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Numerical modeling of open pit ventilation when varying the location
of the dust and gas cloud
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Abstract
Research objective is to estimate the effect of bulk explosion location and the initial height of the dust
and gas cloud on open-pit natural ventilation time and the level of air contamination of the upper edge
of the open pit down the wind.
Methods of research. Computer modeling of aerodynamics and gaseous component transfer in the 2D
geometry is carried out with the COMSOL software. To calculate the aerodynamic characteristics,
the approximation of the incompressible fluid with the standard k—¢ turbulence model was carried out.
Gaseous component distribution was modeled using the numerical solution to the convection-diffusion
equation of contaminant transfer. Numerical experiments under the fixed initial concentration of the
gaseous component and the speed of the incoming wind flow have been carried out for three locations
of bulk explosions and six values of the initial height (from 70 to 420 m with a step of 70 m) of the dust
and gas cloud.
Research results and analysis. Spatial distributions of the model’s aerodynamic characteristics and
contaminants gaseous component when reaching the maximum permissible concentration in the modeled
area have been obtained. The estimated time of the open-pit natural ventilation and the dynamics of the
open-pit upper edge air contamination dynamics down the wind have been analyzed. The complex and
diversified nature of open pit ventilation for various locations of bulk explosions has been recorded.
The undulating character of contaminant loss has been predicted (with different heights of peaks)
conditioned by the presence of vortex formation in the open pit.
Conclusion and scope of results. For the recirculation scheme of ventilation, the situations with the
bulk explosion locations shifted to the windward edge of the open pit are the longest. It has been shown
that the reduction in the dust and gas cloud lift does not always ensure the reduction in the contamination
level at the upper edge of the open pit down the wind.

Keywords: open pit; bulk explosion; ventilation; lift; dust and gas cloud; contamination; numerical
modeling.

Introduction. The studies of open-pit acrology greats (Beresnevich P. V., Bitkolov N. Z.,
Konorev M. M., Mikhailov V. A., Nesterenko G. F., Nikitin V. S., Pavlov A. 1.,
Ushakov K. Z., Filatov S. S. and others [1-6]) contain rich experimental and theoretical
material on the issues of open-pit aeration in the course of blasting operations. These
studies contain analytical expressions that make it possible to estimate the dimensions
of the dust and gas cloud (DGC), its height dynamics depending on the temperature
drop in the atmospheric layer, the depth of the wells blasted, and other meteorological
and process parameters. The methods and means of protection against dust and toxic
gas and the issues of open-pit atmospheric composition control have been discussed in
detail.

In paper [7], the author depicted the emerging tendency of using several codes
(Flowvision, ANSYS Fluent, ANSYS CFX, COMSOL, etc) to solve the tasks of mining
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aerology and open-pit aerology [8—15]. It has been conditioned by some factors,
including the invention of high-end computers, the development of the software systems
of computational dynamics of fluid, and training of a new generation of specialists in
the field of information technology. The indicated papers deal with the issue of
occupational safety for miners that remains up to date.

Based on the method of numerical modeling, paper [7] analyses the estimated time
of open-pit natural ventilation when varying three parameters of the computer model,
namely the location of bulk explosions, the initial concentration of the gaseous
component in the DGC, and the speed of the incoming wind flow. The issues of DGC
initial height effect on open-pit ventilation time and the level of air contamination in the
upper edge of the open pit remained undiscussed. This study presents new results
concerning the indicated issues to correct these defects.

The research objective is to estimate the effect of bulk explosion location and the
initial height of the DGC on open-pit natural ventilation time and the level of air
contamination of the upper edge of the open pit down the wind.

P T
e rereEsnErEREEs e
FER R RR R B LT
BT . reees ————————
e ey crrmemerr e ——

e e
TP U PR PR TP

Figure 1. Stationary velocity field and streamlines in the geometric scheme of the open pit model
(the contours of the circles show three locations of bulk explosions: left—central-right)
Pucynok 1. CraunoHapHOe MOJie CKOPOCTH M JIMHMU TOKa B F€OMETPUYECKOil cXeMe MOJENn Kapbepa
(KOHTYpBI OKPY)XHOCTEH JEMOHCTPUPYIOT TPH MECTOIOJIOKEHUSI MAacCOBBIX B3PBIBOB: JIEBOE—
LEHTpaIFHOE—TIPaBOE)

Computer model description and the methods of research. To reach the set
research objective, the previously constructed COMSOL [16, 17] 2D model of open-pit
atmospheric air and gas dynamics has been used [7]. The selected geometry of an open
pit (Figure 1) ventilated as per the recirculation scheme [6, p. 34] has been chosen:
500 m deep, 1500 m long in the direction of the wind (relative length of the open pit in
the direction of the wind is 3, angle of slope of the leeward pit edge is more than 15°).

In numerical experiments, the following model’s parameters vary. The location of
bulk explosions (Figure 1): left — not far from the leeward pit edge and pit bottom
border, central — along the center of the pit bottom, and right — not far from the windward
pit edge and pit bottom border. The initial lift of the DGC ranges between 70 and
420 m with the step of 70 m.

The calculations hold two parameters fix, namely the initial concentration of the
gaseous component in the cloud is accepted equal to 100 maximum permissible
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concentration (MPC), and the speed of the incoming wind flow at the pit edge 10 m
high is equal to 5 m/s.

On the inflow boundary of the model, to set the velocity profile, the logarithmic
function is used [18].

For each location of the bulk explosion, one calculation of aerodynamic parameters
and six calculations for the initial height of the gaseous cloud are carried out.

0 0.2 0.4 0.6 0.8 1.0

Figure 2. Spatial distribution of contamination in the open pit volume at the time of
reaching the MPC level (in the legend — MPC units)
PucyHox 2. IIpocTpaHCTBEHHOE paclpeselieHue 3arpsA3HeHust B 00beMe Kapbepa Ha
MOMEHTHI BpeMeHH pocTikeHus yposas [1/IK (B nerenne — equaust [1/1K)

Numerical experiments have been carried out at the Extra fine grid (the number of
freedom degree is 58,964, and the number of triangular elements is 5,526). The results
are analyzed by stages in the same sequence as in paper [7].

At the first stage, open-pit atmosphere aerodynamics is calculated in the
approximation of the incompressible fluid (the equation of continuity and the Navier—
Stokes equation averaged according to Reynolds) applying the standard k—¢ turbulence
model (equation of turbulence kinetic energy and its dissipation speed) [19-21].
To obtain the spatial distribution of aerodynamics parameters (field of velocities and
the coefficients of eddy viscosity), the stationary problem is solved. Calculation stability
is reached by selecting the solver (Direct UMFPACK) and the values of the damping
ratios (Isotropic diffusion) for momentum conservation equations and (Turbulence
isotropic diffusion) for the k—& model equations at point 0.5. At the same step,
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the eddy diffusion coefficient is calculated through the averaging of eddy viscosity
ratios spatial distribution by the volume of the modeled area applying the Prandtl-
Schmidt number [2].

At the second stage, the distribution of the gaseous component of contamination is
modeled by solving the classic nonstationary convection-diffusion equation of passive
impurity transfer before contamination in the area modeled reaches the MPC.
Calculation stability is ensured by the selection of the indicated solver and damp ratio
value (Isotropic diffusion) at the level of 0.75. At this stage, to reach the MPC, multiple
numerical experiments had to be carried out to neatly “catch” the estimated time
of natural ventilation.

Table 1. The estimated time of ventilation of the open pit with
a variation of the initial location of the dust and gas cloud, s
Ta6uauna 1. PacueTHoe BpeMsi IpOBEeTPUBAaHHUA Kapbepa MpHu

BapUHAllMU HAYAJIBHOro Mectononoxenus I1I'0, ¢

Initial height of the Bulk explosions location
DGC center, m left central right
70 1563 1666 1754
140 1552 1668 1817
210 1501 1723 1917
280 1476 1872 2012
350 1424 1479 1873
420 1352 1346 1272

Each stage undoubtedly employs the initial and boundary conditions required for
calculation (e.g. see [22]).

The estimated time of open-pit natural ventilation is analyzed as well as the
atmospheric contamination level at the upper edge of the open pit down the wind,
depending on the initial lift of the gaseous cloud and the location of the bulk explosion
site.

Analyzing the results of numerical experiments. A typical scene of the spatial
distribution of contamination in an open pit when reaching the MPC for three locations
of bulk explosions under the same initial height of DGC is presented in Figure 2. It can
be seen that the area next to the leeward wall is clarified last of all (at the benchmarks
near 350 m; zone of stagnation develops there), and the structure of the contamination
area for various locations of bulk explosions has particular differences.

Table 1 and Figure 3 illustrate the results for open pit ventilation time under
the indicated parameters variation. For the overwhelming majority of the studied
situations, the longest processes of ventilation are the situations of the right location
of bulk explosions. However, there are some exceptions which are shown in Figure 3 and
Table 1.

It seems that for a recirculation scheme of ventilation, the longest are the situations
of bulk explosion locations shifted towards the windward pit edge.

Graphs arrangement in Figure 3 testifies to the complex and diversified nature of
open-pit ventilation for various locations of bulk explosions. Only in the left location
of the bulk explosion, the “behavior” of the graph is rather simple with a gradual (close
to the linear dependence) reduction in ventilation time with the increase in the initial
height of DGC. In this case, with the growth of DGC initial height, contaminants enter
the airflow that carries the contaminants out of the open pit, faster. For the central and
the right location, the scene is more complex: up to the height of 280 m (this benchmark
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approximates to the center of a large vortex formation (Figure 1)) the growth of
ventilation time is predicated. However, after that with the growth of DGC initial
height, there is a sharp drop. The obtained result seems to be rather fair because under
the DGC initial height values of 350 and 420 m for central and right locations, the main
volume of contamination does not travel (together with the reverse flow along the pit
bottom) towards the leeward pit edge into the zone of stagnation but heads directly out
of the modeled area. The longest process of ventilation is predicted for the DGC initial
height of 280 m which is conditioned by the fully formed structure of air flows and is
fair within the limits of the applied model approximations.

2100
2000
1900
s 1800
1700
1600
1500

Ventilation time, s

1400

1300

1200 1 1 1 1 1 1 J
70 120 170 220 270 320 370 420
DGC initial height, m
—&— Left  —— Central Right

Figure 3. The dependence of the ventilation time on the initial height of the dust and gas cloud
for different locations of bulk explosions
Pucynok 3. 3aBHCHMOCTb BpEMEHH IIPOBETPHBAHMS OT Ha4YaIBHOM BBICOTHI ITBUIETAa30BOTO OONaka
(IIT"O) 1 pa3HBIX MECTOMOIOKEHUI MacCOBBIX B3PBIBOB

Graphs of Figure 4 illustrate the dynamics of air contamination near the upper edge
of the open pit down the flow (air contamination in the point with 2000 m coordinate is
controlled (Figure 1)) under DGC initial height variation. Figure 4, a complies with the
left, (while Figure 4, b with the central and Figure 4, ¢ with the right) location of bulk
explosions.

The undulating “behavior” of curves (with different heights of peaks) is common for
all situations and testifies to the fact that the contamination leaves the open pit not at
one blow (as probably expected). This process, along with the convection-diffusion
mechanism, also includes the recirculation conditioned by the physics of the process,
i.e. the manifestation of vortex formation.

In Table 2 estimated values of time are presented, which comply with the first peaks
of air contamination for three locations of bulk explosions under DGC initial height
variation.

For left and central locations, typical is the reduction in the time of reaching the first
peak of contamination with the growth of DGC initial height (Table 2), which cannot
be recorded for the right location. In this case, with the growth of DGC initial height,
the contamination peak access time increases, and starting with height of 280 m time
reduction is predicted, which complies with the maximum level of air contamination.
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Figure 4. Dynamics of atmospheric contamination at the monitoring point with variations in the initial
height of the dust and gas cloud for the left — a, central — b and right — ¢ locations of bulk explosions
Pucynok 4. Jlunamuka 3arpsi3HeHHst arMocdepbl B TOYKe MOHUTOPHHIA IIPH BapHallM{ HadalbHOU
BbICOTHI I1T°O 1151 JI€BOTO — @, HEHTPAIBHOTO — b U PABOTO — ¢ MECTOIIOJIOKEHUH MAaCCOBBIX B3PHIBOB
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The analysis of contamination spatial distribution along the windward pit edge has
revealed that within the whole period of ventilation, contamination distribution is close
to regular. Notably, the slight growth of contamination (about 7.5% for 100 m) is
recorded towards the open pit.

Comparative analysis of contamination peaks does not make it possible to entirely
agree with the authors of paper [23]. The indicated paper concludes that DGC lift
reduction prevents contaminants from leaving the borders of the open pit space. As can
be seen from Figure 4 and Table 2, this rule is not realized in all situations.

For the left location of bulk explosions particularly, the first peak of air contamination
at the pit wall under the DGC initial value of 70 m is higher than the first air
contamination peak at the pit edge under the DGC initial value of 140 m.

Table 2. The time of reaching the first peak of atmospheric

contamination at the monitoring point for three locations of bulk

explosions with a variation of the initial height of the dust and
gas cloud, s

Ta6muua 2. Bpemsi J0CTHXKeHHSI TE€PBBIX MaKCHMYMOB

3arpsisHeHust aTMocgepsl B TOYKe MOHHMTOPHUHIA I Tpex

MeCTOMNOJI0KeHU i MaCCOBBIX B3PHIBOB IPH BAPHAIINH HAYAILHOI
BoicoThI IIT'O, ¢

Initial height of the Bulk explosions location
DGC center, m left central right
70 630 660 775
140 540 640 795
210 465 470 880
280 360 285 215
350 300 235 195
420 250 200 165

For the central location of bulk explosions, the chain of first peaks reduction is
70-140-210 m. In the instance of the right location, the same chain is even
longer: 70-140-210-280 m.

It must be emphasized that the obtained results comply with the accepted model
approximations. It seems rather obvious that the research should be continued to create
a more realistic model, aerothermodynamic first of all. It can be a CFD model where
the approximation of the incompressible fluid is supplemented by the heat transfer
equation and convection (buoyancy) and background stratification parameters [24-27].
In this case and when solving the convection-diffusion equation of contamination
transfer, the gaseous DGC heating factor may be taken into account.

Conclusions. By the numerical modeling method, the effect of bulk explosions
location and the DGC initial height on the time of open-pit ventilation and the upper pit
wall air contamination level down the wind was studied.

The modified 2D computer model has been used that makes it possible to calculate
the open pit air aerodynamics in the approximation of the incompressible fluid applying
the standard k—e turbulence model and the processes of the gaseous component
contamination by solving the nonstationary convection-diffusion equation of impurity
transfer before contaminants reach the MPC in the area of modeling.

Open-pit natural ventilation time has been analyzed as well as the air contamination
dynamics of the upper edge of the pit down the wind when varying two parameters of
the model, namely bulk explosion locations and the initial lift of DGC under the fixed
values of the gaseous component initial concentration in the cloud and the speed of the
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incoming wind flow. The complex and diversified nature of pit ventilation for various
locations of bulk explosions has been recorded. For the recirculation scheme of
ventilation, bulk explosion locations shifted to the windward side of the pit are the
longest.

The air contamination dynamics has been analyzed at the upper edge of the open pit
down the wind. The undulating character of contaminant loss has been predicted (with
different heights of peaks) conditioned by the presence of vortex formation in the open
pit. It has been shown that the reduction in the DGC lift does not always ensure the
reduction in the contamination level at the upper edge of the open pit down the wind.

The ways have been mapped of the CFD model development by supplementing the
approximation of the incompressible fluid with the heat transfer equation and
the parameters of convection (buoyancy) and background stratification.
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YucieHHoe Mo/ieJIMPOBaHHE MPOIECCA MPOBETPUBAHUS Kapbepa NP BapHAIlnN
MeCTOIO0JI0KeHHSI MbLIEra30Boro 06/1aKa

Amocos II. B.!
MuctutyT npobiem npombinuieHHoi sxkonorun Cesepa KHL PAH, Anarutsi, Poccust.

Peghepam
Lenv pabomvl. Oyenxa GIUAHUSL MECMONONONCEHUS MACCOBLIX 63PbIBOE U HAUANLHOU BbICOMbL
nblNe2az08020 001AKA HA 6peMsi eCEeCMBEeHHO20 NPOBEMPUBAHUS KAPbepd U YPOBEHb 3acps3HeHUs
ammocgepul 6epxne20 bopma Kapbepa 6HU3 NO 6eMPOBOMY ROMOKY.
Memoouka. Komnvlomeproe MoOeiuposanue adpoOuHAMUKU U HNepeHoca 2a3060U KOMNOHEHMbl
6 O08YXMEpHOU eeomempuu GulNoaHeHo ¢ nomowpto npoepavmsl COMSOL. s eviuucienus
AIPOOUHAMUHECKUX — XAPAKMEPUCTMUK — NPUMEHSANOC  NPUOTUNCEHUE  HECOHCUMAEMOU  HCUOKOCMU €
npusenevenuem cmanoapmuou (k—g)-mooenu mypoynenmuocmu. Ilpoyecc pacnpocmpanenus 2a3osou
KOMNOHEHMbL  NPOMOOENUPOBAH NOCPEOCMBOM YUCIEHHO20 DPeleHUs KOH8eKMUSHO-OUDPY3UOHHO20
YpagHeHusi nepeHoca 3acpsazHenuil. HucienHvle OKCHEPUMEHmbl Npu  (QUKCUPOBAHHOU HAYATbHOU
KOHYeHmpayuu 2azoe0i KOMHOHEHMbl U CKOPOCMU Habe2arnuje2o 6empo8o20 NOMOKA BbINOIHEHb O
mpex MecmonoI0NCeHUIl MACCOBLIX 63PbI6O6 U WeCmU 3HAYEHUTl HaualbHou gvicombl (om 70 0o 420 m
¢ wazom 70 m) nvlneeazosoeo ooaaxa.
Pesynemamur u ux ananus. Ilonyyenvt npocmpancmeeHHvle pacnpeoenerust adpOOUHAMULECKUX
Xapakmepucmux Mooenu u 2a3080t KOMROHEHMbL 3az2psA3Henuti Ha Momenm docmudicenus yposus I1/JK 6
obracmu Mooenuposanus. Bulnonnen awnanuz pacuemHo2o 6peMeHu eCmecmeeHHO20 NPOGempPUSAHUs
Kapvepa u OUHAMUKU 3a2PASHEHUs. amMochepbl 8epxHeco 6Opma Kapvepa 8HU3 N0 8eMPOBOMY HOMOKY.
Ommeuen crodxicHwlll U pazHOOOPA3HbIIL Xapakmep npoyecca nposempueanus Kapbepa O PasiuyHbix
MECMONONONCEHUT MACCOBBIX 83Pbl608. CHPOSHOUPOBAH BOTHOOODA3HBIU XAPAKMED 8bIHOCA 3A2PAZHEHUL
(¢ pasHoll 8b1COMOL MAKCUMYMOB), 00YCNI08NeHHbII HAUYUEM 8 Kapbepe 8UXPeoopa308aHusl.



14 “Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 7. 2021 ISSN 0536-1028

Bui6oosr u oonacme npumenenua. [na  peyupkyrAYUuOHHOU CXeMbl NPOGEMPUSAHUA HAUDOTIee
NPOOONIHCUMENLHLIMU  ABNAIOMCS  CUMYAYUU  MECIMONONONCEHUS MACCOBbIX 63DPbIBOS, CMEUWEHHbIX K
HasemperHomy 60pmy kapvepa. [Iokazano, ¥mo ymeHnbuieHue 8bicombvl NOObEMd Nblle2da306020 001aKA He
6cez0a obecnequsaem CHUNCEHUE YPOGHS 3A2PASHEHUS HA BepXHeM 6OpMY Kapbepa 6HU3 NO NOMOKY.

Knrwouesvie cnosa: Kapwvep, Maccosulil 63pble, nposempusarnue, gpeicoma nod'bema; nsljiecazosoe 06ﬂaK0,'
3acpsi3nenue; YucCieHHoe ModeﬂupoeaHue.
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Abstract
Introduction. The World Stress Map project proves that horizontal stress orientation determination is
a global task essential for the majority of geomechanical calculations. However, there is scant data on
stress orientations in the territory of Russia at the moment. The task is therefore highly relevant.
Research objective is to determine the orientations of maximum and minimum horizontal stresses by
separate areas of the Tomsk region and build a map of horizontal stresses.
Method of research. The basis for determining the orientations of horizontal stresses is the theory of
drilling-induced fracture and borehole breakouts occurrence. The maximum stress orientation coincides
with the drilling-induced fracture orientation, whereas the minimum stress orientation coincides with
the borehole breakouts orientation or is perpendicular to the maximum stresses.
Results. Research results are compiled in a summary table containing mean orientations of horizontal
stresses by areas and a map of horizontal stress orientations.
Conclusions. A summary map of maximum horizontal stress strike azimuths has been constructed.
The stresses are of similar orientation in every well under consideration, except for a well in the
North-Shingin area. The average value of maximum horizontal stress orientation has made up 337°
northwest and 157° southeast.

Keywords: drilling-induced fracture; stress orientation; geomechanics; borehole breakout;
microimager.

Introduction. To carry out several tasks, namely hydraulic fracturing design
development, predicting complications when drilling, designing wellbores, predicting
sand production, and building geomechanical models, it is necessary to determine
horizontal stresses in the areas of the Tomsk region. The obtained data will also add
new information to the World Stress Map (WSM) [1].

Open-source information analysis makes it possible to conclude that data on
horizontal stresses in the Tomsk region territory is scant. Most often there is information
on separate wellbores in different areas and considered as a quality value for various
tasks execution.

General data collation on horizontal stress orientation from open sources is presented
in paper [2]. According to [2], the average value of horizontal stresses orientation is
330° for West Siberia. Up to 30° deviation of horizontal stress orientation was also
recorded in several areas.

Other papers that use data on horizontal stress orientation prove the orientation from
310° to 350°. Paper [3] accepts from 320° to 350° when calculating multistage hydraulic
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fracturing at the Em-Egovsky field; paper [4] uses orientations within the range of 310°
to 350° to analyse the stability of Palianovsky fieldTs wellbore; paper [5] accepts 340°
horizontal stress orientation to select hydraulic fracturing parameters at the West-
Salymsky field; paper[6] accepts 330° horizontal stress orientation for 3D geomechanical
modelling at the Middle-Nazymsky field; paper [7] accepts 330° when exploring hard-
to-recover reserves of the Bazhenov formation by the example of the Bittemsky field;
paper [8] defines horizontal stress orientation within the range of 350°-10° when
describing the experience of employing horizontal wells for hard-to-recover reserves in
West Siberia. Some papers have data on separate wells, maximum horizontal stress
orientation of which is from 10° to 40°, for example, in paper [9], within the framework
of the geomechanical simulation at the East-Messoyakhsky field, maximum horizontal
stress orientation is set 10°-20°.

In this research, the determination of horizontal stress orientation is based on the
theory of drilling-induced fracture and borehole breakouts in the course of
drilling [10-13].

To determine the orientation of drilling-induced fracture and breakouts, microimages
data from 5 fields was analysed, namely Archinsky, West-Luginetsky, Kulginsky,
Urmansky, and North-Shinginsky.

As part of the study the following key data have been obtained: horizontal stress
orientation variability in the area under investigation, horizontal stress orientations
comparison in the pre-Jurassic assemblage and the sedimentary mantle.

Research method and results. In the course of drilling, drilling-induced fractures
and borehole breakouts develop in the well. Determination of the drilling-induced
fracture with a high degree of accuracy can be carried out based on the data from the
microimagers. At the microimages, drilling-induced fractures are of a distinctive form:
vertical stripes or inclined lines (dashed lines) extended along orientation.

The presence of the drilling-induced fracture or borehole breakouts makes it possible
to estimate the orientation of maximum and minimum horizontal stress in a vertical
well. Drilling-induced fractures develop parallel to maximum horizontal stress, while
borehole breakouts develop in the transverse orientation [14]. In the course of this
research, the orientations of drilling-induced fracture and breakouts in each area taken
separately have been distinguished.

Statistical processing has been carried out by formulae from [14]. To calculate the
mean orientation 0 and standard deviation SD, the Fisher statistics have been applied.
Mean orientation is determined as the angular mean of all sample vectors. For this
purpose, C;and S, are determined as the coordinates of the unit vector end, the orientation
of which is set by angle 0;:

C, =cos0;; S, =sin6,,

where i =1, ... , N — drilling-induced fractures found.
Mean orientation is determined by the formula:

0 =arctg(S/C),
where § = iSl, and C = iCi.
i=1 i=l1

By sines and cosines summation, the resultant vector is obtained:
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Figure 1. A map of horizontal stress mean orientations
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Figure 2. A map of horizontal stress mean orientations by areas
Pucynok 2. Kapra cpenHnx HanpaBieHNH TOpU30HTANIBHBIX HAPSHKEHHUH MO IUIOLIAIM

Standard deviation is determined as

-1
SD =81° E
N-R

Mean orientation and standard deviations have been determined for all wells.
The Kulginsky area is represented by one well; mean orientation of the drilling-
induced fractures, therefore maximum horizontal stresses, makes up 330° northwest
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and 150° southeast with a standard deviation equal to 23° which is rank C of the WSM
quality ranking scheme [14].

The Archinsky area is represented by three wells, mean orientation of maximum
horizontal stresses makes up 340°-350° northwest and 160°-170° southeast, with a
standard deviation of not more than 25°, which is rank C of the WSM quality ranking
scheme.

The Urmansky area is represented by one well, the mean orientation of maximum
horizontal stresses makes up 330° northwest and 150° southeast, with a standard
deviation of 18°, which is rank B of the WSM quality ranking scheme.

Table 1. Summary table of Sy ., azimuth values, standard deviations,
and stress indicator ranks by area
Ta6auuna 1. CBoaHas Tadauna 3HaYeHHi a3UMYTa Symax, CTAHIAPTHBIX
OTKJIOHEeHMii SD, paHroB MHAMKATOPOB HANPSIKEHUI M0 MJIOIIAASAM

Area Orientation Symax SD Rank
West-Luginetsky 150° 20° B
Urmansky 150° 18° B
Archinsky 160° 25° C
Kulginsky 150° 23° C
North-Shinginsky 15° 24° C

The West-Luginetsky area is represented by one well, the mean orientation of
maximum horizontal stresses makes up 330° northwest and 150° southeast, with a
standard deviation of 20°, which is rank B of the WSM quality ranking scheme.

In the North-Shinginsky field, a deviation from the mean value of the horizontal
stresses orientation is recorded in the previously studied areas. Drilling-induced
fractures strike azimuth in this well makes up 30° northeast — 210° southwest, with a
standard deviation of 24°, which is rank C of the WSM quality ranking scheme. This
orientation does not correspond to the neighboring wells. Presumably, the deviation
may be caused by the local variation of stresses as a result of the lithological variation:
the well of the North-Shingin area opened up the igneous type of log, while the logs of
the remaining wells are represented mainly by the carbonate sediments.

The stress orientations have also been compared with the data on the North-
Ostaninsky field with both microscanners and the cross-dipole acoustic instruments.
It has been found that the orientations of maximum stresses according to FMI data of
the North-Ostaninsky area correspond to the orientation in the North-Shingin area’s
well; the orientations according to the cross-dipole acoustic logging correspond to the
mean orientation in the remaining wells.

After that, the values have been plotted on maps allowing to get an idea of horizontal
stress orientations variation (Figures 1 and 2).

As a whole, stress orientation is rather consistent, the minimum value of azimuth is
recorded in four wells and makes up 330° northwest, the maximum value of 350°
northwest is recorded in one well. So, the spread of values is not more than 20°.

When comparing the obtained data with the map of fractures of the Tomsk region,
it has been found that the direction of maximum stress in wells of the West-Luginetsky,
Urmansky, Archinsky, and Kulginsky areas as a whole is similar to the orientation of
the local fractures (Figure 3) and corresponds to the general orientation of regional
fractures of the Tomsk region and was presumably formed in the lower Upper
Carboniferous. Local variation of stress orientation in the well of the North-Shingin
area is similar to the variation of the orientation of the local fractures and corresponds
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to Tomsk regional fracture general orientation, which was presumably formed in the
Triassic [15, 16].

Conclusions. The mean value of maximum horizontal stress is 157°-337°. It follows
from the constructed map of horizontal stress orientations that the variability of
horizontal stress orientations in the area under investigation is low.

The values of the horizontal stress orientations keep their direction from well to well
in the area under investigation, except for a well in the North-Shingin area.

For each area, the following maximum horizontal stress orientations have been
determined (Table 1).
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OnpenesieHue HAMPABJIEHUIi TOPU30HTAJIBLHBIX HANPSKEHUI MO MJIOIIAAAM
ToMckoii o01acTH

Awnrtonos A. E.\, laapun A. C.!, Konomonkuu /1. B.!, Pykasumnuxos B. C.!, ITerposa [I. C.2
! HaupioHanbHbIH uccienoBarenbckuiit TOMCKuii monnTexHuueckuii yausepeuret, Tomck, Poceust.
2 Kommanus «[asnpomuedts—TexHonorndeckue napraepcrsa», Cankr-Ilerepbypr, Poccust.

Pegpepam
Beeoenue. Onpedenenue Hanpasienuss 20pU30HMALbHbIX HARPANCEHUT HEOOX00UMO OJis 6ONbUUHCMEA
2€0MEXAHUYECKUX PACUemOo8 U npedcmasisiem coboil 2100anbHyI0 3a0ayy, 4mo noOmeep’Hcoaem npoekm
no nocmpoenulo Muposoi kapmol Hanpsxcenuti. C Opyeoii cmopoHsl, 6 Hacmoswee epems Ha Kapme
NPAKMUYECKU OMCYmCmsyom OaHHble 0 HANPAGIEHUAX HanpsiceHuil Ha meppumopuu Poccuu, nosmomy
3a0aua onpedenenus, HanpPaeiLeHUs 20PU3OHMATbHBIX HANPAHCEHU ABTAEMCS BeCoMA AKMYANLHO.
Lens pabomur. Onpedenumsv HanpageHus MAKCUMATbHBIX U MUHUMATbHBIX 20PU3OHMATLHBIX HANPANCEHUL
no omoenvrvim naowadim Tomckoli obracmu, cocmagumy Kapmy 20pu30HMAatbHbIX HANPANCEHUIL.
Memooonocus. B ocnogy onpedenenuss HAnNpagieHutli 20pU3OHMANbHLIX HANPAICEHUL NON0JNCEHA
meopust 603HUKHOBEHUs MEXHOLEHHOU MPEWUHO8AMOCU U 6bI8AL08 CIMEHOK CcKéaxcunbl. Hanpaenenue
MAKCUMATIbHbIX — HANPAJCEHUl  co8nadaem ¢  HANPAGLEHUEM  MEXHO2EHHbIX — MPEeujuH,
Hanpaeienue MUHUMATbHIX HANPAXCEHUNl CO8NAOdem ¢ HANpaeieHueM 6bl8al08 CMEHOK CKE8AHCUHbL
UIU NEPREHOUKYISIPHO MAKCUMATILHBIM HANPANCEHUSM.
Pezynomamet. Pesynomamom npooenannou pabomel 61s10Mcst CB00OHAsE MAOIUYa CPeOHUX HanpagieHull
2OPUBOHMANLHBIX HANPANCEHUN NO NAOWAOSIM, A MAKJHCE KAPMA HANPABICHUI 20PU3OHMATbHBIX
HANPAHCEHUI.
Bu1600b1. Cocmasnena c6o0Has kapma, HA KOMOPYIO BbIHECEHbL A3UMYMbL NPOCMUPAHUSL MAKCUMATLHO2O0
20PUBOHMANLHOZO — HanpsadceHus.  Hanpsowcenuss  umerom — CXO0HCYI0  HANPAGIEHHOCMb 60  6CeX
paccmampusaemvix ckeadicunax, kpome ckeadxcunvt Cegepo-Lluneuncroti nrowaou. Cpednee 3navenue
HanpagneHus MaKkCUMaibHblX 2OPU3OHMANbHBIX Hanpaxcenull cocmasuno 337° na cesepo-3anao, 157° na
1020-60CMOK.

Knrwoueesvie cnosa: mexunocennas mpewuna, HanpaejleHue Hanpﬂofcenuﬁ; 2e0MeXAaHUKa, 6svl8djsl CMEeHOK
CKBAIMCUHDL, /’WMKPOUMMO.’)ICEP.
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WUccnepoBaHne BNUAHMA PEONOrMYECKMX CBOMCTB NPOMbLIBOYHbIX
XuakocTen Ha 3hpeKTUBHOCTL pa3pyLLeHMs FOPHbIX Nopos
npu 6ypeHnn CKBaXuH LWApOCTPYUHbLIM CNOCOOOM

Ucaes E. ."*, KywHep J1. E.!
1 HaunoHanbHbIN uccnenoBatenbekiit TOMCKUIA NONMTEXHUYECKMIA YHUBEPCHTET, T. ToMck, Poccus
*e-mail: pelletdrilling@gmail.com

Peghepam
Beeoenue. Lllapocmpyiinviii cnocob Oypenus, 0CHOBAHHBII HA PA3PYUWEHUU 20PHLIX NOPOO Yoapamu
wapos — 06vexm uzyueHus MuHo2ux yyenvix. Hecmomps na smo, peonocuueckue ceoucmaa npomvl8ouHo
ACUOKOCIU, NPUMEHAEMOU Npu wapocmpytinom 6ypenuu, ne Obiiu ucciedosansi. Bece cmenoosvie u
nonesvle UCNLIMAHUA NPOBOOUNUCH C NPUMEHEHUeM MeXHU4ecKol 600vl. IIpumenenue npomwvi6ouHOU
arcuoxocmu, obaadaroujeli 6oee bLCOKOIU 853KOCMbIO, YeM 800d, CHOCOOHO NOMEHYUATbHO PACUUPUMb
00aacmy npuMeHenus wapocmpylino2o Oypenus. [losmomy akmyanbHocms npuobpemaen ucciedosanue
apexmusnocmu  paspyuenus 2opHelX NHOPOO NpU UCHONLI0BAHUU NPOMBIBOUHBIX JHCUOKOCTE,
0021a0aI0WUX PASTUYHBLMU PEONOULECKUMU NAPAMEMPAMU.
Lenv padomwr. Hccneoosams 3¢pghexmusnocms paspyuierus 20pHOU nopoovl 8 npoyecce OypeHus
CKBAJICUH  WAPOCMPYUHBIM CROCOOOM NPU PA3IUYHBIX PEOOSUYECKUX NAPAMempax NpoMbleOUHOU
HCUOKOCTU.
Memooonozua. Ilpu nposedenuu uccired08aHull UCNONBLIOBANCA MACUMAOUPOBAHHDLI 1AOOPAMOPHYLIL
cmend. CmeHno npedcmasisan coOou 3aMKHYMYIO CUCMEMY YUPKYIAYUU NPOMBIBOUHOU IHCUOKOCMU
(6yposozo pacmeopa). 3azomoseka pacmeopa OCywjecmeianiacs OmoeibHo HA BbLCOKOCKOPOCMHOM
muxcepe. OCHOGHAS HaCMb CMEHOA NPeoCcmagaAnd coboll MAcumadbupo8anHoe wWapocmpyiinoe 0010mo,
Haxoosujeecs 8 UMUMUPOBAHHOU cKkeaxcune. Ilocne npoeedeHuss SKChepUMERma 3aMepsIucy 00vem
8bIOYPEHHOU NOPOObL U PeosiocudecKue Napamempsl npomMvleouHol dcuoxkocmu. IIposodunace cepus
IKCHEPUMEHNO8 C NOCMENEHHbIM Y8eNUUeHUeM 6A3KOCIMU NPOMBIBOYHOU dHcuokocmu. [na 3azyujenus
NPOMBIBOYHOU  HCUOKOCHU — UCNONb306ANCA  Ouononumep (KCAHMAaHo8as CcMOIa) 6 Pa3IuUdHOU
Konyenmpayuu. Hsmepenus peonocuueckux napamempos 0yposo2o pacmeopa npou3goOUNUcs npu
NOMOWU BOCOMUCKOPOCIHO20 POMAYUOHHO20 GUCKO3UMeEmpPa U 60porku Mapwua.
Pesynomamel. Bnepsvie ycmanogiena 3a6UcumMocms Mexcoy 3pPHekmueHoCmvpio paspyuerus, 20pHoll
nOPOObl Npu OYypeHuu wapocmpyiuHslM CROCOOOM U PeONo2UHECKUMU NAPAMEMPAMU NPUMEHAEMOU
NPOMBIBOYHOU HCUOKOCIU. YCMAHOBIEHO, YMO ¢ POCMOM KOHYeHmpayuu O6uonomumepa u pocmom
BA3KOCMU CHAYANA NPOUCXOOUM SHAUUMENbHOE YeenuueHue 06bema 6bilOYPeHHOU 3 eOUHUYY BPeMenU
nopoovl, a npu OanrbHeluemM yeenuieHuu KOHYeHmpayuu — NiagHoe CHUMNCeHuUe.
Bui6oowt. Ilonyuennvie pesynbmamoel pacuupsaiom 0O1acmv APUMEHEeHUs Wapocmpyuno2o O6ypeHust.
Vayuwaemess 0ocmogepHocmb  npOSHOZUPOBAHUS MEXAHUYECKOU CKOpOCMU OYPeHUsi CK8AJNCUH 8
3A8UCUMOCIU  OM  USMEHEHUsL CBOUCME NPOMbIEOUHOU dcudkocmu. Ha ocHosanuu pes3yibmamos
chopmuposanvl pekomenoayuu Kk noobopy ONMuUMANbHLIX NAPAMEMPOS NPOMBIEOUHOU HCUOKOCMU
6 3a6UCUMOCIU O YCILO8UTI OYDEHUS.

Kniouesvie cnosa: PaspyuieHue 20pHuIX NOPOO,; UaApOCmpYyUuHoe Oyperue, NPOMbLEOYUHAS HCUOKOCHb,
0YpoBoIl pacmeop, YCi08HAS BA3KOCMb, NAACTNUYECKAS 653KOCMb, MEepoble 20pHble NOPOOUL.

Brenenne. B ToMCKOM NOIMTEXHUYECKOM YHUBEPCUTETE BEAYTCS PabOTHI 1O pa3-
BUTHIO U COBEPIICHCTBOBAHHIO IIAPOCTPYHHOTO criocoba OypeHusi ckBakuH [1-8].
[Tpu peanuzanuu AaHHOTO clloco0a pa3pyllieHHe TOPHON MOPOABI MPOUCXOIUT TMOA
JEMCTBUEM yIapoB METAIIMUECKUX IAPOB, ABIKYIIUXCS ¢ OOJBIIONH CKOPOCTHIO.

apoctpyiinstii ciocod Oypenus npemioxker B CILIA B 1955 1. [9], cBoe pazButue
B CCCP nonyuunn 6naronaps A. b. Yeakoy [10] u C. A. 3aypOekoBy [11]. Teopetu-
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YECKUM MCCIICAOBAHUEM ILApOCTPYHHOro OypeHus: 3aHMMaiuch B Ykpaune [12-14].
B. B. IlItpaccep paccMmarpuBan BO3MOXKHOCTb IIPUMEHEHUS CHAPSAA IS LIApOCTPYH-
HOro OypeHHsi B KauyecTBE YCTpOMCTBa JJsl JAUCHEPTUPOBAHUS OOJIOMKOB TOPHOI
mopoxns! [15].

Bce uccnenoBanust u IpOMBINIIEHHBIE UCTIBITAHUS IApOCTPyHHOTO criocoba Oype-
HUSI IPOU3BOJMIINCH C MCIIOJIB30BAHMEM BOIBI B Ka4€CTBE MPOMBIBOYHOHN >KHUAKOCTH.
EnnHCcTBEHHOE YIOMHHAHHUE O IPUMEHEHUH ITIMHUCTOTO OypOBOTO PacTBOpa BCTpeya-
ercs B cTarbe [9]. MccnenoBarensiMu yCTaHOBIICHO,
YTO MIPH UCTIONB30BaHUH ITIMHUCTOTO OypOBOTO pac-
TBOpa C YCIOBHOW BS3KOCTBIO 36,5 ¢ addexTus-
HOCTh OypeHus cHu3uiack Ha 25 %. [pyrue 3Haue-
HUSl YCIIOBHOM BS3KOCTH HE pPaccMaTpHBAIIUCH.
B crarbe oTcyTCTBYeT MOApOoOHas METOIUKA MTPOBe-
JeHust akcriepuMenTa. CTOUT OTMETUTh, YTO MOKa-
3aTeNb YCIOBHOW BSI3KOCTH HE JAa€T HCUEPIIBIBAIO-
meil mHpOpMaUd O PEOJOTHISCKHX CBOHCTBaAX
MIPOMBIBOYHOHN >KHIKOCTH U I10 JaHHOMY IOKa3are-
JIIO HEJb351 OJHO3HAYHO CYAUTH O BBIHOCAIIMX CIO-
coOHOCTSX pacTBopa [16, 17].

/ [IpakTukoit OypeHus: yCTaHOBIICHO, YTO BOJIA BO
_ MHOTHX CJIy4asiX HE MOXET 00eCHeYUTh YCTOMUH-
2 BOCTb CTBOJIa CKBaXMHBI. [IpecHas Boxa mpakTuue-
/ CKH HE 00NlafiaeT MHTHOUPYIOUIeH CIOCOOHOCTBIO.
% NA% ;g Junamuueckoe Hanpsbkenue capura (JJHC) Boasr
- PaBHO HYJIIO U 00eCTIeYrBaeT MUHUMAIIBHO BO3MOXK-
HYIO BBIHOCSAIIYIO criocoOHOCTh nutama. [Ipu ocra-
N e 5 ' HOBKE LUPKY/SILMU LIUIAM HE MOAICPKHUBACTCS BO
/ s B3BELICHHOM COCTOSIHUM. [3-32 HU3KOW BS3KOCTH
' OTCYTCTBYET BO3MOXKHOCTH YTSKEJIEHHUS MPOMBI-

BOYHOM KUJKOCTH.

