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®ea6TNnoe a THTOANNA 4eA0TAE00AATE éeaniiedecadee. OnoalTagaia cadeneiThou adatare daeaénace
8ATAB1 2EAETHOE i T0340LATAATIOTES 4 T&0 188AT- & TaiT+afoesaie OT T a TATOARRE 40A0TAS0BAATE
geannedetasee 1o €0 TAACATITAT dacTiada. TTE0+AIT 00aaTaied aéy dan+aoa 34T aode+aneed Tadsai a-
08TA 108206OEEa0TAA AATO0HE TO TTODAATTE TOTECATAS0AEUTTAOR & Yy Tadddoe+afieed 6adac0aden0ee 4e40T-
AG00AATAT aydaoToa. TOTAAATO eATO0ATEY TTOOTT-TOTT OoEAT ITAT TAdAcHa 4650TACOBAATAT N0dA0EOE-
ea0Toa Aaioode ANA-350

Eep+4a04a feTad: 60eéecadey; fodanedesadey; eeanfiedesatey; 46a0Tae5033ay 44040TETAA0EYORY; 0804a A&T000€;
80e04dee DaéTTélaa e YEedda; T1a66TAaeNTadnTOA 0A0TTAATTOA TOOTAD; ATOTT-140a660036+aNETA TOTECATAM0AT; T6-
740260104 TadacTAATEY; TAEETASATAOATOAOT T

Numerous studies show that the efficiency of recycling of technogenic or man-made mineral formations (TMF)
is limited by high requirements for fractional composition, median sizes and their particles dispersion. Crucial
factor constraining the implementation of recycling efficiency of finely dispersed technogenic mineral formations
(TMF) is a weak sufficiency of technique and technology and their classification. Strict stratification requirements
for the median sizes dispersion of absorbed nanoparticles of a bulk TMF material specify the necessity of the
search for the methods and technical means of their implementation, which, under the conditions of proba-
bility distribution of physical and mechanical, geometric, kinematic parameters of nanoparticles, can effectively
implement them. To ensure high-quality raw materials in the production of materials with unique properties it
is necessary to find the technology in which the controlling external influence on the classification process of
median size dispersion will be self-similar, i.e. independent of probabilistic characteristics of TMF physical and
mechanical properties.

The creation of the effective method and technology of hydrovortex classification in a TMF particles fluidized
bed and the development of mathematical tools for calculating its geometric and energy characteristics are
based on a hypothesis that: in the range of kinetic energy of the translational motion of a liquid droplet ensuring
the complete absorption of nanoparticles with maximum diameter of their hydrophobic behavior the inertial forces
of nanoparticles motion in the plane of a fluidized bed by an order of magnitude more than the inertial forces in the
direction of its motion. Herewith the minimum diameter of totally absorbed nanoparticles depends only on the
value of the angular velocity of liquid droplet rotation.

A mathematical model of hydrovortex stratification of TMF micro-and nanopatrticles has been developed to
determine the optimum geometrical parameters and energy characteristics of a hydrovortex Venturi stratifier,
its aerator and the position of the receiving hoppers. Equations of the liquid droplet motion under the conditions
of unsteady hydrodynamic inertial suprastock motion in the process of stratification in the function of Euler and
Reynolds numbers have been obtained. The dependence of the diameter of totally absorbed particles of bulk
TMF components on the angular velocity of liquid droplets rotation in the process of hydrovortex classification
has been confirmed. The dependence of the relaxation time of liquid droplets with TMF micro- and nanoparticles
integrated in them in the process of hydrovortex classification on their median size has been set up. An equation for
calculating geometrical parameters of a Venturi stratifier on the required performance and energy characteristics of a
hydrovortex aerator has been obtained. The tests of the commercial prototype of a hydrovortex Venturi classifier
GKV-280 have been carried out

Key words: Recycling; stratification; classification; hydrovortex heterocoagulation; Venturi pipe; Reynolds and Euler num-
bers; fine technogenic waste; mining and metallurgical production; mineral formations; fine technogenic mineral formations
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Fig. 1. A schematic diagram of a hydrovortex Venturi
stratifier
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Fig. 2. A schematic diagram of a liquid droplet motion with
a TMF component particle integrated into it and the forces

affecting it under the conditions of hydrovortex
classification
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it on a median diameter: 1 — coal; 2 — silicon oxide; 3 — aluminum oxide; Re,=4-10, m

zy 10_1, M
A

2
Y
\A\‘

1
T
2

> d, 10, M
0 1 2 3 4 5 6

Deéfi. 4. Caaene T Tiol ETToAe Ta00 A0TATTAT 6TEEa80ToA odaceOesatee To Taaeal ITAT 46aT 4084 +anoed
geannedesacee: 1 — 0aTel; 2 — Téenu édal 1ey; 3 — Téenl aépieéiéy / Fig. 4. The dependence of the coordinate of an input
stratification collector on a median diameter of classification particles: 1 — coal; 2 — silicon oxide; 3 — aluminum oxide

