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FOYDALI QAZILMLARNI BOYITISH

YK 622.765.063.2 DOI:10.70769/2181-7383.MBU.3(106).2026.1

OBE0CHOBAHMWE TEMMEPATYPHOIO PEXXUMA CENEKTUBHOM
®NOTALUUN MONMMBAEHA U3 KONJNIEKTUBHOIO
MEOHO-MOJIMBAEHOBOIO KOHLIEHTPATA

LWakapos T.U., dpanues .K., Macuaukos LL.A.

Anmanbikckuit punuan HATY «MUCUCy», Pecnybninka Y3bekuctaH

AxHomayusi. Cmambs NocesWEeHa HayyHO-MeXHOoMo2u4eckoMy 060CHOBaHUK MmemMnepamypbI Nyfbnkl NOcne mMeniogol No020MosKU KOMIekmugHO20 MeOHo-
MosubdeH08020 KoHUeHmpama npu cenekmusHol ¢hmomauyuu monubdena e ycnogusix MO® AO «Anmanbikekutl TMK». Mocne ymoyHeHuUst aHanumuyeckux 0aHHbIX
8bInoNHeHa nposepka d8yxnpodykmogoeo MamepuasnbHoeo banaHca ocHosHol hnomayuu no Mo, Cu, Au u Ag; pacxoxOeHus Mexdy pacyemHbIMu 8bixo0amu no
omdenbHbIM KOMNoHeHmam He npegbiwarom 0,08 npoueHmHo20 nyHkma u Haxo0simes 8 npedenax OKpyaeHuUsi UCXOOHbIX aHanu3os. [lpu CHUXeHUU memnepamypb|
om 75 do 40 °C codepxaHue Mo e yepHosom MonubOeHo8oM KoHueHmpame gospacmaem ¢ 1,42 do 2,06 %, codepxaHue Mo e xgocmax ymeHbwaemes ¢ 0,072 do
0,042 %, pacdemHn Il b1x00 KoHUeHmpama cHuxaemcs ¢ 15,43 do 11,79 %, a ussneyeHue Mo sospacmaem c 78,25 do 86,77 %. WzeneyeHue Cu 8 4epHOBOU KOHUEH-
mpam U3MeHsiemcsi HeMOHOMOHHO U cocmasrnisiem coomeemcmeeHHo 6,48; 14,10; 4,63 u 5,82 %, ymo ykasbigaem Ha He06X00UMOCMb OUEHKU memnepamypHo20
pexuma He morbKO No 0CHOBHOU onepayuu, Ho U No pe3ynbmamam nocnedyrowux nepeyucmox. B koHueHmpame 3-U nepequcmku npu CHWXeHUU meMnepamypbl om
7500 40 °C codepxanue Mo nossiwaemes ¢ 18,56 0o 21,62 %, codepxarue Cu ymerbwaemcs ¢ 10,30 do 7,56 %, a ycrnosHbiii uHdexc Mo/Cu so3pacmaem ¢ 1,80 do
2,86. YcmaHosneHo, ymo cpedu uccredosaHHbIx pexumos memnepamypa 40 °C obecneyusaem Haumy4ywiee Co80KynHoe codemarue ussneyeHust Mo 8 ocHogHol
¢hromayuu u kayecmea KOHEYHO20 NEPeYLUCMHO20 Npodykma, moeda Kak MuHuMasbHbIl nepeHoc Cu 8 YepHosol KoHuyeHmpam Habndaemes npu 50 °C. lMonyyeH-
Hble pe3ynbmambl nodmeepxdatom yenecoobpasHoCmb paccvampusams memnepamypy Nocne NPonapKu Kak caMocmosimesibHbIl ynpaensieMbIl napamMmemp cenek-
yuu. Pexxum okono 40 °C pexomeHdyemcs Kak ucxo0HbIli 05 ONbIMHO-NPOMbIWIEHHOU NPOSEPKU C 0653amerTbHbIM KOHMPOIeM noonepayUoHHbIX 8bIxo008, ussnede-
Hut, pH, OBI1, pacxoda peazeHmos U mennogozo basnaHca.

Knroyesble crnosa: cenekmusHasi (hnomauyusi; MonubdeHum; xarmbkonupum,; MeOHo-MonubdeHosbIl KOHUEeHmpam; memnepamypa nynbnbl; nponapka; Mamepu-
arnbHbIl banaHc; usgneyeHue monubdeHa; nepeyucmHbie onepayuu; denpeccusi MedHbIX Cynbgudos; UHOEKC CeekmusHOCMU.

KOLLEKTIV MIS-MOLIBDEN KONSENTRATIDAN MOLIBDENNI
SELEKTIV FLOTATSIYA USULIDA AJRATIB OLISHDA HARORAT
REJIMINI ASOSLASH

T.l. Shakarov, D.K. Eraliev, Sh.A. Masidikov
Milliy tadgiqotlar texnologiya universiteti «MISIS»ning Olmalig filiali, O'zbekiston Respublikasi

Annotasiya. Magolada «Olmaliq KMK» AJ boyitish fabrikasi sharoitida kollektiv mis-molibden konsentratiga termik ishlov berilgandan keyingi bo‘tana haroratining
molibdenni selektiv flotatsiya gilish samaradorligiga ta’siri ilmiy-texnologik jihatdan asoslangan. Aniglashtirilgan tahliliy ma’lumotlar asosiy flotatsiya uchun Mo, Cu, Au va
Ag bo'yicha ikki mahsulotli moddiy balans yordamida tekshirildi; alohida komponentlar bo'yicha hisoblangan mahsulot chigishlari orasidagi farq 0,08 foiz punktidan
oshmadi va tahlil natijalarini yaxlitlash chegarasida qoldi. Harorat 75 dan 40 °C gacha pasayganda xomaki molibden konsentratidagi Mo miqdori 1,42 dan 2,06 % gacha
oshdi, chigindidagi Mo 0,072 dan 0,042 % gacha kamaydi, konsentratning hisobiy chigishi 15,43 dan 11,79 % gacha pasaydi, Mo ajralishi esa 78,25 dan 86,77 % gacha
oshdi. Cu ning xomaki konsentratga ajralishi nomonoton o'zgarib, 6,48; 14,10; 4,63 va 5,82 % ni tashkil etdi. Shu sababli harorat ta’siri asosiy flotatsiya bilan bir qatorda
keyingi qayta tozalash bosgichlari bo‘yicha ham baholandi. 3-qayta tozalash konsentratida harorat 75 dan 40 °C gacha pasayganda Mo 18,56 dan 21,62 % gacha
oshdi, Cu 10,30 dan 7,56 % gacha kamaydi, shartli Mo/Cu indeksi esa 1,80 dan 2,86 gacha ko'tarildi. Tadqiq qilingan rejimlar ichida 40 °C asosiy flotatsiyada Mo
ajralishi va yakuniy tozalash mahsuloti sifati bo‘yicha eng qulay umumiy natijani berdi, xomaki konsentratga Cu ning eng kam o'tishi esa 50 °C da kuzatildi. Natijalar
bug’ bilan termik ishlov berishdan keyingi haroratni seleksiya jarayonining mustaqil boshqariladigan parametri sifatida ko'rib chigish magsadga muvofigligini ko‘rsatadli.
Taxminan 40 °C rejimi tajriba-sanoat sinoviari uchun boshlang‘ich variant sifatida tavsiya etiladi.

Kalit so‘zlar: selektiv flotatsiya; molibdenit; xalkopirit; mis-molibden konsentrati; bo'tana harorati; termik tayyorlash; moddiy balans; molibden ajralishi; qayta toza-
lash; mis sulfidlari depressiyasi; selektivlik indeksi.
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JUSTIFICATION OF THE TEMPERATURE REGIME FOR SELECTIVE
MOLYBDENUM FLOTATION FROM A BULK COPPER-MOLYBDENUM
CONCENTRATE

T.l. Shakarov, D.K. Eraliev, Sh.A. Masidikov
Almalyk Branch of the National University of Science and Technology “MISIS”, Republic of Uzbekistan

Abstract. This study provides a scientific and technological assessment of pulp temperature after thermal conditioning of a bulk copper-molybdenum concentrate
during selective molybdenum flotation at JSC Almalyk MMC. The revised analytical data for rougher flotation were verified by a two-product material balance for Mo, Cu,
Au and Ag; the product-yield estimates calculated from individual components differ by no more than 0.08 percentage points, which is within the rounding of the assays.
Decreasing the pulp temperature from 75 to 40 °C increased Mo grade in the rougher molybdenum concentrate from 1.42 to 2.06 %, decreased Mo in rougher tailings
from 0.072 to 0.042 %, reduced the calculated concentrate yield from 15.43 to 11.79 %, and increased Mo recovery from 78.25 to 86.77 %. Cu recovery to the rougher
concentrate changed non-monotonically and amounted to 6.48, 14.10, 4.63 and 5.82 % at 75, 65, 50 and 40 °C, respectively; therefore, the temperature effect was
evaluated not only at the rougher stage but also after cleaning. In the third-cleaner concentrate, decreasing temperature from 75 to 40 °C increased Mo grade from 18.56
to 21.62 %, decreased Cu grade from 10.30 to 7.56 %, and increased the conditional Mo/Cu ratio from 1.80 to 2.86. Among the tested conditions, 40 °C provided the
most favorable overall combination of rougher Mo recovery and final cleaner-concentrate quality, whereas the minimum Cu transfer to the rougher concentrate occurred
at 50 °C. The results support considering post-steaming pulp temperature as an independent controllable parameter of Cu-Mo separation. A temperature near 40 °C is
proposed as a starting point for pilot-scale validation with complete stage-by-stage mass balances, recoveries, pH, redox potential, reagent consumption and heat-
balance measurements.

Keywords: selective flotation; molybdenite; chalcopyrite; copper-molybdenum concentrate; pulp temperature; thermal conditioning; material balance; molybdenum

recovery; cleaning stages; copper sulfide depression; selectivity index.

BBeneHue

CenekTeHas prioTaums MONMOLEHUTa U3 KONMMEKTUBHBIX MESHO-
MOJIMBAEHOBBIX KOHLEHTPATOB OTHOCUTCS K Haubonee CroXHbIM one-
pauusim oboralleHust cynbUAHOTO Chipbsi. [locne  KonnekTUBHOM
crioTaumn MOnNMBAEHUT, Xanbkonuput U Apyrne MeaHbie cynbguabl
obnapatoT 6rm3kMMM hoTaLMOHHBIMK CBOWICTBaMM BCIIEACTBHE OCTa-
TOYHOM apcopbuum cobupaTeneil 1 anonspHbIX peareHToB, M3MEHEHNS
OKWCMUTENBHO-BOCCTAHOBUTENBHOMO COCTOSHUS MyMbMbl U POPMUPO-
BaHWS MOBEPXHOCTHbIX PeakLMOHHbIX croes. Moatomy nocnepytowiee
pasgeneHue TpebyeT 04HOBPEMEHHOTO COXpaHEHUs MPUPOAHON rapo-
thoBHOCTH MONMBAEHNTa W LieneHanpaBNEHHOTO CHINKEHWS hnoTupye-
MOCTM Me[HbIX CYNbhMAOB C UCNOMb30BaHNEM AENPECCOPOB U PErYNN-
pytowmx Bosgeictaui [1-5, 8-11, 18].

AKTyanbHOCTb 3afja4n OMpenensieTcsl NPOMbILUNEHHON 3HAYMMO-
CTblo MONMBEeHa Kak NernpyroLLero 1 TEXHOMOTMYECKN LIEHHOTo MeTan-
na, W3BNEKaemMoro nonyTHO 13 MeAHO-NOpGUPOBLIX pya. [ns kpynHo-
TOHHaXHbIX (habpuk Aaxe ymepeHHoe noBbleHne u3snevenus Mo
Unn CHkeHne copepxanus Cu B MOnNMOLEHOBOM NpOAYKTe CoCoBHO
YMEHbLUMTL Harpy3ky Ha NEpevncTHble W AOBOLOYHbIE Onepauun W
COKpaTUTL NoTepn MonubaeHa ¢ MeaHbIM npogykTom. Moatomy ynpas-
NIeHNe yCroBUSIMUA CENEKLMN [OMKHO OLEHNBATLCS He TOMbKO Mo Co-
JepxaHuio MeTanna B OTAENbHOM MPOAYKTE, HO U MO MaTepuanbHoMy
BanaHcy, “3BNeYEeHNIo N YCTOYMBOCTI pesynbTaTta Nno BCel Lienoyke
onepauum [2, 6-8].

MonnbaeHUT MMEET BbIPAKEHHO AHM3OTPOMHYK CAOUCTYI0 CTPYK-
Typy. BasanbHble mnockoctn MoS: xapakTepuaytoTcsi BbICOKOW npu-
poaHow rnapoobHOCTbLI0, TOTAA Kak KPOMOUHbIE U fedeKTHbIe yqacT-
ku 6onee peakUMOHHOCMOCOOHBI, Nlerye rMApaTUPYIOTCA 1 OKUCTISIOTCS
W CUNbHEE B3aUMOLENCTBYIOT C WMOHHBIMWA KOMMOHEHTAMU KUIKOM
(asbl. Moatomy hnoTaymoHHble CBOMCTBA MOMMOLEHUTA 3aBUCAT OT
rpaHynoMeTprUyeckoro coctaea, pH, coctaBa 060pOTHOI Bogbl, Npy-
CYTCTBWS  KanbLWeBbIX W  MarHMeBblX OPM,  OKUCIUTENbHO-
BOCCTaHOBUTENBHOIO MOTEHLMaNa v Temnepatypbl nynbnbl. PocT gonm
TOHKMX YaCTWL, NOBLILLAET BKMaf aKTMUBHBIX KPOMOYHbIX MOBEPXHOCTEN
1 AenaeT NpoLecc 0COBEHHO YYBCTBUTENBHLIM K M3MEHEHUAM XUMUYe-
ckoro pexuma [9, 12-16].

B npombiwneHHbix cxemax cenekumn Cu—Mo-KoHLeHTpaToB npu-
MeHsieTcs Tennosas 0bpaboTka (nponapka), NpeaHa3HaYeHHas npex-
Je BCero 4n1s ocnabnenns u aecopbumy 0CTaTOUHbIX KOMNMEKTOPHbIX 1
anonsipHbIX MOKPLITUIA C NMOBEPXHOCTM MeAHbIX CynbhWAO0B U NOBbILLE-
HUs atbekTMBHOCTM MX nocrnepytowen Aenpeccn. Ha MO® AO
«Anmanbikcknin TMK» Tennosas nogrotoBka MpoOBOAUTCS Mpu Temne-
patype nopsigka 80-85 °C. OpHako (pyHKUMS nponapku u yHKUMs
nocneayoLLeil CenekTUBHOM proTaLun He TOXAECTBEHHbI: TeMnepary-
pa, bnaronpusTHas ans aecopbLMOHHONM NOAroTOBKM, Heobs3aTenbHO
ABNAETCA ONTUMAnbHOM NS 3aKpEenneHust Yactuy MonubaeHuTa Ha
nysbipbkax M NS yctoumBoro pasgenenus Mo- u Cu-comepxalumx
MWHepanos [2, 5, 9-11, 17].

HayuHas uges paboTbl COCTONT B pasgeneHnn AByX TEXHONOrye-
CKUX (PYHKLMIA TEMNepaTypHOro BO3AEWCTBUS: BbICOKOTEMMNEPATYPHON
MOArOTOBKM MOBEPXHOCTU MpM nponapke W COGCTBEHHO CENEKTUBHOrO
(PrOTALMOHHOTO pa3feneHns Nocrne PerynyupyemMoro  OXMaxaeHus.
Llenb nccnenoBaHus — ycTaHoBUTb, Kak TemnepaTypa nynbhbl nocne
TENMOBOW NOAFOTOBKA BMMSET HA MaTepuanbHbii 6anaHc OCHOBHOM
monmbreHoBoit noTauum, ussneveHne Mo n Cu, a Takke Ha ka4ecTBo
KOHEYHOTO NMpOAYKTa NOCMne Tpex NepeuncTok, U Ha 3Toi 0CcHOBe 060C-
HOBaTb paLMOHaMNbHBIA TeMNepaTypHbIA AManasoH ANs NOCneaytoLLen
OMNbITHO-NPOMbILLIEHHON MPOBEPKY.

Matepuanb! u meToanka uccnegoBaHus

CoBpeMeHHble noaxofsl k cenekuum Cu—Mo-KOHLEHTPaToB OCHO-
BaHbl HA CO3AAHWW YCTONYMBOTO KOHTpacTa MOBEPXHOCTHbIX CBOMCTB
monmbreHnTa 1 MeaHbIX cynbduaos. MonmbaeHUT AOMKEH COXpaHSTL
[OCTaTO4HYI0 rMAPOdOBHOCTL U NEPexXoanTb B NEHHbIA NPOLYKT, Toraa
KaK XxanbKOMWpWUT 1 COMYTCTBYIOLME MELHbIE MAHEPATbl JOMKHbI ObITh
JenpeccupoBaHbl. JPDEKTUBHOCT Pa3AeneHns 3aBUCKT OT CTEMEHN
yAaneHUst 0OCTaTOYHbIX KOMMEKTOPHBIX MOKPLITUA, COCTOSIHUS aKTUBHbIX
LLeHTPOB MeAHbIX Cynb(UaOB, [ENCTBUS LENPECCOPOB U COXPAHHOCTM
rnapocdobHbix 6asanbHbIx noBepxHocTeit MoS, [3-5, 9-11, 18].

MpenBapuTensHas TennoBas 06paboTka KONMMEKTUBHOTO KOHLiEH-
TpaTa MMeeT TexHonorn4eckoe 060CHOBaHME: NOBLILLEHWE TEMNEpaTY-
Pbl yCKOPAET AeCOPOLMOHHO-KUHETUYECKME MPOLIECCHI 1 MOXET 0Cnab-
NSATb YacTb OPraHMYECKNX NOBEPXHOCTHbIX MNEHOK, CHOPMMPOBAHHBIX
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B KONNEKTUBHOM Lmkne. BmecTe ¢ Tem TemnepaTypHoe BO3LenCTBue
Ha MWHepanbl HEOAMHaKoBO. [N MeAHbIX CynbduaoB Tennosas noa-
roToBKa MOXeT obreryatb nocnegytwuiee feicTsue fenpeccopa, To-
rAa kak ans monmbaeHuTa AnutensHoe npebbiBaHue B HArpeToin Lue-
NIOYHOI NyMbMe NOTEHLMANbHO YCUNMBAET NPeBPaLLeHnst Ha peakLoH-
HOCMOCOBHBIX KPOMOYHBIX 1 Ae(EKTHbIX yyacTkax. [103TOMy BbICOKYO
TemnepaTypy Nponapku Hemb3s aBTOMATMYECKM NEpeHOCUTb Ha BCe
nocneaytoLme noTaLyoHHble nepeyncTHole onepauun [5, 9, 13, 17].

Mocne 3aBepLUeHNs Nponapkv TemnepaTypa CTaHOBMTCS CaMOCTO-
ATenbHbIM TEXHOMornyeckum aktopom. Ee uameHeHne cnocobHo
BNUSATb HA CKOPOCTb NMOBEPXHOCTHOTO OKWUCIEHWS, COCTaB pacTBOPEH-
HbIX U TMPOKCOKOMMNEKCHBIX (POPM, YCTONYMBOCTb peareHTHbIX Me-
HOK, neHoobpa3oBaHWe W KWHETUKY B3aWMOLENCTBUSA «4acTuLa—
nysbipek». CneposaTenbHO, KOHTPONMPYEMOE OXMaXAeHWe mMymbrbl
[OIKHO OLIEHMBATLCS MO COBOKYMHOCTY NOKa3aTenen: BbIXOLY KOHLEeH-
TpaTa, u3eneyenmnio Mo n Cu, comepkaHuo KOMNOHEHTOB B NPOAYKTax
11 Ka4eCTBY NpofyKTa nocne nepeuncrok [14-16].

[ns MegHo-mMonnbaeHoBbIX pyA ANManbIKCKOro pervoHa ata 3afa-
Ya 0coOEHHO aKTyanbHa 13-3a CMOXHOr0 MUHEPaNOrMYeckoro CocTasa
KOMMEKTUBHOTO KOHLiEHTpaTa, MPUCYTCTBUS MMPMTA, CUMMKATHBIX W
arnioMOCUNMKATHBIX MWHEPAnoB, TOHKWX CPOCTKOB W LUIMAMOBbIX Ya-
cTuL. Takne KOMMOHEHTbI CMOCOBHbI BIINATL HA MeXaHWYeckuii 3axsar,
pacxof peareHToB W COCTaB XMAKOW ¢hasbl. [103TOMY TemnepaTypHbIi
3thekT LenecoobpasHo OLEeHNBaTbL He MO OAHOMY FTOKanbHOMY Moka-
3aTento, a No COrMacoBaHHOCTM 6anaHca OCHOBHOWM oOnepauuu 1 no
HanpaBMEHHOCTU M3MEHEHUs KayecTBa MpOAyKTa B MOCHELYHLLMX
nepeuncrkax [2, 6-8].

[ins 0OCHOBHOWM CENEKTUBHOM (hNoTaLumM UCMONb30BAH ABYXMPOLYK-
TOBbIN MaTepuanbHbi 6anaHc. Mpu 0603Ha4eHNsx o — copepxanne
KOMMOHEHTa B MCXOAHOM NUTaHUM, B — ero cofepxaHune B KOHLEeHTpa-
Te, B — copepxaHue B XBOCTaX, BbIXOA KOHLEHTPATa Y paccuuTbiBan
no BbipaxeHuto y = (a - 6)/(B - 8) - 100 %, a u3eneyeHne KOMNOHeHTa
B KOHLEHTPAT — N0 BbIPaXeHuto € = y-B/a. PacyeT BbINOMHANCA npex-
ne Bcero no Mo, nocne yero 6anaHc nposepsincs no Cu, Au n Ag. ins
NepeYncTHbIX OnepaLiuit, Mo KOTOPbIM OTCYTCTBYIOT MacCOBbIE BbIXOAbI
MPOMEXYTOUHbIX NPOAYKTOB, KOMMYECTBEHHbIE U3BMEYEHNS HE paccuu-
TbIBanuChb; WX 3peKTUBHOCTb OLiEHMBANach No cogepxanusam Mo

Cu 1 ycnosHomy oTHoLeHuo Mo/Cu.

O6BEKTOM ~ WCCTIeOBaHNA  ABMANCS  KOMMEKTUBHbIA  MeJHO-
MONMBLEHOBLIN KOHLEHTPAT MedHbIX oboratutenbHbix (abpuk AO
«Anmanbikckuin TMK». McxogHbIi NpoayKT yxe MpOLIEN KOMNEKTUBHYIO
cnoTaumo, BCneacTeMe Yero Ha MOBEPXHOCTM MUHEPanoB MpUCYT-
CTBOBANM OCTaTOYHbIE peareHTHbIe NOKPbITUSA. B cepum onbiToB ame-
HSNY TONBKO TEMNepaTypy NymbMbl NOCNe TENMNOBOI NOATOTOBKY, TOraa
KaK ocTarbHble YCNoBMUS KCNEPUMEHTa NOAAEPXKMBaNN CONOCTaBUMbI-
MW 1151 BCEX TeMNEepaTypHbIX BapUaHToB.

NabopaTopHble UCMbITaHUS BLIMOMHANMUCH MO CXEME, BKIOYatOLLen
nponapKy KONnekTMBHOro koHueHTpata npu 80-85 °C, nocnegyrouiee
OXIaXgaeH1e Mynbnbl 10 3afaHHON TeMnepaTypbl, 0CHOBHyt0 Monmnbze-
HOBYIO (DNIOTaLMIO U TPU NepeumncTHble onepauwm (puc. 1). ina cenek-
TMBHOW brioTauum uccnegosanu Temnepatypbl 75, 65, 50 n 40 °C.
Takolt psif N03BONSIET NPOCNEANTL U3MEHEHIE TEXHONOMMYECKMX Moka-
3aTeneil Npu NocnesoBaTENbHOM CHUKEHUM TEMNEPATYPbI OT Pexuma,
6nu3Koro K TENMOBOI NOArOTOBKe, 10 PEXMMA KOHTPONMPYEMOrO OXna-
KAEHMS.

Macca HaBecku MCXOHOTO MaTepuana Ans kaxanoro nabopaTopHo-
ro onbiTa cocTaensna okono 1,0 kr no cyxomy BelecTsy. B kauectse
MCXOZHOW npobbl  MCMONb30BANM TEKYLLMIA KOMNEKTUBHBIA  Me[HO-
MonnbaeHOBbIA KOHLEHTPAT MeaHoi oboratutensHoi dabpuku. Nlabo-
paTopHble MCCMEAOBaHNS NPOBOAUIN HA MEXaHUYECKkUX hroToMaLLm-
Hax ®MJ1-0,3 u ®MJI-1. ['paHynomeTpuyeckas xapakTepucTuka 1ucxoa-
Horo matepuana cootBetcteoBana kpynHoctu 80 % kmacca -0,071
MM. Pacxog (roTauMOHHbIX peareHTOB, NOCMEAOBaTENbHOCTb WX
noAaym 1 NPOAOIKUTENBHOCTb KOHAWLIMOHMPOBAHWS NMyMbMbl NPUHUMA-
N B COOTBETCTBUM C JENCTBYIOLUMM PeareHTHbIM PEXUMOM NPOMBILL-
neHHoit oboratuTenbHoit habpuku, YTo obecneynBano MakcumarnsHoe
npubnvxeHre nabopaTopHbIX YCrIOBMIA K MPOM3BOACTBEHHBIM. Heobxo-
JMMyI0 TemnepaTypy nynbnbl Nepes NPOBELEHNEM CENEKTUBHOM ¢ro-
TauWM perynnupoBani nyTemM W3MeHeHWs TEMnepaTypbl BOAbl, UCMONb-
3yemMoln npu MpuUroToBneHun u pasbasneHun nynbnbl. [ns kaxporo
9KCMEePUMEHTANBHOTO peXvMa TemnepaTypy 4OBOAUIM [0 3a[aHHOro
3Ha4YeHUs HEMOCPEACTBEHHO Neped HavanoM CenekTUBHOM chnoTaLum
1 KOHTPONMPOBany B X04€e NPOBEAEHNS OMbITa.

Mponapka

OxnaxpeHue

no 75-40 °C

80-85 °C

OcHoBHasnA
Mo-dnotaums

3 nepe4mcTKm

Mo-KoHUueHTpaT

—>

oueHka Mo/Cu

PucyHok 1. Cxema nabopaTopHbIX UCALITAHWI BIUAHUA TeMnepaTypbl Ha NOKa3aTenn CeNeKTUBHOW hnoTaLmmn KONNEeKTMBHOTO
Cu—Mo-koHueHTpaTa

[ins KaxQoro TeMnepaTypHOro Pex1Ma aHanu3npoBany NCXOAHoe
nUTaHWe CeneKTMBHON (roTaLuK, YepHOBOM MONNOLEHOBLIN KOHLIEH-
TPpaT 1 XBOCTbI OCHOBHOW OnepaLyn. [onofHUTENbHO ONpeAensnm
KauecTBO KOHLIEHTPATOB NEPeYNCTOK, BKITKOYas NPOLYKT 3-i nepednct-
kn. Mo 1 Cu paccmMaTprBanmch kak OCHOBHbIE TEXHOMOTMYECKME KOM-
MOHeHTbI: Mo JOMKeH KOHLIEHTPUPOBATLCS B MEHHOM NnpoaykTe, a Cu
— NPenMyLLECTBEHHO 0CTaBaTbCA B KAMEPHOM NnpoaykTe. AHanu3sl Au
1 Ag B OCHOBHOI1 OnepaLyi UCMoMb30BanK Kak A0NOMHNTENbHbIE KOH-
TPOMbHbIE KOMMOHEHTHI MaTepuarnbHoro banaxca.

ConocraBneHne pexyMoB NPOBOLAWMM N0 CREAYOLMM KpUTEPUSM:
cogepxanre Mo B 4epHOBOM 1 KOHEYHOM MONMOAEHOBbIX KOHLIEHTPa-
Tax; ocTaTo4Hoe cofepxanne Mo B XBocTax; CoAepxaHue 1 ssneve-
Hue Cu B YepHOBOI KOHLIEHTPAT; pacyeTHoe n3sneyeHne Mo; coaep-
*anue Cu B npogykTe 3-1 nepeuncTki; ycnosHoe oTHowweHne Mo/Cu B
KOHEYHOM KOHLieHTpaTe. Takoe coyeTaHue nokasateneil no3sonser
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OTAENUTb NPOCTOE N3MEHEHNE MaCcCOBOrO BbIXOZa NeHbI 0T (hakTuye-
CKOTO YNYYLIEHUS CENEKTUBHOCTM pa3aeneHus.

CornacHo Tabn. 1 kamepHbIit NPOLYKT OCHOBHOW chrioTaumn SBns-
€TCSi MEAHbIM KOHLIEHTPATOM, KOTOPbIi Nocne 06e3BoXMBaHUS MOCTY-
naeT Ha MeTannypriyeckoe NPOM3BOACTBO, @ KOHLIEHTPAT Mocne nepe-
UMCTHbIX OMepaLym B kayecTBe MONMBAEHOBOMO NPOMMPOAYKTa MocTy-
naeT Ha cregytoLlyio ctaanv nepepaboTki. PacyeTHbIN BbIXOA YepHo-
BOro KoHueHTpaTa no Mo cocTaBnseT 1543; 14,21; 13,25 n 11,79 %
CO0TBETCTBEHHO npu 75; 65; 50 1 40 °C. Bbixogbl, He3aBUCUMO pac-
cumtanHble no Cu, Au n Ag, otnuvatotca ot Mo-BanaHca He Gonee
yeM Ha 0,08 %, 4TO MOXHO OOBSICHUTL OKPYIMEHMEM aHANUTUYECKMX
3HauYeHNn. JTO MO3BONSIET KOPPEKTHO MCMONb30BaTh PacCUUTaHHbIE
W3BMEYEHUst AN OCHOBHOI brioTaumn. [ns NepeyncTok OTCyTCTBME
noonepaLoHHbIX BbIXOAOB OCTAETCS OrpaHNyYeHneM MCCnefoBaHNs u
UCKITIYaeT PacyeT UX NOJTHOM MaTepuanbHoro 6anaHca.
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PesynbTathl

PesynbTaThl aHanu3a npogykToB OCHOBHOM MONMBAEHOBOW Cenek-
TUBHON (prioTaumn npueeaeHsl B Tabn. 1. MonyyeHHble faHHbIE NPWH-
LMnuanbHO MEHSIIOT WHTepnpeTaumio npouecca: no Mo Habniopaetcs
YCTOYMBOE YNyYLIEHUE NOKasaTeNen Mpu CHUKEHUM Temneparypsl,
Torga kak noseaeHne Cu B YEPHOBOM KOHLIEHTPATE HOCUT HEMOHOTOH-
HbIA xapaktep. [1oaTomy BbIGOp paLMOHAmNbHOTO pexXuMa JOIKeH
OCHOBbIBaTbCS OHOBPEMEHHO Ha MaTepuanbHOM 6anaHce OCHOBHOM
onepauuy 1 Ha KayecTBe NPOLYKTa Nocre NepeyncTok.

[Mpu cHuxeHun Temnepatypbl oT 75 go 40 °C copepxaHue Mo B
YEPHOBOM KOHLEHTpaTe MOCNeAoBaTeNbHO noBbiwaetes ¢ 1,42 po
1,56; 1,76 1 2,06 %, TO ecTb Ha 45,1 % oTHocuTenbHO pexuma 75 °C.
OnHOBPEMEHHO pacyeTHbI BbIXOA YEPHOBOTO KOHLIEHTPATa YMEHbLLa-
etcs ¢ 15,43 po 11,79 %. Poct copepxanus Mo npu yMeHbLUEHNN
MaCCOBOr0 BbIX0Za CBUAETENLCTBYET HE O MPOCTOM YBENNYEHNUM Mac-
Cbl MEHHOrO MPOAYKTA, @ O MOBbILIEHAW CTEMEHWU KOHLEHTPUPOBAHHS
mMonubaeHnTa.

CopepxaHne Mo B XBOCTax OCHOBHOM (PrioTaLyv yMEHbLIAETCS C
0,072 % npu 75 °C po 0,068 % npwu 65 °C, 0,054 % npu 50 °C n 0,042

% npu 40 °C. Mo aByxnpoaykToBoMy 6anaHcy ussneyexne Mo B yep-
HOBOW KOHLEHTpaT COCTaBNsAET COOTBETCTBEHHO 78,25; 79,17; 83,27 1
86,77 %. Takum obpa3som, nepexoa ot 75 k 40 °C nosblLLaeT u3Bneve-
Hne Mo Ha 8,52 % npu 0HOBPEMEHHOM YMEHbBLLEHUM BbIXOAA NEHHOTO
npogykta. O10 sBNsieTcs Haubonee ybGeauTenbHbIM GanaHCcoBbIM
MOATBEPXKAEHNEM NONOXMTENBHOTO BIUSHUS OXNaXAEHWS HA OCHOB-
Hyt0 MONn6AEHOBYHO hroTauuio.

MoseneHne Cu B 0OCHOBHO GhnoTaumum otnmyaetcs ot Mo. Cogep-
*aHue Cu B YepHOBOM KOHLieHTpaTe coctasnset 6,39 % npu 75 °C,
15,09 % npmn 65 °C, 5,32 % npu 50 °C n 7,51 % npu 40 °C. PacueTHoe
n3sneveHne Cu B NeHHbIA NpogykT paBHo 6,48; 14,10; 4,63 n 5,82 %
COOTBETCTBEHHO. CnesoBaTenbHo, MUHUMANbHBIA nepeHoc Cu B yep-
HOBOW MONMBAEHOBbIN KOHLEeHTpaT AocTurHyT npu 50 °C, a pexum 65
°C xapaKTepu3yeTcs BblpaXeHHbIM POCTOM Mepexofa Meau B MeHy.
OTO MCKMIOYAET NMHEHYK UHTEPNPETALMI0 3aBUCUMOCTI «4eM HUXe
Temnepatypa, Tem cunbHee genpeccust Cu» Ha CTaguM OCHOBHOWA
roTauun M yKasbiBAaeT Ha CMOXHOE COYETaHWE MOBEPXHOCTHbIX U
peareHTHbIX (PaKkTopoB.

CocTaB NpoayKTOB OCHOBHOI CENEKTUBHOM prioTaLmy MonubaeHa npu pasnnyHbIx Temneparypax reema

T,°C Mpoaykr Mo, % Cu, % Au, rit Ag, rit
MCXOZHOE NMUTaHME CENEKTUBHOM (hoTaLum 0,28 15,21 14,78 32,14

i YepHOBOM MONMBLEHOBbIN KOHLEHTpaT 1,42 6,39 1,24 0,10
XBOCTbI CENEKTMBHON (hnoTaLmm 0,072 16,82 17,25 37,99

CXOHOE NMUTaHME CENEKTUBHOM hrioTaLm 0,28 15,21 14,78 32,14

65 YepHOBOW MONMOIEHOBLIN KOHLEHTPAT 1,56 15,09 0,10 0,10
XBOCTbI CENEKTUBHON (hnoTauumn 0,068 15,23 17,21 37,45

MCXOHOE NMUTaHME CENEKTUBHOM hrioTaLmm 0,28 15,21 14,78 32,14

o YepHOBOM MONMBAEHOBLIN KOHLEHTpaT 1,76 5,32 0,10 0,10
XBOCTbI CENEKTMBHON (hroTaLmmn 0,054 16,72 17,02 37,03

MCXOHOE NMUTaHME CENEKTUBHOM hrioTaLmm 0,28 15,21 14,78 32,14

40 YepHOBOW MONMBAEHOBLIN KOHLIEHTPAT 2,06 7,51 0,10 0,10
XBOCTbI CEJTEKTUBHOM (hroTaLum 0,042 16,24 16,74 36,42

Mo faHHbiM Tabn. 1 Au 1 Ag NpeyrMyLLECTBEHHO OCTaOTCS B XBO-
CTax OCHOBHO MonubaeHoBoOM chnoTaumu. PacyeTHoe u3Bneyenmne Au
B YepHOBOW KOHLIeHTpaT He npe.biwaeT 1,30 %, a Ag — 0,05 %. Mpu
9TOM COAEPXaHUS 3TUX KOMMOHEHTOB B MEHHOM NPOAYKTe 6nm3kn K
HKHEMY YPOBHIO MPEACTaBMEHHbIX aHANM30B, MO3TOMY MX Temnepa-
TYPHYIO 33BMCMMOCTb HE CregyeT WHTepnpeTupoBaTb kak CaMoCTos-
TENbHbII 3aKOHOMEPHBIN 3GhheKT 6e3 OLEHKN aHanMUTUYECKON NorpeLL-
HOCTY W NOBTOPSAEMOCTY OMbITOB.

B COBOKYNHOCTW OaHHble OCHOBHOM (hroTaLMW MOKa3bIBalOT, YTO
CHWxeHne Temnepatypbl Ao 40 °C obecneunBaeT MakcuManbHoe
nseneyeHne Mo n MUHUManbHOe ocTaTouHoe copepxanue Mo B xBo-
CTax npy MeHbLUeM MaccoBOM Bbixofe KoHueHTpata. OpgHako no Cu
Hanbonee GnaronpusTHBIA NoKasaTenb OCHOBHOW OMepaLyn NonyyeH
npu 50 °C. CrnepoBaTenbHO, TEMNEPATYPHbIA PEXUM Henb3s Bbibu-
paTb TOMbKO N0 coaepxarunio Cu B YEPHOBOM KOHLIEHTpaTe; Heobxoam-
MO Y4MTbIBaTb NOCREAytoLiee NOBEAEHNEe MaTepuana B NepeyncTHOM
LuKre.

MepeunctHble onepaumn OPMUPYIOT OKOHYaTeNbHOe KayecTeo

MOnMBLEHOBOTO NPOAYKTA, NO3TOMY TeMNepaTypHbIA 3hdeKT OLEHM-
Banv Takke no npogykty 3-i nepeunctku. Ans ncknioyeHus rpacdumye-
CKOW WHTEpNpeTaLnM HEMOATBEPKAEHHbIX NPOMEXYTOUHBIX MACCOBbIX
rnokasatenen Ha puc. 2 u 3 CONOCTaBMEHbl aHanUTUYecku MoaTBep-
KOEHHbIE 3HAYEHWNS YEPHOBOTO KOHLIEHTpaTa OCHOBHOM (brioTauum w
KOHEYHOrO KOHLEeHTpaTa 3-1 nepeynctku. [uHamuka Mo npeactaeneHa
Ha puc. 2, Cu — Ha puc. 3.

ConocraBnenne puc. 2 U 3 nokasbiBaeT BaXHYH OCOBEHHOCTb
npouecca. Mo Mo nonoxuTenbHbIN ahdekT oXnaxaeHns nposenseTcs
YKE B OCHOBHOW (hrioTaLym 1 coxpaHsietcsa nocne nepeumctok. Mo Cu,
HanpoTWB, OCHOBHAs onepaLms xapakTepu3yeTcs HEMOHOTOHHO 3aBu-
CUMOCTbH, TOTAA Kak B KOHLUEHTpaTe 3-i MepeyucTku COopepxanue
mMeau nocrienosatensHo cHuxaetces ¢ 10,30 1o 9,54; 8,74 n 7,56 % no
Mepe NoHWKeHus Temnepatypbl 0T 75 go 40 °C. 310 03HayaeT, uto
npeumyLecto pexuma 40 °C dopMmUpyeTCs Kak COBOKYMHbIIA Pe3yrb-
TaT OCHOBHOI (hNoTaLWM M NOCMeayHoLLel NepeymncTkm, a He kak npo-
CTOE NuHeiHoe ycunenue aenpeccun Cu Ha nepBon cTaguu.
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Tabnnua 2
KauecTBo KOHEUYHOTO MONMGAEHOBOTO KOHLIEHTPATa 3-if NEPeUNCTKI U UHAEKC CENEKTUBHOCTH
T,°C Mo, % Cu,% Au, rit Ag, it Mo/Cu
75 18,56 10,30 31,20 156,40 1,80
65 19,92 9,54 30,08 154,50 2,09
50 20,84 8,74 28,94 145,20 2,38
40 21,62 7,56 29,20 156,40 2,86

YcnoeHoe oTHowweHe Mo/Cu B KOHUEHTpaTe 3-i NepeuncTki Bo3-
pactaet ot 1,80 npu 75 °C go 2,09 npwn 65 °C, 2,38 npu 50 °C n 2,86
npu 40 °C. OTHocuTenbHO pexuma 75 °C cogepxanne Mo B KOHEYHOM
npoaykte npu 40 °C nos.blwaetcs Ha 16,5 %, copepxanune Cu cHuxa-
eTcs Ha 26,6 %, a oTHoweHne Mo/Cu Bo3pacTaet Ha 58,9 %. [na po-
MOMHUTENbHON DanaHCOBOM OLEHKN Ha puC. 4 NpuBedeHbl pacyeTHbIe

n3eneyeHns Mo n Cu B Y4EpHOBOW KOHLIEHTPAT OCHOBHOW chrioTauuu.
OHw noka3blBatoT, YTO pocCT M3BneYveHns Mo npu oxnaxaeHuu conpo-
BOXOAETCS B LIENIOM HU3KWM, HO HEMOHOTOHHBIM M3BneyeHnem Cu, uto
nopTBepXAaeT HeobXxoANMOCTb COBMECTHOM OLIEHKI OCHOBHOI M nepe-
YMCTHBIX OnepaLjuii.
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Puc. 4. PacueTHoe n3BneyeHne Mo u Cu B 4epHOBOI MONUGAEHOBIA KOHLEHTPAT OCHOBHOM (hrioTaLuvu Npu pa3nuyHbIX TeMnepaTypax

CHikenune copepxaHns Cu B KOHEUHOM NPOAYKTE MPU MOHWKEHUM
TEMNepaTypbl MOXET ObITb CBA3AHO C TEM, YTO OCHOBHAs 4eCOpOLMOH-
Has oyHKUMS Nponapku peannayeTcs Ha npeLBapuUTenbHOM CTaguu, a
AanbHellee NoAnepXxaH1e BbICOKO TEMNepaTypbl He AAET LOMOMHU-
TEMNbHOro0 MpeumyllecTsa Ans cenekuun. Mocne oxnaxgenns moryT
cTabunuanpoBaTbCs pasnuums B NOBEPXHOCTHOM COCTOSHUM Monnbae-
HUTa W MedHbIX CyNbMUOOB U U3MEHSTLCA KUHETUKA B3auMOLENCTBUS
MWHepanoB ¢ genpeccopamu. Bmecte ¢ Tem nonyyeHHble AaHHble
camu 1o cebe He MO3BONSOT OAHO3HAYHO YCTAHOBUTL MOJIEKYMSIPHbINA
MexaHn3m achdekTa; Ans 3Toro HeobXo4UMbI cneuuanbHble Uccnepo-
BaHWS NOBEPXHOCTHOTO COCTaBa W afcopbLum peareHToB.

Haxe npu 40 °C copepxaHue Mo B KOHUEHTpaTe 3-1 NepeyncTkm
cocraBnset 21,62 %, NoaToMy NOMyYeHHbI NPOAYKT credyeT paccMat-
puBaTb Kak MPOMEXYTOuHbIA, Tpebylolwmii fanbHeleid A0BOAKM [0

TpeboBaHui, NpeabSBNSEMbIX K TOBAPHOMY MONMBAEHOBOMY KOHLIEH-
Tpaty. 3agaya HacTosLLero sTana 3akmoyanach He B MOMyYeHNM OKOH-
yaTenbHO KOHOMLMOHHOTO MPOAYKTa, @ B BbISBMEHUN TEMNEPaTypHOro
pexuma, cospatoLlero Haubonee BraronpusTHbIE yCnoBus Ans nocne-
AYIOLLEro MOBbILEHNS Ka4yecTBa MyTeM ONTUMM3ALMM Yucra nepeyu-
CTOK, peareHTHoOro pexuma, KpynHocTH, NNOTHOCTM MyNbMbl U BPEMEHM
KOHAMLMOHNPOBAHMS.

CopepxaHnus Au u Ag B npoaykTe 3-1 NepeyncTki U3MEHSIoTCS B
LUMPOKOM [nana3oHe W CyLIeCTBEHHO MPEBbLILIAKT UX YPOBHU B YEPHO-
BOM KOHLeHTpaTe. [lockonmbky MaccoBble BbIXOAbl MPOMEXYTOUHbIX
NepeYNCTHBIX NPOLYKTOB He (MKCMPOBANMCh, 3TN 3HAYEHUS HE UCMONb-
30BanuCh ANA pacyeTa U3BMEYEHNA U HEe PacCMaTPMBANOTCA Kak Aoka-
3aTeNbCTBO TEMMEPaTYPHO 3aKOHOMEPHOCTW. [Ins KOPPEKTHON MHTep-
npeTauuu noeegeHns GnaropofHbix MeTansnos TpebyeTcs OTAENbHbIN
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noonepaLyorHbIii 6anaHc ¢ KOHTPOMbHbIM OnpoboBaHNeM W NoBTOp-
HbIM @HanN3oM NPOAYKTOB.

lMonyyeHHble pesynbTaThl COMMACYIOTCA C MPEACTaBreHMEM O
(YHKLUMOHANBbHOM Pasnuumin MeXdy TenrnoBoi MOArOTOBKOM W COB-
CTBEHHO CenekTMBHOM cnoTauuwei. oBbleHHas TemnepaTypa Ha
cTaguv nponapku cnoco6CcTBYeT M3MEHEHMIO COCTOSHUS OCTaTOYHbIX
peareHTHbIX CMIOEB Ha MOBEPXHOCTU MeAHbIX CynbhWAOB W NOAroTas-
nuBaeT ux Kk fenpeccuu. MNocne BbINONHEHNS 3TON PYHKLMK AanbHen-
Lee yaepkaHue Nynbnbl NPU BbICOKOW TEMMEPaType MOXET Oka3aTbCs
130bITOYHBIM. JKCNepUMeHTanbHO Habnofaemoe yBenuyeHne uasne-
yeHust Mo npm oxnaxaeHuu cornacyetcs ¢ runoteson o Gonee bnaro-
NPUSATHOM COXpaHeHun proTMpyemMocT MonubaeHuTa, oaHako npu-
YWHHBIA MeXxaHuaM TpebyeT caMOCTOATENbHOMO (PU3NKO-XMMUYECKOTO
noaTeepxaeHus [9-13, 17, 18].

Monmbaenut MoS, xapaKkTepuayeTcsi CrIOMCTON KpUCTannuyeckon
CTPYKTYPOI 1 @HM30TPONMEN MOBEPXHOCTHbIX CBOWCTB. MMapotobHbIe
BasanbHble NMOCKoCTH 0BecneynBaoT eCTECTBEHHYO (hNOTUPYEMOCTb
MWHepana, TorAa kak KoOMOYHbIE 30HbI Honee peakLoHHOCNOCOOHbI 1
B3aIMOZENCTBYIOT C KUCNIOPOAOM, MMAPOKCUMbHBIMM FPyNnamm, NoHa-
mn Ca?*, Mg?* v gpyrimmu KOMMOHEHTaMU Xuakoi dhasbl. MameHeHne
TeMnepaTypbl CNOCOBHO BNMSATL HA CKOPOCTb 3TWX MPOLECCOB M Ha
cOCTaB MOBEPXHOCTHbIX CMOEB, 0COBEHHO B LYENOYHON cpede W npu
Hanmumn ToHKoaMenepcHbIx yactuy [9, 12-16].

TemnepaTypa BAMSET Takke Ha PeareHTHyl0 CPedy: CKOpOCTb
OKWUCNEHNS CynbMUAHBIX NOBEPXHOCTEN, PABHOBECUE PACTBOPEHHBIX 1
TMOPOKCOKOMMMEKCHBIX (POPM, YCTONYNBOCTb afcopOLVOHHBIX COEB K1
neHoobpasosanue. [Noatomy Habniofaemas TemnepaTypHas 3aBucK-
MOCTb SBNSETCA PesynbTaTOM COBOKYMHOCTM  (PM3MKO-XMMUYECKMX
(haKTOpOB W He AOMKHA CBOAMTLCS TOMBKO K OfHOMY MexaHusmy. [ins
NPOMBILLNIEHHON OMTUMM3ALMM TEMNEepaTypHbIA PexuM Heobxoanmo
uccnenoBaTb COBMECTHO C pH, pacxomom [enpeccopa, 0CTaTouHOM
KOHLieHTpaLmel cobupaTens, OHHbIM COCTaBOM 06OPOTHON BOAbI M
rpaHynomeTpueit nutanms [14-18].

C TEXHOMOrM4YeCKoN TOYKM 3PEHUs pesynbTaTbl 0BOCHOBbLIBAKT
ABYXCTaAMAHbIA NOAXOA: CHayana BbiCOKOTeMnepaTypHas obpaboTka
UCMoNb3yeTcs AN MOArOTOBKM KONMNEKTMBHOTO KOHLIEHTpaTa, 3aTem
nynbna perynupyemo OXnaxaaeTcs neped CenekTuBHON MonmnbaeHo-
BOM (prioTaumen. B nccnegosaHnsax Takoe pasgenenue yHKUmiA nos-
Bonmno npu 40 °C nonyunTb MakcumanbHoe 1ssneveHre Mo B 0CHOB-
HOW onepaLyn 1 OfHOBPEMEHHO HaWIyyLLIEee Ka4yeCTBO KOHLEHTpaTa 3-
11 NEpPeYmnCTKM.

Temnepatypa 40 °C sBnsietcs Havbonee GnaronpusiTHoW cpeam
1ccnefoBaHHbIX PEXMMOB MO COBOKYMHOCTU KPUTEPUEB, HO €€ HeMb3s
cYMTaTh yHMBEPCambHbIM ONTUMyMOM Ans Beex Cu—Mo-KoHLeHTpaToB.
BaxHo, 4TO Ha OCHOBHOW CTaAuUM MUHUManbHoe u3sneyeHne Cu nony-
yeHo npu 50 °C, a npu 65 °C Habntoganock ero nokanbHOE yBesnnye-
Hue. OTO yKa3blBaeT Ha HEeNMMHENHOCTb npouecca W HeobXoaMMOCTb
onbiToB B 6onee y3kom auanasoHe 40-50 °C, Hanpumep ¢ warom 2,5-
5 °C, npu ogHoBpeMeHHOM koHTpone pH 1 pacxoaa pearexTos. Mono-
KEHME ONTUMYMa MOXET U3MEHSTLCS B 3aBUCMMOCTM OT MUHEPanoruu
CbIPbs, CTEMEHN OKUCIIEHHOCTU, COAEPXaHMs LLNamoB 1 coctasa 06o-
POTHON BOABI.

[nsl NPOMBILLNIEHHON CXeMbl NPAKTUYECKUI MHTEPeC NpeacTaBns-
€T BapuaHT, Npu KOTOPOM nponapka coxpaHsietcs npu 80-85 °C, no-
crne 4ero nynbna OXNnaxaaeTcs 40 0pUeHTUpoBoYHO 40-45 °C 1 Tonb-
KO 3aTeM HanpaBnsieTcs B OCHOBHYK MONuGAeHOBY dnoTauuio
nepeuncTku. TeXHYeckn aTo MoXeT BbiTb pean3oBaHO NOCPEACTBOM
TennoobMeHHOro annaparta, OXnaxaalLLeil eMKOCTU Unu perynupye-
MOTO MPOMEXYTOYHOTO BblfepxmBaHus. Bblbop KOHKPETHOMO pelueHns
[OIMKEH BbINOMHATLCA NOCNe ONpeaeneHns pacxoaa nynbmbl, ee Ten-
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NOEMKOCTH, AOMYyCTUMOrO BpeMeHW npebbiBaHus M BO3MOXHOCTEN
pekynepauum Tenna.

BHeopeHue oxnaxgeHus HeobGXOAMMO OLEHMBATb COBMECTHO C
SHEPreTMYECKNM, BOLHBIM U LWNamMoBbiM BanaHcamu. MoTeHuManbHbIn
TEXHONOMMYECKMiA 3chPeKT COCTOMT B MOBLILLEHUM M3BNEYeHus Mo,
YNYYLWEHNN KayeCTBa KOHEYHOTO MEPEYNCTHOrO MPOAyKTa U BO3MOX-
HOM CHWXEHUW Harpysku Ha nocrnefylowme A0BOAOYHbIE Onepauuy.
OpHako 3koHOMUYeckas LenecoobpasHoCTb MOXeT ObITb NOATBEPXKAE-
Ha TOMbKO OMbITHO-NPOMBILUNEHHBIMI WCMbITAHUSMU C W3MEPEHMEM
(hakTM4eckux TenmnoBbIX 3aTpaT, NOONEPaLMOHHbIX BbIXOAOB, NOTEPb
MeTanmnoB 1 BIMAHUS TeMnepaTtypbl 000POTHON BOAbI.

MpakTnyeckas 3HAUMMOCTb paboTbl COCTONT B TOM, YTO Temnepa-
Typa MynbMbl NOCNE NPONapkuM paccMaTpyUBaeTCs kKak CaMoCTOSITENb-
HbIl yNpaBnseMblil napaMeTp CeNekTUBHON prnoTaumm, a ee BIUSHWe
NOATBEPXAEHO HEe TOMbKO M3MEHEHUEM COAEPXaHMiA, HO W Cornaco-
BaHHbIM ABYXNPOAYKTOBbIM 6anaHcoM OCHOBHOI onepauyu. OrpaHuye-
HMEM WCCrefoBaHUS SIBMSIETCS OTCYTCTBUME MACCOBbIX BbIXOZOB MO
MepeyuncTkam M CTaTUCTUYECKOM OLIEHKM MOBTOPSIEMOCTM; 3TU [aHHbIE
HeoOXoaMMO MoMy4uTb Ha CregylolweM 3atane [nsi OKOHYaTenbHOM
BEpUMKALMN PaLMOHANBHOTO peXxmuMal.

3aknoyeHue

AHanus aKcnepuMeHTanbHbIX AaHHbIX MO3BONSET CHOPMynMpo-
BaTb Cneaylowme BbiBOAbI. [IBYXNpoayKTOBbIA 6anaHC OCHOBHOM ce-
neKTVBHOW chnoTaumm cornacyetcs no Mo, Cu, Au n Ag: pacyeTHble
BbIXObl, MOMYYEHHbIE MO OTAENbHBIM KOMMOHEHTaM, Pa3nuyalTcs He
6onee yem Ha 0,08 npoueHTHOTO NyHKTa. Mpu CHYXEHUM TemnepaTypbI
0T 75 o 40 °C BbIX0Z YEPHOBOTO KOHLEHTpaTa yMeHbluaeTcs ¢ 15,43
no 11,79 %, copepxanve Mo B Hem Bo3pactaeT ¢ 1,42 no 2,06 %,
coaepxanue Mo B xBocTax cHikaetes ¢ 0,072 po 0,042 %, a u3sneye-
Hue Mo nosbiwaeTcs ¢ 78,25 no 86,77 %.

BnnsHve temnepatypbl Ha nepexod Cu B YEpHOBOI KOHLEHTpaT
SIBNSIETCS HEMOHOTOHHBIM: M3BneyeHne Cu coctaensiet 6,48 % npu 75
°C, 14,10 % npu 65 °C, 4,63 % npun 50 °C 1 5,82 % npwu 40 °C. MoaTo-
My pexum 40 °C Henb3as 060CHOBbIBATL MUHUMAMBHBIM COLEepXaHUeM
Cu TONbKO Ha CTaAn OCHOBHOI chnoTaLumK. Ero npenmyLLecTso nposs-
NSETCA MO COBOKYMHOMY Pe3ynbTaTy Mocre NepeyncTok: B KOHLEHTpa-
Te 3-i1 nepeunctku npu 40 °C nonyyeHo 21,62 % Mo n 7,56 % Cu, a
ycnosHoe oTHoweHne Mo/Cu gocturaet 2,86 npotus 1,80 npu 75 °C.

MonyyeHHas 3aBUCUMOCTb NOATBEPXKOAET LenecoobpasHoCTb
pasfenexuns yHKLMiA TENNoBO MOATOTOBKM U CENEKTUBHOM ¢noTa-
uwm. Mpomapka npy MOBLILLEHHON TemnepaType Wcronb3yetcs Ans
NOArOTOBKW NMOBEPXHOCTW MEAHbIX MUHEPANOB K AEnpeccuu, a nocne-
JywLlee perynupyemoe oxnaxzieHue cosaaeT 6onee GnaronpusTHbie
yCnoBust Anst u3eneyeHust monubaeHuTa. Mpu 3TOM 3KCNepuUMeHTarb-
Hble AaHHble MOATBEPXOAOT TEXHOMOIMYECKMA achdekT, HO He SBMS-
I0TCA NMPAMbIM [0Ka3aTeNbCTBOM KOHKPETHOTO MOMEKYNSPHOTO Mexa-
HW3Ma; ANs ero yCTaHoBMEHUs HeobxoauMbl namepenus OB, cocTaea
KULKOI thasbl 1 COCTOSHNSA MHEPANOTMYECKOI NMOBEPXHOCTM.

[ns nccneposanHoro konnektueHoro Cu—Mo-koHLEeHTpaTa Temne-
patypy okono 40 °C uenecoobpasHo NpuHATb B Ka4eCTBE MCXOAHOTO
pexuma OMbITHO-MPOMBILLMEHHBIX UCTIbITAHWIA, a auanasoH 40-50 °C
JONOMHUTENBHO MCCreoBaTh C MEHbLIKMM LaroM Temnepatypsl. Mpu
JanbHewwwen npoBepke HeobXoanMo (HMKCMPOBATb MOOMEPALMOHHbIE
MaccoBble BbIxoabl W u3BneyeHnss Mo u Cu, BbINOMHSATb MOBTOPHbIE
OMbITbl U CTATUCTUYECKYO OLEHKY, koHTponmposaTb pH, OBI1, pacxog
1 OCTaTOYHYH0 KOHLIEHTPALMIO PeareHToB, a Takke paccuuTbiBaTh Ten-
NOBOW 1 3KOHOMUYEeCKUA BanaHc. Tonbko nocne Takon BepuduKaLmm
PEXUM OXTTaXOEHNS1 MOXET ObITb PEKOMEHOOBAH ANS BKIIOYEHUS B
NPOMBILLNEHHBI PETNAMEHT.



MINERAL PROCESSING

Bubnnorpaduyeckuin CnUcok:

1. Abpamos, A. A. dnoTaumorHble MeTofbl oborallehus : yyebHuk / A. A. Abpamos. - 4-e u3a., nepepab. u gon. - Mocksa : FopHas KHura,
2016. - 595 c. - ISBN 978-5-98672-413-3.

2. Abpamos, A. A. TexHonorus nepepaboTku 1 oboralleHus pya LBeTHbIX MeTannos : yyebHoe nocobue. T. I, kH. 1. PygonoaroToska u Cu,
Cu—Py, Cu-Fe, Mo, Cu—-Mo, Cu-Zn pyabl / A. A. Abpamos. - Mocksa : V13g-Bo MITY, 2005. - 575 c.

3. Tnembougmir, B. A. dnotauus / B. A. Tnemboukui, B. U. Knaccen. - Mocksa : Hegpa, 1973. - 384 c.

4. Fmemboukuir, B. A. ®notaumoHHble MeTogpl oboratyeqns : y4ebruk ans By3os / B. A. Fnem6Goukuit, B. W. KnacceH. - 2-e n3g., nepepab. n
gon. - Mocksa : Hepgpa, 1981. - 304 c.

5. Mutpodanos, C. /. CenektusHas dnoTtaums / C. . MutpodaHos. - Mocksa : Hegpa, 1967. - 584 c.

6. UrHatkuHa, B. A. dnoTayns MeaHo-nopupoBhIX PYA C UCMOMNb30BaHNEM Pa3nnyHbIX cobupateneil u neHoobpasosateneit / B. A. UrHatku-
Ha, B. A. bouapos, J1. C. XauaTpsH // FopHbIA MHOPMALMOHHO-aHANUTUYECKNI BronneTeHb. - 2007. - Ne 2. - C. 321-329.

7. Yushina, T. |. Analysis of technological schemes and substantiation of the selection of the reagent regimes for copper-molybdenum ores
flotation / T. I. Yushina, B. Purev, K. D’Elia, B. Namuungerel // Non-ferrous Metals. - 2019. - No. 1. - P. 3-11. - DOI 10.17580/nfm.2019.01.014.

8. Semushkina, L. Improving the Copper-Molybdenum Ores Flotation Technology Using a Combined Collecting Agent / L. Semushkina, G.
Abdykirova, A. Mukhanova, A. Mukhamedilova // Minerals. - 2022. - Vol. 12, No. 11. - Article 1416. - DOI 10.3390/min12111416.

9. Castro, S. Review of the flotation of molybdenite. Part I: Surface properties and floatability / S. Castro, A. Lépez-Valdivieso, J. S. Laskow-
ski // International Journal of Mineral Processing. - 2016. - Vol. 148. - P. 48-58. - DOI 10.1016/j.minpro.2016.01.003.

10. Park, I. A review of recent advances in depression techniques for flotation separation of Cu-Mo sulfides in porphyry copper deposits / |.
Park, S. Hong, S. Jeon, M. Ito, N. Hiroyoshi // Metals. - 2020. - Vol. 10, No. 9. - Article 1269. - DOI 10.3390/met10091269.

11. Hao, J. Depressants for separation of chalcopyrite and molybdenite: review and prospects / J. Hao, J. Liu, Y. Yu, H. Gao, X. Qin, X. Bai //
Minerals Engineering. - 2023. - Vol. 201. - Article 108209. - DOI 10.1016/j.mineng.2023.108209.

12. Yang, B. Effect of particle size on the contact angle of molybdenite powders / B. Yang, S. Song, A. Lopez-Valdivieso // Mineral Processing
and Extractive Metallurgy Review. - 2014. - Vol. 35, No. 3. - P. 208-215. - DOI 10.1080/08827508.2013.763802.

13. Lu, Z. Probing Anisotropic Surface Properties of Molybdenite by Direct Force Measurements / Z. Lu, Q. Liu, Z. Xu, H. Zeng // Langmuir. -
2015. - Vol. 31, No. 42. - P. 11409-11418. - DOI 10.1021/acs.langmuir.5b02678.

14. Lucay, F. Study of the natural floatability of molybdenite fines in saline solutions and effect of gypsum precipitation / F. Lucay, L. A. Cister-
nas, E. D. Gélvez, A. Lopez-Valdivieso // Minerals & Metallurgical Processing. - 2015. - Vol. 32, No. 4. - P. 203-208. - DOI 10.1007/BF03402476.

15. Laskowski, J. S. Effect of seawater main components on frothability in the flotation of Cu-Mo sulfide ore / J. S. Laskowski, S. Castro, O.
Ramos // Physicochemical Problems of Mineral Processing. - 2014. - Vol. 50, No. 1. - P. 17-29. - DOI 10.5277/ppmp140102.

16. Liu, W. A review of the effect of water quality on flotation / W. Liu, C. J. Moran, S. Vink // Minerals Engineering. - 2013. - Vol. 53. - P. 91—
100. - DOI 10.1016/j.mineng.2013.07.011.

17. Park, C. H. The effect of sodium silicate as pH modifier and depressant in the froth flotation of molybdenite ores / C. H. Park, H. S. Jeon //
Materials Transactions. - 2010. - Vol. 51, No. 7. - P. 1367-1369. - DOI 10.2320/matertrans.M2009397.

18. Lv, X. Mechanisms for selective flotation separation of chalcopyrite and molybdenite using the novel depressant 2-(carbamimidoylthio)
acetic acid: experimental and DFT study / X. Lv, A. Luo, X. Tong, J. Chen, J. Sheng // Chemical Engineering Journal Advances. - 2025. - Article
100760. - DOI 10.1016/j.ceja.2025.100760.

LlakapoB Tynkun McmatoBuy — foueHT kadeapbl «Metannyprusin, Anmansikckuit ounuan HATY «MUCWUC», kaHaupat
TEXHUYECKMX HayK, JOLEHT

E-mail: shakarovtulkin@gmail.com

ORCID: 0009-0001-7433-904

s

e = Tulkin Ismatovich Shakarov - Associate Professor of the Department of Metallurgy, Aimalyk Branch of the National Universi-
B 6 ty of Science and Technology “MISIS”, Candidate of Technical Sciences, Associate Professor

' E-mail: shakarovtulkin@gmail.com

ORCID: 0009-0001-7433-904

Shakarov Tulgin Ismatovich - “Metallurgiya” kafedrasi dotsenti, Milliy tadqiqotlar texnologiya universiteti «MISIS»ning Olma-
' lig filiali, texnika fanari nomzodi, dotsent

E-mail: shakarovtulkin@gmail.com
ORCID: 0009-0001-7433-904

Mining bulletin of Uzbekistan Ne 3 (106) 2026

11



FOYDALI QAZILMLARNI BOYITISH

OpanueB [aBpoH Kyukap yrnu — maructpaHT, MNepenoBas uHxeHepHas wkona « FeoTexMeT» Anmanbikckoro dunmana
HUTY «MAUCUC»

E-mail: boyituvchi.9393@gmail.com

ORCID: 0009-0004-7384-8077

Davron Kuchkar ugli Eraliev — Master's student, Advanced Engineering School “GeoTechMet” of the Almalyk Branch of the
National University of Science and Technology “MISIS”

E-mail: boyituvchi.9393@gmail.com

ORCID: 0009-0004-7384-8077

Eraliyev Davron Quchgqar o‘g‘li — magistrant, «GeoTechMet» llg‘or muhandislik maktabi, Milliy tadgigotlar texnologiya univer-
siteti «MISIS»ning Olmalig filiali

E-mail: boyituvchi.9393@gmail.com

ORCID: 0009-0004-7384-8077

Macuaukos LLiep3ap AGaypacynoBuu — cTaxep-uccnefosatenb Anmanbikckoro dunuana HATY «MUCUC»
E-mail: sh.masidikov@agmk.uz
ORCID: 0009-0001-7433-9045

Sherzod Abdurasulovich Masidikov — Research Intern at the Almalyk Branch of the National University of Science and
Technology “MISIS”

E-mail: sh.masidikov@agmk.uz

ORCID: 0009-0001-7433-9045

N
Masidikov Sherzod Abdurasulovich - stajyor-tadgigotchi, Milliy tadgiqotlar texnologiya universiteti «MISIS»ning Olmaliq filiali
E-mail: sh.masidikov@agmk.uz
ORCID: 0009-0001-7433-9045

micromine
advance

[TnaHupoBaHne NOA3EMHbIX
ropHbIX paboT, NpoaymaHHoe
[0 MernbYanLLnx JeTanen

Micromine Advance — crneunananpoBaHHOe peLleHne
ANS NNaHMPOBaHWS NOA3eMHbIX PYAHWUKOB, MOMoratoLee
NHXEeHepaMm Co3faBaTb PeanncTuyHble U BbINMOMHUMbIe
nnaHbl C y4eTOM Beex feTaneil. bnarogaps coBpeMeHHbIM
TEXHOMNOMUAM W MHCTPYMEHTaM CUCTEMa TOMHO MOAENUpYeT
CNOXHble NMoA3eMHble YCIIoBUS U NogAepXuBaeT
dyHAaMeHTanbHbI NOAX0A K NNaHUpOBaHWIO.

micromine

TOO “MANKPOMAWH LieHTpansHas Asns”

KaszaxcTtaH, r. Anmatsl, 050062
Y. Kabgornosa, 16, kopnyc 1, odpuc 501
Ten.:+ 7 727 339 51 45, e-mail: mmkz@micromine.com

micromine.kz

12 | O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026



MINERAL PROCESSING

UO'K 622.765 DOI:10.70769/2181-7383.MBU.3(106).2026.2

SULFIDLI RUDALARNI BOYITISHDA EKOLOGIK XAVFSIZ
REAGENTLARDAN FOYDALANISH ISTIQBOLLARI

A.A. Xasanov, X.B. Xojimuratova

Olmaliq davlat texnika instituti, O'zbekiston Respublikasi

Annotatsiya. Mazkur maqolada sulfidli rudalarni flotatsiya usulida boyitishda ekologik xavfsiz reagentlardan foydalanish istigbollari tahlil gilingan. Tadgiqotning
dolzarbligi kon-metallurgiya sanoatida ekologik xavfsizlik talablarining ortib borishi hamda an‘anaviy flotatsiya reagentlarining atrof-muhitga salbiy ta’sirini kamaytirish
zarurati bilan izohlanadi. Ishning maqsadi sulfidli rudalarni boyitishda qo‘llanilayotgan ekologik xavfsiz reagentlarning texnologik va ekologik samaradorligini baholash
hamda ularni sanoat amaliyotida qo‘llash istigbollarini aniglashdan iborat.

Tadgiqot davomida mahalliy va xorijiy ilmiy manbalar tahlil qilinib, ekologik xavfsiz reagentlarning flotatsiya jarayonidagi roli, selektivlikka ta’siri, foydali komponent-
larning konsentratga ajralib chigish samaradorligi va chigindi suvlar tarkibidagi zararli moddalarning kamayishiga ta’siri o‘rganildi. Biologik parchalanadigan kollektorlar,
tabiiy polimerlar va biomolekulalar asosidagi reagentlarning texnologik imkoniyatlari an’anaviy reagentlar bilan giyosiy baholandi.

Tahlil natijalari ekologik xavfsiz reagentlardan foydalanish flotatsiya jarayonining ekologik samaradorligini oshirish, chigindi suvlarning toksiklik darajasini ka-
maytirish va atrof-muhitga salbiy ta’sirni cheklash imkonini berishini ko'rsatdi. Shu bilan birga, ayrim ekologik reagentlar foydali minerallarning selektiv ajralishini yaxshi-
lashi va boyitish jarayonining barqarorligini ta’minlashi aniglandi. Tadqiqotning ilmiy yangiligi ekologik xavfsiz reagentlarning sulfidli rudalarni boyitishdagi texnologik va
ekologik afzalliklarini kompleks baholash hamda ularni qo‘llashning istigbolli yo‘nalishlarini tizimli ravishda umumlashtirishdan iborat. Olingan natijalar zamonaviy “yashil”
texnologiyalarni boyitish korxonalarida joriy etish uchun ilmiy-amaliy asos bo'lib xizmat qilishi mumkin.

Kalit so‘zlar: sulfidli rudalar, flotatsiya, ekologik xavfsiz reagentlar, biologik parchalanadigan reagentlar, flotatsiya selektivligi, kollektor reagentlar, foydali
qazilmalarni boyitish, konsentrat sifati, chigindi suvlar, ekologik xavfsizlik, yashil texnologiyalar, mineral xomashyo.

NEPCNEKTUBbI NPUMEHEHUA 3KONOMMYECKU BE3OMACHbIX
PEAEHTOB MPU OBOrALLEHUM CYNIbOUAHBIX PYQ

XacaHoB A.A., Xomkumypatosa X.b.

AnManbIKCKui rocyAapCTBEHHbIN TEXHUYECKWI MHCTUTYT, Pecnybnuka Y3bekucTau

AnHomayusi. B cmambe nposedéH aHanu3s nepenekmug NPUMEHEHUS 9KONMoauYecku 6e3onacHbIx peazeHmos npu (hriomayuoHHoM 06o2aleHu CymbgUHbIX
py0. AkmyanbHocme uccredogaHusi obycriosnieHa go3pacmarowumu mpebosaHusIMU K 3Koroeudeckoll 6e3onacHocmu 20pHO-Memarnypeuvecko20 npousgodcmesa u
HeobXxo0UMOCMbI0 CHUXEHUS! HeeamusHo20 8030elicmausi mpaduyUOHHbIX (hIomayUOHHbIX peazeHmos Ha okpyxatowyio cpedy. Lienbio pabomei sensiemcs oueHka
MexHOMo2uYecKoll U 9Komo2u4ecKoll 3ghehekmugHOCMU 3KomoauYecku 6e3onacHbIx peaseHmos, UCnosb3yembix npu 0bozauieHuU cynbgUOHbIX pyd, a makxe onpede-
JIeHUE NepcneKkmu8 UX NPOMbILUTEHHO20 NPUMEHEHUSI.

B xode uccnedogaHus bbinu npoaHanu3upogaHbl OMeYyecmeeHHble U 3apybexHbie Hay4Hble nybnukayuu, NoCeswErHbIE UCNOMb308aHUI0 3KOMo2U4ecKU 6es-
onacHbIX peageHmog 8 npoyeccax iomayuu. PaccmompeHs! ux 8USHUE Ha CEeTeKMUBHOCMb ¢hriomayLUoHH020 pa3deneHus, IGhheKmuUBHOCMb U3BIEYEHUS Noes-
HbIX KOMNOHEHMOB 8 KOHUEHMpPam, a makxe Ha CHUXeHUE COOepx)aHUsi MOKCUYHbIX 8EUIECMB 8 CMOYHbIX 800aX. BbinonHeHa cpasHUMeNbHas OUeHKka MexHOomoau-
yeckux 803moxHocmell Guopasnazaembix cobupamened, npUPOOHBIX NOUMEPOS U PeazeHmoes Ha 0CHOBE BUOMOIEKYST N0 CPaBHEHUI ¢ MPaduyUOHHbIMU (hriomayu-
OHHbIMU peazeHmamul.

Pesynbmamb| aHanu3a nokasanu, 4mo NpUMEHeHUEe 3Komo2uYecku 6e3onacHbIX peazeHmos cnocobemeyem nosbILEHUI0 3KOmo2udeckol aghehekmusHocmu
npoyeccos 0602aleHUs], CHUXEHUIO MOKCUYHOCMU CMOYHBIX 800 U yMEHbWEHUID He2amugHo20 8030elicmeust Ha OKpyXatouwyto cpedy. YcmaHoeneHo, Yymo omaesb-
Hble 8uObI 3KOMo2uyecku 6e3onacHbIX peazeHmos cnocobHbI ymy4wams CenekmugHoCMb ghriomayuu u obecneyusams cmabuibHOCMb MEXHOMO2UYECKUX NoKasa-
meneli npouecca. HayyHasi HogusHa pabomb! 3aKrn4aemcs 8 KOMNIIEKCHOLU OUEHKe MEXHOM02UYECKUX U 9KOT02UYECKUX NPEUMYLECMS 9KOMo2U4e KU 6e30nacHbIX
peazeHmos npu 0bozaweHuU cynbUOHbIX Pyd U cucmemamu3ayuu NepcnekmuUBHBIX HanpagneHull ux npuMeHeHUsl. [lonyyeHHble pesynbmams| Mo2ym Cryxums
Hay4Ho-npakmuyeckol 0cHOBOU Orsi BHEOPEHUS COBPEMEHHBIX «3EMEHbIX» MEXHOMo2Ul Ha 0602amumenbHbIX NPeONPUSMUSIX.

Knroyesnie crnoea: cynbghudHble pydsl, hnomayusi, IKkomoauyecku 6e3onacHble peazeHmbl, buopasnazaeMble peaceHMbl, CEeKmMUBHOCMb hromayuu, pea-
2eHmbI-cobupamenu, obozaujeHue nonesHbIx UCKONaeMbIX, Ka4eCcmeo KOHUeHmpama, CmoyHble 800bl, 3Kooauyeckast 6e3onacHoCMb, 3e1eHble MeXHOMoauU, MUHe-
parnbHoe Chipbe.
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PROSPECTS FOR THE USE OF ENVIRONMENTALLY FRIENDLY
REAGENTS IN SULFIDE ORE BENEFICIATION

A.A. Khasanov, X.B. Xojimuratova

Almalyk State Technical Institute, Republic of Uzbekistan

Abstract. This paper analyzes the prospects for the use of environmentally friendly reagents in the flotation beneficiation of sulfide ores. The relevance of the study
is associated with the growing environmental requirements in the mining and metallurgical industry and the need to reduce the negative impact of conventional flotation
reagents on the environment. The aim of the research is to evaluate the technological and environmental efficiency of environmentally friendly reagents used in sulfide
ore beneficiation and to determine their prospects for industrial application.

The study is based on a comprehensive analysis of domestic and international scientific publications devoted to the use of environmentally friendly reagents in
flotation processes. Particular attention was paid to their influence on flotation selectivity, recovery of valuable components into concentrate, and reduction of toxic
substances in wastewater. A comparative assessment of biodegradable collectors, natural polymers, and biomolecule-based reagents was carried out in comparison
with conventional flotation reagents.

The analysis demonstrated that the application of environmentally friendly reagents contributes to improving the environmental performance of beneficiation pro-
cesses, reducing wastewater toxicity, and minimizing adverse environmental impacts. It was found that certain types of environmentally friendly reagents can enhance
flotation selectivity and ensure stable technological performance. The scientific novelty of the study liesin the comprehensive assessment of the technological and
environmental advantages of environmentally friendly reagents in sulfide ore beneficiation and in the systematization of promising directions for their application. The
obtained results may serve as a scientific and practical basis for the implementation of modern green technologies at mineral processing enterprises.

Key words: Sulfide ores, flotation, environmentally friendly reagents, biodegradable reagents, flotation selectivity, collector reagents, mineral beneficiation, con-

centrate quality, wastewater, environmental safety, green technologies, mineral raw materials.

Kirish

Dunyo miqyosida mineral xomashyodan ogilona foydalanish, foy-
dali komponentlarni maksimal darajada ajratib olish hamda boyitish
korxonalarining ekologik xavfsizligini ta'minlash kon-metallurgiya sano-
atining ustuvor vazifalaridan biri hisoblanadi [1, 4, 6] . Sulfidli rudalar
mis, go‘rg‘oshin, rux, molibden va boshga gimmatbaho metallarning
asosiy manbai bo'lib, ulami boyitishda flotatsiya usuli eng samarali
texnologiyalardan biri sifatida keng qgo'llaniladi [2, 3, 6]. Flotatsiya ja-
rayonining samaradorligi ko'p jihatdan go‘llaniladigan reagentlarning
xususiyatlariga bog'liq bo'lib, ular mineral zarrachalar yuzasining fizik-
kimyoviy holatini o'zgartirish orqgali foydali komponentlami ajratib olish
imkonini beradi [2, 3, 5].

An‘anaviy flotatsiya reagentlari, xususan ksantogenatlar, di-
tiofosfatlar va ayrim organik kollektorlar yuqori texnologik samarador-
likka ega bo'lishiga qaramasdan, ulaming ko‘pchiligi  toksik
xususiyatlarga ega bo'lib, chigindi suvlar va ishlab chigarish chigindilari
orqali atrof-muhitga salbiy ta’sir ko‘rsatishi mumkin [2, 5, 6]. Boyitish
korxonalarida katta hajmdagi reagentlarning qo‘llanilishi suv havzalari,
tuproq qoplami va biologik ekotizimlarning ifloslanishiga olib kelishi
ehtimoli mavjud [1, 4, 9]. Shu sababli so'nggi yillarda ekologik xavfsiz
va biologik parchalanadigan reagentlarni yaratish hamda ularni sanoat
amaliyotiga joriy etish bo'yicha ilmiy tadqiqotlar jadallashmoqda [7, 8,

9].

