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ITPOTHO3MPOBAHMUE TEPMUYECKOI'O
BO3IEVICTBUS MMOA3EMHOI'O HE®TEITPOBOIA
HA MHOTI'OJIETHEMEP3JIBIE ITOPO/IbI
HA OCHOBE MATEMATUYECKUX MOJEJIEN

T.P.Eroposa’, B.T.Kbiukuna', A.E. Konecos!
1 CeBepo-BocTouHoro dpenepanbHoro yHuBepcuteta nmeHn M. K. AMMocoBa, AkyTck, Poccus

AHHOmMauus: TIpy TO/I3€MHO NIPOKJIaiKe HeQTEIIPOBOAOB, B YC/IOBUSIX 3ajleTaHMsi MHOTOJIET-
HeMep3stoit nopons! (MMII), Mo KOTOPOJi OCYIIECTBIIsIETCSI ITepeKayka HepTy C MOOrPEBOM,
KpOMe TIpOIeCCOB, CBSI3aHHBIX C CE30HHBIM OTTaVBaHMEM M 3aMep3aHMeM TPYHTOB, MOXKET
IIPOM30ITU TIPOLIECC OTTaMBAHMSI MEP3JIOTHI OT TEPMMUYECKOTO BO3MIENCTBUS TPYOOIIPOBOLA.
ITpu orrauBanHuy 1 3amMep3anuy MMII Bo3MOXKHO ITyueHMe U [Tpocaika TPyHTOB, 06pa3oBaHme
Hajleny, 3a60IaYMBaHye TPacChl HePTEIPOBOAA U T. [I. BeiiencTBMe 3TOTO CyLIECTBYET BEPOSIT-
HOCTb ITPOCTPAHCTBEHHOTO II€PeMeIeHNs, BBITYYMBaHNSI YYaCTKOB, AepopManmy Tpy6orpo-
BOJIOB, YTO B MTOTe MOXKET IIPUBECTM K aBapMIHBIM CUTyauusiM. B paGote mcciaenyercs Tep-
MMYecKoe Bo3aeiicTBue HedpTernpoBosa Ha MMII Ha oCHOBe MaTeMaTM4YeCcKUX Mozesneit. B xone
MCCIeIOBaHMii Oblyla M3y4eHa MaTeMaTuydeckast Mozienb CredaHa. [IJis OTyUeHMsT HATTISITHBIX
pe3y/IbTaToB GBUIM MCIIOJIb30BaHBI MaTeMaTH4YecKue MeTOIbl MOJIEeNMpPOBaHMS Ha OOIIeno-
CTYIHBIX IIporpaMMax. B pesysbraTe MomenpoBaHMs IpeAJIOKeH BapMaHT JCIIOJIb30BaHMS
HedTenpoBoaa ¢ TEIION30JISIIMEN U OCYILIeCTB/IeHNS 3a6/IaTOBPEMEHHOTO IIPOBEIEHNUST MePO-
NIPUSITHUIL TI0 IIPenyIpeskIeHNIO Upe3BbIUaliiHbIX CUTYaIVii 00YC/IOBJIEHHOTO HedTepas/iMBOM
Y MaKCMMaJIbHO BO3MOXKHOTO CHYDKEHUs yliep6a.

Kniouesvie coea: 3aMep3anue, oTTaBaHue, MHOTOJIeTHeMep3/ible TIOPO/bl, HeQTenpoBo/, Ma-
TeMaTN4YecKoe MOJeIMpOBaHIe.
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Predicting the thermal impact of an underground oil pipeline
on the permafrost zone using mathematical modeling

T.R.Egorova', V. G.Kychkina', A.E.Kolesov'
TInstitute of Natural Sciences, M. K. Ammosov North-Eastern Federal University, Yakutsk, Russia

Abstract: In underground oil pipelines constructed on permafrost, where oil is transported
with heating, in addition to the processes associated with seasonal thawing and freezing of
soils, the thawing of permafrost from the thermal effect of the pipeline may occur. During
the thawing and freezing of the permafrost zone, ground soil heaving and subsidence of, ice
formation, waterlogging of the pipeline route are possible. As a result, there is a probability of
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spatial displacements, section buckling, pipeline deformations, which may ultimately lead to
emergencies. The paper investigates the thermal effect of an oil pipeline on the permafrost zone
using mathematical models. Stefan’s mathematical model is studied. It is proposed to use an
oil pipeline with thermal insulation and to take measures in advance to prevent emergencies
caused by oil spills and to reduce damage as much as possible.

Key words: Freezing, thawing, permafrost, oil pipeline, mathematical modeling.
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1. Introduction

The active development of oil and gas
fields in northern regions with permafrost
creates significant artificial impacts on the
fragile nature of the Far North [1].

