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DISCRETE ELEMENT METHOD SIMULATION OF GRINDING MEDIA MOTION IN BALL
MILLS: METHODOLOGY, VERIFICATION, AND APPLICATION TO WEAR PREDICTION

ABSTRACT

KEYWORDS

Jumanazarov A.R., Egamberdiyev I.P., Ochilov U.Y., Mamadiyarov A.J.

Navoi State Mining and Technological University, Navoi, Uzbekistan
Doi: 10.5281/zenodo.21589452

Predicting the wear of grinding media and liners in ball mills requires detailed knowledge of
how the granular charge moves and impacts the mill shell, information that cannot be obtained
directly from full-scale industrial operation. This paper presents a Discrete Element Method
(DEM) simulation methodology, developed as part of a doctoral study on mining equipment
durability and condition diagnostics, for modeling grinding media motion and the resulting
contact forces in a tumbling ball mill. The model treats each grinding ball as a discrete body
governed by Newton's second law and resolves ball-ball and ball-liner interactions using a
linear spring-dashpot contact model with Coulomb friction, integrated in time with an explicit
leapfrog scheme and implemented in the ROCKY DEM software. Simulations were carried out
for a factorial set of operating conditions spanning rotational speed, fill level, and ball diameter,
and the resulting charge kinematics and contact forces were coupled with a finite-element
model of the mill drive train to evaluate impact-induced gearbox vibration. The DEM model
was verified against full-scale flash-stop experiments on an industrial mill, with predicted
charge angles (shoulder, toe, departure, and impact-point) agreeing with measured values to
within 4%. Results show that fill level and rotational speed strongly govern contact force
magnitude, fall height, and the transition from cascading to cataracting motion, and that DEM-
derived impact statistics correlate with acoustic indicators of liner wear. The findings
demonstrate that verified DEM simulation provides a reliable basis for wear prediction,
operating-regime optimization, and condition-based diagnostics in industrial ball mills.

Discrete Element Method (DEM); ball mill simulation; grinding media motion; contact
mechanics; ROCKY software; charge kinematics; liner wear prediction; impact energy
distribution; drive-train vibration; condition diagnostics; cascading and cataracting motion;

mineral processing equipment durability

Introduction

Tumbling ball mills remain one of the most energy-
intensive units in the mineral processing chain, and the
grinding media and liners inside them are subjected to
continuous impact, abrasive, and corrosive wear.
Predicting how grinding balls and mill liners deteriorate
under different operating regimes is essential for
planning  maintenance, selecting  wear-resistant
materials, and optimizing comminution efficiency.
Because the interior of an industrial mill cannot be
observed directly during operation, and because
instrumenting a full-scale mill to measure contact
forces is costly and disruptive, numerical simulation has
become the principal tool for studying the internal
dynamics of the charge.

The Discrete Element Method (DEM) is the
numerical approach best suited to this task. Unlike
continuum methods, DEM treats the grinding charge as
an assembly of discrete bodies — balls, particles, and
liner segments — whose motion is governed
individually by Newton's second law and whose
interactions are resolved through contact mechanics at

every time step. This paper presents the DEM
methodology developed and applied in a doctoral study
on the durability and diagnostics of mineral-grinding
equipment, covering the mathematical formulation of
the contact model, the numerical implementation in the
ROCKY DEM software, the simulation parameters
used for a laboratory-scale ball mill, and the
experimental verification of the model. The discussion
then extends to how DEM-derived contact force
histories were coupled with a finite-element model of
the mill drive train, and how the resulting kinematic and
energetic data support the prediction of liner and ball
wear.

Grinding media motion inside a rotating drum is a
strongly nonlinear, stochastic process: balls cascade,
cataract, or centrifuge depending on rotational speed,
fill level, and ball size, and the resulting impact energies
determine both the comminution rate and the wear rate
of the liner. Analytical and empirical wear models,
which dominated earlier research, generally rely on
averaged or lumped descriptions of the charge and
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therefore cannot capture the spatial and temporal non-
uniformity of impact and contact interactions across the
liner surface. DEM removes this limitation by explicitly
tracking every individual particle, making it possible to
compute local impact energy, contact pressure, and
frequency distributions at any point on the mill shell.
This capability underlies the growing international
interest in DEM-based wear prediction, including work
combining DEM outputs with machine-learning models
to forecast liner profile evolution, and studies coupling
DEM with computational fluid dynamics for wet
milling.
Mathematical Formulation

In the DEM framework, each spherical particle j —
representing a grinding ball — is described by its
position, linear and angular velocity, linear and angular
acceleration, the resultant force acting at its centre of
mass, and the resultant moment. Translational and
rotational motion are governed by Newton's second law
for both the linear and angular degrees of freedom, with
particle mass and moment of inertia computed from the
ball radius and material density. The resultant force on
each particle is the sum of all mechanical contact forces
arising from ball-ball and ball-liner interactions,
together with gravity. Contact forces are resolved using
a linear spring—dashpot (Kelvin—Voigt) model in both
the normal and tangential directions. The normal
contact force is proportional to the normal overlap
between contacting bodies, augmented by a velocity-
dependent viscous damping term governed by the
normal stiffness and damping coefficients. The
tangential contact force combines an elastic—viscous
component, governed by tangential stiffness and
damping, with a Coulomb friction limit defined by the
normal force and the friction coefficient; whichever of
the two yields the smaller magnitude controls the
tangential force at that instant, ensuring that sliding
contacts cannot exceed the physical friction limit. This
formulation captures both the elastic rebound and the
energy dissipation that occur during ball-ball and ball-
liner collisions, which together determine the impact
energy spectrum responsible for wear.

The resulting system of second-order ordinary
differential equations is integrated explicitly using a
leapfrog (velocity Verlet-type) scheme, in which
particle positions and velocities are updated at
staggered half-time and full-time steps. This scheme is
only conditionally stable, so the time step must remain
smaller than a critical value set by the highest natural
frequency present in the contact system; in practice this
means a very small time step (on the order of
microseconds) governed by the stiffness of the ball—-
liner contact, which is the main computational cost
driver in industrial-scale DEM simulations. The
numerical model was implemented in ROCKY, an
open, object-oriented DEM software package with a
C++ computational core and a Python scripting
interface for configuring and automating simulation

runs. ROCKY runs on Linux and is capable of resolving
the interaction of very large particle populations, up to
the order of millions of elements, which makes it
suitable for representing realistic ball charges. Two
geometric components were defined for the mill model:
the drum shell and liner geometry, generated in
SolidWorks and Compass 3D and imported as
discretized triangulated surfaces, and the spherical
grinding balls that fill the drum volume. End walls of
the drum were represented as flat boundary elements.

. 30Ha najieHus

/
B »
1 i
4

3oHa yzaapa
Macca rpysa

Yactuuya B :

f Yactmua A )

(6)
Fig. 1. Discrete Element Method (DEM) modeling
of a ball mill: (a) load motion profile inside the ball
mill; (b) contact model.

The simulation parameters used to represent a
laboratory/industrial ball mill configuration are
summarized in Table 1.

Using this configuration, the simulation plan varied
three operating parameters independently: rotational
speed expressed as a percentage of critical speed, fill
level (degree of charge filling), and ball diameter, each
tested across four discrete levels. This factorial
arrangement allowed the influence of each parameter
on charge kinematics, contact forces, and impact energy
distribution to be isolated and quantified.
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Table 1.
DEM simulation parameters for the ball mill model
Parameter Symbol Value
Ball radius R; 50 mm
Ball density p 7640 kg/m?
Liner density p 7640 kg/m?
Friction coefficient (ball-liner) Uy 0.30
Friction coefficient (ball-ball) Uy 0.30
Restitution coefficient (ball-ball) e 0.75
Restitution coefficient (ball-liner) e, 0.75
Mill diameter D 0.80m
Mill length L 0.40m
Normal contact stiffness K, 10° N/m
Tangential contact stiffness K, 10° N/m

5. Charge Kinematics and Contact Force Results

DEM simulations reproduced the characteristic
cascading and cataracting motion of the ball charge and
allowed extraction of key kinematic descriptors of the
load profile: the shoulder angle, at which the charge
begins to lift away from the shell; the toe angle, where
the falling balls re-enter the bed; the departure (kidney)
angle; and the impact point angle. These angles,
together with the maximum fall height of the balls,
characterize the trajectory and energy of the impacting
charge and are the primary drivers of localized liner
wear.

= a)
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Fig. 2. Evolution of contact forces over time for
three fill levels: (a) Fr = 15%, CAF =496.5 N, (b)
Fr =25%, CAF =1772.5 N, (c) Fr = 35%, CAF =

5145.8 N, at Nr = 0.3 Cs and Db =50 mm.

Increasing the degree of fill produced a clear and
consistent increase in the maximum fall height of the
balls and in the resulting contact forces transmitted to
the shell. For example, at a fixed rotational speed the
maximum fall height rose from approximately 0.63 m

at 15% fill to approximately 0.89 m at 35% fill, and the
corresponding average contact force on the shell
increased from roughly 0.5 kN to over 5 kN across the
tested fill range. This increase in contact force directly
elevates the amplitude of impact-induced vibration in
the drive train and the local energy deposited on the
liner surface, both of which are indicators of accelerated
wear. Rotational speed had an even stronger effect once
the mill approached its critical speed: increasing the
speed from 70% to 90% of critical speed produced a
44% increase in vibration velocity, reflecting a
transition from a cascading regime, where balls roll
over one another, to a cataracting regime, where balls
are thrown free of the bed and strike the liner directly
with much higher kinetic energy. This regime transition
is a key practical finding, since operating too close to
critical speed substantially increases liner wear without
necessarily improving grinding efficiency.

To evaluate how the impact loads generated by the
grinding charge propagate into the mill's mechanical
transmission, the DEM model of the ball charge was
coupled with a finite-element model of the gearbox and
shafts. Shafts were represented using Timoshenko
beam elements, capturing both bending and shear
deformation, while gear meshes were modeled as
lumped-parameter  elements  positioned at the
corresponding shaft nodes. The resultant horizontal and
vertical contact forces exerted by the ball charge on the
mill shell, computed in ROCKY, were applied as time-
varying external loads at the corresponding node of the
global drive-train model, which was assembled into a
24-degree-of-freedom system of equations of motion.
Damping was introduced through a proportional
(Rayleigh) damping matrix, and the equations were
integrated in time using the Newmark method in
MATLAB.
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Fig. 3. Trajectories of grinding media of different diameters.

This coupled approach showed that the operating with ball impacts became the dominant feature of the
parameters of the milling process — fill level, rotational signal. This result is significant for condition
speed, and ball diameter — exert a determining monitoring, since it demonstrates that vibration
influence on the impulsive component of the vibration signatures recorded on the gearbox carry usable
signal measured on the transmission. At low fill levels, information about internal charge dynamics and impact
masking noise from normal gear meshing dominated severity, not only about mechanical defects in the gear
the vibration spectrum, but as fill level increased train itself.
beyond roughly 25%, impulsive components associated

Fig. 4. Dependence of the grinding media fill level on the operating mode of the ball mill

Experimental Verification of the DEM Model

Numerical predictions are only useful if they can
be shown to agree with physical behaviour, so the
DEM model was verified against full-scale
experimental data using a ‘flash-stop’ (shapshot)
procedure on an industrial ball mill. In this procedure,
the mill was first run at a fixed operating point —
defined rotational speed, fill level, and feed size

distribution — until a steady-state charge motion was
established. A set of balls pre-painted red was added
to the charge to aid visual identification, and after
twenty minutes of steady operation the drive was
emergency-stopped, bringing the drum to a complete
halt within 8 to 12 seconds using the shoe brakes. The
frozen charge profile was then photographed and
measured to determine the actual shoulder, toe,

6 Konunank mammaaaapu Ba TexHoaorusiaapu, 2026, Ne2 (16)
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departure, and impact-point angles, which were
compared against the corresponding angles predicted
by the DEM model under the same operating
conditions. The procedure was repeated five times,

yielding 150 individual angular measurements. The
averaged comparison between the DEM predictions
and the experimental measurements is summarized in
Table 2

Table 2.

Comparison of DEM-predicted and experimentally measured charge angles

Charge Parameter DEM Model Experiment Relative Error, %
Shoulder angle, 8, (deg) 42.5 44.1 3.6

Toe angle, 6+ (deg) 216.0 212.8 1.5

Departure (kidney) angle, 248.2 246.5 0.7

O¢rpy (deg)

Impact point angle, 6,y (deg) | 198.4 195.2 1.6

Across all four measured parameters, the
discrepancy between the DEM model and the
physical experiment did not exceed 4%, with the
smallest error recorded for the departure angle (0.7%)
and the largest for the shoulder angle (3.6%). These
results confirm that the linear contact model, the
chosen stiffness and damping coefficients, and the

overall numerical implementation in ROCKY provide
an adequate representation of the real charge
kinematics, and that the model can be used with
confidence to predict charge behaviour and, by
extension, wear patterns under industrial operating
conditions that were not directly tested
experimentally.

Fig. 5. Process of measuringworn liners and dismantling of worn liner plates (characteristic wear profile)

The practical value of a verified DEM model lies in
its ability to translate charge kinematics and contact
force histories into quantitative wear predictions.
Because DEM resolves the spatial distribution of
impact energy and contact pressure across the liner
surface rather than a single averaged value, it becomes
possible to map the regions of the liner subject to the
most severe impact wear, to estimate the rate at which
liner thickness and geometry change over an operating
campaign, and to relate these predictions back to
operating parameters that can be controlled in practice,
namely rotational speed, fill level, and ball size
distribution. In the underlying study, the optimized
operating regime, derived from the DEM-informed
analysis, increased fill level from 32% to 42% and
rotational speed from 12.5 to 14.2 rpm relative to the
baseline regime, illustrating how simulation results
were translated into concrete recommendations for mill
operation.

A further extension explored in the research couples
DEM-derived contact and impact statistics with
acoustic monitoring of the mill, using wavelet power
spectral analysis of the noise signal as a non-intrusive

proxy for internal impact intensity. As liner wear
progressed over an extended observation period, the
spectral power in the informative 20-150 Hz frequency
band, which corresponds to ball-liner impacts, showed
a consistent downward trend, dropping on average from
about 55 dB to about —80 dB over a 250-second
analysis window. This decline in impact-related
spectral energy is physically consistent with the DEM-
predicted reduction in restitution and contact stiffness
that accompanies a thinning, more compliant worn
liner, and demonstrates how DEM simulation results
can be linked to indirect, in-service diagnostic signals.
Discussion

The results obtained through this DEM-based
methodology highlight several points of broader
relevance to comminution research and mill operation.
First, the strong sensitivity of contact forces and fall
height to fill level and rotational speed confirms that
DEM is necessary, rather than merely convenient, for
accurate wear and energy analysis: lumped or empirical
models cannot reproduce the nonlinear transition
between cascading and cataracting regimes that governs
impact severity. Second, the close agreement between
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the DEM model and the flash-stop experimental
verification, with errors below 4% across all measured
angles, supports the broader literature consensus that
properly calibrated linear contact models are adequate
for predicting bulk charge kinematics in tumbling mills,
even though they simplify the true elastic—plastic
behaviour of individual particle collisions. Third,
coupling the DEM charge model with a structural
model of the drive train extends the value of the
simulation beyond the mill shell itself, allowing impact-
driven vibration in the gearbox to be predicted and
interpreted, which has direct implications for condition-
based maintenance strategies in mining operations
where transmission systems operate under elevated
noise and impulsive loading.

A practical limitation of the approach, consistent
with observations elsewhere in the DEM literature, is
the relative scarcity of experimental data describing
worn media and worn liner geometries, which
constrains the validation of long-term wear evolution
predictions as opposed to short-term kinematic
predictions. Addressing this gap by combining periodic
liner-thickness measurement campaigns, as performed
in the underlying study at thirty-day intervals over
several months, with DEM and acoustic monitoring

represents a promising direction for closing the loop
between simulation and field observation.
Conclusion

This paper has outlined a complete DEM-based
methodology for simulating grinding media motion in
ball mills, from the underlying Newtonian equations of
motion and linear spring—dashpot contact model,
through implementation in the ROCKY software
environment, to coupling with a finite-element drive-
train model and experimental verification against full-
scale flash-stop measurements. The verified model
reproduced the principal kinematic descriptors of the
charge — shoulder, toe, departure, and impact-point
angles — within 4% of measured values, and showed
that fill level and rotational speed strongly govern both
the impact energy delivered to the liner and the
resulting impulsive vibration transmitted through the
gearbox. These findings demonstrate that DEM
simulation, when properly verified against physical
measurements, provides a reliable basis for predicting
wear distribution, optimizing operating regimes, and
supporting acoustic-based condition diagnostics in
industrial ball mills, offering a practical bridge between
fundamental particle-scale mechanics and equipment-
level durability and maintenance decisions.

DISKRET ELEMENTLAR USULI BILAN SHARLI TEGIRMONLARDA TUVURLOVCHI
MUHIT HARAKATINI SIMULYATSIYA QILISH: METODOLOGIYA, TEKSHIRISH VA
YEYILISHNI BASHORAT QILISHDA QO‘LLANILISHI

Jumanazarov A.R., Egamberdiyev I.P., Ochilov U.Yu., Mamadiyarov A.J.

Navoiy davlat konchilik va texnologiyalar universiteti, Navoiy, O zbekiston.
ANNOTATSIYA Sharli tegirmonlarda maydalovchi muhit va futerovkalarning yeyilishini bashorat gilish
donador zaryadning ganday harakatlanishi va tegirmon korpusiga ta'sir etishi hagida batafsil
ma'lumotga ega bo'lishni talab giladi, bu ma'lumotni to'liq hajmdagi sanoat ekspluatatsiyasidan
bevosita olish mumkin emas. Ushbu magolada kon-texnika uskunalarining chidamliligi va
holat diagnostikasi bo'yicha ishlab chigilgan Diskret Elementlar Usuli (DEM) simulyatsiya
metodologiyasi taqdim etilgan bo'lib, u aylanuvchi sharli tegirmonda maydalovchi muhit
harakatini va natijada yuzaga keladigan kontakt kuchlarini modellashtirish uchun
mo‘ljallangan. Model har bir maydalovchi sharni Nyutonning ikkinchi qonuniga bo“ysunuvchi
alohida jism sifatida ko‘rib chiqadi va sharlararo hamda sharlar-futerovka o‘rtasidagi o‘zaro
ta'sirlarni Kulon ishqgalanishiga ega chizigli prujina-damper kontakt modeli yordamida hal
qiladi, vaqt bo‘yicha aniq "leapfrog" sxemasi bilan integrallaydi hamda ROCKY DEM dasturiy
ta'minotida amalga oshiriladi. Simulyatsiyalar aylanish tezligi, to‘ldirish darajasi va shar
diametrini qamrab olgan omilli ish sharoitlari to‘plami uchun o‘tkazildi hamda hosil bo‘lgan
zaryad kinematikasi va kontakt kuchlari tegirmon qo‘zg‘alish tizimining chekli elementlar
modeli bilan bog‘lanib, zarba ta'siridan kelib chiqadigan reduktor tebranishlarini baholashga
imkon berdi. DEM modeli sanoat tegirmonida to‘liq hajmdagi "flash-stop" (to‘satdan
to‘xtatish) tajribalari asosida tekshirildi, bunda bashorat gilingan zaryad burchaklari (yelka,
oyoq, chiqish va zarba nuqtasi) o‘lchangan qgiymatlar bilan 4% gacha xatolikda mos keldi.
Natijalar shuni ko‘rsatadiki, to‘ldirish darajasi va aylanish tezligi kontakt kuchining kattaligi,
tushish balandligi hamda kaskadli harakatdan kataraktli harakatga o‘tishga kuchli ta'sir
ko‘rsatadi va DEM asosida olingan zarba statistikasi futerovkalarning yeyilishining akustik
ko‘rsatkichlari bilan bog‘liqdir. Olingan xulosalar tasdiglangan DEM simulyatsiyasi sanoat
sharli tegirmonlarida yeyilishni bashorat qilish, ish rejimini optimallashtirish va holatga
asoslangan diagnostika uchun ishonchli asos yaratishini ko‘rsatadi.

8 Konunank mammaaaapu Ba TexHoaorusiaapu, 2026, Ne2 (16)



KOHUYNAVIK MAIIIMHAAAPU BA TEXHOAOTMUSAAAPU

KALIT SO‘ZLAR  Discrete Element Method (DEM); ball mill simulation; grinding media motion; contact
mechanics; ROCKY software; charge kinematics; liner wear prediction; impact energy
distribution; drive-train vibration; condition diagnostics; cascading and cataracting motion;
mineral processing equipment durability

MOJIEJIMNPOBAHUE JIBUKEHUS U3MEJBYAIOIIENA CPEJBI B IIIAPOBBIX
MEJIBHUIIAX METOJAOM JJUCKPETHBIX 3JIEMEHTOB: METOJ10JIOI' U4,
BEPUOUKALIUA U IPUMEHEHMUE U1 TIPOT'HO3UPOBAHUSA N3HOCA

Kymanazapos A.P., Jramoepaues HU.II., Ounnos Y.10., Mamagusipos A.K.

Hasouiickuii 2ocydapcmeennulii copno-mexnonocuveckuil ynugepcumem, Hasou, Y30exucman.

AHHOTAIUA [TporHo3upoBaHKe W3HOCA W3MENbYAIONIEH CpeAbl W (YTEPOBKM B IIAPOBBIX MeENbHHIAX
TpeOyeT NeTanbHOro 3HAHMS TOTO, KakK JBIDKETCS I'paHyJMpOBaHHAs 3arpy3ka M Kak OHa
BO3/ICIICTBYET Ha KOPIYC MENBHHIBI, — HH(pOPMaIHs, KOTOPYI0 HEBO3MOXHO MOIYyYHUTh
HEMOCPEICTBEHHO B YCIOBHSX MOJHOLEHHOH NPOMBIIUIEHHOM JKCIUTyaTanud. B naHHON
CTaTb€ MpEACTaBIE€HAa METOJOJOrHsS MOJEIUPOBAHMS METOIOM JOUCKPETHBIX JJIEMEHTOB
(DEM), pa3paboTaHHas B paMKax JOKTOPCKOTO HCCIIEJOBAHMSA IT0 BOMPOCAM JOJITOBEYHOCTH
TOPHO-IIAXTHOTO OOOPYMOBAaHUS M IHATHOCTHKH €T0 COCTOSIHHUS, ISl MOJEITHPOBaHMS
JBIDKEHHUSI M3MENbYaIOIed cpelbl U BO3ZHUKAIOIIMX IPH ATOM KOHTAKTHBIX YCHIHHM BO
Bpallaroleics mwapoBoil MenbHuLe. Mozienb paccMaTpUBaeT KaKIbl M3MENbYAIOMIUNA 1Iap
KaKk JUCKPETHOE TeJo, MOAYMHAIoLIeeCs BTOpPOMY 3akoHy HbIOTOHa, W ONUCHIBAaeT
B3aUMO/ICHCTBUS MEXY [IapaMu, a TAKXKe MKy [IapaMu U QyTEepOBKOW C UCIIOIb30BAHHEM
JIMHEIHOW KOHTaKTHOM MOJIENHN «IIpyKUHA-AeMII(pep» ¢ KyJTOHOBCKHM TPEHHEM, HHTETPUPYsI
UX BO BpEMEHH C TIIOMOIIbIO SBHOH cxeMbl «leapfrog»; peanm3auusi BBINOJHEHA B
nporpammaoM obecriedennd ROCKY DEM. MopenupoBanue mpoBeneHO At (HaKTOPHOTO
Habopa pabouyMx yCJIOBHH, OXBAaThIBAIOIIMX CKOPOCTh BpAlleHHs, YPOBEHb 3aIOJIHEHUS U
JUaMeTp MIapoB, a MOJyYEHHbIE KNHEMAaTHYECKHE XapaKTEPUCTHKH 3arpy3KH U KOHTaKTHBIE
ycunusi ObUIM CONPSDKEHBI ¢ KOHEYHO-JIEMEHTHOW MOMENBI0 TPAHCMHCCHU MENBHHIBI IS
OIICHKH BHOpAIlH PEeXyKTOpa, BEI3BIBAEMON ymapHBIMH Harpyskamu. Moxenr DEM Obuia
BepuHUIMpPOBaHa ITyTeM COINOCTABICHHS C TIIOJHOPa3MEPHBIMU SKCHEPHUMEHTAMH IO
BHe3anHo#i ocTaHoBKe (flash-stop) Ha MPOMBIIITIEHHOH MENbHUIE, TPH 3TOM PACUETHBIC YTIIBI
MOJIOXKEHNUA 3arpy3ku (IUiedo, IOMAOIIBA, TOYKA OTpbIBA M TOYKAa yJaapa) COBINAIHM C
HM3MEPEHHBIMH 3HAUYEHUSAMH C IOTPEIIHOCTRI0 He Oonee 4%. Pe3ynpTaTel MOKa3bIBaIOT, YTO
YPOBEHb 3aIIOJHEHUS M CKOPOCTh BPAIIEHHUS B 3HAYUTEIBHON CTEIIEHH OTPEACIISIIOT BENUIHHY
KOHTAKTHBIX YCHJINH, BBICOTY MaJCHUS M MEPEX0i OT KaCKaJHOTO K KaTapaKTHOMY PEXHUMY
JBIDKEHHS, a TaKXKe YTO CTaTUCTHYECKHE JaHHBIE 00 yIapax, moiydeHHble Ha ocHoBe DEM,
KOPPENUPYIOT C aKyCTHYECKIMH HHAUKAaTOpaMy u3Hoca GpyTepoBKu. [loryueHHbIe pe3yIbTaThl
CBHUJICTENLCTBYIOT O TOM, 4To BepuduimpoBanHoe DEM-MonenupoBanne obecrieunBaet
HaJIS)KHYI0 OCHOBY JUIS TPOTHO3MPOBAHMS HM3HOCA, ONTHMH3ALMU pabOdYMX pPEXHMOB M
JUArHOCTUKH COCTOSIHUSI IPOMBIIIITIEHHBIX IIAPOBBIX MEJIBHUIL.

KJIIOUEBBIE Meton muckpetHbix 31eMeHTOB (DEM); MonmemmpoBanue miapoBoil MENBHHIBL, JBIKCHHE

CJIOBA M3MeNbYaroIIell Cpelpl; KOHTaKTHAas MexXaHWka; nporpammHoe obecredenne ROCKY)
KHHEMATHKa 3arpy3Ku; MPOTrHO3UPOBAHHE H3HOCA (DY TEPOBKH; paclpeIe/ICHUE SHEPTHH y1apa;
BHUOpAIMsl TPAHCMHCCHH; THATHOCTHUKA COCTOSHHS, KaCKagHOE M KaTapaKTHOE IBIIKCHHE;
JOJITOBEYHOCTH 000PYMOBAHHUS /IS IEPEPAOOTKH MOJIC3HBIX HCKOMAEMBIX.
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YCOBEPHIEHCTBOBAHUE KOHCTPYKIUU IITHEKA
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AHHOTAIIUA B cratbe npuBeneHB! CBEACHUS O KOHCTPYKIMH, IPUHIMIIE PaOOTHl M 007IaCTAX MPUMEHEHUS
CYIIECTBYIONIMX IIHEKOBBIX KOHBEHEpPOB. PaccMOTpeHBl KOHCTPYKIIMU Pa3IMYHBIX THUIIOB,
MIPOaHATN3UPOBAHbl TOCJECIHNE TMATeHTHl W yKa3aHbl WX HeAOoCTaTKW. llompoOHO omucan
YCOBEPLIEHCTBOBAHHBIN IIHEKOBBIH KOHBEHep, Ha KOTOPBIN MOJyUYeH HOBBIM nmaTeHT. B koHIle
CTaThHU NPUBEJEHBI BHIBOJIBI

KJIFOUEBBIE LIHEK, ChIITy4ni, KOHBeHep, MIacTUHA, YacTOTa, MPOU3BOJUTENILHOCTD, CTEHI.
CJIOBA
BBenenue K nocronHcTBaM BUHTOBBIX KOHBEMEPOB OTHOCATCS
BunTOBBIE (IITHEKOBHIE) KOHBEWEPHI IPUMEHSIOTCS B HaJe)KHOCTh  PabOTBI, MPOCTOTa  KOHCTPYKIIHH,
pa3sIUYHBIX ~ OOJACTSAX  MPOMBIIMUICHHOCTH — JJIA OTCYTCTBHE HAPYKHBIX JBIDKYIIMXCS YacTeH, a TAaKKe
TPaHCTIOPTUPOBAHUS CBINTYYHX, MBUICBUIHBIX, BO3MOXHOCTh TIEPEMEIICHHS TPy3a B TePMETHIHOM
MOPOIIKOOOPA3HBIX U PEXKE MEIKOKYCKOBBIX TPY30B. KOXyXe.
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HenocrarkamMu BUHTOBBIX KOHBEWEPOB SIBISIOTCA
3HAYUTEIILHOE MOBPEKIEHUE IPy3a B PE3yIbTATE €ro
TPEHHsS O BHUHT M KeJIoO, a TakKe OOJNBIIONH pacxon
SHEPruu.

BuHTOBOI1 KOHBEHEP COCTOUT U3 LIUIUHAPUIECKOIO
KOpITyca C 3arpy304HbIM U PasTpy304HBIMHU JIFOKAMHU.
Pabounm 3:1eMEHTOM BUHTOBBIX KOHBEHEPOB SIBIIAETCS
BUHT (IIHEK). BWHTBEI  OBIBAlOT  CIUIONTHBIMH,
JICHTOYHBIMH WJIN B BUJAE OTHAENbHBIX Jomacted. Co
CIUTOIIHBIMH BHHTaMH TPaHCIOPTUPYIOTCS
JIETKOCBIITYYH€ MaTEPHUAIIbL, TEHTOYHBIE IPUMEHSIIOTCS
JUIsl  TPAaHCIOPTUPOBKU  CJIEKABIIUXCA  T'PY30B.
JlonactHele BHUHTBI HCIOJIb3YIOTCS JUISL
TPAaHCHOPTUPOBAHUS BA3KUX TIPYy30B MIM MpHU
HEOOXOAMMOCTH IepEeMEIINBaHMsI MaTEepUaIIOB.

BuHTEHI Taxoke 0Apa3AeiA0TCs Ha IIPaBbIe U JIEBBIE.
Ecnu npu BpallleHuu BUHTA 110 YaCOBOM CTPEIKE IPy3
JBIDKETCS BIIEPER OT HAOIIONATENSA, TO BUHT SIBIIACTCS
MPaBbIM; €CIIU XK€ IIPH BPAIIEHUH [0 YaCOBOU CTPEIIKE
rpy3 ABHXKETCS Has3ald, TO BUHT SABISETCA JIEBBIM.
HekoTopbsle BUHTOBBIE KOHBEHEPBI COCTOAT M3 IBYX
yacTel, OfHA U3 KOTOPBIX MpaBas, a Apyras — JeBasd,
4yro oOecreunBaeT IMEpeMelIeHue IpOAyKTa B
IIPOTUBOIIOJIOKHBIX HAPABICHUSIX.

[ITHeKkOBBIE KOHBEHEPHI NPUMEHSIOTCS HE TOJIBKO
KaK TpPaHCIOPTHBIE YCTPOMCTBA, HO M  Kak
TexHoJoruueckoe obopyaoBanue. Hampumep, B
METAJIIyprU4eCKOi IPOMBIIUIEHHOCTH B IIapOBOHU
MENBHUIIC BHHTOBOM MEXaHU3M HCIONB3yeTCsd B
Ka4ecTBe KJaccu(UKaTopa, pa3AeisfioIiero necok 1o
kpymHOocTH  (pakmusm). BuHTOBOW  cemapaTtop
paznensier Tsokénple W s€rkue (pakoum necka. B
MUIIEBOH MPOMBIIUIEHHOCTH IIHEKOBBIE KOHBEHEPHI
4acTo UCTOJB3YIOTCS Kak CMECHUTENN c
OJIHOBPEMEHHO! TPaHCIOPTUPOBKON Ipoaykra. B
HEKOTOPBIX CIIy4asX OHU IPUMEHSIOTCS B KauecTBE
J103aTOPOB.

IIlnekoBbIE  KOHBEWMEpPHl  XOPOLIO H3Y4YEHBI
paznuuHbiMH  aBTopamu  [1-15].  Paccmorpens
LIHEKOBBIE KOHBEUEPHI C BOJHUCTOM IOBEPXHOCTHIO
BUHTA, TPHUBEJCHBI pPE3yIbTaThl TEOPETHYECKHUX
UCCIIEIOBAHUN  BEPTUKAJbHBIX M  OTKIOHSIOMINX

KoJIecOaHUH JIByXXOMOBBIX IIHEKOB C BOJIHUCTOU
MOBEPXHOCTBIO, a TaKXKE KOHBEHEpPHBIX ILIHEKOB C
KPUBOJIMHENHHBIM OCHOBAaHUEM U YIIPYTUM 3JIEMEHTOM
KoHcTpyKIuM IHEKOBLIX KOHBelepoB-
AHAJIOrOB

B cBA3M ¢ 3TUM TNpemBABIAIOTCA Pa3IUYHBIE
TpeOOBaHUs K KOHCTPYKIUSIM IITHEKOBBIX KOHBEHEPOB.
OTHUM 00CTOSTEIHCTBOM OOBSICHSACTCA AKTYyalbHOCTH
paboT 1O  yCOBEPIICHCTBOBAHMIO  KOHCTPYKIMH
BHHTOBBIX KOHBeiepoB. M3BecTHBI pazHOOOpa3HBIE
KOHCTPYKLIMHM LIHEKOBBIX KOHBeilepoB. Hampumep,
MPUMEHSIOTCSI BUHTHI C IUIACTMHAMHU B CJIETYIOLIUX
YCTPOMICTBAX.

W3BeCTHO yCTpPOMCTBO — BHHTOBOM KOHBeEHED,
COJIepXKAIMi Pa3sMEUICHHBI B JKEI00E€ BHUHT C
MIPOAONBHBIMU IUIACTUHAMU. [IpooibHbIE MIACTUHBI
3aKpeIUIeHbl MEXJIy BUTKAMH M YCTAHOBJEHBI IO
MEPUMETPY BHUHTA JUAMETPAIBHO IMPOTHBOMNOJIOKHO
HA PacCTOSIHMHM, PaBHOM MOJIOBUHE IIara BuHTA. [Ipn
3TOM IJIACTHHBI YCTaHABIMBAIOTCA o yriaoM 20-30°
K KacaTeJIbHOM Hapy»KHOro JuaMeTpa BUHTa [3].

Takxe U3BECTEH LIHEKOBBIN KOHBelep,

CoJlep XAl MOJBI KOPIyC C 3arpy304HBIM H

BBITPY30UHBIM OKHaMH ¥ TPUBOJAHON Bal coO

CHOHpPAIBHBIMU  pEOpamMM, KOTOPBIH IPOJOJIBHO

YCTaHOBJIEH B MOJOCTH Kopmyca. Ha paGoueit

CHHPAJIBHOW MOBEPXHOCTH INHEKA YCTaHOBIEHBI

pE€Opa IIMHOM, paBHON BBICOTE CIIMpANHU IIIHEKA, B

KonmiecTBe TpEX pébep Ha omuH oboport (mmar). B

JTaHHOH KOHCTPYKLIUU pébpa HMEIOT

MPSIMOYTOIBHYO popmy [4].

YcoBepieHCTBOBaHHASI KOHCTPYKIUSA
IIHEKOBOI'0 KOHBeliepa

[Ipennaraercst MIHEKOBBIA KOHBEHeEp, COIAEpKAIIMMA
pa3MEILEHHBIN B KOKYX€ IIHEK U IUIACTUHBI, IPUYEM
IUTACTHHBI BBITIOJHEHBI B BHJAE MapaijierorpaMMa U
3aKpeIUIeHBl Ha JUIEBOM CTOPOHE ITHEKOBOH IMOIOCHI
0 paguyCy, TpPH OSTOM OJUH TOpeIN IUIACTHHBI
COBMAJAaeT C HApPYXHBIM JHAMETPOM IIHEKa |
pacIosoxeH HapasuiebHO obpa3yromei

LHUITHHIPUYECKOT0 KoKyxa [5].

Puc. 1. a) nonepeynblii pa3pe3 NIHEKOBOIi M0JI0CHI € IJIACTUHAMHU; §) MPOAOJIbLHBIN pa3pe3 LIHEKOBOM
M0J10CHI € MJIACTHHAMH.
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[Ipennaraemsrit IITHEKOBBIHI KOHBeHep s
TPAHCHOPTUPOBKU  CBIMYYUX TIPY30B  COJACPHKUT
IMHAPUYECKUM  KOXYX €  3arpy30UHBIMH U
pasrpy304YHbIMHM JIFOKAMH, TIPUBOJ U IIHEK C
miactTuHaMu. IlnacTunsl 4 3aKperieHbl Ha JIUIEBOMN
CTOpPOHE IIMHEKOBOH MOJOCH 3 mo paamycy. OnmuH
TOpell TIacTHHB 4 COBHAJaeT C HapyXHBIM
JUaMETpOM IIHEKa W pAaCIOJIOKEH MapaulebHO
oOpasyrommel OUIMHAPUIECKoro koxyxa 1. Jpyroi
TOpeIl IIacTUHBI 4 00paméH B CTOPOHY Bajia 2 M HE
nmocrturaet ero (puc. 1).

Takass ~ KOHCTPYKLHUS  IUIACTHUHBI  MO3BOJIIET
YBEJIMUUTh 3a4YepIbIBaHUE TIpy3a, BCIEACTBUE YETrO
MOBBIIIACTCS MPOU3BOIUTEIHLHOCTh KOHBEHEpa.

YerpoiicTBo paboTaet clieyronmM oopa3om:
BKJIFOYAETCsI IPUBOJ, HAYMHACT BPAIAThCs pabounii
opraH B BuJie IIHeKa 3 ¢ mwactuHamu 4. [TogaBaemblit
Yyepes 3arpy309HbIi JFOK HACHITHON I'Py3
MepEeMEINAETCs BOIb HIIIMHAPHIECKOTO KOKyxa | 1
BBITPYXKAETCS Yepe3 pa3rpy30uHbIH JTIOK pabounm
OpTaHoOM B BHJIE IIIHEKa 3 ¢ MIIaCTHHAMH 4.

ITpu BpameHnn mHeKa IUIACTUHBI 4 KOHTAKTHPYIOT
C MaTepuaJoM B MOMEHT, KOTJa OHH PAaCIOJIOKEHbI
MEePHEHANKYIAPHO TOBEPXHOCTH 3€MIIHM, U YHOCST C
co0oif yacTh Marepualia A0 JOCTHIKEHHMS IUIACTHHOMN
TOPU30HTAIBHOTO HOJIOXKEHUS OTHOCHUTEIIFHO
nosepxHoctu 3emud. [Ipu nanbHelnieMm BpallleHUU
9acTh MaTepuajla, HaxOJfAIIascs Ha IUIaCTHHE,
HaYMHAET BBICBIIIATHCS Yepe3 APYTOH Kpail MIIacTHHBI,
pacTioyioKeHHbIH Onmxe K Bany. JlaHHBIN MaTepuman
mepeMernaercsi BIepEn Ha pacCTOSHHE, pPaBHOE
TMIOJIOBHMHE IIIara BUHTA, YTO NPUBOANT K yBEIHUICHHUIO
MPOM3BOUTENEHOCTH KOHBEHepa.

OmpeneneHne  BIMSHUS — pasMEpoOB  IUIACTHHBI
(BBICOTHI U JUIMHBI), yTJa €€ yCTAHOBKH U KOJIMYECTBA
IUIACTUH ~ Ha  IPOM3BOAHUTEIBHOCTE  BHHTOBOTO
KOHBelepa TpedyeT NpoBeIeHUs SKCTIEPUMEHTAIBHBIX
uccnenoBanuid. C yBelIMYEHHEM BBICOTHI M JJIMHBI
IUTACTHHBI BO3PAcTaeT KOJHMYECTBO 3a4epIIbIBAEMOTO
rpy3a. Ilpu 3ToM IyIMHA IIACTHHBI OTPAHUYMBAETCS
paccTosiHHEM MeXIy IUIaCTHHOW M BajloM, depes
KOTOpO€ TpH  BpAIICHHHM BHHTA  IPOUCXOIMT
BBICBITIAHME CBIMTy4ero Tpys3a. [laHHOe paccTosHHE
3aBHCUT OT CBOWCTB TPAaHCIIOPTHPYEMOTO MaTepHaia,
€ro BIAXHOCTH, Kod(duumeHTra TpeHHs TIpy3a o
MOBEPXHOCTh IUTACTHHBI M BPEMEHH BBICHITAHUSA
MaTepHaja ¢ IUTACTHHBL.

Ha mnpou3BoauTENBHOCT BUHTOBOIO KOHBEHEpa
CYIIECTBEHHOE BIHUSHHE OKa3bIBaeT TaKXkKe YToi
YCTaHOBKH IIJTACTHUHEI.

Paznmpuator  yrom  ycTaHOBKM  IUTACTHHBI — HA
MOBEPXHOCTh CIIMpAJIM BHHTa (0) W YroJl aTaku
wiactubl (B) (puc. 2). Yrom o oOpazyercss Mexiy
MOBEPXHOCTBHIO CIMPAJIHM U IUIACTHHOM, a yroi f —
MEXJYy KacaTelbHOW K OKPYKHOCTH M IJIACTHHOM.
3ajaua COCTOMT B ONPEAEICHUU ONTHUMAJIBHBIX
COOTHOIIEHHUH YTJIOB O ¥ f.

/

a
N
Puc. 2. Ceuenne mnexa (ppoHTATbHBIM
pa3pe3om.

W3 pucyHka BHIHO, YTO IpPH YMEHBLUIEHHM YIJa
aTakd [ 10 HEKOTOPOH BEJIMYHMHBI CTAHOBHTCS
BO3MOXXHBIM  YBEJIMUYEHUE JUIMHBI IUIACTHHBI H,
COOTBETCTBEHHO, 3a4epIbIBaHUE Oounblero
KOJIMYECTBA CHIIYYEro Marepuana. Y MEHbILIEHUE yIila
YCTaHOBKHU ILIACTUHBI O 1O OIPEAEIEHHOTO 3HAUCHHUS,
BEPOATHO, NIPUBOJUT K YBEIIMUYEHUIO
MIPOU3BOIUTECIFHOCTH KOHBeHepa, Tak Kak Oolbliee
KOJIMYECTBO Tpy3a YAEPKUBAECTCA Ha IOBEPXHOCTH
IJIACTHUHBI NpH BpalleHUH BUHTA. YTOYHEHHE
ONTUMANBFHBIX 3HAYCHWH yriaoB o u [ Tpedyer
NPOBENEHUS  [JONOJHMUTEIbHBIX  HCCIIECJOBAHMM.
KonunuecTBo miacTUH ompeneisercst ClexyroluMU
COO00pakeHUAMU: IIJIACTHHA, pacroIoKeHHas
NEPNEHIUKYJISPHO TOPU30HTAILHOM IIOBEPXHOCTH,
HauyMHAeT 3a4eplblBaTh HACBIIHOW I'Py3 U IO Mepe
BpAlllCHUsl BHUHTA YBJIEKACT 3auUEpIHYTHIA IPy3 0
NapaJUIEIIbHOTO MOJI0XKEHHS TUIACTUHBI OTHOCUTEJIBHO
nopepxHoctu 3emuid. Ilpu panbHelem BpallleHUU
BUHTAa C TOpLA IUIACTUHBl HAUYMHAET BBICHINATHCA
CBIYYUH TPy3, U IMOJHOCTHIO OH BBICHIIIAETCS MpHU
JIOCTHKEHUH TUIACTUHON BEPTUKAIBHOTO MOJIOKEHHUS.
Jo HacTymiieHus 3TOr0 MOMEHTa CleAyrolas
JIacTHHA JOJDKHA HAayWMHATh 3aueplblBaHUE Ipy3a.
Hcxons u3 9Tux cooOpakeHuid, B Kpyre monepeyHoro
CeUeHMsI BHHTA KOJIHWYECTBO IUIACTHUH IOJDKHO OBITh
MEHEE 4YETBIPEX, TO €CTh ONTUMAIbHOE KOJIUYECTBO

PaBHO TpéM.

OCHOBHBIM KOJINYECTBECHHBIM HoKasareneM
BHHTOBOTO KOHBeiepa ABJISIETCA ero
MIPOU3BOAUTENBHOCTb,  KOTOpas  3aBHCUT  OT

KOHCTPYKTUBHBIX  IapaMeTpoOB  KOHBeilepa H
TEXHOJIOTHYECKHX YCIOBUH pabOTEHI.

[Tpon3BOUTENEHOCTh TOPU30HTAIEHOIO BUHTOBOTO
KOHBelepa, M>/4:

Q=15'p'l/)'7T'D§'t'n
rae: Y — Kod(QUIMEHT 3amoiHeHHs >Kenoda

KoHBelepa; DB — nnameTp BUHTa, M; t — I1ar BUHTa,
M; N — YacTOTa BPAILCHNS BUHTA, MUH .
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[InacTuHBI 3a4epNbIBAIOT IPy3 U 10 MEPE BpaILEHUS
BUHTa  yBJEKAIOT  €ro, OCBOOOXJas  HOBOE
MPOCTPAHCTBO AJISl HACBIMHOTO MaTepuana. Hamuuue
IUIACTUH Ha TIIOBEPXHOCTH BUHTA NPUBOAUT K
YBENMYCHUIO KOd((UIMEHTa 3aloHeHHs HKeloba
KOHBelepa.

[Tpumenenne MIPE/AJI0KEHHOTO LITHEKOBOT'O
KOHBeliepa INPHUBOIUT HE TOJIBKO K YBEIHMYCHHUIO
MIPOM3BOIUTEIBHOCTH, HO M K HMHTCHCU(UKAIMH
nporecca NnepeMeInBaHusl IpU TPaHCHOPTUPOBAHUN
Pa3sHOPOIHBIX CHITyYMX MarepuaioB. OcoOeHHO
3¢ (QeKTHBHO TPHMEHEHHE [JaHHOW KOHCTPYKIIHU

3akJloueHue
Hannyune miacTuH Ha HOBEPXHOCTH BUHTA PHBOIHUT
K YBENWYCHUIO Kod(duumeHTa 3amomHeHns xemoda
KoHBeiiepa (), BCICACTBHE Yero IIOBBIIIACTCS
NPOU3BOAUTEIILHOCT KOHBEWepa.

ITHEKOBOTO KOHBEHepa NpH TPaHCIOPTUPOBAHUH WU
OJJHOBPEMEHHOM NepeMeIINBaHNT BSA3KHX
MaTepHaIOB, HAPUMED BIAXHOH TIIHHBL.

SHNEK KONSTRUKSIYASINI TAKOMILLASHTIRISH
Toshov B.R., Kushimov F., Djuraev N.N.

Navoiy davlat konchilik-texnologiya universiteti, Navoiy, O ‘zbekiston.

ANNOTATSIYA Maqolada mavjud shnekli konveyerlarning konstruksiyasi, ishlash prinsipi va qo‘llanilish
sohalari haqida ma’lumotlar keltirilgan. Turli tipdagi konstruksiyalar ko‘rib chiqilgan, so‘nggi
patentlar tahlil gilingan hamda ularning kamchiliklari ko‘rsatib o‘tilgan. Yangi patent olingan
takomillashtirilgan shnekli konveyer batafsil tavsiflangan. Magola yakunida xulosalar keltirilgan.

