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ABSTRACT

Automatika, Inc. was contracted by the Department of Energy (DOE) and with co-funding from
the Northeast Gas Association (NGA), to develop an in-pipe natural gas prototype measurement
and wireless communications system for assessing and monitoring distribution networks. This
projected was completed in April 2006, and culminated in the installation of more than 2 dozen
GasNet nodes in both low- and high-pressure cast-iron and steel mains owned by multiple utilities
in the northeastern US. Utilities are currently logging data (off-line) and monitoring data in real
time from single and multiple networked sensors over cellular networks and collecting data using
wireless bluetooth PDA systems.

The system was designed to be modular, using in-pipe sensor-wands capable of measuring, flow,
pressure, temperature, water-content and vibration. Internal antennae allowed for the use of the
pipe-internals as a waveguide for setting up a sensor network to collect data from multiple nodes
simultaneously. Sensor nodes were designed to be installed with low- and no-blow techniques and
tools. Using a multi-drop bus technique with a custom protocol, all electronics were designed to be
buriable and allow for on-board data-collection (SD-card), wireless relaying and cellular network
forwarding. Installation options afforded by the design included direct-burial and external pole-
mounted variants. Power was provided by one or more batteries, direct AC-power (Class | Div.2)
and solar-array.

The utilities are currently in a data-collection phase and intend to use the collected (and processed)
data to make capital improvement decisions, compare it to Stoner model predictions and evaluate
the use of such a system for future expansion, technology-improvement and commercialization
starting later in 2006.

Phase 111 Final Report i



GasNet™: Gas Main Sensor & Communications Network System

Table of Contents

I. EXECUTIVE SUMMARY

Il. TECHNICAL DISCUSSION

1.0 INEFOAUCTION ...ttt ettt et b e bbb 4
2.0 PrOJECT OVEIVIBW. .....eitieiiiiiie ettt sttt sttt sb et e st e te st e beebe s st e sbeetesseenbeanne s 4
3.0 Technology REIEVANCE ..........cciiiiiiiiiiceee e 5
3.1  Vision and Discussion of Improvement over Existing Technologies............cccccceeveinennens 5
3.2 QUANITALIVE BENETILS .. .veiiii e e e aaeas 6
3.3 Quantitative Benefits - RoOUgh EStIMALES.........ccooiiiiiiiiiieece e 6
3.4  Application Examples and Demonstration of Engineering Breakthroughs..................... 7
4.0 Background - Technical State 0f the Art........ooooiiiiiii e 9
O R @ V=T VT PSSR 9
4.2 GasNet Phase | RESUILS ......c.oiuiiiiieic e e 10
4.3 GasNet Phase 1 RESUILS........cuoiiiiie e 10
5.0  SyStem DeSIGN CONCEPL .....c.eiieiiieiieiierie sttt bbbttt ne e 12
TN A @ V=T V1 OSSPSR 12
T O o1=] o A B 1T ] o] £ o] o USSR 12
5.3 INSEAHALION CONCEPL ...ttt 14
6.0  System DesSign DeSCIIPLION ........c.cccviiiieieiie ettt sae e 15
T R O 1V = oV 1= PRSPPI 15
6.2 SENSOM-WANG.......eiiieiiiie ittt ettt et re e teeseesseesteeneesteenteeneesseeeeeneeneas 16
6.3 EIECtroniCS ENCIOSUIE ......ccuiiiieiiiiiieee e 18
6.3.1  OVEIrall HOUSING....cueiiiieieiiii ittt ettt st 18
6.3.2 Electronics BOArds (PCBS) ........cccuiiiiiiiiiiiieieie ettt 19
OTR T I T= {0 1T =T o o PSS 19

TR I = T [0 T O S 19
6.3.2.3 DAtalOgQEr-PCB .......oiiiiiiiiiiicieee e 20
8.3.2.4 WITEIESS-PCB ...t bbbttt sb et 20

8.4 BAErY UNIT..ciiieiiiiii ettt 21
6.5  Operational ConfigUIrAtioNS............ccviieiieiie it 22
6.5.1 Valve-Box (Datalogger & Wireless SIave) ..o 22
6.5.2 Pole-Box (Wireless Repeater and MASEEI) .........ccvveririreninieiieieee s 23

6.6 NO-blow wand iNStallation ...........cccoiiiiiiiiii s 23
6.7 Data ColleCtion APPrOACK ........coouiiiiiieiesee e e 24
6.7.1 Graphical User INterface - GUI .........cccooiiiiiiee s 24
6.7.2  Wireless BIUBLOOTh PDA ......c..oiiiieiee e 24
6.8  SOftWare ArChITECIUIE ........ooeiiiii e 26
7.0  EXPerimental RESUITS.........ccooiiiieic et 28
7.1  Laboratory Testing & Calibration..........ccccovveieiiiii e 28
7.2 Independent Calibration Validation............ccccooeiiiiiiniiee e 29
8.0  Field-Trial Validation..........ccccooiiiiiiiiiiieee e e 30
8.1  CONEd INSTAIALION .....eeviiiieiec e bbbt 30
8.2 KeySpan INStallatioN ..........coeo i e s 33
8.3 NIMO INSTAHALION ...t 36
9.0 Data Collection and INterpretation .............cccviieiieii e, 39
9.1 DALA SEES ...ttt h et h et b e ehr e e be e nnn e reennean 39

Phase 111 Final Report iii



GasNet™: Gas Main Sensor & Communications Network System

9.2
10.0
11.0

1.0
2.0

Data Evaluation SUMMATIY .......cc.oiiiiiiiiiieieieeee e bbb 43
e 0] [Tot AU ] ] 4= YRS 44
Conclusions and RecOMMENdatioNS...........c.eoiieiiiiiie e 46

I1l. APPENDICES
ACKNOWIEAGEIMENTS ...t sbe e re e eree e 49
PATENTING ...ttt bbbttt bbb bbb 49

Phase 111 Final Report iv



GasNet™: Gas Main Sensor & Communications Network System

Figure I1-1 :
Figure 11-2 :
Figure 11-3 :

Figure I1-4 :
Figure 11-5:
Figure 11-6 :
Figure I1-7 :
Figure 11-8 :
Figure 11-9 :

