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Abstract. The modern technology of materials and structunéégrity of pipelines requests the use of inspadimls

named instrumented pigs to evaluate their thickiess during their service life. It is the mosiaéint and usual way
to detect, localize and measure the length, widith depth dimensions of the thickness losses o$ walburied and
underwater pipelines. These tools run them intdynglerforming and recording measurements thatvallneasuring
the thickness losses, with performance that va@®rding to the pig’s technology. An instrumenpégl technology,
called feller pig, has recently been developed.sThwork aims to indicate factorthat influence the feller pig
technology performance in the detection and in dbeuracy of measurement of the volumetric dimessminthe

thickness losses on the internal surface of apipitline wall under normal conditions of oil pipgspection with pig.
In this work is made a collection of factors andaralyses of the technology described in the litesg as well as an
experiment to observe the technology and the factgerating. In the experiment, a feeler pig isduse inspect
stretches of a pipeline that flows petroleum withtreatment, built in carbon steel and in operatamd in witch are
observed areas with internal thickness losses oedunaturally. These areas and their dimensionsnaiy automated
ultra-sound are compared with the ones indicatedheyfeller pig. Based on the data collection, be analysis and
on the experiment, is discussed the influence cbifa on the capacity of detection and on the aacyrof the
measurements of the volumetric dimensions of tagkiosses on the internal surface of the investijpipeline with
inspection by feeler pig.
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1. INTRODUCTION

Pipelines with wall thickness losses should haedr trestraint capabilities of fluid evaluated tooa/their failures.
These assessments are based on the remainindniwkiidss or in calculations of the pressure thatlead the pipeline
to failure.

Most of the oil pipelines is buried or submarindiiahh makes the use of inspection tools called imsénted pigs of
thickness loss, the usual and most efficient wagietect, locate and measure the volume dimensibwslbthickness
losses of these pipelines. These tools run theanrially performing and recording measurementsaheiv to measure
the losses of thickness, with performance thategadccording to pig technology. For the evaluatiohstructural
integrity of pipelines based on information prowddey instrumented pigs of thickness loss is necgs®aconsider,
besides the area depth, length and width dimensibtisckness loss indicated by the pig, its perfance in measuring
these dimensions (Maes ; Dann, Salama, 2008).

The instrumented pigs commonly available can né¢adelocate and measure dimensions of loss oktleigs in
many products due to difficulties related to thg pperational characteristics, their pipeline ctiading requirements
and to the pipe geometry, or even related to thedb of predominant thickness losses. Thereforeast developed a
technology of instrumented pig, called a feeler, pigich has overcome many of the major difficultze®l has ability to
detect, locate, measure and record the areascsh#ss loss on the inner wall surface. This teagohas been tested
in pigs and pipes and the results of testing #gdnology were presented by Camerini et al. (22088).

1.1 Definition of the research objective

This research aims to indicate factors that infbgethe performance of the feeler pig technologgeétecting and
accurately measuring the dimensions depth, lengthvédth of thickness losses on the internal pigelvall surface
under normal conditions of pig pipeline inspection.

It is a qualitative research and its results amplly to the feeler pig inspection in pipelines witle characteristics
and conditions of inspection similar to the objeetof the research.
2. LITERATURE REVIEW
2.1 Description of the feeler pig technology

The feeler pigs work based in sensors that perfardirect measurement by contact on the interna pipface.
Each sensor has a rigid stick with an extremity thmains in contact with the inner pipe surfacejar pressure from a
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spring, and the other extremity mounted on a s#t ¢bntains magnets which allows the tilting movatreround an
axis that contains a Hall Effect transducer. Figuitustrates the operation and format of the sens

Figure 1 - Operation of the feeler pig sensors. Tmagnets (a) are fixed at the base of the sticknlgymmetrical
positions with respect to the axis (d) around whicly turn. A Hall transducer (c) is fixed withihet shaft. Any
inclination of the sitck around the axis is detddby the Hall transducer. Adapted from Camerirdlg2008)

The stick is tilted and has a tilting movementhia tongitudinal pipe plan passing through its aRig.changing the
inclination of the rod occurs a magnetic flux véida and the transducer generates an analogicadlspgoportional to
the slope. The sensor is designed to be sengitimayt change in angular position of the stick.

