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O EHKA 3KOJIOTUMYECKOI'O COCTOSSHUA
I'OPOOA HOPUJIBCKA
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AnHomauus: OLieHKa COBPeMEHHOT0 9KOJIOTMYeCKOTO COCTOSTHUS IIPOBOATCS 11l TEpPUTOPUA
ropozckoro okpyra Hopuibck KpacHosipckoro kpast ApkTyudeckoit 30Hbl Poccyn. Oco6eHHO-
CTBIO TeppPUTOPUM SIBJIsIeTCST QYHKIMOHMpPOBaHMe HOpMIbCKOro MPOMBIIIIEHHOTO KOMILIEKCa,
YTO OKasbIBaeT HeraTMBHOE BO3[eJCTBMe Ha paccMaTpuBaeMyl0 TeppUTOpMIO. BbisiBjieHMe
OYaroB 3ax/IaMJ/IeHUs] Ha3eMHBIX 00beKTOB B I. Hopuibcke IpOBeIeHO Ha OCHOBE METOAMKY
KOMIIJIEKCHOJ OLIEHKY COCTOSIHUSI TePPUTOPUM, TIe AMUCIOKAIMST MeXaHNUeCKOTo 3arpsi3HeHNsI
BBINOJTHEHA 110 JaHHBIM IIM(POBOI CIYTHMKOBOI CheMKU. B pesysbTare mcciegoBaHs aBTOPBI
MIPUILLIM K BBIBOAY, YTO OOIIasi IUIOIIA/Ib MEXaHWYECKMX 3arpsI3HEHUII COCTaBIIsIeT He MeHee
193,88 ra. YpoBeHb 3arpsi3HeHMsI KOMIIOHEHTOB OKPYKalolleli cpefibl MOKHO OXapaKTepu3oBaTh
OT «yMEepPEHHOI'0» /10 «OY€Hb BBICOKOIO». ABTOPBI TOAYEPKMBAIOT HEOOXOOVMOCTDb YCTPaHEeHNSsI
9KOJIOTMUEeCKOro Bpefia, HaKOIJIEHHOTO B pe3yJbTaTe NPOJ0/DKUTETbHOM U MHTEHCUBHOI f1es-
TeJIbHOCTH.

Kntouegvle c108a: HaKOIJIEHHBIN Bpel, OKPYIKaloOlLleil cpese, BO3LEACTBME HA OKPYIKAIOLIYIO
cpeny, 3arpsi3HeHye IPUPOLHOJ Cpelpl, 3axaaMieHne, MeXaHuYecKoe 3arpsi3HeHue, 9KOJI0-
I'MYecKoe OIPOGOBaHue.
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Assessment environmental condition of the city of Norilsk
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Abstract: assessment of the current environmental conditions is conducted for the urban
district of Norilsk, Krasnoyarsk Krai in the Arctic zone of Russia. The peculiarity of the
territory is the operation of the Norilsk industrial complex, which has a negative impact on
considered territory. Identification of foci of littering of surface objects in Norilsk was conducted
based on the methodology of complex assessment of the condition of the territory, where the
dislocation of mechanical pollution was completed according to digital satellite image data. As
the result of the study, the authors concluded that the total area of mechanical pollution in the
Norilsk is not less than 193.88 ha. The level of pollution of environmental components can be
characterized from “moderate” to “very high”. The authors stressed the necessity to eliminate
the environmental harm resulting from the long and intensive activities.

Key words: accumulated environmental damage, environmental impact, environmental
pollution, littering, mechanical pollution, environmental sampling.
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1. Economic use of the territory

The unified municipal entity “Norilsk city”
is represented by the cities of Greater Norilsk,
as also includes group of settlements (Talnakh,
Kaierkan, Oganeri, Snezhnogorsk). The total
area of land-use within the jurisdiction of the
administration is 4,500 km?2.

The Norilsk industrial complex
(hereinafter referred to as the NIC) is on
the area of about 2,600 kM2 in the south
of the Taimyr Peninsula and represents a

unified industrial mining and metallurgical
complex. The development of the area has
been carried out since 1935.

In the NIC, several key industries are
present (Fig. 1) [!], the basis of which is
the Transpolar branch of PAO Mining and
Metallurgical Company Norilsk Nickel.

The largest enterprise is the Transpolar
branch of PAO Mining and Metallurgical
Company Norilsk Nickel. The main
products of the enterprise are nickel,
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Fig. 1. Structure of NIC [4]
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cobalt, copper, platinum metals, aurum,
argentum. There are large deposits of
sulphur, ruthenium and tellurium, iridium,
aurum, and argentum in the subsoil that are
also being successfully developed.

High economic and financial efficiency
of MMC Norilsk Nickel provides for the
development of mineral resource base of
the Yenisey North, the introduction of metal
products to the global market, and, thereby, the
development of the economy of the territory,
the region, and Russia as a whole [1—3].

While the NIC adds to the state treasury, but
it also damages the environment and the health
of the city’s population through its negative
impact on the state of the environment [].

N, 88°10°34.69 E)

Fig. 2b. Bulk of rail delivery waste (69°19°24.28 N, 88° 3°44.86 E)

2. Assessment of the degree of littering

Identification of foci of littering of
surface objects and working out the
boundaries of areas with increased
risk of NCDs was conducted using the
methodology of comprehensive assessment
of the state of the territory[6, 7].

Dislocation of mechanical pollution of
the studied areas of the NIC was completed
according to digital satellite image data, as
well as photographic materials integrated
into information-mapping systems Google
Earth and Google Earth Pro. As an
example, space images! and photographic
materials assessing the present state level
of Norilsk city are presented (Fig. 2).

Fig. 2a. Fugitive dumping of construction, utility, industrial-rubber and other waste (69°22°36.96

1 According to Google Earth Pro ©Maxar Technologies, 2019.



Fig. 2c. Piling of industrial waste and metal
(69°19°28.81 N, 88°11°24.19 E)

On this territory, there are areas
of former economic use, which are
pockets of littering and displacement
of unaffected natural-anthropogenic
complexes. There is also a significant
amount of decommissioned or inactive
coal-pits, mines, adits with surface
facilities of industrial infrastructure,
discharge lines, sections of narrow-
gauge railroad, uninhabited settlements
with ownerless buildings, as well as
located within the boundaries of water
conservation and water protection areas
of water bodies.

The area of the territory subjected to
man-made impact was calculated with
scaling of space images in the contrast of
the objects studied by decoding features
using the built-in function of Google
Earth Pro.

Therewith, the total area of mechanical
pollution makes no less than 1 938 761
m2 (193,88 ha) or 0,04% of the total
area of Norilsk (4,5 thousands km2 or
450900.85 ha).

The displacement is of the areas is
characterized as “strong”.

The above sections present the sources
of negative environmental processes,
insofar as they produce:
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Fig. 2d. Piling of industrial waste and metal
69°19°7.54 N, 88°13°28.37 E

1) Mechanical impact due to
excavation and construction operations
during installation, reconstruction and
dismantling of industrial facilities and
littering of area with various wastes

2) Physical impact consists in
compaction of soil surface by different
types of covering and construction.
At the same time, there is a noticeable
compaction of soil change of its water,
thermal, gas and biological regime

3) Chemical impact is manifested
in direct and indirect pollution of the
soil stratum with toxic components -
spills and spillages of toxic materials
and fields, erosion of pollutants on
the surface and infiltration of grey
water from the territories of industrial
facilities. At the same time, f the danger
of soil contamination increases for the
northern regions, because in acidic,
cold, hydromorphic and oligohumus
conditions the degradation of organic
substances is not any faster [8]. The level
of chemical impact of the formed areas
of littering needs additional elaboration
in independent environmental sampling.

The level of chemical impact of
the identified littering sites requires
additional clarification in the process of



independent environmental testing, with
the involvement of “Arctic personnel” [9]

3. Impact of NIC production on the
environment

3.1. Atmospheric air pollutions

An assessment of the condition of
atmospheric air in the NIC area and
surroundings, based on the analysis of
materials from the Government report
[10], showed an insufficient number
of observations to obtain an objective
assessment of the quality of atmospheric
air. According to information from
the FSBI Central Siberian Territorial
Administration for Hydrometeorological
and Environmental Monitoring (TAHEM),
it is not possible to provide data on
background concentrations of pollutants
in the atmospheric air of Norilsk due to a
number of reasons: — Monitoring of the
condition of atmospheric air in Norilsk
has been carried out using a mobile
environmental laboratory only since 2014.

— Data on the condition of atmospheric
air in 2014 and 2015 are not available,
as observations during this period were
carried out in test mode.

— Observations in 2016 and 2017 were
carried out under a reduced program.

— Since 2018, atmospheric air
monitoring has been conducted under an
incomplete observation program.

During atmospheric air monitoring for
2016 — 2019, there is a violation of the
homogeneity of data series, the annual
volume of data of discrete observation
sample from a number of single
concentrations is less than 800 [11].

In general, in the atmosphere of the city,
there are registered exceedances of MPC
average daily and the highest single MPC
for the main substances — suspended
solids, SO,, NO,, NO, H,S [10].

The main sources of atmospheric
air pollution are industrial sources
of emissions of pollutants into the
atmosphere, coal mines, tailings of

industrial enterprises [12], as well as
motor transport. The Nadezhdinsky
Metallurgical Plant accounted for most of
the emissions.

