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Evaluation of the efficiency and environmental impact
(on subsoil and groundwater) of underground block leaching (UBL)
of metals from ores
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5 Moscow Polytechnic University, Moscow, Russian Federation
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Abstract

One of the most problematic aspects of underground block leaching (UBL) of metals from ores is
the possibility of pollution of water and air in the affected zone. Therefore, proving the possibility of
mitigating environmental impact of metal leaching from ores by managing production processes with the
implementation of nature- and resource-saving technologies is an important objective. The purpose of
this study is to justify underground development effectiveness of ore deposits by traditional and integrated
methods with leaching of metals from substandard and off-balance ores. This will allow the raw material
base for extraction of metals from off-balance ores to be expanded and the environmental impact on subsoil
and groundwater (hydrogeological systems) to be mitigated. A distinctive feature of a UBL (underground
site for leaching of metals from shrunk ores) is that leaching solutions are supplied from sorption column
placed in mining workings of the leaching level in the immediate vicinity of the extracting block. The
pregnant solutions in the form of resin are discharged from the sorption column, placed in the leaching
level mine workings, then winded in mine cars and further supplied to hydrometallurgical plant in tanks.
A still rare attempt to justify the efficiency and environmental safety of underground metal leaching (UBL)
from off-balance and substandard rock ores in installations mounted in mine workings, on the basis of
monitoring and evaluation of subsoil and groundwater conditions was investigated. The average value of
uranium concentration by level was established: 210 m — 3.6 mg/L; 225 m — 3.58 mg/L; 280 m - 0.91 mg/L.
At the same time no contamination of underground mine waters was detected. Levels of sulfuric acid
aerosols and radon decomposition products did not exceed the maximum allowable concentration (MAC)
values. It is recommended that the hydrogeological environment be protected through silting the bottom
of the stope for collection of pregnant solutions with clay mud and construct semi-active water-permeable
chemically active barriers. The mentioned BIL process was implemented during the development of pilot
block 5-86 and recommended for blocks 5-84-86 and 5-88-90 of Michurinskoye deposit of SE VostGOK,
Ukraine, as well as during for development of ore deposits in Russia, Kazakhstan, and other developed
mining countries.

Keywords

ore deposits, underground block leaching (UBL), installations, mine workings, monitoring, hydrogeological
systems and environment, groundwater, performance
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AHHOTauusa

OoHMM M3 caMbIX MPOOGJEMHBIX MECT IMOA3eMHOro 6i0uHOro BbIlenaunBanus (IIBB) meTannoB u3 pyn
SIBJISIETCSI BO3MOYKHOCTDb 3arpsi3HeHMs] BOOHOM M BO3[AYIIHOI Cpelbl B 30HE UX BAUSHUSA. [IoaTOMy AoOKa-
3aTe/IbCTBO BO3MOXXHOCTUM MMHUMM3auuu nocinencreuii [IBB metannos u3 pyz nmyrem yInpaBieHUS TeX-
HOJIOTMYECKMMM TIpOIleccaMM B paMKaX peajmn3alyuu MPUPOAO- U pecypcocbeperariinx TeXHOIOTUIA
akTyanbHO. llenb uccaemoBaHus — 060cHoBaHMe 3G (QEKTUBHOCTY MO3€MHOIi Pa3paboTKM PYAHBIX MECTO-
POXKIEHMII TPAOULIVIOHHBIMU M KOMOVHMPOBAHHBIMY TEXHOJIOTMSIMU C BbIIETAaYMBAHNEM METAJIOB U3
CKQJIbHbIX HEKOHAUIIMOHHBIX ¥ 3a0a/IaHCOBBIX Py/l. ITO 06ECTIEUUT MOBBINIEHNE ChIPEBO 6a3bI OOBIUN
MeTaJJIOB 13 3a6aJaHCOBBIX PYA U YAYUYIIAT OXPaHy HeIp, TUIPOTE0JOTMYECKOi U OKPYKAIOIIeil Cpe/ibl.
OTnnuuTenbHO 0co6eHHOCThIO [1BB (1T0A3eMHOTO yUyacTKa IO BBINEIaYMBAHUIO META/UIOB M3 3amara-
3MHUPOBAHHBIX PY[) SIBJSIETCS TO, UTO BBIIEIAUMBAIOLIME PACTBOPHI MOJAIOT U3 COPOIIMOHHON KOJIOHHBI,
pa3MeIleHHO B TOPHBIX BhIPaOOTKAX TOPMU30HTA OPOIIEHNUs] B HEITOCPEACTBEHHO! BIM30CTU OT IKCILTY-
aTalnyoHHOTO 6;10Ka. BbIauy MpOAYKTUBHBIX PACTBOPOB B BUE CMOJIBI OCYIIECTBISIOT U3 COPOLIVIOHHOIA
KOJIOHHBI, pa3MeIlleHHOl B TOPHBIX BbIPAOOTKAaxX TOPM30HTA OPOILIEHUS, B BArOHETKAX HA JHEBHYIO I0-
BEPXHOCTb U fajiee B LIUCTepPHAX HAa TUAPOMeTA/UTypruueckuii 3aBoy,. MccieqoBaHnIo MOABEPraeTcs moka
ele peJKuii OrmbIT 060CHOBaHMS 3G (HEKTUBHOCTY U 3KOJIOTUYeCcKOol 6e3omacHoctu IIBB MmeTamios u3 3a-
6aylaHCOBbBIX ¥ HEKOHAUIIMOHHBIX CKaJIbHBIX Py B YCTAHOBKAX, CMOHTMPOBAHHBIX B TOPHBIX BhIPA6OTKAX,
Ha OCHOBaHMM MOHUTOPMHTA U OL[€HKY OXPaHbl HeJp, TUIPOre0I0TUYECKON U OKpYy>Kaloliei cpelbl. BoisiB-
JIEHO yCpeHeHHOe 3HaueHMe KOHIeHTpaluy ypaHa mo ropusonram: 210 m — 3,6 mr/n; 225 m — 3,58 mr/i;
280 M — 0,91 mr/n. IIpu 3TOM 3arpsiI3HEHMST TTOA3E€MHbBIX MAXTHBIX BOM, He 00HapykeHO. YPOBEHb a3p030-
Jiel/i CepHOV KUCJIOTBI U MPOLYKTOB pacnajna paJoHa He MpeBblllaj 3HaYeHUN IpeneabHO-AOMYyCTUMOI
KOHLIeHTpauyy. PeKOMeHA0BaHO OXPaHy TUAPOTe0JOrMuecKoii cpefbl IPOU3BOAUTD 3aWIMBAaHUEM IIK-
HMCTBIM PacTBOPOM IHUIIA KaMepbI M0 C60PY MPOAYKTUBHBIX PACTBOPOB, COOPYKATh MOJyaKTUBHBIE BO-
IOTPOHMIIaeMbIe XMMUUECKM aKTUBHbBIE Oapbepbl. YKazaHHas TexHosorus I16B BHempeHa pu 0TpaboTKe
OIIBITHOIO 6j10Ka 5-86 1 peKoMeHoBaHa MJis 6JI0KOB 5-84-86 1 5-88—-90 MUUYypMHCKOIO MECTOPOXIe-
Hust T'TI «BoctT'OK», YKpanHa, a Takske Ipu pa3paboTKe pyaHbIX MeCTOPOKAeHuit Poccuiickoit ®emepauuin,
Pecrry6amku KazaxcraH.
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Introduction

With the increase in the volume of underground
ore mining, the volume of waste on the surface and
in underground workings increases, enhancing envi-
ronmental pollution [1, 2]. Many areas of operating
deposits are a fragmented rock mass, forming the ba-
sis for uncontrolled process of natural leaching [3, 4].
Therefore, proving the possibility of minimizing the
consequences of natural leaching by managing tech-
nological processes as part of the implementation of
resource-saving technologies is relevant. Therefore,
proving the possibility of mitigating environmental
impact of natural metal leaching from ores through
managing production processes as part of the im-
plementation of resource-saving technologies is an
important objective [5, 6]. The main scientific and
practical results of the studies of integrated methods
for development of ore deposits, relating to both pro-
cesses of beneficiation and hydrometallurgy, and
methods of underground mining of minerals (physi-
cal-and-chemical geotechnologies), are presented be-
low [7, 8]. This work is a continuation of the authors’
research, the main scientific and practical findings of
which are most fully presented in [9, 10-12].

Goal of research

The purpose of the study is to justify underground
development effectiveness of ore deposit by traditional
and integrated methods with leaching of metals from
substandard and off-balance ores. This will allow ex-
panding raw material base for extraction of metals from
off-balance ores and mitigating environmental impact
on subsoil and groundwater (hydrogeological systems).

In order to achieve this goal, the following tasks
need to be undertaken:

1. To analyze the factors affecting the performance
and environmental safety of underground develop-
ment of ore deposits with metal leaching.

2. To identify the conditions and sources of possi-
ble pollution of water and air in the in the block in-situ
leaching affected zone.

3. To develop measures for mitigating the adverse
environmental impact of block in-situ leaching of met-
als from ores.

4. To outline promising areas of study aimed at in-
creasing performance and environmental safety of un-
derground block leaching of metals from ores.

Research Methods

Continuum mechanics, mathematical statistics,
and wave processes research using standard and new
techniques were used to summarize, critically analyze,
and outline promising areas of scientific advances in
the methods and technical means of underground ore
mining, underground geotechnology, and blasting rup-
ture of solid media.
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Findings Discussion

Technology audit of block in-situ leaching

The known methods of extracting metals from ores
are not waste-free. More and more money and energy
are being spent in fully utilizing the tailings. These
methods produce obvious environmental impact, since
secondary tailings are activated and migrate into the
environment during storage and processing. Signifi-
cant economic efficiency distinguishes new method
from known ones by the fact that there is no need to
wind ore to the surface [11, 12].

Underground block leaching (UBL) has been car-
ried out at the Gumeshevskoye deposit since 2005. The
mines of the Priargunsky Industrial Mining and Che-
mical Association (Krasnokamensk, Russia) use mi-
ning methods involving metal leaching from shrinked
(in stopes) ores on industrial scale. Geotechnological
methods of metal production in RNO-Alania have been
known since the second half of the last century [13, 14].

The environmental impact of ore natural leaching
was studied based on the experience of enterprises
in the North Caucasus. Here the contents of products
of natural leaching of ores exceed the sanitary norms
by 2-3 orders of magnitude. For instance, the Baksan
River (Kabardino-Balkaria) at the Tyrnyauz deposit
site receives effluents from the tungsten-molybdenum
complex, containing tungsten and molybdenum. In the
Alagirsky District of the Republic of North Osetia-Ala-
nia, the Ardon River is polluted with copper, lead, and
zinc at the Sadon deposit site [15, 16].

The process of in situ dissolution of ore with trans-
fer of useful components to the solution is an alter-
native to the traditional methods of development of
these deposits The ore is shrunk into blocks. After per-
colating through the ore mass the pregnant solution
of reagents is collected in the bottom, and from there
directed to processing facilities (Fig. 1).

During block in-situ leaching of ores with grades of
lead of 0.99 %, and zinc, 0.71 % at Kakadurskoye deposit
(North Osetia), a method for development of the whole
deposit (instead of development of a separate area of sub-
standard (for conventional methods) reserves) was pro-
posed. Professor I.A. Ostroushko proved its feasibility and
achieved its implementation. The new method of mine-
ral leaching in a disintegrator is based on the fact that at
an impact velocity of 250 m/s their processing properties
change. The processing of tailings of Sadon ores in the
disintegrator allowed extraction of 22 % of lead and 76 %
of zinc (from their initial content in the primary tailings).
By means of multiple processing, the ultimate content
was brought to the required level [17, 18]. The content of
metals in natural leaching solutions corresponds to the
content of the process accelerants, iron-bearing mine-
rals, and retarders, calcium and magnesium minerals. In
order to evaluate the characteristics of mine drainage in
the Ardon River, its water samples were examined (Fig. 2).
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Combining the activities of enterprises, for ex-
ample, the lead-zinc complex and JSC “Kavdolomit”
(RNO-Alania, Russia) allows for the environmental im-
pact to be mitigated. This includes backfilling of the
mined-out space with backfilling mixture on the basis
of dolomite-based binders to reduce losses of ores in
the course of breaking. In order to produce the dolo-
mite binder fraction, mills are used. They allow the do-
lomite specific surface to be increased up to 3000 cm?/g

elSSN 2500-0632

https://mst.misis.ru/

Lyashenko V. I., Golik V. I, Kluev R. V. Evaluation of the efficiency and environmental impact...

thus raising the activity of binding additives by 20-30 %
[19, 20]. Underground block leaching of metals from
the broken ores is one of the best ways to reduce the
amount of radioactive waste on the surface, decrease
the backfill volume and increase the enterprise perfor-
mance in the production process (Fig. 3).

Process flow sheet for metal leaching from ores in
the installations placed in mine workings is illustrated
in Fig. 4.

Fig. 3. Method of underground block leaching of metals from broken ores:
a and b - drilling and leaching of shrinked ores in a block:
1 - drift; 2 - raise; 3 — drift for leaching; 4 — drift; 5 — drill drifts; 6 — drill drifts; 7 — drainage drift; 8 — drainage boreholes;
9 - intermediate leaching level; 10 - intermediate leaching level; 11 - drift for leaching; 12 - top undercut;
13 - cribwork; 14 - leaching system

Fig. 4. Process flow sheet for metal leaching from ores in underground installations:
1 - stope; 2 — ore body; 3, 4 — horizontal and vertical workings; 5 - liner; 6 — stopping; 7 — tank; 8 — shrunk ore; 9 — working;
10 - stopping; 11 - pipeline; 12 - pregnant solution processing sorption units; 13 — tank for preparation of leaching solution;
14 - niches; 15 - pumps; 16 — pipe; 17 — metal desorption unit

9
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The ore body 2 is divided into extraction blocks,
then secondary development and face-entry driva-
ge are performed. Drilling of 50-85 mm (in diameter)
boreholes from sub-level workings 9 is carried out.
Partial shrunk ore drawing 8 is performed to the haul-
age level. The leaching system consisting of pipes 11
and nozzles is mounted in the upper part of stope 1.
Workings 7 for collecting of pregnant solutions are
prepared in the lower part [21, 22].

A process flow diagram of the underground block
leaching commercial implementation is shown in
Fig. 5. It includes: railway tank; pumps F430 PP-50/38,
X 80-50-250 E, PR63, AX 125-100-400E, and X50-
32-125 types; tank for low-quality acid; discharge
device; road tanker and tank for resin; submersible
pump of F-706 PP-185 type; sump for pregnant, neu-
tralization, and leaching solutions; hydraulic hoist;
0.4 and 0.8 m® tanks; SNK-type sorption column;
pipeline; ejector; free tanks; tanks for acidizing and
neutralization; hand hoist with load-carrying capac-
ity up to 1 ton.

elSSN 2500-0632

https://mst.misis.ru/

Lyashenko V. I, Golik V. I, Kluev R. V. Evaluation of the efficiency and environmental impact...

Leaching and pregnant solutions are pumped from
the lower to the upper levels without the solutions
winding to the day surface. At the day surface, the prod-
ucts are wound as resin for further processing at the
hydrometallurgical plant. In fact, an underground area
for the leaching of metals from ores in UBL blocks with
processing of solutions in units is placed in the under-
ground workings. The authors point out that this meth-
od allows for a significant reduction in the list of op-
erations required, when compared with the traditional
mining methods [23, 24] (except for such operations as:
creation of compensation space, drawing and delivery of
up to 30 % of the shrunk ore from the UBL stope, etc.).

Hydrogeological and environmental monitoring
The system of environmental monitoring includes
three-step control and allows the following tasks to
be resolved: monitoring of the conditions of the mine
waters; determining zones of mine air pollution; de-
tecting emergency environment pollution; providing

company management with necessary information.

d

Fig. 5. Process equipment for UBL at Ingulskaya mine of SE VostGOK (photo):
a and b - sorption columns of SNK type; ¢ — pump room with a 0.4 m? tank and AX pump;
d - train of tanks with ion exchange resin and diluted sulfuric acid
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Research Findings

In order to monitor possible migration from the
stope of the block and sump towards the block bottom,
six rising observation boreholes were drilled (Fig. 6).
The first level of water environment monitoring was
implemented on a monthly basis. This requires meas-
uring the hydrogen index (pH) of the mine water in ob-
servation boreholes by the staff of the pilot block.

During the testing 18,630 water pH measure-
ments were performed. The observation boreholes
remained dry during the testing. The water pH was
practically neutral of 6.5-7.5, and only in 5 cases
pH was measured at 1.5-2.0, which was explained
by pipeline failures and stop valve wear. The halo of
spreading the process solutions was local and neu-
tralized by lime milk.

The second level of the monitoring aquatic envi-
ronment included measuring the following indicators:
uranium concentration; alkalinity; and hydrogen in-
dex (pH). During the block development, 882 samples
of mine water were taken. Table 1 shows the monitor-
ing results averaged on quarterly basis. The analyses
show the average uranium concentrations of 3.6 mg/L
at 210 m level; 3.58 mg/L at 225 m level; 0.91 mg/L at
280 m level. The water pH was neutral. The observa-
tions indicate no negative impact of the testing block
on mine water quality, and the observation boreholes
remained completely dry [25, 26].

Sorption column
P

———————— a
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The third level also included air monitoring. Full
chemical analysis of the mine water samples for cal-
cium, magnesium, sodium, potassium, total iron, car-
bonates, bicarbonates, sulfates, chlorides, nitrates,
nitrites, ammonium, dry residue, uranium was carried
out on monthly basis, and radiochemical analysis for
radium-226, thorium-230, polonium-210, lead-210,
uranium was performed on quarterly basis (Table 1).

Table 1
The third level monitoring results for mine water

Control parameters
Alkalinity, H Uranium,
mg-eq/L p mg/L

P-1P-2 2.70 7.8 6.7

P-3P-4 0.50 7.8 0.64
p-5P-6 5.75 7.9 1.32

Sample

Designation Location

Pre-testing

Averaged P-1P-2 2.60 7.3 3.60
value P-3P-4 3.21 7.5 3.58
for 3 years P-5P-6 5.37 7.7 0.91
of testing

During the testing, 210 samples of mine water
for ultimate analysis and 60 samples for radiochem-
ical analysis were taken and analyzed. The results of
the chemical and radiochemical analysis of the mine
water, as well as those of the mine water immediately
before the mine water treatment (in the unit at 210 m
level) are given in Table 2.

Main pipeline
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Fig. 6. Process flow diagram of block preparation for leaching:
Pc.59 - ore chute of 59-th axis; Raise 59, Raise 88 - ventilation and manway raise of 59-th and 88-th axis, respectively
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Data on the chemical composition of the mine
water samples showed that up to the moment of
block acidification the mine water, the chemical
composition varied considerably both spatially and
depending on time of sampling. For example, sulfate
ion concentration varied from 403.0 to 998.0 mg/L,
that of uranium, from 0.35 to 7.30 mg/L. Comparing
the water analysis data, it can be concluded that the
average concentrations of sulfate-ion, chloride-ion,
uranium, pH, dry residue in the samples taken during
the UBL testing did not exceed those in the samples
taken before the acidizing (leaching) of the shrunk
ore. No essential changes in composition and con-
centrations of elements in mine water discharged
into Ingul River during UBL operation (blocks 5-86;
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5-84-86; 5-88-90) were observed. Samples were col-
lected once a month for the following parameters:
sulfuric acid aerosols; radon concentration; gamma
exposure rate. Since the beginning of block 5-86 op-
eration only, 576 samples were collected. Review of
the data presented in Table 3 showed that the deter-
mined indicators did not exceed those of the samples
taken before the testing [27, 28].

Review of Findings
Initial findings of the study showed significant de-
pendence of the leaching process performance (based
on time factor) on the working volume of the sump for
pregnant solutions. Optimal volume was found to be
70-80 m3, while design volume was 20 m3 only. The

The third level monitoring results for mine water

Table 2

Subject of research and measurement | .o Average Value
component pre-testing testing post-testing
Uranium, mg/L 90 6.7 6.2 4.4
Ra - 226 x 107!, Ci/L 20 8.37 6.24 6.7
Th - 230 x 10", Ci/L 20 3.03 2.46 2.2
Pb - 210 x 101, Ci/L 20 32.05 9.53 10.4
Po-210x 1071, ¢t 20 2.5 1.18 2.8
SO%,, mg/L 70 614 659 691
CI, mg/L 70 172 166 142
PH, unit 70 7.6 7.7 8.2
Ca*, mg/L 70 145 133 124
Md*, mg/L 70 41.3 62.8 52
Naf, mg/L 70 235 229 220
Kf, mg/L 70 15.5 13,2 12
Fe, mg/L 70 0.05 0.05 0,05
NH,, mg/L 70 1.1 0.15 0.1
NO;, mg/L 70 40 15 9
NO,, mg/L 70 26 0.2 0.1
HCO;, mg/L 70 92 157 132
Dry residue, mg/L 70 1588 1560 1366
Table 3
The third level monitoring results for air
Subject of research and measurement Air Average Value
component pre-testing testing post-testing
Level 210 m
Sulfuric acid aerosols, mg/m? 640 - 0.5 -
Radon, Bg/m3 64 580 645 110
EDR, pR/hr (gamma radiation exposure dose) 64 146 206 227
Level 240 m

Sulfuric acid aerosols, mg/m? 128 - 0.26 -
Radon, Bg/m3 128 513 490 439
EDR, pR/hr (gamma radiation exposure dose) 128 454 331 312
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initial operating experience revealed a negative factor
in terms of a significant amount of sand and debris in
the regenerated resin at the hydrometallurgical plant.
Subsequently the decision was taken to install an au-
tonomous resin regeneration unit at the plant for the
UBL pilot areas [29, 30].

During development of block 5-86, in accordance
with the recommendations issued, the previously
driven workings were used as much as possible. The
same approach was used at preparation of pilot blocks
5-84-86 and 5-88-90, as well as pilot-commercial block
1-75-79, for UBL at Michurinskoye deposit. The re-
quired volume of remedial work as in previously driv-
en mine workings was carried out. At the same time
the issues of stability of mine workings of the leach-
ing level located in the area of intensive influence of
worked-out blocks require special attention. The ore
mass in level 197-210 m was already weakened by the
development workings and stopes, constructed before
the preparation of blocks for UBL, as well as by the net-
work of boreholes of the leaching system currently be-
ing created. In these workings, a systematic monitor-
ing of their stability and the stress-strain state of the
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near-contour rock mass was organized (geotechnical
and seismic monitoring). The results of UBL commer-
cial testing showed that the system of stockpile prepa-
ration for extraction existing at VostGOK only change
in the drilling while blasting parameters allowed ores
of optimal granulometric composition to be produced
in the pilot block. During the testing, about 54 % of the
metal reserves in the block were transferred into the
solution at an acid consumption rate of 36 % of the de-
sign value. Thus, extraction and processing of ores with
the use of traditional methods under current economic
conditions is inexpedient if the metal content in the
extracted ordinary ore is less than 0.070 c.u. (Table 4).

