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1 INTRODUCTION AND BACKGROUND

Internal corrosion of natural gas pipelines isrégult of interaction between the inside
pipe wall and impurities in the product being tgaoded. Such interactions can lead to an overall
loss of material thereby thinning the pipe wall d@mds reducing the range of operating pressure.
Corosion, however, tends to be localized alongotheline with some areas experiencing
significant corrosion rates and others much les®ad of the variability arises from both spatial
and temporal differences in the composition ofghmduct. For example, brines may be observed
in segments of natural gas pipelines close to mioduareas (i.e., carry-over produced water),
but condensed water are more likely further doveastr (i.e., without chlorides). Some of the
common corrosion inducing species includes carboxide, hydrogen sulfide, water, salts (such
as chloride), solids and precipitates, organicsa@dd microorganisms. As a consequence of the
wide range of possible corrosion inducing spectesy inherent variability with both position
and time within the pipeline, accurate inspectind determination of the true condition within
the pipeline is difficult.

Over the last several years, The Office of PipeBagety attributes approximately 14 and
12% of natural gas and liquids transmission pigaliaccidents, respectively, to internal
corrosion. These incidents include some high pedéllures involving fatalities,
service/deliverability interruption, and environnt@rdamage. Public safety concerns have
provided the driving force for new regulations thequire pipeline integrity assessments. There
are currently three available pipeline assessmethadologies: (a) in-line inspection (ILI), (b)
hydrostatic testing, and (c) direct assessmentebdipg on the pipeline conditions the
appropriate methodology can be used.

In-line inspection (ILI) is capable of detectingeamal corrosion. The ability of this
technique to find corrosion flaws larger than aaiersize (10 percent of pipe wall thickness)
makes it extremely valuable for locating flaws befthey become critical and cause pipeline
failure (either leaks or rupture)). ILI methodslumte ultrasonic transmission and magnetic flux
leakage. In these cases, the necessary instrumoantatmounted on a tool (pig) that travels
inside the pipeline. ILI tools are 3.0 to 5.5 m (©AL8 ft) in length. The ILI tools must be
capable of readily passing through the pipeline thedsensors must be able to produce good
contact (MFL tool) or stand-off from the pipe wéllT tool). For these reasons, pipelines with
large buckles, large dents, tight-radius bendsabres that do not open fully can provide
difficulty in conducting an inspection and, in sonases, will cause limitations that make the
lines not “piggable”. The tool will simply not fihrough the pipeline. In addition, pipelines to be
inspected by ILI tools must be fitted with launchand retrievers. Nearly 30% of the natural gas
pipelines in the United States are not piggable.

Another well known inspection technique is hydrasteesting. This however requires a
service interruption and has technical drawbackanasssessment method (e.g., detecting leak
without rupture). Another common method for inspetof internal corrosion is insertion of
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coupons into the pipeline. The main limitation witbupons is that they cannot always be placed
at locations that are most likely to experienceasion. In addition, they only provide a time-
averaged indication of the rate of corrosion. Tieathe corrosion that is noted on the coupon is
assumed to have occurred over the entire timedbhpan is in place, when in reality the
corrosion may have occurred only during a very storation giving rise to a significant
underestimation of the corrosion rate.

Internal Corrosion direct Assessment (ICDA) wasealleped for gas transmission lines
that normally carry dry gas but may suffer fromrstierm upsets of liquid water. The ICDA
methodology for dry gas relies on established mplése flow principles to predict locations of
water accumulation. For the nominally dry gas ljreesimple correlation was developed that
calculates the critical angle of inclination forteraaccumulation that can be compared to the
actual angle of inclination of the pipe (measurgdligital elevation data and depth of cover).
Once critical angle sites are identified, the pgexcavated and one or more direct examination
techniques (e.g., ultrasonic inspection) are usatktermine whether internal corrosion is
present. Depending on these direct examinationguinspections may be necessary. A
previous study by one of the investigators in ggotofunded by DOT (Contract No.
DTRS5603T0001, Internal Corrosion Direct Assessmé@as Transmission and Storage
Lines) identified several issues:

. The uncertainties in flow modeling parameters pipeline inclination angles
resulted in considerable uncertainty in the locabbwater hold-up.

. The ICDA procedure does not provide informationtioe length of pipe to
excavate. This could be a significant problem émg slopes as shown in Figure 1.

. After ICDA, obtaining the necessary access tesdibr pipe excavation can often
be prohibitively expensive.

. Even if locations of water accumulation are idfgad, the extent of corrosion or
the corrosivity of the water is unknown.

. Non-intrusive monitoring devices, such as théd=&ignature Method (FSM), are
point monitors. Estimation of corrosivity at a nuenlof locations may assist in
confirmatory direct assessment and estimatingeghssessment interval.

Because of the uncertainties related to ICDA anstraints making some pipelines un-
piggable in the traditional sense, other techn@®gind alternative methods for pipeline
inspection have been examined. In the present weckent advances in computer technologies
and wireless communications have been leveraged@nbined in an attempt to address some
of the challenges faced by the internal corrosipelpe community.
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Figure 1. Uncertainty in the extent of pipe to bexcavated for ICDA

JGas Pipeling —— — — — — —
-
o~
#
// Ralling
o Sphml-l:s.l Sensor-Mate (5551
|

ra

|' W arer A}cumhﬂun
| e

CAS FLOW |
= & .

Figure 2. lllustration showing fluidized sensor motion
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2 APPROACH

The overall approach was to develop and evaluagnsor platform that could detect
water accumulation, provide its approximate logaadong the pipeline, and estimate the
corrosivity of any liquids found. To accomplishgha spherical sensor system has been
developed and evaluated that consists primariby wiicroprocessor with wireless
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communications capability and a corrosivity or ogron rate sensor and is in the form of a small
sphere (~1.5” diameter) that behaves fluid dynaryiciiilar to entrained water in a gas stream
(schematic shown in Figure 3). Previous testindiomed that wireless communications
between two microprocessor units (called Motesylaa pipeline was not only feasible but
actually showed enhancement compared to commumricatiair resulting from the inner pipe
wall acting as a wave guide.

Foam

Antenna

Maote

Sensor Board

Battery

Sensor

Figure 3: lllustration of spherical sensor.

Suitable corrosivity/corrosion rate sensors hage Akeen developed that show excellent
environmental selectivity (i.e., the sensor camimjsiish between a highly corrosive
environment and a relatively benign environmentyal as superior correlation to corrosion
rate. Lastly, computational fluid dynamics modeloupfirmed that the spherical sensor motes
(SSM) indeed can behave similar to entrained watdrcan collect at locations where water
accumulation is predicted by the ICDA methodology.

2.1 Overall Conceptual Designs

During the course of the project, two operatioraleeptual design alternatives emerged
based on pipeline operator inputs. The first, whiets the original intent of the project, was to
create a “leave in place” sensor system. In tluefiguration multiple sensors will be injected
into a transmission pipeline to monitor for watec@mulation at a specific location of interest
(e.g., road crossing, critical incline, etc.). Aiematic diagram of this configuration is shown in
Figure 4. As part of the internal corrosion moniigrscheme, the sensors will be injected
upstream of the location of interest (preferablyhim 300-1000’; likely closer). It is anticipated
that up to 6 — 12 sensors or more could be injeatel allowed to flow from in the injection
point to the location of interest. Once on statibie, sensors will be left in place for a period of
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up to perhaps several years. The nominal life exqpey of the power cell (battery) used should
provide approximately 200-300 measurements. Theggmding on the frequency at which the
measurements are taken, the life expectancy afehsors could be considerable (e.qg., if only
one measurement per week is taken, an operatibmaf between 4 — 6 years is expected). An
alternative would be to introduce a series of semgath different data acquisition rates (and
thus different life expectancies). Regardless efitfitial configurations and choices made,
because additional sensors can be introduced derikility exists. Once the sensors are no
longer functional, the plan would be to use a dlegpig to sweep them out.