The distribution of emissions in the
city of Norilsk looks like most of them
fall on the facilities of the Polar branch
of PAO MMC Norilsk Nickel (more than
1500 thousand tons). Emissions of JSC
NTEK (more than 10 thousand tons)
and JSC Norilskgazprom (more than 4
thousand tons) pollute the atmospheric air
to a much lesser extent [10].

An indirect indicator of atmospheric
air quality is the snow cover. It is a
good sorbent and accumulates pollutants
contained in the dust and gas emissions of
industrial enterprises and the automobile
exhaust gases [13, 14].

Information about the properties of the
snow cover in Norilsk and its surroundings
is limited due to small number of studies.
As a result of anthropogenic load,
the physical and chemical properties
of the Norilsk snow cover have
changed: alkalinity has increased, the
mineralization of melted snow water
has increased compared by 10.4—13.6
times compared to the background, and
the ionic composition has changed. City
snow water is characterized by sulfate
type mineralization, while the background
territory is characterized by sulfate-nitrate
composition of melt water. The priority
pollutants for the solid snow fraction of
the city are Cu, Co, Fe, Mn, Ni, Cr, Sr, Ba,
Ti, W, Cd, Zn. They come with emissions
of enterprises.

3.2. Pollution of vegetative ground
cover

Norilsk is located in areas of continuous
permafrost. This is due to low moisture
evaporation and the development of
gley formation processes. The soil cover
of Norilsk is highly heterogeneous and
consists of tundra clay soils, swamp and
alluvial soils. Soil-forming rocks are
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moraines and heavy loams of marine origin,
less often — light and medium loams [15,
16]. The main types of soils are located
in the area of strong thermal pollution
(metallurgical plant, heating networks),
which has a warming effect on the
permafrost for many years, and as a result,
on its spatial variability and degradation.
In the process of production activity of
the industrial complex in the territories
adjacent to the city of Norilsk, a man-made
landscape is formed with technogenic-
transformed soils formed as a result of
backfilling, deformation, deposition and
mixing of man-made substrates, soils and
underlying rocks [17]. Anthropogenic
impact on soils and vegetation cover is
caused by atmospheric transport of gas and
dust emissions from industrial plants and
through sludge reservoirs.

Anthropogenic emissions of sulfur
dioxide and sulfuric acid to the soil cover
of the NIC lead to acidification of soil
and accumulation of high concentrations
of sulf salts of not only of alkali and
alkaline earth elements, but also heavy
metals and their high mobility in soils.
In the upper horizons of contaminated
soilsgross content of Cu is higher than
Co and Ni, in contrast to the background
soils, this is due to a large intake of Cu
in the enterprise emissions. Penetration
of heavy in the soil profile spreads to an
average depth of 25 cm [16].

It is also noted [18] that the proportion
of heavy metals soluble in water,
specifically sorbed (flexible) compounds
associated with organic matter and with
amorphous Fe and Mn compounds
increases in contaminated soils. The
seasonal development of gleying processes
increases the mobility of Fe, Mn and
associated Cu, Ni and Co compounds,
which increases the likelihood of their
migration into water bodies.

Studies [19] have shown that Norilsk
city plants accumulate toxic substances
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that affect the growth and development of
higher plants.

The accident that occurred in 2020 at
the TPP-3 of AO NTEK with discharge
of diesel fuel into the environment
resulted in soil contamination of the
floodplain territory, while the territory
of the industrial zone of AO NTEK,
where liquidation works were carried out
including excavation and removal of soil
from the territory to storage facilities,
being affected to a greater extent.
Maximum concentrations of petroleum
products were recorded in the soils of
the land plot adjacent to the industrial
zone of AO NTEK, along the artificial
watercourse — 30 g/kg of soil. Soils
adjacent to the coastal zone, falling within
the water protection zones along the
Bezymyannaya and Daldykan rivers, were
polluted sporadically due to the features
of these water bodies (steep shores and
their high graveliness); the level of soil
pollution did not exceed 2—3 g/kg. The
soils of the floodplain of the Anbarnaya
River, which has a gentle stream, are
polluted, the maximum concentrations of
petroleum products were detected in the
peat horizons with maximum sorption
capacity. The level of impregnation with
petroleum products was 15—20 cm, in
some cases up to 30 cm, but further their
migration was prevented by a geochemical
barrier in the form of permafrost. Thus,
the level of soil pollution as a result of
the accidental spill is characterized as
“low””». The area of contamination was
about 50 ha.

3.3. Pollution of surface waters

Despite the available information [20,
21] on the characteristic of water bodies
in the area of Norilsk, the long-term
dynamics of the rivers of the north of the
Krasnoyarsk Krai belonging to the Pyasina
River basin, where the NIC is located,
remains poorly studied [22]. There are
no permanent water observation stations



here. So, it was only in the summer of
2020 that state monitoring was resumed
on the Barna River after the accident
that occurred as a result of an accidental
release of diesel fuel from the tank of
TPP-3 if AO NTEK.

Consistently high concentrations
(compared to MPC) of copper and nickel
compounds are associated with both
natural and anthropogenic factors of water
formation. The Norilo-Pyasinsky water
system catchment area is characterized
by distribution of sulfide copper-nickel
ores. Therefore, concentrations of copper
and nickel compounds in water bodies
are associated with a special geochemical
background [21].

The mining and smelting plant
discharges into the surrounding water
bodies untreated or insufficiently treated
wastewater in the amount of about
700 thousand m3/year [20], containing
suspended substances, sulfates of
chlorides, oil products. About 3 thousand
hectares are occupied by rock dumps
[22]. Engineering of the dumps does not
prevent heavy metals and other substances
from entering streams and water bodies

(Fig. 3).

About 3 thousand ha are occupied
by rock dumps [23]. Engineering of the
dumps does not prevent heavy metals and
other substances from entering streams
and water bodies (Fig. 3).

3.4. Pollution of bottom sediments

According to research data, in the
Norilsk Region there is enrichment of
bottom sediments of water bodies with
Sg, Ni, V and C, coming from enterprise
effluents, as well as from surface water
runoff. At the same time, the content
of such elements as Rb and Ag is
significantly lower [23, 24]. A particular
environmental danger to the Pyasino
ecosystem pose Hg and As, exceeding
the values determined in bottom sediment
samples from background areas [25, 26].

4. Conclusion and consequences

In the context of the studies performed
it has been established that on the territory
of Norilsk there are areas of the current
and past economic use, which are centers
of flooding of natural-anthropogenic
complexes. The total area of mechanical
pollution is not less than 193.88 ha.
Displacement of territories on these areas
is characterized as “strong”. The level of
chemical impact of of the formed areas

Fig. 3. Tailings pond of the Nadezhdinskiy Metallurgical Plant!

1 According to Google Earth Pro ©Maxar Technologies, 2020.
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of littering needs further elaboration in  “moderate” to “very high”. Consequently,

independent environmental sampling. the need to eliminate environmental damage
The level of pollution of environmental  resulting from long-term and intensive operation

components can be characterized from  of the NIC is more relevant than ever.
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BYPOBOW MHCTPYMEHT
HA MEP3JIbIX I'PYHTAX

N. MaprtioueHko', M. 3enuH’, C. NBaHoB!, A. KonecHukos!
T CapaToBCKMIN rocylapCTBEHHbIN TEXHUYECKUA yHBepcuTeT nmeHu larapuna tO. A, Capatos, Poccua

AHHOMauusi: PacKpbIBaeTcsl BaXXHOCTb UM aKTYyaJbHOCTb GYPOBBIX PaboT B paiioHe BEYHO-
Mep3JIbIX IPYHTOB. PaccMOTpeHBI Ipo6IeMbl, BO3HMKAONIMeE TIPY MpoBeleHuM GYPOBLIX pa-
60t B paitoHe ApkTukn. CylecTByomye GypoBble MHCTPYMEHTBI HENOCTATOYHO 3PEKTUBHO
paboTaioT M TPeGYIOT BBICOKMX SHeprosaTpaT IPM OCYIIEeCTBJIEHMH Ipolecca GypeHus, uTo
NPUBOAUT K CO3[,@HMIO HOBOJ KOHCTPYKLMM GypOBOro MHCTpyMeHTa. PaccMoTpeHa HoBasi
KOHCTPYKIMSI BMHTOBOTO GYPOBOTO MHCTPYMEHTa M NPMHIMUII eé B3aMMOJENCTBUS pabouei
NIOBEPXHOCTM C Mep3/IbIM IPYHTOM. llenblo TeopeTMdecKux Mcc/lefOoBaHWUii SIBJISJICS aHa/In3
Ipolecca B3auMO/Ie/ICTBMSI BTOPOrO yYacTKa paspylialouieli YacTy BUHTOBOI JIoNacTy Gypo-
BOTO MHCTPYMEHTa C Mep3/IbIM I'pyHTOM. OCYIIecTBIISIIOTCSI BhIBe[leHNsT 3aBUCUMOCTell 06111ero
KPYTSIIEro MOMeHTa IIpy paboTe BTOPOT0 yUacTKa pa3pylIalolleil 9acTy OT UCcC/IefyeMbIX Ma-
paMeTpOoB BMHTOBOJ jionacTy. IIpoBoauTcs: pe3y/bTarThl Mccaef0BaHMsl B3aMMOECTBIS BUH-
TOBOJI JIONIACTY Pa3pyLIAOLIel 9acTX BUHTOBOTO Gypa C Mep3/bIM IpyHTOM. IIpomsBoamTcst
TIOCTPOeHMe 3aBUCMMOCTY BeJIMUMHBI KPYTSIIEro MOMeHTa OT McC/leyeMbIX TreoMeTpUIecKux
napaMeTpOB BMHTOBOJ Jionacty 6ypa. OmpeziessioTcs: Ayana3oHbl palyoHaIbHbIX 3HaYeHM
ucciiefyeMbIX reoMeTpUIecKux IapaMeTpoB BUHTOBOJA JIOIIACTY BTOPOTO y4YacTKa paspyllao-
1Ie¥i YacTy BMHTOBOTO Gypa. [lenaoTcst BBIBOADI 06 3G PeKTMBHOCTI MCIIOIb30BAHNSI BUHTOBOTO
6ypa Ha Mep3/IbIX I'PYHTax Ilepefi CYIeCTBYIOMMMM OGYPOBBIMM MHCTPYMEHTaMM 3a CUeT pe-
anM3yeMoOro XapakTepa paspylleHust IPyHTa OTPLIBOM M Jla/IbHeJIIMM CABUIOM HOPOZbI M 006
IIepCIIeKTUBHOCTY MUCIIO/Ib30BaHMSI €r0 Ha Mep3/ibIX TPyHTaxX.

