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Abstract

The intent of this work is to evaluate the variasiaf the internal surface roughness in a naturalpiaeline
along the years. A section of the GASBOL with 120 &md nominal diameter of 32 inches with internatow
delimited by two compressor stations have beenyaedlduring the period of 2005 and 2011. For irdbyncoated
pipes the corrosion is not the main mechanism wiktpromote degradation of the pipeline capacity.this case,
internal epoxy coating can be damage due to varfgging campaigns that are necessary to ensumines
integrity. In order to determine whether or notgiig is affecting the transmission efficiency thfeetive roughness
of the pipeline is calculated using an isothernmal steady state model. The results indicate that effrious pig’'s runs
there are no evidences that the marks left by itpg@rts on the internal pipe surface have sigaifity impacted the
flow characteristics of the pipeline. Moreover, tiasults indicate that the effective roughnesshesn reduced at rate
of 0.29umlyear, given that the absolute roughness of tpelipie is around 2-gm.

1. Introduction

Throughout the life cycle of a pipeline it is commimnencounter changes in the transmission charstiatsr
that affect the flow behavior of the natural gas.oSéh changes are essentially due to unexpectedtivasian
temperature, gas composition and the amount of amades or liquids in the pipeline as mentioneiiagg et al.
(2009).

Strupstad (2009) pointed out that a small amourigofd in the natural gas could increase or deszethe
pressure drop in a pipeline. This effect dependthergas velocity and the liquid properties, forh@iggas velocities
the liquid tend to promote a smoothening of therimal surface and increase the pipeline capacityth® other hand,
there are other mechanisms, such as corrosioriperos precipitation of material that adheres te ihner surface of
the duct that promote the deterioration of the @ifficiency (Turner, 1991).

For internally uncoated pipes, the increase inrirgleroughness may occur at a rate of 0.76-lu@?year,
while for pipelines with coating, the rate of inase is in the range of 0.25-0.g&/year as found by Narsing and
Golshan [in Abdolahi et al. (2007)]. However in Miplour et al. (2003) it has been mentioned thattmted pipes the
rate of increase is between the ranges of 3QsBfear while for uncoated pipes these values atieirwthe range of
50-75um/year. In Taghavi (2013) the typical roughnessrafaated pipes are within16.5-1Ar0 and is increased at a
rate of 0.76-1.2dm/year due to corrosion, erosion and other factiorsa pipeline transmission the increase in the
internal roughness represents a serious problelmngsas there is a direct impact on the transportatapacity. In
Fournier and Kuper (1994) it has been reportedtti@mtoughness of the a natural gas pipeline hasgsd from 4um
to more than 12m in a period of 20 years with significant impaat the transport capacity. In the work of
Woldeyohannes and Majid (2011) the authors evalutite effect of the aging in a network of naturas gipelines,
taking into account the impact on flow capacity. Hughors compare three different groups of pipslimew, ten and
twenty years old and conclude that the reductichi§% for ten years and 4.53% for twenty years.

Sletfierding et al. (1998) performed an experimkstiady to investigate the effect of the interrmighness on
the transport capacity of natural gas pipelinesigh Reynolds numbers. The authors pointed out dibat to low
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viscosity and high density of the natural gas entened in transmission pipelines the Reynolds nurelzeeed the
boundaries of the Colebrook-White correlation tisatx1®. The experiments indicated the effective roughidégbe
coated pipe isdm while the steel pipe is 2dm.

In Farshad et al. (2001) the results of measuresmathe roughness in internally coated pipes agsgnted.
The authors called attention to the fact that the®§ts pipe roughness chart did not represent cqaifees as long as
the technology is relatively new. Moreover, thertitture covering internally coated pipes is scarbey presented an
equation to estimate relative roughness of theetbpipes and stated that the equation is valichéar pipes as long as
there is deterioration of the coating with the age.

These facts require a periodic check to revaluatioroughness values used for the various sectibriseo
pipeline, which would result in an undesirable dtiad, especially if taken into account the redomtin transport
capacity.

2. Internal coating

Generally, a pipeline integrity plan involves thespection of the pipeline periodically with Pigs. large
diameter pipelines, the weight of the Pig may dbate substantially with the wear of the internaating. The weight
of the Pig increases with the pipeline’s diametat eonsequentially the friction of the Pig partstvthe pipe’s surface
is higher. The damage produced by the Pigs are showhe Figures 1 and 2. The disks shown in pictarescuts
performed in the upper section of the pipe. They goed samples of the internal surface of the pigelnd its
degradation along the years. The time interval betwtie removals of the two disks is 5 years. fufé 1, there are
two visible scratches, identified by A and B thed associated with two Pig campaigns.

