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Abstract: Deterioration of geological and mining conditions for underground extraction of coal deposits with in-
creasing depth leads to significant gas release into mine workings, reaching 45 m* or more per 1 ton of coal mined
at some mines. Existing standard methods for degassing of stressed coal seams often do not provide required degas-
sing efficiency of 50 % and more for rhythmic operation of production faces. In some conditions, open-hole degas-
sing efficiency of 30 % can be achieved, which allows to increase output per face up to 1,000 tpd with gas release
from seam up to 5 m*/min. However, at depths of 1,000-1,300 m and high-performance operation of longwall sets
of equipment, gas release can reach 170 m*/min that causes face stoppages due to gas hazard and slows down the
pace of stope development and stoping. In addition, preliminary seam degassing requires rather long time. Modern
achievements in the field of rock hydraulic fracturing are the basis for the development of low-energy safe and en-
vironmentally friendly technologies for degassing of stressed gas-saturated coal seams. The paper presents the find-
ings of our studies on hydrodynamic action (HDA) on a gas-saturated flat-lying coal seam and the developed meth-
od for degassing and reduction of gas-dynamic activity of stressed coal seams in mine workings. Chemical interac-
tion of some coal free radicals with water molecules and hydrolysis products has been revealed, resulting in for-
mation of stable compounds. This leads to decreasing concentration of coal paramagnetic centers (PMC) and sorp-
tion activity. Our mine tests have for the first time found hydrodynamic effects on geotechnical and gas-dynamic
processes in a coal mass during formation of a zone of intense gas release. Technology and layout for hydrodynam-
ic action-based degassing of gas-saturated flat-lying coal seams have been developed, providing for spatial and time
separation of seam degassing and coal extraction processes.

Keywords: boreholes, seam stress-strain state, hydrodynamic effects, coal seam degassing intensification, HDA
parameters, stressed seam degassing layout.

For citation: Gavrilov V. I. Development of a hydrodynamic method for degassing of gas-saturated flat-lying coal
seams. Mining Science and Technology. 2019;4(3):160-171 (In Russ.). DOI: 10.17073/2500-0632-2019-3-160-171.

Paspadorka cnocoda gera3anuu ra3oHaCbIIEHHBIX MOJOTMX YIOJbHBIX IIACTOB
THAPOAUHAMMYECKUM BO3/IeliCTBHEM

I'aspuiios B. U.

Nuctutyt reorexunueckor Mmexanuku um. H.C. [TonsaxkoBa HAH Ykpaunsl, J{nenp, Ykpauna,
><gawrilov.slawick@yandex.ru

AHHOTaNUS: YXYAIICHHE TOPHO-TEOJIOTMYECKUX YCIOBUH MOJI3EMHON pa3pabOTKU yroJMbHBIX MECTOPOXKICHUHN C
IyOMHOUM TIPHBOAMT K 3HAYUTEIBHOMY Ta30BBIJICIICHHAIO B TOPHBIC BBIPAOOTKH, KOTOPOE HA OTACIBHBIX IIaXTaxX
mocrturaet 45 M° 1 BbImE Ha 1 T no66ITOro yrimsa. CyliecTBYIOMEe HOPMAaTUBHBIE CIIOCOOBI JIeTa3aliy HalpsDKeH-
HBIX YTOJIbHBIX IJIACTOB 4acTO HEe 00eCIeurnBa0T HEOOXOMMOM JIsi PUTMHUYHOHN paOOThl OUMCTHHIX 3a00¢B 3 dek-
TUBHOCTH Jierazaryu 50 % u Beile. B HEKOTOPHIX YCIOBUSAX MOXHO TOCTHYB 3P(HEKTUBHOCTH CKBRKHHHOM Jiera-
sammu 30 %, YTO MO3BOJIAET YBEIMUYUTh HArpy3kKy Ha JyiaBy jno 1 000 T/cyT mpu ra3oBBIACICHHU M3 IUIACTa [0
5 m*/mun. OnHako Ha rayomHax 1 000—1 300 M MpH BBICOKOPOM3BOUTENBHOM PAGOTE OYMCTHBIX KOMIUIEKCOB
BBIZICICHHUE ra3a MOXKET H0CTHraTh 170 M®/MHH, 9TO MPHBOAMT K OCTAHOBKAM 3a60EB 10 ra30BOMY (BakTopy H
CACPKMBACT TEMIThI BEJICHUS OYMCTHBIX M TOJTOTOBHTEIBHBIX pa0boT. KpoMe Toro, mpeaBaputenbHas Jera3amus
TUTACTOB OCYIIECTBIISIETCS IOBOJIBHO MPOAOIDKUTENbHOE BpeMs. COBpeMEHHbIE JOCTH)KEHHS B 00JIACTH TUAPOPA3-
PYIIEHUS TOPHBIX TOPOJ SBJISIFOTCS OCHOBOHW I Pa3pa0OTKH MajIOdHEProeMKUX OE30MacHBIX M IKOJIOTHYCCKH
YUCTBIX TEXHOJIOTUH JIera3alliy HAIPSDKCHHBIX Ta30HACHIIICHHBIX YTOJBHBIX IUIACTOB. B cTaThe mpuBEnEHBI pe-
3yJABTAThl WCCIIECNOBAHUN BIMSHIS THApoAWHaMHYeckoro BosaeicTeus (I'/[B) Ha ra30HACHINICHHBIN ITONOTHI

EXPLOITATION OF MINERAL RESOURCES



User
Штамп


MINING SCIENCE
AND VOL. 4, N2 3 (2019) MISIS

National University of
Science and Technology

FOPHbIE HAYKWU U TEXHOJIOrMA

YTOJIBHBIN TUIACT M pa3pabOTKU Croco0a Jiera3anuyd U CHUKCHUS Ta30IMHAMUYECKON aKTUBHOCTH HANPSKCHHBIX
YTOJIBHBIX TUTACTOB B TOpHBIE BeIpaboTku I'JIB. YcTaHOBIEHO XMMHYECKOE B3aWMOJCHCTBHE YACTH CBOOOIHBIX
PaJAMKAJIOB YIJIsl C MOJICKYJaMH BOJIBI M MPOJTYKTaMH €€ THAPOJIN3a, B Pe3yIbTaTe KOTOPOTO 00Pa3yIOTCS YCTOMYHN-
BBIC COCJIMHEHUS, UTO MPUBOIUT K CHIDKEHUIO KOHIICHTPAIMU apaMarauTHeix rieHTpoB ([IMII) B yrie, u cooTseT-
CTBEHHO K YMEHBIIEHUIO COPOIMOHHOTO B3auMoOneHCTBH. [IIaXTHRIMH 3KCTIEpUMEHTAaMH BIIEPBHIE YCTAHOBIEHO
BIIHSTHHE THAPOIUHAMHYECKOTO BO3/ICHCTBYSI Ha MTPOTEKaHNE TEOMEXaHMIECKUX U Ta30JMHAMHYECKUX MIPOIECCOB B
YTOJIBHOM MAacCUBE NMPHU 00pa30BaHUM 30HBI MHTCHCHUBHOTO Ta30BbIACICHUs. Pa3paboTaHbl TEXHOJNOTUS M CXeMa
Jlera3allid Ta30HACKHIIICHHBIX TOJOTUX YTOJBHBIX IIACTOB THAPOJAMHAMHUYECKHM BO3JECHCTBUEM, MpEIyCMaTpU-
BaIOIIME pa3JielIeHNe B MPOCTPAHCTBE M BPEMEHH MTPOIIECCOB JOOBIYM YTIIS M IETa3allii TIACTOB.

KuioueBblie cjioBa: OypoBbI€ CKBKWHBI, HANPSKEHHO-IE(OPMHUPOBAHHOE COCTOSHHE ILIACTa, THAPOJAMHAMUYE-
CKOE BO3/CHCTBUE, HHTCHCU(MKAIIUS JIeTa3aluyd YTOJILHOTO IutacTta, mapamerpsl ['JIB, cxembl nerazanuu Hamps-
JKEHHBIX I1J1aCTOB.

Jas nurtupoBanus: I'aBpmnoB B. . Pa3zpabotka cioco0a fmerazanuy ra30HACHIIIEHHBIX MOJOTHX YTOJIBHBIX TITa-
CTOB THAPOTUHAMHUYECKUM Bo3aehcTBreM. [ opubie nayku u mexrnonozuu. 2019;4(3):160-171. DOI: 10.17073/2500-

0632-2019-3-160-171.

Introduction

Increasing depth and intensity of mining is
accompanied by increasing gas volumes in
mines, leading to increasing costs and decreasing
productivity and labor safety. The adverse dy-
namics of injuries from gas and dust explosions,
various manifestations of gas-dynamic phenom-
ena cause severe social and economic conse-
quences [1-3].

In modern conditions, gas release from be-
ing extracted seams can reach 45 m3/t and more.
It is impossible to ensure high level of coal pro-
duction without drastic reduction in gas release
into mine workings, first of all, from coal seams.
For cost-effective operation of a longwall set of
equipment, methane drainage efficiency should
be at least 50 %. The use of traditional methods
of methane drainage and reducing gas-dynamic
activity of coal seams based on drilling of me-
thane drainage boreholes has sharply decreased
with increasing mining depth due to decreasing
the radius of borehole effect. Seam methane
drainage efficiency can be slightly increased due
to active impacts on gas-bearing coal seams,
such as, for example, interval hydraulic fractur-
ing, two-stage pumping of liquid, hydro-pulse
treatment, etc. However, these local technologies

EXPLOITATION OF MINERAL RESOURCES

are very rarely used due to the complexity of
their implementation in constrained underground
conditions, high probability of water break-
throughs into mine workings and, most im-
portantly, the lack of time for painstaking and
large-scale work [4-7].

Scientists of the IGTM of NAS of Ukraine
have developed and introduced, at Donbass
mines, environmentally friendly and energy-
saving method of hydrodynamic action (HDA)
on a coal seam by working fluid (water) that re-
sults in redistribution of rock and gas pressure,
coal softening and, thus, methane desorption. On
the basis of the approach, standards-compliant
methods have been developed and introduced for
opening outburst-prone coal seams by crosshead-
ings and preventing coal-and-gas outburst in the
lower part of webs extracted by header units [8].

Gas-saturated coal seam stress relief by
hydrodynamic action results in increasing per-
meability, fracturing, and fracture joining into
filtration channels through which free and ad-
sorbed methane moves towards the borehole.
Notice that in this case the adsorbed methane is
contained in closed pores isolated from each oth-
er, and, in zones of maximum compressive
stresses, the seam transforms into a disturbed
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structure of the V type, in which the pore radii
are comparable to the sizes of the adsorbed mol-
ecules. Due to the hydrodynamic action, the coal
seam is disintegrated and part of the coal is ex-
tracted from the coal-rock mass. This leads to
decreasing load-bearing strength of the seam and
weakening of interlayer contacts in the roof
rocks that, when extracting the seam, ensures
uniform (without delays) development of strains
and eliminates manifestation of sudden coal-and-
gas outbursts [9].

The main idea of this study is to use the
revealed patterns of geomechanical and gas-
dynamic processes during hydrodynamic action
on a gas-saturated coal seam through under-
ground boreholes and the features of the pro-
cesses of gas release from the seam into under-
ground mine workings after carrying out preven-
tive work to determine effective parameters of
the method of HDA on flat-lying coal seams and
its implementation layout under mining condi-
tions.

To achieve this goal, the following prob-
lems are being solved:

— studying the reasons for the insufficient
effectiveness of the existing methods for a coal-
rock mass methane drainage and justifying the
prospects of the hydrodynamic action;

— revealing the patterns of geomechanical
and gas-dynamic processes during hydrodynamic
action on a gas-saturated coal seam through un-
derground boreholes and the features of the pro-
cesses of gas release from the seam into under-
ground mine workings after carrying out preven-
tive work;

— determining technological parameters of
the HDA method for flat-lying coal seams and
developing a promising process layout for coal
seam methane drainage by hydrodynamic action.

EXPLOITATION OF MINERAL RESOURCES

The study methods. Analysis of the effec-
tiveness of traditional mine methane drainage
methods; laboratory, mine studies and commer-
cial testing of the hydrodynamic method of coal
seam methane drainage using the method of sta-
tistical data processing; mechanical and geo-
physical methods of mine instrumental meas-
urements.

The study findings. The main methods of
methane drainage, their disadvantages and ad-
vantages are described in detail in the works
of A. T. Airuni, G. D. Lidin and other
authors [10-13].

The performed analysis of the traditional
coal mine methane drainage methods and means
effectiveness showed that:

— further increasing the production face
producibility is possible only if the problem of
controlling gas-dynamic condition of f coal-rock
mass is effectively solved,;

— traditional methods of methane control in
coal mines in situation of permanent intensifica-
tion of mining operations and extraction shifting
to ever deeper levels often can no longer provide
both large coal extraction and safe working con-
ditions. The effectiveness of seam underground
methane drainage is limited by the value of gas
drainage efficiency of 0.2 and can be slightly
increased by conducting active actions on coal-
gas bearing seam/series (for example, interval
hydraulic fracturing, gas-hydro-pulsed action,
etc.). However, these local technologies are very
rarely used due to their implementation complex-
ity in restrained underground conditions, high
probability of water breakthroughs in mine
workings and the lack of time for painstaking
and large-scale work;

— hydrodynamic method of methane drain-
age gas-saturated flat-lying coal seams requires
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theoretical and experimental substantiating stud-
ies, as borehole as extensive testing in mine con-
ditions.

Any, including technogenic, imbalance in
the coal-gas system leads to diffusion, filtration,
sorption-desorption processes and, most im-
portantly, to methane generation in a coal seam
[14]. The system destabilization is due to in-
crease or decrease in pressure. In this case, the
ratio of free and adsorbed gas changes. The ad-
sorbed-free transition of gas (and vice versa)
proceeds at different rates. Information on
changing the kinetic parameters is of great prac-
tical value for coal seam methane drainage and
decreasing its gas-dynamic activity.

The effect of hydrodynamic action on the
degree of coal seam methane drainage was stud-
ied using electron paramagnetic resonance (EPR)
method. The use of computer facilities during the
experiments and signal recording allowed reach-
ing much higher level of information content,
accuracy, and reliability of the information ob-
tained.

The experiments were carried out accord-
ing to proven techniques, providing for recording
superhigh-frequency energy absorption spectrum
by paramagnetic centers (PMCs) of coal under
normal conditions and at the moment of stabili-
zation at increasing pressure to 6 MPa [15-18].
Using the EPR-PC system made it possible to
record the transition process in time at high accu-
racy and survey its parameters.

The study of the Kkinetic parameters of
coal-gas interaction was carried out on coal sam-
ples taken from seams I, of PJSC "Mine named
after AF. Zasyadko" and I*& of Mine
"Sukhodolskoe-Vostochnoe" in the process of
applying the hydrodynamic action.

EXPLOITATION OF MINERAL RESOURCES

The transition process was approximated
by the exponential law being characteristic of
fast gas-dynamic processes in coal seams [19]:

t
I:IMCX—KN(l—eT],

where | is integrated intensity of EPR spectrum
of coal sample; li, is integrated intensity of the
initial EPR spectrum of the coal sample; Ky is
passivation factor, which reflects the percentage
of paramagnetic centers capable of interacting
with the gas in the coal, %; t is current time, s; T
is response time of the transition process, s.

The laboratory studies showed that hydro-
dynamic action results in decreasing concentra-
tion of paramagnetic centers in the treated coal
approximately 3 times compared with the initial
values. Hydrolysis of coal leads to rupture of
various bonds and the component composition
change. Cyclic mechanical effects result in rup-
ture of bonds in the aromatic ring of a coal mole-
cule. HDA obviously promotes coal interaction
with water molecules and its hydrolysis prod-
ucts, resulting in forming stable that, in turn,
leads to decreasing concentration of paramagnet-
ic centers in the treated coal and, corresponding-
ly, to decrease in sorption interaction (Table 1).

Thus, the hydrodynamic action affects the
intermolecular mechanochemical interaction of
coal and methane gas, the sorption properties of
coal, and increases the coal fracturing that finally
promotes the coal seam methane drainage.

Commercial-scale implementation of the
hydrodynamic action method of methane drain-
age and reducing gas-dynamic activity of gas-
saturated flat-lying coal seams 1, of PJSC Mine
named after A.F. Zasyadko and Is* of
Sukhodolskoe-Vostochnoe Mine are adequately
covered in [20-22].
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Table 1

Kinetic parameters of transient process of coal and gas interaction
after HDA in I, seam (3rd western belt heading)
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Fig. 1. Drilling pattern in the 23rd eastern inclined longwall
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Fig. 2. Change in degassing borehole flow rate at Picket53+1 m after HDA
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Fig. 3. Trends of geotechnical and gas-dynamic characteristics for I, seam in the process of HDA:
1 — acoustic emission; 2 — methane concentration increment

Five technological and four methane drain-
age boreholes were drilled in the conveyor drift
of the 23rd eastern inclined longwall of the
Sukhodolskoe-Vostochnoe Mine The layout of
the boreholes is shown in Fig. 1.

Observations showed that during the op-
eration of the underground boreholes, methane
drainage through them is uneven. After hydro-
dynamic action, increased methane drainage is
observed, which reaches maximum for 60-100
days, and then its gradual decrease occurs. Fig. 2
shows the results of measurements of a methane
drainage borehole flow rate after HDA at various
distances to a longwall.

After hydrodynamic action through a tech-
nological borehole, methane drainage in the me-
thane drainage borehole gradually decreases,
reaching minimum value when the longwall ap-
proaches 120-100 m of the borehole. This is ex-
plained by decreasing free methane content in
the seam and the support pressure influence.

With further approach of the longwall to
the boreholes, methane release through them
gradually increases due to redistribution of rock
pressure forces and development of an additional

EXPLOITATION OF MINERAL RESOURCES

fracture system due to the collapse of the roof
rocks.

Maximum values of methane release from
the boreholes were recorded when the longwall
was located at a distance of 15-20 m. After that,
the methane release from the boreholes decreases
until they cross the longwall face due to rapidly
increasing volume of fractures connecting the
boreholes to the longwall face, reducing the
amount of free gas in the coal and the methane
release directly into the longwall.

In total, more than 199 thousand m* of me-
thane were released from the technological bore-
holes. The average life of such boreholes was 60
days at average flow rate of 416 m3/day per
borehole; the amount of methane released from
one borehole was more than 25 thousand m®.

Hydrodynamic action on a gas-saturated
coal seam with periodic extraction of methane
and a part of the disintegrated coal from under-
ground boreholes leads to redistribution of
stresses in the rock mass, which is described by
the statistical characteristics of the dynamics of
acoustic emission (AE) activity [23]. In turn, the
change in the stress-strain state of coal and rocks
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has significant effect on the change in the gas
release intensity [24].

The change in the geomechanical state of
the coal-bearing mass was evaluated based on
the acoustic emission using sound-detecting
equipment (SCE). The seismic receiver installa-
tion method and its radius of action were deter-
mined according to [25].

Figure 3 shows the findings of monitoring
the nature of changes in geomechanical and gas-
dynamic processes in seam |y during three-time
hydrodynamic action through the technological
borehole drilled at Station42+5 m.

Analysis of the graphs shows the con-
sistent dynamics of the processes in the individ-
ual areas. General trend to delay of the local
maxima of the increase in methane concentration
in relation to the AE local maxima is observed.
For instance, in the first cycle, local maximum of

the acoustic emission intensity was recorded on
the third day, whereas local maximum of the me-
thane concentration in the air stream in the work-
ing was recorded on the sixth day. Similarly, af-
ter the second action cycle, performed 15 days
after the first action cycle, local maxima of the
methane concentration and AE activity were rec-
orded on the 17th and 21st days, respectively.
After the third action cycle on the 24th day, local
maxima of A and AE were recorded on the 27th
and 28th days, respectively.

Thus, the investigations of HDA influence
on the interaction of geomechanical and gas-
dynamic processes (in the same mining and geo-
logical conditions) showed time lag of the local
maxima of methane concentration in relation to
the acoustic emission maxima by 1-5 days. The
HDA effect on the processes is described by a
sextic polynomial.

Fig. 4. Arrangement of flat-lying coal seam degassing using hydrodynamic action
1 — separating strip; 2 — degassing borehole in a seam; 3 — degassing borehole in host rock; 4 — air governor; 5 — gas pipeline;
6 — cages; a — initial spacing of main roof breaks; b — spacing of main roof breaks;

——direction of intake air;
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— ———direction of return ventilation air
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Fig. 5. Calculation pattern for degassing borehole parameter determination

Based on the analysis of the conditions for
extraction of gas-saturated coal seams and the
studies findings, the promising Process Flow
Schematic (PFS) for seam methane drainage us-
ing the hydrodynamic action was developed. The
PFS provides for drilling, from development
workings or special niches, of technological
boreholes for coal and methane drainage bore-
holes for rock (Fig. 4).

Borehole drilling into a coal seam shall be
performed through the bottom rocks. The length
of the rock part of the borehole should be at least
10 m. The technological borehole parameters are
determined graphically taking into account the
seam thickness and dip angle, the distance to the
point of maximum support pressure, and the dis-
tance from the working bottom to the borehole
collar. Drilling of methane drainage boreholes is
performed through the roof rocks. The length of
sealed part of the methane drainage borehole is
determined by its length in the immediate roof
rocks, but should be at least 6 m. The methane
drainage borehole drilling parameters are deter-
mined by calculations (Fig. 5).

The angle between the seam roof and the
methane drainage borehole

m,+m
B =arctg —

™ degrees,
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where m_ — the basic roof thickness, m; m, — the
immediate roof thickness, m; I, — distance to the

zone of maximum support pressure, m.
Borehole length:

., =+/(m, +m ) +I2, m.
Methane drainage borehole angle up the
plunge:

m, +m

o, =P +a, =arcty " +o,, degrees,

where o, — seam dip angle, deg.

Methane drainage borehole angle to the
dip:
m, +m

as, =B—a, =arctg "o, degrees.

3

Depth of sealing of methane drainage
borehole:
I

H

“sinB’

r

After borehole casing with steel pipes
102-114 mm in diameter and sealing it, the mod-
ified ZVD200/4 gate valve with control mecha-
nism and a remote control panel is installed on
the casing mounting flange. The hydrodynamic
action parameters are given in Table 2.
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Table 2
Parameters of the method for flat-lying coal seam degassing intensification
Item Quantity

Methane drainage borehole diameter, mm > 76
Methane drainage borehole diameter in sealed part, mm > 150
Methane drainage borehole length within coal, m > 20
Methane drainage borehole length within rock, m Calculated
Depth of sealing of methane drainage borehole, m >6
Fracturing fluid feed pressure, MPa <5
Residual pressure in the borehole after pressure relief, MPa 0
Volume of liquid discharge in the end of each cycle, m* 0.3-1.0
Coal recovery factor >0.01
Efficiency of methane drainage 0.3-0.8

When the ZVD200/4 gate valve is closed,
the main pump feeds water through the borehole
into the coal seam until the working pressure is
reached, then the gate valve opens and the pres-
sure is released to the value that determines the
required pressure difference in the seam. As a
result, water is discharged from the borehole
along with the ruptured coal and free and de-
sorbed gas (methane). The cycles of pressure rise
and relief are repeated until the particles of the
ruptured coal are thrown out the borehole or
when the required amount of coal and gas ex-
tracted from the treatment zone is reached. After
HDA completion, the flange of the corrugated
gas outlet hose of the methane drainage system is
installed on the mounting flange of the casing.

Conclusions

As a result of the mine research of the
method for methane drainage of gas-saturated
flat-lying coal seams by hydrodynamic action,
the following is established.

1. The currently used standard methods for
methane drainage of gas-saturated coal seams at
great depth often do not provide required me-
thane drainage efficiency of 50% and more to
ensure rhythmic operation of production faces.
This results in decreasing rate of development
and stoping work.

2. For the first time, the influence of hy-
drodynamic action on the degree of methane
drainage of gas-saturated seams was revealed.
Effect of pressure decreases the content of active

EXPLOITATION OF MINERAL RESOURCES

paramagnetic centers (capable of interacting with
methane) in coal that, in turn, decreases bounda-
ry sorption capacity of the coal substance. To
evaluate the duration of sorption and desorption
interactions in coal — gas system, it is proposed
to use the transient process time indicator Ty,
which characterizes the substance fracturing
(broken condition).