Each sensor is calibrated individually in ordeemmbed in the software of data acquisition the mesphonse curve of
each sensor, correlating the shaft angle withrdmestiucer-generated tension.

The evenly distributed and radially mounted senfoms crowns. Some crowns alike and with the saomaber of
sensors are mounted on each pig with angular gipeba them so that the set of sensors is unifodidributed on
the circumference.

As in any other instrumented pig, its body struetserves as a support for fixing the sensors angihg of
electronics and batteries. The pig body consistaadules axially connected by joints and electables.

Figure 2 shows the mounting of the sensors in pighing crowns and the distribution of crowns of s@s in the

pig.

Figure 2 — The feeler pig to the pipeline by 16aakder inches. It has 6 crowns by 30 sensors, withah of 180
sensors. The electronics and batteries are houskeit the pig.
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Polyurethane plates in the ends of the modulesses\guides in order to exert the centralizatiowtion of the pig
in pipeline. The plates of polyurethane in the fsignt module make the sealing of fluid passageughothe pig in
order to move it in the direction of pipe flow. Twolometers with wheels in contact with the innefaze of the pipe
in the rear end of the pig, in diametrically oppbgesitions, measure the distance traveled. Awigrg sensor around
its axis is installed internally to the electrontosprovide a reference for registering the circiansor position. The
electronics loaded in pig also includes a clock.

With the pig being moved in the pipeline, the siak the sensors have their inclinations changeoutih the
thickness losses in the internal wall of the pigenerating signals that are correlated with the si losses, as
illustrated in Figure 3.

Figure 3 - Method of measurement of feeler pig.d.ofthickness on the internal surface of pipe vgatheasured by
the change in stick inclination of the sensors biyng through them. Adapted from Camerini et al @00

2.1.1 Data Processing to measure the loss of thidss

The signals collected by feeler pig for tlapsig changes of the sticks are recorded and psackso as to measure
the depth of the loss of thickness. Janvrot (20@888b, 2008c) has developed software to processldta of these
signals. One creates a reference surface thatatmmpensate changes in signals resulting fronolleving factors:

» Calibration of sensors with a variation of error;

e Ovalizations and changes in diameter of the tubm fits manufacture;

e Wear of the end of the stick in contact with theghine wall;

* Rotating of pig on its axis;

* Pig decentralization and inclination in relationtke pipe axis, for example, if the pig does ndate on its

axis and cause a preferential wear of the loweegrix of pig plates, if the sensor crowns aréhim center
with different displacements in the pipe axis focarrence of significant transversal movementefgig, i.e.
a front part moving radically in one direction Wehback in the opposite direction, as in curvesloe to a
greater wear on the front plates rather than thers;

e Occurrence of internal surface crusts within thmepialls.

The loss thickness depths are indicated by theagrorresponding to variations in the stick inations having as
reference this surface generated of the compemnsatifactors cited.

Janvrot (2008 d) has also developed software taratpthe areas with loss of thickness indicagmgth and width
of these areas from the sensor signal grouping, énchange in the stick inclination of each sensdicated by signal
is identified as the channel anomaly. Anomalieshim circumferentially contiguous sensor channelgaoeiped when
they overlap to the length of the pipeline. The setensor channel anomalies together define tha af loss of
thickness, which has given its size as criterikufopean Pipeline Operators Forum (2005, p. 18 -19)

3. MATERIALS AND METHODS

The methodology consisted of a survey of factoljeaitof research and analysis of the technologgriteed in the
literature available, in addition to an experimgnbbserve the technology and operating factors.
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The feeler pig was used for the experiment in nbooaditions of pig inspection to measure voluneettimensions
of areas of internal thickness losses occurredralfiyuin parts of a pipe in witch flows oil withodteatment, built in
carbon steel and in operation. The discontinuitied their size measured with ultrasound automatadrsng was
compared with the discontinuities and their sizebdated by the feeler pig and, thus, it was evallithe performance
of technology in the detection capacity and in wadtric dimensions measuring. Having discrepanc@sred, the
present factors that may have caused them arevadokser

A cleaning program with pigs preceded the passatfgeedeeler pig in pipeline in order to ensure temoval of all
material that could be taken from them with conimral cleaning pigs, including pig and with bruskesd with
magnets. It was used a 16-inches-nominal diameitér 3% km long with losses in wall thickness ocedgrmaturally
over time of operation. The speed of pig variedveein 1.2 and 1.8 m/s.The pipe material is carbeel sly API 5L X-
60 with nominal wall thickness by 6.25 mm.