Advantages of block leaching

There are no costs for individual operations as
compared with the traditional ore mining and process-
ing methods, namely:

Mining: secondary crushing and drawing of ore;
in-mine transportation of ore; ore winding to the sur-
face; crushing and beneficiation of ore; backfilling of
mined-out space; loading into rail cars and transporta-
tion of ore to hydrometallurgical plant;

Table 4
Main indicators of metal block leaching

Designation Value
Volume of ore being leached, kt 8.248
Grade of metal, c.u. 0.065
Acid H,SO, used, t 231.1
Acid specific consumption, kg/t 28.0
Acid consumption for acidizing, t 27.8
Oxidant specific consumption, kg/t 3.3
Acidification time, day 40
Volume of solutions fed to leaching, m? 66106
Density of leaching, L/m? x hr 9.6
L/S ratio, units 8:1
Leaching time, day 166
Sorption duration, day 398
Volume of solutions for sorption, m? 25756
Characteristics of pregnant solutions:
a) metal concentration, average, mg/L 220
b) average acidity, g/L 13.5
Characteristics of irrigation solutions:
Fe*3 /Fe*?, concentration, g/l 1.9/0.38
Mineralization (dry residue), g/1 43.2
Volume of metal-saturated anionite, m3 101.3
Average capacity of saturated sorbent, kg/m> 27.3
Residual capacity of regenerated sorbent for metal, kg/m? 0.66
Tailings washing in block: duration, days 65
Washing water volume, m? 5775
Specific water consumption for washing, m3/t 0.7
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Processing at hydrometallurgical plant: ore rehan-
dling; ore crushing; leaching; sorption; resin regener-
ation; tailings storage.

The phenomenon of natural leaching is a conse-
quence of the insufficient sophistication of mining
methods used. The mechanism of the natural metal
leaching processes is known and controllable/appli-
cable. The radical approach to the mitigation of the
environmental impact of natural leaching is the com-
plete utilization of metal-containing raw materials.
The concept of environmental protection of subsoil
use provides for the replacement of uncontrolled nat-
ural leaching with artificial leaching in a controlled
workspace. The level of knowledge on the theory and
practice of metal extraction from metal ores allows the
methods with leaching to restore the previous poten-
tial of mining industries [31, 32].

Performance

The maximized performance of the integrated
method of development with leaching of metals from
ores is provided through increasing the extraction of
useful components from the subsoil:
M >—"1—— (1)

where M - amount of useful component in situ;
M’ — amount of useful component extracted; ¢, — ex-
traction of metals from ores by the methods with

leaching; e; — extraction of metals by traditional
methods (TS):

)

where M,, — TS quantity of metals; ¢, — extraction of
metals from subsoil by TS; ¢, — extraction of metals
into concentrate; g; — extraction of useful component
from concentrate to the final product.

The profit from the use of substandard reserves
(low-grade ores) in production at the expense of in-
creasing ore production volumes, output of finished
products (metals), and ROI through implementa-
tion of integrated methods with leaching is deter-
mined according to the following mathematical
model:

Mm
&r= ™ €183,

sel (3)

“Veomb?

n

). bsel+
Profit ="

comb comb comb comb
1 +(Core _Cext _Cenr _Cmet
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ore ext enr met

)=y

where Profit is annual profit from combination (in-
tegration) of the methods, MU; C? , c®"™ — pro-

ore? ore
ceeds from metal sales (produced from balance
and combined, respectively, ore reserves, MU/t;
b b b L ;

Cots Cenrs Cpee — ccosts of mining, processing, and

metallurgical treatment of balance ores, respective-
ly, MU/t; comb, ceomb - comb _ costs of mining, proces-

ext enr met
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sing, and metallurgical treatment of combined ore
reserves, respectively, MU/t; V9, V¢ = — volume of
selectively extracted balance and combined ores, re-
spectively, tons; n — the mix of extracted metals; D, —
total damage (economic consequences) to the envi-
ronment, effected (-), or preventable (+), taking into
account the costs of storage of pollutants and protec-
tion of the population living in the mining affected
zone, MU.

Thus, UBL implementation on commercial scale
will significantly improve economic performance
of production. Through the modernization of fixed
assets, this would allow for the technical re-equip-
ping of production involving reserves of low-grade
and substandard ores in production, thus prolon-
ging LoM (for existing mines). The research estab-
lished that chemical mining methods could be used
for development of low-grade and substandard
ores, thus increasing profitability. Furthermore, the
use of substandard ores could allow the raw-mate-
rial base of metals at operating mines to be raised
1.4-1.6 times. It was shown that performance of dif-
ferent options of methods for metal leaching from
ores was defined in terms of the completeness of its
extraction. The experience accumulated in the world
practice shows that under other equal conditions,
such as mineralization type, structure, porosity of
ore, diffusion coefficient, temperature, concentra-
tion of process solutions, etc., the completeness of
leaching directly depends on the ore crushing qual-
ity and uniformity of its density distribution when
shrunk. The possibility of underground block leach-
ing of metals from shrunk ores was proved, and the
dependence of metal recovery on the average line-
ar size of the blast-crushed ore mass fragments was
established [33, 34].

Advanced research directions

In order to prevent groundwater pollution (hy-
drogeological environment protection) the base
of the stope needs to be silted for the collection of
pregnant solutions with clay mud. Semi-active wa-
ter permeable chemically active barriers (VPCh-
AB) need to be constructed and biological tech-
nologies in UBL to be used. The main advantages
of using iron-oxide composites based on natural
clay minerals to clean water from contamination
with uranium compounds are their environmen-
tal friendliness, cheapness, availability, and manu-
facturability. This should ensure that the degree of
metal contamination of ground and surface waters,
soils and sediments, including the main Michurinsky
Fault (Kropivnitsky, Ukraine), is reduced. Research
needs to be continued to develop such methods that
would satisfy both economic and environmental
requirements [35, 36].
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Conclusions and recommendations

Based on the scientific and practical results of the
tests on integrated leaching of metals from off-balance
and substandard ores for their subsequent processing
at hydrometallurgical plant, the following conclusions
were made.

1. Semi-commercial (pilot-plant) testing on le-
aching of metals from ores of operational block
5-86 of Michurinskoye deposit (Ukraine) was imple-
mented with observations at three levels: 210; 225;
and 280 meters. In the tests, the pH of water was at
a neutral level of 6.5-7.5, and only in 5 cases were its
values 1.5-2.0. This was explained by pipeline fail-
ures and stop valve wear and tear. The halo of spread-
ing the process solutions was local and neutralized
by lime milk.

2. Environmental monitoring with water analy-
sis showed the average uranium concentrations of
3.6 mg/L at 210 m level, 3.58 mg/L at 225 m level,
0.91 mg/L at 280 m level. No contamination of under-
ground mine waters was detected. The levels of sulfu-
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ric acid aerosols and radon decomposition products
did not exceed the maximum allowable concentration
(MAC) values.

3. It is recommended that the worked-out ore mass
be treated with lime milk and mine water through the
boreholes for feeding leaching solutions (leaching sys-
tem), in order to neutralize and wash it. The hydroge-
ological environment (groundwater) should be protec-
ted through silting the bottom of the stope for collec-
tion of pregnant solutions with clay mud. Groundwater
monitoring should be performed in observation bore-
holes drilled in the bottom of the production block and
at contacts with the ore body, as well as in zones of
fracturing and hydraulic fracturing of rocks.

4. The phenomenon of natural leaching of metals
from crude ore is a consequence of the insufficient so-
phistication of mining methods used and can be min-
imized. This will provide increased financial viability,
the rational use of subsoil, groundwater and environ-
mental protection, and increase raw material base for
metals production by 1.4-1.6 times.
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Abstract

Geological features are characterized by macro- and micro-heterogeneity, manifested by the spatial
variability of material composition and lithophysical properties of rocks. This, in turn, determines the
spatial and temporal variability of hydrocarbon (HC) fluid dynamics both during the reservoir formation
and during its development and, subsequent operation as an underground gas storage facility (UGSF).
The long-term operation of underground gas reservoirs at the Galmas and Garadagh areas in the South
Caspian Basin (SCB), serving as a reservoir of commercial gas accumulations, and subsequent underground
gas storage (UGSF) is characterized by significant peculiarities. Analysis of monitoring data on volumes
of gas injection and extraction at the Galmas/Garadagh UGSF in the period of 2020-2021 showed their
spatial variability, as well as the variability of wells deliverability during the gas reservoir development.
This suggests the inherited nature of UGSF operation mode in relation to the gas reservoir development
mode. The heterogeneous nature of spatial variability of these parameters is determined by the reservoir
rock poroperm properties. A formation pressure drop during reservoir development is accompanied by
decreasing rock permeability. When operating UGSF, the lithofacial properties of rocks determine the ratio
of volumes of injected and extracted gas. In this regard, a necessary condition for selecting the optimal
system of UGSF operation is to take into account the spatial heterogeneity of the underground reservoir.
The irregular nature of variation of rock poroperm properties, the origination of isolated zones in the
reservoir with considerable residual gas volumes, as well as unpredictable directions of fluid movement
are the main reasons for decreased efficiency of field development and underground gas storage facility
operation. In order to determine the optimal system of operation of UGSF in depleted underground oil and
gas reservoirs, the features of the spacial variations resulting from the rocks poroperm properties need to
be taken into account.

Keywords
underground gas storage facility, reservoir, rocks, reservoir poroperm properties, porosity, permeability,
spatial heterogeneity, gas-condensate reservoir, fluid dynamics, South Caspian Basin
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AHHOTauUuA

Teosornueckye OOBEKThI XapaKTEPU3YIOTCS MaKpO- ¥ MUKPOHEOAHOPOAHOCTHIO, UTO TPOSIBIISIETCS WU3-
MEeHYMBOCTBIO B IIPOCTPAHCTBE BEIIECTBEHHOTO COCTaBa U JTUTOMU3NYECKUX CBOICTB MOPOJI. ITO, B CBOIO
ouepellb, OIpeJessieT MPOCTPAaHCTBEHHO-BPEMEHHYI0 M3MEHUYMBOCTb OVMHAMMUKM YITEeBOLOPOLHbIX (VYB)
dbmonoB Kak mpu GOpPMUPOBAHUM 3aIEXKM, TAK U TIPU ee pa3paboTke, a B MOWIEAYIONEM Y SKCILTyaTal[K
B KauecTBe nopsemHoro xpanuiniia rasa (IIXT). InuTenbHas 9KCITyaTalus MOA3eMHbIX Ta30BbIX Pe3epBY-
apoB Ha iomaasax Fanmac u Tapagar B IOskHo-Kacruiickom 6acceiine (I0KB), cryskaiiyx BMeCTUIAIIEM
MIPOMBIIIJIEHHBIX CKOIJIEHUIA rasa, a B JgajabHelniem [Jis nos3emMHoro xpaHeHnusi rasa (IIXT) xapakrepusy-
eTCsl CYIeCTBeHHbIMU 0COOEHHOCTSIMMU. AHAIN3 TaHHBIX MOHUTOPUHTA 00b€MOB 3aKauyKKu-0TOOpa ra3a Ha
[IXT T'anmac u l'apapar B iepuog, 2020-2021 rT. mokasana M3MEeHUMBOCTb B IPOCTPAHCTBE UX 3HAUEHMI, TaK
K€, KaK ¥ MPOJYKTUBHOCTY CKBaXKMH IIPU pa3paboTke ra3oBOTO pe3epByapa. ITO MO3BOISIET MPENOI0KUTh
YHaAC/IeIOBAHHBIN C PEKMMOM pa3paboTKM Ta30BOTO pe3epByapa xapakTep pexkmma skcruryatanuu [TXT.
HeopgHoponHblii XapakTep M3MeHeHMsI B IIPOCTPAHCTBE 3TUX I[MapaMeTpPOB oIpenenseTcs: QuibTpaiuoH-
HO-eMKOCTHBIMM CBOJCTBaMM MopoJ. [lageHne maacToBOTO JaBieHus B Mpoljecce pa3paboTKM 3a/IeXKu CO-
TIPOBOXK/IAETCSI CHYDKEHVEM MTPOHUIIAEMOCTH TTOPOJ, a ipu aKkcruryatanuu [TXT mutodarmanbHbie CBOVCTBA
TIOPOJ, OTIPENENSIIOT COOTHOIIEH)Ee 06beMOB 3aKauMBAEMOTO ¥ OTOMPAEMOro rasa. B cBsi3u ¢ 3TUM He06X0-
IVMBIM yCJIOBMEM BbI6OpA OMITMMATbHONM CHCTeMbI aKcIuTyaTauyuu [IXT SBseTcsl yueT MpoCTPaHCTBEHHO
HEeOIHOPOIAHOCTU MOA3eMHOTO pe3epByapa. HepaBHOMepHBIii XapaKkTep M3MeHEeHMSsI 10 TIomaau Guibrpa-
IIMOHHO-€MKOCTHBIX CBOVCTB TOpHBIX Iopon (PEC), dopmMupoBaHMe M30IMPOBAHHBIX 30H B pe3epByape
CO 3HAUYUTETbHBIMM OCTATOYHBIMM OObEMaMU ra3a, a Tak’ke HeIpoTHO3MpyeMble HallpaBIeHUs IBUKEHUS
oM I0B ABISIOTCS OCHOBHBIMU MPUUMHAMMY CHVKeHUS 3((DEeKTUBHOCTY pa3paboTKy 3aIeku U IKCILTya-
tauuu [IXT. [I151 onipefiesieHMst ONITUMaJIbHOM cuCcTeMbl 3KcruryaTtauyy [1XT, cO3maHHBIX B UCTOLIEHHBIX MOJ, -
3eMHbIX He()TerasoBbIX pe3epByapax, HeOOXOAMMO YUYUTHIBATh OCOOEHHOCTU M3MEHEHUSI B MIPOCTPAHCTBE
OEC grararoumx ero mopoj.
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Introduction

There are no absolutely homogeneous geological
features in the natural environment. All are charac-
terized by macro- and micro-heterogeneity, manifes-
ted by spatial variability of the material composition
and lithophysical properties of rocks. This, in turn,
determines the spatial and temporal variability of hy-
drocarbon (HC) fluid dynamics both during reservoir
formation and during its development and, subse-
quent operation as an underground gas storage facil-
ity (UGSF).

Irreversible changes in the reservoir during the
long-term development of fields are caused by a con-
tinuous drop in formation (reservoir) pressure con-
nected with extraction of significant volumes of fluids
(oil, gas, water) from the underground reservoir [1, 2].
In comparison with the change in porosity of rocks, the
formation pressure drop leads to more significant irre-
versible changes in their permeability [3-6].

Compared with the mode of reservoir develop-
ment, changes in the reservoir during UGSF operation
are connected with repeated alternating stresses on
the formation (reservoir) (cyclic variations of the ef-
fective pressure), caused by seasonal injection and ex-
traction gas.

The study of the above processes by the example
of gas field development in Galmas and Garadagh areas
of SCB, as well as the long-term operation of UGSFs
created in them is the main objective of this paper.

Brief description of the assets to be investigated

Galmas field / UGSF

Galmas oil and gas field / UGSF (underground gas
storage facility) is located in the northern part of Nizh-
nekurinsky depression, 75 km from Baku (Fig. 1).

The depression is complicated by longitudinal and
transverse faults and, as a consequence, has a block
structure. The main fault within the fold is a longitudi-
nal disruption, upon which an extinct mud volcano of
the same name is located.

The Productive Strata consists of alternating clay-
ey and sandy-silty interlayers, the proportion of which
varies significantly depending on the depth and area of
spreading.

Commercial gas inflows were obtained from wells
which penetrate into the formations of the local Ab-
sheron sequence (Lower Anthropogen), Akchagyl (Up-
per Pliocene), and Productive Strata (PS, Lower Plio-
cene). The Galmas field was brought into commercial
development in 1956.

Since 1976 the previously commercially gas-bea-
ring I and II horizons of the PS have been used as Un-
derground Gas Storage Facilities (UGSF). Gas in small
volumes is also injected into the sand reservoir of the
Absheron formation (strata).
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Caspian Sea

Garadag

South
Caribbean
e \Galmas
Iran
Talish
| I | 2 | |3 [ 14 | | 5

Fig. 1. Location of the Galmas and Garadagh fields / UGSFs
and lithofacial types of the Productive Strata sediments:
1 - Pre-Caspian; 2 — Absheron; 3 — Gobustan; 4 — Geylar;

5 — Nizhnekurinsky

Garadagh field / UGSF

The Garadagh field/UGSF is located in the extreme
southwestern part of the Absheron Peninsula, 30 km
from Baku (see Fig. 1) and is confined to the southern
flank of the asymmetric anticline with block structure [7].

The main targets of the Garadagh oil and gas
field development are the I-VII horizons of the PS.
A gas-condensate reservoir was identified in the
VII-VIIa horizons of the PS (hereinafter the PS VII ho-
rizon). In the SE part of the southern limb they unite
and form a single thick sandstone layer. The effective
thickness of the VII horizon reaches 10-25 m in the
northwest and 55-75 m in the southeast.

Exploitation of the PS VII horizon as a UGSF
started in 1986.

Research techniques and factual material

Analysis of well productivity in the areas under
study was performed for about 110 wells. The poro-
perm properties of rocks were studied in more than
150 core samples.

Gas injection/withdrawal dynamics analysis for
Galmas and Garadagh UGSFs, covering the period of
2009-2011, was carried out based on the data of more
than 100 and 60 wells, respectively.

The monitoring of formation pressure in the wells
included more than 50 measurements.

The data processing and corresponding plotting
were carried out using standard computer programs.
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Findings and Discussion

About the conditions of the PS rocks formation

Galmas and Garadagh fields / UGSFs, confined to
the Lower Pliocene sediments, are located in different
oil-gas bearing districts of SCB, Nizhnekurinsky and
Absheron (see Fig. 1).

It is known that PS formation occurred within the
South Caspian Sea, which was isolated from the Eas-
tern Paratethys. PS formation covers the time interval
from 5.5 million years ago to 3.5 million years ago, i.e.
about 2 million years [8].

Sediments were accumulated under conditions
of significant fluctuations of the Paleo-Caspian le-
vel, resulting in the origination of different types of
paleo-conditions, from lacustrine to typically fluvial.
The PS sequence is represented by rhythmic alter-
nation of sand-silt-clay sediments, the thickness of
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which in the most submerged (buried) part of the basin
reaches 7 km.

In connection with the fact that the sediments
were brought to the basin simultaneously from several
surrounding mountain groups, five lithofacial types of
sediments were distinguished in the PS [8].

The Garadagh field / UGSF is located in the zone
of PS Absheron facies. This is composed mainly of sed-
iments brought by Paleo-Volga from the Russian plat-
form. Other sources of the material midgration are of
subordinate importance. The rocks of this facies are
mostly sandy. The number of productive horizons in
some fields reaches 40-50. The Absheron facies is the
thickest in the South Absheron basin (up to 5 km). The
mineralogical composition of the light fraction of the
rocks is characterized be predominance of quartz, 95 %.
Feldspars (up to 20 %) and rock fragments (up to 10 %)
are also present.

V) el Z,

\Permeability,
N\ mD
N\ 280
240
200
160
120

“ M1:10 000

Fig. 2. Spatial variation of porosity (a) and permeability (b) of the rocks of the PS I horizon at the Galmas field
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The PS rocks within the Galmas field/UGSF refer to
the Nizhnekurinsky facies. During origination of this
lithofacial type of PT, clastic material was brought to
this part of the SCB mainly by the largest river. The
Paleo-Kura, and the Paleo-Arax transported products
of the erosion of the Kurinsky Lowland, the Great and
Minor Caucasus, and the Talysh.

The total thickness of the sediments is 3,500-
4,000 m. The sequence is represented by about 20 sand
members, up to 20 m thick. The highest level of sandi-
ness is observed in the upper 300-400 m, and the sand
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content decreases considerably down the sequence.
The rocks of the Nizhnekurinsky facies differ from
those of the Absheron facies by low quartz content and
high feldspar content.
On spatial heterogeneity of gas reservoirs

Analysis shows that the Galmas and Garadagh un-
derground gas reservoirs are characterized by geologi-
cal heterogeneity (block structure, spatial variation of
the material composition of rocks). This is also man-
ifested in spatial variation of poroperm properties of
the reservoir rocks (Fig. 2, 3).

19.5
17.5

13.5

5.5

Permeability,

M 1:10 000

Fig. 3. Spatial variation of porosity (a) and permeability (b) of the rocks of the PS VII horizon at the Garadagh field
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Spatial heterogeneity is also manifested in the
productivity of wells at the Galmas and Garadagh
fields, Fig. 4.

The spatial irregularity of gas saturation of an un-
derground reservoir also defines spatial variability of
the subvertical gas dispersion intensity. This is clear-
ly seen by the example of the Galmas field. Here less
contrasting halos of HC gas dispersion were identified
in the north-north-western part of the reservoir with
relatively low gas saturation of rocks, in comparison
with its southern part (uplifted pool) with higher gas
saturation (Fig. 5).
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Peculiarities of fluid dynamics in the course
of the development of the fields

During the development of the Galmas gas con-
densate field (from 1958 to 1962) about 3.8 billion m?
of gas were extracted from the underground reservoir.
This led to 13.5 MPa (from 21.1 to 7.6 MPa) drop in the
reservoir pressure, averaging about 0.3 MPa per month
(Fig. 5, a).

The development of the Garadagh gas-conden-
sate field, which began in 1955, was carried out with-
out maintaining reservoir pressure. By the end of the
1980s it was depleted. About 21 billion m® of gas was

N !

A
L/

M 1:10 000

Fig. 4. Well productivity variation maps for the Galmas (a) and Garadagh (b) fields

23


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0NMA
2022;7(1):18-29

withdrawn in total, leading to reservoir pressure drop
from 39.8 to 3.6 MPa (Fig. 5, b)

The rate of reservoir pressure drop at the Gal-
mas field is about 1.8 times higher than that at the
Garadagh field. This is most likely due to the low-
er energy level of gas in the Galmas field due to its
relatively smaller reserves compared to the Ga-
radagh field.

The initial reservoir pressure in the wells within
the Garadagh area exceeds hydrostatic pressure by an
average of 1.2 times. Due to excess elastic energy of
gas in the first 2 years of the field development, a per-
manent increase in production was observed accom-
panied by an insignificant drop in reservoir pressure
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(within the interval of 40-38 MPa). The cause-and-ef-
fect relationship between the two parameters during
further reservoir development follows the exponential
law, characterized by a steady decline in gas produc-
tion and reservoir pressure drop (Fig. 7).

Based on the example of the Garadagh field, it was
found that the value of the reservoir pressure drop
change (from 2.4 to 11.7 MPa) was accompanied by de-
creased rock permeability (from 1.2 to 4.9 mD) (Fig. 8,
Table 1). The permeability decline rate due to the res-
ervoir pressure drop in the considered wells is equata-
ble, except for wells 124 and 132, located in the near-
fault zone. In these wells the permeability decline rate
is relatively higher.