Knioueevie cnosa: BUHTOBOJ pa6ounit opraH, 6ypoBOit MHCTPYMEHT, MeP3JIblii 'PYHT, CKOJI TPYHTA.
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Drilling tools on frozen soils

I. Martyuchenko!, M. Zenin', S. lvanov!, A. Kolesnikov'
TYu. A. Gagarin Saratov State Technical University, Saratov, Russia

Abstract: The article reveals the importance and relevance of drilling operations in the area
of permafrost soils. The problems arising during drilling operations in the Arctic region are
considered. existing drilling tools are not efficient enough and require high energy costs during
the drilling process, which leads to the creation of a new design of drilling tools. A new design
of screw drilling tool and the principle of its interaction between the working surface and frozen
ground are considered. The purpose of the theoretical study was to analyze the process of
interaction of the second section of the destructive part of the screw blade of the drilling tool
with frozen ground. The dependences of the total torque during operation of the second section
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of the destroyng part on the studied parameters of the screw blade are derived. The results
of the study of the interaction between the screw blade of the destroying part of the screw
drill and frozen ground are carried out. The dependence of torque value on the investigated
geometrical parameters of the screw drill blade has been plotted. The ranges of rational values
of the investigated geometrical parameters of the screw blade of the second section of the
destructive part of the screw drill have been determined. The conclusions are made about the
efficiency of using the helical drill on frozen soils before the existing drilling tools due to the
implementable character of soil destruction by tearing off and further displacement of the rock
and about the prospects of its use on frozen soils.

Key words: screw working body, drilling tool, frozen soil, ground chipping.
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The introduction

Currently, the development of the
Arctic territories is one of the most
important urgent problems. Drilling
operations are among the most expensive
types of construction works. Special
natural and climatic conditions lead to
high demands, which complicates the
processes of construction and operation
of structures. The Arctic zone occupies
25% of the area of Russia, where
permafrost soils are widespread. Due to
the active development of these territories,
difficulties arise in drilling permafrost
soils [1—8].

The high cost of drilling for
construction in Arctic zones is due to a
number of problems.

The main physical and mechanical
property of frozen soils, especially frozen
sand, is strength. The strength of such
frozen soils is comparable to that of
concrete, and it is quite energy intensive
and expensive to overcome it with a
drilling tool. Also, frozen sand is highly
abrasive, which leads to wear of the tool
surface during drilling [9—15].

Analysis of existing drilling tool
designs has shown that current drilling
tools used in frozen ground carry out the
drilling process by cutting deformation
or compression of rock. This nature of
interaction of the working surface with
frozen ground is not effective enough and
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is an energy-consuming drilling process
[16—20].

Materials and methods

Improvement of existing and creation
of new screw drill designs is an urgent
scientific and technical task.

A screw drill consists of a core on
which a continuous helical blade including
a leading part and a breaking parts is
placed. The leading part has a constant
pitch and radius of the helical blade. The
breaking part, in its turn, is shaped as a
helical surface with a constant radius
increment per one turn relative to the pitch
of the tapered section of the blade. The
diameter of the blade coil on the breaking
part is larger than the diameter of the base
of the cone described by the edge of the
coils of the blades of the entering part. As
a consequence, there is an increase in the
pitch of the helical working body, relative
to the tapered traction part. The angle of
inclination of the forming upper surface
of the helical blade on the cylindrical
part of the tip to the axis of rotation also
changes its value.

The principle of operation is as
follows: the screw is brought into contact
with the frozen soil, then it is given an
axial thrust and torque by means of the
drilling equipment. The drill plunges
into the soil. At the same time, the soil is
pushed apart by the tapered core and the



pulling part of the constant pitch helical
blade and compacted in the directions
normal to their forming surfaces. As
a result of compaction, the soil in the
intertwist space is hardened and allows
the conical part of the blade to develop
traction capacity without being destroyed
by it [21].

The breaking part of the blade, which
works as a helical wedge, contacts
the ground after the entry part of the
blade. Due to its significant outreach,
by increasing the radius, and changing
the angle of inclination of the forming
upper surface of the helical blade to the
rotation axis, relative to the last turn of
the traction part of the blade, the edge of
the breaking part of the blade destroys the
soil, predominantly by shear deformation.
Namely, by increasing the radius of the
helical blade, the drill enters the ground,
working as a wedge, thereby forming
a crack and subsequent detachment by
changing the angle of inclination of
the forming upper surface and further
increasing the radius leads to the formation
of a borehole and a repeated process.

Let’'s take a closer look at the
destructive part of the screw drill. It
can be conventionally divided into two
sections, which implement the process of
breaking the ground.

The first section begins at the transition
point from the entry part of the helical
blade. It has a variable radius, which when
the tool is rotated by the radius rotation
angle, , increases to the value at which
the formation of the crack and further soil
detachment is observed. In the same way,
the angles of inclination of the upper and
lower formations of the helical surface of
the blade change.

The interaction of the helical blade is
comparable to the work performed by an
asymmetrically shaped wedge. As a result
of such interaction with frozen ground,
a wedging force arises due to the angles

of inclination of the forming upper and
lower surfaces of the helical blade.

When the helical blade interacts with
the ground due to friction forces, the
force vectors on the ground will deviate
in the direction of element introduction
by the value of the friction angle. In the
same way, the ground impact force will
be divided into horizontal and vertical
components. The horizontal component
will be of great interest for the formation
of cracks. At the same time for greater
efficiency of detachment of the soil and
lower value of energy intensity of this
process, it is necessary to comply with the
ratio of the following parameters: radius
of the screw blade on the second section
to the radius of the screw blade on the
first section and the radius of the screw
blade on the first section to the pitch of
the screw blade on the second section of
the destroying part of the screw drill.

Next, consider the second section. It
has a variable radius, which increases to
its maximum value when the tool is rotated
by the angle of rotation of the helical blade
radius, at which the increment occurs. In
this case there is a change in the angle of
inclination of the upper formative to 90
degrees and an increase in pitch relative
to the pitch of the traction part.

The second section during the
operation of the destroying part of the
screw drill is necessary to create an open
surface, providing the formation of a crack
at an angle to the axis of the well, which
contributes to obtaining a wellbore with
a diameter larger than the diameter of the
destroying propeller blade. The process of
interaction of the helical blade located on
the second section during the work of the
destroying part is shown in Fig. 1.

As seen in Figure 1, the helical blade
penetrates the ground in the same way
as in the first section, and the borehole
is formed due to shear deformation. A
change in the angle of inclination of the
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Fig. 1. Calculation scheme for determining the shear force of the soil by the helical blade of the
second section from the angle of inclination of the middle helical line

upper forming surface leads to a change in
the direction of the horizontal component
of the force acting on the ground by the
helical blade of the second section, which
indicates an increase in the shear force
and a decrease in the energy intensity of
soil destruction. With the given values of
the angles of inclination of the upper and
lower surfaces of the helical blade, the
maximum effect on the formation of the
borehole is achieved.

The second section has an increased
pitch, which provides soil shear on the
cylindrical surface, covering the edges of
the propeller blade.

Research results

An important criterion for the efficiency
of the helical drill operating process is
the torque, which determines the energy
intensity of the drilling process. The main
parameters influencing the torque from
the process of breaking the ground with
the drill are the geometric parameters of
the screw blade of the breaking part.
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The purpose of theoretical studies was
to determine rational parameters of the
screw drill, at which the torque value will
be the lowest.

The magnitude of the torque arising on
the second section during the interaction
of the helical blade of the destroying part
has the following form:

My= Py -y, 1)

where, horizontal component of the
resultant ground shear force of the helical
blade of the second segment of the
destroying part.

To determine the torque arising from
the operation of the screw blade of the
second section of the destroying part, it
is necessary to determine the horizontal
component of the resultant shear force of
the soil by the screw blade.

Horizontal component of the resultant
soil shear force by the screw blade, arising
on the upper surface of the screw blade of
the second section of the destroying part
is as follows:



P4x= P4n'5in((*02)’ (2)

where, P,, — the resultant shear force of
the soil arising on the upper surface of the
screw blade of the first section.

