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Abstract

The work is devoted to the issue of calculating the safe life of steel pipelines, which is in accordance with the definition of the residual
thickness of the pipe wall.

The purpose of this work is to develop a dependence, permitting to calculate the corrosion depth of the steel pipeline in the crack of the
insulation coating under the action of an electrolytic medium aggressive to the pipeline metal. To achieve this goal, the following tasks
were solved: to develop a dependence based on the mathematical model of a local corrosion element, that would allow to calculate the
steel pipeline corrosion depth in the crack of the insulating coating, which would be based on real parameters obtained during the struc-
tures examination; to conduct an experimental verification of the steel pipeline’s corrosion damage depth during the galvanic corrosion
element’s operation.

Based on the mathematical model of the pipeline’s electrochemical corrosion in the crack of the insulating coating under the action of an
the electrolytic medium aggressive to the pipeline metal, a dependence was obtained permitting to calculate the depth of the pipeline’s
wall corrosion during the work of the macro-galvanic corrosion couples and the stable presence of an aggressive solution in the damaged
zone. The experimental studies have proved that direct corrosion tests are consistent with the design values of the macro-galvanic cou-
ple’s current. The advantage of this model is the ability to predict the development of corrosion in time, regardless of the aggressive elec-

trolyte’s chemical composition, the possibility of obtaining the required calculation parameters using the structures operated.
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1. Introduction

Ukraine has a developed network of main oil pipelines, oil product
pipelines and gas pipelines, the average operating life of which is
exceeding 30 years. The first built oil pipelines operate over 48
years [1, 2].

The operating life of the main gas and oil pipelines system in
Ukraine in many cases is approaching the planned one. The nu-
merous corrosion damages to the exterior pipelines’ surfaces ag-
gravate the problem of further efficient and safe operation of pipe-
lines. With the increase of their lifetime, the problem of efficient
and continuous pipeline transport operation becomes ever more
relevant, ensured by the organization of periodical technical diag-
nostics of the pipeline elements condition and repair in the places
of detected inadmissible defects.

The long-term operation of pipelines, starting from the transport
and storage of pipes, causes various types of damages to them,
namely: damage to insulation, corrosion damages, dints in the pipe
metal, cracks in welds of prolonged use and cracks near welds.
Such damages in contact with external technological environments
results in corrosion, mechanical and corrosion-mechanical
processes leading to the destruction of pipes [4].

Analysis of the reasons for the pipelines failures shows that the
damages most frequently occurring on steel tubes are fistulas
caused by the influence of pipes corrosion [5, 6]. The process of

the design resource working out proceeds against the background
of the developing electrochemical pipe metal’s corrosion, which
reduces the thickness of the structure’s wall, and hence a decrease
in the design resource.

Failures and accidents due to corrosion are explained by the low
quality of insulating materials used construction industry in previ-
ous years, and by imperfection of the protection systems.

One of the ways to improve the environmental safety and the op-
eration lifetime of oil pipelines is to take into account the factors
characterizing the corrosion processes on the pipelines’ metal,
thus preventing the formation of cracks on the surface and the
outflow of oil.

It is clear that the resource under conditions of electrolytic solu-
tions action will determine corrosion in cracks of steel, which has
a direct contact with aggressive environment.

Separate methods for assessing the residual life, durability of steel
transport structures operating in aggressive environments are
based on calculations that do not take into account the characteris-
tics of corrosion processes in the construction divisions. Corrosive
processes on steel divisions are represented mainly by empirical
dependencies, which are not associated with the presence of
cracks in the insulation coatings.

Proceeding from the above, ensuring the ecological safety of the
oil pipeline division’s operation by monitoring the electrochemical
parameters of corrosion in the pipeline divisions is relevant. The
issues of the effective steel pipes’ residual life calculation comply
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with the definition of the pipeline wall’s thickness. The urgency of
such tasks is beyond doubt in many regions of the world.

Moreover, one of the priorities in the XXI century is the problem
of environmental safety and environmental monitoring. Hence the
main task is to ensure the reliability and safety of pipeline systems.