) e—t 7,

Profile I

Proﬁle 11

Fig. 5. Galmas field/UGSF: a — spatial variability of gas saturation of the PS I horizon rocks and location of gas survey
profiles; b — distribution of HC gas concentrations in near-surface sediments (depth of about 1.2 m) along profiles I and II
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Fig. 6. Plots showing reservoir pressure drop rate during development
of the Galmas (a) and Garadagh (b) fields (1)
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Fig. 8. Graphs of the PS rock permeability changes vs.
Fig. 7. Relationship between the reservoir pressure and the the reservoir pressure drop at the Garadagh field.
well flow rate at the Garadagh field Well 124 is located near a fault
Table 1
Graphs of the PS rock permeability changes vs. the reservoir pressure drop during
the Garadagh field development
o Measuring period, Pressure drop, Rock permeability
Hole ID Porosity, % months MPa decline, %
136 18.0 25 11 47
132 (close to fault) 18.5 15 3 56
218 17.4 14 1 44
170 16.7 13 5 41
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Features of UGSF operation

Analysis of the monitoring data on the volumes
of gas injected and extracted at the Galmas UGSF and
Garadagh UGSF in 2020-2021 showed a spatial varia-
bility in their values (Fig. 9 and Fig. 10). A similar var-
iability was demonstrated by productivity of the wells
during the corresponding gas reservoir development
(see Fig. 4). This suggests an inherited nature of UGSF
operation in relation to the gas reservoir development
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mode. This is also confirmed by the positive correla-
tion between the total volumes of gas extracted from
individual wells since the beginning of the Galmas field
development, and volumes extracted during operation
of the UGSF created in the same reservoir (Fig. 11).

It is important to note that operating wells at the
UGSF differ in terms of the ratio of injected and ex-
tracted gas volumes. This may be due to the influence
of both technical and geological factors.

mln m3
50

M 1:10 000 0

Z

30

20

¢ 10
M 1:10 000 0

Fig. 9. Maps of spatial variation of the volumes of injected (a) and withdrawn (b) gas at the Garadagh UGSF
for the period of 2020-2021


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA) eISSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOITMA https://mst.misis.ru/

2022;7(1):18-29 Feyzullaev A. A, Godzhaev A. G, Mammadova |. M. Features of fluid dynamics...

M 1:10 000
mln m?
30

M 1:10 000
min m?

) el 7,

Fig. 10. Maps of spatial variation of the volumes of injected (a) and withdrawn (b) gas at the Galmas UGSF
for the period of 2020-2021
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S g of the injected gas.
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% & A with different rock poroperm properties
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Total volumes of gas extracted from individual 624 27.5 0.198 0.9
wells since the beginning of field development 275% 24.8 0.065 1.3
Fig. 11. Galmas Field/UGSF. Relationship between the total 219 25.6 0.068 4.1
volumes of gas extracted from individual wells since the
beginning of field development and during one season of 606 24.7 0.084 1.3
UGSF operation 277 24.5 0.069 1.4

The analysis showed that in the wells with low Garadagh UGSF

rock poroperm properties the volumes of injected and 453 15 0.083 1.2
withdrawn gas are close to the optimum (Garadagh 458 8.8 0.026 1.2
UGSF), or the volumes of withdrawn gas exceed the 467 11.5 0.036 14

volumes of injected gas (Galmas UGSF) (Fig. 12). In

wells with relatively high rock poroperm properties, 471 13.8 0.073 1.2
as a rule, the volumes of injected gas are greater than 450 9.6 0.015 0.6
the volumes extracted (Table 2). A possible explana- 459 9.2 0.025 0.6
tlgn for this phenomenon may be ’Fhat rocks with rel- 464 3. 0.022 0.7
atively low rock poroperm properties are better at ac-
cumulating and retaining injected gas due to the low 465 8.4 0.008 0.8
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Fig. 12. Relationship between gas injection and extraction volumes at Garadagh (a) and Galmas (b) UGSFs:
1, 2 — wells with low and high rock poroperm properties, correspondingly;
3 - the line of equal values of gas injection and extraction volumes
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Conclusion

Based on the example of the Garadagh and Gal-
mas fields in the SCB, it was established that one of the
main geological factors determining the mode of well
operation both during the field development and in the
course of UGSF operation is reservoir heterogeneity, as
manifested in spatial variability of its geological struc-
ture and petrophysical properties of rocks.

The main reasons for decreased efficiency of
field development and underground gas storage fa-

elSSN 2500-0632

https://mst.misis.ru/

Feyzullaev A. A., Godzhaev A. G.,, Mammadova I. M. Features of fluid dynamics...

cility operation are: the irregular nature of variation
of rock poroperm properties; origination of isolated
zones in the reservoir with considerable residual gas
volumes; as well as unpredictable directions of fluid
movement.

In order to determine the optimal system of oper-
ation of UGSF in depleted underground oil and gas res-
ervoirs, the features of the spacial variations resulting
from the rocks poroperm properties need to be taken
into account.
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Amplitude-initiated open hysteresis loop of P-wave attenuation in sandstone:
experimental study
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Abstract

In the area of solid state physics and materials science, new knowledge has been attained in recent years about
micro-nano-plasticity using high-precision measurements at low stresses and strain. Rock microplasticity
is currently poorly understood, but in the future it may prove useful in resolving problems of a fundamental
and applied nature. This study examines the effect of cyclically varying pulse amplitude and wave velocity
on the attenuation parameters of longitudinal wave (P-wave) in sandstone. Laboratory measurements were
performed on rock specimens using the reflected wave method in the frequency range of 0.5-1.4 MHz at
five values of strain amplitude ~ (0.5-2.0)107°. Trial simulations were performed, in order to establish the
effect of amplitude-dependent wave velocity on the parameters of wave attenuation in the sandstone. Wave
attenuation behavior under combined action of the amplitude-dependent factor and wave velocity deviation
is complex. The change in strain amplitude shifts the attenuation peak 1/Q,(f) in the attenuation-frequency
coordinates. The maximum change in peak attenuation value due to the amplitude factor and wave velocity
deviation reaches 3-4 %. An open wave attenuation hysteresis loop was identified as a consequence of the
closed amplitude cycle A1(+) --- A1(+) --- A1(-), where Al(+) = A1(-). Open attenuation hysteresis occurs
both in the cases of constant and variable wave velocities. The length of the open part of the attenuation
hysteresis loop relative to the peak value of the attenuation is as follows: for constant wave speed, 62.63 %,
in the mode of increasing wave speed, 91.58 %; and, in the mode of decreasing wave speed, 47.01 %. The
effect of open hysteresis of wave attenuation in sandstone can be explained by the action of microplastic
deformation detected in the experiments.

Keywords
rock physics, amplitude-dependent wave velocity, open hysteresis of wave attenuation, microplastic strain,
jump inelasticity, elastic modulus, nano-strain
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OBITDH MOJIE3HO JJIS1 pelieHus 3aaad PyHaaMeHTaaAbHOTrO U MPUKIAAHOTO XapakTepa. B aTom ucciemoBaHmum
M3YUYEeHO BJIMSIHME UKINYECKM U3MEeHsIeMOJ aMIIUTYIbl MMITY/IbCA M CKOPOCTU BOJIHBI HA IapaMeTphl 3a-
TyXaHUSI MTPOJIOTBHOI BOJHBI B TlecuaHuke. JlTabopaTopHbie M3MepeHNUs BhITTOJIHEHbI Ha 06pa31ax MmoPObI
MeTOJIOM OTPakeHHBIX BOJIH B Auana3one yactot 0,5-1,4 Ml Ha msITH 3HAYEHUSIX aMIUTUTYIbI Tedopma-
uuu ~ (0,5-2,0)10°. [IpoBegeHO MPOO6HOE MOAEIMPOBAHNE, KOTOPOE TaeT BO3SMOXKHOCTh YCTAHOBUTD BIIMSI-
HMe aMIUIMTYAHO-3aBUCUMMOM CKOPOCTY BOIHBI Ha ITapaMeTphl 3aTyXaHys BOJIHbI B ITecuaHuke. [loBefgeHmne
3aTyXaHMs BOJTHBI ITPY COBMECTHOM JeICTBUM aMIUIUTYIHOTO (pakTopa 1 IeBUalyuu CKOPOCTY BOTHbBI MMeeT
CJIOKHBIN XapakTep. FI3MeHeHMe aMIUIUTY/bI eopMaLuM CIBUTaeT MK 3aTyxaHus 1/Q,(f) B KoopauHaTax
«3aTyxaHue—4yacTtoTta». MakcumaabHOe M3MeHeHMe BeIMUYMHBI 3aTyXaHUsl B MMKe 3a CUET aMIUIUTYLHOTO
(akTopa u meBMAIMY CKOPOCTY BOJHBI JOCTUTAET 3—-4 %. OTKpbITas (He3aMKHYTasl) MeTIS TUCTepesca 3a-
TyXaHMsI BOJTHBI OOHAPYKeHa IOC/Ie TeCTBUS 3aMKHYTOTO aMIUIMTYIHOTO IMKaa Al(+) --- A5(+) --- A1(-),
rae Al(+) = A1(-). OTKpPBITBIV TUCTEepe3UC 3aTyXaHUs MMeeT MeCTO Kak B ¢Jiyuae MOCTOSIHHOI, Tak U mepe-
MEHHOI CKOPOCTU BOJIHBL. [IPOTSIKEHHOCTD OTKPBITO YacTu MEeTIN TUCTepe3uca 3aTyXaHUsI 10 OTHOILIEHUIO
K MakCMMaJIbHOM BeJIMYMHEe 3aTyXaHMsI COCTABJISIeT: /IS IOCTOSIHHOM CKOPOCTY BOJIHBI 62,63 %, B pexxume
YBeIMYEHUSI CKOPOCTU BOJHBI — 91,58 % 1 B peskuMe yMeHbIIeHUs] CKOPOCTU BOmHbI — 47,01 %. dddexr
HEe3aMKHYTOTO rMCTepe31ca 3aTyXaHusl BOJTHBI B TeCYaHMKE MOXKeT ObITh OObSICHEH JeliCTBUeM OOHAPYKeH-

HOJ1 B X0[le 9KCITIePUMEHTA MUKPOILIACTUYECKO TedhopMaIm.

KnioueBble cnoBa

(u3suka ropHbIX TOPOJI, AMIUIUTYIHO-3aBYCUMAast CKOPOCTb BOJTHBI, OTKPBITHIN TUCTEPE3NC 3aTyXaHNsI BOITHBI,
MMKpOTIIacTMYeckas negopmMariiysi, CkaukoobpasHast HeyIpyrocThb, yIIPyruit MOIY/b, HaHOAeopMaus

BnarogapHocTu

A BeIpaskaio 6imarogapHocTs b.B. ITamikoBy u I.B. EropoBy 3a IpoBeieHMe KCIIEPMMEHTOB 1 JajibHeliliee

06CYKIeHMe TTOTyYeHHBIX Pe3yIbTaTOB.

Ansa ymTupoBaHms

Mashinsky E.I. Amplitude-initiated open hysteresis loop of P-wave attenuation in sandstone: experimental
study. Mining Science and Technology (Russia). 2022;7(1):30-36. https://doi.org/10.17073/2500-0632-2022-1-30-36

Introduction and challenges

Fundamental new knowledge in physics of rock
deformation can be used to improve the geological ef-
ficiency of seismic and acoustic survey methods. This
requires an in-depth study of the deformation mech-
anism under conditions of elastic wave propagation
and attenuation at the micro/nanoscale. The property
of rock microplasticity, albeit exotic in geophysics, can
manifest itself even at low strain. Seismic and acous-
tic methods use a range of low and very low dynam-
ic strains. Dynamic processes at large and moderate
strains are well understood. New knowledge about
non-linearity has lead to a enhanced interest in the
field of low strains in seismics [1-6].

A model has been proposed of mesoscopic elastici-
ty to explain the mechanism of rock non-linearity. New
tools, such as non-linear resonant ultrasound spec-
troscopy, are being used to reveal the complex behavior
of rocks and other materials.

There is experimental evidence that visco-elas-
tic-plastic models provide the most realistic rep-
resentation of complex deformation in rocks when
compared to traditional models. This is a significant
advance in extending the range of applicability of the
knowledge on inelastic processes and the prospect of
practical application of the new knowledge [7, 8].

Theoretical and experimental studies in seismics
and other fields of solid state physics and materials
science have led to an improvement in the classical

31

visco-elastic model of the standard linear body which
describes well the dispersion, relaxation, and related
inelastic processes [9-12]. The experimental findings
were compared with wave velocity and attenuation
predictions obtained using the Bio (jet flow) model
and other models. However, these models do not take
into account the effect of amplitude dependence of
wave velocities and attenuation which were discovered
in recent studies [13, 14]. Laboratory experiments on
solid sediment samples extracted from great depths
confirm the presence of amplitude effect. The behavior
of dynamic parameters of seismic and acoustic waves
during propagation in various media is complex and
has been little studied so far.

With a change in the magnitude of the signal
amplitude, both increases and decreases in the wave
velocity and attenuation are observed. Decrease or
increase in the elastic modulus took place in accord-
ance with the stress-strain ratio slope of curve. Such
non-standard behavior of various solids, including
rock material, is caused by the joint action of elastic
and microplastic deformation [15-19]. In the static
stress mode, the strain amplitude effect is represent-
ed as a “stress-plateau” and “stress-descend” on the
stress-strain diagram. In the dynamic mode (wave
propagation), the influence of the amplitude effect
can be seen in the waveform as short-term stress-pla-
teaus and stress-descend. The microplasticity of rocks
allows such an irregular short-term "inclusion" of the
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plasticity process with the simultaneous effect of elas-
tic deformation which has been confirmed in theory
[20, 21]. This paper presents the study results on the
amplitude-dependent hysteresis of longitudinal wave
attenuation in sandstone.

Research techniques and factual material

A specimen of fine-grained sandstone was pre-
pared from a core taken from a depth of 2532 m. The
sandstone density was 2.42 g/cm3, the content of fine-
grained sand fraction was 85 %, the siltstone frac-
tion was 15 %, and the total porosity was 13 %. The
experiment was conducted at a hydrostatic pressure
of 20 MPa at room temperature. The cylindrical sam-
ples had the following dimensions: 40 mm in diam-
eter; and 16 mm long. A standard three-layer mod-
el system (installation) was used in the experiment
[22, 23]. The first and third layers provided identical
wave reflection at the interfaces. The first layer acted
as a delay line, and the third layer acted as an acous-
tic load. The rock sample was located in between these
layers. Excitation and reception of acoustic signals
was provided by piezoceramic sensors at frequency of
~ 1 MHz, which were polarized to longitudinal wave.
The attenuation decrement 1/Q, was calculated us-
ing standard relations [24, 25]. The wave attenuation
decrement was measured in a closed amplitude cy-
cle on the ascending and descending course, where
Apin =A1 > Ay > ... > As = Apax — -« = AL = Apine
In the Figures, the increase in amplitude is labeled (+)
and its decrease is labeled (-). The pulse amplitude
relative strain values were as follows: ¢; = 0.5 x 107¢,
g ~ 1.0 x 10% & =~ 1.3 x 10 ¢ ~ 1.7 x 10°°
and g5 = 2.0 x 107° The longitudinal wave veloci-
ty in the solid sandstone was 4,330 m/sec. Increased
noise immunity was provided by recording with signal
accumulation.

Research Findings

The frequency dependence of P-wave attenuation
for ascending and descending amplitude courses are
shown in Figures 1 and 2 respectively. The wave atten-
uation at all amplitudes resembles a relaxation peak.
As the signal amplitude increases, the attenuation de-
creases, and the peak shifts toward low frequencies,
see Fig. 1. The nonlinear shift of the attenuation peak
is shown by red arrows. On the descending amplitude
course, the peak attenuation magnitude increases
slightly, but does not return to the initial value (red
arrows in Fig. 2). The amplitude dependence of lon-
gitudinal wave attenuation in sandstone at ascending
and descending courses of strain amplitude is shown
in Fig. 3. It represents a comparative picture of wave
attenuation behavior for the three wave velocity cas-
es. In all the cases, depending on the strain amplitude,
the wave attenuation has the form of an open-type
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hysteresis loop. The first case took place in our exper-
iment where the wave speed for all amplitudes was
constant, 4,330 m/c. The other cases were the prod-
ucts of simple simulation. The second case showed a
linear increase in the wave velocity at each amplitude:
Al(+) = 4,350, 4,360, 4,370, 4,380, A5(+) = 4,390 m/s;
and then reverse descending through the same veloci-
ty values, where(A1(-) = A1(+)). The third case showed
a linear wave velocity descending from A1(-) to A5(-)
(4,300, 4,290, 4,280, 4,270, 4,260 m/s) and the corre-
sponding reverse return. The wave velocity magni-
tude change was linear and did not exceed the value
of 0.92 %. At maximum signal amplitude, the wave at-
tenuation decrease was as follows: for constant wave
velocity, 2.83 %; for increasing wave velocity, 1.93 %;
and for decreasing wave velocity, 3.77 %. At constant
wave velocity, the share of the open part of the atten-
uation hysteresis loop is 62.63 %, at increasing wave
velocity, 91.58 %, and at decreasing velocity, 47.01 %.

1A1(+)

0.064+ 7
o
=
g
= 0.063
<]
=
=
it
=
= 0.062-
3 A5(+-)
Ay

0.061 T T

0.65 0.75 0.85 0.95

Frequency, MHz
A2(+) = A3(+) ~ Ad(+) = A5(+-)
Fig. 1. Frequency dependence of the P-wave attenuation
in sandstone at five ascending values of the strain amplitude

—-Al(+)

0.063 -
o
=
.S 0.0625
5]
=]
=
2z
o 0.062
>
]
3
A,
0.0615 " !
0.7 0.8 0.9
Frequency, MHz
—-A5(+-) ==A5(-) = A3(-) —A2(-) = Al(-)

Fig. 2. Frequency dependence of P-wave attenuation
in sandstone at five descending values of the strain amplitude
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A large-scale image of fragments of the waveform
at amplitudes A1(+), A1(-) and A2(+), A2(-) is shown in
Fig. 4. This is the section of the wave front where the
manifestations of non-standard behavior in the form of
microplasticity can be seen. The Figure demonstrates
the amplitude plateaus extending from one to several
time quanta (tquantum), the amplitude local drop, and
the effect of amplitude microhysteresis. The maximum
of the wave front at amplitudes A1(+), A1(-) and A2(+),
A2(-) coincide exactly in time at 31.3425 ps (red arrows

elSSN 2500-0632
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in Figure 4). The lowest points on the wave front for
the same two pairs of amplitudes are observed at the
same time value of 31.765 us (red dashed line in Fig. 4).
At the pulse front there are local amplitude hysteresis
loops of several quanta of time. Fragments of the wave-
form at amplitudes A3(+), A3(-), and A4(+), A4(-) are
shown in Fig. 5. The signs of microplasticity described
above are also present here. The peak and valley in
the last phase of the pulse (31.3425 and 31.765 pus) are
present at the same time as in the previous case.

0.064 - <
ol
=
<] A5(+)
S 00634 ) e e -
= A A
>
e
2 -
3 S TTe———a | e e A5const
= 0.062 Open attenuation
= “P%7 hysteresis loop
A,
A5(-)
0.061 , , ,

0 0.5 1

1.5 2 2.5

Strain magnitu, 107¢

--e-- —1/Qp, - V= const

—e— 1/Qp, model V,(+)

—e—1/Q, model V,(-)

Fig. 3. Relationship between P-wave attenuation in sandstone and strain amplitude
at the ascending and descending courses
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Fig. 4. Large-scale image of fragments of the waveform at amplitudes A1(+), A1(-) and A2(+), A2(-)
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Fig. 5. Large-scale image of fragments of the waveform at amplitudes A3(+), A3(-) and A4(+), A4(-)

Discussion of Findings

The findings show that the effect of strain am-
plitude and wave velocity deviation on wave atten-
uation parameters in sandstone is unusual in cha-
racter. When the amplitude value changes along the
closed loop, the wave attenuation curve 1/Q,eq(A,-)
takes the form of open amplitude-dependent hyster-
esis. This requires an explanation of the deformation
mechanism within the framework of rock deforma-
tion physics and solid-state physics. The open hys-
teresis for acoustic P-wave propagation indicates
possible mechanism of non-standard inelasticity in
sandstone. The most likely explanation for this effect
is the mechanism of rock microplasticity. Microplas-
tic strain depends in a complex way on the deforma-
tion leve 1 (the magnitude of the applied mechanical
stress). The attenuation and velocity of the wave de-
pend in a complex way on the level of dynamic defor-
mation in the sandstone. A small change (from 0.23
to 0.9 %) in the longitudinal wave velocity in the am-
plitude cycle causes a greater change of 3 % in the
attenuation. Novel studies conducted on rock speci-
mens using high-precision laser Doppler interfero-
metry showed that the change in wave velocity at the
expense of amplitude reached 5 % [26, 27].