KALIT shnek, sochiluvchan material, konveyer, plastina, chastota, unumdorlik, stend.
SO‘ZLAR

IMPROVEMENT OF SCREW (AUGER) DESIGN
Toshov B.R., Kushimov F., Djuraev N.N.

Navoi State Mining and Technological University, Navoi, Uzbekistan.

ABSTRACT The article presents information on the design, operating principle, and areas of application of
existing screw conveyors. Designs of various types are reviewed, recent patents are analyzed, and
their shortcomings are identified. An improved screw conveyor design, for which a new patent
has been obtained, is described in detail. The article concludes with final remarks and conclusions.

KEYWORDS screw, bulk material, conveyor, plate, frequency, productivity, test bench.
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ANALYSIS OF THE ECONOMIC EFFICIENCY OF IMPLEMENTING ELECTRONIC
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This article presents a technical and economic analysis of the feasibility of replacing mechanical
conveyor scales with electronic ones at mills No. 6, 8, 10, and 12 of the Copper processing plant
No. 2 in Uzbekistan. The relevance of the study stems from the increasing requirements for the
accuracy of metrological accounting in the mining and beneficiation industries, as well as the
need to optimize the consumption of process reagents and energy resources in the context of
resource-intensive production. A comparative analysis of the metrological characteristics of
mechanical and electronic conveyor scales was conducted; the absolute and relative errors in
accounting for processed ore were calculated for each type of equipment; and a quantitative
assessment of the annual economic benefit from the implementation of more accurate measuring
instruments was provided. Issues related to standardizing the consumption of flotation reagents
and electricity depending on the accuracy of weight control are examined. It has been established
that switching to electronic scales reduces the relative error in accounting for processed ore from
2% to 1%, thereby reducing the absolute error by approximately 19,700 tons per year, which
accounts for about 50% of the error of mechanical scales. The payback period for capital
investments in new equipment does not exceed 7 months, which indicates the high investment
attractiveness of the proposed technical solution. The results obtained can be used when planning
technical modernization programs for similar processing plants.

conveyor scales, electronic scales, measurement error, ore beneficiation, economic benefit, CPP-

2, equipment modernization

Introduction

The mining and metallurgical industry is one of the
key sectors of Uzbekistan’s economy, accounting for a
significant share of the country’s industrial output and
export potential (Kirsanov, 2022). One of the largest
facilities in the industry is the Almalyk Mining and
Metallurgical Complex, which draws its raw materials
from the Kalmakyr deposit, one of the largest copper-
porphyry deposits in Central Asia (Cheng, 2018;
Islamov, 2021). The mined ore is processed at copper
concentrators, where the efficiency of production
processes depends directly on the accuracy of material
flow control throughout the entire value chain,
beginning with ore extraction in the open pit. This
includes effective drilling and blasting operations,
loading and haulage of the mined material, primary
and secondary crushing, ore stockpiling and blending,
grinding and classification processes, as well as
subsequent beneficiation stages (Toshov J. T., 2025;
Alikulov Sh, 2025; Toshov J.B., 2024). Accurate
monitoring and accounting of material flows at each of
these stages are essential for maintaining process
stability, optimizing equipment utilization, reducing
losses, and ensuring the efficient recovery of valuable
minerals.

Copper Processing Plant Ne2 (CPP-2), located in
the Tashkent Region of the Republic of Uzbekistan,
processes copper ore from the Kalmakyr deposit
Figure 1. In a high-throughput mining operation,
accurate measurement of the mass of processed raw
materials is of particular importance, as these
measurements are used to calculate the consumption of
flotation reagents, electricity, water, and other
production resources. Even minor deviations in the
readings of weighing equipment can lead to significant
economic losses due to the accumulation of errors
when processing millions of tons of ore annually.

Belt scales are among the most critical tools for
process control in mineral processing plants. Their
readings serve as the basis for real-time management
of grinding and flotation processes, as well as for
planning the plant’s production targets. At the same
time, mechanical conveyor scales continue to be used
in a number of process areas, although their
metrological characteristics are inferior to those of
modern electronic measurement systems (Deka, 2024;
Toshov J. S., 2026; Rozikulov A. D., 2026). The
higher error margin of mechanical scales reduces the
accuracy of ore processing accounting and negatively
affects the efficiency of reagent and energy
consumption management.
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Figure. 1. Kalmakyr deposit in Uzbekistan.

The accuracy of weight accounting for processed
ore is one of the key factors in the effective
management of the production process at ore
processing plants (Hodouin, 2011; Rozikulov A. D.,
2025). Belt scales are primary measuring instruments
whose data are used to calculate the consumption of
flotation reagents, water, electricity, and other
resources allocated per ton of processed ore.
Systematic errors in determining ore mass accumulate
over the course of the production cycle and lead to
significant discrepancies between planned and actual
resource consumption figures. At a plant processing
millions of tons of ore per year, even a slight reduction
in measurement error yields a tangible economic
benefit. Despite this, a number of mining and
processing enterprises still operate mechanical belt
scales with a relative error of up to 2%, whereas
modern electronic equivalents provide an error of no
more than 1% at comparable operating costs (Pryor,
2012; Mular, 2002).

The issue of modernizing weighing equipment is

relevant from both a technical and an economic
perspective. On the one hand, improving the accuracy
of primary measurement lays the groundwork for more
effective control of reagent usage and a reduction in

specific energy consumption. On the other hand, any
technical solution requires an economic justification
that includes an assessment of investment costs and the
payback period. The objective of this study is to
provide a comprehensive justification of the economic
feasibility of replacing mechanical belt scales with
electronic ones at mills No. 6, 8, 10, and 12 of the
processing plant 2. To achieve this objective, the
following tasks were addressed: a comparative
analysis of the metrological characteristics of two
types of weighing equipment in accordance with the
requirements of GOST R 8.683 (Shikhov, 2025;
Dovydenko, 2021; Tumilovich, 2024), Quantitative
calculation of the annual absolute error in the
accounting of processed ore for each type of scale;
assessment of the error’s impact on the accuracy of
reagent and energy consumption  standards;
determination of the annual economic benefit from the
implementation of new equipment; calculation of the
payback period for capital investments using the
simple payback method.
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Figure 2. Schematic diagram of the grinding section in the CPP-2.

Subject of the study and calculation methods
The subject of this study is four conveyor mills at

the CPP-2, Ne 6, 8, 10, and 12—equipped with
mechanical scales that are due for replacement. The
mills’ capacities are as follows: Nos. 6, §, and 10 —
45 tons per hour each; No. 12 — 90 tons per hour. The
average capacity for the group is 56.2 t/h.

The average annual ore processing volume at these
mills was calculated using the following formula:

O=q-n-t-T=562-4-24-365=1969 248

tlyear,
where g — average output per mill (tons per hour);

n — number of mills; t — number of hours in a day; T
— number of days in a year.

The economic benefit of reducing measurement
error was calculated based on the difference between

the absolute errors of mechanical and electronic scales,
adjusted for the annual processing volume, followed
by a cost assessment of the savings in reagents and
electricity. The payback period was determined as the
ratio of the total cost of purchasing new equipment to
the annual economic benefit.

Results and Discussion
Comparative Analysis of Weighing Equipment

Accuracy The error of mechanical conveyor scales in
determining the mass of processed ore is 2%, whereas
the error of electronic scales is 1%. The comparative
performance metrics for the two types of equipment,
assuming the same annual processing volume, are
presented in Table 1.

Table 1.

Comparative Analysis of the Accuracy of Weighing Equipment.

Indicator
Measurement error
Annual processing capacity, tons
Absolute error per year, t
Difference in errors, t/year

As shown in Table 1, the use of electronic scales
reduces the absolute annual error from 39,385 to
19,692 tons, or by 19,693 tons per year. This difference
directly affects the accuracy of planning for the
consumption of reagents and energy resources.

Economic impact

Mechanical scales Digital scales
2,0% 1,0 %
1969 248 1969 248
39385 19 692
— 19 693

The consumption of flotation reagents, water,
electricity, and other resources is calculated for ore
processing. Any error in recording the processed
volume results in a corresponding error in the
calculation of these consumption figures. Switching to
electronic scales with higher measurement accuracy
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leads to cost savings through more precise resource
allocation.

The total annual economic benefit of replacing the
scales amounts to $104,546, as confirmed by a detailed
calculation of reagent consumption and energy costs
(Table 1: Economic Benefit Calculation, attached to
this paper).

Investment Evaluation and Payback Period

The cost of purchasing and installing four
electronic conveyor scales is approximately $58,000.
Payback period:

Tpayback period = 58.000 $ /104.546 $ = 0,56years
(6—7 months).
The resulting payback period is significantly less

than one year, which, according to generally accepted
criteria for evaluating investment projects, indicates

Conclusions

Based on the study conducted, the following
conclusions have been drawn:

—  Replacing the mechanical conveyor scales
with electronic ones at mills No. 6, 8, 10, and 12 of the
CPP-2 plant is technically and economically justified.

—  The switch to electronic scales reduces the
margin of error in tracking processed ore from 2% to
1%, which amounts to 19,693 tons per year.

—  Improved measurement accuracy allows for
the optimization of reagent consumption and energy
costs, resulting in an annual cost savings of $104,546.

—  With capital costs of approximately $58,000,
the project's payback period is 0.56 years
(approximately 6—7 months).

— The project is recommended for

implementation as scheduled as part of the technical

the high economic efficiency of the proposed technical

| modernization program for the CPP-2 factory's
solution.

equipment.
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AHHOTALUS B naHHOI cTaThe MpenCcTaBleH TEXHUKO-dKOHOMHUYECKUI aHAN3 IeNecO00pa3HOCTH 3aMEHEI
MEXaHUYECKUX KOHBEHEPHBIX BECOB Ha AJIEKTPOHHBIC Ha kKomMOuHatax Ne 6, 8, 10 u 12 Broporo
MezernepepadaThHIBAIOIIETro 3aBoa B Y30eKknucTane. AKTyaIbHOCTh MCCICIOBAHUS 00YCIOBIICHA
pacTymumMu TpeOOBaHUSAMU K TOYHOCTH METPOJIOTHYECKOro ydeTa B TOpHO-000raTHTENbHOM
MIPOMBIIIICHHOCTH, a TakXXe HEOOXOJMMOCTBIO ONTHMH3AIMH pacxofga TEXHOJIOTHYECKUX
peareHToB W DJHEPropecypcoB B YCIOBHSAX PECypCOEMKOTro Ipou3BoicTBa. lIposeneH
CPAaBHUTENBHBI aHANIN3 METPOJOTMYECKHX XapaKTePUCTHK MEXaHHYEeCKUX U 3JIEKTPOHHBIX
KOHBEHEPHBIX BECOB; PACCUUTAHBI AOCOJIOTHBIE M OTHOCHUTENbHBIE MOTIPEIIHOCTH yueTa
nepepabOTaHHOW pyZIbl Al KOKIOTO THMA O0OpYyNOBaHMS; JaHa KOJMYECTBEHHAS OLIEHKa
TOZI0BOM SKOHOMHYECKOH BBITOJbI OT BHEAPEHUs OOjiee TOYHBIX M3MEPHUTENBHBIX MPUOOPOB.
PaccMoTpeHs! BONpOCHI, CBSI3aHHBIE CO CTaHIAPTU3AIMEH pacxoaa (IOTAIIMOHHBIX PEareHTOB U
9JIEKTPOIHEPTUU B 3aBUCHUMOCTH OT TOYHOCTH KOHTPOJIS Beca. Y CTAHOBIIEHO, YTO MEPEXo] Ha
9JIEKTPOHHBIE BECHI CHI)KAET OTHOCHTEIILHYIO ITOIPEITHOCTh YueTa epepaboTanHoi pyasl ¢ 2 %
10 1 %, 9TO TO3BOJISIET COKPATUTH a0COIOTHYIO MOTPENTHOCTE MpuMepHo Ha 19 700 ToHH B rox,
9T0 cocTaBisieT Okojo 50 % MOrpemrHOCTH MeXaHHYecKuX BecoB. CpOK OKyIIaeMOCTH
KaIUTaJIOBJIOKEHUH B HOBOE 000py/IOBaHME HE MPEBBIIIAET 7 MECSIIEB, YTO CBHUACTEIBCTBYET O
BBICOKOM WHBECTHIIMOHHOW TPHUBIIEKATEIIFHOCTH MPEAIaraéMoro TEXHHYECKOTO pEIICHUS.
[TomyyeHHBIE pe3yNbTAaTBl MOTYT OBITH WCIOJB30BaHBl IIPH ITUIAHUPOBAHWUH IPOTPaMM
TEXHMYECKOH MOJIEPHU3ALMN aHAJIOTMYHBIX 000raTUTEIbHBIX (habpuK.
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K/IIOYEBBIE KOHBEHEpHbIE BECHI, IJIEKTPOHHBIC BECHI, IOTPELIHOCTb M3MEPEHMs, OOOTalleHHe pyIbl,
CJI0OBA SKOHOMHUecKas Bbirona, MO®-2, MmonepHu3anus 060py10BaHHUsI.
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MECHANICAL AND TRIBOLOGICAL PROPERTIES OF DRILLING TOOL BITS: A REVIEW
1J.U. Ziyamukhamedov, 2M. F. Wani

1Tashkent State Transport University, Tashkent, Uzbekistan
2National Institute of Technology Srinagar, Srinagar

Doi: 10.5281/zenodo.21590134

ABSTRACT Drill bits employed in oil and natural gas exploration operate under extremely harsh tribological
environments characterized by high contact stresses, abrasive rock formations, elevated
temperatures, corrosive drilling fluids, and cyclic impact loading. The performance, reliability,
and service life of these drilling tools are largely governed by their mechanical and tribological
characteristics. Therefore, the development and selection of drill bit materials require an optimal
combination of high wear resistance, superior hardness, low coefficient of friction, excellent
fracture toughness, thermal stability, and resistance to erosion and corrosion. Wear mechanisms
such as abrasive wear, adhesive wear, erosive wear, thermal degradation, and fatigue-induced
failure significantly influence drilling efficiency and operational costs. Advanced materials,
including tungsten carbide composites, polycrystalline diamond compact cutters, thermally stable
polycrystalline diamond, cubic boron nitride, and other superhard materials, have been
extensively utilized to enhance performance under severe drilling conditions. This review
summarizes the essential mechanical and tribological properties required for drill bits used in oil
and gas exploration and discusses their influence on drilling efficiency, bit longevity, and failure
prevention. Understanding these properties is important for the design and development of next-
generation drilling tools capable of operating efficiently in increasingly demanding geological
environments.

KEYWORDS drill bits; mechanical properties; tribological properties; friction; wear; corrosion resistance; PDC
cutters; tungsten carbide.

1. Introduction production and operational efficiency [1-4]. To

In oil and natural gas exploration, the reliability, achieve high RAM, it is necessary to reduce failures
availability and maintainability (RAM) of drilling occurring during drilling and exploration. Common
equipment play an important role in increasing failures in drilling operations are closely associated
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with the mechanical and tribological behavior of drill
bits [2].

Drill bits are among the most critical components
in oil and natural gas exploration because they directly
determine the rate of penetration, drilling cost, and
operational efficiency. During drilling operations, drill
bits experience severe environments involving high
contact pressures, elevated temperatures, abrasive rock
particles, impact loading, corrosion, and cyclic
stresses.  Consequently, the mechanical and
tribological performance of drill bits significantly
influences their service life and drilling economics.

The two major categories of drill bits used in the
petroleum industry are roller cone drill bits and
polycrystalline diamond compact (PDC) drill bits. It is
important to identify the mechanical and tribological
failures occurring in drill bits and to determine their
causes and failure modes [3,4]. The critical properties
required for drill bit materials include high hardness,
high wear resistance, high fracture toughness, high
thermal stability, excellent corrosion and erosion
resistance, and high fatigue strength [5]. If any of these
properties deteriorates during operation, the functional
performance of drilling operations can be significantly
affected [6-10].

This study provides a systematic review of the
critical mechanical and tribological properties of
materials used in drill bits for oil and gas exploration.
Desired material properties for drill bit design and
fabrication are discussed, and typical failure
mechanisms observed during drilling are summarized
with examples.

2.
®

= y
Figure 1. Typical drill bit configuration used in
oil and natural gas exploration [7].

2. Results and Discussion

2.1. Mechanical Properties of Drill Bits
Mechanical properties such as hardness, strength,
elasticity, fracture toughness, impact resistance and
dimensional stability are key parameters for the design

of mechanical components. Materials with higher and
better-balanced values of these properties are generally
more suitable for the design and fabrication of drill bits
[11-14].

2.1.1. Hardness

Hardness is one of the most important mechanical
properties governing the cutting efficiency and wear
resistance of drill bits. Roller cone bits commonly
employ tungsten carbide inserts with hardness values
ranging from 1400 to 2200 HV, while PDC cutters
utilize synthetic diamond layers with hardness values
exceeding 7000 HV. The exceptional hardness of
diamond enables PDC bits to drill abrasive and hard
rock formations efficiently [11]. Representative values
are summarized in Table 1.

2.1.2. Fracture Toughness

Although high hardness improves wear resistance,
excessive brittleness may result in cutter failure.
Therefore, fracture toughness is equally important for
drill bit materials. Tungsten carbide-cobalt composites
used in inserts provide a practical balance between
hardness and toughness, whereas PDC cutters are
engineered with optimized substrate and binder
characteristics to enhance impact resistance and
suppress crack propagation. As shown in Table 1, WC
and PDC materials generally have lower fracture
toughness values than carbon steel and high-speed
steel, but their hardness and wear resistance are
significantly higher.

2.1.3. Compressive Strength

Oil and gas drilling operations subject drill bits to
high compressive loads that may reach several hundred
megapascals. High compressive strength is essential to
resist plastic deformation and maintain cutter
geometry under severe drilling conditions. Synthetic
diamond and tungsten carbide materials possess high
compressive strength, making them suitable for deep-
well and abrasive drilling applications. Representative
values are given in Table 1.

2.1.4. Impact Strength

At the operational stage, drilling tools are subjected
to shock loads and vibrations. Therefore, materials
with better impact strength are preferred for the design
and development of drill bits. Impact strength values
may be obtained by Charpy, 1zod or drop-blow testing,
depending on the material and test standard.

2.1.5. Fatigue Resistance

Drill bits experience repeated loading cycles due to
torsional vibration, stick-slip motion and bit whirl
phenomena. These cyclic loads induce fatigue
cracking, especially in the bit body and cutter-interface
regions. Fatigue resistance is therefore essential for
improving bit reliability and service life. In practice,
fatigue performance depends strongly on material
composition, heat treatment, microstructure, binder
content, residual stresses and operating conditions.

2.1.6. Dimensional Stability
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Downhole temperatures may exceed 250-350 °C in
deep wells. Thermal degradation can soften binders,
accelerate oxidation and reduce -cutter integrity.
Modern PDC cutters incorporate thermally stable

diamond composites and improved substrate designs

to enhance thermal resistance. Dimensional stability at

high temperature is therefore a critical design
requirement for drill bit materials.

Table 1.

Mechanical properties of materials used in drill bits.

Property Function in drilling Representative values or target characteristics
Hardness Penetration of hard formations and | 1400-2200 HV for tungsten carbide inserts; synthetic
resistance to abrasive wear diamond >7000 HV
Fracture Prevention of cracking, chipping and | 9-15 MPa-m”(1/2) for WC; 10-20 MPa-m”(1/2) for
toughness cutter fracture PDC; 50-150 MPa-m”(1/2) for carbon steel; 40-50
MPa-m”(1/2) for high-speed steel

Compressive Resistance to crushing loads and | 6-8 GPa for PDC; 3-5 GPa for WC; 3-4 GPa for HSS
strength preservation of cutter geometry

Impact strength | Survival under shock, vibration and
intermittent rock contact

Test-dependent; commonly assessed by Charpy/lzod
or drop-blow methods

Fatigue Resistance to cyclic torsion, vibration, | Material- and  microstructure-dependent;  high
resistance stick-slip motion and bit whirl endurance limit is required

Dimensional Maintenance of cutting geometry at | Low thermal expansion is required; approximately (1-
stability elevated downhole temperature 6)x107-6 K~-1 for diamond/carbide-based systems

2.2. Tribological Properties of Drill Bits

Tribology is the science of friction, wear and
lubrication. Tribological developments over the last
few decades have contributed significantly to the
improvement of mechanical-system RAM at the
operational stage. In drilling, tribology plays an
important role in reducing maintenance costs,
improving penetration rate, limiting energy losses and
extending tool life [3,15]. Desired tribological
characteristics of drill bit materials are summarized
below.

2.2.1. Abrasive Wear

Abrasive wear is the dominant wear mechanism in
oil and gas drilling. Hard mineral particles such as

quartz continuously scratch and plough cutting
surfaces, causing gradual material removal. Tungsten
carbide inserts and PDC cutters are specifically
designed to minimize abrasive wear through high
hardness and optimized microstructures.

2.2.2. Adhesive Wear

Under high contact pressures and temperatures,
material transfer may occur between the cutter surface
and rock formation, causing adhesive wear. This
mechanism becomes more severe in sticky shale and
clay formations, where rock fragments adhere to
cutting surfaces and reduce drilling efficiency.

Table 2.
Tribological properties of materials used in drill bits.

Property Importance in drilling Representative values or target
characteristics

High hardness Reduction of abrasion, ploughing and | 1400-2200 HV for tungsten carbide inserts;

plastic deformation synthetic diamond >7000 HV

High wear | Increase of RAM, bit life and drilling | Low wear coefficient is required; 10"-6-10"-7

resistance efficiency order may be targeted in controlled laboratory
conditions

Low coefficient of | Reduction of torque, heat generation, | Formation- and drilling-fluid-dependent; low

friction energy consumption and lubricant demand | and stable friction is preferred

Adhesive-wear Reduction of material transfer and bit | Strong surface integrity and suitable

resistance balling in sticky formations coatings/textures are required

Impact-wear Resistance to  micro-chipping and | High toughness and strong cutter-substrate
resistance intermittent contact with hard inclusions bonding are required

Thermal-wear Prevention of binder softening, oxidation | Thermally stable PDC/TSP and efficient heat
resistance and diamond graphitization dissipation are preferred

Corrosion and | Resistance to chlorides, sulfides, abrasive | Protective coatings, optimized binder systems
erosion resistance particles and high-velocity drilling mud and erosion-resistant geometries are required
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2.2.3. Impact Wear and Chipping

Intermittent contact with hard inclusions and
heterogeneous rock formations causes impact loading
and micro-chipping of cutters. Roller cone bits are
particularly vulnerable to insert fracture and tooth
breakage, whereas PDC cutters may suffer edge
chipping and delamination of the diamond layer.

2.2.4. Thermal Wear

Friction between cutters and rock generates
substantial heat during  drilling.  Excessive
temperatures can result in thermal softening of binders,
oxidation of materials and graphitization of diamond
layers in PDC cutters, ultimately reducing cutting
efficiency and tool life.

2.2.5. Corrosive and Erosive Wear

Drilling fluids often contain chlorides, sulfides and
abrasive particles that contribute to corrosive and
erosive degradation of drill bit materials. Erosion is
especially severe around nozzles and fluid channels
where drilling mud velocities are high.

3. Factors Affecting Mechanical and
Tribological Performance

Several operational parameters influence drill bit
performance:

Weight on bit (WOB)

Rotary speed (RPM)

Drilling fluid composition

Formation hardness and abrasiveness

Temperature and pressure conditions

Cutter geometry and orientation

Vibration and stick-slip motion

Improper optimization of these parameters
accelerates wear and shortens drill bit life. Materials
commonly used for oil and gas drill bits combine these
properties in different ways:

Tungsten carbide-cobalt (WC-Co): excellent
hardness and wear resistance with good toughness.

Polycrystalline  diamond  compact  (PDC):
exceptional hardness and abrasion resistance for soft to
medium-hard formations.

Thermally stable polycrystalline diamond (TSP):
superior thermal stability and wear resistance.

Cubic boron nitride (CBN): high thermal stability
and hardness for extreme environments.

For oil and gas drilling applications, the ideal drill
bit material should simultaneously exhibit high
hardness, high fracture toughness, excellent wear
resistance, low friction coefficient, superior thermal
stability, and strong corrosion and erosion resistance.
Achieving an optimal balance between hardness and
toughness is particularly critical because excessive
hardness can reduce impact resistance, while excessive
toughness may compromise wear resistance.

4. Surface Engineering Approaches for
Performance Improvement

Recent research has focused on improving drill bit
durability using advanced surface engineering
technologies such as:

Nanostructured coatings

Diamond coatings

Ceramic coatings

Functionally graded materials

Laser surface texturing

Biomimetic surface engineering

High-entropy alloy coatings

These technologies can reduce friction coefficients,
improve hardness and increase wear resistance under
severe drilling conditions. Biomimetic textured
surfaces have shown promising reductions in friction
and wear in drilling-related applications. Surface
engineering and analytical techniques also help
identify abrasive grooves, oxidation products, crack
initiation sites and microstructural degradation
mechanisms.

5. Research Gaps and Future Directions

Current research indicates several important areas
requiring further investigation:

Development of high-entropy alloy and
nanocomposite coatings for drill bits.

Real-time monitoring of wear using machine
learning and sensor technologies.

Improved thermal management of PDC cultters.

Tribological studies under high-pressure/high-
temperature (HPHT) drilling conditions.

Integration of additive manufacturing for
customized drill bit designs.

Multi-scale modeling of wear mechanisms using
finite element and discrete element methods.

6. Conclusions

The mechanical and tribological properties of drill
bits play a decisive role in determining drilling
efficiency, operational cost and tool longevity in the
oil and natural gas industry. High hardness, fracture
toughness, compressive strength, fatigue resistance
and thermal stability are essential mechanical
properties, whereas resistance to abrasive, adhesive,
erosive, corrosive, impact and thermal wear governs
tribological performance.

Advances in material science, coatings, surface
engineering and predictive wear modeling are
expected to significantly improve future drill bit
technologies and support deeper and more challenging
drilling operations. A balanced combination of
hardness, toughness, friction control, wear resistance
and thermal stability should therefore be considered
the primary design criterion for next-generation drill
bits.
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KOHUYNAVIK MAIIIMHAAAPU BA TEXHOAOTMUSAAAPU

HCCIIENOBAHUE MEXAHUKH PABOTBI PDC-J0JIOT B HEOJHOPOIHBIX ITIOPOJAX C
YYETOM ITPOLHECCOB U3HOCA U BUBPAIIMOHHOI'O BO3JIEUCTBUSA

Tomos K.b., Ipkunos JI.U., IOnycos K.D.

Tawkenmckuti 20cy0apcmeeHHblll MexXHUYeCcKull yHusepcumen,
Tawxkenm, Y36exucman.

Doi: 10.5281/zeno0do.21590241

AHHOTAILIUSI B crathe paccMaTpuBaloTCs MeXaHHYECKHE M JWHAMHUuYecKHe ocobeHHocTH paboter PDC-
JIOJOT TIpH OypEeHWH HEOAHOPOIHBIX IO IMPOYHOCTH M CTPYKTYpE€ MOPOJ, BKIIOYAs BIIHSIHUC
BHOPAIIMOHHBIX PEKMUMOB Ha CTAaOMIBHOCTH Pa3pyIICHUS HOPOIbBI, 3HEProd((eKTHBHOCTD
Iporecca U CKOPOCTh M3HOCA PEXYIIMX 351eMeHTOB. Oco0oe BHMMaHHE YAETICHO aHAIH3Y
MEXaHN3MOB BO3HUKHOBEHUS IPOJOJIBHBIX, KPYTWIBHBIX U MONEPEYHBIX KOJIEOaHUH, a TakxKe
X B3aMMHOMY YCWICHHIO IIPH TEpexojax MExXIy MSITKUMH U TBEPABIMH IUTACTAMH.
BeImonHeHO comocTaBieHHe MEXaHUKO-MaTeMAaTHUYECKUX, SHEPreTHYeCKUX U IMIHPUIECKHX
Mojiesiel, TPUMEHSAEMBIX JUIsl ONMCAaHUs B3aUMOJICWCTBHUS [0JIOTa C IOPOAOH, BKIIIOYAst
3aBHCUMOCTH CKOPOCTH TIPOXOJKM OT OCEBOIl HAarpy3Kd M 4acTOTHI BpaIlleHHs, KPUTEPHUU
yAETbHON MeXaHHYeCKOM JHEepPruu paspylIeHHs U METOJbl IMAarHOCTHKHM HEyCTOHYMBBIX
pexumMoB. [TokazaHo, 4To BUOpaluy NPUBOJAST K POCTY SHEPreTHYECKHX 3aTpaT, HAPYILICHUIO
PaBHOMEPHOCTH PE3aHHS M YCKOPEHHOMY H3HOCY PEXYIIUX 3JIEMEHTOB, BKIIOYAs CKOJIBL,
TEpPMOMEXaHNIECKOE Pa3pyIICHHE 1 yCTAIOCTHBIE MOoBpexkAeHuA. Ha ocHOBe aHann3a moaenen
U OKCIIEPUMEHTAIbHBIX HAOMIONCHUH NPEIUIOKEHbl MHXCHEPHBIC PEIICHWS Ul CHIDKCHHS
BUOpAIN, MOBBIIICHUsSI CTAOMIFHOCTH PabOTHl J0JIOTAa M ONTHMHU3AIMU peXnMa OypeHHs B

CJIOKHO IEPCCIAlICHHBIX pa3pe3ax.

KIIOYEBBIE PDC-momoto, HEOTHOPOAHBIE TMOPOIBI, BHOPAINH, MPEPHIBICTOC BpalleHHUEe, M3HOC PE3IOB,
CJIOBA CKOPOCTb IIPOXO/IKH, MEXaHUYECKUE U IHEPTETHIECKUE MOJIENH OypeHHSI.
Beenenne MaTPUYHOW KOMIIO3MLIMEH U ONTUMU3UPOBAHHOMN
Bypenue CKB)XUH B TEOJIOTHYECKH TEOMETpPUEe  PEe3lOB JIEMOHCTPUPYIOT  BBICOKYIO
HEOJTHOPOIHBIX paspesax COTIPOBOXKIAETCSI W3HOCOCTOMKOCTD U CTa0WIIbHYIO paboTy B IMana3oHe
MHOKECTBOM TEXHUYECKHUX TpyJIHOCTEH u OT MSTKHX JI0 CpeJHEeKpenKkux mopoa. OmHako mpu
HEOIpeIeIEHHOCTEN. B paspesax HEpeaKo repexo/iax 4Yepe3 UHTEPBAJIbI C PE3KO OTIMYaroIIecs

YyepenyloTcs ~ MSITKME W TBEPABIE  MOPOJBL,
MPUCYTCTBYIOT TPELIMHOBAThIE YYacTKH M KaBEpPHBI,
YTO BBI3BIBAET PE3KHE U3MEHEHUS B PeXXUME OypeHHS:
CKaukl CKOPOCTHM TIPOXOAKH, NOTepH OypoBOTO
pacTBOpa,  YCKOPEHHBIH  HW3HOC  HMHCTPYMEHTA.
OcoOeHHO KpUTHYHAa CHUTyaluss MpPH BCKPBITHU
TPELIMHOBATHIX 30H, KOTJa BO3MOXKHO BHE3aITHOE
MOTJIONICHHE pacTBopa, BBIHY’KJIatoIIee
NPUOCTAaHOBUTH  pabOTBl W TpHUBOAAIEE K
JIOPOTOCTOSIITUM TPOCTOsM [4].

I'eonornueckas HEOAHOPOIHOCTH CKa3bIBACTCS Ha
MEXaHU3ME pa3pyLIEHUs] MOPOJ: MEPEXO] ¢ MSITKHX
1acToB (IJIMHBI) Ha Kperkue (MecYaHuKH, 6a3aibThl)
criocoOeH BBI3BaTh KoJeOaTesbHbIE pPE30HAHCHBIC
SBJICHUSI B cUCTeMe «OypHilbHasi KOJIOHHA - J0JIOTO»,
0COOCHHO TNpPH HEKOPPEKTHBIX MapaMmeTpax peKuMa
Oypenust [3]. DTO NOBBIIACT PHUCK pa3pyLICHUS
JI0JIOTa, B TOM YHCIIE 3a CUET KPYTMIIBHBIX M OCEBBIX
BuOpammii [2]. TlomukpucTalMuecKue ajaMa3HbIe
nornota (PDC) ocTaioTcsi OCHOBHBIM THIIOM OYypOBOTO
HHCTPYMEHTa TIPH POTOPHOM cIiocobe OypeHws.
CoBpeMeHHbIE  KOHCTPYKLIMH C  YIPOYHEHHOI

MPOYHOCTBI0 W aOpa3sMBHOCTBIO  JaXke caMble
COBPEMEHHBIE PDC-nonora [IO/IBEpPIaroTCst
YCWIEHHBIM BHOpauusM, YIOapHbIM Harpyskam u
HepaBHOMEpHOMY u3Hocy [1, 5].

B otBer Ha 3TM BBI3OBBI OypoBas OTpacib
MpeAyaraeT HECKOJBbKO TEXHHYECKHX PEHICHUH.
Pa3pabatsiBatoTcs THOPHIHBIE JI0JIOTa,
COBMEIIAONINE aJIMa3Hble pe3lbl M MIApPOIICYHBIE
9JIEMEHTHI, YTO TIO3BOJIIET MPOXOAUTH CIIOKHBIE
y9acTKH pa3pe3a 0e3 CMeHBl HHCTpyMeHTa. B
KOMIIOHOBKY HU3a KOJIOHHBI BHEAPAIOTCS
JeMnQUpyIomue MOIYJIM W  IPOTHBO3ATSIKHBIC
HHCTpyMeHTHl (Hampumep, AST), yMmeHbmaronme
YpOBEHb BUOpanuii. Taxxe peanusyroTcs
aBTOMATU3HPOBAHHBIE  CUCTEMBI  PETYIMPOBaHUS
rapameTpoB OypeHUsl, B TOM YHCIIE CHCTEMbI BEpXHETO
mpuBoja ¢ BO3MOXHOCTBIO  JMHAMHUYECKOH
KOPPEKTHPOBKHM CKOPOCTH BPAICHHS M HArpy3Kd Ha
noioro [7, 6].

BubGparmonssle  mpomeccsl  mpu  OypeHun
CYIIECTBEHHO BIMAIOT Ha Ka4decTBO pa3pyIICHUSI
TOPOBI ¥ CPOK CITYKOBI 10s10Ta. OCHOBHBIMU THITAMH
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KoneGaHWi  OypWJIBHOH  KOJIOHHBI  SIBIISIFOTCS
NPOJOJIbHBIE (OCEBBIC), BpaIaTEIbHbIC (KPYTHIIbHBIE)
u nonepeunslie (6okoBbie). [IpomonbHbIe KoJeOaHMs
BO3HHKAIOT U3-3a IEPUOJINYECKOTO OTPhIBA 1OJIOTA OT
320051, YTO IPUBOJAUT K YAapaM U CHUYKEHHIO CKOPOCTH
NpOXOAKH.  BpamaTtensHele  HPOSIBISIIOTCS B
OCTaHOBKAaX M PE3KUX pBIBKax JOJIOTa BCIEICTBHE
HAKOIUICHUS M TOCHEIYIOMEH pPa3psIKi KpyTSIIEro
MoMmeHTa. [lomepeunsle KkosieOaHHMS CBS3aHBI C
HapyIIEHHEM COOCHOCTH, IIpU KOTOPOM JIOJIOTO
HeCcTaOMIIBHO BpamIaeTCss W yOapseT IO CTEHKaM
CKBa)KUHBI, BBI3bIBasi HHTCHCUBHBIM OOKOBOW M3HOC.

Ot BuAbl KoneGaHWMH  YacTo  JEHCTBYIOT
OJTHOBPEMEHHO, YCHUJIHMBasl APYTr ApYra, U SIBISIOTCS
OIHOH M3 OCHOBHBIX MPUYMH HPEXKJIECBPEMEHHOTO
BBIXOJIa U3 CTPOS MOJUKPUCTALIMUYECKUX alIMa3HbIX
JI0710T. Bubparuu BeI3BIBAIOT YCTAJIOCTHBIEC TPEIIHUHEL,
paspylIeHHE aJIMa3HOTO CJIOS W  IIOBPEXKACHHE
KOpIyca, a TakXkKe OTPUIATeJIbHO BIUSAIOT Ha
HaJEKHOCTh N3MEPHUTEIHEHOTO o0opyznoBaHus.
KonTtpons BuOpannii HEOOX0AMM UTS TOANCPKAHHS
BBICOKOM ~ CKOPOCTH  INIPOXOJKH W  CHIDKCHUS
aBapUUHOCTH.

Lenp paboThl - MpoaHaIU3UPOBATH OCOOCHHOCTH
¢yukuronupoBanusi PDC-1050T B HEOTHOPOAHBIX 110

MIPpOYHOCTHU NOpoAax, OHpEeACINUTb 3aKOHOMCPHOCTHU
HUX U3HOCA B BI/I6paI_II/IOHHI)IX peKUMax U pacCMOTPCTh

MIpUMEHsIEMblIe MO/IEIIH, OIMHMCEIBAIOIIHE 3TH
MIPOLIECCHI.
MeToaoorus
B pabore wncmonp30BaH KOMIUIEKCHBIA TOAXO],
COYeTaIoINH TEOPETUYECKUI aHaJn3,

MaTeMaTHIeCKOe MOJCIHPOBaHHE H  0000mIeHNE
MoJIeBBIX MaHHBIX. OCHOBHOE BHUMAHHWE YACICHO
YyeTBIpEM KJIaccaM MOJENel, IPUMEHSEMbIX MJis
agamm3a paborel PDC-moioT B HEOOHOPOMHBIX
mopoJiax.

MexaHUKO-MaTeMaTHUECKUE MOJICIH OIMUPAIOTCS
HAa 3aKOHBl MEXAHUKH CIUIONIHOM Cpeabl u
KOHTAKTHOTO B3aUMOJICHCTBUS pe3lla C TOPOJIOW.
Krnaccuyeckass 3aBUCHMOCTh Ui OIIGHKH CKOPOCTHU
npoxoaku mpeanoxeHa B. K. Maypepom [1], rame
CKOpPOCTh MEXaHMUYECKOTO YTIyOJNCHHS BBIPAKaeTCs
gepe3 OCEBYH0 HArpy3Ky M YacTOTy BpamieHus. B
0000IIEHHOM BHJIE CBS3b MOXET OBITH IPEICTAaBIICHA
(bopmymoit:

v=KkP™nP (8]

YTO IIOKaA3bIBACT ‘-IyBCTBI/ITCJ'II)HOCTI) CKOpOCTI/I K

KoJIeOaHHSIM HATPy3KU M BpaIlICHHSI.

boxoBble BHOpanHH -
obparuoe Guenne / npsimoe
Ouenne

Kpyruibabie Bubpanun —
3ATHOAHAE T0I0TA

OceBble BHOpanuu —
THOINPHITHBAHHC T010TA

Puc.1. Tunsl BuOpanuii 6ypuabHOIl KOJOHHBI NIpH padoTe 10710Ta: (a) oceBble (MOANPHITUBaHUE 10710TA),
(b) kpyTWIBbHBI, e (PBIBKH IPH BpalleHuu), (c) 60koBbIe (MpeueccioHHoe OueHue). Budpauum gosnora
BBI3BIBAIOT y/IapHbIe HATPY3KH, HePABHOMEPHOE pa3pylieHHe MOPOAbI H YCKOPeHHbIH H3HOC pe3loB

CoBpemennble uncieHnble cxembl A. H. Ilerposa
nu C. B. TI'aBpumoka [2] onMCHIBaIOT IUHAMUKY
CHUCTEMBI «CTaHOK — KOJIOHHA — JI0JIOTO — TIOPOJIay C
HCIIOJIb30BaHUEM ypaBHEHHUs KpYTHIBHBIX

KoJIeOaHuI:
do _

] E anmz - Mnop' (2)
rJie I3MEHEHHE MOMEHTA COIIPOTHUBIICHUSI TIOPOIBI
M, ,oplipy  mepexonie uepe3 Oosee TBEPABIA IUIACT
BBI3BIBACT Ma/ICHUE YTIIOBOH CKOPOCTH. DTO MIPUBOAUT
K TOABJICHUIO PpEXKHUMa IMPEPBIBUCTOTO0 BpallCHUA
JIOJIOTa: TIEPUOJIOB «3aIHIAHHUS» Ha 3aboe, Korma

CKOpOCTb OYTH PaBHA HYJIIO, U IOCIEAYIOIINX PE3KUX
MIPOBOPOTOB.

UccnenoBanuss M. A. Cugoposa u M. JL
Ky3neuoBa [3] moOKa3pIBalOT, 4YTO MPEPHIBUCTOE

BpaIlleHNE dopmupyer JIMHAMUYECKYO
COCTaBJIAIONLYIO KPYTALIEr0 MOMEHTA!
M = € Aw, ©))

9TO C€O37aéT yAapHbIe HArpy3Kd Ha pe3lbl H
YCWJIMBAET UX U3HOC.

l'eomexanuueckas monens A. B. bapkoa [4]
YUHUTBHIBAET BIMSHUE TPEUIMHOBATOCTH MOPOAbIL:

O,pp = Oo(1 — af), (4)
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Y TTOKa3bIBAET, YTO OCIa0JICHHBIE 30HBI BBI3BIBAIOT
JIOTIOJIHUTENbHBIE  KOJeOaHUsI ¥ CIIOCOOCTBYIOT
nepexofy K TpPephIBAIOLIEMYCsl BpallaTeIbHOMY
PEeXUMY, MOCKOJBKY IOJIOTO TO PE3KO YTHIKAETCS B
TBEPIYI0  MPOCIOWKY, TO  IpOBaluMBaeTcs B

pa3pyLICHHYIO.
OHepreTHyecKue MOZEIN OLICHUBAIOT
3¢ ¢dexTuBHOCT  OypeHHs  dYepe3  YICIbHYIO

MEXaHUYECKYl0 DJHEPTHIO pa3pyIICHUs IOPOABL
BazoBeiii kputepuit, npemroxxenHsrii P. Teamom [5],

HAMEET BU:

P 2t™M
EMex =z

F Fv’ (5)

rae P- oceBas Harpy3ka, M- KpyTsIuuii MOMEHT, V-
CKOpOCTh mpoxonku, F- mnowans nponora. Ilpu
pa3BUTHH BHOpAIMii 3HAMEHATENb VCHIDKaeTcsd, a Mu
HEpaBHOMEPHOCTh Harpy3Ku pacTyT, YTO MPUBOAUT K
yBenmuenuto E, ... VIMeHHO 3Ta »Heprus sBiseTcs
MHJIMKAaTOPOM Iepexoaa K Hed(phEeKTHBHOMY peXUMy
pe3aHusL.

Muoronapamerpuueckas cxema A. T. Bypryiina u
®. C. fnra [6] ucnonb3yeT auarpaMMbl «Harpy3Ka—
9acToTa BpallleHHUA», I/e T'paHULA YCTOHYUBOCTH
MpUOIMKEHHO OMUCHIBACTCS 3aBUCUMOCTBIO:

ny = C 5 ©)

9YTO TO3BOJIIET  PAcCUUTHIBATE  OE30MaCHBIN
JIMara3oH 4acTOT BPALICHHUS 00T,

Pabotsr A. A. TTaBnoBa u C. H. I'puropseBa [7]
MOKAa3bIBAIOT, YTO ONTHMH3ALMSA PEKHMa BO3MOXKHA
Yyepe3 MHHHMHU3AIMIO YyBCTBUTEIBHOCTH YAEIHHON
SHEPTUH K M3MEHEHUIO HATPY3KH:

dE :
—<= — min. (M)
dp
Takast CBSI3b OM4EPKUBAET OTIIHYHE
JHEPTreTHIECKHUX Mozenei oT MEXaHHKO-

MaTeMaTHYECKHUX: €cH TNepBble GukcupyioT sddexr
BUOpalMii Ha SHEPIUI0 pa3pyIIeHHs, TO BTOPBIC
OIMCHIBAIOT 3apPOXKJICHNE CAMHUX BUOpanuii.

KnnemaTn4eckne MOAEIN ONMCHIBAIOT TEOMETPHUIO
U JIBIXKCHHE HMHCTPYMEHTAa M MHCHOJB3YIOTCS IS
MPOTHO3a  TPaeKTOPHH u MIPEIyIPEKACHUSI
uckpusiennid. T.I1. Axmenos u K.H. M6parumos [8]
npuMeHstoT jgaHeble  3D-cedicmukum u TUC  mns
paHHEro BBIABJIEHHUS pas3noMoB. Meronuka O.U.
UnemenpeeBoit u B.A. HocoBa [9] wucnons3yer
JIaHHBIE KapoTa)ka BO BpeMsl OypeHHs Ul aJanTaliu
MapaMeTPOB MPOMBIBKM M TPAEKTOPUU B CIIOKHBIX
racTax.

OMmnupudeckue U HEHpOCETeBblE  MOAEIH
OCHOBBIBAIOTCS Ha 00paboTKe OOJIBIIMX MacCHBOB
JaHHBIX OypeHmsa. Takue MOIXOABI HCHOIB3YIOT
pEerpecCHOHHBIE  3aBHCHUMOCTH,  CTAaTUCTHYECKHE
NPU3HAKA WM HECTAIlMOHAPHBIE IMapaMeTphl pekuMa
JUIA  BBISIBICHUS 3aKOHOMEPHOCTEH, HEIOCTYIHBIX
TpaULILOHHOMY aHaIu3Yy. Heiipoceresbie
anroputMmsl, peanmsoBanusie A. C. Kucenéseim u C. B.
Heuaesbim [10], ¢popMHPYIOT NPOTHO3 BEPOSTHOCTH
OCJIO)KHEHMII Ha  OCHOBe  Habopa  BXOJHBIX

napameTpoB. B mpocrteiinieM Buae BXOJHOHW BEKTOP
MOXET OBITh IPEACTABIIECH KaK:
X= {P’ n, M! Ap! Q: Emex}! (8)
rae. P— mHarpy3ka Ha 1070TO, N— 4dacToTa
BpameHus, M— kpyTsamuil MomeHT, Ap— nepenan
JaBneHus, Q— pacxon HPOMBIBOYHOM KHJKOCTH,
E,ex— YJleJIbHas SHEPIUsl pa3pyIeHHs..

HelipocereBas MOJEIb paccuuThIBaeT
BEPOATHOCTb  OCJIOKHEHHMsS  Kak  HeJHMHeHHoe
0TOOpaKeHHE BXOJIOB!

Y = f(X), 9)

rie Y— BepOSATHOCTb IPUXBATa, MOTJIOMICHUS WIN
nepexoa K IpepsIBUCTOMY BPAIICHHIO.

[ns  noBbILIEHHS ~ YCTOMYMBOCTH  IIPOrHO3a
rHOpUgHBIE MOJeNH, Hcmonms3oBaHHele E. T
I'ypunoerm w H. 0. KimounukoBemm [11],
00BEANHSIOT ¢usnueckne 3aBUCHMOCTH u
CTaTHCTHYECKYIO aIlpOKcUManuio. B 0000mEHnHOM
BHUJIE 3TO BBIpAXKaeTcs Kak:

Ymor = )\Y(bm + (1 - A) YcraT! (10)

rae: Ygu;— TIPOTHO3 Ha OCHOBE (PU3HYECKHX
Mojeneil  (PHEepPreTHUeCKMX  WJIH  MEXaHHKO-
MaTeMaTHUYeCKuX), Ye.,—  HeHpoceTeBOH  win
PETPECCUOHHBIN MPOTHO3, A— BECOBOM KOAPPHUIIUEHT
COTJIaCOBAHMA.