3. The synchronous nature of the change in
geomechanical and gas-dynamic behavior of
coal seam after the hydrodynamic action (HDA)
was established. Our studies showed time lag of
the local maxima of methane concentration in
the working air stream in relation to the acoustic
emission maxima by 1-5 days.

4. Intensive gas release from underground
boreholes after HDA is affected by the tempo-
rary support pressure of the approaching
longwall. As the longwall approaches, methane
flow rate of the boreholes initially decreases, and
then increases sharply, reaching maximum at the
distance of 25-15 m from the boreholes. Later,
during underworking of the boreholes, the me-
thane release from them decreases due to me-
thane release immediately into the longwall and
mined-out space.

5. The technology and method for intensi-
fying methane drainage of flat-lying gas-
saturated coal seams have been developed; the
method parameters allowing achieving methane
drainage efficiency of 30—70% in the treated are-
as have been determined.
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OcHoBHbIE (haKTOPBI HEOJIATONPUSITHOTO BO3/1€HCTBUS HA OKPY-KAIOIIYIO Cpexy
NAeITeJIbHOCTH KAJMHHOI0 MPOU3BOACTBA U CIIOCOOBI €€ 3al[UThI

Broicoukas H. A., [Tuckynx E. B.

3akpeiToe akimonepHoe odbmuiectBo «Conuropckuit UuctutyT npobiem pecypcocoepesxerust ¢ OnbITHBIM
pou3BoacTBOM», Conuropck, Munckas 06s1acts, Pecriyonuka benapycs,D<lonti@sipr.by

AHHoTauus: B HacTosmmee Bpemst HeOIAronpusITHEIM (aKTOPOM TSI OKpYsKaroiiei cpeabl B COTMIropcKoM ropHoO-
NPOMBIIIIEHHOM paifoHe SBISETCS BIMSHUE MOJ3EMHBIX TOPHBIX pa0OT Ha penbed W JaHamadTHYIO0 0OCTaHOBKY.
OTMedeHo, 4TO MOATOIJIEHHE U 3a00JlauMBaHME Ha MOAPa0aThIBAEMOM TEPPUTOPUHM LIAXTHBIX IMOJICH KalIWHHBIX
PYAHHKOB CBSI3aHO CO CIEUU(PUUECKHMMHU MPUPOAHBIMU YCIOBUSIMH pailoHa. M3BeCTHO, 4TO TJIIMHUCTO-COJICBBIE
IIUIaMBI CKJIAAMPYIOT B IIaMoxpaHminiiax. C 1enpio npeaoTBpalieHus] PUIBTPALUN PaccoyioB U AU(QY3MOHHOTO
ITPOHUKHOBCHUA coJieH B MOACTUIIAIOMIUEC I'PYHTHI U TPYHTOBLIC BOJAbI MU HEAOIMYHICHUA TCM CaMbIM 3aCOJICHUS I'€O-
JIOTHYECKOM Cpelibl B paifoHax pa3MeEILeHHs COJICOTBAIOB U HA OTKOCAX OTPaXKAAOIINX 1aMO ycTpauBaeTcs NpoTH-
BOQWIBTPAIMOHHBIN 3KpaH. OTMeUeHO, YTO B MOcHemHue ToApl Ha pynoympasineHusx OAO «bemapychkamuiinn
IHUPOKO HMCIOJB3YCTCA TEXHOJIOTWA BBICOTHOT'O CKIAAUPOBAHHA TBCPALIX OTXOHOB, YTO IIO3BOJIACT COKPATHUTDH
IUIOIA/IM, 3aHMMAaeMble IO/ COJICOTBaJbl. B mensX NpeaoTBpalleHus] M JIMKBUAALMU H30BITOUHBIX PAaccoJiOB
B OAO «benapycpKkanuit» BHEIPEH CIIOCO0 OMOIOTHYeCKON PEeKyIbTUBALMN OTPAOOTAHHBIX MIIAMOXPAHWIIAII, YTO
MpelycMaTpUBaeT CO3JaHNe PAaCTUTEIBHOTO TIOKPOBA Ha IIOBEPXHOCTH [TOYBEHHO-TPYHTOBOTO CJIOSI M YCIIOBUM AJIs
€ro camMoBoccTaHOBJIeHHUsA. OnpeneneHo, 4To €cTh MATh CTENeHel 3arpsA3HeHus MoA3eMHBIX BoJ COIUTOpCcKOro
npoMpaiioHa: HU3Kasl, CPEOHs, NEPUOJUUECKH BBICOKAs, BBICOKAs, KaTacTpouyecku BbIcOKasi. OTMEUEHO, YTO Ha
pacTUTENbHBIA U KUBOTHBIA MHUP B paliOHE NEATEIBbHOCTH KAIMUHBIX NPEAIPUATHN OTPULATEILHOE BO3JEHCTBUE
OKa3bIBAIOT B OCHOBHOM cJIeyIoNIHe (GaKTOPhl: U3bATHE 3eMellb O/ MPOMILIONIAKH, COJICOTBANBI U IIaMOXpa-
HWIHUILA U, KaK CJICJICTBUE, COKPALICHUE TUIOLIAIN PACTUTEIBHOTO OKPOBA; 3aTOIICHHUE, OATOIUIEHHE 1 3aboa-
YHBAaHUE 3€MeJIb BCIIEICTBUE OCEJaHUs 3eMHON MMOBEPXHOCTH HaJl OTPaOOTaHHBIMHM FOPHBIMH BBIPAOOTKaMHM; 3aCO-
JIeHHEe U30BITOYHBIMH paccojiaMu MpUWJICTaroIIuX K NpCAnpUsITUIoO TeppnTopHﬁ; BJIMAHUEC IMPOMBIIIJICHHBIX IIbLICTa-
30BBIOpOCcOB. OHUM U3 CPeaCTB OOPHOBI C 3aCOJNCHUSAMH MOUBHI SIBJISIETCS] CO3AaHUE JECO3AIUTHBIX IOJIOC.

KnroueBble cj10Ba: IIaMOXPaHWIHUILE, TOPHOIPOMBILUIEHHBIH PaliOH, TPYHTOBBIE BOJbI, M30BITOYHBIN paccod,
CTETeHb 3arps3HeHNs, TIOJ3eMHBIE BOJIbI, TIIMHUCTO-COJIEBOI 3KpaH.

Jns uurupoBanus: Beiconkas H. A., [Tuckyn E. B. OcHoBHBIE akTOpBI HEOIATOMIPHUATHOTO BO3/ICHCTBUS Ha OK-
PYKAIOLIYIO Cpeny ACATEIbHOCTH KAJIMITHOTO MPOU3BOJICTBA U CIIOCOOBI €€ 3aIUUThI. [ OpHble HAYKU U MEeXHOIO0SUU.
2019;4(3):172-180. DOI: 10.17073/2500-0632-2019-3-172-180.

The Main Factors of Adverse Environmental Impact
of Potash Production and Methods of Environmental Protection

N. A. Vysotskaya, E. V. Piskun

Closed Joint-Stock Company Soligorsk Institute for Resource Saving Problems with Pilot Production,
Soligorsk, Minsk Region, Republic of Belarus, D<lonti@sipr.by

Abstract: Currently, an adverse environmental factor in the Soligorsk mining district is the effect of underground
mining on the terrain and landscape. The remarkable thing is that flooding and waterlogging in the undermined ter-
ritory of the potash mine fields is connected with specific natural conditions of the district. Clay-salt tailings are
known to be stored in salt tailings piles. To prevent the filtration of brines and diffusive penetration of salts into un-
derlying soil and groundwater and thereby prevent salinization of geological environment, in the areas where salt
tailings piles are located and on the slopes of bund walls, an impervious screen is arranged. It was noted that in re-
cent years, Belaruskali OJSC’s ore departments have been widely using high-altitude solid waste piling method,
which reduces the area occupied by salt tailings piles. To prevent and eliminate excess brines, Belaruskali intro-
duced a method for biological reclamation of spent salt tailings piles, which provides for creation of vegetation on
the soil layer surface and the conditions for its self-regeneration. Five degrees of groundwater pollution in the
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Soligorsk industrial district were distinguished: low, medium, periodically high, high, and catastrophically high. It
was found that the following factors have negative impact on flora and fauna in the district where potash enterprises
operate: land acquisition for industrial sites, salt tailings piles and TSF and, as a result, reduction in the area of veg-
etation cover; flooding and waterlogging of lands due to subsidence of the earth's surface above the worked-out
mine workings; salinization of territories adjacent to the enterprise by excess brines; impact of industrial dust and
gas emission. One of salinization control measures is creation of forest shelter belts.

Keywords: salt tailings pile, mining district, groundwater, excess brine, degree of pollution, clay-salt barrier.

For citation: Vysotskaya N. A., Piskun E. V. The main factors of adverse environmental impact of potash
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B Hacrosimee Bpems benapych BXOAMT B
NEPBYI0 MATEPKY KaIMHIPOU3BOASIIMX CTpaH
Mupa. TeMIbl TOPHOIPOMBIIUIEHHOTO OCBOEHHUS
CTapoOMHCKOTO MECTOPOKIEHUS KAIUWHBIX CO-
Jed HEraTMBHO CKa3aJuCh Ha €CTECTBEHHOU
NpUPOAHON o0cTaHOBKE 3TOrO peruoHa. Ilox-
3eMHasi 100bIYa CHIIBBUHUTOBOM pyasl Ha Cra-
POOMHCKOM MECTOPOXKIECHUU BEAETCS MEXaHH-
3UPOBAaHHBIM CIOCOOOM Ha BTOPOM U TPETHEM
(JacTUYHO Ha TMEPBOM) MPOMBIIIIEHHBIX TOPHU-
30HTax Ha rmyouHax 400...500 m u 600...1000 m
COOTBETCTBEHHO.

Hannume G0nbIIMX MOIMHOCTEH KaauHHO-
ro npousBojacTBa B CoNUTOpcKOM paiioHE C €ro
OTPOMHBIMH 00bEMaMHU OTXOJ0B 00YCIOBIMBAECT
HEOOXOUMOCTh JI€TAIbHOTO HCCIIEOBAHUS JIH-
HaMUKHU Ka4eCTBa IPYHTOBBIX U MEXKIUIACTOBBIX
BOJ. B 3aBUCHMMOCTH OT KOHIIEHTpAllMM BEIIECTB
TEXHOT€HHOT'O0 MPOUCXOXKJECHUSI U CAHUTAPHBIX
HOPM, MPUHSTHIX ISl TUTHEBBIX BOJ, HA TEPPHU-
TOpPUM paiioHA BBIIENIEHbl YYacTKH C HHU3KOH,
CpeaHen, MEePUOJIMYECKA BBICOKOM, BBICOKON M
KaTacTpo(UYECKH BBICOKOW CTENEHBIO 3arps3-
HEHUS TPYHTOBBIX BoJ [1].

Ocenanue 3eMHOM NOBEPXHOCTH M M3Me-
HEHHE YPOBHEBOI'0 pPeKMMAa IPYHTOBBIX BOJ.
Becbma HeOmaronpusiTHIM (HakTOpoOM i OK-
pyxatomieil cpeasl B ColnMropckoM TOpPHOIIPO-
MBIIJIECHHOM paloOHE SIBISETCS BIUSHUE TMOJI-
3eMHBIX TOPHBIX pabOT Ha penbed U JaHamadT-
HYI0 00CTaHOBKY pailoHa BCJIECTBUE OCEHAAHUS
u 1edopmanriv 3eMHON TOBEPXHOCTH.

Ocenanue MOBEPXHOCTU 3€MJIM HAJl OTpa-
OOTaHHBIMHM TOPHBIMU BBIPAOOTKAMHU, HAUMHAIO-

mreecst yepes 1...2 roya nocsie BEIEMKH MOJIE3HO-
r0 UCKOMAeMOro, JOCTHTaeT KOHEYHOW BEIHYU-
Hbl 3,5...4,5M npu OTpabOTKE OBYX KaTUIHBIX
TOPU30HTOB.

NHTeHcMBHOCTL  Tpoliecca  CABMIKCHHUS
3€MHOW TTOBEPXHOCTH 3aBUCHUT OT MPHUMEHSIEMBIX
CHCTEM pa3palbOTKH, TIIYOMHBI BEIACHUS TOPHBIX
pabot u mopsinka otpaboTku 1wiactoB. [loaromn-
JeHrue W 3a0oylayMBaHUE Ha MOJpadaTHIBAEMOM
TEPPUTOPHUU IIAXTHBIX IMOJIEH KaJUHHBIX PyIHU-
KOB CBSI3aHO TaK)Ke€ CO CIEU(PHUUHBIMU MPUPOJI-
HBIMM YCIIOBUSIMU paiioHa [2, 3].

30Ha 3aTomuieHusi oOpa3yercs Ha Haubo-
Jee MOHMKEHHBIX B penbede yuactkax [4, 5]. B
mpeaenax MECTOPOXKACHUS K HEH OTHOCSTCS
npuOpex)Hast 30Ha BOJOXPAHUIIUIIA, JOJIUHBI PEK
Pyrkn m CuBenbru m 10KHasi 4acTh HIAXTHOTO
nonst 4-ro pyapoymnpasinenus (PY). 3atorienue
3eMeNb 3/1eCh BO3MOXHO TJIaBHBIM 00pa3om
TPYHTOBBIMH M PEYHBIMU BOJIAMHU.

K 30He 32001a4MBaHUsA OTHOCUTCS YaCTh
1oJipabaThIBaeMOil TEPPUTOPHHU C NEPEXOTHBIMU
dbopmamu penbeda, CloKEHHasT BOJOMPOHUIIAC-
MBIMH OTJIOKCHHSIMA W XapaKTePU3YIOIIAsCS
rITyOMHOW 3ajeraHdsi TPYHTOBBIX BOJI, TPEBHI-
nraroreit amrumtyy ocemanus Ha 0,1...0,2 m [6].
ITo cpaBHEHMIO C TIEPBOIl BpeIHOE BIUSHHUE TOP-
HBIX pa3pabOTOK 3/1eCh MPOSBISIETCS B MEHbINEH
CTENEHU M 3aKI0YaeTcsl TOJBKO B 3a00jaunBa-
HUU MECTHOCTH.

3oHa mnoaTONMJIEHMSI OXBaTbiBaeT Oojee
BO3BBIIICHHBIE YYaCTKH, B Mpenaerax KOTOPBIX
riyOWHa 3aJIeTaHusl YPOBHS TPYHTOBBIX BOJ KO-
nebnercs B npenenax 1,0...2,0 M BbIllle amMIuIn-
TyIbl ocefanusi. BpeaHoe BIMsiHUE TOPHBIX pa3-
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paboTOK B HEW MpOSBIAETCA €IIe B MEHbIIEH
CTENEHM M 3aKJII0YaeTcs JUIIb B IOATOIIEHUU
(GyHIaMEHTOB M TOJIBAIBHBIX TOMEIICHUH 37a-
HUW U COOPYKEHUH.
Hlnamoxpanunuma. Ha  kanuitHbIx
NPEANPUATHIX CYIIECTBYET LIJAMOBOE XO35MCT-
BO — KOMIUIEKC COOPYKEHUU U 00OpyIoBaHMs,
NpeAHa3HAYEHHbIM s

TPAHCIIOPTHUPOBAHUS IIJIAMOBBIX OTXOJ0OB K MCC-

TUAPaBIMYCCKOI'O

Ty UX CKJIQJIUPOBAHUS U XpaHEHUSs, TUIPaABIHYE-
CKOM YKJIQJIKH IIJIAMOBBIX OTXO/0B U 00OPOTHO-
r0 BOJIOCHAO)KEHUS 00OraTuTeNbHONW (hadpuKw.
B xomMmmiekc coopyKeHHH BXOIAT U IUIAMOXpa-
Husmma [7].

['MuHUCTO-COMNEBBIC IIIAMBI CKIAAUPYIOT B
nuamoxpanmiuiax. C menpio mperoTBpaleHus
dbunbpTpanuu paccoioB U AUGGY3MOHHOTO MPO-
HUKHOBEHUS COJIEH B MOJACTUJIAIOIINE TPYHTHI U
TPYHTOBBIE BOJIbI M HEJIOMYIIEHHE TEM CaMbIM
3aCOJIEHUsI T'€OJIOTMYECKOW Cpelpl B pailoHax
pa3MelIeHHs COJIE0TBAIOB U HA OTKOCAX Orpax-
Jaronmx AaMm0 ycTpauBaeTcs MPOTUBODUIIBTpA-
LUOHHBIN 3KpaH [§].

HauOonpiiee pacrnpocTpaHeHHE INpH CO-
opyxxenun nuiamoxpanwiniy B OAO «bena-
PYCBbKaIui» MOJY4YUSIO MPUMEHEHUE JIBYXCIOMU-

HOTO NMPOTUBODUIBTPAMOHHOIO 3KpaHa U3 I10-
JMSTUICHOBOM IUICHKH, CTa0MIM3MPOBAHHON
Ca)kel, C 3alUTHBIM CJIOEM M3 MECTHOTO CBIITY-
4yero (CyrJIMHUCTOrO) TpyHTa TOdMHON 0,5 M
(0,8 M mis mam0) ¢ 3aKiIagKON JHHINA MITAMO-
xpanwmma Ha 1,0 M u OoJsiee BhINIE 3epKajia
TPYHTOBBIX BOJ, ONPEAEICHHOI0 C YYeTOM MakK-
CUMAJIbHOM  aMIUIUTYABl OCEJaHUs 3EeMHOIl
MOBEPXHOCTH HA KOHEI[ Ipolecca CIBHKEHUS.
[Ipn 3TOM IUIEHKa YKJIaAbIBA€TCS HEIOCPENCT-
BEHHO Ha CIUIAHUPOBAHHYIO U YKAaTaHHYIO IO-
BEPXHOCTh OCHOBAHUS MIJAMOXPAHUJIHUI U BEp-
XOBBI€ OTKOCHI OTPAXAAIOUIMX Jam0, CI0XKEH-
HBIX €CTECTBEHHBIMH IE€CYaHBIMHU WJIU Cylecua-
HbIMH TpyHTamMu. OTMeTKa 3aJ0KEHUs MPOTHU-
BOMMIBTPAIIMOHHOTO HKpaHa B OCHOBaHUE IIlIa-
MOXpaHWIUIIA TI0 OTHOUICHHIO K YPOBHIO TPYH-
TOBBIX BOJI HOPMAaTHBAaMH HE PErIAMEHTHPYETCS.
B kax/10M KOHKPETHOM CiIy4yae OHa ONpeeIiseT-
Csl, HUCXOAS U3 TeO0JIOrO-TUAPOTre0IOTUYECKUX
YCJIOBHM y4acTKa CTPOUTENILCTBA U MHKEHEPHO-
Te0JIOTUUECKUX CBOWMCTB CIArarolIuX €ro mopoj,
HO, KaK NpaBWJIO, OTMETKa Bepxa IJIEHOYHOTO
JKpaHa He MeHee ueM 1,0 M BbllIe 3epKajia rpyH-
ToBbIX B (puc. 1) [9].
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Puc. 1. IIporuBopnIBTPALIOHHBIH IKPaH, yCTPAMBAEMbI B OCHOBAHHY IIJIAMOXPAHHJIUII
Ha OAO «beapycbkannii»:
1 — noacTHNatomye YILIOTHEHHbIE (YKaTaHHbIE) cynecyaHble (CyrJIMHUCTbIE) TPYHTBI; 2 — CTa0WIN3NPOBAaHHAs CaXKer
TOJIMATUIICHOBAS TIJIEHKA; 3 — 3alUTHBIA CIIOW M3 MECTHOTO CyNecYyaHoro (CyrJIMHUCTOTO0) TpyHTa ToimuHoi 0,5 M; 4 — muia-
MOBBIE TPYHTHI (TBepAas asa, BbINABIIAs B 0CAIO0K M3 INIMHUCTO-COJIEBBIX [IUIAMOB); 5 — OCBETIICHHBIE PacCOJIbl

Fig. 1. Impervious screen arranged in the base of salt tailings piles at JSC Belaruskali:
1 — underlying compacted (rolled) sandy loamy soils; 2 — polyethylene film stabilized with black; 3 — protective layer of local
sandy loam soil 0.5 m thick; 4 — sludge soils (solid phase precipitated from clay-salt sludge); 5 — clarified brines
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3arpsizHeHue arTmMocepHOro BO3ayXa.
Xpansmuecs Ha TOBEPXHOCTH 3EMJIH COJICBBIE
OTXOJIbI TOJBEPTarOTCs arpecCUBHOMY BEHIIIETA-
YUBAIOIIEMY BO3JCHCTBHIO aTMOC(EPHBIX OCaJl-
KOB, BBITIQ/IAIOIINX HA HE3ANIUIICHHYIO MTOBEPX-
HOCTH COJICOTBAJIOB W IIJIAMOXPAHMIIUII ¢ 00pa-
30BaHHWEM M30BITOUHBIX PACCOJIOB Ha IIpejerie
HACBIIIEHHS MUHEpaJu3anuen
10 340...350 r/n. 'omoBoe yBenu4eHHE UX 00B-

COJLIMHU C

€Ma CBS3aHO C YBEJIMUYEHUEM IUIOLIAAEeH CKIaIU-
poBanus orxomoB [10]. Dt obcrosTenbcTBa
BBIHY)KJAIOT ~ MPOBOJUTH  MEPONPHUATUS IO
YMEHBILECHUIO IUIOIAJACH H3bIMAEMbIX U3 CEJlb-
CKOXO35IIICTBEHHOr0 000poTa 3eMelb AJIs CKJa-
JUPOBaHUA coJe0TX010B. [Ipu ux coopyxeHuu B
OCHOBAHUHU T'OTOBST JIOKE C IMPUMEHEHUEM ILIe-
HOYHBIX 9KPAHOB.

B nocnenHue roapsl Ha pyaOyHpaBlIECHUSX
OAO «benapycbkauii» IUPOKO UCHOIb3YETCS
TEXHOJIOTHSI BBICOTHOTO CKJIaJWPOBAHUSI TBEP-
JBIX OTXOJIOB, YTO MO3BOJIIET COKPATUTh ILIOIIA-
11, 3aHUMaeMble MOJ] COJIEOTBAIBI.

B nensx mpenoTBpaiieHUsl MOSBICHUS U
JUKBUAAUMU  M30BITOUHBIX  paccolioB B
OAO «benapycpkanuii» BHeApeH crocold Ouo-
JOTMYECKOW  PEKYJIbTUBALMM  OTPabOTAHHBIX
[JIAMOXPaHWIUI, YTO IMPEeTyCMaTPUBAET CO3/la-
HUE PACTUTEIHHOTO IOKpOBAa Ha MOBEPXHOCTH
MOYBEHHO-TPYHTOBOI'O CJIOSI U YCIOBHUH JJi €ro
CaMOBOCCTaHOBJICHUSI.

buonorudeckass pexkyiabTHBaLus OTpado-
TaHHBIX [UIAMOXPAHWIUI KaJTUHHBIX MpeInpu-
SITUH ocyllecTBsieTcs B ABa Tana [11]:

1) ropHOTEXHUYECKHI — MOJArOTOBKA IO-
BEPXHOCTEH NUIAMOBBIX TPYHTOB C TpeABapu-
TEIbHBIM yJIaJIeHMEM paccojOB, HaHECEHUE Ha
HUX MPOTHUBO(PUIBTPALMOHHOTO U MPOTUBOIU(-
(Gy3MOHHOTO JKpaHa U MOYBEHHO-TPYHTOBOTO
CI1051;

2) coObCcTBEHHO OMOJIOTHYECKUH — arporex-
HUYECKUE MPUEMBI TOATOTOBKU MOYBHI, TIOCEB U
BbIpaIlliBaHNE KOPMOBBIX TPaB.

["'opHOTEXHUYECKOMY 3TaIly MPEIIECTBYET
U3y4eHHE BEILECTBEHHOTO U MEXaHUYECKOIO CO-
CTaBa LUIAMOBBIX I'DYHTOB PEKYJIbTHBHUPYEMOIO

LNUIAMOXPAHWINING, a TaKXKe HX HHXKCHEPHO-
re0JIOTHYECKUX CBOWCTB.

