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Technological experiments of joint smelting of lead
intermediate products, recycled materials and high-
sulfur copper-zinc concentrate
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Abstract. The purpose of this work is to improve the technological indicators of the existing mine contractile smelting
technology by joint smelting of intermediate products, recycled materials of lead production with high-sulfur copper-
zinc concentrate. It is established that during the smelting of copper-zinc concentrate which is difficult to process,
high selective extraction of copper into matte and zinc into slag is achieved in one stage. The method consisted in
the joint smelting of lead intermediates and high-sulfur copper-zinc concentrate in an electric furnace at a
temperature of 1250 ° C under conditions of sequential blowing of the melt with air, then with natural gas. It is
established that when the melt is purged with air and natural gas for 20 minutes, an equilibrium distribution of metals
between the melting products is achieved. It is shown that simultaneous use of copper-zinc concentrate as a
sulfidizer reduces the content of copper and lead in slag, increases the extraction of arsenic and antimony into the
dust. Consumption of coke and quartz flux is reduced in comparison with the existing technology from 6.7 to 2.5%
and from 12.5 to 2.8% of the initial feed weight, respectively, which significantly reduces material and energy costs
of the process. As a result of extensive laboratory testing, the optimum composition of the new charge has been
selected. Metal distribution between smelting products of the new charge with addition of 30% of high-sulfur copper-
zinc concentrate was established. High recovery of copper to the matte up to 94.8%, against 83.7% according to
the existing technology; lead to the rough lead - up to 93.6%, against 70.8%; zinc to the slag - up to 94.7%, against
83.7%; arsenic to the dust - up to 91%, against 69.5% and antimony to the dust - up to 92.3%, against 60.0%
according to the existing technology.

Keywords: charge, intermediate product, recycled materials, copper-zinc concentrate, distribution, recovery, coke,
slag, matte, metal.
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Introduction 2]. Their accumulation is growing in the main
production, which increases material and energy

When processing substandard intermediate  costs of lead and copper production. The use of
products and recycled materials, none of the existing ~ known barbotage autogenous processes (Q-S-L,
lead production processes achieves high recovery of ~ Isasmelt, "Vanyukov Process", etc.) for the solution
valuable metals. There is not enough deep of the listed actual problems is restrained by a set of
sublimation of arsenic and antimony into dust, which ~ reasons: high volatility of lead compounds;
reduces their removal from the main production [1, insufficient calorific value of processed materials;
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complexity of composition of initial charge from
which it is necessary to extract the maximum of
valuable components [3, 4, 5]; necessity of using of
expensive coke; complexity of equipment design, etc.
[5, 6].

The existing technology of processing of
substandard intermediate products and recycled
materials at KazZinc Ltd. is based on mine contractile
smelting. The process is characterized by high
consumption of expensive coke and significant
emissions of low by SO hard-to-recover gases into
the atmosphere. The technology is designed for
processing of a complex conglomerate of a mixture
consisting of copper-lead matte from mine blast
smelting, converter slag and recycled materials from
refining of rough lead: copper slips, alkaline melts,
lead cakes, etc. Compositions of substandard
sulphide intermediate products are not stable and
vary widely. For example, lead-copper mattes
contain, %: Cu - 10-20, Pb - 12-25, Zn - 8-12, As —
up to 1.5, Sb — up to 1.0; copper slips, %: Cu - 15-
20,Pb - 18-30,Zn - 2-4, As—4.0, Sb - up to 2.5. From
recycled materials the converter slag attracts
attention, % (wt.): Cu - 3-5, Pb - up to 34, Zn - up to
4.5, As - 2-2.5, Sh - up to 2.0, which is the main part
(up to 30%) in the structure of the initial charge of
mine contractile smelting.

During the smelting of the initial charge,
significant volumes of non-ferrous, precious, rare and
rare-earth metals as well as associated hazardous
metal impurities (As, Sb) circulate in the
technological chain "smelting-converting”. As a
result, valuable metals are distributed in the smelting
products, and the accompanying impurity metals (As,
Sb) accumulate in the technological chain, which
reduces the quality of the obtained products,
increases the negative impact on the environment and
life safety of workers. The objective of the
technology is recovery of base metals - copper and
lead. However, extraction of copper to the matte is
low, around ~ 83%. Extraction of lead to the rough
lead hardly reaches the level of 70%. The low lead
recovery is due to its high content in matte (up to
30%) and slag (up to 1.7%). The process is
accompanied by high consumption of expensive coke
and slag output (up to 60% of charge weight), high
energy and material costs. Dust output is ~15% from
the weight of the loaded charge and is characterized
by high content of nonferrous metals, %: Pb - 20; Cu
- 6-7; Zn - up to 10. Due to the lack of favorable
conditions for deep sublimation of arsenic and
antimony, their extraction to the dust is low and
amounts to 70% and 57%, respectively. Complex
composition of the obtained matte, characterized by
high content of Pb - up to 25%, As - up to 2% and Sb
~1.5%, complicates their further processing by
converting and increases energy and material costs of

the process. The obtained matte concentrates up to 4
g/t of gold and ~800 g/t of silver, which are
irrecoverable losses for the lead industrial plants.
Thus, the technological process, designed to utilize or
minimize the intermediate formations, inevitably
"inserted" into the framework of the operated
equipment and technological solutions of the
production of the main category of products with all
the existing shortcomings [7].

Despite its obvious disadvantages, the
technology of mine contractile smelting continues to
be used as a forced measure, at least partially solving
the problem of processing a large volume of obtained
intermediate products and recycled materials of lead
production.

The best metal distribution between the products
of mine contractile smelting was achieved by
changing the composition of the initial charge. The
results of laboratory smelting of the modified
composition of the charge showed the possibility of
significant improvement  of  technological
parameters: recovery of copper to the matte increased
to 95%, lead to the rough lead to 86%, arsenic and
antimony to the dust (sublimations) - 83% and 75%,
respectively [8]. The quantitative ratio of copper-zinc
ore to quartz flux was taken equal to 1.5, instead of
~0.5 according to the existing technology. During
smelting of the feed charge with the selected
composition favorable conditions for obtaining low
by copper and lead slags are created due to the
inclusion of the mechanism of interaction of high-
sulfur components of copper-zinc ore with oxide
melt.

It is relevant to take more promising decision on
processing the obtained lead intermediate products
and recycled materials with copper-zinc concentrate.
This decision is supported by the production of high
sulphur copper and zinc concentrate at the Nikolayev
deposit in the East Kazakhstan region.

Copper-zinc concentrates in copper production
are traditionally considered to be “technologically
inconvenient” and as raw materials difficult to
process primarily due to the presence in tangible
(significant) concentrations of zinc and lead at
considerable copper content (18-20%). For complex
processing of lead intermediate products and
recycled materials polymetallic sulfide copper-zinc
concentrate is the most suitable (optimal, unique)
material (feed charge component, natural reagent),
performing the role of "former" of the main
condensed smelting products - lead, matte and slag.
The concentrate contains all the necessary
components (elements): lead, copper, zinc and sulfur,
available amount of each can be used in order to
effectively separate lead, copper and zinc from
recycled materials to obtain high quality products —
rough lead bullion, copper matte and zinc slag.
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Direct processing of high-sulfur copper-zinc
concentrate with its simultaneous use as a sulfide
reagent in the process of smelting would allow in one
stage to recover as much lead into the rough metal,
copper to the matte, zinc to the slag from the
processed materials, including the concentrate. This
way of improving the processing of lead intermediate
products and recycled materials from the point of
view of practice looks attractive due to the

development of mine contractile  smelting,
accumulated experience of its operation and
minimum  capital costs  during industrial

implementation.

The purpose of the present work is to define the
main technological parameters of the technology of
joint smelting of intermediate products, recycled
materials of lead production with high sulfur copper-
zinc concentrate under conditions of enlarged
laboratory tests.

Methods of conducting technological
experiments

Intermediate products and recycled materials of
lead production of KazZinc Ltd. were used for the
enlarged laboratory tests of reduction-sulfidizing
smelting. Chemical compositions of materials are
given in Table 1.

Coke containing 87.9% carbon was used as a
reducing agent. High-sulfur copper-zinc concentrate
from Nikolayev deposit of East Kazakhstan region
was used for experiments, wt. %: 18.57 Cu; 2.3 Pb;
12.5 Zn; 24.6 Fe; 33.4 S; 0.22 As; 0.25 Sb; other. By
preliminary  experiments and  metallurgical
calculations it was established that the highest effect
on the extraction of metals to the targeted products is
achieved at a mass flow of concentrate equal to 30%
of the initial charge, composed of a mixture of quartz
flux and components given in Table 1.

Table 1 — Chemical composition of intermediate products, recycled materials and flux of the lead production

Chemical composition, wt.%
Name of material Cu Pb Zn Fe S As Sb S|02 Cao others
Copper slips 29.0 | 36.0 | 4.0 877 1387 | 14 — — 16.96
Low by main metals matte of | 5, g5 | 195 | 114 | 167 | 121 | 11 |056 | - | - | 1879
mine contractile smelting

Converter slag 383 | 335 | 454 | 15 - 23 | 094 | 2166 | 54 12.83
Alkaline melts 0.08 | 61.7 | 24.1 — - 097 | 14 — — 11.75

Quartz Flux 0.62 74.8 15.7 8.9

With addition of the concentrate to the charge,
the structure of the charge was adjusted with
consideration of changes in the consumption of
quartz flux depending on the amount of the added
concentrate. Thus quantitative ratios of products
(Table 1) in the initial charge remained at the level of
industrial practice. The new composition of the initial
charge consisted of a mixture: copper slips - 27.8%;
charges of contractile smelting (CS), including low
by copper-lead matte and oxidized recycled materials
- 18.5%; converter slag - 24.0%; quartz ore - 4.7%;
coke - 2.5% and copper-zinc concentrate - 22.5%.

The experiments were carried out at the
temperature of 1250°C in an electric furnace of 100
kW with 100 mm in diameter electrode. The furnace
size: width - 250 mm, length - 410 mm, height - 440
mm.

Weight of the initial charge sample ~ 2.0 kg. The
method of conducting the experiments was as
follows. The initial charge was loaded on pre-melted
slag, and once smelted with the help of oxygen tubes,
sequential blowing with oxygen (20 min.), then - with
natural gas (20 min.) was carried out. The air and
natural gas consumption was constant at 10 I/h. The

duration of smelting was 40 minutes. Once blowing
is done the melt settled for 20 minutes, and through
the special boreholes, slag, matte and rough lead were
released. Each experiment was repeated three times
for reproducibility. There was a good convergence of
results. The obtained samples of slag and matte were
subjected to elemental analysis and mineralogical
studies.

Elemental analysis of slag and matte samples was
determined by Agilent 7700 Series ICP-MS (USA)
inductively coupled plasma mass spectrometer.

Microscope Neofot (Carl Zeiss AG, Germany)
was used for mineralogical analysis of polished
surfaces of solid slag and matte samples.

Results and discussion

The thermodynamic laws of physico-chemical
processes occurring during the joint smelting of
intermediate products, recycled materials, and high-
sulfur copper-zinc concentrate were studied in our
work [9, 10]. Taking into account the theoretical
fundamentals already stated, the results obtained in

— 7
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this work are discussed from the point of view of
general positions, which is the main interest for
practice.

A comparative analysis of the results of the
material flows balance of the existing technology and
smelting of a new composition of the charge with
copper-zinc concentrate is presented in Fig. 1. High
technological performance was achieved by smelting

a new composition charge. Rough lead output
increases from 19.4 to 24%, and matte increases from
28.3 to 32%. The established decrease in dust yield
(from 5.6 to 4.2%) is explained by the minimum of
dust extraction during electric smelting and the
deeper sublimation of arsenic and antimony into dust
due to the use of high-sulfur copper-zinc concentrate.

Uploaded:
6.7
19.5 29.2
12.5 25.3
Copper slips Converter slag
Flux ore = Cu-Zn Concentrate
Charge CS = Coke
Uploaded:
25
19,0
28.5
24.7
Copper slips Converter slag
Flux ore = Cu-Zn Concentrate
Charge CS u Coke

Received:

5.60

46.60

Rough lead

= Matte slag

= Dust

2.9 Received:

Rough lead = Matte = Slag = Dust W Discrepancy

A) — existing smelting technology; B) — charge smelting with addition of Cu-Zn concentrate.

Figure 1 Comparative material flow balance

More than two-times decrease in quartz flux mass
during the smelting of the initial charge with copper-
zinc concentrate is clearly seen. It was established in
[8] that an excess amount of quartz present in slags
from industrial practice, not participating in the
formation of slag (fayalite), is ~ 40% of its total
amount in slag. This leads to a large yield of slag,
which requires an increased consumption of coke
(6.7% of the weight of the charge), which is
additionally consumed to heat the slag and maintain
the temperature in the furnace. As a result, the overall

material and energy costs of the process increase. In
addition, a large excess of free quartz increases the
cost of the subsequent fuming process, where the slag
is sent to extract zinc.

The material balance, compiled according to
the results of elemental analysis of the compositions
of the smelting products, is given in Table 2.

Based on the results of the material balance,
the heat balance of the technology was calculated
using a new composition charge with the addition of
high-sulfur copper-zinc concentrate (Fig. 2).

8§ ——
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Inlet Heat

018
\ - 0.01

= 0.09

= Heat from burning of fuel = Physical heat of charge

= Physical heat of coke = Physical heat of blast

m Deficit of the heat

A)
Inlet Heat Outlet Heat
342
0.14 e 13
0.01_ ‘
018 ’
Y
= Heat from burning of fuel = Physical heat of charge m Heat with rough lead ® Heat with matte
= Physical heat of coke ® Physical heat of blast = Heat with slag = Heat with gases
» Heat of exothermic reactions = Heat of endothermic reactions
B)

Qutlet Heat

6.82 1.46

A

= Heat with rough lead = Heat with matte

= Heat with slag » Heat with gases

= Heat of endothermic reactions

A) — smelting of charge of existing technology;
B) — smelting of new composition charge with the addition of high-sulfur copper-zinc concentrate.

Figure 2 Heat balances of smelting of different charge (%)

Table 2 Material balance of the joint smelting of a new charge composed of lead intermediate products, recycled
materials and high-sulfur copper-zinc concentrate in an electric furnace at a temperature of 1250 °C

Material Total: Cu Pb Zn Fe As
Uploaded: kg | % I [l 11 | 1l 11 | Il Il [ 1l I | Il 11l
Charge 19500 | 976 | 3122 | 160 | 1000 | 4517 | 23,2 [ 1000 | 1469 | 75 | 1000 | 2260 | 11,6 | 1000 | 356 | 356 | 1000
Coke 471 | 24
Total: 19971 | 100,0 | 312.2 1000 | 451,7 100,0 | 1469 1000 | 226,0 100,0 | 356 100,0
Tlonyueno:
Rough lead 4200 120 163 | 39 | 55 | 4041 | 953 | 91,2
Matte 5722 | 286 | 2820 | 493 | 931 | 280 | 49 | 64 12 I3 ] 50 | 954 [ 167 ] 433 | 34 | 06 | 97
Slag 7681 | 385 | 28 | 04 | 09 54 007 ) 12 | 1340 | 175 937 | 1231 | 160 | 360 | 02 | 00 | 07
Dust, gases 1825 | 91| 16 | 09 | 03 54 0012 1.8 Lo 12 16 | 09 | 07 | 34 (172 896
Discrepancy 534 | 27| 94 30 11,7 26 38 26 59 26 | 06 17
Total: 19971 | 100,0 [ 312,2 1000 | 451,7 1000 | 1469 1000 | 226,0 100,0 | 35,6 100,0
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Sb S O Si0, Ca0 C Others
I 0| I I I I I I | I 1I 11 I II 11 I I I I I| I
153 1531000 | 2276 | 2276 | 1000 | 654 | 654 1000 | 2235| 2235 | 1000 | 798| 798| 1000 1660 85| 967
41,51 88,01 1000 571120] 33
153 100,0 | 227,6 100,0 | 654 100,0 | 2235 1000 | 79,8 1000 [ 41,5 100,0 | 171,6 100,0
11 03| 73 22 | 05] 14
02 [ 003] 12 | 1480 259 650 81 | 14| 52
01 [ 001] 04 6471 84| 990 | 2159 | 281 991 [ 771 | 100| 99,1 1446 | 188 | 920
140 [ 77| 9.1 | 797 | 436|350 | 07| 04 10 | 20 L1 09 | 07 04| 09 | 415] 227]1000] 23 | 13| 15
56 25 1 20 25 144 8.4
153 100,0 | 227,6 100,0 | 654 100,0 | 2235 1000 | 79,8 100,0 | 41,5 100,0 | 1716 100,0

It is easy to notice that a significant part of the
heat deficit of the existing technology is covered by
oxidation reactions of excess sulfur and high-sulfur
compounds supplied with high-sulfur copper-zinc
concentrate when smelting a new composition
charge. At the same time, in comparison with the
existing technology, coke consumption is decreased

Table 3 Distribution of metals between smelting products
of a new charge with the addition of high-sulfur copper-
zinc concentrate

Product Distribution*, %
sname | Cu Pb Zn As | Sb
Rough |85 |70.8 25.0
Lead 5.3 89.0 7.3
Matte 88.9 |258 |125 |28.0]13.6
90.3 | 6.2 4.9 95 [1.2
Slag 16 |21 |87 |25 |16
0.9 1.2 913 |07 |04
Dust 10 |13 |38 |[695]|59.8
0.5 1.2 1.2 88.1 911

* numerator - existing technology; denominator -
enlarged laboratory data.

Estimated recovery values of non-ferrous
metals, arsenic and antimony to the targeted products
have shown significant growth compared to the
existing technology. Recovery of copper to matte
increased from 88.9 to 94.8%; lead to rough lead
from 70.8 to 93.6%; zinc to slag from 83.7 to 94.7%;
arsenic to dust from 69.5 to 91%; antimony to dust
from 60.0 to 92.3%.

Based on the results of enlarged-laboratory
tests the preferred technological parameters of the

technology of joint smelting of intermediate
products, recycled materials and copper-zinc
concentrate in the electric furnace at the temperature
of 1250°C under reducing conditions were
determined:
+» Charge composition:
= copper slips —27.8%);

= charge of contractile smelting — 18.5%;

more than two times (Fig. 1). The distribution of
copper, lead, zinc, arsenic and antimony between the
products of smelting of a new charge with the results
of smelting of the charge of existing technology, are
given in Table 3, which shows significant changes in
the distribution of metals in the direction of
improvement.

= converter slag —24.0%;
= quartz flux —4.7%;
= copper-zinc concentrate —22.5%;
= coke —2.5%.

«¢ Duration of sequential melt blowing:
» by air—20 min., by natural gas — 20 min.

% Settling time after blowing
— 20 min;
¢ Slag composition, wt.%:
= Cu -0.4;
= Pb -0.7;
= Zn -17.5;
* FeO —-20.7;
= SiO; —-28.3;
= CaO —-10.1.
% Recovery of metals into the targeted
products:
= lead to the rough lead —92.0%:;
= copper to matte —96.0%;
= arsenic, antimony to dust —91 and

89%, respectively.

Specification of technological parameters of
complex technology of processing of lead
intermediate products and recycled materials with
high-sulfur copper-zinc concentrate requires further
large-scale (with a large amount of initial charge)
tests in a continuous mode.

Conclusions

1 Mine contractile smelting in its existing
intermediate products and recycled materials
processing purpose cannot be considered as a
prospect due to the low copper and lead recovery, low
quality matte, rough lead and slag. Further processing
of copper matte with high content of lead (~25 %),
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arsenic and antimony (in total up to 1.5 %) and zinc-
containing slags is characterized by the use of risky,
ecologically  "dirty" converting and fuming
processes, respectively.

2 The smelting of the new composition initial
charge, consisting of intermediate products, recycled
materials of lead production and optimal
consumption of high-sulfur copper-zinc concentrate,
in the electric furnace is the most preferable. This will
simplify the process and significantly improve the
quality of the obtained products by deep sublimation
of arsenic and antimony into dust, as well as reducing
lead losses in matte.

3 Adjustment of slag composition by addition
of high-sulfur copper-zinc concentrate will allow to
obtaining optimal composition of fusible zinc-
containing slag Cu,O-PbO-ZnO-FeO-Ca0-SiO;:
Zn0=20-22%; FeO/Si0,=0,8-0.9%; Ca0=8-10%.
The maximum solubility of ZnO and minimum
concentrations of copper and lead in slag will be
provided. The most effective way of further
processing of such zinc-containing slags should be
not by fumigation, but by a highly efficient
Vanyukov barbotage process. As the results of
preliminary calculations have shown, the use of two-
zones Vanyukov furnace will allow processing not

accumulated copper, lead, zinc-containing dumped
slags.

4 The results of enlarged-laboratory tests of
smelting of new composition charge in electric
furnace showed that it is not possible to get
commercial copper matte in one stage (lead content
in matte remains high enough - up to 12 %). In our
opinion, the most promising way is organization of
additional finishing of copper-lead matte in a
separate unit before the converting.
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KopfacbliHAbI XapTbiflan eHimaep MeH anHanmanbl MmaTepuangapabl MbIiC-MblpbiLl
KOHLUEeHTpaTTapbiMeH bipre 6ankbITy

DocmyxamenoB H.K., XXongac6an E. E., KypmaHcentoB M. B., AprbiH A. A., XKengn6anm M.A.

Tyiiinaeme. JKyMbICTBIH MakcaTbl — )OFapbl KYKIPTTi MBIC-MBIPBIII KOHIIEHTPATBIMEH KOPFAachlH OHIIPICiHIH KapThUIai
OHIM/IEpiH, aifHaJIBIM MaTepHaANIAAPbIH Oipiecin OAJIKBITY apKbUIbl MIAXTANIBIK KbICKAPTHI OANKBITYIBIH KOJAaHBICTAFbI
TEXHOJIOTHSICHIHBIH TEXHOJIOTHSIJIBIK KOPCETKIIITEPIH KETINipy. KUbIH OHIeNeTiH MBIC-MBIPBIII KOHIIEHTPATHIH OaJIKBITY
Ke3iH/Ie OJap/iaH MITCHHTe MBICTHI )KOHE MBIPBIIITHI IIJTAKKa Oip CaThIFa )KOFaphl CEJICKTUBTI LIBIFApPBII aly KAMTaMachl3
etinni. CelHay 9icTeMeci — KOPFAaChIHABI XKapThllail OHIMAEPl JKOHE KOFAphl KYKiPTTI MBIC-MBIPBIII KOHIIEHTPATBHIH
OaJKbpIMaHBl ANJBIMEH ayaMeH, colaH KeiiH TaOuru ra3z0eH sxyhesi ypiey jkarmaibiHaa anekTp neminge 1250 °C
TeMmmeparypaza Oipre OankpITynaH Typanpl. baaKeIMaHBI ayaMeH KoHe TaOUFU Ta30eH ypIiaey Ke3iHae 0aiKpITy eHiMaepi
apacelHIa MeTaJmapislH Teme-TeH OeriHyiHe 20 MHHYT immiHAE KOJ JKETKI3UJIEeTiHI aHBIKTaNAbl. MBIC-MBIPHIII
KOHIICHTPATHIH CyMb(OUAN3ATOP peTiHae Oip Me3riie naiinarany KO>KIaFsl MBIC TIeH KOPFACHIHHBIH MOJIIIEPiH a3alTalbl,
KYILIOH MEH CypbMaHBIH LIAaHFa IIBIFAPBUIYBIH apTThipasl. KongaHbICTaFbl TEXHOJNOTUSAMEH CaJbICTHIPFaHIa KOKC IeH
KBapI( (QIFOCIHIH IIBIFBIMBI IIMXTAHBIH CaIMaFbIHAH CoMKeciHIne 6,7-1eH 2,5% - ra aeiid xoHe 12,5-Ten 2,8% - ra aeiiin
azaszpl, Oy Iporecke KYMCalIaThIH MaTepHATABIK JKOHE SHEPTHUs MIBIFBIHAAPBIH e10yip TeMeHAeTe . Ipinenaipinren-
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3epTXaHAIBIK CBIHAKTAP HOTI)KECIH/IE KaHa ITIMXTaHBIH OHTAWIIBI Kypambl TaHAAIIBL. 30% KOFaphl KYKipTTi MBIC-MBIPBIII
KOHIICHTPATHIH KOCA OTHIPHII, JKaHAa IUKIKYpaMAbl OaKBITY eHIMAEpi apachblHIa MeTaIIapAblH Tapadybl aHBIKTAJIBL.
KonmaHbpIcTarbl TEXHOJIOTHAIA MBIC TITeHHTe 83,7% Oemince, myHaa 94,8% — Fa IeiiH >KOFaphl aJIbIH]IBL, Ta3apThUIMaraH
KopracbiH OypeiH — 70,8% 6osca, 93,6% - Fa AeiiH apTTHIPBUIILL, IIJIaKKa MbIpeim 83,7% Oemince, 94,7% - ra neitin
apTThI; IaHFa KYmoH 69,5% Gemince, 91% - ra neifin apTThl, jkoHe maHra cypema 60,0% Oemince, 92,3% - fa aeiin
apTTHI.

Tyiiinai ce3aep: mmxra, )kapThUIail OHIM, aliHAIBIM MaTepHaJapbl, MBIC-MBIPBILI KOHIIEHTPATHI, Tapajy, 0eiy, MuUIak,
IITEWH, Ta3apThUIMaraH KOPFACHIH.

TexHONorn4yeckue onbiTbl COBMECTHOM NMaBKNU CBUHLOBbLIX nonynpoaykrtos,
OﬁOpOTHbIX MaTepuanoB U BbICOKOCEpPHUCTOro MmeaHo-LUMHKOBOIro KOHUeHTpaTa

DocmyxamepnoB H.K., X)Konpgac6an E.E., KypmaHcentoB M.B., AprbiH A.A., XKengu6an M.A.

Annoranus. llenp HacTosmiel pabOTBI — COBEPIICHCTBOBAHME TEXHOIOTHICCKUX TIOKa3aTelel CyIecTBYIOMEH
TEXHOJIOTUH MIaXTHON COKPAaTUTEIHHOH IIABKH ITyTeM COBMECTHOH IIABKH IOIYIPOLYKTOB, 0OOPOTHEIX MaTEepHAajOB
CBHHIIOBOTO ITPOM3BOJICTBA C BBICOKOCEPHUCTHIM METHO-IIMHKOBBIM KOHIIGHTPATOM. YCTaHOBJIICHO, YTO IPH IIIaBKE
TPYAHO TepepadbaThiBaéMOT0 METHO-IIMHKOBOTO KOHIIEHTpaTa 00ecIednBaeTCsi BEICOKOE CEJIEKTHBHOE HM3BICUCHUE U3
HUX M€Y B WITEWH W IIMHKA B IUIaK B OJHY CTaJui0. MeToAuKa WCTBITAHWW 3aKitouyaliach B COBMECTHOM IIaBKe
CBUHIIOBBIX MOJYIPOIYKTOB U BBICOKOCEPHUCTOTO MEIHO-IIMHKOBOTO KOHIICHTpaTa B AJIEKTPOIEUH IIpU TeMIlepaType
1250 °C B ycnoBusix mocieaoBaTeabHOM MPOYyBKY paciijiaBa BO3AYXOM, 3aTEM — MPUPOJAHBIM Ta30M. Y CTaHOBJIEHO, UTO
MIpY IPOLYBKE pacIliaBa BO3AyXOM U IPUPOIHBIM Ia30M B TeueHHe 20 MUHYT JOCTUTaeTCs PaBHOBECHOE pacpeielieHre
METaJIIIOB MEXTy IPOTyKTaMu IIaBKH. IIokazaHo, YTO OAHOBPEMEHHOE UCIIOJIb30BaHHE METHO-IIMHKOBOTO KOHILIEHTpaTa
B Ka4ecTBe CYIb(PHUIN3ATOPa CHIYKACT COJICpKAHNE MEIH M CBHHIIA B IIUTAKe, TOBHIIIACT U3BJICUCHHUE MBIIITBSIKA U CyPBMBI
B IIBUTb. Y MEHBIIAETCS PAcXo]] KOKCa M KBaplEeBOro (hiroca o CpaBHEHMIO € CyIIECTBYIONIEH TeXHoIoTHei ¢ 6,7 1o 2,5
% uc 12,5 10 2,8 % oT Beca IMUXTHL, COOTBETCTBEHHO, YTO 3HAYUTEIHHO CHIDKACT MaTepHAIIbHBIC U DHEPro3aTpaThl Ha
mporiecc. B pesynbprare yKpymHEHHO-JIAOOPAaTOPHBIX WCIBITAHWNA BEIOPAH ONTHMAIBHBIA COCTAaB HOBOHM IIHXTHI.
YCTaHOBIEHO pacHpesesieHHe METAUIOB MEXAy MNPOAYKTaMH IUIaBKM HOBOM mMXTBl C pobasiaeHuem 30 %
BBICOKOCEPHHUCTOTO MEIHO-IIMHKOBOTO KOHIIEHTpaTa. JJOCTUTHYTO BBICOKOE H3BIIeUeHHE Menu B IuteiH mo 94,8 %,
npotu 83,7 % 1o cymiecTBYyIOIIEH TEXHOIOTHI; CBHUHIIA B YepHOBOM cBuHel — 70 93,6 %, npotus ¢ 70,8 %; nuHKa B
nuiak — 10 94,7 %, npotus ¢ 83,7 %; Meinibsaka B mbuib — 10 91 %, npotus ¢ 69,5 % u cypsmbl B mbuts — 10 92,3 %,
npoTtuB ¢ 60,0 % 1o CymecTBYIONeH TEXHOIOTHH.

KioueBble cioBa: mmxTa, MojgynpoayKT, 0OOPOTHBIE MaTepHalibl, MEIHO-IIMHKOBBIA KOHIIGHTpAT, pacipeieicHue,
W3BIICUEHUE, IJIAK, INTEHH, YSpPHOBOM CBUHELI.
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BnusiHue TeXHOsNormm «HaCOCHbIX CKBaXXUH» Ha aeowuT
OTKA4YHbIX CKBaXXUH

KOcynos X. A., Omap6ekoB E. Y.
Satbayev University, IHCTUTYT reonorum, HedbTn 1 ropHoro gena um. K. TypbicoBa, AnmaTbl, KazaxcTaH
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AHHoTauus. B gaHHon paboTe npvBefeHbl pe3ynbTaTbl NCCNeAOBaHUA MPUMEHEHNST «HACOCHBIX CKBaXWH» Npu
0TpaboTke MECTOpPOXAEHUIM ypaHa METOAOM MOA3EMHOrO CKBaXkMHHOro BhbiwenadvBaHusa (MCB) Ha pygHuke
«Kapatay» B ycnoBusiX BbICOKOHANOpPHOro XapakTepa noA3eMHbix Bog. [encTByowmii pyaHuk «Kapatay»
Haxo4MTCA Ha TEPPUTOPUU PACMOSOKEHHOrO B MYCTbIHHOW, TPYAHOOOCTYMHOW, MaroHaCeneHHOW MECTHOCTU B
toro-3anagHon 4actu Ly-Capbicynckon BnagmHbl B Cy3akckoM panoHe, TypkectaHckon ob6bnactu. PygHuk
«Kapatay» oTnuyaetcs OT OpyrMx MECTOPOXAEHUIW, TeM, YTO Ha BCEX YyyacTkax HabniwogaeTca camousnue
reoTeXHOMOrMYECKUX CKBaXWH, CTATUCTUYECKUA YPOBEHb KOTOpbIX - +20 M. [pMMeHeHve TpaauLMOHHBIX
TEXHOMOIN AN TaKOro MeCTOPOXAEHUS NPUBOANT K U3MULLHUM MaTepuarnbHbiM U TPyAoBbIM 3aTpaTtam. [Noatomy
npeanoXeHa TEXHOMOMMs «HACOCHbBIX CKBaXMH». [okasaHo, YTO NPUMEHEHWE TEXHOMOTMN KHACOCHBIX CKBaXKWUH»
NPMBOAMT K LOCTUXKEHUIO PaBHOMEPHOro AebuTa OTKaYHbIX CKBaXKMH, CHUXKEHMIO 3aTpaT Ha 3aKynky kabenbHow
NpoayKuum, Ha NprobpeTeHNe NOrpyXXHbIX HACOCOB M Ha OFONOBHMKM B CKBaXXWHaX.

KnioueBble cnoBa: noasemMHoe ckBaxuHHoe BbiwenaynBaHne (MCB), «HacoCHble CKBaXWHbI», OTKa4Hble
CKBaXMHbI, 3aKa4Hble CKBaXWHbI, CTaTUYECKUIA YPOBEHb.
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BBenenue

B nenpax Kazaxctana cocpeqoTOUE€HHO OKOJIO
25% MUpPOBBIX 3aIlacoB ypaHa, MpudeM okoisio 74%
W3 HUX TPUTOAHBI ANsl  A0OBIMM  METOIOM
MTO/I3EMHOTO CKBaXHMHHOTO BbImenaunBanus (I1CB)
[1]. BeimmonneHwe mporpaMMbl pa3BUTHS OTPACTH,
pa3paboTaHHOW  MPaBUTENBCTBOM  PECIyOJHKH,
MO3BONIMIIO 3aHATH KazaxcraHy mepBoe MeEcTO B
MHUpe 1Mo A00bue ypana. Takoe IOCTHKeHHE OBbLIO
OBl HEMBICIIUMO 0€3 COBEPILICHCTBOBAHUS TEXHUKH U
texrosioruu nipu [1ICB ypana [2,3,4,5].