Removable Safety Flange

~

Single/Double Valve (airlock) Injection System —j

(could use non-metallic gasket for seals) & Antenna (penetration via hot tap fitting or flanged)

0090

Figure 4: Schematic of "leave in place" configuraton.

The second configuration design concept that weasiemed is a “once-through” type
system. In this configuration, a mobile versiontha sensor system would be used. These
sensors will be injected upstream of a locatiomtd#rest and will flow to a suitable location
downstream. Between the injection and retrievahgpithe sensors will be continually flowing,
collecting data, and storing the data in memorycWihwill be accessed after completing the run.
A schematic diagram of this arrangement whereirsémesors are collected at a drip is shown in
Figure 5.

Removable Safety Flange

~

Single/Double Valve (airlock) Injection System —yjp. Antenna (penetration via /
(could use non-metallic gasket for seals) 4ot tap fitting or flanged)

oO—Pp o—p

N\ —

Figure 5: Schematic diagram of flow through field \alidation test on gathering line using a drip to
collect the sensors.
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From a configuration and components standpoint) betsor designs would be
comprised of the same microprocessor, wireless aamoations, and corrosivity sensors. The
main differences between the units would be thegs®ystems (battery) and perhaps memory
capacity. Both unit types would be batter powenetddecause of the desired long life for the
leave in place variation, a higher energy density ime advisable. Though both unit types would
have flash memory, the once through type wouldirequore memory capacity since all
measurements during the “inspection” run wouldtoeesl on board for later download rather
than the periodic download planned for the leavel@te version.

3 RESULTS AND DISCUSSION

Over the course of the project, efforts were aimiefive principal activities:

o

Optimization of the corrosivity sensahough the thin film corrosivity sensors
utilized in this project were essentially commelroifh the shelf technologies,
some optimization and modifications to better pipeline operating conditions
were needed

Packaging the sensda enable wireless communications, the sensorgupck
could not be constructed from a metallic sphengs #n examination and design
of polymeric spheres that could withstand presserg®00 psi was needed

Providing sensor location and communicatis®etzeral different sensor location
and communication technologies were examined duhegroject; some
technologies at first appeared viable but furthed@ation proved that they were
not acceptable; in other cases, advances in conzations technology,
independent of this project, resulted in variodsrahtives being explored

Evaluating possible sensor injection and retrisygtemspgetting the sensors into
and out of the pipeline is critically important asmime simple methods to
accomplish this were examined

Flow loop validation trialsafter each of the individual systems and companent
(e.g., packaging shell, wireless communications,osivity sensor, etc.) were
evaluated and validated, fully functioning protatygensors were constructed and
then tested in flow loop tests

Each of these activities is discussed below.

3.1 Corrosivity Sensor Optimization

Modification of the interdigitated sensors to bedis fluidized sensor packages for
direct assessment of internal corrosion of gastrassion pipelines focused on sensor electrode
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composition, and sensor pattern. The sensorrpattags studied previously, and found to be an
insignificant parameter in fabrication of thesess®s. This suggests that the sensor itself may
be patterned to fit the specific application, aglas the fundamental components are
maintained (i.e., sensor concept and measuremamiitpie). Therefore, recent efforts were
focused on optimizing the composition of the cawpnsensitive electrode. This optimization
would follow two design criteria:

1. improve resilience to corrosive attack in an KA32 pipeline environment, and
2. maintain a high sensitivity to detecting corvitsi

To achieve this, it was hypothesized that addingroied amounts of Cr to the Fe (sensitive)
electrode would improve the resilience of the senshile maintaining an adequate level of
sensitivity towards detecting corrosivity of a liquowards carbon steel as long as Cr-levels did
not exceed 12-13%, the level required to make &e&ehless’. Cr could be added to Fe in the
sputtering process rather easily, so the sensoifficettbn would not be costly or time
consuming. Since the original geometry of thershtgtated electrode was maintained,
generated data could be directly compared to tiggnal data to see whether improved sensor
performance was achieved.

3.1.1 Sensor Life

Initial evaluation of the Fe-Cu interdigitated sengcluded exposing this sensor to an
H,S/CG, containing environment that simulated the condgimside a pipeline. The purpose of
this testing was to determine how the metallic serements of the sensor would survive in this
potentially corrosive environment. If the sensengents did show significant levels of
corrosion, their ability to record a representativerosivity measurement would be diminished
and the sensor rendered useless.

To simulate a pipeline environment, a stainlessl stetoclave was partially filled with
deionized water, and pressurized to 500 psi wghsamixture of 1% C©- 0.01% HS - bal N,
a mixture that contains G@nd HS in their likely concentrations for piped natuyak. Under
pressure, these gases are expected to dissolve watter, and turn the aqueous solution acidic.
The acid solution may then corrode the metal coraptmof the sensor, depending upon their
vulnerability.

For sensors containing a pure Cu, and a pure Eg@le, exposure to the simulated
environment completely destroyed the metallic eleise Therefore, evaluation of Cr-containing
elements would be obtained through visual inspeaticthe sensors after exposure to this
environment for controlled lengths of time. Imagésne week exposed sensors at each of the
tested concentrations are shown below (Figure 6).



DeT NORSKEVERITAS

i

Report No: EAWUS811-80612405, rev.

c) d)
Figure 6: Images of (a) pure Fe, (b) 10 at% Cr/Fgc) 12 at% Cr/Fe, and (d) 16 at% Cr/Fe sensors aftel
week of exposure to simulated pipeline conditions.

The pure Fe electrode (a) was completely destroytiun a week of exposure, while all
of the Cr containing sensors remained intact whiested to the p&/CG, environment. From
these findings it is apparent that adding Cr toRaeslectrode for the levels studied makes the
sensor element more resilient to attack in thei@edvironment. Visual inspection yielded no
significant discrepancies between the varying ee€ICr, as none of these elements showed any
signs of attack. Therefore it was concluded tlldirsg Cr to the sensor elements in the
concentrations tested made the sensors immunestoical attack in the pipeline environment.

In addition, sensors a, ¢ and d all have Cu secgrelactrodes which were severely
corroded by the simulated environment, while bribél The effect of a corroded Cu element on
the accuracy of the sensor measurement has notésed. Since the Fe/Cr electrodes can
withstand the environment, it was decided to maké Bensor electrodes Fe/Cr (as in sensor b)
and thereby avoid any possible, deleterious effeicéscorroded Cu element. The second
electrode is less crucial than the Cu, and no alsvéxde-effects of switching its composition to
Fe/Cr was noted when making measurements wittsémisor.

3.1.2 Sensor Sensitivity
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While adding Cr makes these elements more restiiteattack, it may also deaden their
sensitivity to corrosivity. The Fe electrode is #ensitive electrode of the original two electrode
design, and changing its chemical composition ntigy #s sensitivity to detecting corrosive
conditions. Therefore, Cr-containing sensors vimraeersed in a series of liquids having
varying corrosivity towards carbon steel, but santonductivity as was done for the original
pure Fe sensor. The liquids consisted of 0.1 MIN@.@CM NaCl and 0.1M NaHC{and 0.1M
NaHCQ;. These solutions were tested as they have sigolaductivities, but NaCl is corrosive
towards carbon steel while NaHE@® passive. Since the sensor measurement invola&sig
a resistance measurement, these liquids are anédeas they verify that the sensor
measurement is indicative of corrosivity rathemticanductivity, as the two are not always
interchangeable. The sensors were tested by inmgarsthe solutions for one minute, and
recording the sensor reading at 10 second intervidie time dependent reading also gives
insight into how quickly the sensors will yield gpresentative measurement, an important
design consideration for a fluidized sensor packaljee results for these tests are shown below
in Figure 7.