A e.
ieé a i-
itée i ATTaT
faden. fioe dan-
daeaenacee ayoaoT-
0e6e8ad Tailoa
BagiasTi, + iT:af0eo
Oa80TOTA, Eéxd adTa-
T80T ATTET2AT &
arfag a é. Onaii-

Tae 146a TT-
éachiaa +afoeo 0da-
ETEEAB0THA f0dao €68360Toa
Taaeai 5

46



Earth sciences Bulletin of ZabGU. 2020. Vol. 26. No. 2

Az 102, M
7
PE
6 '//
5 v -
L
/ : /2
4 y
o /‘ / ‘ /]
3 i .
/A I
) // !
A VA
2 3 4 5 18 7 8 9 Gn107.m

Defi. 5. Cadene 1 Thol zede 10 A0TATTAT ETEE380TOA f0da0eOeEa0TAA TO AéfiTadnee T1aaéal ITAT dagT ada +afoed
ééanneoecacee: 1 — 6aTel; 2 — Téefil é0aT Tey; 3 — Tééfil aépiéiéy;d =210°1/
Fig. 5. The dependence of the width of an input stratifier collector on the dispersion of a median size of classified particles:
1 —coal; 2 —silicon oxide; 3 — aluminum oxide; d, = 2-:10°m

Dacoelvaotl yenraseiantaguiad ennea- 7ed 1860T- & faiT+afoecaie OT T A TOTOARA-
ATaaieé 3eA0TACOOAATAT [o0daceOeeacToa  NA AeA0TASOBAATE éeannedesadee cadened 1o
A&100de, ToTadaaiTad a «NTE-OANO», TTa-  TAAGATITAT 4€a1400a, +0T Vaeyaony TAiTa-
0addaeée aTnoaoT+1d6p aéy efxaiTadias dan- 07T Trodadeypuei O6a80TOTI aTnoexraiey
+a0TARGTACT TNOU N TOAAETRATITE TAacATace- A0NTETE yOOAG0eaATTROS éeannédedadee ca
+anéTé 1Tadelp fi+40 0Tdadcaiey aeTaieéTé efadoeTiiad

Cagep+aied. 0rdadcaiéd neToTnolp  fee TaonoaiTacawadidTny adead0TACO0BAATAT
adaniaiey eéareyie =e48TR0E A TATOANNRA d&-  AAéxaiéy AénTadsniTé fencdi O «éarey xea-
A0TAGO0AATE eéaNNeOeeatee TTCATEYA0 yO-  éThoé — 1e8dT+anoesaol I»

O480SATT dacadeyou Ta O68aévee i caaaiiteé FATi 400e+-aneed Tadai1dod0a fAodacede-
aefiTadneaé ieésT=anoeota i TTiefaguiai 8a0Toa AA&T00de Trddadéypony TTodAAITé
48aT400TH T0 (0,5 —5)-10° 1. AdATy 046aéna- TOTECATAROABUTTAOIP & yiddadoe-afieeie
Oée eaTael =eaéTnoe N efodasedTaaiitie a Jadadoddenoeéai e 4eadTAS00AATAT aydaoToa.
NTeATE 6808530680

1. AT6a34a b. E., A4eadyi A. E., CRA8 A T., EATdoda A. A. Aééyied aTAaaTé 833ed0pied 640aT e+4-
i 72 108680081014 TABAT 4080 & AaTEéM0aa 0a2da 00 ATEAATA // AdfoTes NeAesneTaT ATHOAAD-

T &+ANETAT 6Tead0Me0dda el . adaadieca 1. O. PAzdoraaa. 2013. & 3. N. 174-181
T., T1aéa0Ta A 1., 1aeadTa I. A, OaTeuieéTa A. A., E€6aiTa A. A. YOOAR802aTaY &T-
0ATEUTTE TOEe fi eATTEICTAATEAT 4CADTACGDAATE eTadoeyvee // AdnoTéé TAST AETAT
fEAATAA0ABUNETAT TTEROASTE+ANETAT 6TCAABMRE0A0a. AATETAey. TAO0AAACTATA & ATOITA

18.0.18, = 2. N. 178-189

T
O3eoearTnoe AORTETTATTOTTAT 4eA0TTAANTOESA
fieddoa. 2018. 0 24, 2 5. N. 13—-20.

4. OaTeTaA. A, 0dedder A. A, Na+eadda b. A. TATTAO 4e40TTAANTOEcAATeY // AACTTARTTAOU ®ecTasd-
Yo&&luiTRoe. 2007. X 10. N. 1-24.