The resulting shear force of the soil
by the helical blade is determined by
Coulomb’s law:

P4n= T'Fcp,’ (3)

where, Feo,— ground shear area, m2.

The dependence of the horizontal
component of the resultant shear force on
the geometric parameters is as follows:

P, =1t (2-1'ry-hy)-sin(m,). (4)

Considering the obtained expressions,
the value of the torque arising from the
action of the screw blade of the second
section will be:

M, = (v (21 ryhy)-sin(®,))(r)- (5)

Results

The main parameters influencing the
value of the torque during operation of
the helical blade of the second section
of the destroying part are geometrical
parameters of the helical blade of the drill.

Dependences of the torque on the angle
of elevation of the middle propeller blade
on the second section and on the ratio of
the propeller blade radius on the second
section to the pitch of the propeller blade
on the first section are shown in Fig. 2.

Dependences of torque on the angle
of rise of the middle screw blade on the
second section and on the ratio of the
screw blade radius on the second section
to the pitch of the screw blade on the first
section have a linear character. With an
increase in the angle of rise of the mean
helical line of the propeller blade of the
second section of the breaking part, there
is an increase in the value of torque. The
same character corresponds to an increase
in the ratio of the helical blade radius
on the second section to the pitch of the
helical blade on the first section, which

also leads to an increase in the value of
the torque.

It was found that the lowest value
of the torque of the drilling process is
achieved when using a helical drill with
the following geometrical parameters: the
angle of rise of the average helical line of
the helical blade of the second section of
the breaking part is in the range of values
, the ratio of the radius of the propeller
blade on the second section to the pitch of
the propeller blade on the first section is
in the range 1.55...1.7.

Further decrease in the values of
geometrical parameters, as it can be seen
from the graph in Fig. 2, leads to the zero
value of the torque value on the second
section of the destructive part of the screw
drill, which is caused by the termination
of the screw blade operating process.

Conclusion

As a result of theoretical research, we
obtained that a new design of drilling
tools and new method of impact on the
ground, which leads to shear deformation
and detachment, allows to reduce the
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Fig. 2. Dependence of torque on the angle of
elevation of the middle propeller blade on the
second section and on the ratio of the radius of
the propeller blade on the second section to the
pitch of the propeller blade on the first section
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energy costs of the drilling process in
frozen soil. This way of interaction
of drilling tool with frozen soil is a
promising direction in drilling for
construction in the Arctic zone.

As a result of the analysis it has
been established that using the obtained
rational values of the angle of rise of the
average helical line of the upper surface
of the screw blade on the second section
of the breaking part and the ratio of the
radius of the screw blade on the second
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KOPPEKIIUS INTYBMHHO-CKOPOCTHbBIX
MOEJIEM METOIOM I'PABUMETPUYECKOM
PA3BEIKU OJ11 TPYOIHOOOCTYIIHBIX
VYUACTKOB HIEJIb®OBOM 30HbI

T. Munranesa', I. Topenuk’, A. Eropos!, B. [ynun?

' CaHkT-TeTepbyprckuii ropHbin yHnBepcuteT, CaHKT-lMeTepbypr, Poccus;
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AHHomauusi: B HacTosiiee BpeMsi 60JIbIIOe KOJIMYECTBO MECTOPOXKIEHMI HePTH 1 ra3a JocTa-
TOYHO pa3Be/laHbl, a NOTPEGHOCT B TOI/IVMBHBIX PECYpcax ¢ KaxKIbIM roioM pacret. [losTomy
HedTera3oBble KOMIAHMM HAUYMHAIOT pa3pabaTbiBaThb OOGBEKTHI CO C/IOKHBIM Ie0IOrMYecKuM
CTpOEeHMeM MM OGBEKTBI, PACIIOIOKEHHbIE B TPYIHOJOCTYIIHBIX MeCTaxX, K KaKMM OTHOCUTCSI
ApxkTyyeckast 30Ha. V3-3a K/IMMaTHYeCKUX OCOOEHHOCTEN He BCSI TEPPUTOPUS APKTUYECKOTO
menb¢a usyueHa NpsSIMBIMM MeTO/laMM reosioropa3Befikyu. OfIHaKoO IepCIeKTUBHOCTb TEPPUTO-
pum TosIKaeT HedTera3oBble KOMIIAHMY Ha Pa3pabOTKy HOBBIX a/IFOPUTMOB C MCIIOIb30BaHMEM
GBICTPBIX ¥ JOCTYIIHBIX METO/IOB reo¢u3uku. TakuM o6pa3oM, B JTaHHON paboTe OIMCAH OOVH
13 aJITOPUTMOB MHTEPIIPeTalUy JaHHbIX, KOTOPBII IPEATIOIOKUTEIBHO MOYXKET OBITh Peasn30-
BaH [JIs1 y4aCTKOB C MMHMMAaJIbHOM anpuopHoii nHpopMaimeii. OCHOBHas ujiest CTaTby — KOpP-
PeKIusI CTPYKTYPHBIX ITOCTPOEHMI Ha OCHOBE MCII0/Ib30BaHusI MeTo/la IpaBUpasBefKi B YCII0-
BUSIX OTCYTCTBMSI Ha M3y4aeMoit TeppuTopum ckBaskuH. 1o pesysbraTaM mcciegoBaHIii aBTOPBI
IIpefjiaraloT MCII0Ib30BaTh KOMILJIEKCHYIO MHTePIIpeTalMio IPaBUTAIIIOHHBIX U CeICMUYECKIX
JaHHBIX [IJIS1 CHYDKEHMSI HEOTHO3HAUYHOCTY PelIeHNsI OOpaTHbIX 3aad.

Knrouesvle ciosa: celicMmopa3Besika, rpaBupa3BeKa, COBMECTHAsI MHBEPCUSI, MOZIe/IMPOBaHMKeE,
mesnbdoBast 30Ha.

Jnsa yumuposanus: Murveanesa T., Iopenuk I., Ezopos A., I'ynux B. Koppekuust IyGMHHO-CKO-
POCTHBIX MoZesleii MeTOAOM IpaBUMeTPUUECKOl pasBefKM [Jis TPYAHOLOCTYIHBIX YYaCTKOB
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Correction of Depth-Velocity Models by Gravity Prospecting
for Hard-to-Reach Areas of the Shelf Zone

T. Mingaleva', G. Gorelik!, A. Egorov', V. Gulin?

1 St. Petersburg Mining University, St. Petersburg, Russia;
2 Gazpromneft NTC LLC, St. Petersburg, Russia

Abstract: a large number of oil and gas reserves are now well surveyed, while the demand for
fuel resources continues to grow year by year. As a result, oil and gas companies have started
to develop sites with complex geological structures or located in virtually inaccessible regions,
such as the Arctic zone. Due to climatic conditions, not all of the Arctic shelf has been surveyed
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via direct exploration methods. However, the untapped potential of the region provides an
impetus for oil and gas companies to develop new processes that use quick and accessible
geophysical methods. This work outlines one such data interpretation algorithm for potential
use in locations about which minimal information is known in advance. The main idea of this
article is to correct structural constructions based on the use of gravity prospecting in the
absence of wells in the study area. Based on the results of the study, the authors propose to
use an integrated interpretation of gravity and seismic data to reduce the ambiguity of solving
inverse problems.

Key words: seismic survey, gravity survey, joint inversion, modeling, shelf zone.

For citation: Mingaleva T., Gorelik G., Egorov A., Gulin V. Correction of Depth-Velocity Models
by Gravity Prospecting for Hard-to-Reach Areas of the Shelf Zone. MIAB. Mining Inf. Anal. Bull.

2022;(10-1):77—86. [In Russ]. DOI: 10.25018/0236_1493 2022 101 0_77.

Introduction

The trend the mining industry as a
whole and of the oil and gas industry
in particular is that the already surveyed
inland reserves are gradually becoming
depleted [1]. In response, oil industry
experts are paying significant attention
to shelf areas [2, 3]. The Arctic shelf
area in Russia is the largest of its
kind in the world, and is considered a
high-potential region [4-6]. Several
oil and gas fields are being developed
in the western part of the Arctic basin.
However, the eastern part of the region,
which also has high-potential oil and
gas sites, is very poorly studied in terms
of available geological and geophysical
data. This is due to unfavorable climatic
conditions in the region, due to which the
sea is covered with ice for long periods.
The study of hard-to-reach territories
with inaccessible geological and
geophysical data and underdeveloped
infrastructure is a topical issue for
the long-term development of the oil
and gas industry, including taking into
account the environmental component
[7]. Numerous authors [8-10] have
devoted their attention to the problem
of hydrocarbon extraction in difficult
geological conditions, and prioritize the
development of new approaches [11],
designed to significantly improve the
process of geological exploration.
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It is also worth noting that practically
no drilling has been carried out in the
eastern part of the Arctic, since the lack
of preliminary information about the
geological structure of the area when
drilling is costly and risky for oil and gas
companies [12]. In the early stages of
geological exploration for any investigated
area, in addition to the results of seismic
survey, there are also data on potential
fields that may be useful for complex
interpretation of the data. Accordingly,
the development of new techniques for
joint processing and interpretation of
geophysical data allows for the creation
of an initial geological model of the
environment that includes all specific
features of the seismic survey and data
on potential fields. This will significantly
reduce the cost of the work and reduce the
time of geological exploration.

