,
335114.85, 335131.
337128.72, 338135.
339142.58, 340149,
341156.44, 342163.
343176.3, 344177,

345184.16, 344191
347198.02, 348204.
349211.88, 350218,
351225.74, 332232
353236.6, 354245

355253.48, 3536260.

i573e7.34, 338274.2

i11.

321,

£

e O
Ve

e
s
-BE,
.72,

.58,

.44,

2
DIAM
RGHVAL
HEVAL
TFCVAL

ek

ior 1.10 Fipe wvalues

N

Z

16C
3c3soe,




3ez308.

JeT322.

3ET2I36.

3774CE.

372419,

382433

3E54€1.

387475,

354315,

365329.7%

358353,
370357.
372371,
374385,
376385,
378412,
38C42€.
38z44c¢.
384454 .
38E4ER.

388482.

74,
€,

48,
3z,

17,

3004996 .03,

403586,

4055050

408615,

210625,

£12835.

414646 .

216656, 58

424638 .

426708 .

428713,

436723.3

437755 .

438775,

435806 .

447817 .

449827,

4523848

4CCAaG5H.

4TTRGR .

489879,

4€1889.

31,

65,

altitude
322.752390126719,

415651 .

417662 .1

4192672 .

421682,

423633,

423724,

431734,

£42781.

444801 .

448822,

4508322,

452843,

455853 .4

455863 .

458874,

4E0BAS. 4

452894,

324 .524688720703,

326.287109375,

328.049299511719,

-03,

38,

4CRECE,

434750,

az1,

115

323

3531

338

340

342

343

s

345

347

349

350

3

Il

2

3c4

3s¢e

358

2

A

g

E1N

€32

Lt
o
in

i
o
@

ly:}
EEL

2

e

373

i35

177

79

380

395

L
w
o

414

415

4

—

419.

421

423

424

.3118896484238,
574138232422,
.33550R886710,
. 0989990234238,
-861389260256,
L623568774474%,
.386108398436,
.14B£98335156,
510888671875,
L673308326172,
L4356075813154,
.1575585456875,
.860388183524,
72280883753,
L485198574603,
. 247497556594,
LCCeABTES5315,
L77220834%9609,
LE3460€533594,
L22€997070313,
L05938%207031,
.B21807B81328,
.584197595R8047,
.346a36582031,
..0888671875,

LETLA0TATI0LT,
L6336975C5T66,
336087646484,
-LDB1E6230C465,
-Q20804884766,
653137021484,
-4455871582C3,
L207885742188,
.370306396484,
LT326958332013,
L43503666020922,
LA573852532906,
L013205508203,
.7B219346044522,
.344336782641,

L306884765625,

5.594085£93359,

.355414724923,
11880493842,
LABL119506E350,
.643585205078,
.4059143085841,
.148304443359,

-9303534560078,

.217803955078,

.98019409.797,




heat transfar cosi HFVAL
426.74256147456094, 4.0000000E+CC
ground temp TFCVAL
4£28.5050045826813, 3.0695000E4C2
PIPE
£30.2487303466797, Turee_Creek to Newmar
=Criginal FlowTrar Version 1.10 Fipe values
4£32.2295833623516, nurber af nodes N 57
axial positian 4 463500
433.792114237813, 464907 .14, 465214 .28,
£35.554412841797, A66921 .43, 467%28.57,
£37.318322378516, 468235 .72, 4€9942.8¢€, 47C950,
435.2731351153834, 471957 .14, 4729€4.28,
a4, TITL .43, 474878 .57,
4dz. 475355 .72, 47€992 .86, 478000,
444 .3 4720307 .14, 480614 .28,
446 .12853252553533 431021 .43, 482C28.57,
447.83111328125, 433035.72, 484C42.8¢€, 485050,
44%.553503417343, 436057 .14, 4870€4 .28,
451.4158935546384, 488971.43, 489078.57,
453 .1781921384672, 432035.72, 451082 .86, 422100,
454.940612792959, 493107.14, 494114.27,
45&.703002929585, 4353121 .44, 4961Z8 .56,
48H.455301513572, 497135.73, 49581aZ2.B&, 499150,
4E(. 227691650351 500157.14, G501164.27,
461.990112304585, 502171.44, 503178.5¢,
463.7525924451406, 504185.73, BO0B1L9Z.86, 506200,
465.514892578125, 5037207.14, 508214 .Z28,
4€7.277191162109, 509%221.44, BL0ZZ8.5é&,
465.039611816405, 511235.72, 5lzzaz.86, 5KIL3250,
470.802001553125, 514257.14, 515264 .28,
47Z.56635208%844, 51627L.42, &517274.54,
474 . 326650673828, 518285.72, 5.9292.86, 520300,
altitude ALT 825,
476.085111328125, 614 .8928833007681,
47F. 851501464844, 6la. 7857055556406,
479.613BCCCARR2R, 614.57BGBBEETLIEE,
487 . 37€31228EB5%, 614.5714111352813,
483.13861C822844, 614 .4642944533594,
424.5C1CCCRTESED, 614.357116699219, 614.25,
486 663391113281, 615.142B833007681,
488 .425811767578. 614.035705566408,
49%0.18811C351563, 613 .9285888571EE,
49L.95CECCARE28], 513.821411133813,
423 71289CE3%, 613.714254433594,
495 _47E83112722%7, 613.607177754375, 813.5,
4097 .237€CD8€3281, 490, 501, 613.3%2822245525,
503,
505, c¢?, 5C%, E11, 613.2B57055565406,
513,
5.5, £17, El®g, £5Zl, 613.178588557188,
523,
525, £27, 52%, 531, 613.071411132513,
533
535, 537, E39. E41, 612.9042%4433554,
543
545, £47, %4%, &8R1, £12.857177734373, 8ld.73;
553
555, g7 5E9,  Sel, 612.642R822255525,
5E&3,
585, E€7, S5e7, 571, €12.835705556405,
RT2,
575, £77, 57%., 581, £12.4285888457188,
c43,
BRE, €87, =8%, =v¢l, 612.321411132813,
593,
595, £¥7, R&%. EC1, 612.214172363281,
603,
[ eC?, &£C%, €11 612.107177734375, 512,
[
&25, 611.8%9282224655625,
dlameter ZIAM
1.244CCCCE C1 611.78570C53566408,
roughress QGHVAL
F.O00CCCCCE-CE 611.678588867185,

116




L571411132813

357116655219, 611.25,
142883300781,
€11.035705566206,
€14.528588867188,
610.821411132813,
L 7142%4433594,
607116629218, 610.5,
0.3%28222€5625,
Z0L2857CH566406,
6.0.1785888€7188,
L€71411132813,
.9€4294433524,
LBRTLTTT437E, &09.75,
602 .642883300781,
.53570556€406,

.4Zg5pAgeeT1IEE,

S09.07.16699229
diameter
3.9440000E-0%
roughness
0.0000000E+00
neat transfer coef
4.00000008+270
ground temp
3.07328000E-02
PIPE
Hewman —o NewmanT
*Original FlowTran Version
>

nurber of ncdes

axial position

5657945,

altizude

609,

diameter

2.1030002E-01

roughness

1.20000030E-05

heat transfer coef
4.CORRDO0E+DD

ground temp
3.G738300E+02

P1PE
Newman te Ilgarari Im

)
=1
o

*(Qriginal FlowTran Vers:on
*

rumker of nodes

axial positien

521317.89, 22335.78,
523353.87, 524371.55,
E253859.45, 525407.32,
E37425.23, 52R543.12 52
£34478.893, 531496.78,
&3Z514.67, £33532.56,
5245506, 46, 535568.32,
%365B6.23, 537604.12, a3
%38¢39.85, 540657.78,
S41675.67 542683.56,
542711.46, 54472%.32,
54%747.23,  R46765.12, 54
5428CC.8%, E4a5812.78,
EB083e.€7 £51854.:%6,

55Z2R72.46, S53RGC.3Z,

w

L1z, B
sSsezac,
5F2C34.62, ESH3CE1.28,
564C7C.C1.

Se5C88, 55510

DIan
RGHVAL
HFVAL

TFCVAL

1.1¢ Pipe wvalues

N
z

ALT
DIAM
RGEVAL
EFVAL

TFCVAL

I..0 Pipe values

7783,

944,

3

520300,

633,

B2
520300,

CETSED,

CE1C1E,

117

557123.39, 568141,
559139.57, 570177,
571195.45, 572213,
573231.23, 57424%.
575284 .89, 577302,
578320.57, 579338,
5B0356.46, 58.374.
582392.23, 5E83410.:
SB5445.89, 586463
B7281.67, 58656429
585517.46, 3920535
5¢1553.23, 552571,
5%4506.8%, 535624,
SEEH43 .65, 557553,
5GRE78. 44, 593636
ECG714.22, 501732
altituds
608 _98B767CBHRASE,
ECH.875280751713,
EC8.%63C1269583513,
ECE.8CCEB3CEA375,

€08.228415527344,
608.926025390625,
.91357421875,

L901428222655,
.BEBS7TO0507B1,
608.08767008284375,
.864213847656,
L8B1089746094,
LB3072e75688,
608 827392578125,
L61500324414C6,
LBO2573339844,
LFO0405273438,
L7TEO15136712,
608 .76563603515¢€,

LTR3ALTOEETS,

LFALD2TRIZOAL,

L703979492188,
L59L711425787,
L5793823242109,
508.6559921875,
608.654724121094,
508.5422729492.9,
608.530004882823,
608.61767578125,
608.605285544531,
608,593017575125,
G0B.5B806884765683,
G0B.568420410156,
608.5560302753438

60B.5437011713875,
60B.531372079313,

60B.518%815333594,

57R2E7,

5844148,

595589,

63275GC,




€08.506713867188,
€08 . 294384765625,
COB.4B1SS4628906,
608, 4657265625,

60R. 457357560938,
GL8.445007324215,
€08.4326171875,

608 .520104580465,

E0B. 40771484375,

€08.395324707031, &

602 .370422363281,
608 35751015625,
€08.345520019531,
603330078125,
608 .320678710938,
GC08.30B2BBLT74£21S,
€08.296020507813
€08 .28369120625,
EC8.271422339844,
€08 .258972167865,
€08 . 256705101563,
€08.22158¢863281
€0Q.209716726675,
E0H.1573226660156,
608 . 1845857558554,
608 .1727254%2188
608.1604CC320625,
€08.147888183594,
€08.135681152344,
608.123413085838,
608.111¢22245212,
608 .CSBEO3IBATESE,
G0E8.C8E42578125,
608.C738746CE375,
60E.CE17CE542%69,
G028.045%31¢4C625,
608.016%873C26R8,
60R.02471%238281,
€0R.012329101563,
diameter
2.4500000E C1
rouchness
3.000000CE Cé&
heat trans
4.UOCOQOCEfCO
Jrounc btemp

2.0653C0CE+C2
2IPR

1

5}

N
a
by

8. 3125,

603 .234375,

605,

CIAM

RGHVAL

BEVAL

TFCVAL

i 1r to Ilgarari

*ariginal FlowTran Versicn 1.10 Fipe values

altitude
&04a,

diamekexr
2.4500C0CE C1
rouchnese
£.0000000E+CO
heat transZer coef
4.0000000E+CO
ground bemp
3.06B53000E+G2
PIPE

Ilgarari ko Thres Rivers
+*0riginal FlowTran Versicno 1.10 Pipe walues

numzer of nodeg
axial position
€C3505.01,

N 2

Z EC27EC,
ALT eCH,
CIAM

RGHVAL

HFVAL

TFCVAL

N 1ol

A 602800,

604812.01,

118

605818.02, AOAEZD
607B29.93, S0EE3E
610846.01, 6311653
612859.99, ALAERS
61688<.01, ALTED
518895.02, 629902
622320.01, 623324
524931.98, ©25937.
626943.99, 627250
529952.02, B303€8
531574.02, 632380
635997.98, 837003
638009.98, 639024
622034, 643040.02
644046.02, &4505Z2.
648070, 649075, 98
650081.98, E52087
654104, 455172,
557124, 6558220,
550142, 551148,
663150, 6541646,
666178, 667164,
669196, 670202,
672214, 673220,
675232, 676230,

67B250, B79255,
6B1268, BEZZT4,

6B2286, BASZ9Z,

687304, 688310,
650322, 6313248,
693340, 634345,
696358, BH37IE4

102334, 703400,

altitude
608, 608, &08,
608, 608, &0&,
Gus, GOR, 606,
608, 608, a08,
508, &08, 508,
G608, GUR, G0&,
G608, 608, Gi&,
608, 60B, &05,
608, 608, ale,
608, BO8, G068,
608, 608, 508,
608, 608, 606,
608, 608, a8,
608, Gus, a6,
608, 608, a0E,
6508, 608, 60E,
608, 608, a08,
G608, G086, &A0E,
508, 508, 608,
508, 508, &08,

.99,

. 609B42,

295,
.99,
.0z,
.99,
0L,

29,

, 620956,

.02,

, 633988,

.98,

. 640022,

0z,

.98,

£4£0H8,

652094,

ALT

65878,

622914,

634092,

642028,

647064,

653100,

€56118,

€08,

&na,
608,
608,
608,

608,




dizmeter

3.4500000E 01

recghness

DL 2000000E+00

hezt trznsfer coef
4. 9000000E+0D

ground temp
3.DEZBO00E+0Z

EIFE
Three_Rivers to PlutonicT

DI&AM

RCHVAL

HFVAL

TFCVAL

*Criginal FiowTran Version 1.10 Pipe values

nunber of nodes

axial position

TO34Z40,

altitude

808,

diameter

1.9470000E-01

reughness
1.20000008. 08

heat transfer coef
4. Q000000E+0D

ground temp
3.0€280001H402

FIFE
Three Eivers o Ned's U =
=Griginal FlowTran Version
number of necdes

axial position

TH4412 .88, TOB4IT.TE.

