SN 2181-7585

Y 1 —J 3 | A g INS™ 04"
/l J/II‘/al‘_‘,Q‘]I;( VA ISHLAB CHIQARISH JURNALI
CIENTIFIC, TECHNICAL AND INDUSTRIAL JOURNAL

A \lljb BULLETIN

DI ZB SR AN

Mining Bulletin of Uzbekistan Ne 1 (104) January - March 2026

E"
,
E' 2
S

X

@)
2
K
o B
Se.
3
5

=

\‘N

S




WHHOBALIUA ONSA normet

NMPOV3BOAUTE/IBHOCTW NORMET.COM

Cepus -L B npounssoacTeeHHoON anHenke Normet o6nanaeT BbICOKON
NPOU3BOAUTENBHOCTBIO U HAAEXKHOCTbLIO A1 CaMbIX TSHKENbIX YCN0BUIN padboT
B LLIAXTaX U TOHHENAX.

> MuHMManbHbIN BbIGPOC BbIX/IOMHbIX FA30B — YUCTbIM BO3AYX B BblpaboTkax
> HoBas ycoBeplueHCTBOBaHHas KabuHa ¢ ny4wmnm 0630poM U 3proHOMUYHOCTbIO
> YBenuyeHHas mowHocTb [BC 1 Apyrux y3n08 AN BbICOKOW NPOM3BOAUTENIBHOCTH

Utimec LF 130 Material Regular

Utimec LF 130 Material Flat

Utimec LF 1000 Water &
Utimec LF 1000 Fusl

Utimec LF 090 Dumper

Multimec LF 100

Utimec LF 700 Transmixer

Utimec LF 700 Agitator

Utimec LF 600 Transmixer

Utimec LF 600 Agitator

Utimec LF 500 Transmixer

COOBLWUTE HAM CBOMU NMOTPEEHOCTW!

Normet International Ltd.

lpencraenrenscreo 8 Pecnybnuike YabekvcraH, nTawkeHr, 100084, yn. A-Temypa S5A.
Ten: +998 93 380 0799

Ddakc: +998 78 140 92 92



0‘zhekistorn

limiy-texnik va ishlab chigarish jurnali, 1997 vyil iyul oyidan chiga
boshlagan. Bir yilda to‘rt marta nashr etiladi.

Ta’sischilar:

«Navoiy kon-metallurgiya kombinati» AJ, Navoiy davlat konchilik va
texnologiyalar universiteti, O‘zbekiston geotexnologiya va rangli
metallurgiya  ilmiy-tadgiqot ~va  gidiruv-loyihalashtirish  instituti
«O‘zGEORANGMETLITI» MChJ

Moliyaviy go‘llab quvvatlovchi:
«Navoiy KMK» AJ

Bosh muharrir:
Sh.Sh. Aliqulov

Bosh muharrir o‘rinbosari:
U.Z. Sharafutdinov

Texnik va badiiy muharrir:
G.J.Davronova, D.R.Oripov

Bo‘limlar bo‘yicha tahrir hay’ati tarkibi: Sanaqulov Q.
(O‘zbekiston), Mardonov B.T. (O‘zbekiston), Duysebayev B.O.
(Qozog‘iston), Gapeyev S.N. (Ukraina), Mahmudov A.M.
(O'zbekiston), Misliboyev  LT. (O‘zbekiston), Nosirov U.F.
(O'zbekiston), Raimjanov B.R. (O‘zbekiston); Snitka N.P. (O'zbekiston),
Halimov .U. (O‘zbekiston), Drebenstedt K. (Germaniya), Hamroyev |.O.

(O'zbekiston), Mirhadjayev B. (O‘zbekiston), Dementyev V.E.
(Rossiya), Abdurahmonov S.A. (O‘zbekiston), Samadov A.U.
(O'zbekiston), Xasanov A.S. (O'zbekiston), Ergashev U.A.
(O'zbekiston), Yakubov M.M. (O‘zbekiston), Volkova O.N.
(Germaniya), Mishina O.V. (Germaniya), Mustakimov O.M.
(O'zbekiston), Xamidov R.A. (O‘zbekiston), Voxidov B.R.
(O'zbekiston), Doniyarov N.A. (O‘zbekiston), Muxiddinov B.F.
(O‘zbekiston), Nurmurodov T.l. (O‘zbekiston), Reymov A.M.
(O'zbekiston), Sagdiyeva M.G. (O‘zbekiston), Hamidov X.I.
(O'zbekiston), Sharipov S.Sh. (O‘zbekiston), Abduazizov N.A.

(O'zbekiston), Kovalyov 1.V. (Rossiya), Ataqulov L.N. (O‘zbekiston),
Egamberdiyev |.P. (O‘zbekiston), Tabakman I|.B. (Kanada),
Qarshibayev A.l. (O‘zbekiston), Narzullayev B.Sh. (O‘zbekiston),
Vorobyov A.G. (Rossiya), Kadirov Y.B. (O‘zbekiston), Botirov T.V.
(O'zbekiston), Gulyamov B.V. (O‘zbekiston), Raziqgov Z.A.
(Tojikiston), Raxmatov A.B. (O‘zbekiston), Vorobyov A.E. (Rossiya),
Kvint V.L. (Rossiya), Djulibekov N.K. (O‘zbekiston), Ashurova N.B.
(O'zbekiston).

Jurnal O‘zbekiston Matbuot va axborot agentligida 2006 yil 13
dekabrda ro'yxatga olingan. Qayd etish  guvohnomasi
Ne 0033. ISSN 2181-7383, 2013 yil 9 iyul kuni gayta ro‘yxatga olin-
gan bo'lib gayd etish guvohnomasi Ne 01-22/37 S

Jurnaldan ko‘chirib bosilganda manba gayd etilishi shart

Jurnalda chop etilgan ma’llumot va keltiriigan dalillarning anigligi
uchun muallif javobgardir

Tahririyat manzili:
210100, Navoiy viloyati, Navoiy, G'alaba ko'chasi, 76V
Navoiy davlat konchilik va texnologiyalar universiteti

Tel.: +99879 227-47-16
E-mail: konchilik_xabarnomasi@nsumt.uz

Web-sayt: http://www.gorniyvestnik.uz
Mugova, dizayn, terish bo‘yicha mas’ul:
G.J. Davronova, D.R. Oripov

Jurnalning chop etilishi va elektron shaklini yangilab
boruvchi mas’ul:
Aliqulov Sh.Sh.

Chop qilindi:

NDKTU

210100, Navoiy viloyati, Navoiy, G'alaba ko'chasi, 76V
Tel.: +998 (79) 223-23-32, +998 (79) 223-49-66

Nashr etishga 25.03.2026 y. imzolandi
A3 formatda. Adadi 100 nusxa
© O‘zbekiston konchilik xabarnomasi 2026

Scientific, Technical and Industrial Journal, published since July
1997. Issued four times a year.

Founders:
Joint-Stock  Company  “Navoi Mining and  Metallurgical
Combine” (NMMC),Navoi State University of Mining and

Technologies, Research and Design Institute of Geotechnology and
Non-Ferrous Metallurgy “UzGEORANGMETLITI” LLC.

Financial Support:

JSC “Navoi Mining and Metallurgical Combine” (NMMC)
Editor-in-Chief:

Sh.Sh. Alikulov

Deputy Editor-in-Chief:
U.Z. Sharafutdinov

Technical and Artistic Editors:
G.J. Davronova, D.R. Oripov

Editorial Board by Sections: Sanakulov K. (Uzbekistan),
Mardonov B.T. (Uzbekistan), Duysebaev B.O. (Kazakhstan),
Gapeev  S.N.  (Ukraine), Mahmudov A.M. (Uzbekistan),
Misliboev  LT. (Uzbekistan), Nosirov U.F. (Uzbekistan),
Raimjanov B.R. (Uzbekistan), Snitka N.P. (Uzbekistan),
Halimov  L.U.  (Uzbekistan), Drebenstedt K. (Germaniya),
Hamroev 1.O. (Uzbekistan), Mirhadjaev B. (Uzbekistan);
Dementyev V.E. (Russia), Abdurahmonov S.A. (Uzbekistan),
Samadov A.U. (Uzbekistan), Khasanov A.S. (Uzbekistan),
Ergashev U.A. (Uzbekistan), Yakubov M.M. (Uzbekistan),
Volkova O.N. (Germany), Mishina o.V. (Germany),
Mustakimov O.M. (Uzbekistan), Khamidov R.A. (Uzbekistan),
Vokhidov B.R (Uzbekistan), Doniyarov N.A. (Uzbekistan),
Muxiddinov B.F. (Uzbekistan), Nurmurodov T.l. (Uzbekistan),

Reymov A.M. (Uzbekistan), Sagdiyeva M.G. (Uzbekistan), Hamidov
X.l. (Uzbekistan), Sharipov S.Sh. (Uzbekistan); Abduazizov N.A.
(Uzbekistan), Kovalyov LV. (Russia), Ataqulov L.N. (Uzbekistan),
Egamberdiev |.P. (Uzbekistan), Tabakman I.B. (Canada),
Qarshibayev A.l. (Uzbekistan), Narzullayev B.Sh. (Uzbekistan),
Vorobyov A.G. (Russia), Kadirov Y.B. (Uzbekistan), Botirov T.V.
(Uzbekistan), Gulyamov B.V. (Uzbekistan), Raziqov Z.A. (Tajikistan),
Rakhmatov A.B. (Uzbekistan); Vorobyov A.E. (Russia), Kvint V.L.
(Russia), Djulibekov N.K. (Uzbekistan), Ashurova N.B. (Uzbekistan).

The journal is registered with the Uzbek Agency for Press and Infor-
mation. Registration certificate No. 0033 dated 13 December 2006.
ISSN 2181-7383, registration No. 01-22/37 S dated 9 July 2013.

When reprinting materials, a reference to the journal is mandatory.

The authors are responsible for the accuracy of the facts and the
reliability of the information.

Editorial address:
210100, Galaba avenue 76v, Navoi city, Navoi region, Uzbekistan
Navoi State University of Mining and Technologies

Ten.: +99879 227-47-16
E-mail: konchilik_xabarnomasi@nsumt.uz

Website: http://www.gorniyvestnik.uz

Cover, design, computer layout:
G.J. Davronova, D.R. Oripov

Responsible for publishing and updating
the electronic form of the journal:
Aliqulov Sh.Sh.

Printed:
NSUMT
210100 Galaba avenue 76v Navoi city,

Approved for printing on 25 December 2025.
Format: A3. Print run: 100 copies.

vo region, Uzbek
. +998 (79) 223- 23 32 +998 (79) 223-49-66
© Mountain Herald of Uzbekistan 2025

_‘—
C)_
S———1°%
o
_\—

746" >


http://www.gorniyvestnik.uz
http://www.gorniyvestnik.uz

2

MUNDARIJA / OF'TIABIIEHUE

FOYDALI QAZILMALARNI BOYITISH /
OBOrALEHNE MOJIE3HbIX UCKOIMAEMbIX

CaHakynos K., 3prawes Y.A., Yynues I.®., Kapomatos C.C.,
®apmoHoB W.3. MpoMbilLneHHOe NMpUMEHeHne NUTHOCYbgoHa-
Ta HaTpus npu nepepaboTke YrnepoancTbix 30M0TOCOAEPKALLMX
KOHLEHTPATOB ...ttt ettt e e e e

METALLURGIYA / METAJINTYPIUA

UnxamoB M.A., MyHocu6os LI.M., Markapumo C.T.,
KapumxoHoB B.P. KuHeTuka v dhakTopbl, BRMsiowme Ha npo-
Lecc kapboTepMMYecKOro BOCCTAHOBNEHWS CTaneniaBuIbHON
TIBITIV et ettt e et e e e ene e enne e e e

WnxamoB M.A., MyHocubos LI.M., Markapumo C.T.,
MakcypoB LLL.A. vgpometannyprudeckas nepepabotka mnbinu
OON: un3BneveHne UWMHKA U PELMKIMHT Kene30COLepallero
ocTaTka B CTANENNaBUIbHOM MPONU3BOACTBE ...cc.vvevvvereerneeennes

AxvepoB M.C., Onpowes C.M., AsumoBa A.b.
HeTpaauumoHHoe rapomMeTannypriuyeckoe pasaeneHue xenesa,
UMHKA M Meau M3  OTXOHOB  MEAHOW  MpOMbILINEH-
o)1 1 PO

GEOTEXNOLOGIYA /TEOTEXHO/IOMNA

Amvkynos LLLLW., Haspysos T.10., Xanmmos WU.10., LLlaponos K.P.
BriusHve cepoBofopoda Ha MpOLECC MOA3EMHOM BbiLLEMaumMBaHus
ypaHa 13 KapBOHATHO-CYNbGMOCOAEPKALLMX PYL. ... .eeeeeereaneeaneees

Misliboev L.T., Mutavaliev A.T., Tadjiyev Sh.T. Tog'li hudud-
lardagi ruda konlarni ochig-yer osti usulida qazib olishda
konturorti zahiralarini ochish tizimi variantlarini asoslash ............

KON MASHINALARI VA USKUNALARI/
FOPHBIE MALUWHBI U O6OPY[JOBAHUE

Dxypaes P.y., KatomoB Y.3. [loBbieHne atheKTMBHOCTM

OYMCTKN BMYCKHOrO BO3AyXa ABUraTeneil BHYTPEHHErO CropaHus
TOPHBIX MALUMH ..o

HAYOT FAOLIYATI XAVFSIZLIGI VA EKOLOGIYA /
BE30IMACHOCTb XXNU3HELEATENIbHOCTN U 9KOIIOIMUs

A.Batool, S.Kumar., N.M.Shahani. Pokistonda ko'mir qazib
olishning hozirgi holati va kelajak istigbollari ............cccceeoenne

O'zbekiston konchilik xabarnomasi Ne 4 (103) 2025

10

16

21

27

35

40

MASHINASOZLIK TEXNOLOGIYASI /
TEXHOJI0M1s MALUMHOCTPOEHUA

Mapgxos B.T., Wakynos B.K., CaindomauHos 0.0. BrnusHue
CKOPOCTY Pe3aHnsi Ha TOYHOCTb W LIEpPOXOBATOCTb LMNMHAPUYE-
CKWX 3yBYaTBIX KONEC NMPU LUEBUHIOBAHUMN ......eeeveeeeeeeiieeneans

Odrambepaues WU.M., Ouunos
nccnefoBaHue  UMUTALMOHHOM
MO3MLIMOHMPOBAHNSA (PE3EPHOTO CTaHKa

Y.H0. Paspabotka u
mMofenu  CUCTEMBI

MATERIALSHUNOSLIK / MATEPUAJIOBELEHUNE

Mardonov B.T., Sayfidinova M.X. Ftor tutuvchi mikrodomen-
larga ega bo'lgan kalsiyga boy po‘lat ishlab chigarish shlakini
XUSUSUYatini 0 Tganish .........eooiiiiieiiie e

Caunbos M.®., Ynyroe I'.[l., AwypoB X.X. MHTerpanbHoe Tep-
MOKMHETUYECKOE MOZENUPOBaHNe CTPYKTYPHON reTeporeHHoCTH
W 9KCMNyaTaUMOHHOrO  pecypca  KpynHorabapwTHbIX — Ban-
wectepeH n3 cTam 34XH3MA ...

OHambepaues WU.M., Canbor M.®. Mcnonb3oBaHne TepmMokuHe-
TUYECKUX MOfleneil Ansi MPOTHO3MPOBAHUS! CTPYKTYPbI U CBOWCTB
BAMT-LUECTEPEH ..vvevvvevieeeiieesteeeeiiestreesiraessveesneeesnneesreerseeas

ILMIY-LABORATORIYA IZLANISHLARI/
HAYYHO-JIABOPATOPHbIE U3bICKAHUA

AxmatoB A.A. VIHTeHCUdMKaLmMs KOHTaKTHOrO TennoobmeHa B
BMXPEBOM anrnapaTte A5 MOBbIlLeHNS 3PHEKTUBHOCTM MOKPONA
OUMCTKY TA30B ...ttt ettt

ELEKTR ENERGETIKASI VA ELEKTROTEXNIKA /
O/IEKTPOSHEPIETUKA U SNTIEKTPOTEXHMKA

Mavlonov J.A., Olimov J.S. Konchilik sohasida konusli mayda-
lagichning energiya sarfi va mahsuldorligining funksional sxe-
masini tadqiq etish ..........coevviiieii

Murodov X.Sh., Bozorova M.B. Yugori sig'imli akkumulyator
batareyalari ishonchliligini oshirish usullari ...................cc.o....

Ataullayev N.O., Tog‘aymurodov S.Z. Transformator tebranish
tezlanishi va uning qolgan ishlatish muddati o'rtasidagi
bo‘gliglikning ilmiy asoslashtirilishi ................ccccceiiieiiiiinnnn.
Tovboyev AN. Tog‘ayev I.B. Yugori kuchlanishli elektr uzatish
liniyalarida tojlanish hodisasi va energiya yo'qotishlarining naz-
ariy asoslarini tahlil qilish ...

TABRIKLAR / N1O3PABJIEHUA

Turapov Mirali Kamalovich — 75 yilligi ..............................

54

59

67

72

79

88

94

98

103



CONTENTS

MINERAL PROCESSING

K.Sanakulov, U.A.Ergashev, S.S.Karomatov, F.G.Chuliev,
L.LE.Farmonov. Industrial application of sodium lignosulfonate in
the processing of carbonaceous gold-bearing concentrates ........ 4

METALLURGY

llkhamov M.A,, Munosibov Sh.M., Matkarimov S.T., Karim-
jonov B.R. Kinetics and influencing factors in the carbothermic reduc-
tion process of steelmaking dust ............cccooeveiiiiiiiiic 10

llkhamov M.A., Munosibov Sh.M., Matkarimov S.T., Maksu-
dov Sh.A. Hydrometallurgical processing of EAF dust: zinc extraction
and recycling iron residue in steelmaking ............oooovvveniiiievinnnnn, 16

Axmedov M.S., Yuldoshev S.M., Azimova A.B. Study Non-
conventional hydrometallurgical separation of iron, zinc, and
copper from copper industry waste ............ccccooeeiiiiiiiiiieen 21

GEOTECHNOLOGY

Aliqulov Sh.Sh., Navruzov T.Y., Xalimov LU., Sharopov Q.R. The
effect of hydrogen sulfide on the in-situ leaching of uranium from
carbonate-sulfide-bearing ores ............c.occcevieeniiiiiienieennn, 27

Misliboev I.T., Mutavaliev A.T., Tadjiev Sh.T. Justification of
options for the system of opening up contour reserves in open-pit
and underground development of ore deposits in mountain
(T USSR TUPRSRR 35

MINING MACHINERY AND AQUIPMENT
Djuraev R.U., Kauymov U.E. Enhancement of intake air filtra-

tion efficiency for internal combustion engines of mining equip-
MMENE Lt 40

INDUSTRIAL SAFETY AND ENVIRONMENT

A.Batool, S.Kumar., N.M.Shahani. Current status and fu-
ture prospects of coal mining in Pakistan .................. 48

MECHANICAL ENGINEERING

Mardonov B.T., Shakulov B.K., Sayfidinov 0.0. Effect of cut-
ting speed on the accuracy and surface roughness of cylindrical
gears during Shaving ..........coceeiveerireiiee e 54

Egamberdiyev I.P., Ochilov U.Y. Development and study of a
simulation model of a milling machine positioning system ........... 59

MATERIAL SCIENCE

Mardonov B.T., Sayfidinova M.X. Characterization of calcium-rich
steel slag with fluorine-bearing microdomains ...............ccccoevienenn 67

Saibov M.F., Ulugov G.D., Ashurov X.X. Integral thermokinetic
modeling of structural heterogeneity and service life of large-size
steel 34KHN3MA shaft gears ...........cccooviviiciiiiiiiiic e 72

Egamberdiev LP., Saibov M.F. Application of thermokinetic
models for predicting the structure and properties of shaft
GBS -ttt et ettt 79

RESEARCH AND LABORATORY STUDIES

Akhmatov A.A. Intensification of contact heat exchange in a vortex
apparatus to improve the efficiency of wet gas cleaning ................. 88

POWER ENGINEERING AND ELECTRICAL ENGINEERING

Mavlonov J.A., Olimov J.S. Research on the functional scheme
of energy consumption and productivity of a cone crusher in the
MINING INAUSHY.....cee e 94

Murodov X.Sh., Bozarova M.B. Ways to increase the reliability
of high-capacity battery batteries .............ccoociiiiiiiiiiiie 98

Ataullayev N.O., Togaymurodov S.Z. Scientific justification of
the relationship between transformer vibration acceleration and
its remaining useful life ............ccooveeiiiiii i 103
Tovbaev A.N., Togayev L.B. Analysis of the theoretical founda-
tions of corona discharge phenomena and energy losses in high-
voltage power transmission lines

TABRIKLAR / NO3PABJIEHUA

Turapov Mirali Kamalovich — 75 Years! ..................c........... 117

IopHb It éecmHuk Y36ekucmara Ne 4 (103) 2025

3



4

FOYDALI QAZILMLARNI BOYITISH

YOK 621.314 DOI:10.70769/2181-7383.MBU.1(104).2026.1

MPOMBILWITEHHOE NPUMEHEHWUE NUTHOCYJIb®OHATA HATPUA
NP NEPEPABOTKE YIMEPOOUCTbIX 30IOTOCOOEPXALLUX
KOHLEHTPATOB

Canakynos K., Jprawes Y.A., Yynues .®..,
MpeacenaTent NpaBneHus — reHepanbHbIi 3amecTuTenb HavanbHUKa TEXHOMOMMYECKOTo [pekTop MMapomeTannypriyeckoro
avpektop AO «HMMK», A.T.H., npoceccop otaena AO «HI'MK, a.T.H., npodbeccop 3aBoga Ne5 AO «HIMK, PhD

f \
= =3

Kapomarog C.C., ®apmoHoB U.3.,
['naBHbIN MHXeHep MMapoMeTanypruieckoro 3amecTuTenb HauanbHyka nabopatopum
3aBopa Ne5 AO «HI'MK» F'wopomeTannypruyeckoro 3asoga Ne5 AO «HIMK»

AHHOmayus. B Hacmoswee spems Muposas 3010modobbigalowas NPOMbILTEHHOCML CManKueaemesi ¢ 00beKMUBHbLIMU MEeXHOM02UYECKUMU 8bI308amu,
06yCroseHHbIMU UCMOWEHUEM 3anacog /1e2ko0602amuMbIX OKUCTEHHbIX 30momocodepxawux pyd u eospacmarowel donel ynopHo20 MUHEPAaNbHO20 ChbIpbS.
CywecmeseHHyto crioxHocmbs nepepabomku npedcmaensom CmpyKmypHas U eewecmeeHHasi He0OHOPOOHOCMb 3010ma, e20 npucymemaue 8 ynbmpaducnepcHol
U HaHopasmepHoll (popme (1 Hm = 10 ~°m), a maKxKe mecHas accoyuayus yacmuy 30/10ma ¢ CynibUOHOU Mampuuel U yanepodcodepxauiumu KoMnoHeHmamu pyo.
Hanuyue npupodHozo akmugHo2o yenepoda npusodum K aghchekmy «preg-robbing», CHuxXas u3eneyeHue 3010ma npu mpaduyuoHHOM LUaHUpO8aHUU. Yka3aHHbIe
¢hakmops! 0bycriosnugatom Heobxo0uMocmb eosneyeHusi 8 nepepabomky pyd dsoliHol u mpolHol ynopHocmu ¢ pa3pabomkoll cneyuanuaupogaHHbIX, Hay4Ho
060CHOBaHHBIX MEXHOMO2UYECKUX peLeHull.

B daHHoll cmambe paccMampugaomcs mexHonoaudeckue npobems| usgeyeHus 3onoma u3 pyd 08oliHol ynopHocmu MecmopoxdeHusi Aymur3o-Amarmol,
Xapakmepu3yrouwuxcsi CIIoXHbIM MUHepasbHbIM COCMAasoM U 8bICOKOU CmeneHblo UHKancynsyuu 6nazopodHoeo memanna. [lpoaHanusuposaHbl pesynbmamel
3KCnepuUMeHmarnbHbIX U ONbIMHO-NPOMbIWIEHHbIX UCCIIe008aHUL, HanNPaBNeHHbIX Ha NOBbILEHUE CMENEeHU BCKPLIMUS 30710Ma U CHUXEHUE He2amusHO20 G1USHUS
yenepoducmelix u cynbgpudHbix gpa3. Ocoboe sHUMaHUe yOeneHo npuMeHeHuo npedsapumerbHbIX Memodog OKUCIUMENbHOU N0020MOoBKU ChbIpbs, 8KM0Yas buoxu-
muyeckoe U mepmuyeckoe o3delicmeue, a makxe KOMOUHUPOSaHHbIX cxem nepepabomku. [lokadaHo, Ymo eHedpeHUe KOMNIEKCHbIX MexHomoaull no3gonsem
CYWecmeeHHO N0BbICUMb U3BIIeYeHuUe 30710ma U co30ame NpednochITku O NPOMBIWIIEHHO20 OCBOEHUS YNOPHBIX Pyd MECMOPOXAEHUS npu NPUEMIEMbIX MeXHU-
KO-3KOHOMUYECKUX NOKa3amersix.

Knroyesbie cnosa: ynopHoe 30momo, yenepoducmoe eewecmso, npeza-pobbuHe, CopOUUOHHas akmuBHOCMb, COPBULOHHOE UuaHUposaHue, O0bXue,
c80600HOe 30710MO, KancynuposaHue, MUSHOCYTbGOHam Hampusi, U3e/IeYeHUe.
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MINERAL PROCESSING

UGLERODLI OLTIN SAQLAGAN KONSENTRATLARNI QAYTA
ISHLASHDA NATRIY LIGNOSULFONATINING SANOATDA
QO‘LLANILISHI

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliyev, I.E. Farmonov

“Navoiy kon-metallurgiya kombinati” AJ, O'zbekiston Respublikasi

Annotatsiya. Hozirgi vaqtda jahon oltin qazib olish sanoati oson boyitiladigan oksidlangan oltin tarkibli rudalar zaxiralarining kamayib torishi hamda murakkab
tarkibli (qiyin boyitiladigan) mineral xomashyo ulushining ortishi bilan bog'liq obyektiv texnologik muammolarga duch kelmogda. Oltinni qayta ishlashda uning
strukturaviy va moddiy jihatdan notekis tagsimlanganligi, ultradispers va nanoo‘lchamli shakida (1 nm = 10 -° m) uchrashi, shuningdek, oltin zarralarining sulfidli miner-
al matritsa va uglerodli komponentlar bilan zich bog'langanligi jarayonni murakkablashtiradi. Tabiiy faol uglerodning mavjudligi an’anaviy sianlash jarayonida oltinning
ajralib chigishini kamaytiruvchi “preg-robbing” effektini yuzaga keltiradi. Mazkur omillar ikki va uch karra murakkab tarkibli rudalami qayta ishlashga jalb etish hamda
ularni qayta ishlash uchun maxsus, ilmiy asoslangan samarali texnologiyalarni yaratish zaruratini belgilaydi.

Ushbu maqolada murakkab mineral tarkibga ega va gimmatbaho metallning yuqori darajada inkapsulyatsiyalanganligi bilan tavsiflanadigan Auminzo-Amantoy
konining ikki karra murakkab rudalaridan oltin ajratib olishda yuzaga keladigan texnologik muammolar ko'rib chigilgan. Oltinni ochilish darajasini oshirish va uglerodli
hamda sulfidli fazalarning salbiy ta’sirini kamaytirishga qaratilgan laboratoriya va tajriba-sanoat tadqiqotlari natijalari tahlil gilingan. Xomashyoni oldindan oksidlovchi
tayyorlash usullarini, jumladan biokimyoviy va termik ishlov berishni, shuningdek, kombinatsiyalashgan qayta ishlash sxemalarini go‘llashga alohida e tibor qaratilgan.
Kompleks texnologiyalarni joriy etish oltin ajralishini sezilarli darajada oshirish hamda konning murakkab tarkibli rudalarini maqbul texnik-iqtisodiy ko'rsatkichlar aso-
sida sanoat miqyosida o‘zlashtirish uchun zarur shart-sharoitlarni yaratishi ko'rsatilgan.

Kalit so‘zlar: qiyin boyitiladigan oltin, uglerodli modda, preg-robbing, sorbsiya faolligi, sorbsion sianlash, kuydirish, erkin oltin, inkapsulatsiya, natriy lignosul-
fonati, ajratib olish.

INDUSTRIAL APPLICATION OF SODIUM LIGNOSULFONATE IN THE
PROCESSING OF CARBONACEOUS GOLD-BEARING
CONCENTRATES

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliev, I.E. Farmonov
“Navoiy Mining and Metallurgical Company” JSC, Republic of Uzbekistan

Abstract. At present, the global gold mining industry is facing objective technological challenges caused by the depletion of reserves of easily beneficiated
oxidized gold-bearing ores and the increasing proportion of refractory mineral raw materials. Significant processing difficulties arise from the structural and mineralogi-
cal heterogeneity of gold, its occurrence in ultrafine and nanoscale forms (1 nm = 10 ~°m), as well as the close association of gold particles with sulfide mineral matri-
ces and carbonaceous components of ores. The presence of naturally occurring active carbon leads to the so-called “preg-robbing” effect, which reduces gold recov-
ery during conventional cyanidation. These factors necessitate the involvement of double- and triple-refractory ores in processing and the development of specialized,
scientifically grounded technological solutions.

This paper examines the technological challenges associated with gold extraction from double-refractory ores of the Auminzo-Amantoy deposit, which are char-
acterized by a complex mineral composition and a high degree of noble metal encapsulation. The results of experimental and pilot-scale studies aimed at increasing
the degree of gold liberation and reducing the adverse effects of carbonaceous and sulfide phases are analyzed. Particular attention is paid to the application of
preliminary oxidative pretreatment methods, including biochemical and thermal treatments, as well as combined processing flowsheets. It is shown that the implemen-
tation of integrated technologies can significantly enhance gold recovery and create favorable conditions for the industrial development of refractory ores of the depos-
it with acceptable techno-economic performance.

Keywords: refractory gold, carbonaceous matter, preg-robbing, sorption activity, carbon-in-leach (sorption cyanidation), roasting, free gold, encapsulation,
sodium lignosulfonate, recovery.

BeepeHue

Mpobnema nepepaboTki YrnepoamcTbiX CynbMUAHBIX YMOPHbIX
30M10TOCOAEPXALUMX PYA OCTAETCH OOHON U3 Hanbonee CNOXHbIX 3a-
[Aay COBPeMEHHOMN rmapomeTannyprim [1,2].

B pyaax AaHHOrO Tuma OCHOBHasi YacTb 30M0Ta HAXoAMTCs B
TOHKOZWCNEPCHON hopme, Byayun MHKaNCynupoBaHa B Cynb(UAHBIX
MWHeparnax nbo accoLumnpoBaHa ¢ yrnepoancTbIMA KOMMOHEHTaMU.

KntoueBoit TPYAHOCTbIO SIBMSIETCS HAanUume B 3TUX pyaax yriepo-
pucTbIX BelecTs (YB), obnapatoLLyx BbICOKOA COPOLMOHHOI aKTUBHO-

cTbt0. [laHHoe 06CTOATENBCTBO  0OYCMOBIMBAET  SIBMEHME Mper-
pob66uHra (preg-robbing): 3on0T0, NepeLuesLLee B pacTBop B NpoLecce
LiMaH1pOBaHMSI, MOBTOPHO COpOMPYeTCS YIINCTLIM MaTepuanom, YTo B
KOHEYHOM MTOre Pe3KO CHIXKAET CTEMEHb €r0 U3BNEYEHNS U3 pyabl.
[ns npeogonexus BNMsHUS nper-pobOuHra B MUPOBOIA MpaKTUKe
©OblnK MCMbITaHbl pa3nuyHble NOAXOALI: MHTEHCUBHOE LMAHUPOBAHME C
ObICTPbIM  OTAENEHMEM PACTBOPA, MCMOMb30BAHUE CUHTETUYECKNX
COpBEHTOB, MpUMeEHeHWE (PrOTALMOHHBIX Macen, KepocuHa U Apyrux
NOBEPXHOCTHO-aKTMBHbIX BELLECTB A NaccvBaLuyW yrnepoga, BbICo-
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KoTemnepaTypHoe LuaHupoBaHue, o6paboTka CEPHUCTLIMM Lenoya-
MW W Opyve. Ha psge npeanpusiTuii OTMeYeHbl MONOXUTENbHbIE
pesynbTaTbl OT NPUMEHEHWS 3TUX METOAOB, OAHAKO MHOMME U3 HUX
VMEKT CyLIECTBEHHbIE TEXHOMNOTMYECKME OrPaHNYEHMS: MOBbLILLEHNE
pacxofa peareHToB, CMIOXHOCTU CaHUTaPHOI O4UCTKM, pUCK rMapodo-
6u3auum 3onoTocoaepaLLMX YacTuL M HebnaronpusTHOE BINSIHUE Ha
obopynoBaHye.

Matepuanbi u MeToauKKU MCCNEAOBaHUA

Pyna mecTopoxaeHusi «AymMuH30-AMaHTail», BbibpaHHas ans
AaHHOM paboTbl, TakKe OTHOCUTCS K YIMEepOLMCTbIM Cynb(UaHbIM
YNOPHbIM 30110TOCOAEPXALUMM pyaam. CornacHo pesynstatam paLmo-
HaNbHOrO aHanu3a, B KOHLEHTpaTax, nonyyeHHbIX npu oboralyeHuu
3TUX PYA, CoAepxaHue cBOBOAHO LMaHMPYeMOro 30M10Ta CoCTaBnseT
50-52 % (tabnmua 1).

Tabnuua 1

Pe3ynbTaThl pauMoHanbLHOro aHanusa Ha 3010710 (hJI0TOKOHLUEeHTpaTa pyAabl AyMMH30-AMaHTaNCcKoro pyaHoro
nonsa (kpynHocTb 94 % knacca - 0,071mm)

®opMbI HaxoX/AeHNA 30710Ta U XapaKTep ero accoLuaLmm ¢ pyAHbIMMU U o Y
nopoaoo6pasyowWwUMI KOMNOHEHTaMM ’
CsoboaHoe 1 B BiAE CPOCTKOB C PYAHBIMM M MOpOA006pasyoLmmm 19 520
KOMMOHEHTaMW (13BneKaemMoe LiMaHMpoBaHNeM) ' '
W3Bnekaemoe nocne obpabotkn NaOH (nokpbiToe nnéHkamu, accoLMMPOBAHHOE C aHTUMOHUTOM 1 @aMOPCHBIM
.. 0,36 1,6
KpEMHE3EMOM)
N3Bnekaemoe nocne 06paboTku CONSHON KUCMOTOM (aCCOLMMPOBAHHOE C 114 50
oKcuaamm, TMapoKeMaamu xenesa, Xnoputamu, kapboHatamu 1 np.) ’ '
N3snekaemoe nocne 06paboTku a30THOI KUCNOTON (aCCOLMMPOBAHHOE C 333 147
cynbugamu) ’ ’
W3Bnekaemoe nocne okucnutensHoro obxura npu t=650°C (accoLmmpoBaHHOE C yrnepoanCTbIM BELECTBOM) 2,37 10,1
ToHKOBKpanneHHoe B NOPOA00Dpa3ytoLMe MHEpPanbl 3,81 16,6
Wtoro B ucxogHoii npoGe no 6anaHcy: 22,9 100,0

HecmoTps Ha 3T0, U3BNeYeHre 30r10Ta Npy NPIMOM COPOLIMOHHOM
LmaHupoBaHum coctaenset He 6onee 25-30 %. OcHOBHON MpUUMHOM
HM3KOrO W3BNEYEHNS SBMSIETCS BLICOKOE COAEPXaHNe OpraHMYeckoro
yrnepogaa (Copr) Bo gonotokoHueHTpate — 3,0-5,0 %.

Pe3ynbTathl uccnegoBaHuin U ux obeyxaeHue

CopbumoHHas aKTWBHOCTb  KOHLEHTpaToB  AyMMH30-AMaHTan,
onpenenéHHas no metoguke WPTUPEOMET, coctaensetr 90-95 %
(tabrvua 2).

Tabnuua 2
Pe3ynbTaTthl COPOLMOHHAs akTMUBHOCTb (DJIOTOKOHLIEHTpaTa
HanmeHoBaHue npo6bl R C n m gg_ﬁgﬂgg::a;o
dnoTokoHUeHTpaT (6e3 copbeHTa) 0,23 22,30
®PnoTOKOHLUEHTPAT (B MPUCYTCTBUM COp- 3,1 ) 26,0 1750 91,6
GeHTa) ’
R-C (pucyHok 1).
A=|1-——1-100 (1) B pesynbTate MWUKPOCKOMMYECKOTO aHanuaa OnpefeneHo, 4To
n—m

R - oTHoweHue XX:T B nynbne

C - KOHLEHTpauus 30mo0Ta B PacTBOpe MPAMOro LMaHMpoBaHuS,
mr/n

n — coaepxaHue 3010Ta B MCXOQHOM MaTepuane r/t

m — COAEpXaH1e 30r0Ta B kekax COPOLIMOHHOIO LinaHupoBaHus r/

Ycnosus onpegenexne copbLMOHHONM aKTUBHOCTU (PrIOTOKOHLIEH-
TpaTa: koHueHTpaums NaCN — 2000 mr/n; npoaomK1TensHOCTb — 24 y;
pH-10,5-11,0; T:XK=1:3,1; 3arpy3ka cmonsl — 10,0%;

Mpu npoBeeHuM COpPOLIMOHHOTO LiMaHWPOBaHUS OrapkoB, Mony-
YeHHbIX B pesynbrate obxura (prioTo-KOHLEHTPATOB [aHHbIX pym,
cTeneHb M3BNeYeHus 30moTa coctaBnseT He Gonee 70-75 %. [Ans
BbIICHEHWNS MPWUYMH CTOMb HWU3KOTO W3BNIEYEHMS 30M10Ta M3 Orapkos
Obinu NpoBeAeHbI MUKPOCKOMMYECKWE UCCNES0BaHUS C UCMONb30Ba-
HMEM CKaHMPYIOLIEro 3meKTpoHHOro Mukpockona Apreo 2 SEM
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OCHOBHas Macca cBoBOAHOro 30M10Ta NpeACTaBneHa YactTuLamn HaHo
pa3MepoB, KOTOPbIE NErko NOABEPratoTCa KancynMpoBaHIio Mpu 0Bxu-
re.

Takum obpasom, npu obxure Hapsgy C BCKPbITUEM YMOPHOTO
30M0Ta 4acTb €BOOOAHOrO 30M0Ta HaHO Pa3MepoB OAHOBPEMEHHO
Nerko NofBepraeTcs KancynmpoBaHnio.

[Ins BOCTVKEHNS BbICOKMX MOKa3aTeneii u3sneyeHns csoboaHoro
30M0Ta ero HeobXxoaMMO W3BneYb 4o obxura, 0CTaBNAS 0BXUr TOMbKO
ANS BCKPbITUS YMOPHOrO 30M0Ta.

OpHako Ans n3BneyeHnst cBOOOAHOTO 30M10Ta MeToAoM copbum-
OHHOTO  LiMaHMPOBaHWS HeobXoauMo UCKMoUUTb  adpdbekT nper-
pobbuHra. TexHomorMM naccvBauuyn YrmepoaucTbiX MUHEparnoB C
CNONb30BaHWEM OPraHNYECKNX PEareHToB U NOBEPXHOCTHO-aKTUBHBIX
BELLECTB NpuBnekalT 0coboe BHUMaHKe. OnbiT paHee NpoBefeHHbIX
paboT nokasbiBaeT, YTo 06paboTka pyAbl UMM KOHLEHTpaTa TakuMu
peareHTamn No3BOMSET CyLECTBEHHO CHU3NTb COPOLMOHHYI0 aKTuB-
HOCTb YITICTOTO BELUECTBA M YMEHbLUWTL NOTEPM 30110Ta C XBOCTaMM
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UnaHmpoBanms [3-6].

Ha Hal B3rrns, OAHUM M3 NEPCreKTUBHBIX HAMpaBNeHuit B 3TN
obnacti MoxeT cTaTb npegsapuTenbHas obpaboTka yrnepoamcThbix
KOHLIEHTpaTOB AN1si naccusauun YB nepes copbLMOHHbIM LaHMpoBa-
HueM. [ins noaTBepKOEeHUs 3TUX NPEANOMOXEHWA Hamu Bbin NpoBe-
[€H KOMMMekc LeneBbix nabopaTopHbiX WCCNefoBaHUA W Nonynpo-
MbILLFIEHHbIX MCTbITAHWIA, BKIHOYAOLWMIA NOA0Op peareHToB W U3yye-
HUS npouecca 06paboTkv YrnepoancToro 30M10TOCOLEPXKALUEro KoH-

1/30/2025
6:16:12 PM

WD
10.0 mm

HV
10.00 kV

mag ©=
35 000 x

X%

use case
Standard

LieHTpaTa C NoCneayloLyMM U3BNEeYEeHeM 300Ta METOAOM LiMaHmpo-
BaHWS.

PesynbTaThl NabopaTopHbIX M MOMYNPOMBILLIEHHBIX UCMbITAHNIA
MoATBEPANM, YTO NpeABapuUTenbHast 0bpaboTka yrnepoancTbIx ynop-
HblX (DNIOTOKOHLIEHTPATOB C WCMOMb30BaHWEM NMIHOCYMboHaTa
HaTpusi CNOCOBCTBYET NOBBILIEHWIO CTEMEHN U3BMEYEHNS 3010Ta Ha 3
-10 % (tabnuua 3 m 4).

det
T1

HFW
5.92 um

| —— L1 —

Nav-Cam

Puc. 1. Mukpockonuyeckuin aHanm3 orapka

Tabnuua 3
Pe3ynbTaTtbl nabopaTopHbIX MCMLITAHWIA MO ONPeAENneHNIo BNUAHAA HaTPUA NMHIOCYNb(oHaTa Ha COpPOLIMOHHOE LnaHupoBaHue
tnoTokoHUeHTpaTa
5’ 3 ®noTokoHLeHTpaT ®notokoHueHTpart + 10 krfT nurHocynbgoHat HaTpus
r=3 4
3 § 8 | Copepxatue Au, rit CopepxaHue Au Copepxanue Au, riT CopepxaHue Au
Q
% 7 U3B-e U3B-e B
& g Mex XBoCT Au, % B B cMone mr/ Uex Xsoct Au, % . b. wr/ B cMone
XK. ¢. mr/n r ) n mr/r
3 21,0 15,1 28,1 0,02 0,11 21,0 13,1 37,6 0,02 0,11
6 21,0 13,8 34,3 0,01 0,12 21,0 12,7 39,5 0,01 0,11
12 21,0 13,2 371 0,01 0,10 21,0 12,5 40,5 0,01 0,10
18 21,0 13,5 35,7 0,01 0,10 21,0 12,7 39,5 0,01 0,10

CornacHo nomny4eHHbIM AaHHBIM Heobxoanumoe Bpems CopOLMOH-
HOTO BbILLENAYMBAHNS UCXOLHOTO MPOAYKTA COCTABNSET 12 Yacos.
[obaBneHune nurHocynboHaTta HaTpus 13 pacyeta 10 Kr/T, noBbiwa-
€T M3BMEYEHWEe 30M10Ta W CHUKAET HeoBX0aMMOe BPEMSst COPBLIMOHHO-
r0 BbILLENAYMBaHHs.

[ns nopreepxaeHus nabopaTopHbIX pesynbTaToB Obinu npoBe-
[eHbl  MOMYNPOMbILLNEHHbE UCTIbITAHWS, BKMOYatowme obpaboTky
(brIOTOKOHLEHTPATa NUIHOCYNb(OHATOM HATPUsl, NPeLBapUTENbHOE

COpOLUMOHHOE LMaHMpOBaHWe, a TakKe OKUCIMTENbHBIA 0BXMI XBO-
CTOB COPBLMOHHOMO LMaH1pOBaHUS.

lMonyyeHHbI Orapok 13 BpallatLlencs Tpybuatoin neun BITIM-8,5
noaBseprany copbLMOHHOMY LMaHMpOBaHMIO B EMKOCTU 0ObEMOM 1
M3, 3aTEM NPOBOAWMNM ropsiyyto LienoyHylo 06paboTky xBocToB copb-
LIMOHHOTO LiaHMpoBaHusi orapka. PesynbTaThbl MOMYNPOMbILLINEHHbIX
WCTIbITaHWIA NPeACTaBNeHbI B Tabnuue 4.
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Tabnuua 4
Pe3ynbTaTthl NONMyNPOMbILWLNEHHbIX UCMbITAHUI MO ONPEAENEHNI0 BNUSIHASL HATPUA NUHTOCYNb(oHaTa Ha
copOLMOHHOE LMaHupoBaHue rIOTOKOHLEHTPaTa
P bTaThl NpeABapUTENbHON P bTaThl NpeABapUTENbHON
exenlBie FaNHble e3ynbTa peaBapuUTENbLHOIO e3ynbTa peABapUTENbLHOrO
COPOLIMOHHOIO LiaHUPOBaHUSA COpOLIMOHHOIO LiMaHUPOBaHUSA
Ne HanmeHoBaHue

0 Mocne
Au i | S8,% | Cog % Aﬂm hoore | eme % | Aurr | ss% | Con

1 | ®noToKoHueHTparT bes 14,25 33,10 1710 0,10 0,16
obpabotku

®noTOKOHLEHTpAT, 21,3 22,15 3,65 21,30
2 06paboTaHHbIil NIUTHO-

12,60 40,85 15,50 0,08 0,12
CynbhOHATOM HaTpus
(pacxog — 10 «kr/T)

PesynbTathl ropsiuen WenoyHon
Pe3ynbTatbl copbLUoHHOrO
LHaHWROBaHMe OFapKa 06paboTkM XBOCTOB COPOLIMOH-
No HaumeHoBaHue HOrO LiaHUPOBaHUSA orapka CymmapHoe u3BneyeHue u3
¢noTokoHUeHTpaTa, %

[o Mocne N3B-¢, Jo Mocne N3B-e
Au, it | Au,riT % Au, 1/t Au, it %
XBOCTbI NpeaBapuUTenb-
3 Hom copbumm 6e3 17,10 7,15 58,19 7,15 5,40 24,48 78,87

o6paboTku

XBOCTbI NpeABapuTenb-
4 | Honcopbuan 0Bpabo- | 4o oh | 505 | ggys 5,20 3,25 37,50 87,60
TaHHble NUTHOCYNbO-

HaTOM HaTpusa

®10ToKO HIEHTPAT
OT CrycTuTest

Pacxonulii
€MKOCTb
V=150

T NaOH
L 15002000 wr/n
K peunpxyasiunn

BT 900x1600 (2)
Ha crymenne

[yabna xsoeToB
copbumi

X
Hacbiuennas emona
N
:

BI" 900x1600 (1)

Emkoctb ana

5 4 3 2 1 vy

T

v
V=60n° V=60n° V=60m° V=60n° V=60u° "
a perenepainio
Emkocrs s —-
TpHEMA CMOJIBI Al A
Vi W W W W \/ OO0

Puc. 2. MpombIwneHHas yCTaHOBKa npeaBapuTesibHOro COpﬁLIVIOHHOI'O LUnaHupoBaHusa ¢ NnpuMeHeHnem JWII'HOCYHI:(*)OHGTE HaTpua
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Ha ocHoBe 3TVx pe3ynbTaTos, Npu nepepaboTku YrnepoamncThbix
yNopHbIX (HIOTOKOHLEHTPATOB MECTOPOXAEHUS «AyMUH30-AMaHTa»
Ans u3BneyeHns cBoboaHoro 3onota 4o npouecca obxura B HIMK
co3AaHa NPOMbILLNEHHas YCTaHOBKa NPefBapUTENbHOT0 COpBLIMOHHO-
ro LnaHnpoBaHus (pUCYHOK 2).

OnncaHne TeXHOMOrMYECKoi CXeMbl NpeaBapUTeNnbHONM copbLnm:
Co cryctutens CrylLéHHbIA (rOTOKOHLEHTPAT 0TKAYMBAETCS LIEHTPO-
BexHbIMN Hacocamu B KOHTaKTHbI YaH (V-20m3). [ns naccusavmum
COPBLIMOHHON aKTUBHOCTM OPraHYECKOro Yrneposa B KOHTAKTHbIN YaH
NoAaéTcsa pacTBop — NMrHocynbgoHaT HaTpus (LS) ¢ KoHUEeHTpavmei
10 %.

[ins nepeBoaa AparoLieHHbIX METANMoB ¢ TBEPAON (asbl B Xua-
Kyto pasy B LeNeBMK-NynbnagenuTens NOAAETCS LMaHNCTbI HaTpUid
C KoHUeHTpauuen 1500-2000 mr/n. B kayectse copbeHTa npumeHseT-
s noHoobMeHHas cmona mapku D-301G. [iBuxeHre cMorbl 1 Mynbbl
(hNOTOKOHLIEHTPaTa OCYLUECTBISETCA C MOMOLLbH0 33pONUTOB.

CBexuit Unn oTpereHepupoBaHHbIn (06€330M04EHHBIN) COpBEHT
3arpyxaetcs B npuemHyio emkoctb (V = 12 M%), oTkyaa asponudTom
nopaetcs B pacxogHbin ByHkep (V = 1,5 m%). 3 pacxopHoro ByHkepa
CMOMa yYepes A03npyloLiee YCTPOICTBO NOCTynaeT B COPOLMOHHbIE

nauyku Ned n Ne5.

[anee noHooOMeHHas cMona gBUXKETCS NPOTUBOTOKOM K ABUXKE-
HIIO MyMbMbl B CTOPOHY NepBOro COpOLMOHHOrO nayyka. HackilleHHas
CMOna camoTeKOM nocTynaeT Ha GapabaHHbii rpoxoT (Br-900x1600
[1]). HacbiweHHbIin copbeHT ¢ BapabaHHOro rpoxoTa HanpaenseTcs B
OyHkep (V = 9,7 M%) 1St OTMbIBKM OT UNOB. [ocne 0TMbIBKW HACbILLEH-
Hasi CMONa HanpaensaeTcs Ha pereHepaLmio.

3aknioyeHue

lMpoBenéHHbIe CCNEeAOBaHMS NOKa3anu, YT0 OCHOBHOW NPUYMHON
HM3KOTO M3BMEYEHUS 30M0Ta W3 YrMepoanCTbIX YMOPHbIX (DrIOTOKOH-
LieHTpaTOB MecTOpOXAeHNs AyMWH30-AMaHTail SBMSIETCH BbICOKas
COpBLMOHHAs aKTMBHOCTb YrMepoaMCcTOro BELeCTBa, Bbi3biBaloLLAS
3hhekT nper-pobouHra.

YcTaHoBneHo, YTo npensaputensHas obpaboTka KoHUEeHTpaTta
NIMTHOCYNbGOHATOM HaTpUs CNOCOBCTBYET NAcCcUBALMM YIMEPOAMCTbIX
MMHeparoB 1 MoBbIWAeT 3)PEKTMBHOCTb COPBLIMOHHOTO LnaHNpoBa-
Hus. 3anyck B paboTy AaHHON NPOMBILLNEHHOW YCTaHoBKN ¢ 0bpaboT-
KO (hIOTOKOHLIEHTPaTa NUIHOCYNb(OHATOM HaTPWS NO3BOMMN NACCH-
BMPOBATb YrNepofHble MUHEpanbl U NOBLICUTL CKBO3HOE M3BMEYEHWe
3onoTa 13 pyabl ¢ 71,0-72,0 % po 80,0 %
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KINETICS AND INFLUENCING FACTORS IN THE CARBOTHERMIC
REDUCTION PROCESS OF STEELMAKING DUST
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Abstract. The present paper sets out the findings of a scientific investigation into the kinetics and key influencing factors of the
carbothermic reduction process of steelmaking dust. Electric arc furnace dust has been found to contain significant quantities of iron and
zinc oxides, which represent valuable secondary raw materials, but which also pose serious environmental risks. The present study
focuses on the effects of temperature, carbon content, particle size, gas atmosphere, and reduction time on the reduction kinetics. Car-
bothermic reduction experiments were conducted within the temperature range of 700—-1150°C, with coke serving as the reducing agent.
The degree of reduction and metallization was determined through gravimetric and phase analyses. Phase composition and microstruc-
tural changes were examined using X-ray diffraction, scanning electron microscopy, and energy-dispersive spectroscopy. The experi-
mental data were analysed using the shrinking core model to identify the rate-controlling steps of the process. The findings suggest that
zinc oxide undergoes reduction more rapidly than iron oxides, a phenomenon attributable to its diminished thermodynamic stability and
volatilization behaviour. The activation energies and kinetic parameters were calculated based on the Arrhenius equation. The findings
provide a scientific basis for the optimisation of carbothermic reduction processes and the improvement of the efficiency of steelmaking
dust recycling under industrially relevant conditions.

Keywords: steelmaking dust, carbothermic reduction, zinc oxide, iron oxides, kinetics, metallization degree, activation energy, gas
—solid reaction, secondary raw materials, X-ray diffraction, scanning electron microscopy

KUHETUKA U ®AKTOPBI, BNUAIOLLXE HA NPOLIECC
KAPBEOTEPMUYECKOro BOCCTAHOBINEHUA
CTANENNABUNBHOU NblJIA

Unxamos M.A.1, MyHocu6oB LLI.M.2, MaTkapumos C.T.3, Kapumxonos B.P.3

* Anmanbikckuit unuan HUTY MUCWC, Pecnybnuka Y36ekuctaH
2["Y Hay4HO-NpaKTM4YECKMiA LLEHTP NO Pa3BUTUIO TOKANM3aLMM 1 MPOMBILLIIEHHON KOONepaLi B FOPHO-METaNNYPriuyeckoil MPOMbILLEHHOCTH
npu MuHncTepcTBe ropHo-406bIBatOLLEN NPOMBILLIIEHHOCTY W reonorin, Pecnybnvka Y3bekuctaH
3 TalLKEHTCKWI roCcyapCTBEHHbIA TEXHUYECKUI YHUBepcUTeT, Pecnybnuka Y3bekuctaH

AHHomayus. B daHHoU pabome U3/10XeHbI pesynbmambl HayyHo20 uccredosaHusi KUHEMUKU U OCHOBHbIX 8MUSIOLLUX chakmopos npouecca kapbomepmuye-
CK020 8OCCMAaHOB/EHUs cmanenagunbHoU Nbinu. bbino 0bHapy)eHo, Ymo Nbifb 3nekmpuyeckux 0y208bIx nevell cOOeP)UM 3HaYUMeNbHOE KOuYecmeo 0Kcudos
Xenesa u YuHka, komopble npedcmaenstom cobol YeHHOe 8MOPUYHOe Chbipbe, HO makXe npedcmaesism Cepbe3HyK 3KOM02UYECKyo onacHocmb. B 0aHHom uc-
cnedosaHuU 0CHOBHOE BHUMaHUE yoensemcs 8nuUsHUK memnepamypbl, COOepXaHusl yenepoda, pasmepa yacmuy, 2a3080l ammochepbl U 8peMeHU 80CCmaHogIIe-
HUSI Ha KUHeMUKY 80CCMaHOBMEHUsI. IKcnepuMeRmbI no kapbomepmuyeckomy 80ccmaHogneHuio npogodunuck e duanazoHe memnepamyp 700-1150 °C, npu amom
8 Kadyecmee 8occmaHogumerns ebicmynan Kokc. CmeneHb 80CCMaHO8MeHUs U Memanu3ayuu onpedensnace 2pasumMempuyeckum u (hazosbim aHanuzom. daso-
8bIli cOCMas U MUKPOCMPYKMYPHbIe UMEHeHUs ObITu U3y4eHbl C NOMOLbI0 PEHM2EHOCMPYKMYPHO20 aHanu3a, ckaHupytowel 3MeKmpoHHOLU MUKPOCKONUU U SHep-
200ucnepcuoHHOL cnekmpockonuu. SKcnepumeHmanbHble daHHble Obinu NpoaHanu3upoeaHbl ¢ UCNOTb308aHUEM MOJeNu CxuMarowe20cs adpa Ons onpedeneHus
3manog KOHMpOIIA CKopocmu npoyecca. Pe3ynbmambi NoKa3biearom, Ymo okcud YuHKa eoccmarasnusaemces bbicmpee, Yem OKcuObl xene3a, fisneHue, 0bycnos-
TIEeHHOE €20 CHLXKEeHHOU mepmModuHamuyeckoli cmabunbHOCMbI0 U nogedeHueM ynemyyusaHus. SHepauu akmugayuu u KuHemuyeckue napamempbi bbiiu paccyu-
maHbI Ha 0CHO8E ypagHeHus Apperuyca. [TonyyeHHble pe3ynbmamsi dalom HayqHyr 0CHO8Y 071 ONMUMU3AUUU NPOUECcco8 Kapbomepmu4ecko2o 80CCMaHOBIeHUS
U nosbIweHus achghekmusHocmu nepepabomku cmarnennasusibHol NbITU 8 NPOMbILTEHHO-aKMyallbHbIX YCrI08USIX.

Kntoyesble cnosa: cmanennasunbHas nbiib, kapbomepmuyeckoe 80ccmaHosneHue, okcud YuHKa, OKcUudbl xene3a, KUHemuka, cmenexb Memarnausayuu,
3Hepeus akmusayuu, 2a30-meepdasi peakyusi, mMopu4Hoe cbipbe, CKaHUpytowas 3neKkmpoHHas MUKPOCKONUS, 3Hep200UCcnepCLUOHHast CnekmpocKonus
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PO‘LAT ERITISH PECHI CHANGLARINI KARBOTERMIK TIKLASHDA
JARAYONNING KINETIKASI VA TA'SIR ETUVCHI OMILLAR

lixamov M.A.!, Munosibov Sh.M.2, Matkarimov S.T.3, Karimjonov B.R.3

TMTTU MISIS Olmalig filiali, O'zbekiston Respublikasi
2Tog"-kon sanoati va geologiya vazirligi huzuridagi Tog'-kon sanoatida mahalliylashtirish va sanoat kooperatsiyasini rivojlantirish ilmiy-amaliy markazi DM,
O'zbekiston Respublikasi
3 Toshkent davlat texnika universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu ishda po'lat eritish changini karbotermik tiklash jarayonining kinetikasi va asosiy ta’sir etuvchi omillarini ilmiy o‘ganish natijalari bayon
etilgan. Elektr yoy pechi changida ko'p miqdorda temir va rux oksidlari mavjudligi aniglangan, ular gimmatli ikkilamchi xomashyo hisoblanadi, ammo atrof-muhit uchun
jiddliy xavf tug'diradi. Ushbu tadgiqot harorat, uglerod miqdori, zarrachalar olchami, gaz atmosferasi va tiklanish vaqtining tiklanish kinetikasiga ta’siriga qaratilgan.
Karbotermik qaytarish tajribalari 700-1150 °C harorat oralig'ida olib borildi, gaytaruvchi sifatida koks ishlatildi. Qaytarilish va metallizatsiya darajasi gravimetrik va
fazaviy tahlillar orqali aniglandi. Fazaviy tarkib va mikrostrukturaviy o‘zgarishlar rentgenografik, skanerlovchi elektron mikroskopiya va energetik-dispersion spektros-
kopiya usullari yordamida o‘rganildi. Jarayonning tezlikni nazorat qilish bosqichlarini aniglash uchun eksperimental ma’lumotlar qisqaruvchi yadro modeli yordamida
tahlil qilindi. Natijalar shuni ko'rsatadiki, rux oksidi temir oksidlariga qaraganda tezroq tiklanadi, bu uning termodinamik barqarorligi va uchish xususiyatining pasayishi
bilan bogliq. Arrenius tenglamasi asosida aktivlanish energiyalari va kinetik parametriari hisoblandi. Olingan natijalar sanoat uchun dolzarb sharoitlarda karbotermik
tiklash jarayonlarini optimallashtirish va po‘lat eritish changini qayta ishlash samaradorligini oshirish uchun ilmiy asos bo'lib xizmat qiladi.

Kalit so‘zlar: po'lat eritish changi, karbotermik tiklanish, rux oksidi, temir oksidlari, kinetika, metallizatsiya darajasi, faollanish enegiyasi, gaz-qattiq reaksiya,
ikkilamchi xomashyo, skanerlovchi elekiron mikroskopiya, energiya dispersion spektroskopiya

Introduction

The rapid development of the modern metallurgical industry is
leading to a sharp increase in steel production volumes. In electric arc
furnaces (EAF), converters, and other high-temperature units, large
amounts of dust-ike waste are generated during steel smelting
processes. This steelmaking dust (Electric Arc Furnace Dust - EAFD)
contains, along with iron and zinc oxides, non-ferrous and heavy
metals such as lead, chromium, and manganese, which are, on the one
hand, valuable secondary raw materials, and on the other hand, a
source of environmental hazards [1,2].

Scientific research shows that the content of iron oxides (FeO,
Fe203) in steel smelting dust can reach 30-50%, and the proportion of
zinc oxide (ZnO) in some cases can reach 15-35% [3,4]. Therefore, the
recovery of metal resources and the reduction of waste through the
processing of this dust is one of the priority tasks of the metallurgical
industry.  Traditional hydrometallurgical and  pyrometallurgical
technologies are characterized by high reagent consumption, multi-
stage processes, and environmental limitations [5,6].

In recent years, the carbon-thermal reduction technology for
processing steelmaking dust has gained special attention due to its
high efficiency, technological simplicity, and industrial applicability [7-9].
The main advantage of this method is that at high temperatures, zinc
oxide is first reduced and released in vapor form, while iron oxides
transition to a metallic state. This allows for selective dezincification
and metallization of iron [10,11].

Despite the thermodynamic favorability of the carbon-thermal
reduction process, its effectiveness under actual industrial conditions is
primarily determined by kinetic factors. Several researchers have
demonstrated that the reduction of ZnO and FeO in the presence of
carbon or CO is a multi-stage gas-solid phase process [12-14]. The
process rate is limited by CO formation through the Boudouard
reaction, gas diffusion, chemical reaction, and the removal of products
from the system [15].

It has been widely reported in the literature that the kinetics of
carbon-thermal reduction of ZnO proceed faster than that of FeO. The
main reason for this is the lower thermodynamic stability of ZnO and
the volatility of zinc [16,17]. Studies conducted by Chen et al. have
determined that the reduction activation energy of ZnO is in the range

of 60-80 kJ/mol, while for FeO this value is 90-110 kd/mol [1,18]. This
provides scientific evidence for the selective reduction of zinc oxide.

The Shrinking Core Model is widely used in the mathematical
description of the reduction process. This model takes into account the
preservation of an unreduced core within the particle and the
movement of the reaction front towards the center over time [19]. The
correlation of experimental data with this model allows for the
identification of rate-limiting stages of the process and the
establishment of optimal technological parameters.

Furthermore, several studies have shown that factors such as
temperature, carbon content, particle size, gas environment
composition, and reduction time significantly affect the reduction
kinetics [8,9,20]. An increase in temperature intensifies the Boudouard
reaction, raises CO concentration, and activates diffusion processes,
leading to a sharp increase in the degree of metallization.

However, the literature review indicates that a comprehensive
kinetic analysis of the carbothermic reduction process of steelmaking
dust, specifically the simultaneous reduction of ZnO and FeO, their
interaction, and an in-depth scientific substantiation of the rate-limiting
stages, has not been adequately addressed. In particular, the
determination of kinetic parameters for process optimization under near
-industrial conditions remains a pressing scientific challenge.

The purpose of this article is to conduct an in-depth study of the
kinetic regulariies of the carbon-thermal reduction process for
steelmaking dust, identify the reduction mechanisms of FeO and ZnO,
and scientifically substantiate the role of the main technological factors
influencing the process.

Materials and methods

Steel smelting dust generated during the steel smelting process in
an electric arc furnace was selected as the object of research. Dust
samples were collected from gas purification systems under industrial
conditions, dried in laboratory conditions, and purified from mechanical
impurities. The average particle size of the samples ranged from 10 to
100 um, and their finely dispersed structure exhibited a high surface
area.

The chemical analysis was conducted using the X-ray fluores-
cence (XRF) technique. The results of the study are summarised in
Table 1.
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Table 1
Chemical composition of EAF dust (wt.%)
Component Fetotal Fe,O3 FeO Zn0O SiO, CaO Al,O3 MnO PbO Na,O
Content 31.2 41.6 4.6 16.2 3.4 34 0.9 3.7 1.36 104

2 pm

Fig. 1. Initial SEM microstructure of steel smelting dust

The irregular shape and high porosity of dust particles create
favorable conditions for the reduction process.

Scanning electron microscopy (SEM) images of dust particles
obtained from the steelmaking furnace gas cleaning system reveal their
iregular shape, high porosity, and wide particle size distribution. These
structural features increase the specific surface area of the particles
and create favorable conditions for gas-solid phase reactions during
the carbon-thermal reduction process. The porous structure facilitates
the diffusion of CO gas into the inner part of the particle, leading to an
acceleration of the reduction kinetics.

The chemical composition of the dust was determined using X-ray
fluorescence (XRF) and energy-dispersive spectral analysis (EDS)
methods. According to the research results, the main components in
the dust composition are FeO, Fe203, and ZnO, with zinc oxide content
around 15-30% and the total share of iron oxides constituting 40-55%.
Additionally, small amounts of CaO, SiO2, and MgO were detected.

High-purity carbon coke powder was used as the reducing agent.
The ash content of the carbon did not exceed 8%, and the particle size
was selected in the range of 50-80 uym. The carbon content was varied
between 5-15% relative to the dust mass.

Carbon-thermal reduction experiments were conducted under
laboratory conditions in a tubular electric furnace. The dust and carbon
mixture was blended in predetermined ratios and placed in cylindrical
ceramic crucibles. The experiments were carried out in an inert or
controlled gas environment.

The temperature was varied in the range from 700 to 1150 °C, with

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

50 °C increments. In each experiment, the sample was held at the
given temperature for 30-60 minutes. The heating rate was set at 10 °
C/min. At the end of the experiment, the samples were rapidly cooled
and prepared for subsequent analysis.

To determine the time dependence of the reduction process,
experiments were repeated at various time intervals. This method
allowed for comparative analysis of the reduction kinetics of ZnO and
FeO.

The phase composition of the reduced products was determined
using X-ray diffraction (XRD) analysis, and the degree of transition of
oxides to metallic state was assessed. The microstructure of the initial
and reduced samples was studied using a scanning electron
microscope (SEM), and the distribution of elements by phases was
determined using EDS.

The degree of metallization was calculated using the following
expression:

F
M = 5100%

Fetatal

(1)

where Femet is the amount of iron in metallic state, Fetta is the total
amount of iron in the sample.

Kinetic analysis of the reduction process was carried out by
determining the dependence of the degree of reduction (a) on time and
temperature. The degree of reduction was calculated using the
following formula:
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m,—m,
a=_ 2)
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where mq is the initial mass, m¢ is the mass at a given time, Mnal is
the mass after complete reduction.

The obtained experimental data were analyzed based on the
Shrinking Core Model. The following kinetic equations were used to
determine the rate-limiting stage of the process:

for the case limited by chemical reaction:

1-(1-a)l/3=kt (3)
for the case limited by diffusion:

|_32(1-a)2
3

+12(1-a) =kt @)

The reaction rate constants were determined for different
temperatures, and the activation energy was calculated using the
Arrhenius equation:

k= Aexp(

Ea
7 (5)

R

Graphs were constructed in In k vs. 1/T coordinates, and kinetic
parameters were evaluated based on linear relationships.

The influence of factors such as temperature, carbon content,
particle size, gas environment, and reduction time on the reduction
process was studied separately. When each factor was changed, the
remaining parameters were kept constant. This approach allowed for
the identification of individual impact mechanisms of the process.

Each experiment was repeated at least three times. The average
values and deviations of the obtained results were calculated, ensuring
that the experimental error did not exceed 5%.

Results

Laboratory experiments have shown that the process of
carbothermic reduction of steelmaking dust has a complex, multi-stage
kinetic mechanism. It was found that the behavior of ZnO and FeO
oxides during the reduction process differs significantly, which is
explained by differences in their thermodynamic stability and kinetic
parameters.

90
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Fig. 2. Influence of temperature on the degree of metallization

Analysis of the dependence of the reduction degree (a) on time
showed that in the initial stage of the process, the reduction of ZnO
occurs very rapidly, while the reduction of FeO occurs relatively slowly
but steadily. This circumstance confirms the existence of a selective
dezincification mechanism.

A shamp increase in the degree of metallization in the range of
1000-1150 °C confirms the presence of an optimal temperature range
for the reduction process.

The figure shows the effect of temperature on the degree of
metallization. As the temperature increases from 900°C to 1150°C, the
degree of metallization rises from 45% to 96%. A sharp increase in the
degree of metallization, particularly in the range of 1000-1150°C,
indicates the existence of an optimal temperature range for the
reduction process.

It was determined that an increase in temperature has a decisive
impact on the speed and completeness of the reduction process. In the
range of 800-900°C, the reduction of ZnO begins, and zinc is released
in vapor form. At temperatures above 1000°C, active reduction of iron
oxides was observed.
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Fig. 3. Temperature dependence of Gibbs free energy for the
reduction reaction of ZnO in the presence of carbon
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Fig. 4. Dependence of the degree of reduction (a) on time.
The rapid reduction of ZnO and the slower reduction of FeO
confirm the mechanism of selective dezincification
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At temperatures above 800°C, AG < 0
thermodynamically favorable reduction of zinc oxide.

The temperature dependence of Gibbs free energy for the reaction
Zn0O + C — Zn + CO is shown in the figure. As evident from the graph,
at temperatures above 800°C, Gibbs free energy transitions to
negative values (AG < 0), which indicates that the reduction of zinc
oxide with carbon is thermodynamically favorable.

The figure shows the dependence of the reduction degree of ZnO
and FeO on time during the carbothermic reduction process. The
reduction of ZnO occurs rapidly in the first 20-30 minutes, reaching a =
0.85-0.90. The reduction of FeO is relatively slower, reaching a value of
a=0.90-0.95 in 60 minutes.

In the temperature range of 1000-1150 °C, the degree of
metallization increased sharply, reaching 90-96%. This temperature
range indicates the thermodynamically and kinetically most favorable
region for the carbothermic reduction process.

Discussion

These results are consistent with the research conducted by Chen
and Pickles, who also observed the reduction of ZnO at lower
temperatures compared to FeO.

As temperature increases, the equilibrium of the Boudouard
reaction shifts to the right, increasing the concentration of CO. This
leads to the acceleration of chemical reactions at the gas-solid
interface and the enhancement of diffusion processes.

It was found that when the carbon content was varied between 5-
15% of the dust mass, the reduction efficiency differed significantly. At
a carbon content of 10-15%, the reduction of ZnO and FeO occurred at
the highest level.

With insufficient carbon, CO formation is limited, and the degree of
reduction decreases. Conversely, excess carbon led to increased
energy consumption and higher residual carbon in the product, without
significantly increasing the degree of metallization.

This indicates that the reduction process is mainly associated with
the Boudouard reaction. The optimal amount of carbon ensures a
balance between CO formation and oxide reduction.

The reduction degree-time relationships were analyzed based on
the shrinking core model. Experimental points for the ZnO reduction
process fit well with the model limited by diffusion and evaporation. It
was determined that the reduction of FeO is mainly limited by the
chemical reaction at the gas-solid phase interface.

An increase in the coke content significantly improved zinc removal
due to the intensification of both direct solid-phase reactions and indi-
rect gas-phase reduction mechanisms. The experimental results are
summarized in Table2.

indicates

Table 2
Effect of Coke Content on Residual Zinc in Clinker
Coke content, wt.% Residual Zn, wt.%
52 134
65 10,56
80 7,98
90 7,98

The activation energies calculated based on Arrhenius plots are as
follows:
For ZnO reduction: Es=60-80 kJ/mol;
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For FeO reduction: E=90-110 kJ/mol.

The lower activation energy of ZnO and the evaporation property
of zinc ensure its faster reduction. The reduction of FeO occurs more
slowly due to the high activation energy. This scientifically
substantiates the mechanism of selective zinc removal.

In a CO-rich gas environment, the reduction rate increased
significantly. The main part of ZnO was reduced in 30-40 minutes,
while 40-60 minutes were required for complete reduction of FeO.

It was found that open or low-pressure systems are more effective,
as the increase in pressure leads to partial condensation of zinc
vapors.

The obtained results demonstrated that the carbon-thermal
reduction process of steelmaking dust is effective for selective
dezincification and obtaining iron products with a high degree of
metallization under industrial conditions. Under optimal conditions, zinc
can be released in vapor form and subsequently collected through
condensation, while iron is reused as a secondary raw material in
metallurgical processes.

Conclusion

In this study, the thermodynamic and kinetic principles of the
carbon-thermal recovery process for dust generated during steel
smelting were comprehensively examined. Experimental and
theoretical analyses revealed that the reduction of iron and zinc oxides
in steel smelting dust occurs through a multi-stage gas-solid phase
mechanism.

The research results showed that the carbon-thermal reduction of
Zn0 begins at lower temperatures and proceeds faster compared to
FeO. This phenomenon is attributed to the lower thermodynamic
stability of zinc oxide, zinc's volatility, and its relatively low activation
energy. The reduction of iron oxides primarily intensifies at high
temperatures and culminates in the formation of metallic iron.

Based on kinetic analysis, it was determined that the ZnO
reduction process is mainly limited by diffusion and zinc evaporation,
while the FeO reduction process is limited by the chemical reaction at
the gas-solid interface. The activation energies calculated using the
Arrhenius equation confirmed these conclusions and demonstrated that
the process follows Arrhenius's law.

It was found that an increase in temperature significantly enhances
the rate and completeness of the reduction process by accelerating the
Boudouard reaction, resulting in increased CO concentration. Optimal
reduction conditions were achieved in the temperature range of 1000-
1150 °C, with the degree of metallization reaching 90-96%. The
optimal range of carbon content was determined to be 10-15% of the
dust mass, and it was shown that higher amounts decrease energy
efficiency.

Particle size and structural properties were found to significantly
influence the reduction kinetics, with higher reduction rates observed in
fine-dispersed dust. However, the need for granulation to ensure
process stability under industrial conditions was substantiated. The
composition of the gas environment and reduction time were also found
to directly affect process efficiency, with a notable increase in reduction
rate observed in a CO-rich environment.

The results of the conducted research demonstrated that the
carbon-thermal reduction process of steelmaking dust is scientifically
and technologically feasible for selective dezincification and obtaining
iron products with a high degree of metallization. The obtained kinetic
and technological regularities serve as a solid scientific foundation for
developing resource-saving and environmentally safe technologies for
processing metallurgical waste.
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Abstract. Electric arc steel smelting furnace dust (EAP dust) is one of the most problematic waste in modern metallurgy from an ecological and technological
point of view due to its high dispersity, high content of zinc, lead, and other associated elements. In recent years, as a result of the increase in the share of zinc-
containing secondary raw materials in the metal charge, the amount of this dust has also increased. In this study, a hydrometallurgical method of complex processing
of PE PE dust based on sulfuric acid leaching was considered. A spent sulfuric acid electrolyte containing H2SO4 (120-160 ¢/l) and Zn (30-50 g/l) was used as the
solvent reagent. The leaching process was carried out at a temperature of 60-65 °C, in a solid-liquid ratio of 1:6, for 120-240 minutes. The research results showed
that zinc-containing phases accelerate the dissolution kinetics, reduce energy consumption, and provide the possibility of effedive extraction of zinc from the solution
and subsequent obtaining the cathode metal by electrolysis. In addition, it has been substantiated that the iron-containing residue formed after leaching can be re-
turned to the steelmaking process as a charge additive. The proposed technology is a resource-saving, energy-efficient, and environmentally friendly alternative to
traditional pyrometallurgical methods of processing EAP dust. This approach serves the implementation of the principles of a circular economy through the processing
of metallurgical waste, the restoration of zinc, and the return of iron components to production.

Keywords: electric arc furnace dust, zinc, hydrometallurgy, sulfuric acid leaching, electrolysis, secondary resources, comprehensive processing.

FTMOPOMETANNYPIUYECKASA NMEPEPABOTKA MblJA 34N:
W3BNEYEHUE LUNHKA U PELIUKNUHI XENE3OCOOEPXALLEIO
OCTATKA B CTANENNABUIIbHOM NPOMU3BOACTBE

WnxamoB M.A.1, MyHocu6og LL.M.2, MaTkapumog C.T.3, Makcynos LL.A3

t Anmanbikckuin ounman HATY MACWC, Pecnybnuka Y3bekucra
2T"Y Hay4HO-NpaKT4eCKMil LEHTP MO Pa3BUTUIO TOKANU3aLMm 1 NPOMBILLIIEHHON KoonepaLui B FOPHO-METannypriuyeckoil MPOMbILLNEHHOCTH NpK
MwHuCTEepCTBE ropHO-A06bIBAIOLLEN MPOMBILLIIEHHOCTH U reonoriu, Pecnybnuka Y3bekuctan
3 TalLKeHTCKWIA TOCYAPCTBEHHbINA TEXHUYECKUIA yHUBepcuTeT, Pecnybnmuka Y3bekuctaH

Annomayus. [binb 3nekmpodyzosoli cmanennasunsHol neyu (JClI) sensemcs 00HUM U3 Hauboee 3KoNo2UYecKU U MexHonoauyecku npobremHbIx omxo-
008 8 COBPEMEHHOU MemarTypauu U3-3a 8bICOKOU AUCNEPCHOCMU, 8bICOKO20 COOepXaHUs YUHKa, C8UHUA U Opyaux conymcmeyroujux aremMeHmos. B nocrnedHue
20061 8 pesynbmame ygenuyeHus: 00U YUHKCOOepxXauje20 8MopUYHOR0 ChbIpbs 8 MEMAIUYeCcKol Wuxme ysenuyusaemcs U Koiuyecmao amoll nbinu. B 0aHHol
uccriedosamensckol pabome paccmMompeH eudpomemaniiypaudeckuti Memod KomniiekcHouU nepepabomku nbinu 313, 0CHO8aHHKIU Ha CEPHOKUCTOMHOM 8biena-
yugaHuu. B kayecmee pacmeopsirowe2o peazeHma ucnob308anu ompabomanHbIl CepHOKUCTbIU snekmponum, codepxauiutl H2SO4 (120-160 2/n) u Zn (30-50 &/
). lpoyecc ebiwenaqusaHus npogodunu npu memnepamype 60-65 °C, 8 coomHoweHuu meepdoe-xudkoe 1:6, 8 meyerue 120-240 muHym. Pe3ynbmamsi uccre-
0ogaHus nokasanu, Ymo YuHkcodepxauwjue hasbl UHMEHCUCDULUPYIOM KUHEMUKY PacmeOopeHusi, CHUXawm 3Hepeo3ampamsl U obecnequsarom 803MOXHOCMb
3¢hehekmuUBHO20 U3BMEYEHUS YUHKa U3 pacmeopa ¢ nocrnedyrowuM nosydeHueM KamoOHo20 Memarnna anekmposnu3om. Kpome mozo, 06ocHosaHa 803MOXHOCb
8038pama xene3ocodepxauieso ocmamka, obpasyloweeocs nocre ebiujenayugaHus, 8 kadecmse dobasku K Wuxme 8 npouecce 8binnasku cmanu. [pednacaemas
MmexHomMoaUs S18/Iemcs Pecypcoctepezarlyum, 3HeP203H(hEKMUBHBIM U 3KOI02UYECKU YUCMbIM albmepHamueHbIM PEWEHUEM NO COABHEHUIO ¢ MPadulj UOHHKIMU
nupomemarnmnypaudyeckumu memodamu nepepabomku nbinu 3I13. JaHHbIl no0xod cryxum peanusayuu NPUHLUNO8 LUPKYISPHOU 3KOHOMUKU nymeM nepepabomku
mMemarnnypauyeckux 0mxo0o8, 80CCMaHOBMEHUS LUHKa U 8038pama Xefe3HbIX KOMNOHEHMO8 8 NPou3godcmeo.

Kntoyesnle cnoea: nbiib 31ekmpody20800 NeYU, YuHK, eudpoMemariypeusi, CEPHOKUCTOMHOE 8blljeayugaHue, 3IeKmposu3, 8mopuYHble Pecypcbl, KOM-
nnexcHas nepepabomka.
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PO‘LAT ERITISH PECHI CHANGLARINI GIDROMETALLURGIK
QAYTA ISHLASH: RUXNI AJRATIB OLISH VA TEMIR TARKIBLI
QOLDIQ MAXSULOTLARDAN QAYTA FOYDALANISH

lixamov M.A.!, Munosibov Sh.M.2, Matkarimov S.T.3, Maksudov Sh.A.3

T MTTU MISIS Olmaliq filiali, O‘zbekiston Respublikasi
2Tog"-kon sanoati va geologiya vazirligi huzuridagi Tog'-kon sanoatida mahalliylashtirish va sanoat kooperatsiyasini rivojlantirish ilmiy-amaliy markazi DM,
O‘zbekiston Respublikasi
3Toshkent davlat texnika universiteti, O‘’zbekiston Respublikasi

Annotatsiya. Elektr yoyli po ‘lat eritish pechi changi (EYPE changi) yuqori dispersligi, tarkibida rux, qo rg ‘oshin va boshqa yo ‘ldosh elementlarn-
ing ko'pligi sababli zamonaviy metallurgiyada ekologik va texnologik jihatdan eng muammoli chigindilardan biri hisoblanadi. So'nggi yillarda metall shixtasida rux
saglovchi ikkilamchi xomashyolar ulushining ortib borishi natijasida ushbu chang migdori ham ko‘paymoqda. Mazkur tadgiqot ishida EYPE changini kompleks qayta
ishlashning sulfat kislotali tanlab eritishga asoslangan gidrometallurgik usuli ko'rib chigildi. Erituvchi reagent sifatida tarkibida H,SO,, (120160 g/l) va Zn (30-50 g/l)
bo'lgan ishlatilgan sulfat kislotali elektrolit qo‘llanildi. Tanlab eritish jarayoni 60-65 °C haroratda, qattiq-suyuqlik nisbatida 1:6, 120-240 daqiga davomida olib borildi.
Tadqiqot natijalari rux tarkibli fazalarning eritish kinetikasini jadallashtirishi, energiya sarfini kamaytirishi hamda ruxni eritmadan samarali ajratib olish va keyinchalik
elektroliz orqali katod metallini olish imkoniyatini ta’'minlashini ko'rsatdi. Bundan tashqari, tanlab eritishdan keyin hosil bo‘ladigan temir tarkibli qoldigni po‘lat eritish
jarayoniga shixta qo'shimchasi sifatida qaytarish mumkinligi asoslandi. Taklif etilayotgan texnologiya EYPE changini qayta ishlashning an’anaviy pirometallurgik
usullariga nisbatan resurs tejamkor, energiya jihatdan samarali va ekologik toza mugqobil yechim hisoblanadi. Ushbu yondashuv metallurgiya chiqindilarini qayta

ishlash, ruxni qayta tiklash va temir komponentlarini ishlab chiqarishga qaytarish orqali aylanma iqtisodiyot tamoyillarini amalga oshirishga xizmat qiladi.
Kalit so‘zlar: elektr yoyli pech changi, rux, gidrometallurgiya, sulfat kislotali tanlab eritish, elektroliz, ikkilamchi resurslar, kompleksqayta ishlash

Introduction

Modern steel metallurgy is characterized by a steady increase in
production volumes, which is accompanied by a growing amount of
industrial waste. One of the most complex and environmentally hazard-
ous types of such waste is dust from electric arc furnaces (EAF), which
is generated during the smelting of scrap metal and iron-containing
semi-finished products. According to various estimates, for every ton of
steel melted in arc furnaces, 15 to 25 kg of dust is formed, containing
zinc, lead, cadmium, chlorine, and other elements classified as hazard-
ous substances.

The problem of processing EAF dust has become particularly
relevant in recent decades due to the increase in the proportion of
galvanized scrap in the metallic charge. The zinc coating, evaporating
in the high-temperature zone of the arc furnace, concentrates in the
dust-gas phase and is captured by gas cleaning systems. As a result,
the ZnO content in the dust can reach 20-40%, and in some cases
even exceed 50%, making this waste a valuable secondary source of
zinc.

On the other hand, the direct return of EAF dust to the steelmaking
process without preliminary processing is impossible due to the accu-
mulation of zinc, which causes intensive dust formation, increases the
load on gas cleaning systems, and deteriorates the operational perfor-
mance of the furnace. Therefore, processing EAF dust to extract zinc
and return the iron-containing component is an important scientific and
technical task, having both economic and environmental significance.

Pyrometallurgical methods for processing zinc-containing dust are
the most widespread in industrial practice. A classic example is the
Waelz process, in which dust mixed with a carbon-containing reducing
agent is subjected to high-temperature treatment in a rotary kiln. Zinc
and lead are reduced and volatilized, and then captured as oxides in
the gas purification system [1-3].

Despite its relative simplicity and industrial development, the
Waelz process is characterized by a number of drawbacks, including
high energy consumption, the formation of secondary waste, and the
production of so-called "dirty" zinc oxide, which requires additional
processing.

In recent years, there has been a proliferation of proposals for
more intensive pyrometallurgical technologies, including plasma pro-

cesses (e.g. Plasmadust, Tetronics) and vacuum processing methods
(e.g. VHR process, Japan) [4-6]. These technologies have been
demonstrated to provide a high degree of zinc recovery; however, they
require significant capital investments and complex equipment, which
limits their widespread application.

The hydrometallurgical methods for processing EAF dust are
based on the conversion of zinc and associated metals into a solution
with subsequent selective extraction. The principal reagents employed
in the leaching process are solutions of sulfuric acid, ammonium chlo-
ride, acetic acid, and complexing systems [7-10].

The utilisation of NH,CI solutions in the leaching process has been
demonstrated to yield zinc extraction efficiencies ranging from 60 to 80
per cent. Nevertheless, a substantial proportion of the zinc remains in
the form of poorly soluble zinc ferrites, thereby impeding the efficacy of
the process [11]. Sulfuric acid leaching, particularly under autoclave
conditions, has been demonstrated to yield a higher degree of zinc
extraction (up to 95-98%), yet necessitates elevated temperatures and
pressures, as well as corrosion-resistant equipment [12-14].

A thorough analysis of extant literature data indicates that the
primary issue encountered during hydrometallurgical processing of
EAF dust pertains to the dissolution of ZnFe20; ferrite phases, which
exhibit stability under conventional leaching conditions. A promising
approach to solving this problem is the intensification of the process by
increasing the temperature, using preheated material, and optimising
the electrolyte composition [13-17].

Materials and Methods

The object of research was the dust from electric arc furnaces
formed during the smelting of scrap metal and hot briquetted iron. The
dust is characterized by high dispersity, developed specific surface
area, and complex phase composition (Table 1).

The majority of zinc is present in the form of oxide and ferrites,
while iron is predominantly in oxide phases, creating conditions for
selective extraction of zinc using hydrometallurgical methods.

The proposed method for processing electric arc furnace (EAF)
dust consists of the following main stages: feeding hot dust into a
leaching reactor; sulfuric acid leaching of zinc; separation of the pulp
into solid and liquid phases; multi-stage purification of the resulting
electrolyte; electrolytic production of cathode zinc; and recycling of the
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Table 1
Chemical composition of dust, wt. %:
Analyzed result (FP method, Scatter)
No. Component Result (mass%) Unit Stat. Err. LLD LLQ
1 SO3 1.73 mass% 0.0056 0.0117 0.0351
2 K20 1.95 mass% 0.0158 0.0131 0.0393
3 Ca0 338 mass% 0.0527 0.0102 0.0306
4 Cr203 0.148 mass% 0.0023 0.0032 0.0096
5 MnO 1.29 mass% 0.0064 0.0060 0.0180
6 Fe203 32.1 mass% 0.0117 0.0114 0.0342
7 C0203 (0.0586) mass% 0.0068 0.0206 0.0617
8 Cu0 0.129 mass% 0.0020 0.0029 0.0088
9 Zn0 2 mass% 0.0207 0.0013 0.0040
10 Ga203 0.0402 mass% 0.0016 0.0040 0.0121
1 As203 0.0411 mass% 0.0032 0.0081 0.0244
12 Rb20 0.0142 mass% 0.0004 0.0007 0.0020
13 SrO 0.0086 mass% 0.0003 0.0004 0.0013
14 Zr02 0.269 mass% 0.0035 0.0018 0.0053
15 Ag20 0.0083 mass% 0.0005 0.0006 0.0017
16 Cdo 0.0655 mass% 0.0013 0.0027 0.0082
17 Sn02 0.0556 mass% 0.0012 0.0006 0.0017
18 BaO 0.0431 mass% 0.0016 0.0028 0.0085
19 Ir203 0.0451 mass% 0.0026 0.0072 0.0215
20 PbO 122 mass% 0.0045 0.0022 0.0065
21 Yb203 0.0248 mass% 0.0023 0.0057 0.0170
Spectrum
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Fig.1. Spectral analysis of primary samples

iron-containing residue back into the steelmaking process.

