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Summary. The state of pipeline after the long time of operation is studied. Major factors are determined,
influencing nature and rate of the passage of the processes of the internal corrosion of pipelines — presence of
perceptible mechanical stresses, chemical composition and the motion of corrosive environment. The results
obtained allow a more accurate and accurate prediction of the life and residual life of industrial pipelines, taking
into account the influence of mechanical and corrosion factors.
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Statement of the problem. Ukraine's energy independence is one of the priorities for
the development of its oil and gas complex. It is impossible to achieve it without increasing the
production of gas and gas condensate, and at the same time reducing their losses at the stage of
transportation by industrial pipelines from the place of extraction to the compressor stations
(CS). One of the main causes of such losses is the failure of pipelines due to corrosion damage.

The condition of the industrial pipeline after a long period of operation was studied. It
is revealed that at practically absent corrosion damages of an external surface (Fig. 1, d),
internal corrosion practically destroyed a pipe from the inside (Fig. 1, a, b, c). It is also easy to
see that the top is destroyed more than the bottom. In our view, this is due to the influence of a
mechanical factor, and the stress state is heterogeneous.
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Corrosion of industrial gas pipelines under the action of formation waters

c d

Figure 1. Characteristics of corrosion damages of the inner and outer surfaces of the pipeline:
a — the upper inner part; b — lower inner part; ¢ — the middle inner part; d is the outer surface

Analysis of the available investigations. Under the action of the soil array, there was
a gradual bend of the pipeline. Its upper inner part was in the area of stretching, the lower —
compression. This is confirmed by the appearance of corrosion damage to the central inner part.
It is the least damaged because it is close to the neutral line, where the influence of stresses is
the least. Finally, the outer part is practically intact.

Therefore, the cause of the damage is the corrosive action of the formation water
entering the pipeline together with the gas condensate and. later, the groundwater acting on the
transport route from the extraction site to the CS is reinforced by a mechanical factor, in other
words internal stress corrosion. Moreover, when transporting gas condensate by pipeline, the
corrosive medium moves with the speed of the transported product, which, as is known from
the literature, can accelerate the rate of corrosion processes by up to 8 times, due to complication
of passivation of the pipeline surface due to the deterioration of the adsorption of passive
products [1]. The newly formed passivation film is washed away by the transported product
and the surface becomes vulnerable again [2-3].

Statement of the task. The research object selected seamless steel pipes with a wall
thickness of 17 mm, which are used for the construction of industrial pipelines.

To investigate corrosion processes under stress, we used the computer-aided KN-1
installation [4], developed on the basis of the MV-1K installation [5]. Testing of samples from
piping material in air and in liquid working environments was performed in static load mode
with a pure bend with automatic registration of the deflection of the sample and change of
electrode potential by computer using 24-bit analog-to-digital conversion.

In order to simulate the stress-corrosion processes in the most accurate way, we
performed an analysis of reservoir water and groundwater at different stages of gas condensate
transportation. On this basis, we selected 3 model environments that correspond to the
formation water of the well, palletized at the stage of transportation and selection at the
compressor station (Table 1).

Table 1

Composition of model environments

Model Concentration, mmol/I
environment Origin of sample pH SO NOs™ cr
(ME)
1 selection on the COP 6,2 2,8 4,8 4,0
2 MPKG-4 formation water 6,0 3,6 7,6 51
3 pallet water 6,1 7,5 5,3 51
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Prolonged action on the pipeline of loads and impacts in the soil massif causes various
structural changes, including deformation and relaxation of stresses. Therefore, studying the
patterns of changes in the physical and mechanical properties of the pipeline material in the
process of long-term operation will allow more accurately predict the residual life of the
existing pipelines. In modern conditions, when a considerable part of pipelines is operated for
15-20 years and is close, according to preliminary data, to the exhaustion of its resource of
work, the study of their corrosion-mechanical behavior is an urgent scientific task [4].

For the construction of nominal deformation diagrams, a direct stepped load (unloading)
of the sample (Fig. 2) was used with a clean bend, when the load transferred to it did not
decrease with decreasing resistance [5, 6].

With increasing or decreasing the load by one degree, the nominal voltages changed by
Ac =20 MPa during the time t ., = 1 s. Exposure time at each stage was t, = 19 s, and the total
time At =t np + t b = 20 s. This mode of loading allows to take into account the lag of
deformation from stress in time and to study in depth the processes of strain hardening and
creep [7].

Experimental studies of the creep phenomenon, the results of which have recently been
increasingly used in engineering calculations and in the optimization of pipeline structures, are
conducted mainly in tensile. Under conditions of inhomogeneous stress state
at T <293 K, the creep of the material of industrial pipelines has not been sufficiently studied,
mainly theoretically, although it is known that various deformation effects are observed when
the conditions of loading of pipe steels change, and any theoretical prediction can be considered
correct only then has experimental confirmation.