Toe441 .67, TO0T455.56,

TI3469 .44, TF09482 .33,

710497 .22 711s511.11,

T13538 .89, 71455Z.7&.
T1l5566.67, T71e580.56,

717524 .44 T18E08 33,

T19€z2Z .22, 720636.11,

TA2EE3 B, T23&77.8,

T246€91 .69, TIBTOE.BG,
T46719.44, TITT32.21,

723747 .2, TZ9Tel.ll, 730775,
TILTRA.G 732802.8,  733816.86,
T34830.56 735844 .45,

TibBLRE .35, T3ITETI.Z,

altitude
606 . 166625378563,

504.333374023438, £02.%,

900 .0000ET0L S

538 BR3312988281, 5&7,

395. 6668700

533 .33337 3968287, 5%1.%,
589 .666687017.9
DB7.8333_228E28L, DS8b.
384 . LAEEETOL1ITLY

582 .333322988281, 580.h.
578 . 666687011710,
575.823212988281, 575,
573.1666870217109,
STL.333374023438, Le%.5,
567.666687021719,
565.833312988281, 564,
552 . 1EAE2ROTE5€ET,
560.333312988281, 558.4,
556 .66EEETOLITLS,

554 .833312988281, 553,
BEEL.1E€€87C1171%,
542.333312988481, t547.5,
545.€66€687¢1171%,
£43.833374C22438, 542,

mekbey
2.45CCCCCE-C1

721650,

73g886.1,

N Z

Z 702400,
ALT e08,
DIAM

RGHAVAL

HFVAL

TFCVAL

1.10 Pire values

kY a7

z 702400,
719200,

ALT 608,

ZIAM

119

roughness
8.CCCCCGOE-Qe

heat transfer coef
4.CCCCCGOE+DD
ground temp
3.CE28C0CE+D2

reek Lo Wiluna

*0Original FlowTran Version .10 Pipe values

«
number of nodes
axial positicn

74C9C1.79, 741333.57,

7425C5 .36, 743307.14,

7448C8 .83, 743312.71,
74€612.5, 747314.23,
T48216.07, 743317 .84,
FEGS1S.64,  751821.43%
FE2823.21, 753325, 7545286.79,
7cEg28 .57 135930.35,
7E7832.14, 758333.33,

759916.71,  750837.5,

7£1839.29, 752341.07,
7€3542.8¢€, 7549%44.54,
76E946.43, 766348 .21, TAYREC,
TEBSE1.79, 763353 .55,

TIC8EE .38, 7718537.12,
T12958.5%, 173865.71,

TI4963 .5, 775054.20,

77696E . L5, I7TIB57 .88,

TTASES .62, 778971.45,
78C873.21, 781875, TB2875 7T,
TAIGTA .56, 784583.38,
785%9482.12, TR5583.94,
787%88.73, 7HR8887.5,
18g2s282.28, 790821.05,

791992 .04 782994 .55,
F939%¢€.44, 784858.22, 785000

F97004.4, T75800B.B, 7989013 .Z%5,

anool7.€5, 801022.05,
B0Z0Z6.45, BO3030.8, BD4035.3,
ansnin. il BOG022.11,
a07048.51, BOBOE2.85,

803057 .35, BLODEl.75,
8110€€.2, AB12070.6, B13075,
814079.41, 81537383.8,
81eC88.21, 8§17082.55,
B18087.0E, B13101.43,
gac¢lecs.o1,  821113.28,
822114.71, 8231135.09,
B24123.51, B25127.9%3,
82€132.35, H271356.73,
A2A1a41.2, A25125.55, AB3215C
331154.41,. 532158.83,
8331€£3.23, 5834157.955,
B3E172.C6, HB3I6176.47,
83718G.88, B5358155.23,
g25189.71, B40134.12,
8411%8.53, B12202.34,
B432C7.35, 544211.77
845216.17, &46220.5%, 847235,

EGEVAL

FFVAL

TFCVAL

125
713300,




348229.41, 849233.83, 570.48217773437%, &71,

BE0238.23 B51222 .65, 5370.0587758550465,
852227 .06, B53251.47, 559.117514744094,
884255 . BB, BE5260.29, 56R.1756513671875,
RSE264.71, a57269.12, 587.235290527344,
BEE273.53, 8ED277.54, 556.2941258417369,
Ac0282.35, 8B12B6.77, 585.352905273438,
462251.17, 8632%5.59, 55643030, 554.,411682128206,
altitude ALT 5432,

542 .517B22265625, 5563.470581054638,
542 035705566406, 5562.5294189453723,
642.553588867188, 561.5881395800782,
544.071411132B13, 560.546897255625,
€44 5852944335894, 559.705871582031,
£45.1071166%%215, 543.825, 5G8.764709472856,
f46.1428833CCT7R]1, 557.823486328125,
S46€.66C7C5566406, 556.8R82385253204,
547 .1785888€7188. 555.941223144531, 555,
h47.6%6411132813, 554.058776555469,
548 .214254433554, 553.117614746094,
549.7321166%%21¢, 543,25, 552.176513671875,
54%.7678833CC781, 551.235250527344,
L50.2BE7CEEEEACEH, 550.2945128417363,
550.8C35888€7188, 54%.35302754575,
552.32141113:2813, 548.411804193219,
h51.83%2%4423135%4, 547.470581054585,
h5Z 38711£E9921%, £52.875, 546.5294189343313,
553.392883300781, 545.5B8155803781,
553, 91CTCESEE4CE, 544.646972653625,
554 . 428588867188, 543.705871583231,
5h4.94€411122813, 542.764705472556,
555.4€4254433594, 541.823486328125,
B55 982177734375, 856.5, 54G.8823852533306,
557 .C17822265€28, 639.841223144531, 533,
557.5357C55664CE, 538.058776555449,
555 .053588867188, 537.11767578145,
55%.571411132813, 536.1765136715875,
552, GB92944335%4, 535.235250327344,
E52.E07177734378, E60.125, 534.254128417553,
067.642822265625, 533.35303734373,
561 .16CTCEREEACE, 532.4116582125505,
EEl.€E78GBBEET1RE, 531.470581054588,
562-126411132812, 530.525418945313,
562 .714294433594, £2%.588317371034,
963 .232177734237%, £63.756, 228.64€65%7255545,
564 .267832565€25, 527.705871582031,
564 .78870ESEE4CE, S26.764705472555,
565 .3¢3588867188, 525.823486328125,
565.8214111328113, 524.88232421875,
566.3292944233524, 523.541223144531, 5243,
566.857177734375,  567.375, 522.058776555469,
567 .8%2822265625, 521.117614745094,
568 .41C7CEREE4CE, 520.175513671875,
560 .S2BERBBETIRR, 519.2352390527344,
562.446411132013 518.294128417269,
CE9.564254433554, 517.35302734375,

120




€1€.4116821289056, 925375.481, 227376 .81,
£15.470581054388, 928378.02, FLR3ITI. L8,
£14.529518945313, 930380.43, QITIET T,
£12.588317871054, 932382.91, 93338457,
GlZ.646872€5625, 934385.38, S35366.5, 936387.8.
BE11.7C53C2C8560%. 537385.01, 338390.22,
5EI0.7647C%472656, §35351.48, 340332 .63,
509.823486228125, 541353.5, 342395.11,
E0E.B8238E2515%CE, 543356.33, 3443237.5%,
©41182€265%52, E07, 445348.7%, 346400,
meter ZIAM altitude ALT 507
1.45CCCCCE-C1 507.2438%6484375,
roughress RGHVAL
7.0CCCCOCCE-CE 507.4877823952875,
heat transfer coel HFVAL
4.0CCECCCE+CC S5G7.731689453125,
grourd temnp TFCVAL
3.0EA3CCCE+OR 507.%755859375,
PIPE
Wiluna to Wil JunT 508.218512333453,
*0riginal FlowTran Version 1.10 Fipe va.ues
* SC8.4634094238235,
number of nodes ol e 5G8.70673G5908205,
axial position ¥4 BE430CC,
£64320C, 508.95120239228575,
alzitude ALT 507,
507, 50%.1550%8BRB76953,
diameter DIAM
Z.1G3CCCCE-0L 505.438555361325,
roughkness RCHVAL
L.2ZCECCCCE-CS 505.682851845703,
heat transfer cosf HEVAL
4.0CCCCCCE+CC BOS.526788332075,
grournd temp TFCVAL
2.0457CCCE+C2 51C.176684814453,
PIF
Wiluna to Mt_Keith 516.414€11816405,
*0riginal FlowTran Version 1.10 Pire wvalues
number of nodes N az £1C.6S85C8300781,
axial position z 864300,
865301.22, BEE302 .44, E1C.%C24G4785155,
8872032 .66, BHE8304.88, £11.14£322822256,
§69306.1, BY0307.3Z, £11.3%C288305541,
571308.53, B72300.76, 511.£3418579813156,
873210098, §7431Z.Z, £11.878112782563,
§75313.41, 876314.63, S12.121887207551,
37TAIS .06, §7RERLT .07, €12.3657835914045,
37931p8.29, B80310.581, E12.6026801757381,
3312z0.72, 8823z1.35, £12.853E5765501355,
383323.17, 884324.35, £13.097473144531,
8852Z5.61, BEG3Z&.23, £13.34136952800%9,
B872zE .05, 888323.27, E13.E85327148438,
289320.4%, 820321.71, £132.8282235632813,
91337 .93, 822334 .14, £14.C73181152344,
39333% .37, B94336.5G, £14.317077535713,
§95337.8, 89€339.40Z, £14.56CS7412103%4,
£97344 .24, 898341.47, £14.8G4B705054563,
599347 .68, 2CC343.9, £15.048828125,
931345.12, o0214¢ .32, E15.2%92724509375,
903347 .RE, 9C4348.78, 905350, S15.52662108375,
235351 .22, SC735Z .41, E1E.78GE17578125,
IGF3IS3 .63, 2C23154 .88, £1€.€2441405625,
2140356 .1, 511357 .32, £16.2¢8310546875,
212358.57, 21335%.78, E1£.5122¢703125,
9143€C .98, SlEXEZ . Z, £E1€.75€1C356165823, 3l7,
2.63€3.47, 517364 €1, £17.243896484575,
QLE3E5.83, S19367 .04, 517.4877%2963875,
920368.29, 9213e%.51, 517.731689453125,
D2237C.7e, 923371 .98, 517.8755859375,
$24373.2, 925374.19, 518.215482421875,
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CLE.46337890E25,
518.7C727539C625,
EZB8.9E51171875.

519.1%E129394531,
5E19.439C2E878SCE.
519.6828222363281,
5l9.%2¢8188a7656 .
BZ0.176718332031,
520.414€1181e406,
5Z0.6585C83C0781.
5Z0.SC2526855468,
5321.146423335B44,
HZI.3803146824218,

S6342163C8554,

LB7B1127%2969,
BZz.1218872C¢7031,
52Z.365783691406.
5ZZ.6C%e8C17578],
GZZ.853€9873C46%,
5Z2.C%75%5214844,
521.3414%16%921¢
5Z3.585327148438,
523.82%28466756%
5Z4.073181152344,
5Z4.317C7763671%
5Z4.560%74121054,
534.8CABTCECHL6T,
5z5.048828125,
DZ5.2%27246C8375,

EZ5.53662105%175,

B26.0244140625,
S26.268310546875,
S26.51220703125,

526.756103515625, 527,

diameter DIaM
3.4500000E-01

rouchness RGHVAL
¢.C0000Q0E+Q0

heat transfer coef HFVAL
4.CO00000E+00

ground temp TFCVAL

2.0457000E+02
PIPE
Mt_Keith to Mb_KeithT

+Original FlowTran Versicn 1.10 Fipe values
.

nunzer of nodes N 2

axial wosition z 546500
gRa400,

altitude ALT 527,
527,

diameter DIAM
2.1030000E-01

roughness RGHVAL

1.2000000E-05

kegat transfer coef
4.CODDDDDEQOD

ground temy
3.C457000E+D2

PIPE

ME_Keibh to Leinster
*0riginal FlowTran Version 1.10 Pipe values

rumker of nodes N 66
axial peositicn i 545409,
$47403.08, 948405.15,

HFVAL

S48402.43,  250413.51,

551415.33, 952413 .46,
G53421.54, 554424.561,

955427.53, 955430.77,

122

257433 .85, 3258436.