Cample OoJbIIHME 3amackl YpPaHOBOW PYIIbI
CKOHILIEHTPUPOBAIIUCH B Uy-Capslcyiickoi
MIPOBUHIIUH. Uy-Capsicyiickas MPOBUHITHS
MpeACTaBIsIeT CcoO0OH  apTe3WMaHCKuil  OacceiiH,
c(OPMHPOBABIIMICS B KpPYIHOW JENPECCHOHHON
CTPYKTYype 1aThOPMEHHOTO THUIIA.
MecTopoxaeHus JIOKaJU3yTCs B IIPOHULAEMbIX

TEPPUTCHHBIX O00pa30BaHMAX BEPXHEr0 Melna H
najeoreHa,  MMEIOT  MOJHMXPOHHBIM  HEOTEH-
YETBEPTHUYHBIN BO3PACT OPYACHEHUS W pa3MelIeHBI
Ha (pPOHTE PErHOHAJIBHBIX 30H IUIACTOBOTO
OKHCJICHHSI.  YpaHOBbIe  3alie)Kd  HEMPEPHIBHO
NPOCIEKEHBl BJAOJIb 3TUX (POHTOB Ha JECATKU
KWIOMETPOB, 4YTO  OOYCJIOBHJIO  KpYyNHbIE U
YHUKAJIbHBIC MaciTaObl MECTOPOXKIeHHUM (Oosiee
100  TBIC. TOHH YypaHa). AHaIM3 TOpPHO-
Te0JIOTHYECKUN yCIIOBUH MECTOPOXKICHUS
MOKa3bIBaCT, 4YTO HA TEXHOJOTHIO  JIOOBIYY
3HAYUTEJILHO  BJIMSET  CTaTUYECKUH  YPOBEHb
MOJI3EMHBIX BOJ, KOTOPAasi CIIOCOOCTBYET CHUKECHHUIO
3aTpaT Ha OTKAaykKy MPOAYKTUBHOTO pacTBOpa.
Hecmotps Ha 9TO  BhINICNAYMBaHHE  ypaHa
NPOM3BOAMTCS TPAJULIUOHHBIM  CIOCOOOM, YTO
MIPUBOINT U3IHUIITHUM MaTePHAIBLHBIM 3aTpaTaMm.
Cnoco0 mOA3eMHOrO  BBHINICIIAYMBAHUS, B
HacTOsIIIlee BpeMsi, SIBISICTCS OJHUM M3 Hamboiee
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MEPCHEKTUBHBIX METOJO0B JOOBIYM ypaHa, a TaKkKe
psina ApPYrHX PEAKHX W IBETHBIX MeTauioB. llpu
pa3paboTke MECTOPOKACHUH HOJIE3HBIX
HCKOTIAeMBbIX METOAOM I0/I36MHOTO
BBILLENIAYMBAHUA TPOUCXOAUT BO3JACHCTBHE Ha
3aJeKb Ha MecTe e€ 3aleraHus ¢ LEeJbI0 MepeBosa
TIOJIE3HBIX KOMIIOHEHTOB B PAaCTBOP M MOCIIEAYIOIIee
WX U3BJICUYCHUE, KaK MNpPaBWIO, Yepe3 CKBaKHUHBI,
OypHMBbIE C HOBEPXHOCTH O MECTO PACIIOJIOXKECHUS
3anexxu. [log3eMHOE BBINIETAYMBAHUE SIBISETCS
Oosnee mTpuBIEKaTeNbHBIM M 3 eKTUBHBIM, 10
CPaBHEHHUIO C TPAAULIHOHHBIMH crIoco0amMu JOObIYH,
pu pa3paboTke OSTHBIX MECTOPOXKICHHM, a TaKKe
rITy0OKO3aIeralonmx MECTOPOKACHHIH,
XapaKTEePU3YIOLINXCS CIIO’KHBIMHU
THIPOTe0J0rHYECKUMHU 1 TOPHO-TEXHOJIOTHYECKUMHU
ycIoBUsIMH. B Hacrosiiee BpeMs OKOIO YETBEPTH
BCEro ypaHa J00BIBaeTCS METOAOM IOJ3EMHOTO
BBIIEIAYNBAHHS.

I'maBHbIMH (akTOpaMH, TPH HCIOJIH30BAHUH
Metona IICB gBnsoTCS: MpoeKIus pyaHON 3alexu
Ha JHEBHYIO IOBEPXHOCTb, YTO OIpEAeNsieT MecTa
pacloNioKEeHNsI CKBOXUH M HHPPACTPYKTYPHBIX
00BEKTOB; 3aJjaHHas MPOM3BOJUTEIBHOCTh
nepepadaThIBAlOUIETO KOMIUIEKCA - KOJIWYECTBO
OTKaYHBIX M 3aKaYHBIX CKBa)KHH.

YpoBeHb BOJIBI B CKBRKHUHE — 3TO U3 TJIaBHEIC €€
napaMeTpoB, KOTOPbIM HEOOXOAWMO 3HATh IS
ompeneneHus neOuta W TpPU BBIOOpPE HACOCHOTO
obopynoBanus.  Pasnuuaror — cTatmueckuil M
JUHaMH4YecKuil ypoBHH. CTaTH4yecKuil ypOBEHb
BOJIbl YCTAaHABIIMBACTCS B CKBR)KWHE MOCIE MPOCTOS
0e3 OTKaukd B TeueHHMH Ooylee omHOro uaca [6].
CyThb TaKOTO CTaTUYHOTO TIOJOXKEHHSI CKBAXKHUHBI B
TOM, YTO 3a0OHHOE JaBJCHUE, TO €CTh JaBIICHHE
BOJIHOTO cTonba BHYTpH CKBaXKMHBI,
YpaBHOBEIINBAaET  IUIACTOBOE  JaBJICHHWE, IO
KOTOPBIM HaxOIMTCS BOJa B BOJOHOCHOM CIIOC.
Takum 00pa3M, BO3HUKAET PaBHOBECHE M YPOBEHb
BOJIbI IIEPECTACT TOJHUMATHCA.

Ha wmecropoxnennn «byneHHOBCkoe», B
OCHOBY CTpaTUTrpauyecKoro pacuieHEHHs pa3pes3a

TIOJIOXKEHBI IPUHLIUIIBI LUUKINYHOCTH u
puTMOcTpaTturpaduil € MCIONB30BAHNEM JTaHHBIX
KapoTaXeW, a  TakkKe  IaJICOHTOJIOTUYECKHE

OIpe/ieTIeHNs BO3pacTa U aHAJIU3bl BEIIECTBEHHOIO
COCTaBa IJIMH U MECKOB. B palioHe MeCTOpOoXaeHus
BBIJICJISIIOTCSI TPY TOPU30HTA BEPXHEro Mena (CHHU3Y
BBEPX): MBIHKYIYKCKUH, HHKY Ty KCKHIA u
Kanmakckuil.  Boael  ropuszoHTa  HamopHBIE.
ITre3oMeTpuueckuit ypoBeHb pacrionaraercs ot 30
M BBIIlI€ TOBEPXHOCTH 3€MJIM B CEBEPHOIl YacTH 10
HermyOokoro ero 3anmeranus (mo 23 M) B FOKHOWM
qact [7, 8].

C  yuérom re0JI0TO-THAPOTE0IOTUIECKHIX
YCIIOBHI pyJOBMEUIAIOIIEr0 TOPHU30HTa 3amexu Ne2
1 (PaKTUIECKOH MPOM3BOIUTEIEHOCTA OTKAYHBIX H

3aKaYHBIX CKB&)KHH TUTSt JIEHCTBYIOLIUX
TEXHOJIOTHYECKUX OJIOKOB MPHUHST JEOUT OTKAYHBIX
CKBa)KHH MopsijIKa 10 M3/4gac, OTCIOJ1a

NpUEMHCTOCTD 3aKauyHbIX CKBaXHH — 3,8:4,3 M3/4ac.
[IpakTrKyemas cxema COCTOUT OT 5 10 15 oTkauHbIX
CKBA)XMH M K KaXKJ0OMY OTKQUHOMY CKBAXXKHHY HaZ0
MPOKJIaAbIBaTh Kabedb A MHUTAHUS MOTPYKHBIX
HacocoB. OOBSI3KM TEXHOJIOTMYECKUX OJIOKOB, B
KOTOPOM BEpXHEW YacTH OTKAYHOH CKBa)KUHbI
pacronaraercd TOTPYKHOM HAacoc, YTO SBISETCS
NpUYUHONH  pa30ypuBaHMs  YacTH  CKBaKUHBI
OonpIIMM  TUAMETPOM, «OOCaXHBaTh» TpyOamu
OompIiero mHaMeTpa, 000pyIOBaTh BEpXHHUH TOPEI
CKB2)XMHBI ~ COOTBETCTBEHHO  0Ooyiee  JOpPOTUM
orojoBkoM. Kpome Toro, Kk MecTy pacrojoXeHUs
TEXHOJIOTMYECKOTO Y374 U KaXKIOW CKBAKUHBI OT
tparchopmaroproi monctanuuu (TI1) u oT y3mos
pacrpesneneHdss ~ pacTBOPOB  IPOKJIaJbIBAOTCS
anexTpokabenu. Bce 3Tu 1omonHUTENBHBIE 3aTPATHI
MIPEJCTABIISIOTCS HEW30e)KHBIMHM, TaK Kak MecTa
pacronoXeHnuss OTKAaYHBIX CKBaXMH OIPEIesICHBI
Mopdosorueii pyAHOro Tena M HEOOXOAMMOCTBHIO
3aJaBaTh pacTBOpaM IIOA 3eMJIell BEKTOp HX
JIBUKEHHUS C MCTIOJIb30BAaHUEM ITOTPY’KHOTO HAcOCa.

BKCHepHMeHTaJILHaﬂ 4acTb

COBCpI_HeHCTBOB aHuec cxXema 00Bs3KU
uccieayemoro 6n01<a, CyTb AJIBTCPHATUBHOI'O
MMPEAJIOKCHUA: 5 OTKAYHBIC CKBa’>XHHBI

coopykaroTcs B (opmare 3aKayHbIX; BOJM3U OT
TpaHcopMaTOpHBIX MoACcTaHIui rryonHoi 50 -100
METPOB COOPYKAIOTCS «HACOCHBIE CKBaKUHBI»,
o0opyjoBaHHbIE  TAOyxod  0e3  (QUIBTPOBOIL
KOJIOHHOW, B HHX paclojlaraloTcs IOrPYy>KHbIC
Hacochkl. CyMMapHasi MOIITHOCTh 5 HACOCOB paBHA -
ONTUMAJILHON TpU TPaJUIMOHHOW CXeMe OOBSI3KU
(moxa3zaHo Ha 3 pUCYHKE).

OKCIIepUMEHTAIbHBIA ~ OJIOK  Haxogwics Ha
yuactke Ne2 pynuuka «Kaparay». Ilnomans 6moxa
40500 xBaspaTHBIX METPOB, pyAa NpEICTaBIEHA
TBEPABIMH IOPOAAaMH, MOIIHOCTh BOJOHOCHOTO
ropu3onTta 8-12 M, rmyOunHa 3aneranus 650-710 m.
Cpennsis  riyouHa  ckBaxkuH: 690  MeTpos,
CTaTMYECKUI YpOBEHb MOA3EMHBIX BoA: oT +20
METpPOB H BBHIIE OT [OBEPXHOCTH  3€MIIH,
MUHAMAYECKANA YPOBEHb MOJ3EMHBIX BOA: A0 -15
METPOB.

Ha skcriepumentanpHoM Onoke 30 3akadHbBIX
CKBaXHWH, 14 OTKAa4HBIX CKBaXXHH, pacCCTOSHHE
MEXIy 3aKauHOW © OTKayHOUW CKBakuHamu 30
MmerpoB. [IpuHsATa psigHas cxemMa BCKPBITHS.
Bypenue ocymectisieTcss OypoBeIM cTankoM BITY-
1200M  (mepenBuxHast OypoBas  YCTaHOBKA).
OTKauHble CKBaKHHBI COOpYXXaloTcst B (opmare
3aKadHbIX (pucyHOK 1), oOcaxkuBaeTcs TpyOoOi
IMBX, nuameTrpom 89 MM u ¢punbrpom — KD 118.
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Pucynok 1 I'eomoro—TexHIHYECKUI HAPAI Ha COOPY>KEHHE 3aKaYHON CKBAKUHBI

O0cy:x1eHue pe3yJibTaToB

HacocHble CKBaXXHMHBI ¢ OTKAYHBIMH COEIMHEHEI
OUIAHTaMA ®  TIPEACTaBISAIOT CO0OM  cHucTeMy
coobLaomuxcst cocy10B. Buaumo, He0OX0AUMBIM
yCIIOBUEM  IpU  3TOM  JODKEH  ObITh -
IIOJIOKUTENIBHBIA  HAMOp IOA3EMHBIX BOJ  Haj
JHEBHOM IIOBEPXHOCTBIO M PACIIOJIOKEHUE HACOCA
HIKE JUHAMUYECKOrO YpOBHA. MUHUMAaIbHOE
YUCIO TAaKUX HACOCHBIX CKBaXMH — OJHA Ha
TeXHOJOrn4eckuii O1oK. [Ipon3BOAUTENBHOCTE TIO
IIOTOKY B OTKAYHBIX CKBWXKUHAX IPU ITOM
pErylIHpyeTcsl ¢ MOMOIIBIO 3alIOPHOM anmapaTypal.
IIpuMeHeHne HaCOCHBIX CKBaXXUH HAPSLY C MPSIMBIM

9KOHOMHYECKHM 3 PeKkToM MOo3BOIISET B QYHKUIHUIX
OTKAaYHBIX CKBaXMH WCIONb30BaTh Ha pPa3HbIX
cragusax orpaboTku Ojoka Tr00BIe KOMOWHAIMH
3aKayHbIX CKBXHH. il TOMydYeHHs 3aBUCUMOCTH

,I[C6PITa OTKAaYHbIX CKBaXMH OT [PUMCHCHUA
«HACOCHBIX CKBA>XHH» ObLIH CO6paHLI
CTaTUCTUYCCKUC JaHHBIC npu OTKJIFOYCHHBIX

HACOCHBIX CKBaXHMHax H pa60Tannmx HaCOCHBIX

CKBa)XKMHAX. IIpon3BOANTENBHOCTh OTKAYHBIX
CKBOXMH  OKCIIEPUMEHTAIFHOTO  OJloOKa  TpH
OTKJIFOYEHHBIX HACOCHBIX CKBa)XKMHAX u

paloTalomMX HACOCHBIX CKBKMHAX MOKAa3aHBI
pucyHkax 2,3.

HpOH3BOJJl)[TEJ]I:HOCT]: OTKAYHBIX CKBAKHH JKCIIEPHUMEHTAJIBHOIO o0Ka
MNP OTKJIHIOYEHHBbLIX HACOCHBIX CKBaAKHHaX
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Pl/ICyHOK 2 HpOI/ISBOHI/ITCJIBHOCTL OTKaYHBIX CKBayKUH SKCIICPUMEHTAIIBHOI'O O10Ka TIpH OTKIIFOYE€HHBIX HACOCHBIX
CKBaXHMHaXx




Complex Use of Mineral Resources. Ne2 (313), 2020 ISSN-L 2616-6445, ISSN 2224-5243 (Print)

npOﬂ3BO.ElMTeJ'leOCTb OTKAYHBIX CKBAZKHH JKCINEPpHMEHTAJILHOI'O GaoKka
npu paﬁoTalou[ux HACOCHEBIX CKBAYKMHAX

13,1

[leder cxpammun, M3/uac
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Pl/ICyHOK 3 HpOI/BBOZ[I/ITeJ'IbHOCTL OTKAaYHbIX CKBAXKWH 3KCNCPUMCHTAJIBHOT'O O110Ka opu pa60Ta}01u1/Ix HaCOCHBIX
CKBaXHMHax

Kaxk BUIHO U3 I‘pa(bI/IKOB, IIpUu OTKIIOYCHHBIX I[C6I/ITa OTKQYHBIX CKBAXXWH, YMCHBUIAIOTCA 3aTparhbl
HACOCHBIX CKBaXMHAX M3 14 OTKAaYHBIX CKBaXHH  Ha 3aKyNKy KaOEIbHOW MPOAYKIMH, Ha TIPHOOpETCHUE
neOUT paBeH HyINO, a B OCTAJbHBIX CKBRXHHAX  IOTPYXKHBIX HACOCOB (HA OIHOM OJloKe OBIBAET OT § 110
neout usmenserca ot 0,8 m3 /gac mo 3,3 M3 /gac. 15 OTKAaYyHBIX CKBAKMH, @ B «HACOCHBIX CKBAKMHAX»
[Ipu  paGoTarommx  «HACOCHBIX  CKBOKWHAX»  BCEro 5), 3KOHOMATCS CPEJCTBA HA OTOJIOBHHKAX B
HaOI0JaeTCd PAaBHOMEPHBIM NEOUT BCEX CKBAXKUH,  CKBAKUHAX.
neout u3mensercsd ot 6,0 M3 /gac 1o 13,1 M3 /4ac.

BbIBoabI bnazooaprnocmp
Aemopbl  cmamvu  @upadicaom  0ZPOMHYIO

bnazooapuocme  Anexcero Heanosuyy Mamynosy 3a
HOMOWb 8 COOpe Mamepuanos.

B  ycrnoBuAX  BBICOKOHAIIOPHOTO  XapakTepa
MOJ3EMHBIX BOJ MPUMEHEHHE TEXHOJIOIHU «HACOCHBIX
CKBXXUH» IPUBOAUT K AOOCTHHKCHUIO PABHOMCEPHOI'O

Ccbika na oannyro cmamoro: HOcynos X. A., Omap6ekoB E. V. BnusHue TEXHOJOTMH «HACOCHBIX CKBa)XXHMH» Ha JICOUT OTKA4YHBIX
ckBaxkuH // KoMIUIEKCHOE UCIIONB30BaHHE MUHEPAIBHOTO ChIpbs. -2020. -Ne2 (313). -C.14-18.
https://doi.org/10.31643/2020/6445.12

Cite this article as: Yusupov Kh. A., Omarbekov E. U. Vliyaniye tekhnologii «nasosnykh skvazhin» na debit otkachnykh skvazhin [The
effect of «pumping wells» procedure on the flow rate of extraction wells] // Kompleksnoe Ispol’zovanie Mineral 'nogo Syr’a = Complex
Use of Mineral Resources. - 2020. - No. 2 (313). - S. 14-18. (In Russian).
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Copfbl YHFbIManapblHbIH WbIFbIMbIHA «COPFbIl YHFbIManap» TeXHONOrUsACbIHbIH acepi
KOcynoB X. A., Omap6ekoB E. Y.

Tyiiingeme. By xxympicta "KapaTay" KeHIIOIHIET] KOFapbl KbICBIMIBI KEPAaCThl CYJIAPBIHBIH JKaFJalbIHAA KEepacThl
yarputan maiivanay (OK¥Y 1) oniciMeH ypaH KeH OpbIHIApbIH OHAETeHAe ""COPFbl YHFIMaJIapbIH" KOJIIaHYIbIH 3epTTEy
HoTmkenepi kentipinreH. JKymsbic icten Typran "Kaparay" kenimi Typkictan oOusbicel, Co3ak aynanemHgarsr Ly-
CappICy OWITaTBIHBIH OHTYCTIK-0aThIC OeIiriHae e, KaTbHACY KHUBIH, aZaMIap a3 KOHBICTaHFaH ayMaKTa OpHAJIaCKaH.
"Kaparay" keHimmiHiH ©0acka KeH OpBIHAApPBIHAH EpEKIIENiri, OHBIH OapibIK ydYacKelepiHIe TeOTEXHOJOTHSITBIK
YHFBIMaJap O3MIriHeH TOrUTi TYpaasl, CTaTUCTHKANBIK AeHreii +20 M. MyHpmali kKeH OpHBI VINIH JocTypi
TEXHOJIOTHSUIAp/Abl KOJNJAaHy apThlK MaTepPHANbIK JKOHE E€HOEK MLIBIFbIHAApbIHA anbin Kenedi. COHABIKTaH '"COPFbBI
YHFBIMAJIAPBIHBIH" TEXHOJOTHSICH YCHIHBUIIABL. "COPFbI YHFBIMANAPHIHBIH"' TEXHOJIOTHSCHIH KOJJIAaHY apKbUIBL, COpPY
YHFBIMaIapBIHBIH OIpKeJIKi IIBIFBIMBIHA (IEOMTIHE) KOJ JKeTKi3ineni, xabenb eHIMIEpiH, OaTbpMaibl COPFBLIAPIBI
CaThIIl ajlyFa jKoHe YHFbIMaNap/arsl 0acThIPFBIITAPFA IIBIFBIHAAP/IBI a3aliTyFa MYMKIH/IIK Tyabl.

Tipek ce3nep: xepactsl yHrbiIamn maiimanay (QKY1), "coprbl yHFbIManapsl", copy YHFbIMaaphl, aiiay YHFbIMalaphl,
CTaTHCTHKAJIBIK JICHTCH.

The effect of «xpumping wells» procedure on the flow rate of extraction wells

Yusupov Kh. A., Omarbekov E.U.

Abstract. Study of application of «pumping wells» when mining of uranium deposits by in-situ leaching (ISL) to the
mine "Karatau™" under conditions of high pressure of groundwater character was performed. The operating «Karatauy
mine is located in a deserted, inaccessible, sparsely populated area in the southwestern part of the Shu-Sarysuy
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depression in the territory of the Suzaksky district, Turkestan oblast. The «Karatau» deposit differs from other deposits
in that self-pouring of geotechnological wells with a statistical level of +20 m is observed at all sites. The use of
traditional technology for such deposit leads to excessive material and labor costs. Therefore, the technology of
"pumping wells" is proposed. It is shown that the use of "pumping wells" procedure leads to achieving a uniform flow
rate of extraction wells, reduction in the purchase of the cable production costs for the purchase of submersible pumps
and wells in the end cap.

Key words: in-situ leaching (ISL), «pumping wells», extraction wells, injection well, static level.
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Tyningpeme. byn makanaga cyWblk MeTangap AWHAMWMKACbIHbIH TEOPUSMbIK acnekTinepi XaHe peTTeriMereH
Xyvenepgaeri koppensauma Macenenepi kapactbipbinagbl. 3epTTeyaiH MakcaTbl: TaHgasnfaH aneMmeHTTepmeH MapkoB
TeHAeynepiHiH, anbiC acep eTeTiH KypamaayblWTapblH annpokcumauusnay. >KyMmblcTa anHblManbinapgsl TaHaay
KesiHge MapkoB npouecTepiHiH TeHAeyiH annpoKCMMaUMsHbIH OCbIHAAW TYPiHE KEeNTipy KaXeT eKeHi KepceTinreH,
OHOa TaHaanfaH avHbiManbinapAblH apacbiHAa anbiC acep eTeTiH KypampacTtap 6ap. Anavga, MyHaanm TtaHgay
TypaKkTbl anHbIManbinapgbl Aa kamTybl Tuic. KenTereH 3epTreynep KepceTkeHAew, TaHaay AuvHamMuKanblk
anHblManbinapbl 6ap KosfFanblCTbiH 6acTanksl TeHaeyiHae XKy3ere acbipblnybl MyMKIH eMec, On YLiH ecTe cakray
dyHKUMACBIH Tangay kaxeT. XKofapbl peTTi ecTe cakray OYHKUMACHI Xbigam Kemyi MyMKIH XXeHe HaTmxeciHae
TaHganfaH sanemeHTTepMeH MapkoB TeHAeynepiHiH anbicka acep eTeTiH KypamaacTapbiH annpokcumauusanayra
6onagbl. XKymbicTa aBTOKOPPenauuanblK MYyHKUMAHLIH Pypbe TyprneHyi MeH AnHamukanblk kabblnaafbIlThIKTbIH,
»opaman 6eniri apacbiHgarbl 6arnaHbICTbl 6eNrinenTiH MNyKTyaunsanbIK-Guccunaumsnbik Teopema AsnengeHreH.
TyniHn cespep: kKoppenauus, Pypbe TypreHaipy, bpoyH Kosranbicbl, MapkoB TenAaeyi, peTcia xyne, UHaMUKanbIK
anHbIManbinap, onykryauus, GnykTyauusanbiK-guccunauusanbik Teopema.
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OpHEKTeyre MYMKIHTIK Oeperi, oJap yaKbITKa

Kipicne .
TOYENIi THIFBI3ABIK CHSAKTHI KOPPEJSIIHSIIBIK
Kapreunait oTKi3rimTep METAIJaPbIHbIH ¢yHkumsulapMeH  OaianeickaH. bynman  Oacka,
OaJIKBITIIAIAPEI KpHCTAILT neHenepmen — KaOBUINAFBIMNTBIK  OKCICPHMCHTTEC OAKbUIAHATBHIH
CaIBICTEIpFaHIa 3aTTap/IbIH JKeTKLIIKCI3 mama Ooxpim Tabbutamel. MyHga 013 KOTepeHTTI

3epleNeHreH KIachlH Oimaipeni. BankpiTnamapaely —~— WAmbipay — OOMbIHIIA — OKCHEPHMEHTTEPIl  €CKE
GU3MKANBIK ~ TAOWFATHI  ONMApAbl  MONEKyNamblK  anambi3. JIom ochl (yHKIMS aKmapaTTsl OOJBIIT
CYHBIKTBHIKTaD MeH aMOp(QTBI JeHeNep CHUSKThI ~ TaObLIaIbl JKOHE JKYWEHIH OapiblK KyHIepiMeH,
3arTapablH OipHeme Oacka KiacTapbl apacblHaa — ATOMJApAbIH  THIFBI3ABIFBIMEH  JKOHE  OJapAbIH
apanblk OpBIHFA  KOAAbl. Anaiima ocel 3aTTap  JKbUIIAMJBIKTapbIMEH cumattanajabl. Ockl MiHIETTI

apacbIHJaFbl IEKapaHbl aHBIKTAYy KWbIHFA COFajbl. menry YLHiH 69JIHI6KT€p TBIFbI3IbIFbI MCH HMITYJIbC

@yKTyanus-JUCCUITAIUAIBIK T€opEMa arbIHBIHBIH THIFBI3AbIFBIHAH KOCBIJIaThIH,
KaOBUIaFBIIITHIKTEL  JKYWEHIH Teme-TeH KyWeri JUHAMUKAJIBIK [IaManapjblH JKWHAFbIH  CHTI3y
KaCHETTepiHIH (bIyKTyanusuiapsl apKbUIBI  KaXKeT.
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BankpiTianapaarel  aTOMIBIK  TIPOIECTEPIiH
YakKpIT TI€H KEHICTIKTEeTi  Y3aKTHIFBIHBIH TOpPTiOi
oJlapAbl MaKpOCKOIMSUIBIK JKOHE MHUKPOCKOIHUSIIBIK
MacmradTapra 0enyre MyMKiHAIK Oepemi. An Oy
KCHICTIK-YaKBITTBIK ~ MacImTaOTapapl  TaHIayFa
MYMKIHIK Oepei. SIrHu, OaJIKBITIIAHBIH
KacHeTTepiH OHBI 013 MAKPOCKOMUSIIBIK MacITaOKa
JKATKBI3aTBIH ~ TYTAaC  PETIHIE  AHBIKTAWTHIH
IpolecTepAl aTam kepceTy KakeT. OraH coHail-aK
muddy3us TporecTepi, IbIOBICTHIH OIIyi, KBUTY
OTKI3TIIITIK XoHE T.0. KATKBI3bUIAMEL. bip aToMIbl
CYMBIKTBIKTAFBI ayBITKYABI €Ki O0ITiKKe, OipiHIIiIeH,
KBICBIM  (MIIYKTyaluAChIHA, EKIHIIIJIeH, SHTPOMHSI
¢nykryanusceiHa Oenmyre 6omabl.

Tankpliay HITHKeC]

AN MUKpPOCKONVSUIBIK ~MaciuTad  Typajibl
afTcak, oHIa o)1 QIYKTYaITUsHBIH Iaina 00ysIMEeH
KOCa  JKYPETiH  peNaKkcalusIblK  MpOIEeCTepi
CUTIATTAHbI, OJapIbIH apachlHIa TOHIPEKTIK Terre-
TEH KYHTe aybhiCy TIpoIleci aca MaHBI3ABI OOJIBII

TaObUTaBl. MyHIall MNpOLECKe COMKeC KEeJeTiH
penakcanus yakpIThl, oOJapjaH OacTtam  Kyke
TYPaKTBI ~ KBUTy OTKI3TIMTIK  MEH TYTKBIPJIBIK
0oJFaHIa  MaKpOCKONMSUIBIK  afHBIMAJBUIAPMCH

CHUIaTTaTybl MYMKiH. MyHJaii yakpITTHI Oarajayabl

'

MakcBeuiIiK penakcanus yakbIThIHbIH Ty = G

KOMETiMEeH Ky3ere acelpyra Oomanpl, myHna G —
BIFBICY MOJTyJIi, OHBIH OaJKbITIIa MEH KaTThl JIeHE
YLIiH peTi 0alKy HyKTeciHae coil xoHe Oip. Anaiina
alfHaIMaubl JKOHE IMIKI  epKIHAIK Jopexernepi Oap
OarnkpITIIa YIIIiH MyHAal Oaranay aypsic emec [1, 2,
9]. JluHaMHKaITbIK KOMITBIOTEPJIIK
IKCIIEPUMEHTTEP/IC 0acka MUKPOCKOIHUSIIBIK YaKbIT
MacmITadbl 6ap OoNapl )KoHE OJ1 KOPIIaFaH COJl XKoHe
Oip KaKkplH KepuIiyep/i cakTayMeH OaiTaHBICKaH.
Tene-TeHaikTe 0OJaTBHIH 3EPTTENICTIH OaJKbITIIAFA
yaKbITKa a3 TOyelli OOJIaThIH aybITKy 9Cep ETETiH
0osicbiH. [ = —0O yakbIT MOMEHTIHJE XYiie Tere-
TEHIKTE 0OoJIbL, COHBIMEH Oipre H
raMHJITOHHAHBIMEH CHIIATTANAAbI. t yaKbIT MOMEHTI

H-/A()

Oepimerin  g(t)

APKBLIbI  OHBIH T'aMWJIBbTOHHAHBI

MYHJIa ,B - Koca
ayBITKYBIMEH OalTaHBICTHI, KaHIal fma Oip e3repreH
mama. OHaa KyHe peakiuschl JIUHAMUKAJIBIK
alHBIMAJBIMEH CHIATTAJIATBIH OOJaabl, OHBI KeJecl

aHAJMTUKANBIK TypAe Oepyre Oosaabl:

e3repi,

[0,6(t-DIOCE,

M¥HnaO AB (t) - )KYl€ peaKIusChl.
Erep g(t) byHkuusaceiH MbIHA Typae Oepcek:
g(t) ~ exp(et) cos(et)g |

myngal =—00 g(t) =0 6Gomranmza € >0, ouna

tyakbIT MOMEHTIH]IE AYBITKBIMEH TYJIbIPbLUIFaH
KYHIiH e3repyi ObLIaii Ka3blaa bl

IR, [eXp(—at) x ps(@)].-

Kone ne:

e (@) =i [dtexp(iot— )04 (1),
0

JMHAMUKAIIBIK KaObUIAAFBIIITHIK OOJIBINT TaObLIAIbI.
[1,2, 7T]xymBIcTapaa KepceTiareHaei,

0, ()=~ < AB*>§©AB ®,

< AB*> 0, (t) =< A(t)B*(0) >=< A(0)B*(t) >

€CeTKe aliFaH/a, Jariac TYpJAeH IIpYiH Nai/1anaHbIIL,
OBUIAN Ka3aMbI3:

2 (@) = B < AB*> (L4100 1 (i) .

OHZa  aBTOKOPPEISAIMSIBIK — (QYHKIUSHBIH
Dypre TYpACHIIPYi JKOHE JTAHAMHKAJIBIK
KaOBUIIAFBIINTHIKTBIH KOpamMas OeJliri apachIHIaFbl
OaiilaHbIC KeJeci Typ/Ae *Ka3bliabl:

e
<A 260 e (@) = —— X, (@)
V4 ropf

L jdt exp(iot) < A{t) A* >=
2 2,

KoHE (PIIyKTyalus-IHUCCUIIAIMSIIBIK TeOPEMaChIHBIH
HOTWXKeciH  Ounmipeni. bByn  epHek  kyleHiH
GIIYyKTYalMsIbIK  KAaCHETTepiH JKYHEHIH CBIPTKEI

e3apa opeKeTTecyre peaKiusChIMEeH
OaitTaHBICTRIPAIBL. Mgicansl, A peTiHae
OemmiekTepiH  (QIYKTYalUSUIBIK  THIFbI3/IBIFBIH
TaHJACaK:

N, =2 [exp(ikR; =3, )],

OHIa KOTepeHTTIK Imamsipay (QyHKIUSICE MeH
JVMHAMUKQIBIK ~ KaOBUITAFBIITHIK  APAChIHIAFbI
OaifaHBICTHI aJTyFa OOIaIbI.

VYakpIT OOWBIHINIA ©3TepeTiH CHIPTKBI epicTe
NoOemmekTep OOJNICHIH, OHAA KyHeme KaWTHIMCBI3
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MpoLeCTep KYPyl MyMKiH, Oipak KalThIMJIbI
mporiecTep ne  xkypyli wmymkiH.  CoHFbIFa
OaJIKBITHUTFAH KYHCHIH CBIPTKBI epicTte

MOJISIPJIaHYbIH TYIBIPATBIH, WKeMAl aedopmanus
TporecTepi Jkarafpl. OpUHE, erep epicTiH acepi
afTapieIKTall a3 0ojica, OHIAa JKyiHe peaKIHACHIH
CBI3BIKTHIK JIET ecenTeyre OOoJaibl.

CBI3BIKTBLIBIK HIapTTapsl CBIPTKEI
MTOTEHITHANITBI TOYEJICi3 TapMOHUKAJapFa KIKTeyre

Mymkinzi 6epeni. Onnak — xenicriringe O(K, @)
@Oypre-KOMIIOHEHTIHMBIHA TYpe 6epyre 0omaabl:

O(R,1) =ii > [0k, @) exp[-i(kR, + et)]deo- 1)

27 =

N, - OeoyeKTep THIFBI3ABIFEIHBIE Dypbe-

KOMITOHEHTI KOHE OJ1 MbIHAFaH OOJIF AHJbIKTAH.