B npomsicnoBoit npaktuke cucreMbl Thna LOGIX
[12]  wuHTerpUpYIOT  TEOJOTHYECKHE  JaHHEIE,
TENEMETPUIO, MapaMeTpbl pexuma OypeHus u
MO3BOJISIIOT B PEAJbHOM BPEMEHH KOPPEKTHPOBATh
BBIOOp HAarpy3kM M YacTOTBl BpallleHHs JAJsd
NPEAOTBPAIICHUS PA3BUTHS BUOPAIIHIOHHOTO PEXIMA.
Hanpumep, npu oOHapy»XeHUH POCTa MEXaHUYECKON
SHEPTUH Pa3pyIICHHS:

Er(/[tc-::;tl) - El\(/ﬁc)x > AEKp! (11)

CHUCTEMa aBTOMAaTHYECKH  CHI)KAET  YacTOTy
BpallCHUs WM YBEJIWYUBAET MOJA4y NPOMBIBOYHOM
JKUAKOCTHU JJIs1 CTaOUIM3aIuu Tpo1iecca.

Pe3syabTaTsl

HccrnenoBanme 1mokaszajno, dUYTo OypeHHe 110
paspe3aM ¢ 4epeAyOLUIMMUCS 110 TBEPAOCTH ILIIACTAMHU
XapaKTepU3yeTCsl  BBIPAXEHHOW  JMHAMUYECKOH
HEYyCTOMUMBOCTBhIO. B MArkux HHTEpBasiax J0JIOTO
paboTaeT B KBa3UCTAIMOHAPHOM pexuMe, HopMUpyst
paBHOMEpHYIO CTpyXKy. Ilpu BeIXOme Ha Oomee
MPOYHBbIE  BKJIIOYEHHUS  COMPOTHUBIIEHUE  MOPOJBI
BO3pacTacT  CKaykooOpa3HO, 4YTO  UHHIUUPYET
aBTOKOJIE0ATENIbHbBIE MPOIIECCH B CHCTEME «OYpOBOM
MpHUBOJ - OypIUIbHAs KOJOHHA - JoJoTo». Hamboiee
XapaKTepHBIM TPOSIBIICHUEM SBIISIETCS CHWKCHHE
CpeAHeil yIrJIOBOW CKOPOCTM M POCT aMIUIMTYIbI
KpYTSAIIEr0 MOMEHTA, 9TO HaOJIF0AAeTCs IPU Pa3BUTHI
KPYTHIIBHBIX KOJIeOaHHH.

[lomyueHHBIE MOAETHPOBAHUS IOJITBEPXKIAIOT,
YTO MOJHOCTHIO UCKJIIOUUTE KPYTHIIbHBIE OCLMIUISLIUN
npu OypeHUH HEOJHOPOJHBIX IOPOJA MPAKTUYCCKU
HEBO3MOXHO. YacTroTa W aMIUTUTyAa KoJeOaHHd
ONpEACNSIIOTCA  KOHTPAaCTOM  NMPOYHOCTH — MEXKIY
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COCeHUMHM  MHTEpBajlaMu. Tak, TIepexox OT
TIMHUCTHIX cinanieB (~20 MIla) k mecuanukam (~50-
80 MIla) BbI3bIBAaET CaMOBO30YXIEHNUE KPYTHUIBHBIX
konebaHuii  dvactoro mopsmka -2 Tm ¢
OTHOCHTEJILHBIM CHH)KEHHEM YTJIOBOW ckopocTH 110 80
%. B ToOneBBIX yCHOBHSIX TaKHE  PEXHUMBI
MPOSIBISIIOTCS. B BHJE PHIBKOB POTOpa M KoJeOaHMI
JIaBJICHUS Ha CTOSIKE.

HeongnopoaHoCTh MOpOABI TaKXKE MPUBOAUT K
JIOKJILHBIM N3MEHEHHAM TPAEKTOPHH pa3pylIicHus. B
MATKHX  TIpocioiikax  HabmromaeTcs  3ddexT
«IIPO’KAIETO PEe3aHus», KOrja pe3ell HeorpyKaeTcs
W HEe JOCTUTaeT NPOEKTHOH TIiyOuHBI pe3anus. B
TBEPABIX BKIIOYEHHUSIX BO3MOXHBI KPaTKOBPEMEHHBIC
OCTaHOBKH JI0JIOTA, COMTPOBOXKJIAEMBIE TIOCIIETYIOIINM
PBIBKOM, YTO co31aéT yJapHble Harpy3ku. O0a
MeXaHHU3Ma OKa3bIBalOT HEOIAronpusITHOE BIMSHUE HA
pecypc HMHCTpPYMEHTa M CHIDKAIOT MEXaHHYECKYIO
CKOPOCTB IIPOXOJKH.

[Nommkpucramnaeckue ayMa3HbIe pesibl
W3HALIMBAIOTCS BCJIC/ICTBHE COBOKYITHOCTH
abpa3WBHOTO BO3JCHCTBHSA, yIapHBIX HArpy3oK M
TEIJIOBOTO pa3pylieHus. B OIHOpOIHBIX mMopojaax
npeobnagaer abpasuBHBII MexaHu3M: (hopMHpYyeTCs
riasnkas (acka u3Hoca. B HEOJHOPOIHBIX pa3pe3ax K
HeMy J00aBIISIOTCS IMHAMUYECKUE BO3JICHCTBHSL.

Bubpamuu (ocoOeHHO OOKOBBIE M KPYTHIIbHBIE)
NPUBOAST K  MHOTOKPAaTHBIM  MHKPOYIApHBIM
KOHTaKTaM pe3la ¢ MOPOJ0i U CTEHKaMH CKBAXXHHBI.
[lonoGHBIE  HAarpy3KH  BBI3BIBAIOT  CKAJIBIBAHHE
QJIMa3HOTO CJIOSI M PACTPECKUBAHHE TIOJIOKKH, YTO
COOTBETCTBYET XPYIIKOMY MEXaHHM3MY pa3pyLICHHUS.

OT™MedeHb! clry4ad, Korzaa rocie
HETIPO/IOJDKUTENBHOH  paboThl B YepELyIOIIUXCs
racTax 4acTh pe3iLoB JIEMOHCTPHPOBaJa

paBHOMEPHBIN a0pa3uBHBIA HU3HOC, TOT/Ia KaK JPyTHe
UMeNTu BBIOOMHBI ¥ BBUIOMBI, XapaKTepHBIE IS
YAApHOTr'O pa3pyLIEHUsl.

PexuMbl  TPOCKaNb3BIBAHUS — COMPOBOXKAAIOTCS
TpeHueM 6e3 3PPEKTUBHOTO PE3aHUs, YTO IPUBOIUT K
JIOKaJTbHOMY HAarpeBy pexylled IpaHd U TEIIIOBOMY
BBIKpAIIMBaHUIO. BBICOKOYaCTOTHBIE KPYTHJIbHBIE
KoNeOaHNsl yCWINBAIOT JIaHHBIH MEXaHW3M: NpHU
4YepeOBaHUH OCTAHOBOK U PE3KOro BpalleHUsS
KOHLIEHTPUPYIOTCSl yJapHble U TEIUIOBBIE HArpy3KH,
BBI3bIBasi TEPMOMEXAHUUYECKYIO YCTAJIOCTh MaTepuaia
pe3LoB.

Tunnaaeie (GOpMBI TOBPEKACHUI 3aBHCAT OT
JOMUHHUPYOWIETo BHOpannoHHOTo peknma. OceBble
yAapsl BBI3BIBAIOT BBIOOMHBI Ha TEPEIHUX TPaHIX;
60KoBOE OMEHHE PUBOIUT K U3HOCY W Pa3pyLICHUIO
KaJIMOPYIOIINX Pe3lIOB; KPYTHIbHAS HEYCTOWYHBOCTh
CONPOBOXKAAETCSl  JIOKAIBHBIMU  TpEUIMHAMU U
TEpPMOMEXaHNYECKHM pa3pymeHrneM. Takum oopazom,
aHanu3 (OPMBI M3HOCA MO3BOJISIET JTUArHOCTUPOBATH
npeodyajalonii  pe>KUM  KoJleOaHUH M yCIIOBHUS
pabOTBI HHCTPYMEHTA.

Bubpanmnonnsie IIPOLIECCHI CYILIECTBEHHO
YMEHBIIAIOT ~ JHEPreTUYecKyl0  3(PQPEeKTUBHOCTH
paspymieHuss  moponsl.  PesynbTaTel  pacuéroB
MOJTBEPKAAIOT JaHHBIE O POCTE YAEIBbHOM sHepruu
pe3aHussT U CHIDKEHMM CpelHeH MeXaHHYecKoH
ckopoctn mpoxoaku 10 20-50 % mpm pa3BUTHIX
KPYTHJIBHBIX KoseOaHusx. IlomeBsle HabmroneHus
MOKA3bIBAlOT, YTO HHTEPBAJIBl C IOBBIIICHHBIMU
BUOpanusIMu XapaKTepU3yITCs YCKOPEHHBIM
3aTYIUICHHEM MOJIOT M COKpAICHWEM IPOXOAKH Ha
OJTHO JIOJIOTO.

Hocoeas yacte KoHycHas YacTb

Mne4yeBasn 4acTb /

~.

Kanuopyowuit
pesey —

KannGpyrowas
NOBEpPXHOCTh

Maa nop pocky
oTBOpoOTa

MpucoeanHUTENbHanA
pesbba

Puc.2. OcHOBHbIE KOHCTPYKTHBHBIE 3J1eMEeHThI
PDC-nonoTra u ¢pyHKnuoHaabHbIEe 30HBI A-C.

BbIcoKO4acTOTHBIE  BpamiaTeNbHBIE KOJICOAHMS
CHWXAIOT pecypc OypwIbHBIX TpyO, BBI3BIBAIOT
YCTaJIOCTHBIE Pa3pyIIEHUs W MOTYT IPUBOJHUTH K
pacKpyuMBaHUIO pe3b0OBBIX COENMHEHUI. AHAIN3 30H
pucka B koopauHatax WOB-RPM mno3Bomser
BBIJICIUTh HEOJIAaTONPUATHBIE 00JaCTH, B KOTOPBIX
NOBBIIIEHA BEPOSITHOCTh BO3HUKHOBEHHS OCEBBIX,
OOKOBBIX MM KPYTWJIBHBIX BuOpauuid. Beicokas
oceBast Harpy3Ka IpH HU3KHX 000poTax crocoOCTByeT
Pa3sBUTHIO KPYTHJIBHOW HEYCTONYMBOCTH; BBICOKAs
CKOPOCTb BpallleHHs] NPU HEAOCTATOYHON HArpyske -
OOKOBLIM OMEHMSM; CIMIIKOM Manbii WOB -
TIOJNPHITUBAHUIO JI0TOTA.

Hcrionp3oBaHue afanTHBHBIX CUCTEM YIPaBICHHS
napaMeTpamu OypeHHsi (Hanmpumep, HMHCTPYMEHTOB
CTaOMIIN3aIIH BpameHus u AITOPUTMOB
ABTOMATHYECKOTO  PEryIHpOBaHMSA) TTO3BOJISIET
yaepxuBaTh paboTy [gojioTa B ONTUMAJIBHOM
ouamnazoHe. MoJenupoBaHHEe W JaHHBIE ITOJEBBIX
WCTBITAHUHA ~ TIOKa3blBAIOT,  4YTO  [PUMEHEHHE
a/IalITUBHOTO PETYJIMPOBAHUS YMEHBINAET aMIUIUTYY
KPYTHJIBHBIX KoyleObaHuii B 2-3 paza M yBEIMYHMBAET
MEXaHWYECKYI0 CKOpPOCTh Mpoxoaku Ha 30-60 %.

I'eomerpuss  PDC-nmonora  ompenenser — ero
YCTOWYMBOCTH K BHOpamussM H  3(PPEKTUBHOCTH
paspymenust nopoxasl. Ha pucynke 2 mokasaHo, 4To
JOJIOTO COCTOUT W3 TPEX (YyHKIHOHAJIBHBIX 30H -
paboueii (A), crabmmmzupytomeit (B) n cunosoii (C).
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HocoBast 1 koHycHas 4acTh (OPMHPYIOT OCHOBHOE
pe3aHue, KanuOpyromas 30Ha 3a7aT HampaBICHHE
CTBOJAa U YMCHBIIACT OOKOBbIC OWEHUS, a HIDKHASA
4acTh OTBEYAET 3a Mepefauy Harpy3Kd U KPYTALIETO
MomeHTa. KoHduryparus nomnactedd, pacmoiokeHUue
pEe3OB W THAPABINYECKHX HACATOK OIPEIENIIOT
pactipeneneHue Harpy3KH 31 XapakTep
B3aUMOJEHCTBUS 10JI0Ta C TOPOAOH.

———— [lapabonnuHbiit
—— CpegHuit
Mnockwmii

|

1

1 |

- o o b m mwm

Puc.3. Tunsl npopusi padoyeii mnoBepXHOCTH
PDC-nmosnora: niockuii, cpexHuii u
napadoJu4ecKuii.

[Tpoduip pabouei NOBEPXHOCTH TaKKe BIHUIET Ha
quHaMuKky Oypenusa. Ha pucyHke 3 mokaszaHbl Tpu
pacupoCTpaHEHHBIX BapHaHTa - IUIOCKUM, CPEIHUI U
napaboTHICCKHH. [Inockuit obecrnieunBaeT
CTaOMIBHOCT B MATKUX TOPOJaX, CPEIHIH MOIXOIUT
U TICpEMEKAIOMINUXCS TUTACTOB, a MapadoInIecKuit
MOKa3bIBACT HAMOOIBIIYFO 3P HEKTUBHOCTD B TBEPIBIX
nopojax, odecreunBast 6oJiee riryboKoe Bpe3aHHe IIpu
MEHBIIUX KOJeOaHHWSX HAarpy3ku. Bwioop mpodust
ompenenseT yCTOWIMBOCTH J0JIOTa K IPOIOJIBHBIM,
KPYTHJIBHBIM M TIONEPEYHBIM BHOPAISIM U JOJDKEH
YYUTBIBaTh U3MEHYHMBOCTH CBOMCTB pa3pesa.

Ob6cy:xnenue

ITonmy4yenusie pe3yIbTaTHI MOATBEP)KIAIOT
HEOOXOIMMOCTh KOMILICKCHOTO ITOIX01a TIPH aHAIH3¢e
pabotrer PDC-10710T B HEOIMHOPOTHBIX Moponax. Hu
O/lHa MOJENb IO OTHENbHOCTH HE Ja€T MOJIHOU
KapTHHBI, a o0BeTMHEHNE MEXaHUKO-
MaTEeMaTHUYECKHUX, SHEPreTUUECKUX U 3MIHUPUYECKUX
METOJIOB TI03BOJISIET C(HOPMHUPOBATH MPAKTHYECKUE
PEKOMEHAAIINH.

Bo-nepevix, TOATBEPKACHO KIIIOYEBOE BIMSIHUE
BuOpammii Ha pecypc goiota. OcoOEHHO OmacHbBI
KpyTHJIbHBIE  KOJIEOAHWS C  TEPUOJAMYECKUMHU
OCTaHOBKAaMH ¥ PHIBKAMH, KOTOPBIE BBI3BIBAIOT PE3KUN
pOCT Harpy3kH, CHHXXAIOT CKOPOCTb MPOXOAKH H
YCKOPSIFOT ~M3HOC PEXYyIUX dJeMeHToB. Poct
YAENBbHOM DJHEPruM pas3pylIeHUus MpU OTCYTCTBHH
YBEIMYEHUSI  CKOPOCTU  MPOXOJAKH  SIBISIETCA
HaAEKHBIM INPU3HAKOM Hayajla HEYCTONYHMBOIO
pexuMa. MOHUTOPUHT OCEBBIX U  KPYTHJIBHBIX
YCKOpPEHHUH, KPYTAILEro MOMEHTA U yACIbHOU SHEPTUHU
B peEalbHOM BPEMEHH I[O3BOJSIET CBOEBPEMEHHO

pacrio3HaBaTh TaKHE COCTOSIHUSI M KOPPEKTHPOBAaTh
PEeXUM paboTEHI.

Bo-6mopbix, BBHISABIEHO, YTO pa3JIMYHBIC THIIBI
MoJieJield BBIMOJHSIOT pa3Hble QyHKIUU. MexaHHKo-
MaTeMaTH4ecKhe pacy€rbl MHOAPOOHO OOBACHSIOT
MPOUCXOXKACHHUE  aBTOKoNeOaHWA, HO  TpeOyIoT
3HAYUTEIIBHBIX BBIYHMCITATEIBHBIX pecypcos.
OHepreTHvecKkrne MOAXOABl YIOOHBI TeM, UTO IAal0T
NPOCTBIE W  ONEpPAaTUBHbIE KPUTEPHH  OLEHKH
s¢pexTHBHOCTH  OypeHus.  OMIHpHYECKHEe U
HelipoceTeBble METOABl 00ecmeduBaroT OBICTpOe
oOHapyKeHHE ONACHBIX TEHJICHLIUH, HO HyXJal0TCs B
KOPPEKTHUPOBKE Ha OCHOBE ¢bu3nyecKnx
3aKOHOMEPHOCTEH. HawubGonee 3¢ PEeKTUBHOM
MIPEACTaBIsIETCS KOMOWHUpPOBAaHHAsh CcXeMa, Tae
SMIIMPUYECKHE aJrOPUTMBI PabOTAlOT B CBS3KE C
(1)I/I3I/I'~IGCKI/IMI/I OrpaHUYCHUAMU.

B-mpembux, KOHCTPYKIMS M MaTepHalbl J0J0Ta
CYIIECTBEHHO BJIMAIOT Ha €ro YyCTOWYMBOCTH. B
HEOJHOPOAHBIX pa3pe3ax KOHCTPYKTHBHBIC PEIICHMS,
MOBBIIIAIONINE  yNApHYyI0 BS3KOCTb pE3IOB W
YCTOWYMBOCTh  KOpIyCa,  IIO3BOJSIIOT  CHU3HTH
BEPOATHOCTh CKOJIOB U pacTpeckuBanus. [Ipumenenne
FI/I6pI/IZ[HI)IX JOJIOT u J0JI0T C Pa3INIHbIMH
THIIOpa3MepaMu  pe3lOB  IIOMOTaeT  CIJIAKUBATh
nepenagsl  TBEPLOCTH  IOPOA M yMEHbIIATh
BUOpalOHHbIe Harpysku. [lombop noioTa moikeH
YUYUTBIBATL CTEIEHb HEOJHOPOIHOCTH paspe3a U
OKUZTaeMBIH XapaKTep KoJIeOaHu .

B-uemeépmuix, Mepbl IO CHIDKCHHIO BHOpaIui
BKJIIOYAIOT  ONTHUMM3AIMIO  COYETAaHMH  OCEBOH
Harpy3kd W CKOPOCTH BpAIlleHHs, IpHUMEHEHHE
aMOPTH3aTOPOB M YCTPOHCTB NPOTHUB 3aKJIMHUBAHMS,
YCTAHOBKY  CTaOMJIM3aTOPOB Al YMEHBIICHHS
U3ruOHBIX ~ KOJeOaHW ©  KOPPEKTHBIA  BHIOOD

TU/IPaBINYECKON KOMIIOHOBKH. ITonanep:xanue
[1apaMeTpoB B JIOIy CTUMOM Juana3oHe,
OTIpeIeNIIEMOM 0 PEKUMHBIM KapTaM, 00ecTiednBaeT
MaKCHMAaJbHYIO CKOPOCTh IIPOXOJKHU pu

MHUHHMMaJIbHOM YPOBHE KOJIeOaHHUI.
HecMmoTpst Ha psj OrpaHHYCHHH, CBSI3aHHBIX C
0030pHBIM XapaKTepoM pabOTHl M 3aBHCHMOCTBIO OT

JIUTEepaTypHBIX JIaHHBIX, BBISIBJICHHBIC
3aKOHOMEPHOCTH  OCTalOTCSI  YHHBEPCAIbHBIMH.
[lepcrieKTHBHBIM HampaBJIEHUEM SIBISICTCS Pa3BUTHE
MOJIENEH, CIIOCOOHBIX MIPOTHO3UPOBATH

BO3HHUKHOBEHHE aBTOKOJIEOaHUN B pEXKUME PeabHOTO
BPEMEHH M aBTOMATHYECKH MOJCTPAMBATH PEXHUM
OypeHHsI TOJ M3MEHEHHUS CBOKWCTB TOPOJ. OTO
MMO3BOJINT MOBBICHTH PECypC JI0JIOTa, YIIYYIIUTh
CTaOMIIBHOCTH MPOLIECCa U CHU3UTH aBAPUHHOCTB.
3aki0ueHue

[TpoBenénnslit ananmm3 nokasai, yro padbora PDC-
JOJIOT B HEOJHOPOAHBIX IO MPOYHOCTH HOpoJax
OIpeeNnsaeTcs COUYETaHUEM MEXaHUYECKHUX,
SHEPreTUYeCKNX M  BHOPALMOHHBIX  IIPOIECCOB.
VYcTaHOBIIEHO, YTO MepeMexarolecs Mo TBEPIOCTU
IUTacTl  HEeW30€XHO  BBI3BIBAIOT  HEYCTOMYMBBIC
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PEKUMBI OypeHus, COMPOBOXKAAIOIINECS
MPOJOJbHBIMH, KPYTWIBHBIMA M  MONEPEYHBIMU
KOJICOAHUSAMHU. OJTH KOJICOaHUS NPHUBOIAT K POCTY
YACNbHOM  SHEPruuM  pa3pylIeHUs, CHIDKCHHIO
MEXaHUYECKOM CKOPOCTH MPOXOJKU U UHTEHCUBHOMY
M3HOCY PEXYIIHX 3JIEMEHTOB.

IToka3aHo, 4TO XapakTep BHOpammii u H3HOCa
TECHO CBSI3aH C KOHCTPYKIHEH 10JI0Ta, MPO(IIIEM ero
paboueii TOBEPXHOCTH W pa3MEIICHHEM pe3IOoB.
BroisiBIeHHBIE ~ 3aKOHOMEPHOCTH MOATBEPKIAIOT
HEOOXOIMMOCTh II00Opa THMA MOJIOTA, TEOMETPUHU
peXyllel YaCTU U THIPaBINYECKON CXEMBI C YUETOM
HEOJHOPOAHOCTH pazpe3a. ONTuMuU3alusi pexXuMa
OypeHus, [IpUMEHEHHE aMOPTU3HUPYIOIIUX u
CTAOMITM3UPYIOIIUX YCTPOMCTB, a TakXke KOHTPOIb

CYIIECTBEHHO YMCHBIIUTH aMIUIMTYAY KOJEOaHWH U
MIPOJUIUTH PECYpPC AO0JIOTA.

HccnenoBanue NoATBEpAUIIO, YTO KOMOMHAIINS
MEXaHHKO-MaTeMaTHUECKUX,  JHEPreTHUECKHX U
SMIIMPUYECKUX MoJieNieil obecneunBaeT Haubosee
MIOJTHOE OINHKCaHUE Mponecca OypeHHs W JOJDKHA
HCTIONB30BAThCS AJISI MMPOCKTHPOBAHUS KOMIIOHOBOK,
BBIOOpPa MHCTPYMEHTa MW YIPABJICHHUS PEXHMaMH.
HampHeiimee pa3BuTHe TPeOYIOT METOIBI IPOTHO3a
BUOpamMii W HW3HOCA B  PEATbHOM  BPEMEHH,
OCHOBaHHBIE  Ha  OOBEAMHEHUH  (DPU3MUECKHUX
NPUHOMIOB WM JaHHBIX  MHOTOIAapaMeTpOBOTO
MOHHUTOpHUHTA. VX BHEApPEHWE II03BOJMUT MOBBICUTH
YCTOWYMBOCTH Tporecca U 3pPEeKTUBHOCTE OypeHUst B
CJIOYKHOTIEPECIIAIEHHBIX pa3pe3ax.

rnapamMmeTpoB B pC€aJlbHOM BPEMCHHU IIO3BOJIAIOT

NOTEKIS QATLAMLARDA PDC-DOLOTALAR ISHLASH MEXANIKASINI YEYILISH
JARAYONLARI VA VIBRATSION TA’SIRLARNI HISOBGA OLGAN HOLDA TADQIQ
ETISH

Toshov J.B., Erkinov D.I., Yunusov J.F.

Toshkent davlat texnika universiteti, Toshkent, O ‘zbekiston.

ANNOTATSIYA  Maqolada mustahkamligi va tuzilishi bo‘yicha notekis bo‘lgan qatlamlarda PDC-dolotalarning
ishlashiga xos bo‘lgan mexanik va dinamik jarayonlar tahlil gilinadi. Aynigsa, tebranish
rejimlarining tog* jinsini barqaror ezish jarayoniga, burg‘ilashning energiya samaradorligiga
hamda kesuvchi elementlar yeyilish tezligiga ta’siri alohida o‘rganiladi. Shuningdek, yumshoq
va qattiq qatlamlar o‘rtasidagi o‘tish zonalarida yuzaga keladigan bo‘ylama, burilish (krujilma)
va yonlama tebranishlarning kelib chigish mexanizmlari hamda ularning o‘zaro kuchayishi
tahlil gilingan. Maqolada dolota va tog* jinsi o‘zaro ta’sirini tavsiflovchi mexanik-matematik,
energetik va empirik modellarning tagqoslovchi sharhi beriladi. Bu doirada o°qi yuklanishi va
aylanish tezligiga bog‘liq ravishda o‘tish tezligining o‘zgarish qonuniyatlari, tog* jinsini buzish
uchun zarur bo‘lgan maxsus mexanik energiya mezonlari, shuningdek, burg‘ilashning beqaror
rejimlarini aniqlash usullari ko‘rib chiqiladi. Tadqiqot natijalari tebranishlarning energiya
sarfini oshirishi, kesish jarayonining bir maromda borishini buzishi va kesuvchi elementlarning
yemirilishini kuchaytirishini ko‘rsatadi. Bunga girindilarni uchirib yuborish, termomexanik
shikastlanish va charchoqdan hosil bo‘ladigan yorilishlar kiradi.

KALIT SO‘ZLAR PDC-dolota, notekis gatlamlar, tebranishlar, uzilib-aylanish rejimi, kesuvchi element yeyilishi,
o‘tish tezligi, mexanik va energetik burg‘ilash modellari.

INVESTIGATION OF THE OPERATING MECHANICS OF PDC DRILL BITS IN
HETEROGENEOUS ROCK FORMATIONS WITH CONSIDERATION OF WEAR
MECHANISMS AND VIBRATION EFFECTS

Toshov J.B., Erkinov D.I., Yunusov J.F.
Tashkent State Technical University, Tashkent, Uzbekistan.

ABSTRACT The article examines the mechanical and dynamic features of PDC bit performance when
drilling formations heterogeneous in strength and structure, with particular emphasis on the
influence of vibration regimes on rock destruction stability, energy efficiency of the drilling
process, and cutter wear rate. Special attention is given to the analysis of mechanisms
responsible for axial, torsional, and lateral vibrations, as well as their mutual amplification

when transitioning between soft and hard layers. A comparative review of mechanical-
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mathematical, energy-based, and empirical models describing bit—rock interaction is
provided, including dependencies of penetration rate on axial load and rotational speed,
criteria of specific mechanical energy of rock destruction, and methods for diagnosing
unstable drilling regimes. It is demonstrated that vibrations increase energy consumption,
disrupt uniform cutting, and accelerate cutter degradation through chipping,
thermomechanical damage, and fatigue failure. Based on model analysis and experimental
observations, engineering solutions are proposed to reduce vibrations, improve bit stability,
and optimize drilling performance in complex, interbedded formations.

KEYWORDS PDC bit, heterogeneous formations, vibrations, intermittent rotation, cutter wear, rate of
penetration, mechanical and energy-based drilling models.
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KOHUYNAVIK MAIIIMHA/AAPU BA TEXHOAOTUSIAAPU

HNCCIIEAOBAHUE JE®OPMAIIMOHHBIX ITPOIECCOB ITPH IIEPETAYE SHEPTHH B
YIAPHOU CUCTEME IHEBMATHYECKUX IIEP®@OPATOPOB

T.K. AHHAKYJIOB, 5.0. OTA’KOHOB, K.®. IOHYCOB

Tawkenmckuil cocydapcmeennviii mexHuyeckuti ynugepcumem, Tawkenm, Y30exucman.

Doi: 10.5281/zenodo.21590356
AHHOTAIIAA B crathe mpoBenéH aHanu3 AedopMariiif, BOSHAKAIONINX B IIpOIecce Iepeladd YHEPTUH B
yIapHOH CHCTEME ITHEBMAaTHYEeCKUX ImepdopaTopoB. MexaHW3M JIOKaTbHBIX KOHTAKTHBIX
nedopmanuii, GopMupyrommxcs B MOMEHT yAapa, a TaKXKe MPOJOIbHBIX YNPYTHX BOJH,

pachpoCTPaHSIOMUXCA  BAOIb

BOJIHOBOJHOI'O CTEPIKHA, HCCIICO0BaH C (037114717

TCOPETUYCCKOr0, OSKCICPUMECHTAJIbBHOTO U YHUCJICHHOIO MOACIMPOBAHUS. HOJ’Iy‘IeHHLIe
pe3yJIbTaThl IMO3BOJAKOT OHEHUTH BO3MOXHOCTU MOBBINICHUA 3(1)(1)6KTI/IBHOCTI/I nepegaun

yAapHOU SHEPTUU TOPHOU MOpo/IE.

KJIIOYEBBIE
CJIOBA DHEpreTUUeCKHUil OaaHc.

BBeaenue

B pe3ynpraTe 0CBOCHUS HOBBIX MECTOPOXKICHHHA U
pacIpeHust TIPOU3BOJICTBECHHBIX MOIITHOCTEH
npenpusaTuii  00bEMBI  TOOBIYM  HETPEPHIBHO
Bo3pacratoT. JloOblua u mepepaboTKa TBEPABIX
MOJIE3HBIX HCKOMAEMBIX, CTPOHTENBCTBO IOJ3EMHBIX
COOPY)KEHHH, a Takke IOJlyueHHEe CTPOUTEIBHBIX
MaTepHaoB CBS3aHBI c HEOOXO0AUMOCTBIO
pa3pylIeHUs 3HAUUTEIIbHBIX 00bEMOB TOPHBIX TOPOJ,
4TO, B CBOIO OUepe/b, TpeOyeT OOIIBIINX 3aTpaT TpyAa,
BPEMEHH, JHEPTMH H (UHAHCOBBIX pecypcoB. B
HaCTOsIIee BpeMs OCHOBHAs YacTh TOPHOH Macchl
nepepadartbiBaeTcst 0ypOB3pHIBHBIM CIIOCOOOM, OTHUM
W3 KIIFOUEBBIX 3TallOB KOTOPOTO SBISIETCS OypeHue
IIITYPOB U CKBa)KUH. JIaHHBIH IIpoIiecc MpeICTaBIsIeT
co0oii KpaliHe TPYIOEMKUI U TSHKEBIN UK TOPHO-
MpoXoa4eckux paboT mpu  100blde  TMOJE3HBIX
UCKOTIaeMbIX. B CBS3M ¢ 3TUM  BONPOCHI
COBEPIICHCTBOBaHUA OypOBONH TEXHHUKH SIBIISIOTCS
UCKITIOYUTEIHHO aKTyaJbHBIMH M HMEIOT BaXXHOE
MPaKTUYeCKOe 3HAYCHHUE.

Haubompmmass ~ 3gpekTHBHOCTE  pa3pyIIeHUS
TOPHBIX TOPOA IOCTHTaeTcs 3a CY€T yOapHOTO
BO3ACHCTBY. VIMEHHO Ha STOM IMPHHIIUIIE OCHOBAaHO
CO3/IaHNE€ MHOTHUX TOPHBIX MAIIMH, B YacCTHOCTH
000pyI0BaHusl, IPUMEHSIEMOT0 JUIsl OypeHus Iy poB
Y CKBaXKHUH.

IToBbrmenune 3¢ ¢GeKTUBHOCTH OypeHHUs IIIMYPOB C
moMomipio  mepdopaTopax B MacCHBaX KPETKHX
TOPHBIX opoJT BO3MOJKHO 3a cder
COBEPIICHCTBOBAHHUS TPUMEHSIEMbIX METOJIOB
paspymieHuss ~ MOPOJHOTO  MaccWBa. Y JIapHO-
MIOBOPOTHBIN CIOCO0 OypeHHs MONPEXXHEMY SIBIISIETCS
YHHUBEPCAJILHBIM CIIOCOOOM, ITPH KOTOPOM BO3MOXKHO
OypeHHe caMbIX KPEnKHX MOPOJ, XOTS U ¢ HeOOJIbIION
CKOpPOCTBIO OypeHusi. VYBenuuenue
MPOU3BOJIUTENEHOCTH Tep(opaTopoB TMO3BOJIMT HE

IMHEBMATUYECKUI r[ep(bopaTop, yaapHas CUCTEMaA, yIipyras ,Z[e(l)OpMaI_II/Iﬂ, BOJIHOBad mepejaya,

TOJBKO CHH3UTH CE0ECTOMMOCTh OypOBBIX padoT 3a
CUeT YMCHBIICHHS 3aTpaT BpPEMEHH Ha OypeHune
IIITypoB, HO M B IIEJIOM IOBBICHT 3(QEKTUBHOCTH
ropHorpoxoueckux pador [1,7,12].

OcHOBHBIE ~ TpeOOBaHUS K  COBPEMEHHBIM
NHEBMAaTUYECKMM THepdopaTopaM 3aKIOYaloTcs B
clieyronieM: odecriedeHue MaKCUMallbHOM nepenadn
yIApHOM SHEpPruM NOPLIHA-YAApHUKA Ha LITaHTy,
YBEJIMYCHUE KOJIMYECTBA yIApOB JI0 MaKCUMAaIbHOTO
YPOBHSI 32 KOPOTKHUH MPOMEXKYTOK BPEMEHH, a TaKXKe
KOHCTPYKTHBHasT ~ yJgoOCTBO sl  OIeparopa.
[epdoparop n0mKEH OBITH JISTKUM TIO BeCy, 00JIaaaTh
HU3KUM YpOBHEM IIyMa 1 BHOpanmu. s ycrpaneHus
JAHHBIX HEOCTaTKOB HCIIOIB3YIOTCS TaKHE METOJIBI,
KaK OCHalleHHe nep(opaTopoB AONOIHUTETHHBIMA
KOHCTPYKLMSIMUA  JUIsi  TallleHusl BUOpauuu |
peryJmMpoBKa JaBlIeHHUs BO3AyXa.

JKcNepuMeHTAJIbHbIE UCCJIeI0BAHUS

AKXTYyaJIbHOCTh ~ COBEPIICHCTBOBAHUS  yJapHBIX
CHCTEM, INpEIHAa3HAYEHHBIX JJIS TEXHOJIOTHUECKHX
eIeH, o0ycioBJIeHa 3HAYUTEIbHBIMH
9KOHOMHYECKHMH TPEUMYIIECTBAMH, CBSI3aHHBIMH C
TIOBBIIIIEHUEM ITPOU3BOANTEIBHOCTH OypPOBBIX padoT n
CHI)KEHHEM SHEpPTreTHYEeCKUX 3aTpar Ha OypeHue.

Cxema TUIIOBOW yJapHOH CHCTEMBI PUBEJIEHA Ha
pucynke 1. IlpuHnmn pabGoThl TaKOW CHCTEMBI
3aKJIOYaeTcsl B CIEAYIONIEM. OHEprus NpUBOAA
npeoOpa3yercs B KMHETHYECKYI0 SHEPTHI0 YAapHOTO
sneMenta | (MOpUIHS-YJApHUKA), COBEPIIAIOIIETO
BO3BPATHO-TIOCTYNATEIbHOE [BIDKEHHE. B KOHIE
CBOEro XO0Jlla OH COYyJapsieTCsi C XBOCTOBOH 4acThIO
BOJIHOBOJIA 2, BBINOJIHEHHOT'O B BHJE CTepKHs. B
pe3yibTare  KHHETHYECKass OSHEeprus  yJapHHKa
YaCTHYHO TIpeoOpasyercss B IMOJE3HYI0 SHEPTHUIo
MIPOJIOJIBHBIX KOJIeOAHUI BOJIHOBO/IA, & YACTUYHO — B
Jpyrue Bus! dHepruu [7,8].
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Puc.1. Cxema yuapﬂoifl CUCTEMbI TEXHOJIOI'MYE€CKOI0 HA3HAYCHUA.

IIpononsHele KosieOaHusl, (dhopmupyembie
MOPIIHEM-yIapHUKOM,  Ha3bIBAIOTCS  ITaJaroIUM
YAapHBIM ~ HUMIOyJIbcoM 4 M, Kak TPaBHIIO,
PacIpOCTPaHAIOTCA BJI0JIb BOJIHOBOJ1a,
3aKaH4YMBAIOILIErOCs pabounm HHCTPYMEHTOM.
AMIUINTYJa ¥ JJIUTEIBHOCTh UMITYJIbCA 3aBUCAT OT
Marepuana, (JOpMbI U pa3MEPOB COYAAPSIOMINXCS TEll.

Ilom  nmeiictBmeM  HMIOydabca  HHCTPYMEHT
CMEIAETCA, B PE3yNbTaTe 4Ero CO3AAI0TCSA YCIOBUS
Ul paspymieHuss oOpabaTeiBaeMod cpeabl 6, H
UHCTPYMEHT IIPOHUKAeT B HEE Ha OIPEICIEHHYIO
rnyOuHy. Ilpy 3TOM 3HauWTeNnbHas 4YacTh HEPTHUU
BO3Bpall[aeTCs B YAApPHYI0 CHCTEMy B  BHJE
OTPaX€HHOI'O MMIIyJIbCa 5, KOTOPBIM, Kak NpaBuio,
TMOTJIOIAETCS CAMOM CUCTEMOIA.

Pacuér ynapHbIX cuCTEM, IIPEIHA3HAYEHHBIX VIS
TEXHOJIOTHYECKUX LENeH, BKIIOYAeT pelleH’e 3ajay
(opMHpOBaHUS M  PACHPOCTPAHEHHS HWMITYJIHCOB
ynpyroii nedopmanmu B Tpolecce CoynapeHHs
HOPILHA-YAAPHHUKA C BOJTHOBOJOM, a TaKXKe Mepeaadu
YAapHOTO HUMIIyJbca o BOJIHOBOZY K
oOpabaTbIBacMOil cpeme W TIpeoOpa3oBaHUSA €O
SHEPruM B paboTy paspylleHus. PemeHue gaHHOU
3a/laud TO3BOJISIET OMNPECNIUTh JEHCTBYIONIHE B
CHCTeME Harpy3Kd, BBIIOJIHUTH pacuéTsl Ha
MPOYHOCTh, @ TaKXe OIEHWTh NPOU3BOAUTEIHFHOCTH
cuctemsi [1,3].

VY napHas cucTeMa ITHEBMATUYECKOT 0
nepdopaTopa paccMaTpuBaeTCs Kak MeXaHH4YecKas
cUCTeMa, COCTOsAImas M3 MOpIIHA-yJapHUKa U
BOJIHOBOJIHOTO cTepxkHs. KuHermueckas »sHeprus,
HAaKOIJIEHHas: B pe3yJbTaTe JBUXKEHUS MOPIIHSA-
yIapHuKa, yepe3 0oiiok nepenaéres crepxkHio [13,14]:

2
E, ="22 (1)

31ech: m, — Macca MOpIIHS, V, — CKOPOCTh

MOPILHS B MOMEHT yJapa.

B yAapHO cucrTeme ITHEBMATUYECKHAX
nepdopaTopoB  mporecc  mepeJadyd  DHEPruu
XapaKTepusyeTcst BBICOKOCKOPOCTHBIMU

JUHAMUYECKMMM  BO3JECHCTBUSIMHU, IIPU  KOTOPBIX
BCJIEJICTBHE M3MEHEHHS (OPMBI M HaIpaBICHUSL
MEXaHUYECKOM SHEPTUU BO3HUKAIOT Pa3JIM4HbIE BUABI

nedopmanmii. B MoMeHT ymapa KuHeTHYecKas
suepruss EEE, co3maBaemas mopmnem, 4yepe3
NOpLUICHb-YIAPHUK  Tepenarcsi  BOJIHOBOJHOMY
CTEPIKHIO, pu 9TOM JIaHHBIN Iporecc
COIPOBOXKIAACTCA OJHOBPCMCHHBIM BO3HHKHOBCHUEM
KOHTaKTHBIX U BOJHOBBIX Jiepopmannii.

Ha mnHawaneHOW cramum ymapa B pe3yibTare
COyJapeHusl TOpPLIHA-YAApHUKAa B 30HE KOHTAKTa
(dopMHupyIOTCSl JIOKaJbHBIE yIpyrue naedopmannu
cokatui. OTH  JedopManuHM  XapaKTEPU3YIOTCS
BO3HUKHOBCHHUEM 3HAYUTCIIbHBIX HaHp)DKeHI/Iﬁ 3a
OYCHb  KOPOTKMH  TPOMEXYTOK  BpPEMEHH U
MPOABJISAIOTCA B 3aBUCHUMOCTH oT yapyro-
MEXaHMYECKUX CBOMCTB MaTtepuajioB, TCOMCTPUU
KOHTaKTHBIX IIOBEPXHOCTEH M CKOPOCTH YyAapa.
JlokanbHbIE KOHTaKTHBIE JAedopMaIii BpEeMEHHO
aKKyMYJMPYIOT ONpENeNEHHYI0 YacTh  yJIapHOH
SHEPTUH B BHJE YNPYrod MOTCHIUAIBHOW 3HEPIUU 1
OKa3bIBAIOT CYIIECTBEHHOE BIIMSTHHE Ha
(hopMHpOBaHUE yIapHOTO UMITYJIbCA.

Ilocme KOHTaKTHOW CTajuM OCHOBHAs YacTh
sHepruu E; pacmpoctpansieTcst BIOIb CTEPXKHS B BUIE
HPOJONBHBIX YIPYTHUX BOJH. DTH BOJHBI (POPMUPYIOT
B MarepHaje CTEpXKHs udepeayroluecs nedopmainu
CKaTHS U pacTsHKEHHs, NiepeaBasi SHEPTHIO OT TOUKH
yaapa k paboueii cpene. CKOpOCTh paclipoCTpaHEHUS
U aMIUIMTyZa YOPYTUX  BOJIH  ONPEAEIISIFOTCS
IUIOTHOCTBIO ~MaTepualla CTepXHS M  MOJIyJeM
ynpyrocti. B TO ke Bpems B pesyibrare
B3aUMOJEHCTBUS BOJIH C TPAaHUYHBIMH YCIIOBUSIMH HA
KOHIIE CTEP>KHSI BOSHUKAIOT OTPaKEHHBIE BOJIHBI, YTO
emé OoJyee yCIOXKHSET Ipolecc IepOpPMUPOBAHMUS.
I[Ipu  HeonmTuMambHOM  BBIOOpE  XapaKTEPHBIX
napamerpoB  aedopmaiuii  3HaYMTENbHAS ~ YacTh
OHEPIruu MOXKET pPaACXOoAOBATBCA Ha BHYTPCHHUC
MOTEPH.

K HacrosiieMy BpeMEeHH IPOBENCHO O0JbIoe
KOJIMYECTBO HAYYHBIX HCCHG}IOB&HI/Iﬁ, HOCBHH_IéHHBIX
W3y4YEHUIO KOHCTPYKIMHM yJapHbIX OOWKOB W
MOPIIHEH-yIapHUKOB, a TaKKe WX BIMAHUA Ha
nporecc GOpMUPOBAHUS YAAPHOTO UMIysbca. OTHUM
n3 Hauboixee 3PQPEKTUBHBIX W (YyHAAMEHTAIBHBIX
WCCIIEIOBAaHUH B JaHHOM HaIpaBICHUU SBIISETCS
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padora M.A. XykoBa, B KOTOpOW OBUI HCCICIOBAaH
ynapHuk (0oHoK) ¢ reomerpuueckoi popmoit mosiy-
KaTeHOU/Ia, oOecrnieynBaroei (dhopmupoBanue
ONTHMAILHOHN (DOPMBI YAAPHOTO UMITYJIbCA.

-20

.40 -22

O6pasyromas JuHAsS  (GOPMBI  KaTeHOWaa B
NPAMOYTOJBHON CHCTEME KOOPAUHAT BBIPAKAETCS
yepe3 QyHKIHUIO rurepbonueckoro kocunyca [4,6];

yzg(e§+e_§)=a~ch§, (2)

3mecs 8 — mapameTp KaTeHBI.

B

Puc. 2. O0pa3zoBaHue kaTeHOMIAbHbIX GOPM B KOOpAUHATHOM cucteme: a) KaTteHoua Bpamenus;
0) Cnioco0b1 00pa3oBaHus Pa3IMYHbIX KATEHOMIHBIX (puryp.

Crnenyer OTMETHTB, 9TO MPaKTHIEeCKOE
MPUMEHCHHE YAAPHUKOB TEOMETPHUIECKOW (POPMBI
MoJyKaTeHOUAa (MOTy-KaTCHOMIA), OMICHIBACMbIX Ha
OCHOBE 3aJJaHHOTO MAaTEeMaTUYEeCKOTO BBIPAKCHUS, B
YAapHBIX CHUCTEMaX TEXHOJIOTUYECKOTO0 Ha3HAYCHUS
JI0O HACTOAIIETO BPEMEHM HE MOIYYHIIO IIHPOKOTO
pasBuThsA. OTO OOYCJIOBIEHO TeM, 4YTO TMpH
HETIOCPEACTBEHHOM HCTIOb30BaHUH JTAaHHOTO
ypaBHEHHS JUI GOPMHUPOBAHUS TEOMETPUHN yIapHUKA
HaOJI0ZaeTCsl pe3Koe YBENHWYEHHE €ro paJualibHbIX
pa3mMepoB. B pe3yibTaTe (dbopmupyroTcst
KpymHOTabapuTHBIE KOHCTPYKIIUH, HEIpPUEMIIEMBIE
JUTS TIPUMEHEHYSI B TOPHOM M CTPOUTEIEHON OTPACIIAX.

Bmecte ¢ TeM cymecTByer  BO3MOXKHOCTh
yCTpaHEHHUs YKa3aHHOTO KOHCTPYKTUBHOTO
OTpaHUYCHUS pu  peanu3anuu YIapHHUKOB
nonykateHouHOW  opmbl.  CyHIHOCTH JaHHOTO
MOJX0/1a 3aKJIF0YAeTCs] B UCIOIBb30BAaHIM B KaueCTBE
obpasytomieit KPUBOJIMHEWHBIX MIOBEPXHOCTEH
YAapHUKOB  OTIENbHBIX  CErMEHTOB  KaTEHHI,
ONpeAeNIEHHON B IPSIMOYTOJIbHOM CUCTEME
KOOpAMHAT, CMEIIEHHOW OTHOCHUTEIbHO HAdaJbHOTO
MIOJIOKEHHSI M TIOBEPHYTOW Ha 3aJaHHBIA yroi (puc.
20).