Xorijiy va mahalliy tadgigotchilar tomonidan olib borilgan ilmiy ish-
larda aminokislotalar asosidagi kollektorlar, tabiiy polimerlar, o‘simlik
ekstraktlari va biomolekulalar asosidagi reagentlaming flotatsiya ja-
rayonlaridagi qo‘llanilish imkoniyatlari keng o‘rganilgan [7, 8, 9, 10, 11,
12]. Tadgiqot natijalari shuni ko‘rsatadiki, ekologik xavfsiz reagentlar
ayrim hollarda an’anaviy ksantogenat va ditiofosfatlar bilan tagqos-
lanadigan texnologik ko‘rsatkichlarni ta'minlay oladi [7, 8]. Shu bilan
birga, ularning qo‘llanilishi chigindi suvlarning toksiklik darajasini pa-
saytirish, atrof-muhitga salbiy ta’sirni kamaytirish hamda boyitish korx-
onalarining ekologik bargarorligini oshirish imkonini beradi [1, 4, 9].
Birog ekologik xavfsiz reagentlarming selektivik mexanizmlari, turli
mineralogik tarkibli rudalar uchun qo‘llash sharoitlari va sanoat migyo-
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sidagi iqtisodiy samaradorligi bo'yicha ma’lumotlar hali yetarli darajada
umumlashtirilmagan. Shu sababli mazkur yo'nalishda kompleks ilmiy
tadgiqotlar olib borish dolzarb ahamiyat kasb etadi.

Mazkur muammo sulfidli rudalarni boyitishda ekologik xavfsiz rea-
gentlardan foydalanishning texnologik va ekologik jihatlarini chuqur
tahlil gilish zaruratini yuzaga keltirmogda. Shu munosabat bilan ushbu
tadgigotning maqsadi sulfidli rudalarni flotatsiya usulida boyitishda
qgo'llanilayotgan ekologik xavfsiz reagentlaring afzalliklari, kamchiliklari
va amaliy qo'llash istigbollarini ilmiy manbalar asosida baholashdan
iborat. Tadgiqot vazifalari sifatida ekologik xavfsiz reagentlaring asosiy
turlarini tavsiflash, ularning flotatsiya selektivligiga va foydali kompo-
nentlaming ajralib chiqish ko‘rsatkichlariga ta'sirini tahlil gilish hamda
boyitish korxonalarida qo‘llashning istigbolli yo‘nalishlarini aniglash
belgilandi [10, 11, 12].

Materiallar va tadqiqot usullari

Tadqigotning metodologik asosini sulfidli rudalarni flotatsiya usulida
boyitishda ekologik xavfsiz reagentlardan foydalanish bo'yicha mahalliy
va xorijiy ilmiy manbalami tahlil gilish tashkil etdi [1-12]. Tadqiqot ja-
rayonida flotatsiya texnologiyalari, ekologik xavfsiz reagentlar, biologik
parchalanadigan kollektorlar va tabiiy polimerlaring boyitish jarayon-
laridagi qo'llanilishiga bag‘ishlangan iimiy maqolalar, monografiyalar
hamda xalqaro ilmiy jurnallarda chop etilgan tadgiqot natijalari o‘rganildi
[2,3,5,6]

Ma’lumotlarni yigish va tahlil gilishda qiyosiy tahlil, tizimli yon-
dashuv va ilmiy umumlashtirish usullaridan foydalanildi [2, 3, 6].
Tadqigot davomida an’anaviy flotatsiya reagentlari hamda ekologik
xavfsiz reagentlaming texnologik va ekologik ko‘rsatkichlari solishtirildi.
Bunda reagentlarning flotatsiya selektivligi, foydali komponentlaming
konsentratga ajralib chigish darajasi, chigindi suvlarning toksiklik
ko'rsatkichlari va biodegradatsiya xususiyatlariga alohida e'tibor gara-
tildi[1, 4,7, 8].

Shuningdek, ekologik xavfsiz reagentlaring go'llanilishi natijasida
boyitish jarayonining samaradorligi va atrof-muhitga ta’sirini baholash
uchun ilmiy adabiyotlarda keltirilgan ma’lumotlar tizimlashtirildi hamda
umumlashtirildi [7, 8, 9]. Olingan natijalar ekologik xavfsiz rea-
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gentlardan foydalanish istigbollarini baholash va ulaming amaliy
qo'llanilish imkoniyatlarini aniglash uchun asos bo'lib xizmat qildi [10,
11,12].

Tahlil uchun ilmiy manbalami tanlashda ularmning sulfidli minerallar
flotatsiyasiga bevosita alogadorligi, ekologik xavfsiz yoki biologik par-
chalanadigan reagentlaming qo'llanilishi, reagentlaming flotatsiya sel-
ektivligi va foydali komponentlaming ajralib chigish ko'rsatkichlariga
ta’siri hamda ulaming ekologik xususiyatlari to‘g'risida ma’lumotlarning
mavjudligi asosiy mezon sifatida gabul qilindi. Reagentlarni tanlashda
esa ularning sulfidli minerallar flotatsiyasida go‘llanish imkoniyati, tabiiy
yoki biologik parchalanadigan manbalardan olinishi, an’anaviy flotatsiya
reagentlariga muqobil sifatida o‘rganilganligi hamda texnologik va
ekologik ko‘rsatkichlari ilmiy manbalarda yoritilganligi hisobga olindi.
Tahlilda aminokislotalar asosidagi kollektorlar, tabiiy polimerlar, o‘simlik
ekstraktlari va biomolekulalar asosidagi reagentlarga alohida e'tibor
qgaratildi. Olingan ma’lumotlar giyosiy-tahliliy yondashuv asosida
umumlashtirildi.

Tadgiqot natijalari

O'tkazilgan tahlillar natijalari sulfidli rudalami boyitishda ekologik
xavfsiz reagentlardan foydalanish zamonaviy boyitish texnologiyalarin-
ing istigbolli yo'nalishlaridan biri ekanligini ko'rsatdi [1, 4, 9]. An'anaviy
flotatsiya reagentlari yugori texnologik samaradorlikka ega bo'lishiga
garamasdan, ulaming ayrim turlari chigindi suvlaring toksikligini oshiri-
shi va atrof-muhitga salbiy ta’sir ko‘rsatishi mumkin [2, 5, 6]. Shu saba-
bli ekologik xavfsiz reagentlardan foydalanish masalasi nafagat
texnologik, balki ekologik jihatdan ham muhim ahamiyat kasb etadi [1,
4].

Tahlil gilingan iimiy manbalarga ko'ra, biologik parchalanadigan
kollektorlar va tabily polimerlar asosidagi reagentlar flotatsiya ja-
rayonining selektivligini saglab qolgan holda ekologik xavfni kamaytirish

Ruda Maydalash Yanchish
Dastlabki Yiriklikni Rudani
yirik ruda kichraytirish yanchish

qo‘shish va aralashtirish

imkonini beradi [7, 8, 9]. Bunday reagentlar chiqindi suvlar tarkibidagi
zararli organik birikmalar migdorini kamaytiradi hamda suv resurslarini
qayta ishlatish imkoniyatlarini kengaytiradi [1, 7, 9].

Shuningdek, ayrim tadgiqotlarda ekologik xavfsiz reagentlardan
foydalanish natijasida foydali komponentlaming konsentratga ajralib
chigish ko'rsatkichlari an’anaviy reagentlar bilan tagqoslanadigan dara-
jada ekanligi qayd etilgan [7, 8]. Bu esa ekologik talablarga javob be-
radigan yangi reagentlarni ishlab chigish va amaliyotga joriy etish
uchun keng imkoniyatlar yaratadi [4, 7, 8].

Biroq ekologik xavfsiz reagentlarning ayrim turlari sanoat miqyosida
yetarli darajada sinovdan o'‘tkazilmaganligi hamda ularning iqtisodiy
samaradorligi bo'yicha ma’lumotlar cheklanganligi mazkur yo‘nalishdagi
tadgigotlarning asosiy kamchiliklari hisoblanadi [7, 8, 9]. Kelgusida
ekologik xavfsiz reagentlarning turli mineral tarkibli rudalar uchun
qgo'llanilish imkoniyatlarini chuqurroq o‘rganish va sanoat sharoitida
sinovdan o'tkazish maqsadga muvofigdir [10, 11, 12].

Sulfidli rudalami boyitishda ekologik xavfsiz reagentlardan foyda-
lanishning texnologik imkoniyatlari va ekologik samaradorligini
baholash magsadida mavjud ilmiy manbalar, amaliy tajribalar hamda
zamonaviy flotatsiya texnologiyalari tahlil gilindi. Olingan natijalar
ekologik xavfsiz reagentlarning boyitish jarayonlarida samarali
qo'llanish imkoniyatiga ega ekanligini ko‘rsatdi [10, 11, 12].

Sulfidli rudalarni flotatsiya usulida boyitish jarayoni bir nechta aso-
siy texnologik bosgichlardan iborat bo'lib, ularning o‘zaro bog'igligi 1-
rasmda keltirilgan. Ushbu sxemada rudani maydalash, yanchish, rea-
gentlar bilan ishlov berish va flotatsiya bosgichlari ketma-ket amalga
oshirilishi ko'rsatilgan. Flotatsiya jarayonining samaradorligi ko'p jihat-
dan go'llaniladigan reagentlaming xossalariga bog'liq bo'lib, ular foydali
minerallaming yuzasini gidrofoblashtirish orgali ularning konsentrat
tarkibiga o'tishini ta’'minlaydi [2, 3, 5, 6].

Konsentrat

ishlov berish Flotatsiya

Chigindi

Reagentlarni Foydali komponentlarni

ajratib olish

1-rasm. Sulfidli rudalami flotatsiya usulida boyitish jarayoni sxemasi

1-rasmda ko'rsatilgan texnologik sxema tahlili shuni ko‘rsatadiki,
ekologik xavfsiz reagentlarni mavjud boyitish texnologiyalariga qo‘llash
qo‘shimcha murakkab texnologik ozgarishlamni talab gilmaydi. Aynigsa,
kollektorlar va ko‘pik hosil giluvchi reagentlarming ekologik xavfsiz tur-
laridan foydalanish chigindi suvlar tarkibidagi zararli moddalar migdorini
kamaytirishga xizmat qiladi. Bundan tashqari, sxemada ko‘rsatilgan
aylanma suv tizimi suv resurslaridan samarali foydalanish imkonini
yaratadi.

Ekologik xavfsiz flotatsiya reagentlarining tarkibi va tasnifi 2-
rasmda keltirilgan. Tahlil gilingan ilmiy manbalarga ko‘ra, ekologik jihat-
dan istigbolli reagentlar qatoriga aminokislotalar asosidagi kollektorlar,
tabiiy polimerlar, biomolekulalar va boshga muqobil reagentlar kiradi.

Tabiiy kelib chigish va biologik parchalanish xususiyati reagentning
ekologik afzalliklarini belgilovchi muhim omillardan biri bo‘lsa-da, ushbu
xususiyatlarning 0'zi reagentning barcha texnologik va ekologik sha-
roitlarda to'liq xavfsizligini anglatmaydi. Reagentlaming ekologik xa-
vfsizligini baholashda ularning toksikligi va ekotoksikligi, biodegradatsi-
ya darajasi, parchalanish mahsulotlarining xususiyatlari, go‘llaniladigan
konsentratsiyasi hamda flotatsiya muhitidagi boshqa komponentlar
bilan o‘zaro ta’siri ham hisobga olinishi lozim. Shu sababli ekologik
xavfsiz reagentlami tanlash ularning kelib chigishiga emas, balki
texnologik samaradorligi va ekologik xususiyatlarini kompleks baholash
natijalariga asoslanishi magsadga muvofig.
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2-rasm. Ekologik xavfsiz flotatsiya reagentlarining tasnifi

2-rasmda ko'rsatilgan reagentlar orasida aminokislotalar asosid-
agi kollektorlar va tabiiy polimerlar eng istigbolli yo‘nalishlardan biri
hisoblanadi. Ular mineral zarrachalaming flotatsion faolligini saqglab
golgan holda ekologik xavfni kamaytirishga yordam beradi.
Shuningdek, biomolekulalar asosidagi reagentlar selektiviikni oshirish
va foydali komponentlami samarali ajratib olish imkoniyatiga ega ekan-
ligi ilmiy manbalarda gayd etilgan.

Foydali komponentlaming konsentratga ajralib chigish samara-
dorligini baholashda tahlil gilingan ilmiy manbalarda keltiriigan ajralib
chigish darajasi ko'rsatkichlaridan foydalanildi. Mazkur ishda alohida
laboratoriya tajribalari o‘tkazilmaganligi sababli ajralib chiqish darajasi
mualliflar tomonidan mustaqil ravishda hisoblanmadi. Turli tadqiqot-
larda ekologik xavfsiz va an’anaviy flotatsiya reagentlari qo‘llanilganda
olingan texnologik ko‘rsatkichlar giyosiy tahlil gilindi. Bunda reagent turi,
mineral yoki ruda tarkibi, reagent sarfi, muhit pH giymati, konsentrat
sifati va foydali komponentning konsentratga ajralib chigish darajasi
kabi ko‘rsatkichlarga alohida e'tibor qaratildi. Ushbu yondashuv
ekologik xavfsiz reagentlarning texnologik samaradorligini mavjud ilmiy
ma’lumotlar asosida baholash imkonini berdi.

llmiy manbalarda ekologik jihatdan istigbolli reagentlarning sulfidli
minerallar flotatsiyasidagi samaradorligi aniq texnologik ko‘rsatkichlar
asosida baholangan. Jumladan, tabily va biologik parchalanadigan
polimer hisoblangan xitozan mis—molibden sulfidlarini selektiv ajrat-
ishda depressant sifatida tadqiq etilgan. Li va hammualliflar tomonidan
olib borilgan tadgiqotda molibden saglovchi mis sulfidli konsentratni
flotatsion ajratishda pH 6 sharoitida xitozan qo‘llanilganda molibdenning
ko‘pik mahsulotiga ajralib chigishi 70% dan yugori, misning ajralib chigi-
shi esa 24% dan past bo'lgan. Mualliflar buni xitozanning xalkopirit
yuzasiga molibdenitga nisbatan kuchliroq adsorbsiyalanishi bilan
izohlagan.

Xitozanning selektiv depressant sifatidagi ta’siri boshqa sulfidli
mineral sistemalarida ham o‘rganilgan. Xalkopirit-galenit aralashmasi-
ning flotatsiyasida pH 4 sharoitida xitozan qgo'llanilganda galenitning
ajralib chiqishi 95% gacha yetgan, xalkopiritning ajralib chigishi esa
taxminan 30% ni tashkil etgan. Murakkab sulfidli rudalamni flotatsiyalash
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bo‘yicha boshqa tadgiqotda xitozanning 50-500 g/t migdorlari sinovdan
o'tkazilib, 50 g/t migdorda uning piritni depressiyalash xususiyati
an‘anaviy NaCN depressanti bilan giyoslangan. Ushbu natijalar tabiiy
polimer asosidagi reagentlarning samaradorligi mineral tarkib, reagent
miqdori va muhit pH giymatiga sezilarli darajada bog'liq ekanligini
ko‘rsatadi.

Ekologik xavfsiz va an’anaviy reagentlaring asosiy texnologik
hamda ekologik ko‘rsatkichlari 1-jadvalda keltirilgan.

1-jadvalda keltirilgan ma’'lumotlar ekologik jihatdan istigbolli rea-
gentlaming texnologik samaradorligi mineral tarkib, reagent sarfi va
muhit pH giymatiga bog'liq ekanligini ko‘rsatadi. Xususan, xitozanning
Cu-Mo sulfidli konsentratni ajratishda selektiv depressant sifatida
qo'llanilishi pH 6 sharoitida molibdenning ko‘pik mahsulotiga 70% dan
yugori ajralib chigishini ta'minlagan, misning ajralib chigishi esa 24%
dan past bo‘lgan. Murakkab sulfidli rudalarda 50 g/t xitozan piritni de-
pressiyalashda NaCN bilan giyoslanadigan natijalarni ko‘rsatgan. Ditio-
karbamat-xitozan asosidagi modifikatsiyalangan reagent esa Cu—Zn
sulfidlarini ajratishda pH 10 sharoitida 31,93% Cu saglovchi boyitma va
85,97% Cu ajralib chigish darajasini ta'minlagan. Ushbu natijalar tabiiy
va modifikatsiyalangan biopolimerlardan sulfidli minerallar flotatsiyasida
selektiv depressantlar sifatida foydalanish imkoniyati mavjudligini
ko'rsatadi. Birog ularning samaradorligini umumlashtirishda har bir
mineral tizim uchun reagent sarfi, pH va mineralogik tarkib alohida
hisobga olinishi lozim.

Ekologik xavfsiz reagentlardan foydalanishning atrof-muhitga
ta’siri 3-rasmda aks ettirilgan. Tahlillar shuni ko'rsatdiki, bunday rea-
gentlardan foydalanish natijasida chigindi suvlaming toksiklik darajasi
kamayadi, zararli moddalar emissiyasi pasayadi va suv resurslaridan
samarali foydalanish imkoniyati ortadi.

3-rasmda ko'rsatilgan natijalarga ko'ra, ekologik xavfsiz reagentlar
qo'llanilganda ishlab chigarishning ekologik yuklamasi kamayadi, atrof-
muhitga salbiy ta’sir pasayadi hamda korxonalarning ekologik samara-
dorligi oshadi. Natijada boyitish korxonalarida “yashil texnologiyalar’ni
joriy etish uchun qulay sharoit yaratiladi.
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3-rasm. Ekologik xavfsiz reagentlardan foydalanishning atrof-muhitga ta’siri

Umuman olganda, o‘tkazilgan tahlillar sulfidli rudalarni boyitishda
ekologik xavfsiz reagentlardan foydalanish texnologik samaradorlikni
saglagan holda ekologik xavfsizlikni ta'minlashga xizmat qilishini
ko'rsatdi. Mazkur yo‘nalish kelajakda foydali gaziimalarni boyitish sano-
atining ustuvor rivojlanish yo'nalishlaridan biri bo'lib golishi kutilmoqgda.

Natijalarni muhokama qilish

Olingan natijalar sulfidli rudalami boyitishda ekologik xavfsiz rea-
gentlardan foydalanish zamonaviy boyitish texnologiyalarining muhim
yo'nalishlaridan  biri  ekanligini tasdiglaydi. 1-rasmda keltirilgan
texnologik sxema ekologik xavfsiz reagentlami mavjud flotatsiya ja-
rayonlariga integratsiya qilish imkoniyati mavjudligini ko'rsatadi. Bu esa
yangi texnologik liniyalarni qurmasdan turib, amaldagi boyitish fab-
rikalarida ekologik xavfsizlik darajasini oshirish imkonini beradi.

2-rasmda keltirigan reagentlar tasnifi ekologik xavfsiz rea-
gentlaming tarkibi va qo'llanish sohalari keng ekanligini ko'rsatadi.

Aynigsa, aminokislotalar asosidagi kollektorlar, tabiiy polimerlar va
biomolekulalar asosidagi reagentlar selektiv flotatsiya jarayonlarida
istigbolli reagentlar sifatida qaralmoqda. Ularning asosiy afzalligi yuqori
biodegradatsiya darajasi va past toksikligi bilan izohlanadi. Mazkur
xususiyatlar ekologik xavfsizlik talablarining kuchayib borayotgan sha-
roitida muhim ahamiyat kasb etadi.

1-jadval ma’lumotlari ekologik xavfsiz reagentlarning an’anaviy
reagentlarga nisbatan qator ustunliklarga ega ekanligini ko'rsatadi.
Xususan, ekologik xavfsiz reagentlar toksiklik va ekologik xavf
ko‘rsatkichlari bo'yicha sezilarli ustunlikka ega. Bundan tashqari, ularn-
ing selektivligi yugori bo'lib, foydali komponentlamning konsentratga
ajralib chigish samaradorligini ta’minlaydi. Ayrim hollarda bargarorlik
ko‘rsatkichlari an’anaviy reagentlarga nisbatan biroz past bo‘lishi mum-
kin, birog bu holat ularning umumiy texnologik samaradorligini sezilarli
darajada kamaytirmaydi. [5, 7].
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3-rasmda aks ettirilgan ma’lumotlar ekologik xavfsiz reagentlardan
foydalanish natijasida chigindi suvlarning toksikligi kamayishini, zararli
moddalar emissiyasi pasayishini va suv resurslaridan foydalanish sa-
maradorligi oshishini ko'rsatadi. Bu natijalar ekologik xavfsiz rea-
gentlaming nafagat texnologik, balki ekologik jihatdan ham samarali
ekanligini tasdiglaydi. Zamonaviy boyitish korxonalarida ekologik tal-
ablarning tobora kuchayib borayotganligi bunday reagentlarning amaliy
ahamiyatini yanada oshirmoqda. [1, 4, 9].

Shuningdek, adabiyotlar tahlili ekologik xavfsiz reagentlardan
foydalanish foydali komponentlarning ajralib chiqgish ko'rsatkichlarini
saglab qolish yoki yaxshilash imkoniyatiga ega ekanligini ko‘rsatdi. Bu
esa ularni kelgusida sanoat migyosida keng joriy etish uchun iimiy asos
mavjudligini bildiradi. Shu bilan birga, turli mineralogik tarkibga ega
rudalar uchun optimal reagent rejimlarini ishlab chigish hamda igtisodiy
samaradorlikni baholash bo‘yicha qo'shimcha tadqigotlar olib borish
maqgsadga muvofigdir. [8, 9, 10].

Shuningdek, adabiyotlar tahlili ekologik xavfsiz reagentlardan
foydalanish foydali komponentlarning ajralib chigish ko'rsatkichlarini
saglab qolish yoki ayrim hollarda yaxshilash imkoniyatiga ega ekanligini
ko'rsatdi [8-12]. Mahalliy tadgigotchilar tomonidan mis-molibden va
boshga sulfidli rudalarni boyitish bo‘yicha olib borilgan tadgiqotlar ham
ekologik xavfsiz reagentlardan foydalanish istigbolli yo'nalish ekanligini
tasdiglaydi [10-12]. Shu bilan birga, turli mineralogik tarkibli rudalar
uchun optimal reagent rejimlarini ishlab chiqish, reagent sarfini optimal-
lashtirish hamda iqtisodiy samaradorlikni baholash bo‘yicha qo‘shimcha
ilmiy izlanishlar olib borish zarur hisoblanadi.

Xulosa

O'tkazilgan tadgiqotlar va ilmiy manbalar tahlili sulfidli rudalarni
flotatsiya usulida boyitishda ekologik xavfsiz reagentlardan foydalanish

zamonaviy boyitish texnologiyalarining istigbolli yo‘nalishlaridan biri
ekanligini ko'rsatdi. Ekologik xavfsiz reagentlar an’anaviy flotatsiya
reagentlariga nisbatan past toksiklik, yugori biodegradatsiya darajasi va
ekologik xavfning kamayishi kabi muhim afzalliklarga ega. [1, 5, 8].

Tahlil natijalari ekologik xavfsiz reagentlar foydali komponentlarn-
ing konsentratga ajralib chigish samaradorligini saglab golishi, ayrim
hollarda esa flotatsiya selektivligini yaxshilashi mumkinligini ko'rsatdi.
Bu esa boyitish korxonalarida texnologik ko‘rsatkichlarni pasaytirmagan
holda ekologik xavfsizlikni ta’minlash imkonini beradi.

Aniglanishicha, aminokislotalar asosidagi kollektorlar, tabiiy po-
limerlar va biomolekulalar asosidagi reagentlar sulfidli rudalarni boyit-
ishda eng istigbolli ekologik xavfsiz reagentlar qatoriga kiradi [10-12].
Ularning qo'llanilishi chigindi suvlaming toksikligini kamaytirish, zararli
moddalar emissiyasini pasaytirish, suv resurslaridan samarali foyda-
lanish hamda boyitish korxonalarining ekologik ko'rsatkichlarini yaxshi-
lash imkonini beradi. Mazkur reagentlar kelajakda kon-metallurgiya
sanoatida ekologik xavfsiz va resurs tejamkor texnologiyalami joriy
etishning muhim omillaridan biri bo'lishi mumkin.Tadgigotning ilmiy
ahamiyati ekologik xavfsiz reagentlarning texnologik va ekologik afzalli-
klarini tizimli ravishda umumlashtirish hamda ularni boyitish korxonalari-
da qo'llashning istigbolli yo'nalishlarini asoslash bilan belgilanadi. Ama-
liy jihatdan esa olingan natijalar kon-metallurgiya sanoatida zamonaviy
“yashil texnologiyalar’ni joriy etish uchun ilmiy asos bo'lib xizmat gilishi
mumkin. [7, 8, 9, 10, 11, 12].

Kelgusida ekologik xavfsiz reagentlaming turli mineralogik tarkibli
rudalar uchun samaradorligini laboratoriya va sanoat sharoitlarida
chuqurrog o‘rganish, optimal reagent rejimlarini ishlab chigish hamda
ularning iqtisodiy samaradorligini baholash magsadga muvofiq hisobla-
nadi.

Minnatdorchilik. Mualliflar mazkur tadgiqotni amalga oshirish va magolani tayyorlash jarayonida ko'rsatgan ilmiy-uslubiy tavsiyalari hamda
gimmatli maslahatlari uchun Olmaliq davlat texnika instituti “Konchilik” fakulteti professor-o‘gituvchilariga o'z minnatdorchiliklarini bildiradilar.
Shuningdek, foydali gazilmalarni boyitish texnologiyalarini takomillashtirish bo‘yicha olib borilgan ilmiy izlanishlar davomida yaratilgan ilmiy muhit va
ko‘rsatilgan ko‘mak uchun institut jamoasiga samimiy tashakkur izhor etadilar.
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TEOPETUYECKME NPEAMNOCHINKK U NMEPCMNEKTUBBI
NMPUMEHEHUA MUKPOIMY3bIPbKOBOU ASPALIUA NPU
NOOA3EMHOM BbILLENTAYUBAHUA YPAHA

®ansynnaes x.C., CanapoB A.B., PyaueB 0.6., Bo3opoB ®.A., Py3ueB B.T.

' «Hasouitypany, Pecnybnuka Y3bekuctan

AxHomayus. Llensio uccriedogaHus A8nsemcs meopemuyecKull aHamnu3 603MOXHOCMel NPUMEHEHUSs MUKPONY3bIpbKO8OU MexHomoauu 0151 No8bIWeHUSs 3ghgek-
musHoCMU npoyeccog nod3emHo20 8biwenayuganus (In-Situ Leaching, ISL) ypaHa. Paboma HanpasneHa Ha usydeHue 8MusiHUS MUKPONY3bIPbKO8 Ha pacmeopeHue
Kucropoda, MacconepeHoc U pedoKc-KUHEMUKY 8 cucmeMe «ypaH-Kucriopod-niacmosasi 800a», @ Makxe Ha OUEeHKy nomeHyuana MUKpony3bipbKogol aspayuu ons
onmumu3ayuu ussneyeHus ypaxa. Memodonoeus uccrnedosaHus 8kmkYana KOMNIEKCHbIU numepamypHbIl aHanus, ModenuposaHue Npoyeccos MacconepeHoca,
aHanu3 ¢hu3UKO-XUMUYECKUX XapakmepucmuK MUKDONY3bIpbK08, 8KKYas paavep, yoenbHyr nosepxHocmb, yemolyugocmb 8 Xudkol ¢hase u cnocobHocmb noddep-
Xusamb cmabunmbHOCMb 2paHulbl pa3dena 2a3-xudkocms. [JononHumensHo paccMampuganuch MexaHu3Mbl 06pa3o8aHusi akmusHbIX hopm Kuciopoda npu umnio-
3uu mukponyssipekog (OH, Oz, HO2, H20) u ux enusiHue Ha KUHEMUKY OKUCIEHUS ypaHoBbIX MuHepasnos. BHumaHue ydensnocs cnocobam eeHepayuu MUKPONy3bipb-
K08, BKIHOYas KagUMayUOHHbIe, MembpaHHbIe, 3IIeKMPOXUMUYECKUE U BUXPEBble 2eHEPaMOpbl, @ MakKe cpagHUMesbHOU OUeHKe UX 3¢hchekmusHOCM U U NPUMEHUMO-
cmu 8 ycrnogusix Nod3eMHo20 ebiwenayusarus. OCHO8HbIe Pe3yrbmambl nokasasu, Ymo MUKPONy3bIpbKU 0becnequsaom pasHoMepHoe pacnpedeneHue okucaumens
no npoOyKMUBHOMY 20pU30HMY, CMabuIu3upyrm OKUCTUMENbHO-80cCMaHo8UMeNbHbIU nomeHyuan (Eh), yckopstom nepexod ypaHa u3 U(IV) e pacmeopumyro ¢hop-
my U(VI) u ycunusarom pedoKc-npouecchi 3a cyem 2eHepayuu akmugHbIx hopm Kucrnopoda. HosusHa pabombi 3aknoyaemes 8 KOMNIeKCHOM paccMOmpeHuU MUKpo-
Ny3bIpbKOBOU aapayuu Kak UHHOBAUUOHHO20 UHCMPYMEHMA, NO38ONAIWE20 00HOBDEMEHHO N0BbICUMb KUCTOPOOHY0 A0CMYNHOCMb, YCKOPUMb PEAOKC-KUHEMUKY U
0NMUMU3UPOBaMb U3B/IEYEHUE ypaHa 8 ycrosusx N003eMHO20 8biljenaqugaHus. [pakmuyeckas 3Ha4uMOCMb NPOSIBIIAEMCS 8 803MOXHOCMU NOBbIWEHUS K03ghguyu-
€HMa U3BNEYEHUS ypaHa, CHUXEHUS pacxoda OKUCIUMEs, COKpaLEHUs 8PEMEHU 8bienayusaHus U adanmayuu mexHomo2uu K KOHKPEMHbIM 2e0M eXHOM02UYeCKUM
yCrosusMm.

Kntoyesble crnoga: nod3emHoe ebienadusaHue, MUKpOny3bIpbKU, 2eHepamopbi MUKPONY3bIpbKOS, aspayusi, OKUCIIEHUE, ypaH, MacconepeHoc, Eh-nomeHyuar.

URANNI YER OSTIDA TANLAB ERITISHDA MIKROPUFAGCHALI
AERATSIYANI QO‘LLASHNING NAZARIY ASOSLARI VA
ISTIQBOLLARI

J.S. Fayzullayev, A.B. Saparov, 0.B. Ruziyev, F.A. Bozorov, B.T. Ruziyev
“Navoiyuran” DK, O‘zbekiston Respublikasi

Annotasiya. Tadqiqotning maqsadi mikropufakchali texnologiyani  yer osti tanlab eritish jarayonlarida ularning samaradorligini oshirish imkoniyatlarini nazariy tahlil
qilishdir. Mikropufakchalar kislorodning erishi, massa almashinuvi va redoks-kinetikasiga “uran-kislorod-qatlam suvi” tizimida ta’sirini o‘rganishga, shuningdek, mikro-
pufakchali aeratsiyaning uran ajratish samaradorligini optimallashtirish potensialini baholashga qaratilgan. Tadqiqotda kompleks adabiyot tahlili, massa almashinuvi
jarayonlarini modellashtirish, mikropufakchalaming fizik-kimyoviy xususiyatlarini, jumladan, o‘lcham, yuzasi, suyuq fazada barqarorligi va gaz-suyuqlik chegarasining
barqarorligini ta'minlash qobiliyati tahlil qilindi. Bundan tashqari, mikropufakchalarning imploziyasi natijasida hosil bo‘ladigan faol kislorod shakllari (OH, Oz, HO2, H203)
va ularning uran minerallarini oksidlanish kinetikasiga ta’siri o‘rganildi. E'tibor mikropufakchalarni hosil qilish usullariga ham qaratildi, jumladan, kavitatsion, membranali,
elektrokimyoviy mikropufakcha generatorlari shuningdek ularning samaradorligi va yer osti ishqorlash sharoitida qo‘llanilishining solishtirma tahlili o ‘tkazildi. Asosiy
natijalar shuni ko'rsatdiki, mikropufakchalar oksidlovchini mahsuldor qatlam bo‘ylab teng taqsimlashni ta'minlaydi, redoks-potensialni (Eh) barqarorlashtiradi, uranni U
(IV) dan eruvchan U(VI) shakliga o'tishini tezlashtiradi va faol kislorod shakllari orqali redoks jarayonlarni kuchaytiradi. Yangi jihat shundaki, mikropufakchali aeratsiya
innovatsion vosita sifatida kislorod ta’minotini yaxshilash, redoks-kinetikani tezlashtirish va yer osti ishqorlash sharoitida uran ajratishni optimallashtirish imkonini beradli.
Amaliy ahamiyat shundaki, bu yondashuv uran ajratish koeffitsientini oshirish, oksidlovchi sarfini kamaytirish, ishqorlash vaqtini qisqartirish va texnologiyani aniq geo-
texnologik sharoitlarga moslashtirish imkonini beradi.

Kalit so‘zlar: yer osti ishlorlashtirish, mikropufakchalar, mikropufakcha generatorlari, aeratsiya, oksidlanish, uran, massa almashinuvi, Eh-potensial.
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THEORETICAL BACKGROUND AND PROSPECTS FOR THE
APPLICATION OF MICRO-BUBBLE AERATION IN THE IN-SITU
LEACHING OF URANIUM

J.S. Fayzullayev, A.B. Saparov, 0.B. Ruziyev, F.A. Bozorov, B.T. Ruziyev

“Navoiyuran” State Enterprise, Republic of Uzbekistan

Abstract. The aim of this study is to provide a theoretical analysis of the potential application of microbubble technology to enhance the efficiency of uranium in-situ
leaching (ISL) processes. The work focuses on investigating the influence of microbubbles on oxygen dissolution, mass transfer, and redox kinetics in the “uranium-
oxygen-formation water” system, as well as on assessing the potential of microbubble aeration for modeling, and analysis of the physicochemical characteristics of
microbubbles, including their size, specific surface area, stability in the liquid phase, and ability to maintain a stable gas-liquid interface. In addition, the mechanisms of
reactive oxygen species formation during microbubble implosion (OH, O,, HO,, H,0) and their effects on the oxidation kinetics of uranium minerals are examined.
Consideration is also given to microbubble generation methods, including cavitation, membrane, electrochemical, and vortex generators, along with a comparative as-
sessment of their efficiency and applicability under in-situ leaching conditions.

The main results demonstrate that microbubbles ensure uniform distribution of the oxidant throughout the productive horizon, stabilize the redox potential (Eh),
accelerate the conversion of uranium from U(IV) to the soluble U(VI) form, and intensify redox processes due to the generation of reactive oxygen species. The novelty of
this work lies in the comprehensive consideration of microbubble aeration as an innovative tool capable of simultaneously increasing oxygen availability, accelerating
redox kinetics, and optimizing uranium recovery under in-situ leaching conditions. The practical significance of the study is reflected in the potential to increase uranium

recovery rates, reduce oxidant consumption, shorten leaching time, and adapt the technology to specific geotechnological conditions.
Keywords: in-situ leaching, microbubbles, microbubble generators, aeration, oxidation, uranium, mass transfer, Eh potential.

Mon3emHoe Bobiwenauvsanme (MB, ISL - In Situ Leaching) ypaHa B
HacTosilee Bpems ABMSETCH OCHOBHbIM MPOMbILLNEHHBIM METOLOM
13BMEYEHNS ypaHa W3 MeCYaHUKOBbIX, PbIXMbIX M crnabocLeMeHTUpo-
BaHHbIX nopog. Mo 0606LLEHHBIM OLeHKaM, Ha 4OM0 AaHHOro cnocoba
npuxogutes 4o 60-70 % mMupoBoit [obbluM ypaHa, 4To 0ByCcnoBneHo
KaK reonoruyeckumMu Npeanochinkamu, Tak U CyLieCTBEHHbIMI TEXHO-
NOTUYECKAMM 1 3KOHOMMYECKUMM MpenmyllecTBamn MeToga. Mpume-
yaTenbHo, YTO Ha MECHAHMKOBbLIE YPaHOBbIE MECTOPOXAEHUS MPUXO-
autes npubnuantensHo 37,5% MUPOBbLIX YPaHOBBIX MECTOPOXAEHWN,
4TO CocTaBnsieT okono 28% MMpOBbLIX PECYpCoB ypaHa [1].

B oTnmnume oT 0TKPbITLIX 1 NOA3EMHBIX TOPHBIX paboT, MNB xapakTe-
pN3yeTCH CPaBHWUTENbHO HU3KUMM KanuTamnbHbIMU 3aTpaTamu, OTCyT-
CTBMEM HEODXOAMMOCTM BCKPBILLHBIX M OYUCTHBIX PaboT, MUHUMAIb-
HbIM HapyLUEHEM 3EMHOI MOBEPXHOCTM M CHIKEHHOW SKOMOrMYECKOM
Harpyskom, YTo AenaeT AaHHbI METOA MPUOPUTETHBIM MPU OCBOEHNM
YPaHOBbIX MECTOPOXAEHWNA, 3aneratolyx Ha 3HauMTenNbHbIX rmybuHax
11 B CNOXHbIX NPUPOAHBIX YCHOBMSX [2].

CyLLHOCTb NpoLecca NOA3EMHOTO BbiLLENaYnBaHUs 3aknoyaeTcs
B LMPKyNAUMM BbllLENaynBaloLyX PacTBOPOB HEMOCPEACTBEHHO B
npefenax NpoAyKTUBHOTO mnacTa. Yepes cucTeMmy HarHeTaTenbHbIX
CKBaXWH pabounin pacTBop Nofaércs B UNLTPYIOLMIA FOPU3OHT, rae
OH B3aMMOZENCTBYET C ypaHOBOW 1 BMeLLAoOLLMMK nopogamu. B pe-
3ynbTaTe NPOTEKAIOLMX XMMUYECKUX PEeakUMil ypaH Nepexogut w3
TBEPAON MUHEPANbHOM (hOpMbI B pacTBOPEHHOE cocTosiHue. Obpa3yto-
LMACA NPOAYKTUBHBIA PacTBOp OTKa4nMBaeTCs Yepes [oObIYHbIE CKBa-
KUHbl M HanpaBnsieTc Ha MOBEPXHOCTb AN AanbHewled
nepepabotku [3]. ShdheKTMBHOCTb JaHHOTO MpoLecca onpenenseTcs
COBOKYMHOCTHIO  MMAPOLMHAMUYECKUX, TEOXUMUYECKUX U (PU3KKO-
XMMUYECKMX haKTOpOB, AENCTBYIOLLIMX B CUCTEME «MNACT - PacTBOPY.

OpHum 13 onpegensiolmx akTopoB 3 EKTUBHOCTH NOL3EMHO-
0 BbIENaYNBaHNS SBMAETCH  OKUCIUTENLHO-BOCCTAHOBUTENbBHOE
COCTOSIHNE CUCTEMBI «ypaH-NNacToBas Bofa-okucnuTens». B npupog-
HbIX YCMOBWSIX YpaH NPeUMyLLECTBEHHO MPUCYTCTBYET B (hOpME YeTbl-
péxsaneHTHbIx coeauHenmnin U(IV), obnapatolumx kpainHe HU3kon pac-
TBOPMMOCTLIO B BOAHbIX pacTBopax. [ins obecneyeHns ero nepexoga B
noABWKHYt0 (hOpMYy HEeOBXOAMMO OKWCTIEHME A0 LUeCTMBANEHTHOro

coctosiHuns U(VI), B koTopom ypaH 0BpasyeT yCTOM4MBbLIE W XOPOLLO
pacTBopuMble komnnekcbl [4]. MMogaepkaHne MOBbILEHHOTO OKWACHK-
TeNbHO-BOCCTAHOBMTENbHOrO MoTeHumana pacteopa (Eh) sBnsetcs
00s3aTenbHbIM YCNOBMEM YCTONYMBOTO MPOTEKAHUS PeakLuii okicne-
HUS 1 OnpegenseT KMHETUKY PacTBOPEHUS yPaHOBO!N MUHEpanu3aLmm.

MpOMBbILLMEHHBIA OMbIT MOKa3bIBAET, YTO B peanbHbIX YCNOBUSX
NPOAYKTUBHOTO nnacta nopaepxaxue Tpebyemoro yposHs Eh conps-
XEHO C PSAOM TEXHOMOrNYeCKMX TPYAHOCTEN. M3mepsieMble 3HaueHMs
OKWCMMTENBHO-BOCCTAHOBUTENBHOMO MOTEHLMana, Kak npaBuno, Haxo-
aatea B AnanasoHe nopsigka +300...+400 MB, 4To BO MHOMMX Criyyasix
OKa3blBaeTCH HEJOCTAaTOYHbIM AN CTabUnbHOrO W PaBHOMEPHOTO
okucnenms U(IV). OcobGeHHO BbipaXeHo 3TO B MnacTax C BbICOKOM
BOCCTAHOBUTENbHON CMOCOBHOCTLIO, OOYCNOBMEHHON MPUCYTCTBUEM
[BYXBANEHTHOrO kene3a, CEpHUCTbIX COEAWHEHWA, OpraHUYeckoro
BELLECTBA W APYrX BOCCTAHOBMNEHHbIX KOMMOHEHTOB, aKTMBHO NOTpeb-
nsowmx okvucnutens. B pesynbTate  dhopMupyloTCA  NoKanbHble
BOCCTQHOBUTENbHbIE 30HBI, B KOTOPbIX CKOPOCTb OKUCIIEHUS ypaHa
CYLECTBEHHO CHWXAeTcs, a MpOoLecC BbILenaynBaHns CTaHOBMTCS
HEepaBHOMEPHbBIM 1 MEHEE YNpaBnseMbIM.

B KkauecTBe OKMCMMTENS B TEXHOMOTNYECKMX CXEMax MOA3EeMHOro
BblLLENaYMBaHNS TPAAULIMOHHO NPUMEHSIOT aTMOCHEPHBII BO3AYX UMK
TEXHUYECKMIA KNCITOPOA, NMoAaBaeMble B MOTOK PAacTBOPA C UCMOMb30Ba-
HMEM XKEKLIMOHHBIX MM KOMMPECCOPHBIX YCTPONCTB.

Mpw aTOM B XUAKoI haze 0Bpa3yloTCs rasosble Ny3bIpbkK MUMK-
METPOBOTO pa3mepa, ANs KOTOPbIX XapakTepHbl BbICOKAsh CKOPOCTb
BCMNbITUS, MANoe BPeMS KOHTaKTa C pacTBOPOM W OrpaHUYeHHas nno-
Waab MexdasHoro B3auMogeincTBus. ITo NPUBOANT K HU3KOWN CTENEeHM
PaCcTBOPEHUS KCIIOPOAA W CHUXEHWIO KoadbdnLmMeHTa ero Mcnonb3o-
BaHWs. 3HauMTenbHas YacTb NOfABAEMOro OKUCINTENS yaanseTcs u3
CUCTEMbI B ra3oBoi hase, He MPUHUMAs Y4acTusi B OKUCTIMTENbHBIX
peakumsix, YTo NOLATBEPKAAETCH NPOMbILLIEHHbIMY HAabnogeHNaMA.

HepaBHOMepHOe pacnpegeneHne Kucrnopoda B (UIbTPYHLLEM
ropu3oHTe 00YCNOBNMBAET NPOCTPAHCTBEHHYIO HEOAHOPOAHOCTb OKMC-
NNTENBHO-BOCCTAHOBUTENbHBIX YCrOBUiA, konebanus Eh u dopmupo-
BaHWE 30H C MOHWKEHHO OKUCIUTENbHON CrOCOBHOCTLIO pacTeopa.
OT0 OTPULIATENbHO BAMSIET HA KUHETUKY OKUCINEHUS ypaHa, CHUXaeT
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MOMHOTY €ro U3BMEYEHNS 1 NPUBOANT K YBENMYEHMIO YAENBHOMO Pacxo-
Aa okucnuTens. YkasaHHble 06CcTosATENsCTBa NOAYEPKUBAIOT HEOOXO-
AMMOCTb COBEPLLEHCTBOBAHWS METOAO0B MoAauM KUCMOPOaaA v NoBbILLe-
HUS 3pHeKTUBHOCTM €ro MCMONb30BaHWA B MpoLeccax MoA3eMHOro
BblLLieNaYmBaHms.

C TepMopMHamMU4eckon TOYKM 3peHWUs MOBbILIEHWE AaBMEHUS B
cucTeMe CnocobCTBYET YBENMWYEHMIO PACTBOPUMOCTM KWUCropoda B
Bofe. B ycrosusx nog3emHoro BbilyenaynsaHns AaBnexne nnactoBbiX
BOJ, MOXET JOCTUraTh JECATKOB aTMOCdep, YTo co3aaéT noTeHumanb-
HO BnaronpusTHbIE YCMOBUSA ANS HACILEHUS PACTBOPA KMCIOPOLOM.
CornacHo 3akoHy [eHpu, Mpu MOCTOSHHOW TemnepaType pacTBOpu-
MOCTb rasa NpornopLMOHansHa ero napLuanbHOMy [aBeHuio.

C=k, P, (1)

rae, kwx— KOHcTaHTa eHpu, 3aBucsLLas oT Temnepatypsbl, Po.— napuu-
anbHoe AaBneHue K1Cnopoaa, atm.

13 paHHOro COOTHOLUEHUS CReAYeT, YTO YBEnuyeHne JaBrnexus B
cuCTeMe [OMKHO NPUBOAMUTL K MPOMOPLIMOHANbHOMY POCTY KOHLEHTpa-
UMM pacTBOPEHHOTO KWUCIOPOAA. JKCMEPUMEHTanbHbIE [AaHHble Aeii-
CTBUTENBbHO MOATBEPKAAIOT CYLLECTBEHHOE MOBbILIEHWE PACTBOPUMO-
CTM KUCTOpOAa NpY YBENUYEHUM AaBNEHUS, YTO TEOPETUYECKU CO3AAET
BnaronpusTHbIE YCNOBUS ANSt MHTEHCU(MKALMM OKUCTIMTENBHBIX MPO-
LieccoB B YCMOBWSIX NOA3EMHOTO BbillenaynBanus. OgHako B peanb-
HbIX MIACTOBbIX CUCTEMaX AaHHbIA APGeKT peanu3yeTcs He MOMHO-
CTbt0. BbicOKkas MUHepanuaayuums pacTBOpoB, XapakTepHas Ans nnacro-
BbIX BOJ YpaHOBbIX MECTOPOXAEHWNA, @ Takke MOBbILLEHHAs Temnepa-
Typa NpUBOAAT K CHIKEHMIO pacTBOPUMOCTM kucnopoga. Mo akcnepu-
MeHTarbHbIM OLeHKaM, PacTBOPUMOCTb KCNopoaa cHikaeTest Ha 40 n
6onee %, 4to orpaHMuMBaeT 3HEKTUBHOCTL TPAAULIMOHHBIX METOLO0B
aspauuu gaxe npu NoBbILLEHHOM JABINEHUM.

[lononHuTensHbIM hakTopoM, CHUXALMM 3th(EKTUBHOCTb HaChl-
LLeHNsl pacTBopa KICIOPOAOM, SBNAETCSH KMHETUYECKOE OrpaHuyeHune
NpoLIECCOB MacconepeHoca B CUCTeMax C KPYMHbIMW ra3oBbIMK My-
3blpbkamu. [laxe npy NOBLILLEHHOM MapLyanbHOM [AaBNEeHUN KUCOpo-
[a 3HauMTenbHas YacTb rasa He ycreBaeT nepeiTW B PacTBOPEHHOE
COCTOsHNE W3-3a ObICTPOrO BCMNbLITUS My3bIPLKOB M HEJOCTATOYHOTO
BPEMEHM KOHTaKTa C xugkon ¢asoil. B pesynbTate peanbHas KOHLEH-
Tpauus pacTBOPEHHOTO KMCNOpoAda B PacTBOPE OKasblBAaeTCs Cylue-
CTBEHHO HIXe TePMOAVNHAMMYECKM BO3MOXHOM, YTO OnpenenseT Heob-
XOAMMOCTb MOUCKA TEXHOMOMUYECKUX PpELLEHWA, HampaBMeHHbIX Ha
WHTEHCMMMKALMIO PAaCTBOPEHUS KICNOPOAa M ero PaBHOMEPHOEe pac-
npeaenexne B NpoayKTUBHOM nnacTe.

B a1OM KOHTEKkcTEe 0CObbIi MHTEpeC NpeacTaBNseT MUKPOMY3bipb-
KoBasi TEeXHOMorus aspauuu, Kotopas B MocnefHue rofbl nomnyyaer
LUMPOKOe Pa3BUTME U NPAKTUYECKOE MPUMEHEHWE B pasfnyHbIX OTpac-
NSX MPOMBILNEHHOCTU. B 0TnnumMe OT TpagnuMOHHON SKEKLMOHHOM
aspaumn, faHHas TeXHOMorUs OCHOBAaHa Ha (POPMMPOBAHUM ra3oBbiIX
ny3bIpbKOB MUKPOHHOMO AuanasoHa pa3mepos [5]. B rugpometannyp-
T MUKPONY3bIPbKOBAs a3pauus NPUMEHSIETCH AN YCKOPEHUS OKWC-
NUTENbHBIX peakuui Npu BbllenaunBaHUM U OYUCTKE PacTBOPOB, B
TOM uYuCNe [N OKUCTIEHMS W cTabunusauun  OKMCIUTENbHO-
BOCCTAHOBUTENbLHOTO pexuma [6]. B cuctemax BOGOOUNCTKM TeXHOMO-
1S MCnonb3yeTcs Ans roTaLyuy 1 OKUCNEeHUs 3arpssHUTenen, 4eMOH-
CTPUPYS BbICOKYIO 3PdEKTUBHOCTL MPU yAaneHU! OpraH4eckux Be-
LeCTB M MOHOB MeTannos [7]. B 61oTexHomorm MUKpONy3bIpbku Nos-
BOMNAKT NOAAEPXKMBATL CTabUNbHYIO KOHLEHTPALMIO pacTBOPEHHOIO
kucnopoga B GvopeakTopax MpW CHWKEHHbIX 3HeprosaTparax, a B
HedTenobblYe MPUMEHSIOTCH AN UHTEHCU(UKALMM MacCOOBMEHHbIX
NpOLIECCOB M NOBbILIEHNS ADHEKTUBHOCTH BbITECHEHUS HEPTL.

Takum 06pa3om, OMbIT NPAKTUYECKOTO MCMOMb30BaHNS MUKPOMY-
3bIPbKOBOW @3paLyy B pasnuuHbIX 0b6nacTsax NOATBEPXKAaeT eé BbICo-
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KA MOTeHUMan Kak YHUBEpCarbHOrO WHCTPYMEHTa MHTEHCUdMKaLmuu
ra30XWAKOCTHOrO MacconepeHoca, YTo co3naéT Npeanochinkv ans eé
NPUMEHEHUS B NpoLieccax NoA3EMHOTO BbilLenaymBaHns ypaxa.

OPPeKTUBHOCTL MUKPOMY3bIPbKOBON aapaLun B ra3oXMAKOCTHbIX
cucTemMax OnpeaenseTcs npexage Bcero MarbiMu pasmepamut ny3bipb-
KOB, 4YTO NPUBOAMT K CYLLECTBEHHOMY YBENWYEHWUIO YAENBHOM NOBEPX-
HOCTW MEX(a3HOro KOHTaKTa W PE3KOMY CHVKEHMIO CKOPOCTM BCMbl-
TUS ra3oBoi dasbl. [Ans MUKpOMy3bIpbkoB AvameTpom nopsaka 10-50
MKM YAenbHas NOBEPXHOCTb MEeX(Aa3HOro KOHTaKTa MOXeT JoCTUraTb
500-1000 cm2/cm3, Toraa Kak 4ns ny3bipbkoB MUNIMMETPOBOTO Anana-
30Ha 9TOT MNokasaTefNb, Kak MpaBuno, He mnpesbiwaeT 5-10 cm/cmd.
Takum 006pa3oM, yMeHbLUEHNE XapaKTEPHOro AuameTpa nysbipbka Ha
[1Ba Nopsifika COMPOBOXAAETCS YBENWYEHNEM YAENBHOM MOBEPXHOCTM
KOHTaKTa Takcke Ha [Ba nopsiaka, YTo NPUHLMNUANLHO YCUNMBAET Npo-
LieCCbl pPaCTBOPEHNS KNCIIOPOA B XUOKOCTY.

Peskoe Bo3spacTaHue MexdasHol noBepxHocTH obecneunBaeT
fonee MHTEHCUBHOE U MPOCTPAHCTBEHHOE PABHOMEPHOE HaChILLEHWe
pacTBopa K1CIopOfoM Aaxe Npy OTHOCUTENBHO HU3KOM PaCXofe OKuC-
nuTens, 4to uMeeT ocoboe 3HayeHWe Ans TEXHOMNOMMYECKUX MpoLec-
COB, MPOTEKAILLMX B NMOPUCTLIX Cpeax 1 (UNbTPYIOLMX rOpU3oHTaX,
BKII0Yas N0A3EMHOE BblLLenaynBaHme ypaxa.

C nosnumin ondpy3noHHON KMHETUKM MEPEHOC KUCrmopoga Yepes
rPaHNLly ra3—XuaKkocTb MOXeT 6bITb ONMcaH nepBbiM 3akoHoM duka:

dc
—, 2)
dx

rae, J — nnotHocTb Anddy3nOHHOro NoToKa, Monb/(M2-c), D — koaddu-

J=-D

LmeHT anddyann, cTC — [PAANEHT KOHLIEHTpaLMu.

B MMKpOI‘IySprngBOI;I CUCTEME YBemnuyeHne CyMMapHoN nnoLaau
MexasHOro KOHTaKTa NPMBOANT K POCTY WHTErpanbHoro AnddysmoH-
HOTO NOTOKA KNCMOPOAA AaXe NPN HEU3MEHHOM rpafueHTe KOHLEHTpa-
unmn. 31o obecneumnsaet Gonee NoMHoOe YCBOEHWE NOAABAEMOrO KICTO-
pofa xwakoit pasoit u cnocobCTBYET NOAAEP)aHMI0 MOBILIEHHOMO W
Bonee OAHOPOAHOTO OKUCIUTENBHO-BOCCTAHOBUTEMBHOMO NOTEHLMana
B 00bEME (PUNBTPYIOLLETrO rOPHU30HTA, YTO SBMNSETCA KIOYEBLIM (PaKTO-
POM YCTOWYMBOTO MPOTEKaHWS OKACTMTEMNbHbIX CTaAWA NOA3EMHOTO
BbILLENAYMBaHMS.

CrabunbHOCTb ra3oBbIX NY3bIPLKOB B BOAE OMPeAensieTcs B3anmMo-
[enCcTBUEM XUAKOM W ra3oBoi a3 Ha rpaHuLe ux pasaena. Kniovesyto
porb B 3TOM MpOLIECCe WUrpaeT MOBEPXHOCTHOE HATSKEHWE, KOTOPoe
dhopmupyeT M3BbITOYHOE BHYTPEHHEE AaBMEHWe BHYTPM Mysblpbka W
TEM CambIM UHTEHCUULMPYET PacTBOPEHHE ra3a B KUAKOCTH.

B cootBeTcTBAN C ypaBHeHueM Jlannaca u3bbITOuHOE [aBnenne
AP BHyTpU Ny3blpbka 0OpaTHO MPOMOPLMOHANLHO €ro paguycy r u
OnucbIBaeTCA BblpaxeHnem. CriegoBaTenbHO, MeHbLWA pagnyc my-
3bipbka COOTBETCTBYET BOMee BbICOKOMY BHYTPEHHEMY [aBnieHmio [8].

20
AP =" (3)
v
rae o — MOBEPXHOCTHOE HaTsKeHue Xugkoct, H/M; r— paguyc ny-

3blpbKa, M.

AaBnenne coctaenset okono 12-15 kfla, YTo CyLIeCcTBEHHO npe-
BbILIAET aHanorMyHbIA NokasaTenb ANns KPYMHbIX My3blpbKoB. Takas
BENUYMHA JaBMNEHUs ABNSETCA JOCTATOYHOM NS YCKOPEHHOTO pacTBO-
PEHUsI Tasa M MOBLILIEHNS NOKANbHOM KOHLEHTpaUMK Kucnopoda B
MPUMNOBEPXHOCTHOM CIIOE XMAKOCTW, HO MPU 3TOM HE NPUBOAMT K MIHO-
BEHHOMY pa3pyLUEHMIO UM HECTaOUIBHOCTY My3bIPbKOB.

lMoa AeicTBIEM CUN NOBEPXHOCTHOMO HATSKEHMSI pasmepbl MUKPO-
My3bIPbKOB MOCTEMEHHO YMEHBLUAKTCS, YTO COMPOBOXAAETCA POCTOM
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BHYTPEHHEr0 AaBNEHWs W [JOMONMHUTENbHBIM YCKOPEHWEM MpoLecca
pacTBopeHus rasa. B pesynbTate B ciucteme gocturaetcs Gonee Bbico-
Kasl KOHLEHTpaLysl pacTBOPEHHOTO ra3a Mo CPaBHEHWIO C TPALWULVMOH-
HbIM1 METOAAMM aspaLi C UCMIONb30BaHWMEM MaKPOMy3bIPbKOB. Takim
00pa3oM, MUKpOMy3bIpbkoBasi aspauumsi obecrneumBaeT LNMTENbHYIO0
CTabunbHOCTL NY3bIPbKOB, 9PAEKTUBHBI NEPEHOC KNCNOPOAa B XWUA-
Kyto pasy 1 MHTEHCU(MKALMIO OKNCIUTENBHBIX MPOLIECCOB.

[lononHUTENbHYI0 YCTONYNBOCTE MUKPOMY3bIpbKOB ObecneunsaeT
¢hopmMMpoBaHME Ha MX MOBEPXHOCTW 3MEKTPUYECKOrO ABOVHOMO Cnos
(Puc.1) [9]. B pesynbTate agcopbunm MOHOB Ha rpaHnLe ras-XuakocTb
ny3bIpbkW MPMOBPETAIOT NONOKNUTENbBHBIA MW OTPULATENbHBIA 3apsA,
4TO NPENATCTBYET UX KOanecLeHLuM (CnunaHmio) 3a CHéT anekTpocTa-
TUYECKOr0 OTTamNKMBaHUS MeXZy My3bipbkamu. OMneKTpocTaTM4eckoe
OTTankuBaHe Mexgy My3bipbkamu obecneunBaeT MX ANUTENbHOE
CyLeCTBOBAHNE B PAcTBOpPe M Crnoco6CTBYET paBHOMEPHOMY pacrpe-
AEeneHnto Kucropoaa no 06bEMY XUAKOCTU U OUMLTPYIOLLEMY TOPU3OH-
Ty. [laHHbI 3ddeKT MMeeT NpUHUMNMAnbHOe 3HaYeHne Ans npolec-
COB MOA3EMHOMO BbILLENauMBAHNS YpaHa, MOCKOMbKY MO3BOMSET CHY-
3UTb  MPOCTPAHCTBEHHYd ~ HEOQHOPOAHOCTb  OKUCMMTENbHO-
BOCCTaHOBUTENbHbIX YCrIOBMiA U obecneunTs Bonee crabunbHoe npo-
TeKaHue peakLyii OKCTIeHNs! YypaHOBOW MUHepanuaaLum.

Mexdainan
NOBEPXHOCTL

9 </
InexTpuyecknin
ABOAHOA CNOR

o/

+90+9+
0'°0

Puc. 1. Cxema Mukpony3bipbka B XXMAKOCTU C hopMMPOBaHUEM dnek-
TPWUYECKOTO ABOVHOIO CNOSA Ha rpaHuLie ra3—KMAKOCTb W HanpaBneHu-
em audpdrysum kucnopoaa B pactsop.

Mpu paspylieHni (MMNIo3uK) MUKPOMy3bIPbKOB B BOAHOM Cpeae
BONM3N X MOBEPXHOCTU (POPMUPYIOTCS KPATKOBPEMEHHBIE MOKANbHbIE
30Hbl C 9KC-

TpemanbHbIMM - OU3MYECKUMM  NMapaMeTpaMy, XapakTepuaytoLuecs
Pe3ko MOBbILLEHHBIMU TEMNEpaTypamit (40 HECKOMbKMX ThiCAY KENbBY-
HOB) W AaBMEHWsMMW, JOCTUraloLLMMK CoTeH atMocdep (puc. 2). He-
CMOTpS! Ha KpalHe Marnylo NpOoJOIKMTENLHOCTb CyLLECTBOBaHMS, AaH-
Hble MWKPO3OHbI 0OMafaloT BbICOKOW SHEPreTMYecKol NNOTHOCTbIO,
[OCTaTOMHOW AN WHULMMPOBAHUS HEPABHOBECHBIX XMMUYECKUX Mpo-
L{eCCoB, NPUHLMNMANBHO OTAMYAIOLLMXCS OT PeakLui, NpoTeKatoLLmx B
00bEMe pacTBopa Npn 06bI4HBIX TEPMOAMHAMUYECKIX YCIIOBUSIX.

®opmrpoBaHmMeE Taknx BbICOKOSHEpreTU4eckux obnactei cBsabiBa-
10T C ObICTPbIM CKaTUEM rasoBoi (hasbl W KOMMancom rpaHuubl ras-
XUIKOCTb, COMPOBOXAAKOLMMCS NOKambHbIM HapyLIEHEM CTPYKTYpbI
BOAOPOAHbIX CBSA3EN B BOAE. B aTUX yCroBMsX MPOMCXOANT WHTEHCH-
hvKaLms ANeKTPOHHO-PaAMKarbHbIX MPOLECCOB, MPUBOAALLMX K obpa-
30BaHWI0 akTUBHbIX popm kucnopoga (A®K), obnagarowmx BbiCOKoOM
PeakUMOHHOM CNOCOBHOCTBIO.

K uncny ocHoBHbIX ADK, opMUPYIOLLMXCA B MUKPOMY3bIPbKOBOW
cpefe, OTHOCATCA MApOKCUNbHble paaukansl (*OH), cynepokeua-
paaukan-aHnonbl (Oz¢ ), ruoponepokcunbHble pagukansi (HOz), a
Takke nepekuck Bogopoaa (Hz20z) [10]. YnpowwéHHas cxema ux obpa-
30BaHNA MOXeT ObITb MpeAcTaBneHa creaylowen nocnesoBaTenbHo-
CTbI0 peaKuun:

0,+e -0,

)
O, +H" > HO,

©)
H,O - H+OH

)
2-OH - H,0,

U]

CnenyeT OTMETUTb, YTO NPUBEAEHHAS CXEMA HOCUT 0BOOLLEHHDIN
XapakTep M OTpaXaeT NMWb OCHOBHbIE HanpaBNEHUs papuKanbHbIX
npeBpalleHnit. B peanbHbix cucTEMax BO3MOXHbI 6onee CrnoxHole
LienHble peakuum C y4acTMeM MPOMEXYTOYHbIX aKTWBHbIX 4acTul, a
TaKke B3ammopencteme AOK ¢ noHamn Metannos, MUHepasneHoi Mat-
pyLer 1 OpraHUYECKUMM KOMMOHEHTaMM NNACTOBOM CPeabl.

CchopmmpoBaHHble akTMBHbIE OPMbI kucnopoga obnagarT 3Ha-
unTenbHo Bonee BbICOKUM OKACTUTENbHBIM MOTEHLMANOM MO CpaBHe-
HWK C MONEKYNSPHBIM KMCMOPOZOM. B 4acTHOCTW, rOpOKCUIbHbIN
pagukan oTHOCUTCA K 4ncny Haubonee CUMbHbIX OKUCTIMTENEN B BOA-
HbIX cuCTeMax W CnocobeH MHWLMMPOBATbL OKUCMEHWEe TPYAHOPAacTBO-
PUMbIX COEAMHEHWI ypaHa. Mepeknck BOAOpoaa, sSBnssck bonee cra-
OUIbHBIM OKMCIIMTENEM, MOXET MUIpUpoBaTb B 0O6bEMe pacTBopa M
y4acTBoBaTh B peakumsx okucnenus U(IV) paxe Ha HekoTopom pac-

Cxnonbisanue
MMKPONY3blpbKa

/TR I

Bblcoxomeprerme(ua 30Ha
%

Boicokan remneparypa,
AaBnexmne

MMnno3us MUKpony3bIpbKoB:
KparkoBpemeHHbIe 30Hbl BLICOKOWH IHEpruu

H,0 =0, —>*OH —>*0H —>*0,"

3HepreTHUecKHin HMNYNBC

H,0 —-OH + H* —> +0;" —> H,0, — *OH qﬁ—’ @9

— 002-

4

Peakuymuu pagukanos

» OH ¢ H202
Twapokcunbhoit  Cynepokcna-
paamkan aHUOH

Puc. 2. Cxema padukanbHbIx peakyull u 06pazoeaHusi akmueHbIX hopM Kucsiopoda Nnpu UMNI03UU MUKPONY3bIPbKO8
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B ycnoBusix Nog3emMHOro BbllLenayMBaHus ypaHa AaHHble aKTvB-
Hble OKUCTUTENW TeOopeTUYecki CnocobHbl CNocoBCTBOBATL YCKOPEH-
HOMY MpeBpALLEHN0 YeTbIPEXBANEHTHOTO YpaHa B LUECTUBASIEHTHOE
cocTosHue. B wactHocTw, peakuns okucnenus U(IV) nepekucbio Bogo-
poaa MOXeT ObITb OnMcaHa ynpoLLEHHbIM YpaBHEHNEM:

U, +H,0, >UO,” +2H" (8)

4TO NPMBOAVT K 06PA30BAHMIO MOLBWKHOMO YPaHWM-MOHA, nerko obpa-
3YI0LLEro pacTBOPUMbIE KOMMIEKChI B PACTBOPaX.

B BOCCTaHOBNEHHbIX 30HAaX YpaHOBbIX Pyd 3HAYMTEMNbHAS YacTb
Kenesa HaxoguTcs B AByXBaneHTHON dopme (Fe2*), cBA3aHHOM C Mu-
HepanbHoI MaTpuLEeN NPOLYKTUBHOTO Nnacta. Takue 30Hbl XapakTepu-
3YI0TCH MOHWKEHHbIM OKUCMUTENBHO-BOCCTAHOBUTENbHBIM MOTEHLNA-
nom 1 0BbI4HO cofiepaT ypaH MPenMyLLEeCTBEHHO B YeTbIpEXBareHT-
HOM COCTOSHWW, 06MafatoLLEM HU3KOI PAaCTBOPUMOCTIO.

B ycnoBusix TpagnuMoHHOrO NOA3EMHOTO BhILLENAYMBaHMS OKUCTIE-
HME 3TWX Y4acTKOB MOXET MpOTeKaTb MEANEHHO 13-3a OrpaHUYEHHON
pacTBOPUMOCTU KUCTOpOLA U €ro HepaBHOMEPHOrO pacrnpefeneHus B
(UNbTPYHOLLEM rOpU30HTE. TEOPETUYECKN NPUMEHEHNE MUKPOMY3bIpb-
KOBOI aspaLuu MoxeT cnocobcTBoBaTh Bonee ahdheKTMBHOMY OKMCTe-
HUKO Fe2+ 3a CYET yBENMUEHUS KOHLEHTPaLMM PacTBOPEHHOTO KCMOPO-
[a W BpPEMeHU KOHTaKTa ra3oBoil u xwuakon a3. B Takux ycrnosusx
npeanonaraeTcs npoTekaHue peakuuin okucneHns Fe2* MonekynspHbIm
KNCMOpOJOM:

4Fe™ +0,+4H" > 4Fe™ +2H,0. 9)

Kpome TOro, MMNnoausi MUKpOMy3bIpbKOB MOXET CTUMYNUPOBATb
obpa3oBaHMe aKTMBHbIX hOPM KUCNOPOAA, BKMIOYAs MMOPOKCUMbHbIE
papukanbl (*OH). 3T pagukanbl OPMUPYIOTCS, B YACTHOCTU, Yepes
KaTanuTUYECKOE pa3noXeHWe nepokcuga BOAOPOdA B MPUCYTCTBUM
Fe2t, 4To COOTBETCTBYET KIaCCU4eCKoil peakLmun PeHToHa:

2 —
Fe** + H,0, > Fe’* + OH + OH (10)

Takum obpasom, cuctema Fe2+/Fe3* moxeT paccMaTpuBaThCs Kak

MEeXaHW3M pefoKC-LuKna, 06ecreumBaloLero LMpKYNaLMIO OKuenu-

TpaguumoHHas (o06biuHas) aspauus
NPOAYKTUBHOrO nnacra

=

3KUH Eh s
TS

T

TENbHO-BOCCTAHOBUTENBHOMO MOTEHLUMana B pacteope. MuKpony3bipb-
KoBas aspaLus TEOpeTUYeCckU NOAAEPKUBAET 3TOT LMK 3a CHET yBe-
TINYEHHOW KOHLIEHTPALMW pacTBOPEHHOTO KUCMOPOAa U TeHepaLu
aKTUBHbIX OKUCTIUTENEN, YTO MOXET CrocobCTBOBATb MEPEHOCY OKUC-
NUTENbHOTO MOTeHUMana Briybb BOCCTAHOBMEHHbIX 30H nnacta W
obneryaTtb OKUCNEHNE YCTONYMBLIX BOCCTAHOBUTENbHBIX KOMMOHEHTOB,
3aMeansoLLMX Nepexos ypaHa B pacTBOpUMYIo hopmy.

lMpoTekaHne nogobHbIX peakumii B MUKPOMY3bIpbKOBOW Cpefne
TEOpeTUYeckM CnocobHO KOMMEHCUPOBATL NOKambHble  AeduumThI
pacTBOPEHHOTO KMCMopoaa 1 cnocobCTBOBATH MOBBILIEHUH YCTONYMBO-
CTU OKUCIUTENBHOTO pexuma B npefenax (unbTpyLero ropusoHTa
(Puc.3). ®opmupoBaHue akTUBHBIX (HOPM KMCIIOpOAa U UX BO3MOXHOE
y4actue B OKWCTIMTEMbHBIX MPEBPALLEHMsX creayeT paccMaTpuBaTh
KaK JONOMHUTENbHbIA MEXaH3M, YCUIMBAIOLLMIA AEACTBIUE MONEKYNSP-
HOTO KMCIOpOofa W pacluMpsioLLmMiA [uanasoH YCroBUA, MpU KOTOPbIX
MOXET OCYLLEeCTBNATLCA 3(PEKTUBHOE OKUCIIEHNE YPaHOBOW MUHEpa-
nu3auum.

CHxeHWe MPOHNLAEMOCTM MPOJYKTUBHOMO nfacta npu noaseM-
HOM BblILeNaYMBaHMN ypaHa 0ObIYHO CBSI3aHO C 0Opa3oBaHMeM BTO-
PWYHBIX OCAZKOB r1NCa N COEAMHEHWIA Xenesa B 30Hax Pe3kux U3MeHe-
HWI OKUCNUTENbHO-BOCCTAHOBMTENBHOTO noTeHuuana (Eh). HepasHo-
MEpHOE pacrnpeaeneHne pacTBOPEHHOTO KMCMopoaa B OUIbTPYHOLLEM
TOPU30HTE MPUBOAMT K NOKanM3aLuv OKUCTIUTENbHBLIX MPOLECCOB W
00pa3oBaHMio OTAEMbHbIX Y4aCTKOB WHTEHCWUBHOTO Ocaakoobpasosa-
Hua. C TOYKM 3peHWst MPOLLECCOB MacconepeHoca W OKMCTUTENbHON
KMHETUKM MOXHO MPEeanonoxuTs, Yto 6onee paBHOMEPHOE MoCTynne-
HWe kucnopoda v crnaxusaHue Eh no o6wémy nnacta cnocobersyet
CHVXXEHWIO MHTEHCMBHOCTW BTOPUYHOTO 0CaaKoobpasoBaHus, YTo Mo-
XET NPUBECTU K COXPaAHEHMIO (PUNBTPALIMOHHBIX CBOWCTB U NPOHULiae-
MOCTM NPOAYKTUBHOTO FOPHU30HTA.

MeToabl MomnyveHnst MUKPOMY3bIpbKOB MOXHO KraccuduumpoBaTh
Ha hpM3nNYecke M XMMUYECKUe METOLb! B 3aBUCMMOCTM OT Xapaktepa
1x obpasoBaHus [11]. [ns nony4eHnst MUKPONy3bIpbKOB MPUMEHSIOTCS
pasnuyHble TUMbl reHEPaTOPOB - KAaBUTALMOHHbIE, MEMBPaHHbIE, nek-
TpoxumMmM4yeckne 1 Buxpesble (Tabm. 1). Beibop KoHkpeTHoro Twna
OnpedensieTcss COCTABOM  TEXHOMOIMYECKoro pactBopa, pabounm
[aBrneHnem u Tpebyemoi NPoM3BOAMTENBHOCTLH), NOCKONbKY KaKAbIA
meToz 06nafaeT CBOMMM 0COBEHHOCTAMM M NPENMYLLECTBAMM.

Mukpony3sbipkoBasi aspayus
NpPoOAYKTUBHOIO ruiacra

| 3oHa ¢un$1"pauuu

S T
-
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Puc. 3. CpaBereanaﬂ cxema Tpa,qMLWIOHHOﬁ n MMKpOI'Iy3prbKOBOl7I adpauuu npoayKTUBHOro nnacrta
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Tabnuua 1
CpaBHUTENbHasA xapaKTepucTka reHepaTopoB MUKPONY3bIPbKOB
. OHepronoTpebnexue,
Twvn reHepatopa MpuHuun pevictus Pa3mep ny3bipbkoB, MKM (BTl OcobeHHOCTH
lMpocTas KOHCTPpYKLMS,
KABATBLIAOHHbI 'mopoguHamuyeckas kaBuTa- 20-80 05-0,8 OTGYTCTBUE MOABKHBIX
LWsi B IOTOKE yacTel, orpaHN4eHHbIN
KOHTpOMb pa3mepa
n PaBHomepHoe pacnpegaene-
; pocaynBaHve rasa yepes
Mem6paHHbIi 0,3-0,5 Hue, TpebyeTcs ouncTka
MUKPOMOPb!
MeMBpaHbl
OneKTponu3 Bofbl C Bbifene- Fewepalyn ny3bipbios 8
OnEeKTPOXUMUYECKNI P - 10-30 0,4-0,7 NOTOKe, BbICOKas YCTOTa
2 Kucnopoaa
T T T T T o VIHTeHCHBHOE NepemelunBa-
Buxpesoit pauy prp 10-50 0,6-0,9 HWe, NOBbLILLEHHOE 3Heprono-
BaHMe NoToKa
Tpebnexue

Hanbonee nepcnekTMBHbIMI AN CUCTEM NOA3EMHOTO BblLLena-
UMBaAHMS SBMAOTCS MeMOpaHHble W KaBUTALMOHHbIE TeHepaTopbl,
obecneumBaloLLme BbICOKYID CTEMeHb PaCTBOPEHMS KWUCropoda npw
YMEPEHHOM 3HEPronoTpebneHum.

[ns BHeOpeHWS MMKPOMy3blpbKOBOM TeXHomoruu B cxembl 1B
Heobxoaumo obecneunTb nofayy rasoXKWAKOCTHOW CMecu B nnacT
6e3 noTepu MUKpPOZMCNEPCHON CTPYKTYpbl My3bipbkoB. CyliectByet
[Ba OCHOBHbIX N0AX0Aa:

1. dopmMpoBaHMe MUKPOMY3bIPLKOB Ha MOBEPXHOCTU, nepeq
nojaveil pacTeopa B HarHeTaTenbHyto cuctemy. a3 BBoAUTCA Yepes
reHepaTop, YCTaHOBNEHHbIA HA NHMK nogayw. Mpu TpaHCnopTUPOB-
ke BO3MOXHa KoanecLeHLms ny3bipbKoB, YTO TpebyeT npuMeHeHns
cTabnnmsaTopoB 1NN MMApOAMHAMUYECKIX BCTABOK.

2. [eHepaumns MUKPONY3bIPbKOB HEMOCPEACTBEHHO B npedmnb-
TPOBOW 30HE CKBaXMHbI. B aTOM cnyyae ra3 nogaéTcs nog AaBneHu-
€M B MOTOK pacTBopa, NPOXOAALLMIA YePe3 KaBUTALMOHHbIE UK MeM-
OpaHHble anemeHTbl, 4TO0 obecneunBaeT HOPMUPOBAHME MUKPOMY-
3bIpbKOB MPAIMO B 30HE (DUNbTPa M PaBHOMEPHOE pacnpeaeneHue
kucnopoga B nnacre.

Mpn BbIBOpE reHepaTtopoB Ans 1B Heobxogumo yunTbiBaTh
MWUHEpanu3aLmio TEXHONOTMYECKNX PAaCTBOPOB, COAEPXaHNe MexaHu-
YeCKMX MPUMECEN W PUCK 3annnBaHNs (UNbTPOB.

MpuMeHeHe MUKPOMY3bIPbKOBO aspauum B cucTeMax nogsem-
HOrO BbILeNauMBaHNa ypaHa npefcrasnsietT cobon nepcnekTuBHOE
HanpaBneHve, cnocobHoe MoBbiCUTL 3hEKTMBHOCTL MpoLecca 3a
CYET KOMNMeKca B3aMMOCBS3aHHbIX (HU3MKO-XMMUYECKUX W TMAPOAN-
Hamunyeckux hakTopos. B nepsyto ouepenb, UCNONb30BAHME MUKPO-
ny3bIpbkoB 00ECNeYnT yBENNYEHWe CTEMEHN PacTBOPEHUS KUCMOPO-
Aa B paboyeMm pacTBOpe 3a CYET pocTa yaenbHON MexdasHoi no-
BEPXHOCTU U YBENUYEHUS BPEMEHN yaepkaHWs My3bIPbKOB B XKMAKO-
ctu. Takast 0coBeHHOCTL co3naéT ycnoBus s Bonee NomHoro ycBo-
€HWS KICIopofda PacTBOPOM M NpUBIMKEHNS (haKTUYECKON KOHLIEH-

TpauuM pacTBOPEHHOrO KMCNopoAa K TepMOAMHAMUYECKN BO3MOX-
HbIM 3HAYeHWAM, 4TO OCOBEHHO aKTyanmbHO B YCMOBWSIX BbICOKOM
MUHepanu3aLym NNacToBbIX BOA.

PaBHoMepHOe pacnpeaeneHue MUKpOMy3bIpbkoB B 06BbEME Mpo-
BYKTUBHOTO Nnacta MOXeT crocobcTBoBaTh CTabunmsaunum okucnm-
TeNbHO-BOCCTAHOBUTENBHOMO MOTEHLMana pacTBopa Ha MOBbILLEH-
HOM YpOBHE, Kak npaBuno B auanasoHe +550...+600 mMB, uTo aBnseT-
cs bnaronpusATHLIM ANS YCKOPEHHOTO Nepexofa TPyAHOPacTBOPUMO-
ro U(IV) B nogswxHyto wectusaneHTHyto dopmy U(VI). Mogaoepxa-
Hue cTabunbHoro Eh ymeHbliaeT BAMsHWE MOKanbHbIX BOCCTAHOBM-
TenbHbIX GapbepoB, MOBBILAET KMHETUYECKYID OJHOPOAHOCTb Mpo-
Liecca BbllenaynBaHns 1, kak cneacteue, CrocobeTeyeT pocTy Ko-
adduumeHTa 3BneyeHns ypaHa.