2. Main body

Studying the oil transportation system of Ukraine, the authors [7]
stated that its reliable and safe operation is only possible with the
appropriate scientific and technical support. The problem of relia-
bility should take the lead in the international and national legisla-
tions.

In the works [8, 9] the factors of oil pipelines reliability and re-
sources of the underground geological space of Ukraine, the pro-
cess of main oil pipelines corrosion in soil conditions were studied,
issues of underground objects operation, the state of the linear part
in the oil transport system of Ukraine were analyzed. The results
of the researchers’ studies prove the relevance of the research line.
As it is commonly known, the reliability of pipelines is laid at the
design stage. The calculation of the structural strength on the basis
of the methods of building mechanics with the use of stock factors
can not fully take into account the variety of conditions of opera-
tion of the structure.

The application of aerospace methods for controlling the state of
the pipeline, the intrinsic magnetic and ultrasound flaw detectors
of the new generation definitely gives a picture of the actual state
of the building and allows warning of the possibility of emergency
situations. But conducting such monitoring is quite costly.

One of the ways to increase the ecological safety of Ukrainian oil
pipelines exploitation is to take into account the factors character-
izing precisely the corrosion processes on the metal pipelines, thus
predicting the development of cracks on the surface.

Periodic diagnostic survey of oil pipelines allows to predict the
growth of the corrosive damage depth and to prevent possible
emergency situations on separate linear sections [10].

The main role in ensuring the environmental safety of pipelines
exploitation under the conditions of corrosion damage (cracks)
development belongs to the study of corrosion depth and dynam-
ics.

A well-known method [11] for predicting the dynamics of the
corrosion depth in pipelines is based on two or more measure-
ments of wall thickness. But this model does not take into account
the conditions for the corrosion occurrence.

The authors [12] use the following expression to determine the
wall thickness and to calculate the corrosion depth

InAS=a—-pT*+ ¢ +eDinr, (1)

where 48 —corrosion depth per hour z, mm (mm);

7 —time, hour (hours);

T —absolute temperature of the metal on the pipe’s surface, K;

a, B, v, € —coefficients, depending on the material the pipe is made
of, the type of raw material etc.

Such methods for assessing the corrosion damage depth on trans-
porting constructions sections operating in aggressive environ-
ments are based on calculations that do not take into account the
corrosion processes’ characteristics. Corrosion processes on steel
sections are expressed mainly by empirical dependencies, which
are not associated with the presence of cracks in the insulation
coatings.

In the published works containing descriptions of the methods for
calculating the rates of corrosion wear on the basis of operational
control data, it is noted that the calculation is empirical. The stud-
ied methods take into account factors that significantly increase
the calculating error [13-16].

It has been proved by researchers that the main role in assessing
the safety of pipelines operation in the presence of cracks in the

insulation coating belongs to studies of the corrosion rate and
depth.

The known methods of assessing the condition of metal as a result
of corrosion tests require the use of quantitative indicators [17, 18].
The weight index of corrosion is defined as the ratio of mass loss
to the surface of the sample per a time unit. The corrosion depth
index is used for the assessment of both continuous and local cor-
rosion. The volumetric corrosion index can be determined by the
volume of the liberated gases in relation to the surface of the sam-
ple for a certain period of time.

Taking into account that the corrosion of steel with cracks is of the
electrochemical nature, recent developments in the corrosion loss-
es calculation are more targeted to the use of electrochemical and
electrical parameters, such as the density of the corrosion current,
the electrode potential, the metal polarization in cracks, electric
resistance of insulating coating. The advantage here is that these
parameters can be obtained directly on the structures that are oper-
ated.

The way to trouble-free pipeline operation technology may be to
monitor and control the electrochemical parameters characterizing
the process of steel electro-chemical corrosion.

It is known from practical electrochemistry, that search for corro-
sion characteristics on metal in an electrolytic medium can be
reduced to determination of the electric potential distribution and
the current on its surface [19]. This makes it possible, when study-
ing the pipeline steel corrosion in cracks, to use common ap-
proaches to calculations of stationary electric fields, developed in
theoretical electrical engineering and in branches of mathematical
physics.