1.1 Joint Inversion

Physical-geological modeling is an
important stage in understanding the
geology of the site in question. The
creation of a physical-geological model
usually involves the use of a range of
geophysical methods that enable the
creation of a model that accounts for the
specifics of each geophysical method.
Different approaches to inversion of
geophysical fields have their positive and
negative results. In this case, inversion
is understood as solving an inverse



problem, i.e., determining the parameters
of the object of study by measuring
the geophysical fields. Inversion can
be carried out independently for each
method, and the final results can be
simply collated by the interpreter. It is
also possible to conduct a joint inversion
using several geophysical methods as part
of the process.

The majority of sources analyzed by
the authors [12-15] feature examples of
the advantages of joint inversion. The use
of an additional method in interpretation
helps to reduce the ambiguity of
the solution of the inverse problem
[16, 17]. This approach also helps to
reduce the number of model variants
of the environment studied [18], which
significantly improves the reliability of
the interpretation work.

There are several joint modeling
approaches [19]:

1) sequential, or iterative, inversion
by each method in which the results
are ultimately interpreted together.
Frequently, formulaic dependencies are
used to link the parameters of several
methods. In international works, this
approach is referred to as “cooperative
joint inversion”.

2) Inversion of multiple methods in
one dataset. This modeling approach is
called “simultaneous joint inversion”.

The term “simultaneous joint
inversion” is more precise and includes
the aforementioned joint inversion of
parameters of each examined geophysical
method in one objective function (or
matrix). The essence of the method
is the selection of the most correct
relationship between all the data [20]. As
with cooperative inversion, the goal is to
reduce the ambiguity of solving inverse
problems by utilizing the strengths of
each method. In most cases, this approach
is automated in nature, and computers are
used to significantly simplify the task.

There is no single agreed-upon
definition of cooperative inversion, since
different researchers interpret it differently
in their works [21, 22]. The term is used
by a wide range of authors, and mainly
in international publications. One group
of authors [6, 20] defines “cooperative
inversion” as application of measured
parameters of different geophysical
methods regardless of the process of
simultaneous sequential data inversion.
An article by a group of researchers led by
M. Moorkamp [23] describes the adoption
of an iterative approach to conduct the
inversion of a certain set of parameters of
one method, with the obtained data then
being linked by a functional dependency
with parameters of another method. The
authors of a different article emphasize
that in cooperative inversion one
method enables the placement of certain
restrictions on the other method [24].

1.2 Functional relationships between
the physical parameters «velocity-density»

As mentioned above, there is a
functional relationship between the
velocity and density parameters. This will
be discussed in more detail below. The
known formulas for recalculating velocity
and density are empirical in nature and
have been derived based on numerous
direct observations of conditions in the
field. However, in most cases, real-world
geological conditions are complex. It is
difficult to link certain dependencies to
the parameters of such environments, and
sometimes quantitative assessment is not
feasible. Birch and Gardner’s empirical
relations are used to examine simpler
geological conditions.

Birch’s empirical formula is as follows:

G=%x-v,+Y, 1)

where x and y are coefficients of the linear
regression equation, ¢ is density (g/m3),
and vp is the velocity of longitudinal
waves (m/s). This relation is used for deep
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exploration, and in addition to the usual
metrics, also accounts for metrics such as
temperature and pressure.

Gardner’s empirical relation is of great use
in oil and gas geophysics, and is better suited
for working with sedimentary rocks [25]:

cza-ul;, (2)

where G represents density (g/cm3), a and
b are coefficients determined from well
log data, vp is the velocity of longitudinal
waves (m/s). The correlation is based on
the tendency for the values of velocity
and density to increase with depth [25].
As Gardner’s formula is empirical, and
derived based on a range of experimental
data, its use may more accurately represent
real-world environmental properties.

The first relation (1) is used to describe
regional data, including studies of the
mantle. The second formula (2) is mainly
used to describe the parameters of the
sedimentary cover, which aligns with the
objectives of oil and gas geophysics. For
this reason, this relation was chosen for
further work.

Research results. The idea of seismic
density modeling

One of the most significant results of
seismic surveys are maps of reference
surfaces. to determine the depth of the
reflecting horizons, it is necessary to know
the average velocity of wave propagation
in the overburden [6]. When processing
seismic data, the effective velocities are
determined from the travel time curves of
the reflected waves. The correspondence
of average velocities to the effective
velocities is reliably determined only
for a homogeneous isotropic model
of the medium. In practice, with non-
homogeneous and anisotropic media,
an empirical dependency of the average
velocity on the effective velocity is
established, which requires processing and
interpretation of well data. In the absence
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of well data, it is possible to estimate the
effective depth (heff) using the formula:

hy =2, (3)

eff 2
where t, is vertical time (round-trip
propagation time), and vst is the stacking
velocity.

Gravity surveying can serve as a
supplementary method for interpreting
seismic reflection methods. Gravity
explorations are low-cost and logistically
simple, which is why they are often
used on the shelf alongside seismic
exploration. Gravity data can be used in
a comprehensive interpretation to limit
possible options for solving the inverse
problem when correcting for depth-
velocity models.

The following procedure is carried out
based on Gardner’s formula:

1. Conversion of velocities obtained in
velocity analysis into interval velocities
(using the Urupov-Dix formula) [26].

2. Conversion of interval velocities to
density (using Gardner’s formula).

3. Density inversion and obtaining
corrected densities for each layer.

4. Correction of interval velocities,
taking into account density characteristics
(using Gardner’s formula).

5. Correction of the depths of reference
horizons.

The procedure is presented in visual
form in the block diagram in Figure 1.

Testing of seismic density modeling
algorithm in the shelf zone of the East
Siberian Sea

The site is located on the Arctic shelf
in the East Siberian sea. The authors of
the article [27] consider the sea shelf as
a promising location of hydrocarbons.
Geological and geophysical data on the
region are limited, as the sea is covered
with ice for the most of the year [27,
28]. The nearest wells are located at a
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Fig. 2. Geological cross section of the area located on the shelf of the East Siberian Sea

considerable distance. The possibility of
drilling parametric wells on the shelf of the
East Siberian Sea is still difficult. This is
due to difficult weather conditions and, as a
result, rather expensive logistics and the cost

of geological works. To choose a profitable
drilling site, oil and gas companies try
to carry out geological exploration using
geophysical survey tools in advance because
of the cheapness of the methods used. The
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Fig. 4. 3D model of the examined site

geological environment may have a rather
complex structure, which may not be
reflected in the seismic data. Accordingly,
the need to use additional geophysical
methods to refine the geological structure of
the territory increases significantly. Figure
2 shows an approximate geological cross
section of the territory.

The initial data provides a map of the
gravity field, velocity cross sections and
structural maps for the bottom, potential
structure and bedrock (Fig. 3 and 4).
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Structural maps formed the basis of
3D models (Figure 11). Depths were
established as a result of velocity analysis
and were not confirmed by drilling data.

At the first point, the velocities obtained
from the hodographs were converted into
interval velocities (vi) for each layer
according the Urupov-Dix formula [26]:

o (oé-Tz)—(of-Tl), @
(T, -T,)




where v; and v, are the effective velocities
for the top and bottom respectively; T1
and T2 are the vertical time for the top
and bottom, respectively.

The next step was to recalculate
the interval velocities in density using
Gardner’s empirical relation [25]:

6=0.31-v"%, (5)

where ¢ is density (g/cm3), and v; is
interval velocity in the layer (m/s).

Each layer of the depth-velocity model
received its own density distribution, which
was limited to approximately the density
range in accordance with the little available
information from the drilling data for the
nearest surveyed region [27, 30]. The table
below shows the density data for each
layer before and after the density inversion.
The results of the density inversion for the
practical model are shown in Table 1.

The density inversion was conducted
from the lower to upper layers. The
marginal error value was set in the input

a)

Depth. m

parameters. Since the goal was to reduce
the discrepancy between the calculated
gravity fields from each structure and
the observed gravity field, the values of
the marginal error in the inversion were
taken from 1 to 0.1 mGal, decreasing
from horizon to horizon. The solution
of the inverse problem was based on
‘lateral’ density inversion. This approach
is based on E Packer’s algorithm [31],
in which density in the layer changes
laterally, and vertically is constant. In
the density inversion, the gravitaty effect
was calculated for each layer and then
subtracted from the observed field [32].
Residual local anomalies formed a new
distribution over the layer, refining the
location of density inhomogeneities. While
conducting inversion from layer to layer,
the magnitude of the discrepancy between
the observed and calculated gravity fields
decreased. As a result of the inversion,
the densities in each layer were corrected
for the existing gravity field (table 1,

b)

90 1 ) O

\\‘\*\ \"\‘\\ \$® EAIRT R R e
s i e D

Fig. 5. Fragments of structural maps for the prospective horizon obtained before (a) and after (b)
velocity refinement (red line indicates the area of refinement of structural constructions)

Table 1

Results of the density inversion for the examined environmental model

Structure name Densities before inversion, Densities after inversion,
g/em? g/cm’
Bottom of the sea 1.95 1.95
Perspective structure 2.008—2.278 2.001—2.282
Foundation 2.007—-2.762 2.079-2.814
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column 2). The corrected velocities were
then calculated using Gardner’s formula
and used as the basis for the updated
depths in the modeled cross section.