Conclusion

The experimental data analysis and the trial sim-
ulations showed the complex behavior of the wave
attenuation depending on the magnitude of the am-
plitude and deviation of the wave velocity. In the fre-
quency range of 0.5-1.4 MHz, wave attenuation takes
the form of a relaxation peak. Changing the amplitude
magnitude in a closed loop (ascending = descending)
leads to shifting the attenuation peak in the “attenua-
tion — frequency” coordinates. The maximum change
in the peak attenuation value due to the amplitude
factor (in the strain range of (0.5-2.0)10°) reaches
3 %. The combined effect of the amplitude factor and
a small deviation of the wave velocity (in the range
from 0.23 to 0.93 %) results in increased attenuation
in the peak up to ~ 4 %. The open wave attenuation
hysteresis loop detected in the experiment takes place
both at constant wave velocity and at variable (ampli-
tude-dependent) wave velocity. The relative magni-
tude of the open hysteresis depends significantly on
the magnitude of the strain amplitude and the wave
velocity deviation. The manifestations of microplasti-
city recorded in the experiment can be regarded as the
cause of the open wave attenuation hysteresis effect
in sandstone.
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Abstract

With limited mineral resources, existing mines are seeking to extract increasingly hard-to-reach and
deep-seated mineral reserves. Increasing mining depth leads to problems connected with the provision of
comfortable and safe working conditions. The main objective of creating favorable microclimate for miners
is to provide acceptable values of air temperature in working areas at deep levels. Of particular interest are
processes of formation of thermal conditions in longwall faces (longwalls), where high-performance hauling
and mining equipment is used. We conducted a study to determine the formation of the thermal conditions
in longwall faces. The study was based on experimental data obtained in the conditions of longwall face
No. 1 of the first northern panel at the —440 m level of 4 RU mine of JSC “Belaruskali”. The findings of the
experimental study of the dynamic microclimatic air parameters allowed us to establish that the thermal
conditions in longwall faces were variable. This is due to the fact that during mining operations in longwall
faces, the mining process cycle includes mining and maintenance shifts, characterized by different levels
of heat release. The influence of thermal inertia of the equipment during shutdown for the maintenance
shift plays an important role in the formation of thermal conditions. The findings of the experimental study
of transient thermal modes in a longwall face during transition from mining shifts to maintenance shifts
will form a basis for developing a mathematical model to calculate the heat exchange processes in mine
workings (longwall faces). These will take into account the non-stationary nature of the technogenic heat
release sources. The mathematical model will allow the safest and most effective technical and economic
process solutions to be implemented, in order to control longwall face ventilation.
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mine ventilation, longwall, air supply, experimental study, thermal conditions, mine microclimate, heat
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AHHOTaUunA
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ObIue Bce 6ojiee TPYIHOMOCTYITHBIX M [JTyGOKO3aleramlinx 3aracoB MM0Je3HbIX MCKOTIaeMbIX. YBeIMYeHye
[JTyOVIHBI Be[IeHMSI TOPHBIX paboT MPUBOAUT K BO3HUKHOBEHNIO TTPOGIIEM, CBSI3aHHBIX C 06eCcIieueHeM KOM-
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(dopTHBIX U 6e30MacHbIX YCJIOBUIA TPYHa B TOPHBIX BhIpaboTKax. OCHOBHO 3amaueii co3aHmus Garonpu-
SITHOTO MMKPOK/IMMATA [ TOPHOPAabounx SIBJIeTCsl obecrieyeHne AOMYCTUMbIX 3HAUEHUIT TeMITepaTypbl
BO37yxa B pabounx 30HaxX INTyOOKMX FOPU30HTOB IAXT U PYAHUKOB. Ha cerogHsmHui1 1eHb 0COObIi MHTEpeC
BBI3BIBAIOT MPOIIECChI (HOPMMUPOBAHNS TEIIJIOBOTO PEXMMA B IJIMHHBIX OUMCTHBIX 320051X (J1aBax), B KOTOPBIX
TIPMMEHSIeTCST BBICOKOTIPOM3BOIUTENbHOE TPAHCIIOPTHO-A00bIYHOE 060pymoBaHKe. B cBsi3u ¢ aTuM B pabo-
Te MPOBOAMTCS UCCIeIOBaHNe, HallpaBJIeHHOe Ha OmpeeneHne 0cO6eHHOCTe GOpMUPOBaHMS TETIOBOTO
pexxuMMa B JUIMHHBIX OUMCTHBIX 326051X. McciemoBaHue OCHOBAHO Ha 3KCIIEPUMMEHTATbHBIX TaHHBIX, ITOMTY-
YeHHBIX B YCI0BUIX 1aBbl N2 1 mepBoii ceBepHOV naHeny ropusonTa —440 m pyguuka 4 PY OAO «benapycs-
Kaauii». Pe3ynbTaThl S5KCIIePUMEHTA/IbHOIO U3YyUYeHUsI IMHAMMUYECKMX MUKPOKIMMATUYeCKMX [TapaMeTpPoB
BO37yXa MO3BOJIMJIX YCTAHOBUTH, YTO TEIUIOBOI PEXXMM B JIaBe HOCUT ITepeMeHHbII XapakTep. DTO 00YC/I0B-
JIEHO TeM, UTO TIPY BeIeHMM TOPHbIX PAabOT B JIaBe TEXHOJOTMYECKUIT LMK OTPAGOTKYM 3aMacoB MOJIE€3HbIX
MCKOTIA€MbIX BKITIOUAET JOOBIYHBIE Y PEMOHTHBIE CMEHbBI, XapaKTePU3YIOLIVECS PA3JIMYHBIMU MOITHOCTSIMU
TeIIOBbIAeNeHN . [Ipy 3TOM BIMSIHME TEIUIOBOJ MHepLMM 060pYLOBaHMS B II€PUOJL er0 OCTAHOBKM B pe-
MOHTHYIO CMEHY UTPaeT Ba)XHYIO POjib B (DOPMMPOBAHUM TEIUIOBOTO pexkuma. [Ipe[ronaraeTcs, uTo pe-
3yJIbTAThI HKCIIEPMMEHTAIbHOTO UCUIeL0BaHMS [IePEeXOSHbIX TEIJIOBbIX PEXXMMOB B JIaBe IIPU Iepexofe OT
IOOBIYHBIX CMEH K PEMOHTHBIM BBICTYIISIT OCHOBOI TpU pa3paboTKe MaTeMaTUUeCKOi MOJeIu TeIioo6-
MeHHBIX ITPOIIECCOB B TOPHBIX BbIPAOOTKAX, CITOCOOHOM YUMTHIBATH HECTAI[MOHAPHYIO IIPUPOAY TEXHOTEeH-
HBIX MICTOYHVKOB TeIUIOBbIeeHMii. Pa3paboTaHHasi MaTeMaTu4yeckast MOZeb ITO3BOIUT MPUHUMATD HaM-
6osee 6e3omnacHbie U 3 HEeKTUBHbBIE TEXHUKO-IKOHOMUYECKYE TEXHOIOTMYECKIMEe PeLIeH Vs TI0 YIIPABIeHUIO

IIpOBETpMBAaHNMEM JIaB.
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Introduction

Belaruskali OJSC is one of the largest producers of
mineral fertilizers in the world. Mineral salts and their
products are extracted at its mines at a large range of
depths, ranging from 360 to 820 m. The depth of the
mining operations continues to increase over time.
Bearing in mind that the geothermal stage for the sub-
soil in the area of mining is from 50 to 65 m!, at the
lower elevations (levels) of the deposit the rock mass
temperature can reach +26 °C. It should be noted that
the mining operations at the Belaruskali’s mines in
most cases are performed by means of the pillar sys-
tem based on shearer-based longwall set of equipment,
characterized by high heat release. These factors con-
siderably influence the thermal conditions of the mines
[1, 2]. They also clearly promote the formation of an
unfavourable microclimate for people in the working
areas, with an air temperature above the permissible
value of +26 °C2.

! Instructions for calculating the amount of air required
to ventilate the mines of the Starobin deposit. Soligorsk-Perm;
2018.93 p.

2 Industrial safety rules for underground mining of
salt deposits of the Republic of Belarus (with amendments).
Approved Decree of the Ministry for Emergency Situations of
the Republic of Belarus on April 10, 2014, No. 10.
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According to the study [3], prolonged physical
activity of a person in conditions of high ambient
temperature leads to an increase in body tempe-
rature, dehydration of the body, slowed reactions,
decreased mental and physical abilities. These pro-
cesses, firstly, have an adverse impact on the func-
tioning of human systems and organs, and secondly,
contribute worker to fatigue and decreased his pro-
ductivity [4].

In addition, high ambient temperatures have an
adverse impact on the operation of a longwall equip-
ment. If they heat is not removed quickly enough, this
can lead to premature wear and tear. If it overheats, it
is forced to shut down [5].

Considering the above, a study of the microcli-
mate of underground working zones, the factors de-
termining it, and the ways of its normalization are
of particularly importance. An important question
when studying the microclimate of longwall faces is
the matter of air temperature distribution throughout
its length - from the shearer's power train, which is
the main source of heat release in the longwall, to the
ventilation drifts.

At the present time, studies of heat exchange pro-
cesses in underground workings are carried out, as
a rule, with the use of mathematical models of heat,
moisture and air distribution in the mine ventilation
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network [2, 6-8]. Existing models [9-11] are able to
consider technogenic heat release sources (mining
machinery and equipment) only in "operation" and
"shutdown" modes. With regard to the first mode, heat
release is assumed constant. In the case of the second
mode, it is identically equal to zero. Thus, these models
describe stationary heat release processes in the sys-
tem of mine workings.

In actual practice, mining equipment has a finite
heat capacity and experiences heating during oper-
ation (as well as the surrounding rock mass). After
shutdown, prolonged heat releases from heated bo-
dies takes place. This decreases over time from the
maximum values corresponding to the normal mode
of operation to zero (subject to a sufficiently long
shutdown).

In other words, the equipment is characterized by
thermal inertia [12]. This is important to consider for
the correct modeling of heat release and exchange pro-
cesses in mine ventilation networks.

In order to develop a correct model of heat ex-
change processes in mine workings, capable of tak-
ing into account the non-stationary nature of tech-
nogenic heat release sources, initial data is required.
The data must reflect changes in microclimatic pa-
rameters of the mine air under different modes of
ventilation and operation of hauling and mining
equipment.

The studies [13] and [14] are of great value among
the scientific studies of the features of microclimate
formation in mines in Russia and neighboring coun-
tries. Important studies carried out in other countries
include papers describing underground microclimate
in mines of Canada [15], India [16, 17], and South
Africa [18]. However, a review of the existing inter-
national reference sources shows that the available
experience in research of microclimatic conditions
of mines has an insufficiently detailed experimental
and practical base suitable for mathematical mode-
ling of heat exchange processes between hauling and
mining equipment and mine air. This will require ad-
ditional experimental studies aimed at determining
the degree of effect of the parameters of the venti-
lation air supplied, and the effect of the equipment
operation parameters on the air temperature in wor-
kings over time.

The purpose of this study was to investigate exper-
imentally the transient thermal conditions of longwall
faces. The study was carried out at longwall face No. 1
of the first northern panel at the —-440 m level of 4 RU
mine of JSC "Belaruskali". The following objectives
were achieved:

1) the vertical air distribution in the longwall ex-
traction pillar was determined,;

2) the effect of the power train fan on the equip-
ment cooling rate was determined;
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3) the change in the air temperature near the
equipment over time during its operation and shut-
downs was determined,;

4) the distribution of air temperature along the
length of the longwall over time was determined.

Research subject

Extraction pillar of longwall No. 1 is extracted in
reverse order and includes: three drifts (one conveyor
and two ventilation (vent) drifts) and a longwall face.
In order to ventilate the extraction pillar, a fresh air
stream from the main haulage drift enters the convey-
or drift and then to the longwall face. The return venti-
lation current (from the longwall) is removed through
the ventilation drifts to the main ventilation drift of
the mine. Schematics of longwall face No.1 ventilation
is presented in Fig. 1.

The following equipmet is installed in longwall
face No.1 working zone ventilation: main fan instal-
lation; VM-12 auxiliary fan, located at the base of the
longwall pillar; and the shearer's power train fan.

The Korfmann fan of the shearer's power train en-
sures air distribution between the conveyor and trans-
port drifts, increasing the amount of air in the longwall
face. It switches on when the longwall set of equip-
ment starts operation and switches off 5-10 minutes
after the set has stopped operation. In turn, the main
fan installations and the VM-12 fan are in permanent
operation and do not depend on the operation mode of
the longwall face.

The working area of the longwall face is under-
stood as the longwall face itself, as well as adjacent
to it part of the conveyor drift, in which power train
of the longwall set of equipment is located, where
the ore mining and equipment servicing personnel
operate.

The longwall face equipment consists of: a shearer;
a face scraper conveyor; a powered support; a face-end
support; and a power train (a control station, pumping
stations and a pumping unit). The equipment arrange-
ment in longwall face No.1 is shown in Fig. 2.

At present, the standard working hours at Bela-
ruskali mines consist of three daily mining shifts and
one maintenance shift of 6 hours. A complete mainte-
nance shift is often not required to maintain the long-
wall set of equipment between mining shifts. In such
cases the maintenance shift is replaced by a short-term
equipment shutdown for inspection for 2-3 hours.

Research techniques
The experimental study of longwall face No.1 was
conducted during its transition from the mining shift
to the maintenance shift for different modes of long-
wall face ventilation.
During the experiment, the VM-12 fan and the fan
of the power train were unable to control the opera-
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tion parameters. In this case changes to the mode of
the longwall face ventilation was carried out by means
of controlling the fresh air losses through conveyor
connection No. 4 by changing the parameters of the air
brattice installation in it.

It was assumed that the main fan installations
during the period of the study did not contribute to the
change of the amount of air supplied to ventilate the
longwall pillar over time.

During the experiment four longwall face ventila-
tion modes were investigated:

1) mode No. 1 — air flow rate in the longwall face
for mining and maintenance shifts is constant;

2) mode No.2 - air flow rate in the longwall face
decreases immediately after completion of the mining
shift and equipment shutdown;

3) mode No. 3 — air flow rate in the longwall face
initially remains the same after the mining shift ends,
but after some time it decreases significantly;

—» Longwall face No.1
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4) mode No. 4 — gradual decrease of air flow rate in
the longwall face at the beginning of the maintenance
shift.

The air temperature was measured continuously
by means of Kestrel temperature and humidity sen-
sors installed in the area of the 4™ and 124" sections
of the powered support. It was periodically inspect-
ed by manual instrumental measurements with a
Fluke 971 temperature and humidity meter. These
sections were selected due to the lack of direct im-
pact of the heat flow from the power train while, at
the same time, they provide characteristic measure-
ments, ensuring understanding of how the air tem-
perature changes when passing the longwall face. The
sensors were installed on the powered support under
the roof of the working at a height of 2.0-2.2 m. The
position of the temperature and humidity sensors in
the working face cross-section was selected, in order
to ensure the safety of measuring instruments du-
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ring the mining operations in the longwall face. Fig. 3
shows a visual representation of the Kestrel tempe-
rature and humidity sensors arrangement in the long-
wall face cross-section.

The temperature of the face and surfaces of vari-
ous components of the equipment located in the long-
wall face and the conveyor drift was also measured by
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means of the Fluke 568 infrared thermometer (pyrom-
eter). The speed of the air current was measured by
APR-2 anemometer. Measurement of the cross-section
of mine workings was carried out by Leica Disto D3 la-
ser rangefinder. Volumetric air flow rate was calculat-
ed as the product of the measured air speed and the
cross-sectional area.

Longwall face No. 1 (L. = 293 m)

Air brattice

| | Haulage drift

Face-end support

Face-end support

Face support

SL-300/480 shearer

Power train

Longwall face conveyor

Korfmann fan

Air brattice

Vent drift No. 2

Vent drift No. 1

Conveyor drift

Vent connections

b S Conveyor

Legend:

—— intake air current direction
——» return air direction

Fig. 2. Equipment arrangement in longwall face No. 1

Face support set post

Kestrel sensor

Longwall conveyor

==L

Fig. 3. Arrangement of Kestrel temperature and humidity sensors in the longwall face cross-section
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The measuring instruments used in the experi-
mental investigation of longwall face No. 1 showed the
following measurement errors:

1) kestrel temperature and humidity sensor: tem-
perature 0,9 °C, humidity 2,0 % RH;

2) Fluke 971 temperature and humidity meter:
temperature +0,5 °C, humidity #2,5 % RH;

3) Fluke 568 pyrometer: temperature +1,0 °C;

4) APR-2 anemometer: speed A = 0,2 + 0,05v, m/s
(v — air flow speed, m/s);

5)Leica Disto D3 laser rangefinder:
A =0,15I mm (I - measured length, m).
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length

Research Findings

Taking into account air losses through the hau-
lage and conveyor connections, calculation based on
the experimental data on air flow rate in the longwall
face No. 1 pillar showed that no more than 43 % of
the total amount of air supplied to ventilate the pillar
reach the longwall face. The return air from the long-
wall face to the longwall face ventilation drifts exceeds
intake air (through the conveyor drift) by 15.6-22.4 %.
This is due to the presence of air inflow from the
worked-out space of the longwall, where it enters from
the haulage drift.

When the VM-12 fan, located at the beginning
of the longwall face, is switched on during the min-
ing shift, the power train fan increases the amount
of air, flowing through the power train of the long-
wall shearer, by about 12.4 %, which is an additional
0.82 m3/sec. However, the flow rate of return air from
the face through ventilation drifts Nos. 1 and 2 re-
mains practically the same with the power train fan
switched on or off. Thus, if there are other sources of
ventilation at the panel, the power train fan has no
effect on the general ventilation of the longwall face.
However, it provides a local increase of air flow rate
in the conveyor drift and increases the air flow which
directly fans (i. e. cools) the power train equipment of
the longwall shearer. This includes the heat exchang-
er of the shearer cooling system, which is the main
source of heat release.

Study of the temperatures of the heated body
surfaces in the longwall face showed that during the
maintenance shift (1.5 h after switching off the equip-
ment) the temperature of different parts of the shearer
reaches 50 °C at the temperature of the intake fresh
air stream of 25.6 °C. The temperature of the powered
support in all sections of the longwall face practically
coincides with the air temperature in the longwall, or
insignificantly exceeds it.

At the connection of the conveyor drift and the
longwall face, the temperature of the first sections of
the support reaches 34.9 °C. This can be explained by
its close location to the shearer's power train. In addi-
tion to the shearer equipment, the components with
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the highest level also include the face conveyor drive
with temperature from 44 to 56 °C, and the face con-
veyor itself with temperature of 35.4 °C at the 4th sec-
tion of the support.

The results of air temperature measurements in
the working zone of longwall face No. 1 by the temper-
ature and humidity sensors are shown in Fig. 4. Read-
ings of the sensors were controlled by the temperature
and humidity meter measuring.

Based on the air temperature measurements, we
calculated the average powers of the heat releases, kW,
from the longwall shearer power train and the longwall
conveyor drive by means of the following formula [2]:

W= cpQAT, €))
where c is mass heat capacity of air taken equal to
1.005 kJ/(kg- °C); p is air density taken equal to 1.25 kg/
m?; is the heated air flow rate, m%s; is the difference
in the air temperature before and after interaction with
the source of heat release, °C.

The calculation of the power of heat release from
the equipment was performed without taking into ac-
count the enthalpy of air. This due to the reason that
there are no water occurrences in potash and salt mines
and the moisture content of air moving in the longwall
is approximately a constant value.

A summary of the results of longwall face No. 1
temperature survey at its connection with the convey-
or drift is presented in Table 1.

During the long shutdown of mining equipment
for complete maintenance shift with the mining ven-
tilation mode of the longwall pillar, the air at the be-
ginning of the longwall, according to the findings of
the temperature survey of longwall face No.1 has time
to cool down to the temperature of 29.1 °C. It then
heats up to 38.5 °C during the mining shifts. In turn,
during long shutdowns of mining equipment during
complete maintenance with decreased air amount,
supplied for the longwall face ventilation, the air at
the beginning of the longwall is cooled only to a tem-
perature of 30.0 °C.

In the area of the longwall face connection with
the conveyor drift, the air temperature near the long-
wall roof is 1.3-1.5 °C higher than its temperature
near the bottom. This can be explained by: uneven
heating of the air flow from the equipment of the
longwall shearer power train; the peculiarities of the
air motion near the sharp turns, consisting in the divi-
sion of the flow; the formation of turbulence zones; as
well as the difference in the densities of different air
masses entering the longwall face from heated equip-
ment and from the mined-out space. Air temperature
equalization in the plane of the longwall cross section
occurs at a distance of 20 m from the longwall con-
nection with the conveyor drift. The most unfavorable
temperatures of air in the longwall face were recorded
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by the temperature sensor at the face at the begin- No. 1 (at the 124" section of the support) ranged
ning of the longwall near the 4™ section of the pow- from 23.4 to 26.4 °C. As can be seen from the tem-
ered support. The average temperature of air passing perature trends shown in Fig. 4, the dynamics of
through this section of the longwall face, was lower  the air temperature for the beginning (4" section

than that measured. At the moment of the measure- of the support) and the end (124" section of the
ment it varied from 27.7 to 37.1 °C. support) of the longwall are comparable with each
The change in air temperature in the long- other, taking into account the operation of the mi-

wall at the studied modes near ventilation drift  ning equipment.

iz i Mode 1 Mode 2 Mode 3 Mode
37 -
36 -
35
34 -
S 33
& 32 -
é 31+
= ]
£ 28
= — o —— e o ——
27 -
26
25 /WWW(\' MV\WM
24 -
23
Oh 27 h 50h 79h 101 h
0 min 31 min 42 min 8 min 17 min
Time since starting Kestrel sensors
—— Changing air temperature ——— Changing air temperature - Operation of mining equipment
in the area of the 4™ section, °C in the area of the 124t section, °C
Fig. 4. Changes in the air temperature in longwall face No. 1, recorded by the temperature and humidity sensors
Table 1
The results of longwall face No. 1 temperature survey
train fan | @MY | Duration | Tw,°C Tun°C iR dIT/dt, C/man
Mode 1 MINING ON 7.46 17 h 29 min 38.3 98.2
MAINTENANCE OFF 6.92 10 h 2 min 37.1 29.1 52.6 0.013
MINING ON 7.54 14 h 9 min 38.1 100.7
Mode 2 "\ |AINTENANCE  OFF 505 | 9h2min 37.2 300 | 4l4 0.012
MINING OFF 7.23 20 h 51 min 36.7 82.2
Mode 3 | MAINTENANCE OFF 6.45 1 h 25 min 34.8 31.7 54.3 0.037 0.012
MAINTENANCE OFF 4.97 6 h 10 min 31.7 29.8 31.2 0.005
MINING OFF 7.54 14 h 55 min 38.5 93.2
Mode 4 MAINTENANCE OFF 6.68 1 h 0 min 38.2 33.8 85.7 0.075
MAINTENANCE OFF 4.43 2h 9 min 33.8 30.6 36.3 0.026 | 0.017
MAINTENANCE OFF 6.61 4 h 5 min 32.4 30.7 48.1 0.007

Legend: MINING — mining shift, MAINTENANCE — maintenance shift, Q — flow rate of air fanning the power train, m3/s, Ty.x —
maximum air temperature for the presented time period, °C, Tp,i, — minimum air temperature for the presented time period, °C,
W, — average heat release for the presented time period, kW, dT/dt - average air temperature decline rate for the maintenance
shift, °C/min.
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In order to estimate the intensity of thermal pro-
cesses occurring in a longwall face, a one-dimension-
al model of convective heat transfer in a longwall face
was developed, taking into account heat exchange
with surrounding sources. Using the model, we ob-
tained a formula linking the air temperature at the
end of a mine working (longwall) with the air tem-
perature at its beginning, as well as the rock mass
temperature, flow rate and geometric parameters of
the mine working (longwall) [19]. This formula is as
follows:

KPL

T, =T, +(T,~T)e ©°, @)

r

where T,, T}, T, — air temperatures at the end and at the
beginning of the mine working (longwall), temperature
of intact rock mass, respectively, °C; K — non-station-
ary heat transfer coefficient, kW/(m? - °C); P, L — pe-
rimeter and length of the mine working (longwall), m,;
¢ — mass heat capacity of air, kJ/(kg - °C); p — air density,
kg/m?3; Q — air flow rate in the mine working, m?/s.

The average value of the non-stationary heat
transfer coefficient for longwall face No. 1, determined
by formula (2) on the basis of the experimental data,
during the survey period was 4.21 W/(m?- °C).This indi-
cated a significant intensity of the heat exchange pro-
cess between the mine air and rocks? [20].

Decreasing air temperature during the studied
maintenance shifts can be conditionally divided into two
stages (Fig. 5).

The first stage is characterized by a sharp de-
crease in air temperature due to fairly rapid decreas-
ing heat release from the shearer power train. This is
due to, firstly, shutdown of the shearer and, second-

5 Reference Manual to SNiP 2.01.55-85. Thermophysical
calculations for national economic assets, positioned in mine
workings. Moscow: Stroyizdat Publ., G.V. Plekhanov LGI, 1989,
76 p. (In Russ.)
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ly, the continuation of the power train fan operation,
concentrating the air flow on the heated equipment
for 5-10 minutes. In this case, the air temperature de-
creases approximately according to the linear law. The
second stage is characterized by a gradual decrease in
temperature and obeys the exponential law, similar to
dependence (2):

T=T,+ATe ™, 3)

where T, — temperature to which air at cooling
tends (the minimum temperature to which air cools
down), °C; AT — maximum difference between T and
Ty, °C; a — exponent parameter, responsible for the rate
of temperature decrease, h'!; t — time, h.

Fig. 6 shows the approximating curves (3) for the
empirical time dependence of the air temperature for
the studied longwall face No. 1 ventilation modes.

