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Executive Summary

An equation for the corrosion loss in a multiphase pipeline and in an oil pipeline
has been developed, through the use of literary sources and analytical tools. The equation
is based on the principles of the biocorrosion process. Biocorrosion in the United States
has caused serious problems due to the souring of wells by sulfate reducing bacteria,

which produce an environment that is hostile to ferrous compounds.

The calibration of the developed empirical equation was carried out with the aid
of existing atmospheric corrosion data that was adjusted to the environment in a pipeline.
The effects of flow were also incorporated into the final solution, and the effect of

localized pH due to bacterial action was also accounted for.

A simplified equation for the burst pressure of a corroded pipe has also been
developed. The equation is the result of an effort to match research results developed by
Shell and ARCO Alaska Inc. The resulting equation deviates from the work performed by
Shell and ARCO by 7% at most, to as little as a ¥ %. All equations used for the research
are restricted to be used for corrosion that is between 20% and 80% of the wall thickness.

Outside this range the equations loose their validity.

Finally, the foregoing developments were combined to provide a reliability
calculation for pipelines in the marine environment, and an example application of the
processes is presented at the end of this report. Care should be taken however when
applying the developed methods, due to the fact that extensive testing has not been done
to provide a suitable confidence level in the developed method for calculating the

reliability of pipelines.
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Introduction

Corrosion of pipelines in the offshore oil industry has been a major problem for years,
and many industry leaders have tried to tackle the problem from various angles. One way
corrosion can be arrested is through the application of a barrier like paint or a plastic lining, that
is able to separate the corroding surface from the corrosive environment, thus reducing the
potential for corrosion. Corrosion inhibition can also be accomplished through the use of
cathodic protection, through the use of corrosion resistant materials, or through the conditioning
of the environment in which the corroding material is to be placed. Often, these solutions lose
their effectiveness with time, and then the pipelines have to be inspected.

The major problem with the inspection of pipelines is that some are difficult to access,
and therefore to obtain any useful information about the state of the pipeline, expensive diving
operations are needed. Some pipelines can be accessed through the use of “intelligent pigs”, that
are able to use magnetic flux leakage sensors to gather information about the state of the
pipeline. Other pipelines are too small for the pigs, or they have such a geometry that pigs can’t
maneuver easily along the pipeline’s length.

Therefore to save money, and to reduce the risk of accidents caused by the failure of
corroded pipelines, it is important to be able to predict the extent of corrosion in any specific
pipeline without having to inspect the pipeline manually. For pipelines that can be pigged, the
task of determining the reliability of the system is straightforward, while the task of determining
the reliability of an unpiggable pipeline runs into several obstacles.

This report will focus on obtaining the reliability of both piggable and unpiggable
pipelines, as well as on obtaining the burst pressure of a corroded pipe. By knowing the capacity,
the demand and the standard deviation of the capacity and the demand, the reliability of a
pipeline system can be found. The key component for assessing the pipeline’s reliability is to
correctly determine the corrosion loss in the pipeline, and then calculate the capacity of the
pipeline.

Throughout the course of the research a continuing effort will be made to correctly
assess the corrosion problem of ferrous compounds in various environments. As additional

information is obtained, the model will be updated periodically. By correctly determining the



PIPELINE INSPECTION, MAINTENANGCE AND PERFORMANCE INFORMATION SYSTEM

INTRODUCTION

corrosion rate in a pipeline, along with the allowable pressure that the pipeline can be operated
at, accidents can be avoided, and pipelines can be kept in service longer through the application

of preventive maintenance.
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I. Corrosion Rate

Corrosion is a major problem for the engineering industry, and the potential for savings
that corrosion control can provide is constantly on the rise. Industries are realizing that by
controlling the corrosion problem through practicing preventive maintenance, more can be
gained than by neglect of the problem.

The key to understanding the corrosion problem is to be able to accurately predict the
nature of the reaction taking place at the interface of the corroding material and the environment.
Careful experiments and meticulous records of the results of these experiments have to be made.
An empirical process would result in the best solution to the corrosion problem, but the
experiments would have to be case specific. Also, enough of these experiments have to be
performed to build up a significant population, which could provide a reasonable confidence
limit. This approach is both time and labor intensive, and costs money. Therefore the method
used to derive a representative formula for the corrosion rate of ferrous compounds, was to fit a
curve to existing data and then to calibrate the equation of the curve for various environments.

As more and more data is gathered, the equation can be calibrated better and better.

A. Derivation of the Corrosion Loss Equation

According to various published sources, the corrosion loss with time in ferrous
compounds takes the shape represented in Figure 1. This curve is similar to an n™ degree
polynomial, and the equation of the curve can be derived through the process of curve fitting.
The problem with a polynomial equation though is that it is case specific, unless the constants
and the powers are left as variables. Also, the more degrees the polynomial has the more accurate
it is, but this would result in more terms. When the variables are introduced into the problem, the
task of how to chose the variables becomes the main concern. The selection of the variables will
highly depend upon the environment where the metal is placed. This requires the individual
applying the equation to know a lot about where the corrosion loss is to be evaluated, sometimes
know more than is humanly possible.

Therefore the polynomial solution was rejected and a different approach was used. It can

be seen in Figure 2 that a polynomial solution can be approximated by the combination of a
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logarithmic function and a linear function. After some trial and error, Equation 1 was derived.

This equation has a component that is logarithmic, along with a power function, which provide
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Figure 1: Typical corrosion loss curve. [8]
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Figure 2: Oxidation rate laws. [9]
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the general shape of the corrosion loss curve. The exponential term and the inverse t term in the
equation only control the corrosion loss for the first couple of years and then the terms decay to a

value of 1 with higher values of't.

CorrosionLoss = [1 + e("M)][log(l + t)P]I:1 + -——-—1———i“:t

) } (Eq. 1)

In Equation 1, the variables N and P serve as shaping parameters, and depend upon the
type of environment where the corrosion loss is being calculated. The variable t in the equation is
measured in years.

Once the general form of the corrosion loss is known, the equation has to be calibrated in
order that it may be applied to any specific case. The goal of this research however was to obtain
a bound on the corrosion problem in pipelines and risers, therefore the effort of calibrating the

equation was focused around this area.

B. Calibration of the Corrosion Loss Equation

To calibrate the corrosion loss equation, several references [6, 8] were used to supply
corrosion loss data. The collection of data from these sources has been tabulated and is included
in Appendix A. Most of the data available is for a limited number of metals, therefore the effort
of calibration was focused around the type of metals on which there is considerable information.
These metals include iron, mild steel or carbon steel, low alloy steels, stainless steels, and nickel
iron alloys.

One drawback of using the existing data is that not only is this data for atmospheric
corrosion, but the numbers supplied are for various environments, various exposure times, and
sometimes values of either corrosion loss or corrosion rate are given. For the corrosion loss data,
Equation 1 was applied, and a fit of the curve for the value provided was accomplished through
trial and error. Sometimes more than one value of P and N were able to fit the curve for the

existing point, therefore all possible combinations of P and N were calculated and then averaged.
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For the corrosicn rate data, the same approach was used as with the corrosion loss, but
first the equation for the corrosion rate was calculated. The corrosion rate equation is simply the

derivative of the corrosion loss equation, and takes the following form:

LU Y O S O C Y o
{1 (I”)It H3 (1+2) +(1+9) [logl+t)](1+t) N1+e(1-~)}

(Eq. 2)

Again, for various values of the corrosion rate corresponding to certain exposure times,

CorresionRae =1 +e("”>llog1 +8)"

the curve was calibrated to fit the data point available, and when all the possible combinations of
P and N were obtained, the mean was calculated. The results for the various mean values of P

and N are tabulated in Table 1.