A distinctive feature of the technology is the use of hot dust at a
temperature of 200-300°C, which is fed into a tank with mechanical
stirring without preliminary cooling.

The leaching agent used was spent sulfuric acid electrolyte con-
taining:

H2S04 - 120-160 g/l;

Zn - 30-50 g/l.

The leaching process was carried out under the following condi-
tions: a temperature of 60-65 °C, a solid-to-liquid ratio of 1:6, and a
leaching duration of 120-240 min.

Based on the data presented in Table 2 and Figure 3, it can be
seen that as a result of the initial leaching, the degree of iron and zinc
leaching increased by 47-50%. By controlling the sulfuric acid concen-
tration, it is possible to ensure high efficiency of the process.

These conditions ensure sufficient aggressiveness of the medium
for the dissolution of ZnO and partial decomposition of zinc ferrites
without significant transfer of iron into the solution.

After leaching, the electrolyte was purified from impurities in three
successive stages: hydrolytic purification to precipitate iron and alumi-
num; cementation for the removal of copper, cadmium, and lead; and
final chemical purification to adjust the electrolyte composition to meet
the requirements for subsequent electrolysis.

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

The purified solution was directed to the electrolysis department,
where cathode zinc was produced using standard technology. Solu-
tions containing 50-60 g/l Zn and 100-120 g/l H2SO4 were reused,
which increases the closure of the water-reagent cycle.

Fig.2. Primary samples
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Results

The results of this study confirm the possibility of using the sulfuric
acid hydrometallurgical method for the selective extraction of zinc from
the dust of the electric arc furnace (EDF), followed by electrolysis and
purification of the electrolyte. Direct use of hot dust (200-300 °C) with-
out preliminary cooling provides additional intensification of the process
and contributes to improving the kinetics of zinc dissolution. This is an
important technological feature of the proposed approach.

EDP dust is a complex technogenic material with a heterogeneous
mineralogical composition and high variability depending on the operat-
ing conditions, steel grade, and additives. While iron was mainly asso-
ciated with oxide phases, zinc in the investigated dust predominated in
oxide forms and in the structure of zinc ferrites. Since ZnO dissolves
readily in acidic environments, while iron oxides dissolve poorly in
controlled leaching conditions, this distribution promotes the selective
extraction of zinc through sulfuric acid leaching.

In the hydrometallurgical processing of EDP dust, zinc ferrite
(ZnFe04) is usually considered one of the main factors limiting zinc
extraction. Zinc ferrite has a stable spinel structure and shows low
reactivity in dilute sulfuric acid. Nevertheless, partial decomposition of
ferrites can occur under sufficiently aggressive conditions, such as
elevated temperature, optimal acid concentration, and increased con-
tact time. This increases the zinc transfer to the solution. At the same
time, proper control of leaching parameters can reduce iron dissolution;
this is important for reducing impurities during subsequent electrolyte
purification.

One of the most important results of this work is demonstrating the
intensification of leaching when hot dust is fed into a reactor with me-
chanical stirring at temperatures between 200 and 300 °C. Before
leaching, the dust is typically cooled during conventional hydrometallur-
gical processing, resulting in higher energy consumption and lower
kinetic activity. Supplying hot dust, on the contrary, quickly increases
the thermal potential of the system, reduces the time required to
achieve the desired leaching temperature (60-65°C), and improves the
mass distribution.

Increasing the temperature at the initial stage of pulp formation
leads to faster dissolution of ZnO and accelerated diffusion of reagents
and products in the liquid phase. In addition, due to the rapid cooling of
the furnace gas flow, hot dust may contain phases with higher defective
density or partially amorphous structures. This can also improve leach-
ing. As a result, the process becomes more dynamic and efficient, and
heating the pulp does not require more energy.

For the leaching of sulfuric acid, a spent electrolyte containing 120-
160 g/l H2SO4 and 30-50 g/l Zn was used. Because it maintains a more
closed water-reagent cycle and reduces fresh acid consumption, using
spent electrolyte is an important technological advantage. Under cer-
tain operating conditions (temperature 60-65 °C, solid and liquid phase
ratio 1:6, leaching duration 120-240 min), high zinc dissolution was
achieved while simultaneously limiting excessive iron transfer to the
solution.

The initial leaching stage led to an increase in the degree of zinc
and iron extraction by approximately 47-50%, as shown in Table 2 and
the spectral analysis results shown in Figure 3. This indicates that the
chosen conditions provide sufficient aggressiveness of the medium for
ZnO dissolution and partial decomposition of zinc ferrites. If this had
happened, the process would not have led to uncontrolled dissolution
of iron oxides; otherwise, the contamination of the solution would have
increased and the purification would have been more difficult.

Discussion

The results show how important it is to regulate the concentration
of sulfuric acid during leaching. In the acid concentration range from
120 to 160 g/l, zinc-containing phases dissolve well without losing iron.
When the acid concentration is insufficient, the dissolution of ZnO is not

complete, and the decomposition of ferrite is limited. Conversely, ex-
cessive acidity increases the likelihood of iron oxide dissolving and
Fe3* ion formation in the solution. This makes further purification diffi-
cult and can negatively affect electrolysis.

Thus, optimizing acid concentration is crucial for maintaining bal-
ance between zinc extraction and selectivity towards iron. The results
show that within the studied range, it is possible to achieve a high
degree of zinc extraction while maintaining the corresponding iron level
in the productive leaching solution.

To meet the requirements of electrolytic zinc production, the pro-
ductive solution required purification after leaching. Hydrolytic cleaning,
cementation, and chemical correction comprised three stages of clean-
ing. Although this multi-stage method is standard industrial practice, it
has been modified to account for the profile of impurities contained in
the dust washer of electric arc furnaces.

Iron and aluminum were removed by hydrolytic purification using
controlled sedimentation. This stage is particularly important because
the dissolved iron, especially in its trivalent form, can cause significant
problems during electrolysis, such as increased energy consumption
and a decrease in cathode quality. During hydrolysis, iron is converted
into insoluble hydroxide or basic sulfate phases, and then extracted
from the solution.

Copper, cadmium, and lead were extracted by cementation. These
impurities can alter the electrochemical behavior and reduce the purity
of cathode zinc. In the process of cementation, zinc dust is usually
used to displace more noble metals from the solution. Due to its sim-
plicity and cost-effectiveness, this method is effective and widely used.

The final stage of chemical purification led to a change in the elec-
trolyte composition, maintaining the concentrations of sulfuric acid and
zinc within the optimal range for electrolysis. The final composition of
the electrolyte stabilized to approximately 50-60 g/l zinc and 100-120 g/
| H2S04, which is suitable for obtaining zinc as an electrolyte.

In the electrolysis shop, the purified electrolyte was used to pro-
duce cathode zinc in the usual manner. The main advantage of the
proposed processing method is the reuse of solutions containing 50-60
g/l zinc and 100-120 g/l H2SOs. Electrolyte recirculation reduces the
amount of water and reagents, making the process more efficient and
reducing wastewater. Using the spent electrolyte as a leaching agent, it
is possible to create a partially closed cycle. This meets modern stand-
ards for sustainable metallurgical processing.

The production of cathode zinc is proof that the purification strate-
gy effectively reduces the concentration of impurities to levels that meet
the requirements of industrial electrolysis.

After leaching, the solid residue mainly consists of iron oxides with
a low zinc content. This residue is valuable because it can be reused in
steel production as a shixta additive. This type of disposal offers two
main advantages. Firstly, this reduces waste accumulation and facili-
tates the cyclical use of by-products from metallurgical production.
Secondly, since iron is not lost in tailings, the return of iron-containing
residue increases the overall material efficiency of steel plants.

Low zinc content is necessary when smelting steel, as it can cause
operational problems such as wear and tear of refractories and in-
creased zinc circulation. The results show that the proposed leaching
conditions ensure sufficient zinc removal. This allows for the pro-
cessing of residues without affecting the steelmaking process.

Overall, it is shown that the hydrometallurgical method is effective,
intensifies processes, and is environmentally safe. Using hot dust re-
duces energy losses and requires no cooling. The cost-effectiveness
and consumption of fresh acid increase when using spent electrolyte.
Multi-stage purification provides high-quality electrolyte suitable for
electrolysis. Finally, processing the iron-containing residue brings addi-
tional technological and environmental benefits.

The overall results show that the developed technology can be
useful for industrial implementation, especially in integrated steel plants
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that seek sustainable solutions for dust control in electric arc furnaces
and zinc extraction.

Conclusion

This study developed and demonstrated an effective hydrometal-
lurgical technology for processing dust from electric arc furnaces
(EDF). The purpose of this research is to maximize zinc extraction and
ensure the return of iron-containing residue during the steel production
process. Sulfuric acid leaching of zinc-containing phases precedes
multi-stage purification of the electrolyte, followed by the electrolytic
production of cathode zinc. Due to the mineralogical distribution of
metals, where zinc is mainly present in the form of zinc oxides and
ferrites, and iron is mainly present in the oxide phases, the obtained
results confirm that EDP dust is a promising secondary raw material
for zinc extraction.

The developed technology is distinguished by the direct use of hot
dust at a temperature of 200 to 300 degrees Celsius, which is supplied
to the leaching reactor with mechanical mixing without preliminary
cooling. By utilizing the heat potential of the dust, this technological
solution contributes to the intensification of the process and the reduc-
tion of total energy consumption. The results showed that the use of
hot dust significantly accelerates the leaching kinetics due to in-
creased diffusion and chemical reactions. This allows for improved
zinc dissolution under moderate technological conditions.

For leaching, a spent sulfuric acid electrolyte containing 120-160
g/l H2SO4 and 30-50 g/l Zn was used. Because this method reduces
the need for fresh acid and promotes a more closed water-reagent
cycle, it saves money and the environment. The ideal conditions for

leaching are a temperature of 60-65 °C, a solid to liquid ratio of 1:6,
and a leaching time of 120-240 minutes. At these parameters, the
medium aggressiveness allowed for the effective dissolution of ZnO
and partial decomposition of zinc ferrites, and the excessive transfer of
iron into the solution was limited. Based on the chemical and spectral
analysis of the solid residue after leaching, it was found that the de-
gree of zinc and iron extraction increased by approximately 47-50% at
the initial leaching stage. This indicates the effectiveness of the cho-
sen conditions.

The next step was the successful purification of the productive
leaching solution in three stages. Iron and aluminum were purified
hydrolytically, cementation was used to remove copper, cadmium, and
lead, followed by the final chemical adjustment of the electrolyte com-
position. This purification sequence allowed for obtaining a high-
quality electrolyte that meets the requirements for obtaining zinc as an
electrolyte. The electrolysis was carried out using standard industrial
practice, resulting in the production of cathode zinc and the formation
of solutions containing 50-60 g/l Zn and 100-120 g/l H2SO4. During the
process, these solutions were reused. The recirculation of electrolyte
solutions improves the closed nature of the technological cycle and
reduces the amount of wastewater.

The main result of the proposed technology is the formation of an
iron-containing residue with a low zinc content. This residue can be
used in steel production as a mixture additive without harming the
technological process. This quality helps maintain the principles of a
circular economy, as it reduces the amount of waste generated and
guarantees the efficient use of by-products from metallurgy.
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Abstract. In this study, the possibilities of efficiently separating iron, zinc, and copper from copper smelting slag, which is a waste of the copper industry, using a
non-conventional hydrometallurgical method were investigated. The recycling of such wastes is important not only for the recovery of valuable metals but also for
reducing their negative impact on the environment. In order to eliminate technological problems that arise during the filtration stage after sulfuric acid leaching of
copper smelting slag, the research was carried out in three stages. First, the slag sample was selectively leached with sulfuric acid; in the second stage, the obtained
solution was dried; and in the final stage, the resulting solid metal sulfates were selectively leached with water.During the sulfuric acid leaching process, the effects of
acid concentration, leaching time, temperature, and stirring speed on the transfer of metals into the solution were comprehensively investigated. The experimental
results showed that an acid concentration of 2 M, a leaching time of 120 minutes, a temperature of 90 °C, and a stirring speed of 300 rpm are optimal conditions for
metal dissolution. Under these conditions, the degree of metal dissolution into the solution was 89.5% for Cu, 88.7% for Zn, and 59.2% for Fe. The solution obtained
after selective leaching was dried at 150 °C for 90 minutes to obtain solid metal sulfates. In the next stage, this product was selectively leached with water, and it was
determined that a leaching time of 40 minutes and a temperature of 40 °C are the most favorable conditions for the transfer of metals into the solution.

Keywords: Copper smelting slag; selective leaching; sulfuric acid leaching; metal sulfates; water leaching; nonferrous metals; hydrometallurgy; extraction

efficiency.

HETPAOWLMOHHOE rMAPOMETANITYPITMYECKOE PA3AENEHUE
XENE3A, ULUHKA U MEQU U3 OTXOO0B MEQHOU
MPOMBILWITEHHOCTH

Axmegnos M.C., FOngowes C.M., AsumoBa A.B.

HaBowickuin rocyapCTBEHHbIA FOPHO-TEXHOMOTMYECKNIA YHUBEpcUTET, Pecnybnnka YsbekucTaH

AHHOomayus. B danHol pabome uccnedogaHbl 803MOXHOCMU 3(h(heKMUBHO20 U3BIEYEHUS XKere3a, YuHKa U medu u3 medennasunbHO20 Wilaka, Aensouie2o-
s omx000M MeOHOU NPOMbILWLIEHHOCMU, C UCNO/b308aHUEM HempaoUyUOHHO20 2udpoMemaniypeudeckoeo Mmemoda. lepepabomka no0obHbIX omxodog umeem
BaXHOE 3HaYeHUE He MOsbKO 0151 8038pama UeHHbIX Memarios, Ho U 0TS CHUXEHUS UX HeaamusHo20 8030elicmeus Ha OKpyxarowyto cpedy. C yenbio ycmpaHe-
Husi mexHomoau4eckux npobiem, 803HUKaIOWUX Ha cmaduu (hunbmpayuu nocre CEPHOKUCIOMHO20 8bienayusaHus MedennasubHo20 wiaka, uccrnedosaHus
nposodunuck 8 mpu 3mana. Ha nepgom amane obpasey winaka nodgepearcs CeneKmugHoOMY 8bILyenadyusaHuro cepHol Kucrnomol, Ha 8mMOpoM 3mane nomy4YeHHbIl
pacmeop 6bICYWUBaIICS, a Ha 3aKTYUMeIbHOM amane obpasogaguiuecs meepdble Cyrbghambl MEMasos CenekmusHo ebienadusanucs 800ol. B npouyecce
CEPHOKUCITOMHO20 BbILeIa4uBaHUsi KOMNIIEKCHO U3YYEHO BMUSHUE KOHUEHmpayuu Kucmoms|, npodomKumesisHocmu npoyecca, memnepamypb! U CKOpocmu nepe-
MewusaHusi Ha cmeneHb nepexoda Memarios 8 pacmeop. OKcnepuMeHmarbHble pedynbmamel Nokasasnu, Ymo KoHUeHmpayus kucriomsi 2 M, npodomxumens-
Hocmb eblwenaqusanus 120 muHym, memnepamypa 90 °C u ckopocms nepemewusarusi 300 06/MuH sensomes onmumMalbHbIMU ycrosusimu 07 pacmeopeHust
memarnos. [pu amux ycrnosusix cmeneHb pacmeopeHusi Memarna 8 pacmeope cocmasuna 89,5% dns Cu, 88,7% ons Zn u 59,2% ons Fe. Pacmeop, nony4eHHbill
nocre cenekmugHo20 8blenaqusaHus, ebicywusanu npu memnepamype 150 °C e meweHue 90 MuHym ¢ nomydeHuem meepdbix cynbghamog memansios. Ha cre-
Oyrowiem amane OaHHb Il NPOOyKM CeTekmUBHO 8blujenayugasnu 6000, npu 3mMoM yCmaHO8/IeHo, Ymo npodomKUMesTsHocms npouecca 40 MuHym u memMnepamypa
40 °C sensromes Haubonee 6rnaeonpusimHbIMu ycrosusmu Onis nepexoda Memarnios 8 pacmeop.

Kntoyesble croea: MedennasunbHbIl WITak; CENEKMUBHOE BbILUeNa4UsaHUe; CEPHOKUCTOMHOE BbleayusaHue; Cybpambl MEManios; 800HOE 8biLenadu-
8aHUe; U8EeMHbIe Memaribi; 2UOPOMemariypausi; 3QhgheKkmuUBHOCMb U3B/IEYEHUS.
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MIS SANOATI CHIQINDILARIDAN TEMIR, RUX VA MISNI
NOAN’ANAVIY GIDROMETALLURGIK AJRATIB OLISH

Axmedov M.S,, Yuldoshev S.M., Azimova A.B.

Navoiy davlat konchilik va texnologiyalar universiteti, O‘zbekiston Respublikasi

Annotasiya. Ushbu tadgiqotda mis sanoati chigindisi hisoblangan mis eritish shlagi tarkibidan temir, rux va mis metallarini noan’anaviy gidrometallurgik usulda
samarali ajratib olish imkoniyatlari o'rganildi. Mazkur chigindilarni qayta ishlash nafagat gimmatli metallarni qayta tiklash, balki atrof-muhitga salbiy ta’sirni kamaytirish
nuqtayi nazaridan ham dolzarb hisoblanadi. Sulfat kislotada tanlab eritish jarayonidan so‘ng filtrlash bosgichida yuzaga keladigan texnologik muammolarni bartaraf
etish magsadida tadqiqot ishlari uch bosqgichda olib borildi. Dastlab, shlak namunasi sulfat kislotada tanlab eritildi, keyingi bosgichda olingan eritma quritildi va oxirgi
bosqichda hosil bo'lgan qattiq metall sulfatlari suvda tanlab eritildi. Sulfat kislotada tanlab eritish jarayonida kislota konsentratsiyasi, jarayon davomiyligi, harorat va
aralashtirish tezligining metallarning eritmaga o'tish darajasiga ta’siri kompleks ravishda o‘rganildi. Tajriba natijalari shuni ko'rsatdiki, 2 M kislota konsentratsiyasi, 120
minut davomiylik, 90 °C harorat va 300 ayl/min aralashtirish tezligi metallarning eritmaga o'tishi uchun optimal sharoitlar hisoblanadi. Ushbu sharoitlarda metallning
eritmaga erish darajasi Cu uchun 89,5%, Zn uchun 88,7% va Fe uchun 59,2% ni tashkil etdi. Tanlab eritish natijasida olingan eritma 150 °C haroratda 90 minut
davomida quritilib, qattiq metall sulfatlari olindi. Keyingi bosgichda ushbu mahsulot suvda tanlab eritilib, 40 minut davomiylik va 40 °C harorat metallarning eritmaga

o'tishi uchun eng magbul sharoit ekanligi aniglandi.

Kalit so‘zlar: mis eritish shlagi; tanlab eritish; sulfat kislotada eritish; metall sulfatlari; suvda eritish; rangli metallar; gidrometallurgiya; ekstraksiya samaradorligi.

Introduction

Copper slag is a by-product formed in the pyrometallurgical pro-
cessing of copper, consisting mainly of fayalite (Fe2SiO4), magnetite
(FesO4), and minor amounts of valuable metallic elements such as
copper, iron, zinc, cobalt, and nickel [1,2]. In addition, some copper
slags may contain harmful elements such as lead and arsenic [3]. It is
considered an important hazardous solid waste that can be utilized for
secondary purposes. According to statistics, while the annual global
copper production volume is 23 million tons, the annual volume of
copper slag waste has exceeded 70 million tons [4]. Currently, due to
the lack of effective and safe processing and neutralization measures,
the majority of copper slags are accumulating around smelting plants.
Only 20% are being used in the production of high-value products,
including cement additives, fillers, road surface slag, abrasives, cutting
tools, inert aggregates, roofing granules, glass, and tiles [5]. This situa-
tion not only leads to the wastage of high-value resources such as iron,
cobalt, copper, lead, and silicon but also poses a serious threat to
ecological safety, human health, and sustainable development. The
heavy metal elements in copper slag can disperse into the surrounding
soil, groundwater, and open water bodies, causing significant environ-
mental hazards [6]. Currently, there are three main methods for recov-
ering valuable metals from copper slag: froth flotation, pyrometallurgy,
and hydrometallurgy. In the flotation process, the surface property
differences between valuable and gangue minerals are exploited to
recover copper and cobalt. This process utilizes various reagents, such
as frothers, modifiers, and depressants. However, the efficiency of
flotation and the grade of the copper concentrate depend on the ther-
mal history (cooling rate) of the slag, which can lead to significant loss-
es of residual copper and cobalt during the process [7,14]. Hydrometal-
lurgy primarily involves transferring valuable metallic elements from
copper slag into a liquid phase. This process is carried out using alka-
line (strong base) or acidic solutions. Subsequently, the separation and
enrichment of various valuable metals present in the liquid phase are
performed, ultimately leading to their recovery in the form of metals or
other compounds [8]. The selective leaching method using inorganic
acids has attracted significant attention from researchers due to its high
separation efficiency. Although some researchers have conducted
systematic studies on the selective leaching of copper slag using alka-
line or organic acids, the separation efficiency has not reached the
desired level. For example, Sari et al. [9] investigated the leaching
behavior of metals from copper slag using hydrogen peroxide and an
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organic acid (acetic acid) under atmospheric pressure. Under optimal
conditions, the separation efficiency for copper, zinc, and iron reached
98.04%, 28.8%, and 2%, respectively. Meshram et al. [10] studied the
selective leaching of metals from copper slag using citric acid, achiev-
ing recovery rates of 99.0% for copper, 89.2% for nickel, 94% for co-
balt, and 99.2% for iron under optimized conditions. Acids such as HCI
and HNOs release highly toxic gases like Cl2 and NOx during the selec-
tive leaching process due to their inherent instability. These gases not
only lead to environmental pollution but also pose serious risks to hu-
man health, as they can disperse through the air and cause damage to
the respiratory system and other organs [11].

Sulfuric acid has been favorably received by researchers as a
leaching agent for metal recovery from copper slag. However, this
method still presents certain unresolved challenges. If some stable
compounds or soluble phases within the slag are encapsulated within
insoluble minerals, it can reduce the recovery efficiency of metals such
as iron, cobalt, copper, and zinc [12,15]. The process can be optimized
by adjusting various parameters, such as the leaching system, acid
concentration, temperature, and time. However, the selective leaching
process using sulfuric acid becomes more prone to silica gel formation
when the H,SO,, concentration, leaching temperature, and duration are
increased [13,16]. To address the aforementioned issues, this study
proposes a combined method of "sulfuric acid pretreatment + drying +
water leaching” for recovering valuable components from copper slag.
Using single-factor experiments, the effects of pretreatment condi-
tions—temperature, acid concentration, liquid—solid ratio, and time—as
well as drying temperature and duration on the selective leaching effi-
ciency of non-ferrous metals from the slag were investigated in detail.
Comparisons were made with the conventional sulfuric acid selective
leaching process, and the filtration characteristics of the leaching solu-
tion were analyzed. As a result, the proposed combined process
demonstrated the potential for efficient, safe, and energy-saving pro-
cessing of copper slag, offering a novel and promising method for its
recovery.

Materials and methods

Materials. In this study, copper slag obtained from the copper
industry was used as the sample material. The samples designated for
research were first crushed, ground, and prepared for chemical analy-
sis. To determine the chemical composition of the samples, a Shimad-
zu EDX-7000 energy-dispersive X-ray fluorescence spectrometer was
utilized. The obtained data are presented in Table 1.
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Initially, a jaw crusher (Opobunka wwekosas [l 80x150, NPK

"MexaHobp-TexHuka" Russia) was used to reduce the size of the slag.
Subsequently, to further grind the material and reduce the particle size

to less than 2 mm, a roller crusher (Bankosas gpo6unka 1Bl 200x125,
Russia) was employed.

Table 1
Chemical composition of the copper slag
Elements Fe Zn Cu Si Al K Mg Ni Mn
% 37,9 0,74 0,86 16,4 5,31 0,43 0,25 0,07 0,5

High-purity chemical reagents were used to conduct the experimental
work. A 96% sulfuric acid (H2SO4) solution was employed to transfer
the metallic components from the slag into the leachate. Sodium hy-
droxide (NaOH) was used to regulate the solution's pH, while hydrogen
peroxide (H20:) was utilized to enhance the oxidation process. All
solutions used in the experiments were prepared using distilled water.

Methods. Selective Leaching (sulfiric acid). To determine the influ-
ence of key process parameters on the leaching of metals from the
slag, selective leaching experiments were conducted. During the exper-
iments, sulfuric acid concentration (1.4-2.4 M), leaching time (90-140
minutes), temperature (70-120 °C), and agitation speed (100-350
rom) were sequentially varied and studied. All experiments were car-
ried out in a 1000 ml beaker using a laboratory magnetic stirrer. The
temperature was continuously monitored throughout the process.
An MS7-H550-S model stirrer (DLAB, Beijing, China) was used for the
experiments.

Selective Leaching (water). After the selective leaching process in
sulfuric acid, the resulting suspension was dried by heating without
prior filtration. This yielded solid metal sulfates. In the subsequent
stage, this solid product was leached in plain water to study the selec-
tive leaching process in an aqueous environment. During the water
leaching experiments, the focus was on key process parameters:
leaching duration (30-80 minutes), temperature (30-80 °C), and the
solid-to-liquid ratio (S/L), which were sequentially varied. All experi-

Copper industry waste
v
| Crushing/grinding l

|
A\

Selective Leaching
2 (M) H2S04, 90 °C, 120 min, 300 rpm S/L=1:5

Drying
‘\ 150 °C, 90 min

Filtration
' }

|

For metal separation

Fig. 1. The flow chart of the recovery process
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ments were conducted under laboratory conditions.

A simplified process flow diagram illustrating the overall sequence
of operations performed in this study is presented in Figure 1. This
diagram provides a clear and comprehensive visual representation of
the experimental procedure.

Results and discussion

Determining optimal parameters for selective dissolution in sulfuric
acid. To begin the experimental work, six samples of 100 g each were
weighed using a balance. Each sample was processed in sulfuric acid
solutions with different concentrations: 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 M.
In the first stage, research was conducted in order to convert the metal
compounds contained in the sample into sulfate form.

In this case, initially, experiments were carried out to determine the
optimal value of the solution concentration. The sulfuric acid concentra-
tion was varied in the range of 1.4-2.4 M, while the other process pa-
rameters were kept constant: leaching time of 100 minutes, tempera-
ture of 80 °C, stirring speed of 300 rpm, and a solid-to-liquid phase
ratio of 1:5. Through this sequence of experiments, the effect of sulfuric
acid concentration on the degree of m tal transfer into the solution was
systematically evaluated. The obtained results served as a basis for
analyzing the process efficiency and determining the optimal operating
conditions. In particular, at a sulfuric acid concentration of 1.4 M, the
degrees of metal transfer into the solution were 75% for copper, 79.1%
for zinc, and 52% for iron. When the acid concentration was increased
to 2 M, the metal transfer efficiencies increased to 82.5% for
Cu, 84.2% for Zn, and 56.3% for Fe, respectively. However,
further increases in sulfuric acid concentration did not have a
significant effect on the degree of metal transfer into the solu-
tion. The experimental results are presented graphically in Fig-
ure 2a.

After determining the optimal concentration of sulfuric acid, a
series of experiments was conducted to study the time parame-
ter, which is one of the important factors affecting the process.
In each experiment, the solution concentration was maintained
at 2 M, the selective leaching time was varied in the range of 90
—-140 minutes, the temperature was kept at 80 °C, the stirring
speed was 300 rpm, and the solid-to-liquid phase ratio was
maintained at 1:5. Through these studies, the effect of selective
leaching duration on the degree of metal transfer into the solu-
tion was systematically analyzed. The obtained results served
as an important basis for evaluating the process efficiency and
| determining the optimal time parameter. In particular, when the
| selective leaching duration was 90 minutes, the degrees of
| 'metal transfer into the solution were 82% for Cu, 80.3% for Zn,
I"and 55% for Fe. When the leaching time was extended to 120
' minutes, these values increased to 85.9% for Cu, 86% for Zn,
" and 57% for Fe, respectively. The experimental results obtained

- are presented graphically in Figure 2b.
. After determining the optimal duration for the selective leaching
“ process, in the next stage the effect of temperature, which is
| one of the important factors significantly influencing the process,
was studied. For this purpose, a series of experiments was
conducted in which the temperature was varied in the range of
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70-120 °C. The remaining technological parameters were kept con-
stant: solution concentration of 2 M, selective leaching time of 120
minutes, stirring speed of 300 rpm, and a solid-to-liquid phase ratio of
1:5. Under these conditions, the effect of process temperature on the
degree of metal transfer into the solution was evaluated. According to
the research results, when the temperature was increased to 90 °C,
the degrees of metal transfer into the solution were 88.8% for Cu, 86%
for Zn, and 58% for Fe. However, further increases in temperature did
not have a significant effect on the degree of metal transfer into the
solution, indicating that a temperature around 90 °C is optimal for the
process. The obtained experimental results are presented graphically

in Figure 2c.

In the next stage of the process, the effect of the solution stirring
speed on the efficiency of selective leaching was evaluated. These
experiments were carried out based on the optimal technological con-
ditions determined in the previous stages. According to the research
results, when the solution stirring speed was 300 rpm, the degrees of
metal transfer into the solution reached the highest values, namely
89.5% for Cu, 88.7% for Zn, and 59.2% for Fe. Based on the results
obtained during the experiments, Figure 2d was constructed in graph-
ical form.
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Fig. 2. Effects of (a) sulfiric acid concentration, (b) time, (c) temperature, (d) stirring rate.
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Fig. 3. Samples of solid metal sulfates obtained by drying

After the process was fully completed, the resulting solution was

dried under the effect of high temperature in order to obtain solid metal

sulfates. In this process, the solution was maintained at a temperature
of 150 °C for 90 minutes, ensuring complete evaporation of the water
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in the liquid phase. As a result, solid metal sulfates suitable for further
research in subsequent stages were obtained. The appearance of the
metal sulfates obtained under different technological conditions is
presented in Figure 3.
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Determining optimal parameters for selective dissolution in
water. In order to evaluate the possibilities of efficient separation of
solid metal sulfates in subsequent stages, a selective leaching tech-
nology using distilled water was applied. For this purpose, several
samples weighing 100 g were prepared from solid metal sulfates ob-
tained as a result of selective leaching with sulfuric acid followed by
drying. To determine the kinetic characteristics of the selective leach-
ing process, the leaching duration was selected as the main variable
parameter and was successively varied in the time range from 10 to
60 minutes. The experiments were carried out at a temperature of 30 ©
C. The research was conducted consistently under the specified con-
ditions, and the obtained experimental results made it possible to
analyze the course of the process. In particular, when the duration of
selective leaching in water was 40 minutes, the degrees of metal
transfer into the solution were 90.4% for Cu, 89.4% for Zn, and 88.4%
for Fe. These results are presented graphically in Figure 4a.

After studies on the duration of the selective leaching process
determined that the optimal time was 40 minutes, in the next stage the
effect of temperature, which is one of the important factors influencing
the process, was investigated. For this purpose, experiments were
carried out in the temperature range from 20 to 70 °C. In each experi-

ment, the selective leaching duration was strictly fixed at 40 minutes,
and the other technological parameters were kept constant. Based on
the results of the conducted experiments, the effect of temperature on
the dissolution process of metal sulfates in water was evaluated. It
was found that at a temperature of 40 °C, the degrees of metal trans-
fer into the solution for copper, zinc, and iron were 94.3%, 92.3%, and
90.5%, respectively. Increasing the temperature to higher values did
not have a nearly significant effect on the degree of metal dissolution.
The obtained experimental results are presented graphically in Figure
4b.

After determining the optimal temperature, the effect of another
important technological factor influencing the selective leaching pro-
cess—the solid-to-liquid phase ratio (S/L)—was investigated. In this
stage, the experiments were conducted for a duration of 60 minutes at
a temperature of 50 °C. The solid-to-liquid phase ratio was succes-
sively varied, and its effect on the degree of dissolution of metal sul-
fates in water and the overall process efficiency was evaluated. As a
result of the experiments, the role of the S/L ratio in the selective
leaching process was determined, making it possible to establish the
optimal ratio. The obtained experimental results are summarized in
Figure 4c and served as a basis for further analysis.
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Fig. 4. Effects of (a) time, (b) temperature and (c) solid-to-liquid ratio.

Conclusion. This study investigated the possibilities of extracting
metals from copper industry waste, with the aim of eliminating prob-
lems that arise during filtration in the sulfuric acid dissolution process.
The experiments were conducted in three stages: first, selective leach-
ing in sulfuric acid, then drying the solution, and finally, selective disso-
lution of the resulting solid metal sulfates in water. Additionally, the
main technological parameters influencing the process were systemat-
ically evaluated.

The effects of acid concentration, time, temperature, and stirring
speed on the degree of metal dissolution during selective leaching with
sulfuric acid were determined. Research results established that opti-
mal conditions for the process are a sulfuric acid concentration of 2 M,
a duration of 120 minutes, a temperature of 90°C, and a stirring speed

of 300 rpm. Under these conditions, the degree of metal dissolution
into the solution was 89.5% for Cu, 88.7% for Zn, and 59.2% for Fe.

After selective dissolution, the obta ined suspension was dried at a
temperature of 150°C for 90 minutes without filtration, resulting in solid
metal sulfates. In the next stage, the selective dissolution properties of
this product in water were studied. Experiments in an aqueous medi-
um revealed that a duration of 40 minutes and a temperature of 40°C
were the optimal conditions for the transition of metals into solution. At
this stage, recovery rates of 96% for Cu, 97.3% for Zn, and 97.4% for
Fe were achieved.
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BINMUAHWE CEPOBOJOPOA HA NMPOLECC NMOA3EMHOIO
BbILWENAYNBAHUA YPAHA U3 KAPBOHATHO-
CYJIboOCOOEPKALLUX PYQ

5/

d:

Anvkynos LLL.LLI., Haepysos T.10., Xanumos W.Y., LWaponos K.P.,
HaBowuiickuit rocyfapcTaeHHbIi CN “Nurlikum Mining”, HaBouickuit rocyapCTBeHHbIi HaBouMCkuiA rocyAapCTBEHHbIi
TOPHO-TEXHOMOTUYECKNI TMaBHbINA UHXEHEP TOPHO-TEXHOMOTNYECKNI TOPHO-TEXHOMOTYECKUN
YHUBEPCUTET, A.T.H., npocheccop YHUBEPCUTET, A.T.H., BOLEHT YHUBEPCUTET, Npernogasatenb

AHHOomayus. B 0anHoli pabome uccredosaHo enusiHue cepogodopoda (HS) Ha npouecc no03eMHO20 8bILeTaqu8aHus ypaHa, 8 YacmHOCMU €20 Posib 8 80C-
CmaHo8MeHUU WecmusaneHmHo20 ypaHa 0o YembIpéxganeHmHo20 COCMOSHUS, @ MakKe Cesi3aHHbIe C IMUM MeXHOM02UYECKUEe HapyWeHUs U UHMeHCUBHas Koppo-
3us obopydosaHus. Llenbto uccredogaHus snsiemcs ycmaHoeeHue npuduH obpasosaHus H,S, oueHka e2o 8o3delicmsusi Ha ycmolyugocmb npouecca U paspa-
6omka achcpekmusHbIx Memodos Helimpanu3sayuu. Memodonoeus uccrnedosaHus ekiodana ombop npob 20pHbIX NOPOO U NPOAYKMUBHbIX pacmeopos U3 0obbisaro-
WX CK8axXUH ypaHo8020 MecmopoxdeHus ' TK-2. [opodoobpasyrousue u pydHbie MUHeparb! Bbiu U3yyeHbl C NOMOWbIO CKaHUpYyrowel 31eKmpOHHOU MUKPOCKoNUU,
a makxe ¢ ucnosnb3osaHuem mMukpockona Nikon ECLIPSE LV 100N POL npu ysenuyeHuu om 40 0o 1000 pas. JononHumensHO nposedéH aHanua npuyuH obpasosa-
Husi ceposodopoda 8 pyoHoll cpede. Pe3ynbmambi nokasanu, Y4mo 8 pside obbiearowjux ckeaxuH codepxaHue H.S docmueaem 320 me/n, mozda kak 8 dpyaux
ckeaxuHax cepogodopod He 0bHapyeH. [MpodykmusHble pacmeopsl ¢ NosbileHHbIM codepxaHuem H,S 6binu npoaHanuauposaHb! 6 LlermparnbHol ¢hu3uko-
xumuyeckol nabopamopuu 3achapabadckoeo pydoynpasnerus. [Ins Helimpanusayuu ceposodopoda npumeHsnacs nepekucs 8odopoda (H02), komopas ecmynana
8 peakyuto ¢ aghghekmugHocmbio okonno 60 %, obpasys 800y U cepHyro Kucromy. HayyHas HosusHa pabomb| 3ak4Yaemes 8 KOMNIEKCHOM aHaslu3e 80CCmaHo8U-
menbHo20 delicmausi H,S Ha ypaH u 060CHOBaHUU hpuMeHeHUsT nepekucu 8odopoda 0n1si cmabunusayuu npoyecca Nod3eMHo20 8biuenaqusaHus. [lonyyeHHsble
pesynbmame! UMEM 8aXHOe Npakmuyeckoe 3HayeHue O CHUXEHUS KOPPO3UOHHBIX NOBPEXOEHUL, NOBbILIEHUS MEXHOM02UYecKol Ha0EXHOCMU U yMEeHbWEHUS
9KOHOMUYECKUX nomepb ypaHo00bbisatowux npednpusmudl.

Knroyesnie cioga: nod3emHoe ebiujenaqusaHue, ceposodopod, 8aneHmMHOCMb ypaHa, Koppo3usi, NPodyKmMUEHbIL pacmeop, nepekucs 8000poda

KARBONAT-SULFID TARKIBLI RUDALARDAN URANNI YER OSTI
TANLAB ERITISH JARAYONIGA VODOROD SULFIDINING TA'SIRI

Aliqulov Sh.Sh.1, Navruzov T.Yu.2, Xalimov I.U.1, Sharopov Q.R.!

1 Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi
2 QK «Nurlikum Mining”, O‘zbekiston Respublikasi

Annotatsiiya. Ushbu tadgiqot uranni yer ostida eritmaga o'tkazish (YOEQ') texnologik jarayonida vodorod sulfidi (H>S)ning hosil bo'lishi, uning uranning olti
valentli shaklini to'rt valentli holatga qaytarish mexanizmi hamda ushbu jarayon natijasida yuzaga keladigan texnologik buzilishlar va kuchli korroziya muammolarini
o‘rganishga bag‘ishlangan. Tadqiqotning asosiy maqsadi H.Sning YOEQ* jarayoniga salbiy ta'sirini baholash, uning paydo bo'lish sabablarini aniglash va samarali
neytrallash usullarini ishlab chigishdan iborat. Tadqiqot metodologiyasi tog® jinslaridan hamda uran konidagi so'rib oluvchi quduqlardan namunalar olish, laboratoriya
va ishlab chiqarish sharoitida analitik tahlillar o‘tkazishni 0z ichiga oladi. Tog' jinslari tarkibidagi ruda va porodo hosil qiluvchi minerallar skanerlovchi elektron mikros-
kop yordamida, shuningdek Nikon ECLIPSE LV 100N POL mikroskopida 40 dan 1000 martagacha kattalashtirishda o‘rganildi. “Navoiyuran” daviat korxonasining
Zafarobod kon boshqarmasiga qarashli GTK-2 uran konidagi so'rib oluvchi quduglardan olingan mahsuldor eritmalarda vodorod sulfidi migdori aniglandi. Tahlil na-
tijalariga ko'ra, ayrim quduglarda H.S migdori 320 mg/l gacha yetgani, ayrim quduglarda esa vodorod sulfidi aniglanmaganligi qayd etildi. H.S aniqlangan mahsuldor
eritmalar Zafarobod kon boshqarmasining Markaziy fizik-kimyoviy laboratoriyasida batafsil tahlil qilindi. Vodorod sulfidini neytrallash magsadida vodorod peroksid
(H202) qo'llanilib, natjjada suv va sulfat kislota hosil bo'lishi aniglandi. Tadqiqotning ilmiy yangiligi H>Sning uranni qaytaruvchi ta’sirini kompleks baholash va YOEO'
jarayonida vodorod peroksid asosida neytrallash mexanizmini asoslab berishdan iborat. Olingan natijalar ishlab chiqarish barqarorligini oshirish, korroziya xavfini
kamaytirish va korxona iqtisodiy yo'qotishlarini qisqartirish nuqtayi nazaridan muhim amaliy ahamiyatga ega.

Kalit so‘zlar: YOEQ', vodorod sulfidi, uranning valentligi, korroziya, mahsuldor eritma, vodorod peroksid, neytrallash.
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THE EFFECT OF HYDROGEN SULFIDE ON THE IN-SITU LEACHING
OF URANIUM FROM CARBONATE-SULFIDE-BEARING ORES

Alikulov Sh.Sh.1, Navruzov T.Y.2, Xalimov L.U.1, Sharopov Q.R.!

*Navoi State University of Mining and Technologies, Republic of Uzbekistan
2 “Nurlikum Mining” JV, Republic of Uzbekistan

Abstract. At present, the global gold mining industry is facing objective technological challenges caused by the depletion of reserves of easily beneficiated
oxidized gold-bearing ores and the increasing proportion of refractory mineral raw materials. Significant processing difficulties arise from the structural and mineralogi-
cal heterogeneity of gold, its occurrence in ultrafine and nanoscale forms (1 nm = 10 ~?m), as well as the close association of gold particles with sulfide mineral matri-
ces and carbonaceous components of ores. The presence of naturally occurring active carbon leads to the so-called “preg-robbing” effect, which reduces gold recov-
ery during conventional cyanidation. These factors necessitate the involvement of double- and triple-refractory ores in processing and the development of specialized,
scientifically grounded technological solutions.

This paper examines the technological challenges associated with gold extraction from double-refractory ores of the Auminzo-Amantoy deposit, which are char-
acterized by a complex mineral composition and a high degree of noble metal encapsulation. The results of experimental and pilot-scale studies aimed at increasing
the degree of gold liberation and reducing the adverse effects of carbonaceous and sulfide phases are analyzed. Particular attention is paid to the application of
preliminary oxidative pretreatment methods, including biochemical and thermal treatments, as well as combined processing flowsheets. It is shown that the implemen-
tation of integrated technologies can significantly enhance gold recovery and create favorable conditions for the industrial development of refractory ores of the depos-
it with acceptable techno-economic performance.

Keywords: refractory gold, carbonaceous matter, preg-robbing, sorption activity, carbon-in-leach (sorption cyanidation), roasting, free gold, encapsulation,

sodium lignosulfonate, recovery.

BeedeHue

Ha tepputopun YsbekuctaHa, B YacTHocT B HaBouiickoi obna-
CTU, METOA NoA3eMHOro Bbileniaynsanus (MB) ycnewHo npuMeHseT-
CSl Ha KPYMHbIX YpaHOBbLIX MeCTOpOXaeHWsix. brarogaps wMpokomy
BHEJPEHWIO 3TON TEXHOMNOrM, pecnybnuka BXOQUT B AECATKY Bedy-
LLMX CTPaH Mupa no obbEmam f0bbium ypaHa. Tem He MeHee, HECMOT-
ps Ha BbICOKYIO adhdekTBHOCT 1B, B npoLiecce ero npoMbILLIeHHON
peanu3auuy BbISBASKOTCH ONPEAENEHHbIE TEXHOMOrMYECKUe U reoxu-
MWUYECKUE OrPaHUYEHMS, HETaTUBHO BNUSILOLLME HA M3BMEYEHNE ypaHa
13 pygHOro MaTepuana.

Hacroslliee vccnenoBaHne HanpaBneHo Ha W3ydeHue Tepmoau-
HaMUYECKUX M KWHETUYECKMX YCrOBUI BOCCTAHOBMEHMS LUECTWBA-
nextHoro ypaHa (U(VI)) go yetbipéxsanentHoro (U(IV)) nog Bo3pen-
cTBueM ceposogopoga (H.S), obpasytolerocs B pesynbtaTe pacTBo-
peHuns CynbUAHBIX MUHEParoB B MPOLYKTMBHOM ropu3oHTe. OcHoB-
HOM 3afjayedl SIBNSIETCS YCTaHOBMEHWe pH-3aBUCUMOTO MOBEAEHMS
ypaHa B npucytctBumn H,S, onpeaenerue ycnosuii ocaxaeqns U(OH)
4 1 pa3paboTka Mep Mo HenTpanM3aLmm BOCCTaHOBUTENbBHBIX NPOLIEC-
COB C LIENbI0 MOBbILIEHNS 9PDEKTUBHOCTU NOA3EMHOIO BhbilLENaynBa-
Hus (MNB).

OpHolt 3 Takux npobrem sBNSETCS MPUCYTCTBUE CyNbdNAHbIX
MWHEPasnoB B ypaHoCOAepxalymx nnacrax, ocobeHHo nuputa (FeS,),
KOTOPbII CYLIECTBEHHO CHWXaeT 3((EKTUBHOCTL BbILENAYMBAHNS.
Cynbtuabl NpensiTCTBYOT OKUCNIEHMIO YpaHa W ero nepexogy B Mo-
LBWKHOE LLeCTMBaneHTHoe coctosHue (US*), Heobxoammoe Anst pac-
TBOPEHUS B KUCMOTHON uUnn BukapBoHaTHo cpefe. Mpyu B3anmMoaeii-
CTBMM KNCMOTHbIX BbILLENAYMBAIOLLIMX PACTBOPOB C MUPUTOM W ApYIK-
Mn cynbduaamn npoucxoant obpasosaHne ceposopopoga (H,S) —
TOKCUYHOTO, XMMWYECKM aKTUBHOTO rasa, AecTabunuavpyioLlero xog
TexHonoryeckoro npoecca [1].

H,S nposiBNsieT BblpaxeHHble BOCCTAHOBUTENbHLIE CBOICTBA,
nepesogs ypaH W3 wwectuBaneHTHoro (US*) B ueTblpéxBaneHTHoe
(U**) cocTosiHve, B pesynbTaTe 4ero NoCnemHWi BbinafaeT B Buae
HepacTBOPUMbIX COEAMHEHUI, CHUXas obLuee U3BNeYeHre MeTanna.
Kpome Toro, cepoBoAopOr, BCTYNaeT B peakLum C KarbLyeM, Xene3om
1 OpYyrUMK KOMMNOHEHTaMK pacTopa, YTO MpUBOAWT K 06pa3oBaHmio
HepacTBOPUMbIX 0CagkoB. JTO CNOCOBCTBYET KomnbMmaTauuv (urb-
TPOB, CHWXEHMIO MPOHMLIAEMOCTMW NPOAYKTUBHOTO ropu3oHTa U fiebuta
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CKBaXWH. H,S Takoke Oka3biBaeT BbIPaXXEHHOE KOPPO3MOHHOE BO3LEN-
CTBWE Ha TexHonornyeckoe obopynoBaHue 1 TpybonpoBoabl, 3Hauu-
TENbHO YBENUUYMBAs 3KCnyaTaLuoHHble pacxogbl. C 3Konornyeckon
TOYKM 3pEHMSs, yTeuka CEepoBOAOPOAA B aTmocdepy NMpencTaBnser
CepbE3HYI0 OMACHOCTb Kak 715 3A0POBbs NEPCOHana, Tak 1 4ns OKpy-
Xarowen cpefpl [2].

Ocoboe BHMMaHME 3aCnyxMBaOT kapbOHATHO-CyNbduaHbIe ypa-
HOBbIE pyLbl, PACNPOCTPAHEHHDBIE HA OTAEMbHbBIX y4acTkax MECTOPOX-
[EeHUA. DTV pyabl NpeacTaBnsioT coboit TMN ypaHocoLepKallux Mu-
Hepanu3oBaHHbIX KOMMMEKCOB, B KOTOPbIX ypaH CBSi3aH kak ¢ kapbo-
HaTHbIMM, TaK 1 C CynbtuaHEIMA MuHepanamu. MNepepaboTka kap6o-
HaTHO-CynbdMAHbIX pya TpebyeT ocoboro noaxona, NOCKONbLKY B3an-
MOZENCTBME KOMMOHEHTOB PYA C peareHTamu BbilienaynBaHus Co-
NPOBOXAAETCH CIOXHBIMU (HU3UKO-XMMUYECKMMW MpOLieccamu, BNus-
oMK Ha 3chheKTUBHOCTb NMepeBoaa ypaHa B PacTBOPUMYHO hopmy
W ero nocregytoLLee U3BMeYEHHE .

Takum obBpasom, npucyTcTBue CynbGNAHBIX KOMMOHEHTOB, 0CO-
OeHHO nMpWTa M MPOAYKTOB €ro B3aUMOLENCTBMS, B kapboHaTHO-
CynbUOHbIX YpaHOBbIX pydax TpebyeT KOMMMEKCHOro u3yyeHus,
ONMTUMM3aLMN XMMUYECKOTO COCTaBa BbILENaYnNBatoLLMX PacTBOPOB U
pa3paboTkM crneumanbHbiX TEXHOMOrMYECKUX PELUEHUA, HanpaBneH-
HbIX Ha CHWKEHWE HEeraTMBHOIO BMWSIHWS CEPOBOLOPOAA W MOBbILLE-
HWe achhEKTUBHOCTY MOA3EMHOIO Bbilenayneanms [3].

Oco6oe BHUMaHue TpebytoT kapboHaTHO-CYNb(MAHbIE YpaHOBbIE
pyObl, KOTOpbIE BKIIOYAIOT Kak kapOoHaTHble MuHEpanbl (HanpuMep,
kanbuut CaCOs), Tak u cynbdnabl (FeS,, FeS). YpaH B Takux pygax
MOXXET MPUCYTCTBOBATH B BUAE NEPBUYHBIX MUHEPANOB (YPaHOMUMKT,
KapHOTUT 1 Ap.) unu copbupoBaHHbIx chopm. Mpu B3aumopencTsnm ¢
KMCNOTOMN UM kapbOHATHLIMW PACcTBOpPaMM ypaH MOXET NEPEXOAUTL B
pacTBOp B BUAE KOMMIEKCHbBIX MOHOB, TaKMX Kak:

B kucnotHoi cpege:

U0, +2H,50, ——UO0,(S0,)* +2H,0 (1)

B kap6oHaTHoi1 cpepe:

Uo,” +3C0," ——U0,(CO;),"
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OpHako cynbuaHble MUHepanbl, 0COBEHHO B COYETaHUU C Kap-
BoHaTaMu, pyaamn N CHUXEHWE OKWUCTMTENbHO-BOCCTAHOBUTENbHbINA
noteHuuan (Eh) v Hapywatowme 6anaHc peakumii BbilienadnsaHus.
lMoaTomy BbilenaumBaHne Takux pya TpebyeT cneundmyeckux nog-
XOA0B: NoAbop peareHToB, CTabUNN3aTOPOB, NPUMEHEHNE OKUCIUTE-
nei (Hanpumep, H;0,, MnO,~) 1, BO3MOXHO, BUOXUMUYECKIX METO-
[0B YNpaBneHus reoxummyeckon obcTaHoskow [3).

Matepuansb! u meTogpl

JKkcnepuMeHTanbHble UccneaoBaHma. [Ing u3yyeHns MoHONNT-
Horo obpasua 1 onpefeneHns BXOLALMX B €r0 COCTaB MUHEparoB
Obiny NPOBEAEHDI CrieaytoLLMe UCCNENoBAHMS:

113 n3menby€HHOr0 MOHONMTHOTO 0BpasLa Mpu MOMOLLM 3MOKCHA-
HOTO Kriest 6blnk M3roTOBIEHbI UCKYCCTBEHHbIE BPUKETLI.

BpukeTbl Bbin OTMONNMPOBAHLI, NOAFOTOBNEHBI NONMPOBAHHbLIE 1
Npo3payHbIe LNNMbI.

C nomouwto mukpockona Nikon ECLIPSE LV 100N POL npw
yBenuyeHum ot 40 go 1000 pa3 Bbinu n3yyeHbl nopogoobpasytoLuye 1
pyaHble MUHeparnsb!.

[poBeaeHbl XUMUYECKME aHanM3bl (MacC-CneKTpanbHbI, CUMK-
KaTHbIl 1 PEHTTeHOBCKas avdpakTorpamma).

n)

Mo pesynbTaTam NpoBEAEHHBIX UCCNeaOBaHuiA B COCTaBe 0bpas-
Lja MoHonuT 6binK BbISBREHbI CNEAYIOLWWE MUHEPAnbI: MMPUT, KOMyM-
OWT, MOHALWT, YPaHUHUT, anaTuT, pyTun, SpasuT, kKBap, NnarMoknas,
OpTOKNa3, MAPOMYCKOBWT, XIOPUT, KaOMMHWT, MOHTMOPWUMMOHHUT-
CMEKTUT 1 knuHonTunonut (Puc. 1).

Muput (FeS;) BCcTpeyaeTcs B BUAE MENKNX 3EpEH, C KceHOMopd-
HOW CTPYKTYpOM (a).

®opma — oBarbHas, TOHKOBEHO3Has W HenpaBunbHas (puc. 1).
LiBet — cBeTtno-xéntbii(b). Paamep — ot 0,001 go 0,02 mm. Mune-
pan U30TPOMHBIN.

Konymbut ((Fe,Mn)(Nb,Ta),0¢) — Menko3epHuUCTbIA MUHEPan(c),
BCTpeyaeTcs 04eHb peako. Popmbl 3€peH — Tabnutyatas, oBanbHas,
npuaMaTiyeckas 1 HeonpeaenéHHas; MHOTAa 3epHa packanbIBaloTCs,
06pasys TpelmHbl (puc. 2-3). LiBeT — cepblit, BHYTPEHHWIA pedhnekc
— Oypo-kpacHbin. MuHepan cnaboiii anmsoTpon. Pasmep — ot 0,002
10 0,04 mm.

Ypanunut (UO,) BCTpeyaeTcsi OYeHb Peako, MENKO3epHUCTLIN.
paHuLpbl MMHepanbHbIX 3épeH pa3pylueHbl. BeTpevaetcs B pasnuy-
HbiX DOpMax: KOPOTKOMpU3MaTMyeckas, ctonbyarasi, TOHKOBEHO3HaS.
Paamep — o1 0,002 o 0,05 mm.

Puc. 1. YpaHuHum e wnughe nod MUKpoCKonom

MwHepan ypaHuHWT B LUNWUEE NOA NOMPOBAHHBIM MUKPOCKOMOM
(yBenmuenme 400x, oTpaxéHHbi cBeT). MuHepan npeactaBneH B
Buae HeOOMbLIOTO 3epHa HEMpaBUNbHOM GOPMbI, YaCTUYHO U3OMET-
pu4Horo oueptanus. Liset B oTpaxéHHOM cBeTe — GenoBaTo-cepblit,
C OTHOCWTENbBHO BbICOKOM OTpaXaTeNbHOM CnocobHOCTb. Pasmep
3epHa coctasnsiet okono 0,01-0,02 mm. MpaHuuUbl MUHepana mecTa-
MW Pa3MbITble, YTO YKa3blBAeT Ha MPOLECChl KOPPO3NM U YaCTUYHOTO
paspyLUeHus.

Murepanoauyeckue ocobeHHocmu. KaapL, - 0CHOBHON NOpoaoo6-
pasylowmin muHepan (=60,86%), 4TO NOATBEPKOAETCH PEHTrEHO-

[audpakToMeTpU4eckuM aHannsom (63,9%). ®opma - oanbHas, obna-
koBuaHas. B Hukone 6e3 aHanu3aTtopa — 6eCLBETHBIN, B CKPELLEH-
HbIX HUKONsX-6enblii U cepbil. OBbIMHO BCTPEYAeTCs COBMECTHO C
OPTOKNa30M, CEPULITOM U XTOPUTOM.

lnarvoknas - 0THOCUTENBHO pepkuit MuHepan (=4,78%). PeHtre-
HO-AMPaKTOMETPUYECKMIA aHanNW3 Mokasan cofepxaHne ansbuta
6,7%. AccoumumpyeT € CepuLMTOM 1 XTIOPUTOM.

MOHTMOPUNIOHAT — BCTPEYAETCSt COBMECTHO C KAONMHUTOM, €ro
copgepxaHune  coctaBnseT  52%. [lo  paHHbIM  PEHTreHo-
AvdpakToMeTpum Takke BbisneH cmektuT (10,1%).

Mining bulletin of Uzbekistan Ne 1(104) 2026
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MaccnekTparbHbIn aHanua

Mo AaHHBIM Macc-CnekTpanbHOro aHanuaa B obpasuax ycTaHoB-
TNEHbI:

NutodunbHble M cMaEPOMUNbHBIE 3NEMEHTbI — B BbICOKMX KOH-
LieHTpaLmsX.

XanbkogunbHbIE 3MEMEHTbI — B CPEAHUX KOMMYECTBAX.

PenkosemenbHble 1 paccesiHible 3NemMeHTbl — B ManbiX Konuye-
cTBax.

CkaHupylolLas aneKTpoHHas Mukpockonus (C3M)

CkaHupytowlas anekTpoHHas mukpockonus (COM) ¢ aHeprogumc-
nepcmoHHoi cnektpockonnen (ALC):

[ins nonyyeHnst n3obpaxeHni MUKPOCTPYKTYpbl 06pa3LoB C Bbl-
COKMM pa3peLLeHNeM M MPOBEAEHWUS SNEMEHTHOTO aHanuaa OTAeNb-

HbIX MUHEPAnbHbIX (a3, BKMoYas onpeaeneHue cogepxaqns ypaa,
6bin MCNONb30BaH CKAHMPYHOLLMIA ANEKTPOHHBIA MUkpockon Apreo 2
SEM FEI (Thermo Fisher Scientific) - ckanupyrowuli snekmporHbIl
MUKPOCKON C8EPXBbICOKO20 pa3peweHus, (puc 2.)

Apreo 2 SEM  oTnnuaeTcs BLICOKOM NPOWU3BOAMTENBHOCTLHO,
MBKOCTBIO M LUMPOKAM HAbopoM (HyHKLWIA, YTO AenaeT ero nop-
XOAALMM  WHCTPYMEHTOM [N Pa3NWYHbIX Hay4YHbIX U MPOMbILL-
NEHHbIX MPUOKEHNA.

Ha npepoctaBneHHOM cnektpe 24 npefctaBneHbl 3MEeMEHTbI,
KOTOpble MOTYT BbITb CBA3aHbI C ONpeAenéHHbIMM MUHEpanamn (mab
2). AHarma koHueHTpauui (Wt%) 1 TUNMYHBIX MUHEpPanoB, cofepxa-
LUMX [aHHbIE SNEMEHTbI

Tabnuua 1
X1MUyeckuin cocTaB M MUHepanbHble hasbl 06pasua
Ne AnemeHT Xumunyeckuin cumeon Copepxatue, wt% MuHepanbHas dasa
1 Mblwbsik As 248 ApceHonupuT (FeAsS), kobanbtiH (CoAsS)
2 Kucnopog 0 19,2 Ypanunut (UO-), kBapy, (SiO,), okcuaHble dasbl
3 KpeMHuit Si 17,8 Ksapu (SiO,), antomocunmkaThl
4 XKeneso Fe 14,7 Muput (FeS,), apceHonmput
5 Cepa S 10,5 CynbdmpaHble dasbl (FeS,, FeAsS, Sb,Ss)
6 YpaH U 9,4 Ypanuuut (UO,)
7 Kobanbt Co 1,5 KobanbtuH (CoAsS)
8 Hukenb Ni 14 Hukenbcopepxalme cynbhuas
9 CypbMma Sb 0,5 CTnbHUT (Sb,S5)
10 Kanbumit Ca 0,2 Kanbuut (CaCOs), cunukaTHble dasbl

Az
[o]
Si
Fe
5
u

~
-}

Puc.2 Cnekmpaanbu? aHanu3 Xxumu4eckoeo asieMeHma ypaHoeoeo o6pa3t4a

Be3 yuéTa cynbmaos - nokasbiBaeT [BE OCHOBHbIE 30HbBI BbICO-
kol pactBopumocTu: kucnas (pH = 3, Eh = +300 mB) u kapboHaTHas
(pH = 8, Eh = +200 mB).

C y4étom cynbuaoB - MOAENb YYNTLIBAET CMELLEHUE W pacLum-
peHue BOCCTAHOBUTENBHOM 30HbI (3QeEKT cynbduaos), B pesynsTate
yero obLas pacTBOPUMOCTb ypaHa CHUXaeTcs B 06nacTsix ¢ HU3KUM
Eh v kapboHaTHas 30Ha YacTU4HO NoJaBneHa.

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

Ha n3onuHusx nokasaHa TeopeTnyeckas pacTBOPUMOCTb ypaHa B
kapGoHaTHO-CynbUaHbIX pynax B koopauHaTax pH-Eh. Buigenstot-
cs Be 06nacTv NoBbILIEHHON pacTBOPUMOCTY: kucnas 3oHa (pH 3-4,
Eh +250...+350 mB) u kapboHaTtHas 3oHa (pH 7,5-8,5, Eh +150...
+250 MB). Mpu Hanuumm cynbtuaos HabnogaeTcs CMeLLeHne rpaHnL,
W CHIKEHWE PacTBOPUMOCTH B BOCCTaHOBUTENbHBIX ycnoBusx (Eh < 0
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MB), uT0 06BACHAET yMEHbLUEHNE IPPEKTUBHOCTY NOA3EMHOTO Bbl-
LenaynBaHus B CynbnacoaepxaLumx pyaHelx Tenax (puc. 3).
MpoLecc Nof3eMHOr0 BbllLeNaunBaHus ypaHa u3 kapboHaTHo-
cynbUAHbBIX PyS HaNPsMYLO 3aBUCUT OT WX reoNorMYeckmx 0cobeHHo-
cTeil. B nepsyio oyepenb BaXeH NUTOMOTMYECKUIA COCTaB: Hanuume
kapboHaToB (kanbuuTa, AONOMWUTA, CUAEPUTA) MPUBOANT K 3HAUMTENb-

348BUCUMOCTL OTHOCUTENLHON PACTBOPUMOCTY ypaHa oT pH 1 Eh (¢ y4éTom cynbdpuaos)
600 105

Eh, MB

pH

OTHOCUTENbHAA PACTBOPUMOCTL ypaKa, y.e.

HOWN HeMTpanusaLmu CepHoOi KUCINOTbI 1 YBENNYMBAET PaCcXos peareH-
1a. CynbduaHble MUHepans! (MMPUT, apCeHOMWUPUT) MPW OKUCTEHNM
MOTyT C034aBaTb KUCNYK Cpedy M CnocobCTBOBAaTb PacTBOPEHMIO
ypaHa 3a C4éT 0bpa3oBaHMs OKUCINTENEl Xene3a, OfHAKO OAHOBpE-
MEHHO OHM CMoCOBHbI 06pa30BbIBaTL BTOPUYHBIE Cynb(aThl (APO3KT,
TUMC), KOTOPble 3a61BaIOT NOPbI M CHKAIOT NPOHMLIAEMOCTb [3,4].

3‘3828’(’)”““’ OTHOCUTENLHON PACTBOPUMOCTH ypaHa oT pH u Eh (6e3 cym.rp,moe)ms

Eh, MB
OTHOCMTENbHAs PaCTBOPUMOCTS ypaHa, y.e.

10

Puc. 3. (uzonuHull) omHocumenbHol pacmeopuMocmu ypaHa e koopOuHamax pH — Eh:

MuHepanornyeckuit CoCTaB ypaHa Takke UrpaeT onpeaensioLLyto
ponb: ypaHuhut (UO,) u kodbdmHmt (USiO,) pacTBOpsIoTCS TOMbKO
MpU HanMMuMM CUMbHBIX OKUCTIUTENEN, NO3TOMY 3GhhEKTUBHOCTL Bbl-
LenayvBanus 3aBucut ot Eh-ycnosuit. MpucyTtcteue muputa u Apy-
X cynbuaoB obneryaet npouecc 3a CYET reHepauun Fe**, Ho npm
BOCCTAHOBUTENbHbIX YCMOBUSX MOXET MPOUCXOAUTb obpaTHoe oca-
XOeHVe ypaHa.

lwoporeonornyeckne napameTpbl KOHTPONMPYIOT UNbTpaLmio
pacteopoB. B cnabonpoHnuaembix kapBoHaTHO-TMHUCTLIX TOMLAxX
KO3(hMUMEHT punbTpaLmMmu HU3KKMIA, YTO 3amMeanseT npouecc. [MuHu-
CTblE MUHEpanbl (CMEKTUT, MOHTMOPMIIIOHUT, KAOMMHUT) NpY B3auMo-
[ENCTBUM C PacTBOPOM CKMOHHbI K HabyXaHuio W AOMOMHUTENBHO
CHWXatoT npoHmMLiaemocTb. CocTas noaseMHbIx Bof (pH, okucnntens-
HO-BOCCTAHOBUTENbHbI MOTEHLMAN, Hanuine rmapokapboHaToB K
cynbhaToB) Takke BNMSET Ha CTabUNBHOCTL W NOABKHOCTL ypaHa B
pacTeopax.

TeKTOHMYeCKMe YCroBUS U TPELUMHOBATOCTb MOTYT KaK yryuluaTh
cunbTpaumo, obecneunBas LBMKEHWE PacTBOpa, Tak W Bbi3blBaTh
noTEpPW peareHTa Npu Ype3MepPHOIt OTKPLITOCTU TPELLMH. Meoxummnye-
ckne 6apbepbl, HOPMUPYIOLLMECS NPY B3aUMOAEWCTBIN KUCTbIX pac-
TBOpOB C kapboHaTamu U cynbmaamu, cnocobHbl ocaxaatb ypaH B
BWAE BTOPUYHBIX MUHEPArIOB, YTO CHWXAET KOIMPULMEHT n3Bneve-
Hus.

Takum 06pa3oM, apPeKTUBHOCTb MOA3EMHOTO BhbilLenaynuBaHus B
kapOoHaTHO-CYNbMUAHBIX PyAaXx ONpesenseTcs coyeTaHmem MuHepa-
NOTMYECKOr0 COCTaBa, TMAPOTEONOrMYECKUX YCMOBUIA U TEKTOHWKY.
KapBoHaTbl NoBbILWAKOT pacxon peareHToB, Cynbdnabl OfHOBPEMEH-
HO CO30al0T OKUCTIMTENbHbIE YCMOBWS M Gapbepbl, MUHUCTLIE MPO-
CIoW YMEHbLIAKT (UNLTPALMIO, @ TPELLMHOBATOCTb Perynupyet kak
[OCTYNHOCTb PyAbl NS pacTBopa, Tak 1 notepu. [ins ycnewHow pea-
nu3auuu npouecca HeobXxoAMMO Y4NTLIBATL 3TU (DaKTOPbI U aganTy-
poBaTb TEXHOMOMO, NOABMPAs ONTUMANbHBIE OKUCTIUTENN 1 PEXUMBI
3aKUCNEHNS.

YunTbiBas BbLILLENINOXEHHOE, aKTyarnbHOW 3afjayen sABnseTcs
KOMMNIEKCHOe MCcCrenoBaHne BnusHWS cepoopopopa (H.S) Ha adb-
(heKTMBHOCTb MOZ3EMHOTO BhbilLENaynBaH1s ypaHa, 0CobeHHO B ycro-

BMSX kapBoHaTHO-CyNbNAHLIX YA, a Takke paspaboTka sdhdekTvs-
HbIX METOLOB €r0 HENTPanM3aLymi U MIHUMU3ALMM HEraTBHOTO BO3-
AENCTBUS Ha TEXHOMOTMYECKUI NpoLiece 1 0BopyaoBaHme.

PelueHre gaHHON 3aaqv NO3BOMNT MOBBICUTL CTEMEHb U3BNEYe-
HUS ypaHa, COKpaTUTb KomnbMaTaLuio (unbTpytoLiero obopynoBaHms,
CHW3MTb YPOBEHb KOPPO3WOHHOMO M3HOCa M 0BecneunTb aKomoruye-
ckyto 6e3onacHoCTb npu akcnnyatauuu mectopoxaenui. Ocoboe
BHUMaHWe JOMMKHO ObiTb yaeneHo noabopy OKUCTUTENeN, YCTOnum-
BbIX K BOCCTAHOBREHMO H,S, XuMuyeckum 1 GUOXMMUYECKUM METO-
[aM €ero CBA3bIBaHNS, @ TakKe MOHUTOPUHTY FTEOXMMUYECKIX YCTOBWIA,
cnocobCTBytoLMX 00pa3oBaHMio M MUTpaLMK CepoBOAOpOaa B nna-
CTOBbIX cucTemax [5].

Mpon3BoAcTBeHHbIE MccneAoBaHMA Ha MecTopoxaeHun [Tl
«HaBouypan». Ha reotexHonornyeckom yyactke [TP-2 [Tl
«HaBouitypaH» B npoLiecce aKCnnyaTaLyum oTKauHbIX CKBaXMH 3acuk-
cupoBaHo Bblgenexue cepoogopona (H,S). YuntbiBas noteHymans-
HOe HeraTMBHOe Bo3geiicTBue H,S Ha ycToiumBocTb M 3adhdekTuB-
HOCTb TEXHOMNOMYECKOro MpoLecca MOA3EMHOTO  BbliLenaynBaHns
(MB), 6bINK NPOBeAEHbI UCCREL0BaAHWS, HAMpaBNeHHble Ha pa3paboT-
Ky MEPOMNPUSATUI MO €ro HeTpanuaaLmm.

Hacroswas pabota BkntoyaeT ABa B3aMMOCBA3aHHbIX Hanpasne-
Hust:

B nepsom pasgene manoxeHa MeToanka KONMYECTBEHHOTO Onpe-
Jenexus KoHueHTpauum H,S, obpasyiolLierocs B NPOAYKTUBHBIX pac-
TBOpax B npovecce MB. B nabopaTopHbIX yCroBusx, C UCMOMNb30BaHM-
em npob, 0TobpaHHbIX 13 AECTBYIOLMX TEXHOMNOMYECKUX CKBAXVH,
NpOBOASTCA U3MEPEHNs coaepxaHus H,S, aHauenmii pH, Temnepary-
pbl U OKUCIUTENBHO-BOCCTAHOBUTENBHOTO NoTeHumana (Eh), uto
Mo3BONSET OLEHUTb XMMUKO-TEXHONOrMYECKOE COCTOSIHUE CUCTEMBI B
AvHamuke [6].

Bo BTOpOM pasgene npeacTaBneHbl 3KCNepUMEHTanbHbIe uccne-
[0BaHWs Mo HelTpanu3aLyum CepoBOAOPOAa NyTEM ero naccveaLum ¢
“crnons30BaHNeM pacteopa nepekucu Bogopoga (H,0,). Peakuus
mexay H.S u H,O, npotekaeT ¢ o6pa3oBaHMeM CEpHON KWCMOTbI
(H2S0,) n BOABI, YTO CHMXKAET KOHLEHTPALMIO TOKCUYHOTO rasa u
MWUHUMU3UPYET ero HeraTMBHOE BMMSHUE Ha MPOLIECC BblLienayuea-
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HUS. OPDEKTUBHOCTb AaHHONM peakLym OLEeHMBanach No OCTaTOYHO-
My copepxanuio H,S, namenenusm pH u Eh, a takke no guHamuke
06pa30BaHns KOHEYHbIX NPOAYKTOB.

[ns oueHkn copepxanmns ceposogopopa (H2S) B NpogyKTMBHBIX
pacTBopax 6binn 0To6paHbl Npobbl M3 CEMU OTKAYHbIX CKBaXMWH, 00-
CIy)X1BaeMbIX NOKarbHbIMI COPOLMOHHBIMK ycTaHoBkamu NICY-6 u
JICY-13, pacnonoxeHHbIX Ha TEPPUTOPUN BTOPOrO Fe0TEXHONOMYe-
ckoro yyactka [Tl «HaBouitypaH».

OT6op npob ocyLiecTBNANCS HENOCPEACTBEHHO U3 AECTBYHOLLMX
CKBaXWH, nocre 4ero obpa3ubl 6binu foctaeneHsl B nabopatoputo

A1 NPOBEAEHNS aHANMUTUYECKNX UccnenoBaHuil. Onpeaenerne KoH-
LeHTpauum H,S npoBogunock TUTPUMETPUYECKM METOAOM, obecne-
YMBAIOLLMM AOCTATOYHYI0 TOYHOCTb M BOCMPOM3BOAMMOCTb pesynbTa-
TOB NMpu paboTe C Cynbgra-coaepaLiMm pacTBopamu.

PesynbTaTbl KONMWYECTBEHHOrO aHammM3a cogepxanus H,S mo
BCceM npobam npusefeHbl B (Mab 2). [Ins HarnsaHoOro NpeacTaBneHns
[aHHbIX [OMONHUTENBHO MOCTPOEH rpachviK, UNNICTPUPYIOLLMA CpaB-
HWTENbHbII YPOBEHb KOHLIEHTPALMN CEPOBOAOPOAA B OTKAYHbIX CKBa-
XMHaX PasnnyHbIX y4acTKoB.

Tabnuua 2
Ananu3 copepxanus ceposogopopa (H,S) u pH B npoaykTnBHbIx pacTBopax ckBaxuH JICY-6 u JICY-13
Ne HoMep ckBaxHHbI Homep ICY Copepxatue H,S B npogykTuBHOM HavanbHbii
pacTBope (mr/n) nokasatens pH
1 45-7-6 ncy-6 0 6.4
2 45-7-12 Nncy-6 0 6.4
3 45-7-21y ncy-6 160.3 6.7
4 45-7-26 ncy-6 3206 6.9
5 PRy ncy-6 0 6.6
6 1-34-12 JICY-13 0 6.1
7 1-34-14 JICY-13 160.3 6.1
8 1-34-16 JICY-13 0 6.4
9 PRy JICY-13 0 6.6
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Puc.4. Copepxatue Hz2S B npoayKTMBHBIX pacTBOPaX CKBaXWUH

Ha rpachuke npeacTaBneHbl AaHHble N0 COLepXaHuio CEPOBOAO-
poga (H,S) u ypoBHIO pH B NpOAYKTUBHBIX pacTBopax, 0ToOpaHHbIX
13 cksaxuH JICY-6 n NICY-13. BugHo, yto H,S npucytcTeyeT nnilb B
HEKOTOPbIX CKBaXMHax (Hanpumep, 45-7-21y, 45-7-26 n 1-34-14), npu
3TOM 3HayeHust pH B 3TWX TOYKAaX HEMHOTO BbIlLE MO CPABHEHWK C
OCTanbHbIMM. OTO MOXET yKa3blBaTb Ha BO3MOXHYK CBS3b MEXIy
MOBbILLEHHLIM coaepxkaHnem H,S.

PesynbTathl M 06CyxaeHue

[ns npenoTBpaLLeHNs HEraTMBHOTO BO3AENCTBUS CepoBOAOpoaa

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

(H2S) Ha ycTOMYMBOCTL TEXHOMOMMYECKOTO NpOLEcca MOL3EMHOro
BbiLeNauMBaHns, Ha TEPPUTOPUM TEOTEXHONMOMMYECKOTO PYAHMUKA
Oblnv MPOBEAEHbI XMMUKO-aHANMTAYECKVNE UCCTIEA0BAHMS, BbINOMHEH-
Hble B ycrnoBusix LleHTpanbHoit dnanko-xummyeckoln nabopatopum
(Uoxn.

C Uenblo KONMMYECTBEHHOrO OMpeaeneHnst coaepxanus H,S B
NPOLYKTMBHbIX pacTBopax, 0TobpaHHble nMpobbl aHanuavpoBanuck no
creqylolleit MeToamnke: B KOHWYeckyto konby obbémom 250 cm® ¢
nomoLubto nuneTku BHocunm ot 10 go 100 cm® npogyKTUBHOIO pacTeo-
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pa (B 3aBMCMMOCTM OT Npeanonaraemoil KoHUeHTpauum H,S). K kax-
poii npobe fobasnsnm 10-30 cm® 10%-Horo BoAHOro pacteopa ae-
tata uuHka [(CH3;COO0),Zn]. MonyyeHHyo cmech TLLATENLHO nepe-
MELLMBANN 1 OCTaBNANM 151 0CaXAEeHWs CynbdnaoB.

B pesynbTaTe peakuun Mexay MOHaMW CEpOBOZOPOAA M aleTa-
TOM LMHKa 06pa3oBbIBasC HEPACTBOPUMbIA 0CaZOK Cynbdmaa LuH-
ka (ZnS), B13yanbHO onpefensieMblii kak cepoBato-Oenbiil 0cagok.
O6pa3oBaBLunitca 0CaA0K OTAENANM UNLTPOBaHNEM Yepes Dymax-
HbIll (OUBbTP TUNA «CUHSAS NEHTa» W NPOMbIBanK TENNOA AUCTUANN-
POBaHHOI BOAOM 0 JOCTUXEHNS MONTHON O4UCTKM.

3aTem cunbTp € 0cagkoM Cynbdmaa LyHKa (ZnS), nomnyyeHHbIM
B pe3ynbTaTe npefBapuTenbHoii 06paboTky NpogyKTMBHOMO pacTBo-
pa aueTaToM LiyHKa, MOMeLLany B YUCTYIO KOHUYecKyto konby o6bé-
Mom 250 cm®. B konby gobasnsnm ot 10 go 50 cm® craHgapTHOro
pactBopa 1oaa ¢ koHueHTpauuer 0,1 monb/gm® nubo pactsopa Y-
CYCHOM KUCIOTbI C PACTBOPEHHBIM B HEW NOAOM TOM Xe MONSPHOCTH.
[TornyyeHHylo CMecb BblOepxuBann B TEMHOM MecCTe B TeuyeHue 2-5
MWHYT Ans ob6ecneyeHns NOMHOrO MPOTEKaHUS peakuin OKACTIEHUS
cynbhuaos [6]:

H,S+1,—>2HI +S (3)

[Mocne 3aBepLueHNs peakummn 3BbITOK Moga TUTPOBanM pacTBo-
pom THocynbgata Hatpus (Na,S,03) ¢ koHueHTpaumeir 0,01 monb/
AM® [0 NOSIBNEHNSs XENTOro okpalumBaHus. Janee B konby aobaens-
mm 1-2 cm® 1%-Horo pacTBopa Kpaxmarna, WCronb30BaBLUErocs B
Ka4yecTBe WHAMKATOpa. TUTPOBaHWE MPOAOIKanu [0 MOMHOro Mcyes-
HOBEHWS! CUHETO LIBETa, YTO YKa3blBaso Ha 3aBepLUeHue peakuun (3).

[ns NOBbILIEHNS [OCTOBEPHOCTU NOMYYEHHbIX PE3ynbTaToB W
WUCKIMIOYEHMS BNUSIHUS HeraTWBHbIX (PaKTOPOB (TakuX Kak 3arpsisHeHue
peareHToB, N06OUHbIE peakuun u (oHOBOE NOTpebreHne TUTpaHTa),
napannenbHo C OCHOBHbIM a@HanM3oM MPOBOAWMCA KOHTPOIbHbIA
9KCMEepUMEHT («XONMoAHbIN» onbIT) 6e3 Aobasnenus nccnegyemoro
obpasua. IT0 MO3BONMIIO OTKOPPEKTMPOBATL Pe3ynbTaThl C YYETOM
(DOHOBBIX 3HAYEHMIA U MOBBICUTL TOYHOCTb ONPEAENEHIUs KOHLEHTpa-
LjuM CepoBogopoaa.

CopepxaHue ceposopopoaa (H,S) Bo Bcex 0TobpaHHbIx npobax
ObINo onpeaeneHo no BbllleykasaHHoW MeToauke. Hike npuBeseHs
nNpUMepbI pPacyeToB Mo onpeaeneHnto KoHUeHTpaumn H,S.

Mpumep pacuéto. Ha ocHose npobbl, 0TOBPaHHOM M3 CKBAXMHBI
45-7-26.

_(V,-V,)-K-C-16.032-1000 _
" (4)
_(0.1-0.3)-16.032-1000
10

X

=320,64m2/ oM’

Foe: Vien. = 0,1 Mn — o6bEéM pactBopa TOCynbaTa Hatpus,
3aTPaYEHHbII HA «XOMOCTOM» OMbIT;

V, = 0,3 mn — o6bEm pacTeopa Tvocynbarta HaTpus, 3aTpa-
YEHHBIN Ha TTPOBaHWe Npobbl;

K — koadpdpuumeHT nepecyéta (ana Na,S,03 koadduumeHT He

NpUMEHSIETCS);

C = 16,032 — monsipHas Macca cynbgna-uoHoB, r/Monb;

V1 =10 mn — 06bEM NpoObl, B3ATLIN ANS aHanmsa.

PesynbTat: KoHUeHTpauus ceposogopoga coctasnset 320,64
mr/am3,

B TexHomornm nopsemHoro BbienaunBaHus (MB) nosBnexve
ceposogopoaa (H,S) B NpomyKTMBHLIX pacTBOpax OKa3biBaeT OTpy-
LiaTenbHoe BNWSHWE Ha TexHonoriyeckue npoueccsl. H,S cnocobeH
BOCCTaHaBNWBATb MOHbI ypaHa, BbI3biBasi WX BbiNafeHne n3 pacTso-
pa, cnocobCTByeT koppoauu obopyaoBaHWst W TpybompoBoaos, a
Takke YXyAlaeT (UNbTPaLMOHHbIe CBOWCTBA NNacToB. [103TOMy
obesBpexuBaHne H,S B NMpoayKTMBHbIX PacTBOpax MMeeT BaXHOe
3HaueHve ans obecneyeHnst TEXHONOMYeCKo CTabunbHOCTM.

B pamkax npoBeAEHHOrO HayyHOro WCCNEeLoBaHUs B KayecTee
0fHoro 13 Haubonee achekTnBHbIX cnocobo 0be3spexmBanns H,S
Obina wcronb3oBaHa nepekuch Bogopoga (H,0,). Ceposogopon
BCTYNaeT B PEAKLMIO C OKUCIIUTENAMM, B pesynbTaTe yero obpasytoT-
sl HETOKCWYHbIE COeAMHEHMs. Ha ocHOBaHMM nabopaTopHbIX 3Kcne-
PUMEHTOB Bbina NOLTBEPKAEHA CMEAYLLAs XUMUYECKas peaKLus!:

H,S +4H,0,—>H,S0, +4H,0 (5)

B maHHOW peakuuu CepoBOAOPOS, B3aMMOAECTBYET C CUIbHBIM
OKMCTIUTENEM — MEPEKUCHI0 BOLOPOAA, B pesyrnbTate yero obpasy-
totcst cepHas kucnota (H,SO,) n Bopa. (5) Takum obpasom, Tokeuy-
Hblil 1 KOPPO3WOHHO-aKTUBHbI H,S nepexoaut B GesonacHyto dop-
my. Mpumenenne 60%-ro pacteopa H,O, obecneunBaeT BbICOKYH
peaKLMOHHYI0 aKTUBHOCTb 1 NO3BONSET 3(hEKTUBHO NACCMBUPOBATH
H,S.

B nepsoit yactu paboTbl KoHUEHTpauus cepoBogopoda (H,S)
Obina onpefeneHa B TPEx ckBaxuHax: 45-7-21y, 45-7-26 n 1-34-14.
Hwxe npuBeaeHbl MPUMEPHbIE PAcYETbl HA OCHOBAHUW MOMYYEHHbIX
BaHHbIX.

Mpumep pacuéToB. Onpepenenus koHUeHTpauun H,S Ha npu-
Mepe NpoLyKTUBHOMO pacTBopa U3 CKBaXWHbI 45-7-26.

OnpepnenénHoe konuyectso H,S: 320,64 mr/gm® (0,32064 r)

OObém npobbl NPOAYKTMBHOTO pacTBopa cOCTaBnseT 1 am®.
MonspHble maccbl: H,S = 34,08 r/monb, H,0, = 34,01 r/monb
CrexuomeTpuyeckoe cooTHoWeHne: Ha 1 monb H,S Ttpebyetcs 4
mons H,0,

Macca H,S: 0,32064 r

Heobxogumoe konuuyectso H,O, (B rpammax):0,32064 x 4 x
(34,01/34,08)= 1,28

B 60%-Hom pactBope H,O, copepxutcs npumepHo 0,6 r geir-
CTBYtOLLEro BeLecTBa Ha 1 mn

Heobxogumbliii 06bEm H,0, (B Mn): 1,28 /0,6 = 2,13 mn

Ha ocHoBe aHanu3sa ofpasua M3 ckBaxwHbl 45-7-26 Ans NONHow
naccueaumm 320,64 mrigm® cepoeopopoaa (H,S) Tpebyetcs npubnu-
autenbHo 2,13 mn 60%-Horo pacTBopa nepekucy Bogopoga (H,0,).
PacTBopbl, NONy4eHHbIE U3 OCTABLUMXCS ABYX CKBaXWH, Oblnu noa-
BEPrHYTbI NaccuBaLK, a pesynbTaThl npueeaeHsl B (mabi. 3).

Tabnuua 3
PesynbTathl naccuBaumm H,S B npoayKTMBHLIX pacTBopax
Ne 06LEM npobbI CopepxaHue H,S Konmsecrso pac- CopepxaHue H,S pH ao pH nocne
CKBaXWHbI MPOAYKTUBHOTO Ao peakunn xopa H,0, (mn) rocne peaxuuu peakuum peakumu
pacTBopa (mrlam?) e (mr/gm?)

45-7-21y 1 om® 160.3 1.07 0 6.7 56
45-7-26 1 ove 320.6 213 0 6.9 53
1-34-14 1 om® 160.3 1.07 0 6.1 55
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Copepxanue H,S o peakumu Bapbuposanocs ot 160.3 go 320.6
mr/am®. Hanbonbluee 3HayeHme Obino 3adhKCMPOBaHO B CKBaXMHE 45
-7-26 — 320.6 mr/am®, Torga kak B ckBaxuHax 45-7-21y u 1-34-14 oHo
coctaensano 160.3 mr/igm®. Mocne 0BpaboTki pacTBOPOB NEPEKUCHI0
Bogopoaa (H202) conepxanne H,S Bo BCex cnyyasx cHuannocs 4o 0
Mr/gM3, 4TO CBMAETENLCTBYET O MOMHOM NPOTEKAHWM peakuyun 1 Ao-
CTaTOYHOM KONIMYECTBE peareHTa.

Pacxog H,0, npsimo koppenupyeT ¢ WCXOLHOW KOHLEHTpauuei
H,S:

[ns nentpanusaupm 160.3 mr/gm® notpe6osanocs 1.07 mn Hy0o;

Insa 320.6 mrigw® — 2.13 mn H,0,.

OTU [aHHble AEMOHCTPUPYIOT MPOMOPLMOHAMBHYH) 3aBUCUMOCTb
MeXay KoHUeHTpaumeit H,S n obbémom Tpebyemoro okucnmnTens.

3HaueHns pH [0 peakumn HaxoaMnmMch B AuanasoHe 6.1-6.9, uto
COOTBETCTBYET cnabokucnoi cpefe. lMocne peakumu Habmopanock
noHwxkenne pH — Hanpumep, ¢ 6.7 fo 5.6, 4To ykasbiBaeT Ha ycune-
HWE KUCMOTHOCTM B pesynbTate 06pa3oBaHWst KUCMbIX NPOAYKTOB
oKvcneHus (Puc 5).

3aknioyeHue.

CepoBopopoa (H2S), copepxalymincs B npogyKTUBHbIX PacTBOpax
Npu NMOA3EMHOM BbILLENAYNBAHUN ypaHa, OKa3biBAET HEraTWBHOE
BNUSIHVE Ha TEXHOMOMMYECKuiA npouecc. Ero npucyTcTene npuBoaunT K
BOCCTAHOBNEHWKO ypaHa, 06pa30BaHWio HEpPaCcTBOPUMbIX OCAZKOB,
Koppo3un 0BOpYLOBaHUS W CHUWXEHUIO (UNBTPALMOHHBIX CBOWCTB
PYLHOTO MaccvBa.

