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Prospects for selective-and-advanced recovery of rhenium
from pregnant solutions of in-situ leaching of uranium ores
at Dobrovolnoye deposit

A. A. Rudenko!, I. D. Troshkina? i<, V. V. Danileyko!, O. S. Barabanov3, F. Ya. Vatsura?

1 JSC “RUSBURMASH”, Moscow, Russian Federation;
2 Mendeleev University of Chemical Technology of Russia, Moscow, Russian Federation
3 JSC ARMZ (Atomredmetzoloto Uranium Holding Co., the Rosatom’s mining division), Moscow, Russian Federation
M tid@muctr.ru

Abstract

Analysis of exploration materials and market conditions showed that by-product recovery of rhenium, one
of the rarest strategic elements of the periodic system, was not always effective in processing the whole
volume of pregnant uranium-bearing solutions. The main goal of the research was to develop an effective
method for recovery rhenium from pregnant solutions in in-situ uranium leaching. The objectives of the
research were as follows: evaluation of the possibility of selective-and-advanced recovery of rhenium from
ores by in-situ leaching method and comparison of the technological advantages of the new proposed
method with the known ones. The study involved the analysis of historical geological, mineralogical and
geochemical information on the Dobrovolnoye deposit and analysis of technological aspects of by-product
recovery of rhenium in the world practice. A selective-and-advanced scheme of rhenium recovery from
pregnant uranium-bearing sulfate (sulfuric acid) solutions of the Dobrovolnoye deposit ISL (Russia) using
mobile installations was proposed. The process has the following features: zoning of production blocks
when constructing injection and extraction (pumping) wells; piping of selective extraction wells into a
separate collecting pipe; implementation of advanced rhenium sorption. The process implementation makes
it possible to obtain rhenium from economically viable areas of the uranium deposit. The mobile installation
includes the following main units: a filter for purification (aftertreatment) to remove suspension, a chain of
sorption apparatuses (sorption filters or columns), connecting fittings, control and measuring instruments.
The sorption apparatuses are filled with rhenium-selective ionite (ion exchanger). As a selective sorbent for
the primary concentration of rhenium from sulfate solutions (pH 2), weakly basic nitrogen-bearing ionites
containing amine functional groups of various types can be used. If further concentration of rhenium
is required, in order to unify the equipment used, materials with a mobile extractant phase (so-called TVEXs
(solid extractants or Levextrel resins in English literature) and so-called “impregnated” or “impregnates”),
such as TVEX-DIDA containing diisododecyl amine, or TAA-impregnate containing trialkylamine, can
be used. Rhenium desorption from these materials is carried out by an ammonia solution, which allows
producing rough ammonium perrhenate from the eluate. Economic aspects of the rhenium selective-and-
advanced technology were evaluated. Implementation of the recovery selective-and-advanced technology
allows obtaining rhenium from economically-viable areas of the uranium deposit.

Keywords

uranium, in-situ leaching, Kurgan region, rhenium, sulfuric acid, recovery scheme, production block,
differentiation, optimization, productivity, selectivity
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OBOrALLEHUE, MEPEPABOTKA MUHEPAJIbHOIO U TEXHOIMEHHOIO CbIPbA

Hay4yHaqa cTaTba

MepcneKTUBbI CeNIeKTUBHO-OMEPEIKAIOLLEr0 U3BJICYEHUS PEHUSA
M3 NPOAYKTUBHbIX PaCTBOPOB MO 3€MHOIr0 Bbill,e/laYMBaHUA YPAHOBDbIX PYA
MecTopoXxkaeHusa [lobpoBonbHoe
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AHHOTauus

AHanM3 reosoropasBeOUYHbIX MAaTePUAIOB U PIHOUYHO KOHBIOHKTYPBI ITOKA3aJl, UTO MOIYyTHOE M3BJIE-
YyeHMe OJJHOTO M3 CAMBIX PeAKUX CTPATernyecKux JIeMeHTOB NMepUOJUUEeCKOil CUCTEMbI — PeHUS] — He
Bcerma 3¢ GeKTUBHO IpU mepepaboTKe Bcero o6beMa MPOAYKTUBHBIX ypaHCOAepsKamux pacTBopoB. Oc-
HOBHAaS LIeJTb MCC/IeIOoBaHMi — pa3padboTka 3(heKTMBHOrO crocoba 13BaeueHsT peHUS U3 MTPOAYKTUBHBIX
pPacTBOPOB MPU CKBAXXMHHOM TIOJI3eMHOM BbIIlleJlauMBaHMUM ypaHa. 3afauyaMy MCC/IeJOBAaHUI SIBJISLIUCE:
OIleHKa BO3MOKXHOCTY CeJIeKTUBHO-OIepeXXawliero n3BaeueHns peHnst U3 pyl Croco60oM CKBaXXMHHOTO
TOZI3€ MHOTO BBIIETAUMBAHMS U COMOCTABJIEHME TEXHOIOTUUECKUX MTPEVMYIIEeCTB HOBOTO Mpe/jiaraeMo-
ro croco6a ¢ M3BeCTHBIMU. B paboTe MCITONIb30BaH aHAINU3 re0IOTUYEeCKOli, MMHEPAIOT0-Te0XMMIYeCKOi
vHbOPMAIUY TIPEIbIAYIINX JeT U3yUeHUs] MeCTOPOXKIeHUs [J06pOoBOIbHOE U aHAIN3 TEXHOIOTUYECKUX
aCIeKTOB MOMYTHO AO6BIUM PEHMSI B MUPOBOJ MpaKkTuKe. [IpejioKkeHa CeleKTUBHO-OTePeXamas cxe-
Ma M3BJIeYeHUsI PeHUs U3 MPOLYKTUBHBIX CEPHOKMCIBIX YPAHOBBIX PACTBOPOB IOZ3€MHOr0 BbIlenavym-
BaHUS YPaHOBBIX PyJ MecTopoxkneHus JobpoBonbHoe (KypraHckas o61acTb, Poccus) ¢ ucronb30BaHMU-
€M MOOMJIbHBIX YCTaHOBOK. TEXHONIOTUS UMEEeT CJIeIyIolIe OTIMYMS: 30HMPOBAHME IKCIIYaTAIMOHHBIX
6JIOKOB TIpU COOPYKEHMM 3aKAUHBIX UM OTKAYHBIX CKBAXXMH; OOBSI3KY OTKAUHBIX CEJIEKTUBHBIX CKBAKUH
B OTIebHBIN KOMIEKTOP; OCYIeCTBIeHN e olepeskaiieil copounum perus. Ee ocymecTBieHue qaeT BO3-
MOXKHOCTD OJIyY4aTh PEHMUIT M3 SKOHOMMUYECK!M BBITOJHbIX YUaCTKOB MECTOPOXKAEHMST ypaHa. Mo6GuIbHast
yCTaHOBKA BKJIIOYAET CJieyI0I}ie OCHOBHBIE Y37bl: GMIIBTP JISI OUMCTKY (JOOUMCTKY) OT B3Beceit, Kackaf,
COpOLMOHHBIX aIMapaToB (COPOIMOHHBIX (UIBTPOB WM KOJIOHH), COEAMHUTEIbHYIO apMaTypy, KOH-
TPOJIbHO-M3MepUTeIbHbIEe TPUOOPHI. COPOIIVOHHBIE allapaThl 3aTIOJIHSIOTCS CEeJIEKTVBHBIM Ha PeHUIT 1O-
HUTOM. B KauecTBe ceieKTMBHOTO COpPOEHTA [IJIsI TEPBUYHOTO KOHIIEHTPUPOBAHMS PEHUS U3 CEPHOKMCITBIX
pactBopoB (pH 2) MOTYT GBITh MCIIOMb30BaHbI CTAO00CHOBHBIE a30TCOAEp KAIlie MOHUTHI, COepsKalue
(GYHKIMOHANbHBIE IPYIITBI AMUHOB Pa3aMYHOTO Tuma. [Ipy HE06XOOAMMOCTH JaabHEeIIero KOHIeHTPH-
POBaHMS PEHMUSI C 1eIbI0 YHUPUKAIMUU UCITIOTb3YEMOTrO 060PYAOBAHMS MOXHO MPUMEHUTbh MaTepPUAaIIbI
C TIOJBMKHOM (Da3oii sKcTpareHTa (TBIKCHI MM MMIIperHatsl), Hanpumep, TBOKC-IMIA, cogepskamuit
IUU30I0AeVIaMWH, WJIK MMIIperHaT-TAA, comepskalimii TpyuaakuiaaMuH. [lecopbuys peHusi C 3TUX MaTe-
pPUAJIOB OCYIIECTBIISIETCS PACTBOPOM aMMMAaKa, YTO MO3BOJISIET TTOJIYUUTh U3 /I0aTa YepHOBOI IeppeHar
amMMoHMs1. O1leHeHbl 5KOHOMUYEeCKIMEe aCTIeKThI CeJIeKTUBHO-OIepexKaleit TeXHOIorun peHus. Peanm3sa-
LVSI TEXHOJIOTMH CeJIeKTUBHO-OTEePEeKAIOIIEero U3BAeYeHNsI aeT BO3MOKHOCTD ITOTYYaTh PEHUI 13 IKOHO-
MMYEeCKY BbITOZHBIX yUaCTKOB MEeCTOPOXKIeHMs ypaHa.
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OBIYHOI 6J10K, IUbdepeHIaIys, ONTUMU3ALS, TPOAYKTUBHOCTD, CEJIEKTUBHOCTD
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Introduction

The main direction in the development strategy
of the mineral resource base (MRB) of the Russian
Federation uranium mining industry for the next decade
is primarily expansion of MRB in the area of operating
mining enterprises, JSC “Dalur”, JSC “Khiagda” and
PJSC “PPGKhO?”, suitable for the development with the
use of two geotechnologies: well in-situ leaching (ISL)
and in-situ block leaching [1].

Creation of new modern technologies for
natural resources development involves application
of environmentally sound methods, which include
in-situ leaching, their integrated development and
the maximum possible degree of processing for
the products demanded by the national economy.
Integrated processing of natural resources as a basis
for creation of low-waste technologies is understood
as the use of all mineral components of raw materials
by turning them into useful products by combining
several productions within one enterprise. Often,
when extracting two or more components from raw
materials, the lower concentration limit of processing
viability decreases.

Along with the main task of uranium raw mate-
rials integrated processing — by-product recovery
of its valuable components, which are of an econo-
mic nature, utilization of solid waste and recovery of
reagents from water and gas waste are also important.
Uranium itself is recovered as by-product from copper
and gold ores, as well as from phosphorite. The share
of such by-product uranium is ~9 % of the whole ura-
nium recovery.

Complex uranium ores are divided into two main
groups [2]:

1. Ores in which uranium and associated ele-
ments are contained in a single mineral (vanadium
and uranium in carnotite, phosphorus and uranium in
apatite, niobium and uranium in hatchettolite, zirco-
nium and uranium in malacone). The useful compo-
nents cannot be separated by mechanical beneficia-
tion methods and can only be separated by chemical
processing of the ores.

2. Ores in which uranium and associated elements
are represented by different mineral forms or carriers
(ores containing non-ferrous metal sulfides and arse-
nides, native silver, gold, bismuth). In this case, sepa-
rate production of concentrates is possible by methods
of mechanical beneficiation.

The following elements accompany uranium in
ores:gold,vanadium, molybdenum,rare earth elements,
yttrium, rhenium, copper, nickel, cobalt, arsenic, and
phosphorus. Thorium, scandium, and selenium are
present to a lesser extent. It should be noted that grade
(concentration) of these elements in the ores is often
too low to ensure economically viable separation and
recovery, but on the other hand, it is high enough to
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affect the quality of the primary uranium concentrate,
“yellow cake”. In this connection, the task of integrated
processing of uranium raw materials is also connected
with the task of improving the quality of the main
commercial product of uranium processing.

Profitability of integrated processing is deter-
mined by the lower concentration limit, evaluation of
which for two-component ores at different uranium
grade is given in [3]. It should be noted that the most
cost-effective in the world uranium recovery from ores
with an average uranium grade of 0.06% was achieved
in the course of processing of complex ores of Olympic
Dam copper-gold-silver-bearing uranium deposit in
Australia.

The most promising method of uranium ore
leaching, in-situ leaching (ISL) (with the use of wells),
produces so-called pregnant solutions, which along
with the target component, uranium, contain a number
of by-products, among which rhenium and scandium
are of high value and strategic importance. The lower
concentration threshold of rhenium in them is less
than 0.02 mg/1 [3].

Rhenium is one of the least abundant elements
of the periodic system. The existence of rhenium was
predicted in 1871 by D.I. Mendeleev, who called it eco-
manganese. It was discovered in Germany in 1925 as
the last stable element in the periodic system. The
melting point of this metal is 3180 °C, second only to
tungsten. At the same time, rhenium is distinguished
by plasticity among the most refractory brittle metals
(tungsten, molybdenum, and others). Alloys based on
refractory metals have high mechanical strength as
well as resistance to thermal deformation, creep, and
oxidation. Superalloys — alloys based on metals of group
VIII (nickel, iron, and cobalt) are distinguished among
them [4]. The most high-temperature cast complex-al-
loyed nickel-based alloys capable of operating at tem-
peratures of 1050-1100 °C for hundreds and thousands
of hours under high static and dynamic loads typical-
ly account for 40-50 % of the total weight of an air-
craft engine and are widely used in working and nozzle
blades, turbine rotor disks, combustion chamber parts
[5, 6]. These superalloys also contain other elements
such as rhenium, chromium, cobalt, tungsten, tanta-
lum, molybdenum, hafnium, titanium, aluminum. Up
to 40% of the total weight of the superalloys belong to
them. Alloys of the fifth generation contain ruthenium
along with rhenium [7]. Rhenium is one of the most ef-
fective alloying components in monocrystalline alloys:
its effect on the heat resistance enhancement is due to
its increased solubility in nickel y-solid solution, the
increase in the lattice spacing and solidus tempera-
ture, the decrease in the alloying elements diffusion
coefficients [7].

The development of aerospace engineering in
the world is determined by the use of rhenium heat-
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resistant monocrystalline nickel-based superalloys.
The sector of heat-resistant alloys consumes more
than 80% of total rhenium production (~70 t, 2021)".
This field of rhenium application has dominated since
the end of the last century [4]. The remaining part
of rhenium is indispensable in the composition of
platinum-rhenium catalysts for high quality gasoline
and in electronics [4].

The rhenium mineral raw -material base of Russia
is presented by low-grade molybdenite concentrates,
which can be produced from ores of deposits Sorskoye,
Zhirekeskoye, Lobash, etc., and also by fumarole gases
of Kudryavy volcano (Iturup island, Kurils, Sakhalin
region), included in the State Balance Sheet of Reserves,
but not processed.

By-product recovery of rhenium from pregnant
solutions of Dobrovolnoye uranium deposit ore
ISL (in the area of the operating mining enterprise
JSC “Dalur”) seems to be a timely scientific and
practical task.

The main goal of the research was to develop an
effective method for recovery rhenium from pregnant
solutions in in-situ uranium leaching.

The objectives of the research were as follows:
evaluation of the possibility of selective and advanced
recovery of rhenium from ores by in-situ leaching
method and comparison of the technological
advantages of the new proposed method with the
known ones.

The study involved the analysis of historical geo-
logical, mineralogical and geochemical information on
the Dobrovolnoye deposit and analysis of technolog-
ical aspects of by-product recovery of rhenium in the
world practice.

Brief analysis of by-product rhenium
recovery technologies

Because of wultralow Re crystal abundance
(7-107* %), rhenium in world practice is recovered only
asaby-productinintegrated processing of molybdenum
and copper ores. Molybdenum concentrates from
copper-porphyry deposits, which provide about 80 %
of world production of rhenium (Chile, Peru, USA and
Canada), serve as the main raw material for rhenium
production. Among other sources the important place
belongs to stratiform deposits of copper, from which the
main amount of rhenium is extracted in CIS countries.
Cuprous ores of the Dzhezkazgan deposit in Kazakh-
stan remain the largest source of this metal in Asia.
Own minerals of rhenium are rare (dzhezkazganite —
rhenium sulfide, rheniite — rhenium sulfide) and have
no practical value [4].

Uranium ores as an additional raw material
source of rhenium are known since 50" of the last

I USGS Mineral Commodity Yearbook 2021. https://doi.
org/10.3133/mcs2021
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century: in the USA, ~1 t of rhenium was produced
from molybdenum-uranium ores [4]. In the CIS,
stratified-infiltration exogenous deposits developed
by in-situ leaching are located in the largest in the
world Near-Tien-Shan Uranium-Ore Province. The
grade of rhenium in the ores of these deposits ranges
from 0.02 to 2 g/t [8].The highest grade of rhenium
was found in Central Kyzyl Kum in ores of “uchkuduk
type” (0.6-2.0 g/t on average), whereas in adjacent Syr-
Darya and Chu-Sarysu provinces the grade was much
less (0.2-0.5 g/t Re) [9]. Rhenium was first detected
in 1978 at the North Kanimekh deposit in solutions
of in-situ uranium leaching. It was found to be most
effectively extracted by ISL with the use of oxygenated
natural water. The universal form of Re migration
in oxygenated groundwater is the perrhenate ion
ReO,-, the concentration of which reaches as much as
milligrams per liter, whereas its common concentration
values are about 0.0n pg/L [8].

In Russia, Re content in uranium ore occurrences
of the Russian platform was evaluated [10]. The content
of rhenium in these objects is insignificant.

Process flow diagrams based, as a rule, on the
use of sorption method were developed for recovery
of minor valuable elements from pregnant solutions
of in-situ leaching [11]. For example, vanadium can
be extracted by using VPK chelating ionite (ion-
exchanger) and VP-1p anionite (anion exchanger) for
its concentration; for scandium recovery, AFI-22 ion-
exchanger is applied.

It should be noted that the highest profitability,
540 %, was demonstrated by rhenium recovery [12].
From sulfate pregnant solutions, rhenium together
with uranium is absorbed by strong-basic anion
exchanger AM-p. Selective desorption of rhenium is
carried out with acidic solutions containing nitrate
ions (NO;~ — 80-90 g/L, HNO; — 4-4,5 %). Rhenium
is extracted from eluates (with Re concentration of
10-15 mg/L) by a solution of trialkylamine fraction
C7-C9 in kerosene with the addition of decanol
as modifier. The content of rhenium in the extract
reaches 8 g/L, which allows its re-extraction with
ammonia solution in the solid-phase version. Flow
diagram of by-product recovery of rhenium from ISL
sulfate solutions is presented in Fig. 1 [11].

To extract rhenium from circulating solutions
of in-situ leaching after uranium sorption (The
Republic of Uzbekistan), the composite extracting
polymer KEP-200 by Purolite company was used
[12, 13]. Recent studies of rhenium sorption from
model sulfate (pH 1.54) and bicarbonate (pH 7.1)
solutions demonstrated the efficiency of strong-basic
anion exchanger V0-020 [15]. From 2008 to 2011, at
two operating sorption installations of Navoi Mining
and Metallurgical Combine, ~3 tons of ammonium
perrhenate of AP-0 grade were produced [15, 16].
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In the territory of the Russian Federation, rhenium
was not extracted from solutions of uranium in-situ
leaching on commercial scale.

Characteristics of the developing
Dobrovolnoye deposit

Development of deposits by the ISL method in
the Trans-Urals is conducted by JSC Dalur uranium
mining company, located in the village of Uksyanskoye,
Dalmatovskiy district of Kurgan region. The district is
well developed and is crossed by the Sverdlovsk-Kur-
gan-Petropavlovsk and Chelyabinsk-Kurgan rail-
roads, as well as dense network of regional and na-
tional roads. The routes of the main oil pipelines pass
through the district.

Anionite AM-p
after U desorption
ay = 0.5 kg/t

v
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Uranium mineralization in the Trans-Urals terri-
tory (Fig. 2) is mainly presented by uranium deposits
and occurrences in the Upper Jurassic - Lower Creta-
ceous paleo-valleys, cut into the crystalline rocks of
the pre-Jurassic basement. The currently developed
Miass and Uysko-Tobolsky ore districts, which include
three deposits: Dalmatovskoye, Khokhlovskoye, Do-
brovolnoye and a large group of ore occurrences, are of
commercial importance.

Paleo-valleys extend for tens of kilometers at the
width of 2-5 km. The deposits are elongated (up to
20 km long) ribbon-like zones of uranium-bearing rocks
in paleo-valleys. The source of uranium and associated
metals is probably the rocks of the Jurassic basement,
which underwent intense chemical weathering.

Eluent (80-90 g/L. NO53)
¢ 4-4.5 % HNOs

Rhenium elution

Anionite AM-p |
for U and Re sorption

Eluate

ay = 0.1 kg/t  Cre = 10515 mg/L
A > Rhenium extraction
A (1%t stage)
=60-70 ¢ Extract
ER; 263%0721& Heating water
O0:B=1:20
Washing water A - —
< Extractant washing
To the process
O0:B=1:1 Ammonium solution (5-6 M)
Extractant - ¢
< Rhenium re-extraction
[TAA - 32 %; PH1-2
fatty alcohols — 10 %; } oTe
kerosene — 58%]| Re-extract | 0:B=7:1
'CRE =1 g/L
Raffinate Rhenium extraction Extractant
- (2m stage)
0:B=1:5 [TAA - 32 %;
Extract | ez = 60 % kerosene - 58%;
= f lcohols - 10 %
25 % ammonia ,CRE 8 g/L atty alcohols — 10 %]
solutuion »{Solid phase re-extraction of rhenium >
0:B=10:1

y
NH,ReO,recrystallization

v

NH,ReO,washing with alcohol

Commercial NH,ReO,

Fig. 1. Flow diagram of rhenium by-product recovery from uranium in-situ leaching solutions [11]
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Gravel-sandy sediments rhythmically alternating
in the section well permeable with clayey aquicludes
allow distinguishing three water-permeable sub-
horizons (aquifers) in the section. In the absence of an
aquiclude between sediments of the first and second
rhythms, the lower and middle aquifers are combined
into one. The upper aquifer lies at a depth of 435-517 m.
The average thickness is 13 m. The upper aquiclude for
the aquifer is presented by clays of Koskolskaya red-
colored strata, and the bottom aquiclude is composed
of clayey sediments 3-15 m thick. The filtration
coefficient varies from 0.8 to 23.5 m/day. The aquifers
occur at depths of 513-567 m. Their average thickness
is 30 m, varying from 4.5 to 44 m. The upper aquiclude is
presented by clayey sediments of the second rhythm of
3-20 m thick, and the lower one is the basement rocks.
The filtration coefficient varies from 5.0 to 20.7 m/day.

Chemistry of the Middle-Upper Jurassic ore-bea-
ring aquifer system within the deposit is characteri-
zed by prevailing hydrocarbonates, sulfates, and so-
dium chlorides. The waters are saline with salinity of
11.1-13.0 g/dm3, pH 7.2-7.5. Uranium concentration
in the water is up to 7.8-107¢ g/dm3, hydrogen sulfide
concentration is up to 1.5 mg/dm?, Eh ranges from +60
to +120 mV. The aquifer waters are high-pressure. Es-
timated water head above the day surface is 41-47 m.

Mineral composition of uranium ores of Trans-
Urals deposits is uniform and typical for exogenous
deposits of hydrogenous type. Ore-bearing sandy
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sediments up to 20 m thick have aluminosilicate
composition, %: Si0,, 78.5; Al,O;, 12.5; CO,, 0.2 (with
maximum content not exceeding 2.0); iron, 1-3; sulfide
sulfur, 0.1-1.6. More than 95 % of uranium occur in
its own mineral form of uranium oxides (nasturan),
represented by several generations, and silicates
(coffinite). The ratio of nasturan and coffinite in the
ores is approximately 1:1. The radioactive equilibrium
coefficient is ~1. In uranium grade, the ores belong to
the class of poor and low-grade; the average uranium
grade in ores of the deposits is 0.03-0.05 %. The age
of mineralization determined by the uranium-lead
method for all the deposits is about 140 million years.

Technological properties of the ores of the deposits
are identical; the ores are suitable for uranium leaching
with sulfate (sulfuric acid) solutions.

Rhenium-rare earth-uranium deposit Dobrovol-
noye was discovered in 1986 by Turgai Crew No. 89.
The State Balance Sheet of Reserves accounted for in
the deposit: 339.0 tons of uranium in C1 category;
7060.0 tons of uranium in C2 category; 5656 tons of
uranium in P1 category. Depth of occurrence of the
uranium ores is 480-700 meters. Average uranium
grade in ore bodies of the deposit is 0.028-0.057 %.
Resources and reserves of rhenium are 5.59 tons in P1
category and 10.6 tons in C2 category?.

2 Luchinin I. L. Report on the results of preliminary
exploration of rhenium-rare earth-uranium deposit Dobrovol-
noye. Turgai Party No. 89. Yekaterinburg; 1994.
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Fig. 2. Dobrovolnoye deposit location map
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Rhenium, except for its own mineral form
(rthenium sulfides), was identified in the form of
sorption impurity in nasturan, pyrite, marcasite and
clay matter.

The contents of rhenium in the ores by grade
classes are as follows: up to 1 g/t — 71 %, from 1 to
10 g/t — 29 %. High grades of the rhenium are con-
fined to subzones of poor “gray” uranium ores and
their “rich” subzones; 15-20 % of the rhenium ores
are located in subzone of “whitish” rocks. A schematic
section and distribution of rhenium along the explo-
ration section (profile) are shown in Fig. 3.

Selective-and-advanced recovery
of rhenium from pregnant sulfate solutions
of in-situ leaching

Currently, multivariate methods of recovery of
minerals by in-situ leaching, particularly for uranium,
are known. At the same time, only rare elements — rhe-
nium and scandium - are so far extracted from preg-
nant solutions after uranium recovery. Rhenium is
extracted on commercial scale in Uzbekistan at the
Navoi Mining and Metallurgical Combine [13]. Other
methods described in the patents of Russia®, Kazakh-

5 Tolstov E. A., Mikhin O. A., Pershin M. E. et al. Method
for rhenium recovery from solutions. RF Patent No. 2294392
dated 24.05.2005.
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stan*and others, as well as in papers [13, 16-19] and
monographs [11], prescribe the recovery of rhenium
from the whole volume of uranium-bearing solutions.

The main drawback of the known methods is that
recovery of rhenium and other associated components
from pregnant uranium solutions is supposed to be
carried out after sorption of uranium from the pregnant
solution - from the so-called “sorption mother liquors”.
In this case it is necessary to process equivalent
volumes of solutions with low concentrations of the
associated components in the total volume of the
solutions. For example, the concentration of rhenium
in pregnant uranium solutions is 0.3-0.8 mg/L (0.5
mg/L in average), which predetermines the necessity
to construct additional modules for processing of
the solutions, commensurable with the core uranium
production. The capital and operating costs of such
production can withstand the profitability of the by-
product recovery only when peak market prices for the
metals are reached. This makes by-product recovery of
rhenium and other rare elements under such process
flow sheets vulnerable.

4 Kozhakhmetov S. K., Kopbaeva M. P., Panova E. N. et al.
Method of processing pregnant solutions of in-situ leaching of
rhenium-containing uranium ores. RK Patent No. 22659 dated
02.04.2012; Kozhakhmetov S. K., Kopbaeva M. P., Panova E. N.
et al. Method of processing pregnant solutions of in-situ lea-
ching of rhenium-containing uranium ores. RK Patent No. 23507
dated 02.04.2012; Kozhakhmetov S. K., Kopbaeva M. P., Pano-
va E. N. et al. Method of processing pregnant solutions of in-si-
tu leaching of rhenium-containing uranium ores. RK Patent
No. 26780 dated 02.04.2012.
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Fig. 3. Distribution of rhenium along the profile 65+400 at Dobrovolnoye deposit
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It is possible to calculate preliminary average
concentration of rhenium (C,, g/dm® in pregnant
solution during the whole leaching period on the basis
of its extracted quantity and total volume V, m3, of the
pregnant solution using the following formula [20]:

€
V ’
where P, - total ore reserves in the section, t; ¢ —
degree of metal recovery, fractions of unit; V - volume
of leaching solution, m®.

At initial grade of rhenium in ores more than 2 g/t,
concentration of rhenium in pregnant solution is more
than 1 mg/L (Fig. 4).

C,=10*P,
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Fig. 4. Rhenium concentration in solution
as a function of rhenium ore grade

In this paper we considered the possibility
of changing the sequence of operations for by-
product recovery of rhenium from solutions by
using selective-advanced recovery’. An example of
the implementation of such a method of recovery is
shown in Fig. 5.

Ore production block (1) shall be drilled by tech-
nological injection (2) and pumping (3) wells which
shall be tested with leaching solution by the “Push-
Pull” method after their construction. Based on the
results of the analysis of solutions for rhenium, the
zones (4) of pumping wells location with rhenium
concentration in the solution less than 1 mg/1 and the
zones (5) of pumping well location (6) with rhenium
concentration more than 1 mg/1 were differentiated.
For the pumping wells with rhenium concentration
more than 1 mg/l, piping was created to direct the
solutions into a separate pumping collecting pipe (7),

5 Rudenko A. A., Troshkina I. D., Danileiko V. V. Method
of extraction of minerals by in-situ leaching. Positive decision
on the application for invention No. 2020129776 (priority from
08.09.2020) dated 28.09.2021
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and solutions were sent for advanced sorption (9) with
the following production of ammonium perrhenate.
After the rhenium sorption, the uranium-containing
solutions entered cumulative collecting pipe (8) and
undergone standard uranium sorption/desorption
cycles at the facility for processing uranium-
containing solutions (10) to produce the finished
product (“yellow cake”). The “sorption mother liquor”
are supplemented with sulfuric acid and sent through
collecting pipe (11) for ore leaching through injection
wells (2).

Fig. 5. Schematic diagram of the selective-advanced
recovery of rhenium

A variant of a mobile version of the sorption
installation for the conditions of in-situ leaching is
currently under development.

The installation can provide timely recovery of
by-product components through the method of se-
lective-advanced processing of rhenium-containing
solutions in the mobile version. The mobile instal-
lation includes the following main units: a filter for
purification (aftertreatment) to remove suspension,
a chain of sorption apparatuses (sorption filters or
columns), connecting fittings, control and measur-
ing instruments. The sorption apparatuses are filled
with a rhenium-selective ionite (ion exchanger). The
installation operates as follows: pregnant solution,
containing valuable by-product components, after
removal of impurities at the filter or in pond with af-
tertreatment at the filter, goes to sorption apparatus
filled with a ion-exchanger.
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After complete saturationwith valuable component
the sorption apparatus is switched off and transported
to the core shop of uranium solutions processing
or to the nearby facility on processing of rhenium-
containing materials for washing, desorption and the
subsequent concentration of rhenium to produce, for
example, rough ammonium perrhenate of AR-1 grade.
The sorption apparatus with the regenerated ion
exchanger is returned for connection to the installation
apparatus cascade.

Depending on the infrastructure of the in-situ
leaching wellfield it is possible to carry out washing,
desorption and subsequent concentration operations
(process stages) to produce the commercial salt in
the area occupied by the mobile installation, with
increasing the number of necessary apparatuses.

As a selective sorbent for the primary concentra-
tion of rhenium from sulfate solutions (pH 2), weak-
ly basic nitrogen-bearing ionites containing amine
functional groups of various types, modified activated
carbon, fibrous materials of different composition® can
be used [4, 21, 22-24]. Sorbents based on natural raw
materials — lignin [25] and composites with bamboo
[26] — were prepared for rhenium recovery from acid
solutions.

Interaction of rhenium in solution in the form
of perrhenate ion with frequently used in practice
weakly basic anion exchangers containing secondary
amine groups occurs through the mechanism of ion
exchange of perrhenate ion ReO,- to sulfate ion (the
form in which the anion exchanger is present). The
reaction can proceed according to the equation:

(RNH,)SO%" +2Re0; <> 2RNH,(ReO, )+S0%,

where R is hydrocarbon radical.

If further concentration of rhenium is required,
in order to unify the equipment used, materials with
a mobile extractant phase, such as Levextrel resins or
impregnates [35], sorption on which allows avoiding
fire-hazardous extraction process stage, can be used.
The impregnates are produced by impregnating the
carrier with the extractant. An alternative wayto create
materials of this type is the introduction of the extrac-
tant into the matrix during its synthesis, to be car-
ried out, for example, in the mode of suspension co-
polymerization of styrene with divinylbenzene in the
presence of a radical polymerization initiator. The
materials produced by this method are called solid
extractants (“tvex” in Russia; in the English-language
literature, these are called Levextrel resins). Despite
fundamentally different methods of production, im-
pregnates and Levextrel resins are similar in structure

¢ Troshkina I. D., Balanovsky N. V., Vanin I. A. et al.
Method for the recovery of rhenium from uranium solutions. RF
Patent No. 2627838 dated 23.03.2016.
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and properties. Unlike ion exchangers, these sorption
materials do not swell in aqueous solutions and re-
tain their mechanical strength in both wet and air-
dry state that allows their use in modern high-perfor-
mance equipment.

In terms of density, bulk weight, mechanical
strength impregnates and Levextrel resins are similar
to sorbents, whereas the mechanism of recovery of
components by impregnates and Levextrel resins is
similar to the extraction mechanism. The capacitive
and kinetic characteristics of these materials are
determined mainly by the porous structure, type and
state of the extractant in the matrix. A characteristic
feature of Levextrel resins and impregnates is the
absence of chemical bond between the extractant
and the polymer matrix. Due to the liquid phase
mobility, these materials have improved kinetic
characteristics.

Extractants of different classes are used in their
production. TVEX-DIDA containing diisododecyl
amine was developed and produced in Research
Institute VNIIHT JSC. Interaction of perrhenate
ion with this extractant proceeds according to the
reaction:

(R,NH,),S0, +2ReO; <> 2R,NH, (Re0, ) +SO0?",

CH

>H—(CH2)9 is hydrocarbon radical.
CH;

where R -

The sorption characteristics of this material
and impregnates containing amines, such as trialky-
lamine (TAA-impregnate), studied at the Mende-
leev Russian University of Chemical Technolo-
gy, allow to use them for concentration of rhenium
[28]. Desorption of rhenium from these materials
is carried out by ammonia solution, which allows
producing rough ammonium perrhenate (from the
eluate). Its following purification by electrodialysis
method allows improvement of quality of the fin-
ished rhenium commercial product to grade AP-0
(GOST 31411-2009 “Ammonium perrhenate. Tech-
nical Specifications”. Date of the GOST enactment:
01.01.2011) [4, 14, 18].

The implementation of processes using Levex-
trel resins or impregnates allows to eliminate the
use of toxic, volatile and fire-hazardous organic di-
luents, avoid difficulties associated with the separa-
tion of hard-to-dissolve emulsions (“third phase”),
reduces the pollution of waste water with organic
reagents — compared with liquid extraction process.
The processes with the use of impregnates and Levex-
trel resins are significantly less energy-intensive than
traditional sorption processes due to high degree of
metal concentration.
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Economic aspects of the method of selective-
advanced recovery of rhenium from pregnant
solutions of uranium in-situ leaching

Economic efficiency of the method of selective-
advanced recovery of rhenium is due to the following:

—costs of ore extraction and preparation for
processing, etc. are deducted in estimating the cost of
rhenium production;

—the impacts on the sorbent designated for
extracting the main component, uranium, decreases;

- the quality of the uranium commercial product
is improved;

— the volume of rhenium solutions to be processed
decreases;

— the capital cost of construction of the processing
plant for rhenium is reduced;

—the operating costs and associated expenses
decrease;

—the economic attractiveness of the deposit
increases.