——NaCl o —*—NaCl
Pure Fe Sensor Response i 10 at% Cr Sensor Response s NaHCO3

—4— NaHCO3 ——
1400 1200 Both

1200 1 1000 - — 1
1000 1
800 -
800 1

600 |
400 e
200

0

.

kOhms
kOhms

0 10 20 30 40 50 60

S

—+—0.1M NaCl
—&— Mix
—*— 0.1M NaHCO3

12 at% Cr Sensor Response +&&M NaCl 16 at% Cr Sensor Response
—4—0,1M NaHCO3

80
60 7
40
20 1

A A
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kOhms

-20 1
40 = -

-100 -60

0 15 30 45 60 0 15 30 45 60
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Figure 7: Measurement response to test solutionsrfinterdigitated sensors of varying Cr concentratians.

To better illustrate the sensitivity of the sensmssa function of chromium concentration,
Figure 8 shows the difference in recorded measunenimtween the NaCl and NaHEO
solutions after immersion for 60 seconds of imnaarsi

10
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Resistance Difference between NaCl and NaHCO3
Solution vs. Chromium Concentration

y = -50.687x + 876.78
R? = 0.9406

0 5 10 15 20
at% Cr

Figure 8: Sensitivity of sensors as a function ohe chromium concentration of the sensor element.

Figure 8 shows that the sensitivity of the sendexgeases as the Cr concentrations
increase, and seemingly, for every 1% increase ith€ difference in magnitude between the
solutions (sensitivity) decreases by about 50 kQlamdong as the sensor response is allowed to
stabilize for 60 seconds. For measurement timegetthan 60 s, Figure 9 illustrates the time-
dependent measurement sensitivity.

. . —e—pure Fe
Difference in NaHCO ; and NaCl Measurement for | & 10 at9% cr

all Sensors —4—12 at% Cr
—e— 16 at% Cr
1000
800 -
600
(2]
e
ey
(@)
X

60

S

Figure 9: Time dependent sensitivity of all sensorested.

All sensors showed increasing sensitivity with measient time, although the overall
sensitivity was still governed by Cr content (Fig@). The time required to obtain sensitive-
enough measurements to discern corrosivity depepals the detection limits of the controlling
electronics, which have yet to be verified. Fa suiggested sensor electronics specifications

11
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submitted to Aginova Inc., sufficient sensitivityuld be achieved within 10 seconds, while
mere detection of liquid (evident by a non-zerossemeading) may be obtained in the mere
fraction of a second that the electronics requirexecute a reading.

Sensitivity is shown to be inversely proportior@the resilience of the sensors in the
H,S/CQ, exposure studies, as expected. There existdletrf& with these sensors between
resilience and sensitivity when adding Cr. The ems®nsitive the sensor to detect corrosion, the
more likely it will be consumed when making the sw@@ment. Conversely, the more robust the
sensor in regards to resisting chemical attackletb® sensitive it is to discerning corrosivity of
liquids in contact with the sensor. Although, mgngicant differences in visual appearance were
noted for HS/CQ, exposed Cr-containing sensors, all seemed unaffdxnt the exposure to the
pipeline environment. An ideal sensor would haveugh resilience in the pipe environment to
maintain the integrity of its sensor electrode, le/iproviding the maximum level of sensitivity to
corrosivity. The latter ability may depend on tfegection limits of the controlling electronics,
especially when noting that the magnitude of rasist also has a dependence upon the Cr
concentration (Figure 10). As neither the residien¢ in the pipeline environment, nor the
detection limits of the controlling electronics begetermined, the Cr concentrations may need
to be adapted to the future constraints imposetthése variables as they become known.

Sensor Measurement in NaHCO 5 vs. Chromium
Concentration

1400
1200
1000
800 A
600 -
400
200

y = -68.831x + 1223.1
R? = 0.9912

kOhms

0 5 10 15 20
at% Cr

Figure 10: Measurement dependence upon chromium noentration of the sensor element.

3.2 Sensor Packaging

The sensor packaging design followed these guielelin

12
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1) protect the electronics as they propagate throlg pipeline,
2) be of spherical shape for efficient flow,

3) have a mass of ~20 grams to meet the mass rewgnts for fluid flow
calculations,
4) be transparent to E-M communication,

5) survive the pipeline environment for typical muration of 4 hours.
6) be cost effective for a disposable product.

Two main activities were examined in this areaudaohtg corrosivity sensor durability (as it
related to overall sensor packaging) and the pacgatself either as a solid epoxy ball or as a
hollow sphere.

3.2.1 Sensor Durability

The durability of the thin-film corrosivity sensas the “skin” of the fluidized sensor
package is an important design consideration feeld@ment of the sensor, as the sensor needs
to reliably contact any liquids encountered inpifge. The coupling of the sensor to the
fluidized package could encompass many configunatiwith perhaps the simplest being to
adhere a Kapton®-backed sensor to the ball’'s mutdace. This method would allow for easy
replacement of used sensors without intrusiontimcelectronics enclosure or structure of the
package. This design, however, may give rise togizations in ensuring the integrity of the
sensor as it is subjected to wear against thevpgtleduring propagation down the pipeline. To
better understand the wear and tear on the sengothis design, a durability test was
performed.

To simulate a sensor package, thin film sensorg wéhered to the skin of a 2 in
diameter polymer sphere with “5-minute” epoxy. eBsors in total were placed on the ball at
orthogonal positions to each other (see Figure 11).

13
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Figure 11: Location of sensors on ball for durabity test.

Strips of duct tape sealed the perimeter of thewmthsensors to prevent peeling of the
sensor during testing . The ball was then injeet#ld water to yield a sensor package mass of
61.5g. This is over twice the planned weight & filnidized sensor package, but was used to
exaggerate any signs of wear on the sensor surfdoe sensor package was then placed in a
RO-TAP Testing Sieve Shaker for ten minutes. Tiéghine is similar to a “paint shaker” and
mechanically perturbs an attached compartmentoo@ng manner. The compartment
consisted of an 8-in. diameter section of alumirmpipe having 3/8” wall thickness. The RO-
TAP operates at 150 RPM, and the motion of the tearwas assumed to rotate the ball around
the lower diameter of the cylinder at the same. ré&tesimple calculation based on the assumed
motion indicates that a ten minute test would sateuthe ball rolling down a 3150’ length of
pipe. After completion of the test the sensorsenesually examined for evidence of wear.
Images of the tested sensors are shown in Figuré\igas where the sensor electrode has been
completely worn away are circled.

-Afeasof' e
- \Wear
e,

14
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s e

-Fi'gure 12: Images of sensors from durability test.

The test demonstrated that the sensors are susledpticonsiderable amounts of wear
from the inner pipe environment if left unprotectethough the process of adhering the sensors
to the ball was somewhat tedious, the sensorsatigeel off during the test. The adhesive
interface between the ball and the sensor didmtetfere with the durability of the sensors in
this configuration.

Based on these findings, it is apparent that tbe & the sensor will need to be shielded
if these sensors are to remain functional duririgadest runs. This cannot be achieved for the
current spherical packages, as areas would ndsel ¢arved away which would weaken the
package, making it susceptible to crushing undehtgh pressures inside the pipeline.
Therefore, it was conceived to mold the packadbeeas a solid unit (a casting), or as a shell
around the existing sphere. The molding wouldesé&mo purposes; first, to strengthen the
spherical package, and second, to allow for redegissas to be molded in the shell itself.
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3.2.2 Solid Spherical Packaging

To understand the feasibility of a pourable package approaches were taken. The
first was to fill a hollow sphere with epoxy to danine the weight of such a package, and
whether such a thick “casting” of epoxy would ctogroper strength. The second approach
was to mold the epoxy around an existing hollowesphio see if it would cure to form a suitable
shell.

The solid epoxy form was made by pouring Aremco-82800 epoxy into a 2.5”
spherical mold (cast solid). The shell form wasienhy pouring the epoxy into the same mold,
but a 2” hollow sphere was inserted into the mal@&ore (molded hollow). The intent was to
get the epoxy to flow around the sphere, and tliea into a “nested” spherical package. This
approach was also modified by adding 1 cm squaeepiof PS to the mold (recessed hollow) to
determine if a recessed area could be includeldeimésted spherical package. An image
containing specimens from all three procedureslaosvn in Figure 13.