é‘éﬁ%@?oﬁw ATMOSPHERIC | TRON MILD LOW STAINLESS | NICKEL

CARBON | ALLOY STEELS IRON
STEEL STEELS ALLOYS

Mean “P” 7.48 15.03 9.38 0.47 16.90

Mean “N” 3.00 3.48 1.90 ~ ~

Coefficient of Variation 32% 103% 81% 67% 88%

Of “P”

Coefficient of Variation 94% 124% 75% ~ ~

Of “N”

Table 1: Results of statistical analysis performed on fitting parameters P and N.

Due to the fact that only a limited population was available to obtain the results tabulated
in Table 1, several adjustments to the values of P and N for the various metals was needed. With
inc;reasing values of P, the corrosion loss or rate increases, but it is well known that nickel iron
alloys have a lower potential to corrode than mild steels, therefore the value of P for nickel iron
alloys in Tablekl can’t be correct. Very little data was available for all the metals eXcept mild
steels, therefore the value of P for mild steel was retained, while the values for the other metals

were adjusted around this value.
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The value of N does not influence the corrosion rate or loss at large time values, therefore
this parameter does not play an important part in the result of long term analysis. The value N
however is important if only the shori-term corrosion effects have to be calculated. In this case
larger values of N tend to reduce the corrosion loss at the early stages of corrosion, while lower
values of N result in a sharp rise in the corrosion loss. An illustration of how values of N

influence corrosion loss can be seen in Figure 3.

Plot of Effect of N on the Corrosion Loss Formula
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Figure 3: Effect of N on corrosion loss.

To finalize the standard values of P and N for various metals, intuitive judgement and
general knowledge of the metals was used. These final values can be seen in Table 2, but it must
be kept in mind that the representative values in the table are for corrosion in an atmospheric
environment. In a pipeline however, localized pH values can drop as low as one, and in this case
the values of P and N have to be adjusted accordingly.
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*VALUES FOR ATMOSPHERIC CORROSION P N
Mild Steel 14 15
Low Alloy Steel 10 2
Nickel Iron Alloys 5 35
Stainless Steel 1.5 7
Titanium 0.25 | 10

Table2: Typical values of N and P for various materials

The graphical representation of corrosion loss for the values shown in Table 2 can be

seen in Figure 4.
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Figure 4: Theoretical corrosion loss experienced by various materials due to

average atmospheric conditions.
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The next step in calibrating the equation for corrosion loss is to analyze the specific
environment where it is to be applied. Since there are many specific environments where the
equation can be utilized, to keep the problem reasonably simple one such environment was
chosen. The specific environment chosen was that in which oil and gas is transported over long
distances, and where secondary recovery techniques like pumping water into the wells are

utilized.
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11. Calibration of the Corrosion Loss Equation for Unpiggable Pipelines

A. Biocorrosion

Before further calibration of the corrosion loss equation is possible, the major causes of
corrosion in pipelines have to be examined. It has been stated earlier that corrosion is a problem
in pipelines in the United States due to the fact that many of the wells are of a sour nature.

Souring of the wells can be largely attributed to microbial activity, where through the
aid of bacteria, hydrogen sulfide is produced. Other sulfur compounds will also be present and
all these compounds react with iron or steel when contact is made. When exposed to sulfur
species, iron and steel first develop a weak protective film of mackinawite (an iron sulfide rich in
iron) that later changes through different chemical and electrochemical paths to more stable iron
sulfides. [7]

In all cases iron sulfides are characterized by their marked cathodic effects on the
hydrogen reduction reaction, which leads to an increase in the corrosion rate. In many cases the
biocorrosion process is related to the passivity breakdown by metabolic products having
aggressive characteristics which are introduced into the medium by the activity of sulfate
reducing bacteria (SRB). Also, other anions able to facilitate localized corrosion are frequently
present in the environment, such as the widely distributed chlorides that enhance the
aggressiveness of sulfur compounds. [7]

The biocorrosion attack can be attributed to the capacity of the bacteria to uptake
hydrogen by the means of their enzymatic systems (hydrogenase), which in turn produces ferrous
sulfide and ferrous hydroxide, corrosion byproducts. The three elements of biocorrosion are
illustrated in Figure 5.

It has been noticed however by certain researchers that the settlement of a bacterial film
on a carbon steel surface previously coated with an iron sulfide film can diminish the spalling of
this film, but cannot avoid the localized corrosion hazard. Usually corrosion affects areas where
there are defects in the iron sulfide film or metal matrix. Hence, the role of environmental
conditions are very important in determining the chemical structure and physical form of the iron

sulfides that, in turn, condition the rate and extent of the corrosion. [7]

10
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Overall 4 Fe 4SO i‘+ 4H O —3Fe (OH), + FeS+2 OH’

reaction
2+, ao- Anode Electro-
Metal 4 Fe—4 Fe“"+ 8¢ .
8 H* + 8e—8H - Cathode ggﬁmucal
Solution 8H,0—8H % 8 OH" Electrolyte
SOi'-l- 8H-—S2+4H O Microbial
Microorganism depolarization

Corrosion products Fe + S2% —FeS 3Fe?* + 6 OH ~—3 Fe (OH).

Figure 5: The three elements of biocorrosion.[7]

The rate of corrosion is also affected by the presence of oxygen, therefore the less
oxygen present in the system the better are the chances of the metal not corroding. As a biofilm
attaches to the surface of the metal, with time it grows and after a certain time period it becomes
thick enough to prevent the efficient diffusion of oxygen to the metal-biofilm interface. When
this occurs, at the bottom of the biofilm there are strictly anaerobic bacteria. The bacterial
deposits therefore create a differential availability of oxygen at the metal surface. Note however,
that sulfate can also act as a terminal electron acceptor, instead of oxygen, so eliminating oxygen
from the system might not necessarily stop the corrosion process. [7] A differential aeration cell
can be seen in Figure 6. '

In Figure 6 the area with the lowest oxygen availability (under the deposit) is forced to
become the anode in the reaction, while the area outside the deposit acts as the cathode (in this
case through the microbial mucilage). The explanation of the previous statement is the following.
On a microscopic scale, a metal is rarely uniform and each grain will have slightly different
surface characteristics and oxygen availability from its neighbors. At any time, some of the
grains will be acting as anodes while others will be acting as cathodes. A fraction of a second

later, the conditions may be reversed, and these constantly changing anodic and cathodic sites

11
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explain why a metal shows uniform rusting over its entire surface. In the case of bicorrosion
however, the area under the biofilm has no access to oxygen, therefore it becomes the anode. [7]
It is evident therefore that sulfate reducing bacteria act on corrosion in an indirect way,
due to their ability to produce hydrogen sulfide that could be used as a cathodic reactant
(removes electrons from metal). This in turn determines whether an area on a metal surface will

be anodic or cathodic.' [7]

, MICROBIAL Water

COLON

OH"
CATHODIC ANODIC
AREA AREA

Metal M

Figure 6: Simplified scheme of biocorrosion beneath a
bacterial colony.[7]

B. Types of Bacteria Associated with Sulfate Reduction

Sulfate reducing bacteria (SRB) are prokaryotic microorganisms, which means that they
lack a definite nucleus, and reproduce through binary fission. These bacteria are also
heterotrophes, therefore an external source of carbon is required for their growth. Some recent
studies have suggested that there is a wide range of carbon sources that these bacteria can use for
their growth. Several species are able to use acetate as the sole carbon source, and in the case of
marine SRB, the limiting factor for growth is not the sulfate ion but the concentration of the

carbon source available in the seawater.

! Cathode: site on metal surface where electrons are removed
Anode: site on metal surface where metal ions go into solution

12
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A list of sulfate reducing bacteria and their characteristics can be found in Table 3.