Figure 11-10 :
Figure 11-11 :
Figure 11-12 :
Figure 11-13 :
Figure 11-14 :

Figure 11-15

Figure 11-16 :

Figure 11-17

Figure 11-18 :
Figure 11-19:
Figure 11-20 :

Figure 11-21

Figure 11-22 :
Figure 11-23 :
Figure 11-24 :
Figure 11-25 :
Figure 11-26 :
Figure 11-27 :

Figure 11-28 :
Figure 11-29 :

Figure 11-30 :
Figure 11-31 :

List of Figures

State-of-the-Art picture gallery covering sensing, sensor-processing and computing,

communications, power and lIVe-pipe aCCESS.......cciverurrrereereeieseerieseeseeseesreeses 11
Overall GASNETTM system concept: Sensing-, RF-Communications, Computing-
and Power System with an Installation VIeW ..........c.ccooeiiiiiieniiiccs 13

Overall GASNETTM system concept: Urban Deployment & Operator Console Inter-

-1 PO U USSR UPTR 13
GasNet installation concepts - Master, Slave & LOGQEr ........ccccovveienenereninenine 14
GasNetTM System Overview and as-built ready-to-ship assembly ............c..c........ 15
Sensor-wand design and associated Sensor [ayOut ..........ccccvvvieeieninnieie e 16
Sensor-plug design and associated COMPONENTS.........ccvvververierieeriesie e 16
Simplistic block-diagram of electronics architecture.............cccooveveiveiieve e, 17
Populated sensor-wand asSEMBIY .........c.oiiiiiiriiei s 17

Fully assembled sensor wand installed in a test-pipe..........ccooeveieieicnencncnenen 18
Electronics ENCIOSUIE UNIt..........ccoiiiiiiieie e 18
SENSOI-WaNG PCBS .......ooiiiii ittt nre s 19
BrIAGE PCB ...t 19
D 17 Lo To o[- gl = O = S S S 20
TWVIFIESS PCB ...ttt 20
Battery power enclosure With diSCharger ... 21
: Valve-box field installation deSign ........cccooveveiieiieie e 22
Pole-mounted master/repeater electronics/power installation..............cccoceeenienns 22
No-blow installation toolS and SEUP .........ccveveiieriiiiiee 23
GUI screen-capture layout showing real-time single-node data................ccceeveee. 24
: Wireless bluetooth enabled PDA unit for field data-collection ............ccccccoeveenee. 25
Software mode flow chart diagram ... 27
Laboratory testing and calibration pipe Network SEtUp ........c.ccoveveeieeveevecieceeen, 28
SWRI Metering Test-Loop Calibration SEtUP ........ccoeveiieiieniie e 29
Field trial setting with ConEd in New Rochelle, NY ......cccoooviiieviiieniieceee 30
Cast Iron installation site with ConEd in New Rochelle, NY .......cccccooeiiiiiiniinnns 31

Installation Image Collage - Low Pressure Cast-Iron - Dataloggers - Consolidated

Edison - NeW ROCNEHE, NY ..eeeiiiiiiie e 32
Field trial setting with KeySpan in East Rockaway, NY ..........cccccoveviiivieiiciienns 33
Installation Image Collage - High Pressure Steel - Wireless Spider Network - Key-

Span - East ROCKAWAY, NY .......coiiiiiiiiiiieie e 35
Field trial setting with NiMo in Glenns Falls, NY ........ccccooeiiiiiiiiii e 36

Installation Image Collage - High Pressure Steel - Wireless Star Network - Niagara

MONAWK = GIEN FallS, NY ..ottt e e e ane e 38

Figure 11-32 : Typical gas main flow-speed data-10g plot..........ccccoevviiiiiciicc e, 39
Figure 11-33 : Steel Gas Main Pressure - Representative data-1og plot ............ccooeveiiiiiiiniienn. 40
Figure 11-34 : Cast Iron Gas Main Pressure - Representative data-log plot..........ccccccoevviveiveienen. 40
Figure 11-35 : Gas Main Water Content Data-PIOt ..............cccccviieiiiiiiiecee e 41
Figure 11-36 : Temperature data-log - Multi-node temperature distribution..............cccoeevvierennne. 42
Figure 111-37 : GasNet Patent #6,778,100 COVEr PAQE ........ccccververieerieeieseese e ee et 49
Phase I11 Final Report v



GasNet™: Gas Main Sensor & Communications Network System

List of Tables

Phase I11 Final Report

Vi



GasNet™: Gas Main Sensor & Communications Network System

|. EXECUTIVE SUMMARY

Gas utilities have little, to no, information about the in situ process variables in their gas distribu-
tion networks. This severely hampers gas distribution infrastructure management efforts.

Automatika Inc., in partnership with the NorthEast Gas Association (NGA!) and its associated
utilities, under funding from the Department of Energy (DoE) National Energy Technology Labo-
ratory (NETL) Strategic Center for Natural Gas (SCNG), developed a cast-iron and steel gas main

system called GASNET ™, a stand-alone, distribution pipeline sensor network system for real-

time monitoring of live distribution gasmains. The objectives of the GASNET ™ program are to
provide gas distribution utilities with the information they need to 1) access, maintain, monitor,
and repair gas distribution systems, 2) track distribution system related activities - particularly
third party activities which may pose safety concerns, and 3) model and design new networks.

GASNET™ s a wireless, self-powered stand-
alone or network of open-hole no-blow installed
and post-restoration accessible field-sensors capa-
ble of measuring, storing and communicating wire-
lessly through the pipe, key process variables such
as pressure, flow, vibration, etc. The data is stored
in on-board removable memory-media and can
also be sent in real time to a utility’s central-control
station. This process information will allow utili-
ties to monitor the delivery process across their
entire network from a single computer-console.

The GASNET™ system concept addresses 5 key

needs of gas distribution network managers. The

system can 1) detect certain types of third party

damage, 2) enable detection of leaks, 3) result in

cost effective monitors and sensors, 4) result in virtual models for gas system analysis, and 5) pro-
vide improved and cost effective data acquisition, system monitoring, and control capabilities.