Hcnonr3oBanne BobI B Kau€CTBE MPOMBIBOUHOM
KHUIKOCTH IOTEHIMAJIBHO CIOCOOHO BBI3BATh Clie-
IYIOLINE OCTIOKHEHHUS:

— 3allJJaMOBAaHUE CTBOJIA CKBAa)KUHBI M3-32 HU3-
KO BBIHOCSAIIEH CIIOCOOHOCTH PAacTBOPA;

— OCBINTaHHWE CTEHOK CKBaXXMHBI M3-3a TUpara-
MU TIOPOJ BCIIEACTBHE BHICOKON (DPMIBTPATOOTIAYH

>'©

Pucynok 1. CHapsin 1uist apocTpyiHHOTO

OypeHus: BOJIBI,
[ = conno; 2~ BIyCKHEIC OKHa; 3 — 3a/1epH- — TMIPOSIBJIIEHHE IIJIACTOBOIO (IFOMIa M OCHIIaHKE
BAIOILIEE YCTPOICTBO; 4 — KAMEPa CMELICHNUS;
5 — mupdy3op; 6 — wapsi CTEHOK CKB)KMHBI M3-32 OTCYTCTBHUSI BO3MOKHOCTH
Figure 1. Pellet impact drilling bit: UCTIONIb30BAHMS HMHEPTHBIX yTsDKENuTenei (Oapur,

I — nozzle; 2 — inlet ports; 3 — guide .
sleeve; 4 — mixing chamber; 5 — diffuser; remMaTtut, MeJI U Ip ~)a .
6 — pellets — TIOIVIOIIEHHUE IIPOMBIBOYHOM XUIKOCTH H3-3a

BBICOKOW (PITBTPATOOTAAYH, OTCYTCTBHSI (HIIBTpa-
IUOHHOH KOPKM W OTCYTCTBHS BO3MOKHOCTH HPUMEHEHHS KOJIbMATHPYIOLINX
COCTAaBOB.

[NepeuncneHnbie MPOOIEMBI M OCTIOKHEHHS MOTYT HaOIIOIATHCSI ¥ TIPH IIAPOCTPY -
HOoM Oypenuu. IlosToMy B psize ciydaeB IpH MIApOCTPYWHOM OypeHHH HEOOXOAMMO
UCIIONIb30BaTh OypOBOM PacTBOP, OTBEYAOIINN TPeOOBAHUAM, IPEABIBISIEMBIM TOPHO-
TEOJIOTHYECKUMH YCIIOBUSMU M TEXHOJIOTHEH CTPOMTENbCTBA CKBAXKHHBI. AKTyalb-
HOCTh NPHOOpETAET HCCIENOBAaHUE BIUSHUS PEOJIOTHUECKUX CBOWCTB MPOMBIBOYHOM
JKUJIKOCTH Ha pa3pylieHre TOPHBIX TOPOJI IPH LIaApOCTPYHHOM OypeHHH.
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Nmeercst 6onpIioe KOJMUYECTBO MyOIMKALIMA O BIMSHUM PAa3IUYHBIX MapaMeTpOB
pacTBopa Ha 3QPEKTUBHOCTh Pa3pyLICHHUs] TOPHOM MOPOIB! IPH BpallaTeILHOM Oype-
Hun. CornacHo MH(OpManuu, NpeacTaBICHHONW B MyOMUKalUsIX, BI3KOCTb OypOBOTO
pacTBopa BiHseT Ha 3PPEeKTUBHOCTH pa3pyLICHHs] TOPHBIX NOPOX TIIaBHBIM 00pa3oM
3a CYeT OYHMCTKHU 3a00s1 cKBaXMHBI. C pOCTOM BSI3KOCTH YIIyUIIAeTCsl OUYUCTKA 32005
OT IIUIaMa, YTO CIIOCOOCTBYET OOoMNbIIeH TyOnHEe BHEIPEHUS PE3IIOB 1010Ta, 0COOCHHO
B Oojiee MATKUX mopoaax. Kpome Toro, CKOpocTh pa3pylleHHs TOPHBIX MOPOA MOXKET
BO3pacTaTh 3a cueT ruapoanHamudeckoro ddgekra [16—19]. Ilpu mapocrpyiitnom Oy-
PEHUU BA3KOCTD OyZIET BIUATH HE TOJIBKO Ha BEIHOC MOPO/BL, HO U HA KWHEMAaTUKY JABH-
eHus mwapoB. [103ToMy 3aBHCUMOCTH, TIOATBEPKICHHBIE AJISl BpalareabHoro Oype-
HUSI, HENb351 OIHO3HAYHO MEPEHOCUTh Ha LIapoCTpyiHOe OypeHue.

3 .@ 5 6 7 8

& I

Pucynok 2. LlupkynsiuoHHas cucteMa Jab0paTopHOTO CTeH !
1 — HarHerarelbHas JMHUS, 2 — Hacoc; 3 — nuHHA cOpoca; 4 — MaHOMETp; 5 — CTakaH,
UMUTHPYIOIMHA CTEHKH CKBa)XXUHbI, 6 — OTCEK Uil cOpoca >KMJIKOCTH BMECTE CO LUIAMOM
(oTcTOlHUK); 7 — meperopoaka; 8§ — OCHOBaHHE CTeHIa; 9 — muTaromas auHus; 10 — oTcex
VIS TI0JIa4u Ha OypOBOM HAcoc
Figure 2. Circulation system of laboratory bench:
1 — discharge line; 2 — pump; 3 — fault line; 4 — pressure gage; 5 — a glass simulating
the borehole walls; 6 — compartment for dumping liquid together with sludge (mud sump);
7 — partition; 8 — bench base; 9 — supply line; /0 — compartment for feeding the mud pump

Hean padoTsl — nccnenoBats 3G PeKTUBHOCTE pa3pyIIeHUs] TOPHON TOPOABI B PO-
necce OypeHus! CKBaKHH MIAPOCTPYHHBIM CIIOCOOOM MPH Pa3IMYHBIX PEOTOTHYECKUX
napameTpax MPOMBIBOYHOM HKHUIKOCTH.

MarepuaJjbl 1 MeTOABI MCCJIef0BaHus. VccnenoBanus MpOM3BOAMINCH HA Mac-
mrabupyemMoMm nabopatopHoM cteHae. KoHCTpykuus cHapsiia Ajsl mapocTpyHHOro
OypeHHs1, HCTIOIB3YEMOTO0 B CTEH/IE, MPEACTaBICHA Ha puC. 1.

[Ipu paboTte cHapsiaa 11t LIapOCTPYyHHOTO OYpeHUs CTPYsI KUIKOCTH, HCTEKAIOIAs
u3 comia /, nepenaet sHepruto mapam 6. llapel 6, mpoxozst yepe3 kaMepy CMEIEHHUS 4,
YCKOPSIFOTCSL M YAAPSIIOTCSL O TOPHYIO MOpOAY, OCYLIECTBIsAA ee paszpyuienue. Lllapsl
LHUPKYJIUPYIOT B CKBaXXMHE 3aMKHYTO, IIPH COYJIaPEHUU C 3aJI€PKHUBAIOIINM yCTPOMH-
CTBOM 3 IIPOXOZST Yepe3 BIyCKHBIE OKHA 2, PacojOKEHHbIE B KOHCTPYKIHUU OypOBOTO
CHaps/a MoJl COIIOM.

Cxema 1a00paTopHOTO CTEH/A ISl IPOBEICHMSI UCCIIEOBaHUI N300pakeHa Ha puc. 2.
IIpoMbIBOUHAs >KMIKOCTB, MOJaBaeMas HacoCoM 2, NIBUXKETCA IO HarHeTaTelbHOH
TUHUY [ ¥ TIOCTYMAeT K CHapsiay Ui mapocTpyiiHoro Oypenus. JlaBieHue B JTMHUU
noxadn pUKcupyercss MaHOMETpoM 4. CTEeHKH CKBaKUHBI UMHTHPYET METAIITMYECKUH
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ctakad 5. OTBOJ XKHUAKOCTH MPOUCXOIUT depe3 nuHuio 3. [locne npoxoxkaeHus uepes
CHapsi1 A7l WapoCTPyHHOro OypeHusl U CTakaH cOpOC KHUIKOCTH ¢ BHIOYPEHHOW TO-
pOAOH OCYLIECTBISETC B OTCEK 6, IJIe MPOUCXOAUT T'PaBUTALMOHHOE OCAKIACHHE
nutama. [lo BepxHeMy nepeToKy Haj eperopoAKoil 7 >KMIKOCTh IomnagaeT B orcek /0,

5 7
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Pucynox 3. CrakaH, MMHUTHpPYIOIIUH
CKBa)XKMHY:
1 — ¢uKcaTop repMeTH3UpPYIOILETo JIEMCHTa;
2 — repMeTH3UPYIOLIHIA DIeMEHT; 3 — OypHJIb-
Has KOJNOHHA; 4 — OTBOA OKHIKOCTH;
5 — neHrparop; 6 — TpyOKa M3 OprCTeKia;
7 — IapocTpyiHHbIi OypoBoif cHapsx;
8 — mapel; 9 — paspyliaeMblii Marepua;
10 — duxcarop paspyiaemMoro Marepraia
Figure 3. Glass simulating the well:
1 —retainer of the sealing element; 2 — sealing
element; 3 — drill string; 4 — liquid outlet;
5 — centralizer; 6 — plexiglass tube; 7 — pellet
impact drilling bit; 8§ — pellets; 9 — destructed
material; /0 — destructed material retainer

OTKy/la TIOBTOPHO 3a0HpaeTcsi HACOCOM 2 MO IIHUTa-
foen auuuu 9.

Metonuka mpoBedeHHMs JKCIEPHMEHTA.
B uupkynsaumoHHyr0 cucTeMy J1abOpaTOpHOTO
CTeHJa HabupaeTcsl mpecHas Boaa ¢ oouiel xect-
koCThIO He Oonee 200 mr/i. [{nst ynydmenus pado-
THI TIOJTUMEPa POU3BOIMIIACE 00Pa0OTKa MPOMBI-
BOYHOM JKHIKOCTHM KayCTHUECKOM comoil B
koHmeHTpanuu 1 kr/m? st moseimenust pH mo 11.
s mpenoTBpamieHus pepMeHTaluu OUOmoIuMe-
pa “cnonb3oBalics OaKTePULIUA.

B crakaH, IMUTHPYIOIIMH CKBaXKHHY (pHuC. 3),
yCTaHaBIUBAETCS pa3pyLIaeMblii Ipy OypeHUH Ma-
Tepuai 9. Marepuan 3akperuisercs: puxcaropom /0.
B pamkax naHHOTO 1a00paTOPHOTO HCCIIEAOBAHUS
B KaueCTBE pa3pyllaeMoro Marepuaia BbICTymnaaa
KepaMHuuecKkas IUIMTKa. BHyTps TpyOkm u3 opr-
CTEKJa BBICHINAETCA TOPHMS METAIIHYECKUX
mapoB 9 M CIyCKaeTcsl MapoCTpyHHBIA OypoBOii
cHapsyp 7. lllapocTpylHblil cHapsA[ 7 IPUKPYYUBa-
ercs K OypuibHOH TpyOe 3. Uepe3 OypuibHYIO
TpyOy HpeaBapuTenbHO NPOACTHl TePMETH3UPYIO-
mui snemMent 2 u ero ¢ukcarop /. @ukcarop /
MPUKPYUYUBAETCS K CTaKaHy.

[Mocne cOoOpku CHapsi ycTaHaBIMBAaeTCs Ha
OTIpENIETICHHOM PacCTOSIHUU OT Pa3pylIaeMoro mMa-
Tepuana. BxmowyaeTcst Hacoc, U B TeueHHe (PUKCH-
POBAHHOTO BPEMEHH B CKBAXKMHE OCYIIECTBISETCS
LHUPKYJSALUS [IapOB, pa3pylIaloNUX TOPHYIO MO-
pony. Ilocne mpoBeneHHs dKCIEpUMEHTa CHApsA
pazbupaercsi, QuKcHpyrOTCS 00bEeM pa3pyIllieH-
HOTO MaTepuaia IMyTeM CO3/1aHus U B3BEIIMBAHUS
cienka. OTOupaercs npoda pacTBopa AJsl U3Mepe-
HUSI peoJIOrnYecKux mapameTpoB. M3mepenus peo-
JIOTUYECKUX MapamMeTpoB OypoBOTO pacTBopa Mpo-
W3BOJWINCH MPU TIOMOIIM BOCBMHUCKOPOCTHOTO
POTAIMOHHOTO BUCKO3UMETPA ¥ BOPOHKH Mapia.

OKCIIepUMEHT P OJJHOM U TOH e KOHILIEHTpa-
IIUH TIOJIMMepa MPOU3BOJUIICS HE MEHEe TpexX pas.
[Ipu HEOOXOAMMOCTH YUCIIO IKCIIEPUMEHTOB yBe-
nuurBaiock. Bo Bpems nmpoBeneHus SKCepuMeH-
TOB MOJACPKUBAJICS PUKCUPOBAHHBIN PACcXOf MPO-
MBIBOYHOU JKUJKOCTH.

Jliis u3MeHeHUs BSI3KOCTU PAacTBOpa M3 IUPKYJISAIMK 0TOMpanach npobda oobeMoM

3 1 u oOpabarpiBanack OMOMIOIMMEPOM MPH HENPEPHIBHOM MEPEMEIIUBAHNHT HA BHICO-
KOCKOpPOCTHOH Memanke. HeoOxomumast KOHIEHTpauusi OnonoauMepa MnepecuruThiBa-
nack Ha 00beM HupKyanuy. [locne mpuroToBaeHus NOPIUK PACTBOPA OCYIIECTBIISIICS
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€e BBOJ B IIUPKYJSILIMOHHYIO cUcTeMy. Jlanee 3amyckaicst Hacoc, U HUPKYJSLUs OCy-
uiectBisuiach He MeHee 10 muH. [Ipu BelpaBHUBAaHUU MapaMETPOB PACTBOPA LUPKYJIS-
IIUs1 OCYIIECTBIUIACH B 00XOJT IIAPOCTPYHHOTO CHApsa.

[NocTosHHBIE TapaMeTphl P MPOBEJCHUH IKCTIEPUMEHTA: TuaMeTp OypOBOTO CHa-
psna — 16 MM; IIHA KaMephl CMEIICHUS — 8 MM; IMaMEeTp COILIa — 2 MM; KOHYCHOCTh
3a/IEpKUBAIOIIETO YCTpoicTBa — 40°; BRICOTA TEXHOIOTUUECKUX OKOH — 4,2 MM; IJTMHA
KaMepbl cMmenieHuss — 60 mw; yron konycHoctH auddyszopa — 10°; paccrosiHue
MEX]ly J0J0TOM 1 3a0oem — 10 MM; nuameTp mapoB — 3 MM; Pacxojl IPOMBIBOYHOMH
sxuakoct — 0,6 11/c; Bpems npoBeneHus omnbita — 20 ¢; oOpaselr, pa3pyliaeMbiii MaTe-
puan — kepaMuuecKas INIUTKa; Macca MOPIUH apoB — S T.

Ta6auua 1. CBogHble JaHHbIE 10 HCCJIET0BAHUIO PeoJIOrH4ecCKux napaMeTpoB pacrsopa npu
PA3INYHBIX KOHIHCHTPAIUAX 6n0n0J1nMepa

Table 1. Summary data on the rheological parameters of the solution at various concentrations

of the biopolymer
Konnentpauus | YcnoBHas Obbem CHC CHC
6 1B, JHC,
HOTIONIUMEpPA, | BA3KOCTb, | pa3pyllEHUs, Ma-c Alla 3a 10 c, 3a 10 muH,
K/’ c oM’ A alla nlla
0 26 0,842 1,0 0 0 0

0,75 27 1,005 1,5 1,0 0 0
1,50 30 1,017 2,5 2,5 0,5 0,5
2,00 32 0,957 3,0 4,5 1,5 2,0
3,00 37 0,910 4,0 10,0 5,0 7,0
4,00 42 0,869 4,5 16,0 9,0 11,0
5,00 50 0,840 5,0 22,0 11,0 15,0

IIB — mnactuueckas Bsskocts, JJHC — nmunamuyeckoe Hampspkenue ciasura, CHC — craTudeckoe HampsbhKeHHUE
CIIBUTA.

Iosyuyennsle pe3yasTaThl U HX 00cy:KkIeHue. Bce momydeHHbIe pe3ysbTaThl CBe-
neHbl B Ta0n. 1. KoHienTpaus 6uomnonumepa Oblta OrpaHiHyYeHa 3HAYCHHEM 5 Kr/m?,
TaK KaK NpU JaJbHEHIIeM YBEIWYEHUH BSI3KOCTH MPOMCXOJMIIA 3aKJIMHKA 1IapOB HaJ
3aepKUBAIOIINM YCTPOWCTBOM, YTO MPUBOJMIIO K OCTAHOBKE MX IHUPKYJISLIHH.

Kaxk BumHO 13 Tabm. 1, ¢ pOCTOM yCIOBHOH BA3KOCTH MPOMBIBOYHOH KUIKOCTH CHA-
yaJia IPOUCXOANT 3HAUNTEIbHOE yBeTMUeHHE 00beMa BEIOYypEHHOH 3a €AMHUILY BpeMe-
HU TIOPOJBI, a TPH JAajbHEHIIEM YBEIMYCHUH KOHIIEHTPALMH — IUIABHOE CHIDKEHHE.
Haubonbimuii 06beM paspyiienus: HabmoaaeTcst Ipu JOCTAaTOYHON HU3KOH YCIOBHON
Bsi3koctH (30 ¢) U KoHILIeHTpanuu ouomnoaumepa 1,5 kr/m>.

Paccmorpum dopmyny, xapakTepusyromyo 3G(eKTHBHOCTh OypeHHs CKBa)KUHBI
HIapoCTPyHHBIM criocobom [10]:

— m

I/CKB - VIH_IQKCZY, (1)
e V, , — 00beM CKBaXKUHBI, IPOOYPEHHOM MIAPOCTPYyHHBIM criocobom; V, = — o0bem
BOPOHKU B TOPHOM mopoje, 0oOpa3yIoluiicsi py eIUHUYHOM YAape Iiapa, KOTOPBIHA
3aBHCUT OT TOPHOM MOpPOABI, 00ObeMa, MacChl, MaTepHasa M CKOPOCTH Iuapa, M,
Q2 — gucno ynapos mapoB o 32001 B eIMHUIYY BPEMEHH, 111/c; ¢ — BpeMsi OypeHwus, C;
Y — K03 (PUIIUEHT, KOTOPBIH YUNUTHIBACT MaJJeHUE CKOPOCTH OypEeHHsI N3-3a COyAapeHUs
1apoB Mexay co0oid, 1/mr.

MOKHO TPEANONIOKUTh, YTO PE3KOe MOBbIMIeHUEe S(H(HEKTUBHOCTH OypeHHUs C
YBEJMUYEHHEM KOHIICHTpAIMK OWOIONMMEpa CBSI3aHO C TE€M, YTO HIapy cooOmaercs
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Oosplrast KuHeTHUecKas sueprud. [Ipu yaape mapa o 3a00ii ¢ 6onbIeii KHHETHYECKOH
SHEPrueil yBelInuMBaeTcs OOBbEM BOPOHKH pa3pylICHHs IOCIE eIWHUYHOTO yrapa.
JanbHeliniee yBenrueHNE CKOPOCTH LIapa MOKET IPUBECTU K TOMY, UTO TOTIOJHUTENb-
Hasl PHeprusi OyleT pacxoAOBaThCsl HE Ha pa3pylIeHHE MOPOAbl, a HAa OTCKOK IIapa.
C pocTOM BS3KOCTH PacTBOpa CHHXKAETCS KOAPQPHUUIMEHT 3KEKIUU IapOCTPyHHOTO
CHapsi/ia, MPENCTaBISAIOMNI cOO0 OTHOIIEHNE KEKTUPYEMOTo MOTOKa K pabouemy.
OKEKTHUPYEMBIM MTOTOKOM SIBJISIETCS. PACTBOP, MOCTYMAIOLINI B KaMEpPy CMEIIEHUS U3
3aTpyOHOro MPOCTPAaHCTBA Yepe3 CITyCKHbIE OKHA BMECTE C IIapaMH, a paboyuM MoTo-
KOM — CMEILIaHHBIH OTOK BHYTPHU KaMepbl cMeleHus. M3-3a cHmkeHus pacxona pado-
YEero pacTBOPA CHIDKAETCA pacXo/] IapoB B €AMHUILY BPEMEHHU, YTO IPUBOAUT K [1aJACHUIO
a¢dexrrBHOCTH Oypenust coracHo Gopmyne (1). JanHoe mpennoiokeHne moATBEPK-
JlaeTCsl MOSBJICHUEM 3aKJIMHOK IIapOB Mepe]] BIlyCKHBIMU OKHAMHU IIPU YBEJINYEHUH BS3-
KOCTH pacTBOPA, YTO MPOUCXOIHUT H3-3a CHIKEHUS KO3 HUIIMEeHTa HKEKIUH.

1,05 ¢

—_

[

(=)
—

s

0,95

0,90

O6beM paspymienus, cMm>

0,85 i

0’80 1 1 1 1 J
0 5 10 15 20 25
—0—IIB —¢—JIHC CHC 10 ¢ =& CHC 10 mun

Peosnoruueckre napameTpsl pacteopa, alla/alla - ¢

Pucynok 4. 3aBUCHMOCTh 00bEMa pa3pyLICHHs OT PEOJIOTUUECKUX CBOWCTB OypOBOTro pacTBopa
Figure 4. Dependence of the volume of destruction on the rheological properties of the drilling fluid

IloMrMO yCIOBHOW BA3KOCTH 3aMepsAiach JUHaAMHUYEcKas BA3KOCTh pacTBOpa MpHU
Pa3IMYHBIX CKOPOCTSIX BPALEHHS IIMUHJENS POTALMIOHHOTO BUCKO3UMeTpa. [1o momy-
YEHHBIM AaHHBIM BbluMcisuinck JIHC — BenuunHa, KOTOpas XapaKTepHU3yeT BBIHOCS-
HIyI0 CIIOCOOHOCTH PacTBOpa, IacTuieckas Ba3kocThb (I1B) u ctarnueckoe Hampsvke-
nue casura (CHC) nocne ucreuenus 10 ¢ u 10 MuH, onpeensioniee yaepKUBAIOIILY O
CHOCOOHOCTh pacTBOpa B OTCYTCTBHU HUPKYJSUMH. [lnacTHueckas BS3KOCTH Cylie-
CTBEHHO HE BJIMSIET HA BBIHOCALIYIO CLIOCOOHOCThH PAacTBOpPa U 3aBUCUT OT KOJIIMYECTBA
MHEPTHBIX YacTHII, HaXoAsImuxcs B HEM. Bo Bcex ombITax IulacTHYecKas BA3KOCTh
ObUla MUHUMAJIbHA, TaK KaK B paCTBOPE MPHUCYTCTBOBAIO MUHUMAIBHOE YHCIIO HHEPT-
HOU TBepaoH (a3bl. B moseBrIx ycIoBUsAX POCT JaHHOTO MapaMeTpa Takxke OyaeT npu-
BOJHTH K POCTy ycioBHOH Bsizkoctu [17, 18]. [lomydeHHble naHHbIE B rpadruecKoM
BUJIE NPENICTABIEHBI Ha pUC. 4.

Xapakrep u3MeHeHus o0beMa paspymenus ot BennurnHbl JJHC nosropsier 3aBucH-
MOCTBH OT YCJIOBHOM BSI3KOCTH, TaK KaK IJIACTUYECKasi BA3KOCTh ObLIa MUHHMAJbHA.
[InacTuyeckas BS3KOCTh MMEET MUHHMMAaJbHbIE 3HaUeHMs. B MoneBbIX ycnoBusx npu
HapaboTKe pacTBOpa IJIaCTHUYECKas BA3KOCTh OyleT yBeIMYMBaThCs. B aTHX ciaydasx
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pexoMeHnayercsi pykoBoacTBoBaTthess 3HadeHneM JIHC. HambGonpmmii o0beM paspy-
[IEHHOTO Marepuana HabIroaaeTcs Mpy 10cTaTouHo HU3KoM 3HaueHun CHC, kotoporo
HEJIOCTAaTOYHO IS MOAAEPKaHHUsA BBIOYPEHHOM MOpPOABI BO B3BELICHHOM COCTOSIHUH
NPU OCTAHOBKE LUPKYJISLIHH.

B npou3BOACTBEHHBIX YCIOBUSX, P MCIIOIB30BaHMHM OYypOBOTO pacTBopa Tpebo-
BaHHA K €ro PEOIOTHUECKUM MapaMeTpaM MOTYT OBITh Pa3iUuHBI, HO, KaK MPaBUIIO,
3nauenue JJTHC pexomennyerca noaaep:xusath He Huke 38 alla u CHC nHe Humxe
14/24 (10 ¢/10 mun) nlla. lanHOMY KpUTEPHIO COOTBETCTBYET KOHLEHTpaLUUs OHOIIO-
aumepa 3 kr/m?. TIpu 1aHHOW KOHIIEHTPAIMK OHOMOIMMepa 00beM pa3pyLIeHHOTO Ma-
Tepuana Bce paBHO ocraercss Ha 12 % Bblmle, YeM NpPU HCIHONb30BAaHHUU BOIHI,
HO Ha 6 % HIDKe, YeM IpH KOHICHTpaluu ouonoaumepa 1,5 kr/m?.

Ha ocHOBaHMY TOyYEHHBIX PE3ylIbTaToB MOXKHO C(hOpMYIIMPOBATH PEKOMEHAALIUH
K I0A00PY PEOIOTHYECKUX MTapaMeTPOB PacTBOPA.

Bapuanm 1. Eciiu nipu OypeHHH OTCYTCTBYET BO3MOXKHOCTD 3aJ1€HCTBOBAaTh CHCTE-
MY OYHCTKH (BUOPOCHTA, IECKO- M MJIOOTACIHUTENHN), IPH 3TOM K pacTBOPY HE Iperb-
ABJISIETCSL 0COOBIX TPeOOBaHMM, TO PEKOMEHIYETCS OCYLIECTBISATh OypeHHe Ha TeXHH-
yeckoil Boge. s OYMCTKM NPOMBIBOYHOM IKHIKOCTH MOXET OBITH JOCTaTOYHO
TrPAaBUTALIMOHHOTO OCAXKJCHHUS 1IIaMa B OTAEIBHON eMKOCTH (OTCTOMHUKE).

Bapuanm 2. TnaBHbIM TpeOOBaHHEM SIBIACTCS BBICOKAas MEXaHMUYECKas CKOPOCTb
OypeHus1, IpH 3TOM HE MPEABABIACTCS IONOIHUTEIBHBIX TPeOOBaHUHI K CBOMCTBaM
MPOMBIBOYHON KHIKOCTH. B 3TOM ciyyae pexkoMmeHayeTcsi HadaTh OypeHue ¢ MHUHU-
MaJIbHO# KOHIEHTpalueil Onononumepa, npuMepHo 0,5 Kr/M?, ¢ MOCTEeNeHHBIM YBEH-
YeHWEeM KOHIEHTpauuH. [Ipy CHIXEHWH MEXaHWYEeCKOW CKOPOCTH OCTaHOBHUTH
yBeNUUEHHE KOHIEHTpauun Ouonomumepa. [Ipu HeoOXoAMMOCTH OCYIIECTBUTH
pasbaBnenue BOJOH.

Bapuanm 3. Ecau He obecrieuuBaeTcsi J0CTaTOYHO 3P GEKTUBHBIN BRIHOC LIUIaMa U
CYIIECTBYET BEPOATHOCTh OCHINIAHUS CTEHOK CKBAXKHHBI, a TaKKe MPU IPYTUX CHTYa-
UsIX, KOTJIa He00X0MMMO 00ecreunTh 0coObie TpeOoBaHus K OypOBOMY pacTBOpY, He-
00X0IMMO MPOU3BECTH 00pPabOTKY pacTBOpa 10 AOCTHKEHHUS TpeOyeMBbIX TapaMeTpoB.
[Ipu aToM cHrKeHUuEM 3PPEKTUBHOCTH OypeHHs CIeayeT npeHeOpeys.

[Ipu BBICOKOH BS3KOCTH PAacTBOpa WM IPH YBEIHMUCHHU PAacXofa pacTBOpa MOXKET
HaOMoaThCsl 3aKJIMHKA MIapOB Iepel BIYCKHBIMU OKHaMH. BO3MOXKHBIM pelLIeHneM
9TOH mpoOIIeMBl sIBIsieTCs yBenndeHne kodpuimueHTa »Kekunu. Tpedyercs ycTaHo-
BUTb K KOMIIOHOBKE IIApPOCTPYHHOTO CHapsiia MPOXOJHOE COTJIO MEHBIIETO JHaMeTpa.
[Ipu aTOM BO3pacTeT ycTbeBOE AaBJICHUE.

BoiBoabl. BriepBrie ycTaHOBIIEHA 3aBHCHUMOCTh MEXKIY BSI3KOCTBIO OypOBOTO pac-
TBOpa 1 3 (HEeKTUBHOCTHIO pa3pyLIEHHs TOPHOI OPOIBI TpH OypPEeHUH IAPOCTPYHHBIM
cnocoboM. ChopMUPOBaHBI PEKOMEHAALUH 10 MOAO0PY ONTUMAIBHBIX PEOIOTHYEC-
KHX [apaMeTPOB MPOMBIBOYHON KUAKOCTH B 3aBUCHMOCTH OT 3a/1a4, CTABSIIUXCS MPH
OypeHuu.

[lony4yeHnHble pe3yabTaThl PACHIMPSIIOT OO0NACTh NPUMEHEHHs IIApPOCTPYHHOTrO
OypeHus, a TaKKe YIy4yIIaloT KaueCTBO NPOrHO3upoBanus 3pdekTHBHOCTH OypeHHS.

BUBJIMOI PAOMYECKUI CITUCOK

1. KoBanes A. B., Psabuuxo C. ., Amues @. P, Sxymer /I. A., Topberko B. M. IIpoGrembr
TU/IPOJIMHAMUYECKHX CIIOCOOO0B OypeHHs] CKBaKMH M OCHOBHBIC HANpaBlIeHMs1 UX pelueHus // M3Bectus
Tomckoro monurexanaeckoro yausepcureta. 2015. T. 326. Ne 3. C. 6-12.

2. KosaneB A. B., Ps6unkoB C. f., Topbenko M. B., Topbenko B. M., CapyeB JI. A. Pacuer
TEXHOJIOTUYECKHUX IMPOLECCOB MIapOCTPYHHOTo OypeHHs B ONTHMAIBHOM PEXHME pa3pyIICHHs] TOPHBIX
nopox // Teopecypesr. 2016. T. 18. Ne 1. C. 102—106. DOI: 10.18599/grs.18.2.5

3. Kovalyov A. V., Ryabchikov S. Ya., Isaev Ye. D., Ulyanova O. S. Modeling pellet impact drilling
process//IOP Conf. Ser.: Earth Environ. Sci. 2016. Vol. 33. Art. 012030. DOI: 10.1088/1755-1315/33/1/012030

4. Ypuum B. B., KoBaner A. B., Top6enxo M. B., Capye JI. A. Pa3paboTka KOHCTPYKIHH
3aJIep)KUBAIOLIET0 yCTPONUCTBA ISl IapOCTPYHHOro OypeHHs] CKBOKHH C MPUMEHEHHEM YyJaBIIHBaIOIIe-



32 “Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 7. 2021 ISSN 0536-1028

HOHTHIBAIOIIETr0 ycTpoicTsa // IIpobneMsl Teosornu n ocBoeHus Heap: Tp. XX MexayHap. CHMIL
CTYICHTOB M MOJIOABIX Y4€HBIX UM. akaa. M. A. Ycosa, Tomck, 4-8 ampens, 2016. Tomck: TITY, 2016.
T. 2. C. 786-788.

5. BaranoB A. P, Ucaes E. [I. McnbiTaHue mapocTpyiHO-»KEKTOPHOrO OypoBOro cHapsiia Ha
naboparopHom crenge Ha Oaze cranka CKbB-4 // IlpoGnembl reonormm W OCBOGHHS HEIp: Tp.
XXI MexnayHap. cumn. uMm. akang. M. A. Ycoma, Tomck, 3-7 ampens, 2017. Tomck: TITY, 2017.
T. 2. C. 460-461.

6. Topoenko M. B. BrisiBnenue 3pQexTHBHOII 001acTH NPUMEHEHHUs IApOCTPYHHO-3KEKTOPHBIX
OypoBbIX cHapsioB // IIpoOneMsr reonornu u ocBoeHus Heap: Tp. XXI MexayHap. CHMIL. CTYIEHTOB U
MOJIONBIX YUEHBIX M. akag. M. A. Ycosa, Tomck, 3—7 anpens, 2017. Tomck: TITY, 2017. C. 568-569.

7. Ypuum B. B., CapyeB JI. A., CapyeB A. JI. Ontumusanusi pexiMMOB IAapOCTpyHHOro OypeHus
peryJIupoBaHHEM pacCTOSHMs OT CHapsima no 3abos // U3Bectus TOMCKOTO HONUTEXHHYECKOTO
ynusepcutera. Umxunupusr reopecypeos. 2018. T. 329. Ne 4. C. 162-170.

8. Ucaes E. JI. K Bompocy mepcrieKTHB pa3BUTHS mapocTpyitHoro Oypenus // [Ipobiemsl reonoruu u
ocBoeHus Heap: Tp. XX MexayHap. cumn. uM. akag. M. A. Ycosa, Tomck, 6—10 anpens, 2020. Tomck:
TIIY, 2020. T. 2. C. 451-452.

9. Eckel I. E., Deily F. H., Ledgerwood L. W. Development and testing of jet pump pellet impact drill
bits // Transaction AIME. 1956. Vol. 207. P. 15.

10. YBaxoB A. b. IllapoctpyiiHoe Oypenue. M.: Henpa, 1969. 207 c.

11. 3aypbexoB C. A. IloBbimenue 3pheKTUBHOCTH NPHU3a00WHBIX THAPOIMHAMUYECKHX IIPOLECCOB
MIPY MAPOCTPYIHOM OypeHUN CKBXUH: aBTOped. IHC. ... KaHI. TeXH. HayK. Anmmarsl, 1995. 18 c.

12. Barkun C. C. CoBpeMEHHOE COCTOSIHUE U MTPOOIEMBI pa3BUTHA HU3HUECKUX CIIOCOO0B OypeHus //
Bypenue: matep. noxi. XI Beeykp. Hayu.-TexH. KoH(. cTyneHToB, JJoHerk, 28-29 anperns, 2011. C. 20-22.

13. JaBupmenxko A. H., UrnatoB A. A. AOpa3uBHO-MEXaHHYECKOE yIapHOe OypeHHE CKBayKHH.
Juenponerposck: HI'Y, 2013. 110 c.

14. SApomenko A. B. Pe3epB mHoBbILICHNS] MPOH3BOAUTENIBHOCTH (PU3MUIECKUX CIOCOO0B Oypenus //
DopyM cTyneHToB-0OypoBHKOB: c0. 10K Beeykp. crya. Hayd.-TexH. koH(. [{Henponerposck, 2017. C. 7-9.

15. Illtpaccep B. B., Craxanos /I. B., ITonos A. 1. BogocTpyiiHblil penupKyasTOp: BOIPOCHL TEOPUU
U TIPaKTUKHU IpUMeHeHns // BecTHHK MHUYypHHCKOTO TOCYyIapCTBEHHOTO arpapHoro yHusepcutera. 2016.
Ne 4. C. 159-171.

16. Mi Swaco. PykoBoacTBO Mo GypoBBIM pacTBOpaMm sl HHKeHEepOoB-TexHOoroB. Pex. 2.1. CIIA,
2009. 992 c.

17. Mutuenn Jlx. beszaBapuitnoe Oypenue: mep. ¢ aHr1. M.; VbkeBck: MHCTHTYT KOMIBIOTEPHBIX
nuccienosanuii, 2017. 344 c.

18. EBcees B. [I. ®dusnka pa3pymieHHs: TOPHBIX MOPOJ X OypeHHN He(TSAHBIX U Ta30BBIX CKBAXKHH.
Tomck: TITY, 2008. 151 c.

19. bpyit JI. K., Llemneii H. B., ArBuHoBckast T. B. BypoBbsie u TaMnoHakHble pacTBOpHL. [oMenb:
ITTY, 2019. 135 c.

IMocrynuna B penakumio 4 aprycra 2021 rona
Caenenns 00 aBTOpax:

HUcaes EBrennii IMUTpHEeBHY — acCIMPaHT OT/NICHHUS He(TEera30Boro Jena TOMCKOro MoJUTEXHUIECKOTO
yauBepcutera. E-mail: pelletdrilling@gmail.com; https://orcid.org/0000-0002-3694-0307

Kymnep Jlee EBrenbeBnu — cTyneHT otaeneHus Hedrera3oBoro gena TOMCKOTO MOJUTEXHHYIECKOTO
yausepcutera. E-mail: lek4@tpu.ru; https://orcid.org/0000-0001-8202-0926

DOI: 10.21440/0536-1028-2021-7-25-34

The influence of ﬂushin§l fluids rheological properties on rock breaking efficiency
when drilling wells by pellet impact drilling method

Evgenii D. Isaev!, Lev E. Kushner!
I Tomsk Polytechnic University, Tomsk, Russia.

Abstract

Introduction. Pellet impact drilling method which is basically the destruction of rocks by blows of pellets,
has been studied by many researchers. Despite this, the rheological properties of the drilling fluid used
in pellet impact drilling have not been investigated yet. All bench and field tests were carried out using
service water. The use of a drilling fluid with a higher viscosity than water has the potential to expand
the field of application of pellet impact drilling. Therefore, it becomes urgent to study the effectiveness of
destruction of rocks when using flushing fluids with different rheological parameters.

Objective of this research is to investigate the efficiency of rock destruction in the process of drilling wells
using the pellet impact drilling method at various rheological parameters of the drilling fluid.
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Methods of research. A scaled laboratory bench was used in the research. The bench was a closed system of
circulation of the drilling fluid (drilling mud). The solution was prepared separately on a high-speed mixer.
The main part of the bench was a scaled pellet drill bit located in a simulated well. After the experiment,
the destructed rock volume and the rheological parameters of the flushing fluid were measured. A series
of experiments was carried out with a gradual increase in the viscosity of the flushing fluid. A biopolymer
(xanthan gum) in various concentrations was used to thicken the flushing fluid. Drilling fluid rheological
parameters were measured using an eight-speed rotary viscometer and a Marsh funnel.

Results. For the first time, a relationship has been established between the efficiency of rock destruction
during pellet impact drilling and the rheological parameters of the drilling fluid used. It was found
that with an increase in the concentration of biopolymer and an increase in viscosity, at first, there was
a significant increase in the volume of drilled rock per unit time, and with a further increase in concentration,
a gradual decrease occurs.

Conclusions. The results obtained expand the field of application of pellet impact drilling. The reliability
of predicting the drilling speed is improved depending on changes in the properties of the drilling fluid.
Based on the results, recommendations were made for the selection of the optimal parameters of the
drilling fluid, depending on the drilling conditions.

Keywords: rock destruction; pellet impact drilling; flushing fluid; drilling mud; conditional viscosity;
plastic viscosity; solid rocks.
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Abstract
Research objective is to address an up to date task of developing the technology of associated gold
recovery from complex ore.
Object of research is the gold-bearing copper-pyrite ore. Gold was recovered in laboratory conditions
with the use of gravity methods of mineral separation.
Research tools. Rational modes of machinery operation have been determined through mathematical
planning of experiments including the obtained results processing by mathematical and statistical
methods.
Methods of research. Gold was recovered in the grinding-classification circuit based on a series-
installed short-cone hydrocyclone, a jigging machine and a shaking table.
Research results. The developed jig mode differs from the existing ones by the closed-circuit of jig
machine chambers: from the feed of the second (in the direction of the light fraction travel) jig chamber,
the light fraction (tailings) and undersize product — fraction with the increased content of accessory
minerals (rough concentrate) are separated. The rough concentrate in the second chamber is directed
to the first chamber of the machine, where the finished jig concentrate is obtained in the form of an
undersize product. The light fraction moves from the first chamber to the second and is removed from
the machine through the tail board. When fine-tuning the heavy fraction of jigging on a shaking table, it
is recommended to mix 1/2 part of the initial feed of the tables with the rough concentrate isolated from
the other 1/2 of the original feed. The new jigging mode and the scheme of concentration on the tables
provide an increase in the gold content in the initial feed of the apparatus, which is the reason for a
decrease in gold losses with the tails of the gravity circuit.
Research relevance. Gold recovery increment by 4.77% was obtained due to the use of all three
recommended scientific and technical measures, namely sands concentration in a short head cone
crusher on a jig, switching the jig chambers to a closed circuit, and jet motion of concentrates on
shaking tables.
Scope of the results. The results should be applied when concentrating ore containing free (amalgamable)
gold, as well as gold-bearing pyrite.

Keywords: copper-pyrite ore; gold; associated extraction; gravity.

Introduction. This research addresses the task of developing the technology of
associated gold recovery. The issue is highly relevant for mining enterprises processing
complex copper ore [1]. Return on equity for associated valuable noble metals
production turns out to be rather high since 80—90% of all costs are connected with
core products manufacture and are outweighed by its gross value [2—4].