The moldings shown appear incomplete due to tHasian of voids from air bubbles.
Strategies to overcome this will be attempted engbcond quarter of this project by including
risers in the mold design, which will counteraatiskage and alleviate void formation in the
cured product.

The cast solid method was found to yield a robestitant package. The solid aspect of
the package meant it would withstand the high pressof the pipeline, but the package
weighed over 100 grams. The density of the saitkpge is too high for fluidized purposes. A
solid epoxy sphere that weighed 30 grams would balye a 0.85” diameter, which is smaller
than the electronics that need to be encased kpaitieage.

16



DeT NORSKEVERITAS

i

NIV

¥

Report No: EAWUS811-80612405, rev. D

FINAL REPORT

Figure 13: Images of specimens from each molding ried.

The solid package concept could be expanded upasiby filler materials such as foam
to “take up space” in the volume of the package @uch reduced weight. This approach,
however, was not readily feasible and was abandoned

The poured shell concept was examined in a nunfagerations. Great difficulty was
encountered in forming this mold as the epoxy wsasl of its high viscosity (5000 cps). The
poured epoxy also needs to replace air in the mdiich was difficult as the mold was rather
tight in the radial direction between the core amald wall. Although the cured epoxy was of
adequate strength, and bonded well with the inpleer®, the shell was incomplete due to voids
from trapped air bubbles. The voids result in wpaits in the shell, and the epoxy surrounding
the void often cracked upon removal from the mold.

The concept of having a poured package for thezsose was demonstrated in a number
of methods. For the poured shell method to bedeasble, a more flowable epoxy-type
compound will need to be used. For this, a urettedastomer compound with viscosity of 1100
cps was ordered. The relatively lower viscositgigtl allow for easier molding, and the
elastomeric qualities should reduce the crackindp@efshell around the inner sphere. These
efforts along with mechanical testing of the padsagill be performed and evaluated in the
second quarter. In addition, the weight constr@ir®0 g) of the final package continues to be a
challenge.

3.2.3 Hollow Package Designs

For the hollow spheres, the critical pressure fguloding the sphere can be roughly
calculated using Eq. 1 (ignoring asymmetric pressuouckling, and any prior defect).
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Although the failure pressure could be calculateidgimore sophisticated methods, for
designing the packaging this was considered sefficiPressure testing was considered more
expedient for evaluating the actual critical pressiof the spheres. Valuesaaf for some
selected polymers are listed below.

Polypropylene (PP) — 7,000 psi

Acrylic - 15,000 psi
Epoxy - 20,300 psi
Polyester - 20,000 psi

As we were limited to purchasing an off-the-sheluion, several vendors were queried and the
following products were discovered.

1. Polypropylene Spheres with t = 1/16” with 1riel2” diameters.
2. Acrylic Spheres with t=3/32” with 1.5”, 1.75nd 2” diameters.
3. Lowe-viscosity (pourable) epoxy.

Each of the identified products was purchased.ofithe-shelf sphere could be bisected, the
sensor and mote electronics inserted, and themmnected with an epoxy adhesive for a
spherical base package. Although the 1.5” sptdwe®t have enough enclosed volume to
house the electronics, they were purchased torhgttierstand how the packaging schemes
behaved in the high pressure environment. Alsthereventual miniaturization of the
electronics, these packages would be possible ehdic sensor packages.

3.2.3.1 Off the Shelf Hollow Spheres

To determine how the different products behavedh @hthe PP spheres and the 1.75”
Acrylic sphere were placed individually into an@elave. The acrylic sphere came as two
hemispheres, which were adhered together arouneiirator with epoxy to form a uniform
sphere. The pressure in the autoclave was sl@idgd to 2000 psi to determine the maximum
pressure withstood by each option. All of the sphdailed at less than 2,000 psi. A comparison
of the calculated critical pressure (Eq. 1) aredAlstual Failure pressure is shown in Figure 14.
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Figure 14. Comparison of calculated vs. actual faire pressures of different spheres

Of the two off-the-shelf hollow sphere, the acry@mhere withstood the most external
pressure, fracturing at 1350 psi. The shatterbérgpdid not appear to fracture at the seam,
indicating the epoxy adhesive was not the “weakaf the package. The mass of this
package was measured at 15 grams. Neither ofRlmaEkages was able to withstand 1.5 times
the nominal pressures of a pipeline environmen{ak000 psi). Of the two, the 1.5” ball
shattered upon failure, while the 2” ball showedenductility and folded under the pressure.
Either situation would be catastrophic to the irekectronics and unacceptable for introduction
to a pressurized pipe in the off-the-shelf conditim all cases, the actual failure pressure was
significantly lower than that calculated using Egwhich is not surprising.

3.2.3.2 Cast Epoxy Shell Spheres

In order to determine if the bare spheres coultblidied, an epoxy shell was cast
around the 2” PP sphere. Two castings were prdpafbe first was a one-step casting that
resulted in an off-centered casting as the hollove ¢loated before the epoxy set. This yielded a
1/32” shell on one side of the sphere, and a 76821l on the other. The second rendition
yielded a centered casting, with an approximateijoum 1/8” casting around the sphere. The
uniformity was achieved by casting the shell in ppaots. The first cast was done while the PP
sphere was centered and held in the mold, ancettend to complete the shell after the first had
set. The 1/8” sphere is shown in Figure 15, afteras subjected to the autoclave high pressure
tests.
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Figure 15: Image of the pressure tested epoxy caspherical package, 1/8" wall.

The 1/32” off-centered shell was found to fraetat 2,000 psi, while the uniform 1/8”
casting did not fracture in the test (Max. Pressu2e000 psi). Casting an epoxy shell around
the PP sphere was found to fortify the PP spheresth cases. In addition, the shell also
provides a method to accommodate recesses foetis®is in order to protect them from the
pipe wall, a necessity for a working package (gesipus report on wear testing of sensors).
However, the casting procedure results in varigzktiess and strengths of the fortified package
(the off-centered casting), and adds significanssia the package to the point where it would
negatively affect the flow characteristics of tlaekage. Irreproducibility of this fabrication
process makes it a poor candidate for creatingspresvessels.

3.2.3.3 Spheres with Recessed Shells

For the base sphere or core of the package whictidWwmuse the electronics, the 1.75”
acrylic sphere was selected. The sphere was @blétistand 1350 psi, which is strong enough
to survive most pipeline environments, and weiglesd than 20 g. The packaging scheme of a
base sphere needs to be appended to include methaess the sensors. As the base sphere
needs to retain its wall thickness, no machininthefacrylic sphere to recess the sensors could
be performed. Instead, the recesses could folawstchemes. First, the 1.75” sphere could be
nested in a 2” sphere. The 2” sphere could themobed out over the sensors, resulting in a
window where the sensor would be able to accespiffedine environment as it flowed by.
Second, the “windows” could be made in an epoxy lopplacing a blank form over the sensors,
casting the epoxy, then removing the forms in temolding process.

For the first scheme, the 1.75” acrylic was plaiceldoth an acrylic and a PP sphere.
These packages are shown in Figure 16. Both oétivesild work in regards to recessing the
sensors, but the added mass of a second acrykeespiekes the scheme too heavy. The PP
sphere however, adds only a few grams to the pacdiaa total mass of 24 g. Both of these
will withstand the same pressures as the 1.75"liagghere alone, as this remains the load
bearing portion of the package.
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Figure 16: Nested sphere renditions utilizing an aglic outer shell (left), and a PP outer shell (rigt — in
deconstructed form).

