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SIMULATION OF THE OPERATION OF A PRESSURE PIPELINE

WITH AN INTERNAL LINING OF A PROTECTIVE COATING
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Abstract. The article presents the results of alternative methods for determining the hydraulic characteristics of a
deteriorated pressure pipeline with a Subcote FLP spray-on protective coating applied to its inner surface. The
results were processed using automated programs, with an ultimate goal of determining and comparing a number
of hydraulic characteristics, resulting in energy indicators of pipeline’s performance during water transportation.
Approaches are presented for identifying the dynamics of possible transformations of certain pipeline hydraulic
parameters, specifically, hydraulic friction coefficients and equivalent roughness, when using the studied
protective coating after its service over a certain time interval and with changing ambient temperature conditions.
Dependencies for changes in these coefficients, and their impact on the pipeline's performance energy indicators
during long-distance water transportation were obtained by calculations.
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MOJEJAPOBAHHUE PABOTbI HAIIOPHOI'O TPYBOIIPOBOJA
C BHYTPEHHEU OBJIMIHOBKOMU 3AIIIUTHBIM IOKPBITUEM

Braoumup A. Opnos, Cepeeii I1. 3omkun, Mapus A. boarvwakosa
HanmonaneHslil uccienoparensckuil MOCKOBCKHI rocy1apCTBEHHBIN CTPOUTENBHBIN YyHUBEpCcUTET, I'. Mocksa, POCCUA

AnHoTanusa. [IpuBeneHsl pe3ynbTaThl

AJIBTCPHATUBHBIX MCTOAOB TII0 OHNPEACICHUIO THUAPABINYCCKUX

XapaKTEePUCTHK BETXOT'0 HAIOPHOTO TpyOOIIpoBOAa C HAHECEHHBIM HA €ro BHYTPEHHIOIO ITOBEPXHOCTh
HaIbUISIEMOT0 33U THOTO MOKpBITHA Subcote FLP. O6padoTka pe3ynbTaToB MPONU3BOIMIACE C UCTIOIB30BAHHEM
ABTOMATH3MPOBAHHBIX MPOIPaMM, I'7ie KOHEYHBIM UTOTOM SIBJISUIOCH OTIPE/IEIICHHE M CONOCTABUTEIbHBIN aHAIH3
psifa TUAPABINYECKUX XapaKTEPHCTHK C BBIXOJOM Ha YHEPreTHUECKHE MOKa3zaTelan paboTsl TpyOonpoBoa mpu
TPaHCIIOPTUPOBKE IO HEMY BOABI. [IprBeeHbI NOAXOIb! K BBIABICHUIO ANHAMUKI BO3MOXHOM TpaHC(hOpMaInu
HEKOTOPBIX THPABINYECKUX IIOKa3aTenell TpyOonmpoBOAa, B YaCTHOCTH, KO3()(HUIMEHTOB TI'MAPABINIECKOTO
TPEHHs U SKBUBAJICHTHON 1IEPOXOBATOCTH IIPU UCIIOIB30BAHUN HCCIIEIYEMOr0 3alUTHOTO MTOKPBITUS 110CIIE €ro
9KCIUTyaTallud B OINPEJCICHHOM BpPEMEHHOM HHTEpBAJe U IPU HM3MEHEHUH TEMIIEPATypHBIX YCIIOBUI
OKpy’Karolieil cpenbl. PacyeTHbIM IyTeM IOJNy4YeHBl 3aBUCUMOCTH M3MEHEHHS 3THX KOd()(DULIHEHTOB U
MPOU3BE/IeHA OIEHKA BIMSHUS NX Ha SHEPreTHYEeCKUe IoKa3areiu padoThl TpyOOIpoBOa B IEPUO €ro PaboThI
10 TPAHCTIOPTHUPOBKE BOBI Ha OOJIBIINE PACCTOSHHS.