Gold recovery into copper concentrates in the course of copper-zinc gold-bearing
ore processing in the Urals doesn’t exceed 10-20% under the weight content of noble
metal varying from 0.2 to 10 g/t [5]. Only for ores in particular fields, for instance
Gaysky and Oktyabrsky, gold recovery makes up 15-45%. Noble metals loss is
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basically (40-90 %) connected with the pyritic concentrate, since in the course of
pyritic Uralian ore processing with the pyritic concentrate, from 10 to 11 t of gold are
lost annually [4, 5]. Gold grain surface passivation in the processes of grinding—
classification and high content of free CaO are other reasons for the loss of gold with
tailings [6—10].

The object of this research are typical refractory copper-pyrite ores of the Urupsky
field (Karachay-Cherkess Republic). In the course of these ores flotation, gold is
extracted as an associated component by gravitational methods of concentration. Gold
in ores is mainly accompanied by pyrite [2, 3, 5]. Therefore, with an increase in the
copper concentrates quality, gold loss with flotation tailings inevitably increases [5, 11, 12].
In some instances, to increase profit by paying for gold in copper concentrate, its quality
during flotation is reduced (for example, down to 15% at JSC Svyatogor). However, the
costs of bare concentrate processing at a copper plant are increased significantly [5, 13, 14].
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Figure 1. Extracting zirconium dioxide, native platinum, and titanium dioxide
depending of their content in placer sand
Pucynok 1. V3BieueHue AMOKCHIA LUPKOHMS, CAMOPOAHOH IUIATHHBI W JHUOKCHIA
THTaHa B 3aBHCHMOCTH OT UX COJIEPIKAHUSA B IIECKaX POCCHIIN

The technological solutions under discussion. As a database for the development
of new modes for mineral separation by density, the dependences between valuable
components extraction and their content in the feedstock have been used. They had
previously been obtained by a number of researchers [15-24] in the course of
concentration by gravity methods (Figure 1) among other things.

High concentration of the valuable component in the feedstock required for its
complete extraction can be achieved through the use of rough concentrate dressed from
a part of the feedstock in circulation [25-27].

In this research, gold from the mill discharge was recovered on a duplex diaphragm
jig machine with jigging concentrate cleaning on a shaking table.

To increase gold recovery, the material was jigged when jig machine chambers were
operated in a closed circuit. In this mode, the light fraction of the material transfers
from the first chamber to the second and exits the machine through the tail board.
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The undersize product of the second (in the direction of the light fraction travel) jig
chamber is directed into the first chamber combining it with the original feedstock.
A jig concentrate is obtained from the resulting mixture in the form of an undersize
product of the first chamber.

When cleaning the jig concentrate, a heavy fraction is separated from its half
(1st concentration jet) on shaking tables and combined with another half of the jig
concentrate. A commercial gold-bearing gravity concentrate is separated from
the resulting blend (2nd concentration jet).

Results and discussion. In the first series of experiments, in the grinding—
classification circuit, gold was recovered according to the factory scheme, i.e. using a
short head cone crusher, the sands of which were cleaned up on a shaking table.

Table 1. Mode and technological indicators of concentration on tables
Ta0auna 1. PeskuM M TeXHOJI0THYeCKHE OKA3aTe/ M PO Ecca KOHIEHTPAIMY HA CTOJIAX

Process scheme

jigging (chambers are

Indicator jigging with .
concentration on the . op erat?% in a closed
table circuit) with concentration

on tables (jet scheme)

Deck table operation mode:

stroke frequency 7, min™' 324 339
stroke length /, mm 6 6
wate3r consumption for flushing 25 25
q, m’/t

Concnetrate of the table:
yield, % 0.22 0.37
Au content, g/t 35.93 37.26
Au recovery, % 5.27 9.19
response function 5.15 9.00
concentration grade 3.47 3.58

In the experiment, a short head cone crusher designed by the Central Research
Institute of Geological Prospecting for Base and Precious Metals (TsNIGRI) was used
with a diameter of 35 mm and a 90° tapering angle of the conical part. Power was
supplied by a sand centrifugal pump with a pulp pressure at the inlet of 0.051 MPa
through a branch pipe with a 6 mm feed diameter. To separate the sands, a sand nozzle
with a 2 mm diameter and an 8 mm diameter of underflow were installed. The specific
load on the sand hole was maintained at 1.43 t / (cm? - h), the size of the nominal grain
in the underflow was 40 pum.

As a result, a heavy fraction containing 34.77 g/t Au was separated on the table,
the recovery of which was 5.12%.

Low productivity of shaking tables allows only part of the sands of short head cone
crushers to be involved in processing, which reduces the commercial yield. To reduce
the amount of sands of short head cone crushers directed for concentration on the tables,
a jig machine was used.

Under laboratory conditions, the sands of a short head cone crusher were concentrated
on the MOD-0.2 jig machine. The rational mode of jigging was determined by the
experiment planning method with four factors variation at two levels. The cones stroke
of X, ranged within / = 3—7 mm, the vibration frequency of the X, cones ranged within
n = 200-240 min!, the flow rate of X, undersize water ranged within g = 4-6 m3/t,
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Figure 2. The recommended quality-quantity scheme of associated gold recovery in the grinding—
classification circuit when concentrating copper-pyrite ore; built based on the experimental results
according to the continuous process principle
PucyHok 2. PexomeHIyemasi KaueCTBEHHO-KOJNMYECTBEHHAs CXeMa IOMYTHOTO H3BICYCHHS
30J0Ta B LMKIIE UMETbYeHUe—KAACCUPuKayus TPU OOOTAICHUN MEIHO-KOTYENAHHBIX DY,
COCTaBJICHHAs 110 Pe3yJIbTaTaM OIIbITa, MPOBEJICHHOTO 110 TIPUHIKITY HEMIPEPBIBHOTO Mpoliecca
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the height of the artificial bed in the second chamber of the X, machine ranged within
h = 23-37 mm under a constant height of the artificial bed in the first chamber of the
machine of 74 mm. To create an artificial bed, 5-7 mm steel shot was poured into
the removable stencil cells and the stencils were installed in the jig chambers on
a screen with 3 x 3 mm cells.

The specific productivity of the jig machine for the feedstock was 14.7 t/ (h - m?) in
the experiments.

The Hancock criterion was used as a response function, %,

=t Ye 00
100-a,,

where g,  is the gold recovery into concentrate, %, under the concentrate yield y_, %,
and the gold content in the base ore a,_, %.

Experiments were duplicated and randomized by arbitrary choice of the
experimentation order. Gold content in the concentrates was determined by the assay
test. The equality of empirical variances was determined by the Cochran’s Q-test.
The experimental results were approximated by a linear regression equation:

Y =9.416+1.162X, +1.223X, + 1.031X, +1.101X,. (1)

The Fisher’s criterion test has shown that regression equation (1) adequately
describes the experimental data with 95% reliability. The best result of short head cone
crusher sand jigging was obtained under cones stroke of 8 mm and their vibration
frequency of 250 min~!, the undersize water flow rate of 6.2 m3/t, and the artificial bed
height of 39 mm.

After determining the rational mode of jigging, jig heavy fraction grinding and
cleaning on the shaking table were added into the gold recovery scheme. It follows
from the results of the experiment carried out under conditions simulating a closed
circuit, that with the jig machine, metal recovery grows from 5.12 to 5.97% under the
gravity concentrate yield of 0.237% and Au content of 37.77 g/t.

When switching to jigging with closed-circuit chambers, the experimental results
were approximated by a linear regression equation, adequate to the experimental data
with the 95% reliability of the estimate:

Y =10.291+2.032X, +1.586.X, —1.367.X, +0.737.X,. )

The adequacy of the plane approximation and the application of the first-order
regression equation (2) was confirmed by checking the deviations from the arithmetic-
mean of the experiments of the response function values at the central point. By the
steepest ascent method, a rational mode of jigging with closed-circuit chambers was
found. The selected response function takes on a maximum value under the jig cones
stroke of 8 mm and their oscillation frequency of 244 min~!, and 3.95 m3/t of water
application under the jig machine gratings under the artificial bed height of 36 mm.
When jig chambers were operated in a closed circuit and rational mode, an experiment
was carried out according to the principle of a continuous process.

It was found that when switching to the closed circuit mode, the optimization
parameter value grows from 14.45 to 15.98, which corresponds to an increment of gold
extraction into the jig concentrate by 1.77% without sacrificing its quality.

Further improvement of gold extraction by the gravity method was associated with
shaking tables efficiency growth.
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Work optimization of the SKO-0.5 shaking table at the first stage of the research
consisted in determining the rational operation mode by the method of mathematical
planning of experiments. When cleaning the jig concentrate on the table, the frequency
(X, = 260-340 min') and length (X, = 8-16 mm) of the table deck stroke, and water
consumption for material flushing (X; = 1.1-2.7 m?/t) were selected as independent
variables.

The experimental results were evaluated according to the Hancock criterion.
As a result of mathematical processing of the experimental data array, a regression
equation has been obtained that connects the selected response function and the
parameters of the shaking table operating mode:

Y =2.585+0.296.X, — 0.667.X, +0.399.X,. 3)

The significance of the coefficients in regression equation (3) was estimated by the
Student's criterion. The Fisher’s criterion test showed that regression equation (3)
adequately describes the experimental data with a statistical reliability of 95%.

When switching the tables’ operation to the jet scheme, the experimental data were
approximated by a regression equation that is adequate to the experimental data with a
significance level of 0.05:

Y =5.837+1.059X, -1.610X, +0.712.X,. 4)

A comparison of regression equations (3) and (4) revealed that regardless of the
concentration scheme on the tables, a high frequency and a short stroke length of
the deck helps to achieve the maximum value of the response function; flush water
consumption in both instances should be high.

The rational modes of jig concentrate cleaning on shaking tables operating according
to competing patterns of concentrates motion are determined by the steepest ascent
method (Table 1).

It follows from Table 1 that the use of the developed technology of associated gold
extraction in the grinding—classification circuit is 3.92% higher than with the existing
technology; gold content in commercial gravity concentrate is 7.26 g/t higher than at
the existing production. When the tables work according to the jet scheme, the frequency
of their deck stroke should be 5% higher.

Experiments have been carried out according to a scheme that simulates a closed
circuit of associated gold extraction in a grinding—classification circuit by gravity
concentration methods (Figure 2). In accordance with the diagram in Figure 2, sands of
a short head cone crusher are subjected to jigging on a jig machine with chambers
operated in a closed circuit; oversize concentrate and heavy fraction of the first chamber
are cleaned on shaking tables after grinding. The shaking tables are operated in a mode
with feedstock jet motion and rough concentrate.

It follows from the research results that the recommended technology of associated
gold recovery in the grinding—classification circuit in the course of copper-pyrite ores
concentration allows increasing gold recovery by 4.77%, and from 5.12 to 9.89%,
namely by 0.85% by concentrating sands in a short head cone crusher on a jig machine;
by 1.77% by switching the chambers to a closed circuit; by 2.15% by jet motion of
concentrates on the shaking tables.

Conclusion. A technology has been developed for the associated gold extraction in
the grinding—classification circuit in the course of copper-pyrite ore concentration at
the Urupsky field. The developed technology differs from the existing ones (and the
ones adopted at the operating concentration plant) by the mode of sand jigging in
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a short head cone crusher and the scheme of treating heavy jig fraction on shaking
tables. The novelty of the jig mode consists in the jig chambers operation in a closed circuit.
The novelty of heavy fraction treatment scheme consists in mixing a half of the tables
feedstock with rough concentrate separated from the other half of the feedstock.
The new jig mode and the scheme with the shaking tables increase gold content in the
feedstock, which is the reason for reduced gold loss with the gravity circuit tailings.

In the laboratory conditions, the new jig mode and scheme with the shaking tables
have been tested on a sample of ore from the Urupsky field. The research was carried
out using the methods of mathematical planning of experiments. The effectiveness of
the developed technology has been proven by experiment. Moreover, gold recovery
increment by 4.77% was obtained due to the use of all three recommended scientific
and technical measures, namely sands concentration in a short head cone crusher on a
jig, switching the jig chambers to a closed circuit, and jet motion of concentrates on
shaking tables.
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Pa3pa6orka TeXHOJOruM NONMYTHOI0 U3BJIE€YEHHS 30J10TA
NIpU 000rallieHuH MeJHO-KOJT4YeJaHHbIX Pyl

Epnokumos C. U.!, Tepacumenxo T. E.!
I CeBepo-KaBKa3ckuil TOpHO-METaJUTypPrHYCCKH HHCTHTYT (TOCYHAPCTBEHHBIH TEXHOIOTHYECKHII
yHHuBepcuTeT), Bnagukaskas, Poccus.

Peghepam
Lens pabomut — pewienue akmyanvHotl 3a0auu: paspabomxa mexHoI02UYU NONYMHO20 U3BNeHeHUs 3010Md
U3 KOMNJIEKCHBIX PYO.
O6veKmom uccnedo6anus AGIANUCL 3070Mocooepiicayue MeoHo-Konueoannvle pyowl. Hszeneuenue
30710MA U3 HUX OCYUYECMEIATU 6 TADOPAMOPHBIX YCL08UAX C UCNONbI0BAHUEM SPABUMAYUOHHBIX MEMOO08
pasoenenus MUHepaLos.
Hucmpymenmot  uccnedosanun. Payuonanvuvle pedxcumvl pabomvl annapamos OnpeoeneHvl ¢
NPUMEHEHUeM —MAMeMamuiecko20 NIAHUPOBAHUSL  IKCHEPUMEHMO8 ¢ 00pabomKou  NOLYYEHHbIX
De3VIbManmos MamemamuKko-Cmamucmu4eckumMu Memooamu.
Memoouka npoeedenusn ucciedosanuil. lzeneuenue 3010ma ocywecmeniiy 6 YuKie usmenrbyeHue—
KAAcCUDUKayuis ¢ UCNONb308AHUEM NOCIEO0BAMENLHO YCIMAHOBIEHHBIX KOPOMKOKOHYCHO20 2UOPOYUKIIONA,
OMCAOOUHOU MAWUHBL U KOHYEHMPAYUOHHO20 CMONA.
Pesynemamui. Paspabomannvlii pexcum omcaoku OMIuNAemcsi Om U3BECHMHbIX MeM, Mo Kamepbl
OMCAOOYHOU MAUWUHBL PAOOMAIOM 8 3AMKHYMOM YUKAE: U3 UCXOOH020 NPOOYKMA 60 6Mopou (no xody
08UdICEHUs 1e2KOUl PPaKyuu) Kamepe MAwiuHbl blOESIOM L1e2KVI0 QpaKyuto (Xeocmul) U NOOpeulemHulil
NPOOYKM — (PPAKYUr0 ¢ NOBLIUEHHBIM COOEPHCAHUEM MANCENbIX MUHEPANO8 (YEePHOBOU KOHYEHmpan).
YepHoBoll KOHYEeHmMpPAm, 6blOeNeHHbIL 60 BMOPOU Kamepe, HANPABIAION 8 Nepayio Kamepy MauluHbl,
20e Nomyuarom 20moGulil KOHYEeHmpam omcaoku 6 eude noopewemnozo npooykma. Jleekas gparkyus
nepemewjaemcs. U3 nepeoll Kamepvl 60 6MOPYIO U 6bIGOOUMCA U3 MAWUHLL Yepe3 CIUSHOU Nopoe.
IIpu 00600Ke mscenoll Gpakyuu omcaoku HaA KOHYEHMPAYUOHHOM CMOTe PEKOMEHOYEMCs CMeueHue
1/2 yacmu ucxo0H020 NUMAHUsL CMOLOE C YEPHOBLIM KOHYEHMPAMOM, 8bl0eIeHHbIM U3 opyeou 1/2 uacmu
ucx00Ho020 numanus. Hoevle pescum OMCAOKu U cXeMa KOHYEHMpayuu Had Cmonax 0Oecneyusarom
yeenuuenue co0eprHcanusl 3010Mma 8 UCXOOHOM NUMAHUYU ANNApamos, Ymo AGIAEmcsa NPUUUHOU CHUNCEHUS
nomepb 3010Ma ¢ X60CMAMU YUKIA SPAGUMAYULL.
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Axkmyansnocms. 3a  cuem npumeneHus paspaboOmMAHHLIX  HAYUHO-TNEXHUYECKUX —MepONpUsmuil:
obozaujenus neckog KOPOMKOKOHYCHO20 2UOPOYUKIOHA HA OMCAOOYHOU Maulune, nepesooa Kamep
OMCAOOUHOU MAWUHBL HA PAOONY 8 3AMKHYMOM YUKIe U CIMPYLIHO20 08UNCEHUS NPOOYKMO8 0D02alleHUs
npu KOHYEHMpPayuy Ha CMonax, NOIy4er npupocm usenevenus sonoma na 4,77 %.

Oonacmb npumenenusn pe3ynibmamos. Pesynvmamvl pabomvi pekoMeHOYemcs UCHONb308dAMb Npu
obozawenuu pyo, cooepacawux c60000H0e (amanveamupyemoe) 30J10Mmo, a MaK#ce 3010MOoCO0ePHCAUe20
nupuma.

Knrouesvie cnosa: meono-xkonueoannas pyda; 30710moO, nonymHoe u3zejledenue, cpasumayusl.
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OueHKa BO3MOXHOCTU NPUMEHEHUSA CYyXON TEXHONOMUM 0boraLleHus
ANS OKUCNEHHbIX NErMaTUTOB U FPaHUTOB NOMEBOLLNATOBOIO
mecTopoxaeHus Kegposoe

BysyHoBa T. A.", LUuraesa B. H.'
1 Hay4Ho-uccnefoBaTenbCKuMid U MPOEKTHBIA MHCTUTYT «YpanMexaHobp», r. EkatepuHbypr, Poccus
*e-mail: buzunova_ta@umbr.ru

Peghepam
Beeoenue. Ilonesownamogoe cvipve — NPUPOOHBIL UCMOYHUK KpeMHe3eMd, 2AUHO3eMd U OKUCTIO08
wenounvix memannos. Kaocoas pasnosuonocmv nonesvix wnamos Omauvaemcsi 0cobwiM Kpy2om
npuUMeHeHUs U Memooamu, UCNOTb3yemMbiMu npu oboeaweruu. OCHOBHBIM, OOCMAMOYHO P PDEeKMUEHBIM
Memoodom 0602aujenus NoNesowNamo8o20 Culpbs, AGIACMCA Qromayus, npu NOMOWU KOMOPOU
npoucxooum omoeneHue 0CHOBHOU MAcCyl 8pedHbix npumeceli. OOHaKo OaHHbINMEmoO0 XapaKmepu3yemcs
SHAUUMENbHLIMU  3aMPAMamu,  C6A3AHHLIMU ¢  Npuodpemenuem QIOMAYUOHHBIX —pPeazeHmos,
opaanuzayueli u 06CIYIHCUBAHUEM XBOCHIOXPAHUIUWY U NP.
Axkmyansnocms. B ceazu ¢ smum cyxue mexnonozuu nepepabomku noie6o2o winama ¢ moukiu 3peHus
pecypcocbepedicerus AGIAIOMC NEPCNEeKMUBHbIMY, HO 8 HACTOAWjee BPeMsA MAl0 20e NPUMEHAIOMCHL.
Taxum obpaszom, paspabomka cyxoul mexHono2uu o00o2aujeHusi NnoIesowNamo8o20 Coipbsi 6ecbMd
akmyanvHa.
Llenv pabomwi. H3syuenue 603MOJICHOCMU UCNONL30GAHUA CYXOU MeXHONO2UU 0bo2aweHus O
nepepabomxu no1e6ounamogo2o colpbsi HO8020 Mecnopodicoenus Keoposoe.
Memooonozua. B  npoyecce uccnedoganuii  UChonb308ano  aabopamopHoe  obopyodosanue
AO «Ypanmexanobpy: yenmpobedxncnas opoounxa [L]-0,5; yenmpobescno-ompadcamenvHas MerbHUyd;
1abOpamopHblll  KAcKaoHwlll Kiaccuguxamop, cyxou snekmpomacnummuslii cenapamop CMC-20M
«UTOMAK» u mpubosnekmpocmamuueckuii cenapamop.
Pezynomamut.  Ilo  pesynomamam ucnvlmanuii  nOOMEEPICOEHbl  BO3MONICHOCHL — 0002alyeHUs
NoNeBOUNAmMoBo20 Cbipbs Mecmopodicoenus Kedposoe cyxumu memodamu, a makdsce d¢hpexmusHoe
ucnonvzoeanue YenmpooextcHoeo OpodneHUs U UMeNbYyeHus 6 Kauecmee HNOO20MOBKU Cblpbs K
obozauenuro. Ilonyuen nonesouwnamosuiii Konyenmpam c maccosoti oonett Fe,0;— 0,30 %; Si0,— 69,42 %,
AlL,O,—-17,36 %; K,O + Na,0O — 11,84 %, umo xapaxmepusyem e2o kax coomsemcmsyoujuii TY.
Buigoovl. B pesynomame  npogeOeHHbIX — MEXHONOSUYECKUX — UCCIe008aAHUll  NOOmMBepiicoeHd
NPUHYUNUATLHASL B03MOJICHOCHb CYX020 0002aujeHusi Noae6oUNamogo20 Cbipbs OAsl OKUCIEHHbIX
neamamumog u 2panumog mecmopodicoenus Keoposoe na obocamumenwvnoii pabpuxe AO «Manviwescroe
pyooynpagnenuey. [lonyuen KOHOUYUOHHBIL NONEBOWNATNOBYII KOHYEHMPAM.

Knroueewle cnosa: nonesownamosoe coipbe; cyxue Memoosl 0002aujenus,; MacHUMHAs Cenapayus;
8030YUIHASA KIACCUDUKAYUA; KOHOUYUOHHBII NONeBOUNAMOBYII KOHYEeHMPam.

Beenenue. B mapre 2018 1. B nex oboramenus AO «ManbleBckoe pyaoynpaBie-
Hue» (MPY) BnepBrie oprann3oBaHa SKCIEpUMEHTaIbHAS MI0/1a4a MMOJIEBOLIIIATOBOTO
CBIPBS U3 OIBITHOTO Kaphepa HOBOTO MecTopoxaeHus Kenposoe. /o aToro BpeMeHu B
nexe odoramieHus nepepadaTbBaIOCh MOJEBOLINATOBOE CHIPhE TEXHOTEHHOTO MECTO-
poxnenus KsapraneHoe. [lo pe3ynpraraM HM3ydeHHs BEIIECTBEHHOIO COCTaBa IOJIE-
BOILIIATOBOE CHIPbE€ MECTOPOXkAEHU KenpoBoe BO MHOIOM CXOXKE C ChIPhEM MECTO-
poxnenuss KsapranpHoe. TemM He MeHee pa3nuuusi B COAEPKAHUHU OTIENBHBIX
KOMIIOHEHTOB, a TakKe (hakT MOJau B 1eX 00OralieHus] Ha Ha4yaJbHOM dTarle pas3pa-
00TKM MecTopoxeHus KeapoBoe ChIpbsi C BEpXHUX TOPU3OHTOB, MOABEPTIINXCS BbI-
BETPUBAHUIO, OKA3bIBAIOT CYIIECTBEHHOE BIUSIHME Ha TEXHOJOTHIO 00OTraleHus U Ka-
YECTBO IOJIEBOIINATOBOIO U CIIOASHOIO KOHIIEHTPATOB.
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Jannbie pakTel 00ycnaBIuBalOT HEOOXOIUMOCTh KOPPEKTUPOBKH CYIIECTBYIOIICH
TEXHOIIOTUYECKON CXeMBI 00OTallleHHs MOJIEBOIINATOBOTO CHIPhS JJIi HOBOTO MECTO-
POXJIEHUS, a TAKKE BO3MOXKHOCTh IIepepabOTKH TaHHOTO BH/IA CHIPhSI HOBBIMU METO/IA-
MU O0oraIeHusl.

ITynena (cnuB knaccupuKanun),
K. —0,24+0 Mmm

ObecuraMiIiMBaHue
IIECKHU /11 CIINB ¢
OO0ecIutaMmInBaHue
IECKU /1 i
\ ]

XBOCTBI

®dnoranus (TEMHOIBETHAS )

KaMepHBIN TICHHBIN
NpOIyKT MPOTYKT
XBOCTBI (TEMHOI[BETHBIC
ObGeciumamnyBaHme MHHEDAITBI)
neCKn /11 CIIUB

MIPOMBIBKA C BOJIOH

OT peareHTOB
XBOCTBI

Onortanus (caroasHas)

KaMepHBIN TIEHHBIN
MPOIYKT TIPOYKT

cimojia rpyoast
®dnoTtanus (MOIEBOIIATOBAS)

KaMepHbIH TIEHHBIN
HPOIYKT MPOIYKT

XBOCTBI Cyxasi MarHuTHasi cernaparus

(kBap)
HEeMarHuTHast MarHuTHast
(dpakuus (hpakuus
HOJICBOIIIATOBBIH XBOCTBI
KOHIIEHTpaT

Pucynok 1. [IpuHnunuanpHas cxeMa o0oraieHus moIeBomaToBoi pyast AO «MPV»y»
Figure 1. Circuit diagram of feldspar ore concentration at JSC MRU

TpeboBanus, MPEIBIBIIEMbIE TPOMBIIIIEHHOCTHIO K Ka9eCTBY IMOJIEBOIIIATOBOTO
Y KBapIIEBOTO CHIPHS, MPEIOTIPENEISIOT CTIenn(hUIECKUIl XapaKTep ero 000TanieHus 1mo
CpPaBHEHHIO C PyJlaMU IIBETHBIX, YEPHBIX U peaKkux MeTawioB [1, 2]. Obmee Hanpasie-
HUE TpoIiecca IPSIMO MPOTHBOIOI0XKHO TPAAUIIMOHHOMY JUTS Py IBETHBIX U IPYTHX
METaJJIOB, TaK KaK OCHOBHBIE MOpOA000pa3yrolie MHHEpasbl (ITOJIEBOW MIMAT U
KBapIl) BBIACISAIOTCS B KOHIIGHTPAT, B TO BPEMs KaK IpH 00OTaIIeHNH PyJ APYTHUX Me-
TaJUIOB OHU HANPAaBJISIFOTCS B XBOCTHL. B 3TOM citydae mo oboraimieHineM MoHIMAaeTcs
COBOKYITHOCTH OIlepannii MexaHnIeckoi 00pabOTKH TBEPIOTO MOJIE3HOTO UCKOMTaeMO-
TO C METBIO MOyYeHHUS U3 HeTO OJHOTO WJIM HECKOIBKUX MPOMYKTOB C YBEITMUEHHBIM
COJIepKaHUEM ITOJIE3HBIX KOMIIOHEHTOB MJIM C YMEHbBIIEHHBIM COACPKAHUEM BPEITHBIX
npuMeceH.

B o0miem cirydae B mporiecce o0oramieHnst KBapIl-TIOJIEBOIIITaTOBOTO CHIPHS CIEMLyeT
peliaTh Takre OCHOBHBIE 3a/1a9u:
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— IpoOJeHne U U3MeIbUeHHE TIOPOIBI C LIENbI0 PACKPBITHA CPOCTKOB MHUHEPAJIOB,
a Tak)Ke JOBEACHHUS HCXOJHOTO MaTepHralia 10 BEpXHETO ONTHMAaIbHO HOPMHUPOBAHHOTO
npezena KpymHOCTH;

— KJaccupUKaIys Mo KPYIMHOCTH JJIsl OTYYEHUs 33/IaHHOTO TPaHYIIOMETPHIECKOTO
cocraBa Marepuara;

— yaaJieHHe BPEeIHbIX MUHEPATbHBIX IPUMECEH.

OCHOBHBIMH BPEIHBIMHU PUMECSMU JJIs MTOJIEBOIINATOBOTO KOHIIEHTpATa SIBIISIOT-
ca okcup xenesa — Fe,)O,, a Takke cmona u xapil. IloBcemecTHo oTpaboTana TeXHO-
JIOTHSI CHWKEHUS JAHHBIX MPUMECeH MOKPBIMU METOIaMH 0OOTaIeHsI, B OCHOBHOM
¢norarmeii. Cyxue TeXHOJIOTHUH Tepepa0OTKH MOJIEBOTO INMara OYeHb aKTyaIbHBI
C TOYKH 3pEHHS PeCypCcOCOCPEKEHHUSI, HO MAJIO TJI€ UCTIONb3YIOTCS.

Takum o0Opa3om, pazpadoTKa CyXOH TEXHOJOTHH OOOTAIEHHMS MOJIEBOIINATOBOTO
CBIPBS SBJISETCS BECbMA aKTYaJIbHOM.

Ta6auuna 1. Pe3yJbTaThl HCHBITAHUN KBAaPU-M0JIEBOIINATOBOIO CHIPHSI MECTOPOKAEHUS
AnyHCKOro 1o cyxoii TeXHOJI0THH

Table 1. Test results for quartz-feldspar raw material from the Aduyskoe deposit according

to the dry technology
Brixon ot MaccoBas Pacnipenenenue
IIponyxt ucxomxuoro, | nous Fe,Os, | Fe,O3 oT ucxoanoro
% % npoaykra, %

KBapu-noeBommnaToBbIii KOHIECHTPAT 42,24 0,14 6,61
[pommpoayKT xene3ucTsiii 1 (B XBOCTHI) 18,32 1,62 34,18
CrroisHOM KOHIIEHTPAT (MYCKOBUTOBBIN 0.78 517 4.64

1 (IoronuTOBEIIN) ’ ’ ’
[IpoMmpoayKT *ene3ucThii 2 (B XBOCTHI) 3,72 0,82 3,53
KaonuHOBBII POAYKT (ILTaMBbI) 34,94 1,26 51,04
Hmozo 100,00 0,87 100,00

Marepuanbl U MeToAbl. VccnenoBanus MpOBOIUINCH Ha MOJEBOIIATOBOM pye
BCPXHUX I'OPU30HTOB MECTOPOXKIACHUA KeI[pOBOC, COCTOAIIUX M3 OKHUCJICHHBIX II€TMa-
TUTOB U rpaHuToB. [Ipoba aj1st uccaenoBaHuii 0ToOpaHa mocie BTOpoi cTaguu 1podie-
HUsI Ha oOorarutenbHOM (paOpuke, KpymHOCTH KyckoB — Menee 70 mm. Macca
po0sI — 500 kT.

HccnenoBanusi NpoOBOAWINCH C HMCIIOIb30BAaHUEM Ja0OPaTOPHOTO 0OOpPYHOBAHUS
AO «Ypanmexanoop»: nieHTpodexxnoit qpodunku JL1-0,5; neHTpoOexHO-0Tpaxarenb-
Hoti MesbHHUIIEI (IIOM); 1a00paTOpHOTO KaCKaIHOTO KIaCCU(PHUKATOPA, CYyXOT0 AJIEKTPO-
marauTHOro cenaparopa CMC-20M «MTOMAK» 1 Tpubo031eKTpoCcTaTHIECKOTO Cena-
paropa. M3yueHne npoayKToB 000rameHus BEIOIHUIOCH B aHATUTHYECKOM 1a00paTopun
AO «YpanmexaHoOp» METOJaMU XMMHUYECKOTO U MUHEPAJIOTHYECKOTO aHAIN3a.

Pe3yabTaThl M HX 00CYyKAeHHE. TEXHOIOTHS 00OTAIICHHS ITOJIEBOIIIIATOBOM PyIbI
Ha oOorarutenbHol (adpuke AO «MPVY» amantupoBaHa kK mnepepaOOTKe psaOBOMH
pyasl ¢ comepxkanueM Fe,O, ne Bbime 1,0 % u comepkaHueM IOJNEBOTO MINATa HE
HIwKe 57 %. Cxema BKIFOYaeT B ce0s MOATOTOBKY MaTepralia K 000TallleHHIO B ONIepallui
[IaPOBOTO U3MENBYEHUS 10 KPYITHOCTH PACKPBITHS MUHEPAIOB U TPH omepauu ¢iio-
TaIMM — TEMHOLIBETHYIO C BBIICICHUEM KeJIE30COAEPKALINX MUHEPAIIOB, CIIOISIHYIO U
mmoJieBoImmaroByro. [Iporecc obecumaMiaBaHUS B THAPOIUKIOHAX (T/IT) TIEpe TeM-
HOIIBETHOM U CITIOASTHOM (rioTarueit mponssoantes no kiaccy 0,042 mm. [loBonka mo-
JICBOIIIIATOBOTO KOHILIEHTpaTa U KBapILEBOTO ITeCKa OCYIIECTBIISIETCSI METOIaMH CYyXOH
MarHUTHOW cemapanuy.
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[l BBIIENIEHN s TEMHOLIBETHBIX MMHEPAJIOB UCIIONB3YyeTCs TauioBoe Macio npu pH
cpensl 8-9. CmronsiHast GroTanust ocyuiecTBiIsieTcs: B Kuciou cpeae npu pH 2,4-2,7 ¢
n00aBIeHHEM CEpHOI KUCTIOTHI M KaTHOHHOTO cobuparenst «Dinon-2». [loneBommarosas
¢notanus Beaercs B kuciol cpeze mpu pH 2,4-2,5 ¢ katnoHHBIM cobupareneM «DraoH-2»
1 100aBIEHUEM IUIABUKOBOM KUCIOTHI. [IeHHBINH NPOAYKT MOJEBOIINATOBOM (oTauuu
SIBISIETCS] TOTOBBIM ITOJIEBOLINATOBBIM KOHLIEHTPATOM, KaMEPHBIN MPOAYKT — KBapLIEBBIM
KOHIIEHTpaToM. B kauecTBe BcrieHUBaTes 100aBIIeTCs AN3EIbHOE TOIUIHBO.

B pesynbrare peanuzannu MOKpOW (IOTanMOHHOW cxeMbl oOoramieHus (puc. 1)
MPEANPUATHE MTOJTyYaeT BBICOKOKAUECTBEHHBIN CIIOASHON KOHIIEHTpAT, OJIEBOIIINATO-
BBIH KOHIIEHTPAT JUIs CTEKOJIbHON NPOMBILIIIEHHOCTH ¢ copepxkanueM Fe,0, 0,1-0,3 %
U JUIS KEPAMHUYECKOU IPOMBIIIIEHHOCTH — ¢ conepxanueM Fe, 0, 0,2-0,5 %, a taxxke
KBapLEBBI KOHLIEHTPAT.

JpoOneHslii IPOAYKT
KPYIHOCTBIO —3 MM

>
A 1
W3menpuenue
l 1IOM
Knaccnduxanus
l+0,2 MM -0,2 MMl
Bosnymmnas knaccudukarys MarnuTHas cenapanus
Kpynnsrit Cpennuit  Meinkuit HM.p. CMC-20M M.o. l
S
< Y XBOCTBI
Knaccuduxarust
04 v 04 v Tpn6091eelgg)poac;§;meacaz
< \ Y ¢ y l l l
Cmona Kgapn [Ipom. [Tonesoit
HPOJIYKT mmar

Pucynok 2. CxeMa HCTIBITaHUI TIOJICBOTO HIMATa MO CYyXOH TEXHOJIOTHH
Figure 2. Dry technology tests circuit for feldspar

3arpaThl HAa TEXHOJOTHIO OOOTaIIEHHs MTOJIEBOIINIATOBOTO CHIPbS METOAOM (h1oTa-
UM 3HaYnTeNbHble. OCHOBHBIE U3 HUX CBSI3aHbI C BHICOKOH CTOMMOCTBIO (hJIOTAIlMOH-
HBIX PEareHTOB, OpraHu3aleld U O0O0CIyXMBaHHEM XBOCTOXPAaHWIIHUILA, MOAOTPEBOM
BOJBI mepen ¢rotaureil U Ap. B cBsa3u ¢ 3tuM Ha oborarutensHol (adbpuke (OD)
AO «ManplieBckoe pyaoyIpaBiIeHHe» NOCTOSHHO BeAyTcs paboThl Mo pa3paboTke u
ONMPOOOBaHMIO PA3TMYHBIX TEXHOJIOTHYECKUX CXEM, a TAKKE PEareHTHBIX PEKHMOB
¢notanmu, Hccieayercs  BO3MOXKHOCTH — MCIIONB30BaHUS  BBICOKOTPaJWEHTHON
MarHUTHOW cemapalud B3aMeH (IOTanuy, paccMaTpUBAIOTCA CyXH€ METOJBI
oboramienus [3-5].

B paborax [6, 7] mpu H3yuyeHMHM KBapl-MOJEBOIINATOBOTO MECTOPOXKICHUS,
YYacTOK 5 AIyHCKOro TpaHUTHOTO MacCHBa, YCTAHOBJIEHA BOMOXXHOCTH MOTYYEHUS
KBapL-TOJIEBOIINATOBEIX W CIIOASHBIX KOHIIEHTPAaTOB NpU OOOTallleHHH CyXUM
CIIOCOOOM.

Oco0eHHOCTBIO TEXHOJIOTHH SIBIISETCS:

— IpeIBapUTeIbHAs IOATOTOBKA CHIPhsI K 000TAIlIEHHIO C TIOMOIBIO CYIIKH;
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— nIpobneHue (Ae3uHTErpays) MaTepyaia B KOMOMHAIMK LEHTPOOESKHO-yIapHON
JpOOMIIKM M BBICOKOUACTOTHOTO rpoxoTa «Krooshy;

— o0oramieHne METOIOM BO3IYLIHOHM KiaccU(UKALMK MO Y3KHM (DPaKUUsAM C I0-
clenyIouel MarHUTHOM cenapaiuei.

Pesynbrarel uCIbITaHUI IPUBEACHBI B Ta0M. 1.

B pesynbrare cyxoro oborarieHus KBapIl-IoJIEBOIIATOBOTO ChIPhs [6, 7] momy4eH
KOHJMLIMOHHBIN MOJICBOIINATOBBIN KOHIEHTPAT C BBHIXOAOM OT UCXOMHOU pyasl 42,24 %,
MaccoBoii noneit Fe,O; — 0,14 %.

W3yyeHne BEIECTBEHHOTO COCTaBa M 00OTaTUMOCTH OKHCJIEHHOTO MOJIEBOLITIATO-
BOT'O ChIpbsi MecTopoxkaeHus KeapoBoe nokasaino [3—5], 4To cymiecTByOmas TEXHOIO-
rust oborarutensHoi Gadpuku AO «MPVY» He mo3BojIsIeT NOMYyYUTH 3alaHHBIE TEXHO-
JIOTHYECKHE MoKa3arenu. B mpolecce mpoBeIeHHBIX UCIBITAHUH 10 CYIIECTBYIOIIEH
(GIoTAIMOHHOM cXeMe KOHIUIIMOHHBIX MOJIEBOILINATOBBIX U KBApLEBBIX KOHIIEHTPATOB,
cootBeTcTBytomuX ['OCT u TV, He noxydeHo.

B 2020 1. B AO «VYpanmexaHoOp» NpOBEAEHBI HCIBITAHUS CYXHX METOOB oOorariie-
HUS AJIA TMOJIEBOIINATOBOTO CBIPbSl BEPXHMX TOPU30HTOB MecTopoxiaeHus Kenmpo-
Boe [3—5]. B pe3ynbrare nccnenoBaHui ONpeesieHa NPUHIMIINAIbHAS BO3SMOXKHOCTh
oOoraieHus JaHHOTO BUJA CBIPhs CYXUMHU MeTofamMH. [17ist pa3paboTKy MOJTHOM TEXHO-
JIOTHYECKOM CXeMbl HEOOXOAMMBI MONTHOMACIITAOHBIE HCHBITAHUS TPEIJIOKCHHBIX
METOIOB 00OTAILCHHUS C OTPAaOOTKOM pe:KMMOB pabOTHI ammaparoB, IPOBEPKOH onepauii
00OTaImeHnss ¥ CXeMBbl C HCIOIb30BaHUEM 3aMKHYTHIX IIHKJIOB, IEPEUYUCTHBIX U KOH-
TPOJBHBIX oneparuii [8—17].

CxeMa UCTIBITaHUH IpUBeeHa Ha prc. 2. CxeMa BKIIIOYAeT ONepalnio Kiaccuduka-
IIUU Ha CUTE C LENbI0 OTAENICHUS KPYITHOM CIIONBI OT KBapI-MOJIEBOLINATOBOTO MPO-
JIYKTa; OTIEPALIMIO BO3IYIITHOM CEMapalny A MOITy4YEHHs] MyCKOBUTOBOTO KOHIIEHTPATa;
CYXYyI0 MarHUTHYIO CENaparyio 1JIsl CHUKEHHSI COAEPKaHM JKENe30COAEpKaIluX MUHE-
pajioB B KBapL-TIOJIEBOLLIIIATOBOM MPOAYKTE M TPUOOIIEKTPOCTATHUECKYIO Cerapanuio
JUIS TTOTTY4eHHs1 0OOTaIleHHBIX TTOJIEBOILIIATOBOIO M KBAapLIEBOTO KOHIICHTPATOB.

HcxonHbli IPOLYKT B CXeMy O0OTalleHus MOCTymal nocie uiMeiasueHus B LIOM
npu ckopocTy Bpatenus potopa 10 000 06/muH, BeIOpaHHOH Kak Hanbomnee 3¢dhexTus-
HOI U1l TIOJIHOTO PacKphITHs MUHEPanoB. Maccosas nons Fe,O, cocrasmsna 0,87 %.

B mpouecce nposenenus ucnsitanuii Ha [IOM ompeneneHo, 4TO M3MENBYEHHBIM
NPOAYKT HEOAHOPOAEH M0 CBOEMY COCTaBY: B KPYITHOM YacTH MaTeprasia npeooiaaiaioT
YaCTHYKH CIIIOAIBI, @ B MEJIKOM YaCTH — YaCTUYKH ITOJIEBOTO IIINIaTa, KBaplia, paHaToB U
MIPOYMX MUHEPATIOB. B CBA3M C UeM NPUHATO pelIeHre U3MENBYCHHBIN POAYKT HE J0-
BOJHTH 110 O0Jiee TOHKOTO, a BBIACIHUTE cilroay Ha cute 0,2 MM B HaJpeleTHBIH Mpo-
IOYKT C MOCJIEAYIOIUM 000TallleHHEeM METOIOM BO3AYIIHON cenapaiyy 1 Kinaccuduka-
1y Ha cute 0,4 MM. B pe3ynbTare 3TOro nostydeH KpymnHbIi MyCKOBUTOBBIN IPOTYKT U
KBapI[-TOJIEBOILTATOBBIA MPOAYKT KpynmHOCTHI0 —0,4+0,2 MM. KBapi-noneBommnaroBbIi
NPOAYKT HallpaBJIeH B 000pOT B KaueCcTBE HUPKYISIHOHHOM Harpy3ku LIOM.