Analysis of the Fig. 6 data showed that for modes
1-3 over the entire time interval, the experimental
curves correspond well to the exponential law.

In order to estimate the rate of the equipment
cooling, we introduced a characteristic time equal to
the time interval, during which the excessive air tem-
perature decreases 2.71 times (the value of the expo-
nent). Thus, the characteristic time is determined by
the following formula:

T=E. 4)

Table 2 shows the change in air temperature dur-
ing maintenance shifts during the ventilation modes
being studied here(conditions), as well as the values
of the characteristic time of excessive air temperature
decrease.

The cooling curves shown in Fig. 6 have a differ-
ent character of cooling. Analysis of the first two in-
vestigated ventilation modes, as modes with constant
air flow rate during the maintenance shift, showed
that the decrease in the flow rate during transition

374 /0
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Fig. 5. Stages of air temperature decrease
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Fig. 6. Approximating curves of air cooling during the maintenance shift
for the ventilation modes studied

Table 2
Changing air temperature during maintenance shifts
at the modes being studied here

Air temperature at different modes Mode 1 Mode 2 Mode 3 Mode 4
Air temperature in the beginning of maintenance shift, °C 37.5 37.1 36.4 37.9
Air_ tempegature immediately after switching off the power 34,7 34.9 2.6 350
train fan, °C
Minimum temperature to which the air cools down, °C 28.3 27.6 29.0 29.2
Typical time of decreasing the excessive air temperature 46 h 5 min 7h 41 min 5h 0 min 5h 0 min
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from the mining shift to the maintenance shift, sig-
nificantly increased the rate of equipment cooling.
For example, in the case of the first mode during
transition from the mining shift to the maintenance
shift and a 10.8 % decrease in the air flow rate caused
by switching off the power train fan, the typical ex-
cessive air temperature decrease time was 4 hours
46 minutes. In the case of the second investigated
mode with a 33 % decrease in the air flow rate, the
typical excessive air temperature decrease time was
7 hours and 41 minutes.

The third investigated mode was characterized by
relatively long regular equipment shutdowns during
mining shifts and, thus low accumulated thermalpow-
ers. The significant decrease in the air flow rate dur-
ing the maintenance shift occurred 1 h 25 min after
the end of the mining shift. During this time, a con-
siderable part of the heat accumulated by the equip-
ment was transferred to the air. This ventilation mode
cannot be considered indicative from the viewpoint of
evaluating the dependence of the temperature trends
on the flow rate of air supplied during the mainte-
nance shift.

Change in the the air flow rate during the mainte-
nance shift in the 4" mode under study was performed
in three stages:

— decrease in the flow rate by 11.5 % due to the
power train fan shutdown and fixing it at 1h;

—-41.1 % decrease in the flow rate (relative to
the flow rate during the mining shift) and fixing it at
2 hours and 9 minutes;

— decrease in the flow rate by 12.4 % (relative to
the flow rate during the mining shift) and fixing it at
3 hours and 29 minutes.

As can be seen from the curve of air cooling dur-
ing the maintenance shift in the 4" investigated mode,
in the case of decreased air flow rate supplied for the
longwall face ventilation by 41.1 %, a sharp decrease in
the air temperature in the longwall face occurs. This is
caused by a decrease in the heat flow amount from the
heated equipment of the longwall power train. How-
ever, after the air flow rate increased, its temperature
in the longwall face sharply increases to values higher
than they would have been without flow rate reduc-
tion. This was caused by the fact that the rate of the
equipment cooling decreased due to the decrease in
the amount of air fanning it.

On the whole, it should be noted that the higher
the heated equipment temperature at the end of the
mining shift, the higher the cooling rate of air near the
heated equipment during the maintenance shift. Fur-
thermore, the air cooling rate depends on the speed of
air movement, the temperature of the host rock mass,
the area of the heat exchange surface determined by
the workings geometry and configurations, and the
energy intensity of the equipment.
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Conclusion

Based on the findings of the experimental study of
longwall face No. 1 of the first northern panel at the
-440 m level of 4 RU mine of JSC "Belaruskali", the fol-
lowing conclusions can be made.

— The power train fan has no effect on the general
ventilation of the longwall face. However, it provides a
local increase of air flow rate in the conveyor drift and
increases the air flow that directly fans (i. e. cools) the
longwall shearer power train equipment.

- The main “accumulators” of heat in the longwall
face during the mining shift are: the host rock mass;
the longwall set of equipment (shearer+); and the pow-
ered support of the longwall face. After ore extraction
shutdown, their long cooling and gradual transfer of
accumulated heat to the mine's atmosphere occurs
over a period of time that considerably exceeds the du-
ration of the maintenance shift.

— At long shutdown of the mining equipment dur-
ing the full-fledged maintenance shift, the air at the
beginning of the longwall was able to cool down to a
temperature of 29-30 °C only. It then experienced
heating up to 38.5 °C during the mining shifts. The air
temperature in the longwall face near the ventilation
workings was within the allowable limits - from 23.4 to
26.4 °C. At the same time, the air temperature trends at
the beginning and at the end of the longwall face were
comparable with each other, when the mining equip-
ment operation was taken into account.

- Decreasing air temperature in the longwall face at
the equipment shutdown occurred in two stages: abrupt
decline, close to linear (due to rather fast decreasing
the heat release from the shearer's power train, caused
by the shearer shutdown and continuation of the pow-
er train's fan operation for 5-10 minu-tes); and then
gradual exponential decline. The decrease in air supply
during the maintenance shift by 33 % resulted in in-
creasing the characteristic time of the excessive air tem-
perature decline by 61 %, from 4 h 46 min to 7 h 41 min.

Thus, the continuation of heat release from the
heated components of equipment and rock mass deter-
mines the need for air supply to the longwall face during
the maintenance shift at a volume equal to that supplied
during the mining shift. This is necessary for removal of
excessive heat from technogenic sources of heat release,
which are turned off at the beginning of the mainte-
nance shift, but with insufficient cooling time. This fea-
ture of the technogenic sources of heat releases should
be taken into account when developing technical solu-
tions to control the longwall face ventilation.

The findings of the experimental study could be
used as initial data for developing a mathematical
model for calculating the heat exchange processes in
mine workings (longwall faces), taking into account
the non-stationary nature of the technogenic heat re-
lease sources.
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Analysis of mechanized tunneling parameters
to determine the overcutting characteristics

D.S. Konyukhov
JSC Mosinzhproekt, Moscow, Russian Federation

DA gidrotehnik@inbox.ru

Abstract

Tunneling in urban conditions requires costly measures, in order to ensure the safety of existing buildings.
On average, there are up to 17-20 buildings per 1 km of Moscow Subway Lines under construction. Analysis
and comparison of geotechnical monitoring data and results of geotechnical estimations for underground
construction using cut-and-cover and tunneling methods in conditions of high-density urban area shows an
unsatisfactory correlation between estimated and actual data. This can be described in the following way:
insufficient geotechnical survey data; discrepancy between the accepted estimation model and the actual
behavior of soil under load; insufficient qualification of the construction workers; and overcutting. The
study was aimed at solving the urgent scientific and engineering problem of determining the characteristics
of overcutting during mechanized tunnel boring. At the first stage, the investigations were aimed at
identifying the key reasons and factors which determine the quantitative parameters of overcutting in
urban underground construction by tunneling. These factors include the following: mismatch between
the cutting diameter and the outer lining diameter; displacement of the soil mass in front of the face;
incomplete grouting of voids beyond the lining; incomplete filling of beyond-shield voids with clay mortar
or slow-curing grouting mortar or no filling at all; and human factor (low qualifications of personnel).
The overcutting coefficient was determined on the basis of the proposed empirical dependence of its
values with regard to the depth of tunneling. The experimental data allowed the depth dependence of
the overcutting coefficient for different tunneling depths to be defined, as well as for tunnel diameters
from 4 to 10 meters in the case of mechanized tunnel boring machine (TBM) using the earth pressure
balanced tunneling method. The practical importance of the studies consists in determining the range of
the empirical overcutting coefficient variation from 0.5 % (for TBMs with nominal diameter of 10 m) up to
5 % (for TBMs with nominal diameter of 4 m). The development of organizational measures and justification
of process solutions, aimed at ensuring the safety of the existing buildings in conjunction with the scientific
and technical support of underground construction has led to a shortening of tunneling time between the
Okskaya and Nizhegorodskaya stations of Nekrasovskaya Line of Moscow Subway by about six months.
It has also provided savings of about 2.5 billion rubles.

Keywords
underground construction, tunneling, tunnel boring machine (TBM, blade shield), Herrenkneht, Robbins,
geotechnical monitoring, overcutting, coefficient of overcutting
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AHHOTaUuA
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1eyicst IMHUM MeTPOIIoauTeHa MoCKBbI npuxonuTces Ao 17-20 3maHuii. AHaiIu3 U coTocTaB/ieHMe JaHHbIX
re0TeXHMUEeCKOTO MOHUTOPMHTIA C pe3y/lbTaTaMy Fe0TeXHUUECKMUX PACUeTOB [Jis MOA3€MHOr0 CTPOUTENb-
CTBa OTKPBITBIM U 3aKPBITHIM CITIOCO6AMU B YCJIOBUSIX TJIOTHOI IOPOJMICKOI 3aCTPOIKY MPOAEMOHCTPUPO-
BaJI HEYIOBJIETBOPUTEIbHYIO CXOOMMOCTh PACUETHBIX U (hakTnueckux maHHbIX. OCHOBHbIMM (haKTOpaMM
9TOTO SIBJIEHUS SIBJSIIOTCSI: HELOCTAaTOUHOCTb JAHHBIX MHXE€HEPHO-TeOJOrMYeCKUX M3bICKaHUIi; HeCOOT-
BETCTBMeE MPMHMMAaeMOJi pacyeTHOJ MO e/l pealbHOMY [MOBeeHMIO IPYHTa MO, Harpy3Koii; Hef0CTaTo4-
Hast KBaIMpUKaALINS UCTIOMHUTEIe; mepe6op rpyHTa. [Tyoamkanys HarpasieHa Ha pelleHre aKTyaJIbHOIA
HayYHO-TEXHUYECKOJi 3a/lauM OMpeJeNeHus] XapaKTepUCTUK Mepedopa IrpyHTa MPU MeXaHU3UPOBAHHOIA
MpoXojike TOHHesei. Ha mepBoM 3Tare McciaeqoBaHMs ObUIM HAIpaBJIeHbl Ha WAEHTUPUKALMIO KIoUe-
BbIX MPUYMH U (HAKTOPOB, ONpEeHeNsIONUX KOMMYECTBEHHbIE MapaMeTpsl nepebopa IpyHTa B YCIOBUSIX
MO/I3€MHOTO CTPOUTENBCTBA B TOPOJAX MPU 3aKPbITOM CIIOCO6e TOPHOCTPOUTENIbHBIX paboT. Cpeau Takmux
(aKkTOpPOB BBIAESIOTCS CeAYIONMEe: HECOOTBETCTBYE NMAMETPa Pe3aHusl HapY)KHOMY OUaMeTpy O6IesKuy,
repeMenieHns: TPYHTOBOTO MacCuBa 1epef 3a60eM, HeTIoJTHOe 3aToJIHeHe TaMITOHaKHBIM PacTBOPOM 3a-
06/1eJIOUHOTO MMPOCTPAHCTBA, HETIOJIHOE 3alloJIHeHNe TPOCTPAHCTBA 338 060T0YKOM MIUTA IMHUCTBIM VN
Me[JIEHHO TBEPIeIIINM TaMIIOHAXXHBIM PACTBOPOM WJIM UX OTCYTCTBUE, UeloBeYeCKuit ¢hakTop (Hu3Kas
kBanudukaius nmepconana). KoadduuneHr rnepebopa ycTaHaBIMBaeTCsI Ha OCHOBE TPeAJIOKEHHOM SMIIN-
pUUYECKOI 3aBUCHMOCTY €r0o 3HAYeHUI OT IITyOMHBI 3a70KeHMs] TOHHENS. DKCIIepYMeHTaTbHble JaHHbIe
MO3BOJIVJIM YCTAaHOBUTD 3aBUCUMMOCTM KO3 duiMeHTa mepebopa npu pasHbIX INTy6GMHAX 3aJI0KEHUS TOH-
HeJss, a TaKKe NPy OuaMeTpax TOHHesel oT 4 1o 10 M /I TOHHeIeIpoX04ueCkoro MexaH3MpPOBaHHOTO
KOMIIIEKCA C aKTVBHBIM MIPUTPY30M 3a60s. IIpakTHyecKkoe 3HaUeHe MTPOBEJeHHbIX MCC/IeJOBAHMIT COCTOUT
B YCTaHOBJIEHMM OMAalla30HA M3MEHEHWST 3HaUeHNIT SMIMPUIecKoro KosddummenTta — ot 0,5 % (mJ1s1 muTOB
C YUIOBHBIM ayameTpoM 10 M) 10 5 % (mJjist IMTOB YCJIOBHBIM IuaMeTpoM 4 M). PaspaboTka opraHu3saim-
OHHBIX MEPOMPUSATHIL ¥ 0OG0CHOBAHNE TEXHOJIOTUYECKUX PEIeHNi 10 06eCcreyeHn0 COXPAaHHOCTH CyIle-
CTBYIOLIMX 3[aHUI B KOMIUIEKCE C HAYYHO-TEXHUUYECKUM COIMPOBOXAEHMEM I1O3€MHOTO CTPOUTEIbCTBA
MO3BOJIMJIA IPMMEPHO Ha 6 MeCsLeB COKPATUTh CPOK MPOXOJKM MTePEroHOB MeXAy CTaHOusIMy «OKcKas»
u «Huskeropopckasi» HekpacoBckoit iMHMY MOCKOBCKOTO METPOIIONIUTEHA, & TAKKe U 06eCIeUnTh IKOHO-
MMIO TIopsiaKka 2,5 miapn pyo.

KnioueBble cnoea
MOA3eMHOE CTPOUTENIbCTBO, MIPOXOKa, TOHHEIN, IIUTOBOM KoMiuiekc, Herrenkneht, Robbins, reorexunue-
CKMIT MOHUTOPUHT, Ilepebop rpyHTa, KoadduineHT mepedopa rpyHTa
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Introduction

Tunneling in urban conditions requires costly
measures, in order to ensure the safety of existing
buildings. On average there are up to 17-20 buildings
per 1 km of Moscow Subway Lines under construc-
tion. Analysis and comparison of geotechnical mon-
itoring data and results of geotechnical estimations
for underground construction by cut-and-cover and
tunneling methods in conditions of high-density ur-
ban area shows an unsatisfactory correlation between
estimated and actual data. This can be described in
the following way: insufficient geotechnical survey
data; discrepancy between the accepted estimation
model and the actual behavior of soil under load; in-
sufficient qualification of construction workers; and
overcutting.

Analysis of the geotechnical monitoring data and
comparison with the results of estimates determin-
ing the effect of underground construction on buil-
dings and structures in the surrounding area show
that with regard to facilities of this kind constructed
by cut-and-cover method (C&C) in excavations up to

50

9-12 m deep, the correlation between the estimated
and actual data does not exceed 60 %. With regard to
the construction of subway facilities in excavations
up to 35 m deep, this correlation amounted to up to
32 %.1In the case of tunneling using tunnel boring ma-
chines with a nominal diameter of 6 m, the figure is
70 %, while using tunnel boring machines with nom-
inal diameter of 10 m — 7 %. This data testifies to the
necessity of improving both the estimation methods
and the geotechnical monitoring techniques [2-4].
The main reasons for unsatisfactory convergence
of the geotechnical estimations and actual geotech-
nical monitoring data were identified in earlier stu-
dies [5-7].

When modeling the tunneling method of con-
struction, an important parameter, depending on the
construction techniques, is overcutting. This design
parameter is set during the modeling of soil mass
strains as a characteristic of tunneling. It is equal
to the ratio of the excavated area within the limits
of the tunnel contour to the tunnel cross-sectional
area [8].
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It has been shown in historical studies that over-
cutting in the process of tunneling was caused by the
following factors [9, 10]:

1. Cutting diameter mismatch with the lining out-
side diameter. In the case of using TBM with an exter-
nal cutting tool (typical for majority of modern TBMs
applying earth pressure balanced tunneling) rotor di-
ameter is 3-5 % larger than the tunnel lining diameter
on average.

2. Displacement of soil mass in front of the face.
This factor is characteristic first of all for TBMs not
performing earth pressure balanced tunneling, as well
as in case of overcutting.

3. Overcutting may also occur due to human fac-
tor, i.e. insufficient personnel training.

4. Incomplete filling of beyond-shield voids with
grouting mortar.

One more factor should be added to this list:

5.Lack of filling or incomplete filling of be-
yond-shield voids with clay mortar or slow-curing
grouting mortar.

All the above factors indicate that overcutting
leads to process strains of the surface [11].

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2022;7(1):49-56

Models for determining
the overcutting coefficient
in mechanized tunneling
The volume of soil loss (overcutting coefficient
V;) is commonly defined as the ratio of the surface
subsidence area V; to the cross-sectional area of the
tunnel F;:

D

The key points in predicting the overcutting co-
efficient were outlined in earlier studies [9]. It was
shown later that V; can be determined only on the
basis of field observation data, while for weak soil
the value of soil losses does not exceed 2 % [12]. In
[13], data is given for the dependence of V; on the
tunnel diameter, its depth and geotechnical condi-
tions of the construction of tunnels with diameter up
to4 m at a depth up to 8.1 m.

Other studies [14, 15] show that during driving
by TBM (with soil face balance weight) 9.15 m in di-
ameter in water-saturated sand overlain by marl, V;
does not exceed 0.3-0.5 %. The existing regulatory
documents in Russia! regulate the values of overcut-
ting coefficient for tunnel construction up to 4 m in
diameter in the range of 1.5 to 5.5 % depending on

14
V, =—5100%.
F

t

1 SP 249.1325800.2016 Underground utility systems. De-
sign and construction by tunneling and C&C methods
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the type of soil in the face. These values are signifi-
cantly higher than V;, values obtained by foreign re-
searchers [12, 14, 15].

When constructing subway tunnels by mecha-
nized tunneling method in conditions of high-den-
sity urban area the following needs to be taken into
account:

— tunnel depth is generally no less than 1d (d is the
tunnel diameter) with sand or clay soils in the tunnel
crown,;

— TBMs with soil face balance weight are used
mainly in subway soft ground tunneling (among
all the Moscow TBM fleet, there are 24 TBMs
with soil face balance weight and one with bento-
nite face balance weight). This assumes squee-
zing grouting mortar through the tail part of
the casing simultaneously with TBM (shield)
advancement.

Thus, the review of data from earlier studies allows
it to be concluded that the overcutting coefficient de-
pends on the following factors when applying mecha-
nized tunneling:

- relative depth of tunneling h/d;

— cohesion of soil;

—ratio of the clearance between the cutting tool
and the tunnel lining to the tunnel diameter.

Digital estimation models of technological
processes and the rock (soil) mass conditions for
designing TBM tunneling in urban areas are per-
formed in PLAXIS, GEOWALL, COMSOL and other
software systems [16, 17]. Determining the over-
cutting parameters while tunneling is also of great
importance for improving reliability of the digital
models.

Findings of geotechnical monitoring
during main line tunneling

Let us consider the findings of monitoring during
the tunneling of the Nekrasovskaya Line and the West-
ern segment of the Great Ring Line (GRL) of the Mos-
cow Subway as an example.

The tunneling of Western segment of the GRL
was performed by “ROBBINS” TBM with soil balance
weight, with a shield blade (work tool) diameter d, of
6.6 m and tunnel diameter d of 6.3 m.

¢ factor characterizing the ratio of the clearance
between the cutting tool and the tunnel lining to the
tunnel diameter

2)

is equal to 0.048.
The tunneling was carried out in water-saturated
fine/medium-grained sand.
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The empirical overcutting coefficient V,, was cal-
culated by the backward analysis method on the basis
of the following formula:

SpiV2n
S )

©)

where s¢is actual subsidence in the observation point
located at the distance i from the axis of the tunnel;
S is the face area.

The reduced (equivalent) overcutting coef-
ficient V;, was calculated through the following
expression:

le
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n
Vv, S;
o 4)
V, =F—,
L S
where S; is the face area with overcutting coeffi-

cient Vj,.
The results of the overcutting coefficient calcula-
tion in the form of characteristic curves

h
V. =f| —,
1=f ( q &j (5)
are shown in Figures 1 and 2.

TIIMK d=6m
4
o0 °
®
37 :/0/
c___o——’——-——ﬁ—o’_. °
< 2
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1 -
O T T T T T
0 1 2 3 4 5 6
Overcutting coefficient, %
® Empirical ® Reduced

Linear (empirical)

Linear (reduced)

Fig. 1. Dependence of the empirical V}, and reduced V), overcutting coefficients
on the relative depth of tunneling h/d, with TBM with a nominal diameter of 6 m
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Fig. 2. Dependence of the empirical V;. and reduced Vj, overcutting coefficient on ¢ factor
for tunneling using TBM with nominal diameter of 6 m
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During the construction of Nekrasovskaya Subway
Line from Okskaya Ulitsa station to Stakhanovskaya
Ulitsa station, a Herrenkneht TMB EPB with soil face
balance weight and the work tool diameter d, = 10.69 m
was used. The diameter of the tunnel d = 10.3 m, and
factor ¢ = 0.038. The running (main line) tunnels are
mainly located in Upper Jurassic clay, while the crown
reveals Quaternary sediments almost throughout the
whole length of the tunnels.

In the next segment from Kosino station to Yugo-
vostochnaya station, tunneling was carried out using
a Herrenkneht TMB EPB with soil face balance weight

elSSN 2500-0632
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and work tool diameter d, = 10.82 m. Diameter of the
tunnel d = 10.5 m, and factor ¢ = 0.03. The maximum
additional subsidence of the building under whose
foundations the TBM passed at a depth of 13 m, was
6.7 mm [18].

The values of empirical overcutting coefficient at
these segments varied from 0.5 to 1.25 %, depending
on the depth of tunneling and geotechnical condi-
tions in the tunnel face.

Figs. 3 and 4 show generalized dependences (5)
for tunnel boring machines with nominal diameter of
4-10 m.

4.0
3.5 - e e °
3.0 - hd LI °
Y [ ] [ J [ N ]
2.59 __0_,__:_,0_4;7 — s _°>*—°
3 ‘//' '
1.5 - o ° Y °3
1.0 -
0.5
0 T T T T T
0 1 2 3 4 5 6
Overcutting coefficient, %
® Empirical ® Reduced

Linear (empirical)

Linear (reduced)

Fig. 3. Generalized dependence of the empirical V. and reduced V}, overcutting coefficients on the relative depth
of tunneling h/d,. when tunneling at the diameter of 4—10 m using TBM with soil face balance weight
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0.00 . .