Of the packaging schemes tested, the acrylic sphaseselected as the best candidate for
the core of the sensor package. The other padkagimemes tested were either too heavy to
promote adequate flow of the sensor, or too weatittestand the inner-pipe environment. The
acrylic sphere itself is inadequate to protectatieosion sensors from wear, so methods to
append the sphere with an outer sphere having fmaiow sensor access to the pipeline
environment. Of the schemes tested, the 2" PPrepi@s selected as the best as it could be
easily adapted to the acrylic sphere, and addelk#st amount of mass to the base package.
Therefore, the packaging scheme for the fluidiztsers will consist of a 1.75” acrylic sphere
which will house the electronics, and fitted witR"aPP shell having ports where the corrosion
sensors will be situated. The combined mass sfgackage was measured to be 24 g, which is
slightly higher than the 20 g target, but was tbstlpossible package created from off-the-shelf
components. Despite the 24 g mass, the assemédédge is still expected to weigh less than
40 g, which should be light enough for adequate thacording to the flow modeling
calculations performed to date.

3.2.4 Creep Testing of Nested Sphere Packaging Scheme

The mechanical testing of packaging reported laattgr focused on rapid failure due to
pressure increase and did not evaluate longerdezep and rupture. As the completed
packages would have to withstand the high pressuwrgonment of a gas pipeline for several
hours/days without failing, the packaging schemerewested by pressurizing to 1000 psi and
holding this pressure for approximately 12 hourke pressure was then reduced, and the
packages inspected for damage.

The bare acrylic sphere was subjected to stati® p80loads and found to fail within 15
minutes in these pressures. The same packagésrebait pressures of 1350 psi when
pressurized dynamically. It appears the time-ddpetfailure at lower pressures will be a more
stringent requirement to fulfill for the sensor kaging.
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As the bare acrylic sphere fractured quickly atdLp8i, the nested packaging scheme
may be able to reinforce the inner acrylic sphéter this to occur, a strong bond between the
inner and outer spheres is needed. To achieveatB@lvent based adhesive, or “polymer weld”
was obtained. This adhesive lightly dissolvessiinéace of the polymer it is adhering to so that
when it cures, a seamless interface is establisfibdse packages were found to fracture within
12 hours. The fractured packaged showed that dieddiion of the inner-sphere from the PP
occurred, indicating that the polymer weld did seém to adhere well to the PP material. The
solvent based adhesive did seem to toughen thécadrywever, as the acrylic did not shatter
but rather deformed plastically as shown in FidlLife

Figure 17: Plastically deformed Acrylic sphere withPP outer sphere.

In lieu of the solvent based adhesive, a nestedrspiesign was fabricated with an epoxy
filler to bond the two spheres. These packagesfedstured within 12 hours of exposure to
1000 psi. The epoxy did not toughen the inner sprs® the fracture mode returned to brittle, as
can be seen in Figure 2.

Figure 18: Epoxy filled PP outer sphere fractured pckages.
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Since the polymer weld did not seem to adheredd’th, an acrylic outer sphere was
utilized to determine if this could strengthen semsor packaging when intimately bonded to the
inner sphere. This scheme did not fail at 2000 was it found to fail within 12 hours at
1000 psi. Some deformation of the spherical paekeas noted, and is shown in Figure 19.

Figure 19: Nested acrylic spheres pressure testedqkage.

The deformation occurred around one of the outbegprecesses, an area expected to be
a weak point for the package. The recesses tastedwere %2” in diameter. Current testing is
evaluating a similar packaging scheme with 3/8€sses. The smaller recess should not weaken
the package as much, resulting in less overallrdedtion.

3.3 Sensor Design, Location and Communications

Sensor integration and assembly consisted of aeyerallel activities related to the
overall component integration, sensor location méshand electronics, and the communications
methodologies and protocols. The sensor desigmsaties and fabrication layout drawings are
included below.
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Figure 20: Sensor electronics schematic.
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Figure 21: Sensor electronics schematic.
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Figure 22: Sensor electronics schematic.
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3.3.1 Sensor Location Tracking

The methodology that has been adopted consistsplerical ball with the packaged
mote inside that rolls inside the pipe using thigoagssure in the pipe. As the sensor ball rdlls, i
makes various measurements inside the pipelinendasurements are stored locally at the
sensor mote inside the ball. When the ball exispipe, the data is uploaded into the data
analysis system which then reports the locatioidénthe pipe where corrosion has been
detected. For example in the figure below the tmdl$ along the pipe in the direction of the air
flow (the arrow).

& e

As the sensors in the ball are making the readiay are stored locally in the mote flash
memory. Each measurement is time stamped usingphdimck that is synchronized with an
external clock source. A critical piece of informoatis the location of the ball inside the pipe.
The location may be just the distance d from thaeisig point of the pipe or it may be the
(latitude, longitude) coordinates of the positibngeneral, the positional accuracy needed is
within a few feet.

Several methods were explored to provide thistiosanformation including time
domain reflectometry, acoustic ranging, opticahstation measurement, ultra-wide band
communications, and time of flight calculationscE®f these is discussed below.

3.3.1.1 Time Domain Reflectometry

Time domain reflectometry (TDR) has been usedresxtely in the measurement of
distance along coaxial cables. An electromagneticenthat propagates along the Cable will be
reflected by breaks and faults in the cable. Bycdgtig the echo and measuring the difference in
time of arrival we can estimate the distance toféldt. Such a methodology can be modified for
measuring distance inside the pipe. A transducArsends a RF pulse towards B which is heard
by the mote at C. When the mote hears the putespionds with an acknowledgement pulse.
The receiver at A hears the response pulse andlatds the distance d. Since the pipe is
metallic, the RF wave propagates in the cylindevegaiide and can travel a long distance with
little attenuation. This type of micro-radar is og@nally complex but elegant. The
methodology to compute the distance inside pipsliseovel and has not been attempted
before. With novelty comes the added risk of uraety of the entire methodology’s feasibility.

After some initial feasibility studies, this appih was abandoned.
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3.3.1.2 Acoustic Ranging

Similar to the radar principle of the TDR methautpt we can make measurements by
using a sonar principle with audio waves. An aiwgiarce at the mouth of the pipeline (A)
generates audio pulses that are detected by tkers@gnicrophone) at B. By knowing the speed
of sound and using synchronized clocks we can astithe distance from A to B. The audio
scheme avoids all issues related to the roundtnp based methods by relying on the
synchronized clocks and the knowledge about thedspésound. However, there are some
issues to be resolved with respect to multipathsimassions.

The audio waves in the pipe will be planar wavesehding on the frequency of the
source. Approximately we estimate that planar wavidde generated inside the pipe for
frequencies below 500Hz. It is usually a challettggenerate an audio source at such low
frequencies. But since the transducer will stagidetthe pipe the size will not be an issue. Since
sound propagates through the pipe exterior we emaldp a transducer that couples with the
pipe from the outside.

To address the multipath problem we could depentthe transmission of the sound
through the metal of the pipe instead of the arde the pipe. Sound will travel faster through
the metal. By detecting the first impulse and rigjegall the subsequent echoes, we will be able
to accurately time the generation and receptiah@tound. Calibration of the distance
computation will have to be done for each pipelhéhe site. However, this is not too difficult
as it can be done by placing sensors at the oub$itihee pipe at known distances. The
methodology to compute the distance inside pipslisng AR is novel and has not been
attempted before. With novelty comes the addedaiskncertainty of the entire methodology’s
feasibility.

Further study ruled out this approach for gaslpips but is now being explored for
possible use in liquid petroleum pipelines.

3.3.1.3 Optical Translation Measurement

The optical computer mouse uses an optical sybtsead on lasers and detectors to
accurately record the translations in x and y dioes of the mouse. The optical translation
measurement (OTM) system for distance computatisiaée the pipeline uses this principle to
compute the position of the mote inside the pigelithe methodology to compute the distance
inside pipelines using OTM is novel and has nonketéempted before. With novelty comes the
added risk of uncertainty of the entire methodolsdgasibility. In general we viewed the OTM
method as having higher risks than the AR or TDRhods and was not pursued further.