KaroueBble ciioBa: pr6OHpOBOZ[I>I, 3alIUTHBIC TOKPBLITHS, TUAPABINYCCKUC MMTOKA3aTCIN, CBETOCKOIINA,
MAaTEeMaTU4€CKOC MOJACIINPOBAHNE, TEMIICPATYPHBIC [TAPAMETPHI, 3H€pFOC6€pe>K€HI/I€

INTRODUCTION

Given the significant wear and tear of pipeline
networks, where, in particular, according to data
from the Ministry of Regional Development, over
40% of water supply networks require prompt
repair, the question of the effectiveness of new
trenchless repair technologies is becoming

extremely relevant [1, 2]. An analysis of global
experience in the operation and restoration of utility
networks of water supply and sanitation systems
shows that the most promising solution to the
problem of extending their service life is
rehabilitation through the application of internal
protective coatings of various types, including
polymer spray coatings (PSCs). Unlike metal and
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ceramic linings, polymer coatings have a
hydrophobic surface, which positively affects the
hydrodynamics inside the pipe and prevents the
formation of surface contaminants [3]. Based on an
analysis of literature sources [4, 5], it can be
concluded that such protective coatings are
promising materials for pipeline protection.

To demonstrate the effectiveness of various types
of polymer protective coatings, as well as to
study the possible transformation of their
hydraulic properties over time (in particular, the
degree of surface roughness), and the impact of
temperature conditions on this process, it is
necessary to conduct full-scale studies under
dynamic conditions using appropriate models
and proven methodological approaches.
Automated programs are used to speed up
calculations and potentially predict the resulting
basic hydraulic and energy parameters.
According to available certificates of conformity,
protective polymer spray coatings do not alter the
composition of the pumped fluid, maintaining a
high level of reliability in water supply pipeline
networks and reducing the negative impact on the
urban environment during repairs. During pipeline
rehabilitation using PSCs, despite a layer thickness
of only 3-8 mm, it is possible to effectively seal
various defects and increase pipeline wear
resistance. Thus, the internal surfaces of restored
pipelines generally become less rough, which
improves the hydraulic characteristics of water
supply and wastewater disposal pipeline networks.

METHODS

A steel pipeline coated with a protective Subcote
FLP coating applied to its inner surface was used
for comprehensive hydraulic studies, including
modeling of the parameters under study using
automated software and modern light-profiling
and profilometry equipment.

Subcote FLP coating has sanitary and
epidemiological expert approval No.
77.01.12.P.014303.09.11 dated September 22,
2011, issued by the Moscow Office of the
Federal Service for Surveillance on Consumer
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Rights Protection and Human Wellbeing,
permitting its application to the inner surface of
pipelines in drinking water systems.

The study involved physical testing (on a large-
scale 10-meter-long and a small-scale 1-meter-long
test bench) and then mathematical modeling of the
pipeline's performance with the protective coating
to determine its hydraulic characteristics at the
same ambient temperature (20°C) using
appropriate automated software [6, 7]. Hydraulic
bench testing of the initial protective coating
sample on a steel pipeline and processing of the
results using automated calculation systems were
conducted in the laboratory of the Department of
Water Supply and Sanitation on a large-scale
pressure rig (Fig. 1). The small-scale gravity rig
was made in the form of an open steel inclined
trough (gutter) with a nominal diameter of 100 mm
with a thin layer of the coating being tested applied
to it (Fig. 2), along which a mini-flow of water
moved in the form of a lens at the end (Fig. 3) [8].

Figure 1. General view of a large-scale
hydraulic test rig with 10 m long pipes with a
nominal diameter of 100 mm made of various

materials (the fourth pipe from the top is a steel
pipe with a protective Subcote FLP coating)
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Figure 2. Detail of the top view of a 1 m long
open inclined gutter with Subcote FLP coating
applied to it
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Figure 3. A fragment of the end section of a
sloped gutter with a Subcote FLP protective
coating and a mini-flow of moving water