N

M =2 exp[-ikR, ]

n=1

onpa (1) epreri ObLIaif >Ka3bLIabL:
O(R,t)zzizjc)(k,w)exp(—iwt)dw.
Tk

Conrel  apa kaTteic  0i3mi opOip Dypbe-
KOMITOHEHTI 0acka KOMIIOHEHTTEpre TayeJci3
TBIFBI3ABIK  (QIIYKTYaUUsACHIH — TYZABIPAAbl  >KOHE
Oyndaykryanusiiap Kuimiri (0 TONKBIHIBIK
BEKTOPMEH aHBIKTala/bl JETeH OifFa MTepMeIeiai.
backama aiitkanma, Oip Pypbre-KOMIOHEHTIMEH

TYIBIPBUIATBIH aybITKY [3,4, 8]:
n O (k,w)exp(-imt) , (2)

KyMa TOJKbIHIBI Ourmipendi. [IporeccaanabaTabik
GONBITT  KOpiHeTiHiKTeH koHe aybitky EXP (5 t)

TYpiHae OONATHIHABIKTAH, OHA (2) TYpiHAETi 6pHEK
ObLIail Ka3bLTAIbL:

n Ok, w)exp(s—iw)t .

byn karpaidinapma tyakeIT MOMEHTIHZECTI
KYHEHIH OpTallla ThIFbI3IBIKTEI (IIyKTYalUsIChIH O,
Oaiikayra Oomazapl, Oy

MYMKiH:

Keneci typme  Oepimyi

< 5. (k,t) >=< 3, (k, ) exp [(te -1 0)t] >.

< 0, (k,t) > ©ypbe-kommoHeHTiH

KYHEpeaKIMsIChl PeTiHIe KepceTyre 0onanel. bynan
0acka, )KYHeHIH ITWHAMUKAIBIK KaObIIIaFbIIITHIFbIH

eHTi3yre OoJaibl:

A(k,a))—<5j‘(k’a))>,
O(k,w)

MyHZa A (k, ) KemeH i) yHKITUS GombIm
TaOBUTAIBI, JKOHE JI€ OHBIH Kopamai Oouriri
TOJIKBIHBIK BeKToka KUUTIKIIEH — epicieH
TachIMajlaHaThIH,3HEePTUs KyHecine OepyaiH
TYPaKThbI MpOLECiH CUIIATTaU b CeiiTin,
duykryarms-muccunamusnelk - teopema oK, @)
CHEKTPIIK QyHKIMSCHIMEH OaillaHBICTHI Oepe.

JKyite 1iekapaiapblHbIH — aaua0aTaNbUIBIFbI
IapTHI KeIIeHII JKUITIKTIH HaKThl KHLUIITIH

ayBICTBIDYMEH Teme-TeH. MareMaTHKaJIbIK TYPIE
CBIPTKBI ~ ©pic  yaKbITBIHIAFbl  e3repicTtepmi
CUIMATTAUTBIH JKUUIK HAKTHl OCBKE IIIEKCI3 KAKBIH
Z yxoraprbl KapThlIail Ka3bIKTHIFBIHIA KATHIP €Il
aHbpIKTayFa 0omanel. COHBIMEH Oipre TUHAMUKAIBIK
KaOBLIIaFBIIITHIK A(k,a)) KUUTIKTepAIH KapThLiai
JKA3BIKTBIFBIHA ~ AHATUTHKAIBIK TYPHAE JKAIFACyh
MyMKiH. Ken OemmiexTi KyieHIH Teme-TeH KYHiHiH
yaKbITKa TOYEJICi3 YIKBIMJIBIK MOIaJIapbIHA TOMEHT1 Z
KEIIEHAI  KapThUIail IKa3bIKTHIFBIHBIH Ak, z)
TTOJTFOCTEPI JKayarr OepeTiH 00aabl. AHATUTHKAIIBIK
JKaJFacThIpyJiapa ojapiblH  HAKThl, COHAal-aK
skopamalt Genirinin aitspeivaapst A(K, @) cuskrer

nomoctepi 6omansr. Connaii-ak P(K, @) mameipay

(GYHKIVSICBIHBIH /12 MOJIFOCTEPi  OOJambl, O
GIYKTyanus-TUCCUTIAISIIBIK, ~ TeOpeMara  COMKeC
TBHIFBI3/IBIK PEAKIHUACHl (DYHKIUSCHIHBIH KOpaMall

OexmirimeHn OaitmanbickaH. EHAI KapacThIpbUIFaH
epeKeNepIiH HETI3iH]IE, JIMHAMUKAITBIK
allHBIMaJbUIAPJBl  OPTOTOHAJH Oa3uc OOHBbIHINA

Kikreiwmiz. Kanpait na Gip A(t) mraMachl KO3FaJbIC
TEHJICYiHE CONKEC HBOIOIMSIAHATHIH OOJICHIH:

9AO) i Ay,

mynaa L, - Jlumyswuis omeparopsi Gingipeni,
iL,A(t) - A aliHbIManbICBl TaMHIBTOHHAHBI Oap

ITyaccoHHBIH KiacCHKaIBIK Xakmanapsl. Kannaii na
6ip F u G xome F*, G* oneparopnapsl, onap/sid
SPMUTTIK TyHiHAecTepi Oepinren OONCHIH, OHAA
JlnyBWIUTE OTEpaTOPHI SPMUTTIK AETCH jKopamaijia
Obu1ail sxa3yra 6oJaIbl:

(L, F.G*) = (F.[L, GI).

MyHnaii KeOeHTIHIHI HHTErpal TYpiHIC
Oepyre Oomapl:
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B
(F,G¥) =%j< exp(AH)F —exp(-AH)G*> dA,

MyHJa<...>XyHeciHiH H  TaMWIBTOHHUAaHBl -
1

TeMIepaTypachl | = KaHOHJBIKAaHCaMOIb
A

opramanay. Hakteuiel  <....>  KaKIIaChIHBIH

KOPPEISIMSIBIK QyHKIMAHBI OUTIIPETIHIH aTan KeTy
Kepek, OoJ  Kemeci maparpadTapAaa = HaKTHI
KapacThIpbUTaTEIH Oonaanl. Kanmaii na 0ip 4 mamacsl
t yakpIThIHA TOyenai Ooyajpl Jen >KOpaMallaibiK
xone t = 0 vyakeir MomeHTiHme [mapOepT
KCHICTITIHIe BEKTOP OOJBIT TaOBUIATHIH OOJICHIH.
Onna G BekTOPBIHBIH A(())-Fa MPOEKIHACHl ObLTal
KOpPCeTiTyi MYMKIH:

PG = (G, A*)(A A" A,

MYH/Ja P0 - CHI3BIKTBIK 3PMUTTIK OIEPaTOpP.

ConsiMen Oipre ObuIaif kazyra 60IabI:
A)=0,t)A+A®L), (3)

O, (1) = (At), A%)(A A*) ",
MYH/J1a

At) = 1-R)A(),

onza (3) maitnananem, A(t) epwerin Tabyra
0Oomaml;

A(t) - L A() =0, () f,,

MYH/J1a

fi=iLA, L =01-R)Z,.

I/IHTCI‘paJ'I,Z[LI aJIFaH COH.
t ~
A = [O(s) f,(t— p)dp,
0

MYHJIa
fl(t) =exp(i I-1t) fl

A(t) - O, (t) xome f(t) yitiprrici GOJIBII
TaOBUTATHIHBIH ~ KepeMi3,  Oackarma

JlammacTeIH COHFBI TYPIACHIIPYIH aTaMbl3:

aliTKaH/a,

AG) = [ A p(-2)dt =0y (D)[A+ ()],

( fl = iLlA) €CETIKE aJIbIIl, ObLIall KOPBITHIHBLIAYFA
OoJIabL:

(f,()A%) =0,

CoOHABIKTAaH OHBIH  DBOJIONUICHI  MBIHA

TeHeyre OarbIHAbI ICTI CaHayFa 0OJaIbl:
O =iLf,().

f,(t) dynxumacer  fBexropsina
KATBICTBl  MPOCKLMSJIBIK  KOHE

KypayIsuiapra OejiHesl, HeMece

Ceiirin,
OpPTOTOHAJTh

fl(t) :Ol(t) f1 + fl(t) )

MYHJIa

O, (1) = (f, (), {))(f, £

fl(t) =(1- Pl) fl(t) Lj =(t— Pj)Lj—ly

mynna, P, - f, ocine npoekmmsnsix oneparop.

(1-P,) oneparopsinbis amais! keneci apa KaThICThI

Oepeni:
fl(z) = Ol(z)[ f1 + fz(z)] )
MYH/Ia
f,(2) = exp(iLDiL, f,.
L,=A-P)L,.

Ceiitin,  f,(2) -f,  ociwe f;
OpPTOTOHAIBKYPAYIIEl  OOJBIT TAOBIIAABI, OyaaH
A f xoue T, Gip-Gipine kaTbicTBI OpTOrOHANH

€KEeHl IIBIFaJbL.
MyHgaii  npoueaypaHbl JKAITFACTBIPHII,
Kerneci Ti30eKTi TeHIeyZi aiyra OoJajbl:

f,(t) =exp(iLiL; f .,
£ ()=AQ),

mysza P; - f j OCiHE MIPOEKIMAIIBIK OTIEPATOP.

Bynan Oacka MbIHa apa KaThICTBl LIBIFApyFa
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Ooan!;

f,(H)=a,®f, +jq>j(5)f,. +1(t—S)dS
0

O; (1) = (f;). f;)(f;, £,

Jlamnac TypaeHaipyiH naiganaHbi, MbIHAHBI
aJIaMBbl3.

fi(z) :Oj (Z)[fj + fj+1(z)] ,

ConepiMen  Gipre L xemeci  dopmyna

OoiipiHIIa Oepyre Oosabl:

L, =11a-R)L, =~ Y PIL,,

COHIBIKTaH {f J-})KI/IHaFBI, MyH/J1a j =

0,1,2,..., noproronamp6azucti  Kypahael. backa

anTKaHIa.
{f,(), f*3=0,i=012,....,j 1.

Ceitrin, A(t) gpyskuusaceHEH Kepi
TYPJICHIIpYi MBIHA TYpJe Ooabl:

At) =§cj(t) f, +jcn_1(t—3) f (S)dS

(4)
MyHJIa XiKkTey ko3 dunmentrepi ObLiaii
AHBIKTaA/IbI:

¢; (1) =0, ()0, (1)0, (1).-O; (1) ,

HEMECC MHTCTPAIABIK TYPAC:
1 tj-1
¢;(t)=[dtd(t—t)x..x [dt;® ,(t;, 1))
0 0

CoHFBI apa KaThICTAp CYHBIKTBHIKTAPIAFbI
OPOYH/IBIK KO3FaJIbICTBIH CTOXACTUKAIIBIK
TEOPHACHIHBIH MAaHbI3Ibl TEHACYIHIH >KajlNbLIaybl
(4)-epHek fo, f, 1, f

KypbiiraH imki kerictikke A(t)

0O0JbIll  TaOBLIAIBI.

OasuciMeH

(YHKIMACHIHBIH TIPOEKIMSACHIH CHUTIATTAMIBl JKoHE
A(t)  aiiHbIMaBICH

JIAHYBI

OBOJIIOOUACBIHBIH, ~ OpTalla-

OONMBIN  TaObLIAABL. | HEFYPJIBIM YIKEH

6onran caitbi, A(t) @yskuuace  cunatray

COFYPIIBIM JIoNIipeK OO0NaThIHBIH alTy Kepek. OHOarsl
MHTETpANIIBIK MYILIEJIEP OpTallalaHFaH KO3FaJbICTaH
OonateiH GuIyKTyalusiHbl cunarraiinel. OuykTyanus

ywin kayan Geperin, f (t) mamacer A(t) ocep
eTEeTIH Ke3EeNCOoK Kexe
xarmaiina, A(t) meren GanKpITIAHBIH OGPOYHIBIK

Kymr JAem aTajlajbl.

OeIeTiHiH UMITYJIbCI, aj fl(t) - OChl OOIIIIEKKE
oacep ereTiH ke3geiicok kymr. Cefitin, OepinreH
naparpad)ta JKorapblia aWTBUIFAH  HJCSUIAP.IbIH
Oapuerel A, A,,...,A, KenTereH alHBIMAJbLIAPEI

JKaFIalbIHIa SKOJIJIBIK SPMHUTTIK MaTpuia

Kalmsulanysl Mymkin, onga (A, A*),0 ;(),c; (1)

OpHeKTepi KBaapaT Martpuuansl Oinmipeni. P,
OIepaTopPhl ePiKTi aHBIMAJIBIHBI 0ACTANKbI A MOHIHE
JKoOamaiapl J)KOHE TpOmIaraTopabl OUTmIpemi >KoHe
OHBIH KOMETIMEH allHbIMAIIbIJIAp CAKTANAThIH IKOHE

GIryKTanusIaymsl KOMIOHEHTTEpre OeliHen.
KopsITbIHABI

AWHBIMaIBIIApABl TaHAay Ke3inmge MapkoB
MIPOIIECTEPiHIH TEeHIEYiH OHJIA TagIaJIrax
allHBIMAJIBUIAPIBIH apachlHAa AJBICTaH dcep eTEeTiH
Kypaymbsuiapsl Oap OoONaTbhIH KYBIKTayFa OKemyi
KaKeT eKEHIH aiiTy KepeK. Allaliia MyHIai TaHaayra
CaKTanaThlH  alWHBIMANbUIAD  KOCBULY  Kepek.
Kemnreren 3eprreynep  kepcerkenaeu [5, 6, 7],
TaHAay AWHAMHKAJIBIK ailHpIMasbUIApbl  Oap
KO3FAIIBICTBIH ~ OacTamkpl TEHAEYl YIIIH JKy3ere
aceIppuia anMainel  ckoHe [8, 11-14] xymbicta
KepceTireHieH, kaapl (QyHKOUACHH Tanaay YIIiH
taman etiteni. OHIA opKaliaH >KOFapbl PETTi JKaJIbl
GyHKUMACH  O0NaAbl, OJ XKbUIJAM KeMyi MYMKiH
JKOHE aKplp COHBIHIA  OHBI KalTamaH MapkoB
mporecrepine okemyre Oomanel. [8, 11] >xymbicTa
IIeKCi3 Y37iKci3 OemmIeK TypiHae aca KOoFaphl peTTi
JKaIBIHBIH OCBbl (QYHKIMSIApBIH — aly alroOpUTMi
KenTipinreH. Anaiia MyHaa J1a KeHOip Jonci3aikrep
Oomasel, COHMaN-aK JKybIK-TaMaHBI ajly YIIH Oy
OeJimekTi Kall xeplie y3yre OOJIaThIHBI O€Nrici3.

KopsitbinasicbiHAa TYTKBIP opTaja
OOJIIIEKTIH V(t) KBUTIAMIBIFBIMEH ~ KO3FATYBIHBIH
MapkoB  TEHJCYiHIH HETI3ri  KacHeTTepiH

KapacTelpaMbi3. backama alTkanma, Oyi1 TeHIEY
MBIHA TYP/ie OOIa IbI:

mdV (t)
———=-NO)+ (),
dt
MmyHna ¥ - yikenic kymi, f(t) - Gankerrma
OeJIIeKTepiHiH  KAaKTBIFBICYBl eceOiHeH — maima

OomaTeiH Ke3aelcok Kym. CoHbIMEH Oipre ) »KoHe
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f.(t) yxcac Qusukanek TaGurathl Gap exemine ~— PIYKTYAUMSIBIK KypayIlbLIapbIHbIH ©3apa
OaitraHchIH OUTIipeni.

A3 yakpITTap 00JIBICHIH/IA, COHAAN-aK OeJIek
apanblK TOTSHIMANABIH ~ Y3MIKCI3Iiri IIapThIHAaH
xikTey merranst [6, 9, 10].

epeKIe KeHiN aynmapy kepek. KesmeHcok KyIITiH
opraiia MoHiHIH Henre TeH ekeHi Oenrim. Conmaii-
aK fl(t) KBUTIAMIBIKIICH — KOPPENSIHsIIaHOai b1

JIeT alThIIabl, SFHA

< f(t)V(0)>=0, 2 12 313
DV (0) <V >=<V2>(1—Q of® %t

Onpa Oblaii )xazyra Oonaabl: 2l 3l

+.),

< f,(t), f,*>=consts(t) .

MyH/Ia QO - 0eJIIIeK apabIK MOTSHIIMAJIBIH SKIHIII

TYBIHABICBIHBIH HWHTCTPAaJIbI 00JIBII Ta6LIJIa]ILI, OHBI

Erep skyiie TypakTbl 6onica, OHIa KeJNeci apa oo oo TYpe KOpCeTyre Gomap:

KaTbIC AYPBIC 60.1'[8_,[[511
< f,(t), f*>=2mps(t) de GZV( )g(R)coskz

HEMece

" myana Q(R) - 6Gamketmamapnarsl  aToMaapblH
}/:ﬂj-dt< f,(t), f,*>. paguan  ynecTipiMiHiH  (QYHKIHUSACHL. Mapxkos

0 TEHJACYIH IKaJMbUIANl KOPBITY MaKCaThIHIA a3
yaKpITTap JKargalblHAa OaKBUTAHATHIH OOIIEKTiH
KOpIlIaFaH aToOMJapFa PEeakIHsIChIH €CelKe ajy
KXKET, al OJl YIIIH YyaKbhITKa TOYeJJi OOJaThiH
YHKeJTic KYIITEpiH eHri3y Kaxer.

Conrbl popmyna OankpiTha Oesuerine acep
€TETIH KYIITEPIiH TYTKBIPJIBIK JKOHE
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Correlation in Disordered Systems

Shaikhova G. S., Adilbek N., Akhmetov K. M, Zhurov V. V., Shegebayeva G. E.

Abstract. In this paper, authors consider the theoretical aspects of the dynamics of liquid metals and the issues of
correlations in disordered systems. The goal is to demonstrate that in choosing variables it is necessary to bring the
equation of Markov processes to an approximation in which among the selected variables there are long-range
components. However, this choice should include persistent variables. In numerous studies it is shown that selection
cannot be made for the initial equation of motion with dynamic variables, and memory function analysis is required. As
always, it contains a high-order memory function that can quickly decrease, and finally it can be again converted by the
Markov process. Ways of simplifying the equation of Markov processes are given. In this work, authors derive the
connection between the Fourier transform of the autocorrelation function and the imaginary part of the dynamic
susceptibility and the result of the fluctuation-dissipation theorem.

Keywords: correlation, Fourier transform, Brownian motion, Markov equation, disordered system, dynamic variables,
fluctuation, fluctuation-dissipation theorem.
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COCTABJIIONIMMH MAapPKOBCKUX YpaBHCHHWU C BBHIOpaHHBIMH JJIeMCHTaMH. B paboTe moka3aHO, 4TO TpH BEIOOpE
MMePEeMEHHBIX HEOOXOIMMO TPUBECTH YPAaBHCHHUE MAPKOBCKHX IPOIECCOB K TAKOMY BUJY aIlPOKCHUMAIIUN, B KOTOPOI
CpeIy BBIOPAaHHBIX MEPEMEHHBIX WMEIOTCS AaTbHOACUCTBYIONIME cocTaBiitomme. OIHAKO Takoi BHIOOp IOJDKEH
BKIIOYATH IIOCTOSIHHBIE TepeMeHHble. Kak IMOKa3bIBaf0T MHOTOYHCIICHHBIE WCCIICIOBAHUS BBHIOOP HE MOXKET OBITh
OCYIIECTBIICH JUIsl HAYAJIbHOTO YPaBHEHHsI BIDKEHUS C TUHAMHUYECKUMH MIEPEMEHHBIMH, U TpeOyeTcs aHaiu3 GpyHKIuu
namstd. M3BecTHO, (YHKIMS MaMITH BBICOKOTO TIOpsAKA MOXKET OBbICTpO YObIBATh W B HTOr€ €€ MOXKHO
ANIPOKCHUMHUPOBATH AaJHHOACHCTBYIOIUIMMI COCTABIISIOIINMI MapKOBCKHX YPaBHEHHUH C BBIOpaHHBIMH dJIeMeHTaMu. B
paboTe moka3zaHa ()IYKTYal[MOHHO-IWCCUIIAIIMOHHAS TEOpeMa, YCTaHABIMBAMOMIAs CBA3b MexaAy Dypbe
npeoOpa3oBaHUEeM aBTOKOPPEIAIMOHHON (DYHKIIMU ¥ MHUMOH YacThIO JMHAMUYECKOW BOCTIPHIMYHBOCTH.

KawueBble cjioBa: xoppessinus, mnpeooOpasosanue Pypre, BpoyHOBckoe ABWXKCHHE, YpaBHEHHE Mapkosa,
Pa3ymopsI0YCHHAs CHCTEMA, TUHAMIYECKUE MTepeMeHHbIe, (QIyKTyarus, (GIyKTyalnOHHO-TUCCUTIAIIMOHHAS TeOpeMa.
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KnacTtepHo-accounaTHasa moaernb BA3KOCTU U MeToAbl
onpeaeneHusi ee napameTpoB
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AHHoTaumA. lNokasaHa geTanbHaa paspaboTka nepapxmyecKkon KnacTepHO-accoLMaTHON MaTeMaTU4ECKON
MoZenu Bs3KOCTW. Mopgenb oOcHoBaHa Ha paBHOBECHOM pacnpegeneHun bBornbumaHa v nosTomy
paccMaTpyBaeTCst Kak XaoCOYyBCTBUTENbHOE CBONCTBO XXMUAKOCTU, MPUCYLLEE €/ HE TONBbKO B ABMXKEHUU, HO
1 B nokoe. B gaHHOM Modenu KroYeBbIMU XapakTePUCTMKaMN ABNSAIOTCS TeNnoBble 6apbepbl XaoTn3auun B
TOYKaX MMNaBfEHNst U KUMEHUS, B CBSA3M C YEM MOBEAEHME XWOKOCTU onpenenseTcs BO3OenCcTBUMEM Tpex
3HEepPreTUYEeCcKUX KnaccoB YacTuL, — KPUCTanmomNoOABWKHbIX, XXWUOKOMOABWMKHBIX M NaponoaBWKHBLIX. BakHbIN
eaVHbIA nokasaTenb B HOBOM MOAENW 3aBMCUT OT TemnepaTtypbl M MMEET CMbICIT CTEeMeHW accoumnaluu
KnacTepoB M3 KPUCTaNMONOABMKHBLIX YacTul. OTHECEHME SHEPTUMN aKTUBALIMU BSA3KOTO TEYEHUsI pacnsiaBos,
onpeaensieMblx No ypaBHEHUO PpeHKens, Kk BENNYMHE CTENEHM accoLmaummn KnacTepoB AAET MOCTOSIHHOE
3Ha4YeHne, copasMepHOE C 3HEPrei CBA3M BaH-Aep-BaanbCoOBbIMU CUNAMWU MPUTSHKEHNUST YacTul. Ha atom
OCHOBaHMN aBTOpaM Obina BblABUHYTA rnnote3a O TOM, YTO BA3KOE TeYeHue nponcxoauT 6narop,apﬂ
paspyLUEHMIO accoumMaToB KacTepoB C COXPaHEHMEM CaMWX knactepoB. [ns ajanTauMu KriacTepHo-
accoumaTHON MoAdenu K 3KCMepuMeHTanbHbIM AaHHbIM pa3paboTaHbl onpegeneHHble npueMbl 06paboTku
OaHHbIX AN naeHTUmKaumMm HEN3BECTHbLIX NapamMeTpoB Mogenu. Bce Bbiknagky NpounmnioCcTpMpoBaHbl Ha
XUOKOM NIUTUM N MOKa3anu CBOK BbICOKYH afeKBaTHOCTb. Takke OOMOoNMHEeH MeTod o0paboTku JaHHbLIX MO
BSI3KOCTM MCMONb30BaHMEM BCErO0 MHOXECTBA C COXPaHEHWEM [BYX PpenepHbIX To4yek M obpaboTkon
ocTanbHbIX AN OnpeaeneHusl nokasaTens CTeneHn arperawumm accoLMaTos.

KnioueBble cnoBa: pacnpegeneHne bonbumaHa, BS3KOCTb, accoumar, KrnacTtep, Temrneparypa.
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BBenenue TakKMX MOJEJe MO NPOTUBOIMOJIOKHOCTU MOXKHO
BBIJICIUTh JIBE, HawmbOojee OTIIMYAIOIIUECS 10
TPaKTOBKE CTPOCHUS KUAKOCTH. C OJTHON CTOPOHHI,
W3BecTHO, YTO TEOpHs >KHIKOTO COCTOSIHHS — 3TO KJIacCHYecKas «JIBIpOYHAas» MOJCHb BSI3KOI'O

BCIICCTBA XapaKTCpu3yCTCs MHOXCCTBOM  COCTOSIHWSI M TEUYCHHS >KHIKOCTH, pa3padoTaHHAS
(usnyecKkuX M MaTeMaTHYEeCKMX MOJENEH, HO npu  dpeHkeneM U AHIpaje, U C APYTroi — COBPEMEHHAs
5TOM  OCTaeTcsi  BCE €Ul  HENOCTAaTOYHO  KBAa3UIIOJMKPHUCTAIUIMYECKAas MOJEJIb,
pa3paboTaHHOH, 10 KpaiHEeW Mepe, B CPaBHEHUH C  HCKITFOYAOIAS BO3HHKHOBEHHE MyCTOT B
TBEPABIM U ra3000pa3HbIM cocTosHUAMU [1-12, 25-  sxmpkoctH, 3aM0JIHEHHON HEYCTONYNBBIMU
27]. Jnst STHX COCTOSIHHM HMMEIOTCS «HYJEBBIE  (hpparMeHTaMH TBEPION (a3bl IEPEMEHHOTO COCTaBa
OPUOJIMKEHHUSA»,  COOTBETCTBEHHO  HMICANbHBIA M XaOTM3MPOBAHHBIMU OJMHOYHBIMU YaCTHI[AMH.

KpUCTaJUI U WJEaJbHBIA Ta3, KOTOpbIE MO3BOJSIIOT  (OOe MOAENd UMEIOT JIOCTATOYHO MPEUMYILECTB, HO
nyTeM yCJIO?KHCHI/Iﬁ MCPEXOANUTh K TCOPCTUICCKOMY B TO € BpPEMsI SIBIISIIOTCS HECKOJIBKO 0):[H060KI/IMI/I,
ONHMCAHUIO CTPOECHMS, CBOMCTB M TOBEJEHUS TaKk KaKk OJHA M3 HHUX TATOTEET K MOMAETH
PCAIBHBIX KPUCTAJJIOB U I'a30B. CpeJII/I MHOXXECTBa ra3006pa_3Horo COCTOSIHUS, BTOpas — K

— 27 ——
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TBepA0(ha3HOMY MOAXOMY K MOHUMAHHUIO CTPOCHHUS
)kuakoctH. CaMoe JKe TJIaBHOE, B 000MX IOAX0Jax

HE  yIaercs  MPeoAOoJeTh  OJHOCTOPOHHOCTH
paccMoTpeHus SKUIIKOTO COCTOSIHUS oe3
HEOOXO0INMOT0 €IMHCTBA C TBEPIBIM 51

razoo0pa3HbIM COCTOSHUSMU.

JKuakocTh ke dalie BCEro TPAKTyeTCs Kak
CBOGOOpa3Hasi «CMECh» OITUX COCTOSSHUH H
oTIMYaeTcs: OONBIINM Pa3zHOOOpa3ueM TOIXOI0B K
MMOHMMAHHUIO BKJIAJOB COCTABISIOIIMX 3TOM CMECH.

bonee-menee YHUBCPCAJIbHBIMHA SBJIIAAIOTCA
npeaACTaBJICHUA o CBA3U qacCTHIL KUOKOCTHU
CpaBHUTECIILHO cl1a0bIMH CHJIaMH BaH-JCP-

BaaJIbCOBOTO MPHUTKEHUS U CYLIECTBOBAaHUS B HEH
KJIACTEPOB — BUPTYAIbHBIX YAaCTHIl, CTATHCTUYECKH
MOBTOPSIOIINX CTPYKTypHBIE MOTHBBI
COOTBETCTBYIOIICH TBepAoH (pa3bl. IMEHHO B 3TOM
HampaBJIeHMM HaMH pa3BUBaeTcid MOAXOA K
MTOHUMAaHUIO CTPOCHUS Y CBOWUCTB KUIKOCTH.

Ectp BceoOmasi 3aKOHOMEPHOCTb, KOTOpas
00bEeIUHACT BCE TPHU COCTOSHHS BEIIECTBA M HA
KOTOPYIO BIIEpPBBIE OOpaTWJI BHUMAaHHE aKaJIeMUK
M.A. JleontoBuu [13]. D10 pacupenencHue
bonpimana o KUHETHYECKON SHEpPruu
XAO0THUYECKOTO (TEIUIOBOTO) ABM)KCHHS dYacTull. B
9TOM cJy4ae OHO SBIISIETCSI HETpEepPhIBHBIM, 0e3
paspbiBa u U3JIOMOB, " BBIpa)KaeTcs
CpeAHEUHTerpaibHbIM 3HaueHneM RT mpu moGoit
Temmeparype. OTO TIO3BOJSIET BO BCEX TpeX
arperaTHbIX  COCTOSHHSIX ~ paccMaTpuBaTh U
OOHapYXHUBAaTh TPH YHEPTETHUECKUX KIIacca YacTHUI]
[0 TPEOJOJCHUIO WU HENpEOJONCHUI0 HMH
TEIJIOBBIX OaphbepoB TUIABICHUS W KHIICHHS: TIO
HETPEO0NICHUIO TEIUIOBOIO Oaphepa IUIABICHUS —
KPUCTAIJIONOJABIDKHBIE  YacTHLBl  (T€, KOTOpBIE
OTBETCTBEHHBI 32 COXPaHEHHE KPHCTALTHYECKOTO
COCTOSIHHSI), TIO MPEOJOJICHUIO TEIJIOBOro Oapbepa

KUTIEHUS - MapOTOJIBUKHEIC YaCTHIIbI
(0TBETCTBEHHBIC 3a Haubolee cBOOOIHOE
razoo0pa3HO€  COCTOSIHHE), TIO TIPEOIOJICHUIO

TEIJIOBOT0 Oapbepa IUIABJICHUS M HEMPEOJI0JICHUIO
TEIJIOBOTO Oapbepa KHIICHHUS — KHJKOTOIBHUKHBIC
4acTUIlbl (OTBETCTBEHHBIC 33 PEATH3ALMIO JKUKOTO
coctosiaus). COOTHOIIICHHE OJIEH ITHX KJIacCOB, B

CyMME  DaBHBIX  COUHHUIE, OINpeAeNseT o
peo0IaaHnIo TOU Ui UHOH OJIU
COOTBETCTBYIOIIICE COCTOSIHHE BEIICCTBA.
ITockonpKky BCE OHHM HaXOISITCS B  COCTaBe
pacnpeneneHuss bomeliMaHa, TO WX  MOXHO
pa3IUINTh c TOMOIIILIO MMOIXOSIIINX
JHEpPreTUYeCKuX 0aphepoB. B KauecTBe TaKOBBIX B
MEpBOM  TMPHOMIKEHUH HAMH  PEKOMEHIIOBAaHO

UCTIONB30BaTh TEIUIOTH MiaBieHus AHm 1 kunenus
AHp, yuuThIBaromye cyMMy KHHETUIECKON SHEPTHH
TEIUIOBOTO JABIKEHUS YacTHUIl M IMOTEHUUAIbHOU
SHEPTUU WX MPUTSHKEHUS [14].

Uncro TeruioBass XapaKTepUCTHKA (Da30BBIX
MEepexoqoB OyIeT XapaKTephu30BaThCs —3allacammu
teruoBoii sHepruu RTm u RTy. [Ipu ucnons3oBanuun
3THX BEJIWYWH B KauyeCTBE TEIJIOBBIX OaphepoB
Oymer OoJiee YETKO BBISBIATHCS XaOTH3MPOBAHHAS
COCTaBISIIONIASE B JOJIE KPHCTAJUIONOABHKHBIX,
JKUJIKOTIOABHKHBIX M MAPOTIOIBMYKHBIX YACTHIL:

Porm =1—exp (_ TTm)’ 1)

P, = exp (— %) (2)

Pigm =1 = Foym —Pm = exp(—%m) -
exp (—%) 3)

KomnuecTBenHass  moseBasi — XapaKTEpPHCTHKA
TPEX SHEPreTUUECKUX KIacCOB YaCTHIL IS KHUIKOTO
COCTOSIHMSL TIpH KaXKJI0OM TeMmIepaType MO3BOJISIET
YUUTBIBaTh JOJIO KPUCTAJUIOMOABMKHBIX YaCTHIL
KaK MCTOYHHMK (JOPMHPOBAHUS KIACTEPOB U CBA3ATh
€e C MPOSBICHUEM BA3KOCTH.

Ha »510il oOCHOBE mOCTpOo€Ha Hepapxudeckas
KJIaCTEpHO-acCcOlMaTHAas MaTeMaTH4yecKas MOJelb
BA3KOCTH, KOoTOpas YUUTBIBACT HE TOJIBKO
0o0pa3oBaHME TIEPBUYHBIX KJIACTEpOB, HO U
BTOPUYHBIX TI0 OTHOLICHHIO K HUM acCCOLHATOB C
BO3MOXKHOCTBIO BBISIBJICHHS CTENEHH AacCOLUAlNU
kiacrepos. [IpuBeniem ee getanpHYyIO pa3paboTKy.

BKCHepI/IMeHTaJIbHaH 4acTb

Tak kak B OCHOBE  TeMIEpaTypHBIX
3aBUCHUMOCTEH T€X WM HHBIX CTPYKTypHO- H
Xa0COUYBCTBUTEIIHHBIX XapaKTEPUCTHK BEIIECTBA B
pa3MYHBIX arperaTHeIX COCTOSHHUSIX HaXOIUTCS
pacripenencHue Bonbimana, BO3MOXKHO
HETIOCPEICTBEHHOE COTIOCTaBIICHUE 3THUX
3aBUCHMOCTEH  TpPH  TPEACTaBICHUH HMX B
HOPMHPOBAaHHOM BHJE U C OOECHECYCHHEM EIUHBIX
YHCJICHHBIX TPEENIOB H3MEHEHUS B IIHUPOKOM
TemrnepaTypHoM uHTepBane. KoHuenTyaiapbHO 3TO
COOTBETCTBYET CPABHMUTENBHBIM METOJaM pacueTa
(U3MKO-XUMHUYECKUX CBOMCTB, Pa3BUTHIX B paboTax
M.X. Kapameresiana [15]. 3Orto  mo3Boiser
UCKJIIOYHUTh u3 paccMOTpeHus camy
(byHAaMEHTaIbHYI0 TEMIEPaTyPHYIO 3aBHCUMOCTb
KaKoro-mn00 CBOWCTBA, MMEIOMIYIO CIIOKHOE W He
JI0 KOHIIa pacKphITOE BBIPa)KEHHE.