[ononHutensHbiM - 3PAEKTOM  MUKPOMY3bIPLKOBON — a3paLum
SIBNAETCA PALMOHANM3ALIMA PACcX0Aa OKUCIIUTENS: MOBbILLEHNE KO3(-
(DULMEHTa YCBOEHMNA KUCOPOAA YMEHbLIAET noTepu rasa ¢ ¢ason u
CHIKaeT BEPOSTHOCTb (POPMMPOBAHNS BOCCTAHOBUTENbHBIX 30H B
(hUNbTPYIOLLEM FOPU3OHTE, YTO BNAronpUATHO OTPaXaeTcs Ha reoxu-
MWYeckoil cTabumnbHOCTY NPOAYKTUBHOIO NnacTa.

Takum 06pasom, NPOBEAEHHbI TEOPETUYECKM aHanN3 NOATBep-
KAaeT LienecoobpasHoCTb BHEAPEHUS MUKPOMY3bIPbKOBOW TEXHOMO-
MW KaK MHCTPYMEHTA WHTEHCMDMKALM NPOLIECCOB MacconepeHoca 1
YCUNEHNs: OKUCTIUTENbHBIX PeakLuil B MOA3EMHOM BhbilLenaunBaHum
ypaHa. PaccMOTpeHHble (U3MKO-XMMUYECKME MPEAnoChINKK CBuae-
TENbCTBYIOT O BO3MOXHOCTW TMOBBILLEHNS CTEMEHN PaCTBOPEHMS
kucnopoga, crabunusaumn Eh v ynydlleHus KMHeTMKM U3BneYeHus
ypaHa. [ins npaKkTUYeckoi peanu3auun ykasaHHbIX MpenMyLLecTs
HeobXOAMMbI  3KCTIEpUMEHTanbHble  WUCCNE[0BaHUs, BKMIOYaloLLMe
nabopaTopHble 1 NONYMPOMBILLINEHHBIE UCMbITAHNUS, @ Takke paspa-
60TKy MHXKEHEpHbIX peLUeHWd, aaanTUPOBaHHbIX K  reororo-
TEXHONOTMYECKMM YCIOBUSM KOHKPETHBIX YPaHOBbIX MECTOPOXAEHUIA.
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YOK 622.775:622.277 DOI:10.70769/2181-7383.MBU.3(106).2026.4

MOBbILEHWE ®UNbTPALMUOHHBIX CBOUCTB )
TEXHONOI’MYECKUX PACTBOPOB YYACTKA B «MOUBYITOK»
NP1 NOA3EMHOM BbILWENAYUBAHUU YPAHA

®ansynnaes Ox.C., Kyp6oHos K.B., PysueB B.T., TumepGynatoB A.P., YTaes C.M.

I'M «HasouitypaH», Pecnybnuka Y3bekucrax

AnHomayus. B cmambe paccMompeHa mexHonoauyeckasi npobrieMa CHUXEHUS NpUeMUCMOCMU HagHemamerbHbIX CK8aXUH y4acmka no03eMHO20 eblLyenayu-
8aHus «Motibynok», obycroeneHHas konbMmamayuel npu3abolHol 30HbI U yXyOweHueM (unbmpayLoHHbIX XapakmepucmuKk MexHo/mosudeckux pacmgopos. Ha
OCHOBAHUU aHarnu3a XUMUYeCcKo2o cocmasa NPodYKMUBHBIX U X80CMOBbIX PacCMeOpPo8 YCMaHOBMEHO, YMO OCHO8HbLIM (hakmopoM KoflbMamayuu siensemcs obpasoga-
Hue cynbghamHo-kanbyuesbix omioxeHut, npeumywecmeerHo eunca CaSO4-2H-0, 8 ycrogusix 8bICOKOU MUHepanu3ayuu pacmeopos U pocma KOHUeHmpayuu cyib-
¢ham-uoHos npu nodkucneHuu neped copbyueli. MpedcmassneHs! pesynbmamsl nabopamopHbIx ucciedosaHull 8MUSHUS aHmuckaaHma Ha 0CHO8e OKCU3MUITEHOEH-
duepocghorosoli kucinomsl (OS®) u a3omHoll KUCIombI Ha CKOPOCMb 2pasumayuoHHol unbmpayuu pacmeopos. [TokazaHo, Ymo dosuposka OS® 5 me/n nosbi-
waem ckopocmb ¢hunbmpayuu xgocmossix pacmeopog ¢ 308,2 0o 439,6 n1/(4-m2), mo ecmb do 142,9 % om ucxodHo2o yposHsi. A3omHas Kucioma 8 dosupogke 0,5
mn/n obecnedusaem conocmasuMOoe ysenu4eHue ckopocmu unbmpayuu, 00HaKko xapakmepusyemcs 6oree 8bICOKUM yOenbHbIM pacxodoM peageHma. [jononHu-
mesibHasi cepusi 0nbimos Ha ucxo0HoM npodykmugHom pacmeope JICY-1 nokasana makcumarnbHbIl NPUPOCM CKopOCcMU (hunbmpayuu npu Co8MeECMHOM NOOKUCTEHUU
U hpuMeHeHuU aHmuckanaHma. [omydeHHble pesynbmamsi 060CHOBbIBaKM LenecoobpasHoCMb 0NbIMHO-NPOMbIWIEHHOU NPOBEPKU NPOghuTaKmu4yeckozo 003upoga-
Husi OOL® u peznameHmMUpo8aHHO20 KUCIOMHO20 8030elicmausi A 80CCMAaHOBEHUS NPUEMUCMOCMU CKBaXUH.

Kntoyesbie cnoea: nod3emHoe 8biwjenaqusanue, ypaH, Molibymok, koneMamayus, aunc, cynsham kanbyus, unbmpayus, OSL®, aHmuckanaHm, asomHas
Kucroma, npuemMuCmOoCmb CK8aXUH.

«MOYBULOQ» YER OSTI ERITMAGA O‘TKAZISH UCHASTKASIDA
URANNI QAZIB OLISHDA TEXNOLOGIK ERITMALARNING
FILTRATSIYA XUSUSIYATLARINI OSHIRISH

J.S. Fayzullayev, K.B. Qurbonov, B.T. Ruziyev, A.R. Timerbulatov, S.M. O‘tayev
“Navoiyuran” DK, O‘zbekiston Respublikasi

Annotasiya. Maqgolada «Moybulog» yer osti tanlab eritmaga o‘tkazish (kimyoviy leaching) uchastkasidagi yuboruuvchi quduqlarning qabul gilish qobiliyati
(yutuvchanligi) pasayishi bilan bog'liq texnologik muammo ko'rib chigilgan. Ushbu muammo quduq tubi zonasining kolmatatsiyalanishi (g‘ovaklarning bitib qolishi) va
texnologik eritmalar filtratsiya xarakteristikalarining yomonlashishi tufayli yuzaga kelgan. Mahsuldor va qoldiq (vaqtinchalik va tozalangan) eritmalarning kimyoviy tarkibi
tahlili asosida shu aniglandiki, kolmatatsiyaning asosiy omili — eritmalarning yuqori minerallashuvi hamda sorbsiya oldidan kisbta qo‘shish (kislotali muhitga o'tish)
jarayonida sulfat-ionlar konsentratsiyasining ortishi sharoitida sulfat-kalsiyli cho'kmalarning, asosan gips (CaSO4-2H20) hosil bo'lishidir.Eritmalarning gravitatsion filtratsi-
ya tezligiga gidroksietilidendifosfon kislota (GEDFK) va nitrat kislotasi (HNO3) asosidagi antiskalantning (cho'kmaga qarshi reagent) ta’sirini laboratoriya sharoitida
tadqiq etish natijalari taqdim etilgan. GEDFKning 5 mg/I dozasi qoldiq eritmalarning filtratsiya tezligini 308,2 dan 439,6 I/(soat-m? gacha, ya'ni dastlabki darajaga nis-
batan 142,9 % gacha oshirishi ko'rsatilgan. Nitrat kislotasi 0,5 ml/l dozasida filtratsiya tezligining shunga o‘xshash o'sishini ta'minlaydi, biroq u reagentning yuqori
solishtirma sarfi bilan xarakterlanadi. Moybuloq maydoni MSU-1 dastlabki mahsuldor eritmasida o'‘tkazilgan qo‘shimcha tajribalar seriyasi shuni ko'rsatdiki, filtratsiya
tezligining maksimal o'sishi bir vaqtning o'zida kislota bilan muhitni kislotalash va antiskalantni qollash orqali erishiladi. Olingan natijalar quduglarning qabul qilish qobili-
yatini tiklash uchun GEDFKni profilaktik dozalash va reglamentlangan kislotali ta’sir ko'rsatish usullarini tajriba-sanoat sinovidan o‘tkazish magsadga muvofigligini aso-
slab beradi.

Kalit so‘zlar: yer osti tanlab eritmaga o ‘tkazish, uran, Moybulog, kolmatatsiya, gips, kalsiy sulfat, filtratsiya, GEDFK, antiskalant, nitrat kislotasi, quduglarning qabul
qilish qobiliyati.
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IMPROVING THE FILTRATION PROPERTIES OF TECHNOLOGICAL
SOLUTIONS AT THE “MOYBULOK?” ISL SITE DURING IN-SITU

LEACHING OF URANIUM

J.S. Fayzullaev, K.B. Kurbonov, B.T. Ruziev, A.R. Timerbulatov, S.M. Utaev

“Navoiyuran” State Enterprise, Republic of Uzbekistan

Abstract. The paper addresses a critical technological challenge: the decline in the injectivity of injection wells at the "Moybulok" in-situ leaching (ISL) site, caused
by intensive near-wellbore clogging (colmatation) and the subsequent deterioration of the filtration characteristics of processing solutions. Based on a comprehensive

chemical analysis of both pregnant (PLS) and barren (BLS) solutions, it was established that the primary driver of clogging is the precipitation of calcium sulfate scale,

predominantly in the form of gypsum (CaSO4-2H-0). This process occurs due to high overall solution mineralization and a sharp increase in sulfate ion concentration
during the pre-sorption acidification stage. To mitigate this issue, laboratory investigations were conducted to evaluate the effects of an antiscalant based on hydroxy-

ethylidene diphosphonic acid (HEDP) and nitric acid (HNOs) on the gravity filtration rate of the technological solutions. The experimental data demonstrate that a preven-

tive HEDP dosage of 5 mg/L increases the filtration rate of barren solutions from 308.2 to 439.6 L/(h-m?, reaching 142.9% of the initial baseline. While introducing nitric
acid at a dosage of 0.5 mL/L provides a comparable improvement in filtration dynamics, it is associated with a significantly higher specific consumption of the chemical
reagent. Furthermore, an additional series of experiments performed on the initial pregnant solution from the local sorption unit (LSU-1) revealed that the maximum in-
crease in filtration efficiency is achieved through a combined approach of synchronized acidification and antiscalant application. The obtained experimental results justify
the technical and economic feasibility of moving to pilot-scale testing for preventative HEDP dosing and regulated operational acid treatments to successfully restore and

maintain injection well injectivity.

Keywords: in-situ leaching, uranium, Moybulok, clogging (colmatage), gypsum, calcium sulfate, filtration, HEDP, antiscalant, nitric acid, well injectivity.

BBepeHue

B TexHOMorMM nog3eMHoro BbilenayunBaH1s ypaHa yCTOMYMBOCTb
TMOPOLMHAMUYECKOTO PEXMMa SIBMSIETCS OOHUM M3 OMpefensioLLmx
akTopoB 3hheKTMBHOCTM pa3paboTki NPOAYKTUBHOTO TOPU3OHTA.
MMpy CHKEHUM NPUEMUCTOCTU HarHeTaTENbHbIX CKBAXMH HapyLLaeTcs
GanaHc Mexay 3akaukol 1 OTKa4KOi pacTBOPOB, YMEHbLLAETCS Npou3-
BOAWMTENbHOCTb y4acTka, BO3pacTaeT 4acToTa BOCCTAHOBUTENbHbIX
npokayek 1 yXyALaeTcs ynpaBnsieMoCTb MpoLecca BbilenaymBaHus
[1].

Ha yuacrke IB «Moitbynok» paboTbl N0 NOA3EMHOMY BbilLenaym-
BaHWto Bbinu Havatbl B 2015-2016 IT.; B HayambHbI Nepuog UCMbITbI-
BanMCb pasnuyHble Cnocobbl MHTEHCU(MKALMN, BKITHOYAS MPUMEHEHUE
TUNOXIOpUTa HaTPUsl, TEXHWYECKOTO KWCMOPOAA, PacTBOPOB CEPHOM
KMCMOTbI M HAZlyB CKATOro BO3AyXa. YCTOMYMBOTO TEXHOMOIMYECKOro
adpekta at meponpusaTus He obecneumnu. lNocne BO306HOBNEHMS
pa6ot B 2020 r. OCHOBHbIM OKMCNUTENEM CTan KMCNOpof BO3ayxa,
nogaBaeMbli METOLOM HaflyBa, @ MPOAYKTUBHbIE pacTBopbl ¢ pH 6-7
nepes copbumeit NOAKMCASIOTCS CepHOiA kucnoToit Ao pH 2,6-2,7.

lMpakTuyeckme HabnogeHUs nokasanum, YTo nocne NepUoaMYECcKUX
npokayek NPUEMWUCTOCTb CKBAXWH MOXET KpaTKOBPEMEHHO YBENWYM-
BaTbcst A0 10-12 M3/u, ogHako Yepe3 5-6 CyTOK BHOBb CHUXAETCS A0 2-
3 m3/u. TaKoit xapaKkTep BOCCTaHOBNEHUS CBULETENbCTBYET O NOBTOP-
HOM (hOpPMMPOBAHWM KONMbMATaLMOHHBLIX CTPYKTYp B npu3aboitHon
30He, a He TOMbKO 0 BPEMEHHOM MeXaHUYeCKOM 3acopeHun unbTpo-
BOW 4aCTy CKBaXWHbI.

Llenbto HacTosLwen paboTbl ABNANOCH Hay4YHO-TEXHMYeckoe oboc-
HOBaHWe npuMeHeHWs aHTuckanaHta O30 u kucnoTHOro BO3gen-
CTBMS ANS MOBbILIEHNS (DUNBTPALMOHHBIX CBOMCTB TEXHOMNOrMYECKUX
pacteopoB yyactka B «Monbynok» 1 crabunusayum npuemmucToctm
HarHeTaTeNbHbIX CKBaXWH.

O6beKT nccnefoBaHMsA U NOCTaHOBKa NPobnemb

O6bekToM MCCnenoBaHNs SBNSNNUCH TEXHONOTNYECKME PaCcTBOPbI
yyactka MB «Molibynok», BKMtoYast NPOAYKTUBHLIA PacTBOp, pacTeop
nocne noakucneHus neped copbuneit n XBOCTOBbIE PacTBOPbI COp6-

umm. Ocoboe BHUMaHWe ygeneHo cucteme Ca?t - SO42 - HCOy -
H2S04, NOCKONbKY UMEHHO M3MEHEHWE COOTHOLIEHWS MOHOB KarbLus,
CynbdaT-oHOB U KWUCMOTHOCTM OnpefensieT BeposiTHOCTb obpa3osa-
HWS CynbaTHO-KarnbLMeBbIX 0CAAKOB.

B ceHTabpe 2025 r. Ha yyacTke ObIno 3admkcpoBaHo 0bpasoa-
HWE MMOTHBIX TPYAHOPACTBOPUMBIX OTIOXEHUA B TEXHOMOTMYECKNX
KOMMyHMKaLmsx n 0bopyaoBaHuu. JlabopaTopHble ucbITaHWs nokasa-
NN HU3KYI0 PaCTBOPUMOCTb [@HHbIX OTMOXEHUA: Aaxe npu Bo3nei-
CTBUM MWHEpanbHbIX KACMOT U LUENOYen CTeneHb PacTBOPEHUSI He
npesbiwana 2-3 %. Mo pesynbratam nccnefoBaHUil OTNIOXEHUS OTHe-
CeHbl K CynbgaTHO-KamnbLMeBbiM 06pa3oBaHUsAM, NPenMyLIECTBEHHO
mncy CaS04-2H20 (Puc 1).

MoBbiweHne pH NpoayKTMBHLIX pacTBOpoB nepen copbuueit oo
3Ha4yeHns Okoro 4 paHee paccMaTpuBanoCh kak Ccnocod CHKeHWs
ocagkoobpasoBaHus. OfHako JaHHOe MepompusaTe He obecneunno
NOMOXMTENLHOTO  TEXHoMorn4eckoro addekTa U COMPOBOXAANOCH
yXyaLeHnem paboTbl COPOLMOHHON CTafnK, BbIPaXaBLUMMCS B CHIXe-
HUM MPOWU3BOAUTENBHOCTM COPBLIMOHHBIX KOMOHH. MoaToMy AanbHen-
KA MOMCK pelueHnir Obin HanpaBreH Ha peareHTHOe YMpaBneHue
KpucTannusaumeil coneil W BOCCTAHOBNEHWE  (DUNbTPALMOHHBIX
CBOWCTB pacTBOpoB. C 310l Lenbto 6binu 0TobpaHbl Npobbl TEXHONOMM-
Yeckux pacTBopoB ydyacTka «Monbynok». XuMn4eckuii coctaB TEeXHo-
NOTUYECKNX PACTBOPOB NPUBEAEH B HUXecneayloLLeit Tabnuue 1.

[anHble Tabnuubl 1 NOKasbIBaKT, YTO UCXOAHbIA NPOAYKTUBHBIA
pacTBOp MMeeT HeWlTpanbHylo peakumio cpefbl (pH 6,98), conepxut
ypaH Ha ypoBHe 16 mr/n, kanbumit 550 mr/n u cynbgat-uoHsl 2180 mr/
n. Mocne nogkucnenns nepen copbuwen pH cHwkaetcs po 2,62, a
KOHLEHTpaLus CynbaT-MoHoB yBenuumsaeTcs Ao 2760 mr/n. B xso-
CTOBbIX pacTBopax copbumm koHuUeHTpauus SO42 gocturaet 2950 mr/n
NPy COXpPaHEHNM BbICOKOrO COAEPXaHns kanbLus. Takas COBOKYNHOCTb
nokasarenen cosfaeT NPennochINKA Ans NepechIlLeHns pacTBoOPOB Mo
cynbaTy KanbUus 1 KpUCTanIM3auum runca B nopax npoayKTUBHOIO
TOPU30HTA.
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Puc 1. Mpouecc konbmaTauum 1 06pasoBaHue MMNCOBbLIX OTNIOXKEHWUIA B CKBaXMHaX y4YacTka «Monbynok»

Tabnmua 1
XUMUYeCKMil COCTaB TEXHOMNOTMYECKMX pacTBOpOB y4yacTka MB «Moinbynok»
Ne Mpo6a pH U, mrin Caz, mrin Mg2, mrin SiOz, mrin 504, HC03'I|T|2304,
mrin mr/n; Fe
1 [poayKTUBHbI pacTBOp 6,98 16 550 200,9 20,97 2180 292,8; Fe Hlob
lMocne nopkucneHus 2,62 16 535 200,9 25,1 2760 0,11; Fe Hlob
XBocTbl copbuum 2,71 H/o6 545 200,9 29,7 2950 0,12; Fe H/ob

30

TeopeTnyeckoe 060CHOBaHWE MeXxaHM3Ma KONbMaTauuu

KonbmaTtaumst hunbTpaLUMOHHOA 30HbI CKBAXWH MPW NOA3EMHOM
BbILLENaYMBaHNM MOXET UMETb KOMMMEKCHYI0 Npupoay. K BO3MOXHbIM
MeXaHuU3MaM OTHOCATCA 00pa3oBaHWe BTOPUYHBLIX MUHEpanbHbIX
0CafikoB, HabyxaHue W AWCNEPIrMPOBaHWe TNUHUCTLIX MWHEParos,
MeXaHU4eCKWin NePeHOC TOHKOAMCMEPCHBIX YacTuL, a Takke BTOPUYHOE
OCaXJEHNE CMeLLaHHbIX COELMHEHMIA MPKU U3MEHeHUN pH, aaBneHns u
copepkanmusa CO,. OpHako ans yyactka MB «Moibynok» onpegensio-
wym  cpakTopom  sBnsieTcd 06pasoBaHWe  CynbghaTHO-KanbLNEBbIX
OTNOXEHUIA.

MexaHnam 00pa30BaHus runca 3akmnioyaeTcs B TOM, YTO Mpu B3au-
MOZECTBUM CEPHOKUCTIbIX TEXHONOMYECKMX PacTBOPOB C kapboHaTco-
fepxatliMmm nopoaamu U nnacTtoBbIMM BOAaMK NPOUCXOANT nocTynne-
HWe Kanbuusi B pacTeop. OgHOBPEMEHHO NpU NOAKUCIIEHWM PacTBOPOB

1 KOHTaKTe C MOHOODMEHHON CMOIOit BO3pACTaET KOHLEHTPALMS Cynb-
haT-1oHOB. B pesynbTaTe Mpu NokanbHOM U3MeHeHUN pH, cMeLleHumn
NOTOKOB N M3MEHEHWUN TMAPOAUHAMUYECKNX yCJ'IOBI/IVI pacTBop MOXeT
pocTuratb nepecbilerns no CaS04-2H20, 4To NpuBOANT K KpUcTanm-
3auuM rMnca B MOPOBOM MPOCTPAHCTBE U POCTY MMAPaBMMYECKOTO CO-
npoTuenenus (Puc. 2).

Ca2++80,2+2H;0->CaS04-2H,0 (1)

WccneposaHust ocagkoB, 0TOOpaHHbIX M3 CKBaXWH Ha ydqacTke
Moibynak ¢ ucnonb3oBaHnem nabopaTopHOr0 PEHTTEHOBCKOTO au-
thpaktomeTpa Rigaku SmartLab, nogteepaumnu, uto obpasyioLmecs B

CKBaXWHaX OTNOXEHWS NpeAcTaBnsT coboit cynbat KanbLus
(Puc. 3).

rmnca B nopax

o KapboHaTHas
Ce;;:(c)::ggbm nopoaa / MepecsbiweHne
5042~ 1 nnactosas BoAa no CaS04-2H20
Caz+ 1
KpucTanamsauus PocT conpoTusneHus

hunbTpaunum n
CHUXeHne NpueMncTocTy

Ca?* + S04~ + 2H20 - CaS04:2H201

Puc 2. Cxema hopMuUpOBaHUs TMNCOBOIA KONbMaTaLMn B CUCTEME «NOPOAA - PacTBOP»
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Chemical Composition

Phase Quantity (wt-%) O (wt-%)  Si(wt-%)  S(t-%)  Ca(wt-%)
CalciumSulfateDihydrate %38 57.09 000 1807 24
Si02p3221 36 5326 4674 000 000

Weighted Total 10000 5695 169 1838 297

Puc 3. PesynbTathbl peHTreHO(ha30BOro aHanusa ocagkoB, 0TOOpPaHHbIX Ha yyacTke Monbynak, nony4YeHHbIe Ha PpeHTTEHOBCKOM
audpakromeTpe Rigaku SmartLab

AntuckanaHt O3 otHocuTcs K (hoCOHATHBIM WMHIMBUTOpPaM
CONeoTrnoxXeHwii. Ero gelicTeBue CBSI3aHO He C PacTBOPEHWEM Yxe
chopMMPOBaHHOI Macchl Ocagka, a C MofaBneHnem obpasoBaHns
3apOAbILLEA KPUCTANNOB, 3aMeAJIeHNeM pocTa KpUCTamnnoB rvnca u
npegoTBpalLeHnem arperauuu vactuu. Moatomy O3 uenecoobpas-
HO paccMaTpvBaTb Npexae BCEro kak NponnakTMiecknin peareHT ans
cTabunusaummn unbTPaLMOHHLIX CBOMCTB pacTBOPOB [2].

AHTuckanaHT O3[P —rmapoKeMaTUNMAEHANMOCHOHOBas KNCTO-
Ta, OTHOCUTCS K pOCHOHATHBIM MHIMGUTOPaM coneoTnoxeHuin. Mone-
kyna O3[® copepxut ase ocgoHosble rpynnsl —POsH,, cnocobHble
CBA3bIBATLCA C MOHAMM KanbLMs W afcopbmpoBaTbCsl HA aKTMBHbIX
LIeHTpax MOBEPXHOCTW KpUCTannoB cynbdata kanbumsi. Moatomy me-
XaHU3M ero AenCTBUS 3aKMYaeTcs He B CTEXMOMETPUYECKOM PacTBO-
peHun ke cchopMMPOBaHHON MacChl MMNCOBOTO 0cajka, a B MHIMbmpo-
BaHWW CTaguin  3apofbllieobpas3oBaHus M pocTa  KpUCTannos
CaS0,-2H,0.

O6pa3oBaHue runca B TEXHOMOTMYECKNX PAcTBOPax MOXET 6biTb
NpeAcTaBneHo peakuymeit:

Ca**+S0,% +2H,0—CaS0,-2H,0| (2)

B npucytctBum 03[P yacTb MOHOB KanmbLmsi CBA3bIBAETCS (POC-
(hoHaTHbIMM  Tpynnamn ¢ 06pa3oBaHWEM pPaCTBOPUMBIX KanbLui-
hoCHOHATHBIX KOMMEKCOB:

Ca?*+HEDP* 2[Ca-HEDP]* (3)

Kpome Toro, monekynsl O3[® ancopbupytoTcsi Ha aKTUBHbIX LieH-
Tpax pacTyLynx KpUCTanmnoB runca:

=Ca**(nosepxHoctb CaS0O,2H,0) + HEDP4~ 2 =Ca-HEDP*"
(apcopbupoBaHHbIN cnoi)

B pesynbrate GrokvMpytTCs LEHTPbI POCTa KPUCTANNIOB, CHKAET-
cA CKOpOCTb npucoeauHeHns moHoB Ca?* n SO,% K MOBEPXHOCTH
runca, NoaaBnsieTcs YKPYNHEHWe YacTuL U yMeHbLIAeTCs BEPOSTHOCTb
06pa3oBaHmus MNOTHBIX KONMbMATUPYIOLMX OTIIOXEHWUA B MOPOBOM MpO-

cTpaHcTBe. [laHHblii MeXaHu3M MOATBEPXAAEeTCS WCCEeAoBaHNAMM
apcopbuun hocdoHaTOB Ha KpUCTannax runca: yCTaHoBNEHO, YTO AN
TOPMOXEHNS POCTa [OCTATOYHO MOKPBITUS TOMbKO 4-5 % aKTUBHbBIX
LLeHTPOB MOBEPXHOCTH, @ caM npouecc agcopbunm docoHaToB npo-
TekaeT BbICTPO U NpaKTMYeckn HeobpaTmo [3].

Ohcpekt OIP 06BACHAETCSH UMEHHO MOPOrOBLIM MHMMBMPOBAHM-
€M KpUCTannn3aLmm, To ecTb BO3ENCTBUEM Ha 3apOfbILLM U aKTUBHbIE
LieHTPbl pOCTa KpWUCTanmnoB, a He MacCOBbIM PAaCTBOPEHWEM rvnca
(Puc. 4).

[Jeictene O3[® npw posmposke 5 Mr/n cnegyeT paccMaTpusaTh
kak NMoporoBoe MHrMbMpoBaHWe rMncoobpasoBaHus: peareHT He pac-
TBOPSET YK€ CPOPMMPOBAHHYIO MaCcCy MMNcoBOro ocaaka, a bnokupyet
aKTMBHblE LIEHTPbl 3apoAbllueobpasoBaHNs W pocTa  KpUCTansoB
CaS0,-2H,0 3a cueT komnnekcoobpasoBaHust ¢ Ca?* u agcopbunm
(hoctoHaTHBIX TPYNN Ha MOBEPXHOCTW KpucTanmos. [Moatomy O3A®
TEXHONIOMMYECKN LienecoobpaseH npexae BCEro kak mpodunaktuye-
CKWA peareHT Ans NpedynpexgeHus KorbMaTauuu v ctabunusaumm
(PUNbTPALMOHHBIX CBOMCTB PACTBOPOB.)

A30THas! K1CroTa el CTBYeT Mo APYroMy MexaHuamy: oHa obecrie-
UMBaET KUCMOTHOE BO3AENCTBUE HAa MUHEPArbHbIE OTMOXEHNS, paspy-
LWaeT LIEMEHTUPYIOLLME COENHEHUS W CNOCOBCTBYET OUNCTKE NOPOBO-
ro NpocTpaHcTBa. B yacTHoCTU, Npu Hannuun kapboHaTHbIX a3 npo-
TEKaeT peakuus pacTBOpeHns ¢ 06pa3oBaHMeM PaCcTBOPUMBIX HUTPAT-
OB KanbLus:

CaCO3+2HNO3>Ca(NO3)2+C021+H20 (4)

NabopatopHble 1ccnefoBaHns GUNbTPALMOHHBIX CBOWCTB NMPOBO-
JQUIMCb METOZOM [paBUTALMOHHOW chunbTpaumm 6e3 npuMeHeHus
BHELUHEro faBneHus W Bakyyma. B kavectBe unbTpylowein cpenp
ucnonb3oBanach unbTpoBanbHas bymara Tuna «benas nexta» aua-
meTpom 90 MM ¢ nnowagsto gunstpaumm 0,00636 M2 u paamepom nop
7-11 mkm. O6bem chunbTpyemoro pacteopa coctasnsn 0,15 .

B nepBoii cepuu OMbITOB MCCreAoBanucCh XBOCTOBbIE PacTBOPbI
copbumu ¢ pH 2,62. B pacteop seogunu O3[® B fosnposkax 5, 10 n
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MpoHMLaEMOCTb COXpaHeHa,
UNLTPaLMOHHbIE KaHaNbl OTKPbITbI
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Puc 4. Cxema mexaHuama geicteua 030
Tabnuua 2
Brnsume O3 1 HNO3 Ha ounbTpaLyio XBOCTOBbIX pPaCTBOPOB COpOLMM
CkopocTb CkopocTb Pacxon
CocraB pacTBopa Bpewms dunbtpaumm, ¢ nlvac ’ (s-m2) ’ U3meHenue, % peareHTa,
cym/m3
Hegeid Ggaliv) [l 22 275 196 3082 100,0 .
UCXOOHbIN , ; !
XBocTbl copbuun + 5 mr/n
03110 193 2,80 439,6 1429 120,37
XBocTbl copbuum + 10 mr/n
03710 237 2,28 358,5 116,3 240,74
XBocTbl copbuum + 15 mr/n
03710 211 2,56 4019 130,6 361,12
5] CHTSIRRINE 204 265 4160 135,2 385,08
0,2 mn/n
w25 CHIEIIRRINE 193 2,80 4396 1429 970,20
0,5 mn/n ’ ’ ’ ’

Pacyem pacxoda 8binonHeH no ueHosbiM 0aHHbIM 2026 2. u kypcy 1 USD = 12 037,21 cym

15 mr/n, a TaKke a30THy kucnoty B gosuposkax 0,2 n 0,5 mn/n. B
KaXgoM onbiTe UKCMpoBanK Bpems unbTpauyum 3agaHHoro 06bema,

nocre Yero paccuMTbIBaNy CKOPOCTb PUNbTpaLMK B nfyac u yaen
CKOPOCTb (HUNLTPALIKM, OTHECEHHYIO K NroLaan dunbTpa.

bHY!0

150 mn, nepemewrsanme 15 muHyT, otctoit 1 vac. CpaBHuBanMch
yeTbipe BapwaHTa: UCXOAHbIN PacTBOp, MOAKUCIEHHbI PacTBop, Wc-
XOAHbII PACcTBOP C @HTUCKANAHTOM W NOAKUCNEHHBIN PacTBOp C aHTUC-

kanaHTom (Puc. 5, Tabn. 2).

Bo BTOpOJ Cepuv OMbITOB MCCNEAOBaNCcA MCXOAHbIA MPOAYKTMB-
Hbln pacTBop Moibynok JICY-1. Ycnosust onbiToB: o6bem pactsopa
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Puc 5. U3meHeHMe ckopocTH hUnbTpaLmmM XBOCTOBbIX pacTBOPoB npu o6padotke 03P n HNO;

PesynbTtathl Tabnuupl 2 nokaseieatot, 4to kak O3[®, Tak 1 asoT-
Hasl KMCMOTa MONMOXWUTENBHO BIMSIOT HA (DMMbTPALMOHHLIE CBOWCTBA
XBOCTOBbIX PacTBOpoB copbuun. Hanbonee sddekTUBHOM N SKOHOMM-
Yeckun npeanouTMTENbHON A03npoBkon O3NP senseTcs 5 mr/n: Bpems
unbTpauun cokpatyaetes ¢ 275 go 193 ¢, a ckopocTb punbTpaLum
Bo3pacraet ¢ 308,2 po 439,6 n/(4'm2). MMpn yBenu4eHUM [O3MPOBKM
O3® go 10 w 15 mr/n gononmHUTENBHOTO ycureHust addekta He
HabriopaeTcs, 4To MOXET ObiTb CBA3aHO C BOCTUXEHWEM OMTUMarb-
HOM  KOHLEHTpauuM WHMMGMTOpa UM M3MEHEHMEM  KOMMOMAHO-
XUMUYECKOTO COCTOSIHWS PacTBopa.

A30THas kucnota B gosupoke 0,5 Mn/n obecneunBaeT Takol xe
OTHOCUTEMbHBIA MPUPOCT CKOPOCTU unbTpauun - 142,9 %, ogHako
CTOMMOCTb peareHTHol obpaboTku coctasnseT 970,20 cym/m3 npoTuB
120,37 cym/m3® pns O30 5 mr/n. CnefoBaTtensHo, NpY CONOCTaBUMOM

nabopatopHom agppekte O3[P umeeT Gonee BbICOKY TEXHMKO-
9KOHOMUYECKYO MPUBMEKATENBHOCTb [N MOCTOSHHOMO WNM Nepuoau-
4eCKoro NpoMNaKTUYECKOro AO3MPOBAHNS.

[JononHuTensHas cepust ONbITOB Ha NpoaykTUBHOM pacTaope JICY-
1 nopTeepauna BbICOKYK S(EKTUBHOCTL aHTUCKanaHTa. Mpoctoe
noakucneHne pactaopa Ao pH 2,62 noBbICUNO CKOPOCTb (UMbTPaLm
¢ 21,28 o 35,71 Mn/MuH, 4TO CcOOTBETCTBYET NpupocTy 67,8 %. Bee-
JEHNe aHTWCKanaHTa B MCXOAHbIA pacTBop 0Oecneynno yeenuyeHue
ckopoct go 111,94 mn/mun (+426,1 %), ogHako pacTeop ocTaBancs
MYTHbIM. MakcuManbHbIA pe3ynbTaT MoslyyeH npu COBMECTHOM MOA-
KucneHun u fobaBke aHTUCKanaHTa: CKOpoCTb UnbTpaLMK JocTurmna
125,00 mn/muH, npupocT coctasun 487,4 %, a pacteop 6bin npo3pay-
HbIM (Tabn. 3).

Tabmmua 3
CpaBHuTenbHas ahheKTUBHOCTb MOAKVCTIEHUS U aHTUCKaNaHTa Ha CXOLHOM NpoayKTUBHOM pacTeope Moitbynok JICY-1 !
Ne onbiTta YcnoBus pH Bpemsi, MuH CkopocTb, MN/MUH n"pA,Mrz;; ;gﬂg:z:"’
1 VicxoaHbIn pacTBop - KOHTPOIb 6,98 7,05 21,28 0; myTb
2 lMogkucneHHsIn pacTBop 2,62 4,20 35,71 +67,8; npo3payHbIit
3 McxoaHblin + aHTUCKaNaHT 7,35 1,34 111,94 +426,1; MyTb
4 [MofKMCNEHHbI + aHTUCKaNaHT 2,95 1,20 125,00 +487 ,4; npo3payHbIn

MpaKTnyeckoe 3Ha4yeHne JaHHOMO pesyrbTata CoCTOUT B TOM, YTO
MofKUCeHne CTabunnampyeT BU3yanbHOE COCTOSHME pacTopa U
MOXeT ynyywwatb ycnosus copbuum, Toraa Kak aHTMckanaHT okasblBa-
€T OCHOBHOM 3(eKT Ha NpefoTBpaLLEHNe KPUCTanmM3aLnMoHHO-
KonnougHow konbmatauuy. CoBMECTHOE NMPUMEHEHE MOXET paccmar-
pVBaTLCA Kak Hanbonee achheKTUBHLIN TabOPaTOPHbIN PEXIUM, OHAKO
€ro MpOMblLLNEHHas peann3auns JOMKHA OLEHMBATBCS C Y4eTOM
pacxoga KuCMOTbl, BIUSHUA Ha COpOLMIO, KOPPO3WOHHOW aKTUBHOCTM
Ccpeqbl M pexMa 3akayku pacTBOPOB B NNACT.

0GcyxaeHue pe3ynbTaToB

lMony4eHHble AaHHbIE NO3BOMSOT BbIAENUTH BA TEXHOMOMMHYECKUX
HanpasneHus: NpodunakTUYeckoe NpefoTBPALLEHNe TMMCOBOW KOMb-

Yenosusi onbima: 06bem 150 mni; nepemewuganue 15 mux; omemoli 1 yac

maTauuu 1 BOCCTaHOBNEHME (DUNbTPALMOHHON Cpeabl Mpu yxe cdop-
MWPOBAaHHBIX OTNOXeHUsX. [Ans mpocunakTuieckoro HanpasneHus
npeanoyTuTensHbiM aBnsetcs O3 B fo3uposke 5 Mr/n, NockonbKy
[aHHas KoHLUEeHTpauus obecneunBaeT MakcuMarnbHbIi nabopaTopHbIil
3(bchekT NpM MMHMMarnbHOM pacxode peareHTa. bonee BbICOKME KOH-
LeHtpauun O3[® He noBbIwakT 3DDEKTUBHOCTb MPOMOPLMOHANBHO
pacxogy, noaToMy WX npumeHeHne 6e3 [ononHMTENbHOrO 060CHOBa-
HWS1 3KOHOMUYECKU HeLienecoobpasHo.

A3oTHas kucnoTa B foavposke 0,5 Mn/n aemMoHCTpMpyeT conocta-
BUMbIA NPUPOCT PMALTPALMK, HO peannusyeT apdeKT Yepes KUCHoTHoe
BO3JENCTBME W PACTBOPEHWE MMHEPANbHBLIX COEAMHEHMIA. [Moatomy
HNO; uenecoobpa3sHo paccmaTpuBaTb Kak peareHT Mepuoauyeckoi
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00paboTKi CKBaXVH WM Y4ACTKOB C BbIPXEHHON KoNbMaTaLyen, a He
kak OCHOBHOIA peareHT MOCTOSHHOTO A03MPOBAHMS.

C y4eTOM NMpOM3BOACTBEHHBIX HABNIOAEHMIA, NPU KOTOPbIX TMAPO-
AvHamMM4eckas npokayka obecrneynBaeT BOCCTAHOBNEHWE MPUEMMCTO-
CTW TOMbKO Ha 5-6 CyTOK, MPUMEHEHNEe OJHOM MexaHnyeckoro cnocoba
He ycTpaHseT NpuymnHy kKonbmataummn. Hanbonee pauuoHansHoi npea-
cTaBnseTca KOMOWHWpOBaHHas Cxema: MoadepkaHue CTabunbHOro
XMMUYECKOTO PEXMMa PacTBOPOB C NPOMUNAKTUYECKUM AO3NPOBAHNEM
O3[1® n oTgenbHoe pernamMeHTUPOBAHHOE KUCIOTHOE BO3AENCTBUE
ANS CKBaXWH, TA€ Yxe CHOopMMPOBANUCh NNOTHbIE OTIIOXEHNS.

Mpn nepeHoce nabopaTopHbIX pe3ynbTaToB B OMbITHO-
MPOMBILUNIEHHbIE YCTOBUS HEOBXOAMMO Y4MTLIBATH, YTO (UAbTPaALMA
yepe3 OymaxHblil PUNLTP MOAENMPYeT TONMbKO 4YacTb MPOLIECCOB,
MPOVCXOAALUMX B MOPUCTOA Ccpede mnacta. B pearbHbiX ycrnosusx
[OMONMHUTENBHO  BAMSIOT MMHEPArNorMyeckuii  CoCTaB  MecYaHnkos,
COfiepXaHMe MUHACTBIX YacTWL, CKOPOCTb (UNLTPaLKM, AaBheHue,
CO2-6anaHc, TemnepaTypa, CMeLLEHMe MOTOKOB M HEOAHOPOAHOCTH
npu3aBoiiHoN 30HbI. Mo3TOMY ONTUManbHbIE JO3NPOBKM AOMMKHbI YTOY-
HATBCA Ha OMbITHOM Broke ¢ 06s3aTenbHbIM KOHTPONEM NPUEMMCTO-
CTW, XMIMWYECKOTO COCTaBa PacTBOPOB W NokasaTenei copbuum.

BbiBoAbI

OCHOBHOW MPUYMHOIA CHIKEHNS MPUEMMCTOCTU HarHeTaTenbHbIX
ckBaxuH y4actka B «Moibynok» siBnsieTcs konbMaTaums npusaboi-

HOW 30Hbl, 0bycnoBneHHas o6pa3oBaHueM CynbaTHO-KanbLyeBbIX
OTNOXeHui, npemmyLLecTBeHHo runca CaSO4-2H,0.

XUMUYeCKMi COCTaB PacTBOPOB MOLTBEPXKAAET HANNYNE YCTOBUIA
AN rMncoobpas3oBaHns: Npy NOAKACIEHWM nepen copbumeit KOHLeH-
Tpaumsa SO42 Bospactaet ¢ 2180 go 2760 mr/n, a B xBocTax copbLum
pocturaer 2950 Mr/n npu COXpaHeHUM COAEPXaHUs kanbuus Ha
ypoBHe 535-550 mr/n.

JlabopatopHble onbiThl nokadanu, 4to O3d B go3uposke 5 Mmr/n
MOBbILIAET CKOPOCTb (OUMBTPALMKM XBOCTOBbLIX pacTsopoB ¢ 308,2 no
439,6 n/(4-m2), uto cooTeTcTBYET 142,9 % OT MCXOLHOTO YPOBHS.

AsoTHas kucnoTa B goauposke 0,5 mn/n obecneumBaeT conoctasu-
MOe YBENMYeHWe CckopocTu punbTpauum go 4396 n/(4-m2), ogHako
pac4eTHasi CTOMMOCTb peareHTHo 06paboTkM BhilLE, YeM npy NpyUmMe-
HeHun O3 P 5 mr/n.

Ha npoayktveHom pacteope JICY-1 makcumanbHblilt apdekT nosny-
YeH NpW COBMECTHOM NOAKMCIIEHUM U MPUMEHEHWW aHTUCKanaHTa:
ckopocTb GunbTpauum yBenuumunace Ao 125,00 mn/MuH, a npupoct
cocTasun 487,4 % OTHOCUTENBHO UCXOLHOTO PacTeopa.

[ns onbITHO-NPOMBILLNIEHHON MPOBEPKM PEKOMEHyeTCs paccMar-
pueatb O3[P kak npodunakTUYecKMit peareHT npeaoTBpaLLeHNs
coneotnoxeHui, a HNO;3 - kak cpefcTBO Nepuoanyeckoro BOCCTaHOB-
NeHUs PUMbTPALIMOHHBIX CBOMCTB MPU Yxe CHopMUPOBAHHOM KonbMa-
Tauum.
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GEOCHEMICAL INDICATORS OF THE PROSPECTS OF
URANIUM-BEARING AREAS IN WESTERN UZBEKISTAN

B.A. Elibaev, B.l. Mirkhodjaev

“Navoiyuran” State Enterprise, Republic of Uzbekistan

Abstract. The study investigates the systematic redistribution of rare earth elements (REES) during the advancement of the roll-front oxidation zone, which is one of
the main mechanisms responsible for the formation of hydrogeogenic uranium mineralization in the platform cover. It has been established that changes in the geochem-
ical state of ore-bearing solutions during the development of redox processes are reflected in the distribution patterns of lanthanides and in the La/Yb, La/Lu, Ce/Eu, and
other ratios. These parameters can be used as geochemical indicators of the intensity and direction of palaeohydrogenic ore-forming systems. Analysis of REE relation-
ships made it possible to identify the patterns of fractionation between light and heavy lanthanides, assess their migration and redistribution within the studied areas, and
evaluate the intensity of hydrogeogenic ore-forming processes. Different degrees of ore-forming activity were established: the highest intensity was recorded in Area Ill,
an intermediate intensity in Area I, and the lowest intensity in Area I. Based on the identified patterns, a methodology for delineating geochemical profiles is proposed,
enabling assessment of the intensity of palaeohydrogenic systems and the prospectivity of uranium mineralization targets. The results confirm the informative value of
REE ratios for the geochemical assessment of the formation conditions and spatial development of hydrogeogenic uranium mineralization.

Key words: rare earth elements, redox potential, chondrite normalization, geochemical trend, fractionation, geochemical anomaly, accessories, ore-bearing hori-
zon, sandstone type, geochemical barrier, light and heavy lanthanides, carrier minerals.

G‘ARBIY O‘ZBEKISTON URANLI MAYDONLARINING ISTIQBOLLILIGI
BO‘YICHA GEOKIMYOVIY INDIKATORLAR

B.A. Elibayev, B.l. Mirxodjayev

"Navoiyuran" davlat korxonasi, O‘zbekiston Respublikasi

Annotatsiya. Platforma qoplamida gidrogen uran ma'danlashuvining shakllanishidagi asosiy mexanizmlardan biri bo'lgan qatlamiy oksidlanish zonasining siljishi
jarayonida noyob yer elementlarining (NYE) qonuniyatli qayta tagsimlanishi o‘rganildi. Rudali eritmalarning oksidlanish-qaytarilish jarayonlari rivojlanishi davomida
geokimyoviy holatining o‘zgarishi lantanoidlarning tagsimlanish xususiyatlari hamda La/Yb, La/Lu, Ce/Eu va boshqa nisbatlarda 0z aksini topishi aniglandi. Mazkur
ko'rsatkichlardan paleogidrogen rudalanish tizimlarining intensivligi va yo‘nalishini ifodalovchi geokimyoviy indikatorlar sifatida foydalanish mumkin. NYElarning o‘zaro
nisbatlarini tahlil gilish yengil va og'ir lantanoidlarning fraksiyalanish xususiyatlarini aniglash, ularning o‘rganilgan maydonlardagi migratsiyasi va qayta tagsimlanishini
baholash hamda gidrogen rudalanish jarayonlarining intensiviigini aniglash imkonini berdi. Rudalanish jarayonlari intensiviigining turlicha darajalari aniglandi: eng yuqori
intensiviik lll-maydonda, o‘rtacha intensiviik I-maydonda, eng past intensivlik esa I-maydonda qayd etildi. Aniglangan qonuniyatlar asosida geokimyoviy profillarni
ajratish metodikasi taklif etildi. Ushbu metodika paleogidrogen tizimlar faoliyati intensiviigini va uran ma’danlashuvi obyektlarining istigbolliligini baholash imkonini beradi.
Olingan natijalar NYE nisbatlarining gidrogen uran ma’danlashuvining shakllanish sharoitlari va hududiy rivojlanishini geokimyoviy baholashdagi informativiigini
tasdiglaydi.

Kalit so‘zlar: noyob yer elementlari, oksidlanish-qaytarilish potentsiali, xondritlarni normallashtirish, geokimyoviy tendentsiya, fraktsiyalanish, geokimyoviy anoma-
liya, qo'shimchalar, ma'danli gorizont, qumtosh turi, geokimyoviy to'siq, yengil va og'ir lantanoidlar, tashuvchi minerallar.
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FEOXUMUYECKWE UHONKATOPbI NEPCNEKTUBHOCTH
YPAHOHOCHbIX MMOLWAAEN 3ANAOQHOIO Y3BEKUCTAHA

Anubaes b.A., Mupxoaxaes B.U.

l"ocynapcteeHHoe npeanusTve “Hasouiypar”, Pecnybnuka Y3bekucran

AHHOmayus. VccnedogaHo 3akoHomepHoe nepepacnpedesnieHue pedkodemenbHbix anemeHmos (P33) 8 npouecce npo0BUXEHUST 30HbI NIACMOBO20 OKUCTEHUS,
Agnsowelics 00HUM U3 OCHOBHBIX MEXaHU3MO8 (hopMUPOBaHUSs 2UOPO2EHHO20 ypaHOBO20 OpydEeHeHUs 8 nnamgOpPMEHHOM Yexiie. YCmaHo8/IeHo, YmMOo U3MEHeHUe
2€0XUMUYECKO20 COCMOSIHUS PYAOHOCHBIX Pacmeopos 8 xode passumusi OKUCIUMEbHO-80CCMaHOBUMENbHbIX NPOLECCO8 ompaxaemcs 8 xapakmepe pacnpederne-
Husi naHmaroudos u coomHoweHusix La/Yb, La/Lu, Ce/Eu u dp. JaHHble nokasamenu Mo2ym Ucnonb308ambCs 8 Ka4ecmee 2e0XUMUYECKUX UHOUKamMopo8 UHMeHcus-
HOCMU U HanpasieHHoCMuU naneo2udpoeeHHbIx pydoobpasyrouwux cucmem. AHanus e3aumoomroweHuti P33 nosgonun 8bisgums 0Co0beHHOCMU (hpaKyLUOHUPOBaHUST
N62KUX U MSXKENbIX TaHmaHoudos, OueHUMb Xapakmep UX Muepayuu u nepepacnpederneHus 8 npedenax uccnedogaHHbIx niowadel. YcmaHosneHa HeoOuHakoeas
UHmMeHcusHocmb pydoobpasyrouux npoyeccos: Hauboree 8bICOKasi CMeneHb UX NPosisneHust ommeyeHa Ha niowadu lll, cpedHss — Ha nnowadu I, MuHuManbHas —
Ha nnowadu |. Ha ocHosaHUU 8bIsi8/1€HHbIX 3aKOHOMepHOcmel npednoxeHa Memoduka 8bI0eneHuUs 2e0XUMUYECKUX npoghunell, No38oMAKWas oUeHuU8amb UHMEHCU8-
HOCMb OesimesibHoCMU Naneo2udpoeHHbIX CUCMEM U CMeneHb NepCnekmMUsHOCMU ypaHo8opPYOHbIX 06bekmos. [lomyyeHHble pe3ynbmamel nodmeepxdarm UHpop-
mamusHocmb coomHoweHuli P33 npu 2eoxumuyeckoli oueHKe ycroguli (popMUpos8aHUs U NPOCMPaHCMBEHHO20 pa3sumusi 2UOPOSEHHO20 ypaHo8020 OPYOEHEHUS.

Kntoqesbie cnosa: pedkosemernbHble anemeHmbl, peOOKC-NOMeHyuar, HopMUpo8aHUe No XoHOPUMY, 2e0Xumuyeckuli mpeHd, (hpakyuoHUpoOBaHUe, 2e0XUMUYe-

CKadA aHoMarusd, akyeccopuu, pyaOHOCHbILj 20pU30HM, NECYaHUKOBLIL MuUN, 2e0XUMUYECKUL 6apbep, néakue u maxénble naHmaHoudkbl, MUHeparsbl-Hocumernu.

Introduction

Driven by research conducted over the past two decades in Uzbek-
istan, specialized geochemical criteria have been developed to discov-
er concealed ore deposits [16, 23]. This line of inquiry has become
increasingly critical as critical minerals and ore elements—among
which rare earth elements (REEs) occupy a leading position—take
center stage in global economic security [2, 17]. Geochemical analytical
methods allow researchers to decipher the state, distribution, and mi-
gration characteristics of REEs, which typically exhibit low crustal abun-
dances and rarely form independent mineral phases.

The concentration ratios of these lanthanides provide a reliable
framework for decoding deposit genesis, tracking ore precipitation
conditions, and identifying the provenance of ore-bearing fluids [5]. For
instance, a systematic compositional shift toward Sm-Yb enrichments
relative to baseline La concentrations serves as a proximal indicator of
an approaching uranium ore body. Consequently, investigating the
distribution of REEs within the Earth's crust, particularly inside uranium
deposits, represents a powerful tool for geologists tasked with predict-
ing and exploring new mineral resources.

Methodology and Geological Justification

To obtain precise constraints on host rock genesis, crystallization
environments (e.g., redox potential and pressure), magma differentia-
tion processes, fluid involvement, and geochemical anomalies, this
study utilizes chondrite-normalized REE ratios.

Chondrite normalization is required to extract meaningful geochem-
ical trends from the raw analytical data of host rocks. In nature, the
concentrations of elements with even atomic numbers are inherently
higher than those with odd atomic numbers—a phenomenon governed
by the Oddo-Harkins rule. Plotting raw concentrations yields a jag-
ged, "sawtooth" pattern that defies clean thermodynamic interpretation.
Because chondritic meteorites serve as a proxy for the primitive materi-
al of the early Solar System, normalizing raw data against them effec-
tively filters out primitive cosmic noise, highlighting anomalies driven
purely by terrestrial geological processes.

To properly interpret the geochemical signatures of uranium sys-
tems, normalized values (expressed in g/t or ppm) are typically calcu-
lated relative to standard chondrite values or the Post-Archean Australi-

an Shale (PAAS) reference frame [10]. In uranium exploration, three
widespread deposit types are conventionally distinguished using these
parameters [9]:

1) Sandstone-type deposits: Characterized by Ce/Ce < 0.8 and
Eu/Eu approx 1.0.

2) Granite-related hydrothermal vein-type deposits: Distin-
guished by Eu/Eu < 0.5 combined with marked light rare earth element
(LREE) enrichment.

3) Unconformity-related deposits: Characterized by heavy rare
earth element (HREE) enrichment and an Eu/Eu > 1.2 signature.

Key exploratory indicators, such as europium (Eu) and cerium (Ce)
anomalies, are mathematically calculated using specific elemental
ratios derived from laboratory analysis. The reference chondrite base-
line values (g/t or ppm) used in this study [13] are presented in Table 1.

Specifically, our investigation relies on the following calculated

Reference Chondrite Concentrations of Rare Earth EIemenI: e
La Ce Pr Nd Sm Eu Gd
0.237 | 0.612 | 0.093 | 0457 | 0.148 | 0.056 | 0.199
Tb Dy Ho Er Tm Yb Lu
0.036 | 0.246 | 0.055 | 0.160 | 0.025 | 0.161 | 0.024

geochemical relationships:

Eu/Eu (Europium anomaly): An indicator of redox conditions (oxic
vs. anoxic states) and the degree of magmatic differentiation. Anoma-
lies are classified as negative (< 1) or positive (> 1).

Ce/Ce (Cerium anomaly): A sensitive proxy for redox variations,
frequently applied in hydrogeochemistry and sedimentary basin analy-
sis. Positive anomalies denote strongly reducing environments, where-
as negative anomalies reflect oxic conditions where fluid-mobile Ce3*
oxidizes to the highly immobile Ce#* state, causing it to precipitate out
of solution.

La/Yb and La/Lu: Ratios reflecting the slope of the normalized
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REE spectrum (LREE/HREE fractionation). High values (La/Yb > 1)
reflect steep spectra and a relative enrichment in light lanthanides.
LREE/HREE: Quantifies the overall enrichment magnitude of light
lanthanides relative to heavy lanthanides.
Ce/Eu: Utilized to fine-tune the combined behavior of Ce and Eu
during petrogenesis, separating the signatures of crystal fractionation
(Eu) from pure redox fluctuations (Ce).

Results

Sampling was conducted on the host rock sequences of three
distinct uranium-bearing target areas located within Western Uzbeki-
stan (Fig. 1). Areas | and Il are situated within the Central Kyzylkum
region, whereas Area Il is located within the Sultanuvais Mountains
(comprising the distinct "Northern" and "Southem" sectors).

AREA I

Fig. 1: Outline map showing the locations of the studied areas in Western Uzbekistan

Area |. Calculations derived from the normalized analytical dataset
yielded baseline geochemical parameters from which several prelimi-
nary insights can be drawn:

o The europium anomaly (Eu/Eu) yields a value of 0.85 (with a mean
absolute Eu concentration of 1.04 ppm). This moderately negative
anomaly forms a distinct trough on the spider diagram (Fig. 2, a), which
is highly typical for ore-forming fluids genetically tied to felsic igneous
rocks, primarily granites [7].

e The fractionation proxy (La/Yb) evaluates to 7.48, indicating sub-
stantial LREE enrichment over HREEs, a signature indicative of meta-
somatic overprinting. Conversely, HREE behavior—expressed via the
Yb/Lu ratio—measures 0.97. The right-hand segment of the spectrum
(from Yb to Lu) displays a nearly horizontal profile (Fig. 2, a), confirm-
ing the stability of heavy lanthanides in uranium ores in the absence of
strong fluoride complexation processes [11, 22].

Area Il. The target geochemical indicators within this exploration
block revealed markedly different anomalous behaviors:

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026

® The europium anomaly (Eu/Eu) reaches 1.60 (with a mean abso-
lute Eu concentration of 3.4 ppm). In uranium geology, values exceed-
ing 1.5 indicate a strong positive anomaly, implying that the ore-bearing
fluids were deeply reduced and characterized by elevated temperatures
(likely exceeding 200 °C).

o Concurrently, a sharp spike in Lu (40.83 ppm) relative to Yb (7.08
ppm) is observed. This feature is likely tied to the presence of specific
uranium-accessory minerals that naturally concentrate heavy lantha-
nides, such as xenotime, alongside high-iron chlorites (e.g., clinochlore
and ripidolite).

The distinct signatures of this area are plotted in Fig. 2 (b), where
the arrow highlights the prominent europium peak.

e Geochemical Forecast: This configuration (an Eu peak coupled
with an asymmetrical Lu upswing) often points to highly mineralized,
high-grade ores where uranium precipitates rapidly across a sharp
geochemical barrier. The mineralogical occurrence of xenotime and / or
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chlorite, paired with elevated Fe and Mn concentrations, underscores
the significant scale of this reducing system.

e The La/Sc ratio was used to constrain the paleotectonic setting of
the basin architecture. For Area Il this ratio yields 4.51, a value highly
characteristic of ore fluids operating within passive continental margins
or intracontinental rift zones, effectively ruling out island-arc or active
oceanic configurations [12, 20].

Area lll. The "Northem" prospect is localized within the northeast-
ern sector of the Sultanuvais Mountains. Geochemical indicators calcu-
lated from quantitative laboratory assays for REEs, uranium (U), and
thorium (Th) yielded the following insights:

e The europium anomaly (Eu/Eu) is 0.87 (mean Eu = 0.88 ppm) and
the cerium anomaly (Ce/Ce) is 0.86. This coupled signature reveals the
active participation of low-temperature, exogenic (surface) meteoric
waters operating under fluctuating redox conditions.

e The calculated Y/Ho ratio is 31.1 (compared to the primitive chon-
dritic baseline of 28), which confirms an aqueous, fluid-dominated
environment [6].

The chondrite-normalized distribution diagram reveals a smooth,
clean REE profile devoid of erratic HREE spikes (Fig. 2, c).

A comparative analysis shows that while Area Il represents a high-
temperature system with strong Eu anomalies and high-grade ore

accumulation, Area Il reflects a lower-energy, more stable ore-forming
regime. In the Northern sector of Area Ill, the mean uranium concentra-
tion is 25 ppm (relative to a regional granite background of 3-5 ppm),
accompanied by a very low Th/U ratio of 0.13. This indicates a signifi-
cant influx of uranium introduced via epigenetic solutions, yielding lower
-temperature (Eu/Eu = 0.87), lower-grade, but laterally extensive roll-
front style configurations, characteristic of large sedimentary basin
architectures [8, 15]. However, a uranium concentration of 25 ppm is
highly indicative of distal dispersion halos, suggesting that these sam-
ples reflect the periphery of the mineralized system rather than its high-
grade core.

Data collected from the "Southern” prospect within Area Il provides
deeper clarity regarding ore genesis in the complex Sultanuvais region.
The geochemical signatures clearly indicate high resource potential,
marked by elevated concentrations of La (up to 13.00 ppm), Ce (up to
36.00 ppm), and Nd (up to 40.00 ppm) in association with Y—a classic
signature of sandstone-hosted roll-front systems. To construct the
normalized profile for this sector (Fig. 2, d), the standard reference
values after [4] were applied:

e La:0.310| Ce: 0.808 | Pr: 0.122 | Nd: 0.600 | Sm: 0.181

e Eu:0.0722| Gd: 0.259 | Dy: 0.322 | Er: 0.210 | Yb: 0.209 | Y: 1.56
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Fig. 2. Geochemical indicator of diagrams for Area | (a), Area Il (b), Area Il (c,d)

Mining bulletin of Uzbekistan Ne 3 (106) 2026



40

TOG'-KON SANOAT GEOLOGIYASI VA GEOFIZIKASI

A prominent positive europium anomaly (Eu > Sm, Gd) represents
a striking feature of this diagram (Fig. 2, d), as clastic sedimentary
successions typically display flat or negative Eu anomalies. The devel-
opment of this positive anomaly points to the influence of deeply circu-
lating, hydrothermal fluids under reducing conditions, where fluid-
mobile Eu2+ is preferentially transported and subsequently fixed into the
sediment [3]. Concurrently, a positive cerium anomaly (Ce > La, Pr)
indicates localized oxic conditions where Ce3*+ oxidized to the highly
insoluble Ce#+ state, driving its selective precipitation and accumulation
in the rock. The complementary negative anomalies in Sm, Dy, and Er
underscore the selective removal of specific elements from the mineral-
izing fluid, controlled by the unique mineral logical composition of the
rock matrix [21].

Discussion and Evaluation of Results

Lanthanide fractionation reflects modifications in relative REE pro-
portions during geological ore-forming processes. For the uranium-
bearing targets evaluated here, the chondrite-normalized ratios of light
to heavy lanthanides, alongside the La/Yb and Ce/Eu parameters, are
critical for mapping fluid evolution and metal precipitation pathways.
The diagnostic diagrams compiled for this study (Figs. 3, a-d) serve to
distinguish fluid fractionation degrees, trace the selective concentration
of radioactive and rare earth metals, and provide a comprehensive
evaluation of regional economic potential [14].

The La/Yb bivariate plot (Fig. 3, a) represents a classic indicator for
tracking REE fractionation trends [19].

Two distinct evolution paths are visible:

o Vertical Trend (Data Groups 2 and 3): The data arrays trend
steeply upward along the La axis with minimal variation in Yb. This
reveals pronounced fractionation of LREEs relative to HREESs. It points
to the intensive leaching and weathering of felsic granitoids—the likely
primary source of the uranium—which simultaneously liberated the
companion REEs. The spatial distribution of these samples tracks fluid
conduits or zones of intense metasomatic overprinting, where La con-
centrations increase via fluid-mediated influx.

o Horizontal Trend (Data Group 4 - Southern Sector): This cluster
exhibits high Yb concentrations, with data points migrating laterally
along the Yb axis at consistently low La values.

In contrast, the tight clustering of Data Group 1 near the origin
reflects low absolute values of both La and Yb, marking host rocks that
remained largely untouched by mineralizing fluids [1, 18].

The evolutionary pathways persist clearly in Figure 3, b: La/Yb vs.
> REE variation diagram. Symbols correspond to Fig. 3, a. For the
Southern sector array (Group 4), the explicit HREE enrichment reflects
a material contribution from mafic basement blocks or specialized accu-
mulation environments, likely linked to a deep-seated fault zone that
promoted the active capture of heavy lanthanides. Here, the La/Yb ratio
acts as a reliable geochemical fingerprint, separating fertile, ore-
bearing horizons (high La/Yb) from barren or unmineralized country
rocks.
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Data arrays from Areas Il and Area Ill (Group 3) display highly
elevated fractionation ratios (LREE\HREE = 8-18), confirming strong
light-lanthanide enrichment within the host sequences (Fig. 3, c:
>LREE/Y HREE vs. Y REE variation diagram). Conversely, the South-
ern sector array (Group 4) highlights rocks enriched in heavy lantha-
nides, proving the mineralogical presence of structural accessories like
garnet, zircon, xenotime, and apatite. In uranium geology, such a trend
indicates the formation of a robust reducing barrier where uranium co-
precipitates alongside high concentrations of heavy lanthanides. Group
1 samples remain confined to the lowest concentration domains, re-
flecting minimal mineralizing activity.

Europium is unique among the lanthanides due to its redox-
sensitive valence transitions (Eu3* \Eu*). In this study, the pronounced
Eu anomaly displayed by Group 4 (Area Ill, Southern sector) marks
accumulation within a highly reducing zone (Fig. 3, d: Ce vs. Eu indica-
tor diagram. Symbols correspond to Fig. 3, a). Because uranium pre-

cipitates at identical redox boundaries, these coordinates define the
highest-grade zones where circulating groundwaters crossed from an
oxic to an anoxic state. In sandstone-type deposits, this Eu enrichment
correlates with zones rich in organic matter or biogenic bone detritus,
which act as reductants that scavenge metals from solution, marking
stable redox fronts with maximum ore concentration.

Rare earth elements provide an independent check on the location
of geochemical barriers where uranium and companion metals precipi-
tate [1].

Where the Eu anomaly (Group 4) features high Eu paired with low
Ce concentrations, it maps out the core reduction front, allowing field
geologists to draw exact operational boundaries between altered oxi-
dized sandstones and the ore roll-front. Conversely, the Ce anomaly
array (Group 3) tracks distal dispersion halos—the structural "tails" of
the roll-front system—which often escape detection by standard field
radiometers (Table 2).

Table 2

Comprehensive Matrix of Geochemical Exploration Indicators

Exploration
Parameter

Area|

Area ll

Arealll
(Northern Sector)

Arealll
(Southern Sector)

Geochemical Profile

Sub-economic:
Low total REE (REE),
poorly developed frac-

tionation (low La/Yb
and LREE/HREE).

Granitoid-driven:
Moderate total REE,
sharp escalation in the
LREE/HREE ratio.

Cerium-dominated:
High vertical dispersion
along the Ce axis, high

overall fractionation.

Europium-dominated:

Maximum total REE

(REE) combined with

an anomalously high
Eu peak.

Probable Source /
Process

Pristine host sedi-
ments, largely unal-
tered by mineralizing
fluids.

Leaching of felsic igne-
ous rocks (granites)
and black shales—the
primary uranium do-

Intensive oxidation and
leaching within distal
dispersion halos.

Reducing Barrier:
Rapid co-precipitation
of metals across a
sharp redox boundary.

nors.
. . . Detrital quartz and SEEIH Gl [y I[ron and manganese Zircon, garnet, apatite,
Primary Mineral Carri- : ces and accessory ) ;
feldspars (primary hydroxides that actively and concentrated or-
ers : phases that sorb T :
framework grains). fix oxidized Ce. ganic matter.
LREEs.
Feeder channels and Core Ore Body:

Genetic Relationship
to Uranium

Barren or unmineral-
ized country rock

structural conduits for
ascending ore fluids

Proximal wall-rock
alteration; structural

Zones hosting maxi-
mum uranium and

Uzbekistan is actively advancing industrial technologies to co-
extract scandium (Sc), vanadium (V), and REEs from uranium ores.
The geochemical variations mapped in this study show that the concen-
tration of valuable companion metals—particularly heavy lanthanides
(Group 4)—reaches its maximum within the core reduction zones,
significantly increasing the net economic value of these exploration
targets.

zones. within fauls. tails" of the roll-front. companion rpetal con-
centrations.
Exploration Vector Defines the outer Reliable indicator track- Vector indicator track- High-priority target
(Exploration Sianifi- boundary of the hydro- ing proximity to the ing the migration direc- zone for resource
P cance) 9 therr:1ya| s sten): primary uranium tion of paleogroundwa- calculation and extrac-
ystem. source. ters. tion design.
Conclusions Graphic and statistical analysis of the REE datasets demonstrates

that the Southern sector of Area Ill represents the highest-priority
target for mining development. lts elevated Eu and REE concentrations
confirm that this sector is a highly developed geochemical accumulator.
Within these mineralized zones, uranium typically occurs in easily
leachable mineral forms. The abundance of companion REEs increas-
es the commercial viability of utilizing In-Situ Leaching (ISL) methodol-
ogies. The tight vertical alignment of Eu values serves as a direct spa-
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tial vector for tracking the core geochemical barrier (Fig. 9). the REE profile of a pitchblende/uraninite sample mirrors that of the

The integrated analysis of these geochemical variation plots allows  unaltered country rock, the uranium was likely localized by modern, low
us to link lanthanide behavior directly to specific ore-forming processes,  -temperature groundwater circulation. Conversely, a highly divergent,
providing an exploration framework for predicting and discovering hid-  fractionated REE spectrum indicates a deep-seated, high-energy fluid
den deposits. These diagnostic profiles distinguish primary, high-grade influx, which typically generates large-scale, commercially viable ore
mineralization from weaker, secondary remobilization. For example, if  bodies.
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MOLENWPOBAHWE NEPEXOMOA NNABOW TEXHONOIMMYECKUX
HAKINOHHbIX CBOEK C HAOPABATbIBAEMbIMW LUTPEKAMU MPU
OTPABOTKE YrOllbHbIX MNACTOB

lanees C.H.1, Xakumos LL.W.1, TuMyeHko A.H.2

"HaBowiickui rocyaapCTBEHHBIN FOPHO-TEXHONOTMYECKUI yHUBEpCUTET, Pecnybnuka YabekucraH
2HauoHanbHbIt TEXHUYECKN YHUBEPCUTET «[lHenpoBCcKas NonuTexHMKkay, YkpavHa

AxHOmayus. B pabome paccvompeHa 3adaya OUEHKU HanpskeHHO-0eghopMUPOBaHHO20 COCMOSAHUST 2e0MEXaHUYeCKOl cucmeMbl npu nepexode OYUCMHbIM
3ab60em mexHOMo2UYeCKUX HaKMOHHbIX cboek u byHkepos ¢ Ha0pabambigaeMbiMU Wmpekamu 8 ycrnosusix ompabomku y2orbHbIX nnacmos. O6bekmom uccredosaHus
ABMANUCH CONPSIKEHUST MEXHOM02UYECKUX HaKMOHHbIX cO0eK U BYHKepO8 HXHO20 N0negoao KoHeeliepHo20 Wwmpeka ¢ KopeHHoU nasoli 2opusoHma 593 m nnacma d4
LleHmpanbHozo broka waxmHozo nons LY «[okposckoex. Lensto uccredosaHus sensnock onpedeneHue xapakmepa nepepacnpedeneHust HanpskeHul 8 NOpoOHOM
maccuge U oueHka MUHUMasbHO Heobxo0uMOU monuuHbI NopodHol npobku Anst obecneyeHus 6e3onacHoeo nepexoda 1agoll ykasaHHbIX CONPSKEHUU.

WccnedosaHue 8bIN0HEHO MeMOOOM KOHEYHbIX 31EeMEHMO8 8 mpexmepHol nocmaHoske 8 npozpammHoli cpede ANSYS Workbench. lpu modenuposaHuu y4u-
MmbIBaNUChL IUMO02UYECKOe CMPOEHUE Maccuga, (hu3UKo-MexaHuyeckue ceolicmga nopod u eeonoeudeckuli uHOekc npoyHocmu GSI. AHanusuposanuch akguga-
TIeHMHble HanpsixeHust no Musecy, a makxe HopMalbHbIe U KacameslbHbIe HanpsiXeHUs 8 mosiuye NopoOHol NPOBKU U OKPYXatowemM Maccuse.

YcmaHosneHo, Ymo Hamuyue MexHOMo2UYeCKUX HakMOHHbIX cO0eK npusoduM K (hoPMUPOBAHUIO JTOKaMbHBIX 30H KOHUEHMPAaUUU HanpsxeHul 8 obnacmu conps-
xenutl. [Ans modeneli no ceyeHusm 1-1 u 4-4 nomeHyuanbHO onacHbIMU SI8MIKMCS COCMOSIHUS NPU MONWUHe nopodHol npobku coomeemcmaeHHo 1,2 m u 1,0 m.
[Mpu ygenuyeHuu monuwuHb! npobKu Habmodaemces CHUXEHUE 3K8USaNEHMHbIX HanPSIXeHUL U nosbieHuUe ycmolyugocmu maccuga. Pe3ynbmamsi MoOeuposaHus
no ceyeHusm 3-3 u 5-5 nodmeepounu 803MOXHOCMb NPUHSIMUST MUNOBOLU MOMWUHbI NOPOAHOU npobku, pasHoll 3,0 M, kak docmamoyHol Ons 6eaonacHoz20 nepexoda
nagoli paccMampueaeMbIX CoOnpsKeHuU.

Knroyesble cnosa: y2onbHas Wwaxma, HaOpabomka wmpekos nagoll, MexHomoauyeckue HakmnoHHble cooliku, nepexod nagoll cmapoli 8bipabomku, HanpsXeHHO-
0OeghopmuposaHHOE COCMOSHUE, 20PHBIE NOPOdkI 8 OKPECMHOCMU 8bIpaboMKU, OUeHKa ycmolqusocmu 0bHaxeHul, 2e0MexaHuyeckas cucmema, YuceHHoe Modesu-
posaHue, MemoQ KOHEYHbIX I1EMEHMO8

KO‘MIR QATLAMLARINI QAZIB OLISH JARAYONIDA LAVA
TOMONIDAN USTIDAN QAZIB O'TILAYOTGAN SHTREKLAR BILAN
TEXNOLOGIK QIYA TUTASHMALARNI KESIB O*TISHNING
MODELLASHTIRILISHI

S.N. Gapeyev', Sh.l. Xakimov', A.N.Timchenko?

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston respublikasi
2"Dneprovsk politexnikasi" Milliy texnika universiteti, Ukraina

Annotasiya. Maqolada ko'mir qatlamlarini qazib olish sharoitida lava tomonidan ustidan qazib o'tilayotgan shtreklar bilan bog‘langan texnologik qiya sboykalar va
bunkerlar kesib o'tiganda geomekanik tizimning kuchlangan-deformatsiyalangan holatini baholash masalasi ko'rib chigilgan. Tadqiqot obyekti sifatida “Pokrovske”
Shaxtoboshqarmasi waxma maydonining Markaziy blokidagi d4 qatlami 593 m gorizontida joylashgan asosiy lava bilan janubiy maydon konveyer shirekidagi texnologik
qiya sboykalar va bunkerlarning tutashuviari qabul gilingan. Tadgiqotning maqsadi tog* jinslari massivida kuchlanishlaring qayta tagsimlanish qonuniyatlarini aniglash
hamda ko'rib chigilgan tutashuviarni lava tomonidan xavfsiz kesib o'tishni ta’minlovchi jinsli tiginning minimal zarur qalinligini baholashdan iborat bo‘lgan.

Tadqiqot uch o‘lchamli nocmaroskadagi chekli elementlar usuli asosida ANSYS Workbench dasturiy mubhitida bajarilgan. Sonli modellashtirishda massivning
litologik tuzilishi, tog* jinslarining fizik-mexanik xossalari hamda GSI geologik mustahkamlik indeksi hisobga olingan. Tahlil cavomida Mizes bo‘yicha ekvivalent
kuchlanishlar, shuningdek jinsli tigin va uni o'rab turgan massivdagi normal hamda urinma kuchlanishlar o‘rganilgan.

Natijalar texnologik giya sboykalarning mavjudligi tutashuv hududida mahalliy yuqori kuchlanish zonalarining shakllanishiga olib kelishini ko'rsatdi. 1-1 va 4-4 kes-
imlari uchun jinsli tigin qalinligi mos ravishda 1,2 m va 1,0 m bo‘lganda potensial xavfli holatlar aniglangan. Jinsli tigin qalinligining ortishi ekvivalent kuchlanishlarning
kamayishiga va massiv barqarorligining oshishiga olib keladi. 3-3 va 5-5 kesimlari bo'yicha modellashtirish natijalari 3,0 m i tipik jinsli tigin qalinligi ko'rib chigilgan
tutashuvlarni lava tomonidan xavfsiz kesib o‘tish uchun yetarli ekanligini tasdigladi.

Kalit so‘zlar: ko'mir shaxtasi, lavaning shtreklar ustidan o'tishi, texnologik qiya sboykalar, lavaning eski kon lahimidan o'tishi, kuchlangan-deformatsiyalangan
holat, kon lahimi atrofidagi tog* jinslari, ochilmalar barqarorligini baholash, geomekanik tizim, sonli modellashtirish, chekli elementlar usuli.
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NUMERICAL MODELING OF LONGWALL CROSSING OF INCLINED
TECHNOLOGICAL CROSSCUTS WITH OVERMINED GATEROADS IN
COAL SEAM MINING

S.N. Hapieiev', Sh.l. Khakimov?, A.N. Tymchenko?

Navoi State University of Mining and Technologies, Republic of Uzbekistan
2National Technical University "Dnipro Polytechnic", Ukraine

Abstract. The paper addresses the problem of assessing the stress-strain state of a geomechanical system during longwall face crossing of inclined technological
crosscuts and bunkers connected with overmined gateroads under coal seam mining conditions. The object of the study was the junctions of inclined technological cross-
cuts and bunkers of the Southern Panel Belt Roadway with the main longwall face at the 593 m level of seam d4 in the Central Block of the Pokrovske Mine Field. The
aim of the research was to determine the stress redistribution patterns in the rock mass and to evaluate the minimum required thickness of the rock plug ensuring safe

longwall crossing of the considered junctions.

The study was performed using the finite element method in a three-dimensional formulation in the ANSYS Workbench environment. The numerical models account-
ed for the lithological structure of the rock mass, physico-mechanical properties of rocks, and the Geological Strength Index (GSI). The analysis included von Mises
equivalent stresses as well as normal and shear stresses within the rock plug and surrounding rock mass.

The results showed that inclined technological crosscuts lead to local stress concentration zones at the junction. For the models corresponding to sections 1-1 and 4-
4, potentially hazardous conditions were identified at rock plug thicknesses of 1.2 m and 1.0 m, respectively. An increase in rock plug thickness reduced equivalent
stresses and improved rock mass stability. Simulations for sections 3-3 and 5-5 confirmed that a typical rock plug thickness of 3.0 m is sufficient to ensure safe longwall

crossing of the considered junctions.

Keywords: coal mine, longwall overmining of gateroads, inclined technological crosscuts, longwall face crossing abandoned roadway, stress-strain state, roadway
surrounding rocks, exposed surface stability, geomechanical system, numerical simulation, finite element method

BBepeHue

[obblva nonesHbIX McKkomaemblX MOA3eMHbIM cnocobom Bcerda
COnpsikeHa ¢ HeobXOMMOCTbIO MOCTOSIHHOTO BOCTIPOM3BOACTBA pabo-
YnX MOLLHOCTEN, BbiBbIBAKOLMX MO MEpe Pas3BUTUS OYMCTHBIX FOPHbIX
pabot. [ns yronbHbIX LUAXT XapakTEPHbIM SBASETCS MNOCTOSHHOE
yrnybneHme OYMCTHOM BbIEMKM, @ Takke BOBNeYeHWe B yrnenobbiyy
BCE HOBbIX Y4aCTKOB MECTOPOXAEHMS. YacTo 310 CBSA3aHO C BbINOJHe-
HWeM COXHbIX UHXEHEePHbIX 3aAaY, CBA3aHHbIX, HaNpuMep, ¢ nepexo-
[OM KPYMHbIX BbICOKOAMMIUTYAHBIX FEOMOrMYeckux Hapylenuin [1].
PelueHne Takoi 3agaus, MOMUMO YMCTO TEXHUYECKUX CROXHOCTEN,
CBSi3aHHbIX Bonee HU3KOW YCTOMYMBOCTbIO NOPOA B paiioHe reomnoruye-
CKOTO HAapYLUEHWs, OMAcHOCTAMM MPOPLIBOB BOAbI MO CMECTUTENHO
HapyLLEHUS W COMYTCTBYIOLLMM, HEODXOAMMOCTbIO [ONTOBPEMEHHOTO
©e3peMOHTHOrO noaaepkaHus kanuTanbHbIX BbpaboToK, nepecekato-
LUMX Takoe HapyLleHue, OMacHOCTAMM, CBS3AHHBIM C MPOXOXAEHUEM
BbIpabOTKM B HEYCTOMYMBLIX NOPOAAX, CBA3AHO C HEOBXOAMMOCTbH
KPYMHBIX MHBECTULMIA, MPUBMEYEHMEM 3HAUMTEMNbHBIX PECYpCoB, B
YaCTHOCTM — CreLmanbHbIX MaTepuanos Ans KpenneHus KanutanbHoun
BbIpaboTKM.