Overcutting coefficient, %
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Linear (empirical)

® Reduced
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Fig. 4. Generalized dependence of the empirical V}, and reduced V), overcutting coefficients on ¢ factor when tunneling
at a diameter of 4-10 m using a TBM with soil face balance weight
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at the tunnel face

Analysis of geotechnical conditions

Homogeneous
soil

Inhomogeneous
soil

Estimation of V. by formula (7)
with Vi, =V,

Estimation of V,,
by formula (6)

Estimation of V),
by formula (4)

Estimation of V.
by formula (7)

Fig. 5. Pattern of empirical overcutting coefficient V;, computation

It should be noted that the ¢ factor is not a suffi-
ciently reliable characteristic due to the constancy of
¢ values for different types of TBMs. At the same time
the value of overcutting coefficient depends on the
TBM diameter.

The empirical values of the overcutting coefficient
for TBMs with a nominal diameter of 4-10 m were de-
termined by the backward analysis method. The em-
pirical coefficient values vary in the range from 0.5 %
(for TBM with nominal diameter of 10 m) to 5 % (for
TBM with nominal diameter of 4 m). The characteristic
curves shown in Fig. 3 allow overcutting coefficient to
be calculated depending on the relative depth of tun-
neling (in mixed soils) according to the following em-
pirical expression:

v, =0,49d£+0,96.

r

(6)

A similar dependence between the empirical
and reduced overcutting coefficients is as follows:

Vie=0.69V,, + 0.53 (7

this allows, based on the normative values from SP
249.1325800.2016 “Underground utilities. Design and
construction by tunneling and C&C” (Order of the
Russian Ministry of Construction dated July 8, 2016
No. 485/pr), the empirical overcutting coefficient to
be calculated, taking into account geotechnical condi-
tions along the tunneling route.

Based on research findings, a pattern of the em-
pirical overcutting coefficient V,, computation was
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proposed (as shown in Fig. 5). This pattern provides
for computation of overcutting coefficient based on
different dependencies. It takes into account the
degree of soil homogeneity, determined on the ba-
sis of analysis of geotechnical conditions in the
tunnel face.

Conclusion

The empirical values for overcutting coefficient
in the case of TBMs with a nominal diameter of
4-10 m were determined by the backward analysis
method. The empirical coefficient values vary in the
range from 0.5 % (for TBMs with nominal diameter
of 10 m) to 5 % (for TBMs with nominal diameter of
4 m). The computation pattern shown on Fig. 5 allows
for the coefficient of overcutting at tunnel boring us-
ing TBMs with face balance weight to be determined,
while taking into account the TBM diameter and the
types of soil composing the tunnel face (homogenous/
inhomogeneous).

The proposed method was successfully im-
plemented during the construction of the Nekras-
ovskaya and Great Ring Lines of the Moscow Subway.
Optimization of measures to ensure the safety of the
existing buildings in conjunction with the scientific
and technical support of underground construction
allowed the time of tunneling between the Okskaya
and Nizhegorodskaya stations of the Nekrasovskaya
Line of the Moscow Subway to be shortened by about
6 months, as well as providing savings of about
2.5 billion rubles.
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L.D. Pevzner 34 <, N.A. Kiselev
Russian Technological University MIREA, Moscow, Russian Federation
D Ipevzner@msmu.ru

Abstract

This paper presents the results of the development of automatic control systems for walking dragline
excavator digging process. The process enables operational productivity to be enhanced through optimizing
digging process. This also prevents extreme loads on machinery and hoist cable deflection. The paper
also describes mathematical models of the electric drives of the main excavator machinery which form
the bucket motion and the model of cable length change. Further the study will analyse the tructure of
the control system and the automatic digging algorithm. Computer modeling findings are also described
to confirm the operability of the automatic digging algorithm. Computer simulation of the processes in
electric drives of main machinery of a walking dragline in digging operations was performed by means of
SimInTech software. The automatic control system optimizes digging trajectory with very fast penetration
with permissible overregulation following digging at a constant cut depth. The integrated system of dragline
operation process control is practically independent due to the following factors: the automatic digging
control system in combination with automatic systems for transporting the loaded bucket to dump and the
empty bucket to the face; the automatic main machinery overload protection systems; and the system of
control over safe bucket movement in the dragline working space

Keywords

mining machinery, walking dragline excavator, bucket, operation, digging, mathematical models, automation,
electric drive, algorithm, control, controller
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9HEPTETUKA, ABTOMATU3ALIUA N SHEPTO3dPPEKTUBHOCTb

Hay4Haa cTtaTbs

CucTeMa aBTOMaTHUYECKOro yrpaB/ieH!sl NPOLLeCCOM YeprnaHus
LIaraioLL,ero sSKCKaBaTopa-gparnaiHa

JI.[I. IleB3Hep 1% 0<, H.A. Kucesnesn
Poccutickuti mexnonozuueckuti ynusepcumem — MUPDA, e. Mockea, Poccutickas @edepayus
D Ipevzner@msmu.ru

AHHOTaUuA

AKTYa/IbHOCTb MCC/IEIOBAHNIA, Pe3Y/IbTaThl KOTOPBIX COCTABJISIIOT OCHOBY CMCTE€M aBTOMAaTUUYECKOIO YIIpaB-
JleHus1 pabGoueii orepaliMeil yepraHus IIaralonero SKCKaBaTopa-apariaiiHa, o6ycjoBaeHa Heo6X0auMo-
CThIO ITOBBILIEHNS ITPOU3BOAMUTENbHOCTY MAIIMHbBI M CHUKEHMEM IIpeeabHbIX HAarpy30K Ha MeXaHM3MbI
M KaHaTHbBIE CHCTEMbI. AHAJIM3Y ITOABEPraeTCs CMCTEeMa aBTOMAaTUYeCKOro yIIpaBjieHus paboueit omepariu-
eif uepIaHus IIaramuero sKCKaBaTopa-apariaiHa, I03BoJIIoNas 00eCIeunTh MOBBIIIEeHNe ero SKCIIIya-
TalVOHHO MPOU3BOIUTENLHOCTH 3a CUET MPUOVIKEeHMS TIPollecca uepraHus K palMoHaabHOMY.

Ha ocHOBe METOIOB MaTeMaTUUeCKOr0 MOAeIMPOBaHMS CUCTEM 3JIeKTPOIIPMBOA OCHOBHBIX MEXaHM3MOB
9KCKaBaTopa-ApariaifHa COCTaBAeHbl MMUTAIIMOHHbIE MaTeMaTUUYECKMe MOJeIy, KOTOPbie OIMMChIBAIOT
IBIDKEeHMEe KOBIIA M KAHATHBIX CMCcTeM. Pe3y/bTaThl KOMITBIOTEPHOIO MO/EIbHOIO MCCIeL0BaHMSI, BBIITOJ-
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HeHHbIe NTPOTpaMMHBIMU cpefcTBamu SimInTech, moaTBepauan paboTOCIIOCOOGHOCTD TPEAIOKEHHOTO aJl-
TOPUTMAa aBTOMATUYECKOTO YePIaHMs.

PaspaboTraHHas cucTeMa aBTOMATUYECKOTO YIIPaBJIeHMs orepalyeil yepraHusl Mo3BOJSIeT MPUOIU3UTH
TPAeKTOPUIO YepIaHusl K ONTUMAaTbHOI, o6ecrieunBast MpefeabHO ObICTpOe 3ariaybieHue C JOMyCTUMbIM
repeperyMpoBaHKeM ¥ TOCIeAYIOMMM PAaBHOMEPHBIM UepIaHMeM C TTOCTOSTHHOM TONIIMHOI Cpe3aeMoii
CTPYRKU. [ToKasaTenn KauecTBa yrnpaBJsieMoro mpolecca yeprnaHusi B OpoJax C yaeTbHbIM COMPOTUBIIE-
HueMm k, = 1,45 + 0,45 kr/cm*u k, = 3,35 + 0,75 Kr/cM* IpaKTMUeCKy COBIAJAIOT: Tlepeperyl11poBaHye B rep-
BOM ciryuae 7,2 %, Bo BTopoM — 10,4 %, BpeMsI peryinpoBaHus B IepBoOM cirydae 4 ¢, BO BTOpom — 3,5 c.
PaspaboTaHHas CUCTeMa aBTOMATUYECKOTO YIIpaBIeHUsl onepalneil YeprnaHus BMecTe ¢ aBTOMAaTUYeCKU-
MM CUCTEMAMU TPAHCIIOPTUPOBAHMS TPY’KEHOTO KOBIIIA B OTBAJ M MOPOKHETO KOBIIA B 3a60ii, C1ICTeMaMMu
aBTOMAaTUYECKO 3aIIMUThI OT Meperpyski [JIaBHbIX MEXaHM3MOB, CMCTEMOM KOHTPOJIST 6e30MacHOTO ABM-
’KeHMs KOBIIa B paboueM IMPOCTPAHCTBe ApariaiiHa Mo3BOJISIIOT TOBBICUTH YPOBEHb aBTOMATU3ALMN HKCKA -
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rOpHas MallMHa, mararuuii BKCKaBaTOp—HpaFHaﬁH, KOBII, oriepauusd, yeprianme, aBToMmaTnu3anns, MaTema-
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Introduction

A walking dragline excavator is a highly effective
mining machine with great technological capabilities.
It is widely used in the mining industry for stripping
via a non-transport process flow sheet applicable in
open-cut mining of such minerals as: coal; shale; ores
of ferrous and nonferrous metals; gold; and raw mate-
rials for chemical industry [1, 2].

The experience of operating these machines at coal
mines in Russia over a long period shows that walking
dragline efficiency does not exceed 70 %.

High efficiency of walking dragline excavator op-
eration can be ensured by automating the following
control processes: main working operations for trans-
porting loaded buckets to the dump and empty bucket
to the face; automation of digging process, through au-
tomatic limitation of dynamic loads in electromechan-
ical systems; and providing safe control of excavation
process [3-5].

Research aimed at the development of automatic
control systems for walking dragline excavator digging
process is relevant, since such systems will allow oper-
ational productivity to be enhanced through optimiz-
ing digging process, thus avoiding extreme loads on
machinery and hoist cable deflection.

1. Mathematical model of digging operation

Mathematical modeling of walking dragline ex-
cavator processes is a first and important stage to re-
solving the question of creating algorithms and control
systems for the individual devices/units and the ma-
chine as a whole [6, 7].

In order to compile a mathematical model of dig-
ging, it was assumed that drag cables are weightless
and non-extensible, and that the rate of change in their
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length is constant. In the process of rock mass digging
using a dragline excavator bucket, a resistance force
F,, arises. This can be represented as a sum of three
forces F,, F,, F; — a bucket friction force on soil; cut-
ting resistance force; and resistance force to movement
of the rock mass dozing capacity. The bucket friction
force on soil is defined by the expression F; = BN, where
B — is the bucket friction on soil coefficient, and N is
the normal support response. Cutting resistance force
is determined by the expression F, = k,B,h, where k, -
specific resistance of rock mass to cutting, B, — width
of bucket, h — bucket depth of cut.
Figure 1 shows bucket and forces applied to it.

Fig. 1. Diagram of forces applied to the bucket:
HR - hoist cables; TR —drag cables; BS — face surface;
EB — excavator bucket; F, — digging resistance forces;

F, - tension of hoist cables; F, — tension of drag cables;
Gy, — weight of loaded bucket; o — angle of face slope;
u — deviation of drag cables from vertical direction


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2022;7(1):57-65

The diagram of forces applied to the bucket (Fig. 1)
was used for further calculation. This was used to de-
rive the equations of bucket movement dynamics in
the axes of hoist and drag cables length {l;, I,}.

my, (O (£) = F(£)= Gy, (t) cosp — (Fy(t) + F, (1)) sin (.~ ),
my, (DL, (t) = Fy(t) - Gy, (t) sino—(F, (t) + F, () sin(o.— ),

where my,(t) is the mass of the bucket together with the
contained rock mass.

2. Mathematical model of electric drives
of hoisting and traction mechanisms
The electric drives of the hoisting and traction
mechanisms of ESh 20.90 walking excavator have the
same structure [8, 13]: generator — motor (G-M) with
thyristor excitation; and control system according to the
diagram of double-loop slave regulation with power cir-
cuit current controller and generator voltage controller.
The mathematical model! of the hoisting mecha-
nism-bucket—traction mechanism system was develo-

! Technical documentation for ESH 20.90. URL: https://
maxi-exkavator.ru /excapedia /technic/esh-2090 omz
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ped in accordance with the flowchart shown in Fig. 2,
under the conditions of known assumptions [9, 14].

A system of equations presents the electric drive
mathematical model for any of the mechanisms of
hoisting or traction, the input of which is Uy(t) - volt-
age of the command device for setting speed of chang-
ing length of the corresponding cable, and the output
w(t) - is the motor shaft speed (2).

Uy () = sat(U, (t) - ke(t) ; kyg, Uyp),

t
Ugp(t)=sat uVR(t)—k4I(t)+k5_[(uVR(t)—k4I(t))dt; Kegs Ucr |
0

pga (8) = KppaUcg (D),
Trcliye (t) + Upe (t) = Kye (O, (t),
Tt (8) + Ug (t) = kglze (D),
T I(®)+1(t) = ko (ug (t) - CL0(2)),
Jo(t) = Cy, I(t)— M.

)

o— VR %%% CR e%
Ui K

SM,
“\ My

SM, my

Un(D) _’”j

Fig. 2. Schematic diagram of the hoisting mechanism-bucket-traction mechanism system:

S; — fairlead sheaves; S, — pointing units; I; — hoist cables; I, — drag cables; EB — excavator bucket; BS — face surface; W; — hoisting
mechanism winch; W, — traction mechanism winch; SM;, SM, — power control system for hoisting and traction motors, respectively;
CS - hoisting drive current sensor; VS — generator voltage sensor; VR — voltage controller; CR - current controller; MA — matching
amplifier; TC - thyristor converter; ky, ky, ks, k4 — loop gain blocks; m;, m, — motors; M;, M, — driving torques of hoisting and
traction, respectively; Ui, U, — hoisting and traction motions assignments, respectively
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In these expressions:

uyr(t), ucg(t), uya(t), urc(t), ug(t) are the output
signals of the voltage controller, current controller,
matching amphﬁer thyrlstor converter, and genera-
tor, respectively; u, Uz, — threshold values of signals
of voltage and current controllers; kyg, kcg — limiting
controller transfer factors; Trc, Tg, Tac — response time
of thyristor converter, generator, and armature circuit;
ki, k4, ks — parameters of p-controller of voltage and
PI-controller of current; Ky, krc, Kg, kac — transfer fac-
tors of matching amplifier, thyristor converter, gener-
ator, and armature circuit; /] - mass moment of inertia
of mechanism, reduced to motor shaft; I(t) — current
of the motor armature circuits; Cg, C); — design motor
constants; M, — resistance torque in drive, reduced to
motor shaft.

We performed a synthesis procedure of the PI-con-
troller for the inner circuit — current loop, by adjusting
it to the modular optimum. The controller parameters
and its transfer function

4.6s+1
6.69s

were obtained using the ESH 20.90? excavator specifi-
cations.

The parameter of proportional (p) controller of
voltage and its transfer function were defined accord-
ing to the modular optimum synthesis procedure

Wi (s)=8.32.

Wer(s)=

2 Some technical characteristics of walking dragline ex-
cavator ESh 20.90 used for obtaining transfer functions of its
model driving media:

- transfer factor of thyristor excitation device k¢ =44,3V/V;

- time response of thyristor excitation device Tr¢c = 0,01s;

— generator transfer factor kg = 14,0V/V;

— generator time response Tg = 4,6s;

— motor armature circuit transfer factor kac=31,0Q7;

— motor armature circuit time response Ty = 0,05s;

— motor rotor and hoisting/traction system winch product
of inertia reduced to motor shaft /= 517Nm/A;

- motor constructional constants
Cy = 8,64Nm/A;

- current sensor transfer factor kg = 0,0029V/A;

- voltage sensor transfer factor kyg=0,0081V/V;

- thresholds of voltage and current controllers signals 10V;

- stop motor armature current Iy, = 3400A;

- generator rated voltage U, = 1230V; UG

~ nominal motor rotational rate @,, =70,65~;""

— transfer ratio of hoisting/traction mechamsm reducing
gear r=22,53;

- performance coefficient of hoisting/traction mechanism
reducing gearn =0,9;

- hoisting/traction mechanism winch barrel radius r,= 0,9m;

- electromechanical time response of motor Ty, = 0,06s;

- weight of empty bucket G, = 220 kN;

- weight of loaded bucket (with rock mass) Gy, = 480 kN.

Technical documentation for ESh 20.90 https://maxi-
exkavator.ru /excapedia /technic/esh-2090 omz

Cg 8,64V/s,

=1230 V;
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3. Digging operation modeling
The model of bucket movement in interaction
with the face consists of the following: the model of
traction and hoisting electric drives (2); the model
of bucket movement while digging (1); and techni-
cal data of ESh 20.90 dragline excavator. The model
structure is shown in Fig. 3.

3.1. Model studies of processes
in electric drives of main machinery

SimInTech software was selected for computer
simulation of key machinery (mechanisms’) drives for
a walking dragline excavator in the course of digging
operations.

The modeling of processes of changing lengths of
hoist and drag cables and processes in electric drives
was performed on the basis of model representations
(1), (2). The schematic diagrams of the computer mod-
els of the hoisting and traction electric drives and cable
lengths changes are presented in Figs. 4 and 5.

The model parameters are taken from the speci-
fications [11] for ESh 20.90 walking dragline excava-
tor. The hoisting and traction electric drives use GPE-
2500-750UZ generator with a rated voltage of 1200 V
and MPE-1000-630UZ motors with the rated angular
velocity of 70.6 s71.

Findings from the model studies shown in Fig.
6 show that the electric drive model run-up time
amounted to 3 s. The steady-state rate of cable length
change v™ = (.25 ms~! agrees with oscillograms of real
curves of dragline electric drives run-up and braking, as
presented in [12].

The model studies confirm the adequacy of the
description of dynamic processes in electric drives and
the kinematics of drag and hoist cables motion.

3.2. Modeling of digging process

The model studies of the digging process were per-
formed according to schematic diagram in Fig. 3. The
digging process is performed with a constant traction
speed equal to Ims™. The rational digging process is
carried out either with maximum initial depth of cut or
with a constant depth of cut.

In the first case, digging time is minimal, since
maximum power of excavator traction and hoisting
drives is used. However, this method can lead to loc-
king of the traction drive and, just as importantly, to
difficulties in subsequent digging due to the uneven-
ness of the face profile.

In the second digging case, the face relief is pro-
cessed evenly. The power of excavator drives is not
used fully, the dynamic loads exclude the possibility of
bucket locking.

The uniform bucket filling method was taken as
a basis for the synthesis of the digging process control
system, for which the adjustable value was the depth
of cut.
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Fig. 3. The structure of model of bucket motion while digging:
block I - determination of angle u; block 2 — model of hoisting mechanism; block 3 — model of traction mechanism; block 4 - model
of face; Uy(t), Uy(t) — setting tensions of hoisting and traction drives; x,(t), yy(t) — current Cartesian coordinates of bucket position;
p — angle between hoist cables and y-axis; h(t) — value of bucket penetration into the face; my, m,,,(t), my(t) — mass of the empty
bucket, rock mass in bucket, mass of loaded bucket, respectively; F;(t), Fy(t) — force acting on bucket from traction and hoisting
mechanisms, respectively; Fy,(t) — force acting on bucket from the face along the axis of drag cable, including friction force, rock
cutting resistance, resistance to movement of rock dozing capacity; Fyn(t) — force normally acting on bucket from, including gravity
force and rock cutting resistance
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Fig. 4. Schematic diagram of electric drives model:
Uy(t) - setting signal from master controller; coefficients: k; = 0.324, k, = 0.0081, k5 = 0.0029, k, = 17.28, ks = 0.00231, k¢ = 389.769;
transfer functions of link models: Wi(s) = 44.3/(0.01s + 1), Wy(s) = 14.0/(4.6s + 1), W3(s) = 31/(0.05s + 1), W,(s) = 0.032/s;
o(t) - motor shaft speed; M,(t) — drag torque to motor shaft; M(t) - hoisting/traction winch shaft torque

! V()
o k 1/ Hg} 1 %0
MO S S I®

F() I(0)

I(0) I(t)
l Vmax

Fig. 5. Schematic diagram of the computer model of cable length change:
V(t) - command signal for cable length change rate. For the maximum rate the command-apparatus signal is 10V;
the maximum digging resistance force max F,(t) = 201,858.7234 kH; M(t) — hoisting/traction winch shaft torque;
factor k = 3.2987¢%, v 2 = 0.2497 mc™! (maximum cable length change rate); i(t), i(t), I(t) - current values of acceleration, rate,
and length of hoist/drag cables, respectively
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The automatic control system structure for the
digging process is presented in Fig. 7.

The system investigated the possibility of using
a PID-controller with parameters adjusted using the
Ziegler-Nichols method: kp = 46, k; = 33.3, kp = 15.19.
The setting of a small, 0.3 m, and significantly larg-
er, 0.75 m depth of cuts was performed. The findings
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of the study are shown in Fig. 8. In both cases, un-
acceptable overregulation and long regulation time
took place.

The use of the integral controller allowed a con-
siderable decrease in overregulation. However, at the
same time, the transition process became considerably
longer.

o, s7!
1400
— 60
o(t
1000 ©
— 40
600 I(t)
— 20
200
0 1.0 2.0 3.0 4.0 t,s
Fig. 6. Findings of simulation studies:
I - starting up to speed current, A; ® — motor shaft speed, s
Vs
hy Fy(t FA)
o ;I R MALR® § e o o)
h(t)
myp
SCT

Fig. 7. Digging automatic control system structure:
block R - controller; block MH- model of hoisting mechanism; block BS — face model; h(t) — current depth of cut; F,(t) — current
resistance to rock mass (soil) cutting; SCT — depth of cut sensor; h; — assigned depth of cut
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Fig. 8. Changing of cut depth at different parameters of three term controller (PID)
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The studies showed inefficiency of linear control-
lers. Therefore, proceeding from the logic of real work
of the operator, a two-step algorithm of forming con-
trol action on the traction drive is proposed.

The digging process is presented in two phases:
digging, and movement of the bucket with constant
cut depth. The second phase is provided by linear al-
gorithm of three term controller, the first phase of dig-
ging is formed by non-linear algorithm

o fo eshy,
e “)‘{—10, e> o),

e(t) = by —h(t).

In the expression, hy(u) — is the braking path when
the bucket penetrates into soil. This depends on the
hoist cable tension force, or more precisely, on the an-
gle of inclination of the hoist cables.

h(t), m

0.6 —

04+

0.2

o L L L
0 2 6 10 14 t,s

Fig. 9. Depth of cut changes with integral controller
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The meaning of this algorithm is that the bucket's
penetration into a rock (cutting) is performed with
maximum force, and the movement should be termi-
nated at the set depth. Thus, cut depth is a nonlinear
function of time, while the rate of the depth of cut
change is an almost linear function of time, as seen
from Fig. 10.

Structural flowchart of automatic control system
of walking dragline digging process is presented in
Fig. 11.