I'opHOTEXHMUYECKUI 3Tall PEKYJIbTUBALUU
BKJIIOYAET ClEAylole pabodyue IMPOLEcCHl
[12,13]:

1) ynaneHue U30BITOYHBIX PACCOJIOB C IO-
BEPXHOCTH IIJITAMOXPAaHUJIMILA AJI €CTECTBEHHO-
I'0 OCYLIEHMsI IOBEPXHOCTH IIJIAMOBBIX TPYHTOB;

2) NOJArOTOBKA IOBEPXHOCTH IIIAMOBBIX
TPYHTOB JUIsl YKJIAJKU MOJIU3TUIEHOBOTO MTOKPBI-
TUs (IJIAHUPOBKA, CO3JaHUE YKIIOHOB U JIp.);

3) yCTpOMCTBO TOJMHMATHICHOBOTO TOKPHI-
TUs (3KpaHa) Ha MMOBEPXHOCTU IIJIAMOBBIX TPYH-
TOB;

4) HaHEeCCHUE IMOBEPX MOJIUITUICHOBOIO
MOKPBITHS TPYHTOBOT'O CJIOS;

5) HaHeceHHe IMMOYBEHHOIO CJOS Ha II0-
BEPXHOCTb I'PYHTOBOTI'O CJIOS;

6) KOHTPOJIb Ka4yecTBa W MPUEM BBIOJI-
HEHHBIX PadoT.

buonoruueckass pexkyiabTHBAIUS SBISETCS
3aBepLIAIOIIMM 3TallOM BOCCTAHOBIIEHUS Hapy-
LICHHBIX NUIAMOXPAaHWIMIIAMH 3€MENb U BKIIIO-
4aeT KOMIUIEKC arpOTEXHUYECKUX IPHUEMOB,
OCYILIECTBIISIEMBIX IIOCIIE TIPOBEIACHMSI TOPHOTEX-
HUYECKOT0 dTana pexyabsTtusanuu [ 14, 15].

Kanuitneie npennpustus OAO «bena-
pycbKauii» umeroT 637 UCTOYHUKOB IbLIEra3o-
BBIOpOCOB B aTMoc(epy, U3 Hux 556 opraHuzo-
BaHHBIX. B CymMIbHBIX OTHENeHusxX oboraru-
TeJIbHBIX (aOpUK U 1iexXaxX TPaHyJSLUHU XJIOpH-
CTOTO KaJHsi 00pa3yroluecs: MbLIera30BbIOPOCH
MPOXOJAT CYXYH U MOKPYIO CTAaJUU OUYUCTKH.
Bce pynoymnpaBieHHsl U KOTEJIBHBIE HE IIPEBBI-
LIaI0T YCTAaHOBJIEHHbIE HOPMATHBBI Ha BBIOPOC
BpPEIHBIX BEHIECTB B atMocdepy (MmpeaenbHo A0-
nyctumbie BeIOpockl, [1/IB). O6mmuit o0beM BbI-
OpaceiBaeMbIX B aTMmocepy ra3000pa3HbIX Be-
mecTB coctaisier = 25,0 Teic. T B roa [16]. Pa-
JUYyC BBIMAJEHUS COJIEBOM MBLIM OT MCTOYHMKA
BbIOpoca (IPOMIUIOLIAKM  PYIOYIIPABICHUA)
COCTABJISIET B CPEIHEM 2 KM, & MAKCUMAJILHOE €€
KonmyecTBO — B pamuyce 0,5...1,0 km. OOmas
IUIOIIAJb 3€MENb, IOJBEPKEHHBIX 3aCOJICHUIO
OCEeJaloNIe COJIEBOM TMbBUIBIO, BOKPYT pPYIO-
ynpasiennii cocraBmiia okoso 1 000 ra.
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CreneHb 3arpsi3HeHUs MOA3EMHBIX BOJ
CoMropckoro ropHONpPOMBILJIEHHOTO Ppaii-
oHa. Hu3zkasi creneHb 3arpsi3HeHMsl YCTaHOB-
JIEeHA Ha y4YacTKaX, I XO3sHCTBEHHAs JIeATElNb-
HOCTh CBEJICHA K MUHUMYMY, @ YPOBEHb XUMHU-
4yecKkor TpaHchopMaluu BEepXHEH dYacTH TOJ-
3eMHOM THUAPOChEpPHl ONPENeAETCs JIMIIb aTMO-
chepHbIM TpaHCTPAaHUYHBIM MEPEHOCOM 3arpss-
HAIOMUX BemecTB. K 3TUM ydacTkaM OTHOCATCS
B OCHOBHOM JIECHBIE MACCHBBI B IOKHOH MOJIO-
BHHE PAlOHA, Ile XUMUYECKUM COCTaB U MHUHE-
panu3anusi TPYHTOBBIX BOJI MPAKTHYECKU COOT-
BETCTBYIOT €CTECTBEHHOMY (JOHY HJIU HE3HAYH-
TEJIBHO MpEeBbIAaT ero. O0Imas miIomnamb 3TUX
YYaCTKOB COCTaBIISIET OKOJ0 39 % oT miomanu
Conuropckoro paiioHa.

Cpeansisi cTeneHb 3arpsi3HEHHMsl TPYHTO-
BBIX BOJ] XapaKTEPHU3YeTCs MOBBIIICHHBIMU KOH-
HEHTpaIUsIMA XUMHUYECKUX BEIIECTB, IPEBbI-
HIAIOUUMHU X €CTECTBEHHBIN (DOH, HO HE TOCTHU-
ralolMMU TPEIeTbHO JOIMYCTUMON KOHIICHTpa-
nun (ITAK) nms muThbeBBIX BOJA. YYacTKU C Ta-
KHM YPOBHEM 3arpsi3HEHHS PacloJIOKEHbl BIAIH
OT HauOoJee OMacHBIX HMCTOYHHKOB 3arpsizHe-
HUS, T/Ie UX BiusHUE ociabeBaer. K HUM OoTHe-
CEHbI CEIbCKOXO34MCTBEHHBIE YTObs, a TaKKE
TEPPUTOPUU HEOOJNBIIUX JepeBeHb. [ PyHTOBBIE
BOJbl TIPUTOJHBI JIJIi TUTHEBBIX IEJeH TpH
VIYYIIEHUH OTHAENBHBIX IMMOKa3aTesel Mo Kele-
3y, ¢Topy, mHorma wmapranimy. llecturuasl B
TPYHTOBBIX BOJaX HAa TEPPUTOPUU pailOHA HE
3a(UKCUPOBAHBI.

Ilepuoguyeckn BBICOKasi CTeNeHb 3a-
rPsi3HEHHs] TPYHTOBBIX BOJI YCTaHOBJICHA Ha
TEPPUTOPUU 28 HepeBeHb, a Takxke T. 1. Crapo-
oun u Kpacnas Crnobona. Jlnsi 3TMX y4acTKOB
XapakTepHo nepuoanyeckoe npeswimenue 11K
M0 OJIHOMY WJIM HECKOJBKHM ToKa3zaTensM. Ha
y4acTKax MepUOANYECKH BBICOKOTO 3arps3HEHUs
B TPYHTOBBIX Bojax 3a mociuennue 20...30 mer
BBIPOCIM KOHLIEHTpPAllMM COEAMHEHUH a30Ta
(HUTpaTBI, aAMMOHHMIA), XJIOPUIOB, KaJbIIHs, Mar-
HUsA, Hepenko cynabdaroB. OOmas miomans me-
PHUOJIMYECKH BBICOKOTO 3arpsi3HEHUSI COCTABIISECT
2,1 % ot obmieit miomaau paioHa.

Brbicokoii cTeneHu 3arpA3HeHUs TPYHTO-
BBIX BOJI COOTBETCTBYET MOCTOSIHHOE U YCTOMYHU-
Boe mnpesbiieHue I[IJIK mo omnomy wim He-
CKOJIbKMM IOKa3aTeIIsIM.

Karacrpoduuecku BbICOKasi CTeneHb
3arpsi3HeHHsl TPECHBIX (KaK T'PYHTOBBIX, TaK U
MEXIUIaCTOBBIX) BOJ| YCTaHOBJIEHA Ha y4acTKax
COJICOTBAJIOB M INUIAMOXPAHWJIMIL KaJTUHHBIX
KOMOMHATOB. 3/1eCh HE TOJIbKO YBEJIMYUBAETCS
KOHIIGHTpALUsl ~ 3arpsA3HSIONIMX  BEIIECTB B
500...1 000 pa3 u Oonee, HO ¥ BO3pACTAET MUHE-
pammsamms Boast (¢ 0,2 1o 156,0 r/am’). TlomHo-
CTBIO U3MEHSIETCS THUIl BOJBI: OT THUIPOKapOo-
HATHBIX MAarHUEBO-KAJIbLIMEBBIX BOJ JIO0 KPEIKUX
XJIOPUTHO-HATPUEBBIX PACCOJIOB.

[IpecHble MeXIUIACTOBBIE BOJBI TaKXKe
MOJIBEPIIIUCh MOBEPXHOCTHOMY 3arps3HEHHIO.
Ho B ornuume oT rpyHTOBBIX BOJI, CTENECHb 3a-
TPSI3HEHUSI UX Ha TOPSAJIOK HUXKE, a pacrpocTpa-
HEHUE HOCUT JIOKaJbHbIA xapakrtep. Makcu-
MaJbHbIE KOHLIEHTPAIMU 3arps3HSIONIUX Be-
IIECTB B MEXKIUIACTOBBIX BOJaX HaOIIOJAOTCS
B 30H€ C BBICOKMM 3arpsi3HEHHEM T'PYHTOBBIX
BOJ, a Tak)Ke BOJIM3HM >KUBOTHOBOJYECKHX 00B-
ektoB [17].

3arpsi3HeHHe BOIHBIX pecypcoB. 13 Bcex
npobJieM B 00JaCTH OXpaHbI OKPYXAIoIIeH cpe-
JIbI BOTIPOCHI TIPEIOTBPAIICHUSI PETMOHATBEHOTO
pacrpocTpaHeHUsI OPEOJIOB 3arpsi3HEHHBIX TO/I-
36MHBIX BOJl B BOJIOHOCHBIX TOPHU3OHTAX SIBIIS-
FOTCSI 10 HACTOSIIIETO BPEMEHU BO BCEX CTPaHAX
HauOoJee TPYAHOPA3PEUTUMBIMUA B TEXHUYECKOM
1 DKOHOMHUYECKOM oTHoleHuu [18, 19].

Haceimennsie pacconbl, MpOHUKAs B BO-
JIOHOCHBI TOPH30HT, PACIPOCTPAHSIOTCS B HEM
BEPTUKAIBHO BHU3 MO/ BJIUSHUEM TpaBUTAIIH-
OHHBIX cwI. [Ipy 3TOM CKOPOCTh UX OMYCKaHUS
MPEBOCXOJIUT B JIECATKH pa3 CKOPOCTh TMOA3EM-
HOTO MOTOKAa B MEPBOM OT MOBEPXHOCTH 3E€MIIU
BOJJOHOCHOM TOPHU30HTE, & CYIJIMHUCTBIE U CY-
M€CYAHO-TJIMHUCTBIE MOPEHBIE MPOCION B PhIX-
JIOM  MecCYaHO-TJIMHUCTON  BOJOHACHIIICHHOMU
TOJIIIIE YETBEPTUYHBIX M HEOTeH-TIaJIeOT€HOBBIX
OTJIOKEHUHN HE SIBIIAIOTCS MPErpaaoil (IKpaHom)
JUISL OTYCKAaHUS PAacCoJIOB, a JHIIb 3aMEIJISIIOT
3TOT mpouecc. ['napomexanndyeckue U reoPpusu-
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YECKUE MCCIIEIOBaHUS BBISIBUIIM, YTO 3aCOJICHUE
MOJI3EMHBIX BOJ[ MPOUCXOIUT HA YJ4acTKaX IOJ
conieotBanamu 1, 2, 3 u 4-ro PV, a Takxe yyacr-
KaX MUIAMOXPAHWIHUIL 3TUX PYIAOYIpaBiICHUMH.
I'muuucTo-coneBoit ’kpan okazancs HedpPek-
TUBHBIM B YCIIOBUSIX COJIEBBIX OTXOJOB KaJlUii-
HBIX TIPOU3BOJICTB.

[Ton3emHble BOXBI MOJ COJEOTBAJIaMH H
[UIAMOXPaHWIMIIIAMH 3aCOJICHBI Ha BCIO TyOu-
HY BEPXHET0 BOJOHOCHOTO KOMILJIEKCA J0 KpPOB-
JU PErMOHAJILHOTO BOJIOYIIOpa — BEPXHEIECBOH-
CKOM BOJOYIOPHOM HAJICOJEBOM TJIMHUCTO-
Meprenuctoil Toamm. CaMu TPOMIUIONIAIKH PYy-
JOYIPAaBIEHUN TakKe OKa3aJIUCh HCTOYHHKAMHU
3arpsi3HEeHUs OJI3EMHBIX BOJ.

B pesynbrare 3aconeHusi MOJI3EMHBIX BOJ
BBIIIJIM U3 CTPOS OOJIBIIMHCTBO apTE3UAHCKUX
CKBOKWH BOJ03a0opoB Ha 1, 2 m 3-m pymo-
ynpasieHusx. MccnenoBanust mo OIeHKE MpH-
rogaoctu Boj Comuropckoro u JlroGanckoro
BOJIOXPAaHWIHIL JUIS XO3SHCTBEHHO-IIUTHEBOTO
BOJIOCHA0KEHUS BBISBUIIM, YTO OCHOBHBIMH 3a-
TPS3HSIONIMMHI TOBEPXHOCTHBIE BOJBI BEIIECT-
BaMU SIBJISIFOTCSI OpraHMYeCKHe BEIIecTBa U Ke-
1€30.

Boga Comnmropckoro  BoIOXpaHHIUIIA
XapaKTepU3yeTcss HeCTAOMITbHBIM Ka4eCTBEHHBIM
COCTaBOM M3-3a TIOTMAJAaHMS  3arpsSi3HEHHBIX
BOJ 4epe3 p. PyTky, TUBHEBBIX BOJ C MPOMILIO-
magok 1 u 3-ro pynoynpaBiieHUN U TEPPUTOPUHN
r. Conuropcka u cOpachbIBaHUS MEIHOPATHBHBIX
BOJI U3 METTUOPATUBHBIX CHCTEM.

Pe3ynbpTaThl THAPOXUMUYECKUX HAOIIOJIE-
HUH TOKa3aiy, 4TO KauecTBO Bojabl B Comurop-
ckoM, Jlrobanckom u KpacHocmo6oackoM BoJ1O-
XpaHWINIIAX HE YAOBIECTBOPSET TPEOOBAHMSM,
NPEIbABISIEMBIM K BOJIOEMaM XO3SHCTBEHHO-
MATHEBOTO HAa3HAYEHHS, B OCHOBHOM IIO COJIEp-
JKAHUIO OPTaHMYECKHX BEIIECTB, HEPTEIPOIYK-
TOB U OaKTepUOIOTUYECKUM IMoKa3arensm. Ha-
OmoaeTcss TEHACHIMS POCTa KOHIICHTPAIUU
XJIOPUJIOB | CYIb(})ATOB.

Bausinue Ha pacrurenbHbli Mup. Ha
pacTUTENBHBIN U KUBOTHBIM MUpP B paiiOHE nesi-
TEJIbHOCTH KaJUWHBIX MPEANPUITHH OTpUlla-

TEIbHOE BO3JICHCTBUE OKAa3bIBAa€TCS B OCHOBHOM
CIIEAYIOMIMMU (haKTOPaMHU:

— HU3BATUC 3CMCJIb IMOJ HIPOMILIOIIAIKH,
COJICOTBAJIBI U NIJIAMOXPAHUIIUINA U, KaK CIEICT-
BUE, COKPALICHUE IUIOMIAIN PACTHUTEIBLHOIO I0-
KpOBa,;

— 3aTOIUICHUE, TOATOIJICHHE M 3a00savn-
BaHHE 3eMeJIb BCJICACTBUE OCEIaHUs 3eMHOM I10-
BEPXHOCTH HaJl OTPabOTAHHBIMH TOPHBIMH BbI-
paboTkamu;

— 3aCOJICHHE U30BITOYHBIMH PaccoJlaMu
MPUIETAIOIINX K NPEAIPUITHIO TEPPUTOPHIL;

— BIMSHUE MPOMBINUICHHBIX TIBIJIETa30-
BBEIOPOCOB.

OOmas 1iomaab J1ecoB, HAXOAAIIUXCS B
30HE OTPa0OTKH IIAXTHBIX TOJEH, COCTaBIsET
okoJj10 2 000 ThIc. Ta. Jleca pacnoyioxKeHbl B FOXK-
HOM 4acCTH MIAXTHBIX Tosiek 1 u 4-ro PVY.

Haubonee cymiecTBeHHOE 3aTOIUICHHE Ha-
omonaercst B JIoGaHCKOM JIECHUYECTBE — B 30HE
ocemannsa oOmer miromaneso 350 ra. Dty Jec-
HBbIC 3eMJIH HYXJTAIOTCS B 3allUTe OT 3aTOILIe-
HUSL.

ConeoTBanbl M IUIAMOXPAaHWIHINA OTHU-
MaloT H3HEHHOE MPOCTPAHCTBO MO MeEpe HUX
pacmupenus. HecMoTpsi Ha HaxoOXJIeHHE WX Ha
OTKPBITON TTOBEPXHOCTH, JIECATUIECTUIMU HE 00-
HapyXHBAeTCsl CamMo3apacTaHUsl COJICOTBAJIOB
KaKoM-1100 pacTUTENBbHOCTHIO.

OnuuM U3 cpencTB OOPHOBI C 3aCOJICHUEM
TOYBHI SBJISICTCS CO3J[AHKE JICCO3AMUTHBIX I10-
noc. Jleco3amuTHBIE HAaCaXIEHUS BOKPYT COJie-
OTBAJIOB M B CAHUTAPHO-3aIIUTHBIX 30HAX CHU3SAT
MIPEKIE BCEr0 PACCEMBAHHE COJIEBBIX OTXOJIOB
Ha TIPUJIETAIONINE CENbCKOXO3SIIICTBEHHBIE YTO-
IIbsi, SIBIISISACH (DOPIIOCTOM TIepe]] TOCIOJICTBYIO-
UIMMH B pernoHe Betpamu [20, 21].

3akii0ueHue

Hu omgna otpacib HapogHOTO XO35KCTBA
PecniyOnuku benapych He OKa3bIBaeT CTOIb 3HA-
YUTENHFHOTO BIUSHUS Ha OKPYKAIOIIYIO Cpeny,
KaK TOPHO-XMMHYECKOE KaUHHOE MPOU3BOJICT-
BO, pa3BuBaromieecs Ha 0a3e CTapoOMHCKOTO
MECTOPOXKIEHUS KaTUNHbIX cojed. Ero Bo3neit-
CTBHUIO TOJBEPTAIOTCS BCE JIEMEHTHI OMOC(hEepHI:
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€e MHUHEpaJIbHasl OCHOBA — Ie0JIOTHYECKas cpefa
C NOA3EMHBIMU BOJHBIMU PECYpCaMU, 3EMEIb-
HBIE YIrOJbsl, IOBEPXHOCTHBIE BOJHBIE PECYPCHI,
BO3YIIHBINA OACCEHH U PACTUTEIBHBIN MUD.

OAO «benapycpkanuii» €XeroiHO Bblie-
JS€T 3HAYUTENIbHBIE CPEJCTBA HA OCYLIECTBIIE-
HUE MPUPOAOOXPAHHBIX MEPONPHUATHHA AJIA Ipe-
JOTBpAIICHHs OTPULIATEIBHOIO BIIMSHUSA KaJIUK-
HOIO IIPOM3BOJCTBA HAa OKPYKAIOILYI Cpeny.
Bwmecte ¢ TeM 3TH ycwiIns HaIllpaBJICHbI B OCHOB-
HOM Ha JIMKBUAALMIO ITOCJIEICTBUM U HE PEILAIOT
IVIABHBIX BOIIPOCOB IIPEIOTBPAILECHMS CKJIAbI-
Baroleiicss B pairione Conuropcka 5KOJIOrHue-
CKOM 00CTaHOBKHU.

Pemnenue npoGiieMbl OXpaHbl NMPUPOJBI B
ConuropckoM TrOpHONPOMBILUIEHHOM PETHOHE
TpeOyeT KOMIUIEKCHOTO MOAX0Jla U COBMECTHBIX
YCUJIMH MHOTMX HAayYHbBIX U MPOU3BOJCTBEHHBIX
OpraHM3alii MUHUCTEPCTB U BeOMCTB Pecny0-
muku benapycs.

Bbubauorpadguyeckuii cnmcoxk

Takum o6pa3om, cymiecTByeT psi Mpo-
O5eM, KOTOpble HEOOXOIUMO pEIINTh Kak Ha
O0IIEroCyJapCTBEHHOM, TaK M Ha MECTHOM
YPOBHE Ul pealu3aliy IJIaHOB MO obecrede-
HUIO HACEJIEHUs IIUTHEBOM BOJOW B paccMaTpH-
Ba€MOM pErvoHe.

OcHOBHOI TTpo0JIEMOit SBJIsIETCS TTpodIemMa
COXpaHEHUs KayecTBa MOA3EMHBIX BOJI IKCILTya-
TUPYEMBIX BOJOHOCHBIX TOPU30HTOB. /{151 3TOTO
TpeOyeTcss COOIO/IEHUE PEKUMOB XO3SUCTBEH-
HOMW JIeSITeIbHOCTH, PEryJIHpPOBaHUE JIIOO0r0 HO-
BOTO CTPOUTENIbCTBA, NPOBEIEHHE OLIEHKU BO3-
JICMCTBUSL HA Ka4€CTBO MOJ3EMHBIX BOJ| CYIIECT-
BYIOIIMX OOBEKTOB WM BHJIOB XO3SHCTBEHHOM
NESATENIbHOCTH U MPUHATHE HEOTIOKHBIX MEp IO
MIPEIOTBPALIEHHUIO 3arpsI3HEHUS MTOJI3EMHBIX BO/I.
B cenbckux HaceNneHHBIX MYHKTaX, UCHOIB3YIO-
IIUX JUTSI TUTHEBBIX HYXKJ TPYHTOBBIC BOJBI ITy-
TEM CO3JIaHUs IIAXTHBIX KOJOIIEB, HEOOXOIMMO
OCYIIIECTBUTH HCIIONB30BaHUE 0o0Jee TITyOOKHX
BOJIOHOCHBIX TOPH30HTOB.
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Abstract: Surface water pollution is one of the consequences of modern society development through permanent
pressures on the environment imposed by economic activities to provide the necessary resources for keeping mod-
ern living standards. Degradation of fresh water bodies is caused by the disappearance of natural water collection
areas, deforestation and unsustainable farming practices, river pollution with wastes and the discharge of non-
treated domestic and industrial wastewater into natural recipients. The main purpose of the mathematical modeling
of rivers is to predict pollution dispersal in longitudinal and transversal directions, taking into account water body
mixing coefficient. This paper is devoted to monitoring of physico-chemical indicators in the sampled river reaches
and simulation of pollutant dispersal in the upper reaches of the East Jiu river.
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AHHOTanus: 3arpA3HEHNE TOBEPXHOCTHBIX BOJ SBJSETCS OJHUM M3 TIOCIEICTBUI pa3BUTHA COBPEMEHHOTO 00IIIe-
CTBa U DKOHOMHYECKOW IEATEIBHOCTH Ha OCHOBE 3KCILTyaTallii MIPUPOJHBIX PECYPCOB C OKa3aHUEM ITOCTOSTHHOTO
JIaBJIIEHHA Ha OKPY’KaIOIYI0 CPEAY — B LEJSIX MOAEepAKaHHs BEICOKOTO YPOBHSI JKU3HU 31€Ch U ceidac. Jlerpagamnus
NPECHOBOJIHBIX BOJIOEMOB BBI3BaHA MCYE3HOBEHHEM ITPUPOIHBIX BOJOCOOPHBIX ILIOIIAIEH, BEIPYOKOH JIECOB M HC-
TOINAIOLUIMMHY TPUPOJIHBIE PECYPCHI U SKOJIOTMUYECKH OMACHBIMU METOJaMH BEACHHUS CEITbCKOr0 X03SHMCTBa, 3arps3-
HEHHEM pEK MYCOPOM M cOPOCOM OBITOBBIX M MPOMBIIUICHHBIX CTOYHBIX BOJl B MPUPOIHBIC BOZOEMBI O3 Hajie-
Kamed ourncTkd. OCHOBHOM IIETBI0 MAaTEMATHYECKOT0 MOJETHUPOBAHUS PEK SBIISIETCS MPOTHO3MPOBAHUE PACIIPO-
CTpaHEHUs 3arpsI3HSIONIETO BEIIECTBA B MPOOJILHOM U IOTIEPEYHOM HAIIPABICHUU C YUETOM KOA(pUIHEHTa Tie-
peMelBaHus BOJ BOAOeMa. JTa CTaThsl MOCBSILEHa MOHUTOPUHTY (PH3MKO-XMMHYECKHX ITOKa3aTesel BOJ Ha yda-
CTKax 0TOOpa Mpod BOJIBI, & TAKIKE MOJICTUPOBAHUIO PACCESIHUS 3arPS3HSIONINX BEIIECTB B BEPXHEM TCUCHUN PEKU
Her Txny.