Table 3

Prokaryotic Microorganisms

Thiobacillus

Aerobic; use carbon dioxide as their main carbon source; rate of sulfur oxidation depends on
the type of sulfur compound used; Need an average sodium chioride concentration of ca. 0.5
M. Frequently its aggressiveness is enhanced through the formation of microbial consortia
with anaerobic SRB, or in certain environments called "sulphuretum™ in which part or whole of
the sulfur cycle takes place.

Thiobacillus Denitrificans

able to grow anaerobically by using nitrates as the final electron acceptor

Thiobacitlus Thiooxidans

Ability to oxidize 31 g of sulfur per gram of carbon; pH on the order of 0.50
Able to produce an important amount of sulfur ot decrease the environmental
pH to 0.50

Thiobacilius Thioparus

Sulfur oxidizing bacteria, generally short, thick rods ranging from 0.5 to 3.0 um;

Being aerobic and autotrophic, they are able to synthesize complex organic compounds
They do not use organic compunds as nutrients;

Optimal temperature for growth is 25 - 30 deg Celsius;

Oxidizes thiosulfate to sulfate and sulfur; This species also oxidizes elemental suifur

to sulfate, although it is not able to oxidize sulfide.

Oxidation reactions begin at pH ~ 7.8, and after completing their growth they can reach
values of 4.5

Thicbacillus Concretivorus

Oxidizes thiosuifate using tetrathionate as an intermediate reaction compound and also
oxidizes elemental sulfur and sulfide.
The optimal pH range for growth is 1 - 4.

Thiobacillus Ferrooxidans

generally related to the iron oxidizing bacteria through its ability to oxidize inorganic ferrous
compounds; It also obtains energy from thioulfate oxidation.

Hs natural habitats are acidic waters with high iron content, and much of the literature on this
bacterium is related to the bioleaching process.

Itis an obligate autotroph that grows within an optimal pH range of 2.5 - 5.8

During oil recovery operations, iron oxidizing bacteria can diminish the permeability of rock-
formations, and their elimination or control from injection water should be mandatory.

Desulfovibrium
(non-sporulated)

Desulfotomaculum
(sporulated)

Strict anaerobes growing between 25 - 44 degrees Celsius and within a pH range of 5.5 - 8.0
(optimum pH = 7.2); Approximate dimensions: 0.5 - 1.0 um diameter and 3.0 - 5.0 um long.
Some species as D. salexigens require a concentration of 2.5% sodium chioride in the medium.

Strict anaerobes, and can exist as singel cells or short chains. One of the species, Desulfotdmaculum
nigrifican , is thermophilic with an optimal temperature for growth of 55 degrees Celsius. The upper
temperature range for growth is 65 - 70 degrees Celsius, they can be adapted to grow at 30 - 37
degrees Celsius.

The existence for these thermophilic strains is important to the injection waters used for secondary

oil recovery, where planktonic and sessile SRB are frequently found at temperatures of 70 degrees
Celsius and higher. These microorganisms can cause serious probiems of biofouling and corrosion

in the water injection lines.

13
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The pH range that is optimal for the different bacteria listed in Table 3, varies between a
value of 0.5 to 9. The temperature range also varies from a low of 25° C ( 77° F ) to a high of 70°
C ( 158° F ). All the bacteria represented in Table 3 can be found in the marine environment, and
can be responsible for the souring of oil wells, or the pitting of steel.

The corrosion of pipelines therefore is dependent upon what type of bacteria is present
in the system. According to a study performed on the producing wells of 24 oil fields it was
concluded that as the temperature and the salinity of a well increases, the bacterial count in the
well decreases. In Figure 7 a plot of bacterial count versus the temperature of each well from the

study can be seen. [39]

Bacterial Countin Well v. Temperature of
the Well
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Figure 7: Plot of bacterial count versus well temperature. [39]
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The conclusion from the study was that it is more likely for a low temperature well to be
sour, due to the fact that it provides a more suitable environment for bacterial growth. There are
two hypotheses as to how a well can become sour. The first hypothesis states that as water is
pumped into the oil wells during secondary recovery techniques, the indigenous bacteria present
in the well are provided with nutrients, which in turn stimulates them to grow. The second
hypothesis states that since ocean water contains many types of bacteria, these bacteria when
introduced into the oil well, use the nutrients in the well and flourish.

0il wells often contain connate water that was trapped during the geological formation
of the wells, and many times the water supports indigenous bacteria. When the connate water n
oil wells are sampled, new species of bacteria are always found, especially in the lower
temperature oil wells. This implies that life in the wells is able to flourish, therefore when water
is pumped in from the ocean, the sulfate reducing bacteria in the water are able to flourish
unimpeded. The question however is which bacteria are more likely to flourish?

Returning to Table 3, it can be seen that certain bacterial types have an optimum
temperature and pH range where they are able to grow and flourish at an optimum rate. Most
however can evolve and assimilate to their new environment. In Table 4, a list of temperature
ranges corresponding to possible localized pH ranges at the surface of the metal can be seen. At
the lower temperatures, the possible pH range has lower values, while at the higher temperatures,
the pH ranges are near neutral. The explanation for lower temperature ranges having lower
possible pH ranges is that sulfate reducing bacteria are more likely to survive at lower
temperature. Therefore the more species that survive, the more likely it is that hydrogen sulfide

will be produced, and the possible pH therefore will be lower.

TEMPERATURE TEMPERATURE POSSIBLE pH

RANGE OF WELL RANGE OF WELL RANGE
Co) 3]

30-50 86 -122 0.5 -5.0+
50-70 122 - 158 2.0-6.0+
70-90 158 - 194 4.0-17.0+
90-110 194 — 230 5.0-8.0
110-140 230-284 7.0-9.0

Table 4: Possible localized pH ranges on the surface of the metal for various well

temperatures.

15
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Itis importaht to note however that for localized pH values to be on the order of 1 and
2, there has to be a biofilm present on the surface of the metal, under which sulfate reducing
bacteria are active. Due to the effect of shear stress at the wall of the pipe this might not be
possible along certain sections of the pipe, therefore pH ranges at these pipe sections would have

to be adjusted.

C. Effectof pH on P and N

From the previous section it was ascertained how sulfate reducing bacteria might affect

the value of pH at the liquid metal interface, but the question still remains as to how can the
effect of pH be manifested in the values of P and N in the corrosion loss equation.

According to various sources, as the pH of a solution decreases, the corrosion rate tends
to increase exponentially. A plot of the effect of pH on the corrosion rate for zinc can be seen in

Figure 8.

Zinc

HCl «——4—-NaOH

Corrosion rate {(mm/y)

N\ \\\i&

0 3 % 3 3 0 12
pH

Figure 8: Effect of pH on metals relying on
passive films for protection. [8]
The above depiction of the effect of pH on the corrosion rate was used as the basis _for
developing a rule as to how P and N are affected with decreasing pH. Since P affects the
corrosion process directly the following relationship was developed: Corrosion Loss is directly

proportional to P. The rule for N is the opposite, where with increasing pH, N decreases.

16
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The key to developing a rule for exactly how pH and P and N are linked together, is to
first set a limit on the corrosion loss possible during the first year that the pipe is in service. The
limit set on the corrosion loss was 1.3 inches in one year. This value for the corrosion loss was
then assigned as the worst corrosion loss possible aﬁef one year, for the steel with the highest
value of P, mild steel (P = 14). Next the value of P needed to have a corrosion loss of 1.3 inches
after one year was determined. The corresponding value of P is 1619.

Since the rule between pH and corrosion rate is exponential, the question becomes, what
power does P have to be raised to, to obtain a value of 1619. The answer is 2.8. 2.8 therefore
becomes the upper limit for the exponent and now the value of the lower limit must be found.
According to Figure 8, the corrosion rate attains its lowest value around a pH of 9, therefore it
was decided that at this pH the values of P and N would not change from their original values
corresponding to atmospheric corrosion. Equations 3 and 4 illustrate the relationship between pH

and the exponent to which P and N are raised.