Figure 1— Scratches marks after two pigging camzaig
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In Figure 2, the disk cut was extracted from thgepine five years later, after a third Pig campaigrere the
visible marks are identified by C, D and E.

Figure 2 — Scratches marks after three pigging edgngs.

In the Figure 3 an enlarged view of the scratchagsD and E of the Figure 2 provoked by the Pigibm is
shown. A qualitative analysis of this picture destoates that the scratches produced by Pig frictitth the coating
causes the smoothing of the surface. Apparentty,differences between peak and valley of the serfaove been
reduced after Pig interference. Fournier and Ku{d@94) presented a work dedicated to estimate ffextiwve
roughness of the pipeline based on operational dBfre is an interesting comparison of the redqdfere and after
pigging the pipeline. The data indicate that befugging the effective roughness is arounduy@d and after is fum,
representing an increase of 8% in the transporaabp Nevertheless, in the situation reported gy &uthors the
mechanism that decrease the transport capacityeisial fouling.

Figure 3 — Enlarged view of scratches marks D and E.
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3. Friction factor

The friction factor is still subject discussed irvesal academic publications because it is the pat@nthat
correlates various quantities of interest in flti@nsport through pipelines. The friction factouised to quantify the
loss in pipes and thus finds application in a nunafgrocesses, not just limited to the oil and igalsistry, but also the
nuclear industry, automotive, aeronautics, etc.

In the work of Mikhailov (2000) is called attentido the existence of conceptual differences whenguthe
traditional definition of roughness to calculate thiction factor. As noted, the traditional frioti factor correlations
were obtained with the roughness defined for aasertovered with grains of sand, while often thteaaoughness of
a pipe is significantly different of the idealizewbdel. Thus, the author concludes that the introduicif a parameter
in the Colebrook-White is needed to adapt suchetation to real situations.

In Romeo et al. (2002) is proposed an explicitelation for the friction factor. The first part tie paper
consists in a review of the most common explicitrelations available in the literature. After asseent, the best
correlations are selected and three new modelspanposed as a generalization or combination of etations
evaluated. The correlation is obtained for the ramigReynolds number from 3000 to 1.5 %Mith the error lower
than 0.05%.

In the work of Langelandsvik et al. (2005) the gfie concentrated on getting the friction factased on the
operating conditions of a gas pipeline in operatiecording to the authors there are no similaultesn the literature
for the calculation of the friction factor with tlata presented, with flow in the transition regiand the Reynolds
number in the range of 1x4 5x16, absolute roughness around 264 and diameters ranging from 30 to 45 in. The
results lead to the conclusion that the Colebrodkt®8/equation does not show satisfactory agreemsdft the
operational data.

In Yang et al. (2005) it has been reported thétalf the Colebrook-White in determining the timn factor
of a natural gas pipeline internally coated witlexgp The results obtained by the correlation of Gaek-White were
compared with experimental data and operationa, datlicating good agreement between them, for Bldgmumber
between 19and 10.

In Veloso et al. (2007) it is proposed an explantrelation for the friction factor derived fromol@brook-
White and Lehmann for the range of Reynolds numtzen fLF to 1¢ and relative roughness-1@ 0.05. As reported
by the authors, the Lehmann correlation is mainkdusy German industry and differs from the Colekrod/hite
equation only because of the constants and expanigesides the proposed correlation, the authargpace 12 other
correlations available in the literature, basedroplicitly correlations and conclude that the prepd correlation has
the lowest relative deviation.

In the study of Fang et al. (2011) two new cotietes for the friction factor, one for smooth pipesd another
suitable for smooth and rough pipes, both for fallgbulent flow are presented. The authors deribedcorrelations
using a database generated with the Colebrook ieguad the equation of Nikuradse, covering thgeaof Reynolds
number from 3000 to £0and the relative roughness of 0 to 0.05. Moreothes authors present a study over 15
correlations compared with the Colebrook-White eiqua

In Genic et al. (2011) a study involving 16 explicorrelations for the friction factor comparedthvithe
Colebrook-White equation is presented. The studyeiml the range of Reynolds numbers from 4000 fpdifdl the
relative roughness of 0 to 0.05. Among the cori@tat evaluated, the average percentage error vwagée 0.03% and
90.2%.

In Ghanbari et al. (2011) is proposed an expticitrelation for the friction factor based on scahdata from
the Moody diagram for the range of Reynolds numi24:80 to 18 and relative roughness from 0 to 0.05. The data
were adjusted through an adjustment algorithm fom-imear curves. Moreover, other authors comp&edodels
available in the literature, including the Colelka&hite equation and conclude that the proposedetairon has the
highest correlation with the Moody diagram.

