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Abstract

On the basis of the electrochemical corrosion mathematical pipeline model in the insulating coating crack under the action of an aggres-
sive electrolytic medium towards the pipeline metal, the dependence was obtained that allows to calculate the pipeline wall corrosion
depth of the during the work of macro-galvanic corrosion couples in the conditions of stable and periodic stay of the aggressive solution
in the damaged zone. The advantage of this model is the ability to predict the corrosion development over time regardless the corrosive
electrolyte chemical composition, the possibility of obtaining necessary design parameters for operated structures. The developed de-
pendencies of the pipeline section corrosion depth make it possible to plan rationally the repair work, to predict the structure work real
terms, to review the operation mode, etc. The obtained results allow us to more reliably evaluate the bearing capacity of structures that

operate in conditions of aggressive medium with cracks.
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1. Introduction

Ukraine has a developed network of main oil pipelines, petroleum
product pipelines and gas pipelines, their average life being more
than 30 years. The first built oil pipelines have been operating for
more than 48 years [1, 2]. The long-term interaction of the metal
pipe with the environment leads to the intensification of corrosion
processes, to the degradation of the wall material physical and
mechanical properties of the steel pipe [3].

The lifetime of Ukrainian main gas and oil pipelines system is in
many cases approaching the planned one. The numerous corrosion
damage of the outer surfaces of pipes has been found that aggra-
vates further reliable and safe operation.

Oil pipelines operate under influence of various factors, which
include temperature fluctuations, corrosive - aggressive media
with a wide spectrum of their parameters, dynamic loads, etc. The
most negative influence on the life of pipelines is corrosion - ag-
gressive media [4, 5, 6]. Corrosion-hazardous sections regardless
of the medium corrosive aggressiveness indicators and the pres-
ence of earth currents include: floodplain; irrigated land; swamps
and waterlogged soils; underwater transitions; industrial and
household drains; rubbish and slag dumps; field warehouses of
mineral fertilizers [7]. Corrosion may be aggravated by the occur-
rence of galvanic couples in the case of alternation of different
composition soils under the temperature influence factors, tech-
nology-related human activity, due to the development of micro-
biological organisms.

The analysis of the causes of pipeline failures shows that the most
frequent damage of steel tubes are blowholes, caused by corrosion

of pipes [8, 9]. The process of working out the design service life
takes place against the backdrop of the metal pipe electrochemical
corrosion development, which causes a decrease in the wall
thicness, and therefore a gradual decrease in the structural life.

The question of evaluating the actual technical condition of tech-
nological equipment and pipeline networks in the oil and gas in-
dustry is particularly relevant because of the need to extend the
life of the objects that have finished off their guideline life, as well
as to ensure reliable and safe operation of such facilities [10].

As it was proved by Severnev M. M. [6], in the case of two-sided
corrosion, the average losses per year for carbon steels are ~140
g / m2, which corresponds to a value of 0.035 mm, for processes
of corrosion damage development, the speed is insignificant, while
actual and necessary consideration is given to the possibilities of
local corrosion, as well as other types of corrosion damage devel-
opment. Especially dangerous is the combination of corrosion and
mechanical factors, because their joint action may result in corro-
sion cracking, corrosion fatigue and fretting oxidation.

One of the ways to improve environmental safety and durability of
oil pipeline exploitation is taking into account factors that charac-
terize corrosion processes on metal pipes, thus preventing the
formation of cracks on the surface and oil leaking.

Some methods for assessing the residual life and durability of steel
transport structures that work in aggressive environments are
based on calculations that do not include characteristics of corro-
sion processes in sections of structures. Corrosive processes in
steel sections are mainly presented by empirical relationships that
are associated with the presence of cracks in the insulating coat-

ing.
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Proceeding from the above-said, the ecological safety provision of
the oil pipeline section exploitation by monitoring the corrosion
electrochemical parameters in the pipeline sections is relevant.
The issue of residual life of existing steel pipes correlates to the
definition of pipeline wall thickness. The urgency of such tasks is
beyond doubt in many regions of the world. Moreover, one of the
priorities of the XXI century priorities is the problem of environ-
mental safety and environmental monitoring. Hence, the main task
is to provide the reliability and safety of pipeline systems.

