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(114a, 114b, 114c) to an outer skin of the vessel and providing power for the sensor suite based on a temperature difference
between a fluid temperature of a contained fluid inside the vessel and an ambient temperature outside the vessel. Some
technigues include attaching a sensor suite by cinching a belt around the vessel and causing two ends of a strain gauge In the
sensor suite to become rigidly attached to the outer skin of the vessel, for example, on opposite sides of a weld joining two
sections of the vessel. These technigues allow a pipeline to be readily instrumented and monitored remotely which reduces
manpower costs for performing manual inspections, reduces the risks of injury from performing manual inspections during
hazardous weather conditions, and reduces the likelihood of undetected leaks.



WO 03/038391 A3

CA 02460290 2004-03-22

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date

(10) International Publication Number

8 May 2003 (08.05.2003) PCT WO 03/038391 A3
(51) International Patent Classification’: F17D 5/06, [US/US]; 10014 Hyla Brook, Columbia, MD 21044-1703
HO1L 35/00, E21B 41/00 (US). CARKHUFF, Bliss, C. [US/USJ; 912 White Way,
Laurel, MD 20707 (US). BACON, John, M. [US/US];
(21) International Application Number: PCT/US02/35249 8717 C Street, Chesapeake Beach, MD 20732 (US).
(22) International Filing Date: (74) Agents: COOCH, Francis, A. et al.; The Johns Hopkins

1 November 2002 (01.11.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/334,629 US

1 November 2001 (01.11.2001)

(71) Applicant (for all designated States except US): THE
JOHNS HOPKINS UNIVERSITY [US/US]; 34th and
Charles Streets, Baltimore, MD 21218 (US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): CAIN, Russell, P.

University, Applied Physics Laboratory, 11100 Johns Hop-
kins Road, Laurel, MD 20723-6099 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
A7, BA, BB, BG, BR,BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL., IN, IS, JP, KE, KG, KP, KR, KZ, 1.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL., PT, RO, RU, SD, SE, SG,
SI, SK, SL., TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,

VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,

KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),

[Continued on next page/

(54) Title: TECHNIQUES FOR MONITORING HEALTH OF VESSELS CONTAINING FLUIDS

120 150 VISUAL SIGNAL N
Ao UNT DEVICE 140 RADIO ANTENNA
128
TRANSMITTER T T8l
o . THERMOCOUPLE
PROCESSOR 129 130 THERMOPILE
124 RECEIVER
123 BASE |
s T\ CONTROLLER 1395
_~~ THERMOCOUPLE
122 d
CINCHING — —
MECHANISM 121 BASE o N
SENSORS \ 110 SENSOR BELT
114a : :
/ STRAIN GAUGE ] ;;83
o NSOR
6L eray — CONTROLLER Y118
b ™\ 118b SENSOR
a7 CONTROLLERS
STRAIN GAUGE o SENSOR
Pean L CONTROLLER
116b STAY . 118¢
- —SENSOR
114c /—\ ' ' CONTROLLER
STRAIN GAUGE ] .
114 T \ 119 CABLE
STRAN GAUGES -~ ' —~ 119
|
1 160 STAY i ” BITING },_\
i 9.~/ Nitzd BAND /112
¢ _ BITING ATING
BAND BANDS
190 WELD POSITION

/
100
MONITORING - /

111 BELT TIP
APPARATUS QJ

(§7) Abstract: Some techniques for monitoring health of a
vessel include attaching a sensor suite (114) of one or more
sensors (114a, 114b, 114c¢) to an outer skin of the vessel and
providing power for the sensor suite based on a temperature
difference between a fluid temperature of a contained fluid in-
side the vessel and an ambient temperature outside the vessel.
Some techniques include attaching a sensor suite by cinching
a belt around the vessel and causing two ends of a strain gauge
in the sensor suite to become rigidly attached to the outer skin
of the vessel, for example, on opposite sides of a weld joining
two sections of the vessel. These techniques allow a pipeline
to be readily instrumented and monitored remotely which re-
duces manpower costs for performing manual inspections, re-
duces the risks of injury from performing manual inspections
during hazardous weather conditions, and reduces the likeli-
hood of undetected leaks.
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TECHNIQUES FOR MONITORING HEALTH OF VESSELS CONTAINING FLUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit of Provisional Appln. 60/334,629, filed November

1, 2001, the entire contents of which is hereby incorporated by reference as if fully set forth
herein, under 35 U.S.C. §119(e).

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to monitoring health of a vessel containing fluids,
such as a pipeline carrying oil from oil fields to an oil depot. In particular, the current

invention relates to monitoring health of a vessel using a sensor suite that is easily attached to

an outer skin of the vessel.

2. Description of the Related Art
[0003] The past approaches described in this section could be pursued, but are not

necessarily approaches that have been previously conceived or pursued. Therefore, unless
otherwise indicated herein, the approaches described in this section are not to be considered
prior art to the claims in this application merely due to the presence of these approaches in
this background section.

[0004] Pipelines are of great commercial importance. For example, oil pipelines catry
crude oil from the frozen, relatively inaccessible Arctic regions to more accessible ports
where the oil is loaded onto tankers for transport to oil markets. Other pipelines carry natural
gas and chemicals from remote regions to processing stations. These pipelines are
constructed by welding together sections of pipe. For example, sections of pipe with
diameters of about four feet and lengths of about 40 feet are welded together in the Trans-
Alaskan pipeline. Economies of great industrial states depend on the reliable transport of o1l

and other fluid commodities, such as natural gas, slurries, and chemicals, through such

pipelines.
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[0005]  When a failure occurs in a pipeline, large costs are incurred. For example, leaks
and ruptures in an oil pipeline may lead to the spillage of hundreds ot thousands to millions
of gallons of crude oil into the area surrounding the region. The Trans-Siberian Oil Pipeline
typically releases five percent (5%) to seven percent (7%) of its transported oil each year; in
1991 alone that amounts to about seven million (7,000,000) barrels. Recently, a corroded
pipeline spilled roughly one hundred thousand (100,000) gallons of crude oil and saltwater
onto the Alaskan tundra. Although a crew plugged the leak in twelve minutes, the spillage
endangered the crew’s lives and polluted a large area.

[0006] Much of the spilled oil is lost into the ground leading to a cost related to the
current market price for that lost oil. In addition, the spillage pollutes the environment in the
area for an extended period of time, leading to short-term additional costs while that
environment is unusable, and long-term costs while that environment is contaminated.
Further costs are involved in cleaning up the environment to restore it to a useful or less
contaminated state. Additional costs are incurred if the spillage occurs in an environmentally
sensitive area because either additional clean-up is mandated by law or biodiversity 1s
diminished by the contamination, or both. Furthermore, costs are incurred while the pipeline
is shut down for repair. Natural gas or chemical leaks can be substantially more dangerous.
[0007] To reduce the costs of such failures, significant efforts are expended to monitor
the health of pipelines to detect faults before they lead to rupture and spillage, or to quickly
detect rupture and shut down the transport of fluid through the pipeline to reduce the spillage
that does occur. Monitoring and maintenance costs for pipeline structures may exceed the
original installation costs for the pipeline.

[0008] In one approach, persons patrol the pipeline and manually mspect the pipe to
detect and repair faults that may lead to ruptures. This is a time consuming process, and
human involvement can become expensive. A significant hindrance to this approach is the
length of the pipeline and the hostile environment along great sections of this length. A
pipeline may be about a thousand miles long or longer. Environmental conditions along the
pipeline may be harsh and hazardous to humans. In the Arctic, during winter months, much

of the pipeline’s length is in complete darkness, under many feet of snow, at iemperatures

.
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well below freezing, and subjected to high winds. If a pipe does rupture, a great deal of oil
may spill in the time between visits by a human inspector.