B ycrosusix, korga TpebyeTcs obecneunBaTh YCTOMYMBO BbICOKMIA
YpoBeHb [06bLIMM 1 MPU 3TOM paLyoHanbHO UCMOMNb30BaTh Pecypehbl,
VHTEpPeC npencTaBnsieT oTpaboTka paHee OCTaBMEHHbIX 3anacoB B
CTapblX OXpaHHbIX Liennkax, yqacTkax LWaxTHoro nons, kotopble Gbinu
0CTaBIeHbl N0 pasHbIM COOBPaXEHNSM B yke 0TpaboTaHHbIX y4acTkax.
lMpuMeHeHWe Takoro nogxoAa CBA3AHO 3a4acTylo C TeM, YTO paccmart-
puBaeMbIi Ans JOpaboTkM Y4aCTOK HAaXoaMTCs B 30HE paHee NpoBe-
OEHHbIX OYUCTHBIX paboT, B 30HE BO3MOXHOIO BIUSIHWS OT TOPHbIX
paboT Ha 3TOM y4yacTKe HaXOAsTC TEXHONOrM4yeckue BbIpaboTKY,
MPOBEJEHHbIE MO, BKPECT MPOCTUPAHUS UMM NO MaAeHUO/BOCCTaHNIO
nnacta. Hepegko Takue BbIpabOTKM HAaxXOAATCS Ha NyTU [BUXEHNS
OYUCTHOW BblEMKU M TOra BO3HUKAET 3aAadya nepexoda nasom Tpacchl
OCTaBMNEHHOW, WMHOTAA — MOTaleHHOM WNM YaCTMYHO NOTaLEHHON,
BbipaboTkM. Takue BbIpaboTkM MOryT ObiTb Kak FOpU3OHTaNbHLIMM
(Hanpumep, AMaroHanbHble LUTPEKW, NPOBOAMMbIE A OpraHu3auum
NPOBETPVBAHNS NPW NOAFOTOBKE AMMHHBIX CTONOOB), Tak WU HAKMOHHbI-
MW (Hanpumep, TEXHOMOTUYECKUE HAKIMOHHbIE COOMKM W HAKOMUTENb-

Hble ByHKepbl, NPOBOAMMBIE C HIXKENEXALUEro ropu3oHTa ANns ONTUMK-
3aLWmM NOTUCTVKM MONESHOro Kckonaemoro). B atom cnyyae mepsbl no
YNPaBreHno ropHbIM AaBNEHNEM B OYUCTHOM 3ab0e AOMKHbI BKIIH0-
YaTb AONOMHUTENbHbIE MEPONPUATUS MO MOLAAEPKaHUI0 HEYCTONYMBON
KPOBMM M YKpenneHno ocnabneHHon NoYBbl Ha y4acTke nepeceve-
HUA NaBbl 1 BbIPAbOTKY.

Takas cuTyaums umena mecto B LieHTpansHom Grioke WwaxTHOro
nons LLaxtoynpasneHus (LUY) «[Mokposckoe» (YkpauHa) npu nogro-
TOBKE K 0TpaboTke 3anacoB KOPEHHOW naBbl ropu3oHTa 593 M nnacra
d4. MnaHom pa3BuTUs TOPHLIX PaboT KopeHHoM naebl (puc. 1) npeay-
cMaTpuBaeTCs HagpaboTka HMKenexalyx kanuTansHbIX BbIpaboTok —
toxxHoro nonesoro koHsenepHoro (FOMKLL) u toxHoro nonesoro otka-
ToyHoro (KOMOLW) wrpekos. Mpu atom n3 FOTKLL Ha ypoBeHb KopeH-
HOM naBbl paHee ObiNW NPOBEAEHbI HAKMOHHbIE TEXHOMOrnyeckue
cOoMKkN M BepTUKanbHble HakomuTenbHble OyHKepbl, (opmupyioLLme
neperpysouHble NyHKTbl (puc. 2). Mo Mepe ABWXeHUs nasbl Npedy-
CMaTpMBanu1chb Nepexofbl NaBoi COMPSKEHNA C ITUMW BbipaboTkamu,
TaKMX MepeceyeHnin CornacHo nnaHy ropHbix pabot (puc. 1) AOMmKHO
6bino BbITb Cemb (ceyenus ot 1-1 go 7-7).

AHanus MMpOBOTO OMbITa PeLUeHNs 33faun  NepeceyveHne
(nepexopa) naBoi BpOLLEHHbIX BbIPABOTOK NOKa3bIBAET, YTO MHXEHEP-
Has npakTiKa npesycMaTpuBaeT MpeABapuTEnbHYO OLIEHKY PUCKOB U
BO3MOXHbIX MOCMEACTBUIA C Lienblo paspaboTku COOTBETCTBYHOLLMX
MeponpuUATMA MO HEeAONYLIEHNI0 aBapuitHbIX CUTyauuit B npouecce
peanu3aun 3a4aqm Uiu NpoBepku Yxe paspaboTaHHbIX PeLeHni C
Lienblo OLEHKW X NapaMeTPOB W UX COOTBETCTBUS Pa3BUTUIO reomexa-
HUYeCKO CUTyaLmmn NO Mepe nepeesaa nasoii GpoLLeHHON BbIpaboTku.
YacTo Takue nporHo3bl OCYLECTBASKOTCS HA OCHOBE aHanu3a pesynb-
TATOB YMCMEHHOTO MOAENNPOBaHNS cuTyauuun. Tak, B pabote [2] asTo-
pbl MCCMEAYIOT 3aKOHOMEPHOCTEN pacnpeaeneHnst ONOPHOro AaBNeHNs
MpW NPOXOXOEHUM OUMCTHBIM 3a60eM 3aBpOLLEHHBIX TOPHbIX BbIpabo-
TOK B YCMOBWSX MOA3EMHON yrneaobblum 1 onpeaeneHne xapaktepa
W3MEHEHWS HanpsHKeHUA B 3aBICUMOCTM OT PAaCCTOSIHUS MeXAY NaBoi
1 cTapoil BbipaboTKoit. ABTOpbI paccmaTtpueatoT npobnemy nosbiLue-
HUS TOPHOTO fA@BMEHNS W YXYALUEHWS YCIOBUI NOAAEPXKaHNS Maccuea
npu NepeceyeHnn paHee npoiaeHHbIX BbipaboTok. MeToa uccneposa-
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Puc. 2. MonoxeHne TeXHONOrM4YeCkMX HaKNOHHbIX c6oek n 6yHkepoB KOMKLL no Tpacce kopeHHoW naBbl rop. 593 M nnacTa d4
(ceyvenun 1-1 - 7-7)

HWSl BKITOYAET TEOPETUYECKMIA aHanmM3 W YMCNEHHOe MOAEenMpoBaHie
pacnpeeneH1st ONopHOro AaBNeHUs B Maccyee nopog. AHannavpoBa-
nocb pacnpegeneHue BepTUkanbHbIX HaNpsKeHU BNepeamn 04MCTHOrO
33005 1 M3MEHEHWE NONOXEHUS 30HbI MaKCUMarbHOMO ONOPHOro AaB-
nexus. ABTOpbI AENaloT BbIBOA, YTO Hanmume 3abpoLeHHol BbipaboT-
KW CyLIECTBEHHO W3MEHSIET pacripefeneHne OrMOpHOTO [aBNieHus B
MaccvBe NMopog Npy BEAEHUM OYUCTHBIX paboT.

Llenbto cratbu [3] SBNSNOCH UCCnesoBaHWe MexaHuama gedopma-
LMW 1 pa3pyLLEHUst OKpYXKatoLWMX MOPOA MPW MPOXOKAEHUN O4UCTHBIM
3aboem 3abpoLueHHbIX BbIpaboToK, a Takke pa3paboTka TEXHONMorm
yNpaBrieHnst COCTOSHMEM MaccvBa W Kpennenus Ans obecneveHnus
BesonacHoro BefeHUs 04MUCTHBIX paboT. B kauecTBe obbekTa paccmoT-
peH yyacTok 1305 waxtsl Juji Coal Mine, rae ouncTHol 3aboi nepece-
KaeT Heckorbko 3abpoLueHHbix BbipaboTok. OCHOBHbIE pe3ynbTaThl
MoKa3bIBatoT, 4TO MpU MOAX0AE NaBbl K 3abpoLLeHHON BbipaboTke npo-
UCXOANT KOHLEHTPaLMS HAMpsiKEHWA 1 yBenuyeHne aedopmauui
kpoBnu, ocobeHHo BONM3K kitoyeBoro 6roka nopoa. YncneHHoe moge-
NMpoBaHWe MoaTBEpAUNo, YTo Be3 creupanbHbIX Mep NoaLepKaHus
BO3MOXHO 3HAUMTENbHOE paspyLUEHWE OKPYXAIOLWMX NOPOA U noTeps
YCTOYMBOCTU. ABTOpbI [enaloT BbIBOA, YTO KMOYEBbIM (haKTOpOM
YCTOYMBOCTU SIBASIETCA KOHTPOMb MOBEAEHWS OCHOBHOM KPOBMW W
(hOpMMPOBaHINE paLMOHANBHOW CXeMbl NOAAepkaHus B 30He nepece-
yeHws.

3aKOHOMEPHOCTU W3MEHEHMUSI HANPSKEHHOTO COCTOSIHUS MaccuBa
1 rMy6uHbI MOBPEXAEHNS MOYBbI MPU MPOXOXKAEHUM CMEXKHBIX OYMCT-
Hbix 3a00€B Yepe3 3abpoLLEeHHYI0 BbIpaboTKy UCCNEeAOBanNCh B CTaThbe
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[4], roe aBTOpamu paccmaTpuBaeTCs BMUSHUE Kak NepBOM, Tak W BTO-
poi paboyeil naHenu Ha COCTOsHWE MaccuBa. AHann3vpoBanuch pac-
npegaeneHne BepTUKambHbIX HaNPsHKeHMiA, POpMUpOBaHNE 30H KOHLIEH-
Tpauuu HanpskeHuin u rnybuHa paspyLuieHns mopoA MouBbl BOMW3M
CcTapoi BbIpaboTky. YncneHHoe MoAenMpoBaHre nokasarno, 4To MaKck-
MarnbHble 3HAYEHUS HANPSHXKEHWIA 1 ry6uHa NOBPEXAEHUS BO3HWKAIOT
B 30HE BMNSAHWS CTapOM BbIPAabOTKM W 3aBUCAT OT MONOXKEHNS OYUCTHO-
ro 36051 OTHOCUTENBHO Hee. ABTOPbI OTMEYAIOT, YTO pa3BUTUE MOBPe-
XAEHMIA MOYBbI CBA3AHO C N3MEHEHWNEM TPAeKTOpUN Nepefayn Harpys-
KM M KOHLEHTpaLeln HanpshkeHuii B 30He nepeceyeHus. ABTOpbI CTa-
TbU, KaKk W Apyre uccnegosatenu [2, 3] AenaioT BbIBOA O TOM, 4TO
BpoLueHHasn BbpaboTka CyLLECTBEHHO BAMSIET Ha 3BOMIOLMIO HAMpPsKe-
HUiA NPY Pa3BUTMM FOPHBIX PaboT 1 ycnosus obecneyeHns ycTonunBo-
CTM TeOMEXaHMYeckux cucTem «nasa-OpoweHHas BbipaboTka-
yImeBMELLALLMIA MaccuBy.

MopobHble BbIBOALI Takke caenaHsl M aBTOpamu Apyrix BAnskuX K
TemaTuKe CcTaTbW uccregoBaHuin [5-8] — BCe HayyHble KOMNEKTUBbI
CXOJATCS B BbIBOAAX, YTO NPUCYTCTBME B PacCMaTpUBAEMbIX YCIIOBUSX
OpOLLEHHbBIX TOPHBIX BbIPAabOTOK CYLLECTBEHHO YXyALaeT CUTyauuio
NoAAepXaHns KPOBNM NaBbl NPU Nepexofe Takoi BepaboTk.

Bce aBTopckue KonmnekTMBbIl, pesynbTaThl MCCNEA0BaHMI KOTOPbIX
npuBedeHbl Bbllle, B KayecTBEe OCHOBHOTO MeToAa WCCRefoBaHWi
MoKasbiBaloT ~ YACTIEHHblE ~ METOAbl  OUEHKM  HampshkeHHO-
HeopMUPOBAHHOTO COCTOSIHUS FeOMEXaHuYeckux cuctem. B muposoit
npakTke pelueHns NogobHbIX 3aday MMeeTCs [OCTaToMHOe Komnye-
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CTBO paboT, KOTOpble YKa3biBalT Ha OOOCHOBAHHOCTb MPUMEHEHMS
YMCMEHHBIX METOLOB, B YACTHOCTW — METOAA KOHEYHBIX 3NIEMEHTOB.

[pumeHeHne MeToaa KOHEUHbIX 3MIEMEHTOB AMS PELLEHNs CrIoX-
HbIX 3a7ay MO BMMSHWIO TOPHbIX pPaboT Ha YCMOBWS MOAAepXaHWs
TPEXITy4EBbIX COMPSHKEHMIA FOPHBbIX BbIPaboTOK NokasaHo B pabote [9].
ABTOpbI YMCTIEHHO pELarT 3adavy MOMyYeHUst KapTUHbI M3MEHEHNS
HanpsikeHHO-AehOPMUPOBAHHOTO COCTOSIHIAS FEOMEXaHUYECKON CUCTe-
Mbl «NaBa-CoMPSHKEHME-NOPOAHBIN MaccuB» W AEnatoT BbIBOL, YTO
nomnyyeHHble UMW pe3ynbTaTbl YMCIIEHHOTO MOLENUPOBAHUS MOTYT
CNY)XUTb OCHOBaHWEM Ansi pa3paboTku 3PEKTUBHBLIX UHXEHEPHO-
TEXHONOMMYECKMX PELUEHMI MO 00ECNeYEHNI0 YCTOMYMBOCTY COMPSKE-
HUIA NP BO3AEACTBAW OYMUCTHBIX paboT. MHXeHepHble pelleHus Ha
OCHOBE YMCMEHHbIX UCCNEA0BaHUA NPOAEMOHCTPUPOBAHBI TakKe U B,
Hanpumep, pabotax [5, 7, 8, 10-13].

Takum obpa3om, aHanu3 npuBefeHHbIX paboT nokasbiBaeT, YTo
MpuU NPOEKTUPOBaHWM MEPONPUSTUA MO Mepexoay NaBoi BPOLLEHHbIX
BbIpabOTOK YNCMEHHOE MOLENMPOBAHME C LIEMbIO OLEHKN W3MEHEHMUS
HAC reomexaHnyeckon cuctembl «naBa-bpolieHHas BbipaboTka-
MOPOAHbI MaccuBy SBNSETCA CTAHAAPTHON MPaKTUKOIA, koTopas Uc-
nonb3yeTcst NOBCEMECTHO. BMeCTe ¢ TeM MOXHO CAenaTb BbIBOZ, YTO
nopobHbIe re0TEXHNYECKME CUTYaLMM BCEraa YHUKAIbHbI, MOCKOMbKY
Ha YCTOMYMBOCTb MOPOAHbIX 0BHaxeHu  u nameHenne HIAC reomexa-
HWMYECKUX CUCTEM BCErga OKasbiBaeT BMMSHME YHUKANbHbIE FOPHO-
reomnorMyeckue 1 rOpPHOTEXHUYECKNE (haKTOpbl HECMOTPS Ha TO, YTO
chopmanbHo nx Habop Bcerfa cxox. M3 aToro cnepyer, 4To Ans oLeHku
HAC kaxmoro KOHKPETHOrO TOPHOTEXHUYECKOTO OOBEKTa YNCTEHHbINA
aHanua [I0MKEeH NPOBOAUTLCA NS KAXAOH reOMEXaHUYECKON CUTYaLm
Ha Ka)X4OM TakoM OTAEMNbHO B3ATOM FOPHOTEXHUYECKOM OO BEKTE.

B 31011 CBSA3W Lienbio BbINONMHEHMS paboTbl SBNSANOCH onpegene-
HWe METOAaMW YUCMEHHOTO aHanu3a xapakTepa U3MEHEeHMIA HanpshkeH-
Ho-AeopMrpoBanHoro coctosiHus (HOC) nopogHoro Macciea u oLeH-
ka pasMepoB OMACHOTO CEYEHUS COMPSIKEHUS TEXHOMOTMYECKNX
HaknoHHbIX coek n ByHkepos OMKLL ¢ npusaboitHoi YacTbio KOpeH-
HoW na.bl rop. 593 M Npu NPOXo4e nocrnegHei Hag AaHHbIMU Conpske-
HuAMK. PesynbTaTbl MOAENMPOBaHWS SBNSKOTCA OCHOBaHWEM ANs

oueHkn 06bemoB paboT Mo 3aKnagke TEXHOMNOTMYECKMX HAKIOHHBIX
cboek ons obecneyeHns Be3onacHOro U HafeXHOro nepexoda KopeH-
HOW NaBOW YKa3aHHbIX COMPSKEHMI.

[nsa poctikeruns ey Obinm peLleHbl creayrowme 3agayn:

— BbINOSHEH aHanu3 YCroBWi, KOTOPbIE CKNaAblBaAKTCA NPy nepe-
XO4€e NaBoi KaXOoro COMPSHKEHWS, YTO MO3BOMWMO BbIAENNTL Haubo-
Nee onacHble CEYEHNsI C TOUKW 3PEHUSI TSHKECTW MOCNEeACTBUIA UX He-
yAa4yHOro nepexoga naBoi;

— chopmMmMpoBaH Habop MCXOAHBIX AaHHBLIX AN MOAENMPOBAHMS,
cosgaHbl 3D-Mogenu Hauboriee onacHbIX CEYEHWN, MpoBedeHa WX
KannbpoBka;

— METOAOM KOHEYHbIX 3NIEMEHTOB BbIMOSHEH pacyeT Kaxgoro
Hanbornee onacHoro CeYeHWst U YCTaHOBNEHbI KapTWHbI pacnpesene-
Hus HAC;

— BbIMOMHEH aHanu3 peaynbTaToB MOAENMPOBAHUS U YCTaHOBME-
Hbl BENUYMHbI MMHUMANbHO Heobxoammoro oGbema 3anonHeHust
HaKIMOHHbIX TEXHOMOMMYeckux cOoek Ha yyacTke noaxoda Kk HUM 3abos
KOPEHHOM NaBbl.

Metogpb!.

[insi oLEeHKU HanpsKeHHO-AePOPMMPOBAHHOTO COCTOSIHUS y4acTka
YrMenopoaHOro Maccyea, 0cnabneHHOro KOMMEKCOM ropHbIX Bbipabo-
TOK, NPUHAT METOA KOHEYHbIX anemeHToB B 3D-noctaHoBke. PacyeTsl
BbINOMHSANNUCh B UHTETPUPOBAHHON NPOrPAMMHON cpefie Ans MHXEHep-
HOrO MOZenupoBaHus U uncrneHHoro aHanmsa ANSYS Workbench.
MapameTpbl pacHeTHbIX MoAenei npeacTasneHs! B (Tabn. 1), npu aTom
B pacyeT bpanuchb TOMbKO TE CEYEHWSs, HA KOTOPbIX MPUCYTCTBOBANM
HaKIOHHbIE TEXHOMOrMYeckuit COOIAKM, TO eCTb ceyeHus 2-2 U 7-7 (CM.
puc. 2) He MoaenupoBanucs. PacyeTHast 06nacTb 4BYX BbIMOMHEHHBIX
MOZenei BKMoYana LTPEKM KOPEHHOM naBbl, TEXHOMOrMveckue
HaknoHHble cboikn, byHkepsl, OMKLL, FOMOLL. B psge cnyyaes co-
cTaB 0ObEKTOB, NONaZAKLLMX B pacieTHy0 00nacTb, KOPPEKTUPOBANCS
11 3 HEe UCKITKYanmCh HEKOTOPble 06BEKTHI NS YNPOLLEHUS MOLENM 1
YMEHBLLEHNS YnCa KOHEYHbIX 3IEMEHTOB B CETKE, W Kak CNeacTue —
BPEMEHM pacyeTa.

Tabnuua 1
Xapaktepuctuku mopeneii B cpeae Ansys Workbench
HauMeHoBaHMe Moaenb Nei Mogaenb Ne2 Mogaenb Ne3 Mogaenb Ne4
(ceueHne 1-1) (ceueHne 3-3) (ceueHne 4-4) (ceueHne 5-5)
Pasuep mopenv (BxHxL), u 100%200%300 100x75x220 100x75x220 100x75x220
PacctosHue OT kpaeB [0 3HauuUMOiA 75,0 25,0 25,0 25,0

pacyeTHoit obnactu, M

Pa3mepbl 30HbI CryLiEHUS KOHEYHbIX
ANEMEHTOB, M

Lllap anameTpom 40 m

Llap anameTpom 40 m

Llap anameTpom 40 m

LLlap anameTpom 40 m

Tun KOHEYHOTO ANEMEHTa,
KonmyecTBo KOHEYHbIX 9NeMeHTOB

Tun -Tet10,
31736

Tun - Tet10,
78266

Tun - Tet10,
78266

Tun - Tet10,
78266

CpenHuit pasmep CTOPOHBI KOHEYHOTO
arnemeHTa, M

22 M — 4N KPYMHbIX;
1 M — Ans CryweHHbIX

15 M — Ans KPynHbIX;
1 M — Ans CryweHHbIX

15 M — NS KPynHbIX;
1 M — NS CryLeHHbIX

15 M — ANs KPynHbIX;
1 M — NS CryLeHHbIX

Harpyska Ha mogenb yH, MIMa

13,54 13,54 13,54 13,54
Harpyska ot o6opyaoanus, MlMa 29 29 29 29
Harpyska oT 0bopygoBaHusi Ha nnoLua- 12,53 12,03 12,03 12,03

OW OKHa conpsaxXeHnsa, T

[lpumeyaHue: conpsixeHue no ce4eHusIM 2-2 U 7-7 He Modenupyromces 8 C8a3U C OmMcymecmeuem mexHono2u4eckoll HakmoHHOU COOUKU 8 CeYeHUsX
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Tabnuua 2
®usnko-mexaHUyeckue CBOMCTBA MOAENMPYEMbIX FOPHbIX NOPOS4
Ne Ha3BaHue xapakTepucTukm Yronb Anesponut MecyaHuk
1 Mogynb KOHra, MMa 2100 5300 11000
2 Koadbcpuument MyaccoHa 0,3 0,3 0,26
3 IMpoyHocTb Ha cxatue, MIMa 15,0 46,0 70,0
4 O6bemHbIN BeC nopog, kH/m3 23,0 25,0 25,0
[To daHHbIM OemanbHol paseedku 1974 2.
/‘_‘\\
e | 3
- 8 Ne | Hopmanshasn e Mpeden npoyrocmu 10"MTa
V1 Onucatue emewarujux nopod Braxrocre Topucmocms, Koxpep-m
Iz:} 1.0, | MowHocHb, M nepe;man, . % prp— i Kpenocmu
] wascs | eumensHas g ecmecm. | nocre 6000- epamen
- COCMOAHUU | Hachily 1
- Mecyanuk - Keapyesbil, MeTKOEPHUCTIbIL,  MeCTIaMU
8. 7.60-16.10 | morKosepHucmsIl, cepbid, crioducmbill, ¢ npoxunkamu yens, | 2.52-2,55 |2,52-2,65 2,60-270 | 850-1255 | 613-840 | 526-555 52
K8apuesbil, kpekud, meepdb.
Aneeponum - cepbill, CKpsImOCTOUCMbIL, C POBHbIM U
9. 0.00-9.80  |HepoeHsim uanomom, ¢ onneyamkamu nopsl, cpedHel 0,60 2,56-2,58| 2,60-2,70 336-535 238 62 040
meepdocmu.
Yeon d, - yepHsil, Mamosbil, AUCTIOBAM C MOHKUMU
10. | 1.65-1.90  |mpocnosmu cnanya enuHucmo20, ¢ mpuMaskaMu (hio3eHa, 1.30 1.34 100-150
d, cpedHell kpenocmu.
L Aneeponum - 8 8epxHel Yacmu cnost Ky4epseyuK, memHocepbIl,
1. | 0.00-1.00 |Komkosamsid, ¢ omneyamkamu ofyenuewelics chnopsi, co| 1,01-1,48 |262-272| 269-2,74 420-518 | 213-320 1,51-312
cniodod, cpedHed meepdocmu,
192, |12 | 760450 | eckamun-wencoephuomb copsl kepuesea o nOL ¢\ g gng gy \gsgp 6l 262073 | 651280 | 610790 | 53616 | B3 |471-474
. MPOXURKamu yens, kpenkud, cpedred meepdocmu u meepdsii.

Puc. 3. laHHble NUTONOIMYECKOI KOJIOHKM Mo nnacTy d4

Mopgenb BbINONHEHA NOCMOWHOW, MOCReAoBaTeNbHOCTL CIOEB
COOTBETCTBYET NUTONOIMYECKON KOMOHKE Ha y4acTke MOAENMPOBaHMS.
dun3nko-MexaHn4eckne CBOINCTBA CrOeB, 3aaBaeMblX B MOZENM, COOT-
BETCTBYHOT CBOICTBAM, YKasaHHbIM NS paccMaTpyBaeMoii reonormye-
CKOW TONLLM B MPOTHO3HOM rE0NOrMYECKoM pa3spese (Tabn. 2, puc. 3).

Kputeprem nNpoyHOCTM MPWHAT 00O0OLEHHbIN KpuTEepUA Xyka-
BpayHa kak Hanbonee anpobupoBaHHbIA B MMPOBOW MpakTUKe MoLenu-
POBaHNS U3 [OCTYMHbIX FEOMEXaHNYECKNX KPUTEPUEB, UMEKLLUXCS B
pacnopsbkeHun uccnegoeatens B cpege ANSYS Workbench. Mpu
3TOM 0006LLEHHBI KpuTEpUit X0oKa-BpayHa umeeT BuA:

(1)

3pecb o1 M g3 — MakcMMarnbHOe U MYHUMAnbHOE MMaBHble Hanps-
XeHusi, Rc — cpefiHee 3HauyeHWe mpegena NpoYHOCTM Ha OHOOCHOE
ckKaThe nopogHbix obpasuos. OTnnuve 3akmoyaTcs B NOSBNEHUM
HOBbIX NapamMeTpOB: Mb 1 a, KOTOpbIE ONPEAENANTCA YEPES NPUHATHIA
AN AaHHbIX Nopof reonorudeckuii nHaekc npouHoctn GSI (Geological
Strength Index), yunTbiBatoLlero reonormyeckme 0cobeHHOCT Nopoa-
HOTO MaccvBa, B YaCTHOCTM, €r0 CTPYKTYPY W Hanmnume TpewmH (5 <
GSI < 100). 3HaueHs reonornyeckoro MHAEKCa NPOYHOCTH BbIBUpaloT-
CA B COOTBETCTBUW C Knaccudukaumen, paspabotaHHon 3. XokoM w
[. BpayHom [14] (puc. 4) Ha ocHOBe BW3yanbHoro obcrefoBaHus no-

04 =0'3+Rc(mb:—i+s)a
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pOZ B €CTECTBEHHBIX YCNIOBUSX U aHHbIX, NPeAOCTaBNEHHbIX reonor-
yeckoil cnyx6oil WaxTbl. Y4eT CTPYKTYpHON HEOAHOPOLHOCTH Nopof,
KOTOpas MPUBOAMT K CHUXKEHWUIO MPOYHOCTM MaTepuana crosi B Maccu-
Be B CpPaBHEHWM C MoKasaTensamu TabopaTopHbIX MCMbITaHWA NPUHAT
no pesynbTaTam aHanusa reonorMyeckoro OnucaHus W3 macnopta
MOArOTOBKM KOPEHHOI NaBbl rop. 593 M, a Takke 13 paboyei JOKyMEH-
TaLWmM y4acTKOBOTO reonora LaxThbl.

BeeneHne B pacyet mHgekca GSI koppekTupyeT Bce MexaHude-
CKVie XapaKTepUCTWKM MOPOZ B 3aBUCUMOCTY OT UX CTPYKTYpbI U CTene-
HW HApYLLEHHOCTY.

KoHcTaHTa mp, onpedensiowas reHeanc nopod, Koppektupyetcs
cneayoLmm obpasom:

GSI — 100)

mb=miexp( 28

(2)

BenuumHbl s 1 a (napameTpbl annpokcuMaLmm orubaroLLei Kpyros
HanpsiKeHUA Npy UcnbITaHuK 06pa3LoB) Takke ONpefensioTes B 3aBu-
CMMOCTW OT reonorMYeckoil XxapakTepucTuku nopog. Ans nopogHoro
MaccvBa «xopolueroy kavectsa (GS/ > 25) umeem:

GSI — 100
s =exp (T),a =0,5

[insi nopoaHoro MaccvBa «nroxoro» kayectea (GS/ < 25):

(3)
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Baouno-napyuieHnan -

CroncThli CKIa19aThIil MaCCHE C
BK.TIYCHHAMH 0TAeIbHOCTe
KPYT.10ii H MHOTOYTO.TbHOI OPMBI.

Hezunmezpupo6annan —

c1ab0 CBSA3aHERI,

Ae3HHTer pHPOBAHHBII, CHILHO
HapymeHHbI MacCHB, COCTOSIIIHI H3
0TAeIBHOCTEl KpYI10ii mIn
MHOTOYTO0.IbHOI JOpPMBI

YMEHBITEHUE CIE

Cl'mnuesamaﬂ — OTCYTCTEHE 0.10K0B
BCIeACTBHE 0. IH3KOT0 PacHoI0KeHIS
caadbIx OpoCTIOoexK HIH NI0CKOCTel
cARHra (KIHBAKA)

Ko3ppHuneHT reo1orudecKoii IpoYHOCTH A5
e CBSI3aHHBIX IOPOJ (Ggl) 3 xg:(l)al}lllll-’:}: XOPOIIHE CPEL Emssescs II(.)‘E:Z;%E
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) = O | noBepXHOCTH MOBEPXHOCTH CO | BBIBETPEHHbIE MOBEPXHOCTH C | IIOBEPXHOCTH C
Ouenka cpeqnero sHageHHa GSIc ygetom R =
§ o cleJaMH OKHCIA | HIH H3MeHeHHbIle | ILTOCKOCTAMH ILTOCKOCTAMH
JHIONOLIH, CTOYRTYPRIE COCTOMLHA 3 & JKelesa TIOBEPXHOCTH CKOJIBKeHHS, C CKOJIBbKeHHA, C
IIOBEPXHOCTH C Ha; CHHAMH oS '
P pymr oo BK/TIOYEHHAMH [TIHHHCTBIME
CILTOIIHOCTH. = ¢bparmeHTaMH MIPOTLTaCTKAMH
HenpaBHIBHOH HIH
dopmbr BKTIOYeHHAMH
CTPYKTYPA YXVYIIIEHHE KAYECTBA IOBEPXHOCTH
He 3D EHCO WU MOHO. =
HemOoEpeXJeHHbIe H.TH MOHO.THTHLIE
KYCKH DOpPOJbI C HECKOIBKHMH
Aa1eK0 pacnoI0KeHHbIMH
HapymeHHAMH COTOIIHOCTH o
=
S¢ 0 /
KB10ounas — X0pomo CHenTeHH blit 8
HemoBpeXIeHHbI NOPOJHbIil =]
MacCHB, COCTOAIIHI H3 0.10K0B =
KyOmdeckoii popMbI ¢ B3aHMHO g
nepeceKanIMHEMICA CHCTeMaMH g‘
Tpemus O r—4
Q 60
Mhuozoba10unan — cuen 1€ HHBIIL, o
9acTHYHO IIOBPQ}RJGH!!LIE MacCHE C E
MHOTOrpaHHBIMH YILTOBBIMH '_'T_:
f.10KaMH, c()OPMHPOBAHHBIMH =
nepecedeHHeM 4-x uoH Gotee cHCTEM =
= : Ay, A S/

/ /

Puc. 4. Knaccudmkaums nopoa Ha oOCHOBe reoniornyeckoro nigekca npoyHoctn GSI[14]

0 0,65 GS1 4
$=0a=05 900 @)

[MapameTpbl Ans pacyeTa, KOTOpble OTCYTCTBOBANM B MPOrHO3HOM
reonorMyeckomM paspese, MpUHUMAnUCb W3 JOCTYMHbIX TEXHUYECKMX
CMPaBOYHMKOB, COLEpKalluX CBEAEHUS O CBOMCTBAX TOPHbIX MOPOA
WaXxTHbIX noneit LieHTpanbHoro [JoHbacca YkpauHbl.

3ajaus pewanncb B CTaTMYECKOW MOCTAHOBKE B pexume
«HENVHERHas ynpyrocTby, T.e. AMHaMWKa MPOABWKEHUS KOMMNEeKca B
naBe, NEPUOANYECKME «TOMTaHWS» MeXaHW3MPOBAHHOM Kpenu npw
CHSITUM W MPUMOXEHNM PACTIOPHBIX YCUIWIA B 33Aa4Ye He Y4NTbIBANMChb.
OpHako a1 hakTopbl YYNTLIBANMCH B NPUNOXEHHON K MOAENN Harpys-
Ke Kak ko3aphuLMEHT NpUrpysku, paBHblii 1,2, kak 310 TPeOyoT HopMa-
TUBHble TpeboBaHWS Mpu  pacyeTe  YCTOMYMBOCTM  OBHaXeHWid
(cormacHo ykpauHckoMy oTpacneBoMmy cTaHgapty COY
10.1.00185790.011:2007. MoaroToBUTEmNbHBIE BHIPABOTKN Ha NOMOMMX
nnactax. Beibop kpenneHus, cnocobos 1 cpeacts oxpaHsl, 2007 1.).

PesynbTatamm pacuyeta, KOTOpble MOABEpranMcb aHanuay, sBns-
NIUCb HANPSXKEHUS B Teme «si3blka» COMPSKEHWST W OKPYXatOLLEM ero
maccuBe (HopManbHble BEPTUKANbHbIE, KacaTenbHble, U SKBUBANEHT-
Hble N0 Musecy). AHanuavpoBanach KayecTBEHHas kapTiHa W3MeHe-
HWSI HaNPSDKEHHOTO COCTOSIHUSE W KONMWUYECTBEHHbIE BENWYWHBI Hampsi-
Xenuit. Tlpn 3TOM MPUHAMANoOCb BO BHUMAaHWE, YTO €Crn 130mons
HanpsKeHUA B MAcC1BE BOKPYT TEXHONOMYECKONA HAKMOHHON COOMKM 1
NaBbl CMbIKANMChb, TO TaKOe CEYEHWe PacCMaTpUBaroch Kak BEPOSTHO
onacHoe, N0 KOTOPOMY BO3MOXEH MPONIOM «Si3blkay COMPSKEHUS NpH
BO3/1E/CTBIW CBEPXY Harpy3Kki OT MEXAHWU3MPOBAHHOM Kpenu Nasbl Npu
€€ NMpoXoze Haf COMPSHKEHNEM.

MogenvpoBaHue ceueruil 6e3 HakNoHHbIX choek (ceveHns 2-2 u 7
-7) BbINOMHATL HeLenecoobpasHo, Tak kak OTCYTCTBYET CUTyaLus,
nocTaBneHHas B 3afady MOLENMPOBaHNS.

B npouecce NOArOTOBKM CTaTbi MCMOMb30BANMCh MHCTPYMEHTHI
reHepaTMBHOTO UCKycCTBEHHOro mHTennekta (M) Ha 6ase Gonbluon
A3blkoor Moaenu OpenAl ChatGPT. UM npumeHsincs UCKoUMTENBHO
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Kak BCMOMOraTenbHbIA MHCTPYMEHT Hay4YHO-MHGOPMALMOHHON U pe-
[AaKLUMOHHON NOAAEePXKM U He MCNONb30Barncs ANs reHepauun opuri-
HamnbHbIX Hay4HbIX PE3yNbTaTOB, MHTEPMPETALMK pacyeToB Uk ¢op-
MyNMpOBaHWs BbIBOAOB MccnenoBanus. C ncnonb3osaHnem ChatGPT
BbIMNONHANWUCH CNEAYIOLLME 3aaaum:

— nopbop W npenBapuTENbHBIA MOUCK HayyHbIX Nybnukauuin no
TeMaTuKe YWCNEHHOTO MOZENUPOBaHWUS reOMeXaHW4YeckuX npoLeccoB
npu NOA3EMHOM pa3paboTke NNAaCTOBbIX MECTOPOXAEHWIA;

— YTOYHEHWE aHrTIOA3bIYHON U PYCCKOS3BIMHOM FOPHOTEXHUYECKOM
TEPMUHONOTAW;

— MepeBof TEPMMHOB, HA3BaHWA PUCYHKOB U MOAPUCYHOUHBIX
noanucen;

— A3bIKOBOE W CTUNMCTUYECKOE PeLakTUpOBaHNe OTAEeNbHbIX dpar-
MEHTOB TEKCTa;

— rpoBepka KOPPEKTHOCTW odopMneHns Bubnuorpaduyeckmx
OMMUCAHWUI 1 CCbIMOK B PA3NNYHbIX CTUNAX LUTUPOBAHUS;

— NMOMOLLb B CTPYKTYPUPOBaHUM MaTepuanos CTaTby.

Bce cBegeHus, monyyeHHble ¢ ucnonb3oBaHvem WU, pomnomnHu-
TeNbHO NPOBEPSNNCL aBTOPaMM MO MEePBOMCTOYHUKAM, HOPMATUBHBIM
AOKYMEHTaM W HayyHbiM nybnukaumsm. MeHepatusHbii U He pac-
CMaTpuBarncs kak coaBTop MyOnvKaLmm 1 He MPUHUMaN CamoCTOSTENb-
HbIX PELUEHUI OTHOCUTENBHO HAYYHOrO cofepaHus paboTbl. OkoHva-
TenbHas pefakuus TEKCTa, MHTepnpeTaumus pesynbTaToB MccrnenoBa-
HWSA U OTBETCTBEHHOCTb 33 COAEpXaHue CTaTbyi NOMHOCTLIO NPpUHaane-
Xat aBTopam.

PesynbTathl

MogenupoBanacb cuTyauusi HaXOXAeHUs KOMnnekca Henocpesd-
CTBEHHO Hap, conpsikeHneM ¢ ByHKepamm 1 TEXHOMOTMYECKM HaKIOH-
HbiMu choiikamn. [paHNYHble YCNoBUS, MPUHSATLIE MPU MOZENUPOBa-
HUK:

A) HuxHss rpaHb Moenu — 3anpeT nepemeLeHnit no ocam X, Y,
Z

B) bokoBble rpaHn Mogenu — 3anpet nepemelleHnin X, Z; paspe-

CeKLMM MeXaH13MpOBaHHOM Kpenu
KOpeHHOW naBbl rop. 593 M

LUeHbl NepemeLLeHns no Y;

B) BepxHas rpaHb MOAenn — paBHOMEpHO-pacrpegeneHHas
Harpyska OT BblLenexalleil Tonwm, pasHas 13,54 MMa;

I MoBepxHocTb NoyBkl NaBbl Y 326051 (B BbipaboTkax no nmnacty,
KOTOpble MEepecekalnTCs NaBoi) — pPaBHOMEPHO pacnpeneneHHas
Harpyska OT AaBreHUs pacnepTbix CeKUMit Ha MouBy (cornacHo napa-
MeTpaM MeXaHW3VPOBaHHOW KpPenu NaBbl) M BEC TEXHOMOTMYECKOro
obopynosaHns — cymmapHo 2,2 MMa. C y4eToMm KOHCTpyKUuM y3na
onupanus (puc. 5) HacTuna w3 geyTtaspa u CBI1-33 Hag ycTbem OyHke-
pOB 1 TeXHoMorn4ecknx cboek, kotopast NPeAycMaTpuBaeT OnupaHme ¢
Of{HON 13 CTOPOH Ha MepPeMblyKy B HaKMOHHOM cBOIiKe, KoTopas 3aTem
nepenfaeT Harpysky Ha MaTepuan 3anofnHeHus cOOeK, NpoCTpaHCTBO
ycTbs cOOMKM HA MOZenu octaBanoch 6e3 NpPUNOXEeHUs Harpysku, HO
Mo MepuMeTpy COMPSKEHWS Ha YPOBHE MOYBLI MNacTa MpuKknaabIBa-
nack pacnpegeneHHas cuna, BeNnynHa KoTopol NprH1Manacs B 3aBu-
CMMOCTY OT pasmepa OKHa COMPSXKEHWUS N BEMNYNHBI HArpysku OT Mex-
komnnekca (cM. mabn. 2).

Mogenb annpokcMMMpoBanach KOHEYHO-3MIEMEHTHON CETKON U3
KOHEYHbIX 3IeMEeHTOB-TETPa3APOB, 0bLLee KONMYEeCTBO KOTOPLIX NPea-
cTaeneHo B (mabn. 2). Ha (puc. 6) npeacrasnetsl oblpe Buabl Yuc-
NeHHbIX Mofenen ans ceveHun 1-1 u 4-4 ¢ pasgeneHueM Ha Criow.
lMoaroToBka reomeTpun ocywlectsnsnace cpege Autodesk AutoCAD,
nocrne Yero rotoBas reOMeTpust pacyeTHon obrnactv nepepasanach B
nHTerpupoBaHHyto cpegy ANSYS Workbench, roe yxe ocyuwiectens-
nacb NOAroToBKa MOLENM ANs HENOCPEACTBEHHO KOHEYHONEMEHTHOTO
aHanu3a. 3agava pewwanaco Ansa Haubonee HebnaronpusTHbIX ycro-
BWIA, KOTAa MOMOCTY TEXHOMNOIMYECKMX HAKMOHHbIX cOoek 1 ByHkepoB
€B06OAHbI OT KPEM 1 HIYEM He 3amonHeHbl (puc. 7). Ans cokpalleHus
BPEMEHM CyeTa, a Takke nomyyeHusi 6onee TOYHbIX pe3ymnbTaTos,
ceTka MOLien ONTUMM3MpOBanack o pesynbTatam NpobHbIX pacyeTos
(puc. 8 u 9). B ntore OKOHYaTENbHO MPUHATA CETKa Pa3HON ryCTOTbI.
Pa3mepbl anemMeHTOB B 00nacTsix ¢ pasnuiHoON ryCToTON CETKM NpuBe-
A€HbI B (mabn. 2).

[18PEBAHHAsA KOHCTPYKLINS,
NoAAepX1BaloLLas KPOBIHO NaBbl Ha
ydacTke nepexoaa

T \ i T T

L&

T T T

%-

i
/@% \\@

TEXHonorn4yeckom
cOoWKM

cexumamu

Hactun nog

Puc. 5. MpuHsATas NPoeKTOM NOATrOTOBKM KOPEHHOW NaBbl 593 M KOHCTPYKLMSA y3na Nepexoaa YCTbsl HaKNOHHOM COOiMKM
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I Genetoy {Fa Frarcn R P

Puc.6. O6wume BUALI Mogenen ¢ pasaenieHMeM Ha Cnou: a) Ans Mogenu no ceyenuio 1-1; 6) ans Mmopgenu no ceyexuto 4-4

Puc. 7. Npumep MoAenu ¢ He3anoNHeHHbIMM BbIPaBoTKaMy (4acTb YMCNIEHHON MOZENM): a — «A3bIK» CONPAXKEHMS], ONACHbLIN K NPOBan1Ba-
HMI0 0GOPYAOBaHNSA B HAKMOHHYIO TEXHONOTMYECKYH0 CH0IKY

Ha puc.8 npeacTaBneHbl NpUMEPbI LLIAPOB CrYLLEHNS CETKW KOHEYHOIMEMEHTHBIX MOLENEN U X PacrioNoXeHue B Mogensx no ceveHnsm 1-1 n 4
-4, a Ha puc. 9 — peaynbTaT NPOBEAEHHOTO CTYLLEHUS CETKM.

a) 0)

Puc. 8. LLlap cryiweHus ceTkm KOHEYHOINEMEHTHbIX MoAenNen: a) B MoAenu no cevenmto 1-1; 6) no ceyenuio 4-4
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Puc. 9. CeTka KOHEeYHbIX 3NIEMEHTOB NOCHE CTYLEeHUs: a) AN MoAenu no ceveHuio 1-1; 6) ans moaenu no ceyexuto 4-4

KayecTBeHHble M KONMWYECTBEHHbIE pe3ynbTaTbl PacyeToB
mogenu conpsixeHus no ceyvenmto 1-1. Ha (puc. 10 u 11, a-2) npeg-
CTaBNEHO CEYEHWe, MPX KOTOPOM WM30MONS MOBBILLEHHBIX HAMPSBKEHMIA
CMbIKAKTCS B TOMLLE «sA3bIKa» COMPSHKEHNS, YTO KBANMULMPYeTCs Kak
NOTEHLManNbLHO OnacHoe ceveHue. Bricota nopogHoi npobku npum 3ToM
cocrasnsieT 1,2 m. [pu yganeHun ot ConpsikeHUst N0 HAKIOHHON cOOiA-
ke (MpW YBENWUYEHNUM TONMLMHBI NOPOSHOI Npobku) abcomnoTHble BEMM-
UWHBI 3KBMBANEHTHbIX HAMPSBKEHMIA CHUXAKOTCA: €ClM Ha «ONacHoOM
CEYEHNMY» CPERHSs BENMuMHA HampshkeHud cocTaenseT nopsgka 10
MMa. Ha pacctosiHuu, paBHOM TOMNWMHE nopogHoi npobku 3,0 M,
CpefHNE 3HAYEHNS AKBUMBANEHTHBIX HAMPSHKEHWI CHUXAKOTCS A0 BEMNW-
unH nopsigka 3 MMa. Mpu aTom B KpoOBNe HaknoHHoM cboiiku (puc. 11,
6) HabrioaaeTcs NOBbILLEHWE HOPMAnbHBIX BEPTUKANbHbLIX HanpsKe-
HuIA Ha AnnHe 20 M, 0HaKo Mo abCOMIOTHON BENMYMHE 3TO MOBbILLEHWE

HeBemvKo — B cpeaHeM MeHee 1 MIa. B ceyeHnm ¢ TONLLUMHON Npo6ku
1,0 M BENWYMHBI 3TUX HANPSKEHWUN COCTaBNSAOT OT -5,9 MIa B BepxHe
yactu «sa3blka» go +0,24 Mna B HuxHel. Mpu 3TOM MeeT MecTo nepe-
MeHa 3Haka 4eiCTBYIOLMX HANPSKEHWHA, YTO yKa3blBaeT Ha MOSIBNEHNe
U3MMOHbIX SBMEHWI B 3TOM CEYEHMU.

CpaBHUTENBHO ManbiMM  SBMAKOTCA  KacaTenbHble HanpsKeHus
(puc. 11, 8) B Tone «s3blka» conpsikeHns — o1 -0,11 MMa B BepHeit
yactu «sisblka» o -0,63 MlMa B HkHeit ero yactu. Mx 3HayeHus He
npesbiwaioT 15% oT paspyLuatoLLmx.

KapTuHa HopmanbHbiX BepTWKanbHbIX HanpsikeHuid (puc. 11, 2)
YKa3bIBaET TakKe Ha MOSBINEHNE MOBbILIEHHbIX HAMPSKEHUIA B «A3bIKE»
npu JEeRCTBUM HArpy3ku. VX BENMYMHbI B CEYEHUM Npu TOMLLUMHE Npob-
kn 1,0 m coctaBnsioT oT -2,9 MMa go — 1,8 MIMa cooTBETCTBEHHO B
BEPXHEN 1 HUKHE YacTax A3blka.

Puc. 10. ConpsixeHue no ceyenuto 1-1. 3D-ceyeHue ¢ kKapTMHON pacnpeaeneHus n3ononei 3KBUBaNeHTHbIX HanpskeHui no Musecy B
ToNLEe MacCUBa, OKPYKaKOLLIEro CONPsKeHNs
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B)

)

Puc. 11. ConpsixxeHue no ceyenuto 1-1. KapTuHbl pacnpefeneHns HanpsikeHWiA B Tonle NOPOAHON NPOGKM ConpsKeHUs:
(a) nnockoe ceyeHue KapTUHBLI IKBUBANIEHTHLIX HANPsIKEHUN; (6) HOPManbHLIe BepTUKaNbHbLIE HANPSIKEHUS; (B) KacaTenbHbIe Hanpsxe-
HU; (r) HOpManbHbIe rOpU3OHTamNbHbIe HanpPsKeH!s

Takum 06pa3om, B Lenom pesynbTaTsl MOLENMPOBAHUS NOKa3blBa-
10T, 4TO MOTEHLMANLHO OMacHo! € TOYKM 3PEHUs NpoaaBnuBaHNns 0bo-
PYLOBaHUS B HAKMOHHYK0 COOIiKY Yepes nopoaHyto nNpobky B ee TonLe
ABNAETCA CeYeHe Npy TOMLLMHE NOPOAHOI Npobku, paBHoi 1,2 M.

KayecTBeHHble M KONMMYECTBEHHble pe3ynbTaTbl pacyeToB
mMoaenu conpsxeHus no ceyeHuto 4-4. KapTuHbl pacnpepenerus
HanpsPKEHUA B TONLLE «S3bIKa» COMPSHKEHNS 411 MOZENM MO CEYEHMIO
4-4 npepcraBneHsbl HUXe, Ha (puc. 12 u 13,a-2). Mpu atom obLLas kave-
CTBEHHas KapTWHa B LENOM MOBTOPSET Npedblayllylo CuTyauuio —
MMEETCS CeYeHne Npu TOMLLUMHE NOPOLHON NPOBKW B KPOBME HAKIOH-
Hoit c6oiiki, paBHoi 1,0 M, KOTOpOE Takke MOXHO XapaKTepu3oBaTb
kaK nmoTeHUManbHO onacHoe. o abcomioTHbIM 3HaYeHWsM CpeaHue
BEMWYMHBI HANPSDKEHWIA B MOZENV OCTUTAIOT CIEAYHOLNX 3HAYEHMIA:

— 3kBMBaneHTHble (puc. 12 u 13, a) — go 9,5 MMa. Mpu yaanexum
OT COMPSXKEHUS MO HAKIMOHHOW COOKE (MpW YBEMWYEHUM TOMLLMHBI
nopoaHoi npobku) abCcomioTHble BENMNYNHLI 3KBUBANEHTHBIX HaMnpsixe-
HWIN CHWXAIOTCA: HA PAcCTOSIHUM, PAaBHOM TOMLLMHE NMOPOAHON NPObKM
3,0 M, cpefiHMe 3HAYeHUs 3KBUBANEHTHBIX HAMPSHKEHMIA CHUXAIOTCS O
BennuuH nopsaka 4 MMa.

— HopMmarbHble BepTuKkanbHble (puc. 13, 6) — ot -3,99 MMa po
+0,44 MMMa (cmeHa 3Haka);

— KacaTenbHble (puc. 13, 8) — ot -0,154 MIMa go -0,03 MIa;

— HOpMarbHble ropusoHTanbHble (puc. 13, &) — ot -0,23 MMa go
+3,6 MlMa (cmeHa 3Haka!)

Takum 06pa3som, B LLenom pesynbTaTbl MOLENMPOBAHUS NOKa3blBa-
10T, YTO NOTEHLMANbHO OMACHOW C TOYKW 3peHNst NpoAaBnMBaHNs 06o-
PYLOBaHWA B HAaKIMOHHYHO cOOiKY Yepes MopoaHyH npobky B ee Tonwe
SBNSETCS CeyeHne npu TonLyHe nopogHon npobku, pasHoii 1,0 m.

BbINonHeHHble pacyeTbl MOZenen Ans ConpsbkeHuit GYHKepOB K
HaKMoHHbIX cOoek (ceyenus 1-1 u 4-4) nokasbiBaloT, YTO nepepacnpe-
AeneHne HanpsikeHUiA B Tene «s3bikay COMpsikeHui B 0601 Mogensx

NPOMCXOASAT KaYeCTBEHHO OAMHAKOBO: (POPMUPYETCH Takas KapTuHa
pacnpegeneHns 3KBMBANEHTHbIX HanPSXKEHWUA, MPU KOTOPOA MOXHO
BbIJENUTb NOTEHLMANBHO OMACHbIe CEYeHWs! B TOMLLE «si3blkay COMpsi-
KEHWS — NPU BENUYMHE TOMLLMHBI NOPOAHON NPOBKM B KPOBNE HAKIOH-
HOM TexHomoruyeckoi cOoiiku, pasHom 1,2 M u 1,0 M ans mogenen
CeyeHns cooTBeTcTBEHHO 1-1 1 4-4. [lanbHeiilee yBennyeHne TonLm-
Hbl 3TOW NPOGKA MPUBOAMT K CHUKEHWIO BEMWYMH SKBMBAMNEHTHbIX
HanpspkeHud ¢ BennynH 10 MMa 1 9,5 MMa ans mogenei cevequs 1-1
1 4-4 cOOTBETCTBEHHO, KOTOPbIE Npu TonWyHe Npobku 3,0 M cocTaens-
10T yxe He bonee 4,0 MMMa.

Llenbto MogenupoBaHus conpsikeHuii no ceveHuto 3-3 un 5-5 aBns-
€TCs NpoBepKa BEMNYMH TOMLMHLI MOPOAHON NMPODKMW, MONYYeHHO Ha
aTane mMogenupoBaHns no ceyenusm 1-1 u 4-4 n cpaBHeHre nonyyeH-
HbIX PE3ynbTaToB [N YCTAHOBNEHUS BO3MOXHOCTM NPUHSATUS TUMOBO-
ro pasvepa npobku, paHoro 3,0 M («TunoBas Npobkax), ANs KOTOPOro
BbINOMHEH pacyeT MaTepuanos No 3aknagKke HaKMOHHbIX XOAKOB TEXOT-
[ErNoM LaxTbl.

[eonorus B mogensix, (OU3NKO-MeExaHW4eckue CBOWCTBA CrOEB
nopog, BKIYas nokasaTtenb kayectsa nopogsl GSI, meToauka mope-
NnpoBaHus, 0BnacTb 1 xapakTep ONTUMM3aLMW MOZENW 1 Apyrve na-
pameTpbl MOZENUPOBaHNSA, B TOM YWCNe XapakTep 3agaBaeMblX Harpy-
30K M WX BEMUYMHA, @ TaKkke rpaHNyHble YCroBMSs, OCTaBanmnch TakMK,
KaK Ha aTane pacyeta Moaenen no ceyerusam 1-1 n 4-4.

lMockonbKy MOAXOA K HAKMOHHOTO XOAKa K NMo4YBe KOPEHHOW NaBbl
NPOMUCXOZMT (COrMacHo CEYEeHW0 M CXEMe W3 MnaHa ropHbIX paborT,
(puc. 2)) nog yrnom K NnHWKM, napannensHoii 3a6oto Na.kl, paccMaTpu-
BamnoCb Takoe ceyeHne obnacTy ConpsHKeHNs, Npu KOTOPOM npr3aboii-
HOE NPOCTPAHCTBO NaBbl HAXOAUTCS HaZ HAKMOHHBIM XOLKOM M Mpw
9TOM 30Ha NMPUNOXEHWS HArpy3kW SBMSETCS TaKOW, 4TO MO3BONAET
aHanuaupoBaTb HamnpsikeHUs B MOpoAHONA npobke Mexay nason W
KpOBMel HaknoHHoro xoaka npu ee TonwwmHe ot 0,0 M [0 5,0 M.
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Puc. 12. ConpsixeHue no cevyenuto 4-4. 3D-ceyeHue ¢ KapTMHOM pacnpeaeneHus n3onornei 3KBUBaNeHTHbIX HanpskeHuit no Musecy B
TOJLLE MacCcUBa, OKPYXKatoLLero CONpPAXeHNs

B) r

Puc. 13. ConpsikeHue no cevenuto 4-4. KapTuHbI pacnpegeneHns HanpsxeHWit B TONLLE NOPOAHOI NPOGKM CONPSKeHUS:
(a) nnockoe ceyeHne KapTUHBI IKBUBANEHTHbLIX HanpsxkeHui; (6) HopManbHbIe BepTUKanbHbIe HanpsXeHus; (B) kacaTenbHble Hanpsxe-
HUS; (r) HOpManbHble FOPU3OHTaNbHbIe HanpPsXeHUs
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Puc. 14. ConpsixeHue no ceyenuto 3-3. KapTuHa pacnpeaeneHus 3KBUBaNeHTHbIX (MpUBeAEHHbIX) HanpsikeHuiA B ce4eHUn BAONb
NpoAoNbLHON OCK HAaKNOHHOTO xoAka. OTMeTKa ¢ BefIMYMHOW HanpsKeHWit COOTBETCTBYET BeNUYUHE NOPOAHOIA Npobke B 2,5 M

] ]

mEm™

Puc. 15. ConpsixeHue no cevenmto 3-3. KapTnHa pacnpefeneHns aKBUBaneHTHbIX (MPUBEAEHHbLIX) HANPSXKEHWA B CEYEHMM nonepek npo-
DONbHOM OCU HAaKITIOHHOTO X0AKa NPYM BennUMHe NOPOAHOI NPo6KKM B 2,5 M. 06acTb NOBbIWEHHbIX HaNPSXXeHWIA OXBaTbIBET TOALLY No-
poAHOI NPo6KM ¢ BLIXOAOM Ha NOYBY NaBbl U KPOBMO HAKMOHHOIO X0AKa

KayecTBeHHblE M KOMMYECTBEHHbIE Pe3ynbTaThl MOLENMPOBaHUS
no ceveHno 3-3. PacnpegeneHne HanpskeHuid B TOMLIE MOPOAHOM
npobku 1 ee OKPECTHOCTEN NpefcTaBneHo Ha (puc. 14-16). Mo anano-
MW C NpeabloyLyMM pacyeTamu, NOTEHUWanbHO onacHsIM 6bino npu-
HSTO CEeYeHue NopoaHoN POk («sA3bIkay COMPSHKEHUS), NPU KOTOPOM
W30MMHUM MOBbLILIEHHBIX HAMPSKEHUA B ee TOMWe Hag KpoBrew
HaKMOHHOTO XOfKa CIMBAKOTCS C W30NMMHUAMM TaKAX HanpshKeHWA B

noyse KOpeHHo naebl rop. 593 m. Ha (puc. 14 u 15), roe npeacraene-
Hbl pasHble NIMOCKWE CEYEHUS KapTUHbI pacnpefeneHns SKBUBaneHT-
HbIX (MPMBEAEHHBIX) HaNpskeHWi no Musecy, aToT addekT (crusHue
n3ononeit u copmnupoBaHe 00MacTV MOBBILIEHHBIX HANPSKEHWIA)
XOPOLLO 3aMeTeH.

Ha (puc. 14) npeacrtaBnieHa kapTuHa pacnpeaeneHnst HopMarnbHbIX
TOPU30OHTaNbHbIX HAaNpsKeHWi. Kak Ha (puc. 13, B, puc. 13, 1), Tak 1 Ha
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(puc. 14) nmeeT MecTo 06nacTb CMSHUS MOBBILIEHHBIX HAMPSHXKEHNA B
nopopHoil Npobke Haf KPOBNEi HaKIMOHHOMO XoAkKa, koTopast (hopMupy-
€T NOTEHUManbHO OnacHoe ceyeHne. Bce KkapTuHbl pacnpepeneHus
HanpsXeHUA B AAHHO MOAENW NPpeAcTaBfeHbl ANS TOMLLUMHBI NOPOf-
HOW MpoBKK, paBHol 2,5 M, 4TO yknaabiaeTcs B TonwmHy 3,0 M, KoTo-
pasi NPUHATA LIaXTON Kak TMNOBas TONLYMHA NOPOAHOM Npobkm (BbicoTa
«sA3blKka» COMPSHKEHWS). YPOBHU HaNPsKeHWI NOMyyeHs! CrieayoLLmMm:
3kBuBaneHTHble (puc. 13 n 15) — go 10,5 MMa; npu yaanexumn ot co-
MPSXKEHNS MO HaKIMOHHOW cOoilke (MpW yBENWYEHUM TOMLMHBI NOPOA-
HOI NpoBKi) abCoMiOTHbIE BENUUMHBI 3KBUBANEHTHBIX HAMPSHKEHMIA

CHIXAIOTCS; HOpMarbHbIe ropu3oHTanbHbIe (puc. 16) — ot -5,2 MMa go
+5,9 MIMa (cMeHa 3Hakal).

Takum 06pa3om, pesynbTaTbl MOAENMPOBAHMA MO ceyeHuto 3-3
MoKa3blBatoT, YTO TONLMHA NMOPOAHON MPOBKM B MOTEHUMArbHO onac-
HOM CeyeHUM COCTaBnsieT 2,5 M, 4TO yKknajablBaeTcs B pasvep
«TWUMOBOM NPOOKM» MPUHATON CrieuManMcTamm LaxTbl paBHOM 3,0 M.
OTnuune OT pesynbTaToB  MOAENWPOBAHUS MO MEPBOMY aTany
(TonwwHa npobku 1,0-1,2 m) coctaBnseT ot 2,1 oo 2,5 pas, uto 0by-
CrIOBMEHO TEOMETPUEN COMPSIKEHUS U YITIOM Hae3fa Komnrekca Ha
ONacHbIt Y4aCTOK COMPSIKEHNS C HAKMOHHBIM XOAKOM.

Puc. 16. ConpsikeHue no ceyenuto 3-3. KapTuHa pacnpeaeneHns HOpManbHbIX FOPU3OHTaNbHbIX HANPSXEHUA B CEYEHUM nonepexk
NPOAONLHON OCW HAKNOHHOIO X0oAKa NPX BeNUYMHE NOPOAHON NPoGkK B 2,5 M. 06NacTb NOBbIWEHHbLIX HANPSXXEHWA 0XBaTbIBET TONLY
I'IOpOHHOﬁ I'IpOGKVI C BbIXOAOM Ha NO4YBY naBbl U KPOBJIKO HAKMOHHOIO XoA4Ka

KayeCTBEHHbIE U KONMMYECTBEHHbIE pe3ynbTaTbl MOAENMPO-
BaHUs No ceyeHnto 5-5. MpocTpaHCTBEHHAs reOMEeTPUS JAHHOTO
COMPSKEHUS SBMSIETC CaMOW CMOXHOA U3 PacCMOTPEHHbIX
mogenen. Mpu aToM Mogenuposanack cuTyaLus, aHanoruyHas
COMPSKEHMIO MO ceyeHnto 3-3, T.e. korga nonocTb NaBbl MO3BO-
nsna paccmaTpuBaTh PasfinyHyo BENUYMHY NOPOAHOM NPObKM —
ot 0,0 m go 5,0 m. KapTuHa pacnpeneneHust SKkBUBaneHTHbIX
HaNPSHKEHMI MO CeveHmio, napannensHomy 3abok NnaBbl, nped-
cTaBfieHa Ha (puc. 17). B xoge MoaenupoBaHWst YCTaHOBMEHO,
YTO MOTEHLMANBHO OMACHON SBNSIETCS TOMWMHA Npobku, pas-
Has 2,0 M, 1S KOTOPOW W NpefcTaBneHa kapTuHa Ha (puc. 17).

CpenHss BennuuHa 3KBMBaNEHTHbIX (MPUBEAEHHBIX) HANPSHKEHUN
Mo CEeYeHno ¢ TonwmHon npobku 2,0 M coctaenseT 10 MMa, yto He-
CKOMbKO MeHbLLE TaKOBbIX 151 COMPskeHs No ceyennto 3-3. Bmecte ¢
TEM BENWYMHA AEWCTBYIOLLMX HanpskeHnd He npesbiwaet 30% o
npenernbHbIX.

Takum 0Bpa3om, pesynbTaTbl MOLENMPOBAHUS MO CeYeHWto 5-5
noKasbIBaloT, YTO TOMLMHA MOPOLHONA NPobKK B MOTEHLMAMbHO onac-
HOM cevyeHuM cocTaBnsieT 2,0 M, 4TO YKNagblBaeTcs B pasMep
«TUMOBOM MPOOKM», MPUHATON cneumanucTamn WaxTbl pasHoi 3,0 M.
OtnnuMe OT pe3ynbTaToB MOAENMPOBaHUS MO MEPBOMY 3Tany
(TonwwmHa npobkm 1,0-1,2 m) cocrasnset ot 1,6 go 2,0 pas, 4to 0by-
CIIOBMIEHO TEOMETPUEN COMPSIKEHUS U YITIOM Hae3fa KoMmrekca Ha
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onacHbli Yy4acTOK conpAXXeHns ¢ HaknOoHHbIM XOAKOM.

[MapannensHo ¢ MOAENMPOBaHNEM re0NOrYECKor Cryx0Ooi WaxTbl
ObInK NOMyYeHbl NEPBbIe ONMCAHUS O COCTOSHUM OBHaKeHUIt GpoLLeH-
HbIX BbIPabOTOK (HAKMOHHbBIX TEXHOMOrMYeckux cOoek), KOoTopble Noka-
3anM HamMuve B KpOBMe TakuX COOEK TEXHONMOIMYECKM HapyLUEHHbIX
nopof C cucTeMamu HaBeLeHHOW TeplymHoBaTocTU. C UMbl y4eTa
BMUSHUS 3TUX 30H MOBBILLIEHHO! TPELLMHOBATOCTH, KOTOPbIE (hOpMUpY-
l0TCS1 B OKPECTHOCTW [JaBHO NPOAAEHHBIX BbIpaboTOK Bbinu paspaboTa-
Hbl 1 MOCTPOEHBI HOBbIE MOAENH, B KOTOPbIX OblNo BBELEHA BO3MOX-
HOCTb y4yeTa TakuX 30H MOBbILIEHHOI TepLymHoBaTocTH (3MT), nockonb-
Ky paHee WCMomnb30BaBLUMECS MOLENM He MO3BONSNN aHaNM3MpoBaTh
3T B xoze pacyeToB, NPELCTABNAA KapTWHbI pacnpeseneHns Hanps-
XEHWI M fedopMaLMit B MaccuBe, XOTSI U MOCTPOEHHbIE C Y4eTOM
nokasatens kayectea GS| MCXOQHOM MOPOAHOI Cpenbl, HO BCE XE He
YunTbIBAKOLLME OBGHOBNEHHbIE AaHHBIE MO KAYECTBY MaccuBa B KPOBME
BpolueHHbIX TexHonornyeckux cboek. Onupascb Ha pesynbTathbl
npeabiayLUmMX 3TanoB MOAENWPOBaHMS, rabapuTHble pa3mepbl HOBbIX
Mopenei (pasmepbl obnacteit MoaenupoBaHus) Obinn YMeHbLLEHbI 10
MWHUMaIbHO BO3MOXHbIX M AOMYCTUMBIX C TOUKU 3PEHNS PENEBAHTHOC-
TU pe3ynbTaToB Pa3MepoB, T.€. 40 TaKuX, NPy KOTOPbIX kpaesble adh-
(DEKTbI OT BAMSHUSA TPAHUYHBIX YCIIOBUN HE OKa3blBAKT BO3LENACTBUS
Ha 3Hauumylo obnactb mogenu. Kpome TOro, yuuTbiBasi, Yto Mpu
pacyeTe Harpysku Ha kpenb no metoguke [JoHYIW (cormacHo COY
10.1.00185790.011:2007) onepupytOT NOHATUEM «CPELHEB3BELLEHHAS
NMPOYHOCTb NOPOA» B KPOBME M MOuBe BbIpabOTKM, B HOBbIX MOAENSX
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TakKe NPUHATBI YNPOLLEHUS N pearnbHas CTPYKTypa TOMLM Nopoga 3a-
MEHeHa Ha ee CpeAHEeB3BELUEHHbIE 3KBMBANEHTLI B KPOBME W NoYBe
nnacta 31O MO3BOMMNO YATW OT POPMUPOBAHUS CIOMCTOTO MaccuBa,
3aMEHNM ero TpaHCBEepCarnbHO M30TPOMHON cpedoil ¢ aedektamn B
BMAE NOMoCTeN BbIpaboTok.

lMepen BbINOMHEHWE MOLENMPOBAHNS MO METOANKE, U3NOKEHHON B
COY 10.1.00185790.011:2007, npeapapuTenbHO Obina oLeHeHa Bbico-
Ta 3MT Hag kpoBnen BbipaboToK. [1715 HAKMOHHbIX CO0EK OAHO3HAYHAs
oueHka BenmMumHbl 3M1T 3aTpyaHUTENbHA, MOCKOMbKY B KaX0M Ceve-
HWUM HaKNOHHOW BbIpabOTKK, CTPOro roBops, OymeT MonmyyeHo cBoe

3Ha4eHne CpefHEeB3BELUEHHOM MPOYHOCTU MOPOA B KPOBME 1 NoOYBe
BbipaboTkn Ha mybuHy o 20 M. Mo BbINONMHEHHBIM  OLEHKaM
(aHanuanpoBanoch 4Ba CeYeHUs — y NOAOLUBbI KOPEHHOW NaBbl U B
cepeauHe ANMWHbI HAKIOHHOTO XoKa), pacyeTHas BennynHa 3M1T mo-
XET BapbupoBaTh 0T 2,6 M 40 5,1 M. MoaTomy B MOfENsx NPUHATO ee
CpefHee 3HayeHne, paBHoe 4 M. B npegenax 3MT npoYHOCTHbIE CBOM-
CTBA NMOPOA YMEHbLLLANNCH MyTeM BBEAEHUS K UCXOLHOM NPOYHOCTY W
KECTKOCTHbIM  MapameTpaMm nopog  koadhduuneHTa  CTPYKTYPHO-
MexaHnyeckoro ocnabnenns kc=0,7 B COOTBETCTBUM C METOAONOIMEN
COY 10.1.00185790.011:2007.

Puc. 17. ConpsxeHue no ceyenmio 5-5. KaptuHa pacnpeneneHns akBUBaneHTHbIX (MpUBEAEHHBLIX) HanpsxeHu no Musecy npu BennyuHe
NopoAHoiA Npo6Oku, paBHOM 2,0 M

ERmonaEEE

Puc. 18 - KoppekTupoBaHHas Mofenb CONpsXeHUs Mo ceveHuto 1-1 (¢ yueToM 30HbI NOBbILIEHHOM TpelmHoBaToTH). Pacnpeaenexue
3KBMBaNEHTHbIX (MPUBEAEHHBIX) HANPSKEHUI NpK TonwwmHe npooku 1,5 m. BugHo cnusiHue nsononeii NOBLIWEHHbIX HaNpPsKEHW B KPOB-
ne HaKNOHHOTO XOAKa C NePexoA0M Ha NoYBY NaBbl
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[insa cokpalleHns BpeMeHn cyeTa Obino peLieHo OLeHUTb CTeneHb
BnuaHus npucytcteua 3M1T B MoAensx Ha NONyyYeHHbI pesynsTat u
3aTeM NPUMEHUTL K YKe MMEIOLLMMCS pesynbTaTaM KOPPEKTUPYHOLLMIA
ko3chcpuumeHT. Mockonbky Bce paHee MoMyYeHHble pesynbTaThl ykna-
AbIBAIOTCS B pa3Mep «TUMOBOM NpobKu», Takoi NOAXOA ONpaBaaH.

PacuyeTbl BbINOMHANMCL AN COMPSIKEHMA MO ceveHuio 1-1 kak
TMNOBOMY M Haubonee npocTo KoppekTMpyemomy. B xoge mogenupo-
BaHWs NONyYeHb! CeaytoLne pesynbTaThl.

B paccmotpenHon mogenu (¢ yyetom 3T Beicoton 4 m) obnactu
MOBBILLEHHBIX HAMPSPKEHMIA OXuaaemo nokanuaytotes B npepenax 3MT,
O[IHaKO B CMITy CHIDKEHWUS XECTKOCTM NMOPOA BENWNYMHBI AECTBYHOLNX
HanpsKeHUA B LIENOM OKa3bIBaAKOTCS HIKe, YeM ans mogenei 6e3 31T,
HO MpW 3TOM YBENMUMBAETCA XeopMUPYEMOCTL Y4acTKoB Nopod B
obnacTi nopogHoM nNpobku, 4TO B COBOKYMHOCTM NPUBOLNT K YBENUYE-
HWK MOMYYEHHON MOTEHLMANbHO OMacHOM TONMWMHLI Mpobkn — Ans
mopenu ¢ 3MT oHa coctasuna 1,32-1,5 m (ans pasHbIx BUAOB Hanps-

XeHnuit) npotve 1,2 m anst mogenm 6e3 3MMT, T.e., NpUPOCT COCTaBNAET
0o 25%. OpHako, ans mogenu no cedeHwio 1-1 gaxe nomyyeHHas
BenM4MHa B 1,5 M BCE paBHO HE MPEBbLILLAET MPUHATON TEXOTAENOM
LUaXThl TONLMHbI «TUMOBOA NPOBKM».

CpenHue akBuMBaneHTHble (NMPUBEAEHHBIE) HAMPSXKEHWUS Mpu Ton-
LWKHe npobku 1,5 M coctasnatoT 2,5 MMMa, npu 3TOM 3T e Hanpsixe-
HWa npu BennunHe npobku 3,0 m coctaenstoT yxe 1,33 MlMa, uto B
LIenoM COOTBETCTBYET MOMyYeHHbIM paHee Ha MepBoM 3Tane kaue-
CTBEHHbIM pesynbTataMm. KapTuHa pacnpefeneHns SKBMBaNEHTHbIX
(MpuBeneHHbIX) HanpskeHuin no Musecy npeacTtaeneHa Ha (puc. 18 u
19). MNpu atom Ha (puc. 19) npencTaBneHa UCKpUBNEHHas dopMa Mo-
penu (macwTtabHblil  koadduumeHT cocTaenser 50 eauHuu), roe
CTPENKON MoKasaHa KpacHas NMHUS, N0 KOTOPOI XOPOLUO MOXHO YBM-
[eTb y4acToK NOTEHLMANLHO OMACHOTO CEYEHUS — UMEHHO C 3TOM TOY-
kn HabniogaeTcs 3ameTHas aedopmaLums «s3blka» conpskeHns. Pasy-
MeeTCsl, AaHHas UNMCTPaLMs UMEET YACTO KaYECTBEHHbIV XapakTep.

Puc. 19 - lechopmupoBaHHan hopma KOHEYHO-3NIEMEHTHOW MoAenu (MacwTabHbIN koadduuueHT 50 eanHUL) € y4eTOM 30HbI NOBbILIEH-
HOM TPeLMHOBaTOCTH (conpskeHne no ceyeHmto 1-1). CTpenkon U KpacHOM NIMHMEN NOKa3aH y4acTOK Hayana NoTeHUUanbLHO OnacHon
NOpoAHOIA NPOOKM, TOMNILMHA KOTOPOIA cocTaBnseT 1,5 M

Takum obpasom, yyet 3M1T NPUBOUT K YMEHBLUEHMIO KECTKOCTM
NOpOJHOA Cpedbl B 30HE U BbI3bIBAET YBEMMYEHWE MNOTEHLMANBHO
OMacHOM TOMLLMHbBI MOPOZHOM NPOBKM Haf HAKITOHHBLIM XOLKOM Ha 25%.
Toraa, nony4yeHHble paHee pe3ynbTaThl Ha Mogensix 6e3 3MT JomKHbI
ObITb OTKOPPEKTUPOBAHA CriedylowmM obpa3oM, MpefcTaBleHHbIM B

(tabn. 3). AHanus (Tabn. 3) nokasbiBaeT, YTO B LiEMOM pe3ynbTathl ¢
yyetom 3MT yknagbiBawTcs B 06nacTb NPUHATON «TWUNOBOW Npo6-
ku» (npobka Ha conpskeHuu no ceyermnio 3-3 Ha 3% Bonblue «TMNoBOI
npoBKM», 4TO HECYLLECTBEHHO).

Tabnmua 3
Koppekmupoeka pe3ynbmamoe oyeHKu nomeHYuanbHO onacHoll mosuwuibi nopodHol npobku
MoTeHuManbHO onacHas TonwWwMHa NPO6KKM, M
ConpsikeHue No ceveHmto
6e3 yyera 3MT ¢ yyetom 3MNT
1-1 1,2 1,5
3-3 25 3,1
4-4 1,0 13
5-5 2,0 25
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0GcyxaeHue pe3ynbTaToB.

lMonyyeHHble pe3ynbTaTbl NOKa3bIBAKOT, YTO HaNMYMe TEXHONOM-
YECKWX HaKMOHHbIX CBOEK 1 BYHKEPOB B 30HE BMUSHIUS O4UCTHBIX paboT
OKa3blBaET CyLLECTBEHHOE BNUSHWE Ha NepepacrnpeneneHue Hanpsxe-
HWI B MOPOAHOM MAcCvBe Mpu Mepexofe NTaBoi ykasaHHbIX Conpsike-
HUMii. GOpMMPOBaHMe MOTEHLMANBHO ONACHBIX 30H CBSI3AHO C KOHLIEH-
Tpaumeil HanpsHKeHWI B TOMLLE NOPOAHON NPObKK («A3bIka» CoMpsike-
HUSI), PacrioNoXXEHHON MEXZy MOYBOM NaBbl W KPOBMEN HaKMOHHON
cboitkn. lMpn yMeHblueHn TOMWMHLI AaHHON npobku HabniogaeTcs
CMbIKaHWe M30MOMel MOBbILEHHBIX HAMPSKEHWA, YTO YKa3blBaeT Ha
thopmmpoBaHme obnacti ocnabneHHoro CocTosHUS MaccuBa W BEPOSIT-
HOCTb NPOLABNMBAHNS MOPOLHON NEPEMBIYKN MO AEACTBUEM Harpy3ku
OT MexaHW3VpOBaHHOrO Komnnekca. [1ofyyeHHble 3aKOHOMEPHOCTH
COrnacytTcs ¢ pesynbTaTamn UCCneLoBaHWi ApYruX aBTopoB, NOCBS-
LEeHHbIX NePexody NaBoi cTapbix U BpOLIEHHbIX BbIpabOTOK, B KOTO-
PbIX TakKe OTMEYAETCS CyLIECTBEHHOE YXYALUEHWE YCMOBUA NOAAEP-
XaHWS! KPOBMM B 30HE COMPSHKEHMIA.