560443.08, 9614446 .
562445%.23, 363452,
964455,38, 955458,
S66461.54,
568467.65,
570473 .82, 371476.
573483.08,
975489.,23, 376492,
77495.38, 278495 .
979501.57, JEDS04.
981507.73, 9E25.0.
983513.88, 64510
985520.03, 66523,
987526.18 9EERZ9.
9B9532.34, 90535 .
991538.45, 332541,
993544.64, 394547.
§5G6550.78, 3958553 .
G57556.54, 335560
$99563.03, 10003566
1001565.2,
1003575, ¢,
1005581.5,
1007587.7,
1003533.8,
altitude
526.799987792969

1013596

526.59997558593E,
526.400024414063,
526.20001220703%,
525.799987792969

525.599975565938,
525.400024414063,
525.200012207032,

524 .733987732362

b

524.5999755465922,
524.400024414083,
524.230012207037
523.799987722963
523.599975555%38,
523.430024424063,
523.20001220703%,
522.799987792569,
523 .599975585938,
522.400024424063,

L232712207031,

i
b
13

21.739387792969,

[

.5999755855934,

o
€3
prt

521.400024424063,
521.209012207021,
520.7993877029E9,
520.53237553855238,
520.400024414C63,
S20.2030012207C31,

519.7999577928€¢,

1002572,

1004576 .

1006554 .

1008590,

2z,

L01,

-2,

.3,

528,

525,

353440,

ITZ4LEE,

1011€e00,

ALT




512.5900755E5038,

519 400024424063,

w
w
Ex)
=1
=1
=1
&1
R
=1
I
h
w
-
%

317.7999287792369,
517 .5999755E593E,
517.400024414063,
517.200022207031, 517,
516 .7933987792269,
514.5999755E5238,
516.400024424062,
315.Z00Q0L2207032, &5lg.
515.790087T92060
513.5999755E55048,

315.400024424063,

U
[
b
3
=3
R,
=9
i
b
%)
=
]
=
[}
|
n
iy
0

514.400024424062,

514.200022207022, =14,

diameter }18BM
3.4500000E 02

roughness BGHVAL
1.5000000E-05

neat transfer coef HFVAL
4.0000000E+00

ground temp TFCVAL
3.06240005-02

FIPE
Teinster -c _eingierT

*Oraiginal FlowIran Version 1.1¢ Pipe values
-

nurber of nodes N 2
axial position Z
1013009, 1026600,

al-.tude ALT 514,
514,

diame-er DIAM
2.10300002-00

roughness RGHVAL
1.2000000%-05

negat transfer coef HFVAL
4.0000000=-00

ground terp TFCVAL
3.0634000E-02

PIFE

Leinster to Anaconda

*grigina: FlowIran Version 1.1¢ Pipe values
>
ounber of nodes N 121
axial position Z
131.600, LO1Z26007 .1, 1¢13€14.3.
10144822 .4, L0L5482E .6,
L0le625.7, L07¥p4z.8, 1Clge:sC,
1019657 .5, L0Z0664.3,
1025875 .4, L0ZZ676 .6,
L0226E85.7, 1024692.%, 1C287¢C,
1026707.2, 10Z77:14.3,
1028722 .4, 1029736 .6,
1330735.7, l0317az.%, 1632756,
1023757.0, 1034744.3,
L025771.4, L02677E L&
LO37%7EE .7, I03£732.%, 1C3g8CC,
“O041824.3,
10438%8 .

1244835.7, 1045842.%, 1046850,
1047857.2, 1048864.3.

1040871.5, 1050878.6,

123

lgsl8gas.7, 1052892,
1054407.1, 1055814,
105€521.4, 19573228,
1058935.7, 10585842,
1061857 .2, 10623964,

10e358%1.4, 1054978,

1665585, 7, 1055992,
10€94007.1, 1070014 .
10710Z1.4, 1072028.
107324035.7, 1074042,
1076087 .2, 077064,
1078071.4, 1073078,
1080C085.7, 1081082,
1083111.7, 1082123,
1086146.7, 10B71558.
1CB9181.7, 1080193,
1092216.7, 1083228,
1085281.6, 1096263,
1098286.7, 1035298 .
11461321.7, 1102333,
1104356.7, 1105368,
11073251.7, 1108203 .
1110426.6, 1111438,
11124€1.7, 1114473,
ST 1117508,

T 11205453,
11%8566.7, 1123578.
I1ZBe01.7, 1126613,
ST 1125648,
TZ316TFL.TF. 1132683,
34706.7, 1135718.

a

1140776.7, 11417BB.

altitude
5Z86Z548B2R1,

511.057188%4140%,
509.505693359375,
S02.114288330078,
EDE6.642913818353,
505.17120671875,

E02.700012207031,

S0Z2.228e07177734,

455%.285706566406,
4%7.8:1420C537109,
496.342003355078
494 871398525781,
453.2555538596408¢,
4%1.5Z8588867188,
45{ . 457022285156,
488.9856872554859,
487.514212764141
486.047507714842
484.5714111328153,
483.1CCCC5103516,

481.€286C1074213,

3F74L.7, 113B753.

o W W

=

oW

-}

n

W

[

W kW

[

w

w

w

o

w

1053%00,

1080950,

1075050,

1082200,
1085235,
1088270,
1091205,
1094240,
1097275,
1100370,
1103245,
1106380,

110942

1112450,
1115445,
1115520,
1121555,
1124530,
1127625,
1130660,
11336385,
1135720,
1133765,

1142500,

ALT

514,




450

44

-1

446

444

443

441

.1571%6C44%22,
L6B569S462891,
.2142%443355%4,
.7428834C4257,

L2713%2822266,

2.75558775256%,

-32861328125,

S.857C86181641,

LABST11EES522,

-9143CEE4CE2E,

5.44281CCERESd,

L8714CS028297,

LCZBREGASTICICTY,

D.E57COBI88ETS,

LCBL7848121C8,
L 614288330078,
.1429138183E59,
-E7138E71875,

L2G0012207031,

LI28E0T1TT734,

2.2E871105982C2,

L78570556€406,
L31434¢053710¢,
.842895507813,
.371398925781,
.890992806484,

L428C88BE7188,

4032

402

402

LEQODDET0ERLE,

D.1286010742109,

LE57104492188,
-1856934628%91,
L714294423599,

SZ4ZE89404297,

SBZ8E113Z8125,

L35V086187641,

£.RABTLLEEO0ZZ,

L414306640E28,

3.942901612228,

2.471405022297,

L79RBITTIIGED,
LECGLOOELOIELE,
.392993892¢€484,
L260012207C31,

5

DRBRIAINED,
LECCCCELC3s1E,
-300093896484,
L20CC12207C31,

LTESURTTE2GEY,

462.5,

411,

410,

124

40B.600006103515,
408.355993835454,
£08.200012297031, 40%,
£07.795987792969,
407.600008103516,
£07.393939938304084,
407.200012207031, 407,
406.755587732969,
406.600006133516,
46G6.399583495484,
406.20C0012227031, 4926,
405.785887792353
405.6C000A103516,
405.355883835484,
405.20G012237331, 405,
404.755587732953,
404.600006123516,

4C4 . 3954530855484,
404.206C12207031, 404,
4G3.789%87732343,

403 .60CCC6103510,
4¢3.395563855484,
4C3.2CCCL2207031, 423,
4G2.76GG87782553,
402.600006103516,
462.3995%38954484,
4G2.2CCC12207051, 422,
4(1.795587782363,

461 .6G0CC6103515,
401.,3598238596484
401.200012207031, 401,
4GC. 709987792558,
4CC.6GCGC6103515,

4GC. 322823895484,
4CC.200012207031, 403,
298.7898877828639

389 €CGCCELI053515,
359.365563005484,
399.200012207031, 338,
diameter
3.4ECCCCCE-0L

roughness
G_.CCCGCOQCE+DD

heat transfer coef
4.CCCCCOCE+DD

ground temg
3.CECICCCE+D2

PIPE
Araconda to AnacondaT

DIAM

ESGEVAL

EFVAL

TFCVAL

*Original FlowTran Versign 2.10 Pipe values

*
*
rumber of nodes
axial position
11428GC, 11428203,
altituds
388,
diameter
2.1€3CC0CE-D1
—oughress
1.2GECCCCE-D5
heat transfer coef
4.00C0C0CCE+DD
grourd temp
3.CEC30COR+D2
PIPE
Araconda te Leoncra

N 2
Z

ALT EEEN
DIAM

RGEVAL

EFVAL

TEFCIVAL

*0rigiral FlowTran Versicn 1.1C Pipe values
*

*

rumber of nodes

N 12




axial pasition Z

1122800, 1143803.1, 1144818.2,
1145527 .3, 1id44835.4,
1147845.5, 1148854.5,
1123843.4, 1150872

1151581.8, 1152830.9, 1529400,

alzizude ALT 399,
358.818205787103

398.553684153574215
398.454435231015,
398 .27270507512%
398.030311865234,
357.303083134745
397.727234321875
3%7.545501708984,

357.3563585425781

357 .151733212831, 397,

diameser DIANM
3.4520000E 21

recughness RGEVAL
1.7600000E-03

hea: transfer ccef EFVAL
4-0023232E+20

ground temp TFCVAL

3.0603033E+02
EIFE
Lecnera Lo Jeedamya

*(riginal FlowTran Wersion 2..0 2ipe values

rumber of acdes H 52
axial positien Z

1153353, 1154305.95, 1:55977.%

1155917 .5, 11537843.5,

115892%.4, 1159535.3,

1160541.2, 1151547.1,
1le2852.9, 115359568 .8,
1164984.7 11s5970.6
1165875.5, 1157582.4,
1168588.2 1159994 .1 1171000
1172005.9, 1173011.3,
1172017.6, 1175023.5,
1176029.4, 1177035.3,
1178041.2, 1178047.1,
1130052.5, 11B1058.3,
1182064.7, 1183070.6,
1184076.4, 1185082.4,
1185088.2, 1187082 .2, 1133144,
1185105.9, 11%0111.7,
1181117.7, 1192123.5,
1183128.%, 1194135.3,
1185141.2, 1196147.1, 1137153,
11981%8.8, 1199164.7,
1200170.6, 1201176.5,
1Z02182.4, 12031BB.2,
120£1%4.1, 1205200

altituce ALT 357,
357 .0148552285156,

397.0358216087851,
397.058807373047,
397.078399658203
387.097991943359,
397.117514745094,
387.13720703125,
3%7.155850883141

357.17651357187

wn

337.135105857031,

125

3197.215698242188,
3197 .235220527344,
397.25491333GC78,

397 .2745086182349,

[
w
-1

7.2940979CC351,
337.3136901858547,
397.333312988281.
397 .352205273438,
397.372569111328,
397.3922211914C€2,
337.411712646484,
397.431329€48437E,
397 .4509687€9521,
337.470511572266,

397.490203857422,

o
w
-1

509736142578,
197 .529388427724,
397.549011230469,
397 .55350381862E,
397.538195800781,
337.6077380859348,
337.627410888672,
337 .54709472E€%63,
337 .646687011719,
397 .686300824453,
337 .7033302029609,
397 .725494384766,
397 .745086009822,
397.764709472656,
397.784302787813,
397.803594042969,

397 .82348H328.25,

o
o
-

-843109130859,
3937 .86279238E75,
397.882385253004,
397.902008054647,
397.92150034.797,
397.941192826953,
397.9507849.2209,

397.3804077.4844, 128,
diameter
3.4500000E-0L1
roughness
0.00000002-00

heat transfer coef
4.00000003~00
arcund temp
3.0572000=-02

FTFE

Jeedamya te Cawse

*

«

numzer of nodes
axial position

1205200, 120620%2.4, 2207219.8,
12068229.3, 120923%.1,
1210248.9,

1212258.5, 1214288,
1215297.8,

1217317.4, 1218327.2, 1218337,
1220346.7, 122135¢€.5,

1222366.3, 122337¢.1,

DIAM

RGHVAL

HFVAL

TEFCVAL




1224385.3, 1225335,
1225405.4, 1227415,
1222434.8, 12373244,
1231454.5, 12532454

1235493.5, 1235503.3,
1235522.8, 1239532.6,
1240542.4, 1241552.%,
1243571.7, 1244581.5,
1245591.3, 1246601.°
1247519.3, 1248520.7,
1249630.4, 1259540.3,
1252553.8, 1253553.6,
1254579.3, 1255589.°
1255588.9,  1257706.7%,
1258718.5, 1253728.2,
1260735.1, 12861747.%,
1262757.5, 12853757.4,
126477%.2, 12465736.9,
1265736.5, 1267835.5,
1265815.5, 1253826.3,
1270835.3, 1271845.7,
1272855.4, 1273865.2,
1275884.3, 1276334.6,
1277904.3, 1278314.1,
1279923.9, 1280933.7,
12B1943.5, 1282953.2,
1283963.1, 1284972.8,
1285982.6, 1286992.4,
1285002.2, 1289012,
1291031.5, 3292041.2,
1293051.1, 1294080.9,
1255079.7, 1295080.4,
1297999.2, 1298100,
1300130.5, 1301145.8,
1303174.3, 1304191.€,
1305206.5,

130%23% .4,

.1467TB355078L,
335 .2932487548828,
393.44018554€875,
328 .5869140625,

395 .733703613281,
185 .880401611228,
323, 0271%11€21CS,
153.17288%1eClRe,
329, 320587158203,
3199.4674072264%63,
299.61410522260%
298.76085¢775351,

3599.5907592773438,

L228425,

1z92118.3,

13021el.