Thus, despite numerous studies, the need to develop new depend-
encies for the assessment of corrosive processes that take into
account local environmental impacts, particularly on operation of
oil pipelines, remains topical.

Prolonged interaction of the metal pipe with the environment leads
to the corrosion processes intensification, to the degradation of
physical and mechanical properties of the pipe wall’s material [3].
Designed and manufactured in accordance with the requirements
of normative documents pipelines must be resistant to the envi-
ronment. But manufacturing defects and damages contribute to the
initiation and development of corrosion processes on pipelines [4].
As a result, the risk of accident hazards grows, which adversely
affects the environmental safety of the oil pipelines operation.
Exploitation of oil pipelines is inextricably linked with the corro-
sive destruction of oil and gas equipment, particularly industrial
pipelines.

The study of the conditions of pipelines operation in the soil
ground shows that, despite the use of various measures, the num-
ber of accidents on pipelines due to corrosion is about 27% of the
total.

The problem lies in ensuring the technical reliability and safe op-
eration of pipelines with the use of technical diagnostics methods,
particularly corrosion defects, as well as the development of effi-
cient methods for assessing the working capacity of the exploited
material. In solving such problems an important role is played by
determining the depth of corrosion damage, because in the calcu-
lations of the residual resource, it is necessary to take into account
the current condition of the exploited metal.

The pipeline, lying in the ground, is exposed to corrosive aggres-
sive conditions. Virtually no insulation coating ensures full protec-
tion of the underground pipeline which is explained by defects in
the coating itself, due to which an electrochemical contact is es-
tablished between the pipe and the electrolyte.

In addition, sometimes the insulating coating loses its protective
properties, that is, processes of its degradation are taking place.
The actual operation lifetime of polymeric banded insulation ma-
terials is 8-12 years.

In many review articles [20] it is shown that in 70% of cases cor-
rosion of underground pipelines is the evenness failure (destruc-
tion).



International Journal of Engineering & Technology

433

The residual resource is understood as the pipeline’s operation
time from the moment of its diagnosis to reaching the critical state.
Residual resource as a random variable is characterized by a nu-
merical parameter of the operation time and the probability that
during this time the critical state will not be reached. One of the
factors that determines the residual lifetime of a construction are
the indices of the object’s technical condition and the parameters
changes of which may lead to the critical state, namely: the resid-
ual thickness of the pipe wall and the rate of this parameter chang-
es during further diagnostics and the pipeline network operation.
Therefore, it is the issue of calculating the degree of the pipeline
corrosion damage, namely determination of the corrosion depth
due to electrochemical corrosion that this article is devoted to.

In underground pipelines with areas where insulation is damaged,
the anode and cathode polarization characteristics of steel are
significantly changed and as a consequence steel potentials in
these areas are changed, too. Such areas significantly influence the
development of the pipeline’s corrosion, creating conditions for
emergence of macro corrosion pair couples.

In view of the fact that exploitation of the oil pipeline with sites
where the broken insulation is associated with the electrochemical
corrosion of the pipeline metal, the attention should be paid to
determining characteristics of the corrosion process when examin-
ing the pipeline. The current of the given galvanic couples is a
universal indicator for calculating metal losses in cracks.

The insulating coating like a capillary-porous material is a second
class conductor, therefore the process of steel corrosion in it can
be considered from the positions of the ordinary electrochemical
corrosion of metals in electrolytes. In most cases, which can in-
clude pipeline’s corrosion in the crack, heterogenous mechanism
of metal destruction dominates where separate parts of the metal
surface are cathodes (pipeline under the insulation layer), and the
other anodes (pipeline in the crack).

In this formulation, the problem of the pipeline section’s electro-
chemical corrosion is reduced to determining the stationary elec-
trical field that occurs when a galvanic couple is operating with a
heterogeneous electrode. Thus, the recording of the equations and
formulas of the boundary conditions that answers the potential of
this field.