KiroueBble c10Ba: 3arpsi3HEHUE BOJI, OKPYKAOIIas cpea, pacueT JMHAMHUKHU BOJTHBIX TTOTOKOB, TOPHBIC PAOOTHI,
BOJIBI.

Jas mutupoBanusi: Cumuon A. @., Jlazap M., [Ipebenmrentr K. AHanu3 pactpocTpaHeHUsl 3arpsA3HSIIONINX Be-
niecTB Ha mpuMmepe BepxoBbeB p. Her Jhxuy. [lopusie nayxu u mexnonocuu. 2019;4(3):181-187. DOI:
10.17073/2500-0632-2019-3-181-187.

PROCESS SAFETY IN MINING AND PROCESSING INDUSTRY

AND ENVIRONMENTAL PROTECTION



User
Штамп


MINING SCIENCE
AND VOL. 4, N 3 (2019)

FOPHbIE HAYKWU U TEXHOJIOMMK

1. Introduction

Study of water streams involves continu-
ous modeling of material behavior at macroscop-
ic level, in the form of the study of fluids in
terms of steady state and fluctuation (dynamics),
as well as investigating interactions between flu-
ids and solid surfaces. These complex phenome-
na are studied mainly by fluid mechanics, which
is based on the principles of classical physics
(mechanics) [5]. Fluid mechanics approach in
natural conditions is, however, complicated by
the fact that in most cases the flow is turbulent,
which implies high degree of complexity [5].
Importance of the question under consideration
is connected with limited global reserves of
freshwater and their contamination caused by
anthropogenic activities. From qualitative, water
has a microbiological and a physico-chemical
components, which permanently interact with
aquatic ecosystems. The paper objectives are to
monitor water quality parameters in the sampled
areas/sections and study the time-dependent and
spatial evolution of pollutant concentrations in
the upper reaches of East Jiu River. Possible
sources of pollution in the studied area are min-
ing, waste disposal, agriculture, and wood pro-
cessing, and the components to be monitored are
heavy metals, anions, cations, pH, phenols, total
phosphorus and suspended solids [1, 2, 4].

2. Methodology of the river pollutant
behavior simulation

The simulation of pollutant behaviour in
water courses using specialized software requires
thorough study of the investigated area in terms
of monitoring of hydrodynamic regime and
physico-chemical parameters of the water [3, 5].

Simulation of pollutant dispersion in sur-
face water requires prior determining river bed
geometry, followed by equation meshing and
setting the boundary conditions. For this simula-
tion of the pollutant dispersion, the Surface Wa-
ter Modeling System (SWMS) software was
used, which involves two steps:

1. The first step included modeling the sec-
tor dynamics using RMA2 module with topogra-

phy and river bathymetry, as well as dynamic
elements, as input data.

2. The second step covered modeling the
pollutant concentration field evolution (pollutant
dispersion) using RMA4 module with the first
step RMA2 module data as input data.

The Navier-Stokes equation system in the
Reynolds form for the Cartesian coordinates X
and y is used to simulate dynamic water flow
elements together with the continuity equation
for free-flowing incompressible fluids in condi-
tions of turbulent motion:

— Navier-Stokes equations (Eq.1, 2):

2 2
ha—quhua—quhva—u—E Exxa—l:+Exy6—l2J +
ot OX o p OX oy
2
h(a—H'F@j'F gun
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><(u2 +v2)}/2 —cV/sin y +2hovsin =0, (1)
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— the continuity equation (Eq.3):
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where:

h — water depth (m);

u— local velocity in x direction (m/s);

v— local velocity in y direction (m/s);

t—time (s);

p— water density (kg/m°);

g— gravitational acceleration (m/s?);

E— coefficients of turbulent viscosity (Pa.s
or kg/m/s), which is calculated automatically us-

pUdx

ing Peclet number: Pe= ,in which
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U =+/u®+V? is average resultant speed, and dx —
length element in the direction of flow;

H- elevation of the river bed (m);

n— Manning coefficient of roughness;

¢ — empirical coefficient of air friction;

Vo —wind velocity (m/s);

v — wind direction (degrees in the inverse
direction from the positive axisx);

o— angular rotation speed of the Earth
(rad/s);

— location latitude [6].

Fundamental equation of advection-
dispersion (Eq. 4) is used for determining evolu-
tion of pollutant concentration field:

oc oc oc O oc
hh—+u—+4+v———Dx——
(& OX oy OX OX

AN RO
a "oy h

where:

¢ — pollutant concentration (mg/dm3);
Dx and Dy — coefficients of turbulent dif-
fusion in x and y direction;
k — permanent degradation (s-1);
— local pollutant source (concentration
measure unit);
h — water depth (m);

Blevation
— 66602
—

= 665.16
—

= 6643
p—

— 66344
JR—

w— 66258
[—

= 661.72
p—

— 660 86

——
— 5600

(c) — precipitation/evaporation (concentra-
tion measure unit, m/s).

The first term in the equation signifies lo-
cal variation of concentration; the second term is
the advective term in x direction; the third term
is the advective term in y direction; the fourth is
the term of dispersion in x direction; the fifth is
the term of dispersion in y direction; the sixth
term means the local pollutant source; the sev-
enth term shapes the pollutant exponential ; and
eighth term reflects the effect of precipita-
tion/evaporation [7].

The SWMS RMA2 module was used un-
der the assumption of hydrostatic pressure; the
accelerations in vertical direction are negligible.
It is two-dimensional in horizontal plane. It is
not intended to be used for near field problems
where vortices, vibrations, or vertical accelera-
tions are of primary interest. Vertically stratified
flow effects are beyond the capabilities of
RMA2 [6].

3. Simulation of pollutants in upper
reaches of East Jiul River

The reach covered by the study of pollutant
dispersal is represented by the confluence of
Taia River with East Jiu River, approximately
1.2 km long with the river bed elevation differ-
ence of 7 m (Fig.1).

Fig. 1. Elevation of the river bed
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Table 1
Domain dynamics elements

Boundary condition Time (h)

Y 1 [ 2 [ 4 T & | s 10 | 12
\Water temperature (°C) 8
Density (kg/m3) 999

Taia river
Flow rate (m3/s) 18 | 16 | 17 | 19 | 14 15 | 15
East Jiu river

Flow rate (m3/s) 31 | 33 | 34 | 35 | 32 32 | 33

Fig. 2. Field of velocity in V, direction

Fig. 3. Field of velocity in V,direction

Table 2
Physical and chemical analyzes of water samples in the river reaches
Sampling point . . R . .
Indicator Raul jiu Amont Taia Raul taia amonte Jiet amonte
Temperature, °C 8.1 7.8 59
pH 6.7 7.41 7.08
Conductivity, uS/m? 145.6 138.5 159.4
TDS*, mg/l 83.9 88.9 92.7
Turbidity, NTU 46.5 457 9
Sodium, mg/I 15.1 145 15.8
Dissolved O,, mg O,/ 1191 12.23 14.81
BODs, mg/I 6.34 6.24 3,46
Total phosphorus, mg/I 0.14 0.10 traces
Nitrite NO, , mg/I 0.11 0.16 0.01
Nitrate NO 5, mg/l 3.14 2.34 0.84
Sulphate, mg/1 68.9 62.4 215
Phenols, ug/l 0.8 1.12 traces
Arsenic, pg/l 14 17 3
Chromium, pg/l 3 4 traces
Copper, pg/l 5 6 2
Lead, pg/l traces traces 5
Mercury, pg/l traces traces traces

The computational domain for the two wa-
ter courses was divided into 3 sub-domains, the
left bank, the right bank, and the main river bed,
because the study of pollutant dispersal (based
on measuring pollutant concentrations) provides
for both longitudinal analysis of the dispersal
and the dispersal in the direction transverse to
the flow analysis, especially in conditions of me-

andering course. Field observations provided da-
ta on the flow dynamics in the modeled sector
(Table 1) required to estimate accurate flow ve-
locities in the three sub-domains.

For the simulation, the following condi-
tions were taken into account as the model re-
strictions: Coriolis force, precipitation and evap-
oration ratio, wind regime, and Manning coeffi-
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cient of roughness calculated based on the bed
structure (from 0.010 for boulder bed to 0.030
for vegetation bed).

3.1. Simulation of dynamic elements

Numerical simulation using the RMA2 ap-
plication was performed over a 12-hour period to
determine the velocity fields in x-direction
(Fig. 2) and y-direction (Fig. 3).

The analysis of the two velocity fields
showed that the maximum velocity of the parti-
cles motion is 0.36 m/s in x direction and 0.17
m/s in y direction. To verify the stability of the
RMAZ2 numerical modeling, the Froude number
was used.

3.2. Simulation of pollutants dispersal

The modeling of the concentrations in the
river reaches involved water samples collected in
three sampling points (Table 2) as follows: a
blank sample taken upstream of the East Jiu river
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Fig. 6. Nitrate concentration trend

basin to determine the background concentration
and two samples taken in the upper boundary of
the computation domain (Fig. 1).

The pollutant dispersal modeling was per-
formed for the physico-chemical parameters
classified in the lower quality classes according
to the Norm 161 of February 16, 2006. Thus, sul-
fate and nitrate were concentrations studied, for
which constant background concentration of
21.5 mg/l and 0.84 mg/l, respectively, was estab-
lished for the 12-hour simulation period.

For the reach of Taia River the following
behaviour was determined: in one hour after the
reach simulation start, maximum nitrate and sul-
fate pollution concentrations are achieved
(Fig. 4) and (Fig. 5), respectively, and then they
drops and since the 7™ hour for the rest
of the 12-hour period returns to the background
concentrations.
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Fig. 5. Sulphate concentration trend
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Fig. 7. Sulphate concentration trend
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Fig. 10: Concentration of nitrate in 8 hours
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Fig.12: Concentratioflm\of sulphate in 3 hours

The dispersal maps for the nitrate and sul-
phate indicators have been prepared for the mo-
ments of 2, 3 and 8 hours after starting the simu-
lation (Fig. 8 to Fig. 13) to demonstrate the evo-
lution of the pollutant in the aquatic environment
both at the modeled field entry and exit.

Calibration of the mathematical model was
performed based on the concentrations obtained
by direct laboratory measurements (Table 2) and
the values obtained from the computerized simu-
lation with variation of the Peclet number within
the acceptable limits (15-40).

Similar behavior was determined for the
East Jiu River reach: in one hour after the reach
simulation start, maximum nitrate and sulfate
pollution concentrations are achieved (Fig. 6)
and (Fig. 7), respectively, and then they drops
and since the 7" hour for the rest of the 12-hour
period returns to the background concentrations.

4. Discussion

The studied river reach is located in an
anthropized area, which can be influenced by

} NN
W o 5 . e
v Re o o o '—mlm

; o " m ~'.‘ ’
Fig.13: Concentration of sulphate in 8 hours
local mining (Lonea mine), agriculture, animal
husbandry, woodworking, road traffic. Pollutants
generated by these economic activities achieve
the natural surface water bodies through different
mechanisms and ways and once they reach the
water bodies they produce significant impact on
the aquatic and terrestrial ecosystems. In the im-
pacted water reaches the pollutants concentra-
tions in water depend mainly on: water flow rate,
the material composing the riverbed, the terrain
and regional climate.

The computerized simulations show that
the nitrate concentration is reduced by half in the
East Jiu River.

In the studied area, increasing the concen-
tration of pollutants on the watercourse banks is
determined, which increases the risk of degrada-
tion of the riparian ecosystems. The pollutants
ingested by living organisms are transferred
along the food chain, producing unfavorable im-
pacts on the ecosystems.
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Fig. 14: Dispersal of nitrate concentration

in 2 hours
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Fig. 15: Dispersal of nitrate concentration
in 7 hours
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Fig. 16: Dispersal of sulfate concentration in 2 hours Fig. 17: Dispersal of sulfate concentration in 7 hours

5. Conclusions

From view point of environmental pollu-
tion estimation, the use of Computational Fluid
Dynamics modeling tools to determine the pollu-
tion dispersal and impact on water bodies is quite
effective as it is a tool allowing to view data
across the studied field based on minimal num-
ber of rather expensive water assays and, thus,
save money and time.

Advection processes predominate in the
East Jiu river basin, and, in the main course of
the river, dispersal processes prevail, mainly due
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JIMarHoCTHPOBAaHUE TEMJIOBOI0 COCTOSIHUSA 3JIEKTPOMEXaAHNYECKOT0 000py10BaHMS
bopucenko B. ®.', 3emascknii A. 1.}, Cunopos B. Al Cupnoposa E. B.2

! JloHerknii HAIHOHATBHBI TeXHUYECKHH yHIBepeHTeT, T. JJorenk, D<landrewiz@yandex.ua
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OxxnHO0-Poccutickuii rocynapcTBennblid moautexaunueckuii yausepcuteT (HITHW) nmenn M.U. Ilnarosa,
r. HoBouepkacck, Poccus

AHHOTanus: B pabore paccMOTpeHb! BONIPOCH! KOHTPOJIS TEIUIOBOTO COCTOSIHUS OOBEKTOB MIPOMBIIIIICHHON TPyII-
bl IPOU3BOACTBEHHBIX MEXAHU3MOB Ha OCHOBE 00OOIIEHHOI0 MOAXOJa K MOHUMAHUIO IPUYUH U LIeJeld AUarHo-
CTHpOBaHUsI 1eKTpoMexaHndeckux cucteM (OMC) mo TeKkyluM 3Ha4eHUsIM TeMiiepaTypbl. O000IeHHas MaTeMa-
traeckas Moaens OMC (0ZHOPOJHOTO Tea MIIM MHOTOMACCOBOW PacueTHOW TEIUIOBOW CXEMBI 3aMEIEHUs) s
Pa3IMYHBIX PEKUMOB PabOTHI 0OBEKTA MO3BOJSIET 0003HAYNTh TUATHOCTHYECKUE TMPU3HAKA (KPUTEPHUH) IS TIPHU-
HSTHS KOHKPETHBIX Mep 1o crabunm3anuu ero padotsl. [loBeimeHne 3¢phEeKTHBHOCTH KOHTPOJIS TEIUIOBOTO CO-
CTOSTHUSI OOBEKTOB MOYKHO JOCTHYBL NPH UCIIOJIL30BAaHUN MPUOOPOB OECKOHTAKTHOTO M3MEPEHHS paclpeieseHHs
TEMIIepaTyp IO Bcel MOBepXHOCTH oObekTa. [lo BuAy pacmpeneneHus: TeMIeparyp IO MOBEPXHOCTH OOBEKTOB
OMC MOXHO c/ienaTh BEIBOJI O HEOOXOAMMOCTH TIPOBEACHUS PEMOHTHBIX padoT. s s pexTrnBHOTO HCTIOIB30Ba-
HYSI OECKOHTAKTHOM TEIUIOBU3MOHHON TEXHUKHU IUII AUAarHOCTUKY DMC Ha OCHOBE U3JIOKEHHBIX B CTATHE ITOJIOXKE-
HUH pa3paboTaHa mporpaMMa IOArOTOBKH CHELUAIMCTOB 10 TEPMOMETPUPOBAHHIO IPOMBIIIUICHHBIX 0ObEKTOB.

KiroueBble cJ10Ba: TEIIOBOW KOHTPOJIb, HIIEKTPOMEXaHMYECKash CUCTEMa, TEIUIOBasi pacueTHasl Macca, pacipesie-
JIEHWE TeMIIEpaTyp, AUarHOCTUYECKUI IPU3HAK.

Jnsa nutupoBanus: bopucenko B. @., 3emnsuckuit A. U., Cugopos B. A., Cunoposa E. B. [luarnoctupoBanue
TEIJIOBOTO COCTOSIHHMS 3JIEKTPOMEXaHHUECKOro 000pyoBanus. [ opueie nayku u mexnonozuu. 2019;4(3):188-201.
DOI: 10.17073/2500-0632-2019-3-188-201.

Diagnostics of Thermal Condition of Electromechanical Machinery
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'Donetsk National Technical University, Donetsk, b<landrewiz@yandex.ua
’Platov South-Russian State Polytechnic University (NP1), Novocherkassk, Russia

Abstract: The paper is devoted to studying issues of machinery thermal state monitoring using generalized ap-
proach to objectives of electromechanical system (EMS) diagnostics based on current temperature values. General-
ized mathematical model of EMS (a homogeneous body or a multi-weight estimated heat balance diagram) for var-
ious operation conditions of a facility allows to identify diagnostic indicators (criteria) for taking specific measures
to stabilize its operation. Increasing efficiency of the facility thermal state monitoring can be achieved using non-
contact measuring instruments to determine temperature distribution over the facility surface. Temperature distribu-
tion over an EMS facility surface enables concluding on maintenance necessity. For effective application of non-
contact thermal-imaging equipment for diagnostics of EMS on the basis of the provisions presented in the paper,
training program for specialists in thermometering of industrial facilities has been developed.

Keywords: thermal monitoring, electromechanical system, thermal estimated weight, temperature distribution, di-
agnostic indicator.

For citation: Borisenko V. F., Zemlyansky A. I, Sidorov V. A,, Sidorova E. V. Diagnostics of thermal condition of
electromechanical machinery. Mining Science and Technology. 2019;4(3):188-201 (In Russ.). DOI: 10.17073/2500-
0632-2019-3-188-201.

BBenenue (BMC) B Hacrosiiee BpeMsi CTOST JIOBOJIBHO
Bompockl AMarHOCTHPOBAHUST TEXHHUYECKO- OCTpO, 4YTO OOBSCHAETCS (UBUYECKHM H MO-
IO COCTOSHHSI DIIEKTPOMEXaHHUYECKUX CHCTEM pabHBIM HM3HOCOM JICHCTBYIOIIETO TIPOMBIIII-
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JICHHOTO 000PYAOBaHHUS, CPOK PEHOBAIIMH KOTO-
poro naBHO ucrek. CTpeMieHHE NMPOAIUTH €ro
paboTy CTaBUT mepea 00CTYKUBAIOIIUM IEePCO-
HaJIOM U HAYYHBIMHM KaJpaMmM 3aJady TEKYILEro
KOHTPOJISI 00BEKTa M €ro y3J0B Ha OCHOBE IO-
CIIETHUX JOCTHKEHUI HAYKU U TEXHUKU.

B mpOMBINIIEHHOCTH HCMONb3yeTcst 00Jb-
[I0€ YHUCJIO MPOU3BOJCTBEHHBIX MEXaHH3MOB,
MPUBOJUMBIX B JBI)KEHUE PA3JIMYHBIMU THUIIAMHU
JBIDKUTENEH. DTO MOTYT OBITH BETPO-, ITHEBMO-,
TUIpO-, 3neKkTpoasurarend. Kaxasli tun npu-
BOJIa 00J1a1a€T CBOUMH OCOOEHHOCTSIMH, CIICI[H-
(GuKON NPUMEHEHHs] M YCIOBUSMH O3KCILTyaTa-
nuu. B mporecce ocymectBienus: paboueit ore-
palyy IPOUCXOAUT HArpPeB OTIECNbHBIX AJIEMEH-
TOB (3BEHBEB) CHUCTEMBI, MPUYEM HEKOTOpPHIE
3BEHbSI HATPEBAIOTCS 10 TaKUX TEMIEpaTyp, KO-
TOpbIE HEJOMYCTHUMbI O YCIOBHUSM TEXHOJOTHU-
YECKOro Ipolecca U HOPMaIbHOIO (HOpPMaTHB-
HOro) (YHKIIMOHMPOBAaHUS MexaHu3Ma. Harpes
AIIEMEHTOB OJIOKOB CHCTEMBI BO3MOXKEH 32 CUET
TPEHMsI, TEIJIOU3JIy4EHNUs, KOHBEKIIUH, ITPOTEKA-
HUSI HEJOMYCTUMBIX TOKOB IO OOMOTKaM 3JIeK-
TpoABHUraTesei B ciyyae IioXux (ciadbIX) KOH-
TaKTOB B ILIEMSIX KOMMYTAIIMOHHOW ammaparyphl,
IpU HEJOCTAaTOYHOM OXJIAXJEHHM TpaHchopma-
TOPOB U JIp.

C npyroil CTOpOHBI, MEXaHUYECKasi 4acThb
CUCTEMBbl MCIIBITHIBAET HArpy3Ku Ha KpydyeHHE
(Bambl, ocum), Ha pacTsKEHHUe-ckaThe (KaHaThl,
IITOKHU); IIECTEPHU HCIBITHIBAIOT KOHTAKTHYIO
Harpy3kKy, KOTOpasi MOKET CYIIECTBEHHO OTIIH-
YaThCsl OT pacuyeTHOW (HOMHHAJIBHOW) MpH Myc-
KO-TOPMO3HBIX pEXUMaxX M YacTbIX PEBEPCUPO-
BaHusX. [Ipu BceX BOZMOXKHBIX PEKUMax pabOThI
OMC mexaHuyeckas IpOYHOCTh HE JOJKHA Ia-
JaTh HUKE TaK Ha3bIBaeMoOM TOUKkM OudypKkanuy,
KOrja Hapyiaercss 3akoH ['yka u mpoucxomst
CTPYKTYpHBbIE U3MEHEHHs B MeTaie. B obmiem
Clly4ae KOHTPOJIb TEXHUYECKOTO COCTOSIHUS CUC-
TEMBbl JOJDKEH 0a3upoBaTbcs Ha IOKa3aTENsAX
pabOThI SMEKTPUUECKON U MEXaHHMUECKOHN yacTei
CUCTEMBI OJTHOBPEMEHHO.

Busyanbnbiii ocMOTp 00BEKTa, KOHTPOJb
TEKYIIUX BEJIMYMH SHEPronoTpedieHns He JatoT
yOeIUTEeNbHBIX OTBETOB Ha TEKyIlee Oe3aBapuii-

HOE cocTosiHue o0bekTa. MMeroT Mecto MHOro-
KpaTHbIE IONBITKM KOHTPOJUPOBATH TEIJIOBOE
COCTOsSIHME Hamboyiee OTBETCTBCHHBIX 3BCHBCB
INEKTPOMEXAHUYECKOM CUCTEMBI (TIOAIIUITHU-
KOB, CTaTOpOB, SIKOpeW napurateneil). B cioyuae
MPEBBILICHUS] HEOOXOaUMa pa3rpy3Ka MexaHH3-
Ma WIHA OTKJIFOYEHUE CUCTEMBI.