5. Oceéf T

6. 0afaiedtaa A. A, Avdanyi E. 1., Aa@1TAYT A. b TTE0+4Te8 Ta6TUAET+TTAT A0ATETASATASATTAT
8T00Taa &c 382 TTcal iTé TOée. Addaai: Oel e+aneeé modTae AdTaiee. 2008. 0. 61, 1. N. 37-44.

7. Alymenko N. I., Kamenskikh A. A., Nikolaev A. V., Petrov A. I. Numerical modeling of heat and mass transfer
during hot and cool air mixing in a supply shaft in underground mine // Eurasian mining. 2016. No. 2. P. 45-47.

3. TagadTaA 1., TagasTa I A, TroarTa A A, lragétaay. 1.
A arey ot 3

a7



Aafioieé Caaid. 2020. 0. 26, 1 2 Ta66e T CAies

8. Davydov S. Ya., Apakashev R. A., Korukov V. N. Capturing Nanoparticles in Alumina Production // Refrac-
tories and Industrial Ceramics. 2016. Vol. 57, No. 1. b. 9-12.

9. Davydov S. Ya., Apakashev R. A., Korukov V. N. Utilization of alumina calcining furnace dust containing
nanoparticles // Refractories and Industrial Ceramics. 2014. Vol. 55, No. 4. b. 291-294.

10. Korshunov G. |., Kovshov S. V., Safina A. M. Dust control methods in open-pit mining. Current state of
physical & chemical research // Ecology, Environment and Conservation. 2017. Vol. 23, No. 2. P. 883—889.

11. Lyashenko V. I., Gurin A. a., Topolniy F. F, Taran N. A. Justification of environmental technologies and
means for dust control of tailing dumps surfaces of hydrometallurgical production and concentrating plants //
Metallurgical and mining industry. 2017. No. 4. b. 8-17.

12. Makarov V. N., Davydov S. Ya. Theoretical basis for increasing ventilation efficiency in technological pro-
cesses at industrial enterprises // Refractories and Industrial Ceramics. 2015. Vol. 56, No. 1. P. 103—-106.

13. Nikulin A., Kovshov S., Mrachkova E. Recycling of liquid and solid waste into fuel pellets and briquettes //
Production Management and Engineering Sciences: collection of articles of the International conference ESPM
2015. 2016. P. 223-228.

14. Wu D., Yin K., Yin Q., Zhang X., Cheng J., Ge D., Zhang P. Reverse circulation drilling method based on a
supersonic nozzle for dust control // Applied sciences (Switzerland). 2017. Vol. 7, No. 1. P. 5-20.

References

1. Gordeev Yu. |., Abkaryan A. K., Zeer G. M., Lepeshev A. A. Vestnik Sibirskogo gosudarstvennogo
aerokosmicheskogo universiteta im. akademika M. F. Reshetneva (Siberian State Aerospace University named
after academician M. F. Reshetnev), 2013, no. 3, pp. 174-181.

2. Kosarev N. P., Makarov V. N., Makarov N. V., Ugolnikov A.V., Lifanov A. V. Vestnik Permskogo natsion-
alnogo issledovatelskogo politekhnicheskogo universiteta. Geologiya. Neftegazovoe i gornoe delo (Bulletin
of the Perm National Research Polytechnic University. Geology. Oil and Gas and Mining), 2018, vol. 18, no. 2,
pp.178-189.

3. Makarov V. N., Makarov N. V., Potapov V. V., Gorshkova E. M. Vestnik Zabaykalskogo gosudarstvennogo
universiteta (Transbaikal State University Journal), 2018, vol. 24, no. 5, pp. 13-20.

4. Frolov A. V., Telegin V. A., Sechkerev Yu. A. Bezopasnost zhiznedeyatelnosti (Life safety), 2007, no. 10,
pp. 1-24.

5. Fuchs N. A. Mekhanika aerozoley (Mechanics of aerosols). Moscow: Publishing House of the Academy
of Sciences of the USSR, 1955. 352 p.

6. Khanamirova A. A., Apresyan L. P, Adimosyan A. R. Erevan: Himicheskiy zhurnal Armenii (Erevan: Chem-
ical Journal of Armenia), 2008, vol. 61, no. 1, pp. 37—44.

7. Alymenko N. ., Kamenskikh A. A., Nikolaev A. V., Petrov A. . Eurasian mining (Eurasian Mining), 2016, no. 2,
pp. 45-47.

8. Davydov S. Ya., Apakashev R. A., Korukov V. N. Refractories and Industrial Ceramics (Refractories and
Industrial Ceramics), 2016, vol. 57, no. 1, pp. 9-12.