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:

. op
i—, 92 @
7aN

where y —conductivity of electrolytic medium;
N —normal to the surface of the corroded metal;
¢ —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 section from a
pipeline under an insulating coating (cathode) and a section with a
pipeline 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 view; b — designed model, ¢ — distance
between the middle of the sections; 2a — width of the abnormal area;
2 (¢ — a) — width of cathode area; 1 — pipeline; 2 — insulating coating; 3 —
crack; 4 — electrolytic medium (aggressive liquid)
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The definition of the electric field’s potential distribution in this
case can be reduced to the solution of the two-dimensional La-
place equation:

aZ(p
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where ¢ — potential;
x, y —current coordinates.

The boundary conditions are as follows:
1) at the infinite distance from the electrode’s surface (oil-water),
no excitement in the electric field is introduced:

@ (y—o©, x)=const;

2) the second is a consequence of the of the considered model’s
symmetry:
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ox

X
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3) the conditions in uneven sectors can be represented as:
@=E,tLdp/dy with y=0, 0<x<a;,

o=E+Ldp/dy with y=0, a<x<c;

where L=p-b; y -—specific conductivity of electrolyte;
b — polarization coefficient; E,, E, — electrically dead potentials of
anode and cathode, mV.

The solution of equation (3) under these boundary conditions can

be obtained by the Euler-Fourier method. The task is reduced to
these functions. As a result of long transformations, we obtain:

a(E, —Ey )+ cE, 2(E, ~Ey) .. Ak &y

o(x,y)= +y = sin"~acos—xe ¢ =
¢ = ﬂk(l-‘r L Lj ¢ ¢
c
sin * a

- - &
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¢ oK (1+ = L)k
c
(4)
giventhat j _ _},(d(/’] we obtain the equation determining the
dy
y=0

distribution of current density on the surface of one local element:
Taking into account that j _ _)/[d(p] we obtain an equation
dy
y=0

for determining the current density distribution on the surface of
one local element:

sin 7ka cos KX
2B, ~E e
i(x)= ( - Jr > ¢ c_. ®)

ke L
C

The current density on the surface of the local element changes-
along the length. Integrating the expression from 0 to a, we find
the anode current of one element [21]:
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Then, the current of the galvanic element will be:

1—0052M
c

2y(E,.-E) < 2 7
| = 3 ")
7o k(1+%)

Thus, the problem of the simulating the electrochemical corrosion
of steel in the crack of the insulating coating under the action of an
aggressive metal-electrolytic medium, which is reduced to the
determination of the stationary electric field of the heterogeneous
electrode is solved. The advantage of this model is the ability to
predict the development of corrosion in time, which is important
for determining the residual life of the structure.

The thickness of the pipe wall is one of the main parameters that
effects the residual life of the structure. Changing the thickness of
the pipeline leads to a change in the distribution of stresses on the
pipeline and contributes to the development of environmentally
hazardous situations. Thickness of the pipe wall depends on the
working pressure of loads, structural characteristics and strength,
including the allowance for an even corrosion loss.

In order to calculate the loss of cross-sectional area under the con-
stant presence of an aggressive electrolytic solution in the dam-
aged insulation zone, the dynamics of the corrosion depth h in the
pipeline during the galvanic element operation "a pipeline with
damaged insulation is a pipeline under the insulating coating" was
considered.

\ Kit

= = : ®)
mya, 7877Da,

where V — the volume of the corroded metal in the crack, cm®;

D, —initial diameter of the reinforcement bar, cm;

K — electrochemical equivalent, g/A hour;

t — corrosion time, hour;

7,87 — specific weight, density of the reinforcement bar metal,
glem®;

I —amperage of the galvanic couple, A;

a, — length of the length of the pipeline section under the crack in
the insulating, which is subject to damage, cm.

Thus, taking into account (7) from the formula (8) we have

1—c052¥

ho K J2AE-E < 2 o ©
787D,a, r =R %)
C

For experimental verification of the suggested method for calcu-
lating corrosion losses on the pipeline section during operation of
a galvanic couple in soil ground, small reinforcing specimens and
steel tubes were investigated.