IIponykT kpynHOCcThIO MeHee 0,2 MM NpOIIEN HCHBITaHUS METOAAMHU CyXOW JJIEK-
TPOMAarHUTHOM cemapauuu B JaboparopHom cenaparope CMC-20M «MUTOMAK»
C HaIpsLKEeHHOCTBI0 MarHUTHOro moist 960 000 A/M u TpHOO3IEKTPOCTATHYECKOM
cenapartope kamepHoro tumna [19C-1.

Tpuboanexkrpocraruueckas cenapanus (TOC) mpoBeneHa ¢ HeIbI0 TOBOIKU 000-
raleHHOrO KBapIl-NOJIEBOIINATOBOIO MPOIyKTa MOCIe MarHUTHOW cenapauuu. Llens
cernapanuy — pa3AeiIuTh MUHEPaJbl KBaplia 1 MOJIEBOTO IIIAaTa, MOyYUTh 000ralieH-
HBIH TIOJIEBOLINATOBBI M KBAapLEBBIM KOHIEHTpaThl. [lomaua rcxomHoro marepuaina
OCYILIECTBIISIACH MTPU Pa3HBIX PACIIONOKEHUAX MUTaTelisl. TpruOo3neKTpudecKuii 3apss
YyacTHLIaM MpuaaBajcs B BUOpPOOYyHKepe MNUTAaTeNss B CTECHEHHBIX YCJOBUSX 3a
CUEeT KUIIAILEro cos Marepuana. B pesynprare cemapanuy Moixy4eHO TPH MPOAYKTa:
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MIOJIEBOILIIATOBBIM KOHIEHTPAT, POMEKYTOYHBIH MPOAYKT U XBOCTHI (KBapu). B mpo-
[ecce cemapanuy YacTUIbl KBapla B JIEKTPOCTATUIECKOM I0JIe OTKIIOHSIOTCA K TI0-
JIO)KATENBHOMY 3JIEKTPOJY, YaCTHLIBI MIOJIEBOTO IIMAaTa — K OTPULATEIEHOMY.

Pe3ynbTaTel XMMHYECKUX aHAIN30B MPOAYKTOB O0OTaLIEHHUS IO CXEMe MPECTaBiIe-
HBI B Ta0M. 2.

B mponecce oboramieHus moaeBoLINaToOBOrO CHPhs MecTopokaeHus Keaposoe cy-
XHUM{ METOAaMH IOJYYEH ITOJIEBOLINATOBBIA KOHLEHTpAT (Tabi. 2), MaccoBas A0S
Fe,0, - 0,30 %; SiO, — 1o 70 %; ALO, — ne menee 17 %; K,O + Na,O — ne menee 11 %,
YTO XapaKTepu3yeT ero Kak cooTBeTcTByIomui TY. C 1enbio MOBHILICHNS W3BICUCHUS
TIOJIEBOIIIIATOBOTO KOHLEHTpara moTpedyercsi mepeuncrka XxBoctoB TOC u mpoMexy-
TouHOro npoxykra TOC B onepauny TpHOOAIEKTPOCTATHIECKOH cenapauun. Taxke 1o
CXEMe TOJIy4YeH MPAKTUUECKU YUCTHINM CIIOASHON MPOAYKT ¢ BeIxofoM 10,68 %.

Pucynok 3. BHentHuit BuJ KOHEYHBIX IPOAYKTOB IO CXEMe:
@ — MEJIKHH CITFOJISTHO TIPOJIYKT; 6 — KPYIHBIH CIIFOJSIHON NPOIYKT; 6 — TOJEBOLIATOBBIN KOHIIEHTPAT
Figure 3. The exterior view of final products according to the flow sheet:
a — small mica product; 6 — large mica product; ¢ — feldspar concentrate

PesynpraramMmu MUHEpaNOTHYECKUX HCCIENOBaHMA (Ta0N. 3) MOATBEPKAACTCS BO3-
MOXKHOCTb TMOJIYYEHHs] KOHAUIIMOHHOTO MOJEBOIINATOBOIO KOHIIEHTPAaTa CyXUMHU Me-
Tofamu oborarieHus. i1 momy4eHns: KOHAUIMOHHBIX KBapILEBOTO M MYCKOBHUTOBOTO
KOHIICHTPATOB HEOOXOAMMEI JIOTIOTHUTEIILHBIEC OTIEPAIIHH.

Ha puc. 3 npencrapneH BHEIIHUM BUJL KOHEUHBIX MTPOAYKTOB IO cXeMe. 3aKOHOMEp-
HOE€ paclipelieieHne MHUHEPAJIOB B MPOAYKTaX 00OTallIeHus, KaK U BO (NIOTAIIMOHHOMN
cxeme O® AO «MPVY», ykaspiBaeT Ha 3((EKTHBHOCTH Ipolecca LEeHTPOOEKHOTO
JIPOOTICHHS Y U3MENTBUEHUS B IIEHTPOOCKHBIX arlnaparax.

BeiBoabl. B pesynbsrare mpoBeIeHHBIX MCCIEIOBAaHUN MOATBEPKACHA MPUHIIUIIH-
aJbHAsS BO3MOXKHOCTH CyXOro OOOTAIleHHUs IMOJICBOIITIATOBOTO CHIPhSl BEPXHUX TOPH-
30HTOB MecTopoxkaeHus KenpoBoe AO «MPVY» u addekTHBHOE HCIIONB30BaHKE TICH-
TPOOEKHOTO IPOOICHHS M U3METTBICHHUS B KAY€CTBE MTOJITOTOBKHU CHIPhS K 000TaIl[CHHIO.

ITonTBepkaeHa >3PPEKTUBHOCTh U3MENBUEHUS MaTepuana KPYMHOCThIO —3 MM B
LHOM npu okpyxHO# ckopocTH BpameHus poropa 10 000 o6/mMun. 3a oguH Tpoxoq
yepe3 MEJbHUILY TOTYUYeH W3MENbUEHHBIN MaTepuan ¢ CoAep>KaHueM YacTHUI] KPYITHO-
cteio MeHee 0,16 MM — 54,74 %. Cpennuii tuaMeTp 4acTHIl UCXOJHOTO HNPOAYKTa CO-
craBui 0,57 MM, u3MensaeHHOro — 0,24 MM.

[Tomy4en MmoieBOINNATOBLIA KOHLEHTpPAT ¢ MaccoBoi poneir Fe,O; 0,30 %;
Si0, - 69,42 %; AL,O,— 17,36 %; K,O + Na,O — 11,84 %, coorsercTyromuii TV.
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VYcTaHOBIEHBI 0COOCHHOCTH CYXOU TEXHOJIOTHH 000TalCHHUS:

— U3MEIBICHUE MaTepHalia B IICHTPOOSKHOM MenbHUIlEe 10 KpynHocTH —0,2 MM He
oouee 60 %;

— WCIMOJBb30BAaHHWE OMEPANUU KIACCUPHUKAIIMM IS BBIACICHUS KPYMHOH
bpakMu CIIOMBI, OMEPaluil SIEKTPOMATHUTHOW W TPHUOODIEKTPOCTATHUECKON
cemapaidu Uil MOJNIyYEHHUs]  IOJICBOIIMATOBOTO  KOHIIEHTpaTa W KBapil-
MOJICBOIIMATOBOTO MPOAYKTA.
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Assessing the possibility of using dry concentration for oxidized pegmatite
and granites at the Kedrovoe feldspar deposit
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Abstract
Introduction. Feldspar raw material is a natural source of silica, alumina, and alkali metal oxides. Each
type of feldspar is distinguished by its applications and concentration methods. The main effective method
of feldspar raw material concentration is flotation in the course of which the majority of harmful impurities
are separated. However, this method is rather costly due to flotation reagents purchase, tailings ponds
organization and maintenance, eftc.
Research relevance. Feldspar dry concertation technologies are promising in terms of resource-saving
but uncommon. So, the development of a dry concertation technology for feldspar raw materials seems
highly relevant.
Research objective is to study the possibility of employing dry concentration technology to process
feldspar raw materials at the new Kedrovoe deposit
Methods of research. Laboratory equipment of JSC Uralmekhanobr was used for the research, namely
centrifugal crusher DC-0.5; centrifugal deflection mill; laboratory-scale cascade classifier; dry
electromagnetic separator SMS-20M ITOMAK, and tribo electrostatic separator.
Results. The trials confirmed that it is possible to process Kedrovoe feldspar raw materials by dry methods
and effectively use centrifugal crushing and grinding as preparation of raw materials for concentration.
Feldspar concentrate with a mass fraction of Fe,0; — 0.30%; SiO, — 69.42%, AL,O, — 17.36%;
K,O + Na,O — 11.84% has been obtained, which meets the specifications.
Conclusions. The technological studies confirmed the possibility in principle of using feldspar raw
material dry concentration for oxidized pegmatite and granites of the Kedrovoe deposit at the processing
plant of Malyshevskoe Ore Management JSC. Saleable feldspar concentrate has been obtained.

Keywords: feldspar raw material; dry concentration methods; magnetic separation, air classification;
saleable feldspar concentrate.
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KomnnekcHble uccnegoBaHms no nony4YeHno OKUCIEHHbIX OKaTbILeH
U3 Bypoxene3HAKOBOW PyAbl
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Peghepam
Beeoenue. B nacmosiyee 6pems OCHOBHbIM Cbipbem OJid NPOU3BOOCMEA YYSYHA U CMAAU HA
MEMAaLypeuteckux KOMOUHamax AGAI0Mcs Jdceae3nvle KOHYeHmpamol, NOLYYaemMble U3 MASHEMUMosbix
U JICENe3UCMbIX KEAPYUNOE, MUMAHOMAZHEMUMOGHIX U CKAPHO8bIX pyo. Cyujecmeyloujue mexnono2uu
nepepabomku dmMux Munog pyo, GKIIOYAwUe 8 OCHOBHOM NPOYECChl PA30eleHUsi N0 MASHUMHBIM
CBOUCMBAM, KPYRHOCMU, PABHONAOAEMOCIU U CMAYUBACMOCMU, NO36OIAIOM NOIYYAMb KAK PA008ble
JKcee3Hble KOHYEHMPamol, MaK U 8blCOKOKauecmeeHnbvle. FIcnonvb3oeanie makux cxem npu nepepabomie
OypbIx dKcenesHAKO8 He obecneyusaem 6vicokue nokazamenu obdozawenus. OOHum u3 cnocob6og
nepepabomxu noo0ob6Ho20 muna pyo AGIAemMcs 00Jicus-MazHUMHASA cXema obocawjeHus, Komopas
nosgoisiem nepegecmu ciabomazHummuble (HemazHummule) Gopmol Jcene3a 6 CULbHOMASHUMHbLE.
Henv. Paspabomka pesicuma mazHemusupyiowe2o o6icuea OypodicenesHsakosol pyovl, MeXHOI0UU
0602aujeHuss 000NHCIHCEHHO20 NPOOYKMA OISl NONYYUEHUs JICENe3HO20 KOHYEHMPAma U OKUCTeHHbIX
oxamwluiel.
Memoouka. Onpeoenervt npoOOINCUMENLHOCTE MEPMOOOPABOMKU WUXIMbL, COCIMOSAUell U3 HCeNEe3HOU
Pyos mecmopooicoenuss Abaun u yeasi IKubacmy3cko2o MecmoportcoeHus, u HeodXooumas Maccosds
0ons yenepooa meepooeo, Haxoodaujecocs 8 cocmage yais. IIposedenvl mexHonrocueckue ucciedo8anus
0002HCHCEHHO20 NPOOYKMA C Yebl0 ROJYHEeHUst KOHYEHMPAMA ¢ MAccosol 0oell ycenesa He menee 67 %.
Io paspabomanioii mexnoio2uu HapabOMana NAPMUsL HCeie3H020 KOHYEHMPAMA ¢ Yeablo NOLYHeHUs U
UCCLEO0BAHUS CLIPBIX U OKUCLEHHBIX OKAMbIULEU.
Pesynomamut. Paspabomanvl pexcumvl MacHemMusupyloujezo o0xcuea OKUCLEHHOU JHCeLe3HOU pPyobl
Mecmopodicoerus Abaun u oxaaxcoeHus 060xcoxHceHno20 mamepuana. Paspabomana cxema oboeawenus
0602ICIHCEHHO20 MAMEPUALA C Yelbl0 NOLYYeHUs. KOHYEHMPama ¢ Maccoeoll Jojell dceie3d He MeHee
67 %. Hszyuen npoyecc nonyueHuss RPOUHBIX CLIPLIX U OOONCIHCEHHBIX OKAMbIUMEN U3 ICeNe3H020
KoHyenmpama.
Bu160o0wt. Paspabomannwiti  pexcum mepmMooOpabomKu wuxmol, Ccocmoswen u3 yena u pyovl
MecmopodicOenus Abaun, no36oasenm noay4ums 000ACHCEHHBIN NPOOYKN CO CIENneHbI0 MAcHemu3ayuy
93 %. Hcnonv3osanue npedgapumensHoll 0euaramayui 0060JCoHceHH020 NPOOYKma no3eosem yoaiums
u3 nepepabomxu MazHumHble PAOKYIIbL, CHUICAIOUUE KA4eCIME0 KOHYEHMPAma, u NOLY4ums 8 HOCl1eOHell
cmaouu MAacHUMHO20 0002aujeHUsi KOHYEeHmpam ¢ Maccosol O0ofell dcene3a He Mmenee 67 %.
U3 nonyuennozo oicenesno2o KOHYEHMpAma 603MOJNCHO NONYHEeHUe OKUCIEHHbIX OKambiulel ¢
npounocmoio He menee 200 k2/ok. npu memnepamype obocuea 1325 °C.

Knrwouesvie cnosa: MaASHeMUUPYIOWULl 00cue; Hcele3Hblli KOHYEeHMpPAam, OKUCLEHHAS Jicele3HAs
pyoa;, cemum u 2uOpocemum, OKAMvluU, CMeneHb MASHeMU3ayuu,;, MOKpas MASHUMHAL Cenapayus,;
deutnamayusi.

BBenenne. OCHOBHBIM CBHIPHEM IS TTOYUICHHUS JKEIIE3HBIX KOHIIEHTPATOB SIBIISIOT-
Cs TPU TPOMBINIJICHHBIX THUIA JKEJE3HBIX Py KEIE3UCThIe KBAPIUTHI, CKAPHOBLIE U
TUTAHOMArHETUTOBbIC Py/bl. CyIIEeCTBYIONIUE TEXHOJIOTUH NePEePabOTKH ITUX THIIOB
Py BKITIOYAIOT TIPOIECCHI Pa3AesieHUs HE TOJBKO 110 MATHUTHBIM CBOHMCTBaM, HO U T10
KPYITHOCTH, PABHOIAIaEMOCTH, cMaurBaeMOCTH. OHU TIO3BOJISIOT MOTyYaTh KaK PsIo-
BBIC JKEJIC3HBIC KOHIICHTPATHI, TaK U BRICOKOKaueCcTBeHHBIE [ 1—14]. OKycKOBaHHBIE Psi-
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JIOBBIE >KeNe3HbIE KOHIEHTPAThl MUCIIONB3YIOTCSl PU NepepadoTKe B TOMEHHOM IIPO-
[[ecce C MOCIENYIOIUM KOHBEPTUPOBAaHUEM UYT'YHA AJIS TOITY4YEHUS PSIOBOH CTaJH.
BricokokauecTBEHHBIE KOHIIEHTPATHI B BUJE OKATHIIICH HAIPABIISIOTCS HA METAJLIN3a-
IO B IIAXTHBIE MEYU IJIs MOTYYEHHUs ry0YaToro *eje3a U MOCIEAYIOMmEH 3IeKTpo-
wiaBku [15].

EnvHCTBEHHBIN NPOMBIIUIEHHBIH THI JKEJIE3HOW pyaAbl, U3 KOTOPOTO JOCTATOYHO
CJIO’KHO TOJyYaTh JKEJIE3HbIE KOHLEHTPAThl ¢ KOHAWIMOHHBIMH COAEP)KaHUSAMU BpeEJl-
HBIX U [IJJAKOOOpa3yIoMX npuMecei, — Oypole skene3Hsiku. OKHCIeHHBIE Pyl 3TOTO
TUNA SIBISIIOTCA Haubolee TPyIHOOOOTraTUMBIMHU M B HepepaboTKy, KaK MpaBHIIO, HE
BoBJIeKaroTcs. [IpoMbIlieHHYI0 IepepaboTKy Takoro Tula pyx Ha Tepputopusix Poc-
CHH U cTpaH OJIMKHEro 3apy0Oekbsl OCYLIECTBIISIIOT TOJIBKO Ha bakalibCckoM pyaoynpas-
nennn (Poccuiickas ®enepanus), nepepadarsiBaromemM pyay Hoo-bakaabckoro me-
CTOPOXKJICHUS TI0 OOXKUT-MarHUTHOW cXeme, U Ha oOorarutenbHoi (abpuke (OD)
Jlucakosckoro ['OKa, mepepabarbiBaromieii pyay JIMcakoBckoro MecTOpOXKACHUS
(Pecmybnuka KazaxcTan) 1o rpaBUTallMOHHO-MarHUTHOM cxeMe. OCHOBHOE CBIPbE IS
MIPOM3BOJICTBA JKEJIE3HOTO KOHIIEHTpara Ha bakaibckoM pynoyIpaBiIeHUH — CUIEPUTO-
Basi pyza, Oypblii JKEeJIe3HSK SBISETCS COMYTCTBYIOIIMM THIIOM pynsl [16].

Emte onHUM nepcrneKTHBHBIM MECTOPOXKIEHHEM OypOKene3HIKoBoH pyasl Pecmy0-
ik Kazaxcran, pa3paboTka KOTOPOTO IUIaHUPYETCsl B ONM>KaWIINe TOABI, SBISETCS
MecTopoxaeHne Abann. MectopoxneHue pacmonoxeHo Ha rore Kazaxcrana u npen-
CTaBJICHO OKHCJICHHBIMH KeJE3HBIMU pyAaMy. OCHOBHBIE PyJHbIE MUHEPAJIBl — FETUT
U ruaporeTut. HepynHble MUHEpanbl — B OCHOBHOM KapOOHATHI U KBapL.

[IpoBeneHHbIe paHee HCCIEAOBAHUS MO TEPMHUYECKON 00pabOTKE MCXOAHOW PYABI
MECTOPOXKIeHHsI ADauII ¢ MaccoBoil oJei xemne3a 57 % 3aKIouainuch B ee 00XKHTe B
OKHCIUTEILHON U BOCCTAaHOBUTENBHOM cpenax [17-21].

TepmooOpaboTKa OKUCICHHOW PyAbl B MPHUCYTCTBUH BOCCTAHOBUTENS MO3BOJIET
MIEPEBECTH CIa0OMAarHUTHBIE JKeJIe3HbIe MUHEPaIbl B MarHeTuT. [Ipu 3TOM KadecTBO
JKEJIE3HOTO KOHLIEHTPATa, IOoJIy4aeMoro U3 000XOKEHHOH pyabl, CTAHOBUTCS BBILIE, HO
1 ce0eCTOMMOCTh CXEMBI TIepepabOTKH 000MOKEHHOMN PYy/Ibl 3HAYUTEIBHO BO3pacTaeT [22].
[Ipu BoccTanoBNEHUHU PYIIBI MECTOPOXKACHUST AGani B mpucyTcTBUH yris LyGapkoss-
CKOTO MECTOPOXKIEHMS TMOTY4YEH eJe3HbIM KOHLIEHTPAT ¢ MaccoBOM Joiel keie3a
62,2 % [17]. IIpu BoccTaHOBIEHUH PyAbl NPOAYKTaMH IMHUPOIN3a HEPTH B JKEIC3HOM
KOHIIEHTpaTe MOoJTyueHa MaccoBasl 1o xeneza 68,45 % [18].

TepmooOpaboTka pyabl MeCTOpOXIeHHS AOausl B OKUCIUTENBHON arMocdepe 3a
CYeT JETHApaTalliy MO3BOJISIET MEPEBECTH THAPOOKHUCIBI JKelle3a B TEMATUT C MOBBI-
IICHUEM MacCOBOW JIOJH Xkelle3a B 0003¥KeHHOM pyae ¢ 57 10 62,86 % [19].

[TepepaboTka BOCCTAaHOBJIEHHOH Pyl MATHUTHBIM METOJOM OOOTaIlleHHs OCIOXK-
HEHa BBICOKOW OCTAaTOYHON HaMarHW4EeHHOCTHIO IOJyYaeMOI0 BOCCTAHOBJIEHHOTO
MarHeTuTa, KoTopas OoJibllie aHAJOTHYHOTO MOKasaTelsl NPUPOJHOTO MarHeTHTa B
2-2,5 pa3a, ¥ BO3MOXHBIM HAJIMYMEM B 3€pHAX MOPOH00OPa3yIOIIMX MHUHEPaOB
3MYJIbCHOHHBIX BKPAIUIEHUI BOCCTAHOBIEHHOTO MarHeTura [23].

Bricokast ocTatouHass HAMarHUYEeHHOCTh BOCCTAHOBIEHHOTO MarHETUTA OCIOKHSAET
paspylieHrne o0pa3yrOIIMXCsi MATHUTHBIX arperatoB ((oKyi), BKIIOYAIOIIUX KpoMe
3epeH MarHeTHTa U ero CPOCTKOB PACKPBITHIE 3€pHA HEPYAHBIX MUHEPAJIOB. DTO MpPH-
BOJIUT K CHIDKCHHIO KaueCTBa JKEJIC3HOTO KOHIIEHTpaTa U 3(h(HEeKTUBHOCTH Kiaccudu-
Kallu¥ B 3aMKHYTBIX ITUKJIaX u3MenbueHus [23].

Hanu4dune nmocie MarHeTM3npyomero 00Knura TOHKUX BKPAIUIEHUH 3epeH MarHeTu-
Ta B HEPYIHBIX MUHEpallaxX, NEPBOHAYAIBHO (10 00KUra) CBS3aHHBIX C OKHCICHHBIMU
JKEeJIe3HBIMH MHUHEpalaMHy, MPUBOAUT K BO3HMKHOBEHHUIO y CPOCTKOB INOTPaHMYHON
MarHUTHOW BOCHPUUMYHMBOCTH, MpPHU KOTOPOH MOSABISAETCS BO3MOXKHOCTH MEpexoja
MarHeTUTOBBIX CPOCTKOB B KOHIIEHTPAT U UX MOTEPsI ¢ XBocTamu [23].
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Hesn uccaenoBanuii. [lepeuncnennpie 0COOEHHOCTH MEPepadOTKH OKHUCIEHHBIX
KEJIC3HBIX Py TO3BOJISIOT CHOPMYITUPOBATH OCHOBHBIC 1€ HCCIICIOBAHUIA:

— pa3paboTka pekrMa MarHeTH3UPYIOIIEro O0KUTa 3epeH OKUCIICHHOM PYIIbI;

— pa3paboTka TEXHOJIOTUYECKOW CXeMbI OOOTAICHUS JUIS MOJTYUCHHUS KEJIC3HOTO
KOHLICHTpAaTa, MPUroaHoro Ajid nojry4CeHus OKaTI:IHIeﬁ;

— pa3paboTKa peKUMa ISl TTOMYYCHHS OKATBILICH IS MOCIICAYIOIICH MeTaILTypIu-
4ecKoi epepaboTKH.
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Pucynok 1. IlpuHiunuanbHas cxema oOXura pyasl B I€UH

Tammana:
1 — HarpeBarenpb (yronpHas Tpy0a); 2 — KOHTaKTHbIE KOJIbLIA;
3 — xopyHpoBas Tpy0a; 4 — pe3uHOBas IpoOKa; 5 — MIaMOTHas
3aChINKa; 6 — TepMOIapsbl; 7 — KOP3UHKA C MIUXTOMH; 8§ — TPOCUK
Figure 1. Schematic diagram of ore roasting in a Tamman
furnace:
1 — heater (coal pipe); 2 — contact rings; 3 — corundum pipe;
4 — dummy; 5 — fire clay filling; 6 — thermocouples; 7 — basket
with charge; 8 — cable

HcxonHbie MmaTepuaibl. VccienoBanus MpOBEICHBI Ha KJIACCE KPYITHOCTH —5+3 MM,
BBIIETICHHOM M3 pyAbl KpyNmHOCThIO —5+0 MM. IIpu MarHetusauuu pyasl B KadecTBe
BOCCTaHOBUTEJIS HUCIOJIB30BAH YToJib JKHOACTY3CKOTO MECTOPOXKICHUS KPYIMTHOCTHIO
—3+1 MM ¢ MaccoBoit fonei ymepona 36,8 %, MaccoBOi josel JeTy4dux BELecTB
27,3 % u 3011bHOCTBIO 35,9 %.
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MeToanka u pe3yJbTaThl HCCJIeA0BaHUIl. JlabopaTopHbIe UCCIEIOBAHUS IO Mar-
HETHU3UPYIOIIEMY OOKHUTY MPOBEACHBI B TpyOuarol neun Tammana. [IpuHImMIUaNsHas
cxema oOykura B reuu TaMMaHa IpezicTaBieHa Ha puc. 1.

Ileus uMeeT yroibHBIA HarpeBaTelb U JOIOJIHUTEIBHO BCTABIEHHYIO KOPYHIOBYIO
TpyOy auamerpom 50 MM u anunoit 1000 MMm. M3mMepeHue TeMiiepaTypsl B U30TEpMHU-
YEeCKOH 30He MeYH OCYIIECTBIAETCS HUKHEH (HeTOoABHKHON) U BepXHeH (TTOABMKHOM)
TepMonapamu. Bricora nzorepmudeckoit 30H61 coctanisiet ot 100 qo 120 mMm.

Tadmmua 1.  3aBucumocTh  moka3artejeii  TepMooOpaGOTKH  WIMXTHI  OT

NPOJOJIKUTEJbHOCTH TePMOOOPA0GOTKH U MACCOBOIi 10/14 YIJIepoAa TBEPAOro B HINXTe

Table 1. Dependence between the charge thermal processing indicators and the duration
of heat treatment and the mass fraction of solid carbon in the charge

0,
[TpoaomKUTEeNBEHOCT Maccosast nons, % Crenenb
TepMOOOPaOOTKH, MUH Fe FeO MarHetusauuu, %

Maccosas oons yenepooa meepooeo 2,5 %

0 46,2 0,48 2,41
14 50,1 14,5 67,44
19 50,4 18,7 86,45
24 523 20,2 89,99
Maccosas oons yanepooa meepooeo 5,7 %
0 42,0 0,45 2,50
14 46,6 17,9 89,50
19 50,7 20,2 92,83
24 50,3 20,8 96,35
Maccosas oons yenepooa meepooeo 7,4 %
0 39,8 0,44 2,55
14 46,3 20,2 101,65
19 45,0 20,5 106,14
24 49,0 22,7 107,94

Cxema ombITa 3aKiIiodaiach B cienyromeM. M3 pyasl KpymHOCTBIO —5+3 MM Uy
KpyImHOCTHIO —1,6+1,0 MM dopMuIpOBaTHCH TPOOBI MUXTH C PA3TMIHBIMU COOTHOIIIE-
HUSIMU 110 Macce pyAbl U BOCCTAHOBUTENS, KOTOPHIE MTOMEILAJIUCh B KOP3UHY C pa3Me-
poM oTBepcTHii KBaapaTHOU stueiiku 0,5 MM. BeicoTa ciiost 3epeH MUXTHI HE MPEBHIIIa-
na 50 MM, 9TO MTO3BOJISIIO IOMECTUTH €€ B M30TEPMUYECKYIO 30HY Tieun. MccmemyeMbrit
MaTepuall OOKUTANICS B H30TCPMHUIECKON 30HE, MPUIEM HIKHSS YaCTh KOP3UHBI TIOI-
BOJIMITACH Ha PAcCTOSIHUE JI0 5—7 MM K CIIato CTallHOHapHOU TepMorapsl. [Tocie 00xu-
ra uist pukcanuu mporecca 000K KEeHHas poda oxJiaxaaiack B Boje. BocctaHoBH-
TenbHAsg aTMOc(epa B IEYH CO3/[aBaIaCh MOHOOKCHJIOM YIJIEPO/Ia, TOIYUYSHHBIM MOCIIe
BOCCTaHOBJIEHHUS YIJIEKMCIIOTO Ia3a yIjiepooM, HaXOIAIIUMCS B COCTaBE YT B IUX-
T€, C pacxonoM 3 JI/MUH Yepe3 MaMOTHYIO HaOUBKY.

B mporniecce MarHeTH3UPYOIIEro 00XKHUra OKHCICHHON PYIbl TBEPIBIM YIICPOIOM
BOCCTAHOBJIEHUE MMPOUCXOINIIO 30HAJIbHO B HAIIPaBIEHUU OT TOBEPXHOCTH 3€PEH K UX
ueHtpy. [Ipu 3ToM mpoTekanu cienyrolre OCHOBHbIE XUMHUYECKUE PEaKIUU B mepe-
cyere Ha Fe,O,:

CO, + C — 2CO;
Fe, 0, + CO — Fe,0, + CO,.
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HccnenoBanus mpoBeaeHbI Ha Mpo0ax MUXTHI ¢ MACCOBOM J10JIeH yIiieposaa TBEpo-
1o 2,5;5,7u 7,4 %. TepMooOpabOTKa MIUXTHI 3aKIFOYAIACH B HATPEBE ITUXTHI YIICKHC-
neM TazoM oT 20 10 900 °C co ckopocteio 100 °C/mMuH B Teuenue 8 muH. [locne BbI-
X0Jla Ha 3a/laHHBII TeMIepaTypHbBIi pekUM MIMXTa oOkuraiack B TedeHue 5; 10 u 15
MUH, YTO COOTBETCTBYET CyMMapHOW MPOIOKUTEILHOCTH TepMooOpaboTku 14; 19 u
24 MuH, ¢ MOCHEOYIOIUM PE3KUM OXJIaXKJIEHHEM OOO0XOKEHHOTO Marepuaia B BOJE.
Crenenp MarHeTu3anuyu OOOXOKEHHOTO Martepwaina, %, ompenesieHa IO CIemyIonei
dopmyie [20, 23, 24]:

M =2,3350 19, (1)

Fe

rne M — creneHb marHeTm3ammu, %; 2,33 — kod3hUIHEHT MPOMOPIHOHATEHOCTH;
Breo — MaccoBast IO 3aKMCH Kenesa, %; P, — MaccoBas nons xkenesa obmero, %.
Pe3ynbraThl SKCIIEpUMEHTOB TIPEACTABICHEI B Ta0. 1.

AHanu3 pe3ylbTaToB HCCIeTOBAHUN MTOKA3al, YTO C YBEITHIECHUEM TPOIODKUTETh-
HOCTH TEpPMOOOPaOOTKH CTENEeHb MarHeTH3all{ IIMXTHl HETMPEPHIBHO BO3PACTaET.
ITpu s3TOM yBenu4yeHue MaccoBOil monu yrepoaa Teepaoro ¢ 2,5 no 7,4 % (8 3 pasza)
JUTSL  TIPOAOJDKUTENIEHOCTH TEPMOOOPaOOTKH 24 MHUH COOTBETCTBYET IOBBIIICHUIO
CTETICHH MarHeTH3aIuu 00oxokeHHOH pynbl ¢ 90 1o 107,9 % (B 1,2 pasa).

[ony4enue crenenn maraetusanuu 6onee 100 % npu 00XHre MHUXTHI ¢ MACCOBOR
Joneit ymiepona tBepaoro 7,4 % cBHIAETENbCTBYET O IEPEBOCCTAHOBICHUN B MAarHETH-
Te xene3za Fe3' ¢ obpasosanuem Broctura (FeO) [23]. [IpucyTcTBre B 000XIKEHHOM
Marepuae BIOCTUTa HETaTUBHO CKa3bIBACTCS HA MOCIEAYIOINX TEXHOIOTHYECKUX 10~
Ka3aTeJsIX MArHUTHOTO 00OTallICHHUS U BBIPa)KaeTCsl B TIOBBILICHHBIX MIOTEPSIX JKeJe3a C
OTBAJILHBIMHU XBOCTaMH H3-3a cIA0OMarHUTHBIX CBOIMCTB 3TOTO MHHEpAa.

Ta0auna 2. 3aBuCHMOCTbL NOKa3aTendeil TepM0OOOPa0OTKH IIMXThI B NPHUCYTCTBHU
yriepoga TBepAOro ¢ MaccoBoii poneil 2,5 % oOT NPOAOIKHUTEIbHOCTH
TepMooOpadoTku npu Temneparype 900 °C
Table 2. Dependence between the charge thermal processing indicators in the
presence of solid carbon with a mass fraction of 2.5% and its heat treatment
duration at a temperature of 900 °C

[IponomkuTenbHOCTD Maccosas nost, % CrerneHn
TepMOOOPabOTKH, MUH Fe FeO MarHeTusanuu, %

0 46,5 0,48 2,41

14 52,1 17,0 76,03

24 57,6 19,4 78,48

34 57,9 23,0 92,56

44 57,0 23,1 94,51

54 56,0 23,7 98,61

ITockobKy B IPOMBIIIICHHBIX YCIOBUSAX OCHOBHAS JI0JIs c€0ECTOMMOCTH TEPMOOO-
pabOTKH Py/bl B IPUCYTCTBUH TBEPJOTO YIVIEPO/a CBA3aHA C YIVIeM, AajbHEHIINe Jia-
OoparopHBIC HCCIIEIOBAHUS 110 MATHETU3AIlUU MTPOBEACHBI TPU MHUHUMAJIBHOMN HCCIIe-
JlyeMO# MaccoBOH JioJie yriepoja TBepaoro B mmuxre 2,5 %. Pe3ynsrarsl OmbITOB 1O
BIUSHUIO MTPOAOHKUTEIBHOCTH U30TEPMUUECKON BhIAEpk KU ITpH Temmeparype 900 °C
Ha CTENEHb MarHeTH3aIMKU 000X KEHHOM PY/IbI TPEICTABICHBI B TA0M. 2.
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Pezynbrarsl TepM0O0OpabOTKH MIMXTHI C MACCOBOM J0JIeH yriepoaa TBepaoro 2,5 %
MOKa3aJIH, YTO C YBEIWICHUEM MPOAOIIKUTEIBHOCTH TepMooOpadboTku ¢ 0 10 54 MuH
CTETICHb MarHeTU3aum Bo3pacraer ¢ 2,41 (ucxomnas muxra) 10 98,61 %.

Pesynprarsl TepM0o0OpabOTKY PH MPOAOIKUTEIBHOCTH 54 MUH MTOKa3aJIH, Y4TO T0-
JMy4eHHas creneHb MarHetuzauuu (98,61 %) ue npesbimaer 100 %, yTo 03HaYaeT OT-
CYTCTBHE B 000KKEHHOM MaTepHajie BIOCTHUTA.

st HapaOOTKK 000XOKEHHOM Py/bL, HOYYEHHOH U3 IMXTHI KpyHHOCTBIO —5,0+1,0 MM
€ MaccoBOM foiel yriepoaa TBEpAoro 2,5 %, Ui MOCIEAYIOUIMX TEXHOIOTHUECKUX
uccleIoBaHUM BhIOpaHa JabopaTropHas Bpalaouascs TpyoJaras rneds.

Ta6auua 3. Iloka3aTe/in MATHUTHOTO 000TraleHUsI 000KKEHHOI PyAbI
Table 3. Indicators of roasted ore magnetic concentration

Mposyxr Beixox, % Maccosas nomus, % UsBneuenne, %
Fe FeO Fe FeO
=240 mm
MarauTHEII 77,37 60,50 22,71 93,06 96,58
HemarautHbIi 22,63 15,43 2,75 6,94 3,42
Hcxoanbrit 100,00 50,30 18,19 100,00 100,00
B =53%
MarauTHEII 72,44 63,20 23,70 91,02 95,07
HemarautHbIi 27,56 16,39 3,23 8,98 493
Hcxoanbrit 100,00 50,30 18,06 100,00 100,00
B =74%
MarauTHEII 72,11 63,30 23,90 90,75 95,13
HemarautHbIi 27,89 16,69 3,16 9,25 4,87
Hcxoanbrit 100,00 50,30 18,12 100,00 100,00
B7=90%
MarauTHEII 70,26 63,00 23,86 88,00 92,41
HemarautHbIi 29,74 20,30 4,63 12,00 7,59
Hcxoanbrit 100,00 50,30 18,14 100,00 100,00

B npouecce o0xwura n3orepMuueckas BhIACPIKKa IUXTHI POUCXOIUIIA B aTMoc(e-
pe MOHOOKCHJAA yIIEepona, MOIY4YeHHOrOo M3 YIIEKHCIOro ras3a, IpH TeMIeparype
900 °C. OxnaxneHune o0oxkeHHOro Marepuaina a0 temneparypsl 300 °C ocymecTsis-
JIOCh B a30T€ C MOCIEIYIOMNM PE3KUM OXJIaKICHHEM B BOJIE.

Bo Bpamiaromieiicsi meuu Mo OMMCaHHOMY PEXUMY TepMOOOpabOTKU I TEXHOJIO-
THYECKUX UCCIIENOBaHUH MO oOoramieHuio HapaboTaHa napTusi 000KKEHHON PyAbl cO
cpenHei crenenpro MarueTuzanuu 93 % u MaccoBoil noneit xeneza 50-51 %.

s u3ydeHus: BO3SMOXKHOCTH TONYy4YeHUsI U3 O0O0MOKEHHOM PYIbl KEIE3HOTO KOH-
LEHTpaTa C MacCOBOM J10Jel xeJe3a He MeHee 67 % B 1abopaToOpHBIX yCIOBUSX MPO-
BEICHbI TEXHOJIOIMYECKNE UCCIIENOBaHMs C HCIIOIb30BAaHMEM MAarHUTHOW cemapanuyu
00OMOKEHHOW pyIbl, NpenBapUTEIbHO H3MEIBYEHHON [0 pa3inyHON KpYITHOCTH,
B MarHUTHOM I10JI€ C HANPsKEHHOCTHIO 88 KA/M. Pe3ynbrars! ncciaeaoBaHuid TPUBEICHEI
B TalI. 3.

Pe3ynprarhl TEXHOIOTHYECKUX UCCIEN0BaHUM MTOKa3alIu, 4YTO CHIYKEHUE KPYITHOCTH
000x0KeHHOM pyasl ¢ —2+0 MM 10 53 % K. —71 MKM IIpHUBENO K YBEIHMUEHHUIO MACCO-
BOH 101 xene3a B MarHUTHOM nponykre ¢ 50,3 1o 63,2 %. JlanpHeilee cHUKeHue
KPYIHOCTH OOOXKEHHOH pyAbl NPUBEIIO HE K YBEIMYCHUIO MAacCOBOM JOJIM XKeJe3a
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B MarHUTHOM IPOAYKTE, a K CHIDKEHUSIM €ro Bbixofa ¢ 72,96 1o 70,05 % v u3BneueHus B
Hero xene3a ¢ 91,23 no 87,89 % npu COOTBETCTBYIOIIEM YBEIUYCHUH TTOTEPH JKele3a
C HEMarHUTHBIM NpoayKToM ¢ 8,77 mo 12,11 %.

Jls aHanu3a IPUYUH OTCYTCTBUS BIIMSIHUS CHUXCHUS KPYITHOCTH OOOTAIlleHUs Ha
KaueCcTBO MarHUTHBIX MPOIYKTOB MPU MaccoBOH Jone ki —71 MM Gonee 53 % mpo-
BEJICH MUHEPAJOTHUECKHI aHAIM3 MATHUTHOT'O MPOAYKTA, MOJIYYSHHOTO MPHU KPYITHO-
cti 90 % k1. —71 Mxm. Pe3ynbprarel aHanu3a mpeacTaBlIeHbl Ha puUC. 2.

PucyHok 2. Pe3ynbTaThl MHHEPATOTHYECKOT0 aHAIIH3a!
1 — dnokyna; 2 — 3epHa MarHeTUTa; 3 — 3epHa HEPYAHBIX MHHEPAJIOB
Figure 2. Results of mineralogical analysis:
1 —floccule; 2 — magnetite grains; 3 — grains of nonmetallic minerals

Pesynbrarel aHamu3a nokasajiu, YT0 B MArHUTHOM IIPOYKTE KPOME PACKPBITHIX 3€-
PEH MarHeTHUTa M €ro CPOCTKOB NMPUCYTCTBYIOT (JIOKYIIBI, COCTOSIINE U3 PACKPBITHIX
3epEeH MarHeTUTa ¥ €ro CPOCTKOB € MOPOJHBIMU MUHEPAJIAMU, UMEIOIIUMHU PA3INUHbIE
TEKCTYpPHI BIUIOTH /10 TOHKOH U BechMa TOHKOH. IIpucyrcTBue Bo (pnokynmax mocrarod-
HO OOJIBILIOTO COIEPKAHUS 3€PEH MarHeTUTa 3HAUYUTEIbHO MTOBBICHIO MX MAarHUTHbIE
CBOICTBA U CIENAJI0 CHIIBHOMarHUTHBIMU.