Conclusions
1. For expanding the mineral raw material base,
the method of selective-and-advanced recovery of
rhenium, one of the valuable associated components of
complex polymetallic uranium ores of the Dobrovolnoye
deposit (JSC Dalur, Russia), very important metal of
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superalloys for the aerospace industry of the national
economy was proposed.

2. For the first time the proposed technology has
the following features:

- zoning of production blocks when constructing
injection and extraction (pumping) wells;

- piping of selective extraction wells into a
separate collecting pipe;

— implementation of advanced rhenium sorp-
tion.

3.Implementation of the recovery selec-
tive-and-advanced technology allows obtaining rhe-
nium from economically-viable areas of the uranium
deposit. In this case a mobile facility can be used as
the equipment for the technology implementation,
the main unit of which is a sorption unit filled with
a rhenium-selective ion-exchanger from a group of
weakly basic nitrogen-containing ion-exchangers
with functional groups of amines of various types. If
further concentration of rhenium is required, in order
to unify the equipment used, materials with a mo-
bile extractant phase, such as TVEX-DIDA (Levextrel
resin) containing diisododecyl amine, or TAA impreg-
nate containing trialkylamine, can be used. Rhenium
desorption from these materials is carried out with an
ammonia solution, which allows obtaining rough am-
monium perrhenate from the eluate.
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Abstract

The main reason of decreasing diamond recovery through froth separation is their surface hydrophilization
by hypergene minerals and technogenic films, crystallized from the supersaturated aqueous phase, fixed
on the surface structurally or by adhesion. Various types of physical actions, including thermal and
ultrasonic treatment of the initial feed of froth separation, are recommended to increase the diamond-
bearing kimberlite beneficiation process performance, providing cleaning of the surface of diamonds
due to destruction of their accretions with rock minerals and removal of film hydrophilizing coatings
from the surface of diamond crystals. A sample of kimberlite material with a given content of diamonds
of 1.5-2 mm in size was used as a subject of research in the process of froth separation. The results of
thermodynamic calculations and experimental research have substantiated the necessity of using
electrochemical conditioning of recycled water for increasing the efficiency of diamond surface cleaning
in froth separation operation when using the process of thermal treatment of initial ore feed. The use of
diaphragmless electrochemical conditioning of recycled water increases the efficiency of thermochemical
dissolution of hydrophilizing compounds on the surface of diamonds through reducing the concentration
of calcium and carbonate ions as well as through shifting the medium pH to 6.1-6.5. The measurements
of the limiting wetting angle showed that the maximum effect of increasing the diamond surface
hydrophobicity was achieved when heat and electrochemical treatment were used together. Laboratory
studies showed the possibility of increasing flotation diamond extraction from 65.7 to 91.4 % through
application of electrochemical conditioning of recycled water. The optimum parameters of diaphragmless
electrochemical treatment of recycled water of the froth separation cycle in conditions of application of
pulp heat treatment: current density of 175-200 A/m? and power consumption of 1.2—1.5 kWh/m3. Tests
carried out at processing plant No. 3 of the Mirny GOK (Mining and Processing Complex) (Mirny, Yakutiya)
showed that the application of the developed froth separation process intensification method with the
use of thermal treatment of pulp and electrochemical diaphragmless treatment of recycled water allowed
increasing the recovery of diamonds of +0.5-2 mm size by 4.9-5.1 %.
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diamond, extraction, mining, kimberlite, hydrophilizing compounds, purification, froth separation, recycled
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AHHOTauUusA

OCHOBHOJ MPUYMHOM CHVYDKEHUST U3BJI€UeHMS aJIMa30B METOJOM IMEHHOI cerapauyum sBisieTcs: TUApoQu-
nM3auus UX MOBEPXHOCTU BCIEACTBYME CTPYKTYPHO MM aAre3MOHHO 3aKpelnyMBUIMXCS Ha Hell TUIlepreH-
HBIX MMHEPAJI0B ¥ BBIKPUCTA/UIM30BAHHBIX 3 TIepeChIIeHHO BOAHO (ha3bl TEXHOTEHHBIX MIeHOK. Cyle-
CTBEHHOE TIOBBIIIeHMEe U3BAeYeHNSI aJIMa30B B KOHI[EHTPAT MeHHOl cermapauyi MOXKET ObITh JOCTUTHYTO
Ha OCHOBe KOMOMHMPOBaHUSI GU3UMUYECKUX U (DU3UKO-XUMUUYECKUX METONOB BO3MENCTBMSI HA TBEPIYIO
U KUAKYI0 a3y pyaHOI My/abIlbl, UTO OIpefensieT aKTyalbHOCTb MCC/IeJoBaHMII. B KauecTBe mpenmera
MCCIe0OBaHMIi B TIpoliecce TIEHHON cemapalyuy UCIoab30BaHa mpoba KMMOepIUuTOBOro MaTepuasia ¢ 3a-
IaHHBIM COEepKaHMeM aaMa30B KPYyHMHOCTbIO 1,5-2 mMM. PesynpraTamMy TepMOAVMHAMUUECKUX PACUETOB
U 9KCIIEPUMEHTATbHbIX UCCIeIOBAaHUIT 000CHOBaHA HEOOXOIVMOCTh TMIPUMEHEHUS IEKTPOXUMUYECKOTO
KOHIUIIMOHMPOBAHYS 060POTHO BOJIbI IJ1s1 TOBBIIEHUS 3(PGHEKTUBHOCTY OUMCTKY [TOBEPXHOCTU aIMa30B
B OoTIepalMu MeHHOI cernapauuy mpu NpUMeHEeHUY TEXHOIOTUY TeIIOBOY 06paboTKM UCXOIHOTO PYLHOTO
nuTanusi. Viconb3oBaHne 6e3nnadparMeHHOro 31eKTPOXUMUYECKOTO KOHAUIIMIOHUPOBAHMSI 0O0POTHOI
BOZbI TMOBBIMAET 3(DPEKTUBHOCTh TEPMOXMMUYECKOTO PACTBOPEHUST TUAPOGUIM3UPYIONUX 0O6pa3oBa-
HMI Ha MIOBEPXHOCTM aJIMa30B 3a CUET CHMKEHMS] KOHIIEHTPAlMM MOHOB KaJblivs U KapboHaTa, a Takxke
cventenust pH cpepsr 1o 6,1-6,5. [IpoBeleHHBIMM M3MEPEHUSIMI KPAaeBOTO yIja CMayMBaHMS MOKa3aHo,
YTO MaKCUMaIbHBIN 3(PdeKT yBenmmueHus ruapodoOHOCTY MOBEPXHOCTM aaMa30B JOCTUTAETCS MPU CO-
BMECTHOM IMPUMeHEHUY TeIIOBOY U 3IeKTPOXUMUUECKOi 06paboTku. JIabopaTOPHBIMHU UCCIIeTOBAHUSIMMU
TOKa3aHa BO3MOXXHOCTD IMOBBINIEHMS M3BJI€UEHNST aIMa30B MPU UIOTAMK C TPUMEHEHUEM 3JIEKTPOXU-
MMUUYECKOI'0 KOHIMIIMOHMUPOBAHMS 060POTHOM BOAbI ¢ 65,7 1o 91,4 %. Bei6paHbl onTUMalbHbIe Iapame-
TpbI Ge3auadparMeHHOM 3JeKTPOXMMIUYECKoi 06paboTKy 060POTHO BOAbI LMK/A MEHHON cermapaiuu
B YUIOBUSIX MPUMEHEHUS TEeXHOJOTUMM TEIJIOBOM 06pabOTKM MMy/bITbI: TIOTHOCTh TOKa 175-200 A/m?
u pacxop snekTposHepruu 1,2-1,5 kBru/m3. IIpoBemeHHbIMM Ha oboraTuTtenbHoi (adpuke N2 3 Mup-
HuHckoro 'OKa (r. MUpHBbIi, SIKYyTHUS). MCIIBITAHMSIMY TTOKAa3aHO, YTO IPMMeHeHMe pa3paboTaHHOTO pe-
KMMa MHTeHCM(UKAMY Mpolecca MeHHOl cemapanuy ¢ MpuMeHeHNeM TeIIOBOM 06pabOTKM ITyJIbIThI
U 9JIEKTPOXUMUYECKOIi 6e3nmuadparMeHHO 06paboTKM 060POTHOI BOMBI ITO3BOJISIET MTOBBICUTH M3BJIEYE-
Hue aJiMa30B u3 kjaacca +0,5-2 mm Ha 4,9-5,1 %.
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POTHas BOIa, JIEKTPOXMMMUUECKOe KOHAMIIMOHMPOBAaHMe, TeIIoBast 00paboTKa, oboraTuTenbHas ¢abpuka,
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Introduction

The main reason of decreasing diamond reco-
very through froth separation is their surface hydro-
philization by hypergene minerals and technogenic
films, crystallized from the supersaturated aqueous
phase, fixed on the surface structurally or by adhesion
[1, 2]. Hydrophilic compounds on diamonds converge
the degree of hydrophobicity of their surface and the
surface of kimberlite minerals that reduces selectivity
of diamond-containing product froth separation pro-
cess in beneficiation flow sheets [3, 4]. Various types
of physical actions, including thermal and ultrasonic
treatment of the initial feed of froth separation, are
recommended to increase the diamond-bearing kim-
berlite beneficiation process performance, providing
cleaning of the surface of diamonds due to destruc-
tion of their accretions with rock minerals and remo-
val of film hydrophilizing coatings from the surface of
diamond crystals [2, 5, 6]. Significant increase of dia-
mond recovery into froth separation concentrate can
be achieved through applying a combination of physi-
cal and physical-chemical action methods to solid and
liquid phases of diamond-bearing material pulp [7, 8].
The combination of diaphragmless electrochemical
treatment of the froth separation cycle recycled water
with thermal treatment of the initial material entering
the froth separator was proposed as an effective physi-
cal-and-chemical method for modifying the properties
of mineral components and the liquid phase of the di-
amond-containing pulp [9], which provided the change
in the ionic-molecular composition of the aqueous
phase and encourages solving the problem of cleaning
the diamond surface from the surface hydrophilizing
compounds.

In order to improve the efficiency of the proposed
combined process, it is necessary to reveal the regu-
larities of dissolution processes of surface compounds
on the diamond crystals when using electrochemical
conditioning of recycled water of the froth separation
cycle, which allow selecting the method of the most
intensive and complete removal of hydrophilizing im-
purities from the diamond surface and restoration of
their natural floatability.

Research methods

The chemical analysis of the surface compounds
on diamonds was performed by electron-probe X-ray
spectral analysis (EPXSA) with the use of an elec-
tron microscope Jeol-5610 and an energy dispersive
attachment (EDA) [10]. The thickness and character
of spreading of the selected salient, point and film
mineral compounds were determined during sca-
nning of the crystal surface. Assessment of changes
in the composition of the surface compounds on dia-
monds was performed by infrared spectroscopy using
a Bruker FTIR spectrophotometer with standard tech-

elSSN 2500-0632

https://mst.misis.ru/

niques and databases for deciphering infrared spectra
[11, 12]. Modeling the processes formation — dissolu-
tion of hydrophilizing compounds on the surface of
minerals was carried out by plotting and analysis of
thermodynamic stability diagrams for calcium and
magnesium compounds in coordinates 1g[CO;] - pH
based on thermodynamic analysis of chemical reac-
tions [13]. To estimate the diamond surface hydropho-
bicity, the method of measuring three-phase limiting
wetting angles was applied. The studies were carried
out at an OCA 15EC device using standard techniques
[14]. A drop of the aqueous phase (1 mm in diameter)
was applied with a syringe to flat area of the diamond
surface, which was pretreated with the initial recycled
water of the froth separation cycle to achieve the ef-
fect of technogenic hydrophilization, and then with
its electrochemical conditioning product obtained in
the established treatment conditions.

A sample of kimberlite material with a given
content of diamonds of 1.5-2 mm in size was used
as a subject of research in the process of froth sepa-
ration. Preparation of diamonds for the experimental
studies included chemical cleaning of their surface,
which was repeated for each individual experiment
and consisted of the following operations: diamond
crystals were dried, washed in carbon tetrachloride,
alcohol, distilled water, and treated with concentrated
solution of hydrochloric acid, which removes mineral
films. To obtain reliable results, each experiment was
repeated twice. The prepared diamonds were mixed
with a selected kimberlite grain size of -1+0.5 mm,
and the resulting sample was fed to froth separation
into a laboratory facility. After the experiment was
completed, the diamonds were extracted from the
concentrate and tailings, weighed and fed back into the
purification cycle.

Process tests were carried out according to the
accepted technique of semi-industrial tests using the
current products of the diamond-containing kimberlite
beneficiation process flow sheet with the plant reagent
treatment scheme.

1. Analysis of composition and conditions
of destruction of hydrophilizing compounds
on the diamond surface

The elemental and phase composition of com-
pounds on the diamond surface was determined by
method of X-ray photoelectron spectroscopy. On the
hydrophilic surface of the crystals, it was detected the
presence of relief mineral compounds of carbonate-
silicate composition (Fig. 1), film compounds of pre-
dominantly carbonate composition, and slurry coat-
ings of predominantly aluminosilicate composition.

Analysis of the study results showed that the share
of mineral compounds on hydrophobic diamonds
does not exceed 25 % of the surface area, whereas on
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hydrophilic diamonds the share of mineral compounds
reaches 70 % and their thickness is 2—3 times greater
than on hydrophobic diamonds.

Mineral compounds containing carbonates and
silicates, as well as, in limited amounts, sulfates, chlo-
rides and other salt-like minerals were identified on
the surface of the studied diamonds by the method of
infrared spectroscopy based on the character of loca-
tion of absorption peaks in the spectra. The presence
of carbonate minerals was established through cha-
racteristic IR absorption bands in the 1400-1500 cm™!
range. In most cases the band of valence vibrations
(1400-1500 cm™) was asymmetrical and polymodal
that was typical for calcite-dolomite series carbonates.
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Semi-quantitative analysis of very thin (up to
1 pum) film compounds on the surface of diamonds
revealed high surface concentration of calcium in
them. The ratio of the sum of magnesium, silicon
and aluminum to calcium did not exceed 20 %.
This allowed concluding that the thin films on
the diamond surface had predominantly calcium-
carbonate composition.

Micro-X-ray spectral analysis of the mineral
form distribution pattern showed that calcium
minerals (mainly calcite) were dispersed together
with silicates and occurred on the diamond surface
both as individual compact forms and as uniformly
distributed films and microspheres (Fig. 2).
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Fig. 2. Images of a combination of mineral compounds (a) and distribution of calcium (b) on the diamond surface
(calcium is shown by white color)
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Historical studies established that the most
effective method for destruction of such mineral forms
of the given composition and, correspondingly, their
removal from the surface of diamonds was thermal
treatment of ore slurry of the diamond-bearing
material froth separation cycle [2].

Purification of the diamond surface during heat
treatment proceeds through the thermomechanical
mechanism, which implies destruction of intergrown
pieces of diamonds with other kimberlite minerals
during heating due to different linear expansion [6].
The use of heat treatment is simultaneously a fac-
tor influencing the mechanism and rate of dissolu-
tion-crystallization processes of the mineral impu-
rities in question. On the one hand, heating of the
medium promotes dissolution of simple calcium
carbonates and complex magnesium carbonates on
the diamond surface due to decreasing carbonic acid
solubility [15]. On the other hand, at elevated tem-
peratures, solubility of carbonate minerals decreases,
and their crystallization is observed [16]. Therefore
the effect of the medium heating on stability of cal-
cium and magnesium carbonate minerals manifests
itself at certain conditions which can be determined
by thermodynamic analysis of crystallization — disso-
lution processes.

Decomposition of calcium and magnesium
carbonates is described by dissolution reactions,
(reactions 1, 2), as well as reactions of transformation
of magnesium carbonate and hydroxy carbonate into
magnesium hydroxide (reactions 3, 4) [17, 18]:

CaCO; + H* = Ca*+ HCOy; (1)

MgCO,+ H" = Mg* + HCO, ; 2)

MgCO, + 2H,0 = Mg(OH), + CO;> + 2H*;  (3)
MgCO,-Mg(OH),-3H,0=2Mg(0OH), +HCO,_+H"+H,0.(4)

Similar reactions occur involving minerals that are
salts of silicic acid:

CaSiO; + H* = Ca* + HSiOs; (5)
MgSiO; + H* = Mg? + HSiO; (6)
Ca,SiO, + 4H" = 2Ca?+ H,Si0; (7)
Mg,SiO, + 3H" = 2Mg* + H.SiO,. 8

Proceeding of the considered reactions results in
intensive dissolution or destruction of carbonate and
silicate minerals, and their mechanical or thermome-
chanical removal from the surface of diamonds is also
facilitated.

Modeling of the processes of hydrophilizing com-
pounds dissolution on the surface of minerals was
carried out by construction and analysis of thermody-
namically stable calcium and magnesium compounds
diagrams in coordinates 1g[CO5] — pH based on ther-
modynamic analysis of chemical reactions involving
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calcium minerals. These minerals form a basis of the
film hydrophilizing coatings on diamonds, crystalli-
zing (coatings) from the liquid phase in technological
processes of beneficiation, and cement matrix of the
relief polymineral accretions, formed as a result of hy-
pergenic processes in kimberlite [6].

Formation of calcium carbonate is possible both at
the stage of grinding of diamond-bearing material and
in the subsequent process of its froth separation. This
was proved by location of area 1 at a noticeable distance
from the phase boundary (Fig. 3). The thermodynamic
calculations showed that heat treatment leads to
dissolution of surface films of calcium-carbonate
composition on the diamond surface at the expense
of significant removal of carbon dioxide from the
aqueous phase (less than 10 mol/l, Fig. 3, area 2).
Lower intensity of heat treatment did not provide
dissolution of calcium carbonate due to lower decrease
in concentration of carbonic acid ions.

0
—1d
.
S
UC —3- « “4\_(’ 1
=) G4 T
51 (5. 2%
-6 . \ .
4 6 8 10 12

pH of medium

Fig. 3. Diagram of thermodynamic stability of CaCO,
(calcite) in the liquid phase of froth separation,
where 1 — without using preparation techniques;

2 — when using heat treatment; 3 — at chemical regulation
of the medium pH; 4 — when using electrochemically
treated recycled water; 5 — at combined application
of electrochemical and thermal treatment

Under the conditions considered, intensification
of dissolution of carbonate compounds on the surface
of diamonds can be also achieved through acidification
of the aqueous phase (Fig. 3, area 3).

Electrochemical conditioning of recycled water of
the froth separation cycle leads to changes in both pH
values of the ore slurry aqueous phase and concentra-
tions of ion-molecular components in it. For example,
the application of diaphragmless electrochemical con-
ditioning of recycled water led to 30-40 % decrease in
concentrations of calcium and magnesium ions and
bicarbonate ions in it, and the aqueous phase thus be-
came less supersaturated in relation to the process of
formation of calcium carbonates [4]. However, as can
be seen from Fig. 3 (area 3), the magnitude of acidifica-
tion (decreasing pH) achieved through electrochemi-
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cal treatment of recycled water and the correspon-
ding decrease in the concentration of calcium ions
may be insufficient to dissolve calcium carbonate
precipitates.

The most effective way to solve the problem of
dissolution of carbonate compounds on the surface
of diamond crystals is a combination of thermal and
electrochemical treatment of diamond-containing ore
pulp and recycled water of froth separation respective-
ly, at which maximum possible dissolution of calcium
carbonate is achieved (Fig. 3, area 4).

Similarly, application of the combined tech-
nology of the pulp thermal treatment and electro-
chemical conditioning of recycled water provides
destruction of the main magnesium carbonates
(MgCO;Mg(OH),nH,0).

Thus, the obtained results of thermodynamic
calculations explained the efficiency of the com-
bined application of thermal treatment of ore slur-
ry and the electrochemical method of the aqueous
phase ionic-molecular composition regulation in
the diamond-containing material froth separation
cycle through creating optimal conditions for disso-
lution of hydrophilizing compounds on the surface
of diamonds.

2. Determination of optimal parameters
of electrochemical treatment

of the froth separation cycle recycled water

Taking into account the above-mentioned recom-
mendations for using the electrochemical conditioning
of recycled water of the froth separation cycle as an ad-
ditional method, activating the process of dissolution
of carbonate hydrophilizing compounds on the surface
of diamond crystals, a set of experimental studies to
determine the optimal parameters of the liquid phase,
providing maximum efficiency of the method applica-
tion was implemented.

At the first stage of the experimental researches,
stability of hydrophilizing compounds on diamond
surface was estimated by method of determination of
limiting pH values of calcium carbonate precipitation
in liquid phase of aqueous systems at different
mineralization and temperatures.
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To determine dissolution conditions of carbonate
compounds under the given conditions, two series of
experiments with use of low-mineralized and highly
mineralized aqueous systems were carried out. In the
experiments, control measurements of pH of aqueous
phase in the conditions of the sediment crystallization
were executed (Table 1).

The boundary values of pH of sedimentation were
calculated from equations for the reaction 1 constants
taking into account the actual concentrations of
calcium ions and carbonates. Formation of calcium
carbonate precipitates occurs in more alkaline region
(pH = 6.4-7.2) than their dissolution (pH = 6.0-6.57).
The results obtained agree with the data of other
researchers, explaining such effect by the necessity
of conditions of "supersaturation” in the ions forming
crystallizing compounds for their precipitation [16].
Comparison of the calculated data with the actual pH
values of formation and dissolution of the precipitates
showed that the calculated boundary pH values of
the calcium carbonate stability area are close to the
experimental data.

The obtained results allow estimating the
interval of pH at which the stability of carbonate films
decreases, and their dissolution becomes possible both
at normal and at elevated temperatures. However, the
calculated pH values of the aqueous phase cannot be
used as the only criterion for its ability to dissolve the
mineral impurities due to the significant influence on
the processes of crystallization — dissolution of such
additional factors as temperature, concentrations of
ionic-molecular components, ionic strength of the
solution [17, 18].

The ability of aqueous phase to dissolve or
precipitate salts, particularly calcium carbonates, in
related areas of industry (oil production and heat power
engineering) is evaluated using specialized complex
criteria. As such a complex criterion for the ability of
recycled water of diamond-containing material froth
separation to dissolve hydrophilizing films on the
surface of diamond crystals, a pH-based criterion, the
Ryznar Stability Index (JS,) is used [19]:

JS, = 2-pH; - pH. €]

Table 1

Calculated and experimentally measured pH of calcium carbonate dissolution

Experimental [Ca¥] T °C [CO4] pH of precipitate formation | pH of precipitate dissolution
P diti > | of aqueous | concentration, . .
CONCTOnS mg/L phase mg/L Calculated value Revised value Revised value
Low mineralized 2150 20 30 6.48 6.6 6.2
aqueous system 70 4 6.92 7.2 6.57
Highly mineralized | 7000 20 30 6.23 6.4 6.0
aqueous system 70 4 6.62 6.88 6.34
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The Ryznar Index compares the actual pH value
of the medium with the required value (pHy) for the
formation of calcium carbonate, which is calculated
using the following equation:

pH; = pK, — p[TIPCaCO; - 1g[Ca*] - 1gAlk, +
+2,5VI,

where pK, is the negative logarithm of the H,CO,
2nd stage dissociation constant; pIIPCaCO; is the
negative logarithm of the solubility product of CaCO,
(calcite); [Ca*] is the concentration of Ca? ions in the
aqueous phase, mg/l; Alk, is the total alkalinity of the
aqueous phase, mg-eq/l; I is the ionic strength of the
aqueous phase.

At values of JS, > 8.7 the aqueous phase tends
to dissolve carbonates, and CaCO; precipitate is not
formed or dissolves easily. At 8.7 > JS, > 6.9 the aqueous
phase is characterized as “moderately aggressive” in
which CaCOj; precipitate is not formed and dissolves
slowly. At 6.9 > JS, > 6.4, the aqueous phase is "stable";
at 6.4 > JS, > 3.7, CaCO; precipitates from the aqueous
phase; at JS, = 3.7, the aqueous phase is supersaturated
with the precipitate-forming ions that stipulates
intensive formation of CaCO; precipitate [16].

The technology of diaphragmless electrochemical
treatment of recycled water of diamond-containing
ore material froth separation, which provides simul-
taneous saturation of the aqueous phase with fine
bubbles of electrolytic gases and decreasing concen-
tration of hardness salts in it, was proposed to regu-
late pH of aqueous phase [7]. Analysis of the influen-
ce of diaphragmless treatment of water system on its
properties showed the following: at diaphragmless
electrochemical conditioning of recycled water of the

(10)
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froth separation cycle at processing plant No. 3 of
Mirny Mining and Processing Complex, a shift of pH
to more acidic area (pH = 6.2-6.7) takes place. At the
same time, an equally important decrease in the con-
centration of calcium ions and the sum of concentra-
tions of carbonic acid derivatives takes place, which
provides intensification of calcium carbonate disso-
lution. According to the calculated values of stability
index JS, (Table 2), recycled water that has undergone
electrochemical conditioning at power consumption
of more than 0.5 kWh/m?, changes its properties and
passes from the category “prone to calcium carbonate
precipitation” to the category “stable”, i. e. not prone
to precipitate formation (JS, = 6.9). At further increasing
consumption of electricity to more than 1.0 kWh/m? the
recycled water passes into the category “moderately
aggressive”, i.e. capable of dissolving calcium carbon-
ate precipitate (JS, > 7.05).

Similar results were obtained at electrochemi-
cal conditioning of recycled water of processing plant
No. 12 of Udachninsky GOK (Mining and Processing
Complex), which was characterized by higher miner-
alization, in particular, increased concentration of cal-
cium ions (Table 2).

As a result of the electrochemical treatment at
power consumption of 1.0 kWh/m3 the recycled water
of the Udachninsky processing plant passes into the
category of “stable” (JS, = 6.87, see Table 2), and at
electricity consumption of 1.5-2 kWh/m?, into the
“medium aggressive” category (JS, = 6.94-7.43, see
Table 2). It should be noted that for the more saturated
with calcium ions recycled water of processing plant
No. 12 (Udachninsky GOK) the transition to the state,
in which dissolution of calcium carbonates takes place,

Table 2

Ionic composition and characteristics of carbonate equilibrium indices at varying intensity
of diaphragmless treatment of recycled water

Power consumption, pH of Concentration of ions, mg/1 Values of carbonate equilibrium indices

Wi “phase Ca? HCO- €O+ S, PH, S,

Recycled water of the Mirny Processing Plant No. 3
No treatment 7.6 2389 61.2 0.11 17.00 7.12 6.52
0.3 7.5 2302 62.4 0.091 13.35 7.15 6.82
0.5 7.2 2120 46.5 0.034 4.61 7.10 6.90
1.0 7.1 1833 44.2 0.026 3.04 7.05 7.00
1.5 6.9 1545 41.5 0.015 1.59 711 7.33
2.0 6.7 1455 31.5 0.0073 0.73 7.04 7.80
Recycled water of Udachninsky GOK Processing Plant No. 12

No treatment 8 2900 32 0.33 27.11 7.41 6.13
0.3 7.9 2880 28 0.25 18.82 7.47 6.28
0.5 7.7 2650 26 0.16 10.18 7.31 6.47
1.0 7.5 2500 21 0.074 3.93 7.31 6.87
1.5 7.3 2355 14 0.031 1.64 7.50 6.94
2.0 6.9 2189 10 0.011 0.56 7.46 7.43
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is achieved at greater consumption of electricity for its
electrochemical conditioning.

To evaluate the effectiveness of the selected
boundary values of the JS, criterion and the electro-
chemical treatment modes, the method of measuring
the three-phase limiting wetting angles of the surface
of diamond crystals was applied. The studies were car-
ried out at an OCA 15EC device using standard tech-
niques [14]. A drop of the aqueous phase was placed
with a microsyringe on a certain area of a diamond
surface, which was pretreated with recycled water
that underwent the electrochemical conditioning. The
measurements results showed that the hydrophobici-
ty of naturally-hydrophilic diamonds increases in the
process of interaction with electrochemically treated
recycled water (the hydrophobicity was determined
by the value of the three-phase limiting wetting an-
gle). The best result — the maximum increase in the
limiting wetting angle of the hydrophilized diamonds
was achieved when combining thermal conditioning
of the diamonds and diaphragm-free electrochemical
treatment of recycled water (Fig. 4, curve 2). The in-
crement of the three-phase limiting wetting angle (33
%) achieved by the combined treatment is significantly
higher than the sum of the limiting wetting angle in-
crements of the separate application of the heat treat-
ment technology (17 %, Fig. 4, curve 1).

100
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Fig. 4. Curves of the three-phase limiting wetting
angle when using thermal treatment of diamonds and
diaphragmless electrochemical treatment of recycled

water, where 1, 2 — naturally-hydrophilic diamond; 3, 4 -
naturally-hydrophobic diamond; 1, 3 — without thermal
treatment; 2, 4 — with thermal treatment

When naturally-hydrophobic diamonds come in
contact with recycled water, electrochemically treated
in diaphragmless electrolyzer, an increase in the
three-phase limiting wetting angle is also observed.
A similar result, the maximum degree of surface
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hydrophobicity, was also achieved with the combined
treatment of naturally-hydrophobic diamonds (Fig.
2, curve 4). Analysis of the obtained results showed
that the maximum degree of diamond hydrophobicity
restoration was achieved at the consumption of electric
power (during processing of recycled water in the
diaphragmless electrolyser) of more than 1.5 kWh/m3.

3. Selection of modes of combined conditioning
technology of initial feed and recycled water
of froth separation cycle

Selection of rational parameters of electrochemi-
cal conditioning of recycled water for the preparation
of diamond-bearing material — feed of the froth
separation cycle — was justified by the results of the
laboratory research, carried out in conditions close
to the plant conditions. The reagent scheme included
feeding bunker fuel F5 (1.3 kg/t) as a collector and
sodium hexametaphosphate (0.3 kg/t) as a depressor of
rock minerals.

In the research, the diamond-containing mate-
rial entering the froth separation process was trea-
ted with open steam at 60-90 °C. Electrochemical
conditioning of the froth separation recycled wa-
ter was carried out in a diaphragmless electrolyzer
EKVB-0.5. The treated recycled water was fed to the
attrition and desliming process. The flow rate of wa-
ter through the electrolyzer was kept constant due to
requirements of the production process. Electricity
consumption for conditioning of the recycled water
was regulated by changing the electrolyzer electrode
current density.

The results of the experiments showed that ther-
mal treatment of froth separation feed (diamond-bea-
ring material pulp) allows to increase diamond recove-
ry from 65.7 to 84.1 % (Table 3) at heating the pulp to
80-85 °C with duration of steam treatment from 1 to
2 minutes. Simultaneous applying thermal treatment
of the froth separation feed (diamond-bearing mate-
rial pulp) and electrochemical conditioning of the re-
cycled water increased the diamond recovery to 91.4 %
(see Table 3).

Table 3
Diamond recovery into froth separation concentrate
when using heat treatment of initial feed
and electrochemical conditioning of recycled water

Temperature | At five values of electricity consumption
of initial froth| for recycled water conditioning, kWh/m3

separation | g | 95 [ 1.0 | 1.5 [ 20
feed, °C
Recovery of diamonds into concentrate, %
14 65.7 69.1 72.5 72.8 73.4
60 72.3 77.8 81.7 81.9 82.3
80 75.1 84.0 88.3 88.5 88.7
85 84.1 89.4 91.4 91.4 91.3
90 83.9 89.9 90.9 90.8 90.9
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Table 4

Parameters of the froth separation semi-industrial tests with the use of electrochemical conditioning
of recycled water and thermal treatment of the initial feed

. Electricity consumption Current density .
Test condition Froth separation feed for water conditioning on the Diamond
temperature, °C KWh/m? > electrodes, recovery, %
A/m?
Check sampling 11-14 - - 76.5
With heat treatment of froth separation feed 80-85 - - 717.5
With thermal treatment of froth separation 81-86 1.2 175 81.4
feed and electrochemical conditioning 15 200 81.6
of recycled water ) )

The increase of electric power consumption
for electrochemical conditioning of recycled water
above 1.5 kWh/m?® (when the electrode current den-
sity is more than 200 A/m?) is ineffective, because it
doesn‘t lead to an increase in diamond recovery. Heat-
ing of the froth separation feed to 90 °C also turned out
to be inexpedient because of the identified decrease in
diamond recovery. The conducted studies showed
a positive synergetic effect of using the combined
technology of processing diamond-containing mate-
rial in the froth separation cycle, which consisted in a
significant increase in diamond recovery, significantly
exceeding this indicator when heat treatment of the
initial diamond-bearing material feed and electro-
chemical treatment of the recycled water of the froth
separation cycle were used separately.

The developed technology of diamond hydro-
phobic properties restoration in the froth separation
cycle of diamond-bearing material was tested during
pilot tests in the froth separation cycle of processing
plant No. 3 at Mirny GOK. Electrochemical condition-
ing modes were selected based on the laboratory test
data. Recycled water that passed electrochemical con-
ditioning in the diaphragmless electrolyzer was fed to
the initial feed desliming unit (removal of grain size
class —0.5 mm).

Parameters of thermal treatment of dia-
mond-bearing material feed (the feed temperature
of 80-86 °C) also corresponded to the results of the
historical studies. Reagent treatment scheme of the
froth separation corresponded to the industrial one
used in the laboratory researches as well. The analysis
of the aqueous phase in the froth separation process

confirmed the shift of the medium pH to acidic area
(6.1-6.5).

The conducted tests showed that application of the
developed method of intensification of the froth sepa-
ration process with application of the selected modes
of thermal treatment of the initial feed (temperature
80-86 °C) and electrochemical diaphragmless treat-
ment of recycled water (Q = 1.2-1.5 kWh/m?) provided
increasing diamond recovery by 4.9-5.1 % (Table 4).

Conclusions

The efficiency of application of recycled water
electrochemical conditioning, which provided increa-
sing probability of removal of hydrophilizing com-
pounds from the surface of diamonds during thermal
treatment of diamond-bearing feed of froth separation,
was shown using the findings of thermodynamic cal-
culations. Rational parameters of diaphragmless elec-
trochemical conditioning of recycled water in the froth
separation cycle of diamond-bearing kimberlite with
the use of the combined technology for restoration
of hydrophobic properties of diamond crystal surface
were determined. It was experimentally shown that the
maximum increase of hydrophobicity and floatability
of diamonds was achieved at the electrolyzer electrode
current density of 175-200 A/m? and power consump-
tion of 1.2-1.5 kWh/m?3. Pilot tests showed that appli-
cation of the combined technology, including thermal
treatment of diamond-bearing feed and electrochemi-
cal conditioning of recycled water of diamond-bearing
material froth separation cycle with the selected pa-
rameters provided 4.9-5.1 % increase in 2 + 0.5 mm
size diamond recovery.
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Abstract

Cassiterite-sulfide and polymetallic deposits of the Far Eastern Region (FER) were mined by both open-
pit and underground methods. This resulted in the emerging numerous mine workings and tailings storage
facilities (TSFs) (abandoned without reclamation in latest decades) and the formation of mining technogenic
mineralogical systems. Sulfide component of minerals in the mining technogenic system is subjected to
hypergenic and technogenic processes (oxidation and hydrolysis reactions). As a result, highly concentrated
technogenic solutions are formed, from which minerals of various classes precipitate. In this connection the
purpose of this study was formulated as follows: to show the possibility of crystallization of technogenic minerals
from micropore technogenic solutions. In achieving this goal the following tasks were solved: to demonstrate
the possible reactions of oxidation and hydrolysis of technogenic minerals at the tailings storage facilities; to
identify Eh-pH parameters of their precipitation from highly concentrated solutions; to determine their possible
associations. The studies involved field observations and computations with the use of “Selector” software
package. The study findings allow demonstrating possible chemical reactions and physico-chemical conditions
of mineral formation for the following elements: Fe, Cu, Pb, Zn, Sb, Mg, Al, and Ca, including the following classes
of minerals: oxides and hydroxides, sulfates, carbonates, arsenates and silicates. The paper presented for the first
time the crystallization reactions of secondary minerals (37 ones) and their physico-chemical conditions. It was
found that secondary minerals: jarosite, pitticite, siderite, tenorite, poznyakite, antlerite and ktenasite crystallize
in the interval of positive temperatures, while scorodite, chalcantite, broshantite, cerussite, starkeyite, epsomite
and rostite originate in cryogenic conditions (below 0 °C). All other minerals, the possibility of precipitation
of which was shown in the paper, crystallized in the whole considered temperature interval, from -25 °C to
+45 °C. Field studies and modeling data on formation of technogenic waters (solutions) and crystallization of
secondary minerals on the surface of and inside tailings at the tailings storage facilities of the Far East showed
high intensity of technogenic processes. Since the tailings storage facilities were not reclaimed, the process of
environmental pollution, including the hydrosphere, would last for many decades.