KouTposab TeMmmeparypbl OTAENbHBIX 3Jie-
MEHTOB B 3TOM Cllyyae IO3BOJISIET OLIEHUTh HE
TOJIBKO CTENEHb HarpeBa, HO U TEXHUYECKOE CO-
CTOSTHUE O0BEKTa, UCTONb3YS JOIMYECKUE 3aBU-
CUMOCTU MpU JuarHoctupoBaHuu. [loBelieHue
TEMIEPaTypbl COMPOBOKIACT MOSIBICHUE U pa3-
BUTHE psa HeucnpaBHocTe. OpraHoJientuye-
CKOE BOCHIPUATHE TEMIEPaTyphbl MO3BOJISET Cle-
JaTh BBIBOJI HA YPOBHE «XOJIOAHO», «TEIJION,
«ropsiyo». KoHTakTHOEe M3MepeHue TeMIepary-
pBl IpU JIOKAIU3ALUU TOYKU KOHTPOJIL HE IIO-
3BOJISIET CYJUTh O COCTOSHMHM OOBEKTa B IIEJIOM.
beckoHTakTHOE M3MEpPEHHE C HUCHOJIb30BAHUEM
MH(PPAKpAaCHON TEIUIOBU3MOHHOW — ammapaTypbl
MO3BOJISIET NIEPEUTH K aHAIU3Yy TEIUIOBOM KapTH-
Hbl OOBEKTa, BBIIECTUB HH(POPMATHUBHBIC Y3JIbI
HauboJiee HarasIHBIM 00pa3oM — IyTeM BHU3ya-
JAU3alUu TEIIOBOM KapTuHbl. MHTepec k pemie-
HUIO JAHHBIX BOIPOCOB MOATBEPKIACTCS yBEIN-
YeHHEeM KOJINYecTBa padoT, MOCBALIEHHBIX 3TOM
TE€ME, OIYOJMKOBAHHBIX B IOCIEIHUE TOMAbI
[1...9]. AHanu3 paHHOW KapTUHBI BKJIIOYAET
MHOT'O aCIEeKTOB, PACCMOTPEHUIO HEKOTOPHIX W3
HUX OTHOCHUTEJIBHO ONTHUMU3ALUU IIpoliecca JU-
arHOCTUPOBAaHUS M IOJATOTOBKH CIEIHAINCTOB
MOCBSAIIEHA JaHHAsl CTaThs.

Konmpons mennoeozo cocmosanusn 3ne-
MEHmMO8 INEeKMPUYECKOU HYACMU CUCHEMbL.
JIrobast aneKTpoMexaHUYecKash CHUCTeMa COIep-
KUT OJHU M T€ K€ DIEMEHTHI: UCTOYHMK IHUTa-
HUS, YyIpaBisieMblli IpeoOpazoBaTenb, MPHUBOJI-
HOM 3JIEKTpOJBUTATENb, IPOMEXKYTOUHOE MEXa-
HUYECKOE 3BEHO (PELYKTOp), MCIOJHUTEIBHBII
opran wiu Mexanusm [10...12]. Dueprus k
MPEANPUATHIO MOABOIUTCS Ha BBICOKOM HAIpsi-
JKeHUU JnuHUN snektponepenayn (JIDII) u Ha
IJIaBHOW TOHU3UTEIBHOMW TOACTAHIMH TpaHC-
dbopmupyercs B HanpsukeHus 35 u 10 kB. [lanee
M0 KaOeNbHBIM JTUHUSAM OHA MOCTYIAeT Ha 1[eXO0-
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BbI€ MOJCTAHIIMH, TJ€ MPOUCXOAUT JallbHEHIIast
TpancopMaIysl HAMPSKSHHsI MO HYKIbl KOH-
KpETHBIX MoTpedutesneil. B kauecTBe OCHOBHBIX
noTpeduTeneil B 1exXax BBICTYIAIOT MPUBOJHBIC
JBUTATENN (CUMHXPOHHBIC, ACHHXPOHHbBIC) HA Ha-
npsokenust 10, 6, 3, 0,4 kB; mpeoOpa3oBarenb-
HBIE arperatrbl — TUPUCTOPHBIC PEryIATOPHI Ha-
NpsbKeHUs (Ha MOCTOSIHHOM M TEPEMEHHOM TO-
K€), THPUCTOPHBIC MPeoOpa3oBaTesid YacTOTHI (C
HEIMOCPEICTBEHHOM CBSI3bI0 WJIM CO 3BEHOM I10-
CTOSSHHOTO ToKa). IIpeoOpazoBaTenu mHUTAOT
JIBUTATEIN TOCTOSSHHOTO WM TEPEMEHHOTO
toka B cuctemax TII-J[, TPH-AJl, TIIY-AJ,
TIMY-C. CucreMsbl 351€KTpONpUBOAA MOTYT pa-
0oTaTh B OJHOM W3 BOCbMH pexkumoB S1...S8,
OCHOBHBIMH U3 KOTOPBIX CUHUTAIOTCS JIUTEIb-
Hbelil (S1), kparkoBpemMeHHBIH (S2), MOBTOPHO-
kparkoBpemeHHbId  (S3). Kaxmomy pexumy
IPUCYILIM CBOM OCOOEHHOCTH PabOTHI MO YCIIO-
BusiM Harpesa [13, 14, 16...19]. V nBurareneit
Haubosee c1adbIM 3BEHOM CUMTAETCS €ro U30J1s-
nua. OUEHUTh TEIJIOBOE COCTOSHUE JBUTATEIS
BO3MOYKHO, UCHOJIb3ysd OAUH U3 PACCMOTPEHHBIX
nanee noaxonos. Haubonee mpoctoit ciyuait —
MIPE/ICTABJICHUE ABUTATENSI OJHOPOJIHBIM TEJIOM
[10, 11] n pemienne ypaBHEHUs

T="Ty (l— e m ), 1)

TJI€ Tyer — YCTAHOBUBIIAACS TEMIEpaTypa Iepe-
rpeBa; Ty — MOCTOSIHHASI BpEMEHH Harpesa.
B nHacrosimiee Bpemsi B OOJIBITUHCTBE CITY-
YaeB HWCIOJIb3YeTCS M30JsIus KiaccoB F u H.
VpaBuenne (1) mpeacTaBisieT SKCIIOHEHIIMAIb-
HYI0 3aBHCHMOCTh, TeMIIepaTrypa Ieperpesa,
OnM3Kas K yCTaHOBUBIIEHCS, OyleT HOCTUTHYTa
yepes Bpems t = 37, 1 = 0,951y.,. B 3aBHCHMO-
CTH OT KJIacca M3OJSIUU MOKEM CYAUTH O Terl-
JIOBOM COCTOSIHUH JIBUTATEIIS:
T <T

nor.usi !
T/I€ Trex — TEKYILEE 3HAUEHUE TEeMIIepaTyphbl Ha-
TPEBA; Thomusn — JOIMYCTUMAsl TEMIIEpaTypbl Ha-
rpeBa AJisi JAHHOTO KJ1acca U30JISIUH.

PeanbHo nBurarens He SBISIETCS OJHOPOI-
HBIM TEJIOM, @ COCTOMT U3 MHOXECTBa 3JIEMEH-
ToB. IlosTOMy Xenmanue Haubosiee TOYHO Olie-
HUTbH TEIJIOBOE COCTOSIHUE JIBUTaTENsl MPUBOIUT

K TPEJCTABICHUIO MOCIEIHEr0 MHOTOMacCOBOM
pacdyeTHOM cxemou. Uucio pacdeTHbIX Macc Te-
oot cxemsl 3amenieHust (TC3) aBurarens B
3aBUCUMOCTH OT KOHKPETHOM 3a/ladyd MOXKET
npuHuMatbest ot 2 go 15...17 [12, 13, 15, 20].
Hns nmpaktudeckux pacyetoB TC3 He mpeBblia-
er 5...7, pe3ynbTarbl pacueToB IAlOT BO3MOXK-
HOCTb OLIEHUTH TEIJIOBOE COCTOSIHUE KaXKJI0il 3
pacueTHBIX Macc U BBIIBUTH OOJIee HAarpeTylo.

TemoBoe cocTosiHUE N-TO Tela MOXKET
OBITH OMUCAHO CICAYIONIUM YPABHCHHEM:

q(i=n)
ddetn = ;Ain(ei _en)+ I:)n' (2)

rae C, — TerioeMKocTh N-ro Tena; 0, — Temmnepa-

Cn

Typa N-ro tena; 0; — TemMrepaTypa OJHOIO U3 CO-
CCOAHUX TCII |, q — KOJIMYECTBO TCJ, CBA3aHHBIX B
TEIJIOBOM OTHOIIECHHH C PacCMaTPUBAEMbIM Te-
70M N; Ajy — TEIJI00TAa4Ya OT OJHOTO M3 COCEe/I-
HUX TeJ | K JaHHOMY Teny N; P — motepu Mor-
HOCTH B JIaHHOM TeJie N; t — TeKyIiee Bpemsl.

I[JI?I CXEMBI U3 N TEI YpaBHCHUSA TCIIJIOBOT'O
Oananca Oyayt umeTh ciaenyrontuii Bus [10, 13]:

de m m
Cl—dtl =| - E Ay 10+ E A6, +P,
i=2

i=2

do k(i=2) k(i=2)
C,—2=|- > A, 0,+ iAizOi +P,,
dt = = ©)

do q(i=n) q(i=n)
t“ =[= DAy B, + D A0, +P,

n
d i=2 i=2

rae M — KOJNYECTBO TEJI, CBSI3aHHBIX B TEIUIOBOM

OTHOIICHUH C TIEPBBIM TEJOM; K — KOJHUYECTBO
TEJI, CBA3aHHBIX B TEIJIOBOM OTHOLIECHUU CO BTO-
PBIM TEJIOM.

Perienue cucteMbl NPUBOJUT K OIpeiene-
HUIO CpeHeH TeMIepaTypsl N-ro Tejaa B MOMEHT
BpeMeHu t.

VYpaBHeHHs TerioBoro OanaHca 11e51ecoo0-
pa3HO MPUBECTH K BUIY

do
CMl d:/ll = PMl(t)'
4)
do
CMZ d’:[“ = PMZ(t)’

riae Cwui, Cyv2 — MOMHBIE TEIIOEMKOCTH OOMOTOK
cTatopa u poTopa; Omi, Omz — TEKyIMEe 3HAYCHUS
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temmeparyp ooMotok; Pui(t), Pmz(t) — Texymue
3HAUEHUS JJCKTPUUECKUX IMOTEPh B OOMOTKax
cTaTropa M poTopa.

[Ipu uccnenoBaHuM JUHAMHUKH, HATIPUMED,
ACHHXPOHHOTO 3JIEKTPOIPHBOJA €r0 MOBEACHUE
OMKCHIBACTCS cHCTeMON AuddepeHInaIbHbIX
ypaBHeHUH B ocsx X, Y [10...12]:

dy, 1 k
dt SX -|-51 WSX -I-Sl \er s\Vsy
dy,

Ly ik o
dt Tsl \I"sy Tsl \Vry SWSX’

dy 1 k

— =y, +=Vy, O, - Z 0N,
dt Trl\IIrx Trl \st ( S p )\Vry
dy, 1 k

Sy =y, — (o, - Z 0,
dt Trl \Vry Trl \Vsy ( S p )Wrx

a BBIpAXXECHUE IS DJIEKTPUUYECKHUX TOTEPh UMEET
BHUI

()

PMl(t): 3'52Rs'
PMZ(t):3Ir2Rr'
rae Pumi(t), Pmo(t) — Texymwe 3HaueHus d3J€K-
TPUYECKUX TIOTEPh B OOMOTKAxX cTaropa U poTo-

(6)

pa; ls, Iy — neiicTByroIMEe 3HAYEHHS] TOKOB CTaTO-
pa u potopa; Rs, Ry — akTUBHBIE COTIPOTUBIICHUS
00MOTOK cTaTtopa u poTopa.

MrHoBeHHBIE 3HAaYEHUSI TOKOB B 0OMOTKax
3JIEKTPUYECKON MalIMHBl HAXOAUM U3 CHUCTEMBbI
YpaBHEHUH, UMEIOLLEH BU

. 1

=—— (¥, -k W¥,)
ISX GLS( SX r I’X)
. 1
ISy :I(\Psy _kr\Pry),

) (")

i :i(\y —k.¥,,),
rx GLr rx S SX
. 1
Il‘y :G—Lr(\Ilry _ks\Psy)

JlelicTBytomye 3HA4YEHUSI TOKOB ISl TMMOJI-
cTaHOBKH B (6) momydaem u3 (8):

1 -2 -2
i=— [i2 +i
s \/E sX sy !

1 (8)
i=——.[i2 +j?

3Has TeKylIue NOTEePU B CTATOPE U pOTOPE,
MOKHO TEpeHTH K OIpPENeNICHUI0 TeMIIepaTyp
00MOTOK Opi1 1 B2 ¢ TOMOTIIBIO (4).

[Ipu wuccremoBaHUM IYCKOBOTO peXHUMa
TEMIEPATypbl 0OMOTOK O\1 U Op2 HAXOASATCS IPU
coBMecTHOM penieHuu (4) u (6). B nanpHeinem
OHU UCIOJIb3YIOTCS KaK HadalbHbIE YCIOBUS IIPH
UCCIIEZIOBAaHUM TEIUIOBOIO COCTOSIHUS ABUraTels
IIPU KOHKPETHOM XapaKTepe HarpyXeHHus.

[Ipumepsl ompeneneHus TeMIeparyp 00-
MOTKH CTaTopa B JIOOOBOI M MA30BOW YACTSX I10
W3JIOKEHHOM METOJUKE TPUBEACHB Ha puc. 1
[10]. Ha mepBoM 3Tamne pabOThl [BUraTEess BUICH
MHTEHCUBHBIA HAarpeB €ro 3JeMEHTOB IOJ AeH-
CTBHEM ITyCKOBBIX TOKOB =~ 5,5 |y, manee mpo-
LleCC HapacTaHUs TEeMIIepaTyp CYIIECTBEHHO 3a-
MeaJsieTcs, Tak Kak UMeeT MECTO paboTa JBUTra-
TENs C MOCTOSHHOM HAarpy3kod M pacyeTHBIMHU
YCIIOBHUSMU OXJIQXKICHHSL.

Ha puc.2 mnpuBeneHbl SKCHEPUMEHTATb-
HBIC TOJTBEPKACHUS TEOPETUUECKUX TOCTYIa-
TOB JUIsl p&KMMa MOBTOPHOTO BKJIIOUEHUS JIBUTA-
TNl KOHBeilepa M KOHTPOJs JIOOOBOM dYacTH
nBuratens (puc. 2, a), yBeIUYEHHE CKOPOCTH
HarpeBa MOALIMITHUKA JIBUTATENs MpPH Hapylle-
HUM pexuMa cMaszku (puc. 2, 6). CioXHOCTh
MPAKTHYECKOTO HCIIOJB30BaHUS JII000H Teope-
TUYECKOM MOJENN 3aKIF04aeTcsl B OTCYTCTBUHU
TOYHOTO 3HAaYeHHUs KO3(PPUIMEHTOB U pacyuer-
HBIX 3HayeHuil. B 3TOM ciydae ucnonb3yercs
METOJMKa B3aUMHOIO WIM JUHAMHUYECKOTO
CpaBHEHHsI KOHTPOJIMPYEMBIX TAPaMETPOB.

[Ipu pabote aurarens B pexume [IKP ¢
YacThIMU TyCKaMHd HMHTEHCHBHOCTb Harpena
AJIEMEHTOB MAaIlIMHBI BO3pPAcTaeT B TIEPBBIC HE-
CKOJIBKO JIECSITKOB IIMKIIOB, a Jajiee MMEET MECTO
Mepexo] B KBa3NYCTAHOBUBIIHUNCS PEXHUM pado-
ThI (10 ycnoBUsIM Harpesa). [lomyueHnue B aTom
cinydae Opas > Opon (U1 KOHKPETHOTO KJlacca
u3osAIuu) OyJeT NUAarHOCTUYECKHM KpUTEpUEM
JUISL CHUDKEHUS! Harpy3KM Ha JIBUTATENb WIH TIe-
pexona Ha CHUCTEMY, OTPaHUYHMBAIOILYIO ITYCKO-
Boie TOkW, Hanpumep TPH-AJ[ wiu TITY-A/L,
IM4-A. TIpu ucnonb3zoBanuu cucteMbl [TH-AJ]
yJaaeTcs yUTH OT IeperpeBa ABUraTess MpH dac-
TBIX MyCKax (puc. 3).
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a o
Puc. 1. KpuBbie Harpesa 0(t) anekTpoaBuraress:
a — IIATENBHBIA PEeXIM; 6 — IIOBTOPHO-KpaTKoBpeMeHHBIH pexiM (ITKP)

Fig. 1. Heating curves 0(t) of electric motor:
a — continuous service; b — intermittent service (IS)

24
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Puc. 2. JkcnepuMeHTabHbIe KPUBbIE HATPEBA Y3JI0OB JJIeKTPOABUraTeeil KoHBelepa:
a — HarpeB JIOOOBOI YacTu JIBUraTess KOHBeepa pH MepuoJUIecKOM BKIIIOYEHUH; 6 — POCT CKOPOCTH HarpeBa MOALINITHUKA
JIBUTATEIIS IPU HApYIIEHUU PEXKUMa CMa3KH

Fig. 2. Experimental heating curves for conveyor electric motor units:
a — heating of frontal part of conveyor motor at intermittent operation; b — increasing heating rate of motor bearing at lubrica-
tion rate violation

!

Puc. 3. Kpussble 0(t) npu padore cucrembr ITU-AJ]
Fig. 3. Heating curves 0(t) for option with Frequency Converter - Induction Motor system operation
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[TogoGubIe pacuersl O(t) myis nBurarens
MOTYT OBITh BBIMIOJTHEHBI HA ATAle MPOCKTUPO-
BaHUS WU JJIsl U3MEHUBIIUXCS YCIOBHM JKC-
TUTyaTallK AJIEKTPOMEXaHUIecKoi cuctembl. C
JIpPYrol CTOPOHBI,
CHUCTEMBI MOYKET BECTH pacyeT TEKYIIEro TerIo-
BOT'O COCTOSIHUSI JIBUTATEIs M aJCKBaTHO pearv-
pOBaTh B Cy4ae Oya; rex > Oxon-

HeoOxoauMbIM  yCiOBHEM NpHU KOHTPOJIC

JUarHoCTu4ycCKkas MOJACIIb

TETUIOBOTO COCTOSIHUSL SIBIISICTCS y4eT HapameT-
POB MexaHn4ecKkoi yacTu npusoaa. CymMMapHbIi
MOMEHT MHEPIHH CUCTEMBI Jy I OOJBIIMHCTBA
NPOM3BOJICTBEHHBIX MEXaHH3MOB MOXET pac-
CMaTpHUBaTbCsA B KAYECTBE IMOCTOSHHOW BEIUYM-
Hbl. B Tex cimywasx, korga MOMEHT MHEpLMHU Jx
ABIsieTC (PYHKLUMEH yriia moBopoTa U €ro Imnpo-
U3BOJIHBIX, BEIMYMHA €r0 NEePEeMEHHON COCTaB-
nsronieit 00pr9HO He mpesbimaet 10...20 % Jo:
Jz :J0+JK((Pa¢)- 9)
B TemnoBoii wmopenn pacdera MOTEpU
OHEPTUU YYUTHIBAIOTCS KOA(DDUIIMEHTOM TPEHUS
[, 3Hau€HUE KOTOPOTO MEHSETCS CTYNEHYaTo
IpU U3MEHEHUH PEXHMa CMa3bIBaHMsI, YTO U CO-
CTaBJISIET OCHOBHYIO HEOIPEJIENIEHHOCTh J1TaHHO-
ro pacuera. Tak, mpu peanu3anuu KUAKOCTHOTO
peXHUMa TpPEHUS, COOTBETCTBYIOUIETO TIOJHOMY
Pa3feNeHNIO JABIKYIINXCS TOBEPXHOCTEH M HC-
NIPaBHOMY COCTOSIHHIO TIPH JUTUTEIHHOM PEKUME

v Monenb u(H)
Certb |:> YIIPABJISIEMOTO MPE- e

obpazoBares

pa6otsl, u = 0,003. Ilpu rpaHUYHOM TpEHUU B
MoMeHT 3amycka | = 0,01, a mpu cyxom TpeHuun
B MOMEHT BO3HMKHOBEHHUS MOBPEKICHUN 3HAUE-
HUs CTaHOBATCA paBHbIMM | = 0,1 BHauvane jo-
KaJIbHO, a 3aTEM IO BCEH IUIOMIA N COMPUKOCHO-
BEHUS DJIEMEHTOB TPEHHUSI.

Cy1iecTBeHHOE BIUSHUE HA PabOTy dJeK-
TPOMEXaHUUYECKON CHUCTEMbl OKa3bIBae€T HCTOY-
HUK nutaHus. B o0miem cimyyae 310 mpeodpazo-
BaTellb (CTaTUYECKUH WM 3JIEKTpOMEXaHU4de-
CKMH CO CBOMMH OCOOCHHOCTAMH pPabOThI),
T.c. B OOIIEM CiIy4ae JIOJKHAa pacCMaTpUBATHCS
CHCTEMa  «yIMpaBJIIEMBId  IMpeoOpa3zoBaTeib —
JBUTATENb)» (HAa MOCTOSIHHOM WU MEPEMEHHOM
TOKE).

[TonydyeHHble TemmepaTypbl pPacUETHBIX
macc monenu (puc. 4) [10] moryt cinyxuth 1u-
ArHOCTUYECKUM TPU3HAKOM (KpUTEpHEM) IS
OLIEHKU PeXHMMa pabOThI ABUTATEIS M MPUHSATHS
KOHKPETHBIX MEp 10 CTaOWIM3aluu ero paboThl.
Heo0xonuMo 3aMeHHTBH, YTO JaHHAs METOJUKA
JIOBOJIBHO CJIOXKHA M TpeOyeT 3aTpaT BPEMEHHU Ha
OTIpeJieNIeHUe Y/AEIbHBIX TEIJIOeMKOCTeH, Ko3(-
(UIMEHTOB TeIJIoNepeaay, COCTaBICHUE U Ha-
60p Mojenu, ee HajaJKy, IPUBJICUYEHUE CIelHa-
JHMCTOB C BBICOKUM YPOBHEM MOJTOTOBKH B 00-
nactu OMC u Harpesa.

Monenb
JIBUTATENS

1

Monenb
CHCTEMBI

YIIpaBJICHUS

Monenb

M

MOMEHTa COIIPOTHB-
nenust M¢(w)

[ 3
A
-

I (
CIIJIOBAas1 MOJCIIb

—» JIBUTATEIS
AP

Puc. 4. Mopesnb cucreMbl IPH YNPOLIEHHOM y4YeTe MexaHn4eckoi yactu SMC

Fig. 4. System model with simplified accounting of EMS mechanical part
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IIpakTKa KOHTPOJISI TEIMJI0BOr0 CO-
CTOSIHMS JJIEKTPOMEeXaHH4eCKoro odopyaosa-
HusA. CylecTBEHHO YNPOIIAeTCsl 3aJadya KOH-
TPOJIA TEMJIOBOTO COCTOSIHUSL OOBEKTOB, €CIHU
NEPEUTH K HUCIIOJIb30BAHUIO CIIELUATIbHBIX «TEIl-
JIOBBIX» MPUOOPOB — MUPOMETPOB U TEIIOBU30-
pos. JlelicTBre 3TuX MpuOOPOB OCHOBAHO Ha ¢o-
TODJIEKTPUYECKON PETUCTPAllUd WHTEHCHUBHOCTHU
TEIUIOBOTO M3Jy4YeHHs] HarpeThiX Tel, MpOHop-
LMOHAJILHOM MX Temrieparype. TemnoBu3op mo-
3BOJISIET BCECTOPOHHE OLIEHUTh TEIJIOBOE CO-
CTOSIHME [JBUTATElsi U Ha €ro OCHOBE cliejaTb
BBIBOJI O BO3MOXXHOCTH HPOJOJIKEHHSI pabOThI
WM HEOOXOIUMOCTH TPOBEIACHHUS PEMOHTHOI
oriepanuu.

TepMorpammspl, TPHUBEACHHBIE HA pHC. S,
MO3BOJIAIOT CYJIUTh O TEIJIOBOM COCTOSIHUH JIBU-
rateined u BO3MOXHOCTH JajbHEUIIEro (yHK-
HUMOHMpOBaHMsT MamMH. Tepmorpamma (puc. 5,

@) TIO3BOJISIET TOJIYYMTh OOIIEe 3aKIIOUYEHUE O

/

TEIUIOBOM COCTOSIHUU JIBUTATElNsl, BBIIEIUTH 30-
HBI PACIIOJIOKEHUS MOJIOCOB OOMOTOK CTaTtopa U
clenath BBIBOJ OO0 YAOBJIETBOPUTEIBHOM CO-
CTOSTHUM TI0 3HAUYECHUIO MAaKCUMAaJIbHOW TeMIiepa-
Typsl — 54,2 °C. Tepmorpamma, npuBecHHAs Ha
puc. 5, 6, TIO3BOJISAET YCTAHOBUTH (HaKT HATHUHUS
HEPaBHOMEPHOI'O OXJaXKICHHUS CcTaTopa 3JeK-
TPOJBUTATENS, BBIICTUTH 30HBI JOKAJIBHOTO Iie-
perpeBa (puc. 5, ), KOHTPOJIb Pa3BUTHS TCHACH-
WA KOTOPBIX MO3BOJIUTH MPEAYNPEAUTh HACTY-
IUIGHUE TpeAeNbHOro coctosnus. Mudopmarus
Ha TepMOTpaMMe pucC. 5, ¢ ObljIa MUCIOIB30BaHA
MPAKTUYECKH MTHOBEHHO — TIEPErpeB OJHON W3
¢da3z mo 58,1 °C (6onee uem Ha 20 °C mpeBbI-
HIAIOMIMA TeMIepaTypy PacloIOKEHHBIX PSIOM
OJTHOTHITHBIX 3JIEMEHTOB) MOT IPHUBECTU K BHE-
IJIAHOBOM OCTaHOBKE JIBUTAaTells, MOBTOPHBII
KOHTPOJIb TIOKa3aJl PAaBEHCTBO TEMIIEPATYp II0
bazam.