The feeler pig used, shown in Figure 2, was a tBdn-diameter nominal pipe specific pig with ciréerantial and
longitudinal 9 mm resolutions and has a 512 Hz dimgpate, which corresponded to a longitudinabteson varying
between 2.3 and 3.5 mm in proportion to the spédieopig.

The automated ultrasound scannings were performitd @quipment with circumferential and longitudinal
resolutions by 1 mm and depth of 0.01 mm obtainégtd %0 MHz transducer, by serial number 8080343dDthe
manufacturer Panametrics, with water as connectimgl equipment of the 4 LSI model of Physical Astms
Corporation. The system was calibrated to measer¢hickness of the pipeline manufacturing steel.

4. RESULTS AND DISCUSSION
4.1 Susceptibility of technology related to the péormance

The processing softwares of the signals receivethéyeeler pig must compensate variations in ifpeads arising
from factors that can be compensated, shown iniguevchapter. Failures in this compensation maluémice the
performance in detecting and accurately measuhiegsélumetric dimensions of thickness losses.

One of these factors that makes the technology maseeptible to failure and can influence the perémce in
detecting and accurately measuring the volumetiigedsions of thickness losses is its extreme geitgito the
calibration of sensors.

Ovalizations of pipelines may occur in the manufeetof pipes, in construction of the pipelines,atso by an
accident after entry of the pipeline in operatibhe manufacturing tolerance for pipes ovalizationg pipeline like the
experiment one, for example, is up to 2% of nomiiameter, equivalent to 8.128 mm. Also in the nfacturing of
pipes, there may be variations in diameter. Theufsaturing tolerance for the diameter, for examgtear, a pipeline as
the experiment one is + 3.05 mm, equivalent total teariation by 6.10 mm. Variations may also ocicuthe pipe wall
thickness in manufacturing. The manufacturing eotee for thickness, for example, for a pipeline like experiment
is = 10% of the nominal thickness, which equates total variation by 1.25 mm. The manufacturintgr@ances of
pipelines are listed in according to the internadicstandard is the pattern API Specification 5013183 (International
Standard Organization, 2007).

As ovalization, diameter and thickness variatiasierated in the manufacturing can be of the samgnihade of
wall thickness, as may occur randomly throughoet ppipe and usually have the smooth start and eard be very
difficult to distinguish with the technology of fiee pig the increased internal diameter due togHastors and the
whole loss of thickness on the internal surface.

If the pipeline is too long and the internal suefaaf the wall very rough, may occur wear at theexity of the
stick in contact with the wall of duct. It is nesasy that the algorithms of the software for anialg$ signals detect and
measure this wear and compensate it when it idfisignt for the results of measuring the depthtef thickness loss.
Ovalization, variation in diameter and wall thicksemakes the compensation less effective. ThugpdHermance of
the technology on the accuracy of measuring theéhdepthe thickness loss in the final stretch af fipeline can be
damaged by wear on the extremity of the stick imtact with the pipeline wall.

Usually the internal thickness losses of pipeliaes concentrated around some generatrix. It is nmoramon
around the lower generating, where is common tleemand heavier sediments flow, which facilitates corrosion
and abrasion, and where most common form depasitsvich facilitates the corrosion under depositgthermore, it
occurs around the place where the oil/ water iaterftouches the wall or around the top generattig. vicinity of the
generatrix where the thickness losses are contedtiia the internal surface is generally more ruggausing greater
wear on the sticks of feeler pig. The compensatibstick wear is easier and less critical if thg patates on its axis
along the pipeline in order to wearing at extreasitof sticks to be more distributed and unifornossithe sticksThe
wear of each plate is more uniform and distribute@ughout thecircumference of the pig and performance on the
accuracy of measuring the depth of the thickness ilo the final stretch of the pipeline is highfathe pig rotates on its
axis.