Keywords
mining, minerals, beneficiation, wastes, tailings storage facility, technogenic minerals, hypergene minerals,
sulfides, association, paragenesis, slime and drainage waters
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bopMuUpoBaHMIO TOPHOMIPOMBIIIVIEHHBIX TEXHOT€HHBIX cucTeM. CymbhuIHAasT COCTABIISIONIAS TTOJIE3HBIX UC-
KOTIaeMbIX B TOPHOITPOMBIIIJIEHHOJ TeXHOTeHHO CUcTeMe MOABepraeTcsl TuIiepreHHbIM U TeXHOTeHHBIM
npoiieccaM (peakuysM OKMUCIeHUS U TUAponu3a). B pesynbraTe GopMUpyIOTCS BHICOKOKOHIIEHTPUPOBAH-
HbIe TEXHOTeHHbIE BOJIbI, 3 KOTOPBIX BHITIAAAIOT MUHEPAIBI U3 PA3JIMUHBIX KJIACCOB. B ¢BsI3u ¢ aTum cdop-
MyJIMpOBaHa I1e/Ib JAHHO pabGoThl — IT0Ka3aTh BO3MOKHOCTh KPUCTA/IM3ALMIM TEXHOTE€HHbIX MUHEPAJIOB
3 MMKPOIIOPOBBIX PACTBOPOB TEXHOTEHHBIX BOZ. [IpM JOCTIVOKEHUM OaHHON Liely pellaaucCh Caenyrolue
3aIauy: ITI0Ka3aTh BO3SMOXKHbBIE peaKIMM OKUCIEHUS M TUAPOJIM3a TEXHOTEHHOTO MUHePaoo6pa3oBaHms Ha
XBOCTOXpaHWININAX; BeIIBUTH Eh-pH mapameTphl X BbIMaJleHUS U3 BbICOKOKOHIIEHTPMPOBAHHBIX PACTBO-
POB; OIpeIeNNThb X BO3MOKHBIE accolMany. ViccemoBaHusl IPOBeIeHbI ¢ ITOMOIIIbI0 HATYPHbIX HAOIIO-
JeHUii 1 mporpaMMHOro komiiekca «Cenektop». [losydyeHHbIe pe3yabTaThl MO3BOJISIIOT MPOJEMOHCTPU-
pPOBATh BO3MOXKHBbIE XMMUYECKME Peakuuyu U GU3UKO-XUMUUYECKIE YCI0BUS GOPMUPOBAHUS MUHEPAJIOB:
Fe, Cu, Pb, Zn, Sb, Mg, Al u Ca 13 pa3/JIMUHbBIX KJIACCOB: OKCUIOB U I'MIPOKCUIOB, CyIb(aToB, KaApOOHATOB,
apCeHaTOB U CUJIMKATOB. B cTaThe BlepBble MOKa3aHbl peakuy KPUCTAIN3ALUY BTOPUIYHBIX MUHEDPAIOB
(37 HaMMeHOBaHMIT) U X PU3UKO-XMMUUECKIME YCIOBUS. YCTAHOBIEHO, YTO B MHTEPBaJIe TOIOKUTETbHBIX
TeMIlepaTyp KPUCTAUIM3YIOTCS BTOPUYHBbIE MUHEPAJIbL: SIPO3UT, HUTTULNUT, CULEPUT, TEHOPUT, TTO3HSIKUT,
AHTJIEPUT U KTEHACUT, & B KPUOTEHHBIX YCIOBUSIX: CKOPOIUT, XaJAbKaHTUT, OPOLIAHTHUT, LIEPYCCUT, CTapKe-
UT, 9TICOMUT U POCTUT. Bce ocTajibHble MMUHEepaabl, BO3MOXHOCTb BbINIafleHMSI KOTOPBIX MOKa3aHa B CTa-
The, KPUCTAJIIM3YIOTCSI BO BCEM pacCMaTpUBaeMOM MHTepBajie — oT —25 1o +45 °C. HaTypHble Habm0meHus
U TIOJTyJYeHHbIe TIpY MOZAEIMPOBAHNUY HAaHHbIe MO0 GOPMMPOBAHMIO TEXHOTEHHBIX BOA, M KPUCTAIM3ALIUU
BTOPUYHBIX MMHEPAJIOB HA TTOBEPXHOCTY U B TOJIIIE XBOCTOB 0OOTAI€HNST HAa XBOCTOXPaHWINILAX JlaabHero
BocToka 1o3Boim/au mokasaTh BbICOKYI0 aKTMBHOCTb TEXHOTEHHbBIX IMPOIeccoB. Tak Kak XBOCTOXPaHMINIIA
He peKyJIbTUBMUPOBAHBI, TO MIPOIECC 3arps3HeHMs OKPYKalolleil cpelbl, BKIWOUast ruapocdepy, TpominTcs
Ha MHOTMe JecsITUIEeTHUSI.
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TUIIepreHHble MUHepaJbl, Cylb(uabl, acconuanus (associare), mapareHe3uc, MJIaMOBbIe U IPeHaKHbIE BOMbI
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Introduction

Mining industry in the Far Eastern Region (FER)
developed rather intensively in the last 60—-120 years.
This produced significant impact on the Region's envi-
ronment. Cassiterite-sulfide and polymetallic deposits
were mined by both open-pit and underground me-
thods. The main ore minerals in the deposits are cassi-
terite, chalcopyrite, galena, and sphalerite, and, among
the sulfides - pyrite, pyrrhotite, and arsenopyrite are
common, and, for the Dalnegorsk district, argentite,
acanthite, pyrargyrite, and jamesonite should be added
[1,2]. The main extractable ore elements are: Sn, Cu, Pb,
Zn, and associated (minor ones): Ag, In, Bi. It is known
that not more than 2 % of the extracted ore volume are
transformed into concentrate, while the residual 98 %
belong to concentration waste (tailings) stockpiled in
tailings storage facilities. In the Komsomolsky district,
the processing tailings are stored in three tailings sto-
rage facilities with total area of 130.5 ha and volume
of 37.3 million tons, in the Kavalerovsky district, in six
TSFs: 18 hectares and 49 million tons, respectively. In
the Dalnegorsk district, there are two tailings storage
facilities of the Central processing plant (CPP) with
area of 825,000 m? and amount of tailings of 56.6 mln
tons, and two tailings storage facilities at the Krasno-
rechenskaya processing plant (KPP): 300,000 m? and

6.8 million tons. In the processing tailings, sulfides ac-
count for about 4% of the total volume, and the rest
is represented by silicate and carbonate minerals of
the host rocks. In Komsomolsky and Kavalerovsky dis-
tricts, the host rock minerals include quartz, chlorite,
sericite, tourmaline, epidote, calcite, etc., and, in Dal-
negorsk district, they include potassium feldspar, mi-
cas, garnets, calcite, etc. The host rock minerals con-
tain the following elements: K, Na, Ca, Al, Mg, and Si.
At different points of the tailings storage facilities the
percentage contents of sulfides and host rock minerals
differ and range from 5 to 95 % and vice versa from
95 to 5 %. It should be noted that the ratio between
the sulfides themselves and the host rock minerals at
different points in the tailings storage facilities varies
both horizontally and vertically.

The processing tailings are permanently exposed
to various climatic factors, such as changes in daily
and seasonal temperature, precipitation in the form
of rain and snow. Hypergene processes in the form of
oxidation and hydrolysis reactions of the sulfide com-
ponent, which are accompanied by the formation of
sulfuric acid and destruction of minerals of the host
rocks, actively occur in them. This leads to the appea-
rance of highly concentrated micropore solutions and
the formation of slime and drainage waters. A number
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of technogenic minerals precipitate from them (Figu-
res 1-4). Acidic solutions can be partially neutralized
by the carbonate components of processing tailings.
The creation of a mining technogenic system (adits,
pits, trenches, clearings, and tailings storage facilities)
promotes the transition of hypergenic processes to the
technogenic stage. Over time, technogenesis can lead
to the complete destruction of tailings storage facili-
ties (technogenic deposits) and their loss.

The process of technogenic minerals crystalliza-
tion is clearly seen not only in the underground mine
workings, but also in the pit (see Fig. 1) of recycled
tailings (on TSF wall), on the vertical cut (clearing)
surface (see Fig. 2) and on the surface of tailings (see
Fig. 3,4). 35 technogenic minerals of Fe, Cu, Pb, Zn, Sb,
Mg, Al, Ca of different classes: oxides and hydroxides,
sulfates, carbonates, arsenates and silicates were
found by different mineralogical methods in the Far
East Region [2].

Fig. 1. Technogenic formations on the wall of the tailings
storage facility (Komsomolsky district)

S el 4 il e o
Fig. 2. Technogenic formations on the vertical surface
of the clearing (TSF in Kavalerovsky district)
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Research objectives and tasks

The purpose of this study was formulated as fol-
lows: to show the possibility of crystallization of tech-
nogenic minerals from micropore technogenic solu-
tions (slime and drainage waters). In achieving this
goal, the following tasks were solved: 1 - to demon-
strate the possible reactions of oxidation and hydro-
lysis of technogenic minerals at the tailings storage
facilities; 2 — to identify Eh-pH parameters of their
precipitation from highly concentrated solutions; 3 —
to determine their possible associations.

Research techniques
Modeling is one of the methods for analyzing the
processes of alteration of sulfide-containing processing
tailings in the course of interaction with oxygen
and water at tailings storage facilities, formation of
drainage waters and precipitation of technogenic
minerals from them. Similar studies were conducted

Fig. 3. Technogenic formations on the surface
of the tailings storage facility (Kavalerovsky district)

Z 3 164 X 2 3 3 S 2
Fig. 4. Technogenic formations on the surface
of the tailings storage facility (Dalnegorsk district)
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in Namibia [3], Slovakia [4], Brazil [5] and many other
countries [6—9]. Computer physicochemical modeling
is used to solve various environmental problems in
hydro-geochemistry.

These studies were carried out by the authors
using “Selector” software package (its development
leader was I.K. Karpov in A.P. Vinogradov Institute
of Geochemistry of SB of RAS). The software pack-
age implements a convex programming approach to
the calculation of equilibria in heterogeneous sys-
tems by minimizing thermodynamic potentials. One
of the key features of this package is the possibility
of implementing calculation of complex chemical
equilibria in isobaric-isothermal, isochoric and adia-
batic conditions in multisystems, where an aque-
ous electrolyte solution, gas mixture, liquid and
solid hydrocarbons, minerals as solid solutions and
one-component phases, melts and plasma can be
present simultaneously [10]. The calculation of ther-
modynamic properties of the components in the “Se-
lector” is performed for various temperatures, pres-
sures and activity coefficients. In the calculation of
isothermal changes of thermodynamic functions
the following is used: equations of dependence of
changes in the volume of condensed phases on tem-
perature and pressure; semiempirical equations of
gas states at the given parameters. Thermodynamic
properties of aqueous solution components in the re-
gion up to 1000 °C and 5000 bar are calculated us-
ing the modified HKF (Helgeson-Kirkham-Flowers)
model [11, 12]. The activity coefficients of the com-
ponents of the aqueous electrolyte solution are cal-
culated using the Debye-Hiickel equation modified
by Helgeson [11].

Initial thermodynamic information (Gibbs energy,
enthalpy, entropy, and coefficients for the heat capac-
ity equation) was taken from publications! [13-20].
The missing parameters were calculated and provided
by V.A. Bichinsky and A.A. Tupitsyn, employees of the
Vinogradov Institute of Geochemistry, Siberian Branch
of the Russian Academy of Sciences.

The following unified thermo-barometric condi-
tions were used in the modeling: T from -25 to +45 °C
and P = 1 atm. The systems under consideration were
open to the atmosphere. The chemical composition
of the atmosphere was calculated on the basis of the
study of R. Horn [21]. The composition of 10 kg of
the atmosphere in moles includes: Ar — 3.2, C - 0.10,
N - 539.48, O — 144.85. Composition of rainwater is
as follows [22]: N3, N3, NH}, NH,N;, HNO,, NH,NO;,

! Shock E. SUPCRT 1992-1998 Database Database.
Geopig, Arizona State University. URL: http://geopig.asu.edu/
sites/default/files/slop98.dat
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NH,OH, NH,NO,, NH;, H,CO,, NCO;, CO,>, C,0,%,
CH,, 0,, H,, N,, Ar, He, K1, Ne, OH-, H', H,0, NO;, HNO,
(pH = 5.66). In each version of the models, indepen-
dent components were included in the calculations:
the most probable gases, dissolved species, and hy-
pogene and hypergene minerals. Oxidation of the
processing tailings was modeled for the associa-
tion of sulfide minerals and host rock minerals tak-
ing into account their percentage ratio. The sulfide/
host rock ratio was taken at 5:95, 10:90, 20:80, 40:60,
80:20, and 95:5. More than 500 model variants were
simulated and analyzed for each of the considered
districts [23-25].

The study findings allowed demonstrating possible
chemical reactions and physico-chemical conditions of
mineral formation for the following elements: Fe, Cu,
Pb, Zn, Sb, Mg, Al, and Ca, including the following clas-
ses of minerals: oxides and hydroxides, sulfates, carbo-
nates, arsenates and silicates.

Chemical reactions and physico-chemical
parameters of recent mineral formation
at the tailings storage facilities
of the Far Eastern Region

The study findings showed that the following
secondary Fe minerals can crystallize at the tailings
storage facilities: goethite, hydrogoetite, fibroferrite,
jarosite, pitticite, siderite, and scorodite. For their
formation, the presence of iron-containing sulfides:
pyrite, pyrrhotite, arsenopyrite or chalcopyrite is
required, and these minerals are constantly present in
the processing tailings. Where the oxidation reactions
of sulfides and crystallization of minerals from slime
and drainage waters coincide with those published
earlier [26], they will not be presented here for mine
waters.

The temperature conditions and Eh-pH para-
meters of goethite precipitation in tailings are as fol-
lows: 0.5-0.97V, 5.4-13.7, and 0.42-0.95V, 5.1-13.3
(hereafter, Eh-pH parameters will be given for two
temperature intervals of formation, first for tem-
peratures from -25 to 0 °C and then from 0 to 45 °C).
Goethite canoccur in thermodynamically stable asso-
ciation (paragenesis) with all minerals whose crystal-
lization conditions are given below. It was identified
in the whole considered temperature range and prac-
tically at any values of sulfides/host rock minerals
ratio in the processing tailings. Hereinafter, the term
“association” (or “associates with” when a mineral
occurrence is described), is used within the meaning
of “thermodynamically stable association” as a sy-
nonym of term “paragenesis”. Besides, only thermo-
dynamic stability of minerals was analyzed, while the
questions of reaction kinetics were out of scope of
this study.
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Hydrogoetite was identified only in the wastes
of the old tailings storage facility of Krasnorechens-
kaya processing plant, where it was formed at nega-
tive temperatures in the range of Eh-pH parameters
from 0.6 to 0.7 V and ph 9.7-13.7 in paragenesis with
valentinite, gypsum, fibroferrite, calcite and cerus-
site. In addition, it was identified at sulfide content
in the system of 5 to 20 % at 35-45 °C at the sys-
tem parameters of Eh = 1.06—-1.07 V and pH 2.3-2.4,
but in association with goethite, plumbojarosite, and
fibroferrite.

Fibroferrite at the tailings storage facilities preci-
pitates throughout the whole temperature range under
consideration at Eh = 0.58-1.15 Vand pH 1.3-13.7.

The precipitation of jarosite requires potassium,
which was identified in the solution in the form of
KSO, and K* ions. Consequently, the reactions of its
formation due to oxidation of main iron-containing
sulfides (pyrite or pyrrhotite) can be represented as:

1) 3FeS, + KSO, + 13.50, + 3H,0 + 9% —
KFe,[SO,],(OH),+ 550%7;

2)3FeS,+K*+13.50,+3H,0+9¢é —»KFe,[SO,],(OH),+
+4S0%;

3)3FeS+KSO, +7.50,+3H,0+3e—KFe;[SO,],(OH),+
+280%;

4) 3FeS +K*+7.50,+ 3H,0 + 3¢ — KFe,[SO,],(OH),+
+S02.

It crystallizes in the range of positive tem-
peratures at the following solution parameter:
Eh = -0.82-1.16 V and pH 1.1-8.0 and associates
(hereinafter this means “thermodynamically stable
association” or “paragenesis”) with goethite, gypsum,
plumbojarosite and adamine in the Pb-Zn ore pro-
cessing tailings of the Central Processing Plant and
in the 3" tailings storage facility in the Komsomolsky
district. In the latter case, the paragenesis also com-
prises the following minerals: alunogen, antlerite,
ktenasite, vudvardite, pitticite, magnesite, siderite,
smithsonite, olivenite, clinoclase, vivianite, allo-
phane, and nontronite.

The next Fe mineral is pitticite, for the formation
of which oxidation of arsenopyrite is sufficient by the
following reaction:

2FeAsS + 8.50,+ 2H,0 + H" + 66 —
Fe,[AsO,][SO,](OH) - 2H,0 + SO + AsO; .

It was identified in the processing tailings in the
3 tailings storage facility in the Komsomolsky dis-
trict in the paragenesis described above for jarosite.
The mineral precipitates in the interval of 15-45 °C
from solutions with parameters Eh = 0.76-0.84 V and
pH 5.9-8.0.

For the formation of siderite during the oxidation
of pyrite and pyrrhotite, calcite must be present in the
system: FeS, + CaCO, + 40, + 2H,0 + 2é — FeCO, +
+ CaSO, - 2H,0 + SO%™ or/and FeS + CaCO; + 20, +

elSSN 2500-0632

https://mst.misis.ru/

Zvereva V. P, et al. Chemical reactions and conditions of mineral formation at tailings storage facilities...

+2H,0 — FeCO; + CaSO, - 2H,0~ (Eh =0.76-0.84 V and
pH 5.85-7.98 in the temperature range of 15-45 °C).
It was found in the tailings of the 3" tailings storage
facility in Komsomolsky district in association with
jarosite and gypsum.

Scorodite in the processing tailings was found only
at low temperatures from —-25 to 0 °C and the following
solution parameters: Eh = 0.6-0.97 V, pH 5.3-12.5.
Scorodite can occur in paragenesis with the majority of
the minerals of the technogenic system.

Among the technogenic Cu minerals in the
tai-lings storage facilities, the following ones were
identified: tenorite, chalcantite, poznyakite, wroe-
wolfeite, antlerite, broshantite, olivenite and clino-
clase, and, if Cu and Zn arpresent in the system, kte-
nasite; Cu and Al, vudvardite; Cu and Pb, duftite and
bayidonite.

Tenorite was identified in the processing tail-
ings in the Kavalerovsky district. It was formed as a
result of oxidation of chalcopyrite through the follo-
wing reaction: CuFeS, + 5.50,+ H*+ 5¢ — CuO +
+ FeO - OH + 280%, in the range of positive tempera-
tures, at Eh = 0.42-0.53 V and pH 11.8-13.3, and the
ratio sulfide/host rock of 5:95 and 10:90. It occurs
in paragenesis with goethite, gypsum, fibroferrite,
alunogen, vudwardite, anglesite, magnesite, duftite,
allophane, and montmorillonite.

The parameters of the solutions from which chal-
cantite precipitates are as follows: Eh = 0.51-1.15 V
and pH 1.9-13.2, in the temperature range from
-25 to -5 °C. It associates with goethite, gypsum, fi-
broferrite, vudvardite, wroewolfeite, antlerite, star-
keyite, alunogen, magnesite, allophane, and mont-
morillonite.

Poznyakite was established when simulating the
oxidation process of processing waste of Vysokogor-
skoe deposit, Kavalerovsky district, in the absence of
arsenopyrite in them, in the range of 25-35 °C. It is
formed from the solution with parameters Eh = 0.98 V
and pH 3.9, at the ratio sulfide/host rock of 80:20, in
paragenesis with gypsum, antlerite, wroewolfeite, fi-
broferrite, alunogen and anglesite.

Wroewolfeite was observed in temperature interval
of 0-25 °C in association with poznyakite, where
it precipitated from solutions with the following
parameters: En=0.98-1.1Vand pH 3.9-4.0.In addition,
it was identified in the interval from -25 to 0 °C at
Eh = 1.0-1.1 V and pH 2-4. In this case, posnyakite
and antlerite disappeared from the paragenesis, but
starkeyite and chalcantite were added.

Antlerite in the tailings of TSFs in Komsomolsky
district occurs in association with jarosite, where
it originates at Eh = 0.78-0.84 V and pH 5.9-74,
T = 25-45 °C. In Kavalerovsky district, it was identified
in association with poznyakite at Eh = 0.98-1.0 V and
pH 3.4-3.9, T = 35-45 °C.
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The following conditions are typical for broshan-
tite crystallizing at the tailings storage facility of the
Central Processing Plant in Dalnegorsk district: tem-
perature: -25 to 0 °C, Eh = 0.6-0.7 V and pH 9.5-13.0,
the ratio sulphide/host rock of 5:95 and 10:9, and
the paragenesis: goethite, gypsum, calcite, adamine,
montmorillonite.

Ktenasite crystallizes in the processing tailings
(3¢ tailings storage facility, Komsomolsky district)
when oxidizing chalcopyrite and sphalerite by re-
action: 5CuFeS, + 5ZnS + 30.50,+ 11H,0 + H" + 27¢
— (Cu, Zn),[SO,],(OH), - 6H,0 + 5FeO - OH + 13502~
The conditions for its existence are as follows:
T=15-20°C,Eh=0.76-0.77 V and pH 7.8-8.0. It occurs
in the association with jarosite described above.

Vudvardite precipitates together with goethite
or fibroferrite in the presence of chalcopyrite and
aluminum ions in processing tailings: Al**, AI(OH),’,
AlO; and AlO* following the reactions:

1) 4CuFeS, + 2A1* + 220, + 12H,0 + 20 —
Cu,AL[SO,](OH),, - 4H,0 + 4FeO - OH + 7S0%

or

2) 4CuFeS, + 220, + 32H,0 + 2AI¥ + 12¢ —
Cu,AL[SO,](OH),, - 4H,0 + 4Fe[SO,]J(OH) - 5H,0 + 3S0%,

or

3) 4CuFeS, + 2A1(OH); + 210, + 10H,0 + 16é —
Cu,Al,[SO,](OH),, - 4H,0 + 4FeO - OH + 78075,

or

4) 4CuFeS, + 190, + 30H,0 + 2Al(OH); + 8¢ —
Cu,Al,[SO,](OH),, - 4H,0 + 4Fe[SO,]J(OH) - 5H,0 +
+3S0%, etc.

It associates practically with all minerals of
technogenic and hypergenic mineralization, and
Eh-pH parameters of its crystallization are as follows:
Eh = 0.5-1.15 V, pH 1.8-13.2 and 0.42-0.99 V,
pH 4.9-13.3.

Olivenite, duftite, bayidonite, and clinoclase are Cu
minerals of the arsenate class, which are characteristic
of cassiterite-sulfide ore processing tailings in the
Komsomolsky and Kavalerovsky districts. Chemical
reactions of olivenite, duftite, and bayidonite formation
are given earlier in [26], and those for clinoclase are as
follows: FeAsS + 3CuFeS, + 180, + 23H,0 + H" + 7¢ —
Cu,[AsO,](OH), + 4Fe[SO,](OH) - 5H,0 + 3505 Olive-
nite and bayidonite crystallize from the simulated
solutions throughout the whole temperature range un-
der consideration. Under cryogenic conditions (nega-
tive temperatures) their crystallization parameters
coincide: Eh = 0.5-1.1 V, pH 2.4-13.8. In the interval
of positive temperatures, their crystallization param-
eters are as follows: Eh = 0.86-1.0 V, pH 3.9-6.5 and
Eh =0.86-1.09 V, pH 2.5-6.5, respectively. At negative
temperatures, duftite crystallization parameters are as
follows: Eh = 0.5-1.1 V, pH 2.5-12.5, and in the inter-
val of 0-45 °C, duftite and clinoclase were established
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at Eh=0.42-1.09V, pH 2.5-13.3 and Eh =0.76-0.83 V,
pH 6.2-8.0, respectively. They were found in associa-
tion with many technogenic minerals.

Then let us consider the precipitation of Pb
technogenic minerals from the solutions formed due
to the oxidation of processing tailings: anglesite,
cerussite, plumbojarosite (Pband Fe) and corresponding
Zn minerals: adamine and smithsonite.

Anglesite is more often identified in polymetallic
ore processing tailings. It was found throughout the
whole studied temperature range at the following
Eh-pH parameters: Eh = 0.51-1.2 V, pH 0.9-13.2
and Eh = 0.57-1.15 V, pH 1.3-10.6. It occurs in
association with valentinite, gypsum and fibroferrite
in the Krasnorechenskaya Processing Plant (KPP)
tailings storage facility, and with goethite, fibroferrite,
vudvardite, starkeyite, alunogen, gypsum, chalcantite,
wroewolfeite, allophane and montmorillonite in the
Kavalerovsky district’s TSFs.

Plumbojarosite was identified in simulated solu-
tions of tailings oxidation with the following parame-
ters: Eh=0.7-1.2 V, pH 0.9-10.4, and Eh = 0.76-1.38 V,
pH 1.1-8.0. It is present in paragenesis with most of
the technogenic minerals.

Cerussite is carbonate, and its formation from
solutions requires calcite presence in the system.
The reaction of its crystallization is as follows: PbS +
+ CaCO4 + 20, + 2H,0 — PbCO, + CaSO, - 2H,0.
It was identified in cryogenic conditions in the tem-
perature range from -25 to 20 °C, at Eh = 0.6 Vand pH
13.4-13.7, in the association with valentinite, hydro-
goetite, gypsum, fibroferrite at the KPP tailings storage
facility, at the simulated ratio sulfide/host rock of 5:95
and 10:90.

Adamine was found only in the presence of
sphalerite and arsenopyrite in the processing tailings
and was identified at the Central Processing Plant
(CPP)’s tailings storage facility: Eh = 0.6-1.2 V,
pH 0.9-13.0 and Eh = 0.65-1.2 V, pH 0.9-10.5,
where it associated with goethite, gypsum, epsomite,
broshantite, chalcantite, anglesite and plumbojarosite.

Smithsonite was identified in the models of tailings
oxidation at TSF’s of the Komsomolsky district. The
chemical reaction of its crystallization in conditions of
oxidation of sphalerite in the presence of calcite is as fol-
lows: ZnS + CaCO; + 20, + 2H,0 — ZnCO, + CaSO, - 2H,0,
at conditions: Eh = 0.79-0.97 V, pH 5.3-6.8 (=25 °C),
Eh = 0.75-0.84 V, pH 5.7-8.0. It can associate with
most of the technogenic minerals.

The only Sb mineral was valentinite, which
crystallized in the tailings storage facilities of
Kavalerovsky district. The solution Eh-pH parameters
for valentinite crystallization were as follows:
Eh = 0.56-1.1 V, pH 2.6-13.7, and Eh = 0.66-0.98 V,
pH 3.7-10.0. It was present in the association
mentioned above for calcite.
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Since the oxidation of the sulfide components
of processing tailings and the generation of sulfuric
acid leads to decomposing minerals of host rocks, and
the solutions are enriched with Mg, Al and Ca ions,
it is expedient to connsider the chemical reactions
of formation of starkeyite, epsomite, magnesite,
gibbsite (hydrargillite), alunogen, rostite, allophane,
kaolinite, nontronite, montmorillonite, gypsum
and calcite.

Chemical reaction of starkeyite precipitation
from the aqueous solution is as follows: Mg?" +
+ SO* + 4H,0 — MgSO, - 4H,0. The solution
parameters are as follows: Eh = 0.5-1.14 V and
pH 1.9-13.2, the temperature range is from -25 to
=5 °C. In the tailings of the Komsomolsky district, it
occurs in association with gypsum, alunogen, fibro-
ferrite, anglesite, chalcantite, and nontronite, and, in
the tailings of Kavalerovsky district, goethite, vud-
vardite, wroewolfeite, magnesite, olivenite, duffite,
bayidonite, skodite, allophane and montmorillo-
nite (instead of nontronite) should be added to the
paragenesis.

Epsomite was established in the models at the
Central Processing Plant tailings storage facility at
low temperatures from -25 to -5 °C and the following
Eh-pH parameters of the system: Eh = 0.66-1.2 V,
0.9-11.7, in the presence of sulfides above 20%,
in association with goethite, gypsum, chalcantite,
anglesite, plumbojarosite, calcite, adamine, and
montmorillonite. The reaction of its crystallization is
as follows: Mg* + SO% + 7H,0 — MgSO, - 7H,0.

Magnesite precipitates from the solution by the
following reaction: Mg*" + CO%‘ — MgCO.. It is formed
throughout the whole temperature range under con-
sideration at the solution parameters: Eh =0.5-1.14V,
pH 1.9-13.2 u Eh = 0.42-0.86 V, pH 5.7-13.3. In
the interval of positive temperatures it associates
with goethite, fibroferrite, gypsum, alunogen, vud-
vardite, smithsonite, duftite, allophane and mont-
morillonite, while at negative temperatures the as-
sociation is added with gibbsite, olivenite, bayidonite
and scorodite.

Gibbsite (hydrargillite) can crystallize with involve-
ment of different ion species: AI**, Al(OH);, AlO,, AlO",
existing in slime and drainage water solutions, by
reactions:

1) AI*+ H,0 + O,+ H"+ 3¢ — Al(OH)s;

2) Al(OH); +H* +0.50,+ 2é — Al(OH).;

3) AlO; + H,0 + H"— AlI(OH),;

4) AIO* + H,0 + 0.50,+ H" + 2é — Al(OH).

It was identified in the processing tailings of the
Komsomolsky district. The parameters of the simu-
lated solutions were as follows: Eh = 0.89-0.95 V,
pH 5.7-6.3, between -25 and -5 °C, and at
Eh = 0.77-0.8 V, pH 6.5-7.4, 25-40 °C. Its association
coincides with the paragenesis for magnesite.
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Alunogen crystallization requires presence of the
same ions in the solution, which were established for
the formation of gibbsite. 4 possible chemical reactions
of the mineral crystallization are as follows:

1) 2A13* + 380% + 17H,0 — AL[SO,], - 17H,0;

2) 2AI(OH); + 380% + 15H,0 — AL[SO,]; - 17H,0 +
+0,+4¢;

3) 2Al0; + 3S0% + 17H,0 — AL[SO,]; - 17H,0 +
+20,+ 8e;

4) 2A10* + 3S0%+ 17H,0 — AL[SO,]; - 17H,0 +
+0,+4e.

It was found throughout the whole studied
temperature range at Eh = 0.7-1.15 V, pH 1.3-8.0 and
Eh = 0.53-1.16 V, pH 1.3-13.2. Alunogen occurs in
paragenesis with almost all technogenic minerals in
cassiterite-sulfide tailings in TSFs of the Komsomolsky
and Kavalerovsky districts.

Rostite precipitates from solutions with the
following Eh-pH parameters: Eh = 0.58-0.6 V,
pH 11.8-12.0, in the temperature range from -10 to
-5 °C, at the tailings storage facilities of Komsomolsky
district through the following reactions:

1) AP®* + sO¥ + 5,5H,0 + 0,50, + é —
Al[SO,](OH) - 5H,0;

2) AI(OH); +SO% +4,5H,0 — Al[SO,](OH) - 5H,0 +
+0,50, + ¢€;

3) AlO, + SO% + 5,5H,0 — Al[SO,](OH) - 5H,0 +
+0,+ 36;

4) AIO* + SO% + 5,5H,0 — Al[SO,]J(OH) - 5H,0 +
+0,50,+e.

It was identified in the following association:
goethite, gypsum, alunogen, vudvardite, starkeyite,
magnesite, scorodite, duftite, mimetesite, kaolinite,
montmorillonite.

Allophane formation requires presence of Si in the
system (in addition to Al), which exists in solution in
the form of [Si(OH),]** ion; hence, it is possible to write
4 reactions of its crystallization:

1) 2AI3* + [Si(OH),]** + 7TH,0 + 20, + 8¢ —
Al O, - Si0O, - 8H,0;

2) 2A1(OH); + [Si(OH),]** + O, + 5H,0 + 4e —
Al O, - Si0O, - 8H,0;

3) 2A10;, + [Si(OH),)* +
Al O, - Si0O, - 8H,0 + 0,50,;

4) 2A10* + [Si(OH),]**+ TH,0 + O, + 4 é —
Al O, - Si0, - 8H,O.

It was identified in paragenesis with all the con-
sidered technogenic minerals, at the following Eh-pH
parameters of the simulated solutions: Eh =0.5-0.95V,
pH 5.7-13.7, and Eh = 0.42-0.87 V, pH 5.4-13.3.

Kaolinite can precipitate from the solution by the
following 4 reactions:

1) 2AP*+ 2[Si(OH),]* + 2,50, + 10e — Al,[Si,0.](OH),;

2) 2Al(OH)," + 2[Si(OH),]* + 1,50, + 6e& —
Al,[Si,0(](OH), + 2H,0;

3) 2Al0; + 2[Si(OH),)* + 0,50, + 2& — Al,[Si,0;](OH),;

7THO + & —
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4) 2A10" + 2[Si(OH), ] + 1,50, + 66 — AL[Si,0](OH),.

The conditions of its formation from solution
are as follows: Eh = 0.59-0.73 V, pH 7.9-12.3, in the
temperature range from -10 to +45 °C. It associates
with most of the described technogenic minerals in the
Komsomolsky and Kavalerovsky districts.

Among other minerals from the class of silicates
established in conditions of oxidation of the tailings
were nontronite and montmorillonite. Fe and Si ions are
required for their crystallization from solution. The
chemical reaction of nontronite formation is as follows:

2Fe* + 4HSiO5 + H,0 + 0.50, + 6 —
Fe,[Si,0,,](OH), - 2H,0

and montmorillonite

2Fe* + 4HSiO; + 2A1%" + 2Mg* + nH,0 + 10e —
(Al, Fe, Mg),[Si,0,,](OH), - nH,0 + 2H".

The solution parameters at which nontronite
precipitates: Eh = 0.79-1.15 V, and Eh = 0.75-1.15 V,
in the pH range of 1.3-8.0, and those for montmoril-
lonite: Eh = 0.5-1.1 V, pH 2.7-13.9 m Eh = 0.42-1.0 V,
pH 3.3-13.3. Nontronite is typical for the tailings of
TSFs of Komsomolsky district, and montmorillonite,
for the tailings of TSFs of Kavalerovsky and Dalnegorsk
(Central Processing Plant) districts. They are present
in paragenesis with most of the minerals under
consideration.