131735¢C,

ALT

126

400.054412841797,
400.201110832844,
400 .5347808837821,
400.494598388e72,
400 .64122638€719,
400 . 7380880378,

400.9348144531325,
431.3581512451172,
401 .228302001252,
401.521697998C47,
401 .665427548828,
401 .51515554€875,
401.961914062%,

492.1038703613281,
402 .255401611328,
402.4021911€2189,
402 .54888916C1EE,
402 .6955871582C3,
402 .54240722¢5€3,
402 .982105224609,
4033.13589247753%1,
403 . 282592773438,
403.429290771484,
403 . 576120835844,
403 722608837851,
403 .5695982388672,
404.0.629€386719,
404.262994384766,
404.30%824453125,
A04.456522451172
404.603302001553,
404 . 820627558047,
405.0343437548828,
405..30_8E546875,
405.337005615234,
A05.483703613281
405.630401611328,
405.7771%116219%,
405.923888160154,
406.C0707082283016,
40€.217407226583,
40E.364105224639,
406.51C0894775331,
4CE. 657522773438,
4Ce. 802250771484,
4C6. 551110839844,
4C7.60STRCRRITESL
407.2445983885872,
467.3812586585719
407.53808B53375,

£(07.6B4814453125,
4£07.831512451273,
4207.9782104492°9
408.27178955078%,

408.41848754E828,

4Cc1.2

~a
N

404.75,

408.225,




A08.555185546R75, 1320447.5, 13Zl4€e.8,
4G8.7119140525, 1322485.2, 1323505.1,
4G8.858V03515281, 13245324.3, 1325543.5,
40%.005401511328, 1325562.7, .327%81.9,
4C2.1521211621039, 13284601.1, I329620.3,
40%. 258880160135, 13306839.5, 1331658.6,
4G2.445709228514, 1332677.8, 1333e97, 1334716.2,
409.5324072255485, 1335735.4, 13136754.6,
4GS .7539195777544 1337773 .8, 1338733, 1339812.2,
405.883803222634, 1340331.4, 13418EC.5,
410 .0325392773438, 1342869.7, 1243888.9,
¢1C.173412841737, 1344908 .1, 1345227.3,
4£10.32511085392844 1346246.5, 1347%€5.7,
410C.472808837891, 13433%84.8, 1350004.1,
41C.513538388672, 1351923 .3, 135204z .4,
41C.756296385713, 1353261.5, 1254080.8, 1255100,
altitude ALT 413,
410 .91303853375, 412 . 2F7302%46004,
411.0353814453125, 411.534604492188,
411.23551243511732, 410.521306738281,
411.35%2104438213,  477.5, 410.1392080847378,
411.5788873533453, 403 .4865112304€%,
411.557897345213, 408 .78381347€EED,
411.734785388672, 4938 .081285205078,
411.815735588438, 407 .373387451172,
411.8574714355483, 436 .675683697266,
411.3736338476855, 405.9729919433E9,
412.0532614304688, 495 .270224189453,
4£12.131531735875, 4734 .5675235435547,
212.210519253906, 4733 .564E628€681€41,
£12.283489746094, 403.162200027734,
412.388408203125, 492.459503173828,
£12.447387633313, 401 . 756805419922,
412.5325505152344, 401 .054107€€ECLE,
£12.9805285644531, 400.3514032121¢9,
£12.584204101555, 3199 .648590087821,
412.7485214111325, 198 .9246014404287,
£12.342102253751, 3946.243288132813,
4£12.521112963547, 413, 3197.540492582€172,
diamezer DIAM
3.4500002E 21 195 .817732072266,
roughness RGEVAL
3.00000008-024 326..352013183585.
ransfer ccef HEFVAL
23 -39 195.422403564453,
ground liae] TFZVAL
2.9958000=-02 324 .72270581C547 .
FIFZ
Cawse Lo CawseT 194 .027008CSeR41,
*Original FlowTran Version 1.10 Pipe values
- 393.3243°20302734,
-
nurber cf nodes N 2 332.6Z.6.2548828,
axial posizion Z
1317333, 1327410, 191 .9289247%45322,
altizude ALT 413,
413, A9 216286823438,
diameter DIAM
L.50000003-02 350.523488768531
roughness RGHVAL
1.2000000E-05 182.8107%1€C15625,
heat transfer coef HFVAL
4.0000000E+00 285.1080%3261719,
ground terp TFTVAL
2.9258000E+02 388.405255507813,
FIEE
Cawse to Kal North 387.702€97753906, 3487,
*Criginal FleowTran Versior 1.10 Pipe values dianeter DIAM
= 3.450C0C0E-01
number of nodes Y 38 roughness RGEVAL
axial position z £.4CCCCCOE-05
1317290, 1318409.Z, 1315428 .4, heat transfer coef EFVAL
4_CCCCCCCE+DD

127




ground temp TFCVAL Inpipelof4d
2.995E5000E+02 n pipe tvpe valve 1
PIEE pe contairing valve Z
Kal Morch —o Kal NorcthT segment ir this pipe 1
*Original FlowTran Version 1.1¢ Pipe values valve type 2
" e initial state 1MQDv 1
nurher cf nodes N 2 time to stark closing TSCLV
axial peosition -4 Z-0000000E+CS
1355123, 1353100, injlet p to trigger close PINCL
alticude ALT 387, 0.00000008«CC
387. drin/d- to trig closirg FIRCL
ciamecer DIAN 1.300333024+C9
2.1030030E-D1 pressure to trigger closing DVCS
soughness RGEVAL 1.333033058+02
1.2033333E 25 in pipe IEIFV 1
heat transfer coef ESVAL node # from start of pire INCLZE 1
4.C00D300E4+27 Zime interval ko cloee CTVCL
ground temp TFCVAIL 1.20000003403
2.5933000E402 “ime o start opening TSCFV
PTIPE 1.0000000=2+09
kKal Nerth to Kal West Pin we =riggsy opsring EINCP
*Original FlewTran Version 1.10 2ipe values 1.0000000E+0%
rumber of ncdes ¥ 12 Peut te trigger opening ECUTCE
axial pesiticn j:4 9.99099992+00
1355103, 1386135.4 1A87172.7, drin/d: te trig opening FIRCE -
1.3000000E+03
13E820%.1, 1355245.5, dEcut/dt to trig ocpening POROE
1.3330000E+09
13£0281.8, 1351318.1, time interval to open DTVCOE
1.2000000E+032
13€2354.5, 1363390.9, DEVICE
Inpipeldos
1365427.3, 1365463.6, 13556500, in pilpe type - valve IEDTYF 1
altitude ALT 387, pipe containing valve IFIPE s
38€.090911B65232, seqment in this pipe I5EG i
valve type IVTYP 2
38E.1B1793212851, wvalve initial state LMODV 1
time te start clesing TSCLY
384.272705078125, 1.0000000E+02
inlet p to trigger close PINCL
382.3635864257481, 0.00000D00DE~D0
dFinfdt to trig clesing PIRCL
387.45445B291016, 1.0000000E~09
vressure o trigger closing EVOS5
287.545501708984, 1.0000000E-09
in pipe IPIEY -
2E0.630413574215, node & from start of pipe INODE -
time interval o close DTYCL
379 727294921675, 1.2000000E+93
time bo start cpening TSGRV
A7E B182CET7871Ce, 1.C00CCCQ0E+D3
Pin to trigger cpening PINOP
177 .902C881347€€, 377, 1.CCCC0CCE+DS
diameter DIEM Pouk to bLrigger cpening POUTOP
3.45CCO0CE C1 C.GCCGCCCE+DD
roughness RGHVAL APir/dr to trig opening PIROP -
CCOCE+OC 1.GCCCCCCE+DD
heat transfer coef HFVAL dpout/dt to trig cpening POROP
4. 0000000E+00 1.CCCCCCCE+D?
ground temnp TFCVAL time interval tc open DTVOP
3 42 000E+02 1.2CCCCCCE+D3
EIFE DEVICE
%al_West to Kal South?T InpipslCCe
“Criginal FlowTran Version 1.10 Pipe values *Original FlowTran Version 1.31 In Pipe Zontrol
= values
nurber of nodes N Z in pipe type - wvalwe IPDTYP 1
axial position Z pipe containing walve IPIPE 5
1366500, CATTI6EAD, segment in this pire ISES 1
altltude ALT 377, valve type INTYP 2
354, valve initial state ZMODV 1
diameter DIaM time to start closing TSCLY
5.4500000E-02 1.0000000E+083
rcughness RGHVAL inlet p to trigger close 2INCL
1.2000000E-05 G.COCOCO0EsDQ0
neat transfer coef HFVAL dPin/dt to trig closing PIRCL
4.3000000E+00 1.00C000CE+Q8
ground temp TFCVAL pressure bto trigger closing VoS
3.0043000E+02 1.0000C000E+09
DEVICE in pipe TPIPV 1
Inpipel(t0l node # from start of pipe THODE 1
in pipe type - va.ve IPDTYF 1 time interval to close DTVCL
pipe containing va_ve IPIEE 3 1.2000000E+03
seqment in this pipe ISEZ 1 time to start opening Ts0nv
e type IVTYP 2 1.0000000E+09
e initial state TMODV 1 Pin to trigger opsning DINODZ?
time to start closirg T&CLY 1.0000000E+CS
1.03000008-09 Pout to trigger cpening 20UT0?
inle- p to rrigger close PINCL 0.0000000E+CC
0.0000000E-00 drin/dt to trig opening PIROP -
de:in/ds o trig ciosing PIRCL . DODOOODE+CS
1.00000003=E-09 drout/dt to trig opening PORDP
cressure tc trigger closing PVas L. 0000000E+CY
1.00000005+0% ime interval to open DTVOR
n pipe IPIEV 1 . Z000OOCDE+C3
node % from s-art of pipe INODE 1 DEVICE
time interval o close oTVCL npipelo0?
1.20000005-03 in pipe type valve 1
time o start apening TSOPV pipe contajring valve 7
1.00000005-09 segment ir this pipe 1
Pin ¢ srigger opening PINCE valve type 2
1.00000002-02 valve initial state 1
Pour -0 —rigger cpening POUTOR time to start closing TSCLV
Z.O0000000E+CS
-iq cpening PIRCF - inlet p to kriccer cloese PINCL
0.0000000E+CC
POROF d?in/dt to trig closing PTRCL
2. 0000000R+0S
OTVOR preggure to trigzer clasing BV0E
L20000002-03 2.0000000E+Q%
TEVICE in pipe IPIEV 1
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node % Erom start of pipe INODE 1
time interval tc close DTYCL
1.2000000 3
tire e start opening TSOPV
1.00000005-03
i Trigger cpening PINCP
£-03
trigger cpening POUTOP
~00
¢ irig cpening PIRDP -
23
“rig cpening POROP
1.0000000=-53
tiwe interval —c cpen DTVOP