[0009] In another approach, the fluid flow is cut off through a segment of the pipeline
between valves, and robots with inspection equipment pass through the empty pipe sections
looking for faults. For example, robots called “pigs” carry video equipment that sends
pictures back to a control room where they are viewed by human observers. ‘While sufficient
for many purposes, and less expensive than human inspectors, there are some deficiencies.
One disadvantage is that fluid flow must be turned off while the pigs run through pipe
sections in the segment. Another disadvantage is that ruptures that occur while fluid 1s being
transported are not detected.

[0010] In another approach, instruments are installed at various locations along the

pipeline to detect faults and ruptures. However this approach 1s not considered practical for

long pipelines for a variety of reasons.

[0011] One reason that this approach is not considered practical is that instruments
require a power source, such as electrical power, and generators used for electrical power are
far apart because the pipelines pass through large unpopulated areas. Power lines are not

currently available along the entire length of many pipelines. Simple wires running parallel

to the pipeline for power are subject to attenuation and are difficult to maintain. Batteries
have short lifetimes in many of the extreme conditions that predominate along some
pipelines, so they involve frequent visits for replacement. Windmulls provide power only
intermittently and solar panels are useless many months of the year in arctic regions.

[0012] In addition, it is:difﬁcult to install and maintain different sensors along the great
length of the pipe. In many cases, the fluid flow through a segment of pipe between valves
must be shut down so that sensors, such as pressure sensors, can be installed mside sections
of the pipe. While the pipeline is carrying fluid it is difficult to determine whether the
sensors are still in place and working. If a sensor needs repair or replacement, flow through

the segment may have to be shut down for some period of time.

(0013] Furthermore it is difficult to communicate with the sensors once nstalled. Simple

wires running parallel to the pipeline for data communication are subject to attenuation and

_3-
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are difficult to maintain, as are lines for power. Radio transmitters to transmit data over
hundreds of miles consume considerable amounts of power that rapidly deplete batteries.
[0014] Based on the foregoing, there is a clear need for techniques to monitor the health
of pipelines that do not suffer the disadvantages of the above approaches. For example, there

is a need for techniques to monitor pipeline health that are automatic, inexpensive, easy to

install, and do not require wires for power or communication.

SUMMARY OF THE INVENTION
[0015] Techniques are provided for monitoring health of a vessel. In one aspect of the
invention, a method includes attaching a sensor suite of one or more sensors to an outer skin
of the vessel and providing power for the sensor suite based on a temperature difference
between a fluid temperature of a contained fluid inside the vessel and an ambient temperature
outside the vessel.
[0016] According to an embodiment of this aspect, the sensor suite 1s connected to a
{ransmitter to communicate data based on sensor output from the sensor suite to a receiver.
Power for the transmitter is also provided based on the temperature difference.
[0017] According to another embodiment using the transmitter, multiple communication
relays are provided at corresponding locations along the vessel, each relay including a
receiver and a transmitter for communicating the data based on the sensor suite. Power for

each communication relay is based on a temperature difference between the contained fluid

inside the vessel and an ambient temperature outside the vessel in the vicinity of the

communication relay.

[0018] According to another embodiment of this aspect, the sensor suite 18 connected to a
processor to generate data based on sensor output from the sensor suite. Power 1s provided
for the processor based on the temperature difterence.

[0019] According to another embodiment of this aspect, the processor is configured to

determine whether output from the sensor suite deviates by more than a threshold amount

from a baseline output that is associated with normal conditions for the vessel.
[0020] According to another aspect of the invention, a method includes cinching around

an outer skin of the vessel, at a weld between successive sections of the vessel, a belt that

4.
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contains a sensor suite of one or more sensors. Cinching the belt causes two ends of a strain
gauge in the sensor suite to become rigidly attached to the outer skin of the vessel on
opposite sides of the weld.

[0021] According to another aspect of the invention, an apparatus for monitoring health
of a vessel includes a belt for cinching around an outer skin of the vessel at a location along
the vessel. The belt further includes multiple biting members for rigidly attaching to the
outer skin of the vessel when the belt is cinched around the vessel. The belt also includes a
strain gauge for measuring change in distance between two ends of the strain gauge. Each
end of the two ends is rigidly attached to a different one of the biting members.

[0022]  According to another aspect of the invention, an apparatus for monitoring health
of a vessel includes a belt for cinching around an outer skin of the vessel at a location along
the vessel. The belt includes a sensor suite of one or more sensors for measuring properties
related to the health of the vessel. The apparatus includes a thermopile that generates power
based on a temperature difference between a first thermocouple of the thermopile and a
second thermocouple of the thermopile. The first thermocouple is connected to the belt for
making thermal contact with the outer skin of the vessel. The second thermocouple 1s
configured for exposure to an ambient temperature of an environment outside the vessel.
Power generated by the thermocouple powers the sensor suite.

[0023] According to another aspect of the invention, a pipeline includes multiple pipe
sections welded together. A belt is cinched around an outer skin of a pipe section at a
location along the pipeline. The belt includes multiple biting members rigidly attached to the
outer skin of the pipeline. The belt also includes a strain gauge for measuring change in
distance between two ends of the strain gauge. Each end of the two ends is rigidly attached
to a different one of the biting members.

[0024]  According to another aspect of the invention, a pipeline includes multiple pipe
sections welded together. A belt is cinched around an outer skin of a pipe section at a
location along the pipeline. The belt includes a sensor suite of one or more sensors for
measuring properties related to health of the pipeline. The pipeline also includes a
thermopile that generates power based on a temperature difference between a first

thermocouple of the thermopile and a second thermocouple of the thermopile. The first

5
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thermocouple is connected to the belt in thermal contact with the outer skin of the pipeline.

The second thermocouple is exposed to an ambient temperature of an environment outside

the pipeline. Power generated by the thermocouple powers the sensor suite.

[0025]  These techniques allow automatic, stand-alone, self-powered instrument suites to
be easily deployed along a pipeline. For example, in embodiments in which the mstrument
suites are installed at each weld as each weld is inspected according to current schedules, an
entire pipeline can be instrumented at reasonable costs within a few years of inspections.

These techniques also allow the instrumented pipeline to be monitored remotely which
reduces manpower costs for performing manual inspections, reduces the risks of injury from
performing manual inspections during hazardous weather conditions, and reduces the
likelihood of undetected leaks. The reduction in the likelihood of leaks is not only a cost
benefit to those transporting fluids through a pipeline and to those who must clean up the

spills, but is also a benefit to the environment and the population in the areas surrounding the

pipeline.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] The present invention is illustrated by way of example, and not by way ot

limitation, in the figures of the accompanying drawings and in which like reference numerals

refer to similar elements and in which:

[0027]  FIG. 1 is a block diagram that illustrates a monitoring apparatus that can be
readily attached to a vessel such as a pipeline, according to an embodiment;

[0028] FIG. 2 is a block diagram that illustrates a monitored pipeline, according to an

embodiment;
[0029] FIG. 3 is a flow diagram that illustrates a method for monitoring the health of a

pipeline, according to an embodiment; and

[0030] FIG. 4 is a block diagram that illustrates a computer system upon which an

embodiment of the invention may be implemented.
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DETAILED DESCRIPTION
[0031] A method and apparatus for monitoring the health of a vessel that contains a fluid
are described. In the following description, for the purposes of explanation, numerous
specific details are set forth in order to provide a thorough understanding oi the present
invention. It will be apparent, however, to one skilled in the art that the present invention
may be practiced without these specific details. In other mstances, well-known structures

and devices are shown in block diagram form in order to avoid unnecessarily obscuring the

present invention.