2. Main body

When studying the oil transportation system of Ukraine, authors
[11] noted that its reliable work and safe operation is possible only
with appropriate scientific and technical support. The reliability
problem should take the main place in international and national
legislation.

In the works [12, 13] the reliability factors of oil pipelines and
resources of the underground geological space, the corrosion pro-
cess of main oil pipelines in soil conditions were investigated,
operation problems of underground objects, the state of the oil
transportation system linear part, in particular, in Ukraine, were
analyzed. The results of studies point to the research line im-
portance.

As it is known, the reliability of pipelines is formed at the design
stage. The structural strength calculation on the basis of the build-
ing mechanics methods with the use of stock factors cannot fully
take into account the variety of the structure operation conditions.
Application of aerospace methods for controlling the condition of
the pipeline, the magnetic and ultrasonic flaw inspection pigs of
the new generation definitely gives a picture of the structure actual
state, and allows to prevent the possible emergency situations. On
the other hand, to carry out such monitoring is quite costly.
Periodic diagnostic survey of oil pipelines allows to predict the
growth of the corrosion damage depth and to prevent possible
emergency situations at certain linear sections [14].

The main role under providing the environmental safety of pipe-
line operation in the development of corrosion damage (cracks)
belongs to the study of corrosion depth and dynamics.

There is a known method [15] for forecasting the dynamics of the
pipeline corrosion depth, which is carried out on the basis of two
or more measurements of the wall thickness according to the for-
mula
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where I1. is corrosion speed in the section of the pipeline which is
controlled in the operation conditions, mm / year;

AS is the difference of wall thicknesses at points in the period of
control measurements mm, indexes 1, 2, ... n denote control point
numbers;

T. is the operation time between the control measurements, days;
n is the number of measurement control points (not less than
three).

However, this model does not take into account the corrosion
process conditions.

The authors [16] use the expression to determine the wall thick-
ness and calculate the corrosion depth

mAS=o0—BTY+ (y+eTinr, (2)

where AS is corrosion depth per hour T, mm (mm),

T - is time, (hours)

T - is an absolute temperature of metal on the pipe surface, K,

a, B, v, € are coefficients depending on the material of the pipes,
the type of raw materials, etc.

Such methods for assessing the corrosion depth damage on sec-
tions of transport structures that operate under aggressive media

are based on calculations that do not take into account the charac-
teristics of corrosion processes. Corrosive processes in steel sec-
tions are mainly represented by empirical dependencies, which are
not associated with the availability of cracks in the insulating coat-
ings.

In publications containing the description of methods for calculat-
ing the corrosion wear rates on the basis of operational control
data, it is noted that the calculation is empirical. In the investigat-
ed methods, factors that considerably increase the calculation error
[17-21] are taken into account.

Scientists have proven that the main role in assessing the safety of
pipeline operation in the presence of cracks in the insulating coat-
ing belongs to the study of the corrosion speed and depth.
Well-known methods for assessing the metal state by the results of
corrosion tests suggest the use of quantitative indicators [22, 23].
The weight corrosion index is defined as the ratio of mass loss to
the sample surface per unit time. The deep corrosion rate is used
for the assessment of both continuous and local corrosion. The
actual corrosion rate can be determined by the volume of the
evolved gases relatively to the surface of the sample for a definite
period of time.

Taking into account that the corrosion of steel with cracks is elec-
trochemical, recent developments, on calculations of corrosion
losses, are more oriented to the use of electrochemical and electri-
cal parameters such as corrosion current density, electrode poten-
tial, metal polarization in cracks, electrical resistance of insulating
coating. The advantage here is that these parameters can be ob-
tained directly from the structures that are being in operation.

The way to accident-free operation of the pipeline technology can
be in monitoring and controlling the electrochemical parameters
characterizing the development of steel electrochemical corrosion
process.

The practical electrochemistry says that the search for corrosion
characteristics in a metal in the electrolytic medium can be re-
duced to the determination of the electric potential and current
distribution on its surface. This makes it possible, when investigat-
ing pipeline steel corrosion in cracks, to use general approaches to
calculations of stationary electric fields, which are developed in
theoretical electrical engineering and sections of mathematical
physics.