-1
: 2.80
Exponent, = 28(3 - Exponent, = [ njl
p pH

(Eq. 3) (Eq. 4)

In Equations 3 and 4, n is equal to 0.47, and is the fitting parameter that controls what
value the exponent takes at a pH of 9. For n = 0.47, the value of the exponent for P andNata pH
of 9 has the value of 1. Figure 9 shows a graphical representation of the relationship between pH
and P and N.

Knowing the effect of pH on P and N, the next task is to determine how the flow regime
affects P and N. If the flow in a pipe is turbulent, then there is low probability of a biofilm
attaching to the sides of the pipe. Therefore the pH would not be as low as if there were sulfate
reducing bacteria growing on the side of the pipe. On the other hand as the flow becomes less
and less turbulent, the biofilm has a larger probability of being able to attach itself to the sides of
the pipe.
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Effect of pH on the Exponentof Pand N
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Figure 9: Tlustration of the effect of pH on the power to which
P or N is raised.
D. Effect of Flow Regime on the Value of P and N

Flow in a multiphase carrying pipe can be difficult to classify, due to several reasons.
One reason is that there are at least three major types of fluids present in the pipeline. A

multiphase pipeline may carry a certain percentage of oil, gas and water, each of which has a
different viscosity, density, and therefore tends to move with a different velocity in the pipe. The
rate of the corrosion in the pipeline is directly related however to the velocity of the media within
the pipeline.

The corrosion processes in oil and gas production pipelines involve the interaction
between metal wall and the flowing fluids. Relative motion between fluid and the metal surface
will in general affect the rate of the corrosion. Three theories have been proposed as to how flow
affects corrosion. The three ways in which flow can affect corrosion rate are, through convective
mass transfer, phase transport, and erosion. For convective mass transfer controlled corrosion,
the corrosion rate is affected by either the convective transport of corrosive material to the metal
surface or the rate of dissolved corrosion products away from the surface. The phase transport
corrosion depends on the wetting of the metal surface by the phase containing corrosive material.
The phase distribution is strongly affected by the multiphase flow. Erosion corrosion ocecurs
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when high velocity, high turbulence fluid flow and/or flow of abrasive material prevents the
formation of a protective film, allowing fresh material to be continuously exposed to the
corrosive environment. The multiphase flow conditions in oil and gas pipelines are also
important factors inﬂuencing the corrosion and the inhibitor effectiveness. A strong relationship
has been found between field measurement of corrosion rate and flow regime.[42]

Figure 10 illustrates the typical flow patterns observed in oil/water/gas flow. At low
liquid and gas flow rates, the three phases flow in a smooth stratified pattern. As the gas flow
rate is increased, the interface between the oil and gas becomes wavy. If the liquid flows are

increased, plug flow is reached.[17]

:u' i = ] stratify
== s s s = s ed smooth

water -

B ome T S S e e e = l‘-ﬂUM"Vy'

rolling wave

piug flow

siug flow

psendo-siug

anaular flow

Figure 10: Flow patterns observed in a multiphase
pipeline.[17]

In three-phase plug flow, the oil/water interface remains stratified while intermittent gas
pockets remove the oil from the top of the pipe. If the gas flow rate is increased from plug flow,
slug flow regime is reached. Characteristics of this slug flow include mixing of the oil and water
layers, gas pockets of increased length, and gas bubble entrainment in the front of the siug,
commonly referred to as the mixing zone. An additional increase in the gas velocity creates a

flow pattern termed pseudo slug flow. Pseudo slugs have the same characteristics as slugs, but
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the mixing zone extends through the slug length allowing occasional gas blow through to occur.
At even higher gas flow rates, annular flow is reached. Annular flow exists when the less dense
fluid, the gas, flows in a core along the center of the pipe, while the more dense fluid, the
oil/water mixture, flows as an annular ring around the pipe wall.[17]

A study performed at the University of Ohio on multiphase flow in high-pressure

horizontal and +5 degree inclined pipelines had the following conclusion:[17]

e The slug frequency increases with increasing liquid flow rate, regardless of liquid composition,
inclination and pressure.

The slug frequency was not variant with pressure.

Increasing the pressure has no effect upon the stratified/intermittent boundary.

Increasing the pressure causes pseudo-slug flow to dominate the slug flow regime.

Increasing the inclination forces the stratified/intermittent boundary to occur at lower liquid flow
rates.

Another study performed at the University of Ohio by the same group of researchers,
had the following conclusions regarding wall shear stress and flow turbulent intensity near the
wall:[42]

e The wall shear stress changes substantially across the front of the slug. The greatest changes occur at
high Froude numbers.
The wall shear stress is always greatest at the bottom of the pipe and decreases towards the top.
Both the wall shear stress and turbulent intensity increase with an increase in Froude number.
Adding the oil phase into the flow system increases the wall shear stress but decreases the turbulent
intensity.

According to the previous conclusions, several hypotheses can be brought forth. One is
that near the well, the velocities in the pipe are large and there is a high probability that there is a
lot of turbulence, and also that the shear stress is high. As the flow is examined further down the
pipeline, due to head loss in the pipe, the flow velocity decreases due to friction losses. Therefore
the second hypothesis states that as the velocity in the pipe decreases the flow regime shifts away
from slug flow to plug flow or to stratified flow. The conclusions then are that near the well it is
more likely that erosion corrosion along with convective mass transfer corrosion are controlling,
but due to the high turbulence bacterial colonies are not able to attach themselves to the pipe

walls. As the flow regime changes down the line however, water separates from the oil and the
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flow becomes stratified. This enables the bacteria to find suitable conditions to thrive and the
water at the bottom of the pipeline is where bacterial colonies tend to be found, which also
explains why internal corrosion is predominantly found along the bottom of pipelines.

A theoretical equation was derived based on the previous assumptions, which can be
seen in Equation 5.

MitplicationFuctorForP = (105 R m%“ﬂw‘) Percrtl e, (WWMM ¥

00 100 100

(Eq.5)

According to Equation 5, the corrosion rate will depend upon how much head loss there
is in the pipeline. The head loss in Equation 5 is taken to be uniform over the length of the
pipeline for simplicity. The multiplication factor for P depends upon which point along the line is
being examined, and reaches a maximum value of 1.05 at the end of the pipeline. At the front
end of the pipeline, the multiplication factor is equal to 0.20 plus the head loss over the total
length of the pipeline. The multiplication factor for N on the other hand can be ignored, because
N does not have a significant role in the corrosion loss. Figure 11 illustrates the change in the
multiplication factor for different values of head loss.

Figure 11: Calculated Multiplication factor For P
Iilustration of
how the 1.20
multiplication é 1.00 %—5
2 o . amal
factor changes 2% os0 s
withtotalhead | 3 T o.60 e
loss. 3 8 040 —
€ w
3 020
3  o.00

0% 10% 20% 30% 40% 50% 60% 70% 80% ©90% 100%

Distance From WeHl Expressed as a Percentof Total Length
of Pipeline

m—C alculated Multiplication factor For P (Head Loss = 20%)
e C e lc ilated Multiplication factor For P (Mead Loss = 60%)
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To use the diagram in Figure 11, the head loss over the length of the pipeline must be
known and the user must decide where the corrosion loss in the pipe is to be calculated: at 50%
of the total length or at 75% of the total length. Once the foregoing parameters are known,
Equation S can be used, or if a set of curves have been developed for various head losses, then
the multiplication factor for P can be read directly off of the graph. The value obtained from the
graph then can be applied to P, and a correction can be made to the corrosion rate, but this
correction factor only applies to a specific section of pipe.