Gypsum is one of the most common minerals in
the ore mining-and-processing technogenic systems
of the Far Eastern Region. It can occur in paragen-
esis with all the mentioned minerals. The reaction
of its formation is as follows: Ca* + SO3 + 2H,0 —
CaSO, - 2H,0, at the precipitation conditions of:
Eh = 0.5-1.2 V, pH 0.9-13.9 and Eh = 0.57-1.16 V,
pH1.1-11.6.

Calcite can crystallize by the following reactions:

Ca* + CO3” — CaCoO,
or
Ca* + HCOZ — CaCO; + H* + é.

It was identified only in the tailings of TSFs of the
Dalnegorsk district, where at the CPP it was present
in association with goethite, gypsum, broshantite,
adamine, montmorillonite, and, at the KPP, with valen-
tinite, goethite, hydrogoetite, gypsum, fibroferrite,
cerussite. Parameters of the solutions for its forma-
tion were as follows: Eh = 0.56-0.77 V, pH 8.3-13.7
and Eh =0.66-0.76 V, pH 7.1-9.6.

Conclusion
The use of the “Selector” software package allowed
to analyze the processes of present-day mineral for-
mation in the processing tailings (in tailings storage
facilities) and to present the reactions of their crystal-
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lization from solutions, as well as to estimate the phys-
ico-chemical conditions of the minerals formation:
Eh-pH parameters and temperature intervals, and es-
tablish their paragenesises and ionic composition of
the solutions.

Among the main ions of sulfide ore components,
the following ones were established in the compo-
sition of the slime and drainage water solutions:
Cu, Cu¥, CuOH*, Pb*, PbOH", Pb(SO,)3", Zn*, Zn0O?%",
ZnOH*, Zn(S0,);", As™, AsO,*, Sb(OH);, SbO;, SOy,
HSO,, many of which were toxic [27, 28]. The main
ions of the components of the host rocks were as fol-
lows: Ca*, CaOH*, K*, Mg**, Al**, Al(OH),, AlO;, AlO",
[Si(OH),]*.

The possibility of precipitation of 37 seconda-
ry minerals of Fe, Cu, Pb, Zn, Sb, K, Ca, Mg and Al
from the classes of oxides and hydroxides, sulfates,
carbonates, arsenates and silicates from the tech-
nogenic solutions of tailings storage facilities was
demonstrated. Oxidation of sulfide components of
processing tailings leads to crystallization of sec-
ondary Fe minerals: goethite, hydrogoetite, fibrofer-
rite, jarosite, pitticite, siderite and scorodite. Among
the Cu mine-rals, tenorite, chalcantite, poznyakite,
wroewolfeite, antlerite, broshantite, olivenite, and
clinoclase were established, and together with Zn,
ktenasite, with Al, vudvardite, and with Pb, duftite
and bayidonite. The secondary Pb minerals includ-
ed anglesite and cerussite; in the presence of Fe,
plumbojarosite was formed. Among the hypergene
minerals of Zn, adamine and smithsonite were iden-
tified. The only Sb mineral was valentinite. Action of
sulfate solutions (originated due to oxidation of sul-
fides) on the host rocks in the tailings leads to pre-
cipitation of the following secondary minerals from
the technogenic water solutions: For Mg, starkeyite,
epsomite and magnesite; for Al, gibbsite, rostite,
alunogen, allophane and kaolinite; for Ca, gypsum
and calcite. The presence of Fe or Fe together with
Al and Mg in the highly concentrated technogenic
water solutions leads to the formation of silicates:
nontronite or montmorillonite.

It was found that secondary minerals: jarosite,
pitticite, siderite, tenorite, poznyakite, antlerite and
ktenasite crystallize in the interval of positive tem-
peratures, while scorodite, chalcantite, broshantite,
cerussite, starkeyite, epsomite and rostite originate in
cryogenic conditions (below 0 °C). All other minerals,
the possibility of precipitation of which was shown in
the paper, crystallize in the whole considered tempera-
ture interval, from -25 to +45 °C.

The obtained data can be an important contri-
bution to the mineralogy of hypergene and techno-
genic processes and assessment of environmental
conditions in the Far Eastern Region. pH of the slime
and drainage water ranges from strongly acidic to
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strongly alkaline. After precipitation of technogenic
minerals, the total mass of which reaches 230 g, the
concentration of ore elements in the solution can be
up to 340 g/L.

Field studies [1, 2] and modeling data on forma-
tion of technogenic waters (solutions) and crystal-
lization of the secondary minerals on the surface of
and inside tailings at the tailings storage facilities of
the Far Eastern Region allowed demonstrating high
intensity of the technogenic processes. It was found
that the excess of the baseline concentrations of
both elements of sulfide ores and their host rocks in
the TSF’s slime and drainage waters reaches tens of
thousands times. Consequently, the tailings storage
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facilities polluted the environment and the hydro-
sphere for a century? [29-31], but since they were not
reclaimed, this process would continue for many de-
cades to come.

2 Ulanova D.I. Silica brought sands with dangerous salts.
Pacific Star Newspaper. August 30, 2011. URL: https://toz.su/
newspaper/chp/silinka_prinesla_opasnye_soli_/
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Determination of technological parameters
of rock freezing systems based on the condition
of maintaining design thickness of ice wall

M. A. Semin 04, A. V. Bogomyagkov -, L. Y. Levin
Mining Institute, Ural Branch of the Russian Academy of Sciences, Perm, Russian Federation
D4 seminma@inbox.ru

Abstract

Artificial freezing ensures the formation of a temporary ice wall around the shaft under construction, which
prevents groundwater penetration into the shaft and increases the strength of rocks around the unsupported
walls of the shaft until the permanent support is erected. The purpose of the studyis to carry out thermotechnical
calculation of ice wall with subsequent theoretical analysis of changing ice wall thickness with shifting to the
passive freezing stage. The idea of the study is to determine these technological parameters based on the
condition of maintaining the design ice wall thickness at the stage of passive freezing. The methodology and
results of thermotechnical calculation of ice wall for the clay layer as applied to the case of the shafts under
construction of a potash mine in the Republic of Belarus are presented. The thermal calculation of the ice wall
was carried out numerically in the ANSYS software package using the finite element method. The findings
of the numerical multiparameter modeling allowed theoretical analysis of ice wall thickness decrease with
shifting to the passive freezing stage with higher brine temperature. The decrease in ice wall thickness was
studied both during normal operation of the freezing station and at emergency operation mode caused by the
failure of one of the freezing columns. Special attention in the analysis was paid to studying the influence
of the duration of the active freezing stage and the distance between the columns on the decrease in the
ice wall thickness. When analyzing changes in ice wall thickness at different distances between the freezing
columns, it was found that the most common column spacing in the range from 1.1 to 1.3 m requires observing
restrictions on the duration of active freezing to prevent a critical decrease in ice wall thickness during the
passive freezing stage or decreasing the distance between the freezing columns. In this case, preservation of
positive dynamics of ice wall thickness growth is ensured. For the clay layer considered in the study and the
distance between the columns from 1.1 to 1.3 m, the minimum time of active freezing is also about 4.3 months.
As a result of the analysis, the technological parameters of the freezing system (duration of the active freezing
stage and the distance between the freezing columns) were determined, at which the ice wall thickness at the
passive freezing stage did not become lower than the minimum permissible values calculated based on the
strength and creep conditions.

Keywords

construction, mine shaft, rocks, groundwater, freezing, ice wall, thermotechnical calculation, modeling,
process parameters, freezing column, emergency mode
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CTPOUTENBbCTBO MOPHbIX MPEANPUATUA U OCBOEHUE NMOA3EMHOIO NMPOCTPAHCTBA

Hay4yHaqa ctaTbd

Onpeneneuue TEeXHONIOrMYeCKuX napamMmeTpos
CUCTEeM 3aMOopaXXuBaHUA nMopoa U3 ycnoeuda nogaepirxaHua
npoel('rHoii TOJILLUHDbI NNeaonopoaHoOro orpa>kaeHms

M. A. CemuH >4, A. B. Boromarkos 1%, J1. 10. JleBun
TopHestii uncmumym YpO PAH, 2. Tlepmb, Poccuiickas @edepauus
< seminma@inbox.ru

AHHOTauusa

VcKyCcCTBEHHOE 3aMOpakuBaHue obecrieunBaeT GopMupoBaHye BOKPYT CTPOSIIIErocst CTBOJIa BpeMEHHOTO
nenornopoaHoro orpaxkaenus (JIIIO), npensaTCTBYIONIEro MPOHUKHOBEHUIO TOI3€MHBIX BOJ, B CTBOJI U TO-
BBIIIAIOIET0 TTPOYHOCTh TOPHBIX MTOPOJ, B OKPECTHOCTY He3aKPeIUIEHHBIX CTeHOK CTBOJA 10 BO3BeHeHMUs
MOCTOSIHHOM Kpenu. Llesibio uccienoBaHus SIBASETCS IPOBeAeHMe TelIoTexHnyeckoro pacuera JIIIO ¢ no-
CJIeIYIOUIMM TeOpeTUYeCKUM aHa/IM30M u3MeHeHus Tomyubl JITIO mpu nepexonie Ha CTaAMIO0 ACCUBHOTO
3aMopaxkuBaHus. Mmes ucciiefoBaHUs 3aK/II0YaeTCs B OINpeAeneHNUI 3TUX TEXHOJOTMUEeCKUX mapaMeTpoB
MUCXOASl U3 YCJIOBUSI TIOAJep KaHUsI MPOeKTHON Tonmyuuel JITIO Ha cTaguyu MacCMBHOTO 3aMOpPa>KMBaHMSI.
[IpencraBiieHa MeTOAMKA U Pe3YAbTAThl TEIIOTeXHMYeCKOTO pacueTa JI[IO Ajist ¢jios T/IMHBI TPUMEHUTEIb-
HO K C/Ty4Yal0 CTPOMBIIMXCSI CTBOJIOB OJTHOTO KaJIMITHOTO PyIHMKA B peciyonuke Bemapych. Teriorexunuye-
ckuit pacyet JIITO mpoBOAMICS UMCIeHHO B IporpaMmmMHOM Komriekce ANSYS ¢ ucnonb3oBaHMeM MeToa
KOHEUHBIX 3JIeMEeHTOB. Pe3yibTaThl UMCIIEHHOTO MHOTOIMapaMeTPUUecKoro MOZAeIMpPOBaHUST MO3BOIUIU
MIPOBECTM TeopeTHMUecKuii aHaauM3 yMeHblleHUs: TommuHbl JITIO mpu mepexome Ha CTagMIo MAaCCUMBHOTO
3aMOpakMBaHMs ¢ 6ojiee BBICOKOI TeMIlepaTypoii paccosa. VicciemnoBanoch yMeHbleHue Tonmuubl JIITO
Kak Ipy HOPMaJIbHOM peXXyuMe paboThl 3aMOPaKMBaIoIIeli CTaHLM, TaK U B aBapUITHOM pexkuMe paboThl,
CBSI3AHHOM C BBIXOZOM M3 CTPOSI OJHON M3 3aMOPaKMBAIOIIMX KOJTOHOK. Oco60e BHMMAaHMe IIPU aHAIN3e
YAEeSIIOCh UCCeIOBAHUIO BAVSIHUS OAUTEIbHOCTY CTaAUM aKTUBHOTO 3aMOPaKMBaHMS M PACCTOSTHUST MeX-
Iy KOJIOHKaMM Ha yMeHblieHue Tonuubl JII1O. IIpn ananuse nsmenenus Toniuyusel JIIIO npu pasnmuuHbIx
PACCTOSTHUSIX MEXKIY 3aMOpPakMBaIOLIMMM KOJIOHKAMM ITOJIYYEHO, UTO IJIST Hambosiee paclpoCTpaHEeHHbIX
PaCCTOSTHMIT MEXIY KOJIOHKaMM B MHTepBaje oT 1,1 mo 1,3 M Tpe6yeTcs cob/0maTh OTpaHUYEeHNS 110 /I -
TeMbHOCTY aKTUBHOTO 3aMOpakMBaHUs IJIs1 IPeIOTBpallleHMs KpUTUUECKOTO YMeHbIlIeHMs ToMHbI JITIO
Ha CTaauM ITAaCCMBHOTO 3aMOPak/MBaHMS MO0 YMEHbIIATh PACCTOSTHIE MEKAY 3aMOPasKMBAIOIIVIMM KOJIOH-
KaMu. B atom ciydae Gymer obecrieueHO COXpaHEHMe TONOKUTENIbHOM AMHAMMKY pocTa TOMHbI JITIO.
IlJis pacCMOTPEHHOTO B paboTe C/I0sI TIIMHBI M PACCTOSTHUI MeXy KojoHKamu ot 1,1 1o 1,3 M MMHUMAaIbHOE
BpeMs aKTMBHOTO 3aMOpasKMBaHMs TaK:Ke COCTaBJIsIeT 0KoJIo 4,3 Mec. B pesysnbTaTe IpoBeleHHOTO aHaIn3a
orpefeneHbl TaKMe TeXHOJIOTMYeCK/e mapaMeTpbl CUCTEMbI 3aMOpPaXMBaHUS (OJUTENbHOCTh CTAAUM aK-
TUBHOTO 3aMOPaXXMBAHMS U PACCTOSHUS MEXIY 3aMOPaskMBAIOIIMMY KOJTOHKaAMM), IPY KOTOPBIX TOML[MHA
JITTIO Ha cTaguy MacCMBHOTO 3aMOPakMBaHMSI He CTAHOBUTCS HUYKe MUHMMATbHO-IOMYCTUMbIX 3HAUEeHUI,
pPacCUMTAHHBIX U3 YCJIOBUI MTPOYHOCTYU U MOJI3YYECTH.
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Introduction

The construction of mine shafts in watered soils
and rocks is carried out with the use of special methods.
One of the most widespread special methods of shaft
construction at potassium mines is artificial freezing
of rocks [1, 2]. The purpose of artificial freezing is
to form a temporary ice wall around the shaft under
construction, which prevents groundwater penetration
into the shaft and increases the strength of rocks
around the unsupported walls of the shaft until the
permanent support is erected [3-5].

The sinking of a mine shaft starts only after
the formation of a closed contour of ice wall with a
design thickness which is determined on the basis of
strength and creep conditions [6, 7]. Calculation of ice
wall for strength and creep is usually carried out for
a certain uniform negative temperature of the rocks
composing it [8]. Since in practice the temperature
distribution in an ice wall volume is heterogeneous,
an important issue in determining the ice wall
thickness based on the calculated temperature field
is the selection of isotherms, which correspond to the
ice wall boundaries. In practice, as a rule, two types of
isotherms are used [5]:

1) temperature of actual freezing of water in the
pores (about 0 °C);

2) temperature at which strength and rheo-
logical properties of frozen rocks were measured
(-4...-12°C).

Based on the published information on artificial
freezing of rocks [3, 5, 9], it can be assumed that both
methods of selecting ice wall boundary isotherms are
applicableatthe stage ofactive freezingoftherockmass,
when the freezing brine temperature takes minimum
values, and the brine flow rate takes maximum values.
However, it was shown in [5] that during the passive
freezing stage with higher temperatures and lower
brine flow rates, there may be a temporary decrease
in ice wall thicknesses to values below the minimum
allowable ones, determined based on the strength and
creep conditions. To a greater extent, such a decrease
in ice wall thickness is characteristic of the second
method of selecting ice wall boundary isotherms.
A decrease in the ice wall thickness is observed during
passive freezing both in the normal operation mode
of the freezing station, and in the emergency mode,
which may consist in the failure of one or more freezing
columns [10].

Another important issue is the selection of the
distance between neighboring freezing columns
and, as a consequence, the total number of freezing
columns [11-14]. The issue of changes in ice wall
thickness at the passive freezing stage calculated at
different distances between freezing columns was
not sufficiently investigated in the existing Russian
and foreign literature. This issue is relevant in terms

elSSN 2500-0632

https://mst.misis.ru/

Semin M. A. et al. Determination of technological parameters of rock freezing systems...

of ensuring the reliability of ice wall and the safety of
mining operations in shafts under construction with
the use of artificial freezing method.

The present study continues the research presen-
ted in the paper [5]. The purpose of both the previous
and the present paper was to carry out thermotechni-
cal calculation of ice wall with subsequent theoretical
analysis of changing ice wall thickness with shifting to
the passive freezing stage. In the previous paper [5],
the emphasis was placed on carrying out a comparative
analysis of calculated ice wall thicknesses using differ-
ent isotherms and the dependence of ice wall thickness
decrease at the passive freezing stage. The present pa-
per attempted to deepen and continue the earlier ana-
lysis of the dynamics of ice wall thickness at the pas-
sive freezing stage. Particular attention was paid to the
influence of the duration of the active freezing stage
and the distance between the columns on the ice wall
condition. The idea of the study is to determine these
technological parameters based on the condition of
maintaining the design ice wall thickness at the stage
of passive freezing.

Mathematical model

We considered the problem of freezing a rock mass
by a circular circuit of freezing crowns under the brine
scheme. It was assumed that the following physical
processes play an essential role in the formation of ice
wall in a rock mass [15]:

1) conductive heat transfer (thermal conductivity);

2) phase transition of water in the pores of the
rock mass;

3) heat transfer between the rock mass and the
brine circulating in the columns.

As a result of movement of brine with negative
temperature in the freezing columns, the surrounding
rock mass is gradually cooled and frozen. An ice zone
is formed in it, where the pore water is considered
completely frozen, and a cooling zone, in which the
rock mass is not frozen, but has a lower temperature
than in natural conditions at a depth in question. The
so-called transition zone (mushy zone), where ice and
water are present simultaneously, is also sometimes
distinguished between the ice zone and the cooling
zone [16, 17].

When modeling heat transfer in a frozen rock mass,
the following list of simplifications is accepted:

1) the rock mass has isotropic and homogeneous
thermophysical properties in the ice and cooling
zones;

2) the phase transition of pore water occurs
completely in some small given temperature interval;

3)the vertical component of heat fluxes is
negligibly small compared to the horizontal one;

4) at the initial moment of time, the rock mass is
completely water-saturated;

194


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2021;6(3):192-202

5)water in the pore space of the rock mass is
considered stationary;

6) local thermal equilibrium between solid rock
particles, water, and ice in each elementary volume of
the watered rock mass;

7) the centers of the mouths of the freezing columns
are located on a circle, and the columns themselves are
oriented strictly vertically and separated from each
other by the same distance.

The third assumption makes it possible to
switch from a three-dimensional problem to a two-
dimensional one. However, this assumption requires
additional comments. It is applicable only if we
consider a mid-section of a horizontal layer of rocks
of sufficiently large thickness (more than 10 m), and
the time interval of modeling in this case is also
limited (less than 200 days). In this case, the influence
of vertical heat fluxes will initially take place only at
the boundaries of the considered layer of rocks with
the adjacent upper and lower layers. As time passes,
this effect will spread deep into the rock layer and, at
a certain point, when it reaches its midline horizontal
section, will lead to a significant distortion of the
temperature field as compared to the purely two-
dimensional case; from that timepoint, the third
assumption cannot be applied.

The introduced assumptions 1, 3, 5, and 7 allow
concluding that there is rotational symmetry in the
problem. This significantly simplifies the geometric
model and allows not to consider the horizontal section
of the rock mass as a whole, but to consider its separate
sector bounded by the two main planes of the ice wall
[5]. The geometric model of the sector of a frozen rock
mass is shown in Fig. 1. This model was further used for
numerical calculations.

In the geometric model of the rock mass layer,
there are several boundaries, S, V, B and I. The
boundary I represents the inner boundary of the
computational domain. It “cuts off” and removes from
the consideration a small volume of the rock mass near
the origin of coordinates (the center of the freezing
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contour). It was introduced to avoid constructing a
finite-element mesh around an acute angle touching
the rotational symmetry axis of the computational
domain. This makes it possible to improve the quality
of mesh elements and increase the stability of the
numerical solution. The boundary I should be shifted
as much as possible to the rotational symmetry axis
of the domain so that the “cut off” volume of the rock
mass is negligibly small compared to the total volume
of the rock mass subjected to thermal influence.

The mathematical model of the rock mass subject
to the thermal influence of the freezing columns is
based on the energy balance equation in enthalpic
form [18, 19]:

T [af,07), o, 07
ot _{aX(}LBXJ+8y(k8yJ}’ M)

}\':}\'Iq(]‘_(pice)-i_}\'sd(pice’ (2)

where H - specific enthalpy of rocks, J/m3; x, y -
orthogonal coordinates, m; t - time, s; A, Ay -
thermal conductivities of the rock mass in the cooling
and ice zones, respectively, W/(m-°C); A,, — rock
iceness, m3/m?.

The energy balance equation is supplemented by
the equations of state:

P (T =T +pnl, T, <T
H(T)=H,+:<p,nL-(1-9,,), Ta<T<T, (3
PeiCea(T=T,), T<T,
1, T<T,
0T =1(T,~T)/(T,~T,), T,<T<T,, @4
0, T,<T

where H, - reference specific enthalpy of rocks at
temperature I, J/m®; ¢, ¢, — specific heat capacities
of the rock mass in the cooling and ice zones,
respectively, J/(kg-°C); p,, p,s — densities of the
rock mass in the cooling and ice zones, respectively,

I B

Fig. 1. Computational domain and its boundaries:
S - symmetry; B — walls of freezing columns; V - outer boundary corresponding to intact rock mass; I — inner boundary
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kg/m?*; T, - temperature of the beginning of pore
water crystallization (or liquidus temperature), °C;
T,, — temperature of the beginning of pore ice melting
(or solidus temperature), °C; L — specific heat of pore
water crystallization, J/kg; n — porosity of the rock
mass; p,, — density of water, kg/m?.

In addition, model (1)-(4) is supplemented by
boundary and initial conditions:

oT

{AW— (T, (6)~ T)} B =0, s)
T|, =T, (©)
oT
an|. =Y )
JoT
an| = ®)
T|t:0 = TO’ (9)

where T, (t) - brine temperature in the freezing
columns, °C; T, — temperature of intact rock mass at a

-21
-26.77 Min
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distance from the freezing circuit, °C; a — coefficient
of heat transfer from the rock mass to the brine
through the wall of the freezing column, W/(m?:°C);
N - coordinate along the normal to the considered
boundary of the computational domain, m.

The water phase transition from liquid to solid
state and vice versa is accounted for in the model by
setting the nonlinear function (3) of specific enthalpy H
dependence on temperature T. In a short temperature
interval [T, T,] this function increases sharply by
a value equal to the latent heat of the phase transition
p,nL in the unit volume of the watered rock mass. This
approach to accounting for the phase transition is
called enthalpic and is widely used in problems with
phase transformations in solids [16, 18].

Same to studies [5, 10], the emergency operation
mode of the freezing system is connected with
shutdown (failure) of one of the freezing columns at
the moment of transition to the passive freezing mode.
The freezing column shutdown is modeled by setting
a zero heat transfer coefficient in the time interval
starting from the moment of transition to the passive
freezing mode.

Fig. 2. Finite-element model of the rock mass layer (a), calculated temperature distribution in it at the stage of active
freezing (b) and at the stage of passive freezing during emergency shutdown of one of the columns (c)
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The authors believe that the passive freezing
mode is the most dangerous in terms of faults and ac-
cidents. This is due to the fact that, firstly, at the be-
ginning of the passive freezing mode (stage), a change
in the operating mode of the freezing station occurs,
which itself increases the risk of failure of individual
elements of the freezing system. Secondly, shaft sink-
ing and supporting are carried out exactly at the stage
of passive freezing. In the practice of shaft construc-
tion, there were many cases when freezing columns
failed due to severe deformation of rocks before the
erection of the advancing concrete support [2, 20, 21].
In addition, shutdown of part of the freezing columns
is one of the possible measures to reduce the amount
of heat withdrawn from the rock mass during the pas-
sive freezing stage [14, 22].

In addition, at the end of the active freezing
stage, additional measuring procedures are often
carried out in shafts under construction, aimed at
verifying that the continuous ice wall reaches the
specified thickness [23, 24]. These measurements
can be carried out both in control and in freezing
wells (e.g., ultrasonic control or thermometric
measurements). This also increases the risk of
damage to the freezing columns.

Numerical modeling technique

A numerical solution for the problem (1)-(9) was
found using the finite element method in the ANSYS
software package (Thermal Transient module). The
solution was constructed on a grid consisting of
rectangular elements (see Fig. 2, a). The size of the
grid elements in the computational domain and the
grid thickening parameters near the freezing columns
were selected on the basis of preliminary modeling so
as to ensure that the solution was independent of the
discretization method.

As parameters for the numerical calculations,
the initial data for the rock freezing project for
the conditions of the potash mine shafts under
construction in the Republic of Belarus were taken.
The clay layer was investigated as one of the most
thermally conductive layers in the interval of the
being frozen rocks. The main thermophysical
properties of the rock layer under consideration are
presented in Table 1. The density of rocks in the ice
zone was assumed to be equal to the density of rocks
in the cooling zone. The thermal conductivities in
the ice and cooling zones presented in the Table are
atypical for the clay layer in question. This is due to
several factors: the presence of sand interlayers in
the clay, high in-situ pressure (about 1 MPa), and low
porosity. In addition, it should be noted that the rock
thermal conductivity and humidity values indicated
in Table 1 were slightly (within 15 %) corrected in
comparison with their initial values in the process
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of thermophysical model adjustment based on
temperature measurements in control thermal wells
at the construction site.

Table 1
Thermophysical properties of clay layer

Property Value
Thermal conductivity (ice zone), W/(m-°C) 4.30
Thermal conductivity (cooling zone), W/(m- °C) 2.64
Heat capacity (ice zone), J/(kg- °C) 900
Heat capacity (cooling zone), J/(kg- °C) 1712
Initial temperature of rocks, °C 10
Liquidus temperature, °C -0.4
Solidus temperature, °C -0.9
Density (kg/m?) 1840
Porosity, decimal quantities 0.158

At the active freezing stage, freezing brine moves
in the columns at constant temperature of -30.4 °C.
When passing to the passive freezing stage, the brine
temperature uniformly rises to —20 °C during 5 days.
The flow rate of the freezing brine during the active
and passive freezing stages is constant and amounts
to 240 m3/h. The heat transfer coefficient calculated
according to the method given in [5] is 62.5 W/
(m?-°C). The outer boundaries of the ice wall were
determined by the isotherm T, = -8 °C, at which the
design thickness of the ice wall was calculated based
on the strength and creep conditions.

The radius of the outer boundary of the compu-
tational domain is 40 m, and the radius of the inner
boundary (cut off zone) is 0.25 m. The contour of the
freezing columns has a radius of 8 m. The freezing
columns have an outer diameter of 0.146 m and an
inner diameter of 0.136 m. The distance between the
centers of neighboring freezing columns was assumed
to be about 1.2 m (the case of 42 freezing columns,
distant from each other at the same distance).

Fig. 2, b shows the calculated temperature distri-
bution in the sector under consideration for the mo-
ment of time of 50 days (the active freezing stage). The
smallest value of the ice wall thickness at the stage of
active freezing was observed along the lock plane of
the ice wall, while at the passive stage, at emergency
shutdown of one of the freezing columns (see Fig. 2, c,
time moment of 100 days), it was observed along the
main ice wall plane. For this reason, the minimum of
the two thickness values calculated along the main
plane and the lock planes of the ice wall was taken as
the ice wall thickness.

Influence of the active freezing time
on the ice wall condition
Time dependences of ice wall thickness were
calculated for several different variants of transition
to passive freezing: after 50, 100 and 150 days (Fig. 3).
The dashed line represents the curves corresponding
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to the emergency shutdown of one of the freezing  whereE,is the design (minimum permissible) thickness

columns, and the solid line represents the accident- of ice wall, which was achieved at the end of the active

free transition to the passive freezing stage. freezing stage, m; E, is the minimum thickness at the
Analyzing Fig. 3 allowed concluding that during  passive freezing stage, m.

the transition to passive freezing in both emergency In [5], a detailed quantitative analysis of this

and normal modes, a short-term decrease in the ice criterion for two rock layers, clay and chalk, was
wall thickness took place. This was evidenced by the produced. As a result, it was found that at small
characteristic “depressions” on the curves of ice wall durations of active freezing of a rock mass (less
thickness dynamics. They were especially characteristic than 100 days), the decrease in ice wall AE thickness
for the case when the duration of the active freezing  essentially nonlinearly depends on the duration of
stage was minimal and amounted to 50 days. As the active freezing that was connected with the features
duration of active freezing increased, the depth of  of heat transfer near the internal and external ice wall
these “depressions” decreased, and eventually, starting  fronts.
from a certain point in time, the decrease in the ice In the present paper, we focused on another in-
wall thickness at the passive freezing stage stopped. teresting fact about criterion (10). For longer periods
In the case under consideration, this point in time was of active freezing of a rock mass (more than 100 days),
between 100 and 150 days. the value AE decreases with increasing duration of the
The depth of the “depressions” in the ice wall stage of active freezing of rocks and eventually turns
thickness - time curves in Fig. 3 can be estimated by  to zero, both in the case of trouble-free operation of
introducing the following quantitative criterion: the the freezing system and in the emergency case of shut-
maximum ice wall thickness decrease AE [5]: down of one of the freezing columns. Physically this
_ . conclusion is logical in view of the fact that the longer
AE =max(0; E, - E,), (10) the stage of active freezing lasts, the deeper the rock

12

10

I AE'100<AE'50

-
Sccncom=="

AEs,

0 50 100 150 200
t, days

= 150 days, normal mode
= 100 days, normal mode
—— 50 days, normal mode
-=== 150 days, emergency mode
-=== 100 days, emergency mode
-=== 50 days, emergency mode

Fig. 3. Dynamics of ice wall thickness E (m) during the transition to passive freezing
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mass can be cooled and frozen and, consequently, the
higher the persistence (“inertia”) of heat flows in it.
Persistence in this case means the ability of the frozen
rock mass to maintain negative temperatures for a long
time after the cooling productivity of the freezing sta-
tion was reduced.

In view of this conclusion, it is reasonable to
select the duration of active freezing of rocks based on
condition AE = 0. This condition, in fact, means that
at the stage of passive freezing, the ice wall thickness
should not decrease to the values below the design
ones. For the rock layer in question, the minimum
duration of the active rock freezing stage, at which
AE =0, is met, is about 130 days or about 4.3 months.

Influence of column spacing on ice wall formation

It is of interest to study the dependence of
criterion AE on the distance between two adjacent
freezing columns. In the present study, such analysis
was carried out for the clay layer. Fig. 4 shows the
dependences of the criterion AE on the distance
a between two neighboring freezing columns for
active freezing duration of 50, 100, 120, 130 and
150 days for the case of emergency shutdown of one
of the freezing columns, as obtained by numerical
simulation. Five different distances between the
freezing columns were considered: 0.72, 0.96, 1.2,
1.44 and 1.68 m. Analysis of the distances between
the freezing columns of 0.7 m and less is meaningless
due to the difficulty or impossibility of implementing
such distances in practice, taking into account the
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designed deviations of the positions of the freezing
columns from the vertical.

Quite a natural fact follows from Fig. 4: the
criterion AE is a monotonically increasing function of
the distance between neighboring freezing columns.
The longer the active freezing period, the stronger the
rock mass is cooled and frozen and the lower the value
of criterion (10), and the smaller the negative effect
of the sudden shutdown of the freezing column. On
the whole, the functional form of the criterion AE(a) is
significantly non-linear.

For 50 days of active freezing, non-zero reductions
in ice wall thickness were observed for all considered
freezing column spacing values. For 150 days of
active freezing, criterion (10) turned to zero for all
the considered distances, except for 1.68 m. For the
most common in practice distances between freezing
columns (from 1.1 to 1.3 m), the ice wall thickness
will decrease if the time of active freezing is less than
130 days.

As noted in [5], the ice wall thickness by the
isotherm of actual water freezing (around 0 °C) does
not decrease and maintains a positive growth rate
throughout the entire period of passive freezing,
regardless of the duration of active freezing. At the
same time, as can be seen from the calculations
produced here, the decrease in ice wall thickness by the
-8 °C isotherm is significant, and hence the decrease
in the average ice wall temperature is also significant,
if the latter is calculated by the isotherm of actual
water freezing. This indicated imaginary reliability of

4.0
3.5
3.0

2.57

0 —® | | o
0.7 0.9 1.1 1.3 1.5 1.7
a, m
50 days —@—-100 days 120 days
—®—130 days —®-150 days

Fig. 4. Maximum ice wall thickness decrease AE (m) as a function of the distance
between two neighboring freezing columns (m)
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ice wall, the thickness of which was determined by the
isotherm of actual freezing of water.

The safe distance between the freezing columns,
at which no significant decrease in ice wall thickness
takes place, depends on the design time of active
freezing of the rock mass. Longer active freezing time
is more preferable, since in this case it is possible to
reduce the decrease in ice wall thickness caused by
the transition to the passive freezing mode and the
shutdown of one of the freezing columns. If condition
AE = 0 m, is taken as a safety criterion when selecting
the distance a, then for 100 days of active freezing the
value of a is about 0.7 m, while for 150 days of active
freezing, the value amounts to about 1.5 m. Taking into
account that in practice the distances between neigh-
boring freezing columns are usually in the range of 1.1
to 1.3 m, it is sufficient to require that the time of ac-
tive freezing of the rock mass is not less than 130 days
(about 4.3 months). The estimated safe time of active
freezing is true only for the considered clay layer.

For larger values of distance a, the time of active
freezing should be selected on the basis of Fig. 4 or
similar quantitative assessments using criterion (10)
or similar criteria. Naturally, selection of the time
of active freezing of rocks should also be based on a
number of other criteria, for example, the minimum
time of freezing of rocks to the design thicknesses. This
criterion, together with the proposed criterion AE will
make it possible to determine the optimal operating
mode of a freezing station during the stages of active
and passive freezing.

It is important to note that the results obtained
in the paper correspond to the case of a fairly sharp
increase in the brine temperature during the transition
to passive freezing and further maintenance of this
value over time throughout the passive freezing stage.
There is also an alternative approach to ensuring a
given ice wall thickness at the passive freezing stage,
involving smooth changing the brine temperature
(and flow rate, if necessary) over a long time interval.
However, this alternative approach turns out to be
not always applicable due to the limited technical
capabilities: often the refrigeration equipment used
in shaft construction does not allow flexible control of
the refrigeration capacity [25].
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Conclusion

A theoretical study of changes in the ice wall
thickness during the passive freezing stage in normal
and emergency operation modes of a freezing station
was carried out. As an example, the clay layer from
the interval of being frozen rocks as applied to the
case of the shafts under construction of a potash mine
in the Republic of Belarus was considered. The main
findings of the study are given below:

1. When selecting the duration of the active
rock freezing stage, it is necessary to take into
account the condition of maintaining the design
thickness of the ice wall at the passive freezing
stage. Fulfillment of this condition strongly depends
on the extent to which the rock mass was cooled
into the depth. For the clay layer in question, it
was found that the minimum duration of the active
rock freezing stage, which ensured the design ice
wall thickness during passive freezing, was about
4.3 months.

2. When analyzing the changes in ice wall
thickness at different distances between the freezing
columns, it was found that the most common
column spacing in the range from 1.1 to 1.3 m
requires observing restrictions on the duration of
active freezing to prevent a critical decrease in ice
wall thickness during the passive freezing stage or
decreasingthe distance betweenthe freezing columns.
In this case, preservation of positive dynamics of ice
wall thickness growth is ensured. For the clay layer
considered in the study and the distance between
the columns from 1.1 to 1.3 m, the minimum time of
active freezing is also about 4.3 months.