Tak, BS3KOCTb KHJIKOTO
NOBBILICHUN  TEMIEpPaTypbl  yMEHBINACTCS  OT
HEKOTOPOTO 3HAa4eHUs 71 BONM3M C  TOYKOU
wianeHuss npu 11 < Tm 10O BeNIWYMHEL
cTpeMsIeiics K Hylto mipu T — . OJHOBPEMEHHO
C 3TUM J0Js BUPTYaJdbHO CBSI3aHHBIX  (HE

BC€IICCTBA npu
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CBOOO/IHBIX) KPHUCTAIIIONOABIKHBIX YacTHIL,
ompenensemas 6aprepom xaotuzanuu (1) u paBHas
P2,,, yMeHblIaeTcs OT  BeluuuHsl |1 —
exp(=T,,/T})]? no crpemsmeiics k Hymo. Jta
HayanbHas TO3WIMS Ui CPaBHEHHS BA3KOCTH H
JOMM KPHUCTAJUIONOABMKHBIX YacCTHI[ MOXET OBITh

BhIp@)K€HA B BHJAE HEPABEHCTB  CJEAYIONIMM
oOpa3oM:
T, <T < oo, (@)
n,znz0, (%)

[1—exp(=T;n/T]? = [1 — exp(=Ty/T)]* 2 0.
(6)

3aBucumocth  (5),  HOPMHUpOBaHHas IO
HAYaIbHBIM YCIOBUSM, BBITTISAUT KaK
1=n/n 20. @)
Hna HOPMHUPOBKH 3aBHCHMOCTH (6)
HEOO0XOIUMO MPOBECTH HEKOTOPBIE TOKAESCTBEHHBIE
npeoOpa3oBaHus.

W3BnevyeHne KBaJpaTHOTO KOPHS HE WU3MEHUT
HaIpaBJIeHHs] HEPaBEHCTBA

[1—exp(~=Ty/T))] = [1 - exp(=T,,/T)] = 0.(8)

Bbruuras U3 KaxIblXx 4acTel eAMHUILY, a 3aTeM
yMHOXas Ha (— 1), MOMyYHM C y4eTOM IEepeMEHBI
HaIpaBJICHHs] HEPABEHCTBA:

exp(=Tn/T1) < exp(=Tp/T) < 1. (9)

IMocne norapudmMupoBaHuss U  TOBTOPHOTO
YMHOXEHHS Ha (— 1) IpUXOaUM K BBIpayKEHUIO
Tn/T, 2 T,/T =20, (10)

B KOTOPOM MO>KHO ITPOBECTH HOPMHUPOBKY TIO JICBOH
YacTH HEPABEHCTBA:

o

1>2>0. (11)

T
3nece  yXKe  JOCTUraeTcs  corjacue  C
HepaBeHCTBOM (7) Kak IO YHCIEHHBIM TMpeiernam,
TaKk M 10 HaIpaBlIeHUIO HepaBeHCTB. llpuyem
HepaBeHCTBO (11) He wcka3uTcs W mpuMeT Oolee
o0muii BUA, €cClM BO3BECTH BCE €ro 4YacTH B
IIPOM3BOJIBHOE JEHCTBUTEIBHOE YHUCIIO .

T;\¢
1=(=) =0. (12)

T

B 3TOM BuzE MOXKHO IPUPABHITH U BHYTPEHHHUE
yactu HepaBeHCTB (7) u (12), momMATyd O TOM, YTO

OHU MTO{YMHEHBI B cBoel OCHOBE
¢dbyHaaMeHTaIbHOMY pacnpeneneHuo bonpimana:

no_ (T1)a
m T/’

OTKyJa TOJy4YaeM TeMIIEpaTypHYIO 3aBHCHMOCTD
BSI3KOCTH

(13)

= (%)a

Kak BBIICHHIIOCH TIpH 00pabOTKE CIPaBOYHBIX
JaHHBIX Ha MpUMepe MpOCThIX BemecTB [12-18],
MoKa3aresllb @  SBJSIETCS.  3aBHCHMBIM  OT
TEMIIEPAaTypbl H UIMEET CMBICI CTETIEHH acCOLMALN
KJIacTepOB,  IIOCKOJBbKY  OTHECEHHE  JHEpPIuu
aKTHBAIUU BSI3KOT'O TEYCHUS pacIuiaBoB,
ompenensieMbIX 10 ypaBHeHHIO DpeHKens Ha
OCHOBE O3KCIIEPUMEHTAIbHBIX JaHHBIX, K O3TOH
BEJIMYMHE JaeT 3Ha4eHHE, COPa3MEpPHOE C dHEPTHeH
CBSI3W BaH-JIep-BaallbCOBBIMU CHJIAMH TPHUTSIKCHUS
yactuu. Ha 53ToM ocHOBaHMM aBTOpaMu Oblia
BBIJIBUHYTa TUIOTE32a O TOM, YTO BSI3KOE TCUCHHE
NPOMCXOAMUT Onaronaps paspylICHHIO acCOLUATOB
KJIACTEPOB C COXPaHEHUEM CaMHX KJIaCTEPOB.

OnHOBpEMEHHO ObU10 BBICKa3aHO
NPEATONIOKEHHE, YTO U caMa 3aBUCHMOCTh CTETICHU
accolualu KJIaCTEpOB OT  TeMIeparypsl
noguuHseTcss  pacrpefeneHuro  bomprmana, u
MO3TOMY BBIpakaercsi aHamorudHo (14) co cBoeit
perepHoi TOUKO# oTcuera az npu 12

b
T
a=a, (%)

CMBICII

(14)

(15)

roe b momyuaer CTETeHN
acCoIMATOB.
B pesynbrare Obiia MOCTpOEHa HepapXxuyecKas

1o (bopMe MOACIb BA3KOCTH!

arperaiuu

n=n,(T1/T)%="/T, (16)
aZieKBaTHasE  MEPapXWUYECKOMY  COMOAYHMHEHMIO
KJIaCTEpPOB, acCOLIMATOB M arperalui accoluaToB H
BOOOIIIE CII0XKHOW NPUPOJIE BI3KOTO TECUCHHUS.

[Ipu sTOoM moctynmupoBaHHOe BbIpakeHue (15)
MOYKHO MOJYYHUTh U3 COIMOCTABJICHUS B OOIIEM BHIE
TEMIIEPaTypPHBIX 3aBUCUMOCTEN CTEIICHH
acCOIMAINK KJIACTEPOB M JIONH TMOJ0aphEePHBIX MO
SHEpruM akTuBamuu U BA3KOro TEUeHHUs YacTull,
MOCKOJIbKY MMEHHO 3Ta DHEprus 3aTpayuBaeTcs Ha
paspylICHHE acCOoLMaToB B paMKax KIJIACTEPHO-
acCOLMATHON MOJIEIN BS3KOCTH.

Hcxonnble HepaBeHCTBA:

T, <T < oo,

a22a20,

17)
(18)
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[1—exp(—ﬁ%)]z[1—exp(—£g]zo.ug)

B HOpPMHpPOBaHHOM TIO HCXOIHBIM YCIOBHSIM
Buze ypaBHeHue (18) mpuanmMaer Gopmy:

1>2>0.
az

(20)

Jns oOecniedyeHUsT COMOCTABUMOCTH C 3THUM
ypaBHEHHEM HepaBeHCTBO (19) HYXHO MpHUBECTH K
COTJIaCHIO IO YMCJICHHBIM BBIPAXXCHUAM IIPEACIIOB U

[0  HampaBleHWIO  HEPAaBEHCTB, AN Yero
HEo0X0nMOo HPOBECTH TOXJIECTBECHHBIE
peoOpazoBaHus (19), Mo100HbIE
BBIICTIPHUBCICHHBIM JJIsL COIIOCTAaBJICHUA

TEMIIEPaTYPHBIX 3aBUCUMOCTEH BSI3KOCTHU M JIOJIH
CBSI3aHHBIX KPUCTAJUTOTOABIKHBIX YaCTHII.

Boeruntas u3 (19) enunuily u 3ateM yMHOXas Ha
(= 1), momyunm

exp (—R—ZZ) < exp (—%) <1

Jlorapudmupys u ymHoxkas Ha (— 1), Haxoaum

(21)

U
—_—>—

U
= 0.
RT, — RT

(22)

HopmupoBkoii 1o J1€BOM 4acTH HEPABEHCTBA
MIPUXOJIUM K HEPABEHCTBY

1>

~ |53
Y,

0, (23)

koTopoe 1o ¢Gopme yxe coorBerctByer (20), HO
COXpaHSIET 3TO COOTBETCTBHE W B Oosee oOmeM
BUJIC TIPH BO3BEIICHUH B CTEICHb D, OTHOCSIIYIOCS K
TI000MY IeHCTBUTEIILHOMY YHCITY:

b
T
12(2) 2o (24)
[MpupaBHUBas BHYTpPCHHUE 4acTu

cornocTtaBUMbIX HepaBeHCTB (20) u (24), HaxoauM
UX B3aUMOCBSI3b B opmMe

a _ (T, b
~= (3) . (25)
KOTOpaH I10CJIC paCKpBITI/ISI
a = ay(T,/T)" (26)

OKa3bIBACTCA  HWACHTHYHOW  CoJep)kalieicss B
nepapxudeckoit momemu (16), uro u TpeboBaIoCh
JIOKa3aTh U TIOKa3aTh.

UToObI afanTHpOBaTh KIACTEPHO-ACCOIUATHYIO
MOJZIeNIb K OKCIIEPUMCHTANBHBIM ~ JAHHBIM IS
AICKBATHOI'0 OIMIKMCaHHUd WX MW OKCTPAIOIAlUNU B
HEU3YYCHHBIC OO0JIACTH TEeMIIepaTyp, Kak MPaBUIIo,

BBICOKHE M CBEpPXBBICOKHE, MPUOIIKAIOIINECS HE
TOJNBKO K TeMIeparype KUIeHHs, HO U K
KpUTHUYECKOH Temreparype, TpedyeTcst pa3paboTaTh
OTIpe/ICIEHHbIE TpPUEMBbl O0paOOTKM MAaHHBIX IS
UICHTU(HUKAIINN HEM3BECTHBIX MApaMETPOB MOJICITH
aub.

O0cy:xaeHne pe3yibTaTOB

Kak cnemyer u3 CTIpyKTypsl HepapXu4ecKou
Mozenu (16), ee mepBbIil ypoBeHb B hopme (14) ms
packpeITEst  BTOporo  ypoBHs  (15)  Tpebyer
ONpesAeNeHnss CTEHNeHW acCoUualuu a2 IIpH
HEKOTOPOH BTOPOH penepHON Touke 772 mpu 7.
[Moncrasnss 3Ty Touky B (14),

’72 = 771(’1"1/’1"2)(12' (27)
HaXO0JWM 3HAYCHUC ar.
_ ln(”z/ 771)
27 (/1) (28)
Hus  upeHTHQUKAIMM — TTOKa3aTes b B

nepapxudeckoi Moxenn (16) HeoOXOTUMO HMETh
TPEThIO PEMEPHYI TOYKY 73 TMpH T3, OMpenenss
cHayJaJia az 1Mo nmepBoMy ypoBHIo (14):

ny = 1,(T1/T3)%, (29)
_ ln(n3/771)
37 In(ry/13)’ (30)
a 3aTeM Haxoms b ¢ momorisko (26):
as = a; (Tz/T3)ba (31)
_ In(as/a;)
T In(Ty/T3)’ (32)
WIIH B Pa3BEpHYTOH Qopme
nln(r]3/7]1)ln(T1/T2)
_ ]n(Tl/T3) 11'1(7]2/771)
b= In(T;/Ts) (33)

Penepubie Touku (71, T1), (172, T2) u (13, T3)
pPEKOMEHJTyeTCsl BHIOMpATh B Hayaye, CepeluHe U
KOHIIE TEMITePaTypPHOTO MaccuBa
JKCHEPUMEHTAIBHBIX JIAHHBIX, TEM CaMbIM IO
BO3MOKHOCTM ~ OXBaTblBas ~ BeChb  JAMama3oH
anmpoKCUMHUpyeMoro MHoxecTBa. OHAKO UMeeTCs
BO3MOYXHOCTH 00paboTKH BCETO
OKCIEPUMEHTAJIbHOTO  MAaccuBa, TEM  CaMbIM

yCTpaHssi HEIOCTaTOK O0pa0OTKU JaHHBIX IO
BBIOPAHHBIM TPEM TOYKaM C OIMMHMCAHUEM OCTAIBHBIX
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HUACHTH(DHUITUPOBAHHON KJIaCTEPHO-ACCOIMATHON
MOJIENIBI0 M TIPOBEPKON aJEKBATHOCTH C MOMOIIBIO
ko3 durmmenTa koppemsmuu.  JIg  peanmmzanum
MOJTHOM  ammpOKCHMANUU  DKCIEPUMEHTATBHBIX
JAHHBIX Pa3pabOTAHHOW MOJENBI0 HaMU OBLIO
MPENIOKEHO BMECTO BBIOOpA TPETbEH TOYKH JUIS
OTIpeIeIICHHS MOKa3aTes b MPOBOJIUTH
JMHEeapU3aIHIo MOKa3aTeNbHO-CTEIIEHHOH
HEePapXUUECKON MOJICIH BSI3KOCTH C HAXOXKJICHHEM
BCJINYHUHBI HCKOMOT'O IIOKa3aTeiaAa METOAOM
HaMMEHBIIUX KBaapaToB [16].

B mpuHIMne BO3MOXEH W mepedop cambIxX
Pa3IMYHBIX ~ COYETAaHWH TpeX  MPOU3BOJBHBIX
PEOCPHBIX TOYCK C HCUCPIAHHMCM BCEX JaHHBIX,
Hampumep, o GopMyJie COUEeTaHUH I # TOYCK:

n!

C3=——. 34
n o 31(n-3)! (34)

Kak BugHo wu3 ¢opMmMynsl, ¢ yBeIHYEHHEM
o0beMa MHOXKECTBA YHCIO KOMOWHAIMH Tpex
peNepHBIX TOYEK (M COOTBETCTBYIOIIMX pacdeTOB
rmapamMeTpoB U caMoi 1eneBoi pynkimu (16)) pesko

Bo3pactaeT. Tak, ans n = 10 nomyyaem
c3, = 120.

HNmeercst  BO3MOXKHOCTH ~ KOMIIPOMHCCHOTO
perieHus npobaeMsl, KOrja MPOU3BOJILHO (C y4eTOM
PEKOMEHAIMK M0 MECTy B MAacCHUBE), BRIOMpArOTCs
TOJIBKO JIBE pEeIlepHbIe TOUKU 771, 11 U 172, T2, a Bce
OCTalbHBIE  HUCIOJNB3YIOTCA ISl ONpPEAEICHHS
nokaszareias D myrem nmMHeapusanuM KiacTepHO-
acconmaTHol Mozenu (16) M HaXOXIEHHS 3TOro

roKa3aTesns B KauecTBe kodpduumenTta
MIPOTMOPITUOHATBHOCTH ~ METOJIOM  HaWMEHBIINX
KBaJIpaToB.

Jluneapuzanuio  ypaBHeHus (16)  MOXHO

OCYILLIECTBUTH ITyTE€M JABOMHOIO JOrapu()MUPOBAHUS.
[lepBoe prBeaET K BHIPAKEHHUIO

ln(n/ 771) =a, (TZ/T)b In(T,/T).
CrpynmnupoBaB €ro B BUzIE

In(n/n,) _ b
lI’l(Tl/T) - a2 (TZ/T) 1
MEPEX0IMM K BTOPOMY JIOrapH(pMUPOBAHUIO:

In(n/n,)

) — a2 +b In(T,/T). (35)

C yueTtoMm BeIpaxeHHus Jis a (28) u mepeHoca
Ina; B eByto vacts (35) monyyaeM ypaBHEHHE

In(n,/n,)

1n(77/771)
~ Iy — PIn(T2/T),

In(Ty/T)

WJIKX B OKOHYATCIbHOM BHAC I Ka)K,[[Oﬁ i-roit
TOYKH

In(7;/n,) In(T1/T5)
In(Ty/T) In(1,/n,)

= bIn(T,/T;),  (36)

KOTOPOE€ MOXHO OTOXIECTBUTh C ypaBHEHHEM
IPSMOI, BEIXOAIIEH M3 Havaa KOOpAMHAT, Y = bX,
(6e3 cBobOgHOTO UiIEHA), €CIM 00O3HAYHTH JIEBYIO
4acTh Kak Yi, a B TPaBOM 3aJaB PaBEHCTBO Xi =
In(T2/T).

s momoOHOTO ypaBHEHHS MPSIMOHM METOJ
HAUMEHBIIIUX KBAJIPaTOB PeayLUpyeTcs 10 (popmbl

n
b=, (37
i=1%i
T/€ Xi, Yi — KOOPJUHATHI SKCIIEPUMEHTAIBHBIX TOYCK,
BBIYHCIISIEMBIX 110 YpaBHEHHUIO (36).

Crmegyer ydecTh, 4YTO Tipm  00paboTKe
JKCIIEPUMEHTAIBHBIX JTAHHBIX JBE PEIEPHBIC TOYKH,
m, T u 1, T>, MOMKHBI OBITh HWCKIIOYCHHI HE
TOJLKO KaKk  yXKe HCIIOJIL30BaHHEIE JUIST
uaentuukanuu  momenmu  (16), HO W Kak
TIPUBOISIINC K HEOIPEIeICHHOCTH pu
mojctaHoBke wux B (36). DOrto Tem Ooiee
HeoOxomumo, ecnu  kodddumment b (om ke
IoKazaTrelb CTEMEHH arperamdd  acCOIMaTOB)
paccuuThIBaTh JJI1 KaXJAOW SKCHEPUMEHTAIbHOU
TOYKH U 3aTEM BBIYHCIISTH CPEIHEE 3HAUCHUE

p=2L1yn Vi

(38)

n o=l

B ciydae nanbonee anekBaTHOrO MOAYMHEHUS
9KCIIEPUMEHTAJIbHBIX JaHHBIX TECTUPYEMOH MOJENN
(16) o6a s3mauenus (37) u (38) IOMKHBI
MPaKTUYECKN COBIAJaTh, TaK Kak mo merony (38)
JIOITyCKaeTCsl MPUCYTCTBHE CBOOOAHOTO WieHa B
YPaBHEHUH TMPSIMOM, YTO OTpa3wioch Obl Ha
otmmumu b wm b. Tombko coBmamenme Oymer
yKa3plBaTh HAa 3aKOHOMEPHBIM XapakTep JaHHOU
moznenu. Kpome TOro, mpH  HCHOJB30BAaHUU
paBeHcTBa  (38) MOXHO  YJIOCTOBEPUTHCS B
OJIHOPOJTHOCTH MOJIy4aeMOro MHOXecTBa Di Ha
OCHOBE H3BECTHBIX CTAaTHUCTUYECKHX KPUTEPHUEB H
OILIEHUTh TOYHOCTH YCPEIHEHHOM BETUYHHBI.

Huns WILTIOCTPAIIUU s¢dhexTuBHOCTH
MpeaIaraeMoro MeTojila OOpaOOTKH W ONMUCAHUS
SKCIIEPUMEHTANBHBIX JaHHBIX I10 TeMIlepaTypHOil
3aBucuMocTH  (16) crexyer HCHONB30BaTh B
KayecTBE OJTajoHa 3HAYCHHs 7], MOJY4YCHHBIC B
IIMPOKOM [JIMana3oHe TeMIeparyp, Halpumep,
OTHOCSAIITHECS K KUAKOMY JUTHIO [17].

Panee [18] omm Obun 00paboTaHBl MO TpeM
penepHbIM ToukaMm 71 = 523 K, 771= 0,503 mlla-c; 7>
= 1073 K, n2 = 0,208 mlla-c; 75 = 1923 K, 73 =
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0,145 wmlla.c u npencraBicHBI
acconmatHoi Monensio (1.77):

KIIaCTCPHO-

n= 0,503(523/T)1,04-13(1073/T)0,1478' (39)

KOTOpad OTiIn4alachb HZ[QaHBHOﬁ aJICKBAaTHOCTBIO, C

KO PUITMEHTOM  HEIMHEHHOW  MHOXECTBEHHOM
koppensiimi  R—1 ¢ TOYHOCTBIO 1O BOCBMH
3Hagamux 1mdp. Tam ke mug  cpaBHEHUSA

UCIIOJIb30BAHO AIPOKCUMHUPYIOIIEE YPABHCHUE M3
MoHorpaduu [19]

Inn=1,7563 — 0,659InT + 304,248T, (40)

re BI3KOCTh AaHa B T/(cm-c) — [lyazax (1 ITa-c = 10
IT). 3meckr KOIPOUIMEHT KOPPEISIIIHNN OKa3aJICs
xots u BeicokuM (R = 0,99811), HO Xyamum B
cpaBHeHUU ¢ Mojenbio (40), U B LIEIOM pacyeTHBIC
JaHHblE OBUIM CHCTEMATHYECKH 3aHWKCHHBIMH
IPOTHUB CIPABOYHBIX OSKCIICPUMCHTAJIbHBIX. Ot
JaHHBIE B COIOCTABIEHUM CO BCEMH JPYTHMH
TIpUBEICHBI B Ta0wie 1.

Jnsa mpeHTHGUKAIMN KIACTEPHO-aCCOLMATHON
MOZCIN MO MmpeararacMomMy METOAY HCIIOJIB30BAHbLI
B KauecTBE pENEpPHBIX TOJNBKO TIEPBHIE JIBE
BBIIICYKa3aHHBIX OKCIICPUMCHTAJIIBHBIC TOYKH, B
CBA3U C dYeM JIMHeapu30BaHHOEe ypaBHeHUe (36)
MIPUHSIIO pacu€THyto hopMy

In(7/0,503)] _
In(-25)
¢cy=In [0,9603 . °;°;] =i
In(7= T

PesynpTaTel pac4€éToB y M X HO CIPaBOYHBIM
JAHHBIM IS BSI3KOCTH  JKAAKOTO JuTHS [17]
npuBeaeHsl B Tabmuume 1. Ilo 3TuM  JgaHHBIM
cormacHo ¢opmyne (37) momydeHO pacdETHOE
snauenne b = 0,1451, u Torma ypasuenue (39)
MPUMET HECKOJIBKO BHIOM3MEHEHHYIO (hopMy

7= 0,503(523/T)L04130073/T*ME - (43)

ITokazareniu b B ypaBuenusx (39) u (42)
MPaKTUYECKUA OJIMHAKOBEI, OTin4asch Ha 1,9 %, uto
00YyCJIOBWJIO CTOJb K€ aJCKBaTHOE OIMCAHUE
AKCIIEPUMEHTAIHFHOTO MacCHBa JaHHBIX (Ta0ynIa
1), xak u no ypaBHenuto (39), ¢ xod3hpunHeHTOM
HEJIMHEHHOW MHOXECTBEHHOW Koppemsiumn R =

0,99988, OnW3KMM eAWHWIE, TPU BBICOKOM
3HAUUMOCTH 3TOro koddpduuuenta tr =24648>>2
cooTBeTCTBEHHO ¢ R = 0,999996 u tr = 73959 >> 2
Jutst ypaBHeHus (39).

Cnemyer  OTMETWUTh, YTO JUIA  pacyeTa
KO3(pGUIIMEHTa  HEJIMHEWHOW  MHOXECTBEHHOM
KOppENAIUA W €ro 3HAaYMMOCTH HCIIOJIb30BaJICh
dbopMyBl, TpuBeneHHBIE B MoHOTpadusax [20] u
[21] s oOmEHKM  aneKBaTHOCTH  CJIOXKHBIX
3aBUCUMOCTEH.

Heo0Oxoammo Takxke y4decTh, YTO BETUYHHON D
= R? onpenensercs CTeNeHb JETEPMUHALNH
(pyHKIMOHATPHOCTH) TPOBEPSEMON 3aBHCHMOCTH
[22]. TTo sTomy mokazaTento ypaBHenus (39) u (42)
¢ ux 3HadeHuamu R> - 1 u R? = 0,99976 moryT
OBITH OTHECEHBI K (DYHKITHOHATHLHBIM.

PesynmeTaTel pacuyéra mokasartens b mo meromy
(38) mpexacrammensr B 9TON ke Tabmume. OHH
OTIIMYAIOTCS HEKOTOPBIM Pa30pOoCcOM, XapaKTEPHBIM
JUISL BBIYUCICHHS Yi /Xi TIO BKCIEPUMEHTATbHBIM
JAHHBIM, XOTs cpenaHee 3HaueHue b = 0,1472 BHOBD
OKa3bIBaCTCS OYEHb OJIM3KUM K TOMY, YTO MOJIYYCHO
METOIOM TPEX PENEPHBIX TouekK B (39).

Tem He MeHee, IenecoO00pa3HO TPOBEPUTH
CTaTUCTUYECKYI0  OJHOPOJHOCTh  IMOJYYEHHOTO
MHOXkecTBa b, Hanpumep, mo kputeputo Hamumona
[23, 24]:

|J?—Xmax
— min
Xmax =

min - g(x) /nT_l
n _\2
S() = [ERle

rJe Xmax — MUHUMAaKCHAs BEJIMYMHA MHOXECTBA; X
min

- cpenree 3HaueHue; S(X) — cpemHEKBaApaTHUECKAS

omrnoKa; N — 00bEM MHOKECTBA.

HopmaruBHble TabnuyHble 3HAYEHUS] KPUTEPHS
HamnmoBa g 5%-ro  ypoBHA  3HAa4MMOCTH
TPUBEICHBI B [23], KOTOpEBIC ObuTH
anmpoOKCUMHUPOBaHHI B pabote [28] ¢ TOUHOCTBIO 1O
5% K ypaBHEHHUIO

(43)

< Ter,

T = 1,483f0187 (44)

rae f = n-2 — umcno creneHel cBOOOABI KpUTEPUS
Hamumona (44).

Ta6auna 1 CnpaBounsie [17] u pacyeTHbIE TaHHBIE 10 TUHAMUYECKOU BI3KOCTH JTUTHS

n n
_ _ n (42), _ n(46), | 1(39), a
T,K [17], Vi Xi llac bi wlla-c e (40), (42) a(46) | a(39)
mlla-c mlla-c
Tw=
453,7 - - - 0,595 - 0,595 0,595 0,599 | 1,180 | 1,182 1,183
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473 0,566 0,120 0,819 0,566 | 0,1468 | 0,566 0,566 0,567 | 1,173 | 1,175 | 1,175
523 0,503 — - 0,503 - 0,503 0,503 0,499 | 1,156 | 1,157 | 1,160
573 0,453 | 9,36:1072 0,627 0,453 0,1537 0,453 0,453 0,447 | 1,141 | 1,142 1,143
623 0,412 | 9,11:1072 0,544 0,413 0,1675 0,413 0,413 0,405 | 1,127 | 1,128 1,128
673 0,379 7,5:102 0,466 0,380 | 0,1610 | 0,380 0,380 0,371 | 1,114 | 1,115 | 1,116
723 0,352 | 5,69:1072 0,395 0,352 | 0,1442 | 0,352 0,352 0,343 | 1,103 | 1,104 | 1,110
773 0,328 | 4,97-1072 0,328 0,328 | 0,1516 | 0,328 0,328 0,320 | 1,092 | 1,093 | 1,093
823 0,308 | 3,82:1072 0,265 0,308 | 0,1440 | 0,308 0,308 0,300 | 1,082 | 1,083 | 1,083
873 0,290 | 3,17:1072 0,206 0,290 | 0,1537 | 0,290 0,290 0,282 | 1,073 | 1,073 | 1,074
923 0,275 | 2,06:1072 0,151 0,275 | 0,1367 | 0,275 0,275 0,267 | 1,064 | 1,065 | 1,065
973 0,261 | 1,47-102 |9,78-102 | 0,261 | 0,1510 | 0,261 0,261 0,253 | 1,056 | 1,056 | 1,057
1023 0,249 | 6,40-10° | 4,77-10% | 0,249 0,1348 0,249 0,249 0,242 | 1,049 | 1,049 1,049
1073 0,238 - - 0,238 - 0,238 0,238 0,231 | 1,041 | 1,041 1,041
1123 0,228 | -5,70-10° |-4,55-102% | 0,228 0,1246 0,228 0,228 0,221 | 1,035 | 1,034 1,034
1173 0,219 | -1,15-102 |-8,91-10% | 0,219 | 0,1287 | 0,219 0,219 0,212 | 1,028 | 1,028 | 1,028
1223 0,211 | -1,8:1072 -0,131 0,211 | 0,1381 | 0,211 0,211 0,205 | 1,022 | 1,021 | 1,021
1273 0,204 | -2,61-102% | -0,171 0,204 0,1525 0,204 0,204 0,197 | 1,016 | 1,015 1,015
1323 0,197 | -3,05-102 | -0,209 0,197 0,1456 0,197 0,197 0,191 | 1,010 | 1,010 1,010
1373 0,191 | -3,73-102 | -0,247 0,191 0,1510 0,191 0,191 0,184 | 1,005 | 1,004 1,004
1423 0,185 | -4,12:102 | -0,282 0,185 | 0,1459 | 0,185 0,185 0,179 | 0,100 | 0,999 | 0,999
1473 0,180 | -4,8:102 -0,317 0,180 | 0,1518 | 0,180 0,180 0,173 | 0,995 | 0,994 | 0,994
1523 0,175 | -5,28:102 | -0,350 0,175 | 0,1507 | 0,175 0,175 0,169 | 0,990 | 0,989 | 0,989
1573 0,170 | -5,55-102% | -0,383 0,170 | 0,1450 | 0,170 0,170 0,164 | 0,985 | 0,984 | 0,984
]1_—81_5 - - - 0,166 - 0,167 0,167 0,160 | 0,981 | 0,980 | 0,980
1623 0,166 | -6,18-102% | -0,414 0,166 | 0,1493 | 0,166 0,166 0,156 | 0,981 | 0,980 | 0,980
1673 0,162 | -6,64:102 | -0,444 0,162 | 0,1496 | 0,162 0,162 0,152 | 0,976 | 0,975 | 0,975
1723 0,158 | -6,97-102% | -0,474 0,158 0,1470 0,158 0,158 0,148 | 0,972 | 0,971 0,971
1773 0,155 | -7,70-102 | -0,502 0,154 0,1532 0,155 0,155 0,145 | 0,968 | 0,967 0,967
1823 0,151 | -7,75-10% | -0,530 0,151 | 0,1462 | 0,151 0,151 0,142 | 0,964 | 0,963 | 0,963
1873 0,148 | -8,24:102 | -0,557 0,148 | 0,1479 | 0,148 0,148 0,139 | 0,961 | 0,959 | 0,959
1923 0,145 | -8,62:102 | -0,583 0,145 0,1478 0,145 0,145 0,136 | 0,957 | 0,956 | 0,955
1973 0,142 | -8,9-102 -0,609 0,142 | 0,1462 | 0,142 0,142 0,133 | 0,953 | 0,952 | 0,952
2023 0,139 | -9,10-102% | -0,634 0,139 | 0,1435 | 0,139 0,140 0,130 | 0,950 | 0,949 | 0,948
2073 0,137 | -9,77-10% | -0,659 0,137 | 0,1483 | 0,137 0,137 0,128 | 0,947 | 0,945 | 0,945
2123 0,135 -0,104 -0,682 0,134 0,1518 0,134 0,135 0,126 | 0,943 | 0,942 0,941
2173 0,132 -0,103 -0,706 0,132 | 0,1461 | 0,132 0,132 0,123 | 0,940 | 0,939 | 0,938
2223 0,130 -0,108 -0,728 0,130 | 0,1478 | 0,130 0,130 0,121 | 0,937 | 0,935 | 0,935
2273 0,128 -0,112 -0,751 0,128 0,1485 0,128 0,128 0,121 | 0,934 | 0,932 0,932
Ter =
Gm) | - ; ; ©0100) | - | (0101 | ©101) | - | o888 | 0886 | (0,885)
) - -0,9508 -6,5505 - 5,153 - - - - -

I[lo pauHBIM TaOmmnel 1 Halimeno g b
smauenne S(X) = 7,836:10°. Hawubonsuree
OTKIIOHGHHE OT CpEIHEero 3Ha4deHus D gaer
BearHa Dmin = 0,1252 nipu T = 1123 K. Tlo (44)
ms no = 35 1,= 2,852. Orcioga paBeHCTBO-
HEpaBeHCTBO (43) BBIpa3UTCS KaKk

__ l0,1472-0,1252]

Tmax = _______:E______
min  7836:1073,/34/35

= 2,849 < 1, = 2,852, (45)
TO €CTb YCJIIOBUEC OAHOPOAHOCTH BBIIIOJIHACTCA U
HaﬁHCHHOC Cp€AHCC 3HAYCHUC TIOKa3aTCIA b =

0,1472 sBnsiercsi mpenCTaBUTEIBHBIM I BCETO

OTO MO3BOJISIET BBECTH €r0 B
bopmy KJIACTEPHO-ACCOIUATHON

MHOXecTBa  Di.
pacyeTHyIO
Mozenu (16):

1073
5= 0,503(523/T) 4B (46)

PesynpraTel pacuéra mo HeMy IPHUBEICHBI B
tabnuie 1. 371eck BHOBb HAOJIIOAACTCS HEaIbHOE
COIIaCOBAaHME CO CIPABOYHBIMH JaHHBIMH IIO
ko3 dunuenty xkoppensuuu R = 0,999996 npu tr =
73959 >> 2 u D = R? = 0,999992. Kak oTMeueHO
BBIIIE, II0OKa3aTellb b HMMEEeT CMBICA CTEIEeHH
arperaiyy  accolWaTtoB, WM CPEJHEr0 4YHcia
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acconuatoB B arperaruu. [Ipu b < 1 kakas-to yacth
accoIMaToB HE arpernpoBaHa, W 3Ta YacThb TEM
oounbire, yeM Menbiie b. Tak, mpu b — 0 crenens
accolMali KJIacTepoB TepsieT 3aBHUCHUMOCTH OT
TEMIIepaTypbl M CTPEMUTCS B [IaHHOM Cly4ae K
3HaueHno a = 1,0413, Onu3koMy eIWHUIIE, TO €CTh
K OTCYTCTBHUIO 0Opa30BaHHUs acCOIMATOB, TOYHEE, K
OTOXJECCTBJICHUIO aCCOIIMATOB U KJIACTEPOB, TaK KaK
B accoluaTe COJEPKUTCS TOJIBKO OJUH KIIACTep.
OTO XapakTEepHO IJIsi METAJUIMYECKUX >KHAKOCTEH
BBH/Iy HEJIOKAJIM30BAaHHOTO XapaKTepa IEKTPOHHOM
CBA3U. BeposiTHO, IS CIOKHBIX HEOPTaHMYECKHUX
BEIIECTB TPU COXpPAaHEHWH TOU ke (HOPMBI
KJIaCTePHO-aCCOLMATHON MOy MoKa3aTenu a u b
OyIyT UMeTh 00JIee BEICOKHE YHCIICHHBIC 3HAUCHYSL.