To expand the experimental range, i.e., simulating
extended water presence duration in pipelines and
flumes, as well as elevated ambient temperatures, a
special compact setup was developed. It consisted
of a cylindrical vessel containing 1 liter of water,
mounted on a magnetic stirrer. A rectangular
coating sample of specified dimensions was
immersed into the vessel and firmly secured. The
coating samples were positioned at the periphery of
the cylindrical vessel. The angular velocity of the
stirrer armature was converted to linear velocity at
the sample boundary at the vessel periphery. This
design allowed for monitoring potential roughness
changes in the protective coating samples during
their prolonged immersion in water, and also at
different temperatures. It should also be noted that
chlorine was added to the water in the cylindrical
vessel, providing a disinfectant effect. This allowed
for the potential chemical interaction of the
resulting chlorides with the test samples to be
assessed. Thus, the process of water transportation
through a long pipeline was simulated in a
cylindrical vessel mounted on a magnetic stirrer,
with chlorine consumption analyzed.

In parallel, light (optical) microscopy
experiments were conducted on these samples
using an Olympus GX53 inverted electron
microscope (Japan), which provides high-quality
images difficult to achieve using conventional
optical microscopy methods.

The roughness of the samples was also studied
using a SEITRONIK PSh 8-3 (SS) profilograph-
profilometer, = which  allows  roughness
parameters to be determined digitally on a
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microprocessor unit. In both cases, experiments
were conducted over different time intervals.
The objectives of the study, when conducting
research using the listed above alternative
methods, included comparing the obtained
hydraulic parameters for identity and the degree
of their discrepancy. The final result of the study
was the calculation of possible energy losses
during water transportation as a result of
potential changes in the hydraulic characteristics
of the protective coating samples over time. In
general, the combination of methods and
measuring instruments used made it possible to
obtain a preliminary picture of the possible
transformation of the hydraulic parameters of
protective coatings over time.

RESULTS AND DISCUSSION

Below are the hydraulic test data for each of
alternative method and a comparative analysis.
The results of automated processing of hydraulic
tests of protective coatings on large and small
rigs at an ambient temperature of 20°C showed
similar results. Specifically, the average value of
the hydraulic friction coefficient A for the
Subcote FLP coating on the large rig was
0.01772, while on the small rig it was 0.0181, i.e.,
there is a difference of only 2.14%, indicating a
high degree of reliability of the obtained results.
Based on electron microscopy and profilometer
studies, the following equivalent roughness
coefficients ke were obtained:

- 0.03716 mm (light microscopy)

- 0.0386 mm (profilometry).

Using Prandtl's formula (1), the hydraulic
resistance coefficients A were calculated for a
pipeline with a Subcote FLP protective coating
as follows [9]:

L et 114 (1)
itk

where A is the hydraulic resistance coefficient of
the pipeline; d is the internal diameter of the
pipeline with protective coating (mm); ke is the
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equivalent roughness coefficient of the pipeline
(mm) equal to

- 0.01563 (light microscopy)

- 0.01575 (profilometry).

The difference in the results was only 3.73%.
Thus, the results of experiments on hydraulic test
benches and the data from light microscopy and
profilometry can be considered reliable for
determining the hydraulic friction coefficients
and equivalent roughness, where, for example,
the discrepancy between the largest absolute
value (ke=0.0181 mm) and the smallest
(ke=0.0163 mm) did not exceed 13.6%.

When modeling the evolution of hydraulic
parameters under tangential water flow
conditions in a cylindrical vessel with samples in
a prolonged contact with water, the following
dependencies for the equivalent roughness
coefficient were obtained (Fig. 4).

The graph in Figure 4 clearly demonstrate the
decrease in the equivalent roughness coefficient ke:
the higher the dose of chlorine introduced and the
longer the sample is exposed to the cylindrical
vessel, the lower the equivalent roughness value.
This trend can be explained, for example, by
incrustation, which in this situation should be
considered a positive phenomenon, as it ultimately
contributes to a reduction in the hydraulic friction
coefficient A by smoothing out microroughness
depressions, i.e., roughness peaks.