Hence, despite numerous studies, the need to develop new de-
pendencies for the assessment of corrosive processes that take into
account local environmental influences, special features of the
exploitation of underground steel pipelines, remains relevant.

The purpose of this work is to develop dependencies that allow to
calculate the loss of the cross section in the insulating coating
crack under the action of an aggressive electrolytic medium to-
wards the metal pipeline.

To achieve this goal the following tasks were solved:

- on the basis of the local corrosion element mathematical model
to develop a dependence that will allow to calculate the steel pipe-
line corrosion depth in the insulating coating crack, which would
be based on real parameters obtained during the examination of
structures;

- to develop a method for calculating the pipeline section corro-
sion depth in the insulating coating crack in the conditions of the
aggressive solution periodic action, which is focused on the peri-
odic monitoring of electrochemical parameters in real structures.
The metal pipe long-term interaction with environment leads to
the intensification of corrosion processes, to the degradation of
physical and mechanical properties of the pipe wall material [3].
Pipelines designed and manufactured in accordance with the re-
quirements of the normative documents must be resistant to the
environment. However, defects in the manufacture and damage
contribute to the beginning and development of pipeline corrosion
processes [4]. As a result, the risk of accident hazards increases,
which adversely affects the environmental safety of the operation
of oil pipelines. Exploitation of oil pipelines is inextricably linked
with the corrosive destruction of oil and gas equipment, industrial
pipelines, in particular.
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The study of the operation conditions of pipelines in the soil
environment shows that, despite the use of various measures, the
number of pipeline accidents due to corrosion is about 27% of the
total.

An important factor in providing the accident free operation of
underground oil pipelines is the protection of their surface from
soil corrosion with high-quality insulating coatings. Among the
wide range of insulating materials, the dominant positions in the
oil and gas complex of Ukraine belong to less effective in terms of
anticorrosion but cheaper mastic coatings on the petroleum
bitumen basis. Though, in the course of their operation, there is a
significant damage to the insulating coatings.

The frequent defects of the insulating coating are rust-through
damage and insulation layer separation.

In underground pipelines with sections where insulation is dam-
aged, the anode and cathode polarization characteristics of steel
are significantly changed, and as a consequence, the steel poten-
tials in these points. Such sections greatly influence the pipeline
corrosion development, creating the conditions for the emergence
of macrocorrosion couples. In view of the fact that the exploitation
of the oil pipeline with sections where the broken insulation is
provided with the metal pipeline electrochemical corrosion, atten-
tion should be given to the corrosion process characterization
when examining the pipeline. The current of galvanic coupling
data is a universal indicator for calculating metal losses in cracks.
So article is devoted to the question of calculating the corrosion
damage degree of the pipeline section, namely, the definition of
the corrosion damage depth due to the electrochemical corrosion
development.

Being a capillary-porous material, insulating coating is a second
class conductor, therefore the steel corrosion process in it can be
considered from the standpoint of ordinary electrochemical corro-
sion of metals in electrolytes. In most cases, which can include the
pipeline corrosion in the crack, the heterogeneous mechanism of
the metal destruction prevails. Herewith, certain parts of the metal
surface are cathodes (pipeline under the insulation layer), and the
other - anodes (pipeline in the crack).

The main characteristic of the electric field is the potential for
which it is possible to find the corrosion current density according
to the known Ohm law in the differential form:

il
[ =¥ d

B, 3)
where y — is the electrolytic medium electrical conductivity;

N - is the normal line to the corrosive metal surface;

@ is the potential.

Let us consider an electric field near a heterogeneous electrode
whose model consists of 2 sections of arbitrary width that differ in
stationary potentials.

The local corrosion element is represented by a pipeline section
under an insulating coating (cathode) and a section with a pipe-
line in a crack under an electrolyte (anode) (Fig. 1)..
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Fig. 1. Scheme of a local corrosion element on a pipeline in an insulating
coating with a crack: a - general form; b - calculation model, c - distance
between the middle of the sections; 2a - width of the anode section; 2 (c -
a) - width of cathode section; 1 - pipeline; 2 — insulating coating; 3 - crack;
4 - electrolytic medium (aggressive liquid)

The definition of the electric field potential distribution in this
case can be reduced to the solution of the two-dimensional La-
place equation:
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where ¢ is the potential;

X, y are the current coordinates.