Takum 00pa3oMm, Ha HOBEWIIMX CIPABOYHBIX
JaHHBIX TI0 JWHAMHYECKOH BS3KOCTH JKHIKOTO
JUTHS  yCTAaHOBIIGHA  TIOJIHAS  aJICKBATHOCTH
KJIACTEPHO-aCCOLMATHONH MOJIENI TeMIIepaTypHOi
3aBHCHMOCTH 3TOW XapaKTepUCTHKH TI0 TpeM
METOJaM QJaNTallud JaHHOW MOJENH: IO TPEeM
penepHbIM TOYKaM H TI0 JBYM pEIEpPHBIM C
JIOTIOJTHUTENILHBIM YYETOM BCEX OCTAJIBHBIX TOYEK B
BapHaHTax JHHEAPH3AIH MOJEIH CO CBOOOJHBIM
yieHoM u 0e3 Hero. OJTO yKa3blBaeT Ha
(hyHKIIMOHATBHBIH Xapakrep KIIaCTEpPHO-
accolMaTHOM MOJIENH, packpbIBarolei
BHPTYAIBHYIO TIPUPOIY 00pa30BaHUs KJIACTEPOB U3
KPUCTAJUIOMOABIKHBIX ~ YACTUI[, acCOIMaTOB U3
KIJIACTEPOB M arperanuii U3 accoIlMaToB, OJHMHAKOBO
TTOAYMHCHHBIX DHEPTETUICCKOMY CIIEKTPY
Bbonwsimana. O6 3TOM CBUIETENBCTBYET YOBIBAIOIIAS
CTETEHb accolMaluu oT TeMIlepaTyphl,
MPaKTHYECKH HEOTIIMYMMasi BO BCEX BapHaHTax
agantanuu JaHHoi wmognenu. Ilpugem Oau30CThH
CTEICHU AacCOLMALUK KJIACTePOB K CAMHHIIE IS
TUIIUYHOTO METaJJIa JIUTHS BO BCEM TEMIIEPATypPHOM
Zrara3oHe O3HaydaeT MPaKTHIECKOE
OTOXKJISCTBJIGHHE AacCOIIMaTOB C KJacTepamu H
HEMOCPEJICTBEHHO CIIEAyeT W3 METAUTHYECKOro
HEJOKaJM30BaHHOTO XapaKTepa CBSI3W aTOMOB, B
OTJIMYHE OT JIOKAJU30BAaHHOTO Ui JJIEMEHTOB C
KOBAQJICHTHBIM  XapakTepoM  CBSI3UM, Kak 3TO
yCTaHOBJIEHO B Hammx paborax [18]. Iloatomy
MPEAJIOKCHHBIE IIPUEMBI 00paboTku
AKCIIEPUMEHTAIBHBIX JAHHBIX I TEMIEPaTyPHBIX
3aBHCHMOCTEN BS3KOCTH MOTYT OBITH IPUMEHEHBI H
JUTSL CITOSKHBIX BEIIECTB.

BriBoabI

IMToka3zana pa3paboTka HepapXuuecKoil
KJIACTEPHO-ACCOIMATHON MaTeMaTuIecKoi Mojaenu
BA3KOCTH, KOTOpas  YYUTBIBAET HE  TOJIBKO
oOpa3oBaHue MEPBUYHBIX KJIaCTEPOB u3
KPUCTAIIMIOABMKHBIX YACTHUI[, HO ¥ BTOPUYHBIX IO
OTHOIIICHUIO K HHUM acCOIMATOB C BO3MOYKHOCTBHIO
BBISIBJICHHSI CTETICHHU ACCOIMAIINH KJIaCTEPOB.

— Pazpaborannas KIJIAaCTEPHO-aCCOIMaTHAS
MOJIETb BSI3KOCTH paccMarpuBaeTcs KaK
Xa0COYyBCTBUTEIHHOE CBOICTBO KHUJIKOCTH,
MpHCyIee eif He TONBKO B ABM)KEHUH, HO U B TIOKOE,
MTOCKOJIBKY OCHOBaHa Ha pPaBHOBECHOM
pacnpenenenud bosbumana. B gaHHON Mopenu
KIIFOYC€BbIMU XapaKTCpUCTUKaAMHU SABIIAOTCA
TEIUIOBbIE  Oapbepbl  XaoTH3allMd B  TOYKax
IUIABJICHUA W KHUIICHHSA, B CBA3M C YEM IIOBCICHHC
JKUJIKOCTU  OIpENENsAeTcs BO3AEHCTBHEM  TpeX
SHEPreTUYECKUX KJIACCOB YaCTHUIL -
KPUCTAJUIONIOJBM)KHBIX,  JKUAKOIOABIDKHBIX |
TMMapoIroJABUKHBIX.

— BeposTHOCTHBII ~ cMBICT ~ 00pa3oBaHUs
KIJIaCTEPOB M3 HEOJAWHOYHBIX KPUCTAJUIOTIOIBHIKHBIX
YaCTHIL pacmpocTpaHeH Ha oOpa3oBaHue
accoluaToB, YTO TIO3BOJMJIO PACKPBITh CMBICI
BTOPOTO YPOBHS TMOKa3aTeNbHOW 3aBUCHMOCTH
BA3KOCTH B KJIACTEPHO-aCCOIMATHOW MOJETH, T
NepBbIi  ypOBEHb OTBeYaeT 3a oOpa3oBaHHE
KIIaCTepOB, a BTOPOM — accoIuaroB. JTa Qopma
COOTBETCTBYeT  (PH3MYECKON  HWepapXxwH  IpH
KOM6I/IHI/IpOBaHI/II/I KpUCTAJUIONIOABUXKHBIX YaCTHUII.

— Jlng ajantanuu - KJIacTEPHO-aCCOLMATHOM
MOJENH K OKCIEPUMEHTAIBHBIM JIAaHHBIM IS
AZICKBATHOT'O OIIMCaHWUA HUX W OKCTparnoisiguu B
HEU3yueHHbIe 00JIaCTH TeMIleparyp, Kak IpaBHIIO,
BBICOKHE W CBEPXBBICOKHE, MPHUOIIKAIONIUECS He
TOIILKO K TeMIlepaType KHIIeHHS, HO H K
KPUTHYECKON TeMIeparype, pa3paboTaHbI
OTIpE/ICTICHHBIE TPHEMbl OOPaOOTKH JAaHHBIX IS
UACHTU(UKAIINN HEU3BECTHBIX ITAPaMETPOB MOJICIIH
au b.

Hns WILTIOCTPALluU 3 PEeKTUBHOCTH
NpeasaraeMoro Meroga oOpabOTKM W ONMUCAHUS
OKCIEPUMEHTANBHBIX  JIAHHBIX IO  KIACTEPHO-

accollMaTHOM MOJENM BS3KOCTH ObUI  BBIOpaH
JKUJKUM TuTui. Ha HOBEMIIMX cipaBOYHBIX AAaHHBIX
0 JMHAMUYECKOH BS3KOCTH KHUAKOTO JIUTUS
YCTaHOBJIEHA TIOJHAS aJeKBATHOCTH pa3pabOTaHHOM
MOJIEIM  TEeMIEPaTypHOW  3aBUCUMOCTHM  3TOMU
XapakTEPUCTUKU IO TPEM METOAAM aJanTaluu
JITAaHHOW MOJIEJIM: MO TPEM PENEPHBIM TOUYKAM U IO
JIBYM PEIEpPHBIM C JOTOJIHUTEJIbHBIM YYETOM BCEX
OCTaJbHBIX TOYEK B BapUaHTax JIMHEApU3aLUU
MOJIeJI CO CBOOOJHBIM YIIEHOM M 0e3 Hero. JTo
yKa3blBaeT Ha (YHKIUOHAIBHBINH XapakTep HOBOH
MOJIEIM, PACKPBIBAIOIIEH BHUPTYalIbHYIO TPUPOAY
00pa30BaHUs KIIACTEPOB M3 KPUCTAIIIONOJIBUKHBIX
YaCTHUL], aCCOLIMATOB U3 KJIACTEPOB M arperanuii us3
accoluaToB, OJMHAKOBO MOJYNHEHHBIX
SHEPreTUYECKOMY CIeKTpy bonblMaHa.

bnazooapnocmo
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TYTKbIPNbIKTbIH KNacTepnik-accounaTtTbiK MoAeni XXaHe OHbIH napamMmeTpnepiH
aHbIKTay aaicTepi

MakaweBa A. M.

Tyiiingeme. VepapXusblK KIacTepiliK-KaybIMIACKaH TYTKBIPJIBIKTBIH MATEMATHKANBIK MOJETI erkKei-TerKkenmi
KapacTeIpbUIFaH. Mozens BonbliMaH Tene-TeHAIriHIH TapaiyblHa HETi3[ereH, COHABIKTaH CYHBIKTHIKTHIH KACHETiHIH
KO3FallbicTa FaHa eMeC, THIHBIITHIKTA J]a PEeTCi3 ce3iMTal KacHeTi peTiHAe KapacThIpbUIambl. byn Monenpne Herisri
cUmarTamaiap OalKy JKoHEe KaifHay Ke3iHAeri perci3 JKpuly Keaepriiepi Ooibin TaOBUIAABI, OCHIFAaH OaiJIaHBICTHI
CYHMBIKTBIKTBIH peKeTi OOJIIEeKTepAiH YII SHEPreTHKAIbIK KIACHIHBIH — KPHUCTAIABI KO3FaJlaThIH, CYHBIK KO3FalaThIH
KoHe OymapIblH KO3FallybIMEH aHBIKTaJanbl. JKaHa Momenbaeri MaHbI3Ab! OlpiHFall KOPCETKINI TeMIlepaTypara Toyemi
JKOHE KPHUCTAIT KO3FajMalbl OONIIEKTEpIiH KIacTepili KaybIMAACTHIK JIopexeciH kepcereni. DOpeHKenb TeHIeyiMeH
AHBIKTAJFAH EPITIHIUIEPIH TYTKbIP aFbIHBIHBIH aKTHBTEHJIPY SHEPIUSCHIHBIH KIACTEPIIK KaybIMIACTBIK IOPEKECIHE
JKaTKbI3BUTYbl BaH-Jep-Baanbc OemeKkTepiHiH TapThIMIBI KYLITEPiHIH OalIaHBICTBIPYIIBI SYHEPTUSIChIMEH COMKec
KeJeTiH TypakTel ImamaHbl Oepeni. Ocbl Herine aBTOpiap KIAacTepAiH ©37epiH CakTail OTBHIPHIN, KIACTEPIiK
KaybIMJACTBIKTapAbIH JKOWBLTybIHa OaiilaHbICTBl TYTKBIP AaFbIHBI Iaiia Oomazel gen Oospkaiapl. Kiactepiri-
KayBIMIACTBIK MOJETIH SKCIIEPUMEHTTIK MAJTiMeTTepre OceiiMaey YIIiH MOAeNbAeri Oenrici3 mapameTpiepi aHBIKTay
KOHE OHJCY oJicTepi kacaiipl. bapiblk ecenTey MbIcaniapbl CYHBIK JIMTHIIE KENTIPIIreH jKoHE ecenTeyepliH
KOFapbl colKecTiri aHbIKTaIael. COHBIMEH KaTap TYTKBIPJIBIK JAEPEKTEPiH OHJCY OMICi TYTac >KUBIHTHIKTHIH €Ki TipeK
HYKTeJIepiH caKTail OTBIPHII KaybIMIacy AOPEKEeCiH aHBIKTAYAbIH 9AiCIMEH TONBIKTHIPBUIIEL.

Tyiiin ce3aep: boxpuMaH Tapatysl, TYTKBIPIBIK, aCCOLUAT, KIacTep, TEMIIEpaTypa.

Cluster-associated viscosity model and methods for determining its parameters

Makasheva A. M.

Abstract. A detailed development of a hierarchical cluster-associate mathematical viscosity model is shown. The model
is based on the equilibrium Boltzmann’s distribution and, therefore, is regarded as a chaosensitive property of a fluid
inherent in it not only in motion but also at rest. In this model, the key characteristics are chaotic thermal barriers at the
melting and boiling points, in connection with which the behavior of a liquid is determined by the action of three energy
classes of particles — crystal-mobile, liquid-mobile, and vapor-mobile. An important single indicator in the new model
depends on temperature and makes sense of the degree of association of clusters of crystal-mobile particles. The
assignment of the activation energy of the viscous flow of melts determined by the Frenkel’s equation to the degree of
cluster association gives a constant value commensurate with the binding energy of the van der Waals particle attractive
forces. On this basis, the authors hypothesized that a viscous flow occurs due to the destruction of cluster associates
while preserving the clusters themselves. To adapt the cluster-associate model to experimental data, certain data
processing techniques have been developed to identify unknown model parameters. All calculations are illustrated on
liquid lithium and have shown their high adequacy. Also added is a method for processing viscosity data using the
entire set of viscosity data while maintaining two reference points and processing the rest to determine the degree of
aggregation of associates.

Keywords: Boltzmann's distribution, viscosity, associate, cluster, temperature.
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Abstract: The results of studies of cement clinkers with a high content of belite are presented. To obtain
clinkers polymineral wastes of enrichment of skarn-magnetite ores were used. To intensify the hardening of
cements, a method for activating the silicate phases of clinker (alite and belite) is proposed. Active phases
are formed during the synthesis of clinker using a dual-blend technology, which provides an increase in the
reactivity of the components of the raw material mixture. Thermodynamic calculations have been carried out,
confirming the likelihood of belite formation reactions based on minerals of the raw material mixture. The
composition of raw materials blends is justified. To assess the low-melting charge, a basicity coefficient (BC)
was introduced and the preferred values of BC = 0.25 — 1.50 were shown. An increase in the activity of alite
and stabilization of the active modification of belite provide hardening of the cement stone. The work is

aimed at creating resource-saving technologies for Portland cement.
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Introduction

A substantial savings in fuel and energy
resources are achieved by reducing the basic
capacity of Portland cement clinker. Low-base
(belite) cements are low-energy binders with a high
content of C,S belite. The consumption of calcium
carbonate in the raw material mixture is reduced,
clinker firing costs and carbon dioxide emissions are
decreased with a fall in the proportion of CsS alite in
belite clinker [1 - 10]. Belitic cements have benefits
as low heat during hydration, increased service life
of concrete in a severe environment. However, when
using cements with a low alite content, difficulties
associated with slow hardening arise [2, 4, 8, 9].

An increase in low-alumina clinker hydraulic
activity is provided by a directed change in the
reactive capacity of the raw material [4 - 8]. The

chemical and mineral features of man-made
materials determine their preference for active low-
base clinkers [5,6,10 —16].

Clinker activation solely due to the belite phase
is technologically complex and often becomes
ineffective [17-19]. The curing rate of low-base
cements shows an increased dependence on alite
activity. With the intensive hydration of alite, the
necessary amount of portlandite is released to form
the crystalline framework of the stone. The
hydration ability of alite, due to the modification
composition and crystalline state of the phase, is
very sensitive to changes in the reactive capacity of
raw materials.

The possibility of obtaining cements using
tailings of skarn-magnetite ores has been proved [5,
15, 20]. The complex chemical and mineral
composition of the man-made material seems to
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provide the opportunity to control the rate of clinker
formation, the structure and activity of the phases,
particularly alite.

The alite formation kinetics is determined by
the ratio of the dissolution rates of C,S and CaO,
and the melt composition. Technological methods
are used to intensify the process such as raw
material mixture modification due to additives,
grinding coarsening of the carbonate component, its
feeding into the sintering zone to prevent CaO
recrystallization; high-temperature belito formation,
excluding the C,S passivation of [1, 9, 10, 13, 18].
The dual-charge technology developed by V.D.
Barbanyagre [9] considers the composition of one of
the blends provides an increased amount of melt at a
low temperature.

The study is aimed to investigate the low-base
clinkers synthesized by the dual-charge technology
using skarn-magnetite ore tailings.

Testing

Limestone and wastes of skarn-magnetite ores
enrichment were used for the cement clinkers
synthesis, quartz sand was introduced as a
correcting siliceous component. The chemical
composition of limestone, wt.% as follows SiO,
0,84; Al,Os 0,51; Fe,Os; 0,63; CaO 53,73; MgO
1,08; SO3 0,24; R,0 0,10; LOI 42.87.

Tails of dry and wet magnetic separation are
made after processing skarn-magnetite ores. In the
study, gravel-like tails of dry magnetic separation
(tails of DMS) were used a disintegrated mass with
a particle size of up to 25 mm; humidity was 1-2%.
Tails of DMS surpass cement clinker and quartz
sand in grinding ability.

The chemical composition of tails of DMS is
presented, wt.% as SiO, 40,82; Al.0O; 11,86; Fe,O3
(overall) SiO; 40,82; Al,O3 11,86; Fe,03; LOI 3.55.
Modified impurities are found in the wastes, wt.%
as S 2.79; R,O 3,21; TiO; 0,50; P,Os 0,26; MnO
0,38; V205 0,04; CI 0,11; Cu 0,04; Ni 0,008.

The mineral base of tails of DMS is composed
of silicates that differ in genesis, composition,
structure, physical properties, chemical activity and
thermal stability, wt.% as Pyroxenes (diopside) 20 -
25; epidote 10 - 13; feldspars 8 - 12; chlorites 7-10;
Scapolite 8 - 11; garnets (andradite, grossular) 7-12;
amphiboles (actinolite) 7-14. The wastes have, wt.%
as Calcite 4-7; pyrite 4-8; quartz 2-4; magnetite 3-4.

Raw mixtures were prepared by co-grinding of
pre-ground starting materials. The grinding fineness
of the raw mix was evaluated by the residue left on
the sieve No. 008 which was 2-5%. Clinkers
synthesis was provided by burning samples of the
raw material mixture in a laboratory furnace with
silica heaters. Cement was obtained by grinding

clinker with two-water gypsum.

The materials composition was studied using
differential thermal, x-ray phase analysis and
microscopy. Strength characteristics of cements
were determined on samples of small size (2x2x2
cm) made from paste of normal density.

The study is based on the limited CaO content
in one of the two parts of the mixture will contribute
to the formation of intermediate compounds
(aluminosilicates and magnesium calcium silicates)
hypothesis. Intensive heating of another part of the
mixture (limestone) in the sintering zone is
accompanied by almost instant dissociation of
calcite and the occurrence of highly reactive calcium
oxide. Calcium oxide responds with the
intermediate phases to form belite when two heat-
treated feed streams are combined. Discharge of a
significant amount of C,S in a narrow temperature
range increases the degree of thermal effect on the
material due to exothermy of the reaction brought
under control and activates alitogenesis.

Reducing the temperature and time intervals
between the synthesis of C,S and CsS promotes the
active crystalline structure formation, enhances the
phase imbalance.

The AH enthalpy reactions of feed mixture
silicates interaction with calcium oxide was
calculated, which result in the formation of C,S. The
reference thermodynamic characteristics were used
in calculations. The initial data are provided in
Table 1, the calculation results in Table 2.

The systematic nature of the minerals saturation
determines the heat release by portions during their
interaction with CaO (Table 2). As the basicity of
the starting silicates increases, the reaction thermal
effect is remarkable decreases. Consequently, the
extension of the multi-stage process will provide
smooth heat release in a wide temperature range. To
contain the exothermic effect, the stages merge is
advisable by reducing the gaps between the
individual reactions. This can be achieved by
removing part of CaO from the sphere of low-
temperature interactions, which will limit the low-
temperature saturation of natural silicates and will
allow one to control the intensity of heat release.

Results and discussion

Various options for preparing a low-basic
mixture with a saturation coefficient SC = 0.75 were
studied to test initiated proposals. The first part of
the raw material mixture, an easily melted furnace
feed, contains tailings of skarn-magnetite ores, an
adjusted siliceous additive (silica sand), and part of
the carbonate component (limestone). The second
part of the mixture is the remaining part of the
limestone.
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Table 1 Thermodynamic characteristics of the
compounds

The heatof | Avg=a+vT+cT 2, J/

formation of (mol - deg)

Compound | the elements
«»AHYgg, a 61072 | ¢10°
kJ / mol

CMS; 3208,30 221,53 | 32,85 65.95
CAS; 4238,11 269,66 | 57,35 70.70
NASs 3934,00 274,14 | 43,86 79.29
C.S 2309,58 151,67 | 36,94 30.29
CA 3558,10 260,70 | 19,17 5011
CaO 635,85 48,85 453 | —6,53
MgO 602,11 42,61 7,28 | —6,20
Na,O 416,09 77,11 | 19,33 12,59
SiO; 908,30 46,94 | 34,31 11,30

Table 2 The calculated values of the reactions thermal
effects

Enthalpy of
Ser.No. | Equation of reaction | reaction, «-»H%g,
kJ / mol
CMS; + 3C >
! 2C,5 + M 105,42
CMS;+C —>
1.1 CoMS, 35,75
C,MS;+C —
1.2 CaMS, 54,95
CMS; +C —
1.3 2C,5 + M 14,72
CAS; + 6C —»
2 2C,S + CaA 124,05
CAS; +2C —>
2.1 C,AS + CS 85,73
C,AS+3C —>
2.2 C,S + CoA 1,11
2.3 CS+C— C,S 37,21
NASs + 15C
3 — 6C,S + 4359,92
CsA + N
3.1 NASs > NAS2 + 1808,90
4S
NAS,; + 7C —»
3.2 2C,5 + CsA + N 2032,70
3.3 2C+S —> C,S 129,58

The raw material mixture and the first furnace
feed are characterized by a silicate module 2.0 and
an alumina module 0.7. The composition of the raw
material furnace feed (Table 3) provides a lower
melting temperature of the calcined mass, the
formation of a modified silicate melt.

An additional indicator - the basicity ratio (BR)
is introduced to assess the composition of tail-
containing mixtures, characterized by extremely low
values of the saturation coefficient, which allows
you to take into account the complex composition of
the phases of the burnt furnace feed. It is customary
Ternary compounds are acceptable to consider as a
conditional combination of simple phases: C,AS =
CS + CA and C;MS; = 2CS + M. The basicity ratio
characterizes the degree of saturation of silica with
calcium oxide to CS metasilicate. When calculating
BR according to formula (1), the possibility of CA,
C,F, CaSO, formation is taken into account:

_ €-0,554—0,18F—0,70S
- 0,93§

BR , 1)

wherein 0,55 — the ratio of CaO to Al,Oz at CA;
0,18 — the ratio of CaO to Fe,0Os at C,F;

0,70 — the ratio of CaO to SOz at CaSQy;

0,93 — the ratio of CaO to SiO; at CS.

The whole silica (and the intermediate phases
conditionally including it) is assumed to be bound to
calcium metasilicate at BR = 1, with an increase in
BR values, the availability of dicalcium silicate is
possible.

At the first stage, the furnace feed was calcined
at a slow rise in temperature (10 °C / min) with a
holding time of 20 min at a temperature of 1200 °C.
Then, the calcined material was finely ground,
minced with the required amount of limestone to
obtain a mixture with SC = 0.75 (Table 3), placed in
a preheated furnace, and burned at temperatures of
1250 °C and 1300 °C, maintaining a high heating
rate (200 °C / min).

The composition of the easily melted furnace
feed determines their state after the initial firing and
the nature of the interactions during subsequent
sintering of the total mixture. Unlike melted
materials (furnace feed with BR = 0.25 - 0.50) and
dense cakes (furnace feed with BR = 1.0-1.85),
burnt furnace feed D6 (BR = 2.25) containing an
increased proportion of limestone, acquired the state
of low-caking mass.

Furnace feed firing is accompanied (Figure 1)
by melting tails of DMS (endoeffect at 1120 °C), the
formation of complex silicates, calcium
aluminosilicates and solid solutions based on them
(exo-effects at 1000 °C and 1180 °C), which
availability is fixed on the XRD pattern (Figure 2).
The fraction of free CaO in the calcined materials is
insignificant (up to 1%), which indicates the
completeness of the interaction processes. The
synthesis of clinkers based on tails of DMS is
characterized by inhibited alitogenesis, which is due
to sulfate-alkaline segregation [5]. During sintering
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of a double furnace feed mixture, its easily melted
component forms a high-siliceous melt of low
viscosity, increased homogeneity, and uniformly
saturated with modifying elements.

C,S high-temperature synthesis determines the
intensive dissolution of belite in a clinker melt. A
defective microstructure of CaO is formed during
thermal activation of the carbonate component,
which ensures its accelerated dispersion and
dissolution in the melt. As a result, crystallization of
alite is intensified. The rapid growth of CsS crystals
is accompanied by the introduction of modifying
elements present in the melt into their structure.
Alite crystals formed in this way are distinguished
by a distorted crystal lattice and increased hydration
activity [3, 9, 19].

1000 1180

1120

1240

1280

Figure 1 DTA curve of D4 furnace feed

Table 3 Preparation of the raw mix using easily melted furnace feed options

Mixtur 1 and 2 parts content The material composition of the easily melted Furnace feed 1
e code in the mixture, % furnace feed 1,% parameters
1 2 limestone Tails of DMS Silica sand BR SC
D1 38,52 61,48 19,67 68,23 12,10 0,25 0,01
D2 44,48 55,52 31,12 57,46 11,42 0,50 0,09
D3 59,17 40,83 47,76 44,08 8,16 1,00 0,26
D4 72,46 27,54 57,21 36,44 6,35 1,50 0,42
D5 82,17 17,83 62,91 30,88 6,21 1,85 0,54
D6 93,46 6,54 67,48 26,79 5,73 2,25 0,67
K 100 HET 69,59 24,91 5,50 2,47 0,75
® — C,AS © - C3MS;
A-CMS, * — Cy(AM,S)S; (melilite)
- CzMSz : ‘ - CzF
[T9)
]
o
* A
: c»g ‘(; «:. °
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Figure 2 X-ray diffraction patterns of easily melted furnace feed primary firing

The intensity of clinker formation during firing
of double furnace feed mixtures is confirmed by a
more uniform crystalline structure of clinkers. Alite
crystals of hexagonal crystals with good faceting
and a size of 60 - 80 um prevail (Fig. 3). According
to petrography and X-ray diffraction analysis
(Figure 4), an increase in the alite content of 5-8%
in clinkers synthesized using double furnace feed
technology was revealed. This is ensured by the

intensification of the final stages of clinker
formation, the presence of modifying elements in
the man-made raw materials, and the formation of a
highly iron aluminoferrite phase less saturated with
calcium oxide (shift of the diffraction maximum of
0.265 nm to lower angles).

When firing double furnace feed mixtures, the
o, — C2S modification is stabilized (Figure 4), the
largest amount of which is noted for D1 and D2

— Y] —
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clinkers. The formation of the reactive form o, —
C,S is achieved due to the complex effect of doping
impurities during the high-temperature phase
formation with the participation of the modified
melt.

Preliminary heat treatment of raw materials
positively affects the hydration activity of
synthesized clinkers (Table 4). An increase in the
strength of cement stone by 12-68% is caused by an
increase in the amount and degree of hydration of
CsS, and the formation of the hydraulically active
modification of a.,, — C.S belite.

Maximum strength indicators are achieved
when using the most easily melted tail-containing
D1 furnace feed.

Figure 3 The clinker microstructure synthesized from a
double furnace feed mixture
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Figure 4 Clinkers X-ray patterns synthesized by

various technologies

Table 4 The influence of synthesis conditions
on hydration activity of clinkers

Alita
hydration Maximum strength,
Clinker degree MPa, samples
code ,9%0, 2x2x2cm aged, days
Aged, days
1 28 1 28
D1 32 96 42 112
D2 31 92 38 110
D3 31 94 38 107
D4 29 93 33 105
D5 27 90 29 99
D6 28 89 28 97
K 23 80 25 82

However, this option involves feeding into the
sintering zone almost half of all the raw materials;
therefore, it is technically complicated and requires
deep engineering study. This  technology
implementation is possible in furnace units of a
different configuration. Compiling options of D4 -
D6 mixtures providing a limited input of the
carbonate component into the sintering zone are of
the greatest practical interest for the existing clinker
firing technology.

Findings

The possibility of activating belite clinkers
based on skarn-magnetite ore tailings using the
double furnace feed technology is given.

The synthesis efficiency of the low-base
clinkers based on double furnace feed is determined
by the thermal activation of the man-made
component in combination with a given amount of
carbonate component and the subsequent interaction
of the calcined furnace feed with thermally activated
calcium oxide.

A well-aimed change in the state of raw
materials and the nature of their interactions
enhances the modifying effect of skarn-magnetite
ore tailings on the properties of the melt, the
formation of C,S and CaO reactive, the
intensification of alite formation and stabilization of
hydraulically active forms of belite and alite.

Cite this article as: Miryuk O.A. Activation of
cement clinker with high content of belite //
Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a
(Complex Use of Mineral Resources). — 2020. — Ne 2
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KypambiHaa 6enuTi xXofapbl LLeMEeHT KITMHKephnepiH benceHaipy

Mwuprok O.A.

Tyitinaeme. KypambiHgarsl O€lIHUTTIH MeINIIEpi XKOFapbl LEMEHT KIMHKEPIEpiH 3epTITey HOTIKeNepl KenTipuireH.
Knunkepnepal aimy yIIiH CKapH-MarHETHT KeHIEPIH OaWbITYAbIH TNOJIMMHHEPANIbl KaJIbIKTapbl HaliaaaaHbUIIbL.
LlemeHTTEpAIH KaTalObIH KAapKbIHIATY VIIIH KIMHKEpAIH (aJUT oHE OeNuT) CUIMKATThl (asajapblH OeJceHaipy
(axTuBTEHIIpY) 9Aici yebiHbUIFAaH. bencenni dasanap kuHKepai CHHTE3EY KE3iHAE eKi HIMXTa TEXHOIOTHSCH! apKbLIBI
KaJBINTacaabl, OJ IIUKi3aT KOCIAchl KOMIIOHEHTTEpiHIH PEaKIMSUIBIK KaOUTeTiH apTTBIpyIbl KaMTaMachl3 eTelli.
[uki3aTTEIK KOCHa MHUHEpPANJApBIHBIH HETi3iHIe OeIUT TY3UTy BIKTUMANIBIFBIH PACTAWTHIH TEPMOIHMHAMHUKAIBIK
ecenrrep opbrHmangsl. [ukizaT muXTamapblHBIH KypaMbl AojieiaeHTeH. JKeHin OanKWTHIH INUXTaHBl Oaranay YIIiH
HeTi3OUTK Kod(p¢ummenTi enrizimrern xoue KO = 0,25 — 1,50 MoHAEpiHIH apTHIKIIBUIBIFEI KOPCETUITeH. AJHAT
OeJICeHIUIITIHIH apTyBl oHe OenuTTiH OeiceHal MONM(pUKANNUACHHBIH TYPaKTaHybl IEMEHT TACHIHBIH HBIFBI3IATYBIH
KamTamachl3 eresi. JKyMbIC MOpTiIaHA-IIEeMEHTTIH pecypc YHEMEYI TeXHOJIOTHUsUIApbIH KYpyFa OarbITTalFaH.

Tyiiin ce3aep: TEXHOTCHII MaTeprangap, amr, OeIUT KIMHKEpi, OeIceHipy.

AKTUBM3aLUA LeMEHTHbIX KITMHKepoOB C NOoBbIWEeHHbIM coAepXaHunem 6enuta

Muprok O.A.

Annoranus. [IpuBeneHs pe3yabTaThl UCCIICAOBAaHUN [IEMEHTHBIX KIIMHKEPOB C BBICOKUM coIepykaHueM Oenmuta. J{imsa
MONYYCHUSI KIIMHKEPOB HCIOJIBH30BAHBI MMOJMMIHEPAIHHBIE OTXOABI OOOTAIIeHUs] CKapHOBO-MAarHETHTOBBIX pyad. s
WHTCHCU(UKAIINA TBEPACHHS LEMCHTOB IPEUIOKEH CII0OCOO aKTHBH3AIHMK CIIMKATHRIX (a3 KIMHKepa (amura u
Oemmra). AxTHBHBIC (a3l (QOpPMHPYIOTCS TpPH CHHTE3¢ KIMHKEpa II0 [BYXIIMXTOBOW TEXHOJOTHH, KOTOpas
oOecrieuMBacT  TOBBIIICHHE  PEAKIMOHHOW  CIIOCOOHOCTH  KOMIIOHGHTOB  CHIPHEBOW  CMECH.  BHITOTHEHBI
TePMOANHAMHYCCKIE PAacUeThl, MOATBEPIKIAIOIINAE BEPOSITHOCTh peakiuii oOpa3oBaHus OennrTa Ha OCHOBE MUHEPAIOB
ceIpheBOil cMecH. OOOCHOBaH COCTaB CHIPHEBBIX INMUXT. [N OICHKH JIETKOIUIABKON HIMXTHI BBEACH KOA(QGHUIMEHT
OCHOBHOCTH U TOKa3aHa MpeAnovTUTe bHOCTh 3HaueHuit KO = 0,25 — 1,50. YBenuueHune akTHUBHOCTH alHWTa H
cTabuM3ausl akTHBHOM MoauGuKaIu 0eauTa 00eCeynBarOT YIPOYHCHUE IIEMEHTHOTO KaMHs. PaboTa HampasiieHa
Ha CO3J[aHUE pecypcocOeperarnux TeXHOIOT I TOPTIAHIIIEMEHTA.