B pesynbrate popmMupyemble yIapHUKH, TaXe MIPU
YCIIOBHHU 3a/laHHsI OJUHAKOBOM MAacChl, pa3lu4aroTcs
10 reoMeTpuueckoil gopme u JuIHE. JTO, B CBOIO
ouepe/ib, NPUBOANUT K (POPMUPOBAHHIO B BOJHOBOJAX
YOPYTHUX YHAPHBIX HMMITYyJIBCOB, OTIMYAIOMIMUXCS IO
dbopme w gmuTenbHOCTH. Kaknmpli W3  Takumx
HUMITYJIbCOB MOJXET OBITH aJanTHPOBAH
(onmTrMu3upoBaH) A 3G GEKTHBHOTO pa3pyIICHUI

cpen c pa3INYHbIMH
XapaKTepUCTHKaMHU.

B uccnenoBanusx, BeimonaHeHHbIX M. A. )KyKoBbIM,
CPaBHUTENbHBI  aHAIW3  YJApHBIX  HMITYJIbCOB,
(hopMHpyEMBIX yAapHUKaMu pasnu4HON
reoMeTpuueckoil  (OpMbI, IMO3BOJWI  IOJYYHTh
CJIEAYIOIINE CYIIECTBEHHbIE PEe3yIbTATHI:

- yJapHbIi HMILYJIBC, (dbopmupyeMmblii
YIapHUKOM MOJYKAaTCHOUAHOW (opmbl, 001amaer
BO3pACTalOmeil BO BpPEMEHM MHTCHCHBHOCTBIO Ha
nepenHeM (POHTE, YTO IOJHOCTBIO COOTBETCTBYET
OCHOBHBIM  TpeOOBaHWSIM, TPEIBIBISIEMBIM K
ONTUMAIILHOMY yIapHOMY HUMIIYJIbCY;

—~  OTHOIIEHHWE MAKCHMAJIBHOW  aMIUIUTYJbI
YAapHOTO HMITyJIbCa K AaMIUIUTyAE HMITYJbCa,
(hopMHpPyEMOTo yTapHUKOM C ITOTIEPEYHBIM CEUECHHUEM,
PaBHBIM CEYEHHIO IITAHTH, MPEBBIAET 2, MPHU 3TOM
YCTaHOBJICHO, YTO JaHHOE 3HAYEHHE CYIICCTBEHHO
NPEeBOCXOMUT  TOKAa3aTeNd,  IMONydYeHHblEe It
YIapHUKOB JIPYTOi TeOMETPHUIECKOH (HOPMBIL.

Hcxons w3 TONyYEHHBIX  Pe3yJIbTAaTOB,
TEOPETUYECKH  TIPEAIIONIaraeTCs, dYTO  yJIapHBIN
HMIIyJbC, (hopmupyeMmsbIit YAapHUKOM
TOJTyKaTeHOUTHOH (OpMBI, 00JIajaeT Bo3pacTraroniei
BO BPEMEHU MHTEHCUBHOCTBIO, @ €r0 MAaKCHMAaJbHas
aMIUIMTYAa MOXXET OBITh BBIIIE II0 CPABHEHHIO C
yAapHBIMH UMITYJIbCAMH, CO3[aBAEMBIMHU YAapHUKAMU
JIpyrod QOpMBI, aHAIUTHYECKH OMNHMCAaHHBIMH Ha
OCHOBE MOJIENH INTAHT (BOJHOBOIHBIX CTEP)KHEH) B
yIapHOM IIpoIiecce.

Pe3ysabTaThl Hecaeq0BaHUI

MMPOYHOCTHBIMU
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Jlannoe 00CTOSTENBECTBO YKa3bIBaeT Ha
LENeCO00Pa3HOCTh MPUMEHEHHS IOJyKATCHOUTHON
(hopMBI He TOJIBKO B OOMKAX, HO ¥ B YTAPHBIX TOPIITHSIX
MHEBMaTHYeCKUX nepdopatopor. C LeNblo MPOBEPKU
1 000CHOBAHHS JAHHOH TMIIOTE3EI C UCIIONIL30BAHUEM
nporpammHoro komruiekca ANSY S Op110 BEIITOTHEHO

YHCJICHHOC MOJCIMPOBAHUE IIPOLECCOB TNE€pEaadIn
a)

9HEPrUH U LIJIMHIPUYECKOTO MOPLIHS-yIapHUKA
nepdoparopa III-63 (puc. 3a), KOHHYIECKOrO
MopIIHA-yapHuKa nepdopatopa YT-29 (puc. 360), a

TaKke JUISI  [penjaraéMoro  MOpUIHS-YJapHUKA
MOJTYKaTEHOUIHOM reoMeTpruieckoit popmel (puc. 3B)

[2].

Puc.3. O0umii BUI MOPIIHEBOr0 yIapHUKA MMHeBMAaTHYeCKUX nepdopartopos: a) II1-63, 6) YT-29, ¢)
IIpeanaraeMplii NOpLIeHb-YIAPHHUK, BBIIOJIHEHHBIH B BU/Ie OJYKTEHOHAA

B nponecce monenupoBaHus A BCEX BapHAHTOB
OBUTM NPUHATHI OJMHAKOBBIE HAyaJIbHBIE YCIIOBHS, a
HMEHHO: CKOpPOCTh COyaapeHus ¢ Oypom — 8 wm/c,
OJIMHAKOBBIM MaTepuan — Meramn Ct45, a Takke
OJITHAKOBbIE FEOMETPUYECKHE pa3Mephl: 001I1ast JUTHHA
200 MM, nauameTp yaAapHoil uacth 44 MM H
MaKCHUMaJbHBIA fuameTp 75 MM. Pasnuyanaces nuinb
(hopMma mopTHEH-yIapHUKOB.

B pesynbraTe ¢ MCIONB30BaHUEM MPOTPAMMHOTO
KOMIUIEKCA ANSYS OBl OTIpe/ICTICHBI
pactipenerieHust  [eopManuii, BO3HUKAIOIINX B
mporiecce Tepefayn YAapHOH >HEPTHH, a TakkKe HX
u3MeHeHus Bo Bpemenu (puc. 4a—8) [3,8].

B nanHOM mccnienoBaHuK ObLT IPOBEAEH aHAIU3 C
LENbI0  ONpPENENCHUS] BIHMSHUS TI'€OMETPUYECKOMN
(hopMBI  YAapHUKOB, TPUMEHSIEMBIX B yIapHOU
cucTeMe IHEBMaTHueckux  mepdoparopoB, Ha
JnedopManMoHHbIE  COCTOSHHS, BO3HHUKAMONIME B
npouecce yaapa [8,9,15].

Ha rpaduxax 3enéHple THMHHHA COOTBETCTBYIOT
ynpyroii neopmarun Oypa mocie coyJapeHus, CHHHAE
TMHAN — JeopManuu TOPHOH MOPOIBI, KpacHBIE
JMHAN — YTIPYTOH AeopMaIiy MOPIIHS-YIapHHIKA.

Orenka 1e()OpMaIIIOHHOTO COCTOSHUS YJAPHUKOB
MPOBOJINIIACH 110 HECKOJIBKHM OCHOBHBIM KPHTEPHSIM.
B kauectBe ImiepBOro KpHUTEpUsi OBUIO MPHHATO
MAaKCHUMaJlbHOE 3HA4YCHHUE 3KBUBAJICHTHON yIpyrou
nedopmanui (€). JlaHHBIH MOKa3aTeb XapaKTePU3yeT
YpOBEHb YIPYIHX HaNpsDKCHHWH, BO3HHMKAIOIINX B
Mmarepuale yAapHuKa B MOMEHT yZapa, U IO3BOJISIET
OLICHUTH 3aI1ac MPOYHOCTH KOHCTPYKIIHH.

BropsIM KkpuTepHeM SBISUICS aHAIN3 XapakTepa
n3MeHeHHs Jedopmanuii Bo BpeMeHH. DTO IT03BOIHIO
BBIJICTINTh CTaJUM Hadaja YAapHOTO IIpollecca,
JOCTHKEHUsT MaKCHMallbHOTO  Ae(OpMAaIIOHHOTO
COCTOSIHMSI M TIOCIIENYIOIIEro 3aTyXaHWs, a TaKKe
COTNOCTaBUTh JIMHAMUYECKHH OTKIHMK yJapHUKOB
pa3nuIHOi HOPMEL.

[ImaBHOCTE BpEMEHHOW auarpaMMsl Jedopmanuii
aub0 HanM4yMe pPEe3KuX KoyieOaHWW HMEeeT Ba)KHOE
3Ha4YeHHE TIPH OLEHKE YCTOHYUBOCTU YAApPHOTO
nporecca.

B kauectBe  Tperbero  KpuTepus  OBIIO
paccMOTpeHo pachpereneHue aedopManuil BIOJb
yAapHuKa. J[aHHbIM KPUTEPU IO3BOJISIET OIPEEIIUTh
Y4acTKH KOHILEHTpallud yJapHBIX Harpy3ok B
KOHCTPYKIIUHU yIapHHUKa. HepaBHomepHoe
pacripenenenue jaedopManuii MOXET NPUBOAMUTH K
KOHIIGHTPALlUN HaNpsDKeHU M, Kak CIeACTBHE, K
CHI)KEHHIO KOHCTPYKTHUBHOM Ha/I&KHOCTH.

YeTBEPTHI KpUTEPUH CBSA3aH C YCTOMYHMBOCTHIO
neopManMoOHHBIX KOJEOaHUH W TpexycMaTpuBacT
OLICHKY aMIUIUTYZABI U CKOPOCTH 3aTyXaHUsS YHPYTHX
KoneOaHWK, BO3HHMKAIOIIMX B IIpolecce yaapa.
YcroiunBele M OBICTPO 3aTyXaromlue KojeOaHMs
MOBBIIIAIOT (P (EKTUBHOCTL Tepesadll SHEPTuH, a
TaK)Ke CIOCOOCTBYIOT YBEJIIMYEHHIO CpOKa CIy»KObI
yAapHUKA U CONPSKEHHBIX C HUM DJIEMEHTOB.

Ecin obpatuthcs K aHaMM3y pE3yJbTaToOB UL
ITHHIPHYECKOTO yAapHHKa, TO rpadukn
9KBUBAJICHTHBIX YNPYrux AedopMaluii W LBETHbIE
KOHTYPHBIE KapThl, TIIOJyYeHHBIE [UIl yJapHHUKA
LHWIHHAPUYECKON  (OPMBI, TIOKa3ail Clelyonne
ocobennoctu [10,13]:

- aMIUIMTYAa Aedopmaruii B Oype Haxoauiach
B jguanasone (¢ = 3.4+3.9)-10* w™/Mm, urO
CBUJICTENILCTBYET O KOHIICHTPAUU 3HAYUTEIHHOI
YacTH yAapHOH SHEPTUU HEIIOCPEICTBEHHO B paboueM
UHCTPYMEHTE;

- nedopmarus B TopHoii mopoze (&) (cunsis
JIMHUST) OblIa CYIIECTBEHHO HIKE 110 CPABHEHUIO C
OypoM, YTO yKa3bIBaeT Ha HAIWYUE MTOTEPh MPH
nepeaaue SHEepruy;

—-nedopmarss B TOpIIHE-yIAapHUKe (&)
(KpacHas TMHUS) UMeJla OYEeHb MaJlble 3HAYEHHs, YTO
KOHCTPYKTUBHO HOJATBEPKIAET JIOCTaTOYHYIO
MIPOYHOCTh yAapHHUKA.

W3 W37M0KEHHOTO MOXKHO CJHIeNaTh BBIBOA, YTO
muIMHApUYeckas Qopma  obecrieumBaeT  pE3KyIO
nepenady yIapHOW HEPTHH, OJHAKO HE MO3BOJIIET B
MTOJTHON Mepe aKTUBU3UPOBATh Ae(hOpMaIiy B TOPHON
nopoxe. JlaHHOe  OOCTOSITENBCTBO — OOBSICHSAETCS
IUIOCKOCTHOCTBIO ~ KOHTAKTHOM  NOBEPXHOCTU U
OTHOCUTEIILHO  PaBHOMEPHBIM  PACHpeIeIeHUEM
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HanpshKeHUN. Bricokas nokanu3aiysi HanpsHKeHUH U xapakrepe  aedopmanuoHHOro  mpomecca.  Ha
nedopmanmii ¢ TOYKM 3pEHUS KOHCTPYKTHBHOU rpagukax OTYETIMBO MPOCIEKHUBACTCS H3MEHEHHE
HaJEXHOCTH OrpaHnuuBaeT 3()(EKTHBHOCTH TaKOTO COOTHOIIEHHs JleopManyii Oypa U TOpHOW MOPOJBI
pelIeHus. 110 CPABHEHUIO C IMIIMHAPUYECKIM BapUaHTOM.

AHanu3 pe3yabTaToB AJIs yJapHUKa KOHUYECKOM
(OpMBI TTO3BOJNIIJT TOJYYHTH CIEAYIONIHE HAYIHO
3HAYMMBIC BBIBOJIBI, CBHICTEIBCTBYIOIIHE O Oojee

CJIO)KHOM MW NPUHIHUNHAIBHO WHOM JWHAMHUYECKOM
Model (Ad) > Explicit Dynamics (A5) > Solution (A6) > Equivalent Elastic Strain 2

.\
, \j\ AN
- \ \

1e2

N

2,5e3 5,83 7,5¢-3 1,62
[s]

Model (Ad) > Explicit Dy (A35) > Solution (A6) > E Elastic Strain 2

162
3,4213e4

25¢3 563 7,563 12
[s]

Model (B4) > Explicit Dynamics (B5) > Solution (B6) > Equivalent Elastic Strain 2

1,82

4,7138e4

2,5¢e-3 5.e-3 7,5¢-3 1,82
[s]

0,250
Puc. 4. lepopmanuu, BO3HUKAIOIIHE B Pe3yJibTaTe y1apa, CO31aBaeMOro NOPIIHEBLIMH yYIaPHUKAMHA
pa3In4Hoii (popMBbI, a MMEHHO: a) HWIHHAPUYECKHUM; §) KOHUYECKMM; C) MOJYKTEeHOMIAJIbLHUM.

- MakCHUMaJIbHO€ 3Ha4Y€HHWE SKBUBAJICHTHOU 9TOM XapakTep KoJeOaHui oTiamdancs OoJbIIe
ynpyroit  gedopmanuu B Oype  COCTaBHJIO PE3KOCTHIO;
(6=3.0-3.2)- 10" M/M, 4TO SBIAETCA HAWMEHBIIUM - 3HaueHUs nedopManuu € B TOPHOU TMOpOJE
MoKa3aTelieM Cpell PacCMOTPEHHBIX BapUAHTOB, IPU OKAa3allUCh BHINIC IO CPABHEHUIO C LWIMHAPHICCKUM
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YIAQpPHUKOM, 4YTO  CBHJIETEJBLCTBYeT O  Oojee
3¢ peKTUBHOII IIepeiaue SHEPTUH MOPOAE;

- gedopmamust € BIONb IIOPIIHS-yJapHHUKA
pacrpenensigack OTHOCHUTENIBHO pPaBHOMEPHO, a
JOKaJbHAas  KOHIEHTpAlWs  HampshDKeHWH — Oblia
MUHUMAaJbHOU.

Ilo cpaBHEHHMIO C LIMIMHAPUYECKHM YIAPHUKOM
KOHMYECKHH  yJapHHK  obOecmedmBaer  Ooiee
3¢ ¢exTUBHYIO Tepenady yAapHOH SHEpruy TOPHOU
MOpoJZie, B PE3yJIbTaTe Yero ypoBeHb Aedopmanuii B
nopoyie okasbiBaercst Boiiie. [Ipu 3ToM onTuMansHOE
(opMHpOBaHME YIAPHOTO HMITyJbca oOecreunBaeT
PaBHOMEpHOE paclpOCTPaHEHHE YHPYTHX BOJH H
MOBBIIIAET OOIIYI0O MEXaHHUYECKYI0 YCTOHYMBOCTH
ynapuuka [1,7,8,15].

Pesynbratel  nedopmManMoHHOTO —aHanm3a Ui
IpeaIaraeéMoro TIOPIIHA-YJapHUKA
MOTyKaTeHOUTHON (hopmbl XapaKTepU3yITCs
CJICTYFOLTMH OCOOCHHOCTSIMH:

- nmedopmanuu B Oype JIOCTUTAIOT
HauOOJBIINUX MAaKCUMAaJIbHBIX 3HAYCHU I (e
=4.5+4.7)-10* wM/M, T©Opd  ITOM  HMIIYJIBCHI
pacnpocTpaHsioTCsl B OTHOCUTENBHO  OoJjee
CriakeHHOH (popme;

- nedopmanus B TOpHOI MOPO/IE CYIIECTBEHHO
IMPEBBIIACT MOKA3aTCJIM ABYX APYTUX BaAPUAHTOB, YTO

£, mm/m

CBUJIETEIILCTBYET 0  peammzauuu  HaumOoiee
palMOHAIBHOTO peXUMa Mepefady SHEPTrul UMEHHO
JUISL TAaHHOW TeOMeTpUYecKor (hOpMBL;

- nedopmanuy B HOpLIHE-YAAPHUKE OCTAIOTCS
MUHUMAJIbHBIMY, YTO MOATBEPXKIAET MEXaHUYECKYIO
HAJEKHOCTD MPEIIOKEHHON (POPMEI.

INomykareHounHast reomeTpus  oOecrednBacT
ONTHMAJIBPHOE  HANpPAaBJICHWEC YAApPHOW  JHEPTHUHU
MOCPEACTBOM  BOJHOBBIX  IIPOIECCOB,  CHIDKAET
OTpPaXEHHE YNPYTHX HMIIYJIbCOB M  IO3BOJSIET
MaKCHMallbHO aKKyMyJIHpOBaTh JIe(OPMAIMOHHYIO
SHEPruI0 B TOpHOU mopone. B pesynbprare co3marorcs
HanOosee OJaronpusTHBIE YCIOBHUS AJIsl 00pa3oBaHUs
U Pa3BUTHUSI MUKPOTPELIUH B TIOPOJE.

BoiBoabI

OO0001mEHHBIH TrpaduK, IOCTPOCHHBIH B cpene
Excel, mo3Bonser cpaBHUTH BPEMEHHBIC H3MEHCHHUS
SKBUBAJICHTHBIX YOPYTHX nedopmannii,
BO3HMKAIOIINX B Oype MO/ BO3ACHCTBHEM yIapPHUKOB
TPEX pa3IM4HBIX reoMeTpudeckux (opm. Kak BugHO
n3 rpaduka, yAapHbII IpoLece BO BCEX CIydasX HOCHT
HMITyJIbCHBIH XapakTep, a 3HadeHus JedopMannii Bo
BPEMEHH  XapaKTepU3yIOTCAd  MOBTOPSIOUIMMHUCS
MTUKOBBIMU 3HAYECHHUSMHU.
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Puc. 5. BpemenHoe u3MeHeHHEe IKBHBAJIEHTHOI ynpyroi negopManum B 6ype moa Bo3eiicTBHeM MOPIUIHeTi-
YIapHUKOB Pa3JIMYHOIi reoMeTpuyeckoii (popMbI: 3eJiéHAsA IMHUS — HWJIMHAPUYECKasi; KpacHasg —
KOHHYecKas; (puojieToBasi — MoJyKaTeHOMIHASA.

AHanu3, BBITOJHEHHBIM Ha OCHOBE CPETHHUX
3HAYCHUH, oKasail, 49TO MaKCHUMaJIbHas
SKBUBAJICHTHAsl ynpyras aedopManus B Oype Uit
IUINHAPUYECKOTO U MOITYKAaTEHOMJHOTO yAapHUKOB
uMeeT Oosiee BBICOKHE 3HAUEHHS MO CPaBHEHHIO C
KOHMYECKUM YAAPHUKOM. IIpn 9TOM
NONYKAaTEHOUAHBIM  yJapHUK, B CpPaBHEHUU C

HUIMHAPUYECKNAM, XapaKTePHU3yeTCs YBETHYCHHEM
ypoBHs nedopmanmii. Pe3ynbTaThl  AeTaIbHOTO
KOJINUYECTBEHHOTO CPABHEHHUS NPUBEJICHBI B TaOJHUIIE
1.

Pe3ynbraTel MoOJENMpOBaHUs, BBIIOIHEHHOIO C
ucnonezoBanueM moxayisi ANSYS Explicit Dynamics,
MoKas3alu, 4YTO MAaKCHUMajbHas JKBUBAJICHTHas
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ynpyras aedopmanus B Oype IO CpaBHEHHIO C
KOHMYECKHM YJapHUKOM ISl  LIMJIMHIPUYECKOTO
yJlapHHKa BbIIe mpuMepHo Ha 18%, a nus ynapHuKa
noiykareHounHoH Qopmel — Ha 48%. B cBoro
ouepelib, MOJyKaTeHOMIHBIN YIapHUK 10 CPaBHEHUIO

C  UOWIMHApPUYECKOW  ¢dopMmoii  obecreynBaeT
yBEJIMYCHUE ypoBHs nedopmanuii Ha 26 %.

Ta6auna 1.

Cpennne 3HauyeHus negopmauuii B 6ype U HX NPOUEHTHbIE Pa3IM4Ms.

CpenHee 3HaUCHHE o
Tun nopuHs- S — basel cpaBHEHMSI cpeAHUX SHAaYCHUH yNpyTux IIpouenTHas
yIapHUKA Heopmam & nedopmanuii pazHHLa
Hunuaapuyeckuii 3.65-10™ HuauHIpUUECKHi <> KOHUYECKHI 18 %
Konnuecknii 3.10-10* [TomyKkaTeHOWAHBINA <> THINHIPUICCKUN 26%
ITonykaTeHOUAHBIH 4.60-10* ITonmykaTeHOUAHBIN <> KOHWYECKUH 48%

Takum 00pa3zoM, JJOKaJIbHBIE KOHTAKTHBIE YIIPYTUe
nedopmanmu ckaTHs, BO3HUKAIOUIME B YAapHOU
CHCTeMEe ITHEBMAaTHYECKHX Mep(opaTopoB, a TaKxKe
MIPO/IOJIBHBIE YIIPYTHE BOJHBI, PACIPOCTPAHSIOMINECS
BIOJIb CTEPXHS, SBIISIIOTCS OCHOBHBIMH (haKTOpaMH,
ONIPEACIAIONIMMH  MEXaHW3M IMepelaudl  yAapHOH
sHeprun K paboueit cpeme. [myOokuit aHamm3
KOJIMYECTBCHHBIX ¥ KAaueCTBEHHBIX XapaKTEPUCTHUK

OCHOBO# JJIsl COBEPILICHCTBOBAHUS YAAPHBIX CHCTEM,
CHIDKCHHUSI DHEPreTHYCCKHX MOTEPh M IOBBILICHHS
3¢ QEeKTUBHOCTH TIpoliecca pPa3pyIIeHUs TOPHBIX
HIOpOJI.

B cBa3sm ¢ oartuM momykateHoupaHas (opma
PEKOMEHIyeTCS Kak Hauboliee MEepCHEeKTHBHOE
TEOMETPHYECKOE PEIICHHE Uil TOpHOW u OypoBoit
TEXHHKH, & TAKKE YAAPHBIX MEXAHH3MOB.

YKa3aHHBIX Ae(opMamuii CIIyKUT BaXXHOW HaydHOU

PNEVMATIK PERFORATORLARNING ZARB BERISH TIZIMIDA ENERGIYA UZATILISHI
JARAYONIDA YUZAGA KELADIGAN DEFORMATSION JARAYONLARNI TADQIQ ETISH

T.J. ANNAQULOV, B.O. OTAJONOV, J.F.YUNUSOV

Toshkent daviat texnika universiteti, Toshkent, O ‘zbekiston.

ANNOTATSIYA  Maqolada pnevmatik perforatorlarning zarb berish tizimida energiya uzatish jarayonida
vujudga keladigan deformatsion holatlar tahlil gilinadi. Zarb ta’sirida yuzaga keluvchi lokal
kontakt deformatsiyalari hamda to‘lqin uzatuvchi sterjen bo‘ylab tarqaladigan bo‘ylama
elastik to‘lginlarning shakllanish va tarqalish mexanizmlari nazariy tahlil, eksperimental
tadqiqotlar va sonli modellashtirish usullari asosida o‘rganilgan. Olingan natijalar zarb
energiyasini tog® jinsiga uzatish samaradorligini oshirish yo‘llarini baholash imkonini beradi.

KALIT pnevmatik perforator, zarb berish tizimi, elastik deformatsiya, to‘lqin uzatish, energiya
SO‘ZLAR balansi.

ANALYSIS OF DEFORMATION PROCESSES ASSOCIATED WITH ENERGY
TRANSFER IN PNEUMATIC PERFORATOR IMPACT SYSTEMS

T.J. ANNAKULOV, B.O. OTAJONQV, J.F.YUNUSOV
Tashkent State Technical University, Tashkent, Uzbekistan.

ABSTRACT This article examines the deformation processes occurring during energy transfer in the
impact system of pneumatic rock drills. Local contact deformations arising at the moment of
impact, as well as the mechanisms of longitudinal elastic wave propagation along the wave-
transmitting rod, are analyzed using theoretical, experimental, and numerical modeling
approaches. The obtained results provide a basis for assessing potential ways to improve the
efficiency of impact energy transfer to the rock.

KEYWORDS pneumatic perforator, impact system, elastic deformation, wave transmission, energy balance.
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TFEOTEXHOJIOI'SA BA METAJIJTYPI'USA

T'OPHO-TEXHUYECKOE OBOCHOBAHUE ITAPAMETPOB OTKPBITOM PA3PABOTKH
MECTOPOXJIEHUSA TAYIIAH HA BA3E BJIOYHOI'O MOJAEJIMPOBAHU S

V.A. Arakysues!, B.P. Paumikanos?, A.P. Xacanos®

! Munucmepcmeo 2oprodobuisarowseti npomviuiennocmu u 2eono2uu Pecnybruxu Yzbexucman, Tawkenm,

V3bexucman.

2 Quauan Yuusepcumema nayxu u mexuonozuit MUCHUC, Anmanvix, Y3bexucman.
3 Obwecmeo ¢ oepanuuennoli omeemcmeeHHOCMbIO « Y30eKCKULL NPOEKMHO-U3bICKAMENbCKULE U HAYYHO-
uccaedogamenvCkutl uncmumym ceomexuonozuu u yeemuou memannypeuu « O zGEORANGMETLITI»,

Tawxenm, Yzb6exucman.
Doi: 10.5281/zenod0.21590418

CraThsl TIOCBSIICHA TOPHO-TEXHUYECKOMY OOOCHOBaHUIO MapaMeTPOB  OTKPBITOH
TaymaH Ha OCHOBE IIM(PPOBOTO
re0JIOTMYECKOr0 MOJICTIMPOBAHMS M OTUMHU3ALUH KOHTYPOB Kapbepa. Llens uceiaenoBanus
3aKII0YaNack B pa3pabOTKe pYIHO-TIOPOIHON OJOYHOM MOIETH MECTOPOXKACHUS,
OIMPCACIICHNU PALIMOHAJIBbHBIX I'PAHUL] OTKPBITBIX T'OPHBIX pa60T U OLICHKC 3KOHOMMYECKOH
3 HeKTHBHOCTH MPOEKTHBIX pelieHuit. B paboTe HCMOIb30BaHbI METOMBI T€OJOTHUECKOTO
MPOCTPAHCTBEHHON  MHTEPIOJISIIUH,
9KOHOMHYECKOM ONTUMM3aLUUUM M TPEXMEPHOIO IPOEKTUPOBAHUA C IPUMEHEHUEM
NpOrpaMMHBIX KoMIniekcoB Micromine 23.5 u Leapfrog 2024.1. [TocTpoeHs! kapkacHbIe U
0JI0YHBIE MOJENH PYAHBIX TEN C HCIOJIb30BaHHEM Cy00J0KOB pasmepoM 0,5 M, d4TO
00€eCIeqmIo BEICOKYI0 TOYHOCTh HPEICTAaBICHHUS CIOKHOCTPYKTYPHOro opyaeHeHus. Ha
OCHOBE ONTHUMHU3aLHOHHBIX PAacYeTOB ONpE/CNICHb pallMOHAIBHbIE KOHTYPBI Kapbepa IpH
GopToBOoM coxepxkanuy 3070Ta 0,4 T/T ¢ y4€TOM FOPHO-TEOJIOTNUECKUX, TEXHOJIOTHUSCKUX
U SKOHOMHYECKUX OrPaHMYCHHH. YCTAHOBICHO, YTO NPHMCHCHHE LU(PPOBBIX METOJOB
OLCHKA MHUHEPAIBHBIX  PECYpCOB,
obecrieunBaeT OOOCHOBAaHHBII BHIOOp MapaMeTPOB OTKPBITOM pa3pabOTKW M CO3JaeT
HAJIeXKHYI0 OCHOBY JUIS JIOJITOCPOYHOTO TOPHOTO TUIAHUPOBaHUsL. [IpeutoxKeHHBIN TTOIX0
MOJKET OBITh HCIIOJIB30BAH MPH MPOSKTUPOBAHUH Pa3pabOTKH IPYTHUX CIOKHOCTPYKTYPHBIX

30JIOTOPYZIHOE MECTOPOXKJICHHE, MECTOpoxkJIeHue TaymiaH, OTKpbITas pa3paboTKa,
MPOEKTHPOBAaHKUE, OJIOYHOE MOAEIMPOBAHUE, PYJHO-TIOPOIHAS MOJENb, TPEXMEPHOE
MOJIETIMPOBaHNE, KapKacHas MOJENb, OLEHKa MHHEPAIbHBIX PECYpPCOB, ONTHMHU3AINS
Kapbepa, mapaMeTpsl Kapbepa, 00pTOBOE COAEpKaHUE, TeoIoro-3KOHOMHYECKas! OIIeHKa,
TOPHO-TEOJIOTMYECKHE YCIIOBHS, SKOHOMHUUIECKas 3()(heKTHBHOCTh, TOPHOE TUIAHWPOBAHUE,

aHaIM3 KauecTBa TIEOJIOTMYECKOH
UH(POPMAIIUH, TTOCTPOCHUE KAPKACHBIX U OJIOYHBIX

MOJENEN PYyAHBIX Te€J, PACYET ONTUMU3ALUOHHBIX
000J104YeK Kaphepa U MHTEPIPETAINIO MOTYIEHHBIX
PE3yNbTATOB JUIs L€l TOPHOTO IUIAHUPOBAHUSI.
HcxomHbIMM JaHHBIMH Ul MOJAEIMPOBAHUS
pe3yNbTaThl  I€O0J0ropa3BelOYHbIX
paboTr Ha MecTOpoXKAeHHH TayIiaH, BKIIIOYAIOIINE

AHHOTADIMUSA
pa3pabOTKM  30JIOTOPYAHOTO  MECTOPOKACHMS
MOJICTIMPOBAaHUs, OJIOYHOTO  MOJEIMPOBAHUS,
MOJICTIMPOBAHMS  IOBBIINIACT  JIOCTOBEPHOCTH
30JI0TOPYAHBIX MECTOPOXKACHHUI.

KJIFOYEBBIE

CJIOBA
Micromine, Leapfrog, MuHepanbsHBIE pecypChl
Beeaenne BKJIFOYAJIN:

Pa3pabotka CII0’KHO-CTPYKTYPHBIX

MECTOPOXXJeHNH TpeOyeT KOMIUIEKCHOTO MOJIX0Aa,

COYETAIOIIEro JeTaIbHOE Te0JIOTHYeCcKoe

MOJICIUPOBaHNe, YUY€T  (PU3UKO-MEXaHHMYECKUX

CBOWCTB MOPOJ M HKOHOMHYECKYIO  OILIEHKY

BapuaHTOB o0TpaboTku [1-4]. PaccmartpuBaemoe TIOCITYKHJIN

MECTOPOXKIEHUE Tayman XapaKkTepu3yeTcs

MO3an4HO-0JI0KOBOM CTPYKTYpOIi, BBICOKOI1

U3MEHUYUBOCTBIO MOIHOCTU U COAEPKaHUsS 30JI0Ta,
a TaK)Ke HAJMYUEM 30H OKHCIICHUS U CYIb(QUIHBIX
pyx [2, 3]. B aTux ycinoBusx ocoOyr 3HAYMMOCTH
MproOpeTaeT MPUMEHEHHE MU(PPOBLIX TEXHOJOTUI
JUTS TIOCTPOCHHUS TOCTOBEPHBIX MOJIENEH 3aIacoB U
OTIpeNieNeHUs] ONTUMAIBHBIX KOHTYPOB OTPaOOTKH
[7-12].

Ilenp HacTOsIIEro HCCIEAOBaHUS SIBISAIOCH
000CHOBaHHE MAPaMETPOB OTKPHITOH pPa3pabOTKU
MECTOpOXKJeHUsl TayllaH MOCPEACTBOM CO3AaHUS
PYIHO-TIOPOIHOM OJIOYHOW MOJEITH, ONTUMH3AIMH
TpaHdll Kapbepa U OLUEHKU DKOHOMHUYECKOU
1e7IeCO00Pa3HOCTH BBHIOPAHHBIX pelIeHHd. 3anadn

CeTh CKBAXWH KOJIOHKOBOro Oypenust (puc. 1).
Hcropuueckue naHHble B OOJBIIMHCTBE CIIydaeB
MOKa3ald HU3KYI0 CXOJIUMOCTb C COBPEMEHHBIMHU
MaTepHajaMyd M He HCIOJB30BAIUCH Ul IoACYETa
3aI1acoB.

O1ieHKa MUHEPAIBHBIX PECYPCOB MPOBOMIACH C
NPUMEHEHHEM  HpPOrpaMMHOTO  olecrieueHHs
Micromine 23.5 u LeapFrog 2024.1 [11, 12]. Ha
NIEpBOM JTale MOCTPOEHBl KapKacHbIE MOJEIH
PYOHBIX Tel ¢ Y4YETOM BBIKJIMHUBAHUS IO
npoctupanuio u mnaxenuto (puc. 2 u 3). [lanee
c(OpMHUpPOBaHBI KapKacHbIE MOJIEIH PYAHBIX Tel B
MIPOCKLMH Ha BEPTUKAIIBHYIO IUNIOCKOCTH (pHC. 4).
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Puc. 1. IlosiokeHne CKBaKUH Ha MecTopoxkaeHuH Tayman
(Bun Ha ceBepo-3anaj H30MeTPHYCCKHUIA)

Puc. 2. Kontyps! pyansix Tes1. Bua Ha ceBepo-3anaj u3oMeTpu4eCKU

Puc.3. KoHTyphI pyIHBIX TeJ HA pa3pe3e

'quWI:“ §' mw

Puc. 4. Kaplcacnble MO/1€JIM PYAHBIX TeJl. HpOeKlll/lS[ Ha BEPTUKAJIBHYIO INIOCKOCTH

JIJis  MOCJIEQYIOMIET0 TOPHOTO IUIAHMPOBAHUS KKIOMY  HAmpaBlICHHIO Ui OOeCredYeHUs
CO3/aHa PYAHO-TIOPOJHAst OJOYHAS MOAETb C ToyHOCTH BrHchIBaeMoctu [7, 10]. ITapamerps
JIeTaim3anyeil Ha TpaHWIaxX pPYIOHBIX KapKacoB: 0JIOYHOW Mozenmu TpuBeneHBI B Tabm. 1,
MaTepUHCKHE OJIOKM pa30MBAIKCH HA 6 YacTel 1Mo BH3yaJIM3aIisl MOJICIIH TIPE/ICTABICHA Ha PHC. 5.
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Taoauma 1
ITapameTpsl 6,104HON MOeIH
Hanpasienue OnopHas Touxa Praij\feiuziaiinorla SETRY Pasmep GOnoka, M | Pasmep cy0O0moka, M
BocTok 566980 569380 3 0,5
Cesep 518790 520752 3 0,5
BricoTa -20 643 3 0,5

Puc. 5. bBioynasi Mojenb MecTOpoXkIeHUsl. BUuJ Ha ceBepo-BOCTOK HU30METPHYECKHI

OnTumu3anus KOHTYPOB Kapbepa BBIMOIHSIACH
Ha 0a3e WHTEPIOJAIHOHHON OJOYHON MoIenmu ¢
WCIIONIE30BAaHUEM BCTPOSHHOTO ONTHMH3aTopa |[5,
6]. B kadecTBe HCXOIHBIX MapaMeTPOB NPUHATHI
MOKa3aTedH, YKa3aHHbIE B TaON. 2, BKIIOYas
OopToBOE conep:kaHHE 30J70Ta, OOBEMHEIE Beca
MOpoJ M PyHd, 3aTpaThl Ha JOOBIYY W BCKPBIIILY,

CTOMMOCTh  TepepaboTKH, IeHy 30/I0Ta U
OpelenbHBIl  YroJd HaKiIoOHa OopTa Kapbepa.
Pe3ynbratoM pacd€TOB CTadM ONTHMH3AIHOHHBIC
000JIOYKH, ONpPEACISIONE TPAHULBI OTKPBITHIX
TOPHBIX PaboT M ONTUMAIIBHBIH (PUHAIBHBIH KOHTYD
Kapbepa [5, 6, 8].

Tabauna 2
IMapameTpbl UIsl ONTUMHU3AIMOHHBIX PacieToOB
Ne ITapameTpsnl En. 3Ha4yeHus
I U3M.
1. BopToBoe coneprkanmne r/T 0,4
2. Tun pyast OxwucrieHHbIE CwMerraHHbIe u
cyJbduiHbIE
3. Coneprkanre Au B I€0JIOTHYECKHUX 3amacax | 1/t 2,06 2,40/2,04
4. OO6BEMHBIH BEC TOPOIBI /M3 2,67
5. OOBeMHBIH BEC PYABI /M3 2,61 2,62/2,68
6. 3aTpaTsl Ha TOOBIYY PYIbI $/t 1 1,39
7. 3arpaThl Ha BCKPHILTY $/t 1
8. CTouMOCTh nepepaboTKH Py /ibl $/t 12,81 | 12,84
9. Iena 30m0Ta $/yun 3100
10. U3Bneuenue (cormacuo | % 73,93 82,5
TEXHOJIOTHYECKOMY PEerjIaMeHTy)
11. OO01Me ¥ aIMUHUCTPATUBHBIC PACXOIBI $/t 2,6 29
12. [IpenenbHBIHN yroy HakIoHa OopTa Kapbepa | rpaj. 45
13. MuHuManbHele pa3Mepbl JHA Kapbepa | M 30
(mupuHa)
ITocTpoenHast OyiouHass MOJeNb TO3BOJIMIIA MJIAaHUPOBAHUS, pa3Mep OCHOBHOTO OJioka - 3 M,
JIETATLHO OTpa3HTh MIPOCTPAHCTBEHHOE cy66ioka - 0,5 M.
pacnpesieNieHHe  OKHCJICHHBIX, CMEIIAHHBIX | Ha ocHOBe ONTUMH3AIMOHHBIX PAc4ETOB

CynmbGUIHBIX pyA, a TakXKe TMPUCBOUTH OJOKam
3HaueHUsT 00bEMHOTO Beca M CTEIIEHU OKUCIIEHUS [ 7,
11]. ITapamerpsl GoyHOM MoOJENH 00OECIICUNBAIOT
JIOCTAaTOYHYI0  JA€Talu3alui0 A TFOPHOro

OTIpeIeNIeHB! TPAaHUIB OTPAOOTKH B cPOpPMUPOBAH
(buHATBHBIN KOHTYP NMPOEKTHOTO Kaphepa. birounas
MOJENb PYAHBIX 3aleXed B KOHType Kapbepa
MIPE/ICTaBIIeHa B POEKLUIX: H30METPUIECKOH (pHC.
6) u ane (puc. 7).
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Konunank mammnaaaapu Ba TexHoaormsiaapu, 2026, Ne2 (16)



TEOTEXHOJIOI'YSA BA METAJIJIYPI'USA

Puc. 6. biiounasi MoesIb pyIHBIX 3aje:keill MecToposkaeHust Tayman B KOHType NPOEeKTHOT0 Kapbepa, BH
u3omerpuyeckuii Ha C3

Puc. 7. Biiounas Mojiesib pyAHBIX 3a1e:keil mo 6opToBomy cogep:kanuio Au 0,4 r/T MeCTOPOKIEHHUS
Tayman, B B IJ1aHe

OKOHOMHUYECKHE PACYETHL, BBINOJHEHHBIE C
y4éTOM  MHUPOBBIX LE€H Ha  30]I0T0 H
TCXHOJIOTHYCCKHUX MoKa3aTteaen U3BJICUCHUS,
MOATBEPJMIN PEHTa0EIbHOCTh OTPAOOTKH NpHU
3aJJaHHOM 6opToBOM COZIEPIKaHUH. Yuér
AIMHUHUCTPATUBHBIX n OKCILUTyaTalluOHHBIX
pPacxooB, a TAK)KE OrPAaHUYECHUMN 110 yCTOMYMBOCTU
6opToB MTO3BOJIHI chopMHUpOBATH
cOaNaHCHPOBAHHBIN BAapHAaHT Pa3BUTHUS TOPHBIX
pabor.

IlomyuenHsle  pe3ynbTaThl — JIEMOHCTPUPYIOT

3(h(HeKTHBHOCTD [IPUMEHEHHUS 0J109HOTO
MOJICIIMPOBAHKUS W ONTHMHU3AIMOHHOTO TIOJX0Ja
npu MIPOEKTUPOBAHUU pa3paboTku

CIIOXHOCTPYKTYPHOTO MecTopoxknenust [7, 9, 10].
Bricokass M3MEHUYMBOCTh NAPAMETPOB OPYACHEHUS
noTpedoBaa JeTalu3aluid MOJENN Ha TIpaHHIax
PYIHBIX Te€l, YTO OBUIO JOCTUTHYTO 3a CYET
MCTIONIb30BaHus cy0010k0B pazmepom 0,5 M. Takoi
YPOBEHb JIETalU3allil OCOOCHHO BaXKEH IS
CEJICKTUBHON BBHICMKHU OKHCIICHHBIX U CyITb(UIHBIX
Py, pAa3IUYAIOMIAXCA IO TEXHOJIOTHMYCCKHM H
SKOHOMHYECKUM ITOKA3aTEIISIM.

Hcnonp3oBaHuEe COBPEMEHHBIX MPOTPAMMHBIX
KOMIUICKCOB TO3BOJIMJIO HE TOJBKO IIOBBICUTH
TOYHOCTH OIIGHKH 3alacoB, HO H  y4ecThb
MIPOCTPAHCTBEHHYIO HEOTHOPOIHOCTH
pachpeeNeHus IoJIe3Horo kommnonenta [10-14].

OnTUMHU3aMOHHBIE PACUETHI IIOKA3AJH, YTO HIPH
3aJaHHBIX OKOHOMHYECKHMX Hapamerpax (LeHa
30510Ta, 3aTparhl HA BCKPBINIY U MEepepaboTKy)
peHrabenbHast 0TpabOTKa BO3MOXKHA IPH OOPTOBOM
cogepkanuu 0,4 r/r. Ilpum 3TOM OrpaHuueHue MO
yrly — HakjoHa Oopta  45°  COOTBETCTBYET
HWHXCHEPHO-T'COJIOT'NMYECKUM YCIIOBUAM
MECTOPOXICHHS M 00eCIeYnBaeT yCTONYHBOCTh
MaccHBa B CEHCMUYECKH aKTUBHOM 30HE.

BriBobl. [IpoBenénnoe HCCIEN0BaHUE
MOJNTBEPIIIIO  IENIECOO0Pa3HOCTh  MPUMEHECHUS
IUPPOBBIX METOJIOB MOJEITUPOBAHUS u

ONTHMU3AIMU I OOOCHOBAaHMS IapaMeTPOB
OTKpPBITOH pa3paboTku MecTopoxkaeHus TaymaH.
[MoctpoeHnass pyaHO-TIOpoHAs OJIOYHAS MOJENb U
ONITUMHU3UPOBaHHbIE KOHTYPBI Kapbepa
o0ecrieunBaOT  JOCTOBEPHYIO  OCHOBY IS
JaNbHEHIIero IaHNPOBAHUSL.

IIpennosxeHHbIit TOJIX0JT MOKET OBITH
aNanTUpOBaH JUI JIPYTHUX CIOXXHOCTPYKTYPHBIX
MECTOpPOXIEHUH, rne TpeOyercst OamaHc MEXIy
SKOHOMHUUYECKOH 3¢ PEeKTUBHOCTEIO,
TEXHOJIOTHYECKOH peann3yeMocThIo n
YCTOWYMBOCTBIO TOpPHBIX pador. [lanbHeinine
WCCIICIOBAHMsl  HampaBJeHbl HAa  Pa3pabOTKy
KaJIEH/IapHOTO MJIaHa OTPAOOTKH U OLIEHKY BIMSHUS
TEXHOJIOTHYECKHX  PEIICHWH  HAa  TIOJHOTY
W3BJICYEHUS 3aM1aCOB.
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MINING AND TECHNICAL JUSTIFICATION OF THE PARAMETERS FOR OPEN-PIT
MINING OF THE TAUSHAN DEPOSIT BASED ON BLOCK MODELING

U.A. Atakuziev', B.R. Raimzhanov?, A.R. Khasanov?

! Ministry of Mining Industry and Geology of the Republic of Uzbekistan, Tashkent, Uzbekistan
2 Branch of the National University of Science and Technology MISIS in Almalyk, Uzbekistan
3 LLC “Uzbek Research and Design Institute of Geotechnology and Non-Ferrous Metallurgy

‘OzGEORANGMETLITI’”, Tashkent, Uzbekistan.

ABSTRACT This paper presents a mining engineering substantiation of the open-pit development
parameters for the Taushan gold deposit based on digital geological modeling and pit
optimization. The study aimed to develop an ore-waste block model of the deposit,
determine the optimal boundaries of open-pit mining operations, and evaluate the economic
feasibility of the proposed mining design. The research employed geological modeling,
block modeling, spatial interpolation, economic optimization, and three-dimensional mine
design using Micromine 23.5 and Leapfrog 2024.1 software. Wireframe and block models
of the ore bodies were constructed using 0.5 m sub-blocks, providing a high level of
accuracy in representing the complex geological structure of the mineralization. Based on
optimization calculations, rational pit boundaries were determined for a cut-off grade of 0.4
g/t Au, taking into account geological, mining, technological, and economic constraints.
The results demonstrate that the application of digital modeling techniques improves the
reliability of mineral resource estimation, supports the scientifically justified selection of
open-pit mining parameters, and provides a reliable basis for long-term mine planning. The
proposed approach can be applied to the design and development of other structurally
complex gold deposits.

KEYWORDS gold deposit, Taushan deposit, open-pit mining, mine design, block modeling, ore—waste
block model, three-dimensional modeling, wireframe model, mineral resource estimation,
pit optimization, pit parameters, cut-off grade, geological and economic assessment, mining
and geological conditions, economic efficiency, mine planning, Micromine, Leapfrog,
mineral resources.
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MATEMATHYECKOE MOJAEJIMPOBAHUE ITOBBIIUEHUSA TPOU3BOAUTEJIBHOCTH
KAPBEPHBIX ABTOCAMOCBAJIOB B I'NITYBOKHUX KAPBEPAX

Ymapos ®@.51., Kapumos L1.B., Tyiiuutoes J.H1.