The solution of equation (4) under certain boundary conditions
can be obtained by the Euler-Fourier method and taking into ac-
count that

. [Hp
=T (d}a)y :

we obtain an equation for determining the current density distribu-
tion on the surface of a single local element:
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The current density on the local element surface varies in length.
Integrating the expression from 0 to a, we find the anode current
of a single element [24]:
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Thus, the problem of modeling the steel electrochemical corrosion
in the crack of the insulating coating during the action of an ag-
gressive metal electrolytic medium, which comes down to the
determination of the heterogeneous electrode stationary electric
field, is solved. The advantage of this model is the ability to pre-
dict the valve corrosion development over time, which is im-
portant in determining the reinforced concrete structure residual
life.

The pipe wall thickness is one of the main parameters that affects
the changes in the stress-strain state of the structure, but also,
therefore, on its residual life. The pipeline cross-section changing
leads to a change in the distribution of stresses in the pipeline and
contributes to the development of environmentally hazardous
situations. The pipe wall thickness depends on the working pres-
sure of loads, structural characteristics and strength redundancy,
including allowance to uniform corrosion loss.

In order to calculate the cross section area loss under the constant
being of an aggressive electrolytic solution in the damaged
insulation zone, the pipeline corrosion depth dynamics during the
operation of the galvanic element “pipeline having damaged
insulation - the pipeline under the insulating coating"” is considered
[25].
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where V is the volume of the corroded metal in the crack, cm3;
Do is the initial diameter of the reinforced bar, cm;

K is the electrochemical equivalent, g / A h;

t — is corrosion time, h.;

7.87 —is specific gravity of metal reinforcement density, g / cm3;
| —is galvanic couple current, A,;

ay is the of the valve section length under the normal crack to be
damaged, cm.

Consequently, taking into account (5) from formula (6), we have
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The frequency of penetration into the crack of an aggressive solu-
tion will affect the hourly average current strength of the galvanic
couple, and hence the steel corrosion rate in the crack.

The hourly average current strength increases with the increase in
the frequency of penetration aggressive solution into a crack, but
until the cathodic limitation of the process occurs, as solution
saturation stops the oxygen inflow.

The pipeline section corrosion in the crack reaches the most active
phase when on its surface a moisture film is formed. Herewith, the
moisture film thickness is that the anode process in it is not yet
slowed down, and there are the most favorable conditions for the
cathode process development in the pipeline section under the
insulation coating.

On the basis of the above said it is possible to assume that the
steel corrosion process in the cracks of insulating coatings is a
special kind of electrochemical corrosion, where the features of
both atmospheric and electrochemical corrosion of steel which is
completely immersed in a liquid electrolyte are manifested.With
regular periodic moisturization, it is possible to predict further
steel losses proceeding from the next calculation.

The instantaneous wall thickness loss V' = AD / At is defined as the
limit of the average velocity, provided that the time interval 4z is
unlimited, that is,

. r¥el
= I!['?‘?‘lﬁ = E (9)
Thus, the velocity of change in the pipeline wall thickness is the
time derivative of the initial wall thickness size. It is also clear that
the rate of change in the wall thickness will be proportional to its
size.

Consequently, the dependence of the change in the wall thickness
of the pipeline section from time t can be regarded as a derivative
in time

dl
—— =%l
6t (10

where r — is the relative rate of wall thickness decrease, which
depends on the grade of steel, the original wall thickness
aggressiveness of environment.

After integration we get

Il = —rt+ Ina

where integration constant A = Ina.
From the last equation after exponentiation we have

0 =ne (11)

If the initial thickness of the wall of the pipeline D = Do is known
at the initial time t = O (at the beginning of the structure
operation), then substituting these wvalues in (11), we

obtain:: D, = ax e fromwhich a = D,
Then (11) is

0=nge " (12)

To determine r (specific velocity of wall thickness reduction), we
take logarithm of the both parts of equation (12)

tnd = lnby —7t (13)

Using equation (13) it is possible to calculate the values of r for
two known values of the cross sections D1 and D2.