One of the most important projects
that have been implemented is the Eastern
Siberia — Pacific Ocean (ESPO) trunk
oil pipeline system, which connects the
fields in Eastern Siberia with the ports of
Primorsky Krai, which provides for the
development of international exports.

In the territory of the Mirny and
Lensk Districts of the Republic of Sakha
(Yakutia), which belong to the Far North
regions [2], a two-threaded trunk oil
pipeline from the Srednebotuobinskoe
oil and gas condensate field to the ESPO
(SBOGSF- ESPO) was built. The pipeline
transports commercial oil with heating
from the Central Collection Point (CCP)
of the Srednebotuobinskoe field to the
Crude Metering Station of the Oil Delivery
and Acceptance Station (DAS) Lensk to
the Main Oil Pipeline of the ESPO The
pipeline is underground and has a standard
factory polymer insulation without thermal
insulation.

To prevent unproductive costs and
negative environmental consequences,
and to ensure safe and reliable operation
of pipelines built on permafrost, it is
necessary to take into account various
factors: movement and deformation of the
pipeline, thermokarst processes of ground
ice; frost cracking and ice formation;
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heaving processes; erosional activity of
temporary watercourses; dismemberment
of the terrain relief [3].

Mathematical modeling of heat transfer
problems is necessary to study the thermal
impact of pipelines on permafrost. The
finite element method is widely used
for numerical solution of heat transfer
problems. For instance, in [4,5], the finite
element method is used to estimate the
thermal impact of a Sino-Russian crude
oil pipeline in permafrost areas. In [6], the
temperature around a hot buried pipeline
in northern Alberta, Canada, is modeled.

The purpose of the work is to predict
the temperature interaction of the pipeline
with the permafrost. To achieve this goal,
we set the following tasks:

1. To investigate a mathematical model
of the heat transfer process with phase
change.

2. To model the thermal interaction of
the frozen ground with the oil pipeline.

3. To predict possible volumes and areas
of oil spills in case of pipeline accidents.

2. Theory

Permafrost covers about 24% of the
land area and more than 60% of the
territory of the Russian Federation [7]:
North America, Europe, Asia, Arctic Ocean
Islands, Antarctica. Permafrost soils are
complex multicomponent and multiphase
systems [8].

The design, construction, and operation
of trunk oil pipelines in areas of permafrost



distribution pose a number of problems
due to the climatic and geocryological
conditions of the area. These problems are
caused both by changes in the properties of
frozen soils, depending on the temperature
of the product being pumped and the
environment, and by the occurrence and
development of hazardous engineering-
geological processes in the zone of
influence of the pipeline (thermokarst,
waterlogging, frost cracks, soil swelling).
Variability and heterogeneity of soil
properties along the pipeline route and
uneven distribution of ice inclusions of
different shapes and sizes are observed.
Changes in thermal, physical, and
mechanical properties of soil during the
operation of pipelines rs in inhomogeneous
thawing of permafrost. Thawing of
permafrost, in its turn, is accompanied
by formation of a thawing halo around
the pipeline, uneven subsidence, and
deformation of the soil. As a consequence,
this can lead to bending deformations of the
pipeline, overstressing, and destruction [9].
Permafrost rocks give different sediments
depending on their structure [10].

2.1. SBOGSF — ESPO Trunk Oil

Pipeline

The first SBOGSF- ESPO trunk oil
pipeline was built of 273 mm diameter
pipes with10 mm wall thickness, factory
polymer insulation, and 09G2S steel grade.
The pipeline was put into operation in 2013.
The second pipeline had a diameter of 530
mm, wall thickness of 14 mm, polymer
insulation, and steel grade 17G1C-U and
was put into operation in 2017. These oil
pipelines are located underground.

To protect oil pipelines from
mechanical damage [11], the depth of the
pipeline should be no less than 0.8 m to
the top of the pipe in mineral soils and
0.6 m to the top of the ballast structures
in marshes of types | and Il. The facility is
classified as a hazardous production facility
based on the equipment operating under

overpressure greater than 0.07 MPa and
handling of a hazardous substance, i.e.,
commercial oil.

2.1.1. Hydrometeorological and
environmental features of the site

The climate of the Mirny and Lensk
Districts is sharply continental, with
low temperatures in winter and high
temperatures in summer, little cloudiness
and relatively weak winds, especially in
winter. Peculiarities of the winter period
are manifested in very low temperatures.
The absolute minimum reaches =57 °C.
The air temperature of the coldest five-day
period is =52 °C. Spring and early summer
are drier, with little precipitation and low
values of relative humidity in the daytime.
Annual precipitation ranges from 371 mm to
482 mm. Of these, 267 mm of precipitation
falls in April-October is. The distribution of
precipitation over seasons is very uneven.
Stable transition after +5° average daily
temperature usually occurs on the first
days of June, when the growing season
begins. Summer temperatures are low —
the absolute maximum air temperature
is +39 °C. The average maximum air
temperature of the warmest month 24.8 °C.