Table 2

Physico-mechanical characteristics of pipeline material in model environments

Characteristics of the material . Environment
Air ME1 ME?2 ME3
Young's modulus, E-10-5, MPa 2,023 2,064 2,063 1,97
Yield strength, MPa 250 245 245 245
Tensile strength, MPa 410 400 400 400
o,MPa
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Figure 2. Nominal deformation diagram of pipeline steel samples in air
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Creep is often seen as slow metal fluidity. As is known, the basis of the theory of plastic
flow is the idea of the surface of fluidity. In the process of static bending there is a regular
movement of the surface of fluidity, that is, its evolution.

The characteristic creep curves in the coordinates of the creep increment Agc — time t
are shown in Figure 3. The duration of the air tests was determined by the nature and kinetics
of the process on a case-by-case basis, which allowed a relatively short time to perform a series
of experiments and to determine the parameters of the low-temperature creep region (LCR).

The total deformation gain Ae for time t for a given stress range can be determined by
the formula:

Ae = Agel + Agpl + Agg,

where Aeger and Agp — respectively the increment of elastic and plastic deformation when
reaching a given level of stresses, Aec — the creep gain.
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Figure 3. Creep kinetics of air pipeline steel: general (a) and initial stage (b); T =293 K; ¢ = 390 MPa

It was also established that the creep of the base metal in the corrosive-active medium,
as well as in the air, is of a stage character (Fig. 4-6). The influence of the environment is
noticeable both at the unsteady stage and at the steady creep stage. As shown by our studies,
the pipeline steel exhibits the highest tendency for low-temperature corrosion creep in ME2,
the lowest — in ME3 (Table 1).
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Figure 4. Piping material creep at 250 MPa rated voltage
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Figure 5. Creep curves of the pipeline material at 335 MPa

The duration of the first stage depends more on the magnitude of the nominal stresses
and less on the chemical composition of the medium (Fig. 4-6).

The study of the dependences of the corrosion creep increase on the magnitude of the
nominal stresses and the chemical composition of the medium (Fig. 7) makes it possible to
conclude that their greatest synergistic effect is observed in MEZ2, the smallest in MEL.

That is, the greatest danger of loss of bearing capacity of the pipeline during operation
is in ME2, which corresponds to the formation water of the well (Table 1).

In order to better study the chemistry of the process of internal stress corrosion of the
pipeline steel and to determine the most dangerous, from the chemical point of view, the
operating environment, we investigated the kinetics of the electrode potential. It is known that
the lower the potential of the metal and the faster the process of decomposition. the greater the
likelihood of corrosion processes and, consequently, the risk of corrosion [8-10].
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Figure 6. Pipeline material creep Kinetics at rated voltages of 390 MPa
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Figure 7. Dependence of creep growth on stress level (a) and chemical composition of medium (b);
t = 5000 min

The dependence of the electrode potential of the samples on the chemical composition
of the medium at different nominal voltages is shown in Figure 8-10.
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Figure 8. Potential-time curves at o = 1.6 ¢0.2 in model environments

As we can see, the synergistic effect of corrosive-active medium and applied mechanical
stresses is also shown here.

To conclude on the aggressiveness of each medium, we compare the rate of
decomposition of the electrode potential of the pipeline steel in them. From Figure 8-10 we see
that at 6 = 1.6 ¢0.2 the decomposition rate in ME1 and MEZ2 is practically equal, with a slight
advantage in ME2, in ME3 it is much lower.
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Figure 9. Potential-time curves at ¢ = 1.35 oo in model environments
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Figure 10. Potential-time curves at o = 1.05 oo.2 in model environments

Now let's examine the effect on the process of refinement of a mechanical factor. We
compare the kinetics of the electrode potential at o = 1.6 0.2, 1.35 c0.2, and 1.05 co.2. We see
that as the level of nominal voltages decreases, the rate of decomposition process in ME2 is
practically unchanged, whereas in ME3 and especially in MEL1 it is significantly reduced.

Therefore, ME2 is the most dangerous environmentally chemical environment, since
the process of decomposition in it is controlled by the corrosion factor. This means that even
with a minimum level of mechanical stress, the corrosion will be quite intense.

In ME1, we observe a mixed control with an emphasis on the mechanical factor. From
a chemical point of view, it is, by the way, the safest of our environments

In MES3, the situation is almost the same, but the refinement itself is less intense. In the
corrosive activity it occupies an intermediate place.