PesynbTtathl MogenupoBaHus no cevenuam 1-1 u 4-4 nokasanw,
UTO KPUTUYECKUMWU SIBNSKOTCA COCTOSHASI MpU TOMWMHE NOPOAHON
npo6ku cootBeTcTBEHHO 1,2 M 1 1,0 M. Mpu AanbHERLWEM YBENNYEHNN
TONWWMHE! NpobkM HabmMoaaeTcs CyLLECTBEHHOE CHIKEHWE 9KBMBA-
NEHTHbIX HanpshkeHWn. 31O OODBACHAETCS W3MEHEHMEM XapakTepa
nepeaaqm Harpysku B MaccuBe W YBEMUYEHNEM HecyLUein CrnocobHOCTM
MOPOAHON MEPEMbIYKM MEXAY NTaBOW W KPOBMEN HAKMOHHOWM COOMKM.
OnHOBPEMEHHO YCTAHOBIIEHO, YTO B OMACHBIX CEYEHUSX UMEIOT MECTO
W3MEHEHNS! 3HAKa HOPMAIbHbIX HANPSKEHWI, YTO CBUAETENLCTBYET O
BO3HWKHOBEHWMW U3rMBHBIX AedopMaLi B TONLLE NOPOAHON NPOOKY.

[penmyLLeCTBOM BbINONHEHHOTO WCCMEA0BaHUs NO CPABHEHMIO C
PSAOM aHanormyHbIX paboT SBNAETCH pacCMOTPeHWe He abeTpaKTHON
reoMexaHU4eckon CXeMbl NEpeCceyeHnst NaBoil cTapoil BbipaboTky, a
KOHKPETHBIX UHXEHEPHO-TEOMOTUYECKMX U FOPHOTEXHUYECKMX YCIOBUIA
AelicTaylowero yrneaobbiatowlero npegnpustvs. B pabote yunTbia-
NUCb peanbHble MapaMeTpbl TEXHONMOTUYECKMX HAKMOHHBIX COOEK,
reoMeTpus CONPSHKEHNIA, NUTONOMMYECKOe CTPOEHWE MacCcuBa, a Takxke
(DU3NKO-MEXaHMYECKNEe CBOWCTBA NOpOA. [lOMONHUTENbHBIM MPenMy-
L4EeCTBOM SIBMISIETCS MCMOMb30BAHME MPOCTPAHCTBEHHBLIX KOHEYHO3Me-
MEHTHbIX MOLENEN C Y4ETOM re0Non4eckoro nHaekca npoyHoctn GSl,
4TO MO3BONMWMO MOMy4MThL Gonee AETanM3MPOBaHHYID KapTUHY Hanps-
XEHHO-Ae(hOPMMPOBAHHOTO COCTOSIHUS MacCuBa B OKPECTHOCTM Conpsi-
XeHuiA. MpakTnyeckas HanpaBNeHHOCTb UCCNef0BaHNS 3aKMoYaeTcs B
BO3MOXHOCTU HENOCPEACTBEHHOIO UCMOMNb30BaHUs Pe3ynbTaToB Moge-
NnpoBaHua 415 060CHOBaHMS MapamMeTPOB 3aKNaaku HaKMOHHbIX C60eK
1 onpepeneHns 6e3onacHoi TONLWMHLI NOPOAHON NPOBKW My nepexo-
€ NTaBoil pacCMaTpPUBAEMbIX COMPSKEHNI.

PesynbTaThbl MogenupoBaHus no ceveHusm 3-3 u 5-5 nogreepan-
NN BO3MOXHOCTb MPWHSTUS TUNOBOW TOMLMHBI MOPOAHON NMpPOBKM,
paBHoit 3,0 M. HecMOTpS Ha Hanuune NoKanbHbIX 30H MOBbILIEHHbIX
HanpsPKeHWA, NpK ykasaHHOM TONLMHe Npobky hopMUPOBAHUE KpUTH-
4eCKOro COCTOsIHUS MaccuBa He HabnogaeTcs. OTO CBMOETENbCTBYET
0 BOCTATOMHOCTY NMPUHSATOTO MHXEHEPHOTO pelleHus Ans obecneyeHus
Be3onacHoro nepexofa naBoii HAKMOHHbIX TEXHOMOrMYeckux cboek
OyHKepOB B pacCMaTpUBAEMbIX FOPHO-TE0NOTMYECKIX YCIIOBMSIX.

BmecTe ¢ TeM BbINOMHEHHOE UCCTe0BaHNE UMEET PSif OrpaHuye-
HWI. YncneHHOe MOZEenMpoBaHNe BbINMOMHANOCH B CTaTUYECKON NocTa-
HOBKE B peXMMe HemvHelHoi ynpyroctu. [uHamuka paboTbl MexaHu-
31POBAHHOM Kpenu, BKMKOYas NepuoLnyeckie U3MEHEHNS Harpy30K Npu
CHSTWM M MPUINOXEHUM PaCMOPHbIX YCUIMIA CEKLMI KPenu, HanpsiMyto B
MOZENN He y4uTbiBanach M 3afaBanach KOCBEHHO Yepes koadhduum-
€HT MPUrpy3k/ B COOTBETCTBUW C HOPMATMBHbLIMM TpeboBaHusaMU. ITO
MOXXET NPUBOAWUTHL K OMpeieNneHHOMY YPOLLEHUO peanbHOro XapakTe-
pa B3aUMOAENCTBUS MEXaHW3MpOBaHHOrO KOMMMeKca M NOpPOAHOro
Maccuea.

Elle ogHMM orpaHuYeHMeM WCCMEenOoBaHUs SBMSIETCS OTCYTCTBUE
BO3MOXHOCTU  BbIMONHEHNS HATYpHOM  BepudmMKaLy  NonyYeHHbIX
pesynbTaToB HEMOCPEACTBEHHO B YCMOBWSX LWaxXTbl. OTO CBA3AHO C
0OBbEKTMBHBIMW NMPUYMHAMM, @ UMEHHO — OCTaHOBKOW NPEeAnpUsTUs 1
HEBO3MOXHOCTBIO MPOBEAEHNS MOA3EMHbIX HAbMIOLEHUA B YCROBUSX
aKTMBHbIX BOEBbLIX AENCTBUA HAa TEPPUTOPUM PACMONOKEHWUS LUAXTHI.
Bcneactene atoro conoctaBneHne pesynbTaToB MOAENMPOBAHMS C
VHCTPYMEHTaNbHbIMU LUAXTHbIMM HabmlogeHusiMM B pamkax AaHHON
paboTbl He NpeaCTaBNANoCs BO3MOXHBIM.

[anbHenwwee pa3BuTie UCCNEAOBaHMIA LenecoobpasHo HanpaBuTb
Ha U3y4eHWe BNUSHUS Pa3NYHbIX BAPUAHTOB 3aMONTHEHWNS TEXHOMOM-
YeCKMX  HaKMOHHbIX  COOEK  Ha  M3MEHEHWe  HampsKeHHo-
[eOpMMPOBAHHOTO COCTOSHMS MaccvBa B 30He compsikeHuin. Ocobblit
WHTEPEC NPEACTaBnseT OUeHKa BIWSHUA  (DU3NKO-MEXaHUYECKNX
CBOWCTB 3aKaf0yHbIX MaTepyarnoB Ha yCTOMYMBOCTb MOPOAHOM Npob-
KW M nepepacnpeneneHne HanpsikeHUA B OKPECTHOCTU MepeceyeHms
na.bl U BbIpaboTkM. Kpome TOro, mpu Hanmu4nm TEXHNYECKON BO3MOX-
HOCTV MepCneKTUBHLIM HanpaBneHMeM SIBMSIETC COMOCTaBEHNe pe-
3ynbTaToB YNACHEHHOTO MOAENWNPOBAHNS C AAHHBIMU LAXTHbIX Habno-
[EHNA W MHCTPYMEHTANBHOTO KOHTPONS COCTOSHWSA MaccyBa Henocpea-
CTBEHHO B NPOLIECCE Nepexoaa NaBoii NOA0BHBIX CONPSKEHMIA.

3akntoyenme (Conclusion). B pesynbTtaTe BbINONMHEHHOTO UCCMERO-
BaHWA  YCTaHOBMEHbl 3aKOHOMEPHOCTU W3MEHEHWS!  HampsKEHHO-
[eOpMMPOBAHHOTO COCTOSIHUS FEOMEXaHN4EeCKOA CUCTEMbI «laBa —
TEXHOMOrMYeckas HakoHHast cOoika — MOPOAHbIA MaccuBy» Npu nepe-
XO[l€ OYNCTHbIM 3a60eM paHee NPOBEAEHHBIX TEXHOMOTMYECKNX Bblpa-
60oTOK B ycnoBusx LwaxToynpaenenus «llokpoBckoey. YncneHHbIM
MOAENMPOBaHNEM MOATBEPXKAEHO, YTO HanMuMe HakMOHHbIX COoeK u
6yHKEpOB BbI3bIBAET NOKANLHOE nepepacnpefeneHne HanpsKeHnn ¢
(hOPMMPOBAHMEM 30H X KOHLEHTpaLMu B TOMLE MOPOAHONM Npobku
MeXzy NOYBOI NaBbl U KPOBMEN HAKIOHHOTO XOfKa.

PacyeTbl nokasanu, 4to Haubonee onacHoe COCTOSHWE MaccuBa
CBSI3aHO CO CMbIKaHWEM W30MONEN MOBILLEHHbIX HAMPSXKEHWI B Npeae-
nax «a3blka» ConpskeHus. [ing paccMOTPEHHbIX MOAENEN KpUTUYECKN-
MW SIBASIOTCA TONMWWMHBLI MopogHon npobkn nopsaka 1,0-1,2 m. Mpw
YBENUYEHNN TOMLWMHBI NPOBKN HaBNILAETCS CHUXEHME 3KBMBANEHT-
HbIX HAaNPSDKEHNA 1 YMEHbLUEHE BEPOSITHOCTM pa3pyLUEHst MOPOAHOM
nepeMbIYkv Mo BO3AENCTBMEM HArpy3ki OT MEXaHU3UpPOBaHHOMO KOM-
nnekca.

YCTaHOBIEHO, YTO NpU TONLLMHe NopoaHomn npobku 3,0 M xapakTep
pacnpefeneHns HanpskeHuin CBuaeTenscTByeT 06 OTCyTCTBUM Mpu-
3HaKoB (POPMMPOBAHMS KPUTUYECKOrO COCTOSIHWS Maccuea. OTO nof-
TBEPXKAAET BO3MOXHOCTb MPUMEHEHWUSI MPUHATOTO MPOEKTHOTO pelle-
HMS B KayecTBe TUMOBOrO Ans  paccMaTpyBaemblX — TOPHO-
reonorMyeckux yYcnosui 1 obecrneunBaeT HeoBXOAMMbIA YPOBEHb
YCTOMYMBOCTA COMPSIKEHWA MpYU NEepexofe NlaBoW TEXHOMOTUYECKNX
HaKMOHHbIX C60€eK M BYHKEPOB.

BbinonHeHHoe  uccrnepoBaHue  MOATBEPAUNO  AEKTUBHOCTL
NPUMEHEHNS NPOCTPAHCTBEHHOMO KOHEYHOSNEMEHTHOTO MOfEenupoBa-
HUS NS OLIEHKM YCTOYMBOCTY CIIOXHBIX FeOMEXaHNYECKNX CHCTEM MK
0TpaboTke NNacToBbIX MECTOpPOXAEHWNA. Vcnonb3oBaHne mogeneit ¢
Y4EeTOM JTUTONOMNYECKOTO CTPOEHUS MACCUBa, rEOMETPUN COMPSIKEHMIA
W CTPYKTYPHOI HapYLLEHHOCTW MOpOL MO3BOMUNO MOMYYUTh AETanuau-
POBaHHY0 KapTUHY pacnpefeneHns HanpskeHnin B Hanbornee Harpy-
XEHHbIX y4acTkax.

MpakTnyeckas 3HawMMoCTb paboTbl 3aKOYAETCs B BO3MOXHOCTM
MCMONb30BaHNs NONYYEHHbIX Pe3ynbTaToB NPK NMPOEKTUPOBaHUM MEPO-
npusiTUit No 6e3onacHoMy Nepexofy OYMCTHbIMM 3a60sIMKU TEXHOMOTH-
Yeckux BbIpabOTOK, OnpeAeneHn napameTpoB 3aKnagku HakMOHHBIX
cOOeK W OLEHKE YCTOWYMBOCTY MOPOAHBIX OOHAXEHMIA B @HANOTUYHbIX
TOPHO-TE0NOrMYECKIMX YCrOBMSIX.
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BnaropapHoCTb.

ABTOpbI BbIpaXaloT NPU3HATENbHOCTb COTPYAHWUKAM Kadedpbl CTPOMTENLCTBA, FEOTEXHUKM W reoMexaHnkn HaunoHambHoro TeXHUYecKoro
yHvuBepcuTeTa «[IHenpoBckas nonmtexHukay (YkpanHa) K.T.H. XanumeHguky A.B. n Heuntaiino A.E. 3a nomoLyb B NpoLiecce MOArOTOBKM YMCHEH-
HbIX MOZIENEN K aHanuay; coTpyaHukam LlaxtoynpasneHus «MokpoBckoe» (YkpauHa) 3a COAENCTBIE B BLINOMHEHUM UCCNEA0BaHWNA, NPELOCTaBne-
HWe HeobX0ANMO reonOrMYECKOI 1 TEXHOMOMNYECKOI MHEOPMALMK, a Takke B 0BCYXAEHUM M KDUTUYECKOM aHanM3e nomnyyeHHbIX pe3ynbTaTos.
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QAZIB OLISH ISHLARI TA’SIRIDA KON LAHIMI
MUSTAHKAMLAGICHLARIGA TUSHADIGAN YUKLAMALARNI
CHEKLI ELEMENTLAR USULI ASOSIDA BAHOLASH

K.D. Salyamova?, G*.X. Bakirov, F.Yu. Zairova?, X.A. Nurxonov?

10'zR FA Mexanika va inshoatlar seysmik mustahkamligi instituti, O’'zbekiston Respublikasi
20Imaliq davlat texnika instituti, O’zbekiston Respublikasi
3Qarshi davlat texika universiteti, O'zbekiston Respublikasi

Annotatsiya. Mazkur maqolada yer osti kon lahimlari atrofidagi tog’ jinsi massivining kuchlanish-deformatsiya holati chekli elementlar usuli (CHEU) asosida sonli
modellashtirish orqali kon lahimi mustahkamlagichidagi yuklamani aniglash jarayoni tadqiq etilgan. Tadgiqotning asosiy maqsadi qazib olish ishlari natijasida tog’ jinsi
massivida yuzaga keladigan kuchlanishlarning qayta tagsimlanish qonuniyatlarini aniglash hamda ushbu jarayonning arka romli metall mustahkamlagichlarning
kuchlanish-deformatsiya holatiga ta’sirini migdoriy baholashdan iborat. Hisoblash modelida tog* jinslarining deformatsion va mustahkamlik xususiyatlari, tabiiy
kuchlanishlar, lahim geometriyasi hamda yon tomonlama bosim koeffitsiyentining turli giymatlari hisobga olingan. Modellashtirish natijalariga ko'ra, lahim konturi bo‘ylab
maksimal kuchlanish kontsentratsiyasi shakllanadigan hududlar, ulaming fazoviy rivojlanish xususiyatlari va kuchlanishlarning qayta taqsimlanish yo‘nalishlari
aniglangan. Shuningdek, yon tomonlama bosim koeffitsiyentining o‘zgarishi mustahkamlagich elementlarida hosil bo‘ladigan bo‘ylama kuchlar, eguvchi momentlar va
boshqa ichki kuchlarga ta’siri tahlil gilingan. Olingan natijalar asosida mustahkamlagichning yuklanish darajasi va deformatsion holatini baholash imkoniyati yaratilgan.
Tadgiqot natijalari murakkab geomexanik sharoitlarda kon lahimlarining turg‘unligini ta'minlash, mustahkamlagich parametriarini ilmiy asosda tanlash va qazib olish
Jjarayonlarining xavfsizligini oshirish uchun amaliy ahamiyatga ega.

Kalit so‘zlar: chekli elementlar usuli, kon lahimi, kuchlanish holati, mustahkamlagich, geomexanika, yon bosim koeffitsiyenti.

OLIEHKA HAIPY30K HA KPEMb NOPHbIX BbIPABOTOK MPU
BINWAHUN TOPHbIX PABOT C UCMOJIb3OBAHUEM METOA
KOHEYHbIX 3NIEMEHTOB

Cansmoa K.[.', Bakupos I'.X.2, 3ampoBa @.10.2, HypxoHoB X.A.3

TMHCTUTYT celicMUYecKol NPOYHOCTY MexaHuKu 1 coopyxeruit AH PY3, Pecnybnuka Y36ekuctan
2AnManbIKCKUI rOCY[APCTBEHHbIN TEXHUYECKWIA MHCTUTYT, Pecnybnnka Y3bekucTaH
3KapLunHCKuiA rocyaapCTBEeHHbIN TEXHUYECKUIA yHuBepcuTeT, Pecnybnuka YsbekucraH

AHHOmayus. B daHHol cmambe uccrnedogaHo HanpsixEHHO-0eqhOpMUPOBaHHOE COCMOSIHUE Maccuga 20PHbIX NOPOd, OKpyX)arLwe2o NOA3EMHYI0 20PHYI0 8bipa-
6omKy, ¢ ucnosib308aHUEM YUCTEHHO20 MOOesTUpogaHUs Ha 0cCHoge Memoda KoHeyHbIX anemermos (MK3) ¢ yenbro onpedeneHus Haepy3ok, Oelicmeyrowux Ha Kpenb
20pHoli 8bipabomku. OcHosHoU yenbio uccnedogaHust I8NSemcs 8bisisrieHUe 3aKkoHOMepHoCmel nepepacnpedeneHusi HanpsIXEHUL 8 Maccuge 20pHbIX NOPOO, BO3HU-
Kalowux e peynbmame 8edeHuUs 20pHbIX pabom, a makke KoluyecmeeHHas OUeHKa e/usHUS 0aHHO20 npouecca Ha HanpsxéHHO-0ehopMupOBaHHOe COCMOSIHUE
apoyHol Memanuyeckol Kpenu. B pacyémHoll modenu yymeHbl dehopmMayuUoHHbIE U NPOYHOCMHbIE XapakmepucmuKu 20pHbIX NOpod, NPUPOOHbIE HanPsKeHus,
2eomempuyeckue napamempb| 8bIpabomKU, @ makxe pasfudHble 3HadeHus1 KoaghpuyueHma 60kosoeo OasneHus. [1o pesynbmamam ModenupogaHus onpedeneHsl
30HbI MaKCUMabHOU KOHUEHMpayUU HanpsikeHul, hopmupyrouwuecs no KOHMypy ebipabomku, 0COBEHHOCMU UX NPOCMPAaHCMBEHHO20 Pa38UMUS U HanpagneHus
nepepacnpedeneHus HanpsxeHul 8 maccuse. Kpome moeo, npoaHanu3upogaHo 8nusiHue U3MeHeHus koaghhuyueHma 60kogoeo 0asrieHuUs Ha NPodosbHble CUrbl,
useubaroujue MOMeHMbI U Opyeue 8HYMPEHHUE YCUMUs, 803HUKaKOWUe 8 3reMesmax kpenu. Ha ocHose nomyyeHHbIX pes3ynbmamos obecneyeHa 803MOXHOCMb
OUEHKU CmeneHU HaepyXeHusi Kpenu u eé dechopMupo8aHHO20 cocmosHUS. Pesyibmamei uccriedogaHusi umerom npakmu4eckoe 3HayeHue 05151 obecneyeHus yemoll-
4uBOCMU 20PHbIX 8bIPabOMOK 8 CIIOXHbIX 260MEXaHUYECKUX YCrI08USIX, HAayYHO 060CHO8aHHO20 8bIGOPa Napamempos Kpenu U nosbiieHus: besonacHocmu eedeHust
20pHbIX pabom. [lonyyeHHble pesynbmamel UMEM 8axHOe 3HadyeHue 7Sl NOBILIEHUS yCmOUYUBOCMU 20PHBIX 8bIpabomok U ebibopa OnNMUMaribHbIX napaMempoe
KpensmeHus.

Kntoyesble croga: Memod KOHEYHbIX J1IEMEHMOS, 20pHast 8bIpabomka, HanpsKEHHOe COCMOSIHUE, KPeNnb, 2e0MeXaHuUKa, KoaghguyueHm 60Kk08020 0aseHUs.
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ASSESSMENT OF LOADS ON MINE WORKING SUPPORTS UNDER
THE INFLUENCE OF MINING OPERATIONS USING THE FINITE

ELEMENT METHOD

K.D. Salyamova', G.Kh. Bakirov2, F.Yu. Zairovaz, Kh.A. Nurkhonovs

TInstitute of Seismic Stability of Structures and Mechanics, Academy of Sciences of the Republic of Uzbekistan
2Almalyk State Technical Institute, Republic of Uzbekistan
3Karshi State Technical University, Republic of Uzbekistan

Abstract. This paper investigates the stress-strain state of the rock mass surrounding an underground mine opening using numerical modelhg based on the finite
element method (FEM) to determine the loads acting on the support of the mine opening. The primary objective of the study is to identify the patterns of stress redistri-
bution in the rock mass induced by mining operations and to quantitatively assess the effect of this process on the stress—strain state of arched steel supports. The
numerical model incorporates the deformation and strength properties of the rock mass, in-situ stresses, geometric parameters of the mine opening, and different values
of the lateral pressure coefficient. The modeling results enabled the identification of zones of maximum stress concentration developing along the excavation contour,
as well as their spatial development characteristics and the directions of stress redistribution within the rock mass. In addition, the influence of variations in the lateral
pressure coefficient on axial forces, bending moments, and other internal forces arising in the support elements was analyzed. Based on the obtained results, the load-
bearing level and deformation state of the support can be quantitatively evaluated. The findings are of practical significance for ensuring the stability of underground
mine openings under complex geomechanical conditions, scientifically substantiating support design parameters, and improving the safety of mining operations.

Key words: finite element method, mine working, stress state, support system, geomechanics, lateral pressure coefficient.

Kirish

Kon lahimi mustahkamlagichiga ta'sir etuvchi kon bosimining
shakllanishi qazib olish ishlari natijasida tog‘-jinsi massivida yuzaga
keladigan kuchlanish-deformatsiya holatining o‘zgarishi bilan bevosita
bog'liq. Ruda tanasini gazib olish natijasida massivning dastlabki mu-
vozanat holati buzilib, gazilgan bo'shliq konturi atrofida kuchlanishlar
gayta tagsimlanadi. Bunda maksimal kuchlanishlar, odatda, gazish
boshlig‘i konturi, uning shipi va yon devorlari yaqinida konsentratsiya-
lanadi. Mazkur jarayon tog" jinslarining deformatsiyalanishi va siljishiga
olib kelib, hosil bo‘lgan yuklamaning ma’lum qgismi bevosita kon lahimi
mustahkamlagich konstruksiyasiga uzatiladi. Mustahkamlagichga ta’sir
etuvchi kon bosimni alohida yuk sifatida emas, balki massivdagi
kuchlanishlarning gayta tagsimlanishi, tog* jinslarining deformatsiyasi
va qazib olish texnologiyasi o'rtasidagi o'zaro bog'liq geomexanik ja-
rayonning natijasi sifatida qarash lozim. Qazib olish chuqurligi, gazib
olish bo‘shlig'ining o‘lchamlari va shakli, gazib olish bo‘shlig‘idan kon
lahimigacha bo‘lgan masofa, bloklamni qazib olish ketma-ketligi, mas-
sivning fizik-mexanik xususiyatlari hamda tabiiy va tektonik kuchlanish-
lar mustahkamlagichga tushadigan yuklamaning migdori va tagsimlan-
ishini belgilovchi asosiy omillar hisoblanadi.

Tadgigotning magsadi — yer osti ruda konlarida gazib olish ishlari
jarayonida tog'-jinsi massivida yuzaga keladigan kuchlanishlarning
qgayta tagsimlanishi gqonuniyatlarini aniglash hamda ushbu jarayonlarn-
ing mustahkamlagichga ta'sir etuvchi kon bosimining shakllanishiga
ta’sirini baholashdan iborat. Bunda qazib olish chuqurligi, gazish
bo‘shligining geometrik parametrlari, tog* jinslarining fizik-mexanik
xususiyatlari hamda tabily va tektonik kuchlanishlarning mustahkam-
lagichga uzatiladigan yuklamaning miqdori va tagsimlanishiga ta’siri
aniglanadi. Tadgiqot natijasida tog* bosimi va massivdagi kuchlanishlar
o'rtasidagi o‘zaro bog'liglikni ifodalovchi geomekanik qonuniyatlarni
asoslash hamda kon lahimlari mustahkamlagichlarining bargarorligini
ta’minlashga yo'naltiriigan amaliy tavsiyalar ishlab chigish ko‘zda tuti-
ladi.

Hozirgi vagtda ragamli chekli elementlar usuli (CHEU) fan va
texnikaning bir qator sohalarida statk va dinamik masalalarni

yechishda keng qo‘llaniladi. Dastlab, CHEU elastiklik nazariyasi
muammosini kuchlar yoki siljishlar usuli bilan yechilgan struktura
mexanikasi muammosi bilan almashtirish sifatida talgin gilingan.

Hozirgi vagtda elastiklikning chegaraviy masalalarini chizigli
algebraik tenglamalar tizimiga qisqartiruvchi samarali  kompyuter
algoritmlari ishlab chigilgan. Ushbu tenglamalarning tuzilishi juda
muvaffaqgiyatli bo'lib chigadi: tizimning matritsasi simmetrik va tarmoqli
tuzilishga ega. Bu holat tenglamalarni yechish tizimini uchburchak
matritsali chizigli tizimlarga qgisqartirish imkonini beradi, bu esa, o'z
navbatida, o'rganilayotgan hududning kuchlanish-deformatsiya holatini
batafsil o‘rganish imkonini beradi [1].

Mazkur tadgigotning ilmiy yangiligi shundan iboratki, kon lahimlari
atrofidagi kuchlanish holati arka romli metall mustahkamlagichlar bilan
o'zaro bog'liq holda kompleks baholanib, yon tomonlama bosim koef-
fitsiyentining ichki kuchlarga ta’siri migdoriy jihatdan aniglangan.

Tekislik masalalarini hisoblash amaliyotida o‘rganilayotgan maydon
uchburchak elementlarga bo'linadi. Uchburchak elementlarning afzalligi
noma’lumlar sonini kamaytirishdir, ular kutilgan gradiyent joylarida
bo'linish  to'rlarini galinlashtirishga imkon beradi va hisoblangan
maydonning murakkab chegaralarini konturlashda juda qulaydir [2].

Metodika

Tuzilmalar va inshootlarni chekli elementlar usuli bilan hisoblash
quyidagi bosqichlarda amalga oshiriladi:

Hududni chekli elementlarga ajratish

Tugunlarni ragamlash

Qattiglik matritsasini shakllantirish

Global tenglamalar tizimini tuzish

Algebraik tenglamalar tizimini yechish

Kuchlanish va deformatsiyalarni aniglash

Hisoblashlarda uchburchak chekli elementlardan foydalanildi, bu
esa murakkab konturli sohalarni aniglik bilan modellashtirish imkonini
berdi.

EHM da CHEU tomonidan tuzilmalami hisoblashda yuzaga
keladigan eng muhim va murakkab vazifalardan biri butun tuzilish
uchun algebraik tenglamalar tizimining koeffitsiyentlarini shakllantirishni
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avtomatlashtirishdir [5]. Ushbu muammoni hal gilmasdan, kompyuterda
CHEUda muammolarni hal gilishni tasavvur gilib bo‘lmaydi.

Umumiy qattiglik matritsasini  shakllantirish  usuli  ma’lum
bo‘lganidan farq qiladigan ochiq kon ishlarining konturga yaqin
zonasining  kuchlanish-deformatsiya ~ holati  to'g'risidagi  kon
geomexanikasining muammolari bilan bog'liq holda CHEU ni amalga
oshirish algoritmi ishlab chigilgan. Ular har bir element uchun o'sha
yerda va har bir tugun uchun taklif gilinganida hosil bo‘ladi [3].

Madellashtirish usulida olib borilgan tadqiqot natijalariga ko'ra
nimqavat shtreklari atrofidagi massivda va qazish olish blokining
shiftida sigilish  kuchlanishlarining ortib borayotgan giymatlarini
ifodalaydi. Siqilish kuchlanishlarining maksimal giymati eng pastki
nimgavat shtreki atrofidagi massivga va qazish blokning shiftidagi
massivga to'g'ri keladi. Siqilish kuchlanishlarining maksimal giymati tog’
jinslarining buzilishga chegarviy pishigligi ko‘rsatkichiga yaginlashsa
massivda buzilish, silish deformatsiyalari boshlanadi. Shunga ko'ra
gazib olish bo'shligi shiftida katta hajmdagi buzilish zonasi va gazib
olish bo'shligi osiqg yon tomonidagi massivda silish zonalari
shakillangan [4]. Qazib olish bo'shligining yon tomonlarida yuqori
kuchlanish zonalari kuzatiimasligining hisobiga ushbu gorizontda ruda
tanasining yotiq tomonida joylashgan tayyorlov kon lahimi atrofidagi
massivning holati kon lahimiga salbiy ta’sir ko‘rsatmaydi [5].

Hisoblash modeli.  Kuchlanish  holatini  modellashtirish,
«Razvetka» konining bir nechta gazib olish uchastkalari uchun ham
amalga oshirildi.

Modellashtirish jarayonida quyidagi parametrlar gabul gilindi:

- tog’ jinslarining hajmli og'irligi y = 0,025 MN/m3;

- ruda tanasi uchun Young moduli E = 5600 MPa;

— atrof tog' jinslari uchun Young moduli E = 5300 MPa;

— Puasson koeffitsienti n=0,25.

«Razvetka» koni maydonining +745 m gorizontida gazib olish ishla-
ri olib borilganda hosil bo‘ladigan bo'shliq atrofidagi kuchlanish holatini
modellashtirish natijalari 1-rasmda tangensial kuchlanish maydonining
alohida komponentlari ko'rinishida aks ettirilgan. Bunda gazib olish
bo‘shlig‘iga atrof tog* jinslari qulashining hisobiga kamera asosida 15
Mpa va yon tomonida 12 Mpa qgo‘shimcha bosim paydo bo‘ladi. Olingan
natijalar tog* jinsi massivida gorizontal kuchlanishlaming qayta tagsim-

Siqish kuchlanishil
loshga zonalar

lanishida quyidagi asosiy gonuniyatlar mavjudligini ko‘rsatadi:

1. Qazib olish bo'shlig'ining kon lahimi joylashgan yon chegarasida
hamda maydon shtrekining yon devorlari yaqginida gorizontal
yo'nalishdagi sigilish kuchlanishlari kontsentratsiya zonalar shakllanadi.
Bu holat qazib olingan bo‘shliq ta’sirida yuklamaning gayta tagsimlani-
shi va massivning tayanch gismlarida qo‘shimcha sigilish maydonining
yuzaga kelishi bilan izohlanadi.

2.Kon lahimi shift gismi chap yon tomonida ikkilamchi asosiy
kuchlanishlarning ortishi kuzatiladi. Mazkur zonalarda kuchlanish inten-
sivligining oshishi konstruktiv elementlarning bargarorligiga bevosita
ta’sir ko'rsatadi hamda geomexanik jihatdan noqulay uchastkalar
shakllanishiga sabab bo'lishi mumkin.

3.Qazib olish bo'shligiining ruda tanasi osilgan yon tomoniga
tutashgan burchak qismida tangensial kuchlanishlarning maksimal
giymatlari qayd efiladi. Ushbu uchastka kuchlanish kontsen-
tratsiyasining lokal o‘chog'i bo'lib, potensial deformatsion jarayonlar
rivojlanishi ehtimoli yuqori hudud sifatida baholanadi.

4.Qazib olish bo‘shligining yugori gismida atrof tog* jinslarining
bo'shligga qulashining hisobiga kamera shiftidagi massivda tog' jinsla-
rining deformatsiyasi jadallashadi.

Shunday qilib, +745 m gorizont sharoitida gazib olish jarayoni tog’
jinsi massivida murakkab, ko’p komponentli kuchlanish maydonini
shakllantiradi. Aniglangan kuchlanish kontsentratsiyasi zonalari kon
lahimlarining bargarorligini ta’minlash, mustahkamlash parametrlarini
asoslash hamda geodinamik xavfli uchastkalarni prognoz gilishda mu-
him iimiy-amaliy ahamiyatga ega.

Yuqorida keltirilgan matematik modellashtirish natijalariga ko‘ra
gorizontal kuchlanishlarning maksimal qiymatlari asosan tashish
shtrteki atrofidagi tog' jinsi massivlarida yuzaga kelgan. lkkita ruda
tanasida gazib olish ishlari rivojlanishi bilan ular oralig‘ida joylashgan
tashish shtregi turg‘unligiga ta’sir giluvchu kuchlanish maydonlararining
soni va ta’sir etish mexanizmi ortib boradi. Dastlab tayyorlov kon
lahimlar majmuiga tektonik kuchlanishlar maydoni ta'sir etsa
keyinchalik gazib olish ishlari rivojlanishi bilan tangensial, sigilish va
cho‘zilish kuchlanish maydonlari ta’siri go‘shilib boradi. Kon lahimlariga
ta'siri etuvchi ushbu kuchlanish maydonlari kon lahimi uzunligi bo'ylab
turli giymatlarda ta’sir etadi [4].

1-rasm. «Razvetka» koni maydonida +745 gorizontini qazib olish jarayonidan keyin tog' jinsi massivida gorizontal
kuchlanishlaming o1 tarqalish xususiyati.
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2-rasm. 1 G ruda tanasi konturi bo‘ylab gorizontal kuchlanishlarining ox tagsimlanish grafigi.

Bundan tashqari «Razvetka» konining markaziy uchastkasi +745
gori zontada joylashga, kata olchamlarga ega bo‘lmagan ruda tanasini
gazib olishdan so'ng tog' jinsi massivida gorizontal kuchlanishning
tarqalish izochiziglari 1-rasmda tasvirlangan. Gorizontal kuchlanishning
tarqalish izochiziglari tahlili shuni ko‘rsatadiki hududlarda gorizontal
kuchlanishlarining keng ta’sir doirasi hosil bo‘ladi. Ushbu ta’sir
doiralarida  massivdagi ~ kuchlanish ~ maydonlarining  qayta
tagsimlanishiga olib keladi. Kuchlanish maydonlarini tagsimlashning

sifat va miqdor ko'rinishlari o‘zgarishsiz golmoqda.

2-rasmda  1G ruda tanasi konturi bo‘ylab gorizontal
kuchlanishlarining ox tagsimlanish grafigi keltirilgan. Gorizontal
kuchlanishlarining o'zgarish chegarasi 0 da 1 gacha koeffitsiyent
ko'rinishda bo'lib unga ko'ra (0-1)yH ni ifodalaydi. bu yerda y - ruda
tanasidan yuqorida yotgan tog‘ jinslarning hajmiy og'irligi, kg/m3, H -yer
yuzasigacha bo‘lgan masofasi, m.
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a — mustahkamlagich parametrlari; b — hisoblash sxemasi
3-rasm. Tik ustunli arka romli mustahkamlagich.
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Yuqoridagi grafikdan quyidagi xulosalmi olish mumkin:

- grafikning dastlabki 0-10 m gismida kuchlanish nisbatan yugori
giymatlarni egallab, 10-12 m oralig'ida keskin kamayadi. Keyingi 15-565
m intervalda kuchlanishlarning izchil ortishi kuzatilib, 50-55 m atrofida
yuqori konsentratsiya zonasi shakllanadi. Shundan so‘ng 55-95 m
oraligida ox giymatlari sezilarli darajada pasayib, kuchlanishlarning
relaksatsiyasi namoyon bo‘ladi.

- 100-115 m oraligida kuchlanishlarning gayta ortishi va kamayishi
kuzatilib, 115 m atrofida lokal minimum hosil bo‘ladi. 120-160 m
oraligida esa gorizontal kuchlanishlar yuqori darajada saglanib, bir
nechta lokal maksimumlar shakllanadi. Aynigsa, 125-130 m va 145-
150 m atrofidagi giymatlar kuchlanishlarning sezilarli konsentratsiya-
langanligini ko'rsatadi.

- grafikning 175-200 m oraligida yana kuchlanishlarning keskin
ortishi kuzatilib, 190-195 m atrofida maksimal giymatlarga yagqin-
lashadi. 200-215 m oralig‘ida kuchlanishlar kamayib, undan keyin 220-
225 m atrofida navbatdagi yugori konsentratsiya zonasi yuzaga keladi.
Grafik oxirida, 230-238 m oralig'ida ox giymatlarining keskin kamayishi
kuzatiladi.

Qazib olish ishlari natijasida tog‘jinsi massivining kuchlanish-
deformatsiya holati 0'zgarib, unda yuzaga keladigan kuchlanishlarning
qayta tagsimlanishi kon lahimi mustahkamlagichiga ta’sir etuvchi tog*
bosimining shakllanishiga bevosita sabab bo'adi. 3-rasmda keng
qo'llaniladigan, tayanchlari kon lahimi asosiga perpendikulyar
joylashtiriladigan mustahkamlagichlar. Bunda kon lahimining
ko'ndalang kesim yuzi 5,34 m2, balandligi 2,42 m kengligi esa 2,5 m ni
tashkil etadi.

Kon lahimi mustahkamlagichlarida paydo bo'ladigan kuch va
momentlarni CHEU ni qo'llash bilan Borland Delphi 7 amaliy dasturiy
paketidan foydalanib hisoblandi. Uning asosiy g‘oyasi diskret
modeldagi gorizontal va vertikal yo‘nalishdagi reaksiya kuchlarini
uzluksiz funksiya to'plamiga asoslab aproksimatsiyalashdan iborat.

lMZ ZMM
5:f—1d1, A:f 17441,
OE] 0

EJ Q)

bu yerda, / - yarim arka dugasining uzunligi;
M; - birlik kuch ta’sirida paydo bo‘laligan eguvchi moment;
M, - tashqi yuklamalar sistemasi ta’sirida paydo bo‘laligan eguvchi
moment;
E - Yung moduli;
J — eguvchi tekislikka perpendikulyar bo‘lgan elementning asosiy o‘giga
nishatan mustahkamlagich elementi kesimining inersiya momenti.

Metall mustahkamlagich elementlarining markaziy siqilishdagi va
chozilishidagi mustahkamligi quyidagi formula bilan tekshiriladi:

N <R
Fo, = (2)
bu yerda, N — hisoblangan bo'ylama kuch;
Fnt— element ko'ndalang kesim yuzasi;
R - po‘latning sigilishdagi va cho‘zilishidagi garshiligi.
Metal mustahkamlagich elementlarining markaziy sigilishdagi
mustahkamligi quyidagi formula bilan tekshiriladi:

N <R 3
> F S ®

bu yerda, ¢ - boylama egilish koeffitsiyenti, eng katta yegilish
funksiyasida A=ly/r;
F — element ko'ndalang kesim yuzasi;
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lo— elementning hisoblangan uzunligi;
r—yuzaning inerchiya radiuci.
Asosiy tekisliklardan birida egilishda metall mustahkamlagich
elementlarbning mustahkamibgi 2 va 3 formular bilan tekshiriladi:
Q-S_

J6"
M

— <
W, =k )

RST (4)

bu yerda, Wx — mustahkamlagich elementi siligan gismining neytral

0'qga nisbatan qarshilik momenti;

6 — profil devorining qalinligi,

R va Rs-— mos holda hisoblangan egilish va kesishga po‘lat garshiligi.
Qiya yo'nalgan yuklama ostida ishlovchi metall mustahkamlagich

elementlarining mustahkamligi ikki asosiy tekislikka nisbatan egilish

sharoitida quyidagi ifoda orqali tekshiriladi:

My, M

§=—2y+-2Z <R
Jx Iy (6)
bu yerda, My, My, — asosiy o'glarga nisbatan eguvchi moment

komponentlari;

x,y — ko'rib chigilayotgan element nugtasining uning asosiy o‘glariga
nisbatan koordinatalari;

Jy, Jy—kesimning x-x va y—y o‘qlariga nisbatan inersiya momentlari

R - materialning ruxsat etilgan kuchlanishi.

Arka romli tik ustunli metall mustahkamlagich uchun ichki kuchlar
(bo‘ylama kuch N, eguvchi moment M va ko‘'ndalang kuch Q) chekli
elementlar usuli  asosida  hisoblab  chigildi.  Hisoblashlarda
mustahkamlagich konturi teng uzunlikdagi 8 ta segmentga ajratilib,
natijada 9 ta hisoblash nugtasi gabul qilindi.

Hisoblash parametrlari sifatida kon chuqurligi H = 100 m, tog’
jinslarining hajmiy og'irligi y = 2,5 tm® va yon tomonlama bosim
koeffitsiyenti A = 0,4 deb olindi.

Har bir nugtada hosil bo‘ladigan ichki kuchlarning son giymatlari
aniglanib, ularning mustahkamlagich bo'ylab tagsimlanishi 1-jadvalda
keltirilgan.

Hisoblash uchun romli mustahkamlagichning chap yarmi gismidan
foydalanilgan.  Metall  mustahkamlagichning  ishlash  holati
moslashuvchan bo‘lgani uchun, mustahkamlagichning butun konturini
hisoblash shart emas. Arka romli mustahkamlagichning ong yarmi
uchun M va N epyurlari simmetriya qoidasiga muvofiq, Q epyurasi

1-jadval
Arka romli tik ustunli mustahkamlagichda ichki kuchlar tagsimoti
Nugta M (kN-m) N (kN) Q (kN)
0 0.000000 355.000000 -2.195266
1 -24.928775 331.261451 8.126840
2 -34.150429 318.040936 102.039897
3 -27.940322 304.643105 195.228325
4 -6.573812 291.067959 287.692125
5 10.981152 285.988071 257.031717
6 12.621572 259.850351 188.411338
7 7.932702 231.569780 105.168489
8 5.785941 220.048045 0.000000
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esa — egri simmetriya goidasiga ko‘ra qurilgan.

Har bir mustahkamlagich gismi uzunligi teng sakkizta segmentga
bo‘lingan. Natijada mustahkamlagich gismining butun uzunligi pastki
chap shamirdan boshlanuvchi to'g'ri burchakli koordinatalar tizimida
to‘qgizta nugta bilan tasvirlangan. Hisoblash jarayonida olingan
yuklamalar son qiymati grafik yol bilan masshtab bo'yicha
mustahkamlagich qismining mos keladigan nuqgta koordinatalariga
perpendikulyar to‘g'ri chiziq bo'ylab qo'yiladi. Musbat giymatlar kon
lahimi mustahkamlagichining tashqgi tomoniga, manfiy giymatlar esa
ichki tomoniga qo'yiladi. Yon tomonlama bosim koeffitsiyentining
o'zgarishi mustahkamlagich ichki kuchlarining qiymatini sezilarli
o0'zgarishiga olib keladi.

Yon tomonlama bosim koeffitsiyenti 0,4 dan 1 gacha o'zgarganda
maksimal manfiy qiytmatlar farqi 194 % va musbat qgiytmatlar fargi
1000 % ga teng bo'ldi. Yon tomonlama bosim koeffitsiyenti 1,0 dan 5,0
gacha o‘zgarganda esa maksimal manfiy qgiytmatlar fargi 455 % va

musbat giytmatlar farqi 605 % ga teng bo'ldi. Ko'ndalang kuchning Q
maksimal musbat giymati to'rtinchi nugta koordinatasida, bu nugta
mustahkamlagichning to‘gri chizigli gismidan egri chizigli gismiga o'tish
joyi. Ko'ndalang kuchning Q giymati yon tomonlama bosim koeffitsiyenti
0,4 dan 1,5 gacha bo‘lgan interval bo‘yicha o'zgarganda nolga tushadi
va keyin manfiy giymatni oladi. Q ning maksimal manfiy giymati birinchi
koordinata nugtasida, ya'ni mustahkamlagichning pastki chap
sharnirida joylashgan nuqtaga to'g'ri keladi va teng darajada ortadi.
Yon tomonlama bosim koeffitsiyenti 2 dan 5 gacha o'zgarganda
bo‘ylama kuchining barchasi manfiy giymatlarni oladi.

Mustahkamlagich  vertikal yon tayanchidagi ichki kuchlar
tagsimlanishi  ifodalangan  epyuralar  4-rasmda  tasvirlangan.
Epyuralardan ko'rinib turibdiki mustahkamlagichning to'g'ri chizigli
gismining egri chizigli gismiga o'tish joyida ko'ndalang kuchning Q eng
katta musbat giymati ham mavjud.

Yon tomonlama bosim koeffitsiyentlari: a — 0,4; b — 0,55
4-rasm. Tik ustunli arka romli metall mustahkamlagichda ichki kuchlarning (M, N, Q) tagsimlanish epyuralari

Mustahkamlagichning to'g'ri chizigli gismida bo‘ylama kuchlar N
doimiy bo'lib goladi. Uning maksimal giymati mustahkamlagichning eng
yugori nugtasida bo'lib, yon tomonlama bosim koeffitsiyenti 0,4 dan 5,0
gacha o'zgarganda uning giymati 9,1 marotabagacha oshadi. Yon
tomonlama bosim koeffitsiyenti 0,4 ga teng bo‘lganda egilish momenti
M mustahkamlagichning eng yuqori nugtasida manfiy giymatga
erishadi.

Natijalar

Modellashtirish natijalari shuni ko'rsatadiki:

maksimal sigilish kuchlanishlari qazib olish bo'shlig'i shiftida yuzaga
keladi;

tangensial kuchlanishlar qazib olish bo'shligi yon chegaralarida
kontsentratsiyalanadi;

- eng katta kuchlanish giymatlari ruda tanasining osilgan yon tomo-
niga tutashgan hududlarda kuzatiladi;

transport shireklari atrofida kuchlanishlaming qayta tagsimlanishi
kuzatiladi.llmiy xulosa

Mazkur tadqiqotda kon lahimlari atrofidagi tog' jinsi massivining
kuchlanish-deformatsiya holatini baholashda chekli elementlar usuli
(CHEU) samarali va ishonchli matematik modellashtirish vositasi sifati-
da ozini to'liq oglashi isbotlandi. CHEU yordamida murakkab ge-
omekanik jarayonlar chizigli algebraik tenglamalar tizimi orgali ifodala-
nib, katta hajmdagi hisoblashlami avtomatlashtirish imkoniyati yaratildi.

Modellashtirish natijalari shuni ko‘rsatadiki, qazib olish ishlari olib
borilganda tog' jinsi massivida kuchlanishlaring gayta tagsimlanishi
sodir bo'lib, aynigsa qazib olish bo'shligi chegaralari, nimgavat
shtreklari va transport lahimlari atrofida yuqori darajadagi sigilish va
tangensial kuchlanishlar konsentratsiyasi yuzaga keladi. Ushbu zonalar

potensial deformatsiya va buzilish o'choglari sifatida tavsiflanadi.

Tahlillar natijasida quyidagi muhim gonuniyatlar aniglandi:

- maksimal sigilish kuchlanishlari gazib olish bo‘shlig‘i shiftida va
pastki nimgavat shtreklari atrofida shakllanadi;

— kuchlanishlarning kontsentratsiyasi, aynigsa, ruda tanasining osil-
gan yon tomoniga tutashgan hududlarda yugori bo‘ladi;

— bir nechta ruda tanalarini parallel gazib olish holatida kuchlanish
maydonlari o‘zaro ta’sirlashib, transport lahimlari bargarorligiga sezilarli
ta’sir ko‘rsatadi;

— yon tomonlama bosim koeffitsiyentining ortishi mustahkamlagich
elementlarida ichki kuchlar (N, M, Q) ning keskin o‘zgarishiga olib ke-
ladi.

Arka romli metall mustahkamlagichlarni hisoblash natijalari shuni
ko'rsatdiki, konstruktsiyaning eng noqulay uchastkalari — to'g'ri va egri
gismlar tutashgan zonalar hamda pastki sharnirlar hisoblanadi. Aynan
shu nugtalarda bo’ylama va ko'ndalang kuchlar, hamda egilish mo-
mentlarining eng noqulay kombinatsiyalari kuzatiladi. Bu esa mus-
tahkamlagich parametrlarini tanlashda ushbu zonalarni alohida e'ti-
borga olish zarurligini ko‘rsatadi.

Shuningdek, tadgiqot natijalari asosida quyidagi amaliy xulosalar
chigarildi:

— kon lahimlarini loyihalashda kuchlanish kontsentratsiyasi zonalarini
oldindan aniglash va ulani hisobga olish zarur;

- mustahkamlash tizimlarini tanlashda yon bosim koeffitsiyenti va
tog' jinslarining fizik-mexanik xossalari hal giluvchi omil hisoblanadi;

- CHEU asosida olingan natijalar kon lahimlari bargarorligini
oshirish, xavfli geodinamik zonalami prognoz qilish va optimal mus-
tahkamlash  parametrlarini  asoslashda ~ muhim  ilmiy-amaliy
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ahamiyatga ega.

Umuman olganda, olib borilgan tadgiqotlar konchilik amaliyotida
geomekanik jarayonlarni chuqur tahlil gilish, kon lahimlari bargarorligini
ta’minlash hamda xavfsiz gazib olish texnologiyalarini ishlab chigishda
CHEUning yugori samaradorligini tasdiglaydi.

Xulosa

Mazkur tadgiqot natijalari kon lahimlari atrofidagi tog* jinsi massivida
kuchlanish-deformatsiya holatini baholashda chekli elementlar usuli
(CHEU) yuqori samaradorlikka ega ekanligini ko‘rsatdi.

Aniglanishicha, qazib olish ishlari natijasida tog* jinsi massivida
kuchlanishlarming murakkab qayta tagsimlanishi yuzaga kelib, maksi-
mal siqilish va tangensial kuchlanishlar asosan gazib olish bo'shlig'i
shifti va yon chegaralarida shakllanadi.

Tahlillar shuni ko‘rsatdiki, yon tomonlama bosim koeffitsiyentining
ortishi mustahkamlagich elementlarida ichki kuchlarning (N, M, Q)
sezilarli darajada o‘zgarishiga olib keladi. Eng noqulay uchastkalar
sifatida mustahkamlagichning to'g'ri va egri gismlar tutashgan zonalari
hamda tayanch sharnirlar aniglangan.

Olingan natijalar asosida kon lahimlarini loyihalashda kuchlanish
kontsentratsiyasi zonalarini hisobga olish, shuningdek, mustahkamlash
parametrlarini optimal tanlash zarurligi asoslandi.

Umuman olganda, CHEU asosida olingan natijalar kon lahimlari
bargarorligini oshirish, xavfli geodinamik jarayonlami prognoz gilish va
xavfsiz gazib olish texnologiyalarini ishlab chigishda muhim ilmiy-amaliy
ahamiyatga ega.
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THE MINE ATMOSPHERE AS A WORKING FLUID IN A DIESEL
ENGINE: AIR FLOW THROUGH THE AIR INTAKE SYSTEM AND
DUST LOAD ON FILTERS

A. Makhmudov, S.T.Akhmedov

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. This article examines the regulation of the mine atmosphere, which is based on protecting human health: the limit concentrations apply to the air in the
work area, and the calculation of the required air volume ensures that contaminants are diluted to these levels. The engine of a self-propelled machine remains the
second consumer of the same air, yet the air quality at its intake is neither requlated nor monitored. No quantitative relationship has been established between the dusti-
ness of the mine atmosphere and the load on the air supply system. To determine the mine air flow rate through the air supply system of the self-propelled vehicle fleet
in comparison with the standard supply rate and to quantitatively assess the dust load on the filtration equipment as a function of atmospheric dustiness. Data from an air
-suction survey of a gold mine and research studies were used: the calculated dependence of the required air volume, measured air densities at nineteen points, meas-
ured air velocities at twenty-nine measuring stations, and the composition of the fleet of self-propelled vehicles. Air consumption by the engine was calculated using
specific fuel consumption, the stoichiometric ratio, and the air excess coefficient, with a sensitivity analysis for each parameter. The dust load and maintenance frequen-
cy of the cleaning equipment were calculated as functions of dust concentration; the documented background dust level of a mechanized non-ferrous metal mine was
taken as the reference value. It was found that at an air excess coefficient of 1.5, the standard air supply exceeds the air flow through the engine by a factor of 101; that
is, the engine draws 0.99% of the air supplied to it; when switching to idle, the ratio decreases to 30. The conclusion is consistent: variations in specific fuel consumption
within the range of 0.20-0.24 kg/(kW-h) and in mine air density within the measured range of 1.086-1.153 kg/m® result in a change in the proportion ranging from 0.94%
to 1.13%. A 275.8 kW dump truck with a load factor of 0.6 passes 669 m* of mine air per hour through the air supply system, or 4,816 m* per shift. At a background dust
concentration of 0.80-1.17 mg/m? 0.53-0.78 kg of dust enters the system per 1,000 operating hours; at a dust concentration of 10 mg/m? the amount is 6.6 kg. The
maintenance interval for the dust collector is inversely proportional to dust concentration: for a filter element with a dust-holding capacity of 500 g, it ranges from 1,510
operating hours at 0.5 mg/m? to 38 operating hours at 20 mg/m®. Air velocities at the measurement stations range from 0.13 to 5.16 m/s, with a median of 2.38 m/s; at
two stations, the velocity is below the minimum permissible level for working faces, and at one station, it is below the minimum for other mining areas. The engine’s air
supply system is the second, non-standardized consumer of the mine atmosphere, the capacity of which is determined by a ventilation system parameter—dust concen-
tration—that is not measured during routine inspections.

Key words: mine atmosphere; diesel engine; air supply system; dust levels; air purification systems; air excess ratio; maintenance schedule.

KON ATMOSFERASI DIZEL DVIGATELINING ISHCHI TANASI: HAVO
UZATISH TRAKTI ORQALI HAVO SARFI VA TOZALASH
VOSITALARIGA TUSHADIGAN CHANG YUKLAMASI

A. Maxmudov, S.T. Axmedov

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Maqolada kon atmosferasini me’yorlash insonni himoya qilish asosiga qurilganligi ko'rib chiqilgan: chegaraviy konsentratsiyalar ishchi zona havosiga
tegishli bo'lib, zarur havo migdorini hisoblash aralashmaning ushbu qiymatlargacha aralashtirishini ta'minlaydi. O'ziyurar mashina dvigateli esa xuddi shu atmosferaning
ikkinchi iste’'molchisi bo'lib qoladi, bunda uning kirish gismidagi havo sifati me’yorlanmaydi va nazorat qilinmaydi. Kon atmosferasining changlanishi va havo uzatish
traktiga tushadigan yuklama o'rtasidagi miqdoriy bog’lilik aniglanmagan. O‘ziyurar mashinalar parkining havo uzatish trakti orqali kon havosining sarfini me’yoriy
uzatish bilan tagqoslab aniglash va tozalash vositalariga tushadigan chang yuklamasini atmosferaning changlanganlik funksiyasi sifatida miqdoriy baholash. Oltin qazib
olish konining havo-depressiya syomkasi ma’lumotlari va ilmiy-tadqiqot ishlari: zarur havo migdorining hisobiy bog'liqligi, o'n to‘qqizta punkt bo‘yicha o‘lchangan havo
zichligi, yigirma to'qqizta olchash stani bo'yicha o‘lchangan havo harakati tezligi, o'ziyurar texnika parki tarkibidan foydalanilgan. Dvigatel orqali havo sarfi solishtirma
yonilg'i sarfi, stexiometrik nisbat va ortiqgcha havo koeffitsiyenti orqali har bir parametrga sezgirlik tahlili bilan hisoblab chigilgan. Chang yuklamasi va tozalash vositalari-
ga xizmat ko'rsatish davriyligi chang konsentratsiyasining funksiyasi sifatida hisoblangan; tayanch qiymat sifatida rangli metallar bo'yicha mexanizatsiyalashtirilgan
konning hujjatlashtirilgan fon changlanishi gabul gilingan. Aniglanishicha, havoning ortiglik koeffitsiyenti 1,5 bo‘lganda, me’yoriy uzatish dvigatel orqali havo sarfidan 101
marta ko'p bo'ladi, ya'ni dvigatel 0z quvvatiga uzatilayotgan havoning 0,99% ini oladi; salt ishlashga o‘tganda nisbat 30 gacha kamayadi. Xulosa barqaror: solishtirma
yoqilg'i sarfini 0,20-0,24 kg/ (kVt-soat) oralig‘ida va kon havosi zichligini 1,086-1,153 kg/m3 o‘lchangan oralig'ida o‘zgartirish ulushni 0,94-1,13% oralig‘ida o'zgartiradi.
Quwvati 275,8 kVt bo'lgan avtosamosval yuklanish koeffitsiyenti 0,6 bo‘lganda, havo uzatish trakti orqali soatiga 669 m3 kon atmosferasini yoki smenada 4816 m3
o'tkazib beradi. Fon changlanishi 0,80-1,17 mg/m3 bo‘lganda, traktga 1000 motosoatda 0,53-0,78 kg chang, 10 mg/m3 bo‘lganda esa 6,6 kg chang tushadi. Tozalash
vositasiga xizmat ko'rsatish davriyligi changlanishga teskari proporsionaldir: chang sig‘imi 500 g bo‘lgan element uchun u 0,5 mg/m3 bo‘lganda 1510 motosoatni, 20 mg/
m3 bo‘lganda esa 38 motosoatni tashkil etadi. Oflchov stanlari bo‘yicha havo harakatining tezligi medianasi 2,38 m/s bo‘lganda 0,13 dan 5,16 m/s gacha o‘zgaradi;
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ikkita standa tezlik zaboylar uchun ruxsat etilgan minimaldan past, bittasida esa boshqa qazilmalar uchun minimaldan past bo‘ladi. Dvigatelning havo uzatish yo'li kon
atmosferasining ikkinchi, me’yorlashtirilmaydigan iste’molchisi bo'lib, uning resursi standart tekshiruvda o‘lchanmaydigan shamollatish tizimi parametri - chang bilan
aniglanadi.

Kalit so‘zlar: kon atmosferasi; dizel yuritmasi; havo uzatish trakti; changlanganlik; havoni tozalash vositalari; ortigcha havo koeffitsiyenti; texnik xizmat ko'rsatish
davriyligi.

PYOHUYHASA ATMOCOEPA KAK PABOYEE TENO AU3EJIbHOIO
OBUTATENA: PACXOO BO3OYXA YEPE3 TPAKT BO3AYXONOJAYU
U NMbINEBAA HATPY3KA HA CPEACTBA OYUCTKHU

Maxmygos A., Axmepos C.T.

HaBouiickuih rocyaapCTBEHHbI FOPHO-TEXHOMOTMYECKM YHBepcuTeT, Pecnybnuka Y3bekuctaH

AHHOmayus. B cmambe paccmMompeHbl HopMUpogaHue pyOHUYHOLU amMocgepbl NOCMPOEHO Ha 3awjume Yenoseka: npedesbHbie KOHUeHmpayuu OmHocames K
8030yxy paboyeli 30HbI, @ pac4ém nompebHozo Konuyecmea 8030yxa obecnequsaem pasbaeneHue npumecu 00 amux 3HayeHull. [Jeueamenb caMOX00HOU MallUHb|
npu amom ocmaémcsi 8mopbiM nompebumenem moli xe ammocgepsl, NPUYEM Kayecmeo 8030yxa Ha €20 8nycke He HopMupyemcs U He KoHmponupyemes. Konuye-
CMeeHHas c8s3b MeX0y 3anbINéHHOCMbI0 PYOHUYHOU ammoceepbl U Haepy3koll Ha mpakm e030yxonodaqu He ycmarosneHa. Onpedenums pacxod pyOHUYHO20 8030Y-
Xa Yepe3 mpakm 8030yxonodayu napka camoxo0HbIX MaWuUH 8 ConOCMaseHuU ¢ HOpMamusHoU nodadell U KOUYeCMBeHHO OUEeHUMb NbIesylo Hazpy3Ky Ha cpeo-
cmea O4UCMKU KaK (DyHKUUIO 3anbInéHHoCMU ammochepbl. Mcnonb3ogaHbl daHHble 8030YWHO-0enpeccUoHHOU CbEMKU 3010m0o00bbIMHO20 PYOHUKA U HaydHO-
uccnedosamenbsckue pabombI: pacyémHas 3asucumocmb nompebHoeo Konudecmea 8030yxa, U3MepeHHbIe nnomHocmu 8030yxa no deggmHadyamu nyHKmam, usme-
PeHHbIe ckopocmu O8uxeHus 8030yxa no dsadyamu dessimu 3aMepHbIM CmaHaM, Cocmag hapka camoxo0HoU mexHuKu. Pacxod 8o3dyxa Yepe3 dgueamerib 8bI4UCIEH
yepes yOenbHbIl pacxod monuga, CmMexuoMempu4ecKoe OMHoWeHUe U KoaghghuyueHm u3bbimka 803dyxa C aHamu3oM 4y8cmaumenbHOCmU K Kaxdomy napamempy.
[Mbinesas Hagpyska u nepuoduUYHOCMb 06CTy)UBaHUS Cpedcms 04UCMKU paccyumaHbl Kak hyHKUUU KOHUEHmpayUU Nbiiu; 8 Ka4ecmee 0NOpHO20 3HaYEHUS NpuUHsIMa
0OKyMeHmMUposaHHas (hoHo8as 3anbINEHHOCMb MeXaHU3UpPO8aHHO20 pyOHUKa No UeemHbIM MemaniaM. YcmaHoseHo, Ymo npu koaggpuyueHme u3bbimka 8030yxa
1,5 HopmamusHas nodaya npegbiwaem pacxod 8o30yxa Yepes dgueamens 8 101 pa3, mo ecmp dsueamens 3abupaem 0,99 % nodagaemozo Ha e20 MOWHOCMb 8030y~
xa; npu nepexode Kk xonocmomy xody omHoweHue cHuxaemces 0o 30. Bbigod ycmolyus: eapbuposaHue yoensHozo pacxoda monnusa 6 OuanasoHe 0,20-0,24 ke/
(kBm-4) u nnomHocmu pyOHU4Ho20 803dyxa 8 usmepeHHom duanasoHe 1,086—1,153 ke/m* usmensiem domo & npedenax 0,94-1,13 %. Asmocamocsan MOWHOCMBIO0
275,8 kBm npu koachgpuyueHme 3aepy3ku 0,6 nponyckaem yepes mpakm 803dyxonodayu 669 m* pyOHuyHoU ammocgeps 6 yac, unu 4816 m* 3a cmeHy. Mpu hoHosol
3anbinéuHocmu 0,80-1,17 me/m* 8 mpakm nocmynaem 0,53-0,78 ke nbinu 3a 1000 momoyacos, npu 3ansinéHHocmu 10 me/m* — 6,6 ke. [epuoduyHocms obenyxusa-
Husi cpedcmea o4ucmKU 06pamHoO NPONOPUYLOHabHa 3anbnéHHocmU: 0n1s anemeHma nblneémkocmesto 500 2 oHa cocmaensiem om 1510 momoyacog npu 0,5 me/m® do
38 momoyacos npu 20 me/m*. Ckopocmu dsuxeHus 8030yxa no 3amepHbiv cmaHam uameHsiomess om 0,13 do 5,16 m/c npu meduaHe 2,38 m/c; Ha 08yx cmaHax CKoO-
pocmb Huxe MuHuMasHo donycmumoli 05151 3aboes, Ha 00HOM — HUXXe MUHUMyMa O npoyux ebipabomok. Tpakm 803dyxonodayu dgueamens A6/1€mMcs 8MOPbIM,
HEeHopMUpyeMbIM nompebumernem pyOHUYHOU ammocgepbl, pecypc Komopozo onpedesisemcs napamMempoM 8eHMUNAYUOHHOU cucmeMbl — 3anbiEHHOCMbI0, — He
usmepsieMbIM npu wmamHom obcredogaHuu.

Kntoqesbie cnoea: pydHu4Has ammoccepa; dusenbHbIl npugod; mpakm 6030yxonodayu; 3anbInéHHOCMb, cpedcmea o4UCMKU 8030yXa; KoaghehuyueHm u3bbim-
Kka 8030yxa; nepuodUYHOCMb MEXHUYECKO020 0OCTYKUBAHUS.

Introduction

The mine atmosphere in an underground mine operating self-
propelled diesel equipment serves two users. The first is humans, for
whom maximum permissible concentrations of harmful substances
have been established and for whose protection the entire ventilation
system is designed. The second is the internal combustion engine, for
which the mine atmosphere serves as the working medium: air enters
the cylinders, participates in combustion, and determines both the
performance of the operational process and the service life of the cylin-
der-piston assembly components.

There is a complete asymmetry in the attention given to these two
“consumers.” For the first, standards have been established for gase-
ous components and the dispersed phase [13, 14], monitoring methods
have been developed, and the calculation of the required air volume is
based precisely on the condition of diluting impurities to the maximum

permissible levels [1, 3]. For the second, nothing is standardized: none
of the known documents contain requirements for the quality of the
intake air for an engine operating in an underground mine.

Meanwhile, the relationship here is direct and one-way. Everything
that is suspended in the mine’s atmosphere enters the air intake sys-
tem of the machine operating in that mine. The only barrier is the air
purification device, whose characteristics—capture efficiency and dust-
holding capacity—are regulated by an international standard [7]. How-
ever, the frequency of its maintenance is determined not by the charac-
teristics of the filter itself, but by the product of the air flow rate through
the engine and the dust concentration in the atmosphere—that is, a
parameter of the ventilation system.

This raises a question that has not been quantitatively addressed
in the existing literature: What is the volume of mine air flowing through
the air supply system of the self-propelled vehicle fleet compared to the
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standard supply rate, and what is the corresponding dust load on the air
purification equipment?

The objective of this study is to determine the flow rate of mine air
through the air supply system of the self-propelled vehicle fleet in com-
parison with the standard flow rate and to quantitatively assess the dust
load on the filtration systems as a function of atmospheric dust content.

Objectives:

Determine the relationship between the air flow rate through the
engine per unit of power and the air excess coefficient, and compare it
with the standard air supply rate.

To assess the stability of the obtained ratio with respect to the
assumed values of specific fuel consumption and mine air density.

To calculate the volume of mine air passing through the air supply
system of vehicles with different power ratings.

To determine the mass of dust entering the air supply system as a
function of atmospheric dust content.

Determine how the maintenance interval for the air cleaning system
depends on dust concentration.

Analyze compliance with regulatory minimum air velocity standards
based on survey data.

Literature Review

Atmospheric Dust Levels in Mechanized Mines

The most comprehensive review of the formation, health effects,
and control measures for respirable dust in fully mechanized mines for
non-ferrous and rare metals is provided in [5]. National standards are
also cited there; for example, in India, according to Regulation 124 of
the Metalliferous Mines Regulations, the time-weighted average con-
centration of respirable dust over an eight-hour shift must not exceed 3
mg/m? when the free silicon dioxide content is less than 5%.

Quantitative data relevant to this study were obtained in [6] using
real-time high-resolution aerosol spectrometry. It was shown that in the
absence of visible dust and with no mining operations taking place near
the measurement points, the average concentration of total suspended
particulate matter at two locations in the mechanized mine was 1,170 +
320 and 796 * 68 ug/m3, with the proportion of particles 10 um or
smaller amounting to 87.9% and 99.4%, respectively, and the propor-
tion of PM2.5 particles ranging from 18.5% to 40.3%.

These values are crucial: they characterize background dust lev-
els—that is, the level the machine encounters not at the working face,
but in the haulage and auxiliary tunnels, where it spends most of its
operating time. The particle size distribution is such that the overwhelm-
ing majority of the mass consists of particles capable of passing
through the inertial stages of the filtration system.

Diesel-derived aerosol phase

In addition to mineral dust, the atmosphere contains an aerosol
phase derived from exhaust gases. The characteristics of aerosols
formed during the operation of diesel equipment in underground condi-
tions, as well as the breakdown of contributions from different catego-
ries of machinery, are investigated in [10]; for the current generation of
engines, the relevant data are presented in [11]. Field measurements of
elemental carbon exposure before and after equipping the fleet with
neutralization systems were conducted in [12]. Limit values for the
dispersed phase were established in [13, 14].

The diesel-derived particulate matter has a significantly smaller
particle size than mineral dust, and its contribution to the mass load on
the purification systems is small; however, it increases the number
concentration of particles in the atmosphere that the vehicle inhales.

Regulation of Engine Air Purification Systems

The characteristics of air filters for the intake air of internal combus-
tion engines and compressors are standardized by an international
standard [7], which establishes uniform test procedures and defines key
performance indicators: aerodynamic resistance, dust capture efficien-
cy, dust-holding capacity, and oil carryover for inertial oil filters.

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026

It is important to note that the standard specifies the product's
properties, not its operating conditions. Dust-holding capacity is ex-
pressed in grams of retained dust; the standard does not—and can-
not—specify at what concentration in the ambient atmosphere, and
consequently over what period of time, this capacity will be exhausted.
This parameter pertains to the mine’s ventilation system.

Standard Air Supply and Dust Removal Criteria

The required air volume for self-propelled diesel equipment is de-
termined based on the rated engine power [1, 3], although the origin of
the specific standards used is not documented [8]. In addition, a sepa-
rate dust removal criterion applies: the volume of air required to remove
dust suspended in the mine atmosphere is determined as the product
of the minimum permissible jet velocity and the cross-sectional area of
the working face, with the minimum velocity being 0.25 m/s for reserve
longwall faces and 0.15 m/s for other workings [1, 3].

The rationale behind this criterion is to keep the dust suspended
and remove it from the working face. A consequence that is not usually
noted is that the air in which the dust is kept suspended is the very
same air that enters the engine of the machine operating in the working
face.

Materials and Methods

Data Sources

A research report was used. The following were taken from the
report: the calculated relationship between the required air volume and
its parameters; the calculation method based on the dust removal factor
and minimum permissible velocities; the specific air weights at nineteen
measurement points; air velocities at measurement stations along two
routes; a list of self-propelled equipment in operation; and the composi-
tion and number of machines assumed to be operating simultaneously.

Data on atmospheric dust levels in the mechanized mine were
taken from [5, 6], and the characteristics of the air purification systems
were standardized according to [7].

Calculation of Air Flow Through the Engine

The mass flow rate of air through the engine per unit of effective
power is determined by the product of the specific effective fuel con-
sumption, the stoichiometric ratio, and the air excess coefficient:

_bely
" 3600

where be is the specific effective fuel consumption, kg/(kW-h); 10=14,5

kg/kg is the stoichiometric amount of air for diesel fuel; A is the air ex-

cess coefficient. The volumetric flow rate at a mine air density of p:
G m3

S G @

A comparison with the standard flow rate q=6,8 m?3(kW-min)
=0,11333 m%(s-kW) was performed using the ratio g/V and the fraction
100-V/q.

Base values: be=0,210 kg/(kW-h), p=1,13 kg/m* (average across
nineteen measurement points), A=1,5 (operating condition close to
rated). A sensitivity analysis was performed: be in the range of 0,20-
0,24 kg/(kW-h), p in the measured range of 1,08643-1,15294 kg/m3, A
from 1,3 (full load) to 5,0 (idling).

Dust Load and Maintenance Frequency

The mass of dust entering the air supply duct during time t at con-
centration C:

kg/(s'kW) (1)

m=V,Ctn, 3)

where Vi, is the volumetric flow rate through the engine, m3h; n is the
capture efficiency of the cleaning agent, assumed to be 0.99.
Maintenance Interval for an Element with Dust Capacity Mr:



MINING MACHINERY AND EQUIPMENT

Ven € (4)

The calculations were performed for machines with power ratings
of 82.5 kW (the average machine used for air consumption calculations
[1]), 121,4 kW, 275,8 kW, and 304 kW, with a motor load factor of 0,6
and for concentrations ranging from 0,5 to 20 mg/m?*. Dust-holding
capacity varied in the range of 200-1,000 g.

Analysis of Air Velocities

Twenty-nine measurement points located in mine workings were
selected from the research study (the fan unit and ventilation duct were
excluded). The measured velocities were compared with the minimum

permissible values of 0.25 and 0.15 m/s [1, 3].

The calculations were performed in Python 3 (NumPy).

Results and Discussion

Air Flow Through the Engine and Design Air Flow

The results of the calculations based on (1)-(2) are presented in
Table 1 and Figure 1.

Key finding: Under operating conditions close to rated conditions,
the standard air supply exceeds the air flow through the engine by a
factor of 101; the engine draws in 0.99% of the air supplied to it. The
remaining 99% consists of dilution air, whose purpose is to bring the
concentration of exhaust gases down to the limit values.

Table 1
A Operating Hours G, kg/(s'kW) V, m¥(s-kW) qV Percentage of the
i ’ standard supply, %
1,3 full load 0,001100 0,000973 116,5 0,86
1,5 close to nominal 0,001269 0,001123 1009 0,99
2,0 partial load 0,001692 0,001497 75,7 1,32
3,0 low load 0,002537 0,002246 50,5 1,98
5,0 idling 0,004229 0,003743 30,3 3,30
140
59 part idle
\ load load
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41 25
- pra}
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Fig. 1. Air flow through the engine per unit of power and the ratio of the standard air flow to this flow rate as a function of the air excess

This ratio depends significantly on operating conditions. At idle,
where A reaches 5, the ratio decreases to 30; that is, the engine con-
sumes 3.3% of the supplied air. This means that the proportion of the
mine atmosphere passing through the engine is highest precisely dur-
ing standby and low-load conditions, which are characteristic of the
underground mining cycle.

The robustness of the results with respect to the assumptions
made is shown in Table 2.

Varying both parameters across their full ranges changes the pro-
portion within the range of 0,94-1,13%. The value of “about one per-
cent” is thus a stable characteristic, rather than a consequence of the
specific choice of initial values.

Volume of atmosphere passing through the machine

The results are shown in Table 3.
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Table 2
Sensitivity Analysis at A=1.5
Variable parameter Meaning V, 10-3 m3/(s-kW) qlVv Percentage, %
be, kg/(kW-h) 0,20 1,069 106,0 0,94
0,21 1,123 100,9 0,99
0,22 1,176 96,4 1,04
0,24 1,283 88,3 1,13
P, kgm* (measured 1,08643 1,168 97,0 1,03
range [1])
1,13000 1,123 100,9 0,99
1,15294 1,100 103,0 0,97
Table 3
Volume of mine atmosphere passing through the air supply system (A=1,5, load factor 0,6)
Machine Power, kW Seker umli(s\r’ load: 066 Flow rate, m*h Per 762-hour shift, m*
Centralized. Computing 825 495 200 1441
Machine [1]
CAT R1300G Loader- 1214 728 294 2120
Hauler
MT-431V Dump Truck 2758 165,5 669 4816
Cat AD30 Dump Truck 304,0 1824 737 5308

A 275.8 kW dump truck moves 4,816 m? of mine air through its air
supply system per shift. For comparison: this is equivalent to the vol-
ume of air in a 16.9 m? cross-section over a length of 285 m—in other
words, during one shift, a single truck “pumps” through itself a volume
of air equivalent to the contents of nearly 300 meters of a transport
shaft.

Based on the fleet size used in the air demand calculation (ten
units at 82.5 kW each with a load factor of 0.6), the airflow through the
motors is 0.556 m¥s, or 2,001 m¥h; at 3,000 motor-hours per unit per
year, this amounts to 6.00 million m* per year. During the same period,
6.19 billion m® passes through the mine (at a supply rate of 200.44 m%s
and fan operating hours of 8,577), meaning that 0.097% of the annual
ventilation volume passes through the motors.

It is important to interpret this comparison correctly. A small propor-

tion of the total mine volume does not imply low significance: what
matters is not the proportion, but the absolute mass of dust accumulat-
ed in the filtration system, since the filter is a storage element rather
than a flow-through one.

Dust Load on Filtration Systems

The results of the calculation according to (3) are presented in
Table 4 and Figure 2.

At the background dust concentration documented in [6] for a
mechanized non-ferrous metal mine—where no visible dust is present
and operations are conducted near the measurement points—between
0.53 and 0.78 kg of dust enters the air intake system of a 275.8 kW
dump truck per 1,000 operating hours. At a dust concentration of 10
mg/m*—a value typical for work near the face—the same vehicle re-
ceives 6.6 kg over the same period, which is 8.5-12.5 times more.

Mass of dust entering the air supply system per 1,000 operating hours, g revle
Dust concentration, mg/m? 82,5 kW 1214 kW 275,8 kW 304 kW
05 99 146 331 365
0,80-1,17 (Source: [6]) 158-232 233-341 530-775 584-854
2,0 396 583 1324 1460
5,0 990 1457 3311 3650
10,0 1981 2915 6622 7299
20,0 3962 5830 13 244 14 598
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104 -

0-1.17 mg/m?3)

103

Dust mass entering the intake tract
per 1000 engine-hours, g

102

documented\bagkgroun§\dust level in a

mechanised matal

averaged machine of the calculation, 82.5 kW
LHD CAT R1300G, 121.4 kW

truck MT-431B, 275.8 kW

truck Cat AD30, 304 kW

100

10!

Dust concentration in the mine atmosphere, mg/m?3

Fig. 2. Mass of dust entering the air supply system per 1,000 operating hours, as a function of dust concentration in the mine
atmosphere. The shaded area represents the documented background dust concentration in a mechanized mine, according to [6]

It is important to note that the background value was obtained
under the most favorable conditions possible: with no visible dust and
no mining operations nearby. A machine operating at the face or travel-
ing along a haulage tunnel behind another machine encounters signifi-
cantly higher concentrations.

Maintenance Intervals for the Filtration System

The calculation results according to (4) are presented in Table 5
and Figure 3.

The resulting relationship is inversely proportional: a fortyfold range
in concentrations (0.5-20 mg/m?) yields a fortyfold range in mainte-
nance intervals. For a filter with a dust-holding capacity of 500 g, the
interval ranges from 1,510 to 38 operating hours.

This leads to a practical conclusion that constitutes the main point
of this study. The maintenance interval for the air supply system cannot

be correctly determined based on a calendar or operating hours, since
the parameter that determines it—atmospheric dustiness—varies wide-
ly across the mine and is not measured. A maintenance schedule
based on an average value will prove excessive for machines operating
in transport tunnels under background dust conditions and insufficient
for machines operating near the working faces.

The existing standardization system does not cover this parameter
from either perspective: Standard [7] specifies filter properties but not
operating conditions; safety regulations and methods for calculating air
demand [1-3] specify the air quality in the work area but not the air
quality at the engine intake. There remains a gap between the two
standardization systems, within which the parameter under considera-
tion falls.

Maintenance Intervals for the Filtration System of the MT-431V Dump Truck (flow rate 669 m*h), operating hours fevle
Dust concentration, mg/m® M=200 g M:=500 g M=1000 g

0,5 604 1510 3020
1,0 302 755 1510
2,0 151 378 755
5,0 60 151 302
10,0 30 76 151

20,0 15 38 76

Mining bulletin of Uzbekistan Ne 3 (106) 2026



76

KON MASHINALARI VA USKUNALARI

Criterion for Dust Removal and Air Velocity

The results of the velocity analysis are presented in Table 6 and
Figure 4.

In terms of dust removal, the situation is generally satisfactory: of
the twenty-nine workings, only one fails to meet the minimum of 0,15 m/
s established for other workings, and two do not reach 0,25 m/s. Both
are located in the lower part of the mine—the “1” shaft in sections 81-
93 and the “2” shaft in sections 94-95, where the air flow rate is 4,2 m¥
s with cross-sectional areas of 23,8 and 33,2 m?, respectively.