Summers are short but hot. The average
duration of the frost-free period is 162
days. Due to the possibility of Arctic
invasion, temperatures can be expected to
be relatively low in any summer month.
Absolute July minimum ranges from O to
minus 3 °C. The average duration of snow
cover is 202 + 205 days per year.

The combination of severe frosts with
little snow cover causes the soil to freeze to
a considerable depth. Soil freezing begins
in late September and continues late April.
The average annual temperature on the
soil surface is negative, an is minus 6 °C
+ minus 8 °C.

2.1.2. Geological and engineering
conditions of the territory

The pipeline area is located in an island
permafrost zone. The thickness of frozen
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Fig. 1. Photographs of the soil in the pipeline area

soil is 3.4-13.5 m. Their roof depth is from
1.5to 7.6 m. In terms of ice content, the soil
is soft. The prevailing temperatures range
from minus 0.2 to minus 1.3 °C. The total
length of the permafrost sites is 2427 m.

The ground is slightly aggressive
towards concrete. Corrosion activity of
soils in relation to steel is low to medium.
Hydrogeological conditions of the
route are characterized by the presence
of suprapermafrost and subpermeable
groundwater aquifers. Regarding the
degree of frost heave risk, seasonally
frozen soils are characterized as frost
heave, strong, excessively fluctuating.

2.2. Forecasting the volume and area of
oil spills

The construction and operation of oil
pipelines in permafrost zones disrupt
the dynamic balance, activate dangerous
natural processes, and adversely affect the
technical condition of oil pipelines, often
resulting in emergencies [10,12].

Accidents at the second pipeline are
the most dangerous with respect to large
volumes and areas of oil spillage. Due
to the nature of the construction sites
(marshes and water barriers), long distance,
high operating pressures, and other factors,
significant oil spills and contamination of
large areas are possible.
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Oil spills destroy virtually all life. When
contact with oil, vegetation dies completely
within 2-3 years, without regenerating for
a long time. Invertebrate animals also die
almost completely in the highly polluted zone,
and birds and mammals usually avoid it [13].

The volume of oil spills is predicted
according to the requirements [14]:

e pipeline at burst — 25% of the
maximum flow volume of 6 hours of
pumping and the volume of oil between
the shut-off bolts of the damaged pipeline

e pipeline at puncture — 2% of
maximum flow within 14 days.

Table 1 shows the maximum possible
oil spills in case of an accident at the
pipeline.

Table 2 shows the area of the oil spill
in the area.

The most dangerous emergency
situation caused by oil spills on the oil
pipeline system is an oil spill and leakage
from oil pipelines. The likely consequences
of a possible oil spill during accidents on
oil pipelines are:

e Release of pollutants into the
atmosphere as a result of evaporation of
oil from the spill surface

e Fire as a result of oil spill

¢ Explosion (flare) of fuel and air
mixture



Table 1
Maximum possible oil spills in pipeline accidents

Ne Maximum possible oil spill in an accident on a pressure pipeline, T
Pipeline name Name of simple pipeline Mo, Mo,
section

1 | SBOGSF — ESPO trunk oil Oil pipeline from CCP to 1069.7 862.4
pipelines D 273 bolt N2 5 (P200+30)

2 | SBOGSF — ESPO oil pipeline Oil pipeline from CCP to 2251.2 3835.4
D 530 bolt N2 4

3 | SBOGSF — ESPO oil pipeline Oil pipeline from bolt N2 13 1910.9 3835.4
D 530 to bolt N2 14

4 | SBOGSF — ESPO oil pipeline Oil pipeline from bolt N2 22 2795.6 3835.4
D 530 to RDP

5 | Oil-collecting inland pipeline Pipeline Node 2 — Node 4 113.1 333.4

Table 2
Oil spill area in the territory

Ne Pipeline Spill area, m?
Pipeline name Name of simple pipeline Soy, So,
section
1 SBOGSF — ESPO trunk oil Oil pipeline from CCP to 6219.3 5014.0
pipelines D 273 bolt N2 5 (P200+30)
2 SBOGSF — ESPO oil pipeline Oil pipeline from CCP to 13088.2 22299.1
D 530 bolt N2 4
3 SBOGSF — ESPO oil pipeline Oil pipeline from bolt N2 13 | 11110.0 22299.1
D 530 to bolt N2 14
4 SBOGSF — ESPO oil pipeline Qil pipeline from bolt N2 22 | 16253.4 22299.1
D 530 to RDP
5 Oil-collecting inland pipeline Pipeline Node 2 — Node 4 | 657.5 1938.3

e Release of toxic products of oil
combustion into the atmosphere in the
event of a spill

e Death and injury to personnel
(pipeline traversers) located in the area of
fire and explosion hazard zone during an
oil spill

 Pollution of the surrounding area

e Economic loss due to the disruption
of regular operation of the plant.