1.20330082E+433
DEVICE
inpipeld?s
*Original FlowTran Version Z.32
values
in pipe type - wvalve
pipe centaining valwve
segment in this pipe
valve type
wvalve initial state
time te start clesing
1.G0330323E+03

irlet p tc trigger close DINCL
G.GOD2I2J2E+DD
4Pin/dt te trig clesing 2IRCL
1.CO02000E+09
ressure to trigger closing Elte]
1.6000000E+08
in pire IRIAV 1
nede # from start of pipe NODE 1
time interval to close DTVCL
1.2003000E+03
time to start opening TEoDV
1.C000000E+09
Pin to brigger cpeaing PINOP
1.CO00000FE+D8
Pout to trigger opening DouToR
©.CODRDODE+DD
dpin/dt te trig copening 2IROP -
1.C¢000300E+03
dPout/dt to trig orening 2ORDP
1.C00000DE+D3
time interval to ocen DTVOPR

1-2000000E+03
DEVICE

Irnpirelnos

ir pipe type - valve
pipe containing valve
segment in this pipe
valve bype

valve initial astate

time to atart closing
1.CO0000DE+Q9

inlet § to trigger clese
¢.CODDDOODDE+QOD

dPin/dt to trig closing
1.CO00000E+0S

pressure to trigger clesing PVGCS
1.CO000000E+09

in pips
node B from star:

time intesrval to close
1.2000000E+C3

time to start opsning
1.0000000E+CS

Pin to trigger opsning
1.0000000E+CS

Pout to trigcer opening
0.000000CE+CC

dPin/dt to Lric opening
1.CC00CQCE+CS

dPouk/dt to trig opening
1.000000CE+CS

time interval to open
1.2000000E+03

DEVICE

Inpipeldlo

+*0riginal FlowTran Versicn 1.31 In-Pipe CZontvrol
values

ipipv 1
INCDE 1
LTVCL

cf pipe

T5GPV

PINQP

FCUTOR

EIROP -

LCROP

LTVOP

in pipe tvps - valve IPCTYP 1
pipe containine valve IDIPE 1c
secment in this pipe IS3G 1
valve tyoe IVTYP 2
valve initial state LMCDV 1
time to start closing TSCLV
1.C000000E+0S
inlet p to krigoer clase PINCL
¢.CO00000E+QO
dpin/dt to trig closing PIRCL
1.C000000E+0%
pressure to trigger clesing VYOS
1.CO00N0ON0E+09
in zive IPIPV ]
node # from start cf pipe INUDE 1
timz intesrval to clcse DTVCL
1.2000000E+03
tine to start ovening TSCPV
1.C000N00E+03
Pin to triccer orening PINGP
1.CO00O00E+DS
Pout Lo tricger opening PCUTOE
CLCO0NON0E+N0
4dPin/dt Lo tric opening PIROP -
1.CO0000D0E+0S
dPout/dt to trig opening PGROP

1.0000000FE+03
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time interval Eto open
Z.Z000000E+C3
DEVZCE
Inpipel0il
in pipe type - valve
pipe contairing valve
gegment in this pips
vaive type
valve initial staks
time ta start closirg
1.30000002409
inlet p =o triggsr closs
3. 00000002+ 00
drin/d:z o trig closing
1.00000005+09
pressure to trigger closing
1.0000000E+00
in pipe
ncde ¢ from start of pize
time interval to close
1.29320303E+03
Tlwe Tc start opening
1.0000320E+00
Fin tc trigger opening
1.00000005+08
Fou —rigger opening
[ OUICUR Y
dFin/dt te trig opening
1.3000020E+09
dEcut/dt to trig opening
1.2030320E+09
time intevval to open
1.2330030E+03
ZEVICE
Inpipeldl2
in pipe type - valve
pipe centaining valve
segment in this pipe
valve type
valve initial state
time tc start closing
1.2000000E+09
inlet p to trigger close
0.0000000E+00
dFin/dt to trig closing
1.303000IE+09
pressure to trigger closing
1.93032000E+09
in pipe
node # from start of pipe
time interval te clese
1.2000000E+03
time te start opening
1.00330000E+09
Fin tc trigger opening
1.20D0000E+03
Bout to trigger cpening
0.0000000E+00
dpin/dt teo trig opening
1.2000000E+09
dPcut/dt to trig cpening
1.0000D00E+02
time interval to open
1.2000000E~03
DEVICE
Inzgipelnis
*(Qriginal Flow-ran Version 1.31 In
values
in pige type -
cipe containing va
seqment in this pipe
valve tyre
valve inizial state
time to start clesing
1.0000000E-09
inlet v te trigger cliose
0.0000000E~0D0
dPin/dt to trig closing
1.0000000E-22
rressure o trigger closing
1.0000000E-09
in pipe
node # from start of pipes
time interval to close
1.2000000E+03
time te start opening
1.0000000E+02
Fin to trigger opening
1.0000000E+02
Pout Lo trigger opening
0.0000000E+0D
dein/dt to trig opening
1.2000D20DE+0D9
dPout/dt to trig cpening
1.0000000E+02
time interval to cpen
1.2300000E+03
DEVICE
Inpipeldl4
in pipe type - valve
plpe containing valve
segment in this pipe
valve type
valve initial state
time to start closing
1.0000000E-022
inlet ¢ to trigger close
0.0000000E+30
dpin/dt to trig cleosing
1.0009300E+03

nDTvoR

IPDTY? 1
IPIPE

IS2G

INTYP 2
MoV 1
TECLY

FINCL
FIRCL
EVCS

IEIFV

INCIE 1
ZTVCL

i

TSCEY

EINCFE

BCUTCE

FIRCE

BORGE

2TVCE

LEDTYE 1
IFIFE
I5EG
TVTYE 2
LMCIV 1
TSCLY

PINCL
FIRCL
BVCS

IEIEY

INGZE
2TVCL

B

T3OFV
FINGE
POUTSE
BIRCE
POROE

DTVOP

-Pipe Contr

TPDTYE
1PLPE
ISEG
IVTYP
LMODV
TSCLV

)

PINCL

FIRCL

PVCS

IFIPY z
INCODE -
DTVCL
TS0FV
PINCE
POUTOR
PIRCP -
BCROE

DTVOP

IPDTYP z
IPTFE
I5EG
TVTYE
LMODV -
TSCLWY

PINCL

PIRCL

ol

La




pressure to trigger clesing
1.¢000000E+09
in pine
node # from starz of pipe

time interval to close
1.2000000E+03

time to start opening
1.C000000E+09

Pin to trigger opening
1.C000000E+09

Pout to trigger ovening
C.C000000E+QD

dPin/ct to trig opening
1.C00N0N0OE+0Y

dPout/dt to trig opening
1.C000000E+Q9

time interval to open
1.2000000E+03

DEVICE

Inpirel0ls

ByGCsS

IPIPV 1
INGDE 1
OTVZL
TS0PY
PINCE
POUTOP
PIROP

POROP

CTVOP

+*Original FlowTran Versicn 1.31 In-Pipe Jontrol

values
in wips bype valve
pire containing valve
segment in this pipe
valve tvee
valve initial state
time to start closing
1.CO00000E+DS
inlet » to trigger close
C.C000000R+0D
dPin/dt to trig closing
1.Co00000EYQ9
pressure to trigger clesing
1.0000000E+08
in pivpe
node B from gtart cf pipe
time interval to clese
1.2000000E+03
time Lo start opening
1.C000000E+C9
Pin to trigger opening
1.C000000E+Q2
Poib bto bri
©.0000Q00EYCD
dPin/dt Lo trig opening
1.0000000E+CY
dPout /it to trig opening
1.0000000E+CY
time interval to open
1.Z00000CE+C3
DEVICE
InpipelCls
in pipe btype - valve
pipe conkaining valwve
secmert ir this pipe
valve x
valve initial stake
time Lo etart Cloeing
1.0C0CCOCE+CS
inlat p Lo triggsr clese
0.000COCCE+CO
drin/sét ko trig closing
1.00CCCCCE+CY
preegure Lo Lrigger clesing
1.00000CCE+CS
ir pipe
node § from start of pipe
time inkerval to clcse
1-Z0000QCCE+C2
time to start opercing
1.000GCO0E+CS
Pin to trigger opsaning
1.0C0CCOCE+CS
Poub to btrigoer opening
C.000000CFR+CO
dPin/ct ko trig opening
1.0000CCAE+CS
d2out /it ko bric opening
1.700000QCCE+CS
time interval to apen
1.Z000CG0E+C3
DEVICE
TnpipelNl?

=r opening

IEDTYP 1
IPIPE 15
1535 1
IVTYR 2
LMCDY 1
TECLY

DINCL

PIRCL

nees

IEIPV 1
INCDE 1
CTVIL

TSGRV

EINOP
LCUTOP
FIROP

ECROP

CTVOR

IFDTY? 1
IEIPE 16
ISEG 1
IVNTYR 2
LMCDV 1
TSCLV

EINCL
EIRCL
FUCS

IFIBV

INCDE 1
CTVCL

[

TSCPV

FINDP

ECUTOP

LIROP

FCRO2

CTVOR

+*Jriginal FlowTran Versica 1.31 In-Fipe Control

values

in pipe Ltype - valwe
pipe rontaining valve
secgment ir this pipe
valve bvpe

wvalve irikial state

time to start closing
1.0000CACEsCY

inlet p to triccsr clcse
€.000000CE+CO
drin/cék to kri
1.0000000E+08
pressare to trigeer clesing
1.C000000FE+0%

in pipe
node # from starc cf pipe

time intexval to clese
1.2000000E+03

time to start opening
1.C0000O0OE+09

Pin to trigger opening
1.GC000000E+03

Pout to trigger ocening
C.CODODOUDE+DD

IECTYP 1
IFIPE 17
1583 1
IVTYP 2
LMCDY 1
TSCLY

BINCL

FIRCL

pvCs

I1PIDPY 1
INCDE 1
DTVCL

TSOPY

PINOP

pouTop
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dPin/dt to trig opening
1.0000000E+02

dPout /dt -o trig opening
1.0000000E~02

time interval to cpen
1.2000000E+02
DEVICE
Lnpipeldle

in pipe type
Fipe containi
gequent L
valve type

valve initial state

time to start closing
1.0000000E+09

inlet ¢ to trigger c.ose
0.0000000E«00D

dPin/dt to trig c.osing
1.0000000%~09

Fressure to trigger closing
1.00000002-09

in ¢ipe
node # from start of pipe

time interval to close
1.2000000=5+03

time to start opening
1.0000000E+02

Fin to trigger opening
1.0000000E+02

Pout teo trigger opening
0.00000008~00

dPin/dt o trig opening
1.000000 [

dPout/dt o Lrig opening
1.00000002-032

time interval to open
1.20000008-03

LEVICE

Inpipel0ls

FIROF -

POROP

DTVGE

IPDTYE pa

IFIPE 18
ISEG b
IVTYP
LroDv
TSCLY

RN

PIXCL

PIRCL

FVQ35

IP1PV z
INCDE
DTYCL
TSOFY
PINAP
POUTCF
EIRCE -
POROP

DTVOP

*Original FlowTran Version 1.31 In-Pipe Control

values

pe type - valve
pipe containing
segment in this pipe
valve Cype
valve initial state
time to start closing
1.00000002-02
inlet p ¢ trigger close
0.000000 g