Jis mccnenoBaHuid BEIIECTBEHHOTO cocTaBa (iIoKyi BEIOOPOYHO MPOBEIEHA 3JIEK-
TPOHHAsE MUKPOCKOIHUS OTAENBHBIX 3€PEH MHUHEPAJOB, BXOISIINX B COCTaB (IOKYII.
Ha puc. 3 u B Tabn. 4 npuBeneHa kapra aHuuiMpa MarHUTHOTO MPOAYKTa ¢ 0003Haue-
HHEM HCCIEIYEMBIX YYaCTKOB 3€peH Pa3IMYHBIX MUHEPAJIOB U MPEICTABJICHHI Bellle-
CTBEHHBIE COCTABHI 3THX YYaCTKOB.

Pesynprarel ananusza mokazanu, yTo B yudacTkax «Cmektp 34», «Cnektp 38»,
«Cnextp 40», «Cnextp 45», «Crextp 46», «Cnekrp 47» u «Crnektp 49», BU3yanbHO
OTHOCSIIMXCS K PACKPBITHIM 3€pHAM MarHeTUTa, MaccoBast JIOJIs Kejle3a HaXOOUTCS B
nuaraszone ot 67,4 no 73,7 %. IlonydeHHble 3HAUECHUS CONEPIKAHUI TOCTATOYHO OJH3-
KM K MAaKCUMaJIbHO BO3MOYKHOW MacCOBOH Jj0j1e kene3a B Maruetute 72,4 %. [IpeBsI-
IIIEHUE MacCOBOM JTONM Jkelie3a B ydacTke «CriekTp 34» mpeneasHoro 3HAYSHUS CoIep-
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JKaHUS JKeJIe3a B MarHETUTE SIBJSIETCS CIEACTBUEM HAJU4YMsI JOCTATOYHO BBICOKOM
OTHOCUTEIBHOM MOrPEUIHOCTH MPUMEHSIEMOI0 METOAA.

Xumunyeckuit coctaB ydactka «Criektp 39» 3epHa, BXOSIIETro B COCTaB (NIOKYIBI U
BHU3YaJbHO OINPEACIICHHOTO MPU MUHEPATIOTrHUYE€CKOM aHalu3€e KaKk MOpOJHOE, ToKa3as
MPEUMYIIECTBEHHOE COJIepKaHNe B HEM KaJIbIUs U Kuciopoza (MaccoBas noist 44,9 u
52,3 % COOTBETCTBEHHO) ITPH MUHUMAJIBHOM MaccoBoi aoie xenesa 2,4 %. [Ipu mar-
HUTHOM 00OTalleHNH TOA00HbBIE OeTHBIC IO JKeJle3y OPOAHBIE 3epHa, BXOMISIINE B CO-
CTaB CMJIBHOMATrHUTHBIX (PIIOKYJI, TIOMAAYT B MATHUTHEIN MPOIYKT W IPUBEAYT K CHU-
JKEHUIO KauecTBa >KEJIE3HOTO0 KOHILEHTpaTa. DIOKyNbl, UMEIOLUIUE B CBOEM COCTaBE
HEJO0CTaTOYHOE KOJTUUYECTBO MAarHEeTUTA JIJIsl IPUAAHUS UM CUIIbHOMATHUTHBIX CBOMCTB,
MepeiayT B HEMarHUTHBIN IPOAYKT, YBEIMUUB MOTEPHU XKejle3a C OTBAIbHBIMHU XBOCTa-
MU [23]. B Takoil cuTyanuu pasaesieHue MaTepraa o MarHUTHBIM CBOWCTBaM He 103-
BOJIUT MOJIYYUTh KOHAULIMOHHBIH 110 jKeNie3y KOHLIEHTPaT.

Crnekrp 40

Cnexp 34

Cnexrp 41

CrexTp 43

Cheeppds

Cnekrp 46
o

f 250um !

PucyHok 3. Kapra uccienyeMbIX y4acTKOB 3epeH aHILI(a MArHUTHOTO MPOIyKTa
Figure 3. Map of the studied areas of magnetic product polished section grains

Jns monydeHust Oojee BBICOKMX IIOKa3arelieil oOorameHus: OOOXKKEHHBIX Py
B cXeMax O0OramieHus BMECTe ¢ MOKPOM MarHUTHOW cemapauueil mpuMeHsieTcs He-
CKOJIBKO cTaauii nenutamanuu [23]. s mepexona B ciauB AenuIaMalul KPyHHbIX (i1o-
KyJ1 He0OX0IMMast CKOpOCTh BOCXOJISILIIET0 IIOTOKA B paboueii 30He AenuiaMaTopa J0IK-
Ha OBITH JOCTATOYHO BBICOKOH, YTO JOMOJHHUTEIBHO HPUBENET K HEM30EKHOMY
MONaJaHMIO B CJIUB MEIKUX 3€PEH MarHeTUTA U, KaK CIEICTBUE, K YBEITMUEHUIO ITOTEPh
JKeJle3a ¢ OTBAIBbHBIMH XBOCTAMHU.

C wenpio MOBBIIICHHUS KaueCTBa MAarHUTHOTO POAYKTA U3MENIBYeHHAst 000K KEeHHAsT
pyZAa mepen MarHUTHOM cernapaliei moiBepruyTa aemniaManuu. B pesynerare uccie-
JOBaHMH NPH KPyNHOCTH oboramenus 98 % ki. —71 MKM HOTy4eH eJe3Hblil KOHICH-
TpaT ¢ MaccoBOM nonel xenesza 67,2 % [25].
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W3 kene3Horo KOHLIEHTpaTa ¢ MaccOBOM JoJIel Xkele3a U 3aKucH kenesa 67,2 u
26,0 % cOoOTBETCTBEHHO B J1a0OPATOPHOM OKOMKOBATEJE IPU HUCIIOJIb30BAHUU KOMOU-
HUPOBaHHOH CBs3ytoUIel 1o6asku, coctosimei u3 0,7 % 6entonura u 0,4 % kapOoxcu-
metuiuesutono3s (KMLL), moiaydeHs! mpodHbIe CHIPBIE U CyXHe OKATHIIIHU. BiaXXHOCTD
rpanyn coctasmwia 15-16 %.

Ta6uuna 4. BemecTBeHHbIH cocTaB 00jacTeii 3¢epeH B MATHUTHOM IPOIYKTe
Table 4. Material composition of grain regions in a magnetic product

AHAI3UPYEMbIN Maccosas nom, %

y4acToK Fe (0] Ca Si Mn Mg F P
Crextp 34 73,7 26,1 0,2 - - - - -
Crektp 35 - 51,7 0,2 - - - - -
Crextp 36 1,2 53,4 453 - - - - -
Crextp 37 - 374 38,1 - - - 4,0 18,8
Crextp 38 72,6 252 - 1,0 0,6 - - -
Crnexrp 39 2.4 52,3 449 0,1 — 0,2 — —
Crextp 40 68,6 27,1 0,3 2,1 1,8 - - -
Crextp 41 1,3 53,4 44,7 - - 0,6 - -
Crextp 43 2,8 52,7 444 - - - - -
Crextp 44 1,6 52,6 455 - - 0,3 - -
Crextp 45 67,4 259 1,7 0,4 4,6 - - -
Criextp 46 71,7 26,8 0,3 1,0 - - - -
Crextp 47 71,4 26,2 - 1,2 1,2 - - -
Crextp 48 0,9 51,4 - 47,7 - - - -
Crextp 49 69,4 26,5 0,4 1,7 1,3 0,5 - -

«» — HIDKe Ipefiena oOHapy KeHHs.

HccnenoBanust mpoueccoB OKUCICHHA U TOCHEIYIONIEH BBHICOKOTEMIIEpaTypHOM
TepMOOOPaOOTKM OKATHIIIEH MPOBENEHBl HA IOJHOCTHIO BBHICYIICHHBIX TpaHyJax.
OnBITHl MO OKUCIIEHUIO OKAThIlIeH MPOW3BEACHbI B Meud TaMMaHa MO OMHCaHHOMN
METO/IHKE.

J1ist mony4yeHust MPOYHBIX 000MOKEHHBIX OKaThIIIeH HE0OX0ANMO Hanboee MmoJHoe
UX OKHCIJIEHHE Tepesl BBICOKOTeMIIeparypHbIM o0xuroM. OnTumanbHas TeMmIeparypa
OKHCIJIEHUS! TIPUPOJIHBIX MAarHETUTOBBIX OKATHIIIEH, KaK IPaBUJIO, COCTABISIET OT
900 no 1050 °C. Ilpu 3TOM OKHMCIIEHHE MarHETUTAa MPOTEKAET B YCIOBUAX HAUMHAIOIIIE-
rocs rporecca CriekaHus OKaThlIei, KOTOPOe HOCUT 30HAJIBHBIN XapaKTep U MPUBOAUT
K YMEHBIICHHUIO UX O0Iel TOPUCTOCTH.

B tekymieit paboTe Cyxue OKaThIIIN, KOTOPBIE MOCTE YAAICHHUS BIIard HMEIIN MTOBBI-
IIEHHYIO TOPUCTOCTh, ObUIM OKUCIIEHBI B TOKE BO3/1yXa B JIMAIa30HE TEMIIEpaTypbl OT
600 1o 1000 °C B Teuenne GUKCHPOBAHHOMN NPOJOIKUTENEHOCTH. B OBICTPO HarpeThIX
(200 °C/mun) u 6bicTpo OoxNaxAeHHBIX (200 °C/MUH) TpaHyIax onpeneneHa MaccoBast
JIOTIS JKeJle3a M 3aKMCH jkene3a. Pe3ynbrarhl MCCIIe0BaHUI 10 KWHETHKE OKHCIIEHUS
OKaThIIIeH MpeIcTaBIeHbI B Ta0. 5.

W3 ananusa pe3yapTaToB CIENyeT, YTO OKUCIEHUE OKATHIIIEH, MOMyYeHHBIX U3 JKe-
JIE3HOTO KOHIIEHTPATa, MPOUCXOAUT JOCTATOYHO OBICTPO JIaKe TPH TeMIleparypax mo-
norpesa ot 600 1o 800 °C 3a cueT NMOBBIIIEHHON MOPUCTOCTH CYXHUX TPaHyIl.

Jns nanpHedmen MeTaun3alu OKUCIICHHBIX OKaThIIENH BO BpalllalOIICics eun
UX MPOYHOCTh Ha CIKATHE JOJDKHA COCTaBIATh He MeHee 200 kr/ok. J[ist onpeneneHus
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MIPOYHOCTHBIX XapPAKTEPUCTUK OKUCIICHHBIX OKATBIIIEH NMPOBEIECHBI UCCIENOBAaHUS 110
OLIGHKE BJIMSHUS MPOIOJDKUTENLHOCTH CHEKaHUS! OKAThILEH U TeMIeparypbl 00XHra
Ha UX MPOYHOCTH NpH HadanbHOW TeMmeparype 900 °C. PesynbraTsl nccienoBaHui
NpEeACTaBICHBI B Ta0M. 6.

Ta6auna 5. Bausinue temnepaTypbl H MPOAOIKUTEIbHOCTH H30TEPMUHYECKOI
BbIIEP’KKH OKAThIIIell Ha mpouecc MX OKHCJIEHHs B 3aBHCHMOCTH OT MAaccoOBOii
JI0JTH 3aKHUCH KeJie3a
Table 5. Influence of pellets isothermal holding temperature and duration on

their oxidation depending on iron oxide mass fraction

Temnepatypa [IpomosKUTEIBHOCTD Maccosas noms, %

okucnenus, °C OKHUCJIEHHUS], MUH Fe FeO
600 1 65,0 0,49
800 2 64,8 0,23
1000 2 64,8 0,23
1000 3 65,2 0,23
1000 6 64,9 0,23

Pesynprarel mccnenoBaHuii MOKa3allkd, YTO MPOYHOCTH OKHUCIEHHBIX OKATHIIIEH B
OCHOBHOM YBEITMYHMBAETCS 32 CUET IMOBBIIICHIS TeEMIepaTypbl o0xura. MakcuMmansHas
MIPOYHOCTh OKaThIIIeH coctaBmia 236 kr/ok. mpu temreparype 1325 °C. CHmkeHue
MIPOYHOCTH TPaHylI, 000OKEHHBIX Ipu Temmeparype 1350 °C, cBs3aHO ¢ pa3BUTHEM
MpoIecca ANCCOIHMALMN TeMaTHTa IO MarHeTUTa U C TTOCIEAYIONINM €T0 OKHUCIEHUEM
MpH OXJIaXXIeHUH. TakuMm 00pa3oM, B MPOMBINUIEHHBIX YCIOBHSX MJIS TTONyYeHUS
OKHCJICHHBIX OKAaTBIMIEH ¢ IPOYHOCTHIO He MeHee 200 KI/0K. U3 KeJIe3HOro KOHIICHTpa-
Ta, TOJYYSHHOTO MOCJIe 00KUT-MarHUTHOTO 00OTaIIeH!s, HEOOXOIMMO HCITOIB30BaTh
YCTaHOBKY peutemka—mpyouamas neus ¢ TeMieparypoi ooxwura 1325 °C.

Tabmuma 6. Biausinme TeMIepaTypHO-BPEMEHHBIX NapaMeTpPOB CHEKaAHUS
OKAThINIeH HA X MPOYHOCTHBIE XapAKTePUCTHKH H XUMUYECKHI COCTaB
Table 6. Influence of pellet sintering temperature-time parameters on their
strength characteristics and chemical composition

Temmeparypa [IponomKxuTensHOCTh IIpouHocTs Maccm(s)aﬂ Ao,
MIIep Tg'p crekanus ¢ 900 °C mo OKAaTBIIIEH, %
o0kmwra, °C

TeMIeparypbl 00)KHra, MUH KI/OK. Fe FeO
1250 12 158 64,7 0,38
1250 17 152 64,9 0,23
1300 18 167 65,4 1,42
1300 18 185 65,3 0,15
1325 14 236 64,9 0,22
1350 15 151 65,1 1,09
1350 16 139 64,6 2,41

3akJirouenne. /{151 OKUCIICHHOH KeJIe3HOU PYIbl MECTOPOXKACHUS AbGani pazpado-
TaH PEeKUM MarHEeTH3UPYIOIIEro 0OKKUra B KPYITHOCTH —5+3 MM B IPUCYTCTBUU TBEP-
JIOTO YTAEpoia B BUAE YIVIS IS CIEMYIOIIEro peXiuMa padOoThl BPAIIAIOMIEICS Teqn:
HarpeB 1o Temmeparypsl 900 °C u u3oTepMudeckas BBIISPKKa B aTMoCchepe MOHOOK-
cua yriepoza; oxiaxaeHue g0 remmeparypsl 300 °C B atmocdepe a3ora ¢ mocieny-
oIel 3aKaakol 000XOKEHHOU pyabl B Bome. Pa3paboTaHHbBIN pexM MTO3BOIHII TTOJTY-
YUTH 000XOKEHHBIHN MPOAYKT CO CTETIeHbI0 MarueTu3anuu 93 %.
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YMeHbIIeHHEe KPYIHOCTH 00OoraiieHus B claboM MarHUTHOM I0Jie OO0XCKEHHOM
PyIOBl MEeCTOPOXKICHUSI AOamyl HEe MO3BOJSIET YBEIMYUTh MAacCOBYIO JOJIO JKejie3a B
MarHUTHOM Hpoxaykre 6ojee 63,2 %. DTo cBA3aHO C HAJTMYMEM B MAaTHUTHBIX MIPOIYK-
TaX CHJIbHOMArHUTHBIX (DIOKYJ, COCTOSIIMX M3 PACKPBITBHIX 3€pEH MAarHeTUTa U €ro
CPOCTKOB C IOPOAHBIMU MUHEpAJIaMHU.

Hcnonp3oBaHne NpenBapUTENbHON JENIaMaluy JKEJIEe3HOTO MPOMIPOIYKTa T03-
BOJISIET YAAJIHUTh YacTh (IOKYJ B CIIMB C MOTYYEHUEM >KEJIE3HOIO KOHIIEHTpaTa ¢ Mac-
COBOM J1oJ1ei xeie3a 67,2 %.

Wzyuen npouecc moryuyeHHus NPOYHBIX CHIPBIX U OOOKKEHHBIX OKATBIIEH U3 Ke-
JIE3HOTO KOHIIEHTpaTa ¢ MacCcoBOU gonel xene3a 67,2 %. s moimydeHus: 000xIKeH-
HBIX OKaThIIIEeH ¢ MpoyHOCThIO He MeHee 200 KI/OK. B IPOMBILIUIEHHBIX yCIOBUSIX He-
00XOIMMO HCTIONB30BaTh YCTAaHOBKY peulemka—mpyouamas neysb C TEMIIEPaTypoi
obxmra 1325 °C.

BUBJIMOI PAOUYECKUIA CIIMCOK

1. ITenesuH A. E. IToBbimenue 3¢ heKTHBHOCTH 000TalIeHHs )KeJIe30PyTHOTO CHIPBS Ty TEM Celapaniy
B IIepeMeHHOM MarHuTHOM 1oje // Yepuebie metamisl. 2021. Ne 5. C. 4-9.

2. Menesurn A. E., Cuiteix H. A. IlpuMeHeHHE TOHKOTO THAPABIMYECKOTO TPOXOUYCHHUS IS
CTaJINANIbHOTO BBIJICJICHNS] TUTAHOMArHETHTOBOTO KOHIIeHTpara // Oboramenue pyn. 2021. Ne 1. C. 8-14.

3. leneBun A. E. TlonyueHue reMaTUTOBOrO KOHIIEHTpaTa U3 reMaTUT-MarHeTuToBbIX pya // TUAB.
2020. Ne 3-1. C. 422-430.

4. Ipoxombes C. A., Ilenesun A. E., Hanonsckux C. A., Tenms6unr P. A. CraguanbpHOe BBIJICICHUE
MarHeTUTOBOTO KOHIIGHTpaTa C MCIOIb30BaHHEM BHHTOBOH cemapaiuu // OGoramenue pya. 2018.
Ne 4. C. 28-33.

5. OmnaneB A. C. IloBbllieHHE KauecTBa MAarHETHTOBBIX KOHIIEHTPATOB Ha OCHOBE MAarHUTHO-
rpaBUTAIMOHHOIT cenapanuu // TopHblii xxypran. 2020. Ne 9. C. 72-77.

6. Panda L., Biswal S. K., Venugopal R., Mandre N. R. Recovery of ultra-fine iron ore from iron ore
tailings // Transactions of the Indian Institute of Metals. 2018. Vol. 71. No. 2. P. 463—468.

7. Sadeghi M., Bazin C., Renaud M. Radial distribution of iron oxide and silica particles in the reject
flow of a spiral concentrator // International Journal of Mineral Processing. 2016. Vol. 153. P. 51-59.

8. Idres A., Bounouala M., Benselhoub A., Bouhedja A. New method of electrostatic separation of the
oxidized iron ore // Mining Science. 2016. Vol. 23. P. 33-42.

9. Stupnik M. L., Morkun V. S., Oliinyk T. A., Peregudov V. V., Korolenko M. K. Development of
concentration technology for medium-impregnated hematite quartzite of Kryvyi Rih iron ore basin //
Science and Innovation. 2021. Vol. 16. No. 6. P. 56-71.

10. Sharkovsky D. O., Gubin S. L., Ignatova T. V., Levshin A. V. Collecting agents for flotation upgrade
of Mikhailovsky gok's magnetite iron ore concentrate / IMPC 2018 —29th International Mineral Processing
Congress Proceedings. 2019. P. 2141-2152.

11. Avdokhin V. M., Gubin S. L. Production of high-grade iron-ore concentrates in column-type
flotation cells at Mikhailovsky gok // IMPC 2006 — 23rd International Mineral Processing Congress
Proceedings. 2006. P. 1935-1939.

12. Stafeev A. A. Iron-ore enrichment by magnetic hydroseparation // Steel in Translation. 2011.
Vol. 41. No. 10. P. 823-825.

13. Ko3un B. 3., Komsies A. C., Bosxkos I1. C. 3¢ hekTHBHOCTE HCTIONB30BaHMS OTIEPALnii 000TaIlCHHS
B CXeMax MoAroToBku mpoo // Vizsectus By30B. [opHbiii sxyprai. 2017. Ne 3. C. 3—12.

14. Ilpoxonbes C. A., [leneun A. E., [Ipoxonses E. C., Banosa K. K. [ToBsIIeHre KOMITTIEKCHOCTH
HCIIONB30BaHMUS JKEJIE30PYIHOTO CHIPhsI ¢ MOMOIIbI0O BUHTOBOMW cemnapauuu // M3Bectus By3oB. [opHBIi
xypHai. 2019. Ne 6. C. 70-80.

15. FOcdun 0. C. Meramryprus xene3a. M.: Akagemknaura, 2007. 464 c.

16. XKeneszopynnas 6a3a Poccuu / mox pen. B. I1. Opnosa, M. U. bepuruna, H. U. TonoBkuHa. M.:
I'eonndopmarus, 1998. 842 c.

17. Myxrap A. A., MomsiaOekoB A. [1., HyckabekoB XK. C., KopoBymkun B. B. O6xurmarauTHoe
oborameHne OypOKENIe3HIKOBOW pyabl Abamnbckoro mectopokaeHus // Ob6oramenue pya. 2015.
Ne 4. C. 13-16.

18. MyxTtap A. A., MyxeimOekoBa M. K., Makames A. C., Hyckabexos XK. C., MombiaOekoB A. /1.,
KaceivoBa b. K. OGxurmarautHoe oboramnieHre JJMMOHATA3HPOBAHHOH pyabl MecTopokaeHust Kok-bynak //
I'MAB. 2015. Ne 10. C. 88-93.

19. Myxtap A. A., MyxemmbexoBa M. K., HyckabekoB XK. C., Makames A. C., Koposymkun B. B.
HccnenoBanue BIusTHAS TepMUUECKOH 00paboTKH Oy porKene3HsIKOBOH py/bl AGaHILCKOTO MECTOPOXKACHHS
Ha Ka4ecTBO mony4yaeMbix npoaykros // TUAB. 2015. Ne 4. C. 129-133.

20. Myxrap A. A., MyxeimbexoBa M. K., Makames A. C., Hyckabexos XK. C., MombiaOekoB A. /1.,
Kaceimora b. K. OGxurmarautHoe oborarieHue 0ypoKeNe3HIKOBOM pyibl AGAHIIbCKOr0 MECTOPOXKICHHUS //
I'MAB. 2015. Ne 10. C.113-117.



66 “Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 7. 2021 ISSN 0536-1028

21. Imutpuesa E. I, 'azaneesa I". 1., Bpareirus E. B., BrnacoB 1. A. Oco6eHHOCTH BEIIECTBEHHOTO
COCTaBa U TEPMUYECKUX CBOWCTB OKUCIIEHHBIX XKEIE3HBIX Py MeCTOpoxkaeHNs AGan // TopHBIii KypHaI.
2019. Ne 9. C. 15-20.

22. CnpaBouHHK 1o oboramenuto pyd. Oborarutensble (adbpuxu / mox pen. O. C. Bormanosa,
1O. ®. Henapokomona. M.: Henpa, 1984. 358 c.

23. Ilunkopenko C. @., benenkuit E. II. CnpaBoyHUK MO OOOTAIIEHUIO Py YEPHBIX METAJUIOB.
M.: Henpa, 1980. 527 c.

24. Kapmazun B. U, I'youn B. W., IOpoB II. II. OGxurmMarHuTHOE OOOTAIIEHUE KETE3HBIX PYI.
M.: Henpa,1969. 168 c.

25. Taumenxko I1. A. IToaroroBka TpyaHO0OOTaTUMBIX JKeJe3HBIX pyd. M.: Henpa, 1979. 208 c.

Tloctynuia B penakipio 6 centsiops 2021 roxa

CaesieHus 00 aBTopax:

Mlonatun ¥Opwmii HukojiaeBHY| — KaHIWIAT TEXHUYECKHX HAYK, CTAPIIAA HAYYHBIH COTPYAHHMK
71a00paTOpHUH OKYyCKOBaHUS U (PU3NKO-MEXaHNIECKHUX UCTIBITAHUH OT/IeNIa PyIOOATOTOBKH U CHEIIATbHBIX
METOJIOB HCCIIEIOBAaHUH HAyYHO-HUCCIEA0BATENbCKOTO U TPOEKTHOTO MHCTUTYTA «YpalMexaHoOp».
MymkeToB AHTOH AHApeeBHMY — KaHAWAAT TEXHUUYECKHX HayK, CTaplIMil HAy4HBIH COTPYIHHUK
naboparopuu 00OTaIieHns] pyd YepHBIX METa/UIOB OT/ela PYIONOATOTOBKH M CHEIHATIBHBIX METOIOB
HCCIIEIOBAaHNI HAyJHO-HCCIIEA0BATEFCKOTO M IPOEKTHOTO HHCTHTYTa «YpajaMeXxaHoOp», IOLEHT
kadeapsl oboraiieHns Mojie3HbIX HcKomaeMblx TexHudeckoro yHuBepcutera YIMK. E-mail: maas@
yandex.ru; https://orcid.org/0000-0001-9542-6474

JAmurpuesa Enena I'enHagbeBHA — KaHIUIAT TEXHUYECKUX HAyK, BEAYIUMH Hay4HBId COTPYIHHUK
1a60paTopry OKYyCKOBaHUS U (PU3NKO-MEXaHNIECKHIX NCTIBITAHUH OT/IeIIa PyIOMOATOTOBKH U CHEIIHATbHBIX
METOZI0OB MCCJIEIOBAHMI HAyYHO-HCCIIENOBATENBCKOIO M IIPOCKTHOTO HHCTUTYTa «YpalMexaHoOp».
E-mail: umbr@umbr.ru; https://orcid.org/0000-0002-5636-4263

DOI: 10.21440/0536-1028-2021-7-55-68
Integrated study on obtaining oxide pellets from brown iron ore
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1 JSC Uralmekhanobr (Scientific-Research and Design Institute), Ekaterinburg, Russia.
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Abstract
Introduction. Currently, the main raw materials for the production of cast iron and steel at metallurgical
plants are iron concentrates obtained from magnetite (ferrous) quartzites, titanium-magnetite, and skarn
ores. The existing technologies for processing these types of ores, which mainly include separation
processes based on magnetic properties, size, separating of equally falling grains, and surface wettability
allow us to produce both ordinary iron concentrates and high quality ones. The use of such schemes in
the processing of brown iron ore does not allow obtaining high rates of mineral concentration. One of the
methods for processing this type of ore is a roasting-magnetic scheme, which allows converting weakly
magnetic (non-magnetic) forms of iron into strongly magnetic ones.
Research objective is to develop the mode of magnetizing roasting of brown iron ore, technology of
concentrating of the burn-out product in order to obtain iron concentrate and oxide pellets.
Methods of research. The duration of heat treatment of the charge consisting of iron ore from the Abail
deposit and coal from the Ekibastuz deposit and the required mass fraction of solid carbon contained in
the coal are determined. Technological studies of the roasted product were carried out in order to obtain
a concentrate with a mass fraction of iron at least 67%. According to the developed technology, a batch of
iron concentrate was developed in order to obtain and study raw and oxide pellets.
Results. The modes of magnetizing roasting of brown iron ore from the Abail deposit and cooling of
the roasted material have been developed. A scheme for mineral processing of the roasted material has
been developed in order to obtain a concentrate with at least 67% of iron mass fraction. The process of
obtaining strong raw and roasted pellets from iron concentrate is studied.
Conclusions. The developed mode of magnetizing roasting of the charge consisting of coal and ore from
the Abail deposit makes it possible to obtain a roasted product with a degree of magnetization of 93%.
The using of desliming of the roasted product makes it possible to remove magnetic floccules from the
processing that reduce the concentrate quality, and to obtain a concentrate with a mass fraction of iron of
at least 67% in the last stage of magnetic separation. From the iron concentrate, it is possible to obtain
oxidized pellets with a strength of at least 200 kg/pellet at temperature of pellets firing of 1325 °C.

Keywords: magnetizing roasting; iron concentrate; oxidized iron ore; goethite and hydrogoethite; pellets;
degree of magnetization, wet magnetic separation; desliming.
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MAPKLWEWAEPCKOE OENO, FTEOAE3NA U KAOACTP
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MeToavka MapKLienaepckon CbeMKn U yCTpaHeHus aedopmaumi
AHWLLA CTanbHbLIX pe3epByapoB

BapynuH A. U.!
1 PyfHEeHCKuMiI HaycTpuUanbHbIi MHCTUTYT, T. PyaHbIi, KocTanalickast 06rn., Pecnybninka KasaxcTa
e-mail: barulinai@mail.ru

Peghepam
Beeoenue. Ha mecmopoorcoenusx neghmu uchonb3yemcesi 6016ul0e KOIULecmaeo CaibHblX 6epMUKAIbHbIX
pe3epayapos 0 xpaneHnus Hegpmu u Opyeux scuoxkocmeil. MIx cmpoumenbcmseo mpebyem nHenpepuigHoz2o
MapKWetoepcko20 KOHMPOIs, HO MemOOUKU U3MepeHull, 06pabomKu pe3yibmamos, UCHpaeileHus
OMKIOHEHUI U OOKYMEHMUPOBAHUSA He OMAULAIOMCA YHUBEPCAILHOCIBIO U He ROOX0O0AM NO MOYHOCMU
015 pesepsyapos ¢ oovemom menee 3000 M3, a npoyecc ucnpasienus OOHAPYHCEHHBIX OMKIOHEHUL
HeposHOCHel OHUWA NIOXO 0DOCHOBAH U AGNAEMCA UHMYUMUBHBIM.
Lenv pabomut. Bvinonnenue uccie0osanuil, HanpasienHblx HA NOBbIUEHUE MOYHOCMU U OOCIMOBEPHOCHIU
UCHOTHUMENbHOU CobeMKU OHULYA MEMATIUYECKO20 CIAIbHO20 Pe3ep8yapa Mano2o 00veMd, 000CHO8a e
MUHUMATLHOU 6bICOMbL €20 HEPOBHOCMEN, NOBblUEHUEe 00bEKMUSHOCMU U NPOUIBOOUMETbHOCMU
obpabomxu usmepenutl, paspadomra 00HO3HAUHO20 CHOCODA NPOSHOZUPYEMO20 NO BPEMEHU UCHPABLEHUS
HeposHOCHel OHUWA U 0O0CHOBAHUE ONMUMATLHO20 COCMABA UCNOTHUMENLHOU CXeMbl €20 penbeda.
Memoodonozus. Memoo ceomemputeckozo HUBETUPOBAHUA CbEMKU NPOPUILA OHUW A, He 0Decneuusarouull
Haonexcawjell MoYHOCMU, 3aMeHeH MemoooM mpusoHoMempuiecko2o Husenuposatus. Co30an memoo
onpeodeieHuss OMKIOHEHUTl PednbHO20 NpoQuis OHUWA pe3epeyapd Om HPOEKMHO20 NONONCEHUS
NOCPeOCnEoM aneedbpauteckux 0eticmsull ¢ NOGePXHOCMAMU Monozpaguiecko2o nopaka. Buinoanena
OYeHKA MOYHOCIU ONpedeleHUsl HauMeHbUlel BbICOMbL HEPOBHOCMEN OHUWA NPU MAXEOMEMPULECKOM
cnocobe cvemku. Ilpednoscena memoouxa KOHMpONs. UCHPABLEHUs HepOGHOCMel OHUWA pe3epsyapa,
OCHOBAHHASL HA OYEHOUHBIX pacyemax dehopmayuii OHUWa MenOoOOM KOHEUHbIX /IeEMEHMOB.
Pezynomamul papomui. Bce paspabomku npounniocmpuposansl Ha KOHKPEMHOM Npou3600CHEEHHOM
npumepe. Ycmanogieno, umo O NOIHO20 3A6epuleHus pabomvl OOCMAMOYHO O8YX umepayuil
UCnpaeienus OMKIOHeHUl HeposHocmell OHuWa pesepgyapa. [Ipedcmasnenvi cnocobbl ONMUMATLHOZO
0opMAEHUA UCNOTHUMENLHBIX CXeM 00beKma.
Buwi6oowi. Paspabomana npocmas, mounas, mMano3ampammuas, npou3eo0umensHas, npoeHo3upyemas no
BPEMEHU  GbINONHEHUS MemOOUKa MApKulel0epCckoll CbeMKy, mamemamuieckol oopabomxku u
ucnpasienus OMKIOHeHUll npoguia OHUWaA pe3epeyapd, cOKpaujarowas cpoku e2o CmpoumenbCcmed
U Y8enuuuU8arujas 6pems IKCnIyamayuu.

Knroueesvle cnosa: pesepsyap; onuwe; xapmupoeanue; o6pabomka usmepenuil;, UCHPAGLeHUe
OMKNOHEHULL; MemoO KOHEUHbIX 2NeMeHIMO08,; UCNOTHUMENbHAS CXeMA.

Beenenue. [l xpaHeHuss HETEIPOAYKTOB M APYTUX KUIAKUX MaTepHAIIOB HA Me-
CTOPOXKICHUSIX HE(TH UCIIONB3YIOT BEPTUKABHEBIE CTanbHBIE pe3epByapsl (PBC) pas-
TuaHBIX 006eMOB [1]. CTPOHUTENHCTBO TaKUX COOPYXKEHHUH TpeOyeT HEeNpephIBHOTO
MapKIIeHIePCKOro HHCTPYMEHTAJIBLHOIO KOHTPOJIS C LIEIbI0 00ecleueHus TpeOoBaHU I
FEOMETPUYECKON TOYHOCTH, OT KOTOPOH 3aBUCAT 0€30MAaCHOCTh M JOJITOBEYHOCTh MX
MCTIOJIH30BaHUS.

BONBIIMHCTBO BUI0OB KOHTPOJIS SBJSIOTCS CTAHIAPTHBIMU: MOJIOKEHHE IIEHTPa pe-
3epByapa; B3aUMHOE TTOJIOKEHHE 3JIEMEHTOB COOPYKEHUS; PalialbHOCTh OCHOBAHUS;
BEPTHUKAJILHOCTh CTCHOK ¥ Jp. OHAKO IPU MOHTaXe PE3€PBYyapOB UMEIOTCS OTICIbHBIC
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BUJBI paboT, Ha KOTOpBIE HET O0IIEeNPUHTHIX MeToauK cheMku ['OCT P 51872-2019,
00paboTKH ee pe3ynbTaToB, UCIPABICHU OTKIOHEHUH M COCTaBICHUS HCIOIHUTEINb-
HBIX CXEM.

K Takum paboTam OTHOCHTCS KapTHPOBaHHE HEPOBHOCTEH KOHUYECKOTO CTAIIEHOTO
JHUINA pe3epByapa. HepoBHOCTH MOBEpXHOCTH JAHHUIIA pe3epByapa /, IOKa3aHHbIE Ha
puc. 1 Bgons nmuauu DE, 06pa3yloTcs B POLecce X CTPOUTENbCTBA MIPH CTATUBAHUN
U CBapKe M3TOTOBJIEHHBIX Ha 3aBoje MeTamnuyeckux creHok ABCHGF u ADCHIF,
ocHoBaHUs1 ABCD 1 KpoBeNbHBIX paguaibHbIX 0anok 5. B mpouecce 3amoiaHeHus co-
CyZia JKUAKOCTHIO HEPOBHOCTH PACIPABIISIOTCS — CJIBIILIEH 3BYK XJIOIKA, IO9TOMY B TEX-
HUYECKOH TUTEpaType UX Yallle BCero 0003HaYar0T TEPMUHOM X10nyHbl [2].

Pucynok 1. Cxema MeTalnIM4ecKoro pe3epByapa:
1 — xnonyn; 2 — ruapodoOHEIHA ciioif; 3 — na3; 4 — KOpoHa; 5 — KPOBEIbHBIC
panuaneHble Oanky; 6 — HEHTpaJIbHAasl CTOMKa
Figure 1. Metal storage tank scheme:
1 — dent; 2 — hydrophobic layer; 3 — manway; 4 — crown plate; 5 — roof
radial beams; 6 — center post

HecMotps Ha To, 4TO Ha X710nYHbLI IPUXOANUTCS TOJIBKO OKOJIO 2 % BCEX OMACHBIX
ne(eKTOB M MOBPEKACHUI CTANbHBIX BEPTUKAIBHBIX pe3epByapoB [3], oHM Bcernga
MPEICTABISAIOT pealbHYIO YTPpO3y pa3pyllIeHus IeJTOCTHOCTH JHUINA cocyna. Bo3Bpar-
HbIE JIe(hOpMalli METAJUINYECKOH KOHCTPYKLMH MOTYT CONPOBOXAAThCS TOBPEXKIe-
HUEM CBApHBIX IIBOB MEX]y JIUCTAMH, U3 KOTOPBIX METOAOM aBTOMaTHUECKOH CBapKU
M3TOTOBJIEHO OCHOBaHME, IOITOMY CTpOUTeNbHBIE HOpMBI U npaBuia CHull 3.03.01-87
OTPaHHYMBAIOT MIPEEIBHO TOIMYCTUMBIE pa3MEPhI XI0NYHOS TIO TUIOINAAH U BBICOTE.

[ocne 3aBepiieHns MOHTaXa pe3epByapa Uil 000CHOBAHHS COOTBETCTBUS I€OMET-
PHH €ro JHUIIA MPEIbIBIIEMBIM TPEOOBAHUAM COCTABIISAETCS COOTBETCTBYIOLIAs UCTIOJI-
HHUTEJbHAS CXeMa Ha OCHOBE reofe3uueckoil cheMKH. OOBIYHO ChEMKa BBIIIOIHSAETCS
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METOIOM T'€OMETPUYECKOTO0 HHUBEIUPOBAHUS IO PATUAIBHBIM JIMHUSAM C YacTOTOM,
oOecrieunBalolIel onpeneiaeHre NpoQuisi OCHOBaHUS pe3epByapa B HenoM. OgHaxo
TaKOW MOAXOA Ha cocynax oobemoM Menee 3000 M> cOnpsbKEH ¢ BHICOKHM YpPOBHEM
MOTPEIIHOCTH, TaK KaK HAaXOMSIIMICSA MOA OCHOBaHHMEM pe3epByapa THIpoQOOHBIH
CJIOM cMecH KBapILeBOIO MecKa U BA3KOro Hedrenpoaykra 2 ¥ HeOONbIIasi TOMIINHA
UCIIOJIb3yEeMOH JIMCTOBOM CTall HE CIOCOOCTBYIOT YCTOMYMBOCTH HOBEPXHOCTH JHU-
II1a He3aloJIHEHHOT 0 pe3epByapa. [lepemelaromuiics Mo JHUILY pe3epByapa peeuHUK
3a c4eT cCOOCTBEHHOTO Beca U3MEHsET Mpoduiibs ocHoBaHUs. B mponecce reomerpuye-
CKOTO HUBEJIMPOBAHUS KOPOTKHE IJIEYH, BBICOKAsSI KPATHOCTh YBEIMUEHUS 3pUTEIBHON
TpyOBI U MJI0Xasi YCTOMYMBOCTH OCHOBAaHHUS U3MEPHUTEIBHOM CTAHLMHM TAaKXe HE CIO-
COOCTBYIOT BBICOKOI TOUHOCTH CheMKH. UeM MeHbIle paJiyc OCHOBaHUS pe3epByapa
U €T0 TOJNIIWHA, TEM HUKE TOUHOCTh PELICHMS] TOCTaBIEHHON 3aa4H.

Iens padoTel. HacTosmiee nccnenopane HanpaBiIeHO Ha MOBBILIEHNE TOYHOCTH U
JIOCTOBEPHOCTH MCIIOIHHUTENBHON ChEMKH MOBEPXHOCTH OCHOBAHMS METAIIIMUYECKOTO
pe3epByapa MOCPEICTBOM €€ BHIIOTHEHUS LU(PPOBBIM TaXEOMETPOM B O€30TpasKaTeb-
HOM pexuMe u3mepenuil. [Ipy 3ToM TaxeoMeTp yCTaHABIMBAECTCS B LIECHTPE OCHOBAHUS
pes3epByapa, Iie B CHIIy OCOOCHHOCTEH CTPOUTENIBCTBA (POPMHUPYETCS IUIOCKAs IUIO-
mazaka quaMerpoM 1,6-2,0 M, obecneunBaromias HEOOXOUMYIO T pPabOThl yCTOHYH-
BOCTb IprOopa n Habmonarens. Hannune Takoi miomaaky oObsICHIETCS TeM, YTO Ha
Hell 10 Hayala MOHTaXa CTEHOK pe3epByapa yCTaHaBIMBAEeTCs LIEHTpajbHasl CTOMKA 0,
yAepKHUBArOIasl KONbLO KOPOHb! 4, K KOTOPOMY BIIOCIIEACTBHU IPUBAPHUBAIOTCA KPO-
BeJIbHBIC paguaibHble Oanku 5 i pukcanuy cTeHOK pe3epByapa. Ilocie ycraHoBKH
KPOBEJBHBIX PaJHaNbHBIX OaJoOK LEHTpalbHas CTOWKA yHaiseTcsl, W MoJ Hel yke
chopMHpOBaHa YIJIOTHEHHAs yCTOWYMBAs IJIOIAJIKA.