Inclination of the axis or decentralization of thig in relation to the axis of the pipe can ocdtre front plates of
the pig tends to become more worn, due to its contéh abrasive material that causes abrasiorherptates and due
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to their surface in contact with the pipeline wallbe an area of sealing, putting more pressurth@nvall of the pipe
and, consequently, having greater wear by abragiois.increased abrasion on the front plate cathtl axis of the pig
in relation to the axis of pipe. This tilt can al®ocur on curves. Decentralization of the pig aldboccur in relation to
the axis of the pipeline if the pig does not rotateits axis and cause a preferential wear at |gyegreratrix of the
plates. By occurring slope or decentralizationigf the crowns of sensors are moved from the camteéhe axis of the
pipe, implying the need for compensation in thenalg recorded. Failures in this compensation mélyence the
accuracy of measuring the volumetric dimensionhickness losses.

Losses of thickness on the internal surface oflipipevall may be covered by crusts strongly linkedhe surface
in order to render the sticks penetrate to theobotind thus hinder or preclude the detection analsorement of the
sizes by the feeler pig. These crusts can be cdngbd corrosive process of the pipe wall or ie ffiocess of material
deposition from substances in the fluid being déguh which may have other components besides theTloé
formation of deposits can, when present conditfonghis, cause the occurrence of a process unejgogit corrosion.
Some products of corrosion in pipeline internalfate form crusts firmly attached to the pipelindlwehen present
conditions for this. Calcite, barite and anhydrtee crusts which occurr from substances presenffltiet being
disposed and are firmly connected to the pipeliné when there are conditions for this.

Among the technology susceptibilities related te gerformance of the sensors is the sensor overamadrupt
changes of thickness or sloping on the interndbserof the pipeline wall, as illustrated in thg. f.

Figure 4 - Overshoot of feeler pig. The overshdigrs the received signal depending on speed aigg@sof the pig in
the pipeline.

The possibility of overshoot of feeler pigs is tethto the speed of the pig, being lower the lotherspeed. The
overshoot of feeler pigs influences their perforo@im detecting and accurately measuring the vdiuenéimensions
of thickness losses. The circumferential welds gilthe pipeline are places where is more usual évstwot. They are
also places where the presence of discontinuitgdst critical to the pipeline integrity, so somsddintinuities in the
body of the tube that are not considered defectsthay did not require repairs by standards ecomemended
practices. If they occur reaching the circumferdniveld they may be considered defects, and reqajpairs by the
same standards or recommended practices. Howatawnly the technology of the feeler pig, but alse conventional
pig technologies of thickness loss have lower perémce in the regions of circumferential weld ratien in the rest
of pipeline.

Other susceptibility already known of same kind'o¥ershoot" is the undersize of discontinuity, @hioccurs
when there is contact with the stick of the sengitih discontinuity surface more inclined than te ttick, at another
point rather than its extremity, as illustrated-ig. 5.
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Figure 5 - Undersized due to the contact in otloémtpof the stick rather than its extremity, beeatlse stick tilting is
smaller than the inclination of the wall surface.

Other susceptibility to factors related to the ipibf detection and accuracy measurement of vottimdimensions
of thickness losses occurs when there is thicklmssson the internal surface of the duct wall iacgl where is present
dent. The dent, moving into the internal surfacahef pipe, causes the sensors generate signalke#dhto errors in
measuring the volumetric dimensions of thicknessds proportional to the size of the dent, leadindrilure of
detection. This failure of detection is criticalda@se this is a case where the good practice hammended repair of
the pipe.

4.2 Results of the experiment

Of the 57 anomalies compared, only 35, equivaler@1t% were not reported. Of these 35, 32 (91%)digials of
crust in the region or neighborhood. The signsrabicare signals corresponding to gain of thickn€dsthe 35 that
were not reported, only 23 (65%) had records afaligyin the vicinity which may be indicative of é&s of thickness.

4.3 Discussion of results

A key factor for the performance of technology efldr pig is the effectiveness of software algarish for
processing the signals received by the pig in tpensation of variations in signals arising frdm tnfluence of
factors that require compensations. The performasfcéhe technology of feeler pig in detecting anctwately
measuring the volumetric dimensions of thicknessés on the internal surface of the pipe wall {geddent on the
software performance in the processing of signals.