9. Davydov S. Ya., Apakashev R. A., Korukov V. N. Refractories and Industrial Ceramics (Refractories and
Industrial Ceramics), 2014, vol. 55, no. 4, pp. 291-294.

10. Korshunov G. I., Kovshov S. V., Safina A. M. Ecology, Environment and Conservation (Ecology,
Environment and Conservation), 2017, vol. 23, no. 2, pp. 883—889.

11. Lyashenko V. I., Gurin A. A., Topolniy F. F,, Taran N. A. Metallurgical and mining industry (Metallurgical
and mining industry), 2017, no. 4, pp. 8-17.

12. Makarov V. N., Davydov S. Ya. Refractories and Industrial Ceramics (Refractories and Industrial Ceramics),
2015, vol. 56, no. 1, pp. 103-106.

13. Nikulin A., Kovshov S., Mrachkova E. Production Management and Engineering Sciences: collection
of articles of the International conference ESPM 2015 (Production Management and Engineering Sciences:
collection of articles of the International conference ESPM 2015), 2016, pp. 223—-228.

14. Wu D., Yin K., Yin Q., Zhang X., Cheng J., Ge D., Zhang P. Applied sciences (Switzerland) (Applied
sciences (Switzerland)), 2017, vol. 7, no. 1, pp. 5-20.

48



Earth sciences Bulletin of ZabGU. 2020. Vol. 26. No. 2

Ta8a0Ta Acaaeied 1eéTeadae+, 4-0 0461, Tacé, TOTOANATS, TOTOAANTO 6a0A4D0 4TOTTE Tadaieée, 0dasuneeé aTho-
A20M0AATTOE ATATOE 6Tea4dMR040, 4 Aeacdde 14603 DTANSY. TAsanol Ta6+T100 eT0404NTA: Tadée T CAT &4, Ta041a0e+a-
fiET4 TTadeedTaATEd

uk.intelnedra@gmail.com

OaTeliTeeTa Agdenarad AcaseleoTae+, eafa. 040T. Ta0e, ATOAT0, caddadplieé adAAdTE yeaeodToddTeee, 0dasineed
ATA0AAOM0AATTOE ATATOE 0TeA40ME0A0, 4 Aea0adeTa0d3 DTAfeY. Tasanol Tac+1006 €T040ANTA: Tadée T CA1éd, Tacdia-
0e+anéTa 1Tadeesraarea

ugolnikov@yandex.ru

T2620Ta TeéTeaé AsanetedTae+, BaT4. 0406T. Ta08, ATOAT), caA
430M0a4TTOE ATOTOE 6TeA45e0A0, 4 AeaoddeTacds DTifey. Ta
fiéTa 1TadeedTaared

QAN =X A A ANFAA N

aAsdenarad AeeoToTae+, aa
i TTaTéine, bThfey. Taganou 1ac+ia
info@oilgazmash.ru

Briefly about the authors

Vladimir Makarov, doctor of technical sciences, professor, professor of Mining Mechanics department, Ural State Mining Uni-
versity, Yekaterinburg, Russia. Sphere of scientific interests: Earth sciences, mathematical modeling

Aleksander Ugolnikov, candidate of technical sciences, assistant professor, head of Electrical Engineering department, Ural
State Mining University, Yekaterinburg, Russia. Sphere of scientific interests: Earth sciences, mathematical modeling

Nikolay Makarov, candidate of technical sciences, assistant professor, head of Mining Mechanics department, Ural State Min-
ing University, Yekaterinburg, Russia. Sphere of scientific interests: Earth sciences, mathematical modeling

Aleksander Lifanov, general director, OilGasMash Research and Production Complex LLC, Podolsk, Russia. Sphere of scien-
tific interests: Earth sciences, mathematical modeling

Tadacao veoedTaaiey
TaeasTa A, 1., daTeiieeTa A. A, TagasTa I. A, Ee6aiTa A. A. YOOA80eATOE ATTATA G0eéecacee TasETASTTAdATO0
0401 TAATTO0 TOOTATA ATATT-130a660046+ANETAT TOTecATAMNOAA // Adf0Teé CaaaélasUneTaT dTH0AadM0AaT ITAT 6T€add-

Makarov V., Ugolnikov A., Makarov N., Lifanov A. Efficient method of recycling of finely dispersed man-made wastes of mining
and metallurgical production // Transbaikal State University Journal, 2020, vol. 26, no. 2, pp. 40—49. DOI: 10.21209/2227-
9245-2020-26-2-40-49.
Noaoty TTHoOTEEA & BAaacdep: 09.12.2019 &
Noaoly Tde Tyoa é Toaeeeanee: 05.02.2020 4

49