KiroueBble cjI0Ba: TCXHOTCHHBIC MaTCPHUANIbI, OCITUTOBBIN KIHHKED, aJUT, aKTHBU3AIU.
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Study of the possibility of molybdenum recovery from
sulfate solutions on the anionite Lewatit MP62W5

*Khabiyev A.T., Baigenzhenov O.S., Akbarov M.S., Sydykanov M.M
Satbayev University, Almaty, Kazakhstan, e-mail*: alibek1324@mail.ru
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Abstract. This article presents the results of a study of sorption extraction of molybdenum from sulfate solutions
obtained by leaching black-shale ores of Big Karatau. For the extraction of molybdenum was used the method of
ion exchange weakly basic anion exchange resin Lewatit MP62W5. The study determined the optimal conditions
for the sorption and desorption processes of molybdenum, which included factors such as pH, the duration of the
process and the concentration of the necessary reagents. To study the optimal parameters of sorption extraction
of molybdenum, the same anion-exchange resin Lewatit MP62W5 was used at a concentration of 0.073 g/l of
molybdenum in initial solutions. Application of this anionite for 48 hours during the sorption process and increasing
the pH to 5.5 leads to sorption of more than 88 % of the molybdenum from the solution. A solution of ammonium
sulfate was used for desorption of molybdenum from saturated resins. It was found that the optimal duration of the
molybdenum desorption process is 4 hours at a concentration of (NH4)2SO4 150 g/l. The degree of desorption in
this case was 93-94 %.

Keywords: black shale ore, molybdenum, solution, sorption, desorption.
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MUccnegoBaHue BO3MOXHOCTU U3BNEYEHUA MonubaeHa us cynbdatHbIX pacTBOPOB
Ha aHnoHuTe JleBatut MP62W5

Xabues A.T., banrenxeHoB O.C., Ak6apoB M.C., CbigbikaHoB M.M.

Satbayev University, Anmamsi, KazaxcmaH

Pe3rome. B naHHOW cTaThbe NpHBEACHBI PE3yJbTaThl HCCIIEOBAHUS COPOLIMOHHOTO H3BJICYCHHUS] MOJMOAEHA W3
cyib(daTHBIX PacTBOPOB, IIOJYYEHHBIX IPH BbILIEIaYMBAHMM YEPHOCIAHIEBbIX pyn bonbmoro Kaparay. [lis
M3BJICYCHUs] MOJIMO/IeHa ObLT MCIOJIb30BaH METOJ] HOHHOTO0 oOMeHa Ha ciiaboocHoBHOM aHuoHuTe JleBarur MP62WS5.
B xone wnccmemoBaHUS OBIIM ONpEAETCHB ONTHMANbHBIE YCIOBHS IPOBEACHUS COPOIMOHHBIX M JI€COPOLIMOHHBIX
IIPOLIECCOB MOJIMO/IEHa, KOTOPbIE BKIIIOUAIM Takue (akTophl, Kak pH, MpoIomKUTEILHOCTD MTPOIEecca U KOHIEHTPALHS
HEOOXOAMMBIX peareHToB. [y M3ydeHHs ONTHMAIbHBIX ITapaMeTPOB COPOLMOHHOrO W3BJIEYEHHS MOJHMO/IeHa Obuia
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MPUMEHEHA Ta Xe caMas aHHnOHOoOMeHHas cmoua Jlesatur MP62WS5 mpu KoOHIGHTpanuu MONMOICHA B MCXOIHBIX
pactBopax 0,073 r / n. IIpuMeHeHre JaHHOTO aHMOHNTA B TeUeHUH 48 4acoB B rporecce copOumu 1 nossimenne pH no
5,5 mpuBoauT K copOiuu 6oiee 88% momubOaeHa w3 pactBopa. s mecopOiu MOIMOICHA M3 HACHIIICHHBIX CMOJ
UCIIONIB30BAJICSL pacTBOp Cyib(dara aMMOHHMS. YCTaHOBIEHO, YTO ONTHMAIbHOM HPOJOIDKHTENBLHOCTHIO IIpoliecca
necopbunn MonubaeHa siBisiercs 4 yaca npu koHueHtpauud (NHg)2SOs 150 r/n. CreneHp aecopOLHH TpH 3TOM

cocrasiseT 93-94 %.

KiroueBble cjioBa:uepHas ClaHIeBas pyia, MOJTUOICH, pacTBOP, COPOLNS, TECOPOITHS.

BBenenue

[MTonumeramn4ecKkie YepHOCTAHIEBEIE PY/IbI
6onbmoro Kapartay (Kei3puiopanHckas 00J1acTb)
HMEIOT B CBOEM COCTAaBE 3HAYNUTEIHHOE KOJINIECTBO
monmubmena [1,2]. B HacTosmiee Bpems IIHPOKO
W3BECTHBI TEXHOJOTUW W3BJICYCHUS MOIUOJCHA U3

YEPHBIX CJAHIEBBIX pYA C HCIOJIb30BAHHEM
KOMOMHHMPOBaHHbIX HpO- u
THIPOMETAILTYPTUIECKIX MPOLIECCOB [3-7].
OCHOBHBIM HEJIOCTaTKOM BBILLIEYKa3aHHOU

TEXHOJOTHYECKON CXeMBbI SBJsieTcs Oe3BO3BpaTHAas
MOTEPSI COMYTCTBYIOIIMX LEHHBIX KOMIIOHEHTOB.
Jlyis yBenuueHus] peHTa0eIbHOCTH U aCCOPTHMEHTA
BEIMTYCKaeMON TMPOAYKIMA HEOOXOAWMO YACTATH

OosplIoe  BHUMAaHUE  IOJHOMY  Pa3feiCHUIO
KOMIIOHEHTOB M  KOHLEHTPHUPOBAHHUIO  KaXKJIOTO
JJIEMEHTA.

Juis m3BiedeHusT MONMOAEHA TMPUMEHSIOTCS
HECKOJIbKO METOJIOB, TAaKMX KaK MOHHBIA oOMeH [8],
XUMUYECKOe oOcaxieHue [9] U dKCTpakums
pactBoputeneMm [10]. OmHako Takwe METOIBI, Kak
xuMmmdeckoe ocaxkaerme [11] w  sKcTpakius
pacTBOpUTeNeM, SIBISIFOTCS JOPOTOCTOSIIIUMH |
Hea(pPEeKTUBHBIMU JUTsI M3BJICUEHHSI MOJIMOJICHA U3
PacTBOpPOB.

[lo cpaBHEeHHIO C BbIIICNIEPEUNCICHHBIMU
WOHOOOMEHHBIE  TPOIIECCH  SIBJSIFOTCS ~ MEHee
JIOPOTOCTOSIINMH, BBICOKO CEJICKTUBHBIMH,
BBICOKO3()(heKTHUBHBIMH " MPOCTBIMU B
skcruTyataruu [12]. DTH mpoIeccsl MOAXOIAT IS
W3BIICYCHHUS  MOIMOJIEHA C  HCIIOJIIb30BaHUEM
3¢ (EeKTUBHOTO pacTBOpa IIOCIE BHINIEIAYNBAHHS
pyabl. OJHUM U3 TAKUX METOAOB SIBIISIETCS COPOIHS,
KOTOpasi IIUPOKO MPUMEHSETCS, TaK KaK OHa MPocTa
B OKCIUIyaTalld H TPOCTa B HCIOJIB30BaHUHU
cnennpuuecKux pacrpopureneii [13].

st pa3paboTKu 3¢ pexTUBHOTO
COpOLIMOHHOTO MeTo/a nepepadoTKu

MPOAYKTUBHBIX MOJHOJEHCOAEPIKAITNX PaCTBOPOB
B2)KHO BBIOPATh HAWITYUIIMA aHHUOHHUT C BBICOKUMH
TEXHOJIOTUUYECKUMH CBOMCTBAMU U HCCIEIOBAThH
BIIMSIHUE Pa3IMYHBIX YCJIOBUI (pH,
MPOJIOJDKUTEIBHOCTh IPOLECCa) Ha  IOKa3aTeNu
copOiuu MeTaia.

[enblo HACTOAIIETO MCCIICAOBAHMS SIBIISCTCS
pa3paboTKa TEXHOJIOTHH MEPEepadOTKH PacTBOPOB B
HaIPaBICHUH CEICKTUBHON COPOIIMU MOIHOICHA.

3Kc1’[epI/IMeHTaJI[>Haﬂ qacTb

B sTux mccnemoBaHUSX MAaTOYHBIE PACTBOPHI
OBLIM TONYYCHBI CIICKAHHEM YEPHBIX CIAHIICBBIX
pya ¢ ruapocyib(haToM aMMOHHUS B COOTHOIICHUH
1:1 mo  wMmacce, KOTOpBIE  TIOABEPTaUCh
BBIIIETIAYNBAHUIO cepHoOM KHUCIIOTOM c
KoHIeHTparuerr 40 1/n.  YCTaHOBIEHO, YTO
KOHIIEHTpaIisl ~ MONMHOAEHa B MOJYYEHHBIX
UCXOAHBIX pacTBopax cocrtaBiser 0,073 r/m. [ms
KOHIICHTPUPOBAHUSI MOJIMOJIEHa HCIIONB30Bajlach

annoHooOMenHass cmona  Jlesatur  MP62W5S
(Tabmura 1).
Tabduuna 1 - TexHnyeckue XxapakTepHUCTUKU
MPUMEHSEeMO HOHOOOMEHHOH CMOJIBI
Ha3Banmue JAunamer
HOHOO0OMeH Tun P 3epHa, Marpuna
HOH CMOJIBI MM
Cononumep Ha
ciabo 04- OCHOBE
JleBaTut
MP62WS5 OCHOB 1.25 CTHpPOII-
HOI (>90 %) | muBMHMIOEH30
na

Jlnst onipenienieHus KOHIEHTPAIMK MOJTUOIeHA
B HCXOJHBIX PACTBOpPAX, a TAKXKE B PACTBOPAX TOCIHIE
ux copOrun u JecopOnuu pacTBOpPHI
aHAJIM3UPOBAIM  C  TIOMOIIBI0  3MUCCHOHHOTO
CIIEKTPOMETPA C MHIYKTHUBHO CBS3aHHOW ILIA3MOM
Mozenn 8300 DW. pH pacTBOpoB KOHTPOJIMPOBAIH
¢ oMotk nonomerpa M-150. Jlns BCTpAXuBaHUS
PacTBOPOB HCITONIL30BAJICS OPOWTAIILHBINA IIEHKeEp.
UcnpiTanuss ObUIM  TOBTOPEHBI  TPWOKIBL IS
MOJIyYEHUS]  BOCIIPOM3BOJUMBIX  PE3yJILTATOB  C
TouHocThIO 0,5 %. DKCHepuMEHTHl MHPOBOIMIINCH
Mpy KOMHATHOW Temrieparype ©u aTMochepHOM
JIaBJICHHH.

Jlnst mocsenyroIero u3BIeYeHUss MO0 IeHA
W3 XHWMUYECKH BBIIIEIOYCHHBIX PACTBOPOB OBLI
ucnonb3oBad aHuoHuT Jlearur MP62WS5. Kpome
TOro, OBbLIa WCCIEJOBaHA 3aBUCHMOCTH CTEIICHHU
HACBIIEHUS aHHOHUTA JleBaTtutr MP62W5
MOJIMOJIGHOM TPH Pa3lIUYHBIX 3HadeHWsx pH B
IuamnazoHe oT 3 jmo 6,5. B cB3m ¢ Tem, 4YTO
HCXOHBIC PACTBOPHI MOCIIE COPOIMH ypaHa UMEIOT
3Hauenue pH B auanazone 1,8 - 2,0 ang npoBeaeHus
JMaTBHEHIIINX UCCIIeIOBAHUIN €r0 HEOOXO0IUMO OBLIO
HEUTpaM30BaTh  pacTBOpOM  ammuaka. [
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n3MeHeHus: pH ucxomHOTO pacTBOpa 10 3HAUEHUS 3-
6,5 XamempHO TpU TIEPEMEIIMBAHUHN TOOABISUIH
pacTBOp aMMHaKa ¢ KOHIIeHTparuei 55 %.

Jis  wuccnemoBaHus —Tpoliecca  JIeCOpOIH
MOJINOJICHA W3 AaHMOHUTOB OBLT HKCIOJh30BaH
necopOupyroIuit pacTBop (NH4)2S04 c
koHneHTparen 30, 60, 90, 120, 150, 180 r/m.
OKCIEPUMEHTHl  MPOBOJWINChL B CTaTHYECKOM
peXxuMe ¢ TPOIOIDKUTENbHOCTRIO 1, 2, 3, 4, 5, 6
gacoB. [locime 3TOro HWOHOOOMEHHYIO CMOIY
OTJENISTA OT PacTBOpa, MPOMBIBAIH, CYIIMIU H
3aTeM aHAJM3UPOBAJIHM HA COAEpKaHNe MOIMOIEHA.

Pe3yabTarsl U 00Cy:KIeHUS

B ngaHHOM  pasnmene  paccMaTpUBAIOTCS
pe3yJbTaThl COPOIIMOHHOTO U3BJICUCHUS MOJIUOICHA
W3 XUMHUYECKH BBIIIEIOYCHHBIX PACTBOPOB.

Hccneoosanue npoyecca copoyuu moauboena

ITo mauHBIM psifa uccnenoBanwii [14, 15, 17],
B nuanasone pH 1,8-2,0 monubneH npeobianaer B
Buge H:Mo0O4 u wactuuno B Buzge nonos [HMoOs]*
u  [HMo0O4]", wHaxomsfmuxcsi B paBHOBECHH.
[TockosbKy MOJHMOIEH CYIIECTBYEeT B KaTHOHHOI
¢dopme u B Bune HoM0O,4 ipu pH HIKE 4, TO YpaH B
pacTBOpe MOXKHO COPOMPOBATH BHaYale A0 COpOIHU
MOJIMOICHA C TMPUMEHEHHEM aHHMOHOOOMEHHOM
CMOJIBL.

Brusanue pH na copbyuro monuboena

HauanpHasi KOHIIEHTpalus MOJNUOJICHA B
MaTouyHOM pactBope coctaBuiaa 0,073 r/amimis
mpoBefieHust copOummu MonubneHa mnpu pH 3-7
(pucynok 1).

110

©
o

Crenenn copOrmm, %
()] ~
o o

w
o

3 4 5 6
pH

Pucynox 1 - Bnusaue pH nHa crenens copOryn
MonubeHa Ha anuonute Jlesatur MP62W5

[IpuMeHeHne MaKpOIIOPUCTOTO AHUOHUTA
Jlesatur MP62W5 wu mnoseimienne pH 1o 5,5
npuBeNo K nomydeHuro Oonee 88 % Ha aHHMOHHUTE
JleBatur MP62WS5. Tlpu pH mmxe 3,0 creneHb
M3BJIeUCHU MonmOaeHa He mnpesbmaer 47 %.
[IpencraBieHHblii TpaguK MOXKHO OOBSCHHUTH TEM,
yro yBenudeHne pH NPOAYKTHBHOTO pacTBOpa
MPUBOJIUT K 00pa30BaHUIO aHUOHHBIX KOMIUIEKCOB
monubaena [MoOs]*, a cumxenue pH pactBOpa

Hwke 2,0 MPUBOMUT K 0OOPa30BaHHIO KATHOHHBIX
KoMILIekcoB MosnoaeHa [MoO,]%". Takum obpaszom,
UCXOJIl W3 TPHUBEJCHHBIX BBINIEC JaHHBIX, MOXXHO
c/enaTh BBIBOJI, UTO JJISl COPOIIMOHHOTO U3BJICUCHUS
MoJIHO/IeHa ONTHUMaJIbHbIC 3HaYeHus: pH HaxomaTcs
B nuamnasone 4,5 — 6,5.
Bruanue npodonscumenvnocmu  npoyecca

Ha copbyuio moauboeHa

Jns onpeaeeHus
MPOIOJKHTEILHOCTH nporiecca copOuu
MonnbaeHa Obuia MpoBecHa cepus
IKCIEpUMEHTOB. Kak BHIHO W3 TNpeICTaBICHHBIX
MAaHHBIX (PUCYHOK 2), 3aBHUCHUMOCTh CTETICHH
copoIuu MOJIMOIeHa Ha aHUOHUTE
JleratTutMP62W5 umeet aHaIOTHYHYIO TPEH.

ONTUMAaIbHOU

100
80
60
40
20

0

Crenenb copOuHH, %

6 12 18 24 30

Bpems, u

36 42 48 54

Pucynok 2 - 3aBUCHMOCTB CTETICHH COPOIIHT
MOJHOJICHA OT IIPOIOIDKUTEIBHOCTH Ipoliecca Ha
aamnonure Jlesatutr MP62W5

Takum o00pa3oM, MaKCHMallbHasl CTEIleHb
JecopOIMy aHMOHHUTOB uepe3 48 4acoB COCTABIISIET

84% nana Jleatrura MP62WS npu pH 5,5.
HanpHeiee yBelMueHUE NPOAOIKUTEIBHOCTH
mporecca copOLMUM  HE  JaeT  3HAYUTEJIBHOIO

s¢dexra. [lomydeHHBIE HOHUTHI B BBIIIE YKa3aHHBIX
YCIOBUSIX ~ OBUIM  HANpaBJICHbl HAa  H3ydYeHHE
nporecca qecopOuy MosuoaeHa.

U3yuenue npoyecca decopoyuu moaruboena

s necopbumm MonubmeHa W3 pyasl Ha
JIEHCTBYIONMX METAJUTyPTUYEeCKUX 3aBOJaxX Yalle
Bcero wmcronb3ytoT 5-10% - Hble pacTBOpEI
ammuaka. Jlanee nonut Oyner perenepuposan 10 %
- HBIM pPacTBOPOM COJIIHOM kucioTel. Oormiee
U3BJICUCHHE MOJIMOJIEHA 10 OTOH TEXHOJOTHH

COCTaBJISIET 92-95 %. Ilo naHHBIM aBTOPOB
[16], ™omubmen »¢ddekTuBHO >mroUpyercs H3
AHMOHWTOB  pacTBOpaMH  Cyib(para aMMOHHS.

Crenens aecopOrmu mpu 3ToM coctasiset 93-94 %.

Ha ocHoBanMM 3TOro  yTBEpXACHUS  ObUIM
MPOBENEHBl  JIeCOPOLIMOHHBIE  HCCIIEIOBaHUS  C
WCIIOJIb30BaHUEM CYJIb(haTa aMMOHHSL.
Hccenedosanue  3asucumocmu  decopoyuu
Mmonuboena om gpemeHu
Jltst OIpeJIeIeHus BIIUSIHUS

MPOJODKUATENBHOCTH — TIpoIiecca  JecopOuuu  Ha
CTETNeHb JIecOpOIMH MOJNHOJICHA OBLTH TPOBEICHEI
9KCIIEPUMEHTHI TPOJIOJKUTEIBHOCTEI0 OT 1 10 6
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4acoB. Kak [TOKa3bIBAOT pe3yIbTaThl
WCCIICIOBAHUS, CTENCHb JCCOPOIMH BO3PACTacT C
YBENUYCHHEM TPOJODKUTEIBHOCTH TIpoliecca |
JOCTHUTaeT CBOETO MakcuMyma pu
MPOIOJIKUTEILHOCTH Tporiecca 4 yaca (pUCYHOK 3).

100

Crenens gecopOuu, %
(=] A o
[e=] [ T = [a=]

=}

0 2 4 6
BpewMsa, 1

Pucynok 3 - 3aBUCHMOCTb CTENEHH [IeCOPOLUHN
MonubAeHa 0T NPOAODKUTEIILHOCTH TIpoliecca

Crenenp JpecopOuMM B 3TOM IpoLecce
cocraBmsier 94 %. J[lanpHeimee yBenuueHue
MMPOAOJLKUTCIIBHOCTH HE BJIUACT Ha  CTCIICHb
necopOIuu MOIHOICHA.

Hccneoosanue  sasucumocmu
MonubOena om KoHyeHmpayuu d10eHma

Hcxons u3 naHHBIX pUCYHKA 4, yBelWdeHHE
KOHIIEHTPALMH CyJib(aTa aMMOHHUS B SIIFOUPYIOLINX

decopbyuu

pacTBopax TPHUBEIO K YBEIWYCHUIO CTCIICHH
AOUPOBAHMSI MOJIMO/ICHA.
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PucyHok 4 - 3aBUCMMOCTb CTENIEHH AECOPOLIMU
MonubaeHa ot koHueHTpauuu (NHy)2SO4

[Ipu >TOM mNpW KOHIECHTpAIIMH DJIIFOCHTA —
cynmeata ammonus 150 r1/m  gocTturaercs
MakCUMaJlbHas CTCICHb JICCOPOIMM, KOTOpas
coctaBigeT 93 % g annonura Jleatutr MP62WS5.

BriBoaBI

VYcraHOBIIEHA M SKCIIEPUMEHTAIIBHO JI0Ka3aHa
BO3MOKHOCTb COpOIIMOHHOTO W3BJICYCHUS
MONMOACHA CHUHTETHYECKHMM aHHUOHUTOM JleBaTHT
MP62WS5. [lns copOumu MoauOacHa MNPUMEHSIIN
PacTBOpBI, TOJyYEHHBIE TII0CTE BBIIIECTAYNBAHUS
yepHOCcIaHIeBbIX  pyn  bomsmoro  Kaparay,
conepxkamme 0,073 r/n MmonmmuOneHa. beutn n3ydeHsI
BimsHEe pH pacTBOopa W NPOAOIKHUTEIHHOCTD
npoliecca Ha CTENeHb U3BJIeYeHUsT MonnoOeHa. Kak
IIOKa3bIBAKOT PE3YIbTAThI OKCIICPUMCHTOB,
ONITHMAJIbHAS MPOJODKUTENTLHOCTh TaHHOTO
nporecca coctapiser 48 wacos, a 3HadeHue pH -
4,5.

Takxe ObBUT H3ydeH TIpoOIleCC AeCOpPOIHH

mommbOnaena. [lo  pesympTataM — MPOBEIEHHOTO
aHanmM3a HaWIyylllMe pe3yNbTaTbl MO CTENeHH
necopbumn  MonmbaeHa OBUTM  IMONYYeHBI  Ha

cs1aD0OCHOBHOM HMOHOOOMEHHOH cMoJie JleBaTuTt
MP62W5 wu cocraBumu 93 % nmnsa  cynbgdara
aMMoOHMs. OnTHMajbHAs KOHIICHTPALHUs CyJb(aTa
aMMOHHS B 3TOM Tporiecce cocrasisia 150 1/, a
ONTHUMAaNIbHAS TPOJOKUTEILHOCTE Tporecca - 4
yaca.
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Lewatit MP62W5 aHMoHuUTi kemerimeH cynbdaTtTbl epiTiHAinepaeH MonubaeHai any
MYMKiHAIriH 3epTTey

Xab6ues A.T., BanrenxeHoB O.C., AkbapoB M.C., CbigbikaHoB M.M.
Combaes YHusepcumemi, Animamel, KazakcmaH

Tyiiinneme. byn makanmana Yuken Kapartay kapa cinaHenm KeHIEpiH InaiManay Ke3iHAe albIHFAH Cyib(aTThl
epiTiHAiNepAeH MOINOACHHIH COpOUMSUIBIK OOJiHYIH 3epTTey HOTHKellepi KenripiareH. MonmmOaeHai any YLIiH aici3
HETI3Zl aHWOHUTIICH COpOUMsUIAy ofici KOJJaHBUIABL 3epTTey OapbIChIHIA MOJMOJACHHIH COPOLMSUIBIK JKOHE
JECOPOIMSITBIK, MPOIIECTEPIiH KYPri3yMiH OHTaibl mapTTapsl (pH, IpOIECTiH Y3aKTHIFRI XKOHE KAKETTI peareHTTepIiH
KOHIIEHTPANUANAPHI) CHIKTHI (akTopiap ocepi aHBIKTANABl. ATalfraH aHWOHHTIIEH copOrmsutay mponecin pH 5,5
Ke3iHme 48 carar KyprisreHae epiTiHai KypambIHAarsl 88 % MomuOaeHHIH COpOIUIaHATHIHEI aHBIKTAIAB. AHHOHUT
KYpaMblHaH MOJUOIEHAI IecopOIysuiay VIIiH aMMOHHWH Cyiab(QaThIHBIH epiTiHmiCT KOoJmaHbUIAbL. JlecopOrusace
MPOLIECiHIH THIM/II KOPCETKIIITEP Ipoliece Y3aKkThIFbl 4 carat sxoHe (NH4)2SO4 epiTiHmicinin koHmeHTpanusacer 150 r/in
KEe31H/€ aIbIH/IBI.

Tyiiin ce3aep: Kapa ciaHel KeHi, MOJIMOIEH, epiTiHi, copOIMs, necopOuus.
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Abstract: It is known that of the methods for purifying gas fraction from hydrogen sulfide is amine treatment. Various
types of amines are used to remove hydrogen sulphide, carbon dioxide and carbon dioxide from petroleum gases.
The choice of specific amine depends on the needs of the process. Mono-ethanolamine (MEA) (C2H4OH) NHz and
diethanolamine (DEA) (C2H4OH) 2NH are commonly used. Both are ammonia derivatives. The develop
recommendations on the choice of material from which to make equipment for amine plants, comparative studies of
corrosion resistance of traditionally used low-temperature carbon steel and nano-composite coatings obtained by
electrodeposition method. The research has shown, that average corrosion rate on a standard sample (without
coatings) is 0.9969 mm/year. Because of this, the frequency of changing equipment for cleaning oil from acidic
components (hydrogen, sulfide, carbon dioxide and carbon dioxide) on average is 1 time per two years. During the
one year testing period nano-composition coatings showed protective efficacy when exposed to acidic
corrosion/erosion. It should be noted that there is a likelihood of damage to the coating during mechanical action. It
is established that the use of protective coatings leads to an increase in corrosion resistance 24-56 times, which
indicates the expediency of their use in these operating conditions.
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Introduction electroplating, as well as research of electrolytic
coatings microstructure influence on its properties
Special interest in composites and coatings has ~ are the actual problems of modern materials science.

emerged last decades in connection with sharp ~ Generally, amine equipment is used for cleaning
growth of requirements to operational properties of ~ Petroleum gases from hydrogen sulfide, carbon
the materials working in the conditions of corrosive ~ dioxide and carbon dioxide from petroleum gases.
medium, friction and deterioration. In this connection ~ These substances must be removed because of their
working out of effective and economic methods of  toxicity, corrosion and ability to pollute the

nano-coatings reception, studying of process of  environment. As a rule, amine plants are made of
low-temperature carbon steel, while solutions of
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amine dissolve copper, bronze and most alloys turn
into zinc or copper [1-5]. The weakest point of the
amine system is pipelines on the saturated amine line,
often suffering due to intense corrosion. Iron sulfide
(FeS) is formed on a metal surface under the
influence of hydrogen sulfide. The stripper (amine
regeneration column), which contains a lot of
hydrogen sulfide and carbon dioxide, is the most
corrosive [6-10]. Corrosion damage decreases at low
temperatures. The average corrosion rate for
conventionally used materials is 0,9873 mm/year.
Therefore, it is necessary to completely change the
equipment once every two years.

The compositions of petroleum gases include
aliphatic hydrocarbons, hydrogen sulfide, carbon
dioxide and other components. To neutralize them,
amine solutions are used. Monoethanolamine (MEA)
(CoHsOH)  NH: and  ethanolamine) DEA
(C2H4OH),2NH are commonly used. Each of them has
its advantages and disadvantages. MEA better purify
fractions from hydrogen sulphide than DEA.
However, MEA can combine with other substances
such as CS (carbon disulfide) and form salts that
remain in the amine solution, and the presence of O
enhances the process [11-21]. Over time, these salts
can form deposits, which lead to loss of amine
solution and causes equipment corrosion. DEA,
which is chemically weaker than MEA, does not
form significant amounts of salts, therefore, the
solution of DEA is lost less during the formation of
salts. In addition, since the chemical bond between
DEA and hydrogen sulfide is weaker than that
between MEA and hydrogen sulfide, less heat is
required to regenerate DEA to separate absorbed
hydrogen sulfide and other acidic components,
therefore, to remove acidic components, gases are
treated with a solution of diethanolamine (DEA):

(C2H4OH)2NH+H2$—>(C2H4OH)2 NH; HS-bisulfite
2(CzH4OH)2NH + H,S —>{(C2H4OH)2NH2} S-sulfite

(C2H4OH) NH+CO; +H,0—(CHOH)HCO-
bicarbonate

2(C2H40H) NH+CO+H,0— {(C2H4OH)
NH;}COs—corbanate

COS +H,0—CO,+H,S-carbon dioxide and
hydrogen sulfide

Experiments

The composition of petroleum gases includes
aliphatic hydrocarbons, hydrogen sulphide,
carbon dioxide, etc. The average component

composition of high and medium pressure gas is
presented in Table 1. Hydrogen sulfide must be
removed because of its toxicity, corrosiveness
and the ability to pollute the environment.
During combustion, SO and S are formed —
potentially hazardous substances. One of the
ways to purify the gas fraction from hydrogen
sulphide is the amine treatment. To remove
hydrogen sulphide, carbon dioxide and carbon
dioxide from petroleum gases, various types of
amine are used.

It is known that choice of a particular amine
depends on the needs of the process. Typically,
mono-ethanol-amine (MEA) (C2H4OH)2NH and
di-ethanol-amine (DEA) (C2HsOH) NH: are
used. Both are derived from ammonia.

Tablel - Average component composition of high and
medium pressure gas

Medium High
Name of pressure gas pressure
components from unit 200 | from unit 200
(% weight) (% weight)

Neitrogen 0.78 1.1
Carbon dioxide 4.5 6.38
Hydrogen sulfide 22.32 19.44
Mercaptan 0.01 0.0073
Methane 24.12 28.75
Ethane 14.36 12.9
Propane 19.36 15.8
Butane 4.61 3.54
Isobutane 2.32 2.12
Pentane 2.29 0.9
Isopentane 2.34 151
Hexane and 2.87 3.37
above
Humidity of gas 0.36 4.22
(% weight)
Density at 0° C 1.175 1.144
(km/m?®)

MEA can better clean fractions of hydrogen
sulphide than DEA. However, MEA can be
combined with other substances such as CS (carbon
disulfide) and form salts that remain in the amine
solution, and the presence of O enhances the process.
Over time, these salts can form a deposit, which leads
to loss of amine solutions and causes corrosion of the
equipment.

DEA, which is chemically weaker than
MEA, does not form significant amounts of salts, so
the DEA solution is lost less when forming salts. In
addition, since the chemical bond between DEA and
hydrogen sulphide is weaker than the bond between
MEA and hydrogen sulphide, DEA regeneration
requires less heat to separate absorbed hydrogen
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sulphide and other acidic components; therefore, to
remove acidic components, the gases are treated with
a solution of diethylamine.

One of the methods of protection against
corrosion damage of materials was the
nanostructured composition coatings (nano-CEC) on
chromium base. In order to evaluate the effectiveness
of nano-CEC protective properties, it has been
decided to test for corrosion/erosion resistance with
corrosion obtaining samples. Samples are made of
carbon steel ASTM A333 GR6:

Carbon, % wt.=0.30 max.
Manganese, % wt.=0.29-1.06 max.
Phosphorus, % wt. = 0.025 max.
Sulfur, % wt. =0.025 max.
Silicon, % wt. = 0.10 min.

Obtaining of corrosion samples was made
using electrodeposition technologies. Corrosion
samples are pairwise installed on the first and third
Y300 threads on the lines of the enriched amine.
After the extraction of corrosion samples, a primary
examination of corrosion samples was carried out,
consisting of a visual and gravimetric assessment of
the state of obtaining.

Results and discussions

The difference between the samples CC3112
LP installed on Y300 from the CC3212LP pervious
ones consisted in the temperature  of
electrodeposition, and also the fact that a program
was developed that provides for the installation and
periodic extraction of samples for the survey. The
location of the experiment is the fifth sting U300, on
which there are a sufficient number of low pressure
fittings, which allow installing and removing
corrosion  samples  without affecting the
technological process.

6)
Fig. 1. a) the corrosion sample CC3112LP, installed on

U300 equipment b) the corrosion sample CC3212LP,
installed on U300 equipment

a)

Corrosive samples are installed on the fifth
string of U300 on the line of enriched amine and a

separation collection. As an indicator of corrosion-
erosion resistance of obtaining in conjunction with
the samples with the nano-CEC Cr-C, standard made
of carbon steel ASTM A333 GR6 without coating are
installed. Survey of the state of corrosion samples
was conducted after 6 month, Fig.2:

i i Ii
b) <)

Fig.2.a) corrosive sample CC03004LP (sample D875); b)
corrosive sample CC03005LP (sample D896); c)
corrosive sample CC03006LP (sample D888)

3)

According to the data obtained during the
examination of corrosion samples, corrosion rates
were calculated, a visual and metrological evolution
of the electrodeposition obtaining state was made. On
the surface of the corrosion —proof sample D875 with
the electrodeposition pated by the technology of 2017
(position CCO03004LP), there are no traces of
mechanical and corrosion-erosive damage. The
average deposition thickness, color and surface
roughness have undergone changes. The corrosion
rate on the standard sample D173 (without coatings)
was 0.9969 mm/year, which is 32 times higher than
on the D875 sample (with electrodeposition
obtaining). On the figure 3 typical microstructure of
corrosion defeats is shown.

Fig.3. Typical microstructure of corrosion defeats of the
nano-CEC surfaces, obtaining by electrodeposition
method

On the surface of the corrosion-proof sample
D896 with the electrodeposition obtaining,
performed on the (fig.3), there are no traces of
corrosion-erosion damage. The geometric parameters
of the sample are broken (a slight bend relative to the
generatrix). On the lateral surfaces, there are traces of

—— 54 ——
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mechanical impact, which probably occurs when the
sample is removed from the fitting. The average
deposition thickness, color and surface roughness
have undergone changes. Comparative analysis with
the standard sample was not carried out, due to the
lack of the possibility of installing the second sample
at this position.