The entire three-phase project effort for the development and field-deployment of a prototype

GasNet™ system has been very successful overall. The main technologies, ranging from sensing,
communications, software and display to in-field installation, safety design, real-time and off-line
data logging were shown to be feasible in both cast-iron and steel mains. The project resulted in
the development of three key technical subsystems (sensor-wand, electronics and power system)
as well as the embedded software and graphical user interface (GUI) to collect, display and store
all the measured data. The wand design was developed as a modular unit to allow for the inclusion
of flow- and wireless components for various-diameter pipes. The wand-plug was designed to be
used with existing live-pipe installation tools and methods for both low- and high-pressure mains,
regardless of their size. The electronics were designed around a modular concept for key modules
(sensor, datalogger, bridge, modem, etc.) to sit on a common bus and make customization of the
system for various models (datalogger, wireless-node, etc.) straightforward. The power system
was designed to be flexible and allow the use of batteries, solar-cell or even AC power hook-up
(with converter). All pipe-external electronics were housed with components capable of extended

1. NGA (NorthEast Gas Association) is the association of publicly owned gas utilities in NY State. Through
its research and development committee it provides funding and supports a portfolio of innovative
R&D projects.
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burial and immersion in the elements (water, soil, etc.), while also allowing The design for live
low-/no-blow installation in low-/high-pressure distribution mains (cast-iron/steel) of multi-sen-
sory probes (using existing commercial tools and methods), coupled with external data-sampling,
-collection, -storage and -communication software and hardware was proven to be a very viable
approach for instrumenting critical distribution network sections. The flexibility of he design to
include the ability to tailor the system to local datalogging with wired/wireless data-dump, and the
ability set up pipe-internal communication networks and cellular real-time data-links for real-time
monitoring proved to be technically feasible. Critical areas of safety-design, logistics and system-
modularity were addressed successfully in this program, resulting in multi-dozen units currently
installed and operational in the field.

The selected sensors and the distributed microprocessor system were shown in the lab and field to
perform as expected, in both low-pressure (sub-atmospheric) and high-pressure (up to 85 psig -
limited by pressure-sensor saturation) environments. The wireless communications link was also
shown to work in a dynamic network setting, with varying operational modes implemented in
software (emergency, monitor, datalogger, alarm, etc.). The modularity of the system allowed it to
be configured in a variety of models (datalogger, slave, master, repeater, etc.), with multiple data-
interfaces (batch-log, bluetooth-dump, cellular-relay, memory-card exchange) and various exter-
nal power-options (battery, solar-cell, AC-drop). Each of these options was implemented and is in
one combination or another installed in the field. For the real-time cellular-relay, the graphical
user interface (GUI), was developed for flexible data-display, -conversion and data-storage in an
accessible database for each utility. Said GUI is also used to collect and store data collected in the
field (via bluetooth PDA or memory-card exchange) into the same database for later access and
processing.

Field installations included low-pressure
cast-iron datalogger nodes with PDA-
based bluetooth data-collection inter-
faces, spider-/star-networked master/
repeater/slave networks in higher-pres-
sure steel mains with cellular data-relay
and remote GUI display of quasi real-
time data, as well as stand-alone cellular
relay and AC/solar powered nodes for
critical node monitoring. A total of six (6)
utilities were assigned a set of nodes, with
five (5) of them having installed nodes
and currently collecting data on their dis-
tribution networks. Additional modifica-
tions for a proprietary SCADA data-
interface to GasNet for a particular utility
is currently in the planning phases.

Experimental field-testing showed that low-pressure
cast-iron mains could be monitored and data logged,
collected and visualized as expected, proving the
viability of the GasNet system. Establishing pipe-
internal networks in bell-and-spigot cast-iron net-
works was experimentally determined to not be pos-

sible beyond 1/4-mile inter-node spacings. Nodes

installed in high-pressures (welded or flange-bolted) steel mains proved to also be viable, result-
ing in local and relayed data from pipe-internal wireless multi-node networks. Different patterns
of networks were shown to be feasible, with quasi real-time data being viewable at a remote site
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using cellular networks. The extent of inter-node spacings was controlled by pipe-diameter, pipe-
junction losses, and any other non-conductive pipe-inserts; distances of multi-thousand feet were
however possible as long as electrical continuity was guaranteed.

The initial data sets collected during the installation period of the nodes,
again verified that the gas flow rates exhibit highly dynamic and oscilla- | ==
tory behavior varying widely across the pipe run in terms of amplitude
(flow-rate) and flow-direction as a function of time-of-day. Pressure
measurements showed that pressures were in the statically-predicted
range, with variations due to consumption, ambient temperature and
regulator settings. Gas temperature was found to be extremely steady, ]
with higher temperatures of the gas flow than ambient, and correlated to
daytime temperature fluctuations, preheated-gas mixing ratios and con-
ductive cooling due to the surrounding soil as a function of distance
travelled; these are critical measurements to better understand freeze/
thaw impact on cast-iron mains as well as avoiding regulator freeze-up
due to water-content freeze up in the main. Water content was found to be extremely low and
measured at less than 1% by volume. Mechanical pipe-wall vibration measurements proved to
only be possible within the vicinity of an instrumented pipe-section due to the segmented and iso-
lating nature of the cast-iron bell-and-spigot design; measurements did however show that road-
traffic could be ignored, while road-surface jack hammering was readily detected, as were impact-
loads as small as a hammer-strike on the pipe-wall.

Utility representatives from Consolidated Edison, Keyspan Energy, Niagara Mohawk, NYSEG
and Central Hudson all participated in the field-trials, with PSE&G still planning system modifi-
cations prior to installation under separate funding. Data-collection by all participating utilities is
still ongoing as of this point in time to asses the utility and needs for commercialization for the
GasNet system beyond the current prototype units.