1. Operational Context

[0032] In the following description, embodiments of the invention are described in the
context of an oil pipeline, but the invention is not limited to this context. Other embodiments
of the invention are deployed in other contexts. For example, embodiments of the invention
are deployed for other fluids in pipelines, such as natural gas, liquid or gaseous chemicals 1n
chemical plants, liquid or gaseous components in pharmaceutical plants, slurries of pulp 1n
paper plants, slurries of ore in mining operations, or slurries of construction materials at a
construction site, among others. Embodiments of the invention may also be deployed for

other vessels than pipelines, such as nuclear reactors, reaction chambers, and tanks on trucks,

trailers, railroad cars, and ships, among others.

2. Monitoring Apparatus
[0033] FIG. 1 is a block diagram that illustrates a monitoring apparatus 100 that can be

readily attached to a vessel such as a pipeline, according to an embodiment. The monitoring
apparatus 100 includes a base unit 120 and a suite of one or more sensors to be arranged on
the outer surface, or skin, of the vessel. For purposes of illustration, it is assumed hereinafter
that the vessel is a pipeline. In the illustrated embodiment, the suite of one or more sensors 1s
arranged on a sensor belt 110; in other embodiments, the suite of one or more sensors is not
arranged on a belt 110. According to some embodiments, commercial, off-the-shelf (COTS)

components are used to reduce the cost of the monitoring apparatus.
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2.1 Sensor Belt
[0034] In the illustrated embodiment, the sensor belt 110 is sufficiently long to encircle

the pipeline, and the base unit 120 includes a cinching mechanism 122. For example, for a
pipeline made up of pipes having circular cross sections with diameters of four feet, the belt
is longer than about 12.6 feet, the cross-sectional circumference of each pipe. The full length
of the belt is not depicted in FIG. 1; instead a break is shown between the portion of the
sensor belt 110 attached to base unit 120 and a free tip 111 of the sensor belt 110. In the
illustrated embodiment, the sensors arranged on the belt 110 are brought in contact with the
pipeline by encircling the pipeline with the sensor belt 110, and feeding the belt tip 111 1nto a
slit 123 in the cinching mechanism 122. The cinching mechanism 122 can be operated to
pull the belt tip 111 through the slit 123 until the sensor belt 110 is taught against the pip eline
for substantially all of the length of the sensor belt and to lock the belt in that configuration.
Any cinching mechanism known in the art when the monitoring apparatus is assembled may
be used as the cinching mechanism 122.

[0035] A sensor belt may be made of any suitably strong and flexible material. In one
embodiment, a structural matrix for the sensor belt is provided by a fabric strap made of
Kapton, which is strong, flexible and inexpensive.

[0036] The sensor belt 110 includes one or more sensors for mounting on the skin of the
pipeline. In the illustrated embodiment, the sensor belt 110 includes multiple strain gauges
114, including strain gauges 114a, 114b, 114c. In other embodiments other sensors are
included instead of or in addition to the strain gauges. The strain gauges 114 and related
components in sensor belt 110 are described in more detail in the next section.

[0037] The sensor belt 110 includes cables 119 to deliver electrical power to the sensors
and to receive output signals from the sensors. In an embodiment, the electrical cable 1s a
flexible metal wire embedded in the Kapton strap. In the illustrated embodiment, the source
of electrical power is a thermopile 130 in the base unit 120, described in more detail below.
[0038] In the illustrated embodiment, the sensor belt 110 includes a sensor controller 1138
for a group of one or more sensors, such as sensor controllers 118a, 118b, 118c for strain
gauges 114a, 114b, 114c, respectively. In an embodiment, the controllers are embedded in

the Kapton strap. The sensor controller 118 performs one or more functions associated with

_8-
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each group of one or more sensors, such as providing power to the sensor, initializing the
sensor, querying the sensor for data, receiving an output signal from the sensor, preparing
data based on the output signal from the sensor, and sending the data to a base controller 124
in the base unit 120. The base controller 124 is described in more detail in a later section.
[0039] In some embodiments, the sensor controller controls one or more other sensors.
For example, in various embodiments, one or more sensor controllers each control a
temperature sensor or an acoustic sensor or a vibration sensor or a COITOSION Sensor or a
hydrocarbon sensor or some combination of theses sensors. Temperature sensors distributed
around the pipe are useful in detecting leaks of a fluid that is at a different temperature from
ambient temperature. Vibration and acoustic sensors are useful in determining when and
where an outside object contacts the pipeline, as well as when and where a rupture occurs.
Corrosion sensors can detect problems at a weld before the weld leaks. Hydrocarbon and
vapor sensors can detect methane and other hydrocarbon byproducts that indicate leaks from
an oil or natural gas pipeline. In some embodiments, one or more Sensors are integrated with
the controller. In some embodiments, one or more sensors are embedded 1n the Kapton strap
and connected to the controller with cable 119.

2.2 Strain Gauges in the Sensor Belt
[0040] A strain gauge measures the change in distance between two active spots on the
strain gauge. Any strain gauge known in the art at the time the monitoring apparatus 1S
assembled may be used as the strain gauges 114. To measure strain in the pipeline, the two
active spots of each strain gauge should be rigidly anchored to two corresponding locations
on the pipeline. Strain in the pipeline can be related to stress in the pipeline in the vicinity of
the gauge and therefore to the risk of a leak or rupture at that location.
[0041] In the illustrated embodiment, the sensor belt 110 includes two biting bands 112,
including biting bands 112a, 112b for rigidly attaching strain gauges to two locations on the
pipeline. In some embodiments, the biting bands are embedded in the Kapton strap. The
biting bands 112 are configured to become rigidly attached to the skin of the pipeline when
the sensor belt 110 is cinched to be taught. For example, the two biting bands 112a, 112b run
parallel to each other and to a longitudinal axis of the sensor belt 110. Each biting band
includes small knobs or teeth on the surface of the band that contacts the pipeline. The teeth

9.
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dig slightly into the skin of the pipeline so that the bands become bound to the pipeline.
When the pipeline stretches or compresses, the bands move apart or together in concert with
the pipeline. The two active spots of each strain gauge 114 are anchored to a different one ot

the biting bands 112. In other embodiments, more than two biting bands may be included 1n

sensor belt 110, and different strain gauges may be anchored to different pairs of biting
bands.

[0042] In the illustrated embodiment, each strain gauge generates an electronic signal
that depends on the tension applied to a tension element, such as a spring. In order to
respond to both compressive strains and expansive strains, the strain gauges of the illustrated
embodiment are to be under tension when attached to the pipeline. To keep tension on the
strain gauges and to prevent the strain gauges from distorting the biting bands before the belt
is cinched to the pipeline, one or more removable stays 116, such as stays 116a, 116b, 116c,
are attached to the biting bands 112. After the belt is cinched and the biting bands are rigidly
attached to the pipeline, the removable stays 116 are removed. Any method for keeping
tension from distorting the biting bands with removable stays may be used. For example, in
one embodiment, the removable stays are thin rigid bars with flanges that fit into groves 1n
the biting bands. When in place, the rigid bars and flanges prevent distortion of the biting
bands 112 by the tension in the strain gauges 114. The stays are attached to a cord so that
when the cord is pulled away from the pipeline, the flanges on the stays exit the grooves, and
the stays fall away.

[0043] In the illustrated embodiment, the lengths of the strain gauges and the spacing
between two biting bands 112a, 112b are selected to span a weld between two sections of a
pipeline. The weld position relative to the biting bands 112 when the sensor belt 110 1s 1n
place around a pipeline is illustrated in FIG. 1 by the weld position 190, represented by
parallel broken lines.

[0044] In an embodiment, strain gauges 114, with associated sensor controllers 118 that

include integrated temperature sensors, are included every three inches along the sensor belt
110. Each strain gauge measures compression and expansion with a precision of about 10

ustrain. Each temperature sensor measures temperature with a precision of about £1°F.