3.3.1.4 Ultra Wideband Ranging

Ultra wideband RF signals have been used in maagritype of applications. UWB
transmitters are small and require a small amotipower while the receivers are more
complex. In the pipeline application this meang e can mount the UWB transmitter on the
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mote platform that moves down the pipe and havedhneplex and bigger receiver units at the
end points of the pipe. Range computations wilbased on relative time of arrival at two
different receivers (or Time difference of arrival)

Because this approach initially looked attractavéyll UWB system was procured and its
ability to track sensor location in a high presdioes loop test was conducted. To perform this,
ultra wideband radio frequency identification tdg8VB RFID) were evaluated. These tags
have been designed to give three dimensional mtabf assets in storage, allowing wireless
identification and location of assets in a monitbspace. For our purposes, we scaled this
technology to a pipeline, which essentially acta dsdimensional space so that the sensor can
follow from the launch point to the collector. @ocomplish this, ultra wideband radio
frequency identification tag (UWB-RFID) asset trengktechnology from Multi-Spectral
Solutions was utilized. This technology performnset difference of arrival (TDOA)
measurements of transmitted UWB signal from thilihed sensor to receivers at each end of a
pipe test section to calculate the location ofgbesor. Individual components of this asset
tracking technology are shown in Figure 24.

Figure 24: Receivers (left) and a UWB-RFID tag showin a fluidized sensor package (right) used to pé&srm
sensor location tracking.

To implement this technology in pipeline applicas, it was necessary to insert the
respective components inside the piping, yet ptdateccomponents from the high pressure and
potentially corrosive environments that exist i gransmission pipelines. The UWB-RFID tag
is enclosed in the fluidized sensor which protéctsut customized housing for the receivers was
created. An image of the housings for the recsiaee shown in Figure 25.
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Figure 25: Protective housing for the UWB receiver.

To validate the UWB system, the average veloditye ball was measured in two ways.
For tests where only the time of flight was recakdée length of the pipe was divided by the
time it took the sensor to travel the pipe. Fetdavhere UWB RFID technology was used to
track the location of the packages as they flowteel position in the pipe was plotted versus the
time of position measurement, and the slope oflthéstaken to yield the average velocity.
Using the latter approach, Figure 26 shows thetiposvs. time plots individually.

Location Tracking Results for 4/11/2007 Tests
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Location Tracking Results 41272007

280 e W

i w=1119x-7 2162 *
E’ 200 A R®= 0936 w=A 7O 2 07812
z . R =0005
2 150 1
E + 1 fp= dQg ball
'S 100 it ® 10 fps 52g ball
g y=7 08062 13858 |4 40 fps 43g ball
E £ :. R =00082 @ 10fps 52g ball2
= = 0 fp= SQg ball2

0 # 7 fps 439 ball

T T T T
1] 10 20 an 40 a0

Time (sec)

Figure 26: Position vs. time plots for sensors usinUWB location tracking.

Combining the time of flight calculations with theeation tracking calculations of
velocity, Figure 27 plots the average ball veloe$ythe gas velocity as observed for an
approximately 50 g 2 in diameter ball at pressofe&0-900 psi in a 12” diameter pipe. The
plot shows that the ball velocity tracks linearligiwthe gas velocity. Extrapolating the trend to
the x-axis intercept indicates that the minimumwfleelocity needed to move a 50 gram ball is 2
fps.
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Figure 27: Ball flow velocity as a function of gaglow velocity at pressure in a 12" pipe

Though these results were very promising, ovecthese of the project, difficulties in
adopting the UWB approach became apparent. Th&srulties included incompatibilities
between different hardware and communications podscand size and expense of the UWB
units led the project team to consider other adtéves.
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3.3.1.5 WiFi Mote Ranging

The challenges with adopting the UWB approach Ealpith the technological
development of WiFi based motes (Figure 28) préaipd a design change. WiFi-based systems
have the advantage of being able to leverage egisgtireless network systems in addition to
creating their own network. This configuration maany advantages over the UWB approach
especially for “leave in place” monitoring syster@ne advantage is that a wireless equipped
PDA (e.g., Palm, PocketPC) can send commands aed/eedata thereby simplifying the
interface structure. Thus, though the UWB apprdaabeen demonstrated and could be used
under some circumstances, a WiFi version appedrs the optimal configuration.

LT 1T | |IlLULWI]If\!|IIH|||I1||Il1||||l|||1||||l!|

1//0\\1 2 g o Mo

SLAE DA

Figure 28: WiFi mote circuit. Scale shown is in agtimeters.

The decision to move to a WiFi mote from the ZigBeote demonstrated in Q2 FYQ7
was due to the need to have a field-deployabldilmtéracking capability. The ZigBee
communications standard would not allow an accuraans to do this, while WiFi is capable of
tracking mote location through time difference ofval (TDOA) calculations to within 10-15
feet.

The switch to the WiFi protocol instigated sevenaéxpected challenges, as the WiFi
protocol has required the implementation of a bnae chipset. In addition to the need for a
new chipset, the new chipset requires a higheeatibburst than is obtainable with the primary
Li-ion batteries used in the initial pilot demoragton. A suitable battery replacement was found,
but this battery operates at 4V, and the chipsetcdy withstand a maximum of 3.6V.

Therefore, a Voltage reducing diode was designédraplemented to interface between the
battery and the chipset. A schematic of the dimddification is shown in Figure 29.
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Figure 29: Schematic of Voltage Modified WiFi Fluidzed Sensor Electronics
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3.4 Sensor Injection and Retrieval Systems

The sensor injection and retrieval system desigsh eeanposed of a pair of ball valves
that allow introduction the sensors from ambiemtspure into the higher pressure flow loop
(shown schematically in Figure 30. The sensoree#lisystem presently consists of a thin mesh
inside a pipe tee (Figure 31) that will divert gensor to drop into the tee without decreasing the
overall gas flow rate significantly. Once the sensaliverted into the tee it will eventually exit
the loop either via a double ball valve arrangensanilar to the injection system (shown in
Figure 30).

C.S.
10 pipe
inch
300 Ib, C.S. ® C’;?:nlbé C.S.
Flan_qe 8 inCh I C.S. a
X pipe v
p C.S. | Tee | cs. q
| pipe pipe N
72 inch

Total 27 3/8 inch

IA »l Ll
( ’ C.s. /fee C.s. ‘ ! f C.S. ! ’

3001b, C.S. 9inch C.S. 300 Ib cs. 9 inch £.S. 3001b, C.S.
Flange pipe Flange pipe Flange

® C.S.

C.S. ® pipe

pipe
® Collecting
Vessel

Figure 30: Schematic diagrams of sensor retrievalystems
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Figure 31: Photographs of modified “tee” for injecion and retrieval system

Systems similar in function and appearance to thase now been successfully used in several
low pressure flow loop tests and in flow testsighler diameter, high pressure lines.

3.5 Flow Loop Validation Trials

Several flow loop tests were carried out duringdberse of the project. The first was in a
low pressure system to verify that the overall semsncept using gas flow to propel the sensors
was valid. The second flow loop test was conduatdagher pressures to help verify the UWB
sensor tracking system (discussed previously). agditional low pressure tests conducted
under the guidance of pipeline operators were toerlucted using fully functioning prototype
sensor systems to validate the entire conceptahdlp promote industry awareness and
acceptance of the technology.

3.5.1 Initial Low Pressure Loop Tests

The initial small diameter flow loop experiments revanitially carried out at near
ambient pressure in a 36-m long, 10.16-cm diametgr. A schematic diagram of this system is
shown in Figure 32 and shown photographically iguFé 33. Carbon dioxide gas was
introduced into the system at an inlet pressur@00f psi from a 6 ton storage tank. The flow rate
of the gas was measured using a variable flow nvetiech had an operating range from 3 to 30
SCMM located between two ball valves.
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Figure 32: Schematic of flow loop system.

Experimental System

Sensor Injection System Sensor Collection Systm Harizontal Pipes
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Figure 33: Flow loop system photos.
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A summary of the results obtained is presentedhinlds 1-3 and Figures 8-10 below.
Results showed that sensor movement was highlyndepé on sensor shape, weight balance,
size, and pipeline inclination.