The following circumstance is worth noting. The dust removal crite-
rion is based on keeping dust in suspension: the minimum velocity is
set so that airborne dust is carried out of the tunnel rather than settling
within it. From a human safety perspective, this is the correct ap-
proach—settled dust must be removed, while suspended dust is re-
moved by a jet of air. However, for a machine operating in the same
working face, the consequence is the opposite: the air in which dust is
intentionally kept suspended is the very same air that enters the ma-

chine’s air supply system.

This does not mean that the dust removal criterion is flawed: dust
settling in the working face creates a reserve that is stirred up into the
air in significantly higher concentrations when the machine passes
through. The point is that the optimum based on the criterion of human
safety and the optimum based on the criterion of machine service life
do not coincide, and the latter criterion is not addressed at all in the
existing system.

The inclined haulage shaft, through which all of the mine’s ore is
transported, has velocities ranging from 0,41 to 3,41 m/s, increasing
toward the mouth of the shaft. It is precisely this section, as shown in a
separate study of the same facility, that has the worst air quality param-
eters in the mine in terms of temperature and humidity; the fleet's heavy
machinery operates through it at speeds close to their rated speeds.

Conclusions

It has been established that when the engine is operating near its
rated conditions (A = 1.5), the standard air supply exceeds the air flow

Table 6
Air velocities at measurement points in mine workings [1]
Indicator Meaning
Number of survey stations in mine workings 29

Speed range, m/s 0,13-5,16

Median, m/s 2,38

Percentage of stands with a speed of less than 1 m/s 31 %

Velocities below 0.25 m/s (minimum for face operations) Bl e _()(;;,er?s/)s ; barrel 2, 94-95 —
Conditions below 0.15 m/s (the minimum for other workings) 1 (barrel 2" 94-95 — 0.13 m/s)

Speed range of the NTS 1-3 inclined conveyor chute, m/s 0,41-3,41
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Fig. 4. Air velocities at twenty-nine measurement points in underground mine workings, compared with regulatory minimums
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through the air intake system by a factor of 101: the engine draws in
0.99% of the air supplied to it. The remaining 99% consists of dilution
air.

It has been shown that the obtained ratio is stable: variations in
specific fuel consumption in the range of 0.20-0.24 kg/(kW-h) and in
mine air density in the range of 1.086-1.153 kg/m* (as measured in the
mine) cause this ratio to vary between 0.94% and 1.13%.

It has been established that the proportion of mine air passing
through the engine increases as the load decreases: at A = 5 (idling),
the ratio of the standard air supply to the air flow through the engine
decreases from 101 to 30, while the proportion increases to 3.3%. The
maximum thus occurs during idle and low-load conditions, which are
characteristic of the underground operating cycle.

The volume of mine air passing through the air supply system has
been calculated: a dump truck with a power of 275.8 kW and a load
factor of 0.6 allows 669 m*h to pass through, or 4,816 m® per shift. A
fleet of ten vehicles, used in the air demand calculation, passes 2,001
m¥h, which, at 3,000 operating hours per vehicle, amounts to 6.00
million m® per year, or 0.097% of the mine’s annual ventilation volume.

The dust load on the cleaning equipment has been determined:
with a documented background dust concentration in the mechanized
mine of 0.80-1.17 mg/m?, the air supply system of a 275.8-kW dump
truck receives between 0.53 and 0.78 kg of dust per 1,000 operating
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hours; at a dust concentration of 10 mg/m?, this amounts to 6.6 kg; and
at 20 mg/m*—13.2 kg.

An inversely proportional relationship has been established be-
tween the maintenance interval for the dust filter and the ambient dust
concentration: for a filter element with a dust-holding capacity of 500 g,
the interval ranges from 1,510 operating hours at 0.5 mg/m? to 38 oper-
ating hours at 20 mg/m?. It follows that the maintenance interval for the
air supply system cannot be correctly scheduled on a calendar basis or
based on operating hours, since the parameter that determines it is not
measured at the mine.

A discrepancy has been identified between two standardization
systems: the international standard for intake air filtration equipment
specifies product characteristics (capture efficiency, dust-holding ca-
pacity) but not operating conditions; safety regulations and methods for
calculating air demand specify the air quality in the work area but not
the air quality at the engine intake. Atmospheric dust content, as a
parameter determining the service life of the air supply system, is not
covered by either of them.

According to survey data from twenty-nine measurement points in
underground mine workings, one does not meet the minimum velocity
of 0.15 m/s and two do not reach 0.25 m/s; the median velocity is 2.38
m/s, with a range of 0.13-5.16 m/s.
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NMPEOUKTUBHOE YNPABNEHWE YACTOTHO-PETYJIMPYEMBIM
INEKTPONMPUBOAOM NPYHTOBOIO HACOCA C YYETOM
TMOPOABPA3UBHOIO N3HOCA

Kaxapog C.K.!, MwuHa3apoB 0.X.2

1Anmanbikekuin ounvan HATY «MUCKC», Pecnybnvka Y3bekuctaH
2HeTuTyT npobnem sHepreTukn AH PY3, Pecnybrinka Yabekucran

AHHomayus. Pewaemcsa HayyHasi 3adaya ynpagneHusi 4acmomHo-pezynupyembIm anekmponpusodom epyHmogozo Hacoca 8/ p8 (dsueamenb BAO2-280L8, 110
kBm) eudpompaxcnopmHoli cucmems! MedeobozamumernbHoli habpuku 6 ycrosusix npoepeccupyrowe2o 2udpoabpasusHoeo usHoca. [locmpoeHa ces3aHHas AuHamu-
yeckasi MoOeTb «U3HOC-2UOpas/iuKa—a1ekmponpugody, 8 Komopoli HakonIEeHHbIU USHOC 88€0EH Kak (ha3osasi nepeMeHHas!, 8MusoWas Ha HanoPHyK Xapakmepucmu-
Ky u KM/ Hacoca. YcmaHoesieHo, Ymo 3aKoH U3HOCa 8bINYKIbIL N0 OMHOCUMENTbHOL CKOPOCMU (UHMEHCUBHOCMb o s™,m =~ 2,8), @ criexeHue 3a nodayell npu U3Ho-
Ce Nnopoxdaem NoMoXUMeNbHY0 00pamHyI Ces3b «USHOC — CKOPOCMb — U3HOCY, COKpawarowylo pecypc. Ha ocHose eapuayuoHHo20 aHanusa (HepaseHcmeo
VeHceHa) nokasaHo, Ymo npu 3adaHHoM 06bEMe nepekayku MUHUMYM HaKONTEHHO20 U3HOCa 00CMU2aemcs Ha MakCUMalbHO CelaXeHHOU mpaekmopuu ckopocmu,
peanusyemoli byghepu3osaHHbIM NPeduKmueHbIM ynpagneHuem. CuHme3uposaHo 3KkoHomuveckoe npedukmueHoe ynpaeneHue (EMPC), coamecmHo MuHumusupyro-
wee aHepeo3ampamsl U pacxod pecypca npu 0zpaHUYeHUsX Ha nodady U MOWHOCMb, CONPSXEHHas NepeMeHHasi UHmepnpemuposaHa Kak meHesasi eHa u3Hoca.
MpednoxeHa uepapxuyeckas (08yxmemnosas) peanu3ayusi: MedneHHbIl PecypcHbIl KOHMyp coanacosaH ¢ bbICmpbIM 3HEP200NMUManbHbIM NPeOUKMUBHbIM ynpag-
JIEHUEM NOMOKOM aCUHXPOHHO20 O8U2aMerIst (3aKOH MUHUMYMa NOMepb 3 o« [IM]), a pasdeneHue mMacmabos 060CHOBaHO MEMOOOM CUH2YISIPHBIX B03MYUEHUL;
pobacmHoe 8bINOMHEHUE O2paHUYeHUs No nodaye obecnequsaemcs yxecmoyeHuUeM ycmasku no eepxHell oyeHke usHoca. 1o mModenbHOU OUeHKe pecypc so3pacma-
em Ha 9-10 %, ydenbHoe sHepaonompebieHue cHUxaemcs Ha =5 % npu eapaHmuposaHHoU cpedHel nodaye

Knioyesbie cnosa: epyHmosslii Hacoc, 8Ip8, eudpoabpasusHblli usHoc, MedeoboeamumenbsHas (habpuka, YacmomHo-peaynupyembili anekmponpusod, BAO2-
280L8, skoromudeckoe npedukmugHoe ynpaenerue, EMPC, hasoeasi nepemenHas usHoca, 0cmamodHbili pecypc, NonoxumesbHasi 0bpamHasi cesidb, HepageHcmeo
WeHceHa

GRUNT NASOSINING GIDROABRAZIV EYILISHINI HISOBGA OLGAN
HOLDA CHASTOTA BILAN BOSHQARILADIGAN ELEKTR
YURITMASINI PREDIKTIV BOSHQARISH

S.K. Kaxarov!, 0.X. Ishnazarov2

TMISIS Milliy tadgiqot texnologik universiteti Olmaliq filiali, O‘zbekiston Respublikasi
20'zR FA Energetika muammolari instituti, O‘zbekiston Respublikasi

Annotasiya. Mis boyitish fabrikasining gidrotransport tizimidagi 8Gr8 grunt nasosi (VAO2-280L8 dvigateli, 110 kVt) chastota bilan boshqariladigan elektr yuritmasi-
ni progressiv gidroabraziv eyilish sharoitida boshqarish ilmiy masalasi yechilmoqda. Toplangan eyilish nasosning bosim xarakteristikasi va FIKga (foydali ish koef-
fitsiyentiga) ta'sir qiluvchi faza o'zgaruvchisi sifatida kiritilgan «eyilish-gidraviika-elekir yuritma» bog'langan dinamik modeli qurilgan. Eyilish qonuni nisbiy tezlikka nis-
batan gavariq (o< s™,m =~ 2,8 intensivligi bilan) ekanligi, eyilish sharoitida sarfni kuzatib borish esa resursni gisqartiruvchi «eyilish — tezlik — eyilish» mushat teskari
alogasini keltirib chigarishi aniglangan. Variatsion tahlil (Yensen tengsizligi) asosida berilgan haydash hajmida to'plangan eyilishning minimumi buferlangan prediktiv
boshqaruv orqali amalga oshiriladigan maksimal darajada tekislangan tezlik trayektoriyasida erishilishi ko'rsatilgan. Sarf va quvvatga qo'yilgan chekloviar sharoitida
energiya sarfi va resurs sarfini birgalikda minimallashtiruvchi igtisodiy prediktiv boshqaruv (EMPC) sintez qgilingan; qo'shma o’zgaruvchi eyilishning soya narxi sifatida
talgin qilingan. lerarxik (ikki tezlikli) amalga oshirish taklif etilgan: sekin resurs konturi asinxron dvigatel ogimini boshqaruvchi tez energiya-optimal prediktiv boshqaruv
(vo'qotishlarni minimallashtirish qonuni ;3 « /IM]) bilan muvofiglashtirilgan, masshtablarning ajratilishi esa singulyar buzilishlar usuli bilan asoslangan; sarf bo'yicha
cheklovning robast bajarilishi eyilishning yuqori bahosi bo'yicha ucmaekani qattiqlashtirish orqali ta'minlanadi. Model bahosiga ko'ra, kafolatlangan o'rtacha sarfda
resurs 9-10 % ga oshadi, solishtirma energiya sarfi esa taxminan 5 % ga kamayadi.

Kalit so'zlar: grunt nasosi, 8Gr8, gidroabraziv eyilish, mis boyitish fabrikasi, chastota bilan boshqariladigan elektr yuritma, VAO2-280L8, igtisodiy prediktiv
boshqaruv, EMPC, eyilishning faza o'zgaruvchisi, qoldiq resurs, musbat teskari aloga, Yensen tengsizligi
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PREDICTIVE CONTROL OF THE VARIABLE-FREQUENCY DRIVE OF
THE 8GR8 SLURRY PUMP UNDER HYDROABRASIVE WEAR
(COPPER CONCENTRATOR OF JSC «ALMALYK MMC»)

S.K. Kakharov', 0.Kh. Ishnazarov?

Almalyk Branch of the National Research Technological University "MISIS", Republic of Uzbekistan
2Institute of Energy Problems of the Academy of Sciences of the Republic of Uzbekistan

Abstract. The paper solves the problem of controlling the variable-frequency drive of the 8Gr8 slurry pump (VAO2-280L8 motor, 110 kW) of the hydrotransport
system of the copper concentrator under progressive hydroabrasive wear. A coupled «wear-hydraulics—drive» dynamic model is developed in which the accumulated
wear is introduced as a state variable affecting the head-capacity curve and the pump efficiency. It is shown that the wear law is convex in the relative speed (intensity o
sm m= 2.8), and that throughput-tracking under wear generates a destabilising positive feedback «wear — speed — wear» that shortens the service life; a closed-form
expression for the remaining useful life is obtained. By a variational argument (Jensen’s inequality) it is proved that, for a prescribed pumped volume, the minimum accu-
mulated wear is attained on the smoothest feasible speed trajectory, realised by buffered predictive control. An economic model predictive controller (EMPC) is synthe-
sised that jointly minimises energy and life consumption subject to throughput and power constraints; the costate is interpreted as the shadow price of wear, and a termi-
nal remaining-life penalty provides recursive feasibility. A hierarchical two-time-scale realisation is proposed in which the slow life-management loop is coordinated with a
fast energy-optimal predictive flux controller of the induction motor (loss-minimising law 3 o [IM]); the time-scale separation is justified by singular-perturbation theo-
ry, and robust throughput satisfaction is ensured by tightening the speed setpoint with respect to an upper wear estimate. The wear state, being unmeasured, is recon-
structed by a Kalman estimator closing a condition-based predictive loop. Model-based estimates show a 9-10 % increase in service life and a =5 % reduction in specific
energy consumption at guaranteed average throughput.

Keywords: slurry pump, 8Gr8, hydroabrasive wear, copper concentrator, variable-frequency drive, VAO2-280L8, economic model predictive control, EMPC, wear

state variable, remaining useful life, positive feedback, Jensen’s inequality

BeepeHue

MocTtaHoBKa npoGnembl. [MAPOTPaHCNOPT MPOAYKTOB MELHOr0
oborawienuns 06CnyxMBaeTCs TPYHTOBLIMM HAacocamu, B TOM 4ucne
8Ip8 (I'p 400/40) c npBOAOM OT B3pbIBO3ALUMLEHHOTO ACUHXPOHHOTO
ppuratens BAO2-280L8 (110 «kBt, 750 o6/muH). lNepekaunBaHue
KBapLcofepxaLuel nynbnbl (MMKPOTBEPAOCTL YacTuy Ao 9000 MMa)
BbI3bIBAET WHTEHCUBHBINA rMapoabpasuBHbIN M3HOC paboyero koneca,
3aLNTHOTO JMCKa W YNWUTKM, MPWU KOTOPOM [JerpaguvpyioT HanopHas
xapaktepuctuka 1 KM, a HapaboTka Ha 0TKka3 OrpaHMyeHa
1200-1500 u.

W3Hoc, sHepronoTpebnenne M mopadva CBS3aHbl Yepe3 CKOpOCTb
BPALLEHMS: MHTEHCUBHOCTb M3HOCA BO3PACTAET MO CTEMEHHOMY 3aKOHY
OT OTHOCUTENbHON CkopocT (s™,m =~ 2,5..3,2), Toraa kak nogava
pacTéT Nub NuHeiHo. Mpu HeperynupyeMom npusoge (NpsiMom Myck)
CKOpOCTb (PUKCMpOBAHa, arperaTt He afanTupyeTcs K Harpyske W npu
M3HOCE BbIXOAWT B 30HY neperpy3ku. Mpu HaMBHOM YacTOTHOM perynu-
poOBaHMM CO CMEXEHWEM 3a MOAayeil KOMNeHcauus nageHns Hanopa
[0CTUraeTcs MOBbILUEHEM CKOPOCTH, YTO YCWUIIMBAET U3HOC M MOPOX-
[laeT MOMNOXMTENbHYID 0BPaTHYID CBSI3b «M3HOC —> CKOPOCTb —> U3~
HOC». HayyHas 3apaya COCTOMT B CMHTE3e 3aKOHa ynpaBneHns CKopo-
CTbI0, KOTOPBI NPY rapaHTPOBaHHOI NoAa4e MUHUMU3NPYET COBOKYT-
Hble 3aTpaTbl 3HEPrUM W pecypca, yuuTbiBas ykasaHHylo obpaTHyto
CBS13b W BbIMYKNOCTb 3aKOHa M3HOCA.

AHanu3 BoCTUXeHUA WU my6nukaumn. 3aKOHOMEPHOCTH 3PO3MNOH-
HOTO pa3pyLLEeHNs MOTOKOM YacTuL ycTaHoBneHsb! Finnie [1] u Bitter [2];
0630op Truscott [3] dvKcupyeT CTeneHHyl 3aBMCUMOCTb W3HOCa OT
ckopoctut (m = 2,5...3,2). OMNMPUYECKME COOTHOLLIEHWNS U3HOCA FPYH-
TOBbIX Hacocos nonyyeHbl Walker n Bodkin [4], 0606ww€HHOe onvcanve
ruapotpaHcnopta — B [5], CFD-nporHo3 aposun — B [6, 7]. Teopus
NPEAVKTMBHOIO YNpaBneHus 13noxeHa B [8]; SkOHOMWYECKOE Mpeank-
TuBHOe ynpaenexue (EMPC) u ero yctoitumsocts — B [9, 10].

BmecTe ¢ Tem B u3BeCTHbIX paboTax M3HOC paccMaTpuBaeTcs M30-
NIMPOBAHHO OT 3aKOHa YNpaBMeHUs NPUBOLOM: AWHAMMKA HaKOMMEHUs
13HOCa He BBOAUTCS B MOAENb YNpaBNeHus kak (pasoBast nepeMeHHasi,
a 9HEepreTUYEeCKUn N PECYPCHbIN KPUTEPUN HE OMTUMU3NPYIOTCS COB-

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026

MeCTHO. OTO OCTaBMSAET HEPELLEHHON 3aady NPeAMKTUBHOTO yripaBre-
HUSsl CKOPOCTbIO C Y4ETOM pecypca Hacoca.

HayyHass HoBum3Ha. 1) lMocTpoeHa CBSi3aHHas AMHamuyeckas Mo-
Jenb «rmapoabpasuBHbIi U3HOC — rMApaBNWKa — SMEKTPONPUBOLY C
M3HOCOM Kak ¢ha3oBo nepemeHHo. 2) [lokasaHo Hanuune nonoxu-
TENbHON 0BpaTHON CBS3W «M3HOC —> CKOPOCTbY MPU CIIEXEHUM 3a
noAadeil 1 Nonyy4eHo BbIPaXeHWe ocTaTouHoro pecypcea. 3) Ha ocHose
HepaBeHCTBA VleHCEHa YCTAHOBMEHO, YTO MUHAMYM HAKOMMEHHOro
“3Hoca Nnpu 3afaHHoM 06bEME Nepekayki OCTUrAeTCs CrnaxuBaHUem
TpaekTopun ckopocTu. 4) CUHTE3MPOBAHO SKOHOMWUYECKOE MPeanKTUB-
HOe ynpaBfieHe C COMPSHKEHHOM MEPEeMEHHON Kak TeHeBOW LIeHOM
M3HOCA W TEPMUHANbHLIM PECYPCHBIM OrpaHuyeHuem. 5) MpeanoxeH
3aMKHYTbI YCMOBWE-OPUEHTUPOBAHHBIN KOHTYP C OLIEHWBAHWEM COCTO-
SHUS u3Hoca. 6) MpennoxeHa vepapxmyeckas AByXTEMMOBast CTPYKTY-
pa, cornacytowjas pecypcHblil EMPC ¢ sHeproonTumanbHbIM npeauk-
TUBHbIM YNpaBMEHNEM MOTOKOM [BUraTenst (3akoH MUHUMyMa NMoTepb);
pasfeneHne maclwtabos 060CHOBAHO METOAOM CUHIYNSPHLIX BO3MY-
weHui. 7) CpopmynuposaHa pobactHas noCTaHOBKa, rapaHTUpyroLLas
nofayy M BepOSITHOCTHBIA Pecypc Mpu HeonmpeaenéHHocTV napamer-
POB M3HOCA.

CBsizaHHas MOAENb «U3HOC — rMApaBnMKa — 3NEeKTPONPUBOAY.
Ynpasnsiowee Bo3gencTame OTHOCWTENbHAs  CKOPOCTb
5 = n/nHoM (yepe3 npeobpasosaTent 4acToTbl). HakonmeHHbIn
U3HOC & NpuHUMaeTcs a3oBOi NEPEMEHHON C BbINYKMbIM MO CKOPO-
CTM 33KOHOM HapacTaHus:

dé

dt
rme K OL|EHOYHbIN  Ko3hMLMEHT  abpasnBHOCTM  pexuma
(nornowaet Cob, pT8, ¢(a)). Hanop Hacoca v ero aerpagauus onuchI-

BalOTCH NapaMeTpUyeckoll XapaKTepuCTUKOW C WU3HOCO3aBUCHMbIMM
KoathuLMeHTamu:

Kks™, (1)

Hy = A(8)s* = B(6)Q? (2)
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A() = Ay(1 — as-6),B(8) =By(1 + bs-8), ()
nu(8) = no(1 — es - 6) (4)

Mpu xapaktepuctuke cetn He=Hcr+R-Q? paboyas nogaya onpe-
[enseTcs aHanuTUYecku:

A(8)s?2 — H,
Q(s,6) = }m (5)

MoTpebrisiemas U3 ceT MOLLHOCTb M yAernbHoe aHepronoTpebneHie
no TBEépaoit chase:

P1 — prchHc ) Pl

ey, = , 6)
URUNE i QCOGPTB

rae 7z« — KMNJ npeoBpasosaTens 4acToTbl COBMECTHO C ABUraTe-
nem. CootHoLuerms (1)-(4) oBpasyloT ynpasnsemyto cuctemy ¢ cocTo-
SHUEM & W BXOLOM S, napameTpbl Mogeny (OLEHOUHbIE) NpUBEaEHD! B
(Tabn. 1), cxema 30H U3Hoca — Ha puc. 1.

Tabrmua 1
lMapameTpbl cBsi3aHHo Mogenu arperata 8Ip8 / BAO2-280L8
MapameTp 0Go3HaueHue 3HaueHue
HomuHanbHble nogaya / Hanop Quon / Haon 400/ 40
MowHocTb asuratens BAO2-280L8 e 110 kBt
KoadhdmumeHTl Hanopa (Hos.) Ay / Bo 4851075
CeTb: cTaTny. Hanop / conpoTUBNEHKe H. /R 22/1,125-107*
[Jerpapauns: Hanop / kpytnaxa / KM az/bs/es 0,012/0,030/0,019
Koad. nsHoca npu s =1 K 4,29-107° Mm/y
MpenenbHbIit M3HOC / NokasaTensb [p—— 6mm/2,8
KA npeobp.+asuratens Niera 0,90
1 d
NNacnm™H. m=25 s
xpynk. N4X28H2 shj= = = m=2.8
.......... m=3.2 s
0.8 ol
—~06
0.4
0.2
% 30 60 90 0,5~
o, rpan 10 20 30
TP w, mic
a) 6) B)

Puc. 1. Cxema npoTouHoi4 YacTh Hacoca 8I'p8 ¢ 3oHamu rugpoabpasuBHOro usHoca: 1 — paboyee Koneco;
2 - 3aWMTHBLIA BUCK; 3 — YNUTKA; 4 — A3bIK YNIMTKW; 5 — YNNOTHUTENbHbIE Wenu, 1 3aBUcuMocTi ¢(a), J(w)

Ha puc. 1 nokanu3oBaHbl 30HbI MPEUMYLLECTBEHHOMO W3HOCA
(paboyee Koneco, 3alLMTHbIA AWCK, A3bIK YNWUTKW, YNAOTHUTENbHbIE
wenu). Yrnosas hyHkuus @(a) ans xpynkoro cnnasa NYX28H2 makcu-
MarbHa npn a — 90°, yTo 06bACHAET pa3pylueHre B 0bnacTi Hop-
ManbHOro HaTeKaHus MoToka, TOrAa kKak Ans NNacTU4HbIX MaTepuanos
makcumym cmewwéH Kk a = 20..30°. CreneHHas 3aBMUCHUMOCTb
J &« w™ (m = 2,5...3,2) OEeMOHCTPUPYET BbICOKY0 YYBCTBUTESb-

HOCTb M3HOCA K CKOPOCTW W CRYXWUT (p13nyeckum 0BOCHOBaHMEM Ya-
CTOTHOTO PerynupoBaHms.
MeTogbi
AHanu3 peX1MOB 1 CUHTE3 NPEeAUKTMBHOTO YNpaBreHus.
[onoxumenbHas obpamHas c8a3b U 0CMamoY4HbIl pecypc.
Cnexenue 3a 3agaHHoW nogayed QTp OnMpedensieT CKopocTb 3
yenosust Q(s,6) = Qup:
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(B(8) + R)Qup” + Her
A(%)

Stp (6) = (7)

Mockonbky A(D) ybriBaeT, a B(5) pacTéT ¢ 3HOCOM, Sip(d) MOHOTOH-
HO BO3pacTaeT; NOACTaHOBKa B (1) AaET 3aMKHYTYH0 CaMOYCKOPSIHOLLyI0-
€S AMHAMKKY M OCTAaTOuHbIA pecype:

dé _ m
at K[Srp(5)] , ®)

RuL =2 — % (@)
K [STp(S)]

YucneHHo npu yaepkaHuu HoMWHanbHo nogaun (Qmp=400m3/4)
pecypc cokpaiyaetes fo 1303 4 npotve 1400 4 ans HeperynmMpyemoro
pexvma, a notpebnsiemas MOLLHOCTb AocTuraeT PHOM yxe npw Hapa-
Botke =857 u (puc. 8), 4To NoaTBEPXAAET AeCTabunManpyrowmin xa-
pakTep obpaTHoii CBSA3M.

MuHuMu3auus usHoca cenaxueaHueMm CKOPOCMU (8apuayuoHHbIl
pesynbmanm)

MycTb 3a ropusoHT TpebyeTcs nepemectuts 06béM V = [ Q dt
npu Hanuamn BydepHoir émkocTn (3ymnda), [OMycKatoLen OTKMOHe-
HUe MHOBEHHOI noaaun. HakonneHHbid usHoc | 1 s™ dt  Bbinykno
3asucut o1 s(m > 1). Mo HepaseHcTay MeHceHa ana nioboit onycTy-
MOW TPAeKTOpUN C 3ajaHHbIM CPEAHUM:

(s™y Z(s)™ (10)
TO €CTb MUHUMYM W3HOCA AOCTUIAeTCH Ha MaKCMarbHO CriiaXeHHON
(B Npegene — MOCTOSHHOM) TPAeKTOpWUM CKOpPOCTW. BTopon nopsnok
AaET BENUUMHY BbINMPbILLA:
1
(s™) — (s)™ ~ Em(m — 1){(s)™ 2Var(s). (11
OTHOCUTENBbHOE CHXXEHWE M3HOCA MPOMOPLMOHANbHO Ancnepcum
npodmuns CkOpoCTM 1 pacTéT ¢ nokasaTenem m, YTo 0BOCHOBbIBAET
Byhepr3oBaHHoe NpeanKTUBHOE yNpaBreHue kak CpeaCcTBo Crnaxmsa-
Hus npu konebanmsx nutanms dabpukm (puc. 2).
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Puc. 2. [lononHuTenbHbIA U3HOC HEPEryNApHOro CKOPOCTHOTO
npoduns OTHOCUTENbLHO CrIAaXEHHOrO NPX OANHAKOBOM
cpeaHen CKOPOCTHU B hyHKLMM KOIchuLMeHTa Bapuaumum os/(s)
ANA pa3HbIX m
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Ha puc. 2 nokasaH AOMOMHUTENbHbBIA W3HOC HEPErynsipHOro CKo-
POCTHOMO NpOUNS, OTHOCUTENBHO CrTTAXEHHOTO MPU  OLWNHAKOBOWM
cpepnHeit ckopocTi. CornacHo (10)—(11) npeBbilueHre NponopLmoHanb-
HO KBagpaTy koadduLmMeHTa BapuaLmum CKOpoCTM W pacTeT ¢ nokasare-
nemm:npu os/(s) = 15..20 % um = 2,8 nepepacxog pecyp-
Ca COCTaBISIET HECKOMbKO MPOLIEHTOB, YTO 0BOCHOBBLIBAET CrnaxmBa-
Hue ckopocTu Bychepr3oBaHHbIM NPEAUKTUBHBIM YNIpaBIEHUEM.

OkoHomuyYeckoe npedukmueHoe ynpaenexue (EMPC)

Ha npuémHoM ropusoHTe T MUHUMM3NPYETCS COBOKYMHBINM (hyHKLMO-
Han «3Heprus + pecypc» Mpu OrpaHUYeHUsX No Nofaye, MOLHOCTH U
CKOPOCTU:

J = [ (c,Py + cyxes™)dt + @(5(t + T)) (12)

mpn & = ks™,Q(5,6) = Qup,P1(5,8) < Pyou, S € [Svunsor Swarc)
roe C, — LieHa SHeprum, Cu — yaenbHas CTOMMOCTb pecypea, ¢(1) —
TEPMUHarbHbIA LWTPad 0CTaTO4HOro pecypca. MaMunbToHMaH 1 conpsi-
*XEHHOEe ypaBHEHMe:

H = ¢,P; + (¢, + Dres™, (13)

P
. ©s’

(14)

Atr) = ¢ (8(t)).

Tak kak dP+/96>0, conpsikéHHas nepemenHas A = 0 akkymynupyet
OyayLmin aHepreTUYECKNIA WTPad TEKYLLEero U3HOCa 1 UrpaeT ponb ero
TEHEBOW LieHbl — NPEeAMKTUBHAS COCTaBNSIOLLAN ynpaBneHus. Ycno-
BWE CTaLWOHapHOCTU dH/ds=0 onpepenseT onTMMasnbHyl0 CKOPOCTb;
NPy aKTUBHOM OTPaHMYEHUM NOJAYM ONTUMYM COBMaAaeT C MUHUMAb-
HOW [0NYCTUMON CKOPOCTbio, obecneumnsatowen Qre. Peanusaums — B
hopme CKOMb3ALLErO rOPHU3OHTA (ANCKPETHO):

6k+1 = 6k + KSkmAt. (15)

TepmuHansHbiit wTpad @(8) BbIGUPAETC MOHOTOHHBIM MO O, YTO
BMECTE C MOHOTOHHOCTbI0 020 0BecneunBaeT pekypcuBHYO AOMYCTH-
MOCTb U POfb PecypCcHOro BromkeTa kak yHkumm 3anaca (no [9, 10]).

3amKHymb Il ycro8ue-0pueHMuUpPO8arHbIl KOHMYp

CocTosiH1e n3Hoca O HeNnoCPECTBEHHO HE U3MEPSETCS; OHO OLIEHM-
BaeTcs unbTpoM KanmaHa no [OCTYMHbIM curHanam (Hanop, MoLL-
HOCTb, BUOpaLysl) C KOppeKLmMein MOAENN NPOrHo3a, Nocre Yero oLeHKa
0 nogaétca B EMPC. Tem cambiM peanusyetcs Yycrosue-
OPWEHTMPOBAHHOE NPEAMKTUBHOE yNpaBneHue, afanTupytoLee pexum
K tbakTuyeckoit aerpagaLm npoOTOYHOM YacTu.

Wepapxuueckoe n pobacTHoe NpeAMKTUBHOE YNpaBreHue.

CBSi3b PECYPCHOrO KPUTEPUS C 3NIEKTPOMArHUTHBIMW MPOLECcamm
ABuraTens peanuayeTcs ABYXKOHTYPHOM (OBYXTEMMOBOM) CTPYKTYpOM,
0BoCcHOBaHHO! pasgeneHneM macltaboB BPEMEHM: 3MeKTpoMarHnT-
Has nocTosiHHas potopa T2=L»/R2 cocTaBnseT AECATKA MUMINCEKYHE,
TOrfa Kak xapakTepHoe BpeMsi M3HOCa — COTHW YacoB, TaK YTO Manblil
napameTp &=T%Tu,<<1. Mo MeTomy CUHIyNspHbIX BO3MyLeHuA [11]
cucTeMa pacnafaeTcst Ha MeIeHHYK MOLCUCTEMY U3HOCA W BbICTPYH
3NEKTPOMArHUTHYK0 MOACUCTEMY.

MednenHbiii konmyp (pecypcrbild EMPC).

Ha meaneHHom maclutabe gsuratens — Ge3bIHEPLUMOHHOE 3BEHO,
oTpabatbiBatoliee Tpebyemblii MOMEHT; BHelwHnn EMPC (pasgen 5)
chopmMMpyeT ONTUMArbHYI0 YCTaBKy CKOPOCTU S* BGanaHcupyst aHepro-
3aTpaThbl U PECYPC NPY OrPaHUYEHMSIX.

BbicmpbIil KOHMYp (3Hep2oonmMuMaskHoe npeduKkmMueHoe ynpaere-
Hue nomokom).

Ha 6bicTpom MacwiTabe npeankTvBHbIn koHTYp (FCS-MPC / npeauk-
TUBHOE YNpaBMeHne TOKOM) peanuayeT s* Mpu MUHUMYMe 3neKTpuye-
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ckux notepb. B obo3HaueHusx ¢ nHpekcom 1 (ctatop) un 2 (poTop)
MoMeHT M = ky, -1, + i1q, a CyMMapHble ynpaBnsieMble NOTEPY:
3 (h,? 3
AP =Ry (5 +i1g" |+ S Rolng” + kexr ;% (16)
2 '\L, 2
MuHuMm3aums AP no y, npu 3aaaHHOM MOMEHTE AaéT SHEpProonTu-
MarbHbI NOTOK (3aKOH MUHUMYMa NOTEPb):

3L, 2M2(R, + R,)

I (17)
kn2(3Ry + 2L, %k r 1 2)

’

Y=

TO ecTb Y5 o« /|M| ¢ ocnabneHnem nomnsi npu pocTe CKOPOCTY
(scnefcTBue NoTepb B CTanu). YAenbHoe 3HepronoTpebrieHne ey
BHELLHEro KOHTYpa [OCTUraeTcsi WMEHHO MpW YAepXaHun ¥, = 13
ObICTPLIM NPEANKTUBHBIM KOHTYPOM (puC. 6).

PobacmHocme k HeonpedenéHHocmu u3Hoca.

KoachdmumeHT K 1 napameTpbl AerpafaLyi M3BECTHbI C MOrpeLLHo-
CTbi0 (K € [Kpmin, Kmasx]) BOINOMHEHME OrpaHuyeHns no nogade obec-
MeYMBAETCH Y)KECTOUEHNEM YCTAHOBKI CKOPOCTY, MO BEPXHEN OLIEHKe,
WU3HoCa, @ NNaHMpoBaHue PeMOHTa — BEPOSITHOCTHBIM OrpaH1YeHIeM
0CTaTOYHOrO pecypca:

$ = Sy (8o + 46), P(RUL 2 Typ) = 1=, (18)
rae AS — rapaHTMpOBaHHas rpaHuLa OLWMOKN OLEHMBAHMS M NPOrHO3a,
B — monycTUMbIA puck; 3aaya pellaeTcs no kmax (Hauxyawwuid cny-
yaii) B oyxe Tpy6yatoro pobactHoro MPC [12].

Cmpykmypa onmumasbHo20 ynpasseHus
lMpuMeHeHWe NpuHLMNa MakcMMyMa NokasbiBaeT, YTo ONTUManbHas
TPaeKTopus CKOPOCTM COCTABIEHA U3 YTV C aKTUBHBIM OrpaHN4eHneM
NOAAYM (S=Srp()) ¥ AYIM OrPaHNYEHNS MOLLHOCTY (P1 = Puow) NP BbICO-
KOM W3HOCe; CONPsKEHHas nepemeHHas A onpegensieT MOMEHT HasHa-
YeHWsl pemMoHTa (ycroBWe TpaHcBepcanbHOCTH). TeM CaMbIM Mpeauk-
TUBHOE YNpaBieHne 0ObeanHAET SHEProONTUMANLHOCTb, pecypcoche-
PEXeHMe W rapaHTUio NoJayn B eAMHON nepapxuyeckomn cxeme [8-13].
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Puc. 3. dHepzoonmumanbHbIil nomok Y2*(M, w;) (3aKoH
MUHUMYMa nomepb): 3a8UCUMOCMb ONMUMaJTbHO20 NOMOKa
om MoMeHma npu PasHbIX CKOPOCMSX

Ha puc. 3 npuBenéH 3akoH MUHUMyMa notepb Wo*(M, w,): onTu-
ManbHbI MOTOK PACTET kaKk /| M| 1 CHXAeTCs C YBENYeHUeM CKOpO-
CTM BCneacTBue noTepb B cTanu (ocnabnewve nons). Yaepkaue
P, = 1 ObICTPbIM KOHTYPOM 0becneunBaeT JOCTUXKEHNE PACYETHOTO
YAEMNbHOTo 3HepronoTpebneHns BHELLHEro KOHTYpa.

PesynbTatbl U 060CHOBaHMe

ConocraBnenne Tpéx cTpaterit npu KonebmioeMcs MuUTaHun
habpukn (cpeaHee 376 M*/y) npuBedeHo B (Tabrn. 2); cMelyeHue Xa-
paktepuctukn Q—-H — Ha puc. 4; TpaekTopumn U3HOCa 1 pecypc — Ha
puc. 5, pexuMHble OrpaHUyeHus 1 3aBuUCUMOCTM eyn(s), O(s) — Ha
puc. 6.

Tabnuua 2
CpaBHeHwe cTpaTeruit ynpaBneHns (MoaenbHas oLeHka,
HOBbII HAcoC)

Crparterus (s) Pecypc, €y Q, My
y kBT-u/T

[ (6e3 M4), s =1 1,000 1400 0,525 400*

YPI1, cnexeHue 3a 0,969 1519 0,504 376

nopavyen

BydepnsosaHHoe 0,968 1534 0,497 376

EMPC

* ¢ usbbimkom (peyupkynsayusi). OmHocumenbHo npsamozo nycka EMPC
ysenuyugaem pecypc Ha 9,6 % u cHuxaem yOenbHoe sHepzonompebneHue
Ha 5,3 % npu eapaHmuposaHHoli cpedHeli nodaye.

Pesynbtathl NokasbiBatoT, YTO BbIMIPbIL obecneynBaeTcs AByMst
MEXaHW3MaMi: UCKIIYEHNEM W3OLITOYHOM MOJaumM (CHUXEHME Cpea-
Hel CKOPOCTM OTHOCUTENBHO HOMWHANA) U CrNaXMBaHWEM CKOPOCTHOTO
npochuns (no (8), (9)). B pexume yaepxanns HommuHana EMPC orpaHu-
YnMBaET POCT CKOPOCTM ycnoBueM P1 < Puow, JOMYCKas ynpaBnsiemoe
CHWXEHME nofayn Ha 2-3 % BMECTO KyBU4ecKoro no CKopocTu npupo-
CTa M3HOCa, YTO NPeaoTBpaLLaeT neperpysky npueoga.
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Puc. 4. CmewweHue HanopHoi xapaktepuctuku Q-H no mepe

HapaboTku U apeiid paboyen TOUKU OTHOCUTENBLHO
XapaKTePUCTHUKN CETU

Ha puc. 4 npocnexvBaeTcs CMeLieHe HanopHOW XapakTepucTuki
1o Mepe HakonmneHus nsHoca: cHkenne A(d) n poct B(d) onyckaroT n
cnpamnsioT kpusyto Q-H. Paboyas Touka, onpegensemas nepeceye-
Huem ¢ xapaktepuctukonn cet He=Hcr+R:Q2, mpeitcpyeT BHU3-BNEBO
0T (400; 40) k (=371; 37,5), 4To OTpaxaeT COBMECTHYIO NOTEPIO Hanopa
11 nogaun.

Ha puc. 5 conocTaBneHbl TPaeKTOpUK HaKOMMEHUS M3HOCA B PEXi-
Me yaepxaHus HOMUHanbHOM nopaun. Cnexenve 3a nopavein Aaét
Hauboree KpyTylo KpUBYK BCNEACTBME MONMOXUTENbHON 0BpaTHOM
CBAI3W «M3HOC — CKOPOCTbY, cokpallas pecypc 4o =1303 y; SKOHOMM-
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Puc. 5. Tpaektopuu HakonneHms usHoca d(t) u ocTaTouHbIN
pecypc ans cTpaterin: NpAMON NyCK, CeXxeHue 3a noagayen,
3KOHOMMYECKOe NPeANKTUBHOE ynpaBneHre

Yeckoe NMpEeauKTUBHOE YNpaBreHne, OrpaHninBas CKOpOCTb YCIIOBUEM
P1 < PHom 1 fonyckas ynpaBnseMoe CHWkeHue nogaum Ha 2-3 %,
0TOABUraeT AOCTVKEHWE OMpes M NpefoTBpaLlaeT neperpysky; Hepe-
rynupyembii pexum s = 1 oopmanbHO [onblue COXpaHsieT pecypc, HO
He KOMMeHCUpyeT nageHue Harnopa.

Ha puc. 6 ygenbHoe 3HepronoTpebneHne eyn W WHTEHCMBHOCTb
13Hoca 6=KSM MOHOTOHHO BO3PACTaloT CO CKOPOCTbIO, MPUYEM U3HOC —
no Kybuyeckomy 3akoHy NpoTMB BNM3KOTO K MUHEMHOMY pocTa SHepro-
3aTpat. ObnacTtb JONyCTUMbIX PEXUMOB OTPaHUYEHa CrEBa YCrOBUEM
nogaun Q=Qrp, cnpaBa — MOLIHOCTbIO P<Pyou; NpY aKTUBHOM OrpaHu-
YeHUW nofayn ONTUMYM NEXMT Ha €€ NEBOW rpaHuLe (MUHUMAIBHO
[onycTUMas CkopocTb), YTo u peanuayet EMPC.

3aknioyeHue

1. MocTpoeHa cBA3aHHas MoAenb «rapoabpaswBHbIN U3HOC — Tva-
paBnuka — 3MIEKTPOMPUBOA» C M3HOCOM Kak (pa3oBOW NEpPeMEHHON,
BrustoLen Ha Hanop u KM Hacoca 8Ip8.

2. YCTaHOBMEHO, YTO CNEXeHWe 3a Noaayen npu U3HOCE nopoxaaeT
MOMOXMTENbHYI0 OBpaTHYID CBSI3b «M3HOC —> CKOPOCTb —> M3HOCK;
MOMy4YeHO BbIpaXeHWe 0CTaToOYHOro pecypca, a Npyu yAepxKaHu1 HoMu-

Puc. 6. YdenbHoe aHep2onompebieHuU ey UHMEHCUBHOCMb
U3Hoca & 8 (hyHKyUU omHocumesibHoU ckopocmu s ¢ 061acmbko
donycmumbix pexumos (Q = Qmp, P, < PHom)

Hana pecypc cokpaliaetcs ¢ 1400 go 1303 4 ¢ BbIX0AOM B neperpysky
npu t =857 u.

3.Ha ocHose HepaBeHcTBa MeHceHa [AoKasaHo, YTO MUHMMYM
HaKOMMEHHOO M3HOCa Npu 3aaHHOM 06bEMe Nepekavku JoCTUraeTcs
CrnaxvBaHneM TPaeKkTopuu CKOPOCTY; BbIMIPLILL PACTET C Aucnepcuen
npocuns 1 nokasartenem m.

4. CNHTE3WpOBAHO 9SKOHOMMYECKOe MPEAMKTMBHOE YrpaBneHne ¢
COMPSHKEHHON NEepeMeHHON Kak TEHEBOW LIEHOM W3HOCA W PECYPCHbIM
TEPMUHArbHBIM OrpaHUYeHNeM; No OLEHKE JOCTUraeTcst pocT pecypca
Ha 9-10 % wn cHuxeHWe yaenbHoro aHepronotpebnenns Ha =5 % npu
rapaHTUpOBaHHON nogave.

5. MNpennoxeHa nepapxuyeckas ABYXTEMNOBas peanuaauus, corna-
cytowas pecypcHein EMPC ¢ aHeproonTUMarnbHbIM MpeanKTUBHBIM
ynpaBrieH1eM NoTOKOM ABuraTens (y; o« /[M[) u 060CHOBaHHast MeTo-
JOM CHHTYNSPHBIX BO3MYLUEHMA, @ Takke pobacTHas nocTaHoBka C
rapaHTMeil nogadm U BEpPOSTHOCTHbIM pecypcoM. [lepcnektuBa —
aKcnepumeHTansHas kanubposka MOAENW 3HOCa M peanusalms ycno-
BME-OPMEHTNPOBAHHOTO KOHTYpA.
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IZOSIYANAT GURUHLI URETAN OLIGOMERLARINING
KONSENTRASIYLARINI POLIKONDENSATSIYALANISH
MEXANIZMIGA TA'SIRNI O‘RGANISH

B.F. Muhiddinov, A.F. Shodiev, Sh.T. Jo‘raev , R.K. Shokirov

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu maqolada izosiyanat guruhiga ega uretan oligomerlarining sintezi, makromolekulyar tuzilishi hamda fizik-kimyoviy xossalarining izosiyanat va
poliol nisbatiga bog'liq ravishda o‘zgarish qonuniyatlari tadqiq gilindi. Oligomerlar bosgichma-bosqich polikondensatsiyalanish reaksiyasi orqali sintez qilinib, tarkibida 65,
67, 69 va 71 massa qgism metilendifenildiizosiyanat (90°C), mos ravishda 30, 28, 26 va 24 massa qism adipin kislotasining etilenglikol efiri (75°C) hamda barcha namu-
nalar uchun 5 massa qism butandiol-1,4 (55 °C) xaroratli zanjir uzaytiruvchi qollanildi. Polikondensatsiyalanish jarayoni 40 mn davomida 3600 ayl/min aralashtirish
tezligida olib borildi buning natijasida suyuglanma tarkibidagi turli gazlar, namlik hamda havo pufakchalarini degazatsiyalash orqali yuqori darajada gomogen oligamer
aralashmalari tayyorlandi. Tayyorlangan oligamer aralashmalari quyi bosim 1,8-2,5 Pa ostida maxsus linya orqali kerakli shakldagi qoliplarga quyildi. Qolip bilan birgalik-
dagi namularni qotirshda 105-1150C xaroratda 22-24 soat vaqt oraligida qotiriladi, yarim tayyor namunalarni kristallanishi uchun 80-900C haroratli pechda 72-96 soat
davomida ushlab turildi hamda namunalar tayyorlandi. Ushbu namunalarning molekulyar tuzilishi infraqizil spektr tahlili yordamida toza, chigindi, qayta ishlangan poliure-
tan namunalarini hosil giluvchi turli bog'lar tavsiflanib, uretan (-NH-CO-0-), amid N-H (3300-3350 cm ™), karbonil C=0 (1700-1730 cm ™) hamda efir guruhlarining C—
0-C (10501150 cm ™) valent tebranishlariga tegishli yutilish chiziglari mavjudligi aniglandi. Erkin izosiyanat guruhi mavjudligi isbotlandi hamda erkin izosiyanat guruhiga
xos 2270 cm ™ diapazonidagi yutilish intensiviigining kamayishi reaksiya davomida —~NCO guruhlarining poliol gidroksil guruhlari bilan yuqori darajada reaksiyaga Kirish-
ganligini o'rganildi. Spekiral natijalar izosiyanat miqdorining ortishi bilan vodorod boglari zichligi va qattiq segmentlarning ulushi oshishini, buning natijasida makromole-
kulyar tarmogning tartibliligi kuchayishini ko'rsatdi. UCSF ChimeraX molekulyar modellashtirish usullari asosida toza, chigindi va qayta ishlangan namunalarning
funksional guruhlari, reaksion faolligi, makromolekulyar zanjirlarning o'sish kinetikasi hamda uretan bog'ari hosil bo'lishining fazoviy mexanizmi tahlillari o‘rganildi.
Modellashtirish natijalari eksperimental 1Q-spektr ma'lumotlari bilan tagqoslandi, poliuretan sintezida MDI migdorining ortishi faol markazlar hosil bo'lishi, zanjir uzaytiru-
vchida esa makromolekulalarning fazoviy konfiguratsiyasi va segmentlararo o‘zaro ta'sirlar barqarorlashishi tahlil qilindi.

Kalit so‘zlar: spektral tahlil, funksional guruhlar, valent tebranish, izosiyanat, oligomer, adipin kislotasining etilenglikol eferi, poliuretan, diizosiyanat, yutilish sohasi,
1,4-butandiol, struktura.

WCCNEOOBAHME BNUAHNA KOHLIEHTPALIMK
N3OLUMAHATCOOEPXALNX YPETAHOBbIX OJIUTOMEPOB HA
MEXAHWU3M NMONUKOHAEHCALIUA

MyxupauHos B.9., Loanes A. ®., Xypaes LL.T., LLiokmpos P K.

Hasowiickui rocyaapCcTBEHHBIN FOPHO-TEXHOMOTMYECKUI yHuBepeuTeT, Pecnybnuka YabekuctaH

AHHOmayus. B danHol pabome uccriedosaHb! 3aKOHOMEPHOCMU B/IUSHUS COOMHOWEHUS U30UUaHamHOo20 KOMNOHEHMa U Noauona Ha CUHMe3, MakpOMOIeKy-
TIAPHYI0 CMPYKMypY U (hU3UKO-XUMUYECKUE ceolicmea u3oyuaHamcodepxaljux ypemaHoebix ouzomepos. Onuzomeps! bbinu CUHMe3uposaHbl Memodom cmyneHya-
moti nonukoHOeHcayuu ¢ ucnonb3osaquem 65, 67, 69 u 71 mac. 4. MemunexducpeHunduusoyuaqama (90 °C), coomeememserHo 30, 28, 26 u 24 mac. 4. amuneHenuKo-
1168020 aghupa adunuHosoll kuciomel (75 °C), a makxe 5 mac. 4. 1,4-6ymanduona (55 °C), npumeHsiemozo 6 kadecmee yonuHumens yenu s ecex uccrnedyembix
obpasyo8. Mpouyecc nonukoHAeHcayuu ocyuiecmsnsnu 8 meyeHue 40 MuH npu ckopocmu nepemewiusarusi 3600 06/muH, Ymo obecnequsno aghchekmusHyto dezasayuio
PeakyUOoHHOU Macchbl, yoaneHue pacmeopéHHbIX 2a3oe, 8aeu U 8030YLWHbIX BKITIOYEHUL, @ MakxXe nomy4eHue 8bICOKOOOHOPOOHBIX OIU2OMEPHbIX Komno3uyull. Mosmy-
YeHHble ONU2OMEPHbIe CMecu 3anusanu 8 (hopMbI mpebyemoli KOHguypauuu Yepes cneyuanbHy MexHOM02UYecKyto TUHUK0 Npu NoHWxeHHom OasneHuu 1,8-2,5 Ma.
OmeepxdeHue 06pa3yos npogoduru cogmecmHo ¢ chopmamu npu memnepamype 105-115 °C e meyeHue 22-24 4, nocne Ye2o nonycabpukamsi nodeepeanu donon-
HumesbHol mepmoobpabomke npu 80-90 °C 8 meyeHue 72-96 4 On1si 3a8epLIEHUS NPOLECCO8 KpucManausayuu U hopmuposaHusi cmabustbHOU MakpOMoneKynsipHol
cmpykmypbI. MonekynspHas cmpykmypa cuHme3uposaHHbIx 06pa3yos uccredogaHa Memodom UHgpakpacHol Cnekmpockonuu ¢ ConocmasieHueM Cnekmpos ucxod-
HO020, 0MX00H020 U nepepabomaHHO20 nonuypemaxa. YcmaHo8neHo Hanu4ue xapakmepHbIX NOIOC NO2IOWEHUS, COOMBEMCmeyoWux ypemaHosbim 2pynnam (—NH-
CO-0-), amudHbim epynnam N-H (3300-3350 cm ™), kapboHunbHbim epynnam C=0 (1700-1730 cm ™), a makxe eaneHmHbIM KonebaHusm aghupHbix cesseli C-0-C
(1050-1150 cm 7). [NodmeepxdeHo npucymcmeue c80600HbIX U30LUaHaMmHbIX 2pynn, Npu 3MOM CHUXEHUE UHMEeHCUBHOCMU Noiockl no2noweHus 8 obmacmu 2270
cm ™ cgudemenbcmayem o ebicokoli cmeneHu g3aumodeticmausi epynn —NCO ¢ 2udpoKcunbHbIMU 2pynnamu nonuona 8 npoyecce nonukoHoeHcayuu. CnekmpanbHbil
aHanu3 nokasas, Ymo y8enuyeHue co0epxaHusi U3oyuaHamHo20 KOMNOHEHMa Conposoxdaemcsi POCMoM NIoMHocmu 8000PO0HbIX ces3el U oMU KXECMKUX Ce2MeH-
mos, Ymo cnocobcmeyem NoBbILEHUIO CMeneHu ynopsido4eHHOCMU MaKkpomonekynspHol cemku. C ucnonb3osaHueM Memo008 MOMEKynsipHo20 MOOeupogaHus 8
npoepammHom komnnekce UCSF ChimeraX uccrnedosaHbl npocmpaHCcmeeHHasi opeaHu3ayusi (hyHKUUOHamMbHbIX epynn, peakyuoHHasi cnoco6HOCMb KOMNOHEHMOS,
KuHemuka pocma MakpOMOINEKYNAPHbIX uenel, a makxe npocmpaHCMeeHHbIL MexaHu3M (hopMUpPOBaHUs ypemaHosbix cgs3eli 8 0bpasyax UCXo0H020, OMX00H020 U
nepepabomaHHo20 nonuypemaxa. Pe3ynsmambi ModenuposaHusi ConocmasiieHbl ¢ 3KchepumeHmanbHbiMu 0aHHbIMU MIK-cnekmpockonuu u nokasanu, 94mo ygesuye-
Hue codepxaHusi MemusneHouheHunduusoyuaHama cnocobcmeyem obpa3osaHuro bonblie20 Yucia akmusHbIX peakyUOHHbIX UEHMPO8, Moeda Kak UCNofb308aHue
1,4-6ymanduona e kayecmee yonuHumens yenu obecneyusaem cmabunu3ayulo NpOCMPaHCMBEHHOU KOHGUypauuu MakpoMONEKyn U YCUNEeHUe MEXCe2MeHMHbIX
83aumodelicmauti, Ymo npueoduUM K yiTydLeHUr cmpykmypHoU opaaHu3ayuu nosuypemaHosol Mampuyb!.
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Kntoqesbie cnoga: cnekmpanbHbili aHanus, hyHKUUOHasbHbIEe 2pynnbl, 8aeHMHbIe konebaHusi, usoyuaHam, onusomMep, ImuseHenukonessil aghup adunuHo-
80ll Kucromel, nonuypemat, duusoyuaHam, obnacme noenoweHus, 1,4-6ymanduon, cmpykmypa.

INVESTIGATION OF THE INFLUENCE OF ISOCYANATE-CONTAINING
URETHANE OLIGOMER CONCENTRATIONS ON THE POLYCONDEN-
SATION MECHANISM

B.F. Muhiddinov, A.F. Shodiev, Sh.T. Juraev, R.K. Shokirov

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. In this work, the influence of the isocyanate component and polyol ratio on the synthesis, macromolecular structure, and physicochemical properties of
isocyanate-containing urethane oligomers was investigated. The oligomers were synthesized by stepwise polycondensation using 65, 67, 69, and 71 parts by weight of
methylene diphenyl diisocyanate (90 °C), 30, 28, 26, and 24 parts by weight of ethylene glycol ester of adipic acid (75 °C), respectively, and & parts by weight of 1,4-
butanediol (55 °C), used as a chain extender for all the studied samples. The polycondensation process was carried out for 40 min at a stirring speed of 3600 rpm,
which ensured effective degassing of the reaction mixture, removal of dissolved gases, moisture, and air inclusions, and the production of highly homogeneous oligo-
meric composites. The resulting oligomeric mixtures were poured into molds of the required configuration through a dedicated production line at a reduced pressure of
1.8-2.5 Pa. The samples were cured in the molds at a temperature of 105-115 °C for 22-24 hours, after which the semi-finished products were subjected to additional
heat treatment at 80-90 °C for 72-96 hours to complete the crystallization processes and form a stable macromolecular structure. The molecular structure of the syn-
thesized samples was studied using infrared spectroscopy, with the spectra of the original, waste, and recycled polyurethane being compared. The presence of charac-
teristic absorption bands corresponding to urethane groups (-NH-CO-0-), amide groups N-H (3300-3350 ¢cm ™), carbonyl groups C=0 (1700-1730 cm ™), as well as
stretching vibrations of ether bonds C—O-C (1050-1150 cm ™) was established. The presence of free isocyanate groups was confirmed, while a decrease in the intensi-
ty of the absorption band in the region of 2270 cm ™ indicates a high degree of interaction of -NCO groups with the hydroxyl groups of the polyol during the polyconden-
sation process. Spectral analysis showed that an increase in the content of the isocyanate component is accompanied by an increase in the density of hydrogen bonds
and the proportion of rigid segments, which contributes to an increase in the degree of ordering of the macromolecular network. Using molecular modeling methods in
the UCSF ChimeraX software suite, we investigated the spatial organization of functional groups, component reactivity, macromolecular chain growth kinetics, and the
spatial mechanism of urethane bond formation in virgin, waste, and recycled polyurethane samples. The modeling results were compared with experimental IR spec-
troscopy data and showed that increasing the methylene diphenyl diisocyanate content promotes the formation of a greater number of active reaction sites, while the
use of 1,4-butanediol as a chain extender stabilizes the spatial configuration of macromolecules and enhances intersegment interactions, leading to improved structural
organization of the polyurethane matrix

Key words: spectral analysis, functional groups, stretching vibrations, isocyanate, oligomer, ethylene glycol ester of adipic acid, polyurethane, diisocyanate, ab-
sorption region, 1,4-butanediol, structure.

Kirish

So'nggi vyillarda yuqori ekspluatatsion xossalar yuqori bo'lgan
poliuretan materiallariga bo'lgan talabning ortishi izosiyanat funksional
guruhli uretan oligomerlari sintezi va ularning makromolekulyar
tuzilishini o‘rganishga qaratilgan ilmiy tadgigotlarning rivojlanishiga
asos bo‘lmogda. Bugungi kunda sanoatda (4,4'-
metilendifenildiizosiyanat  C;5H10N20,,  toluol-2,4-/2,6-diizosiyanat
CoHgN,0O,, geksametilendiizosiyanat CgH;,N,0,, izoforon
diizosiyanat C1,H1gN,0,, 4,4'-ditsiklogeksilmetandiizosiyanat
C15H22N20,, 2,2 4-trimetilgeksametilen diizosiyanat CoH16N,0, 4,4™
dibenzildiizosiyanat C;sH1,N,0,) kabi diizosiyanat saglovchi turlari
keng migyosida qo'llanilmogda. Ushbu poliuretanlaming tarkibidagi
aromatik, alifatik va sikloalifatik guruhlarining mavjudligi, ularning
qattiqligi, elastikligi, termik barqarorligi, Uv v-nurlanishga chidamliligi va

kimyoviy barqarorligini taminlaydi[1-3]. |zosiyanat funksional guruhli
poliuretanlar, termik bargarorligi hamda yuqori mexanik ko'rsatkichlari
sababli, himoya qoplama materiallar, konstruksion kompozitiar va
yedrilishga chidamli sanoat buyumlari ishlab chigarishda keng
go'llanilmogda. Ulaming optimal fizik-mexanik xossalarga ega bo’lishi
izosiyanat va poliol komponentlarining kimyoviy tabiati, NCO/OH
molyar nisbati, zanjir uzaytiruvchi reagentlar (COO), segmentli
makromolekulyar tuzilish hamda polikondensatsiyalanish kinetikasi
bilan uzviy bog'liqdir. Izosiyanat guruhlari (-NCO) ning gidroksil (~OH)
guruhlari o’zaro reaksiyasi natijasida hosil bo'ladigan uretan bog'lari (-
NH-CO-0-) makromolekulyar zanjiming shakllanishi va fazaviy
ajralish darajasini belgilaydi. Ushbu reaksiyalar poliuretan sintezining
asosiy ketma-ketlik bosqichlari hisoblanib 1-bosqgichda MDI gidroksil
guruhi bilan reaksiya krishib quyidagi kimyoviy formulani hosil giladi[4].

|
D o SN A HON"0H — ¢ I
N=C=0 N=C=0 NN N S0 N"\0H
| |
H H

2-bosgichda izosiyanat funksional guruhli polimer hosil bo'lish

reaksiyasi
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O QNCO + HOA A~_OH —> OCNO—CHZONH C—0\ A 0- CNH@CHZONCO

bu yerda

R" teng HO-CH2-CH2-0-C(0)-(CH2)4-C(0)-0-CH2-CH2-0OH
3-bosqich zanjir uzaytirish bunda quyidagicha reaksiya boradi

reaksiya mexanizmi (nukleofil)[5]

0=C= NO @ + HO— (CH— —oH —»> OCN@CHZQ—NH ~C—0— (CHy)y—

4--bosgich poliuretan makromolekulasining polikondensatsiyalanish
reaksiyasi

0
n OCN‘—@—CHZ—O—NCO + N HO—R'—OH —» |:NH (ll O—R—O—C NHO ~©— j|

Polikondensatsiyalanish reaksiya davomida harorat, komponentlar
nisbatining optimalligi va aralashtirish gidrodinamikasi polimerlanish
tezligi, qovushqoglikning o‘zgarishi hamda zanjir o'sish kinetikasiga
bevosita ta’sir ko‘rsatadi. Oligamerlar asosida poliuretan sintez qilish
jarayonida aralashma tarkibida qoluvchi havo, namlik va uchuvchan
komponentlar keyingi polimerlanish bosgichida g‘ovaklik, mikro-
bo'shliglar va ichki nugsonlarning hosil bo'lishiga olib keladi. Natijada
materialning mexanik mustahkamligi, adgeziyasi, termik barqarorligi
ushbu materiallardan tayyorlangan sanoat namunalari butlovchi
gismlarning ishlash muddatlariga salbiy ta'sir ko‘rsatadi[6,7]. Shu bois
xalqaro ilmiy tadgiqotlarda vakuumli gazsizlantirish, gaz pufakchalarini
olib tashlash, tutilgan gazni ajratib olish va eritmalarni gomogenizatsiya
qilish texnologiyalari poliuretan eritmalarini tayyorlashning ajralmas
bosqichi sifatida garalmogda.

Tadgiqotning magsadi: Izosiyanat funksional guruhli uretan oligo-
merlarining sintez mexanizmi, polikondensatsiyalanish kinetikasini
hamda NCO/OH molyar nisbatining makromolekulyar tuzilishini polikon-
densatsiyalanishga ta’sirini tadqiq etish, hosil bo‘lgan oligomerlaring
strukturaviy xususiyatlarini 1Q-spektroskopiyasi va UCSF ChimeraX
molekulyar modellashtirish usullari yordamida tavsiflash, funksional
guruhlari migdorining reaksion faollik, zanjir o'sish kinetikasi va
strukturaviy-funksional xossalari o‘rtasidagi bog'liglikni aniglash hamda
yuqori reaktivikka ega izosiyanatli polimerlar sintezining optimal
texnologik parametriarini ishlab chigishdan iborat. [8].

Tadqiqot ob’ekti va usullari

4 4'-metilendifenildiizosiyanat, adipin kislotasining etilenglikol efiri va
butandiol-1,4dan tashkil topgan funksional guruhli uretan oligomerlarin-

n

ing sintez mexanizmini o'rganish bo'lib erkin -NCO guruhlari migdori va
makromolekulyar tuzilish shakllanishiga ta’siri, hamda olingan uretan
oligomerlarining 1Q-spektroskopiya yordamida strukturaviy tavsiflanishi
UCSF ChimeraX dasturi yordamida sintez mexanizmi va reaksion
qobilyatini zamonaviy yondashuvlar asosida tahlil gilish hisoblanadi[8].

Olingan natijalar va ularning tahlili

Ushbu ilmiy tadgiqgot ishida toza (PU-1), chigindi (PU-2) va gqayta
ishlangan (PU-3) poliuretan namunalarining 1Q spektrlari hamda UCSF
ChimeraX dasturi yordamida olingan molekulyar tuzilishlari tadgiq gilin-
ib sintez jarayonida komponentlar massaviy nisbati mos ravishda
65,67,69,71:30,28,26,24 etib tanlandi va NCO/OH molyar nisbati opti-
mal miqdori aniglandi. Ushbu nisbat ortigcha izosiyanat funksional
guruhlarini mavjudligini uretan polimerlarini hosil gilish imkonini berib
polimer tarkibida yetarli miqdordagi erkin -NCO guruhlarini saglash va
keyingi zanjir uzayish reaksiyalarining samaradorligini oshirish uchun
xizmat giladi. Reaksiya 90°C haroratda 40 minut davomida va 3600 ayl/
min aralashtirish tezligida olib borildi bunday texnologik parametrlar
komponentlarning gomogen aralashishini ta’minlab, izosiyanat va
gidroksil guruhlari o'rtasidagi  polikondensatlanish  kinetikasini
jadallashtiradi. Poliuretan tarkibida aniglangan 17,8+0,3 % erkin -NCO
guruhlari sintez natijasida izosiyanat funksionalligi muvaffaqgiyatli
saglanganligini ko'rsatadi. Bu giymat izosiyanat asosli polimerlar uchun
adabiyotlarda tavsiya etilgan giymat bilan mos keladi va keyingi bos-
gichlarda zanjir uzaytiruvchi yoki polifunksional reagentlar bilan
reaksiyaga Kkirishish uchun yetarli reaksion markazlar mavjudligi
aniglandi[9].

1-jadval

Polikondensatsiyalanish jarayonida reagentlar tarkibi

Ne Namuna 4,4'-MDI massa qism e':ﬁ:ﬁglr"g?i‘ffii':i)l’(iﬂ:;aszi:iigg] BDO (1,4-butandiol), massa qism
1 PU-1 65 30

2 PU-2 67 28

3 PU-3 69 26 5

4 PU-4 71 24
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PU-1,2,3,4 lar turli migdorli poliuretan namunalari.
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1-rasm. Toza poliuretan namunasining 1Q-spektri

Ushbu rasmda toza poliuretan namunasining 1Q spektri 3336 cm™
da kuzatilgan yutilish cho'qqisi uretan guruhiga xos N-H valent tebran-
ishlarini, 2953 va 2878 cm™ diapazonidagi cho'qqilar esa alifatik -CH,
— va —CHj; guruhlarining assimetrik hamda simmetrik valent tebranish-
larini ifodalaydi. 1729 cm™ dagi intensiv yutilish uretan bog'laridagi
karbonil (C=0) guruhining valent tebranishiga, 1597-1531 c¢m™
oralig'idagi cho'qgilar aromatik halga (C=C) va N-H deformatsion

tebranishlariga mos keladi. 1219-1066 cm™ diapazonida kuzatilgan
intensiv yutilishlar uretan va poliol segmentlariga tegishli C-O-C
hamda C-N bog'larining valent tebranishlarini ifodalab spektrdagi
ushbu yutilish chiziglari MDI asosidagi poliuretan makromolekulyar
tuzilishida -NH-CO-O- uretan bog'lari muvaffagiyatli shakllanganligini
va polimer zanjirining kimyoviy yaxlitligi saglanganligini ko'rsatadi[10].

120 Loy-sunt =]
%T |
1o+
100 }
90 ] N W Anh H. .JJ
1 LIPS | \ n r
] = |
[ aF o]
W v I
NN 8| &
o ~ ~
80 e a8
, a8
] <
] B
w
70 —
=
~
o
oo
&
=
60
50-
SR 'v'r"'r'r"';'rv"r'r .',1,.71:!.% ]
3500 3000 2500 2000 1500 1000

2-rasm. Chiqindi poliuretan namunasining 1Q-spektri
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Chigindi poliuretan namunasining 1Q spektrida kuzatilgan yutilish
cho'qqilari alifatik ~CH,— guruhlarining assimetrik va simmetrik valent
tebranishlariga mos keladi 1456-1315 cm™ diapazonidagi yutilishlar
esa —-CH,- deformatsion hamda C-N bog'larining tebranishlariga mos
kelishi valent tebranishlari bilan tavsiflandi, 870-768 c¢cm™ diapazo-
nidagi cho'qgilar esa MDI tarkibidagi aromatik halganing tekislikdan
tashqari deformatsion tebranishlariga tegishlidir. Toza poliuretan na-
munasi bilan tagqoslaganda asosiy funksional guruhlarga tegishli

yutilish cho'qqilarining saglanib qolishi chigindi poliuretan tarkibida
makromolekulyar arxitekturaning asosiy gismi saglanganligini ko'rsa-
tadi. Shu bilan birga, karbonil va efir guruhlari intensivligidagi nisbiy
o'zgarishlar qayta ishlash va ekspluatatsiya jarayonida uretan bog'la-
rining gisman termooksidlanish destruksiyaga uchrashi hamda seg-
mentlararo vodorod bog'lanishlarining gayta tashkil topishi bilan
izohlanadi[11].
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3-rasm. Qayta ishlangan poliuretan namunasining 1Q-spektri

Qayta ishlangan poliuretan namunasining 1Q spektri 3329
cm™ da kuzatilgan keng yutilish cho'qgisi uretan guruhiga xos N-H
valent tebranishlarini ifodalab, qayta ishlash jarayonidan so'ng ham
vodorod bog'lanishlari bilan bog'liq makromolekulyar guruhlami saglab
golganligini ko'rsatadi. poliuretan zanjiridagi -NH-CO-O- bog'larining
asosiy gismi qayta ishlash jarayonida saglanganligini tasdiglaydi 1597,
1531 va 1456 cm™ oralig'idagi cho'qqilar MDI aromatik halgasining
C=C valent tebranishlari hamda N-H deformatsion tebranishlariga
mos kelishi 1219-1018 cm™ diapazonida kuzatilgan intensiv yutilishlar

uretan va poliol segmentlariga xos C-O-C hamda C-N bog'larining
valent tebranishlarini ifodalaydi[12]. Toza va chigindi poliuretan namu-
nalari tarkibidagi asosiy funksional guruhlarga tegishli yutilish chizigla-
rining saqlanib golganligini, birog ayrim cho'qqilar intensive o'zgarishla-
ri qayta ishlash jarayonida vodorod bog'lanishlarining qayta tashkil
topishi, segmentlararo o'zaro ta'sirlarning kuchayishi hamda uretan
bog'larining gisman termooksidlanish va gayta tikilish jarayonlari sodir
bo'lganligini ko'rsatadi.

2-jadval
Poliuretan namunalarining IQ-spektroskopik tahlil natijalari
" Namu- Fuins e g Yutilish sohasi, sm-!
nalr Moo [ o NH. RCONH | C=0 | CH, C-H CHs c-0 NH
1 PU-1 1058 | 1430 1650-1580 1651 1731 | 2292,16 | 2950-2850 | 2852 | 2953-2870 | 3300-3440
2 | PU-2 1058 | 1430 1650-1580 1530 1730 2922 2950-2850 | 2852 | 2953-2870 | 3300-3440
3| PU3 1058 | 1430 1650-1580 1274 1728 | 2922,16 | 2950-2850 | 2850 | 2953-2870 | 3300-3440

Izoh: bu yerda. PU-1 toza, PU-chigindi, PU-3 gayta ishlangan poliuretan namunalari.
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Toza, chigindi va gayta ishlangan poliuretan namunalarining infra-
qizil spekirlarini giyosiy o'rganish ularning kimyoviy tuzilishida ganday
o'zgarishlar sodir bo‘lganligini aniglash imkonini berdi. Ushbu namu-
nalarning spektrlarida poliuretanga xos asosiy yutilish kuzatildi, bu esa
(uretan) guruhining saqlanib golganligidan dalolat beradi. Tadqigotning

)
i

& v T !
|

("~ Y

(yumshoq qism)

@ Asosiy funksional guruhlar
w
AA 2 2
1} Uretan (karbamat)
o =NH—=C=0~ qattiq segment
v Yy 9
’ 228A 9
o : il : ~0—CH,~CH,—0— Polieter (efir bog)
yumshoq segment
‘ ¥
i J I v
228A
] @ Aromatik halga (MDI asos)

Vodorod bog'lanishlar (N-H---0=C)

o Polieter segmenti J [0 Uretan (qattiq segment) - MDI asosidagi gism

muhim jihat shundaki, IQ-spektrlar natijalari gayta ishlangan poliure-
tanning asosiy funksional guruhlari uretan bog'i, aromatik halga va
poliefir segmentlari saglanib golganligini, fagat vodorod bog'lanishi va
aromatik halqalarning fazoviy joylashuvi darajasida gisman o'zgarishlar
yuz berganligini ko‘rishimiz mumkin.

qgattiq segment J

| | Polieter (yumshoq segment) - efir bog’lari

4-rasm: MDI asosli toza poliuretan namunasining uch o'lchamli molekulyar fazoviy modeli

Rasmda 4,4'-metilendifenildiizosiyanat asosida sintez gilingan toza
poliuretan makromolekula sining uch o‘lchamli fazoviy konfiguratsiyasi
tasvirlangan bo'lib molekulyar model tarkibida uretan (-NH-CO-O-)
bog'lari orgali birikkan aromatik MDI qattiq segmentlari va poliefer (-O-
CH,-CH,-0-) yumshoq segmentlari navbatma-navbat joylashganligini

ko’rishimiz mumkin. Uretan guruhlari o‘rtasida hosil bo‘ladigan ichkimo-
lekulyar vodorod bog'lari (N-H:--O=C) qattiq segmentlarning o‘zaro
birikib yiriklashishini ta’'minlab, molekulyar tarmoqgning yuqori darajada
tartiblanishiga xizmat qiladi. Adabiyotlarga ko'ra ushbu vodorod
bog‘larining tipik uzunligi 2.0-2.3 A oraligiida bo'lib, rasmda kuzatila-

MDI miqdorining poliuretan molekulyar tuzilmasi va vodorod bog’lanish masofasiga ta'siri (3D model tagqoslash)

MDI = 65% ) MDI = 67%
Poliefir = 30% , BDO = 5% Poliefir = 28% , BDO = 5%
93. ' ﬁ 226h &
w

227A
" ?}J}im}

v MDI segmentiari nisbatan kamroq v MDI segmentlari ko'proq

v Poliefir segmentlari ko'proq Vv Poliefir segmentlari biroz kamaygan

v Tarmoglanish zichligi past v Tarmoglanish zichligi o'rtacha

v Vodorod bog'lanish masofasi: 2.27 - 2.30 A v Vodorod bog'lanish masofasi: 2.25 - 2.27 A
v Moslashuvchanlik yuqori v Moslashuvchanlik o'rtacha

MDI = 69% MDI = 71%
Poliefir = 24% , BDO = 5%

Poliefir = 26% , BDO = 5%

v MDI segmentlari yanada ko'paygan

v Poliefir segmentlari kamaygan

v Tarmoglanish zichligi yugori

v Vodorod bog'lanish masofasi: 2.23 - 2.24 A
v Qattiglik va mustahkamiik ortadi

| v MOI segmentiari eng ko'p
| v Poliefir segmentlari eng kam

v Tarmoglanish zichligi juda yuqori
| v Vodorod boglanish masofasi: 2.20 - 2.22 A
¥ Qattiglik va issiglik barqarorligi maksimal

r———n
3 : ' 1 Uret i - MDI id:
Q@c O @0 @ fﬂ:ﬁ;ﬂ:ﬁ' Vodorod bog'lanish (N-H::-0=C) [ 20 (QNEET S9gmunt = MK Soonicsy o
|1 Poliefir (yumshoq segment) ~ efir bog'lari
Vodorod bog'lanish ining MDI mi bog’ligligi MDI migdorining tuzilma va larga ta'siri di
= MDI = 65% MDI = 67% MDI = 69% MDI = 71%
MDI = 65% —  2.27-2.30A MO oshishi bilan vodorod ¢ L I 5
I bog'lanish masofasi P S N»"/\r A \LT’“}‘
MDI = 67% —  225-227A kamayadi ~4 ,{— ,‘ﬁ(/—«‘ - ~,\A(~{
MDI = 69% —  2.23-2.24A Tarmoq zichligi, qattiqlik b @ e ) ,,.L,-. =\ Q
X
ve termik barqarorfik @ { L 3
MDI =71% — 220-2.22A ortadi o
ik o'rtacha Qattiglik 1 Qattiglik juda yugori
Zichlik past Zichlik o'rtacha Zichlik yugori Zichlik juda yuqori

5-rasm: MDI migdroning poliuretan molekulyar tuzilishiga va vodorod bog’lanishga tasiri
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yotgan 2.28 A giymati MDI asosidagi poliuretanlar uchun xos bo‘lgan
kuchli vodorod bog'lanishlariga to‘liq mos kelishi aniglandi. MDI tarkibli
aromatik fenil halgalari gattiq segmentning asosiy strukturaviy elementi
bo'lib, ularning yuqori qutblanishi makromolekula zanjirlarining gisman
kristallanishiga va segmentlararo fazaviy ajralishga olib keldi. Xalgaro
tadqiqotlarda MDI asosidagi poliuretanlarda qattiq segment ulushi odat-
da 25-45 % oralig'ida bo‘lganda vodorod bog'lanishlari ulushi 70-90 %
gacha yetishi, bu esa Young moduli, uzulishdagi mustahkamligi va
termik barqarorlikning sezilarli ortishiga sabab bo'lishi aniglangan.
Molekulyar modelda ko'rsatilgan fazoviy konfiguratsiya poliuretan
makromolekulalarining egiluvchan poliefer segmentlari va qattiq uretan
segmentlari o‘rtasidagi muvozanatni yagqol namoyon giladi[13]. Qattiq
segmentlarda aromatik halqalar orasidagi -1 o‘zaro ta'sirlar hamda
vodorod bog'larining birgalikdagi mavjudligi makromolekulaning yugori
mexanik mustahkamligi, 180-220 °C gacha bo‘igan dastlabki termik
barqarorligini hamda yedrilishga chidamliligini ta'minlaydi.