According to this embodiment, a sensor belt 110 for a four foot diameter pipe would have
-10-
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about 50 strain gauges 114 with associated controllers 118 and temperature sensors
distributed along sensor belt 110. The distributed strain gauges should locate the position of
the weld most likely to fail first. The distributed temperature sensors should detect the

presence of any warm oil that leaks from inside the pipe and locate the leak at a position

around the weld.

2.3 The Base Unit
[0045] In the illustrated embodiment, the base unit 120 includes the cinching mechanism

122. the base controller 124, base sensors 121, radio antenna 140, visual signal device 150,
and thermopile 130. In other embodiments, one or more of these components are omitted,

but not all of them are omitted. The cinching mechanism 122 is described above with

reference to the sensor bellt.

2.3.1 The Base Sensors
[0046] The base sensors 121 include any sensors that are useful but that are not

distributed around the pipeline. For example, base sensors may include chemical detectors
and weather sensors that indicate the air temperature, wind speed, wind direction,
precipitation, sunlight levels, humidity, barometric pressure, or other environmental
properties. The chemical detector is useful in a pocket under an insulation layer around the
pipeline for determining whether a leak has occurred nearby. Chemical detectors are
commercially available for methane, ammonia, hydrogen, Chlorinated-fluorocarbons (CFCs)
, hydrocarbons and a variety of other gases. The weather measurements are useful 1n
determining how hazardous conditions are for visiting a site where an inspection is scheduled
or the other sensors indicate maintenance or repair of the pipeline is warranted. Output

signals from these sensors are sent to the base controller 124. Any sensors known when the

monitoring apparatus is fabricated may be incorporated; for example weld integrity sensors

currently under development may be included.
[0047] In an embodiment, the base sensors 121 include an acoustic sensor in physical

contact with the pipeline to detect contact with the pipeline by an outside agent, including
hostile human activity. The acoustic sensor in this embodiment has a frequency response

from about 100 cycles per second (also called Hertz, abbreviated “Hz”) to about 10,000 Hz, a
dynamic range of about 42 deciBels (dB) and a precision of about 2 dB. In this embodiment,
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the base sensors 121 include an accelerometer for each of three perpendicular directions to

determine vibration of the pipeline with a precision of about + 10 milleGs (mg) for vibration

frequencies below and overlapping the frequency range of the acoustic sensor. In this

embodiment, the base sensors 121 include a hydrocarbon vapor sensor with a sensitivity of
about +500 parts per million (ppm). A perforated space adjacent to the sensor belt 110

allows vapor to pass under the closed cell insulation to the vapor detector.
[0048] The sensors described for the illustrated embodiment are low-cost, highly reliable
commercial units. As assembled on the sensor belt 110 and base unit 120, the sensors are
thermally and mechanically robust -- capable of exposure to the arctic and desert
environments during installation and servicing.

2.3.2 The Base Controller
[0049] The base controller 124 includes a processor 126, a transmitter 128 and a recelver
129 and controls use of the antenna 140, the visual signal device 150, and the sensors on
sensor belt 110.
[0050] The processor 126 is used for processing the output signals from the base sensors
121 and the sensor controllers 118. Other elements of a computer system, described in more
detail in the last section, may also be incorporated in base controller 124. For example, a
memory is included in some embodiments to record data and sensor output received locally
or commands received from other, remote units. The base controller 124 performs one or
more functions similar to those performed by the sensor controllers 118, such as providing
power to the base sensors 121 and sensor controllers 118, initializing the sensors 121 and
sensor controllers 118, querying the sensors 121 and sensor controller 118 for data, and
preparing data based on the output signals from the sensors 121 and data from controllers
118.
[0051] In some embodiments, the processor 126 in the base controller determines
whether conditions of the pipeline and the monitoring apparatus 100 are normal based on
signals from the sensors and controllers. If conditions are normal, the processor 126
generates a small amount of data indicating all is normal and communicates that data to an
outside unit, using communication devices as described below. If conditions deviate from

normal conditions by more than a threshold amount, then the processor 126 generates more
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data that indicates the output from one or more sensors or controllers and communicates that
additional data to an outside unit. For example, the processor 126 provides data from a strain
gauge that indicates stresses that exceed a threshold stress and data from neighboring strain
gauges. In another embodiment, the processor 126 provides data from all sensors and
controllers when conditions deviate from normal at any sensor.

[0052] In some embodiments, the processor queries the sensors and controllers on a
regular schedule and provides data based on responses to those queries. In some
embodiments, the processor queries the sensors and controllers in response to receiving a
signal from an outside unit, communicated as described below, and provides data to the
outside unit based on responses to those queries.

[0053] The base controller 124 also controls communications with other units, either
other monitoring apparatuses, or other specialty units using a communications transmitter or
receiver or both. For example, the base unit processor 126 determines whether the data

obtained from sensors 121 and sensor controller 118 supports initiating some mending action

using transmitter 128 and receiver 129 and antenna 140. In the illustrated embodiment, radio
frequency channels are used. In other embodiments other wireless communication channels
may be used, such as optical and other electro-magnetic waves, acoustic wave and other
vibration waves. In such embodiments antenna 140 may be omitted.

[0054] In addition to, or in lieu of, the data communication channels, other signals can be
conveyed to passiﬁg vehicles or aircraft using a visual signal device 150, such as a low-
power light emitting diode or a capacitor-charged Xenon flash lamp. For example, in some
embodiments the Xenon lamp flashes when the pipeline and monitoring apparatus are
healthy and shines continuously when the pipeline or monitoring apparatus should receive
attention. In some embodiments, wired communications can also be used to communicate
with external units, such as where the monitoring apparatus 100 is attached to a pipeline at a
site near well-supported facilities, such as pump stations with their own electric generators

and communications equipment.
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[0055] For communicating with multiple other units, such as other monitoring

apparatuses, each processor 126 is associated with a unique network address for network

communications.

2.3.3 The Thermopile
[0056] In the illustrated embodiment, power for the sensors, processors, and
communications is derived from a temperature difference between the fluid in the pipe and
the ambient temperature of the environment outside the pipe. The piped fluid may be
warmer or colder than the ambient temperature. For example, a thermopile 130 1s employed
to convert the temperature difference into an electric voltage to drive a current through the
processors, sensors, and communications components. A thermopile is formed from several
thermocouples. A thermocouple is formed by joining two materials with different electro-
thermal responses. A thermocouple generates an electric voltage difference at the junction
when the two materials are exposed to different temperatures. In the thermopile 130, many
thermocouples are connected in series to sum the voltages from the individual
thermocouples. One thermocouple 132a of thermopile 130 is brought into thermal contact
with the pipeline, which is at a temperature close to that of the piped oil. The other
thermocouple 132b of thermopile 130 is brought into thermal contact with the air outside the
pipeline. In one embodiment, a thermopile adapted to high heat fluxes of about 10 Watts per
square centimeter (W/ cm?) is used.
[0057] A useful temperature difference between the fluid inside the pipeline and the air
outside the pipeline is often available. For example, o1l 1s typically transported at a
temperature elevated compared to the outside air. In the Trans-Alaskan pipeline the oil
temperature is typically 150 degrees Fahrenheit (°F), well above the ambient temperature,
which is less than 72 °F. In the Trans-Siberian pipeline, ambient temperatures are even
lower. Crude oil transported in desert regions is superheated to about 450°F to increase flow
rates. This provides a significant temperature difference even for desert temperatures of 120
°F.
[0058] Thermopiles free the monitoring apparatus 100 from reliance on wiring, batteries,

solar panels, windmills and other problematic power sources.
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[0059] In some embodiments, wired power and generators can also be used to provide
power, such as where the monitoring apparatus 100 is attached to a pipeline at a site near
well-supported facilities, such as pump stations.