If the pipe is divided into sections for analysis, then the average distance of that section

from the well can be used to obtain a value from the graph.
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I11. Burst Strength of a Corroded Pipe

The burst strength of a pipe will vary according to the amount of section loss that the

pipe experienced due to corrosion. The burst strength of an uncorroded pipe can be expressed by
Equation 6.

yield
Btowaie = (Eq. 6)

In Equation 6, t is the thickness of the pipe, r is the outside radius of the pipe, Cyieiq is

the yield stress of the metal, and Pajiowabic i the allowable net pressure that the pipe can operate at
before it starts yielding. When corrosion attacks the pipe, many times it is not uniform,
especially if sulfate reducing bacteria are present in the system. Figure 12 shows an example of a

localized corrosion contour map, where several pits can be seen.

Figure 12: Example of a pit contour map.[28]

In Figure 12, the pits are separated by a certain distance, d, that influences the burst
strength of the pipe, and there is also a length associated with the corrosion that also influences
the strength of the pipe. To calculate the burst strength of a pipe when only localized corrosion
has taken place, Equation 6 has to be modified.

Studies done by ARCO Alaska Inc. have resulted in an equation for the remaining

strength of a corroded pipe, and the results of the study are summarized in Equation 7.
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2F1(G iy + 10,000) | 085(d + ca)

D t
P = (Eq. 7)

0.85(d + 277!
| - ( ( ca)j{ss + 0.032 —IL)—t]

t

In Equation 7, F is the factor of safety on the pipe, t is the thickness of the pipe, Oyield 18
the allowable stress in the metal, ca is the corrosion allowance, L is the length of the corrosion, D
is the outside diameter of the pipe, d is the depth of corrosion, and P is the allowable pressure.
Note however that this equation is only valid for L%*/Dt > 50. Another equation is available for
situations when L¥/Dt < 50, but it is much more complicated and the difference between the two
equations is no more than a couple of percent. For this reason the simpler of the two equations
has been applied.

Equation 7 is based on the modified ASME/ANSI B31G criterion, which is considered
overly conservative. For the modified criterion, the value of the flow stress was modified and
equals the specified mimmum yield stress plus 10,000 psi, and the cross-sectional area loss was
estimated by 0.85 x L x d, which is considered more accurate then the parabolic method, 2/3xL
x d. (See Figure 13)

------- A=%xLxd Parabolic method
e A = (0,85 x L x & “Effective area” method

Figure 13: “Effective area” v. parabolic method. [28]

Shell has also done extensive research in the field of burst strength predictions for

locally corroded pipes, and obtained results of their own. According to Shell’s research, the
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maximum pressure that a pipe can withstand before failing can be represented by Equation 8

(Long corrosion model). [43]

t* : 1 n
P = —-k””(—) o) Eq. 8
R > uts (Eq. 8)

In Equation 8, P™ is the bursting pressure, t* is the undeformed corroded wall
thickness, R is the undeformed mean radius, k is a yield criterion parameter which is unity for a
Tresca yield mode! and 2/(3)"? for a von Mises yield model, n is the hardening index of the true
stress/logarithmic strain curve, and Oy is the engineering ultimate tensile strength of the

material. Note however that this equation is for uniform corrosion, but if the geometry of the

corrosion is known in terms of arc length, then the burst pressure can be represented by Equation
9.

2 ' ref
P = m P (Eq. 9)

In Equation 9, ¢ represents the fraction of the pipe wall that has experienced corrosion
loss, where if d) is equal to Y, it means that out of 360 degrees around the circumference of the
pipe, 90 degrees experienced corrosion. If n = 0.15 (n = 2 x circumferential logarithmic strain at

burst) and ¢ is close to a value of zero, the extra strength remaining in this pipe compared to the
fully corroded pipe is only 10.9 % more. As ¢ becomes larger, the extra strength remaining in

the pipe gets smaller, and will be on the order of 7 % for a ¢ equal to %. Due to the fact

however that corrosion can not be accurately measured to this extent, nor predicted, Equation 8

rather than 9 was utilized to derive conclusions about the burst strength of a corroded pipe.
Equations 7 and 8 were applied to several pipe sizes, and the results of the calculations

can be seen in Appendix B. The calculations were performed for a 36 inch diameter pipe, and the

25



Pipeline Inspection, Maintenance and Performance Information System
Burst Strength of a Corroded Pipe

radius of the pipe was varied from a value of 0.20 inches to 0.45 inches. The yield strength of the
steel used is 60,000 psi, and the ultimate strength is taken as 100,000 psi.
A comparison of Equations 7 and 8 can be seen in Figure 14, for a 36 inch diameter

pipe having a thickness of 0.45 inches.

Allowable Pressure For a Corroded Pipe (t = 0.45
in.; Diameter =36 in.) ‘
1800
—e Original Design
. 1600 Pressure (psi)
2
s 00 - == -ARCO (psi)
-
@ 1200
&
o 1000 g AllOWable Pressure
2 Using The Long
s 800 Corrosion Model
% —— Derived Allowable
600 Pressure (psi)
400
15 25 35 45 55 85 75 85
% Loss of Wall Thickness

Figure 14: Comparison of various pressure equations.

As can be seen in Figure 14, Shell’s model (n=0.15, k=1), obtains allowable pressures
well above that of ARCO’s values, up to a value of 60% cross-sectional area loss. As more and
more of the area is lost, Shell’s model becomes more conservative than ARCO’s model. It must
be kept in mind however that Shell’s model gives values of pressure that are for complete rupture
(ultimate), while ARCO’s model uses the yield strength of the material, adjusted by adding
10,000 psi to it. Usually the ultimate tensile strength of a 60,000 psi yield strength steel is
100,000 psi, which clearly explains the difference in the results.
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It should also be noted that the operating pressure should never be above that of design.
Due to the fact that by operating above the design maximum, a pipeline is more likely to fail, the
operating pressure should be reduced when the design pressure is approached in order that some
extra utility can be obtained from the pipe before it fails. If there is a factor of safety on the
operating pressure, when calculating the reliability, this factor of safety should be included in the
bias.

The next task is to obtain a simplified equation for the burst pressure. The simplest
approach is to develop an equation similar to Equation 6, which does not deviate from the values |
of allowable pressure given by Equations 7 and 8. After some trial and error Equation 10 was
derived.

AP = C O-ultimatetc (Eq_ 10)

v

In Equation 10, t. is the corroded thickness, Gyuimate 1S the ultimate strength of the

material and C is a constant whose range is between 0.85 and 0.88. The plot of Equation 10 can
be seen in Figure 14, and is designated as the allowable pressure in the pipe. It must be noted
however that the pressure defined by Equation 10 is the net pressure on the pipe. Due to
hydrostatic forces however, forces can be acting on the outside of the pipe, which could greatly
increase the pressure capacity of the pipe. When calculations for allowable pressure are being
performed, the effect of external pressure should be taken into consideration in order that the
results are not too conservative. The reasons for the development of these equations are so that
accurate values of the pressure are obtained, and therefore the pipelines can be operated for
longer periods of time. This can result in considerable profit for all operating -companies, and
also increase the safety of pipelines.

Equation 10 has been designed to fit Shell’s solution. It was stated earlier that Shell’s
solution depends upon strain hardening and utilizes the ultimate tensile strength of the material,
therefore it gives values of the ultimate pressure that will burst the pipe. On the other hand
ARCO’s formula is more conservative for smaller flaw sizes, but for larger flaw sizes, Shell’s

formula returns more conservative values for the burst pressure. The recommended solution
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therefore is to fit Shell’s solution, because it utilizes the “true burst strength” of the pipe as

opposed to using a quasi stress has a value between 60,000 psi and 100,000 psi. It should also be

noted that if the pipe has experienced 20% or less loss in thickness it may be left in service, but if

the corrosion loss is 80% of the original thickness or larger, then the pipe section should be

replace.