Based on these results, one can conclude that a GASNET ™ system has valid applications in more
than one form within the gas main distribution and transmission markets. Sensing and communi-
cations options are vast enough to cover any existing utility preference and are upgreadable as
technology evolves. The use of the collectable data by the utilities has yet to be explored in depth,
in terms of its use as a monitoring, emergency, or even a capital-expenditure planning tool, but we
believe this to be only a matter of time before utilities come up with more ways to integrate this
data into their operations.
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1. TECHNICAL DISCUSSION

1.0 Introduction

Utilities need information about the in-situ process variables in their distributed network with
sufficient resolution to enable them to better manage their mfrastructure When a utility Iays outa
new network, a computer-model of the network is utilized! to predict pressures and flows in the
system. This allows the utility to size compressors and/or storage facilities, to provide for the
necessary flow and pressures. Once installed however, the only real-time monitoring (and control)
that occurs in the field is typically at the actual pumping/storage/regulating facilities. This severely
hampers gas distribution infrastructure management efforts. Pressure and flow-variables are used
to adjust supply and demand from the field - a basic reactive system approach. Additionally, data
from every individual gas-meter is collected over time and used for billing in an offline process.
Comparison of metered-and-billed volumes and those measured at the supply centers as having
been pumped, can give some indication of the state of the network. The power-meter industry has
allowed electrical utilities to make a phone-connection with their meter at each dwelling, thereby
reading the consumption regularly with minimal manual effort. However, this is not considered a
real-time network-wide measure. Gas utilities are beginning to realize the importance of automated
pipeline management systems, but they are far from widely applying these technologies.

2.0 Project Overview

Automatika, Inc. (Al) in partnership with the North East Gas Association (NGA) have teamed and
engaged in a system prototype development and demonstration of GasNet™™, a distributed
network of multipurpose sensors wirelessly communlcatlng information on the real-time state of
the distribution network to utility operators through the DIDe internal void. Through the use of
wireless and micro-miniature sensor technologies, GasNet' ™ is intended to improve the safety and
operational capabllltles of the distribution network while substantlally reducing the cost of
operations. GasNet™ is intended to address 5 key issues generic to the gas utility industry, namely
1) provide improved cost effective data acquisition, system monitoring and control, 2) result in cost
effective monitors and sensors, 3) detect certain types of third party damage, 4) result in virtual
models for gas system analysis, and 5) enable detection of leaks in the future. This effort was
carried out in a multi-phase program. The first phase of which has already been completed and
reported upon in a topical report (OSTI ID: 816706; www.osti.gov/dublincore/gpo/serviets/purl/
816706-X0cFFq/native/), with the Phase Il effort having been described in a follow-on topical
report (OSTI ID: 836824; http://www.osti.gov/bridge/purl.cover.jsp?purl=/836824-OHcrzR/
native/). This report serves to provide a summary overview on all phases, especially the Phase I11
effort.

1. so-called Stoner Model

Phase 111 Final Report 4
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3.0 Technology Relevance

3.1 Vision and Discussion of Improvement over Existing Technologies

Many technology experts have characterized the upcoming decade as the decade of Sensors. The
advent of manufacturing processes developed for the massive and inexpensive production of
semiconductors can now be used for the manufacturing of digital and analog sensor devices based
on piezo- and micro-machinable and photo-etchable semiconductor materials. In conjunction with
the recent advances in micro-machines, Very Large Scale Integration (VLSI) video, and other
miniature systems, these manufacturing techniques promise to provide us with sensors capable of
measuring various physical parameters and the ability to interact with the physical world; i.e. by
actively responding to the information collected via the measurement-devices. In addition,
developments in wireless communications allow the distant communication of such sensors/
activators with the user in a real-time fashion. This ongoing development opens up to the utility
industry the possibility for a truly interactive, real time communication between utility personnel
and their distribution pipeline network system.

Based on this technological transformation of the sensor/communication landscape?, gas
distribution companies have been looking into the potential of using these technologies for
applications related to improving the efficiency, management, and safety of the gas distribution
infrastructure. NYSEARCH has concluded, via extensive strategic sessions, that the use of
automation technologies by its member companies is the primary source of anticipated
operational-leap improvements in safety and efficiency in utility operations. DoE has reached
similar conclusions through its own strategic sessions (as evidenced by their publications
associated with this and prior BAASs). The DoE and utility industries realize the need to prepare for
the next decade of growth, and are looking for innovative solutions to meet their needs (currently
53% of homes in the US use natural gas - by 2020, experts predict a 50% increase in natural gas
consumption [DOE/NETL-2000/1130]).

GasNet™ represents a technology that promises to offer gas utilities the means to implement such
technologies so that they can step up to the new operational level required to meet the demands that
customers, contractors, regulatory and local governments will place on them over the next decade.
The major advantage of this system is its ability to expand and/or be modified to take advantage of
the anticipated emergence of a large variety of sensory devices in the immediate and near future.

Such sensory devices could allow us to monitor real-time not only the flow, pressure, and temp/

humidity inside the pipe (which we can accomplish today and will be the focus of this early effort)
but also pipe conditioning, gas leakage, third-party interference and pipe movement among others.

In this prototype system development effort described here, GasNet™™ will address the immediate
need that utilities have for complete, accurate, and real-time data to be provided to the operators at
low cost and in real time, describing the state of the delivery network all the way from the pumping/
valving station to the point-of-sale (customers’ gas-meter). Presently, many procedures for
collecting data from critical points of the distribution network (like regulator stations) are through
periodic personnel visits to read data-loggers and collect historical operating data, or through off-
hour (hence non real-time) wireless individual meter pollings. Centralized gathering, management,
and processing of remote and distributed data measurements is the only way to collect real-time
on-demand information that will result in substantial improvement is safety and operations.
GasNet™ represents the solution for utilities to accomplish this task.

The currently-developed GasNet™ prototype system will provide a new level of operational data
type, quality, and granularity previously not available. The technology is expected to impact (i)

1. With concrete results already present in sensors measuring pressure, temperature, acceleration, etc., prima-
rily in large-volume applications such as the automobile industry.
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operations for the utility and its contractors; (ii) the use and management of distributed network
information; and (iii) real-time and off-line use of information in emergency, monitoring, and
design activities for expansion and upgrading the network to safely meet the ever-increasing
demand for natural gas. Utilities realize that low-cost, real-time, on-demand, distributed-data
access from a network has many uses and is a crucial asset as it will result in large cost savings,
safety benefits, reduced customer delivery problems, and more efficient day-to-day management
of the distribution network system.