The above conclusions are important in view of
the current trend to reduce the time of active freezing
of rocks in order to accelerate the construction of
mine shafts. For example, for the conditions of the
shafts under construction at several potash mines in
Russia and Belarus the design time of active freezing
is from 3 to 4 months. It should be remembered that
reducing the active freezing time may not be safe due
to a potential decrease in ice wall thickness and loss
of its continuity when shifting to passive freezing
with possible emergency shutdown of one or more
freezing columns.
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Abstract

Underground mining operations are connected with significant risks of technogenic accidents, which can
be catastrophic. Mitigating the consequences of such phenomena directly depends on the reliability and
efficiency of information about the state of parameters of many technological processes, mine workings
and facilities located in them. At failure of standard systems of industrial telemetry in conditions of
underground mining the creation of new information channels and places of information measurement
becomes practically impossible in case of emergency situation development. This predetermines
necessity of use of essentially new systems of gathering and transfer of the information, based on
robotized autonomous complexes. The task of acquiring reliable information about the situation in an
emergency mine working with the help of drones (unmanned aerial vehicles or UAV) in order to make
rational decisions in the course of the rescue operation is quite relevant. The aim of the paper was to
develop a system of automatic control of an unmanned aerial vehicle (UAV) movement in confined space
of a mine working, with significant perturbations of the mine air flow. The mathematical model of UAV
movement in mine conditions, based on Euler angles or quaternions, was substantiated. The method of
positioning through triangulation with the use of radio beacons was accepted as the basic method that
allowed to determine the current position of an UAV. It was proposed to solve the problem of creation of
the automatic system for an unmanned aerial vehicle movement control with the use of a hierarchical
multiloop control system. The route planning algorithm was formed on the basis of the Dijkstra algorithm.
For this purpose, discretization of the future motion space was performed, a labeled connected graph
was constructed, on which the arc weights were the distances between the route points. A simulation
experiment was implemented. The average deviation from the planned trajectory when flying at a speed of
10 m/s with payload mass up to 0.6 kg did not exceed 1 m, and the maximum deviation was unacceptably
large. When flying at 6 m/s with payload mass up to 0.6 kg the average deviation did not exceed 0.3 m,
and the maximum deviation, 1.2 m. The results of simulation of movement along the route towards
the disturbing mine airflow showed that the control system allowed the UAV with payload of 0.6 kg to
withstand the oncoming flow up to 8 m/s. It was obtained that with payload mass of 0.6 kg, the braking
distance does not exceed 6 m if the UAV had a speed of 6 m/s, and the braking distance does not exceed
12 m at the speed of 10 m/s. The performed simulation studies confirmed the operating capability of the
developed system for automatic motion control.
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mine workings, mine conditions, accidents, unmanned aerial vehicle, drone, mathematical model, control,
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AHHOTauus

BemeHne mom3eMHBIX TOPHBIX PaOOT COMPSIKEHO CO 3HAUMTETbHBIMU PUCKAMM TEXHOT€HHBIX aBapuil, KOTO-
pbIe MOTYT HOCUTH KaTacTpoduueckuit xapakrep. CHIsKeHMe TTOCTAeACTBUI TaKMUX SIBJIEHUI HATIPSIMYIO 3aBU-
CUT OT JOCTOBEPHOCTHU U OMEePaTUBHOCTU MH(POPMAIUYU O COCTOSTHUY TTapaMeTPOB MHOTUX TEXHOIOTUYECKUX
MIPOIIECCOB, TOPHBIX BHIPAOOTOK M OOBEKTOB, B HUX PACIIONOKEHHBIX. [Ipy BbIXOE 13 CTPOSI MITATHBIX CUCTEM
MIPOU3BOJCTBEHHOI TeJIEMETPUH B YCIOBMSIX MOA3€MHBIX TOPHBIX pa0OT CO37aHMe HOBBIX MHPOPMAIIMIOHHBIX
KaHaJIOB ¥ MeCT M3MepeHust MHGOpMaly CTAaHOBUTCS ITPaKTUUECKM HEBO3MOKHBIM ITPY aBapUITHOM pa3BU-
TUU CUTYALIMN, UTO MTPEAOIpeeiseT He06X0AMMOCTb MCIIOIb30BaHNS IPUHIMUITMAIBHO HOBBIX CHCTeM c6opa
U nepemgauy MHGOPMAIMM, OCHOBAaHHBIX HA pOOOTM3MPOBAHHBIX ABTOHOMHBIX KOMIIIEKCAX. 3a7aua ImojayJe-
HMSI JOCTOBEpHOI nH(opmainy 06 06CTaHOBKE B aBapMIiftHOM TOPHOI BHIPAOOTKE C IIOMOILbIO 6€CITMIOTHBIX
JleTaTe/bHBIX anmapaToB C L[ebl0 MPUHATUS PallMOHATbHBIX pellleHuit TP BeleHUM CliacaTeabHOil onepa-
LMK SIBJIIETCS aKTyajbHONM. 1[e/bi0 cTaThy SIBJISIETCS pa3paboTKa CUCTEMbl aBTOMATUUYECKOTO YIIpaBJIeHMs
IIBVDKEHMEM 6eCIMIOTHOTO JieTaTenbHOro ammaparta (BI1IJIA) B yOIOBUSX OrpaHNMYEHHOTO MPOCTPAHCTBA TOP-
HOJi BBIPAOOTKM, TIPY 3HAUUTEBHBIX BO3MYIIEHMSIX IIaXTHOTO BO3AYIIHOTO MoToKa. O60CHOBaHA MaTeMa-
TUueckas Mojenb AByskeHMst BITIA B IaXTHBIX YCJIOBMSIX, OCHOBaHHAs Ha yIiax Jiiyiepa Min KBaTepHMOHAX.
OCHOBHBIM METO/IOM, ITO3BOJISIIONIMM OMpeesiTh TeKylllee MOoI0KeHe JieTaTeJIbHOTO arrnapara, IpuHuMa-
eTCsl MeTOZ, MO3UIMOHMPOBAHMS C UCIIONIb30BaHKEM PAaAMOMAasKoB IyTeM TPUAHTYISUMU. 3a4auy CMHTe3a
CUCTeMbI aBTOMAaTHUECKOTO YIIPaBJIeHUS ABMKEeHVEM 6eCITUIOTHOTO JIeTaTebHOTO araparTa MpeiiaraeTcs
pelaTh C MCIOAb30BaHMEM MepapXuueckoii MHOTOKOHTYPHOJ CMCTeMBbl YIIpaBaeHMsl. AJITOPUTM TIJIaHMPOBa-
HMSI MapiipyTa chbopMUpPOBaH Ha OCHOBE aaropuTMa JIeiiKcTpsl. [IJ1st 3TO 1€V BBITOIHIETCS JVUICKPETU3AI S
MIPOCTPAHCTBA OYIYIIETrO IBVKEHNSI, CTPOMTCS IIOMEUeHHbIN CBSI3HBIN rpad, Ha KOTOPOM BecaMU YT SIBJISIIOT-
CS1 PacCTOSTHMSI MEXKIy TOUKamMyM MaplipyTa. Peaqn3oBaH MOIeNbHbIN aKcIlepuMeHT. CpefHee OTKIOHEHME OT
3aIUIaHMPOBAHHO TPaeKTOPUM IIpU IojieTe Ha ckopocTy 10 M/c ipm macce 1one3Hoi Harpysku go 0,6 Kr He
rpeBbIlIaeT 1 M, a MaKCMMaabHOE OTKJIOHEHVE — HeJOIyCTUMO Gosbliioe. [Ipy mojieTe Ha CKOPOCTU 6 M/C TIpU
Macce mose3Hoit Harpy3ku Ao 0,6 KT cpefHee OTKIOHeHKe He mpeBbiiiaeT 0,3 M, a MakKCMMaJIbHOE OTKJIOHe-
Hue — 1,2 M. Pe3ynbTaTbl MOAeIMpPOBaHMs ABVDKEHMS TI0 MapIIPyTy HABCTPeYy BO3MYIIAI0IeMy IaXTHOMY
BO3YLIHOMY IIOTOKY ITOKa3aJsiu, UTO cUcTeMa yIipasaeHus 1o3possiet bIIIA ¢ monesHoi Harpyskoii 0,6 KT BbI-
Jlep>KBaTh BCTPEUHbIN TTOTOK 10 8 M/c. [ToiyyeHo, UTO Py Macce mojie3Hoi Harpy3ku 0,6 KT TOpMO3HO MyTh
He TIPEeBbIIAeT 6 M, €CJIM JIETaTeIbHBIN armnapaT UMeJl CKOPOCTb 6 M/C, ¥ TOPMO3HO¥ IyTh He Oosiee 12 M mpu
ckopocty aByokeHust 10 m/c. [TpoBeneHHbIe MOIEIbHbIE VCCIEIOBAHMS TTOATBEPKIAIOT PA60OTOCIIOCOOHOCTD
pa3paboTaHHO CUCTEMbI aBTOMATUYECKOTO YIIPaBIeHMS IBVKEHIEM.
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Introduction

Conducting underground mining operations is con-
nected with significant risks of technogenic accidents,
which can be catastrophic. Mitigating the consequences
of such phenomena directly depends on the reliability
and efficiency of information about the state of parame-
ters of many technological processes, mine workings and
facilities located in them. At failure of standard systems
of industrial telemetry in conditions of underground mi-

ning the creation of new information channels and places
of information measurement becomes practically impos-
sible in case of emergency situation development. This
predetermines necessity of use of essentially new sys-
tems of gathering and transfer of the information, based
on robotized autonomous complexes [1-4]. The task of
acquiring reliable information about the situation in an
emergency mine working with the help of drones (un-
manned aerial vehicles or UAV) in order to make rational
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decisions in the course of the rescue operation is quite
relevant. The aim of the paper was to develop a system of
automatic control of an unmanned aerial vehicle (UAV)
movement in confined space of a mine working, with sig-
nificant perturbations of the mine air flow, and taking
into account other factors.

Technological solutions related to UAV operation in
underground mine workings exist [5, 6]. They envisage
performing a number of specific functions: determining
the condition of mine workings, measuring parameters
of the mine atmosphere, delivery of life-support equip-
ment to miners who find themselves in an emergency
situation. These developments also envisage creation of
autonomous control systems for UAVs based on artificial
intelligence algorithms, allowing to perform assigned
tasks taking into account the mine plan, condition of mine
workings, technological processes and mine atmosphere.
The solution of such a class of problems requires more de-
tailed elaboration in terms of formalization of systems for
automatic control of UAV movement in mine conditions.

1. Mathematical model of UAV movement
in mine conditions

The mathematical model of UAV motion as a con-
trol object was formed on the basis of the computational
scheme (Fig. 1), in which a four-engine unmanned aeri-
al vehicle was considered as a solid body with known [7]
aerodynamic properties and assumptions.

The spatial positioning of the UAV was performed
in a stationary {W}={0,, X,, Y,, Z,} - inertial coordi-
nate system associated with some fixed point of the mine
workings.

The moving coordinate system {S}={0, X, Y, Z} -
centered in the center of mass of the UAV, shifted by vec-
tor V relative to the global coordinate system, has axes
pointing along the main axes of the UAV as a solid body.
This coordinate system has an inertia tensor in the form
of a diagonal matrix.

To describe an UAV movement in space, the coordi-
nates {x, y, z} in the stationary system and the Euler angles
{o, 0, y} — roll, pitch and yaw, respectively, in the moving
coordinate system were used.

The description of the UAV motion mathematical
model, performed in the reference frame S, takes the
form [8]:

Fy, M, o,

XO YO

X
Fig. 1. Unmanned Aerial Vehicle Computational Model
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J10, (J3 = J3)0,05 + M,
Jy0, |=| (T3 = Jpoo; +M, |, 1)
J305 (J1 =)oy, + My
where J; - axial moments of inertia; o, — angular veloci-
ties; M; - momentum of forces acting on the UAV along
the axes i=1,3.
The UAV has 6 degrees of freedom: three angles
(¢, 0, v) and three coordinates of the center of mass
(%, ¥, 2). Thus, the UAV motion is determined by 12 states:
{D =(x,,2), E=(9, 6, ¥), }
D=(x,,2), E=(9, 6, )
The motion of a solid can be described by three me-
thods: rotation matrices, Euler angles, or quaternions.
The quaternion method is the most efficient: it is
compact, because it uses four parameters instead of nine
for the matrix method, it has no singularities and no
trigonometric functions when converting vectors (un-
like the Euler method).
The kinematics of the angular coordinates of an UAV
in terms of quaternions Q is described by the following
equation:

- 0w, -0, 0 o |~
w; 0, -0 0 2)

Q: (Q(), q15 95 %)T-

The UAV is affected by lifting forces F;, j=1,4
from each propeller, gravity force G = mg, viscous fric-
tional forces, external forces of resistance to motion
N=(N, N, NZ)T. The equations of motion according to
Newton’s law for a solid body in the global coordinate
system take the form:

¥ 0 0 X ) N,

. _ T

}/'—QOQ'F 0 +kry—ENy, (3)
b4 a -g b4 N

Z

where m — mass of the UAV; g — acceleration of free fall; k, -
coefficient of proportionality of the viscous friction force;
a - total thrust of four propellers; N=(N, N, N Z)T /m-—
reduced forces of resistance to motion.

Fs5, Ms, s
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The four UAV motors create an aerodynamic force,
which, according to the formula of N.E. Zhukovsky [9], is
defined for each j-th propeller as:

F = cher?S, j=1,4, 4)

where w; is the rotation frequency of the j-th propeller, ¢,
is the thrust factor which depends on the propeller shape;
p is the air density; r, S are the rotor radius and the pro-
peller disk area respectively.

The main vector of lifting force — the total thrust
vector — is equal to:

4 T
F=[0 0 ZF;} - (5)
j=1

The axial moments of rotation — the projections
of the main moment on the corresponding axes of the
moving coordinate system — are determined from the
expressions:

M, =(F,-F,)L,

M, =(F,-F)L,

M, =M +M;-M,-M,,
where L is the distance between the center of mass and
the propeller axes.

The thrust vector and axial moments are the control
actions to form the UAV motion:

©

u=F, uy=My, u;=My, u,=M,. (7

The control actions proportional to the square of
the propeller rotation frequency are formed by brush-
less direct current electric motors of independent exci-
tation, the mathematical model of which is represented
as a linear dynamic element of the second order.

An integral part of the mathematical model of the
UAV motion is the model of the external environment,
the main factors of which are constraints in the spatial
movement of the UAV and external disturbing influences.

To implement spatial constraints, the method of
penalty functions in the form of an exponential “bar-
rier” is used, which sets the potential acting on the object,
whose value in the area where movements are allowed is
zero, and in the forbidden zone exponentially increases
depending on the distance to the constraining boundary,
for example, according to the relation

F.(d)=Fy(e® 1),

where d - distance from the UAV to the forbidden area
boundary; o — tunable parameter.

When simulating the motion of an unmanned aeri-
al vehicle, it was assumed that its position in space was
known accurately enough. The task of current positioning
of an UAV can be solved by optical odometry, tag-based
positioning, local positioning system based on RFID, au-
dio tag-based positioning, and SLAM method, used in
mobile autonomous vehicles to build a map in unknown
space with simultaneous control of current position and
distance covered.

In mine conditions, especially in post-accident con-
ditions, when visibility deteriorates significantly, the use
of visual methods becomes impossible. Positioning using
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ultrasonic triangulation is also unsuitable for this task,
since the mine workings have a nontrivial topology.

The method of positioning through triangulation
with the use of radio beacons was accepted as the basic
method that allowed to determine the current position
of an UAV. This method makes it possible to achieve an
accuracy of up to a few centimeters, which is an order of
magnitude smaller than the size of the UAV. Thus, the po-
sition measurement error can be neglected and the exact
position of the UAV can be used in the simulation process.

2. Automatic control system for UAV routing

The current position of an UAV in space is deter-
mined by six coordinates: three spatial coordinates of
the moving center of mass (x(t), y(t), z(t)) in the station-
ary coordinate system, and three angular coordinates
(o(t), 0(t), y(t)) in the moving coordinate system. The
trajectory to be set for the forthcoming motion of the
UAV is formed as a function of time in the natural coor-
dinates:

rt)=R(x4(t), y4(t), Z4(1)). ®)

It was proposed to solve the problem of creation of
the automatic system for an unmanned aerial vehicle
movement control, according to [10, 11], with the use of a
hierarchical multiloop control system with the structure
shown in Fig. 2.

In the presented system, block 1 is the route planner
designed to form a trajectory of the route to the target at
any given moment of time and adjust it with the appear-
ance of obstacles.

r4(0), F4(t)

r(0), 7(?)

Fig. 2. Structure of automatic UAV
trajectory control system

Block 2 of the structure is the block of control of the
UAV position in space; it controls the UAV linear coordi-
nates in order to keep it along the planned trajectory of
movement.

Block 3 of the structure is the block for controlling
the angular position of the UAV; it allows to maintain the
required values of quaternions.

Block 4 of the structure is a motor control block, which
forms the control actions on the motor windings and al-
lows the formation of the required thrust force of the UAV.

Each block of the system structure, with the excep-
tion of the planner block, is linear with a feedback loop
and digital PID controller [12]. The control system struc-
ture turns out to be in a sense similar to that of a slave
control system.

Noises and delays of signals arising in real conditions
in the “sensors” for determination of angular orientation
and location in the fixed coordinate system, used to form
feedbacks in the control system, were not taken into ac-
count in the simulation.
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External disturbing influences — forces of resistance
to motion, are generated by air flows, the vector of which
can be directed counter, orthogonal or along the direc-
tion. In the mathematical model of an UAV motion, these
disturbing influences are specified in the form of known
functions of time in the right-hand sides of the equations
of motion.

The necessary changes in the angular position of the
UAV are achieved by changing the rotation frequency of
the propellers and, as a consequence, by changing the lift-
ing forces and moments. The task of controlling the angu-
lar position of an UAV is to maintain the required angular
position of the UAV.

The structure of block 3, where the problem of con-
trolling the angular position of the UAV is solved, is shown
in Fig. 3. The structure contains: 3.1 — gyroscope unit;
3.2 — accelerometer unit; 3.3 - gyrostabilizer IMU unit;
3.4 — converter of quaternions into Euler angles; 3.5 —
unit of desired angles of UAV position with input from
block 2; 3.6 — PID controller; 3.7 — converter of angular
accelerations into motor speed; 4 — motor control block.

3
3133 434
3.2f 3.54 3.6—43.7 4

2

Fig. 3. Structure of UAV angular position control block

The IMU software module is used to determine the
angular position of an UAV [13]. It is known that the de-
scription of gyroscope and accelerometer operation is
more convenient in the quaternionic representation. The
IMU module allows UAV to position itself in space with-
out the use of external sensors. The output signal from
this module is a four-dimensional vector of angular po-
sition of the UAV in quaternion representation. Block 3.4
converts the quaternions into Euler angles [14].

The resulting three-dimensional vector, which
characterizes the current angular position of the UAV,
allows to determine the angular position error by com-
paring it with the required angular position of the UAV,
which is dictated by the trajectory planner from block 1.
The error signal goes to the PID controller, where the
control signal is formed and sent to the conversion unit
3.7, where the motor rotary speed setting signals are
formed.

In the UAV angular position control block, a linea-
rized model of equations (6) was used, in the form of:

J 10, (F—F)L
Jy0, | = (F5— k)L ; ©)
J3005 (F—F+F—-F)y

where L is the distance from the center of mass of the UAV
to the motor axes; y is the conversion coefficient of the
motor force into the rotor angular momentum.
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Equations (9) represent three equations relative to
the four unknown lifting forces F, so to unambiguously
determine all components of the thrust vector of the mo-
tors, we should use the equation of dynamics along the
Z-axis:

4
mii(t)=" F,—mgcosa,
i=1
where o is the angle of inclination of the UAV relative to
the vector of gravity.
Denoting

mi(t)+mgcoso.

4 )
we obtained, by transforming equations (8), the basic re-
lations on the required thrust of the engines:

B=

F =B+0,+®, +0s,
F,=B+0, -0, -0,
F,=B-0, -0, + 0, (10)
F,=B-m, +®, — ;.

3. Control of UAV spatial position
The problem of controlling an UAV position in space
is solved by determining 7;(t), the required inclination
angle of the UAV. In order to keep the UAV altitude at the
required level, the thrust of all motors must be equal to

4
SE-F.
i=1

To move in the horizontal plane, it is necessary to set such
¢, 0 (pitch and roll angles) so that the projection of the
thrust vector F on the horizontal plane is directed to the
target point. Thus, at each moment of time, knowing the
required angular acceleration 7(t), the required pitch and
roll angles o,(t), 6,(t) should be determined.

To keep the UAV position in the vicinity of the de-
sired angles, a linear PD controller was synthesized,
which formed a control vector based on ¢, &, &, — the cur-
rent angular errors of the UAV position.

The PD-controller parameters were determined by
minimizing the quadratic functional from the angular er-
rors and their derivatives.

Planning UAV trajectory route

The route planning algorithm implemented in
Block 1, the route planner of the system, is based on the
Dijkstra algorithm [15]. For this purpose, discretization
of the future motion space was performed, a labeled
connected graph was constructed, on which the arc
weights were the distances between the route points.
The target point of movement is set by mobile stations
SBGPSMaster-06-WRM (base stations “GRANCH”), lo-
cated along the route of UAV movement every 100 m; in
this case several variants of routing to the target point
are possible.

The found route is a piecewise linear continuous
curve, which does not have the required smoothness in
conjunctions. The required smoothness property is pro-
vided by spline approximation of the curve.
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After generating the splines and setting the current
speed, time dependences of the required coordinates,
speeds and accelerations are generated. These functions
are sent to the coordinate controller, where the relations
(8) are implemented.

4. The motion control system simulation studies

Experimental computer simulation of the flight con-
trol process along the given trajectory, taking into ac-
count spatial constraints in mine workings and the mine
airflow disturbances, was performed using SimInTech
software [16].

For the computer simulation, parameters of the UAV
with a span of 0.36 m, a mass of 0.65 kg, a matrix of axial mo-
ments of inertia J=diag(0.002352 0.002352 0.004704) kgm/s?
were used.

The drives of the propellers are DC motors X2212
KV980 with a linear characteristic of the frequency of
rotation o; =102,6u,,, i=1,4 as a function of the supply
voltage uM, which takes values from 0 to 15.4 V. The UAV
storage batteries of 330W have capacity of 4000 mAh. The
developed mathematical model of an UAV as a controlla-
ble object is represented by a system of ordinary nonlinear
differential equations with restrictions on the permissible
range of motion, which reflects the spatial limitations of
motion in the conditions of mine workings, and perturba-
tions reflecting the impact of mine air flows [17].

At the first stage of the numerical simulation, the
optimum parameters of the PD-controller of the the UAV
spatial position control block and the UAV angular posi-
tion control block were selected. Since a linear algorithm
is used in these blocks, linearization of the equations was
performed to select the coefficients of the algorithm, fol-
lowed by the calculation of the coefficients of the con-
troller algorithm, optimal in terms of the quadratic func-
tional of the tracking error and its derivative over time, by
numerical solution of the Riccati matrix equation.

At the second stage of the research experiment, sim-
ulation of the guided motion of UAV with different weight

¢ o =

O N
kD FF, 100 © E\
s

a
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load in the presence of disturbances in the form of mine
air flows and various obstacles was carried out.

To form the motion route, a fragment of mine work-
ings system of “Mine named after V.D. Yalevsky” of JSC
SUEK-Kuzbass was used, shown in Fig. 4, a, where the
main markers of the supposed route of the UAV, the mo-
tion direction, the temperature at the nodal points, as well
as the location of “GRANCH?” base stations [4] are shown.

Based on the route prototype, a test polygon for the
trajectory planner, shown in Fig. 4, b, which contains the
main features of the actual fragment of the topology of
mine workings. When simulating, the velocity of the mine
airflow was varied;

The UAV flight speed in the absence of disturbing air
flow was taken constant of 6 m/s and 10 m/s.

Under these conditions, the following key simulation
experiments were conducted:

- a flight over the test polygon without load, distur-
bances and obstacles;

—a flight without load, disturbance, but with ob-
stacles;

— a flight without load, but with counter mine air flow;

- a flight with payload without air disturbances;

— a flight with at payload with counter mine air flow;

- an emergency flight braking with different payload.

In each of the experiments, the deviations of the ac-
tual trajectory from the planned trajectory were quanti-
tatively recorded along all three axes, by which the mean
deviation of the actual trajectory from the planned one
and the maximum deviation of the actual trajectory from
the planned one during the flight period were calculated.

5. The simulation study findings
Fig. 5, a, b presents the experimental curves reflec-
ting the quality of control when flying the route, when
the UAV was loaded or not loaded, when it flied at its
maximum speed or at 60 % of it. The simulation of the
motion in projection on the horizontal plane revealed
undershooting in the x, y, z coordinates.

Fig. 4. a - fragment of mine workings of the Mine named after V.D. Yalevsky of JSC “SUEK-Kuzbass”,
b - test polygon for the trajectory planner:
SF - flight start; FF - flight finish; F - fire; S — smoke; OJ — outgoing jet; VT - ventilation shaft; KT — conveyor shaft;
KD - conveyor drift; BSG - base stations “GRANCH”; A, B, C, D — points of trajectory bend and air temperature values in them
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Fig. 5. Coordinate deviations from the trajectory when moving:
a - at a speed of 10 m/s without payload; b — at a speed of 6m/s with payload

The maximum magnitude of deviation in case a was
slightly more than 0.5 m for the x-coordinate, up to 1.0 m
for the y-coordinate, up to 1.2 m for the z-coordinate. In
case b, the maximum deviation value was up to 1.0 m for
the x coordinate, up to 1.5 m for the y coordinate, up to
1.3 m for the z coordinate.

Fig. 6 shows the change in the modulus magnitude of
the current deviation vector of the actual trajectory from
the preset one at the UAV speed of 6 m/s with payload.
The maximum deviation value was just over 1 m in the
first seconds of flight, and later on the deviation did not
exceed 0.3 m.

2

1k

S[m]

0 o~ _ NI\
0 10 20 30 40 50
time|s]
Fig. 6. Time dependence of modulus of the current
deviation vector of the actual trajectory from the preset one
at UAV speed of 6 m/s with payload

The average deviation from the planned trajectory
when flying at a speed of 10 m/s with the payload mass
up to 0.6 kg did not exceed 1 m, and the maximum devi-
ation was unacceptably large. When flying at 6 m/s with
payload mass up to 0.6 kg the average deviation did not
exceed 0.3 m, and the maximum deviation, 1.2 m.

5.1. A flight with mine air disturbances
The task of the simulation experiment was to check
the sensitivity of the motion control system to the distur-
bance in the form of mine air flow. The maximum devia-
tion of the UAV from the preset trajectory depending on
the velocity of the disturbing air flow, the limiting value
of the disturbing air flow velocity, which caused unac-

ceptable UAV deviation from the trajectory for two cases,
with load and without load, were determined.

The findings of the simulation of the routing against
the disturbing mine air flow showed that the control sys-
tem allowed the UAV with payload of 0.6 kg to withstand
the counter air flow up to 8 m/s.

5.2. An emergency braking

Studies of unmanned aerial vehicle motion in a mine
at post-accident mine workings conditions require test-
ing not only the maneuverability when flying around var-
ious obstacles, but, also in case of impossibility of flying
around, testing for emergency braking.

It was found that with payload mass of 0.6 kg the
braking length did not exceed 6 m at the UAV speed of
6 m/s and did not exceed 12 m at the speed of 10 m/s.

Conclusion

The implemented research allowed to create the
structure of the automatic control system for autono-
mous motion of an UAV based on the mathematical sim-
ulation of the UAV motion adapted to mine conditions,
in which the shortest motion trajectory was formed
algorithmically as a function of the target, coordinate
transformations were performed, and control actions on
the UAV drives were formed to perform motion along the
planned route.

The performed computer simulation of UAV target
trajectory motion allowed to determine the following:
controlling quality indicators — coordinate deviations,
average and maximum estimates of these deviations,
which did not exceed permissible values under the mine
conditions, limiting values of the UAV payload, range of
external disturbing mine air flow velocity values. The
study findings confirmed the operating capability of the
developed system for automatic motion control.
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AHHOTaUuA

[IpMOPUTETHBIMYM HaIMpPaBJIEHUSIMU PA3BUTHSI HOOBIUM BOIbGPAMO-MOIMOIEHOBOTO ChIPbS SIBJISIIOTCSI OCBOE-
HJe HOBBIX MECTOPOKIEHMII ¥ MOAEPHM3AINS CYIIECTBYIOMIVX FOPHOMOOBIBAIONIVX MTPEIIIPUSITUIL C 1IeTbI0
ToBbIIeHMs UX 3 dekTBHOCTHU. [IpM MogepHM3alMM TOPHBIX IIPOM3BOACTB BHUMAaHME YIeIsIeTCsI BCeM TeX-
HOJIOTMYECKMM IIPOIeccaM M MHKEHEPHBIM CUCTeMaM, TpaHchopMallusi KOTOPBIX TO/KHA ObITh HalpaBjIeHa
Ha TIOBBIIIeHVe S5KOHOMUYECKMX TTOKa3aTesleil, B TOM UlMc/ie ¥ HalesKHOCTH. ViccienoBaHMs CUCTEM 3IEKTPO-
CHAOXXeHMS TOPHBIX MPEINPUITII ¥ PEKMMOB UX PaOOThI SIBJISIIOTCST aKTYyaIbHOI 3a/1aueii, TaK KaK 3TOT KIacc
MHKeHepHOro o6ecrieueHns TOPHbIX paboT, BCIIOMOraTe/IbHbIX ITPOLIECCOB M 00BEKTOB OITpeIe/sieT KOHKYPeH-
TOCITOCOOHOCTb TIPEIIPUSATHS B 11eJIOM. B X0ofie 1ccienoBaHmii poBeieHa olleHKa 9KCIUTyaTallyIOHHOM Halesxk-
HOCTY 3JIEKTPOCHAOKEHMST Pa3sBUBAIIIMXCS YIACTKOB JOOBIYM PYI Ha BHICOKOTOPHOM pymHMKe ThIpHBIAY3-
ckoro mecropokaenus (KabapauHo-bankapckas Pecry6iyika). YCTaHOBJIEHO, UTO TIPU CYILECTBYIOIIEI CXeMe
pa3mebHOTO IMUTAHMS CETEl HATIPsDKeHMeM 6 KB OT IOICTaHLIVIA ITOJTHbIE TOKM 3aMbIKaHMSI Ha 3€MJTIO JJISI 9TUX
ceTelt COOTBETCTBEHHO paBHblL: [, =175 A n I |, ,=12,2 A ¥ HOCTUTaIOT IPeAeNbHbIX 3HAYEHWIA, IIPU KOTOPDIX
BO3MOKHO MX OTKJIIOUEeHME pa3beIMHUTEIIMMU (TIpeaeibHblii TOK cocTtasiseT 20 A). PekomeHngoBaHa popmyiia
ITOJTHOTO TOKA 3aMbIKaHMSI HA 3€MJII0 B TIOJ3€MHBIX CETSIX HampsokeHueM 6 KB. ITokasaHO, UTO HaJesKHOCTb
2JIEKTPOCHAGKEHNSI Ha YKAa3aHHOM PYAHMKE, a TAKKe YPOBEHb OIMMaCHOCTM MTOPAKEHMST JIEKTPUUECKUM TOKOM
B 9JIEKTPOYCTAaHOBKAX B 3HAUMTEIbHOJN CTEIIEHN 3aBUCSIT OT KOJIMUECTBA OMHO(A3HbIX 3aMbIKaHMII Ha 3€MJTIO.
Ha ocHOBe TeopeTuueckux M IKCIIepMMEHTATbHbIX MCCIeI0BaHMII pa3paboTaHbl pPellleHMs M0 YITyJIIeHUO
9KCIUTyaTalMiy SJIEKTPUUYECKUX CETEN, YUUTHIBAIOIINX CTPYKTYPY U PESKMMBI pabOThI BLICOKOTOPHOI'O PYIHMKA.

KnioueBble cnoea

TOPHOJ06BIBAIOIIVE TTPEATIPUSTHS, PYOHMUKY, 3JIEKTPOCHAGKEHNE, PeXXUM paboThl, 9P GEKTUBHOCTDb, HaIEXK-
HOCTb, 6€30MMAaCHOCTh, 3aMbIKAHMSI, U3OJSIUS, TTPOBOAVMOCTb, ThIpHBIAY3CKOE MecTopoxkaeHne, Kabapau-
Ho-Bankapckast Pecrry6nmka
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Assessment of operational reliability of power supply
to developing ore mining areas at a high-altitude mine
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Abstract
Development of new deposits and modernization of existing mining enterprises in order to improve

their efficiency are the priorities for the development of tungsten-molybdenum resource sector. In the
modernization of mining productions, attention is paid to all technological processes and engineering
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systems, transformation of which should be aimed at improving economic performance, including
reliability. Research of power supply systems of mining enterprises and modes of their operation is an urgent
task, as this type of engineering support of mining works, auxiliary processes and facilities determines
competitiveness of an enterprise as a whole. In the course of research, an assessment of operational
reliability of power supply of developing ore mining areas at a high-altitude mine of the Tyrnyauz deposit
(Kabardino-Balkaria) was performed. It was found that under the existing scheme of separate power supply
of 6 kV networks from substations, the full ground fault currents for these networks are respectively:
I,,=17.5 Aand I |, =12.2 A and reach the limiting values at which it was possible to disconnect them by
disconnectors (the limiting current was 20 A). A formula for total ground-fault current in 6 kV underground
networks was recommended. It was shown that reliability of power supply in the above mine, as well as
the level of danger of electric shock in electrical installations depended largely on the number of single-
phase ground faults. On the basis of the theoretical and experimental research, the solutions to improve
the operation of electrical networks, taking into account the structure and modes of operation of a high-
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altitude mine were developed.
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BeepeHue

MecToposkaeHust BOIb(MPaMO-MOIMOIEHOBBIX DY,
BCerga MpuBJIeKaIy K cebe BHMMAaHMe, TaK KaK BO MHO-
TOM OIIPENessIOT KOHKYPEHTOCIIOCOOHOCTb IIeNIBIX OT-
paciteii 9KOHOMUKU. [IpMOPUTETHBIMM HAIIPaBJIEHUSIMU
pasBUTUSI IOOBIUM JIIOOOTO MMUHEPATbHOTO ChIPbS, KaK
MPaBWIIO, SIBJITIOTCS OCBOEHME HOBBIX MeCTOPOXKIEHMI
M MOAEPHM3ALMS CYIIeCTBYIOUIMX TOPHOMOOBIBAIOIINIX
MPeIIPUSITHIL C 11eJIbIO TTOBbIEeHNST UX 3 (HEKTUBHOCTH.
[lpu MopmepHM3AIMM TOPHBIX IPOM3BOMACTB BHMMAaHNE
yIensieTcss BCeM TEXHOJIIOTMUECKUM IPOoIleccaM M MHXKe-
HEpPHBIM CHCTeMaM, TpaHChOPMaLMsI KOTOPBIX MTOJIKHA
OBITh HATIpaBJIeHA HA MOBBINIEHE SKOHOMMUYECKIX ITOKa-
3aTeseit, B TOM UMciie M HageXHOoCTH [1].