Table 5 shows the percent difference between Equations 7, 8, and 10 for a 36 inch

diameter pipe, having an initial thickness of 0.45 inches. Values corresponding to a thickness

other than 0.45 can be found in Appendix B.

% LOSS OF % DIFFERENCE % DIFFERENCE
THICKNESS BETWEEN ARCO’S | BETWEEN SHELL'’S

‘ FORMULA AND FORMULA AND

EQUATION 10 EQUATION 10

20 -20.37 0.70

25 -18.84 0.70

30 -17.13 0.70

35 -15.21 0.70

40 -13.05 0.70

45 -10.60 0.70

50 -7.80 0.70

55 -4.58 0.70

60 -0.83 0.70

65 3.60 0.70

70 8.90 0.70

75 15.38 0.70

80 23.51 0.70

Table 5: Comparison of ARCO’s, and Shell’s formula with Equation 10

for various thickness losses. (C = 0.88)

The negative values in Table 5 represent points of Equation 10 that are above that

developed by ARCO. The points with a positive percent difference represent points that are more

conservative than ARCO’s or Shell’s formulas.
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IV. Reliability of Pipelines

The calculation of the probability of failure of a pipeline requires several
characteristics of the system to be known. The probability of failure depends on the type
of distribution that the analysis utilizes, how accurate the input is, and whether any biases

in the system have been identified and handled appropriately.

For the calculation of the probability of failure, the distribution of failures is
assumed to be lognormally distributed. Due to the limited amount of information
available this assumption is feasible. If the loading on the system is known, as well as the

capacity, the probability of failure can be calculated by Equation 11,

Pfailure 1 - (D(B) (Eq. 11)
where 3 is:
1 n PBurstSO
POperatingSO (Eq' 12)

B_..

- 2 2
'\/GlnB + TG40

In Equation 11, ® represents the area under the normal distribution curve, and
B, the safety index, represents the number of standard deviations from the mean at which

the probability of failure is to be calculated. B is calculated using Equation 12, where the

median burst and operating pressures are known, and the lognormal standard deviations

of the burst and operating pressures are also known.

The lognormal standard deviation of the operating pressure (Cis) for a typical
pipeline system was taken to be 0.20, which corresponds to a coefficient of variation of
20%. The coefficient of variation of the operating pressure is due mostly to pressure
surges that may develop during the day to day operation of the pipeline. The bias on the

operating pressure is %2, which corresponds to a factor of safety of 2 on the operating
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pressure. Pipes are designed for more pressure than they are operated at, therefore the
maximum pressure that the pipeline can withstand is usually 1.5 to 2 times the pressure at

which the pipeline is operated.

The burst pressure is calculated using Equation 10 in combination with Equation
1. The lognormal standard deviation of the burst pressure is higher than that of the
operating pressure due to the fact that there are many sources of variability in the

calculation of the depth of corrosion, and in the calculation of the burst pressure. Typical
values of Gj,p for an uncorroded pipe are on the order of 0.20 [44], but as there is more

and more section loss, the variability in capacity increases due to the fact that there is a
high uncertainty associated with the corrosion loss. There is also some uncertainty
associated with the calculation of the burst pressure, therefore the lognormal standard
deviation of the burst pressure was taken to be 0.20 + (1/100)(%loss of thickness). Using
this formulation, the range of values for the lognormal standard deviation is between 0.4
and 1.0, values that are typical for corroded pipes. [44] All losses of thickness under 20%
and above 80% are ignored, due to the fact that the accuracy of the burst pressure

equation in these regions decreases in accuracy.

For piggable pipelines the determination of acceptable reliability is calculated in
the same manner as for unpiggable pipelines, but the lognormal standard deviation is
more difficult to determine. One reason why the lognormal standard deviation is difficult
to determine is because the spacing of the sensors in a magnetic leakage sensor pig
influences the results obtained from the inspection. Other factors also influencing the
inspection readings are stresses in the pipe, and the nature of the corrosion, where if the
corrosion loss is smooth and gets deeper gradually as opposed to suddenly, the sensors
are less likely to detect it. The location of the defect also plays an important role in how
accurately the defect is sized, as does the intensity of the magnetic field. [24] For,
ultrasonic detection methods, the accuracy of detection is highly dependent on the

thickness of the pipe, which is illustrated in Figure 15.
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Figure 15: Relative depth sizing error of ultrasonic pigs as a function
of wall thickness. [41]

Due to the foregoing reasons, the lognormal standard deviation in the burst

pressure for piggable pipelines will be either close to those for unpiggable pipelines or

less. For all intensive purposes, the two cases can be treated in the same manner.

Given that all the above parameters can be determined, the calculation of the

reliability is performed in the following manner:

1.

3.
4.

5.

6'

7.
8.

Choose type of material (i.e. Mild Steel, Diameter, Yield Strength,
Thickness)

e P and N are determined

Determine temperature range of well

« Possible pH is calculated (pH = 0.034Temp(F) + 0.757)
Adjust P and N according to pH value (Egs. 3 & 4)

Where is the probability of failure to be calculated? (i.e. at 50% total
length)

What is the total head loss in pipeline due to friction and appurtenances?
e Calculate multiplication factor for P (Eq. 5)

Are there any inhibitors in use? How effective are they?

« Adjust P accordingly (i.e. 50% effective = 0.5P)

How old is the pipeline (years)

Calculate corrosion loss (Eq. 1)
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e Is the corrosion loss less than 20% — Continue Operation (Make sure
operating pressure is at least 1/2 to 2/3 that of design)

¢ s the corrosion loss greater than 80% — Inspect/Replace Section
9. Caléulate burst pressure (Eq. 10)
10.Determine operating pressure
11.Calculate the safety index, 3 (Eq. 12)
12. Calculate probability of failure (Eq. 11)
13.Is the probability of failure too high? Too low?

o Can decrease or increase operating pressure

o Example Application

An example application was performed using the previous 13 step method for
calculating the reliability of a mild steel pipeline, for which the results have been plotted
in Figure 16. The type of pipe used for the example was 60,000 psi yield strength pipe,
having an outside diameter of 36 inches, and a thickness of 0.75 inches. The temperature
of the well was taken as 102° Fahrenheit, which could generate environments with a
localized pH value of about 1.9. The distance from the well where the probability of
failure was calculated was at 75% of the total length and the head loss in the pipe due to
friction and appurtenances was assumed to be 20%. The factor of safety on the operating

pressure was taken to be 1.33.

The calculations for the example can be seen in Table 6. The probability of
failure calculated for this example is between 4.67 and 76%, which increases as the
corrosion loss increases, but the operating pressure is kept the same. The greatest increase
in the probability of failure is associated with the operating pressure. If the pressure is
reduced with increasing loss of wall thickness, the probability of failure decreases. Figure
17 illustrates the difference in the probability of failure for the pipeline if the factor of

safety on the operating pressure is 2 as opposed to 1.33.
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Probability of Failure as a Percent
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Figure 16: Results of example application.
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Figure 17: Comparison of varying safety factors on the operating pressure
for the example application.
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PIPELINE INSPECTION, MAINTENANCE AND PERFORMANCE INFORMATION SYSTEM
CONCLUSION

Conclusion

Determining the reliability of a pipeline is a straightforward process if all the
components of the reliability model are known. The developed model, tries to capture the
relevant details of the corrosion problem faced by the offshore oil industry, where

corrosion due to souring is a major problem.

The souring of wells is caused by bacterial intervention, where sulfate reducing
bacteria act to produce hydrogen sulfide and other sulfur compounds that have corrosive
characteristics. Wells with lower temperatures, on the order of 100° F, have more
potential to sour due to the fact that they offer a good environment for bacteria to. grow.
Souring of wells is usually accelerated by new recovery techniques, like the pumping of

steam or seawater into the well, which either introduces new organisms into the well or

- provides nutrients for bacteria already present in the connate water of the well.