Quauan Hayuonanbhoeo ucciedosamenbckoeo mexuonoauieckozo ynugepcumema « MUCHCy 6 e. Animanvix,

AHHOTAIMS

KJIFOYEBBIE
CJIOBA

Ysbexucman

Doi: 10.5281/zenod0.21590594

B cratee mocTpoeHa — MaTeMaTHuUecKas ~ MOJENh  IOBBIIIEHHS  YacOBOH
MIPOM3BOIUTEIHHOCTH KaphePHBIX AaBTOCAMOCBAJIOB B TINIyOOKHX Kapbepax IIyTEM
COBMECTHOI ONTUMH3ALIUH JIBYX YIIPABIseMbIX (aKTOPOB - KO3 duimeHTa HarmoIHEeHUs
KoBIa (4epe3 TpaHyJOMETPUYECKHI COCTaB B3OPBAaHHOW TOPHOW Macchl) U BPEMEHHU
pelica aBTOocaMocBaia (4epe3 M40 OTKATKH). AHATUTHYECKHM HCCIEI0BaHUEM
(YHKIMI HaIOJIHEHUs, TPOM3BOIAMTENLHOCTH M BPEMEHH 3arpy3kd Ha SKCTPEMYM
YCTaHOBIICHO, YTO MaKCUMYyM HAIIOJHEHHS KOBIIA JIOCTHTAETCS TPH CPEIHEM pa3Mepe
Kycka Xz = 550 MM, MaKCUMyM MPOU3BOJUTENLHOCTH KCKaBaTopa - npu 505 mm, a
MHHUMYM BPEMEHH 3arpy3Ku aBTocamocBana - rmpu 350 MM; corylacoBaHHBII paboumii
JIuanasoH KpymHocTH cocraBisier 350-550 mm. [lo ¢usnueckn o6GocHOBaHHOM
(hyHKIIMOHATIBPHON MOJENH PacxoAa IU3ENBHOrO TOIUIMBA METOAOM KO3 (HIMEHTOB
Harpy»KeHHUS TOJydeHa JIMHEeWHas 3aBHCHMOCTh Pacxoja TOIUIMBA 3a peiic OoT Iuieda
OTKaTKH Qpejc = @ + B - L, oTkanmmbpoBaHHas MO aBTOTPAHCIOPTHOMY OanaHcy
kapbepa Kanpmaxsip 3a 2024 1. ¢ norpemHocTsio <1,9 %. CokpallieHue mieda 0TKaTku
¢ 4,5 1o 2,0 XM MOBBIMAET MPOU3BOJUTEILHOCTh aBTOCAMOCBAIA U CHUXKAET Pacxo]
toruinBa Ha 41 %. ITockompky o0a (hakTopa AEUCTBYIOT Ha pa3HBIE COMHOXHUTEIH
MPOM3BOIUTEIBHOCTH, UX J(PGEKTHl MYyJIbTUIUIMKATUBHBI, YTO OOOCHOBBIBAET
COBMECTHYIO onTuMu3aruio. OO0bekTsl - Kapbepsl Kambpmakelp AO «AIMaibIKCKUIH
I'MK» u Mypyntay AO «HI'MK».

KapbepHBI aBTOCAMOCBAJl, MPOU3BOJUTENLHOCTh, TPAHYJOMETPHUUYECKHA COCTaB,
KO3 (HUITHEHT HATIOTHEHSI KOBIIIA, IJIEY0 OTKATKH, PACXO]T U3EIBHOTO TOTUTHBA, METO/T
KOO(QPHUINEHTOB  HArpy>XeHHs, COBMECTHAas  ONTHUMH3AIWsA, MaTeMaTHIeCKOoe
MOJIETTUPOBAHUE.
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T'EOTEXHOJIOI'MSA BA METAJIJTYPTUSA

BBEJEHUE

IIpu oTkpeITOH pa3zpaboTKe IIyOOKMX pYIHBIX
MECTOPOXKICHUH OIS TPaHCIOPTHBIX 3aTpaT B
ce0ecTOMMOCTH BCKPBIIIHBIX pabot gocturaer 50—
65 %, a mNpOU3BOAUTENBHOCTh 3KCKaBaTOPHO-
aBTOMOOWIBHOTO KOMIUIEKCa JUMUTHPYET
TIPOM3BOJICTBEHHYIO MOIITHOCTH NpeAnpusThs [ 1, 2].
YacoBast NPOM3BOAWUTEIBHOCTH  ABTOCAMOCBAJA
OTIpEZIeTIIeTCS OBYMS YIpaBIIsieMbIMU (haKTOpaMH:
MOJTHOTOH  3arpy3ku  Ky3oBa (K03 HUIHEHTOM
UCTIONb30BaHMS TPY30MOIBEMHOCTH) M BPEMEHEM
peiica. IlepBsrii (baxTop 3agaéres
TPaHyJIOMETPHYECKHM  COCTaBOM  B30PBaHHOM
TOPHOW MaccChl: MeJKOe JpOoOJEeHUE BHI3BIBACT
HEeIOrpy3  KOBIIAa  OJKCKaBaTopa M Ky30Ba
aBTOCaMOCBaJIa, KpYITHOE - neperpys,
HEJIONyCTUMBIN 110 yCIIOBUAM 3KCIUTyaTarui [3, 4].
Bropoit ¢axkTop - mIEd40 OTKAaTKH, yBEIWYCHHUC
KOTOpOTo Ha 1 KM MOBHIIIIaeT BpeMs peiica Ha §—12
MUH U pacxoJ Torumsa Ha 15-25 n/peiic [5].

I'panynomeTpusi IPOTHO3UPYETCS 1O MOZETH
Kuz-Ram [6-8], a  wHamomHeHHME ~ KOBIIA
MOJICIUPYETCA METOZIOM JUCKPETHBIX 3IEMEHTOB [9,
10,]. Pacxom TomnmBa B pexuMax HarpyXeHus
paccuuThIBaeTCS IO METOJMKaM OTEYeCTBEHHOM
IIKOJIBI ~ KaphepHOro aBToTpaHcmopra [11-16].
Opnako 00a  (akTopa MPOU3BOAUTEILHOCTH
TPaIUIIMOHHO  PACCMAaTPUBAIOTCA  pa3feibHO;
OTCYTCTBYET €IMHasi MaTeMaTH4ecKasl I0OCTaHOBKa,
CBSI3BIBAIONIAsl  TPAHYJIOMETPHUUCCKHH  ONTHMYM
3arpy3Kd C ONTHMYMOM Iuleda OTKaTku. llems
paboTBl - IOCTPOEHHE MAaTeMaTHYECKOH MOJEIH
TOBBIIIEHUS  NPOM3BOANUTEIBHOCTH  KapbepPHBIX
aBTOCAMOCBAJIOB ~ Ha  OCHOBE  COBMECTHOH
ONTHMU3AIMU TPaHYJIOMETPUYECKOr0 COCTaBa M
ieya OTKaTKH U JIOKa3aTeIbCTBO
MYJIbTUILTMKATHBHOCTH WX BIIMSHUSL.

MATEPHUAJIBI U METO/IbI

OOBeKTBl HCCIENOBaHHMA - OJKCKaBaTOPHO-
aBTOMOOWJIBHBIE KOMIUIEKCHI KapbepoB KaibMakep
AO «Amvanpikckuit [TMK» (rmy6una 535 M) m
Mypyaray AO «HI'MK» (tnybmra 620 wm).
VYrpaBnsieMbIMH BEJIMYMHAMH TIPHHATH CPEIHUH
(MenuaHHBIA) pa3Mep KycKa B30OPBAHHOM IOPOJIBI
Xs50 ¥ cpeanee miedo oTkatku L. I nuccnepoBanus
hyHKIHIA Ha 3KCTPEMYM HCIOJIb3YETCS
KIaccuueckwii  ammapar  auddepeHaibHOTo
ucumucaeHus: Juisl rnokasatens Z(Xso) HaxoauTes
npousBogHas Z'(Xsg), pellaeTcs — ypaBHEHHE
Z'(Xs0) = 0, U xapakTep KaXIOH TOUKH
orpezensercs II0 CMEHE 3HaKa IPOU3BOJHOM.
Hcxonubie kodpUIMEHTH MOJENN HAINOJIHEHUS
HOJTy4eHbI METOIOM JTHCKPETHBIX 3emMeHToB (Altair
EDEM): & = 0,275; X, = 550 mm; a =
0,523; 5 = —0,388[9, 10].

BBeném Ge3pasmepHOE OTKIOHEHHE KPYNHOCTH
OoT dTaioHa ¢ M MOJENb HOPO3HOCTH 3arpy3Ku
KOBIIIA:

£ =Bt i) = g(1 + ag? +

Bé*) )

KoadduureHT HanojgHEHWs KOBIIA H  €ro
MPpOU3BOAHAA MO KPYITHOCTU:
€0

K.(Xs0) = 1 — e(Xs0), K'(Xs0) = T X
£ (2a + 368) (2)

YacoBass NPOM3BOIUTENBHOCTh  HKCKAaBaToOpa
CBSI3bIBACT HAINOJHEHHE KOBIIA CO BPEMCHEM
pabouero muknma ty(Xso) = (¢ + cn + Tp) +
€1Xs0:

_ Ku(Xs0) 3600-V-p

X =A==, A =— 3

QUso) = 4- 305, 3)

Bpems 3arpy3Ku aBTOCaMOoCBalia

TPY30TIONBEMHOCTRIO B, ONpenenseTcs mebM
Prp

4HCIIOM KOBIIEH 1, = [ ], tne M (Xs,) - Mmacca

M(Xs0)
TIOpOABI 3a Y€PIIaAK:
Tsarp (XSO) = nu(XSO) : tu(XSO) (4)
Bpemst peiica aBrocamMocBala M pacxoj
JAU3CJIIBbHOI'O TOIIJIMBaA OIIPEACIAOTCA IJIeuyoM
OTKAaTKHUu L PaCXOZ[ TOIIJIMBA OIINCBIBACTCSA
a0 _ gee |

YpaBHEHHEM MOIIHOCTHOIO OajaHca — =
dt 1000

K(t), rne g, - ynenvHblil pacxon apurarens; N, -
HOMHHANbHas MOIIHOCTH, K(t) - ko3ddurmment
UCIIOJb30BAaHUS HOMUHAJIBHONM MOIIHOCTH. Ilukn
peiica pazOuBaeTcsi Ha mATh JTanoB (TOTpy3Ka,
IpYXKEHBI  XOJ, pas3rpys3ka, MOPOXKHUK XOI,
MaHEBpHI), Ha KaxaoM u3 Kotopbix K(t) = K;
nocTosiHeH. VIHTerpupoBaHne KpaeBoil 3amadnm B
KBaj[paTypax Ja€T pacxoJ| TOIUINBA 3a Peic:

_ Ze'Ne
Qpeic = Jgg0 P+ 60 YKt (5)
TloncTaBisgst KWUHEMATHYECKHE COOTHOIICHUS
L L
t, = - u t = —— " TIpynnupys
rp Vrp (D) nop Vop(D) Py py

cllaraeMble OTHOCHTENbHO L, momyuaeM JIuMHEHHYyIO
(dhopmy pacxoia TOIMBa 3a peiic:

Qpeﬁc(l‘t l) = a+ .B(l) L (6)

re o - TIOCTOSHHAs COCTaBISIOIIAsi (ITAaIlbl
MOTPY3KH, pa3rpy3Kd, MaHEBPOB, HE 3aBHUCSAIINE OT
L); B(i) - ynenpHBIA pacxoa Ha €AWHMILY ILIeYa
OTKaTKM TpH ykioHe Tpaccl I. CoBmecTHas
onTuMu3zanus (GOPMyJIUPYeTCs] KaKk MHHUMHU3AIUS
YIENbHBIX MPUBEIEHHBIX TPAHCIIOPTHBIX 3aTPaT MPH
orpannveHun «0e3 meperpy3a» K. < 1 wu
reOMEXaHUYECKOM OFPaHMueHnH CHu3y L = Lrpno,
rae Lpgno - reoMeXaHM4eCKU-JIOIyCTHMOE ILIeY0
OTKaTKH, oOpasyromiee IOJABM)XKHYIO —HWKHIOIO
rPaHUIy BapHAI[HOHHOW 3a/1a4u.

PE3YJIBTATBI U OBCYKJIEHUE

OntumyMm HamoiHeHust KoBiua. [IpupaBHUBas
MpOM3BOAHYI0 (2) K HYyNII0O W HCCIeAys 3HaK
nuHediHoro  MHOoxutens  g(&) = 2a + 3p¢,
KOTOPBIH CTPOTO MOJIOXKUTEJICH Ha paboueM oTpe3ke
(g = 0,094 > 0), mnomyuaem, uro 3Hak K,'
ornpezenseTcs TOJAbko MHOxuTeneM (—¢&): mpu
Xso < 550 MM HamoJHCHHWE BO3PACTaeT, IPH
Xso > 550 MM - yosiBaer. CriemoBarenbho, X, =
550 MM - eAMHCTBEHHas: TOYKa MaKCUMyMma
HaronHenus; B Hert K, (550) = 1 — g, = 0,725,
yro i 3kckaBatopa DKI[-10 (V = 10 m®) maér
maccy 3auepnak M = 19,2 1 (puc. 1).
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Puc. 1 — Koappuuuent HanojneHus: koBma KH(Xso) 4 0OTHOCUTEIbHASI NPOU3BOAUTEIBHOCTD
skckaBaTopa Q(Xso): MAKCMMYM HANOJHEHUs P 550 MM, NPOU3BOAUTEILHOCTH - IpU 505 MM; padouuii
auanazon kpynsHoctu 350-550 mm

OntumyM Tnpou3BoANTENbHOCTH. IlocKoibKy
KPYIHOCTH BIIHMSIET HA IIPOU3BOJUTEILHOCTE IBOSIKO
(c poctoM X5, HamoJHEHWE PacTET, HO U BpEMS
[MKIa YyBeluuuBaercs), ypaBHemne Q' = 0
CBOIOMTCSI K KyOMYeCcKOMYy OTHOCHTENbHO ¢.
EnuHcTBeHHBIN nexamuii B paboyeM OTpes3ke
KOpEeHb JaéT ONTHMYM IIPOU3BOJHMTEILHOCTH MPHU
Xs50 = 505 mm. B Touke 550 MM mpousBojHas
Q'(550) < 0 (IPOU3BOIUTENBHOCTD yKe
yOBIBaeT), YTO CTPOro OOBACHACT (HaKT «IBYX
ONTUMYMOBY: HaIlOJIHEHHE HawmOoibimee mpu 550
MM, a TPOU3BOAUTENBHOCT - Inpu 505 MM.
[Iposepka 110 ycunuto: Fiep,(505) = 563 kH nuxe
Jonyctumoro ycuiusi skckaBaropos DKI-10 (650

kH) u OKT'-15 (870 xH), mostomy kpymHOCTH 505
MM TEXHOJIOTHYECKH JOITyCTUMA.

OntuMyM BpeMeHH 3arpy3ku aBTocamocana. C
y4€TOM LENOYNCICHHOCTH YHCJIAa KOBIIEH BpeMs
3arpy3KM Ha KaXJOM ydacTKe IOCTOSHHOIO 71
ctporo BospactaeT (Ty,y,' = k- c¢; > 0), mosTomy
€ro MUHMMYM JOCTUTaeTCs Y JIEBOTO Kpas ydacTKa:
anst OKT-10 (n, = 7) - npu Xs5o = 350 mm, aus
OKI-15 (n, = 5) - mpu X5 =~ 250 wmm.
CoBmemerne TpeOoBaHMit 3kcKkaBaropa (505 MM) u
aBrocamocBaiga (350 mm) maér corjacoBaHHBIN
paboumit numamazoH KpymHOCTH 350-550 MM
(Tabmnuma 1).

Tab6auna 1.

OnTuMaibHbIe 3HAYEHHS CPEHEro pa3mMepa Kycka Xso 10 KpUTEPHSM HanoJTHeHHs,

MPOU3BOAMTEC/IBHOCTH U BPEMCHU 3aIrPy3KH

Kpurepuii

X5 ontumym, MM | Pexxum / adhdext

Hamosaenue xoBma K, (Maxc.) 550

K, = 0,725, M = 19,2 T (OKI-10)

[pomsBomutenpHOCTH  3KCKaBatopa  Q | 505
(Mmakc.)

Q'(550) < 0; Fyepy = 563 kH

Bpewms 3arpysku aBrocamocBana Ty, (MuH.) | 350

OKI-10, n,, = 7 xoBurei

CornacoBaHHBIN JHANa30H 350-550

0e3 HeJorpy3a U eperpysa

JIunerinas MOJEJTb pacxona TOILIMBA.
KamubpoBka ¢yHKIMOHAMBHONH Mozenu (6) 1o
aBTOTPAHCIIOPTHOMY OanaHCy kKapbepa KambMmaxwip
3a 2024 r. nana nmapamerpel @ = 234 nu ff =
13,9 w/km s benA3-75307 u ¢ = 16,8 1, f =
10,6 w/xm s benA3-75131. Pacuérnerii pacxon 3a
peiic coBman ¢ ¢akrtuueckum (84,3 m s benA3-
75307; 64,5 n nnst benA3-75131) ¢ oTHOCHTENBHON
MOTPEIIHOCTEI0 He Ooiee 1,9 %, 4To 3HAYUTEIHHO
Jydiie HOPMATHUBHOW TOYHOCTH HHXEHEPHBIX
pacuéroB 5-10 % (puc. 2). CoxpamieHue Imeda
OTKaTKH ¢ 4,5 1o 2,0 KM CHMXAeT pacxoJ TOTUTNBA

3a petic Ha 41 % (c 84,3 mo 49,2 1 nyis benA3-75307
u ¢ 64,5 no 38,0 i nast benA3-75131).

JomunupoBanue rpyxxénoro xozga. Ilosranusiii
pacy€T MOKa3bpIBaeT, YTO Ha 3Tall TPyKEHOTO X0/a
npuxoautcs ceoitie 70 % pacxoza TOIIIMBA 3a PEHc,
Ha TIOPOXKHUH - 0kosto 16 %, Ha pa3rpy3Ky - OKOJIo 6
%, Ha OTPy3Ky ¥ MaHEBPBI CyMMapHO - MeHee 8 %
(puc. 3). JoMuHEpOBaHUE TPYKEHOTO X0/ JIEIacT
pacxo] TOIUIMBA NMPAKTUYECKH JIMHEHHBIM T10 TUIeHY
OTKaTKH H OOOCHOBBIBACT IUICYO OTKATKH Kak
[JIaBHBIM pblYar MOBBILIEHHS POU3BOAUTEIHLHOCTH
U TOITUBHOM SKOHOMHYHOCTH aBTOCAMOCBaJa.
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Puc. 2 — JluHeliHas 3aBUCUMOCTDb Pacxo/Ja AU3eJ1bHOI0 TOIVIMBA 32 Peiic 0T IIe4a OTKATKU AJIs
OCHOBHBIX THMIIOB ABTOCAMOCBAJIOB NapKa Kapbepa KajbmakpIp (Touku - 1anHbie ATD 3a 2024 r.)
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Puc. 3 — Ctpykrypa pacxosa 1u3eJIbHOT0 TOIIMBA 110 ITANAM IUKJIA peiica KapbepHOro
aBTOCaAMOCBAJIA: JOMHMHHPOBAHUE IPYKEHOTO X012

CoBmecTHas ONTHUMU3ALMSL. Iockonbky
IrpaHyJIOMETPUYECKUH  CcOCTaB  JEHCTBYeT Ha
KO03((UINEHT HANOJHEHUs, a IUIeY0 OTKATKU - Ha
BpeMs peiica, TO €CTb Ha pa3Hble COMHOXHUTENIU
4acoBOI NMPOW3BOJUTENLHOCTH aBTOCAMOCBANA, UX
3¢ GEeKTH MyJIBTUILINKATHBHEL: YCTPaHEHHE ITOTEPh
OT HEJOTpy3a W Ieperpysa 3a cuéT yIepsKaHus
kpynHoctd X5y B auamasoHe 350-550 MM
JIOTIONIHSIETCSA POCTOM HMPOU3BOJUTENBHOCTH 32 CUET
COKpalleHus eda otkaTku L. 31o o3Hauaer, 4ro

COBMECTHas ONTHUMU3ALYS s exTuBHEE
pa3ziensHON M 00pasyeT eANHYI0 MaTeMaTHYECKYIO
MOCTAaHOBKY,  CBS3BIBAIONIYI0  OYpOB3pBIBHYIO

MOJTOTOBKY TOPHOW MacChl C OpraHu3amuei
TPaHCIIOPTHPOBAHUSI. Paznuune
rPaHyJIOMETPHUYECKUX ONTHMYMOB JKCKaBatopa (=
550 MM 0 HamOJIHEHUWIO) W aBTocamocBana (= 350

MM IO BPEMEHH 3arpy3KH) pa3pemaercsi BBIOOpoM
coryiacoBaHHoro jguamnazona 350-550 MM kak
KOMIIPOMHCCA.

3AKJIIOYEHUE

1. Tloctpoema maTeMaTH4YecKass  MOJENb
MOBBIIICHUS]  MPOM3BOIUTEIBFHOCTH  KapbepHBIX
aBTOCAMOCBAJIOB, OOBEAMHSIONIAS B  €IUHOM
ITOCTAaHOBKE OYPOB3PHIBHYIO MOITOTOBKY TOPHOMN
Maccel (depe3 cpemHuii pasmep Kycka Xszg) H
OPTaHM3aIMIO TPAHCIIOPTHPOBAHUS  BCKPBIIIHBIX
mopo (uepes miedo oTkatku L).

2. AHaIMTHUYECKUM HCCieJOBaHNeM QyHKINH Ha
SKCTPEMYM YCTAaHOBIEHBI TPH COIJIACOBaHHBIX
ONTHMYMa KpPYIHOCTH: MaKCHUMyM HaIlOJHEHHS
koBmia mpu  Xgo = 550 wmm (K, = 0,725),
MaKCHMYM IPOM3BOJUTENBHOCTH KCKaBaTOpa MpH
505 MM W MHHHUMYM BpEMEHH 3arpy3Kd
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aBrocamocBaja npu 350 MM; COIJIACOBaHHBIN mieya oTkatku ¢ 4,5 mo 2,0 KM CHIDKaeT pacxon
pabounii quanasoH kpymHoctu 350-550 M. TornuBa Ha 41 %.

3. Tlo ¢yHKIMOHATBHONH MOJENH pacxoja 4. Jloxa3aHa MYJbTHIUIMKATUBHOCTH BIIUSHUS
JU3CIBHOTO TOIUIMBA METOZOM KO3 (PHUIIMECHTOB TpaHyJOMETPUM U TIUICYa OTKATKH Ha YaCOBYIO
HarpyxeHus () MoJlyueHa JIMHCHHAs 3aBHCUMOCTH MIPOU3BOIUTEIHLHOCTD aBTOCaMOCBala, 4TO
Qpesc = @ + - 1L, OTKaJIHOpOBaHHAs 1o 00OCHOBBIBAET MX COBMECTHYIO ONTHUMU3ALUIO;
aBTOTPAHCIIOPTHOMY OanaHCy kKapbepa KamrbMakeip pe3yJbTaThl NPUMCHUMBI K TJIyOOKMM Kapbepam
2024 r. ¢ morpemHocTh0 <1,9 %; cokpaiieHue Kamemaxelp AO  «Ammambikckuit I'MK» u

Mypynaray AO «HI'MK».

MATHEMATICAL MODELING OF INCREASING THE PRODUCTIVITY OF MINING
DUMP TRUCKS IN DEEP OPEN PITS

Umarov F.Y., Karimov Sh.V., Tuychiboev E.I.
Almalyk Branch of the National University of Science and Technology MISIS, Almalyk, Uzbekistan

ABSTRACT A mathematical model is developed for increasing the hourly productivity of mining
dump trucks in deep open pits through joint optimization of two controllable factors: the
bucket fill factor (via the fragmentation of the blasted rock mass) and the truck trip time
(via the haul distance). Analytical extremum study shows that bucket filling peaks at a
mean fragment size of 550 mm, shovel productivity at 505 mm, and truck loading time
is minimal at 350 mm; the agreed working fragmentation range is 350-550 mm. The
physically based fuel-consumption model by the load-coefficient method (Karimov—
Tuychiboev method) yields a linear dependence of trip fuel on haul distance, calibrated
against the 2024 haulage balance of the Kalmakyr pit with an error of <1.9 %. Reducing
the haul distance from 4.5 to 2.0 km raises truck productivity and cuts fuel by 41 %.
Because the two factors act on different multipliers of productivity, their effects are
multiplicative, which justifies joint optimization.

KEYWORDS mining dump truck, productivity, rock fragmentation, bucket fill factor, haul distance,
diesel fuel consumption, load-coefficient method, joint optimization, mathematical
modeling.
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MAPKIIEAJIEPCKA MOHATOPUHI TEOMEXAHUYECKHAX IMPOIIECCOB U
MMPOTHO3 YCTOMYUBOCTH OCYIIEHHOI'O NPUBOPTOBOI'O MACCHUBA
YT'OJIBHOTI'O PA3PE3A «<AHI'PEHCKHUHN» HA OCHOBE OB BEMHBIX MOJAEJIEU

Bbaiimup3zaeB b.7K., MypoaoexoB ¥.®D., Caitiinakacumon C.C.

Tawxenmckuil 2ocyoapcmeenbiil mexHuyeckuu ynugepcumem umenu Mcnama Kapumosa, e. Tawxenm,
Vzbexucman

Doi: 10.5281/zen0d0.21590665

AHHOTALUA IIpencraBnensl pe3ynbTaThl MapKIIEHIEPCKONO MOHUTOPUHIA TE€OMEXaHUYECKUX
MPOLIECCOB U NMPOTHO3a YCTOHYMUBOCTH OCYIIEHHOTO MPHOOPTOBOTO MAacCHBA YTOJIHHOTO
pa3pe3a «AHIPEHCKHi» Ha OCHOBE OOBEMHBIX TI'€0JIOTO-T€OMEXaHMYECKUX MOJIEIICH.
ABTOpoM  pa3paboTaH  aJdrOpUTM  MPOTHO3a,  BKJIIOYAIONIMH  HOCTPOCHHE
TPUAHTYJIALMOHHOW MOJAENH TNPHOOPTOBOTO MAacCHBa, OINpelesieHHe (QHU3HKO-
MEXaHHYECKHX IIapaMeTpOB C Yy4YETOM AaHU3OTPOIMH BIAKHOCTH U  pacueT
Kod(pduineHTa yCTOMYMBOCTH METOJOM TPEIeNbHOrO paBHOBecus. IIporaos o
reoJyiorndeckuMm paspesam 1-1, 2-2, 3-3 mokaszan moBsimicHHE KO3 dUIHeHTa
ycrounBoctu ¢ 1,00-1,04 nmo 1,06-1,09 (mpupoct 5-6 %) mocne peanuzaruu
KOMILIEKca onepesxaromniero ocymenus. [Tokasarno, 4to BHepeHHe 00BEMHBIX MOZEIIeH
B TPaKTHKy MapKHICHJIEpPCKOro 00eCHeYeHUs! OTKPBITHIX TOPHBIX PabOT MO3BOJSET
MOBBICUTH TOYHOCTH NPOTHO3a U JIOCTOBEPHOCTD BBIOOpA MapaMeTpoB OopTa.

KJIFOYEBBIE MapKIIeHIepcKkuii MOHUTOPHHT, TeOMEXaHHUECKHE MPOIECChl, TPHOOPTOBOI MacCHB,

CJI0OBA YTOJBHBIH pa3pe3, MNPOTHO3 YCTOHYMBOCTH, OOBEMHAs T'e0JIOTO-TeéOMeXaHHYecKas
MOJIETb, ~ METOJl  NPENeNFHOrO  paBHOBEeCHS, KOI(PQHUIMEHT  YCTOHYMBOCTH,
oIepeskarollee OCylIeHue.

BBenel-me CKBaAXXWHHBIX JaHHBIX B MEXKCKBAXKMHHOM

OobecrieueHne yCTOHUYMBOCTH OOPTOB YTOJIBHBIX
pa3pe3oB SIBISIETCSI OJHOW M3 KIIIOYEBBIX 3a/1ad
MapKIIeiiepckoro  obecrnedeHust 6e30macHOCTH
OTKPBITBIX TOPHBIX paoor. OTtcyTcTBHE
CBOEBPEMEHHOT'O BBISBIICHUS OIOJI3HEOACHBIX 30H
CBSI3aHO C 0COOEHHOCTBIO TIOCTPOCHNUS Pa3BEIOYHBIX
ceTeil, KOTOpas 3aKII0YacTCss B HHTEPIONALMN

npoctpaHcTBe. B pesynbrare GakTopbl, BIUSIONINE
Ha BO3HUKHOBEHUE I€OMEXAaHHUECKUX IPOLECCOB,
MOTYT OBITh HE BBISIBIICHBI MIIM YaCTHYHO BBISBIICHBI
3a CYeT HeJOCTAaTOYHOM Aetanmu3anud [ 1, 2].

B HacTostmee BpeMsi MIMPOKOE PacIpOCTPaHEHHE
IOy 9NN TEOMEXaHMIECKHE METO/IBI
WCCIIEJOBAHMS COCTOSTHHS MPUOOPTOBBIX MAaCCHBOB,
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OCHOBAaHHBIC  HA  B3aWMOCBS3U  I[apaMETPOB
COCTOSIHUSI M CBOMCTB TOpHBIX HOpOX C
napamerpamu (usndeckux moned [3]. C yuetom
COBPEMEHHOU TEHJCHIIMU WCIOJIb30BaHUSI CPEICTB
ABTOMATH3allMd  JUIS  TIOBBINICHHS  TOYHOCTH
MIPOTHO3a aKTyalbHOU 3ajaden SIBJISIETCS
pa3paboTka aJrOpUTMOB IPOTHO3a YCTOHYHBOCTH
Ha OCHOBE OOBEMHBIX TEOJIOTO-TEOMEXAaHMIECKIX
Moeneii [4, 5].

Llensro HacTOsIIEN paboTHI SIBIISIETCSI
paspaboTka u arnpoOarst METOINKH
MapKIIe1epckoro MOHHUTOPHHTA
TeOMEXaHMYEeCKHX  MPOIECCOB U TMPOTHO3a
YCTOHUYHUBOCTH OCYIICHHOTO IPUOOPTOBOTO MAaCCHBA
YTOJIBHOTO paspesa «AHTPCHCKHID) c
WCIOJIb30BAHUEM 00BEMHBIX reoJIoro-
reoOMEeXaHUUECKUX MOJIETIEH.

MeTtoanka uccliegoBaHuN

B pesymprare aHamm3a TEOMEXaHWYECKHUX
mporeccoB Ha  pabouem  OopTry  paspesa
«AHTPEHCKHIT» BBISBICHBI HanOoJee MacIITaOHBIC
JICHCTBYTOIINE OTIOJ3HH, YBIIa)XHCHHBIC
puOOPTOBBIE MacCHBBI TOPHBIX MOpPO/I,
CHIWXKamoImue 0e30MacHOCTh M HapyIIAIOLUe
TEXHOJIOTHUCCKUH PEXKHUM pPabOThl MPEAIPUITHS.
YcTaHOBJIEHA XPOHOJOTHSI Pa3BUTUS Ae(opMaIiuii,
MPOAHAIM3UPOBAHBI 0a3bl JAHHBIX I'COJIOTHYCCKOMN
pa3BeKK, MAapKIICHACPCKUX HWHCTPYMEHTAIbHBIX
HaOJIOIEHUH 32 MeOpMAIUIMHI U DIIEKTPHICCKIX
30HAMPOBAHUHA  TPHJICTAIOMIETO  MPUOOPTOBOTO
MacCHBa.

Hcxomnst U3 yCTaHOBICHHOW JHHAMUKHI PAa3BUTHUS
Je(OPMAMOHHBIX TPOIECCOB, IS pa3pabOTKH
WH)KEHEPHBIX MEPOMNPHUATHA 10  CTaOWIH3anuu
OTOJI3HA METOJOM OOpaTHBIX pacyeToB ObUIH
OTIpe/IeNIeHbl MOKa3aTelN COMPOTHBIICHUS CIBUTY,
HampaBJIEHHBIX HA  CTAOWMJIM3AIUIO0  OTOJ3HS,
METOJIOM  OOpaTHBIX  PAacueTOB  OMpPEJEICHbI
MOKa3aTeu COTIPOTHUBJICHUS CIBHTY 1o
MOBEPXHOCTU CKOJIBKEHHUsSI MPUOOPTOBOTO MacCHBa
TOpHBIX TTopo (Tadm. 1).

VYcioBHEe — MpEneNbHOTO — PaBHOBECHS — MPH
anreOpandeckoM CIOXCHHM CHI Ha Haumbolee
HaINPsHKEHHOW TIOBEPXHOCTH 3aITUCHIBACTCS B BUJIE:

tgpy->, Pi-g-cos ¢ +Cp-d  I;
> Pi-g-sing;

Pacuersl ¢ yderoM OOBOJHEHHOCTH MAacCHBa
MIPOU3BOIUIIUCH IO popmyIie:

> (P;-cos ¢;—D;)+ki-l;
> P;-sin ¢;

Ha ocHoBanuu TIOJIYYCHHBIX MCXOIHBIX TAHHBIX
IMOCTPOCHA 00BbEMHAsi Te0JIOr0-TeOMEXaHUYCCKast
MOACIIb HpI/I60pTOBOFO MacCuBa U IpUJICTAIOIHUX
YBJIAXXHCHHBIX YCTYIOB. I[J'Ii[ moucka Hauboiee
OIIaCHOr'0 Ce€YCHUs MPECII0KEH AJITOPUTM IIPOrHO3a
YCTOﬁQHBOCTH Ha OCHOBE OOBEMHBIX I'€OJIOrO-
T'COMECXaHHNYCCKUX MOHeﬂeﬁ.

TMyer

n —

Jlyist OlleHKM yCTOWYHMBOCTH OBUT pa3padoTaH M
HCIOJIb30BaH YETHIPEXATANHbII aIrOPUTM NPOTHO3a

YCTOWYHBOCTH, TIO3BOJISIOIIUH OTIPENICINUTh
HauOoJIee ONIACHBIC CCUCHHE:

1. IoctpoeHue 00BEMHOI
mozenu. Mapkuieiinepckue IJIaHbI u

TEOJIOTHIECKUE pa3pe3bl MEPeBOAATCA B IU(POBOH
¢dopmar, cTpouTCS TPHUAHTYJSIIMOHHAS MOJCIb
MMOBEpXHOCTH  Oopra, pembedha W TpaHHI
AHOMAJBHBIX 30H C BBIJCICHUEM IIOBEPXHOCTEH
0CITabJICHUS 1 BIIAarOHACHIICHHBIX 30H.

2. 3amaHpMe WCXOMHBIX HaHHBIX. BBOmsTCs
¢dusnKo-MexaHndeckue napameTpst ¢, C, y s 30H
€CTECTBEHHOW BIAXXHOCTH W BIArOHACBHIIICHUS, a
TaKke T'PaHWYHBIC YCIOBUS (IIOPOBOE IaBJICHUE,
ceficMuueckoe BO3eiicTBIE).

3. ®opMuUpOBaHHE PACUETHOM CXEMBI. 3a/1al0TCA
KOOpIMHATH  HEPBOTO  PACUYETHOTO  CEUCHHS,
BEJIMUMHBI IuHEeHHoro (Al) u yrinosoro (Ac) miara
CMEICHUA pAacUeTHBIX CEUeHWH, a Takke mIar
moncka (Aa) HanOoIee HaPSKEHHOW IMOBEPXHOCTH
CKOJBXCHUSI C aBTOMATHYECKHM IIOCTPOCHHEM
BEEpa PacUyETHBIX CEUCHMUII.

4. Pacyer wu Bmyanmzamusa. B kaxaom
pacyeTHOM  CEYEHHMH  BBIUHCISIETCS ~ CyMMa
YASPKUBAIOIIMX M CABUTAIOMIMX CHJI U
OMPENENSAIOTCS  KOA(PPHUIMEHTH  YCTOHYUBOCTH
METOJIOM IIPEAETBHOTO PABHOBECHS; PE3YJITATHI
HAHOCATCSI Ha MOBEPXHOCTh MOJEIM B BHAE
mw3onuaui E(N), M0 KOTOPBIM HACHTHPHUIMPYIOTCSI
OTIOJI3HEONACHbIE 30HBI W (OPMHUPYIOTCS TOPHO-
reoMeTpUIECcKHe TpaduKH.

Pe3ynbTatel U X 000CHOBaHUE

[TpuGopTOBOI MaccuB ONACHON 30HBI CIOXKEH
NOpOJIaMU  M€30-KallHO30MCKOrO0  IIOKpOBa  C
npeoOagaHueM TOPOA  IVIMHHCTOTO  COCTaBa.
[Nanenne caoncrocT 6IM3KOE K TOPU3OHTAIBHOMY.
CrtpoeHne MaccHBa OCJIOXHEHO pa3pbIBHBIMHU
HapyUIeHUsIMH, KJ1accn(pUIMpyeMbIMU Kak B30poco-
HaJIBUTY C OYEHB OJIOTUM CMECTUTEJIEM B HIDKHEH
YacTH ¥ KPYTHIM B BEpXHEH.

s mpubopToBOrO  MaccuBa — XapaKTEpPHO
[UKJINYHOE PAa3BUTHE Je(OPMALMOHHOTO TIpoLecca:
HapanjenbHO BepXHei OpOBKE OTKOCA MHOTOKPATHO
(bopMHpPYIOTCSl BEpPTHUKAIIbHBIE TPEIIUHBI OTpPbIBA,
MPOUCXOIUT  OCEAaHWE W  TOPU3OHTAIBHOE
CMeIIeHne OTKOJOBIIMXCS OnokoB. Ilpm amammse
Ppe3yIIbTaToOB MapKIIEHIEPCKIX HHCTPYMEHTAIbHBIX
W BU3YaJIbHBIX  HAOJIOJEHHH  IOBEPXHOCTH
CKOJIBXKEHUSI TPHypOdYeHAa K IJHMHAM U IecKaMm
CY3aKCKOT0 sipyca rajieoreHa.

OcHoBHOI MIPUYUHON MHTEHCUBHBIX
reoMeXaHNYeCcKHX MPOLIECCOB SIBIISIETCSI
UHQUIBTPALMS TMOBEPXHOCTHBIX M IOJPYCIOBBIX
BOJ dYepe3 Pa3phIBHBIC HAPYIICHUS, 32 CUET Yero
oOpazyercs €CTEeCTBEHHAS MOBEPXHOCTh
ocna0IeHus! ¥ IPOUCXONT CHIDKEHHUE TTOKa3aTeneit
COIIPOTHBIICHHS CABHUTY MEepPeyBIaKHEHHBIX TIIHH.
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Tabauna 1.
IMoka3aTean cOMPOTHBJIEHHUS CABUTY MO MOBEPXHOCTH CKOJIbKeHHsI IPUOOPTOBOT0 MaCcCHBA IOPHBIX
nopoj
e, rpan. (ecr. B, IPajl. Ce, kH/m? (ecr. Cs, kH/m?
JIuTonoruyeckas pa3HOCTb ¢e, rpai. ( ¢B, rpal ’ ( ’
BIIAXKH.) (BaroHachlnr.) BIIAXKH.) (BmaroHachiiir.)
W3BecTHsKH, Mepreiny,
P 0 0 0 0
MIECYAHUKHI
I'miHEI cy3akcKoro sipyca 6,5-7,5 5,5-6,5 2,9-3,9 25-29
['TUHBI ecYaHbIe 18-22 14-16 17,7-353 5,3-10,6
C uncrosib30BaHNEM MOJYYEHHBIX TOKa3aTeiel auccepTayi. [IporHO3  BBINOJNHSUICS METOIOM

BBIIIOJIHEH  IIPOrHO3
T€OJIOTMYECKUM  pa3pe3aM

yCTOI\/’I'-II/IBOCTI/I 10
(1-1, 2-2,

TpeM

3-3),

MHOTOYT'OJIbHMKa CHJI Ha pPas3jJIndHbIC MCPUOJbI
BpPEMCHHU. Pe3yanaT1>I Iporuo3a MmpeACTaBJICHBI B

Tabm. 2.

MOCTPOCHUC KOTOPLIX BBIIIOJIHEHO aBTOPOM U
JCTAJIBHO HM3JIOKCHO B COOTBECTCTBYIOIIEM pas3aciic

Taoéauna 2.
Pe3yabTaThl IPOrHO3a YCTOMYHBOCTH 0NO0JI3HA «LleHTpaJbHbII»
I'eonornueckuit n (mo n (mocie Ipwupocr,
ZB, M ZH, M h, m o, Tpa.
paspes OCYIICHHSI) | OCYIICHHMS) %
1-1 +680 +550 130 43 1,00 1,06 6,0
2-2 +685 +545 140 43 1,00 1,08 8,0
3-3 +675 +535 140 43 1,04 1,09 4,8
Cpennee 1,01 1,08 = 6,3

IIpumeuyanue: zB, ZH — OTMETKH BepXHEH M HIKHEH OpoBOK; h — BBIcOTa OOpTa; OO — PE3YNBTHUPYIOIIHI

yroi 6opra; n — KO3((GUIUEHT YCTOWIUBOCTH.

Ananu3 gaHHBIX Taba. 2 IOKa3LIBAaeT, 4YTO
COCTOSIHHE paBHOBECHS IMPUOOPTOBOrO MaccuBa 10
OCYIIIEHUSI OIICHUBACTCA KaK Mpe/leNbHOe: 3HAUCHUS
n mo reojorudeckum paspesam 1-1, 2-2 u 3-3
pasuel 1,00; 1,00 u 1,04 cootBercTBeHHO. [Tocne
peanm3anmMyM  KOMIUIEKCA ~ MEpPONpHUSATHH MO
ONEPEeXXAIOIIEeMy  OCYIICHHIO  CKBOKHHAMH  C
KaMy(QIETHBIMH TOJIOCTSMH  [6, 7] 3Ha4YeHus
K03((UINEHTOB YCTOHYMBOCTH YBEJIWUYMINCH [0
1,06; 1,08 u 1,09, 4T0 COOTBETCTBYET HPUPOCTY
Ha 5-6 %0.

BroiBoabl

1. ABtopoM pa3pa®oTaH ajdropuT™M IPOTHO3A
YCTOIUMBOCTH HPUOOPTOBOTO MaccHBa Ha OCHOBE
00BEMHBIX T'€0JIOTO-TCOMEXAaHHUUECKUX MOJICIICH,
BKIIIOYAIOLIMHA  4eThpe 9JTama: (HOpMHUPOBAHUE
TPUAHTYJISIMMOHHOW  MOAENH, BBOJX  (PHU3HKO-
MEXaHNYECKHX IapaMeTpOB C yUETOM aHU30TPOIIHU
BIQKHOCTH, HACTPOWKY pPAaCUETHOrO0 MOXYyIs U
BBIYHCIICHHE KOA(PPUIIEHTA YCTOHUYHUBOCTH.

2. MerogoM OOpaTHBIX PacueTOB OIPEAEICHBI
HoKa3aTelu CONPOTUBIICHUS CABUTY o

MOBEPXHOCTH CKOJBKEHHS IS 30H €CTECTBEHHOM
BJIQYKHOCTH U BJIATOHACBHIICHUS. Y CTaHOBJICHO, YTO
3HadeHus cuemieHuss C i TIHHUCTBIX TOPOJ
u3MeHstroTes ot 2,5-2,9 kH/M? (BaroHachlieHue)
mo 17,7-35,3 kH/mM? (ecTecTBeHHash BJIAXKHOCTh),
YIJIbl BHYTPEHHET 0 TPEeHUs ¢ — OT 5,5° 1o 22°.

3. Mapkmeinepckuid TpOrHO3 yYCTOHYUBOCTH,
BBINOJTHEHHBIH C YyU4ETOM OCYLICHUs IPUOOPTOBOTO
MaccuBa, IIOKa3al TMOBbINIeHHEe Kodddunmenra
YCTOWYMBOCTH TIO T'€0JIOTHYECKNM paszpe3am 1-1, 2—
2,3-3¢1,00-1,04 mo 1,06—1,09, 9To coOTBETCTBYET
npupocTy Ha 5-6 % W mepeBoauT MPHUOOPTOBOI
MacCHB U3 IPEAETHHOT0 COCTOSHHUS B yCTOWYIHBOE.

4. Buenpenue 00BEMHBIX reoJIoro-
reOMEeXaHMYECKUX Mojieneit B HPaKTHKY
MapKIIeHIepCcKOro 00ecedeHnsI OTKPBITHIX TOPHBIX
paboT 1O3BONSET TPUHLIUINAIBHO  IOBBICHUTH
TOYHOCTh MPOTHO30B YCTOWYHNBOCTH u
000CHOBaHHOCTb BEIOOpa MapamMeTpoB OOpTa 3a cHeT
HCKJIIOYEHHS OIIMOOK, CBSI3aHHBIX C YEJIOBEUECKUM
(axTopom.

MINE SURVEYING MONITORING OF GEOMECHANICAL PROCESSES AND
STABILITY ASSESSMENT OF THE DEWATERED HIGHWALL ROCK MASS AT THE
ANGRENSKY OPEN-PIT COAL MINE USING 3D MODELING

B.J. Baymirzaev, U.F. Murodbekov, S.S. Sayyidkasimov

Tashkent State Technical University named after Islam Karimov, Tashkent, Uzbekistan.

ABSTRACT

The results of mine surveying monitoring of geomechanical processes and stability

forecast of the dewatered pit wall massif of the Angrensky coal open-pit based on
volumetric geological-geomechanical models are presented. The author has developed a
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forecast algorithm that includes the construction of a triangulation model of the pit wall
massif, the determination of physical and mechanical parameters considering moisture
anisotropy, and the calculation of the stability coefficient using the limit equilibrium
method. The forecast for geological sections 1-1, 2-2, and 3-3 showed an increase in
the stability coefficient from 1.00-1.04 to 1.06-1.09 (an increase of 5-6%) after
implementing a set of advanced dewatering measures. It has been demonstrated that the
introduction of volumetric models into the practice of mine surveying support of open-
pit mining improves forecast accuracy and the reliability of pit wall parameter selection.

KEYWORDS mine surveying monitoring, geomechanical processes, pit wall massif, coal open-pit,
stability forecast, volumetric geological-geomechanical model, limit equilibrium
method, stability coefficient, advanced dewatering.
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T'EOAOIUA-KNANPYB BA HEOTH-T'A3 MAIIIVMTHA 1APU

WCCJEJOBAHME BJIUSIHUS JOBABKA MPAMOPHOI ITYIPbl HA N3MEHEHHUE
MMAPAMETPOB BYPOBOI'O PACTBOPA HA OCHOBE BEHTOHUTOBOW I'/TUHBI,
KMII ¥ OIP

lymenos LLX., Iykypos C.C., 'Typcynos XK.A., 'Komuaos T.O., 2bern:xonos U.H.

Tawxenmexuii 2ocydapcmeennbiii mexnuueckuii yuueepcumen
umenu Hcnama Kapumosa, Tawkenm, Y30exucman.
2000 «OzGEORANGMETLITIy, Tawxenm, Y3bexucman.