TopHble TIPeATNPUSTUS SIBJISIOTCS B 3HAUUTEIbHOIA
CTEIeHY SHEepProeMKMMM, TaK KaK MHOIMe TeXHOJIOIU-
yecKkyue IMPOIeCcChl CBSI3aHbI C MOObIUei, TepepaboTKOi
TOPHOJT Macchl, ee TIepeMelleHreM, Co3gaHneM besomnac-
HBIX YCJIOBUIA IJII BeIeHUST TEXHOIOTUYECKMX ITPOIIECCOB,
a MMEeHHO ITPOBETPUBAaHMEM, OTKAUMBAHNEM PYTHUYHBIX
BOA, U T.1. [T03TOMY MCCIeIOBaHMsI CUCTEM 3JIEKTPOCHA6-
SKeHUsI TOPHBIX TPeIIPUITUIl U PEKUMOB UX PabOTHI
SIBJIIIOTCSL aKTyaJbHOM 3azmaveti [2]. ViccnegoBanus mpo-
BOAMINCH Ha CcUcTeMe (CUCTeMaX) 3JIeKTPOCHAGKEeHMS
pynHuka TeipHbIay3ckoro mectopoknenust (Kabapmu-
Ho-Bankapckas Pecry6imka).

DJIeKTpMUYeCcKMe CeTU HampskeHueMm 6 KB paccMma-
TPMBAeMOIr0 PYOHMKA PasBUBAIMCh IOCTENeHHO. I1o
Mepe YBeIMYeHMs TOPHBIX paboT U IPY OXKUAAEMOM X
obbeMe OHM He CMOTYT 00ecIieurBaTh HaJeKHOe 3JIeK-
TpocHabkeHMe pa3BUBAIOIINXCS YYACTKOB IOI3eMHOI
M OTKPBITOI AOOBIUM Ha pygHMKe. [I03TOMY MOBBIIIE-
HMe 3JeKTPONnoTpebieHms, Heo6XOAMMOCTb obecrieye-
Hus 60jiee BbICOKOI HaMeKHOCTU M TMOKOCTU CHUCTEMBI
9JIEKTPOCHAOXKEeHMSI TOPHBIX PaboT M 06e30MacCHOCTU
UTEKTPUYECKUX YCTAHOBOK B CETSX PA3JIMUHBIX HATIPSI-
SKeHUI TPY paciiMpeHu (GpoHTAa TOPHBIX pabOT Kak
MOA3€MHBIM, TaK M OTKPBITBIM CIIOCOOAMM — BaskHasi

HayYHO-TIpaKTHJecKas 3agava, Tpedymwoinas 3QdeKkTuB-
Horo pemreHus [3-5].

O06Bekmom uccnedo8aHus SIBJISIIOTCS CUCTEMBbI 3JIeK-
TPOCHAGKEeHMST Pa3BUBAIOIINXCS YUYACTKOB JOOBIUM DY
Ha BbICOKOTOPHOM PYyIHMKE — KaK MOA3eMHbIM, TaK U OT-
KPBITHIM CII0CO6aMM, B TOM UMC/Ie TIPU IOA3€MHO L06bI-
Ye Py, B SHEpProHapylleHHbIX MaccuBax [6].

OOHMM M3 CaMbIX MPOOGJIEMHBIX MECT SIBJISIETCS
9KCIUTyaTalys KabeJIbHbIX CETell HalpsokeHneM 6 KB Ha
BBICOKOTOPHOM pynHMKe. CJIIOKHOCTM CBSI3aHbI C BO3-
MOSKHBIM OJHOBPEMEHHBIM BBIXOAOM M3 CTPOSI Kabejb-
HOJ M30JISIMM Ha PA3/IMUHBIX YUACTKAaX KabelIbHOM ceTu
py KOPOTKOM 3aMbIkaHUM (K3) Ha 3eMJII0 HA OMHOM W3
ee yuacTkoB. Takue omHOBpeMeHHbIe TOBPEKIEHUS U30-
Jsiuyy Kabesieii B HeCKOMbKMUX MecTax mpu K3 Ha 3eMtio
MOTYT OBITh CJIEACTBMEM IIJIOXOTO €€ COCTOSTHMS MUJIM 3Ha-
YUTENbHBIX TIepEeHATpSsKeHNI B IBYX APYyTUX (aszax mpu
3aMbIKaHMIM Ha 3€MJTIO TPeThel (asbl.

Llens uccnedosaxus — OIeHKa 3KCIUTyaTaIMOHHOM Ha-
IEeXHOCTY JIEKTPOCHAGKEHNS Pa3BUBAIOIIVIXCST YUACTKOB
IOOBIYM Py Ha BBICOKOTOPHOM pPYIOHMKE ST obecrieye-
HUsT 60j1ee BBICOKO TMOKOCTH CUCTEMBbI 3JIeKTPOCHAOKe -
HMSI TOPHBIX PaboT, a Takke 6e30MacHOCTH JIeKTpuYe-
CKMX YCTAHOBOK B CETSIX Pa3JIMUYHbIX HAIPSDKEHUI TpU
pacuMpeHnu (QpPOHTA TOPHBIX PAbOT Kak TOI3€MHBIM,
TaK ¥ OTKPBITHIM CIIOCOOAM.

I OCTMsKeHMsI TIOCTaBIeHHO e/ He0OX0oMMO
pelmnTh Cieytolye 3aaun.

1. BeimonnHUTD M3MepeHMe TOKOB K3 Ha 3eMtio 1 pas-
paboTaTh METOAMKM UX PacyeTa, a TaKKe MepOTIPUSTUS
110 UX OTPAHUUEHUIO.

2. UccnenoBath MexkdasHbie Toku K3 11 mpoBepKu
BO3MOKHOCTM CEJIEKTUBHOI PabOThI peeifHOM 3alUThI
3JIEMEeHTOB 3JIEKTPUUECKUX CeTelt.

Memodonozus uccnedosaHuii BKIIOUYaeT B ceOS KOM-
IUIEKC METOMIOB MCC/IeIOBAHMS MPSIMOIO 3aMbIKaHMS Ha
3eMJIIO JIJISI OTIpee/IeHIsI TIOTHOM IIPOBOAVIMOCTY U30JIsI-
LMK, HaTIpUMep, MeTO, UCTIONb3YIOIMINII MCKYCCTBEHHOE
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CcMelleHye HelTpanyu ceT OTHOCUTENbHO 3eMJIU OT T10-
CTOPOHHETr0 MCTOYHMKA TOKA, a TaKKe MeTOJ, HaJIOKeHMS
ITOCTOSTHHOTO OIepaTHBHOIO TOKA Ha Pabouyio CeTh BbI-
COKOro HamnpspkeHus [7-10].

B nmociegHue rogbl BeieTcsl akTUBHASI paboTa 1Mo BOC-
CTAHOBJIEHUIO U BBOAY B 3KCILTyaTaluio ThIpHbIAY3CKOTO
MmecTopoxkaenusi. ITo oneHkaMm «Poctexa», 6ajaHCOBbIE
3aIrachl MECTOPOXKIEeHMS cocTaBistioT 209,5 ThIC. T TPUOK-
cupa Bonbdpama (comepskanme — 0,432 %) u 36,6 ThIC. T
MonubaeHa (cogepskanue — 0,076 %). [IpoeKT BO3poskae-
uug I'OKa 6bl1 BRIOUEH B «VHBECTUIMOHHBIN IIIaH
MepBOOYEPENHBIX U TMEPCHEKTUBHBIX MPOEKTOB, pPeam-
3yeMbIX U IUIaHUPyeMbIX K peanusanyuu B CeBepo-Kas-
Ka3ckoM (efepaabHOM OKpyTe Ha repuop ao 2025 roma».
B pabore mpuBemeHbl Pe3yabTaThl (PYHKIVMOHUPOBAHMS
MeCTOPOXAEHMS, KOTOpble TUIAaHMUPYETCSI MCII0/Ib30BaTh
MpU BBOJlE MECTOPOXKIEHMSI B OIBITHYIO 3KCIUTyaTalMio
B G/IyKaifIe rompl.

ThIpHbIAY3CKOE MECTOPOKAeHMe pa3pabaTbIBaeTCs
KOMOVHMPOBaHHBIM CITOCOG0M : OCHOBHYIO I0JII0 B JO6ObI-
Yye COCTaBJISIeT IMO3eMHbIN cr1ocob 1 okoiio 20% mobbiBa-
€TCSI OTKPBITBIM CITOCOO60M. TeXHOMOrMYeCKuii MpoLece
IOOBIUM PYObI TTOA3€MHBIM CITOCOOOM COCTOUT M3 OTe-
pauuit 6ypeHust, B3pbIBaHMSI, TOTPY3KYM U TOCTABKM PY/IbI
M3 OUMCTHBIX 3a60€B, OTKATKY K CTBOJTY IIAXTHI ¥ BbIAAUN
pyZIbl He TOBEPXHOCTb. TpaHCIIOPTUPOBKA PY/Ibl HA 9KC-
IUTyaTallMOHHBIX TOPMU3OHTAX IPOMU3BOAMUTCS BHYTPU-
MIAXTHBIM TPAHCIIOPTOM IO PYAOCITYCKa 3JI€KTPOBO3aMMU

F-63 fromp/st «<El'brus»

elSSN 2500-0632

https://mst.misis.ru/

Klyuev R. V. et al. Assessment of operational reliability of power supply to developing ore mining areas...

B BaroHeTKax, a Ha OCTAJIbHBIX TOPM3OHTAX — aBTOCAMO-
cBaJlaMU. Pyna 13 OUMCTHBIX 6JIOKOB TPaHCIOPTUPYETCS
[0 KanMUTaAbHBIX PYIOCITYCKOB U TeperycKaeTcsl Ha ro-
pu3oHT «llltonbHsa [MaBHasi». OCHOBHBIMU CTaliMOHAP-
HBIMM YCTAHOBKaMM PYyIHMKA SIBJISIIOTCSI: BEHTWJISITOP-
Hble, TTHEBMAaTHyeckue, IOAbEMHbIE, BOJOOTIMBHBIE.
KabenbHast ceThb pPymHMKA BBITTOTHEHA KabeasiMy TUIIA
ACB, AAB u CB.

OneKTpuJeckue CeTy HampspkeHueM 6 KB BbICOKO-
TOPHOTO PYOHMKA COCTOSIT U3 BO3MOYIIHBIX U KaOelbHbIX
Y4acCTKOB. Bo3ayliiHble 3jieKTpuueckue JUHUM Hampsike-
HMeM 6 KB mipencraBienst aByMs punepamu O-61 u d-63
ot noxcrauimu (IICT) «2npbpyc», Pecrrybnuka CeBepHast
Ocerusi-Ananusa (PCO — Ananwmst), mo IICT N2 116, a Tak-
Ke oTmaitkamu oT 3Tux ¢umepos K IICT N2 30 u gpyrum
MOACTAHIIMSAM TIO TIYyTU caemoBaHust ¢Guaepos (puc. 1).
Oupepsl P-61 u D-63 BHITIOIHEHBI CTANEATIOMUHNEBBIMU
npoBogamu Mapku AC ceueHnem 95 MM? Ha JTepeBSIHHbBIX
oriopax. Ha oOTOenbHbIX TPYAHOMPOXOAMMbBIX YyUaCTKax
BO3MYIIHbIE CETU BBIMIOJTHEHbI KabOeTbHbIMM BCTaBKaMMU
C COM3MEPUMOIN AOIMyCTUMONM TOKOBOM Harpyskoi. Ka-
GenmbHAs CeThb PYAHMKA BBITIOTHEHA OPOHMPOBAHHBIMU
KabenssMu ¢ 6yMaskHOM MTPOMMTAHHOM U30JISIEN B CBUH-
IIOBO¥ 060JIOUKe MM C OTIEIbHO OCBMHIIOBAHHBIMM KU-
JlaM¥, KOTOpbIe 110 TTIOBEPXHOCTY BBICOKOTOPHOTO PYIHMKA
TIPOJIOKEHBI B TPAHILIESIX U TIPeCTaB/IeHbl KabeasiMy TUIIa
ACB, AAB u Cb ¢ MegHbIMM U QJIIOMUHMEBBIMU XXUTAMMU.
Kabenu B mog3eMHbBIX BhIPaOOTKAX MTPOIOKEHBI OTKPBITO.

» p/stN211b
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F-61 | ‘ 2600
o o5 — o » p/stN211b
T oot 3 RVS-35 i p/
\0 bom oo - 0o —e -
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M| —
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\ PKT-10
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8 I section 11 sectlon 1 1
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Transformer
<y TM-3206  TM-320/6 TU-5 VA
TSN-1 TSN-2
. p/stN229
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260 K
OSPC;‘I’O3X95 > p/SEN225
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Puc. 1. dearmeHT CXeMbl 3)'[9KTpOCHa6)KEHI/IH BbICOKOTOPHOT'O pyoJHMKaA

Fig. 1. Fragment of power supply schematic diagram of mountain mine
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OTnenbHbIE YyYaCTKM KabeTbHOM CeTU COemMHSIIOTCS
MIpY TIOMOIIY TUIIOBBIX M COOCTBEHHOTO M3TOTOBJIEHMS
repexoqHbIX KaGelbHbIX My(T C 3aJIMBKOI TUIIOBOI OM-
TYMHOJ Maccoii. I nuTaHus ceTeil HanpsikeHneM 6 KB
PYIHMKA UCIIOAb3YIOTCS ABa TpaHchopmaTopa TM-3200,
ycraHoBieHHbIXx Ha IICT N230. O6a TpaHchopmaTopa
MMOJIKJTIOUEHBI K OJTHOV BO3AYUIHON TMHUY HalPSDKEHEM
35 kB ot IICT «3nb6pyc» — JIDII-455. PactipemennTenb-
Hble ycrpoiictBa IICT N2 30 u 116, a TakKe OCTaIbHBIX
MO/I3€MHbBIX U TTOBEPXHOCTHBIX MOACTAHILINIT CKOMIIIEK-
TOBaHbI U3 KOMIUIEKTHBIX pacIipefenuTeNbHbIX sueek
tuna PBH-6 (PBHO-6) ¢ MacisiHbIMM BBIK/IOUYATEISIMU
BMB-10 mwiu siueex ¢ pasbeIMHUTENSIMU U BBICOKOBOJIBT-
HBIMM TIpeJOXPAaHUTENSIMU [JIs1 TIOOK/IOYEHUST TPaHC-
bopmaTOpoB COGCTBEHHBIX HYKHA TMOACTAHUMIA U W3-
MepPUTETbHbIX TPaHCGOPMATOPOB HATPSIKEHMST THUIIA
HOM-6, HTMU-6, HTMK-6.

Sueiiku 06OpPYHOBaHbI MPUBOJAMU U MAaCASHBIMU
BboIKIoUaTensaMyu tumna IIPBA co BCTpOEHHBIMU [BYMS
TOKOBBIMM pejie TpssMoro aelictBust Tuna PTM 6e3 BbI-
Iepkky BpeMeHM uiau Tuma PTB ¢ BeIgepKKOii BpeMeHN.
Ha psime siueexk BBOA MUTAKONMIMX JIMHMI Ha MMOACTAHLIVIO
(116, 30, cTBOJ, IJIaBHbIE BEHTWISTOPBI M [p.) 3allyUTa
BBITOJIHEHA pejie KOCBEHHOTO aeiicTBust tuma 3T-520 6e3
BbIIep>KKY BpemeHU 1 Tuna UT-80 ¢ BrimepsKKOi BpeMe-
HU, BO3JEMCTBYIOIIMMY Ha MPUBO[, BBIK/IIOUATENST yepe3
OTKJIIOYAIOILYIO KaTYIIKY.

[MopcTaHIMM BepXHUX TOPU3OHTOB TIPU HaIUUYUU
IIBYX BBOJOB Ha MOJCTaHIMIO HE UMEIOT CeKI[MOHUPOBa-
Hus mnH PY-6 kB. OTCyTCTBME CEKIMOHMPOBAHMUS IIMH
He 3aTpymHsSeT paboTy MaKCMMAaIbHOI TOKOBOM 3alliy-
Tbl (MT3) Kak Ha MUTAKOIIMX MOACTAHIIUIO JIMHUSIX, TaK
U Ha OTXONSNIUX OT HUX JUHUSIX. HameXHOCTb cucre-
MbI 3JIEKTPOCHAGKEHUST STUX TOPU3OHTOB MPY HATUUUN
IBYX JIMHUI MUTAHUSI MAJIO OTJIMYAETCSI OT HAJIeXKHOCTU
CUCTEMBI C OHON nuHMeN. OrpaHMYeHHas MPOITyCKHas
criocobHoCTh pumepoB P-61 u d-63, a TakKe CJIOXKHAS
cxeMa MUTaHUs TOACTAaHIMI U BBOZA pe3epBa 3aTPyLHSI-
10T 6ecriepeboiiHOe 3IeKTPOCHAOGKeH e OTBETCTBEHHBIX
KOMITPECCOPHBIX ¥ BEHTWISIIMOHHBIX YCTAHOBOK, IIPe06-
pasoBaTeNnbHbIX TOACTAaHIMIA M T.4. [11, 12].

CocTosiHMe U30SILIMU BCel CeTU B 11eJIOM U OTIeJb-
HBIX ee 3JIeMeHTOB Ha py[IHUKe, Kak 1 Toku K3 u BO3-
MOXXHbIE TMepeHarnpskeHus B CeTU, UCCAeJOBaHUIM He
rnoaBepraaucb. HameskHOCTb 3JIeKTpOCHAGXKeHUs Ha
PYIHMKE, a Takke OIMAaCHOCTb MOPa>keHUsl 3IeKTpuye-
CKMM TOKOM B 3JIEKTPOYCTaHOBKaxX HalpsbkeHMem 6 kKB
B 3HAUUTENbHON CTENeHU 3aBUCIT OT KOJMYeCTBA Ofi-
HodasHbIX 3aMbikaHuii Ha 3emMsito (0O33) U CBSI3aHHBIX
C HUMU TlepeHanpspKeHU B CeTH, a TAaKKe BO3MOXKHOCTU
nepexoga ogHoGa3HbIX 3aMbIKaHMIT B MHOTO(]Aa3HbIE.
033 ¢ guTenbHO MPOTEKAKIIMMU TOKamMu 10 30 A mo-
T'YT BbI3BATh HAa 3a3eMJIEHHOM OOOPYIOBAHMUM OIMACHBIN
1715 yesioBeka norexHuuan or 60 B (R,=20 Om) mo 300 B
(R,=10 Om).

PerteHne MmocTaBjaeHHBIX B paboTe 3amad MO3BOJIUT
BBIPAaOOTaTh pelIeHus IO YAYYIIEHUIO SKCIUTyaTalyyn
ANEKTPUYECKUX CeTeil, 6osiee MOMHOMY MCIOIb30BAHUIO
CYIIECTBYIOIINX CETeii 1 obecriedyeHn o 6e30macHbIX yC-
JIOBUIA OOCTY>)KMBAHMS 3I€eKTPOYCTAHOBOK CeTelt Harmpsi-
>KeHyeM 6 KB BICOKOTOPHOTO pyJHMKA.
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06w,an xapaKTepuCTUKA ANIeKTPUUYECKUX ceTel
HanpshXeHueM 6 KB BbICOKOropHOro pygHuka

ONeKTpuUecKue pacnpemenuTebHble CeTU HalIpsi-
keHMeM 6 KB paccmaTpuBaeMOro pygHMKa MOMy4aroT
MUTaHue OT ABYX MCTOUHMKOB: JMHUM 35 KB 1 IBYX BO3-
IYIIHBIX IMHUIT 6 KB OT MOACTaHIMK «INMbOPyC». Bo3myIi-
Has JISII HamnpsiskeHMeM 35 KB mjinHOI 2,6 KM BBITIO/IHEHA
nmpoBogoM AC-3x95 Ha gepeBsIHHBIX OIOpax M MOAXOIUT
K IICT N230, Ha KOTOPO yCTaHOBJIEHBI BA TpaHChOp-
mMaTopa MOLIHOCTBIO 3200 KBA KaXKaplii, MUTAOIIMX IBE
ceKluM myH HanpspkeHreM 6 KB. Cekunnm 6 KB I1ICT N230
CeKI[MIOHMPOBAHbI pa3beIUHUTEIEM.

Bospyinsie JIDI HanpsikeHuem 6 KB ot IICT «3mb-
opyc»: @-61 u ®-63 — momxopsaT K IICT N2116, KoTopble
Ha OTHENbHBIX YUaCTKaX MMeIOT KabelbHble BCTAaBKM OV~
HAaKOBOJ C BO3IYIIHBIMU JMHUSIMMU ITPOITYCKHO CITOCO6-
HOCTbIO, OT 06eux JIDIT uMeloTCs OTIaMKM K IIHaM 6 KB
TICT N230. IInubl 6 KB IICT N2116 He CEeKLIMOHUPOBAHBI.
CeTb pygHMKA MMeET OOIBINYI0 Pa3BETBIEHHOCTh U 3HA-
YUTEIbHYIO0 MPOTSKEHHOCTD (00IIast MPOTSKEHHOCTD Ka-
6enbHOI ceTnt 6 KB [, =45 KM 1 Bo3aymiHO# lair=11 km,
YNCI0 TIOAK/IIOUEHHBIX TMOACTaHLMII paBHO 32). Pac-
npefenuTe/bHasl CeTb 6 KB MpPOXOAUT MO MOBEPXHOCTU
PYOHMKA, TI0 IITOJbHSIM M BEPTUKAIbHBIM BbIPaOOTKAM.
KabGenpHas ceTb BBINOJHEHA KabenaeM C aJIOMUHUEBbI-
MU ¥ MEeIHBIMMU XMUJIaMI, B CBUHIIOBO U aJIIOMUHUEBOI
060s10UKaxX C 6yMaskHOI TPOTTMTAHHO M30JISIMel Ha TO-
PU30HTAIBHBIX YUACTKaX U C OCYIIEHHON M30sIuel Ha
BepPTUKAIbHbBIX YUaCTKaX.

MeTopbl uccnegoBaHusl COCTOSAHUA U3ONALUN
3NIeKTPUYECKUX ceTeil Hanpsi)xeHuem 6 KB
[TosnHAsT TIPOBOAMMOCTD M3OJSIIUM CETU OIpele-

JisieT ToyHbIA TOK 033 ¥ Hao60POT COIIACHO BhIpayke-
HusMm [9, 10]:
1
Yo=7 To=Upos o
ph
raie Y, — MoJIHas MPOBOAMMOCTb usonsyu cetu, Om™; I -
TTOJIHBIM TOK 3aMbIKaHUs Ha 3eMII0, A; Uy, — HanpskeHue
dasbl (phase) ceTu oTHOCUTETBHO 3eMJIN, B.
[MomHasi MPOBOAMMOCTb M3OMSAIUMU TIPENCTaBISETCS
IBYMSI COCTaBJISIIOIIMMM : aKTUBHOM — g, ¥ PeaKTUBHOI — b,

Yo =+ & +b5- @)

CooTHolleHMe MeXIOy g, U b, 3aBUCUT OT Kaue-
CTBA M COCTOSIHMSI M3OJISIIVMOHHOTO MaTepuasna Kabers,
T.e. OINpeJeNsieTcs] TAHTeHCOM YITa OU3TeKTPUIeCKUX
MOTEPh:

tg o, =b—°.
8o

MeTOA npaMoro 3amMmbiKaHus Ha 3eMJ110
[MonHast TPOBOAMMOCTD U3OJSILIVA Y, Hauboee mpo-
CTO ¥ TOYHO onpegensieTcs: yepes Tok O33 I, 1 HampsiKe-
Hue (asbl CeTU OTHOCUTENbHO 3eMnu Uy, 3HaueHue moka
033 I, ompepenseTcss Ipu 3aMblKaHUM ONHOI U3 (a3
CeTU Ha 3eMJTI0 yepe3 aMmrepMeTp (Miau TpaHchopMaTop
TOKa) 1o cxeme (puc. 2) [9, 10]. Takoit criocob namepeHust
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MpOCT, TpeOyeT MUHMMAILHOTO BpeMEH M Ha BbITIOJTHEHYE
M3MepeHMii, TPOCTENINYI0 U3MEPUTEIbHYIO arapaTypy
(ammnepmeTp, TpaHcHOpPMATOp TOKA).

EAaA

~6 KV

@] =k

Puc. 2. MeTog npsiMOro 3aMbIKaHMS Ha 3€MJTIO
Fig. 2. Method of direct ground fault

OCHOBHBIM HENOCTaTKOM 3TOrO MeTOZda SIBJISEeTCS
TIOBBIIIEHNME HallpsIXKeHMs Ha IBYX HEIMOBPEXKAEeHHbIX (ba—
3aX OTHOCUTEIbHO 3eMJIX U BO3MOKHOCTD Iepexona Ofi-
HO(Aa3HOro 3aMbIKaHMSI B MHOTO(Aa3HOe 3aMbIKaHle Ha
3eMJTIO, UTO HeTaTMBHO CKa3bIBAETCS Ha IeKTpobe3omnac-
HOCTM JiJ151 CIOBUIA TOPHBIX TIPEIPUSITUI BBICOKOTOPbSI,
rme HeoOXOOMMO OBICTPOe OTK/IIOUEeHME ITOBPEXIeHM
IS HeOOIyIIEeHUsl IpeKpalleHus 3JIeKTPOCHaOKeHMs
oTpebuTesiei B TPYIHOOOCTYITHBIX TOPHBIX paliOHaX.

Inst o6ecriedeHys 6@30MaCHOCTHM IIPU M3MEPEHNUM TOKa
033 3amMbIKaHMe MPOU3BOAUTCS Uepe3 IpelOXpaHUTENTb
tuna I1IK-6 (PK-6), a ycTaHOBKa MaKCMMalIbHOM TOKOBOW
3alIMThl HA MaCITHOM BBIK/IIOUATENIe STUeiiky, Ha KOTOPOit
MPOU3BOAUTCSI 3aMbIKaHMe, UYACTUUYHO WIM TIOJHOCTHIO
BBIBOAMUTCS. Kak MOKa3bIBaeT OMbIT aHAJIOTMYHBIX MCCIe-
IIOBaHUIA, HAJIMUMe B 3aMbIKaeMOi1 1ieTu TIpeaoXpaHuTes
YKa3aHHOTO TUIIa obecrieurBaeT 6e30MacHOCTb IPOBese-
HMS U3MEepeHMsI TOKa 3aMbIKaHMS Ha 3€MJII0 — BCJIEICTBUE
OBICTPONENCTBMUSI €ro cpabaTbiBaHus. IIpM BO3MOXKHOM
MHOTrOa3HOM 3aMbIKAHMM OTK/TIOUEHME «3eMJIN» TTPOU3-
BOAUTCS TIpeIOXpaHuUTeNeM paHblile, UeM MaKCUMalbHO
TOKOBOJ 3aIlIATO¥ IPY IMOJHOCTHIO BbIBEIEHHO BbIJIEPIKKE
BpeMeHU. MakcuMasibHasi TOKOBAs 3allluTa IpU M3MepeHUn
pesepBupyeT paboTy npemoxpanuresns [9, 10, 13-15].

O611ast MPOTSKEHHOCTb 3IEeKTPUUYECKM CBSI3aHHOIA
ceT 6 KB BBICOKOTOPHOIO pyIHMKA ITPEBBIIIAET 56 KM,
Ha KOTOPBIX O6ojiee 45 KM KabeabHO 1 11 KM BO3TYIIHO
cetu. Oxkumaemsbiii Tok 033 Mpu TMapaiebHOi padore
BCeif ceTu U TpaHCHOPMATOPOB MOYKHO OIPENEeNIUTh I10
aMIMpuueckoit bopmyiie:

IO =U, Iair lcable + Nel , 3)

390 10 500
roe U, — nuHeiiHoe (line) HanpsikeHue cety, KB; 1., L e —
MPOTSDKEHHOCTb BO3IYIIHOM (air) u KabenbHOIt (cable)
ceTH, KM; N, — UM CJIO TIOLK/IIOUEHHBIX K CeTU HallpsKeHN -
eM 6 KB oTmenbHbIX 31eMeHTOB (elements): TpaHcopma-
TOPHBIX NOJACTAHLMIA, ABUraTesel 6 KB, sueek 6 KB u T.1.

[Tpn usmepennn toka 033 Mo cxeme, INpPUBEIEH-
HOJI Ha pucC. 2, HEOOXOAMMO: YCTAHOBUTh IIPEIOXPaHM-
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tenb [IK-6, I,, = 15 A; MOTHOCTBIO BBIBECTM BBILEPKKY
BpeMeHM MaKCUMMaJIbHOJ TOKOBOJ 3alUTbl; YCTaHOBKY
MaKCUMMaJIbHOJ TOKOBO# 3alUTBI 10 IEPBUYHOMY TOKY
NPUHATDL paBHOM 30 A. [l M3MepeHUs MOTHON IIPOBO-
JIVIMOCTU MU30JSIIUU B CeTSIX 6 KB BBICOKOTOPHOTO PYIHU-
Ka MOTYT OBITh MCITOJIb30BAHbI U ApyTHe MeTonsl [13-15].

KocBeHHBIe MeTOAbI OIpee/ieHNs IOTHONM IMPo-
BOJVIMOCTM BKJTIOUQ/IN: &) METOJ, 3aMbIKaHus (a3l HA
3eMJTIO Yepe3 6OJIbIIIoe COTIPOTUBIIEHNE, IPOCCeb; 6) Me-
TOJ, UCKYCCTBEHHOTO CMeIeHNsI HeMTpaIy NPy IMTOMOLIA
MOCTOPOHHET0 UCTOUYHMKA TOoKa. O6a YKa3aHHBIX METOAA
M3MepeHus MOJHOM MPOBOAVMOCTY CETU OCHOBBIBAIOTCS
Ha MeTofe, TpeayiokeHHoM mpod. JI. Y. CupoTuHCKUM
[13, 14]. CormacHO MepBOMY MeTOmy OmHa M3 a3 ceTu
3aMbIKaeTCs Ha 3eMJII0 Yepes COIPOTUBIIEHNE (IPOCCeIb-
HYI0 KaTyliKy). BeqmuyHa BO3HMKIIEro NPy 3TOM CMe-
LIeHNsI HeWTpaIM U3MepsieTCs] BOJIbTMETPOM, BKIIOUEH-
HBIM MEXIy 3eMJIeii M MCKYCCTBEHHO CO3JaHHOi HYJIeBOA
TOYKOJ CeTH, IOJTyYeHHOM ITyTeM BK/IIOUEeHMS B ceThb 6 KB
TpaHchopmaropa HamnpsikeHus Turia HTMU-6, HTMK-6.
OIHOBpEeMEeHHO M3MepsSIeTCsl TOK, IPOTeKarlnii yepes
I POCCeNbHYIO KaTyIIKy. ITo BennuyuHe HanpsKeHusl cme-
LIeHNSI HeMTpaau U BelMuMHe TOKA Yyepes APOCCEeIbHYI0
KaTyIIKy onpenensietcs Tok 033 mo hopmyiie:

U
I.=1 _ph’ (4)

roe I, — Toxk 033, A; I, — TOK, IpOTeKaLIMii uepes Ipoc-
CenbHYK KaTyuiky, A; U,, — HampsbkeHue CMelleHUs
HelTpaay, BbI3BaHHOE BKJIIOUeHMEM OPOCCEeIbHON Ka-
TYLIKY, KB.

Mertog ripod. JI.M. CUpOTMHCKOTO TIpe/onaraeT, 4To
CUCTeMa, B KOTOPOJ IIPOM3BOAUTCS M3MepeHne Toka 033,
CMMMETPUYHA; BEKTOPbI (Pa3sHbIX HAMPSDKEHUI PaBHbI
MeX Iy co60it 1 cnBMHYTHI Ha 120°, ecTecTBEHHOE HAIIPSI-
>KeHJe CMeIlleHNsI HeTpaau CeT OTHOCUTENbHO 3eMIIN
U, = 0. TIpu 3aMbIKaHMM Ha 3eMJII0 OHOM U3 da3 ceTn
yepe3 OPOCCENbHYI0 KaTyIIKy IPOUCXOOUT CMeIleHne
HeTpaau ceTy, BeIMUMHa KOTOPOTro 3aBUCUT OT (Ha3HOTO
HaTpsDKeHUS CeTU U MapaMeTPOB APOCCeTbHON KaTyIIKN.
OnHako B IpaKTHUKe KCIUTyaTalUy eKTPUIECKUX ceTelt
13-3a pa3HO MPOBOAMMOCTY U30MSILINY a3 OTHOCUTENTb-
HO 3eMJIM CUMMeTpHs (ha3HbIX HAPSDKEHMI HapyIlaeTcs,
UTO MPUBOAUT K TMOSIBJIEHUIO €CTEeCTBEHHOTO CMelleHMs
HeyTpamy cetu U, OTHOCUTENBHO 3eMIN. Briouenne no-
TIOJTHUTEIBbHO MPOBOAVMOCTU — APOCCETbHOM KaTYIIKN —
B ofHY U3 a3 ceTu MPUBOIUT K M3MEHEHUIO0 BeTMUMHbI
U, 0O HOBOrO 3HaueHMsl, 06YCIOBI€EHHOTO CIOXKeHUeM
BEKTOPHbIX 3HaueHn’t Bemunt U, u U, — HanpspkeHus
CMellleHMs HEeMTpaau CeTU OTHOCUTENbHO 3€MJIU, BbI3bI-
BaeMoOro BKJIIOUeHueM apoccensi. [loHnMmaHme mnpoueccos
Orpenie/ieHNsT NEKTPUUYECKMX BeTUUYNH IPeACTaBIIsSIeTC s
Ha BEKTOPHOI Auarpamme [13, 14].

HccnemoBaHust mokasasin, 9To Mmetoq rnpod. JI. Y. Cu-
POTMHCKOTO TMPUMEHUM U TIPU HAJIUIUU eCTeCTBEHHOTO
CMellleHNsT HelfTpain, ecyivi B 3HaMeHaTelb GopMYyJIbI (4)
MO, CTaB/IATh TONBKO Ty YaCTh Pe3y/AbTUPYIOLIETO HaIps-
skeHUs cMmelneHus Helitpanu U, , KoTopast 06yc/ioBIeHa
BKJIIOUEHMEM JIpoccesis BO Bce dasbl cetu. Ecmm ecte-
CTBEHHOE CMellleHle HeMTpau o pe3yabTaTaM u3Mepe-
HuI paBHO U, a mocje nooyepesHOro BKIKYEeHNS APOC-
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censt B pasHble ()asbl C€TU OKa3aaoCh COOTBETCTBEHHO
paBHBIM Uy, Uy, Uz, TO BenumHa HaIPsSKeHs CMellle-
HMsI HeJTpasM ceT, 00YCI0BIeHHAsT BKIIIOUEHMEM IPOC-
cens Uy, Oyner paBHa:

U

nbvi
Ecnn IIPUHATD 3a CpeJHMe 3HaUeHS BeJIMUMHDBI:

=UOi_UO' (5)

I _ Inbv1+1nbv2+l

nbv3 .
nbv.average — 3 ’ A’

_ Uphl + UphZ + Uph3

U _ Unbvl + Unva + Unbv3
nbv.average — 3 ’

KB,

To opmysa (4) OymeT 3amicaHa B BUAE:

I,=I Y,
0 = “nbv.average U ) e (6)
nbv.average

[Tpu OTCYTCTBUM €CTECTBEHHOTO CMeIlleHNsT HeilTpain
B cetH, Uy =0, Ha ocHOBaHMM QopMyi (4), (5): Ui = Usi = Unpy,
BbIpaskeHMe (6) rpeBpaiaercs B hopmymy (4). OueBuaHas
CJIOKHOCTh pabGOoThl ¢ BEKTOPHBIMM BeIMUYMHAMM U T'PO-
MO3IKOCTh I'padMyeckux MOCTPOEHMI 3aTPyIHSIOT MTpaK-
TUYeCKoe TTPMMeHeHMe 3TOr0 MeTO[la B MpeCTaBIeHHOM
BuZe. Ha mpakTuke HAXOAUT NpUMeHeHUe HeCKOIbKO
YIIPOIIIEHHbI MeTOo[, pacueTa, 3HAUMUTENbHO COKpallaio-
i 06beM U CJIOKHOCTh M3MEpPEHMI, TTO3BOJISIIONINI Be-
CTY BBIUMCJIEHNMS HE C BEKTOPaMM, a CO CKaJITPHBIMM BeJINU-
yyHaMM. HeCcKo/IbKO MOBBIIIEHHASI TIOTPEITHOCTh PACYeTOB
(mo 15 %) He oka3bIBAET CYIECTBEHHOTO BIAMSHMS Ha ITPaK-
THU4eckye BbruncieHus [16]. IIpyu pacueTe TOKa 3aMbIKaHMS
Ha 3eMJTI0 [ TI0 YIIPOIlleHHOMY MEeTOIy BMeCTO BeJIMUMHBI
HanpspkeHys cMeleHus HeMTpam Uy, averqge B GOPMYITY (6)
TIO/ICTaBJISIETCS CpeqHeapudMeTHUecKoe 3HaUeHe HaTIpsI-
KeHust cMeeHUS Upayerage, 3d8MEPEHHOE TIPY BKJIIOUEHUU
IIpocceist TooUYepeTHo B TpU (asbl ceTu, KB:

_Uo +Up, +Ugs

average 3 °

Uy

OTHOCKTebHAS OLIMOKA PACYeTOB 3 paBHa:

_ UOavemge - Unbv.average .100% (7)

Oaverage —
Unbv.average

IIput Up/Upaverage < 0,65 p He mpeBbImaeT 15%.