A reduction in the hydraulic friction coefficient
automatically leads to a reduction in energy costs
during water transportation through pressure
pipelines. This is confirmed by the graphs in Figure
5, where the calculation of electricity consumption
E (kW h per year) was carried out using formula (2)

E=0,81-Q31' % 24365 /(d 5 np),  (2)

where Q is the flow rate of water supplied by the
pipeline (m3/s), at which the flow velocity is 1
(m/s); d is the internal diameter of the pipeline
(m); 1 is the length of pipeline section (m) ; A is
the coefficient of hydraulic friction; np is the
efficiency of the pumping unit (0.95); 24 is the
number of hours the pump operates per day (h);
365 is the number of days in a year.

Volume 22, Issue 1, 2026

Ke, mm Ke =-0.007x+0.0484 (R%= 0.83)
0,04 == e e
0,03
\\
0,02 \
0,01
0 1 2 3 4

Sample's residence time T

Figure 4. Graph of the change in the equivalent
roughness coefficient ke (mm) as a function of the
sample's presence time T in a cylindrical vessel
with a stirrer (Points along the abscissa axis: I -
for the initial sample T = 0 min; 2 - after
treatment in 167 min with a single dose of
chlorine at 0.5 mg/l; 3 - after treatment in 334 min
with a single dose of chlorine; 4 - after treatment
in 167 min with a double dose of chlorine)

The graph in Figure 5 illustrates the reduction in
energy consumption depending on the duration
and dose of chlorine introduced into the water.
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Figure 5. Graph of the change in energy
consumption (E) (kWh per year) as a function of
the sample's presence time T in a cylindrical
vessel with a stirrer (Points on the abscissa
axis: 1 - initial sample T = 0 min; 2 - treatment
after 167 min with a single dose of chlorine; 3 —
treatment after 334 min with a single dose of
chlorine; 4 — treatment after 167 min with a

double dose of chlorine)

Single-run pilot experiments conducted using a
magnetic stirrer system to examine the effect of
ambient temperature on changes in the roughness
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of protective coating walls also revealed a tendency
toward a decrease in the equivalent roughness
coefficient as water temperature increased from 20
to 500°C. Therefore, the obtained results allow us
to draw a reasonable preliminary conclusion
regarding the need for continued experimental
modeling studies across wide temperature ranges
and durations of water presence in the water supply
network to confirm the hypotheses regarding the
transformation of the roughness of protective
pipeline coatings during pipeline operation. For
these purposes, a comprehensive and detailed
analysis of the chemical composition of water and
coating samples over time is envisaged.

CONCLUSIONS

1. The results of a study of the hydraulic
characteristics of pipelines coated with Subcote
FLP using alternative methods as well as promising
methodological approaches for determining the
possible transformation of equivalent roughness
parameters and other parameters during long-term
pipeline operation and changing temperature
conditions are presented.

2. The experimental results demonstrate the
validity of using various methods to determine the
set of characteristics required by designers for
pipes coated with protective coatings.

3. The focus of subsequent research will be on
analyzing and establishing strict patterns of
changes in the chemical composition of water and
samples of Subcote FLP protective coatings and
other types of polymer spray-on protective
pipeline coatings, in particular, Scotchkote 169
HB, which has also found wide application in
trenchless pipeline renovation.

REFERENCES

1. Primin O.G. Utechki vody.
MISI-MGSU 2022. 167 p.

2. Baymukanov M.A. O vazhnosti analiza
sostoyaniya vodoprovodnykh setey RF //
Polimernyye truby. 2016. T. 5 (14). pp. 26-29.

/] lzdatel'stvo

Vladimir A. Orlov, Sergey P. Zotkin, Maria A. Bolshakova

3. Zhuangzhu Luo, Zhaozhu Zhang, Wenjing
Wang, Weimin Liu Effect of
polytetrafluoroethylene gradient-distribution
on the hydrophobic and tribological properties
of polyphenylene sulfide composite coating.
Surface and Coatings Technology, Volume
203, Issues 10-11. 25 February 2009. Pages
1516-1522.