2

Puc. 5. TenioBoe u3o0pakeHne 3JIeKTPUIECKOIl MAIIMHBI:
a — BUTATEINlb KOMIIPECCOPA; O — ABUTATENb — OXJIAXKEHUE CTATOPA; 6 — MECTHBIE MIEPETPEBBI CTATOPA; & — HATPEB OJI-
HOM (pa3bl MUTaHUS ABUTATEISI — HENOMYCTHMOE COCTOSIHUE

Fig. 5. Thermal image of electric machine:
a — compressor motor; b — motor — stator cooling; ¢ — local overheating of stator; d — heating of one phase of motor
power — unacceptable condition
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Puc. 6. Hacoc ropsiueii BogbI — 3aiopHasi apMaTypa 0e3 TenJIou30asIuH

Fig. 6. Hot water pump — shut-off valving without thermal insulation

Puc. 7. lloBpimienHbIil HarpeB ¢)a3bl B BHICOKOBOJIBLTHOTO BBOA (6 KB) 10 39 °C

Fig. 7. Increased heating of high voltage input (6 kV) phase B up to 39 °C

OLeHKa TEeIIOBOTO COCTOSIHUSL 3JEKTPO-
000py/I0BaHUsl B 3aBUCUMOCTH OT KOHCTPYKIIMH
1 YCIIOBUM 3KCILTyaTalluy OCYUIECTBIISETCS:

—II0 HOPMHUPOBAHHBIM TEMIIEpaTypaM Ha-
rpeBa (PEBHIIICHUSM TEMIIEPATYPHI);

—PaBHOMEPHOCTH TOBEPXHOCTHOTO TEILIO-
BOTO MOJISI O0BEKTa;

—IMHAMUKE W3MEHEHHUS TeMIIepaTyphl BO
BPEMEHU WJIU C U3MEHEHHEM Harpy3KH;

—TIyTeM CpaBHEHUS U3MEPEHHBIX 3HAUCHUM
TEMITEpaTypbl WCIPABHBIX W HEHUCIPABHBIX Vy3-
JIOB.

Crnemyer OTMETUTh, YTO HE CYIIECTBYET
METO/IOB OLICHKM CTENEeHH HEUCIPAaBHOCTH Je-
(GEeKTOB Ha MeperpeBacMbIX MOBEPXHOCTIX 000-
pynoBanusi. IleperpeBsl MOTYT OBITH BBI3BaHBI
CKPBITBIMH JIe(peKTaMH WM TEIJIOBBIM H3ITy4e-
HUEM CTOpOHHUX 00bekToB. Ha puc. 6 mpusese-
HO TEIIOBOE M300pa’keHHEe Hacoca ropsiueit Bo-
JIbl, TIO3BOJISIFOIIEE OLIEHUTh CTENEHb Mepeladu
TEeIUIa OT Hacoca K JIOOOBOMY MOIIUITHUKY JBU-
rarens. Puc. 7 neMOHCTpUPYET MEpPErpeB OJHOU

u3 ¢a3 cunoBoi mojacraHiuu 6 kB, ycTpaneH-
HBI MpU TPOBEACHUM TEKYIIETO0 pPEeMOHTa 0Oe3
MOCNEACTBUI B BHUIEC BHE3AMHOM OCTaHOBKH
000opyI0OBaHUS.

[TonHoOE TepMorpaduueckoe 0OCIeI0BaHNE
MIPOBOUTCS TIPH TIOJITOTOBKE K MPOBEICHUIO Ka-
MUATATBHOTO peMoHTa. CHUMAIOTCS TEpPMOTpaM-
MBI TIOBEPXHOCTEH B MeCTaX KOHTAKTOB JIeTaNeH,
M0 TIOBEPXHOCTH OOBEeKTa, (YyHIaMEHTy MeXa-
Husma. [Ipu o6paboTke TepMorpamm cpaBHUBA-
I0TCS MEXIY COOOW HarpeBbl SJIEMEHTOB, OJHO-
TUTHBIX Y3JIOB U JIeTalel, TMHAMUKA H3MEHEHHSI
HarpeBOB BO BPEMECHH W B 3aBHCHMOCTH OT Ha-
TPY3KH, OIPEIEISIFOTCS JIOKAJIBHBIC HarpeBbl,
MeCTa MX PaCIOJIOKEHHS, COTIOCTABIISTIOTCS MEC-
Ta HarpeBa C PacroOKEHUEM JJIEMEHTOB MeXa-
HUYECKOM M AJEKTPUUYECKON YacTH MPUBOJA, OTI-
penensiercs 3pPEeKTUBHOCTh PabOTHI CHCTEM OX-
JTKIEHUS. AHATH3 TEIUIOBBIX M300pakeHUi u-
arHOCTHPYEMOT0 O00OpYyIOBaHUS TOJIKECH Yy4u-
THIBAaTh HAIMYUE ACPEKTOB MOBEPXHOCTH OOBEK-
TOB, 3arpsI3HEHUIN U CMA3KH.
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HaubGonee BaxkHBIM MmapaMeTpoM IJis
OLIEHKHU TETJIOBOTO COCTOSIHUSL OOBEKTA SIBJISACTCS
€ro HM3Ny4areiabHas CHOCOOHOCTh (KOJIUYECTBO
U3JTY4YEHHUs, UCIYCKAeMOro OOBEKTOM IO CpaB-
HEHHMIO C M3JIydeHHEM OT a0COJIOTHO HYEpPHOIo
tena). OOBIYHO HM3IyYaTeNbHAs CIIOCOOHOCTH
MOBEPXHOCTU OOBEKTa HAXOJIUTCS B JIHMAIa3oHE
npuoimsutenpHo 0,10...0,95. ¥V monmmupoBanHOK
(3epkanbHOI) MOBEPXHOCTU U3TydaTelbHas CIo-
cobHocth Huxe 0,1, B TO Bpems KaK y OKHCIICH-
HOM MM  OKpPAlIEHHOM  IIOBEPXHOCTH  —
0,85...0,95. Hampumep, kpacka Ha MacisHOMN
OCHOBE, HE3aBUCUMO OT I[B€Ta B BUJUMOM CIIEK-
Tpe, UMEeT M3IMydaTeNIbHYI0 CIIOCOOHOCTh Oolee
0,9 B undpakpacaom auanasone [1, 2, 21, 22].

Takue BHemHue (aKTOpbl, KaK TeMIlepa-
Typa U BIKHOCTh OKPY’KAaIOILIEro BO3AyXa, MPU
NPOBEICHUN TEePMOTpapUpPOBAHUS MOXKHO HE
YUUTBIBaTh, MOCKOJIBbKY CyMMapHasi OIIMOKa M3-

MEpeHHsI TeMIIEpaTypbl B 3TOM cCllydyae He Tpe-
sermaet 0,2 °C.

Ha puc. 8, 9 mnpuseaeHsl TepMOIrpaMMbl
6a30Boro 000pyI0BaHUSI COPTOBOTO MPOKATHOTO
ctana «390» — 310 HarpeBaTelbHas M1eYb (€€ Me-
XaHU3MBbI), KOMIUIEKC MEXaHU3MOB IPOKATHOMN
KJIeTH (BaJIKH, IIMUHACTH, PEIYKTOPBI, COSTUHU-
TeabHble MYy(THI, ToAmMUIHKKK). OO1Ien3BecT-
HO, YTO BHHMaHHUE B MEPBYIO o4yepeab HeoOXo-
MO OOpaTUTh Ha BXOJHBIC M BBIXOJHBIE IMOJ-
LIMITHUKY, a TaK)Ke HA MOJIIMITHUKU MTPOKATHBIX
BaJKOB (Ha CTaHE HMCIIOJB3YIOTCS JIBa BHJA Ball-
KOB — BEPTHKAJIbHBIE W TOPU3OHTAIBHBIC) Kak
HauOoJee Harpy>KeHHbIe 3JEeMEHThl. B HekoTo-
PBIX Cilydasx HeoOXoauMo oOpalaTh BHUMaHUE
Ha TEIUIOBBIE OTPAaXKEHUS HArpeToro J0 TeMIie-
patypbl 1 000 °C nmpokarbiBaeMOro ciauTka. 3a-
Jada pazIUYeHus] HarpeBa OT TEIUIOBOTO H3ITY-
YeHHsI U BHYTPEHHETO HarpeBa JJIEMEHTOB CTa-
HOBHTCS B IaHHOM CJTyyae BeChMa aKTyaJlbHOM.

Puc. 8. TepmorpaMmmbl MeXaHMYECKUX 3BEHbEB:
a — TIOAIIUITHUKOBAS OTIOpa BEHTHIIATOPA, TOIycTUMBINA HarpeB 37 °C; 6 — 1000BO# MOAIIMITHUK M COSTUHUTENbHAS My (Ta;
6 — PEOyKTOp U TPyOOIPOBOABI CMa3KH; 2 — METAJUIOKOHCTPYKIHH TIeUn

Fig. 8. Thermograms of mechanical components:
a — fan bearing assembly, permissible heating of 37 °C; b — frontal bearing and sleeve coupling; ¢ — gearbox and lubrication
pipes; d — furnace steel structures
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Puc. 9. TepmorpamMMbl BHIXOAHBIX BAJIOB PeYKTOPOB IPMBOJA NPOKATHBIX BAJKOB:
@ — TIOJIINITHUK BBIXOHOTO HAKJIOHHOTO BaJla; 6 — MOIIINITHAKY BEIXOJHOTO TOPU30HTAIBHOTO Bajla, Harpes 10 55 °C;
8, 2 — IOAUIUITHUKH HpOKaTHOﬁ KJICTH

Fig. 9. Thermograms of output shafts of mill roll gearheads:
a — bearing of the output inclined shaft; b — bearings of output lay shaft, heating up to 55 °C;
¢, d —rolling mill stand bearings

3HAUUTENbHBI HarpeB MOAIIMITHUKOBBIX
OTIOp DJIEKTPOJBUTATENICH U PEIYKTOPOB MOXKET
OBITH BBI3BAH HECOOTBETCTBUEM THUIIA WJIH YPOB-
Hi CMa3Kd, JUCOalaHCOM POTOpa, CIHUIIKOM
MJIOTHOM TIOCAJIKOM TMOAMIUITHUKA, BUOPALIUSIMH,
HEPOBHOCTHIO TOBEPXHOCTH OTIOPHI.

Cpenu IuarHoCTMYECKUX MapaMeTpoOB BbI-
JENSII0TCS TeMIlepaTypa B JIOKAJIbHBIX TOYKAX,
MHTEHCUBHOCTh HApacTaHUs TeMIIepaTypbl NpH
3amycKe, pa3HOCTh TEMIIepaTyp Macia Wiu SKH-
KOCTH Ha BBIXOJIE€ M BXOJIE; HAJIMYME IIBETOB Ka-
JeHus ¥ no0exanocTu. DPGEeKTUBHBIM SBISETCS
coueTaHHe CYObEKTHBHBIX M MPUOOPHBIX METO-
JIOB.

[TupomeTpsl U TEMIOBU30PHI MPEACTABIIEC-
HbI HIIMPOKUM CIIEKTPOM MOJEJIEH C Pa3HbIM TEX-
HUYECKUM YpPOBHEM U C Pa3HBIMH BO3MOKHO-
ctsamu. [Ipu BeIOOpE MOAXOASIIECH MOIETH TPHU-
0opa HeOOXOMMO OTIPEICIIUTHCS, KaKHe UMEHHO

3aa4¥ AMATHOCTUKM HPHUIETCS PEIaTh € €ro
nomoIpo. Berbop moaxopsmiet Mouenu mupo-
MEeTpa W/WIKM TEIJIOBU30pa ONpeNeNsieTcs clie-
JOYIOIMMHU YCIOBHUSIMH: M3 KaKHX MaTepHajioB
W3TOTOBJIEHBI JUarHOCTUPYEMbIE OOBEKTHI; BO3-
MOXHBIM JUana3oH TEMIIepaTyp U pa3Mepbl Iu-
arHOCTUPYEMBIX 00JacTei; pacCTOSHUS, C KOTO-
PBIX OYAYT MPOBOAUTCS MU3MEPEHUs; TEMIIEpaTy-
pa OKpyKarollell cpeasl; MpOo3padyHOCTh Ipo-
CTpaHCTBa MEXIy MPUOOPOM M OOBEKTOM; Tpe-
OyeMasi TOYHOCTb M3MEPEHMI; CKOPOCTh H3Me-
HEHUSl TOJOXEHUS WM COCTOSHUS JHarHOCTHU-
pyeMoro o0beKTa; He0OXOAUMOCTh MHTErpalluu
npubopa B KOMIIBIOTEPHYIO CHCTEMY JIHarHo-
CTHKHU.

dopmupoBaHHe npogeccHOHAIBHBIX
KOMIIETEHIIHI B 00JIaCTH TEepMOMETPHPOBAa-
HHMSl NPOMBILLIEHHBIX 00beKTOB. L1 nocto-
BEPHOT'O OIPEACIICHUs] TEMITEPATypbl TOBEPXHO-
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CTEH DJIEMEHTOB 3JEKTPOMEXAHUUYECKHX CHCTEM
HE00X0IMMO XOpOIIO MOHHMMATh Mpouecc ¢Gop-
MHUpPOBaHMS TIOKa3aHUH TeMIepaTypsl OECKOH-
TaKTHBIMU TPHOOpaMU TEPMOMETPUH U 00s3a-
TEJIBHO YYUTHIBaTh KOI((UIMEHT TEII0BOTO
U3JIy4EHUsl MaTepHUasoB.

[ToaroroBka crnenuanucra 0a3upyercs Ha
3HAHUSX OCHOB TEIUIOBUJCHMS, 00paOOTKH U UH-
TepIIpeTaly OIEPAaTUBHBIX 3aMEpPOB TeMIIepa-
Typ TEIUIOBBIX MOJIEH JAUArHOCTUPYEMBIX OOBEK-
ToB [23-26]. TunoBas mporpamma MOATOTOBKH
CHelHalIicTa M0 TEPMOMETPUPOBAHUIO pazpado-
TaHa C Y4YETOM CYLIECTBYIOIIUX HOPMAaTHUBHBIX
noKkyMeHTOB [21-34] u mpemiaraer K U3y4eHUIO
CJICAYIOIINE BOIIPOCHI:

—aKCHOMBI Pa0OTOCIIOCOOHOCTH M THATHO-
CTHUYECKHE TapaMeTpbl — (PaKTOPbI, OMpPEeIsito-
mue paboTocrnocoOHOE COCTOSIHME M BHUIBI pe-
MOHTHBIX BO3JICHCTBHIA;

—(U3NYECKUe OCHOBBI TEPMOMETPUU —
TpeOOBaHUS K CpEJCTBAM HM3MEPEHHs; OCHOBBI
uH(pakpacHoil TepMorpaguu; akTUBHBIA U Mac-
CUBHBI TEIUIOBOM KOHTpPOJb; JHAarHOCTUYECKHE
napaMeTpsl NpU U3MEPEHUHM TEMIIEpaTypsl; N10-
MOJIHUTEJIBHOE OCHAIlIEHUE TEIJIOBU30pa; KpUTe-
puu BbIOOpa TEIIOBU30pa JIJIsl IPOBEACHUS pas-
JUYHBIX paboT B 00JacTH TEMJIOBOIO KOHTPOJIS;
MUPOMETPBI, TEIIJIOBU30PHI — 00I1I€e YCTPONUCTBO;

—OCHOBHBIE (DYHKIIMOHAJIbHBIE BO3MOXKHO-
CTH TEIJIOBU30POB — MapaMeTpbl TEIJIOBBIX HU30-
OpaxeHuii; BbIOOp paboyeil MajuTpbl TEIIOBU-
30pa; TeMIlepaTypHbIN JHMana3oH U MOJIharaso-
HBI TEIJIOBU30pA; ONIPEIEICHUE U HACTPOMKA KO-
s¢¢uIeHTa n3MyYeHUs; HACTPOiKa TEMIOBU30-
pa mepesa HayaJloM paboThl; TpeOOBAaHUS K ypPOB-
HSM IIOATOTOBKHM NEPCOHAJIA; METOAMKA TEIIO-
BU3HOHHOTO O0CIIE€IOBAHUS; IpaBWiIa TEXHUKHU
0€30macHOCTH TpH padboTe C TEIIOBU30POM; H3-
MEpEeHHE TEIIOBOM KapTUHBI 00BEKTA;

bubauorpadguyeckuii cnucok

1. Baranski M., Polak A. Thermal

diagnostic  in  electrical

—METO/bl OLEHKH TEXHUYECKOI'O COCTOS-
HUSI — KAQ4EeCTBEHHBI M KOJIMYECTBEHHBIM aHa-
JIU3; OCHOBHBIE PErIAMEHTHPYIOLIUE TOKYMEH-
ThI; XapaKTepHbIE HEUCIIPABHOCTU U MX OOHapy-
KEHHE 10 TepMOoTpaMMaM; KpUTepuH Ae(eKToB
TEIUIOBOM TPYIIbI; aHAIU3 pe3yJbTaTOB U CO-
CTaBJICHUE MPOTOKOJA PE3YyIbTaTOB U3MEPEHMUIA;
KOMIIBIOTEpPHBIE MPOrpaMMbl 00pabOTKU TepMO-
rpamm.

JlanHasi mporpamma paccyiTana Ha paboTy
CO cirymaTesssMu B TeueHue Henenu. [locne npo-
BEJICHUS MPAKTHYECKUX 3aHATUN [0 U3MEPEHUIO
TEIUIOBBIX I0JIEH OOBEKTOB CIEAYET 3K3aMEH,
KOTOPBIN MOATBEPKAAET YPOBEHD 3aKPETIIEHHBIX
3HAHUW U TOTOBHOCTb K CaMOCTOSITENIbHOMN
pabore.

BoiBoabl

1. [TosiBNeHHE MIMPOKOTO CHEKTpa Mpudo-
POB TEIUIOBU3MOHHOTO KOHTPOJS 3HAYUTEIBHO
pacuMpsieT BO3MOKHOCTHM KOHTPOJS TEXHUYe-
ckoro cocrosgaus OMC mo mapamerpam Temiie-
paTypsl. Busyanuzanuus TemioBsIX Mojel MO3BO-
asieT 3¢ (EeKTUBHO peniaTh 3ajaun AUarHoCTUPO-
BaHUSA DJIEKTPUYECKOW M MEXAHWYECKON 4acTH ¢
y4eToM crenrupuyecKux yCJIOBHM mpeoOpa3oBa-
HUS DJIEKTPUUYECKON SHEPTUHU B MEXAHUUYECKYIO U
TEIUIOBYIO.

2. Ucnionb3oBaHWe OUHAMHYECKHUX TETIO-
BBIX PACUETHBIX CXEM 3aMEILECHUs ABUTATENIeH
PEKOMEHyeTCsl Ha JTale MpelIBAPUTEILHOTO
KOHTPOJSI  COCTOSIHUSL ~ 3JIEKTPOMEXaHMUYECKOM
CHUCTEMBbI TIPH BBEJIEHUM B PACUET THUIIOBBIX H
JKCTPEMaJIbHBIX BO3MYILIEHUH.

3. Paspabortanbpl pekoMeHIAIMH W TMPO-
rpaMma Jyisi MCIOJIb30BAHUS TEINIOBU3MOHHOM
TEXHUKH TEXHUYECKUM IEPCOHAJIOM MPOMBIII-
JIEHHOTO NPEANPUATHS C yUYETOM KOMIUIEKCHOTO
MOJAX0Jla K M3y4eHUI0 (PU3UKU TEIUIOBOTO MpPO-
SBJIEHUS HEUCHPABHOCTEH 3JIEKTPUUECKOTO U
MEXaHUYECKOT0 000PYyI0BAHMS.
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Challenge problem. With increasing per 1,000 tons of production, and the labor inputs

depth of mining, supporting of operating mine
workings became one of the most pressing prob-
lems. Attempts to ensure maintenance-free sup-
porting the workings at the expense of increasing
load-bearing capacity of the support failed.
At present, specific volume of mine support re-
setting in the Donbass mines has reached 7.5 m

to repair and maintain the mine workings
are 565.2 person-shift per 1 km of supported
workings per year, or about 50 person-shift
per 1,000 tons of production. The cost of the
support re-setting per one meter of production is
up to 50-60% of the initial support cost. The
state of mine workings in the Donbass mines is
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characterized by the following figures: about of
50% of the mine workings have been deformed,
including for the horizontal development work-
ings — 64 %, for the inclined workings — 52 %,
and for the shaft bottom workings — 43 %. Of the
total volume of the deformed workings, 20 % are
in emergency condition, and this leads not only
to increasing the costs of maintaining workings,
but also significantly affects the mining safety.

That is why improvement of the mine
working support design on the basis of revealing
features of the mechanism of originating load on
them is an urgent task.

Findings of reviewing recent studies and
publications. The mechanism of interaction be-
tween frame support of the workings and the sur-
rounding rock mass is very complicated and am-
biguous. The existing idea that the support bear-
ing reaction is distributed along the inner surface
of the working to a width equal to the support
setting increment does not reflect the actually
observed situation in mine conditions, especially
in case of formation of broken (fractured) rock
zone. In practice, the support bearing reaction
takes place within the surface of contact between
them only. In interframe space, magnitude of the
support bearing reaction to the rock mass is de-
termined by the support setting increment and
the interframe shield rigidity. In this case, only
the supporting frames are the supporting element
resisting unstable rocks.

The nature of the load distribution along
the perimeter of the frame support has been thor-
oughly studied to date [1-7]. At the same time,
the support is a spatial structure, and the question
of the mechanism of the frame support interac-
tion with the host rock mass, taking into account
the rock deformation features in the interframe
space, has not yet been fully studied. Most re-
searchers define lagging (interframe shield) as a
support element designated to protect a mine
working from rock falls in the spaces between

the support frames [8-16]. At the same time, the
results of mine working surveys show that the
lagging state is much worse than the condition of
the support frames themselves [17-20]. There-
fore, in recent years, more attention has been
paid to the lagging load-carrying function, which
consists in receiving pressure from the rock mass
and transferring it to the support frames [21-25].
At the same time, most of the developed mine
laggings are rigid structures, bearing capacity of
which is close to bearing capacity of the frame
sets. This leads to increasing material consump-
tion and the complexity of working support set-
ting. This approach to solving the problem of
interframe shields does not reflect the actual
mechanism of the adjustable lagging frame sup-
port operation.

Study objective. To reveal the features of
originating load on "support-interframe shield"
system in the process of formation of broken
rock zone around a mine working, taking into
account the interaction of the support frames
with the rock mass.

Research Findings. To achieve this goal,
we used the method of physical modeling using
models made of equivalent materials and struc-
tural models. The investigation was carried out
in several stages.

1. To reveal the influence of lagging oper-
ating mode (rigid or adjustable lagging) and the
support frame spacing on the magnitude and na-
ture of the support frame loading.

2. To reveal the features of the mechanism
of the support frame and lagging loading at ad-
justable lagging mode.

3. To substantiate the requirements for ad-
justable lagging parameters.

The model was loaded  using
pneumocylinders. As the equivalent materials,
gypsum-sand mixtures were used in the model-

ing.
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When developing structural models, mar-
ble chips with particle size of up to 10 mm were
used as the material for the models.