Ushbu rasmda MDI (4,4'-metilendifenildiizosiyanat) migdorining 65,
67, 69 va 71% gacha ortishi natijasida poliuretan makromolekulasining
fazoviy konfiguratsiyasi, segmentlararo o'zaro ta'sirlar hamda vodorod
bog'lanishlarining uch o'ichamli modeli tasvirlangan. MDI konsen-
tratsiyasining ortishi bilan gattiq segmentlar (-NH-CO-O- va aromatik
fenil halgalari) ulushi oshib borishi natijasida molekulyar tarmoq zi-
chlashadi va ichkimolekulyar vodorod bog'lanishlarining soni hamda
energiyasi sezilarli ravishda ortadi. 65% MDI tarkibli namunada poliefer
yumshoq segmentlari nisbatan ko'p bo'lganligi sababli makromoleku-
lalar orasidagi harakatchanlik yuqori saglanadi. Ushbu holatda vodorod
bog'lanishlari asosan 2.27-2.30 A oraligida shakllanib, segmentlararo
o'zaro ta'sirlar nisbatan zaif bo'ladi. Bunday molekulyar konfiguratsiya
elastiklik xossalari yugori bo'lishini ta'minlasa-da, gattiglik va termik
bargarorlik nisbatan past bo'ladi. MDI migdori 67% ga oshirilganda
qattiq segmentlar ulushi ortishi hisobiga vodorod bog'lanish masofasi
2.25-2.27 A gacha gisqaradi. Natijada uretan guruhlari o'rtasidagi dipol-
dipol hamda N-H:--O=C vodorod bog'lari kuchayadi, mikrofazalararo
ajralishi yanada anigroq namoyon bo'ladi va makromolekulyar zan-
jirlarning erkin aylanish darajasi kamayadi. MDI migdori 69% ga yetgan-
da molekulyar tarmogning zichligi sezilarli oshadi. Vodorod bog'lanish
masofasi 2.23-2.24 A gacha qgisqarishi uretan guruhlari o'rtasidagi
assotsiatsiya darajasining ortganligini hamda gattiq segmentlar migdo-
rining Young moduli, uzulishdagi mustahkamlik va termik defor-
matsiyaga chidamlilikni ortishini ko‘rishimiz mumkin[14]. 71% MDI tar-
kibli namunada aromatik qattiq segmentlar maksimal darajada bo'lib,
vodorod bog'lanishlari 2.20-2.22 A gacha gisqarishi xalgaro tadgigot-
larda aynan ushbu masofa kuchli ichkimolekulyar vodorod bog'lanishlari
uchun xos ekanligi ko'rsatilgan. Bog'lanish masofasining gisqarishi
bog'lanish energiyasining ortishiga olib keladi va makromolekulalar

o'rtasidagi o'zaro ta'sirlarni kuchaytiradi. Natijada supmolekulyar tarmogq
yanada zichlashadi, qattiq segmentlarni uzluksiz hosil giladi hamda
materialning qattigligi, termik bargarorligi va yedrilishga chidamliligi
maksimal giymatlarga yaginlashadi[15]. Shunday gilib, uch o'lchamli
molekulyar model MDI miqdorining oshishi poliuretan makromoleku-
lalarida qattiq segmentlarning ulushi va vodorod bog'lanishlarining
intensivligini oshirishini, bog'lanish masofasining 2.27-2.30 A dan 2.20-
2.22 A gacha qisqarishini hamda natijada yuqori zichlikka ega, mexanik
va termik jihatdan barqaror supramolekulyar struktura shakllanishini
yaqqol namoyish etadi. Mazkur gonuniyat MDI asosidagi poliuretan
makromolekulasining strukturaviy-mexanik xossalarini boshqarishda
asosiy molekulyar omillardan biri hisoblanadi.

Xulosa

Olib borilgan ilmiy tadgiqot natijalari asosida 1Q spektroskopik tahlil
va uch oflchamli 3D molekulyar modellashtirish natijalari asosida toza,
chigindi va gayta ishlangan poliuretan namunalarining kimyoviy tuzilishi
hamda makromolekulyar strukturasi giyosiy tahlil gilindi. Barcha spek-
trlarda 3330-3340 cm™ diapazonidagi N-H valent tebranishlari, 2920—
2955 cm™" va 2850-2878 cm™" dagi alifatik C-H guruhlari, 1728-1730
cm™" dagi uretan karbonil (C=0) guruhi, 1597-1531 cm™ oralig‘idagi
aromatik C=C va Amid Il tebranishlari hamda 1219-1060 cm™" diapazo-
nidagi C-O-C va  C-N bog'lariga xos yutilish chiziglarining saqlanib
qolishi poliuretan makromolekulasi skeletining qayta ishlash jarayonida
deyarli 0'zgarmaganligini tasdiglaydi. Bu natijalar uretan bog'lari (-NH-
CO-0-) ning asosiy gismi termokimyoviy ishlovdan keyin ham bargaror
saglanib qolganligini ko‘rsatadi. PU-2 va PU-3 namunalarida ayrim
yutilish cho'qqilarining intensivligi hamda shaklidagi kichik o‘zgarishlar
uretan segmentlari o'rtasidagi ichkimolekulyar vodorod
bog'lanishlarining qayta tashkil topishi, segmentlararo o'zaro ta'sirlarn-
ing kuchayishi va makromolekulyar zanjirlarning gisman qayta orien-
tatsiyalanishi bilan izohlanadi. Birog spekirlarda yangi funksional
guruhlarga xos qo‘shimcha yutilish chiziglarining kuzatimasligi qayta
ishlash jarayonida polimeming asosiy kimyoviy tuzilishi saglanib qol-
ganligini va destruksiya jarayoni cheklangan darajada sodir bo‘lganligini
ko‘rsatadi. 3D molekulyar model tahlili MDI asosidagi aromatik gattiq
segmentlar, adipat poliol asosidagi yumshoq segmentlar va 1,4-
butandiol orgali hosil gilingan zanjir uzaytiruvchi fragmentlarning fazoviy
joylashuvini yagqol namoyon etdi. Modelda uretan bog'lari atrofida
shakllanuvchi N-H---O=C tipidagi vodorod bog'lanishlari (taxminan 2,48
A) segmentlararo kuchlarni oshiruvchi supramolekulyar omil sifatida
xizmat gilishi aniglandi. 1Q-spektr va 3D molekulyar modellashtirish
natijalarining o‘zaro mosligi MDI+poliefer+BDO tizimida sintez gilingan
poliuretanlarda makromolekulyar strukturasida gayta ishlashdan keyin
ham saglanib qolishi, uretan bog'lari va aromatik segmentlarning
strukturaviy yaxlitligi aniglandi.
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STABILIZATOR KONSENTRATSIYASINING QAYTA ISHLANGAN
POLIURETAN MATERIALINING TERMIK BARQARORLIGIGA TA'SIRI

B.F. Muhiddinov, A.F. Shodiev, Sh.T. Jo‘raev, D.T. Isayev

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu maqolada 4,4-metilendifenildiizosiyanat asosli poliuretan chigindilarini termokimyoviy qayta ishlash jarayonida qo'llaniladigan stabilizatorlarning
termik barqarorlik va fizik-mexanik xossalarga ta'siri o'rganildi. Hosil bo‘lgan poliuretan chigindilari maxsus maydalagich yordamida birlamchi 100*120mmli o’chamlarga-
cha maydalaniladi so‘ngra maydalangan chigndi bo’laklari 110-120°C harorat tasirida suyuglantirildi va suyuglantrish jarayonida suyuqlanma massasini doimiy ravishda
aralashtrib turlidi, hosil bo'lgan gomogen massaning umumiy miqdoriga nisbatan boglovchi sifatida 20 % 4,4"-metilendifenildiizosiyanat qo'shildi, reaksiya aralashmasi
1600 ayl/min tezlikda 2-3 dagiqa davomida aralashtirilib, gomogen holatga keltirilib so'ngra fosfat kislotasining tributil efiri ((C4Ho0)sPO) hamda rux stearati (Zn
(C14H350;)2) alohida stabilizatorlar sifatida 0,2; 0,4; 0,6; 0,8 va 1,0 % konsentratsiyalarda kiritilib stabilizatorlarlaring zarrachalari suyuglanma ichiga to'liq aralashgun-
cha, 1-2 dagiqa davomida 1600 ayl/min tezlikda aralashtirildi va tayyor aralashma kerakli sanoat qoliplariga quyildi. Hamda olingan namular 110-1150C harorat ostida
70-72so0at davomida ushlanadi bunga sabab chigindi suyuqlanmasi, 4,4-metilendifenildiizosiyanat va stabilizatorlarning o’rtasidagi funksional guruhlar to’liq kristallanishi
uchun maxsus pechda ishlov beriladi. Tadgiqotda stabilizatorlarni qo'llanilishi qayta ishlangan poliuretan kompozitsiyasining mikroskopik kuzatuviari, qattiqlik darajalari
0'zgarishi, termooksidlanish barqarorligini ortishi, termodestruksiya tezligini kamayishi hamda makromolekulyar tuzilishga ta'siri o‘rganildi hamda tanlangan stabilizator-
larni qo’llash bilan olingan poliuretan namunalarining turli haroratli muhitlarda qo’llash bo'yicha ilmiy xulosalar tayyorlandi.

Kalit so‘zlar: poliuretan chigindisi, 4,4-metilendifenildiizosiyanat, termokimyoviy qayta ishlash, fosfat kislotasining tributil efiri, rux stearati, termik stabilizator,
termooksidlanish; polimer modifikatsiyasi, stabilizator, kristallanish, suyuglanma.

BINMWAHUE KOHLUEHTPALWUU CTABUITU3ATOPA HA TEPMUYECKYIO
CTABUINbHOCTb NEPEPABOTAHHOI'O MONUYPETAHA

MyxupauHoB B.9., Loauwes A. ®., Xypaes LL.T., Ucaes [.T.

HaBouickui rocyapCTBEHHbIA FOPHO-TEXHOMOUYECKWIA YHUBEPCUTET, Pecnybnnka YabekuctaH

AxHOmayus. B 0anHol cmambe uccnedosaHo enusiHue cmabunu3amopos Ha MepMUYECKyr0 cmabunbHOCMb U (hU3UKO-MexaHuYecKue cgolicmea nonuypema-
HO8bIX Mamepuasnos, Nofy4eHHbIXx MemodoM mepMoxumudeckoli nepepabomku omxodos nonuypemaHos Ha ocHoge 4,4'-MemunexdupeHunduusoyuaHama. Obpasy-
rowjuecs nonuypemaxosbie omxo0bi npedsapumenbHO UMernbyanu 8 cneyuanbHol 0pobunbHol yemaroske do (hpaemermos pasmepom 100 x 120 mm, nocne yeeo
nodgepaanu nnaeneHuro npu memnepamype 110-120 °C npu HenpepbIigHOM nepemewiugaHuU pacniasa. B kadecmee c8a3yrowe20 8 20MO2EHU3UPOBaHHYI0 Maccy
seodunu 20 % 4,4'-memunexducbeHunduusoyuaHama, nocie 4eao peakyUoHHYI CMeCb UHMEHCUSHO nepemewusanu npu ckopocmu 1600 06/MuH 8 meyeHue 2-3
MuH 0o docmuxeHusi 00HOPOOHO20 cocmosiHus. [anee 6 kadecmee UHOUsUOYanbHbIX cmabunuzamopos 8 cucmemy egodunu mpubymungpocgpam ((C,.Hs0):PO) u
cmeapam yuHka (Zn(C1sH3505)2) 6 koHuenmpayusx 0,2; 0,4; 0,6; 0,8 u 1,0 %. [Nocne nomHozo ducnepeuposaHusi cmabunu3amopos pacnias 00NOTHUMESTbHO
nepemewusanu npu 1600 06/MuH 6 medeHue 1-2 MUH, 3ameM NoMy4YeHHyI0 KOMNO3ULUIO 3ausanu 8 NpoMbIwiieHHble hopmbl. [lonyyeHHblIe 0bpa3ubi nodeepeanu
mepmoobpabomke npu memnepamype 110-115 °C 8 meyeHue 70-72 4, ymo obecneyusarno 3asepuweHue npoyeccos e3aumodelicmeusi hyHKUUOHabHbIX 2pynn
nonuypemaxogoeo pacnnaga, 4,4-memuneHoucbeHunduusoyuaHama u cmabunuzamopos ¢ (hopMuposaHUEM NPOCMPaHCMBEHHO-CWUMOU MakpoMoneKynspHol
cmpykmypbI U doCmUuXeHUeM 8bICOKOU cmeneHu cmpykmypHol cmabunusayuu mMamepuana. B pabome nposedeHa KOMNEKCHas OUeHKa 8nUsIHUS UcciedyemMbixX
cmabunu3amopos Ha MUKPOCMPYKMYypy nepepabomarHbIX NOuypemaHosbIx KoMno3uyud, usMeHeHue meepdocmu, NosbILEeHUEe MePMOOKUCIUMENbHOU cmaburb-
HOCMU, CHUXEHUEe cKopocmu mepmuyeckoli decmpykyuu, a makxe Ha 0cobeHHOCMU (hopmMUpPOBaHUS MaKpOMOEKysipHOU cmpykmypbI. Ha 0cHoBaHUU NOMYyYeHHbIX
pe3ynbmamos cchopmynuposaHb! Hay4HO 060CHO8aHHbIE 8bI1800bI O UeecoobpasHoCMU NPUMEHEHUs 8bI6paHHbIX cmaburu3amopos 075 NO8bIWEHUS 3K cnimyamayu-
OHHbIX Xapakmepucmuk nepepabomaHrHbIX NoNUypemaHosbIx Mamepuanos, npedHasHaqyeHHbIX Os 3Kcnmyamayuu 8 WUpoKoM Ouana3oHe memnepamyp.

Kntoyesble cnoea: omxods! nonuypemana, 4,4'-MemunerdugeHunduusoyuaHam, mepmoxumuyeckas nepepabomka, mpubymunosbiii 3¢hup pocghopHol Kuc-
710mbI, CMeapam YuHKa, mepmocmabusiusamop, mepmooKucieHue; MoOubukayusi noIuMepos, cmabusru3amop, KpUCmaniu3ayusi, CKUXeHUe.
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EFFECT OF STABILIZER CONCENTRATION ON THE THERMAL
STABILITY OF RECYCLED POLYURETHANE MATERIAL

B.F. Muhiddinov, A.F. Shodiev, Sh.T. Juraev, D.T. Isaev

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. This study investigates the effect of stabilizers on the thermal stability and physicomechanical properties of polyurethane materials obtained through the
thermochemical recycling of 4,4-methylenediphenyl diisocyanate based polyurethane waste. The polyurethane waste was initially reduced to fragments measuring 100
x 120 mm using a specialized crushing unit and subsequently melted at 110-120 °C under continuous mechanical stirring. Subsequently, 20 % of 4,4-
methylenediphenyldiisocyanate, relative to the total mass of the homogeneous melt, was introduced as a binder. The reaction mixture was homogenized by stirring at
1600 rpm for 2-3 min. Thereafter, tributyl phosphate ((C4H40)sP0) and zinc stearate (Zn(C,4H350.).) were separately incorporated as stabilizers at concentrations of
0.2, 0.4, 0.6, 0.8, and 1.0 wt.%. The resulting compositions were further mixed at 1600 rpm for 1-2 min until complete dispersion of the stabilizer particles, followed by
casting into industrial molds. The prepared specimens were thermally cured at 110-115 °C for 70~72 h to ensure the completion of reactions between the functional
groups of the polyurethane melt, 4,4'-MDI, and the stabilizers, thereby promoting the formation of a highly crosslinked macromolecular network and improving the struc-
tural stability of the material. A comprehensive evaluation was performed to determine the influence of the selected stabilizers on the microstructure, hardness, thermo-
oxidative stability, thermal degradation behavior, and macromolecular architecture of the recycled polyurethane composites. The experimental results demonstrated that
the incorporation of appropriate stabilizers effectively enhanced the thermal resistance and structural integrity of the recycled polyurethane materials while reducing the
rate of thermal degradation. Based on the obtained findings, scientifically substantiated conclusions were drawn regarding the applicability of the selected stabilizers for
improving the performance characteristics of recycled polyurethane materials intended for service under a wide range of operating temperatures.

Key words: recycled polyurethane, 4,4"-methylenediphenyldiisocyanate, thermochemical processing, tributyl phosphorate, zinc stearate, thermal stabilizer, thermal

oxidation; polymer modification, stabilizer, crystallization.

Kirish

Poliuretanlar polimer materiallar orasida eng jadal rivojlanayotgan
sinflardan  biri  bo'lib, yuqori elastiklik, mexanik mustahkamlik,
yedrilishga chidamililik, kimyoviy bargarorlik hamda keng diapazondagi
fizik-mexanik  xossalari bilan ajralib turadi, poliuretanlar
makromolekulalari asosan poliollar va diizosiyanatlarning
polikondensatsiyalanish reaksiyasi natijasida hosil bo'lib, ularning
tarkibidagi yumshoq va qattiq segmentlaming nisbati materialning
mexanik, termik va ekspluatatsion xossalarini kengaytirish imkonini
beradi. Aynan ushbu molekulyar tuzilish poliuretanlami gattiq va
yumshoq ko‘piklar, qoplamalar, germetiklar hamda kompozitsion
materiallar ishlab chigarishda eng muhim polimerlardan biriga
aylantirgan bo'lib so'nggi vyillarda poliuretanlarga bo‘lgan talab
muntazam ortib bormoqgda tahlillarga ko'ra, poliuretanlar dunyo bo'yicha
ishlab chigarilayotgan barcha plastmassalarning 5-8 % ini tashkil etadi
hamda hajm jihatidan dunyodagi oltinchi eng ko'p ishlab chigariladigan
polimer materiallardan hisoblanadi. 2019-yildagi yillik ishlab chigarish
hajmi 18,6 million tonna bo'lsa, 2024-yilga kelib poliuretan ishlab
chigarish 22 million tonna atrofida bo‘lgani qayd etilganligi bilan birga
poliuretan sanoatining bargaror o‘sayotganini hamda chigindilar hajmi
ham mutanosib ravishda ortayotganini ko‘rsatadi[1]. Bugungi kunda
poliuretan  mahsulotlari  qurilish, avtomobilsozlik, aviatsiya,
elekirotexnika, neft-gaz, tog'-kon sanoati, tibbiyot, poyabzal sanoati,
mebel ishlab chigarish va gadoglash texnologiyalarida keng qo‘llaniladi.
Jahon bozorida eng katta ulushni mos ravishda yumshoq ko'piklar (52
%), qattiq ko‘piklar (48 %) tashkil etadi ushbu polimerlar qurilish
sanoatida issiglik izolyatsiyasi uchun, avtomobil sanoatida
amortizatsion detallar uchun, konchilik sanoatida esa yedrilishga
chidamli detallar, roliklar, konveyer lentalari va siltama elaklar ishlab
chiqarishda keng foydalaniladi shu bilan birga poliuretanlarning
ekspluatatsiya muddati tugagach, katta migdorda sanoat va maishiy
chigindilar hosil bo‘ladi. Termoreaktiv poliuretanlar uch o‘lchamli tikilgan
makromolekulyar tuzilishga ega bo'lishi ulami oddiy termoplastlar
singari qayta ishlash usullarini mavjud emasligi sababli poliuretan
chigindilarini qayta ishlash ekologik va igtisodiy nugtai nazardan

dolzarb muammo hisoblanadi. So‘nggi Vyillarda ushbu yo‘nalishda
mexanik, fizik, kimyoviy, termokimyoviy va biologik gayta ishlash
texnologiyalari faol rivojlanmoqda[2]. Mexanik qayta ishlash maydalash
va maydalangan poliuretan zarrachalarini yangi kompozitsiyalar tar-
kibida to‘ldiruvchi sifatida qo‘llashga asoslanadi. Ushbu usulning asosiy
afzalliklari texnologiyaning soddaligi, energiya sarfining pastligi va
ekologik xavfsizligi bo'lsa biroq maydalangan zarrachalar polimer zanjiri
bilan yetarlicha bog‘lanmasligi sababli yakuniy mahsulotning mexanik
mustahkamligi va uzoq muddatli ekspluatatsion xossalarining sezilarli
darajada pasayishi kuzatiladi. Kimyoviy qayta ishlash (glikoliz, aminoliz,
alkogoliz va gidroliz) poliuretan makromolekulalarini kimyoviy par-
chalanishi orgali poliollar va boshga gimmatli komponentlarni gayta
tiklash imkonini beradigan ushbu usullar ichida glikoliz sanoat miqyo-
sida eng istigbolli texnologiya sifatida e'tirof etilgan, chunki u yugori
darajada poliollarni regeneratsiya qilish imkonini berib termokimyoviy
gayta ishlash usuli esa poliuretan chigindilarini harorat tasirida
suyglantrish yoki gisman destruksiyaga uchratish orqali yangi
kompozitsion materiallar olish imkonini beradigan usuldir. Ushbu
texnologiya mexanik qayta ishlashga nisbatan yaxshiroq strukturaviy
xolatni saglashga, kimyoviy gayta ishlashga qaraganda kimyoviy rea-
gentlar sarfini tejashga imkon beradi va natijada energiya sarfi kamaya-
di, texnologik jarayon soddalashadi va ikkilamchi poliuretan asosidagi
yugori mustahkam kompozitsiyalar olish imkoniyati yaratiladi[3]. Poli-
uretanlar chigindilarini qayta ishlashdagi asosiy muammolardan biri
yugori harorat ta'sirida suyglanmasdan, termooksidlanish, zanjirlarning
uzilishi, uretan guruhlarining yiriklashishi, hamda molekulyar massaning
kamayishi va erkin radikallar hosil bo'lishi hisobiga yuqori haroratda
parchalanishidir. Material tarkibida boradigan ushbu jarayonlar mexanik
mustahkamligi, gattigligi va xaroratga bardoshliligini sezilarli darajada
pasayishi sabab bo‘ladi, ushbu kamchiliklarni kamaytirish uchun turli xil
stabilizatorlardan foydalanib tayyorlangan namunalarning fizik-mexanik
xossalari zamonaviy qurlimalar yordamida tahlil gilindi xususan fosfatli
stabilizatorlar ishtirokida, parchalanish, suyuglanish haroratini ortishi,
termooksidlanish  reaksiyalarini  sekinlashtiradi hamda erkin
radikallarming aktivianishi ortishiga sabab bo‘ladi. Rux stearati esa
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1-jadval
Qayta ishlangan poliuretan namunalarining migdoriy tarkibi
Ne | Namuna | Poliuretan chigindisi 4 4-metilendifenil Fosfat kislotasining Rux stearati
nomi miqdori (gr) diizosiyanat (gr) tributil efiri(gr) (gr)
1 PU-1 81,8 18 0,2 0,2
2 PU-2 81,6 18 04 04
3 PU-3 81,4 18 0,6 0,6
4 PU-4 81,2 18 0,8 0,8
5 PU-5 81 18 1,0 1,0

Izoh bu yerda: PU-1,2,3,4,5lar turli miqdor tarkibga ega qayta ishlangan poliuretan namunalari.

1-rasm: Poliuretan namunalarinig mikroskopik tasviri
1-toza, 2-bo’glovchi yordamida qayta ishlangan, 3- fosfat kislotasining tributil efirli, 4- rux stearatli stabilizator yordamida qayta
ishlangan poliuretan namunalarning mikroskopik tasviri

issiglikka bardoshli stabilizator sifatida qo'llaniladi, polimer zanjirlarining
parchalanish tezligini kamaytiradi, govushqoglikni barqarorlashtiradi va
material yuzasining benugson bo'lishini taminlaydi ushbu stabilizator-
larning sinergik ta'siri natijasida poliuretan kompozitsiyalarining
shishalanish harorati (Tg), termooksidlanish boshlanish harorati (Tq) va
maksimal termodestruksiya harorati (Tmax) oshishi kuzatiladi, bu esa
materialning uzoq muddatli ekspluatatsion barqarorligini sezilarli rav-
ishda vyaxshilaydi[4]. Shu sababli, poliuretan chigindilarini
termokimyoviy gayta ishlash jarayonida samarali stabilizatorlarni tan-
lash, ularning optimal konsentratsiyasini aniglash hamda gayta ish-
langan kompozitsiyalaming termik va fizik-mexanik xossalariga ta'siri
iimiy va amaliy jihatdan tadqiq qilindi. Quyidagi jadvalda stabilizatorlar
ishtirokida gayta ishlab tayyorlangan poliuretan namunalarining tarkibi
keltrilgan.

Mikroskopik tahlil natijalari shuni ko'rsatadiki, stabilizatorlardan
foydalanish poliuretan chigindilari asosida tayyorlangan namunalaming
gomogenligini oshirib, g‘ovaklikni kamaytiradi va fazalararo bog'lanishni
kuchaytiradi, eng yuqori zichlk va termik bargarorlik rux stearati
go'llangan namunada kuzatildi, bu uning termooksidlanishga garshi
samarali stabilizatsiyalovchi ta'siri hamda makromolekulyar tuzimani
mustahkamlash  xususiyati bilan izohlanadi. Tributilfosfat ham
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termooksidlanish jarayonini samarali sekinlashtirdi, biroq yuzasidagi
ortigcha mikro yoriglar zichlashtirish va mexanik xossalarni rux stearati-
ga nisbatan biroz pastroq bo'lishiga olib keldi ushbu natijalar rux stea-
ratining gayta ishlangan poliuretan kompozitsiyalarining ekspluatatsion
xossalarini yaxshilovchi samarali stabilizator ekanligi aniglandi.

Metodlar

Tadgigotda poliuretan chigindilarini termokimyoviy gayta ishlash
jarayonida stabilizator konsentratsiyasining termik barqarorlikka ta'siri
o'rganildi. Boshlang'ich xomashyo sifatida poliuretan chigindilari olinib,
ularni 110-120°C haroratda suyuglantirib hosil bo'lgan suyuglanmaga
20 % miqdorda 4,4'-metilendifenildiizosiyanat go'shildi va aralashma
1600 ayl/min tezlikda maxsus aralashtirgich yordamida 2-3 minut vaqt
davomida gomogen holat hosil bo'lguncha aralashtirildi. Termik stabili-
zator sifatida — fosfat kislotasining tributil efiri ((C4H90)sPO) rux stea-
rati (Zn(C1gH3502)2) qo'llanildi stabilizatorlar polimer massasiga nis-
batan 0,2; 0,4; 0,6; 0,8 va 1,0% konsentratsiyalarda alohida-alohida
kiritilib, go'shimcha 1-2 minut vagt davomida 1500 ayl/min tezlikda
aralashtirildi va tayyor kompozitsiya hosil qilinib sanoat qoliplariga
quyildi. Stabilizatorlarning termodestruksiya kinetikasiga ta'siri termo-
gravimetrik tahlil (TGA) hamda differensial skanerlovchi kalorimetriya
(DSC) usullari orgali aniglandi olingan natijalarga ko'ra stabilizator
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konsentratsiyasi gayta ishlangan poliuretan molekulasining termik
bargarorligi va fizik-mexanik xossalariga ta'siri tadgiq qilindi[5,6].

Natijalar

4 4'-metilendifenildiizosiyanat asosidagi termoreaktiv poliuretan
chigindilarini termokimyoviy gayta ishlash jarayonida stabilizatorlarning
termik va fizik-mexanik xossalarga ta'siri kompleks ravishda tadgiq
qilindi. Poliuretan chigindilarining 110-120 °C haroratda termik yum-
shatilishi makromolekulyar zanjirlaring to'liq destruksiyasini yuzaga
keltrmasdan materialni gomogen suyuglanmaga o'tkazishga imkon
berdi. Suyuglanma tarkibiga 20 % MDI qo'shilishi natijasida erkin izosi-
yanat guruhlari soni ortib, makromolekulyar zanjirlar o'rtasida qo'shim-
cha uretan bog'lari hosil bo'lishi uchun reaksion markazlar yuzaga keldi.
Bu jarayon qayta ishlangan poliuretan tarkibida strukturaviy yaxlitlikni
tiklash va zanjirlararo bog'lanishlarni kuchaytirishga xizmat qildi[7].
Reaksiya aralashmasining 1500 ayl/min tezlikda intensiv aralashtirilishi
komponentlarning bir tekis tagsimlanishini ta'minlab, lokal konsentratsi-
ya gradientlarini kamaytirdi va gomogen kompozitsiya hosil bo'lishiga
yordam berdi. Tributilfosfat ((C,H90)sPO) va rux stearati (Zn
(C1gH3502)2) 0,2-1,0% konsentratsiyalar oralig'ida qo'llanilganda
ularning poliuretan strukturasiga ta'siri kuzatildi.

Tayyorlangan 10 dona poliuretan namunalarining gattiglik darajasi-
ning giymatlari 2-jadvalda keltirilgan.

Yuqoridagi jadval asosida olingan natijalar shuni ko'rsatadiki, 0,8 %
i kon sentratsiya har ikkala stabilizator uchun ham qayta ishlangan

2-jadval
Stabilizatorning migdorini gattiglik darajasiga bog'ligligi
Neo NERINIELE fosfat kislotasirﬁ:g AR
nomi tributil efir rux stearati

1 PU-1 74 22 72 21
2 PU-2 77 24 75 23
3 PU-3 81 27 79 26
4 PU-4 83 29 82 27
5 PU-5 82 28 81 26

poliuretan kompozitsiyasining qattiglik xossalarini optimallashtirish
nuqtai nazaridan eng maqgbul migdor hisoblanadi. Shu bilan birga,
fosfat kislotasining tributil efiri qattiglikni oshirish bo'yicha rux stearatiga
nisbatan biroz yuqori samaradorlik namoyon etdi, bu esa uning orga-
nofosforli termik stabilizator sifatidagi yuqori antioksidant faolligi va
polimer strukturasining termooksidlanish bargarorligini samaraliroq
oshirishi bilan izohlandi.

Quyidagi rasmda stabilizator sifatida kislotasining tributil efiri
((C4H90)3P0O) konsentratsiyasining qayta ishlangan MDI asosidagi
poliuretan suyuglanmasiga qo’shish orqali qattiglik darajasi (Shore A /
D)ga ta'siri o‘rganilgan.

—&— Shore A
—— Shore D

75

2-rasm. Fosfat kislotasining tributil efiri miqdorining qattiglik darajasiga bog'‘ligligi

Grafikdan ko'rinadiki, tributilfosfat miqdori 0,2 dan 0,8 % gacha
oshirilganda qattiglik qiymatlari izchil ortib, polimer zanjirining
strukturaviy yaxlitligi va deformatsiyaga chidamliligi yaxshilangan. Ush-
bu konsentratsiyada maksimal qattiglik qayd etilib, tributilfosfatning
makromolekulyar segmentlararo o'zaro ta'simi barqaroriashtirishi
hamda qayta ishlash jarayonida termooksidlanish ta'sirida yuz beradi-
gan zanjir uzilishlarini cheklashi aniglandi[8].

Rux stearati konsentratsiyasining poliuretan suyuglanmasiga

qo'shish orqali gattiglik darajasi (Shore A /D)ga ta'siri keltrilgan graf-
ikdan ko'rinadiki, 4-namaunada maksimal gattiglik ko'rsatkichlari qayd
etilgan bo'lib, bu rux stearatining termik stabilizatsiyalovchi va ichki
moylovchi xususiyatlari sababli gayta ishlash jarayonida makromole-
kulyar zanjirlarming termooksidlanish va termodestruksiya jarayonlarini
cheklashi bilan izohlanadi. 1,0 %li konsentratsiyada gattiglikning biroz
kamayishi esa ortigcha stabilizatorning polimer fazasida bir tekis dis-
persiyalanmasligi hamda segmentlar harakatchanligini oshirishi na-
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—&— Shore A
—Q@— Shore D

3-rasm. Rux stearati migdorining gattiqlik darajasiga bog‘ligligi

weight% DSC/(mW)
r15
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4-rasm. Toza poliuretan namunasining termogravometrik tasviri
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tijasida strukturaviy zichlikning qisman pasayishi bilan bog'ligligi
aniglandi [9].

TG egri chizig'i toza poliuretan namunasining termik parchalanishi
ko'p bosgichli mexanizm asosida kechishini ko'rsatib dastlabki bos-
gichda 184,0-478,3 °C harorat oraligida namunaning asosiy
termooksidlanish jarayoni kuzatilib, massa yo‘qotilishi 75,91 % ni tashkil
etdi. Ushbu bosqich uretan bog'lari (-NH-CO-0-) ning uzilishi, izosi-
yanat va poliol segmentlarining depolimerlanishi hamda uchuvchan
mahsulotlarning ajralib chigishi bilan tavsiflanadi. Keyingi bosqichda
476,6-645,3 °C oralig'ida qo‘shimcha 21,50 % massa kamayishi qayd
etildi, bu aromatik uglerodli goldigning oksidlanishi va karbonlashgan
strukturaning yakuniy termik destruksiyasi bilan izohlanib DSC egri

chizig'ida 536,7 °C da maksimal issiglik effekti kuzatilib, pik nugtasi
98,98 J/g entalpiyaga ega bo'ldi[10]. Mazkur termik effekt yugori mole-
kulyar segmentlaming parchalanishi hamda qoldiq uglerod fazasining
oksidlanish jarayoniga mos kelishi yakuniy qoldiq massaning juda kam
bo'lishi toza poliuretan tarkibida mineral komponentlar mavjud emaslig-
ini hamda materialning yuqori haroratlarda deyarli to'liq termik
destruksiyaga uchrashini ko‘rsatadi. Olingan TG-DSC natijalari toza
poliuretanning asosiy destruksiya harorati 480-540 °C oralig'ida sodir
bo'lishini hamda materialning termik barqarorligi asosan uretan
bog'larining bargarorligi va aromatik segmentlarning oksidlanish
xususiyatlari bilan belgilanishini ko‘rishimiz mumkin.

weight% DSC/(mW)
Temperature(?): 260.10 - 473.60 All Info of Peak: - 15
100, ~ T Weightlessness: -80.60%,30.59mg Enthalpy:105.3649 J/g
Peak value:549.5 C
OriginPoint:4926 C
EndPoint: 605.0 C
80 r 10
/
607 Al Info of Peak: \ 5
Enthalpy:9.3274 Jig
Peak value:370.0C
OriginPoint:3465C \
401 EndPoint 3950C \/
\’/// : Temperature(?):479.00 - 639.30
20 Weightlessness: -16.68%,6.33mg
[<5
" et
100 200 300 400 500 600 700
Temp/C

5-rasm. Tributilefirli poliuretan namunasining termogravometrik tasviri

Ushbu rasmda qattiglik darajasi eng optimal (0,8%) deb topilgan
tributilefirli stabilizator yordamida qayta ishlangan poliuretan namunasi-
ning termik o'tish haroratlari keltriigan bo’lib unda TG egri chizig'iga
ko'ra, termik desturksiya 260,1-473,6°C harorat oralig'ida bo’lib namu-
na massasining 80,60% yo'qotilishi kuzatildi. 479,0-639,3°C intervalida
aromatik uglerodli goldigning oksidlanishi natijasida qo'shimcha 16,68%
massa kamayishi gayd etilib DSC termogrammasida 492,6°C da 9,372
Jlg entalpiyaga ega bo'lgib makromolekulyar bog'lari hamda gattiq
segmentlarning termik parchalanishini bilan izohlandi[11].

Ushbu tahlil uchun ham rux stearat asosida tayyorlangan 0,8%li
poliuretan namunasining termogravimetrik tahlil natijalari kletrilgan
bo'lib unga ko'ra, namunada termik parchalanish uch bosgichda sodir
bo‘ladi. 293-500 °C oralig'ida asosiy destruksiya jarayoni kuzatilib,
massa yo‘qotilishi 80,84 % ni tashkil etdi. Ushbu bosgich poliuretan
tarkibidagi uretan bog'lari (-NH-CO-0O-) hamda yumshoq segment-
larning  termooksidlanish va depolimerlanish  jarayonlari  bilan

izohlanadi. DSC egri chizig'ida 527,6 °C da maksimal endotermik/
ekzotermik effekt (AH = 121,78 J/g) qayd etilib, bu qoldiq aromatik
fragmentlarning parchalanishi va uglerodlangan goldigning oksidlanish
jarayoniga mos keladi. 500-610 °C oraligida go‘shimcha 14,05 %
massa kamayishi, 615-638 °C da esa yakuniy -5,11 % massa
yo'qotilishi kuzatilib, noorganik qgoldigning yuqori haroratdagi termik
o'zgarishlari bilan bog'liq ekanligi aniglandi. Olingan natijalar rux stearat
qgo'shilishi poliuretan matritsasining termik bargarorligini oshirishini,
destruksiya haroratini yuqori diapazonga siljitishini hamda yuqori haro-
ratlarda uglerodli himoya gatlami hosil bo‘lishini ta'minlashini ko‘rsatadi
[12,13]. Bu esa materialning yuqori harorat sharoitlarida ishlash sama-
radorligini yaxshilashga xizmat giladi.

Toza, tributilefirli, rux stearatli stabilizatorlar ishtirokida gayta ish-
langan poliuretan namunalarining derivatografik tahlillari  amalga
oshirildi va uning giymatlari 3-jadvalda keltirilgan.
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Poliuretan namunalarining DTGA va DSK egri chiziglari tahlil natijalari
Tempera Yo‘qotilgan massa, Moddaning parchalanish tezligi, Sarflanadigan energiya miqdori
Ne turap°C % mg/min (uV*simg)
’ PU -1 PU -2 PU -3 PU -1 PU -2 PU-3 PU -1 PU -2 PU -3
1 50 2,91 2,98 1,45 0,122 0,126 0,119 1,45 1,24 1,56
2 100 7,52 8,61 6,18 0,402 0,461 0,302 2,48 2,02 2,62
3 150 15,23 18,51 12,50 0,651 0,564 0,651 2,68 2,36 2,74
4 200 27,41 29,11 20,26 0,696 0,656 0,696 2,1 1,98 2,86
5 250 36,54 36,28 32,58 3,023 3,021 3,023 3,25 3,12 3,72
6 300 45,78 48,34 39,43 3,321 3,235 3,321 6,98 6,62 7,04
7 350 51,25 52,45 44,75 3,891 3,984 3,891 7,02 7,09 7,56
8 400 60,07 68,22 52,86 3,894 3,995 3,894 7,82 7,63 7,82
9 450 72,68 79,51 68,42 4,015 4,114 4,014 8,12 8,03 8,56
10 500 80,84 63,08 80,60 4,198 3,909 4,108 8,74 6,08 8,92
1 550 67,45 52,61 61,15 2,845 2,894 3,845 6,98 4,88 7,98
12 600 44,05 37,89 40,85 1,754 1,954 2,754 547 3,56 6,85
13 650 32,11 21,50 14,05 1,491 1,599 1,561 2,59 2,08 3,59
14 700 6,33 511 511 0,102 0,113 0,098 1,89 0,90 2,31
Izoh:bu yerda PU-1 toza, PU-2, PU-3 stabilizatorlar ishtriokida gayta ishlangan poliuretan namunalari.
Olingan DTGA va DSK natijalari shuni ko'rsatadiki, toza poliuretan Natijalarni muhokama qilish
namunasining makromolekulasi harakatchanligi yaxshi ammo termik Ushbu stabilizatorlar ishtirokida makromolekulyar zanjirlaring

barqarorligi biroz pasroq bo'lib stabilizatorlar yordamida qayta ish-  termooksidlanish jarayoniga nisbatan chidamliligi ortganligini hamda
langan (PU-2,3) poliuretan namunalarining destruksiya tezligini sekin  zanjir uzilishi reaksiyalarining sekinlashganligini aniglandi. Bog'lovchi
va destruksiya uchun zarur bo'lgan aktivianish energiyasi (endotermik  va stabilizatorlarning qo‘llanilishi natijasida qayta ishlangan poliuretan
effektijham sezilarli darajada yuqori bo'lib, materialning yuqori haro-  materialining makromolekulalararo o‘zaro ta'sir kuchayib, termik,
ratlarga chidamli bo‘lganligini ko’rishimiz mumkin bo‘ladi. kimyoviy barqarorligi oshishi aniglandi bunga sabab gattiq segmentlar

ulushi va fazalararo bog'lanish darajasiga bevosita bog/ligligidir.
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Tributilfosfat ((C4Hs0)sPO) qo'llangan namunalarda termooksidlanish
jarayonining sekinlashishi fosfor saglovchi stabilizatorlarning ikkilamchi
antioksidant sifatida namoyon bo‘ladigan mexanizmi bilan tushuntiriladi.
Bunday stabilizatorlar termooksidlanish davomida hosil bo‘ladigan
zanjir uzilishiga tasir ko‘rsatib, oksidlanish tezligini pasaytiradi. Natijada
karbonil guruhlari hosil bo'lishi va makromolekulyar destruktsiyasi
sekinlashishiga sabab bo‘ladi, bu esa uretan bog'larining yuqori dara-
jada saglanishiga va termik bargarorlikning ortishiga olib keladi.
Tadgiqot davomida fosforli stabilizatorlar poliuretanlarning eksplu-
atatsion muddatini uzaytirishi, rux stearate esa modifikatsiyalangan
namunalarning yuqori termik bargarorlikga yetishi aniglandi. Buni rux
stearatining metall-karboksilat tabiatiga ega stabilizator sifatida katalitik
parchalanishini boshqarish, radikal reaksiyalarni susaytirishi hamda
fazalararo adgeziyani kuchaytirishi tadqiq qilindi. Mikroskopik kuzatu-
vlarda aniglangan g‘ovaklar sonining kamayishi va strukturaning zi-
chlashishi issiglik almashinuvining bir tekis tagsimlanishini ta'minlaydi
hamda material tarkibida qo’shimcha nugsonlar hosil bo'lishini ka-
maytiradi. Natijada termodestruksiya tezligi pasayib, aromatik MDI
fragmentlari va uretan segmentlarining saglanish darajasi ortadi[14,15].
Olingan natijalar mikroskopik kuzatuvlar va termik tahlil ma'lumotlari
o‘rtasida kuchli korrelyatsiya mavjudligini ko'rishimiz mumkin. Namuna
yuzasida mikro g'ovaklarning kamayishi, zichlashishi va fazalararo
bog'lanishning kuchayishi termik parchalanishga bevosita bog'liq bo'lib,
bu polimer kompozitsiyasining strukturaviy yaxlitligini saglab qolishga
xizmat giladi. Aynigsa, rux stearati go‘llangan namunalarda kuzatilgan
gomogen tuzilma va minimal mikrodefektlar yuqori termik bargaror-
likning asosiy omillaridan biri hisoblanadi. Umuman olganda, ushbu
tadqiqot natijalari termokimyoviy gayta ishlash jarayonida tributilfosfat
va rux stearatidan foydalanish MDI asosidagi gayta ishlangan poliure-
tanlaming termo-oksidlanish ~ destruksiyasini samarali kamaytrib,
makromolekulani bargarorlashtirishini hamda yuqori haroratlarda ek-
spluatatsion xossalarini sezilarli darajada oshirishiga imkoniyat yaratishi
aniglandi.

Xulosa

Olib borilgan tadqigotlar natijasida 4,4'-metilendifenildiizosiyanat
asosli poliuretan chigindilarini termokimyoviy gayta ishlash jarayonida

qo'llanilgan stabilizatorlarli namunalaming mikroskopik tahlili, qattiglik
darajasi, termik bargarorlik va fizik-mexanik xossalarga sezilarli ta'sir
ko'rsatishi aniglandi. 110-120 °C haroratda amalga oshirilgan
termokimyoviy suyuglantrish va 18% MDI bilan zanjimi gayta tiklash
jarayoni natijasida polimer zanjirida yangi uretan bog'lari hosil bo'lib,
qgayta ishlangan poliuretan kompozitsiyasining strukturaviy yaxlitligi
tiklandi hamda zanjirlararo bog'lanish zichligi ortdi. Termik tahlillar shuni
ko'rsatdiki, stabilizator go'llanilmagan namunalarda yumshoq segment-
lar ulushining ko’p bo’lishi makromolekulyar zanjirlarning harakatchan-
ligini kuchaytirganligi, termodestruksiyani nisbatan past haroratlarda
boshlanishini ko'rsatadi. Bu holat uretan va efir bog'larining termik
uzilish energiyasining kamayishi hamda erkin radikal oksidlanish
reaksiyalarining tezlashishi bilan izohlanadi. Bunga garama-qarshi
ravishda, 0,8 % ftributilfosfat, rux stearati yordamida modifikatsiya-
langan namunlarda termodestruksiya jarayonining yuqori haroratlar
tomon siljishi kuzatildi. Rux stearati bilan olingan natijalar tributilfosfat
bilan solishtiriganda yugoriroq termik bargarorlikni namoyon etdi.
Termik tahlil va fizik-mexanik tadgigotlar natijasida 0,8 % tributilfosfat
MDI asosidagi qayta ishlangan termoreaktiv poliuretanlar uchun optimal
stabilizator konsentratsiyasi ekanligi ilmiy jihatdan asoslandi. Ushbu
konsentratsiyada makromolekulyar tarmogning destruksiyalanishi mini-
mal darajaga tushdi, sirt qattigligi va strukturaviy yaxlitik maksimal
giymatlarga erishdi. Stabilizator migdorini bundan yugori oshirish esa
qgo'shimcha ijobiy samara bermasligi, aksincha ayrim fizik-mexanik
ko'rsatkichlarning pasayishiga olib kelishi kuzatildi. Tadgiq gilingan
termokimyoviy qgayta ishlash usuli va ftributilfosfat asosidagi stabili-
zatsiyalash MDI asosidagi poliuretan chigindilaridan yuqori termik bar-
qarorlikka, yugori qattiglikka va uzoq muddatli ekspluatatsion xos-
salarga ega kompozitsion materiallar olish imkonini berishi aniglandi.
Olingan natijalar ushbu materiallardan 120-150 °C gacha bo'lgan haro-
ratlarda ishlaydigan mashinasozlik, tog'-kon sanoati, transport, kimyo
sanoati va asinishga chidamli sanoat detallarini ishlab chigarishda
samarali foydalanish mumkinligini ko'rsatadi hamda poliuretan chi-
gindilarini resurs tejovchi va ekologik xavfsiz texnologiyalar asosida
qgayta ishlash imkoniyati yaratildi.
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GLOBAL RESEARCH TRENDS IN PHOTOCATALYTIC
DEGRADATION USING SEMICONDUCTOR NANOMATERIALS:
A BIBLIOGRAPHIC ANALYSIS

F. Mukhtar, O.A. Jumaev, M.T. Ismoilov, A.K. Rakhimov

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. Photocatalytic degradation using semiconductor nanomaterials has emerged as a highly promising and sustainable approach for addressing global water
pollution challenges. Owing to their exceptional optical, electronic, and surface properties, semiconductor-based photocatalysts have attracted significant scientific atten-
tion for the efficient degradation of hazardous organic pollutants. To evaluate the research development and emerging trends in this rapidly expanding field, a compre-
hensive bibliometric analysis was conducted using data retrieved from the Scopus database covering the period from 2021 to 2026. After systematic screening and
refinement, a total of 704 relevant publications, including research articles and review papers, were selected for analysis. Bibliometric evaluation was performed using
VOSviewer and Bibliometrix (R package) to examine publication growth, citation performance, document type distribution, subject category contributions, leading jour-
nals, highly cited publications, and keyword co-occurrence patterns. The results reveal a strong and continuous increase in both publication output and citation impact,
highlighting growing global scientific interest in semiconductor photocatalysis for environmental remediation. Research articles represented the dominant document type,
while environmental science emerged as the leading subject category, confirming the field’s strong environmental focus. Keyword mapping identified major research
themes centered on photocatalysis, nanomaterials, pollutant degradation, water treatment, heterojunction engineering, and green synthesis, demonstrating the multidis-
ciplinary and evolving nature of this domain. The analysis further identified influential journals and landmark publications that have significantly shaped research pro-
gress. Overall, this bibliometric study provides valuable insight into the scientific evolution, current research hotspots, and future opportunities for semiconductor nano-
material-based photocatalytic technologies in sustainable wastewater treatment.

Key words: photocatalysis; semiconductor nanomaterials; bibliometric analysis; pollutant degradation; VOSviewer; Scopus database.

YARIMO‘TKAZGICHLI NANOMATERIALLAR YORDAMIDA
FOTOKATALITIK PARCHALANISHGA OID GLOBAL TADQIQOT
TENDENSIYALARI: BIBLIOGRAFIK TAHLIL

F. Muxtar, O.A. Jumayev, M.T. Ismoilov, A.K. Raximov

Navoiy davlat konchilik va texnologiyalar universiteti, O‘zbekiston Respublikasi

Annotatsiya. Yarimo'tkazgichli nanomateriallar yordamida fotokatalitik parchalash global suv ifloslanishi muammolarini hal etishning istiqbolli va bargaror yon-
dashuvi sifatida maydonga chiqdi. O‘zining noyob optik, elektron va sirt xususiyatlari tufayli yarimo‘tkazgich asosidagi fotokatalizatorlar xavfli organik ifloslantiruvchilarni
samarali parchalash uchun katta ilmiy qizigish uygotdi. Ushbu jadal rivojlanayotgan sohadagi tadqiqotlarning rivojlanishi va yangi tendensiyalarni baholash magsadida
Scopus ma'lumotlar bazasidan 2021-2026-yillar oralig'ini gamrab olgan ma’lumotlar asosida keng ko ‘lamli bibliometrik tahlil o'tkazildi. Tizimli saralash va tahrirlashdan
so'ng tahlil uchun jami 704 ta tegishli nashr, jumladan, tadgiqot maqolalari va sharhlar tanlab olindi. Bibliometrik tahlil nashrlar sonining o’sishi, igtiboslar samaradorligi,
hujjat turlarining tagsimlanishi, fan toifalarining hissasi, yetakchi jurnallar, eng ko'p igtibos keltirilgan nashriar va kalit so'zlarning birgalikda uchrash qonuniyatlarini
o'rganish uchun VOSviewer va Bibliometrix (R to’plami) yordamida amalga oshirildi. Natijalar nashriar soni hamda igtiboslar ta’sirining barqaror va uzluksiz o'sishini
ko'rsatib, bu atrof-muhitni qayta tiklashda yarimo ‘tkazgichli fotokatalizga bo‘lgan global ilmiy gizigish ortib borayotganini ta’kidlaydi. Tadgiqot maqolalari asosiy hujjat turi
bo'lib, atrof-muhitshunoslik esa yetakchi fan yo'nalishi sifatida ajralib turdi, bu sohaning ekologiyaga kuchli e'tibor qaratganini tasdiglaydi. Kalit so'zlarni xaritalash orqali
fotokataliz, nanomateriallar, ifloslantiruvchilarni parchalash, suvni tozalash, geteroo'tish muhandisligi va yashil sintez kabi asosiy tadqiqot mavzulari aniglandi, bu esa
ushbu yo‘nalishning ko'p tarmogli va rivojlanib borayotgan tabiatini namoyon etadi. Tahli, shuningdek, tadqiqot taraqqiyotini sezilarli darajada shakllantirgan nufuzli
jurnallar va muhim nashriarni ham aniglab berdi. Umuman olganda, ushbu bibliometrik tadqiqot oqova suviarni barqaror tozalashda yarimo‘tkazgichli nanomateriallar
asosidagi fotokatalitik texnologiyalarning ilmiy evolyutsiyasi, dolzarb tadqiqot yo'nalishlari va kelajakdagi imkoniyatlari hagida gimmatli tushuncha beradi.

Kalit so‘zlar: fotokataliz; yarimo'tkazgichli nanomateriallar; bibliometrik tahlil; Ifloslantiruvchi moddalarning parchalanishi; VOSviewer; Scopus ma’lumotlar bazasi.
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rMOBAINbHbIE TEHAEHUWW B UCCNEOOBAHUAX
OOTOKATAINIUTUYECKOI O PA3JIOXKEHUA C UCTOJIb3OBAHMEM
nonynPoOBOAHUKOBbIX HAHOMATEPUAIIOB:
BEUBNMOMETPUYECKUIN AHANIN3

Myxtap ®., )Kymaes O.A., Ucmaunos M.T., Paxumos A.K.

HaBowiickuin rocyAapCTBEHHbII FOPHO-TEXHOMOMMYECKUIA yHMBepeuTeT, Pecnybnuka Y3bekucra

AxHOmayus. ®omokamanumuyeckoe pasnoxeHue ¢ UCNob308aHUEM NoynposoOHUKO8LIX HaHOMamepuanos cmarno NepenekmMusHbIM U ycmolyugbiM nooXo-
0om K pelueHuro 2nobarbHbix npobreM 3agpsisHeHust 800bl1. briazodaps c80UM YHUKabHbIM ONMUYECKUM, 37IEKMPOHHBIM U NOBEPXHOCMHbIM c8olicmeam, chomokama-
JIU3amopbI Ha 0CHO8E NOIyNPOBOOHUKO8 8bi3garu 60bLOl Hay4HbIl UHMEPEC 8 KOHMeKcme 3(hhekmuUBHO20 Pa3fIoKEeHUS ONACHbIX Op2aHUYeCKUX 3aepasHumened.
[ns oueHku passumus uccredosaHull U HosbIX MeHOeHYUL 8 amoll cmpemumernbHo passusarowetics obnacmu bbin nposedeH MacwmabHbIl 6ubnuome mpudyeckul
aHarnu3 Ha ocHose daHHbIX U3 6a3bl Scopus 3a nepuod ¢ 2021 no 2026 200. [Tocne cucmemamuyecko2o ombopa u pedakmuposaHusi An1si aHanu3sa bbi1o 8bI6paHo 8
obwel cnoxHocmu 704 penesaHmHbIX nybrukayuu, eKmYas HaydHble cmambu U 0630pbI. bubnuomempuyeckull aHanus bbim 8bINOTHEH ¢ nomowbio VOSviewer u
Bibliometrix (nakem R) 0nia usyqerHus pocma yucna nybnukayud, yumupyemocmu, pacnpedenieHus munos 0oKymeHmos, gknada Hay4HbIX OUCUUNIIUH, 8€0YWUX KypHa-
1108, Haubonee yumupyembIx nybnukayull U 3aKOHOMepHOCMel COBMECMHOL 8CMpeyaeMocmu Kryesbix criog. Pesynbmambi nokasbieaom cmabunbHell U Henpe-
PbI8HbIL poCcM Kak yucna nybnukayud, mak u ux yumupyemocmu, Ymo nod4yepkuseaem pacmyujuil 2mobanbHbIl Hay4HbIl UHMEPEC K NoTynpogodHUK08OMY homoka-
manusy 8 obnacmu 80ccmaHosneHus okpyxarowel cpedbl. HayyHble cmambu cmanu 0CHO8HbIM munoM OOKyMeHmos, a Hayku 06 okpyxatowel cpede 8bi0enunuch 8
kayecmse eedywiell HaydHoU AucyuNuUHbIL, Ymo nodmeepx0aem CUMbHYIO 3KOM02UYECKYI0 HanpagneHHocmb OaHHOU obmacmu. KapmupogaHue KiToyeebix cros 8bl-
ABUT0 MaKue OCHOBHbIE MeMbI uccredosanull, kak (homokamanus, HaHomamepuaribl, pasoxeHue 3a2pasHumenel, oyucmka 800bl, UHXEHepus 2emeponepexodos U
"3eneHbIl" cuHme3s, OeMOHCMPUPYS MHO20NPOUBHBIL U pa3eusarwyulics xapakmep 3moeo HanpaeneHus. AHanus makxe onpedenun enusmerbHbie XypHarsl u
3Ha4uMble nybrukayuu, Komopble 8 CywecmeeHHol cmeneHu onpedenunu npoepecc uccredosaHull. B yenom, daHHoe bubnuomempuyeckoe uccredogaHue npedo-
cmaensiem yeHHoe npedcmasiieHue 0 HayyHoU 380U, akmyarbHbIX HanpasneHusx uccredosaHull u bydyujux 803MOXHOCMAX hOMOKamanumuyecKux mexHosmo-
2uli Ha OCHOBE NOMTYNPOBOOHUKOBKIX HaHOMamepuanos Os1s yemoUyu8oU 04UCMKU CMOYHbIX 800.

Kniouesbie cnosa: oomokamanus; nommynpog8oOHUKO8bIe HaHOMamepuaribl; bubmuoMempuJeckuli aHanus; pasnoxeHue 3agpssHaowux sewecms; VOSviewer;
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6a3a OaHHbIX Scopus.

Introduction

Water is one of the most valuable natural resources, playing a
fundamental role in sustaining life, agriculture, industrial development,
and ecological balance. However, rapid industrialization, urban expan-
sion, and increasing human activities have significantly contributed to
the contamination of water resources with a wide variety of hazardous
pollutants, including synthetic dyes, pharmaceutical residues, pesti-
cides, phenolic compounds, and other toxic organic contaminants.
These pollutants pose serious risks to aquatic ecosystems and human
health, making efficient wastewater treatment a global priority. Tradi-
tional water treatment methods such as adsorption, coagulation, mem-
brane filtration, and biological treatment have been widely used; how-
ever, many of these approaches suffer from limitations including incom-
plete pollutant degradation, high energy requirements, secondary
waste generation, and reduced efficiency against persistent organic
pollutants [1].

In recent decades, photocatalytic degradation has emerged as one
of the most promising advanced oxidation technologies for environmen-
tal remediation. This approach utilizes light energy to activate photo-
catalytic materials, generating highly reactive species capable of de-
composing complex organic pollutants into less harmful or completely
mineralized products such as carbon dioxide and water, as shown in
Fig. 1. Compared with conventional treatment technologies, photocatal-
ysis offers several advantages, including environmental friendliness,
low chemical consumption, potential solar energy utilization, and high
degradation efficiency. As a result, photocatalytic wastewater treatment
has attracted considerable attention from researchers across multiple
scientific disciplines [2].
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Among various photocatalytic materials, semiconductor nano-
materials have gained exceptional prominence because of their unique
structural, electronic, and optical properties. Their nanoscale dimen-
sions provide a large active surface area, improved adsorption capaci-
ty, tunable band gap energy, and enhanced charge transport character-
istics, all of which contribute significantly to photocatalytic performance.
Semiconductor materials such as titanium dioxide (TiO2), zinc oxide
(Zn0), tungsten oxide (WO3), cadmium sulfide (CdS), bismuth vana-
date (BiVO,), and numerous hybrid or heterostructured nanocompo-
sites have been extensively investigated for pollutant degradation appli-
cations. More recently, advanced strategies including heterojunction
engineering, metal/non-metal doping, defect engineering, and surface
functionalization have been employed to overcome limitations such as
rapid electron-hole recombination and poor visible-light response [3].

The remarkable growth of research in semiconductor photocataly-
sis reflects the increasing global demand for sustainable and efficient
water purification technologies. Thousands of scientific publications
have explored different photocatalytic materials, synthesis methods,
degradation mechanisms, and practical environmental applications.
However, the rapid expansion of literature makes it challenging to iden-
tify overall research trends, influential contributions, dominant subject
areas, and emerging scientific directions through conventional narrative
review alone [4].

Bibliometric analysis provides a systematic and quantitative ap-
proach for evaluating the development of a research field by examining
publication productivity, citation impact, authorship patterns, institution-
al contributions, journal influence, subject classification, and keyword
relationships. Unlike traditional reviews, bibliometric studies offer a
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broader perspective on scientific evolution and research dynamics,
enabling researchers to identify hotspots, collaborative opportunities,
and future research priorities [5].

In this context, the present study provides a comprehensive biblio-
metric overview of global research on photocatalytic degradation using
semiconductor nanomaterials. By analyzing publication pattemns, article
classifications, citation growth, subject categories, influential journals,
highly cited studies, and keyword trends, this work aims to present a
clear picture of how this research domain has evolved over time and
where future scientific efforts may be directed. Such an analysis is
valuable not only for established researchers but also for students,
policymakers, and industry stakeholders interested in sustainable envi-
ronmental technologies and advanced materials for wastewater treat-
ment.

Methodology

Data sources. The present bibliometric study was designed to
systematically examine the global research landscape of photocatalytic
degradation using semiconductor nanomaterials. For this purpose, the
Scopus database was selected as the primary source for literature
retrieval because of its extensive coverage of peer-reviewed scientific
publications across multiple disciplines, including materials science,
environmental science, chemistry, nanotechnology, and engineering.
Scopus is widely recognized for its comprehensive indexing, reliable
citation information, and structured bibliographic records, making it a
suitable platform for quantitative research evaluation [6].

Data collection. A targeted literature search strategy was devel-
oped to identify publications relevant to the selected research theme.
The search process involved carefully chosen combinations of key-
words associated with semiconductor nanomaterials, photocatalysis,
pollutant degradation, and wastewater remediation. These terms were
applied using Boolean search operators within searchable document

fields such as titles, abstracts, and author keywords to ensure accurate
retrieval of relevant literature while minimizing unrelated records [7].
Following the initial data extraction, the retrieved documents underwent
a systematic screening process. Duplicate entries, incomplete records,
and publications lacking direct relevance to the research objective were
excluded to improve dataset accuracy. The refined dataset was then
organized according to different bibliographic parameters, including
publication year, document category, citation performance, journal
source, subject classification, and frequently occurring keywords, as
shown in Fig. 2.

The processed data were subsequently analyzed to evaluate publi-
cation growth over time, citation pattems, distribution of document
types, major subject areas, influential publishing journals, and highly
cited scientific contributions. Keyword mapping was further used to
identify dominant research themes, emerging scientific directions, and
evolving areas of interest within the field of semiconductor photocataly-
sis [8].

Although Scopus offers broad international coverage and strong citation
tracking, it should be noted that literature indexed exclusively in other
databases may not be represented in the present analysis. Neverthe-
less, the selected dataset provides a robust and representative over-
view of research activity in this domain.

By employing this structured bibliometric approach, the study offers
valuable quantitative insight into the scientific development, research
dynamics, and future opportunities in photocatalytic wastewater treat-
ment using semiconductor nanomaterials.

Biblometric tools. This bibliometric study was conducted to evalu-
ate global research trends in photocatalytic degradation using semicon-
ductor nanomaterials. Bibliographic data were collected from the Sco-
pus database, selected for its extensive coverage of high-quality peer-
reviewed scientific literature and reliable citation indexing across multi-
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Query criteria

Photocatalytic degradation using semiconductors

Retrieve topic nanomaterials

Database Scopus

Time span Retrieved on May 11, 2026 (2021 to 2026)

Query determination

TITLE-ABS-KEY ( photocatalytic AND degradation AND using
AND semiconductors AND nanomaterials ) AND PUBYEAR = 2026
AND ( EXCLUDE ( LANGUAGE, "Chinese" ) OR EXCLUDE
(LANGUAGE, "Persian” ) OR EXCLUDE ( LANGUAGE, "Ukrainian" ) )

Scopus records = 704 Document types

English language only Articles: 506
Reviews: 136
Book chapters: 41
Others: 21

Retrieve results

Filter by document type Articles + Reviews = 642
Filter titles and keywords Matched the retrieve topic

Filter full text Final screening result

Data analysis

—— s VOSviewer Bibliometrix R
Bibliometrics software

Analysis content el deayineie

Overall publication trend
Subject catogary
Keyword clustering

Top 10 journals

Highly cited papers

Fig. 2. Flowchart of bibliometric analysis.
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disciplinary research fields [9].

A structured keyword-based search strategy was applied within the
title, abstract, and keyword fields to retrieve relevant publications pub-
lished between 2021 and 2026. The initial search identified 704 rec-
ords. To maintain consistency and data quality, only English-language
publications were included, while irrelevant and non-matching records
were excluded through a systematic screening process.

The retrieved publications were categorized by document type,
including articles, review papers, book chapters, and other publication
formats. For the final bibliometric evaluation, only research articles and
review papers were considered due to their strong scientific relevance,
resulting in a refined dataset of 642 publications.

The final dataset was analyzed using VOSviewer and Bibliometrix
(R package) to assess publication growth, citation trends, journal
productivity, subject categories, keyword relationships, collaboration
networks, and influential research contributions. This approach pro-
vides a clear quantitative understanding of the research development
and emerging directions in semiconductor photocatalytic degradation.

Results and discussion

Article Type Distribution. The document type analysis reveals
that research articles (Fig. 3(a)) constitute the largest proportion of
publications in this field, accounting for 71.9% of the total dataset. This
dominant share indicates that experimental and original scientific inves-
tigations remain the primary driving force in research on photocatalytic
degradation using semiconductor nanomaterials.

I Article 200 o)
(a) I Review 1804 I Publications 500
0.6% 0.1% I Book chapter —s— Citations
‘ 0.1% il
29 0.1% [ Conference paper
5.8% [ Retracted - 400
HR 140 4
[ Short survey "
I Erratum £ 1204 2
19.3% [ Conference review & 300.2
< 100 =
= =
= 804 @]
A 200
60 4
W 100
204
0
2021 2022 2023 2024 2025 2026
71.9% Year

Fig. 3. Publication trends during 2021-2026 using Scopus data (a) Type of documents, and (b) number of documents with citations.

Review articles represent the second largest category with 19.3%,
reflecting growing academic interest in summarizing existing
knowledge, identifying research gaps, and highlighting future opportuni-
ties. Book chapters (5.8%) and conference papers (2.0%) contribute
comparatively smaller proportions, suggesting moderate dissemination
through academic books and scientific meetings. Other document cate-
gories, including retracted papers, short surveys, errata, and confer-
ence reviews, collectively account for only a minimal fraction of the total
publications. Overall, the distribution demonstrates that this research
area is strongly supported by peer-reviewed original research, with
review literature also playing an important role in shaping scientific
understanding.

Trends of publications. The annual publication and citation analy-
sis demonstrates a strong and consistent growth (Fig. 3(b)) in research
activity related to photocatalytic degradation using semiconductor nano-
materials during the study period. The number of publications increased
steadily from 2021 to 2023, indicating growing scientific interest and
expanding research efforts in this area. The publication output reached
its highest level in 2023, reflecting intensified global attention toward
semiconductor-based photocatalytic technologies for environmental
remediation.

Citation performance also showed a clear upward trend from 2021
to 2025, suggesting that the published studies gained increasing aca-
demic recognition and influence over time. The highest citation count
observed in 2025 highlights the strong impact and relevance of re-
search contributions in this field. This continuous rise in citations
demonstrates the increasing importance of semiconductor nanomateri-
als in addressing wastewater treatment and environmental sustainabil-

ity challenges.

A noticeable decline in both publication and citation counts appears
in 2026; however, this reduction should be interpreted cautiously, as
the data collection was performed during an incomplete publication
year. Therefore, the lower values for 2026 do not necessarily indicate a
decrease in research interest but rather reflect partial annual data avail-
ability.

Overall, the observed publication and citation patterns confirm the
rapid expansion, growing scientific impact, and sustained global re-
search momentum in the field of semiconductor nanomaterial-based
photocatalytic degradation.

Subject Category Distribution. The subject category analysis
highlights the strongly multidisciplinary nature of research on photo-
catalytic degradation using semiconductor nanomaterials (Fig. 4(a)).
Among all research domains, Environmental Science represents the
most dominant field, contributing the highest number of publications.
This strong presence reflects the primary application of semiconductor
photocatalysis in addressing environmental challenges, particularly
wastewater purification and pollutant remediation.

The second most significant contribution originates from Agricultur-
al and Biological Sciences, indicating growing interest in the application
of photocatalytic technologies for agricultural wastewater management,
biological contaminant treatment, and sustainable environmental prac-
tices. Chemical Engineering, Energy, Chemistry, and Engineering also
show substantial research activity, emphasizing the technological and
scientific importance of semiconductor nanomaterials in catalyst design,
reaction engineering, energy-efficient treatment systems, and chemical
transformation processes.
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Materials Science contributes a moderate but important share, reflect-
ing ongoing efforts in the synthesis, structural optimization, and perfor-
mance enhancement of advanced semiconductor photocatalysts.
Smaller yet meaningful contributions are observed from Earth and
Planetary Sciences, Biochemistry, Genetics and Molecular Biology, and
Medicine, demonstrating the broader scientific relevance of photocata-
lytic materials beyond conventional environmental applications.
Overall, the distribution confirms that photocatalytic degradation using
semiconductor nanomaterials is a highly interdisciplinary research field,
integrating environmental protection, materials innovation, chemical
sciences, and engineering solutions to develop sustainable approaches
for pollution control and water treatment.

Keyword Analysis

The keyword co-occurrence network (Fig. 4(b)) provides insight
into the major research themes and conceptual relationships [10] within
the field of photocatalytic degradation using semiconductor nanomateri-
als. The most dominant keywords, including photocatalysis, nano-
materials, and photocatalytic degradation, occupy central positions in
the network, reflecting their fundamental importance in this research
area. The analysis also reveals several interconnected thematic clus-
ters representing distinct research directions, such as pollutant degra-

dation and water treatment, semiconductor material engineering, green
synthesis approaches, and advanced nanocomposite development.
Common terms such as dye degradation, heterojunction, ZnO, quan-
tum dots, graphene oxide, and water treatment further demonstrate a
strong focus on material optimization and environmental remediation
applications. Overall, the clustering pattern confirms the multidiscipli-
nary and rapidly evolving nature of this research field.

Leading Journals

The journal productivity analysis (Table 1) identifies the leading
publication sources contributing to research on photocatalytic degrada-
tion using semiconductor nanomaterials. Ceramics International emerg-
es as the most productive journal in terms of publication count, while
Chemosphere demonstrates the highest citation impact, indicating
strong scientific influence in the field. Joumals such as Journal of Envi-
ronmental Chemical Engineering, RSC Advances, and Journal of Alloys
and Compounds also show significant contributions, reflecting the inter-
disciplinary nature of this research area spanning materials science,
chemistry, and environmental engineering. Overall, the presence of
high-impact journals confirms the growing academic importance and
global research interest in semiconductor-based photocatalytic technol-
ogies.

Top 10 most productive journals (Data are obtained from Scopus) feble
Journal Total publi-  Impact h-Index Total cita-  Average Initial year in
cations Factor tions citations the dataset
per paper
Ceramics International 24 5.6 1" 428 17.83 2021
Journal of Environmental Chemical Engineering 21 7.2 13 661 3148 2021
Chemosphere 17 15 1063 62.53 2021
Journal of Alloys and Compounds 14 6.3 8 225 16.07 2021
Environmental Science and Pollution Research 14 10 396 28.29 2021
RSC Advances 12 46 10 350 2917 2021
Materials Chemistry and Physics 1 47 7 161 14.64 2022
Journal of Materials Science: Materials in Electronics 10 28 5 191 19.10 2021
Materials 10 3.2 6 165 16.50 2021
Inorganic Chemistry Communications 10 54 7 409 40.90 2023

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026



INDUSTRIAL SAFETY AND ENVIRONMENT

Most cited articles. The analysis of highly cited publications
(Table 2) highlights the most influential studies shaping research in
photocatalytic degradation using semiconductor nanomaterials. The top
-cited papers primarily focus on organic pollutant degradation, TiO,
nanostructures, adsorption-assisted photocatalysis, advanced nano-
composite materials, and green synthesis approaches. Review articles

and innovative experimental studies both demonstrate strong citation
impact, reflecting their importance in guiding scientific progress. The
presence of publications in well-established journals such as Chemo-
sphere, Chemical Engineering Journal, Materials Today Chemistry, and
Journal of Hazardous Materials further emphasizes the high research
quality and global significance of this field.

Table 2
Top 10 highly cited papers in the field of photocatalytic degradation using semiconductors nanomaterials
No. Title Author Journal Cited by Year

1 Trends in photocatalytic degradation of organic dye pollu-  Lanjwani M.F.  Inorganic Chemistry Communica- 331 2024
tants using nanoparticles: A review tions

2 Hydrothermal synthesis of TiO2 nanorods: formation Gupta T. Materials Today Chemistry 267 2021
chemistry, growth mechanism, and tailoring of surface
properties for photocatalytic activities

3 Photocatalysis vs adsorption by metal oxide nanoparticles Qumar U. Journal of Materials Science and 237 2022

Technology

4  Degradation of toxic agrochemicals and pharmaceutical Saravanan A.  Environmental Pollution 203 2022
pollutants: Effective and altemative approaches toward
photocatalysis

5  Bismuth-based nanostructured photocatalysts for the Oladipo A.A. Beilstein Journal of Nanotechnol- 195 2023
remediation of antibiotics and organic dyes ogy

6  Novel hierarchical carbon quantum dots-decorated BiOCI Zhou Q. Chemical Engineering Journal 195 2021
nanosheet/carbonized eggshell membrane composites for
improved removal of organic contaminants from water via
synergistic adsorption and photocatalysis

7 Volatile organic compounds (VOCs) removal by photo- Almaie S. Chemosphere 180 2022
catalysts: A review

8  Advances in transition metal dichalcogenide-based two- Monga D. Materials Today Chemistry 158 2021
dimensional nanomaterials

9  Green synthesis of zinc oxide nanoparticles using Brassi- ~ Manojkumar U.  Chemosphere 155 2023
ca oleracea var. botrytis leaf extract: Photocatalytic, anti-
microbial and larvicidal activity

10 Multifunctional ZnO nanoparticles bio-fabricated from Nguyen D.T.C.  Journal of Hazardous Materials 147 2021
Canna indica L. flowers for seed germination, adsorption,
and photocatalytic degradation of organic dyes

Note: Citation data retrieved from Scopus on May 11, 2026.
Trends and future perspectives. The bibliometric findings indi-  materials, adsorption-assisted photocatalysis, and visible-light-

cate that research on photocatalytic degradation using semiconductor
nanomaterials has experienced remarkable growth in recent years,
driven by increasing global concem over water pollution and the de-
mand for sustainable environmental remediation technologies. The
steady rise in publication output and citation impact reflects strong
scientific interest in developing efficient photocatalytic systems for
pollutant removal. Current research trends show a clear transition from
conventional single-component semiconductor materials toward more
advanced architectures such as heterojunctions, nanocomposites,
quantum dots, graphene-based hybrids, and defect-engineered photo-
catalysts, aimed at overcoming limitations such as rapid charge recom-
bination and limited visible-light activity [11].

Keyword clustering further suggests that future investigations will in-
creasingly focus on green synthesis approaches, multifunctional nano-

responsive semiconductor systems to improve photocatalytic efficiency
and environmental compatibility. The integration of photocatalysis with
emerging technologies such as energy harvesting, smart environmental
monitoring, and hybrid wastewater treatment systems may also be-
come an important research direction [12].

Despite substantial scientific progress, challenges remain in translating
laboratory-scale success into practical large-scale applications. Future
research should emphasize cost-effective material synthesis, catalyst
stability, real wastewater testing, long-term reusability, toxicity assess-
ment, and industrial-scale implementation. Greater interdisciplinary
collaboration between materials scientists, chemists, environmental
engineers, and industry stakeholders will be essential for accelerating
the development of practical semiconductor photocatalytic technologies
for sustainable water purification [13].Top of Form
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Conclusion

This bibliometric analysis provides a comprehensive overview of
global research progress in photocatalytic degradation using semicon-
ductor nanomaterials. The findings reveal a clear and sustained in-
crease in publication output and citation impact, reflecting the growing
scientific importance of semiconductor-based photocatalytic technolo-
gies for environmental remediation. Research activity is strongly driven
by original scientific investigations, with environmental science, chemis-
try, engineering, and materials science emerging as the major contrib-

uting disciplines. Keyword mapping further highlights important re-
search directions, including pollutant degradation, water treatment,
heterojunction engineering, green synthesis, and advanced nanocom-
posite development. The identification of leading journals and highly
cited publications demonstrates the strong academic influence and
multidisciplinary expansion of this field. Overall, the study confirms that
semiconductor nanomaterial-based photocatalysis remains a rapidly
evolving and promising research area with significant potential for sus-
tainable wastewater treatment and future environmental applications.
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PHASE AND ELEMENTAL CHARACTERIZATION OF
HIGH-CHROMIUM STEEL SLAG FOR INDUSTRIAL UTILIZATION

B.T. Mardonov, M.Kh. Sayfidinova

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. The Navoi Machine-Building Plant produces 70-90 tons of high-chromium 300X steel per month. Of this amount, 15-25% is converted into slag, generat-
ing 10.5-22.5 tons of waste per month (126-270 tons annually), for which no defined end use currently exists. This study aims to characterize the phase composition
and elemental distribution of the slag and to establish potential directions for its industrial utilization. Slag samples collected following routine production campaigns were
analyzed using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) and X-ray diffraction (XRD). SEM-EDS revealed a hetero-
geneous, three-component microstructure comprising a metallic—carbide phase enriched in Fe (41.68 wt%) and Cr (27.81 wt%), an oxide-silicate matrix containing O,
Si, Mn, and Fe, and a carbonaceous phase containing up to 53.38 wt% C. XRD identified graphite, cristobalite (SiO), a body-centred cubic Fe—Cr solid solution, and
spinel-/eskolaite-type (Fe, Cr, Mn) oxides. A broad amorphous halo further indicated a substantial glassy silicate component. This phase assemblage is inherited from
the parent alloy: excess carbon precipitates as free graphite, while oxidisable elements enter the slag as oxides and silicates. Chromium is concentrated primarily in the
metallic fraction, with only 0.47 wt% present in the silicate matrix. Based on these findings, a utilization scheme is proposed: magnetic separation of the Fe-Cr fraction
for return to the furnace charge; use of the graphite-rich fraction as a carburizer; and application of the silicate fraction in construction materials, abrasives, and wear-
resistant coatings. Chromium leaching should be controlled before the material is used in civil applications. These data provide the first detailed characterization of 300X
steel slag.

Key words: steel slag; high-chromium steel; chromium carbides; free graphite; cristobalite; spinel oxides; X-ray diffraction analysis; energy-dispersive spectrosco-
py; phase composition; magnetic separation; waste recycling; wear-resistant coatings.

YUQORI XROMLI PO'LAT SHLAGINING FAZAVIY VA ELEMENT
TARKIBI TAHLILI VA SANOATDA QAYTA ISHLASH YO'LLARI

B.T. Mardonov, M.X. Sayfidinova

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Navoiy mashinasozlik zavodi har oyda 70-90 t yuqori xromli 300X po'latini ishlab chiqaradi, uning 15-25 %i shlakka aylanadi va natjjada har oyda
10,5-22,5 t (yiliga 126-270 t) chigindi hosil bo'ladi, hozirda undan foydalanish yo'nalishi belgilanmagan. Ushbu tadqiqot mazkur shlakning fazaviy tarkibi va elementlar
tagsimotini tavsiflash hamda uni sanoatda qayta ishlash yo'nalishlarini asoslashga qaratilgan. Muntazam ishlab chiqarish jarayonlaridan keyin olingan shlak namunalari
energiya dispersiv rentgen spektroskopiyasi bilan birgalikdagi skanerlovchi elektron mikroskopiya (SEM-EDS) va rentgen fazaviy tahlil (RFT) usullarida tadqiq qilindi.
SEM-EDS tahlili geterogen uch komponentli mikrostrukturani anigladi: Fe (41,68 mas.%) va Cr (27,81 mas.%) bilan boyigan metall-karbid fazasi, O, Si, Mn va Fe
saqlovchi oksid-silikat matritsa hamda tarkibida 53,38 mas.% gacha C bo'lgan uglerodli faza. RFT natijasida grafit, kristobalit SiO_, hajmiy markazlashgan kubik (HMK)
Fe-Cr qattiq eritmasi va shpinel/eskolait tipidagi (Fe, Cr, Mn) oksidlari aniglandi, keng amorf galo esa sezilarli miqdordagi shishasimon silikat tashkil etuvchining
mavjudligini ko'rsatdi. Ushbu fazaviy tarkib dastlabki qotishmadan meros bo'lib o'tgan: unda ortigcha uglerod erkin grafit ko'rinishida ajralib chiqadi, oksidlanuvchi ele-
mentlar esa shlakka oksid va silikatlar shaklida o'tadi. Xrom asosan metall fraksiyada toplangan, silikat matritsadagi migdori esa atigi 0,47 mas.% ni tashkil etadi. Olin-
gan natijalar asosida foydalanish sxemasi taklif etiladi: Fe-Cr fraksiyasini shixtaga qaytarish uchun magnit separatsiya, grafitga boy fraksiyadan karburizator sifatida
foydalanish hamda silikat fraksiyasini qurilish materiallari, abraziviar va eyilishga chidamli goplamalarda qo'llash. Fuqarolik magsadlarida qo'llashdan oldin xromning
yuvilib chigishini nazorat gilish tavsiya etiladi. Olingan ma'lumotlar 300X po'lat shlagining birinchi batafsil tavsifini beradi.