The dependence of the stabilization potential of the steel pipeline on its stress-strain
state is illustrated in Figure 11.

In order to check the conclusions made and to determine the real degree of danger during
the operation of the pipeline in each of the three MS, we studied the kinetics of corrosion
processes in them and determined the velocity of corrosion and the reduction of the thickness
of the pipe wall. The corresponding curves are presented in Figure 12—-13.
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As we predicted, based on the kinetics of the potential, the highest velocity is observed
in ME2, the lowest — in ME1. The low corrosion rate in the latter confirms our assumption that
the rapid decrease in electrode potential in ME1 is mainly due to the plastic flow processes in
the pipeline steel, which is inevitably accompanied by the formation of juvenile surfaces and
sub-microcracks, which have a freshly formed surface; as well as the highest relative content

of chloride ions that impedes its rapid passivation.

-E, mV

Regarding the reduction of the wall thickness of the pipeline, we can see here (Fig. 13)
that, even with the minimum stress level, it can reach from 0.125 to 1.25 mm/year depending
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Figure 11. Impact of a mechanical factor on the stabilization potential of a pipeline steel
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Figure 12. Dependence of corrosion rate on the chemical composition of the medium

on the chemical composition of the medium and the level of nominal stresses.

The dependences of the general corrosion rate and the reduction of the wall thickness of

the pipeline on o are shown in Figure 14 and 15.
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Figure 13. Dependence of reducing the thickness of the pipeline wall on the chemical composition of the
medium

It is established that with the increase of the value of the nominal stresses from 1.05 oo.
to 1.6 oo, the increase of the general corrosion rate in model media can reach 25%.

Thus, in no case can a mechanical factor be neglected when calculating the residual life
of existing pipelines and designing new ones.
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Figure 14. Dependence of the reduction of the wall thickness of the pipeline on the level of rated voltages

It is also necessary to take into account the constant intensive movement of the corrosive
medium, in which:

¢ there is a constant flushing of insoluble corrosion products, ie the passivation of the
surface deteriorates;
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e there is a tendency to localize corrosion processes because the initially affected area
cannot be passivated, and therefore constantly has less potential than neighboring unaffected
sites;

e a galvanic element is formed in which the affected area becomes an anode and the
unoccupied one becomes a cathode;

e the rate of local corrosion can be 2—8 times higher than the total rate.

Given that under unfavorable conditions, which we must take into account, the
mechanical factor and the environmental factor will mutually enhance the corrosion processes,
it is easy to calculate that the rate of local corrosion, and, consequently, the magnitude of the
reduction in wall thickness can increase by 2.5-10 times compared to the ones shown in Figure
12-15.
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Figure 15. Dependence of the reduction of the wall thickness of the pipeline on the level of rated voltages

The results obtained allow us to more accurately and more accurately predict the life
and residual life of industrial pipelines, taking into account the influence of mechanical and
corrosion factors.

Conclusions. The main factors that determine the nature and speed of the internal
corrosion processes of pipelines, namely, the presence of tangible mechanical stresses,
chemical composition and movement of the corrosive environment, are identified. It is shown
that the most dangerous corrosion plan is ME2 (formation water), that is, the highest probability
of failure of the pipeline exists in the first transport section — in the immediate vicinity of the
well. It is found that even in the safest environment ME1 — liquid sample from CS the corrosion
rate is quite significant and the reduction of wall thickness, taking into account the localization
of the process, can be from 1 to 1.25 mm/year.
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BIIVIMB IIJIACTOBHUX BO/I HA KOPO3IIO
IMPOMUCJIOBUX I'A30ITPOBOJAIB

JIrooomup Ilodepesxnnii; Auapii I'punanuyk; JIrooos Ilodepexna;
I'anuna I'punyask; Bitaaiii Mapxanesuy; Birtanii Bituk

leano-Dpankiecokuli HAYIOHATLHUL MEXHIYHUL YHIBepcumem Hagmu i eazy,
leano-Dpanxiecvk, Ykpaina