2.4 Fabrication and Use of the Monitoring Apparatus
[0060] In some embodiments, the monitoring apparatus is fabricated 1n advance at a
fabrication facility. In such embodiments, installation of the monitoring apparatus in the
field is readily accomplished by attaching the apparatus to the outside of the pipeline. The
installation is especially efficient when the apparatus includes the sensor belt 110 that can be
wrapped around the outside of the pipeline at a location and inserted into the cinching
mechanism 122. The cinching mechanism 122 is then operated to tighten the belt around the
pipeline so that the sensors properly contact the skin of the pipeline. For example, the biting
bands contact and rigidly attach to the skin of the pipeline when the cinching mechanism 1s
activated.
[0061]  The base controller 124 in the base unit apportions power to the sensor suite to
repeatedly monitor the vessel health in its vicinity as power permits. In the case of overt
actions, such as detection of one or more excessive values for one or more signals from the
strain, temperature, acoustic, vibration and vapor sensors, the monitoring apparatus 1s event
driven, and the base controller 124 awakens the communication circuitry, such as transmitter

128, to notify a pipeline manger, who is located at an external unit, of the event.

3. Monitored Pipeline

[0062] FIG. 2 is a block diagram that illustrates a monitored pipeline 200, according to
an embodiment. A pipeline includes multiple pipeline sections, designated pipeline sections
210 hereinafter, such as pipeline sections 210a, 210b depicted in FIG. 2. Other pipeline
sections of monitored pipeline 200 are not shown. The pipeline sections 210 are joined to
adjacent pipeline sections by a weld along the entire circumference of the junction. For
example, a weld joins pipeline section 210a to pipeline section 210b.

[0063] Often surrounding the pipeline sections 210 is a layer of pipeline insulation 212,
which serves to reduce the transfer of heat from the piped fluid to the environment due to the

temperature difference between the temperature of the piped fluid and the ambient
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temperature of the environment outside the pipeline. The insulation layer 212 may also
provides some mechanical insulation for the pipeline against collisions with airborne debris.
A piped fluid 214 flows through the pipeline sections 210 of the pipeline when the pipeline 1s
n use.

[0064] According to some embodiments of the invention, a monitoring apparatus, such as
apparatus 100, is attached to a pipeline to straddle a weld between adjacent pipeline sections
210. In the illustrated embodiment, monitoring apparatuses 100a, 100b, 100c are attached to
straddle welds between pipeline sections 210a, 210b and adjacent pipeline sections,
respectively. In other embodiments, one or more monitoring apparatuses, such as monitoring
apparatus 100, are attached to the pipeline at locations other than welds.

[0065] It is considered preferable to attach the monitoring apparatuses at welds because
failures are more likely to occur at welds. Due to the residual strains of the environment,
including ground shifts, but particularly the cycles of freezing and thawing that occur in the
arctic regions, strains and stresses accumulate at the joints between pipeline sections.

[0066] Where a layer of insulation 212 surrounds the pipeline, 1t 1s preferable that the
thermopile extends from contact with the pipeline to a position where a thermocouple of the
thermopile is exposed outside the layer of insulation 212. For example, as illustrated in FIG.
2, thermopile 130a extends from the pipeline through the layer of insulation 212.

[0067] In the illustrated embodiment, low power, radio frequency (RF) communications
are used for the base unit of one monitoring apparatus to communicate with 1ts nearest
neighbors. A linear communication network is thus formed along the length of the pipeline
with each monitoring apparatus serving as a node on the network. Each node has a unique
network address. For pipelines that are not completely instrumented with monitoring
apparatuses, a relay package with a processor (like processor 126), a transmitter (like
transmitter 128) and a receiver (like receiver 129) powered by its own thermopile (like
thermopile 130) may substitute for a complete monitoring apparatus as a network node. To
guard against network failure due to failure of one node, the RF transmission should be
effective at twice the nominal spacing between nodes. For pipeline sections forty feet long
and a node at every weld location along the pipeline, RF transmissions with 80 feet of

effective range are sufficient. This means that the base unit of one monitoring apparatus
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nominally communicates with its four nearest neighbors. Such short-range transmissions do
not demand much power and are readily supported by available thermopiles.

[0068] Any query mode developed at the time of installing the monitoring apparatus may
be employed to retrieve information from a node, such as output from an individual sensor,
data from an individual sensor controller 118, data from an individual base unit 120, data
from several base units associated with an actively supported facility, such as a pumping
station, or data from all base units on the pipeline. At well-supported facilities, data can be
transferred to other extant pipeline communications systems, such as powerful radio
transmitters and satellite uplinks. A human user may also connect to the linear
communications network anywhefe along the pipeline, such as at either end of the pipeline,
at a pumping station, or moving past the pipeline within the effective transmission distance in
a properly equipped vehicle, such as a truck or helicopter.

[0069] Data communication rates are reasonable. For example, the Trans-Alaskan
pipeline includes about 132,000 welds about 40 feet apart. For purposes of illustration, it 1s
assumed that the data collected by the example monitoring apparatus described above at each
weld includes about 50 strain measurements, 50 temperature measurements, acoustic data,
vibration data, vapor detection data, and a node identification number that amounts to 1000
binary digits. Data from all 132,000 welds (about 14 million sensors) amounts to less than
about 18 Megabytes (MB) of data (where a byte is about 8 bits and a MB is a million bytes).
If the RF transmitters and receivers can pass this information at 9,600 baud (bytes per
minute), which is readily available technology at the time of this writing, it would take less
than about 4.5 hours to obtain data from all 14 million sensors. If the base controller 1s
configured to deduce filtered data that indicates simple pass or fail for each sensor, then the
entire download consumes less than about 40 minutes. |

[0070] The monitoring apparatuses, such as apparatus 100, may be attached as each
pipeline section 210 is welded to the pipeline during construction of the pipeline. For extant
pipelines, it may be most cost effective to attach a monitoring apparatus at a weld as each
weld is inspected during scheduled weld inspections. This approach reduces the burden on
both maintenance crews and maintenance budgets. During normal inspection and repair

cycles, an entire pipeline, such as the Trans-Alaskan pipeline would have a monitoring
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apparatus installed at each weld within a few years. Furthermore, because locations

susceptible to damage receive scheduled visits sooner, welds at such locations would be

instrumented more quickly.

4. Method for Monitoring Health of a Vessel
[0071] FIG. 3 is a flow diagram that illustrates a method 300 for monitoring the health of

a pipeline, according to an embodiment. Although steps are shown ina particular order 1n
FIG. 3 for purposes of illustration, in other embodiments the steps may be performed in a
different order or overlapping in time. For example, connecting a thermopile to sensors,
processor, radio receiver and transmitter as part of step 360 may be partly performed
simultaneously with steps 310, 3120, 330 during a fabrication process at a factory, while

providing power from the thermopile is performed after installation on the pipeline during
step 350.

[0072] In step 310, a sensor suite on a sensor belt is connected to a processor on the base
unit. For example, during factory fabrication, the biting bands 112 and cable 119 are
connected to a Kapton strip, the strain gauges 114 and stays 116 are connected to the biting
bands 112, the controllers 118 with temperature sensors are connected to the cable 119 and
the Kapton strip, thus completing a sensor belt 110 with a sensor suite. In this example, the
sensor belt 110 is attached to the base unit 120, and the cable 119 is electronically connected
to the base controller 124 that includes the processor 126. In embodiments without a

‘\

processor, step 310 may be omitted.

[0073] In step 320, the processor is also connected to the transmitter. For example,
before, during or after step 310, a RF transmitter is installed in the base controller 124. In
embodiments without a radio transmitter or processor, step 320 may be omuitied.