Doi: 10.5281/zenodo.21590754

AHHOTAIIUA B naHHyI0 CcTaThl0 pPACCMOTPEHBl U IPOAHATIM3UPOBAHBI 3aBUCUMOCTH H3MEHEHUS
napaMeTpoB OypOBOTO pacTBOpa IIpU MOCTENEHHOM I00aBICHUH MPaMOpHOM IyJphl B
UCXOJHBIH cocTaB OypoBOro pactBopa. Ha OCHOBE OKCIIEpUMEHTAJBHBIX JaHHBIX
oIpezieIeHbl BUIbI 3aBUCUMOCTEH apaMeTpoB pacTBopa. C npuMeHeHneM KodduirenTa
KOppelsiiMM ¥ METOJa HAWMEHBLIMX KBaJpaTOB  BBIBEAEHBI  (QOPMYJBI A
MPOTHO3UPOBAHMA TUIOTHOCTH ¥ BPEMEHH MCTEUCHHUS YCIIOBHAs BA3KOCTh M3 prbopa CIIB
— 5. IlomyueHHble pe3ynbTaThl JAKOT BO3MOXKHOCTH IPOTHO3MPOBATh Psii MapaMeTpoOB
3Ha4eHNH OypOBOTO pacTBOpa B PEalbHOM peXHMe OypeHHs B IOJEBBIX YCIOBHUIX IPHU
U3BECTHON Macce MpaMOpPHOW MyApsl B cOCTaBe. Vcmosp3ys MpUBEICHHBIM METOIOM B
CTaThH MOXXHO IPOTHO3UPOBATH IIPOM3BOJIEHBIX IAapaMETPOB OypOBOTO PacTBOpa IpH
M3BECTHON Macce n00aBisieMblii HeoOXomumble peareHThl. Kpome Toro, moiydeHHbIE
pe3yIbTaTOB 3KCIEPHUMEHTa JOKa3bIBaeTCs, 4YTO ueM Oonblie Macca 1o0aBiseMon
MpPaMOpPHOW TyApbl Ha HMCXOJHBIA pacTBOp, MeHbIIas (UIbTpalus, TOHKas KOpKa 4TO
oOecrieunBaeT HEOOHAPYKUT MPUXBaTa U C OOJBIINMH 3HAYCHUSAMH BA3KOCTH INOBBIIIAET
3HAYUTEJBHO BhIHOCA HutaMa. OnpeseneHo GpopMmysia, MPOrHO3UPYIOUIYIO0 C HAaUMEHBIIEH
MOTPEIIHOCTH, TUIOTHOCTD U BpeMs ucteueHust u3 npudopa CIIB — 5 6ypoBoro pactBopa Ha
ocHoBe OerTornTHOU TrHEL, KMII n OITP ¢ 1o6aBKoit MpaMOpHO#i Iy IpH.

KJIIOYEBBIE ATmpoKCUMaIus, perpecCHOHHBIN aHAIN3, METOI HANMEHBIINX KBaIpaToB, K03 duimert
CJIOBA KOppeIsn, OypoBOi pacTBOP, TUIOTHOCTh, THHEWHOCTS.

D¢ dexTnBHOCTD OypeHHs HEPTIHBIX U Ta30BBIX HalnpspKeHWeM ~ CABMTa WM JAWHAMHYECKUM

CKBa)XMH BO MHOTOM 3aBHCHT OT KauecTBa OypoBOro
pactBopa [1]. Vcnonb3oBanne 100aBOK, TAKHX Kak
MpamopHasi IyApa, TIO3BOJIAET PETyIupoBaTh
IUIOTHOCTh U (MIBTPALIMOHHBIE XapaKTEPUCTHUKH
cocrasa [2]. AKTYalbHOCTh JTAHHOTO HCCJICTOBAHHS
3aKJIFOYaeTCsI B HEOOXOAMMOCTH  TOYHOTO
MaTEeMaTUYECKOI0 IMPOTHO3UPOBAHUS H3MEHEHUS
napameTpoB pacTtBopa npu W3MEHEHUHU
KOHIICHTpAIMK  J00aBOK s OOecredeHus
CTaOMIIEHOCTH CTBOJIA CKBAKUHBI.

B HacTosIILEee BpeMs Haunbonee
pacrpocTpaHeHHbIMU OCTar0TCA TJIAHUCTBIE
OypoBBIE pacTBOpPHI, 00pabOTaHHBIE Pa3TUIHBIMHU
XUMHUUecKuMHU jgobaBkamu [3,4]. Takue pacTBOpEI
OTHOCATCA K KAaTEropun aHOMaJIbHBIX X(HﬂKOCTeﬁ,
T.€. UX PEOJIOTHYECKHE YPaBHEHHS OTJIMYAIOTCS OT
3akoHa HeloToHa

T=py

T7ie T — KacaTeJbHOE HAIpSIKCHHWE CIBHTa; [ —
BA3KOCTB; ¥ — CKOPOCTb C/BHTA.

B 3aBucHMMOCTHM OT XHMHYECKOH 00pabOTKH,
OypoBBIE PAcTBOPBHI MOTYT O0JIaZaTh Pa3sTUIHBIMU
peoJIorn4eckuMu cBoiicTBaMu. BypoBbie pacTBOpBI
¢ 00J1e€ BLICOKUM COACPKAHUEM TJTIMHUCTBIX YaCTHUIL
u I/IHFI/I6I/IpOBaHHI:.Ie YTICmEJI0YHbIMU pearcHTaMu
WIM TOJIMBAJICHTHBIMM KAaTHOHAMU OTHOCAT K
BA3KOIUTACTUYHBIM JKUAKOCTSIM. Bsi3koracTuuHbIe
JKUAKOCTH IPU HANPSKEHUAX, HIKE KPUTHUECKOTO
3HAYEHUs 7o, Ha3BaHHOI'O NpeaeIbHbIM

HANpPsDKEHUEM CIIBUTA, HE JACPOPMHUPYIOTCS, a IpU
OOMNBIINX HANPSDKEHUSX TEKYT TMOJO0HO BSI3KUM
KuAKocTsM. Kak ykazaHO BEIIIE, PEOJOTHYECKOe
ypaBHEHUE BSI3KOIUIACTHYHOM KUJTKOCTH
omuceiBaeTcs moenbto [lBenoa — bunrama [5].
T=1o+ny,y>0,t<1,,y=0.

I/ T, — NpeAesibHOe HANPSHKEHUS CIBUTA; 1) —
MJIaCTHYECKas BA3KOCTh.

Jns  oOBbsSCHEHUS  TMOBEINCHHS  BSI3KO  —
mactTuaHor xuakoctu lllBemoBa — bunrama
MPEJINOJIararoT, YTO MOKOSINAACS KUIKOCTh UMEET
MPOCTPAHCTBEHHYIO CTPYKTYDY, JIOCTATOYHO
JKECTKYIO0 JIII  TOTO, YTOOBI COMPOTHUBISATHCS
HaIpspKEHUEM, HE MTPEBBILIAIOUIIM 10 BEJIMYUHE Tjy.
Ecnm e HanpsiKeHHe MPEBBIMALT T, TO CTPYKTYpa
MTOJTHOCTBIO Pa3PyIIACTCs, M CHCTEMa BEJIET ce0sl Kak
OOBIYHAs HBIOTOHOBCKas JKUAJIKOCTh pu
HaIpsDKEHUSIX CIBUTA T — Tj.

B TocJIeTHEe BpeMs BCE OompIiee
pacnpocTpaHeHHe B TEXHOJOTUU OypeHus u
[IEMEHTUPOBaHUS CKBAKUH TOJYYHIIO IPUMEHEHNE
noyimMepHble 100aBku. [l momuMepHBIX J00aBOK,
BCJICJICTBHE CTPYKTYpPHOTO W3MCHEHUS B
MPOMBIBOYHON  JKUAKOCTH  TPH  HEOOJBIIHMX
CKOPOCTSIX  CABHMIa,  3aBUCHUMOCTh T = T(})
OTKJIOHSIETCSI OT MPSIMOU JIMHUU. B cBs3U ¢ 5TuM, B
THIIPABIUYCCKUX UCCIICIOBAHUAX OBLIN MIPUMEHEHBI
HenMHelHple Mojaend. OJHUM U3 TaKuX MOJCNeH
SIBJISIETCS CTereHHast mojienb OctBasbie e Bamie
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T=ky"
rne  k,n —mnokasatenM — HEHBIOTOHOBCKas
TIOBE/ICHHS, KOTOpbIE OTIPEEIIOTCS
9KCIIEPUMEHTAIBHBIM  IyTEM. Ona  ObUIO
UCIONIB30BaHAa I ONMCAaHWA  HOBENCHHS
HEKOTOPBIX  OYpOBBIX PAacTBOPOB C  HH3KUM
colepXaHWeM TBepaoil (as3pl, 00pabOTaHHBIX

MOJMMEPHBIMH PEAreHTaMu.

JI1 MaTeMaTH4eCKOro OMHCAaHUsS MPOLECCOB B
OypeHHH YacTO MPHUMEHSIOTCS CTaTHUCTUYECKUE
meronsl. B paborax JI. B. Komommen u H. IO.
Ionukaposoir [6] mompo6HO ommcaH MeToq
HaMMEHBIINX KBaJPaTOB KaK 0a30BBIH MHCTPYMEHT

OypoBoro pactBopa: oenronut, NaOH,

NaZCOS, KMII u OITP.

[Ipu no6aBneHNN MpaMOPHOI! ITyIpEI B OypOBOit
pacTBOp €ro mnapamerphl (IUIOTHOCTB, BSI3KOCTB,
CHC u T.1.) U3BMEHSIOTCS HETMHEHHO MITH JTMHSHHO
B 3aBUCUMOCTH OT KOHUeHTpauuu. IIpoGnema
3aKJII0YaeTCsl B OTCYTCTBHM IIPOCTBIX M TOYHBIX
dopMysl 11 ONEpaTHBHOTO  pacyera  ITHX
W3MEHEHHI HEeMoCPEICTBEHHO Ha OYpOBOM pacTBOp
0e3 mpoBeJCHUS TIOJHON cepuu 11abopaTOPHBIX
tectoB [4,5,6,7]. Llens paboTel — YCTaHOBHTH
MaTeMaTHYECKYIO CBSI3b MEXAY Maccoil J0OaBKH U
KJIIOYEBBIMH ITapaMeTpaMH pacTBopa.

BOJA,

ANMpPOKCUMAIMA  IKCTIEPUMEHTABHBIX  JaHHBIX. K oBCYXICHHS HampHMep TyCTh  3a]aHO
Taioke BOMPOCH  1H(POBOH 0OPAGOTKH  TAHHBIX pe3yibTaThl SKCIEPUMEHTOB B BHAE Cleayolas
paccmatpuBatoTcst B Tpynax II. U. Andeposa u TaGHIA:
coaBTOpOB [7]. B JaHHOii CTartbe 3TH METOMBI
aJanTHPOBAHbI I aHAIM3a KOHKPETHOTO COCTaBa
Ta6auna 1
IMapaMeTpbl TaHHbIE ANMPOKCAMAIIHA
x X Xy Xy
Yy Y1 Y2 In

CyImecTByeT MHOXKECTBA CIIOCOO0B HAXOXKACHUE
MPOTHO3UpYeMast 3aBUCHMOCTb MEXIY
mapaMeTpaMd X M Y C  OIpeleJCHHBIMH
MOTPENIHOCTAMH, TaK KaK PEerpecCHOHHBIN aHaJM3,
anmpokcumManus, 3¢ dexr ['unca u T.4. Ecnu nannbie
HOJIyYeHHBIMH ~ 3KCHEPUMEHTAIBHBIM  00pa3oM,
OTpaXkaeTcs Tak Kak perpeccust GyHKIHs OT OXHOH
NEPEMECHHOM, TO MOXXKHO HCIOJb30BaTh METOA
HanmMeHbIMX  kBanmpatoB (MHK). Ilpu »stom
3aBHCHMOCTD BBITVISACTD CICAYIOLIMM 00pa3oM:

y=ag+ax+ax?+az;x®+ ..+ a,x"
n

Fmo)
B Z m! X 1)
m=0
rae, Ko3(hQUIHMEHTH dg, dq, Ay, ... Ay MOXKHO
HAWTH, UCIIONB3Ys CBOMCTBA KO3 dUIMEHTOB psia
Teiinopa:
ao, = f(0)
_ (0
“ =T
_f7(0)
%2 =
f™(0)
nToql
Chauaia BBIYUCIIAETCS KO3 PUIIEHT
KOPPEIISAIIH:
r

n iy %y — Qisy %) iz, ¥1)

\/n Y xf — QL xi)z\/n vt - Cliy)?

Kosdpuipent KOPPENALUU HOPUHHUMAET
3HAYEHUH IPUHAANeKamuii B orpeske [—1; 1].

m com 0985<|r|<1, To TrOBOpPAT O
OTIMYHOM KOPPEISLHU MEXKIY X H Y,

m eom 095<|r| <099 , T0o rOBOpPAT O
XOPpOILIEH KOPPENSILIUY MEXAY X U Y,

m oecm 09<|r| <095 , to roBopsar 06
YIIOBJIETBOPHUTEIBHON KOPPEISALUA MEXKIY X U Y,

m ecou [r| <09 , To Hemp3sT TOBOPUTH O
KOPPEISALIA MEXKIY X U Y.

Ecmu |r] > 0,9, To KOppensAuus CymecTByeT u
HCKOMasl TIPOTHO3MpyeMasi 3aBUCHMOCTH OyZIeT B
Bujie YHKIMH B CTeNeHu: y = ax + b, y = ax? +
bx+c, y=ax®+bx*+cx+d, y=ax*+
bx®+ cx? +dx+eurt.n

Koadpduuuentsr: ay; aq; a,; as ... a, Haiimercs
CJICTYIOLITM 00pa3oM:

k X lerl
QAo
hxd

k k

Z Vi
k
z XiYi

k

inn Yi
K
v' Eciu oueHka KOdQQHUIHUEHT KOPPEISIHU

OTIMYHAs, TO WCKOMas 3aBUCHMOCTb Oyner
JMHEHHOW B BUAe Y = ax + b, a koadduimeHTs! a
u b HaiiieTcst OT cCTeM ypaBHEHHUH:

(3)

=1
=| 4)
\Z XiYi /
i=1
CpeIIHHH OHII/I6Ka armpoKCuMalmn JUIsL

JIMHEWHOMN perpeccuu:
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yi — yi(x) (5)

_ 1002
n Vi

v B cayuasx 0,9 < |r| < 0,985 10 uckomas
3aBHCAMOCTH OyneT B BuAe (DYHKIHH B CTEHCHH
BBIIEro nopsiaka 2: y = ax? + bx + ¢,y = ax3 +
bx?+cx+d, y=ax*+bx3+cx*+dx+e un
T.I.

v Ecmm |r|<0,9 , npumercs ucKaTh
3aBUCHMOCTD HCIIONB3YS APYTHX METOMOB TaK Kak
a¢¢exr ['urca, npeodpazoBanmne Oypre, MHK mus
JOPYTUX BHUAOB (DYHKIMH OTIMYHAS OT (QYHKIHH B
CTENEHHU U T.1.

1,6
1,4

1,2

[InotHOCTS, p
o 2o
» [0} =

o
~

0,2

0 50 100

PaccmoTpuM  aHanmu3 [aHHBIX OPOBOAMMBIX
9KCIIEPUMEHTOB, MPHUBEICHHBIMU B Tabiuie 2 rae
pu MIOCTETICHHOTO YBEIMYECHUS Macca,
JN00aBIIEMOro0 MpaMOpHOM MyApsl K OypoBOMY
pactBopy ¢ cocraBoM: 1000 min Boma; 10 %
6enronut; 0,2 % NaOH; 0,2 % NaZCOS; 1 % KMII,

1 % OIIP. PaccmoTpuM H3MEHEHHE IUIOTHOCTh U
Bpemsi ucteuenus u3 mnpudopa CIIB 5 Oyposoro
pactBopa.

[TnoTHOCTE OypOBOI pacTBOp 0€3 MpaMOpHOI
Oyapel W3 pPE3yJNbTAaTOB  W3MEPEHUs IO
skcrepumMenTy pasia 1,06 r/cm3.

150 200 250 300

Macca mpam. yzp., €

Pucynoxk 1. I'pa¢guk u3MeHeHHe MJIOTHOCTH 0ypOBOii pacTBOP NPHU NMOCTeNeHHOI0 100aBJIeHne
MPaMOPHOii yApBbl.

Ucnone3ys,  ¢dopmyna  (2)  BelumCisieM
KOOQUIIMEHT  KOppelsilMH ¥ OLCHUBAaeM
JMHEHHOCTh UCKOMasi 3aBUCUMOCTb, TA€ B HalleM
ciayyait n =11, & — noOasnsgemMas macca
MpaMoOpHasl Iyapa, Tp., P — IUIOTHOCTh OypoOBO¥t
pactsop r/cm3:

r
_ nyis, &p; — QL &) Cieq pi)

VT eF = Uy )P\ n Bl 7 — (Ui P2
11-1798,25—-1375-13,63

V11-240 625 — 1 3752 -\/11 17,02 — 13,632
= 0,995 > 0,985.

CnenoBaresnbHo, HCKOMast 3aBUCUMOCTb
SBISICTCS ~ JIMHEWHOW B BuAe Yy = ax + b.
Ucnone3ys, cucrema (4) HaiijleM HEU3BECTHbIE
K03 PHUIUEHTHI a 1 b:

( 11 1375 )(b) =( 13,63 )
1375 240625/ \a 1798,25
OTCIO/Ia COCTaBUM CUCTEMA YPaBHEHUI !
{ 11b +1375a = 13,63
1375b + 240 625a = 1 798,25

u ucnonb3ys Merona Kpamepa Hailnem
HEU3BECTHBIE.

Meron Kpamep. Ilyctp 3amaHo JIMHEHHBIX
CHCTEM ypaBHEHHUU TaK Kak:

aux+by=c
{azx + b,y =c,
TOorga g TOro, '-ITO6I)I peHlI/ITI) }IaHHyIO
CI/ICTeMy HCO6XOHI/IMO BBIYHUCIIUTH FHaBHLIﬁ
JICTePMHUHAHT:

a; by
A=
a, b,
3aT€M BBIYHCIISIETCS IETEPMHUHAHTHI
¢ by
A=
c; b,

a G
e
U UCTONB3yS HIDKENPHUBEACHHBIX  (HOPMYITT
HaWJeTCd HEU3BECTHHIE:
R
A’ A
B namewm cnyuae

A= 756 250, A,= 807125, A,=1039,5,

TOTaa
JBa 1095 _ 0137,
A~ 756250 ’
A, 807125 L0672
T A 756250 ’
3aKJI}O‘II/ITeHLHO MOXHO CKa3aThb, qTo

3aBHCUMOCTbh MEXIY € U P BBINISJACTD CJICIYIOLIINM
obpazom:
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p ¢dopmyna  (5) Haxomum  cpemHss — OIIUOKa
=0,00137¢ + 1,0672 (6) annpoKCHMAIUH.
Temepr  cocraBuM  Tabiauua  3HAUYCHHH
paccMaTpuBaeMbIX MapaMeTpoB. 3aTeM HCIIOJb3Ys

Tadaunna 2
HN3MeHeHne mapamMeTpsl 0ypoBOro pacTBopa NpH MOCTeNeHHOT0 100aBJIeHHs MPAMOPHO# MyapbI K
HCXOJTHOMY PacTBOpPY

CocTtaB 0ypoBOro pacTBopa P Tsoo, B, em*/30 K, pH cHE
Ne Kkr/m® c MHH MM 1 Mun 10 mun
HUcxonusrii pactBop: 1000 mu Bona
+6enTonut 10%+NaOH
1 0,2%+Na,C0,0,2% 1,07 17 38 4 7 2 3
Ucxonusiii pacteop: Nel+KMIL
2 1%+OI1P 1% 1,06 38 18 3 8 4 7
Ucxonnslii pactBop: Ne2+mMpamop.
3 nyapa -25 rp. 1,08 41 16 3 9 5 9
Hcxonnslit pactBop: Ne2+mMpamop.
4 nyapa-50 rp. 1,14 45 12 2,5 9 9 13
Hcxonnslii pactBop: Ne2+mpamop
5 nyapa-75 rp. 1,18 49 10 2,0 9 11 14
Hcxonnsrit pactBop: Ne2+mMpamop.
6 myapa-100 rp. 1,22 53 9 2,0 10 14 17
Hcxonnsrit pactBop: Ne2+mMpamop.
7 nyapa-125 rp. 1,25 58 8 2,0 10 16 19
Hcxonnsrit pactBop: Ne2+mMpamop.
8 nyapa-150 rp. 1,28 61 7 15 10 17 20
Hcxonnsrit pactBop: Ne2+mMpamop.
9 yapa-175 rp. 1,31 64 7 1,5 10 18 22
Ucxonnslii pactBop: Ne2+mMpamop.
10 mypa-200 Tp. 1,34 67 6 1,0 10 19 23
Ucxonuslii pactBop: Ne2+mMpamop.
11 mypa-225 Tp. 1,37 70 5 1,0 10 21 27
Ucxonuslii pactBop: Ne2+mMpamop.
12 mypa-250 Tp. 1,40 74 4 1 10 23 29
Tadnanna 3
H3MeHeHUe IJIOTHOCTH GYPOBOii pacTBOP Npu JI00aBJIeHHe MPAMOPHOii myApsI no ¢opmyJe (6).
E,Tp p(€)
0 1,067272727
25 1,101636364
50 1,136
75 1,170363636
100 1,204727273
125 1,239090909
150 1,273454545
175 1,307818182
200 1,342181818
225 1,376545455
250 1,410909091
. @Z pi— pi(e)| _
n pi
100 < p1— P1(5)| + |P2= P2(5)| + 4| Pz .011(5)|>
_ P1 P2 P11

11
_100-(0,0068 + 0,02 + ... +0,007792)

= 0,7344 %.
11 %
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W MakCUMajbHas IOTPEUIHOCTh HE IIPEBBIIIAET
Omax = 2,1 %.

Jist Toro, 4ToOBl HaliTH OTpe3Ka, B KOTOPOM
HAXOMUTCS ~ 3HAYCHUH  IUIOTHOCTH  OypOBOTO
pacTBOpa, IOCTATOYHO MCHOIb30BaTh CIEAYOLIAs
COOTHOLLIEHHUS:

0.
(1 m‘”‘) -(0,00137¢ + 1,0672) < p

100 i :
max

<|(1
- ( * 100

-(0,00137¢ + 1,0672)
Ortcroza cieyer, 4To MpOrHO3upyeMas HCKoMast

Kpome Toro, wu3BecTHO, 4YTOo eciau OypoBOit
PacTBOp HE COACPKUT KOMIIOHCHTOB OOpa3yrOIIUX
MIEHBI TOT/Ia IUIOTHOCTH OYypOBOM pacTBOp HaWjeTCs
CJICAYIOIIMM 00pa3oM:

. m am
PTIEV Y

rae k — uncio m00aBiIsieMbIX KOMIIOHEHTOB Ha
OypoBoii pacTBOp; ™M — Macca KOMITOHEHTOB,
Kr; V —00BEM KOMIIOHEHTOB, M°.

Takum obpazom MOKHO OLICHUBATh

3aBHCHMOCTH IIapaMeTpoB OypoBOTO pacTBopa Ha

JMHEHHOCTH U MOYKHO MOJTYYHTh TaOIHIa 3HAYCHUN
KO3 PHUIHIEHTa KOPPEILAIHH:

3aBUCUMOCTb  OyZleT HaxomsdTcsi B  OTpe3Ke:
0,001347¢ + 1,04589 < p < 0,0014¢ +

1,08865 7
Ta6auuna 4
Tun u 3HaYeHHe KO3pPpuHeHTa KOPPeIsiHU
HaumenoBanwme mapamerp Koaddumment koppemnsmm TuIT 3aBUCUMOCTH
Ts500, € r = 0,997 JIunelinas
B, cM%/30MuH r =—0,785 Perpeccus He HabmomaeTcs
K, mm r=-0971 Omnpenensiercs MHK
pH r = 0,833 Perpeccus He HaOmogaeTcs
CHC, 1 mun r=0,972 Omnpenensiercss MHK
CHC, 10 mun r= 0,961 Omnpenensiercs MHK

W3 nomydeHHyr0 TabnwWiy  BHOHO, 9YTO 0,1413¢e + 37,104 < Ts5qg
W3MEHCHUS BPEeMs UCTCUCHUs OYpOBOW pacTBOp U3 < 0,1495¢ + 39,259 9
npubopa CIIB 5 oTHOCHTENBHO OT Macca I'paduk JIAaHHYIO 3aBUCUMOCTb o
MpaMopHasi IyApa SsBJISETCS JIMHEHHOH M OHO 9KCIIEPUMEHTY TIPUBEJICH B pHC. 2.
BBITJISIIUT CIIEAYIOLMM 00pa3oM: I'padukn  u3MeHeHMe JApyrue mnapameTpsl
Ts00 = 0,1454¢ + 38,18 (8) OypoBOIi pacTBOp MPHUBEICH B pHC. 3.
B BuJe 0Tpe3Ka BBIMIANT TaK Kak:

80
70
60
50
|_§ 40
30
20
10

0
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Pucynok 2. I'paduk u3mMeHeHue Bpems ucTedeHusi 6ypoBoii pacteop u3 npudopa CIIB 5 npu
NMOCTeNeHHOro 100aBJIeHe MPAMOPHOM MyapBbl.
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Pucynok 3. I'paguk nu3mMeHnenue Bo100TAaYA, TOJINHA KOPKH, KucaoTHocTh 1 CHC dypoBoro
pacTBopa NpH NOCTeNeHHOro J00aBjIeHe MPAMOPHOIi MyApPBI.

B xone uccrnenoBaHue B OCHOBE MPOBEICHHBIH
OKCIIepUMEHT B Tabmume 2, B ¢opmyne (7)
OTIpeZIeTIeH 3aBHCHUMOCTH H3MEHEHHE IUIOTHOCTH
HCXOZHOTO OYpOBOTO PacTBOpa, IIPU MOCTENEHHOTO
nobaBiIeHHe MpaMOpHOM myapsl W B Tabimie 4

IpHU TOCTEIIEHHOT0 100aBIeHNE MPaMOPHOM Iy APHI.
HccrnenoBanue yTBEpXkKIaeT, UYTO IOJyUYEHHbIE B
¢dopmynel B (7) m (9) 3aBHCHMOCTH SBISETCS
JVHEHHOW W W3MEHEHHE IapaMeTpel OypoBOTO
pacTBOpa MOKHO BBIPA3WTh TOJBKO dYepe3 Macca

MPOaHATM3UPOBaH AHATTUTHYCCKUX BUJIOB MpPaMOpPHOW MyApHI B cocTaBe OypoOBOTO pacTBOpa.
(DYHKIIMOHAJBHBIX ~ 3aBUCHMOCTEH  IapaMeTpoB [IpumeneHne faHHOTO METOAA U JUIA APYTHX BHIOB
OypoBoro pactBopa. Takke B dopmyre (9) OypOBBIX PaCTBOPOB, TTO3BOJIAET MOCTPOUTH MOJIETH
OmpeneNeH  3aBUCHUMOCTH  H3MEHEHHE  BpeMs JUISL HAXOXKJICHUS] TapaMeTpbl OypOBOTo pacTBopa u

ucredeHus OypoBoit pactBop u3 npubdopa CIIB — 5

HaOJIr01aTh KaK 3TH MapaMeTphl H3MEHHUTCS.

BENTONIT GLINASI, KMS VA YPR ASOSIDAGI BURG‘ILASH ERITMASIGA MARMAR
KUKUNI QO*‘SHILGANDA UNING PARAMETRLARIGA TA’SIRINI O‘RGANISH

'Umedov Sh.X., tShukurov S.S., *Tursunov J.A., *Komilov T.O., ?Begijonov I.1.

Yslom Karimov nomidagi Toshkent davlat texnika universiteti, Toshkent shahri, O ‘zbekiston.

2«0 zGEORANGMETLITIy MCHJ, Toshkent, O zbekiston.

ANNOTATSIYA  Ushbu maqolada burg‘ilash eritmasining dastlabki tarkibiga marmar kukunini qo‘shish

KALIT
SO‘ZLAR

orqali burg‘ilash eritmasi parametrlarining o‘zgarish bog‘ligliklarini ko‘rib chiqilib tahlil
qilingangan. Eksperimental ma’lumotlar asosida eritma parametrlarining bog‘liqlik turlari
aniqlangan. Korrelyatsiya koeffitsiyenti va eng kichik kvadratlar usulini qo‘llagan holda,
SPV-5 qurilmasidan shartli govushgoglikning zichligi va oqib chigish vagtini oldindan
bilish uchun formulalar ishlab chigildi. Olingan natijalar dala sharoitida burg‘ilashning real
rejimida tarkibida marmar kukuni massasi ma’lum bo‘lganda burg‘ilash eritmasi
giymatlarining bir qator parametrlarini bashorat qilish imkonini beradi. Magolada
keltirilgan usuldan foydalanib, kerakli reagentlar qo‘shiladigan massa ma’lum bo‘lganda
burg‘ilash eritmasining ixtiyoriy parametrlarini aniqlash mumkin. Bundan tashqari, olingan
tajriba natijalari shuni ko‘rsatadiki, dastlabki eritmaga qo‘shiladigan marmar kukunining
massasi qanchalik katta bo‘lsa, filtrlash kam, yupga qobiq hosil bo‘ladi, bu esa
govushqoglikning yuqori giymatlarida shlamning chigishini sezilarli darajada oshiradi.
Bentonit gili, KMS va marmar kukuni qo‘shilgan YPR asosidagi burg‘ilash eritmasining
SPV - 5 qurilmasidan ogib chigish zichligi va vagtini eng kichik xatolik bilan aniglash
formula aniglandi.

Approksimatsiya, regression tahlil, eng kichik kvadratlar usuli,
koeffitsiyenti, burg‘ilash eritmasi, zichlik, chiziqlilik.

korrelyatsiya
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RESEARCH ON THE INFLUENCE OF MARBLE POWDER ADDITIONS ON THE
CHANGE IN BURNING METHODS BASED ON BENTONITE CLAY, KMS, AND OPR

lUmedov Sh.X., *Shukurov S.S., Tursunov J.A., *Komilov T.O., ?Begijonov L.I.

" Tashkent State Technical University named after Islam Karimov, Tashkent, Uzbekistan.
2LLC “O‘zGEORANGMETLITI”, Tashkent, Uzbekistan.

ABSTRACT This article examines and analyzes the dependencies of changes in drilling fluid parameters
when marble powder is gradually added to the initial drilling fluid composition. Based on
experimental data, the dependence types of solution parameters were determined. Using the
correlation coefficient and the least squares method, formulas were derived to predict the
density and flow time of the conditional viscosity from the SPV-5 device. The results
obtained allow for the prediction of several parameters of drilling fluid values in real drilling
conditions under field conditions with a known mass of marble powder in the composition.
Using the method presented in the article, it is possible to predict the arbitrary parameters
of the drilling fluid at a known mass of the required reagents to be added. Furthermore, the
obtained experimental results prove that the higher the mass of the marble powder added to
the initial solution, the lower the filtration, the thinner the crust, which ensures no trapping,
and with higher viscosity values, the removal of sludge increases significantly. A formula
has been determined that predicts with the lowest error the density and leakage time from
the SPV-5 device of drilling mud based on bentonite clay, KMS, and OPR with the addition
of marble powder.

KEYWORDS Approximation, regression analysis, least squares method, correlation coefficient, drilling
fluid, density, linearity.
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K OCOBEHHOCTSIM I'EOJIOI'O-PA3BEJIOYHBIX PABOT, BJIMAIOINX HA
JOCTOBEPHOCTD ITIOJACYETA 3AIIACOB MECTOPOKAEHHUU ITIOJIE3HBIX
NCKOITAEMBIX

M.H.KypaesB, b.U.Mupxoa:xaes, l11.5.Typaes, LLI.II1.2Kymana3zapos, U.M.CanumoB

Tawxenmckuil 20cy0apcmeeHHbll MeXHUYeCKull yHugepcumen
umenu Hcnama Kapumosa, Tawkenm, Y30exucman.
Doi: 10.5281/zenodo.21590829

AHHOTALUA CoaBTOphl ~ CTaThbU  pPACCMOTPENM  HEKOTOpBIE  OCOOCHHOCTH  Mpolecca
re0JIOrOpa3BelouHbIX paboT, KOTOphIE CBOJSATCS K BBIJCICHUIO HA HCCIETyeMOMN
IUTOLIA I OTIPEEIICHHON ero YacTH, OTBEYAIOIIeii SKOHOMUYECKHM TpeOOBaHHSM, TO
€CTh KOTOpast IpH 0TPabOTKe 00BEKTA, AACT OXKUIAAEMYIO ITPHUObLTL. Takxke oOpareHo
BHHMaHHE Ha HEKOTOpBIE OCHOBOIIOJIATAIOIINE MOMEHTHI, SBIIAIOIINECS OCHOBOM
pacUeTHBIX IMapaMeTpOB IPH IIOJACYETE 3alaCOB MHHEPATBHOTO CHIPHS - CPEIHUE
COJIIepIKaHMUS TIOJIE3HBIX U BPEIHBIX KOMIIOHEHTOB, TO €CTh BOIIPOCH JOCTOBEPHOCTH
mporiecca oTOopa mpod U Janee JOCTOBEPHOCTH CaMOW pa3BEeIKH, MPOBOAMMON B
CTPOTO¥ 3aBUCHMOCTH C 33/la9aMi KOHKPETHOH CTauu

JloCTOBEpHOCTh TOZCYETa 3allacoB IIOJIC3HBIX HCKOMAEMBIX O0eCIeunBacTCs
TCOJIOTHYCCKUM  OOOCHOBAHHEM  (O/I0uHbIL  MOOENb, CXeMd  PACHOLONCEHUS,
CMPYKMYPHO-NPOSHO3HbLE KAPMbL U M.0.), NPUMEHEHUEM METOJI0B pa3pe3oB, OJI0KOB,
TPEYroNIbHUKOB M TOJUTIOHOB. KadecTBO JaHHBIX TapaHTHpyeTCs CTpOroi
knaccudukanueit 3anacos [11 no xareropusim B, C1+C2 B 3aBUCUMOCTH OT CTEIIEHH
re0JI0r0-3KOHOMHUECKUX U3yUYCHHOCTH.

KJIIOYEBBIE
CJOBA

[IpoMBIIITIEHHOH,  MECTOPOXKIEHHs,  METOJ, TIpoba, KOHTYp,  pa3BEIKH,
OKOHTYpHBaHWE, TPOMBIIUICHHBIN THII, KEPH, Pa3BelOYHBIN CeT, mpoduib, 3arac,
SKOHOMHKA, TIOJIE3HBI NCKOTIAeMBIii, TOPHBIH.

BBenenue

B Xxome oOmeHKW 3amacoB W MHHEPAIBHBIX
pecypcoB mpu J000M TOAXOAe W MpH 00O
CHUCTEME IIoJIcYeTa IMpecienyeTcs OIWHAKOBAas
MPaKTUYeCcKas [ellb — OMPEICITUTh BO3MOKHOCTh H
1es1eco00pa3sHOCTh  NMPOJODKEHHs  paboT 1o
MOJTOTOBKE IIPOMBIIIJICHHOTO OCBOCHHS
MECTOPOXKICHHUS, a TAKXKE YPOBEHb TOCTOBEPHOCTH
OIIeHKH 3amacoB. [Ipyu 3TOM HCHOIB3YIOTCS METOJIBI,
MO3BOJIIIONINE OINPECNIUTh MECTOIOJIOKEHHE U
TEOMETPUIO  Tella  TOJEe3HOTO  MCKOIAeMoro,
MOJICYUTATh KOJIMYECTBO M KaYECTBO IPUTOIHBIX K
Jo0BIYe  3alacoB, IPOBEPHUTH  JIOCTOBEPHOCTH
re0JIOr0-pa3BeIoYHbIX JaHHbIX [15].

IlocraBneHHasi, mnepen MPOLECCOM TIE€OJIOrO-
pa3BeIOYHBIX paboT [eNb, CBOAUTCS K BBIICICHHIO
(OKOHTYPHBaHHUIO) MIPOMBIIIJIEHHOMN 4acTu
UcclIeyeMoil MHUHEpalIn30BaHHOH (pyIOHOCHOH)
IUIOIIaM paboT, TO €CTh TOW €€ YacTH, KOTOpast IIpH
ee oTpaboTrke (Ha mpumep puc.l) pa3zTUIHBIMH
TOPHO-IKCIUTyaTallMOHHBIMH ~ CHIOCO0AaMH,  JacT
rocyapcTBy OIPENIEIEHHYIO (3a10KEHHY10)
npuOBUTh, C YYETOM BCeX 3arpaT IOMCKOBO-
OIIEHOYHBIX M pa3BeJOYHBIX padot [7, 8]. Apyrumu
JKE CIIOBAMHM, BCE PaOOTHI CBOJATCS K BBIAEICHUIO
HCXOAHOrO0 00beMa, T.e. OTBeyaromias BEIIIE
YKa3aHHBIM TPEOOBaHUSAM YacTH WCCIEAOBAHHOM
IIomaaM Ha MoBepxHocTH (S) M, MOLIHOCTH
OKOHTYpPEHHBIX (puC.2), HCXOAs H3 TeX Ke
TpeOoBaHUH, pyAHBIX 3aliexkei (M), 9To U, B KOHIIE-

KOHIIOB, IIOCIYXXHT OCHOBOW IIOJICUETa 3aIacoB
OJTHAM M3 MPUEMIIEBBIX, C YIETOM IPOMBIIUIEHHOTO
THUIIA MECTOPOXJCHHSA, CIOoCOOOM. 31ech clemyer
YUUTHIBaTh, YTO BCE 3aJI0)KEHHbIE B Hayasie padoT
3aTpaThl Ha MIPOBEICHNE HCCIEJOBaHNH,
BKJIFOYAIOTCS B C€0ECTOMMOCTD OJJHOM TOHHBI PY/IbI,
TO €CTh TAKMM 00pPa30M 3TO MOJIOKEHHE PETYITUPYET
(MHAHCOBBIE 3aTpaThl Ipolecca W3Y4YEHUS W
JIOBOAKH O0BEKTa K OOBEKTHMBHOMY IOJIyYEHHIO
pe3yibratoB 1o  TpeOyemoH, MaKCHMalbHO
MpUOMMKEHHOH K WCTHHE, €ro KadyeCTBEHHOM
XapaKTEePUCTHKH.

Jnsa onpenenenus 3anacos TIIN ucnons3yrorest
CJIe/IyOIINEe T€OMETPUIECKHE CIIOCOOBI M METOBI,
o0ecreynBaloNINe UX JOCTOBEPHOCT. . .

cnocoo:

- T€OJIOTHYECKUX OJIOKOB;

- SKCIUTyaTal[MOHHBIX OJIOKOB;

- Ce4eHU pa3pe3os;

- cpenHe apuMeTHIeCKuil.

Memoo:

- TPEYTOJILHUKOB;

- MHOFOyFOJ’IBHBIﬁ, ITIOJIMT'OH.

(I)aKTopaMI/I JOCTOBEPHOCTH ABJIACTCA: -
TEOJIOTHYECKUI MOZENb; - TeoMeTpH3alus; U —
TEXHHKO-IKOHOMHYECKHE T0Ka3aTelH.

Mertoauka

Teopernueckue OCHOBBI METOIUKH
r'e0JIOrOpa3Be0YHbIX pabor npeTeprenu
CYIIECTBEHHbIE HN3MEHEHUS: OT IPEKHEH OCHOBBL, TO
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eCThb  ONPEJACICHUSA  PAMOHAIBHOW  CUCTEMBI
pasBenku (Meronsl MypPOB WIH BEPTHKAIBHBIX
CKBa)XWH H T.7.)- K €€ IIPHUHINTIAM (METO]T aHAJIOTHH,
MOCJIE/IOBATENILHOTO TPHOIMIKEHHUS, KOMILIEKCHOTO
W3BJICUCHUS). 3MECh CIEAYET pPa3bsICHUTH, YTO
npouecc ['PP npoBoauTcst B cTpOroM COOTBETCTBUH
C METO/AMYECKHMH YKa3aHUAMH MUHHCTEPCTBO

<

IOl u I or 2022 r., yrBepxneHHble KaOMuHOM
PVY3., kak JOKyMEHT 00sI3aTeIbHBIA K UCIIOJHCHHIO
BCEMH OpTaHM3alMAMH W  TOJpa3JeIICHISIMA
HACKOMOTO  KOMHTETa, MPOBOISIIUX T€OJIOTO-
U3BICKATEJIbHBIC TOJIEBBIE U KaMepallbHble PabOoThI

[9, 10].

////Z% /
I
//////,////
1/ Lioad —

N,

Puc.1. Bioynasi Moge/ib B IBETOBOI IrpajalluM coiep:KaHuii 30J10Ta (cieBa) U kKo3puuueHTa
HM3BJIeYeHus 30/10Ta (cnpasa) [15]

Crenyromuii OCHOBOIOJATAIOMINI  JIOKYMEHT-
MHCTPYKIMH TI0 Pa3BEIOYHOH CeTH, TpeOoBaHMA
KOTOPOH  HMCXOAWT M3  TEHETHYECKOro U
NPOMBILIUICHHOTO THMa KOHKPETHOTO 0OOBeKTa
M3Y4YECHUs] W pPErJIaMEHTHPYIOIIME ONTHMalbHbIE
paccTOsHUS MEXIY OLIEHOYHBIMH U Pa3BEIOYHBIMH
npoduisiMH, a TaKkKe MEXIy CHCTEMHBIMH
BBIPa0OTKaMu Ha MPOGMIIX (TOPHBIMH, OYPOBBIMH).
PaccmaTpuBast 3TOT BOIIPOC B MIMPOKOM JIMAna3oHe,
ciemyeT OCHOBBIBATBCS Ha TEepMHHAX:
«OpbheKTUBHOCT,  pa3BeaKH» (IKOHOMHUYECKHIT),
«PanmoHanbpHOCTH pasBeIKI» (Tpebyemast
JIeTalbHOCTb,  CpPOKH, 3arpatel» [1]. TIlpm
pa3BeoYHBIX paboTax OMMPArOTCA Ha JABA ypPOBHSA
MO3HaHMS  Help -  «YpOBEHb  W3YUYCHUS»-
JIETAILHOCTD NPOBOJMMBIX DPa3BEIOYHBIX PadOT U
«YpOBEHb TO3HAHHUA» [ETATBHOCTh OTICIBHOTO
JIOKJIbHOTO HaOdrofeHust (3aMep MmapameTpa).
IlepBeIii  ypoBeHb O3HAYaeT  XapaKTEPUCTUKU
MPUHATON KOHKPETHOW pa3BeOYHONl ceTd, C
y4eToM, KaK OTMEYEHO BBIIIE, POMBIIIJICHHOTO
THIIAa  HCCIEAYEeMOro OOBEKTa, BTOPOH  IKe,
B3aUMOCBSI3aHHBIE ¢ IepBBIM, -  CBOeH
JIETaJIHbHOCTHIO OT/IENBHBIX HAOIIOICHUH, Ha OCHOBE
MOJIyYE€HHBIX JaHHBIX MO0 OTOOpaHHBIM Mpobam. U
Jlajiee, Ha OCHOBE IIEPBOIO YpPOBHS HW3y4YECHUS
PYZOHOCHOW TIIJIOMIagH BBIACIIAIOTCH, K TpPHUMEDY,
pyIOHBIE Tela, TO B pe3yJbTaTe BTOPOTO YPOBHA

MO3HAHMS — JIaHHBIE TI0 OTJEJIbHBIM MHHEPAIbHBIM
3epHaM M arperaTaM, a TaKKe HX TEKCTYPHEIC
xapakTepuctuku. CrenoBaTenbHO, OOMMM |
€IMHCTBEHHBIM  METOZOM  Pa3BEIKH  SIBISIETCS
«MeToJ JTOKaNBHBIX HAOMIOICHUH HA OCHOBE IMPOO,
OTOOpPaHHBIX B COOTBETCTBHH C TPEOOBAHHAMH K
HUM, 110 BBIPaOOTKAaM Ha pa3BelOYHbIM MPOGUIIIM,
C IIEeTBhI0 ONpEAeTICHHUS MPOMBINIICHHOW EHHOCTH
uccnegyemoro  oowsexta [11, 12].  ABTOpHI
MOCTAaBMWIIN Tiepe]] co00M 3a/1auy HIMpe PacCMOTPETh
CYIIHOCTh TEpMHHA «JIOKaJbHOE HAONIOZCHUE» U
€ro  B3aWMOCBS3b C  BONPOCAMH  METOAUKH
ONpENeNICHUs]  KAa4eCTBEHHBIX  XapaKTePUCTHUK
momane pynonokanusauuu. Ilo pexoMmeHnanuu
ucciepgoBateneit [T MMP  (B.S.3umanuHa,
M.Y.McokoB), uTOOBl CBECTH K MHHHUMYMY
OTpHIIATENIEHBIC BO3ICHUCTBUS MTOCTOSTHHO
MIPUCYTCTBYIOIIETO (akTopa  WU3MEHYUBOCTH,
CllelyeT yBEJIMYMBaTh KOJHMYECTBO OTOOPAaHHBIX
mpob, 3a CYeT COKpAIIeHWsS WX HHTEPBAJOB WU B

pe3yibTare- 3HAYUTEIHHO YMEHBIIATCS
MOTPEIIHOCTh BBIBOJIA CPEIHETO COJACpKaHHs (32
cyer ydeTa ciyyaitHOH COCTaBJISTIONIEH

mMeHunBoctr) [2]. Hapsimy ¢ TepMuHOM
«OnTuManbHBle  pa3BEeNOYHBIE CETH» KPUTEPUS
HaJIe)KHOCTH METOAMKU DPAa3BEIKH, yYUTHIBAs, 4TO
0TOOp COOTBETCTBYIOIIMX NPOO MPOW3BOAWUTCS MO
BBIPa0OTKaM, PACIIOJIOKEHHBIX 10 HUM, JIOKaJIbHBIE
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HaOII0CHUS UMEIOT CBOM OCOOEHHOCTH: TOYCUYHBIHI
xapakrep (Majble pa3Mephl); CyMMAapHBIH 00beM
TOYEK BEChbMa HE3HAUMTEIIEH CpPaBHUTEIBHO C
00BEMOM pPyTOBMEIIAIONIECH TOJIIIN IIOPOJT; KaXKIbIiA
3aMep JIOJDKEH BBIMOJHATBECA C MAaKCHUMAalbHOM
TOYHOCTBIO U IOCTOBEPHOCTHIO.