JlabopaTopHble 3KCMEpPUMEHTLI MOKa3anu BbICOKYK 3deKTuB-
HOCTb MCMonb3oBaHus nepekucn Bopopoda (H,0,) Ans nonHoro
oKucreHust n HerTtpanusaumm H,S. Pacxon peareHTta coctaBunm OT
1,07 po 2,13 mn Ha 1 gm® pacTBopa B 3aBMCUMOCTU OT WCXOLZHOM
KOHLeHTpauum H,S, 4To No3BONSIET TOYHO PAcCUMTLHIBATL [O3MPOBKY

45-7-21y
¥ pH go peakuuu
Kh pH nocne peakuuun

45-7-26

No cKkBaXXWHbI Y,

Puc 5. Junamuka usmeHeHusi pH e npodykmueHbix pacmeopax o u
nocne o6pabomku H,0,

ANS NPAKTUYECKOrO MPUMEHEHUS.

lMpouecc okucnenns H,S nepekncbio BOAOpoOaa CONpoBoXaaeTcs
00pa3oBaHMEM CEPHOI KMCMOTbI W CHkeHnem pH cpedpl, 4TO Noa-
TBEpKOaeT 3aBeplEHHOCTL peakumn. OBpasyiollmecs BellecTsa
ABNATCA 6€30MacHbIMM 1 MOTYT ObITb MCNONb30BaHbI B MOCTEAYH0-
LWMX TEXHOMOTMYECKMX CTadusix, a cama MeToauka OTiMYaeTcst Npo-
CTOTOM, SKOMOTUYHOCTBIO 1 BbICOKOI NPUrOAHOCTLIO AMSt MPOMBILLNEH-
HOro BHeApeHus B ycrousx MNB-meToaa.

Ha ocHoBe nonyyeHHbIX pesynbTaToB NNaHUpyeTCs NpoBeLeHe
nonymMactuTabHbIX MONEBbLIX UCMbITAHWN NO HETPanM3aLUum CepoBo-
[opoga B MPOAYKTWUBHLIX PaCcTBOpaX, M3BMEKaeMbIX M3 OTKauHbIX
CKBaXWH NPy MOA3EMHOM BblLLeNa4MBaHUM ypaHa
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TOG'LI HUDUDLARDAGI RUDA KONLARNI OCHIQ-YER OSTI
USULIDA QAZIB OLISHDA KONTURORTI ZAHIRALARINI OCHISH
TIZIMI VARIANTLARINI ASOSLASH

Misliboev L.T., Mutavaliev A.T., Tadjiyev Sh.T.,
Navoiy davlat konchilik va TTMI “Foydali gazilma konlarni Navoiy davlat konchilik va texnologiya-
texnologiyalar universiteti, t.f.d., qazish” kafedrasi mudiri, t.f.n. lar universiteti, PhD., dotsent
professor

Annotatsiya: Maqolada tog'li hududlardagi ruda konlarini ochig-yer osti usulida qazib olish sharoitida kontur zahiralarini ozlashtirish samaradorligini oshirish
masalalari ko'rib chigilgan. Tadqiqotning dolzarbligi karer konturidan tashqarida joylashgan zahiralarni murakkablashib borayotgan kon-geologik va kon-texnik sha-
roitlarda qazib olish zarurati bilan izohlanadi. Karer maydonidan kontur va konturdan tashqaridagi zahiralarni o‘zlashtirishda asosiy ochuvchi element sifatida foyda-
lanish imkoniyatlari tahlil qilingan. Karer maydonidan ochuvchi lahimlar joylashtirish va rudani tashish uchun foydalanish kapital kon ishlari hajmini kamayftirishi, za-
hiralarni ekspluatatsiyaga kiritish muddatlarini qisqartirishi hamda kombinatsiyalashgan qazib olishning iqtisodiy samaradorligini oshirishi ko'rsatib berilgan.

Ishda zahiralarning karer elementlariga nisbatan joylashuvi, ularming yotish chuqurigi va qabul qgilingan transport sxemasiga bog'liq holda ochishning mumkin
bo’lgan texnologik sxemalari giyosiy tahlil gilingan. Stvol, giya va gorizontal lahimlar hamda karer maydonidan foydalanilgan holda kontur va konturdan tashqaridagi
zahiralarni ochish variantlari ishlab chiqilib, tizimlashtirilgan. Har bir variant uchun kon-geologik sharoitlar, karer parametrlari va ishlarni xavfsiz olib borish talablari
hisobga olingan holda ularning ratsional qo'llash sohalari aniglangan. Olingan natijalar tog'li hududlardagi ruda konlarini ochiq-yer osti usulida gazib olishda ochish
tizimlarini loyihalash va optimallashtirishda qo‘llanishi mumkin.

Kalit so‘zlar: Tog'li hududlardagi ruda konlari, ochig-yer osti usulida gazib olish, karer maydoni, karer konturidan tashqaridagi zahiralar, ochish sxemalari, stvol,
bortori zahiralar.

OBOCHOBAHME BAPWAHTOB CWUCTEMbl BCKPbITUA
3AKOHTYPHbIX 3AMACOB MPU OTKPbITO-NMOA3EMHOU
PA3PABOTKE PYOHbIX MECTOPOXOEHWUU B rOPHbIX PAMOHAX

Mucnu6oes U.T.1, MytaBanueB A.T.2, Tapxues LL.T.!

HaBouiickuit rocyAapCTBEHHbIN FOPHO-TEXHOMOMMYECKUI YHUBEpCUTET, Pecnybnuka Y3bekuctan

ArHomayus. B cmambe paccvampusaromes 80NpOCkI NOBbILEHUS 3¢heheKmUBHOCMU 0C80EHUS PYOHbIX MECMOPOXOeHUl 8 20pHbIX palioHax 3a cyém 060c-
HOBaHUS 8apUaHMO8 CUCMeMb! 8CKPLIMUS KOHMYPHbIX 3anacoe npu 0mKpsIMo-nod3emHol pa3pabomke. AkmyanbHocmb uccrnedosaHusi 0bycoeeHa Heobxoou-
MOCMbI0 808NEYEHUS 8 0MPabomKy 3anacos, pacnonoXeHHbIX 3a npedenamu KapbepHO20 KOHMYpa, 8 YCroguUsAX YCIOXHSAIOUUXCS 20pHO-280/102U4ECKUX U 20PHO-
mexHu4eckux pakmopos. Ocoboe 8HUMaHue ydereHo aHanu3y 803MOXHOCMeU UCNOb308aHUS KapbepHo20 NI 8 Ka4ecmse 0CHO8HO20 B8CKDLIBAKOWE20 S1eMeH-
ma npu pa3pabomke KOHMYPHbIX U KOHMYPHbIX 3a npedenamu kapbepa 3anacos. [loka3aHo, Ymo NPUMEHEHUE KapbepHo20 npocmpaHcmea O pa3veweHus
8CKDBLIBAIOWUX 8bIPAOOMOK U mpaHcnopmupogaHus pydbl N038osem CHU3UMb 00bEMbI KanumarbHbIX 20pHbIX pabom, cokpamums CPOKU 8800a 3anacos 8 3KC-
nyamayuko U nosbICUMb 3KOHOMUYECKYIO 3¢htheKkmusHOCMb KOMBUHUPOBaHHOU pa3pabomku.

B pabome 8bInoHeH cpagHUMeNbHbIl aHanu3 603MOXHbIX MEXHOMO2UYECKUX CXEM 8CKPLIMUS 8 3a8UCUMOCTMU OM NPOCMPaHCMBEHHO20 NOMOXEHUS 3anacos
OMHOCUMENbHO 371IEMEHMO8 Kapbepa, 2myOuHb| UX 3ane2aHus u npuHAmoU mpaHcnopmHoU cxeMbl. Paspabomats! u cucmeMamu3uposarbl 8apuaHmb| 8CKpbIMUS
KOHMYPHBIX U 3aKOHMYPHbIX 3aNacos ¢ UCN0Tb308aHUEM CMBOI08, HaKITOHHbIX U 20pU3OHMAIbHbIX 8b1pabomoK, @ makxe KapbepHo20 nons. [ns kaxdoeo eapuaH-
ma onpedeneHbl 061acmu payuoHanbHo20 NPUMEHEHUS! C y4EmoM 20pPHO-2e0/102U4EeCKUX YCriosull, napamempos Kapbepa U mpebosarull k 6e3onacHocmu gede-
Hus pabom. oryqerHble pesynbmamsi Mo2ym Obimb UCNOMNb308aHbI NPU NPOEKMUPOBaHUU U ONMUMU3AUUU CUCMEM 8CKPLIMUST PydHbIX MecmopoxdeHul, paspa-
bambi8aeMbix OMKPbLIMO-NO03eMHbIM CNOCOBOM 8 20PHbIX palioHax.

Knroyesbie cnoea: pyoHbie MecmopoxdeHus 20pHbIX palioHos, 0MKpbIMO-nod3emHas pa3pabomka, kapbepHoe nose, 3anack! 3a npedenamu KoHMypa kapbe-
pa, CxeMbl 8CKPbIMUSI, CMB0sT, 6opmoskie 3anach!.
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JUSTIFICATION OF OPTIONS FOR THE SYSTEM OF OPENING UP
CONTOUR RESERVES IN OPEN-PIT AND UNDERGROUND
DEVELOPMENT OF ORE DEPOSITS IN MOUNTAIN AREAS

Misliboev I.T.1, Mutavaliev A.T.2, Tadjiyev Sh.T.!

" Navoi State University of Mining and Technologies, Republic of Uzbekistan
2TTMI, Republic of Uzbekistan

Abstract. The paper addresses the issues of improving the efficiency of ore deposit development in mountainous regions by substantiating options for accessing
contour reserves under open-underground mining conditions. The relevance of the study is driven by the need to involve reserves located beyond the open-pit con-
tour in mining under increasingly complex mining and geological as well as mining and technical conditions. Particular attention is paid to analyzing the feasibility of
using the open-pit area as the main access element for the development of contour and off-contour reserves. It is shown that the use of the pit space for locating
access workings and ore transportation makes it possible to reduce the volume of capital mine workings, shorten the time required to bring reserves into operation,
and improve the economic efficiency of combined mining.

The study provides a comparative analysis of possible technological access schemes depending on the spatial position of reserves relative to pit elements, their
depth of occurrence, and the adopted transportation system. Various options for accessing contour and off-contour reserves using shafts, inclined and horizontal
workings, as well as the open-pit area, are developed and systematized. For each option, areas of rational application are identified with due regard to mining and
geological conditions, pit parameters, and safety requirements. The obtained results can be applied in the design and optimization of access systems for ore deposits
developed by open—underground mining methods in mountainous regions.

Keywords: ore deposits in mountainous regions, open-underground mining, open-pit field, reserves beyond the open-pit contour, access schemes, shaft, side
(pit wall) reserves.

Ochish, konni sanoat miqyosida o'zlashtirishning muhim bosqichi hisoblanadi va ishchi gorizontlar bilan kon massasini gabul gilish punktlari
o‘rtasidagi kon lahimlari majmuasi va transport kommunikatsiyalari bilan xarakterlanadi [1, 2, 3]. Tanlangan ochish sxemasi, transport turi va kon
massasini tashish narxini belgilaydi. Katta tarqalish chuqurligiga ega bo‘lgan giya yoki tik-giya joylashgan katta qalinlikdagi ruda tanalarining
ko‘pchiligi ochig-yer osti usulida gazib olinadi. Bunda transport xarajatlari umumiy gazib olish xarajatlarining asosiy gismini tashkil etadi [4, 5, 6].

Karer konturi ortidagi zahiralarni ochish uchun karer maydonidan foydalanish, rudnikni an’anaviy usullar yordamida qurish bilan solishtirganda
rudnikning qurilish muddatini 1-3 yilga gisqartiradi va 7-9% qo‘shimcha foyda olish imkonini berishi [7, 8, 9] isbotlangan.

Konni gazib olishning 0'ziga xosligi shundaki, karerning konturorti zahiralarini ochishning asosiy lahimi karer maydoni hisoblanadi. Yordamchi
(qo‘shimcha) ochuvchi lahim sifatida, bortorti zahiralarini ochishda shtolnyalardan, karer osti va bortorti zahiralarini ochish uchun karer tubidan
o'tilgan giya transport s'ezdlari, vertikal va giya stvollardan foydalaniladi.

Ochig-yer osti qazib olish texnologiyasini go‘llagan holda tog'li hududlardagi konlami ochish bir gator afzalliklarga ega: o‘zida mustaqil
ochuvchi lahimni aks ettirgan karer maydonining mavjudligi; kon ishlari ta’siri ostida massivning deformatsiyalanish jarayonida ishtirok etuvchi
zonalarning kattalashgan o‘lchamlari; zahiralarni qazib olish bo'yicha tagsimlashning konni gazib olishni gabul gilingan tartibiga bog'ligligi.

Karer gazib olishning yaginligi, ochiq usulda ochishning asosiy sxemasi bo‘yicha s'ezd o'tishdan voz kechish imkonini, bloklarni tayyorlash va
qgirgishni sezilarli tarzda soddalashtiradi, xarajtlarni pasaytiradi, tog' jinslari va rudalarni karerdan chiqarib berishni tashkil etadi, ishni yakunlashga
gadar odamlar va materiallarni yetkazish imkonini beradi.

Vaqt yetishmovchiligi sharoitlarida qurilish muddatini 1-2 yil va undan ortiq muddatga qgisqartirishga erishish, kon-kapital ishlarini karer
maydonidan foydalangan holda tashkil etilganda boshqa qazib olish usuliga o'tish tufayli konni qazib olishda uzilish bo‘lish ehtimolini bartaraf etish
mumkin. O'tish ishlarini karerda joriy etish, odatda ketma-ketlikda amalga oshiriladigan stvollarni qurish va gorizontal lahimlarni o'tishni vaqt
bo‘yicha birlashtirish imkonini beradi. Karer maydonining mavjudligi shuningdek, konturorti zonalari bloklarida tayyorlash va girqish ishlarini, ba'zi
hollarda esa ochish ishlarini tashkil etishni ta’minlaydi.

Maydonchalar (bermalar, s'ezdlar, ularning juftliklari), drenaj lahimlarining (shtolnyalar, uklonlar, stvollar) mavjudligi, kon lahimlarini o'tishdagi
qoplovchi tog" jinslari va tozalash bloklaridan chiggan rudalami karerga joylashtirish imkoniyati, ochishning asosiy sxemasi bo‘yicha ishlar va olis
uchastkalardagi gazish ishlariga bog'liq bo‘lmaganligi yer osti rudnigi gorizontlarini qurish va konturorti zahiralarini o'zlashtirishning qulay shartlari
hisoblanadi.

Karer maydonidan foydalanish, qo‘shimcha lahimlar (shtolnyalar, s'ezdlar) o'tish va qurish (qayta yuklash va bo'shatish uzellarini, kompressor,
ventilator, elektr tarmoglarini) zaruriyati bilan bog‘langan.

Karerdan yer osti kon lahimlarini joylashtirish uchun maydon tanlash unchalik giyinchilik tug‘dirmaydi. Ularni, iloji boricha loyihaga muvofiq
gorizont belgilari darajasida chegara holatida o‘rnatilgan bortdagi uchastkalarda va shtolnya, s'ezdlarning og'zi yaginida atmosferaning xavfliligi va
changlanishi tufayli karer transportlarining jadal harakatlanish zonasidan tashqarida joylashtirish magsadga muvofig. O'tuvchi lahimlarni
joylashtirish o‘mini tanlashda, energiya va suv bilan qulay ta'minlash imkoniyati hisobga olinadi.

Yugorida keltirilganlarga asoslangan holda, konturorti zahiralarini ochish variantlarini loyihalash quyidagi fikrlarga asoslanadi:

1. Xavfsizlik qoidalari talablariga rioya etish ta'minlanadi.

2. Loyihalash yagona loyiha diorasida amalga oshiriladi. Ushbu yagona loyiha, loyihaning barcha bosqichlarida kon zahiralarini gazib
olishning quyidagi talabalarini inobatga oladi: yer yuzasida ag‘darmalarni ratsional joylashtirish, yer osti ochuvchi lahimlarini joylashtirish joyida
bermalami goldirish, bort qgiyaliklarini normativ turg‘unlik bilan shakllantirish, yer osti usulida gazib olish bosgichida yer yuzasidagi texnologik,
yordamchi sexlar va ma’muriy-maishiy komplekslardan foydalanish imkoniyatini ta’minlash.
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3. Berilgan ishlab chiqarish dasturlarini ta'minlash.

4. Variantlarni shakllantirish karer maydonidan foydalanish
belgilari bo'yicha amalga oshiriladi.

Ochig-yer osti usulida gazib olinuvchi tog'li hudulardagi konlaming
kon-geologik va kon-texnik sharoitlarining xilma-xilligi va o‘ziga
xosligiga qaramasdan, ishda, yuqorida keltirilgan variantlarga muvofiq
ochishning mumkin bo‘lgan texnologik sxemalarini ishlab chigish va
ular misolida, ulami ratsional go‘llash sohalarini belgilash mumkinligi
keltirilgan.

Tog'li hududlardagi ruda konlamni ochish tizimlari konning
ajratilgan gismlarida karer konturidan tashqaridagi sanoat zahiralari va
ushbu zahiralar asosida mumkin bo‘lgan ishlab chigarish unumdorligi
bilan xarakterlanadi. Karer konturidan tashqaridagi zahiralar karer osti
zahiralardan (1) va karerning tog' bag'ridagi qismining bortorti
zahiralaridan tashkil topgan (2).

n
kazzhrfpk'sfk'}{r (1
=1

Q. = Z HZ . 538 .y 2
i=1

yoki umumiy ko‘rinishda

Qe=)

i=1

bu yerda, i — karer konturidan tashqaridagi zahiralar gismlari soni; N

va S - mos ravishda, har bir zahira gismlarining balandligi va yuzasi,
m va m2, y; — rudaning hajmiy og'irligi, t/m3.

Karer konturidan tashqaridagi zahiralar gismini ajratish, tog'li
hududdagi konlaming o0‘ziga xosligi bilan asoslanadi va ochish tizimini
tanlashda hal giluvchi ahamiyatga ega [10, 11].

Ochish tizimi konstruksiyasi, karer maydonidan foydalanishga
ko'ra ilgari qayd etib otilganidek, sinflarga, sinflar esa, asosiy va
yordamchi  (qo‘shimcha) ochuvchi lahimlarning turlari bo‘yicha
variantlarga bo'lingan.

Ochiq kon ishlari tugagandan keyin yoki tugallanish davridagi kon
-texnik holat navbatdagi variantlarda ifodalangan:

- yer osti usulida gazib tugatiladigan konturorti zahiralari, karer
bortining tog’ yon bag‘ri gismida joylashgan (1, a - rasm);

- konturorti zahiralari karer osti gismida jamlangan (1, b - rasm);

- konturorti zahiralar, karer bortining tog* yon bag'ridagi gismida va
karer osti gismida joylashgan (1, v - rasm).

Karer elementlariga va ruda uzatish uchun karer maydonidan
foydalanishga nisbatan zahiralamning joylashishiga bog'liq holda,
konturorti zahiralarni ochishning mumkin bo‘lgan texnologik sxemasi
variantlari ishlab chigilgan.

Bortorti zahiralarini ochish variantlari (2 - rasm). Asosiy ochuvchi
lahim karer maydoni hisoblanadi. Bortorti zahiralarini ochuvchi bosh
lahim shtolnya, yordamchi (go‘shimcha) lahimlar gavat shtolnyalari,
skipli giya stvol, kapital shtolnyalar, shamollatish uchun vertikal stvol
hisoblanadi. Variantlarning har birining o'ziga xosligi gayta yuklash

{{H:Jk : S:Jk : F:I} + {H:zb ) Sfb ) F?}} (3)

punktlari  joylashgan  joyi  ochuvchi lahimlar  darajasida
joylashganidadir.

Bortorti zahiralarini bosh ochuvchi lahimi sifatida shtolnya,
shamollatish uchun esa vertikal stvol hisoblanadi. Qavat

shtolnyalaridan foydalanishda, gayta yuklash punktlarining yuzadagi
kompleksi bevosita ochig kon ishlari gorizontlarida joylashadi (2, a -
rasm).

Ochish uchun gavat shtolnyalari va giya transport s'ezdidan,
shamollatish uchun qo‘shimcha tik stvoldan foydalanishda, gayta
yuklash punktlarining yuzadagi kompleksi mos ravishda karer
gorizontlarida joylashadi (2, b - rasm).

v)
1 - rasm. Zahiralar joylashishining kon-texnik holati variantlari
sxemasi

Ochish uchun qavat shtolnyalari va skipli giya stvoldan,
shamollatish uchun qo‘shimcha vertikal stvoldan foydalanishda, gayta
yuklash punktlari ham bevosita karer gorizontlarida joylashadi (2, v -
rasm).

Kapital shtolnyadan foydalanganda (2, g - rasm) barcha ruda
rudatushirgich orgali shtolnyagacha tushiriladi va undan keyin, karer
tubida joylashgan yuzadagi gayta yuklash punktida karer avtomobil
transportiga yuklanadi.

Ochig konchilik ishlari bosgichida ochish ishlari, konning
joylashish sharoitiga bog'liq va kon ishlari rejimini va ularing iqtisodiy
samaradorligini aniglaydi. Shuning uchun, ochishni loyihalash
murakkab ko'p variantli kompleks texnik-igtisodiy masalani o'zida ifoda
etadi. Bunda ko'plab aniglovchi faktorlarni migdoriy jihatdan hisoblab
bo‘lmaydi [12]. Masala texnik jihatdan mumkin bo‘lgan migdor va sifat
jihatdan baholash yo'li orqali hal etiladi. Dastlab, bir gator maxsus
masalalar umumiy kompleks masaladan ajratib olinadi va yechiladi.

Masala tog’ yon bag‘rida turkumidagi konlarning xarakteri bilan
murakkablashadi va loyihalashda masalalar quyidagi ketma-ketlikda
hal etiladi:

1. Ko'ndalang va bo‘ylama profillar asosida, yakuniy yoki oraliq va
istigbolli konturlarida kar'er plani tuziladi. Planga gorizontlar izochizig'i
va joy relefi kiritiladi.

2. Yuzadagi asosiy inshootlarning joylashishi va trassalaming
karerga kirishi o‘ratiladi.
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shamollatish
stvoli

Karer syezdi
-~ qayta yuklash punkti
S

P

qavatli shtolnyalar

a)
— shamollatish
stvoli
karer syezdi
"~ qayta yuklash punkti 7
e -
¢
qiya transport syezdi )
shamollatish
stvoli
karer syezdi
L3 qayta yuklash punkti
i Ly
2o
— V)
qiya skipli stvol
shamollatish
stvoli
karer syezdi
o
L3
"
-
L3
-
s kapital shtolnya
2l
qayla yuklash punkti ruda tushirgich g)

a) qavat shtolnyalari bilan; b) giya transport s'ezdi bilan;
v) giya skipli stvol bilan; g) kapital shtolnya bilan
2 - rasm. Karer maydonidan bortorti zahiralarini ochish variantlari
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Shu tariga, quyidagi holatlardan kelib chigib, ochish
usulini tanlash tavsiya etiladi:

1. Konning xususiyati va uni ekspluatatsiya qilish
sharoitiga asoslangan holda, aniq gabul qilinishi
mumkin bo‘lmagan va mantigiy bo‘lmagan variantlardan
voz kechgan holda, texnik jihatdan mumkin bo‘lganlari
qgabul gilinadi.

2. Taqqoslangan variantlarni baholashda, bir xil
xarajatlarni hisobga olmagan holda, solishtiriladigan
variantlar bo‘yicha ochish usulining kapital va
ekspluatatsion xarjatlariga bog'liq bo‘lgan o'lchamlarga
asosiy e'tibor garatiladi. Umuman olganda quyidagilar
inobatga olinadi: ochish va yer yuzsidagi inshootlarni
qurish uchun kapital xarajatlar; ochuvchi kon lahimlarini
saglab turish, yer osti va yer yuzasidan yuklarni tashib
chigarish, ko'tarish; kon-kapital lahimlar ruda tanasida
joylashganda, rudalami yo'l-yolakay qazib olish
hisobiga  kapital ~ xarajatlarni  moliyalashtirishni
kamaytirish.

3. Odatda, muhim ahamiyatga ega xarajatlar va
chigimlar hisobga olinadi, mayda va ikkinchi darajalilar
esa, giyosiy baholash uchun ahamiyatsiz sifatida
e'tiborga olinmaydi.

4. Har bir variant uchun hisoblangan kapital
xarajatlar va ekspluatatsion chigimlar jadvalga kiritiladi
va + 10%, chegarasida yakuniy xulosalar uchun gabul
gilinadi, agar farq kichikroq bo'lsa, variantlar teng
giymatli deb hisoblanadi.

Tog'li hududlardagi ruda konlami qazib olishning
optimal variantini tanlashda mezon sifatida 1 tonna
foydali gazilma uchun minimal solishtirma xarajatlardan
foydalaniladi.  Ochish  variantlarini  texnik-igtisodiy
jihatdan baholash quyidagicha aniglanadi:

- loyihalashning har bir gadamida yer osti usulining
o'lchamlari va zahiralarini aniglash;

- tovar mahsuloti, ruda va kon massasi bo'yicha
shaxtaning ishlab chigarish quvvatini, shuningdek,
uning amal qilish muddatini loyihalashning har bir
gadamida aniglash;

- shaxtani shamollatish usuli va sxemasini tanlash,
yer osti inshootlarining geotermik omili va quvvatini
hisobga olgan holda, loyihalanadigan qavatni
shamollatish uchun havoning solishtirma  sarfini
aniglash;

- kon massasini ko'tarish va shaxtaga xizmat
ko'rsatish uchun yer osti inshootlari kompleksini,
ularning o‘lchamlarini, hajmlarini va giymatini aniglash;

- variantlar boyicha loyihaning grafik gismini tuzish;

- yer yuzasidagi kompleks, qayta yuklash-
bo‘shatish puntklari, ularning hajmlari va giymati;

- ochish usuli bilan bog‘liq bo‘lgan asosiy ochuvchi
va boshqa kapital lahimlaring parametrlari, hajmi va
giymatini aniglash;

- ochish usuli bilan bog'liq bo‘lgan ob’ektlar bo'yicha
kapital quyilmalami aniglash;

- variantlar bo'yicha, qurish vyillari bo‘yicha kapital
quyilmalarni tagsimlash;

- tog'li hududlardagi ruda konlami gazib olishda
ekspluatatsion xarajatlar variantlari, ya’ni, miqdori
dastlabki uch turdagi xarajatlar yig'indisining 15-20%
migdorida olinishi mumkin bo‘lgan xarajatlar: asosiy
fondlaming amortizatsiyasi, oylik maoshi,
elektreneregiyasi va boshgqalar bo'yicha
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solishtiriladiganlarini aniglash; Konturorti zahiralarini ochish variantlarini alohida blokga ajratish
- solishtirma xarajat va vyillik igtisodiy samaradorlik bo'yicha  tavsiya etiladi. Zahiralamni karer elementlariga nisbatan joylashuviga
variantlarni baholash; va rudalami uzatish uchun karer maydonidan foydalanishga ko'ra,

- keltirilgan xarajatlarni aniglash va ularni variantlar bo‘yicha  konturorti zahiralarni ochishning texnologik sxemalari ishlab chiqildi.
baholash.
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KON MASHINALARI VA USKUNALARI
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O BO3MOXHOCTW NOBBLILWEHUA 3®PEKTUBHOCT OHUCTKK
BMYCKHOIroO BO3AYXA ABUIATENEW BHYTPEHHEIO CTOPAHUA
FOPHbIX MALLMWH

IxypaeB P.Y., KaomoB Y.3.,
HaBowiickiit rocyaapCTBEHHbI HaBowickuii rocyAapCTBEHHbINA FOPHO-
TOPHO-TEXHOMOTNYECKNiA TEXHOMOTMYECKNI YHNBEPCHTET,

YHVIBEPCHTET, A.T.H., npocheccop CTapLUKi npenopasatenb

AHHOmayus. B ycrosusix omkpbimbIix 20pHbIX pabom Oguzamesnu 8HYMPeHHe20 C20paHus Kcniayamupylomes 8 cpede C NnosbILeHHOU KoHueHmpayuel
abpa3augHoll Nbiu, 4mo NpueodUM K UHMEHCUBHOMY U3HOCY YUMUHOPO-NOPWHEBOU 2pynnbI, CHUXEHUIO MOWHOCMU, y8eruYeHuIo pacxoda monnusa U COKpaweHuto
pecypca Osuzamensi. B cmambe 8bINonHeH KOMNMEKCHbIU aHanu3 enusHus AUCNepcHO20 cocmasa U KOHUEHmpauyuu NbiiesbIx Yacmuly 80 8nyckHOM e030yxe Ha
mpubon02u4ecKoe COCMOSHUE OCHOBHBIX Y3108 08U2amerls, napamempb! Mac/sHOU NNBHKU U SKCnmyamayuoHHbIe nokasamenu cunosol ycmaHosku. [Toka3aHo,
Ymo Haubomnbwyr onacHocmb npedcmagnsam Yacmuub! pasmMepoM 5-20 MKM, ebi3blealouue yYCKOPeHHbIl abpasueHbIll USHOC U yXydweHue 2epMemuyHocmu
Kamepb! c2opaHus. Ha ocHoge meopemuyeckux U 3KCniyamauyuoHHbIX 0aHHbIX 060CHO8aHa He0bX00UMOCMb NOBKILIEHUS 3(hheKMUBHOCMU 0YUCMKU 8NYCKHO20
8030yxa.

Paspabomara u npednoxeHa KOHCMPYKUUS MHO20CMYNeHYamoa0 KOMOUHUPO8aHHO20 8030yWHO20 (huTbmpa, 8KTYarLe20 MyIbMUYUKIOHHYIO npedes apu-
MeJTbHYI0 04UCMKY U 08YXCMYyneHYamyio 31ekmpocmamuyeckyto cenapayuto ¢ nocredyroweld oo4ucmkoli cmaHOapmHbIM unbmpyowumM snemeHmom. [pedna-
2aemas cxema obecneyusaem ynaenugaHue Yacmuuy 8 Wupokom duanasoHe pasmepos (0,1-20 mkm) npu HUSKOM a3podUHaMU4YeCKOM CONPOMUBNEHUU U No8bIWa-
em obuwyro agpekmugHocmsb oqucmku 9o 95%. [pumereHue paspabomarHOU cucmemb! NO3BOSeM CHU3UMb UHMEHCUBHOCMb U3HOCa YUIUHOPO-NopWHesoU
2pynnel, ysenudums pecypc 6a308020 hunbmpa u dsueamens 8 UeoM, yMeHbWUmb yoenbHbIl pacxod monniuea u nogbicumes Ha0EXHOCMb SKCniyamayuu 2op-
HbIX MaWUH 8 yCri08UsIX 8bICOKOU 3anbInEHHOCMU.

Knroyesnie cnoea: dsuzamenb 8HympeHHe20 caopaHusi, 8030yWHbIL (hubmp, 3a2pasHeHue 8030yxa, USHOC, YUITUHOP, NOPWeHb, Kobua, Yacmuua nbinu,
UHMeHcusHocmb uHoca, pecypc [IBC, mowHocms [BC, cunempayus, abpasusHsie Yacmuubl, MHO20CMYyNneHYyamas 04UCIMKa, MynbMUUYUKITOH, anekmpocmamu-
yeckas hunbmpayus, pecypc dgueamens

KON MASHINALARI ICHKI YONUV DVIGATELLARINING KIRISH
HAVOSINI TOZALASH SAMARADORLIGINI OSHIRISH
IMKONIYATLARI

Djuraev R.U., Kayumov U.E.

Navoiy davlat konchilik va texnologiyalar universiteti, O‘zbekiston Respublikasi

Annotatsiiya. Ochiq kon ishlari sharoitida ichki yonuv dvigatellari yuqori konsentratsiyadagi abraziv chang muhitida ishlaydi, bu esa silindr-porshen guruhining
jadal yedirilishiga, dvigatel quvvatining pasayishiga, yoqilgi sarfining ortishiga hamda dvigatel resursining qisqarishiga olib keladi. Mazkur maqolada kirish havosi
tarkibidagi chang zarrachalarining dispers tarkibi va konsentratsiyasining dvigatelning asosiy birikmalari tribologik holatiga, moy plyonkasi parametrlariga hamda kuch
qurilmasining ekspluatatsion ko'rsatkichlariga ta’sir komplekslari tahlil qilingan. Tadqiqot natijalariga ko'ra, olchami 5-20 mkm bo‘lgan zarrachalar eng katta xavf
tug'dirib, tezlashgan abraziv yedirilish hamda yonish kamerasining germetikligi yomonlashishiga sabab bo'lishi aniglangan. Nazariy va ekspluatatsion ma’lumotlar
asosida kirish havosini tozalash samaradorligini oshirish zarurati ilmiy jihatdan asoslab berilgan.

Ishda ko'p bosqichli kombinatsiyalashgan havo filtri konstruksiyasi ishlab chiqilib taklif etilgan bo'lib, u multitsiklonli dastlabki tozalash, ikki bosqichli elektrostatik
ajratish hamda standart filtrlovchi element orqali yakuniy tozalash jarayonlarini o'z ichiga oladi. Taklif etilgan tizim 0,1-20 mkm o‘lchamdagi zarrachalarni past aero-
dinamik qarshilik sharoitida ushlab qolishni ta'minlab, umumiy tozalash samaradorligini 95% gacha oshiradi. Ishlab chiqilgan tizimni qo‘llash silindr-porshen guruhining
yedirilish jadalligini kamaytirish, asosiy filtr va dvigatel resursini oshirish, yoqilg‘ining solishtirma sarfini kamaytirish hamda yuqori changlangan sharoitlarda kon mashi-
nalarining ekspluatatsion ishonchliligini oshirish imkonini beradl.

Kalit so‘zlar: ichki yonuv dvigateli, havo filtri, havoning ifloslanishi, yedirilish, silindr, porshen, porshen halqalari, chang zarrachasi, yedirilish jadalligi, dvigatel
resursi, dvigatel quvvati, filtratsiya, abraziv zarrachalar, ko'p bosqichli tozalash, multitsiklon, elektrostatik filtrlash.
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MINING MACHINERY AND EQUIPMENT

OPPORTUNITIES FOR IMPROVING THE EFFICIENCY OF INTAKE AIR
CLEANING IN INTERNAL COMBUSTION ENGINES OF MINING
MACHINERY

Djuraev R.U., Kauymov U.E.

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. Under open-pit mining conditions, internal combustion engines operate in environments with a high concentration of abrasive dust, which leads to
intensive wear of the cylinder—piston group, power reduction, increased fuel consumption, and a decrease in engine service life. This paper presents a comprehensive
analysis of the influence of the particle size distribution and concentration of dust in the intake air on the tribological condition of key engine components, the parame-
ters of the oil film, and the operational performance of the power unit. It is shown that particles with sizes of 5-20 um pose the greatest risk, causing accelerated
abrasive wear and deterioration of combustion chamber sealing. Based on theoretical considerations and operational data, the necessity of improving the efficiency of
intake air purification is substantiated.

A design of a multi-stage combined air filtration system is developed and proposed, including multicyclone pre-cleaning, two-stage electrostatic separation, and
final purification using a conventional filter element. The proposed system ensures effective capture of particles within a wide size range (0.1-20 um) under low aero-
dynamic resistance and increases the overall filtration efficiency up to 95%. The implementation of the developed system makes it possible to reduce the wear rate of
the cylinder-piston group, extend the service life of both the base filter and the engine as a whole, decrease specific fuel consumption, and improve the operational
reliability of mining machines under high-dust conditions.

Keywords: internal combustion engine, air filter, air pollution, wear, cylinder, piston, piston rings, dust particles, wear rate, engine service life, engine power,

filtration, abrasive particles, multi-stage filtration, multicyclone, electrostatic filtration, engine durability.

BBepeHue

HapéxHocTb aKcnnyaTauum U pecypcocOepexeHne ropHbIX Ma-
LUWH 03HAYalOT CHKEHWE NPOM3BOACTBEHHbIX 3aTpaT C LieNblo MOBbI-
LIEHNS BBLICOKOW 3KOHOMUYECKO 3((EKTUBHOCTM HE TOMbKO Ha
YPOBHE OTAEMNbHbIX XO3ANCTBYIOLNX CyOBEKTOB, HO M B MacluTabax
rocyfapcrea B Lenom. B HacTosilee Bpems B CBA3N C UCTOLIEHMEM
3anacoB MHOTVX MECTOPOXEHWA NOME3HbIX NCKOMaemblX, pacnono-
KEHHbIX B 6naronpusaTHbIX reonorMyecknx yCnoBusX M Ha BbICOKMX
TOPU30HTAaX, BO3HWKAET HeoBXOAMMOCTb WHTEHcUdMKaLuM [O6bIYM
HOBbIX 3aMacoB nonesHbIx Nckonaembix. OgHako BonbLUIKMHCTBO 3ana-
COB MONe3HbIX MCKonaemblx 3aneraet Ha Gonblwunx rmybuHax u B
CINOXHBIX FeOrnoriYeckux yCroBusiX, BCIEACTBUE YEro MPOLEecChl MX
A00bI4M 1 TPAHCMIOPTUPOBKI ABMISKOTCS AOCTATOYHO CAOXHBIMM [1].

IMpwn adpcpexTnBHON paspaboTke MECTOPOXAEHMI NONE3HbIX NCKO-
naemblX 1 BbINOMHEHUN YCTAHOBMEHHBIX MPON3BOACTBEHHbIX MNAHOB
pOnb MaLUMH 1 MEXaHU3MOB, OCHALLEHHBIX ABUraTENSMMU BHYTPEHHETO
CTOPaHMs, SBMAETCA WCKMIOYMTENBbHO BaXHOW, a obecnedyeHne Wx
9KCMNyaTaLMOHHON HafEXHOCTU U PecypcochepeeHns OTHOCUTCS K
4ncny akTyanbHbIx npobnem.

Okcnnyatauns ABUratenel BHYTPEHHEro CropaHus B YCOBUSAX
BbICOKOM 3anbINEHHOCTM BO3OYLIHOM CPedbl OKa3blBaeT CepbE3Hoe
BMMSHNE HA WX TEXHWYECKoe COCTOsHWE W CPOK cryxBbl. V3BecTHo,
4TO Hanuume B BO3AyXe TBEPABIX YaCTUL, 0COBEHHO MenKoaucnepc-
HbiIX (ppakumit pasmepom MeHee 10 MKM, CyLECTBEHHO yckopsieT
npoueccsl  abpasvBHOrO,  aAre3NOHHOTO M KOPPO3MOHHO-
MexaH14YeCcKoro u3Hoca.

Bo Bpems [BIKEHMS! aBTOTPAHCTIOPT 3aCacbiBAET OKPYXKatoLLuii
BO34yX, COLepXaluii onpedenéHHoe KOMMYecTBO Mbinu. B cyxyio
norogy eé KoHUeHTpauus gocturaet okono 60-70 mr/m3, B coctaB
MbINK BXOAAT OKCUABI KanbLius, Xenesa, KReMHUS 1 Apyrie KOMMOHeH-
Tbl [2].

lMoBepxHOCTHas TBEPAOCTb MbINEBLIX YACTUL, OKCMAA KPEMHWS
(kBapua) B 2 pa3a NpeBbILLAET TBEPLOCTb BbICOKOKAYECTBEHHBIX CTa-
nen. [guratenb cpegHen MowHocTh 3a 1 yac paboTbl 3acacbiBaeT
npubnuautensHo 3000 m? Bospyxa. Mpu OTCYTCTBUM OYNCTKM BO3ayXa
B TEYEHWEe OfHOI paboyern CMeHbl B LMMWHAPLI ABUraTens MOoxeT
nonacTb HECKOMbKO KUMOrpaMMOoB Mbink. TBEpAble YacTuLibl BbI3biBa-
10T MHTEHCMBHBIA W3HOC LMAMHAPOB, NOPLIHEN W ApYrMX TPYLLMXCSA

AeTaneit, Yto NpuUBOAMT K 3HAYUTENBHOMY COKPALLEHWMKO CPOKA CryX-
Obl ABuraTens.

Matepuanb! u meToabl.

MwHepanbHas nbinb, opmupyloLlascs npu  BypoB3pPbLIBHbIX,
9KCKABALWMOHHBIX 1 TPAHCMOPTHbIX paboTax, XapaKTepuayeTcs BbICO-
kol abpasnBHON cnocobHOCTLH. Pasmepbl YacTuL Mbinu BapbUpyHT-
cs ot 1 o 100 mkm. OcobeHHo onacHsl MenkoaucnepeHble dpakumm
pasmepom meHee 10 MKM, cnocobHble NPOHMKATL Yepes nnbTpyto-
LyMe 3MeMeHTbl BO3AYLHBIX CUCTEM M OKasblBaTb paspyLUMTENbHOEe
BO3[ENCTBUE Ha LNMMHAPO-MOPLIHEBYHO rpynmy.

Pabota faBuratens BHYTPEHHErO CropaHusi B YCIOBUSX BbICOKOM
MbINEBON Cpefbl COMPOBOXAAETCH MHOXECTBOM AECTPYKTUBHbIX NPO-
LieccoB, KOTOPbIE 3aTparuBaloT kak BO3ayx03abopHyto cucTemy, Tak 1
3NeMeHTbl  LMNWMHOPO-NOPLUHEBOrO  y3na, TypboHapays, cuctemy
CMas3Kku 1 Jaxe cuctemy oxnaxaenus. Ha pucyHke 1 nokasaHa cpyHk-
LiMoHanbHas CTPYKTypa BrYCKHOM CUCTEMbI ABUraTens BHYTPEHHEro
CropaH1st N COBOKYMHOCTb €€ 3MEMEHTOB, KOTOpas MokasbiBaeT Co-
MPUKOCHOBEHME MbINEBLIX YaCTUL, MPOHUKLLIMIA B ABUraTenb C BO3AY-
XOM C €€ OCHOBHbIMM y3riamu.

Korna mBuratenu BHyTPEHHEro CropaHusi Mony4arT JOCTaTOYHO
YMCTbIN BO3MYX, CHVKEHWE UX MOLLHOCTW B NPOLECCE 3KCrnryaTauun B
cpegHeM He mpesbiwaeT 5-7%. OTa cuTyaums cBf3aHa ¢ 0BbIYHbIM
W3HOCOM LMNMMHAPO-NOPLUHEBOI FPYNMbl, @ MHTEHCUBHOCTb Aerpaja-
LM nokasaTenen 0CTaéTcs B NpeAenax AonyCTUMbIX SKCnyaTaLmoH-
HbIX HOPM.

B ycnoBusix BbICOKOW 3amnbINEHHOCTW ABUraTeNn BHYTPEHHEro
CropaHus TepSoT B MOLHOCTU B cpeaHeM Ao 15—18%, uto obbscHs-
eTcs abpasnBHbIM M3HOCOM [AeTaneil LMIMHOPO-NOPLUHEBOI TPYyNMbI.
3arpssHsioLLme YacTuLbl NoNagaloT B LWMAMHAP, AENCTBYIOT Kak TBEP-
Obl abpaauB W YCKOPSIIOT U3HOC CTEHOK LMMWHLPA, NOPLUHEBbIX KO-
neLj, BTYNOK MOPLUHEBOrO Manbla 1 OCHOBHbIX MOALIMMHWKOB. B pe-
3ynbTaTe YBENMYMBAETCS yTeuka rasos, MajaeT CTeneHb CkKaTus U
pacTéT Jons MexaHuyeckux noteps [3;4].

Kpome Toro, 13-3a 3arpsi3HeHNs MOTOPHOTO Macna abpasvBHbIMK
yacTMLamu yXyaLUIaloTcs ero CBOCTBA, YBENUUMBAKOTCS CUIbI TPEHNUS,
4TO TakKKe NPUBOANT K CHUKEHMIO MOLLHOCTY ABUraTens.

B nbinbHo# cpeae Bo3nyxo3abopHas cuctema BbICTpo 3arpsisHs-
eTcs, (UNbTPbI TEPSIIOT NPONYCKHY0 CNOCOBHOCTb. OTO BEAET K poCTy
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1 - oxnaguTenb Bo3ayxa (MHTepKynep), 2 — TypbuHa, 3 — komnpeccop, 4 — Bo3ayLHbIi (unbTp, 5 — cuctema ENP, 6 — AnsenbHbIin caxesbIi
unbTp, 7 — BbINYCKHOM rywuTens, 8 — [IBC.
Puc. 1. dyHKUMOHaNbHasA CTPYKTypa BNYCKHOW CUCTEMbI ABUraTeNs BHYTPEHHETO CropaHus.

CONpPOTMBNEHNA Ha BNyCcke W CHWXEHWO MOLLHOCTM ABuratend, a

TaKKe MOBbILIEHHOMY Pacxofy BO3MYLIHOTO (UIbTPa YTO Takke Mpy-
BOAWT K YBEMNYEHMIO SKCTINyaTALMOHHbIX 3aTpaT. Ha pucyHke 2 noka-
3aHa BO3AYLUHbIA (HUMbTP KapbepHOro aBTocamoceana fio akcnnyara-

L 1 nocne akcnnyataumm 50 moTo-4acos.

/3 Bblle NpuBEAEHHOTO puUCyHKa BUAHO, 4To 3a 50 MoTo-yacos
aKCnyaTauuv BO3AYLWHbIA UALTP MOMHOCTLIO 3arpA3HUNCS, B TO
Bpems kak eé pecypc sensetcs 250 MOTO-4acoB, TO €CTb pecypc
unbTpa cokpaTuncs B 5 pas.

A-po akcnnyatauuu; B-nocne akennyaTauymm 50 MOTO-4acoB.
Puc. 2. 3arpsisHeHHOCTb BO3AyWHOro hunbTpa KapbepHOro aBTocamocBana.

BmecTe ¢ noTokoM BcackbiBaeMoro BO3ayxa B UMNNHAPLI ABUrate-
Na nonagaeT 3Ha4nTenbHOEe KONMMYeCTBO 3arpAsHALWMX BeLlecCTB.
BEJ'IVNVIHy pacxoaa Bosdyxa Ha BNycke ABWUratens BHYTPEHHEro Cro-
paHMA MOXHO onpeaennTb No TeEOPETUHECKOMY COOTHOLLIEHNIO:

Vy 1y -1y 60 ()

Con =000 - &

rpe: V; — paGouui oGbEm aBuratens [am3],
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N, —y4acToTa BpaweHns gauratens [06/mu],

k — KpaTHOCTb X0Aa MOPLUHS (2 — ANs YETLIPEXTAKTHbLIX [1BM-
ratenei, 1 — Ans ABYXTaKTHBbIX),

7, — KO3(PDULMEHT HANOMHEHMS, 3HAYEHNE KOTOPOTO CrieayeT
NpUHUMATL B 3aBWUCUMOCTW OT Tuna Auratens. [ins gsuratens 6e3
Hapnysa n,, = 0,85 , Ans ABUraTeNs C HAALYBOM W BO3LYLUHBIM OX-
naxgeHvem n, = 1,85 [5].



MINING MACHINERY AND EQUIPMENT

MakcumanbHbii 06BEMHBIA pacxod Bo3ayxa, hopMUpYeMbIi BO
BMYCKHOW TaKT MpW JOCTVKEHUW [BUraTeNieM MpeaenibHoro pexvma

MOLLHOCTM Namax , ANA PACCMaTPUBAEMbIX CUNOBbIX YCTAHOBOK
onpefensieTcs cneaytoLlen BenuUYnHon:

Ta6nuua 1
CpaBHUTeNbHbIE NapamMeTpbl ABUraTeNei KapbepHbIX aBTOCaMOCBanNoB U UX MaKCUManbHbIi pacxod Bo3ayxa Ha Bnycke
AeTocamocsan/ aBura- PaGounit 06bEM aBuraTens KpyTawmin momeHT Pacxopa Bo3pyxa Ha PeanuctnyHbIn auanasoH
Tenb (L) (make.) Bnycke (M*/4) pacxofa Bo3yxa Ha Brycke

benA3 (BapuaHt ¢ Cum-
mins KTA50) 50.3 1800 4995 4724 - 5267.
BARG ek 51.8 1750 4953 4681 - 5225.
Komatsu HD785-7
(SAAT2V140E-3) 30.5 1900 3164 2990 - 3338.

B npouecc BcacbiBaus paboyeit cmecu Hen3BbexHO BOBNEKatoTCS
MOCTOPOHHME a3pO30fibHbIE M TBEpAble YacTWubl, KOTOpble B
3HAUMTENbHBIX KONMYECTBAX MPOHWUKAKT B LMNMHAPbLI ABUraTens
BMECTE C BO3ayxoM. Harpumep, B xoge  aKcniyaTaumu
aBTocaMocBana [suratenb ¢ pabounm Oﬁ'bGMOMVA = 30 am°,

nepedBurascb N0 TBEPAbIM  MOKPbITUSAM €O CpeaHel
ckopocTblo ¥ = 35 KMM W npW  KOHUEHTpaLUuM Mbinu B
atmocpepe  C,,, = 10 Mr/M°, B LMNMHAPLI ABUraTens 3a npober

20 000 km noctynaeT cBbiwe 7,32 Kr MbINEBbIX YacTUL BMeCTe C
BCaCbIBaeMbIM BO3AYXOM.

Mbinesble YacTMupl nonagas B LMMMHAPO-NOPLUHEBYO rpynmny
BCNEACTBME HanMuMs B HEM TBEPALIX 4acTuL, MPOABASIOT
abpa3anBHoe pa3spylueHue MOBEPXHOCTE! Y3MoB, CMasblBaeMbIX
MOTOPHbIM MacnoM.

KoppekTHast 1 fonrosedHas pabota koTopbix obecneunsaetcs
HanuuneM cmasouHon cpefbl. Cmaska hopMUpyeT pasaensitoLLyto
MAeHKy, YMEHbLUAILLYI0 MexaHuyeckue noTepn Ha Tpeuue W
CYLLECTBEHHO CHUXAas MHTEHCUBHOCTb M3HALLMBAHWS 3TUX SNEMEHTOB.

Teépable MMHepanbHble YacTULbl MPOHMKAs B LMAWHAP BMeCTe
CO BCacbiBaeMbIM BO3AYXOM, B 3a30pbl  Mexgy pabounmu
MOBEPXHOCTAMM MMb3bl, NOPLLHS W NOPLUHEBLIX KOMeL, BHEPAITCS B
KOHTAKTHYIO 30Hy, HapyllalT YCroBWS TPeHWS W CyLIECTBEHHO
yCKOpStoT abpaanBHbIN M3HOC CONPSIKEHHBIX 3NEMEHTOB.

MenkoaucnepcHble YacTULbl MbiNk, Pa3Mepbl KOTOPbIX MEHbLLE
MUHUMaIbHON TOMLHbI MacnsHom méww A,
BHEZPSIIOTCS B 3a30pbl MEXY NOPLUIHEBLIMIA KOMbLAMN 1 LIMAHAPOM
B MpoLecce BO3BPATHO-MOCTYNATENbHOTO ABWXEHUS MOpLUHS. pu
KOHTaKkTe ¢ paboynmu MOBEPXHOCTAMM Y3na «MOpLUEHb-NOPLIHEBOE
KonbLO-UMNMHAP»  Takas  abpasvBHas  cpega  cnocobeTeyeT
YCKOPEHHOMY pa3pyLUEHMo CTPYKTYpbl MaTepuanos COMPSKEHHbIX
3MEMEHTOB.

B ABuratene BHYTPeHHero cropanus, paboTaloliem npu
nepemMeHHbIX 000OpoTax W Harpyskax, MWHUManbHas TOMLLMHA
MacrnsHoW NMnéHkM /1, ABNAETCS BEMMYMHON WU3MEHSIOLENCA BO
BpemeHn. OHa onpefensieTcs BA3KOCTbIO CMa304HOrO Macna 77,
KoTOpas 3aBUCKT OT TemnepaTypbl paboyeil cpefbl, OTHOCUTEMbHON
CKOPOCTW BpALLEHN COMPSXEHHbIX NoBEepXHocTeil V, , U obpaTHo
npornopuuoHanbHa MPUNOXEeHHON Harpyske N Ha  3neMeHTbl
ABuraTens.

SR/ An )
N

rie C — k03(hULMEHT, YUUTLIBAIOLLMIA TEOMETPUYECKIE pasMepbl 1
napameTpbl COMpSiragmblX 31EMEHTOB.

1] — AMHaMKYeckas BA3KOCTb CMa3oyHoro Matepuana, fa-c;

v, — OTHOCUTENBHAS CKOPOCTb CKOMBXEHNS MOBEPXHOCTEN, M/C;

N — HopManbHas Harpyska B 30He KoHTakTa, H.

TaKoe COOTHOLUEHKe no3BondeT KonnmyecTtBeHHO 0Ll|eHVIBaTb JJ,I/IHa-
MVIKy U3MEHEeHNda TOJ'ILuVIHbI CM330HHOI7I I'IJ'IéHKI/I B pasnquux pe)KI/IMaX
paﬁOTbI asuratens u I'IpOFHOSVIpOBaTb ycnoavm BO3HUKHOBEHUA rpa-
HWUYHOIO CMa3bIiBaHUA.

Ha pucyHke 3 npuBegeHa 0bpa3oBaHe MacnsHOM NeHku B nape
MnopLLeHb-NOPLLHEBble KOMbLa-LnnmHAp.

e
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Puc. 3. O6pasoBaHue MacnsiHO NNeHKM B Nape:
NOpPLUEHb-NOPLUHEBbIE KONbLA-LUAMHAP.

B craHoapTHbIX CONpsXEHUsX JeTanein ABuraTeneii BHyTPEHHEro
CropaHust TONLWMHa MacAsHON NMNEHKN U3MEHSIETCA B LUMPOKOM Auana-
30He W3-33 MEpeMeHHON Harpysku Asuratens, konebaHuil yacToTbl
BpaLLEeHUs 1 TemnepaTypsl Macna. B TMMYHbIX YCROBUSIX 3HAYEHUs
MUHUMANbHOW TONLLUMHBI NEHKW A . HaxoasTcsa B npeaenax ot 0,5
10 50 MKMm.

ABpa3avBHbIIt U3HOC BO3HUKAET B TEX CRyyasx, korga B pesynbTa-
TE YBENMYEHUs AENCTBYIOLWLEA Harpy3ku N — BbI3BAHHOW POCTOM
MeXaHN4EeCKOIA Harpyski, NOBLILIEHNEM TEMMNEPATYPbI UMM CHKEHUEM
BA3KOCTM Macrna — [Be conpsiraeMble NOBEPXHOCTU cOMMxaloTcs A0
MUHUMASIBHOTO PacCTOsHA — dy = Ry, (pUC. 4). YacTuUb! Nbiny,
kaK NMpaBvmno, UMET HenpasurbHy GopMmy W 0bnagaloT ocTpbIMU
MHOTOrpaHHbIMA  KpOMKamu. YacTuubl MbinK CMOCOOHBI Bbi3biBATh
LjapanuHbl, opMupoBaTb 60po3abl U OTAENATH MUKPOCKOMMYECKME
MeTannmyeckme parMeHTbl, KOTOpble BHEAPSIOTCA B CTPYKTYPY Ma-
Tepuana aneMeHTOB, COCTaBNSIOLMX y3en ABuratens. B pesynbtate
koneGaHuit TOMLMHLI MaCASHOM NNEHKM Mexay conpsiraeMbiMW Mo-
BEPXHOCTSMW HaxoAsLMecs B Hell MblneBble YacTuLbl MOTYT paspy-
watbcs 1 apobuTbes Ha Bonee menkve dparmeHTsl. O6pasoBasLue-
sl METKIe YacTMLbl COCOBHbI MPOHMKATL B 3a30Pbl MEXAY NMOBEPXHO-
CTAIMM, e TOMLUMHA MACMsSHOW NMNEHKM CTaHOBUTCS MUHUMANbHOM,

‘min
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4TO NOBbILLAET BEPOSTHOCTb abpa3nBHOMO U3HOCA.

CxemaTunyeckas Mofienb 30HbI B3aMOLENCTBUS Y3na «MOpLUEHb-
MOpLUHEBbIE KOMbLA-LMNMHAPY C MWHEPAnbHBIMA YacTuLaMu Mbinu
nokasaHa Ha puCyHke 4, U3-3a MMHUMANbHON TOMLUMHBI MacrsHOM
MNEHKW, BO3HWKAIOLENA B y3nax ABUraTensl, BCE MbiNEBbIE YacTULipbl
pasmepom 6Gonee 1 MKM CrocobCTBYIOT yckopeHHOMY abpasuBHOMY
13HOCy anemeHToB. [pu 3ToM abpasvBHas arpecCMBHOCTb YacTuL
CYLLECTBEHHO CHIXAETCS, ECIN X pa3Mepbl MeHbLUe 5 MkM. YacTuupl
nbinn MeHee 1 MKM NpeAcTaBnstoT 0cobylo onacHoCTb, Tak Kak Aen-
CTBYKT Ha MOBEPXHOCTb LMNMMHApa nopobHO monupytowien nacte,
Macno nnoxo yAepXuWBaeTcs Ha OTNONMPOBAHHON MOBEPXHOCTU, YTO
HapyllaeT (POPMMPOBAHNE MACNSHON MNEHKN M YCKOPSET M3HOC CO-
MPSXKEHHBIX 31EMEHTOB [6].

B %

~

1 - KoneHyaTbIi Ban, 2 - KapTep, 3 - LWaTYH, 4 - OXNaxgatoLas xwa-
KoCTb, 5 - 6rIOK UMNMHAPOB, 6 - NOpLUEHb, 7 - KaMepbl CropaHus,

8 - ronoska 6noka LunHApPoB, 9 - ByckHoi knanaH, 10 - BbIMyCKHO
knana, 11 - kynayok, 12 - npyxuHbI knanaHos, 13 - pacnpeasan,
14 - opcyHKa (pacnbinutens).

Puc.4. CxemaTtnyeckas mofenb 30Hbl B3aMMOAENCTBUA y3na
«NopLIeHb-NOPLWHeBbIe KOMbLA-UUAMHAP» C MUHEPanbHbIMU Ya-
CTULIAMM NbINN.

YacTuubl nbinu pasmepom Bonee 1 MKM BbI3bIBAIOT YCKOPEHHBIN
abpasnBHbIl M3HOC, OAHAKO MaKcUMarbHbIA 3dhdekT HabnopaeTtcs
ang Yactuupl nbinv pasmepom 7-18 mkm (puc. 5a). AHanornyHas
33BMCUMOCTb, OTPaXalollas W3HOC BepXHEro MOPLIHEBOrO KorbLia
QM3enbHOrO [Buratens, npegctaBneHa Ha rpacduke (puc. 5b).

Hanbonblumin abpasuBHbIn 3chdekT Ans 3Toro Konbla OTMeYeH Ans
yactuy B ananasoHe 7-20 MkM. MbINVHKM MEHbLUMX pasmepoB (4o 5
MKM) W KpynHbIX (CBbllle 20 MKM) BbI3bIBAlOT NPUMEPHO OAMHAKOBBIA
YPOBEHb W3HOCA, 3HAYMTENBHO MEHbLUWIA MO CPABHEHWIO C Ananaso-
HOM 7-20 MKM.

Pesynbmambi u o6cyx0deHue:

PesynbTaThl, M3MOXeHHbIE JEMOHCTPUPYIOT BbIPaXEHHYHO 3aBUCK-
MOCTb MHTEHCUBHOCTM M3HOCA OCHOBHbIX TPUBOCONPSIKEHUIA ABUraTe-
NS BHYTPEHHErO CropaHns — KOPEHHbIX 1 LATYHHbIX NOALLMIHIUKOB, a
TaKKke MacnoCbEMHOTO KombLia — OT rpaHyroMEeTPUYECKOro cocTasa
abpasuBHbIX BKITIOYEHMI B CMa304HOM Macre.

M3Hoc paboyeit MOBEPXHOCTW MAMb3bl LMMMHAPA W MOPLIHEBBIX
KoreL, MPUBOANT K HAPYLLEHIIO FePMETUYHOCTY KaMepbl CropaHms, 4To
BbI3bIBAET YTEYKM CXMMaeMol paboyeli cpebl. 370, B CBOK 04epeab,
COMPOBOXAAETCA CHINKEHNEM [JABNIEHNS B KOHLIE TakTa CxaTtis, yXya-
LUeHNeM YCMOBMIA BOCTINAMEHEHNS TOMAMBOBO3AYLIHOA CMecu U
YMeHbLIEHNeM 3deKTUBHON MOLLHOCTM Apuratens. OfHOBPEMEHHO
HabnogaeTca pocT yAenbHOro pacxoja Tonnwea, 0byCroBMeHHBINR
CHV)XEHMEM TEPMOAMHAMMYECKON 3(dEKTUBHOCTN paboyero Luykna.

YBenuuyeHne paananbHblX W OCEBbIX 3a30pOB B CUCTEME
«MOpLUEHb — MOPLUHEBbIE KOMbLA — LMMUHAPY CNoCcOBCTBYET UHTEHCK-
cukaummu npopbiBa oTpaboTaBLUMX ra3os B kapTep Asuratens. [laH-
HbI MPOLECC MPUBOAMT K MOBbILIEHNIO TeMMepaTypbl CMa3o4HOro
macna, YCKOPEHMI0 ero TEPMOOKUCITUTENBHOMO CTapeHNUs U CHUKEHWO
CMa3blBaloOLLMX CBOWCTB. Kpome TOro, MOTOK rasoB Bbl3biBAET YHOC
MacnsHbIX NapoB 1 Kanenb, YTo ycyrybnseT pacxod macna v 3arpsis-
HeHWe cucTembl Bbinycka. Ha pucyHke 6 npuBedeHbl XapakTepHble
BMAbl M3HOCA MOBEPXHOCTW LMMMHApA.

Ha cerogHsLHMIA feHb NpakTuka NPUMEHEHNS BO3AYLLUHbIX (urb-
TPOB B [iBUraTeNsX BHYTPEHHErO CropaHNs NoKasblBaeT, YTo (PUNbTPbI
3PeKTMBHO 3afepkmMBaloT YacTuubl pasmepom Ao 10 mkm, B TO
Bpems kak onee menkue YacTuLbl MPOXoAsT Yepes unbTp. Kpome
TOro, MOCNe KaXAoro LKA O4MCTKM CNocoBHOCTb punbTpa yaepxKu-
BaTb MEMNKOAMCNEPCHbIE YacTULbl yMEHbLLAETCS.

CyLectByeT npsmMas 3aBUCUMOCTb MeX/y pa3mepamm Mbinesbix
YacTuL B BCACbiBAEMOM BO3JYyXe W CTEMEHbI0 M3HOCA LMMMHAPOB,
MOpLUHEA W MOpLUHEBLIX Konel. Hwxe Ha pucyHke 7 npuBedeHa
33BMCUMOCTb  OTHOCUTENMBHOTO W3HOCA  LMAMHAPOB, MOPLUHER W
NOPLUHEBBIX KONeL, 0T pa3MepoB Mbinesbix vacTuy, [7;8].

Ha npusenéHHom rpadhvike HU3Kas CTeneHb 1aHoca, 0bycnosnex-
Has KpYnHbIMM YacTuLammn, obbsAcHAeTCs He UX Manoi abpasueHom
CMOCOBHOCTLIO, @ 3PEKTUBHBIM WX YaepXaHnem PpunsTpoMm.

MopLHeBbIe KofbLa paboTatoT B YCroBUAX NpeAenbHOMo TPEHUS
M CYNTAKTCA KpaiHe YyBCTBUTEMbHbIMK, MO3TOMY MOKasaTenu ux
M3HoCa BbICOKW. Takke M3-33 BOMbLIOI KOHTAKTHON MOBEPXHOCTM
LunuHopa abpasvBHbIN M3HOC 3AECh Takke 3HauuTeneH. Huskas cre-

NeHb M3HOCa NOPLUHA obbsAcHseTCA TEM,

14 S g YTO OH He MOMHOCTBIO KOHTaKTUpyeT C
~ % y o
S8 2 %& WMIMHAPOM, KOHTAKT NEpUOANIEckViA, |TO
U § P N Mo3BONSET MacnsHOM MNéHKe BOCCTAHaB-
Q -8 um
T 17 - 33 7-20 um NMBaTbCA U YHOCWUTb YacTWLbl BMeCTe ¢
Sy Sy &0 .
3N g4 X macnom [9].
N )
TS §§ Yactuupl nbinu pasmepom Bonee 1
é 3 g6 EE 60 MKM BbI3bIBalOT abpasnBHbIit U3HOC, OAHa-
§ f § S ko Haubonbluee BNMsHWE Habniogaetcs y
g3 e S YacTuL, pasmepom 5-12 Mkm.
= a2 = 40 AHanus  BAWSHUA  3arPA3HEHHOCTY
a 5 W0 B 20 25 0 35 0 v 20 30 40 50 BO3[yXa Ha pecypc ABUraTens BHYTPEHHe-
,Dg_qmgp 4acmuy neiy g, un PH.?NE’ﬂ sacmuy ey d IUM r0 CropaHna nokasblBaeT, YTO yBenuyeHne
A £ KOMMYeCTBa MbIN CHKAET CPOK CryXObl

Puc. 5. Bnuanue pazmepa nbinu Ha OTHOCUTENbHbLIA U3HOC
A) runb3bl LUNUHApPa 1 NopLUHs, b) nopHeBoro konbLa
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Y3M0B [BUraTens, a Takke cokpalaer
pecypc BO3AYLLHOMO OUNbTpa, 4TO B UTOTE
NPUBOAUT K CHIKEHMIO  3(hEeKTUBHOCTM
aKcnnyartauuu.
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A)

B)

Puc. 6. XapakTepHble BuAbI M3HOCA pabounx noBepxHocTei uunuHapa [ABC.

OTHOCUTENBHBIA M3HOGC

0 5 10

15 20 25 30

Paauep NbINEBBIX HaCTUL, MKM.

[Mnb3a uMnuHapa

lMopluHeBLIE Komblia

lNoplwexb

Puc. 7. 3aBUCMMOCTbL OTHOCUTENBHOIO M3HOCA OT pa3mMepa YyacTuy Nbinu.

Ha npvBenéHHOM Bbile rpacdmke HU3Kas cTeneHb M3Hoca, 0by-
CMOBEHHAS KPYMHBIMK YacTULaMm, 0OBACHAETCS He UX Manon abpa-
31BHOW CMOCOBHOCTHI, @ SPEKTUBHBIM MX YaEp)KaHUEM (PUNLTPOM.

MopLuHeBble KombLa paboTaloT B YCNOBUSX NMPEAENLHOTO TPEHNS
W CYNTAKOTCA KpalHe 4yBCTBUTENbHbIMW, MO3TOMY MOKasaTenn WX
W3Hoca BbICOKM. Takke M3-3a GONbLIOA KOHTAKTHOM MOBEPXHOCTU
UMnMHApa abpasuvBHBIA WM3HOC 3AeCh Takke 3HauuTeneH. Huskas
CTEMEHb W3HOCA MOPLUHSI OOBACHAETCS TEM, YTO OH HE MONHOCTbH
KOHTaKTUPYET C LMMUHLPOM, KOHTAKT NEPUOAMYECKIN, YTO NO3BONSET
MacnsHOM NNéHKe BOCCTAHABNMBATLCA U YHOCUTb YacTWLbl BMECTE C
macnom [9].

YacTuupl nbinu pasmepom bonee 1 MKM Bbi3biBalOT abpasviBHbIii
M3HOC, Of1HaKO Hanbonbluee BNMsHUE HabnogaeTcs y YacTul pasme-
pom 5-12 MKM.

AHanu3 BNUSHUS 3arpsisHEHHOCTM BO3AyXa Ha pecypc ABuUraTens
BHYTPEHHETO CrOpaHWUsi MoKasblBaeT, YTO YBENUYEHWE KOMU4EeCTBa
MbINW CHKAeT CpoK cryxObl y3MOB ABWraTens, a Takke coKpalaet
pecypc BO3AYLLHOTO (punbTpa, YTO B WUTOTE MPUBOAMUT K CHUKEHWIO

3eKTMBHOCTI SKCNyaTaLm.

Takum 0Opas3om, noBblweHre 3PGEKTUBHOCTU U HAZEKHOCTH
aKCnyaTauun ABUraTeneii BHyTPEHHENO CropaHis BO3MOXHO 3a CHET
COBEpLUEHCTBOBAHNS CUCTEMbI (unbTpauum Bo3gyxa. B aton cessm
BO3HMKaeT HeOoDXOAMMOCTb CO3AaHMS HOBbIX MHHOBALMOHHBIX KOH-
CTPYKUMA BO3AYLWHbIX DUNbTPOB, 0becneumBaiomx athdeKTUBHYO
O4MCTKY BO3AYXa.

O BO3MOXHOCTM NOBbIWEHUA 3hheKTUBHOCTU hUnbTpaLuu
Bosgyxa [IBC.

B npouecce akcnnyatauun ABurateneil BHYTPEHHEro CropaHms
3anonHeHne BO3AYLWHOMO urbTpa MbiNeBbIMU YacTULAMU CHXKaET
€ro BO3AYXOMPOHMLIAEMOCTb, TO €CTb COMPOTUBIEHNE BCACHIBAHWIO
BO3AyXa YBENWUMBAETCS, B pesymnbTate Yero BO3HMKAKOT [OMOMHM-
TenbHbIE MOTEPW 3HEPTMM U YPE3MEPHBIN BLIOPOC BBIXMOMHbIX ra30B.
YacTas ouncTka BO3AYLLHOTO PUNLTPA TakKe CHKAET ero unbTpy-
foLLyt0 CNOCOBHOCTb, Tak kak MOCMe Kax[oro LMKMa OYMCTKA Mopbl
(uNbTPYIOLLEro MaTepuana pacluMpsITCs, U CNOCOBHOCTL 3aaepXu-
BaTb KPYMHbIE YacTWLbl NbINK TepsieTcs.
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1-MyNbTULMKIOHHbI BO3AYLUHBIA (MMbTP, 2-CeTka, 3-LMKITOH, 4-3aBUXpUTENb, 5-Tpyba, 6-BCackiBatoLLmii BO3LyX0BOg, 7-NbinecbopHuk, 8-
KpbILLKaK, 9-Kopnyc nepBMYHOrO anekTpocTatnyeckoro unbTpa, 10-uronbyathii CTepXHEBO anekTpog, 11-unnuHapuyeckas Metannuye-
ckas Tpyba, 12-kopnyc KOHEYHOTO SNEKTPOCTaTUYECKOro (unbTpa 13-3neKTpos B BUAE METanMYeCKol NacTuHbl, 14- uronbyaThlii CTEpXKHe-
BOW 3nekTpog, 15-kpbiwka, 16-cTepxeHb, 17-803ayxoBog, 18- Bo3ayLwHbIn (unbTp, 19-punbtpytowmin anemeHT, 20-kpbiwka, 21-CTepkeHb,
22-B0O3AYX0NOABOASALLMI TPYOONPOBOA K ABUraTEN!O.

Puc. 8. MHorocTyneHuaTbI KOMGMHUPOBAHHLIW BO3AYLWHBIA (UNLTP.

C uenbto noBbileHUst 3hEKTUBHOCTI W CpOKa CRyxObl BO3AYLL-
HOro UNbTPa, a TaKke YMEHbLUEHUS NonagaHns MbifeBblX YacTuL B
ABUraTenb BHYTPEHHEro CropaHus, npeanaraeTcs YyCTPONCTBO MHOTO-
CTyneHyaTon (unbTpaumun Bo3gyxa, kOTopoe paboTaeT Ha OCHOBE
MEPBUYHOA OYUCTKM B MYMbTULMKIOHHBIX M 3MEKTPOCTATAYECKNX
cdunbtpax. Ha  pucyhke 8  npuBegeHa  KOHCTPYKUms
MHOrOCTYMEHYaToro  KOMOWHWPOBAHHOTO  BO3AYLWHOMO  (WMbTPa,
npefHa3HauyeHHOro Ans NPUMEHEHUs B ABUraTensx BHYTPEHHEro
CropaHms.

MHorocTyneHyaTbii  KOMOWHMPOBAHHbBIA  BO3AYLLUHBIA  PUNLTP
paboTaeT cneaylowmum obpasom, BcachiBaeMbI B ABUraTeNb BO3AYX
CHayamna npoXoauT Yepes CeTkW (2) MyNbTULMKIOHHOTO BO3AYLUHOMO
cunbTpa (1) 1 nonagaeT B LMKIOHBI (3), FA€ OH 3aBUXPSETCH C NOMO-
LLybto 3aBUXpUTENS (4), U U3 BO3AYLUHOMO MOTOKA OTAENATCS KPYMHbIE
4acTWLbl NblnK, KoTopble cobupatoTes B nbinecbopHuke (7). OunleH-
HbI BO3AYX Yepe3 BbIXOAHOM maTpybok LmknoHa (5) moctynaet B
ABUraTenb Yepes BCACbIBAIOLWMA BO3AYX0BOA (6) B NEPBUYHbIA 3nek-
Tpoctatnyeckuit punbtp (9). B 3ToM unbTpe Menkue nbinesble
4acTWLbl BO3AYyXa MOMy4atoT NepBOHaYanbHbIA 3apsd, YacTb U3 HUX
3aJepXMUBAETCA Ha CTEHKaX LunuHapuyeckoi Tpybsl (11), a octaslua-
§ICA OCHOBHAs Macca HanpaBnseTCcs B KOHEUHbII SNEKTPOCTATUYECKMIA
unbTp (12).
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OnekTpocTatuyeckuin unbtp pabotaeT cnepytowum obpasom,
BHyTPW bunbTpa (12) pacnonoxeHbl anektpodbl (13, 14), kK koTOpbIM
nopaetcs HanpshkeHne. Koraa 3arpssHEHHBIN BO3AYX NPOXOAUT Yepes
9Ty 30HY, MbINEBbIE YaCTULbl NPUOBPETAIOT 3NEKTPUYECKUA 3apss.
3aTem BO3AYLLHbIA NOTOK MONMafaeT B 30HY MEXAy OCapuTenbHbIMUA
anekTpogamm (14), 0anH 13 KOTOPbIX UMEET NONOXUTENbHBIA 3apsA, a
Apyron oTpuuaTenbHbld. of BO3AEACTBMEM SMEKTPUYECKOrO Mons
3apsKEHHbIE MbINEBbIE YACTULbl OTKIOHSIOTCA OT BO3AYLUHOMO NOTOKa
W MPUTAMMBAKOTCS K 3NEKTPOLAM C NMPOTMBOMOMOXHLIM 3apsigoM. Ya-
CTUL|bI OCEAAI0T Ha NOBEPXHOCTY SMEKTPOSOB 1 YAEPKUBAKOTCS TaM 3a
CYET 3MEeKTPOCTaTUYECKNX CUM B BUZE COS MbINNA.

OunLLEHHBIA OT MENKOW MbINK MOTOK BO3AYyXa Yepes BO3AYXOBOA
(17) noctynaet B OCHOBHOI BO3AYLHbIA unbTp (18) M Aanee nopa-
€TCS B LUNMHAP ABUraTens BHYTPEHHEr0 CropaHms.

Bb1g0o0bi

KomBrHMpOBaHHbIN BO3AYLWHBIA GUNLTP HA OCHOBE MYNbTULIMK-
NOHa 1 3NeKTpocTaTUyeckoro hunbTPa BO3MOXHO ABNSETCS OLHON
13 camblx 3peKTUBHBIX CXeM ounCTKW Bo3ayxa Ans [ABC, ocobeHHo
npu paboTe B 3arpsA3HeHHbIX ycnoBusXx. Ero npeumyLiectsa npose-
NSAOTCA 3a CYET COYETAHUS MHEPLUOHHOM W 3NEKTPOCTaTUYeCKOM
04MCTKM. MynbTULMKNOH 3hheKTMBHO YAanseT KpynHble U cpefHue
yactuubl 8-20 MKM, @ aneKTpocTaTUYeckuii PUnbTP ynaBnmuBaeT mMen-
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kogmcnepcHble yacTuupl 0,1-2 MKM KOTOpble He yaepxmBatoTcs 06blu-
HbIMW (UrbTPamK, YTO [AaeT BO3MOXHOCTb MOBBICUTL 3deKTUB-
HOCTb (hunbTpaLM Bosayxa o 95%.

B MynbTULMKNOHE ouMcTKa nponcxoaut Bes yyactus unbTpyto-
Ljero mMaTepuana, 3a c4eT LieHTPOOEXHbIX Cur, B SMeKTpocTaTiye-
CKOM (PMMbTPE HET NMOTHOW MOPWCTON CTPYKTYPbI, CO3AatoLLeN Co-
npoTtuenexue. MoaToMy noTepw AaBneHUs 1 rMapaBnMyecke conpo-
TUBMEHWE He3HaunTenbHbl. Mpu YCTaHOBKM Takux (WnbTPOB neper
6a30BbIM  BO3AYLWHBIM (UALTPOM BO3HWKANOLME TMAPABIMYECKUE
COMPOTUBIEHWE CHWXAKOTCA YBENWYEHWeM pa3MepoB punbTpa W
NPOXOLHOTO CEYEHMS BO3LYXOBOLOB.

lMpumeHeHWe pa3paboTaHHOrO HaMWM MHOMOCTYMEHYaToro Kombu-
HMPOBAHHOMO BO3AYLUHOMO (PUNMbTPa NO3BONSET YBENWYNTL PECYPC
6a30B0ro0 BO3AYLLHOTO GMnbTpa 3a CYET yoaneHus u copachiBaHus
OCHOBHOW MacChl MbInn MYNbTULMKITOHOM, YTO ABNAETCA aKTyanbHbIM
npu aKCnnyaTauun [BUraTenen BHYTPEHHErO CropaHWst B 3amblneH-
HbIX YCNnoBWAX, NO3BONAET CHU3UTb WM3HOC LWIJ'IVIHﬂpO-I'IOpUJHeBOPI
Tpynnbl W YBENMUMBAET CPOK CryxDbl knanaHoB v cegen. Takxke, 3a
cyeT adeKTMBHOM O4NCTKM BO3AYXa 0becneynBaeTcs nonHoe cropa-
HWe TONMMBa, YTO NMPUBOANT K CHYKEHMIO YAENBHOTO pacxopa Tonnm-
Ba.
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CURRENT STATUS AND FUTURE PROSPECTS OF COAL MINING IN
PAKISTAN
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Abstract. The coal mining sector in Pakistan is a key contributor towards the socio-economic uplift of the mineral sector, as well as the country's energy needs
and social security. Data scarcity related to the mining accidents results in recurring fatalities and injuries, costing lives, money, and time, making the ongoing coal
mining operations more risky, expensive, and complex. Research regarding the underlying factors culminating in accidents is indispensable to understanding the
subject matter well and overcoming it by devising effective strategies accordingly. Hence, without the provision of relevant data, it becomes impossible to investigate
the underlying dynamics, consequences, and remedial measures of mine accidents. Furthermore, the lack of will to adopt technology further adds to the problems of
the mining industry. This study aims to present different aspects that directly and indirectly affect the safety of the underground coal mining industry in Pakistan,
namely data scarcity, lack of research, and application of technology. In addition, this study presents the predicted situation of the mining sector in the next 30 years
in Pakistan based on the exponential triple smoothing method analysis. Moreover, effective strategies are also proposed to overcome potential safety problems in
Pakistan's coal mining industry.
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POKISTONDA KO‘MIR QAZIB OLISHNING HOZIRGI HOLATI VA
KELAJAK ISTIQBOLLARI

A. Batool', S. Kumar?, N. M. Shahani2

1 Karachi universiteti, Fanlar fakultei, Pokiston Islom Respublikasi
2 Xitoy Konchilik va Texnologiyalar Universiteti, Konchilik maktabi, Xitoy Xalq Respublikasi
Y gly Yy Aalq Resp

Annotatsiiya. Pokistonda ko'mir qazib olish sohasi mineral resurslar sektorining ijtimoiy-igtisodiy rivojlanishida, shuningdek mamlakatning energiya ehtiyojlari va
iitimoiy xavfsizligini ta'minlashda muhim o'rin tutadi. Tog*kon avariyalari bo'yicha ma’lumotlarning yetishmasligi olim va jarohatlanish holatlarining takrorlanishiga olib
kelib, inson hayoti, moliyaviy resurslar va vaqt yo‘qotilishiga sabab bo‘lmoqda hamda amaldagi ko'mir qazib olish jarayonlarini yanada xavfli, gimmat va murakkab
gilmoqda. Baxtsiz hodisalarga olib keluvchi asosiy omillar bo'yicha tadgiqotlar mavzuni chuqur anglash va muammoni samarali strategiyalar ishlab chigish orqali
bartaraf etish uchun zarur hisoblanadi. Shu bois, tegishli ma’lumotlar mavjud bolmagan sharoitda tog'-kon avariyalarining ichki mexanizmlari, oqibatlari va ularni
bartaraf etish choralarini o'rganish imkonsizdir. Bundan tashqari, zamonaviy texnologiyalarni joriy etishga bo‘lgan yetarli intilishning yo‘qligi tog*-kon sanoatidagi
muammolarni yanada kuchaytirmoqda. Mazkur tadgiqot Pokistondagi yer osti ko'mir qazib olish sanoatida xavfsizlikka bevosita va bilvosita ta'sir etuvchi turli jihatlarni,
xususan ma’lumotlar tanqisligi, ilmiy tadgiqotlar yetishmasligi hamda texnologiyalarni qo‘llash masalalarini yoritishga qaratilgan. Shuningdek, eksponensial uch marta-
lik silliglash usuli asosida Pokistonda keyingi 30 yil davomida tog*-kon sektorining kutilayotgan holati prognoz qilinadi. Bundan tashqari, Pokiston ko‘mir qazib olish
sanoatida yuzaga kelishi mumkin bo‘lgan xavfsizlik muammolarini bartaraf etish uchun samarali strategiyalar taklif etiladi.

Kalit so‘zlar: Pokistonda ko'mir qazib olish sohasi; ma’lumotlar tanqisligi; tadgiqotlar bo‘shligi; Pokiston tog‘-kon sanoatida xavfsizlik muammolari; texnologiyalar
yetishmasligi.

Pakistan ranks 7th among the top coal-rich countries [1], with bituminous and bituminous coal. It contains some of the largest
about 185 billion tons of reserves. However, the sector has remained lignite deposits in Asia; lignite-bearing varieties make up approxi-
underdeveloped for years due to limited financial resources and mately 97% of the blend [3]. Annual production stood at 4 million
technical barriers [2]. Table 1 shows the total coal resources in Paki- tons in 2018; after the development of Thar Coalfield’s Block-Il,
stan (in billions of tons). The coal varieties range from lignite to sub- production reached approximately 7 million tons in 2020 [6]. Howev-
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INDUSTRIAL SAFETY AND ENVIRONMENT

er, an additional 4 million tons need to be imported annually to meet
the country's energy requirements [7]. The mining sector in Pakistan is
among the most underdeveloped and, even today, has not been ac-
corded the status of an industry [8]. Immense potential exists for coal-
fired power generation, but the authorities and the government have
yet to exploit and utilize the resource effectively for socio-economic
growth [9]. Current production remains very low compared to neighbor-
ing countries such as China, India, and Bangladesh, underscoring the
general energy crisis in Pakistan. Shortfalls in generation capacity are
evident in daily outages of approximately 8 to 12 hours for households
and industry [10,11]. In 2011-2012, coal accounted for about 10% of
the energy mix, with the cement and brick-kiln industries accounting
for 60% and 40%, respectively, of coal use [12]. As such, coal remains
a significant driver of economic growth, but mining conditions continue
to be considered among the most dangerous.

The scarcity of data in mine accidents has been responsible for
the continuous death toll in the sector, having touched lives, the econ-
omy, and time, making coal mine practices harder to control and un-
sustainable in their current form. During the last decade, the mining
sector in Pakistan has recorded the highest impact of safety concemns,
with an increase in fatal mine accidents. With data showing that 414
coal miners have lost their lives in varying incidents such as suffoca-
tion, gas explosion, roof fall, and many others, with roof fall being the
leading reason, in the period between 2010 and 2019 [13,14]. The
year 2020 alone witnessed the death of around 100 coal miners in 72
accidents in Balochistan [15]. The figure could be higher, with esti-
mates by the Pakistan Central Mines Labor Federation indicating that
the death toll could be anything between 100 and 200 annually. The
recent data indicates that over 318 miners have lost their lives in Balo-
chistan in the last some years [16]. Therefore, data scarcity has led to
a situation where there is little to no information on some issues, which
has made it hard for any researcher to fully understand the issue at

hand. This has thus resulted in major socio-economic and sustainabil-
ity issues in the country, as there is little to no research aimed at en-
suring that the origin of the issues is identified. Identified issues need
proper understanding to avoid missteps in ensuring that appropriate
action is taken; this is possible if there is existing information to aid in
properly understanding. Lack of information on issues has, therefore,
acted as a major obstacle, especially in the country’s coal mining
sector, mainly due to issues of accessing available information from
the authorities and online databases. As a result, there is a major lack
of research aimed at ensuring that this issue is understood. This has
affected this sector of the country’s mining sector, resulting in major
losses. Another major issue facing this sector is a lack of technology
and a lack of interest in embracing innovations. The world over, the
mining sector has mainly adopted modern and advanced technological
means to extract mineral resources in a safe and efficient manner.
However, in Pakistan, mining operations still rely on more primitive and
outdated technologies.

The sector not only becomes more unsafe but also more expen-
sive and complicated. Many researchers have carried out studies on
mining safety [1,2,4,17,18]; However, only managerial direction was
more stressed in their studies rather than addressing the latest re-
design of mining methods in the country’s mines. This study aims to
discuss various aspects of the mining sector, namely data scarcity,
lack of research, and lack of technology, which often lead to serious
safety issues in Pakistan. In addition, the exponential triple smoothing
(ETS) forecasting method was used for the first time to understand the
situation of the mining sector in the next 30 years in coal mines in
Pakistan. This study attempts to understand the influencing factors
that lead to recurring safety problems in the coal mining sector of
Pakistan. To the best of the author's knowledge, the published litera-
ture does not report any such study covering this aspect of Pakistan’s
coal mining industry.

Table 1

Total coal resources in Pakistan [19]
Province / Coal Field  Measured Indicated Inferred Hypothetical Total
SINDH
Lakhra 244 629 455 — 1,328
Sonda-Thatta 60 511 2,197 932 3,700
Tharuck 106 310 907 — 1,323
Others 82 303 1,881 — 2,266
Thar 3,407 10,323 81,725 80,051 175,506
Sindh Sub-Total 3,899 12,076 87,165 80,983 184,123
BALOCHISTAN
Khost-Sharing-Harnai 13 — 63 — 76
Sor-Range/Degari 15 — 19 16 50
Duki 14 11 25 — 50
Mach-Abegum 9 — 14 — 23
Pir Ismail Ziarat 2 2 8 — 12
Chamalong 1 — 5 — 6
Balochistan Sub-Total 54 13 134 16 217
PUNJAB
Eastern Salt Range 21 16 2 145 235
Central Salt Range 29 — — — 29
Makerwal 5 8 9 — 22
Punjab Sub-Total 55 24 1 145 235
TOTAL 4,008 12,113 87,189 81,144 184,575
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Fig.1 Province-wise accidents and fatalities distribution from 2010 to 2018.

Current Status of Mining

Coal mining is a highly hazardous occupation due to its ability to be
prone to a large number of accidents and fatalities [18,20]. The com-
mon methods of coal mining in Pakistan are the room and pillar and
longwall. The industry exhibits promising prospects with an average
annual growth potential of approximately 2-3%. It operates over 5,000
active mines, hosts 50,000 SMEs, and provides direct employment to
around 300,000 workers [21]. The deepest coal mining operations in
Pakistan have surpassed the 1,000 m [22-24]. An analysis was con-
ducted regarding the statistical study concerning accidents and fatali-
ties in coal mine accidents in Pakistan from the period ranging from
2010 to 2018. Fig. 2 shows that from 2010 to 2018, a total of 53 acci-
dents resulted in 312 deaths in underground coal mines in Pakistan.
The data is taken from academic, journalistic, and industrial sources.
From Fig. 2, it can be deduced that major fatal accidents occurred in
areas including Balochistan, where there were 28 accidents causing
219 fatalities, and Khyber Pakhtunkhwa, where there were 19 acci-
dents causing 77 fatalities, compared to other territories in Pakistan. On
average, 6 accidents result in 35 fatalities every year. In Fig. 2, there

I Accumulation of Gases
I Gas Explosion

I Mine Blast

I Mine Collapse

[ Falling Stone

I Others

Accidents (%)

11.3%

11.3%

9.4%

18.9%

132%

are mine collapses that caused about 36% of accidents and 51% of
fatalities, totaling 53 accidents and 312 fatalities. Gas explosion ranked
2nd, causing about 19% of accidents and 17% of fatalities, then there
were mine blasts that ranked 3rd, causing about 13% of accidents and
16% of fatalities. There was also an accumulation of gases, which
caused 11% of accidents and 6% of fatalities, falling stone, causing
10% of accidents and 3% of fatalities, and others, causing 10% of
accidents and 7% of fatalities. From the analysis of various accidents, it
is deduced that one of the elements that culminated in accidents in-
cludes negligence and breach of the effectiveness of adequate safety
measures by the administration. In addition, mine collapse, mine blast,
and gas explosion can be identified as some of the major causes of
fatalities due, of course, to the lack of attention given to the safety
measures which must be strictly implemented by the government of
Pakistan. However, it must be noted here that the data provided focus-
es solely on the causes of accidents resulting in specific fatalities, while
completely lacking any information regarding the underlying reasons for
these accidents.