ITIpyu 3amene Uy average = Uoaverage 3aBUCUT OT OTHOLIE-
Hust: Up/Upaverage M IPU Uy/Upgyerage S 0,65 He TIpeBbIIIaeT
15 %. I'padpuk 3aBucumoctyt B = f(Us/Upaverqge) IPEACTAB-
JIeH Ha puc. 3.

HMsmepsieTcs: pasHOe HanpsbkeHue cetu Uy, OTHOCHU-
TEeJIbHO 3eMJIM [0 MOKa3aHUSIM BOJAbTMETPOB Vi, Vo, u Vi
MpU TOJHOM O0OMOTKe TpaHCHOPMATOPOB HATPSIKEHUS
HTMU-6 (HTMK-6). I3MmepsieTcst eCTeCTBEHHOE CMelle-
Hue HeiTpanu Uy Ipy IMOMOIIM U3MEPUTEIbHOIO TPaHC-
dbopmaropa Tuna HOM-6 u BosibT™MeTpa Vs, BKIIIOUEHHOTO
BO BTOpUUYHYIO 06MoTKy HOM-6. KpoMe TOrO, 3HaUEHME
MOKHO M3MEPUTh C TOMOIIbI0 BOAbTMeTpa Vs min Vy,
BK/TIOUEHHOTO B 06MOTKY 1O CXeMe OTKPBITOTO TPEYTOjIb-
HMKa. JIpoccesib ToouepeiHO BKITIOUAETC S Meky dhasamu
1, 2, 3 u 3eMJieli, OHHOBPEMEHHO M3MepsIeTCs Hallpsike-
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Hue cmelneHus Hentpanu Uy, Uy, Uy (Vs), M IO MOKa-
3aHMI0 amiiepMmeTpa (A) orpenensieTcsl 3HaueHMe TOKa
B gpoccene I, Iy u 15 Haxonarcs BenmuuHbl Uygyerqge
W Ly, average ¥ OTHOIIEHVE Up/Unaverage-

30

0 0,2 0,4 0,6 0,8
UO/ UOavemge

Puc. 3. I'paduk saBucumocty f = f(Up/Upaverage)

Fig. 3. Dependence graph B = f(Us/Upaverqge)

[To pesyabTaTam MmpeAcTaBAeHHON 3aBUCUMOCTU Ha-
XOJIUTCSI OTHOCUTEIbHAsI TTOTPEITHOCTb PacueToB [3 MCX0-
151 u3 oTHOIIeHUS Uy/Upayerqg (CM. KPYMBAast, PUC. 3) U BbIUMC-
JIIeTCST BeJIMUMHA CMEIeHMs] HeiiTpany, 00yCcIoBIeHHAs
TOJIbKO BKJIIOUEHMEM JIpocceris, KB:

U _ UOaverage
nbv.average — o
L B% ®)
100

PaccunthiBaeTcs BeauuMHa IIOIHOro Toka 033
M TIOJIHOV HPOBOIVMMOCTM M30ASIUMM (a3 CeT OTHOCU-
TEJIbHO 3eMJIN:

I. =1 Uph . _ I() _ Inbv.average
0 ~ “nbv.average U » Yo = U - U
nbv.average ph nbv.average

s onipenenenust Toka O33 1 TTOIHO MTPOBOAUMOCTH
30K a3 ceT OTHOCUTENBbHO 3eMJIM IIPeJiaraeTcs
CJIeAyIoLIIA TOPSLOK TPOBeIeHNsI USMepeHuit (puc. 4).

1

2

1 : 3
—fvm 1] PKT-6
NTMI-6

choke-coil

>

Puc. 4. Tlopsiiok npoBeneHNs] U3MepeHuin
IJist onpenenenust Toka 033 1 MOHOV TPOBOAMMOCTHU
M30msIMK a3 ceTu OTHOCUTENBHO 3eMIN

Fig. 4. Measurement procedure for determining the single
phase-to-ground fault current and total conductivity
of insulation of network phases relative to the ground
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B mpoiecce IKCILTyaTalMyU SMEKTPUUECKUX CETeid
3HAUUTENbHBINI MHTEpeC TMPeNCTaB/IsSeT pPerucTpauus
YPOBHS U30JISLINM CETHU B T€UeHIMe OTIpeIeJIeHHOTO BpeMe-
HU. B yCIOBUMSAX pa3BeTBIEHHOI CETU pacCMaTPUBaeMOro
PyIHMKA TP GONBIIOM KOJMYECTBE TOACTAHIMII HEeCo-
MHEHHbII MHTepec MpeacTaB/iseT XapaKkTep M3MeHeHUs!
ITPOBOAVMMOCTY CETH B TeUEHIe BpeMeHM TP Pas3INnIHOro
pofia OrepaTMBHBIX MMEPEKTIOUEHMSIX, M3MEHEHNUM CXeMbI
M HArPy3KM B CeTH. Perucrpauyio nsMeHeHus IIpOBOAK-
MOCTY U3OJISILIUY CETU BO BPEMEHM MOXKHO OCYIIECTBUTD
METOMIOM, MCITOb3YIOIUM UCKYCCTBEHHOE CMeleHne
HeTpalM CeTU OTHOCUTENbHO 3€MJIM OT TIOCTOPOHHETO
MCTOUHMKA TOKa. [0 3TOMy MeTOAy IOJHasi IPOBOAM-
MOCTb M3OJISILUM CETY BBIUMC/ISIETCS C MCIIOMb30BaHUEM
pe3ybTaTOB ABYX M3MEpEeHMi, BbITIOTHEHHbBIX B JaHHOM
ceTu 1o cxeme (puc. 5), mo hopmyne, Om

I =1y
= 9
Yo E; —Ey ©)
A
B
C
Zs

~220V

Iy E,

Puc. 5. MeTop usmMepeHMst TPOBOAVIMOCTY U3OJISILIUMN,
VICITOB3YIOIIVI MCKYCCTBEHHOE CMELeHVe HEMTPan CEeTU
OTHOCUTETbHO 3€MJIU OT IIOCTOPOHHETO MCTOYHMKA TOKA
Fig. 5. Method for measuring insulation conductivity using
artificial displacement of network neutral relative to ground
from an external supply source of current

12

10

0 0,2 0,4 0,6 0,8

1
K

elSSN 2500-0632

https://mst.misis.ru/

Klyuev R. V. et al. Assessment of operational reliability of power supply to developing ore mining areas...

Iist osryueHust TOCTOBEPHBIX Pe3y/IbTaToB Y, C OT-
HOCUTEJIbHOI TIOTPEITHOCTHIO 10 5 %, He06XOIMMO, UTO-
6b1 BenmnurHa MeHbIneii D[IC TTOCTOPOHHETO MCTOYHMKA
nuranus Eg’ 6b11a 60mbine 60 % HalpsykeHUs! eCTeCTBeH-
HOTO cMmelneHus HeliTpanu cet U,

Bropoe usMepeHue B ceTu NPOU3IBOOUTCS IO TOM
)Ke cxeme, 4To M 1pu 3HaueHuu IIC MOCTOPOHHErO
ucrounnka E] =1,5U,, 4TO JaeT BO3MOXHOCTb Goiee
TOYHO 3a(MKCUPOBATh PasHOCTb TOKOB I —Ij, momy-
YeHHBIX COOTBETCTBEHHO IIPYU I€EPBOM U BTOPOM M3Me-
peHusIX. B cBSI3M € TEM UTO BHYTPEHHEE CONIPOTUBIIEHME
MICTOYHMKA CMellleHMs] HeliTpaau Majo, 3HaueHus E; u
E}’ nipu u3MepeHu MOXHO 3aMEHUTb COOTBETCTBEHHO
Hanpsprkenusvu Uy u U, 3amepsieMbIMI C ITOMOIIBIO
Mp16OPOB.

ITo rpaduKy, IpeacTaBIeHHOMY Ha puUC. 6, ompee-
JISIeTCS OTHOCUTEJIbHAST OMMOKa G, %, IIPU COOTBETCTBY-
oMx 3HaueHusIx Kosdouimenta K u yra o. Koaddu-
uyeHT K moka3plBaeT OTHOLIEHME TOKa MCKYyCCTBEHHOTO
cMeleHuss Ij K TOKY eCTeCTBEHHOro cMemieHus Iy, Ko-
TOPbIM MOXXHO M3MEPUTH 3aMbIKaHMEM HYJIE€BOM TOUKU
CUCTEMBI yepe3 aMIlepMeTp Ha 3eMJII0 WJIM PaCCUUTATh
IpUOMIsKeHHO 1o dhopmyte [14], A:

~ RV 4
Iy=Uy-¥o- (10)
VTOYHEHHOE 3HaueH)e IMPOBOAVIMOCTY U3OISLUA Y
OIpeeseTcs 10 BhIPaKeHNIO:
’
0T To% (11)
100
ToK 3aMbIKaHMsI Ha 3eMJII0 OIpefenseTcs mo ¢op-
myJie, A:

Iy =UpYp- (12)

TakuM 06pa3oM, HAJIEKHOCTb PabOThI OTAETbHBIX

Y4aCTKOB ¥ BCEJi CETH B LIeJIOM OIPEeLeISIeTCs CIeqyIOL-
MU (aKTOpaMu:

— COCTOSTHMEM U3OJISIIUYU 3JTeKTPUYECKOii (TIpenmy-

IeCTBEHHO KabeJabHOi) CeTu, HaIMUMeM IOCTOSHHOTO

1,2 1,4 1,6 1,8 2

o ° 30°

20° 10° 0°

Puc. 6. T'paduk omnpeeneHms OTHOCUTEIbHOI OMIMOKY G, %, TIPY COOTBETCTBYIOMIMX 3HaUeHUSIX K03 duiyenTa K 1 yria o
Fig. 6. Graph for determining the relative error c, %, at the corresponding values of K coefficient and angle a
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aBTOMATMUYECKOTO KOHTPOJISI U3OJSIMA, CITOCOO0B OIpe-
IeJeHMs] MeCT TTOBPEXIEeHUSI ¥ OBICTPOTO BOCCTAHOBJIE-
HUS 9JIEKTPUYECKOV TPOYHOCTU U3OJISILIVN;

— CYIIECTBYIOIIEH CXeMOii 3/IEKTPOCHAGKEeHUST U 06-
et MPOTSIKeHHOCTbIO CeTM, IUTAIOIIelicsl OT OIHOTO
MCTOYHMKA NUTAHUS, OINpeessonieil BeINYMHY TOKa
033 u BHYTpPEHHUX IepeHanpsyKeHU B CETU U BEPOSIT-
HOCTb UX TTepexofa B MHOTOodasHbie K3;

— BemuMHaMu MHorodasHbix K3 B ceTu, Hanmumem
Ha MOACTAHIIMUSIX HAJIEXKHO KOMMYTAallMOHHOM OTK/TI0Ua-
I0IIeit armapaTypbl B COUETaHUM C GBICTPOIEICTBYIOIIEH
CeJIeKTUBHOM 3alUTOV;

— pe3epBMUPOBAHMEM OTAENbHBIX 3J€MEHTOB CeTH,
OITpe/iesiieMbIM CXeMO¥ 97IeKTPOCHAOKeHUS PYIHMKA.

3aknuyeHue

B pesynbraTe mnpoBedeHHBIX MCCIEAOBaHUI [OaHa
OIleHKa SKCIUTyaTallMOHHOV HaJeKHOCTY 3JIEKTPOCHA6-
SKeHMsI Pa3BUBAIONIMXCS YYaCTKOB HOOBIUM PyH Ha BbI-
COKOTOPHOM PYIHUKe IJIs1 obecrieueHus 6oiee BbICOKOT
IMOKOCTY CUCTEMbI 3JIeKTPOCHAOGKeHUsI TOPHBIX PadorT,
a TaKkyKe MMOBBIIIEHMS HAZIEKHOCTH 1 6€30MaCHOCTH JJIeK-
TPUYECKMX YCTAHOBOK B CETSIX Pa3/IMYHbBIX HAMPSIKEHU
Mpy paciiupeHuy GpPoOHTa TOPHBIX PabOT KaK MOJ3eM-
HBIM, TaK ¥ OTKPBITBIM cItocobamu. ITpeacraBiieHHbIE pe-
3yJbTAThl UCCAEOOBAHMII MMEIOT BaKHOE 3HAUYeHMe Mpu
peanusaiuy 06pa30BaTENIbHbIX IIPOTPaMM IIOATOTOBKMU
TOPHBIX MHXeHepoB [17].
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BeiBOObI:

1. YcTaHOBIEHO, YTO NPYU CYLIECTBYIOLIEN CXeMe pas-
[leIbHOTO MUTaHMS CceTeli HalpsokeHuem 6 KB OoT mof-
CTaHIMI1 TIOJIHbIE TOKYM 3aMbIKaHMs Ha 3eMJII0 [JI 9TUX
CeTeil COOTBETCTBEHHO PaBHbI: lyz0= 17,5 Au Iy;15=12,2 A
U NOCTUTAIOT TIpeJlesIbHbIX 3HAUeHUA, IPU KOTOPBIX BO3-
MO>XKHO X OTKJIIOUEeHME pa3beqUHUTENSIMU (TIPeeTbHbIN
TOK cocTasjiseT 20 A).

2. OmpeneneHsl TIOMHbIE COMMPOTUBIEHUST U30MSILIUN
ceTeil, KOTOpble PaBHbI: Zyzp = 198 OM U Zgi16 = 284 OM
U SIBJISIIOTCSI HU3KMMMU JJ1S1 ceTeli HanpspkeHreM 6 KB. ITpu
3TOM OMMYeCKOe COMPOTHUBIIEHMe M3OMSIIuKU Tpex ¢a3
B CpefJHeM He IPeBbIIAeT: Ry gerqee = 343+ 10° 1 cocras-
nsiet okoso 100 Om/B miau Ha omHy ¢dasy 300 Om/B, uTo
3HAUMTETbHO HIKe PEKOMEHTYEMOI [IJIST SJIEKTPO0OOPY-
moBaHus BennumHbl 1000 Om/B.

3. O60CHOBAHO, YTO ITPY MOJTHO TPOBOAVIMOCTY CETI
Vo =5050-10°Om™ 1 y, = 3520-10° Om™! Ha Tpu mopsiAKa
BbIIIIe, UeM OMIUecKasi IPOBOAMMOCTD gy = 2,810 Om™,
KOTOPOJ MOKHO TpeHeOpeub U CUUTATh, YTO €MKOCTHAS
MIPOBOAMMOCTb by paBHA TOTHON MPOBOAVMOCTY U30JISI-
umn yo: by = yo = 1/%9 = ©+C,* leapie (30€Ch C, — yaenbHas
€MKOCTb CeTU, MKD/KM).

4. PekoMmeHgoBaHa GopMysia IMOJHOTO TOKA 3aMbIKa-
HMS Ha 3eMJII0 B MOA3€MHBIX CETSX HampsikeHuem 6 KB
M YIYUIIeHHbIM 37eKTpUuUeckuM KodbduimeHTOM I8
OTIeJIbHBIX 971eMeHTOB ceTH K,; = 1700 rnpu norpem-ocTu
pacueta He 6onee 7 %.
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PEST-ananu3 passutua HuseHnckoro N'0OKa
Ha TeppuTopum KanuHuHrpapckom oé6nactu

. II. Tuémnos':y, I0. A. Jomaxuua'! <, H. A. JIMITHUIIKMi1>
' Odunyosckuti punuan MTMUMO MU]I Poccuu, 2. Odunyoso, Poccutickas @edepayus
2 000 «CII6-Tunpouwaxmy, e. Cankm-ITemep6ype, Pocculickas @edepayus
< domaxina@yandex.ru

AHHOTauus

CeropHsi, B peanmsix S3KOHOMMUYECKOI HeoIpeeIeHHOCTY 1 HellpeJcKa3yeMOCTH, BaXKHO CBOEBPEMEHHO pe-
arMpoBaTh Ha HOBbIE BBI30OBBI, MCIIO/Nb3YS aKTyaJIbHble MHCTPYMEHTHI IJ1sT TPUHSITHUS 3P GdEeKTUBHBIX YIIpaB-
JIEHUECKUX pelleHnii. B MUpOBOIt MpaKTUKe OMHUM M3 TaKUX MHCTPYMEHTOB IJ1s1 93¢ (EeKTUBHOIO YIIPaBIEHMUS
MIPOeKTaM¥ MPOMBINIVIEHHBIX MMpeanpusituit saasiercss PEST-aHanu3, GyHKIMOHATbHbIE BO3MOKHOCTY KOTO-
POTO PacCMOTpPEHBI B JaHHOI pabore. Llenb ucciemoBaHus 3akaouaercs B nposegenny PEST-aHanmsa, pac-
CMOTpeHUM 1 aHanmu3e (GaKTopoB, OKA3bIBAIOIIMX BAMSHIME HA pa3BuTre HuBeHckoro I'OKa, pacronoskeHHOTO
Ha Tepputopuy KaaMHMHIPAACKOM 06/1aCTH, — SKCIIOPTHO-OPUEHTYPOBAHHOTO MHBECTUI[MOHHOTO IIPOEKTa
CTPOUTENBCTBA HOBOTO ITPOMBIIIIJIEHHOTO TIPEANPUSITHASI C OCHOBHBIM ITPOM3BOACTBOM IPeMMUAIbHOTO MUHE-
pasibHOTrO ynobpeHus — cyiabdara Kanausi. [locpecTBOM MPOBENEHHOTO aHajM3a IOJYYeHHBIX Pe3y/IbTaTOB
B CTaThe MPeAJIOKeH Psi BO3MOXKHBIX IIPEBEHTUBHBIX MEPOIIPUSITHI 1T HUBETMPOBAHMS HETaTUBHBIX (aK-
TOPOB, a TaKKe IJIST pa3BUTUSI CUJIbHBIX CTOPOH KoMITaHUMK-onepaTopa HuBenckoro 'OKa — OO0 «K-ITorartn
CepBuc». Takum o6pasomM, PEST-aHann3 KIIOUEBbIX MUKPO- i MaKPOIKOHOMMUUECKUX (PAKTOPOB MO3BOJIAI
KOMIIIEKCHO OlLleHUTh nosnoskeHre HuBeHckoro I'OKa B co3maBaeMoii TOPHO-XMMMUYECKO TPOMBIIITIEHHOCTHU
Kanuuuurpazgckoit o6nactu. B paboTe ycTaHOB/IEHA CTENEHb BAMSHNS Ha KOMITAHUIO U APYTUX BHYTPEHHUX
¥ BHEITHMX (DaKTOPOB, BK/IIOUAST BO3MOXKHOCTY BHEIPEHNSI HOBBIX MHHOBAIIMOHHBIX TEXHOJIOTHUIT B PaboTy
TIPOMBIIIIEHHOTO TIPeATIPUSITHS, TEHAEHIMM Pa3BUTHS PbIHKA MMHEPAIbHbBIX YIOOPEHUI C YUYETOM reoro-
JIUTUYECKOTO KOHTeKCTa. BbIBOAbI, peKOMeHAALNM U MpeJjIosKeHMs TT03BOJISIOT OLleHUTh KOMIIAHUIO CO CTO-
POHBI, a TIOJIyYeHHbIe Pe3yJIbTaThl YUMTHIBATh BO3MOKHOCTY Pa3BUTHSI IIPOMBIILJIEHHOTO MIPEeAIPUSITHSI TTPU
MIPUHSITUM CTPATEIrMUeCKMX U TOATOCPOUHBIX pellleHN it 0 pa3BUTHIO TpoekTa. OCHOBHbIE pe3y/abTaThl IIPOBe-
IIEHHOTO MCCJIeOBaHMS MOTYT ObITh MCITOTb30BaHbI B KauecTBe 3(D(GEKTUBHBIX Mep Pa3BUTHS IPOEKTa HOBOTO
MIPOMBILIEHHOTO npennpustus — Husenckoro I'OKa.

KnioueBble cnoBa

TOpHAasl MPOMBINIIEHHOCTb, TOPHO-000TAaTUTENIbHbIE TPENIPUSITHSI, SKOHOMMKA, YIIPaBJIeHNe ITPOeKTaMu,
MaKkposkoHoMuueckue pakropsl, PEST-ananus, cyibdart Kanus, 1o6bua, Makpocpeza, madpacrpykrypa, Hu-
BeHckuit I'OK, KaguHuuHrpamckas 061acTs, Poccust

Ansa ymTupoBaHus

Tubunos [.I1., Jomaxuua 0. A., Jiunuuuxkuii H. A. PEST-ananu3 passutust Husenckoro 'OKa Ha Tepputopun
KanuuuHrpamckoii obmactit. TopHsle Hayku u mexHonozuu. 2021;6(3):221-228. https://doi.org/10.17073/2500-
0632-2021-3-221-228

EXPERIENCE OF MINING PROJECT IMPLEMENTATION

Research article

PEST-analysis of Nivensky Mining and Concentration Complex development
in Kaliningrad region

D. P. Tibilov':%, Y. A. Domakhina! <, N. A. Lipnitsky?
! Odintsovo branch of MGIMO, MFA of Russia, 143007, Odintsovo, Russian Federation
2 LLC SPb-Giproshakht, St. Petersburg, Russian Federation
< domaxina@yandex.ru
Abstract
Today, in the times of economic uncertainty and unpredictability, it is important to respond to new challenges
in a timely manner, using relevant tools to make effective management decisions. In the world practice, one of

such tools for effective management of an industrial enterprise project is PEST-analysis, the functionality of
whichis considered in this paper. The study purpose is to conduct PEST-analysis, review and analyze the factors

© Tubunos . M., JomaxuHa t0. A, JiunHuukunia H. A, 2021
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affecting the development of the Nivensky GOK (Mining and Concentration Complex),located in the Kaliningrad
region — an export-oriented investment project to build a new industrial enterprise with core production of
a premium mineral fertilizer, potassium sulfate. Based on the analysis, the paper proposes a number of feasible
preventive measures for mitigating effects of negative factors, as well as for the development of strengths
of the Nivensky GOK’s company-operator, “K-Potash Service” LLC. Thus, PEST-analysis of key micro- and
macroeconomic factors allowed to comprehensively assess the position of Nivensky GOK in the emerging
mining-and-chemical industry of Kaliningrad region. The study established the degree of influence of other
internal and external factors on the company as well, including the possibilities of introducing new innovative
techniques in the industrial enterprise operation, trends in the development of the mineral fertilizer market,
taking into account the geopolitical context. Conclusions, recommendations and proposals allow evaluating
the company and the possibilities of its development for making strategic and long-term decisions on the
project development. The main results of the study can be used as effective tools for optimizing development
of the new industrial enterprise project, Nivensky GOK.

Keywords

mining, mining and concentration complexes, economy, project management, macroeconomic factors,
PEST-analysis, potassium sulfate, extraction, macro environment, infrastructure, Nivensky GOK,
Kaliningrad region, Russia
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BeepeHue

VicTopuyecku CJIOXKMIOCh, UTO KanmMHMHrpamckas
0671aCTh pa3BMBAETCS B CJIOSKHBIX ITOTYIKCKIABHBIX YCIIO-
BUSIX — 9TO (GOPMMUPYET HEYCTONUMBOCTD €€ COIMATbHO-
SKOHOMMYECKOI CHCTEMBI K AeICTBYIONIMM I7106aTbHBIM
SKOHOMMYECKUM U MOJIUTUYECKUM TeHaeHIusIM. OgHa-
KO ¥ CaM PermoH BBICTyIIaeT MaKpOCpeIo /sl TOKaab-
HBIX CYObeKTOB pPbIHKa KalMuMHMHIpamcKkoi obmactu. Ta-
Kire HaKTOPbI, KaK 3OSV OT OCHOBHOM TEPPUTOPUA
Poccuiickoit depeparium, 61M30CTh K SKOHOMMUYECKMU
pasBUTBIM CTpaHaM EBpoIbI, cTaTyc CBOOGOMHOI KO-
HOMMYECKOJ 30HbI, MPEIOINpPeaesioT CIelupUIHOCTDb
M TUIIBI Pa3BUTUSI OM3HEC-CTPYKTYp pPeruoHa, a Tak-
K€ CUCTeMYy YHpaBieHUsI MPOeKTaMy MPOMBILNIIEHHBIX
npenmnpusituii [1]. B cBsI3u ¢ 3TMM 06s13aTEIBHBIM YCIIO-
BUeM 151 9Q(HEeKTUBHOTO Pa3BUTUS SIKOHOMUKU CYObeK-
Ta SIBSETCS MOCTOSTHHBIVI MOHUTOPUHT U KOMILJIEKCHbI
aHa/IM3 BHEIIHUX Y BHYTPEHHUX COLMaIbHO-9KOHOMMU-
YeCcKMX IMOKasaTeseli, OKa3blBalOUIUX BINMSHME Ha BCe
chepsl IesITeIbHOCTHU.

CerogHsl OIHMM M3 TOMYJSIPHBIX U MPAKTUKO-OPU-
E€HTUPOBAHHbIX MHCTPYMEHTOB IVTAHMPOBaHMS U GOpMU-
pOBaHMSI CTpaTerMYeCKMUX HampaBJIeHUIl NesiTeTbHOCTU
npennpusatust apasetrcss PEST-aHanus, 1e/1bl0 MCIOMb-
30BaHMSI KOTOPOTO BBICTYTIaeT MOHUTOPUHT M3MeHeHUit
MaKpocCpeZibl TI0 YeTbIpeM OCHOBHBIM HalpaBIeHUSIM,
a MMEHHO WuCCIefoBaHNue IMONUTUYECKUX, 3KOHOMUUe-
CKIX, COIIMAIbHBIX M TEXHOJIOTMYECKMX (PAaKTOPOB BHEIII-
Heli Makpocpensl [2].

[Mpaktuka npumeHeHusi PEST-ananu3a u ero pas-
BUTHME HAYAIUCh B MIECTUAECITHIX rofiaX MPOILIIOTO CTO-
netud. ITnocamyu ucnonb3oBaHus PEST-aHanmsa, Heco-
MHEHHO, SIBJISIIOTCS JeTaabHbI M KOMIIJIEKCHBIV aHa/In3
BHEIIHEe cpenbl, GOpMMUPOBAHME OOIIEr0 TMOHMMAHUS
pPBIHKA U IIePCIHeKTUB Pa3BUTUS UCCIIeyeMOTO IIpeaIpu-
sTUs1. B cBOIO Ouepenb, HeNOCTaTKaMy aHa/IM3a BbICTyIIA-
0T caenyiomye hakTopbl: HETOYHOCTb PE3Y/IbTATOB aHa-
J13a, 3HAUMUTEIbHOE COKpallleHVe NAHHBbIX U TPYLHOCTDb
yuyeTa Hambosiee 3HAUMMBIX (AKTOPOB. B CBSI3U C 3TUM

IJISI TOYHOCTM PACUueTOB HEOOXOOMMO YeTKO MPUIepsKU-
BAThCSI METOMOJIOTMM aHaM3a, COCTOSIIETO U3 pasany-
HBIX 3TAIIOB IIPOBEIeHNST KOMIUIEKCHOTO MCCIeI0BaAHMSI.

ITepBoHAYAIBHO HEOOXOAMMO ITPOBECTH VCC/IeI0Ba-
He (HaKTOPOB MO KaKIOMY M3 HAIIpaBIeHMA, CITOCOOHBIX
TTOBJUSTH HAa MPUOBUIBHOCTD MPEAIPUATHS B JOJTOCPOU-
HOJI TIepCIIeKTUBe, — B IPOMEKYTKe OT 3 1o 5 jyieT. [Tocie
9TOTO CIeAyeT KOHCOMMUIMPOBATh ¥ KOMITJIEKCHO U3YUUTh
MH(OpMaIMIo 0 KaKAOM (DaKTOpe C LeTbI0 MPOTHO3UPO-
BaHUS €ro IMHAMMUKINA.

Ianee HEOOXOAMMO OIIEHUTh 3HAUMMOCTDH BhIOpaH-
HbIX (haKTOPOB, HATIPABJIEHMII U UX BIMSIHME Ha IeSITeTb-
HOCTh KOMIIaHUU. CTOUT OTMETUTD, UTO CUJIA BIIMSTHUS
(axTopa orieHMBaeTcs 10 mKane ot 1 1o 3. Cremyrommum
9TAIIOM SIBJISIETCS OlieHKa BePOSTHOCTM M3MeHeHUs (dak-
TOPOB 110 5-6a/UIbHOIA IIKaje, rae 1 03HayaeT MUHUMAaTb-
HYIO0 BEPOSITHOCTDb M3MeHeHMs (haKTopa BHeIIHe cpebl,
a 5 - MakcuMasnbHYy10. 17151 TOCTOBEPHOCTH OLIeHKa CTere-
HU BIVSTHUS Y M3MeHeHMsI GaKTOPOB IOJIKHA TPOBOIUTH-
Cs1 9KCIIepTaMM B CBOET ITpodeccoHaIbHOI o6acTu [3].

IMocte mpoBemeHMST OLIEHKM B MTOTOBOI Tabmuiie
PEST-ananms3a 3ammchiBaeTcsl cpemHee apudmeTrmye-
CKO€e Pe3y/lbTaTOB M0 KaXAOMY (DaKTOpY, UTO ITO3BOJISIET
chopMIUpPOBATh BEPOSITHOCTh KOIe6aHMS XapaKTePUCTUK
BHeIlIHel cpefbl. 3aBepllaroluii oTall aHaau3a — IpuBe-
JIeHe BCEX PACYETOB B MATPUYUHBIN BUI, rae Bce (haKTo-
DBI B ITOPSIAKe YOBIBAHMSI CBOEH BAXKHOCTY PA3MeIIaloTCs
B Tabuiie.

NMosiBneHne HueseHckoro NOKa
B CTPYKTYype NPOU3BOACTBEHHOro ceKTopa
KanuHuHrpagckou o6nactu

K 2021 r. B pernoHanbHOV IpoMbIluIeHHOCT Ka-
JIMHUHTPAJCKOM 067acT chOpMUPOBAJICS PSIJ HAIpaB-
JIeHU, SBSIOUMXCS JTOKOMOTMBaMM 3KOHOMMUYECKOTO
pasBuTusi. K Takum HarpaBeHUSIM OTHOCSITCSI: aBTO-
MoOMIe- M CymoCcTpoeHue, obGpabaTbIBaloOIIye IPOU3-
BOJZICTBA, MOObIUA TIOJIe3HBIX MCKOIIAeMbIX, 0OecrieueHme
9JIeKTPOdHeprueit, ra3oM U mapom, a Takoke Apyrue BUIbI
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3KOHOMMUECKO# mesTenbHOCTU!. OmHAKO ocBoeHMe Hu-
BEHCKOT'0 MECTOPOXKIeHMsI Ha 6a3e pa3BeJaHHbIX 3a11acOB
KaJIMITHO-MarHueBbIX coneil HUBeHCKOV BIIaAVHbI U3Me-
HUT [OBECTKY CTpaTernueckoro paspurtus KaamHuHrpaz-
CKOI1 06/1aCTH, BK/TIOUUB B PEATbHYIO MePCIIeKTUBY MOSIB-
JIeHMe TOPHO-XUMUYECKOM ITPOMBIIIIEHHOCTH?,

Ceromus HuBenckmii I'OK myist KanumHMHTpaaCKoit
0671aCTV — 9TO KPYITHEMIINIT MHBECTUIIMOHHBINA MTPOEKT
CTPOUTENHCTBA HOBOTO IPOMBIIIJIEHHOTO TPeIpPUITHUS
C OCHOBHBIM IIPOM3BOLCTBOM IIPEMUATbHOIO MUHEPAb-
HOTO yno6penus — cyibdara kamus wiu Sulfate of Potash
(mayee — SOP)3.

Ctout oTMeTUTh, UTO SOP — 3TO HUILIEBBIN MIPOAYKT,
U 00bEM ero IoTpebeHNsT OrPaHUY€eH, UTO OIpenessieT
BBICOKYIO 1IeHy Ha MUPOBBIX pbIHKaX. [I[peMuanbHOe yaI0-
OGpeHMe COMEPIKAT IBA MUTATETbHBIX KOMITOHEHTA: KaJIuit
U cepy, U He COAEpPKUT XJI0p. B MMUpPOBOM ceslbCKOM XO-
3SIICTBE 3TO yIOOpeHMe UCIOIb3YeTCs IJis BhICOKOIEH-
HBIX KyJbTYp — KapTodesis, caxapHO# CBeKJIbl, IUTPYCO-
BBIX, TEIJIMUHBIX U APYTUX pacTeHuii [4].

Be3ycnoBHO, MOSIB/IeHME KPYITHOTO 3KCIIOPTHO-OPU-
€HTUPOBAHHOTI'O TPOMBIIIJIEHHOTO MPEeAIPUSITUS — 3TO
BBI3OB CYIIECTBYyIOMIel nHbpacTpykrype KanmHuHTpam-
CKOJ 0071aCT, BKIIOYAS TPAHCIOPTHO-JIOTUCTUYECKYIO
CUCTEeMY, COIlMa/IbHbIe MHCTUTYTHI, CMEKHbIe HapoJ-
HO-XO34JiCTBEHHbIe OTpaciu pernoHa. CTOUT 3aMeTUTb,
yTo Ha 2020-71 rop 3amac MPOYHOCTU U TMOKOCTh Tepe-
YMCJIEHHBIX CTPYKTYp He OTBEYaloT TpeGOBaHMSIM Oymy-
IIero MPOM3BOACTBA [5].

OTcioma cienyer, YTO HeOOXOAMMOCTh AUBEpPCUdM-
LIMPOBATh SKOHOMMKY permoHa u rosiBjienne HuBeHckoro
I'OKa — nBa dakTOpa, ONpemeIionfX aKTyaJIbHOCTD ITPO-
Be/leHMSI B HACTOSIIINMI A MOMEHT KOMIUIEKCHOTO aHasu3a
YCI0BUIT pPabOThI IPEATIPUSTHS.