2.3. Modeling the thermal interaction
of an oil pipeline with permafrost

To mathematically model the
temperature interaction between the
pipeline with the soil, we use the Stefan
equation, which describes the thermal
processes taking into account the phase

transition, absorption, and release of latent
heat [15]

(C(9)+ mprq)')%—V-(k((b)VT) =0, (1)

where T is the temperature distribution,
m is the porosity factor, L is the specific
heat of ice melting, p,, is the density of
water. The coefficients of heat and heat
conductivity are defined as

C(9)=(1-9)C; +¢C,,1(¢) =
=(1=0)%, +dh,,, ,» (2)

where Cy, Cq, Ay, A7 are the volumetric
heat capacity and heat conductivity of the
thawed and the frozen soils, respectively;
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0 is the Heaviside function, which is equal
to 1 at positive temperatures and to 0 at
negative temperatures.

Equation (1) needs to be supplemented
with initial and boundary conditions. The
initial temperature of the ground will be
T,. Convective heat exchange with the
environment will take place on the day
surface. There is no thermal interaction on
the lateral and lower boundaries of the soil.
Finally, we also use a constant temperature
at the boundary between the soil and the
pipeline Tp.

To solve equation (1), we use the
FEniCS computational package [16]
to automate the numerical solution of
mathematical physics equations by the
finite element method in the Python
programming language. We use Gmsh to
generate the geometry and computational
mesh, we use Gmsh. All programs used in
the study are free and open source.

We model the temperature interaction of
an oil pipeline without thermal insulation
and with thermal insulation with permafrost.
We consider the two-dimensional model

problem [17]. The total depth of the domain
is 10 m, the width is 5 m. The domain has
the following structure: sand from 0 to 4
m, sandy loam from 4 to 5.5 m, and sand-
gravel mixture (SGM) from 5.5 to 10 m.
The distance between the two oil pipelines
on the axis is 5 m. Characteristics of the
pipelines are given in Table 3.

The initial soil temperature is Ty = —2°C.
Assume that the oil temperature in the
pipe is constant and is T = 33°C. Thermal
properties of thawed and frozen soil (sand,
sandy loam, SGM), steel, and polyurethane
foam are presented in Table 4.

We use the computational mesh with
53,377 cells for pipelines with thermal
insulation and the computational mesh
with 15,032 cells for pipelines without
insulation. The calculations were
performed with a time step of 1 day over
3 years (1,095 time steps).

The results of the calculations are
shown in Fig. 2 and 3, where on the left is
the temperature distribution in September
of the first year, and on the right is the
temperature distribution in February of

Table 3
Characteristics of oil pipelines
| pipeline Il pipeline
Outer diameter, mm 273 530
Wall thickness, mm 10 14
Steel grade 09G2S 17G1S-U
The location of pipeline center, mm 936.5 1065
The thickness of polyurethane foam, mm 44 70
Table 4
Thermal properties
Elements Heat volume C_10-¢ Heat conductivity k Latent
thawed frozen thawed frozen heat L-10-6
Sand 1.51 2.01 1.86 1.67 60.437
Sandy loam 3.15 2.35 1.51 1.7 71.957
GSM 2.51 2.06 1.42 1.84 64.769
Steel 461 80 7890
Polyurethane foam 1470 0.028 40
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Fig. 2. Temperature distribution without thermal insulation

Fig. 3. Temperature distribution with thermal insulation

the second. The solid white line shows
isotherms with a temperature of 0°C, i.e.,
the thawed soil zone.

Fig. 4 shows that if the oil pipeline is not
insulated, the permafrost will completely
thaw within a year and a half. That will lead
to soil subsidence. Note that the subsidence
of soils will be uneven depending on their

properties [18]. With thermal insulation, the
depth of soil thawing will reach up to 4 m
in summer, and in winter, the soil will be
completely frozen [19].

Conclusion
We conclude that when designing an
oil pipeline with heating in a permafrost
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Fig. 4. The depth of permafrost thawing
area, it is necessary to provide for thermal Also, we study the maximum possible

insulation. Construction of oil pipelines oil spills from a pipeline accident and the
with thermal insulation prevents interaction  area of oil spill in the territory and the
of thawing of the surrounding soil with the  consequences of possible oil spills from
pipeline [20]. accidents on oil pipelines [21].
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