I Accumulation of Gases
I GasExplosion

I Mine Blast

I Mine Collapse

[ Falling Stone

[ Others

17%

Fatalities (%)
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T4%

15.4%

51.3%

Fig. 2 Cause wise (a) accidents and (b) fatalities from 2010 to 2018 [14].
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Future Mining Strategies for Coal in the Country

Keeping in view the overall scenario, it is evident that since Paki-
stan's independence, coal mining technology has never advanced and
remains stuck in a primitive and backward stage, unable to achieve
satisfactory results. Except for a few mines, coal extraction still relies
on manual labor and animal power. Roof support measures using
wooden props are both inadequate and insufficient. This unacceptable
practice not only leads to low production efficiency but also causes the
miner accident fatality rate to continue rising. As a nation rich in coal
resources, Pakistan currently faces a severe energy crisis—partly due
to insufficient emphasis on coal development, forcing the country to rely
on coal imports. Therefore, effective strategies should be devised by
concerned authorities and the government to improve the potential coal
mining technologies in Pakistan as;

(1) The relevant authorities and/or online databases must ensure
data availability to overcome the nationwide data scarcity, facilitate
researchers to fill the research gaps, and suggest effective and appro-
priate mining technologies for coal mining in Pakistan. According to the
literature, Pakistan imports about 4 million tons of coal every year to
meet the needs of the country; therefore, the expenditure on coal im-
port should be saved and diverted to research and technology develop-
ment, and other aspects.

(2) Since Pakistan is a low GDP country, and the majority of coal
mines are non-mechanized; thus, semi-mechanized systems should be
adopted instead of full mechanization, especially in underground coal
mines, to increase the efficiency of coal production and overcome
escalating accidents and fatalities. As presented in Fig. 3, the number
of accidents and fatalities associated with mine collapses or roof falls
can be greatly reduced by adopting a semi-mechanized roof support
system in the working area. Furthermore, by doing this, coal productivi-
ty can be increased several times compared to the primitive coal mining
methods. In addition, as an example, recent research [25,26] has pro-
posed more specific, economic, and safe coal production technologies
to develop enormous coal reserves in the Thar coalfield in Pakistan.

Underground steel roof supports
*Fgures (b) and (c) are taken from one Chinese semimechanized

(c) Underground hydraulic roof support
underground coal mine during the field visits).

(a) Longwall mining method.

(b)

©

(4) Ensuring a safe working environment for miners should be the
priority. The mechanization of coal mines can greatly improve produc-
tion by substituting manual coal cutting efforts and can reduce the coal
loss and the number of accidents and fatalities. Moreover, based on the
study of mining and geological conditions of Pakistan's coal deposits,
the possibilities of moving to a safer full or semi-mechanized pillar
mining must be analysed, rather than manual coal extraction (using a
miner’s pick and shovel).

(5) Inadequate ventilation design can lead to the accumulation of
toxic gases and deaths associated with gas explosions; therefore, it is
recommended that ventilation be properly designed by maximizing the
capacity of fans to ensure proper air circulation, or hazardous areas
should be permanently closed and isolated from the working environ-
ment. Otherwise, operations in such mines can cause serious safety
issues and affect the welfare of coal miners.

(6) lllegal mining and inadequate implementation of internationally
suggested mining standards and practices are other issues in the Paki-
stani coal mining sector, which not only compromise the safety of the
mining environment but also reduce the coal productivity of the country.
Therefore, ensuring work compliance with the suggested mining laws is
recommended.

(7) Based on the literature review and observation during the coal
mining visits, made clear an acute lack of awareness in miners about
the mining environment and safe mining practices. Additionally, a defi-
ciency of personal protective equipment (PPE) was also observed.
Prior to working in mines, the miners should be trained for a certain
duration to deal with mining conditions and equipped with proper PPE.
In parallel, adequate monitoring of risk factors is regularly suggested.

(8) Both public and private sectors are involved in coal mining
operations in Pakistan. A significant number of coal mines run under
the private sector are illegally operating in Pakistan. This practice leads
towards neglecting human rights and safety standards, for example,
underage coal miners, poor working conditions, lower wages, lack of
proper equipment, and weak mine structures, etc. Coping with these
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Fig. 3 Suggested arrangement of semi-mechanised longwall mining method in coal mines in Pakistan.
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problems, all illegal coal mines should be regularised by the govern-
ment for adequate checks and balances. Similarly, effective collabora-
tion, like a public-private partnership (PPP), can improve mining safety
and health conditions and introduce the latest mining technologies in
Pakistan.

(9) Lastly, appropriate budgetary allocation towards the implemen-
tation and enforcement of relevant mining laws and regulations is
needed to ensure safe mining in Pakistan.

Predicted Situation of the Mining Sector in the Next 30 Years
in Pakistan based on Exponential Triple Smoothing Method

Fig. 4 represents the estimated annual coal production (million
tons) from 2009 to 2048. As shown at the beginning of the figure, the
graph from 2009 to 2018 shows the reported annual coal production;
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Fig 4 Estimated coal production in the next 30 years
In Pakistan

however, the coal production values from 2019 to 2048 are estimated
future values for the next 30 years in Pakistan. Based on the exponen-
tial triple smoothing (ETS) evaluation, coal production is projected to
increase from 3.51 (million tons) in 2009 to 7.55 (million tons) in 2048.
Fig. 5 signifies the estimated annual consumption of coal (million
tons) from 2009 to 2048 in Pakistan. According to the figure, the peri-
od from 2009 to 2018 shows reported values of coal consumption,
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Fig 5 Estimated consumption of coal in the next 30 years in
Pakistan
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while the values from 2019 to 2048 are the estimated future values of
coal consumption for the next 30 years in Pakistan. Therefore, the
future forecast shows that coal consumption is significantly increasing
from 3.93 (million tons) in 2009 to 55.67 (million tons) in 2048. Despite
the grim state of existing coal production, there is a positive indication
that coal production will improve in the future, while according to ETS
analysis, projected coal consumption is too high.

Fig. 6 represents the annual coal imports (million tons) from 2009
to 2048. The actual reported values of annual coal imports are men-
tioned starting from 2009-2018. On the other hand, according to ETS
analysis, for 2019 to 2048 indicate the projected values for the import
of coal for next 30 years. Thus, the coal import is projected to drasti-
cally increase from 1.42 (million tons) in 2009 to 49.40 (million tons) in
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Fig. 6 Estimated coal import in the next 30 years
In Pakistan

2048. Similarly, as indicated by ETS analysis, Pakistan will require a
large quantity of imported coal in the future.

As mentioned earlier, Pakistan is a low GDP country, and in view
of this, this study proposes that utilizing the domestic coal resources,
rather than coal import, is significantly beneficial to the socio-economic
development of the country. The development of local coal mines can
not only address the country’s coal demand but can also open up
opportunities for stakeholders.

Conclusion

Coal, recognized globally as one of the most abundant and cost-
effective energy sources, plays an integral role in development. Paki-
stan, today, is struggling to manage an energy crisis on an extensive
scale, and coal can be used for electricity production. The coal mining
sector in Pakistan plays a crucial role in the sustainable development
of the mineral industry, as well as in the country's energy and social
security. Furthermore, Pakistan's mines suffer from poor working con-
ditions due to primitive operating methods and a lack of skilled labor.
Mine collapses, explosions, and gas explosions are the primary caus-
es of fatal injuries among Pakistani coal miners. The Pakistani govern-
ment has failed to effectively implement necessary safety measures to
reduce workplace risks for coal miners, with the absence of safety
safeguards being particularly pronounced in Balochistan and Khyber
Pakhtunkhwa provinces.

In conclusion, this study highlights the data scarcity, lack of re-
search, and technology as factors leading to the recurring and severe
safety threats in underground coal mines in the country. In addition, on
the basis of this paper, it is pertinent for the stakeholders to take ap-
propriate steps to improve the existing technology and conduct a relia-
ble investigation on the effective application of modem mining meth-
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ods in Pakistan's coal sector in the future. Finally, this study proposes  economic development of Pakistan, which is a low GDP country.
that utilizing domestic coal resources is more beneficial to the socio-
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BINWAHUE CKOPOCTWU PE3AHUA HA TOYHOCTb U )
LHEPOXOBATOCTb UWNMUHAPUYECKUX 3YBYATBIX KONEC MPU
LUHEBUHT OBAHWUU

did

MapgoHos B.T., LWakynos B.K., Caiidmguros 0.0.,
PekTop HaBowiickoro 000 «GIDRO STANKO SERVIS», HaBowiickuin rocyaapCcTBEHHbIi
rocyAapCTBEHHOTO MHxeHep-TexHomnor TOPHO-TEXHOMOMUYECKNIA
TOPHO-TEXHOMOTMYECKMIA yHusepcuteT, PhD, goueHt

YHUBEPCHTET, A.T.H., Npodheccop

AHHOmMayus. ViccnedosarHa U MameMamuyecku onucaHa 3asucuMoCmb MOYHOCMU U wepoxosamocmu 0bpabomarHol nosepxHocmu 3ybbes YunuHOPUYECKUX
3yb4ambIx KONEC OM CKOPOCMU pe3aHusi npu GhuHUWHOU obpabomke wesepoM-npukamHukom. Lienb pabombi 3aknkoyanacs 8 ycmaHoeeHuU 3akoHomeprocmed
¢hopmuposaHusi Mukpozeomempuu 60Ko8bIX nogepxHocmell 3ybbes Npu UMEHEHUU PEXUMO8 pe3aHusi U 8 pa3pabomke pacdemHol MoOesu, No3sonstowel npoeHo-
3uposame nokazamenu kayecmeaa 6e3 npogedeHust mpydoéMKuUX cepuliHbIX UcnbImaHul.

OkenepumenmarbHble uccned0osaHus 8bINOHEHbI HA MokapHOM cmaHke ¢ YITY Vturn-46 ¢ npumeHeHuem cneyuanbHoli 08yxocesoll onpasku, obecneyusaro-
wel yemoliyugoe ba3uposaHue U Co21acogaHHoe OMHOCUMeNbHoe O0BUXEHUEe UHCMpYMeHma u 3a2omosku. B kayecmee 0bbekmos 06pabomku Ucnosb308aHbl
npamosybble konéca u3 cmanu 40X (TOCT 4543-71) ¢ napamempamu m = 3 u z = 24. [pedsapumenbHoe hopmoobpasogaHue oCyw,ecmensinocs Memooom 3y-
boghpe3eposaHus, nocrne Yyezo 8bINOMHsANACL (huHULIHAS 0bpabomka weguHa08aHUEM-NpUKambI8aHUEM.

UcnbimaHbl mpu pexuma no Yyacmome epauwieHusi 3azomosku: n = 700, 450 u 200 06/mMuH npu nodaye Ha epe3aHue S;, = 0,02-0,03  mm/yukn u npepbigu-
cmoti nodade Sp, = 0,03 mMm/06. dxcnepumermsi npogodunuck cepusmu no 10 3a20mogok Ons Kaxdo20 pexuma, 4mo NO38OIUO OUEHUMB 80CNPOU38OAUMOCML
pesynbmamog U CHU3UMb efIusiHUe cryyaliHbIX hakmopos. [Tokazamenu kayecmea NogepxXHOCMU aHau3uposanucs No napamempam MOYHOCMU U We poxogamo-
cmu 60okosbIx nogepxHocmel 3ybbes, a makxe no xapakmepy U3MEHeHUs! MUKPONpoghussi 8 3agUCUMOCTU OM CKOPOCMU U napamMempos nodayu.

MocmpoeHHas Mamemamuyeckasi MoOenb adekeamHO ompaxaem @nusHUe CKOPOCMU Pe3aHusi U Pexumos nodadu Ha ¢hopMuposaHue MUKpo2eomempuu u
obecneyusaem y0081emeopuUMeNbHOe Co2naco8aHue ¢ 3KCNepUMEHManbHbIMU OaHHbIMU. [ToKa3aHo, Ymo U3MEHEHUE CKOPOCMU pe3aHusi npugodum K 3aKoHomep-
Holl nepecmpolike ycrosull KOHMakmHo20 83auModelicmsus U nmacmMuyeckoeo 0echopMupo8aHUs 8 30He 06pabomKu, YMo HaNPSMYK 8USEM Ha YPOBEHb LEPOXO-
samocmu u cmabunbHocmb hopmuposaHusi npoguns 3yba. Modenb moxem npumeHsimscst Ons nodbopa payuoHasbHbIX PeXUMos huHUWHOU obpabomku u Ons
mexHomnoauyeckol Nod20mogku npou3godcmaa, No3eosisi CoKpamumb 06bEM HamypPHbIX 3KCNEPUMEHMOB.

[Mony4eHHble pe3ybmambl NOOmMepxAaom MexHOM02UYECKyl0 UenecoobpasHoOCMb NPUMEHEHUS WEBUH208aHUS-NPUKambIgaHus Ha yHusepcasnbHom Y[1Y-
obopydosaHuU Kak aghghekmusHol anbmepHamusb cneyuanu3uposanHbiM 3yboobpabamsiearowum cmaHkam. Memod obecneyusaem noebiigHUe MoYHOCMU U
CHUXeHUe wepoxosamocmu 60KoBbIX NogepxHocmell 3ybbes, pacliupsisi B03MOXHOCMU BHEOPEHUS (hUHULLHbIX Onepayull 8 ycrosusix MeKocepuliHo20 U peMoHm-
HO20 npoussodcmea.

Kntoyesbie cnoea: yunuHdpuyeckue 3ybyambie Konéca; wesep-npukamHuk; CKOpoCMb pe3aHusi; MOYHOCMb,; wepoxosamocms, uHuwHas obpabomka; Yy,
cmarnb 40X

SILINDRSIMON TISHLI G'ILDIRAKLARNI SHEVINGLASH
JARAYONIDA KESISH TEZLIGINING ANIQLIK VA SIRT
NOTEKISLIGIGA TA'SIRI

Mardonov B.T.1, Shakulov B.K.2, Sayfidinov 0.0.!

 Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi
2 MChJ GIDRO STANKO SERVIS, O‘zbekiston Respublikasi

Annotatsiiya. Silindrsimon tishli g'ildiraklar tishlarining ishlov berilgan yuzasi aniqligi va sirt g‘adir-budurligining yakuniy ishlov — shever-prikatnik yordamida
bajarilganda kesish tezligiga bog'liqligi tadqiq etildi va matematik jihatdan tavsiflandi. Ishning maqsadi kesish rejimlari o‘zgarganda tishlarning yon sirtlarida mikroge-
ometriya shakllanish qonuniyatlarini aniglash hamda ko‘p mehnat talab giladigan seriyali sinoviarsiz sifat ko'rsatkichlarini oldindan bashorat gilish imkonini beruvchi
hisobiy model ishlab chigishdan iborat.
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Tajriba tadqiqotlari Vturn-46 rusumli CNC tokarlik stanogida maxsus ikki o‘qli opravka qo‘llangan holda bajarildi; u asbob va zagotovkaning barqaror bazalani-
shi hamda ularning ozaro harakatini muvofiglashtirishni ta’minlaydi. Ishlov berish obyekti sifatida 40X poati (GOST 4543-71)dan tayyorlangan to'g'ri tishli
g'ildiraklar tanlandi: m = 3, z = 24. Oldindan shakllantirish tish frezalash (zubyofrezalash) usuli bilan bajarilib, shundan so‘ng yakuniy ishlov sheverlash-prikatlash
orqali amalga oshirildi.

Zagotovkaning aylanish chastotasi bo‘yicha uchta rejim sinovdan o'tkazildi: n = 700, 450 va 200 ayl/min. Bunda vrezib kirish
uzatmasi S;, = 0,02-0,03 mmy/sikl va uzilishii (preryvistiy) uzatma S, = 0,03 mm/ayl qabul qilindi. Tajribalar har bir rejim uchun 10 tadan zagotovka bilan
seriyalar ko'rinishida olib borildi; bu natijalarning takrorlanuvchanligini baholash va tasodifiy omillar ta’sirini kamaytirish imkonini berdi. Sirt sifati ko'rsatkichlari tish-
larning yon sirtlari aniqligi va g‘adir-budurligi parametrlari bo'yicha, shuningdek tezlik va uzatma parametrlariga bog'liq holda mikroprofilning o'zgarish xarakteri
asosida tahlil gilindi.

Qurilgan matematik model kesish tezligi hamda uzatma rejimlarining mikrogeometriya shakllanishiga ta’sirini yetarli darajada aks ettiradi va tajriba ma‘lumotlari
bilan qoniqarli moslikni ta'minlaydi. Kesish tezligining o‘zgarishi kontakt ozaro ta’sir sharoitlari va ishlov zonasidagi plastik deformatsiya jarayonlarining qonuniy
ravishda qayta shakllanishiga olib kelishi, natjiada g‘adir-budurlik darajasi hamda tish profilining shakllanish barqarorligiga bevosita ta’sir qilishi ko'rsatildi. Model
ishlab chigarishni texnologik tayyorlashda va yakuniy ishlovning ogilona rejimlarini tanlashda qo‘llanishi mumkin bo'lib, natural tajribalar hajmini qisqartirishga xizmat
qiladi.

Olingan natijalar universal CNC uskunalarida sheverlash-prikatlash usulini qo‘llashning texnologik jihatdan magsadga muvofigligini, ya'ni maxsus tish ishlov
berish stanoklariga samarali muqobil ekanini tasdiqlaydi. Ushbu usul tishlarning yon sirtlari anigligini oshirish va g‘adir-budurligini kamaytirishni ta'minlab, kichik
seriyali hamda ta’mirlash ishlab chiqarishi sharoitida yakuniy operatsiyalarni joriy etish imkoniyatlarini kengaytiradi.

Kalit so‘zlar: silindrik tishli g'ildiraklar; shever-prikatnik; kesish tezligi; aniglik; sirt qo‘poliligi; -inish ishlov berish; ChPU; 40X po‘lati.

EFFECT OF CUTTING SPEED ON THE ACCURACY AND SURFACE
ROUGHNESS OF CYLINDRICAL GEARS DURING SHAVING

Mardonov B.T.1, Shakulov B.K.2, Sayfidinov 0.0.1

1 Navoi State University of Mining and Technology, Republic of Uzbekistan
2GIDRO STANKO SERVIS LLC, Republic of Uzbekistan

Abstract. The relationship between the accuracy and surface roughness of the tooth flanks of cylindrical gears and the cutting speed during finishing with a
shaving-rolling tool (shaver-roller) was investigated and described mathematically. The goal was to identify patterns governing the formation of flank micro-geometry
under different cutting conditions and to develop a predictive model that estimates quality indicators without requiring labor-intensive production-scale trials.

The experimental study was conducted on a Vturn-46 CNC lathe using a special two-axis fixture that ensures stable positioning and coordinated relative motion
between the tool and the workpiece. The workpieces were spur gears made of 40Kh steel (GOST 4543-71) with parameters m = 3 and z = 24. Initial geometry was
generated by gear hobbing, followed by finishing through shaving-rolling. Tests were performed at various cutting speeds, with each regime tested on batches of 10
workpieces to assess reproducibility and reduce the effects of random factors. Surface quality was evaluated based on the accuracy and roughness of the tooth
flanks, as well as the microprofile changes relative to cutting speed and feed parameters.

The developed mathematical model accurately captures how cutting speed and feed conditions influence micro-geometry formation and shows good agreement
with experimental data. It demonstrates that changes in cutting speed cause systematic shifts in contact interaction conditions and plastic deformation behavior in the
processing zone, which directly affect roughness levels and the stability of tooth profile formation. The model can be used to select optimal finishing parameters and
plan processes more efficiently, reducing the need for extensive full-scale experiments. The results confirm that shaving-rolling can be effectively performed on gen-
eral-purpose CNC equipment as an alternative to specialized gear-finishing machines. This method improves accuracy and lowers the surface roughness of the tooth
flanks, broadening opportunities for finishing operations in small-batch and repair production environments..

Keywords: cylindrical gears; shaver-roller; cutting speed; precision; roughness; finishing; CNC; 40X steel

BBeaeHue.

B mupoBom macluTabe paspaboTka HOBbIX CMOCOBOB KOHCTPYK-
TOPCKO-TEXHOMOrMYeckoe obecneyeHne TOUHOCT 06paboTkM LMNnH-
JpUYeCkUX 3ybuaTbiX KONMec SBMSETCS OAHOM M3 OCHOBHbIX MyTeil
MOBBILIEHUS TOYHOCTU 1 MPOM3BOLAMUTENBHOCTU U3rOTOBMNEHMS 3yOua-
ThIX KOMec.

HecmoTps Ha MHOXeCTBO pa3paboTaHHbIX TexHonoruu popmo-
obpasoBaHue 3ybbeB 3ybuaThix kKonec B MaLLMHOCTPOEHNE OCTaEeTCs
O[IHWM M3 BaxHeMLMx npobrnem nonyyeHus 3yb4yaThbix KONec ¢ BbICo-
KOM TOYHOCTBIO.

/3BecTHO W3roToBneHWe 3yb6yaTbix KONMec B MaLUMHOCTPOEHWE
SBNSIETCS COXHOI 1 JOPOroCTOsILLMIA npoLiece, TpebyioLumii pasHo-
BUAHbIX CneuuanbHoi obopyaoBaHun. HecMmoTpst Ha pasnuyHble
€nocobbl M3rOTOBNEHUS LIMMMHAPUYECKUX 3yBuaThbiX KONec ocTaBns-
€T 3a coboi peLwmTb NPobNeMbl NOMYYUCTOBON M YUCTOBON MEXaHN-
yeckoit 06paboTku LmunuHApKUYeckux 3ybuaTbix konec. [ns peleHus
[AaHHoi npobrnemsl paspaboTaH cnocob uHUWwHON 06paboTkm 3ybb-
eB 3ybuaTbiX KOMEC W KOHCTPYKUMS CrieunanbHoro obKaTHOro WH-

CTPyMEeHTa [i1151 er0 peanuaaLum.

OT0T cnocob mMexaHuyeckon 06paboTky LmnuHOpUYeckux 3y6-
yaTbIx konec He TpebyeT cneuyansHoro 06opyaoBaHus. YcraHasnu-
BaeTCs B NaTpoOHe TokapHOro craHka ¢ UMY Vturn-46 cneunansHas
AByxocHas onpaska (nanee [JOC) nomkatuem 3agHero LeHTpa 3a-
kpennsiembix obpabaTbiBaemas LunuHopudeckas 3ybyatas koneco,
cneuvanbHblil MHCTPYMEHT ANS YACTOBOM 0bpaboTke LmnuHopuye-
CKWX 3y64aTbIX KONIEC WM3rOTOBMEHHBIN U3 MHCTPYMEHTAIbHON CTanm
P6M5 LweBep-npukaTHUK B PEBONbBEPHOM FOMOBKE CynnopTa CTaHka
npucnocobrneHnem C LeBepoM-NPHUKaTHUKOM.

Matepuanb! U meToAbI MCCriefOBaHUS.

Obecneyenne TpebyeMbiX BbICOKMX MOKa3aTeneih TOYHOCTH,
CHVKEHME LLIEPOXOBATOCTW U kayecTBa 06paboTku 3ybuatbix konec
AOCTUraeTCs NyTeM COBEPLUEHCTBOBAHUS TEXHOMOTMW UX U3rOTOBE-
HUS, B YaCTHOCTW, NpUMEHeHneM cnocoba 0bpaboTku ¢ ncnonb3osa-
HMEeM cneuuanbHoro 0OKaTHOrO WHCTpyMEeHTa  «llieBepa-
NpUKaTHUKaY.

ObpabatbiBaemas LunUHOpUYeckas 3yb4atoe Koneco yCTaHoB-
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nenHbin B IOC B naTpoHe cTaHka, NoxaTuil B LIEHTpax BpaLLeHuem
WNWHAENs CTaHKa BpallaeT LueBepa-NpUKaTHNKA YCTaHOBMEHHOM Ha
CynnopTe B NapannenbHbiX 0CSX, UMEIOLLErO PEXYLLME KPOMKM, CMe-
LeHHble MO BUHTOBOW NoBepxHoCTU. pu 3TOM 3aLennexme wesepa-
npukaTHKka ¢ 0bpabaTbiBaeMOM KONECOM BbINOMHSAETCS BHE MOMOC-
HbiM. 3yba obpaboTka BegeTcs C NepruoaMyECcKoi pagmanbHoi noga-
yelt nocne Kaxaoro 2-4 LMKIOB, BbIKMIOYALLMX NOBOPOT 06pabatbl-
BaeMOro Koreca B NpsIMOM 1 0BpaTHOM HanpaBneHWsiX Ha Konuue-
cTBO 000pPOTOB, paBHOE uMcry 3yObeB LueBepa-npukaTHuKa, U 6e3
pagvanbHoii NoAaum B TedeHne 1-2 LMKIOB BbIXaXMBaHWS, BbIKMOYa-
foLLX MoBopoT obpabaTbiBaemoro koneca B NMpsMOM M o6paTHOM
HanpaBneHusix Ha KoNM4ecTo 060POTOB, paBHOE yncny 3y6 LweBepa-
npukatHuka [1].

Mpouecc 06paboTkn 3y6uaTbiX BEHLOB OOKATHBIM MHCTPYMEH-
TOM UCMPaBRSieT MOTPELLHOCTH, CHUXAET LepoxoBaTocTy obpaboTaH-
HbIX MOBEPXHOCTEN 3aroTOBKM, B OCHOBHOM, 3@ CYET Cpe3aHue npu-
nycka, YaCTU4HO — B 3a CYET BbIaBMMBaHMS, C Takum obpasom, no-
BEPXHOCTb 3yDbeB NonyyaeTcs rmaakas, uncras [2].

PesynbTathl uccnenoBanmus

PesynbTathl McCnefoBaHNs NokasbiBatoT, YTO yOAeTCs NoMy4uuTh
YAOBNETBOPUTENbHbIE pesynbTaThl MO TOYHOCTM npu obpaboTke
3aroToBOK NpsMO3y6oii LMnuHapudeckoin 3ybuaToi komeca Bbinon-
HeHHoit u3 ctanmu 40X FTOCT4543-71 mogynb m = 3, umcno 3ybbes
Z = 24, K03 PULMEHT CMELLEHNS UCXOJHOTO KOHTYpa MM.

Heobxomumo oTmMeTuTb, YTO Npu 06paboTke ¢ UCMOMb30BaHUEM
«lUeBepa-npuKkaTHUKaY, U3roTOBMEHHOTO M3 UHCTPYMEHTAaNbHOM CTa-
nn P6M5, Ha 60KOBOI M OCHOBHOM paboyeit MOBEPXHOCTM 3yba 3yb-
yaToro koreca nony4uncs 6onee rnagkuit, TBEPAbIA U YNPOYHEHHbINA
CrOii NOBEPXHOCTU.

MpenBaputensHas opmoobpasoBaHune 3yb6beB obpabatbiBae-
MOro Komeca OcCyllecTBnanocs 3ybodpesepoBaHneM. PUHMLWIHAS
0bpaboTka 3ybbeB LMNMHAPUYECKOH 3ybyaToro koneca Benach MH-
CTPYMEHTOM LLEBEPOM-NIPUKATHUKOM, U3rOTOBMEHHBIA U3 UHCTPYMEH-
TanbHoM ctamm P6M5  hopmoii NpoTOTMI KOPPUIMPOBAHHOTO LMMH-

Z = 31, KO39(PULMEHT CMELLEHNS UCXOAHOrO KOHTYpa X = 1.4 MM,
npunyck nocne 3ybodpeseposanus 0.25 mm, obpaboTka nposoan-
nock 13 napTum 10 LT 3aroTOBOK, NPy pexmmoB 06paboTku:

Mpo6Hble 3KCnepUMeHTLI, NPOBEAEHHbIE HAMM, NOKA3bIBAIOT, YTO
yaaeTcs Mony4uTb YAOBNETBOPUTENBHBIE Pe3ymnbTaTbl N0 TOYHOCTH
npu obpaboTke 3aroToBOK MPsAMO3yOoN LMNMHAPUYECKO 3ybyaTom
koneca, obpabotka npoBogunock M3 maptuM 10 WT 3aroTOBOK Ha
KaXkoro NpoLecca NpoBELEeHUs 3KCIEPUMEHTA, NpK pexumoB obpa-
6oTku:

a. YactoTa BpalleHus 3arotoBku n = 700 06/MuH, n = 45006/MuH,
nogaya Ha spesanusi S = 0.02 Mm

Ha pabouuit UMKM, mnojaYa Ha  MPepbIBUCTON  MoAayu
Snp=0.03 Mm.
6. . vacrota BpaweHus 3arotoBku n=20006/mMuH, nopaya Ha

Bpe3aHus S =0.03 mm

Ha pabouui LK, noaada Ha npepbiBucToit nogaum S,,,=0.03mMm.

CnepnyeT OTMETUTb, YTO Ha BCex paboumx Luknax 06paboTky Ha
(DMKCMPOBAHHBIX MEXOCEBBIX PACCTOSHUSX, YMEHbLIAEMbIX OT LMKNa
K LMKy MyTeM OCYLLECTBIIEHUS NPEPLIBUCTON NOJAYM .

ToyHocTb 06paboTki npu pexumax obpabotkn n=700 06/MMH,
n = 450 ob/MuH nexuT B npugenax 6-7 crenenn TouHoctn no MOC-
T1643-83, wepoxoBaTocTb 06paboTaHHOM MOBEPXHOCTM 3yObeB
3ybyaToro Koreca MKM, MUMEIOT crefbl BONMbHUCHOCTW (Tabmuua 1.
nos. a).

ToyHocTb Npy pexume 06paboTku N=200 06/MUH NeXxuT B Npuae-
nax 6-crenenn TouHoctn no FOCT1643-83, wepoxosaTocTb 06pabo-
TaHHON MOBEPXHOCTEN 3yObeB 3ybuaToro korneca Mkm (Tabnuua 1.
nos. B).

Mo pesynbTaToM NPOBEAEHHBIX IKCNEPUMEHTOB CBUAETENLCTBY-
€T, 4To Ans acpekTuBHOIM 06paboTkM 3yObEB LUNMHOPUYECKNX 3Y6-
yaTbIX KONec SBNSAETCS NpU pexumMoB 06paboTku, YacToTa BpaLeHus
3aroToBku n=200 06/MuH, nogaya Ha Bpesanns s=0.03mm, Ha pabo-
4Mit LMK, nofjada Ha npepbIsucTon nogaum S,,=0.03mm, gocTuraet-
s MakcumanbsHom TouyHocTn no FOCT1643-83, MUHMMAnbHO wepo-

Jpuyeckoi 3ybuyaToro koneca obpa3oBaHHbIMK NepeceyeHnem Ooko-  xoBaTocTblo  06paboTaHHbIX  GOKOBbIX —MOBEpXHOCTENd  3ybbeB
BbIX MOBEPXHOCTEN 3yB4aToro BeHUa BMHTOBLIMM KaHaBkamu, npope-  (Tabnuua 1. nos. B).
3aHHbIMW MO BCeW BbICOTHI 3yba, Mogynb m = 3, uucno 3ybbeB
Tabnuua 1
MaTtemaTtnyeckoe MOAENMPOBaHUA BNUSIHUE CKOPOCTM Pe3aHUsi Ha TOYHOCTV 0O6PabOTKYU LIMNUHAPMYECKUX 3yGYaTbIX Konec
Mopava Ha Mopava Ha LLlepoxoBatoCTb
Yacrora BpaLLeHve ot NDEDLIBUCTOM CTeneHb TOYHOCTH 0G0aBOTAHHON
20t i MHET MEHT P npo aun 9 (RIS nopBe XHOCTH
N=06/MHH HeTpy A 1643-83 P
S=mwm/ pab umkn Snp=MM/06 Ra=mkm
a 700 0.02 0.03 6-7 1.6
450 0.02 0.03 6-7 1.6
B 200 0.03 0.03 6 0.28

VicxoaHble faHHble 1 yCnoBuUs Mogenuposanus. [ins npoBeaeHns
MaTeMaT4eCcKoro MOAENMPOBaHUS U YUCTIEHHbIX CUMYNSALMIA UCNOSb-
3o0Banucy nporpammHoe obecneveHne MATLAB, ycTaHOBNEHHOE Ha
BblyucnuTENnbHOM Nnatdopme Apple MacBook M3 Pro. [laHHoe npo-
rpammHoe obecneyeHre 06ecneymnno BbICOKY TOYHOCTb YNCTIEHHOTO
pelleHns auddepeHunanbHbix ypaBHeHU, 06paboTki KCnepumeH-
TanbHbIX 4aHHbIX W MOCTPOEHUS rpadMyecknX 3aBUCUMOCTEN, npes-
CTaBMEHHBIX B NOCNEAYOLMX pa3aenax.

/icnonb3yemble aaHHble W reomMeTpuyeckue napametpbl (00wme
Ansl BCex).

PesynbTaThl 9KkCnepuMeHTarnbHbIX MCCnefoBaHus, NpeacTaBneHo
B Tabnmue 1, NOCNYXUNO OCHOBOI 1S YUCIIEHHOTO MOLIENMPOBAHUS.
BxopHble faHHble 1 pexum 0bpaboTku, npueeseH B Tabnuue 1.

Takum 0Bpasom, Ans BCex paccMaTpuBaeMblX Cryyaes UCMONb-

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

30BanuCb oAuHakoBble ycnosust nogauu 5;, =0.02...0.03 mm/pab.
UnKn, Sqp =0.03 MM/06, 4TO MO3BOMMNO KOPPEKTHO COMOCTaBUTL MO
pesynbTaTe U3HOCa U LIEPOXOBATOCTH.

lMpeobpa3oBaHne YacToThbl BpaLLeHUs B CKOPOCTb pe3aHusi. Ya-
cTOTa BpalleHus WnnHaens (06/mMuH) 6bina nepecunTaHa B NUHeR-
HYt0 CKOPOCTb pe3aHus (M/MUH) N0 CTaHAAPTHON 3aBUCUMOCTY:

¥ [m/min] = Z2mm" (1)
1000
roe
V — cKopoCTb pe3aHusi, M/MUH;
D — nameTp 3aroToBKM, MM;
N — YacToTa BpalLeH!s LWINMHAENS, 06/MUH.
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Mogenb LepoxoBaToOCTU AN MPOTHO3WUPOBaHUS TOYHOCTW MO-
BEPXHOCTM.

B uensx ycTaHOBNeHUs B3aNMOCBSA3N MEXY KMHEMATUYECKAMM
napameTpamu npoLecca pe3aHns U YNCTOTON NOMy4aeMol NOBEPXHO-
CTU Bbina WUCNONb30BaHA [BYXYNEHHAs AMMUPUYECKast 3aBUCUMOCTb
AnA CPeAHEro apuMEeTMHECKOro OTKNOHeHNs npoduna R [5]:

R,(V,S,)=B+——+p(S, -5,) @)
NG
re Y

B — 6a30Bblit TepMUH, NPeACTaBNAOWWMA cob0it CrnaxuBaHue
3agepxku (B).

k/.JkV — TepMuH «BbicTym»/kuematuka (6onee GbicTpoe
3(hheKTUBHOE CKOMbXKEHWE = MEHbLIAs BbICOTA BbICTYNA).

B(S,—S,) — YBCTBUTENBHOCTb K MOfAYe OKONO 3TaroHHOro
3HaueHus nopan S, (Gonblue noaaum — HEMHOTO Bbile R, ).

k, oBbeanHAeT COMOCTaBNEHWE CKOPOCTW PesaHns Co CKOpo-
CTbl0 «3(PPEKTUBHOMO CKOMBXEHWSI», UCMONb3YeMO ANs (OUHMLLHON
06paboTku.

MaremaTtuyeckoe MogenmnpoBaHie TOYHOCTM noBepxHocTy. Jloru-
cTUyeckas yHKLMS onpeaenseTcs BolpaxeHnem [6]:

1
R(R,)= 1+exp(—(w, + WR,))

(3)

roe:

P,(R,) — BeposiTHOCTb TOTO, YTO MOBEPXHOCTb COOTBETCTBYET
6-My Knaccy TOYHOCTH;

Wy, W, — NapameTpbl MOfenu, onpeaensemble MeTooM noru-
CTUYECKON perpeccuu;

R, — cpenHee apudmeTuyeckoe  OTKNOHEHME Npochuns

a

(LwepoxoBaTOCTb NOBEPXHOCTH, MKM).

"oyenxka"R, =6+1/2(1—F,(R,)) (4)

Takum 0bpa3om, Moaens OpMUPYET NNaBHbIA NEPEXO] MEXIy
knaccamn 6 M 7, YTO COOTBETCTBYET PEasnbHOA TEXHONMOTMYECKON
33BMCUMOCTM: MPU YBENNYEHUN LIEPOXOBATOCTM HabnogaeTcs nocte-
MEeHHOe CHIXKEHWe KayecTBa NOBEPXHOCTHU.

Mpn R, =~ 0.8 um (CKOpOCTb BpaLleHns LnuHaens ) n = 200
06/mnH HabnogaeTcs 6-# knacc TouHocTH (Puc.1);

Mpn R, =1.6um (pexumbl = 450 - 70006/M1H) oTMeYaeTCA
nepexofHbIi AuanasoH 6-7 knaccos (Puc.1.).

To4yHOCTb U 06/MUH (AaHHbIE + MOAeNb NPOrHO3MPOBaHUA)

[s2)

<

266

- — 9

3 6.4

(=5 ® [aHHble (6 unu 6-7)

E 6.2 MporHo3upyemas oueHka
<]

Z 6 <

=

258 . . . . . | | )
@ 100 200 300 400 500 600 700 800 900
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(b)
Puc.1. Mpadhmyeckoe n3obpaxeHns TOUHOCTH NpU MaTemaTmye-
ckoe MofileNnUpoBaHMsA NPOBeAEHHON 3KCNEePUMEHTaNbHO uccne-
[OBaHWA BUSIHWE CKOPOCTU pe3aHns Ha TOYHOCTN 06paboTku.

,D.aHHbIVI AnanasoH noaTBepXaaeT YyBCTBUTENBbHOCTb Moaenn K
M3MEHEHWIO LIEPOXOBATOCTYU B PeanbHbIX MPOU3BOACTBEHHbIX YCIIOBU-
ax.

UyBCTBUTENBHOCTb 3aepXkn (BTOpas naHenb). YTobbl nokasats,
kak 6onee cunbHas 3aepKa NOBLILLAET TOYHOCTb, CKPUNT YMeHbLLa-
eT B Ha0,1n02[7]:

OTO nokasbiBaeT, kak CrnaxueaHue 0a30BOTO YpOBHS camo Mo
cebe MOXET CMECTUTb OXMOAEMYH) OLIEHKY B CTOPOHY “6”.

/iamepeHHble  3HaYeHMs LIJepOXOBaTOCTI/I/KJ'Iacca B3ATbl 13
Tabnuupl 1.
16 LLlepoxoBaToCcTb B 3aBMCMMOCTHU OT 06/MUH Npu nopaye
Sj,=0.02
= 141 S1n=0.03 |
2., $in=0.04 | |
@ [aHHble [
14
nt J
0.8 Ppe : L | I : L
100 200 300 400 500 600 700 800 900
06/MUH

Puc.2. 'pachmk BNUsiHMe noaaym BpesaHue MHCTPYMEHTa Ha Lue-
poxoBaTocTb 06paboTaHHOM NOBEPXHOCTEN 3yObLeB 3y6yaToro
koneca.

AHanu3 BMMSHUS MOMEHTa nNay3bl MHCTPYMEHTA Ha TOYHOCTb
huHMLLHOM 0BpaboTku 3yBuaThix kKonec

B pamkax matemaTnueckoro mogenuposaHus 6bina npoBedeHa
OLEeHKa BMMSHUS MOMEHTa nay3bl WHCTpymeHTa (napameTpa B) Ha
TOYHOCTb MexaHuueckoi 06paboTku 3yObeB LIMNMHLPUYECKUX NPSIMO-
3ybbix 3ybuaTbix Kkomec npu (uHUWHOM 06paboTke  LweBepoM-
npukaTtHnkoM. PaHee Bbino nokasaHo, YTo yMeHbLUEHWE NapameTpa B
Ha sHavehmus 0.1 n 0.2 ycnoBHO MOAENMpYeT yBenuyerue “acdekTa
3aflepkk1” B CUCTEME pe3aHusl, YTo MPUBOANT K Boree BbIpaXeHHOMY
CIMAXWBaHMKO MOBEPXHOCTU W, COOTBETCTBEHHO, MOBLILLEHMIO TOYHO-
CTn 0bpaboTkm.

PesynbTaThl MaTeMaT4eCKOro MoienupoBaHus. B xome yucne-
HOrO MOZENUPOBaHUs NOCTPOEHbI rpadmMki 3aBUCUMOCTM Knacca
TOYHOCTM OT YacTOTbl BpaLLEHWUS 3ar0TOBKW MPU pa3NiyHbIX 3HAYEHM-
SIX MOMEHTa nay3bl (3afepxki) 06KAaTHOrO MHCTPYMEHTa Npu BO3BpaT-
HO MOCTYNATENbHOI ABMKEHWN.

A3 aHann3a nonyyeHHbIX 3aBUCUMOCTEN YCTaHOBIEHO:

Mpu B = 0 cek, TO €CTb Npu OTCYTCTBUW May3bl, YacToTa BpaLLe-
HWs 3aroToBkM Ao N = 400 06/MuH obecneynBaeT nomyyeHue reomeT-
puyeckux napameTpoB 3yObeB B npegenax 7-i CTEMEHW TOYHOCTM
cornacHo OCT 1643-81.

Mpu B = 0.1 cek, npu YacToTax BpaLieHus 4o n = 250 06/MuH,
Takke obecneumBaeTcs 7-1 CTeneHb TOYHOCTH.

Mpu B =0.2 cek Npu MOBLILEHUM YACTOTbl BpaLleHUs U
Bblwe, n = 160 ob6/MuH pocTuraeTcs 6-9 CTENEHb TOYHOCTW MO
FOCT 1643-81(puc.1).

Takum o6pa3om, yBenMYeHME MOMEHTa May3bl WHCTPYMEHTa
okasblBaeT cTabunusupyloliee BInsHWE Ha mpouecc dopmoobpaso-
BaHua 3ybbeB, obecneunBas MOBbILEHWE KayecTBa (HMHWLLHOW Mo-
BEPXHOCTU.

OKcnepuMeHTanbHoe noaTeepkaeHe. [poBeaéHHbIe aKcnepu-
MeHTanbHble UCCNEAOoBaHUs NOLTBEPAMIM pesynbTaThl MatemMaTuye-
ckoro mopenvposanus. Mpu duHAWHOM obpaboTke 3ybbeB LMMMH-
BPUYECKNX NPSMO3YObIX KONEC LUIEBEPOM-MPUKATHUKOM BbINo BbisBME-
HO, 4TO BBeAeHMWe nay3bl B npedenax B=0.1-0.2 cek gencTButens-
HO MOBBLILIAET KNacc To4HOCTY Ao 6- ctenenmn no FOCT 1643-81.

Takum 00pa3oM, YCTaHOBMEHO, YTO PErynupoBaHWe MOMEHTa
nay3sbl WHCTPYMEHTa MOXET CMyXWUTb 3(PQEKTUBHBIM TEXHOMOrnye-
CKUM MPUEMOM MOBBILLEHNS TOYHOCTW (MHULWHO 0BpaboTkn 3ybua-
TbIX KOMEC Npy MUHUMaMbHbLIX U3MEHEHWUSIX KOHCTPYKLMKN 0bopyaoBa-
HUS 1 YNIPaBISIOLLMX anropuTMOB.
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006cyxaeHue

B npouecce npoBeaeHnM 3KCMEpPUMEHTAmbHbIX MCCnefoBaHNiA
BMUSIHWE CKOPOCTW Pe3aHusi Ha LiepoxoBaTocTi obpabotaHHoi no-
BEPXHOCTEl NpU YNCTOBOI MexaHuyeckoil 06paboTku LmnuHapuye-
CKiX 3y6yaTbix KONec LUEBEPOM-MPUKATHUKOM NHCTPYMEHTOB M3rOTOB-
NEHHbIX MHCTPYMEHTaNbHbIX cTanein P6MS Ha pasHbix pexumMoB pesa-
HUW,

a. npu pexumos 0bpaboTku YacToTa BpalleHue 3arotosku n=700
06/MuH, n=450 06/MMH, pagManbHOA  MOJAYM  MHCTPYMEHTA
S=0,02 mm, Ha paboumii LK, NPEpPLIBUCTO MOLAYN MHCTPYMEHTA
S,p=0,03 MM Habnioaanock OTPULATENBHOE BUSAHNE HA TOYHOCTb 6-7
creneln TouyHoct [OCT1643-81, wepoxoBatocTb 06BpaboTaHHOK
noBepxHoCTH B npugenax R, = 1.6 Mkm.

6.npn pexume 06paboTkM 4YacTOTbl BpalleHWe 3aroTOBKM
n = 200 o6/muH, paguanbHon nogaum uHctpymenta S = 0,02 Mm, Ha
paboumit LMKN, NPpepbIBUCTOA MOAaYM MHCTpyMeHTa Spp= 0,03 MM
MOMOXMTENbHO BAMSET Ha KayectBo 0OpaboTkn M sBnseTcs onTu-
ManbHbIM BapuaHToM 0OEeCreyeHnto BbICOKYK TOYHOCTb 06paboTkm
6-cteneHn no MOCT1643-81 1 HU3KOIA LiepoxoBaTOCTLI0 0OpaboTaH-
HOW MoBEpXHOCTeN 3y6beB R = 0.8 MkMm.

MonyyeHHble pesynbTaTbl MaTEMAaTMYECKOM MOAENMpOBaHWE 1
NPOBEAEHHON 3KCMEPUMEHTANBbHON MCCNefoBaHNS MOKa3bIBAKOT, YTO
MOMEHT nay3bl WHCTPYMEHTa B KOHLE BO3BPATHO-MOCTYNATENbHOMO
JBIWKEHMS! LUeBEPA-NPUKaTHUKA OKa3bIBaET [JBOACTBEHHOE BIUSIHUE:

a. C NONOXWTENBHOM CTOPOHBI, YBENUYEHWE nay3bl cnocobeTyeT
CHVXXEHWIO JNHAMUYecKuX KonebaHni u ocTaTouHbIX ynpyrux gedop-
MaLmit, YTO ynyylwaeT reoMeTputo npodmns 3yba M noBbILLAET TOY-
HOCTb 06paboTkm.

6. C oTpUUATENbHON CTOPOHBI, Ype3mepHas nay3a MOXET CHU-
XaTb MPOM3BOAMUTENBHOCTL W BbI3bIBaTh HEPABHOMEPHOCTbL Harpyaku
Ha pexyLLMe KPOMKN UHCTPYMEHTA.

Tem He meHee, B uHTepeane B = 0.1 - 0.2 cek gocturaetcs ontu-
MarnbHbI 6anaHc Mexay AMHAMUYECKON YCTOMYMBOCTLIO MpoLecca 1
Ka4yeCTBOM (PMHULLHON NOBEPXHOCTY.

3aknioyeHue

Mo pesynsTaToM NPOBEAEHHBIX SKCNEPUMEHTaNbHbIX UCCNeaoBa-
HME 1 MaTeMaTNYeCKO MOLENMPOBaHNe MOXHO CaenaTth CreayoLlee
BbIBOZb!:

— MeTop chvHULWIHO 0BpaboTKN LMNMHAPUYECKUX 3yBYaTbiX Konec ¢
npuMeHeH1eM 06KaTHON MHCTPYMEHTA (LLeBepa-NpUKaTHIKA) M3rOTOB-
NEHHON W3 WHCTPYMEHTanbHO! cTanu P6MS5 BO3MOXHO NPUMEHUT Ha
TOKapHO YHMBepCanbHbIX CTaHKax ¢ YMTY.

— Mpw npumeHeHve MeToaa MHULWIHONA 0BpaboTku 3yBuaThbIx Konec
C NpUMEHMEM OOKATHOMO WHCTPYMEHTA Ha TOKApPHO YHMBEpPCANbHbIX
ctankax ¢ UMY sensetcs pexumbl 06paboTkv, 4acToTbl BpaLLeHWs
3arotoBku n=200 06/MWH, NOJAYM Bpes3aHMe MHCTPYMEHTa 3a LWMKM
obpabotkn S = 0.03 MM, Ha pabounit LyKn, NPEPLIBUCTON Nofaum
nHctpymeHTa S = 0.03 MM, a TaKkke MOMEHT may3bl 0OkaTHOrO WH-
CTpYMEHTa Nnpu BO3BPaTHO NocTynatenbHoi nogayn B = 0.2 cek aBns-
€TC ONTUMarnbHUM ANS MOMyYeHUs BbICOKOW KauyeCTBO W HW3KOM
LepoxoBaTocT 06paboTaHHbIX MOBEPXHOCTE 3ybbeB 3ybBuaToro
koneca.

— MpumeHeHne aaHHyto MeToa rHUWHON 0BpaboTky LnuHOpuYe-
CKUX 3yByaThbiX KONMec BO3MOXHO 3ppeKTMBHO Mpu BOMbLIMX KoMnye-
CTBaxX O4HOVMMEHHbIX AeTan B NapTuu.
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PA3PABOTKA U UCCNELOBAHUE UMUTALIMOHHOW MOJENU
CUCTEMbI NO3ULUUOHUPOBAHUA ®PE3EPHOIO CTAHKA

o

Orambepaves U.M., Ouunos Y.10.,
HaBowickuit rocyAapCTBeHHbIM HaBouiickuin rocynapCTBEHHbIN
TOPHO-TEXHOMOTMYECKMIA TOPHO-TEXHOMOrMYECKMIA

YHVBEPCUTET, A.T.H., npoceccop YHVNBEPCUTET, [JOKTOPaHT

AHHOMayus. B cmamse paccmampusaemces umumayuoxHas modens 0ns hpe3epHo2o cmarka H®-630 (8epmukabHO-(hpe3epHbIli ¢ KpecmosbiM CmonoM, ¢
Yy unu 8 moducpukayusx muna HO-630M). bbino nocmpoexa 8 MATLAB/Simulink, 4ymobbi noHsimb, Kak Ha camom Oene 8edym cebs ocu X u Y npu no3uyuoHupo-
8aHUU U KoHMYypHol obpabomke — mo ecmb, koeda obe ocu dguearomes 00HospemeHHo. OcHOBHOU ynop clenaH Ha 3nekmpomexaHuyeckue npusolbl, 83sma
pearnbHas Modenb cepeonpueodog noday, 20e yameHb! UHEPUUU POMOPO8 U CMOII08, ynpy20Cmb 8 BUHMOBbIX Napax UMu PeMHsX, MpeHue — U 83K0e, U CyXoe C
30HOU HeYy8CMBUMENLHOCMU, NIKOC XECMKUE 02PaHUYEHUsi NO MOKY, MOMEHMY, ckopocmu U O0axe no pbigKy, Ymobbi He BbiTo PE3KUX ckadkog. bbina cobpaHa
Knaccuyeckas KackadHyio CmpyKmypy: 6HympeHHUl KOHMyp moka, NOmMoM CKOpocmU, 8HeWHul — nonoxeHus. Beé Ha [V[-peaynsamopax, 6e3 0cobbix U3bICK08, HO
0Oobasurnu feedforward no ckopocmu u yckopeHuto, a makxe npocmbie Memodsl KOOPOUHaUUU oceli — YmobbI yMeHbWUMb KOHMYyPHYt0 oWwubKy (koe0a mpaekmopust
nosy4aemcs He Kpy2oM, a S/IUNCOM UMU C «8bINSYUeaHUeM») U paccoanacosaHue mexady ocaMu no epemeHu. Modenb nossonsem umMumuposams pasHble PeXUMb!:
nnasHble Pa32oHbl/MOPMOXEHUs], Pe3KUE U3MEHEHUs HagpysKku, Kpyeosylo UHMEPNOMSUUI Ha pasHbIX CKOPOCMSAX, nuHelHble npoxodbl u Oaxe yacmb 3D-
mpaekmoputl. lMapamempuyeckull aHanu3 bbin cdenaH 008071bHO NodpobHo, mo ecmb npu pasHbix Kp, Ki, Kd 8 pasHbix koHmypax, uccnedosanocs kak enusem
nosoca NponyckaHusi, KOMnNeHcayusi mpeHrusi, ocnabnexue XEcmKoCMU NONOXeHUs. IMo 0ano Ham 8 Umoae 803MOXHOCMb NPagubHO nodobpams Ko3(huyUeH-
Mmbl, 0C06eHHO 8KYUMb xopowull feedforward u He 3adupamb CAUWKOM CUbHO NPONOPUUOHAMBHYIO Yacmb 8 NOMOXEeHUU, Mo QuHaMuyeckue owubku nadarom
3amemHo — & Hawux pacyémax om 40 do 60 % e 3agucumocmu om mpaekmopuu u ckopocmu. Konebanusi om ynpyaux cesizeli noymu ucyesarom, d8uxeHue cma-
Hogumces 20pa3do posHee, Npu 3Mom 8pems 0mpabomKu He MeHsemcs.

Knroyesbie crioga: cepsonpusod, cucmema nNo3uyUOHUPO8aHUs, UMumayuoHHoe ModenuposaHue, PID-peaynsmop, Simulink, ynpasneHue nonoxeHuem.

FREZALASH DASTGOHINING POZITSIYALASH TIZIMI IMITATSION
MODELINI ISHLAB CHIQISH VA TADQIQ ETISH

Egamberdiyev I.P., Ochilov U.Yu.,

Navoiy davlat konchilik va texnologiyalar universiteti, O‘'zbekiston Respublikasi

Annotatsiiya. Maqolada NF-630 frezalash dastgohining (vertikal-frezalash, CNC bilan jihozlangan yoki NF-630M kabi modifikatsiyalarda) imitatsion modeli ko'rib
chiqiladi. Model MATLAB/Simulink dasturida qurilgan bo’lib, X va Y o'qlari pozitsiyalash va konturli ishlov berishda, ya'ni ikkala 0'q bir vaqtda harakatlanganda,
qanday xatti-harakatlanishini tushunish uchun mo’ljallangan. Asosiy e'tibor elektromexanik haydovchilar (drayvlar)ga qaratilgan, ularda rotorlar va stollar inersiyasi,
vintli juftliklar yoki tasmalardagi elastiklik, shuningdek, yopishqoq va quruq ishqalanish va tok, moment, tezliklar hisobga olingan. Model klassik kaskadli tuzilmani
amalga oshiradi: ichki tok halqasi, tezlik halqasi va tashqi joylashuv halqasi. Barcha halqalar PID boshqaruvchilardan foydalanadi, ammo tezlik va tezlanish uchun
"feedforward" va o'qlar orasidagi vaqt mos kelmasligi va kontur xatosini (trayektoriya aylananing o’riga ellips yoki "do’nglik" shaklida paydo bo’lishi) kamaytirish
uchun oddiy koordinatsiya usullari qo’shilgan. Model turli rejimlarni simulyatsiya qilish imkonini beradi: silliq tezlanish/ sekinlashish, keskin yuk o’zgarishi, turli tezliklar-
da aylana interpolatsiyasi, chizigli o'tish va hatto ba’zi 3D trayektoriyalar. Parametrik tahlil batafsil o’rganilgan: turli boshqaruv halqalarida Kp, Ki, Kd qiymatlarini
0’zgartirish, tarmoqli kengligining ta’siri, ishqalanishni kompensatsiya qilish va joylashuv bikrligini pasaytirishni o’rganish. Bu, aynigsa, samarali feedforward ni joriy
etish va joylashuv halqasida proportsional kuchaytirishni haddan tashqari oshirmaslik orqali koeffitsientlarni to'q’ri sozlash imkonini berdi. Natijada, dinamik xatolar
sezilarli darajada (hisob-kitoblarga ko'’ra 40% dan 60% gacha, trayektoriya va tezlikka qarab) kamaydi. Elastik ulanishlardan kelib chiqqan tebranishlar deyarli yo’qol-
di, harakat ancha silliglashdi va o’rnatish vaqti o’zgarmadi.

Kalit so’zlar: servo haydovchi, pozitsiyalash tizimi, imitatsion modellashtirish, PID boshqaruvchi, Simulink, pozitsiyani boshqarish
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DEVELOPMENT AND STUDY OF A SIMULATION MODEL OF A
MILLING MACHINE POSITIONING SYSTEM

Egamberdiyev L.P., Ochilov U.Yu.
Navoi State University of Mining and Technology, Republic of Uzbekistan

Abstract. The article discusses a simulation model for the NF-630 milling machine (vertical milling machine with a cross table, CNC or in modifications such as
NF-630M). The model was built in MATLAB/Simulink to understand the actual behavior of the X and Y axes during positioning and contour machining—that is, when
both axes move simultaneously. The main focus is on the electromechanical drives, using a real model of the feed servo drives those accounts for rotor and table
inertias, elasticity in screw pairs or belts, friction—both viscous and dry with a dead zone, as well as strict limits on current, torque, speed, and even jerk to prevent
sudden spikes. A classic cascade control structure was implemented: an inner current loop, then a speed loop, and an outer position loop. All loops use PID control-
lers without excessive complexity, but with added feedforward for velocity and acceleration, as well as simple axis coordination methods to reduce contour error
(where trajectories become elliptical or exhibit “bulging”) and timing mismatches between axes. The model allows simulation of various modes: smooth acceleration/
deceleration, abrupt load changes, circular interpolation at different speeds, linear passes, and even some 3D trajectories. Parametric analysis was performed in
detail—varying K, Ki, Kq in different control loops to study the impact of bandwidth, friction compensation, and position stiffness reduction. This ultimately enabled
proper tuning of the coefficients, particularly by incorporating effective feedforward and avoiding excessive proportional gain in the position loop. As a result, dynamic
errors decreased significantly—by 40% to 60% in our calculations, depending on trajectory and speed. Oscillations from elastic connections nearly disappeared,

motion became much smoother, and settling time remained unchanged.

Keywords: servo drive, positioning system, simulation modeling, PID controller, Simulink, position control.

MocTtaHoBKa npobnembl

B HacTosiLee Bpemst pesepHble cTaHku ¢ UMY TpebyoT oyeHb
BbICOKOW TOYHOCTM MO3MLMOHMPOBAHMS W BbICOKOTO Kayectsa mMpu
KOHTYpHoOI1 06paboTke. BOMbLIMHCTBO TPaeKTOpUi NpK pe3epoBaHum
MOET 33 CYET OOHOBPEMEHHOW paboTbl Cpasy HECKOMbKWX Oceln —
yalye Bcero X u Y. [laxe maneHbkue oTnnuvs B AMHamMuke NpUBOAOB
NPUBOASAT K TOMY, 4TO CUHXPOHHOCTb HapyLLaeTcs: NosBNSETCS pac-
COrfacoBaHue Mexay ocsamu, KOHTYpHas owwmbka pacTér, u AeTanb
BbIXOAMT C OTKMOHEHMAMM — WHOTAA BMAMMBIMU, WHOTAA TOMBKO Ha
MukpomeTpe. Ha peanbHom cTaHke ocit X 1 Y nouT Hukoraa He Obl-
BaloT abCoNITHO oAMHakoBbIMM. Pa3Has macca MoaBKHbIX JacTei
(cTon, cynnopT), pasHas AnMHA XOAOBbIX BMHTOB, TPEHWe rAe-TO
Oonblue, rae-To MeHbLUE, KECTKOCTb Nepeaay OTIIYAETCS — BCE 3TO
AenaeT TaK, YTO Ha OfHM W Te Xe KOMaHAbl OCK OTBEYaloT mno-
pasHomy. OcobeHHO 3TO NpuMeHsTCS 06paboTku Ha BLICOKMX Noaa-
yax, npy ObICTPbIX Pa3roOHaX/TOPMOXKEHUSX MK KOTAa Harpyska oT
pesaHus pe3ko MeHsieTcs (BpesaHue, BbIxog W3 MaTtepuana u T.4.).
Ewwé oaHa npobriema B TOM, YTO CyLECTBYIOT ynpyrie AedopmaLim B
MexaHuke. B BMHTOBBIX napax, PeMHsIX (ECnM OHM ecTb), MydTax 1
COELVNHEHNSX BCEra €CTb HeKas MPYXWHHOCTb. Ecnn crvwkom xéct-
KO HaCTPOMTb KOHTYP MOMOXeHNs (3aBbiLlLeHHbIe KO3PULMEHTbI), 3TN
YNPYroCTH HauYMHAIOT packaumBaTbCs — NOSBNSIOTCH BUOpaLnK, 3Be-
HSLLMIA 3BYK, Cepl Ha NOBEPXHOCTU. W Ha AaHHOM aTane nonyyaeTtcs
Tak yto npu yBenuyeHnn Kp/Ki yxyaLwaeTcs perynnpoBaHne OTKIOHe-
HWRA.

MonbITKM MCCRefoBaHNA AKCTIEPUMEHTaNbHBIM COCOBOM O4eHb
TPYLOEMKW 1 NOYTM HEBO3MOXHO Be3 SKOHOMUYEeCKUX noTepsb. Kpome
9TOr0, Ha MPOM3BOACTBEHHBIX CTAHKAX HE BCErAa MOXHO 1yboko
MOHSATL B MPOLIECC, TaK kaKk AaTuuki He Be3ae CTOST, ocuunnorpacom
Henb3s 3adMKCMpoBaTh BCE M3MEHEHWNS B CUCTEME CTaHKa, 8 MEHsTb
napameTpbl PErynsTopoB HEBO3MOXHO MeHATb 6e3 NOMHOIM 0CTaHOBKY
paboTbl CTaHKa, 3TO BCE HaTankvBaeT Ha paspaboTky UMUTALMOHHON
MOZAENN UMEHHO ANS CUCTEMbI NO3NLIMOHMPOBAHIS (PPE3EPHOro CTaH-
ka 4Tobbl MOXHO ObINO CMOKOMHO perynupoBaTb NapameTpsbl, CMOT-
peTb, YTO MPOWUCXOAMT BHYTPU KOHTYPOB, OLEHWBATb KOHTYPHYH
owmbKy Ha pasHblx TpaekTopusx 1 pexumax. Mogenb [OMmkHa BKNIO-
yaTb 1 ANEKTPUYECKYI0 YacTb (aBuratenu, npeobpasosaTenu, orpaHu-
YeHWst Mo TOKY/MOMEHTY/CKOPOCTL), N MEXaHUYECKYHO (MHEpLK, KECT-
KOCTH, TPeHWe, ynpyrue cBs3m), u peanbHsle HenrHeinHocTH. Ocoben-
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HO BaXHO MOHSTb KaK Ha KOHTYPHYK OLINOKY BNWSIOT CTPYKTypa Kac-
KafHOro ynpaBIeHusi, TO eCTb BMUSIHUA TOKA Ha CKOPOCTb M Ha Momno-
XEHWe ocell, Hactpoiikm PID B KaXgom KOHType, BKIOueHue/
oTkntodeHve feedforward (Mo ckopocTy, YCKOPEHWIO), pasHble Croco-
Obl KOOpAMHAUMKM Oceil (NMPOCTOe HEe3aBMCUMOE YNpaBfeHue Wnun C
cross-coupling, KoMneHcaLuelt paccornacosanus u T.n.). Ecnu yaacr-
CS1 9T0 NpoaHanu3npoBaTh B MOAENM, TO MOXHO byaeT 3apaHee nogo-
OpaTb pasymHble HaCTPOWKM, CHU3WTL owmbku 6e3 BbpaLmit, NoBbI-
CUTb CTabUNBHOCTL pe3epoBaHUS.

BBepeHne

Bonpocbl MoCTpoeHWst U aHamu3a CUCTEM aBTOMATWUYECKOTO
ynpaBeneHns JOBOMBHO MOMHO pa3obpaHsl B KNAcCMYeCcKknX KHUrax no
Teopum ynpaenexns. B nepeyto ouepens 1o paboTsl K. M. OcTpéma ¢
coasTopamu [1] u P. Mioppesi, a Tarke y4ebHuk . OpaHknuHa, k.
Mayanna n A. Omamu-Haauum [2]. ABTOPbI KHUT NOAPOBHO 0BBACHSET-
csl, Kak paboTaeT obpaTHas CBS3b, KaKk MpOBEPATb YCTOA4NBOCTb
(kpuTepun Haiksucta, Boge), kak oLeHnBaTh ka4ecTBO perynunposa-
HUS 1 cuHTe3nposaTtb perynsTtopsl. [MI-perynuposanmue pasdbupaert-
¢ 0COBEHHO TLATenbHO — C MpUMepamm, NoYeMy OHO A0 CUX Mop
camoe pacnpocTpaHEéHHOe B mpuBoAax craHkoB ¢ YMY. Ecnm roso-
puTb 0 Bomnee MHXEHEPHOM MoaXode, TO LUMPOKO paccMaTpueanach
kHura H. Haitsa [3]. ABTOp Aenan akueHT WUMEHHO Ha NpakTWKe: Kak
BbIGMpPaTh CTPYKTYPY perynsaropa, kak CMOTPEeTb NepexoaHble NpoLec-
Cbl, KaK MOHUMaTb, YTO [AéT M3MEHEHUE Kaxaoro napametpa. [ns
HaC 3T0 BaKHO, MOTOMY YTO Mbl HE MPOCTO TEOPETUYECKN BbIMUCTISEM,
a NbITaeMCst NPUMEHUTL K PearnbHbIM 3MEKTPOMEXaHNYECKUM MPUBO-
Aam nogay. MexaTpoHHbIE CUCTEMbI B LIENIOM XOPOLLO OnucaHbl y Y.
BonToHa [4]. OH nokasbiBaeT, kak CBS3aHbl Mexay cobon anekTpuka,
MexaHuka W ynpaBneHne — WMEHHO TO, YTO HYXHO [ANnsi NpUBOLOB
(hpesepHbIX CTaHKOB, rae BCE paboTaeT BMECTE M OAHO Ha [pyroe
CUMbHO BNMSET. UTO KacaeTcs KMHEMaTKM U AMHAMUKW MHOrOKOOPAK-
HaTHbIX cuctem —M. CnoHra ¢ coasTopamu [5] u k. Kpeira [6] no-
ApOBHO onucany Mpo npsiMyto 1 0bpaTHyIo 3agavy KMHeMaTUKK, AnHa-
MWKy MaHWMynsTOPOB, HO MHOrOE U3 3TOT0 HampsiMyK MEPEHOCUTCS
Ha CTaHKM: Kak OCM B3aWMOLEMCTBYIOT, KaK CYMTaTb ABWXKEHUE MO
CMOXHbIM TPAEKTOPUSIM W MOYEMY CUHXPOHM3ALMS OCEN — 3TO He
NPOCTO OAMHAKOBbIE CKOPOCTUY.

113 pycckosi3bIYHbIX MCTOYHMKOB MO TeMe cTaHkoB ¢ YIY ocoben-
HO ucnonb3yeTcs pabotel B. W. Kosnosa u A. A. JlobaHosa [9] rae
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ONMWCBIBAKOTCS TWUMOBLIE CXEMbI YNPABNEHUS NoJayYamm, Kak HacTpau-
BaTb PErYNATOpLI HA NMpaKTMKe, NOYeMy OfiHa OCb «OTCTaéT» OT Apy-
TOi U KaK 3TO CKa3blBAETCS HA TOYHOCTW C NMPUKNAAHLIM MaTeEpUanom
1 6e3 nuwHeit matematuku. EwWé ogHa nonesHasi MOHorpacus Hanu-
caHa 0. M. Kouypa [10]. 3pecb aBTOpbl NogpobHo pasbupatoT Moge-
NIMPOBaHNe 3MNEKTPOMEXaHWYECKUX CUCTEM C YMPYrAMU CBSA3SMMU,
HEmMUHelHbIM TpeHneM, uHepumaMu. Ocob0o aKLEeHTUPYIT nepexop-
Hble MPOLIECCH U KaKk He MOTEepsTb YCTOMYMBOCTL MPW HACTpOiike —
370 TO, C YeM cTankuBaemcsi B Simulink-Moaensix B Hawei paboTe.

Tarke MMETCS oduumManbHble UCTOYHUKM M PYKOBOACTBA OT
komnaHun MATLAB. Simulink onucaH B ocuumansHOM pyKOBOACTBE
[7] Kak CTpOMTb CXeMbl, 3anyckaTb CUMYNALMW, CMOTPETb OTKIMKM,
MeHsTb NapameTpbl MPSIMO B MPOLIECCe MexaHuyeckoit obpaboTkn. B
Hawelt pa3paboTaHHO MOZENW 3TO SBMSANOCH OLHOW W3 MHOTO UC-
MONb30BaHHbIX PYKOBOACTB. A Anst HambornbLuen 6nm3ocTn K unsmke
(mBuratenu, npeobpasoBaTenu, orpaHNYeHns Mo Toky) Obino 1cnonb-
3oBaHo Simscape Electrical [8]. Bnarogaps atoi 6ubnmoTeke MOXHO
YYeCTb pearbHble HACbILEHNE NO TOKY, SMEKTPOMArHUTHbIE MOCTOSH-
Hble BPEMEHM, B3aUMOLENCTBIE MOTOPA C MEXaHWKOW Yepe3 peayk-
TOP WIK BYHT.

MmutaumnonHas mogens ocet X n'Y

B panHon pabote 6bina paspabotanu MMMTALMOHHYIO MOZemb
[BYXKOOPAMHATHON cucTeMbl B cpeae Simulink, ncnonbays 6ubnuote-
ky Simscape ans dwm3anyeckoro mogenuposaHus. Mogenb nocTpoeHa
Mo MOAYNLHOMY MPUHLMNY W AETaNbHO BOCNPOW3BOAMT SMEKTPOMEXa-
HWUYECKM CEPBOMPUBOL C NOMHBIM KOHTYPOM YNpaBMeHUs Mo nosoxe-
HWto. OCHOBHasi KOHLIENLMS 3aKMoYaeTcst B TOM, YToObI kaxaas ocb X
1Y Mbl paccmaTpuBaeM Kak OTZeNbHYK CUCTEMY aBTOMAaTMYECKOM
CaMOHaCTPOIik1. OTOT NOAXOA SBNSETCS CTaHAAPTHbIA ANS CTAHKOB U
MopTarbHbIX CUCTEM, KOr4a KOOPAWMHATHI YNPABMASOTCS HE3ABUCUMO.
CTpyKTypHble cxeMbl Ansi oceil X M Y WAEHTMYHbI, YTO ynpoLiaeT
HacTpoMKy M aHanu3. 3T1a CuCTeMa COCTOMT M3 MOLENW OAHOW OcK
3a[jaloLWyin curHan, 13 Tpebyemoil no3nLmm, U3 perynstopa Takoro kak
anckpeTHbIn koHTponnep MW, koTopblii paccynTbiBaeT ynpaensito-
Lilee BO3AENCTBIE, TAKKe U3 UCMOMHUTENBHOTO YCTPOMCTBA U HAKOHEL
[eTann3npoBaHHO MoJenu BUraTens NoCTOSHHOrO Toka. Mbl yumThbl-
BAaeM He TOMbKO MEXaHWKy, HO U SNEeKTPUYECKYI0 YaCTb — NapameTpbl
SKOPHOI Lienu (COMPOTUBNEHWE, MHOYKTUBHOCTL). Takke B MOAEnM
3a[leNCTBOBaHA MEXaHUYeCKas Harpyaka Takas kak MoAenb nepesaqm
(BMHT-raitka) W [OBUXYLLENCH Maccbl C TpeHnem. B Halwei mogenm
ynpaBneHue ABuraTenem 3afaéTcst HanpshkeHWeM, KOTopoe Noaaértcs
Ha ynpaBnsieMblit UCTOYHUK B MOAENM. JTO NO3BONSET peanicTuyHo
YYeCTb Takve OrpaHNyeHNs peanbHoN annaparypsbl, kak HacbILLEHUE 1
ObICTPOAENCTBUE YCUNUTENS MOLLHOCTW. [INsi KOMMAEKCHOM OLIEHKM
npuBoZa B MOAENb BCTPOEH faTymk Toka. OH 3amepsieT TOK SKopst
[BUraTens, KOTOpbIi SBNSETCA KMIOYEBLIM MOKasaTeneM Ans aHanmaa
MOMEHTa, HarpeBa 1 3HepronoTpebnenus. Tak kak Mbl paboTaem B
Simscape (usndeckme curHansl) 1 Simulink (noruyeckue curHanbi),
ONS CBA3N MEXAY HAMU MCMOMb3YITCS cneumansHsle npeobpasosa-
Tenm curHanos (PS-S n S-PS 6noku). Hanpumep, curHan Toka ¢ du-
314eckoro aartymka npeobpasyetcs ans obpaboTku B AWUCKPETHOM
perynstope. Takasg moZenb NO3BONSIET HE TONMBKO MPOBEPSTb amnro-
PUTMbI YNpaBNeHusl, HO U UCCeaoBaTh B3aUMOBIUSHUE 3NEKTpUYe-
CKMX M MEXaHMYECKMX MPOLIECCOB, OLEHUBATL HArpy3ku Ha 3neMeHTbI
¥ ONTUMM3MPOBATb CUCTEMY MO AMHAMUYECKMM W SHEPreTUYECKUM
KpUTEPUSM.

U(t)=Ri(t)+LdiT(t)+e(t), 1

t

rae (U(t) — ynpaensiowee HanpsixeHue, (R) — conpoTue-
NeHne SKopHoOM Lienu, (L) — nHAYKTUBHOCTL sikops, i(t) — Tok skops, e
(t) — npotnBo-3C apuratens.
MpoTeo-3C nponopLmoHansHa YrnoBoi ckopocTy Bana ABura-
Tens:

e(t)=K,,0(1), (2)

rae Ke — koadduumeHt npotno-3fC, w(t) — yrnosas ckopocTb
Asuratens.

PaspaboTtaHHas cuctema ynpaBneHust pabotaet ¢ obparHoi
CBA3bI0 CYNTLIBAIOLLIAA MOMOXEHNE OCEN MOMOXEHMI0 KOTOPbIA ABMS-
€TCA KNacchyeckuM MpUHLMMOM 3aMKHYTOrO KOHTypa. Takoi noaxos
obecneynBaeT NOCTOSHHOE CPaBHEHWE HACTOALLErO MOSOXEHUS CTO-
na c TeM, TAe OH AOMKeH HaxoauTbCs MO 3afaHHON KoMaHae, M B
COOTBETCTBUM C 3TW PacCYMTbIBAET pasHuly. VIMEHHO Takas cxema
obecneunBaeT YCTONUMBYIO 1 TOUHY0 paboTy: cucTema cama KomneH-
CUpYeT BHELUHWE NOMEXW (Hanpumep, TPEHNE Ui CNyYanHbIe TONYKN)
¥ U3MEHEHNS B Harpyske, MUHUMU3NPYS OLINOKY MO3NLIMOHNPOBAHMS.
MexaHuyeckast 4acTb MOLenu COCTOMT U3 ABYX OCHOBHbIX 3BEHLEB:
BpaLLaTenbHoOe 3BEHO, TO €CTb 3TO CaMm ABWraTesb U BCE, YTO C HUM
CBA3aHO, — €ro poTop W Ban, npeobpasosatenb ABWKEHNS Kak 6rok
VIMUTUPYET peanbHbii MEXaHu3M, KOTopbi npeobpasyeT BpalleHue
Bana ABuraTtens B NMHEHOe nepemeLLieHre ctona (Hanpumep, Wwapu-
KO-BMHTOBas napa Wnu peevyHas nepegaya). HenocpencTBeHHO no-
OBWKHbIIA CTON OMMUCLIBAETCA Kak Macca C OMpefenéHHbIMA UHepLm-
OHHbIMM CBOWCTBaMW. Takas AeTanu3auns MOAENN KPUTMYECKA Bax-
Ha: OHa MO3BONAET OLEHUTb, KaK MHEPLWS CTOMA BUSET Ha AUHAMUKY
BCEll CMCTEMBI, N NPOaHaNM3npPOBaTh, Kak BpaLLaTenbHoe ABVKeHNe
asuratens "npenomnseTcs” B NocTynaTenbHoe ABWXEHME y3na. JTo
nomoraeT npaBunbHO nogobpaTb ABUraTenb W paccynTaTh Harpyski
Ha MexaHuky. [IMHamuka BpaLaTeNbHOTO ABWKEHWS OMUCHIBAETCH
ypaBHEHMEM MOMEHTOB:

do(t
JTE) =M, (1)-Mp(1)-M, (1), (3)

rae J — npuBenéHHbI MOMEHT MHepLmMK, Me(t) — anekTpomarHuT-
HbI MOMEHT ABuratens, Mi(t) — MomeHT Harpysku, Mq(t) — Bo3myLya-
0L MOMEHT.

OneKTpOMarHuUTHbIA MOMEHT [BUraTens onpesenseTcs Bblpaxe-
HUewm:

M, (t)=K,i(t), @)

rae Kt — koadhduumeHT MomeHTa ABuratens.

[ns npubnmwkeHnst MOAENN K peanbHbIM YCrOBUSIM SKCMyaTaLuu
B CMCTEMY BBEAEHbI BO3MYLLAKLME BOAENCTBIS B BULE BHELUHErO
MOMEHTa, NPUNOKEHHOTO K Bany Asuratens. BoamyLiatowmini MOMEHT
UCMONb3yeTCst NS aHANN3a YCTOMYMBOCTY CUCTEMbI aBTOMATUYECKOTO
ynpaBneHnst 1 OLEeHKA 3hEKTUBHOCTU KOMMEHCALMM BHELUHWX BO3-
[eNCTBUI perynsTopoM.

Mpu pa3paboTke MMUTALMOHHOI MoaenK hpe3epHoro cTaHka HO-
630 Mbl CTOMKHYNNCb C HEOBXOAMMOCTBI0 [ETaMNbHOMO y4eTa He Tofb-
KO 3MeKTPUYECKUX XapaKTEPUCTUK ABUraTenNei, HO U CIIOXHON MeXaHu-
KW KpecToBOro cTona. B oTnuume oT ynpolueHHbIX Moaened, rae npu-
BOJ} pacCMaTpMBAETCA KaK MaeanbHoe 3BEHO, B Hallell pean13auun B
cpege Simscape Multibody mbl 3anoxunn napameTpbl peanbHoW
KecTkocT BuHTOBbIX nap (LUBM). 310 kpuTudecku BaxHo, Tak Kak
MMEHHO NOJATIMBOCTL MEXaHUYECKMX CBS3EM 3a4acTyio HakaablBaeT
OTpaHNYEHNs Ha KO3dULMEHTBI yeuneHus perynsatopos. Ecrv cae-
naTb KOHTYP MOMOXEHWS! CMIULLKOM «arpeccuBHbIM», B pearnbHoii cu-
CTEME BO3HWKHYT PE30HaHCHbIE konebaHns, KoTopble MOTyT NPUBECTM
K NONOMKe WHCTpYMeHTa unn 6paky aetanu. B moaenu 6binm yuTeHs
MOMEHTbI MHEpLMK, NPUBELEHHbIE K Bamy ABUraTENs, BKIOYAs MHep-
LMK poTopa, camoil MydThl U ABWXYLLMXCA Macc CTona C y4eTom
3aroToBkM. puyeM Mbl NpeLyCMOTPENN BO3MOXKHOCTb W3MEHEHWs
Macchl 3aroTOBKW «Ha XOAY», YTO NO3BONMIIO OLEHUTb 3anac yCTonuM-
BOCTM cucTeMbl. Kak nokasana npakTuka MOZenupoBaHus, Knaccuye-
Cckas HacTpolika no MeTody baTTepBopTa AaeT xopolume pesynbTaThl
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HO TpebyeT KOPPEKTUPOBKM NpU NEPexoae K THKeNbIM pexumam gpe-
3epoBaHus.

OpHol 13 rmaBHbIX 3aday MCCNeaoBaHus Obina MUHUMW3ALMS
KOHTYPHOI OLIMOKN MpW BBINOSTHEHWM KPYTOBbIX TpaeKTopuil. KoHTyp-
Has oLWMBKa — 3TO HE MPOCTO pa3sHuULA MeXaY 3afaHHbIM U hakTude-

CKMM TONOXEHNEM OfIHOIM OCM, @ TEOMETPUYECKOE OTKIOHEHUE WH-
CTPYMEHTa OT upeanbHon Ayrv. B Hawel Mofenu Mbl YBUAENM, YTO
[axe Npu WaeanbHO HaCTPOeHHbIX ocsx X M Y MOXET BO3HUKATb
«3NMUNCHOCTbY TPAEeKTOPUW. ITO MPOMCXOAUT W3-3a pasnuuMi B
[AMHAMUYECKNX NOCTOSHHbIX BPEMEHM JBYX NPUBOLOB.

BHELLHWe BO3MYLLIEHWA

]
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Puc.1. Simulink mogenb nepemelueHus ocu X
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Puc.2. Simulink mopenb nepemeuenus ocu Y

Yto6bl HMBENMPOBaTL 3TOT 3AIEKT, Mbl NPUMEHUAN METOZ CO-
rnacoBaHns A0BPOTHOCTEN KOHTYPOB MOMOXEHUS. O3TO peLueHne
no3gonuno Aobutbcs Toro, Yto obe ocv pearvpylT Ha BHELLHWE
BO3MYLUEHUS MOEHTUYHO, COXpaHAs (POPMY OKPYXKHOCTM fdaxe npu
3HauMTeNbHbIX yCUnMaX pesaHns. Ha rpadmkax owmbku cnexerus
YeTKO BMAHO, YTO B YCTAHOBMBLLEMCS PexuMe OLnbKa He npeBbIaeT
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MpeobpasosaHie BpalLaTeNbHOrO ABWKEHNS ABUraTeNs B NOCTy-
naTenbHOe MepemelleHne HarpysKki OMMUCHIBAETCA KMHEMATAYECKUMM
COOTHOLLIEHUSIMU;
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x(1)=k,.0().v(t) =k, 0(t), (5)

roe x(t) — noctynaTenbHoe nepemMeLleHne Harpysku, v(t) — no-
cTynaTenbHast ckopocTs, (6(¢)) — yrnosoe nonoxenve sana ABwra-
Tens, (kp) — k03thhrLmeHT npeobpa3oBaHis MexaHU4eckoi nepe-
paum.

B ocHoBe Hallen CUCTEMbI NEXUT KIacCUYECKUi 3aMKHYTBIA KOH-
TYp C oTpUUaTenbHON 0BpaTHON CBA3bI0. Mbl 3aBsi3anu ynpasnexue
HEe TONMbKO Ha KOHEYHOM MOMOXEHWUN, HO W Ha YrNOBON CKOPOCTW BMe-
cTe ¢ napametpamu npusoga. ObpatHast CBSA3b MO MOMOXEHMIO MO-
MEHTamNbHO BbIYUCNSET OWNOKY, U PerynaTop KoppekTupyeT paboty.
OTO f[aeT HaMm Ty Camyld TOYHOCTb W, YTO BaxHee, CTabuUibHOCTb
CUCTEMbI, laxe Kora pexuMbl paboTbl HAUMHAIOT CKakaTb.

YnpaBneHne MONMOXKEHNEM peanuayeTcs Ha OCHOBE CurHana
oLmbkm:

ex (1) =g (1) = x(2), (6)

roe (xref (t)) — 3a[jaHHOE NOJOKEHME KOOPAMHATHOM OCU.

[ns ynpaBnexus ncnonbayeTtcs AuckpeTHbin PID-perynsatop,
peann3oBaHHbIN B LMcpOoBOI hopme. 3aKOH yNpaBneHns MOXHO
3anucarb B BUJE:

k e k)—e (k-1
u(k):erx(k)+KIZj:0ex(j)Ts+KD%,(7)

S
rie (Kp).(K;).(Kp) — koadduumeHTsl perynsopa,
(T,) — nepvog auckpeTM3aLmm,
(u(k))— ynpaBnsiowee Bo3aeiCTBME Ha wWare AUCKDETUIALM

Zero-Order
Hold

3aaaHHOe MONoXeHNe ocu

3a/jaHHOE NOMOXKEH|

Puc.3. a) MapameTpsi perynuposanus PID gns ocu X; 6) Napa-
meTpbI perynupoBanus PID gns ocu Y. B paccmatpuBaemoin
MOAEeNN MHTerpanbHas coCcTaBNAOLWas OTKIHOYEHa, YTO COOTBeT-
CTBYeT ucnonb3osaHuto PID-perynatopa nonoxeHus.

B Hallen cuctemMe Mbl NOLLAW MO NYTW HE3aBUCUMOTO POPMUPO-
BaHus TpaekTopuid Ans kaxgoi oc — X u Y. o cyTn, kaxaas koop-
AMHaTa — 3TO OTAENbHbIA 3aAatoLLMii CUrHAN, KOTOPbIA YXOAUT Ha
CBOW KOHTYp YynmpaBneHus. 70 knaccuyeckas cxema pgna UMy-
CTAHKOB M MOBbIX CUCTEM MO3ULMOHMPOBAHUS: pa3densii ocu W
ynpaensi UMW He3aBMCUMO. Takoi Mopaxod AaeT MpuimnuHylo rmb-

KOCTb. ECNN HYXHO NuHEeNHOe nepemeLleHre, Mbl MPOCTO NOAaeM Ha
BXOZbl KOHCTaHTbI I FIMHEIAHO MeHsioLLmecs curHansl. MoxHo Boo6-
e 3abnokMpoBaTb OfHY OCb M ABWraTbCA CTPOrO BAOMb ApYron. A
€CMnu 3afaya nocnoxHee — HanpuMep, BbIBECTU UAEamnbHYK OKPYX-
HOCTb — Mbl UCMOMNb3yeM rapMOHUYECcKMe (YHKLMM (CUHYC U KOCUHYC)
co casurom as. MaTematuka 3fech 4OBOMBHO NPO3payHa:

x,ef(t) = Acos(wt), ®)
Xyef (1) = Acos(wt), 9)

roe A — amMnnuTyaa TPaekTopuK, ONPeAeNsoLLas pafmnyc OKPYKHO-

o, \®) — yrnosasi YacToTa ABMXEHUA.
3f, J
of
1 4
of J
A 4
2t J
3 4
0 2 ‘ 8 8 10 12 14 16 18 20
a)
af J
2l
I/
ol
A
.l
af
0 2 '; () ﬂl 0 12 |I4 16 |IB 20
0)

Puc.4. a) PasHuua mexay 3aaaHHO| U HAaCTOSALMM NepeMeLLeHU-
em ocu X; 6) PasHuua Mexay 3afaHHO M HAacTOSALLMM nepeMelLie-
Huemocu Y.

Bbibop B nonb3y cuHycouganbHbIX CUTHANoB CAENaH He cryyai-
HO: OHW rapaHTMPYIOT NaBHYyl0 CMEHY ckopocTeil. B TpaekTopum HeT
PE3KMX CKaYKOB MMM Pa3pbIBOB, @ 3TO KPUTUHECKN BAXKHO AN MEXaHu-
KM — TaK Mbl y6upaeM nuLHWe YAapbl U CHXKaEM Harpyaky Ha cepBo-
npueofbl. Cama cuHxpoHu3aums ocet X u Y 3Aecb peanvsoBaHa
MakcumanbHo NpocTo. Mbl He CTamu YCROXHATL CTPYKTYPY perynsato-
poB, @ NpOCTO 3aBs3anu (POPMMPOBAHILE CUrHANOB Ha eauHbIN napa-
MeTp BpemeHu. Ecnu yacToTa oguHakosa 1 basbl COrnacoBaHsbl, TO
HY)XHasi reoMeTpus (Hanpumep, kpyr) OyaeT BbiAepxuBaTbCS CTabUNb-
HO, Aaxe ecnu B CUCTEME BO3HUKHYT MepexofHble MpoLEecchl Unu
nomexu. Mo cyTu, Mbl peLiaem BOMPOC CUHXPOHM3ALIMK €elLe Ha aTane
NNaHNPOBaHNS TPAEKTOPUM, YTO CUIMBHO YNPOLLAET yrpaBnexue.
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NS

PesynbTaThl MoAenMpoBaHus
Ha aTane MMMTALMOHHOTO MOAEMMPOBAHUA Mbl CHSNMK BPEMEH-
Hble 3aBUCMMOCTY MO BCEM KMOYeBbIM napameTpam: (akTu4eckomy
MOMNOXEHUIO 0CeN, CKOPOCTAM, TOKaM ABUraTenen 1, KOHeYHo, oLLnbke
cnexeHus. 1O [ano Ham MOMHYI0 kKapTWHy TOro, kak BeayT cebs
CepBOMPUBOAbI M HACcKONbKO KayecTBeHHO paGoTaeT ynpasneHue.
Cyas no rpadukam, cucTema oTpabaTbiBaeT 3afaHue YeTKO: pearb-

HOE MOMOXEHIUE OCeil MPaKTUYECKW MOMNHOCTbIO COBMAAaeT C TPaeKTo-
pueit. Camn nepexofHble MPOLecchl NONMYYMnuch anepuoau4eckuMm
— Mbl BbIXOAUM Ha 3a[aHHble 3HauYeHWsi 38 KOHEYHOe Bpems U Ge3
«3BOHa» WNW 3aMETHOTO NepeperynyupoBaHns. [ns Hac 3To rMmaBHbli
WHZMKATOP TOTO, YTO PErynsTopbl HACTPOEHbI BEPHO, a Cama cucTeMa
COXpaHSIET YCTONYMBOCTb BO BCEX PEXUMAX.

g |

Gain4

nosuumus X

-

Hactoswwan noavuma X

Cybeuctema ocn X

Moaens X

YrnoBas CKOpOCTb

3afjaHHas
TpaekTopus

HacToAWan
TpaexTopusi

,—U

—3af1aHHas No3uunsa Y

V_HacToAwas_y

—*v_mb

Cybeuctema ocu Y

HacTosauas Y | yef

HacToaujee yckopenne Y ——————»|

a8 cKopocTh Y > wyef

mogents Y

Puc.5. Simulink mopenb nepemelyenns ocent X U Y ppesepHoro ctaHka ¢ 3aAaHHbIMU M HACTOALWMMMU AaHHBIMMU.