As part of the pipeline steel cold-rolled wire with a diameter of 1
mm, reinforcement bars of A240 (Al) class with a diameter of 6
mm and steel pipes with an outer diameter of 21,4 mm were used.
The samples were covered with paint and varnish coating, and the
areas subject to corrosion were exposed in the middle from the
paint by a width of 0,5; 1; 1,5 and 2 mm. These bare areas simu-
lated the length of the pipeline section in the zone of the damaged

insulation to be destructed. Before painting, the reinforcement bars
and pipes were cleaned and weighed with the analytical balance.
Separately, reinforcement bars with a diameter of 1 and 6 mm
without coloring were prepared. For each width of the areas, three
twin-bars and three undamaged bars were made.

The composition of the solutions that come in contact with the
structures may be different and in some cases completely unfore-
seen. Therefore, as an aggressive medium to accelerate corrosion,
the 3% solution of NaCl, which is a standard electrolyte in elec-
trochemical studies of metal corrosion, was selected.

Each bar was immersed in the aggressive medium (3% NaCl solu-
tion). In order to study the corrosion losses during the macro-
galvanic couple’s operation in the process of the experiment, a
device was constructed consisting of a plastic trough filled with
aggressive fluid and the prepared specimens immersed in it
(Fig. 2).

a)

b)Y

]

S M 3%

Accumulator

Segment with the
insulation destructed q

Segment under the insulation
coating

Fig. 2: Photo (a) and scheme (b) of the experimental unit for testing metal
losses

In the course of the experiment, periodic measurements of static
potentials of the reinforcement bars at the anode and cathode sec-
tions were performed. Copper sulfate and silver chloride elec-
trodes were used as the reference ones.

Specific electrical conductivity of 3% NaCl solution and polariza-
tion characteristics of metal reinforcement in 3% NaCl solution
were taken from the reference literature and amounted to y = 0.67
ohm™ -cm?, b, = 2 Ohm cm?.

The experiment time for beams with 1 mm diameter bars was 170
hours, and for those with 6 mm diameter bars and with steel tubes
- 5328 hours.

In parallel to this experiment, a 3% solution of NaCl was loaded
with pre-weighed reinforcement bars with diameters of 1 and 6
mm in order to determine the general corrosion.

After the experiments, the reinforcement bars and tubes were re-
leased from the paint, cleaned and weighed. The diameter of the
bars on the anode sections and the length of the anode sections
were also measured.

Corrosive lesions in the anode sections of galvanic couples were
visually detected. Cathodic sections were not damaged.

The results of experimental studies are presented in Figure 3.
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Fig. 3: Comparative diagram of the loss in the cross-sectional area ratio on
samples at corrosion: 1 — according to the design value of current v,; 2 —
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according to the weight indices v.; 3 — according to the depth indices v;
4 — by direct measurements of diameters vq

Thus, experimental studies on small reinforcement bars and steel
tubes for calculation of the relative loss of the cross-sectional area
of a steel pipe during corrosion in the crack of the insulating coat-
ing showed that the direct corrosion tests are consistent with the
designed current values of the macro-galvanic couples.

3. Conclusion

Based on the mathematical model of local corrosion element a
dependence was developed permitting to calculate the depth of
corrosion damage to steel pipeline crack in the coating. The de-
pendence is based on the real parameters obtained during the ex-
amination of the structure.

An experimental verification was performed of the steel pipe’s
corrosion depth assessment with the galvanic corrosion element
operating. The study of the steel pipe’s damage depth calculation
in the insulating coating crack showed that direct corrosive test is
consistent with the designed values of the macro galvanic couple’s
current. The results of the experiment permit to calculate the depth
of the pipeline’s corrosion according to the developed methodolo-
gy, as well as to predict the development of this process.

The study confirms the main role of the macro-galvanic couples in
the corrosion losses of steel in the cracks of the insulating coating.
The share of corrosion caused by the work of macro galvanic cou-
ples in the3% solution of NaCl on the samples under study under
the above conditions amounted to 93,57-99,97%.

The dependence permits to predict the development of corrosion
in time, regardless of the chemical composition of aggressive elec-
trolytes, the possibility of obtaining the required designed parame-
ters on the structures operated.
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