As the Oil, gas and water mixture is recovered, it is transported' along the
pipeline, where certain flow conditions influence the corrosion process. Due to the fact
that a multiphase flow exists in the pipe, under certain conditions high shear stress can
develop between the media and the pipe, therefore making it difficult for bacteria or for
inhibitors to attach to the side of the pipe. This usually occurs near the well due to the
fact that the head loss in the pipe is still minimal, not allowing the oil, gas and water
mixture to become fully stratified. As the multiphase mixture travels along the pipe, due
to head loss, the velocity decreases, allowing the water to settle out and the mixture
stratifies according to density. The water, being the most dense, settles to the bottom and
in certain locations stagnates, enabling bacteria to attach to the pipe and to thrive. This is

also the reason why most corrosion in pipes is found along the bottom of the pipe.

As bacteria attach to the sides of the pipe, localized pH values may become very
low, where in any one bacterial colony there might be several prospering bacterial
species. Species that are able to metabolize high amounts of sulfur tend to produce very

low pH values, on the order of 2, and tend to cause a lot of damage.
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PIPELINE INSPECTION, MAINTENANCE AND PERFORMANCE INFORMATION SYSTEM
CoNcLusIoN

Capturing all the previously mentioned characteristics of a pipeline system, the
reliability of the pipeline can be calculated. The model however has to be calibrated for
the specific field conditions and the type of metal that the pipeline consists of, in order

for it to be more accurate.

It must also be realized that the model was developed through the aid of several
references, but actual tests have not been performed to validate the findings. This will
have to be done in order for the model to be more reliable. One way to do this is to utilize
the databases available through the Minerals Management Service, or to develop new

databases that are well organized and maintained.
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Appendix A

This section contains all data collected for the calibration of Equations 1 and 2.
Data was collected for several metal types in several environmental conditions. The data
is grouped according to type of metal and amount of exposure time. The location where
the data was collected is also included. In the last two columns all fitting parameters valid
for the one point provided has been recorded. Corresponding P and N values are grouped

in order, where the first P value corresponds to the first N value and so on.
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8 year sure

* For Steel only 10% of oxidation byproduct remains on metal when inspected
* Low Alloy Steels - Rust is darker in color and finer in grain than formed on ordinary steel
* When bacteria are present corrosion could be as high as 10 mm/year
* Atmospheric/Sea water Corrosion Usually is highest around Low Tide Line
* As one goes deeper and deeper in water the corrosion rate decreases

Corrosion | Corrosion | Corrosion Corrosion
Type of Metal Remarks | Location Rate Corresponding P | Corresponding N
Loss (mm)| Loss (mils) | Rate (mm/yr)
(mitslyr)
iron / Wrought iron
Cristobat,
8 years Atmosphere | Panama Canal 0.559 22.000 - — 97 _—
Zone
In Pacific Oft Panama
8 years Ocenn Conal 0.406 16.000 _ —_ 7.75 _
in Pacific Oii Panama
8 years QOcean Canal — - _— — —_— _—
In Pacific Off Panama
8 years Qcean Canal — — e —_ — o
ingot Iron
Exposed for a
1 year Year {Salt Nigeria _ _ 0.044 173 5 5.4
Content of Air
<0.2
Mild Steel / Carbon Rural or !
1 Steel / Cast Iron s A Godalming . —— 0.048 1.890 5 6
2 1 year Uanwrtyd Wells 0.200 7.874 0.069 217 7.8 6,425
3 1 year Teddington —_ _ 0.07 2.756 7 6
4 1 year Marine Brixham _— —_ 0.053 2.087 5,8,7 7.4,1.2
5 Great Britain Calshot _ . 0.079 3.410 10,74 13,30
8 1 year Industrial Motherwell _ _ 0.085 3.740 11,10,9 1,55, 11
7 1 year Woolwich _ _ 0.102 4018 12,10, 11 1,7,5
8 1 year Sheffield 0.750 29528 0.135 5.315 15,14, 13 1.6.75,875
s 1year Frodingham _ —_ 0.16 6,299 15, 16,17 1,7.53
10 1 year Derby _ __ 0.17 £.693 19, 18,17 1,5,5.7
“ 1 year Rural or Khartoum - . 0.003 0.118 02,05 1.2
Abiskg, North
12 1 year Sweden — — 0.005 0.197 0.2,05 10,023
13 1 year Deihi — —_— 0.008 0315 03,05 0.25, 10
14 1 year Basrah —_ — 0.015 0.591 05,1 0.25,07
State College,
15 1 year PA, USA - _— 0.043 1.693 53,6 6,067.3
6 1year Berlin-Dahlem — — 0.053 2,087 56,7 7,412
17 1 year Marine Singapore —_ — 0.015 0.591 05,1 025,07
18 1 year Apapa, Nigeria — — 0.028 1.102 29,5 1,12
Sandy Hook,
19 1 year ML USA . i 0.084 3.307 95,12,15 1.3,17
Marine / Congella, South)
20 1 year Incstial pry _ . 0.114 4.488 125, 15, 17 1,32,27
. Pittsburgh, Pa,
2 1 year Industrial " USA . . 0.108 4.252 125,15,17 125,15,17
Marine, surf
2 1 year ey Lagos — . 0615 24213 . _
Sum 2072 81.575
Mean 0.094 3.708
Standard
Deviation 0.126 4,965
cov 1.339 1.338
1 0.56 Sea Water | total immersion —_ — 0.143 17.264 — —_—
2 0.56 Sea Water | total immersion . — 0.143 17.272 — —_
3 056 Sea Water | total immersion . — 0.148 17.284 - i
4 056 SeaWater | total immersion _ o 0.143 17.379 . .
5 0.56 Sea Water | total immersion _— - 0.140 17.457 — _—
6 056 SeaWater | total immersion — — 0.140 17.517 —_— _—
7 0.56 Sea Water | total immersion — —_— 0.136 17.575 —_— —
] 056 Sea Water | total immersion . _ 0.143 17.628 _ _
9| 056 Sea Water | total immersion — — 0.158 17.672 — -




(2]

<o O b

* For Steul only 10% of oxidation byproduct remains on metal when inspected

* Low Alloy Steels - Rust is darker in color and finer in grain than formed on ordinary steel
* When bacteria are present corrosion could be as high as 10 mm/year
* Atmospheric/Sea water Corrosion Usually is highest around Low Tide Line
* As one goes deeper and deeper in water the corrosion rate decreases