CrnenoBatenbHO, mporiecc OTIPOOOBaHUS
MECTOPOXKJCHUH  TOJIE3HBIX  HMCKOMAEMBIX  Kak
Croco0  W3y4yeHWs  KadecTBa  KayeCTBEHHBIX

XapaKTEePUCTHK OOBEKTOB MUHEPATHHOTO CHIPHA-
TpeOyeT, KpoMe BBINICYKa3aHHBIX HMEIOIIUXCS
NPUYUH,  UCKJIIOYHUTEIBHOTO  BHUMAHUS  IIPH
NPOBEICHUM MOATAMHBIX TI'€0JIOr0-pa3BEeIOTHBIX
paboT Ha OCHOBE 3a1ad, BBITCKAIOIINX U3 LeJei

COOTBETCTBYIOIIMX cTaaui. B nepByto ouepenp, 310
KacaeTcs aJeKBAaTHBIX CIIOCOOOB 0TOOpa 1pob (Imo
gacth 1-kypca). 3mech cleayer ydYUTHIBAThH
0COOCHHOCTH TPOM.THIA OOBEKTa, B TOM YHCIE
MIPEPBIBUCTOCTE  OPYICHEHMS,  M3MEHYHUBOCTD
(cmyuaifHyro U HecllyuyailHyl0 ee COCTaBJISIOIIUE),
HalM4ie MUHEPATbHBIX  acColMamuidi — Bce
T'e0JIOTHYECKUE 0COOEHHOCTH, SIBIISIFOLIIIECST
OCHOBOM a1 IpaBWIbHOM 1nocraHoBku I'PP
(pazmMepsl W ¢opma CceTH, MecTa HaJCKHBIX
JOKaJIBHBIX  3aMEpPOB,  KOPPEALMA  MEXAY
KOMITOHEHTAaMH, 30HAJILHOCTh, pa3MELICHHE THIIOB

pyn).

it

Puc.2. Pynnbie 3a/1e5kd, OKOHTYPEHHbIE 10 PA3HBIM METOANKAM BhIe/IeHUS KOHIUIIMOHHBIX HHTEPBAJIOB
(cunum yeemom 6vloenensvl pyoHvle UHMEPBAbL U CPAHULYL HO IKCHIYAMAUUOHHBIM YCIYNAM, 3€/IEHbIM —
PYOHble UHMEPBATbL U 2DAHUNBL HO KTdccuuecKou memoouxe) [16]

IIpu BbIOOpe HawmboOJice PACHPOCTPAHECHHOIO
criocoba otbopa mpod, O0po3mO0BOrO, 3TO-hopMa
MONEPEeYHOTO0 €€ CeUeHMs, HMHTEepBaJbl W IIar
omnpoOoOBaHus; TMPU TOUYEYHOM OTOOpE-STUESHKH
ceTku. Pazymeercs, 0T00p MPOBOJMTCS 1O CTEHKaM
BBIPA0OTOK TPOMICHHBIX BKPECT IPOCTHPAHUS
OTHOCHUTEIJILHO o01ero MIPOCTUPAHUS
pydoBMeIaronie  30HBI  (OPTHI,  KBepIIJary,
KaHaBbl, COOTBETCTBYIOIIME CTEHKH mIyp¢os). B
BBIPA0OTKAax, MPOIMICHHBIX II0
poObI 0TOMparoTCs ¢ 3a060€B.

Takum 00pa3oM, BBIIEPKUBAIOTCS TPEeOOBaHUS
no oTOopy HaJe:KHbIX MPod, C IOBEPXHOCTH
MHUHEPAIN30BaHHBIX WJIM DPYyIOHOCHBIX ILIONIAJICH
(TepMUHBI 3aBUCAT OT COOTBETCTBYIOIIMX CTaJHN
I'PP) u Ha rnyOuny. OcHOBOH 3TOro TpedoBaHUS
ABJSIETCS OOIIETIPUHUTOE IIOJIOKEHHUE O TOM, YTO
HauOOJIbIIas M3MEHUYMBOCTD TPOABIAOIIAACA TIPU
pPYAOJIOKAIM3aMM — MO MOIIHOCTH 30HBI (110
MaJICHNI0 ) MUHUMAaJIbHasI JKe-110 ee pocTupanuio. 1
TOJIGKO  TIpH coOoIeHIH
JAHHOTO TpaBuja, aJeKBaTHO K TIE0JIOTMYEeCKUM
0COOCHHOCTSIM o0bekTa c KOHKPETHOH
pyAoJioKann3anyeld oToOpaHHbIe MpoOkl, OyayT He
TOJIBKO HECTH B cebe OIM3KYI0 K WCTHHE HYXHYIO
HaMm nHdopmanuio 1o KaueCTBEHHOM
XapaKTepPUCTUKE MHUHEPAJIbHOIO CHIPbS, HO U

MPOCTHPAHHIO,

HEYKOCHUTCIIbHOM

HPECTABIATh HEKOTOPBI 00bEM PYJI0BMELIAIOIINX
HOPOJI 32 peAiesIaMi KOHKPETHO B34TOH Ipo0OsI [13,
14].

Oro moHATHE HeceT B cebe  TepMUH
NPEACTABUTENBHOCTL MNPOOBI — OCHOBY TMIpH
BKJIIOUCHHE B PYJOHOCHBIH KOHTYP NPOCTPAHCTBO
MEXIy pa3Be0UYHBIMU MPO(MIIMI Ha HOBEPXHOCTH
M Ha riayOuHe (MEeXIy CKBWKHHAMH), Tak
Ha3bIBaCMbIi BHYTPEHHHH KOHTYP MHTEPIIOJSIINN
1 TaKKe MO3BOJISIET OXBATHIBATH YaCTh IUIOMIATN 3a

TOPHBIMH  BbIpa0OTKaMH  BHEIIHHi  KOHTYp
SKCTPANOJISIIMY, HA TIOJOBHUHY PACCTOSHHS MEXIY
HuMud.  Yto  kacaetcs  OypOBBIX  CKBaXKHH,

HE3aBUCHMO OT HX BUJIOB, KEPHOBBIC MIPOOKI CIICAYET
CUUTaTh HAACKHBIMU U peSyJ’IBTaTBI AHAJIN30B II0
HUM (COJepKAHUE MOJIC3HBIX KOMITIOHEHTOB) MOXKHO
OyZeT UCIIOJIb30BaTh MPHU MPOIIECCE OKOHTYPUBAHHUS
MPOMBINIJIEHHOW €€  YacTH  (KOHIUITMOHHOM,
peHrabensHON) (Ha mTpuUMep pHC.2), TOIBKO C
YYETOM HIDKECIICTYIOIUX MPABWIL - BBIXOJ[ KepHA
MakcuMmanbHO Omm3ko k 100 %; 3mech criemyer
OTMCTHUTH, BO MHOTHUX I'€COJIOTUYCCKHUX SKCIICANITUAX,
K COXAJlCHUI0, TPUACPKUBAIOTCS  MPEKHETO
TpeOOBaHUS, a MMEHHO-JI0 CUX IOp aKTUPYIOTCS
pa3BeIoYHBIE CKBKUHBI C BEIXOZOM KepHa 70 % u
BbIIIE!
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HecmoTps Ha cOBpeMEHHOE pa3BUTHE TEXHUKH U
TEXHOJIOTMH IIpolecca OypeHHs U TeM Ooiee
ucnonezoBanue Meroauku CCK, To ecTs momydueHne
KEpPHa KOJIOHKOBBIX CKBWXHH 0€3 MoabeMa
KepHONpUeMHHKa, 50-leTHee  OTHOIIEHHE K
NPOLICHTHOMY BBIXOJAYy KEpHa HaOmojaercss M B
HacTosIee BpeMs. YTIBl «3aXO0J0B» CKBAXHH B
pPYJOBMEIIAONINE MOPOABl  OTHOCUTENBHO  HUX
IpocTUpaHuil (10 MajeHHIo).

Hcxona u3 BBIIICYKa3aHHbBIX 00Imux
TpeOoBaHUl, yroa BXoJa B PYAOHOCHYIO YacTh
CKB&)KUHBI JIOJDKEH ObITh MUHMMYM 70 rpanycoB u
JKEeTaTeNbHO BhIme. Pa3zymeeTcsi, TEOpeTHYECKH
MPaBHIBHBIM Oyner, YYUTBIBas BOIIPOC
NPpeACTABWIBHOCTH KepHOBOIl npodbl, yron 90
rpajycoB, 4TO Ha IPaKTUKE Mpolecca OypeHus He
BCET/Ia BBIMIOJIHUMO. MecTa HCKPUBIICHHS CKBa)KHH
pa3Bego4HOrOo  OypeHHs  cleqyeT  OTMEYaTh
CHeUUaJbHbIM NPUOOPOM, HMHKIMHOMETPOM H
JOKyMEHTHPOBaTh, JIMOO Ha OCHOBE aHAIN30B
KepHa, JaHHas CKBa)KMHA MOJKET OBITh BKJIIOUCHA B
IPOMBIIIICHHBI  KOHTYp.  Takke — IOJDKHOE
BHHMaHHE CJIeJlyeT 00paTuTh Ha MOTEpI0 OYypOBOTO
pacTBOpa, H3-3a HAIMYWS TPEIIMH Ha CTEHKax
CKBa)XMH, [IPU MMOMOIIM IpHOOpa KaBepHOMETpa, TakK
KaK 4acTh MOJIE3HOI0 KOMIIOHEHTa B BBIMBIBAEMOM
[IamMe, MOXeT OBITh O€3BO3BpATHO yTepeHo [3].

B mportuBHOM ciydae, kak Obl NpPaBHIBHO HE
MPOU3BOJWICS OTOOP KEPHOBOM IMpPOOBI-UETBEPTH,
MOJIOBMHA ONpPOOYyeMOro ero HMHTEepBaja WIN IO
COBPEMEHHOW METOJMKE: TI0 MUKpoOopo3se (4 Ha 3
MM), IOTPEIIHOCTH HE H30eXaTh.

PesyabTaTtsl

B zakmroyeHnme, Ha Haml B3MJIAA, CIEXYeT
paccMOTpeTh BOIPOC MOZCYETa 3allacoB MeTajlla B
oobmrensBectHON popmyne Qu = Qp X Cep. 31ech,
TJIaBHBINA 1TOKa3aTellb BBIBOJ CPEAHETO COAEpKaHUs
TMIOJIE3HOTO KOMIOHEHTa (MeTauia) B pyae. MOMeHT
TpebyeT K cebe Cepbe3HOr0 OTHOIICHUS, YUNUTHIBASI
MOCTOSIHHOE MPUCYTCTBHUE, B MPSIMON 3aBUCHMOCTHU
OT TE€HETHYECKOTO THIIAa HMCCIEILyeMOro OOBEeKTa U
OTMEUEHHOW BBIIIE IPUPOJHON I'€OJOTrMYECKON
O0COOEHHOCTH KaXJ0TO OOBEKTa MHHEPAIBHOTO

CBIPDbS — HM3MCHYMBOCTh €r0 KadeCTBEHHBIX
XapaKTePUCTHK.
Wccnenosarenu, 3aHUMAIOIIHECS ITUM

BOIIPOCOM, B YaCTHOCTH B.f1.3umanuna,
M.VY .UcakoB (UIMP), pekoMeHIyIOT HCIIOIL30BATH
METOJIUKY BBIBOJIA cpeIHeB3BEeIIEHHOTO
COep:KaHMsA, C IEJBI0 CBECTH K MHUHHUMOMY
OTPHLIATENIHHOE BO3JIeHCTBUE HecTy4JaitHOH
W3MEHYUBOCTH Ha BONPOC HPeACTABUTEIbHOCTH

poOBl, B3ATON ¢ yyeToM TpeboBanuii HcTpykumit
10 U3YYEHHIO Ka4EeCTBEHHBIX XapaKTEPHCTHK PYHbI
(mporrecc ompoOOBaHUS MECTOPOXKICHHH).

Cremyromuii MOMEHT, Takxke TpeOyromuii k cede
BHUMaHHs H3bICKaTenel — mpouecc 00paboTKu
1po0. 37ech U3HAYAIBHO «3AJI0KEHBD) OCHOBAHUS,
BEAyIIHE K MOTPEIIHOCTH ONpPENCICHUS HANEKHBIX
BECOB OTOOpaHHBIX M OTHPABJICHHBIX B Ap00.1exa
po0 Ha U3MeENbYEHHE U MOCIIEAYIOIIee COKpaIeHNe
Ha4aJbHOTO MX Beca. OJTO0 — KOIPPHUIHUEHT
m3MeHInBoCTH B popmyne Yeworra (ot 0,07 mo 0,8
U TONBbKO!); Max IMaMeTpbl 4acTHIl B Npole XOTs
JIOTHYECKH NpaBUIbHEH OBUIO OBI-CpEIHUIN THAMETp
YaCTHIl; HE BCET/A MPUAEPKUBAIOTCS IIPOBEPOUHOM
(dopMyJIBI UTS ONpe/ieNieHHs] HaleHOTO Beca Mpoo
U KaKk OTMEUCHO BBIIIE, BBIICJICHHE HAaJIC)KHOM,
MIPECTABIAIONICH ONpPEACTICHHBIH OKOJIOMPOOHBIH
00bEM ee HaBECKH, a/JIeKBaTHOW IO COJECP)KaHMIO
KOMITOHEHTOB C Ha4aJIbHBIM BECOM YK€ OTOOpaHHOM
poOkI [4]. Cxoxwue BOIPOCH OyIyT MMETh MECTO H
Ha craauu 4 3a MpeAenaMu 3KCIUTyaTHPYeMOro
MECTOPOXKICHHS, C IeJbl0 MPUPOCTa 3amacoB (3a
HIPOMKOHTYpOM) [5, 6].

3akia04ueHue

Takum o00pa3oMm, Kak OBIJIO OTMEYEHO BBHIIIE,
BeCh  INIPOLIECC  T'EOJIOrO-Pa3BENOYHBIX  PadoT
CBOAMTCS K BBIJCICHUIO (OKOHTYPHBAHUIO) TPAHUIL
ONIPEAEIEHHOT0  00BeMa  MHHEpaTHN30BaHHOU
wionaay (M Ha TIyOuHY, Y4UTBIBasi HCTUHHBIE YTIIbI
TIaJICHNs] Py I0BMEIAoNHX mopox). To ectsb, Toit ee
YacTH, KOTOpas IIpH pPalOHATIBHOW METOIUKE
OoTpabOTKM — W3BJICUEHHUS B MOCIEAYIOLIEM,
HEOOXOIUMOTO JJIsI IOCTYNATEJBHOTO Pa3BUTHUA
SKOHOMHKH TOCYJIapCTBa, LIEHHOTO MHHEPAJILHOTO
chipbsi. [laHHOe oOIee IOHATHE CIIEAyeT, IpH
U3Y4YECHUH CIICHAIbHBIX NPEJIMETOB, DPa3bSICHUTH
KaK OCHOBHYIO I1€JIb MX BOCHPHATHS AUCUMIUINH. B
YaCTHOCTH, OOpaTHUTh BHUMAaHHE Ha HEKOTOpHIE,
BBIILICYKA3aHHbIE, NMOrpemHocTy npouecca ['PP u
CYTh CHELUAIBHBIX TEPMHHOB KaK JOCTOBEPHOCTh
onpoOOBaHMsI M MPENCTABUTEIEHOCTh OTOOPaHHBIX
JUISL  U3YYEHUs] KAYeCTBEHHBIX XapaKTEPHCTHK
MHUHEpPAIBHOTO 00BEKTA.

[Ipn pazngeneHnM  TEOJOTMYECKHX — 3alacoB
MOJIE3HBIX ~ WCKONEMBIX  Ha  OIpEeeJICHHbIC
KaTeropun B KAaueCTBE  JIOTIOJHUTEIBHBIX
KJ1acCU(PUKAITHOHHBIX noKazaTesnen cienyer
HCTIONIb30BaTh KOJMYECTBEHHBIE U BEPOSTHOCTHHIC
OIIGHKM  TOYHOCTH  (OmHMOOK)  ONpeAeTeHUs
OCHOBHBIX PacdeTHBIX IapaMeTpoB M IOKa3aTeien
HaJIe)KHOCTH (OIIMOO0K) reOMeTpH3allK PACUETHBIX
0JIOKOB MECTOPOXKICHHUH.

ON THE CHARACTERISTICS OF GEOLOGICAL EXPLORATION WORK
AFFECTING THE RELIABILITY OF MINERAL DEPOSIT RESERVE ESTIMATION

Zhuraev M.N., Mirkhodjaev B.l., Turaev Sh.B., Zhumanazarov Sh.Sh., Salimov |.M.
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Tashkent State Technical University named after Islam Karimov, Tashkent, Uzbekistan.

ABSTRACT The authors of the article examined some features of the geological exploration

process, which are reduced to the allocation of a certain part of the studied area that
meets economic requirements, i.e., when developing the object, it yields expected
profit. Attention was also drawn to some fundamental aspects that form the basis for
calculating parameters when calculating mineral resource reserves - the average
content of useful and harmful components, i.e., the reliability of the sampling process
and, furthermore, the reliability of the exploration itself, conducted in strict
dependence on the tasks of a specific stage.
The reliability of calculating mineral reserves is ensured by geological justification
(block model, layout scheme, structural and forecast maps, etc.), using methods of
sections, blocks, triangles and polygons. The quality of the data is guaranteed by the
strict classification of MD reserves into categories B, C1+C2, depending on the degree
of geological and economic knowledge.

KEYWORDS Industrial, deposit, method, sample, contour, exploration, delineation, industrial type,
core, exploration set, profile, reserve, economics, mineral, mining.
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SHEPINS TEXKAMKOPAUIN BA ABTOMATAAIITUPNIIL

BIR CHO‘MICHLI KARYER EKSKAVATORINI QIYALIK SHAROITIDA AVTOMATIK
XAVFSIZLIK NAZORAT TIZIMINI ISHLAB CHIQISH

Xamzayev A.A., Usmonov M.Z.

Navoiy davlat konchilik va texnologiyalar universiteti, Navoiy, O ‘zbekiston.

Doi: 10.5281/zenodo.21590939

ANNOTATSIYA

Mazkur magolada EKG-10 turidagi bir cho‘michli karyer ekskavatorining ishchi maydon

giyaligini nazorat gilish asosida avtomatik xavfsizlik blokirovka tizimini ishlab chigish
masalasi ko‘rib chiqilgan. Ekskavatorning qiya yuzalarda ishlashi natijasida yurish
mexanizmlarida notekis yuklanishlar, gusenitsa elementlarida ortigcha zo‘rigishlar
hamda ag‘darilish xavfi yuzaga keladi. Tadqiqotda ikki o°qli inklinometr, xavfsizlik relesi
va magnit kontaktorlar asosida giyalik nazorati tizimi taklif etildi. Tizimda £3° giyalikda
ogohlantirish signali, £5° dan oshganda esa avtomatik blokirovka rejimi joriy etildi.
Taklif etilgan tizim ekskavatorning ekspluatatsion xavfsizligini oshirish, mexanik
elementlardagi ortigcha yuklanishlarni kamaytirish va avariyaviy holatlarning oldini olish
imkonini beradi. Tadgiqot natijalari EKG-10 ekskavatorlarida giyalik nazorati tizimlarini
qo‘llash ishlab chiqarish xavfsizligini sezilarli darajada oshirishini ko rsatdi.

KALIT SO‘ZLAR  Ekskavator, giyalik nazorati, inklinometr, avtomatik blokirovka, xavfsizlik relesi, kon
mashinalari, gusenitsa mexanizmi, ag‘darilish xavfi, ekspluatatsion xavfsizlik,

avtomatlashtirish.

Kirish

Ochig kon ishlarida qo‘llaniladigan bir
cho‘michli karyer ekskavatorlari yugori unumdorligi
va katta hajmdagi tog® jinslarini qazib olish
imkoniyati bilan konchilik sanoatida muhim o‘rin
egallaydi. Jumladan, EKG-10 turidagi elektr
yuritmali karyer ekskavatorlari yirik karyerlarda
keng go‘llanilib, uzluksiz va samarali ish jarayonini
ta’minlaydi. Ushbu ekskavatorlar katta massaga,
murakkab metall konstruksiyaga va baland og‘irlik
markaziga ega bo‘lgani sababli ularning ishlash
sharoitida xavfsizlik masalasi alohida ahamiyat kasb
etadi.

Karyer sharoitida ish maydonlarining notekis
yoki ma’lum darajada giya bo‘lishi ekskavatorning
yurish mexanizmlariga qo‘shimcha yuklanishlar
ta’sir etishiga olib keladi. Natijada gusenitsa
zvenolarida notekis kuchlanishlar hosil bo‘ladi,
platforma turgcunligi pasayadi hamda ag‘darilish
xavfi ortib boradi. Aynigsa, ekskavatorning
cho‘michi to‘liq yuklangan holatda yoki strela
maksimal chiqgarilgan vaziyatda ishlashi xavfli
holatlarni Kkeltirib chigarishi mumkin [1-2].

Amalda EKG-10 ekskavatorlari uchun ishchi
maydon qiyaligi ma’lum me’yorlar doirasida
bo‘lishi talab etiladi. Qiyalikning ruxsat etilgan
giymatdan oshib ketishi yurish mexanizmlari
elementlarining tez yeyilishiga, metall
konstruksiyalarda charchash deformatsiyalarining
yuzaga kelishiga va ekspluatatsion ishonchlilikning
pasayishiga sabab bo‘ladi. Shuning uchun
ekskavatorning ishlash holatini doimiy ravishda
nazorat gilish va xavfli giyalik yuzaga kelganda
avtomatik himoya tizimlarini qo‘llash dolzarb
vazifalardan biri hisoblanadi.

Hozirgi vaqtda sanoatda turli xil xavfsizlik
tizimlari  qo‘llanilayotgan  bo‘lsa-da,  karyer
ekskavatorlarida giyalik nazorati asosida avtomatik
blokirovka tizimlarini joriy etish yetarli darajada
tadqgiq gilinmagan. Aynigsa, EKG-10 ekskavatorlari
uchun ishonchli, sodda va sanoat sharoitiga mos
avtomatik nazorat tizimlarini ishlab chigish muhim
ahamiyatga ega [3].

Mazkur tadgigot ishining magsadi EKG-10
karyer ekskavatori uchun ishchi maydon giyaligini
nazorat giluvchi hamda xavfli  holatlarda
mexanizmlarni avtomatik ravishda bloklovchi
xavfsizlik tizimini ishlab chigishdan iborat.
Tadqiqotda ikki o‘qli inklinometr, xavfsizlik relesi
va magnit kontaktorlar asosida avtomatik blokirovka
tizimi taklif etildi hamda uning ishlash prinsipi tahlil
qgilindi.

Adabiyotlar tahlili

Karyer ekskavatorlarining ekspluatatsion
xavfsizligini oshirish, yurish mexanizmlarida hosil
bo‘ladigan  zo‘rigishlarni  kamaytirish hamda
avariyaviy holatlarning oldini olish masalalari
konchilik mashinasozligi sohasidagi muhim ilmiy
yo‘nalishlardan biri hisoblanadi. Ayniqsa, yirik
quvvatli EKG turidagi ekskavatorlarning og‘ir
ekspluatatsion  sharoitlarda ishlashi  ularning
konstruktiv  elementlarida  yuqori  darajadagi
mexanik yuklanishlar hosil giladi.

Bir qator ilmiy tadgiqotlarda Kkaryer
ekskavatorlarining turg‘unligi va ishonchliligi
masalalari  ko‘rib  chiqilgan. Olib  borilgan
tadgiqotlarda karyer ekskavatorlarining yurish
mexanizmlarida yuklanishlarning notekis
tagsimlanishi  gusenitsa  elementlarining  tez
yeyilishiga olib kelishi ta’kidlangan. Qiya ishchi
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maydonlarda  ekspluatatsiya  qilish metall
konstruksiyalarda charchash  deformatsiyalarini
kuchaytirishini gayd etgan [6].

Ochig kon mashinalarining ishonchliligi va
xavfsizligi tahlil qilinib, ekskavatorning og‘irlik
markazi o°‘zgarishi uning turg‘unligiga bevosita
ta’sir qilishi ko‘rsatilgan. Tadqiqotlarda qiyalik
burchagi ortishi bilan ag‘darilish momenti ham
keskin oshib borishi ilmiy asoslangan [4].

Shuningdek, bir gator tadqgigotlarda
ekskavatorlarning yurish mexanizmlarida hosil
bo‘ladigan  kuchlanishlarni  aniqlash  uchun
SolidWorks Simulation, ANSYS va boshga FEM
(Finite Element Method) dasturlaridan
foydalanilgan. Ushbu ishlar natijalariga ko‘ra,
gusenitsa zvenolari, barmoglar va vtulkalar eng katta
kontakt kuchlanishlari hosil bo‘ladigan elementlar
hisoblanadi.

So‘nggi yillarda sanoat xavfsizligi sohasida
avtomatlashtirilgan nazorat tizimlarini qo‘llashga
katta e’tibor qaratilmoqda. Xususan, inklinometrlar
asosida ishlovchi giyalik nazorati tizimlari qurilish
texnikasi, kranlar va mobil mashinalarda keng
go‘llanilmoqgda. ISO 13849 va IEC 61508 xalqaro
standartlarida  xavfsizlikka  oid  boshgaruv
tizimlarining ishonchliligi va fail-safe prinsiplari
belgilangan [8].

Birog mavjud tadgiqgotlarning tahlili shuni
ko‘rsatadiki, EKG-10 turidagi karyer
ekskavatorlarida giyalik nazorati asosida avtomatik
blokirovka tizimlarini joriy gilish masalasi yetarli
darajada o‘rganilmagan. Aksariyat ishlar mexanik
hisoblashlar yoki umumiy xavfsizlik masalalari
bilan cheklangan bo‘lib, real vaqt rejimida qiyalikni
nazorat qilish va xavfli holatlarda avtomatik
blokirovka qilish algoritmlari to‘liq tadqiq
etilmagan.

Shu munosabat bilan mazkur tadgigotda
EKG-10 ekskavatori uchun inklinometr asosida
ishlovchi avtomatik giyalik nazorati va xavfsizlik
blokirovka tizimini ishlab chiqish masalasi ko‘rib
chiqgildi.

Materiallar va metodlar.

Tadgiqot obyekti sifatida ochiq kon ishlarida
keng qo‘llaniladigan EKG-10 turidagi bir cho‘michli
elektr karyer ekskavatori tanlandi. Ushbu ekskavator
yuqori ish unumdorligi, katta yuk ko‘tarish
gobiliyati va murakkab ekspluatatsion sharoitlarda
ishlashi bilan tavsiflanadi. Ekskavatorning asosiy

texnik parametrlari 1-jadvalda keltirilgan.
1-jadval
EKG-10 ekskavatorining asosiy texnik
parametrlari

Parametr Qiymati
Ekskavator massasi 410t
Cho‘mich hajmi 10 m?
Yurish mexanizmi Gusenetsali
Yurish tezligi 0.7 km/soat
Elektr yuritma quvvati 2x90 kVt
Maksimal gazish radiusi 14.5m

Tadgiqgot jarayonida ekskavatorning ishchi
maydon qiyaligi ta’sirida yuzaga keladigan mexanik
yuklanishlar va xavfli holatlar tahlil gilindi. Qiyalik
burchagining ortishi natijasida yurish

mexanizmlarida hosil bo‘ladigan  qo‘shimcha
kuchlar aniglandi hamda ularning ekskavator
turg‘unligiga ta’siri baholandi (1-rasm).

1-rasm. Ekskavator ish joyining burchak ostida
joylashuvida muvozanat holatining o‘zgarish
sxemasi

Qiyalikda  ekskavatorga  ta’sir  qiluvchi
go‘shimcha kuch quyidagi (1) ifoda orqali aniglandi:
F=G-sina (D)

F - qiyalik ta’sirida hosil bo‘ladigan qo‘shimcha
kuch, N;

G - ekskavator og‘irligi, N;

a - ishchi maydon giyaligi burchagi.

EKG-10 ekskavatori uchun umumiy og‘irlik
quyidagicha hisoblandi:

G = 410000-9.81 = 4.02-10° N

Qiyalik burchagi 3° - 5° qiyalikda hosil

bo‘ladigan qo‘shimcha kuchlar quyidagicha bo‘ladi:
F; =4.02-10°-sin3% = 210 kN
Fs = 4.02-10° - sin5° = 350 kN

Olingan natijalar shuni ko‘rsatadiki, qiyalik
ortishi bilan yurish mexanizmlarida sezilarli
darajada qo‘shimcha yuklanishlar hosil bo‘lishini
ko‘rsatdi.

Tadgiqotda ekskavatorning ishchi  maydon
qiyaligini avtomatik nazorat qilish uchun ikki o‘qli
inklinometr asosida ishlovchi xavfsizlik tizimi taklif
etildi. Tizim quyidagi asosiy elementlardan tashkil
topdi:

- ikki o‘qli inklinometr;

- xavfsizlik relesi;

- magnit kontaktorlar;

- signal lampalari;

- ovozli signalizatsiya;

- qayta ishga tushirish tugmasi.

Inklinometr ekskavator platformasining old-orga
va chap-o°‘ng giyalik burchaklarini real vaqt rejimida
o‘lchaydi. Sensordan kelgan signal xavfsizlik
relesiga uzatiladi. Qiyalik belgilangan chegaradan
oshganda rele kontaktlari orgali yurish mexanizmi
va ayrim ishchi mexanizmlar avtomatik bloklanadi.

Taklif etilgan tizim uchta asosiy ish rejimida
ishlaydi:
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1. Normal ish rejimi quyidagi (2) ifoadadi

shartga mos bo‘lishi kerak.
la| < 3° )

Ekskavator barcha mexanizmlari odatiy rejimda
ishlaydi.

2. Ogohlantirish rejimi (3) ifodagi shart bo‘yicha
bo‘lishi kerak.

< |a| £5° (3)

Sariq signal lampasi va ovozli signalizatsiya
ishga tushadi.

3. Avariyaviy blokirovka rejimi esa (4) ifodadagi
shartga mos bo‘lishi kerak.

la| > 5° (4)

Quyidagi mexanizmlar avtomatik bloklanadi:

- yurish mexanizmi;
- platforma aylanishi;
- strela ko‘tarilishi;

- cho‘mich harakati.

Tizim fail-safe prinsipi asosida ishlaydi, ya’ni
sensor yoki elektr ta’minotida nosozlik yuzaga
kelganda mexanizmlar xavfsiz holatga o‘tadi.

Natijalar va natijalar muhokamasi

Tadgiqgot natijalariga ~ ko‘ra, EKG-10
ekskavatorining ishchi maydon giyaligi ortishi bilan
yurish mexanizmi, gusenitsa zanjiri va aylanuvchi
platformaga ta’sir etuvchi qo‘shimcha yuklanishlar
sezilarli darajada oshishi aniglandi. Aynigsa, giyalik
burchagi 5° dan yuqori bo‘lganda ekskavatorning
turg‘unligi pasayib, yurish mexanizmlarida notekis
kuchlanishlar hosil bo‘ladi.

Hisoblash natijalari shuni ko‘rsatdiki, EKG-10
ekskavatorining umumiy og‘irligi taxminan 4,02
MN ni tashkil etadi. Ishchi maydon qiyaligi 5°
bo‘lganda qiyalik yo‘nalishida hosil bo‘ladigan
go‘shimcha kuch taxminan 350 kN ga teng bo‘ladi.
Bu kuch gusenitsa zvenolari, barmoglar, vtulkalar va
tayanch roliklariga qo‘shimcha ta’sir ko‘rsatib,
ularning yeyilishini tezlashtiradi. Quyidagi 2-rasmda
ekskavator platformasiga ikki o‘qli inklinometrni
ganday va qayerga o‘rnatilish joyi ko‘rsatilgan.

2.2-0°QLI INKLINOMETR
(UROVENOMER)

+X (Old / Orqa)

O'matish joyi:
Platforma ustidagi maxsus

+Y (Chap / O'ng) |

wx

Y
(gorizontalga yaqin joyda) e\ )

2-rasm. Ekskavator platformasiga ikki o‘qli
inklinometrni o‘rnatish joyi sxemasi

Taklif etilgan avtomatik giyalik nazorati tizimi
uchun uch bosgichli ishlash algoritmi ishlab chiqildi.
Qiyalik burchagi 0-3° oralig’ida bo‘lganda
ekskavator normal ish rejimida faoliyat yuritadi.

Qiyalik 3° dan 5° gacha oshganda operatorga
yorug‘lik va ovozli signal orqali ogohlantirish
beriladi. Qiyalik 5° dan oshganda esa xavfsizlik
relesi orgali yurish mexanizmi va asosiy ishchi
mexanizmlar avtomatik ravishda bloklanadi.
2-jadval
Qiyalik burchagiga bog‘liq holda tizimning
ishlash natijalari

Qiyalik Tizim holati Bajariladigan
burchagi amal
0-3° Normal ish Ekskavator
rejimi mexanizmlari
odatiy ishlaydi
3-5° Ogohlantirish | Signal lampasi va
rejimi sirena ishga
tushadi
>5° Avariyaviy Yurish va ayrim
blokirovka ishchi
mexanizmlar
bloklanadi
Tizimning funksional sxemasi tahlili shuni
ko‘rsatdiki, ikki o‘qli inklinometr ekskavator

platformasining old-orga va chap-o‘ng qiyalik
burchaklarini real vaqt rejimida aniglash imkonini
beradi. Bu esa faqat bir yo‘nalishdagi emas, balki
umumiy fazoviy giyalik holatini baholashga sharoit
yaratadi.

Natijada quyidagi texnik samaralarga erishish
mumkinligi aniglandi:

- ekskavatorning xavfli giyalikda ishlashining

oldi olinadi;

- yurish mexanizmlarida notekis yuklanishlar

kamayadi;

- gusenitsa elementlarining xizmat muddati

oshadi;

- ag‘darilish xavfi pasayadi;

- operator xavfsizligi ta’minlanadi;

- avariyaviy to‘xtash holatlarining oldi olinadi.

Shuningdek,  tizimda  fail-safe  prinsipi
go‘llanilgani sababli sensor yoki elektr zanjirida
nosozlik yuzaga kelganda mexanizmlar xavfsiz
holatga o‘tadi. Bu esa avtomatik blokirovka
tizimining ishonchliligini oshiradi.

Umuman olganda, olingan natijalar EKG-10
ekskavatorida giyalik nazoratiga asoslangan
avtomatik xavfsizlik blokirovka tizimini joriy etish
ekspluatatsion xavfsizlikni oshirish va mexanik
elementlardagi ortigcha yuklanishlarni
kamaytirishda samarali yechim ekanligini ko‘rsatdi.

Olib borilgan tadgiqot natijalari EKG-10
ekskavatorining ishchi maydon qiyaligi uning
ekspluatatsion xavfsizligi va yurish mexanizmlari
ishonchliligiga bevosita ta’sir qilishini ko‘rsatdi.
Qiyalik  burchagi ortishi  bilan  ekskavator
massasining ma’lum qismi qiyalik bo‘ylab
yo‘nalgan qo‘shimcha kuch hosil qilishi aniglandi.
Bu esa gusenitsa mexanizmlarida yuklanishlarning
notekis tagsimlanishiga sabab bo‘ladi.

Hisoblash natijalariga ko‘ra, 5° qiyalikda
ekskavatorga ta’sir qiluvchi qo‘shimcha kuch
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taxminan 350 kN ni tashkil qildi va 3° qiyalikda esa
210 kN kuch ta’sir qilishi aniglandi. Bundan ko‘rinib
turibdiki qiyalik ortishi bilan hosil bo‘lgan
go‘shimcha yuklanish aynigsa, gusenitsa zvenolari,

venetsli shesternyalar va vtulkalar, tayanch roliklar,
yurish ramasi elementlarida yuqori kuchlanishlar
hosil qilishi mumkin ekanligini ko‘rsatdi.

Tizimning ishlash prinsipi blok-sxemasi BLOKLANADIGAN FUNKSIYALAR
s . B o @ P Yurish mexanizmi
Inklinometr | Xavfsizlik relygyi Kontaktorlar bloki lijrochi mexanizmlar [— (Chap / O'ng)
(2 o'qli) (Safety Relay) (Magnit kontaktorlar) (bloklanadigan funksiyalar)
Xo'gi | PNOZ X3P > ilishi
> Platforma burilishi
‘ (PIL2) B B (360°)
> ,_.> Cho'mich ko'tarish
) Cho'mich ochish
¥ " Strela ko‘tarish
OGOHLANTIRISH SIGNALAR
* Faqat cho‘michni TUSHIRISH va BO'SHATISH
funktsiyasi farqfochi holatda ruxsat etiladi.
Qizil chiroq Sariq chiroq Sirena
(AVARIYA) (OGOHL.) (ovozli signal)
3-rasm. Ekskavator qiyalik nazorati va avtomatik blokirovka tizimi ko‘rinishi
+24VDC @
ovDC I
INKLINOMETR Al S11 $12 521522 13 23 33 l KM1 1 KM2 KM5
(2 o'qli) Yurish L Yurish R \u :tmla ;
0'taris!
1 2y | POWER - - —
N * g SAFETY RELAY s
3 OUT X (old-orga) CH.2 PNOZ X3P
4 OUTY (chap-o'ng) @ FAULT =
5 COMOK : . 8
6 GND | Barcha kontaktorlar xavfsizlik
= A2 14 24 34 ‘ releysi orqali boshqariladi.
| Rele quvvatsiz qolsa - barcha
! | funktsiyalar bloklanadi (fail-safe).
Y1 v2 b 3 &
«a’ u
Qizil chiroq Sariq chiroq Sirena
(AVARIYA) (OGOHLANTIRISH)

4-rasm. Qiyalik nazorati va avtomatik blokirovkalash tizimi elektr ta’minoti sxemasi

3-rasmda giyalikni nazorat qilish va avtomatik
tarzda blokirovka qilish tizimining ko‘rinishi
tasvirlangan.

Tahlillar shuni ko‘rsatdiki, qiyalik burchagi
ortishi bilan yurish mexanizmining bir tomonida
kontakt bosimi ortib, ikkinchi tomonida kamayib
boradi. Natijada ekskavatorning turg‘unligi pasayadi
hamda ag‘darilish xavfi yuzaga keladi. Ayniqsa,
strela maksimal chiqarilgan yoki cho‘mich to‘liq
yuklangan holatlarda og‘irlik markazining siljishi
xavfli holatni yanada kuchaytiradi.

Taklif etilgan avtomatik giyalik nazorati tizimi
tahlili shuni ko‘rsatdiki, ikki o‘qli inklinometr orqali
platformaning real vaqt rejimidagi holatini yuqori
aniglikda nazorat gilish mumkin. 4-rasmda qiyalik
nazorati va avtomatik blokirovkalash tizimi elektr

ta’minoti sxemasi keltirilgan bo‘lib, tizimda +3°
giyalikda ogohlantirish rejimi joriy gilinishi
operatorga xavfli holat yuzaga kelayotgani hagida
oldindan ma’lumot berish imkonini yaratadi. Bu esa
profilaktik choralar ko‘rish imkonini oshiradi.

Quyidagi 5- va 6- rasmlarda ekskavator ish
unumdorligini qgiyalik burchagiga bog‘liq ravishda
va vaqt bo‘yicha o‘zgarishi (6 oylik ekspluatatsiya
misolida) ko‘rsatilgan. 5- va 6- rasmlardagi
grafiklardan shuni ko‘rish mumkinki, avtomatik
qiyalik nazoratini o‘rnatish natijasida ekskavator ish
unumdorligini 15-60% gacha yuqori darajada saqlab
golinadi.
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5-rasm. Ekskavator ish unumdorligini giyalik
burchagiga bog‘liqlik grafigi.
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6-rasm. Ekskavator ish unumdorligini vaqt
bo‘yicha o‘zgarish grafigi.

Qiyalik burchagi £5° dan oshganda avtomatik
blokirovka rejimi ishga tushishi esa avariyaviy
holatlarning oldini olishda muhim ahamiyatga ega
ekanligi aniglandi. Tizim orqgali yurish mexanizmi,
aylanish platformasi va ayrim ishchi mexanizmlarni
avtomatik to‘xtatish ekskavatorning xavfli holatda
ishlashini cheklaydi.

Tahlil natijalari shuni ko‘rsatdiki, taklif etilgan
tizim quyidagi ustunliklarga ega:

- konstruksiyaning nisbatan soddaligi;

- sanoat sharoitida ishonchli ishlashi;

- ekspluatatsiya xarajatlarining kamligi;

- operator xavfsizligini oshirishi;

- mexanizmlar xizmat muddatini uzaytirishi.

Shu bilan birga, tizimda fail-safe prinsipining
qo‘llanilishi uning ishonchliligini yana-da oshiradi.
Ya’ni sensor yoki elektr ta’minotida nosozlik yuzaga
kelganda mexanizmlar avtomatik ravishda xavfsiz
holatga o‘tadi.

Quyidagi 7- va 8- rasmlarda ekskavator asosiy
gismlarining xizmat muddatining vaqt bo‘yicha
o‘zgarish diagrammasi va jami xizmat ko‘rsatish
xarajatlarining vaqt bo‘yicha o‘zgarish grafigi

ko‘rsatilgan.
30000
. 24000 B W
@ 25000 +60% 7% 20000
9 0 / 00 } J +67% A
-.ﬂ-;‘ 15000 / 14000 /A 16000
% 15000 11000 12000
3
£ 10000
& 5000
5
X Gusenitsa zvenolari Tayanch roliklar Yurish reduktorlari Strela va kanatlar Platforma aylanis
podshipniklari

W Tizim bilan (avtomatik nazorat) W Tizimsiz (qo'lda nazorat)

7-rasm. Ekskavator asosiy gismlarining xizmat
muddatining vaqt bo‘yicha o‘zgarish
diagrammasi

1400 1200
1200
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Xarajat, min so'm
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~8~ Tizim bilan (avtomatik nazorat) -8~ Tizimsiz (qo'lda nazorat)
8-rasm. jami xizmat ko‘rsatish xarajatlarining

vaqt bo‘yicha o‘zgarish grafigi

7- rasmdagi diagrammadan ko‘rinib turibdiki,
avtomatik qiyalik nazoratini o‘rnatish natijasida
ekskavator aosiy gismlarining xizmat muddati 56-
67% gacha oshganini ko‘rsatmoqda.

8-rasmda keltirilgan garfikdan shuni ko‘rish
mumkin, ya’ni 6 oylik ekspluatatsiya natijalariga
asosan jami xizmat ko‘rsatish xarajatlari 43% ga
kamayishiga erishildi.

Umuman olganda, tadgigot natijalari EKG-10
ekskavatorlarida giyalik nazorati asosida avtomatik
xavfsizlik blokirovka tizimini joriy qilish ishlab
chigarish xavfsizligini oshirish, avariya holatlarini
kamaytirish va yurish mexanizmlari elementlarining
resursini  uzaytirishda samarali texnik yechim
ekanligini ko‘rsatdi.

Xulosa va takliflar

Olib borilgan tadgiqot natijalari asosida EKG-10
turidagi karyer ekskavatorlarida ishchi maydon
giyaligini nazorat gilish ekspluatatsion xavfsizlikni
ta’minlashda muhim ahamiyatga ega ekanligi
aniglandi. Qiyalik burchagining ortishi yurish
mexanizmlarida notekis yuklanishlar hosil gilishi,
gusenitsa elementlarida ortigcha kuchlanishlarni
keltirib chiqgarishi hamda ekskavator turg‘unligini
pasaytirishi tadqiqot davomida o°z isbotini topdi.

Hisoblash  natijalariga  ko‘ra, = EKG-10
ekskavatori 5° qiyalikda ishlaganda yurish
mexanizmiga taxminan 350 kN qo‘shimcha kuch
ta’sir qilishi aniglandi. Bu holat gusenitsa zvenolari,
tayanch roliklar va metall konstruksiyalarda tez
yeyilish hamda charchash deformatsiyalarining
yuzaga kelish ehtimolini oshiradi.

Tadqiqot jarayonida ikki o‘qli inklinometr,
xavfsizlik relesi va magnit kontaktorlar asosida
avtomatik giyalik nazorati tizimi ishlab chiqildi.
Taklif etilgan tizimda, £3° qiyalikda ogohlantirish
rejimi va £5° qiyalikda avtomatik blokirovka rejimi
joriy etildi.

Ishlab chigilgan tizim:

ekskavatorning  xavfli
cheklaydi;

ag‘darilish xavfini kamaytiradi;

yurish mexanizmlari resursini oshiradi;

- operator xavfsizligini ta’minlaydji;

aylanish platformasi tez yeyilishini oldini oladi;

- avariyaviy holatlarning oldini oladi.

Tadgiqot natijalari asosida quyidagi takliflar

berildi:

giyalikda ishlashini
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1. EKG turidagi karyer ekskavatorlarida giyalik
nazorati tizimlarini majburiy joriy etish magsadga
muvofig.

2. Ishchi maydon qiyaligi 3° dan oshmasligini
ta’minlash uchun karyer maydonlarini muntazam
geodezik nazorat gilish tavsiya etiladi.

3. Ekskavatorlarda ikki o‘qli inklinometr asosida
ishlovchi avtomatik blokirovka tizimlarini qo‘llash

4. Tizimni PLC va SCADA texnologiyalari bilan
integratsiya gilish orgali masofaviy monitoring va
diagnostika imkoniyatlarini yaratish mumkin.

Umuman olganda, taklif etilgan avtomatik
giyalik nazorati va xavfsizlik blokirovka tizimi
EKG-10 ekskavatorlarining ishonchli va xavfsiz
ekspluatatsiyasini ta’minlashda samarali texnik
yechim hisoblanadi.

ekspluatatsion xavfsizlikni oshiradi.

DEVELOPMENT OF AN AUTOMATIC SAFETY CONTROL SYSTEM FOR A SINGLE-
BUCKET QUARRY EXCAVATOR ON A SLOPE

Xamzayev A.A., Usmonov M.Z.

Navoi State Mining and Technological University, Navoi, Uzbekistan
ABSTRACT This article examines the development of an automatic safety locking system for the EKG-
10 type single-bucket quarry excavator based on monitoring the slope of the working area.
As a result of the excavator operating on inclined surfaces, uneven loads on the running
mechanisms, excessive strain on the crawler elements, and a risk of overturning occur.
The study proposed a slope control system based on a two-axis inclinometer, a safety relay,
and magnetic contactors. A warning signal was implemented in the system at an
inclination of £3°, and an automatic blocking mode was implemented when exceeding
+5°. The proposed system allows for increasing the operational safety of the excavator,
reducing overload on mechanical elements, and preventing emergency situations. The
research results showed that the use of slope control systems on EKG-10 excavators
significantly increases production safety.
KEYWORDS Excavator, slope control, inclinometer, automatic blocking, safety relay, mining machines,
crawler mechanism, overturning hazard, operational safety, automation.

PA3PABOTKA ABTOMATHYECKOMN CUCTEMBI KOHTPOJISI BE3OITIACHOCTH
OJHOKOBIIOBOI'O KAPBEPHOI'O 9KCKABATOPA ITPU PABOTE HA YK/IOHAX

Xam3aeB A.A., Ycmonos M.3.
Hasouticxuii 2ocydapcmeeniviii 20pHO-MEXHOA0SUNECKULL YHUGEpCUMem

AHHOTALIMSI B nanHOW cTaThe paccMaTpHBaeTCs BONPOC Pa3pabOTKU CHUCTEMbI aBTOMAaTHYECKOH
OJIOKMPOBKH 0E30MAaCHOCTH OJTHOKOBIIIOBOTO KaphepHOTO 3Kckaparopa tuma DKI-10 Ha
OCHOBE KOHTpOJIS YKIOHa pabouero mois. B pesynasrate paboThl 3KCKaBaTopa Ha
HAKJIOHHBIX TIOBEPXHOCTSX BO3HUKAIOT HEPAaBHOMEPHBIE HArpy3KH Ha XOJOBBIE
MEeXaHU3MBI, H30BITOYHBIC HATPy3KH Ha 3JIEMEHTHI TYCEHHUIIBI U PUCK ONPOKHUIBIBaHUSA. B
HCCIICIOBAaHUH OBLIa TMpEIo’KeHa CHCTeMa KOHTPOJIS YKJIOHa Ha OCHOBE IBYXOCHOTO
MHKIMHOMETpa, pene 0e30IMacHOCTH M MarHUTHBIX KOHTaKTOpPOB. B cmcteme BBemeH
PSKUM TpEAyNpexIeHus NpH YKIOHE +3° W aBTOMAaTH4YeCKOW OJOKMPOBKH NpH
npebinieHnd +5°. [peanoxkeHHass CHUCTeMa IO3BOJISET MOBBICUTH JIKCIUTyaTatSioHHYIO
0€3011acHOCTh IKCKaBaTOPa, CHU3UTD N30BITOUHYIO HArpy3Ky Ha MEXaHHUECKHE JIEMEHThI
U TPEIOTBPAaTHTh aBapHilHbIe cUTyalSin. Pe3ynbTaThl HCClENOBaHWI MOKA3alH, 4YTO
INPUMEHEHHE CUCTEM KOHTpPOJIL OTKOCOB Ha 5KkckaBaTopax OKI'-10 3HauuTensHO
MIOBBIIIAET OE301aCHOCTH IPON3BO/ICTBA.