—riq closing

chin/dt =
1.0000000Z-02
pressure o trigger clesing
1.0000000E-09
in pipe
node % from star: of pipes
time interval to close
1.20000005-03
time to start opening
1.0000000E-39
Pin to trigger opening
1.0000000%+09
Pout to igger opening
0.0000000%-00
dPin/dl t¢ trig opening
1.0000000%-09
dPoutfdb te rig opening
1.0000000E-02
time interval to open
1.20000008-023
DEVICE
Incipelozd
in gipe cype - valve
vipe containing valve
zecment in chis pipe
valve type
valve initial s:tate
time to start cleosing
1.0000000Z+29
inlet p crigger close
0.000000
dPin/dt te frig closing
1.0000000E+02
prassure
1.00000002-09
in pipe
node % from star:t of pipe
timg interval to close
1.20000008-03
time to
1.0000000=-09
Pin te trigger opening
1.0000000Z~02
Fout to trigger opening
0.00000002-00
dPin/dt to Lrig opening
1.0000000=+09
dPout/dt to trig opening
1.0000000E+02
time interval to open
1.2000000E+02
DEVICE
Inpipelozl
in pipe type - valve
pipe ¢ontaining valve
seqgment. in this pipe
valve type
valve initial state
time to start closing
1.2000020E+09

a

trigger closing

T apening

IPDTYP

IPIPE -
ISECG -
TVTVD
LMoy -
TSCLV

(¥}

PINCL

PIRCL

PVAS

IPIPV :
INCDE L
DTVCL
TEOPV
PINOP
PGUTOP
PIROP -
POROP

nTVGP

IPDTYFP T
IPIPE 20
ISEG L
IVTYP 2
LMODYV

TSCLY

PINCL

PIRCL

PVOE

TPIEY L
INGDE L
DTVCT

TEOPY

PTXOR
POUTCOR
PIROE

EOROP

DTVOE

IPLTYP i
IPTFE
ISEG
IVTYE z
LMoV 1
TSCLY

[EN)
b




irlet ¢ Lo trigger clcse
C.CODODODE+DD
dpinsdt to trig closing
1.C00NN00E+DY
presgure to trigger closing
1.CO0DDDDE+QS

in sipe

node # from starc of pipe
time interval to close
1.2000000E+03
time to start opening
1.C000000E+03
Pin to trigger opesning
1.0000000E+0Y
Pout to trigger opening
©.0000000E+CQ
4rinjck to kric opening
1.0C0C0CCCE+CS
doout/dt to trig opaning
1.0CCCCCCE+CY
irtervsl ko open
Z0CCCCCE+CY
DEYITE
Inpipelc22
in pips tyvpe valve
pipe cortairing wvalwve
segmert in this pipe
valve type
valve iritial state
time to start closing
L .0CCCCCCE+OE
inlet p to trigger close
0.0CCCCCCE+O0
drin/dt ts trig closing
1.0CCCCCCE+0T
pressure to trigger closins
1.0000C00E+00

in pipe

nede # from start of pipe
Time interval to close
1.20300000E403
time to start cpening
1.2200000E+09
Fin to trigger opening
1.9900000E+00
Fcut to trigger cpening
9.00200000E+00
drin/dt to trig cperirg
1.2000000E+0%
dFouit/dt to trig cpering
1.3000000E+09
time interval to cpen
1.2000000E+032
QEVICE
lapipelizd

PINCL
PIRCL
el

IPIPV

INQDE 1
DTVCL

-

TECPV

PINGP

FQUTOP

FIROP

ECROP

gt el

IP2TY2 1
IEIPE 22
I5EG 1
IYTY2 2
LMCDV 1
TICLV

FINCL

PIRCL

PVOS

1E1BRY z
INOD=E L
DTVCL

TSOEV

PINCE

POUTCE

PIRCFE -

PORGE

DTVCE

*Original FlowTran Version 1.31 Ir-Pipe Contrel

values
in pipe type valve
rcipe containing valve
in this pipe
ype
valve inicial state
time ¢ scart clesing
1.0000
inlec p ¢ trigger close
0.0020000E+0D
sPin/d: te trig clesing
1.0022339E+22
pressure tc trigger closing
1.0020000%+33
in pipe
ncde # from start of pipe
time interval tc close
1.2003209E+23
time te starr cpening
1.0093032E+22
Pin tc trigger cpening
1.0032202E+403
Pout tc trigger cpening
0.0022323DE+DD
&Pin/dr te trig cpening
1.0030092FE+22
dPocut/dt te trig cpening
1.0023233E+23
time interval tc cpen
1.2000000E+03
DEVICE
Inpipeldzd
in pipe type - valve
ripe centaining valve
seqrent in this pipe
valve type
valve initial state
time te stars clesing
1.GOD3222E+405
irlet p to trigger closec
G.CODD3IDE+DD
dPin/dt to trig clesing
1.G0320533E+05
prassure to trigger closing
1.C0D2233D2E+D5
in pipe
ncde § from start of pipe
time interval te close
1.2003303E+D33
time to star:t cpeaing
1.COD332DE+D3
Pin te trigger cpening
1.C022020E+D9

TPDTYE 1
IPIPE 2
ISEG 1
IVTYP
LMODV 1
TSILY

3

5]

PINCL
PIRCL

PVOS

IPIEYV 1
INODE 1
DTYCL
TSOPV
PINCP
POUTOR
PIROP -
POROP

DTVOP

IPDTY| 1
IPIPE 24
ISEG 1
IVTYP 2
LMooy 1
TECLV

PINCL
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Pout tec trigger opening
0.0000000E+00Q

dFin/dt to trig opening
1.02000000E+02

deout/dt to trig opening
1.33232003E+09

time interval to cpen
1.2000000E+03
TEVICE

Inplipelonzs

POUTCP

FPLROP

PCROP

DTVOPR

*Criginal FiowTran Versien 1.31 In-Fize Control

values
in gige type valve
Tize containing valve
seament in this pipe
valve type
valve iniciai state
time to start ¢losing
1.0000000E-23
inlet v te trigger close
0.00000GAE~3D
dPin/dr be trig ¢losing
1.0000000E+23
pregeure te trigger clesing
1.00000G0E+23
in pipe
node # frem start cf pipe
time irnterval cc clcse
1.200C000E+)3
time to star:t cpening
1.000CGC00E+D3
Pir to trigger cpening
1.CC0CCCCCE+D
Pout to trigger cpening
C.CCLCCOCE+DD
drin/dt to trig opening
1.CCCCCCCE+DY
dPout/dt to trig opening
1.CCOCCOCE+DD
time interval to open
1.2¢CC0CCCCE+D3
DEVICE
Inpipellle
in pipe tvype - valwve
pipe containing valve
gegnent in this pipe
valve type
valve initial state
time to start closing
1.00000C0E+0S
inlet p to trigger close
0.0000000E+Q0
dPin/dt to trig closing
T.0000000E+CS
pressure to trigger closing
1.0000000E+CS
in pips
node # from stark of pipe
1e interval to close
Z.Z000000E+€3
time to start opernirg
Z.0000000R+C2
Pin ro triggsy operirg
1.00000008409
Pouz to :trigger operirg
o000 000E4C0
dPin/dy o trig opening
1.4000 + 09
dPout/dt to trig operirg
1.0000000E8+08
cime interval Lo oper
1.20000002403
DEVICE
Inpipeldza
in pipe =zype valve
pipe containirg valve
segment in thie pipe
valve type
valve initial state
tire to start closing
1.0000000340%
inlet p to trigger close
DL 00000308+ C0
drin/dL co trig closirg
1.33300332+09
pressure to trigger closing
1.000000024+09
in pipe
node # from start of pipe
“ire interval to close
1.2000000=2+03
—ime —o start opening
1.00000002+09
Fin ¢ trigger opening
1.00000002+00
Focut tc trigger opening
2.0000000E2+00
dFin/d:z o trig opening
1. 00300005+ 09
dEcuz/dc to trig opening
1.90000002+00
time interval to open
1.20000002+03
CEVICE
Inpipeldz?
in pipe type - valve
pipe ccnialning valve
segrent in this pipe
valve Lype
valve initial state

IPDTYP 1
IPIPE Z5
ISEG pa
IVTYP 2
TNODWV z
TECLV

PINCL

PIRTL

BPVOS

IPIPV z
INODE L
DTV CIL
TSOPY
PINOE
POUTOP
PIROP -

POROP

DTVOP

IPDTYP 1
IPIPE
1SEG
IVTYP 2
LMODY 1
TSCLY

o
o

PINCL

PV0E

rIrv 1
INODE 1
DTVCL
TSCPV

BINCP
PCUTCP
DIRCE

PCRGP

CTVGE

IPCTYP 1

IPIPR 2
ISEG i
IVTYP 2

LMCDV 1

TSCLY

FINCL

PIRCL

BVCS

IBIEV 1

TNGEE 1

CTVCL

TSCEV

FINGCF

ECUTCF

FIRCE

ECRCE

CTVCE

IELTYP 1
IEIER
ISEG
IVTYD 2
LMCEV 1

[N
)




Lime -o start clesing TSCLV
1.0000000%-03
inlet p o trigger <¢lose PINCL
0.000000 00
dPin/d:r e trig closing PIRCL
1.00000003-02
gressure To trigger closing pVis
1.00000003-09
in pipe IPIEV 1
node + from szart of pipe INODE 1
time interval ta close DTVCL
1.20000003-02
time to start opening TSOFV
03000 502
Pin -o trigqger cpening PINCP
1.003000002-02
Pout to ctrigger cpening POUTOR
0.00000 -2
dPin/d trig cpening PIRCP -
1.03003000E-232
drPouz/ crig eopening POROF
Cc cpen DTVOP
lnpipeld2s
in pipe Zwpe valve IPDTYF 1
pipe containing valve IPIPE 1
sggmens in this pipe ISEG 1
valve type IVTYE 2
valve iniczial state LMODV 1
time ¢ szar: closing TECLY
1.00000002-03
inle: p tc trigger close PINCL
a. 0DDT-3D
dPin/dr tec trig clesing PIRCL
1.C220200E+23
pressure te irigger closing PY0OS
1.0333350E+D3
in pipe IPIPV 1
node § from start of pipe INODE 1
Lime interval te close DTVCL
1.2300300E+03
time to start cpening TSOPY
1.G0900032E+09
Pin te trigger opening PINOP
1.03033322E+09
Pout tc trigger cpening POUTOP
Q.CIDIDIIE+ DD
¢Pin/dt te trig cpening PIRJP -
1.03920030E+33
GPeut/dr te trig opening POROP
1.G2DDDDDE+D3
time interwval tc cpen DTVOP
1.23202202E+03
UNITS KEYWORD
J/a SI/hr UNAME
multiplying facteor TMULT
2.777777BE+D5
adding facteor UADD
C.CDDBDDDE+DD
xg/fs
TJ/day
CONNECTION
hpache_Inlet
*0riginal FlewTran Verslion .31 Heater raculator
Comnection values
*
Type Know Press Juactlon 18
Temperature mode 1
fracticn of BWRSmixA 0
Zracticn of BWRBmixB 1
fraction of BWRSmMixC
G.GI33032E+DD
CONNECTTCN
Yarralccla
*
*
N
Conn type 1s Compressor Unit nc 24
air temp UTAIR
3.G303033E+02
max discharge temp UTMAX
3.EDDRDIIEHDZ
compresscr type NUTYFE 14
contrcl mede MUTOM 2
compresscr tc fcllew KUFOLW not_used
zet point USET
1.G203002E+07
maximum discharge pressure PDMAXY
1.0300000E+07
maximum pressure rise DPUMAX
3.5000000E4 086
minimur sucticn pressure PSMIY
5.0320003E+23
fuel use coefficient A FUELA
0.030392DIE+3D
fuel use ccefficient B FUELEB
0.0003020%+0D
fuel use ccefficient C FUELC
0.0203232E-33
sveed ccef in wax power W/rpm CEPVAX
0.00000002-00
max speed nmultiplier SPEEDE
1.00030005-03
max power mu.Ltiplier POWERR

L.0000000=-00
CORNNZCTICN
Wyloo_West
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+Original FlowTran Version 1..0 Heater regulater
Connectiorn values
*

Type Know Press Junction pas 18
Temperature mode MERTT 2
fraction of EWREWMixA ZMCON 0
fraction of BEWRSmixB ZMCON 1
fraction of BWRSMixC ZMCON 0
CONNECTITON

Farzburdoo

*Jriginal PlowTran Version 1.0
Connection values
*

Heater regulator

Type Know Press Junction prled 186
Terperature mode ME2TC 2
fraction of BWRSmixh EMCON 0
fraction of EWRSmixB ZMCON 1
fraction of BWREMixC EMCON o

CONNECT ZON

Turee_Creek

*0rigina’l FlowTran Version 1.10
Connectior valuesg

*

Heatexy regu-aktor

Type Know Prese Junction LC 18
Temperature mode MKPTS 2
fraction of BWRSmixd ZMCON 0
Fraction of BWRSmixB ZMCON 1
fraction of BWRSmixC ZMCON i}

CONNECTION
Newman

*Original FlowTran Version 1.170 Heater regulator

Cannectiar: valueg
*
Type Fnow Press Jurngtion Lc 18
Temperaturs mode MERPTC 2
fraction of BWRSmixa EMCON ]
fraction of BWRSmixB ZMCCN 1
fraction of BWRSmMixC ZMCCN ¥}
CGNNZCTICH
NewranT
=Hewrran Terniral
Connection typs is Zlow e Lc 4
pressure linit PHRZE(G
3.3030333003E4CE
tlow at highk pressure WREEGH
¢ . 0003000E4C0
flow at low prescure WREGL
3. 0000000E+CC
fraction of BWRSmixA ZMCCH 0
fraccion of BWRSmixE ZMCON 1
Eraction of BWRSmixD EMCCN 0

CONNECTION
Ilgarari_In

=0riginal FlowTran Version 1.19 Heater regulabor

Connecticn values

Type Know Press Junction LC 18
Terrperattre mode MXBTJ 2
traccion of BWRSmixa ZMCCN C
fractien of EWRSmixE ZMCCN 1
fraczicn of BWRSmixT ZMCCH C
CONNECTICN