The end result was a corrected depth-
velocity model. A structure presumably
containing potential areas of oil and gas was
used as an example. After seismic density
modeling, it was possible to refine the
geometry and position of several structures on
the map (Fig. 5) so that the resulting model
complies with seismic and gravimetric data.

Conclusion

The results of seismic density
modeling demonstrate the applicability
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OIITUMMU3ALIUSA CBIPBEBOM CMECU
C UCIIOJIb3OBAHMEM TEXHOI'EHHbBIX OTXOIOB
OJ1d ITPON3BOOCTBA HEMEHTHOI'O KJIMHKEPA
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AHHOmauus: TIpefiCTaB/IeHbl pe3y/bTaThl BO3MOKHOCTM MCIIO/Ib30BaHMSI T€XHOT€HHOTO ChI-
PBSI IyTeM IepepaGoTKM ero KaK BTOPUYHOTO MYHEPAIbHOTO ChIPbsl, B YaCTHOCTM, TEXHOT€H-
HBIX XBOCTOB HaJeXIMHCKOro MeTa/uTyprudeckoro KOMOMHATa, IIJIAKOB METHOTO IIPOU3BOJI-
CTBa TOPHO-MeTa UTypruueckoro koM6uHara «HOpuIbCKMiI HUKeIb» IIyTeM IMepepaboTKM UX
KaK BTOPMYHOTO MMHEPAJIBHOTO ChIPbSI C IIe/IbI0 CHVDKEHMS UX aHTPOIIOTeHHOe BO37eliCTBMe
Ha OKPY’KaIOUIYI0 CPefy apKTMYEeCKOro pervoHa. B "acTHOCTHM, GBIV IPOBENEHbI UCCIIENO-
BaHMSI IO ONTMMM3ALMM COCTaBa ChIPbEBOM CMeCU UM XMMMKO-MMHepPaJorM4yecKkoro cocraBa
LIeMEeHTHOro K/JMHKepa. OnTuMusauusi IpoBOAM/IACh C IIOMOIIBIO IIPOrPaMMHOIO KOMILJIEKca
«ROCS», mpegHa3HAYeHHOTO [IJISI pacyeTa ¥ ONTMMM3aluy LIeMEeHTHBIX ChIPbeBbIX CMeceil B 3a-
BUCUMOCTY OT K03QuiMeHTa HacbhILeHNsI, C OIpee/leHMeM ITIOKOMIIOHEHTHOTO XMMIYeCKOro
coCTaBa CbIpbeBOJ CMeCU M LIeMeHTHOr0 KJIMHKepa, MYHePaJIornueckoro cocTaBa 1eMeHTHOTO
KJIMHKepa, TersioBoro agp¢exra oGpasoBanus kimHkepa (FEC) u pacxoma ToIumMBa Ha OGKUT
(Gfuel). B xone IpoBeeHHBIX MCC/IEIOBaHMI YCTAHOBJIEHO, YTO: TEXHOTEHHOE ChIpbe B BUJE
OTBaJIbHBIX XBOCTOB M IIUTAKOB ITPOM3BOJCTBA MeIY MOXKET OBITh MCIIOJIb30BAaHO B KAuecTBE
BTOPMYHOT'O MMHEPAIbHOTO ChIPbsI [/ IIPOM3BO/ICTBA 1IeMEeHTHOTO KJIMHKepa; B 3aBUCUMOCTH
oT K03 duIneHTa HACBIIEHNSI BO3MOXKHO IIOJIy4YeHNe IIeMEHTHOTO KJIMHKEPA OIpeesIeHHOTO
MUHepaJornIecKoro CoCTaBa, Kak HM3KOOCHOBHOTO (G€/INT), TaK M BBICOKOIIEIOYHOTO (aInT);
B 3aBMCMMOCTY OT MMHEPAJIOIMUECKOro COCTaBa K/IMHKEpa ONTMMAJIbHBIN COCTAaB ChIPbEBBIX
cMeceit 17151 6eTMTOBOro (HM3KOOCHOBHOTIO) [[EMEHTHOTO K/IMHKepa-u3BecTHsIKa — 72,97%; ot-
BasibHbIe XBOCTBI — 0,71%; miak — 26,32%, a ais aaura (Bmcoxonpqublﬁ) — U3BECTHSIK —
81,71%; oTBasbHbIe XBOCTBI — 3,52%; miak — 14,77%.
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Abstract: This article presents the results of the possible utilization of technogenic raw
materials, in particular, technogenic tailings of the Nadezhdinsky Metallurgical Plant, slags
of copper production of the mining and metallurgical plant Norilsk Nickel by processing
them as secondary mineral raw materials in order to reduce their anthropogenic impact on
the environment of the Arctic region. In particular, studies were conducted to optimize the
composition of the raw material mix and chemical and mineralogical composition of cement
clinker. optimization was carried out using the software package “ROCS”, designed for the
calculation and optimization of cement raw mixes depending on the saturation coefficient,
with determining the component chemical composition of the raw mix and cement clinker,
mineralogical composition of cement clinker, the thermal effect of clinker formation (FEC) and
fuel consumption for firing (Gfuel). In the course of the research it was found that: technogenic
raw materials in the form of tailings and slags of copper production can be used as secondary
mineral raw materials for cement clinker production; depending on the saturation coefficient,
it is possible to obtain cement clinker of a certain mineralogical composition, both low — base
(belite) and high-base (alite); depending on the mineralogical composition of clinker, optimal
compositions of raw mixtures for belite (low-base) cement clinker-limestone are as follows:
72.97%; dump tails-0.71%; slag-26.32%, and for alite (high — base) — limestone-81.71%; dump
tailings-3.52%; slag-14.77%.

Key words: cement clinker, industrial waste, optimization.
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Introduction

The Russian Arctic zone today is one
of the priority areas of development in
economic and environmental terms. Over
the years of industrial development of
the Arctic zone of Russia, a significant
number of industrial enterprises of
chemical oil, gas, mining and processing,
mining and metallurgical, and a number
of other industries have been put into
operation. [1—16].

Today, the Arctic produces products
that provide about 11% of Russia’s
national income (with a population of 1%
living there) and account for up to 22%
of all-Russian exports. The region has a
multidisciplinary industrial and social
infrastructure, which consists mainly of
the raw materials sector of the economy,
as well as military-industrial and transport
(the Northern Sea Route — NSR)
complexes [1—4, 17].

Most types of specialized products of
the North have no alternative in terms
of possible production in other regions
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of the country or import purchases. In
fact, no branch of the Russian economy
and social sphere can function without
fuel, energy and other resources extracted
and produced in the northern regions.
At the same time, the development of a
significant number of fields in the Arctic
zone creates many problems and requires
significant economic investments. In
addition, new mining and transportation
technologies are needed to ensure the
preservation of the Arctic environment
[2—4, 17].

In the Russian part of the Arctic zone,
27 sites have been identified (11 on land,
16 in the seas and the coastal zone),
which have received the name “impact
sites” and which represent the four main
centers of anthropogenic tension — the
Murmansk region (with a total emission
of pollutants — 10%), the Norilsk
industrial area (just over 30%), areas of
development and operation of oil and gas
fields in Western Siberia (just over 30%),
and the Arkhangelsk region, where a high



degree of pollution by specific substances
is observed) [2—4, 18].

In these regions, the anthropogenic
impact on the environment has already
led to serious violations of the natural
geochemical background, significant
pollution of air, soil, subsoil, vegetation,
penetration of harmful substances into the
food chain and growth of morbidity of the
living population [19—22, 57].

An extremely acute problem for the
Arctic is the disposal of accumulated
industrial waste, which has accumulated
in huge quantities and continues to
accumulate around industrial enterprises
in the form of dumps, tailings ponds,
sludge reservoirs, etc. [2—11, 23— 30].

Today, the accumulated industrial waste
is a constant source of environmental
threat objects of pollution in the Arctic
territories. One of the most dangerous are
wastes and abandoned areas of mining
and industrial production, especially those
associated with the extraction of raw
materials for non-ferrous metallurgy and
with the use of amalgamation method in
the technological cycle of their production
[1—4, 23—-36].

The Arctic, due to its natural and
climatic conditions at the present stage
of its development, is not able to recycle
huge amounts of accumulated waste
from various industries and enterprises
even over hundreds of years [1—4,
23—38]. In this regard, today the
problem of processing [39] and disposal
[40] of daily generated industrial and
accumulatedindustrial waste, which is the
main problem of pollution of the natural
environment of the region is acute.

A similar technogenic source of
pollution of the Arctic environment is
the accumulated dump tailings of the
Nadezhdinskiy Metallurgical Plant (NMZ)
and slags from copper production at the
Norilsk Nickel Mining and Metallurgical
Plant. They have accumulated in huge

quantities, amounting to tens of millions
tons and occupy large areas of land for
waste dumps and tailings, while polluting
the environment, having negative impact
on the air, soil, surface and underground
water, flora and fauna, and, of course,
negatively affecting the lives and
health of people living there. Currently
functioning industrial enterprises and
production facilities of Norilsk mining
and metallurgical Plant are foci of
anthropogenic pollution of the natural
environment of the city of Norilsk and the
Krasnoyarsk Krai.