Pe3tome. Enepeemuuna Heszanedxicnicmv Yxpainu — oOun i3 npiopumemis po3eumky it Haghmoeazo602o
Komnaexcy. Jocacnenns ii Hemoorciuge Oe3 30inbueHHs BUO0OYMKY 2a3y I 2308020 KOHOEHCAmMY il 0OHOUYACHO20
3MEHWeHH S IX empam Ha cmaoii MpaHCNOPMYBAHHS NPOMUCIOBUMU MPYOONPOBOOAMU 8i0 Micys 8UO0OYBAHHS 00
xkomnpecoprux cmanyii (KC). Oona i3 0CHOBHUX NpUYUH MAKUX empam — 6uxio 3 1ady mpyoonposoodis uepes
KOpO3itini ypaodicenus. Bueueno cman npomucnogozco mpybonpoeooy niclia mpueanozo nepiody excniyamayii.
Buseneno, wo npu npaxmuuno 8i0CymHix KOPO3IUHUX YPANMCEHHAX 308HIUHbOI NOBEPXHI GHYMPIWHI KOPO3is
nPaKmuyHo 3pyuHysye mpyoy scepeounu. 06 exmom 00CHiONCeHb UOPAHO Oe3ul08HI mpyou moSUWUHOK CIIHKU
15 mm, saKi suxopucmogyiomvcs 0isi OYOIGHUYMBA NPOMUCIOBUX MPYOONnpoeodis. Bunpoboesysanns 3paskie i3
mamepiany mpyoonposooié Ha nosimpi ma 6 piOKux pooouux cepedosuulax npo8oOUIU 8 PeHCUMi CIMAMUYHO20
HABAHMAIICEHHSA YUCTUM 32UHOM 3 AGMOMAMUYHOIO PEECMPAayiclo NPoSUHy 3paska ma 3MiHUu eieKmpooH020
nomenyiany 3a oonomozoro EOM, euxopucmosyiouu 24-6imue ananozo-yugpose nepemeopents. Buxopucmano
NIOCKI 3pasku, gueomosneni 3a pospodaernoro 6 IDHTYHI mexnonocieto 3 mamepiany pisHux OLIAHOK AIHILHOT
yacmuny mpyoonposody. Bcmanoseneno, w0 noG3yHiCMb OCHOBHO20 Memany 6 KOpO3iUHO-aKMUBHOMY
cepedosuwi, K [ Ha NOGIMpI, HOCumMb CmMalditinull xapakmep. Bniue cepedosuwa eiouymuuil sik Ha cmaoii
Heycmanenoi, max i ycmanenoi noesyvocmi. Ak noxaszanu 0ocniodicenHs, HAUOLNbGULY CXUAbHICML 00
HU3bKOMeMNepamypHoi Kopo3itinoi nogzyyocmi cmans mpybonpogody nposenie y MC2, naiimenuy —y MC3. 3
Memoio Kpaujo2o 6UBHeHHs XiMi3My npoyecy HympiuiHboi cmpec-kopo3ii cmani mpy6onpogooy ma éusHa4eHHs
HatiHebe3sneyHiuo2o, 3 XiMIUHOT MOYKU 30pY, eKCHAYyamayitiHo2o cepedosuya OO0CAI0NCEHO KIHEUKY
e1eKMpPOOHO20 NOMEHYIANY, BUGHEHO KIHEMUKY KOPO3IUHUX Npoyecié y HUX I 8USHAYEHO WEUOKOCMI KOpOo3ii ma
3MEHWeHHs: MOGWUHY CMIHKU mpyou. Pezynomamu 0ocuiodcenb niomeepodicyroms OaHi, OMpuMaHi 3 aHAIizy
Kinemuxu nomenyiany. Haubinvua weuoxicms cnocmepicacmocsa y MC2. naiimenwa —y MC1. Huzvka weuoxicmes
KOpO3ii 6 0OCMAHHLOMY NIOMBEPONCYE NPUNYUWEHHS, WO WBUOKE 3MEHUEHH eleKkmpoonoz2o nomenyiany y MCI1, 6
OCHOBHOMY NO8’s3aHe Npoyecamu HIACMUYHO20 MEUiHHA Y cmani  mpybonposoody, sAKe HeMuHyye
CYNpPOBOOIICYEMbCS YMEOPEHHAM I0GEHIIbHUX NOGEPXOHb MA CYOMIKPOMPIWUH, CEIdHCOYMEOPEHa NOBEPXHS AKUX
mae mnabazamo Hudicuull nomenyian. Taxooc HAUOIILWUM  BIOHOCHUM  YMICIMOM  XAOPUO-TIOHIE,  AKI
nepewkoOdxcarome i weuokin nacusayii. Ompumani pesyromamu O0arOmvb 3M02y KOpeKmHuiuwie U mouyHiuie
NPOSHO3Y6aAMU PeCypc Ma 3aNUUKOGUTL PeCypC NPOMUCIOBUX MPYOONpo6odie 3 ypaxyeanHAM GNIUGY MEXAHIUHO20
ma Kopo3itiHo20 YUHHUKIE.

Knruosi cnosa: npomucnogi 2azonposodu, niacmosi 600U, SHympiuHbompyoHa Kopo3is, KOpO3ilHo-
MexXaHiuHi 6unpobo8y8aHHs.
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