Ha pucyHke 5 nokasaHa CTpyKTypa Halleil UMWUTaLMOHHON Mode-
nm gna lY-ctaHka, koTopylo Mbl cobpanu B cpepe MATLAB/
Simulink. OcHoBHasi 3ajava 3pecb — MOCMOTPETb, kak ocn X u Y
"oroBapuBaroTcs" Apyr ¢ APYroM Npu ABWXKEHWW MO CIIOXKHBIM KOHTY-
pam. flornka paboTbl Takas 4To CneBa Mbl 3a4aeM camy TPAeKTOpUH.
YrnoBas ckopoCTb MPeBPALLAETCs B CUHYCI 1 KOCUHYCbI — TaK nony-
YaeTcs KPYroBoe ABMXEHWE UHCTPYMeHTa. OTW CurHanbl Mbl MaclUTa-
Bvpyem KoaphuLmeHTamMu 1 OTNPaBnseM Kak LieneBble 3agaHus Ha
kaxpyto ocb. Camu nogcuctembl ocedt X u Y — 3T0 MOMHOLEHHbIE
MOZEenu CepeonpuBOAOB. BHyTpU KaXaol cuCTeMbl UMEETCS Knaccu-

YeCKuit kackag, yrpaBNeHus: TOK, CKOPOCTb W MONOXEHME. Tam e Mbl
CUMTaEM BCO (DU3MKY: OT YCKOPEHUI 4O MOMEHTOB, KOTOPbIE pa3BiBa-
€T ABuraTenb. YUtobbl Mogenb Gbina MakcuManbHo 6rmu3ka K pearnbHo-
CTU, AaHHble nepegatotes B 6noku Multibody CNC Plant. Onu yuunTb-
BAKT MHEPLMIO U MEXaHUYeCKMe CBSI3W peanbHoro "xenesa" cTaHka.
[ns oGpaTHOM CBSA3M Mbl CHUMAeM (haKTUYECKVE JaHHbIe MO NomoXe-
HUIO 1 CKOPOCTW. DTO MO3BONSIET HAM HE TONMLKO YNpaBnsATh NpoLec-
COM, HO W aHamuaupoBaTb AWHAMMKY. B LieHTpe cxembl Mbl Cpasy
CpaBHMBAEM TEOPUIO C MPaKTUKOIA: GroKM BU3yanuaaLyun HarnsigHo
NoKa3blBatoT KOHTYPHYIO OLMBKY. ECnn ocu paccUHXpOHW3MPOBaHLI,

a

0 B

Puc.6. a) 3apaHHas kpyroBas nHTepnonsauus; 6) HacTosWas KpyroBas MHTEPNONALMSA (ABUKEHNE C HYNEBOTO NONOXKEHNA); B) pa3HuLa
KOHTYPOB MeXAy 3aAaHHbIM 1 HACTOALMMM KpYroBbIMW MHTEpNonsALumMaMK (pesepHoro cTaHka ¢ YIY.
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Ha XY-rpadmke (cnpaBa) aTo cpasdy BbiNeseT — Kpyr NpeBpaTuTCs B
annMNnc unu noiaet psibbto. Mo utory, Moaenb o06beauHseT BCE: oT
MaTemaTuki TPAeKTOpUM [0 MeXaHWKM MpUBOLOB. OTO WAEarbHbIil
MONUIOH, YTOBbl OTPErynMpoBaTh anropuTMbl  CUHXPOHM3ALMK 1
HACTPOMKW PErynaTopoB A0 TOrO, Kak Mbl MOWAEM K pearbHoMy
CTaHKy.

[MAAA Ha CKOPOCTHbIE XapaKTEepPUCTMKM, MOXHO CKa3aTb, YTO OCH
oTpabaTbiBaloT 3afjaHue NnaBHO. HUKAKMX PbIBKOB UMM PeskuX Ckau-
KOB CKOPOCTW Mbl He 3ath/KCHPOBaNH, YTO NOMHOCTLI0 COOTBETCTBYET
TIOTVIKe 3aMOXEHHbIX TPAEKTOPUi. [axe Ha MUKOBbIX 3HAYEHMAX CKO-
POCTb He BbIXOAMT 3a A0NYCTUMbIE PaMKM, NOSTOMY CUCTEMA COXPaHSi-
€T YCTONYMBOCTb 1 He MAET B HEOXMAaHHbIX NapameTpax.

<

Puc. 7. PazHnua mexay 3agaHHOMW M HacTosLen
CKOPOCTBIO MepeMeLLeHns 0Cel CTaHKa.

Ur0 KacaeTcs OLWMBKM CRIEXEHMS, TO HA MPOTSKEHNM BCETO TecTa
OHa JepxuTca B npegenax MuHuMyma. KoHeuHo, B MOMeEHTBI nycka
WNN Peskoi CMEHbI HanpaeneHus (B NepexofHbiX pexvmax) Mbl Bu-
AUM HeborbLUOW KpaTKOBPEMEHHBI BCMECK, HO cuctema BbiCTpo
"noaxsatbiBaeT" ynpasneHne, 1 ownbka MrHOBEHHO CTabunmanpyer-
cs. 3TO HarMAAHO NOATBEPXKAAET, YTO KOHTYP yNpaBneHUs afekBaTHO
pearvpyeT Ha AMHaMUKy W CrIOKOHO 0TpabaTbiBaET BHELUHME BO3MY-
LUEeHWs, He AaBas UM BMUSTb HA UTOTOBYIO TOYHOCT.

Ham 6bino BaxHO NpoBEpWTb, HACKOMbKO BOODLUE MOXHO AOBe-
pATb MOMyYeHHbIM Lmdpam. [ing 3Toro Mbl He cTann BpaTb OuveHb
3aBblILUEHHbIE 3HAYEHWs, @ 3amoXVUM B MOAENb peanbHble nacnopT-
Hble AaHHble ABUraTeneit, kotopble CTOAT Ha cTaHkax cepun HO-630.
Korga mbl cpashunv 10, yTO Bblgan Simulink, ¢ xapakTepucTikamu
peanbHbIX CUCTEM MO3NLMOHMPOBAHMS, BCE COLIIOCH — AWHAMKKA
okasanach MpakTU4YeCKV WAEHTMYHON. YTobbI MPOBEPUTL CMCTEMY Ha
MPOYHOCTb, Mbl MPOBENU CBOEro pofa "Kpal-TecTbl" napameTpoB.
Hanpumep, cneuymansHo 3aBbicunn KO3ULMEHT TPEHNS B HanpaB-
nsolmx Ha 20%. Bbino MHTEPeCHo NoCcMOTPeTb, OLWMBETCS N ynpaB-
nenue. Cucrema BbICTOANA, XOTA HaM W MPULLNOCH HEMHOTO NoAmnpa-
BUTb WHTErparbHyl0 YacTb Perynsropa CKOpoCTW. OTU MCMbITAHUS
A0oKasanu, YTo y Hallen CTPYKTYpbl ypaBieHns eCTb XOpOLUMiA 3anac
XuBy4ecTu. Mo cyT, Mbl NOMYYMAM NOMHOLEHHBIN LMPOBOI ABOM-
HUK: Tenepb MOXHO 6e30MacHO rOHATb CTAHOK B KPUTUYECKUX Pexu-
Max, KOTOpble Ha peanbHOM Xenese NpoBepsATb NPOCTo NoBosNMUCH bbl
n3-3a pucka nonomku. B peanbHom ctaHke H®-630 HanpasnsioLLme
CKOMbXEHMSI UMM KayeHus 0bnajaloT 3HauMTENbHbIM TpeHuem. B
Simulink-mogenb mbl fo6aBunu 6rok HenuHelHoro Tpexmst (Stribeck
Friction), kOTOpbI yuMTbIBAET Kak CTaTW4ecKoe TPeHue (Tpewue mo-
KOfl), TaK M BA3KOe TPeHuWe, 3aBUCALLEE OT CKOPOCTW. MHTEpecHbIM
HabriogeHMem cTano To, YTO MPK OYEeHb HU3KWX CKOPOCTSX NoAauu
CACTEMA CKIOHHA K BO3HMKHOBEHWIO aBToKonebaHuit Twma «stick-
slip» (ckaykoobpasHoe ABikeHue). YTobbl n3bexatb atoro addekTa,

on-

Oftvetsi

r)

Puc. 8. PasHuua ckopocTei Npu BHELWHMX BO3MYLUAOLNX
BO37ENCTBUSAX. a) 2 NPOLEHTa OT 3aAaHHbIX NepeMeLLeHN.
0) 5 npoLieHTax OT 3aAaHHbIX NepPeMeLLEeHNIA. B) NPy
7 NpouieHTax 3aAaHHbIX NepemelLieHni. r) ownbka
OTCNEeXWUBaHMA.
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TUMU3NPOBANK 30HY HEYyBCTBMTENBLHOCTU perynstopa v gobasunu
HeboMnbLLyl0 ynpexpatLlyl komneHcaumio no Toky (feed-forward
control). 370 No3BoNMNO AOBUTLCA NNABHOCTH Xofa, KOTopas HeobXo-
AvMa NS NOMyYeHUs YUCTOBOI MOBEPXHOCTU Mpu (hpe3epoBaHuM.
MogenvpoBaH1e Takke NO3BOMMIO OLEHUTb TOKOBYK) Harpysky Ha
obmoTku asurateneir. lMockonbky (Ppes3epHblil cTaHok paboTaeT B
NPOAOIKNTENBHBIX PEXMMAX, BaXHO, 4TOObI CpeaHeKkBaapaTUyHOE
3HauyeHWe TOka He MNpeBblwano HomuHan. Mel npoaHanuanposany
UMKMbl  «Pa3rOH-YCTAHOBMBLUEECS  [ABWKEHNE-TOPMOXEHME»  ANs
pasnunyHbIX TpaekTopuit. Bbino yctaHoBneHo, YTo Hanbonee aHepro-
3aTpaTHbIMM SBASIOTCA PEXMMbI C 4acTON CMEHOW HanpaBneHus
(Hanpumep, npu bpe3epoBaHNK CIIOXHBIX KApMaHOB MO PacTPOBOM
Tpaektopuu). B 3T MOMEHTbI TOK ABWraTensi AOCTUraeT MUKOBbIX
3HayeHun, Ho bnarogaps OrpaHUMYEHNI0 B PerynaTope, cuctemMa He
BLIXOAMT U3 CTPOS, COXpaHsis paboTocnocobHOCT.

MepcnekTUBLI AanbHEMLWNX UCCNeA0BaHUNA

3aBepLuas onucanme TekyLLeit MOAenu, CTOUT OTMETUTb, YTO OHa
SBNSETCA ugeanbHon 6asoit Ans BHEOPEHWS WHTENNEeKTyambHbIX
MeTOLOB YNpaBneHns. B 4acTHOCTW, Mbl NaHUpyeM WHTErpuMpoBaTh
6ok HelpoceTeBOro afanTuBHOTO ynpaeneHus. B npouecce peanb-
HOrO pe3aHunsi MHCTPYMEHT M3HALLIMBAETCs, a TBEPAOCTb MaTepuana
MOXeT MeHATbCS. ObbIuHbIA PD-perynsitop He MOXeT NOACTPOUTLCS
MoA 3TV W3MEeHeHWs. ALanTUBHbIA anroputM OyneT B peansHoM
BPEMEHN KOPPEKTUPOBATL KOSPPULIMEHTBI YCUNEHUS, OCHOBLIBASICH
Ha OTKMNOHEHUM (haKTUYECKOM TPaekTopuM OT MPOrpamMMHoin. 3JTo
NO3BOMNT HE TOMbKO NOBBLICUTH TOYHOCTb, HO U YBENUYMTL PECypc
WHCTPYMEHTA 3a CYeT CTabunnsaumm yeunui B 3oHe pesaHns. Takum
0bpa3om, paspaboTaHHas Mofenb — 3TO He NPOCTO TEOPETUHECKUN
KOHCTPYKT, @ paboumnii MHCTPYMEHT ANs MPOEKTUPOBAHUS CUCTEM
ynpaeneHus UMY HoBOro nokoneHus.

3aknioyeHue

Bbina cobpanu B Simulink/Simscape nonHoLeHHas UMUTaLMOH-
Has Mofenb [ABYXKOOPAWHATHOW cucTembl. OHa monyuunach Kom-
MMEKCHON: BHYTPU CBA3aHbI AneKTpUYeckas YacTb, MEXaHuka u anro-
PUTMbI yNIpaBneHms.

B kayectBe «Mmo3ra»  cucTeMbl BblGpanu  AUCKPETHbINA
PD-perynstop. Mepuoa auckpetusauum T: nopoBpanu Tak, 4ToGb
mogenb Bbina mMakcumanbHo 6nmuska K peanbHOMY LMd)pOBOMY KOH-
Tponnepy. Mpu 3TOM c1cTEMa COXPaHSIET MOMHYH YCTONYMBOCT.

TecTbl Nokasanu OTNUYHY AMHAMMKY: OCM MepeMeLLaloTcs B
HY)XXHOE MOMNOXeHWe BCEro 3a napy AecATbIX CekyHabl. Mepeperynupo-
BaHus 6o HET coBceM, MO0 OHO AEPXUTCS B MpeAenax napbl npo-
LIEHTOB — NSt TO4HOCTU 3TO OTNUYHBIA pe3ynbTar.

Ownbka cnexeHns BeaeT cebs npeackadyemo. Hebonbluon nuk
€CTb TONbKO B MOMEHTbI Pa3roHa Unu CMeHbl HanpaBneHus, a B ycTa-
HOBMBLLEMCS PEXVME OHa NpakTyeckn obHynseTcs. [ns amnnuTyabl
HaLLWX NepPEMELLIEHMIA 9TO 3HAYEHUe HUYTOXHO Marno.

CkopocTb MeHsieTcst nnaBHO, 6e3 pbIBKOB. OTO MOATBEPXAAET,
ObINo MpaBurbHO paccynTanu Tpaektopun n ocu X u Y paboTart
CUHXPOHHO, He YCKOPSIIOTCS B NPOLLEcce NepeMeLLeHis.

YTo KacaeTcs TOKOB ABUraTens, TO OCHOBHbIE BCTNECKWN NPUXO-
[ATCS HA PasroH W TopMoxeHue. Ho fjaxe B 9TM MOMEHTHI TOK He
BbINETAET 3a JONYCTUMble rpaHuULbl — 3HAYNT, Neperpy3ska cepeomnpy-
BOJAM He rpo3uT.

CucTema nerko CrpaBnseTcs Kak C NUHEHbIM NepeMeLLeHneM,
Tak W ¢ kpyroebIM. briarogaps cornacoBaHHOMY ynpaBneHuto 0camu,
Mbl MONyYaeM upearnbHyLo reoMeTpuio 6e3 NCKaxKeHWIA.

OTa mofenb cTaHeT 6a30i1 ANs cneayrowero wara: Mbl nnaHupy-
em fobaBuTb B Hee afanTuBHOe ynpasnexue, yTobbl MMUTUPOBATbL
pearbHbIii NPOLECC pe3aHust Ha TPEeXKOOPAMHATHOM (hpe3epHoOM
CTaHKe.
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CHARACTERIZATION OF CALCIUM-RICH STEEL SLAG WITH
FLUORINE-BEARING MICRODOMAINS

Mardonov B.T., Sayfidinova M.Kh.,
Rector of the Navoi State University Navoi State University of Minng and
of Minng and Technologies, DS, Technologies, PhD student
Professor

Abstract. In this study, steel slag particles were examined by scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) to
clarify how micro-scale morphology relates to local chemical composition. High-magnification secondary-electron images showed that the slag consists predominantly
of angular, brittle fragments with sharp edges and irregular particle outlines, which is typical of rapid fracture of heterogeneous, hard phases. Many surfaces exhibited
lamellar, stepped, or cleavage-like features, indicating preferential crack propagation along phase boundaries or crystallographic planes. In addition, numerous fine
particles were observed adhering to larger fragments and accumulating in surface recesses, suggesting either mechanical attrition during handling/grinding or the
presence of weakly bonded secondary phases. The coexistence of smooth, plate-like regions and more granular, porous zones supports the interpretation of a multi-
phase material with localized differences in toughness and fracture mechanisms.

Elemental characterization was performed using an EDS map-sum spectrum collected from a representative area of the particle surface. The spectrum was
dominated by calcium, evidenced by a strong Ca Ka peak, accompanied by oxygen as the second major component, consistent with a matrix rich in Ca-bearing oxides
and/or silicates. A noticeable fluorine contribution was also detected, implying the presence of fluoride-containing phases or residual flux-related compounds intro-
duced during steelmaking and slag conditioning. Silicon and magnesium appeared as minor constituents, which may reflect limited amounts of silicate phases and Mg-
bearing oxides/spinels dispersed within the Ca-rich matrix. Manganese was detected only at trace level, suggesting either dilute substitution in oxide phases or small
inclusions below the spatial resolution of the map-sum area.

Keywords: scanning electron microscope, slags, steel, manganize, silicon.

FTOR TUTUVCHI MIKRODOMENLARGA EGA BO‘LGAN KALSIYGA
BOY PO‘LAT ISHLAB CHIQARISH SHLAKINI XUSUSUYATINI
O‘RGANISH

Mardonov B.T., Sayfidinova M.X.

Navoiy davlat konchilik va texnologiyalar universiteti, O‘zbekiston Respublikasi

Annotatsiiya. Ushbu tadgiqotda po‘lat shlagi zarralari skanerlovchi elektron mikroskopiya (SEM) va energiyadispersiv rentgen spektroskopiyasi (EDS) bilan
birgalikda qo‘llanib, mikroko‘lamdagi morfologiya bilan mahalliy kimyoviy tarkib o'rtasidagi bog'liglik aniglashtirildi. Katta kattalashtirishdagi ikkilamchi elektron tasvirlari
shlak asosan burchakli, mo'rt bo'lakchalardan iborat ekanini ko'rsatdi; ularning girralari o'tkir, zarra konturlari esa notekis bo'lib, bu geterogen va qattiq fazalarning tez
sinishi uchun xos holatdir. Ko'plab yuzalarda lamellar (qatlamli), pog‘onali yoki yoriglanishga o'xshash (cleavage-like) belgilar kuzatildi, bu esa yoriglar faza chega-
ralari yoki kristallografik tekisliklar bo‘ylab ustuvor tarqalishini anglatadi. Bundan tashqari, yirik bo‘lakchalarga yopishib qolgan va yuzadagi chuqurcha hamda notekis
joylarda to‘plangan ko'plab mayda zarrachalar aniglandi; bu ularni tashish/tegirmonlash jarayonida mexanik yemirilish (attritsiya) sodir bo‘lganini yoki mustahkam
boglanmagan ikkilamchi fazalar mavjudligini ko'rsatishi mumkin. Sillig, plastinkasimon (yassi) sohalar bilan birga donador va g‘ovak zonalarning ham uchrashi materi-
alning ko'p fazali ekanini hamda mahalliy mustahkamlik va sinish mexanizmlarida farqlar mavjudliigini tasdiglaydi.

Element tarkibini aniqlash zarra yuzasining vakillik giluvchi gismidan olingan EDS “map-sum” spektri asosida bajarildi. Spektrda kalsiy ustun bo'lib, bu kuchli Ca
Ka cho‘qqisi bilan tasdiglandi; kislorod esa ikkinchi asosiy komponent sifatida qayd etildi, bu Ca tarkibli oksidlar va/yoki silikatlarga boy matritsa mavjudligiga mos
keladi. Shuningdek, sezilarli miqdorda ftor signali ham aniglandi; bu po‘lat ishlab chiqarish va shlakni konditsiyalash jarayonida kirib qolgan ftorli fazalar yoki flux
(shlak hosil giluvchi qo'shimchalar) bilan bog’liq qoldiq birikmalar borligini anglatishi mumkin. Kremniy va magniy kichik komponentlar sifatida kuzatildi, bu Ca ga boy
matritsa ichida cheklangan miqdordagi silikat fazalari hamda Mg tarkibli oksidlar/shpinellar tarqalganini ko'rsatishi mumkin. Marganes esa faqat iz (trace) darajada
qayd etildi; bu uning oksid fazalarda juda kam migdorda izomorf almashinuvi sifatida mavjudligini yoki “map-sum” hududining fazoviy aniqligi doirasidan kichik bo‘lgan
mayda qo‘shimcha inkluziyalar borligini taxmin giladi.

Kalit so‘zlar: skanerlash elektron mikroskopi, shlaklar, po‘lat, marganets, kremniy.
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XAPAKTEPU3ALNA KANbLWUNUCOQEPXALIErO CTANEMNABUNb-
HOIrO LWNAKA C #TOPCOOEPXALLUMA MUKPOOOMEHAMMU

MappgoHos B.T., Caiiduantoa M.X.

HaBowickuin rocyaapCTBEHHBIN FOPHO-TEXHOMOTMYECKNI YHUBEpcuTeT, Pecnybnvka Y3bekucraH

AHHOTauus. B faHHOM 1ccrefoBaHuy YacTULbl CTanbHOTO LLMaka U3ydanich ¢ NOMOLLBIO PACTPOBOI 3MEKTPOHHON MUKkpockonum (POM) B codeTaHnm ¢ aHepro-
[UCNEPCUOHHON PEeHTreHOBCKOI cnekTpockonueit (EDS) ans BbIiCHEHUS B3aMMOCBSA3M MUKPOCTPYKTYPbI C NOKaNbHbIM XMMUYECKAM COCTaBoM. A3o6paxkeHus, nony-
YeHHbIE B PEXIIME BTOPUYHBIX SNIEKTPOHOB MPU BbICOKOM YBEMMYEHWUH, NOKA3anM, YTO LUaK COCTOMT NPEeUMYLLECTBEHHO W3 YrIoBaTbIX, XPYMKIX parMeHToB C OCT-
PbIMI KpasiMi 1 HenpaBUmbHOI hOPMOIE HACTWL, YTO XapaKTepHO ANs BbICTPOro paspyLUeHs reTeporeHHbIx TBepabIx dhad. MHOre NoBEpXHOCTM JEMOHCTPUpOBanu
namennspHble, CTyneHyaTble unin NoAobHbIe TPELLMHE CTPYKTYPbI, YTO YKa3blBAeT Ha MPeUMYLLECTBEHHOE PacnpoCTpaHeHne TPeLwH BAOMb rpakuL das unn kpu-
cTannorpaduyeckux nnockocteit. Kpome Toro, Ha MOBEPXHOCTM KPYMHbIX (hparMeHTOB HabnoAanMcb MHOTOUMCHEHHbIE MENKUe YacTuLibl, NPURMMLLLE U HAKOMMBLLW-
ecsi B yrnybneHusx, YTo MOXET CBUAETENbCTBOBATL MO0 O MEXaHMYeCKoM 1CTUPaHUK npu 06paboTke/namenbyeHnm, Nbo 0 Hannynm cnabo CBA3aHHbIX BTOPUYHBIX
ha3. CocyLuecTBoBaHNe rMafkix, NnacTuHYaTbix obnactei u 6onee 3epHUCTBIX, MOPUCTBIX 30H NOAAEPKMNBAET MHTEPMPETALMIO MaTepuana kak MHOrOKOMMOHEHTHO-
10 C NOKaNbHbIMY Pa3nuynsAMy B IPOYHOCTM 1 MEXaHN3MaX PaspyLUEHMS.

OneMeHTHbIN cocTaB bbin OXapakTepu3oBaH C MOMOLLb CyMMapHoro cnektpa EDS, nonyyeHHoro ¢ npefcraBuTenbHON 06nacTit MOBEPXHOCTM YacTuLbl.
CnexTp 6bin JOMUHMPOBaH KanbLieM, 0 Yém CBIUAETeNbCTBYeT apkuil nuk Ca Ka, conpoBoxaaeMbiii KUCNIOPOAOM B ka4ecTBe BTOPOrO MO 3HAUMMOCTI KOMMOHEHTA,
4TO COOTBETCTBYET MaTpuLie, Boraton okcupamu kanbLms uunu cunukatamu. Takoke Bbina oTMeYeHa 3aMeTHas KOHLEHTpaLms dhTopa, Y4To NpeanonaraeT Hanuyne
hTopcogepkallmx a3 Unm oCcTaTouHbIX COeAUHEHNN (htoca, BBEAEHHBIX B NPOLIECCE CTanennasunbHOro Npon3BoACTBa U KOHAULMOHUPOBaHUS Lnaka. KpemHuil u
MarHui NpUCyTCTBOBAMNM B MEHbLUMX KONMYECTBAX, YTO MOXET OTpaxaTb OrpaHNYEHHOE COfepXaHne CUnukaTHbIx a3 u Mg-okeupos/cnuHenei, pacnpeaenéHHbIX B
Ca-borartoit matpuue. MapraHe, 6bin 06HapyxeH N1Lb B CrIEAOBbIX KONMMYECTBAX, YTO MOXET ykasblBaTb NGO Ha ero pa3pexxeHHoe 3aMelLeHne B OKCUAHBIX (ha-

3aX, NMBo Ha Hanuume MemKIX BKIIOYEHUI HKE MPOCTPAHCTBEHHOTO pa3peLueHist 0BNacTi CyMMapHOro CriekTpa.
KnioueBble cnoBa: pacTpoBbIil SNEKTPOHHBIN MUKPOCKON, LUMaKW, CTarlb, MapraHLEBbIA, KDeMHUIA.

Steel slag is a byproduct generated during the steelmaking pro-
cess, especially from electric arc furnaces (EAF) and basic oxygen
furnaces (BOF). As a major byproduct of modem steel production,
steel slag accounts for about 150 kg per tonne of steel, making its
management and reuse vital for addressing environmental concerns
associated with industrial waste. The unique chemical composition
and physical properties of steel slag offer various potential uses, nota-
bly in construction, agriculture, and environmental cleanup, emphasiz-
ing its importance as a valuable resource in a circular economy. The
composition of steel slag varies widely and depends on factors such
as the type of steel produced, the raw materials used, and the opera-
tional conditions of the furnace. Common chemical components in-
clude calcium oxide, silicon dioxide, and various metal oxides, which
contribute to its structural strength and usability. Steel slag has gained
attention for its role in reducing dependency on natural aggregates,
improving soil quality in agricultural practices, and serving as an effec-
tive material for carbon capture and remediation projects. However,
concerns about the leaching of heavy metals and the environmental
impacts associated with their use require careful evaluation and man-
agement. As industries increasingly prioritize sustainability, recycling
and beneficial reuse of steel slag align with global environmental
goals. The adoption of innovative technologies and practices in steel
production is expected to further enhance steel slag's role in advanc-
ing a more sustainable future while addressing urgent challenges in
waste management and environmental degradation. Despite its poten-
tial benefits, the use of steel slag is not without controversy. Issues
related to the environmental impacts of leaching harmful elements and
the need for regulatory oversight present challenges to the widespread
acceptance and application of this technology. Ongoing research and
advancements in processing technologies are essential to mitigate
these risks and unlock the full potential of steel slag as a valuable
resource across various industries. Chemical Composition discussion

Materials and methods

The main chemical components of steel slag include oxides such
as calcium oxide (Ca0), silicon dioxide (SiO2), iron oxides (FeO,
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Fe203), magnesium oxide (MgO), and aluminum oxide (Al20s) [1, 2].
Other components, including manganese oxide (MnO) and phospho-
rus pentoxide (P20s), are also present, but in smaller amounts [3] [4].
The composition of steel slag is usually expressed as simple oxides
obtained from elemental analysis, with most steel slags falling within
established chemical ranges [5]. Variability in slag composition mainly
results from differences in metallurgical processes and raw materials.
For example, EAF slag often contains significant amounts of lime and
other oxides produced during melting and refining, which are neces-
sary to remove impurities and achieve the desired steel quality [6, 7].

To organize the laboratory investigations, steel slag was collected
directly from the waste management area of the Navoi Machine Build-
ing Plant (NMBP), where the material is temporarily stored after pro-
duction operations. To minimize compositional bias and ensure that
the analyzed particles were representative of the bulk waste stream,
the sampling procedure targeted several points within the storage
zone and included fragments with visually different colors and tex-
tures. The collected slag was transported to the laboratory in sealed
containers to reduce additional contamination from dust and to pre-
serve the as-received surface condition as much as possible.

In the laboratory, the slag was mechanically reduced in size using
a specialized crushing machine. The crushing step was selected to
generate fresh fracture surfaces and to obtain particle fractions suita-
ble for subsequent handling and imaging. After crushing, the material
was sieved into two granulometric ranges—approximately 2.36-4.75
mm and 4.75-9.5 mm—uwhich were then used as the primary speci-
mens for examining the surface texture of the raw slag. These size
intervals were chosen because they (i) provide sufficient surface area
and morphological features for SEM observation, (ii) are easy to
mount without additional grinding or polishing, and (iii) allow evaluation
of heterogeneity between coarse and medium fractions that may differ
in phase distribution or fracture behavior.

For SEM analysis, individual particles were selected from each
size fraction and mounted on aluminum SEM stubs using electrically
conductive, non-porous carbon adhesive tapes. The use of conductive
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carbon tape ensured stable fixation of irregular fragments and provid-
ed a continuous pathway for electron discharge, which is essential for
minimizing charging artifacts during electron-beam exposure—
particularly for oxide-rich or partially insulating slag phases. In cases
where a specific particle orientation or a defined region of interest was
required (e.g., freshly fractured face, lamellar area, or region with
adhered fines), the fragments were gently pressed into the tape to
improve mechanical stability without altering the surface relief. No
polishing or chemical cleaning was applied so that the SEM micro-
graphs would reflect the intrinsic surface morphology of the crushed
slag. Prior to imaging, the mounted samples were inspected visually
and lightly blown with clean air to remove loose dust particles that
could obscure microstructural features; however, strongly adhered
fines were intentionally retained, as they can provide information about
secondary phase detachment and attrition behavior.

After sample preparation, the slag particles were examined using
scanning electron microscopy (SEM) combined with energy-dispersive
X-ray spectroscopy (EDS) in order to characterize surface morphology
and evaluate local chemical heterogeneity at the micrometer and sub-

micrometer scales. SEM observations were performed on a Thermo
Scientific Apreo 2 microscope using secondary-electron (SE) imaging
with an Everhart-Thornley detector (ETD). This detector configuration
was selected because it provides strong topographic sensitivity, allow-
ing fracture steps, lamellar pattems, microcracks, and attached fine
particles to be clearly distinguished. The representative micrograph
shown in Fig. 1 was acquired at 10,000x magnification (scale bar: 5
pm) under the following operating conditions: accelerating voltage
(HV) = 15.00 kV, beam current = 1.6 nA, and working distance (WD) =
8.07 mm (standard operating conditions). These parameters offer a
practical balance between image resolution and signal intensity, deliv-
ering high topographic contrast while maintaining sufficient electron-
beam energy for reliable EDS microanalysis of major and minor inor-
ganic constituents. The chosen accelerating voltage also supports
excitation of characteristic X-ray lines for typical slag-forming elements
(e.g., Ca, Si, Mg, Mn, and others), enabling the correlation of morpho-
logical features with localized compositional variations.

L

Figure 1. Electron picture of SEM-EDS characterization of steel slag (Thermo Scientific Apreo 2)

Results

The EDS map-sum spectrum obtained from the selected steel slag
region indicates a composition strongly dominated by calcium, accom-
panied by oxygen and a clearly detectable fluorine contribution, togeth-
er with minor signals attributable to silicate- and oxide-forming ele-
ments. The most intense feature of the spectrum is the Ca Ka peak
centered at approximately 3.69 keV, accompanied by the Ca K line
(observed as a shoulder near 4.01 keV). The prominence of these
calcium lines confirms that the analyzed area is composed primarily of
Ca-bearing phases, which are commonly reported in steelmaking
slags as calcium-rich oxides and calcium silicates (e.g., lime-derived

phases and Ca-Si-O compounds). In practical terms, such a Ca-
dominated signature typically reflects either unreacted or partially
reacted lime and/or Ca-rich reaction products formed during high-
temperature slag generation and subsequent cooling.

At lower energies, the spectrum shows two characteristic peaks
for oxygen and fluorine: O Ka at approximately 0.52 keV and F Ka at
around 0.68 keV. The oxygen peak aligns with the dominance of oxide-
based minerals and confirms that the main phases in the sampled
area are oxidized rather than metallic. The fluorine peak, though small-
er than those of calcium and oxygen, remains clearly distinguishable,
indicating the presence of fluorine-containing compounds above the
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detection limit of the EDS measurement. This is significant because
fluorine in steel slags is typically linked to fluxing agents or process
additives (such as fluoride compounds used to alter slag viscosity
and melting properties). The concurrent presence of Ca, O, and F
suggests that part of the analyzed micro-area may contain Ca-F-O
phases or fluoride-bearing calcium compounds formed during slag
processing and cooling. Additionally, fluorine might appear as isolat-
ed fluoride inclusions or as part of complex Ca-rich matrices, depend-
ing on local chemistry and thermal history.

Apart from the dominant Ca-O-F signals, weaker peaks—
previously noted in the broader dataset—corresponding to elements

like Si and Mg support the existence of minor silicate and magnesium
oxide phases dispersed within the Ca-rich background. Although
these peaks are small, they indicate chemical heterogeneity at the
micro-scale, suggesting that the slag is a multiphase material rather
than a single phase, with Ca-rich areas coexisting alongside silicate-
and oxide-based components. This phase mixing influences fracture
behavior, grinding, and potential reactivity during reuse, such as in
glass-ceramics or secondary raw materials. Overall, the spectrum
confirms that the area mainly consists of a Ca-rich oxide matrix with
notable fluorine, aligning with typical steelmaking slag chemistry and
the possible retention of fluoride from flux inputs during processing.

:
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Figure 2. EDS map-sum spectrum of steel slag (SEM-EDS)

The spectrum shows two small peaks corresponding to Mg Ka
radiation at 1.25 keV and Si Ka radiation at 1.74 keV, indicating that
only a small amount of Mg-Si containing phases (such as silicates or
mixed Ca-Mg-Si oxides) exist in the measured region. The presence of
Mn is detected at minimal concentrations because the Ka (~5.90 keV)
and KB (~6.49 keV) peaks of Mn appear in the spectrum, which is
consistent with the behavior of steelmaking slags that form oxide phas-
es containing Mn. The C peak shows a small signal at 0.28 keV, re-
sulting from surface carbon contamination and the use of conductive
carbon coating or tape. Careful analysis of this signal is necessary to
interpret the intrinsic slag chemistry, as it originates from surface con-
tamination. The accompanying semi-quantitative bar plot (map-sum,
weight %) aligns with these findings: Ca is the predominant element,
followed by F and O, while Si, Mg, Mn, and C are minor to trace com-
ponents in the mapped region. The slag area mainly consists of Ca-
rich oxide and fluoride phases, along with small amounts of silicate
materials and Mn-bearing oxides as indicated by the spectrum.

Discussion

The performance of steel slag in reuse and valorization routes is
largely governed by its metallurgical origin and cooling history, which
collectively determine phase assemblage, microstructure, and local
chemical variability. Unlike conventional single-phase mineral raw
materials, steel slag forms through a high-temperature, chemically
dynamic process where lime, silica, alumina, magnesia, and minor
alloying/impurity elements react under strongly oxidizing conditions.
During tapping and subsequent cooling, the melt solidifies rapidly and
often non-uniformly, generating a multiphase material in which Ca-rich
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oxides, calcium silicates, and Mg- or Mn-containing oxides may coexist
at the micrometer scale. As a result, steel slag typically exhibits strong
spatial heterogeneity in both composition and mechanical response,
which in turn controls its grinding behavior, leaching tendency, and
suitability for applications such as construction aggregates, cementi-
tious binders, glass-ceramics, and functional fillers.

The SEM micrograph of the investigated steel slag (10,000%; 5 ym
scale bar) shows a highly irregular brittle fracture pattern characterized
by angular fragments with sharp edges, stepped fracture facets, and
localized cleavage-like or lamellar surfaces. These features are typical
of fracture in heterogeneous oxide-silicate systems, where cracks
tend to follow phase boundaries or pass through brittle crystalline
grains with clear cleavage tendencies. The presence of lamellar and
plate-like regions indicates that certain slag phases fracture in a lay-
ered way, while the more granular and jagged areas suggest either a
finer multiphase mixture or regions with pores, microcracks, and weak-
er interfaces. This variety of morphologies is common in steelmaking
slags, because rapid solidification and air cooling lead to a non-
equilibrium microstructure: some phases crystallize early and create
coarse, brittle zones, while later solidification produces finer inter-
growths or glassy/partially amorphous matrices. As a result, even
within a single particle, the fracture behavior can vary greatly depend-
ing on the phase distribution and the presence of microdefects caused
by cooling.

A consistent observation is that fine particles attach to larger frag-
ments and accumulate in surface recesses. These fines can originate
from secondary breakage during crushing and handling, but their ten-
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dency to adhere to certain surfaces also suggests microstructural
causes. For instance, weakly bonded secondary phases or mi-
crocracked areas detach more easily, generating fine debris that either
sticks electrostatically or becomes mechanically trapped in asperities.
This feature is significant because the fine fraction often increases the
specific surface area, enhancing reactivity, dissolution kinetics, and
sintering behavior. However, a high amount of adhered fines can
complicate separation and classification, affect flowability in powder
processing, and impact product consistency if the fines differ in com-
position from coarser phases. The microstructural heterogeneity ob-
served supports previous findings that steel slag is inherently multi-
phase, with phase composition and microtexture depending on pro-
duction practices like furnace type, flux additions, and slag condition-
ing. In practical reuse applications, this heterogeneity has two main
implications. First, chemical variability affects reactivity: Ca-rich oxide
and silicate phases are typically more prone to hydration, carbonation,
or dissolution than more stable spinel-like or Mg-rich oxides, leading to
uneven reaction fronts in cementitious or environmental uses. Second,
microstructural differences influence mechanical behavior and crush-
ing: brittle, coarse crystalline phases fracture easily and create angular
particles, while finer intergrowths and glassy regions fracture different-
ly, resulting in a wider size range. Both aspects influence downstream
processing choices such as milling energy, classification methods, and
the necessity for pre-treatment (washing, aging, or thermal condition-
ing).

Overall, the SEM evidence supports the interpretation that the
investigated slag is a structurally complex material formed by rapid
solidification of multiple oxide and silicate phases. This complexity is
not merely a descriptive feature; it influences slag performance in
reuse applications. Therefore, any valorization pathway should explic-
ity consider (i) phase-dependent fracture behavior and surface tex-
ture, (ii) the distribution and composition of fine attached particles, and
(iii) local chemical heterogeneity that can cause uneven reactivity. In
future work, correlating these SEM observations with quantitative
phase analysis (e.g., XRD with Rietveld refinement) and localized EDS
mapping across multiple regions would further strengthen the connec-
tion between microstructure, composition, and application-specific
performance.

Conclusion

The SEM images revealed that steel slag particles exhibit a wide
variety of microstructural features because they contain multiple angu-
lar, brittle fragments with local lamellar and cleavage-like surfaces,
along with small particulate inclusions. The material's multiphase com-
position is demonstrated by these microscopic features. The SEM-
EDS map spectrum from the analyzed region showed strong calcium
signals combined with oxygen and fluorine, and smaller amounts of
silicon and magnesium, as well as trace amounts of manganese. The
examined slag area contains both calcium-rich oxide or silicate phases
and fluorine-bearing microdomains that coexist.
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WHTErPANIbHOE TEPMOKWHETUYECKOE MOJENUPOBAHUE

CTPYKTYPHOW FrETEPOTEHHOCTU U 9KCMNYATALMOHHOIO
PECYPCA KPYMNHOIABAPUTHBIX BAJ-LUECTEPEH U3 CTAIN
34XH3MA

Caubos M.®., Ynyros I'.[., Awypos X.X.,
HaBowickuii rocyAapCcTBEHHbIN Haouickuit rocyAapCcTBEHHbIN HaBowickuii rocyAapCcTBEHHbIN
TOPHbII 1 TEXHOMOTUYECKNiA TOPHBIA 1 TEXHOMOrMYECKMI TOPHbII 1 TeXHOMOTYECKit

YHWUBEPCUTET, JOKTOPaHT yHusepcuret, PhD yHuBepcuteT, PhD

AHHOmMayus. B daHHol pabome npedcmasneHo KoMniekcHoe uccrnedosaHue 380MMoYuUU MUKpOCMPYKMYyPbl U MeXaHU4ecKux ceolicms KpynHo2abapumHbix
sar-wecmepeH npu mepMuyeckol obpabomke. AkmyansHocmb meMbl 0bycrnogneHa HeobXo0UMOCMbIO NOBbILIEHUS 3KCNITyamayuoHHoOU HadexHocmu npueodos
20pH020 0b0pydosaHus, pabomarowux 8 yCrogusix 8bICOKUX YUKITUYeckux Haepy3ok. Obbekmom uccrnedosaHus sensiomes demanu ¢ MacCusHbIM CeyeHueM
(Ouamempom 0o 500 mm) u3 cmanu 34XH3MA, dnsa komopsix xapakmepHb! 3Ha4YUMeNbHbIe meMnepamypHble 2padueHmb| U HepagHOMEPHOCMb CKopocmel oxna-
KOEHUS N0 CeYeHUo.

PaspabomaHa u eepucpuyposaHa ck8o3Has Mamemamuyeckasi Modenb, 06beduHsIoWas mepModuHaMuyeckue pacyems! ¢ha3oebix pagHogeculi 8 OpenCal-
phad u KOHeYHO-3MeMeHMHbIU aHanu3 HecmayuoxapHol menmonposodHocmu 8 COMSOL Multiphysics. KuHemuka pacnada nepeoxnaxdeHHo20 aycmeHuma npu
HenpepbIBHOM OXax0eHuu onucklieanacs ¢ Ucnob3ogaHueM mModupuyuposarHozo ypasHeHus JMAK u npunyuna addumusHocmu Llletina. B modenu yymeHsi
mennogoll aghchekm ha3o8020 nepexoda (pekanecuyeHyus) u aghgekm nnacmudHocmu, HagedeHHol npesgpawjeHuem (TRIP), Ymo no3gonumno ¢ 8bICOKOU MOYHO-
CMbI0 NPO2HO3UPOBaMb KPUMUYECKUe MOYKU Hayasna pacnada.

YcmaHosneHo, 4mo numMumupyrowUM ¢hakmopom KOHCMPYKUUOHHOL npoYHoCMmU sensemces oopmuposarue dughy3uoHHbIX cmpykmyp e cepduesuHe. [loka-
3aHo, Ymo 0nsi cmanu 34XH3MA komnnexcHoe neauposaHue (Ni-Mo) 3a cuem aghghekma «npumMecHo20 MopMOXeHUsT» epaHu, 3epeH obecneyusaem nodagneHue
nepnumHoeo npespaweHus (dons <0.5%) daxe 8 mepMuyeckoM yeHmpe eana. 3mo npusodum K (hopMuposaHUK0 K8a3uodHOPOOHOLU CmpyKmypbI «MapmeHcum —
HUXHUU 6elHUm» ¢ 8bICOKOU yOapHOU 8513KOCMbIO.

Ha ocHose kpumepusi Mypakamu 6bINOfHEH NpoeHo3 yemanocmHol 001e08e4HOCMU, NoKa3aswull, Ymo Hanuyue axe MuHuManbHoU donu nepiuma e no-
8EPXHOCMHOM CI10e CHWXaem npeden ebiHocrusocmu Ha 20%. O60cHO8aHO, Ymo onMUMU3ayUs 3akanoyHbIxX cped, 8 YacmHocmu nepexod Ha 8000 N0NUMEPHbIe
pacmeopbI, N0380AEM peanusosams HemUHeUHbI PexuM oxnaxdeHus U nosbicums pacyembili pecypc usdenus Ha 15-20%. PaspabomaHHbil aneopumm pexo-
meHOyemcs Ons 4Ughp0os0o20 NPOEKMUpPOBaHUS MexHomoaull mepmoobpabomku omeememseHHbIX demaneli msaxeno2o MalUHOCMPOEHUs U 20pHO20 06opydosa-
HUS1.

LononHumenbHo 8biseneHo, Ymo 8HedpeHue npedioxeHHbIX MemodUK 8 NPOU380ACMEEHHbIL LUKIT NO380MSEM CYWeCmeeHHO COKpamumb 8pems Ha Hanaoky
060pydogaHUs U CHU3UMb KOUYECMBO MeXHOM02UYeCcKo20 bpaka. 3mo OmKpbIgaem WUPOKUE 803MOXHOCMU O/ UMNOPMO3aMeU|eHuUsi KDUMUYECKU 8aXHbIX
KOMNOHEHMOo8 20pHO-0b02amumenbHbIX KoMbUHamos, obecneyugas 8bICoKUL ypo8eHb NPOMbITEHHOU 6e30nacHOCMU U He3agUCUMOCMb OM 3apybexHbIX UHXU-
HUPUH208bIX YCITye npu KChyamayuu msaXeno HagpyKeHHbIX Y3108 U MeXaHU3Mo8.

Knroueenle cnoea: san-uiecmepHsi, mepMokuHemuyeckoe modenuposaHue, OpenCalphad, npasuno Lledna, 6elHumHoe npegpaweHue, TRIP-aghchexm,
ycmanocmHas nPOYHOCMb.

34XN3MA PO‘LATIDAN TAYYORLANGAN YIRIK O‘'LCHAMLI
VAL-SHESTERNALARNING STRUKTURAVIY GETEROGENLIGI VA
ISHGA YAROQLILIK MUDDATINI INTEGRAL TERMOKINETIK
MODELLASH

Saibov M.F., Ulug‘ov G‘.D., Ashurov X.X.

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi
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Annotatssiya: Ushbu ishda issiqlik bilan ishlov berish jarayonida katta o‘lchamli val-shesternyalarning mikrostrukturasi va mexanik xususiyatlarining evolyutsiya-
si to'liq o'rganilgan. Mavzuning dolzarbligi yuqori siklik yuklamalar sharoitida ishlaydigan kon uskunalari yuritmalarining ekspluatatsion ishonchliligini oshirish zarurati
bilan bog'liq. Tadqiqotning obyekti sifatida 34XN3MA markali po‘latdan tayyorlangan kesimi massiv (diametri 500 mm gacha) bo‘lgan detallar olingan bo'lib, ular kesi-
mi bo'yicha sezilarli harorat gradiyentlari va sovitish tezligining notekisligi bilan tavsiflanadi.

OpenCalphad dasturida fazaviy muvozanatning termodinamik hisoblarini va COMSOL Multiphysics dasturida nostatsionar issiglik o ‘tkazuvchanlikning chekli
elementli tahlilini birlashtiruvchi matematik model ishlab chigildi va tasdiglandi. Uzluksiz sovitishda o'ta sovitilgan austenitning parchalanish kinetikasi modifikatsiya-
langan JMAK tenglamasi va Sheyl additiviik prinsipi yordamida tavsiflangan. Modelda fazaviy o'tishning issiqlik effekti (rekalissensiya) va transformatsiyalangan plasti-
Klik effekti (TRIP) hisobga olingan bo'lib, bu parchalanish boshlanishining kritik nuqtalarini yuqori aniglik bilan bashorat qilish imkonini berdi.

Konstruksion mustahkamlikning cheklovchi omili o‘zakdagi diffuzion strukturalaring shakllanishi ekanligi aniglandi. 34XN3MA po'lati uchun kompleks legirlash
(Ni-Mo) donalar chegaralarining "qo‘shimcha tormozlanishi" effekti tufayli valning termik markazida ham perlit o’zgarishini (<0.5% ulushi) bostirishni ta'minlashi
ko'rsatilgan. Bu yuqori zarbiy qovushqoqlikka ega bo‘lgan "martensit - quyi beynit" kvazi bir jinsli strukturaning shakllanishiga olib keladi.

Murakami mezoni asosida toligishga chidamlilik bashorati amalga oshirildi, bu esa sirt qatlamida perlitning minimal ulushi mavjudligi chidamlilik chegarasini 20%
ga kamaytirishini ko'rsatdi. Toblash mubhitlarini optimallashtirish, xususan, suv-polimer eritmalariga o'tish nochizigli sovitish rejimini amalga oshirish va mahsulotning
hisobiy resursini 15-20% ga oshirish imkonini berishi asoslangan. Ishlab chigilgan algoritm og'ir mashinasozlik va kon uskunalarining mas'uliyatli detallariga issiqlik
bilan ishlov berish texnologiyalarini raqamli loyihalash uchun tavsiya etiladi.

Bundan tashqari, taklif etilgan usullarni ishlab chiqarish sikliga joriy etish uskunani sozlash vaqtini sezilarli darajada qisqartirish va texnologik nugsonlar sonini
kamaytirish imkonini berishi aniglandi. Bu esa og'ir yuklangan uzel va mexanizmlarni ekspluatatsiya gilishda yuqori darajadagi sanoat xavfsizligi va xorijiy injiniring
xizmatlaridan mustagillikni ta'minlagan holda kon-boyitish kombinatlarining muhim tarkibiy gismlarini import o‘mini bosish uchun keng imkoniyatlar ochadi.

Kalit so‘zlar: val-shesternya, termokinetik modellashtirish, OpenCalphad, Sheyl qoidasi, beynitli 0'zgarish, TRIP-effekt, toliqish mustahkamligi.

INTEGRAL THERMOKINETIC MODELING OF STRUCTURAL
HETEROGENEITY AND SERVICE LIFE OF LARGE-SIZE STEEL
34KhN3MA SHAFT GEARS

Saibov M.F., Ulugov G.D., Ashurov X.X.

Navoi State University of Minng and Technologies, Republic of Uzbekistan

Abstract. This work presents a comprehensive study of the evolution of the microstructure and mechanical properties of large-scale shaft gears during heat
treatment. The relevance of the topic is due to the need to improve the operational reliability of the drives of mining equipment operating under high cyclic loads. The
object of the research is parts with a massive cross-section (diameter up to 500 mm) made of 34KhN3MA steel, for which significant temperature gradients and une-
ven cooling rates along the cross-section are characteristic.

A cross-sectional mathematical model has been developed and verified that combines thermodynamic calculations of phase equilibrium in OpenCalphad and
finite-element analysis of non-stationary thermal conductivity in COMSOL Multiphysics. The kinetics of overcooling austenite decomposition during continuous cooling
were described using the modified JMAK equation and Sheil's additivity principle.

The model takes into account the thermal effect of the phase transition (recalescence) and the transformation-induced plasticity effect (TRIP), which made it
possible to predict the critical points of decay with high accuracy.

It has been established that the limiting factor of structural strength is the formation of diffusion structures in the core. It has been shown that for 34KhN3MA
steel, complex doping (Ni-Mo) due to the "additive braking" effect of the grain boundaries ensures suppression of pearlite transformation (share <0.5%) even in the
thermal center of the shaft. This leads to the formation of a quasi-homogeneous "martensite-lower bainite” structure with high impact toughness.

Based on the Murakami criterion, fatigue durability was predicted, which showed that the presence of even a minimal portion of pearlite in the surface layer
reduces the endurance limit by 20%. It has been proven that the optimization of quenching media, in particular, the transition to water-polymer solutions, allows for the
implementation of a nonlinear cooling regime and increases the calculated life of the product by 15-20%. The developed algorithm is recommended for digital design
of heat treatment technologies for critical parts of heavy machinery and mining equipment.

Furthermore, it was revealed that the implementation of the proposed methods into the production cycle significantly reduces the time for equipment adjustment
and decreases the number of technological defects. This opens up wide opportunities for import substitution of critical components of mining and processing plants,
ensuring a high level of industrial safety and independence from foreign engineering services when operating heavily loaded units and mechanisms.

Keywords: gear shaft, thermokinetic modeling, OpenCalphad, Scheil’s rule, bainite transformation, TRIP effect, fatigue strength.

BBepeHue

[Ipobnemamuka ¢ha3080ll 2emepo2eHHOCMU 8 MAacCUusHbIX No-
Kkogkax. POPMMPOBAHME KOHEYHOTO KOMMMEKCa (hK3NKO-MEXaHNYECKINX
CBOWCTB B  KDYMHOTOHHaXHbIX W3AENWSX TwWNa Ban-lUecTepeH
(anametpom cBbiwe 300-500 Mm) Hanpsmylo OeTepMUHMPOBAHO
KMHETUKOM pacnaja NepeoxnaXdeHHoro aycteHnta. B otnumume ot
TOHKOCTEHHbIX AeTanel, rae rpagueHToM Temnepatyp Mo CeyeHuto
MOXHO MpeHebpeyb, MacCMBHbIE MOKOBKW XapaKTepu3yloTCs Bbipa-
KEHHON 30HANLHOCTBLK TennooTeoga. Knaccuyeckas Teopust haso-
BbIX MepexofoB, noctynupyemas B pabotax 3uHepa u Xunnepra,
yKa3bIBaeT Ha T0, 4To Anddy3noHHOE NepepacnpefenieHne yrnepoaa
SBNSIETCA MMMUTUPYIOLLEA CTaguei nepnmTHoro npespallerus. OpHa-

KO B YCMOBWSX peanbHoro MPOW3BOACTBA HA 3TOT MPOLECC Haknadbl-
BaeTcs (hakTop AEHAPUTHON NUKBALMKM N HEPaBHOMEPHOCTb pacnpe-
penenus nervpyrowmx anementos (Ni, Mo, Cr). Kputuyeckas npobne-
Ma 3aKo4aeTcs B HEBO3MOXHOCTW 0becneynTb W30TepMUyeckie
yCroBus no BceMy 0ObeMy 3aroToBku. LIeHTp Bana ocTbiBaeT B pexu-
M€ HernpepbIBHOTO CHIMKEHUS TEMNepaTypbl, YTO CO3AaeT NPeanocsIn-
kv Ans «apendba» KMHeTUYeCKMX napameTpoB Hykneauuu. MrHopupo-
BaHWe 3Toro (haktopa B MHKEHEPHbIX pacyeTax BedeT K NOSBIEeHNO
Bpaka B BuAe 30H rpybOAMCNEPCHOrO NEPnNTA, CHUXKAIOLMX YAAPHYIO
BA3koCTb (KCU) Hke gonycTuMbIX npesenos.

MexarusmbI 3apox0eHusi U pocma nepaumHbiX KonoHud. Mep-
NUTHOE MpeBpalLieHne B NErMpoBaHHbIX CTansx npeAcTasnsieT coboi
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CINOXHbI PEKOHCTPYKTUBHBIMA NPOLIECC, BKITIOYAIOLMIA KOONepaTMBHOE
3apoxzaeHue 1 pocT AByx ¢as: peppuTa ( & ) U LemeHTuTa ( Fe,C ).
CornacHo knaccuyeckoit Teopum 3uHepa-Xunnepta (Zener-Hillert),
nUMKTUpYtOLLER cTaauelh npouecca sBnseTcs o6bemHas auddyaus
yrnepoga nepes (PpoHTOM pocTa konoHuu. OfHaKo B YCNOBUSX He-
NMPEPbIBHOMO COXaXAEHUS KPYMHbIX MOKOBOK, KOrAa NepeoxnaxaeHue
AT OTHOCUTENBHO PABHOBECHOW TeMMepaTypbl 4., HEBENUKO, KpUTK-
YeCKylo ponb HauvHaeT urpatb anddysus no rpaHmuam 3epeH. Tep-
MOZVHaMUYeCKas ABUXKYLLAs cuna npespaleHms AG7 ™" onpege-
NSETCH PasHOCTbI) CBODOAHBIX 3HEPrUi aycTeHuTa U cmecu dep-
put+kapbug. [ns cranu 34XH3MA Hannune nervpyioLLmx aneMeHToB
(Cr, Ni, Mo) cyLLieCTBEHHO M3MEHSIET aKTUBHOCTb YINIepoAa B ayCTeHU-
Te. Xpom 1 MmormbaeH, aBnssch kapbrpoobpasyoLLmn anemMeHTamu,
CerpervpyloT Ha MexdasHoi rpaHuue /o, cosgaBas adekT
"npumecHoro Topmoxehus" (solute drag effect). 310 seneHne npuso-
JMT K TOMY, YTO CKOPOCTb [ABUXKEHWUS Mex(a3HON rpaHuLbl vV OMuChbl-
BAETCH HENWHENHON 3aBMCMMOCTBIO OT TemnepaTtypbl, YTO Aenaet
NPUMEHEHNE YMPOLLEHHBIX M30TEPMUYECKUX MOLENEi HEKOPPEKTHBIM
ONs TOYHbIX NPOrHO30B. B AaHHoi paboTe Mbl yunTbIBaEM 3TOT 3h-
(heKT uepe3 BBEAEHWE TEMMepaTypHO-3aBUCHMOTO KOduLMEHTa
andaysun D, (T,C,,) , PaCCHUTAHHOTO Ha OCHOBE TEPMOAMHAMMYE-
CKVX NOTEHLanoB.

Oeonroyus modened KUHEMUKU 8 MHO20KOMNOHEHMHbIX cucme-
Max. VcTopuyecki MOAENMpOBaHWE NEPIUTHOTO NPEeBPALLEHNs pa3By-
Banocb B pamkax  AMXOTOMMM  Mexay  Auddy3vOHHO-
KOHTPOMNMPYEMBIMA W MHTEPEEICHO-KOHTPONMPYEMbBIMIA MEXaHU3Ma-
mu. ®GyHoameHTanbHble paboTtbl 3uHepa (Zener, 1946) Bnepsble no-
CTYNMpOBanM, 4T0 CKOPOCTb POCTa MEPRMTHOM KONoHMM G obpaTHo
nponopLyoHanbHa MEXNIACTUHYATOMY PaccTOsHUKO S M NpsiMo npo-
nopuvoHanbHa nepeoxnaxaernio A7 . OgHako aKCnepuMEHTanbHbIe
[aHHble, MOMyyeHHble Ha nerupoBaHHbIX crtansx B 1970-x rogax
(Xunnepr, Myn, Kupkanau), BISBANKM CyLYECTBEHHbIE OTKIOHEHWS OT
paBHOBECHO! MOZenu. bbino ycTraHoBMEHO, YTO B MHOTOKOMMOHEHT-
HbIX cuctemax Fe-C-X (roe X — nervpytoLLuii aneMeHT, Hanpumep,
Cr, Mo, Mn) pocT nepnuTa MOXeT NpoTekaThb Mo ABYM MPUHLMNNANBHO
pasnuyHbIM TEPMOAMHAMUYECKM CLIEHApUAM: C NepepacnpeaeneHm-
em nervpyomx anemenTos (Partitioned Local Equilibrium, PLE) v 6e3
vero (Negligible Partitioning Local Equilibrium, NPLE). [ins kpynHbix
MOKOBOK, OXNMaXOaeMbIX C HU3KUMKU CKOPOCTSMMK, Haubornee BepOsTEH
pexum PLE, Tpebytowmin anddy3nm sameLLeHns, YTo pesko 3ameans-
€T KWHETWKY npouecca. BOoNbLUMHCTBO CyLIECTBYIOLLMX UHXEHEPHbIX
mogenen, 6asupyroLLMXca Ha yNpOLLEHHOM ypaBHEHUM ABpamu, UrHo-
PUPYIOT 3TOT NEPEXOA PEXMMOB MPU CMEHe TEMMepaTyphbl, YTO NPUBO-
OWNT K 3aBbILLEHMI0 NPOTHO3MPYEMOiA CKOPOCTYW NPEBPALLEHNS B LIEHTPE
Bana. CoBpeMeHHbIi 3Tan pa3BuTUS TEOPUM, NPEACTaBNEHHbIA pabo-
Tamn bxapewwa (Bhadeshia) u ap., npegnonaraeT mcnonb3oBaHve
rmbpuaHbIX MOAENeN, rae CKopoCTb Hykneauuu [ W CKOpOCTb pocTa
G paccyMTbIBAKITCA pasfenbHo, C y4eToM aHeprun aedopmadmm
peleTkn. TeM He MeHee, NPUMEHEHUE TakuX MOAXOAO0B [N1S KPYMHO-
TOHHAXHbIX W3AENMA OrPaHUYEHO CIOXHOCTBIO OMPedeneHns BXOA-
HbIX NApaMeTpPOB (3HEPrUW TPaHWUL, 3epeH, MIOTHOCTW AUCTOKALMIA)
AN KOHKPETHOW MPOMBILLNEHHOW NnaBku. B ¢BA3M ¢ aTum, akTyanb-
HOW 3afjayeil ABNsAeTCH agantauus (HEHOMEHOMOTMYEeCKUX Mogenen
JMAK nyTem BBeAeHWs TemMnepaTypHO-3aBUCUMBIX KOI(PPULIMEHTOB,
kannbpyembix no CALPHAD-gaHHbIM, YTO 1 peann3oBaHO B HACTOS-
Leit pabore.

MeTtoanka mopenupoBaHus

Adanmauus cpeHomeHonnoaudeckol modenu JMAK. Ans onuca-
HWSI KMHETUKW (ha30BOW SBOMIOLMM B HECTALMOHAPHBIX TeMnepaTyp-
HbIX MONAX MPUMEHEHWe KIacCU4Yeckoro ypaeHeHus Konmoroposa-
[xoHcoHa-Mena-Aspamu (JMAK) B uHTerpansHoi (opme HegonycTu-
Mo 6e3 BBeAeHWs NpwWHUMNA apauTueHocTW. MopenuposaHue Ha
OCHOBE MaTeMaTW4eckuX pacyeToB MPOBOAMIOCH NS CETMEHTa Lue-
CTEPHU AeTanu Ban-wectephn (puc. 1) ans Toro, 4TobbI YNpoCcTUTL
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YNCIIEHHBIN pacyerT.

0.05 7
m l\‘.x ’ m
2
Puc. 1. Mogenb 3y6a Ban-wecTepHU ANsi YUCHIEHHOTO MOAENIMPOBAHUA

B paHHoW paboTe peanu3oBaH anroputM, 6asupyromiics Ha
npasune agputueHocTu Leinna (Scheil's additivity rule). Cytb nogxo-
Aa 3aKIYaeTcs B AUCKPETU3ALMN HENPEPBIBHON KPUBON OXNaXeHNs
Ha 3neMeHTapHble U30TEpPMIUYECKME CTYNEeH. Ycnosuem crapTa da-
30BOTO Mepexofa MPUHUMAETCS HaKOMMEHWE KPUTUYECKOW CyMMbl
OTHOCUTENbHBIX MHKYBALMOHHbIX NEPUOLOB:

=Ty )
AH - AT
rae  7..(Z)) — BpeMms Jo Havyana pacnaga npu TemnepaTtype cTyne-
HM Z; onpedensemoe No TepMokMHeTMYeckuMm Auarpammam (TTT),
paccunTaHHbiM B cpefe OpenCalphad.

Pacyem MexnnacmuH4amozo paccmosHUs Ha 0CHO8E Knaccuye-
ck020 memoda. CTPYKTYpHbIM NapameTpoM, ONpeaenstowmm npouy-
HOCTb NEPIIMTHON KOMOHWM, SBMSETCA MEXMNAaCTMHYaTOe paccTosH1e
(So). B mogenu ucnonb3oaHa obpaTHas 3aBUCUMOCTb OT CTEMEHM
nepeoxnaxgenus AT = A4, — 7, BbITekatLLas 13 TepMoauHaMU4eCKo-
r0 PaBHOBECHS Ha MEX(hasHoi rpaHuue 7/ a:

n
ZL >1 2)
i=1 Tirlc(]l")

B 30Hax ¢ HU3KOM CKOPOCTbIO OXnaXaeHud (OceBaﬂ 30Ha Baﬂa),
raoe AT MWUHUManbHO, MOAeNnb NporHosnpyet acUMNTOTUYECKMI
poct Sy, 4T0 q3V|3|/|‘-|eCKV| COOTBETCTBYET Koarynaumn LeMEHTUTHbIX
NNacTuH. TeMnepaTypHaﬂ 3aBUCMMOCTb NpuBeaeHa no Cﬂeﬂyl'ol.l.[epl

copmyne:
- Y
{k(T)—k0 exp( RTﬂ 3)

rae: (ko) — MNpeaaKCnoHeHLManbHbIn MHoXUTenb; (Q) — aHeprus
akTusauun anddysum; (R) — rasosas noctosHHas; (T)— Temnepa-
Typa (K). CkopocTb oxnaxaeHus OnucbiBaeTCs crieayiolen dopmy-

no:
dT
{E =f (f)} (4)

roe: (r) — paguyc (koopamHaTa no ceyenuto Bana), /() — dyHkums
TennooTeofa (B LEHTPEe CKOPOCTb MeHbllue). B peanbHbix 3agadax
MOBEPXHOCTb OCTLIBAET BbICTPEE, LIEHTP MELNEHHEE:

{62—: =a- br} (5)

YpasHeHue Hayana U OKOHYaHUS npespaleHust
Hayano npeBpallerms:

[X(tx) = 0.01] (6)
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OkoHyaHve:
[x(z,)=099] )
Otctopa:
- {—ln(0.99)] @)
} k
: :[‘1‘1(‘”)1)] ' )
k

Y4eT pasmepa ayCTEHUTHOTO 3epHa

[k=ko-d™] (10)
rae: (d)— cpeanuit omametp sepHa, (o # 1.5), TO eCTb Yem kpyn-
Hee 3epHO, TeM MefsieHHee NepnuTHOe NpeBpaLleHye.

Y4eT BNUAHUSA NETVPYIOLLNX SNEMEHTOB

[0=0,+8-C,] (11)
rae: (Cleg) — KOHLeHTpaLus nernpyoLLero anemeHTa, ( ﬂ) —
k03athULMEHT BIUSHUS. BugHo, 4To nervpoBaHue yBenuumnBaeT Hep-
TMI0 aKTUBaLWK 1 3amenseT npoLecc.

KOM6VIHVIpOBaHHaF| MoAenb C y4eTOM BCEX yCJ'IOBVIl7I 1 npespaltLe-
HWI B npoLiecce hopMUpOBaHUs ha3oBbIX CTPYKTYpP NpuBedeHa no
HUXe cneayloLle:

X(t,T,r,d)=1-exp| —k,d"“ exp _QIOQ;—(%E t"

OT0 yHMBEpCarbHOE YpaBHEHMWe, KOTOPOe YunTbIBaET: Bpems (1),
Temnepatypy (T), paguanbHylo koopauHaTty (r), pasmep 3epHa (d),
nerupoBaHue.

[puryun _addumusHocmu 0Onisi _HEU30mepMuyeckux _ycrosud.
lMockomnbKy OxnaxgeHMe Bana SBNSETCS HenpepbiBHbIM MpoLec-
COM T = f(¢) , UCTOMb30BAHINE KIACCUYECKOTO M30TEPMUYECKOTO
ypaeHeHust JMAK (Johnson-Mehl-Avrami-Kolmogorov) B uuctom Buae
HeKkoppekTHO. [ind agantauum Moaenu K peanbHbIM YCOBUAM 3akan-
kv 6b1n npumeHeH uHTerpan Leiina (Scheil's additivity rule).

YcnoBne Havana npeBpalleHus onpeaenseTcs MOMEHTOM Bpe-
MEHM ., KorAa Cymma (hpakLmit MHKYBaLMOHHbIX NeproaoB AoCTUra-
€T eAnHULbI:

(12)

dt

b "
nc

rae  7,..(7) — vHKyBaLMOHHBI Neprod A0 Hayana npespaLleHns
npu KOHKpETHOW Temnepatype 7', onpedenseMbin no guarpamme
n3oTepmmyeckoro pacnaga (TTT-diagram).

[ns pacyeTa KMHETUKN pocTa HOBOI (pa3bl B MHTEpPBane Temne-
patyp [7;,7,,,Iucnonb3oBancs MeTof (pUKTUBHOTO BpemeHu (phantom
time method). Tekywwas gons npespallieHus X, nepecynTbiBanach B
(hMKTUBHOE BpeMsl # koTopoe noTpeGoBanock Obl ANS AOCTUKEHMS!
TOV e gonu X, npu HOBOIA TemnepaTypec 77,

o_(=ma-x)Y)"
kT

Toraa npupalleH e JONM NepnuTa Ha are  dt
ypaBHEH/eM:

(14)

onucbiBaeTcAa

X

o =1—exp(=k(T,)- (" +di)") (1)

Takoin noaxof Mo3BONSIET KOPPEKTHO Y4MTLIBATH MPOLECC OXMa-
XOEHUS MeTanna B KO0 TOUKe CEYeHNs.

ModenuposaHue mexnnacmuH4yamoeo paccmosHus. Kputnie-
CKOA XapaKTEpUCTUKOW NeprnuTa, ONpefensioleil ero NpoYHOCTb,
ABNSETCS MEXNNacTuHyaToe paccrosHue (S, ). B Mmogenu ucnonb3o-
BaHa 3aBMCMMOCTb 3uHepa, CBA3blBaOWas S, C NepeoxnaxaeHu-

eM AT =4, —T:

B 40,1, _C

T AH-AT AT (16)

0
rie O,, — NOBEPXHOCTHaA 3Heprus MexdasHon rpaHnubl, AH —
SHTaNbNWs NPEBPALLEHNS.

[ns KpYNHbIX CEYEHMI, Fae CKOPOCTb OXNaXLEeHUs B LiEHTpe Ma-
na, AT Takke Mmano, 4TO TPUBOAMT K pPE3KoMy pocty S,
(o6pasoBaHuio rpyboro nepnuTa) 1 nageHnto TBEPAOCTY.

TepmoduHamuyeckuli _basuc U _pexumbl _nepepacnpedesnenus
anemeHmos. Ipn MofenupoBaHun kuHeTuku B ctanu 34XH3MA kpu-
TUYECKN BAXHO Y4MTbIBaTb TEPMOAMHAMWYECKOE B3aNMOLENCTBUE
yrnepoga ¢ kapbupoobpasytolymm anemMeHTammu (XpoMoMm 1 Monnb-
AeHom). [Buxylias cuna npespaileHms  AG” " He ABNSAETCA KOH-
CTaHTOA, @ 3aBUCUT OT IOKarNbHOMO XMMUYECKOrO COCTaBa Ha Mexdas-
HOW rpaHuLe.

B pamkax paspabotaHHon mopenu yunTbiBaeTcs addekT "solute
drag" (TopmoxeHue npumecsimu). ATombl MonubaeHa, obnagas 6ormb-
LUMM aTOMHbIM PaZWyCOM MO CPABHEHWIO C KENe3oM, CErpervpyrT Ha
HEKOrepEeHTHbIX paHnLax pasgena y/a , CHXKash WX MOLBKHOCT.
MaTemaTtuyeckn aTo ONUCLIBAETCS BBEAEHWEM 3(PEKTUBHOMO KO-
uumenta audpdysun yrmepopga D e KOTOPbIA 3KCMOHEHLMaNbHO
3aBMCUT OT KOHLIEHTPaLM NEr1pyHoLLEro anemexTa C,

AE, . .C
D, _ .ex _ binding X 17
off c p[ —RT (17)
loe AEhim]ing — JHEeprua CBA3M nervpyroLlero anemeHTa ¢ FpaHVILlEVI
3epHa.

[ns KpynHbIX CeYeHWid, rae CKOPOCTb OXNMaKAEHUS NafaeT Huxe
0.5 °Clc, cuctema nepexouT B pexum, Bnnskuid kK paBHOBeCHOMY. B
9TUX YCMOBWAX NUMWTUPYIOLLEN CTaauel CTaHOBMTCH He Anddysus
yrnepoda (kak B yrnepogucTbix CTansx), a Anddysns nerupyrowmx
3NeMEeHTOB (3amelLeHue), koTopas Ha 4-5 nopsigkoB meaneHHee. B
MOZAENN 3TO YYTEHO Yepe3 MoavduKaLMI nokasaTens CTeneHn 71 B
ypaBHeHun ABpamu: npu Temnepatypax Boilwe 650 °C (obnactb and-
(DY3MOHHOTO  KOHTPONS  3aMELLEHUs) 72 MPUHUMAETCS  PaBHbIM
15-20, Torga «kak nmpu Bomee  HM3KMX  TemmnepaTypax
(napapaBHoBeCHBI pexum) 71 BospactaeT o 3.0-4.0. Takon aud-
(hepeHLMpOBaHHbI NOAXOA MO3BONSET C BbICOKOW TOYHOCTBIO BOC-
npom3soauTh "C-06pasHbIn” HOC KMHETUYECKOMN KpuBOW Ge3 Mcnonb3o-
BaHWS NOAFOHOYHBIX KOIPPULINEHTOB.

Pe3ynbTatbl Mogenu

YucneHHas cxema peweHusi. AHanNUTUYECKoe pelleHne 3ajayn
TENMONPOBOAHOCTA C BHYTPEHHUM WCTOYHMKOM Tenna (CKpbIToi Ten-
NOTOW NpeBpaLLEeHNs) AN Ten CROXHOM reoMeTpun HEBO3MOXHO. B
CBA3M C 3TMM Obina MpUMeHeHa KOHeYHO-pa3HocTHas cxema (FDM).
CeueHue Bana AMCKPETU3MPOBANOCH HA NV KOHLIEHTPUYECKMX CIIOEB.
Temnepatypa y3na Tj Ha BPEMEHHOM Lare & +1 BblMucnsanack ¢
Y4eTOM peKanecLeHUM — camopa3orpesa MeTanna 3a cyeT Bbiaerne-
HUs SHTanbnuK (ha3oBoro nepexoja AH,,,,. -

CkopocTb pocTa HOBOI hasbl  dX / dt Ha kaxaom Lware onpe-
Jensnacb AuddepeHLMpoBaHNeM KUHETUYECKOW KPUBOWA C y4eTOM
MFHOBEHHOTO 3Ha4eHNs Temneparypbi:
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d—X=K(T)"-n-t”’1-(1—X)

r (18)

Takas (opMynmpoBka No3BONSET KOPPEKTHO y4MTbIBATL 3dheKT
«TOPMOXEHUS» MpeBpalLeHns Npu nonagaHuM metanna B obnactb
TemnepaTypHoON CTabunbHOCTM aycTeHuTa.

Kuremuka pocma ¢hasbl. Ha pucyHke 2 mpeacTaBfieHa 3aBuCH-
MOCTb [JONW NepnnuTa OT BPEMEHU ANS U30TEPMUYECKON BbIAEPXKKY,
paccuuTaHHas no oTkanmbpoBaHHOW Mogenu Aspamu-Epoceesa.
XapaKkTep KpuBOii UMEET BbipaxeHHyto S-o6pasHyio dopmy. Havanb-
HbIlt yyactok (0-500 c) cooTBETCTBYET MHKYOALMOHHOMY nepuogy U
cTaguv Hykneauwu, rhe CKOpOCTb MPEBPALeHNst  MUHUMarbHa
(dX / dt — 0). Yuyacrok aktueHoro pocTta (500-2500 c) xapaktepu3ay-
€TCS 3KCMOHEHUManbHbIM YBENnYeHneM obbema HOBOW (hasbl, YTO
CBSI3aHO C POCTOM MEPNUTHbIX KOMOHMWIA W MX CMbIkaHWeM. B ycrosusix
HenpepbLIBHOTO OXNaxaeHus KpynHoro Banma (puc. 3, 3D-rpadmk)
HabrloaaeTcs CylecTBeHHas 3aBUCUMOCTb KUHETUKM OT paguanbHON
KoopauHaThl I .

KuHeTHKa nepnuTHoro npespaweiua (Mogens AepamMu-Epodeesa)
0.14

0.10¢

0.08r

0.06

Nons nepnuta {(X)

0.04

o.02r

0.00

0 500 1000 1500
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Puc. 2. 3aBucumocTb Aonu nepnuTa oT BPEMEHTH

Bbicokas ckopocTb 0TBOfA Tenna npueoauT K BbIcTpoMy nepece-
YeHWto nepnnTHOl obnacTu. Bpems npebbiBaHns B MHTEPBANE akTuB-
HOrO NpeBpalLeHns MUHUMArbLHO, YTO nofaenseT obpasoBaHue nep-
nuta (pons ) X <0.05.

Kak nokasaHo Ha 3D-noBepxHOCTW (pUCYHOK 3), B LiEHTPambHOM
30He MpEeBpALLEHNe HAYMHAETCH CO 3HAYUMTENBHON 3aJEPXKKOM, HO
npogomxaetca anutensHoe Bpems (6onee 3000 c). 3To cospaet
YCNOBWS NS MOSTHOTO pacnaja aycTeHuTa, eciu CTanb He obnagaet
[0CTaTOYHO NPOKaIMBAEMOCTHHO.

Bepugpukauyus no kapmam pacnpedenerus (COMSOL). Monyuen-
Hble aHaNUTUYECKNE 3aBUCYMOCTY XOPOLLIO KOPPENMUPYIOT C peaynbTa-
Tamnm FEM-mopenupoBanus. KapTa pacnpenenenus nepnuta (puc. 3)
[EeMOHCTPUpYeT, YTo Ans cTanu BblbpaHHoro coctasa (34XH3MA)
MakcuMmanbHas [Ons MepnuTa [faxe B LEHTPEe He MnpeBblllaet
5-107 (0.5%).

OT0 MoATBEPXOAET afeKkBaTHOCTb MaTEMATUYECKOA Moge-
nm: covetanne nervposaHus (Ni, Mo) u BbibpaHHoro pexuma oxna-
XoeHust caguraeT C-06pasHble KpuBbIE BMPABO HACTOMBKO, YTO Aaxe
NPy ManbIX CKOPOCTAX OXNaXOEHNS B LEHTPE Bana «HOC» NMEPNNTHOO
npespaLLeHns He gocturaetcs. Mogenb npeackasbiBaeT, YTo dopmu-
pOBaHME NepNTa BO3MOXHO WL MU CHIKEHUM CKOPOCTM OXNaxae-
HUS HUXe KpuTdeckon ( V7 < 0.3°C/c) unm npu UCNonb3oBaHnN Hene-
TMPOBAHHbIX YINEPOAUCTbIX CTaneil.
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PacuéTbl nokasanu, yto B getansx guametpom 200-500 mm
Hayano NEeprMTHOrO NpeBpalLeHNsi CMELAeTCs MpW  YBENUYEHUU
pasvepa CeueHus. B MOBEPXHOCTHOM 30HE NpEBpALLEHUE MOXET
HaumHaTbes npu 600-650 °C, Torga kak B LieHTpanbHON Yactn — npu
Temnepatypax Huwke 550 °C. 310 06BACHAETCS CHIKEHNEM CKOPOCTM
OXNaxaeHus 1 3ameaneHrem auddysun yrnepoaa. Pasnuua B Tem-
nepartype Hauana npespalleHns moxet gocturatb 80-100 °C. 3asep-
LUEeHWEe NepNTHOTO NPEBpAaLLEHNs Takke 3aBUCKT OT Tennonepeaayn.
B LeHTpanbHO 30He Bana MpOLECC A/MTCA CYLIECTBEHHO LOfbLUe,
yTo cnocobeTByeT hopMMpoBaHui0 Bomnee KpymHOTO MeXnnacTuHya-
TOro pacctosiHust. MonyyeHHble pe3ynbTaThbl COMMAcyTCs ¢ SKCnepy-
MEHTanbHbIMU [JaHHBIMW 1 MOATBEPKAAT NPUMEHUMOCTb MOAENN
ABpamu-EpodieeBa Ansi NporHo3vpoBaHUsi CTPYKTYpbl B MACCUBHbIX
Aetansix.

Bepugpukayus Modesnu no akcnepumMeHmarnbHbIM mepMoKUHemu-
yeckum Quacpammam. [ins OLEHKM [OCTOBEPHOCTU YMCINEHHBIX MPO-
THO30B ObINO MpOBEAEHO COMOCTABMEHME PACYETHBIX KPUTUYECKUX
TOYEK C IKCTIEPUMEHTANbHBIMW AaHHBIMU TEPMOKUHETUYECKUX Aua-
rpamm (CCT) ans ctanm 34XH3MA, nonyyeHHbIMM METOLOM AWnaTo-
MeTpun. CpaBHUTENbHBIA aHanua nokasan (PUCYHOK 4), 4To Ans cko-
pocteit oxnaxgaerus B AuanasoHe 0.1-5.0 °Clc (xapakTepHbix Ans
paccMaTpuBaEMbIX CEYEHMIA) MaKCUManNbHOE PacXoXAEeHWe No Temne-
paType Hauyana npespalleHus Az; He npesblwaer 15-20 °C
(norpeLuHocTb MeHee 3%).

0.25

[ons nepnuta X

150

100

Paguyc, Mmm

Puc. 4. MpocTpaHCTBEHHO-BPEMEHHas 3aBUCMMOCTb Aonu nepnuTa X(t,r)
NPy HenpepbIBHOM OXMaXAeHUN

OpHako B 0bnacti mansix ckopocten (<0.1 °C/c), cooTBeTCTBYO-
LMX OCEBOM 30He BanoB AnameTpom 6onee 600 MM, Moaenb AEMOH-
CTPUPYET TEHAEHLMIO K HEKOTOPOMY 3aBbILLEHINIO AONM NPEBpALLEHHO-
ro nepnuta (Ha 5-7% OTHOCUTENLHO 3KCMEPUMEHTA). ITO pacxoxae-
HMe 06BACHAETCS YNPOLLEHNEM YCIOBMIA Hykneauun B Moaenn Aspa-
MM, KOTOpas NpeanonaraeT roMOreHHoe pacnpefenexune 3apofbILen,
TOrfa Kak B peanbHOCTV MEPNUT 3apOXAaeTcs NPeUMyLLECTBEHHO Ha
CTblkax Tpex 3epeH. TeM He MeHee, C WHXEHEPHON TOYKM 3peHus,
Takas MOrpelHocTb MAeT «B 3anac MPOYHOCTMY, Tak Kak MOAEnNb
npefckasbiBaeT Bonee NecCUMMCTUYHBIA cueHapuii (Gonbluee Komu-
4ecTBO Msrkoil (pasbl), YTO 3acTaBNsET TexHonora Bbibupats Gonee
KECTKME PEXVUMbI OXTTaXAEHWUS, rapaHTUPys Ka4yeCTBO NPOSYKLMN.

OGcyxaeHue BNUSHUSA CKOPOCTEN OXMaXaeHus

BrusiHue macwmabHo2o chakmopa. PesynbTaTbl YUCNEHHOTO
9KCNEPUMEHTA AEMOHCTPUPYIOT HEMUHENHYI0 3aBUCHMOCTb MHKyDaLm-
OHHOro nepuoga OT AnameTpa 3arotoBku. [ns cevenuin 200-500 mm
YCTaHOBMNEHO, 4TO YBenuueHne anametpa Ha kaxasle 100 Mm npuso-
JMT K CMELLEHMIO TOYKM Havana npeBpalLeHust B cepaLeBnHe Ha 15—
20 °C B 0BnacTb BbICOKVX TEMNepaTyp.

OT0 sBNeHne 06bACHAETCS PE3KUM CHIKEHWEM CKOPOCTW Tenmo-
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oTofa. Ecnu Ha NoBEPXHOCTM CKOPOCTb OXNMaXOEHUS B WHTepBarne
nepnuTHoOro npespatyeHns coctasnset 3-5 °C/c, T0 B 0CeBON 30HE
oHa nagaet go 0.1-0.3 °Clc.

Mopgponoeus cmpykmypbl. ConocTaBneHne pacyeTHbIX AaHHbIX
C kapTamu pacnpegeneHus a3 noATBEPKAAET BbICOKYID CXOAMMOCTb
mogenu. [na cramm 34XH3MA nervpytowwmit komnnekc (Ni-Mo) adp-
tektHo GrokupyeT auddysuio yrnepoga, casuras C-obpasHble
kpuBble Brpaeo. MoaenupoBaHue nokasbiBaeT, YTo Jaxe B TepMuye-
CKOM LiEHTPE MacC1BHOrO Bana fons nepnuTa He npeBsbIlLaeT noporo-
Boro 3Hauenus 0.5% (X < 0.005 ). 310 cBMAETENLCTBYET O 3anace
NpOKanMBaeMoCTH, [OCTaTONHOM sl NOAABNEHUS 3BTEKTOMAHOTO
pacnaga v hopMnpoBaHus BEMHUTHON CTPYKTYPbI.

BriusHue pexuMog aycmeHumu3auuu Ha KuHemuky pacnada.
Mpn mopenupoBaHun Tepmmyeckon 06paboTkm KpynHOrabapuTHbIX
BarnoB Henb3s npeHebperaTb NpeabiCTOpuel GOpMMPOBaHUS aycTe-
HUTHOM CTPYKTYpbI. [NUTenbHas BbIAEpPXKa Npu TemMnepaTypax 3akan-
kn (860-880 °C), HeoOxoamMmas 4ns MporpeBa CeYeHUs AMameTpoM
500 MM, HeU3BexHoO MpMBOAMT K coBMpaTENbHON peKpUcTannM3aLmm
1 pocTy 3epHa aycteHnTa (d ).

B paspaboTaHHyto MOAENb Obin MHTETPUPOBAH MOAYNb pacyeTa
poCTa 3epHa, OCHOBAHHbI Ha CTENEHHOM 3aKOHE:

0
K -t-exp| =%
¢ p[ RT

rae M — nokasaTenb cTeneHn (06bl4HO m =3 ans cTanei ¢ kap-
O1aHBIM COepXYBaHWEM TPaHNLY), Qgg — 3HEeprvs aKTueaumu pocta
3epHa.

PacyeTbl nokasanu, 4To yBenuyeHne BpEMEHM BbIEPXKA C 5 A0
15 yacoB npuBoaWT K pocTy cpepHero 3epHa ¢ 40 go 90-100 mkm. C
OfJHOI CTOPOHbI, YKPYMHEHUE 3epHa YMeHbLUAeT CyMMapHylo nmno-
wapb rpaHuy $S_{gb}$, koTopbie cnyxaT MecTamu Hykneauwn nepu-
Ta, TEM CamblM MOBbILAs NpokanuBaemocTb (caBuras C-kpuBble
Bnpaso). C [pyrol CTOPOHbI, (HOPMUPOBAHWE  KPYMHO3EPHUCTON
CTPYKTYPb! HETAaTUBHO CKa3blBAETCS HA YAAPHOW BA3KOCTY.

MogenupoBaHnue KMHeTUKA Ans dy =100 mkm gemoHcTpupyeT
3a[1epXKKy Hauana nepnuTHOrO npeBpalleHus B LeHTpe Bana Ha 120—
150 cekyHn NO CpaBHEHWO C  MEMKO3ePHUCTON  CTPYKTYpPOM
(d, =20 Mmxm). 3TOT pesyrbTar no3sonseT chHopMyNMPOBaTL TEXHO-
norudeckylo aunemmy: ans obecneyeHns CKBO3HON NpoKan1Baemo-
CTV BbIFOAHO NeperpesaTb MeTans, OAHaKo ANs COXPaHeHWs BA3KO-
CTW HeobX0ANMO OrpaHNuMBaTh POCT 3epHa. OnTuMarnbHLIM KOMAPO-
MMCCOM, COIMacHO MOAENM, SBNAETCS UCMONb30BaHNE MUKPONerpo-
BaHWA BaHadMeM Wnu Huobuem, koTopble 0bpasytoT TepmMocTabunb-
Hble kKapBOHUTPUABI, CAEPXKMBAIOLME MUTPALMIO TPAHUL| 3epeH faxe
NPy ANUTENbHbIX BbIAEPXKKAX.

MpakTyeckas LeHHOCTb paspaboTaHHO MaTeMaTUYeckol Mofe-
NN 3aKNiYaeTcs B BO3MOXHOCTW MPOTHO3WNPOBAHNS MEXaHUYECKMX
CBOWCTB Bara 0e3 npoBefeHNs HaTypHbIX Pa3pyLLAoLLUX UCTbITAHWIA.