Real-time process-data access from a large network in a central location is expected to help the
utility better monitor, control, and supply its network with an on-demand approach. Process-
control of the gas-supply through such real-time data-sets would provide information as to size,
efficiency, and distribution of supply-nodes to better balance loads, and would allow for better
decisions regarding expansion or load-increases in the future. Instantaneous emergency-condition
(excess flow/pressure, out-of-spec acoustic-noise and/or vibrations) detection & reaction will be
possible, tightening the safety net and reducing third-party damage potential, especiaI'!X if
combined with third-party access and closeness monitoring capabilities that GasNet™ can
provide. If expanded, the GasNet™™ sensor network, when teamed with co-located local activation
of sophisticated sensing and actuation (valves, stoppers, etc.) devices, would provide for real-time
centralized-control interactions for emergency and/or scheduled maintenance activities at a far
lower cost than currently required. All of the above points are important if we are to safely,
effectively and economically aid the utility-industry in meeting the current and future large
increase in natural gas demand projected by the industry and its overseers and regulators in the
decade(s) to come.

3.2 Qualitative Benefits

National gas supplies 20% of the world’s energy needs. In the US, over 1 million miles of
distribution pipelines carry natural gas to almost 60 million homes, representing over 50% of the
population. In the Energy Information Administration’s Annual Energy Outlook for 1999,
forecasted gas consumption by the year 2020 is anticipated to increase by as much as 50%. This
increase in demand for natural gas will need to be met by a combination of expanded infrastructure
and extended use of existing infrastructure. It is economically infeasible to build enough new
pipeline to meet demand. The existing, aging infrastructure needs to be managed so as to extend
infrastructure life and throughput without increased safety issues or excessive costs.

In our discussions with gas utilities we have consistently heard that operators and managers feel
they have almost no information about their system - they are working blind when diagnosing
problems. Utilities generally react to problems that have occurred and rely on delayed data from
gas dispatchers and customer calls. They rarely have information about why a problem occurred
and have little operational data that can be used to predict and prevent problems in delivery.

The outcome of the GasNet™ program implementation industry-wide is expected to provide gas
distribution utilities with technical solutions which will provide the information needed to increase
infrastructure capacity, infrastructure reliability, and infrastructure safety, and to decrease
infrastructure degradation problems. The GasNet™ system will achieve these goals by providing
utilities with the information required to 1) inexpensively access, maintain, monitor, and repair gas
distribution systems, 2) track distribution system related activities - particularly third party
activities which may pose safety risks, and 3) model and design new networks.

3.3 Quantitative Benefits - Rough Estimates
Provision of information to facilitate predictive maintenance and improved pipeline life span.
GasNet

S is expected to provide information on performance and operations which will facilitate proactive
maintenance and repair - increasing the useful lite of a pipeline. Typically it costs a utility $200 to install a
foot of distribution pipeline in an urban setting, and about $50/foot in a rural setting. This is about $1
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million/mile and $260,000/mile for urban and rural settings respectivelﬁ. Assuming that a pipeline lasts 100
years (and the figure is probably less than that), we can arrive at a rough estimate of the cost for a “pipeline
year”, or the amount it costs to install one year’s worth of pipeline for one mile. This cost is an estimate of
the costs saved for each additional year added to the life of a mile of pipe. These cost savings amount to
$10,000 for a mile of urban pipeline and $2,600 for a mile of rural pipeline. In the case of a small urban
utility with about 10,000 miles of pipeline, increasing life span by 1 year could amount to $100 million for
their entire network.

Provision of information to facilitate improved capacity for the current system

Expanding the capacity for the existing network removes the amount of additional pipeline that needs to be
added to the system to meet increased demand. The information provided by GasNet' " can be used to
determine under-performing areas of pipeline, bottlenecks in the system etc. These can then be improved
and optimized. If one conservatively estimates that the detailed operational information from GasNet™
increases system throughput/capacity by 5%, it would be equivalent to adding 5% more pipeline. For the
10,000 mile utility example, this would be the equivalent of 500 miles. In an urban environment, this 500
miles would cost $500 million to build. In a rural setting, the 500 miles would cost $130 million (using the
$1million/mile estimation described earlier). If 5% were added to the capacity of the 1.1 million miles of
distribution pipeline in the US, it would save the country the costs of building 55,000 miles of pipeline. This
cost varies from $55 billion to $14.3 billion nationwide depending on location. These figures do not
consider increased costs associated with pumping/compressing and storing the additional gas-capacity at the
source, but they indicate the potential magnitude of the impact.

Detection of safety breaches and third party interference.

Since 1986 there have been 273 fatalities, 1,213 injuries, and a cumulative property damage cost of $235
million associated with gas line operation in the US (Office of Pipeline Safety database - http://ops.dot.gov/
starts/dist_sum.html). Annual costs associated with safety breaches and third party interference range
between $6 and $50 million, with the average being about $15 million. The DOT Office of Pipeline Safety
reports that each year between 50% and 80% of these incidents are the result of damage by third parties or
outside forces. If one conservatively assumes that 50% of the incidents are the result of third party operators,
and the use of GasNet'™ nationwide could avoid 5% of these costs, then annual estimated property cost
savings could be: $15 million x 0.5 (accidents resulting from third party) x 0.05 (% accidents avoided) =
$375,000. If 20% of the accidents were avoided, this figure would amount to $1.5 million. More
importantly, about 20 people die each year, and about 80 people are seriously injured as a result of these
accidents. Reducing and avoiding third party accidents would clearly save lives.

Keyhole installation technigues.

Keyhole excavation saves about 65% of the costs associated with accessing pipelines. A typical excavation
and repair job costs about $1,000.-, with 800,000 such repairs affected each year in the US alone. For every
current excavation that can be achieved with keyhole excavation over $500 could be saved. Developing
cost-effective keyhole technologies for this program could save as much as $40,000,000 nationwide,
assuming repair systems compatible with keyhole technology are available.

Wireless communication and no-dig pipeline-access capabilities.
GasNet

could also allow for immediate and easy deployment of wireless and untethered inspection and
repair systems (autonomous or teleoperated) in the future. Savings could be large, as they compete with
costs of manually locating & full-excavation repairing leaks/faults.