Model research into the functionality of the dig-
ging process automatic control system process was
carried out for the following case: weight of the empty
bucket m, = 22,000 kg; o = 30°; slope angle of the face;
vo = 1 ms™ — drag cable speed when digging; h, = 0,85
m - assigned cut depth at specific resistance to digging
k,=1.45%0.45 kg/cm?; h, = 0.45 m - assigned cut depth
at specific resistance to digging k, = 3.35+0.75 kg/cm’.

h(®), m h(t), m/s
0.4 08
0.6
0.3 0.4
0.2 0.2
0
0.1 \ 0
] ] ] ]

%)I 0.2 0.4 0.6 0.8 t,s

Fig. 10. Depth of cut change with non-linear controller:
h(t) - current cut depth; A(t) - rate of change in depth of cut

ﬁ|m H NR

Va

FAt)

MH | Fi(t) xp(), yp(t)

he
o )@ )I LR LB

BS

h(®

my,

SCT

Fig. 11. Structural flowchart of automatic control system of walking dragline digging process:
LR - linear controller; NR - non-linear controller; LB - logic block; RIS - hoist cables angle sensor; MH — hoisting mechanism
model; BS — face model; SCT - depth of cut sensor; h;, — assigned depth of cut; h(t) — current depth of cut; x,(t), y,(t) — current
Cartesian coordinates of bucket; block F,(t) — current resistance to rock mass cutting
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Fig. 12. Changing depth of cut in the process
of automatic digging

The simulation results are shown in the form of cur-
ves of depth of cut change in the process of automatic dig-
ging for the assignments a, b, respectively. They are pre-
sented below in Fig. 12. In addition, Fig. 13 shows a gen-
eral view of the control action during automatic digging.

The quality indicators of the controllable dig-
ging process in rocks with specific resistance
k,=1.45%0.45kg/cm* and k,=3.35+0.75 kg/cm”® are
almost identical. Overregulation in the first case is
7.2 %. In the second it is 10.4 %. Control time in the
first case is 4 s, in the second, 3.5 s.

Conclusion
The automatic digging operation control system
allows the digging trajectory to be practically optimal.
It ensures extremely quick penetration of no more

Fig. 13. Type of control action in the course
of automatic digging

than 3 sec with permissible overregulation of no more
than 10%, with following even digging at a constant cut
depth. Cut depth is set externally.

The automatic control system lead to decreased
loads on the electromechanical equipment and allows
for an increase in operational productivity of a walking
dragline excavator.

The integrated system of the dragline work
process control can be almost autonomous due to
the following factors: automatic digging operation
control; automatic systems of transporting loaded
bucket to the dump and empty bucket to the face;
systems of automatic protection against overload
of the main mechanisms; and control system for
safe movement of the bucket in the dragline wor-
king space.
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Abstract

One of the main factors for the effective functioning of the power supply system in highly productive coal
mines is the uninterrupted power supply of underground consumers for the entire process cycle at sufficient
amount of electric energy at a high level of quality and performance. The analysis of electric energy
consumption in highly productive coal mine has shown that about 57 % of electric energy consumers are
located in underground workings. Consumers can be divided into the following areas of basic technological
process of coal production: production areas (13 %); conveyor transport areas (13 %); preparation areas
(8 %), and areas of auxiliary processes of coal production: mine drainage (23 %). The increase in the share
of controlled-velocity electric drives in the total power balance of fully-mechanized longwalls leads to
factors previously atypical of underground power networks. Such factors include changes to the harmonic
composition of the network, arising higher current and voltage harmonics, affecting the supplying network
and causing heating of electrical equipment, power and electric energy losses. Therefore, the most pressing
issues are to improve electric energy quality in underground electric networks of highly productive coal
mines. The study has developed a technique for experimental investigations of quality indicators of
electric energy (presented in the form of algorithm) in respect to specific conditions of highly productive
coal mines. These include dangerous facilities in terms of sudden gas/dust outbursts. This technique was
tested at a number of coal mines of JSC SUEK-Kuzbass. The study also presents the results of experimental
investigations to determine the actual level of total harmonic distortion (factor) in underground electric
networks of fully-mechanized longwalls of coal mines. Of greater importance is justification of higher
harmonic filter parameters. To this end a calculation algorithm based on the developed technique has
been proposed. Research has shown that application of forward and inverse Clarke transformations for
calculating the harmonic filter parameters is applicable for all voltage levels. The simulation model of power
supply system of a coal mine fully-mechanized longwall allows conditions of higher harmonics damping to
be studied by means of a device for improvement of electric energy quality. Applying the proposed technical
solutions to improve the quality of electric energy based on the simulation modeling allowed the successful
damping of higher harmonics to be achieved. For example, the total harmonic components voltage (THD (U))
was reduced from 9.07 to 1.77 %.

Keywords

coal mine, power supply system, electric energy quality, harmonic components, energy efficiency, underground
electric networks; simulation model, resistivity bridge harmonic filter

For citation

Plashchansky L.A., Reshetnyak S.N., Reshetnyak M.Y. Improvement of electric energy quality in underground
electric networks of highly productive coal mines. Mining Science and Technology (Russia). 2022;7(1):66-77.
https://doi.org/10.17073/2500-0632-2022-1-66-77

© Plashchansky L. A, Reshetnyak S. N., Reshetnyak M. Y., 2022

66


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2022-1-66-77
https://www.scopus.com/authid/detail.uri?authorId=57193312566
https://orcid.org/0000-0002-6982-5583
https://www.scopus.com/authid/detail.uri?authorId=57117619500
https://www.scopus.com/authid/detail.uri?authorId=57210212672
mailto:reshetniak@inbox.ru

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(1):66-77 Plashchansky L. A. et al. Improvement of electric energy quality in underground electric networks...

OHEPIETUKA, ABTOMATU3ALIUA U SHEPTO3®PEKTUBHOCTDb
Hay4Haa cTtaTbs

MoBbiWweHne KayecTBa GHEKTqueCKOﬁ JHeprum
B NOA3€MHDbIX JJIEKTPUYEeCKUX ceTax
BbICOKOMNPON3BOAUTEJIbHbIX YrOJ/ibHbIX LUaXT

JILA. Ilnamaxckuii! 5%, C.H. PemmreTHAK? <, M.IO. PeiieTHsAK?

! HayuoHanwsHelii uccnedosamensckuli mexHonozuueckuil yHusepcumem
«Mockosckuil uHcmumym cmanu u cnaasoe» (HUTY MUCuC), 2. Mocksa, Poccutickass @edepayus

2 Unucmumym npo0bsemM KOMNIeKCHO20 0c80eHUs1 Hedp Poccutickoti akademuu Hayk (UITIKOH PAH),
2. Mocksa, Poccuiickas @edepayus

DA reshetniak@inbox.ru

AHHOTaUuA

OpHMM 13 OCHOBHBIX (PaKTOPOB 3(PhEKTUBHOTrO GYHKI[MOHUPOBAHUSI CUCTEMBI 3JIEKTPOCHAGKEHMST BhICOKO-
TIPOM3BOIUTENIbHBIX YTOIbHBIX MIAXT SIBJSIETCST OecriepeboiiHOe MUTaHMe IeKTPOIHEPTHEN TTO3EeMHbBIX ITO-
TpebuTesieil BCero TeXHOJIOTMYECKOTO IUKIIA MTPU TOCTATOUHOM KOJIMUYECTBE 3JIEKTPOIHEPTUM ¢ 06s13aTesb-
HBIM COOJTIOleHMEeM TTOKasareseli ee KauecTBa. AHAIN3 3JIEKTPOIOTPebIeHnsT BhICOKOIIPOM3BOAUTEIbHOM
YTOJIBHOJ MIAXThI TTOKA3aJI, UTO MOPSIIAKA 57 % moTpebuTeneit sIeKTPUUECKO SHeprUM PaCIIONOKEHbI B IO -
3eMHbBIX BbIpaboTKax. [IoTpe6uTeNM MOKHO Pa3geNuTh HA YUaCTKM OCHOBHOTO TEXHOJIOTMYECKOTO ITPoIecca
IOObIYM YIJIsi: MOObIUHBIe yuacTKu (13 %); yuacTKu KOHBejiepHOro TpaHcmopra (13 %); moaroToBMUTeIbHbIE
yuacTku (8 %), M y4acTKM BCIIOMOTaTeIbHbIX ITPOIIECCOB TOOBIUM YIVISI: BOAOOTIUB (23 %). YBennueHue qoam
PeryamMpyeMbIX 3JIeKTPOTIPUBOMIOB B 0011eM 6ajjaHCe MOIIHOCTE BbIEMOYHBIX YYaCTKOB MPUBOAUT K TTOSIB-
neHn0 (HaKTOPOB, He XapaKTepPHbIX paHee ISl TIOA3eMHbBIX JTeKTpudeckux ceteit. K takum dakropam oT-
HOCSITCSl U3MEHEHMe TapMOHMYECKOTO COCTaBa CeTU, MOSBAEHME BBICUIMX TAPMOHMK TOKA U HAIMPSDKEHUS,
OKa3bIBAIOUIMX BAVSHYE HA MUTAIOIIYIO CETh, HArPEeB 37IeKTPOOOOPYIOBAHMS, TOTEPU MOIHOCTY U JIEKTPO-
sHepruu. I103ToMy BONPOCHI MOBBILIEHMS] KaueCTBa MEKTPUIECKON SHEPIUM B MTOA3EMHBIX SJI€KTPUIECKIUX
CeTSAX BBICOKOIIPOM3BOAUTENBHBIX YTOJBHBIX IIAXT SIBJSIOTCS aKTyaJbHbIMU. B pesyibTaTe IMpOBeEeHHBIX
MccIeAoBaHMii pa3paboTaHa MeTOAMKa MPOBEAEHMs SKCIIepUMEHTAIbHbBIX MCCIeNOBaHNI ITOKa3aTeseil Ka-
YyeCTBa JIeKTPUUECKOI SHepruu (TIpeicTaBlieHHas B BUJIe aJITOPUTMA) TPUMEHUTEIBHO K CIIeIU(pUIECKUM
YCIOBUSIM BbICOKOIIPOM3BOAUTEbHBIX YTOJMbHBIX IIAXT, B TOM YMC/Ie OTIACHBIX 1O BHE3aITHBIM BbIOpOCAM ra3a
¥ TpUTK. JlaHHAs MeTonuKa Oblia armpoOMpoBaHa Ha psifie YroibHbIX maxT KoMmmaHun AO «CYIK-Kys6acc».
Takske TmpencTaBieHbl Pe3ylbTaThbl NMIPOBENEHHbIX SKCIIEPUMEHTANbHBIX MCCAeN0BaHMII MO OIpeneIeHnI0
(akTMueckoro ypoBHS CyMMapHOro K03hduIMeHTa TapMOHNYECKUX COCTABJSIOMINX B TMOA3EMHBIX 3JIeK-
TPUYECKMX CETSIX BHIEMOUYHBIX YUACTKOB YrOJIbHBIX IIaXT. BakHOe 3HaueHue uMeeT 060CHOBaHNe Mapame-
TPOB GUIBTPA BBICIINX TAPMOHMUK, ITPeJCTaBIeHHbII aITOPUTM pacueTa KOTOPOro OCHOBbIBaeTCs Ha pa3pa-
60TaHHOI MeTomuKe. VcciemoBaHus 1TOKa3aau, YTO IIpMMeHeHMe MPSIMOro ¥ 06paTHOro Ipeo6Gpa3oBaHuMii
Clarke gyist pacuera mapaMeTpoB (GUIbTPa BBICIINX FAPMOHMK MTPUMEHMMBI /111 BCEX YPOBHEI HATIPSDKEHWIA.
VIMuTaIIMOHHAsT MOJIe/Ib CUCTEMBI JIEeKTPOCHAOKEHMST BBIEMOUHOIO yUacTKa YrOJIbHOI IIaXThl MO3BOJISIET
MCCIeA0BATh YUIOBMS AeMII(UPOBAHMS BICHIMX FAPMOHUK C TTIOMOIIBIO YCTPOICTBA TOBBILIEHMS] KAUeCTBa
97IeKTPUYECKOVi SHepruu. Mcrnonb3oBaHme MpenjioKeHHbIX TEXHMUYECKUX PelleHuii M0 MOBbIIIEHNIO Kaue-
CTBa IeKTPUYECKON SHEPTUYM HAa OCHOBE MMUTAIMOHHOTO MO eI POBaHMS TO3BOIUIIO CAeIaTh 3aK/IlI0ueHye
006 yCremHoM JeMI(GupoBaHuy BbICHIMX TADMOHUK, B YaCTHOCTY, CHYSKEHUY CYMMAapHOTO 3HAUYEHWSI HaIpsi-
>keHUs TapMoHnuyeckux coctapisiiomyx (THD (U)) ¢ 9,07 mo 1,77 %.
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Introduction

The stable operation of highly productive coal
mines at a new technical and economic level forms the
basis for the coal mining industry in Russia [1-3]. This
is due to the current technological and geopolitical
challenges that the Russian Federation is facing.

One of the main factors for the effective functio-
ning of power supply system in highly productive coal
mines is uninterrupted power supply for underground
consumers of the entire process cycle at a sufficient
amount of electric energy at a high level of quality and
performance.

The technological processes in modern coal mines
use power-intensive powerful stoping, tunneling, and
transport complexes, digital telemetric control, protec-
tion, and blocking systems, as well as auxiliary devices.
The high power intensity of the modern highly produc-
tive complexes is provided by various systems of elec-
tric drives, including controlled ones based on semi-
conductor devices, especially thyristor converters [4-6].

The use of these devices causes deviations in the
electrical energy quality parameters from standard levels
and leads to the inadmissible heating of electric motors,
power transformers, cables, and other electrical equip-
ment [7-9]. This poses a danger to the underground
electric networks in highly productive coal mines with
specific operating conditions and integrated techno-
logical process, on which the productivity of the whole
enterprise depends. Therefore, it is of key important to
monitor the quality of electrical energy in underground
electric networks of high productivity coal mines.

Basic Framework

Analysis of electric energy consumption in high-
ly productive coal mine has shown that about 57 % of
electric energy consumers are located in underground
workings. Such consumers can be divided into the areas
of basic technological process of coal production: pro-
duction areas (13 %); conveyor transport areas (13 %);
preparation areas (8 %), and areas of auxiliary process-
es of coal production: mine drainage (23 %), etc. Ful-
ly-mechanized longwalls (stoping areas) are among the
most energy-intensive consumers and the initial step
of the entire technological process of coal production.
Therefore, this stage requires specialattention.

In the historical studies [10, 11] the findings of the
harmonic composition analysis in the electric networks
of step-down substations (SDS) of the highly produc-
tive Polysaevskaya coal mine (JSC SUEK-Kuzbass) were
presented. In particular, Total Harmonic Distortion
Voltage (THD(U)) for the corresponding substations
SDS-12 (48 %), SDS-910 (37.7 %), SDS-948 (41.75 %)
was determined. These results were corrected and up-
graded in the course of the further research. The fin-
ished (upgraded) values of Total Harmonic Distortion
Voltage (THD(U)) for the corresponding substations
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were as follows: SDS-12, 13.48 %; SDS-910, 10.77 %;
SDS-948, 11.8 %.

A fully-mechanized longwall includes the fol-
lowing equipment: coal shearer; powered support;
longwall conveyor; loader; crusher. Examination of
fully-mechanized longwalls has enabled the share of
controlled power of the process electrical equipment
to be identified in the highly productive fully-mecha-
nized longwall of the coal mine.

For the network which is the subject of this study,
the share of controlled power through using converters
is about 15 % for the Eickhoff SL-300r coal shea-rer, but
much higher, about 33 % for the FFC-9 scraper conveyor.
This is due to the use of a soft starter that works for a
short time. However, during repair work the number of
starts can be large. The controlled power percentage of
the FSL-9 loader is 100 %, and its electric motor is po-
wered by a frequency converter. The FBL-10G crusher is
directly connected to the power supply network [4, 5].

It should be noted that about 35 % of electric
drive systems are connected to a power supply net-
work through converters which are the source of
higher harmonics [5, 11]. The increase in the share of
controlled-velocity electric drives in the total pow-
er balance of stoping faces leads to factors previously
atypical of underground power networks. Such factors
include changes to the harmonic composition of the
network, as well as higher current and voltage harmon-
ics which can affect the supply network. They can also
lead to the heating of electrical equipment, power and
electric energy losses.

The research was carried out in the highly produc-
tive fully-mechanized longwalls in the JSC “SUEK-Kuz-
bass” mines. Experimental investigations were conduct-
ed using the method presented in the form of algorithm
(Fig. 1). An Algodue Elettronica UPM 3080 recorder of
parameters was used to analyze harmonic composition
in the underground electric networks of the coal mines.
The analyzer, in addition to measuring the basic pa-
rameters of electric energy, allows individual and total
harmonic distortion (factor) (THD) to be measured for
voltage and current up to the 40" harmonic.

Analysis of the results of the experimental studies
(Fig. 2) showed the significant exceeding of normative
values of the voltage harmonic distortion (factor) Uy,
(for the harmonic components). The 5% and 7" har-
monics are particularly prominent.

Total Harmonic Distortion Voltage (THD(U)) was
determined as:

40 UZ
THD(U)=,|> —100%, 1)
n=2 Ul

where U, — voltage level of the n-th harmonic compo-
nent; n — harmonic number; U; — voltage level of the
1st harmonic.
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GOST 32144-2013 “Electric energy. Electromag-
netic compatibility of technical means” introduces
limits for the parameter (THD (U)) which may not ex-
ceed 5 % (voltage level of 6 kV).

The study allowed the actual total harmonic
component of voltage in the electric network of the
fully-mechanized longwall to be determined. This
amounted to 10.72 %, exceeding the normative value
(not more than 5 % according to GOST 32144-2013) by
2.14 times.

( Beginning
4% Measuring EEQI

Checking
the EEQI compliance
with GOST

Yes

Determination of the list of EEQI
to be improved

v

Determining EEQI excessive value

v

Analysis of the reasons
of the EEQI non-compliance

Whether
it is possible to eliminate
the reasons of the EEQI
non-compliance

Development of recommendations
to improve the EEQI

v

Technical, methodical, and organizational
implementation of the recommendation
to improve the EEQI

Checking
the EEQI compliance
with GOST

No

End

C e

Fig. 1. Algorithm of experimental studies
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The improvement of electric energy quality pa-
rameters in underground networks in highly pro-
ductive coal mines may be achieved through the
installation of resistivity bridge harmonic filters
[12-14]. In order to select the optimal resistivity
bridge harmonic filter, an algorithm was developed
(Fig. 3). Selection of the resistivity bridge harmon-
ic filter based on this algorithm was carried out
through determining the power factor. If the power
factor requires upward correction, then a resistivity
bridge harmonic filter is proposed for installation.
If no correction is required, then a number of passive
narrow-band (higher) harmonic filters or a passive
broad-band (higher) harmonic filter can be installed
[15-17]. The experimental study showed a low power
factor cos ¢ = 0.77 at the fully-mechanized longwall.
Thus a resistivity bridge harmonic filter was adopted
as a higher harmonic filter. Examination of the ex-
isting resistivity bridge harmonic filters shows that
the most common connection diagram for resistivity
bridge harmonic filter connection is the diagram with
its parallel connection to the network with capacitive
storage. This is due to the simplicity of the filter im-
plementation [18, 19].

The general operation principle of a resistiv-
ity bridge harmonic filter consists of the following:
active generation of compensating current (Isgr)
in antiphase with the load-affected current harmo-
nic distortion (I;,44), mutual compensation of these
currents; and obtaining a sinusoidal current as a re-
sult (Igrid)-

The theoretical basis for the creation of resis-
tivity bridge harmonic filters is the instantaneous
power theory (p-q Theory) presented in [19, 20].
According to this theory the instantaneous power
is determined in the time domain through trans-
formation of the voltage and currents from an abc
reference frame to components in a stationary
of0 reference frame. This is known as the Clarke
transform.

In the case of underground electric networks of
coal mines, where there is no zero protective conductor
(insulated neutral mode), the matrices of Clarke trans-
forms will be as follows:

- forward Clarke transformation for voltages in
underground coal mine networks:

1 1
——— —— ||u
Uy |_ |2 2 ua
u| V3|3 B[P @
oy T

where u, — projection of voltage vector on o axis;
ug — projection of voltage vector on B axis; u, — volt-
age of A-phase; u, — voltage of B-phase; u,— voltage of
C-phase;
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—inverse Clarke transform for voltages in under-
ground coal mine networks:

1 0 |
|1 VB ],
PUN3L 2 2 |y | ©)
Llc 1 \/g

2 2

— forward Clarke transform for current in under-
ground coal mine networks:

1
l(X
iy
where i, — projection of current vector on a axis; i —
projection of current vector on B axis; i, — current
of A-phase; i, — current of B-phase; i. — current of
C-phase;
—inverse Clarke transform for current in under-
ground coal mine networks:

1

2 2

2
2 2

~. _~.
Q

~.
(S
-

“4)

C
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Instantaneous total power in complex form:
s=0l = (u, + jug) iy, - jiz) =

(6)

D =Uyly, +Ugly =P+ P;

q=Ugl, —Uyly =q -,

where p — instantaneous actual (active) power; g — in-
stantaneous fictitious (reactive) power; p — average
value of active power; p — pulsed active power (average
value is equal to 0); g — average value of reactive pow-
er; q — pulsed (oscillating) part of reactive power.

The levels of currents in matrix form in coordi-
nates o and [ are defined as:

q

HE=

The levels of currents in o and B coordinates are
defined as:

Uy,

1
T2 2
u, +uB

Ug

7
N 0

) 1 0 P 5+uOC B u, a+ U, i
1 . - )
l.a 2] 1 ﬁ i Cwdw ulvw wlul o ul vl
PN 2 2 ||g | ) ) ) ) ) ®)
le B B - B = B~
1 _ﬁ B 2 T e il 22T
L 2 2 o B o B o B o B
7 .
6_
5_
X 44
S
S
: 5]
2_
1_
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Fig. 2. Harmonic composition at the feeder cubicle of the fully-mechanized longwall
of “S.M. Kirov” Mine (JSC “SUEK-Kuzbass”)
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The capacitance of the storage capacitor of the re-
sistivity bridge harmonic filter according to [16] can be
defined as:
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T/12
| @, +P)dt
)

0
AU (AU +2U,)’

where C - capacitance of storage capacitor, uF; T -
supply-line voltage period; T, — capacitor distortion
power (rectified voltage), VA; P, — IGBT losses power,
VA; AU,c - magnitude of rectified voltage variation, V;
U,c — magnitude of rectified voltage, V.

In order to determine the capacitance of storage
capacitor of a resistivity bridge harmonic filter we take
the following assumptions:

40
T,=\3UY I,;
n=2

40
T, =31 U,;
n=2

(10)
. 1 .
Py = Poong + Py = Ll +§UCEmaX ICmaX ’
AUdC = O, OSUdC 3
where U - first harmonic rms voltage, V; I, — nth har-

monic component current, A; I — first harmonic rms
current, A; U, - nth harmonic component voltage, V;
P, — IGBT static losses power, VA; P, — IGBT dynam-
ic losses power, VA; i. — instantaneous IGBT collector
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current, A; u, — instantaneous IGBT emitter-collector
voltage, V; Uck,,,, — maximum IGBT emitter-collector
voltage, V; Ic,,., — maximum IGBT collector current, A.
In this case, the resulting formula for calculating the
storage capacity of a resistivity bridge harmonic filter
for voltage levels of distribution networks of highly
productive coal mines has the following form:

T/12 1
U,+ += U I dt

.[ [[Ul z ( u CEmax Cmax j] (11)

AU, (AU, + ZUdC) '

Results of calculating storage capacity of resis-
tivity bridge harmonic filter at different voltage levels
of underground mine distribution networks are shown
in Fig. 4.