Table 1. Only one flow sensor in the pipeline (*mabnless condition” refers to the sensor
ball remaining stationary in the middle of the 4% incline section)

. Gas Velocity Gas Velocity .
Sensor Weight Required for 0 - 3 | Required for 45° Observations
At a gas velocity of 9.9 m/s,
289¢g 5~8m/s 10.5~10.7 m/s sensor was “motionless
condition” at 45 degrees.
27.2 9 At a gas velocity of 5.8 m/s,
(Squeeze ball, 2.7~3.3m/s 6 m/s sensor was “motionless
2.6 diameter) condition” at 45 degrees.
At a gas velocity of 12.5 m/s
4219 6 ~8m/s 13.2 ~13.8 m/s sensor was “motionless
condition” at 45 degrees.
42,19 At a gas velocity of 10.2 m/s
(Racquet ball, 4.5 ~6 m/s 10.5 m/s sensor was “motionless
2.19 diameter) condition” at 45 degrees.
At a gas velocity of 13.5 m/s
51.7¢9 7.0~9.2m/s 13.9 ~15.0 m/s sensor was “motionless
condition” at 45 degrees.
At a gas velocity of 15.0 m/s
60.7 g 8.2~9.4m/s 15.8 m/s sensor was “motionless
condition” at 45 degrees.
At a gas velocity of 16.3 m/s
sensor was “motionless
7339 77~103 mis |  167~17.2m/s conditionatds degrees.

At 45 degrees, the sensor
shows “sliding movement”
(not rolling movement).
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Table 2. Two sensors of similar weight in the pip&le (“motionless condition” refers to the
sensor ball remaining stationary in the middle of he 45 incline section)

Gas Velocity

Gas Velocity

Sensor Weight Required for 0 - 3 | Required for 45° Observations
Higher gas velocity was
required at 0 and 3 degrees
First, 28.6 g since two sensor contact
Sensor was together.
inserted and themn 11 m/s 11.5m/s
28.9 g sensor
was inserted @
Higher gas velocity was
. required at 0 and 3 degrees
First, 28.99 since two sensor contact
sensor was together.
inserted and then 10.7 m/s 11.0 m/s

28.6 g sensor

inserted @
First, 42.1g Sensors moved separately.
L 42.1g sensor 42.1g of sensor:
sensor was
inserted and theh MOVves at 6.0 m/s. 13.5m/s
42 40 sensor 42.4g sensor moves 42.4g of sensor: O < )
-9 at 8.5 m/s 14.0 m/s
inserted
Higher gas velocity was
First, 42.4g required to move sensors at
sensor was and 3 degrees.

inserted and then
42.1g sensor

Both sensors: 13.0
m/s

Both sensors: 14.Q
m/s

inserted @
At a gas velocity of 13.5 m/s
First, 60.5¢ sensor was “motionless
sensor was | 00-29 SENSOr MOVES b ) <o sors: 15,9 condition” at 45 degrees.

inserted and ther
60.79g sensor
inserted

—

at 7.0 m/s. 60.7g
sensor moves at 7.
m/s

5 m/s

O O
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Table 2 Continued...

Sensor Weight

Gas Velocity
Required for 0 - 3

Gas Velocity
Required for 45°

Observations

First, 60.7g of

sensor was
inserted and thet
60. 5g

60.7g sensor move

at 8.5 m/s. 60. 5g
1 sensor moves at 9.
m/s

S Both sensors: 16.0
0 m/s

Light sensor passed heavief
sensor at 45 degrees.

Table 3. Two different weight sensors in the pipetie

. Gas Velocity Gas Velocity .
Sensor Weight Required for 0 - 3 | Required for 45° Observations
First, 28. 6 g of At 0 and 3 degrees, sensors
sensor was moved separately. Before 45

inserted and themn

42.1 g of sensor
was inserted.

Initially, sensor
locations are

28.6Qg sensor move
at 5.5 m/s.
42.1 g sensor
moves at 6.0 m/s

S
Both sensors: 14
m/s

U7

A4

degree elbow, two sensors

stuck together. Therefore,
higher gas velocity was
required for movement.

O

O

The same test was performed except a differentitocéor sensors.

The results showed that the gas velocity requited and 3 degrees depends on location of
sensors. However, similar results were seen aed¥feds.
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Table 3 Continued ....

Sensor Weight

Gas Velocity
Required for 0 - 3

Gas Velocity
Required for 45°

Observations

First, 28.6 ¢
sensor was
inserted and thet
42.1 g sensor
was inserted.

Initially, sensors
location is

28.69 sensor move
at 5.5 m/s.
42.1 g sensor
moves at 6.0 m/s

S

Both sensors: 14
m/s

At 0 and 3 degrees, sensors
moved separately. Before 45
degree elbow, two sensors
stuck together. Therefore,
higher gas velocity was
required for movement.

o

O O

The same test was performed except a differentitocéor sensors.
The results showed that the gas velocity requited and 3 degrees depends on locatiof

sensors. However, similar results were seen aed¥feds.

. Gas Velocity Gas Velocity .
Sensor Weight Required for 0 - 3 | Required for 45° Observations
First, 28.6 g At 0 and 3 degrees, sensors
sensor was

inserted and then

42.1 g sensor
was inserted.

Initially, sensors
location is

Both sensors: 10.5
m/s

Both sensors: 13.5
m/s

moved separately. Before 45
degree elbow, two sensors
stuck together. Therefore,

higher gas velocity was
required for movement.

A4

O O
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Table 3 Continued

Gas Velocity

. Gas Velocity .
Sensor Weight Required for 0 - 3 | Required for 45° Observations
First, 42.1 g
sensor was

inserted and themn
28.6Qg sensor wa
inserted.

[

Both sensors: 6.0
m/s

o Q

Both sensors: 13.8
m/s

Sensors moved separately,
Light sensor passed heavief
sensor at 45 degrees.

Four different sensors were inserted at the same ti
Insertion sequence: (#1) 73.28364q, (#2) 51.6554%),42.0900q, (#4) 28.59369

A gas velocity of 14 m/s: #2, #3 and #4 sensorsedon 45 degrees. However, #1 sensor dli
not move to the 45 degree inclination. This melas lighter sensors passed heavier sens

d
or.
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Samples for Experiments

28.9 gram 42,1 gram 51.7 gram 60.77gram

Racquet Ball 27.2 gram

Squeeze Ball
Figure 34: Photographs of mock sensors and alternatspherical objects used for flow testing.

e
_

Sensor (28.99) in 0 Degree Sensor (28.9g) in 45 Degrees

Sensor (51.7g) in O Degree Sensor (51.7g) in 45 Degrees
Figure 35 Photographs of mock sensors in clear pipgections during flow loop testing
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Racquet Ball (42.19) in 0 Degrees Racquet Ball (42.19) in 45 Degree

Squeeze Ball {27.29) in 0 Degree Squeezs Ball {(27.2q) in 45 Degree
Figure 36: Photographs of alternate spherical objés in clear pipe sections during flow loop testing

3.5.2 High Pressure Flow Loop Tests

Implementation of a fully pressurized (900 psiwltoop test of the sensor packages
required the fabrication of several customized pipetions (Figure 37). These customized
sections allow the introduction into and retriepat of the high-pressure gas stream through the
use of an airlock compartment, the insertion ofWW&B antennae to access the inner-pipe
environment, yet protect the antennae from the-pigissure environment (antennae enclosure).

It was also necessary to fabricate a “launcherasgps and a “collector” apparatus to
introduce the sensors into the pressurized gaansthem the outside environment, as well as
extract them from the pipeline at the opposite efnithe test section. Schematic illustrations of
the launcher and collector, as well as images®ftiiual apparatus’ are shown in Figure 38.