4. Approach

During the pipeline operational life the majorititime, it is operated under transient conditioviatiations in
operating conditions are introduced by a wide rasfggtuations, among the most significant it isgible to relate the
variations arising from changes in consumer demandhe delivery points, failures in gas compressiorits,
environmental conditions, etc. Thus, the conditibimsothermal steady state is a rare but well ddssituation under
the mathematical point of view. This condition makessible the use of simplified mathematical modelder certain
circumstances. As mentioned in Borujerdi-Nouri (20the isothermal assumption is valid for the gibrawhere the
pipeline sections are long enough to ensure tlahéat transfer occurs between the fluid and this whthe duct.
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According to Menon (2005) Eq. (1) defines the relaghip between the pressure drop and flow ratéhier
isothermal flow in steady state is given by theatun known as General Equation of Flow:

05
Q=11494107 1o (P2 P2 -wey) D%
P ) VeTwbeZnf

m=e™m

1)

Where: Q (m3/day) is the volumetric gas flow ratestandard conditions, f is the Darcy-Weisbachtifrit
factor, Pb (101.325 kPa) is the pressure at stdndarditions; Tb (293.15 K) is the temperature ahgdard condition,
P: (kPa) is the upstream pressure(Pa) is the downstream pressuggis the relative density of the gas,(K) is the
average gas temperature, Le (km) is equivalent lg@agith, Z is the compressibility factor of the gBs(mm) is the
inside diameter of the pipe, W is the potentialrgpeerm.

Having defined the steady state isothermal flowagign for gas transmission pipeline in terms ofuveétric
gas flow, it is necessary to rewrite Eqg. (1) towllihe determination of the internal roughness efipe. Therefore,
Eqg. (2) can be defined in terms of the friction éact

(= (11494.10‘3]2(3]2“%2 - P2 -WR2 qDS

Q Pb yng LeZm (2)

The natural gas properties were defined accordingG#8 equation of state and Lee-Gonzales-Eakin for
dynamic viscosity.
In order to evaluate the absolute roughness obiftedine the Colebrook-White friction equation tdimed.

1 251 | &l/d

F = _2.|Og10(—Re.\/T +?J (3)

Taking this equation as a starting point it is polgsio obtain an explicit expression for the absohoughness
having as variables the Reynolds number and thedini factor. According Genic et al. (2011) thelébwook-White
equation was obtained as a combination of the Mitsg equation (to completely rough duct) and tla@dRt equation
(for smooth duct) and is valid throughout the tuebiiregion, with the Reynolds number ranging fb®90 to 16 and
the relative roughness from zero to 0.05 that suite range of the operational data consideretiignviork. After
mathematical manipulation it is possible to obtam explicit expression for relative roughnes&l) based on the
Colebrook-White equation, given by Eq. (4):

1
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It should be mentioned that the roughness calalilayehis method does not take into account sorengéic
complexities present along the entire length ofgipeline, such as valves, fittings, and bends. él@w, according to
Mohitpour et al. (2003) the effective roughnessinatural gas transmission pipeline is composethige portions;
surface roughness, interfacial roughness and ragghdue to bends, welds, fittings and valves. dfftaw is fully
turbulent and natural gas is dry the laminar sultlay relatively thinner, then it is reasonableagsume that the only
significant portion of the roughness is the onaesented by internal surface.

Having defined an expression to calculate the aibsaloughness taking into account, pressure, flate, r
temperature and geometrical information of the Ipipeit is possible to compare the evolution of tbaghness based
on historical operational data. A section of theSBOL with 120 km and nominal diameter of 32 in dékua by two
compressor stations have been analyzed duringethedpof 2005 and 2011. Thus, it becomes possibleheck the
effect of degradation or alterations in the chamastics of the pipeline internal coating over teveral years of
operation.

The operational data used as input were acquirety wsifilter to remove large variations resultingnir
transient flow regime. The criterion of the dat&efildefines the data is valid if the differencewssn upstream and
downstream flow at the ends of the pipe sectidess than 5%.
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Table 1 presents the summary of the operationalalatay the years, where the gas flow rate is astiuedard
condition (273.15 K and 101.325 kPa), gas presancktemperature are the average between inlet aihet.olThe

symbols® ando, are respectively, the mean and standard deviation

Table 1 — Statistical summary of the input data glthre years.