[0074] In step 330, the processor is also connected to the receiver. For example, before,
during or after steps 310 and 320, a RF receiver is installed in the base controller 124. In

embodiments without a radio receiver or processor, step 330 may be omitted.
[0075] In step 340, a weld between two pipeline sections is inspected, for example as part

of pipeline construction or scheduled, routine pipeline maintenance or pipeline repair. In
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some embodiments, such as embodiments in which a monitoring apparatus is installed at
locations other than a weld, step 340 may be omitted.

[0076] In step 350, the sensor suite is attached to the outer skin of the pipeline. In the
illustrated embodiment using sensor belt 110, the sensor suit is attached by circling the
pipeline section or weld with the sensor belt 110, inserting belt tip 111 into slit 123 of
cinching mechanism 122, and cinching the sensor belt 110 tight against the outer skin of the
pipeline using the cinching mechanism 122. In the illustrated embodiment, the sensor belt is
cinched at a location on the pipeline so that two biting bands 112 straddle a weld between
two pipeline sections 210. Because attaching the sensor belt is so easy with the cinching
mechanism, subsequent manual inspection of the weld can still be performed by momentarily
removing and then reattaching the sensor belt 110. In some embodiments, the weld 1s left
uncovered by the sensor belt 110, e.g., there is no Kapton fabric between the biting elements
112, so that subsequent visual inspection of the weld can be performed while the sensor belt
110 1s 1n place.

[0077] In step 360, power is provided based on a temperature difference between a fluid
214 inside the pipeline and ambient temperature of the environment outside the pipeline. In
the illustrated embodiment, this is accomplished by bringing one thermocouple 132a of
thermopile 130 into contact with the outer skin of the pipeline and exposing another
thermocouple 132b to the air outside the layer of insulation 212.

[0078] Step 360 includes electrically connecting the electric voltage terminals of the
thermocouple 130 to the power supply terminals of the base controller 124 and cable 119 and
base sensors 121. In some embodiments, electrically connecting the electric voltage
terminals of the thermocouple 130 to the power supply terminals of the base controller 124
involves connecting the electric voltage terminals of the thermocouple130 separately to
power terminals for transmitter 128, receiver 129, processor 126, or one or more other
components of base unit 120. In the illustrated embodiment, electric connections to
terminals of the thermocouple 130 are performed during factory fabrication of the monitoring
apparatus. In other embodiments, the electric connections are made after factory fabrication
or in the field. Factory connections are preferred as quicker and more reliable than field

connections. In embodiments that do not use thermopile power, step 360 may be omitted.
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[0079] In step 370, stays are removed that maintain biting band spacing for pre-tensioned
strain gauges. For example, during factory fabrication of the sensor belt 110, a cord 1s
connected to stays 116 made of thin rigid bars with flanges that are engaged with groves mn
the biting bands112. After the sensor belt 110 is cinched around the pipeline in step 350, the
cord is pulled to extract the flanges from the groves; and, the stays are removed. Step 370
may be omitted in embodiments that do not use biting bands and pre-tensioned strain gauges.
[0080] In step 380, the local receiver and local transmitter of a local monitoring
apparatus most recently attached in step 350 are used to communicate data with a remote
transmitter or receiver that are not part of the local monitoring apparatus. Step 380 includes
steps performed by the processor 126 to cycle power among components to maintain low
power operation, to process commands received from a remote unit, to query local sensors
121 and controllers 118 of the local monitoring apparatus, to receive and process and store
data from controllers 118 and output from sensors 121, to determine whether conditions
deviate from normal conditions by more than a threshold, and to generate data for
transmission to remote units. A remote unit may be another monitoring apparatus, a
communications relay package, or an end user at a pipeline terminus, pumping station, Or
vehicle, or some combination of these units, among others. Data 1s communicated upon
command, when a failure is detected, when a pipeline problem is detected, or on a specified
periodic basis for downloading data the processor has recorded for the specified period. In
the illustrated embodiment, the remote unit is within twice the nominal spacing between
nodes of a linear communications network. Step 380 may be omitted in embodiments that do
not use transmitter 128 or receiver 129 or processor 126.

[0081] In step 390, the status of the local monitoring apparatus is signaled using the
visual signal device 150. For example, a flash lamp is fired intermittently when conditions of
the pipeline and monitoring apparatus are normal, and shined continuously when the pipeline
or monitoring apparatus deserves some attention. Step 390 may be omitted in embodiments
that do not include the visual signal device 150.

[0082] Method 300 is repeated for each monitoring device to be installed on a pipeline.
In some embodiments steps 320, 330, 350, 360, 380 and 390 are performed for

communications relay packages, without a sensor suite, so that a linear network can be
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established between a monitoring apparatus and an actively supported facility like a pump
station.

[0083]) As described in the background section, manual inspections in harsh climatic
areas is a very risky activity, dangerous to its participants, and prone to operator error
because of the distractions imposed by the climate. The inspection process 1s also time
consuming for the human inspectors, and is thus expensive to the pipeline companies. Using
the techniques described above allows pipeline companies to only replace sections of pipe
that need repair, rather than indiscriminately replacing pipe sections on a prescribed
schedule, or performing frequent manual inspections in harsh climatic areas. Use of these
techniques reduces overall upkeep costs by allowing maintenance to be scheduled and
performed at the discretion of the pipeline company based on need. Repair crews may
therefore provide proactive preventative maintenance during safer weather conditions rather
than performing emergency repairs in harsh conditions in reaction to a pipeline failure.
Furthermore, because a monitored pipeline can be monitored remotely over the linear
network, or from a passing vehicle, in-situ manual inspections can be reduced. This reduces
manpower costs and the risks of injury during hazardous weather conditions. Furthermore,
the monitoring includes measurements of corrosion and third party damage via acoustic and
vibration sensors so that the likelihood of undetected leaks is substantially reduced. The
reduction in the likelihood of leaks is not only a cost benefit to those transporting fluids
through the pipelines and cleaning up spills, but is also a benefit to the environment and the

population surrounding the pipeline areas.

5. Hardware Overview

[0084] FIG. 4 is a block diagram that illustrates a computer system 400 upon which an
embodiment of the invention may be implemented. Computer system 400 includes a
communication mechanism such as a bus 410 for passing information between other internal
and external components of the computer system 400. Information is represented as physical
signals of a measurable phenomenon, typically electric voltages, but including, in other
embodiments, such phenomena as magnetic, electromagnetic, pressure, chemical, molecular

and atomic interactions. For example, north and south magnetic fields, or a zero and non-
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zero electric voltage, represent two states (0, 1) of a binary digit (bit). A sequence of binary
digits constitutes digital data that is used to represent a number or code for a character. A
bus 410 includes many parallel conductors of information so that information is transferred
quickly among devices coupled to the bus 410. One or more processors 402 for processing
information are coupled with the bus 410. A processor 402 performs a set of operations on
information. The set of operations include bringing information in from the bus 410 and
placing information on the bus 410. The set of operations also typically include comparing
two or more units of information, shifting positions of units of information, and combining
two or more units of information, such as by addition or multiplication. A sequence of
operations to be executed by the processor 402 constitute computer instructions.

[0085] Computer system 400 also includes a memory 404 coupled to bus 410. The
memory 404, such as a random access memory (RAM) or other dynamic storage device,
stores information including computer instructions. Dynamic memory allows information
stored therein to be changed by the computer system 400. RAM allows a unit of information
stored at a location called a memory address to be stored and retrieved independently of
information at neighboring addresses. The memory 404 is also used by the processor 402 to
store temporary values during execution of computer instructions. The computer system 400
also includes a read only memory (ROM) 406 or other static storage device coupled to the
bus 410 for storing static information, including instructions, that is not changed by the
computer system 400. Also coupled to bus 410 is a non-volatile (persistent) storage device
408, such as a magnetic disk or optical disk, for storing information, including instructions,
that persists even when the computer system 400 is turned off or otherwise loses power.
[0086] Information, including instructions, is provided to the bus 410 for use by the
processor from an external input device 412, such as a keyboard containing alphanumeric
keys operated by a human user, or a sensor. A sensor detects conditions in its vicinity and
transforms those detections into signals compatible with the signals used to represent
information in computer system 400. Other external devices coupled to bus 410, used
primarily for interacting with humans, include a display device 414, such as a cathode ray
tube (CRT) or a liquid crystal display (LCD), for presenting images, and a pointing device
416, such as a mouse or a trackball or cursor direction keys, for controlling a position of a
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small cursor image presented on the display 414 and issuing commands associated with
graphical elements presented on the display 414.