This performance is enhanced by precise calibratitaveloped and systematized to reduce the vatialif
calibration between sensors.

The less is the ratio between the duct diametérveall thickness, the more the performance of dodahology; so
the difficulty is less to the technology of feelgig discriminate between the increase in internamgter due to
ovalization or the variation in diameter and gelieed loss of thickness on the inner surface. As thtio is generally
higher for larger diameter pipelines, this problends to be higher for larger diameter pipelinesreithe pipeline
chosen for the experiment is one that does not fdneoperformance searched.

The occurrence of more than one of ovalizationngkan diameter or thickness of the pipe, whichassible, has
made it more difficult for the technology of feelgig discriminate between generalized thickness &gl increase in
internal diameter due to this occurrence.

The limitation of technology to detect and measiime dimensions of thickness loss on the inneraserfwith
depths below the tolerance of the tubes for theuf@ature of wall thickness is not significant. Tieslue to the nature
of this limitation, so to the structural strengthtlee duct makes no difference if a thickness messby the pig within
the tolerance manufacturing of the tube is due doufacture or the pipe wear in service.

The influence of the wear compensation in the emmity of the pig sticks in contact with the pipe Iwia
performance on the accuracy depth measuring ahibkness loss is related to the occurrence ofipatibn, variation
in diameter and the thickness of the pipe. The emsation of wear tends to be less effective inabeurrence of
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ovalization, variation in diameter and the thicl®e$ the tube. The higher the ratio between thendtar of duct and
thickness of wall, the greater is this tendencythia sense, the pipeline chosen for the experinseote that does not
favor the performance searched.

The wear on the internal surface of the pipet gdhyemakes it more rough and abrasive. The feeigs pave a
higher wear of sticks in pipelines with higher éooson its inner surface. The pipeline chosen lieréxperiment is one
with much internal corrosion, and does not faverplerformance searched here too.

In experience, the feeler pig detect crusts onwhé# along the pipeline and in areas of thicknessslused in
measurements in the experiment. These crusts wereected to the duct wall to the point of not hgvireen removed
in the cleaning program of the duct prior to thegame of the pig inspection. They may have origohat the process
of corrosion of the pipe wall or in the depositimmocess of material from substances in the fluiddeisposed. Over
90% of the areas of thickness loss not detectdtidojeeler pig in the experiment have crusts irtditdy the feeler pig
in the region or proximity. The areas of thicknésss detected by the feeler pig have dimensiongated by pig
smaller than the actual size, which is consistétit the presence of crusts at the site.

Despite that the presence of crusts is a factdrafiact the technology performance of the feelgrip detecting
and accurately measuring the volumetric dimensaithickness losses on the internal surface ofpipe wall, the
method of influence of this factor enables appi@abf technology for solutions even demanded, sascthe detection,
measurement of size and location of crusts.

5. CONCLUSION

These are factors that influence the technologsfopaance of the feeler pig in detecting and adalyaneasuring
of the volumetric dimensions of thickness losseshe internal surface of the pipe wall under ndroeaditions of pig
pipeline inspection:

» Calibration of sensors with a variation of error;

* Ovalization and variations in diameter and whitkness of the pipelines resulted from the martufacof pipes;

« Stick extremity wear in contact with the pipe kal

* Rotating of the pig on its axis;

 Decentralization and inclination of the pig idatéon to the axis of the pipeline, for examplethé& pig does not rotate
on its axis and cause a preferential erosion eflakver generatrix of pig plates; if the crownssehsors get in the
center with different displacements in the axishaf duct by occurrence of significant transversalement of the pig,
i.e., a front moving radially in one direction wiback in the opposite direction, as in curvesusr b a greater erosion
on the front plates to the other;

» Occurrence of crusts on the inside surfacesdrptpe walls;

» Overshoot of sensors in abrupt changes of thiekoe sloping on the inner surface of the duct;wall

» Contact of the sensor stick with surface of digicwity more inclined to the stick;

* Presence of dent.

The experiment confirms that the occurrence of tsrus the inside surfaces in the pipe walls deexdbe
performance of technology in the detection and meguof measurement of dimensions and that leatisetindication
of a smaller size than the real.

The technology of feeler pig can be applied indbtection, measurement and location of crusts.
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