With this set-up, the ball movement was tracked asction of gas velocity at pressures
ranging from 750-900 psi. Sensor movement wa&éby recording the time it took to travel
the length of the pipe to get an average veloasgywell as by recording the location of the
sensor through UWB RFID technology as a functiotiroé as it flowed through the pipe.
Results from these tests were presented previagiythe UWB discussion.
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Figure 38: Schematic illustrations (top) and actubimages (bottom) of the launcher (left) and co
custom fabricated for administration of fluidized sensor testing.

lietor (right)

3.5.3 Flow Loop Sensor Validation Trials

With the single functioning sensor, a successtwfloop trial was conducted with initial
participation by DOT-PHMSA, BP and Dominion andeaand flow loop trial with multiple
sensors with participation by DOT-PHMSA, BP, Exxanidll, Panhandle Pipeline were
conducted. A schematic of the flow loop was shomwRigure 32. In the flow loop test, we
demonstrated a fully functional prototype sensateay. In this test we showed that the sensor
system could distinguish between dry gas, accurd agater, and water of different corrosivity
(salt water vs tap water) with about a 1-2 sec@sgponse time. Some data from just one of the
sensor pads on one sensor ball is in Figure 33bf@oillustration. We also successfully
demonstrated the wireless communications platf@ue to the short length of the flow loop
(only about 75 feet) we were not able to fully derstoate the location aspects. Based on the
feedback from BP and Dominion, there is suppokieep moving forward with the technology;
however several questions were raised (e.g., ifémsor encounters liquid petroleum, how
quickly can it then detect water?). Before we caddress these questions, we experienced an
electronics failure in the first test.

After we recovered the sensor from the flow loop,discovered that the main joint that
holds to two halves of the sphere together faig=aiting in water leaking into the sensor
electronics. The epoxy used has worked in the pastever we only allowed 5 minutes of
curing time instead of 24 hours.

A second round of flow loop tests was then condiageng multiple sensor balls. The
results from using these sensors in multiple setiplenns is shown in Figure 42 - Figure 45.
These tests were able to conclusively demonstnatetie sensors could operation through
sequential runs and give similar results. In additwater detection along slight slope inclines
was also achieved. Attempts were also undertakegproduce the sensitivity to water chemistry
(corrosivity) changes that were demonstrated sgbaisin the previous flow loop validation
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trial. Based on the results obtained, it becameéestithat in the “once through” configuration
where the sensor ball flows through the pipe al&ively high rate of speed this is not possible.
In order to provide detection of water accumulaiies dry gas) in the “once through”
configuration, the data acquisition rate for thergsivity sensor must be relatively high. That is,
if the sensor is flowing in the pipeline the comity sensor cannot be energized for a long
enough period of time to obtain and accurate costgsneasurement (which takes 1-2 seconds)
and still be able to provide the spatial resoluamg the pipe for water accumulation locating
accuracy. Though this may sound like a limitatitwe, original idea of the “once through” sensor
configuration was to just detect if any water acatation had taken place at any location along
the pipe. If no water was found, then no furthealgsis or inspection would be needed. If water
accumulation was found, then additional inspectwonild be needed and might involve injection
of the “leave in place” configuration sensor bahe validity and ability of the “leave in place”
configuration sensor ball to distinguish corrogiuifferences was successfully demonstrated in
the previous flow loop trial.

After successfully demonstrating that water thaneeared out along an incline could be
detected, the sensors were then dipped in minéral simulate the effects of prior liquid
petroleum wetting on sensor performance. It wakiatpoint that we encountered another sensor
package failure. In this case, the mineral oil détg a softening agent (solvent) for the epoxy
that holds the thin film corrosivity sensors on emsor ball (see Figure 40). This observation
has identified another necessary design changeddia the packaging. Instead of using epoxy
to attach the thin film corrosivity sensors to theer concentric sphere, a new corrosivity sensor
head will be constructed using printed circuit labprocesses that will enable the insertion of
these sensors in the form of a thin disk into #eesses located in the outer package sphere. This
change should improve the overall integrity of siystems and should eliminate the reliance on
epoxies for mechanical and sealing.

Upon completion of the second flow loop validattests, the project team met with the
pipeline operators present for feedback and suggeson improvements and how to go
forward. These recommendations are included irCibreclusions and Technology
Implementation section below.
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Figure 39: Initial results from first flow loop tri al demonstrating that the sensor can distinguish leeen dry
gas, entrained water, and entrained salt water.

Figure 40: Photograph of one sensor used during flo loop trials.
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Figure 41: Photograph of water spray in flow loop ést (note sensor is located at the bottom of the me but is
not visible).
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Figure 42: Results from first sensor ball during seond round of testing.
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Figure 43: Results from second sensor ball duringesond round of testing.
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Figure 44: Results from third sensor ball during seond round of testing.
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Figure 45: Results from forth sensor ball during seond round of testing.

4 CONCLUSIONS AND TECHNOLOGY IMPLEMENTATION

Pipelines pose an enormous challenge to monitdr@aoguse of their geographic extent,
buried nature, and the need to provide relativeinpterrupted service. Therefore, any
monitoring/inspection technology that require exat&n or significant interruption of operations
are unlikely to be adopted easily. The developelrelogy aims to provide a monitoring tool
that will be more easily adopted because it ovegmany of the limitations of existing
technologies. In addition, this technology can thepted to provide feedback control to various
mitigation schemes such as inhibitor or biocidedtipns. The introduction of an instrumented
sphere that can form an internal communication agtvand communicate the data to an outside
receiver is a novel concept.

Through the course of this project, each of the moment technologies and concepts
have been successfully demonstrated. Severalftuligtional prototype systems have been
constructed and evaluated thereby going a longtesagirds validating the technology. Even
though much has been accomplished and the serstens/have been successfully validated in
the flow loop tests, some challenges still remamfdll industry acceptance and adoption. Based
on input from pipeline operators at the first ardand flow loop validation trials, these issues
need to be addressed:

o Install sensors on cleaning pig for first fieldatri It was suggested that this be
viewed as an intermediary step prior to injectibthe sensor balls directly into
the pipeline. Thus, the next set of field validattdals should involve installing
the sensor systems onto a set of cleaning pigsrédsmning being that the pigs
are already approved for use in pipeline systerdsadnready have multiple
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components and systems on them so adding one imoukle straight forward.
Once a few successful runs with the sensors iestalh pigs has been
demonstrated, it would then be an easier stepeto ke them off the pigs and
run them as independent sensor balls inside tredipg The suggested next steps
are to:

» Contact cleaning pig companies and get designnmétion
* Possible design for a sensor wheel on front ofreieapig

» Sensor wheel mounted on back of dewatering pigw-dnmod is the
dewatering

» Acquire some cleaning pigs and conduct trial run(s)

o Improvement of sensor systems and packaging —gsisised previously, the epoxy
adhesive used to attach the thin film corrosivigfiey detection sensors to the
balls appeared to be softened when exposed to ahioiés during the second
round of flow loop validation trials. An alternagivapproach using printed circuit
board sensor elements instead of thin films withaglified attaching scheme has
already been devised and should be tested. Evauatithis combined with the
possible use of a polyurethane top coat to impnogct resistance should also
be explored. The suggested next steps are to:

» Explore collaboration with standard probe manufasti(e.g., Rohrback
Cosasco, Roxar, Metal Samples, etc.) for sensd@garg and antenna
insertion

» Develop a quality control test protocol to verignsor functionality and
desired performance prior to use

» Perhaps perform test using rotating wheel in aatel
» Explore possible use of Battelle, SwRI, or U ofSauflow loops

It was suggested by the operating pipeline compengonnel at the second flow loop validation
trial that the scope of the pending follow on pobj®r conducting field trials in dry gas

pipelines be modified to address these two aspeatthermore, it was emphasized that the
primary goal should be to approach the field vdiatatrials in a two stage approach with the

first stage aimed at installing the sensors onnifeppigs and the second then to use the sensors
as independent balls. The packaging modificatiahiaxprovements and other issues would be
explored in parallel with the pig installation tsa
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