The thickness D1 is determined at the time of the tests t1 at the
maximum current of the galvanic couple (when moistening), and
the thickness D2 is determined by the time t> before the next wet-
ting when the stable minimum value of the galvanic couple current
is reached
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Then:
by = tnby — 7t
(b, = nDp— viy. (15)

We subtract the second equation of system (15) from the first one
??,DL - IE?'E-DE = _Ttl_ [_?’rz} = ?"I::tg - r]_-:l
from which
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Consequently, the formula (12) can be written as follows:
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The pipeline wall thickness in the crack after the time interval t1 is

2K1,
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(18)

Similarly, it is possible to find the wall thickness after the time
interval t2

2K1,

Dy=Dp— oot
TP 7ETnbge,

(19)

The residual wall thickness of the pipeline at any time t from the
operation beginning or preliminary examination is

1D 1 —InD;
T (20)
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In the case of irregular periodic moisturization of the structure,
steel corrosion calculations are also performed according to the
average value of the galvanic couple current average value.

On the basis of the sample data of the measurements, the average
current value, the mean square deviation, are found, and further,
assuming that the law of the sample data distribution is normal,
with a probability of 0,997, according to the rule of “three sig-
mae", the mean value of scattering limits is obtained:
e=1+x30,

where: | —is the average value of galvanic couple current;

O -is the mean square deviation.

On the basis of the developed mathematical model of the galvanic
corrosion element work in the steel pipeline section, the depend-
ence is obtained that allows us to calculate the corrosion damage
depth of the pipeline section with a constant and periodic penetra-
tion of an aggressive electrolytic solution into the damaged insula-
tion area.

Dependencies make it possible to predict the corrosion develop-
ment in time, regardless the aggressive electrolyte chemical com-
position, the possibility of obtaining the required calculation pa-
rameters from the structures which are used.

By studying the dynamics of the pipeline section loss in the insu-
lating coating crack, it is planned to develop a methodology for
assessing the residual life of the pipeline sections for bearing ca-
pacity and suitability for further operation.

3. Conclusions

Based on the mathematical model of the local corrosion element
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walls of the hulls of vessels and pipelines at the enterprises of the
Ministry of Oil and Gas Industry of the USSR (1983) Publisher:
Volgograd,124c. URL:
http://meganorm.ru/Data2/1/4293801/4293801208.htm

[16] URL: https://all4study.ru/proizvodstvo/raschet-utoneniya-stenki-za-
schet-korrozii.html

work, the dependence has been developed that allows calculating
the loss of the cross-sectional area of the steel pipeline in the insu-
lation coating crack under different conditions of the aggressive
solution penetration. Dependencies are based on real parameters
obtained by a non-destructive method during the structure exami-
nation. The calculation study of the cross-sectional area relative [17] Bridgeman, J. and Shankar, R. (1991) Erosion-corrosion data
loss of the steel pipe during its corrosion in the crack of the insu- handling for reliable NDE. Nuclear Eng. And Design. no. 131, 285-
lating coating showed that direct corrosion tests are compliant 297.
with the current values of the macro-galvanic couples. [18] H. Lee (2003) Thinned Pipe Management Program of Korean NPPs.
The developed dependencies of the pipeline cross- section area S / Trans. of the 17th Inter. Conf. on Structure Mech. in Reactor
losses make it possible to plan rationally the repair work, to pre- Technology (SmiRT 17) Prague, Czech Republic. August 17-22, 1-8.
dict the real terms of the structure work, to review the operation [19] Moolayil T.M. (2007) Mitigation of degradation of high energy
. . - secondary cecle piping due to FAC and life management in Indian
mode, et_c. The ob_talned results allow us to more _relle_xbly estlmfate NPPs. Second international Symposium on Nuclear Power Plant
the bearing capacity of cracked structures operating in aggressive

- e Life Management from 15-18th October, 2007 at Shanghai China,
media conditions. 48 .
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