Ilgarari

Ccnn type ls Compressor Unit LC 24
air zemwp UTAIR
3.00000003402

wax dischargs Eemp UTMAY
3.60000002+02

compressor type NUTYPH 15
cantrol mode MUCGHM 2
cerpressor to follow HUFCLW rot_used
seT point USET
1.000000034+07

maxirur disckarge pressure PRMAX
1.030300032+07

Taxlrur pressure rise CPEUMAX
3.9000000E40€

winirur scetion pressure FSMIN
5. 00030333+ 08

fuel use co icisck A FUZLA
4.0000000524CC

fuel use coefficlert B FUZLB
. 000300033400

fuel use coeffigiert C FUILC
3. 3330 030GE4C0

speed coef ir max power W/rpm CSPMAX
G, 0000000E4CC

max speed multipliexr SPEEDR
1.000030038+CC

mwax power multipliex POWERR

1.0000000B+0C

CONNECT ION

Three Rivers

*Original FlowTrar Version 1.10
Cannectian valusas

*

Heater regulator

Type Know Press Junction LC 18
Temperature mode MXPTC 2
fraction of BWREmixa ZMCON Q
fraction of BWRSmixBE ZMCON 1
fraction of BWRSmixC ZMCON 0
CONNECTION
2lutonieT
*2_utonic Gold Mine Delivery Statiaon
Connection btype iz flow reg plal 4
pressure limit DWRES

2.0000000E+CE




flcw at high pressure
0.002D33DE+3)

£low at low pressure
GC.CODODIDE+DD
ctien of BWRSmixh
ction of BWISmix3
rvacricn of IWRSmMixC
ONWECTICN

Cresw

ginal FlowTran Versian 1

Cornection values
*

Type Kaow Fress
Temperature mode
fraction of BWRSmMixA
fraction of BWRSmMiIXB
fraction of BWRSMixC
CONNECTION

Wiluna

+0riginal FlowTran versicn 1
Connection values

«

ancticn

WEEGH
WREGL
ZMCON 0
ZMCON 1
ZMCON 0

.20 Heater regulatcr

e 1
MEPTJ 2
ZMCOoN 0
EMCON 1
ZMCON 0

.13 Heater regulatox

Type Know Press Juncticn LC 18
Temperature mode MZPTJ 2
fraction of BWRSmixA EMCON G
fraction of BWRSmixB ZMCON 1
fraction of EWRSmixC ZMCCON c
CONNECTION
Wil_JunT
*Wiluna / Jundes Terminal Zelivery Station
Cornection btype is flow reg 1c 4
pressure limit PWRES
1.000CCOCE+CE
fiow at high prassure WREGE
0.0000C0CE+CO
flow at low pressure WRZGL
0.0000CCCE+CO
fraction of BWRSmixA EMCCN C
fraction of BWREmixB ZMCON 1
fracrion of BWREMixC ZMCON C
CONNECTION
ME_Keithk

*0rigiral FlowTrar Version L
Conrsctior. values
«
Type Know Press Junction
Temperature mode
fraction of BWRSmixA
fraction of BWRSMixE
traction of BWRSTix{
CQNNETTION
Mz_KeithT
=Mt FKeith Termninzl
Cennection type is flow rec
pressure limit
5. GC000CCE+DE
flow at high pressure
0.0000000E+00
flow at low pressure
2.0000000E+00
fraction ot BWRSmixA
fraction of BWRS
fraction of BHRSmIxC
CONNECT 20N
Leinster
“Criginal F.owTran Version 1
Ceonnectlon va.ues
~

Type Know Press Junction
Temperature node
fraction of BWRSmixA
fraction of BWRSMixB
fraction of BWRSmixC
CCNNECTION
LeinsterT
*Leinster Terminal
*
Connectlion type is Zlow reg
pressure 1imit
5.53000000E+08
flow at high pressure
2.0000000B+00
flow at _ow pressure
fraction of BWRSmixA
fraction of BWRSmixB
fraction of BWRSm-xC
CONMNECTZOM
Anaconda
*Qriginal F.owlran Version 1
Connection values
Type Know Press Cunction
Temperature node
fractlon of BWRSMixA
fraction of BWRSmixB
Eract.on of BWRSmixC
CONNECTION
AnacondaT
*Anaconda Terminal
Connection type :8 [low reg
sressure limit
1.00003002-08
flow ar high pressure
0.000000305-00
flaw at low pressure
0.00000002-00
fraction of BWRSmixA
fraction of BWRSm:xB
fraction of BWRSmix('

.10 Heater regulator

LC 18
MEPTC z
ZMZON i
ZMCON 1
ZMCON o
LC 4
PWREG

WREGH

WEEGL

ZMCCN a
ZMCCN H
ZMCCN a

.16 Heaker regulator

LC 18
MKPTJ 2
ZMICN ]
ZMCCN z
ZMCCN a
LC 4
PWREG

WEEGH

WREGL

CMCON 0
ZMZGH 1
ZMOCN a3

L3¢ Heater regulator

LC

MEPTT
ZMION
2MCoN
AMCON

&

N S

LT 4
DWREC

WREGH
WRECL
TMION 0

ZMTCH 1
ZMCCN a
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CONNZCTICN

Lecnera

<Criginal FlowTran Version 1.10 Heater regulator
Ccnnecticn values

=

Tvpe Xncw Press Junction LC 18
Temperature node MEETJ 2
fracticn of BWRSTixa ZMCCN G
fracticn of BWRSTixE ZMCON 1
fracticn of BWRSmix{ ZMCON o
CCNNECTICN
Jeedamya

*Criginal F_owTran Version 1.10 Heater regulator

Ccanecticn valies
W

Type Know Press Junction LC 18
Temperature mode MEPTJ 2
fraction of BWRSmixA ZMCCOM [
fracticn of EWRSmixB AMCON 1
fracticn of BWRSmixC EMCCN ]
CONMECTICN
Caxy

*Original FlowTran Versicn 1.30 Heater regulator
Connection values

Type Enow Press Junction LC 8

1
Temperature node MEETJ z
fraction of BWRSmMixA Zmco ]
fraction of BWRSMIxXB ZMCON L
fraction of EWRSmixC ZHMCON o
CONNECTION
CawseT
*Cawse Termina.
Connecticn type s flow reg L 4
oressure limit PWREG
1.0000000E-05
flow at high pressure WREGH
0.0000000E~00
flow at low pressure WREGL
0.0000000B-20
fraction of BWRSmMixh ZMCON 0
fraction cf BWRSTixBE ZMCON -
fraction cf BWRSmixC ZMCON a
CONNECTION
Kal_North

*Origiral FlewTran Versicn 1.1¢ Heatsr regulater
Jonrection values
*

o

Type Krow Press Juncticn L
Temperature mode MKPTJ

R N

fraction of 3WRSmixh ZMCON
fractior of 3WRSMixB ZMION
Eraction of BWISmixC ZMIDN
CONNECTION
Kal MNorthT
*Kalgoorlie Nerth Terminal
*
Connection type is flow reg LZ 4
pressure limit PWREG
E.BCCCCOCE+08
flow at high pressure WREGE
0.000000CE+00
flow at low rressure WREGL
€.C0COCOO0E+0Q0
fraction of BWRSMixhA ZMCON 2
fraction of EWRSMixE ZMCON 1
fraction of EWRSmixC ZMCON 3
CONNECTION
Kal West

*Orfginal FlowTran Version 1.20 Heater regulator

Connaction values
+

Type Know Press Junction nC 15
Temperature mode MEPTT 2
fraction of BWRSmixA ZMCON e
fraction of BWR3mix® IMCON 1
fraction of BWRSmixC ZMCON 9
CONNECTION
Kal_SouthT
*Kalgoorli¢ South Terminal
«
+
Connection type is flow reg o 4
pressure limit PWREG
5.S0C00000E+0R
flow at high pressure WREGE
0.000COOGE+00
flow at low vressure WREGL
0.0000000E+CQ
fraction of BWRSmMixA ZMCON o
fraction of EWRSmixE ZMCON 1
fraction of BWREmMixC ZMCOR o
TABLES KEYWORD TazleshA
tzble type HTABTY 23
plot files type Nz 2
time uniks NTURZT 5
fregquency of tanle o/p DTIME -
1.00000E+CC
CVALND & NAEERARY
units for CVALXND MUNZ 5
node number NPOEH 1
node rumber NPOSH 2
node rumber HZ0SH 523
node rumber NZ05H 522
node rumbar NPO5H 1027
node rumber HZUSH 1028
node rumber NZO5H 1150
node rumber NZOSH 1151
node number N205N 1378
node number NZOEH 1378
node number H205H 1392




node number NPOSH 1391 Nedfs ! HPOosW
EMASS A NARRAY Wiluna NPOSN
units for PHMASS NUNITS 1 Mt_Keith WPOSN
pipe nunber NPOSH 1 Leinster NPOSN
pipe nurber NPOSH 2 Anaconda NPOSH
pipe number NPOSN 3 Leonora H205N
p.pe nurber NPOSH 4 Jeedamya NPOSH
pipe number NPOSN 5 Cawse NPOSH
pipe numrher NPOSH 7 Kal North NPOSH
pipe nurber NPOSN & Kal_West HPOSH
pipe nurber NPOSH El Apache_Tniet NPOSH
pipe nurber NPOSN 11 END END
pipe numrbher NPOSN 12 INDPUTVARIABLES EEY¥WORD
pipe nurber NPOSN 14 nputvVariablesC
pipe number NPOSH 15 upper _imit HIGH.IM
pipe number NPOSN 15 L ..0000E+C1
pipe number NPOSH 23 Lower Limik LOWLIM
pipe numrber NPOSN 21 4. 00000E+C
pipe nurber NPOSN 2z rate limit RATELIM
pipe number NPOSY 23 5.000003-C2
pipe number NPOSXN 25 SETPOINT A NAREAY
WBEGIN A HNARRLY unizs for SETPOINT HNUNITS &
units for WREGIN NUNITS 5 yarralccla NECSN
pipe number HPOEN 1 Ilgarari HNECSN
pipe oumber NZOEN 2 ENLC END
pipe number N20SH 3 INFUTVARIAELES KEYWCRE
pipe number H2O5H 3 InputvariablesD
pipe numder NZDEN 5 upper limit HIGHLIM
i TuUmoer NZOSN 7 5.00000E+02
numser HNPOSN ] lower limit LOWLIM
Tamser HZOSNH 9 D.00000E+D0
numser HPOSH 11 rate limit RATELIM
MM Y NPOSN 12 L.00000E 0O
nmamzer NPGEN 14 GROUNITE A
namser NPCEN 186 units for SROUNDTE Z
namser NPGSH 18 number s
number NPCSN 20 nunber 2
number NFQSN 21 number 3
number NECEN 22 number 4
number NPOSN 24 number 5
nymher NPGEN 26 numrber 3
NARRAY nurker NPOSXY 7
units for WEND NUNITS [ nurber NPOSY 2
pipe rumber NEGSH 1 nurber )
pips rumber NECSM 2 nurkher e
pipe rumber NECSH 3 nurber ]
pipe rumber NECSHN 4 nurher T4
pipe rumbexr NECSN s number )
pips rumbar NECSN 7 number 15
pipe rumber NECSN 8 number 17
pipe nunber NECSN a number 16
pipe nunher NECQSN 11 number 20
pipe rumber NFCSN 12 number NPOSN 21
pipe nuomber NFOSN 14 number NPOSN 22
pilpe rumber NEGSH 1€ number NPOSN 24
prips number NECSN 18 number NPOSH 2
pips number MEGSHN 20 number NPOSN 25
pips numher NFO3H 21 number NPOSN 27
pipe nunber NPOSN zZ END
pipe number NPOSN z4 INPUTVARIAZLES KEYWORD
pipe number WPOSN Z6 IrputvariakleskE
ZND EXD upper limit HEIGELIM
CPOWER A RRAY 1.CCCCCE+O9
units [or CPOWER NIXITS Z lowsr limit LOWLIM -
Yarrzloola NPOSN 1.CCCCCE+O3
Ilgarari XPOSH rate limit RATELIM
TMASS A NARRAY 1.C0C00E+09
units for TPMASS NUNITS 4 TEMPERAT A NARRAY
5Ca.0Y NPOSN z vnits for TEMPERAT NUNITS 2
NARRAY apache_Inlet RPOSN
KUNITS 3] END END
NPOSN INPUTVARIABLES KEYWORD
NPOSN InputVarianlesF
END upper limit EIGELIM
INEUTVARIABLES KEYWCRS 1.00C0C0E+Q%
Inputva blesh lower limit LOWLIM
upper Limit HIGHLIM 1.00000E+08
2.00000E+D3 rate limit RATELIM
lower iimzxz LOWLIM 1.00000E+09
2.00000E+00 MOLEMIXA B RARRAY
rate iimic RATELIM units for MOLEMIXA NUNITS 2
5.00000E+01 Apache_Inlet RNPOSH
HPFLOWL A NARRARY MOLEMIXE A NARRAY
units for HEFLOWL NUNITS v uwnits for MOLEMIXE NURITS 2
NewmanT NPOSH Apache Inlet HEPOSH
PlutonicT NPOSN MOLEMIXC A NARRAY
Wil _JunT NPOSN units for MOLEMIXC NUNITS 2
Mt _XeithT NPOSN Apache Inlet NZ05H
LeinszerT NPOSH END END
AnacondaT NPOSN STEADY STATE KEYWORD
CawzeT NPOSN Steady00001
Kal _NorthT NPOSN option I0PT 10
Kal SouthT NPOSN Max ratio between time steps S8INC
ENT END Z.Z0000E+CC
THPUTVARIABLES KEYWCRD Time to steady state valuesg STIME
InputVariablesB 1. 00000E+07
upper limic HIGHLIM Anaconda CNAME
1.100008+01 press urnits for BEW TPURNIT 5
lower Ixmit LOWLIM pressure or flow B2W
0.00000E+00 F.LZI000E«CC
rate g KATELIM units Ior TEMP ITUNTT 2
5.00000=-02 temperature TEMP
PRESSURE A NARRLY 1.00000E+C1
un>+s fcr PRESSURE NUNITS 5 AnacondaT CHAME
Wyloa Weat WPOSN units far WREGS IWONZT ?
Faraburdoo NPOSN flow at kigh P WRESH
Turee Creek NPOSN 4.58000E+C2
Newman NPOSN flow at low P WREGL
Ilaarari_In NPOSH 0. 00000E+CC
Toree_Rivers NPOSH units for TEMP ITUNIT 2
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temperature
2. 0CCCCE+C]
Apacke Irlet
presg unite for BEY
pressure or flow
&.0CCCCE+C3
urits for TEMP
temperaturs
3_0CCCCE+C]
Cawse
press units for BEW
pressure or flow
6.7YCOCE4CO
units for TREMP
temperaturs
CGE+GL
CaweeT
vnits for WREGs
flow at kigh P
2.29CCCE+02
flow at low P
0. 0CCOGCES GO
units for TEMP
temperaturs
3.0CGCC0E+CL
Ilgarari_In
press units for BPW
pressure or flow
6.3CCCCE+00
vnits for TEMP
temperaturs
2. 0GCCCE+CL
Jeedanya
press unite for BEW
pressure or flow
6. 26000E+C0
units for TEMP
temperature
3.30C00E+0L
Xal Nerth
press unite for BRW
pressire or flow
6 .61000E+00
units for TEMP
temperature
3.00000E+01
Xal_NorthT
units for WRESsS
flow at high 2
2 .HZ000E+DZ
flow at low 2
3.00000E+00
units for TEMR
renperacure
3.00000E+0%
¥al South”
units for MWREGE
flow at high 2
7.20000E+02
flow at low ?
2.00000E+00
units for TEMP
temnperature
3.00000E+0%
Kal West
Tpress units for BPW
pressure or fiow
5.60000E+070
units for TEMP
temperature
3.00000E+01
Leinster
press units for EPW
pressure or {.Low
7 .34000E+00
un.ts for TEMP
temperature
3.00000E+0%
Leinster?
units for WREGs
tlow ar high 7
3.330008+02
f_ow at _ow P
0.00000E+00
unzts for TEMP
tenperacure
3.000008+0%
Leonora
press units for EPW
pressure or flow
7. 06000E-00
un.ts [(or TEMP
Temperature
3.00000E+02
ML ¥eith
" press units for BPW
pressure or fliow
7.RA0O0E+DD
un.ts for TEM?
temperature
3.00000F+00
Mt KeithT
T units for WRESs
flow at high ?
L25000E+02
flow at low @
-J0000E+0D
units for TEM?
temperature
LJ0000BE+0L