KJIIOYEBBIE
CJIOBA

DKCKaBaTop, KOHTPONb YKIIOHA, MHKJIMHOMETD, ABTOMATHYECKas OJOKMPOBKA, pEIE
6e30naCHOCTI/I, TOPHBIC MAIIWHBI, FyCCHPI‘IHBIﬁ MECXaHU3M, OIMMaCHOCTH ONPOKUABIBAHUA,
9KCIUTyaTatSionHast 6€30macHOCTh, aBTOMATH3atsis.
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AHHOTALIMS B naunnoi

CTaThbeC

IIpUBEJICHA

uHbOpMAIIMA O BO3MOXHOCTH MOJCpHU3ALSiu

9JIEKTPONPUBOAA JIBYXBAJIBHBIX CMECUTENEH MyTEM TNPUMEHEHUS JBYXCKOPOCTHBIX
ACHHXPOHHBIX JIBUTaTeJCH C IMOJIOCOMEPEKIOYacMbIMU 0OMOTKamMu. [IpoBeféH aHan3
CYIIECTBYIOMNX KOHCTPYKIMA ¥ pPEXKHMOB padOTHl [BYXBAIBHBIX CMECHTEICH U
MIpeUTo’KeHa HOBas IMKIIOTpaMMa TEXHOJIOTHUECKOTO Tporecca pabotsl. Mcmons3oBanue
BTOPOI CKOPOCTH TSI 0OJIETdeHHsI MpoIiecca IMycKa | MOIYYCHUS TIPOOBI CMECH TIO3BOJISICT
YOPOCTUTh TEXHOJOTHIECKUAH MPOLECC W IOCTHYh SKOHOMHUHU 3JICKTPOIHEPTHH, BpeMs
MIPOJOJDKCHAS IUKJIA YMEHBIACTCS Ha 7 MUHYT. DKOHOMHUS AIICKTPOIHEPTHH 32 OJUH TOJ
cocrapisier 2773,51 kBr'yac, ynenbHbI pacxoJ B3HEPIUM HAa €IWHULY OPOAYKIHMH

ymeHsbIaercs Ha 20 %.

KJIIOYEBBIE
CJIOBA

JBYXBAJIBHBI CMECHTENb, IOIIOCOIEpEKIouaeMas OOMOTKa, IHMKJIOTpaMMa paboThI
CMECHTeNs, YKOHOMHS 3JIEKTPOIHEPTHH, 00bEM M3rOTOBJICHHUS CMECH, yIEIbHBIN pacxosn

3JIEKTPOIHEPTUU HA €AMHUIYY NPOAYKIUH.

BBEJIEHUE

MopepHu3atsiss  IBYXBaJbHBIX cMecHuTenei
ABISIETCS ~ aKTyaJbHOM 3ajadelf, Tak Kak 3To
HEoOXOANMO JUIsl TTOBBIMICHUS! OJHOPOIHOCTH CMECH,
COKpaIIeHUs BpEMEHU 3ameca, CHIDKEHUS
SHEPronoTpedIeHNS, YITyUILIeHUs KavyecTBa
KOHEYHOTO TMPOJAYKTa W amantalSii K CIOKHBIM
MaTepHuajaMm.

VYcoBeplieHCTBOBaHHE  JIBYXBAJbHBIX  CMECH-
TeNeil CBSI3aHO C TOBBINICHUEM WHTEHCHBHOCTH H
Ka4yecTBa CMEIIMBAHUS, CHWKEHHEM YHEepro3arpar 3a
cyeT onTHMH3ALSiu pabovnMX OpPraHoB, BHEIAPCHHS
TPEXMEPHOTO HPUHIUIA nepeMeIInBaHus
(pammanbHOE W OCEBOE), 4YTO COKpAIIaeT BpeMs
nporecca v yIay4dliaeT 0JHOPOHOCTb IPOIYKTa.

OCHOBHBIMH ~ HaIlpaBJIEHUSIMH  COBEPILICHCT-
BOBaHHs  JIByXBaJIbHBIX  CMECHUTEJCU  SIBISIFOTCS
yIIydlIeHHe  KOHCTPYKI[MM  pabo4YMX  OpraHoB,
BHEJ[PEHHE KOHIEMIMHA TPEXMEPHOTO CMELIMBaHMS,
MOBBIMIEHNE  3HEProd((EeKTUBHOCTH, IMPOU3BOAN-
TENILHOCTH ¥ KauecTBa [1-4].

[MoBeimenne 3Hepro3(h(HeKTHBHOCTH BKIIIOYACT B
ce0s CHI)KEHHME TIOTpeOJIEeHMS  DHEpruu, IJie
Omaromapst Oonee 3(h(EeKTHUBHOMY IIepEeMEIIHBAHUIO
JIOCTHTAeTCd TOT JK€ pe3yibTal NpPH MEHBIINX
3aTparax SHEPIruH, a TaKXKe ONTHMHU3AlSiio mpHBOIa
MyTéM COBEPIIEHCTBOBAHHS NPHUBOJIOB PabOUMX
OpraHoB JIsl CHUKEHUS oTeph U nobiieHus KITJI.

JIByXCKOpPOCTHBIC aCHHXPOHHBIE ABUTATEIH MOTYT
ObITh NPUMEHEHbl HAa MPUBOJC JIByXBaJIbHBIX
CMECHTeIIeH C IeNIbI0 00ecTieyeH s Pa3HBIX PEKIMOB
paboTBI: HH3KYIO CKOPOCTh JJsI WHTCHCHBHOTO
NepeMeIINBaHus MM 3aIyCcKa C OJHBIM OyHKEpOM U
BBICOKYI0O — st Oojee JIerKMx cmeceil wim
YCKOpEHHUS mporecca, UCTONb3Y
noiroconepekrodaemele  oomotkm  (IIIIO)  mns
CO3JaHusl JIByX (HUKCHUPOBAHHBIX CKOpocTeil 0e3
YacTOTHBIX  IpeoOpa3oBareneii, 4dro ympomaer
yOpaBI€HHE W  TOBBINIAET  HAAEKHOCTh  JUIA
cnenu(UYHBIX 334ad, TPeOYIOMHUX TUCKPETHOTO
W3MEHEHHS pEXKHMOB. ACHHXPOHHBIE JIBUTATENH
OTJINYAOTCA MIPOCTOTON KOHCTPYKLIUH u
YCTOWYHMBOCTBIO K TEPErpy3KaM, 4TO OYEHb Ba)KHO
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Juist paboTHI C BSI3KUMM COCTaBaMH B JIBYXBaJIbHBIX
KaMepax. OAEeKTPONPUBOABI Ha OCHOBE
JIByXCKOPOCTHBIX MOJIIOCONEPEKITIOYaeMBIX
JBUTaTeNell SBISAIOTCS HEJOPOTUMM U IMPOCTHIMH B
0o0CIy)KMBaHMHM 10 CPaBHEHHIO C  YacTOTHO-
perynupyembsiMu npusogamu (YPIT).

Bo Bcem Mupe BegyTCS HayIHBIE HCCIIE0BaHMS IO
CO3JJaHUIO PETYIUPYEMBIX 3JIEKTPONPHUBOOB,
obecreunBaromux TpeOyeMble  HapamMeTpsl IO
YCOBEPIICHCTBOBAHHIO u aBromaTn3atsin
CYIIECTBYIOIIMX  JJICKTPOIPUBOIAOB  C  LEIBIO
SKOHOMUHM 3HEPTUH U pecypcoB. B aToMm HanpasneHun
OJTHOI U3 NPUOPUTETHBIX 3aay sSBIsIeTCs pa3paboTka
peryIupyeMbIx 31EeKTPONPUBOIOB Ha 6aze
MHOT'OCKOPOCTHBIX JIBUTATENIell C  YIJIy4IIeHHBIMU
SHEepreTU4ecKUMU NokaszarensaMu. I1pu aTom ogHOI U3
aKTyaJIbHbIX 3a/1a4 SIBJISIETCS pa3padoTKa HOBBIX CXeM
TITIO ¢ BBICOKMMH 3J€KTPOMAarHUTHBIMHM CBOMCTBAMHU
M TPOCTOH  TEXHOJOTMEH  W3TOTOBIECHUS Ui
HCTIONIb30BaHMS B MHOTOCKOPOCTHBIX JIBUTATEIISX.

METO/J bl 1 METOJOJIOT U
HN3yuyenune pe:xuMoB padoThl IBYXBAJBHBIX
cMecHTeIeit

CMmecutens MpeqHa3HAa4YeH I pa3MUHAHUA U
NepeMeIIuBaHNs C OAHOBPEMEHHBIM IIOJJOTPEBOM HITH
OXJIKAEGHHEM MacToo0pa3HbIX Macc, Kies, 3aMa3ok,
MSATKHX IUTACTHYECKHX Macc, BEIIECTB U MPOIYKTOB C
MOBBIMIEHHOHN BS3KOCTBIO M MHOTHMX JPYTHX BEIECTB

(puc. 1).

Pabouas TIOBEPXHOCTh BBINTOJTHEHA u3
HEprKaBeIOLeH CTallk, YTO MO3BOJISIET HCIONb30BaTh
CMecHTeNb B NHIIEBOHW W  (apMaleBTHIECKON
MPOMBIIIICHHOCTH.

Marepuan kamepbl U Jomacted — U3

KOPPO3HOHHOCTOMKOH CTanlu, poTop uMeeT dopmy Z,
pabounii 00beM kamepsl cocTapisieT 400 TUTPOB.

- (/"
Puc. 1. O01mii B 1ByXBaJILHOTO CMeECUTEJIs

XapakTepHO OCOOEHHOCTBIO PabOTHI  TaKUX
CMECHUTENIeH SBISIIOTCA CIOXKHBIE YCIIOBMS 3allycKa
anektponpuBosa. Ilpu sToM uHepuus cmecurens U
OoJIbIIME MOMEHTBHI CONPOTHUBIICHHS TIPH IyCKe
OIPENENAIOTCS B 3aBUCIMOCTH OT YCIIOBHS 3arpy3KH.
Kak mpaBmimo, mpu CyIIECTBYIOUIMX peJIeHHO-
KOHTaKTOPHBIX cxemax YTIpaBICHUS
3JIEKTPOIIPUBOJAMH IIyCK CMECHUTEIS OCYILECTBIAETCS

MyTeM MHOTOKPATHOTO 3amycka (OTKJIFOUYCHUS)
ACHHXPOHHOTO JBHUTraTeNs U BpalleHUs ero 6apabaHa
4yepe3 peBepc. DTO MPUBOJUT K YCKOPECHHOMY M3HOCY
MEXaHUYCCKUX TPAHCMUCCHUI M CaMOTO JBHTaTes, a
TaKXKe YMCHBIIICHUIO €T0 PECYPCOB.

Kpome Toro, BpaieHue Z-oOpa3HbIX JomacTei
00BIYHO HAONIOJAETCs TPH HAarpys3ke Ha pPEeayKTop,
BXOJISIIIUI B COCTaB 3JCKTPOIIPHBOA, a TAKXKE Ha BaJl
W Ha TMOJIINITHUKH JJIEKTPOIBHUTaTeNsl. TexXHUUeCKne
maHeele  cMmecutenss Tuma 3J1 ¢ Z-o0pasHBEIMH
JIOTIACTSIMU TIPUBE/ICHHI B Ta0M. 1.

OTO MPHUBOJAMT K H3HOCY 3yObEB NIECTEPEH U
OBICTPOMY BBIXOIY M3 CTPOS Bajia U MOMANIHITHAKOB
anekTpoaBurarens. Ilo wumeromieiicss uHdopmatsiu,
CPOK MEXIy PEMOHTAMH aCHHXPOHHOTO JBHUTATeIs U
peaykropa coctaBisieT 4-6 MecsleB.

Ta6auna 1

Texnuueckue JaHHbIe cMecutTeas tuna 3J1 ¢ Z-

00pa3HbIMHU JIONACTAMHU

Marepuan
CMECHUTEIbHOM
KaMepbl M1 pOTOPOB
Hep KaBelnas
cTalb

Eannnna
H3MepeHust

z

ITapamerp

Pabounit 06peM
2 | cMecHuTelIbHOMI 400 JUTP
KaMepsbl

YacToTa BpameHus
poropa

1500 00/MuH

YacroTa BpaleHust
IIHEKa

40 00/MHUH

5 | Juametp mrHEeKa 160 MM

MomuHocTh
6 |3exkTpoaBHraTeNs 18,5 kBt
IIpUBOJIA

MoHocTb
7 | 2JeKTpOIBHUTATEISA 5 kBt
THIIPABIIKI

Crioco0 oXJ1aKIeHus
8 | cMecuTenLHOM BOJA —
KaMephbl

Cnoco6 Harpesa
napoBas

9 | cmecuTENbHOM -
pyOamika
Kamephbl

AHaIu3 cnoco00B 3aMycKa cMecHTeJIel 1
APYTHX BBICOKOMHEPIHOHHBIX YCTPOICTB

Ilpu  paccMOTpeHMHM BO3MOXXHBIX  CIOCOOOB
3allycka  aCUHXPOHHBIX  JBHraTeneil  ciemxyer
YUUTHIBATh CJIEAYIOLINE OCHOBHBIE IIPABUIIA:

1) mpu mycke JBUTaTeNs JODKCH HMEThH
JIOCTaTOYHO 60O ITyCKOBOM MOMEHT,
[IPEBBILIAOIINH CTaTUYECKUIL MOMEHT

COINPOTHUBJICHHS HA Baly, YTOOBI €TO POTOP BPaILANICS
1 TIOCTUT HOMHUHAJILHOW CKOPOCTH BpaIlleHHS,;
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2) NYyCKOBOM TOK JOJDKCH OBITh OrpaHHYCH
BEJIMYMHON, HE  BBI3bIBAIOLICH  MOBpEXIEHUS
JIBUTATEINI U HE BIUAIONICH HAa HOPMAaIBHYIO paboTy
ceTH;

3) cxeMa 3amycka JIOJDKHA OBITh MaKCHMAJIbHO
MPOCTOM, a KOJIMYECTBO IYCKOBBIX YCTPOHCTB —
HEOOIBIINM, a CTOUMOCTh — HU3KOM.

IIpn 3amycke acHHXPOHHOTO JBUTATeNs B
AKTUBHOM COIIPOTHBIICHHH €r0 BTOPHUYHBIX IIeTICH
BBIJICIIACTCS TEIUIOBAs SHEPTHs, paBHas
KMHETUYECKOW SHEpPrud, UAyLEed Ha BpalleHue
BpAIIAIOIIUXCSI Macc.

I[Ipu pabore moOA HArpy3KOH KOJHYECTBO
BBIJIENIIEMON SHEepruu COOTBETCTBEHHO
YBEJIMUMBAETCS.  ODHEprus, BBIACHAOLIAasCd U3

NEepBUYHBIX LENel, B HECKOJBKO pa3 IpeBBIIIAeT
9HEPIUI0, BBIACIAEMYIO U3 BTOpPUYHBIX Leneil. Ilpu
YaCThIX MyCKax, a TAKXKE B OYEHb TSIKEIBIX YCIOBUAX
mycka, T. €. KOIJa BpallalONIMecss  MAaccChl
Bpal[AIOIIUXC MEXAaHM3MOB BEIHMKH, BO3HHKAET
OTIaCHOCTH IIeperpeBa OOMOTOK JIBUTATEIIS.

UYem OGousibllie DOMyCTUMOE KOJMYECTBO ITyCKOB B
4ac ACHHXPOHHOIO ABHraTeis B PEXHME IPOrpeBa,
TEM HIDKE HOMUHAJIbHAsi MOILTHOCTh JBUTATENs U TEM
MEHbIIIE BpAIIAONINECcs MAacChl, MPUCOCAUHEHHBIE K
ero Baiy. /Jlpuratenu wmomHOcThIO 3-20 kBt B
HOPMAaJIbHBIX YCIIOBUSAX JIOIYCKAeTCs 3allycKaTh 10 5-
10 pa3 B yac.

ACUHXpOHHBIE JIBUTaTENN C KOPOT-KO3aMKHYTHIM
POTOPOM TIPOIIIE MO0 KOHCTPYKINHU U 0OCITYKHBAHHIO,
a TaKXKe JIemeBe U Haa&xHee aBUrareseil ¢ GpasHpiM
POTOPOM, ¥ OITOMY OHM UCIIOJIBb3YIOTCS Yallle.

CaMmpiii TIpoCTON c€IOCOO 3amycka IBUTATEIS C
KOPOTKO3aMKHYTBIM POTOPOM - TIOJIKITIOYUTE OOMOTKY
CTaTopa HEeIMOCPEACTBEHHO K CETH MPH HOMHUHAJIBHOM
HanpspkeHuH. Takod cmoco0 Ha3bIBaeTCsl NPSIMBIM
MyCKOM, IIPH 3TOM ITyCKOBOM TOK ABUTraTens [5,6]:

Inycx = lyow (4 - 7) (11)

CoBpeMEeHHbIE  aCHHXPOHHBIE JIBUTATENH C
KOPOTKO3aMKHYTBIM POTOPOM CIPOEKTHPOBAHBI C
BO3MOKHOCTBIO IIPSIMOTO IyCKa C YY4ETOM BEITHMYUHBI
SNEKTPOJUHAMUYECKAX  CHJ, JEHCTBYIOIIMX Ha
0OMOTKH, W YCJIOBHH HarpeBa OOMOTOK B Hpolecce
nycka. [ToaToMy, Korzna ceTb AOCTaTOYHO CHIbHA U
MYyCKOBbIE  TOKM  JBHTaTeled HE  BBI3BIBAIOT
HEJIOMYCTHMO OOJIBIIOTO Ma/ICHHS HANPSDKEHUS B CETH
(me 6omee 10-15%), BO3ZMOKEH MPSIMOI ITyCK.

CaMmpIii pacnpOCTpaHEHHBIH CTHOCO0 OONerIuTh

MyCK  OJIKTpOABWraTeNneil —  3TO  3aIyckK
ANIEKTPOABHUTATENS] TPHU  HHU3KOM  HAIMPSDKCHHH.
M3BecTHO,  YTO  yMEHBIIEHHE  HAIPSDKCHHS,

IMoJaBacMoOro Ha DJJICKTPOABUTATE/Ib, IPUBOIUT K
MPOTIOPIHUOHATHPHOMY YMEHBIICHUIO ITYCKOBOTO TOKA.
CyIecTByeT  HECKOJNBKO  CIIOCOOOB  CHH3UTh
HAIpsDKEHHUE, TI0JJaBacMOC Ha JIBUTATENb.

Ecmu 3amyck pgBurarenss ¢ KOPOTKO3aMKHYTBHIM
poTopoM HETIOCPEICTBEHHO npu YCIIOBHU
MMOHMXCHHOTO HANpPsHKEHUA B CETH HCBO3MOXKCH,
MPUMEHSIOT Pa3IHYHbIC CIIOCOOBI 3aITyCKa ABUraTe s
MPY MOHW)KEHHOM HAIPSIKCHUH.

OTH MeToJbl 3alycka MCIONB3YIOTCS, KOTza
JIBUTaTEJIb MOYKHO 3aIlyCTUTh HA XOJIOCTOM XOJy WIIH
6e3 Harpy3ku. HeoOxoaumocTh 3amycka Ipu HU3KOM
HaINpsHKEHUH 9acTO BCTPEYAETCS Y BHICOKOBOJIBTHBIX
IBUTATEIEH OOJBIIION MOIITHOCTH.

J171s1 aCHHXPOHHBIX JBHraTeleil, 0OMOTKH CTaTopa
KOTOPBIX COCOWHEHBI TPEYTOJIbHUKOM, ITyCK MOKHO
OCYIIECTBUThH NEPEKITIOYCHHEM OOMOTKH CTaTopa cO
3B€37bI Ha TPEYTOIbHUK. [Ipy BKIFOUECHHN ABHTATENs
B CETh MEPEeKIIoYaTel]b yCTaHABIUBACTCS B
MIOJIO’KEHHE «3BE3/1a», IPH KOTOPOM 00OMOTKa cTaTopa
coenuHsiercss B 3Be3day. llpm  oartom  asHoe
HANPSUKEHHE B CTATOPE CHIDKACTCS B \3 a3, TOK B
(hazax OOMOTKH JBHraTeIIs TAKKeE CHIKAeTcs B 3 pas.

Kpome Toro, npu coeiMHEHUH OOMOTOK B 3BE31y
TOK JIMHUU paBeH (a3HOMY TOKy, TOorja Kak Ipu
COCIMHEHUH OJTHUX OOMOTOK TPEYrojJbHUKOM TOK
nuEmE B V3 pa3 IpeBbIIIaeT TOK (asbi.

OTcioga ciemyer, 4To, MEepecOCIUHUB OOMOTKH
CTaTopa B 3B€3/y, MOXKHO JHOOWTHCS MHOTOKPAaTHOTO
CHIDKEHUSI TMHEHHOTO TOKA.

ITocme  MOCTWKEHWS  POTOPOM  JBHTATENs
CKOpPOCTH, ONM3KOW K  4YacTOTe€  BpAICHHMS,
MepeKIItoYaTeb ObICTPO MEPEBOAUTCS B IMOJIOKEHHE
«TpeyrojbpHUK», U (a3Hple OOMOTKM IBHraTels
OKa3bIBAOTCA 110J] HOMUHAJIIBHBIM HANPAKCHUEM.
PaccmarpuBaemslii croco0 mycka UMeeT HeA0CTaTOK:
yMeHblleHHe (a3HOTO HANpPSHKEHUs B V3 pa3
HaOMogaeTcss MNpU  TPEXKPAaTHOM  YMEHBIICHHU
IIyCKOBOTO MOMEHTA, MOCKOJBKY IIyCKOBOW MOMEHT
ACHHXPOHHOTO [BHUTATENs IPSIMO TPOIOPIHOHATICH
KBaJIpaTy HaNpsDKeHUS:

My =k - U2 (1.2)

Cronb 3HAUMTENHHOE CHIDKEHHE ITyCKOBOTO
MOMEHTa HE MO3BOJISIET HCIOJIb30BaTh JTOT CIOCO0
IIyCKa Ul JABUraTelIed CO 3HAUUTEIbHOU Harpy3Kou
Ha Bajy. Takoe CHM)KEHHE ITyCKOBOTO HAIPSHKSHUS
NMPUMEHUMO TOJIBKO K JBUIATCIIAM, pa60TaIOHII/IM C
0OMOTKOH cTaTtopa, COeTMHEHHOH TPEYTrOJIbHUKOM.

Bonee yHuBepcampHBIM crmoco0 3amycka —
CHIDKEHHUE HANpSDKEHUS, M0aBaeMOT0 Ha JIBUTaTelb,
C TIOMOIIBIO PEaKTOPOB (PEaKTHBHBIX KaTyIIeK —
JIpOCCeTei).

B 3TOM ciydae TOK B CeTH MocCTymaeT B 0OMOTKY
CTaToOpa 4epe3 PeakToOphl, C MaJICHHEM HalpsDKeHHs
(31ech X, — WHIYKTUBHOE CONPOTHBIIEHHE PEAKTOPA,
OwMm). B pesynpTaTe Ha OOMOTKY cTaTopa IOJaeTcs
TIOHMKECHHOEC HAIIPAKCHUC!

Ur' = Utyon —jfnxp. 1.3)

[Mocne pa3roHa poTopa JBHUraTelssi HOMHHAIBHOE
HanpsDKeHWEe MojaeTcs Ha OOMOTKYy — cTaropa.
HenocratkoM 1aHHOTO criocoba 3amycka siBIsSeTcs To,
YTO  CHIDKCHHME  HANpsDKEHMS  NPUBOAMT K
YMEHBIIEHHUIO ITyCKOBOI'O MOMEHTA.

Ilpn mycke paBurarenss uepe3 HOHMKAIOMIMI
aBTOTpaHC(HOPMATOp NOHIWXKEHHOe Hampspkenne Ui’
nofaéTcs Ha ABHIaTellb B PE3YJIbTaTe COEIMHEHHUS
00MOTOK aBTOTpaHC(hOpMAaTOpa B 3BE3MY.

[Tyck yepe3 aBTOTpaHCHOPMATOP OCYLIECTBISIETCS
B TPH dTarma:
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— Ha TCPBOM J3Tale Ha JBUTATENb MOMATCs
HATPSKCHUE
U]_ = (0,5 - 0,6) . UIHOM, (15)
— Ha BTOPOM JTare
U1 =(0,7+0,8) - Utnow, (1.6)

HAKOHEI[, Ha TPEThEM OJTalle Ha JIBUraTelb
nogaérest HanpspkeHUE U pyon.

Kak m mpeppimymue croco0Bl HH3KOBOJIBTHOTO
MycKa, aBTOTPaHC(POPMATOPHBII MyCK
COTIPOBOKIAETCS YMEHBIIICHIEM ITyCKOBOTO MOMEHTA,
TaK KaK BeJTMYMHA MOMEHTA IIPSIMO MTPOIIOPIHOHATbHA
KBajgpaTy HanpspkeHus. C TOYKH 3pEHUS CHUKCHUS
MyCKOBOTO TOKa METO/I 3amycka 4yepes
aBTOTpaHC(OpPMATOp JIydlle, YeM METOJ 3alycka
4yepe3  PeaKkTop, MOCKOJNBKY  MYCKOBOW  TOK

I

Uy

YMEHBIIACTCS B ——— a3 TPH MyCKE Yepe3 PeakTop u

2

UI
(U . ) pas3 IpH IycKe 4epe3 aBTOTpaHchopMaTop.
1HOM

st obJerdenust 3aIycka 3JIeKTPOABUraTeNeii B
TSDKEIBIX YCIIOBHSIX HCIIOIIb3YIOTCS
MHOT'OCKOPOCTHBIC ACUHXPOHHBIC JBUTATCIIN,
KOTOpBIE O00ECIeUNBAIOT CTYNEHYATHIH MYCK, HpHU
KOTOPOM HAaYalbHBIA Pa3rOH OCYIIECTBISACTCS Ha
HH3KOIl CKOPOCTH, @ 3aTeM OJJEKTPOJBUraTelb
MEPEXO/UT Ha BHICOKHE OOOPOTHI.

Crnemyer OTMETHUTh, YTO ABYXCTYIICHUATHIH MyCK C
HCIIOJIb30BaHUEM MOJIFOCOIEPEKITIOIaeMBIX
JBUTATENEH SIBICTCS MaJ03aTPATHBIM M HaIEKHBIM
Croco6OM BKITFOUCHHSI TAKHX MEXaHH3MOB. Hamdne

1HOM

0OJIBILIOTO IIYyCKOBOro MOMCHTA ABUIraTeisl CO
CTOPOHBI MaJIoi CKOpPOCTHU SIBJIACTCA O4YCHb
ITOJIOXKHUTCIIbHBIM MOMCHTOM, TakK KakK

MepBOHAYAILHOE HAYaJl0 BpAIIEHUsI pOTOpa B BI3KOH
cpelie OueHb BaXKEH.
PE3YJIbTATBI U OBCYXJIEHUE
MojaepHu3auus TEXHOJIOTHYECKOT0 Mpolecca
padoThI ABYXBAJIBLHOIO CMECUTEJS

IIpu cymecTByoIEM TEXHOJIOTHYECKOM IIPOLIECCE
paboThI JIByXBaJIbHOTO CMeCHUTeNs 3aIycK
3JIEKTPOABUTATENs] OCYLIECTBIISIETCS. HAa CKOPOCTH
1500 o6/MuH TyTéM TOHAYM TOIHOTO HAINPSKEHUSL
cetd K BbIBogam. Ilocne mpoxoxaenus 30 MUHYT
JIBUTAaTeNIb OTKJIIOYAETCS OT CETH MJSl IMOJIy4EeHHUS
mpoObl cMecH. Bpemst may3sl ATUTCS OKOJIO 2 MUHYT,
Mocjie WCTEUEHUs] KOTOPOTO BHOBH 3aITyCKaeTCs
cMecutens, W depe3 13 MuHYT pabOTBI OIATH
MPOUCXOJUT OTKIIIOUeHue. B3situe BTOpOil mpoOBI
TakXe JJIUTCS OKOJIO BYX MUHYT, TIOTOM JIBHTATEIh
AQHAJIOTUYHO BKIIFOYAETCS, M (PHHAIBHAS YacTh paboThI
M0 TEXHOJIOTMYECKOMY MpPOLECCY JUIUTCS 8 MUHYT.
ITomHbIH UK paOOTHI CMECUTEIS COCTABIIACT 55 MUH,
nocjie  KOTOPOro  JIBUTaTellb  OCTaHaBJIMBAETCA,
OapabaH ONPOKUIBIBACTCS M HAYMHACTCS CIIEAYIOMIUN
mukn  pabotel.  Luka  paboTel  ABYXBaIbHOTO
CMeCHTells TIOKa3aH Ha puc. 2, a.

Hcnonb30BaHre IBYXCKOPOCTHOTO aCHHXPOHHOTO
JIBUTATEIIS C MOJIFOCOTIEPEKITIOYaeMOil 0OMOTKON TagT
BO3MOYXHOCTh U3MEHHUTh TEXHOJOTHUECKUN IMPOIecc

paboTsl IBYXBaJbHOTO cMecurens. st aToi unenn
paspaboran HoBeid JJJI ¢ IIIIO ¢ cooTHOIICHHEM
ckopocteit 1500/750 o6/muH. [Ins snexkTponpuBosa
IByXBalbHOro cMmecurens tuna BJI-400-BPY,
YCTQHOBJIICHHOTO B 35-M  OTHEJEHUM HAay4HO-
MPOM3BOJICTBEHHOTO OOBEIMHEHNUS 110 MTPOU3BOJICTBY
peNKHX METalUIOB M TBEpABIX cruaBoB  AO
«Anmansikcknii  'MK», Obm  cnpoekTHpoBaH U
U3rOTOBJIEH HOBBIM JIBYXCKOPOCTHOM JIBUraTellb
mapkn AMP180MS8/4 ¢ momrocomepexiIrogaeMoi
obMoTKo# [5-9].

B oarom cmywae crapt paboThl cMecHTeNs
ocymectBisercs npsmeiM yckoM J[JI ¢ IO Ha
ckopoctn 750 o00/MuH; mocne pabOTHl Ha ITOU
ckopoctu B TeueHue 20 MmuHyT A/l mepextogaercs Ha
ooyt ckopocts 1500 06/muH. [1o ucteuenun 20
MHUHYT Pa0OThl Ha OOJIBIIOW CKOPOCTH HPOUCXOJHT
MEpeKIIIOUCHUE JIBUTATENsI OOpaTHO Ha HU3KYIO
ckopocTh 750 00/MUH C LENbIO CHATHS TPOOBI IS
MIPOBEPKH COCTOSTHUS CMECH.

CHATHE TPOOBI OyHET OCYIIECTBIATHCS IPHU
pabote HOBoOrO JI/] Ha ckopocTH 750 00/MUH U IITUTCS
OKOJIO 2 MHHYT. 3aTeM, T. €. IOCIIe CHATHUS TPOOHI,
JIBUTATENIb CHOBa mepekitodaercs Ha 1500 o6/muH,
MOCJIE/IHUI TIepro]l paboThl YCTaHOBKH COCTaBIISIET
OKOJIO 5 MUHYT, 3aTeM JBUraTelb MEPEKI0OYaeTCs Ha
ckopocTb 750 00/MuH M mocie 1 MHHYTBI pabOThI
oTkIrouaetcs (puc. 2, 0).

OO6miee BpeMss MNPOTEKAaHUS TEXHOJIOTHYECKOTO
mpoIiecca U3TOTOBIICHUS CMECH COCTABISACT tyuen = 48
MHHYT, T. €. Ha 7 MHHYT KOpode, dYeM IpHu
CYIIECTBYIOIIEM JBHWTaTele. 3a 3TOT MEepUuoJ
M3roTaBlIMBaeTcsi cMech BecoM 580 Kr.

Kak MOXHO yBHUIETh U3 BBHIIICHPHUBEICHHOTO, B
clly4yae WCIOJIb30BaHMUs JIBYXCKOPOCTHOTO JIBUIATENs
Ha TPHUBOJIE CMECHTENsl BpPEMsl TEXHOJIOTHYECKOTro
Npoliecca YMEHBIIASTCS IIPH U3TOTOBJICHUH TaKOM JKe
Macchl TOTOBOM CMECH U MOXKHO JIOCTHYb SKOHOMHUH
AIIEKTPOIHEPTHH.

JIs 3IIeKTponpuBOia IBYXBAaJbHOTO CMECHTENS
tuna BJI-400-BPY, ycraHoBmeHHOro B 35-M
OT/ICIICHUH HAYYHO-TIPOU3BOACTBEHHOTO
00BEIMHEHUS TI0 TIPOU3BOJICTBY PEIKUX METAIOB U
TBepabix ciiaBoB AO «Anmaneikckuit MKy, Obur
CHPOEKTUPOBAH u U3TOTOBIIEH HOBBIH
JIByXCKOpocTHOH nBurarens Mapku AVP180MS8/4 na
OCHOBE pa3paboTaHHOH  TOJIOCOTEPEKITI0YaeMON
0OMOTKH, KOTOPBI TIPOIIEN IPOU3BOACTBEHHBIE
OKCHEPUMEHTAIBHBIE  HCIBITAHUS B 3aBOJACKHX
YCIIOBHSAX. HomwuHanbHbIE MOIITHOCTH
JIByXCKOPOCTHOTO acHHXpoHHOro asuratens ¢ [1I10
trna AWUP 180 4/8 coctapistor 18,5/13,9 kBT.

Y coBepiIeHCTBOBAHHBII TEXHOJOTMYECKHI
npotecc c BHEJPEHUEM HOBOH CHCTEMEI
JJIEKTPONPUBOAA HAa OCHOBE JIBYXCKOPOCTHOI'O

neurarens ¢ IO gna cMemuBaHusi MaTepuana C
[ETbI0  W3TOTOBJICHHSI  OTHEYIIOPHOTO  KHpIIHYa
MOoKa3aH Ha puc. 2, 0.
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UWMKAOTPAMMA TEXHONOMMYECKOINO NPOLLECCA CMELLUMBAHWA

a) Bapwawt A T umkn = 55 Mum | OaMA CKOPOCTR: 1500 o6/MMM

W‘

[ecah e |¥J

1000

n, of/mun

6) BapwanT B — T uMkn = 48 Mwn | fise ckopocTh: 750 n 1500 ob/mun

., man

1506 b mnn Fipoba
Crmumanime! 730 otimms|  [1500 clismn| [Gren.
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750 objuin
- 1500 ofi
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25 30 s 40
£, man

» Bapnant b spPenTnones: spemn unkna —7 mun (—12.7%) | +1 unxa 3a creny (+14.3%) | +580 wriaens
Puc. 2. InkjiorpaMMbl TEXHOJIOTHYECKOT0 NpoLecca JBYXBAJIbHOT0 CMECHTEJIS: a) € CYLIeCTBYIUM
asuratesem; 6) ¢ Hoesim /1 ¢ IIIIO

Ouenka 3(ppeKTUBHOCTH BHEPEHUS
I ¢ IITITO

[ToTpeOieHne dIEKTPOIHEPTUH 32 OJHMH IMKI
JIBYXCKOPOCTHBIM JIBUTaTeJIEM OMpeneNsieTcss Kak
CyMMa TOTPEONEHHON SJIEKTPOIHEPIUH YETHIpEX
MEpHONOB  COTJACHO  LHUKJIOTpaMMe  paboThI
JIBYXBJIBHOTO  CMECHTENII C  JIBYXCKOPOCTHBIM
acCMHXpOHHBIM JiBuraTesniem c I1I10:

9HHKH:91+92+93+94+95, (21)

rre: 31  —  KOJIMYECTBO  TOTPEOJICHHOU
NIEKTPO’HEPTUH 3a TMEpBbIA  mepuox  paboTh
JIByXBAJILHOTO CMECHTEIIs Ha ckopoctu 750 00/MuH;

D — KOJIMYECTBO MOTpeOJIEHHOM
NIEKTPO’HEPTUH 32 BTOPOM  mepuos  paboTh
JIByXBAJIILHOTO CMECHTEIS Ha ckopoctr 1500 06/MuH;

33 — KOJIMYECTBO nmoTpeOIeHHON
JNIEKTPOSHEPTUM 32 TPEeTHH Tepuonx  paboThl
JIByXBAJILHOTO CMECHTEIIS Ha ckopocTh 750 06/MuH;

Os — KOJIMYECTBO nmoTpeOIeHHON
JNIEKTPOIHEPTUHM 3a YETBEPTHI Nepuox paboTsl
JIByXBaJILHOTO cMecuTells Ha ckopoctu 1500 06/MuH;

s — KOJIUYECTBO MOTPeOJIEHHOM
QNIEKTPOPHEPTUM 332  TATBIM  mepuon  paboThl
JIBYXBJIBHOTO CMECHTENS IIPU TOPMOXECHHH Ha
ckopoctu 750 06/mMuH.

Obmree KOJINYECTBO 3JIEKTPOIHEPTUH,
noTpeOIEHHON IBYXCKOPOCTHBIM A/l 3a OIWH IIMKII,
paBHO:

Oumn =1+ 02+ D3+ Ds+ I5=5,33+6,78 +
0,53 + 1,71 + 0,269 = 14,619 kBr-uac.

B Teuenme ogHOro IMKJIAa M3TOTOBJICHA CMECh
Maccoi Meyiecs. e = 580 K.

3a cuéT YyKOpPOYEeHHsS BpEMEHH IHKJIa MpH
BHenpenun [JI c¢ IIIIO paByxBanbHBI CMECUTEND
OyZIeT BBITOTHSATP 332 OTHY CMCHY 8 IIHKIIOB.

Pesympratel  pacuéra o0BEMa H3TOTOBICHHOM
CMECH W Pacxojia JJIEKTPO3HEPTHUH Ha TPOHU3BOICTBO
cMecu Ha 2025 roa npu cylecTBYIOLIEM JIBUraTesie u
npu HoBoM 1/ ¢ TIT1O mpuBeaeHs! B Tabim. 2 u 3.

brin  mpoBen€éH pacu€r yIeapHOTO pacxoja
JNEKTPOIHEPTUH HA €IUHUIYY TNPOAYKIUU TpHU
cymecTtBytomeM AJl W ¢ HCHOIB30BaHWEM HOBOU
cuctembl AJl ¢ IIIIO. CpaBHeHue moKa3aTenen
YAENBHOTO Pacxojia 3JEKTPOIHEPTUH MOKA3aJI0, UTO
MPH CYMIECTBYIOIIEM OJHOCKOPOCTHOM [BUTATEINE
3TOT mmokazaTtenb ObT paBeH 0,0315 kBr-wac 3a
KAJIOTpAaMM TOTOBOM MPOAYKIMH, TOTAA Kak IIpU
HCIIONb30BaHUM HoBoro gsurarens — 00,0252
KBT-4ac/kr, T. €. yMCHBIICHHE BEIMYUHBI YACTHHOTO
pacxoza coctasiser 20 %.

Taxoke Hy»KHO OTMETHUTD, YTO IS IEPEKITIOYCHHS
ckopocreit JIJI ¢ IIIIO MOXHO WHCIIOJIB30BAThH
OECKOHTAKTHBIE ycTpoiicTBa Ha OCHOBE
MOJTyTIPOBOTHUKOBEIX JJIEMEHTOB. B 3TOM ciyuae
MTOBBIIIAETCS HANEKHOCTh CUCTEMBI DIIEKTPOTIPUBOIA

JIBYXBaJIbHOT'O CMECHUTEIIS, TOCKOJIBKY
OeCKOHTAaKTHass KOMMYyTalSis CHCTEMbl Ha OCHOBE
MHTEJUIEKTYalbHOTO  MOAXOJa  HPUBOAMT K
YCOBEPIIIEHCTBOBAHUIO  JFOOOTO  BJIEKTPHUYECKOTO
000pynoBaHusI.
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Taoaumna 2
O0bém cMecH 1 pacxoq djaekTpodHepruu B 2025 roay ¢ cymectyromum A/l
Ne Mecan Aun Bpewst pagorer, Hzg(:,gfz;];:: ! 3J1e1ch;)aoc;}:)§pmn,
Yachl KI kBt 4ac
1 SIHBaPh 22 176 89 320 2815,12
2 ¢deBpann 20 160 81 200 2559,2
3 MapT 18 144 73 080 2303,28
4 amnpenb 22 176 89 320 2815,12
5 Mai 21 168 85 260 2687,16
6 HIOHb 20 160 81 200 2559,2
7 UI0JIb 23 184 93 380 2943,08
8 aBryCT 21 168 85 260 2687,16
9 CEHTAOPb 21 168 85 260 2687,16
10 OKTSIOpb 22 176 89 320 2815,12
11 HOSI0Pb 20 160 81 200 2559,2
12 nexadpb 22 176 89 320 2815,12
3aroa 252 2016 1023120 32 245,42
Tao6auna 3
Pacuer 00b€Ma cMecH U pacxoaa djekTpodnepruu B 2025 roay ¢ Hosbim JJ1 ¢ IITIO
= RES Auu Bpewst pagorer, Hzgg:z;z:: " 3J1eKTl;)aoc3X}?:pmn,
4achbl KT kBT yac
1 STHBaph 22 176 102 080 2572,94
2 ¢beBpaib 20 160 92 800 2339,04
3 MapT 18 144 83520 2105,14
4 anpenb 22 176 102 080 2572,94
5 Mai 21 168 97 440 244599
6 HIOHb 20 160 92 800 2339,04
7 UIOJIb 23 184 106 720 2689,89
8 aBrycT 21 168 97 440 2445,99
9 CEHTI0pb 21 168 97 440 2445,99
10 OKTSIOpb 22 176 102 080 2572,94
11 HOSOpb 20 160 92 800 2339,04
12 JeKaOpb 22 176 102 080 2572,94
3aroa 252 2016 1169 280 2947191
BBIBO/IbI / 3BAKJIIOYEHUE — COKpalIeHUE IHEPro3aTpaT Ha BBITYCK €UHHULIBI

Ilo pesynpraTaM NpPOBEAEHHBIX MCCIEJOBAHUI
MOJKHO MPHUHTH K BBIBOJY, YTO NPUMEHEHUE HOBOTO
acuaxpoHHOro Asuratens ¢ [1I10 mo3Bomut:

— CHMXKEHME YJIENIBHOTO PacXoAa 3JIEKTPOIHEPTUU
Ha 20 %;

— MOBBILIEHUE
MPOMU3BOJICTBA;

3HEPT0dPHEKTUBHOCTH

MPOJIYKIIUH.

I'onosoe norpedienue JJIEKTPOIHEPTUH
yMeHbImaercs ¢ 32 245 kBr-uacos g0 29 472 xBt-u,
YTO TIO3BOJIIET CHU3UTH JHeprosarparel Ha 8,6 %.
Poct npon3BoguTeIEHOCTH COCTABISAET OKOJIO 14 %.

Takum 00pa3oM, MOYXHO KOHCTAaTHPOBATh, UYTO
MOJCPHHU3ALSIsT  JMEKTPONPUBOAA  JBYXBAIBHOTO
CMecHUTeNs IMyTEM HCHOIB30BaHUS ABYXCKOPOCTHOTO
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acuHxpoHHoro jurarens c¢ [IIIO  sBngercs AO «Anmansikckuit I'MK» BHenpen Hosbii /] c
000CHOBaHHBIM PELICHUEM. INI1O Ha npuBoAE ABYXBaIbHOIO cMecuTens Tuma BJI-
B Hay4HO-IPOU3BOACTBEHHOM OOBEIUHEHHUH IO 400-BPY u noiyueH akT BHEIPEHHUS.

MPpOU3BOJACTBY PCAKUX METAJJIOB U TBEPJAbIX CIIJIABOB

IKKI VALLI ARALASHTIRGICH ELEKTR YURITMASINI MODERNIZATSIYA QILISH
!Bobojanov M.K., 2Rismuxamedov D.A., Tuychiev F.N., Rozmetov X.E., Matkarimov S.K.

Toshkent davlat texnika universiteti, Toshkent, O zbekiston;
2Olmaliq davlat texnika instituti, Olmaliq, O ‘zbekiston
3Urganch davlat universiteti, O ‘zbekiston

ANNOTATSIYA Ushbu magolada qutblar soni o'zgaruvchan chulg'amli ikki tezlikda ishlovchi asinxron
motorlardan foydalangan holda ikki valli aralashtirgichlarning elektr yuritmasini
modernizatsiya gilish imkoniyati hagida ma'lumotlar keltirilgan. Mavjud ikki valli
mikser konstruktsiyalari va ish rejimlari tahlili o'tkazildi va yangi texnologik jarayon
diagrammasi taklif gilingan. Ishga tushirish va aralashma namunalarini olishni
osonlashtirish uchun ikkinchi tezlikdan foydalanish jarayonni soddalashtiradi va
energiya tejashga erishish imkonini beradi, tsikl vaqgtini 7 dagigaga gisqartiradi. Yillik
energiya tejash 2773,51 kVt/soatni tashkil etadi va mahsulot birligiga nisbatan
solishtirma energiya sarfi 20% ga kamayadi.

KALIT SO'ZLAR ikki valli aralashtirgich, qutblar soni o'zgaruvchan chulg'am, aralashtirgichning ish
diagrammasi, energiya tejash, aralashma ishlab chigarish hajmi, mahsulot birligiga
nisbatan solishtirma energiya sarfi.

MODERNIZATION OF THE ELECTRIC DRIVE OF TWIN-SHAFT MIXERS
!Bobojanov M.K., 2Rismukhamedov D.A., *Tuychiev F.N., Rozmetov Kh.E., Matkarimov S.K.

Tashkent State Technical University, Tashkent, Uzbekistan;
2Almalyk State Technical Institute, Almalyk, Uzbekistan
3Urgench state university, Uzbekistan

ABSTRACT  This article presents information on the possibility of modernizing the electric drive of twin-
shaft mixers using two-speed induction motors with pole-changing windings. An analysis of
existing twin-shaft mixer designs and operating modes was carried out, and a new
technological process diagram is proposed. Using the second speed to facilitate start-up and
mixture sampling simplifies the process and enables energy savings, reducing the cycle time
by 7 minutes. The annual energy savings amount to 2,773.51 kWh, and the specific energy
consumption per unit of product is reduced by 20%.

KEYWORDS twin-shaft mixer, pole-changeable winding, mixer operating diagram, energy savings, mixture
production volume, specific energy consumption per unit of output.
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