A layered rock mass having uniaxial com-
pression strength of 40-60 MPa was modeled. In
the models, the roof support frames along the
working length were installed in increments of
60; 40; 20 and 13 mm, which correspond to 1.5;
1.0; 0.5; and 0.33 m in field (mine) conditions.
To study the stress distribution in the rock mass,
in the models, friction sensors were installed
tightly at a distance of 30 and 70 mm from the
working contour. Similar sensors were installed
under the roof support frames.

The arrangement of the sensors is shown in
Fig. 1. Before testing the models, the readings of
the sensors were recorded with no external load.
Then, in the process of testing the models, the
sensor readings were recorded when the magni-
tude of the external load changed.

At first, model No.1 with rigid lagging
was tested. The results of measuring pressure on
the roof support frames and stresses in the sur-
rounding rock mass are presented in Figures 2, 3.
Analysis of the results of measuring pressure on

the roof support frames (see Fig. 2) shows that
decreasing spacing between the support frames
results in decreasing the load on each frame. In
this case, the readings of the sensors under
frames No. 1 and 12 were not taken into account,
since they were located close to the model body.

For instance, decreasing the frame spacing
from 1.5 to 0.33 m decreases the load on the
frame from 121 to 42 kPa. This confirms cor-
rectness of the existing opinion that the role of
rigid lagging in the formation of the support load
is confined only to the load redistribution on the
frames, depending on their spacing.

Analysis of the graphs of pressure distribu-
tion in the model mass (see Fig. 3) shows that it
also depends on the support frame spacing. For
instance, with the frame spacing of 1.5-0.5 m,
directly above the frames, pressure maximum is
observed, while with decreasing the frame sup-
port spacing, the difference between the pressure
above the support frames and between them de-
creases. At the frame spacing less than 0.5 m, the
pressure in the rock mass is more evenly distrib-
uted. The same pattern is observed at greater dis-
tance from the working contour.

2" Jayer sensors 5 10 14 18 21 24 26 29 31 32 34
33
o
<
1% layer sensors 5 10 14 18 21 24 26 29 31 |33
32 34
(@]
™
Roof support frames
Sensors installed under
the roof support frames
PP 1 2 3 5 6 7 18 (9 (1011 |12
105 60 60 60 40 40 40 120)20],2016/6 105

Fig. 1. Layout of pressure sensors in the model
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Fig. 2. Results of measuring pressure on support frames (P) with rigid lagging at external
load of 0 kPa (1), 20 kPa (2) and 40 kPa (3)
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Fig. 3. Results of measuring pressure on the first layer sensors in the model with rigid lagging
at external load of 0 kPa (1), 20 kPa (2) and 40 kPa (3)
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Fig. 4. Results of measuring pressure on support frames (P) with adjustable lagging
at external load of 0 kPa (1), 20 kPa (2) and 40 kPa (3)
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Fig. 5. Results of measuring pressure on the first layer sensors in the model with adjustable lagging
at external load of 0 kPa (1), 20 kPa (2) and 40 kPa (3)

Obviously, the support frames act as pres-
sure concentrators, since their bearing capacity
and rigidity are much greater than that of the
lagging. As a result, the rock mass immediately
above the frames is broken to a greater extent.
With the frame spacing of less than 0.5 m, the
bearing capacity and rigidity of the support along
the working length do not practically change and
the pressure is distributed more evenly along the
working length. Consequently, increasing the
lagging rigidity will lead to more intense break-
age of the rocks between the frames.

Model No. 2 was tested in similar condi-
tions, but with the adjustable lagging. The results
of measuring pressure on the roof support frames
and stresses in the surrounding rock mass are
presented in Figures 4, 5. As can be seen from
the above data, the support frames load, at with
the frame spacing from 0.5 m to 1.5 m is distrib-
uted evenly and practically does not depend on
the distance between the frames. At the frame
spacing of 0.5 m or less, the support frames load
is distributed in the same way as with the rigid

lagging, i.e. as the distance between the frames
decreases, the load decreases too.

The pressure distribution in the rock mass
is uniform at the frame spacing of 0.5-1.5m,
while the pressure concentration above the sup-
port frames is not observed. With the frame
spacing of less than 0.5 m, the pressure in the
rock mass is distributed in the same way as with
the rigid lagging.

The performed studies allow to conclude
that with the support frame spacing of more than
0.5 m, the lagging not only protects the working
from possible collapses, but also participates in
the process of forming the load on the support
frames. Moreover, the greater the lagging adjust-
ability, the more evenly the pressure is distribut-
ed on the frames and in the rock mass along the
working length.

At the support frame spacing of less than
0.5 m, the role of lagging is confined to support-
ing backfilling material only;

For more detailed studying the mechanism
of forming the load on the roof support frames,
models Nos. 3, 4, 5 were tested. To model the
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zone of broken rocks (ZBR), marble chips with
particle size of up to 10 mm were used as the
model material. In the model, the support frames
along the working length were installed with
spacing of 40 mm that corresponded to the sup-
port frame spacing of 1.0 m in the field (mine)
conditions. The friction sensor was installed un-
der each support frame. Adjustable lagging was
installed between the frames 1-4, whereas the
rigid one, between the frames 4-7. In models
Nos. 3, 4, and 5, the size of the broken rock zone
above the working was simulated, being equal to
half the frame spacing, the frame spacing, and
the doubled frame spacing, respectively.

The results of measuring pressure on the
roof support frames in models 3, 4, and 5 are
presented in Figs. 6, 7, respectively.

The analysis of the obtained data showed
that at the initial stage of the the broken
rock zone formation (at the external load
of 0-10 kPa), the lagging adjustability does not
produce significant effect on the support load.

P, kPa
140 T

Starting with the external load of 10 kPa, the
load on frames with adjustable lagging grows
less intensively and is 1.5-2.5 times less than
that on the frames with rigid lagging. With in-
creasing the external load above 30 kPa, the in-
tensity of loading the frames with adjustable lag-
ging increases, whereas in case of the rigid one
the intensity decreases. But on the whole, the
load on the frames with adjustable lagging, as
established earlier, is 30—40 % less than that on
the frames with rigid lagging.

Such mechanism for forming support
frame load can be explained as follows. Begin-
ning with the external load of 10 kPa, the adjust-
able lagging deflects and, when the broken rock
zone size exceeds half of the frame spacing, the
natural self-supporting arch is formed over
interframe shields between the frames. The arch
is completely formed at the external load of
30 kPa (Fig. 8). After this, the support frame
load begins to increase more intensively with
increasing the external load.
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Fig. 6. Results of measuring pressure on support frames (P) in model No. 3
depending on external load (Pe):
1 — with adjustable lagging; 2 — with rigid lagging
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Fig. 7. Results of measuring pressure on support frames (P) in models Nos. 4, 5
depending on external load (Pey):
1 -with adjustable lagging; 2 — with rigid lagging

Fig. 8. Behavior of model with rigid and adjustable lagging

The load on the frames with rigid lagging
increases almost linearly with increasing the ex-
ternal load, since the lagging only redistributes
the load on the frames. However, at the external
load of more than 30 kPa, the lagging deflects
and receives a part of the working contour dis-
placements and thereby reduces the frame load.
After formation of natural self-supporting arches

in the interframe space, the lagging bears the
load from the weight of rock within this arch
only. And since these arches bear on the support
frames, at further growth of the broken rock zone
around the working, the load is redistributed only
to the support frames and not transmitted to the

lagging.

ROCK CHARACTERISTICS. GEOTECHNIC SURVEY AND GEOPHYSICS




MINING SCIENCE
AND VOL. 4,N2 3 (2019)

FOPHbIE HAYKWU U TEXHOJ1I0rMA

The performed studies allow to clarify the
mechanism of originating load on "support-
interframe shield" system in the process of for-
mation of broken rock zone around a mine work-
ing, which consists in the following:

In the initial period of broken rock zone
formation around the working (the zone size
does not exceed the frame spacing), and in ab-
sence of the lagging deformation, the latter only
redistributes the load caused by the working con-
tour displacements to the support frames, with no
significant effect on the load magnitude. With
further expanding the zone into the rock mass
and the lagging deflection due to rock displace-
ments into the working space, since its rigidity
and bearing capacity are less than those of the
support frame, natural self-supporting arches
begin to originate between the frames along the
working longitudinal axis.

Formation of the natural self-supporting
arch between the support frames along the work-
ing allows to explain the fact that in mine condi-
tions, even at significant deformations of adjust-
able support with reinforced concrete lagging,
complete failure of the lagging and collapse of
the rocks between the support frames is not ob-
served. At the same time, the lagging load-
bearing capacity is much less than that of the
support frame.

The revealed mechanism allows to formu-
late requirements for the interframe shield pa-
rameters:

— the lagging adjustability should provide
the opportunity of originating natural self-
supporting arches within the broken rock zone in
the interframe space with no rupture (collapse)
of the zone;

— the lagging load-bearing capacity should
provide bearing the load from the weight of the
rocks within the natural self-supporting arch.

Conclusions and direction of further re-
search. Summarizing the results of the studies,
the following can be noted:

— lagging, both rigid and adjustable, is in-
volved in the process of forming the support load
at the support frame spacing of 0.5 m or more. At
the support frame spacing of less than 0.5 m, the
role of lagging is confined to supporting backfill-
ing material only;

— with rigid lagging, the support frame
load decreases with decreasing the frame spac-
ing, i.e. rigid lagging only redistributes the sur-
rounding rock mass load on the support frames.
At the same time, pressure concentration and
more intense rupture of the rock mass are ob-
served above the frames;

— with adjustable lagging, the support
frame load at the frame spacing of more than 0.5
m and the pressure in the rock mass are evenly
distributed and do not significantly depend on
the distance between the frames. With the sup-
port frame spacing less than 0.5 m, the frame
load and are distributed in the same way as with
the rigid lagging;

— with adjustable lagging, as the zone of
ruptured rocks around the working expands into
the rock mass and the lagging deflection takes
place, a natural self-supporting arch is formed
over interframe shields (between the support
frames) within the broken rock zone. In this case,
after the natural self-supporting arch formation
completion, the roof support frame load increas-
es more intensively with increasing the external
pressure;

— with adjustable lagging and the support
frame spacing of more than 0.5 m, the frame
load is 30-40% less than that with rigid lagging.

The objective of further research is to de-
velop the methodology for -calculating the
interframe shield parameters.
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Hcnonb30BaHue CBOMCTB IUCKPETHBIX MOPO/ AJIs1 ONTUMHU3ALNH
MPOIEeCCOB MOTalieHUus1 BLIPA0OTAHHOT0 MPOCTPAHCTBA
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Annorauus: ONTUMH3ALKUS TPOLECCOB MOTANICHUST BRIPAOOTAaHHOTO MPOCTPAHCTBA OCYIIECTBIISIETCS 32 CUET HC-
HOJIB30BAaHUSI CBOMCTB JMCKPETHBIX MOpoJ. HoBoe HampaBlieHHE COBEpIICHCTBOBAHMS TEXHOJIOTHH OCHOBAaHO Ha
(eHOMEHE peanu3aliy OCTATOYHOW MPOYHOCTH MOPOJA NPH 3aKIMHUBAHWHU B MpOIECCEe MOA3EMHOHN pa3paboTKu
CTPYKTYPHO-HapYIIEHHBIX CKAJIbHBIX MECTOPOXKACHUMU. Llenbro UCCie0OBaHUI SBISETCS YMEHBIICHUE 3aTpaT Ha
MoranieHre BeIpad0TaHHOTO MPOCTPAHCTBA NpH obectiedeHnn O0e30macHocTH padot. Llenms mocturaercs cpaBHEHH-
€M BapHaHTOB MOTAIICHUS B 3aBUCHMOCTH OT 00pa30BaHUS CBOJA €CTECTBEHHOTO paBHOBecHs mopoj. Mccnenosa-
HUC 6a3I/IpyeTc;1 Ha OCHOBE MOJ0KESHUMN CTpOHTCHBHOﬁ MCXaHHUKU U MCXAaHUKHU CIIJIOHNIHBIX Cpe€a C UCIIOJIBL30BAHUEM
(heHOMEHA MPOSBICHUS OCTATOYHON MPOYHOCTH AUCKPETHBIX MOPOJ BCIEACTBHE UX 3akiuHuBaHus. Chopmynupo-
BaHa KOHIETIIHS MOTAIIeHNs] BBIPAOOTaHHOTO MPOCTPAHCTBA. [IpHBEEHBI CBEICHUS O T'EOJIOTHYECKOM CTPOCHHUHU
UCCIIEyeMOTO CIIOKHOCTPYKTYPHOTO MECTOPOKACHUS CKAIBHBIX PYJ U POJIM TEKTOHUYECKUX CTPYKTYp B MOBEIe-
HUH PyIOBMEUIAIONIETO MAacCHBa MPH BCKPHITUM TOPHBIMU BbIpaOOTKamMu. [IpuBeneHb! pe3yabTaThl HCCIEA0BAHHS
COCTOSIHUSI MacCHBa C BBIACICHHEM XapaKTEPHBIX HH)KEHEPHO-TEOJOTHYECKHX y4acTKOB. PaccMOTpeHbI BapHaHTHI
HOBEJICHHSI PyIOBMEIIAIONIEr0 MAaCcCHBa B 3aBHCUMOCTH OT €CTECTBEHHOT'O 3aKJIMHUBAHUS DJIEMEHTapHBIX CTPYK-
TYPHBIX OJIOKOB IOpOJ] B Ipe/ieiax CBOJA. Y TOYHEHa BO3MOKHOCTh KOMOMHUPOBAHUS CIIOCOOOB TMOTAIICHHST H30-
JSIMUEW W 3aKIIa KON TBEpACIOIUMHU cMecsMH. PexoMeHjoBaHa 001acTh MPUMEHEHHUS PE3yJIbTaTOB UCCIICJOBAHUS
npu pa3padoTKe MECTOPOKACHUI TBEPABIX IOJIE3HBIX UCKOIMAEMBIX ITOA3EMHBIM criocoOoM. OmpeneneHue rpaHuil
00JTacTH OMAaCHBIX CABMXXEHUH B TOIIIIE MMOPOJ] HA OCHOBE MCIOJIb30BaHUS MEXaHW3Ma 3aKITMHUBAHUS JUCKPETHBIX
nopoj;, o0ecrieyrBaeT BO3MOKHOCTh OTPAaOOTKH MECTOPOXKICHHH ¢ OoMblieil 3(PEeKTUBHOCTHIO TIPU 00ecIIeUeHUN
0e30MMacHOCTH TOPHBIX PaboT. Pe3ynbTaThl MccienoBaHHs MOTYT OBITH BOCTPEOOBAaHBI MPH MOA3EMHOM NOOBIYE
TBEPABIX IMOJIC3HBIX NCKONIACMBIX.

KaroueBble ciioBa: mopojia, MpOYHOCTh, ITOTAIICHHE, BIPA0OTAHHOE MPOCTPAHCTBO, 3aKJIMHUBAHKUE, YIIPABICHHUE,
0€e30I1aCHOCTb.

Jasi murupoBanmsa: 'omuk B. U., byt Xyan Ham, MacnennukoB C. A., Ammmenko B. WM. Mcnons3oBanue
CBOMCTB JMCKPETHBIX MOPOJ Ui ONTHMHU3AIIMH MPOIECCOB MOTAIIeHUsI BBIPAOOTAHHOTO MPOCTPAHCTBA. [ OpHble
nayku u mexnonoeuu. 2019;4(3):213-219. DOI: 10.17073/2500-0632-2019-3-213-219.

Using Properties of Discrete Rocks to Optimize Backfiling

V. I. Golik?, Xuan Nam Bui?, S. A. Maslennikov®, V. I. Anischenko*
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2Geology and Mining University, Hanoi, Vietnam.
3Donskoi State Technical University, Shakhty, Russia.
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Abstract: Backfilling optimization is carried out through the use of discrete rock properties. A new line of the pro-
cess improvement is based on the phenomenon of performance of residual rock strength when jamming in the pro-
cess of underground mining of deposits within faulted rocks. The research is aimed at reducing costs of backfilling
while ensuring the work safety. The goal is achieved by comparing backfilling options depending on the formation
of rock natural self-supporting arch. The study is based on the provisions of structural mechanics and continuum
mechanics using the phenomenon of performance of residual rock strength due to rock jamming. The backfilling
concept has been formulated. Information on geological structure of the studied rocky ore deposit of complicated
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tectonic structure and the roles of tectonic framework in the behavior of the ore-hosting rock mass in the course of
opening by mine workings are presented. The findings of the study of the rock mass condition with determination
of characteristic geotechnical domains are presented. Variants of the ore-hosting rock mass behavior are considered
depending on natural jamming of elementary structural rock blocks within the arch. The possibility of combining
sealing and setting-mix backfilling methods has been clarified. The area of the research findings application in min-
eral underground mining is recommended. The determination of dangerous displacement area boundaries in rock
mass using the mechanism of discrete rock jamming allows achieving higher mining effectiveness while ensuring
mining safety. The study results can be used in underground mining of minerals.

Keywords: rock, strength, backfilling, goaf, jamming, management, safety.

For citation: Golik V. I., Bui Xuan Nam, Maslennikov S. A., Anischenko V. I. Using properties of discrete rocks
to optimize backfiling. Mining Science and Technology. 2019;4(3):213-219 (In Russ.). DOI: 10.17073/2500-0632-

2019-3-213-219.

BBenenue

[loramenue BBIPaOOTAHHOTO MPOCTPAHCT-
Ba SIBJISIETCSI OTBETCTBEHHBIM AITAallOM JKCILTya-
TalUd MECTOPOXKIAECHHUS, IOTOMY YTO IOCIEACT-
BUSI HETIPABHJILHO BBIOPAHHOTO PEHICHUSI OTKOP-
pextupoBath TpyAHO. OJHUM W3 HaIpaBlICHUN
COBEpULICHCTBOBAHUS TEXHOJOTUU IOTalICHUS
ABJIAETCSL MCIOJIb30BAaHUE IOPOAHBIX HECYILUX
KOHCTPYKIUH C peanu3alyel uX MeXaHU4eCKOU
npounoctu [1-3].

Konuenmus mnorameHus BbIpaOOTaHHOTO
MPOCTPAHCTBA OCHOBaHAa HAa TOM, YTO YCTONYH-
BbI€ BO BpeMsl OTPa0OTKH MOPOJbl C TEYEHHEM
BPEMEHHM OOpYIIAIOTCS WM 10 TNPEIesIbHOTO
CBOJIa paBHOBECHUs, OOpPAa30BAaHHOTO 3aKIMHUB-
HIMMUCS CTPYKTYPHBIMU OJIOKaMHM, WM JIO BBICO-
ThI, OTIpeieNIeMOi KOA(PPUIIMEHTOM O0pYIIEHUS
nopon [4-8].

[lenbto nccnenoBaHus SBISETCS CHUKEHHE
3aTpaT Ha TOTalleHHe 3a CUeT MCIOJIb30BaHUS
SHEPruu 3aKJIMHUBAHUS JUIsl YIIPABIEHUS MacCU-
BOM.

PesyabTarsl

B reosornueckoM CTpOEHUHM CKaJbHBIX
MECTOPOKACHUM y4acTBYIOT IOPOJbI Pa3IN4YHO-
ro Bo3dpacra. Bengymas poias B CTpyKType U py-
JIOHOCHOCTH  MECTOPOXKIEHHUS  MPHUHAJICKUT
paszioMaM, K KOTOpPBIM MpHYpOY€Ha pPYyIOHOC-
HOCTH (puc. 1).

B06sn3u TEKTOHUYECKUX Pa3lIoOMOB TpPEIIM-
HOBAaTOCTb YBEIMYMBACTCS, ITOCTHras MaKCHMY-

Ma B ONEPSIONINX HApPYIICHHSX M BOJM3M HUX
(puc. 2).

BbIBajIbl MPOUCXOIAT Yalle BCEro MpH IIe-
pecedeHH CONPSKEHUI KPYTHIX U TOJIOTHX 30H,
a TaKXe €CIIM OJUH M3 IIBOB TEKTOHWYECKOIO
HapYIIEHUS SIBJISETCS CTEHKON BHIPAOOTKH.

BHyTpH reosoruueckoro moisi MOKHO BbI-
JEIUTh  MH)KEHEPHO-TE€OJOTHYECKUE  yIaCTKH
(tabm. 1).

COOTHOIIICHHE PAa3MEPOB JOMYCTHMOTO 10
YCTOMYHMBOCTH TIPOJIETA W TPOJIETAa CBOJA 00pY-
[IIEHUS] CTAHOBHUTCS OCHOBHBIM KPUTEPHEM 0O€30-
MACHOCTH M elrie 0ojiee 3HAaYMMBIM TIPU MCIOJIb-
30BaHUU TEXHOJIOTHI ¢ TOAPabOTKOM MOpox Ha
OOJIBIIION TUIONIAIH, HAIPHMEDP C BBIIIETAYNBa-
HUEM METAUTOB M3 PYIHBIX 3aJIe)KeH 3HAUUTEIb-
Hol tromaau [9-11].

Ilpu 603nuKHOBeHUU Cc600a ecmecmEeH-
HO20 pasénoéecus TAPAMETPhI TOTallaeMOil BbI-
pabOTKH ONPENENAIOTCS B TIEPBYIO OYEPEb pas-
MepaMH CTPYKTYPHOTO MOPOIHOr0 OJI0Ka:

a= dl(lig;’" —1}

I7ie @ — MOJIYNPOJIET CBOJ]a €CTECTBEHHOI'O paB-
HOBecHus, M; (1 — FOPH3OHTAIBLHBIA pa3Mep dJie-

MEHTapHOTO OJioka mopos, M; 10 — ko3¢ dunm-
€HT mepeBoja Kr/cM® B T/Mz; R.x — BpemeHHOE
COIPOTHBICHHE TIOPOJ CXKATHIO, KI/eM?; K — Ko-
s unmeHT 3anaca; H — rayOrHa pacronoKeHus
MATHl OT MOBEPXHOCTU, M; Y — OOBEMHBINA BeC
opoJ, Kr/M°.
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a 0
Puc. 1. ILnau () u paspes (0) pasjioma:
1 — 30Ha pacciioenust; 2 — TPEIIUHBI OTPIBA; 3 — TPEIMHBI CKOJIA C TIUHKOM TpeHHus; 4 — Opy/ACHEHHUE

Fig. 1. Fault plan (a) and cross-section (b):
1 - stratification zone; 2 — ruptures; 3 — shear fractures with clay gauge; 4 — mineralization
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Puc. 2. ITo10:keHHe PYAOHOCHBIX CTPYKTYP B JiexkaueM 60Ky pasioma (a)
U XapaKTep pacnpeaejeHusi TPEIHH B opTe ()

Fig. 2. Position of ore-bearing structures in fault footwall (a)
and the nature of fracture distribution in cross drift (b)

Tab6muma 1
HNH:keHePHO-Te0JIOrHYeCcKasi XapaKTepUucTUKa MecTopoxkaeHust Mmumckoe
Geotechnical characteristics of Ishimskoe deposit
Obnemnbiii IIpoyHocTh Paswep Koa¢puuuenr
XapakTepucTuKa y4yacTkKa Bec Mopoj, 2| CTPyKTypHOro
3 MopoJ, Kr/cm ocyabJieHus mopoj
/™M 0JI0Ka, M
Y3161 COTIPSDKEHUI Pa3JIOMOB C KOHTaKT-
HOI1 30HOM 2,65 639 0,4x0,4 0,37
30HBI KPYITHBIX PA3]IOMOB M KOHTAKTHBIC
30HBI 2,65 587 0,8x1,6 0,43
JacTu TEKTOHUYECKHUX OJIOKOB MEXKITY
[pa3IOMOM U KOHTAaKTHOM 30HOM 2,65 570 1,8x4,0 0,62
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CaMo3aKJIMHUBaHUE 3JIEMEHTapHBIX OJ10-
KOB ITOPOJ] MOXKET MPOU30UTH, €CITU TIPOJIET Mpe-
JIeTBHOTO CBOJA B 0oibIIe MpoJieTa 30Hbl 00py-
HICHUS TIOPOJ;:

B > 2a.