Having considered [41—45] and
studied the chemical composition of
the dump tailings of the Nadezhdinsky
Metallurgical Plant, which are a fine
powder, wefound that they contain
compounds of oxides of silicon, aluminum,
calcium, iron, magnesium, the presence
of which makes it possible to use them
as secondary mineral raw materials in the
chemical industry, as an iron-containing
component in the raw material charge for
the production of cement clinker. Similar
to the waste tailings of the NMZ, the slag
of the copper production of the Norilsk
Nickel mining and Metallurgical combine
also contains in its chemical composition
such useful compounds as compounds
of silicon, aluminum, iron, calcium, and
magnesium oxides [46—50] and is able
to act as a silicon-containing component
of the raw charge for the production
of cement clinker. Limestone of the
Kalargonskoye deposit with CaO content
from 46 to 52% is considered as the main
component of the raw charge containing
CaCO; [58—60].

In the standard technological scheme
for the production of cement clinker,
currently is used a three-component
charge mixture of limestone, loess clay
and iron ore. In this case, limestone,
clay and iron ore must be extracted
in quarries which must be developed
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and maintained, and the raw materials
extracted from them must undergo
a multi-stage crushing and grinding
to prepare the component of the raw
material mixfor clinker, which requires
a huge financial investment, which in
the future will affect the high cost of
obtaining cement clinker [61— 63].

In this regard, the use of waste, which
by its chemical composition can replace
the two classical components (clay
and iron ore), as well as save financial
resources intended for the development
of clay and iron ore quarries and their
preparation in the form of crushing,
grinding and grinding, which is beneficial
in terms of finance — the cost cement
clinker will be significantly reduced, while
at the same time recycling waste from the
mining and metallurgical industry, and,
accordingly, reducing the anthropogenic
load on the environment. Therefore, at
present, research aimed at reducing the
anthropogenic load on the environment,
reducing the cost of mining and preparing
mineral raw materials, and recycling
industrial waste by involving it in the
production cycle as secondary mineral
raw materials is relevant.

The purpose of the research was to
calculate and optimize the raw mix with
the involvement of technogenic waste
as components of the raw mix for the
production of cement clinker, using the
software package “ROCS” [51], designed
to calculate and optimize multi-component
raw mixes of mineralogical composition
of Portland cement clinker for cement
production.

Materials and Methods

The “ROCS” program, in comparison
with all existing in our country and abroad
programs and methods [52—56], has a
number of new features and allows [51]:

- calculate mixes with any number of
components
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- take into account introduction of an
unlimited number of additives (components
with specified consumption) into the raw
mix or directly into the furnace);

— calculate special cements and
perform calculations using various
methods (e.g., those used in the UK or
the USA);

— optimize the composition of the
raw mix and clinker in terms of various
characteristics, including the energy
intensity of the resulting mixes

- make recommendations for the
preparation of mixes based on the raw
material base of a particular plant

- perform a graphical analysis of the
characteristics of mixtures and clinker,
including depending on the consumption
of additives

— expand and customize the program
to account for the raw material base of
the plant, the products produced, the
calculation of new types of clinkers and
the application of new calculation methods.

Implementation of these differences
became possible as a result of the fact
that the program is based on fundamental
scientific work — methods of calculation
and optimization of multicomponent silicate-
containing systems and raw mixes [28].

In the course of research by
optimization method, a three-component
mixture consisting of limestone of the
Kalargonskoye deposit, dump tailings and
slag of copper production was developed
with the following chemical composition,
given in Table 1.

Results and Discussion

Using the software package ROCS, in
order to optimize the raw mix and mineral
composition of clinker, we conducted
a series of calculations with a different
saturation coefficient (KN) in the range
of 0.70—0.90 with a step of 0.02, with a
constant silicate modulus (n), which was
taken in all calculations equal to 1.8.



Table 1

Chemical composition of raw materials intended for optimization in the production of cement

clinker
Compounds Components, %
Limestone Dump tails Slag
Sio, 6.67 15.28 54.75
AL,O4 2.73 4.46 13.45
Fe,0; 0.38 49.73 9.38
CaO 50.12 10.25 18.3
MgO 0.21 0.85 1.2
SOy 0.1 1.58 0.25
Na,O 0.52 0.23 -
K,0 0.38 0.12 —
Losses 38.63 11.46 -
Other 0.76 6.39 2.67

At the same time, the alumina modulus
(p) during optimization, depending on
KN, varied from 1.154 to 1.,270. Of all
the calculations carried out, we took and
presented three calculations, in particular,
for KN equal to 0.70 (Figure 1), for KN
equal to 0.80 (Figure 2) and for KN=0.90
(Figure 3). Optimization was carried out
according to the following parameters:
mineralogical composition of clinker,
in particular, the phase content of the
main minerals in cement clinker; fuel
consumption (Gg,e); thermal effect of
clinker formation (FEC); composition of
raw materials in the raw mixture.

From the results of optimization of
composition of raw mix and mineralogical
composition of cement clinker with
saturation coefficient (KN) of 0.70, shown
in Figure 1, it can be seen that, depending
on the KN, with a silicate module of 1.8,
it is possible to obtain cement clinker of
the following mineral composition: C3S
(alite) — 8.90%; C,S (belite) — 60.83%;
C;A (tricalcium aluminate) — 8.30%;
C,AF (four — calcium aluminoferrite) —
18.49%; CaSO, (gypsum)-0.47%; MgO
(magnesium oxide) — 0.62%.

The predominance of the belite phase
in the mineralogical composition means

that the resulting cement clinker will be
belite, which meets the requirements
for cement clinkers according to GOST
31108 —-2016. The raw mix for the
production of belite cement clinker is
represented by the following percentage
of the components of the raw material
mixture, in particular: limestone-72.97%;
dump tailings-0.71%; slag-26.32%.

At formation of the fuel and energy
complex (thermal effect of clinker
formation) equal to 289 kcal/kg, the
consumption of the standard fuel
equivalent for burning (Gy,) is equal to
179 kg of conventional fuel/t of cl.

Fig. 2, which presents the results of
the optimization of the composition of the
raw mix and mineralogical composition
of cement clinker at KN=0.80 and n=1.8.
shows that the formation of cement clinker
of the following mineral composition
occurs: C3S — 33.43%; C2S -—
37.94%; C3A- 8.39%; CAAF — 16.85%;
CaS04 — 0.45%; MgO — 0.58%. from
which it follows that this cement clinker
by its mineralogical composition does not
meet the requirements of GOST 31108 —
2016. In this case, the thermal effect of
clinker formation was 320.8 kcal/kg,
and the consumption of conventional
fuel equivalent for burning (Gy,) was
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Chenucal composinon of raw oatenals
Si0: | AlO; [ Fe.O; | CaOf | MgO | SO; | Na:O | K.O |Losses | Other
Limestons | 6,67 2,73 | 038 |302 |02l |0, 032 |43 38,63 0,26
Dump 1528 | 4436 [49,73 | 10,28 | 085 1,38 (025 [0l 11,36 5,04
tails
Slag 23,72 [ 1532|938 [15,30 [ L2V |03 |- - - 207
Component themical composition of the raw muxtare
Si0: | AlLO; | FeO; | CaO SO; | N30 | K:O |Losues Other
Limestonz | 050 | 2,073 | 0,259 | 35,089 | 0,160 | 0,076 | 0,393 | 0,289 | 20,337 [ 0,198
Dump 0,652 | 0,190 | 2,122 | 0,437 | 0,036 | 0,067 | 0,000 | 0,005 | 0,489 [0,238
tails
Slag 10,807 | 2,653 | 1,851 | 3,612 | 0,237 | 0,039 | - - - 0,527
R 16,55 | 492 | 4,28 | 4213 | 043 |0,10 |00 |0,20 | 29,85 |0.98
mixters
Component chemical compositon of clinker
S10. AlD; s Cav S0 Na-L KO Uther
Limastons 7.228 29387 0412 | 33,203 ] 0227 | 0.108 0,363 0.412 0,282
Dump
tails 0,029 0,271 3025 0,623 0.052 | 0.096 0.014 0,007 0.367
Slag 15404 | 3,784 | 2639 | 5149 | 0338 | 0070 - - 0,751
Clinker 2336 | 701 €08 §0.05 0,62 027 | 03§ 0,42 1,30
Chemical osition of the raw mixture and clinker
Si0: | AlLO; | Fe:O: | Ca0O | MgO | SO: | Na:O | K:O | Losses | Other
Raw
mixtuse 16,33 4.92 425 | 4214 | 033 | 019 ] 0430 | 029 | 2085 0.98
Clinker 2336 | 701 | 608 | 6006 | 0.62 | 027 | 0.58 | 042 - 1,30
Alogules RXaw ouxcare Clinker
FON (lime sEerstion cosiici 2at) 0,7 0.7
n (silica moduls) 1.8 1.8
P (aleminamoduls) 1,153 1,153
FEC (themmsl af2ct of clinker formanon keal kg) - 2502
Gaae; (021 Consumption for Bang, kg-ofionventional foslitofd.) - 17¢
Aineralogical composition
Niineraly C.S C.S CA CAF CasS0. \MzO
Mas %6 890 50.83 §.30 18,49 0.47 0.62
Coutent of components
Matenals Raw nuxture Cl_i%
Li‘tid %
Limeastons i,1141 T,07% 64,22%
Dump tatls 0,0108 0,71% 1,04%
 Slag 0,4018 26,:2% 33,74%
Amount 1,5267 100,20% 100,005

Fig. 1. Results of the calculation of the chemical and mineralogical composition of the raw mixture

and clinker at KN=0.70 and n=1.80

186.1 kg of fuel equivalent/t of clinker.
The components of the raw mixture are
presented in the following percentage ratio:
limestone-79.08%; dump tailings-3.86%;
slag-17.06%.