4. Nabil Anagreh, Lutz Dorn, Christine Bilke-
Krause Low-pressure plasma pretreatment of
polyphenylene sulfide (PPS) surfaces for
adhesive bonding. International Journal of
Adhesion and Adhesives, Volume 28, Issues
1-2. January-March 2008. Pages 16-22.

5. Jinghui Yang, Tao Xu, Ai Lu, Qin Zhang,
Hong Tan, Qiang Fu Preparation and
properties of poly (p-phenylene
sulfide)/multiwall carbon nanotube
composites obtained by melt compounding.
Composites Science and Technology, Volume
69, Issue 2. February 2009. Pages 147-153.

6. Orlov V.A., Zotkin S.P. Programma analiza
gidravlicheskikh kharakteristik napornykh
truboprovodov /! Svidetel'stvo 0
gosudarstvennoy registratsii programmy dlya
EVM Ne 2013610520 ot 09.01.2012.

7. Orlov V.A., Zotkin S.P., Dezhina I.S.,
Pelipenko A.A. Programma rascheta stepeni
gidrofobnosti i1 gidravlicheskikh parametrov
trub 1 ikh zashchitnykh pokrytiy //
Svidetel'stvo o gosudarstvennoy registratsii
programmy dlya EVM Ne RU 2017612281 ot
20.02.2017.

8. Dezhina LS. Povysheniye transportiruyu-
shchey sposobnosti samotechnykh
truboprovodov s uchetom gidrofobnosti i
rel'yefa ikh poverkhnosti // Avtoreferat kand.

diss. M. FGBOU VO «Natsional'nyy
issledovatel'skiy Moskovskiy
gosudarstvennyy  stroitel'nyy  universitet.
2021. 23. p.

9. Prodous O.A. Prognozirovaniye poter'
napora Vv truboprovodakh iz raznykh

polimernykh materialov // Vodosnabzheniye i
sanitarnaya tekhnika. 2018. Ne 11. pp. 60-64.

90 International Journal for Computational Civil and Structural Engineering



Simulation of the Operation of a Pressure Pipeline with an Internal Lining of a Protective Coating

CIIMCOK JIMTEPATYPbI

l. Opumun  O.I'.  VYTeuku  BOJBI. //
MzparensctBo MUCU-MI'CY. 2022. 167 c..

2. baiimykanoB M.A. O BaXXHOCTH aHanIMu3a
COCTOSIHUSI BOJONPOBOIHBIX ceTeid PD //
[Tonmumepnsie TpyOsl. 2016. T. 5 (14). C. 26-29.

3. Zhuangzhu Luo, Zhaozhu Zhang, Wenjing
Wang, Weimin Liu Effect of
polytetrafluoroethylene gradient-distribution
on the hydrophobic and tribological properties
of polyphenylene sulfide compositecoating.
Surface and Coatings Technology, Volume
203, Issues 10-11. 25 February 2009. Pages
1516-1522.

4. Nabil Anagreh, Lutz Dorn, Christine Bilke-
Krause Low-pressure plasma pretreatment of
polyphenylene sulfide (PPS) surfaces for
adhesive bonding. International Journal of
Adhesion and Adhesives, Volume 28, Issues
1-2. January-March 2008. Pages 16-22.

5. Jinghui Yang, Tao Xu, Ai Lu, Qin Zhang,
Hong Tan, Qiang Fu Preparation and
properties of poly (p-phenylene
sulfide)/multiwall carbon nanotube
composites obtained by melt compounding.

Composites Science and Technology, Volume
69, Issue 2. February 2009. Pages 147-153.

6. OpaoB B.A., 3orkumn C.II. IIporpamma
aHaIM3a THUAPABIMYECKHX  XapaKTEPUCTHK
HAIopHBIX TPyOorpoBo10B // CBUIETENBCTBO O
rOCYy/IJapCTBEHHOM PETHCTPALMKM  TPOrPAMMBI
st OBM Ne 2013610520 ot 09.01.2012.