Ha puc. 3 u 4 mnpeacrarieHa 30Ha o0py-
HICHUS TIOPOJT JUISl CJIydaeB, KOTAa yrojl HaKJIoHa
OYHMCTHOW BBIPAOOTKH OOJIBIIE yriia OOpyIICHHs
HOpOJI:

o> 90" +o ;
2
2h m

. +— )
W0 +¢ sina

2
[C 0 — yroJl HaKJIOHA BBIPAOOTKH, TPam;, @ —
yrojl BHyTPEHHETo TpeHusl mopoj, rpax (45-50°);
h— BeIcOTa BBIPAaOOTKH, M; M — HIMPHHA BBIPAOO-
BBICOTA CBOJIA

tg

TAaHHOTO TPOCTPAHCTBA, M, Ny —
3aKJIMHUBaHHUS, M.

R R R R R e A e A e e,

D Cc

BD“‘ oc

"q\

Puc. 3. IlocTpoeHue rpaHull 00JIaCTH ONACHBIX CIBUKEHU B TOJIIIIE MOPO/I HA pa3pe3ax
BKPECT MPOCTHPAHMSI

Fig. 3. Construction of dangerous displacement area boundaries in rock mass on sections across the strike
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Puc. 4. ITocTpoenne rpanuil 06,1aCTH ONACHBIX CABHKEHUI B TOIIIE NOPO] B BePTHKAJILHON MPOEKIUH

Fig. 4. Construction of dangerous displacement area boundaries in rock mass in elevation view
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BeicoTa cBosa camo3akirHUBaHus Ne:
—1pu 2a = B:

IJie & — MOJIYIpOJIeT cBoja 0e3 ydera Kodddu-
reHTa 3anaca K; V — ko3 QUIMEHT yCTOHYNBO-
CTH TPELIMHOBATBIX TIOPOJI:

d Rll
v=2-2_=
dl Rc»(
rae -2 _ COOTHOHICHUEC BEPTUKATIBHOI'O U I'OPHU-

1

30HTaJIbHOIO Pa3MEpPOB CTPYKTYPHBIX OJIOKOB

11
CK
1

CK

nopon, — OTHOHICHUC BPCMCHHOI'O COIIPO-

TUBJICHUS] TOPHBIX MOpoJ cxkaTuio R' B Hampas-
JIEHUM pacIiopa CBOJa U B HAIPABICHUM JEUCT-
BUS BECA IIOPOL.

Ecnu npenensHbIi CBOJ IIEpECEKaeT BeCcbMa

TPEIIMHOBATHIC MTOPObI, MOKazarenu d; u Rij(

XapaKTepH3YIOT MOPOJbI PA3JIOMOB M 30HBI HX
BIIUSTHUSI.

—1npu 2a > B B ¢opMysax BMECTO MOIy-
HpoJieTa MpeelIbHOro CBoAa (a) MOACTaBIsIeTCS
noynposet 30861 00pymenust nopox (0,5B):

Z—Ei/, uh = %

VYcioBue COXpaHEHHs] 36MHOM HOBEPXHO-

h, =

CTH JUIsl Ciiy4asi OOpyIIeHus: MopoJl ¢ oOpa3oBa-
HHUEM CBOJIA:

H'>h,

rme H' — paccrosHue oT BepxHeil IPaHMIIbI BbI-
paboTaHHOTO MPOCTPAHCTBA JI0 BBIBETPEIBIX MO-
POA U PBIXJIBIX OTJIOKEHUH, M.

[Ipu HecoOmroAeHNM YCIOBHS BBIpaOOTaH-
HOE TPOCTPAHCTBO 3aKJIaJbIBACTCS TaK, YTOOBI
MIPU €T0 YMEHBIIIEHHON BBICOTE 00ECTIeYNBAIOCh

HEPABCHCTBO:
H ! > hq = E = Lﬂ,
2,0, AL
dl Ri}x

rae hy — moabeM CBOJA MPH YACTHYHO 3aroji-
HEHHOM BBIPaOOTaHHOM MPOCTPAHCTBE, M.

Beicora h;, Ha KOTOpYIO 3aImOHSIETCS BbI-
paboTaHHOE IPOCTPAHCTBO:

11 o
h >h+ L—ZHliR—j’“ tgw,
sina d, R, 2

NpU OTPUIIATENILHOM 3HaueHuu h, 3akiagpiBaTh
BbIpaOOTaHHOE MTPOCTPAHCTBO HE HYKHO;

2
m d. RY tgath
h,>h+ _——4H1d—2RCl"‘ 90§ .
sina S — 2+(p

Ecau ceo0 ecmecmeennozo pasnosecus
He 03HUKaem, BHICOTa OOPYIICHHS OMpeAes-
ercss Kod(PUIMEHTOM pa3phIXJICHHUS IOPOJ, a
30Ha OMAacCHOro cABWXeHUs nopo — no BHUMUA
(cm. puc. 3 u 4).

Ecimu H' < h,e, TO BBICOTa MaccuBa 3aKiaj-
KM, TIPU KOTOPOH CIBIKEHHE TMOBEPXHOCTHU HE
MPOU30MUJIET:

h = khmtgo — H l(Kpl— 1)(mtg(x.+ hsina)

kmtga. — H*(K, —Dsina

rae h — momHas BbICOTa BBIPAOOTAHHOTO IMPO-

CTpaHCTBa, BKJIFOYasl BBICOTY MAaCCHBA 3aKJIAJKU
(h;), M; M — HOpMaJIbHAs IIMPUHA BEIPAOOTAHHO-
r'0o IPOCTPAHCTBA, M; 0. — YrOJI HaKJIIOHA BBIPado-
TAHHOTO TPOCTPaHCTBa, rpax; K, — koapdunu-
eHT paspbIxieHus; H° — riybuHa BepxXHeil rpa-
HUIIBI BBIPA0OTaHHOTO MPOCTPAHCTBA OT BBIBET-
PENBIX TOPOA U OTIIOKECHUH, M:
Hi o khmtgo
(K, —1)(mtga + hsina)

VYcioBre yCTOMYMBOIO COCTOSTHUSI 36MHOM
nosepxHoctu no BHUMMU:

H>H! =K/l

JKB !
rae Hg— riyOWHa YCTOMYUBOTO COCTOSIHUS 3€M-
HoM moBepxHOCTH; K; — KO3 PUITUEHT, yIUTHI-

BalOIIUM MPOYHOCTHBIE CBOMCTBA FTOPHBIX MOPOJT
|,z — SKBHBAJICHTHBIH IIPOJIET:
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| LIt 3akioueHne
K /(Lz + (1Y) ' [Tpu moazemHOM pa3paboTKe MECTOPOK/Ie-

HUH CKJIBHBIX Py MOCTPOEHHUE TPAHUI] 00I1aCTH

rae L — pasmep BeIpaOOTaHHOrO IPOCTPAHCTBA o
OIIACHBIX CABM)KEHUU B TOJILIE MTOPOJ HAa OCHOBE

1
10 MPOCTUpPaHHIO, M; |~ — pa3Mep ropusoHTaNb-
. WCIOJb30BaHUSl (PEHOMEHA 3aKIUHUBAHUS JHC-
HOW MOBEPXHOCTH BBIPAOOTAHHOI'O IPOCTPAHCT-
Ba BKPECT MPOCTUPAHUS, M.
Pe3ynbpTaThl ncCiie0BaHUS COTIACYIOTCS C
BbIBOZIAMHU crienuanuctoB Poccun u 3apyOexbs

[12-18]. Ouu Moryt ObITH BOCTpPEeOOBaHBI IPH

KPETHBIX TIOPOJ SIBJISACTCS BAXKHBIM KOMIIOHEH-
TOM ONTHUMH3AIUK TEXHOJOTHI MOTAIICHUS BbI-
pabOTaHHOTO MPOCTPAHCTBA, OOECIEYMBAIOIIMM
BO3MOXKHOCTh OTPaOOTKH MECTOPOXKIACHHI C T0-
JYyYEeHHEM SKOJIOr0-d3KOHOMHYECKOTO 3ddekTa

pa3paboTKe MECTOPOKACHUI CKAJIbHOTO U TOTY-
pu odecrieueHn 0e30MacHOCTH TOPHBIX PadoT.

CKaJIbHOIr'o THUIIOB IIpH Z[O6I>I‘-Ie TBCPABIX ITOJIC3-

HBIX UCKOIMa€MBbIX ITOJ3CMHBIM CII0COOOM.
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Finite Element Simulation of Multiphase Flow in Oil Reservoirs —
Comsol Multiphysics as Fast Prototyping Tool in Reservoir Simulation
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Abstract: Reservoir simulation is a powerful tool to mimic the formation behaviour during primary production and
later on for planning enhanced oil recovery (EOR) pattern. However, all available commercial and developed scien-
tific/academic software for this purpose is based on either finite difference method (FDM) or finite volume method
(FVM). Recently finite element method started to gain more attention in the scientific and commercial practices due
to its robust results and the ability to deal with complex boundaries. COMSOL Multiphysics is a finite element
method (FEM)-based software, having very special features, which are different from standard reservoir engineer-
ing software packages like Eclipse or CMG, which are black box-type software. The most important feature of the
COMSOL is that user can see equation and modify it — customize for specific conditions and objectives, as well as
couple different physics together and apply different solvers, which are under user’s disposal. In this paper, short
background of FEM will be illustrated and then the mathematical models of two-phase immiscible flow of water
and heavy oil will be reviewed and simulated using COMSOL Multiphysics on the famous inverted five-spot mod-
el. The comparison between the results of Comsol Multiphysics and Eclipse shows good agreement. This study is
the first step in applying Comsol Multiphysics to reservoir simulation. Further steps will involve simulating thermal
enhanced oil recovery using steam flooding technigue and coupling Comsol Multiphysics with CMG software
package to enhance simulation inputs and outputs.

Keywords: oil reservoir simulation, enhanced oil recovery methods, finite element method, COMSOL
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Kone4Ho-3/1eMEeHTHOE MOAEIUPOBAHUE MHOTO()A3HOI0 TCYCHUA
B He()TeHaChIIIEHHBIX IUIacTax-koutekropax — Comsol Multiphysics
KAK HHCTPYMEHT OBICTPOrO CO3IaHUS YNPOLIEHHO! MO/Ie/IH
NPHU MOJIeJIMPOBAHMH IJIACTA

Haccan T. X., Ampo M.

Opaiibeprckas ropHas akagemus, @paiibepr, ['epmanus

AHHoOTauus: MoJenupoBaHue MIacTa SBISAETCS MOLIHBIM HHCTPYMEHTOM AJISi IMUTALMK MTOBEJCHHUS TJIacTa MpH
MIEPBUYHON JTOOBIUE, a 3aTeM JUIs IJIAHUPOBAHMS CXeM MoBbieHus HepTeoTnauu miacta (EOR). OnHako BcE KoM-
MepUecKoe U IeJIeBOoe pa3paboTaHHOE HAYYHOE MporpaMMHOe oOecriedeHne s 9TOW eI OCHOBAHO JHO0 Ha Me-
ToJie KOHeuHbIX pazHocreid (FDM), mnbo Ha mMerone koHeuHbIXx 00beMoB (FVM). B mocneanee Bpems MeTo KO-
HeuHbIX neMenToB (FEM) cran npuBnekars Bc€ Gombpliee BHUMaHUE B HAYYHOM M MPOMBIIIJICHHOHN o0nacTsax Ona-
rojiapsi €ro HaJIe)KHBIM Pe3yJIbTaTaM M CIIOCOOHOCTHU paboTath NpH clIokHbIX rpanuiiax. COMSOL Multiphysics -
3TO MPOrpaMMHOE o0ecrieueHre, OCHOBAHHOE Ha METO/Ie KOHEUHBIX 3JIEMEHTOB, M OHO 00J1aJjaeT COBEPILIEHHO OCO-
ObIMH (QYHKIHMSIMU, KOTOPBIE OTIMYAIOTCS OT CTAaHAAPTHBIX MaKETOB MPOrPaMMHOT0 o0ecrieueHus! A1l IPOEKTUPO-
BaHUs pa3paboTKu maacToB, Takux kak Eclipse wimn CMG, B KOTOPBIX MCIIOJIB3YETCS MPOrPaMMHOE 00CCIIeUeHHE,
OCHOBAHHOE Ha TPHUHITUIIE «IepHOTO smmuKay. Camas BaxHas ocobenHocts COMSOL 3akimodaercs B TOM, 9TO
MOYKHO BUJIETh YPAaBHEHHE U U3MEHSITDH €r0 B COOTBETCTBUH C TIOTPEOHOCTAMH 3a1a41, OObEANHATH pa3inuiHble (u-
3WYECKHe MPOIIECCh/CBOMCTBA M PEIIaTh 3aJ]a4d C TIOMOIIBIO PA3InYHbIX CPEJICTB, KOTOPBIE HAXOATCS B pacropsi-
JKEHHUH T0JIb30BaTest. B aToit craThe Oyaer npeacrapieH Kpatkuit 0030op FEM, a 3aTtemM OyayT pacCMOTPEHBI | 110O-
CTPOEHBI MaTeMaTHYeCKUEe MOJEIH ABYX()a3HOTr0 HECMEIINBAIOIIErocsl OTOKA BOJa—TsDKeNasi HeTh C UCHOIb30-
BanneM COMSOL Multiphysics Ha ocHOBEe 3HAMEHUTOH OOpaTHON MSATHTOYEUHON CXEMBI pa3MELICHHUSI CKBaKHH.
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Cpasuenue pe3yinsratoB COMSOL Multiphysics u Eclipse mokassiBaeT nx xopoiuee corjacue. ITo UCClIeJOBaHHe
SBIISIETCS TIEPBBIM maroM B mcmonb3oBannn COMSOL Multiphysics mast MmomenupoBanus macta. JlanpHewrme
miary OyAyT HampaBJeHBI Ha MOJCIUPOBAHHUE MOBBINICHU HEPTEOTAaUM 3a CUST TEIJIOBON SHEPTHU C UCTIOIh30Ba-
HUEM METOJIa MAPOBOT0 3aBOAHCHUS U COBMECTHOTO ucnonb3oBanus COMSOL Multiphysics ¢ maketom CMG s
YIIyHIIEHHs] BBOJHBIX M BBIXOJIHBIX JaHHBIX MOJEIUPOBAHUSI.

KnioueBble cjioBa: MOIETMpOBaHHE HE(TSHOTO IUIACTa, METOABI TOBBIICHNUS HE(PTEOTNAuM IUIACTa, METOH KO-
HeuHbIX neMeHToB, COMSOL Multiphysics, MaTremaTndeckue MOJETH ABYX(Pa3HOTO HECMEIINBAIOIIET0Cs IOTOKA
BOJIa—TsDKemast HeTb.

Jas murupoBanmsa: Nassan T. H., Amro M. KonedHO-3JIeMEHTHOE MOJIEIHpPOBaHNe MHOTO(GA3HOTO TCUCHUS B
He(TeHACHIIIEHHBIX TUTacTax-koyuiekropax — Comsol Multiphysics kak WHCTpyMEHT OBICTPOTO CO3aHHS YIPO-
HICHHOW MOJETH TPH MOJCTUPOBaHUU Tutacta. [opusie nayku u mexnonoeuu. 2019;4(3):220-226. DOI:

10.17073/2500-0632-2019-3-220-226.

1. Introduction

Reservoir simulation combines mathemat-
ics, physics, reservoir engineering, and computa-
tional science to develop a tool for predicting oil
and gas reservoirs performance at different oper-
ating patterns [1]. To describe the fluid flow in-
side an oil or gas reservoir a set of partial differ-
ential equations (PDE’s) must be solved with the
use of consistent set of initial and boundary con-
ditions. Different numerical methods are applied
to solve these equations, but the most applicable
methods in commercial and scientific software
are finite difference method (FDM) followed by
finite volume method (FVM). The application of
finite element method (FEM) is still very limited
in this branch of science.

In this paper, short background of FEM
will be illustrated and then the mathematical
models of two-phase immiscible flow of water
and heavy oil will be reviewed and simulated
using COMSOL Multiphysics on the famous in-
verted five-spot model. The comparison between
the results of Comsol Multiphysics and Eclipse
shows good agreement.

2. Finite element method

While FDM and FVM can be considered
as easier methods in terms of programming lan-
guage, FEM is a little bit difficult to program due
to its speciality in equation discretization. There
are different procedures to solve PDE’s in FEM,
but the most famous method is the Galerkin
method. To solve PDE using Galerkin approach
the following steps should be followed [2]:

— multiply the original equation with a test
function;

— integrate the equation and apply bounda-
ry conditions to produce weak form of the origi-
nal equation;

— write the finite element solution as linear
sum of a set of basis function (in the Galerkin
method, test functions and basis functions are
identical);

— apply the finite element solution into the
weak form equation;

— solve the set of algebraic equations pro-
duced at the previous step;

— perform the error analysis.

3. Computational methods

3.1. Two-phase immiscible flow model

Two-phase flow in any porous medium can
be described by continuity and momentum equa-
tions for each phase [2, 4, 5].

Mass conservation (continuity equation)

Let the porous medium fills a domain

Qc R®. Conservation equation for each phase o
is written as:

09S.p.) , v (
ot

Darcy’s law (momentum equation).
It is also defined for each phase a:

PoU,)=0,. (1)

0, =K (vp, ~p.gvz) a=wog. (2)
0

Define the mobility for each phase too:
}\’a = kra/l’ta’

where total mobility is A=2_ A,.
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Fractional flow for each phase f =X /A
and > f, =1

In the case of two phase flow for oil and
water, the total velocity is:

u=u,+u,.

To close the equations’ system, two cus-
tomary equations for saturation and capillary
pressure are introduced as follows:

S,+S, =1,

P. = Py — Py-

3.2. Fractional flow formulation of im-
miscible two-phase model

Equation (1) can be simplified by the fol-
lowing assumptions [3]:

— temperature is constant in the domain;

—there are two phases: water (w) and
oil (0);

— there are two components: water (w), on-
ly in the water phase, and oil (0), only in the oil
phase;

— the rock (porous matrix) and the fluids
are incompressible;

— the solid matrix is not poroelastic; this
means that the available pore space (porosity) is
constant.

Applying equation (2) into (1) results in:

8(S.p.)
ot

+ V-(pa&k“ (Vp, - pagVZ)D =q,. (3

+

When applying the above assumptions and
adding oil and water continuity equations, equa-
tion (1) can be written for the two-phase
system as:

Vu =0, —0y- (4)
Subtracting the continuity equation for the
two phases produces:
a(s,)
——*+Vu=q,. 5
P d, (5)

This will lead to the total velocity and
phase velocities:

u=—k[AVp-2,Vp, = (A,p, +2.p,)aVz]; (6)
u, = fu+kn, f,vp, +k, £, [(p, —p, )aVz];(7)
u, = fu—ku, f,vp, + Kk, f, (0, —p,, )aVz].(8)

Neglecting capillary forces leads to our
model that may be applied in Comsol
Multiphysics:

u=—kAVp—(hpu +2opo)avz];  (9)

l"IW = fwl"I + k}\‘o fw[(pw - po )gVZ], (10)

u, = f.u+kr,f,[(p, —p, )avz]. (11)

3.3. Comsol implementation of immisci-
ble two-phase model

Simulation  steps using COMSOL

Multiphysics® software are different from the
traditional reservoir simulation software packag-
es owing to the speciality in discretization pro-
cedure used in FEM that is significant difference
compared to FDM and FVM. In general, the
simulation procedure is as flows:

— setting model environment;

— creating geometric objects;

— specifying materials properties;

— defining physics boundary conditions;

— creating the mesh;

— running simulation;

— post-processing of the results.

Mathematical module is used due to its
merits in stabilizing the solution, and we use
general form and coefficient form PDE to solve
pressure (p) and saturation (s) equations, respec-
tively. The numerical study is applied on the fa-
mous SPE case study quarter five-spot inverted
model shown in Fig. (1) and meshed in Fig. (2).

Pressure equation

General form time dependent PDE from
mathematical module in Comsol is applied to
pressure equation (4) with p as an independent
variable. The components of the total velocity
are the components of conservative flux vector.
There is no source term, equation (11).

eaa—p+daa—p+v.l“:f. (12)
ot ot
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Fig. 2. Triangular mesh of the domain

Initial conditions

Initial pressure in the whole reservoir
P(t,)=p,,and ép/ét =0.

Boundary conditions

Injection well —nu =u,,.

Production well p= p,,.

Saturation equation

Coefficient form time dependent PDE from
mathematical module in Comsol is applied to
saturation (4) with S, as an independent variable.
The components of water velocity are the com-
ponents of conservative flux source. There is no
source term and c used as stabilization parame-
ter.

2
eaa—g+daa—u+v.(—cVu—au+y)+
ot ot

+BVu+oau=f. (13)

Initial conditions

Initial pressure in the whole reservoir
s, (t,)=S,. and &S, /ét, =0.

Boundary conditions

Injection well S, =1.

Production well —n(-cVS, +u, )=-u,.

Simulation findings

Selected data from [1] are chosen to be ap-
plied in this study. Figs. (3) to (6) illustrate the
saturation profile in the domain at different peri-
ods through the life of the reservoir where the oil
saturation decreases significantly toward the
production well to reach minimum at 2350 days.
Fig. 7 shows the saturations (So, Sw) as the func-
tion of time. Fractional flow (fo, fw) is shown in
Fig. 8. The comparison between the daily pro-
duction from Comsol and Eclipse-100 shows al-
most identical results for the first period before
water breakthrough, Fig. 9.

ROCK CHARACTERISTICS. GEOTECHNIC SURVEY AND GEOPHYSICS




MINING SCIENCE
AND

FOPHBIE HAYKW U TEXHOJ10MMA

MISIS

National University of
Science and Technology

VOL. 4, N2 3 (2019)

Times= 100 day Volume: Dependent variable sw (1) . Time= 1000 day Volume: Dependent variable sw (1) 2
1 1
x10° x10°
0.9 0.9
0.8 0.8
0.7 0.7
06 0.6
i{os 05
0.4 ‘ 0.4
%10’ %107
03 03
0.2 0.2
Fig. 3. Saturation profile after 100 days Fig. 4. Saturation profile after 1000 days
Time= 2000 day Volume: Dependent variable sw (1) * Time= 2350 day Volume: Dependent variable sw (1) o
1 . 1
x10” x10°
0.9 0.9
0.8 0.8
0.7 0.7
0.6 06
| {os 05
0.4 ‘ 0.4
%10’ %10’
03 03
0.2 0.2
Fig. 5. Saturation profile after 2000 days Fig. 6. Saturation profile after 2350days
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Fig. 7. Average oil and water saturation vs. time (days)
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Fig. 8. Fractional flow of oil and water (fw, fo) vs. time (days)
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Fig. 9. Daily oil production rate (comparison of Comsol and Eclipse results)

3.5. Heavy oil model
Heavy oil model can be derived from clas-
sical continuity equation (1) and Darcy’s law [4]

as follows:
oS - (1 —
— 22X |+V]—u, |=0q,;
%t[BWJ [BW j a,
oS -1 —
—| == |+V]—u |[=q;
(Pat(BOJ (BO Oj qo

Momentum equation

o

u (Vp, - p,gVz), a=w,0,4,

o

where B, is formation volume factor and R, is
gas solubility in oil phase.

This model must be manipulated and can
be written in two-equation model for applying in
Comsol environment. The new model is called
phase formulation model with total velocity:

Total velocity

U=u,+U,+U; =X Ug;

u= —kk(Vp —gVzX, fipg + 2, 1 pcBo);
Peoo =0

U, = fu+KE, 252 (V(Pogo = Peoo )~ (P = Pa JOVZ),
o,p=0,w,g; a=f.

Pressure equation:

- o1 1
v.u=zsﬁ[qﬁ_(psﬁ_{_J_uﬁ.v(_D_
: at( B, B,

-B,| R, +(P—S°—6RS° +i
’ B, o4 B

0] (0]

uo.VRSOJ.(M)

(0} +Vu, =

Saturation equation:
0
= Bﬁ[qa _(pS(x A

oS
1 1
a(s—][B—D ()

ot
Customary equations:
SwtS,+S,=1;

pcgo = pg —Pos

Peow = Po — Py, -

Equations (14) and (15) can be applied in
Comsol Multiphysics in the same way as in two-
phase flow model.

Conclusions and future work

Principle of FEM has been reviewed and
mathematical models of two-phase immiscible
flow model and heavy oil model have been for-
mulated to be easily applied in Comsol
Multiphysics to illustrate saturation profile in the
reservoir. The results show good agreement with
commercial software Eclipse 100.
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