From the results of the optimization
and calculation of the chemical and
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mineralogical composition of the raw mix
and clinker at KN = 0.90 and n = 1.80,
shown in Figure 3, it can be seen that
the mineralogical composition of cement
clinker is represented by the main
minerals in the following percentage
ratio: C35-54.98%; C,S-17.84%; C;A-



Sie-iul compesiaon of nw matenal
Si); | ALO; | FeO: | CaO | A SO; | Na:O | K.:O | Losses Other
Limestone | §,67 2,73 658 02 [921 O 032 JO38 |3 §,6§ 0,26
Damp 1328 | 436 9,73 110,28 |0,8% | 1,38 1023 |0,1! 1136 6,04
tals
Slag 473 | A5 [ 438 1530 [ 1,20 [0.25 |- - - 2,67
Component chemical compositon of the raw mixoure
SiO; .'“:01 T?o; Ca0 A SO; leo K;O Losses Other
Liestone | 5,23 | 2,130 | 4,301 | 39,635 | 0,168 | 0,076 | 0,411 | 0,301 | 30349 | .206
Damp 0,590 | 0132 | 1,621 | 0,396 | 0,085 | 0,061 | 0,000 | 0,005 | 0,45 | ©.2%3
tals
Slag 9,330 | 2204 | 1.600 [ 3121 [0.205] 0.04: | - - - {453
Raw 1320 | 4.563 .82 43,1% |0,40 | 0,18 | 042 |0,3: 3090 | (89
moxrure
Component ¢themizal compositior of <linker
SD: M:O) F&,O, Ca0 m SO; Nl:o K;O Other
Luestone | 7644 3.128 0.4)5 | 37436 | 0.241 0,115 0,506 | D433 0,208
Damp
tals 0.835 0.250 2,783 0374 | 0048 | 0,083 0.413 2.007 0,338
Shag 13333 | 3324 | 23:8 | 2323 | 0297 | 0.082 - - 0,660
Clink 2203 8,70 i34 82,83 | 0.36 0,28 0.61 0.44 1.30
Chenuci] compsinon ¢f the w puxwmre and clinker
o SiO; | AO; [ FeO: | CaO [MNeO |SO; [Na:0O | K:O [Losses | Other
mxnse 1520 ] <63 | 3.82 | 43,15 | 040 ] Q.18 | 042 | 0.3 30,98 0.89
FChnker 22031 670 | 334 | 6233 | 038 | 0.2 0.8, | 0.4 - 130
Aoculas Rasw mixture Chnker
KON (lime saturaticn cosmicient) 0.8 0.8
n isilicamodels) 1.8 18
jalumine moduls) 1,21 1.2
G {fu2l consemption for finng, bg of corventional fual'tafcl.) - 185.1
Mineralogical composinen
Minerals C:S CS CA C.AF Caso, A0
Nisc.% 33,43 37.64 8.:9 16.8} 045 0,58
Content of conponent
Naterials Raw mixture Clinker
_keked [ %
Lmestons 1,136 7£.08% 70,33%
Dmp tais [ 3.86% 4.06%
Siag 02472 17,06% 24.72%
Awmount 13491 100.00%¢ 100,00%

Fig. 2. Results of the calculation of the chemical and mineralogical composition of the raw mixture

and clinker at KN=0.80 and n=1.80

8.47%; C,AF-15.41%; CaS0O,—0.44%;
MgO — 0.56%. based on which it follows
that the resulting clinker is alitic due to
the predominance of the mineral C;S and
highly basic in accordance with GOST

31108 —2016, with a thermal effect
of clinker formation — 348.5 kcal/kg
and the consumption of fuel equivalent
for burning (Gg,) — 192.4 kg of fuel
equivalent/t of clinker. The components
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Chenucal composioon of raw matenals

Si0: | ALO: | Fe.O: | Ca0 \g{) SO; | Na.O | K.O | Losses Other
Limestene | 6,67 73 | 038 0,12 [902 0,10 [40,52 |0,38 | 3843 0,26
Dump 12,20 | 4,48 | 45,73 | 10,25 | 06f | 1,38 | 0,23 | 0,12 | 11,48 504
tsils
Slag 5475 | 1345938 [18,30 20 1025 |- - - 2,57

Component chemical composition of the raw nuxture

SiO: A.I;O; Fr_O; Ca0 M.gO SO; N‘:o K:O Losses Other
Limestcne | 5,430 | 2,231 | 0310 | 40,053 [ 0172 ] 0,082 | 0,425 ] 0,310 | 31,564 | 0212
Dump 0,557 14,137 11,730 [0,361 |0030] 0,056 [ 0,008 [0,004 | 0,405 | 0212
tails
Slag 8088 | 1987 [ 1,386 | 2,704 |0177 10,037 |- - - 0393
Eaw 13,08 | 457 |3.45 44,02 |038 | 0,17 [0,43 |0,31 3197 | 082
mixros

omponent chemical composition of clinker

Si0. AlLLO; Fe.O, Ca0 | \Me=O SO, Na:O K.O Other
Limestcne | 8,011 120 0,456 | 50,195 | 0,252 | 0,120 | 0,625 | 0,435 | 0,312
Dump
tails 0,790 0231 2371 0,330 0.034 0,082 0,012 0,008 0,312
Slag 11,889 201 2.037 3,87« 0.261 0,034 - - 0.380
Clinker 20,69 5.4} 3.08 [T 03§ 0,26 | 0.64 0.46 1,20

Chenaucal compositon of the raw nuxcure and dinker

Si0; | ALO;[ FeO. [ CaO [MzO [5O. [Na.O | K.O [Losses Other
Rm.
walae 1408 | 4.37 3.45 4402 0,58 | O.17 043 | 031 51.97 0,82
Clinkat 20,59 5.43 308 6370 | 056 | 0.26 | 063 | 048 - 1.20
Modulas Raw muxtore Clinker
FON (it SaTOCation COHTIeLt) 0.9 0.9
B {silicamoduls) 1.8 1.8
p{alumiza moduls) 127 Lar

EC{ ot -of clinker formatior, kealkg) - 3483
Cie {S0d consumption tor finng, kg of conventional fueltofcl.) - 192 .4
Mineralogical composition
 \Gneral C:S C:S CA CAF Caso. Mz0 ||
Mas.% 3308 17,84 8.47 15,31 0.44 0,38
Content of components
\arteriah Raw nuxtore Clinker
ke'ke ¢l 2% %

I.mactrna 1.2010 $1,71% 75,71%
Dump tatls 0,0517 3.32% 3.58%
Slsg 02171 14,778 31, 7He
Amount 1.4809 100.00%¢ 100.00%

Fig. 3. Results of the calculation of the chemical and mineralogical composition of the raw mixture

and clinker at KN=0.90 and n=1.80

of the raw mixture are presented in the
following percentage: limestone- 81.71%;
dump tailings-3.52%; slag-14.77%.,

Results and Discussion Conclusions
Thus, based on the research we can
draw the following conclusions:
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- Technogenic raw materials in the
form of waste tailings and slags of copper
production, can be used as secondary
mineral raw materials in the production
of cement clinker.

— Depending on the saturation
coefficient, it is possible to produce



cement clinker of a certain mineralogical
composition, such as belite, with a fuel
consumption of 179 kg of equivalent
fuel/t of cl. and C2S content of 60.83%,
and alite, with C3S content of 54.98%
and a fuel consumption of 192.4 kg of
equivalent fuel/t of clinker.

— In the course of optimization,
depending on the mineralogical
composition of cement clinker, optimal
compositions of raw mixes for the belite-
containing cement clinker were found in
the following ratio: limestone-72.97%;

dump tails-0.71%; slag-26.32%. and for
the alite — containing limestone-81.71%;
dump tails-3.52%; slag-14.77%.

- Organizing the processing of
technogenic dump tailings of the
Nadezhdinsky Metallurgical Plant, copper
slag of the Norilsk Nickel Mining and
Metallurgical Plant, and limestone to produce
cement clinker using the above technology
in the Arctic region, will improve the social,
investment, economic and environmental
climate, which in its turn will contribute to
the development of the Arctic.
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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.

Jns uumuposeanusi: Ezoposa T. P., KetukuHa B. I., Konecos A. E. IIporHosupoBaHue TEpMUYECKO-
rO BO3[eCTBUSI IIOA3eMHOTO HeTelrpoBoa Ha MHOTOJIETHEMEP3/Ible OPOAbl Ha OCHOBE Ma-
TeMaTtuueckux mozeseit // TopHbIi MHGOPMAIVOHHO-aHAIUTUYECKUIT GlosuteTeHb. — 2022. —
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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.

For citation: Egorova T.R., Kychkina V. G., Kolesov A.E. Predicting the thermal impact of an
underground oil pipeline on the permafrost zone using mathematical modeling. MIAB. Mining
Inf. Anal. Bull. 2022;(10-1):205—213. [In Russ]. DOI: 10.25018/0236_1493_2022_101_0_205.

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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