MeTtonoaorusi. M3mepenust B 0e30TpakaTeIbHOM PEeKUME PabOTHl TaxeoMeTpa
MO3BOJISIOT UCKJIIOYUTHh MOTPEIIHOCTH, BO3HHMKAIOIINE HA MOBEPXHOCTH OCHOBAaHUS
pe3epByapa OT JeliCTBHUS Beca IIOMOIIHUKA C OTpakaresieM. YToObl onpeaenuTh BIUsHIE
Ha aeopMHpOBaHHE OCHOBaHMS pe3epByapa Beca HaOmromaTesss U MHCTPYMEHTa 10
Hayaja ChbEMKH, yepes3 Jia3 oOciyxkuBaHus 3 (puc. 1) ompenensieTcs BBICOTA TOUYKH
yCTaHOBKH TaxeoMeTpa E. IlorpemHocTs onpenensiercs Kak pasHOCTh BBICOTHOM OT-
METKHU TOYKHM E nepes HauyajaoM U B MPOLECCE MPOU3BOICTBA [€0IE3MUECKON ChEMKH.
BrlnonHeHHbIE METOAOM TE€OMETPUYECKOTO HUBEIMpPOBaHHUA No MeTtoauke I kmacca
TOYHOCTH M3MEPEHHS BBICOTHOM OTMETKH TOYKH E 10 U B Mpoliecce BBHIOTHEHHS Ha-
OnrogareieM TaxeoOMETPUYECKOM CBEMKH IIOKa3alid, 4YTO OHa HE MpEBBIIIACT
Ah = £0,0005 m. Takoii ypoBeHb YCTOHYMBOCTU TOYKM ChEMOYHOIO 0OOCHOBAHMS
CBHUJIETENILCTBYET O €€ (PaKTHUECKON BBICOTHON HETOIBM)KHOCTHU U JOITYCTUMOCTH IIPO-
M3BOJICTBA C HEE TAXEOMETPUUECKON CHEMKH.

HesnaunrensHOe yaneHue TOYEK ChEMKH OT HHCTPYMEHTA M XOPOILIHUE OTPaKkaro-
M€ XapaKTEPUCTHKH JIMCTOBOM CTAlM MO3BOJISAIOT BBINOJIHATH 3TH PabOTHl BCEMH
3NIEKTPOHHBIMHU TaXeOMETPaMH B 0€30Tpa’kaTelbHOM pexXuMe padoThl. McnonHuTenb-
Has ChE€MKa paccMaTpUBAEMOIO pe3epByapa BBINOJHEHA IOJEBOM cTaHuuel Leica
TS06 [4] c ucroap30BaHUEM CIHEUATBHOTO KECTKOTO TaXEOMETPHUECKOTO IITATHBA,
YCTaHABIMBAEMOI'0 Ha METAJNINYECKOE OCHOBAaHME Ha PE3MHOBBIE TOAKIAIKN IS HC-
KITIOYEHUS MX IPOCKAIb3bIBAHUS.

[loneBble CTaHIMK MO3BOJISIOT MONYYaTh MPOCTPAHCTBEHHBIE KOOPIMHATHI JTHOOBIX
CHEMOYHBIX TOYEK, TOITOMY IpEIBAPUTENbHAS Pa30MBKa CETKH ChEMOUYHBIX TOYEK Ha
MOBEPXHOCTH OCHOBAaHMsI pe3epByapa He BBINONHsANAch. CheMKy IHUINA MPENNOUYTH-
TeJbHEE BBINOIHATH BOJb JIMHUM CBAapHBIX IIIBOB M 10 JIMHUU NEPUMETPa OCHOBAHUS
pesepByapa. JInHus nepumMeTpa CTEHOK pe3epByapa BCIEICTBHE CIJIOUIHOTO CBAPHOTO
IIBa C OCHOBAHUEM OCTAETCsl MPAKTHUECKU HeAePOPMUPYEMOM, a COeIUHEHHUS CTallb-
HBIX JINCTOB CAMOTO OCHOBAHHS MPEACTABIISIIOT HAUOOJBILNI HHTEPEC, TAK KAaK UMEHHO
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10 HUM DPa3BHUBAIOTCS onacHele AedopManuu. [Ipu ycTaHOBKE M3MEPHUTEIILHON CTaH-
LM B TOUYKe £ yIioBasi OpUEHTUPOBKA IPUOOPA BRIMIOIHAETCS HA OHY U TY K€ MPOH3-
BOJIHYIO TOUKY, HAHECEHHYIO Ha CTEHKY pe3epByapa MapKepoM, B YCIOBHOM cucTeMe
KOOpJUHAT.

OTcyTCcTBUE MPEIIECTBYIOMINX CHEMKE Pa3OMBOYHBIX PaOOT IMO3BOJISIET CyIe-
CTBEHHO HOBBICUTH MTPOM3BOAUTENLHOCTE H3MEPUTENBHBIX Pa0oT. C yueToM Toro dax-
Ta, 4YTO NOAOOHYIO CHEMKY B IPOLIECCE YCTPAHEHUSI HEPOBHOCTEH OCHOBAHUS PE3EPBY-
apa TPHUXOOUTCA JeNaThb HECKOJBKO pa3, TaKOW MOAXOA TO3BOJSET M30aBUTHCA OT
HEHYXHBIX PYTUHHBIX JEHCTBHH.

20 40-10=30

Pucynok 2. Tonorpaduyeckne NOBEpXHOCTH TEOPETUIECKOTO — / U (haKTHIEeCKOro — 2
OCHOBAHUS pe3epByapa NOKapHOTO BOJOCHAOKEHHUS
Figure 2. Topographic surfaces of theoretical — / and current — 2 base of the firewater
tank

[Ipennaraemas MeToanKa KaMepajabHOI 00pabOTKH Pe3yabTaTOB U3MEPEHHUN HILTIO-
CTPHUPYETCs Ha IPUMEPE CTPOUTENHCTBA BTOPOTO MOKAPHOT0 BEPTUKAIBHOIO CTAIIBHO-
ro pesepByapa Bojbsl 00beMoM 1000 M3 [IEHTpaIbHOM TepeKauyMBAIOIIECH CTAHIIUK Me-
cropoxnenus Hedtu umenu P. Tpebca n A. Turosa SImano-Henenkoro aBTOHOMHOTO
OKpyra ApxaHrenbckoil obnactu. PesepByap auamerpom 10,44 M u BeicoToid 12,0 M
OBUI M3rOTOBJIEH HA 3aBOJIE U JOCTABIIEH K MECTY COOPKH aBTOTPAHCIIOPTOM IO 3UMHH-
Ky B BUJIe pyJIOHOB. OCHOBaHHEM pe3epByapa sIBISIETCS COBOKYITHOCTh 3a0UTHIX B BEU-
HOMEp3JIble TPYHTHI CBail B BUJE CTAIBHBIX MeTaIMUecKuX TpyO auamerpom 0,209 m
U pOCTBEpKA U3 AByTaBpa 24M.
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JanHble n3MepeHnid JOJKHBI OBITH UMIIOPTUPOBAHBI U3 MAMSTH HOJIEBOH CTAaHLIUU
B rpaduyeckuii peaaktop AutoCAD [5] koMibroTepa B BUIE COBOKYITHOCTH TOYEK ILIOC-
KOH MPSIMOYTOJIBHOM MPOEKIMU C OLUU(PPOBKOH COOTBETCTBYIOIIUX UM BBICOTHBIX OT-
MeTOK. 110 KOHTYpHBIM TOYKaM MPOBOJUTCS JIMHMSA T'PaHUIIBI OCHOBAHUS pe3epByapa,
KpYraMH OT TOYKH ChEMOYHOro 00OCHOBaHMS E 0003Ha4eHBI KOJBLEBBIE M30JIUHUH
TEOPETUUECKOH KOHMYECKOH MMOBEPXHOCTH €ro OCHOBaHUs (pUC. 2), UIMEIOLIETo Ipo-
EKTHBII BCeCTOpOHHUH YKIIOH B 10 %o, ¢ y1oOHOM 17151 peleHus 3aa41 BEICOTOH ceue-
Hus. B 1aHHOM citydae BeICOTa CEUEHNS M30IMHUN TEOPETUUECKON MOBEPXHOCTH OCHO-
BaHua BblOpaHa paBHoil 0,01 M. AHamoruyHas BBICOTA CEYECHHUS! BBIOpaHa IS
nocTpoeHus (pakTHIEeCKOH NOBEPXHOCTH THHIA, XOTS OHU MOTYT OBITH Pa3IMYHBIMU.
[TocTpoenne U30MMHII OCHOBAaHUSI pe3epByapa BHIIIOIHEHO B Irpa)nuecKoM peJaKTope
AutoCAD meTomoM 0ObeMHOH naneTku [6].

Hckomyto MOBEPXHOCTH XJ10MyHO6 HAXOIUM CIIOCOOOM BBHIMOTHEHUS anredpandec-
KHX OIepaluii ¢ MOBEPXHOCTAMHU Tororpaguieckoro nopsaka [7]. C aToi nensko He-
00X0IMMO BBIYECTh U3 TEOPETHUYECKOM BEICOTHOW OTMETKH JHHMINA pe3epByapa GakTu-
YECKYI0 BBICOTHYIO OTMETKY OCHOBaHHUS pe3epByapa B TOUYKaxX IEpPECEUCHHs] HX
TororpapuiecKkux moBepxHocrel (Harpumep, 40 — 10 =30, puc. 2), 0003HaYUTh TOUKU
UX MepecedeHuid 1 CHaOINTh YUCIOBBIMH 3HAUCHUSAMHU PACCUUTAHHBIX Pa3HOCTEH BBI-
COTHBIX OTMETOK JIBYX TONOIpaduueCKuX MOBEPXHOCTEH.

Ha nony4eHHBIX TOUKaX pa3HOCTH BBICOTHBIX OTMETOK TEOPETHYECKOTO U (haKTHIeC-
KOTO TIOJIO)KEHUS THUINA pe3epByapa MOCTPOUTD B U30JIMHUAX MMOBEPXHOCTh, HATTISAHO
0TOOPaKAIOUIYI0 OTKJIOHEHWE CMOHTHPOBAHHOTO JHMIIA OT MPOEKTHOTO IMOJIOKEHHS
(puc. 3).

Hopmatusnasie TpedoBanust [OCT 31385-2016 oTHOCATCS TOJBKO K MPEAEIBHO A0-
ITyCTUMOM BBICOTE X70nyH06 B 150 MM, HO 3TUM TOKYMEHTOM HE ONpeesieHa UX MUHH-
MaJIbHO JI0yCTHMas BbicoTa. [Io MHEHUIO aBTOpPa, 3TOT NapaMeTp HE MOXKET HE UMETh
MECTO, TaK KaK B 3HAUUTEIbHOM CTENICHN 3aBUCUT OT TOYHOCTH: MIOJTOTOBKH HEOOXOIU-
Moro npouiist ruApodoGHOro ocHoBaHus Al , 0beCIIeYCHHsT HEOOXOAMMON CTeNeHN
YIIOTHEHHMS T1€CYaHO-MACTISIHOTO OCHOBAaHMS A/, N3TOTOBJIEHHUS MIIOCKHMX OBEPXHO-
CTeH pe3epByapa U3 CTaIbHBIX JUCTOB A/, yCTOWYMBOCTH TOYKH CHEMOYHOIO 0OOCHO-
Banus Al , MAPKIIEHIEPCKON CHEMKHU XJI0MYHOE JHHMILA pe3epByapa Ah, v BIUAHMA
BHEIIHHUX ITOTOJHBIX YCIOBUIL.

[TorpemHoCcTh U3MEpPEeHHs BEPTUKAILHOIO YIvIa, €, onpeeisercs no dpopmyie [8]:

mg = t\Jm’ +m?, (1)

rae mo, mv — INOrp€IIHOCTH OTCUUTBIBAHUA U BUSUPOBAHUSA COOTBETCTBCHHO.

I[.]'DI OIpEACICHHUA IMMOIrPECIMHOCTH OTCYHUTBIBAHUSA B SJICKTPOHHBIX TaXEOMETpax HE-
IIPUMCHUMBI BBIPAXCHUA, UCITIOJIB3YEMBIC B OIITHUYCCKUX MHCTPYMCHTAX, TaK KaK OHa
CBOOO/IHA OT OMMOOK YeJOBeKa, MO3TOMY MPHUHAMAECM €€ PABHOW MactopTHOW (JIst
nosnesoi cranuuu Leica TS06 ona cocrapuser m = +1").

ITorpemHoCTh BU3UPOBAHMS OTIPEACISACTCS 110 popmyJie:

SR
v

v

TIIe L — YBEJIWYEHHUE 3PUTEIBHOM TpyOb! osieBoi cranmmu Leica TS06, v = 26 kpart.

Torga paccuntanHas mo ¢opmynae (1) MOTpemIHOCTb M3MEPEHHsI BEPTHUKAIIb-
HOr0 yIJa COCTaBUT mg = 2,5" (Ipu IacnopTHOM 3HaueHMU Taxeomerpa 7506,
pasaoM £2,0").
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Cpennsist kBagpatuuHas omunbOka (CKO) onpeneneHus: NpeBILICHUS! OT HETOYHOTO
M3MEpPEHHS BEPTUKAIBHOTO yIila, M, MOXKET OBITh BBIYHCIIEHA 110 (hopMmyIe:

M, =i%Sc056, )
P

TJe p — IMHEHHO-YIIIOBast KOHCTaHTa, p = 206 265; 0, S — cpeaHue 3HAYCHUS U3Mepsie-
MOTO BEPTHKAJIbHOTO yIVla M HAKIOHHOHM JUITMHBI MIPU BhICOTE MHCTpymeHTa 1,7 M,
6=33%8=3,115m.

Torna paccuntantas mo Gopmyse (2) CKO npeBbIlIeHHs OT HETOYHOTO U3MEPEHUS
BEPTUKAILHOTO yriaa coctaBut M, = £0,00003 m.

[MorpemHocTh M3MEPEHUS] HAKIIOHHOW JTMHBI CTOPOHBI S, M, TIPH UCIIOIB30BaHUH
noneBol craHuu Leica TS06 B 0e30TpakaTeNbHOM pEeXHME OIpeaessieTcs Io

dopmye [4]:
mg = +(0,003 + 0,002 ppm - S),

e ppm — KOAPPUIMESHT aTMOC(HEPHOH KOPPEKIUH; S — U3MEPEHHOE PACCTOSIHHE, KM.
C y4eToM ToTro, 4TO CpeHss U3MepsieMas HAKIIOHHAS IJTHHA CTOPOHEI S CYIIIeCTBEH-
HO MEHBIIE KHUIOMETPa, BTOPHIM CJaraeMbM m, MOXHO IpeHeOpeus. Torma
my==%0,003 m.
CKO ompenenenust MpeBHIIICHUS OT HETOYHOTO U3MEPECHUS HAKIIOHHOM JUTUHBI, M,
MOXET OBITh BBIYUCIICHA 11O opmyle [8]:

Mg =+mgsind = £0,0016.

Torna CKO uHCTpYyMEHTATBFHOU CHEMKH, M, MOXKHO OIPEICIUTE KaK CPEIHIOI0 KBAJI-
PaTUYHYIO0 MOTPEUIHOCTh U3MEPEHUS MPEBBINICHUS 10 (OpPMYJie TPUTOHOMETPUIEC-

KOT'O HUBCJIMPOBAHUA:
Ah, = £\ M? + M? =20,0016.

Kontpons kagectBa ¢opmupoBanust mpoduiast ruapodoOHOTO €10 BBIMTOTHSIIN
METOAOM TCOMETPHUYCCKOIO HUBCINPOBAHUA TEXHUYECKOM TOYHOCTH HUBEJINPOM
Leica NA300. VI3MepenHast MaKCHMalbHas ITOTPEIIHOCTE cocTaBuaa Ak, =+ 0,005 m.

Omnpenenenue KadecTBa YINIOTHEHUS TUAPOPOOHOTO CIIOS MPOBEPSIIOCH TTOJEBBIM
MIEHETPOMETPOM CTaTHUECKOTO 30HAUPOBaHM SO65, MaKCUMaIFHOE TIPOCAT0YHOE OT-
KjIoHeHue coctaBuio Ak = 0,005 m.

HepOBHOCTI) IINIOCKHUX HOBerHOCTeﬁ, H3TrOTOBJICHHBIX Ha 3aBOJC, U3 KOTOPBIX Ha
00BEeKTe MOHTHpOBAJICS pe3epByap, B coorBercTBum ¢ ['OCT 31385-2016 momxkHa
ObITh HE O0see Ak, = 0,004 M.

Ha OIpEaACIICHNUC MHUHHMAJILHOH BBICOTHI XJIOnyHo8 B YCIIOBUAX 3anon;1p551 OKa3bIBAIOT
CYHICCTBECHHOC BJIIMAHHC CIIOKHO YUWUTBIBACMBIC ITOTOAHBIC YCIIOBUA (CHHBHBIﬁ BETECP U
HETIPEPHIBHO M3MEHSIOIINIACS TEIUIOBOH HArPEB CTEHOK pe3epByapa He3axOASIINM COJH-
[eM), CTETICHb ITEPECEUCHHOCTH pelibepa U CUTYyaIlHsl Ha TEPPUTOPHUU CTPOUTEITBCTRA.

YuuTeIBas ClIOKHOCTD OLICHKH He6HaFOHpI/IHTHOFO BJIMAHUSA BCEX OTUX HEPABHOTOYHBIX
U (PyHKIMOHAIBHO HE CBSI3aHHBIX APYT € APYr'OM MOTPEIHOCTEH, M, UCIIONIb3yeM HauXyl-
NI BApUAHT UX NPOSIBICHUS, KOTJa OHU UMEIOT OJIMHAKOBBIN 3HAK U CyMMHUPYIOTCS:

Ah = Ak, + A, + b + A, + Ak = 0,0016 +0,0005 + 0,005 + 0,005 + 0,004 ~ 0,02.
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Takum 00pa3om, B paccMaTpUBaeMOM METOMYECKOM MPUMEPE HEOOXOAUMO YMEHbB-
IIMTH IUIOMAAb TOJBKO TPEX XIONYHOS, IPOHYMEPOBAHHBIX PUMCKUMH IM(PpaMu Ha
puc. 3. Bee xnonynul BoIcoTO# 20 MM U HIDKE, @ TAKXKe IIOIIAILI0 MEHbIIIE 2 M? JT0JIK-
HbI UITHOPUPOBATHCS.

0,

Jlunelinpiii MaciTad: 0,
1 0 3M
e —

Pucynok 3. Tonorpaduueckasi HOBEpXHOCTb XIONYHOS:
L 11, IIT — mopsinkoBeiid HOMEP; 4,13 (KpacHBIM) — IDIOIMIAAb XJIONYHA, M
Figure 3. Topographic surface of dents:
L 11, IIT — number; 4,13 (red) — area of a dent, m?

Ucnpapnenne nedopmaruii HAUWHAIOT CO CHUXKEHUS BBICOTHI XJIOMYHOB, €CIIM OHU
o BeicoTe OomnbIne 0,15 M, B COOTBETCTBHH C TPeOOBAHUSIMHU TEXHUUYECKOH HMHCTPYK-
uun (P 34.21.526-95. Tunosasa uncmpykyus no 3KCHAYAmMayuu MemdaiiuyecKux
pe3epsyapos OJisk XPAHEeHUsi HCUOK020 MONAuea u 2opsaveti 600vl. CmpoumenvHbie
koncmpykyuu. M.: CIIO OPI'POC, 1995. 68 c.), HO Ha pe3epByapax HEOOJIBLIOTO
00beMa OHM BCTPEYAIOTCS PENIKO. 3aTeM MPHUCTYNAT K YMEHBIICHHIO UX TLIOMIA/IH.

EnuHCTBEHHBIM CIOCOOOM YMEHBIIICHHS TUIOIIAIN XJIOMYHOB SBIISFOTCS TIOTOJIOU-
HBIC pajinajbHble OAKU, YKOPAaYNBAaHUEM WIIN YAJTUHEHHEM KOTOPHIX MOXHO JOCTHYb
nocraBieHHOH ueiu. Ha 3Toil ctannu HeoOXoAMMO YMEHBIIUTD IUIOLIA/b XJIOMYHOB
JIHUII[A pe3epByapa 10 3HA4YCHHMH, 110 IOl MEeHbIIe 2 M2,
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YroOBl BEIMOTHUTE UCTIPaBIICHHE MPOGUIIS JHULIA pe3epByapa 3a MPOrHO3UPYEMBIT
MHTEpBaJl BpEMEHH, NPEIOKeHa U pean30BaHa clienyromas Metoauka. Paspaborana
YHHUBEpCalbHasl MJIOCKas MaTeMaThdyeckass KOHEYHO-JIEMEHTHAsl MOJAEIb CTAJIbHOTO
pe3epByapa, oka3aHHas Ha puc. 4. OuepTaHus pe3epByapa, OIOPHOTO KOJIbLIA U THJ-
pohoOHOro Ci10s 0TOOPaKAINCH TNIOCKMMHU TPEYTONBHBIMU KOHEYHBIMH 3JIEMEHTaMHU.
V31161 MaTEeMaTH4YeCKO MOAEIH, 0COOEHHO 0 AHUIILY, PACIIOTIOKUIN B TOUKAX IIPOU3-
BOJICTBA MAapKIIEHAEPCKOH cheMKH. UTOOBl M30€KaTh >KECTKOM MapasUTHOM CBSI3H
MEXly KOHEUHBIMH 3JIEMEHTAaMH CTaJIbHOTO OCHOBAaHMS pe3epByapa M HECYIETO Iec-
YaHO-MACJISIHOTO THAPOQPOOHOro €10 B MareMaTHYECKYI0 MOZETbh OBbLIM BCTPOCHBI
KOHTaKT-3JIEMEHTHI [9], KOTOpBIE B OTAMYNE OT KOHEUHBIX JIEMEHTOB MOTJIN Je(pOpMHU-
POBAaThCS C HAPYIIEHUEM CIIJIOUTHOCTH.

% b % 2 4
Pucynok 4. MaTtemarudeckasi MOJIENb CTaJIbHOTO Pe3epByapa ¢ KOHEYHBIMH JJIEMEHTAMHU:
1 —pesepByap; 2 — ruapohoOHbII cl10#f; 3 — OIOPHOE KOJIBIIO
Figure 4. Mathematical model of a steel storage tank with finite elements:
1 — storage tank; 2 — hydrophobic layer; 3 — plate

Hecymiee ocHOBaHME MareMaTHYeCcKOM MOJENH B pacCMaTpUBAaeMOM 3aAadye Mpu-
HUMAJIOCh TOPU3OHTAIBHEIM U HepeopmupyembiM. [1ockne KoopauHATHI THUINA U
CTEHOK pe3epByapa MaTeMaTH4ecKOW MOJIENH B PAaCUeTHOM CEYEHHWH KOPPEKTHPOBa-
JIUCh IO PE3YAbTaTaM BBIITOJIHEHHON MapKIIEHIEPCKON ChEMKHU.

DU3HKO-MEXaHNYECKHUE CBOMCTBA CTaJIN NPUHATHI N0 ee Mapke [10]: Monyns ynpy-
roctu E =2,1 - 10° MIla; koaddurment [Tyaccona v = 0,27; miotHocth p = 7,9 T/c™?.
I'mppodobHbIi croii mpeacTasisin coboit cMmech 97 % KBapleBOTO MEIKO3EPHUCTOTO
necka u 3 % orpabOoTaHHOIO MAaIIMHHOIO Macjia o oobeMy. PU3NKO-MEXaHHUYECKUE
cBoiicTBa THIPO(HOOHON cMmecu momydeHsl Ha caBurosoMm npubdope ITTI-30 [11]:
E =24 MIla,v=0,43, p= 1,6 r/cMm, cueruterne C = 0,37 kIla, yroj BHyTpEHHETO Tpe-
HUs 25°. [ITOTHOCTB CTaNBHBIX paAUaIFHBIX OaJIOK MPUHIMAIACh PABHOW HYITIO, TaK KaK B
perraeMoii 3a1ade OHU BBIITOTHSIIN (PYHKITHFO TOITBKO YKECTKOU CBSI3U CTEHOK pe3epByapa.

Jnsa pemenns 3aa4d MCIIONB30Bajach aBTOPCKas MPOTrpaMMa METoJa KOHEYHBIX
sreMeHTOoB [12], mpenocTaBsronas BO3SMOKHOCTH MOTU(PHUKAIINH €€ KOJa IO/ HY Kbl
KOHKpETHOH pernaeMoii 3amadan. Hampumep, nmporpamMma Obliia TOTIOTHEHA MOAYIISIMHU
KOPPEKIMH TIOJIOKEHHS pe3epByapa Mo JaHHBIM WHCTPYMEHTAJIbHBIX HAOMONCHUN U
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OIEPaTHBHOTO KOHTPOJS IOMyCTUMOCTH Ie(OpMHUPOBaHHS pe3epByapa B Ipolecce
UCIPABJICHHS XJIONYHOS.

st obneryenus nporecca UCIpaBiieHns] HEPOBHOCTEW JHMIIA CTAILHOTO pe3epByapa
CTEHKH pe3epByapa B IIPOLIECCEe ero MOHTaXa (PUKCUPOBAIIM K KOPOHe TONBKO TPEThel va-
CTBIO paaualbHBIX OaioKk. B paccMarprBaeMoM puMepe HCIIOIb30BAHN 8 13 24 GasioK.

Ta6auna 1. OkoHYaTe/IbHbIE TAPAMETPbI XJ101YH08 THULIA
pe3epByapa
Table 1. Final parameters of the tank bottom dents

Homep xzonyna | VisMepenHas miomans*, M | 3MepeHHas BHICOTa, M
1 1,84 0,073
2 0,55 0,037
3 1,89 —-0,027
4 1,43 0,041
5 1,23 —0,032
6 1,95 0,039
7 1,89 0,059

* TIpu gomyctumoit momau 2,00 MU JonycTumoii Beicote 0,15 M.

Pemanace ynpyro-ninactuueckas 3a1a4a, Tak Kak BBIXOJ] B 30HY IUIACTUYHOCTH KOH-
CTPYKUIHMH pe3epByapa HEBO3MOXKEH 10 TPEOOBAHHSIM €T0 MPOEKTa, HO THAPOPOOHBIH
CJIOH IOJKEH UCTBITHIBATH IIACTHUECKUE AeopMannu 1o ero GyHKIHOHATLHOMY Ha-
3HayeHuto. [{ns pemenus 3amadn ucnonb3oBaiics Meror cuil [13]. TopuszoHTaneHbIE
CHWJIBI 33/1aBaJIM MHTYUTHUBHO B BEpXHEN 4acTU CTEHOK pe3epByapa. PesynsraTsl pacue-
TOB CUUTAJIUCH YAOBIETBOPUTEIBHBIMU NPpH AocTkeHUH 60—70 % 3HaueHus ucnpas-
JICHUS1 TEOMETPHU XJIONYHA, TaK KaK B pelIaeMoi 3a/1aue HanpsLKeHHO-AepOpMUPOBaH-
HO€ COCTOSIHHE IUIOCKAM MOXKHO CUMTaTh TOJBKO HpUONMIbKeHHO. Bce aedcTBus
HAI[eJINBAJIMCh Ha JIEJIEHUE KPYITHOTO X10MyHa 110 TIOIAAN Ha JBe yacTh. Hawmyumm-
MU pelIeHUsIMU OBUTH T€, B KOTOPBIX HCKOMOTO pe3yJbTara J0OUBaINCh, 1e(hOPMUPYS
00e cTeHKH pe3epByapa. B kaxaoMm pacyeTHOM MPUOIIKEHUH JOIYyCTUMO AedOpMu-
poBaHue He 0ojiee YeEM B TPEX PACUETHBIX CEYEHHUSX, TakuX kKak OO, (puc. 3).

Ha nonydenHoe pacdeTHoe NepeMelleHHe TOYKU MPUIIOKEHUS CHIIBI, €CIIH OHO
obu10 Oombie 0,005 M, yATHHAIN WM YKOPAYUBaJIM COOTBETCTBYIOLIYIO PaAHATIbHYIO
Oanky. 3areM CHOBa BBINOJHSIACH UCIIONHUTENbHAS MapKIIeHepcKas ChbeMKa, Mare-
Marudeckas 00paboTKa pe3yJabTaToB U3MEPEHHH U cleayrollee NprOImKeHHe 110 Uc-
MIPaBJICHUIO HEPOBHOCTEN JHUILA pe3epByapa. s yBearueHus: NpOU3BOAUTEIBHOCTH
MapKUIeHepCKUX paboT cOCTaBJICHA KOMITBIOTEPHAs MPOrpaMMa aBTOMAaTHUECKOTO
MIOCTPOEHHS KapTOTpaMMBI X.101yHO8 JHULIA.

Ha nayanpHO#M cTamuu pa3paOOTKH 3TOH METOAMKU NMPEANPHHUMAINCH HOMBITKA
peleHns: 0ObeMHON 3a/laud METOIOM KOHEUHBIX 3JIeMEHTOB. Vcronb30Bainch mpo-
rpaMMel [14, 15] B OJTHOM COOTBETCTBHMHU C ONMCAHHBIM paHee pelnieHneM. bes Tpyna
JOOMBaJIMCh PAaCYETHOTO MCIPABIEHUS] HEPOBHOCTEW IHUILA [0 BCEH IUIOMIAnU, HO B
PEAIBHOCTH 3TO MPHUBOAMIO K YXYALIEHHIO MCXOJHOIO COCTOAHUA. EauHCTBEeHHOH
MPUYUHON HEYOBIETBOPUTEIHLHOTO COOTBETCTBHUS PACUETHOTO M PEajJbHOr0 COCTOA-
HUH ABJSUIMCH HETIPOTHO3MpYEMBbIE€ IPOYHOCTHBIE CBOMCTBA CBAapHBIX MBOB AF u CH
(puc. 1), BHIIONHSAEMBIX HA MECTE CTPOUTENHLCTBA pe3epByapa. I1o 3Toii mpuumHe OT
peleHns 00beMHOM 3aJa4l METOJOM KOHEUHBIX SJIEMEHTOB MPUIIIOCH OTKA3aThCsl.

Pesynbrarhl padorel. [ pesepByapoB o6bemom mMeHee 3000 mM* 06BIYHO IBYX
UTEepaUil UCIIPABICHUS X10NYHOE TOCTATOYHO TS TOCTHKEHUS TapaMeTpamMy JTHHUIIA
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3HaUYE€HUH HOPMATHUBHBIX JOKYMEHTOB. M3 Tpex xzonynos OONBILON IUIOMAIN HILTIO-
CTPUPYEMOTO IPUMEpPa MOIYUEHO 7 X10NYHO8, HE IPEBBIIAIOINX TPEOyeMOi BEICOTHI
u momaay. Eciu Ha qHUIIE pe3epByapa HEMHOTO X1071YHOG, TO HX TapaMeTPbl MOXKHO
MOJMKCATh HEMOCPEACTBEHHO HA Ie0Ie3NYECKOM NCTIONHUTENBHOM CXEME, ECIIH MHOTO,
TO Ha cXeMe HEOOXOIMMO MPOHYMEPOBATh UX, a TapaMEeTPhl IPUBECTH B IIPHIIaraeMoi
tabnuue. i1t paccMaTpuBaeMoro mpuMepa pe3epByapa OlrMcaHue MOTYYeHHBIX Xapak-
TEPUCTHK XJI0NYHO6 TIPEACTaBICHO B Ta0I. 1.

BeiBoasl. K nocronncTBaM nmpegaraeMoil METOAUKH ONpPEAEIEeHUs TapaMEeTPOB U
YCTPaHEHUsI XI0NYHOE THUILA METAUTHIECKOro pe3epByapa oobemoM Menee 3000 m?
OTHOCSITCS: IPOCTOTA U BBICOKAs IPOU3BOAUTEIBHOCTD MTOJIEBBIX MapKIIEHAEPCKUX pa-
00T; UCKIIIOYEHHE CYLIECTBEHHOI'O BIMSHUS BHEIIHUX MEXaHWYECKHX MCKAKEHUH Ha
Pe3yNBTaThl Fe0Je3NUECKUX U3MEPEHUH; OJHO3HAYHOCTh OIpeAesIeHus (HOpMbI U ouep-
TaHUH X710nyHOE; BBICOKAsi TOUHOCTh; MEHBIIAsl 10 CPABHEHUIO € KIIACCHYECKOW METO-
JUKOM TPYIOEMKOCTh KaMepaJlbHOH 00paOOTKH pe3ynbTaToB U3MEPEHHI; CyIeCTBEH-
HO€ COKpallleHHE BPEMEHHM Ha HCIpPaBICHUE OOHAPYXEHHBIX MAapKIIEHICPCKUMH
WU3MEPEHUAMHU OTKJIOHEHUH THUINA Pe3epByapa OT MPOEKTHOTO MOJIOKEHHUS.
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Mine surveying technique and steel storage tank base deformation removal

Aleksandr I. Barulin’
I Rudny Industrial Institute, Rudny, Kostanai region, Republic of Kazakhstan.

Abstract
Introduction. Vertical steel tanks are extensively used in oil fields to hold crude oil and other liquids. Their
construction requires continuous surveying control. However, measurement procedures, data processing,
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and deviations and documentation correction are not universal and cannot be applied for tanks with a
capacity of less than 3000 m?. Moreover, the process of correcting the detected bottom irregularities is
poorly substantiated and intuitive.

Research objective is to improve the as-built survey accuracy and reliability of the low-capacity steel tank
bottom, substantiate the minimum height of its irregularities, increase the objectivity and productivity
of measurement processing, develop an unambiguous method for time-predictable correction of bottom
irregularities, and substantiate the optimal contents of its relief’s as-built scheme.

Methods of research. Geometric leveling for the bottom profile survey failed to provide adequate accuracy
and was therefore replaced by the method of trigonometric leveling. A method has been developed for
determining the deviations of the existent tank bottom profile from the design position by means of
algebraic actions with surfaces of a topographic order. The accuracy of determining the smallest height
of bottom irregularities has been estimated under the tacheometric survey. A method has been proposed
for controlling the correction of tank bottom irregularities based on evaluation calculations of bottom
deformations by the finite element method.

Research results. All the development results are exemplified by a specific production example. It was
found that for a full completion of work, two iterations of tank bottom irregularities correction are enough.
Methods of optimal design for the facility s as-built schemes are presented.

Conclusions. A simple, accurate, low-cost, productive, and time-predictable method of mine surveying,
mathematical processing and correction of deviations in the tank bottom profile has been developed. This
technique reduces the construction period and increases the operating time of the facility.

Keywords: tank; bottom; mapping, measurement processing, correction of deviations; finite element
method; as-built scheme.
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EO3KONOrng, PALUOHAIBHOE NPUPOAOMNOb30OBAHUE
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K koHuenuum oxpaHbl OKpyXarLLei cpeabl yrnefobbiBatoLiero
pernoHa

Banues H. ", CtpagaHueHko C. I'2*, MacneHHukoB C. A2,
Fonopos M. A.2, ApmelickoB B. H.2
1'YpanbCkuil rocyaapCTBEHHBIN FOPHBIN YHUBEPCUTET, T. ExaTepuHbypr, Poccus
2 AneTuTyT cchepbl 0BCnyxMBaHUS 1 NpeanpuHuMaTenscTsa (punuan) ATY, r. WaxTel, Poccust
*e-mail: ssg72@mail.ru

Peghepam
Lenvio pabomer seisemcs 0O0CHOSAHUE AKMYAILHOCMU KOHBEPCUU 20PHO20 NPOU3EOOCHEA HA
mexHonozuy, obecneuusarwue 6Oonee Oezonacwoe 014 OKpydcaoujell cpedvl UCHONb30BAHUE
MUHEPATLHBIX 3aNACO8 Heop.
Memoouka npogedenusi UCCIEO06AHUN GKAIOYAEM AHANU3 MEOPUl U NPAKMUKU NPUMEHEHUs.
NPUPOOOOXPAHHBIX MEXHOIO2UL U MHO20DAKMOPHYIL IKCHEPUMEHTN.
Pesynomameut. [Ipeonosicen kpumepuil s¢hpexmusnocmu mexnonro2utl 0006bluy MUHEPATLHOZO CbIPbsL 8
8UOe CHUIICEHUsL GNUSAHUSL NPOOYKNOE OesmeNbHOCIU O0ObIYHBIX U Nepepadamuvlearuux npeonpusimull
Ha cocmosnue okpyxcaroujell npupooHoll cpedsl. Paccmompena npobiema MUHUMUIAYUYU HAHOCUMOZ0
OKpydHcaiowell cpede yujepba om xpaumenusi omxo008 obozawjenus yeneil 6 omeanax u XPaHuIuwax
nymem ymuauzayuu ux komnornenmos. Chopmynuposan Mexanusm 3a2ps3HeHUs OKPyscaoweli cpeobl.
Hccneoosanvl acnekmul u36ieteHus Memanios u3 X60Cnos 0602aueHus 8 MenbHuye-0e3uHmezpamope.
Han npoznos ymenvuleHus yeposvl HCUBOMY 6eujecmsy nymem pearusayuu KOHyenyuu paouxaibHol
be30mxo0noll nepepabomxu HeKOHOUYUOHHO20 MUHEPANbHO20 cbipbi. Ommeyena HeoOX0O0UMOCMb
COBEPUIEHCTNBOBAHUSA NPOYECCO8 OPOONIEHUs, MOHKO20 USMENbYEHUs U KIACCUDUKAYUU MUHEPANO8 6
MeNbHUYAxX OJ1 YMEHbUIeHUS BPEOHBIX OISl OKpYdHcaroueli cpedbl 0mxo008 y2oibH020 NPOU3600Cmad.
Bo1600bt u oonacmey npumenenusn pesynvmamos. Iloxkazano, umo yxyouieHue ycioeuil paspabomxu
MeCmOpONCOEHUI MUHEPATLHOZO CbIPbsl NOBbIULAEM ONACHOCHb MEXHOEHHO20 B030eliCmeuUs Ha
OKDYIICaIOWyio cpedy 8 pecuoHax e2o 000biuu. Yucnennocmv Hacenenus 3eMmau yeenuuueaemcs u,
COOMEEMCMEEHHO, PACmym 00bemMbl 000blYU pecypcog O YOOBNeMmEOpeHUss e20 NOompedHOCmell.
Bospacmatowyio yeposy srcueomy sewyecmey MOHCHO CHUIUMb PAOUKATLHBIMU MEPAMU, CPEOU KOMOPbIX
npuopumemna 06e30mxo0HAs nepepadbomKa HeKOHOUYUOHHO20 MUHEPANbHO20 Cbipbs. Pesynomamol
uccnedosanus mo2ym Ovimb  80CMpe606anvl NpU  pazpabomKe  MecmopOHCOeHUll  MEepoblixX
MeMANIOCOOEPHCAWUX MEXHONOSUUECKU BCKPHIBACMBIX DYO.

Knroueewvte cnosa: Y20lb; OKpydHcalowas cpeoa, omxoovl 0002awjeHus; ymuiu3ayus, usgiedeHue
Memanios;, MenbHUYa-0e3unmezpamop.

Beenenne. Poccun npunapiexxut 16 % Bcex IpUPOIHBIX MUHEPATBbHO-CHIPHEBBIX
pecypcoB Mupa, HO ee 0a3a XapaKTepH3yeTcCs HCTOIIEHHEM OOTaThIX M KPYITHBIX Me-
CTOPOXKJIEHHUH MTOJIe3HBIX HCKOMMaeMbIX. [[03TOMY yBenMUMBaeTCs akTyalIbHOCTD TTOVIC-
Ka ¥ OCBOCHHS TEXHOJIOTHH, 00ECIIEUNBAIOIINX ITOJTHOE W KOMIUIEKCHOE MCIOIh30Ba-
HuUe 3anacoB Hegp [1-4].

OpanM 13 kpuTepreB (P (HEKTUBHOCTH TEXHOJIOTHH TOOBIYH MUHEPATFHOTO CHIPHS
SIBIISIETCS BIMSHUE JAEATEIBHOCTH JOOBIYHBIX U TIepepadaThIBAIOINX TPEANPUITHIA Ha
COCTOSIHUE OKpYXaroulel npupoaHou cpeasl [5-9].

B Poccun mHakormieHo Oomnee 12 Mipy T TBepIbIX 0TX010B. Exkeromno oOpasyeTcs 10
75 MIH T OTXOJOB, U3 KOTOPBIX yTUiIu3upyercs mumsb 18 %. Ha teppuropun PocToB-
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CKOM 00JIACTH €KETOHO 00pa3yeTcst OT 7 10 8 MITH T MPOMBIIUIEHHBIX OTXO0JI0OB, OOJIb-
1asi 9acTh KOTOPBIX MPUXOAUTCS Ha JOJI0 XBOCTOB obOoraiieHus yrieil. BrimenoueH-
HbI€ 0CaJIKAMU U3 XBOCTOB 00OTAIICHHS yIJIEH METa/UIbl YTHETAIOT OUOTY.

[Ipu oueHke BIVSIHHSA XBOCTOXPAHWIWII HAa OKPYXKAIOMIYIO CpEeNy YYUTHIBAIOT
3aHITOCTh 3eMJIM U CHH)KEHHUE MMPOAYKTUBHOCTH CEIILCKOTO X03sicTBa. DakTHuecKuit
xe yuepo Oonbie. [opHOAOOBIBaOIAs MPOMBIILIEHHOCTh TOCTaBisieT okono 20 %
3arpsi3HATENICH, OKa3bIBasi HETAaTHBHOE BO3ICUCTBHE HA OKPYXKAIOIIYIO cpeny (puc. 1).

OcBoeHue OKcIutyaranus JluxkBuganus

3axopoHeHue - v

4

Heiirpanusanus BbiHOC MHIpeneHToB - 5
P " B OKpY>Kalollyro cpeay €pepadOTKa

PexynbruBanus -

\ A Yy

\

Yenosex ®dnopa ®PayHa

Pucynok 1. Cxema BO31eHCTBHS TOPHOTIO NPEINPHUATHS Ha OKPYXKAIOLLYIO CpeLy
Figure 1. Scheme of a mining enterprise impact on the environment

OnHO U3 HanpaBJICHUH CHUXECHUS OIIACHOCTU OTXOJI0B — UX BO3BpAILLCHUE B IIPHU-
POIHBIA KPYTOBOPOT.

s yTunusanuu XBOCTOB HEOOXOIMMO COBEPILECHCTBOBATH IPOLIECCHI APOOIIeHN,
TOHKOTO U3MEJIBYEHUS U KIaCCU(PHUKALUN MUHEPAJIOB, IOTOMY YTO Pa3Mepbl U aKTHUB-
HOCTb MPOIYKTOB YTHJIM3ALMH HEPEIKO ONPEIESIOT IOKa3aTeln UX UCIIOIb30BaHUs,
HaTpuMep TP U3TOTOBJICHUY OETOHOB M BBITIETaYMBaHUA MeTaioB [10-12].