Conclusions

At the expiration of the test period, it was
established that corrosion and corrosion erosion
damage was not observed on the surface of corrosion
samples with the electrodeposition obtaining under
303 K temperature. The average thickness of the
obtaining, color and surface roughness did not
undergo significant changes. In the zone of the
partition between the base metal of the sample and
the obtaining, the metalized coating isn’t peeled off.

On the surface of the corrosion-proof sample
D888 with the electrodeposition spraying technology
(position CCO3006LP), there are no traces of
corrosion-erosion damage. On the side of the sample,
the damage increased to 11 mm. An initial stage of
detachment of the coating on the surface from the

side of the room is observed. The average thickness
of the obtaining, color and roughness underwent
changes. The corrosion rate on the standard sample
D174 (without obtaining) was 0.84 mm/year, which
IS 24 times higher than on the D888 sample (with
Electrodeposition obtaining).

During the 6 month testing period nano-
coating showed a protective efficiency when exposed
to acid corrosion/erosion. It should be noted that
there is a possibility of damage to the coating during
mechanical impact.

It is established that the use of protective
coatings leads to an increase in corrosion resistance
24-56 times, which indicates the expediency of their
use in these operating conditions.
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AMUHAIK opTaaafbl HAHO KanTamMaHblH KOPFaHbICTbIK KACUETTepiH 3epTTey

'KememxaHoBa A.E., Mykawes K., 'flp-Myxamepoga I'.LLl., 2Jllamnke T.

19n-®apabu ambiHOarbl Kazak Ynmmbik YHusepcumemi, AnmMamsi, KazakcmaH

2XemHuu TexHonoausinbIK YHusepcumemi, AnmaHusi

Tyitingeme: 'a3 ¢pakiuscblH KYKIpTCYTEKTE€H Ta3apTy SicTepiHiH Oipi amMuHAI eHIey Ooibin TaObuiansl. MyHai
ra3JiapblH KYKIpTTI CYTEKTEeH, KOMIPKBIIIKbUI Ta3blHAH Ta3apTy YLIIH aMHUHAEPIIH op TYpJl TypJiepi KOJJaHbLIa bl
Benrini Oip aMuHII TaHgay MPOLECTIH KaKETTUIriHe OaimanbicThl. JKui KONgaHbUIATBIH MOHO3TaHOJamuH (MEA)
(C2H4OH) NH; xone nueranonamun (DEA) (C2H4OH) 2(NH). Ekeyi e aMMHaKTBIH TYBIHBICEL. AMHH 3ayBITTapbIHA
apHaJIFaH KaOJBIKTHl TaHJay OOMBIHIIA YCHIHBICTap 93ipJeHIl, JOCTYpJi MalJajaHbUIaTBIH TOMEH TEeMIICpaTypaJlbl
KOMIPTEKTI OoylaTTap MEH 3JIEKTPOKO3/ABIPY HOTHXKECIH/E ajbIHFaH HAaHOKOMIIO3MTTIK KamlTamaJapAblH KOppO3HusFa
TO3IMJUIITIHE CaJBICTBIPMAJIBI 3€PTTEY XKYPri3ingi. 3epTreynep KepceTKeHJIEeH, CTaHIapTThl YITiJieri KOPPO3USHBIH
opTaima >KbULIaMIBIFEl (kKaObUIMaraH) skbUTbiHA 0,9969 MM-mi Kypadasl. OckiFaH OailTaHBICTBI MaWbl KBIIIKBUIIBIK
KOMITOHEHTTep/IeH (CyTeTiieH, CyIb(QUITEeH, KOMIPKBIIIKbUI Fa3bIHAH ) Ta3apTyFa apHaJIFaH )Ka0bIKTHI ayBICTBIPY XKHIIT1
opTa ecemnmeH €Ki xbuiga Oip per Oosazmel. Bip KBULABIK CHIHAK Ke3iHJe HAHOKOMIIO3UTTIK KamnTamanap KbIIIKbUI
KOPpO3WACHIHA / 3pO3WsAFa YIIbIpaFraH Ke3/le KOpPFaHbIC THIMIUIITIH KepceTTi. by jkepae MeXaHWKaJBIK ocepliH
cajjapblHaH KanTaMmaHblH OyIiHYy MYMKiHIOIri Oap eKkeHiH aram eTKeH jkeH. KopraHbIC KanTamanapibl KOJJaHy
Koppo3usiFa Te3iMALTKTIH 24-56 ece jKorapbulayblHa OKEJETiHI aHBIKTaJIbl, OyJI ONapJblH OChl mNaiijanaHy
JKaFJalIapbIH/Ia KOJJAHY IbIH OPBIH/IBI €KEHIITiH KOPCEeTeIi.

Tyilinai ce3aep: HaHO-KOMIIO3UTTI KamTama, KOPpO3WsFa TO3IMIUTIK, aMHHIIK OpTa, KOPFAHBICTBIK KacHETTepi,
KOeMipTeKTi Oosart.
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UccnepoBaHue 3aWmMTHbIX CBOUCTB HaHO-K3I B amnHOBLIX cpepax
lKememxaHoBa A.E., Mykawes K., 'flp-Myxamepoga I'".LLl., 2Namnke T.

1Kazaxckul HayuoHanbHbIl YHUsepcumem umeHu Anb-®@apabu, Anmamesl, KazaxcmaH
2XemHuukuli TexHomnoau4yeckulli YHusepcumem, I'epmaHusi

AnHoTanmsi: V3BecTHO, 4TO OAWMH M3 CIIOCOOOB OYMCTKHM Tra30BOW ()pakUUM OT CEPOBOAOPOJA SIBISIETCS aMHHHAs
00paboTka. PaznuuHble THITBI AMHHOB MCIIOJIB3YIOTCS JUIsl YIAJICHHST CEPOBOIOPO/Ia, JUOKCHAA YIIIeposa U3 HEPTIHBIX
ra3oB. BbIOOp KOHKpPETHOro aMHHa 3aBUCHT OT HOTpeOHOCTel mpouecca. OOBIYHO MCHONB3YIOTCS MOHOSTaHOJIAMUH
(MEA) (CH:OH) NH: u gmdsranomamun (DEA) (CoHsOH) 2(NH). O6a sBistoTcs NPOH3BOIHBIMH aMMHAKa.
Pa3paboTaranbl pekoMeHAAMK MO BBIOOPY MarepHasa, U3 KOTOPOrO H3TOTaBJIMBAIOT 00OPYNOBAaHHE JISI aMUHHBIX
3aBOJIOB, IIPOBEICHBI CPAaBHUTENBHBIC MCCICIOBAHUS KOPPO3HOHHOH CTOMKOCTH TPAIHUIMOHHO HCIIONB3yEeMbIX
HHU3KOTEMIICPATYPHBIX  YIVICPOAMUCTBIX  CTaleifi M  HAHOKOMIO3UTHBIX IIOKPBITHH, IOJYyYCHHBIX  METOIOM
3NEKTpOOCAXACHHs. MccnenoBaHUs ITOKa3ad, YTO CPEIHSAS CKOPOCTh KOPPO3HM Ha CTaHAapTHOM oOpasue (0e3
mokpeITHii) coctaBisieT 0,9969 MM / ron. M3-3a 3Toro yacrora cMEHBI 000pYIOBaHUS TSI OYUCTKH MAacia OT KUCIOTHBIX
KOMIIOHEHTOB (BOZOpOJa, CyNb(pHIa, TMOKCHIA YIIIepoaa) B CpeIHEM COCTaBiseT 1 pa3 B IBa roja. B Teyenue oqHOrO
roaa HUCIIBITAHUHN HaHOKOMITO3MITMOHHBIC MMOKPLITUA OKa3aJIu 3allIUTHYIO 3(1)(1)GKTI/IBHOCTB npu BOSﬂeﬁCTBHH KHCJIOTHOM
Koppo3uu / 3po3un. CrneayeT OTMETUTh, YTO CYIIECTBYET BEPOSTHOCTh MOBPEXKJICHUS MOKPBITUS IMPU MEXaHUYECKOM
BO3JICHCTBUHU. YCTAHOBJICHO, YTO HUCIOJb30BAHUE 3aLIUTHBIX IMOKPBITUH INPUBOJUT K YBEIHUYEHUIO KOPPO3HMOHHOU
CTOMKOCTHU B 24-56 pa3, 4TO CBUACTEILCTBYET O 1E€CO00PA3HOCTH UX UCIIOIB30BAHUS B OTHX YCIOBHUIX dKCILTyaTaIlHU.
KiroueBnie ciioBa: HaH0-KOII, koppo3noHHas CTOMKOCTh, aMUHHAS CPEAia, 3aIllUTHBIE CBOICTBA, YIIepoJHasl CTallb.
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Abstract. Work aimed at diversification of production through the extraction associated with valuable metals in the
uranium mines. The peculiarity of this work is the additional processing of spent and existing blocks using the existing
production infrastructure for the extraction of associated useful components. Underground leaching technology is
well developed for uranium deposits. The technology of underground leaching of associated components differs only
in the reagents used, hardware design, etc., but they are fundamentally similar in the method of extraction. Even if
there are associated components in the uranium-bearing Sands with a content of less than 1 g/t, up to 0.1 g/t
production can be profitable. In this regard, the use of ready-made infrastructure of spent blocks in the uranium field
allows us to expect good economic profitability in the future.
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Introduction

The bowels of the Republic of Kazakhstan
contain about 25% of the world's proven uranium
reserves. A unique feature of uranium reserves is that
75% of them are concentrated in deposits associated
with regional formation oxidation zones, which can
be mined wusing a relatively cheap and
environmentally preferred method of underground
well leaching.

The development of the uranium mining
industry of Kazakhstan is associated with the solution
of major scientific and practical problems. Each of
the fields has its own specific features, which makes
it necessary to carry out certain volumes of scientific
research not only in the process of developing new
ones, but also when applying known technical

solutions. These circumstances objectively determine
the high science intensity of uranium mining.

Literature review

The uranium mining industry of Kazakhstan
has a significant in size and fairly well-explored
mineral resource base. Deposited underground
borehole leaching (UL) systems [1].

As a rule, a number of noble and precious
metals, such as gold, vanadium, rhenium, selenium,
germanium, scandium, etc., which are not currently
extracted, are simultaneously contained in uranium
ores. The analysis carried out in a number of studies
showed that there are prerequisites and grounds for
involving in the technological cycle the extraction of
associated valuable components contained in them
from spent uranium blocks - gold, germanium,
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scandium, etc. The economic effect of the extraction
of these metals in total can be no less than that of
uranium, and taking into account the possibility of
using the already constructed uranium production
infrastructure, the extraction of these elements after
uranium extraction can be economically justified. It
is especially valuable that this process can be
combined technologically and organizationally with
the reclamation of spent blocks, which is especially
important from an environmental point of view. The
main advantages of the method of downhole leaching
of uranium in comparison with traditional mining
methods of field development are as follows:

- the possibility of involving in the operation
of poor and off-balance ores of deposits with
complex geological and hydrogeological conditions;

- insignificant capital investments and terms
for commissioning deposits;

- improved working conditions, reduction in
the number of workers compared to the mine method,;

- the negative impact of production on the
environment is reduced.

Currently, in the processing of polymetallic
ores, a multi-stage hydrometallurgical process is
used, with the help of which uranium, gold, rare and
rare-earth metals are extracted.

In the technology for the extraction of
uranium, gold, rare and rare earth metals, the main
role is given to hydrometallurgical processes, since
the content of uranium, thorium, tantalum and
niobium, zirconium, molybdenum, gold and rare
earth elements in ores is small and the use of
pyrometallurgical processes is groundless. [2].

Hydrometallurgical processes have several
advantages:

- their application provides selective
extraction of metals from poor and hard-to-
concentrate ores with minimal reagent costs in simple
equipment at low temperatures. Hydrometallurgical
methods can also be used for processing technogenic
deposits (tailings of concentration plants, old dumps),
which in some cases may be more cost-effective than
processing existing deposits;

—  the economic  efficiency  of
hydrometallurgical processes has increased due to the
development and implementation of such selective
extraction methods as ion-exchange processes,
extraction, the use of filterless circuits, autoclave
oxidative leaching, etc. [3].

To obtain useful components from “poor”
productive solutions with concentrations of less than
1 mg / dm?® in terms of the content of the useful
component, it is recommended to use methods for
intensifying the underground well leaching process,
which, in addition to the current methods, can be the
following methods:

1. Increasing the redox potential of
leaching solutions, as an option - introducing an
additional oxidizing agent (oxygen, ozone, etc.)
directly into the ore horizon through the injection
well or increasing the oxidizing ability of the
leaching solution supplied.

2. Overlaying on a solution containing
a valuable component, potential differences, both on
the surface (electrolysis cells) and directly on the
leaching area (in the ore horizon).

3. The use of liguid extraction in
conjunction with a high-performance tubular
extractor.

4. Selection of the most optimal grade
of ion-exchange resin for each of the required useful
components along the way (or for their sum to obtain
a collective concentrate with its subsequent
separation into constituent elements).

5. The use of membrane technologies
should be considered a promising direction due to the
cheapening of basic structural materials -
nanostructured polymers and plastics. The use of
nanofiltration of "poor" productive solutions to
obtain incidentally useful components in cost-
effective concentrations.

A known method for the extraction of gold
from concentrates, including leaching of
concentrates with sulfuric acid solutions
containing thiocarbamide, in the presence of an
oxidizing agent is hydrogen peroxide. The
leaching process is carried out in two stages.
Extraction of gold from solutions after leaching
was carried out in an electrolyzer with plate
titanium cathodes (extraction of gold in the
cathode deposit 70-80%). After electrolysis, gold
was recovered by sorption on activated carbon.
[4]. The main disadvantage of the considered
method for the extraction of gold from
concentrates is multi-stage (two stages of
leaching and two stages of extraction of precious
metals from the leaching solution) and, as a
result, large volumes of processed solutions, loss
of thiourea at the stages of sorption and
electrolysis.

In [5], the results of studies on the leaching
of gold from crushed ore to a fineness of -12 + 0
mm are presented. The use of sodium acetate as a
chemical additive in the leaching of gold in a
bottle test from crushed ore to a grain size of -12
+ 0 mm increases gold recovery by ~ 4% and
improves the kinetics of gold dissolution.

Sorption extraction of rare earth elements
seems most appropriate at the stage of primary
concentration. A serious problem in the sorption
extraction of rare-earth elements from
technological and productive solutions with pH =




KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbs. Ne2 (313), 2020

ISSN-L 2616-6445, ISSN 2224-5243

0.5 = 2.5 is the presence of a large amount of iron
(111) and Al in them, since it is known that such a
medium is non-selective for the separation of iron
(1) and Al (as the most interfering impurities)
from rare-earth elements, both at the sorption
stage and at the desorption stage [6]. In practice,
the task of extracting rare earth elements from
such solutions is solved by hydrolytic deposition
of iron (I11) and Al with alkaline agents, with
further organization of the process of extracting
rare earth elements from clarified solutions, or
from hydrated pulps, which was reflected in the
method [7]. The disadvantages of this method
include the large loss of rare-earth elements (20 +
25%), due to coprecipitation with iron (111) and Al
hydroxides, the use of strong solutions of
precipitants, their high consumption, the
formation of hardly processed waste water.

Another method is a preliminary reduction
in a solution with pH = 0.5 + 2.5, the most
disturbing impurity of iron (I11) to iron (I1) - with
iron shavings, urea, sodium sulfite, etc. With this
organization of the process, the choice of sorption
systems with significant separation coefficients of
iron (1) and rare-earth elements (1) is much
wider [8]. The disadvantage of this method is a
change in the chemical composition of
technological solutions with a high consumption
of reagent reductants.

At the same time, in a number of industries
maintaining a high concentration of dissolved iron
(111 is dictated by technological necessity,
because its presence contributes to an increase in
the leaching (oxidizing) ability of solutions [9].
Therefore, the development of a method for the
selective extraction of rare earth elements from
solutions with pH = 0.5-2.5 containing iron (l11)
and Al without changing the chemical
composition of the solutions is an extremely
urgent task.

The known method [10], in which the
extraction of rare earth elements from the
technological solution pH = 0.5 + 2.5, is carried
out by sorption on gel sulfocachyonite KU-2. The
rough concentrate obtained after precipitation

contains%: rare earth elements - 1; iron - 2.0-2.2;
aluminum - 15-18; water - 82. Next, a
reprecipitation stage is proposed with the aim of
bringing the draft concentrate of rare-earth metals
to commercial output 30-40%.

The main disadvantages of this method is
the low selectivity of the capacity of
sulfocationite according to the amount of rare
earth elements, and, therefore, the complicated
subsequent operation of bringing the rough
concentrate of rare earth elements to marketable
products. These shortcomings lead to the need to
use additional equipment - reactors for dissolving
hydrates, filters for filtering a large number of
intermediate products, as well as to the additional
consumption of a rather expensive reagent - alkali
during aluminum leaching. In addition, the degree
of extraction of rare earth elements by this method
is quite low - the yield is 60%.

Of the known analogues, the closest to the
claimed invention in terms of features and
purpose is a method of extracting rare earth
elements from sulfuric acid leaching solutions
[11] - adopted as a prototype. The prototype
method includes sorption of REE from solutions
with a complexing ion exchanger containing
monodiglycolamide (MonoDGA) as an active
component, desorption of REE with a solution of
sulfuric acid with a concentration of 20-100 g /
dm® to obtain a desorbed complexing ionite,
which is sent to re-sorption of REE and desorption
solution, which is sent for further processing.

The disadvantages of the method include the
low capacity of the complexing ion exchanger for
REE, which makes the further desorption solution
process unprofitable.

Experimental part

Analyzes were carried out to determine the
concentration of related elements in the composition
of the combined technological solutions. The results
of the analysis are presented in Tables 1-2. From the
obtained data, a number of REE elements with the

Table 1 - The concentration of related elements of technological solutions

Ne | Combined Al, Ca, Mg Fe, Mn, Co, Cu, Mo, V, X P33,
Sample mg/dm® | mg/dm® | mg/dm® | mg/dm® | mg/dm?® | mg/dm® | mg/dm® | mg/dm® | mg/dm® | mg/dm®
1 Block 1 990,42 492,24 1433,10 3134,00 78,99 0,85 0,19 0,23 21,10 21,80
2 Block 2 824,71 491,20 1272,10 2791,70 76,62 0,81 0,10 0,16 14,48 17,36
3 Block 3 748,74 466,99 1283,40 2563,90 69,40 0,72 0,18 0,16 13,22 16,13
Average 16,26 18,43
concentration 854,63 483,47 1329,53 2829,86 75,05 0,79 0,157 0,18
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Table 2 — The concentration of rare earths with the highest content

Ne Combined |73 ; Ce, Nd,
Sample mgrdm mg/ dm3 mg/ dm3

1 Block 1 3,96 9,87 3,70

2 Block 2 3,19 7,89 2,91

3 Block 3 2,95 7,36 2,74

Average concentration 3,36 8,37 312

Ce = 8,3 mg/dm?

]
A
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Ce Dy

3 La = 3,36 mg/dm?
’ Nd= 3,11 mg/dm?
"
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Figure 1 Distribution of REE by the average value of concentration in samples

most pronounced concentration indices can be
distinguished; these are cesium (Ce) 8.37 mg / dm?,
lanthanum (La) and neodymium (Nd) with 3.36 and
3.11 mg / dm?® respectively. REE concentration
distribution is shown in Figure 1.

It is worth noting that the amount of rare earth
elements is 18.43 mg/dmd.

Determination of the concentration of gold
(Au) in the composition of the combined
technological samples

Research to determine the gold content in
technological samples was carried out in the
laboratory "Technologies for the hydrocarbon and
mining and metallurgical sectors and related service

industries" JSC "Institute of Metallurgy and Ore
Beneficiation", Satbayev University in Almaty.
The analyzes were performed according to the
methodology (Measurement Technique reg. No. KZ
07.00.01996-2014) on a Varian AA240 atomic
absorption spectrometer. From the results of the
analysis, it was found that in block Ne 1, 0.20 mg/1
of gold was found.

Conclusions

Features of the technology of downhole leaching
and the availability of finished mining infrastructure
of mines makes the diversification of the production
of uranium mines for the extraction of useful
associated components from the spent ore blocks of a
uranium deposit promising and economically
justified.
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Inecne 6aranbl MeTangapAbl OHAIPY MaKkcaTbiHAA YPaH OHAipiCiH apTapanTaHabIpy

DOyncebaeBa T.C.
On-®apabu ambiHOarbl Kasak ¥nmmabik YHUsepcumemi, Anmamai, KazakcmaH

Tyiingeme. JXKyMmpIc ypaH KeHIMITEpiHIE ijlecrie KYHIBI MeETalapAbl aly eceOiHeH eHMIPICTI opTapanTaHIbIpyFa
OarpITTanFaH. JKypri3ineriH >KYMBICTBIH €peKIIeNiri inecre Mmaigamsl KOMIOHEHTTEpAl OHIIpY YIIiH KOJIIAHBICTAFHI
OHIIpicTIK MHOPAKYPHUIBIMIBI TaljaiaHa OTHIPHIN, MaiIalaHBIIFAH XKOHE JKYMBIC ICTEI TYpFaH OJOKTap sl KOCHIMIIA
KaliTa eHICYICH Typansl. JKepacTsl maiiManay TEXHOJOTHACH ypaH KEH OPBIHIAPHI YIIiH KaKChl HrepiireH. lmecre
KOMITOHEHTTEP/II XKEePacThl MaiiManay TeXHOIOTHSCHI ITaiiIalaHbUIATBIH peareHTTED, annapaTypaiblk peciMaey JKoHe T.0.
OolibIHIIA FaHa epeKIIeieHe i, Oipak onap eHAipy Tociii OoibIHIIA YKcac. YpaH KyMAaphIHAA iiecrie KOMIoHeHTTep < 1
r/T-uan 0,1 1/t geiiin OosiraH karnmaiima nga, eHaipic THiMIi Oomybl MyMKiH. OcblFaH OalaHBICTBI ypaH KeH
OpBIH/APBIHBIH OHJIENTEH OJIOKTapBhIHBIH JabIH MH()PAaKYPHUIBIMBIH HaliaanaHy OoJlallakTa KaKChl 3KOHOMHKAJBIK
TUIMIUTIKTI KYTYTre MYMKIHZIK Oepeti.

Tyiiin ce3mep: ypaH KeHimTepi, ijecne Oaraibl MeTajjap, inecrne MHaiaanbl KOMIIOHEHTTEP, JKep acThl YHFbLIAI
mraiManay, eHiMIl epiTiHi.

Aueepcudukaumsa ypaHoBoro npoMsBoAcCTBa C Lieflbio 406bIYK
NONYTHbIX LeHHbIX MeTannoB

[yncebaesa T.C.
Kaszaxckuli HayuoHanbHbil YHusepcumem umeHu Anb-®apabu, Anmamei, KasaxcmaH

AnHoTanusi. Pabora HaneneHa Ha qUBepCU(HUKALUIO IPOU3BOJICTBA 3 CYET W3BJICUCHUS MOMYTHBIX LIEHHBIX METAJLIOB
Ha YpaHOBBIX pyJHHKaX. OCOOEHHOCTh POBOIUMOI pabOTHI COCTOUT B JIOMOJIHUTEIBHON MepepaboTke 0TpadOTaHHBIX
U JEHCTBYIOUIMX OJIOKOB C HCIOJIb30BAHUEM CYLIECTBYIOIIEH ITPOU3BOJICTBEHHOW HHQMPACTPYKTYpPhl Ul JOOBIUU
MOMYTHBIX IOJIE3HBIX KOMIIOHEHTOB. TEXHOJOTHWS MOA3EMHOI0 BBINIEIaYMBAHUs XOPOIIO OTpabOTaHa Uil YPaHOBBIX
MECTOPOXKICHUH. TeXHOJOrus IOA3EMHOTO BBIIIETAUYMBAHMS IIOMYTHBIX KOMIIOHEHTOB OTJIMYAETCS TOJBKO II0
UCIIONIb3yEMBIM peareHTaM, annaparypHoMy o(OpPMIICHUIO U T.J., HO OHH IPUHIMIHAIEHO CXOXKH 110 COCO0Y 00bIYH.
Jlaxxe mpu HaNWYMM B YPAHOHOCHBIX IECKaX IONYyTHBIX KOMIIOHEHTOB C cojepxaHueM < | r/t, Bmiote 10 0,1 T/t
MIPOM3BOJICTBO MOXKET OBITh pPeHTa0eIbHO. B CBs3M C WeM HCHOIb30BaHNWE TOTOBOM MH(PACTPYKTYPHl OTPAOOTAHHBIX
0JIOKOB YPaHOBBIX MECTOPOK/ICHHUH TTO3BOJISIET OKUIATh XOPOIIYI0 SKOHOMHUYECKYIO PEHTa0eIbHOCTD B IEPCIEKTUBE.
KuroueBble c1oBa: ypaHOBbIE PyJHHUKH, IIONYTHBIE EHHBIE METAJUIBL, OMYTHBIE MOJE3HBIE KOMIOHEHTEHI, TIOA3EMHOE
CKBaYXMHHOE BBIIIENIAYMBAaHUE, IPOAYKTUBHBIN PacTBOP.
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Abstract. Various lumping technologies of finely dispersed chromite concentrates using charge roasting
processes have been considered. In this respect, it was noted that the charge formulation used in the production
does not provide the required strength of the produced pellets. The authors of the article propose the use of the
well-known method for the ferrosilicon calcium fluxes (FSCF) synthesis with the replacement of Callovian clays
with a composition based on diatomites and industrial and waste products of the Eurasian group (ERG)
enterprises in order to increase the strength of pellets and agglomerate. This method enabled us to produce
roasted pellets with high strength, to ensure the optimal ratio of components, to decrease the pellet roasting
temperature by 150-200°C and to increase water resistance and congelation resistance. Technological
parameters can be also improved by beneficiation of the source chromite raw material, effectively used by Turkish
manufacturers of chrome products. One way to increase the chrome industry raw material base of the Republic of
Kazakhstan is the involvement of the “12 Geophysical Deposit” into the processing of the industrial ore. However,
the produced finely dispersed chromium concentrates require lumping followed by smelting in furnaces for
ferrochrome. The high silica and iron content in the host rock of chromium concentrate enables to obtain strong
pellets without additional additives.

Keywords: chromium-containing raw materials, material agglomeration, chromium pellets, refined ferrochrome slag,
diatomite, ferrosilicon calcite fluxing.
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Introduction reduced, the dispersion of the material is increased,
the content of harmful to ferroalloys impurities is
The chrome sector enterprises of the increased. The increasing of chromium concentrates

Kazakhstan metallurgical industry affiliated with
TNK Kazchrome JSC are one of the largest
manufacturers of ferrochrome products in the world.
However, at present, production is negatively
affected by the deterioration of the quality of the
source raw material: the total Cr,Os; content is

dispersion during electric-arc melting of raw
materials in AC furnaces leads to the decrease in the
technical-economic indicators of the processes.

In this regard, TNC Kazchrome JSC
enterprises improve processes to solve current
production problems. The technologies of finely
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dispersed chrome raw materials lumping have been
introduced: at first, the simplest briquetting
technology was used, but the briquettes strength was
low and did not allow its transportation for long
distances. Then the technologies of roasting “green”
pellets on a flexible ribbon of roasting machines and
producing sinter on a sinter machine were
implemented. However, technological solutions for
the Ilumping of finely dispersed chromium
concentrates were not effective enough due to the
improper choice of the charge material composition
and frequent process equipment failures due to the
high roasting temperature of 1,350°C, resulting in
low crushing strength of the produced roasted pellets
and agglomerate with a high yield of defective pellets
of the agglomerated product. For example, due to
breach of roasting technical regime on roast
machines with a flexible ribbon, refused material was
more than 10% with the planned output of defective
pellets up to 3% of the total number.

Effective processing of small and substandard
pellets began with the launch of the 4th workshop at
Aktobe Ferroalloy Plant JSC. The shives and
defective pellets problem was solved due to its
remelting in direct-current furnaces. But since the
total capacity of direct-current arc furnaces at TNK
Kazchrome JSC enterprises is less than 50%, the
problem of using small pellets, low strength of the
agglomerates and the possibility of its intact
transporting them for long distances remains relevant
and requires a technologically and economically
feasible solution.

The agglomerated material strength problem
can be solved by using the advanced pellets and sinter
roasting technology, during which the complex
compounds — ferro silicon calcium fluxes, so-called
FSCF, synthesis is performed.

The theoretical justification for the synthesis
of FSCF compounds was proposed in papers [1-3,]
for iron-ore pellets producing technologies using
Callovian clays as binding components. Important
characteristics of natural Callovian clays for the
selection of formulation for incoming components
included:

- quartz amorphization and sufficiently high
content of intracrystalline water;

- increased content and mobility of cations Ca,
+, Mgz +, Na +, K +;

- the presence of iron oxides contributing to the
formation of ferro silicon calcium compounds.

Due to the lack of raw materials with similar
characteristics in Kazakhstan, it was proposed to
synthesize Callovian clays analogue on the basis of
diatomites as available domestic natural raw
materials, industrial products and ERG enterprise
waste. The use of the produced FSCF will
significantly improve the strength of the roasted

pellets, technological, economic and environmental
indicators of the processes [4, 5]

Methods of conducting technological
experiments

The physicochemical characteristics of the
types of raw materials and materials used have been
studied, and the mass ratios of the components in
each type of raw material were calculated to ensure
the most optimal values of the components in the
producing of chemical compounds that make up the
FSCF formulation.

The proposed charge materials composition
for “green” pellets producing includes:

- finely dispersed chrome concentrate (50%
Cr,03) produced by Donskoy GOK (Donskoy
Mining and Processing Plant) JSC (DGOK JSC) —
88%);

- the mineral part of the refined ferrochrome
slag (RFC slags) as a source of calcium and silicon
oxides (1-2%) and of chromium oxide in a small
amount of 2.5 - 3.0%;

- ferriferrous varieties of diatomite from the
Zhalpak deposit (Aktobe region) as a source of
hydrated amorphous silicon oxide — 4.5-5.0%;

- dusty screening of special coke of Sary-Arka
JSC for uniform temperature heating in the body
volume of pellets — 2.0-2.5% in the charge materials;

- liquid glass as a reagent that promotes the
pelletizing and formation of “green” granules — up to
1.5%.

The ratio of rich chromium-containing
components in the charge materials may vary
insignificantly depending on the current stocks of
rich chromite raw materials in warehouses, but on
average, the components ratio in the “green” pellets
charge will be preserved. A positive quality of the
FSCF producing technology is a small dependence of
the produced pellets strength on the qualitative
composition of the chrome raw materials. The
chemical composition of the mineral part of the RFC
slag, which serves as a source of silicon and calcium
oxides, is shown in table 1.

Table 1 — the chemical composition of the mineral part of
the RFC slags

Components Content, weight
%
Cr,03 2.00
SiO; 18.40
Fe203 0.26
MgO 7.70
AlLO3 6.20
Ca0O 38.76
Other 26.68
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The use of natural diatomites as components in
the preparation of glandular pigments and porous
foam glass is described in [6, 7].

The average chemical composition of the
ferriferrous diatomite of the Zhalpak deposit is
shown in Table 2.

Table 2 — Average chemical composition of ferriferrous diatomite from Zhalpak deposit

Components MgO | AlOs | SiO;

503'2

K>,0 Cao Cr,0; | Fe,0s | CIF Oth.

Content, weight % 0.96 | 8.04 67.0 0.58

0.80 | 0.36 | 0.02 10.4 0.40 | 11.44

The technological characteristics of the special
coke of Sary-Arka JSC are presented in table 3.

Table 3 — Technological characteristics of the special coke
of Sary-Arka JSC

Characteristics Value
Size, % 5.0-40.0
Sulphur content, % <1.0
Ash content, % 6.0-10.0
Volatile content, % 4.0-7.0
Specific surface area, m?/g 3.0
Porosity, % 22.0...25.0

Results and discussion

The components composition was selected
taking into account the current storage of rich
chromium raw materials stocks in the TNK
Kazchrome JSC warehouses. The components
composition of the charge materials for the pellets
producing was compiled taking into account the
minimum dilution by Cr.0z and the ferro silicon
calcium synthesis and conforming by the chemical
composition to charge materials for melting on high-
carbon ferrochrome in variable furnaces current at
JSC TNK Kazchrome. The feed of special coke,
additional iron scrap and/or iron ore and cobbed
quartz ore into industrial furnaces was taken into
account when forming the charge materials
composition to optimize the smelting process.

The solid components of the charge were
ground in a laboratory grinder and sieved on a
laboratory sieve with -0.25 mm size mesh. Finely
dispersed chrome concentrate and the mineral part of
RFC slags were not grinded, since its fineness is less
than -0.25 mm and its additional grinding is not
required. Pellets were produced on a laboratory
granulator.

The size of the green pellets is 6-10 mm and
corresponds to the size of the granules produced on
the drum granulators of the factory for the production
of chromium pellets at the Donskoy GOK. The green
pellets were kept at room temperature for 24 hours.
The strength of the aged green pellets was 125.0
N/pellet. The batches of produced pellets were
roasted in a laboratory muffle furnace at temperatures
of 1,050; 1,100; 1,150 and 1,200°C for 1 h at a
heating rate of 15 deg./min.

The produced roasted pellets (7 pieces in each
batch) were tested for breaking using the MIP-25R
laboratory press and the strength arithmetic mean
values were determined. The average strength at the
roasting temperature was, N/pellet: 2,862 at 1,050°C;
3,994.6 at 1,100°C; 4,570.1 at 1,150°C; 5,440 at
1,200°C. The chemical composition of the produced
pellets was, weight %: 44.0 Cr,0s; 6.00 Al,O3; 18.80;
SiOy; 12.50 FeO; 1.62 CaO; 10.02 MgO; 7.28 the
rest.

X-ray phase analysis data showed the presence
of complex ferro silicon calcium compounds
(magnesian hedenbergite (Ca (Fe, Mg) Si20s) and
chloritoid-A (FeAl;SiOs(OH),) (Table 4).