The calculation of the input choke inductance
of the resistivity bridge harmonic filter is as follows:

AU
2nfl’
where AU - is choke voltage losses, V; f — is power fre-
quency, Hz; I — current, A; L — inductance, H.

The value of the input choke inductance of the re-

sistivity bridge harmonic filter is calculated based on
the total power of the circuit S =3UI and (12):

_\3UAU
2nfS
The results of calculating the inductance of the in-
put choke of resistivity bridge harmonic filter for volt-

age levels of underground mine distribution networks
are shown in Fig. 5.

C=2

AU=2nfLI or L= (12)

(13)
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Fig. 4. Parameters of storage capacity of resistivity bridge harmonic filter
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Practical implementation of research findings

The study allowed for a device for automated mon-
itoring of electric energy quality parameters to be de-
veloped.

The device is installed in the power train of ful-
ly-mechanized longwall of a mine. When current flows
through the device, the analyzer determines the main
parameters of electric energy quality (power factor,
harmonic composition, etc.).

The research findings regarding the possibil-
ities of higher harmonics dampening in under-
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ground networks of coal mines using the proposed
device allowed a simulation model of the power
supply system to be built (Fig. 6) This model estab-
lishes the possibility of reducing higher harmonics
effect on the supply network. The model includ-
ed a three-phase universal meter which allows the
waveform at the voltage source to be estimated
when the higher harmonic components compensa-
tion system is OFF and when it is ON. An oscillo-
graph is used as the output device of the three-phase
universal meter.

0.05
0.04
s
8‘ 0.03
=)
I
g
E 0.02
0.01
0 L= L L =
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Power, kVA
—=o— 380 B —e— 660 B 1140 B —e— 3300 B =o— 6600 B
Fig. 5. Parameters of input (prefilter) choke of resistivity bridge harmonic filter
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Fig. 6. Simulation model of power supply system for a coal mine fully-mechanized longwall with the basic process
equipment and the resistivity bridge harmonic filter
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The model also includes a resistivity bridge har-
monic filter, connected to the power supply system of
the fully-mechanized longwall. The resistivity bridge
harmonic filter includes: an input reactor; a three-
phase active bridge rectifier based on high-voltage
IGBTs; a capacitive storage of the resistivity bridge
harmonic filter C; and the filter control system. The
simulation model includes several subsystems: LOAD
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(load (Fig. 7)); CLARKE resistivity bridge harmonic fil-
ter control system (Fig. 8).

The LOAD subsystem of the simulation model in-
cludes three step-down substations (TEC 1324, TEC
1534, TEC 1324) of the fully-mechanized longwall
power train and a number of subsystems which simu-
late the load of the electric networks of the longwall:
EickoffSL-300, FBL-10Glinik, FSL-9 Glinik, FFC-9 Glinik.
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Fig. 9. Results of the simulation modeling of power supply system for a coal mine fully-mechanized longwall with basic
process equipment and a resistivity bridge harmonic filter

The simulation modeling of power supply system
for a coal mine fully-mechanized longwall with basic
process equipment and a resistivity bridge harmonic
filter (Fig. 9) showed significant reduction of the to-
tal voltage of harmonic components (THD (U)). This
confirms the effectiveness of the resistivity bridge
harmonic filter in underground electric networks of
coal mines.

Conclusion

The study presents the results of the first ex-
perimental investigations to determine a number of
electrical energy quality indicators in specific con-
ditions in coal mines with highly productive ful-
ly-mechanized longwalls using the technique herein
developed. For example the results of determining the
total harmonic components voltages (THD (U)) and
power factor cos ¢ are given. Furthermore, the study
also substantiated the effective application of devices
aimed at improving the quality of electrical energy in
underground electric networks of highly productive

coal mines, the selection of which was carried out
using the proposed technique. The parameters of the
device were adjusted using the proposed technique.
This allowed the analytical dependences to be ob-
tained. It also allowed the parameters of the resistivi-
ty bridge harmonic filter for the specific conditions of
the underground electric networks to be determined
depending on the harmonic composition, voltage lev-
els, and power of consumers of the fully-mechanized
longwalls.

A simulation model of a power supply system of
a fully-mechanized longwall aimed at investigating
the conditions of higher harmonics dampening us-
ing the device for improvement of electric energy
quality was constructed. Application of the proposed
technical solutions, in order to improve the quality
of electric energy based on the simulation modeling
allowed successful damping of higher harmonics to
be achieved, for example, a reduction of the total
harmonic components voltage (THD (U)) from 9.07
to 1.77 %.
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Behaviour of electric drive of roller-bit drilling rig swivel head
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N.M. Kuznetsov! P4, I.N. Morozov?>
! Kola Scientific Center of the Russian Academy of Sciences, Apatity, Russia
* Murmansk Arctic State University, Murmansk, Russia
DA< n.kuznetsov@ksc.ru

Abstract

The efficient consumption of electric power in mining is an important task in power consumption optimization.
The use of high-performance drilling rigs requires special attention to the development of energy-saving
electric drive for open-cut mining operations. The increase of the efficiency factor and energy performance of
a drilling rig is achieved through controlling the electric drive which allows the specific resonance frequency
and limiting the current and velocity amplitudes to be regulated. The main idea of the study lies in the
application of fuzzy controllers in the systems of automatic control of processes and equipment modes
in mining production. The use of fuzzy controllers is aimed at improving the characteristics of PI and PID
controllers. The calculations and simulation of transients based on simulation models in the MatLab 7.11
Simulink software package allowed reliable analysis of modes of a swivel head electric drive operation
to be carried out. In the course of simulating the transients of swivel head velocity varying with the use
of a fuzzy controller, fuzzy variables including mismatch of rotation velocity, mismatch change speed,
velocity setting voltage were justified. The analysis allowed for the term-sets of fuzzy variables and the
membership functions for each term-set of fuzzy variable to be defined. The simulation results showed that
the control time (response) of transients of the swivel head motor torque and current change when using
the swivel head velocity control by a fuzzy controller with increasing load depending on the rock hardness
decreased by a factor of 2. Implementation of a system of automatic control of swivel head velocity with the
application of a fuzzy controller allows drilling rig vibration to be reduced and provided effective protection
of the swivel head electric (motor) drive from overload, thus increasing reliability of the equipment, and
increasing drilling productivity.

Keywords

minerals, mining, power consumption, energy performance, drilling rig, swivel head, electric drive, automatic
control, controllers, transients, fuzzy controller
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€ TIpU yIpaBIeHUM SIeKTPOIPUBOLOM, MO3BOISOIINUM pPeryaupoBaTh YAEeJbHYI0 PE30HaHCHYIO 4acTo-
Ty M OTPAaHMYMBATH aMIUIUTYbI TOKA U CKOpocTu. OCHOBHAs upaes paboThl 3aK/IIOYAETCSI B IPUMEHEHUN
HEUeTKUX PETY/ISITOPOB B CUCTEMAX aBTOMATUYECKOTO PETYJMPOBAHUS PEKMMAMU PAOOTHI IEKTPOIPU-
BOZA Bpaimaress 6ypoOBOrO CTaHKA IIAPOIIEYHOro OypeHwMs. VICronb30BaHMe HEUETKUX PEeryyisiTopoB Ha-
MIpaBJieHO Ha yiayduieHue xapakrepuctuk [MW- n ITU]J-perynsitopoB. PacyeTsl 1 MomenupoBaHue mnepe-
XOIHBIX MPOIECCOB C MPMMEeHeHMeM MMUTALVOHHBIX MOJe/ell B MporpaMMHOM KomIiekce MatLab 7.11
Simulink mo3BomMIM MPOBOOMUTH NOCTOBEPHBIN aHAIM3 PEXMMOB PabOThI MEKTPOIPUBOLA BpallaTess
6ypoBOTO cTaHKa. [I[py MOIeIMpOBaHUY MTePeXOLHBIX ITPOLeCCOB M3MEHEeHMsI CKOPOCTHM Bpalartesst 6ypo-
BOTO CTaHKA C MPUMEHEHMEM HEeUeTKOTO PEry/asTopa 0O0CHOBAHbI HeUeTKMe IMepeMeHHbIe: Paccoraaco-
BaHMe CKOPOCTU BpallleHMsI, CKOPOCTb M3MEHEeHUsI pacComIacoBaHMs, HallpsbKeHe 3aJaHus 10 CKOPOCTH.
[IpoBeeHHBIN aHAIM3 MO3BOIMI YCTAHOBUTH TEPM-MHOXKXECTBA HEUeTKUX MepeMeHHbIX ¥ (QyHKIUU MPu-
HaJJIEKHOCTU KakKAOMYy TepM-MHOXECTBY HEUYeTKOJ) IepeMeHHOJ. Pe3ynbTaTsl BBIMOJHEHHOTO MOJeNN-
pOBaHMS MOKa3bIBAIOT, YTO BpeMs PerylypoBaHMs IIepexXOJHbIX MPOLIeCCOB M3MEeHeHMsI MOMEeHTa U TOKa
JIBUTaTess BpallaTess [py NPUMEHEeHUM PEeryImMpoBaHMsI CKOPOCTU BpalllaTessi HEUeTKUM DPeryiasiTopoM
C yBeJIMYeHMeM Harpy3Kku B 3aBMCUMMOCTM OT KPellOCTU ITOPOAbI yMeHblllaeTcsl B 2 pa3a. BHenpeHnue cucre-
MbI aBTOMATHYECKOTO PEeTyIMPOBaHNSI CKOPOCTH BpaliaTessi 6ypoBOro CTaHKa C MPUMeHEeHeM HEeUueTKOTO
peryjisiTopa Mo3BOJISIET CHU3UTh BUOpALMI0O OGYPOBOTO CTaHKa, 06ecrneunTh 3QGeKTUBHYIO 3al[UTy IBUTA-
TeJIsl BpallaTessl OT MMeperpysky, MOBbICUTh HAAEKHOCTb PaboThl 060PYIOBAHMS Y TTPOM3BOAUTENLHOCTD
Tpu GypeHun.
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Introduction

In order to create intelligent systems for predicting
electricity consumption at mining enterprises, energy
and technological indicators must be monitored and the
effect of the indicators on electricity consumption ana-
lysed. Modes of process facility operation also need to
be simulated

When developing mathematical models of po-
wer consumption process, methods and approaches of
predictive modeling of power consumption must be
applied which take into account the specific features
of organizing, planning, and conducting mining [1, 2].
Analysis of geological, technological, and organiza-
tional factors which influence mining operations in
coal mines [3, 4] allows for dynamic and predictive
models of power consumption to be developed while
taking into account the basic temporal tendencies
and additive components within the limits provid-
ing stable level of power consumption. The model for
determining the processing plant’s ball mill power
consumption [5] for intelligent predicting system al-
lows the efficiency of electricity consumption by the
mill electric drive to be assessed. It also allows for the
control system quality indicators to be determined,
including controlling the load schedule, predicting
production cycles and power consumption peaks, re-
distributing loads and analyzing changes in the mill
operating mode. The implementation of automated
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systems of monitoring and control of production pro-
cesses of mining enterprises with the use of frequen-
cy-controlled electric drives allows for a significant
reduction in power consumption, as well as equipment
maintenance and repairing costs [6]. Efficient power
consumption in minerals mining and processing sec-
tor is an key objective in power consumption optimi-
zation [7]. The application of high-performance drill-
ing rigs requires special attention with regard to the
development of energy-saving frequency-controlled
electric drive for open-cut mining operations. The in-
crease in the efficiency factor, power quality, and en-
ergy performance of a drilling rig is achieved through
controlling the electric drive. This allows the specific
resonance frequency and restricting the current and
velocity amplitudes to be regulated using simulation
of transients with a PID controller [8, 9]. Frequen-
cy-controlled electric drive used for swivel head ve-
locity control provides for high-quality mechanical
characteristics in the entire range of electric motor
velocity controlling.

Effect of the key process parameters in unstable
drill bit rotation mode on the energy performance is
shown in [10].

The application of common harmonic filters
[11, 12] and resistivity bridge harmonic filters [13] al-
lows the quality of electric power to be improved. The
use of fuzzy controllers in automatic process control
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systems of mining enterprises is expanded [14]. Librar-
ies of fuzzy control in modern programming systems
have convenient graphical interface and allows for cor-
rection of the type of fuzzy output membership func-
tion that greatly simplifies the setting up of fuzzy con-
trollers automatic control systems and improves the
characteristics of PI and PID controllers [15]. The com-
putation and simulation of dynamic drilling processes
is a complex task which makes it difficult to automate
drilling process and requires the use of human resourc-
es to control and manage the process. Therefore, the
development of drilling process control systems with
the use of fuzzy control seems urgent.

Description of swivel head electric drive
The velocity control of swivel head drive (of
self-propelled rotary drilling rigs (BSSh-1M, BSSh-2M,
2SBSH-200) was achieved by changing the generator
excitation in the generator-motor system with the
use of generator voltage feedback and rotating mag-
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netic amplifier [16]. The swivel head electric drive of
BASh-320 self-propelled roller-bit drilling rig was
powered by a three-phase power magnetic amplifier.
The swivel head electric motor drive of SBSh-250 MN
self-propelled roller-bit drilling rig is provided by the
thyristor converter, a direct current motor system with
automatic bit velocity control, when changing drilling
parameters. A voltage and velocity sensor is used in the
swivel head motor control and excitation circuit. After
applying voltage to the control and excitation circuit of
the swivel head motor drive, the velocity and feed force
are set depending on rock hardness. The required axial
force applied to the bottom hole is set with the control
knob of the pressure controller.

Model parameters
Parameters of the main drive links of the swiv-
el head electric motor drive control system were de-
termined pursuant to the traditional method and are
shown in Table 1.

Table 1
Parameters of swivel head electric motor drive control system with different types of standard controllers
Parameter, model element Function Value
Current elements
p 42.07
Transfer function W W(p) = —_—
ransfer function W(p) (p) +Tp 140,066
Modulus of rigidity of linearized mechanical _2M,
- . B Ser 42.07
characteristic of electric motor, 8 wy
Breakdown torque M, Nm - 309
Critical slip, s, - 0.144
. 2rn,
Angular rated motor velocity o, ¢! Oom = g9 102
Equivalent electromagnetic time constant of T = 1
S e 0.066
motor stator and rotor circuits T, @, S,
Angular velocity of electric motor o _ 2nf 104.7
electromagnetic field ,, . rad/s Octnom :
Supply frequency f, Hz - 50
Number of pole pairs, p - 3
Mechanics
Transfer function W W(p)=— !
ransfer function p)=—— —
) BT, p 0.13p
L J
Electromechanical time constant of motor, T, T,= 5 0.003
Mass moment of inertia reduced to motor shaft, 0.126
J,kg-m’ '
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End of Table 1

Parameter, model element Function Value
Frequency transformer (pole zone f; <f, =50 Hz)
Transfer function W, W, (p)= bor 05
ransfer function W,(p) or 14T, p 1+0.001p
Transfer factor k Boy _ 2, 0.3
ransfer factor = = .
pr AU, pAU,
Integration constant T, , s Ty =Toy+ Ty 0.021
PI controller of velocity
AU 0.008p +1
Transfer function W, W (p)=—" =k, +— Yep+1
ransfer function W,.(p) (D) v, ety 0.09
Integration constant T, Tye = ke Kpmkpran Ty 0.09
T
Transfer factor ky, kye = T 0.09
pc
PI controller of current
Transfer function W. W () AU, e oo ! 0.06p +1
ransfer function = =
pm(P) pm\P AU, " p 0.03p
Integration constant T, ¢ Tym = Ko.tkpran Ty 0.3
T01
Transfer factor k, Ky = T 0.2
pm
Feedback circuit
i AUf c
Transfer function W (p) W, (p)= — =k,
. Ao .
Up
Velocity feedback factor k, k, = w—m 3.7
U
Current feedback factor k, k.= I— 0.03
Rated control signal us,,,, V - 380
Rated velocity w;om, rad/s - 102
Asynchronous motor
W (p) = An 1
Transfer function Wy(p) a\P)= Aw, - T, ol + T p+l
1 1
W, (p)=
>
at Ty, > 4T, d (Ty,p+1)(T,p+1) (0.008p +1)(0.02p +1)
11 4T,
Small uncompensated constant Ty, s —= I+ [1-— 0.008
TOl 27’:3 Tm
11 4T,
Small uncompensated constant Ty, S —= 1- 1-— 0.02
T,, 2T, T,



https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0NMA
2022;7(1):78-88

Simulation of transients with PI controller

Transient design and calculation was carried out
using MatLab 7.11 software by means of simulating the
system in Simulink program (Fig. 1).

The simulation was performed for the follow-
ing modes of the swivel head velocity change: start-
up; velocity change according to the setpoint at the
5th second; velocity change at the 10 second, intro-
ducing variable load at the 15" second. The load ap-
plication mode is a sharp change in static torque on
the motor shaft. The simulation results are shown
in Fig. 2.

0.008s + 1 0.065 + 1 0.3
_’ [ —
j <+;> 0.09 © 0.35 0.001s + 1
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Simulation of transients with PID controller

When performing the system control with a
PID-controller. In MatLab 7.11, it is possible to au-
tomatically determine PID controller parameters for
a given system using the tune (tune, adjust) button
available in the PID controller parameters. Entering
the tune block allows for the parameters to be adjusted
manually. By comparing the characteristics obtained
by automatic tuning and manual tuning, we select the
most favorable PID controller control for the given
system. The control of the PID controller parameters
is shown in Fig. 3.

42.07 N 1
0.066s + 1 '{>_ '<+—>' 0.13s

=

U3 PC PT Pf D.T3 K D.M3 —>
Scope
0.005 |<
K1
0.03 I:
Kt
3.7 I:
Ke

2

Fig. 1. The system model in the MatLab environment

w, rad/s {5

100 +

50

M, N*m 1500

1000

-500
1000 | | | |
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ol 4

i i i i i t,s

I) A 600 T T T T
400
200

-200 1 1 | |

i i i i 1 t,s

0 2 4 6 8

10 12 14 16 18 20

Fig. 2. Plots of transients with PI controller
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L1 Function Block Parameters: PID Controller @

PID Controller A

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button
(requires Simulink Control Design).

Controller: |PID
Time-domain:
(& Continuous-time

O Discrete-time

Main | PID Advanced | Data Types | State Attributes

Controller settings

Controller form:  Parallel v

Proportional (P): | 0.294694357484981

| |
( |
Integral (I): |0.0175336024648417 j
l |
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The simulation was performed for the following
modes of the swivel head velocity change: startup, ve-
locity change according to the setpoint at the 5th sec-
ond, load change at the 10th second, introducing vari-
able load at the 15" second (Fig. 4).

The load application mode is represented by a
sharp change in static torque on the motor shaft. The
simulation results are presented in Fig. 5.

The graphs of transients when using PID con-
troller show the change in swivel head velocity,
change in torque, change in current at the preset
values. The graphs show that the use of a PID veloc-
ity controller has a much better effect on the change
in velocity, torque, and current characteristics. The
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control time (response or transient period) decreas-
es. The use of such a controller is most advantageous
for this system.

Synthesis of fuzzy controller for automatic control
of swivel head velocity

In order to simulate the transients of a swivel head
velocity varying with the use of a fuzzy controller, the
fuzzy variables were set, including mismatch of rotation
velocity, mismatch change rate, velocity setting voltage.
The term-sets of fuzzy variables were determined, and
the membership functions were set for each term-set of
fuzzy variable. All these membership functions were im-
plemented in the MatLab function editor (Fig. 6).

0.06s + 1 0.3 42.07 R 1
j E;) PIDG) 03s | °]0.001s+1 0.0665 + 1 '{>_ E;P 0.13s ]
_’
U3 PID Controller PT Pf D.T3 K D.M3
| Scope
0.005 |1
| K1
0.03|1
Kt
3.7 I:
Kc j
Mc
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Fig. 4. System model in MatLab
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Fig. 5. Graphs of transients with PID controller
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The signals of mismatch of rotation velocity and
speed of the mismatch change were set at the input of
fuzzy controller, and attained the velocity setting volt-
age signal at the output.

Designing transients with fuzzy controller

Transient design and calculation was carried out
using MatLab 7.11 software through simulating the
system in Simulink program (Fig. 7).

Transients modes for simulating swivel head's ve-
locity automatic control system with fuzzy controller
were set as the same for the simulation with PI and PID
controllers. The results of transients with fuzzy control-
ler simulation under the given modes are shown in Fig. 8.
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The results of the transients simulation for the set
modes with different controllers are shown in Table 2.

Mode 1: Transient at startup under load (t = 0 s).

Mode 2: Transient at increasing setting signal
(t=55).

Mode 3: Transient at increasing load (t = 10 s).

Mode 4: Transient at uneven load (t = 15 s).

A comparative analysis of the transients quality
indicator based on the results of simulating the drilling
rig automatic control systems at the set modes showed
that using swivel head's velocity control system with
fuzzy controller significantly reduces the current
change of transient response (time).

0.06s + 1 0.3 42.07 1
j I_"ZXX&— 0.3s _’0.0013 +1 0.066s + 1 t{>__’@_' 0.13s i’ I:I
U3 J’ Fuzzy Logic PT Pf D.T3 K D.M3 -
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Derivative 0.005 |: Scope
K1 !
0.03 }47
Kt
)
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Fig. 7. Model of the system with fuzzy logic controller in MatLab
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Fig. 8. Graphs of transients with fuzzy controller
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Table 2
Transients control time
Control (response) time, s
Operation modes Controller type . . (resp )
swivel head velocity torque current

PI controller 2.3 2.5 2.4
Mode 1 PID controller (three-term 273 23 25

controller)

Fuzzy controller 2.3 1 1

PI controller 2.8 2.4 2.5
Mode 2 PID controller (three-term 2.4 3 3

controller)

Fuzzy controller 1.4 1.1 1.4

PI controller 1.4 1.7 1.9
Mode 3 PID controller (three-term 1.8 1 2

controller)

Fuzzy controller 1.1 0.7 0.7

PI controller 1.9 2.1 1.8
Mode 4 PID controller (three-term 9 9 2.9

controller)

Fuzzy controller 1.3 2 1.3

Conclusions

The study substantiated the feasibility of suc-
cessful applying simulation modeling for investigat-
ing the operation of swivel head electric drive, using
the MatLab software environment. The results of the
swivel head operation modes simulation with the
standard controllers and the fuzzy controller showed
that transients response (time) for the set modes of
the automatic control system with the fuzzy control-
ler decreased. The simulation results showed that
the transient control time of the swivel head motor

torque, and current change when using the swivel
head velocity control with a fuzzy controller with
increasing load depending on the rock hardness, de-
creased about two times. Implementation of the sys-
tem of automatic control of the swivel head velocity
of the drilling rig with application of the fuzzy con-
troller will allow drilling rig vibration to be reduced.
It will also provide effective protection of the swivel
head electric (motor) drive from overload, increase
the reliability of the equipment and productivity
while drilling.
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