PEST-aHanu3 MaKpoaKoOHOMMYeCcKux (pakTopoB
BnusiHua Ha HuBeHckom MOKe

Cerogusa PEST-ananu3 He3aMeHMM MJISI MCCIeHO-
BaHUS yCIOBUI O6M3HECA, HA KOTOPbIe HEJb3s TOBIMSITh
Hanpsmyo. Co6cTBeHHO, abbpeBuartypa PEST coBmernia-
er B cebe Political (monutnueckue), Economical (3KoHO-
muueckue), Social (commanbHbie) u Technical (TexHo-
jorndeckue) GakTopbl, KOTOPbIe TIPU IMOMOIIY TaHHOTO
MeTO/a CTPEMSITCSI OLIEHUTH YIIPaBJIEHIIbI, MapKEeTOJIO-
I'M, SKCIIEPTHI, UTOOBI TTOHSITh HE TOJBKO UX BIUSHIUE, HO
Y BEPOSITHBIE BaPMAHTBI PA3BUTUS CUTYAIMN, a TAKXKE TO,
HACKOJIBKO <«KM3HECIIOCOOHBIM» B II€JIOM SIBJISIETCSI pac-
CMaTpyuBaeMblii MPOeKT [3, 6,7].

basupysice Ha npuHnumnax oueHku PEST-ananmsa,
B X0[Ie PaboThI aBTOPBI chOPMUPOBAJIY TIepeueHb (haKTOPOB

1 Otuet o mestenbHOCTM ITpaBuTenbcTBa KasmmHMHTpas-
cKoii obiactu 3a 2019 rog, B TOM 4uc/ie 1O BOMPOCaM, IOCTaB-
JleHHbIM KanmMHuHrpaackoii obnactHoit Tymoii. URL: https://
gov39.ru/working/ekonomy/strategy/ezhegodnye-otchyety/
(Jarta moctymna: 18.10.2020).

2 CmpaBKa O COCTOSIHMM ¥ TIePCIIEKTMBAX MCIIOIb30Ba-
HMSI MMHEPaJIbHO-ChIPbeBOT 6a3bl KaamMHMHIPaICKOM 061acTu
Ha 15.06.2020 roxm. URL: https://www.rosnedra.gov.ru/data/
Fast/Files/202011/d56faa9eb7abd9a280781c366e04f3d5.pdf
(Oata moctyna: 18.10.2020).

3 Odwunmanbubiii caitt 000 «K-TIToramr CepBuc» URL:
http://k-potash.ru/ (Jata gocryma: 18.10.2020).

elSSN 2500-0632

https://mst.misis.ru/

Tibilov D. P et al. PEST-analysis of Nivensky Mining and Concentration Complex development...

U TIapaMeTpoOB MaKpoOCpenbl, KOTOPble BO3MECTBYIOT Ha
pazsutue kommaunu OO0 «K-TTortamr CepBucC», BHICTYTIAI0-
el KomraHueii-oneparopom npoekra Husenckoro I'OKa,
U MIPOBEJIM aHA/IU3 BO3MOXKHOCTEN Pa3BUTUSI TOPHO-XUMMU-
YeCcKOoil POMBIIIJIEHHOCTM Ha TEPPUTOPUM perroHa. Bech
KOMITIEKC MaKpPOSKOHOMMYECKMX (DaKTOPOB, OKa3bIBAIO-
X BIusiHMe Ha pa3Butre HuseHnckoro I'OKa, crpynmmpo-
BaH B coOTBeTCTBUM C roaxomom PEST-aHamsa 110 4eThI-
peM OCHOBHBIM KaTeTOPUSIM, UTO OTPaKeHO Ha puc. 1.

CTOUT OTMETUTD, UTO [JI OLLEHKM CTelleHU BIUSHUS
yCTaHOBJIEHHBIX (aKTOPOB MaKpOCpebl Ha KOMIIAHUIO
000 «K-ITToram CepBuc» GbUIM TIPUBJIEUEHBI SKCIIEPTHI,
KOMITIETEHLIMM KOTOPBIX COOTBETCTBYIOT BUAY JesITelb-
HOCTU MCCIeAyeMOil KOMIIaHUM, YTO ITO3BOJIMIJIO MaKCH-
MaJIbHO TOYHO OIIEHUTH CTeIeHb BIMSIHMS (HaKTOPOB Ha
npenmnpusTue. Takke B paboTe MCIIOIb30BAHbI JOCTYII-
HbI€ VICTOYHUKY MHGOPMALIVY B IEJISIX TOTyYeHus 6oiee
TIOJTHOM M AOCTOBEPHOV KaPTUHBI O BHELLHEN cpeJie: BHY-
TpPeHHsIsT MHGOPMAIVsi, 0030Pbl PHIHKOB, CTaTbM B Hay4-
HBIX )XypHaax, SMIMUPUIECKME UCCIIeJOBAaHMS HE3aBUCH -
MBbIX 9KCIIEPTOB.

OrnpenenuBIIMCh C METOAOM MaKpOaHalIu3a U Ie-
peuHeM (aKTOPOB IJIsT €ro MPOBEIeHMs, SKCIIePThI pac-
CMOTpeI U OLIEeHWIM BHEIIHIOK cpeny kommnanun 000
«K-TToram CepBuc» ¢ pa3sHbIX CTOPOH. TakMM 006pasoM,
B xome mpoBeneHuss PEST-aHanu3a ObUT COCTaBJIEH aB-
TOPCKUIT MOAPOOHBIN crmcok PEST-dakTopoB, oKasbI-
BaIOUIMX BAMSHME Ha pa3BuTue KommaHuu. [locie yero
9KcIepTaMu OblIa MTPOBeAEeHA OlleHKA BIMSHUS JaHHBIX
(akropoB Ha pasBuTre HuseHckoro I'OKa B CJIOKMBIIX-
€S MAKPOIKOHOMMYECKUX YUTOBMSX [15, 16].

[TepBOHAYAIBHO IKCIIEPTAMU MHAUBUIAYATHLHO ObLIa
yCTaHOBJIEHa CTelleHb BAMSHMUS (aKTOPOB Ha peasnu3a-
umio npoekra Husenckoro 'OKa — ot 1 (min) 1o 3 (max).
CTOUT OTMETUTbh, UTO UCIIOIb3yeMble NIl OLleHKM dak-
TOpBI, NIpeJCTaB/leHHble Ha puUc. 1, ONpenensiioT CTpa-
Ternto passutusl npoekra HuseHckoro I'OK, okasbiBas
HeToCpeiCTBEHHOE BIMSHIME HA Cpedy U MPUObLIb TIpef-
pUsITUSA, (HUHAHCOBO-XO3SIMICTBEHHYIO [IeSITeTbHOCTD,
MPOJaXN, paclpeneneHre pecypcoB, TEXHOIOTUYECKOe
pasBUTHE, KOTOPBIE YACTO SIBJSIIOTCS MPUUMHAMU U3Me-
HEHMI1 ¥ IOTepy MeCTa Ha PbIHKe.

bBasupysicb Ha KOHCOMMIALMM DPE3yabTaTOB OLLEHKU
9KCIIEPTOB M0 KXKIO0MY (HaKTOPy B 3a[JaHHbIX ITapamMeTpax,
C TIOMOIIBI0 (PYHKIMM CPeHErO 3HAUEHMSI B IIPOrpaMme
Microsoft Excel, aBTopsI paccuntanu cpeqHee apupMeTm-
yeckoe 1Mo oneHKaM. TakuM o6pa3oM, KOHCOMMIMPOBAB
pe3yabTaThl OIIEHKM SKCIIePTOB, PACCUUTAIIN CpefHee 3Ha-
YyeHue T0 KaxXaoMy (HaKkTopy, UTO MO3BOJINIO BbISIBUTD Te
13 HUX, KOTOPbIe OKA3bIBAIOT HAMOOJIbIIIEE BO3/IE/ICTBIE.

Hanee 6buTIa MPOU3BEIEHA OLIEHKA BEPOSITHOCTU U3-
MeHeHMSI yCTaHOBIeHHbBIX (haKTOPOB IO IKase oT 1 (min)
oT 5 (max), pe3y/bTaThl KOTOPOJ IIPeICTaBIeHbI B TAO. 1.
B pesysnbraTe mpOBeNEHHBIX 3SKCIIEPTHO-OLLEHOYHBIX
rpolieayp 6buIa OlleHeHa peasibHAst 3HAUMMOCTD KayKIOTO
(axTopa, UTO MO3BONMIIO BBIICHUTD, HACKOIBKO CJIeAyeT
KOHTPOJMPOBATD TOT MJIM MHOT (paKkTOp MpU HanbHeliiei
peanu3aluu rmpoekTa. JIjst orieHKY (pakTopa C TTOIpaBKoii
Ha BecC CpeJlHee 3HavYeHMe IKCIEePTHON OLLleHKM YMHOKa-
eTcsl Ha CTelleHb BAUSHUS (PaKTopa, a pe3yabTaT JeauTcs
Ha CYMMY CpeIHUX 6JIJIOB 9KCIIEPTHBIX OI[€HOK.
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P-dakTops! (MOIUTHUYECKIE) E-daKkTops! (3KOHOMIYECKIE)
— 3aKOHOZATeJIbCTBO 110 OXpaHe OKPYXKaloleii Cpefbl; — IUCTpUOYIUs, toructuka [10];
— nonuTyKa PO 1o OTHOLIEHUIO K COCEIHUM roCyLapcTBam — MHBECTULVOHHBIN KIMMAT B MCCIeyeMOi 00/1acTu;
U MUDY; — 3aBUCMMOCTbD OT PEry/siTOPOB IO IIPeI0CTaBIeHNI0 SHEPTOHO-
— YaCTHbIE MHBECTULIVY B IPOMBILIEHHOCTS [8]; cuTesneii B 061acTH;
— HaJIOroBast MOJINTHKA (Tapudbl U JIbIOTHI); — CTereHb I06AIM3AIUM Y OTKPBITOCTY SKOHOMMKM [11];
— FOTOBHOCTD pernoHa K peasmm3auny rnpoekra HuBenckoro 'OKa; — Kypcbl OCHOBHBIX BasllOT;
— roCcygapCTBEeHHbIE JOTALMY HAa Pa3BUTHE MHPPACTPYKTYPBI — TJIATEKEeCITOCOOHOCTb TIOTPEBUTENe;
u 6M3Heca; — KpeIUTHO-IeHEeXKHAas ¥ HaJIOTOBO-6I0/IKeTHASI TIOJIMTHUKA 00-
— Oynyllee U TeKyllee 3aKOHOIATeTbCTBO, PEryIMpyIolee mpa-  JIacTu B KaIMHMHTPaICKO 06/1acTH;
BIJIa pabOThI B OTPACIN; — HKOHOMMYecKas cTabuabHOCTh: BPIT KanHuHTpaaCcKoii 06/1a-
— KOJIMYECTBEHHbIE U KAUeCTBEHHbIE OTPAHMYEHNS HA UMIIOPT,  CTu, BBII, Temmibl MHGIISIIINN;
TOPTOBas MOIUTHUKA; — 3aBUCYMOCTbH OT ITOCTABIIVIKOB ChIPbS 1 060PYI0BaHMS;
— TeHIEeHIY K PeryJIMPOBaHUIO VIV IePeryJMpOBaHNUIO0 TOPHO- — Te€MIIbl POCTa 9KOHOMMUKM;
IOGBIBAIOIIEI OTPACIIN; — YPOBeHb MHOISAIMM U TPOIIEHTHBIE CTABKN;
— CTpeMJIeHMe K TIPOTEKUMOHM3MY OTPacay, Haluuue rocymsap- - creiuduka nmpou3BoACcTBa Cyibdara Kaausi B acleKTe peasm-
CTBEHHbBIX KOMIIaHUIi B OTpacin; 3auuu npoekrta Husenckoro 'OKa;
— cTparerus pa3ButTys KaMHMHTPAICKOM 06/1acTH; — YPOBEHb Pa3BUTHUS IPEANIPUHUMATENLCTBA U GU3HEC-CPEIbI
— YCTOMYMBOCTD ITOIUTUYECKOI BiacTu PD; B KanimHMHTpaackoit 061acTu;
— CTemeHb 3aIIUThl MHTEe/UIEKTYaTIbHO COGCTBEHHOCTH ¥ 3aKOH  — YPOBEHb pacriosiaraeMbIX JOXOI0B HaceneHus B KanHuH-
06 aBTOPCKOM Ipase u ap. [9]; rpajickoii 06acTyi 1 Ap.
S-dakTops! (conyanbHbIE) T-daKkTopbI (TEXHOIOTUYECKUE)
— OpeH[I, pemnyTalys KOMIIAHUN, UMUK MCITOb3YeMOi TEXHO-  — Pa3BUTVME KOHKYPEHTHBIX TEXHOIOTMIA [13];
jgoruu [12]; — CTeleHb UCII0/Ib30BaHMs, BHEAPEHMS U Iepefaun TEXHOIOT U
— HeraTMBHOE OTHOILIIeHYe XXUTeNel perMoHa K peain3auun — KJII0UeBble TeXHOIOTMYeCKye M3MeHeHNS;
nmpoekTta HuBeHckoro I'OKa; — MOTeHLVa]a MTHHOBauuii [14];
— OTHOIIIeHVEe K HATyPaIbHbIM ¥ 9KOJIOTMYECKH UYMCTHIM ITPO- — IOCTYII K HOBEMIIIMM TeXHOOTUSIM;
JIyKTaM; — 3peNIoCThb TEXHOJIOTUIA;
— YPOBE€Hb MUTPALIVV ¥ UMMUTPALJIOHHbIe HACTPOEHUS; — 3aKOHOA,ATeNbCTBO [0 TEXHOIOTHSIM;
— TpeGOBaHMSI K KAUECTBY ITPOAYKIIMMA U YPOBHIO CEPBICA; — YpOBeHb MHHOBAIIUIT U TEXHOJOTMUECKOTO Pa3BUTHUSI OTPACIN;
— MTOTPEOUTENTbCKIIE TIPEIITOUTEHNS ; — pacxoIbl Ha MCCIIENOBAHMS Y Pa3pabOTKM;
— OTHOIIIeHYe K paboTe, Kapbepe, JOCYTY U BBIXOIY Ha TTEHCUIO;  — B I[€JIOM TEXHOJIOTMYECKAsi CKOPOCTh PearMpoBaHMs CPEIbI;
— OTHOIIIeHVe K MMIIOPTHBIM TOBapaM " yCJIyTaMm; — IIPOU3BOACTBEHHASI EMKOCTb, YPDOBEHbD;
— YpOBeHb 3ipaBOOXpaHeHNs ¥ 06pa3oBaHus B KaMMHMHTpaa-  — pa3BUTHE U IPOHUKHOBEHMEe VHTepHeTa, pa3BUTIE MOOWITb-
CKOJ1 00/1aCTH; HBIX YCTPOVICTB;
— TEMIIbI pOCTa HaceseHus B KamMHMHTPaCKOM 06/IacTy M Ip.  — 3aKOHOZATENbCTBO B 06/1ACTM TEXHOMIOTMUECKOTO OCHAIIIEHMSI

OTpacIu U Ip.

Puc. 1. KoMmmuiekc MaKpO3KOHOMMUYECKUX (DAaKTOPOB, OKa3bIBAIOIIMX BAMSIHME Ha pasBuTue HuBeHnckoro I'OKa
(000 «K-ITotau Cepsuc») (cocmasneHo aemopamu)

Fig. 1. A set of macroeconomic factors affecting the Nivensky GOK (K-Potash Service LLC) development
(compiled by the authors)

Ta6muua 1/ Table 1
BrisiBiieHMe KioueBbIX (hakKTOpPOB B pesyinbraTe npoBegeHusi PEST-anammsa komnauun 000 «K-IToram CepBuc»

Identification of key factors from PEST analysis of “K-Potash Service” LLC

daxTopst BKcnepTHaﬂuoueHKa
C MOIIPaBKOI Ha BeC
P-daxTop (mommrmueckue)

3aKOHOATEeIbCTBO IO OXpaHe OKpYsKalolllei cpeibl 0,0919
[Tonutuka P® 110 OTHOLIEHNIO K COCEIHUM rOCyIapCTBaM U MUDY 0,0744
YacTHble MHBECTULIMN B TIPOMBIIIJIEHHOCTh 0,0626
HasoroBast monutmka (Tapm@sl 1 IbIOTHI) 0,0548
T'oTOBHOCTB pernoHa K peanmnsaiuu rpoekra Husenckoro I'OKa 0,0477
TocymapcTBeHHbIe LOTAlMM Ha pa3BUTHe MHOPACTPYKTYPhI U 6G13Heca 0,0443
Bynyiee 1 TeKyliee 3aKOHOJATENIbCTBO, PeryIupyollee paBuaa paboTsl B OTpacin 0,0443
KomyuecTBeHHbIe 1 KaueCTBEHHbIE OrPaHNYEHNS HA MMIIOPT, TOProBasi OIUTUKA 0,0431
TeHOeHIMM K PETYIMPOBAHNIO U/ IePEryIMPOBaHMI0 TOPHOO06bIBAOIIEI OTPaCIN 0,0376
CTpeMiieHMe K TPOTEKIMOHN3MY, HaJauue rocyIapCTBeHHbIX KOMITaHMI B OTPacan 0,0374
Crparerus pasBuTust KaIMHMHIPAACKOii 061acT 0,0352
VCTOMYMBOCTD TTOIUTUYECKOI Bi1acTu PO (demepasbHOi, MeCTHOI) 0,0352
BropokpaTtusanys 1 ypoBeHb KOPPYNIIUK 0,0318
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OxkonHuaHue Tabm. 1

daxTopsI 3Kcr[epTHaﬂooueHKa
C NOIIPaBKOii Ha Bec
Ceo6oma nudopmauum u HesaBucumoctb CMU 0,0204
AHTMMOHOIIONIBHOE ¥ TPYA,0BOE 3aKOHOJATEIbCTBO 0,0204
CrerneHb 3alUThl MHTEJUIEKTYaJIbHOI COOCTBEHHOCTH 1 3aKOH 06 aBTOPCKOM IpaBe 0,0136
BeposTHOCTb pasBUTHSI BOEHHBIX AeiicTBUil B PO 0,0102
E-daxkTop (3KOHOMMIUYECKUE)
JMCTPUOYITS, TOTUCTUKA 0,0827
VIHBECTULIMIOHHBIN KIMMAaT B MCCIeayeMoii 061acTu 0,0744
3aBUCHMMOCTD OT PETY/ISITOPOB IO MPeOCTaBIeHNI0 IHEPTOHOCKUTeNelt B 00/1acT 0,0735
CreneHb r106aaM3aLUM ¥ OTKPBITOCTY SKOHOMUKM 0,0666
Kypchbl OCHOBHBIX BaIOT 0,0647
[TnaTeskecrnoco6HOCTb TOTpebuTeneit 0,0597
KpenuTtHo-IeHexkHast U HAJIOTOBO-010/KeTHAsI OMUTHUKA 061acTi B KanyHMHTpaackoii 061acTu 0,0511
O6uiye mpo6iembl Hamoroobaokenus (KaiuHuHrpaackas o6macts — 033) 0,0477
DKoHOMMYeCcKas cTabmIbHOCTb: BPIT KanmuuHrpaackoii o6nacti, BBIT, TeMITbl MHQUISIUK 0,0470
3aBUCHMOCTD OT ITOCTaBIIMKOB ChIPbSI 1 060PYIOBAHMS 0,0434
3aBMUCUMOCTb OT MMIIOPTA NP peanu3alyy TOBaPHOM MPOAYKLIUMN 0,0409
TeMIibl pOCTa 3KOHOMUKU 0,0340
VpoBeHb MHQISLIUY U TTPOIIEHTHBIE CTABKU 0,0340
VpoBeHb 6e3paboTHIIbl, pa3Mep ¥ YCI0BUS OIUIAaThI Tpya B KanuHuHTpaacKoit ob6aacTu 0,0310
Cneruduka mpom3BOACTBA CyIbdara Kaius B acrekTe peannsanuu rnpoekra Husenckoro 'OK 0,0306
VpoBeHb pa3sBUTHS MIPeAIIPMHMMATEIbCTBA U GM3Hec-cpeabl B KaaMHMHIpaaCcKoii 061acTu 0,0221
VpoBeHb pacIioyiaraeMbIX JJOX0I0B HaceneHus B KaluHMHrpaacKoil o6macT 0,0187
Ce30HHOCTb/ BAUSIHME TOI'OIbI 0,0102
S-cdakTops! (conuaabHbIE)
bpeHp, penyTauysi KOMIIAaHUM, UMUK UCIIOIb3yeMOJ TeXHOIOTUN 0,0822
HeraTmBHOe OTHOILIEHNe XUTeIel pernoHa K peannusauny npoekra Husenckoro I'OKa 0,0822
OTHouIeHNe K HaTypaJbHbIM M 5KOJIOTMYECKM YMCTBIM ITPOAYKTaM 0,0647
YpoBeHb MUTPALIUM ¥ UMMMTPALIIOHHbIE HACTPOEHUS 0,0626
TpeboBaHMsI K KQUeCTBY MPOIYKIIVY 1 YPOBHIO CepBIMCa 0,0509
[ToTpebuTeNbCKME TTPEIIOUTEHNUS 0,0409
OTHo1eHKe K paboTe, Kapbepe, IOCYTY U BbIXOAY Ha NIeHCUI0 0,0306
OTHOUIEeHNe K MMITIOPTHBIM TOBapaM U yCIyramM 0,0289
VpoBeHb 37paBoOOXpaHeHNs M 06pa3oBaHus B KaJIMHMHIPaICKOii 061acTH 0,0221
Tem1ibl pocTa HacereHus B KalMHMHIPaACcKoii 06macT 0,0221
Iemorpadusi, INIOTHOCTb HaceneHus: B KanuMHMHTpaacKoit obaactu 0,0170
O6pa3 sKU3HM U IPUBBIYKIM ITOTPEBIeHNS 0,0145
PasBuTtue pennurum u mpounx BepoBaHUMN 0,0085
T-daKTOpsI (TEXHOJIOTMYECKIIE)
Pa3BuTie KOHKYPEHTHBIX TEXHOIOTUI 0,0919
CTerneHb UCIIOAb30BaHNSI, BHEIPEHUS U TepeIaunt TEXHOIOTUIA 0,0666
KnroueBble TEXHOMOTMYECKME U3SMEHEHUS 0,0626
IMoTeH1IMaM MHHOBAIL MK 0,0579
JlocTyn K HOBEMIIMM TeXHOIOTUSIM 0,0477
3penocTb TEXHOIOTUI 0,0460
3aKOHOATEeIbCTBO I10 TEXHOIOIMSIM 0,0434
VpOoBeHb MHHOBALMI ¥ TEXHOIOTMYECKOTO Pa3BUTUSI OTPACIN 0,0374
Pacxoppl Ha MCCIe0BaHMs 1 pa3paboTKu 0,0332
B 1enom TexHosornueckasi CKOpoCTb pearmpoBaHMsI Cpeibl 0,0318
[Tpon3BOACTBEHHAS EMKOCTh, yDOBEHb 0,0306
PasBuTie 1 IPOHUKHOBEHMEe IHTEepHEeTA, pa3BUTME MOOMIIbHBIX YCTPOIICTB 0,0306
3aKOHO/IATEIBCTBO B 00JIACTY TEXHOJIOTMYECKOTO OCHAIIEHMS OTPac/In 0,0289

HcmouHuk: coCTaB/IeHO dBTOpaMM.
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Yem BbIllIe OIleHKA C TIOMpPaBKOii Ha Bec, ITOKa3aTe-
JI KOTOPOW OMpeNeNsioT peajbHyI0 3HAUMMOCTbh KaxK-
nmoro ¢akropa, TeM 60jIbllle BHMMAaHUS C/IeqyeT YaessiTh
HelTpanu3aluy JaHHOro dakTopa. Mcxoast u3 moydeH-
HbIX pe3y/bTaTOB AeICTBUS KOMITAaHUYM Ha BO3MOKHOCTU
Y PUCKM BHEIIHEN cpeabl paspaboTaHbl IJ1s1 Bcex (haKTo-
POB, IOKa3aTeNIb KOTOPBIX Bhilie sHaueHust 0,005.

[Tocte TpoBeeHNST OLIEHKY BIUSHUS Kaskaoro ¢dak-
TOpa OBLIM BBIIEIEHbI T€ U3 HUX, KOTOPbIE OKa3bIBAIOT
MakcumasibHOoe BiausiHuMe Ha pa3Butue OO0 «K-Ilotamn
CepBuc». B yacTHoCcTM, B KayecTBe KIIOUEeBbIX P-dak-
TOPOB MOKHO BBIZEIUTb 3aKOHOLATEIbCTBO IO OXpaHe
OKPY>KaloIllel cpelibl C pe3y/abTaTOM 3KCIIEPTHON OLleHKU
0,0919, a Taxke noauTUKy PO 110 OTHOILIEHUIO K COCETHUM
rocygapcrBam u mupy (0,0744) n yacTHBIE MHBECTULIUN
B npoMmbinieHHOCTD (0,0626). Cpenu E-dakTopoB 6bLIN
BbIZeIeHbl: OUCTpUOyIMs u jgoructuka (0,0827), uHpe-
CTUIIMOHHBIN KIMMAT B uccienyemoit obmactu (0,0744)
U Op.; S-paKkTOphl: 6peH I, peryTauys KOMIIaHUM, UMUK
ucrionbzyemoit texnonoruu (0,0822), HeraTMBHOE OTHO-
LIeHMe JXUTeJleli perMoHa K peanusauuu npoexkra HuseH-
ckoro I'OKa (0,0822) u op.; T-haKTOpbI: pa3BUTHE KOHKY-
peHTHBIX TexHonorui (0,0919), cTenneHb UCIOIb30BaHMS,
BHeJIpeHMs 1 nepemaun Texaonoruii (0,666) 1 gp.*

B maHHOM CJTyyae MojiyuyeHHasl peajibHasi 3HAUMMOCTh
(hbakTOpa MO3BONISIET OIIEHUTD, HACKOIBKO KOMIIAHUM CIIe[Ty-
eT obpallaTh BHMMaHMe ¥ KOHTPOIMPOBATh (aKTOPhI M3-
MeHeHMsI BHeIIIHWI CpeJibl, M paCCUMThIBAETCS, KaK BEPOSIT-
HOCTb M3MeHeHMsI (DaKTOpa, YMHOKEHHAST Ha CYUTY BIIMSTHUST
3TOro (hakTopa, OTPAKAETCS Ha AeSITETbHOCTY KOMIIaHWUM.

Kaskmplii 13 KITIOUEeBbIX (PaKTOPOB ObLI ITpOaHaIU3 M-
pPOBaH C TOUKM 3peHUS ero BO3eiiCTBUS Ha 3KOHOMMUKY
permMoHa B I11eJIOM ¥ KOMIIaHUM B YAaCTHOCTMU JJIs1 paspa-
GOTKM ¥ BHEOpPeHMs Mep IO CHVDKEHUIO HeraTMBHOIO
BIMSIHUS (e (paKTOp HEeraTMBHBIN) Ha NesITeTbHOCTD
KOMIMAHUM ¥ MaKCMMaTbHOMY PACKPBITUIO TOTOXKUTEb-
HbIX (aKTOPOB.

TakuM 00pa3oM, KauyeCTBEHHbII aHaJuU3 KIKoue-
BbIX (DaKTOPOB BHEIIHE} CpeIbl, OKa3bIBAIOIINX BIIMSI-
Hue Ha pas3Butre OO0 «K-ITotam CepBuUC», BBISIBUJ PsIf,
BO3MOKHBIX OTBETHBIX Mep JIJisI pa3pelieHisi BOIIPOCOB,
cnepskuBaIIMX 3G (GeKTMBHOE pas3BUTHE MPOeKTa IMpo-
MBIIIVIEHHOTO TMPeATNpUsTUS Ha TeppuTopunu KanmHuH-
rpajcKoii 061acTu.

Tak, HanpMUMep, NOCTOSTHHBIA MOHUTOPUHT T'OTOBSI-
LIMXCSI M3MEHEeHWUI [Jisl TPEeBEHTUBHOTO pearvpoBaHUs
U yJyacTue B 106613Me 3aKOHOIIPOEKTOB, a TAaKKe COBep-
IIeHCTBOBaHMe MOJIUTUKY B YaCTU Pas3BUTUS SKCTIOPTHO-
OPUMEHTMPOBAHHOM TUCTPUOYIIMM TTO3BOJISIT YCOBEPIIEH-
CTBOBaTh PabOTy KOMIAHMM B O6IACTU IMOTUTUUECKON
cdepsl (P-dakTopoB). UTo KacaeTcst OCTaIbHBIX (DaKTOPOB,
TO 9KCIepTamMy ObIIO MPEeJJIOKEeHO: KOOTepalys OpraHoB
BJIACTM ¥ YACTHOTO CEKTOpa JJISI pa3sBUTUSI MHPPACTPYK-
TYpbI perMoHa U COBEPILIEHCTBOBAHME MHBECTUI[MIOHHOTO
KJIMMaTa perMoHa Ha 3akoHomaTesnbHOM ypoBHe (E-daxk-

4 ®epepanbHbIi 3aK0H «O6 0OXpaHe OKpYKaIIei Cpebl»
or 10.01.2002 N2 7-®3 (c usmenenusimu Ha 31 utonst 2020 ropa).
URL: http://docs.cntd.ru/document/901808297 ([lata mocty-
na: 18.10.2020); Hanmorossiit kKogeke Poccuiickoit @enmepanmum
(HK P®). URL: http://base.garant.ru/10900200/ (laTa mocTyma:
18.10.2020).
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TOPOB), aKTMBU3alMst PR-CTysk6 OpraHOB BJIACTU U YacCT-
HOTO CeKTOpa U MOCTOSTHHOe MHGOPMIUpPOBaHMe TpaxkIaH,
yyacTue B COLIMaIbHOM, TONUTUYECKO, KyJIbTYPHOM K13~
HM obmacti (S-daKkTopsl); yyacTe B KauecTBe BeHUyp-
HOT'O MHBeCTOpa B CO3OaHMIM HOBBIX TeXHOJIOTUI U npm-
BJleUueHNe He3aBUCUMBbIX KOHCAJITUHTOBBIX areHTCTB /s
TTOCTOSTHHOTO ayauTa paboThl BCEX CIYKO MPemITPUSTHAS
B cepe pa3sBUTHS TeXHOIOIUii (T-paKkTophI)°.

TakuM 006pa3oM, BHEIIHSIST cpelia, KOTopast BO3[eii-
crtByeT Ha koMmmnaHuio OO0 «K-Tloram CepBuc», MOXeT
OKa3aTb Ha Hee 3HauMUTeIbHOEe HETaTMBHOE BIIMSIHME B OC-
HOBHOM 13-3a HeCTaGMIbHOCTU CYIIEeCTBYIOIIMUX 3KOHO-
MMWYECKUX Y TIPABOBBIX CUCTEM 00JIaCTH, OTCYTCTBUSI He-
00XOIVIMBIX TPAHCIIOPTHO-JIOTUCTUYECKUX MOITHOCTEN
B peruoHe. 3HAUMUTEIbHBIM (HaKTOPOM B 3(DPEKTUBHOM
pPa3sBUTUM KOMITAHUM SIBJISIETCST TIpopaboTKa BOIpOCa,
CBSI3aHHOTO C HACTpPOeHMeM MeCTHBIX >kuteneit Kamm-
HUHT'PAJICKOI 06/1aCTH, B YacTU pa3bsICHEHUI U MpoBe-
IeHUSI MEPOIIPUATUIL Ha TeMy 6e30TacHOCTY GYymyIero
npoussoncrsa Husenckoro 'OKa.

IIpn satom OO0 «K-IToram CepBuc» Ojisl mpeonmosie-
HMSI HETaTMBHOI'O BO3[EICTBMS BHEIIHEN Cpelbl CJieAyeT
OTMpPaThCS Ha CBOE TIOJIOKeHME KaK CUCTeMOOoOpa3syrole-
ro npennpusTus nas KaamHuarpagckoi obmacty, a Tak-
ke TTpeBeHTUBHO MCIT0b30BaTh MPeIJIOKeHHbIE B CTAThe
MeDBI C 11e/1bI0 IPOTUBOAECTBMS BHEIIIHMM YIPO3aM.

3aknoyeHue

[IpoBeneHHOEe MCCIefOBaHNME TEKYIIEro BHEIIHETO
BausiHMS Ha pasBuTue HuBeHckoro I'OKa, skcropTHO-
OPUMEHTUPOBAHHOTO MHBECTUIIMOHHOTO MPOEKTa CTPOU-
TeJIbCTBA HOBOTO MPOMBIINJIEHHOTO TIPEANPUSITUS C OC-
HOBHBIM MTPOM3BOACTBOM MPEeMUATbHOTO MUHEPATbHOTO
ymobpeHust — cyabdara Kaaus, mocpenctsom PEST-ana-
nu3a, TO3BOJIWJIO ONPENENUTh CTpaTernyeckoe Hampas-
JleHye Pa3BUTHUS JAHHOTO MPOEKTa, a TakXke YCTAaHOBUTh
(bakTOpBI, KOTOPBIE MOTYT U3MEHUTHCS B OYIYIIEM.

Takum 06paszom, PEST-aHaM3 K/II0UeBbIX MaKpOIKO-
HOMMYECKUX (aKTOPOB MO3BOIMII KOMILIEKCHO OIEHUTH
nonoxxkeHre Husenckoro I'OKa B co3gaBaeMoit TOpHO-XU-
MMYECKOi IPOMbBINIIEHHOCTY KanMHuHTrpamackoit obma-
CTU, a TAKke BBISIBUTH CTeMeHb BAUSHUS HAa KOMITAHUIO
IpyrUX BHemIHMX (pakTopoB. [IpomenaHHas paboTa I0-
3BOJISIET OLIEHUTb KOMITAHMIO CO CTOPOHBI, a IIOJTyYeHHbIe
pe3y/ibTaThl YUUTHIBATh NIPU MPUHSITUM KPATKO- U JON-
TOCPOYHBIX peIIeHuii TI0 Pa3BUTHUIO MMpoeKTa U Gopmu-
pOBaHUM CUCTEMBI aJfMUHUCTPATUBHO-YIIPAaBIE€HUYECKON
IesITeIbHOCTY B Pa3BUTUM IMPOEKTA IPOMBIIIEHHOTO
npeanpusitTus Husenckoro I'OKa.

> Kypcol LIB P® o6mena Bamior URL: https:/www.vbr.
ru/banki/kurs-valut/cbrf/ (Jata mocrtyma: 18.10.2020); KGD.
RU: TocakcmepTusa Bblfana MOMOKUTENbHOE 3aK/II0UeHue Ha
MIPOEKT 1O pa3paboTke MeCTOPOKIEeHMS coneii B HuBeHCKOM.
URL: https://kgd.ru/news/society/item/90630-gosjekspertiza-
vydala-polozhitelnoe-zaklyuchenie-na-proekt-po-razrabotke-
mestorozhdeniya-solej-v-nivenskom (Oata JOCTyIma:
18.10.2020); KAJIMHUHIPAJZICTAT: Mwurpaius HaceleHus
Kanuuuurpagackoit obnactu B siuBape-utoae 2019 roma. URL:
http://kaliningrad.old.gks.ru/wps/wc-m/connect/rosstat_ts/
kaliningrad/resources/c2098e804ee2773fbfe5bf3467c8ff84/%D0
%9C%D0%B8%D0%B3%D1%80%D0%B0%D1%86%D0%B8%D1
%8F-07.pdf (Oata moctyma: 18.10.2020).
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