KoHuenuust oxpaHsl OKpysKaroliei cpeabl BKIoYaeT B ce0s KOMIUIEKC Mep IO CO-
XpaHEHUIO aTMOc(epHOTo BO31yXa, BOJ, 3eMellb, IOYB, HEAP, OMOpa3HooOpasusl, 3a-
IIUTE OXpaHSIEMBIX MPUPOAHBIX TEPPUTOPHUM OT aHTPOIMOTEHHOTO BO3AEUCTBHUS INPO-
OYKTOB TOpPHOTO TPOM3BOACTBA, B TOM UHCIE B THpomeccax oOpalieHus ¢
MUHEpaJIbHBIMU OTXOAAMH.

[Mpoueccer oOpaleHusi ¢ MUHEPAIBHBIMU OTXOAaMH JTOOBIYH W TIepepaboTKU pyA
JOTDKHBI TTOJTyYUTh KOMIIJIEKCHOE 3KOJIOTHYECKOe OOOCHOBaHME, MOATBEpIKIAroIIee
CTpPEeMJICHHE MUHUMHU3WPOBATh HETATHBHOE TEXHOT€HHOE BO3JCHCTBHE Ha OKPY)Kal0-
IIyIO Cpedy IIPY MPHUEMIIEMBIX 3aTpaTax.

KoHnnenuus oxpaHsl OKpy>Karoleil Cpeabl B Ka4eCTBE IPUOPUTETHOIO OOBEKTa CBO-
eil IeaTeNbHOCTH paccMaTpyUBaeT KHUBOE BEIIECTBO MM COBOKYITHOCTh XKHBBIX Opra-
HHU3MOB B Onocdepe BHE 3aBUCUMOCTH OT UX CHCTEMAaTHYECKOH IIPUHAATIECKHOCTH.

3agauy HHCTUTYTA SKOJIOTUH NPUPOAOIIOIB30BaHNS: BEISBICHUE MEXaHU3Ma (yHK-
LIMOHMPOBAHUS OKPY>KaIOIIEH Cpeabl, MPEUIOKEHNE HOBBIX PELICHUI B AKOCHCTEMAX,
NPOTHO3UPOBAaHUE HM3MEHEHHWH OT BO3ICHUCTBHS 4YEIOBEKa, pa3pabOTKa TEXHOJIOTHH
NPEAYNPEKICHUS U JIUKBUIAINWN 3KOJOTMYECKOro yiiepOa MpH pa3BUTUU OMACHBIX
MIPUPOAHBIX U HABEJIEHHBIX SK30I€HHBIX MPOLIECCOB.
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OTH MONOXEHUSI KOHLENIMK OXpaHbl OKpYKaromiel cpensl GOpMHUPYIOT Leib Ha-
CTOSIILIETO HCCIIEIOBaHUS — 000CHOBaHNE aKTyaJbHOCTH ITOMCKA U OCBOEHHS MPOPHIB-
HBIX TEXHOJIOTUH, 00ecreunBaronmx Ooliee MmoHOe U 0e30macHoe s OKPYKaroIeH
Cpelbl UCTIONB30BaHUE 3aM1aCOB HEJP, B YACTHOCTHU YTIIEH.

MeTtoauka. Llens 1ocTuraeTcst KOMIUIEKCHBIM METOIOM, BKIIIOYAIOLINM aHaJN3 Te-
OpHH U MPAKTUKU IPUMEHEHUS IPUPOIOOXPAHHBIX TEXHOJIOT U AOOBIUM yITIeH C TOUKH
3pEHHS SKOJIOTUH HPUPOIOIOIb30BaHuA. OCHOBHBIM METOIOM SIBISETCS JIabopaTop-
HBII 3KCIIEPUMEHT Ha npennpusTuiax Poccun u 3apyOesxps. [IpogykuuoHHbIe pacTBoO-
PBI BBILIETaYMBAaHHUS XBOCTOB OOOTAICHUs YIVIeH aHAJIM3UPOBAIH Ha COJEpKAHUE Me-
TAJIOB B PEHTTEHOBCKOM crekrpomerpe «Crnekrpockan MAX-GVy». IIpo0Obr
yIapuBajid U JOOABISIM PAcTBOP COABI AJISl TIEPEBOA METAJUIOB B HEPACTBOPUMYIO
¢dopmy. ['enb 0TGUIBTPOBHIBAJICS U MTOCIIE YIAPUBAHUS U CYIIKH COKpPAIICHHBIE MPOOEI
NPOKAJTUBAIH [T yIAJIEHUS] KPUCTAJUIMYECKU CBSI3aHHOM BOJIBI.

Bananmit
Hukens Xpom
Hunk Hupkxonuit
CauHeI|
MakcumanbHoe MunnuManpHOE
3HAYCHHE 3HAYCHHE

Pucynok 2. MI3MeHeHne coiepKaHusl METaJUIOB B XBOCTaX
oborareHus yrieu
Figure 2. Change in the content of metals in silt coal

Pe3yabTarsl. [Iponiecc HakomieHHs XBOCTOB IepepabOTKU YN HA MECTOPOXKAe-
Husix JlonOacca siBisieTcs yHUBEpCaIbHBIM, KaK 1 MEXaHU3M BO3/ACHCTBHUS MPOLYKTOB
JIE3UHTETPallMd XBOCTOB Ha OKPY>KAIOLIYIO CPELY.

HenocratkoMm TpaguIMOHHBIX TEXHOJOTUH M3BJICUEHUS IIEHHBIX KOMIIOHEHTOB U3
XBOCTOB SIBJII€TCS HETMIOJIHOE M3BJIEUeHNE MeTaioB A0 HopM [TIK.

TpaaAuLIMOHHBIM TEXHOIOTHSM M3BJICUEHUS METAJJIOB U3 XBOCTOB MPOTHUBONOCTAB-
JIITCS TEXHOJIOT U BBILLEIaYMBaHUS B IE3UHTErpaTope, KOTopas MO3BOJISAET U3BJIEKaTh
METaJIJIbl U3 XBOCTOB JI0 HY>KHOTO YPOBHSI.

MectopoxneHus yrieil JoKaau30BaHbl NpeuMyliecTBeHHO B Crapobenbeko-
MusnnepoBckoMm 1 HOBOMOCKOBCKOM YITIEHOCHBIX paiioHax JloHenkoro 6acceiina.

3a moutn 300 net noObrum yrieit B Jlon6acce copmuporano okoio 1300 teppuko-
HOB 001mM o6bemom 1 000 000 Teic M Ha rurotnaau 5500 ra. HeratuBHas Harpyska
TOPHOT'O MPOU3BOACTBA HA OKPYXKAIOIIYI0 IPUPOAHYIO CPEAY CKIaAbIBacTCs U3 CIeIy-
IOIIMX COCTABJISIFOIINX: OTBJICUEHHE 3€MJIM TIOJ OTBaJIbl, U3MEHEHHE OOHHUTETA IOYB,
XUMU3ALMs THAPOCUCTEM PaCTBOPUMBIMU COEMHEHUSMHU METAJIIOB.

Ilocne n3BneueHns Ha JHEBHYIO IOBEPXHOCTh MUHEPAJIOB PAa3BUBAIOTCA MPOLECCHI
nepexosa METalIOB B PACTBOPUMBIE COSTMHEHUS], MACIITa0 KOTOPBIX 3aBUCHUT OT MH-
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HEPaIbHOIO COCTaBa yriiell. BHyTpu 0TBallOB c03/1at0TCst OIaronpHUATHBIC YCIOBUS IS
OKHCIICHUS aBTOTPO(GHBIMA MUKPOOPTAaHU3MaMH, MOTyYaIOIIIMH SHEPTHIO TIPH OKKC-
JICHUH CEPBI U €€ TIPOYKTOB.

[Ipu pexynpTHUBaIKM OTBAJIOB MPOIECCH €CTECTBEHHOTO BHIIIEIaAYMBAHUS B XPaHH-
JIUINAX XBOCTOB IOCJE TIOKPBITUS UX CIIOEM TPYHTA U MOCIEAYIONIETO O3eJICHEHUS HEe
npekpaniarTcs. BomHas 3po3us 0TBaJIOB yIIeA00BIYHN XapaKTePU3YyEeTCs BBIHOCOM CO-
JISpIKAIIUXCS B TOPOJIaX OMACHBIX KOMITOHEHTOB. CHU3UTH aKTUBHOCTH BOAHOH 3PO3UU
MIBITAIOTCS MTOCAJIKOM JIepeBbeB U KycToB. CoziepikaHue METAIIOB B OTBAJIaX IIAXT Xa-
pakTepusyercs B Tabi. 1. ComepikaHue METAJUIOB B OTBaIax 00OTaTUTENBHBIX (haOpuK
[OKa3aHo B Ta0iI. 2.

Ta6auuna 3. CBoiicTBa NPOM3BOACTBEHHOI MBLIU
Table 3. Industrial dust properties

Kpynuoctb Panr .
Py > MexaHn3M JeHCTBUS VYep6 310poBbIO YeIOBEKa
MM OTIACHOCTH
200-500 3 KomkoBanue u orpybnenne KoyxHble 3a005eBaHys1, HapyIICHHE
KOJKH, mepcTH U myxa. Oxor | (QyHKIMHU 3peHus, ciayXa, OOOHSIHHS
pacteHuit
50-200 2 LlemeHTanus U CKIICHBaHUE KosxHple 3a00neBaHNs, HApYIICHUE
MOBEPXHOCTH JKHBBIX (yHKIWY 3peHus, CIyXa, OOOHSIHHS
OpraHN3MOB
Memnee 50 1 VYyacrue B npoueccax 3a6051eBaeMOCTh 3a CYET XUMHYECKOTO,
JKU3HEIESI TETbHOCTH (hU3MUIECKOTO U JIp. BUAOB BO3JEHCTBHSA

['panuub! U3MEHEHHsI COIEpKaHNs METAJIOB B XBOCTax OOOTallleHus yIiieil npea-
CTaBJICHBI Ha pUC. 2.

[Ies peacTaBIsieT OO0l MUHEpATIbHBIE YacTHLEI pa3MepoM oT 0 10 500 MUKpOH.
@DakTophl ee BO3IEHCTBUS Ha )KUBOE BEIIECTBO PAH)KUPOBAHBI B Ta0II. 3.

[IeimeBoe 3arpsizHEHHE OKpY’KaloOIIeH Cpeabl OCYLIECTBISETCsS B mpouecce Oypo-
B3PBIBHBIX, TOTPY304HO-PA3TrPy304HBIX, TPAHCIIOPTHBIX, TPOOUIBHO-COPTUPOBOYHBIX,
TUTAHUPOBOYHBIX U OTBaJbHBIX paborT.

ITbUTE CONEPKUT KOMIOHEHTHI, KOTOPBIE IPOBOLMPYIOT 3a00J1eBaHMA. Y TOPHOPAOOUHX
OTMEYaeTcsl YCKOPEHHOE Pa3BUTHE MATOJIOTHH OHO3JIEKTPUYECKOW M COKpAaTHTEIbHOH
(GyHKIMHU cepaua, aTeporeHHbIE M3MEHEHNS KPOBH, HEHPOLMPKY/IATOPHAs AUCTOHHMS, MHUO-
KapIuoaucTpodusi, aTepoCKIIEpO3, XPOHUIECKasi CepAeuHasi HeIOCTaTOYHOCTD U JIpyTue
3a00JIeBaHus. YCTAHOBJIEHA KOPPEISLMS MEXKAY XUMHUYESCKUM 3arpsS3HEHHEM OKpYKaro-
el cpelbl U YacTOTOW aJulepruii, OpPOHXOJIETOYHON MATOJIOTHEl, THITEPIUIa3HeH IIUTO-
BHUJTHOM >KeJle3bl, KaprecoM, HapylIeHHEM HEPBHO-TICUXHYECKOTO U (DH3UYECKOTrO pa3BHU-
THS, BPOXKICHHBIMHI TIOPOKaMH Pa3BUTHSA H 3I0Ka4€CTBEHHBIMU 00pa30BaHUSMU.

Hawulosee mepcrieKTHBHBI 17151 HCTIONB30BaHMS B HAPOJHOM XO03SHCTBE ropeble Mo-
poabl 1 000XKEHHBIE ITIMHUCTO-TIecUanble MuHepanbl. Ha nx ocHoBe MOTYT OBITH U3-
TOTOBJICHBI OETOHHBIC OJIOKH 1 TIaHENU, HAaIPUMEpP KperexHble OETOHUTHI I Kperuie-
HUSI TOPHBIX [TOJ3€MHBIX BBIPaOOTOK.

ITpu HemosHOM OOXKUTE TOpeble MOPOIbl COAEPIKAT KOMIIOHEHTHI, KOTOpBIE CyIIe-
CTBEHHO U3MEHAIOT 00beM IPH KoJIeOaHUSX BIaKHOCTH U TEMIIEPATyphl CPelibl, a TakK-
e TIPH B3aNMOJICHCTBHH C KHCIOPOJOM BO3yXa U BOAOHU. M3 Ka4eCcTB TopesbIX Mopo
He)KeJIaTeIbHbI BOAOIMOMIONIEHHE U BIaXKHOCTD, KalTMJUIIPHOE BCACHIBAHUE M THAPO-
(GUITBHBIN XapaKTep MOBEPXHOCTH.

Boprba ¢ HeraTUBHBIM BIMSIHHEM OTBAJIOB XBOCTOB YIJIEZAOOBIUN BKIIIOYAET B CEOs
NPEAOTBPAILEHHE MBIJIEBBIX BEIOPOCOB, OTPaHUUEHHUE 1OCTYIa aTMOC(HEPHBIX OCAIKOB,
PEKYJIBTUBALMIO U 03€JICHEHHUE.
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Hcropus craHoBieHHs U pa3BUTHA yriieqo0eau JloHOacca, a Takke CEeromHsIIHee
COCTOSIHHE €r0 TePPUTOPHH CBHIETEIHCTBYIOT O HEI(P(PEKTHBHOCTH MPOILECCOB pe-
KyJbTHUBAIIMU. BHa9ae 370 00BSICHAIOCH HEMOCTAaTOYHOW TEXHUICCKOW BOOPYKEHHO-
CTBIO MIPOIIECCOB PEKYJIBTHBALMU. B HOBOE BpeMsi OTBAJIBI OCTAIOTCS 0e3 X035IEB, TaK
KaK MX PEKyJbTHUBAIlUs HE BCETa PeHTa0elibHA. 3aXOPOHCHUE XBOCTOB O0OTaIlCHUS
YpeBaTo MOTepel EHHBIX KOMIIOHEHTOB, B TOM UKCJIE METAILJIOB.

VYroapHas neHa

v

HpoGnenne

¥

H3menpuenne <

¥

Knaccuduxamus

v ¥

Iecku ITynena

v

OcHoBHas (uoTauus

v v

Yy

Konnenrpar XBOCTBI
v v
[Nepeuncrrast droranus KonTponsHas dotanus
v v v v
Konuenrpar [Tpommpoayxkr 1 XBOCTBI IIpommpoaykr 2 —
v v
Crymenue Ha muamoBoe nose
v
@unpTpanus
v
Cymka
v
DIOTOKPUOIUT

PucyHok 3. AnropuT™ yTHIN3alUU XBOCTOB OOOTAILICHUS YIIIs
Figure 3. Algorithm for utilization of silt coal

B moObIBaeMBIX JOHEIKUX YTIIIX CONEPIKUTCS IPAroleHHBIX KOMIIOHEHTOB Ha CyM-
My, B 20 pa3 MpeBbIIIAIONIYI0 CTOMMOCTh CKUTAEMbIX YIJICH.

[TpumepHo 80 % moOkIBaeMOTO yINIS HAIpaBIsETCs] HA MPOU3BOJACTBO DHEPTHUH,
1o 20 % MCToNp3yeTcst MeTaLTypriudecKOr POMBITIIIEHHOCTHIO.

IIpuHUMaeMble MEPBI CHUKEHUS 3arpsI3HEHUST OKPYIKAIOIIEH Cpelbl METaIaMU HE
MOTYT OBITh Pe3yJIbTaTHBHBIMH, IOCKOJIBKY HE YCTPAHSIOT KOHTAKTa OTXOZOB C €€ KO-
CUCTEMaMHU.
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PagukansHO poGiieMa MOXKeET OBITh pellieHa YTUIM3alUue 0TX0I0B MPOU3BOICTBA
YIS, KOTOpasi MO3BOJIUT HE TOJIBKO IMOJYYUTh HEOOXOOMMBIC HAPOIHOMY XO3AHCTBY
TOBapHbIE MPOAYKTHI, HO U CHU3UT HEraTHBHYIO Harpy3Ky Ha HKOJIOTHUYECKYIO0 00cTa-
HOBKY. [Ipn yTunuzanuu XxBocToB 000TaIeH s yIiisi KOHEYHBIMHU IPOAYKTAMH SIBJISIOT-
cs1 yromb (30-10 mm, 0—10 MM) ¥ COMyTCTBYIOLIME KOMIIOHEHTHI (pHC. 3).

W3BecTHBIE TEXHOJIOTUM MepepadoTKU XBOCTOB 00OTallleHHs 00pa3yloT BTOPHYHBIE
XBOCTBI, CHH)Kasi OIACHOCTb, HO HE JIMKBUAUPYSA €€ B LIEJIOM, UTO YCIOKHSACT AalbHeH-
HIYIO YTHIIU3ALHIO.

Bropuunsie
Hcxonnsie BrimenaunBanue .
HEHTpaIbHbIE
XBOCTBI B JIG3UHTErpaTope

XBOCTBI

MeTamisl 1 Coau

Pucynok 4. Cxema U3BJI€YCHUS METAJUIOB U3 XBOCTOB 00OTAIIeHUs YIiIeH
Figure 4. Scheme of metal recovery from silt coal

MerTans! U3 XBOCTOB 000TaIEHHsI YIIIel MOTYT OBITh H3BJICUEHBI BHITIETIaYNBAHH-
€M B CKOPOCTHOW MeJbHHUILIE-IE3HHTErPATOpe, TIOCIIE Yer0 BTOPUIHBIE XBOCTHI TPUMeE-
HATOTCSI O0€3 orpaHnyeHuit (puc. 4).

XBOCTHI 000TAIICHUS U3METBIAN IO Pa3MEPOB —2,5 MM, 3aTeM CYIITHIN TIPH TEM-
neparype 60 °C B TeueHne 12—24 1, YT00BI MaKCUMaJTbHAS BIQYKHOCTh MaTEPHAIIOB HE
npesbimana 2 %. MccnemoBanu aBe mapTuy pacTBOPOB, MONTYICHHBIX TPH BBIIIEIAqN-
BaHUM B JIE3MHTErPATOPE PA3HOCOPTHBIX TOPENTbIX W HETOPENBIX 0TX0m0B. HaganpHOE
collepykKaHue METAJJIOB B XBOCTaX 00OTaIeHHS YIIeH XapaKkTepu3yeTcs B Ta0I. 4.

B pesynprare ymapuBaHHSA, CYIIKH W TPOKAJIMBAaHUSA TMPOOBI COKPATHINCH B
10-12 pa3 (tabm. 5).

N3Bnedyenne MapraHia B BBIMAPEHHBIM W TMPOKAJEHHBIM MPOMYKT COCTaBISET
1,3 %, auxens — 102,1 %, xobansra — 104,5 %, xpoma — 18,0 %, ceunma — 43,5 %,
nuHKa — 36,6 %. M3Bneuenne meramnoB 6ombiie 100 % oObsicHsETCSI BO3SMOXKHBIM TIpe-
BEIIEHUEM WX COAEP)KaHHS B BHIIEIAYMBAEMbIX MarepHaliaX Haj COIep:KaHHEM B
nmpoOax MCXOMHBIX MaTepruasoB. M3BneueHre MEeTauoB TOCTATOYHO BBICOKOE, XOTS HX
collep’kaHMe B pacTBOpax HU3Koe, MT/I: Mapranen — 1,0; Hukens — 7,0; kobansT — 2,0;
xpoMm — 4,0; cunen — 3,0; uuHK — 5,0.

Anaau3 u oocyxaenue. [lomydeHHbIe ¢ TOBEpUTENFHOW BEPOSITHOCTHIO 95 % pe-
3yABTATHI HCCIIEIOBAHUN CBHJIETENLCTBYIOT O TOM, YTO BBINIEIaYHBaHUE METAJUIOB U3
OTXOJIOB TOOBIYN YIJISI BO3MOXKHO.

Oco0eHHOCTH BTOPUYHBIX XBOCTOB OOOTAIIEHHS YIIIEH:

— B TIPOIIECCE aKTHBAIUU B PACTBOP MEPEXOAT MPAKTHIECKH BCE METAJLTBI U COJIH,
MO3TOMY XBOCTBI CTAHOBSITCS TOCTYITHBIMH K MCIIOJIB30BaHUIO 0€3 OTpaHryYeHHH;

— Macca BTOPUYHBIX XBOCTOB IPEICTABIAET COOON TUIACTUYHYIO CMECH AHCIIEPC-
HBIX KOMIIOHEHTOB, 10 60 % KOTOpOH COCTaBJISAIOT aKTHBHBIE YACTHIIHI Pa3MepoOM He
6onee 0,076 MM, 9TO COKpaIIaeT 3aTparhl Ha MIPOU3BOACTBO MPOTYKITHH.

TexHOJIOTruH C BBILLETAYUBAHUEM METAIIOB U MMOJHON YTUIM3alUed OTXOA0B Iepe-
paboOTKM yTIIel CTaHyT MPUBJIEKATENBHBIMA C SKOHOMHYECKOW TOYKH 3PEHHUs, KOT/a
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COBPEMEHHBIE METO/IbI TOATOTOBKY MUHEPAIEHOT'O CHIPhS K HCIOJIB30BAHUIO B TPOMBIILI-
JICHHOCTU YCTYISIT NMPUPONOOXPaHHBIM METOAaM, a B 3KOHOMHUYECKOM CpPaBHEHUHU
aNbTePHATUBHBIX BAPUAHTOB TEXHOJIOTUH OyIIEeT y4acTBOBAaTh BEIMUMHA KOMIICHCALIUH
3a JeHCTBUTEIBHBIN yIIepO BceMy KHUBOMY OT XpaHEHHS OTXOJO0B Ha 3€MHOM MOBEpX-
HOCTH, a He wTpadsr [13-15].

Ta6/una 4. Coaep:kaHue MeTANJI0B B XBOCTaX 000rameHus yris, r/T
Table 4. The content of metals in silt coal, g/t

DneMeHT Munumym Makcumym Cpennee
Maprasen 310 330 320
Huxens 10 40 25
KobGanbt 5 10 5
Bananuit 60 130 95
Xpom 50 140 85
Monaubaex 1 2 1,5
Hupkonnit 60 90 75
CauHen 20 90 55
Huuk 10 40 50
Bepunnmii 2 2,6 2,3

O hexTUBHOCTh TEXHOIOTUHU OLICHWBAECTCA HAa OCHOBAaHHMU AOJITOBPEMEHHBIX CTa-
TUCTUYECKHX MOKa3aTelieil, OHa ONpeAeIsIeTCs] COOTHOIIEHHEM KOMIICHCALIMOHHBIX 3a-
TpaT ¥ yuiepda oT XpaHEHHsI OTXOJI0B, TPOU3BOACTBEHHOI MOIIHOCTH YTHIM3HPYIOLIE-
TO MPEATIPHUATHS U €r0 TEXHOIOTHYEeCKOTo ypoBHS [16—18].

Konneniusi oOpaieHust ¢ HEKOHIAUIMOHHBIM MUHEPAJIBHBIM CBIPHEM HCXOIUT W3
TOTO, YTO TIOCKOJIBKY HET BO3MOYKHOCTH OLIEHHUTH JEHCTBUTENBHBIN yIIepO YelIoBeKy,
¢ope u hayHe, creqyeT TEXHOIOTHIECKH HCKITIOUUTH BO3MOXXHOCTh HAHECEHUSI 3TOTO
yiep0a, T. €. He KOHCEPBUPOBATbh, & yTHIN3HPOBATH XBOCTBHI.

[TonHOe U3BNCUCHHE TSKEIBIX METAJUIOB M COJIEH JTUKBUIUPYET OIACHOCTh MUIPa-
UM TPOAYKTOB MPHUPOAHOTO BBIMIEIAYUBAHUS XBOCTOB B OKPYKAIOLIYIO CPELy, UTO
o0ecreunBaeT pelieHne 3a1a4l UCCIeI0BaHusl.

CoBepIIEHCTBOBAHNE TEXHOJIOTUN H3MENBUCHNSI MUHEPAJIbHOTO ChIPhSI BKIIIOYAET B
ce0s co3paHue KOMIUICKCOB, B KOTOPBIX MEIbHHUIIB PA3IMYHOIO THIA KOMOMHHUPYIOT,
YTO YMEHbIIAaeT 00beM OTX0A0B. Tak, B LENH 3aKJIaJ0YHOT0 KOMIUIEKCA MPOU3BOAN-
TelabHOCTBIO 70 M3/u nesunterparop JY-65 obGecriednBan BBIXOJ aKTHBHOTO Kiiacca
10 55 %. KoMOuHUpOBaHUE €ro ¢ BEPTUKAIBHOW BUOPOMENLHHUIICH YBEINIHIIO BBIXO]]
akTUBHOM Gpakuuu 10 70 %, 4TO IO3BOIMIIO YTHIN3UPYEMOMY IIIIAKy KOHKYPHPOBAaTh
C TOBapPHBIM LIEMEHTOM.

BobiBoabl. YXynmieHue yCioBUi pa3pabOTKU yTONbHBIX MECTOPOXKICHHUN MTOBBIIIAET
OTIaCHOCTh TEXHOT'CHHOTO BO3ICHCTBHS Ha OKPYIKAIOIYIO CPEAY B PETHOHAX JTOOBIYH.

YucneHHOCTh HaceneHusa 3emin OyleT yBEeIMYMBATHCS U, COOTBETCTBEHHO, OyayT
pactu 00beMbl TOOBIYH PeCypCcOB ISl YIOBIETBOPEHHS €ro nmorpedHoctei. Bo3pacra-
IOIYIO YTPO3Yy )KHBOMY BELIECTBY MOYXHO CHU3UTh TOJIBKO OTpaHHMYUTEIBHBIMU Mepa-
MU, Cpelr KOTOPBIX MPUOPHUTETHA paJKaibHas 0e30TXOMHAs MepepadoTKa HEKOH -
IIIOHHOT'O MUHEPAJILHOTO CHIPBSL.

ITosTOMY MOBBIIIAETCS] LIEHHOCTH UCCIIEIOBaHUM, KOTOPhIE OTBEYAIOT Ha BONIPOC HE
TOJIBKO O TOM, KaK KOHKPETHAS! TEXHOJIOTHUS yTPOXKAET OKPY’KaIOIIeH cpezie, HO U O TOM,
KaK MpeIOTBPATUTD WK YMEHBIIUTD YTIPO3Y.
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Jeranu3npoBaHbl aCEKTHl KOHUEMIIUN OXPaHbl OKPYKAIOIIEH cpelbl OT aHTPOIIO-
TEHHOTO BO3/ICHCTBUS MPOAYKTOB A00BIYM yrieH. JJaHO KOMIUIEKCHOE YKOJIOTHYECKOE
000CHOBaHUE BO3MOXKHOCTH MUHUMH3UPOBATH HETATUBHOE TEXHOT'€HHOE BO3/ICHCTBUE
Ha OKPYKAIOIIYI0 Cpeay MyTeM HM3BIICYCHUS METAJLUTUIECKON KOMIIOHEHTHI Pa3y00oKHu-
BaIOILIKX TOPOJI.

Ta6auna 5. CocTaB cyxoro KOHIEHTPATA U3 PA3HOCOPTHHIX XBOCTOB
oboramenus

Table 5. Composition of dry concentrate from mixed tailings

Meras woors,% | woors,% | NPupauicie, %
Cr 0,10 0,15 +0,05
Fe 2,75 3,06 +0,31
Ni 0,30 0,17 0,13
Mn 0,10 0,10 0,00
Co 0,10 0,12 +0,02
Cu 0,40 0,30 0,10
Pb 0,10 0,10 0,00
Zn 0,30 0,14 0,16

OxapakTepn30BaH MeXaHNU3M (YHKIHOHUPOBAHUS OKpPY>Karolleil cpesl Ipy 1opa-
JKCHUH MPOLYKTAMH XPaHEHHs XBOCTOB 000TalllCHHS YIS M IPEIIOKEHO HOBOE PerIe-
HUE T10 3aIIUTE 3KOCUCTEM.

[lony4yeHnHsle pe3yabrarTbl UCCIEJOBaHUS MOTYT OBITH BOCTpeOOBaHBI MPH pa3pa-
00TKE MECTOPOXKIEHHH TBEPIBIX METAJUIOCOAEPIKAIINX TEXHOJIOTHYECKH BCKphIBae-
MBIX PYA.
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Abstract
Research objective is to substantiate the relevance of mining transition to eco-friendly technologies of
subsurface use.
Methods of research include analyzing theory and practice of environmental technologies application and
carrying out a multifactor experiment.
Results. An efficiency criterion for mineral resources extraction technologies is proposed that involves
reducing the effect made by the by-products of mining and processing enterprises on the state of the
environment. The problem is considered of minimizing the environmental damage from storing silt coal in
dumps and storages by utilizing their components. The mechanism of environmental pollution has been
formulated. Aspects of metal recovery from beneficiation tailings in a disintegrator mill are investigated.
A reduced threat to living matter is predicted by implementing the concept of radical waste-free processing
of substandard mineral raw materials. The need to improve the processes of crushing, fine grinding, and
classification of minerals in mills to reduce the waste of coal production, harmful to the environment,
is noted.
Conclusions and scope of the results. Deteriorated conditions of mineral deposits development raise
the risk of man-made impact on the environment in coal-mining regions. The global human population
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grows resulting in increased resources production to respond to resource needs. The growing threat to
living matter can be reduced by radical measures, the non-waste processing of substandard mineral raw
materials being the priority. The research results can be helpful in the development of deposits of solid
metal-containing technologically exposed ores.

Keywords: coal; environment, tails, utilization; metal extraction; disintegrator mill.
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FOPHAA MEXAHUKA. TOPHBIE MALLWHBI U TPAHCMOPT

V]IK 622.24 DOI: 10.21440/0536-1028-2021-7-92-98

KnuneTnyeckue Kputepum oueHku pabotocnocobHOCTH BYpoBbLIX AONOT
LIapoLeYHOro TUna

Bnunkos O. I
! Ypanbckuii hefepanbHblil yHuBepcuTeT uM. nepsoro Mpeanaenta Poccun B. H. EnbuuHa,
r. Exatepunbypr, Poccus
e-mail: blinkovogwgmail.com

Peghepam
Lenv pabomur. Pazpabomame memoouxy oyeHku pabomocnocooHocmu 6yposulx 0010m wmapouedHo2o
MUNA nO KUHEMUYECKUM KPUmepusm.
Beeoenue. Onpederumv abconiomuvie Kpumepuu pabomocnocoOHOCmu  nopooopaA3PYULAIOUUX
UHCMpYyMenmos sampyonumensHo. [1osmomy 6 kavecmsee mexHoN02UHeCKUX Kpumepues npuHUMalomcs
OMHOCUMENbHbIE SENUYUHbL USHOCOCMOUKOCU BOOPYICEHUS OYPOBbIX WAPOULEUHBIX O0IOM U UX
OMHOCUMENbHbIE MEXAHUUECKIUEe CKOPOCMU OYDeHUs.
Memoouka. Bvluucienue u anaiu3 pasHulx KUHEMUYECKUX Kpumepues oyeHKu pabomocnocobHocmu
Oyposwix Oonom umelom cywjecmeennvle pasiuuua. VX yuem eadccen npu u3yueHuu pasiuiHbix
Moouguxayuii nopodopaspywaiowux uncmpymenmos. CoO80KYRHOCMb KUHEMUYeCKUx Kpumepues oaem
Kapmuuy omHOCUmMenvbHou 3¢hexmusnocmu pabomul 0010Ma Ha MOOenu 3a005 CKEANCUHBL, OIUKOU K
peanvrou. COBOKYNHOCMb — KUHEMUYECKUX — XApaAKmepucmux  (Kpumepues) YVCIOBHO — HA36AHA
KuHemuueckum nacnopmom 0yposozo oonoma. Paccmompenvi ysnosvie momenmuvl nocmpoenus
ananumuieckoll mooenu pabomsi Oypo602o 0010ma Ha 0ePopmupyemom 3a60e CK8aANCUHb.
Oobnacmy npumenenun. Jlannas memoouxa nO36015€m OCYWeECMEIsAms CPAGHUMETbHYIO OYEHK)
0YypOoBbIX WaApOUleHblX O00N0M PA3TUYHBIX MOOUDUKAYUL, HAXOOUMb 0Opammuvlie C6:A3uU, M. e. No
3A0AHHLIM  KUHEMUYECKUM XAPAKMEPUCTUKAM —B8eCmU NOUCK COOMBEMCMEYIoue20 Co4emanus
2e0MEMPUIECKUX NaApaAMempos nopooopaspyuiaioweo uncmpymenma. Pasnocmoponnuii nooxoo,
npeononazaemvlii. K UCNONb306AHUIO NPU  OCYWECMBIEHUU UCCIe008aHUA  pabOmOCnoCcoOHOCmU
NOPOOOPAPYMAIOWUX UHCTNPYMEHIMO8, NO380NAEM MAKCUMAILHO NOIHO U MOYHO OYEHUMb BIUSHUE
Mo2o U UHO020 PaKMopa Ha KOHEUHbLI pe3yibman.

Knroueewte cnoea: xunemuuecxue Kpumepuu,; oyenka pabomocnocobrocmu, 6yposwvie wapouieunvle
donoma, 3¢hgpekmusrHocms pabomoi; NOPOOOPAZPYUATOWUL UHCIPYMEHTI.

Beenenue. Onpenenuts abCOMIOTHBIE KPUTEPUH PabOTOCHOCOOHOCTH MOPOAOPa3-
pyLIAOIKX HHCTPYMEHTOB B HACTOSIIEE BpeMs 3aTpyIHUTENbHO. [loaTOMY B KauecTBe
TEXHOJOTUYECKUX KPUTEPHEB OYPOBBIX 10JIOT MPUHUMAEM OTHOCHTEIbHBIC BETHNUNHBI
M3HOCOCTOMKOCTH BOOPY)KEHHUS MOPOJOpa3pyIIAIOUMX HHCTPYMEHTOB U UX OTHOCH-
TeJIbHBIE MEXaHHUUECKUe CKOpocTH Oypenus [ 1-5]. YeiaoBue, Ipu KOTOPOM BBIYHCIISET-
s IepeJaTOuyHOe OTHOIIEHNE HIAPOLIKY, C OHOW CTOPOHBI, SIBJIAETCS KpUTEPUEM JO-
CTOBEPHOCTH OIIpEIeNIeHHs] KOHTAKTHBIX paloT, ¢ APYroil — ympouiaeT Mojy4eHHue
JIeHCTBUTEIBHBIX MMyTEH KOHTAKTA, CIIY>KaLMX OCHOBHBIMHM MCXOJHBIMU NTapaMeTpaMu
JUISL pacueTa KpUTEPHUEB OLICHKH PabOTHI 10JI0Ta Ha 3a00e ckBakuHbI [ 13—18].

Kputepun onenkn padoTsl 1010TAa.

OmHocumenvHule ckopocmu 08udiCeHUs 3Y0be COOTBETCTBYIOIIUX BEHIIOB B KOH-
TaKTe ¢ MOPOAOHN

1 2 2 . 2.2
V].(O) :;\/Rj —2R;zjicosy, +ri,
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IJie i — MepelaTOYHOe OTHOLICHHE IIAPOIIKH; R 1 7 — paJiyChl 32005 ¥ BEHI; Z, — YHC-
710 3yObeB j-ii MIapOIIKK; Y — YT0Jl HAKJIOHA IIJIOCKOCTH BEHIIA K IIOCKOCTH HOMEepeyHO-
IO CEYEHUS CKBaXKHMHBI.
Konmaxmmuuie pabomul pazpyuenus
4 —_—
4; = 8,F;,

rae S — pacCcTOsIHUE MEXK/Ty JTyHKaMH opakeHus1 3a00s1; F'— oceBast Harpyska.
Omuocumenvuvie yoeibHble 00beMHble pabombl pa3pyueHus

A" = S/ijad/ ,
J Vk

rae d — IyOuHa BHeIpeHUs 3y0a B MOpOYy; d; — mMpHHA BEHIA; V| — BBIYHCIICHHBIN

00bEM rOpHOI TTOPOJIBI IPH 3aJAHHOM YTITyONICHHHU 320051 CKBaYKUHBI U TIPUXOJISIIAHCS

Ha pa3pyllIeHHE COOTBETCTBYIOIIMMH BEHLAMH, a HE PAa3pyLICHHBIA NpU TOH CymMMe

KOHTaKTHBIX paboT, KoTopas TMpEACTaBlIeHa YHCIUTENeM JSTOr0 KpUTepus,

v, =(2nR3d,)/i.

IIepBblil KpuUTEpUl KauecTBa B3aMMOJACUCTBHS BOOPYKCHHUS BEHLIOB OIPEIEISIET
PEXHUM BpallleHHs apoIIeK.

Bropotii kpuTepuii SIBISIETCS OTHOCUTENBHON OLEHKOW aOpa3suBHOTO U3HOCA BOOPY-
JKCHHUS 10 BeHUIaMm. Yem Oolbllle BeTMYMHA KOHTAKTHOW pabOoThl, TEM MHTECHCHBHEE
W3HAIINBAETCS COOTBETCTBYIOLIUI BEHEL] LIAPOLIKH.

Tperuit kputepuil ABIILETCS NIPONOPLUOHATIBHON BEIMYUHON HHTEHCUBHOCTHU pas3-
PYLICHUS TOPOJBI Ha COOTBETCTBYIOUINX YUaCTKax 320051 CKBaKUHBEI.

MeTonuka BbIYHMCIeHUSI KpUTEPHEB M HEKOTOPbIe BONPOCHI aHAJIM3a padoTo-
CIOCOOHOCTH MOPOAOPA3PYIIAIOIINX HHCTPYMEHTOB. {151 Ka)KJ0Tro BEHIA 1IapoIll-
KM B 3aBUCUMOCTH OT YCJIOBHI (hOpMOOOPa30BaHUS TIOBEPXHOCTH CKBaKHHBI OTIpeie-
JII€M IIpeJeNnbl UHTETPUPOBAHUS IIyTeH KOHTAKTA, 4 3aT€M — IPaHULbl BO3MOXKHOIO
U3MEHEHUS IEPEAATOYHOTO OTHOLIECHUS NIAPOIIEK UCXOAS U3 YCIIOBUS:

3aaBIIKCH i, COCTABJISIEM YCIOBHE KHHETUUYECKOTO paBHOBeCHS. Mcnoiab3ys MeTox
MOCIICIOBATEIBHBIX MPUOJIVKESHUH, BBISBIISIEM TaKOE 3HAYCHUE BETMYUHBI, KOT/a 3HAK
HEPAaBEHCTBA MEHSETCS. JTO CBUAETEIBCTBO TOTO, YTO OIPEICIICHBI Ooiee Onm3Kue
IPAHMIIBI, B KOTOPBIX HAXOAUTCA MCTUHHOE 3HAYEHUE MEPENATOYHOIO OTHOIIEHHMS i, .
PaznenuB pasHOCTh MEXIY MPEABIAYIIMM U MOCICIHUM 3HAYECHUSIMU MEPEIaTOUHBIX
OTHOUIEHUI Ha HECKOJIBKO PAaBHBIX YacTEH, MpoIecc MoBTopsieM. JleneHue Bo Bcex pac-
yeTax ocymiecTBisgeM Ha 20 paBHbIX yacTeid. [Ipu 3TOM, Kak moKa3ajau UCCIEI0BaHUS,
JUTst JTF00O0TO citydasi 00ecreunBaeTCs He00X0AMMasi TOUHOCTh OTIPEICTICHHSI ICTUHHOTO
3HAUEHUS EPEIaTOYHOIO OTHOIICHHUS IAPOIIIEK.

[Mo3atomy paboToCrocOOHOCTh OYPOBBIX JOJIOT HEOOXOAUMO aHAIM3UPOBAThH MPHU
33/IaHHBIX TPOYUX PABHBIX YCIOBUAX U MPEXK]IE BCETO — MPU PABHBIX 3a/IaHHBIX BEIIU-
YHHAX YITyONeHUs 32005 CKBOKUHBI, YTO TAK)KE OTHOCUTCS M K TIEPBOMY KPUTEPHIO.
st cpaBHEHUS BENWYUMH H3HOCOCTOMKOCTU 3HAUCHHUs IyTEH KOHTaKTa CIeayeT
BBIUMCIISTH MPU PAaBHBIX BEIMYMHAX BHEIPCHUS 3yObEB MIAPOIICK B MOPOAY; TO HE
OTHOCHTCSI K 3yOBbsIM TE€X BEHIIOB, KOTOPbIEe (hOPMHUPYIOT chepruuecKre U TOPOUTHBIC
o0racTi MOBEPXHOCTEH KaHABOK 3a00¢B CKBaXkuH [6, 7].
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Brruncnenvie u aHanM3 KHHETHYECKUX KPUTEPUEB OLIEHKH paO0TOCIIOCOOHOCTH Oy-
POBBIX JIOJIOT UMEIOT CYIIECTBEHHBIC pa3nuyus. X y4eT BakKeH MpHU U3YUYCHHUH Pas-
JTUIHBIX MOTU(UKAIIN TTOPOIOpa3pyIIAOIINX HHCTPYMEHTOB. [loaTomMy mpu paspa-
0OTKE anTOPUTMOB W COCTABICHWH MPOTPaMM ISl BBIYHCICHHUA KHHETHYECKHX
XapaKTEPUCTUK OYPOBBIX MIAPOIIEYHBIX JOJOT OHH 10 TE€OMETPUYECKUM IpHU3HAKaM
paszneneHsl Ha 5 camocrositenbHbIX KinaccoB (M, C, T, K, OK). Dto obneruunio perie-
HUE YKa3aHHBIX 33/1a9 C YIETOM OCOOCHHOCTEH MEXaHW3Ma B3aMMOJCHCTBHS IIapo-
MIEYHBIX JOJIOT PAa3TUYHBIX MOIAU(HUKAIWMA C MOBEPXHOCTSIMH COOTBETCTBYIOIIMX
3a00eB ckBakuH [8—12].