-

©

[N

TEM?

CNEME
IRVNIT
SEW

ITUNZIT
TEM?

CHAME
IPINIT
apW

ITUNZIT
TEMP

CNAME
TWUNIT
WREGH

WREGL

ITUNIT
TEMZP

CNAME
IPUNIT
BPW

TTUNTT
TEMP

CNAME
IPUNIT
BP%

ITUNIT
TEMP

CNAME
TPUNIT
BPW

ITONIT
TEMP

CXAME
IWCNIT
WREGH

WREGL

ITUNIT
TEMFE

CHAME
IWUNIT
WREGH

WREGL

ITUNIT
TEME

CHNAME
IPUNIT
BEPW

ITUNIT
TEMF

CHNAME
IPUNIT
BPW

ITUNIT
TEMP

CNAME
IWUNIT
WREGH

WREGL

ITUNIT
TEMP

CNAME
IPUNIT
BPRW

ITUHIT
TEME

CNAME
IPUNIT
BPW

ITUNIT
TEMP
TNAME
IWUNIT
WREGH
WREGL

TTUNIT
TEME

[N}

X

[

¥}

X}

[¥

(X}

8]

5]

S]
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se units fcr BEW
prassure cr flow
©.2C0CCE+DD
urits for TEME
temperature
3.COCCCE+DL
Newmar
3 fcr BEW
r flow
7.25C0CCE+20
urits for TIME
temperature
3.CCCCCE+DL
NewmanT
urite for WREGs
£low at nigh P
2.35GCCE+D2
flow at lew FE
C.CCCCCE+D0
urits for TEMP
temperature
3.0G0CCE+DL
Paraburdoo
press units feor BEW
pressura cr flow
8.440GCCE+OD
urits fcr TEME
temperature
3.0CCCCE+DL
PlukonicT
urite for WREGs
flow at high P
1.12CCCE+02
flow at lew F
C.CCCCCE+DD
unite for TEME
temperature
3.GCCCCE+NL
Three_FRivers
press units for BEW
pressure or flow
S.3ECCCE+ON
units for TEMP
temperature
3.CCCCCE+D]
Turee Creek
press units for BEW
pressure or flow
F.E4000CE4+00
units for TEME
temperature
3.00000E+0Q1
Wil JunT
tnits for WEEGS
flow at high F
1.70000E+02
flow at low P
70.00G00B+QQ
units for TEMP
temperature
3.00000E+01
Wiluna
press units for BPW
pressurs or flow
a.37000E+C0
units Zor TEMP
temperature
1.00000E+C1
Wyloo West
press units for BEW
pressure or flow
2.31000E+CQC
units for TEMP
temperature
2.00000B+C1
STEADY STATE
Steady000C2
option
Max ratio between time szeps
1.Z20000B+0CQ
Time to skteady state values
3.00000E+C7
Anaconda
press unites for BPW
pressure or flow
F.LZ000E+CC
units Zor TEMP
temperakture
.000Q0E+C1
naconda’
units Zor WREGS
flow at hich P
4.58000E+Q2
flow at low P
0.00000E+00
units for TEMP
temperature
3.C00000E+0]
Apache_Inlet
prgss units for BPW
pressure or flow
€. COCOCE+D3
units for TEMP
temperature
3.C0CCCE+0L
Cawse
press units for BPW
pressure or flow
€.77CC0E+00

3
it

CRAME
IPUNIT
BPW

ITUNIT
TEMP

CHNAME
IPUNIT
BPW

ITUNIT
TEMP

CMNAME
IWUNIT
WEEGH

WREGL

ITUNIT
TEMP

CNAME
IPUNIT
BPW

ITUNIT
TEMP

CHNAME
IWUNIT
WREGH

WEEGTL

ITUNIT
TEMP

CNAME
IPUNTT
EDPW

ITUNIT
TEME

CNAME
IPUNIT
BPW

ITUNIT
TEMP

CNAME
IWUNIT
WREGE

WEEGL

ITUNIT
TEMP

CHAME
IPUNIT
BZW

CHAME
TFUNIT
BPW

KEYRORD

1027
S5IKC

5TIME

CNAME
TWURLT
WREGE

WREGL

ITUNIT
TEMP

CHAME
IPUNIT
BPW

ITUNIT
TEMP

CNAME
IPUNIT
BPW

w

w

B

v

10

[



units for TEMR
temperature
3.00000E+02
CawseT
units for WRESsS
fiow at high 2
2.2900Q00E+02
fiow at low 7
2. 20000E+D0
units for TEM2
terperature
3.00000E+02
Ilgarari_In
press units for EBPW
pressure or flow
4. 30000E+00
units For TEM?
temperature
3.00000®+0"
Jecdanya
press units for BPW
pressure or flow
4. 96000E+00
units [or TEM?
temperatire
3.00000E+07
Kal_MNorth
press units lor BPW
pressure or flow
4. 5.000E+00
units for "EM2
temnpera-ure
3.00000FR+0%
Kal_Horth”
units for WREGs
flow at high ?
5.52000E+02
tlow ar low P
D.00000E+00
units for TEMF
temperature
3.00000E+0%
Kal_SouthT
units for WREGS
flow at high ?
7.30000E+02
Elow at low P
J.00000E+00
units for "EMP
tepperature
3.00000E+0%
Kal West
press units for BPW
pressure or flow
4.500002+00
unizs fer TEMP
Laemperature
3.000002-01
Leinster
press uniis fcr EPW
pressure or flow
7.54000=2-00
unics far TEME

unizs fcr WREGE

Elcw az high P
3.33000E-02

flow ac low F
0.03000E~3D

unics for TEME

Lemperature
3.00000E-01
Laoncra

press units for BPW

pressure or fleow
7.06000E-20

unizs fcr T=EME

:err.pera:ure
3.000002-01
Mt_Zeith

press uni-s fEor BPW
pressure or flow
T.8E0003-00
units fcr TEMP
Temrperatuxe
3.000002-01
ML_EeithT
T units for WREGs
flow at high ©
4.250005+02
flow at low T
0.00000E+00
units Faor TEM?
tenperature
3.00000E+02
Hed' s Creer
press units for BPW
pressure ov flow
9.200008+00
units for TEMP
temperature
3.00000E+02
Mewman
press units for BPW
pressure or flow
T.R5000E+00
units for TEMP

WHREGH

WREGL

ITUNIT
TEME

CHNAME
TPUNIT
BEW

ITUNIT
TEMF

CHAME
IPUNIT
BPW

ITUNIT
TEME

CNAME
IPUHIT
BEW

ITUNIT
TEME

CTNAME
TWUNIT
WREGH

WREGL

ITUNIT
TEME

CHNAME
TWUNIT
WREGH

WRECGL

ITUNIT
TEMFE

CTNAME
IPUNIT
EPW

ITUNIT
TEMF

CNAME
IPUNIT
BPW

ITUNIT
TEMP

CNAME
IWUXNIT
WREGH

WREGL

ITUNIT
TEMP

CNAME
IPUNIT
EPW

ITUNIT
TEMP

CNAME
IPUNIT
BPW

ITUNIT
TEMP

CNAME
IWUNIT
WEEGH

WRECL

ITUHIT
TEMP

CRIME
TPUNTT
BEW

ITUNIT
TEMP

CNAME
IPUNIT
BPW

ITUNIT

[
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temperature
2.00000B+01
NewmnanT

units for WEEGS

flow at high P
Z.3500CE+02

flow at low P
C.00000E+00

units for TEMP

temperature
2.00000E+Q1
Paraburdoo

press units for BPW

pressure or flow
8.44000E+CC

enits Ior TEMP

temperature
2. 00C000E+01
Plutonict

vnits for WREBGS

flow at high F
1.1Z000E+C2

fiow at low P
0.0LOCOE+CE

wnits r TEMP

temperature
2. 00000E+C1
Three Rivers

press units for BPW

pressure or flow
2.36000E+CC

units for TEMP

ternperature
3.00000E+C1
Turee_Creek

press units for BPW

pressure or flow
F.E4000E+CE

units Zor TEME

temperature
3. 00000E+01
wil_JunT

units £or WREGS

fiow at high P
1.TO000E+C2

flow at low P
0.00000E+CC

units for TEMP

terperature
2.00000E+C1
Wiluna

press urits foy BEW

pressure or flow
£.37000E+CC

units for TEMP

tenperaturs
31.00000E+CL
Wy_00_West

press urnite

pressure or flow
9.310008+CC

unics for TEMP

temperature
3.00000E+C1
ZNDEGAS

TEM?

CNAME
IWUNTT
WREGE

CHAME
IWUNIT
WRESH

WREGL

ITUNIT
TEMP

CNAME
IPUNIT
EPW

ITUNIT
TEMP

CNAME
IDUNIT
BEW

ITUNIT
TEME

(X}
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