[0087] In the illustrated embodiment, special purpose hardware, such as an application
specific integrated circuit (IC) 420, is coupled to bus 410. The special purpose hardware 18
configured to perform operations not performed by processor 402 quickly enough for special
purposes. Examples of application specific ICs include graphics accelerator cards for
generating images for display 414, cryptographic boards for encrypting and decrypting
messages sent over a network, speech recognition, and interfaces to special external devices,
such as robotic arms and medical scanning equipment that repeatedly perform some complex
sequence of operations that are more efficiently implemented in hardware.

[0088] Computer system 400 also includes one or more instances of a communications
interface 470 coupled to bus 410. Communication interface 470 provides a two-way
communication coupling to a variety of external devices that operate with their own
processors, such as printers, scanners and external disks. In general the coupling is with a
network link 478 that is connected to a local network 480 to which a variety of external
devices with their own processors are connected. For example, communication interface 470
may be a parallel port or a serial port or a universal serial bus (USB) port on a personal
computer. In some embodiments, communications interface 470 is an integrated SErvices
digital network (ISDN) card or a digital subscriber line (DSL) card or a telephone mo dem
that provides an information communication connection to a corresponding type of telephone
line. In some embodiments, a communication interface 470 is a cable modem that converts
signals on bus 410 into signals for a communication connection over a coaxial cable or into
optical signals for a communication connection over a fiber optic cable. As another example,
communications interface 470 may be a local area network (LAN) card to provide a data
communication connection to a compatible LAN, such as Ethernet. Wireless links may also
be implemented. For wireless links, the communications interface 470 sends and receives
electrical, acoustic or electromagnetic signals, including infrared and optical signals, that
carry information streams, such as digital data. Such signals are examples of carrier waves.
[0089] The term computer-readable medium is used herein to refer to any medium that

participates in providing instructions to processor 402 for execution. Such a medium may
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take many forms, including, but not limited to, non-volatile media, volatile media and
transmission media. Non-volatile media include, for example, optical or magnetic disks,
such as storage device 408. Volatile media iﬁclude, for example, dynamic memory 404.
Transmission media include, for example, coaxial cables, copper wire, fiber optic cables, and

waves that travel through space without wires or cables, such as acoustic waves and

electromagnetic waves, including radio, optical and infrared waves. Signals that are
transmitted over transmission media are herein called carrier waves.

[0090] Common forms of computer-readable media include, for example, a floppy disk, a
flexible disk, a hard disk, a magnetic tape, or any other magnetic medium, a compact disk
ROM (CD-ROM), or any other optical medium, punch cards, paper tape, or any other
physical medium with patterns of holes, a RAM, a programmable ROM (PROM), an erasable
PROM (EPROM), a FLASH-EPROM, or any other memory chip or cartridge, a carrier
wave, or any other medium from which a computer can read.

[0091]  Network link 478 typically provides information communication through one or
more networks to other devices that use or process the information. For example, network
link 478 may provide a connection through local network 480 to a host computer 482 or to
equipment 484 operated by an Internet Service Provider (ISP). ISP equipment 484 in turn
provides data communication services through the public, world-wide packet-switching
communication network of networks now commonly referred to as the Internet 490. A
computer called a server 492 connected to the Internet provides a service in response to
information received over the Internet. For example, server 492 provides information
representing video data for presentation at display 414.

[0092] Some embodiments use computer system 400 for implementing one or more steps
of the techniques described herein. According to one embodiment of the invention, those
steps are performed by computer system 400 1n response to processor 402 executing one or
more sequences of one or more instructions contained in memory 404. Such instructions,
also called software and program code, may be read into memory 404 from another
computer-readable medium such as storage device 408. Execution of the sequences of
instructions contained 1n memory 404 causes processor 402 to perform the method steps

described herein. In alternative embodiments, hardware, such as application specific
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integrated circuit 420, may be used in place of or n combination with software to implement
the invention. Thus, embodiments of the invention are not limited to any specific
combination of hardware and software.

[0093] The signals transmitted over network link 478 and other networks through
communications interface 470, which carry information to and from computer system 400,
are exemplary forms of carrier waves. Computer system 400 can send and receive
information, including program code, through the networks 480, 490 among others, through
network link 478 and communications interface 470. In an example using the Internet 490, a
server 492 transmits program code for a particular application, requested by a message sent
from computer 400, through Internet 490, ISP equipment 484, local network 480 and
communications interface 470. The received code may be executed by processor 402 as it 18
received, or may be stored in storage device 408 or other non-volatile storage for later
execution, or both. In this manner, computer system 400 may obtain application program
code in the form of a carrier wave.

[0094] Various forms of computer readable media may be involved in carrying one or
more sequence of instructions or data or both to processor 402 for execution. F;)r example,
instructions and data may initially be carried on a magnetic disk ot a remote computer such
as host 482. The remote computer loads the instructions and data 1nto 1its dynamic memory
and sends the instructions and data over a telephone line using a modem. A modem local to
the computer system 400 receives the instructions and data on a telephone line and uses an

- fra-red transmitter to convert the instructions and data to an infra-red signal, a carrier wave
serving as the network link 478. An infrared detector serving as communications interface
470 receives the instructions and data carried in the infrared signal and places information
representing the instructions and data onto bus 410. Bus 410 carries the information to
memory 404 from which processor 402 retrieves and executes the instructions using some of
the data sent with the instructions. The instructions and data received in memory 404 may
optionally be stored on storage device 408, either before or after execution by the processor
402.

[0095]  In the foregoing specification, the invention has been described with reterence to

specific embodiments thereof. It will, however, be evident that various modifications and
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changes may be made thereto without departing from the broader spirit and scope of the
invention as expressed in the attached claims and their equivalents. The specification and

drawings are, accordingly, to be regarded in an illustrative rather than a restrictive sense.
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CLAIMS Docket No. 1772-8PL
What is claimed 15:
[ A method of monitoting health of a vessel that contains fluid at noh-ambient
2 temperatures, comprising:
3 attaching a sensor suite of one or more sensors to an outer skin of the vessel; and
4 providing power for the sensor suite,
5 wherein at least one sensor of the sensor suite is attached at 2 weld between
6 successive scctions of the vessel.
1 3. The method as recited in Claim 1, said step of providing power based on a
2 temperature difference between # fluid temperature of a contained fluid inside the vessel and
3  an ambient temperature outside the vessel and further comprising providing electricity by
4 attaching a first thermocouple of a thermopile to the outer skin of the vessel and cxposing a
5  different, second thermocouple of the thermopile to the ambicnt tempoerature.
I 5 The method as recited in Claim 1, wherein:
2 the method further comprises connecting the sensor suite to a transmitter to
3 communicate data based on sensor output from the sensor suite to a receiver:
: | and
5 said step of providing power for the sensor suite further comprises providing power
6 for the transmitter,
| “27"'
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4

The method as recited in Claim 5, further comprising

providing a plurality of communication relays at a corresponding pluralify of
locations along the vessel, each relay including a receiver and a transmitter for
communicating the data based on the sensor suite; and

providing power for each communication relay of the plurality of communication
relays based on a temperature difference between the contamed fluid mside

the vessel and an ambient temperature outside the vessel in the vicinity of the

communication relay.