Ta6auna 1. KuneTuyeckue KpUTepUH OLEHKH J0JIOT
Table 1. Kinetic criteria of drill bits evaluation

Tlonoto v 4] A7 u(d) G(d) i i i3

HI2159M-IB(6=7) | 11,3 24,8 0,13 0,10 0,23 1.4 1,46 1,47
11 2159C-I'B (6 =5) 7,9 13,2 0,15 0,11 0,24 1,5 1,52 1,47
I12159T-I'B (6 =4) 6,3 10,2 0,18 0,12 0,26 1,5 1,47 1,53

i; — TIepelaTOYHOE OTHOIIEHHUE j-if ITAPOIIKHK 3a OJMH 060POT JI0JI0Ta.

COBOKYITHOCTh KHHETHUCCKHX KPUTEPUEB JaeT KAPTHHY OTHOCHUTEIbHOU 3(dek-
TUBHOCTH PabOTHI TOJI0Ta HA MOJICITH 320051 CKBaXKHMHBI, ONM3Kol K peanbHOH. COBO-
KyHMHOCTh KHHETHUYECKHUX XapaKTepUCTUK (KpUTEpHEB) yCIOBHO Ha3BaHa KUHETHYE-
CKHM TMacrmoptoM OypoBoro monora. VICXOIHBIE TE€OMETPHYECKHE ITapaMeTphI
BOOPY)KEHHUS TOJIOT CHUMAIOTCS TPaUUECKH CO CXEMBI MMOPAXKEHHS paanyca 3a00sl.

I'mybuna BHeapeHUs 3yObEB MIAPOIICK B MOPOAY O OMpeaensiach paBHON 1 MM
(0,5 mm — st mosnot tuna OK), makcumanbHoe 3HaueHue — 0,84, rae i — BeUIET 3yObeB
Ha OCHOBHBIX BCHIIAX. HpI/I JaHHBIX YCJIOBHUAX O6eCHe‘II/IBaeTC$[ OIITUMAJIbHAsI MCXaHU-
4ecKasi CKOPOCTh OypeHHsI TIPH JOCTATOYHOM MPOMBIBKE 320051 CKBaXKHUHBI.

IMoka3arenu, pa3padoTaHHbIe JIJIsi CPABHUTEILHOTO AHAIN3a KUHETHYECKUX
XapPaKTePUCTHK J0JOT PAa3INYHbIX KOHCTPYKIHIA.

Toxazamens 06beMHO20 pazpyuieHs ROPoObl

N
n(d)= ZA}’ N opuj=1,2,3
J=

NpE/ICTaBIsIeT coOOW cpelnHee 3HAYCHHWE COBOKYMHOCTH N YCPEIHCHHBIX BEIMYUH
YACIbHON 00bEMHOM PabOTHI OCHOBHBIX BEHLOB IIAPOLICK A NPH 331aHHOM BHeJpe-
HUY 3yObCB B MOPOITY.

Iloxazamenv nepagnomeprHocmu nopadxcenus 3a00s BeHIaMu 1mapourek G(8) npu
3aJ]aHHOM 3HaYeHUH O BBIYHCIISIETCS 10 PopMyIie:

”2 "
G(s): ZA/' _ZA/' I,

N N?

TpeICTaBIsAET cO00M HOPMHUPOBAHHYIO BEIMYHHY CTAHAAPTHOTO OTKIIOHEHHS COBO-
KYITHOCTH 3HAYEHUH YCPEIHEHHBIX BEIUYNH yIACTbHON 00beMHON PabOTEl OCHOBHBIX
BEHI[OB IIAPOIIEK MPH 33JaHHOM BHEJIPCHUHU 3yOhEeB B TIOPOY O.
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Iloxasamensy mexanuueckoti ckopocmu Oypenus k,, yIuThIBaIOIIMA KaK KUHETHYE-
CKHE XapaKTEPUCTUKH, TAaK U KOHCTPYKTHBHBIE 0COOEHHOCTH BOOPYKEHHS AOJIOT (BBI-
JIeT, pa3Mephl U 1Ip.), pa3paboTaH 11l KOMIUIEKCHOTO CPAaBHEHUSI KHHETHUECKUX Xapak-
TEPUCTUK C YUYETOM KOHCTPYKTUBHBIX ITApaMETPOB BOOPY>KEHHS JOJIOT:

k — 0501 M(S)Bomknkcp
! 1+G(3)
rae O, — ONTUMalbHas BEIMYMHA BHEAPEHMs 3yOa B MOpOIy, B % OT BbLIETA 3y0a;
k, — x03duimenT nepekpeITus 320051 CKBaKHUHBI; kd) — k03 durmeHT popmsl 3yoda.
Kosghdpuyuenm gpopmor 3y6a XapakTepu3yeT ero CrioCOOHOCTh K Pa3pyIIeHHIO 110~
pOIBI B 3aBHCHMOCTH OT pa3MepoB W ()OPMBI TOPOAOPA3PYIIAIOIIECH TOIOBKH 3y0a.
Koaddurment dhopMel 3yda onpenensercs GpopMyInoi:

h o a)’
k, =—|cos|——q |—]| ,
L (2 qu

rme d — auameTp 3y0a; o — yroX 3aocTpeHms 3y0a; g — yroil HakjJIOHa OCH 3y0a;
a, b — nvHA ¥ mMpYHA CeYeHus 3y0a, COOTBETCTBYIOIIETO €r0 BHEAPEHHUIO B TIOPOAY
Ha 1 MmM. HeoOxoammo oTMETHTB, 94To K03 duneHT GopMbl 3yda kq) SIBIISIETCS] BEChMa
MPUOITMKEHHBIM.

B Tabmn. 1 nokazan mpumMep pacyera KMHETHUCCKHX KPUTEPHUEB OLICHKH JOJIOT C
(hpe3epoBaHHBIM BOOPYKESHHEM, KOTOPBIH MO3BOJISET C YYETOM IPOXOJIKH U MEXaHUYEC-
CKOW CKOPOCTH OypeHUs Ha dTare KOHCTPYHUPOBAHUS HAXOAUTh HAMIYUIIIAE COYCTAHUS
TeOMETPUIECKUX MTapaMeTPOB Pa3padaThiBAEMBbIX JIOJIOT.

BoiBoabl. PaccMOTpeHBI y3710Bbi€ MOMEHTBI MTOCTPOEHUSI AaHATUTUYECKON MOJIeNn
paboThI OypoOBOTO /10JI0Ta Ha AePOPMHUPYEMOM 3a00€ CKBaKUHBL. [IpeuMyIIieCTBO 3TOH
MOJICJIA COCTOUT B TOM, YTO OHA CTPOMJIACH MIPH SIBHO 33JJaHHBIX TCOMETPUUYCCKUX Ta-
pameTpax OypOBBIX JOJIOT, KOTOPBIC OMPEACISIOT PEKUM BpAIICHHUS MIAPOIICK, KUHE-
MaTHYECKYIO CXEMY J0JIOTa B IIEJIOM, aHAJIOTUU TEXHOJIOTHYECKUX KPUTEPHEB OLCHKU
paboToCIOCOOHOCTH MX BOOPYKeHHs. Takas MoJellb OTKPHIBaET OOJBIITHE BOZMOXKHO-
CTH JJIS1 CPABHUTEIHHON OIIEHKH OypOBBIX HIAPOIIEYHBIX AOJOT PA3ITUYHBIX MOAU(H-
KaHHfI, IIO3BOJISICT HAXOOAUTH OGpaTHLIe CBsA3HU, T. €. 110 3aJaHHBIM KMHCTUYCCKHUM Xa-
PaKTEpUCTUKAM BECTH TIOMCK COOTBETCTBYIOIIETO COYETAHUS TCOMETPUYCCKUX
MapaMeTpoB TOPOAOPa3pPyIIAOIIET0 MHCTPyMeHTa. lccnenmoBaHa maremarhdeckas
CTPYKTypa MOZENH pabOoTHI A0JIO0TA, KOTOPAast BKIIOUALT B ce0sl apaMeTpHUYECKUE YpaB-
HEHUS TPASKTOPHA JBMKEHUS pabOYHX 3JIEMEHTOB IIAPOIICeK, MHTETPHPOBAHNE Ty TEH
WX KOHTaKTa ¢ 3a00eM CKBa)KWHBI, BEIYMCIICHNE IEPEIaTOYHBIX OTHOIIEHUH IIapoIIeK
U TIOCTPOCHUE KPUTEPUEB OIICHKH PabOTOCIOCOOHOCTH JIOJIOT, SIBIISIOIIUXCS aHAIOTa-
MU TEXHOJIOTHYECKUX KpUTepueB. IIokazaHo, 4TO HalIEHHbIE KPUTEPUHU, SIBIISISACH SIB-
HBIMH (PYHKIIUSIMU OT TE€OMETPHUYCCKUX NAPaMETPOB, HE BRIPAKAIOTCS YePE3 HUX OJTHO-
3Ha4YHO. B mepBylo ouepeqb OHU OMPEACTSIOT PEeKUM BPAIICHHS IIAPOIIEK, a 3aTeM
KOJIMYECTBEHHO XapaKTepU3yIOT KHHEMAaTHKY OypOBBIX IIAPOIIEYHBIX JOJOT H, CIEI0-
BaTeIbHO, X KPUTEPHUH.
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Kinetic criteria for evaluating the performance of roller-cone drill bits

Oleg G. Blinkov!
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Abstract

Research objective is to work out a method of evaluating the performance of roller-cone drill bits by
kinetic criteria.

Introduction. It is difficult to determine the absolute criteria for the performance of rock cutting tools.
Therefore, the relative values of wear resistance of the cutting structure of roller-cone bits and their
relative mechanical rates of drilling are adopted as process criteria.

Methods of research. The calculation and analysis of kinetic criteria for evaluating the performance
of drill bits have significant differences. Taking them into account is important when studying various
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modifications of rock cutting tools. The set of kinetic criteria gives a picture of the relative performance of
the bit using the model of the well bottom close to the real one. The set of kinetic characteristics (criteria)
is conventionally called the kinetic datasheet of the drill bit. The key points of constructing an analytical
model of the drill bit operation on the deformable well bottom have been considered.

Scope of results. This technique provides for a comparative evaluation of roller-cone drill bits of various
modifications, allows for finding feedback, i.e. searching for the appropriate combination of geometrical
parameters of the rock cutting tool according to given kinetic characteristics. The versatile approach
intended for use in the study of the performance of rock cutting tools allows the most complete and accurate
evaluation of the influence of one factor or another on the final result.

Keywords: kinetic criteria; performance evaluation; roller-cone drill bits; efficiency, rock cutting tool.
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dJopmaanoe AOKa3aTenbCTBO COOTBETCTBUA ﬂpOFpaMMHOVI
peanusauun ucnonb3yembiX B CUCTEMAX KOHTPONSA
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Pegpepam
Leny pabomur. Hccredosanue 803MOHCHOCHU NPUMEHEHUS MEMOOA POPMATLHO20 OOKA3AMENbCMEA
COOMEEmMcmeus, NPOSPAMMHOU Peanusayuu Mooenu 3a0aHHLIM MpPebosaHuam Ons cucmem, Mooenu
KOMOpbIX MO2ym Obinb NPeOCmAagieHbl 8 8Ude KOHEUHbIX A8IMOMAamos.
Axkmyanshocme. Pazpabomka npoepammuoz2o obecneyerus Ons CUCMEM KOHMPOAA U YNpasieHus Ha
O0HOM U3 NepaulX IMAn08 d3MmMo20 npoyecca npednoidazaem co30aHue Mooenu cucmemsl. Ima Mooensb
CMPOUMCs Ha OCHOBE MEXHUUECKO20 3a0aHUs, CheyuduKayuu u pasiuyHoll anpuopHotl ungopmayuu.
Bonvwas uacmv makux modenei Onsi MeXHUHECKUX CUCMEM, KOMOpble OIKCNAYAMUPYIOMCS HA
COBPEMEHHBIX 00ObIUHBIX NPEeONnpUAmMUAX (KOHBEUEePpHble CUCMeMbl, CUCHEMbl NPOBEMPUBAHUS U M. N.),
Modcem Oblmb ONUCAHA C NOMOWbIO MOOenU KOHeuHnoz2o asmomama. Takas mooenv mogcem Ovimb
UCNONBL3068AHA OISl peuleHus wupokozo kpyea 3aday. Cnedylowum wazom sAeisemcs npocpammuas
peanusayus MoOenu Yeaukom aubo Kakou-mo ee vacmu. B ceaszu ¢ amum 6oznuxaem 3aoaua onpeoenenus
COOMEEMCmauUs NPOSPAMMHOL Peanu3ayuu MoOeu ee UCXOOHOMY ORUCAHUIO.
Pesynomamut. OO0un u3 cnocobos peuienus OAHHOU 3a0ayu — Mo GopmanbHoe O00KA3AMENbCMEo
HAIUyusi y NPOSPAMMHOU MOOeU CEOUCME, KOomopwvle onpedeleHvl 8 cheyugurayuu (onucanuu)
ucxo0Hol modenu. B cmamve na npumepe waxmuoii KoneeuepHoll cucmemvl NOKA3AHO NpUMeHeHUe
Memodd, coCmosAUe20 8 RPOSPAMMHOU Peanu3ayuu MoOeU COOMEEeMCmeyue20 KOHeYHO20 d6MmoMamd,
Gopmuposanuu npeonoroNCceHUll 0 HATUYUU V MOOeIU CEOUCME 6 8ude meopem ¢ UX NoCieoVIowum
00KA3amMenbCmeoM ¢ UCHOb30BAHUEM CREYUATbHBIX NPOSPAMMHBIX CPEOCM.
Bu1600ubi. Hcnonvzosanue opmanvubix memooos 0ns cheyuguxkayuu, paspabomxu u eepupurayuu
NPOSCPAMMHBIX peanuzayutl mooeneli Cucmem 8 COB0KYHHOCMU C Opy2uMu Memooamu Nno360um
ROBBICUMb KAYECHB0 U HAOEIHCHOCTb PA3PAGAMbBIEAEMbIX DeUleHU.

Knwueevie cnosa: wroneunvii asmomam; opmanvroe Ookazamenbcmeo;, mecmupoaHue;
coomeemcmeue cneyugpuKkayuu,; KOppeKmHOCmy peanuzayuu mooeiu; gopmanuzayus mpebosanutl;
Coq; asmomamuszayusi 00KA3ameibCmeda meopem, KOH8euepHas Cucmema uaxmol.

BBenenune. Ha coBpeMeHHBIX TOOBIYHBIX MPEIPUATHSIK OONBIIAs YaCTh TEXHIUYEC-
KHX CHCTEM U TEXHOJIOTHUYECKUX MIPOIIECCOB MOXKET OBITh MPEJCTaBlIeHa B BUIE KOHEU-
Horo aBTomara (manee KA) [1-3]. K HuUM oTHOCATCS KOHBEHEPHBIE CHCTEMBI, TIObEM-
HbIE W BEHTHJISAIMOHHBIC YCTAHOBKH, CHCTEMBI MPOBETPHUBAHUS U JIEra3allvH,
BOZIOOTIUB. OCOOEHHOCTh ATHX CHCTEM COCTOUT B TOM, YTO B HHUX MOXXKHO BBIJCIIUTh
KOHEYHBI Ha0Op COCTOSHUU M ONpEAeNUTh MpaBWia nepexona Mexay Humu. Jlamee
B cTarbe OymeT peanm3oBaHa ujaes (OpManIbHOTO JIOKa3aTeNbCTBA COOTBETCTBUS
MIPOTPaMMHOH peann3aliii MOJIENN 3a/IaHHBIM TPEOOBaHUSAM JUTS TAKOTO THUTIA MOJEIeH
Ha MpUMEPE IIaXTHON KOHBEHEPHON CHCTEMBI.

OpHUM M3 3TanoB pa3pabdOTKH MPOrpPaMMHOIO 00ECHEeYeHUs! CUCTEM KOHTPOJIS U
yIpaBleHHS SIBISETCS CO3AaHUE MOIENU cUcTeMbl [4, 5]. Ota Monmenb MOXKeT OBITh
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IpeACTaBlIeHa SIBHO, B BUE€ Ha0Opa MaTeMaTHYECKUX YPaBHEHUH WM MPOrPaMMHOM
peanu3anuu, 1100 HESIBHO, B BUAE HEKOTOPOTO CJIOBECHOTO OTIMCAHMSL.

Maremaruueckasi MOJNIb TEXHUYECKON CHCTEMBI MOXKET OBITh UCTIONB30BaHa!

— JUTsL TECTUPOBAHHS PEKUMOB PabOThI CHCTEMBI;

— TeHepalyy MPOrpaMMHOTO 00ECIICUCHHST CHCTEMBI YIIPABIICHIS

— IIPOBEPKH KOPPEKTHOCTH PAOOTHI CUCTEMBI B IIpouiecce ee (hyHKIIMOHUPOBAHUS;

— paccienoBaHMs aBapUHHBIX CUTYALMH, BOSHUKIINX IIPH AKCIUTyaTallii CUCTEMBI.

OCHOBOH [ TOCTPOCHUS MOJEIH CUCTEMBI SABJISICTCS TEXHUUECKOE 3a/IaHHE U pa3-
HOTO poJia anpropHas HHPOpMaIHs 0 QYHKIHMOHUPOBAHUH CHCTEM, TIOOOHBIX TAHHOH
(pu3rueckue 3aKOHBI, TEOPETHYECKUE Pa3pabOTKH, SIMIHPUIECKUE POPMYIIBI U T. 11.).

Ilocne pa3paboTKu MOAEIM CHCTEMbl BO3HUKAE€T BOIPOC O €€ KOPPEKTHOCTH,
T. €. HACKOJIbKO OHa aJIeKBaTHA paccMaTpruBaeMoMy (pM3MUECKOMY Iporeccy H(Win)
COOTBETCTBYET TEXHUUECKOMY 3aJaHMIO C OIMCAHNEM JIOTUKH ee paboThl. [lanee B cra-
The OyJeT paccMaTpUBaThCS BTOPOH aCMEeKT MPOBEPKU KOPPEKTHOCTH MOJIEIIH.

Onpenenenne KOPPEKTHOCTH MPOrPaMMHON peaau3anuu Moaeau. Tak Kax Juist
peleHus 3a1a4, 0003HAYCHHBIX pPaHee, MOKHO IMOJB30BaThCs TOJIBKO MPOrpaMMHOMN
peanu3anueil MOAEIN CUCTEMB, a He ee (hOpMaIbHBIM MaTeMaTHIeCKUM NIPECTaBiIe-
HHUEM, TO JUIs ONPEEICHUS] KOPPEKTHOCTH pealin3aliiy PEAIoIaraeTcs UCTI0Ib30BaTh
CIIEIYIOIINE MOAXObI:

— TECTHpOBaHUE (FOHUT-TECTHI, HHTETpallMOHHBIE TECTHI U T. 11.) [6, 7];

— (opmanIbHOE JOKA3aTeNLCTBO TOTO, YTO MOAENb 00JIalaeT CBOIiCTBAMU, KOTOPhIE
onpeaensatoTcs crnenudukanuei [8, 9].

TectupoBaHue MpesrnonaraeT pa3padoTKy HaOOpOB TECTOB, OOLIUI TU3aifH KOTO-
PBIX BBIDJISIAT CICAYIOMIMM 00pa3zoM:

A(xi):: Yis

rae A — mporpaMMHasi MOJEJb CUCTEMbBI JIM €€ KOMIIOHEHTA; X, — BXOJHOE 3HAYECHHE,
A7 KOTOPOTO M3BECTHO, KAKOM JOJKHA OBITh PEAKIMS MOAEIH CUCTEMBI; J; — M3BECT-
Hasl PEaKIMs MOJEIH CUCTEMbI HA BXOJHOE BO3IEHCTBHE X;; == — OIEPALUsA CPABHEHUS
Ha PaBEHCTBO pe3ynbTara paboThl MOAETH U OXKUAAEMOTO PE3yNbTaTa.

Hanpumep, st Moaenu Buza f(x) = x? IporpaMMHasi peajin3anus Ha s3sike Python
MOKET BBITNIACTh TAK:

f=1lambda x: x**2
Jls Tako ()YHKIIMU MOXHO HAIKUCaTh CICHYIONIUN TECT:

def test with const():
assert f(2) == 4

[Tpobnema ¢ 10Ka3aTeNb-CTBOM Yepe3 TECTUPOBAaHHUE: B OONBIIMHCTBE CIIy4acB OHO
HE MO3BOJIAET MOJHOCTHIO MPOKOHTPOIUPOBATH COOTBETCTBHE MPOTrPaMMHOM peanu3a-
UM TOMY, YTO yKa3aHO B crenu¢ukanud. HecMoTps Ha TO 4TO HEKOTOpPbIE MOAEIH
(Hanpumep, KOHEUHbIE aBTOMAaThl) B TEOPHH TO3BOJISIIOT OCYIIECTBUTH MOTHBIHN Tepe-
00p Bcex BO3MOXKHBIX COCTOSIHUI M MIEPEX0/I0B, HAa MPAKTHUKE 3TO BHI3BIBAET 3aTpyAHE-
HUSI BBUIY CIIOKHOCTH Pa3paboTKu Habopa TECTOB, KOTOPBIH Obl 00ECIeuns MOITHOE
MOKPBITHE BCEX BO3MOXHBIX BapHaHTOB. CllelyeT 3aMEeTUTh, YTO COBPEMEHHBIE IPO-
rpaMMHBIEC CPECTBa AJIsl OpraHUu3ali TECTUPOBAHUS MO3BOJISIIOT aBTOMaTH3UPOBAThH
MHOTHE acleKThl 3TOTO Tpoliecca: nepedop BapuaHTOB, FCHEPALIUIO CIyYaliHBIX HA00-
POB JaHHBIX U T. 1. [10-12].
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Bropoii noaxon mpoBepky KOPPEKTHOCTH Pealn3allii MOIEIU — 3TO (OpMaIbHOE
JTOKa3aTeIbCTBO €€ CBOMCTB, ompereNeHHBIX B crernudukanmu [13—18]. OcHoBHOE
OrpaHHYEHHE JAHHOTO PEIICHHS] COCTOUT B TOM, YTO OHO B OOJIBLIECH CTEIICHH IIpUMe-
HUMO JUIsI MoZieJiel, pa3paboTaHHbIX Ha ()YHKLIMOHAIBHBIX S3bIKaX IMPOIpPaMMHPOBa-
Hus. s IpyTUX S3BIKOB 3TO TEOPETUYECKH BO3MOXKHO, HO TSXKEJIO OCYIIECTBUMO Ha
IpakTHKe. BrinoiHeHne nmporpaMmbl, HaMCAHHON Ha (PyHKUHMOHAJIBHOM SI3BIKE, IO
CYTH IPEACTABISAET COO0H BBIYMCICHHUE MAaTEMAaTHYECKOTO BBIPAKEHUS. DTO MO3BOJISIET
(bopManbHO JOKA3bIBaTh CBOWCTBA Takoi mporpammsl. Paspaborka anropurma ¢yHK-
LMOHUPOBAHUS MOAEIH M ONMCAHUE CBOMCTB (TpeOOBaHMI) MOTYT OBITH BBHIIIOJHEHEI
B COOTBETCTBUH C TEXHHMUYECKUM 33aJaHUEM Ha CUCTEMY (MOJEIb).

[IpuBeneHHOE nanee pelieHne OCHOBAaHO Ha 00IEM METOAE AOKa3aTelnbCTBa, KOTO-
PBII HCIIONBb3YeT HEKOTOPBI 0a30BbI HAOOp MCXOMHBIX YTBEP)KIACHUH (AKCHOM) U
(opmaiibHBIE TTpaBwiia BeiBona [19-21].

®opmanuzanusa TpeOOBAHUIl K cCTeMe B COOTBETCTBHM CO cnenupukanuei.
B kadecTBe nmpumepa pacCMOTPUM MOZENb pabOTHI IAXTHOTO KOHBEHepa, KoTopasi oJ-
poOHoO ommcaHa B padote [22]. [lanee npeacTaBiIeHo KPaTKOe OMICAHUE MOJICIIH.

KoHBeiiep MOXXET HaXOAUTHCA B COCTOSHUSIX: OCTaHOBJICH (Sf0p), TOTOB K 3aIlyCKy
(ready), 3anytueH (start) u 3abmoxupoad (block):

ConvState = {stop, ready, start, block}

Ha paboty MomennpyeMoro KoHBeliepa OKa3bIBalOT BIMSHUE CIEAYIOIINE CUTHABI:
CHUTHAJIBI C TATYMKOB KOHTPOJIS ¢X0/1a JCHTHI (ks/) 1 3KCTpEeHHOE OrpaxicHue (€o), CUr-
HaJ aBapuu (avs), TOTOB K 3aITycKy (ps), KHomKH: cTot (bsp), myck (bst) u aBapust (bav).
BX0mHOM CHTHA MOJENIH — 3TO KOPTEXK, COCTOSIIIUHA U3 BCEX MEPEUUCICHHBIX CUTHA-
n0B. KakIp1ii cUrHaun mojiaeTcsi Ha TUCKPETHBIN BXO KOHTPOJIEpa U MOXKET HAXOUTh-
Csl B YETBIPEX COCTOSIHUSAX: 3aMKHYT, PA30MKHYT, KOPOTKOE 3aMBIKaHHE, OOPBIB.

JInist yIpoOIIeHUsT MOJICITH BBIJICITUM JBA COCTOSIHUSA (zMm — 3aMKHYT, 7’Z — PA30OMKHYT):

InSignal = {zm, rz}.

Habops! BceX BO3MOXKHBIX COCTOSIHUHN MEPEYHCICHHBIX paHEEe CUTHAIOB COCTABIIS-
FOT MHOXKECTBO BXOIHBIX CUTHAJIOB.

OYHKIHIO, KOTOPAst OMPEIENIACT COCTOSHUE CUCTEMBI TI0 TIEPEUUCICHHOMY Ha0opy
CUTHAJIOB, OyaeM 00o3Hauarh calcState:

y = calcState(x,z,,...,2,,...,2,),

IZIe X — TEKyIlee COCTOSHMUE CUCTeMBl, x € ConvState; z; — BXOOHBIE CUTHAJIbI CUCTE-
MBI, z; € InSignal; y — COCTOsIHHE KOHBelepa, y € ConvState.

Ha ocHoBe TexHMdeckoro 3aganus (crieuUKaIim) 1 MpaBwl QyHKITMOHUPOBAHUS
KOHBEWEPHOH CHCTEMBI OTIpE/IeTINM €€ CBOWCTBA, Ha 0a3e KOTOphIX OyneT pa3padoraHa
mporpaMMHasi peasu3aliust Mmoaenu. [IpexcraBuM cBOMCTBa B CTIOBECHOH M MareMaru-
4yecKor (hOpMYIIMPOBKaX.

Csoticmeo 1. Ecnu monaH X0Ts ObI OJIH aBapUHHBINA CUTHAI, TO CHCTEMA TIEPEXOIHT
B coctosare BJIOKMPOBKA:

(avs = zm v bav = zm),Vksl,eo,bsp,bs,bst, state
calcState(state,avs,bav,ksl,eo,bsp, ps,bst) = block,
avs,bav,ksl,eo,bsp, ps,bst € InSignal, state € ConvState
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Csoticmeo 2. Ecny aBapuifHbIN CUTHAJ HeE MTOJIaH U cpaboTalt XOTs OBl OJFH JATYHK,
Hakata KHomKa «CTom» Win HeT curHaia «[0TOB K 3aITyCKy», TO CUCTEMa MePEXOAUT
B coctossune OCTAHOBKA:

(avs =rz Abav =rz) Aksl = zm v eo = zm v bsp = zm v ps =rz),Vstate :
calcState(state,avs,bav,ksl,eo,bsp, ps,bst) = stop,
avs,bav,ksl,eo,bsp, ps,bst € InSignal, state € ConvState

Cesoticmeo 3. Ecnu aBapuiiHBIN CUTHAI HE TTONIaH, HET CPa0OTaBIINX JATYUKOB, €CTh
curHan «['oToB k 3anmycky» u cucrema Haxoautcs B coctosaud OCTAHOBIIEHA, to
oHa nepexonut B coctosinue 'OTOB K 3AITYCKY:

(avs =rznbav=rz Aksl =rz neo =rz Absp =rz A ps = zm Abst = rz A state = stop),
calcState(state,avs,bav,ksl,eo,bsp, ps,bst) = ready,
avs,bav,ksl,eo,bsp, ps,bst € InSignal, state € ConvState

Cesoticmeo 4. Ecnu cucrema Haxoaurcs B coctogaud ' OTOB K 3AITYCKY u Ha-
skata kHonka «Ilyck», To cuctema nepexonut B coctosinue 3AITYIIEHA:

(avs =rzAbav=rz Aksl =rz neo =rz Absp =rz A ps = zm A bst = zm A state = ready),
calcState(state,avs,bav,ksl,eo,bsp, ps,bst) = start,
avs,bav,ksl,eo,bsp, ps,bst € InSignal, state € ConvState

DopMabHOE 10KA3ATeJILCTBO TOTO, YTO JJIA MPOrPAMMHOI peaTn3anuu MOIeIH
BBINOJIHSIIOTCSl YKa3aHHbIe TpedoBaHus. /11 GopmanbHOTO TOKa3aTesCTBa CBOMCTB
CHCTeMBI BOoCTIONb3yeMcst Cog — MHTePaKTHBHBIM TPOTPAMMHBIM CPEACTBOM JIOKA3aTelh-
CTBa TEOPEM, KOTOPOE UCIIONB3yeT COOCTBEHHBIH S3bIK (PYHKIIOHAIBHOTO MTPOTPaMMHUPO-
BaHMsI C 3aBUCUMbIMU TUIaMU [23—-26]. Cog O3BOJISIET 3aMMCHIBATE MATEMATUUECKUE TEO-
PEMBI 1 X JIOKA3aTelbCTBA, MOAU(UIIPOBATh M TIPOBEPSTH MX HA TIPABHIBHOCTb.

Coznanum HaOOp HEOOXOMUMBIX THITOB TaHHBIX:

— COCTOSIHHE KOHBelepa:

Inductive ConvState: Type =
| stop
| start
| ready
| block.

— IMCKPETHBIA CHTHAI:
Inductive InSignal: Type :=
|1z
| zm.

— BCKTOp COCTOSIHUH BXOAHBIX CUTHAJIOB CUCTCMBbI:

Inductive InVectorSignal: Type =
| sg (avs bav ksl eo bsp ps bst: InSignal).
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IToctpoum BcomoratesnbHble (YHKIHMH, KOTOpblE MOHAZOOATCA Ul pealn3aluu
oOmero aaropurma paboThl KOHBeHepa.

OyHKIMS TPOBEPKH TOTO, YTO YKa3aHHBIH HA0Op CUTHAJIOB IEPEBOAUT CHCTEMY B
COCTOSIHHE:

— BJIOKMPOBKA:

Definition isAlarm (inSigs: InVectorSignal): bool :=
match inSigs with
|(sgrzrz
| =>true
end.

) => false

— OCTAHOBKA:

Definition isStop (inSigs: InVectorSignal): bool :=
match inSigs with
|(sg _rzrzrzzm )=>false
| =>true
end.

—T'OTOB K 3AITYCKY:

Definition isReady (inSigs: InVectorSignal): bool :=
match inSigs with
| (sg 1z 1z rZ 1z tz zm 1Z) => true
| =>false
end.

- 3AIIYIIEHA:

Definition isStart (inSigs: InVectorSignal): bool :=
match inSigs with
| (sg 1z 1z rZ 17 1z Zm zm) => true
| =>false
end.

Ucnonb3ys yka3anHble (yHKINHU, IPEICTABUM IIPOrPaMMHYIO Peau3aluio Moie-
JIM CUCTEMBI, KOTOPAsi YYUTHIBACT TEKYLIEE€ COCTOSIHUE CHCTEMBI U BEKTOP BXOIHBIX
CUTHAJIOB:

Definition calcState (state: ConvState) (inSigs: InVectorSignal): ConvState :=
match isAlarm inSigs with
| true => block
| false => match isStop inSigs with
| true => stop
| false => match isStart inSigs with
| true => start
| false => match isReady inSigs, state with
| true, start => start
| true, =>ready
| false, => stop
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end
end
end
end.

Cdopmynupyem CBOCTBa CUCTEMEBI B BHJIE TeopeM Ha si3bike Cog U TOKaKeM UX.
Jokazamenscmeo ceoticmea 1.

Theorem alarmState: forall (avs bav ksl eo bsp ps bst: InSignal),
forall (state: ConvState),
avs =zm V bav = zm
-> calcState state (sg avs bav ksl eo bsp ps bst) = block.
Proof.
intros avs bav ksl eo bsp ps bst state.
intros H.
destruct H as [Havs | Hbav].
- rewrite -> Havs. reflexivity.
- rewrite -> Hbav. destruct avs.
+ reflexivity.
+ reflexivity.

Qed.

okazamenscmeo ceoticmea 2.

Theorem stopState: forall (avs bav ksl eo bsp ps bst: InSignal),
forall (state: ConvState),
(avs =rz A bav=rz) N\
(ksl=zm V eo =zm V bsp =zm V ps =rz)
-> calcState state (sg avs bav ksl eo bsp ps bst) = stop.
Proof.
intros avs bav ksl eo bsp ps bst state. intros [[Havs Hbav] H].
rewrite -> Havs. rewrite -> Hbav.
destruct H. rewrite -> H. reflexivity.
destruct H. rewrite -> H. destruct ksl.
reflexivity. reflexivity.
destruct H. rewrite -> H. destruct ksl. destruct eo.
reflexivity. reflexivity. reflexivity.
rewrite -> H. destruct ksl. destruct eo. destruct bsp.
reflexivity. reflexivity. reflexivity. reflexivity.

Qed.

Jlokazamenvcmeo ceoiicmea 3.

Theorem readyState: forall (avs bav ksl eo bsp ps bst: InSignal),
forall (state: ConvState),
avs=rz/\bav=rzAksl=rz/\Neo=rzAbsp=r1z /A
ps = zm /\ bst = rz /\ state = stop
-> calcState state (sg avs bav ksl eo bsp ps bst) = ready.

Proof.
intros avs bav ksl eo bsp ps bst state HO.
destruct HO as [Havs H1]. rewrite -> Havs.
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destruct H1 as [Hbav H2]. rewrite -> Hbav.

destruct H2 as [Hksl H3]. rewrite -> Hksl.

destruct H3 as [Heo H4]. rewrite -> Heo.

destruct H4 as [Hbsp H5]. rewrite -> Hbsp.

destruct H5 as [Hps H6]. rewrite -> Hps.

destruct H6 as [Hbst Hstop]. rewrite -> Hbst. rewrite -> Hstop.
reflexivity.

Qed.

oxazamenvscmeo ceoiicmea 4.

Theorem startState: forall (avs bav ksl eo bsp ps bst: InSignal),
forall (state: ConvState),
avs=rz/\bav=rz/ A ksl=rzANeo=r1rz/\bsp=1z/
ps =zm A\ bst = zm /\ state = ready
-> calcState state (sg avs bav ksl eo bsp ps bst) = start.

Proof.
intros avs bav ksl eo bsp ps bst state HO.
destruct HO as [Havs H1]. rewrite -> Havs.
destruct H1 as [Hbav H2]. rewrite -> Hbav.
destruct H2 as [Hksl H3]. rewrite -> Hksl.
destruct H3 as [Heo H4]. rewrite -> Heo.
destruct H4 as [Hbsp H5]. rewrite -> Hbsp.
destruct H5 as [Hps H6]. rewrite -> Hps.
destruct H6 as [Hbst Hready]. rewrite -> Hbst.
rewrite -> Hready. reflexivity.

Qed.

BouiBoa. Takum 00pa3om, hopManbHO TOKa3aHO, YTO MOCTPOCHHAS MPOTrpaMMHast
MOJIeNb paboThl KOHBEiepa COOTBETCTBYET 3alaHHBIM TPeOOBaHUSIM. Mojielb CHCTEMBbI —
910 QyHKUMs calcState, ee MOXXHO TIpeoOpa3oBaTh B MPOTPAMMHBIA KOJ Ha SI3bIKAX
Haskell, Ocaml (B HacTosilee BpeMsl CyIIECTBYIOT pa3pabOTKU TPAHCISIIMU KOJa Ha
s3pike Cog B xon Ha si3bike C, Hanpumep https://github.com/akr/codegen). 3To mo3so-
JSIET CO3/1aBaTh MPOrPaMMHbBIC MOIYIH ¢ (POPMAIIBHO JOKa3aHHBIMUA CBOWCTBAMH, KO-
TOpBIC B JajibHEHIIIEM MOTYT OBITh MCIIOIB30BaHbI KAK KOMIIOHEHTBI OOJiee KPYITHBIX
CHCTEM, PELIAIOIINX 3a]a4i, IePEUHCIICHHBIC B Hadase cratbi. OTMETHM, 4TO Tpe-
JaraemMasi B CTaTbe METOIMKA MOXKET MCIIOJIb30BAThCS TS OLICHKH aJIeKBATHOCTH MOJIe-
JH U MOJIEIIUPYEMOT0 OOBEKTa, IIPH ITOM PE3yJIbTaT ONPeeIseTCs JIUIIb TOJTHOTON
NPaBHIBHOCTHIO (HOPMYITHPOBAHHS CaMUX TPEOOBaHMUIA.

B Hauane craTbu OBUIM NEPEYHCIIEHBI CHCTEMBI, SKCIUTYaTHPYEeMbIe Ha JOOBIYHBIX
NPEIIPHUATHSX, U MOJIEIUPOBAHMS KOTOPBIX Xoporo rmoaxoasat KA. [Tomumo HuX
€CTb U JIpyrue: FeOMOHUTOPUHT [27, 28]; CHCTEMBI, B OCHOBE KOTOPBIX JIEXKAT aHAJI0r0-
BBIC MOJIENH (HAIIPUMEp, PErYIHPOBaHUe) U T. IT. HecMOTps Ha TO 4TO OCHOBHBIE acIeK-
TBI paOOTHI TAKUX CHCTEM HE MOTYT OBITH OIMCaHBI ¢ ToMombio KA, psn 3a1a4, Takue
KaK aBTOMaTH4ecKasi OJIOKMPOBKa, 3aINTa, ONPEAEICHHE COCTOSHUS CHCTEMBI, pella-
ercs gepe3 Moaenb KA.

Hpe}lCTaBHeHHBIﬁ B CTAaTbC METOA HE MOXKET HCIIOJIB30BATHCS KaK €ANHCTBECHHOC U
YHHUBEPCAIbHOE CPEICTBO ONPEICIICHUSI KOPPEKTHOCTH MPOrPAMMHOTO 00ECIICUSHHSI.
OH J0KEeH MPUMEHSITHECS COBMECTHO € APYTUMH MeTofaMu. Taxke HeoOX0IUMO oM~
HHUTH, YTO HAJIUMYHUC JOKa3aTCIbCTB CBOMCTB CHUCTEMBI HE J€J1acT €€ aBTOMAaTH4Y€CKU
KOPPEKTHOM, TaK KaK MX COCTaB MOXKET OBbITh HETIOJHBIM, a JIOKa3bIBAEMbIC TIOJIOKEHHS
(JIeMMBI U TEOPEMBI) MOTYT COJIEPKATh OIIMOKH B CBOMX (POPMYIHPOBKAX.
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Formally proving whether the software implementation of models applied
in instrumentation and control systems conform to the specified requirements

Eduard S. Lapin', Marat I. Abdrakhmanov!
! Ural State Mining University, Ekaterinburg, Russia.

Abstract
Research objective is to study the possibility to formally validate whether the model’s sofiware
implementation meets all the specified requirements of the systems, the model of which can be represented
in the form of finite-state automata.
Research relevance. At one of the first stages, the development of software for instrumentation and control
systems provides for the creation of the system model. The model is based on the terms of reference,
specification, and various a priori information. Most of the models for engineering systems in the modern
mining industry (conveyor systems, ventilation systems, etc.) can be described in terms of the finite state
automaton model. Such a model can be applied to solve diverse tasks. The next step is to implement the
model in whole or in part. In this context, the task arises to determine the model s software implementation
conformity to its initial description.
Results. One way to solve the task is to formally prove that the software model possesses the properties which
are provided in the specification (description) of the initial model. By the example of the mine conveyor
system, the paper illustrates the application of the method which consists in the software implementation
of the corresponding finite-state automaton model, forecasting whether the model possesses the properties
through theorems and their subsequent proof by applying special software.
Conclusions. Formal methods of specification, development, and verification of system models’ software
implementation together with other methods make it possible to improve the quality and reliability of
solutions under development.

Keywords: finite-state automaton, formal proof; testing; conformity to specification, model implementation
correctness; requirements formalization, Coq, automated theorem proving; mine conveyor system.
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