7. OpaoB B.A., 3orkun C.II., dexuna U.C.,
Heaunenko A.A. Ilporpamma pacuera
cTerneHu ruipooOHOCTH U THAPABINIECKUX
napaMeTpoB TpyO U MX 3aLUTHBIX HOKPBITUI
/" CBUIETENbCTBO O  TOCYIApCTBEHHOMN
peructpauun nporpammsl it 9BM Ne RU
2017612281 ot 20.02.2017.

8. JleskuHa n.C. [ToBbiIeHNE
TPAHCTIOPTUPYIOTIIEH CIIOCOOHOCTH
CaMOTEYHBIX TpPYOONPOBOJOB C  y4ETOM

ruapopoOHOCTH U pernbeda UX MOBEPXHOCTH
/I ABTopedepat kana. nucc. M. ®I'bOY BO
«HanuonaabHBIN HUCCIIEI0BATEeIbCKUN
MockoBCKuUi rOoCy1apCTBEHHbIN
cTpouTeNbHbIN yHUuBepcuret. 2021. 23 c.

9. Ilpogoyc O.A. IIporHo3upoBaHue mOTEPH
Haropa B TpyOOmpoBOJax W3  pasHbIX
MOJIMMEPHBIX MaTepuaioB // BogocHabxeHne u
canutapHas TexHuka. 2018. Ne 11. c. 60-64.

Orlov Viadimir A., Professor, Doctor of Technical
Sciences; National Research Moscow State University of

Civil Engineering (NRU MGSU), Russia, 129337,
Moscow, 26 Yaroslavskoe Shosse; E-mail:
OrlovVA@mgsu.ru.

Zotkin Sergey P., Professor, Candidate of Technical
Sciences; Russia, National Research Moscow State
University of Civil Engineering (NRU MGSU), Russia,
129337, Moscow, 26 Yaroslavskoe Shosse; E-mail:
ZotkinSP@mgsu.ru.

Bolshakova Maria A., PhD student; National Research
Moscow State University of Civil Engineering (NRU
MGSU), Russia, 129337, Moscow, 26 Yaroslavskoe
Shosse; E-mail: haritonova_mariy@mail.ru.

Volume 22, Issue 1, 2026

Opnos Braoumup Anexcanoposuy, tmpodeccop, TOKTOp
TEXHHYECKNX Hayk; DenepaqbHOE TOCYAapCTBEHHOE
Or0/DKeTHOE 00pa30BaTENIbHOE YUPEKICHHE BBICIIETO
obpazoBanusi  «HanmoHambHBIM — HMCCIIEI0BATEIBCKUN
MockoBckuii roCyAapCTBEHHBIN CTPOUTEJILHBII
yausepcure™» (HIY MI'CY), Poccus, 129337, Mockaa,
SApocnasckoe mocce, 26; E-mail: OrlovVA@mgsu.ru.

3omxun  Cepeeti  Ilemposuu, 1ipodeccop, KaHIUIAT
TeXHUYeCKUX Hayk; Poccus, DenepanbHoe rocyJapcTBEHHOE
Olo/pkeTHOE  00pa3oBaTENbHOE — YUYPEXKICHHE  BBICIIETO
o0pa3oBaHUs «HarponanbHbIi HCCIIeIOBATEIbCKUI
MockoBckuit roCyJIapCTBEHHBIN CTPOUTENBbHBII
yausepcurer»  (HUY  MI'CY), 129337, Mocksa,
Spociasckoe miocce, 26; E-mail: ZotkinSP@mgsu.ru.

bonvwarosa Mapus Anamonvesna, acCIIMpaHT;
®denepanbHOe TOCYJapCTBCHHOE OrOKETHOE
o0pa3oBaTeNbHOE YUPEKIEHHE BBICIIETO O0Opa30BaHUS
«HamuonaneHbeIE ~ MCCIIENOBATEIbCKUH  MOCKOBCKHI
TOCyIapCTBEHHBIN CTpOUTENbHBIA yHHBepcuteT» (HUY
MI'CY), Poccus, 129337, Mocksa, SIpocinaBckoe miocce,
26; E-mail: haritonova mariy@mail.ru

91