Table 4 - The results of x-ray phase analysis of roasted pellets produced at 1,200°C and a coke content in the charge

materials of 2.5 wt.%

. Content,
Mineral Formula weight %
Chrome Mg(Cr204) 35.5

magnesite
Chromite (FeOo.632M00.358Mno.01) (Alo.4sFe0.2863M0o.022Cr1.201Ni0.004 T 0.03) 28.5
Magnesian Ca(Fe,Mg)Si»0s 7.8
hedenbergite
Paragonite - NaAlz(AlSiz)O10(0OH); 8
2M1
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Norstrandit Al(OH)3
Periclase MgO
Chloritoid-A FeAl,SiOs(OH); 4

In terms of composition, the roasted pellets are
close to the average composition of the charge
materials of workshop No. 3 of Aktobe Ferroalloy
Plant JSC. Previously, the possibility of pre-
reduction of chromium oxide with producing of
metallic beads was revealed at the processing of
finely dispersed chromium concentrates with the
production of roasted pellets using the FSCF
producing technology. Partial pre-recovery with
metallic chromium producing was noted. Using point
electron microscopy method (Jeol microscope),
metallic beads were detected in roasted pellet in the
amount up to 10 wt.% [4-5]. The studies showed that
the amount of reduced metal remained virtually
unchanged and amounted to 9.5 wt.% at 1,200°C,
which is, apparently, associated with the
thermodynamic and kinetic features of the pre-
reduction of chromium oxide compounds in the
producing reducing medium in the pellet body.

Therefore, pre-reduction is possible within
these limits, and increasing of the pellet roasting
temperature above the specified temperature leads to
its partial melting due to the melting of the binding
base of FSCF (minerals: magnesian hedenbergite
(Ca(Fe,MQ)Si20¢) and chloroid-A
(FeAl;SiOs(OH)2). Therefore, the increase of the
amount of special coke in pellets (up to 20-25 wt.%)
does not lead to the significant increase in the amount
of pre-reduced metal and is declared inefficient in
producing of open type roasted pellets (open belt
roasting machines, sinter machines of Aktobe
Ferroalloy Plant JSC) [3].

The completed studies showed that, FSCF
technology enables to produce durable roasted
chrome pellets from a mixture consisting of the initial
finely dispersed concentrates and recycled materials
(pellet shives and agglomeration dust). Moreover, the
achievable crushing strength is higher than 5,440
N/pellet at 1,200°C in roasting machines with a
flexible moving metal tape (Donskoy GOK), the
optimal coke content in the charge materials is 3%.
The charge materials composition with 2.5 wt.%
coke allows to reduce the pellet roasting temperature
from 1,350°C to 1,200°C. Now, the pellet shives are
partially processed in the furnaces of the new
workshop No. 4 of Aktobe Ferroalloy Plant JSC [8].

The process of shives recycling can be
performed using FSCF technology. The roasting
temperature conditions can be achieved by using
cheap apparatuses of a simple design — tunnel or
muffle furnaces with a floating floor (for example,
used to produce granulated foam glass) instead of

expensive pelletizers with a movable flexible metal
tape [6]. Other technological equipment (mills,
screens, dish granulators) used in the technology is
standard and has numerous industrial analogues [9-
13].

The technology for producing complex
durable chromium pellets with FSCF synthesis can
be widely used in industry in the pelletizing of finely
dispersed chromium raw materials. But its
manufacturing process management requires
production of the finely dispersed pellets in
significant quantities first. Outdated chromite sludge
beneficiation technologies at Donskoy GOK do not
enable Cr,0; extracting higher than 10 wt.%, while
this indicator amounts to 27-30 wt.% in Turkish
chrome plants and this for less enriched raw materials
than Kazakhstan raw materials. When implementing
such effective technologies technical and economic
indicators of the enrichment process will increase.

The developed industrial reserves of
Kazakhstan raw materials of large deposits (the “Ten
Years of Kazakhstan Independence”,
“Molodezhnaya”, “Voskhod-Chrom” mines) require
the lean approach to their extraction and processing.
The medium-sized “12 Geophysical” deposit (65
million tons reserves of chromite ore) which was
explored in the second half of the last century is
situated at the Donskoy GOK industrial site. The
VNIItsvetmet Institute (Ust-Kamenogorsk)
performed studies which showed that the host rocks
of the chromite metallization of this deposit are
altered serpentinites developed according to

magmatic rocks of ultrabasic composition.

Figure 1 - Rare chromite impregnation of not more than
10% of the area,
the light bar to the right is quartz vein
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Thus, the “12 Geophysical” deposit is
characterized by the fact that the host rock consists
mainly of silica and iron-containing minerals. The
Cr;03: FeO ratio in the collected samples does not
exceed 2.5, which indicates that chromite is
represented by ferruginous forms. The presence of
cleavage in chromite crystals, commonly found in
only in glandular variations, also constitutes
confirmation. The presence of a sufficient amount of
Al;O3 in the samples allows to assign these chromites
(chromespinelides) to alumochromites (Fe, Mg) (Cr,
Al)204 with a rather low Cr.O3 content. The chemical
composition of the ore from “12 Geophysical”
deposit indicates a low content of chromium oxide
and a high content of silicon oxide (table 5).

Studies on gravity methods of ore
beneficiation showed that the best performance can
be achieved using the methods of depositing and
centrifugal separation, while the yield of total
concentrate was 35.1%, the total content of Cr,Os
was 44.6%, the extraction of Cr.Os was 87.6%, the
residual Cr,Os content in the tails was 12.5%.

Table 5 - The chemical composition of the ore from
“12 Geophysical” deposit

Components name Content, wt. %
Cr203 17.87
Fe 6.48
CaO 0.5
MgO 8.81
Al,O; 3.72
K20 0.12
SiO; 57.1
Stotal 0.18
Cu 0.01
Zn 0.02
Ni 0.1

The difficulty in unique ores beneficiation of
this deposit is associated with the silicate
composition of the host rocks and the finely dispersed
structure of chromite mineral crystals. The produced
concentrates cannot be remelted in electric arc
furnaces without preliminary pelletizing. At the same
time, silicate minerals contained in concentrates are a
valuable component for the production of FSCF. This
enables significant increasing of the chromium oxide
content without main component diluting, producing
hard roasted pellets and increasing the technical-
economic indicators of the smelting process in
ferrochrome electric-arc furnaces.

Conclusions

The use of FSCF synthesis technology in the
rich chrome raw materials pelletizing process allows
to get roasted pellets with high strength (3-4 times
higher than production indicators); to ensure the
optimal ratio of components, eliminating the need of
the additional fluxing reagents during the melting of
scrap iron waste and lumpy quartzite ore, to reduce
the pellet roasting temperature by 150-200°C to
increase the water resistance and resistance to
materials congelation in the winter during
transportation due to the formation of a glass-like
structure. The technology can be used to pelletize
prospective types of chromite-containing raw
materials, for example, concentrates from ores of the
“12 Geophysical” deposit.

Acknowledgments

This work was financially supported by the
Committee of Science of the Ministry of Education
and Science of the Republic of Kazakhstan (No.
AP05131028).

Cite this article as: Cite this article as: Kuldeev E.l., Bondarenko 1.V., Temirova S.S. Promising ways to
increase raw material base of the chrome industry of the metallurgical industry of the Kazakhstan. //
Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a. / Complex Use of Mineral Resources / Mineraldik
Shikisattardy Keshendi Paidalanu. - 2020. — Ne2 (313). — p. 64-70. https://doi.org/10.31643/2020/6445.19

Ka3akcTaHHbIH MeTannyprusa eHepKacibi XpoMm canacbiHbIH WUXKi3aT 6a3acbIH
YJIFanTyAblH NepcneKkTuBanbIK XXonaapbl

KenpeeB E.U., BoHpapeHko U.B., TemupoBa C.C.

Tyiinaeme. Illnxtansl Kyiaipy HpoueciH KOJIAaHYMEH YCAaK AWUCHEPCTI XPOMHTTI KOHIIEHTPATTapAbl KECEKTEYyIiH
OPTYpJl TEXHOJOTHsUIAphl KapacThIpbUIFaH. Byn perTe eHmipicTe KOJNJAHBUIATHIH MIMXTa PELENTypachl ajbIHATHIH
LIEKEMTacTap/bIH Tajan eTieTiH OepiKTIriH KamTamachl3 eTnelTiHi aiiteiirad. lllekemractap MeH arioMepaTThIH
OEpiKTIriH apTTHIPy YLIIH Makaja aBTOpJIApbl KEJUIOBEH OaIIIBIKTAPBIH JHUAaTOMHUTTEpP, OHEPKICINTIK OHIMIEp MeH
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Eypasusuieik  Ton  kacinopeinpapeinelH,  (ERG)  Kanaplkrapel  Heri3iHIEri KOMIIO3WLMSIFA aybICTBIPa  OTBIPBIIL,
(eppocrinKoKanbIUT KoxkaamanapbiH (iiocrepin) (PDC) cuntesneyain Oenriii ToCUIiH KoIgaHyabl YCbIHAABL by
KOFaphl OEpiKTiri Oap KYHIipiIreH MEKeMTAacTapAbl adyFa, KOMIIOHEHTTEP/IH OHTAMIbI apaKaThIHACHIH KaMTaMachI3
eTyre, IIeKeMTacTapIpl KyWmipy temmeparypacsiH 150-200°C TemeHmeTyre, cyFa TO3IMAUIIKTI apTTBHIpyFa >KOHE
KATKBIIITHIKKA TOIIMALIITIH apTTEIpyFa MYMKIHIIK Oep/i. TeXHOIOTHIIBIK KOPCETKIMTEep COHal-aK 0acTamKsl XPOMHUT
IIMKI3aThIH OalBbITY Ke3iHIe jKaKcapThUTybl MYMKIH, OJ TYPiK KOCIOPHIHIAPBIHAA XPOM OHIMAEPiH eHIipy OOHBIHINIA
HOTIKeN Konganpuiaasl. KP XpoM camacklHBIH mHKi3aT 0a3acklH YIFaUTY XKoamapbeiHEH O0ipi «12 ['eodu3ukambsiky keH
OPHBIHBIH, KEHAEPIH OHEPKOCINTIK OHJeyre TapTy OOJibIn TaObutafpl. Anaiga ajdblHFaH YCaK IHCIEPCTI XpOM
KOHIIGHTPATTapsl KeHiHHEH (eppoXpoMIarsl MemTepAe OaiKplTa OTBIPBIN, KECeKTeyAi Tamam eTedi. Xpom
KOHLICHTPATHIHBIH CBIHBIM/IBI KBIHBICBIHAAFbI KPEMHE3eM MEH TEeMIpAiH J>KOFapbl MeJIepl KOChIMIIA KOCIanapibl
eHriz0ecTeH Oepik HIeKeMTacTap bl ajly MyMKIHITIH KaMTaMachl3 eTe/i.

Tyiiinai ce3nep: Xpombl Oap IMKi3aT, MaTepualibl KECEKTEY, XPOM IIEKeMTAcTap, Ta3apThUIFaH (epPOXPOM KOXKBI,
JIMaTOMUT, (heppOCHIMKAIBIUTTI KOKAaManaysl ((iarocreyi).

MepcnekTUBHbIE NYTU YBENU4YEHUS CbipbeBON 6a3bl
XPOMOBOM OTpacnu MeTannypruyeckon npombiwneHHocTn KasaxcraHa

KynbpeeB E.WN., BoHpapeHko U.B., Temuposa C.C.

AHHOTanus. PaccMOTpeHB! pa3ianyHbIe TEXHOJIOTHH OKYCKOBaHMS MEIKOAUCIEPCHBIX XPOMHTOBBIX KOHIICHTPAaTOB C
MIPUMEHEHNEM TPOLIECCOB 00kHra MuXThl. [Ipr 3TOM OTMEYEHO, YTO MCHOIb3yeMas B IPOM3BOICTBE PELENTYpPa MINXTHI
He ofecreunBaeT TpeOyeMOH IPOYHOCTH IOJIy4aeMbIX OKarhlmieidl. J[ns IOBBILIEHNS MPOYHOCTH OKAThILIeH H
arjomepara aBTOPaMH CTaTbU IIpelularaeTcsi IpMMEHEHHE HM3BECTHOrOo criocoba cuHTe3a (eppOCHIINKOKAIBIUTOBBIX
¢utocoB (PDPC) ¢ 3ameHON KeIUTOBEHCKHX TJIMH Ha KOMITO3UIMIO Ha OCHOBE JHATOMHTOB, IIPOMIIPOIYKTOB U OTXO/IOB
npennpustuii  EBpasmiickoit rpymmer (ERG). OTo mo3BONMMIO MOMYyYUTh OOOMOKEHHBIE OKATHIIA C BBICOKOH
MIPOYHOCTHIO, 0OECTIEUNTh ONTHMAILHOE COOTHOLIEHHE KOMIIOHEHTOB, CHH3HTH TEMIIEpATypy OOXWIa OKaThIed Ha
150-200°C, yBenH4YNTH BOJOCTOMKOCTh M YCTOMYMBOCTH K CMEP3aeMOCTH. TEXHOJIIOTHIECKHE TTOKA3aTeNI! MOTYT OBITh
TaKKe yITy4IIEHb! IPH 000TalEHUH HCXOJHOTO XPOMHUTOBOT'O CHIPhsI, KOTOpOoe 3(p(HeKTUBHO MPUMEHSETCS Ha TYPELKUX
MPEONPUATHAX TI0 IPOU3BOICTBY XPOMOBOH mponykunu. OTHHM M3 IMyTeH yBEIHMUYEHHs ChIPhEBON 0a3bl XPOMOBOM
orpaciu PK siBisieTcss BOBJCYEeHHE B NPOMBIIUICHHYIO NepepaboTKy pyn MecropoxaeHus «12 T'eoduznueckoey.
OpHaKo MOJTyuYeHHbIE MEJIKOANCIEPCHBIE XPOMOBBIE KOHIICHTPAThl TPEOYIOT OKYCKOBAHHs C MOCIEAYIOIIeH MIaBKoi B
neyax Ha (eppoxpoM. Breicokoe cozpepxkanne KpeMHE3eMa M jKelle3a BO BMEIIAIOIIEH MOpojie XpOMOBOTO KOHIIEHTpaTa
obecrieunBaeT BO3MOXKHOCTh IOJYYCHHS IPOYHBIX OKaThIIel Oe3 BBEICHUS JIONOJHHUTEIBHBIX JJ100aBOK.
KaioueBble ciioBa: xpoMcoepikaliee ChIpbe, OKyCKOBaHHE MaTepuala, XpOMOBBIE OKATHIIIH, IIJTaK papuHUPOBAaHHOTO
(beppoxpoma, AUATOMHUT, (HPepPOCHIINKAIIBIINTOBOE (DITIOCYIOIIEE.
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Abstract.

The article presents the results of studies on the production of ferrosilicon from iron ore

(magnetite) concentrate and quartzite. The studies were carried out by thermodynamic simulation using the
HSC-5.1 software package, based on the principle of Gibbs minimum energy and electric smelting of the
concentrate together with coke and quartzite in a single-electrode arc furnace. Based on the studies, it was
found that, under equilibrium conditions, the interaction of magnetite concentrate with silicon oxide (IV) and
carbon is accompanied by the formation of FeSi (> 1200 °C), FesSi (> 1100 °C), FeSi2 (> 500 °C), Zng (> 800
0C) Phg (> 1200 °C); the degree of silicon extraction into the ferroalloy depends on the ratio in the SiO2 /
Fez04 mixture, decreasing from 85.6 to 66.1 (for example, at 1700°C) with an increase in the SiO2 / Fez04
ratio from 0.42 to 1.25. When melting a mixture containing 70% concentrate, 11% quartzite, 19% coke, a
ferroalloy containing 15-18% Si. The resulting ferroalloys are graded from FeSil5 to FeSi45.

Keywords: magnetite concentrate, quartzite, coke, thermodynamic modeling, electric melting, ferrosilicon.
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Introduction

Upon receipt of ferrosilicon, an obligatory
component of the charge is iron shavings, the
amount of which varies from 780 kg when smelting
1 ton of FS25 ferrosilicon to 250 kg when smelting
FS75 ferrosilicon [1]. Now iron shavings are scarce
material, the cost of which is 210-220 dollars per 1
ton [2]. It is possible to reduce the dependence of
the production of silicon ferroalloys on scarce steel
chips if another iron-containing material is used in

the technology. Research in this direction is carried
out by several methods. Thus, proposals are known
for replacing steel chips in the production of
ferrosilicon with other types of iron-containing raw
materials, such as ferruginous quartzite, scrap metal,
iron ore, pellets of pyrite cinders, etc. [3-6, 15].
Processing plant wastes are important sources of
various types of mineral raw materials [7]. For
example, based on the fact that the tailings of the
Balkhash ore dressing plant contain 17% Fe [8] at
Iron Concentrate Company LLP [9] from the
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flotation tailings of copper-containing Sayak and
Shatyrkol ores of the Balkhash ore dressing plant,
iron-containing concentrate is obtained - magnetite
concentrate containing 58 - 64% Fe. This
concentrate can be used as a substitute for steel
chips [10].

From a thermodynamic point of view, the
reaction

6Si02+Fe304+16C=3FeSi>+16CO (1)
more preferred than reaction
2Si0;+Fe+4C=FeSi»+4CO (2)
since it starts at 1392 °C, and the second when 1617
OC (table 1).
The aim of the work was to determine the
possibility of obtaining a silicon alloy from

magnetite concentrate, with the simultaneous
extraction of lead and zinc from it.

Materials and methods

The studies were carried out by the method of
thermodynamic modeling and electric melting of the
charge in an arc laboratory electric furnace.

Thermodynamic modeling was carried out
using the HSC-5.1 software package and using the
Equilibrium  Compositions option [11]. The
calculation of the equilibrium state by the software
package is based on the principle of minimum Gibbs
energy. Determination of the equilibrium degree of
distribution of elements between substances was
carried out according to our algorithm [12]. The
electric smelting of the charge was carried out in an
electric arc furnace (Fig. 1)

Energy was supplied to the furnace from the
TDZhF transformer through an upper graphite
electrode 3 cm in diameter and a graphite bottom.
Before melting, a graphite crucible with an inner
diameter of 6 cm and a height of 12 cm was
installed on a graphite hearth. Then, the crucible
was heated by an arc for 15-20 minutes. During this
period, the current strength was 300-350 A and
voltage 30-40V.

Table 1 Influence of temperature on AG (kJ / mol FeSi,) *

Temperature, °C
Reaction
number 1000 1100 1200 1300 1392 1400 1500 1600 1617 1700 1800
1 343,2 255,1 167,0 79,9 0,0 -7,1 -93,8 | -180,3 | -1194 -263 -346,4
2 406,1 339,5 273,2 207,2 147,0 1414 75,0 10,9 0,0 -53,4 | -116,8

*- AGy calculation was performed using the software package HSC-5.1 [11]

1 - furnace casing, 2 - chromomagnesite lining, 3-carbon graphite hearth,4-graphite crucible, 5-carbon graphite “pad”,
6-transformer TDZhF-1002, 7 - graphite electrode, 8 - lower current lead, 9-12 - controlling ammeters and voltmeters,
13 - electrode movement mechanism, 14 - flexible part of the short network, 15 - furnace cover
I - general view; 1l - sketch of a furnace with knots
Figure 1 Single-electrode arc furnace
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The constancy of the furnace power was
supported by a terristor controller and the position
of the electrodes in the crucible. The mass of the
melted charge was 600-800g. The half-mass of the
charge was initially loaded into the preheated
crucible. Smelted it for 5-7 minutes. Then the
remaining charge was loaded and melted in the
furnace in three steps. When melting, the current
strength was 400-450 A and voltage 20-30V. After
melting, the crucible cooled in the furnace for 6-7
hours. Then it was removed from the furnace and
cooled on a ceramic stand for another 4-5 hours,
crashed. The content of the broken crucible was
sorted into ferroalloy, slag. The concentration of
silicon, aluminum, and iron in the alloy was
determined by the atomic adsorption method on an
AAS-1 device (Germany) using a JEOL JSM-
6490LM scanning electron microscope (Japan).
Using the pycnometric method, the density of the
resulting alloy was determined. Then, by the density
of the alloy, the silicon content in the alloy was
determined [11]. The degree of extraction of metals
in the ferroalloy was determined by the ratio of the
mass of metal in the ferroalloy to the mass of metal
in the charge. Iron ore (magnetite) concentrate of
Iron Concentrate Company LLP (Balkhash),
containing: - 85.9% Fe3;04, 9% SiO,, 2% Ca0, 1.4%
Al;03, MnO and K;O at 0.3%, 0.2 % NaxO, 0.4%
MgO, 0.2% ZnO, 0.4% PbO; - coxic (86.5% C,
4.2% SiO,, 1.5% CaO, 0.3% MgO, 1.9% Al,Os,

Table 2 The composition of the mixtures

2.3% Fex03 0.7% S, 1.2% H.0, 1.4% other); -
quartzite (97% SiO-, 0.7% CaO, 0.7% Al,Os, 0.8%
Fe203, 0.3% MgO, 0.2% H-0, 0.3% other).

Research results

Thermodynamic modeling was carried out
with two compositions of mixtures (table 2).

It follows from the figures that in the systems
under consideration, the products of interaction are
2FeO * SiO, (from 500 to 1400 °C), CaSiOs,
NazSiOs, K2SiO; (from 500 to 1900 °C), FeSi (from
1200 to 1900 °C), FesSi (from 1100 to 1900 °C),
Fe,Si (from 1500 to 1900 °C), SiO4 (from 1400 to
1900 °C), Fe (from 500 to 1900 °C), SiC (from 1500
to 1900 °C), Zn (from 800 to 1900 °C), Pb ( from
1200 to 1900 °C).

Figures 2 and 3 show that at relatively low
temperatures (500 - 760 °C), iron from Fe304 goes
into 2FeO-Si02, and then (from 900 to 1300 °C) the
iron completely goes into elemental. 2FeO-SiO2 -
fayalite in the system exists up to 900 °C, i.e. to its
melting point (1178 °C) [1]. At temperatures above
1300 °C, silicon begins to recover, which in the
presence of reduced iron forms a ferroalloy
containing FeSi, Fe3Si, Fe. A complete transition of
silicon to the alloy from the first system does not
occur due to the formation of more than 1600 °C
gaseous SiO.

N The content in the mixture, kg v
Mixtures = 5, | si0; | Ca0 | ALO: | MgO | Na:O | K0 | PbO | ZnO | C
1 859 | 1071 | 18 1.2 0,3 03 | 02 | 04 | o2 61| ¥
2 859 | 356 | 18 1.2 0,3 03 | 02 | 04 | 02 |34 204
* y- mass ratio SiO,/Fes0,
T
| kg
200
k
200g
150
150
*2Fe0*Si02
*2FR0*Si SiQ2 100 / \ EcSi

EeSi

LN \\(

500 700 900

1100 1300 1500 1700 1900
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Figure 2 Effect of temperature on the quantitative distribution of silicon (I) and iron (II) in system Ne 1
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Figure 3 Effect of temperature on the quantitative distribution of silicon (I) and iron (II) in system Ne 2

kg kg
0.40 T 0.40 I
0.35 \‘\ 0.35 \\\
0.30 b .30 \\ o
0.25 \ / 0.25 /35
Zn0O ZnO \ /
0.20 0.20
\ x‘ Zn(g) \ Zn(q)

0.15 \ — \ 0.15 \ - /
0.10 = 9</ \ 0.10 // / AN
0.05 S 0.05 ~n //
00 4 =1 e

' QOO 700 900 1100 1300 1500 1700 1900 0'0800 700 900 1100 1300 _ 1500 1700 1900

Temperature, C

Temperature, C

I-mixture Ne 1, II-mixture Ne 2
Figure 4 Effect of temperature on the equilibrium distribution of zinc and lead

Figure 5 shows the effect of temperature on
the equilibrium total degree of distribution of silicon
in the alloy in the form FeSi, FeSi, FesSi and SiC
(aSiaioy). It is seen that from the first mixture (at y =
1.25) aSiay is less than from the second (at y =
0.42). This is due to the fact that when the first
mixture is heated, a significant transition of silicon
to gaseous SiQy is observed (at 1700 °C-16.2%, and
at 1900 °C -31.8%), while from the second system
the degree of transition of silicon to SiOq is,
respectively 4.2% and 6.1%. From figure 6 it
follows that the ferroalloy formed during heating of
the first mixture contains more silicon than when
heating the second. In accordance with [14], the
conditions for the formation of vintage ferrosilicon
can be determined from Figure 6. Vintage ferroalloy
from magnetite concentrate can be obtained in the
almfb region. So, in the acdb region (at 1400-1500
°C) ferrosilicon of the FeSi10 brand is formed, and
the cefd region (at 1470-1900 °C) - of the FeSil15
brand, and in the ebmf region (at 1510-1900 °C) the
FeSi25 brand. The extraction of zinc and lead in the
gas phase is shown in table 3.

100 -
90 - 2
80 -
70 1
60 -
50 -
40 -
30 -
20 -
10 -

0 T T T
1200 1400 1600 1800

Temperature, °C

1 0
oSi alloy » %o

1-mixture Ne 1, 2-mixture Ne 2

Figure 5 Effect of temperature and mixture composition

on the equilibrium degree of silicon distribution
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It can Dbe seen that regardless of the
composition of the initial mixtures aZng > aPbg.
Moreover, the complete distillation of zinc occurs at
a temperature of more 1500 °C. High (>70%)
distillation is observed at a temperature of more
1700 °C.

]

Before  electrofusion, the  magnetite

concentrate was poured together with bentonite clay
and liquid glass, then granules (4-7 mm) were dried
at 120 °C coke and quartzite were used with a 3-5
mm fraction.

1400

1600

1800
Temperature, °C

1-mixture Ne 1, 2-mixture Ne 2
Figure 6 Effect of temperature and composition of the mixture on the concentration of silicon in the alloy

Table 3 Effect of temperature on the degree of formation of gaseous zinc and lead (aZng, aPbg)

Temperature, °C
Ne
. Metal
mixture 1100 | 1200 | 1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1990
Zn 756 | 862 | 925 | 962 | 988 | 994 | 999 | 999 | 9
1 828
Pb 04 1,2 31 8.1 237 | 467 | 622 | 739 ’
Zn 614 | 762 | 856 | 925 | 975 | 994 | 999 | 999 | 99
2 88.0
Pb 0.2 06 1,6 41 142 | 384 | 708 | 825 ’

Table 4 The composition of the charges for melting
magnetite concentrate

Content, % The
predicted
Ne Si content
Charge Concentrate |Quartzite| Coke n thg;lloy,
1 37,5 37,5 25,0 45
2 59,0 22,0 21,0 25
3 70,0 11,0 | 19,00 15

We carried out electric melting of granular
magnetite concentrate together with coke and
quartzite. The mixture was compiled on the basis of
obtaining 15%, 25%, 45% silicon in the alloy (the
composition of the mixture is given in table 4).

Using the pycnometric method (according to
the density of the ferroalloy), it was found that the
silicon content in the ferroalloy obtained from the
first charge was 29-41%, from the second 21-26%,
for the third - 15-18%. In accordance with [13]
obtained ferroalloys corresponds to ferrosilicon
grades FeSil5 and FeSi45. Figure 7 shows a
photograph of the alloy, and Figure 8 shows the
results of electron microscopic analysis of the
surface of ferroalloys.

Figure 7 Photograph of a sample of ferroalloy,
obtained from the mixture of the first composition
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NonHaa wkana 5952 wwn. Kypoop: 0.000

NonHaa weana 4228 wan. Kypoop: 0.000

Conclusions

Based on the results of obtaining ferroalloy
from magnetite concentrate, the following
conclusions can be drawn:

- under equilibrium conditions, the interaction
of a magnetite concentrate with silicon oxide (IV)
and carbon is accompanied by the formation of FeSi
(> 1200 °C), FesSi (> 1100 °C), FeSi, (>500 °C),
Zng (>800 °C), Pby (>1200 °C); the degree of
extraction of silicon in the ferroalloy depends on the
ratio in the mixture SiO./FesOs decreasing from

Element Weight,% Element Weight,% 85.6 to 66.1 at 1700 °C with increasing ratio
Al 0,77 Cr 0,78 Si0./Fes04 from 0,42 to 1,25;
SI 32,87 Mn 018 - formation 2FeQ-SiO; from Fes0, occurs in
Ca 0,12 Fe 64,44 the temperature range 500 — 900 °C, that is, to the
Ti 029 Ni 0,55 melting point of fayalite (1178 °C), therefore, the

formation of ferrosilicon comes from the system
SiO;—-Fe-C

-during electrosmelting of a mixture
consisting of 37.5% concentrate, 37.5% quartzite,
25% coke, a ferroalloy containing 29-41% silicon is
formed, and when melting a mixture containing
70% concentrate, 11% quartzite, 19% coke, a
ferroalloy containing 15- 18% Si; the resulting
ferroalloys have a brands from FeSil5 no FeSi45.
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TexHoreHAai MarHeTUTTI KOHUEHTpaTTaH cheppocunuuun any

LleBko B.M., KackuH N.B., Bagukosa A.[l., AmaHoB [.0

Tyilingeme. Maxkanaga TeMipkeHi (MarHeTHTTi) KOHIIEHTPATTaH >XOHE KBAapUUTTEH (QeppoCHINIMN axy OOWBIHIIA
3epTTey HOTIKeNepi KenTipiired. 3eprrey [mOCCTiH MUHIMU3AIMS SHEPTUACKIHBIH Npunuiine Herizaenren, HSC-5.1
KemeHai OarmapiaMachlH KOJIAAaHyMEH TEPMOIMHAMUKAJIBIK MOAETBACY OMICiH JKOHE JOFabl Oip 3JIEKTPOXTHI IEIITe
KOKC, KBapLUT, KOHIIGHTPATTHI Oipre AyeKTpii O6aimKeITyMeH Kyprisinai. JKyprisinren 3epTrey HoTIKenepi OoWbIHIIA:
MarHETHTTI KOHLIEHTpaT, kpeMHuil okcuai (V) sxone kemipreriMen Gipkenki sxaraiina opexerrecin FeSi (> 1200 °C),
Fe3Si (> 1100 °C), FeSi2 (>500 °C), Znr (>800 °C), Pbr (>1200 °C) rysineni; kpeMHuiiiH (eppoKOpHITIAra OTY
nopexeci kKocmanarbl SiOp/FesOs KaThlHAackHAa Toyenni 85,6-man 66,1 —re meiiin (Mbicanmsr 1700 °C) Temenneii,
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SiOy/Fe304 katbinacer 0,42-nen 1,25-aeiiin Gonranna kerepineni. 37,5% xouuenrparras, 37,55% kBapuurres, 25 %
KOKCTaH TYPAThIH IIMXTaHbI 3JeKTPI OankeiTyaa 29-41% kpemuuii3 6ap deppokopsitna, an 70% konuenrparras, 11%
KBapIuTTeH, 19% KOKCTaH KypajfaH IIUXTaHbl 3JeKTpii Oankeityga 15-18% Si 0ap deppoxopsiTha Ty3iniesmi.
Hotmxkecinge FeSil5 Ten FeSi45 neiiinri mapkais! GpeppoKOpHITIIa ajbIHA b

Tyiiin ce3mep: MarHeTWTTI KOHLEHTPAT, KBapLUUT, KOKC, TEPMOJMHAMMKAIBIK MOJIENBJACY, 3JEKTpil OasKbITy,
(beppocrIUImiA.

I'Ionyqel-wle cbeppocvmwuwﬂ N3 TeXHOreHHoro MmarHeTUTOBOIro KOHUeHTpaTa
LWesko B.M., KackuH I1. B., Bagukosa A.[l., AmaHos [.1.

AHHOTanusl. B cratbe NMpUBOISTCS PE3yNbTATHl MCCIEAOBAHUM IO MOIYYECHHIO (DEPPOCHIUIMSA U3 KEIC30PyTHOTO
(MarHeTMTOBOr0) KOHIEHTpaTa M KBapuuTa. lVccnenoBaHWs TPOBOAMIAM  METOAOM  TEPMOAWHAMHYECKOTO
MOJICTIMPOBAHUSI C HCIIOJIB30BaHUEM NporpaMMmHoro komiuiekca HSC-5.1, ocHOBaHHOTO Ha NpPHHIMIIE MUHHMyMa
sHepruu ['m60ca M 3MEKTPOIUIaBKOW KOHLIEHTpAaTa COBMECTHO C KOKCOM M KBapIMTOM B JYTOBOH OJHO3JIEKTPOIHOM
neur. Ha ocHOBaHMM TNPOBENEHHBIX HMCCIEAOBAHWI YCTaHOBJICHO YTO, B PAaBHOBECHBIX YCIOBHSX B3aUMOJACHCTBHUE
MarHeTUTOBOTO KOHIEHTpaTa ¢ okcuaoMm kpemuus (IV) u yrimepomnom compoBoskmaercss obpazoBanuem FeSi (> 1200
°C), FesSi (> 1100 °C), FeSi, (>500 °C), Zn. (>800 °C), Pb, (>1200 °C); crenens uspiedeHus KpeMHUs B (eppoCILIaB
3aBUCUT OT oTHoIeHus B cMecu SiOp/Fes0s ymeHnbasch ot 85,6 10 66,1 (nanpumep npu 1700°C) npu yBenuuenun
otHotreHus SiO2/Fes0s ot 0,42 mo 1,25. Tlpu snekTporuiaBke MIMXThI, cocrosiied u3 37,5% konuenrpata, 37,5%
KBapuuTa, 25% kokca obOpasyercs ¢eppocmias copepxanmii 29-41% KpeMHUs, a IPH IUIaBKE IIMXTHI COJEpIKaIiei
70% xoHueHTpaTa, 11% kBapuuTa, 19% Kokca —(peppocmiaB ¢ conepkanueM 15-18% Si. [ToxyyeHHbIe (eppoCILIaBbI
obnanaroT MapouHocThio oT FeSil5 no FeSi45.

KaioueBble c10Ba: MarHeTUTOBBIM KOHIICHTPAT, KBapIHUT, KOKC, TEPMOANHAMHUYECKOE MOJICITUPOBAHNE,
ANIEKTPOIUIABKA, (HEePPOCHITHUIIIH.
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