3.4 Application Examples and Demonstration of Engineering Breakthroughs
In order to provide a clear image of the eventual potential of GasNet™, we have listed below just
a few of the possible applications of this technology in different operational applications, some of
which have been implemented in this program:

» Network Data-Relaying/-Collection: Sensor-Data Communication & Transmission

Utilities currently have a small net of dedicated pressure-sensing stations that they use to collect (typically
pressure-) data during the day, and then physically visit these locations to download the data. The more
advanced methods, based on retrofitted sensor-stations, allow them to recall said data over a cellular/paging
wireless network connection. Since wireless connection costs can be substantial, utilities typically let each
station amass data during the day, store it locally, and then recall the data at night/early morning to save call-
charges. GasNet™ could allow all data from all currently-existing sensor-stations to be sent through the
pipe to a central data-collection location in real-time and on-demand. This data-collection location could
either be directly at the operations-monitoring offices, or at another remote site, which could uplink the data
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onto an existing cellular/pager network or an always-on phone line. The benefits here are obviously in the
immediate availability of real-time data from the entire network, with drastically reduced data-collection
costs (one 1plmk node irrespective of sensor-nodes, rather than one uplink-node per sensor-node). Hence
the GasNet' ' system can serve as a communication-relay system inside of pipes, and add additional
pressure/flow/etc. data to the current data-set sought and needed by operators.

 Third-Party Access Monitoring: Activity and Closeness Monitoring

Closeness of third-party activity near gasmains would be possible through the use of integrated vibration-
and acoustic (microphone) sensors, which would distinguish excavation and impact-noise and vibration
from the background (mostly thermal) signal and report such activity (presence and location) immediately
to the control center. In the case of authorized access, ‘hooking’ into the pipe and imparting an AC EM-field
to the conductive pipe, would allow an excavator qutfitted with a simple passive coil-sensor to ensure a safe
digging distance from the pipe. All in all, GasNet™ can be capable of providing great safety margin to
networks with almost no retrofit to the mains, installation of additional internal or even external sense-wires
(such as fiber-optics).

« Pumping Station Monitoring: Valve/Manifold Pressure-Drop Monitorinq

Due to the low-cost sensing and computing systems associated with GasNet M the system is currently
being used downstream from pumping and regulator stations, to monitor flows and pressures across
different ‘legs’ of a localized valving-, regulator- and distribution-system. The system collects large
amounts of data in a highly distributed fashion, and is capable of up-linking the same over the already in-
place wireless connection (cell/pager). Power is being provided locally, and installation of the system is very
straightforward. The data will be used in real time or daily batch-processing modes to monitor and optimize
the loads on the network.

« Supplier Product Monitoring: Moisture-Content Monitoring

Urban distribution companies have an interest in monitoring the moisture-content of the natural gas fed to
them from the transmission-network company(ies). The GasNet'™ sensor system is capable of determining
in real-time the relative humidity content of the supplied gas at the supply-node, and relay this information
to the operations center (again, wirelessly or even over a phone-line). This information is vital to ensuring
that the distribution company is receiving product that falls within the specification of what they and their
customers are paying for. The only way to monitor this varlable cost-effectively is through real-time
monitoring and low-cost data-access provided by the GasNet™™ system.

« Critical Performance Monitoring: Node-Pipe Junction Monitoring

Sensor pods are outfitted with a pressure-, vibration- and In the future) acoustic- (microphone) sensor to
monitor the state of a pipe-segment close-to or near/in an area subject to high/repetitive third-party damage
potential (monitoring for excessive vibration, noise from excavator striking the pipe, sudden pressure-drops,
etc.). The pods can be spaced so as to cover a substantial footage of pipe-length and be able to provide
measurements over a distributed area. Thresholds set on-board (and changeable though the bi-directional
wireless link) are monitored and warning/alarm messages sent by whichever sensor and transmitted via
leap-frog back to an antenna within the pipe and directly to an operator in-situ or via other extension to a
computer at a monitoring station.

« Problem-Area Monitoring: Transients-Measurement

The most generic use for the sensor-pod is their use in areas where short- to mid-term monitoring of
dynamic conditions over a fairly sizeable area, is to be accomplished at minimal cost and with minimal
mfrastructure modification implications. The main application being implemented by the current
GasNet™ system, utilizes a few dozen of these sensors placed at key locations of the network over a
widely-spaced acreage, monitoring node-points in real time and providing data to a single antenna-port for
re-transmission or logging/processing. The notion is to determine through (in)direct sensor measurements
what the steady- or dynamic-state of the pipe-network is.

* Network-Area Monitoring: Modelling-Data Collection for Verification

An alternate use of the collected sensor data is to provide a low-cost model-verification of the network-
design at crucial locations by measuring pressures and flows using the scheme and deployment detailed in
the previous bullet, allowing for a computation and verification of Stoner design-models in an off-line batch
mode.
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4.0 Background - Technical State of the Art

4.1 Overview

In order to better understand the technology subsystem selections for the GasNet™ system, it is
of value to briefly look at the state of technology in the respective subsystem areas that form part
of the entire system. This is best accomplished by looking at each major subsystem or area
separately, as discussed below; note also that pictorial references are made based on Figure I1-2 on
page 11.

(i) Sensing - The gas industry has mainly targeted the transmission, processing, and main-node
industries and locations/market segments, where accuracy requirements are high, and space and
power issues not a major concern (larger pipes, etc.). The industry is only beginning to consider
miniaturization of their sensory elements in order to perform measurements on a smaller and more
distributed scale. As is obvious, performing such a miniaturization and more compact integration
effort is thus a key strategic step for the sensing-industry in this century. There are several main
areas that sensors are targeted towards, namely gas-quality and -composition, pressure, and flow.
Industry has provided solutions that are primarily targeted at single-point larger-scale production-
settings. Miniaturization has had an effect, but has not yet evolved to the point where the industry
could make real use of it.