Year 2005 2006 2007 2008 2009 2010 2011
Flow rate (16° Sm3/d) ® 234 24.4 245 31.1 23.5 26.8 28.3
o 1.6 2.5 1.5 1.3 3.4 2.8 3.4
Pressure (MPa) ® 833 8.06 8.05 7.99 8.10 8.10 8.05
o 047 0.50 0.50 0.57 0.67 0.57 0.61
Temperature (K) ® 3054 304.9 304.3 305.8 304.4 303.6 305.9
o 2.7 1.9 1.9 1.6 3.3 2.9 2.3
5. Results

This section presents the results based on a pefi@ix years where the operational data were
processed to result in the effective roughnessurEigt shows the absolute roughness calculated éoyCthebrook-
White correlation, grouped by flow rate rangingnfr@0 million m3/day to 30 million m3/day in the pmat from 2005 to
2011. Additionally, the average flow rate per yémrshown and makes possible to identify whetherethie a
correlation between temporal variation of the rauggs and flow regime. The dashed dark line is tieeage flow rate
associated with the right hand axis
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Figure 4 - Evolution of the absolute roughness émd fegimes per year.

The various curves shown in the graph suggestghbes is a reduction in the effective roughness@lthe
years. The reduction over time is verified for &liwf rates, on the other hand, it may also be ntitatl the curves
representing the lower flow levels are associatétl higher values of surface roughness. In ordeartalyze more
clearly the dependence of the roughness on the ifiagy Figure 5 has been included. In other wattis, behavior
represents the nonlinearity of the friction faatorrelation, as long as the roughness should epentent of the flow
rate.

In the Figure 5 it is possible to verify the depemnce of the calculated roughness with the variatighe flow
rate. The higher is the flow rate, the lower is éfiective roughness. Such dependency is verifiedny set of data
independently of the year and an explanation fi Itlehavior is associated with the nonlinearitythef correlation to
calculate the friction factor.
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Figure 5 — Calculated absolute roughness alongdhes.

Based on the results presented in Figure 5, teeage roughness is calculated during the interf@852011
and the results are shown in the Figure 6 (yellots)d The dashed red line is a curve adjusted byeptaw model
that represents the dependence of the roughnese dlow rate. In practical terms the equation pnésd in the Figure
6 is useful to overcome the deficiency of the foistfactor to correlate flow and pressure drophia pipeline linearly.
Depending on the range of the flow rate that theelpie is operating it is necessary to a differealue of the
roughness defined in the numerical model that siteslthe gas flow.

14;2

127

01"

/ g = 19395.Q 28] 0 Average roughness

"
.
.
.
",

e
.
.....
Taay,

Absolute roughness {um)
o

14 16 18 20 22 24 26 28 30 32

Flow rate (10% x m¥day)

Figure 6 — Average roughness versus flow rate.
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Table 2 presents the parameters (Reynolds numbefriatidn factor) obtained from the operational alat
along the years, while the absolute roughnessistierage per year. The absolute value of the rasghs within the
range of 4.1 and 149m, which are in agreement with the results repdote&ournier and Kuper (1994) and Farshad et
al. (2001) for coated pipes.

Table 2 — Statistical summary of the calculated diing the years.

Year 2005 2006 2007 2008 2009 2010 2011
Reynolds (10) ® 235 24.6 24.8 31.1 23.9 27 28.4
o 0.16 0.24 0.15 0.14 0.35 0.28 0.34
Friction factor ¢ 0.0079 0.0079 0.0078 0.0072 0.0078 0.0076 0.0073
o 0.0003 0.0003 0.0002 0.0002 0.0004 0.0003 0.0003
Absolute Roughnessim) @ 4.1 3.17 3.09 3.63 2.41 2.71 1.91

The trend in terms of the variation in the rouglsnakng the years is shown in the Figure 7, whieee t
roughness per year is calculated excluding the daxims of the data set, in other words, the reexitdude the flow
rate lower than 18.2(n3/day and higher than 28%h@®/day.
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Figure 7 — Evolution of the calculated absolute rfags along the years.

6. Discussion and conclusion

Based on the average roughness calculated ovgeéus it is possible to identify a clear trendhe behavior
of the effective roughness, indicating that thegtmess has been reduced at rate ofiOriZ@ear. Although, there is a
reduction in the effective roughness verified aier years the critical evaluation of the resultesds that flow regime
of the pipeline has an important influence. Thusns aspects that should be taken into accountédefsuming that
the effective roughness is decreasing. The caustb® séduction in the effective roughness may Bedated with the
following factors:

- Degradation of the measurement, specially the iobthe flow meters;

- Deviations of the correlation to estimate the foistfactor;

- Changes in the operational profiles of the pipeline

- Procedure to filter transient portions of the ingata;

- Simplifications assumed into the modeling (steadyes isothermal and one-dimensional);

- Environmental variations (ambient temperature).

After all, even considering these factors, the ltesmake clear that the damage caused by piggingato
reduce the capacity of the pipeline, or in a maneservative perspective are negligible.
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