The method as recited in Claim 6, further comprising

attaching a corresponding sensor suite to the outer skin of the vessel in the vicinity of
each communication relay of the plurality of communication relays;

connecting the corresponding sensor suite to a transmitter in the corresponding
communication relay to communicate data based on sensor output from the
corresponding sensor suite; and

said step of providing power for each communication relay further comprises
providing power for the corresponding sensor suite based on the temperature
difference between the contained fluid inside the vessel and the ambient

temperature outside the vessel in the vicinity of the communication relay.

The method as recited in Claim 7, wherein the corresponding plurality of locations
along the vessel are associated with a plurality of welds between successive sections

of the vessel.

| The method as recited in Claim 1, wherein:

the method further comprises connecting the sensor suite to a processor to generate
data based on sensor output from the sensor suite; and
said step of providing power for the sensor suite further comprises providing power

for the processor.
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CLAIMS Dacket No, 1772-3PL,

10.  The method as recited in Claim 9, firther comprising configuring the processor to
determine whether output from the sensor suite deviates by more than a threshold amount
from a baseline output that is associated with normal conditions for the vessel.

11,  The method as recited in Claim 1, whete the at least one sensor of the sensor sunite

attached i3 one of a strain gauge and a stress pauge.

12.  The method as recited in Claim 1, wherein:
the method further comprises inspecting a weld of an existing vessel during a
scheduled inspection; and
said steps of attaching the sensor suite and providing power for the scnsor suite are
performed during the scheduled inspection. o

13.  The method as recited in Claim 1, said step of attaching the sensor suite further
comprising citiching around the vessel a belt that containg the sensor suite,

4. The meth«;:d as recited in Claim 13, said step of cinching the belt causes two ends of a
strain gauge to become rigidly attached to the outer skin of the vessel.

15.  The method as recited in Claim 13, wherein the two ends of the strain gauge become
rigidly attached to the outer skin of the vessel on opposite sides of 2 weld between successive
sections of the vessel,

16. The method as recited in Claim 1, wherein the sensor suite includes at least one ofa

strain gauge, a stress gauge, a temperature sensor, a corrosion sensor and 2 leak detector that
detects a product of the contained fluid.

-20..
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17. A method of monitoring health of a vessel that contains a fluid, comprising:
cinching around an outer skin of the vessel, at a weld between successive sections of

the vessel, a belt that contains a sensor suite of one or more sensors,
wherein said step of cinching the belt causes two ends of a strain gauge in the sensor

suite to become rigidly attached to the outer skin of the vessel on opposite

sides of the weld.

18.  An apparatus for monitoring health of a vessel that contains a fluid, comprising:

a belt for cinching around an outer skin of the vessel at a location along the vessel,
wherein the belt further comprises
a plurality of biting members for rigidly attaching to the outer skin of the
vessel when the belt is cinched around the vessel, and
a strain gauge for measuring change in distance between two ends of the strain
gauge, each end of the two ends rigidly attached to a different one of

the plurality of biting members.

19.  The apparatus as recited in Claim 18, wherein:
the strain gauge 1s under tension; and
the belt further comprises a removable stay that prevents changing a distance between

the plurality of biting members due to the tension from the strain gauge until

after the belt is cinched around the vessel.

20.  The apparatus as recited in Claim 18, wherein at least one of the plurality of biting

members includes a band substantially parallel to a longitudinal axis of the belt.

21.  The apparatus as recited in Claim 18, wherein each biting member of the plurality of

biting members includes a band substantially parallel to a longitudinal axis of the belt.

22.  The apparatus as recited in Claim 20, wherein the strain gauge is substantially

perpendicular to the band.
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23.  The apparatus as recited in Claim 19, wherein:
at least one of the plurality of biting members includes a band substantially parallel to
a longitudinal axis of the belt; and

the removable stay is a bar substantially perpendicular to the band.

24.  The apparatus as recited in Claim 19, further comprising a thermopile that generates
power based on a temperature difference between a first thermocouple of the thermopile and
a second thermocouple of the thermopile, wherein:
the first thermocouple 1s connected to the belt for making thermal contact with the
outer skin of the vessel,;
the second thermocouple 1s configured for exposure to an ambient temperature of an
environment outside the vessel; and

power generated by the thermocouple powers the strain gauge.

25.  The apparatus as recited in Claim 24, further comprising a local transmitter
communicatively connected to the strain gauge for communicating first data based on output
from the strain gauge to a distant receiver, wherein power generated by the thermocouple

powers the local transmutter.

26.  The apparatus as recited in Claim 25, further comprising a local recetrver
communicatively connected to the local transmitter, the local receiver for receiving second
data from a distant transmitter based on output from a distant strain gauge, wherein power

generated by the thermocouple powers the local receiver.

27.  The apparatus as recited in Claim 25, further comprising a local processor
communicatively connected to the strain gauge and the local transmitter for generating the
first data based on output from the strain gauge, wherein power generated by the

thermocouple powers the local processor.
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28.  An apparatus for monitoring health of a vessel that contains a fluid, comprising:

a belt for cinching around an outer skin of the vessel at a location along the vessel,
wherein the belt includes a sensor suite of one or more sensors for measuring
properties related to the health of the vessel; and

a thermopile that generates power based on a temperature difference between a first
thermocouple of the thermopile and a second thermocouple of the thermopile,
wherein:
the first thermocouple is connected to the belt for making thermal contact with

the outer skin of the vessel;
the second thermocouple is configured for exposure to an ambient temperature
of an environment outside the vessel; and

power generated by the thermocouple powers the sensor suite.

29.  The apparatus as recited in Claim 28, further comprising a local transmitter
communicatively connected to the sensor suite for communicating first data based on output
from the sensor suite to a distant receiver, wherein power generated by the thermocouple

powers the local transmitter.

30.  The apparatus as recited in Claim 29, further comprising a local receiver
communicatively connected to the local transmitter, the local receiver for receiving second
data from a distant transmitter based on output from a distant sensor suite, wherein power

generated by the thermocouple powers the local receiver.

31.  The apparatus as recited in Claim 29, further comprising a local processor
communicatively connected to the sensor suite and the local transmitter for generating the
first data based on output from the sensor suite, wherein power generated by the

thermocouple powers the local processor.
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33.

34,

A pipeline, comprising:
a plurality of pipe sections welded together;
a belt cinched around an outer skin of a pipe section at a location along the pipeline,
wherein the belt further comprises
a plurality of biting members rigidly attached to the outer skin of the pipeline,
and
a stram gauge for measuring change in distance between two ends of the strain
gauge, each end of the two ends rigidly attached to a different one of
the plurality of biting members.

The pipeline as recited in Claim 32, wherein:

a belt 1s cinched around each weld of a plurality of welds between adjacent sections
of the plurality of pipe sections in the pipeline; and

each belt further comprises a plurality of biting members and a strain gauge rigidly

attached to a different one of the plurality of biting members.

A pipeline, comprising:

a plurality of pipe sections welded together;

a belt cinched around an outer skin of a pipe section at a location along the pipeline,
wherein the belt further comprises a sensor suite of one or more sensors for
measuring properties related to health of the pipeline; and

a thermopile that generates power based on a temperature difference between a first
thermocouple of the thermopile and a second thermocouple of the thermopile,
wherein:
the first thermocouple is connected to the belt in thermal contact with the

outer skin of the pipeline;
the second thermocouple is exposed to an ambient temperature of an
environment outside the pipeline; and

power generated by the thermocouple powers the sensor suite.
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33.

The pipeline as recited in Claim 34, wherein:

the pipeline further comprises a layer of thermal insulation wrapped around the
plurality of pipe sections; and

the second thermocouple is exposed to an ambient temperature of an environment

outside the layer of thermal insulation.
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