[ins nepnuTHON CTPYKTYpbI NMPEaen TekyyecT o, OMnCbIBAETCS
ypaBHeHneM Xanna-letya, apanTMpoBaHHbIM AN NNACTUHYATBLIX

CTPYKTYP:

d’—dy = (19)

o =0y +k, S, (20)
rae S, — MEXnnacTMHYaToe PaccTosHUE, PacCUMTaHHOE B MOLENM .

PacueTbl nokasbiBaloT, 4To B LeHTpe Bana AunameTpom 500 mm
BO3MOXHO yBenuueHne S, fo 0.8-1.2 Mkm (B cnyyae o6pa3oBaHus
nepnuTa), 4to cHikaet TeepaocTb Ao 200-220 HB. [ina cpaBHeHwus,
COpPOUT (BLICOKOOTMYLUEHHbIA MapTeHCUT/OeMHNT) UMeeT addeKTHB-
HbI pa3mep 3epHa MeHee 0.2 Mkm 1 TBepaocTb 280-320 HB.

Takum 06pa3om, mMaTeMaTuyeckoe MOAenMpoBaHWe Mo3BoseT
YCTAHOBWTb NPefenbHbIii AMaMeTp 3aroToBKM Ans KOHKPETHOM MapKu
CcTanu, Npu KOTOpoM elle obecneymBaeTcs OTCYTCTBME rpyboro nep-

NUTa 1 COXPAHEHME BLICOKOTO YPOBHSH KOHCTPYKLIMOHHOM MPOYHOCTY.

AHanu3a nokasa, YTo MMEHHO CKOpPOCTb OTBOAA Tenna onpeaens-
€T Mopdporornyeckie napameTpbl NEPAUTHON CTPYKTYpbI. [pu 3amea-
NEHHOM OXNaxaeHWn opMUPYeTCs KPYNHOMMACTUHYATBLIA NepnvT,
obrnagalwmii MOHWKEHHON MPOYHOCTBI0 U OTPAHUYEHHON YaapHOW
BSI3KOCTbH. OTOT aphekT Hanbonee Spko NPOSIBNSIETCA B LEHTpanb-
HOM YacTu GonbLUMX BanoB, rAe TEMIO0TBOS OrpaHUYEH.

MpW MHTEHCMBHOM OXNAXOEHAM MEXNNAcTMHYATOE paccTosiHue
YMEHbLUAETCS, @ MMOTHOCTb MEPNUTHBLIX KOMOHMIA BO3pacTaeT, uTo
ynyylwaeT MpoYHOCTHbIE XapakTepucTuku. Takum obpa3om, pacyeT
KWHETWUKW NpeBpalleHns NO3BONSET 3apaHee BbISBNATL 06nacTu
prcka hopMMpOBaHMS rpyboro NepnuTa u KOPPEKTMPOBaTh TEXHONO-
TMYECKME PEXMMBI.

BrusHue HanpsxeHH020 cOCMOsSHUS Ha KuHemuky pacnada. B
KNnaccuyecknx Mofensix knHeTuka (asoBbiX MPEBpALLEHUi paccmart-
pWBaETCS M30NTMPOBAHHO OT MexaHu4eckinx nonen. OgHako B KpymnHo-
rabapuTHbIX Banax TEPMUYECKME HANPSHKEHWS!, BOSHUKAKOLLME 13-3a
rpagueHTa Temnepatyp, OCTUraloT 3HaYeHWI, COMOCTaBUMBIX C Mpe-
[enoM TeKy4ecTU aycTeHWTa npu BbiCOkMX Temnepatypax (100-150
MMa).

CornacHo ypaBHeHWto Knaysuyca-KnaneipoHa, rugpoctatuye-
CKOe faBneHne P BIvsieT Ha PaBHOBECHYK TeMnepaTypy npespa-
LUEHNS:

dT _TAV

—= (1)

dP AH
lpe AV — u3meHeHue ygenbHoro ofbema npu NPeBpaLLeHUN
(pacwmpenue npu nepexoge ¥ — a + Fe,C.

B ueHTpe Bana, rae Ha cTaguu oxnaxaeHus hopMupyloTcs pac-
TAMMBAIOLLME HAaNPSXKEHNS (M3-3a OMepexaloLero CxaTis noBepxHo-
CTK), TEPMOLMHAMMYECKas CTabUMBHOCTb ayCTEHUTa CHKAETCS, YTO
TEOPETUYECKM JOMKHO yekopsiTh pacnag. OfHako, ¢ LpYroi CTOPOHb,
nnactuyeckas aeopmaums aycteHuTa (Haknen) yBenuumBaeT nnot-
HOCTb AMCIIOKALMA, CO3aBas LONOMHUTENbHbIE MECTa AM1S 3apOXae-
HUS NEPMUTHBIX KOMOHWA, HO OJHOBPEMEHHO 3aTPYAHAS POCT Kore-
PEHTHbIX rPaHuL.

B pamkax faHHon paboTbl ObIN0 BLINONHEHO OLIEHOYHOE MOAENH-
poBaHue ¢ yyeTom addekta TRIP (nnacTmyHOCTM, HaBedeHHON npe-
BpaLLeHreM). YCTaHOBNEHO, YTO Y4eT TEH30pa HanpskeHui npuBo-
JMT K KOpPEeKLM1 BpEMeH Hayana npespalleHus Ha 5-8%. [ing sana
Anametpom 500 MM — 3TO 9KBMBANEHTHO CABUrY (DpOHTa NepnnTu3a-
um Ha 10-15 mMm Brny6b ceyeHus. XoTs BKNag HanpshkeHuin BTOpU-
YeH Mo CPaBHEHMI0 C TemnepaTypHbIM (hakTopoM, ero yyeT Heobxo-
JUM [NS1 NPELM3VNOHHOTO NPOrHO3a OCTATOMHbIX HamMpsKEHMIA, KOTO-
pble B criyyae 0Bpa3oBaHus nepnuTa MOryT MEHsTb 3HaK C CKXUMalo-
WX Ha pacTArMBaloLpe, YT0 HEAONMYCTUMO AN JKCTNyaTauMOoHHON
HaleXHOCTH.

[poeHo3 ycmanocmHozo pecypca usdenus. KOHeWHO! Lenbto
MOZAENMPOBaHUS KMHETUKW (ha30BbIX NPEBPALLEHUI ABNSETCS OLiEHKa
3KCNIyaTaLMOHHOM HAZEXHOCTU Ban-lWecTepH. 13BecTHo, 4To npe-
[€n BbIHOCMUBOCTM Npy M3rnbe C BpallgHMeM o, NUHEIHO Koppe-
NMPYET C Npesenom NpoYHOCTH, KOTOPLINA, B CBOKO O4Yepesb, 3aBuUCuT
OT MUKPOCTPYKTYPbI.

Hanuune nokanbHbIX y4acTKOB cheppuTO-NEPNUTHON CMecu B
CTpyKType OeiHuTa/MapTeHcuTa [encTBYeT Kak  «CTPYKTYPHbII
Hagpe3». Mcnonbays ypaBHeHne Mypakamu (Murakami) ans nporHosa
YCTanNoCTHOI NPOYHOCTM HEOAHOPOLHBIX CTPYKTYP:

. _ C(HV +120)

" (Varea)"*

rae Jarea — 3dEKTUBHbIA pa3mep CTPYKTYPHOI HEOAHOPOLHO-
CTH (B BaHHOM cryyae — pa3Mep NEPSIUTHON KONOHUM), BbINo ycTa-

(22)
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HOBIIEHO KPUTUYECKOE BRMSIHWNE KUHETUKM OXNaXOEHUS Ha pecypc.

PacuyeT nokasblBaeT, YTo NOSIBNIEHNE B MOBEPXHOCTHOM Crioe (Ha
rny6uHe go 20 Mm, B 30He ranTenu) gaxe 5% nepnuta CHUXaeT pac-
YeTHbIN Npegen BbIHOCIMBOCTM Ha 15-20%. [ins Bana npueoga Menb-
HULbI, paboTaollero B YCNOBUSX MHOTOLMKIIOBOMO HarpyXeHus
( N>107 UMKNOB), 3TO 3KBUBANEHTHO COKPALLEHWUIO CPOKa CRYBbl C
15 po 8-10 net. Takum obpa3om, paspaboTaHHas mMaTeMaTUyeckas
MOZEemNb CYXUT UHCTPYMEHTOM MPEaUKTUBHOM aHamMTUKK, NO3BONSS
0TOPaKOBbIBaTb BAPUAHTLI TEXHOMOIMM 3aKarnku, KoTopble opMarnbHO
obecneunBaloT TBEPAOCTb, HO CO3AAIOT CKPbITble CTPYKTYpHbE Ae-
(DEKTBI, CHUXKALOLME YCTANOCTHYH [ONTOBEYHOCTb.

MpakTnyeckas 3HaYMMOCTb

Mcnonb3osanne mopenu Aspamu-EpocdeeBa Ans MaccuBHbIX
[eTaneii No3BonseT BbINOMHATb TEXHOMOTYECkNe pacyéThl 6e3 Heob-
XOAMMOCTM MpOBEAEHNs BOMBLLIOMO KOMMYECTBA IKCEPUMEHTANBHBIX
nccnegoBanuii. Metoanka MoxeT ObiTb AOMOMNHEHA aHanM3oM ocTa-
TOYHbIX HAMPSHKEHUA W WHTErPUPOBAHA B KOMMIIEKCHYIO CHCTEMY MO-
[EnMpoBaHust CTPYKTYPbI 1 MEXaHN4ECKUX CBOWCTB.

TexHonoauyeckue pekomeHOauuu no ebibopy 3akanoyHbix cped.
Ha ocHoBe NpoBEAEHHOMO NapaMeTpPUYECKOro aHanu3a paspaboTaHb
pekoMeHaaLum no Tepmuyeckoi obpabotke Banos ceyennem 300-
500 mm 13 cranm 34XH3MA.

KnioueBoit 3apaven sensetcs obecneyeHne ckopoCTu oxnaxae-
HMS B VHTEpBane HaWMeHbLUel  YCTOMYMBOCTM  aycTeHuTa
(650-550 °C) He Huxe kpuTuyeckoir ( V., =~ 0.3—0.5 °Clc). Moge-
NNPOBaHuWe Mokasano, YTO WCMOMNb30BaHWE CTaHOAPTHOTO WHAYCTpU-
anbHoro macna ¥-20A He obecneunBaeT Tpebyemoro TennooTeoaa
ans onameTpos cabile 400 MM: B LeHTpe Bana dopmupyeTes 4o 15—
20% nepnuTHOI COCTaBNSIOLLEN.

B kavyectBe anbrepHaTMBbl 060CHOBAHO MPUMEHEHME BOAONOMM-
MEpHbIX 3aKafiouHbIX cpef (Ha OCHOBE MOMMANKUMEHTTIMKONS) C KOH-
LeHTpaumen 8-12%. Takve cpebl NO3BONSIOT peanua3oBaTh HeMmHell-
HbIN PEXUM OXNaXAEHNS:

Bbicokas ckopocTb B 06nacTv nepnmTHOrO NpeBpalleHus (3a cyeT
paspyLUeHUst NapoBoi pybaluku), YTO No3BOMSET "MPOCKOUMTL" onac-
HbI MHTEPBATT.

3amenneHHoe OXxnaxgeHne B MapTEHCUTHOM
(M, =M ), 47O CHIKaET pick 0Opa30BaHMs 3aKanoUHbIX TPELVH.

"Pacuérhi MoKasblBaloT, YTO MEpexod Ha MonMMepHble cpefpl
MO3BONSIET NOMHOCTLI0 NOAABUTL NEPIUTHOE NPEBPALLEHUE B LIEHTPe
Bana avametpom Ao 500 mm, obecneunBasi 04HOPOAHYKD BEHUTHYI0

WHTEpBane

CTPYKTYPY C yaapHom BaskocTelo  KCU > 60 [hx/cm?, yto Ha 40%
BbILLIE NOKa3aTenen Npu MacnsHoON 3aKarke.

3aknioyeHue

BbinonHeHHoe uccnepoBanve, Gasvpylolleecs Ha WHTErpauum
METOLOB BbIMUCTIUTENbLHOM TEPMOAMHAMMKMA W MEXAHMKM COLIHON
cpeabl, N03BONUNO CHOPMUPOBATL LIENOCTHYHO KapTUHY hopMMpOBa-
HUS CBOWCTB B KpynHorabapuTHbIX u3genusix. OCHOBHbIE BbIBOAbI
paboTbl CBOAATCS K CrieaytoLemy:

Pa3paboTaHHbIi anropuT™, UCMOMb3YKLWMA NPSAMYIO CBA3b Tep-
MOAMHAMUYECKNX MOTEHUMANOB C  KMHETUYECKUMM YpaBHEHUSIMM
JMAK B ouddepeHuynansHon opme, NpoaeMOHCTPUPOBAN BbICOKYH
TOYHOCTb NPOrHO3a. PacxoXaeHne pacyeTHbIX 1 SKCNepUMEHTaNbHbIX
kputudeckux Touek ans crann 34XH3MA He npesbiwaet 3% (15-20 ©
C), 4TO MO3BONSET OTKA3aTbCA OT MCMONMb30BAHUS [OPOTOCTOSLNX
HaTypHbIX NNaBOK NpK 0TPaboTKe TEXHOMOTWIA.

YCTaHOBMEHO, YTO TPAAMEHT CKOPOCTEN OXMaxaeHns B Bane
avametpom 500 MM NpUBOANT K POPMUPOBAHMIO 30HANBHON CTPYKTY-
pbl: BbICOKOTBEPAAs MOBEPXHOCTHAs kopka (95% MapTeHcuTa, 54
HRC) — nepexogHas — 3oHa Bsiskas cepauesuHa (80% beiinm-
Ta, 30 HRC). [lokasaHo, 4to 6narogaps achekTy «MpUMECHOTO Top-
MOXEHUS» TPaHUL 3epeH MOnubAeHOM, NepninTHOe MpeBpaLleHne B
CEpALEBWHE MONHOCTLHO MOAABMEHO, YTO SBNSETCS rapaHTMEN BbICO-
KOW YAapHOI BA3KOCTY.

BbisiBneHa KOHKYpEHUMS MeXay npoKanvBaeMOCTbI0 W POCTOM
3epHa npu aycTeHuTU3aumm. MokasaHo, YTO ANUTENbHAs BblaepkKa
(6onee 10 yacoB) npuBoauT K pocTy 3epHa Ao 100 MkM, 4TO ynyywaer
NpOoKan1BaeMoCTb, HO CHUXAeT COMPOTUBMEHWE XPYMKOMY paspyLue-
H1I0. ONTUMAnbHLIM TEXHOMOTMYECKAM OKHOM SBMSETCS MUKpOneru-
poBaHue BaHaaWeM Ans CAEPXMBaHNS PeKpUCTannsaLmm.

Pacyet HanpsbkeHHOro coctosHuS ¢ yyetoM TRIP-adhdekta Bbl-
SBUIN PUCK (DOPMMPOBAHNS OCTATOYHBIX PACTAMMBAIOLLMX HAMPSHKEHNIA
B MOANOBEPXHOCTHOM croe. [porHo3 no mMogenu Mypakamu nokasbl-
BAeT, YTO Hanuume faxe MUHUManbHOM AoNMK Auddy3nNOHHBIX (a3
(dbeppuTta/nepnuta) B 30He rantenu 3yba CHXaeT npegen BbIHOCIK-
BoCTW Ha 20%.

[ns oBecneyeHns MakCUManbHOrO pecypca Ban-LIecTepeH Menb-
HWY MLLULL pekoMeHaoBaH NepPeXoA OT MACNSHON 3akasku K UCMonb30-
BaHWIO MONMMEPHBIX CPEA C HEMMHENHON XapaKTepPUCTUKON OXnaxae-
HMs, 0DecneuMBaloLLMX — KPUTUYECKYK) — CKOpPOCTb  OXMaXAEHUS
( >0.3°Clc)Bo Bcem obbeme aeTanu.
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UCNOJNIb3OBAHNE TEPMOKWHETUYECKUX MOLENEW AN4
NMPOrHO3MPOBAHWUA CTPYKTYPbl U CBOUCTB BAI-LLECTEPEH

Arambepaues WU.M., Caunbos M.®.,
HaBouiickuin rocynapCTBEHHbIN HaBowickuit rocyaapCTBeHHbI
TOPHBIA M TEXHOMOTUYECKUA YHNBEP- TOPHBI 1 TEXHONMOTNYECKIN
CHTET, A.T.H., npodeccop YHWUBEPCHTET, JOKTOPaHT

AHHOmayus. B cmambe npedcmasnieHo KomnnekcHoe uccredogaHue KUHEeMUKU (ha3osbix npespawieHull, npomekalowux npu mepmuyeckol obpabomke
KpynHo2abapumHbIX 8an-WecmepeH, U320Mo8MeHHbIX U3 KOHCMPYKUUOHHOU neauposarHol cmanu 34XH3MA. AkmyanbHOCMb 8bINOMHEHHO20 uccrnedosaH us
obycrosneHa He0bX00UMOCMbI0 CHUXEHUST ypOBHSI MEeXHOMo2uYeckoeo bpaka npu 3akarnke maccusHblx demarnell 20pH020 0b60pydogaHuUs, IKCnTyamupyembix 8
YCI08USIX UHMEHCUBHBIX 3HaKonepeMeHHbIX U UUKIUYECKUX Hagpy30K. Ha 0cHoge UmepayuoHHO20 anaopumma, UHmezpupyroweao mepModuHamuyeckue pacyems!
no memody CALPHAD c ucnonb3osaHuem npozpammHozo komnnekca OpenCalphad u koHeyHo-anmemenmHoe modenuposaHue 8 cpede COMSOL Multiphysics,
paspabomaHa MemoduKa CK803HO20 NPOHO3UPOBaHUS IBOMTIOLUL MUKPOCMPYKMYPKI N0 8ceMy ceyeHuto demanu. [locmpoeHa demanuauposaHHas 2eomempude-
cKasi MoOeslb cekmopa 8as-WeCcmepHU ¢ NPUMEHeHUeM HecmpykmypuposaHHoU mempa3adpuyeckoll pacyemHoll cemku, obecneyusaroweli adeksamHoe onucaHue
menosbIX U ¢ha3oebix 2padueHmos. YcmaHo8MeHo, Ymo 8bIpaxeHHb Il epadueHm ckopocmel OXmaxdeHus no CeYeHuro Npugodum K (hopmuposaHUIo Yemko 8bipa-
JKEHHOU 30HasbHOU CMPYKMYpbI, 8KITKOYaroWel No8epXHOCMHbIL MapmeHCUmHbIL croli ¢ obbemHou donell 00 95 % u 653Kyt beliHUMHO-(heppUMHyK cepouesuHy
¢ codepxaruem beliHuma 0o 80 %. lNokasaHo, Ymo nepuUMHoe npespaueHue 8 uccrnedyemoll Mapke cmasu Npakmu4yecku nonHocMbio nodasneHo (Oons MeHee
0,5 %) 3a cuem KoMNIeKCHO20 NeauposaHus Hukenem u MmonubdeHom. Bepughukayus pacdemHoll MoOenu 8bINOTHEHa C UCNOMb308aHUEM aHaIumuyecko2o npasu-
na cmecell, npodeMoHCMpUPoBasLLIE20 8bICOKYH0 CX00UMOCMb NPo2HO3UpyeMbIx 3HaveHul meepdocmu (56 HRC Ha nosepxHocmu u 27-35 HRC & ueHmpanbHoll
30He) ¢ 3KkcnepuMeHmanbHbIMU aHHbIMU. YucrneHHbIe 3KkcnepuMeHmbl no0meepAUsTU 8bICOKYI0 4y8CmMBUMETbHOCMb (hopMUpYIOWeUcsl CmpyKmypbI K Hay anbHoMmy
pasmepy 3epHa aycmeHuma, a makxe K UHMeHcusHocmu menmoomeoda Ha cmaduu 3akasku. [lonyyeHHble pe3ynbmambi QOPMUPYIOM HayyHO 0BOCHOBAHHYI
6a3y 0ns onmumu3ayuu pexumos 0bbemHol U dugghepeHuyuposarHol mepmudeckoll 0bpabomku KpynHozabapumHbIx ean-wecmepeH, obecnequsas NosbILEHUE
UX 9KcnmyamayuoHHol HadexHocmu u 0011208€4HOCMU NpU 0OHOBPEMEHHOM CHUXEHUU MEXHOMO2UYECKUX PUCKO8 U Memarnnypauyeckoeo bpaka. lpakmuyeckas
3Hayumocmb pabombi 3aKn4aemcs 8 803MOXHOCMU 6HeOpeHuUs pa3pabomaHHO20 pacdemHo-Modenupyroweeo no0xoda Ha NPOMbIWIIEHHbIX NPeAnpPUSMUSIX
20pHoMemannypaudeckozo npoguns. MpednoxerHass memoduka obecneyusaem nepexod om aMnUpuUYeckozo nodbopa pexumos mepmoobpabomku K pacyemHo
060CHOBaHHOMY NPOEKMUPOBAHUI0 MEXHOM02UYECKUX NPOUEccos, adanmuposaHHbIX K pearbHbIM 2e0MempuUYecKuM pa3Mepam U ycriosusm sKcniayamayuu om-
8emcmaeHHbIx demanel, Ymo noebILaem 80cnpouU3soOUMOCMb C8OLCME U CHUXaem 8eposmHOCMb NPexOespemMeHHbIX OmKa308 8 SKcnTyamayuu.

Knrouesble crioga: kpynHozabapumHbie 8arbl, ModenuposaHue, pacnpedenerue cgoticme, JMatPro, OpenCalphad, 3akarka.

VAL-SHESTERNALARNING TUZILMASI VA XOSSALARINI
PROGNOZLASHDA TERMOKINETIK MODELLARDAN
FOYDALANISH

Egamberdiyev I.P., Saibov M.F.

Navoiy davlat konchilik va texnologiyalar universiteti, O‘zbekiston Respublikasi

Annotatssiya: Ushbu maqgolada 34KhN3MA konstruktiv qotishma po'latdan yasalgan katta tishli vallarni issiqlik bilan ishlov berish jarayonida yuzaga keladigan
fazaviy o'zgarishlar kinetikasini keng gamrovii o'rganish keltirilgan. Ushbu tadqgiqotning dolzarbligi intensiv o'zgaruvchan va tsiklik yuklar ostida ishlaydigan ulkan kon
uskunalari komponentlarini qattiqlashtirish paytida jarayon nuqsonlari tezligini kamaytirish zaruratidan kelib chiqadi. OpenCalphad dasturiy ta'minot paketidan foyda-
langan holda CALPHAD termodinamik hisob-kitoblarini va COMSOL Multiphysics-da chekli elementlar modellashtirishni birlashtirgan iterativ algoritmdan foydalanib,
komponentning butun kesimi bo'ylab mikrotuzilma evolyutsiyasini boshidan oxirigacha bashorat qilish metodologiyasi ishlab chigilgan. Tishli val sektorining batafsil
geometrik modeli strukturasiz tetraedral hisoblash to'ridan foydalanib qurilgan bo'lib, bu issiglik va faza gradiyentlarining etarli tavsifini beradi. Kesish bo'ylab aniq
sovutish tezligi gradiyenti aniq belgilangan zonal strukturaning shakllanishiga olib kelishi aniglandi, bu 95% gacha hajm ulushiga ega sirt martensit qatlami va 80%
gacha bainit miqdoriga ega egiluvchan bainit-ferrit yadrosini o'z ichiga oladi. O'rganilayotgan po'lat navidagi perlit transformatsiyasi nikel va molibden bilan kompleks
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qotishma tufayli deyarli to'liq bostirilganligi (0,5% dan kam) ko'rsatilgan. Hisoblash modelini tekshirish aralashmalarning analitik qoidasi yordamida amalga oshirildi,
bu esa bashorat qilingan qattiglik giymatlarining (sirtda 56 HRC va markaziy zonada 27-35 HRC) eksperimental ma'lumotlar bilan yuqori darajada yagqinlashishini
ko'rsatdi. Ragamli tajribalar shakllantiruvchi strukturaning dastlabki ostenit donalari hajmiga, shuningdek, sovutish bosqichida issiqlikni yo'qotish intensiviigiga yuqori
sezgirligini tasdigladi. Olingan natijalar katta tishli vallar uchun hajmli va differentsiatsiyalangan issiglik bilan ishlov berish rejimlarini optimallashtirish, ularning oper-
atsion ishonchliligi va chidamliligini oshirish, shu bilan birga jarayon xavflari va metallurgiya nugsonlarini kamaytirish uchun ilmiy asoslangan asos yaratadi. Ushbu
ishning amaliy ahamiyati konchilik va metallurgiya sanoatidagi sanoat korxonalarida ishlab chiqilgan hisoblash va modellashtirish yondashuvini amalga oshirish
imkoniyatidadir. Taklif etilayotgan metodologiya issiqlik bilan ishlov berish rejimlarini empirik tanlashdan muhim komponentlarning haqiqiy geometrik o'lchamlari va
ish sharoitlariga moslashtirilgan texnologik jarayonlarni hisoblash asosida loyihalashga o'tish imkonini beradi, shu bilan xususiyatlarning takrorlanishini yaxshilaydi
va muddatidan oldin nosozliklar ehtimolini kamaytiradi.
Kalit so‘zlar: katta shaftlar, modellashtirish, mulk tagsimoti, JMatPro, OpenCalphad, qattiglashuv.

APPLICATION OF THERMOKINETIC MODELS FOR PREDICTING THE
STRUCTURE AND PROPERTIES OF SHAFT GEARS

Egamberdiev I.P., Saibov M.F.

Navoi State University of Minng and Technologies, Republic of Uzbekistan

Abstract. This article presents a comprehensive study of the kinetics of phase transformations occurring during the heat treatment of large gear shafts made of
34KhN3MA structural alloy steel. The relevance of this study stems from the need to reduce the rate of process defects during the hardening of massive mining equip-
ment components operated under intense alternating and cyclic loads. Using an iterative algorithm integrating CALPHAD thermodynamic calculations using the Open-
Calphad software package and finite element modeling in COMSOL Multiphysics, a methodology for end-to-end prediction of microstructure evolution across the
entire cross-section of the component has been developed. A detailed geometric model of the gear shaft sector has been constructed using an unstructured tetrahe-
dral computational mesh, providing an adequate description of thermal and phase gradients. It was established that a pronounced cooling rate gradient across the
cross-section leads to the formation of a clearly defined zonal structure, including a surface martensite layer with a volume fraction of up to 95% and a ductile bainitic-
ferrite core with a bainite content of up to 80%. Pearlite transformation in the studied steel grade is shown to be almost completely suppressed (less than 0.5%) due to
complex alloying with nickel and molybdenum. Verification of the calculation model was performed using the analytical rule of mixtures, demonstrating high conver-
gence of the predicted hardness values (56 HRC on the surface and 27-35 HRC in the central zone) with experimental data. Numerical experiments confirmed the
high sensitivity of the forming structure to the initial austenite grain size, as well as to the intensity of heat removal during the quenching stage. The obtained results
provide a scientifically sound basis for optimizing bulk and differentiated heat treatment modes for large gear shafts, increasing their operational reliability and durabil-
ity while reducing process risks and metallurgical defects. The practical significance of this work lies in the potential for implementing the developed computational and
modeling approach at industrial enterprises in the mining and metallurgical industries. The proposed methodology enables a transition from empirical selection of heat
treatment modes to computationally based design of technological processes adapted to the actual geometric dimensions and operating conditions of critical compo-
nents, thereby improving the reproducibility of properties and reducing the likelihood of premature failures.

Key words: large shafts, modeling, property distribution, JMatPro, OpenCalphad, hardening.

HUS U30enus eLle Ha CTaauu NPOU3BOACTBa.

[ns aHannsa 3TUX SBNEHWUI BCE WMPE NPUMEHSIETC MOAENMPO-
BaHWe CTPYKTYpHbIX NpeBpaLleHuit. B pabote [1] nokasaHo, yto cove-
TaHWe aHanuUTYeckux Mofenen dasosbix npespalyeHnin u FEM nos-

Beepenne

Mpon3BOACTBO OTBETCTBEHHBLIX Y3MOB rOPHO-000raTUTENBHOMO
obopyaoBaHNsl, B 4YacTHOCTM Bar-IECTEPEH MPUBOLOB MEMbHUL,
MLLLI, conpsikeHo C Cepbe3HbIMU TEXHOMOTNYECKUMI TPYAHOCTAMM.

KntoyeBoi npobriemoit siensieTcs obecneyeHne paBHOMEPHOCTU Me-
XaHU4YECKUX CBOWCTB MO CEYeHWIo AeTanei, AnameTp KOTOpbIX MOXET
npesbiwatb 500 mm. B npouecce Tepmunyeckon 06paboTku MaccuB-
HbIX 3aroTOBOK HeM3bexXHO BO3HWKAeT CYLLECTBEHHbIA Temmneparyp-
HbIA FPaANEHT MEXAY NMOBEPXHOCTbI0, KOHTAKTUPYIOLLEN C 3aKano4Hom
cpedon, W cepAueBuHON. KuHeTuka pacnaga nepeoxnaxgeHHoro
ayCTeHWTa B pa3nuyHbIX 30HaX AeTanu NpoTekaeT No pasHbiM CLeHa-
pusm. MOBEPXHOCTHbIE CrOW, OXNaXGasch CO CKOPOCTAMM Bbille
KpUTMdeckoit, npeTepnesaloT  Ge3nnddyanoHHoe MapTeHCUTHOE
npespaLyeHve. B 1o xe Bpems rmybuHHbIE Cnow, B CWMy TEMNOBOM
WHEpUMM MeTanna, OXNaXOatoTCs 3HAYNTENbHO MedrneHHee, 4To
co3gaeT TepMOAMHaMUYECKMEe MPeAnochinkv Ans peanusauun and-
(Y3MOHHbIX  (CDeppUTHBIX,  MEPRUTHbIX)  WAN  MPOMEXYTOYHbIX
(6eitHUTHBIX) NpeBpalleHWid. Takas CTPYKTypHas HEOAHOPOAHOCTb
(reTeporeHHOCTb) BneyeT 3a coboi pa3bpoc TBEPAOCTM U MPOYHOCTH,
a TalKe, YTo Hanbonee KpUTMYHO, (HOPMMPOBAHME MONEN OCTATOYHbIX
HanpsikeHWA. HanoxeHne TepMUYECKUX HAMPSXKEHWA W CTPYKTYPHbIX
HanpsXXeHU OT N3MEHeHNs yaenbHoro obbema npn ¥ — & nepexo-
e co3aaeT pUCK BO3HMKHOBEHWS 3aKanoUHbIX TPELMH unu kopobne-
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BOMSET ONMCLIBATb TEMNEPATYPHbIE Mons 1 ha3oBoe pacnpeseneHue
no ceyennio Banos. B [2] npogemoHcTpupoBaHa a¢eKTUBHOCTL
uncneHHbix metoaos (FEM + chasoBble Mogenn) ons nporHosa Muk-
POCTPYKTYPbI, MEXaHNYECKIUX CBOWCTB U AedhopmMauuit. MHoroyposHe-
BbIil NOAX0A K OMMUCaHMio AN dy3noHHbIX 1 6e3anddy3noHHBIX npe-
BpaLLEeHUA MPEANOXKeEH B [3], YTO CRYXUT METORONOMMYECKOA OCHOBOM
ans mogenuposaHus. MynbTumacluTabHbIi NOAX0A, NPUrOAHbIN ANns
KpynHorabapuTHbIX BanoB, MpeAcTaBnieH B [4]. B auccepTaumoHHOM
paboTte [5] paspaboTaHa MeToaMKa TEPMOKMHETMYECKOrO MpOrHo3a
TBEPOOCTYW, YTO BaxHO npu Bblbope pexumoB 3akanku. B [6] FEM-
NoAXo4 MCMOMb3oBaH Ans pacyéra fedopmauni WM OCTaTOYHbIX
HanpsikeHUA B kpynHorabapuTHbIX KOBaHbIX AeTansx. B HegasHo
onybnukoBaHHoit pabote [7] yuteHa TRIP-nnactuyHoCTb ANS yBENW-
YEHWs TOYHOCTW MOLENMPOBaHNUS OCTATOYHBIX HAMPSHKEHWIA B LMMUH-
OPVYECKMX 3arOTOBKaX.

Ocobyto CNoXHOCTb NpeacTaBnseT NPOrHO3MPOBaHUe NOBEAEHNS
maTtepuarna B 30Hax reoMeTpUYECKMX KOHLIEHTPATOPOB HAMPSHKEHMIA,
TaKuX Kak rantenb nepexofHoro paguyca 3ybyartoro BeHua. ViMeHHo
30€eCb COYETaHWe BbICOKMX M3rMOHBLIX HArpy3oKk Mpu aKchnyaTauuu u



MATERIALS SCIENCE

OCTaTOYHbIX PACTANMBAOLMX HANPSHKEHWIA NOCTE 3aKasnky Yalle BCero
NPUBOAMT K YCTanocTHoMy paspyleHno. CTaHoapTHble MeTOAMKM
pacyeTa Ha NPOYHOCTb, ONEPUPYIOT YCPEAHEHHBIMW XapaKTepuCcTuka-
MW MaTepuana u He YYUTbIBaKOT JTOKANbHYK MUKPOCTPYKTYPHYIO HEOA-
HOPOZHOCTb, BO3HUKAIOLLYIO B KpynHorabapuTHbIX OTNWBKaX W NOKOB-
kax. B ycnoBusix, koraa CTOMMOCTb NPOCTOS LIAPOBON MENbHMLbI 1C-
UNCNSIETCS B 3HAYMTENbHBIE CPEACTBA, NEPEXOS OT KOHCEPBATUBHbIX
k03athMLUMEHTOB 3anaca K TOYHOMY LMGPOBOMY MPOEKTUPOBAHMIO
MWKPOCTPYKTYPbI CTAHOBMTCS KPUTMYECKA BaXHbIM METOLOM B TsKe-
fOM  MalMHOCTPOEHUM. TIpUMEHEHWE CKBO3HOTO MOLENMPOBaHUS
MO3BOJISIET BbISBUTL OMACHbIe 30HbI ELLUE Ha 3Tane MPOEKTMPOBaHNA
TEXHOMOTUN W CKOPPEKTUPOBATL PEXMMbI TEPMOOOPabOoTKM.
TpapuumoHHble amMnupuyeckue MeToabl noabopa pexumoB 3akan-
K1 ons KpynHorabapuTHbIX U3aenuil CTAHOBATCS SKOHOMUYECKM Helle-
necoobpa3sHbIMu 13-3a BbICOKOW CTOMMOCTY HATYpHbIX SKCNEPUMEHTOB.
CoBpemeHHas mapagurma matepuanosegenust (ICME — Integrated
Computational Materials Engineering) npegnonaraeT ucnonb3oBaHue
LnNcpoBbIX ABOHMKOB. CyLUECTBYIOLLME NOAXOAI, ONMCaHHbIE B pabo-
Tax Bbllwe, 6a3npylOTCA HAa COBMELLEHNW aHaMMUTUYECKNX MOLeneil u
MeToza KOHeuHbIX anemeHToB (FEM). OgHako 6onblunHCTBO Uccneno-

BaHWI OMWpaeTcs Ha cTaHAapTHble Basbl AaHHbIX MaTepuanos, KOTo-
pble He BCErga yuuTbiBalOT (RYKTyaLWM XMMUYECKOTO COCTaBa KOH-
KpETHOW NnaBKu OTEYECTBEHHbIX cTanen. B gaHHoi paboTe npegnara-
€TCS MOAXOA, UHTETPUPYIOLLMIA NPAMbIE TEPMOAMHAMMYECKVE PacyeThbl
(OpenCalphad) B  MynbTUcM3NYeckylo cpedy MOAENMPOBaHWS
(COMSOL), 4to no3BONSET MOBLICUTL TOYHOCTL MPOrHO3a ANS CTanm
34XH3MA.

Llenbto aaHHoro nccnenosaHns senseTca paspaboTka u anpoba-
L1t METOAMKM NPOrHO3MPOBAHMS CTPYKTYPHO-(DA30BOr0 COCTOSHUSA U
MexaHN4eCcKux CBOWCTB N0 CEYEHMIO KpyNHOrabapuTHOro Bar-
LUECTEPHM NPU HEMPEPBIBHOM OXMaXAEHUN.

MATEPWANbI U METOOWUKA UCCNEQOBAHUA

Obwekm uccrnedosaHus. B kauyectBe 0Obekta ucCnefoBaHuUs
BblbpaH CeKTop Ban-LecTepHu. Ban-lwecTepHs W3roToBneHa W3 KOH-
CTPYKUMOHHOI nerupoBaHHo ctanu Mapku 34XH3MA, wupoko npume-
HAEMOM B TSKENOM MALLMHOCTPOEHWM, XMMUYECKUA COCTaB NpuBEaAeH
B Tabnuue 1. JaHHas ctanb obnagaeTt XopoLuel NpoKkanMBaeMoCTbHo,
4TO fienaeT eé uaeanbHbIM KaHaUAAToOM Ans U3roTOBMEHUS KpynHora-
BapuTHbIX Bamo..

Tabnuua 1
Xumunueckuin coctaB ctanu 34XH3MA, gons B %.
C Si Mn Ni S P Cr Mo
0.3-04 0.17-0.37 05-0.8 2.75-3.75 o 0.035 o 0.03 0.7-1.1 0.25-0.4

[eomempuyeckas u cemoyHasi Modesb. ['eomeTpuyeckue pasme-
pbl MOAENV 33AaBannch B CTPOrOM COOTBETCTBUM C PeasbHbIMK Yep-
TeXamn NPOMbILLNEHHbIX neTaneﬁ, HWXe npeacTaBieH YepTex Bbl-
BpaHHoN fieTanu Ha pucyHke 1. AHanuanpys Aetanb «Ban-LIecTepHs»
6bIno onpeaeneHo, YTo 0ObEKT MCCNesoBaHNs UMEET CIIOXHYI0 reo-
MEeTPUI0, Hanuume 3y64aToro BeHua 1 NEPEXOAbl ANaMeTPOB CO3aal0T
30HbI KOHLIEHTPALWM HanpsHKeHWi 1 HepaBHOMEPHOTO TENso0TBOAA,
yto TpebyeT getansHoro 3D MoaenupoBaHms.

MogenvupoBaHne NPOBOAMNOCH AN MCMOMb3yeMON B NPOM3BOL-
ctee ctanu 34XH3MA, koTopasi LMPOKO MPUMEHSIETCS NP U3rOTOBIIE-
HWM KpynHorabapuTHbIX BarnoB W obnagaeT XopoLuel npokanusaemo-
cTblo. PaboTa ¢ peanbHbiMM pa3Mepamu obecneymBaeT TOYHbIE TeM-
nepaTtypHbIe rPagMeHTLl B MpoLecce oxnaxaeHus u Tpebyet pacyérta
pacnpegeneHus as no ceveHuo. 13 cMoaenmpoBaHHOM MOLENN BbIN
BbIpe3aH CermeHT 3yba [N MUHUMM3ALMW BbIYMCIUTENBHBIX 3aTpar
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Puc. 1. Mpon3BoacTBEHHBINH YepTeX Ban-LECTEPHN
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6e3 notepu kavectBo. 3yb Ban-LwectepHu Obin BbIbpaH 13-3a 4acToil
NOMOMKM BO BpeMs Apo6unbHbIX paborT.

l'eomeTpuyeckas obnactb Gbina AMCKPETU3MPOBAHA C MCMOMb30-
BaHWEM HECTPYKTYPUPOBAHHOIW CETKW, COCTOSILENA W3 TeTpasmpuye-
ckux anemeHToB (Tetrahedra). MapameTpbl ceTouHOI Moaenu nped-
CTaBMEHbI Ha PUCYHKe 2.

Puc. 2. KoHe4yHo-anemeHTHasAs MOAeNb CeKTopa Ban-WEeCTEPHM.

KayectBo puckpeTv3aLmMm noATBEPKOAETCH CTATUCTUYECKMMM
AaHHbIMK, KoTOpble npuBefeHsl B Tabnuua 2. CpeaHee kayecTeo
anewmenTa (Average element quality) no metpuke Skewness coctasns-
et 0.627, 4yT0 SBNsETCA BbICOKMM MOKasaTenem Ans crnoxHon 3D-
reOMETPUM U rapaHTUPYET CXOAMMOCTb YUCTIEHHOTO PELLEHNS U OTCYT-
cTBUE apTedakToB B 30HAX KOHLEHTPATOPOB HAMpsXKEHWIA (ranTenm
3ybbes).

Bepucgpukauusi cemoyHol cxodumocmu. [ns UCKIOYEHUS BRms-
HUSI AMCKPETM3ALIMN Ha TOYHOCTb Pe3ynbTaToB Obln NpOBELEH aHanmua
MeTpuK KayectBa ceTku. Kak nokasaHo B cTtatucTuke (tabnuua 2),
mogenb cogepxut 39 209 TeTpasgpuyeckux anemeHtoB M 10 292
BEpLUMHbI. KrloyeBbIM nokasatenem sBRseTcs MeTpUKa CKOLIEHHOCTM
(Skewness). CpepHee 3HayeHWe kayeCTBa SneMEHTa COCTaBMseT
0.6273, npu 3TOM MUHUMANbHOE Ka4eCTBO HE OMyCKAETCH HKe
0.157. 370 rapaHTMpyeT OTCYTCTBUE BbIPOXAEHHbIX SIEMEHTOB Aaxe
B 30HaX CMOXHOW KpUBM3HBI — Ha ranTensx 3ybyaToro BeHua. Mnot-
HOCTb CeTkn Bbina aganTuBHO YBENWYEHa B NPUMOBEPXHOCTHOM Croe
(Boundary Layer Mesh) anst KOppeKTHOrO paspeLLeHns BbICOKMX rpa-
OVEHTOB TEMMEPATYPLI U HANPSHKEHWIA, BO3HMKAIOLLMX MPMW 3aKaroy-
HOM OXnaXgeHu. OTO MO3BOMMIO TOYHO 3ahWKCMPOBATb TOHKWN
CrOii MapTEHCUTHOTO NPEBPALLEHMS, TONLMHA KOTOPOTo Ha 3ybbsix He
NPEBbILLIAET HECKOMBKUX MUINIMMETPOB.

Tabnuua 2

MapameTpb! CO34aHHON CETKM
Ob6uiee Konuye- CpegnHee Kaye-
CTBO 3MIEMEHTOB CTBO 3NIeMEHTa

39 209 0,627

Yucno BepwmH

10 292

[na mogenvpoBaHns (pa3oBOTO COCTaBAa UM MeXaHMYECKMX
CBOWCTB MaTepuana MCMonb30BanuCb Takne Hes3aBuCUMble MNpo-
rpammHble komnnekcsl kak: Comsol multyphisics n OpenCalphad,
OCHOBaHHbIE Ha PasnMyHbIX MpUHLMNAX pacyéta, YTo obecneunsaert
AOCTOBEPHOCTb Pe3ynbTaToB U BOIMOXHOCTb X KPOCC-BEpUMKaLIAN.

Aneopumm mModenuposarus. B 0CHOBY YMCNEHHOO 3KCNepUMEH-
Ta NnonoxeH paspaboTaHHbI UTepaLMOHHbI anroputm (puc. 3), 06b-
€OVHAIOLLMA  TEPMOANHAMUYECKOE MPOTHO3MPOBAHWE PABHOBECHBIX
COCTOSIHWAN W KWHETUYECKMIA pacyeT HecTaLmoHapHbIx nonei. Heobxo-
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JWMOCTb UHTETpaLn ABYX HE3aBUCUMbIX Cpef, 00ycnoBreHa orpaHm-
YeHusaMK cTaHgapTHbix 6a3 AanHbix FEM-naketos npu pabote co
CTansAMM CIIOXHOTO NerMpoBaHms, K KOTopbIM OTHOCUTCH 34XH3MA.

Ha nepBom aTane mMeTofoM MUHUMM3aLMM 3Heprum nbbeca ans
MOAPELLETOYHON MOAENW paccyMTbIBaNUCL TeMnepaTypHble 3aBucK-
moctu Tennoemkoctn Cp(T), TennonpoBogHocT A(T) ¥ NNOTHOCTM
ANs kaxaon hasbl (ayCTEHUT, heppuT, NepnnT, BENHNT N MapTEHCHT).
Takke onpegensnuch kputnyeckue Touku AcrAcs U Ms cnyxawme
TpUrrepamu Ans akTMBaLMN KUHETUYECKUX MOAYNEN.

lMonyyeHHble MaccuBbl AaHHBIX KOHBEPTUPOBANWCH B MHTEPNONS-
LMOHHbIE (OYHKLUMM M MmMnopTUpoBanuck B npenpoueccop COMSOL
Multiphysics, dopmupys kactomusnpoBaHHyto 6ubnunoTeky matepua-
noB. JTO MO3BONUNO YYECTb CKPBITYK TEMMOTY (ha30BbIX NEPEXOAO0B
(Latent Heat) HenocpeacTBEHHO B ypaBHEHUM TENNONPOBOAHOCTY.

PacyeT ha3oBoro cocraBa MpOBOAUNCS HA KaAOM BPEMEHHOM
ware At ANs Kaxgoro yana ceTku. [Ans auddy3noHHbIX NpeBpalLe-
HUIA NCMIONb30BaNCA anropuTM, pelarwuin ypasHeHne JMAK B and-
thepeHumansHol opme, YTO MO3BOMMIO KOPPEKTHO OMMChIBATH He-
N30TEPMUYECKYIO KUHETUKY (AAAMTUBHOCTL NPEBPALLEHIA NO NpaBuy
LWenna).

B 30Hax, roe nokambHas Temnepatypa onyckanach Huxe Ms,
aktuBmpoBanacb yHkums KouctuHena-Mapbyprepa. Tekywas gons
MapTeHCUTa fim BbIMMCIANACH HE Kak KOHCTAHTa, a Kak (hyHKLMA OT
nokansHoro nepeoxnaxaens At=M —T . .

Takast apxuTeKTypa WCKIIYaeT WCMOMb30BaHNE YCPEOHEHHbIX
TabNNYHbIX CNPABOYHBIX AaHHbIX, 3aMEHSIS UX HA dm3nyeckn 06ocHo-
BaHHblIE NapameTpbl, PacCYNTaHHbIE AN KOHKPETHOM NNaBKM.

Mamemamuyeckas Modesib hasosbix npespawierull. PaccmoTpe-
Hbl YCIIOBUS HEMPEPbLIBHOTO OXNaxenus ¢ ckopoctbio ot 0.5 go
5 °Clc, 4to COOTBETCTBYET peasnbHbiM TEXHOMOMMYECKUM peXMMam
3aKarkn MacCMBHbIX CTanbHbIX AeTanei. BHelwHwe cnow Bana npu
9TOM oxnaxaaloTcs ObicTpee, Torga kak LeHTparbHbIe 30HbI XapakTe-
pU3YKOTCS CYLLECTBEHHO MEHbLUE CKOpOCTbIO OTBOAA Temna, uTo
NPUBOANT K HEOAHOPOAHOCTM (Pa3oBOro COCTaBa. YkasaHHble napa-
MeTPbI ObINK NMPUHATBI B KA4eCTBE MCXOMHBIX [N PACYETOB B Mpo-
rpaMmmHbIx komnnekcax Comsol multyphisics n OpenCalphad.

TepmoguHamuyeckoe mogenuposavne B cpeae OpenCalphad
6asvposanock Ha metone CALPHAD (CALculation of PHAse Dia-
grams), KOTOPbIi 3aKMIO4YAETCH B MUHUMU3ALMI WHTErPanbHON SHep-
mmn Tvbbca cuctembl Gsys. [1NSi MHOTOKOMNOHEHTHON cucTeMbl Fe-C-
Cr-Ni-Mo-Mn-Si obwas aHeprus Tmbbca onucbiBanach kak cymma
9HEPruin OTAENbHbIX (a3, B3BELLEHHBIX MO UX MOSTbHbIM JONAM:

H, ~22HRC
H, ~58
H,~42

Te Nj — KONM4YecTBo Moredt tasbl ¢, G? — MonspHasi 3Heprust
l'm66ca dasbl.

[ns onucannsa a3 nepeMeHHoOro cocTaBa (TBepablX pacTBo-
pOB aycTeHuTa W cheppuTa) NpUMeHsnacb Mofemnb NOApeLIeToK
(Sublattice Model) Xunnepta-CtadhaHccoHa, y4mTbiBaKOWas B3anumo-
neicteue atomoB BHegpeHns (C) u 3ameluenus (Cr, Ni, Mo) B kpu-
CTanmMueckol peLleTke xenesa. OTO NO3BOMMMO C BbICOKOWM TOYHO-
CTblO OMpefenuTb He TOMbKO rpaHuLbl ha3oBbIx obnacTem, HO U Xu-
MMYECKUI NOTEHLMAN yrnepoaa B Kaxaon ¢ase, YTo SBMsSeTcs Bu-
XyLuen cunon ans auddy3noHHbIX MPEBPALLEHMIA IPY NOCneayoLem
KMHETUYeCckoM pacyeTe. IMeHHO ucnonb3oBaHmue uanyeckn 060cHo-
BaHHbIX TEPMOLMHAMMYECKUX MOTEHLWAMNOB OTNNYAeT LaHHbIA noA-
XOA OT MCMOMNb30BaHNS 3MMNUPUYECKIX PErPECCUOHHBIX YPaBHEHMIA

Ona onucaHnst KWHETUKM AUGEY3NOHHBIX NpeBpaLLeHuit
(dbeppuTHOrO, NEPRUTHOTO U GEHMTHOM) MCMONL30BANOCh YpaBHe-
Hue [xoHcoHa-Mena-Aspamu-Konmoroposa (JMAK):
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Hauano

leomeTpusa Bana 3D
Matepnan 34XH3MA
Ycnosus oxnaxneHua

OpenCalphad

I

TepmoguHamMuye ckum
pacueTt

I

OKCnopT CBOWCTB Matepuana:
Tennodwmauka (Cp, k, ha)
®a3zosble aaHHble (Ms, Ac1, Ac3)

Comsol Multiphysics

I

NocTpoeHue ceTkn
[MocTpoernue du3smnku

UHTerpauus aanHHbix B FEM

HacTpownka mogenein:
JMAK

Koistinen - Marburger

PeweHue 3agaun:
HecTtauuonapHsbii pelsatens (Time-dependent)

Pacuet nonew T(x,y,z,1)

MocT-06paboTka
PacueT MukpoTBEpAOCTH
H=VmxHm+ Vb x Hb +Vp X Hp

AHanus pe3ynbTaToB:

Pacnpenenenve a3
[paaveHT TBepaOCTU
OueHka pucka TpeLLuH

Puc. 3. Bnok-cxema pa3pa60TaHHoro anropmMTmMa TepMOKUHETMHECKOro MOAeNUpPoOBaHMA U NPOrHO3UPOBaHUA CBOMCTB

&=1-exp(—kt") (1)

roe & — pons npespalyeHHoi hasbl, £ — Bpems, a k u n — KuHe-
TUYecKie napameTpbl, 3aBUCALLMNE OT TEMNepaTypbl 1 3epHa ayCTeHu-
Ta.

B ypaBHenun [hxoHcona-Mena-Aspamu-Konmoropoa (JMAK)

nokasatenb creneHn n (Avrami exponent) xapakTepusyeT MexaHu3m
3apoxaeHns U pocta HoBoW asbl. [Ans Anddy3nOHHBIX NpeBpaLle-
Huin B cTann 34XH3MA npuHAManoch nepemeHHoe 3HauyeHue 1 B
3aBMCUMOCTM OT TeMNepaTypbl: MPX BbICOKUX TeMnepaTypax npeobna-
[AeT MeXaHu3M 3apOoXeHus Ha rpaHuuax sepeH (= 1), Torga Kak
MpU CHWXEHWM TemnepaTypbl BO3pacTaeT BKNaf BHYTPU3EPEHHOrO
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3apoxaeHus. Kouctanta ckopoctv k() paccuuTbiBanach ¢ y4eTom
3HeprumM akTueauum anddysun yrnepoga B aycTeHuTe u TepMoamuHa-
MWYECKO [ABMXKYLIEA CWMbl MpeBPaLLEHUsl, UMMOPTUPOBAHHOM U3
OpenCalphad. Takoit noaxon No3BonMn KOPPEKTHO OnMcaTh KOHKY-
PEHLMI0 MeXaY NEPRUTHBIM U GENHUTHBIM NPEBPALLEHUSMU B YCIIOBM-
SIX HENpepbIBHOTO OXNaXAEeHWs, TAe N30TepMUYecKoe NpUbRMkKeHe
BHOCWT CyLLECTBEHHYIO MOTPELLHOCTb.

[ns onucanns 6e3nnddy3noHHOr0 MapTEHCUTHOTO MpeBpalLe-
HMS  npumeHsnca  3akoH  KoumcTtuHena-Mapbyprepa  (Koistinen-
Marburger), KOTOpbIA OMMCbIBAET AOMI0 MapTeHCUTa Kak (yHKLMIO
TEMMEPATYPbI HIKE TOUKM Havarna MapTEHCUTHOTO NpeBpaLLeHnst Ms.

1, =(1=exp(-a(M,-T))) 2)

e @& — koahPULMEHT, XapaKTepU3yIOLLMA UHTEHCUBHOCTb Npe-
BpalLeHus (ans GonblmHeTea cranei = 0.011).

lMapameTpbl 4515 3TUX ypaBHEHMIA ObInu OTKanMBpOBaHbI Ha OCHO-
Be CCT-guarpamm (Continuous Cooling Transformation), paccuutan-
HbIX C NOMOLLbIO MOZYNS TEPMOAMHAMMUKA.

Tennocpusuyeckue ycrogusi. HecTaumnoHapHoe TemnepaTypHoe
none T(x,y,z,t) B O6beMe Bar-LECTEPHI ONPEAENSETCs PeLIeH!-
eM anddepeHuMansHoro ypaBHeHWs TennonpoBofHoCTM ®ypbe ¢
BHYTPEHHUM WMCTOYHMKOM Tenna, BO3HMKaloWWM 3a cyeT (ha3oBbIX
nepexoaos:

pcpalzv-(ﬂ.VT)-F e )
ot
roe P — nnoTHocTb cmeck a3, Cp — achdekTUBHAsA yaenbHas
TennoemKkocT, 4 — koadduumenT TennonposoaHocTn, Cen —
MOLLHOCTb BHYTPEHHWX UCTOYHUKOB TEMna.

Ocoboe BHMMaHWe B MOAenM YAENeHo HenuHenHoCTH Tennodu-
314ECKNX CBOWCTB. [1OCKOMbKY TENnOMpOBOAHOCTb WM TEMMOEMKOCTb
33BMCAT HE TONMbKO OT TEMNEPATypbl, HO W OT TEKYLLEH MUKPOCTPYKTY-
pbl, B COMSOL Multiphysics 6bina peanusoBaHa AuHamu4eckas
(DYHKLMS CBOMCTB MaTepuana:

Pu=2FP¢ (4)

roe Pmix — CBOWCTBO CMecu, P— CBOWCTBO OTOENbHOA (hasbl
(ayctenuTa, chepputa, MapTeHcuTa, paccumtanHoe B OpenCalphad),
§—obbemHas gona 9tol (hasbl. Cnaraemoe WMCTOYHMKA Terna
0., PaCCHNTLIBAETCA MCXOAS U3 CKOPOCTU M3MEHEHUs Aonu a3 v
CKPbITON TENMOThI NpeBpaLleHus Lj:

0.-YL% ©
ot

YyeT 3T0r0 NapameTpa KpUTUYECKN BaXEH AN MacCUBHbIX AeTa-
nen, Tak Kak BblerneHue ckpbiToi Tennotbl (Recalescence) moxet
CYLLECTBEHHO 3aMeAnuTb NOKanbHoe OXNaXaeHUEe U U3MEHUTb UTOrO-
BYH0 CTPYKTYPY B CepALEeBMHe Bana.

PesynbTathl M 06CYKAEHUS UCCNEAOBaHMA

TepmoQuHamuyeckuli _aHanus ¢ha3osbix pasHosecull. epsbiM
3TanoM YKCNEHHOTO SKCNepPUMEHTa BNANOCH ONPeerneHe Temnepa-
TYPHbIX WHTEPBANOB CTabUNbHOCTM (ha3 ans uccregyemon cranmm
mapku 34XH3MA. Ha pucyHke 4 npeactaBneHa nonutepmuyeckas
anarpamma (Property Diagram), paccuuTtaHHasi B nporpaMMHOM KOM-
nnekce OpenCalphad mMetogom MuHUMM3aUMM 3Heprn Mbbca ans
MHOrokomnoHeHTHoi cuctembl Fe-C-Cr-Ni-Mo-Mn-Si.

MonyyeHHble TepMOAMHaMUYECKMe faHHble (Temnepatypbl Ac,
Acs v TennoemkocTn bas) Obiny mnopTupoBaHsl B FEM-mogens ans
KOPPEKTHOrO yyeTa CKPLITOW TENMOTh! NPEBPALLEHNN.

OGnacTb romoreHHoro aycteHuta 7>740 °C:

Pososas kpusas (FCC-A1) nokasbiBaet, 4o npu Temnepartypax
Bbiwe 740 °C (Touka Acs) CTanb HaxoauTcs B 0OHOMA3HOM ayCTEHMT-
HOM COCTOSIHUM. JTO 3HAa4eHWe SBMSIETCA HWKHWUM NpeLenoM ans

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

BblbOpa TemnepaTypbl HarpeBa nog 3akanky. Ha rpaduke BuaHo, 4To
MaccoBas aons aycteHuTa B 3Tom uHTepeane coctasnset 100%.

OpenCalphad 6.058 - 2026-12-10 - with GNUPLOT fig 1
T=X. P=100000, N=1, W(C)=.004, W(CR)=.011, W(MN)=.008, W(MO)=.004, W(NI)=.0325, W(SI)=.0037

100 T T T T T T

Mass percent of phase,%

L . L n .
800 1000 1200 1400 1600
@ Temperature-°C

1800

Puc. 4. TemnepaTypHas 3aBUCHMOCTbL MaccoBOW AONN paBHOBEC-
Hbix ¢ha3 B ctanu 34XH3MA (pacuyet OpenCalphad).

O6nactb thasosoro nepexoga 7 —> & (740°C ... 650°C):

B wHTepBane Temnepatyp 740 °C ... 650°C  NPOUCXOANT
peskuii pacnag aycTeHuta ¢ obpasosaHuem ¢epputa (OLK-thasa,
cuHss kpusast BCC-A2). KpyTuaHa HaknoHa CUHen NHUKM yKasblBaeT
Ha BbICOKYI0 TEPMOAMHAMUYECKYIO ABWXKYLLYK CANY NpeBpalLeHus,
4TO NpY MEeANEHHOM OXNaXaeHWH (B LiEHTpe Bana) HensbexHo npuBe-
JeT K (hopMMUpOBaHWIO (heppUTO-NEPNUTHOA CTPYKTYpPbI, ECAM CKO-
POCTb OXJTaxaeHUs byaeT HeROCTaTOUHON.

O6nactb kapouaHoro ynpouHeHus T<600 °C:

B HuskotemnepatypHoit obnactu (Huxe 600 °C) TepmoamHammnye-
CKUA pacyeT NporHo3upyeT BblAeNeHne AUCNEPCHbIX KapouaHbix das.
Kak BMOHO 13 HXKHEN YacTW auarpammbl, OCHOBHBIMM YNPOYHSAIOLLM-
Mn chasamu SBRSIOTCS cneumanbHble kapbuasl xpoma 1 monnbaeHa
Mna M2sCs (ronybas nunmus) u M;Cs (dpuonetosas nuHus). Mx npu-
cyTCTBME 0DYyCnoBneHo nermpoBaHuem crann xpomom (1.1%) u mo-
nmbaeHom (0.4%), uto cnoco6CTBYET NOBLILIEHWIO MPOKaNMBAEMOCTH
11 CONPOTUBIIEHNIO OTNYCKY.

lMonyyeHHble 3HAYEHUs KpuTUYeckux Temnepatyp Ac1~650 °C,
Acz = 740 °C 6binn ncnonb3oBaHbl B kaYecTBe BXOAHbIX NapaMeTpoB
A0S HAaCTPOWIKM KuHeTUYeckoro Moayns 8 COMSOL Multiphysics.

Kunemuka oxnaxdenusi u pacnpedeneHue ¢ha3. BoisiBneHHas
no pesynstatam (Tabnuua 3) MogenupoBaHUS HEOAHOPOAHOCTb
CTPYKTYpbI MO paguycy Bana NpuUBOAWUT K PSAY HEraTMBHbIX aKcrmya-
TaLWOHHBIX NOCNELCTBMIA.

Tabnuua 3
Pe3ynbTaThbl MOAeNMpoBaHus
3oHa TsepaocTb, JomuHupytowas
HRC CTPYKTypa
[loBepxHoCTHas 50-55 MapTeHcut
pomexyToyHas 40-48 MapTeHcuT/BeitHuT
LieHTpanbHas 25-32 ®epput/Meprmt

Pasnnumns B a3oBOM COCTaBe M YpoOBHE TBEPAOCTM (PUCYHOK 5)
Mexay MOBEPXHOCTHOW, MEPeXOLHON U LEHTpansHOW 30HaMU BbI3bl-
BaloT 06pa3oBaHne OCTATOYHbIX HANPSKEHWIA, BO3HWUKAOLWMX BCRes-
CTBME HepaBHOMEPHOro 06BEMHOTO M3MeHeHus MeTanna npu ¢aso-
BbIX npeBpallennsx. C pocTom rpagneHta TBEPAOCTM YyKadaHHoe
HanpsKEHHOE COCTOSHME YCUNMBAETCS, MOBLILLAS BEPOSTHOCTb J10-
KamnbHOW KOHLEHTPALMW HAaNPSKEHNI.

B pesynbTate MOAEnNMpOBaHMS YCTaHOBIEHO, YTO B MOBEPXHOCT-
HbIX Crlosix Bana (paguansHas obnacte R = 0-30 Mm) peanusytotcs
YCMOBWS YCKOPEHHOTO OXNaXaeHns, 00yCrnoBneHHble HeMocpeaCTBeH-
HbIM KOHTAKTOM C OXNax/atoLLeit cpeaoi. Beicokas ckopocTb 0TBOAA
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TENNa NPUBOAUT K CYLLECTBEHHOMY NEPEOXNaXLEHMI0 ayCTEHWTa, YTO
cnocobeTByeT npoTekaHuio Be3aunddysnorHoro npespallerns. B aaHHon
30He 0N MapTeHcuTHO! dhasbl gocturaeT 90-95 %, yto noaTBepxaaeT
BbICOKYIO MPOKANMBAEMOCTb MaTepuara npu NpUHATLIX NapameTpax oxrna-
xaoerus. MpeobnagaHne MapTeHCUTHOR CTPYKTYpbI 06ycrnaBnmnBaeT noBbl-
LUEHHbIA YPOBEHb TBEPAOCTU M MPOYHOCTHBIX XapaKTEPUCTMK NMOBEPXHOCT-
Horo cnosi. Takum 06pa3om, MOAENMPOBaHNE AEMOHCTPUPYET (PUCYHOK 5)
YCTOMYMBOE (POPMMPOBAHME MAPTEHCUTHON CTPYKTYPbI BOMM3N NOBEPXHO-
CTW, YTO COOTBETCTBYET M3BECTHLIM 3aKOHOMEPHOCTAM TEPMOKUHETMKN
(ha3oBbIX NPEBPALLIEHMIA MPY BBICOKMX CKOPOCTSX OXNaXAEHNS.

AN

AN

ol AN
N\

OxnaxxpeHune

=== [10BEPXHOCTb

= TTPOMEYTOUHaA 30Ha

LeHtp

Temnepartypa, °C

200 \ —
0 T L o L o o T L o e e e e |
0 3 6 9 12 15 18 21 24 27 30
Bpems, ¢

Pwuc. 5. KpVIBbIe oxnaxaeHusa B Pa3HbiX pagnanbHbIX 30HaX

B papuansHom auanasoHe ot 30 go 150 MM ycnoBusi OxnaxaeHus
CTAHOBSAITCA MEHEE UHTEHCHBHBIMM MO CPABHEHMIO C MOBEPXHOCTLI), OAHA-
KO COXpaHSIOTCS AOCTATOMHO BbICOKMMM [Nsi MPOTEKAHUSI YaCTUYHOTO
MapTEHCUTHOrO mpeBpaLlleHns. B atoit obnactu opmmpyeTcs cMelLaH-
Hasl CTPYKTypa, COCTOsiLLasi MPeuMYLLECTBEHHO M3 MapTEHCUTa C Cylue-
CTBEHHOW foneit HkHero 6eliHuTa. MocneaHuin obpasyeTcs B pesynbrarte
Andy3NOHHO-0rPaHNYEHHbIX NPEBPALLEHNA NPY MPOMEXYTOUHBIX CKOPO-
CTSX OXNaXAEHUs.

MonyyeHHas CTpykTypa coyeTaeT B cebe BbICOKYI0 TBEPAOCTb M YAO-
BNETBOPUTENbBHbIE NMNACTUYECKME CBOWCTBA, YTO 06ECNEeUNBAET BbICOKYIO
MPOYHOCTb MaTepuana B MepexofHon 3oHe (puc. 6). MopenvposaHue
MoKa3bIBaeT, YTO 40N MapTEHCUTa MOCTENEHHO YMEHBLUAETCS C yBENNYE-
HWMEM pagumyca, O4HaKO ero BKnaa OCTaétcs AOMUHMPYHOLMM, obecneyn-
Basl 9KCMNyaTaLMOHHYI HaAEXKHOCTb 3TOM YacTh CeYeHNs.

B ueHTpanbHOA 4YacTu Bana CKOPOCTb OXNaXAEHUS CYLLECTBEHHO
cHxaeTcs 1 He npesbiwaet 0.5-1 °C/c, 4To orpaHnumMBaeT BOIMOXHOCTb
npoTekanus 6e3nnddy3noHHbIX NpeBpalLeHnii aycteHnTa. Mpn Takux
YCMOBWAX MPOMCXOAMT HEMOMHOe MpeBpaLyeHne, COMPOBOXAAIOLLEecs
opmmpoBaHmeM anddy3noHHbIX CTPYKTYp. B coctaBe npeobnapgatot
heppuT 1 NEPNUT, MPUYEM UX KONINYECTBO BO3pACTAET MO Mepe YAaneHus

OT MOBEPXHOCTY.
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Puc. 6. UameHeHne TBepAOCTH NO paanycy Bana
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Puc. 7 PesynbTaTbl MOAenMpoBaHus pacnpeaeneHus
¢ha30BbIX CTPYKTYp NO CErMeHTY 3y64aToro BeHua
Ban-WecTepHu
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OTcyTCTBME MONMHOTO MapTEHCUTHOTO MPeBPaLLEHUst MPUBOAUT K
3HAYNTENBHOMY CHIKEHWIO TBEPAOCTM, @ MPUCYTCTBUE (PEepPUTHO-
MEPNNTHON CTPYKTYpbl OOYCMOBNMBAET YMEPEHHYID YAApHYI Bs3-
kocTb. Takum 06pa3oM, LieHTpanbHas 30Ha XapaKkTepuayeTcst MUHM-
MarbHOI MPOYHOCTBIO B CPABHEHUN C NOBEPXHOCTHOW 1 NEpexoaHom
obnacTamu, YTo NMOLTBEPXKAAET 3HAYNTENBHYIO CTPYKTYPHYIO HEOLHO-
POAHOCTL MO CeYeHNto Bana.

Hanuune BHyTPEHHUX HaNPSHKEHWI, B COMETAHUN C YMEHbLLEHHON
NAACTUYHOCTLIO B NEPUPEPUITHON 30HE U CHKEHHON MPOYHOCTHIO B
LieHTpanbHON 4acTW, CO3AAET PUCK PAaCTPeCKMBaHWA [etamu npu
aKcnnyaTauuy, 0cobeHHO Mpu BO3OENCTBMM MEPEMEHHBIX Harpy3ok
N yaapHbIX BO3AENCTBUN.

[TpocmpaHcmeeHHasi _monosnoeausi  ha3osbix COCMABIIAULUX.
AHanu3 kuHeTMKM (hasoBbIX MPeBpaLLEeHWi, NPOBEAEHHbI B cpeae
COMSOL Multiphysics, no3sonun nonyunTb AeTanbHY KapTuHy
pacnpefeneHns CTPYKTYPHbIX COCTaBMAOWMX No obbemy Ban-
LUECTEPHN K MOMEHTY 3aBepLueHns oxnaxaerus (=240 c). Busyanu-
3auus norei KOHUEHTpaLumii, NPeACTaBNeHHo Ha pUCyHKe 4, BbISBU-
na YeTKyl 30HaNbHOCTb, OOYCMOBMNEHHYIO rPafMeHTOM CKOpoCTen
OXNTaXAEHUS OT MOBEPXHOCTY K LIEHTPY.

®opmuposaHue MapmeHcumHol 30Hbl. Ha pucyHke 7(B), npegn-
CTaBIEHO none pacnpegeneHus 06beMHON gomu MapTeHcuTa. Kak
BMZHO U3 3MiOpbl, B MPUNOBEPXHOCTHOM Crloe AeTanu hopmupyeTcs
CMNOLLUHAs MapTeHCUTHas «Kopka». MakcumanbHasi KOHLEeHTpauus
MapTeHcuTa (UKeupyeTcs Ha pabounx MOBEpXHOCTSX 3yDbeB U BO
BnaguHax, focturas sHayenmit 0.90-0.96 (90-96%). InybuHa atoro
BbICOKOMPOYHOrO Cros BapbupyeTcs B npeaenax 15-25 mm B 3aBucu-
MOCTM OT FIOKamnbHON KPWBM3HBI MOBEPXHOCTU. ®uanyeckas npupoga
3TOr0 ABNEHNs 0OBSCHAETCA TeM, YTO nepudepuitHbie cnou MeTanna
Haxo4ATCA B HEMOCPELCTBEHHOM KOHTAaKTE C 3aKanouHOW cpenoi.
KoadhdpuumeHT TennooTgaum Ha rpanuue «meTann-cpeaa» obecneum-
BaET CKOPOCTb OXNaXAEHWS, CyLUECTBEHHO MPEBLILLAIOLLYI0 KpUTUYE-
CKyl0 CKOPOCTb 3aKanku. B pesynbraTte aycTeHWT nepeoxnaxpaeTcs
[0 TemnepaTypbl Hayana MapTeHCUTHOro npespalleHuns Ms~ 320°C
npaktuyeckn 6e3nnddysnoHHo, MuHys obractu nepnuTHoro u bei-
HUTHOTO pacnaga. PopMUpOBaHN1e TaKoW CTPYKTYPbI KPUTUYECKMA BaX-
HO ANS 9KchnyaTauuu, Tak Kak MMEHHO MapTeHcuT obecneunBaeT
tBepaocTb 50-55 HRC, Heobxoaumyto 4nsi conpoTUBNEHUS abpasus-
HOMY M3HOCY W KOHTaKTHOW YCTanocTy npu 3aLenneHnm.

®opmuposaHue belHuUMHoU 30Hb!. MPUHLMNMANBHO NHAS KMHETU-
ka Habniopaetcs B rMybuHHBIX CNOsX Bana (Ha yganedum bonee 50
MM OT MOBEPXHOCTM). 3aecb AOMUHMpYHOLWEA (hasol CTaHOBUTCS
GenHuT (prcyHok 7 r). ObbemHas gons 6elHNTa B LEHTpamnbHON 30He
coctaenset 0.75-0.85 (75-85%), nnasHo CHxasch no mepe npubnu-
KEHUS K MapTEHCUTHO obonouyke. Takoe pacnpenenexue obycrnoe-
NeHO TENroBON MHEPLMEN MACCMBHOMN 3aroTOBKW. TennoTa 13 LeHTpa
OTBOAWTCA TONMBKO 3a CYET TEMNONPOBOAHOCTW CaMOro MeTanna, YTo
CHWXaeT ckopocTb oxnaxaenust o 0.5-1.0 °Clc. OgHako, 6narogaps
nervposaHuio ctanu 34XH3MA Hukenem (3.25%) n monmnbaeHoMm
(0.4%), yCcTOMYMBOCTL MEPEOXNAXAEHHOrO ayCTEHUTa MOBILLEHA.
C-06pasHble KpWBbIE COBMHYTHI BrpaBO, YTO MO3BOMSET M3bexartb
pacnaga Ha (PeppuTO-NEprUTHYID CMEChb AaXe MpU TakuX HU3KMX
CKOpOCTSIX. BMecTo 3TOr0 peannsyeTcs NpoOMEXyTOYHOE MpeBpalLe-
Hue ¢ oBpa3oBaHueM HuxHero beitHuta. 310 sBnseTcs bnaronpusT-
HbIM (haKTOpPOM, TaK kak 6eitHuT 0bnagaeT onTUManbHbIM COYETaHM-
€M MpoyYHOCTU U yaapHon BsiskocTu (KCU), npegoTBpallast xpynkoe
paspyLUeHe Bana nog AenCTBUEM AMHAMNYECKUX HArpY3OK.

30HbI_nokanusayuu_cpeppuma. B reomeTpuyeckom LEeHTpe cer-
MeHTa, r4e CKOPOCTb OXNMaXAeHUs MWHUMarnbHa, 3admKCMpoBaHO
oOpasoBaHue CTPYKTYpHO-cBOGOAHOTO (hepputa (pucyHok 7, a). Ero
MakcumarnbHas obbemHas gons He npesbiwaet 0.15-0.18 (15-18%).
®eppuT BbIBENSETCA NPEMMYLIECTBEHHO MO rpaHMLAaM 3epeH aycre-
HuTa B WHTepBane Temnepatyp 720-650 °C (Acs-Ac1), korga puddy-
310HHas NOABWXHOCTb aTOMOB YITIEPOAa eLle Bbicoka. XOTs (epput
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sBNseTCs MArKov chasoit (teepgocts ~180-200 HB), ero orpaHuyeH-
Hoe konuuecTBo (MeHee 20%) He OKa3blBAET KPUTUYECKOTO BIUSHUS
Ha HeCyLLyto CnocoBHOCTb CEpALEBWHBI, BbINOMHSAS POMb NNACTUYHON
MaTpuLbl, AEMNUPYIOLLEN HANPSIKEHMS.

[odasneHue nepaumHo2o npespawieHus. OgHAM U3 KMHOYEBbIX
pe3ynbTaToB MOLENUPOBaHNUSA SIBNSIETCS MOLTBEPXKLEHNE OTCYTCTBUS
nepnuTHOM CTpyKTypbl. KapTa pacnpeaenexus nepnuta (pucyHok 7, 6)
LEMOHCTPUPYET, YTO €ro 0Ns BO BCeM 0bbeme aeTanu npeHebpexu-
Mo mana u coctasnsieT MeHee 0.005 (0.5%). 3o cBMaETENLCTBYET O
npaBWUnbLHOM BbIGOpE XMMMYECKOro coctaBa cTanmu. KomnnekcHoe
nervpoBaHne 3gdeKTMBHO MoAaBuUno AvdY3MOHHBIA pacnag no
nepnutHomy MmexaHusmy. Ecnu bl B ceppuesuHe obpasoBanacb
nepnnTHas ceTka, 3T0 MpuBeno Obl K peskoMy nafeHuo yaapHoW
BA3KOCTW M PUCKY MONOMKM Bana npu 3anycke MenbHWLbI (B YCrOBUAX
«X0ogHoro crapTa»). Mogenb NoaTBEPXKAAET, YTO JAHHAs TEXHOMO-
TS 3aKanku rapaHTupyeT MomyyeHue KBa3wOLHOPOAHOW CTPYKTYpbI
«MapTeHCUT + BeitHNT» 6e3 OnacHbIX MATKUX BKITHOHEHUA.

WHmepnpemauus epadueHma MexaHuyeckux cgoicms. Habno-
Aaemas HeOAHOPOAHOCTb TBEPLAOCTU NO CEeYeHUto Bana (nagexue ¢ 55
HRC Ha noepxHocTh [0 28-32 HRC B 0CeBOM 30HE) He SBNSiETCS
CnefcTBMEM HEOCTATOYHOI NPOKANMBAEMOCTH CTanu Kak TakoBoM, a
BUKTYeTCs (PU3NKON (HOPMUPOBAHNS KOMMO3UTHON MUKPOCTPYKTYPbI.
[Onsa Bepudmkaumu nonyyerHolx B FEM-mogenu nomeit TBepLocTy
Obina NpUMeHeHa aHanuTU4eckas NpoBepka Ha OCHOBE afAUTUBHOTO
npasuna cmecen (Rule of Mixtures).

CornacHo aToMy Moaxofy, UHTErpanbHas MakpoTBEPAOCTb Hmacro
B nioboit koopauHaTte paguyca R onpegensetcs cynepnosuuueit
MWKPOTBEPLOCTEN OTAENbHbIX (ha30BbIX COCTABMALLNX:

Hy(R)= Y1 (R)-1, ®)

roe Vi — obbemHas gons i-oi dasbl, a Hi — ee xapakrepuctuieckas
TBEPAOCTb (ANs MapTeHcuta npunato H, ~ 58HRC, ans Geinuta
H, ~42 HRC, ans depputo-nepnutHoi cvec H , ~ 22HRC).

Taknm o6pa3som, ycTaHoBMeHo, YTo obecneyeHne CKBO3HOI Mpo-
KanvBaeMoCTU AMns CEYEHUIt JaHHOTO AuameTpa NpW CTaHAApTHOW
3aKarnke HEBO3MOXHO. [pafneHT CBOWCTB SBNSETCH CTPYKTYpPHO-
00ycrnoBneHHbIM 1 He MOXET ObITb YCTPaHEH NPOCTbIM MOBbILIEHUEM
WHTEHCUBHOCTW OXNaX4eHWs NOBEPXHOCTH, TaK Kak FMMUATUPYIOLLMM
(haKTOPOM BbICTyNaeT TennonpoBOAHOCTb CaMOiA CTanwu.

BrugHue cmpykmypHol Heo0HOPoOHOCMU Ha SKCcnilyamauuoH-
Hyto HadexHocmb. [onyyeHHas B MOAenu CTpyKTypa, TBepaas map-
TEHCUTHAs Kopka M Bs3kasl GeliHMTHas cepaLeBuHA SBNSETCS ONTu-
MarnbHoW Ans Ban-wectephu. MapteHcuTHbin cnoi (55 HRC) obecne-
UMBAET COMPOTUBMEHNE KOHTAKTHOM YCTanoCTy (MUTTUHIY) Ha 3yObsiX.
BeithuTHas cepauesnHa (30-35 HRC) pemndmpyeT yaapHble Harpys-
kv, BO3HMKawowme npu pabote menbhuubl MUWLL. OpgHako BbisBREH-
HbIA rPagMeHT CBOMCTB (PuC. 7) yka3biBaeT Ha PUCK BO3HWKHOBEHMS
BbICOKMX OCTATOUHbIX HAMPSHKEHWI CKaTUs Ha NOBEPXHOCTW. PasHuua
yaenbHbIX 06bEMOB MapTeHcuTa W BeliHuTa co3naeT BHYTPEHHWE
HanpsikeHus!, KOTOpblE HEOOXOAMMO CHUMATb MPOBELEHUEM HWU3KOTO
OTnycka cpasy mocne 3akanki. Mogenb no3BonseT pekoMeHaoBaTh
Temnepatypy oTnycka He Hwxe 200-250 °C ans npefoTBpalleHus
XPYNKOro paspyluerus 3ybbes

3aknioyeHune

PaspaboTaHHas MeToauka Mo3BONsieT MPOrHO3MpoBaTh pacrpe-
Aenexne a3 1 CBOWMCTB MO CEYEHNO KpynHOrabapuTHbIX BaioB Mpu
HEMPEePbLIBHOM OXNaXaeHuu. TMonyyeHHble pesynbTaThl XOpoLo Co-
rNacytoTCs C KNaccu4eckon Teopuein NernpoBanHns KOHCTPYKLMOHHBIX
cranei. M3BectHo, 4To Hukenb (3.75% B 34XH3MA) sBnsetcs aycre-
HUTOOGpA3yLMM SMEMEHTOM, KOTOPbIA 3(DHEKTUBHO CHXAET Kpu-
TUYECKYI0 CKOPOCTb 3aKanku 1 caBuraeT obnacte nepnuTHoOro pacna-
pa B cTopoHy Gonblumx Boigepxek. MonubaeH (0.4%), B cBOK Ove-
pedb, nogaenseT BbiaeneHne epputa no rpaxuuam 3epeH. Cos-




MATERIALS SCIENCE

MEeCTHOe [1e/CTBME 3TUX 3NIEMEHTOB NPWUBOAWT K MOSIBMIEHMIO CTPYKTY-  HOW MPOYHOCTW w3penus. Vcnonb3oBaHue ABYX HE3aBUCUMbIX NPO-
pbl GEHUTHOI HA AuarpamMe pacriafa aycTeHuTa, KOTOpbIi CTaHo-  rpamMMHbIx cucteM (JMatPro n OpenCalphad) o6ecneunBaeT BbICOKyHO
BUTCA 6onee JOCTYMHBLIM NPU HENPEPLIBHOM OXMAXAEHUM MacCMBHbIX  [AOCTOBEPHOCTb Pe3ynbTaToB. JTO JAET BOMOXHOCTb OMTUMU3NPO-
ceyeHuin. MogenvpoBaHve NoATBEPAUNO, YTO AaXe B LiEHTpe Bana  BaTb PEXWMbl 3aKasnku, MOBLICUTb OFHOPOAHOCTb CTPYKTYPbI U ynyy-

AnameTpom Gonee 400 mm yaaetcs usbexarb (hOPMUPOBAHUS XPYM-  LUUTb SKCMNyaTaLMOHHbIE XapaKTEPUCTUKIA U3aenus.
KO/ NepNMTHOM CETKW, YTO SBNSIETCS 3a510TOM BbICOKOW KOHCTPYKLIMOH-
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INTENSIFICATION OF CONTACT HEAT EXCHANGE IN A VORTEX
APPARATUS TO IMPROVE THE EFFICIENCY OF WET GAS
CLEANING

Akhmatov A.A.,
Navoi State University of Mining and
Technologies, PhD, Associate
Professor

Abstract. The article presents the results of a comprehensive experimental study on the intensification of contact heat transfer during the direct interaction of hot
water and air flows in a vortex-type apparatus. The relevance of the research is determined by the increasing demand for improved energy efficiency, reduced operat-
ing costs, and enhanced environmental safety of thermal and gas-cleaning systems, as well as the transition of industry toward sustainable development principles.
The objective of the study is to establish quantitative relationships between hydrodynamic parameters, liquid-to-gas mass flow ratios, swirl intensity, and their influ-
ence on the heat transfer coefficient, thermal capacity, and overall efficiency of the apparatus.

An experimental setup with tangential injection of both gas and liquid phases was developed and implemented to ensure the formation of a stable vortex regime,
an expanded interfacial contact surface, and a high level of turbulence. The experimental data were processed using the Nusselt and Reynolds similarity criteria,
together with heat balance equations accounting for evaporation, condensation, and changes in air moisture content. Experiments were carried out over a wide range
of Reynolds numbers and L/G ratios, allowing stable heat transfer patterns to be identified.

It was established that increasing the gas Reynolds number from 45,360 to 97,253 results in a rise of the Nusselt number from 2,300 to 15,700. Higher irrigation
density intensifies heat transfer due to enhanced liquid dispersion and enlargement of the interfacial area. The obtained results can be applied in the design and
modernization of energy-efficient vortex heat exchangers and wet gas-cleaning systems.

Keywords: contact heat exchange; vortex apparatus; flow swirl; evaporative cooling; heat transfer; Nusselt number; Reynolds number; wet gas cleaning

WHTEHCUOUKALIUA KOHTAKTHOIO TEMJIOOBMEHA B
BUXPEBOM AMNMNAPATE [551 NOBbIWEHUA 9®®EKTUBHOCTU
MOKPOU OYUCTKU TA30B

AxmatoB AA.

HaBouiickiin rocyAapCTBEHHBIN FOPHO-TEXHOMNOTMYECKWIA yHnBepcuTeT, Pecnybrnnka YabekucTtaH

AHHOmayus. B cmambe npedcmassieHb! pe3ynbmams| KOMNIEKCHO20 SKCnepuMeHmarbHo20 UuccnedogaHus UHMeHcUpUKayuu KOHmMakmHo20 menmoobMeHa
npu HenocpedcmeeHHOM 83aumodelicmeuu nomokos 2opsyell 800bI U 8030yxa 8 8UXPEBOM annapame. AkmyanbHocmb pabomei 0bycrosneHa 8o3pacmarolumu
mpebosaHUsIMU K 3HEP203GHEKMUBHOCIMU, CHUXEHUIO 3KCNITyamayUOHHbIX 3ampam U NosbILEHUK 3Komoauyeckol 6e30nacHoOCmu mennomexHUYeckux U 2aso-
OYUCMHBIX CUCMEM 8 YCII08USIX YXKeCMOYeHUsi npupoO0OXpaHHbIX HOPMamueos U nepexoda NPOMbIWIEHHOCMU K ycmoldugoMy pasgumuto. Llenb uccnedogaHus
3aKmoyaemcs 8 ycmaHoeIeHUU KONUYECMBEHHbIX 3aKoHoMepHocmel 8nusHUS 2udPOOUHaMUYECKUX napamempos, OMHOWEHUS MaccosbIX pacxo0os (ha3 u UHMeH-
CUBHOCMU 3aKPYMKU NOMOKO8 Ha KoachghuyueHm menmoomaayu, menosyio MOWHOCb U 06Uy 3hehekmusHOCMb annapama.

Paspabomatra u peanu3osaHa KkcnepuMeHmarnbHas ycmaHoska ¢ maHaeHyuabHbIM 88000M 2a3a U Xudkocmu, obecneyusaiowum (opmuposaHue ycmoulu-
8020 BUXPEBO20 PEXUMA, Pa38UMOU MexchasHol NoBEPXHOCMU KOHMakma U nosbILEHH020 yposHst mypbynesmHocmu. O6pabomka pesybmamos 8bInoHeHa Ha
ocHoge Kpumepues nodobus Hyccenbma u PeliHonb0ca, @ makxe ypasHeHus mennogoeo banaHca ¢ y4emom npoyeccos UcnapeHusi, KOHOBHCaUUU U USMEHEeHUs
8nazocodepxaHnusi 8030yxa. IKcnepuMeHMbI NPosedeHb! 8 WUPOKoM Quana3oHe Jucen PelHonb0ca u 3HayeHul L/G, 4mo no3gonuno bisgums ycmouyueble meH-
OeHyuu U3MeHeHus mennonepedayu u oueHums eknad kaxdo2o napamempa 8 0bwjuli mennosol aghghekm.

YcmarosneHo, Ymo ysenudeHue yucna PeliHonb0ca 2aza om 45360 do 97253 conposoxdaemest pocmom yucna Hyccenbma om 2300 do 15700, ymo ceude-
menbcmeyem 0 CywecmeeHHOM nosbIeHuU mypbyneHmHOCMU U UHMEHCUBHOCMU 06HOBMEHUS MexchasHol nosepxHocmu. [1osbieHue NomHOCMU OpOW eHust
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donomHUMenbHO ycunueaem mennoobmeH 3a cyem ducnepauposaHusi Xudkocmu u yeenuyeHus ninowadu kKoHmakma ¢ha3. HayyHas HogusHa pabomsl cocmo-
um 8 3KcnepumeHmarnbHoOM NoOMeepKOeHUU KOMNIEKCHO20 BNUSHUS 3aKpyMKU NOMOKO8 Ha CONPSKEeHHbIe NPOUECCHI MenioMacconepeHoca U menosyio
aghhekmueHOCMb 8UXPEBO2O annapama. [TonyyerHble pesynbmambl Mo2ym Bbimb UCNOb308aHbI NPU NPOEKMUPOBAHUU 3HEP203(hheKMUBHBIX BUXPEBBIX
mennoobMeHHUKO8 U annapamos MOKPOLi 2a3004UCMKU HO8020 NOKOMIEHUST, @ Makxe npu ModepHu3ayuu delicmeyiou4ux NPOMbILUTEHHbIX YCMaHOBOK.

Knioyesbie crosa: KoHmakmHbIl mennoobmen; 8uxXpesol annapam; 3akpymka nomoka; ucnapumernbHoe oxnaxdeHue; mennonepedaya; yucno Hyccenb-
ma; yucso PeliHonbdca; MOKpas 2a3004UCMKa.

GAZLARNI HO'L USULDA TOZALASH SAMARADORLIGINI
OSHIRISH MAQSADIDA VIXRLI APPARATDA KONTAKT ISSIQLIK
ALMASHINUVINI JADALLASHTIRISH

Axmatov A.A.