] 8 year exEsunel

Corrosion
Corrosion | Corrosion | Corrosion
Type of Metal Remarks | Location Rate Corresponding P | Corresponding N
Loss (mm)| Loss (miis) | Rate (mmiyr)
(milslyr)
Sum 1.284 17.559
Mean 0.144 17.410
Standard Deviati 0.006 0.154
cov 0.043 0.009
Raltax, Nova
15 years S 0.108 4.252 34 1
yes Scotia — =
Mild Steel Natural Water Plymouth —_— . 0.065 2.55¢ 20 1
5 years Natural Water Emsworth R _ 0.085 2.558 14,12 1,3
Plymouth
15 years Natural Water i _ _ 0.043 1.683 13 _
La Cadene
5 years Natural Water (qran ) . _ 0.068 2.677 14,12 13
Dole (highly
S years Natural Water icerous —_ —_— 0.010 0.384 2 1.25
8 years Natural Water | Rotherham 1.000 39.370 o _ 19.3 _
Maring Colombo,
- ﬂarine Al c&and New — — — — - — -
U 3
15 years A hor Zealang 2.430 95669 _ _ 315 _
Marine Halifax, Nova
15 years Alospher Seoti 1.640 64.567 _ _ 212 _
Mar e Plyr.outh , New,
15 years A " Engiand 1.090 42913 _ _ 14.2 _
Imwmersion in Colombo,
15 years Covion 2550 100.394 _ . 33 _
Immersion in | Auckland, New
15 years Sea Water Zealan 0.036 1.417 — _ 0.5 _—
Immersion in | Halifax, Nova
15 years tor Seoti 2150 84.646 . _ 277 _
Immersion in | Plymouth , New
15 years Sea Water England 1.580 62.205 — - 205 —_—
15 years InSeaWater | 01000, 6.500 255.906 84
¥ Cevion : - — — —
Auckland, New
15 years In Sea Water Zozland 2.590 101.969 —_ - 335 —
Halifax, Nova
15 years in Sea Water Scot 1.230 48.425 — — 15.9 —
Plymouth , New
15 years in Sea Water Enqlang 2.750 108.268 _ — 35.7 _
15 years Fresh Water 2.200 86.614 _— _ 285 —
Cristobal,
Byears Atmosphere P Canal 0.254 10.000 —_ _ 49 —
In Pacific Off Panama
8years Ocean Canal 1.0785 42,500 — . 206 _
In Pacific Off Panama
Byears Ocean C 15748 62.000 — — 30 _—
3.3 years In Sea Water | "9 a0, . _ 0053 2100 135,10, 15 1,133,080
7.5 years In Sea water | KU Beach _ _ 0102 4.000 27 1
Byears In Sea Water K”’ENBS"C“' . _ 0.056 2200 13 1
23.6 years In Sea water | SIM@ AR _ 0.038 1500 14 1
Panama Canal
16 years In Sea Water iPac. 0) _ —_— 0.069 2,700 23 1
San Diego
1.5 years in Sea Water (Poli s _— _ 0.056 2.200 10,6 1,12
Immersed in | Auckland, New
5 years Sea Water Z 2223 87.500 — — 57 —
immersedin | Halifax, Nova
5 years Sea W s e 1.039 40.900 265
[ ed'r Plymouth, N — — —
mmersed in , New
5 years Sea V.ater T 1.717 67.600 —_— — 43.6 —_—
Immersed in Colombo
5 ’ 3.747 147.500 95 1
years Sea Water Cevion J— —_
10 years Outdoor Sheffield 0.400 15,748 . _— 6.65 _
1st and 2nd
Low Alloy Steels N _ — 0.077 3.031 23.5,15,10 1,164
6th to 15th year — . 0.025 0.984 6.6 1
Cristobal,
8 years Atmosphere p Canal 0.1905 7.5 — — 3.65 1
In Pacific Off Panama
8 years Ocean Canal — —_ hnasud - —_ —_
10 years Outdoor Sheffield 0475 6.890 o _ 29 .




* For Steel only 10% of oxidation byproduct remains on metal when inspected
* Low Alioy Steels - Rust is darker in color and finer in grain than formed on ordinary steel
* When bacteria are present corrosion could be as high as 10 mm/year
* Atmospheric/Sea water Corrosion Usually is highest around Low Tide Line
* As one goes deeper and deeper in water the corrosion rate decreases

] 8 year ezgsurel

Corrosion | Corrosion | Corrosion Corrosion
Type of Metal Remarks | Location Rate Corresponding P | Corresponding N
Loss (mm)| Loss (mils) | Rate (mmiyr)
{mlls/yr)
8 years Rotherham 0.210 8.268 —_ — 4 —
Stainless Steels | 0.081 3.189 _ — 0.84 o
18 years . 0.052 2047 . _ 08 _
Atmospheric Exposure Heavy
Tests | ingustrial site 0.036 1.398 . _ 0.41 .
18 years b Heavy 0.018 0.589 0.2
! ‘al i ! X — . . .
18 years 304515 Rural 0.020 0.787 _ —_— 0.23 —
18 years 304815 Semi-industrial 0.024 0.827 — . 024 -
Heavy
18 years 304815 Justrial i 0.081 3189 - —_ 0.94 —_—
18 years 304515 Marine 0.085 3.346 — — 1 _—
18 years 316533 Rural 0.018 0.689 . _ 0.2 .
18 years 316533 Semi-industrial 0.018 0.709 - — 0.2t _
Heavy
18 years 316533 Jusirial sit 0.036 1.398 — - 0.41 _
18 years 316533 Marine 0.024 0.845 _ - 0.28 _
Maraging Steels 244m ;;m the _ . 0.005 0197 1.24 1
in sea water
8 years fowi 06 . _ 0.05 1.969 12,21 1,04
X Colombo,
Nickel lron Alloys Fe36Ni Cevion 0.000 _ —— — —_—
| X Auckland, New
Marine Atmosphere Fe36Ni Zealang 0.000 0.000 — —_— —_— —
) Halifax, Nova
15 years Fe36Ni Scot 0.100 3.937 _ —_ 1.3 —
. Plymouth , New|
15 years FedbNi England 0.190 7.480 — . 245 _—
Immersion in Sea water Fed6Ni Cevion 1.000 39.370 — - 129 —
) Auckland, New
15 years Fe36Ni Zealand 0.240 9.449 _ — 31 _
15 years Fesshi | Maiax.Nova 2590 101.969 __ _ 335 _
15 years Feagni  |DYmouth. New| 4050 9.843 _ _ 324
England s
\ Colombo,
In Sea Water Fe36Ni Cevion 2.500 98.425 — . 324 —
K Aucktand, New
15 years FedsNi enlang 1.080 42,520 —_— . 14 —
. Ha'fax, Nova
15 years Fe3oNi Scot 3.490 137.402 — . 45 _
§ Piymouth , New
15 years Fe36Ni England 1.820 71.654 — — 235 _
Fresh Water (15 yrs) Fe36Ni 2.000 78.740 - —_— 258 -
Cristobal,
Copper Steel Atmosphere (8| o s Canal|] 0432 17.000 _ - 56 -
years) Zone




Appendix B

This section contains all the calculations for pressure, performed for various
thickness of pipe. Equations 7, 8 and 10 are compared and a plot for each is provided.
The equations are presented on the next page for convenience. Combinations of various
diameter pipe were also examined, besides varying just the thickness of the pipe, and the
same conclusions were reached. The differences in the equations are uniform, no matter
how the variables are varied, but the derived equation mimics the Shell and ARCO

equations more with thicker pipe.
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A

2Ft(c ,y + 10,000 [1 _085(d + ca)il

ARCO t
- 085(d + ca T
1- (_(_____)) 33+ 0032 —
t Dt
I i
B 5 O ca = corrosion allowance
Dt > F = factor of safety
L = length of corrosion
t* 1 n * = undeformed wall thickness of
pY = 2l o corroded patch
/ R ) " n = hardening index
SHELL k = constant in yield criterion
¢ = corroded section of circumf.
n n
2 2 ref
P = ( j P o Plocalisation = n P
1+ ¢ 1+ ¢(e" - 1)
O-ultimatetc
DERIVED AP =C

r
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Allowable Pressure (psi)

Allowable Pressure For a Corroded Pipe (t = 0.20

in.)
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Allowable Pressure (psi)

Allowable Pressure For a Corroded Pipe (t = 0.25
in.)
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Allowable Pressure (psi)

Allowable Pressure For a Corroded Pipe (t = 0.30
in.)
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Allowable Pressure (psi)

Allowable Pressure For a Corroded Pipe (t = 0.35

1500

in.)
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Allowable Pressure For a Corroded Pipe (t = 0.40
in.)

Allowable Pressure (psi)
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Allowable Pressure (psi)

Allowable Pressure For a Corroded Pipe (t = 0.45
in.)
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