(i) Integrated Sensor Processing and Computing - Prior-art evidence of computing typically in
use with stand-alone sensors or distributed sensors can be found in the industrial automation arena.
There, sensors are used to detect events with both binary and analog sensors. Sensor data is
typically read directly over a short-run well-shielded cable, or a localized printed circuit board
(PCB) molded into the sensor. The PCB takes care of sampling & filtering the signal and packaging
it into a certain type of communication stream (serial, parallel, analog, binary, etc.). Hence remote
data can be acquired at a central point via direct-sampling or over a distributed communications
backbone. Other sensors perform the computation right at the sensor, and pass lower-bandwidth
information back to a central decision-making computer over one of several communication
backbone types utilizing one of many communication protocols.

(iii)) Communications - Communications technology has developed at an accelerated rate,
especially at the wireless end of the spectrum. Cell phone technology and wireless networks have
driven the technology to a level of miniaturization, cost-effectiveness and bandwidth sufficient for
our most immediate needs. This technology is on top of the more established satellite-phone based
telephone and the paging network systems already in use since the 1970s and 1980s. Since then,
wireless LAN technology for ethernet and BlueTooth personal communications standards and
hardware have begun dominating the market in customer and light industrial applications. Other
solutions range from PC-Card products, to integrated, to embedded solutions for wireless
communications, whether serial- or ethernet. Software protocols and easy connectivity have played
a large role in making wireless communications more widely usable and maintainable. The notion
of using data-over-wire/-air to allow gas companies to collect field-data has been an important
factor in reducing companies operating costs, whether this be for meter-reading or other more
process-related variables. Within the processing/valving/pumping/compressor station of a gas
utility, process variables are typically conveyed over a wire-carrier using either current, serial or
other protocol streams. Exchange of data with other location can then occur over an intranet and/
or the internet, or even over a telephone line. Field-data, such as meter-readings, can be conveyed
either over a phone-line (akin to those used by power companies to read customer meters), a paging
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network, or even a radio-frequency based communications network. Such systems are known as
AMRs (Automated Meter Readers), with a wide selection available.

To counter the commonly misheld opinion that wireless RF-communications inside pipes is not
feasible, we offer the experimental results developed as part of another DoE-funded project with
NGA under the Gas Infrastructure Reliability Program. Said program has positively proven that
wireless communications inside of 6-inch diameter steel pipes via customized wireless hardware
and software protocols utilizing the DSS-protocol, even at low power-levels (6mW), is feasible to
ranges of 2,000+ feet at data-rates of 11 to 1 Megabit/second. Smaller pipe-diameters will have
shorter ranges, while larger pipes will have longer ranges. These pipes need not all be straight, and
the experimental data accounted for bends, Ts, Y, etc.

(iv) Power - The use of stand-alone field-equipment is well-practiced. Meteorological stations and
other remote- or long-duration systems work in environments with little human supervision or
interference/support. Power, and its availability, is one of their main considerations when it comes
to developing such units. This criteria is no different for any process- or field-equipment in use by
gas utilities. The need to power sensors and computing is typically solved through hardwiring (if
accessible) to the local power-grid (long-term solution), solar-powered battery-bank (low-power
long-term solution), generators (short-term use), to power-cells/batteries (shorter-term use unless
rechargeable). Gas- and power meters that are remotely interrogated are typically powered by the
residence power-net. Sensors that operate on very low power and need not be accessed often can
get away with primary (non-rechargeable) cells, while others where access is possible, will use
rechargeable cells.

(v) Live Gasmain Access - The newer methods of accessing live gasmains have revolved to this
date around the deployment of both camera-internal inspection and repair systems. ARIES
(Niagara-Mohawk-funded), MEI (GRI-funded), Consumers Gas (ConEdison co-funded), and
NICOR (Gaz de France funded) have all developed access-systems for different specific
equipment. Such access-systems require the use of a backhoe for mechanical excavation of a
complete (typically) 6-foot by 4-foot hole, which on average can take up to an hour and cost $750.-
(incl. restoration). Keyholes, typically no more than 2-foot by 2-foot by up to 6-feet deep or more,
can be excavated pneumatically using a poker-bar and a suction-hose from a vacuum-truck.
Keyhole excavation is fairly common if topside pipe-access only is required and the location of the
pipe is accurately known. Some keyhole excavations utilizing vacuum extraction have been
successful in emplacing a circular screw-on clamp onto low-pressure mains - higher-pressure
mains have so far been unfeasible. British Gas has supposedly developed a new fully-functional
keyhole excavation system, but data is not yet publicly available.

4.2 GasNet Phase | Results

As reported in the Phase | Topical Report (OSTI ID: 816706; www.osti.gov/dublincore/gpo/
servlets/purl/816706-X0cFFg/native/), the development of GasNet represents a new state of the
art and should be considered as a baseline for the final report details and results.

4.3 GasNet Phase Il Results

As reported in the Phase 11 Topical Report (OSTI ID: 836824; http://www.osti.gov/bridge/
purl.cover.jsp?purl=/836824-OHcrzR/native/), the continuation of the development of GasNet
into Phase Il should be considered as a baseline for the final report details and results.
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Figure 11-1 : State-of-the-Art picture gallery covering sensing, sensor-processing and computing, communications, power and live-pipe access
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5.0 System Design Concept

5.1 Overview

GasNet™ is a wireless, self-powered network of open-hole-installed and field-replaceable pipe-
sensors capable of measuring, and communicating key process variables wirelessly through the
pipes. These variables can cover a wide range of operating parameters, depending on the
availability of appropriately sized and accurate sensory devices. For the initial Phase | engineering
effort, the system was designed around measuring variables for which appropriate off-the-shelf
sensor technologies was available (such as pressure, flow, vibration and moisture-content); this
was similar for Phase 11, except that we updated the design to allow for interchangeable sensing-
elements depending on whether we were deploying into low-pressure cast-iron or higher-pressure
steel mains. The process information gathered in the in-pipe network setup, allowed utilities to
monitor the state of the delivery process across the monitored network section from a single
computer-console. The Phase Il GasNet™ sensor-wands (particularly their mounting and pipe-
interface) were developed for natural gas distribution infrastructure, for both low-pressure cast-
iron networks and high-pressure steel mains.