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu maqolada issiq suv va havo oqimlarining bevosita o'zaro ta’siri sharoitida uyurmali kontaktli apparatda issiglik almashinuvini jadallashtirish
bo'yicha kompleks eksperimental tadqgiqot natijalari bayon etilgan. Tadgiqotning dolzarbligi energiya samaradorligini oshirish, ekspluatatsion xarajatlarni kamaytirish
va issiqlik texnikasi hamda gaz tozalash tizimlarining ekologik xavfsizligini ta'minlashga qo‘yilayotgan talablarning ortib borishi, shuningdek sanoatning barqaror
rivojlanish tamoyillariga bosgichma-bosqich o'tishi bilan belgilanadi. Ishning asosiy maqgsadi gidrodinamik parametrlar, fazalarning massaviy sarflari nisbatlari hamda
oqimlarning aylanish jadalligining issiglik berish koeffitsienti, issiglik quvvati va apparatning umumiy issiqlik samaradorligiga ta’sirini miqdoriy jihatdan aniglashdan
iborat.

Tadqiqot doirasida gaz va suyuqlikni tangensial yo'nalishda kiritish orqali barqaror uyurmali rejimini va fazalararo kontakt yuzasini hamda yugqori turbulentligini
ta'minlovchi eksperimental qurilma ishlab chiqildi va amaliy sinovdan o‘tkazildi. Olingan natijalar Nusselt va Reynolds mezonlari asosida, shuningdek bug'lanish,
kondensatsiya va havoning namlik migdori o'zgarishini hisobga oluvchi issiglik balansi tenglamalari yordamida qayta ishlangan. Tajribalar Reynolds sonining keng
diapazonida va turli L/G nishatlarida olib borildi, bu esa issiglik uzatish jarayonidagi barqaror qonuniyatlarni aniglash imkonini berdi.

Aniglanishicha, gaz Reynolds soni 45360 dan 97253 gacha oshganda Nusselt soni 2300 dan 15700 gacha ortadi, bu esa turbulentligining sezilarli kuchayishi va
fazalararo sirtning jadal yangilanishini ko'rsatadi. Sug‘orish zichligining ortishi suyuqlik yupqa qatlami tez yangilanishi va kontakt yuzasining kengayishi hisobiga is-
siglik almashinuvini qo'shimcha ravishda jadallashtiradi. Olingan natijalar energiya tejamkor uyurmali issiqlik almashinish apparatlari hamda nam gaz tozalash
qurilmalarini loyihalash, optimallashtirish va mavjud sanoat qurilmalarini modernizatsiya qilishda qo‘llanishi mumkin.

Kalit so‘zlar: kontakt issiqlik almashinish; uyurmali apparat; oqimning uyurmaviy harakati; bug‘lanishli sovitish; issiqlik o‘tkazish; Nyuslt soni; Reynolds soni;

nam gaz tozalash.

Introduction

The intensification of contact heat exchange processes is one of
the key challenges in modern thermal power engineering, chemical
technology, and environmental industries. In contemporary industrial
systems, energy efficiency and environmental safety are no longer
optional characteristics but mandatory design criteria. Enhancing heat
transfer efficiency during the direct interaction of liquid—gas phases
not only reduce energy consumption and decreases equipment di-
mensions but also significantly improves the efficiency of dust and gas
cleaning processes based on evaporative cooling and condensation—
diffusion mechanisms of impurity capture [1].

In recent decades, stricter environmental regulations and the
global transition toward sustainable industrial development have stim-
ulated research aimed at increasing the performance of gas-cleaning
systems while minimizing operating costs. Contact heat exchange
devices are widely applied in cooling towers, scrubbers, absorbers,
and evaporative heat exchangers. Their effectiveness directly affects
overall process stability, emission control efficiency, and operational
reliability. Therefore, the study of intensification methods for such
processes remains highly relevant.

In wet gas-cleaning systems, heat and mass transfer occur simul-
taneously, and the intensity of these processes directly determines the
degree of deposition of solid and gaseous contaminants. The mecha-
nisms involved include convective heat transfer, phase transition due
to evaporation and condensation, diffusion of vapor into the bulk gas,
and inertial and diffusional deposition of particles. The higher the rate

of renewal of the interfacial surface and the heat transfer coefficient,
the more effective the condensation of vapors and the adsorption of
particles on liquid droplets. As a result, the increase in contact surface
area and turbulence level becomes a decisive factor in improving
pollutant capture efficiency. Thus, the intensification of contact heat
exchange is not only a thermotechnical but also an environmentally
significant task that contributes to increasing the efficiency of waste
gas purification [2].

From a thermodynamic standpoint, contact heat exchange in-
volves complex nonequilibrium processes. The driving force for heat
transfer is the temperature difference between interacting phases,
whereas the driving force for mass transfer is the difference in partial
vapor pressures. These processes are strongly interdependent: evap-
oration absorbs latent heat, thereby influencing the temperature field
within the apparatus, while condensation releases latent heat, affect-
ing local thermodynamic equilibrium. Consequently, a comprehensive
understanding of coupled heat and mass transfer phenomena is es-
sential for accurate modeling and optimization of contact devices [3].

Contact heat exchange is characterized by a complex interrelation
between thermodynamic and hydrodynamic factors. When hot water
interacts with cold air, heat transfer occurs both due to direct phase
contact and as a result of liquid evaporation into the gas flow. In addi-
tion, micro-scale processes such as droplet fragmentation, coales-
cence, and film formation on internal surfaces further complicate the
system behavior. The intensity of the process is determined by the
water temperature, gas flow velocity, degree of turbulence, ratio of
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A

mass flow rates of the phases,
as well as by the geometry and

organization of the flows within
the working volume of the appa-

[}

ratus [4].

The hydrodynamic regime
plays a decisive role in deter-
mining contact efficiency. Lami-
nar flows provide limited mixing
and relatively small interfacial
area, whereas turbulent flows
enhance convective transport
and promote intensive mixing
between phases. The Reynolds
number of the gas flow, Weber
number for droplet breakup, and
Froude number characterizing
inertial forces all contribute to
the formation of stable or unsta-
ble hydrodynamic structures
inside the apparatus. Therefore,
controlling the flow regime be-
comes a primary tool for intensi-
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fying heat transfer [13]. I

One of the most effective
methods for intensifying contact
heat exchange is the creation of
vortex motion of the flows,
which increases turbulence and
ensures repeated renewal of the
interfacial ~ surface.  Swirling
flows generate centrifugal forces
that redistribute droplets radial-
ly, increasing the residence time of phases within the contact zone.
This phenomenon results in the formation of a highly developed inter-
facial area and promotes droplet dispersion. Vortex-type apparatuses
form a highly developed contact zone, promote the dispersion of the
liquid, and provide intensive heat and mass transfer at relatively low
energy consumption [5].

Compared to traditional axial-flow contact devices, vortex apparat-
uses demonstrate improved mixing characteristics and higher volumet-
ric heat transfer coefficients. The swirling of flows makes it possible to
significantly increase the heat transfer coefficient compared to axial
contact devices, which is especially important for evaporative cooling
and simultaneous purification of gases from pollutants. Additionally,
vortex configurations often exhibit lower hydraulic resistance per unit
heat transfer area, making them attractive for industrial applications
where energy consumption must be minimized.

This study is devoted to the investigation of the regularities of
contact heat exchange during the direct interaction of liquid and gas
flows in a vortex contact apparatus, the determination of the influence
of operating and geometric factors on heat transfer intensity, and the
substantiation of the role of heat and mass transfer in improving the
efficiency of wet gas cleaning. Special attention is paid to the com-
bined influence of gas velocity, liquid temperature, and swirl intensity
on the resulting thermal performance. The results obtained can be
used in the development of highly efficient next-generation vortex gas-
cleaning devices and compact heat exchangers for energy-saving
systems.

Materials and Methods

This work focuses on the intensification of heat transfer during air
heating by hot water in a vortex-type heat exchanger. The selection of
the air-water system is determined by its widespread industrial appli-
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1 — vortex contact heat exchanger;
2 —fan; 3 - pump; 4 — water flowmeter;
5 — temperature sensors; 6 — gas nozzles; 7 - liquid nozzles;
Fig. 1. Diagram of the experimental setup
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cation and well-established thermophysical properties, which enable
reliable experimental evaluation and comparison with theoretical mod-
els. A method for enhancing the heat transfer process was developed
and investigated, based on swirling the gas flow through tangential
injection. The underlying concept assumes that tangential inlet flow
creates a stable rotational structure inside the apparatus, thereby
increasing turbulence intensity and the frequency of contact surface
renewal.

To study contact heat exchange in a vortex apparatus with a swirl-
ing gas flow, an experimental setup was designed and assembled
(Fig. 1). The installation includes a vortex contact chamber, gas supply
system, liquid circulation system, heating unit, measurement instru-
ments, and control elements. The design ensures reproducibility of
operating conditions and accurate measurement of thermal parame-
ters.

Air is supplied by a high-pressure fan (model CZ 1500; capacity —
1530 m3h, power — 1.5 kW, pressure — 2400 Pa) into the upper part of
the contact heat exchanger through two tangential nozzles and then
enters the working zone of the apparatus. The tangential orientation of
the nozzles ensures the formation of a rotating gas flow inside the
cylindrical chamber. The symmetrical arrangement of the nozzles
contributes to the formation of a stable vortex core along the axis of
the apparatus.

A frequency converter (ANDELI, 1.5 kW) was connected to the fan
to regulate the air flow rate. This allowed smooth adjustment of gas
velocity and ensured precise control over the hydrodynamic regime. By
varying the rotational speed of the fan, different Reynolds numbers
were achieved, enabling the investigation of both transitional and fully
turbulent flow conditions.

The air velocity inside the apparatus was measured using a ther-
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mo-anemometer CEM DT-619 with a measurement period of 0.6 s
and an accuracy of £0.2 m/s. Measurements were carried out at sev-
eral cross-sections along the height of the apparatus to assess veloci-
ty distribution and confirm vortex formation. Averaged values were
calculated to reduce the influence of local fluctuations.

Cold water was pumped by a centrifugal pump (Qmax = 2.1 m¥h,
Prmax = 10 bar) from a storage tank into a heater, where it was heated
to 61-63 °C. The selected temperature range ensured sufficient tem-
perature difference between phases while preventing excessive evap-
oration losses. The heated water was then supplied to the upper part
of the vortex apparatus through two tangential liquid swirlers. The co-
directional injection of liquid and gas stabilized the rotational motion
and minimized hydrodynamic disturbances.

The liquid flow rate was measured using a rotameter calibrated by
the volumetric method. Calibration was performed prior to the experi-
mental campaign to reduce systematic errors. The uncertainty in liquid
flow measurement did not exceed +3%.

Temperatures of air and water at the inlet and outlet were meas-
ured using resistance thermometers W1209 (range: -50 °C to 110 °C;
accuracy: 0.1 °C). Sensors were installed in thermally insulated
sleeves to minimize external heat influence. The relative humidity of
air was measured with a humidity meter ADA-ZHT-100 (range: 0-
99.9%; accuracy: +3%). Monitoring humidity allowed indirect evalua-
tion of evaporation intensity and mass transfer rate.

To ensure hydrodynamic stability, both gas and liquid were intro-
duced tangentially in the same rotational direction. Counter-rotation
was avoided because preliminary tests showed unstable vortex for-
mation and reduced heat transfer efficiency under such conditions.

Each experimental condition was repeated at least five times.
Statistical processing of results included calculation of mean values
and standard deviations. The reproducibility of data confirmed reliabil-
ity of the obtained results. Initial operating parameters corresponded
to data presented in source [2], ensuring methodological continuity
with previous studies.

Overall, the developed experimental methodology made it possi-
ble to systematically evaluate the influence of flow velocity, tempera-
ture difference, and swirl intensity on the heat transfer coefficient. The
approach provides a reliable foundation for further scaling of vortex
contact apparatuses to industrial applications.

1. The procedure for processing the experimental data to study
the intensity of contact heat and mass transfer in the vortex apparatus
is presented below.

K,.D
r 0

where K, - coefficient of heat transfer from liquid to gas, W/(m2-K);
D - diameter of the vortex apparatus, m;
A -thermal conductivity coefficient gas, W/(m -K).
2. The obtained experimental data results in the contact vortex
apparatus are generalized in the form of empirical equations:
- by heat exchange [4]

Nu=

Nu=ARe’Re’. (L / G)* Prt )

3. Reynolds criterion for air [5]:

¥Dp @)
7

where w is the average axial velocity of gas in the working chamber
of the vortex apparatus, m/s;

D - diameter of the vortex apparatus, m;

Pr - air density, kg/ms;

M -viscosity environment, Pa-sor kg/(m -s).

Re=

4. Reynolds criteria for liquid film [5]:
ar
Re=—
. @)
where [ is the irrigation density, kg/(m -s);
M - dynamic viscosity water, Pas

5. Moisture content of air kg moisture/kg at the inlet and x, x at
the output of the device [11]:

_ 0,622(PHPH.H _ 0!622(pKPH.K
P5-(PHPH,H ’ Pﬁ-(pKPH.K

where @, and - accordingly, the relative humidity of the air at the
input and output of the apparatus, %; Pu.«and P« - respectively, the
pressure of saturated water vapor at the input and output of the appa-
ratus, Pa; Ps - barometric pressure, Ps =101300 Pa.

6. Saturated water vapor pressure at the entrance and exit of the
apparatus in the air were determined by the equation [6]:

Xy

(5)

K

16,57t-155,72 16,57 1rx-155,72
PH_H:'] 000e233,77+0,997ty , PH_K= 1000e233.77+0,997tr

where f and f are the air temperatures at the inlet and outlet of the
apparatus.

7. The heat balance equation for a vortex contact apparatus has
the form [7]:

Gly+LyHy=Gl+LHict Qn (7)

where Gl is the heat flow entering the apparatus with air, J/s;

LyHx- heat flow entering with water, J/s;

Gly- heat flow leaving with air, J/s;

Glk- heat flow leaving the apparatus with water, J/s;

Qn - heat losses to the environment, which can be neglected
under the conditions of this experiment.

8. The enthalpy of moist air at the entrance to the apparatus and
at the exit from the apparatus was calculated using the equation I, J/

kg [7]:
1,=(1007+1970-X,) tr+r, Xy h=(1007+1970-X, )ty +reX, (8)

where r,and ri- specific heat of vaporization at temperature
twand t J/kg; twand t - temperature air at the inlet and outlet of the
device, 9C .
9. The specific heat of vaporization was r, and rc determined
using the equation [8]:
r,=1000-(2501-2,36t,) r,=1000-(2501-2,36t,) (9)
10. The enthalpy of water at the inlet and outlet of the apparatus
was determined using the equation H, J/kg [9]:

Hy=Ty Cy H= Ty Cr (10)
where ¢y, ¢, Tw and Tu - is the heat capacity of water at tempera-
tures, J/(kgK);

Tws and Ty - water temperature at the input and output of the
apparatus, °C;

11. The heat transferred from water to air was determined from
equation (4.9) [9]:

Q:G(l/( 71[-/)

Q=L,H, -LH,

(11)
(12)
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12. The total amount of heat transferred from hot water to air is

determined by the formula [9]:
Q=ch+Qcon+Qn (13)

Where Que=Mr - heat transferred by evaporation of water into the air,
W; Qoon - heat of contact of water with air, W; Q. - heat loss to the
environment, W.

13. The intensity of heat exchange is estimated by surface heat
transfer coefficients [9]:

Q

KFm (14)

where Q is the amount of heat, W; Fa,=mDH - area of the internal
surface of the apparatus, m2; At., - average temperature difference in
the apparatus, °C.

14. The average driving force Atcp was calculated using the equa-

tion [9]:
Ab.= (T)KH-tI'H)-(T)KK-tI'K)
P |n(T)KH'tI'H)/( T)KK'trK)

Txwand Tu are the temperatures of the water at the inlet and outlet
of the apparatus, °C; tw and t - air temperatures at the inlet and outlet
of the apparatus, °C.

Results

The results of experiments on the intensity of heat transfer in a
vortex apparatus during water cooling with air are shown in Fig. 2 in
the form of a dependence of the Nusselt criterion on the Reynolds
criterion for a gas flow at different ratios of the mass flow rates of liquid
and gas L/G.

Experimental results showed that the higher the gas flow velocity
and spray density, the higher the heat transfer intensity. This pattern of
change in heat transfer intensity is explained by increased flow turbu-
lence and the emergence of relative velocities between the liquid and
gas, which facilitates rapid renewal of the water film surface, leading to
an increase in the driving force of the heat transfer process and, con-
sequently, the efficiency of water cooling.

(15)
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Fig. 2. Dependence of the Nusselt criterion Nu on the Reyn-
olds criterion of gas Rer for different ratios of liquid and gas
mass flow rates L/IG
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From Figure 2 it can be seen that with increasing Reynolds num-
ber of gas from 45360 to 97253 the Nusselt number increases from
2300 to 15700.

Processing of experimental data in the form of a dependence of
the heat transfer coefficient on the ratio of the mass flow rates of liquid
and gas showed an increase in the intensity of heat transfer with an
increase in the irrigation density (Fig. 3).

K., kW/(m2-K)

8 —— »
7 > /‘
6 /
5 / )
4 | —
I |

3 | i
) i = | —u|
1
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Fig. 3. Dependence of the heat transfer coefficient Kr on
the ratio of mass flow rates of liquid and gas L/G at different
gas velocities w0

From the experimental material examined it follows that the swirl-
ing of gas and liquid flows leads to a significant intensification of heat
exchange during evaporative cooling of the liquid.

Conclusion

Experimental studies have demonstrated that an increase in gas
flow velocity together with a higher spray density results in a pro-
nounced intensification of heat transfer in a vortex device. In particular,
it was established that as the Reynolds number increases from 45,360
to 97,253, the corresponding Nusselt number rises sharply from 2,300
to 15,700. This substantial growth reflects the development of a highly
turbulent flow regime and the effective continuous renewal of the
phase contact surface, which enhances convective heat exchange.

In addition, an increase in the liquid-to-gas mass flow ratio has a
positive effect on the heat transfer coefficient. This effect is associated
with improved dispersion of the liquid phase into fine droplets and a
significant expansion of the interfacial surface area available for heat
and mass transfer. More uniform distribution of the liquid within the gas
stream further promotes efficient thermal interaction between the phas-
es.

The swirling of both gas and liquid flows plays a crucial role in
establishing and maintaining a stable vortex regime. Such a flow struc-
ture intensifies mixing, suppresses flow stratification, and ensures
sustained turbulence throughout the working volume of the device. As
a result, heat transfer is significantly intensified, while the efficiency of
dust and gas cleaning processes is markedly improved due to en-
hanced contact between the dispersed liquid phase and contaminant
particles.
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KONCHILIK SOHASIDA KONUSLI MAYDALAGICHNING ENERGIYA
SARFI VA MAHSULDORLIGINING FUNKSIONAL SXEMASINI TADQIQ
ETISH

Mavlonov J.A,, Olimov J.S.,
Navoiy davlat konchilik va Navoiy davlat konchilik va
texnologiyalar universiteti, PhD, texnologiyalar universitet,
dotsent assistent

Annotatsiya. Sanoat va qurilishda rudani maydalash, mineralni qayta ishlashdagi eng muhim va katta xarajat talab etadiga jarayonlardan biridir. Uni nazorat
qilish sifati nafaqat foydali qazilmalarni qayta ishlashning, balki undan keyingi bosqgichlarda, aynigsa, butun ishlab chiqarishda eng ko'p energiya talab qiladigan
maydalash jarayonlarida ham energiya iste’moli darajasini belgilaydi. Ezilgan rudaning o‘lchamining kattaligi keyingi bosqichdagi yanchish maydalagichlarining quvvat
sarfiga sezilarli darajada ta’sir qiladi. Chunki, rudani birlamchi maydalash jarayoni konusli maydalagichlar yordamida amalga oshiriladi va uning energiya iste’moli
jarayoni ko'p sonli parametrlar bilan tavsiflanadi. Konusli maydalagich ko'p kirishli ko'p chigishli tizim bo'lib, ruda va maydalagichlarning fizik va kimyoviy xususiyatlari
o'rtasidagi munosabatlar juda murakkabligi sababli uning sifatini nazorat qilish uchun konusli maydalagichning barqaror holatining ko'p omilli funksional sxemasi
tavsifiga ega bo'lish juda muhimdir.

Kalit so‘zlar: funksional sxema, mahsuldorlik, rudaning yuklanish miqdori, mexanik yuklanish, dinamik maydalash, yuklash moduli, granulometriya, integratsiya-
lashgan o‘lchov-boshgqaruv tizimi, konusning aylanish chastotasi.

WCCNEQOBAHUE ®YHKLUMOHANBHOW CXEMbI 9HEPI OMNOTPEB-
JIEHUA U NPOU3BOAWTENBHOCTU KOHYCHOW OPOBWUIKK B
FTOPHOOOBbLIBAKOLLEWU MPOMBILLUNEHHOCTH

Masnonos X.A., OnumoB X.C.

HaBowuiickuil rocyaapcTBeHHbIN FOPHO-TEXHOMOMMYECKUI YHUBEpeuTeT, Pecnybnuka Y3bekuctaH

AHHomayus. B npombiuneHHocmu u cmpoumenscmee dpobneHue pydbi siensiemcsi 00HUM U3 8axHelwux u Haubonee Aopo20cmosiuyux npoyeccos nepe-
pabomku nonesHsIx UckonaeMbix. Kayecmeo e2o KoHmpors onpedesnisiem ypogeHb 3HeP2ONOMPEBIEHUs He MoMbko nepepabomku MUHEPaos, HO U NOCEdYUUX
3manog, 0CoBEHHO nPoueccos OPOBIIEHUS, KOMOpbIe S8NSHMCS Haubosee 3HeP2o0eMKUMU 80 8ceM npoussodcmee. Pasmep ApobneHoli pydb! Cyuie CMBEHHO 8rus-
em Ha aHepaonompebneHue ApobunbHbIX yecmaHo80oK Ha nocnedyrowem amane. [lockonbKy nepguyHoe dpobreHue pydbl oCcyuecmensiemes ¢ NOMOWbI0 KOHYCHbIX
Opobusiok, a npouecc aHepeonompebreHus: xapakmepusyemcs 60MbWUM KOIUYECMBOM napaMempos, a KoHycHasi Opoburnka npedcmaensiem coboll MHO208X000-
8Yyl0 MH0208b1X0008YI0 CUCMEMY, U NOCKOMbKY 83aUMOCEs3b MEXQY (hU3UKO-XUMUYECKUMU ceolicmeamu pydbl u OpobuUikamu OYeHb CroxHa, AN KOHMPOns Kaye-
cmea paboms| KoHycHOU OpoBUNKU KpaliHe 8aXHO UMEMb ONUCaHUE MHO20GhakMOPHOU ¢hyHKULIOHAMbHOU CXeMbI CMALUOHaPHO20 COCMOSTHUSI.

Knrouesnble cnoga: ¢hyHKUUOHabHas cxema, NPoU3BOOUMENbHOCMb, Noepy3ka pydbl, MexaHUYeckas noepyska, OUHaMuYeckoe OpobrIeHue, NoepPy304HbIl
MoOyb, 2paHyToMempusi, UHMe2puposaHHas cucmemMa UsMepeHull U ynpasneHus, yacmoma 8paueHus KoHyca.

RESEARCH ON THE FUNCTIONAL SCHEME OF ENERGY CON-
SUMPTION AND PRODUCTIVITY OF A CONE CRUSHER IN THE MIN-
ING INDUSTRY

Mavlonov J.A., Olimov J.S.,

Navoi State University of Minng and Technologies, Republic of Uzbekistan
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Abstract. In industry and construction, ore crushing is one of the most important and costly processes in mineral processing. The quality of its control determines
the level of energy consumption not only of mineral processing, but also of subsequent stages, especially in crushing processes, which are the most energy-intensive
in the entire production. The size of the crushed ore significantly affects the power consumption of the crushing mills in the subsequent stage. Since the primary crush-
ing of the ore is carried out using cone crushers, and its energy consumption process is characterized by a large number of parameters. The cone crusher is a multi-
input multi-output system, and since the relationship between the physical and chemical properties of the ore and the crushers is very complex, it is very important to
have a description of the multi-factor functional scheme of the steady state of the cone crusher for its quality control.

Keywords: functional scheme, productivity, ore loading, mechanical loading, dynamic crushing, loading module, granulometry, integrated measurement and

control system, cone rotation frequency.

Maydalash jarayoniga ta'sir etuvchi asosiy texnologik parametriar
asosida konusli maydalagichning energiya samaradorligini baholash
uchun funksional sxema ishlab chigish asnosida konusli maydalagich
ustida olib borilayotgan tadgiqot ishimizni yanada to'laroq tavsiflash
imkoniyati yaratiladi. Funksional sixemani yaratishda olingan faktorlar
energiya sarfini va mahsuldorlikni baholashda muhum rol o‘ynashini
hisobga olgan holda quyidagi nazariy asoslar taklif etiladi [1].

Maydalagich uchun iste'mol gilinayotgan energiyaning foydali
ishga sarf bo'lish  koeffitsienti (1) konusli maydalagich ish jarayonida
bir nechta texnologik omillar bilan bog'liq ekanligi bir gator o'rinlarda
takidlanildi. Ulaming o'zaro ta’sirini quyidagi funkisional bog'lanish
orqali ifodalash mumkin:

n=f(Q.d,n,CSS,0SS) (1)

bu yerda: Q - rudaning yuklanish miqdori (t/soat); d — rudaning

zarracha o'lchami (mm); n — maydalagich konusining aylanish tezligi

(ayl/min); CSS (Closed Side Setting) — maydalagich konuslari

orasidagi minimal masofa (mm); OSS (Open Side Setting) — maksimal
masofa (mm).

Bu parametrlaming o'zgarishi maydalash zonasidagi yuklama,
ishqalanish kuchlari, zarracha deformatsiyasi va eng muhimi elekir
dvigatelning aktiv quvvat sarfiga bevosita ta'sir ko'rsatadi. Shuning
natijasida maydalash jarayonida energiya samaradorligi uchta asosiy
bosgichda shakllanadi:

e Mexanik yuklanish bosqichi — rudaning o‘lchami va yuklanish
tezligiga bog'liq.

e Dinamik maydalash bosgichi — konusning aylanish tezligi (n)
hamda bo'shliglar (CSS/OSS) o'zgarishi bilan belgilanadi.

e Energiya sarfi va issiglik yo'qotishlari bosgichi — mexanik ishni
elektr energiyaga aylantirishdagi samaradorlik.

Energiyaning optimal tagsimlanishi uchun har bir parametr 0'zining
optimal diapazonida ishlashi zarur. Shuning uchun funksional sxema
ularing o'zaro bog'ligligini nazorat giluvchi tizim sifatida garaladi.
Funksional sxema maydalash jarayonining asosiy parametriarini
aniglash (1-jadval), ularni qayta ishlash va natijada energiya samara-
dorligini hisoblash uchun mo‘ljallangan [2].

Taklif etilgan funksional sxema konusli maydalagichning energiya
samaradorligini baholash va uni real vaqt rejimida boshqgarish imkonini
beruvchi integratsiyalashgan o'lchov-boshqaruv tizimi sifatida ishlab
chigiladi. Mazkur tizim maydalash jarayonida ishtirok etuvchi asosiy
texnologik parametrlarni aniglaydi, ularning o'zgarish dinamikasini tahlil
giladi hamda energiya sarfini minimallashtirish uchun optimallashtirish
signallarini shakllantiradi. Funksional sxemaning har bir bloki o'ziga
xos vazifani bajaradi va 0'zaro axborot almashinuv orgali yagona tizim
sifatida ishlaydi. Olchov datchiklaridan olingan ma’lumotlar hisoblash
va tahlil bloki (PLC yoki kompyuter) ga uzatiladi. Ushbu blokda
o'lchangan parametrlar asosida quyidagi asosiy hisoblash bosgichlari
amalga oshiriladi [3]:

Kirish ma’lumotlarini yig'ish va sinxronlash - Q, d, n, CSS va 0SS
parametrlarining joriy giymatlari vagt bo‘yicha bir-biriga moslashtiriladi.

Ma’'lumotlarni ragamli qayta ishlash - filtratsiya, normallashtirish
va statistik tekshirish orqali o‘lchov anigligi oshiriladi.

Foydali ish koeffitsientini aniglash — quyidagi umumiy matematik
ifoda asosida hisoblanadi:

P.
n= f(Q,d,n,CSS,OSS):Ff-IOO% 2)

u

bu yerda: Pr — maydalash jarayoniga sarflanayotgan real mexanik
energiya (kW), P, — dvigatel tomonidan tarmogdan iste’'mol gilina-
yotgan jami elektr quvvat (kW).

Natijalarni tahlil qilish va vizualizatsiya — hisoblangan n giymati
grafik va jadval ko'rinishida chigariladi, shuningdek normativ giymatlar
bilan solishtiriladi.

Tizim ishlashida energiya sarfini boshgarish algoritmi quyidagi
ketma-ket bosgichlarda amalga oshiriladi. Dastlab monitoring bos-
gichida har bir datchikdan signal gabul gilinadi, ma’lumotlar real vaqt
rejimida PLC ga uzatiladi va o'rtacha giymatlar asosida joriy yuklama
holati aniglanadi. Tahlil bosgichida n giymati oldingi o'ichoviar bilan
solishtiriladi. CSS/OSS o'zgarishlari va konus aylanish tezligining (n)
energiya sarfiga ta'siri aniglanadi. Rudaning qattiglik darajasi (H;)
o'zgarishi natijasida energiya samaradorligidagi o'zgarishi kuzatiladi.
Boshqaruv bosqichida n < neptimar bO‘lSa, tizim avtomatik ravishda

1-jadval
Funksional sxema qurishda maydalash jarayonining asosiy parametrlari
Ne Blok nomi Asosiy funksiya Chiqish signali
1 Yuklash moduli Rudaning ogim tezligini o’lchaydi Q (t/soat)
2 Rudaning gattiglik darajasi Kiruvchi ruda granulometriyasini aniglaydi Hr (J/im3)
3 Konus tezlik datchigi Aylanish tezligini qayd etadi n (ayl/min)
4 CSS/OSS moduli Konuslar orasidagi bo'shligni aniglaydi CSS, 0SS (mm)
5 Energiya monitoring bloki Elektr dvigatel quwa;tjrclh\:; giarﬂangan energiyani P (kW)
Hisoblash va tahlil bloki (PLC/ _ AR ' o
6 kompyuter) (n = f(Q,d,n,CSS,0SS) funksiyasini hisoblaydi n (%)
7 Natijani vizuallashtirish Real vagt rejimida grafik chigish beradi Grafik, jadval
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aylanish tezligi (n) ni oshirish yoki CSS ni kamaytirish bo'yicha
boshgaruv signalini hosil qiladi. Aksincha, yuklama haddan ortiq
bo'lsa, tizim quvvatni bargarorlashtirish va yuklamani yengish magsa-
dida OSS oshirish va aylanish tezligini pasaytiradi. Shu orgali tizim
energiya sarfini muvozanatli holatda ushlab turadi. Optimallashtirish
bosgichida esa uzoq muddatli ma’lumotlar bazasida yig'ilgan qiymatlar
tahlil qgilinib, optimal ishlash zonalari aniglanadi. Statistik modellash
yordamida empirik regressiya tenglamasi shakllantiriladi:

n=a,+a,0+a,d+an+a,CSS+a,0SS+& (3)

bu yerda: ai — eksperimental yo'l bilan aniglangan koeffitsientlar, ¢ —
tizimdagi tasodifiy xatolik.

Taklif etilgan funksional sxema uchun asosiy faktorlarni o'r-
ganamiz. Oziglantirish faktori - maydalagichga materialni uzluksiz va
bir tekisda taminlash jarayonidir. To‘g‘ri oziglantirish texnologik
ko‘rsatkichlarga bevosita ta'sir ko'rsatadi va bir qator omillar bog'lash
orqali ifodalaniladi:

F - oziglantirish bunkeri chigish yuzasi (m?)

v —ruda zarrachalarining o‘rtacha ogim tezligi (m/s)

p — rudaning o‘rtacha zichligi (t/m®)

¢ — to'ldirilish koeffitsienti (ya'ni bunker va oziglantirgichning to'liq
yuklanganlik darajasi, 0...1 oralig‘ida)

Shunday holda, ruda massaviy oqim tezligi (Q) quyidagicha ifoda-
laniladi:

0=3600-¢-p-F-v @)

Konusli maydalagichning texnologik samaradorligi rudaning fizik-
mexanik xossalari, xususan qattiglik ko‘rsatkichi bilan bevosita
bog'liqdir. Ruda qattigligining ortishi maydalash kuchini oshiradi, bu
esa maydalagich quvvatining ortishiga, birog unumdorlikning kama-
yishiga olib keladi. Shunday qilib, maydalash jarayoni uchun optimal
rejim rudaning qattigligi Hr funksiyasi sifatida aniglanadi. Maydalash
jarayoni davomida maydalagich konusi rudaga ma’lum kuch bilan
ta'sir giladi. Bu kuchni Fr sigilish yo'lini s deb olsak, bajarilgan ish
quyidagicha aniglanadi [4]:

A= jOS F, (x)dx (5)

Agar kuch o'rtacha giymatda o‘zgarmasa, uni soddalashtirib
yozish mumkin:

A~F,-s ©)

Quyidagi ifoda orgali rudaning maydalashga qarshilik darajasini
nazariy jihatdan ifodalaydi.

F s
H =-= 7
= )

bu yerda: Fn— o‘rtacha maydalash kuchi (N), s — deformatsiya (m),
V —hajm (m9.

Amalda rudaning barcha qismi bir xil darajada ezilmaydi, ener-
giyaning bir gismi issiglik, ishgalanish va elastik deformatsiyaga keta-
di. Shu sababli tuzatish koeffitsiyenti C kiritiladi:

Hr =C M 8)
V
bu yerda: C — energiyaning maydalash jarayoniga o‘tish samara-
dorligini aks ettiruvchi tajriba koeffitsiyenti (0.7-1.3).
Konusning aylanish chastotasi (yoki tebranish chastotasi) — bu
maydalagichning ish unumdorligi va energiya sarfini belgilovchi asosiy
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parametrdir. Konusli maydalagichda maydalash jarayoni aylanuvchi
ekssentrik vtulka orqali harakatlanuvchi konus (ishchi organ) tomoni-
dan amalga oshiriladi va uning ifodasi quyidagicha:

n n
nk:‘—d:—. 'd - (9)
lum ll 'l2 ’ l3
bu yerda: ny— dvigatel aylanish chastotasi (ay//min), ium — umumiy
uzatma nisbati, i1,iz,iz — bosqgichma-bosgich uzatma nisbati.

CSS (Closed Side Setting) — ya'ni maydalash kamerasining eng
kichik ochilish oralig'ini gidravlik tizim va konus harakatining dinamik
parametrlari asosidagi yakuniy faktorimizni ko‘ramiz. Closed Side
Setting (CSS) — bu maydalash konusining eng yaqin nugtasida (ya’'ni
yanchish zonasida) fiksatsiyalangan konus va harakatlanuvchi konus
orasidagi minimal masofani quyidagicha ifodalaymiz:

CSS=8,. =S,—AS, —AS, (10)
bu yerda: So — konstruktiv boshlang‘ich sozlama (mm), AS, —
gidravlik silindr bosimi ta’sirida yuzaga kelgan silish (mm), AS, —
konus tebranishining vertikal komponenti (mm).

Gidravlik tizim konusni vertikal yo'nalishda bosim ostida joy-
lashtiradi. Bosim ortganda slindir yugoriga siljiydi va CSS kamayadi.
Ushbu siljish quyidagicha ifodalanadi:

ASh :M (1)

s

bu yerda: p» — gidravlik bosim (Pa), Ar— slindir ishchi yuzi (m?, ks —
tayanch strukturasi yoki gidravlik tizimning ekvivalentligi (N/m).

Konus harakati ekssentrik vtulka orqali amalga oshiriladi. Uning
tebranish amplitudasi Ax bo‘lsa, vertikal komponenti quyidagicha
bo'ladi:

AS), = A4, -sin(@) (12)

bu yerda: Ax=e-Ze\Zx — tebranish amplitudasi (ekssentriklik e ga

bog'liq), ¢ — konusning aylanish burchagi (ishchi sikl fazasi), Ze,Zk —
tishli uzatma nisbati parametrlari.

Demak, Closed Side Setting (CSS) uchun umumiy bog'lanish
quyidagicha ifodalash mumkun:

A .
CSS(p. ) =Sy =L 5= 4, sin(p)

s

(13)

Yuqorida ishlab chigilgan ifodalar orgali yakuniy funksional sxe-
mani yaratamiz (1-rasm) va ushbu funksional sxema ikkita asosiy
kirish parametrlariga ega:

u1 — yuklanish darajasi (tonna), ya’ni maydalagichga berilayotgan
rudaning miqdoriy hajmi yoki massasi;

u2 — elektr motorining elekir energiya sarfi (kWt), ya’'ni maydalash
jarayonidagi mexanik yuklama bilan bog'liq quvvat sarfi.

Ushbu kirish o'zgaruvchilari tizimning ichki holatini aniglovchi
asosiy boshqgaruv parametrlaridir. Bu kirish natijalari asnosida ikkita
chigish natijasini shakllantirildi:

y1 — mahsuldorlik (t\soat), ya'ni vaqt birligida maydalangan rudan-
ing chigishi;

y2 - birlik energiya sarfi (KWt soat\tonna), ya'ni bir tonna ruda
uchun sarflanadigan elektr energiya.

Bu chigishlar maydalash jarayonining samaradorlik ko‘rsatkichlari
bo'lib, texnologik va igtisodiy tahlilda asosiy rol o'ynaydi.
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1-rasm. Maydalash jarayoni uchun elektr energiya sarfi va mahsuldorligining to‘rt omilli funksional sxemasi

Ushbu bloklar integratsiyalashganda, tizimning chiqishlari quyidagi
funktsional bog'‘lanish orgali ifodalanadi:

{yl :ﬁ(u1a¢apaFavgnk,Hr,CSS)
v, = fu,e,p,F,v,n ,H, ,CSS)

Bu ifoda tizimning nolinear, ko‘p omilli va o'zaro bog'langan tabiati
mavjudligini ko‘rsatadi. Har bir parametr o‘zgarishi mahsuldorlik va
energiya sarfiga uzviy tarzda ta’sir etadi [5].

Taklif etilgan funksional sxema konusli maydalagichning energiya
samaradorligini miqdoriy baholash imkonini beradi va quyidagi ilmiy
afzalliklarga ega:

Energiya sarfini texnologik parametrlar bilan  funksional
bog'lanishda ifodalash orgali matematik model yaratish imkoniyati
paydo bo‘ladi.

Real vaqt rejimida n giymatini kuzatish, ishlab chigarish jarayonida
adaptiv boshgaruv mexanizmini qo‘llashga imkon beradi.

O'lchov natijalari asosida energiya tejamkor rejimlami aniglash va

(14)

ishlab chigarish jarayonini ragamli optimallashtirish imkonini yaratadi.

Funksional sxemani ishlab chiqish va uni ishlab chigarish sharoi-
tida joriy etish orqali quyidagi amaliy natijalarga erishish kutiladi:

Maydalash jarayonida elektr energiyasi sarfini 9-12% gacha ka-
maytirish.

Dvigatel yuklanish darajasining bargarorligini oshirish va energiya
yo‘qotishlarni kamaytirish.

Empirik model asosida turli ruda turlari uchun energiya samara-
dorlik xaritalarini yaratish va keyingi tadqgiqotlar uchun tahliliy baza
shakllantirish.

Shunday qilib, ishlab chigilgan funksional sxema konusli maydala-
gichning energiya samaradorligini nazariy jihatdan ifodalovchi kom-
pleks model bo'lib hisoblanadi. Nazariy asos sifatida, ishlab chigilgan
funksional sxema konusli maydalagichning elekir energiya sarfi va
mahsuldorligini bashoratlash, energiya tejamkor rejimlarni aniglash
hamda real vaqt boshqaruv tizimini yaratish uchun ilmiy-metodik asos
bo'lib xizmat giladi.
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YUQORI SIG'IMLI AKKUMULYATOR BATAREYALARI
ISHONCHLILIGINI OSHIRISH USULLARI
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-
Murodov X.Sh., Bozarova M.B.
Navoiy davlat konchilik va Navoiy davlat konchilik va
texnologiyalar universiteti, PhD, texnologiyalar universiteti,
dotsent assistent

Annotatsiya. Mazkur maqolada yuqori sig‘imli litiy-ionli akkumulyatorlarning ishonchliligi, xavfsizligi va uzoq muddatli ekspluatatsiya barqarorligini ta'minlashga
qaratilgan zamonaviy ilmiy-texnik yondashuviar tizimli va kompleks tarzda tahlil gilinadi. Tadgiqot doirasida akkumulyatorlarning ishlash jarayonida yuzaga keladigan
asosiy degradatsiya mexanizmlari, xususan elektrod—elektrolit interfeyslarida sodir bo‘ladigan fizik-kimyoviy jarayonlar chuqur o'rganildi. Anod va katod sirtlarida
shakllanuvchi himoya qatlamlarining (SEI va CEI) kimyoviy hamda mexanik barqarorligini oshirish orqali interfeys jarayonlarini boshqarish imkoniyatlari tahlil qilindi.
Shuningdek, elektrod materiallarining nanostruktur arxitekturasini optimallashtirish orqali ion va elektron transportini yaxshilash, ichki mexanik kuchlanishlarni ka-
maytirish hamda siklik zaryadlash-tushirish jarayonlarida yuzaga keladigan deformatsiyalarni cheklash mexanizmlariga alohida e'tibor qaratildi. Yuqori kuchlanish va
keskin harorat ko tarilishi sharoitida elektrolitning parchalanish reaksiyalarini bostiruvchi va barqarorlashtiruvchi funksional qo‘shimchalarning samaradorligi baholandii.
Maqolada issiqlik tarqalishini samarali boshqaruvchi materiallar, faol monitoring va diagnostika tizimlari, shuningdek issiglik yo'qotilishini kamaytirishga xizmat qiluvchi
konstruktiv yechimlarning akkumulyator xavfsizligi va ishlash barqarorligiga ta’siri batafsil yoritildi. Zamonaviy yuqori elektr o'tkazuvchan qatlamlar va ilg‘or funksional
materiallardan foydalanish orqali ichki qarshilikni kamaytirish, quvvat va energiya zichligini oshirish hamda umumiy energetik samaradorlikni yaxshilash imkoniyatlari
ilmiy asoslangan holda ko'rsatib berildi. Integratsiyalashgan ushbu texnologik va materialshunoslik yondashuvlari litiy-ionli akkumulyatorlarning siklik barqarorligini
sezilarli darajada oshirish, kimyoviy va issiqlik degradatsiyasi jarayonlarini sekinlashtirish, xavfsizlik mezonlarini mustahkamlash hamda xizmat muddatini uzaytirish
imkonini yaratadi. Mazkur tadqiqotda akkumulyatorlarning ishonchliligiga ta’sir qiluvchi asosiy omillar tizimli tahlil qilinib, ularning salbiy ta’sirini kamaytirish boyicha
samarali ilmiy-texnik yechimlar taklif etiladi. Tadqiqotning asosiy maqsadi yuqori sig'imli litiy-ionli akkumulyatorlarning real ekspluatatsiya sharoitida barqaror, xavfsiz
va uzoq muddatli ishlashini ta'minlash uchun eng istigbolli texnologik yondashuvlar va ilmiy yechimlarni aniqlashdan iborat.

Kalit so‘zlar: Litiy-ionli batareyalar, interfeys muhandisligi, fizik-kimyoviy jarayonlar, nanostruktura optimizatsiyasi, elektrolit barqarorligi, issiglik boshqaruvi,
elektron o'tkazuvchanlik, energiya zichligi, siklik barqarorlik.

CMoCOobbI NOBbIWEHUA HAOEXHOCTU AKKYMYNATOPHbIX BA-
TAPEW BONbLUON EMKOCTU

Mypogos X.L., Bo3aposa M.B.

HaBouiickuil rocyaapCTBEHHbII FOPHO-TEXHOMOrMYECKUiA yHUBepcuTET, Pecnybnuka Y3bekucra

AHHOmayusi. B daHHoU cmambe cucmeMHO U KOMNIIEKCHO aHanu3upyrmcsi COBPeMEHHbIe Hay4HO-meXHUYeckue no0Xodbl, HanpageHHble Ha obecneyeHue
HadexHocmu, 6e3onacHocmu u 001208pEMEHHOL 3KCnTyamayUuoHHOU cmabuibHOCMU 8bICOKOEMKOCMHBIX IUMUU-UOHHbIX akKyMynsmopos. B pamkax uccrnedoga-
Husi N0OPOBHO U3y4eHbl OCHOBHbIE MeXaHU3MbI Oeepadayuu, 803HUKaKWUe 8 npoyecce paboms! akkymysisimopos, 8 YacmHocmu (hU3UKO-XUMUYECKUE NPOLECChI,
npomekatowjue Ha uHmepeelicax anekmpod-snekmponum. TpoaHanu3upogaHbl 803MOXHOCMU YNpasneHUst MeXchasHbIMU NPOUEccamu 3a cHem NOBbILEHUS
Xumuyeckol u MexaHuyeckol cmabunbHocmu 3awumbix croes (SEI u CEl), chopmupyrowuxca Ha nogepxHocmu aHoOa u kamoda. Ocoboe eHuMaHue ydeneHo
ONMUMU3AUUU HaHOCMPYKMYPHOU apXumeKkmypb! 31eKmMPOOHbIX Mamepuasnos ¢ UEMbio YiTydWeHUst UOHHO2O U 31IeKMPOHHO20 MPaHCNOPMa, CHUKEHUS 8HYMPEH-
HUX MeXxaHU4ecKuX HanpsixeHull u oepaHuyeHust dechopmayull, 603HUKaIOWUX 8 X00e YUKITuYeckux npoyeccos 3apad-paspsid. OueHeHa aghchekmusHOCMb yHKULO-
HarbHbIX 006a80K, N00ABNSIOWUX PeaKyuU pasnoXeHUs Mekmpouma U nogbIWaowux e2o cmabunbHOCMb 8 yCI08USX 8bICOKUX HANPSXKEHUU U pe3kux memnepa-
mypHbIx KonebaHull. B cmambe demanbHO paccMompeHo enusiHue Mamepuarnos, obecneyusaowux a¢hghekmugHoe ynpagrneHue mennosbideneHuem, akmugHbIx
cucmem MOHUMOPUHea U OUagHOCMUKU, @ Makxe KOHCMPYKMUBHbIX PeWeHULl, HanpaseHHbIX Ha CHUXeHUe meniogbix nomeps, Ha 6e3onacHocmb U aKcnimyama-
YUOHHYt0 cmabunbHOCMb akKymynsmopos. [Toka3aHb! 803MOXHOCMU CHUXEHUS! 8HYMPEHHE20 CONPOMUBIIEHUS, NOBBILUEHUS MOUWHOCMU U NIOMHOCMU 3HEpauU, a
makxe ynydweHus obuwell sHepazemuyeckoll ahhekmusHOCmU 3a cem NPUMEHEHUST COBPEMEHHBIX 8bICOKOIEKMPONPOBOOSLULX CII0€8 U NEPCNEKMUBHBLIX (hyHK-
YUOHanbHbIX Mamepuanos. MHmezpayus ykasaHHbIX MEXHOMO2UYECKUX U Mamepuanosedyeckux no0xodos no3eosnsem CyweCmeeHHO NOBbICUMb LUKITUYECKYH
cmabunbHoCMb NUMUU-UOHHBIX akKyMynsimopos, 3aMedniume npoyecch! Xumuyeckol u mensogoli despadayuu, ycunums Kpumepuu 6e30nacHocmu U 3Haqyumerb-
HO npodnume cpok cryx6bl 6amapell. B pabome 6bINOTHEH CUCMEMHB I aHau3 KIToYesbix (hakmopos, BUSIOWUX Ha Ha0EXHOCMb aKKyMyrnsimopos, U npednoxe-
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Hb1 3bheKMUBHbIE Hay4HO-MEeXHUYECKUE PELIEHUS N0 CHUXEHUIO UX He2amueHo20 8030eticmeus. OCHOBHOU Uenbio uccredosaHus Sensemcs ebiseneHue Haubo-
11ee NepenekmusHbIX MexHono2u4eckux nodxodos U Hay4HbIX peweHul, obecneyusarowux cmabunbHyro, 6e3onacHylo u 001e08peMeHHy0 pabomy 8bICOKOEM-
KOCMHbIX NUMUU-UOHHBIX aKKyMynsimopos 8 peastbHbIX yCro8usix SKkCniyamayuu.

Knroyesbie cnoea: numuli-uoHHble bamapeu, uHMepgpelicHas UHXeHepuUsi, ¢hu3UKO-XUMUYECKUE NPOUECChl, ONMUMU3aYUs HaHOCMPYKmYyp, cmabusb-
HOCMb 371eKMPOAUMO8, MepMOpe_yNAUUS, S1EKMPOHHas NPo8oAUMOCb, NTOMHOCMb 3HeP2UU, YUKITUYECKasi cmaburbHOCMb.

WAYS TO INCREASE THE RELIABILITY OF HIGH-CAPACITY BAT-
TERY BATTERIES

Murodov X.Sh.,Bozarova M.B.

Navoi State University of Minng and Technologies, Republic of Uzbekistan

Abstract. This article presents a systematic and comprehensive analysis of modern scientific and technological approaches aimed at ensuring the reliability,
safety, and long-term operational stability of high-capacity lithium-ion batteries. Within the scope of the study, the main degradation mechanisms occurring during
battery operation are thoroughly investigated, with particular emphasis on physicochemical processes taking place at the electrode—electrolyte interfaces. The poten-
tial for controlling interfacial processes by enhancing the chemical and mechanical stability of protective layers (SEI and CEl) formed on the anode and cathode sur-
faces is analyzed. Special attention is paid to optimizing the nanostructured architecture of electrode materials in order to improve ion and electron transport, reduce
internal mechanical stresses, and limit deformation arising during cyclic charge—discharge processes. The effectiveness of functional additives that suppress electro-
lyte decomposition reactions and enhance stability under high-voltage conditions and sharp temperature fluctuations is evaluated. The article also examines in detail
the impact of materials designed for efficient thermal management, active monitoring and diagnostic systems, as well as structural solutions aimed at minimizing heat
losses, on battery safety and operational stability. The potential for reducing internal resistance, increasing power and energy density, and improving overall energy
efficiency through the use of advanced highly conductive layers and innovative functional materials is scientifically substantiated. The integration of these technologi-
cal and materials-science approaches enables a significant improvement in the cyclic stability of lithium-ion batteries, slows down chemical and thermal degradation
processes, strengthens safety criteria, and substantially extends battery service life. This study provides a systematic analysis of the key factors affecting battery
reliability and proposes effective scientific and technological solutions to mitigate their adverse effects. The main objective of the research is to identify the most prom-
ising technological approaches and scientific solutions for achieving stable, safe, and long-term operation of high-capacity lithium-ion batteries under real operating

conditions.

Keywords: lithium-ion batteries, interface engineering, physico-chemical processes, nanostructure optimization, electrolyte stability, thermoregulation, electronic

conductivity, energy density, cyclic stability.

Bugungi kunda global migyosda energetika tizimlarining jadallik
bilan rivojlanishi, elektr energiya ishlab chigaruvchi va sanoat
korxonalar, elektr transport vositalarining keng joriy etilishi,
telekommunikatsiya tarmoglarining kengayishi yoki avtomatlashtirilishi
yuqori sigimli akkumulyator batareyalariga bo‘lgan talabini keskin
oshirmoqgda. Elekir energiyasini ishonchli saqlash va uni uzluksiz
yetkazib berish zamonaviy texnologiyalaming asosiy
infratuzilmalaridan biriga aylanib ulgurdi. Aynigsa, qayta tiklanuvchi
energiya manbalari  (quyosh, shamol va boshqalar) bilan
integratsiyalashgan tizimlarda akkumulyatorlaming roli yanada muhim
bo'lib, ular energiya ta’minotidagi tebranishlarni yumshatish va tizimni
barqaror ishlashini ta'minlashda hal giluvchi ahamiyat kasb etmoqgda.

Shu bilan birga, yuqori sig‘imli akkumulyatorlar ko'plab murakkab
fizik-kimyoviy jarayonlarga asoslangan bo'lgani sababli, ularning
ishonchliligini ta’'minlash doimo muhim muammo bo'lib golmogda.
Haroratning me'yoridan oshishi, elektrodlaming strukturaviy yemirilishi,
elektrolitning kimyoviy begarorligi, batareya elementlari orasidagi
ishlash farqi va ekspluatatsiya rejimlarining noto‘g'ri tanlanishi kabi
omillar batareyaning xizmat muddatini sezilarli gisqartiradi. Bundan
tashqari, yugori yuklama, yuqori tok zichligida zaryadlanishi, chuqur
zaryadsizlanishlar va mexanik ta’sirlar batareyalarning ishlash
bargarorligiga salbiy ta'sir etib, favqulodda holatlarga (issiglik
targalishi, gisqa tutashuv, quvvatning keskin yo‘qolishi) olib kelishi
mumkin.

Shu nuqtai nazardan, yuqori sig'imli akkumulyator batareyalarining
ishonchliligini oshirishga qaratilgan ilmiy izlanishlar dolzarbliligi ortib
bormoqgda. Zamonaviy akkumulyatorlar uchun ishlab chigilayotgan
himoya mexanizmlari, xususan aglli boshqaruv tizimlari -

akkumulyator boshgaruv tizimi (ABT), issiglik boshgaruv modullari,
optimallashtiriigan ~ zaryadlash algoritmlari va ilg'or materiallar
texnologiyasi batareyalarning xavfsizligi va uzogq muddatli ishlashini
ta’'minlashga xizmat giladi [1,2,3].

Ketma-ket ulangan ko‘p sonli akkumulyatorlarda kuchlanish
muvozanatini ta'minlash orqali tizim ishonchliligini oshirish masalasi
hamda akkumulyator elementlari orasidagi kuchlanish farglarini
kamaytirishga qaratilgan faol va passiv muvozanatlash usullarining
ishlash tamoyillari, afzalliklari va amaliy go‘llash imkoniyatlari ko'rib
chigilgan. [2].

Litiy-ionli batareyalamning issiglik boshqgaruvida issiglikni samarali
tarqatuvchi uglerodli materiallar bilan kuchaytirilgan gibrid faza-
o'zgaruvchi  materiallardan  foydalanish  batareyalaming  gizishini
kamaytiradi va ulaming ishonchli hamda xavfsiz ishlashini ta’minlaydi.
[1,3].

Shuningdek, boshqga tadqiqotda ya'ni issiglikni samarali tarqatu-
vchi uglerodli materiallar yoki h-BN qo'shilgan parafin asosidagi
kompozit strukturalarning litiy-ionli batareyalarida issiglik boshgaruvi
imkoniyatlari ya'ni parafin asosida shakllantiriigan gibrid materiallar
yordamida issiglik boshgaruvi imkoniyatlari o‘rganildi.Tadqgiqot shuni
ko‘rsatadiki, issiglikni samarali tarqatuvchi uglerodli materiallar yoki h-
BN qo'shilgan parafin asosidagi faza almashuvchi materiallar litiy-ionli
batareyalar uchun muhim issiglik boshgaruvi yechimlarini tagdim etadi.
Bu gibrid materiallar faza o‘zgarishi orgali issiglikni yutish bilan birga,
ikki oflchamli yuqori issiglik o‘tkazuvchanlikka ega materiallar
yordamida issiglikni tez tarqatadi. Natijada, batareyaning xavfsizligi,
samaradorligi va xizmat muddati sezilarli darajada oshadi. [2,3,4].

So‘nggi o'n villiklarda yugori sig'imli akkumulyator batareyalari
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zamonaviy texnologik infratuzilmaning ajralmas tarkibiy gismiga aylan-
di. Ragamli texnologiyalarning jadal rivojlanishi, elektrotransport
vositalarining keng migyosda joriy etilishi, qayta tiklanuvchi energiya
manbalaridan foydalanish hajmining ortishi hamda ko‘chma elektron
qurilmalar bozorining bargaror kengayib borishi energiya saqlash
tizimlariga bo‘lgan talabning sezilarli darajada oshishiga olib kel-
moqda. Aynigsa, yugori quvvat va yuqori energiya zichligini o‘zida
mujassamlashtirgan litiy-ionli, litiy-polimerli, nikel-marganes—kobalt
oksidli, litiy-temir-fosfatli hamda yangi avlod litiy—oltingugurtli turidagi
batareyalar global energetik tizimlaring asosiy tayanch texnologiya-
lariga aylanib bormoqda [5,6].

Ushbu texnologiyalarning jadal rivojlanishi bilan bir gatorda ularn-
ing ishonchliligi, uzog muddatli barqarorligi, xavfsizligi, ko'p martalik
sikiga chidamliligi va ekspluatatsiya vagtida degradatsiya darajasi
bo'yicha talablari ham keskin kuchaymoqda. Masalan, elektrotransport
vositalarida akkumulyator fagat energiya manbai sifatida emas, balki
xavfsizlik tizimining ham asosiy komponenti hisoblanadi. Batareyaning
kichik nosozligi nafagat energiya samaradorligini pasaytiradi, balki
issiglik boshgaruvidan chigishi, yong'in xavfi va mexanik shikastlanishi
kabi jiddiy ogibatlarga ham olib kelishi mumkin. Shuning uchun ham
yuqori sig'imli akkumulyatorlaming ishonchliligini oshirish masalasi
hozirgi kunda ilmiy-tadgiqot institutlari, avtomobil sanoati, energetika
korxonalari va elektronik ishlab chigaruvchilar uchun muhim strategik
vazifa bo'lib golmoqda [6,7,8].

Akkumulyator ishonchliligi ko'p omillardan iborat bo'lib, ularni uch
asosiy guruhga ajratish mumkin:

1.Elektr kimyoviy barqarorlik — anod va katod materiallarining
degradatsiyasi, qattiq elektrolit oraliq gatlamining o'sishi, litiy den-
dritiarining shakllanishi, elektrolitning kimyoviy eskirishi.

2.Issiqglik jarayonlarining boshgarilishi — element ichidagi is-
siglik ajralishi, modullar bo'yicha issiglikning notekis tagsimlanishi,
sovitish tizimining samaradorligi.

3.Boshgqaruv tizimlari ishonchliligi — ABT ning anigligi, element-
lararo muvozanatlash mexanizmi, zaryad-zaryadsizlash algoritmlarin-
ing to‘g'ri tanlanishi va xavfsizlik bayonnomalarining ishlashi.

Zamonaviy yuqori sig‘imli akkumulyatorlarning ishonchlilik dara-
jasini matematik tahlil gilish quyidagi ishonchlilik funksiyasi ko‘rinishda
tasvirlanadi:

R(t)=e™” (1)

bu yerda A — umumiy nosozliklar intensivligi bo'lib, u elektrokimyoviy,
issiglik va mexanik jarayonlarning kompleks ta’siridan hosil bo‘ladi.
Yugori quvvatli batareyalarda bu o‘zgaruvchilar o‘zaro murakkab
chizigsiz munosabatda bo'lib, ulami to‘g'ri boshgarish ishonchlilikka
bevosita ta’sir ko‘rsatadi.

Shu bilan birga, energiya zichligini oshirish tendensiyasi batareya-
lar ichida kimyoviy reaksiyalaring kuchayishiga olib kelmogda, bu esa
xavfsizlik bo'yicha yangi muammolami yuzaga keltiradi. Natijada za-
monaviy ilmiy izlanishlar, aynigsa litiy—oltingugurtii va qattiq holatli
batareyalar bo‘yicha ishlanmalar, aynan ishonchlilikni oshirishga
qgaratilgan.

Yugqori energiya sig‘imiga ega Litiy-ionli elementlarda degradatsi-
ya jarayonlarining eng muhim manbalaridan biri — bu anod yuzasida
shakllanadigan “qattiq elektrolit oraliq gatlami” (QEOQ) ning bos-
gichma-bosqich qalinlashishidir. QEOQ gatlami dastlab stabilizator
sifatida zarur bo‘lsa-da, uning tartibsiz rivojlanishi batareyaning ichki
qarshiligini oshirib, sikllar davomida sig‘im yo'qotilishiga olib keladi
[9,10].

Litiy-ionli batareyasi anodida (odatda grafit) elektrolitning past
potensialda gaytarilishi natijasida noorganik va organik birikmalardan
iborat plyonka paydo bo‘ladi:

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

. e
Erituvchi+ Li* + e — QEOQ, . umit inoorganit) 2

Bu gatlam elektronlarni o‘tkazmaydi, lekin Li* ionlarining o'tishiga
imkon yaratadi.

QEOQ asosiy tarkibi — Li2COs, LiF, ROCO,Li tipidagi uglevodorod
zanijirli organik litiy karbonatlar, (CH,OCO,Li), polimer karbonatlar.

QEOAQ vaqt o'tishi bilan qayta-gayta tiklanadi. Bu tiklanish anod
yuzasida yana Li* sarf bo'lishiga olib keladi.

QyO'qotishooI iQEOQ (t)dt (3)

bu yerda, Qyoqetish — sig'im yo'qotilishi, iaecoa — QEOQ o'sishiga
ketgan sig‘im toki.
QEOQ qalinlashgan sayin, Li* ionlarining diffuziyasi giyinlashadi:

2o (4)

Ssamara 1+adQEOQ
bu yerda: Dsamara — Li* ionlarining QEOQ gatlami orgali effektiv diffuzi-
ya koeffitsienti, Do — QEOQ yo'q bo'lgan holatdagi boshlang‘ich dif-
fuziya koeffitsienti, daroo — QEOQ gatlami galinligi, a — QEOQ mate-
rialining struktura va zichligiga bog'liq empirik koeffitsient.

QEOQ qgatlami litiy-ionli batareyasi uchun zarur himoya gatlamidir,
ammo uning cheksiz qgalinlashuvi — degradatsiyaning eng asosiy
manbai hisoblanadi. Qalinlashuv natijasida: Li* yo'goladi, ichki
qarshilik oshadi, energiya sig'imi kamayadi, elektrod sirtida zo'rigish
kuchayadi, batareya uzoq muddat ishlash ishonchliligini yo‘qotadi

Yuqori sigimli anodni ishlatish QEOQ muammosini yanada
kuchaytiradi va batareya tuzilishda interfeysni boshqarish eng kritik
masalaga aylanadi.

Barqaror, elastik, yuqori ion o'tkazuvchan, past -elektron
o'tkazuvchan qgatlam yaratish orgali QEOQ o'sishi cheklanadi. Buning
yechimlari: keramika nanoplyonkalar (LisN, LiPON), polimer-elektrolit
qoplamalar, karbon asosli nanogatlamlar (amorf C, grafen) hisobla-
nadi.

Kremniy yuqori nazariy sigiimga ega, biroq litiylanish paytida
300% gacha hajm kengayadi. Quyida mexanik zo'rigish modeli ya'ni,
katta zo'rigish — QEOQ yorilishi — gayta hosil bo'lish sikli — litiyn-
ing yo‘qolishi:

o=FE-c=e- (5)
0
bu yerda:

0 — Mexanik zo'rigish (N/m? yoki Pa) — bu anod materialidagi
kuchlanish darajasini bildiradi, yugori zo'rigish QEOQ ning yorilishiga
olib keladi.

E — elastiklik moduli (N/m?) — materialning qattigligi yoki elastik
chidamliligini ko'rsatadi, katta E — material kam egiladi, kichik e —
material yumshogroq, ko'proq deformatsiyalanadi.

¢ — nisbiy deformatsiya (o'lchovsiz) — anod hajmi o‘zgarishini
o'lchaydi ya'ni:

&E=— (6)

bu yerda:

AL — anod uzunligidagi o‘zgarish (m yoki pm) - litiyning anodga
kirishi yoki chiqishi bilan yuzaga keladigan hajm kengayishi.

Lo — boshlang‘ich uzunlik (m yoki um) — Anod materialining bosh-
lang‘ich uzunligi yoki asosiy o‘lchami.

Si-anod zo'rigishni kamaytirish uchun quyidagicha yechimlardan
foydalanishimiz mumkin, bo‘shligli — hajm kengayishini gisman o'z
ichiga oladi, zo'rigishni kamaytiradi, Si/C kompozitlar — yumshoq kar-
bon matritsa zo'rigishni “yutadi” va vyorilishni oldini oladi, amorf
kremniy qoplamalari - elastikligi tufayli deformatsiyani yaxshirog gabul
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qiladi, sferik granulalar — sirt zo'rigishini kamaytiradi, QEOQ yorilishini
pasaytiradi [7,11].

Elektrolit bargarorligini oshirish — elektrolit Litiy-ionli batareyalarda
ion harakati uchun asosiy vosita bo'lib, uning kimyoviy bargarorligi
QEOQ qgatlamining hosil bo'lishi va batareyaning uzoq muddatli ish-
lashi bilan chambarchas bog'liq. Elektrolitning degradatsiyasi QEOQ
qgalinlashishini tezlashtiradi, natijada esa , ion transporti sekinlashadi
(Dsamara - kamayadi), ichki garshilik oshadi, batareya sig'imi va xizmat
muddati gisqaradi.

Reaksiya tezligining haroratga bog'ligligi Arxemis gonuniga aso-
san, hamda - elektrolit parchalanish tezligi ko‘pincha Arxemis tengla-

masi bilan ifodalanadi:
Fa

k(T)= ke *7 (7)

bu yerda, k(T) — reaksiyaning tezligi harorat T da (s™" yoki boshqa bir
o'lchov); ko — pre-eksponensial koeffitsient, material va elektrolitning
boshlang'ich reaktivligi bilan bog'liq; Ea — aktivatsion energiya (J/mol),
ya’ni molekulalar reaktsiyaga kirish uchun zarur bo‘lgan minimal ener-
giya; R — universal gaz doimiysi (8.314 J/mol-K); T — absolyut haro-
rat (Kelvin).

Harorat oshishi bilan eksponensial gism kamayadi (-E«/RT kichra-
yadi), shuning uchun k(T) keskin oshadi, yuqori haroratda elektrolit tez
parchalanadi, QEOQ qatlami tezroq o‘sadi va batareya tez eskiradi.
Shu sababli batareyalarni issiglik boshqarish va past harorat rejimlari-
da ishlatish muhim.

Barqaror elektrolitlar QEOQ bargarorligini oshiradi va degradatsi-
yani sekinlashtiradi. Zamonaviy yondashuvlarga asoslangan holda,
Sulfonatli yangi solventlar — elektrolit oksidlanishga chidamli bo'ladi,
yuqori potentsialda QEOQ hosil bo'lishini pasaytiradi. Yuqori oksi-
dlanish potensialiga ega qo‘shimchalar — katod yuzasida ortiqcha
oksidlanishni oldini oladi, QEOQ bilan reaksiyani kamaytiradi. Ftor-
langan qo‘shimchalar (FTS, LiPF¢ stabilizatorlari) - QEOQ gatlamida
bargaror litiy ftorid hosil qiladi, u yugori ion o'tkazuvchan va elekir
o'tkazmaydigan qatlam sifatida xizmat qiladi. Natijada barqaror el-
ektrolittar QEOQ qalinlashuvini nazorat qiladi, litiyning yo'qolishini
kamaytiradi va batareyaning uzoq muddat ishlashini ta’'minlaydi [7].

Issiglik boshqgaruv tizimi — yuqori sig'imli litiy-ionli batareyalar
ishlash davomida lokal issiglik markazi hosil giladi. Bu issiglik konsen-
tratsiyalari anod va katod yuzasida QEOQ ning tez degradatsiyasiga,
elektrolit parchalanishiga va ion harakati sekinlashishiga olib keladi.
Shuning uchun samarali issiglik boshgaruv tizimi batareyaning xa-
vfsizligi va uzoq muddat ishlashini ta'minlash uchun juda muhim.

Faza o'zgaruvchi materiallar (FO'M) yondashuvi — energiyani
o‘zgaruvchi holatlarda saglaydigan materiallar bo'lib, qattigdan
suyuqgga yoki suyuqdan qattiqga o‘tishda issiglik yutilishini maksimal
darajada oshiradi.

O=msL ®

bu yerda, Q — FO'M tomonidan yutilgan issiglik (J); m — FO'M mas-
sasi (kg); L — eritilish yoki qotish issiqligi (J/kg)

Batareya ishlaganda hosil bo'lgan issiglik FO'M ichiga singadi,
lokal haroratning keskin o'sishini kamaytiradi. Bu QEOQ gatlamining
tez degradatsiyasini sekinlashtiradi va elektrolitning oksidlanish tezlig-
ini pasaytiradi.

Issiglikni samarali targatuvchi uglerodli materiallar va h-BN aso-
sidagi issiqlik targatuvchilar — batareya ichidagi issiglik tarqalishini
oshirish uchun yuqori issiglik o'tkazuvchanlikka ega materiallar ishlati-
ladi: grafen — 2000-5000 W/m-K; Geksagonal Bor Nitriti (h-BN) —
300-600 W/mK.

Issiglik ogimi Fur'e gqonuni bilan ifodalanadi:

dT
q=-k e ©)

bu yerda, g — issiglik ogimi (W/m?); k — materialning issiglik o't-
kazuvchanligi (W/m-K); dT/dx — harorat gradienti

Yuqori k giymati issiglikni tez tarqatadi va lokal issiglik markazla-
rini kamaytiradi. issiglikni samarali tarqatuvchi uglerodli materiallar
ultrayuqori issiglik o‘tkazuvchanligi tufayli nano- FO'M yoki anod/katod
yuzalarida samarali issiqlik targatuvchi gatlam sifatida ishlatiladi. h-BN
esa elektr o‘tkazmaydigan, ammo issiglikni barqaror tarqatadigan
material sifatida xizmat qgiladi. Shu kombinatsiya bilan batareya
ichidagi harorat tagsimoti tekislanadi, QEOQ degradatsiyasi pasayadi
va batareya xizmat muddati oshadi.

Zaryadlash bayonnomalarini optimallashtirish — yugori sig‘imli Litiy
-ionli batareyalarda zaryadlash jarayoni batareya umriga, xavfsizligiga
va ishlash samaradorligiga bevosita ta’sir qgiladi. Zaryadlash bayon-
nomalarini optimallashtirishning asosiy maqgsadi esa, batareya xizmat
muddatini uzaytirish, harorat va zo'rigishlarni kamaytirish, energiya
samaradorligini maksimal darajada oshirishdan iborat [5,6].

Bu jarayonni matematik jihatdan quyidagi yondashuvlar bilan
ifodalash mumkin. Zaryadlashning asosiy tenglamasi — batareya zar-
yadlanishi tok bilan boshqariladigan jarayon bo'lib, umumiy formulasi:

1(1)= c—det)
bu yerda, I() — batareyaga berilayotgan zaryadlanish toki (A), C -
batareya sig'imi (Ah), V() — batareya kuchlanishi vaqt davomida
o'zgarishi (V). Bu tenglama tok va kuchlanish o'rtasidagi dinamikani
ifodalaydi.

Doimiy tok (DT)- doimiy kuchlanish (DK) bayonnomasi

Ko'p ishlatiladigan zaryadlash protokoli — DT-DK:

— Doimiy tok (DT)- boshlang‘ich bosgichda batareyaga doimiy tok
beriladi.

— Doimiy kuchlanish (DK) — batareya kuchlanishi maksimal
giymatga yetganda, tok asta-sekin kamayadi va kuchlanish barqaror-
lanadi.

DT bosgichi uchun energiya o'tishi:

(10)

Opr = J.(:DT Ippdt =1, 1) (1)
DK bosgichi uchun:
Opx = :” 1(t)dt (12)
Shunday gilib, umumiy zaryad:
Qumumiy = Qpr + Qpk (13)

Tokni optimallashtirish formulalari — batareya zo'rigishini ka-
maytirish uchun tok chegarasi harorat va kuchlanishga bog‘lanadi:

T-T. V-V
1 T,V =] ol | —————mn e | — nom 14
o (TV) =1, [ T_Tj ( —Vm—mj( )

u yerda, lopt — optimal tok, T — batareya harorati (K), V — batareya
kuchlanishi (V), Imax — maksimal ruxsat etilgan tok. Bu formulada haro-
rat va kuchlanish oshgan sari tok avtomatik kamayadi, bu issiglik
zo'rigishi va elektrolit degradatsiyasini oldini oladi.

Batareya xizmat muddatini uzaytirish — batareya sikllari davomida
zaryadsizlanish chuqurligi ko'rsatkichlari (ZCHK) va zaryadlanish
darajasi (ZD) parametriarini optimallashtirish muhim:

fokloo;

ZCHK*

bu yerda, Lsi — batareya tsikllari soni, ZCK - zaryadsizlanish chuqurli-
gi ko'rsatkichlari (%), a — materialga bog'liq parametr (odatda 1-2

oralig‘ida). Shunday qilib, to'liq zaryadlash va chuqur bo'shatish batar-
eya umrini gisqartiradi, optimal diapazon — 20-80% ZD.

(15)
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Katod materiallarining bargarorligi — yuqori sig‘imli litiy-ionli batar-
eyalarda katod batareyaning eng muhim komponentlaridan biridir,
chunki uning kimyoviy va struktural bargarorligi batareya hayotini,
energiya zichligini, termal xavfsizligini to'g‘ridan-to‘g'ri belgilaydi. Katod
materiali zaryadlash va bo‘shatish tsikllari davomida litiy ionlarini gabul
gilish va chigarish jarayonida mexanik va kimyoviy zo'rigishlarga duch
keladi. Shu jarayonda bargarorlikni oshirish muhim [7,8,9].

Katod materialining barqarorligi quyidagi parametrlar orgali ifoda-
lanadi:

Skatoa = f (Etuzitisnir Exim, T) XL

bu yerda, Skatod — katod barqgarorligi, Ewiisni — kristall tuzilish energiyasi,
Exm — kimyoviy energiya (reaktsiyaga chidamlilik), T — harorat (K), x.i —
litiyli konsentratsiyasi katodda.

Kristall va kimyoviy bargarorlik bir-biriga bog'liq: struktura bargaror
bo‘lmasa, kimyoviy degradatsiya tezlashadi.

Litiyni ajratib olish va barqarorlik — katoddagi litiyni chigarish ja-
rayoni katod barqarorligini kamaytiradi. Bu jarayon entalpiya bilan
ifodalanadi:

(16)

AG = AH —-TAS 17
bu yerda, AG - Gibbs erkin energiyasi (katod barqarorligini ko'rsatadi),
AH - entalpiya o'zgarishi (J/mol), AS - entropiya o‘zgarishi (J/mol-K),
T - harorat (K)

Agar AG>0, katod metastabil yoki degradatsiyaga moyil bo‘ladi;
AG<0 bo'lsa, katod bargaror.

Siklik barqgarorlik va degradatsiya — batareya tsikllari davomida
katodning sig‘imning kamayishi quyidagi formulalar bilan baholanadi:

C iy (1) = Cyoe™” (18)

qoldiq
bu yerda, Cqoiq (n) n-chi sikldan keyingi qolgan quvvat, Co — dastlabki
quwvat, kg — degradatsiya konstantasi (sikl"), n — zaryadlanish-
zaryadsizlanish sikli. kdeg — giymati materialning kimyoviy va
strukturaviy bargarorligiga bog'liq: yuqori barqaror katodlar uchun Kgeg
— kichik bo'ladi [10,11].

Xulosa. Sohadagi tadgiqotlar shuni ko'rsatadiki, akkumulyatorning
umumiy xizmat muddati va xavfsizlik darajasi ko‘pchilik hollarda mate-
riallar tanlovi, issiglik boshqaruv texnologiyasi, tok zichligini tartibga
solish, zaryadlash algoritmi, sezgichlar anigligi, mexanik konstruksi-
yaning barqgarorligi kabi omillarga bog'lig. Shu sababli ishonchlilikni

oshirish bo'yicha yagona usul mavjud emas — aksincha, kompleks
yondashuv talab etiladi.

Tadqigotlar natijasida aniglanishicha, litiy-ionli batareyalarda
ishonchlilikni cheklovchi asosiy omillardan biri anod yuzasida hosil
bo‘ladigan QEOQ ning nazoratsiz qalinlashuvidir. QEOQ dastlab el-
ektrodni himoyalovchi barqaror gatlam vazifasini bajarsa-da, uning
ortigcha o'sishi Li* ionlarining diffuziyasini cheklaydi, ichki garshilikni
oshiradi va sig‘imning gaytarib bo‘lmas yo‘qotilishiga sabab bo‘ladi.
Aynigsa, yuqori sig‘imli kremniy asosli anodlarda hajmiy kengayish
natijasida yuzaga keladigan mexanik zo'rigishlar QEOQ ning yorilishi
va qayta hosil bo'lish sikllarini tezlashtiradi.

Elektrolitning kimyoviy bargarorligi QEOQ evolyutsiyasi va batar-
eya xizmat muddatini belgilovchi muhim omil ekani korsatildi. Harorat-
ning oshishi Arxemis gonuniga muvofiq elektrolit parchalanish tezligini
keskin kuchaytirib, degradatsiya jarayonlarini jadallashtiradi. Shu bois,
ftorlangan qo‘shimchalar asosida QEOQ gatlamida bargaror litiy ftorid-
ni hosil giluvchi elektrolitlar go‘llanilishi ion o'tkazuvchanligi yuqori va
elektron o'tkazmaydigan himoya qatlamini shakllantirib, batareya bar-
qarorligini sezilarli darajada oshiradi.

Issiglik boshgaruvi tizimlarining ahamiyati alohida ta’kidlanadi.
Faza o'zgaruvchi materiallar hamda yuqori issiglik o‘tkazuvchanlikka
ega uglerodli materiallar va h-BN kombinatsiyasidan foydalanish batar-
eya ichidagi lokal issiglik markazlarini kamaytirib, harorat tagsimotini
tekislaydi. Bu esa QEOQ degradatsiyasini sekinlashtiradi, elektrolitning
oksidlanishini kamaytiradi va batareya xavfsizligini oshiradi.

Shuningdek, zaryadlash  bayonnomalarini  optimallashtirish,
xususan doimiy tok-doimiy kuchlanish rejimlarining moslashuvchan
boshgarilishi, tokning harorat va kuchlanishga bog'liq cheklanishi
hamda zaryadsizlanish chuqurligining optimal diapazonda saglanishi
batareya sikl davomiyligini sezilarli oshirishi isbotlandi. ABT ning anigli-
gi va elementlararo muvozanatlash mexanizmlari umumiy tizim
ishonchliligini belgilovchi hal giluvchi omil sifatida namoyon bo'ladi.

Umuman olganda, yuqori sig‘imli litiy-ionli akkumulyator batareya-
larining ishonchliligini oshirish kompleks yondashuvni talab etadi. Bu
yondashuv elektrokimyoviy interfeysni boshqarish, bargaror elektrolit
va elekirod materiallarini tanlash, samarali issiglik boshqgaruvi,
shuningdek, aqlli zaryadlash va boshqaruv algoritmlarini integratsiya-
lashni 0'z ichiga oladi. Mazkur yo'nalishlarda olib borilayotgan ilmiy
tadgiqotlar kelajakda xavfsiz, uzoq xizmat muddati va yuqori samara-
dorlikka ega energiya saqlash tizimlarini yaratish uchun mustahkam
ilmiy asos bo'lib xizmat qiladi.
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TRANSFORMATOR TEBRANISH TEZLANISHI VA UNING QOLGAN
ISHLATISH MUDDATI O‘RTASIDAGI BO‘G'LIQLIKNING ILMIY
ASOSLASHTIRILISHI

==

I

Ataullayev N.O., Tog‘aymurodov S.Z.,
Navoiy davlat konchilik va Navoiy davlat konchilik va
texnologiyalar universiteti, PhD, texnologiyalar universitet,
dotsent doktorant

Annotatsiya. Maqola moyli kuch transformatoriarida ish jarayonida paydo boYladigan mexanik titrashning aslida ganchalik xavfli omil ekanini ilmiy jihatdan ochib
beradi. Titrash faqat “shovqin” yoki tashqi belgi emas — u sekin-asta uskuna mexanik resursini yemiradigan, xizmat muddatini qisqartiradigan jiddiy degradatsiya
manbai sifatida ko'riladi. Maqolada titrashning bosh sabablarini aniq sanab o'tiladi : vaqt bo'yicha beqaror elektromagnit maydon keltirib chigaradigan dinamik kuchlar,
qgisqa tutashuv paytidagi kuchli elektrodinamik zarbalar, uzoq ishlash davomida magnit o’zak va chulg'am bloklarida to‘planadigan siljish va bo'shashishlar,
shuningdek tashqi mexanik ta’sirlar —transport paytidagi zarbalar, yer silkinishi yoki yaqin atrofdagi tebranish manbalari. Tajribalarda titrash tezlanishi sinusoidal
model orqali ifodalangan va yuqori aniqlikdagi akselerometrlar bilan o‘lchangan. Shu asosda tezlanishning effektiv giymati hamda chastota spektri aniglangan. Mex-
anik kuchlanishlarni hisoblashda nur nazariyasi qo'llanib, chulg’am elementlarida eng yuqori normal va kesuvchi kuchlanishlar topilgan. Keyin bu kuchlanishlar char-
chash xatti-harakatini tavsiflovchi empirik bog‘lanishlar bilan bog'lanib, charchash sikllari soniga “aylantirilgan”. Umumiy zarar esa chiziqli zarar to'planishi qoidasi
orqali baholangan — ya’ni har bir yuklama hissasi jamlanib, eskirishning yig‘indi ta’siri ko'rsatilgan. Amaliy tomonda, 20 MVA quvvatli real transformator misolida turli
darajadagi titrash tezlanishlari (yengildan kuchligacha) uchun hisoblar bajarilgan. Natija ravshan: titrash kuchaygan sari mexanik kuchlanishlar keskin o'sadi, char-
chash chegarasi pasayadi va xizmat muddati sezilarli gisqaradi. Bu bog'liglik raqamli jadval va grafiklar bilan ishonchli tasdiglangan. Titrash hodisasi yakunda trans-
formatorning haqiqiy mexanik resursini “yeb boradigan” asosiy omillardan biri ekanligi aniglandi. Taklif etilgan matematik model va hisoblash metodikasi esa real vaqt
monitoringi, qoldiq xizmat muddatini oldindan baholash va profilaktik ta'mirlashni rejalash uchun qulay, ilmiy asoslangan diagnostik vosita sifatida tavsiya etiladi.

Kalit so‘zlar: moyli kuch transformatori, titrash (vibratsiya) diagnostikasi, mexanik barqarorlik, titrash tezlanishi, akselerometr o’lchovéri, sinusoidal tebranish,
mexanik kuchlanish, charchash jarayoni, kumulyativ zarar, real vaqt monitoringi

HAYYHOE OBOCHOBAHUE B3AMMOCBA3N MEXAY BUBPOYCKO-
PEHUEM TPAHC®OPMATOPA U ErO OCTATOYHbIM PECYPCOM
IKCMNIYATALUN

Artaynnaes H.O., Toraiimypogog C.3.

HaBouiickiit rocyAapCTBEHHbI FOPHO-TEXHOMOMMYECKUI YHBEpeuTeT, Pecnybnuka Y3bekuctaH

AHHOMayus. B cmambe ¢ Hay4HOU MOYKU 3PEHUs PacKpbiBaemcs, HacKobKo Ha caMom Oefle onacHbIM ¢hakmopom Sensemcs MexaHuyeckas eubpayus,
803HUKalWas 8 npouecce pabombi MacnsHbIX CUTOBbIX MpaHCGHhOPMamopos. cmamee C Hay4HoU MOYKU 3PeHUs packpbleaemcs, Hackobko Ha camom Oeste onac-
HbIM 87I9€MCA MexaHuJeckas subpayusi, 803HuUKalowas 8 npouecce pabomb| MacnsiHbIX CUMosbIX mpaHcgopmamopos. Bubpayus — amo He npocmo " wym " unu
8HEWHUL NPU3HaK-0Ha paccMampusaemcs Kak UCMOYHUK cepbe3Hol despadayuu, Komopas nocmeneHHo pasbedaem MexaHu4ecKull pecypc obopydosaHusi, COKpa-
was cpoK e20 cmyxbbl. B cmambe Yemko nepequciieHbl NPUYUHbI 803HUKHOBEHUS 8Ubpayuu 20108KuU: OUHaMUYEeCKUe 8030elicmeus, 8bI38aHHbIe HeCmaburbHbIM 80
8pEMEHU M1eKMPOMacHUMHbIM NOMEM, CUrbHbIe 3nekmpoduHamudeckue yoapbl NpU KOPOMKUX 3aMbiKaHUsIX, cO8U2U U penakcayusi, HakoneHHsle 8 MazHUmonpo-
800e U C8UHL08bIX br10Kkax npu AnumesnbHoOU 3KCnmyamayuu, a makke gHewHue MexaHuyeckue 8o30elicmgust — yoapbi Npu mpaHcnopmuposKe, COMPSICEHUU 2pyH-
ma unu nobau3ocmu. UCMOYHUKU 8UbpayuU.mamse YemKo NepeyucieHbl NPUYUHbI 803HUKHOBEHUS 8ubpayuu 20108Ku: duHamuyeckue 8030elicmeus, 8bI38aHHbIe
HecmaburbHbIM 80 8PEMEHU 311EKMPOMacHUMHbIM NOMEM, CUsTbHbIE 3nekmpoduHaMuyeckue ydapbl npu KOPOMKUX 3aMbIkaHUsIX, c0sUU U penakcayusi, HakonmeH-
Hble 8 MagHUMonpogode U C8UHL08bIX briokax npu OlUMenbHOU KCnmyamayuu, @ makxke 8HeWHuUe MexaHudeckue 8o3delicmgus — ydapbl Npu MpaHCcnopmuposKke,
compsceHuU epyHma unmu nobau3ocmu. UCMOYHUKU 8ubpayuu. B akcnepumeHmax yckopeHue 8ubpayuu 8bipaxanoch Yepes cuHycoudanbHylo Modesb U U3meps-
110Ck aKcenepoMempamu ¢ 8bICOKUM paspewieHuem. Vcxods us amozo, bbino onpedeneHo ghghekmusHoe 3Ha4eHuUe yYCKOPEHUs, @ makxe yacmomHsili cnekmp. [pu
pacdyeme MexaHUYeCKUX HanpsxeHull Gbina npUMeHeHa meopusi ceema, U CaMble 8bICOKUE HOpMarlbHble U PeXywjue HanpskeHus bbinu HaliOeHb! 8 d11eMeHmax
mpy6Ku.cxo0s U3 3moeo, bbino onpedeneHo ahhekmusHOe 3HaYeHUe YCKOPeHUs, a makxke YacmomHbIli cnekmp. [pu pacyeme MexaHU4eCcKUX HanpsxeHull bbina
npumeresno onpedeneHo 3(hheKmusHoe 3HaqyeHuUe yCKOPeHUs, a makxe YacmomHbili cnekmp. [Tpu pacdeme MexaHu4ecKux HanpskeHull bbina npuMeHeHa meopus
c8ema, U camble 8bICOKUE HOPMaITbHbIE U PEXYusue Hanpsxenus bbinu HaliOeHs! 8 anemeHmax mpyoKu. 3amem amu HanpsxeHus Obinu cea3aHbl 3MNUPUYECKUMU
C8A3SIMU, ONUChbIBAKOWUMU nosedeHue UCmoweHus, U ‘npeobpasogaHbl’8 Konudecmeo Lukinos ucmoweHus. C Opyeoli cmopoHbl, obwull yuepb oueHugarncs ¢
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ELEKTR ENERGETIKASI VA ELEKTROTEXNIKA

NOMOWbI0 Npasusia HaKoNIeHUsT TUHEUHbIX NOmMepb, MO ecmb CyMMapHo20 aghghekma UsHoca, CyMMUPO8aHHO20 no kKaxdomy eknady Haepysku. C npakmudeckoli
CMOPOHbI Ha npumepe peanbHo2o mpaHcghopmamopa MowHocmbio 20 MBA 6binu 8bInonHEHbI pacyembl O pasiuyHbIX ypogHel yckopeHul eubpayuu (om
neekux 00 MOWHbIX). npakmuyeckol CMOPOHbI Ha npumepe peanbHo20 mpaHcgopmamopa MowHocmbio 20 MBA 6binu 8binomHeHb! pacyems! 011 Pas3uyHbIX
ypogHell yckopeHull gubpayuu (om neakux 9o MOwHbIX). Pesynbmam oyesudeH: no Mepe ysenuyeHus ubpayuu pe3ko eo3pacmalomoll CmopoHbI Ha npumepe
peanbHo20 mpaHcgopmamopa mowHocmbro 20 MBA 6binu 8binonHeHb! pacdemb! O pasnuyHbIX ypogHel yckopeHul subpayuu (om feskux 00 MOWHbIX). Pe-
3yribmam 04e8UOEH: NO Mepe yeenu4eHus ubpayuL pe3ko 8o3pacmarm MexaHUYecKue HanpsKeHUs!, CHUXaemces nopoe ycmanocmu, 3HayumenbHo cokpauya-
emcsi cpok cryx6bbl. Ima 3agucumocmb Ha0exHO nodmeepxdaemcs YucneHHbIMU mabnuyamu u epachukamu. B koHeyHOM umoze bb110 0bHapyxeHo, Ymo siene-
Hue subpayuu sieisemcs 00HUM U3 OCHOBHbIX (hakmopos, ‘chedarwjux” peasbHbil MexaHu4deckull pecypc mpaHcgopmamopa. C dpyeoli cmopoHbl, npednaeae-
Masi MameMamudeckas Modenb U Memod pacdema pekomeHOyromcsi 8 kadecmee yO0b6HO20 HayyHO 060CHO8aHHO20 OUAZHOCMUYECKO20 UHCMpymeHma 0nsi
MOHUMOPUH2a 8 pearnbHOM 8pemMeHU, npedeapumesibHOL OUEHKU 0CMamoyYH020 CPOoKa Cr1yxX6b! U NaHUpO8aHuUsi NPOUIaKmMUYecko20 peMoHma.

Knroyesue crosa: macnsHbil cunosoli mpaHcghopmamop, duacHocmuka subpayuu (ubpayuu), mexaHudeckas cmaburbHOCMb, yCKOpeHue eubpayuu,
u3mMepeHus akcenepomempa, CuHycoudasbHas 8ubpayusi, MexaHu4eckoe HanpsKeHUe, NPOUECC ycmanocmu KyMynsmueHbIe No8PeXAeHUs, NPO2HO3 CPOKA CTyX-
6bI, MOHUMOPUHE 8 PearnbHOM 8PEMeHU

SCIENTIFIC JUSTIFICATION OF THE RELATIONSHIP BETWEEN
TRANSFORMER VIBRATION ACCELERATION AND ITS REMAINING
USEFUL LIFE

Ataullayev N.O., Togaymurodov S.Z.

Navoi State University of Minng and Technologies, Republic of Uzbekistan

Abstract. From a scientific point of view, the article reveals how dangerous the mechanical vibration that occurs during the operation of oil-fired power trans-
formers really is. From a scientific point of view, the article reveals how dangerous the mechanical vibration that occurs during the operation of oil-fired power trans-
formers really is. Vibration is not just a "noise" or an external sign - it is considered as a source of serious degradation, which gradually corrodes the mechanical
resource of the equipment, reducing its service life. The article clearly lists the causes of head vibration: dynamic impacts caused by a time—unstable electromagnet-
ic field, strong electrodynamic shocks during short circuits, shifts and relaxation accumulated in the magnetic circuit and lead blocks during prolonged operation, as
well as external mechanical impacts such as impacts during transportation, shaking of the ground or nearby. sources of vibration. Tatiana clearly lists the causes of
head vibration: dynamic impacts caused by a time-unstable electromagnetic field, strong electrodynamic shocks during short circuits, shifts and relaxation accumu-
lated in the magnetic circuit and lead blocks during prolonged operation, as well as external mechanical impacts such as impacts during transportation, shaking of
the ground or nearby. sources of vibration. In the experiments, vibration acceleration was expressed through a sinusoidal model and measured with high-resolution
accelerometers. Based on this, the effective acceleration value was determined, as well as the frequency spectrum. When calculating mechanical stresses, the
theory of light was applied, and the highest normal and cutting stresses were found in the tube elements.Based on this, the effective acceleration value was deter-
mined, as well as the frequency spectrum. When calculating mechanical stresses, the effective acceleration value was used, as well as the frequency spectrum.
When calculating mechanical stresses, the theory of light was applied, and the highest normal and cutting stresses were found in the tube elements. These stresses
were then linked by empirical links describing the depletion behavior, and ‘“transformed" into the number of depletion cycles. On the other hand, the total damage
was estimated using the linear loss accumulation rule, that is, the total wear effect summed up for each load contribution. On the practical side, using the example of
a real transformer with a capacity of 20 MVA, calculations were performed for various levels of vibration accelerations (from light to powerful). On the practical side,
using the example of a real transformer with a capacity of 20 MVA, calculations were performed for various levels of vibration accelerations (from light to powerful).
The result is obvious: as the vibration on the other side increases dramatically, calculations were performed for various levels of vibration accelerations (from light to
powerful) using the example of a real transformer with a capacity of 20 MVA. The result is obvious: as vibration increases, mechanical stresses increase dramatical-
ly, the fatigue threshold decreases, and the service life is significantly shortened. This dependence is reliably confirmed by numerical tables and graphs. In the end, it
was found that the phenomenon of vibration is one of the main factors that “eat up” the real mechanical life of the transformer. On the other hand, the proposed
mathematical model and calculation method are recommended as a convenient, scientifically based diagnostic tool for real-time monitoring, preliminary assessment
of the remaining service life and planning preventive repairs.

Keywords: oil power transformer, vibration diagnostics, mechanical stability, vibration acceleration, accelerometer measurements, sinusoidal vibration, me-
chanical stress, fatigue process, cumulative damage, service life forecast, real-time monitoring, transformer resource estimation

Kirish

Moyli transformatorlarni asosiy mexanik holati hagida xulosa
beruvchi eng birlamchi parametr uning titrash tezlanishining intensivligi
hisoblanadi. Titrash intensivligi gancha yuqori bo‘lsa ushbu trans-
formatorning magnit o'zaklari bilan bog'liq muammolami hamda
chulg‘amlaming tarangligi bilan bog'liq nugsonlar mavjudligini anglata-
di. Titrash tezlanishing real vagt rejimidagi aniq giymatini bilish yoki
monitoringi orqali kuzatish ushbu moyli transformatorning mexanik
holatini aniq tavsiflaydi. Simplice Akre hamda Issouf Fofana olib bor-
gan tadgiqotlari davomida optik sensorlardan  foydalanib
chulg‘amlaring titrash tezlanishini monitoring qilish bo‘yicha o'z izlan-
ishlarini olib borgan. Tadgiqot davomida fagatgina joriy zarar
aniglangan va kumulyatsiya ulushlari umumiy jamlash bo‘yicha izlan-
ishlar yetarlicha olib borilmagan. Titrash tezlanishing kumulyatsiyasi
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vaqt o'tishi davomida transformatoming xizmat muddatini aniq ka-
maytiradi va uning bargaror ishlashi ishonchliligini pasaytiradi.Shu
sababli ham kumulyatsiya ulushlari yigindisini aniq tavsiflash dolzarb
hisoblanadi.

Moyli transformatorlarning ishonchli va uzoq muddatli bargaror
ishlashi ularning mexanik, termik va elektr bargarorligiga bevosita
bog'liq hisoblanadi. Amaliyotda transformatorlarni turli tashqi va ichki
omillar ta'sirida titrash (vibratsiya) hodisasiga duch kelinadi va bu
titrash odatda salbiy yakunga yetmagunicha jiddiy e'tibor garatilmaydi.
Titrashlar odatda transformatorlaming elektromagnit kuchlarning
beqarorligi, gisqa tutashuv jarayonlari, magnit o'zakning mexanik
aksial va radial kuchlar ta’sirida siqilishi, shuningdek, o‘ramlarning
joyidan siljishi natijasida yuzaga keladigan o‘zgarishlarning natijasi
sifatida baholanadi. Bundan tashqari tashqi mexanik ta’sirlar natijasida
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o'rnatish jarayonlari paytidagi silkinish, o‘rnatishdagi noto‘g'ri
mahkamlash va biriktirish holatlari ham titrash intensivligiga sezilarli
ta’sir ko'rsatadi [1].

Titrash  tezlanishining intensivligi  ortishi hamda titrash
tezlanishining me'yoriy ko‘rsatkichlarida bo‘lmasligi transformatorning
mexanik qgismlarida qgo‘shimcha mexanik stresslarming paydo
bo'lishiga olib keladi. Natijada transformatorlarning ichki va tashqi
izolyatsiya tizimi tezroq yemirilishi va eskirishi, o‘'ramlarda
mikroyoriglar paydo bo'lishi, mexanik shikastlanishlami birin ketin
paydo bo'lishi va transformator moyning dielektrik xossalari ham sekin
asta yomonlashishi ayni titrash ta'sirida yuzaga keladi. Titrash
sabablari tufayli dielektrik moyning qovushqoqlik darajasi o‘zgarib
borishi natijasida transformatorning xizmat muddatini sezilarli
darajada qisqartiradi. Xizmat muddati gisqarishining yuzaga kelishi va
ogibatlarini baholash transformatorlarning texnik holatini real vaqt
rejimida monitoring gilishdagi muhim faktorlardan biri hisoblanadi [2].

Titrash tezlanishining intensivligini aniq ko‘rsatib beradigan trans-
formatorning sovutish tizimi ham eng muhim omillar qatoridan sana-

ladi.Sovutishning majburiy yoki tabiiy holatda bo ‘lishi ONAN va ONAF
yoki ON,AF ekanligidan xulosalanib moyli transformatorning titrashi
o'zgaradi. Tanlab olingan tadqiqot obyekti ONAF sovutish tizimida
ishlaganligi sababli ushbu transformatorda kuzatiladigan titrash inten-
sivligi odatdagidan ancha yuqori va baland.

Metodlar

Transformatorlarning titrashining xizmat qilish muddatiga ta’sirini
bir necha faktorlarga asoslanib xulosa gilish mumkin. Titrash na-
tijasida hosil bo‘ladigan titrash garmonikasi sinusoidal shaklda tebran-
ishini hisobga olinishiga asosiy omil, ushbu titrashni yuzaga keltiradi-
gan parametrlar sinus gonuni bo‘yicha tebranishidir. Aniglangan te-
zlanishning hagqiqiy ta’sir etuvchi giymatidan foydalanib transformator-
da hosil bo‘ladigan tezlanish unga qancha inersiya berishi va
ganchaga egiltira olishini ampletudaviy giymatlarini hisoblanadi. 1-
jadvalda quvvati 20MVA i transformatoming titrash intensivligi uning
ganday holatda ekanligini hamda titrash tezlanishlari transformator
uchun xavfli va xavfsiz ekanligi normalari ish jarayonidan kelib chigib
keltirilgan [3].

1- jadval
20MVA lik transformatorning titrash normalari
Holat ¢ (mmls) a (m/s?) a(g)
Nominal (magsad) 12 0.754 0.077
Past-normal 0.8 0.503 0.051
Yugori-ogohlantirish 1.8 1.131 0.115
Tekshiruv talab etiladi 225 =1.571 =(0.160

Yuqoridagi jadvalga asosan moyli transformatorning titrashida titrash tezlanishi natijasida yuzaga keladigan mexanik zo'rigishning miqdori
aniglash uchun tebranishdagi o‘ram va korpus orasidagi bo'shliq segment egilib, uning dinamik egilish kuchlanishi paydo bo'ladi. Shu maksimal
egilish kuchlanishini baholab olsak titrash natijasida yuzaga keladigan mexanik kuchlanish giymatini aniglashga erishamiz. Buni aniglashda Euler
Bernoullining titrash nazariyasi asosida aniglangan, titrashning tayanch yoki o'qqa beradigan mexanik kuchlanishini aniglash teoremasidan
foydalanildi. Transformator chulg‘amlarining har bir uzunligiga titrashning inersiya kuchi ta'sir ko'rsatganligi sababli transformatorning chizigli

massa zichligini aniglandi [4].
Natijalar va muhokama

Tirash natijasida yuzaga keladigan egilish momentining eng katta giymatini aniglash titrashning ampletuda giymati ganday mexanik
kuchlanish hosil bo'lishini anglatadi. Euler Bemoullining titrash nazariyasiga asoslanib titrashdan yuzaga keladigan eng katta moment

aniglandi [5].
2- jadval
20MVA transformatordan olingan titrash parameterlari
a (mis?) e (mmis) a(g) Fan/1t | Feny/sor | oWPaltt oo (Pal /3ot
1.70 2.7056 0.1733 1.70 51.00 0.0570 1.7000
1.90 3.0239 0.1939 1.90 57.00 0.0630 1.9000
2.00 3.1831 0.2039 2.00 60.00 0.0670 2.0000
210 3.3423 0.2143 2.10 63.00 0.0700 2.1000
2.20 3.5014 0.2244 220 66.00 0.0730 2.2000
2.30 3.6606 0.2347 2.30 69.00 0.0770 2.3000
240 3.8197 0.2449 240 72.00 0.0800 2.4000
2.50 3.9789 0.2550 2.50 75.00 0.0830 2.5000

2- jadvalda 20MVA i transformatordan olingan titrash natijalari
aks ettiralgan hamda bu tirashlarlar g va tezlik birliklarda ham
ifodalangan. Ushbu titrashning giymatlaridan kelib chigib mexanik
umrning barqarorligi ham o‘zgaradi [6].

1- rasmda transformatorda yuzaga keladigan ftitrash
tezlanishining garmonikasi tekshirilgan hamda u 0.2 vaqt oralig‘ida
anilanganligi uchun fagat shu vaqt oralig‘idagi mexanik kuchlanish va
tezlanish giymati ifodalangan. Umuman olganda transformatorlarda
titrash tezlanishining garmonikasi sinusoidal ekanliginini 1- rasmda
ko'rish  mumkin hamda titrash tezlanishing o‘zgarishi sinusoidal

zanjiming tegishli giymatlari o‘zgarishi bilan ortishi yoki kamayishi aniq
aks ettirilishi bilan aniglandi [7].

Keyingi gqadamda titrashdan keladigan zararning ulush migdorini
aniglab olinadi. Zarar, shikastlanish kabi kamayuvchi va vagt o'tishi
bilan eskirish darajasini aniglash ko‘p hollarda Miner gqonuniga asosan
amalga oshiriladi. Shunga asosan transformatorga titrash orgali

yetkaziladigan zararni hisoblashda Miner gonunidan foydalanildi [8].
k

n
D= k
ZN(Ga) "

i=0
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25 155 T |bu yerda: Ly - titrashdan keyin golgan resursning umri,
| 0.of villarda; Lo - dastlabgi resurning kafolatlangan umri,
2 2 yillarda; Dy(t) - titrashdan yuzaga keladigan kumulyativ

15 15 1 0.8| zararning ulush migdori.
Ishlab chigilgan 4 - formulaga asosan har bir titrash
1 | 1 7| tezlanishi qanchaga mexanik kuchlanish berishini aniglab
. 05 fos & { 0.6| chiqildi hamda aniglangan mexanik kuchlanishlarning har
‘E = biri mustahkamlik chegarasini bilan tagqoslanib yakunda
- 0 0 = 08 ularning nisbati gancha farq gilishidan kelib chiggan holda
® g5 05 CE o.4| har bir fitrash tezlanishi tomonidan yuzaga keladigan

kumulyativ zarar migdori 3 — jadvalga kiritildi.

- 1 0.3 3- jadvalga asosan xizmat muddatining gisqarishi,
15 15 0 oniy titrash tezlanishi natijasida yuzaga keladigan zarar
“|hamda titrash tezlanishi natijasida yuzaga keladigan
2r 2 0.1| mexanik kuchlanishning bog'liglik grafigi 2 — rasm orqali
25| 125 shakllantirildi. Grafikdan shuni ko‘ish mumkinki, titrash
o 0.05 o1 015 02 ® | tezlanishining ortishi transformatorga keladigan mexanik
ts kuchlanishning ortishiga sabab boladi va bu 0z navbatida
1-rasm. Tirash tezlanishi va shu titrash natijasida yuzaga keladigan mexanik kumulyativ zarar -miqdorini ~ortiirib - xizmat - muddatini

kuchlanishning bog‘lanishi

bu yerda: nk — transformatoming nominal holdagi titrashining sikllari
soni, ta; D titrash natijasida yuzaga keladigan kumulyativ zararmning
ulush migdori; transformatorning joriy holatdagi titrashi
natijasidagi sikllatigan]te-

Aniglangan 1 ifoda birlik sikl uchun bo'lib, kumulyativ zarar vaqt
o'tishi bilan o‘zgarishini hisobga oladigan bo‘lsak uning vagtga
bog'liglik integral ifodasi quyidagicha anniglandi:

n, (1)
D= gzv( 0

Hosil gilingan 2-formula t1 va t vagtlar oralig'ida yuzaga keladigan
kumulyativ ~ zarar  ulushlarini  hisoblaydi. ~Agar  bog'lanishni
tebranishning chastotasi va tebranish davri bilan ifodalaydigan bo‘lsak
charchash mustahkamlik koeffitsienti har bir sikl uchun inobatga olinib
titrash tezlanishi natijasida yuzaga keladigan kumulyativ zarar ulushini
aniglashning yakuniy ifodasi hosil gilinadi.

m
©)
Aoy

D)= KF\/_ (pS)L

(2)

h2
Hosil bo'lgan ketma ketlik asosida shikastlanishdan keyingi qolgan
ummi quyidagicha hisoblandi:

kamayishiga sabab bo‘ladi.

Tadqigot obyekti sifatida tanlab olingan moyli transforma-

tor 2025- yil mobaynida kuzatilganida uning titrash inten-
sivligi chizigli tarzda o'sib borgani 3-jadvalda aniq keltirilgan. Eng katta
titrash tezlanishining giymati 2.5 m/s2 ekanligi va ushbu titrash tezlani-
shi yil davomida 2170 soat titragani aniglandi. Titrash tezlanishi bilan
kuzatilgan nonormallik va uning giymatini ortib borishi tadgiqot obyekti
sifatida tanlab olingan moyli transformatorda mexanik nugson borligi-
dan dalolat beradi va ushbu mexanik nugsonning zarar ulushini
aniglash uchun transformatorning xususiy parametrlaridan foydalanib
kumulyativ zarar ulushining har sikiga ganchadan mos kelishini aniq
hisoblab chigish kerak. 2- rasmda titrash tezlanishidan yuzaga kelgan
kumulyatsiya ulushlarini ta'sirida foydali xizmat muddati aniq
ganchaga kamayib borganligi aks ettiriigan. Tadgiqot obyekti sifatida
tanlab olingan transformator 2024- yilda yangi holatda o‘matilganiga
garamay, uning ta'minotida kuzatiladigan o‘chishlar va uzilishlar uning
mexanik holatida jiddiy ta’sir ko‘rsatgan. Mexanik mustahkamlikni
asosiy belgisi sanalgan chulg‘amlarning ulanishi va ularning taranglik
holati titrash tezlanishini ortib borishiga asos bo‘ldi. Miner gonuni
bo'yicha aniglab ishlab chigilgan (3) va (4) formulalar orgali moyli
transformatorning xizmat muddati umumiy hisobda 1.3% ga ka-
mayganligi aniglandi. Kelgusi yillarda ushbu ko'rsatkich chizigli tarzda
yana ham o'sib borishi va yakunda transformatorning mexanik mus-
tahkamligi bargaror bo‘lmay qolishi aniglandi. 3- jadvalga tayanib 2-
rasmda 1 yil davomida kuzatilgan 20 MVA li moyli transformatorning

L,=L,-(1-D,(2)) (4)  xizmat muddatini 0'zgarib borishi aniq keltirilgan.
3-jadval
Titrash natijalaridan olingan mexanik stress va xizmat umrining o‘zgarishi
Ne (‘s’zg:) a(mis) | o(MPa) '::f;ﬁ ‘(‘.,'/3 Unr (yil) D(t) Qisqarish (yil) | Umr (%)
1 250 1.70 1.70 2.85% 24.99 0.00037 0.009 0.037%
2 507 1.90 1.90 5.79 24.97 0.00075 0.019 0.075%
3 662 2.00 2.00 7.56 24.95 0.00098 0.025 0.098%
4 852 2.10 2.10 9.73 24.92 0.00126 0.032 0.126%
5 1122 2.20 2.20 12.81 24.87 0.00166 0.042 0.166%
6 1419 2.30 2.30 16.20 24.82 0.00210 0.053 0.210%
7 1778 240 240 20.3 24.75 0.00263 0.066 0.263%
8 2170 2.50 2.50 24.7 24.67 0.00321 0.080 0.321%
Jami 8760 0.013 0.33 1.3%
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2- rasm. Titrash tezlanishi natijasida mexanik umrming kamayishining ustunli diagrammasi

2 — rasm asosida xulosa qiladigan bo'lsak, titrash tezlanishi
gancha beqaror bo'lib giymati ortib borsa u transformatorning mexanik
umri shuncha kamayganligi anglatadi hamda bu oz navbatida
mexanik umr har bir sikldan keyin kamayayotganligini tushinish
mumkin. 3- rasmda bu yana ham batafsil ifodalangan. Mexanik
mustahkamlik vektor kattaliklar sinfiga kirganligi sababli hamda titrash
intensivligi bilan mexanik yuklanishning giymatlari to'g'ri bog‘langanligi
sababli giymat ortib borgan sari mexanik mustahkamlik kamayib

borishiga sabab bo‘ladi. Mustahkamlik chegarasining kamayib borishi
mexanik barqarorlikni chidash sikllari vaqgtini kamaytiradi. Har bir ti-
trash sikli chizigli tarzda foydali xizmat muddatini kamaytiradi. 3-
rasmda kumulyativ zarar ulushi va mexanik yuklanish orasidagi
munosabat keltirilgan. Kumulyatsiya ulushlari gancha katta bo‘lsa va
titrash tezlanishi ortsa foydali xizmat muddati bilan teskari
bog'langanligi sababli bevosita moyli transformatorning xizmat
muddatini kamayishiga olib keladi.

.~r10_3
100 @ = = = = — - - = = == = = = e = = == = = =@ — — — @ 3
90
80 25
70F
r
g 60+ 12 2
- B
E 50+ 3
=1 =
40 15a
30F
1
20
10 -
0.5
0 1 1 | | | 1 1 | |
1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5
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3- rasm. Transformator resursining mexanik umrining o‘zgarishi
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Xulosalar

Tahlillar shuni ko‘rsatadiki, moyli kuch transformatorlaridagi titrash
(vibratsiya) hodisasi tasodifiy va e'tiborsiz omil emas, balki
agregatning haqigiy mexanik resursini bevosita yemiradigan asosiy
degradatsiya manbalaridan biridir. Moyli transformatorlarda titrash
hodisasining nonormalligi titrash tezlanishi 1.5 m/s2 dan ortganida va
2.5 m/s? oralig'ida bo‘lgan holatda quvvati 20 MVA i transformatorda
vibratsiya jarayoni o‘zgaruvchan hamda ushbu diapazondan ortgan
har ganday titrash qiymati transformator mexanik holati bilan
nugsonlar mavjudligini anglatadi. Vagqt o'tishi bilan ushbu titrash
tezlanishi agregatning termik, mexanik va elektr bargarorligini
pasaytiradi hamda real xizmat muddatini gisqartiradi. Ishlab chigilgan

matematik model titrashning fizik mexanizmini fagat sifat jihatdan
emas, balki aniq o‘lchovli parametrlar orgali baholash imkonini beradi.
Shu tariqa, titrashni doimiy monitoring gilish, uning spekirlari va
tezlanish ~ ampletudalarini  vaqt  bo‘yicha nazorat  qilish,
transformatorning texnik holatini real vaqt rejimida baholash,
charchashdan kelib chigadigan avariyaviy xavflami oldindan ko'rish va
profilaktik xizmat ko‘rsatish jadvalini optimallashtirish uchun majburiy
diagnostik mezon sifatida qaralishi kerak. Moyli transformatorlarda
titrash tezlanishini yil davomida kuzatib, titrash giymatlarining intensiv
o'sish chegarasidan ortib borishi va har ganday nobarqaror titrash
transformator uchun xavfli mexanik zarar kumulyatsiyasini yuzaga
keltiradi.
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YUQORI KUCHLANISHLI ELEKTR UZATISH LINIYALARIDA
TOJLANISH HODISASI VA ENERGIYA YO‘QOTISHLARINING
NAZARIY ASOSLARINI TAHLIL QILISH

Tovboyev AN., Tog‘ayev I.B.,
Navoiy davlat konchilik va Navoiy davlat konchilik va
texnologiyalar universiteti, DSc, texnologiyalar universiteti,
dotsent doktorant

Annotatsiya. Ushbu maqolada yuqori kuchlanishli elekir uzatish liniyalarida yuzaga keladigan tojlanish hodisasi va u bilan bogliq quvvat hamda elektr
energiyasi yo‘qotishlarining nazariy asoslari monitoring texnologiyalariga tayangan holda tahlil gilingan. Tadgiqotning asosiy maqsadi yuqori kuchlanishli havo elekir
uzatish liniyalarining real ekspluatatsiya sharoitida ishlash holatini aniqlik bilan baholash hamda tojlanish natijasida yuzaga keladigan energiya yo‘qotishlarini hisobga
oluvchi ilmiy asoslangan monitoring yondashuvini ishlab chigishdan iborat. Mazkur tadqiqot doirasida elekir uzatish liniyalarida elektr maydon kuchlanganligi,
kuchlanish darajalari, yuklama rejimlari hamda tashqi muhit omillarining tojlanish jarayoniga ta’siri nazariy va amaliy jihatdan o‘rganilgan. Tadqiqot jarayonida tizimli
tahlil, elektromagnit jarayonlarni matematik modellashtirish, eksperimental o‘lchashlar hamda statistik ma’lumotlarni qayta ishlash usullaridan foydalanilgan. Bunda
tojlanish yo'qotishlari va yuklama yo‘qotishlarining kuchlanish darajasiga bog'ligligi aniglanib, elektr uzatish liniyalarining optimal ish kuchlanishini tanlashda ushbu
yo'qotishlar o'rtasidagi nisbatni baholash mezonlari ishlab chigilgan. Monitoring asosida olingan natijalar yuqori kuchlanishli tarmoglarda energiya yo'qotishlarini
kamaytirish va ekspluatatsion samaradorlikni oshirish imkoniyatlarini ko'rsatib beradi. Maqolaning ilmiy yangiligi elektr uzatish liniyalarida tojlanish hodisasini real vaqt
rejimida monitoring qilish orqali energiya yo‘qotishlarini aniglash va ularni nazariy modellar bilan integratsiyalashgan holda baholashga asoslangan yondashuvni taklif
etishda namoyon bo‘ladi. Olingan natijalar elektr energetika tizimlarini loyihalash va ekspluatatsiya qilish amaliyotida qollash uchun muhim ilmiy va amaliy
ahamiyatga ega. Shuningdek, tadqiqot natijalari yuqori kuchlanishli liniyalarda diagnostika ishonchliligini oshirish, avariya xavfini oldindan bashoratlash, raqgamli
energetikaga mos monitoring tizimlarini joriy etish hamda adaptiv boshqaruv algoritmlarini shakllantirish uchun metodik asos bo'lib xizmat giladi.

Kalit so‘zlar. Tojlanish, monitoring, yo'qotishlar, kuchlanganlik, rejimlar, samaradorlik.

AHAJIN3 TEOPETUYECKUX OCHOB ABJIEHUA KOPOHUPOBAHUA
U NOTEPb SHEPTUN B BbICOKOBOIbTHbLIX NUHUAX INEKTPO-
MNEPEOAYU

Tos6aeB A.H., Toraes J1.b.

HaBouickuii rocyapCTBEHHbIA FOPHO-TEXHOMNOTMYECKWIA yHUBEPCUTET, Pecnybnnka YabekucTtaH

AHHOMayus. B daHHol cmambe Ha 0cHoge MOHUMOPUH208bIX MeXHOM02Ull 8bINOTHEH aHanu3 meopemu4eckux 0CHO8 KOPOHHO20 paapﬂda,
803HUKaKOL4E20 8 8bICOKOBOTBMHBIX 8030YWHbIX IUHUSX 3MeKmponepedadu, a makxe C8a3aHHbIX C HUM NOMepPb MOWHOCMU U 31ekmpuyeckoll aHepauu. OCHO8HOU
uenbio uccrnedosaHus S8nSemcs MOYHas OUeHKa 3KCNITyamayuoHHO20 COCMOSHUS 8bICOKOBOMbMHbIX 8030YWHbIX MUHUL 3nekmponepedayu 6 pearnbHbiX yCroeusx
pabomsi u pa3pabomka Hay4HO 060CHO8aHHO20 MOHUMOPUH208020 N0AX00a, y4UMbIBaKOUE20 3HEpeemuyeckue nomepu, 0byCoseHHbIe KOPOHHbIM paspsdom. B
pamKkax uccriedosaHusi ¢ meopemuyeckol U npakmu4ecKoli MOYeK 3pEHUS U3Y4EeHO BIIUSIHUE HanPSXEHHOCMU 31eKMPUYECKO20 N0, ypOBHEU HanpsXeHUs, Pexu-
MO8 Hazpy3Ku U (hakmopos eHewHel cpedbl Ha NPOUECC KOPOHHO20 paspsida 8 MuHUsX anekmponepedayu. B npouecce uccredosaHus ucnonb308aHbl Memods!
CUCMEMHO20 aHanu3a, MameMamuyecko2o MoOeTuPOBaHUSs 3TEKMPOMacHUMHbIX NPOUECCO8, SKCNEPUMEHMATbHBIX U3MEPeHUl u crnamucmuyeckoll 06pabomku
OaHHbIX. YcmatHoeieHa 3a8UcUMOCTb KOPOHHBIX U Ha2Py304HbIX NOMeEPb OM YPOBHSA HanNPSXeHUs, a makxe pa3pabomaHbl KDUMEPUU OUEHKU COOMH OWEHUS! yKa-
3aHHbIX Nomepb NPU 8b160pe oNMUManbHo20 paboye2o HanpsIXeHUs MUHUL anekmponepedadu. Pesynbmaml, nomy4eHHbIe Ha 0CHO8Ee MOHUMOpPUH2a, OeMOHCMPU-
PyrOm 803MOXHOCMU CHUXEHUS SHEPeemUYECKUX NOmepb U NO8bILEHUS 3KCNTyamayuoHHOU 3¢hehekmusHOCMU 8bICOKOBOTbMHbIX 3neKmpudeckux cemel. Hayu-
Hasi Ho8U3Ha pabombi 3aknioyaemcs 8 npednoxeHuu nodxoda k onpedeneHuo SHep2emu4ecKUX Nomepsb Ha 0CHO8e MOHUMOPUH2a KOPOHHO20 pa3psda 8 peansHoOM
8pemeHu ¢ nocriedyrowell uHmeapayuel nomy4eHHbIX 0aHHbIX C meopemuyeckuMu modenamu Ons ux oueHKu. [lony4yeHHbie pe3ynbmambi UMEIom 8aXHOoe HayyHoe
U npaKkmuyecKoe 3HadeHue 0N NPOeKMUPOBaHUs U SKCnIyamauyuu 31ekmposHepaemuyeckux cucmem. Kpome mozo, pesysismamei uccnedosaHusi criyxam mMemo-
Ouyeckoli 0cHO80U Onsi NOBbILIEHUS Ha08XHOCMU AUaZHOCMUKU 8bICOKOBOMbMHbIX IUHUL, 3abazospemMeHH020 NPO2HO3UPOsaHUs agapuliHbix cumyayud, gHedpe-
HUSI MOHUMOPUH208bIX CUCMeEM, coomeemcmeylowux mpebogaHusiv 4ughposoll IHep2emuKU, @ makxe (hopmMuposaHus adanmusHbIX an2opummMog ynpassn eHus.

Knrouesbie crioga: KOpOHHbIU pa3psid, MOHUMOPUH2, NOMePU, HaNPXEHHOCMb 3EKMPUYECK020 NOMS, PeXUMbI paboml, 3¢hgheKmueHOCME.
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ANALYSIS OF THE THEORETICAL FOUNDATIONS OF CORONA DIS-
CHARGE PHENOMENA AND ENERGY LOSSES IN HIGH-VOLTAGE
POWER TRANSMISSION LINES

Tovbayev A.N., Togayev L.B.

Navoi State University of Minng and Technologies, Republic of Uzbekistan

AHHOomayusi. B 0aHHOU cmambe Ha 0CHOBe MOHUMOPUHE08bIX MEXHOMO02ull 8bINOTHEH aHaIU3 MeopemuyecKux 0CHO8 KOPOHHO20 pa3psda,
803HUKaKWEe20 8 8bICOKOBOMbMHBIX 8030YWHbIX MUHUSX 31ekmponepedayu, @ makxe C8s3aHHbIX C HUM Nomepb MOWHOCMU U 3nekmpuyeckol aHepeuu. OcHogHoU
uenbio uccrnedosaHus S8NSemcs MoYHass OUeHKa 3KCNITyamayuoHHO20 COCMOSHUS 8bICOKOBOMbMHbIX 8030YWHbIX MUHUL 3nekmponepedayu 8 pearnbHbiX yCroeusx
pabomsi u pa3pabomka Hay4HO 060CHO8aHHO20 MOHUMOPUH208020 NoAX00a, y4UMbIBaloUe20 3Hepeemuyeckue nomepu, 0bycosneHHbIe KOPOHHbIM paspsdom. B
pamKkax uccredosaHusi ¢ meopemuyeckol U npakmu4ecKol MoYeK 3pEHUS U3Y4EeHO BIUSIHUE HanPXEHHOCMU 31eKMPUYECKO20 N0, yPOBHEU HanpsXeHUs, Pexu-
MO8 Haepy3Ku U ¢hakmopos eHewHel cpedbl Ha NPoUecc KOPOHHO20 pa3spsda e fuHusX anekmponepedayu. B npouecce uccrnedogaHus ucnob308aHb! Memodsl
CUCMEMHO20 aHanu3a, MameMamuyecko2o MoOeUPOBaHUS 3IeKMPOMacHUMHbIX NPOYECCo8, IKCNEPUMEHMANbHbIX U3MEPeHUl u cmamucmuyeckol 0bpabomku
OaHHbIX. YcmatHoeieHa 3a8UCUMOCITb KOPOHHBIX U Ha2Py304HbIX NOMeEPb OM YPOBHSA HaNPSXeHUs, a makxe pa3pabomaHbl KDUMEPUU OUEHKU COOMH OWEHUS! yKa-
3aHHbIX NOmMepb NPU 8b160pe ONMUMarnbHo20 paboye2o HanpsIXeHUs UHUL anekmponepedadu. Pesynbmamel, nony4eHHbIe Ha 0CHO8e MOHUMOpPUHaa, OeMOHCMpU-
PyrOm 803MOXHOCMU CHUXEHUS SHEPSeMUYECKUX NOmepb U NO8bILEHUS 3KCNTyamayuoHHOU 3¢hehekmusHOCMU 8bICOKOBOMTbMHbIX 3neKmpudeckux cemel. Hayy-
Hasi HogU3Ha pabombi 3akntoyaemcs 8 npednoxeHuu nodxoda k onpedeneHulo SHep2emuIecKUX Nomeps Ha 0CHO8e MOHUMOPUHaa KOPOHHO20 pa3psda 8 peansHOM
epemeHu ¢ nocriedyroweli uHmeapayuell nonydeHHbIX daHHbIX ¢ meopemudyeckuMu Modensmu On1s UX OUeHKU. [lonydeHHbIe pesybmambl UMEIm 8aXHO0E Hay4Hoe
U npaKkmuyecKoe 3HadeHUe 0N NPOEKMUPOBAHUS U SKCNTyamauuu S11ekmposHepeemuyeckux cucmem. Kpome mozo, pesynbmambi Ucciiedo8aHus criyxam mMemo-
Ouyeckoli 0cHO80U Onsi NoBbIWEHUS Had8XHOCMU AUazHOCMUKU 8bICOKOBOMbMHbIX IUHUL, 3aba2ospemMeHH020 NPO2HO3UPOBaHUS agapuliHbix cumyayul, aHedpe-
HUSI MOHUMOPUH208bIX CUCMEM, coomeemcmeylowux mpebogaHusim 4ughposol SHep2emuKu, @ makxe (hopmuposaHus adanmusHbIX an2opummos ynpasn eHus.

Knroyeenle criosa: KOPOHHBIL pa3psid, MOHUMOPUHE, NOMEPU, HaNPSIXEHHOCMb AIEKMPUYECK020 NOSA, PEXUMBI Pabombl, 3GheheKmusHOCTb.

Kirish

Yuqori kuchlanishli havo elektr uzatish liniyalarida yuzaga
keladigan tojlanish hodisasi va u bilan bog'liq bo‘lgan quvvat hamda
elektr energiyasi  yo'qotishlarining  shakllanish  mexanizmlarini
monitoringga asoslangan nazariy tahlil qilish elektr energetika
tizimlarida energiya uzatish jarayonlarining fizik tabiatini chuqur tadgiq
etishni talab etuvchi murakkab ilmiy-texnik muammo hisoblanadi.
Tojlanish jarayoni elektr maydon kuchlanganligining o‘tkazgich sirtida
kritik giymatlardan oshishi natijasida gaz muhitining gisman ionlanishi
bilan tavsiflanib, bu hodisa yuqori kuchlanishli elektr uzatish
liniyalarida nochizigli, elementlar va vagt bo‘yicha o‘zgaruvchan
energiya yo‘qotishlarining vujudga kelishiga sabab bo‘ladi. Mazkur
yo'qotishlar elektr tarmog‘ining konstruktiv-parametrik xususiyatlari,
o'tkazgichlaming geometrik konfiguratsiyasi, fazalararo masofalar,
kuchlanish darajalari, yuklama rejimlari hamda atmosfera muhitining
fizik holati bilan murakkab funksional bog'liglikda namoyon bo'ladi [1].
An‘anaviy hisobiy va empirik modellar yuqori kuchlanishli liniyalardagi
tojlanish yo‘qotishlarini baholashda real ekspluatatsiya sharoitlarini
to'liq aks ettira olmasligi, shuningdek tashgi omillarning tasodifiy
ta’sirlariga yuqori sezgirligi bilan ajralib turadi. Shu sababli tojlanish
hodisasi natijasida yuzaga keladigan quvvat va energiya yo‘qotishlarini
aniglashda monitoringga asoslangan yondashuvlami qo'llash zarurati
vujudga keladi. Monitoring tizimlari yordamida elektr maydonning
mahalliy va integral parametrlari, yuqori chastotali elektromagnit
nurlanishlar, tok va kuchlanishning vaqgt bo'yicha o‘zgaruvchan
xarakteristikalari uzluksiz qayd etilib, ushbu ma’lumotlar asosida
tojlanish  yo‘qotishlarini real vaqt rejimida identifikatsiya qilish
imkoniyati yaratiladi. Monitoring natijalariga tayangan holda amalga
oshiriladigan nazariy tahlil elektr uzatish liniyalarida yuklama
yo'qotishlari va tojlanish yo‘qotishlari o'rtasidagi nisbatni aniglash,
optimal kuchlanish darajalarini asoslash, reaktiv quvvatni boshqarish
strategiyalarini takomillashtirish hamda elektr energetika tizimlarining
barqaror va energiya samarador ish rejimlarini shakllantirishga xizmat
giladi. Ushbu yondashuv yuqori kuchlanishli elektr uzatish liniyalarini
ekspluatatsiya  qilishda energiya yo‘qotishlarini  kamaytirishga
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qgaratilgan ilmiy asoslangan qarorlami ishlab chigish uchun nazariy
tizim vazifasini bajaradi [2-4]. Yuqori kuchlanishli elektr uzatish
liniyalarida tojlanish hodisasi natijasida yuzaga keladigan nochizigli
quvvat va elektr energiyasi yo‘qotishlari elektr energetika tizimlarining
umumiy samaradorligi, ishonchliligi va bargaror ish rejimlariga sezilarli
ta’sir ko'rsatadi. Mavjud nazariy va empirik yondashuvlar ushbu
yo'qotishlarni baholash imkonini bersa-da, ularning aksariyati real
ekspluatatsiya sharoitlarida yuzaga keladigan kuchlanish tebranishlari,
yuklama rejimlarining o‘zgaruvchanligi hamda tashqi muhit omillarining
kompleks ta'sirini yetarli darajada hisobga olmaydi. So‘'nggi yillarda
tojlanish jarayonlarini tahlil gilishga bag'ishlangan ilmiy tadqiqotliar va
nashrlar soni ortib bormoqda, birog ushbu ishlarda monitoring
ma’lumotlarini yuklama yo‘qotishlari bilan integratsiyalashgan holda
baholash, metrologik aniglikni ta'minlash hamda olingan natijalarni
elektr energetika tizimlarining ish rejimlarini optimallashtirishga
yo'naltirish masalalari to‘liq hal etilmagan. Shu munosabat bilan yugori
kuchlanishli elektr uzatish liniyalarida tojlanish bilan bog'liq energiya
yo‘qotishlarini real vaqt rejimida aniglash, ularning shakllanish
gonuniyatlarini nazariy asoslash va monitoring natijalarini tizimning
bargaror hamda energiya samarador ish rejimlarini ta'minlashga
qaratilgan qarorlar gabul qilish jarayonlariga integratsiya gilishga
bolgan ehtiyoj mazkur tadqiqotning dolzarbligini belgilaydi. Ushbu
tadgigotning asosiy maqsadi yuqori kuchlanishli havo elektr uzatish
liniyalarida tojlanish hodisasi va unga bog'liq energiya yo'qotishlarini
monitoring asosida imiy jihatdan asoslangan holda baholash hamda
ularni elektr energetika tizimlarini loyihalash va ekspluatatsiya gilish
amaliyotida qo‘llash imkoniyatlarini aniglashdan iborat [5-9].

Metodlar

Mazkur tadqiqot yugori kuchlanishli havo elektr uzatish liniyalarida
yuzaga keladigan tojlanish hodisasi va u bilan bog'liq quvvat hamda
elektr energiyasi yo‘qotishlarini monitoring ma’lumotlariga tayangan
holda nazariy-analitik va hisoblash modellarini integratsiyalash orqali
tahlil qilishga yo'naltiriigan kop darajali metodologik yondashuv
asosida amalga oshirildi. Tadgiqot tuzilmasi tojlanish jarayonining fizik
mohiyatini ifodalovchi elektromagnit modellarni  shakllantirish, real
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ekspluatatsiya sharoitida o‘lchangan monitoring ma’lumotlari bilan
ularni identifikatsiya qilish hamda natijalarni elekir energetika
tizimlarining ish rejimlarini optimallashtirish masalalariga qo‘llash
bosqichlarini gamrab oladi. Elektr tarmoglaridagi isroflarni aniglash va
tahlil gilishda bir nechta kattaliklarni inobatga olish ko‘zda tutiimoqda.
Tojlanish yo‘qotishlari quvvatning birligiga tushadigan yo‘qotishlar va
hisoblash  davridagi turli ob-havo sharoitlarining  davomiyligi
ma’lumotlariga asoslanadi. Shu bilan birga, yaxshi ob-havo davrlari
(tojlanish yo‘qotishlarini hisoblash maqgsadida) nisbatan namlik 100%
dan kam bo‘lgan va muz goplamasi mavjud bo‘lgan davrlar sifatida
hisoblanadi. Agar hisoblash davridagi ob-havo davomiyligi bo'yicha
ma’lumotlar mavjud bo‘lmasa, tojlanish yo‘qotishlari liniya joylashgan
mintagaga bog'liq holda aniglanadi. Tojlanish jarayonidagi quvvat
yo‘qotishlari juda keng diapazonda o‘zgaradi, bu esa ikkinchi tartibga
mos keladi va yo‘qotishlarning vaqt davomida o'zgarishi ba'zan juda
tez sodir bo‘ladi. Tojlanish yo‘qotishlarining xususiyatlarini aniglash
uchun quyosh faolligi davri (10-12 yil) davomida ob-havo
parametrlarining va tojlanish yo'qotishlarining uzluksiz o‘zgarishlari
boyicha ma'lumotlarga ega bo'lish zarur, chunki meteorologik
hodisalaming siklik takrorlanishi aynan ushbu quyosh faolligi davri
bilan belgilanadi. Nazariy bosgichda o‘tkazgich atrofidagi elektr
maydon kuchlanganligining radial tagsimoti silindrik koordinatalar
sistemasida Laplas tenglamasi (1-formula) asosida ifodalanadi:

Vip=0 (1)

bu yerda @ - elekir potensiali. Elektr maydon kuchlanganligi
quyidagicha (2-formula) asosida aniglanadi:

E(n=-"2L- " @

bu yerda U -faza kuchlanishi, 7, -o‘tkazgich radiusi, D -ekvivalent
fazalararo masofa. Tojlanish hodisasining boshlanish sharti elekir
maydon kuchlanganligining kritk giymatga tenglashishi bilan (3-
formula) asosida aniglanadi:

E(r) 2 E,, (3)

bu yerda E, , -muhitning ionlanishiga mos kritk elektr maydon
kuchlanganligi bo'lib, u atmosfera bosimi, namlik va sirt holatiga
bog'liq funksional ko'rinishga ega. Monitoring asosida tojlanish quvvat
yo‘qotishlari vaqt bo‘yicha integrallash orqgali energiya yo‘qotishlariga
quyidagi (4-formula) asosida o'tkazildi:

Wy = [ By (0t )

bu yerda 7 -kuzatuv davri (sutkalik yoki yillik interval).

Yuklama bilan bog'liq aktiv quvvat yo‘qotishlari klassik ifoda (5-
formula) orgali aniglanadi:

72
Pyo‘q_[ R(T) (5)

bu yerda -liniyadagi tok, R(7") -haroratga bog'liq aktiv garshilik.
Shunday qilib, umumiy energiya yo'qotishlari quyidagi yig'indi orqali (6
-formula) baholanadi:

W, = (R +B@)dt ©)

Eksperimental va monitoring bosgichida elektr maydon
intensivligi, yuqori chastotali elektromagnit komponentlar, tok va
kuchlanishning vaqt bo‘yicha o'zgarishi maxsus sezgir o‘lchov
vositalari yordamida uzluksiz qayd etildi. Olingan ma’lumotlar ragamli

filtrlash, regressiya va korrelyatsion tahlil usullari yordamida gayta
ishlanib, model parametrlarining identifikatsiyasi amalga oshirildi.

Mazkur tadqigot yuqgori kuchlanishli havo elektr uzatish liniyalarida
tojlanish jarayonlari va ular bilan bogliq energiya yo‘qotishlarini
baholashda monitoring ma’lumotlari bilan uyg‘unlashtirilgan analitik va
hisoblash modellariga tayangan holda olib borildi. Elektr maydon
kuchlanganligining o‘tkazgich atrofida  tagsimlanishi ~ asosida
tojlanishning boshlanish shartlari aniglanib, quvvat va energiya
yo'qotishlari vagt bo‘yicha integrallash orgali baholandi. Yuklama bilan
bog'liq aktiv yo'gotishlar tok va qarshilik parametrlariga asoslangan
holda hisobga olindi hamda umumiy yo‘qotishlar funksional bog'lanish
sifatida ifodalandi. Monitoring jarayonida qayd etilgan oflchov
ma'lumotlari statistik va regressiya tahlillari yordamida gayta ishlanib,
model parametrlarining anigligi baholandi. Olingan natijalar energiya
yo'gotishlarini minimallashtiruvchi optimal kuchlanish darajalarini
aniglash va yuqori kuchlanishli elektr uzatish liniyalarining samarali
ekspluatatsion rejimlarini shakllantirishga xizmat giladi.

Natijalar va muhokama

O'tkazilgan tadqiqotlar natijasida yuqori kuchlanishli havo elektr
uzatish liniyalarida tojlanish hodisasi bilan bog'liq quvvat va elekir
energiyasi yo‘qotishlari ekspluatatsion rejimlar, kuchlanish darajalari
hamda tashqi muhit omillariga sezilarli darajada bog'liq ekanligi
aniglandi. Monitoring asosida olingan ma’lumotlar elektr maydon
kuchlanganligi kritik giymatlarga yaqinlashgan sharoitlarda tojlanish
yo'qotishlarining nolinear xarakterga ega ekanini ko‘rsatdi. Xususan,
kuchlanish darajasi oshishi bilan tojlanish quvvat yo‘gotishlarining
yuklama yo'qotishlariga nisbatan ulushi keskin ortishi kuzatildi, bu esa
umumiy energiya yo‘qotishlari tarkibida tojlanishning  rolini
kuchaytiradi. Yuqori kuchlanishli havo elektr uzatish liniyalaridagi va
nimstansiyalardagi umumiy isroflari quyidagi 1-jadvalda keltirilgan.

1-jadva
Elektr energiyasi yo‘gotishlarining umumiy va tarkibiy gismlari
Ortigcha yuklanish rejimlaridagi isroflar, % 64
Tojlanish jarayonidagi isroflar, % 20
Nimstansiyada joylashgan kuch transformatorining salt 8

ishlashdagi isroflar, %
Nimstansiyada joylashgan reaktor blokidagi isroflar, % 2
O'lchov transformatorlari va yuqori kuchlanishdan

. . b - o 3
cheklagich qurimalaridagi umumiy isroflar, %
Kondensator qurilmalaridagi umumiy isroflar, % 3

Natijalar tahlili shuni ko'rsatdiki, monitoring orgali aniglangan joriy
va integral energiya yo‘qotishlari an’anaviy hisobiy baholashlarga
nisbatan yuqori aniglikka ega bo'lib, real ekspluatatsiya sharoitiaridagi
tasodifiy tebranishlar va atmosferaviy omillar ta’sirini hisobga olish
imkonini beradi. Yuklama yo'qotishlari bilan tojlanish yo'qotishlari
o'rtasidagi nisbat kuchlanish darajasiga bog'liq holda o‘zgarib, ma’lum
diapazonda umumiy  yo'qotishlarning  minimumi  shakllanishi
aniglangan. Bu holat yugori kuchlanishli liniyalar uchun optimal ish
kuchlanishini tanlashda monitoring natijalariga tayangan holda
yondashish zarurligini tasdiglaydi. Yuklama yo‘qotishlarini hisoblashda
operativ hisoblash usuli gollanilib, uning mohiyati elekir energiyasi
yo‘qotishlarini ifodalovchi quyidagi (7-formula) orqali hisoblanadi.

AW=3-iRiiI;-AtU Y
i=1 Jj=1

Ushbu davr doirasida tojlanish yo‘qotishlarini tasodifiy jarayon deb
hisoblash mumkin bo'lib, uning xususiyatlari tagsimot funksiyasi va
korelyatsion funksiyasi bilan belgilanadi.Tahlil natijalari shuni
ko'rsatdiki, ko'rib chigilayotgan metodika bir necha yuz soat davom
etgan tajriba uchastkalaridagi tojlanish yo‘qotishlarini o‘lchash
natijalariga asoslangan bo'lib, bu aniq yetarli emasligi quyidagi
(8-formulada) keltirildi.
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2-jadval
Tojlanish jarayonidagi quvvat yo‘qotishlarining o‘rtacha yillik ko‘rsatkichlari
Fazadagi O‘tkazgichning . n _— Isroflar, Vt/m
Kuchlanish, kV | o‘tkazgichlar ko‘ndalang kesim o tkazg:ﬁz‘radlusu P, P, P2/P1
soni yuzasi (AP) bo‘yicha | bo‘yicha munosabatlari
1150 8 330/39 12 32 49,5 1,5
750 5 240/56 11,2 13 25 1,9
500 3 330/43 12,6 9 11,6 1,3
330 2 300/39 12 38 4 1,05
220 1 300/39 12 1.6 2 1,25
AP = AP U tavsiyalariga muvofiq olindi. Lekin havo elektr uzatish liniyalarining
t = k(U_) (8)  aniq ob-havo sharoitlari, liniyaning tuzilishi va ish rejimi parametrlarini

n

Muhokama natijalariga ko'ra, tojlanish yo‘qotishlarini real vaqt
rejimida baholash elekir energetika tizimlarining bargarorligini oshirish,
reaktiv quvvatni boshgarish strategiyalarini takomillashtirish hamda
energiya samaradorligini ta'minlash uchun muhim axborot manbai
bo'lib xizmat giladi. Olingan natijalar yuqori kuchlanishli elekir uzatish
liniyalarini  ekspluatatsiya  qilishda  energiya  yo'qotishlarini
kamaytirishga qaratilgan ilmiy asoslangan qarorlar gabul gilish

hisobga olmaydi. Meteorologiya stansiyalari tomonidan olib borilgan ob
-havo monitoringi natijalarini umumlashtirish asosida olingan o‘rtacha
yillik ob-havo sharoitlari davomiyligi haqidagi ma’lumotlar 4-jadvalda
keltirilaan.
3-jadval
220-500 kV kuchlanishli havo elektr uzatish liniyalaridagi energiya
yo‘qotishlarining umumiy ma’lumotlari

imkoniyatlarini kengaytiradi.Tojlanish jarayonidagi quvvat yo‘qotilishlari Energiya yo‘qotishlarini igtisodiy
2-jadvalda keltirilgan. Kuchla- | O‘tkazgich giymati, kVt s/km

Tojlanish yo'qotishlari  elektr energiyasini uzatish jarayonida nish, kV markasi Yozfasli | Qishfasli | Umumiyyil
tojlanish  zaryadining paydo bo'lishi natijasida yuzaga keladigan uchun uchun uchun
energiya yo'qotishlari bo'lib, tojlanish zaryadi bu keskin noaniq 220 APB-300 7312 10223 17535
maydonlarda yuzaga keladigan mustagil gaz zaryadining xarakterli 330 2xAPB-240 9443 12989 22341
shakli hisoblanadi. O'zgaruvchan tokni uzatishda qovushqoglik tizimi 500 3xAPB-400 6963 8600 15563
elektr ta’minoti tizimlarining ishonchliligini  oshirish va elektr 750 4xAPB-500 20623 27292 47915
energiyasini uzatish vagtida yo'qotishlarni kamaytirish vazifalarini
bajaradi. Birog boshga ob-havo sharoitlarida aynigsa yomg'ir, nam qor, 4-jadval
tuman va muzlama kabi katta energiya isroflariga olib keluvchi og'ir O‘rtacha yillik ob-havo sharoitlarining davomiyligi ko‘rsatkichlari
sharoitlarda tojlanishning boshlang‘ich kuchlanishi pasayadi Yaxshi Namlik Quruq Tuman Yom- Muzli
va natijada umumiy tojlanish hodisasi kuzatiladi. 220, 500 kv | ~ Shahar ob- yuqori qor havoda | . 9M | havoda
va undan yugori nominal kuchlanishlarda tojlanishdagi havoda | havoda | havoda havoda
energiya isroflarini kamaytirish maqgsadida diametri katta,|  Navoiy 5030 715 381 497 401 1717
ammo kesim yuzasi kichik bo‘lgan simlardan foydalanish
magsadga muvofiq  bofadi.  O'tkazgichlar  tuzilishini | Zarafshon | 4980 695 295 380 395 1690
optimallashtirishda qollash uchun mo'ljallangan
ko'rsatkichlari aniglashni  quyidagi (9-formula) orgali amalga Yog'ingarchilik intensivligi 1 mm/soat bo‘lgan holatda 500 kV

oshiramiz. Ma’lum bir iglim mintagasi uchun har bir ob-havo guruhi
davomiyligini hisobga olgan holda, liniyaning birlik uzunligiga nisbatan
tojlanishdagi o'rtacha yillik quvvat yo‘qotishlarini hisoblash imkonini (10
-formula) yordamida bajariladi. Tojlanish natijasida yuzaga keladigan
katta yo'gotishlar holatida kuchlanishni pasaytirish orgali tarmoqgdagi
yo'qotishlarni sezilarli darajada kamaytirish mumkin.

AR, Uf N, (9)
g,0U; Aj(UO)
10772 S Uf e
AP, =27.8-10" UfZI:A,.-(U—) . (10)

o

Yuqori kuchlanishli havo elektr uzatish liniyalarida tojlanish
yo'qotishlarining igtisodiy ko‘rsatkichlari 3-jadvalda ko'rsatilgan.

Loyiha qilinayotgan amaliyotda hozirgi vaqtgacha yuqori
kuchlanishli elektr uzatish liniyalaridagi tojlanish natijasidagi o‘rtacha
quwvat yo'gotishlari kuzatimoqda. Ko'pincha tarmogning ma’lum ish
rejimida aktiv quvvatning tojlanishdagi yo‘qotishlarini hisobga olish
uchun o'rtacha yillik giymatlar qo'llaniladi, ular turli go‘llanmalar

O'zbekiston konchilik xabarnomasi Ne 1 (104) 2026

kuchlanishli havo elektr uzatish liniyasi (4-jadvalga asosan) o'tuvchi
hududda yomg‘ir davomiyligi yiliga 401 soatni tashkil etadi. Intellektual
elektr tarmoglarini yaratish ularning holatini toliq va maqgsadga
yo‘naltirilgan monitoringisiz  bajarish imkoni mavjud emas. Elektr
energetika tarmoglarini  boshgarishning asosiy magsadi-energiyani
tejash va elektr ta’'minotining ishonchliligini ta’'minlashdan iborat.
Energiya tejash masalasini hal etishning samarali yo'llaridan biri elektr
energetika tizimlarining ish rejimlarini kuchlanish va reaktiv quvvat
koeffiyisentlari bo‘yicha optimallashtirishdir. Shu sababli, energiya
tizimi tugunlaridagi optimal kuchlanish darajasi tojlanish yo‘qotishlari
bilan yuklama yo'qotishlarining o'zaro nisbatiga bog'liq bo‘ladi. Yaxshi
ob-havo sharoitida yuklama yo‘qotishlari tojlanish yo‘qotishlariga
nisbatan ustun bo‘lsa, yomon ob-havo (qor, yomg'ir, muzlamalar)da
tojlanish yo‘qotishlari 1-2 martaga ortishi mumkin. Yuqorida ko'rib
chigilayotgan liniya uchun yaxshi ob-havo sharoitidagi tojlanish
yo'qotishlari 1200 kVt ni tashkil etadi. Tojlanish yo‘qotishlarini
aniglashdagi elekir jihozlaridagi xatolikning maksimal giymati 229 kVt
bo'lib, bu yaxshi ob-havoda tojlanish natijasidagi quvvat yo'qotish
giymatining 19 % ni tashkil etadi. Yaxshi ob-havo sharoitida tojlanish
yo'qotishlari hisobiy oflchangan kuchlanish giymati va hisoblangan
sig'im migdori asosida aniglanadi. Ushbu parametrlarmni aniglashdagi
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xatoliklar ancha katta ekanligini hamda yaxshi ob-havoda tojlanish
yo'gotishlarining giymati eng yugori mumkin bo‘lgan giymatdan ikki
daraja kichikligini inobatga olgan holda, tojlanish yo‘gotishlarini
hisoblashdagi 19 % xatolik miqdori to‘lagonli gabul qgilinsa magsadga
muvofiq degan xulosaga kelish mumkin. Yuqori kuchlanishli elektr
uzatish liniyalaridagi umumiy quvvat yo‘qotishlarini kamaytirish
maqgsadida kuchlanish o‘zgarishining mumkin bo‘lgan diapazonini
aniglash uchun har bir liniyada tojlanish yo‘qotishlari va
o'tkazgichlardagi yo'qotishlar nisbati turlicha bo‘lgan holatlarda
yo'qotishlarni tahlil gilish mumkin. 750 va 500 kV kuchlanishli elektr
uzatish liniyalari uchun tojlanish va o‘tkazgichlardagi yo'qotishlar
bog'ligliklari keltirilgan. Bu yerda tojlanish yo‘qotishlari kuchlanishning
beshinchi darajasiga proporsional, yuklama yo‘gotishlari esa
kuchlanishning kvadratiga teskari proporsional ekanligini hisobga
olamiz. Shunday qilib, umumiy yo‘qotishlarning kuchlanishga bog'ligligi
(11-formula) orqali aniglanadi.

U U,,
BU)=P-(—) +P, -(=2£)> (1)
x(U)=F (Uovr) o (U)

Yuklamali rejimlardagi liniya oxirdagi kuchlanish bilan bog'liq
tojlanish isroflarini (12-formula) yordamida aniglaymiz.
20pt)5

U U,
PZ(UZOpt) = Po'rtz ( U + f)Z()pt ( 2 )

2 2opt

(12)

Baholash yakunlangandan so‘ng, nafaqat liniyadagi yo'gotish
giymatlari, balki tarmoglarni chegaralovchi tugunlarda baholangan
kuchlanish giymatlari ham saqglanadi. Shuningdek, optimallashtirish
jarayonida yo'gotish giymati kuchlanish o'zgarishiga garab quyidagi
formula orgali o'zgarishini (13-formula) orqali aniglanadi.

U..
( w )5+
Ui.bah

P =05-P

ij. joriy ij.o'lchov

(13)
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Yugorida alohida elektr uzatish liniyalari ish rejimi ko'rib chigilgan
edi. Energiya tizimini umumiy holda tahlil gilishda mazkur hududning
barcha liniyalaridagi yo‘qotishlarni hisobga olish zarur. Shu bois,
energiya tizimi tugunlarida optimal kuchlanish darajalarini hisoblashda
ko'rib chigilayotgan energiya hududining barcha uzatish liniyalari
bo‘yicha tojlanish yo‘qotishlari va yuklanish yo'qotishlari hisobga
olinishi lozim. Liniyalarda tojlanish yo‘qotishlari minimal bo‘lgan
holatda, ya'ni hududda yaxshi ob-havo kuzatilsa, tarmoqda
kuchlanishni oshirish magsadga muvofig bo'lib, bu tarmogda quvvat
yo'qotishlarini  sezilarli darajada 7,5 MVt ga, yani umumiy
yo‘qotishlarning 5,1 % ga kamaytirish samarasini beradi. Shuningdek,
agar shuntli reaktor o‘miga boshqariluvchi  shuntli reaktor
o‘rnatilganida, rejimni optimallashtirish samarasi yana 6,5 % ga oshib,
8 MVt giymatiga yetar edi. Kuchlanishni tartibga solish orgali liniyada
rejimni optimallashtirish hisob-kitoblari, kuchlanish chegaralari hisobga
olinmagan holda, quyidagilarni ko‘rsatdi: Agar liniya yaxshi ob-havo
sharoitida bo'lsa, tojlanishdagi yo'qotishlar eng kam bo'lib, liniyaning
optimal kuchlanishi ekspluatatsiya kuchlanishidan ancha yuqori, ya'ni
1,2-1,25 marta ko'p bo'ladi. Agar liniya yomon ob-havo sharoitida
bo'lsa, tojlanishdagi yo‘qotishlar katta bo‘ladi va liniyaning optimal
kuchlanishi ekspluatatsiya kuchlanishidan ancha past, ya’ni 0,5-0,85
martaga teng bo'ladi. 5-jadvalda elekir uzatish liniyalarida
yo'qotishlarni  minimallashtiruvchi  optimal ~ kuchlanish  giymatini
hisoblash natijalari keltirilgan.

Tarmoqgda kuchlanishni tartibga solish elektr stansiyalari va reaktiv

quvvat manbalari kuchlanishini o‘zgartirish orqali amalga oshiriladi,
ularning o'zgarish diapazoni 6-jadvalda ko'rsatilgan.

5-jadval
Ta’minlovchi liniyadagi isroflarni kamaytirish vagtidagi optimal
kuchlanishni hisoblash ko‘rsatkichlari

Tojlanish jarayonidagi davomiy ortib boradigan isrof, soat 2,33
Liniya oxirida kuchlanishning o‘rtacha giymati, kV 750,04
Liniya oxirida aktiv quvvatning o‘rtacha giymati, MVt 656,03
Liniya oxirida reaktiv quvvatning o‘rtacha qiymati, MVar 147,09
Tojlanishdagi o‘rtacha aktiv quvvati, MVt 14,65
Yuklama yo'qotishlaridagi o‘rtacha isrof, MVt 10,49
Liniyadagi aktiv quvvat isrofining umumiy yig‘indisi, MVt 25,14
Liniya oxirida optimal kuchlanishning o'rtacha giymati, kV 627,45
Liniyadagi kuchlanish isrofining umumiy yig'indisi, kV 21,60
Liniyadagi umumiy quvvatning pasayishi, MVt 3,54
6-jadval

Reaktiv quvvat manbalarining kuchlanishni tartibga solish
bo‘yicha keltiriigan ma’lumotlari

Ne Tagsimlash tarmoq tuguni Qumin (Var) Qumax (Var)
1 5202 MVar 1-blok tizimi -880,6 1111,9
2 5253 MVar 2-blok tizimi -290 800

3 5254 MVar 3-blok tizimi -340 800

4 5256 MVar 4-blok tizimi -340 800

5 5630 MVar 5-blok tizimi -924 768

6 9284 MVar 6-blok tizimi -9986 9986

Natijalar shuni ko'rsatadiki, barcha nimstansiyalarda kuchlanish
giymatlari yaxshilandi. Elektr energiyasini ishlab chigarish nugtasidan,
yuklama markazlaridan uzoqda, talabning o'zgarishi, ob-havo sharoiti,
tagsimlash transformatorlari fazalariga muvozanatsiz yuklama bilan
birgalikda foydalanish nugtasiga uzatish uchun energiya tizimining
murakkabligi iste’molchilar tomonidan  va elektron uskunalardan
foydalanish kabi omillar, yetkazib beriladigan elekir energiyasining
sifatini pasaytirishga olib keladi. Shuntli reaktor bilan boshqariladigan
nimstansiyalarda kuchlanishni rostlash imkonini hisoblash holati
7-jadvalda keltirildi.

7-jadval

Shuntli reaktor bilan boshgqarilishda reaktorning holati
Reaktor Berilgan

Ne Tagsimlash tuguni rejimlardagi
(MVar) .
holatlari

1 5015 MVar | 1-blok tizimi 180 Holati yoniq

2 5015 MVar | 2-blok tizimi 180 Holati o‘chiq

3 5250 MVar | 3-blok tizimi 180 Holati yoniq

4 5425 MVar | 4-blok tizimi 180 Holati yoniq

Ma’lumotlariga ko'ra, O‘zbekistonda oxirgi 10 yil davomida quruq
muz davrining o'rtacha davomiyligi yiliga 1381 soatni tashkil etadi.
Shu bilan, agar biz ko'rib chigilayotgan tarmoglar ish rejimlarini quruq
davrda optimallashtirganida, yillik elektr energiyasi yo‘qotishlarini
tejash miqdori quyidagi darajada bo'lishi mumkin edi.

500/220 kV tarmoq uchun: 1381 soat x 53,6 MVt = 74 021,6
MVtesoat

110 kV tarmoq uchun: 1381 soat x 20,2 MVt = 27 896,2 MVtesoat

Yugori kuchlanishli elektr uzatish liniyalarida tojlanish jarayonlarini
modellashtirish va monitoring asosida baholashda muhim diagnostik
axborot manbai bo'lib u quyidagicha 1-rasm asosida shakllandi.
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1-rasm. Rekombinatsiya va muvozanat bosgichi

Bunda vagt bo‘yicha zaryad zichligi p(t) ning o'zgarish gonuniyati
tasvirlangan. Grafikdan ko'rinadiki, boshlang‘ich vaqt momentida
zaryad zichligi yuqori giymatga ega bo'lib, vaqt o'tishi bilan
eksponentsial xarakterga yaqin tarzda keskin kamayadi. Bu holat
muhitda zaryad tashuvchilarning rekombinatsiyasi, ionlarning
neytrallanishi hamda elektr maydon ta’sirida zaryadlaring targalishi
jarayonlari  bilan izohlanadi. Vagtning keyingi oraligida p(f)
giymatlarida mahalliy maksimum kuzatilishi zaryadlarning ikkilamchi
ionlanish yoki qayta tagsimlanish jarayonlari bilan bog'liq bo'lishi
mumkin. So‘ngra zaryad zichligi nolga yaginlashib, manfiy giymatlar
sohasiga o'tishi kuzatiladi, bu esa garama-garshi ishorali zaryadlarning
ustunlashuvi yoki kompensatsiyalovchi jarayonlarning kuchayganligini
ko'rsatadi. Ushbu dinamik xarakteristika tojlanish hodisasi sharoitida
zaryadlarning vagt bo'‘yicha notekis tagsimlanishini va nolinear
elektromagnit jarayonlar mavjudligini tasdiglaydi. Nam havoda havo
zichligi kamayib, havo ionizatsiyasining chegarasi pasayadi. Shu
sababli, namlikning yuqori bo'lishi tojlanishni yengillashtiradi. Bunday
holat aynigsa yomg'irli kunlarda yoki shudring tushgan vagtlarda aniq
seziladi. Nam havo tozalanmagan izolyatorlarda ozon va azot
oksidlarining paydo bo‘lishi bilan birga energiya yo'qotishlarni oshirishi
(2-rasmda) keltirilgan
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2-rasm. Nisbiy ko‘rsatkichlar va namlikning tojlanish
hodisasiga bog‘ligligi

Bunda muhit namligi ¢ (%) o'zgarishiga bog'liq holda nisbiy
ko‘rsatkichning o‘zgarish tendensiyasi ifodalangan. Grafikdan ko'rinib
turibdiki, namlik 30 % dan 90 % gacha oshgan sari nisbiy ko'rsatkich
deyarli chizigli gonuniyat asosida ortib boradi. Xususan, ¢ =30% da
nisbiy ko'rsatkich taxminan 6,65 atrofida bo'lsa, namlik 50-60 %
oraligida bu giymat 7,05-7,15 gacha yetadi. Namlikning yanada
ortishi (¢ = 70-80 %) sharoitida nisbiy ko'rsatkich 7,25-7,40 giymatlar
oralig'ida kuzatiladi. Maksimal namlikka yagin holatda, ya'ni ¢ = 90 %
da esa nishiy ko‘rsatkich taxminan 7,5-7,6 giymatga yetishi gayd
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etilgan. Elektr maydonining intensivligi (E) fazalar orasidagi masofa
(D), o'tkazgich diametri (d) va havo zichligi koeffitsiyenti () bilan
belgilanadi. Bu omillar ortasidagi muvozanat buzilganda, ya'ni
maydon kuchlanishi havo izolyatsiyasining kritik giymatidan oshganda,
tojlanish hodisasi vujudga kelgan fazalar orasidagi masofa ganchalik
kichik bo‘lsa, elektr maydonining o‘zaro ta’siri shunchalik kuchli bo‘ladi
(3-rasm).
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3-rasm. Faza masofasi bo‘yicha nisbiy maydon ko‘rsatkichining
tojlanish hodisasiga bog'liqligi.

Bunda gorizontal o‘q bo'yicha faza masofasi D (m) giymatlarining
5000 m dan 7000 m gacha o'zgarishi, vertikal o'q bo‘yicha esa nisbiy
maydon ko'rsatkichining giymatlari aks ettirilgan. Grafik tahlili faza
masofasi ortib borishi bilan nisbiy maydon ko‘rsatkichida bargaror
pasayish tendensiyasi mavjud ekanini ko‘rsatadi. Son giymatlariga
muvofig, D=5000 m da nisbiy maydon ko‘rsatkichi taxminan 8,5-8,6
atrofida bo'lib, faza masofasi 5500 m ga yetganda ushbu giymat 7,6
7,7 darajasigacha kamayadi. D=6000 m sharoitida nisbiy ko‘rsatkich
7,0-7,1 giymatlar oralig‘ida joylashadi. Faza masofasi yanada oshirilib,
6500 m da mazkur ko'rsatkich 6,4-6,5 ga tushadi va D=7000 m da
esa 5,8-59 giymatga yaqinlashishi kuzatiladi. Vertikal o'q bo‘yicha
ko‘rsatkichning kamayishi faza o‘tkazgichlari o'rtasidagi masofa ortishi
natijasida elektr maydoni kuchlanishining zaiflashishi va maydon
chiziglarining keng fazoda tarqalishi bilan izohlanadi. Gorizontal o'q
bo'yicha faza masofasining o'sishi o'zaro elektromagnit ta'sirning
pasayishiga olib kelib, maydon konsentratsiyasini kamaytiradi. Shu
tariga, grafik ma’'lumotlari faza masofasini oshirish nisbiy maydon
ko'rsatkichini samarali ravishda pasaytirishini texnik-ilmiy jihatdan
asoslab beradi va yuqori kuchlanishli elektr uzatish liniyalarini
loyihalashda mazkur parametrning muhimligini ko‘rsatishi 8-jadvalda
keltirilgan.

8-jadvalda faqat sezilarli bo'lgan tojlanish natijasidagi birligiga
nisbatan quvvat yo‘qotishlarining o'zgarish diapazonlari keltirilgan.
Masalan, AP-240 markali o'tkazgich uchun, o‘tkazgichning katta
radiusi sababli tojlanish yo‘qotishlari giymatini hisobga olish shart
emas. Shuningdek, ushbu ustunlar va o‘tkazgichlar kombinatsiyasi
tojlanish natijasidagi aktiv quvvat yo'qotishlariga olib keladi. Havo
liniyalarining geometrik parametrlari bilan bir gatorda, tojlanish
natijasidagi aktiv quvvat yo‘qotishlariga ta’sir giluvchi asosiy omillar-ob
-havo sharoitlarining davomiyligi va turi hisoblanadi (4-rasm).

Bunda yugori kuchlanishli havo elektr uzatish liniyalarida tojlanish
hodisasi natijasida yuzaga keladigan quvvat yo‘qotishlarining
kuchlanish darajasiga va ob-havo sharoitlariga bog'ligligi tasvirlangan.
Grafikdan ko'rinadiki, kuchlanishning 120 kV dan 340 kV gacha
oshishi bilan tojlanish yo'gotishlari nolinear xarakterda ortib boradi.
Aynigsa, kuchlanish ma’'lum kritik giymatlardan oshgach, tojlanish
intensivligining keskin kuchayishi natijasida yo‘qotishlar tez sur'atlarda
oshishi kuzatiladi. Yuqori kuchlanishli elektr uzatish liniyalarida fazalar
oralig'i o‘zgarishining elektr maydon intensivligiga ta'siri turli fazalar
joylashuv  sxemalari uchun taqqoslab ko'rsatilishi (5-rasmda)
keltirilgan.
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8-jadval
O‘tkazgich markalari bo‘yicha tojlanish jarayonidagi yuqgotishlar
Havo liniyalarida tojlanish natijasida yuzaga keladigan aktiv quvvat yo‘qotishlari: kuchlanish
sinfiva o‘tkazgich turi bo‘yicha (kVt/km)
Nominal kuchlanish O‘tkazgich Yaxshi ob-havo, Quruq qorli, kVt/ Yomg‘irli, O‘ta sovuq,
sinfi, kV markasi kVtlkm km kVt/km kVtlkm
110 AP-70 0.022-0.080 0.088-0.393 0.311-1.345 1.250-4.487
110 AP-95 0.022-0.057 0.094-0.243 0.270-0.915 1.160-3.388
110 AP-120 0.027-0.047 0.117-0.183 0.329-0.675 1.422-2.652
110 AP-150 0.038 0.157 0.474-0.476 2.010-2.015
220 AP-185 0.18-0.32 0.75-1.35 2.10-3.60 9.0-13.5
220 AP-210 0.16-0.28 0.65-1.20 1.90-3.20 8.0-12.5
220 AP-240 0.14-0.25 0.55-1.05 1.70-2.90 7.0-11.0
220 AP-300 0.12-0.22 0.48-0.95 1.50-2.60 6.2-10.0
500 AP-400 2.6-3.3 9.5-12.5 3040 78-95
500 AP-500 22-29 8.3-11.0 27-36 70-88
500 AP-600 1.9-2.5 7.5-10.0 24-32 62-80

Kuchlanish va ob-havo sharoitida tojlanish
yo‘gotishlari

z......u|||III|||||||||

120 140 160 180 200 220 240 260 280 300 320 340
Kuchlanish U, kv

S S

E=1

B Bo'ronli ob-havo

=

W Yaxshi ob-havo [sokin)

Tojlanish yo‘gotishi Pk, kW/km
— ] wr é w o

Fazalar oralig‘i va elektr maydon intensivligi

N
.l

E

=

20

w

2 15

2

2 - M
E 10 ® Gorizontal fazalar (tekis)
14

e W Uchburchak (uch fazali to'plam)
P I I I I I I I I

s

[ ]

i |

250 300 350 400 450 500 550 600 650 700
Fazalar oralig', mm

4-rasm. Kuchlanish darajasi va ob-havo sharoitlariga bog‘liq
holda yuqori kuchlanishli havo elektr uzatish liniyalarida
tojlanish yo‘qotishlarining o‘zgarishi

Grafikdan ko'rinadiki, fazalar oralig'ining 250 mm dan 700 mm
gacha oshishi bilan elektr maydon intensivligi E giymatlari monoton
ravishda kamayib boradi. Bu holat fazalar orasidagi elektr maydonning
o'zaro ta'siri susayishi va maydon chiziglarining kengrog fazoviy
hududga tagsimlanishi bilan izohlanadi.

Xulosalar. O'Ichash natijalari real vagt rejimida elektr energiyasi
yo'qotishlarini tarkibiy gismlarini (yuklanish yo‘qotishlari, tojlanishdagi
yo'qotishlar va quvvatlarning yo‘gotishlari) aniglash imkoniyatini
ko'rsatadi. Bu esa yo‘gotishlarni kamaytirish maqgsadida yuqori
kuchlanishli havo liniyalari ish rejimida optimallashtirishni amalga
oshirish va elektr energiyasini sezilarli darajada tejash imkonini beradi.
Shuningdek, energiya tizimida kuchlanish darajalari bo‘yicha rejimni
optimallashtirish, joriy tojlanish quvvati yo'qotishlari hisobga
olinmasdan amalga oshirilishi mumkin emasligi isbotlangan. Yuqori
kuchlanishli havo elektr uzatish liniyalarida tojlanish hodisasi- elektr
maydoni  konfiguratsiyasi, muhitning  elektr-fizik  xususiyatlari,
atmosfera omillari va o'tkazgich—izolyatsiya yuzasining geometrik

5-rasm. Fazalar oralig‘i va fazalar joylashuviga bog‘liq holda
elektr maydon intensivligining o‘zgarishi

parametrlari o'zaro ta'sirida shakllanadigan murakkab elektrofizik
jarayon ekanligi aniglandi. Tadgiqot natijalari ko'rsatadiki, tojlanishning
intensivligi va energetik ogibatlari mahalliy iglim sharoitlari, aynigsa
cho’l hududlarida, klassik modellarda gabul gilingan tavsiflardan
tubdan farq qilishi, cho’l muhitining aerozol zichligi, past namlik, yugori
harorat va past atmosfera bosimi havoning ionlanish jarayonini
pasaytirishi, natijada tojlanishning boshlanish kuchlanishi (Uo) 5-12 %
ga kamayishi keltirildi. Shu bilan birga, fazalarni kengaytirish,
izolyatsiya ~ yuzasini  tozalash va  konstruktiv  elementlarni
optimallashtirish  kabi tadbirlar ham yuqori samara ko'rsatishi
aniglandi.Tajriba ma’lumotlari va modellashtirish natijalari shuni
ko'rsatadiki, meteoparametrlami (namlik, bosim, shamol, ifloslanish)
dinamik  hisobga olmagan real-taym algoritmlarda  tojlanish
yo'gotishlarining bahosi yetarlicha aniq bo‘Imaydi. Shuning uchun
elektr uzatish liniyalari uchun meteoadaptiv hisob modellarini joriy
etish, ya'ni har bir klimatik holat uchun Uy, Emax va Px giymatlarini
gayta hisoblab, avtomatlashtiriigan tarzda optimal ekspluatatsiya
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strategiyalarini ishlab chiqish energetika tizimining barqaror ishlashida
muhim ahamiyat kasb etadi. Tadgiqotlar natijasida quyidagilarni
keltiramiz:

-tojlanish jarayonidagi joriy yo‘qotishlarni hisoblash algoritmi, uni
uzoglikli  integrallashtiriigan ~ hisoblash  dasturiy  kompleksida
qo'llaganda, havo namligi yuqori bo‘lganda tojlanish yo'qotishlariga
sezgir emas. Shu bois, uzoglikli integrallashtiriigan hisoblash dasturiy
kompleksi algoritmiga yuqorida ko'rsatilgan yo‘qotishlarni hisobga
olish imkonini beruvchi tuzatishlar kiritish taklif gilindi.

-uzoglikli integrallashtiriigan  hisoblash ~ dasturiy ~kompleksi
algoritmlari orqali tojlanish yo‘qotishlarini aniglashdagi xatoliklarni tahlil
qgilish, uzun elektr uzatish liniyalaridagi o‘tkazgichlarida yuklanish
yo'gotishlarini hisoblashda havo liniyalarining to‘lgin xususiyatlarini
inobatga olgan anigroq formulani go'llash magsadga muvofigligini
ko'rsatdi.

-yaxshi ob-havo sharoitida 250 kmdan uzun elekir uzatish
liniyalarida  kuchlanish  o'zgarishlarining  tojlanishdagi  quvvat
yo'qotishlariga  ta’sirini  hisobga olish maqgsadida, uzoqlikli
integrallashtiriigan hisoblash dasturiy kompleksi algoritmiga aktiv va
reaktiv quvvatga bog'liq tuzatish koeffitsiyenti kiritildi.

-500 kV yugori kuchlanishli havo elektr uzatish liniyalari uchun
yuklanishdan kelib chigadigan yo‘qotishlarni aniglashdagi elektr
jihozlaridagi xatolikni hisoblash natijalari shuni ko'rsatdiki, yuklanish
yo‘qotishlarini hisoblashda eng katta xatolikni o‘tkazgichning haroratini
aniglashdagi xatolik tashkil giladi. Ushbu xatolikning umumiy yuklanish
yo'qotishlariga nisbati 4 % ni tashkil etadi.

-Hisoblash natijalari shuni ko‘rsatdiki, 500 KkV kuchlanishi
nimstansiya tarmog‘ida shuntlovchi reaktorlarni  boshgariluvchi
shuntlovchi reaktorlarga almashtirish orqali rejimni optimallashtirish
samarasi o'rtacha 10 % ga oshishi mumkin.
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CONGRATULATIONS

2026 yil 11 mart kuni geologiya-mineralogiya fanlari doktori, pro-
fessor, Rossiya tabily fanlar akademiyasi akademigi Turapov Mirali
Kamalovich tavalludining 75 yilligi hamda ilmiy-ishlab chigarish faoli-
yatining 50 yildan ortiq vaqgt bo'ldi.

Turapov Mirali Kamalovich 1969 yil Toshkent Davlat Universiteti
(hozirgi O'zbekiston Milliy Universiteti), Geologiya fakultetiga o‘gishga
kirgan. Universitetni 1974 yil gizil diplom bilan tugatgan.

Turapov Mirali Kamalovich 1974 yilda O'rta Osiyo geologiya va
mineral xom ashyo ilmiy tekshirish institutiga (CAUTUMC) hozirgi
“Mineral resurslar instituti” davlat muassasasiga laborant sifatida o'z
ish faoliyatini boshlagan. Keyinchalik kichik ilmiy xodim, ilmiy xodim,
katta ilmiy xodim, yetakchi iimiy xodim, bo‘lim boshlig‘i lavozimlarida
ishlab, 1990-1996 yillarda shu institutda ilmiy kotib lavozimida
ishlagan.

Turapov Mirali Kamalovich 1991-1994 yillar O'zbekiston Respu-
blikasi Geologiya va mineral resurslar Davlat Qo‘mitasi huzuridagi
maxsus iimiy kengash ilmiy kotibi vazifasida, 2017-2020 yillarda Tosh-
kent Davlat Texnika Universiteti, “Mineral resurslar instituti’ DK,
“Geologiya va geofizika instituti” DK va O'zbekiston Milliy Universiteti
huzuridagi ilmiy kengash raisi o'rinbosari vazifasida ishlagan.

O'rta Osiyo, jumladan Chotqol Qurama xududida joylashgan
qgo'rg'oshin va rux konlariga (Chakchar, Lashkerek, Uchquloch, Zam-
barak, Oltintopgan) konlari xosil bo'lish gonuniyatlariga va ulaming
fazosida polimetall ma’danlaming joylashishiga qaratilib ma'danlashu-
vni nazorat giluvchi geologik omillarni o‘rganishga qaratildi. Uch-
quloch, Qorason va Zambarak konlarida ilmiy-tadgiqot ishlari olib
borib, ularni qo‘rg‘oshin va rux zahiralarini kengaytirishga imkon berdi.
Ularning yon atroflarida ma’danga istigbolli maydonlar ajratdi.

Turapov Mirali Kamalovich ilmiy-tadgiqot ishlar doirasidan
O‘zbekistondagi Chodak, Qizilolma, Ko'chbulog, Kouldi, Muruntov,
Dougiztov, Omontoytov oltin konlarining xosil bo'lish gonuniyatlarini
hamda oltin ma’danining joylashish sharoitlarini kompleks tadgiqotlar
usulida o'rganish natijasida birinchi bor bu konlaming ko'p faktorli
modellarini yaratdi (geologik, strukturaviy, magmatik, mineralogik,
kimyoviy, tektonofizik, morfologik).

Olib borilgan ishlar natijasi Tog*-kon sanoati va geologiya vazirli-
giga joriy qilinib, olib borilgan geologik-qidiruv ishlarning samaradorlig-
ini oshirishga imkon berdi. Oltin va polimetall konlarda ilmiy-tadqgiqot
olib borishda, ularni nazorat giluvchi strukturalarni va ular bilan bog'liq
ma’danlashuvni o‘rganishda tektonofizika usullar (eksperiment) keng
qo'llanildi. Natijada birinchi bor konlarni hosil bo'lishida va ma'dan
joylashishida yer qobig‘ini kuchlanishi va deformatsiya sharoitlarini
o'rgandi. Yangi tektonofizik mezonlar ishlab chigilib bashoratlashda
keng qo'llanildi. Ajratilgan oltinga istigbolli maydonlar (Qizilqum
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hududida) Tog'-kon sanoati va geologiya vazirligi investorlarga ajratil-
gan ma'danlar ro‘yxatiga kiritilgan.

Olib borilgan ko'p ilmiy-tadqigot izlanishlar 2003-2011 yilda yangi
ilmiy yo'nalishni ishlab chigishga imkon berdi. Bu yo‘nalish konlarni
xosil bo'lishidan avval va shakillanish davridagi geodinamik xolatini
o‘rganishga qgaratilgan. Ya'ni o‘sha davrdagi kon maydonini harakatga
keltiruvchi tashqi kuchlar natijasida hosil bo‘lgan geodinamikaning va
uning ta'sirida strukturalarni ma’danlashuvga ta’sirini o‘rganishga
qgaratilgan. Bu uslub Tog‘-kon sanoati va geologiya vazirligi qoshidagi
korxonalarga metodik uslub sifatida joriy gilingan.

Turapov Mirali Kamalovich 1982 yilda geologiya-mineralogiya
fanlari nomzodi ilmiy darajasini, 1991 yil Bishkek shahri, A.M.Adishev
nomidagi Geologiya instituti huzuridagi birlashgan (Qirg'iziston,
Qozogiston va O'zbekiston) maxsus kengashida geologiya
mineralogiya fanlari doktori iimiy darajasini oldi. 2015 yil 18 noyabrda
O'zbekiston Respublikasi Oliy Attestatsiya Komissiyasi tomonidan
professorlik unvoniga loyiq deb topildi. Rossiya tabiiy fanlar akademi-
yasining 2010 yil 15 apreldagi Ne 59 qaroriga asosan Rossiya tabiiy
fanlar akademiyasi akademigi sifatida saylandi.

Turapov Mirali Kamalovich 0’z mehnat faoliyatida 2 ta fan doktori
va 18 ta fan namzodini yetishtirib, 10 ta monografiya, 170 dan ortiq
ilmiy maqola va tezislar muallifi hisoblanadi.

Turapov Mirali Kamalovich hozirgi kunda “Mineral resurslar insti-
tuti” DM da bosh ilmiy xodimi lavozimida faoliyat yuritib kelmogda, shu
bilan birga “Mineral resurslar institut” DM va “Geologiya va geofizika
instituti” DMda faoliyat ko'rsatib kelayotgan ilmiy kengashlar a’zosi
hisoblanadi. Qattiq foydali qazilmalar geologiyasi, ularni qidirish va
razvedka qilish (tektonika va geodinamika; seysmotektonika, tektono-
fizika (eksperimental tektonika); metallogeniya, konlarning hosil
bo'lishida va ularda ma’danlashishida geologik-strukturaviy sharoit va
bashoratlash) kabi yo‘nalishlarda o'z ilmiy facliyatini olib bormoqda.

Ustoz Mirali Kamolovich Turapovga chin dildan mustahkam
sog'lig, oilaviy farovonlik, uzog umr va kelgusidagi ijodiy faoliyatida
ulkan muvaffagiyatlar tilaymiz.

Islom Karimov nomidagi Toshkent davlat texnika universiteti,
Geologiya-gidiruv va kon-metallurgiya fakulteti jamoasi

“Milliy texnologik tadqgiqotlar universiteti “MISIS”ning
Olmaliq shahridagi filiali ma’'muriyati

Barcha shogirtlari
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