In the final Phase I11, the sensor-wands were designed for long-term installation. The sensing
sections were designed in a manner to allow the modular addition of flow-sensing for varied-
diameter pipes, and perform a no-blow installation in higher-pressure (up to 124psig) steel mains
using specialized equipment and techniques. In addition, electronics were packaged for burial and
designed for modular interchangeability and the ability to customize the electronics to individual
utilities. Power-options ranging from serial batteries to AC-power and solar-based power supply
were added. Software for the GUI was developed around accessing data off removable memory
cards and over real-time cellular connections.

5.2 Concept Description

The GasNet™ system concept our development team started with in Phase I, is shown in Figure
11-2 and Figure 11-3 on page 13, which depict the installed system “tapped’ into a pipe with its
installed electronics/batteries and above ground interface port (1.1a); up-close details of the
preliminary pressure/flow/moisture/etc. sensory-modules (1.1b); depictions of such installations in
a typical urban setting during an excavation and third-party interaction situation (1.2a); and a
potential operator feedback screen provided through remote computerized processing at a utilities’
central control station (1.2b). The overall system consists of an in-the-field open-hole-installed unit
with an in-pipe sensor and processing module, and a buried power and access-port unit at ground
level. The sensor module is installed under no-blow conditions into the pipe by way of a standard
field-installed fitting. Inside the field-fitting, resides a sealed and removable sensor wand, which
contains the main sensory elements. For illustration purposes, we are depicting a radio-wave
transmitter at the tip of the wand, a set of flow-passages for a hot-wire anemometer flow-
measurement system, a multi-channel acoustic-level sensor, and multi-planar micro
electromechanical systems (MEMS) based pressure and methane-composition sensors atop the
main body of the sensor. The flexible joint allows the wand to flex out of the waY should equipment
need to pass the location (repair or inspection from within the pipe for instance)". The sensor power
and data-lines are run to a local embedded processing system, which reads, filters, scales and
processes the data. Real-time communication of the data-set back to the central control station is
accomplished via a local radio frequency (RF) transmitter board-set which transmits the data via

1. Since the sensors and antenna are elevated immersion in water/oil is unlikely and contaminant-deposits are
also highly unlikely due to cleanliness of todays’ natural gas
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the antenna into the pipe-space. The data is picked up by the next transmitter, and re-sent in a relay-
node mode until it reaches the control-station receiver. The data is then identified with respect to
transmitting origin and decoded and displayed/logged at the local control-station. Since
communication is over a a standard interface, all other existing systems owned by the utilities can
be interfaced to the new console-system.
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The GasNet™ system was also conceived to be able to track and monitor third party activities. One
method was intended to use embedded vibration (accelerometer) and (not yet undertaken) acoustic
(microphone) sensors to pick up above-background signals to warn the utility in real time of the
presence and location of the disturbance (digging backhoe impact or displacement). The
supervised approach would involve giving a contractor access to the lid-protected interface. The
contractor would then plug in a special connector or flip a hard-wired switch. This in turn would
signal to the central control station of ongoing activity in the area. If authorized, the sensors
surrounding that area could be monitored as to flow and pressure, to assess the potential for
breaching of the line. In addition, the contractor might choose to apply an AC-current between two
such sensor locations bordering the planned work site. It would also be feasible to use a single
sensor-location, with a return cathode rammed into the ground (to close the current loop) slightly
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beyond the work area. Once tied into the pipe this way, a simple passive electromagnetic (EM) field
detector, on the excavation equipment or manually deployed hand-equipment, would sense the
AC-induced magnetic field emanating from the pipe. This signal would then be used to warn the
contractor as to presence (binary signal) and closeness (analog field-strength) to the pipe, without
any costly a priori site-mapping (such as with GPR) or costly real-time sensor-hardware.

5.3 Installation Concept

The concept that was developed for installing a self-powered node, whether a datalogger/slave
(logs and re-transmits to a master-node) or the master node itself (battery/line-powered and collects
all data and is hooked up to an external communication link) are shown in Figure 11-4:

Deatal_ogger

RFMester
RF-Slave

Figure II-4: GasNet installation concepts - Master, Slave & Logger

All methods relied on a no-blow live installation using tapped-thread/weld-on-nipples to hold the
plug carrying the sensor-wand. All signals, power and antenna-data were carried through dedicated
connectors and carried to/from an electronics box buried with a battery (of variable size, depending
on the power-requirements) underground, yet accessible from the street/sidewalk through a valve-
box. A datalogger was intended to store data locally only (on removable memory-media), allowing
users to exchange memory cards (through the valve-box access) or download the data using a PDA
and wireless bluetooth. The RF-Slave and -Master setups intended to measure all data locally (and
also store it on removable memory media locally) and transmit their data (slaves) to a repeater (if
needed) who would then transmits its own data and any other data it received, onwards to a master-
node. The master node would add its own data to all other data, store it on its own removable media
card and also re-transmit it over phone or cellular lines to a central office for near real-time
monitoring.
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6.0 System Design Description

The GasNet™ system, consisting of the pipe-internal sensor-wand, electronics-housing and
power-supply, as well as the remote graphical user interface subsystems are described in more
detail in this section. This section is laid out to address the overall system layout, and then delve
into each subsystem in more detail.

6.1 Overview

The entire system design, as visualized through CAD renderings, was made up of the pipe-internal
sensor wand, the remote external electronics enclosure housing the main control systems, the off-
board power supply unit, and the remote user interface. A depiction of this system architecture is
shown in Figure 11-5, as well as a ready-to-ship system assembly:

CAST-IRON STEEL
Cl Sealiryp
/NPT Pipe-PIug/
Screw-on f
KNPT Adapter Pipe Sensor/Antenna Completion Cap

PCB\ W/ connectors

Cap-Seal O»ring/ / /
Flow-Sensor

Feed-Thru Connectors

Epoxy-Cavity

Figure 11-5: GasNet™ System Overview and as-built ready-to-ship assembly
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6.2 Sensor-Wand

The sensor-wand itself consisted of a two-stage PCB, coupled through a variable-length epoxy
holder to both support the two PCBs as well as place the flow sensor at/near the center of the pipe
for more accurate flow measurements. The different elements and main sensor elements were laid
out on the sensor-wand in the proper locations. A diagrammatic overview of the wand and its
associated sensors, can be see in Figure 11-6.

VIB