Kalit so‘zlar: po'lat shlaki; yugori xromli po'lat; xrom karbidlari; erkin grafit; kristobalit; spinel oksidlari; rentgen fazaviy tahlil; energiya dispersiv spektroskopiya;
fazaviy tarkib; magnit separatsiya; chigindilarni qayta ishlash; eyilishga chidamli qoplamalar.
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®A30BbIV U SNEMEHTHbIA AHANK3 LUINAKA BbICOKO-
XPOMUCTOU CTANKU AnA NPOMbILLNEHHOW NEPEPABOTKHU

MapgoHos B.T., CaitdmanHoa M.X.

HaBouiickuin rocynapCTBEHHbIN FOPHO-TEXHOMOTMYECKU yHUBEpCUTET, Pecnybnuka Y3bekuctan

AHHOmayus. Hasoutickuli mawuHocmpoumerbHbIli 3a800 exemecsyHo npousgodum 70-90 moHH ebicokoxpomucmoli cmasnu mapku 300X, u3 komopbix 15-25%
nepexodum e wnak. Takum obpasom, exemecsyHo obpasyemces 10,5-22,5 moHHbI omxodos (126-270 moHH 8 200), 05151 KOMOpbIX 8 HaCMosILyee 8pems He onpederne-
HO HanpaereHue ucnonb3osaHus. Llens uccnedosaHus — onpedenums ha3osbili cocmas u pacnpedeneHue 3eMmeHmos 8 wiiake, a makxe 0b0cHosamb Hanpasse-
HUs €20 npomMbIwiIeHHol nepepabomku. [Tpobbi wiaka, omobpaHHble Noce NnnaHogbIX NPou3sodcmeeHHbIX KamnaHul, uccredosaHsl Memodamu ckaHupyrowel
3MEKMPOHHOL MUKPOCKONUU C 3Hep2oducnepcuoHHoU peHmeeHosckol cnekmpockonuel (COM-OLC) u penmeeHogasosoeo aHanusa (POA). Memodom COM-34C
ycmaHogreHa 2emepozeHHasi mpExKoMnoHeHmHas mukpocmpykmypa. OHa ekmoyaem Memann-kapbudHyto ¢hasy, oboeawénHyto Fe (41,68 mac.%) u Cr (27,81
mac.%), oKcudHo-cunukamsyro mampuuy, codepxawyto O, Si; Mn u Fe, u yenepoducmyro ¢pasy ¢ codepxaruem C 0o 53,38 mac.%. Memodom POA udeHmugpuyuposa-
Hbl gpagpum, kpucmobanum SiO,, OLIK meépobiti pacmseop Fe—Cr u okcuds! (Fe, Cr, Mn) muna wnurenu/ackonauma. LLlupokoe amopcbHoe 2ano ykasbieaem Ha 3Ha-
yumenbHyro 000 CMeKnogudHol cunnukamHol cocmaensowel. [aHHbil (ha3osbili cocmas yHacrnedosaH om UCX00HO20 cnasa: U3bbimoyHbIl yenepod evidensemes
8 gude c80600H020 2paghuma, a OKUC/ISAeMble 3eMeHMbI nepexodssm 8 wiak 8 gude okcudos U cunukamog. XpoM cocpedomoyeH NPeumMywecmeeHHo 8 Memarude-
cKoli (hpakyuu, a e2o codepxaHue e cunukamxol mampuuye cocmasnsem nuwib 0,47 mac.%. Ha ocHogaHUU nomyyeHHbIX pe3ynbmamos npedioxeHa cxema ymunu3a-
yuu. OHa eknroYaem MaeHUMHYK cenapayuro ghpakyuu Fe—Cr ¢ o3gpamom eé 8 wuxmy, ucnosb3ogaHue epacumcodepxauiell hpakyuu 8 kayecmee Hayenepoxuea-
mens u npuMeHeHue cunukamHol (hpakyuu 8 cmpoumenbHbIX Mamepuanax, abpasusax u usHococmoUlkux nokpsimusx. [leped ucnonb3osaHuem winaka e epaxoaH-
CKOM cmpoumernbcmee pekoMeHdyemcsi KOHmpPOnb BblenadugaHusi Xxpoma. llonyyeHHble daHHble npedcmassnisiom cobol nepsyro OemarnbHyl Xapakmepucmuky
wnaka cmanu 300X.

Kntoqesbie cnoea: winak cmanennasunbHbIl; cmarb 8bICOKOXpOMUCMas; Kapbudsl xpoma; epaghum c8ob00HbIL; Kpucmobanum; wnuHesnbHbIe OKCUdbl; peHmee-

HOGha308bIli aHanus; SHGPZOOUCHGDCUOHHaFI CcnekmpocKonusi; (ha3oebIli cocmas; MagHUMHas cenapayusi; nepepa6omKa omxodos; usHococmodikue NOKPbIMUs.

Introduction

Metallurgical slags represent some of the largest industrial by-
products by mass: approximately 100-150 kilograms of steel slag are
produced for every tonne of crude steel, with tens of millions of tonnes
being stockpiled globally each year [1]. Although established methods
exist for the utilization of slags in civil engineering, cementitious bind-
ers, road foundations, and hydraulic structures, a significant proportion
of slag continues to be disposed of in landfills, thereby occupying land
and posing environmental risks [1, 2]. The mineralogical composition of
steel slags—including calcium silicates, calcium aluminoferrites, wiistite
-type oxides, the so-called RO phase (solid solutions of Fe, Mn, Mg
oxides), and free oxides—determines both their utility as secondary
resources and the limitations associated with their application. Notably,
heavy metal leaching, such as that of chromium, remains a concem in
this context [3, 4].

A particular category of slags is generated during the manufactur-
ing and utilization of high-carbon, high-chromium alloys. Steel 300X
(300Cr) is classified within the group of highly alloyed, wear-resistant
materials comprising approximately 3 wt% carbon, with chromium serv-
ing as the primary alloying element. Such compositions are employed
for hardfacing components subjected to severe abrasive wear and are
analogous in nature to high-chromium white cast irons, whose service
characteristics are attributed to chromium carbides and a carbide-
reinforced matrix [5, 6]. An excess of carbon beyond the solubility limit
in the alloy results, during solidification and cooling, in the formation of
eutectic chromium carbides and free graphite, whereas the oxidizable
constituents (Fe, Cr, Mn, Si) are partially transferred into the slag as
oxides and silicates [5, 6].

At the Navoi Machine-Building Plant, the monthly production of
steel 300X ranges from 70 to 90 tons. Of this quantity, approximately
15-25%, which equates to 10.5-22.5 tons per month (126-270 tons
annually), is generated as slag. Presently, this slag is accumulated

without a specified destination; however, it is reasonable to hypothesize
that it may contain a recoverable fraction of Fe~Cr metallic (carbide),
free carbon, and a hard silicate—oxide matrix that could be suitable for
use in construction and abrasive applications. Nonetheless, there is a
lack of published data on the phase composition and elemental distri-
bution within the 300X slag, which impedes the formulation of a scientif-
ically grounded recycling strategy. Consequently, the objectives of this
study are (i) to characterize the elemental distribution in the slag utiliz-
ing scanning electron microscopy combined with energy-dispersive X-
ray spectroscopy (SEM-EDS), (i) to identify its crystalline and amor-
phous phases through X-ray diffraction (XRD), and (iii) to delineate
potential pathways for the environmentally and economically rational
utilization of the slag as a secondary material resource.

Materials and Methods

Material and Sampling. Slag samples were collected from the slag
yard of the Navoi Machine-Building Plant subsequent to routine produc-
tion campaigns of steel 300X, which has a monthly output of 70-90
tons and a slag yield of 15-25%. The slag appeared grey-black, dense,
with a conchoidal fracture and contained metallic-lustre inclusions.
Representative samples were obtained through cone-and-quartering
methodology; one portion was crushed and ground for XRD analysis,
while another was mounted in epoxy, then ground and polished for
SEM-EDS examination.

SEM-EDS analysis was conducted for microstructural observation
and elemental analysis utilizing a scanning electron microscope
equipped with an Oxford Instruments Ultim Max 100 mm? energy-
dispersive detector (secondary electron mode). The acquisition param-
eters, which were consistent across all sites, included a live time of 108
seconds, a process time of 5 seconds, an incident beam elevation of
35°, an image resolution of 1024 x 704 pixels, a pixel size ranging from
0.01 to 0.04 pym, a dwell time of 10 microseconds per pixel for imaging,
and 150 microseconds for elemental mapping (comprising three com-
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plete frames). Quantitative data were obtained through standardless
quantification methods that encompassed carbon and oxygen. Three
characteristic sites were analyzed: Site 1, a bright metallic grain; Site 2,
the grey oxide-silicate matrix; and Site 3, a dark carbonaceous inclu-
sion (Figures 2 and 3). The summation of the measured compositions
ranged from 99.99 to 100.00 wt%, thereby confirming the internal con-
sistency of the quantification.

XRD analysis utilized a diffractometer with Cu Ka radiation (A =
15406 A) over 20 = 5-65°. Interplanar spacings were calculated using
the Bragg equation, and phases were identified by comparing with
standard reference patterns. The accuracy of the d-values was verified
through back-calculating 20 from the Bragg equation, with deviations
limited to 0.05°.

According to the journal's policy, the authors disclose that Al
chatbot Qwen (Alibaba Cloud) was used only to organize the manu-
script, refine language, and ensure formatting matches the journal
template. All experimental data, interpretations, and conclusions were
produced by the authors, who are entirely responsible for the content.

Results

Elemental distribution analyzed by SEM-EDS reveals a heteroge-
neous three-component microstructure in the polished sections (Figure
2). The corresponding quantitative data are presented in Table 1.

Site 1 (metallic—carbide grain) mainly comprises Fe (41.68%), Cr
(27.81%), and C (28.92%), along with small amounts of Si and Ni,
indicating chromium-alloyed iron with chromium carbides and carbon-
rich material. Site 2 (matrix) is an oxidized zone enriched with O
(34.62%), C (26.28%), Si (13.71%), Mn (11.89%), and Fe (10.82%),
plus minor Al, Ca, Mg, Na, K, Ti, S, and Cr; it consists of an oxide—

Table 1
Quantitative EDS results of characteristic sites in
300X steel slag, wt%

Element Site 1 Site 2 Site 3
(s 28.92 26.28 53.38
(0] - 34.62 28.17
Na - 0.15 -

Mg - 0.15 -
Al - 0.86 0.41
Si 0.59 13.71 12.04
S 0.05 0.08 -
K - 0.14 -
Ca - 0.68 0.24
Ti - 0.14 0.04
Cr 27.81 0.47 0.17
Mn - 11.89 2.97
Fe 41.68 10.82 2.58
Total 100.01 99.99 100.00

silicate mixture intertwined with carbonaceous material. Site 3 is pri-
marily composed of carbon (53.38%) with O (28.17%), Si (12.04%), Mn
(2.97%), and Fe (2.58%), signifying the presence of free graphite with
silicate inclusions. The phase composition determined by XRD shows a
broad amorphous halo at 20 = 8-14° and five diffraction reflections
(see Table 2 and Figure 1).

Table 2

XRD peak positions and phase assignment for 300X steel slag (Cu Ka)

20,° d, A Relative intensity Assignment
9.39 9.409 weak layered/hydrated silicate on amorphous halo
21.97 4.042 strong cristobalite SiO, (101)
26.53 3.357 strong graphite (002)
36.09 2.487 medium spinel/eskolaite-type (Fe, Cr, Mn) oxides
44.69 2.026 medium bce Fe—Cr solid solution (110)
XRD Diffractogram — Steel 300Cr / 300X
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“ (32;'57,\)
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3 6000 1
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Fig. 1. X-ray diffraction pattern of 300X steel slag (Cu Ka radiation).
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Fig. 2. SEM images of 300X steel slag with EDS analysis sites 1-3.
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Fig. 3. EDS elemental maps of 300X steel slag (C, O, Si, Cr, Mn, Fe).

The reflection observed at 26.53° (d = 3.357 A) is indicative of the
(002) plane in graphite. The peak at 21.97° (d = 4.042 A) pertains to
the (101) plane of cristobalite, a high-temperature silica polymorph. The
reflection at 44.69° (d = 2.026 A) corresponds to the (110) plane of a
body-centered cubic iron-based (Fe-Cr) solid solution. The peak at
36.09° (d = 2.487 A) is attributable to oxide phases such as spinel (Fe,
Mn)(Cr, Fe),0,, eskolaite (Cr, Fe),03, or wiistite (Fe, Mn)O. Further-
more, a faint, low-angle reflection at 9.39° (d = 9.409 A), superimposed
on the amorphous halo, indicates the presence of minor layered
(hydrated) silicates and a glassy silicate matrix.

Discussion

The interpretation of the phase assemblage indicates that the
300X slag constitutes a three-component system, as demonstrated by
combined SEM-EDS and XRD data. These components include (i)
droplets of the residual Fe-Cr-C metallic phase with chromium car-
bides, (i) free graphite, and (jii) an oxidized silicate—oxide matrix con-
taining cristobalite, spinel/eskolaite-type oxides, and a glassy phase.
The metallic fraction (Site 1) reflects the composition of the parent
alloy, with a chromium content of approximately 28% in the metallic
grains, which is characteristic of high-chromium hardfacing alloys within
the 300X family. In such alloys, wear resistance is primarily conferred
by M;C3/M,3Ce-type chromium carbides. The EDS measurements of
carbon (26-53%) likely overestimate actual values due to EDS's limited
accuracy for light elements and surface contamination. Nonetheless,
XRD confirmation of the graphite (002) reflection demonstrates that a
significant amount of excess carbon in the alloy—around 3%, which
exceeds the capacity for carbide formation during slow cooling—
precipitated as free graphite. The oxide-silicate matrix forms from the
oxidation of Si, Fe, Mn, and Cr during slag formation: silica appears as
cristobalite, while Fe, Mn, and Cr create solid solutions resembling

spinel, eskolaite, and wiistite, aligning with mineralogy typical of steel
slags [3, 4]. The amorphous halo and the 9.4 A reflection suggest a
glassy silicate matrix with minor hydration products formed during out-
door storage [4].

Implications for Utilization. The identified assemblage delineates
three routes for valorization. Firstly, the ferromagnetic and dense frac-
tion comprising metallic Fe~Cr and carbides can be processed through
crushing followed by dry or wet magnetic separation, resulting in an Fe
—Cr concentrate suitable for reintegration into the furnace charge or for
the fabrication of hardfacing electrodes and powder wires, thereby
directly closing the material loop within the plant [1, 2]. Secondly, the
graphite-rich fraction may be employed as a carburizer in steelmaking
or as a reductant, which is especially advantageous considering the 26
-53% carbon content observed in the respective zones. Thirdly, the
hard silicate—oxide matrix, consisting of cristobalite, spinels, and glass,
characterized by increased hardness due to dispersed carbide and
oxide inclusions, serves as a prospective aggregate for heavy concrete
and asphalt concrete. It also functions as an abrasive and blasting
material, as well as a feedstock for wear-resistant coatings applied
through re-melting, thus replicating the wear-resistant properties of the
parent 300X alloy [1-3, 6]. The high hardness and brittleness inherited
from the carbide-bearing parent alloy support abrasive applications but
preclude structural uses that demand toughness. Environmental Con-
straint: Chromium-bearing slags necessitate monitoring of chromium
leaching, as the oxidation of Cr(lll) to the more mobile Cr(VI) consti-
tutes the primary environmental concern associated with steel slag [4].
Although the chromium content in 300X slag is primarily retained within
stable spinelleskolaite-type oxides and the metallic fraction, it is imper-
ative to conduct leaching tests in accordance with international proto-
cols prior to the release of the silicate fraction for civil applications.
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Limitations and avenues for future research include: the semi-
quantitative nature of Energy Dispersive Spectroscopy (EDS) for car-
bon and oxygen, the qualitative (non-Rietveld) nature of the X-ray Dif-
fraction (XRD) phase identification, and the analysis confined to a sin-
gle production campaign. Future investigations should encompass
quantitative phase analysis, leaching tests, pilot-scale magnetic sepa-
ration with recovery balances, and trials of the silicate fraction in con-
crete and wear-resistant coatings.

Conclusion

The findings of this study indicate that slag generated during the
production of high-chromium 300X steel at the Navoi Machine-Building
Plant, at a rate of 10.5-22.5 tonnes per month (126-270 tonnes per
year), should be considered a valuable secondary raw material rather
than industrial waste. Combined SEM-EDS and XRD analyses estab-
lished that the slag is a heterogeneous, three-component system com-
prising a metallic-carbide Fe-Cr phase (41.68 wt% Fe, 27.81 wt% Cr),
free graphite (up to 53.38 wt% C), and an oxide-silicate matrix en-
riched in O, Si, Mn, and Fe. XRD confirmed the presence of graphite
(002), cristobalite SiO, (101), a bcc Fe—Cr solid solution (110), spinel/
eskolaite-type (Fe, Cr, Mn) oxides, and a glassy silicate phase, as

indicated by a broad amorphous halo.

This phase assemblage is directly inherited from the parent alloy.
During slow cooling, excess carbon (approximately 3 wt%) precipitates
as free graphite, while oxidizable elements (Si, Fe, Mn, and Cr) are
incorporated into the slag as cristobalite, spinel-type oxides, and glass.
Chromium is concentrated primarily in the metallic—carbide fraction,
with only 0.47 wt% present in the oxide-silicate matrix.

On this basis, a three-route utilisation scheme is proposed: mag-
netic separation of the Fe—Cr fraction for return to the furnace charge or
production of hardfacing materials; use of the graphite-rich fraction as a
carburiser or reductant; and application of the hard silicate—oxide frac-
tion in concrete aggregates, abrasives, and wear-resistant coatings.

Further research should encompass quantitative phase analysis,
standardized leaching tests, pilot-scale magnetic separation with recov-
ery balances, and trials assessing the use of the silicate fraction in
construction and coating materials. The data obtained provide the first
detailed characterization of 300X steel slag and establish a scientific
foundation for its environmentally safe and economically viable recy-
cling.
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YUQORI KUCHLANISHLI HAVO ELEKTR UZATISH LINIYALARIDA
TOJLANISH HODISASINI MONITORING QILISHNING NAZARIY
ASOSLARI

A.N. Tovboyev, |.B. Tog‘ayev

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu maqolada yuqori kuchlanishli havo elektr uzatish liniyalarida tojlanish bilan bog'liq jarayonlarni monitoring qilish, elektr energiyasini uzatish
tizimlarining ishonchliligi, energetik samaradorligi va ekspluatatsion barqarorligini ta'minlashga qaratilgan kompleks ilmiy-texnik masalalar tahlil gilinadi. Shuningdek,
tojlanish hodisasini ishonchli aniglash uchun elektr, elektromagnit, akustik, optik va meteorologik nazorat kanallarini 0zaro integratsiyalashga asoslangan ko'p parametrli
monitoring konsepsiyasi taklif etiladi. Monitoring tizimida yuqori chastotali elektromagnit impulslar, ultratovush signallari, ultrabinafsha nurlanish intensivligi, tojlanish toki,
faza kuchlanishi, aktiv quvvat isrofi va atmosfera ko'rsatkichlarini sinxron qayd etish nazarda tutilgan. Olingan signallarni filtrlash, normallashtirish, spektral tahlil qilish va
diagnostik belgilar bo'yicha tasniflash orqali tojlanishning boshlanish bosqichi, rivojlanish darajasi va energetik ogibatlarini baholash imkoniyati ko'rsatib berildi. Nazariy
tahlil natijasida tojlanish holatini faqat bitta o‘lchash parametri asosida baholash yetarli ishonchlilikni ta’'minlamasligi, monitoring natijalarining aniqligini oshirish uchun
turli fizik tabiatga ega diagnostik signallarni birlashtirish zarurligi aniglangan. Taklif etilgan yondashuv yuqori kuchlanishli havo elekir uzatish liniyalarida tojlanishdan kelib
chiqadigan elektr energiyasi isroflarini operativ baholash, xavfli maydonlarni aniglash, o‘tkazgichlarning texnik holatini bashoratlashtirish, profilaktik xizmat ko'rsatish
muddatlarini optimallashtirish hamda elekir energiyasini uzatish samaradorligini oshirish uchun nazariy asos bo'lib xizmat qilishi ilmiy asoslab berildi. Bundan tashqari,
monitoring ma’lumotlarini kompleks qayta ishlash asosida tojlanish faolligining atmosfera namligi, harorat, shamol tezligi va ishchi kuchlanish bilan o’zaro bogligligini
aniglash imkoniyati asoslandi. Ushbu yondashuv real vaqt rejimida diagnostika aniqligini oshirish, avariya xavfini erta aniglash va liniyalarning ekspluatatsion resursidan
yanada samarali foydalanish imkonini beradi. Olingan natijalar elektr tarmoqlarida raqgamli monitoring, prediktiv diagnostika va energiya isroflarini boshqarish tizimlarini
takomillashtirishda amaliy ahamiyat kasb etadi.

Kalit so‘zlar: tojlanish, monitoring, tojlanish toki, tojlanish monitoring indeksi, tegishli parametrning vazn koeffitsiyenti, yuqori kuchlanish, havo elektr uzatish liniyasi,
elektromagnit signal, akustik signal, ultrabinafsha nurlanish, meteorologik parametrlar, elektr energiyasi isrofi.

TEOPETUHECKUE OCHOBbI MOHUTOPWUHI'A NMPOLIECCOB
KOPOHHOI'O PA3PAOA HA BbICOKOBOJbTHbIX BO3YLIHbIX
NMHUAX SNEKTPOMNEPEOAYN

Tos6aes A.H., Toraes U.B.

HaBowiickuii rocyaapCTBEHHbIi FOPHO-TEXHOMOTMYECKuiA yHUBEpCUTET, Pecnybruka YabekuctaH

AxHomauus. B 0aHHoU cmambe aHanusupyemcsi KOMNIeKC HaydHO-MexXHUYecKux 3aday, cef3aHHbIX C MOHUMOPUH20M NPOUECcco8 KOPOHHO20 pa3psda Ha
8bICOKOBOMbMHbIX 8030YWHbIX TUHUSIX 3nekmponepedayu U HanpasneHHbIX Ha obecneyeHue HadexXHOCMU, IHepeemuyeckoll IGHeKmMuUHOCMU U SKCNITyamayuoH-
Holl yemolyugocmu cucmem nepedadu anekmpudeckol 3Hepauu. Kpome moeo, npednoxeHa KoHuenyusi MHo2onapamempu4ecko20 MOHUMOPUH2a, 0CHO8aHHas Ha
UHMe2payuu 31eKmpuUYecKux, 3MeKmpoMagHUMHbIX, aKycmu4eckux, ONMUYeCKUX U Memeopoio2u4eckux KaHarnos KOHMpOIs ¢ Uenbio Ha0eXHO20 8bIA8MNEHUS KOPOH-
H020 pa3psida. B cucmeme mMoHUMOPUH2a NpedycmMampueaemcs CUHXPOHHas PeuCmpayUs 8bICOKOYaCMOMHbIX 3IEKMPOMazHUMHbIX UMNYITEC08, YiibMmpPa3eyKosbiX
CU2HaIi08, UHMEHCUBHOCMU yibmpaghuoemoso20 U3nyyeHus, Moka KOPOHHO20 pa3psida, (hasHo20 HaNPSKEHUs, Nomepsb akmueHOU MOWHOCMU U @mMOCHEepHbIX
napamempos. [Toka3aHa 803MOXHOCMb OUEHKU HayabHOU cmaduu 803HUKHOBEHUS KOPOHHO20 pa3psda, CMeneHu e20 passumus U 3Hepaemuyeckux nocnedcmeul
nocpedcmeom hubmpayuu, HopManu3ayu, CnekmpanbHo20 aHanusa U Kaccugukayuu NomyYeHHbIX cugHanos no duasHoCmu4YeckuM npusHakam. B pesynbmame
Meopemu4ecKo20 aHanu3a ycmaHo8MeHO, YMo OLeHKa COCMOSHUS KOPOHHO20 pa3psda mobko no 00HoOMY u3MepsieMoMy napamempy He obecnedusaem docma-
moyHoli docmosepHocmu, ecnedcmeue Ye20 Ol NO8bILEHUS MOYHOCMU Pe3y/lbmamog MOHUMOPUHaa Heobxodumo 06beduHeHue OUasHOCMUYECKUX CU2Hao8
pasnuyHoU gpusuyeckoll npupodbl. HayyHo 060cHo8aHO, Ymo npednoxeHHbIU No0X00 MoXem CryXumbs meopemuyeckol 0CHOBOU 01151 onepamusHOU OUEHKU nomephb
3neKmpuUYecKol SHepauU, 8bI38aHHbIX KOPOHHBIM Pa3PAOOM Ha 8bICOKOBOTbMHbIX 8030YWHbIX JUHUSIX 3neKmponepedayu, 8bI8MEHUS ONaCHbIX y4acmKos, NPOSHO3U-
POBaHUS MEXHUYECKO20 COCMOSAHUS NP08o008, ONMUMU3AUUU CPOKO8 NPoghunakmu4yeckoeo mexHUYecko20 0bCyxusaHUs U nosbILeHus aghpekmusHocmu nepeda-
yu anekmpuyeckol sHepauu. Kpome mozo, 06ocHosaHa 803MOXHOCMb onpedeneHus 83aUMOCss3U akmuUBHOCMU KOPOHHO20 pa3psada ¢ ammOoCepHOU 8MaXHOCMBIO,
memnepamypol, CKOPOCMbI0 8empa U paboyum HanpsiXeHUeM Ha OCHOBe KOMNIeKCHOU 0b6pabomku OaHHbIX MOHUMOpUHea. [pednacaembili nodxod nosgonsem
NoBbICUMb MOYHOCMb QUAZHOCMUKU 8 PEXUME pearnbHO20 8peMeHu, 0becneyums paHHee ebIsineHue agapuliHo onacHbIx cocmosHUll u bonee aghghekmugHo uc-
nonb308amb 3KCNyamayuoHHbIU pecypc nuHul snekmponepedadu. [lonyyeHHbie pesynbmamb| UMem npakmu4deckoe 3HayeHue O Co8epuIeHCMB08 aHuUsi cucmem
4Ughpo80o20 MOHUMOPUH2a, NPeAUKMUBHOU AuazHOCMUKU U ynpasneHus Nomepsmu 31eKmpUYecKoll 3HepauU 8 31eKMPUYECKUX Cemsx.

Knroyesbie cnosa: KoporHbili pa3psid, MOHUMOPUHE, MOK KOPOHHO20 paspsda, UHOEKC MOHUMOpPUHaa KOPOHHO20 pa3psda, 8ecosoll KoaghguyueHm coomeem-
cmeylowe20 napamempa, 8bICOKOe HanpsxeHue, 8030yLWHas MUHUS 3nekmponepedayu, 3MeKmpoMaeHUMHbIL CugHal, akycmuyeckuli cugHar, ybmpaguonemosoe
U3fTyqeHue, Memeopoo2u4eckue napamMemps|, NOMepu neKkmpu4eckol sHepauu.
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THEORETICAL FOUNDATIONS FOR MONITORING CORONA
DISCHARGE PROCESSES ON HIGH-VOLTAGE OVERHEAD
TRANSMISSION LINES

A.N. Tovboev, |.B. Togaev

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. This article presents a comprehensive scientific and technical analysis of the problems associated with monitoring corona-discharge-related processes
on high-voltage overhead transmission lines, with particular emphasis on ensuring the reliability, energy efficiency, and operational stability of electric power transmis-
sion systems. In addition, a multiparameter monitoring concept is proposed based on the integrated use of electrical, electromagnetic, acoustic, optical, and meteorolog-
ical monitoring channels for the reliable detection of corona discharge. The monitoring system is designed to provide synchronized acquisition of high-frequency electro-
magnetic pulses, ultrasonic signals, ultraviolet radiation intensity, corona current, phase voltage, active power losses, and atmospheric parameters. The feasibility of
evaluating the inception stage, development level, and energy-related consequences of corona discharge through signal filtering, normalization, spectral analysis, and
classification according to diagnostic features is demonstrated. The theoretical analysis has shown that assessing the corona-discharge state on the basis of a single
measured parameter does not provide sufficient reliability; therefore, diagnostic signals of different physical nature must be integrated in order to improve the accuracy
of monitoring results. It is scientifically substantiated that the proposed approach can serve as a theoretical basis for the real-time assessment of electrical energy loss-
es caused by corona discharge on high-voltage overhead transmission lines, the identification of hazardous sections, prediction of conductor technical condition, optimi-
zation of preventive maintenance intervals, and improvement of electric power transmission efficiency. Furthermore, the possibility of determining the relationship be-
tween corona-discharge activity and atmospheric humidity, temperature, wind speed, and operating voltage through comprehensive processing of monitoring data is
Substantiated.

Key words: corona discharge, monitoring, corona current, corona monitoring index, weighting coefficient of the corresponding parameter, high voltage, overhead
power transmission line, electromagnetic signal, acoustic signal, ultraviolet radiation, meteorological parameters, electrical energy losses.

Kirish n
Elektr uzatish tizimlarining ishonchliligi va energetik samaradorlig- CI() ZZZU,-
ini oshirish uchun tojlanish jarayonini o'z vagtida aniglash, uning =1

Z,(f) _ZiO
Zio

rivojlanish darajasini baholash va elekir energiyasi isroflarini nazorat
gilish muhim ahamiyatga ega. Shu sababli elektr, elektromagnit, akus-
tik, optik va meteorologik parametrlami kompleks qayd etishga
asoslangan ko'p parametrli monitoring tizimlarini ishlab chigish dolzarb
iimiy-texnik masala hisoblanadi. Bunday monitoring tojlanishning bosh-
lanish holatini aniglash, xavfli liniya maydonlami belgilash,
o'tkazgichlaring texnik holatini bashoratlashtirish va xizmat ko'rsatish
samaradorligini oshirish imkonini beradi [1-4]. Yuqgori kuchlanishli havo
liniyasida tojlanish faolligi monitoring parametrlarining ( U (¢) -liniya
kuchlanishining, (t) -faza toklaming, P;(¢) -umumiy quvvat yo‘qotishi,
E, (t)-elektromagnit nurlanish intensivligi, 4, (¢) -akustik signallarning
intensiviigi, K, (t) -atmosfera holatini hisobga oluvchi koeffitsiyent) ka-
bilarning vaqt bo'yicha o'zgarishi orgali baholanib, u quyidagi vektor 1-
ifoda orgali aniglanadi:

U@
1(®)
B (1)
E,, (0
A4 @)

| Ko (0) ]

Z(t) =

Metodlar

Monitoring jarayonini tizimli ifodalash uchun tojlanish holatini
integral indeks orqali ifodalash magsadga muvofig hisoblanadi. Ushbu
indeks ko'p omilli baholashga asoslangan bo'lib, u quyidagi 2-ifoda
orgali aniglanadi:
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bu yerda:
CI (¢) -tojlanish monitoring indeksi;
@, -tegishli parametming vazn koeffitsiyenti;
Z,, -normal ekspluatatsion holatga mos etalon giymat.

Tadqiqot olib borilshda L- Bessopan 220 kV kuchlanishli havo
elektr uzatish liniyasi uchun quyidagi meteo-statistik ishchi holat
o'lchovlarni (1-jadval) asosida gabul gilamiz.

1-jadval
Tojlanish jarayonini baholashda gabul gilingan o‘rtacha
meteo-statistik parametrlar

Parametr Qabul gilindi
Harorat +32C
Atmosfera bosimi 96-97kPa
Namlik 28%

Chang indeksi 0.6

Shamol tezligi 6 m/s

Tojlanish razryadini monitoring gilishda atmosfera koeffitsiyenti
K., ni korreksiyalovchi kompleks koeffitsiyent sifatida X, (¢) =1.12
giymat deb gabul gilish mumkin, chunki qurug havoda havo zichligi va
namlikning pasayishi tufayli tojlanish, odatda, susayadi, biroq o‘tkazgich
sirtidagi chang, ifloslanish va shamol turbulentligi o‘tkazgich atrofidagi
elektr maydon tagsimotining notekisligini kuchaytirib, gisman razryadlar

intensivligini gayta oshiradi [5-6].



POWER ENGINEERING & ELECTRICAL ENGINEERING

Natijalar va ularni muhokama qilish

Zamonaviy tadgiqotlarda o'tkazgich sirti holati tojlanish boshlanishi
va intensivligiga kuchli ta'sir etuvchi omil ekani, ya'ni sirtdagi
zarrachalar va notekisliklar elektr maydoni konsentratsiyasini oshirishi
ko‘rsatilgan. Shovqin darajasi uchun dB va dBA birliklari qo‘llaniladi.
Inson qulog'ining sezgirligiga moslashtiriigan shovgin bahosi dBA
bo'lib, u yuqori kuchlanishli liniyalardagi tojlanish shovginini o‘lchashda
(Elektrotexnika va elektronika muhandislari instituti) standartlarida
qo'llanadi. Yugori kuchlanishli liniyalar uchun qor va quruq sharoitda
shovgin pastrog, yomon ob-havoda esa yugoriroq bo'lishi ma’lum. 220-
330 kV diapazonida shovqin jarajasi taxminan 40-51 dBA darajalar,
ayrim holatlarda esa 52-55 dBA atrofidagi giymatlar gayd etilgan. Shu
sababli £,, (¢)=46 dB, A, (¢) =54 dBA qgiymatlari tojlanish bilan
bog'liq akustk ta'siming real monitoring diapazoni sifatida gabul
gilinishi mumkin. Tojlanish razryadining asosiy tashqi ko'rinishlaridan
biri radioxalaqit va elektromagnit shovgin hisoblanadi [7-9].Tojlanish
hodisasi natijasida ionlashuv va impulsli razryadlar yuzaga kelib,
radiochastotali xalaqitlarni keltirib chigaradi. Tojlanish razryadi akustik

bosim tebranishlarini yuzaga keltirib, eshitiladigan shovginni hosil giladi,
bu aynigsa liniyalarning ekologik va sanitar-gigiyenik bahosida muhim
ko'rsatkichdir. Elektrotexnika va elektronika muhandislari institutining
standart va zamonaviy adabiyotlarda eshitiladigan shovgin tojlanishning
eng muhim tashqi belgilaridan biri sifatida qayd etildi. Kuchlanish
tojlanish boshlanishining eng muhim omillaridan biri bo‘lsa-da, integral
baholashda kuchlanish ko'prog natijaviy parametr emas sababchi
parametr vazifasini bajaradi [10-16]. Ya'ni kuchlanish ortishi tojlanish
boshlanishini kuchaytiradi, lekin tojlanishning zararini amalda ko‘proq P
(aktiv quvvat yo‘qotishi), E (elektromagnit nurlanish yoki elektromagnit
signal intensivligi), A (akustik shovqgin intensivligi) kabi chigish
ko'rsatkichlarini ifodalaydi. Tojlanish monitoringida liniya kuchlanishi,
faza toklari, tojlanish bilan bog'liq quvvat yo‘qotishlari, elektromagnit
nurlanish intensivligi, akustik shovqin darajasi, atmosfera sharoiti
ko'rsatkichlari (harorat, havo namligi, atmosfera bosimi), o‘tkazgich sirti
holati, izolyatsiya elementlarining holati kabilar asosiy parametriari
sifatida xizmat qilishi (1-rasm) asosida shakllandi.

28%

s

30% 1
22%

Kuchlanish

20%
10%

0%

B Tok

B Quvvat

Elektromagnit nurlanish intensivligi

B Akustik shovqin darajasi

30%

12%
8%

-

1-rasm. Tojlanish monitoringida asosiy parametrlarning tarkibiy ulushi

1-rasmga ko'ra, elektromagnit va kuchlanish parametrlari eng
yuqori ulushga ega bo'lib, tojlanish jarayonini aniglashda hal qiluvchi
ahamiyat kasb etadi. Tok, akustik va quvwvat parametrlari esa
yordamchi axborot manbalari sifatida tojlanish hodisasini kompleks
baholash imkonini ta’'minlaydi. Tojlanish jarayonidagi monitoring
ma’'lumotlarini quyidagi 2-jadvalga kiritamiz.

2-jadval

Monitoring parametrlari va kirish ma’lumotlari
Nominal kuchlanish U 220 kV
Liniya uzunligi L 184 km
Havo harorati T 305K
Atmosfera bosimi P 94 kPa
Nisbiy namlik Rn 28 %
O'tkazgich sirtining changlanish indeksi D 0.6
Shamol tezligi v 5mls
Akustik monitoring signali A 54 dBA
Solishtirma tojlanish quvvati Py 3.8 kVt/km

Liniya bo'yicha tojlanish bilan bog'liq umumiy quvvat yoqotishi
quyidagi ifoda orgali aniglanadi:

toj z (t) [{)j (t) L (3)

Bu yerda AF,, ;(#) -vaqt bo'yicha ozgaruvchi solishtirma tojlanish
quvvati, kVt/km, L- -liniya uzunligi, km.
Monitoring sharoitida £, (¢)etalon giymatdan kelib chigib, quyidagi
ko'p omilli korreksiya modeli orgali aniglanadi:
-K

£, (0= w4

L-Bessopan 220 kV kuchlanishli havo elektr uzatish liniyasida
tojlanish hodisasini monitoring qilishning nazariy asosi sifatida
solishtirma tojlanish quvvatiga tayanuvchi energetik model gabul gilindi.
Hisoblash natijalariga ko'ra, berilgan ekspluatatsion sharoitlarda liniya
bo‘yicha tojlanish bilan bog'liq umumiy quvvat yo‘qotishi taxminan 3.7
mVt ni, yilik energiya yo'qotishi esa 32.3 gVt-soatni tashkil etishi
aniglandi.Monitoring parametrlarini quyidagi (2-rasm) da ko'rishimiz
mumkin.

Tojlanish monitoringida elektr rejim parametrlari 32 % tarkibiy ulush
bilan asosiy diagnostik manba hisoblanadi. Elektromagnit monitoring 30

‘K- Ky, - K,

ta_/ lchklmomtormg shamol
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2-rasm. Tojlanish monitoringida axborot manbalarining tarkibiy ulushi

Quvvat yo'gotilishi

g H=30%
H=50%
H=70%
H=90%

st H=100%

Liniya kuchlanishi

3-rasm. Kuchlanish va namlikning tojlanish yo‘qotishlari sezgirligiga bog’liglik matritsasi

%, akustik monitoring 20 % va meteorologik korreksiya 15 % ulush
bilan tojlanish holatini kompleks baholashni ta’minlaydi.Monitoring
vagtida kuchlanish, namlik kabi parametrlarning tojlanishga bog'ligligi (3
-rasm) da tahlil gilindi.

Grafikdan ko'rinadiki, liniya kuchlanishi 210 kV dan oshgach
tojlanish quvvat yo‘qotishlari keskin ortadi. Nisbiy namlik oshishi bilan
yo‘qotishlar ham ko‘payib, eng yuqori giymat H=100% holatida kuza-
tiladi. Tojlanish razryadi paytida hosil bo‘ladigan gisqa davomli elektro-
magnit impulslar radiochastota diapazonida targaladi. Ushbu signal-
larning amplitudasi, chastotasi, impulslar soni va spektral zichligi orqali
tojlanishning mavjudligi hamda rivojlanish darajasi aniglanadi.Shu bilan
birga qurug va nam sharoitda monitoring o'tkazish ham bevosita
quyidagi (4-rasm) dagi grafiklarni olish imkonini beradi.

Grafik tojlanish razryadi hosil giladigan radiochastotali signal ampli-
tudasining chastota bo'yicha o‘zgarishini ifodalaydi. Nam sharoitda
signal amplitudasi quruq sharoitga nisbatan yuqori bo'lib, bu o'tkazgich
sirtidagi namlik ta’sirida tojlanish intensivligining kuchayishini ko‘rsatadi.
Tojlanish hodisasini monitoring qilishda ilmiy-analitik boshgaruv paneli-
dan foydalanib, ma’lum bir vaqt oralig'ini gabul gilamiz. 2026-yilning 20
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—21-iyul kunlari davomida 48 soat oralig'ida tojlanish bilan bog'liq
quwvat yo'gotishlarining o'ichangan giymatlari, gibrid bashoratlashtirish
natijalari hamda nazariy Peek modeli bo'yicha hisoblangan giymatlarini
o'zaro taqqoslandi. Grafikdan ko'rinishicha, gibrid bashoratlashtirish
egri chizigi o'lchangan ma’lumotlaring umumiy dinamikasi va keskin
o'zgarishlarini yugori darajada takrorlaydi. Aynigsa, 20-iyulning kunduz-
gi soatlaridagi bosqgichma-bosgich o'sish hamda 21-iyul soat 15:00
atrofida kuzatilgan keskin maksimum bashoratlashtirish modeli tomoni-
dan yetarlicha aniq aks ettirilgan (5-rasm).

Grafikda 48 soat davomida o‘lchangan fojlanish yo'qotishlari gibrid
prognoz va Peek modeli natijalari bilan taggoslangan. Gibrid prognoz
o'lchangan giymatlarga yagin bo'lib, keskin o'zgarishlarni Peek modeli-
ga nisbatan anigroq aks ettirgan. Tojlanish xavfi balli, sensorlardan
integrallashgan monitoring ko'rsatkichi va yomg'ir intensivligining vaqt
bo'yicha o‘zgarishi va yomg'ir boshlanishi bilan sensor fusion indeksi
hamda xavf ballining keskin ortishi namlik va yog‘ingarchilik ta'sirida
o'tkazgich sirtidagi elektr maydonning mahalliy notekisligi kuchayib,
tojlanish jarayoni intensiviashishini ko‘rsatishi quyidagi (6-rasm) da
ko'rsatilgan.
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5-rasm. 48 soat davomida tojlanish yo‘qotishlarining o‘lchangan qiymatlari, gibrid prognoz natijalari va Peek modeli bo‘yicha nazariy

hisoblarning taqqoslanishi
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6-rasm. Tojlanish xavfi balli, sensor fusion indeksi va yomg‘ir ko‘rsatkichining vaqt bo‘yicha o‘zgarishi

Grafik natijalari sensorlardan birlashtiriigan ko'rsatkich bilan tojlan-
ish xavfi balli o'rtasida yaqin dinamik bog‘lanish mavjudligini ko‘rsatadi.
Yog'ingarchilik paydo bo‘lgan vaqt oraligida ikkala monitoring
ko‘rsatkichining sakrashsimon oshishi tizimning tashgi muhitdagi keskin
o'zgarishlarga yuqori sezgir ekanini tasdiglaydi. Yuqori kuchlanishli
havo elektr uzatish liniyalarida tojlanish hodisasini aniglash va baholash

(<< >>)

T

xS
1

OO0

uchun mo'ljallangan multiparametrli monitoring konsepsiyasi mavjud
bo'lib, konsepsiya elektr, elektromagnit, akustik, optik va meteorologik
monitoring kanallarini yagona tizimga birlashtirish orqali tojlanish ja-
rayonlarini kompleks nazorat qilish, diagnostika anigligini oshirish
hamda ishonchli ekspluatatsion qarorlar gabul gilish imkonini beradi
(7-rasm).
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Rasmda yuqori kuchlanishli havo elekir uzatish liniyalarida tojlanish
hodisasini monitoring gilish uchun qo‘llaniladigan asosiy nazorat kanal-
lari, ya'ni elektr parametrlar, elektromagnit impulslar, akustik signallar,
optik kuzatuv vositalari va meteorologik omillar o'zaro integratsiyalash-
gan holda tasvirlangan.

Yugori kuchlanishli havo elekir uzatish liniyalarida tojlanish
hodisasini aniglash, diagnostika qilish va uning energetik ogibatlarini
baholashning ketma-ket bosgichlarini ifodalashda quyidagi (8-rasm)

dagi algoritmdan foydalanamiz. Dastlab elekir, radiochastotali elektro-
magnit, akustik va optik signallar gqayd etilib, keyingi bosqichda ular
sinxronlashtiriladi, shovginlardan tozalanadi, normallashtiriladi hamda
diagnostik xususiyatlari ajratib olinadi. Olingan kop parametrli ma'lu-
motlar asosida tojlanish monitoring indeksi, aktiv quvvat va elektr ener-
giyasi yo‘qotishlari aniglanib, tojlanish darajasiga muvofiq profilaktik va
ekspluatatsion garorlar shakllantiriladi.
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8-rasm. Yugqori kuchlanishli havo elektr uzatish liniyalarida tojlanish hodisasini kompleks monitoring qilish algoritmi

Algoritm tojlanish jarayonini elektr, elektromagnit, akustik va optik
monitoring kanallari orgali kompleks baholashga asoslangan. Signallar-
ni gayta ishlash natijasida tojlanish darajasi va energiya yo'‘qotishlari
aniglanib, liniyaning ishonchliligini oshirishga qgaratilgan texnik qarorlar
gabul gilinadi.Tojlanish bilan bog'liq quvvat yo‘qotishlariga atmosfera
omillari hamda diagnostik sensor signallarining vaqt bo‘yicha kechikkan

ta’sirini aniglash magsadida o'zaro kross-korrelyatsion tahlil amalga
oshirildi. Ushbu tahlil namlik, yog'ingarchilik, ultrabinafsha nurlanish,
radiochastotali signal va liniya kuchlanishining yo‘qotishlar bilan
bog'lanish darajasi hamda maksimal korrelyatsiya kuzatiladigan vagqt
siljishini baholash imkonini beradi (9-rasm).
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9-rasm. Atmosfera va sensor signallarining tojlanish yo‘qotishlariga kechikkan ta’sirini kross-korrelyatsion baholash

Tojlanish hodisasini monitoring qilish natijalarini amaliy eksplu-
atatsion garorlarga aylantirish uchun havo elektr uzatish liniyasining
alohida uchastkalari bo'yicha texnik xizmat ko'rsatish ustuvorligini
aniglash muhim hisoblanadi. Bunda har bir uchastkaning tojlanish xavfi,
energiya yo'‘qotishlari darajasi, uskunalaming texnik holati va elektr
ta’minotidagi ahamiyati yagona ustuvorlik ko‘rsatkichi orgali baholanadi
(10-rasm).

Grafikda liniyaning 0-184 km oralig'idagi uchastkalari texnik xizmat
ko'rsatish ustuvorlik ballari bo'yicha taggoslangan. Eng yuqori ustuvor-

lik giymatlari 15,3-30,7 km va 76,7-92,0 km uchastkalarida kuzatilgani
ushbu hududlarda tojlanish faolligi, energetik yo'qotishlar yoki uskuna-
larning texnik holati bilan bog'liq xavf yugorirog ekanini ko'rsatadi. Ustu-
vorlik ballining oshishi tegishli uchastkani birinchi navbatda ultrabinaf-
sha, radiochastotali va akustik diagnostikadan o‘tkazish, o‘tkazgich
hamda izolyatorlar sirtini tekshirish va zarur profilaktik tadbirlarni amal-
ga oshirish kerakligini bildiradi. Ushbu yondashuv texnik xizmat
ko'rsatishni gatiiy davriylik asosida emas, balki monitoring natijalari va
real texnik holatga asoslangan holda tashkil etish imkonini beradi.
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10-rasm. Tojlanish monitoringi natijalari asosida havo elektr uzatish liniyasi uchastkalari uchun hisoblangan prediktiv texnik xizmat
ko‘rsatish ustuvorlik ko‘rsatkichlari
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Shunday qilib, yugori kuchlanishli havo elektr uzatish liniyalarida tojlan-
ish hodisasini multiparametrli monitoring qilish nafagat razryad mavjud-
ligini aniglash, balki xavfli uchastkalarni saralash va texnik xizmat
ko‘rsatish ketma-ketligini optimallashtirish imkonini ham beradi. Pred-
iktiv yondashuv avariya xavfini kamaytirish, energiya yo‘qotishlarini
cheklash va ekspluatatsion xarajatlami ogilona rejalashtirishga xizmat
giladi.

Xulosa

O'tkazilgan nazariy va ilmiy-texnik tahlil yugori kuchlanishli havo
elektr uzatish liniyalarida tojlanish hodisasini fagat bitta fizik parametr
orqali ishonchli aniglash mumkin emasligini ko'rsatdi. Tojlanish jarayoni
elektr maydon kuchlanganligi, liniya toki va aktiv quvvat isrofi bilan bir
gatorda radiochastotali elektromagnit impulslar, akustik shovgin,
ultrabinafsha  nurlanish hamda meteorologik omillarning  o‘zaro
boglangan ta'siri ostida rivojlanadigan murakkab, nochizigli va vaqt
bo‘yicha o'zgaruvchan elektrofizik hodisa hisoblanadi. Shu sababli
elektr, elektromagnit, akustik, optik va meteorologik axborot kanallarini
yagona diagnostik muhitda sinxron birlashtirishga asoslangan
multiparametrli monitoring konsepsiyasi tojlanishni aniglashning nazariy
jihatdan asoslangan yechimi sifatida shakllantirildi.Taklif etilgan
monitoring yondashuvida liniyaning ishchi kuchlanishi va faza toki
tojlanishni yuzaga keltiruvchi sababiy parametrlar, elektromagnit
nurlanish, akustik signal, ultrabinafsha intensivlik va aktiv quvvat isrofi
esa jarayonning natijaviy diagnostik belgilari sifatida qaraladi.
Parametrlarni normallashtirish, vazn koeffitsiyentlari orgali integrallash
va tojlanish monitoring indeksini shakllantirish turli fizik tabiatga ega
signallarni yagona o‘lchov mezoniga keltirish imkonini beradi. Bunday
tuzilma alohida sensorlaming shovaqin, tashqi xalagit yoki vagtinchalik
nosozliklar ta'sirida noto‘g'ri axborot berish xavfini kamaytirib,
monitoring natijalarining diagnostik bargarorligini oshiradi.

L-Bessopan 220 kV havo elekir uzatish liniyasi uchun qabul
gilingan nominal kuchlanish, liniya uzunligi, harorat, atmosfera bosimi,

nisbiy namlik, changlanish indeksi, shamol tezligi va akustik signal
giymatlari  tojlanish  holatini real ekspluatatsion sharoitlarga
yaginlashtiriigan holda baholash imkonini bergan. Mazkur parametrlar
asosida solishtirma tojlanish quvvatini atmosfera va o‘tkazgich sirti
holatiga mos ravishda korreksiyalash hamda liniya bo‘yicha umumiy
quvvat va energiya isroflarini aniglashga yo'naltirilgan energetik model
shakllantiriigan.  Natijalar ~ liniya ~ kuchlanishi ~ kritik ~ sohaga
yaginlashganda tojlanish yo‘qotishlarining nochizigli ravishda ortishini,
nisbiy namlik va yog'ingarchilik esa o'tkazgich sirtidagi elekir
maydonning mahalliy notekisligini kuchaytirib, razryad intensivligini
oshirishini ~ ko'rsatadi. Nam  sharoitda radiochastotali ~ signal
amplitudasining qurug sharoitdagiga nisbatan yugqoriligi atmosfera
holati monitoring algoritmida oddiy yordamchi ko‘rsatkich emas, balki
diagnostik natijalarni korreksiyalovchi muhim omil ekanini tasdiglaydi.
O’lchangan tojlanish yo‘qotishlari, gibrid prognoz va nazariy Peek
modeli o'rtasidagi tagqoslash fizik modelning umumiy tendensiyani
tavsiflash imkoniyatiga ega ekanini, biroq keskin o'zgaruvchan
meteorologik va ekspluatatsion holatlarda ma’lumotlarga asoslangan
gibrid yondashuv yuqorirog moslashuvchanlik namoyon etishini
ko'rsatadi. Sensorlardan integrallashgan ko'rsatkich va tojlanish xavfi
ballining yog‘ingarchilik davrida birgalikda keskin ortishi monitoring
tizimining tashgi muhit o‘zgarishlariga sezgirligini va avariyaoldi
holatlarini erta aniglash imkoniyatini asoslaydi. Ishlab chigilgan
algoritm birlamchi signallarni qayd etish, vagt bo‘yicha sinxronlashtirish,
shovginlardan tozalash, diagnostik belgilami ajratish, normallashtirish,
integral monitoring indeksini hisoblash, tojlanish darajasini tasniflash va
energetik ogibatlarni baholash bosgichlarini yagona funksional ketma-
ketlikka birlashtiradi. Natijada monitoring tizimi oddiy kuzatuv
vositasidan texnik holatni baholash, xavfli liniya uchastkalarini aniglash,
profilaktik  xizmat ko'rsatish muddatlarini  optimallashtirish ~ va
ekspluatatsion garorlarni shakllantirishga xizmat qiluvchi intellektual
diagnostika platformasiga aylantiriladi.
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YUQORI KUCHLANISHLI HAVO LINIYALARINING
SAMARADORLIGINI OSHIRISHDA MUZLASH JARAYONLARINI
OLDINI OLISH USULARINI ISHLAB CHIQISH

A.l. Qarshibayev, F.N. Raxmonov

Navoiy davlat konchilik va texnologiyalar universiteti, O’zbekiston Respublikasi

Annotatsiya. Maqgolada yuqori kuchlanishli havo elekir uzatish liniyalarida qor va muz qoplamalarining hosil bo'lishini erta aniglash hamda ularni liniyani tarmoqdan
ajratmasdan yuqori chastotali signal asosida bartaraf etish usuli tadqiq gilinadi. Tadqgiqot obyekti sifatida “Bessopan—-Gorniy 220 kV” havo elektr uzatish liniyasi uchast-
kasi tanlangan. Muammo shundan iboratki, muz qoplami simning mexanik yuklanishini oshiradi, tayanch va armaturalarga qo‘shimcha zo'riqish beradi, avariyaviy uzilish-
lar xavfini kuchaytiradi hamda sanoat iste’molchilarining elektr ta'minoti barqarorligiga salbiy ta’sir ko'rsatadi. Tadqiqotning maqsadi meteorologik va mexanik parametr-
larni real vaqt rejimida kuzatish, muzlash xavfini integral indeks orqali baholash va yuqori chastotali tok yordamida sim sirtida lokal issiqlik ajratish algoritmini ishlab
chigishdan iborat. Metod sifatida tenzodatchiklar, harorat va namlik modullari, shamol tezligi o‘lchagichlari, markaziy nazoratchi, GSM/GPRS aloga kanali, SCADA vi-
zualizatsiyasi, yuqori chastotali generator, quvvat kuchaytirgichi, ulash kondensatori va liniya to'sig‘idan tashkil topgan tizim sxemasi qo‘llanildi. Natijalar tizim signalni
dispetcherlik markaziga 15-20 soniyada yetkazishi, simdagi qo‘shimcha yuklamani 5 foizgacha aniqlikda qayd etishi va eritish rejimini optimal vaqtda ishga tushirishi
mumkinligini ko'rsatdi. Yangilik shundaki, maqolada muzlashni aniglash, qaror qabul qilish va yuqori chastotali skin-effekt asosida avtomatik eritish bitta boshqaruv
konturida birlashtirilgan.

Kalit so‘zlar: yuqori kuchlanishli havo liniyasi; muz qoplami monitoringi; yuqori chastotali signal; skin-effekt hodisasi; avtomatik muz eritish; liniya to'sig'i; ulash
kondensatori; real vaqt nazorati; dispetcherlik boshqaruvi; mexanik yuklama diagnostikasi; meteorologik kuzatuv tizimi; elektr ta'minoti ishonchliligi.

PA3PABOTKA METOOB NMPEAOTBPALLEHMUA OBJIEAEHEHUA
ANA NOBbLIWEHUA 3®PEKTUBHOCTI BbICOKOBONBTHBIX
BO3YLUHbIX NTMHAW SNEKTPOMNEPEOAYU

Kapwu6aes A.W., PaxmoHoB ®.H.

HaBowiickuii rocyaapCTBEHHbIi FOPHO-TEXHOMOTMYECKWiA yHuBepCUTET, Pecnybrnka YabekucTaH

AHHOmayus. B cmamse uccnedyemcsi cnocob paHHe20 8bIS8MeEHUs 20101E0H0-U3MOPO3€8bIX OMIIOXEHUL Ha 8bICOKOBOMbMHbIX 8030YLUHbIX TUHUSX 11EKMpPO-
nepedayu U UxX ycmpaHeHUsi ¢ NPUMEHEHUEM 8bICOKOYacMOmHOo20 cueHana 6e3 omkntyeHus nuHuu om cemu. OGbekmom uccredosaHus 8bIbpaH y4acmok 8030yu-
Holl nuHuu 3nekmponepedadu «220 kB BecconaH-opHbilly. Paccmampusaemas npobrema cesisaHa ¢ mem, Ymo obpazosaHue ib0a yeenudusaem MexaHu4eckyro
Haepy3ky Ha npogod, co3daém OONOIHUMENbHOE HanPSIXEHHOe COCMOsIHUE 0Nop U apMamypbl, NOBbILIAEM PUCK asapuliHbiX OmKmYeHul u yxydwaem ycmolyu-
80CMb 371EKMPOCHabXEHUS NPOMbILLIEHHbIX nompebumenel. Lenb uccnedosaHusi cocmoum e paspabomke cucmembl, 0becneyugatouseli MOHUMOPUH2 Memeoposio-
2U4ECKUX U MEXaHUYECKUX napamempos 8 PexumMe peasibHo20 8peMEeHU, OUEHKY pucka 0briedeHeHus No UHMe2panbHOMY UHOEKCY U agmomMamuyeckoe 8KITYeHUe
PexXumMa foKkabHo20 Hagpesa No8EPXHOCMU NPpogoda BbICOKOYaCMOMHbIM MOKOM. B kayecmee memodos ucnonb3og8aHbl cxema ¢ meH3odamyukamu, MoOynsMu
usMepeHuUs memnepamypb| U 8naxHoOCMU, GamyuKkom CKOPoCMU eempa, UeHMpabHbIM KOHMPOsepoM, kaHanom cessu GSM/GPRS, susyanusayueli SCADA, bico-
KOYaCmoOMHbIM 26HEPamopoM, ycunumenem MoWHOCMU, KOHOeHCamopoM Cesi3u U nuHelHbIM 3aepadumenem. [lomydeHHble pe3ynbmamel nokasblearom, Yymo cu-
cmewma cnocobHa nepedasamb npedynpexdarowuli cueHan 8 ducnemyepckull yeHmp 3a 15-20 cekyHd, ghukcuposamb OONOTHUMENbHYK Hagpy3Ky Ha nposod ¢
MOoYyHOCMbI0 00 5 NPOUEHMO8 U 3anyckamb PEXUM Niaeku 8 onmumMasbHbIl MoMeHm. Hay4yHasi Hogu3Ha 3akiodaemcs 8 06bedUHeHUU uaeHOCMUKU 061e0eHeHus,
asmomMamu4ecKo20 NPUHSIMUS PEWEHUS! U 8bICOKOYaCMOMHO20 Hagpesa Ha 0CHOBE CKUH-3Ghghekma 8 eOUHOM KOHMYpe yNpasneHus.

Kntoyesble crosa: ebICOK080IbMHas 8030yLHAs NIUHUS; MOHUMOPUHE 20/10ME0HbIX OMIOXEHUU; 8bICOKOYaCMOMHbIL CUeHar; siefieHue CKUH-3¢hekma; asmo-
Mamudeckas nnagka nb0a; nuHelHb Il 3aepadumensb, KOHOeHCamOop C83U; KOHMPOSb 8 peanbHOM 8peMeHU; ducnemyepckoe ynpagrneHue; OuagHocmuKa MexaHuye-
CcKOU Haepy3Ku; Memeoposoudeckas cucmema HabmoOeHus; HaOEXHOCMb 3MeKMPOCHabXeHUs.
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DEVELOPMENT OF ANTI-ICING METHODS TO ENHANCE THE
EFFICIENCY OF HIGH-VOLTAGE OVERHEAD POWER
TRANSMISSION LINES

A.l. Karshibaev, F.N. Rakhmonov

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. The article investigates a method for early detection of ice and wet-snow deposits on high-voltage overhead transmission lines and their removal by
means of a high-frequency signal without disconnecting the line from the power network. The “Bessopan-Gorny 220 kV” overhead transmission line section was select-
ed as the research object. The problem addressed in the study is that ice accretion increases the mechanical load on the conductor, produces additional stress on
towers and fittings, raises the probability of emergency outages, and reduces the stability of power supply to industrial consumers. The aim of the research is to develop
a system for real-time monitoring of meteorological and mechanical parameters, estimation of icing risk using an integral index, and automatic activation of localized
conductor-surface heating by high-frequency current. The methodology combines strain sensors, temperature and humidity modules, wind-speed measurement, a
central controller, GSM/GPRS communication, SCADA visualization, a high-frequency generator, a power amplifier, a coupling capacitor, and a line trap. The results
indicate that the proposed system can transmit warning information to the dispatching center within 15-20 seconds, detect additional conductor loading with an accura-
cy of up to 5 percent, and start the de-icing mode at an optimal moment. The novelty of the work lies in integrating icing diagnosis, decision-making, and high-frequency
skin-effect-based automatic de-icing into a single control loop for a 220 kV operating overhead line.

Key words: high-voltage overhead line; ice accretion monitoring; high-frequency signal; skin-effect phenomenon; automatic ice melting; line trap; coupling capaci-

tor; real-time control; dispatching supervision; mechanical load diagnostics; meteorological observation system; power supply reliability.

Kirish

Yugori kuchlanishli havo elektr uzatish liniyalarida muz va qor
qoplamalarining shakllanishi elektr energetika tizimining ekspluatatsion
ishonchliligiga bevosita ta'sir giladi. Simlarda muz massasi ortishi mex-
anik tortilish kuchini oshiradi, tayanchlarning og'‘ishiga, armatura ele-
mentlarining zo'rigishiga va favqulodda uzilishlarning yuzaga kelishiga
sabab bo'lishi mumkin. Xalgaro tajribada havo liniyalarini gish sharoi-
tida himoya qilish uchun mexanik, termik, meteorologik va masofaviy
monitoringga asoslangan yechimlar go'llaniladi [1]. So'nggi yillarda
havo liniyalarida muzlanish jarayonini kuzatish uchun optik, mexanik va
intellektual monitoring usullari ham keng tadqiq qilinmoqda [2, 3].

Mavjud usullarning muhim kamchiligi shundaki, ular ko‘pincha muz
qatlami kritik darajaga yaginlashgandan keyin choralar ko‘rishga majbur
giladi yoki liniyani tarmoqdan ajratish zarurati tug‘iladi. Sanoat korxon-
alari elektr ta'minoti uchun bunday uzilishlar igtisodiy zarar, texnologik
jarayonlarning to‘xtashi va ta'mirlash xarajatlarining ortishi bilan bog'liq.
Shu sababli maqgolada “Bessopan-Gomiy 220 kV” havo elekir uzatish
liniyasi misolida muzlash xavfini real vaqt rejimida aniglash va yuqori
chastotali signal yordamida avtomatik eritish usuli taklif gilinadi.

Tadgigotning magsadi meteorologik va mexanik kuzatuv ma’lu-
motlari asosida muzlash xavfini baholash, yugori chastotali energiyani
liniya simiga xavfsiz kiritish va skin-effekt hisobiga sim sirtida lokal
issiglik ajratish orgali muz goplamasini bartaraf etish algoritmini ishlab
chigishdan iborat. Tadqigotning vazifalari: datchiklar majmuasini tan-
lash, ma’lumot uzatish zanjirini ishlab chigish, yuqori chastotali kiritish
sxemasini asoslash, natijalami an’anaviy eritish usullari bilan giyoslash
hamda tizimning ekspluatatsion afzalliklarini baholashdan iborat.

2. Materiallar va metodlar (Materials and Methods)

Tadgigot obyekti sifatida O‘zbekiston Respublikasi Energetika
vazirligi hamda “Navoiy kon-metallurgiya kombinati” aksiyadorlik ja-
miyati tizimi bilan bog'liq “Bessopan—-Gornly 220 kV" yugori kuchlanishli
havo elektr uzatish liniyasi uchastkasi ko'rib chigildi. Tadgigotda sim-
dagi mexanik tortilish kuchi, havo harorati, nisbiy namlik, shamol tezligi
va yog‘ingarchilik intensivligi muzlash xavfini belgilovchi asosiy omillar
sifatida gabul qilindi. Yugori kuchlanishli havo liniyalarida qor va muz
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qoplamalarining hosil bo'lish jarayonlarini tezkorlik bilan aniglash va
oldini olishga qaratilgan samarali, avtomatlashtiriigan usullarni ishlab
chigishda ehtimoliy nazariya formulasidan aniq vagtda baholash
magsadida quyidagi ko'p faktorli modeldan foydalanamiz:

[muz erishish — f(T. RHVshmnol tez» Pyog’ingarchilikJ t) -C (1)

bu yerda: T — havo harorati (°C), RH - havodagi nisbiy namlik (%),
Vishamot tez — Shamol tezligi (m/s), Pyogingarchink — yog'ingarchilik inten-
sivligi (mm/soat), t — ta’sir vaqti (soat), /muz eritish— Muzlashning ehtimoli
indeksi, C — korreksiya koeffitsienti (hududga va mavsumga bog'liq), f-
kompleks funksiya.

Ushbu ko'rsatilgan shartlarda yugori kuchlanishli havo liniyalarida
qgor va muz xavfi bor deb hisoblanadi.

T <05°C

RH = 80%
Pyog'ingarchilik >0
Vshamol tez = 10 m/s

Ushbu modellardan kelib chiqib, yugori kuchlanishli havo liniyalari-
da qor va muzlarning oldini olishda yugori chastotali signallar orgali
bartaraf etish usulini ishlab chigish innovatsion yechim hisoblanadi.
Yuqori kuchlanishli havo elektr uzatish liniyalarining muzlash jarayon-
larini oldini olishga qaratilgan usul amaliy jihatdan muhim hisoblanib,
energetika tarmog'ining ishonchli va uzluksiz faoliyat yuritishini ta’min-
lashga xizmat qiladi.

Tadqiqot ob'ekti sifatida “O‘zbekiston Respublikasi Energetika
vazirligi” va “Navoiy kon-metallurgiya kombinat® AJga qarashli
“Bessopan-Gorniy 220 kV” yuqori kuchlanishli havo liniya uchastkasida
muzlash holatlarini nazorat giluvchi va boshgaruv imkoniyatiga ega
bo‘lgan taklif etilayotgan tizimning tarkibiy gismlariga quyidagilar kiradi:

1. Simning tortilish kuchini o‘lchovchi tenzodatchiklar, havo harorati
va namligini qayd etuvchi meteostansiya modullari. Ma’lumotlarni
yig'ish va birlamchi gayta ishlash darajasi bu daraja bevosita yugori
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kuchlanishli havo elektr uzatish liniyaning tayanch va simlariga
o'rnatilgan sezgir elementlardan iborat:

Simdagi muz qalinligini mexanik usul bilan baholash uchun simning
tortilish kuchini doimiy olchovchi yuqori aniglikdagi tenzodatchiklar
jihozlandi.

Liniya atrofidagi mikroiglim sharoitlarini aniq vaqt rejimida kuzatish
uchun havo harorati va nisbiy namligi hamda shamol tezligini qayd
etuvchi avtonom meteostansiya modullari o‘rnatildi. Ushbu ma’lumotlar
muzlash xavfini bashorat gilish va yugori chastota diagnostika algorit-
mini korreksiya qilish uchun ishlatiladi.

2. Ma'lumotlami uzatish darajasi datchiklar va meteomodullardan
olingan birlamchi analog va ragamli signallar markaziy nazoratchi
tomonidan yigiladi va TCP/IP protokoli bo‘yicha standartlashtiriladi.
Yig‘ilgan ma’lumotlari masofadan turib dispetcherlik punktiga uzatish
uchun ishonchli GSM/GPRS kommunikatsiya kanallaridan foydalanildi.
Bu ma’lumotlari uzluksiz va aniq vaqt rejimida olishni ta’'minlaydi.

3. Kommunikatsiya kanallari orgali uzatilgan ma’lumotlar nazorat
giluvchi va boshgaruv imkoniyatiga ega bo‘lgan tizimning markaziy
serveriga kelib tushadi. Kelib tushgan signallar qayta ishlanadi va fizik
kattaliklarga aylantiriladi, ma’lumotlarni ma’lumotlar bazasida arxi-
vlashtiradi. Ishlab chigilgan algoritmlar masalan, yuqori chastotali sig-
nallarning so‘nishini hisoblash yoki Fisher mezonini baholash asosida
hisob-kitoblarni amalga oshiradi. Natijalarni grafiklar va mnemosxe-
malar shaklida vizualizatsiya giladi va operatorni muzlash xavfi hagida

ogohlantiradi.

Tadgiqot natijalari asosida nazorat giluvchi va boshgaruv imkoni-
yatiga ega bo‘lgan tizimining joriy etilishi an'anaviy usullariga nisbatan
quyidagi afzalliklarga ega hisoblanadi. Olib borilgan eksperiment ma’lu-
motlarga ko‘ra, muz hosil bo'lish jarayonining boshlanishi va kritik
nuqtaga yetishi haqgidagi signal dispetcherlik markaziga o‘rtacha 15-20
soniya ichida yetib boradi. An'anaviy usulda esa tizimda ishlaydigan
xodimlar orgali ma’lumotlar bir necha soat vagtda ma’lum bo'lardi.

“Bessopan-Gorniy 220 kV” yuqori kuchlanishli havo elektr uzatish
liniyalariga o‘matilgan datchiklar simdagi go‘shimcha yuklamani 5%
gacha aniglikda qayd etdi va ushbu holat an'anaviy usulda umuman
amalga oshirilmaydi. Tizimning avtomatik tarzda simlardagi muzlarni
eritish rejimini ishga tushirishi natijasida, eritish uchun sarflanadigan
elektr energiyasi miqdori 12-15% ga tejaladi. Buning sababi muz
qoplamalari galinlashmasdan turib, eritish jarayoni optimal vaqtda ishga
tushirilgani bilan izohlanadi.

Olingan eksperimental ma’lumotlar shuni tasdigladiki, taklif etila-
yotgan nazorat giluvchi va boshqaruv imkoniyatiga ega bo‘lgan tizim
‘Navoiy kon-metallurgiya kombinat® AJga qarashli iste’molchilarni
elektr energiyasi bilan ta’'minlovchi “Bessopan-Gorniy 220 kV” yuqori
kuchlanishli havo liniyarida avariya va shikastlanish holatlarini oldindan
bashorat qilish evaziga tizimning samaradorligi 98% gacha oshiriladi.
nazorat giluvchi va boshqaruv imkoniyatiga ega bo‘lgan tizimdagi
datchiklarning texnik ko‘rsatkichlari 1-jadvalda ko‘rsatilgan.

1-jadval
Tizimdagi datchiklarning texnik ko‘rsatkichlari
Datchik turlari O‘lchash parametri Oflchash diapazoni ik dargjasi Chigish signali
(Xatolik-%)
Tenzodatchik HBM C16A il 0 — 5000 kg (50 kN) 0.1 4-20 mA | RS-485
Termodatchik Vaisala Harorat .
HMT130 oS -50 +80 05 Ra (Qarshilik)
Gigrometr Namlik 0
Vaisala HMT130 % gt 3 0-10V
Anemometr Shamol tezligi .
Lufft VENTUS-UMB mis U 1 Impulsii

Natijalar

Taklif etilgan tizimda muzlash jarayoni datchiklar va meteostansiya
ma’lumotlari asosida aniglanadi. Boshqaruv algoritmi simdagi muz
qgalinligi 5 mm dan oshishi, nisbiy namlikning 78 foizdan yuqori bo'lishi
yoki shamol tezligining 10,5 m/s dan ortishi kabi shartlar bajarilganda
yuqori chastotali eritish rejimini ishga tushiradi. Tizim xavfni
aniglagandan so‘ng 0,5-1,0 sekund oraligida generator va kuchaytir-
gichni faollashtirish buyrug'ini beradi. Signal dispetcherlik markaziga
o‘rtacha 15-20 sekund ichida yetib boradi.

Ushbu usulning ilmiy asosi "Skin-effekt" (Sirtqi effekt) hodisasiga
tayanadi. Odatda, liniyalarda 50 Gs chastotali tok o'tkazgichning butun
ko'ndalang kesim bo‘ylab oqgadi. Ammo chastota oshirilganda tok
o‘tkazgichning markazidan qochib, uning sirtqi gismiga ya'ni tashqi
tomonidan aylana boshlaydi natijada simning faol garshiligi (R) keskin
oshadi. Joul-Lens gonuniga ko'ra, (Q=I2Rt) qgarshilik oshgani sababli,
kamroq tok bilan ham ko‘proq issiglik ajraladi. Issiglik aynan simning
sirtida ya’'ni, muz yopishgan joyda hosil bo‘ladi, bu esa liniya simlaridagi
muzlami tezroq eritadi. Bunda ‘Bessopan-Gorniy 220 kV" yugori
kuchlanishli havo liniyalarining chastotasi fi = 50 Gs bilan bir vagtda,

tizim orqali liniyalarga yuqori chastotali tok > = 3 kGs dan 5 kGs gacha
uzatiladi.

Bessopan-Gombly 220 kV yugori kuchlanishli havo liniyalari
simidan oquvchi natijaviy tokning samaradorlik giymati quyidagicha

‘sama? adorlik ‘5 1 (3)
0Gs Gs

bu yerda: Isamaradorix — Simning gizishini ta’minlovchi umumiy samara-
dorlik tokining giymati, (A); 1% 6o - liniyadagi mavjud yuklama tok; /s —
muz eritish generatoridan uzatilayotgan yuqori chastotali tok.

Tizimning ishlash algoritmi quyidagicha:

1. “Bessopan — Gorniy 220 kV” kuchlanishli tranzit havo liniyasining
har ikki chekka hududida (bosh va oxirgi podstansiyalarning kirish
yacheykalarida) maxsus sozlangan L-C rezonans konturiga ega bo‘lgan
to‘suvchi g‘altaklar o‘rnatiladi. Mazkur qurilmalaring asosiy vazifasi —
tarmogning 50 Gs chastotali tokini o'zidan to'sigsiz o'tkazish va aksin-
cha, muz eritish maqgsadida uzatilgan yugori chastotali signallar uchun
kuchli elektromagnit to'siq hosil gilishdir. Buning natijasida yugori
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220 kV liniya o‘tkazgichi

1-rasm. 220 kV liniyada yuqori chastotali muz eritish tizimining prinsipial sxemasi

chastotali energiya podstansiyaning ichki qurilmalariga transformator-
larga o'tib ketmaydi, balki aynan muzlagan fazaviy simlaming ichida
fagat liniya bo'ylab yopiq konturda sirkulyatsiya gilishga majbur bo‘ladi.

2. Skin-effekt hisobiga tok simning sirtida issiglik ajralishini keskin
oshiradi.

3. Yuklama toki to‘suvchi g‘altak orqali to'sigsiz o'tib, iste’'molchi
ta’minotini uzmaydi.

Nazorat giluvchi va boshqgaruv imkoniyatiga ega bo‘lgan tizim
“‘Bessopan-Gornly 220 kV” yuqori kuchlanishli havo liniyasining
ishonchligini oshirish va simlarda muz hosil bo'lishini diagnostika gilish
hamda yuqori chastotali energiya yordamida bartaraf etish tizimining
prinsipial sxemasi 1-rasmda ko‘rsatilgan.

1-rasmdagi 220 kV Liniyada yuqori chastotali muz eritish tizimining
prinsipial sxemasidagi barcha asosiy qurimalar va ulaming vazifalari
quyidagicha:

1. Yuqori chastotali signal hosil gilish zanjiri bu diagnostika va muz
eritish uchun zarur bo‘lgan yuqori chastotali energiyasini hosil giladi va
kuchaytiradi hamda yuqori kuchlanishli havo liniyasiga moslashtiradi.
Yuqori chastotali generatori diagnostika va muz eritish uchun kerakli
bo‘lgan yuqori chastotali elektromagnit signalni  yoki to‘lginni hosil
giladi. Quvvat kuchaytirgichi generatordan chigayotgan kuchsiz yugori
chastotali signalini liniya bo'ylab tarqalishini va simdagi muzni eritishga
yetarli quvvatga ega bo'lishi uchun signalni kuchaytiradi. Moslashtiru-
garshiligiga moslashtiradi sababi to‘lgin hech ganday to'siqga uchra-
maydi. Yuqori chastotali generator ishlab chigargan barcha quvvat
hech ganday isroflarsiz liniyaga kirib, muzni eritishga sarflanadi.

Yuqori chastotali kiritish qurilmasi (LC Filtr) ulash kondensatori va
liniya to'sigi bilan birgalikda ishlaydi. Uning vazifasi yuqori chastotali
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signaini liniyaga o'tkazish lekin yuqori kuchlanishli havo liniyasidagi
tokni yuqori chastotali qurilmalariga (generator va kuchaytirgichga)
ofishini to'sadi natijada generator va kuchaytirgichni kuyishdan
saqglaydi.

2. Yuqori chastotali qurilmalarini 220 kV li yugori kuchlanishli liniya-
larga ulash va ajratishni xavfsiz amalga oshirishda ulash kondensa-
torlari muhim rol o'ynaydi sababi yugori kuchlanishli 220 kV liniyani
yugori chastotali zanjiridan galvanik izolyatsiya giladi . U fagat yuqori
chastotali signalni o‘tkazadi lekin 50 Gs chastotasidagi yuqori
kuchlanishni to'sadi. Shu orqali past kuchlanishli nazorat va o'lchov
asboblarini himoya giladi.

Liniya to'sigi L ketma-ket ulangan yugqori chastotali drossel indukti-
vlik. Uning vazifasi 50 Gs chastotadagi tokni to‘sigsiz o'tkazish, lekin
muz eritish va diagnostika uchun ishlatiladigan yuqori chastotali signal-
lari uchun katta qarshilik hosil qilib, uning podstansiya shinalariga o'tib
ketmasligini ta'minlaydi. Shuning uchun yugqori chastotali signal fagat
liniya bo‘ylab tarqaladi.

3. Boshqgaruv va himoya bloki butun majmuaning ishini nazorat
giladi va ma’lumotlami yig‘adi. Boshgaruv va Himoya bloki bu tizimning
miyasi hisoblanadi. U datchiklardan olingan ma’lumotlami (masalan,
meteorologik ma’lumotlar, signal parametrlari) qayta ishlaydi natijaga
garab yugori chastotali generator va kuchaytirgichni boshqaradi hamda
tizimni avariyaviy holatlardan himoya giladi.

Nazorat qiluvchi va boshqaruv imkoniyatiga ega bo‘lgan tizimning
monitorida  grafikalar, mexanik kuch, iglim parametrlarining belgisini
aniq ko'rsatib turibdi. Nazorat qgiluvchi va boshgaruv imkoniyatiga ega
bo‘lgan tizim dispetcherlik nazorati va ma’lumotlarni yig‘ish tizimi bo'lib,
u liniyadagi va tizimdagi barcha parametrlarni muz qalinligi, harorat,
shamol tezligi, namlik, mexanik kuch, signal kuchini aniq vaqt rejimida
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2-jadval

Yugori chastotali signal va an’anaviy usullarning giyosiy tahlili

An’anaviy usul O‘zgarmas

Ko‘rsatkich nomi tok - DC yoki 50 Gs

Taklif etilgan YuCh usuli
=100 kGs

Ustunlik asosi (limiy izoh)

Butun sim kesimi bo‘ylab

Qizdiriladigan maydon 240 mmz2 alyuminiy va po‘lat

Fagat simning sirtqi gatlami
qgalinligi = 0.08 - 0.1 mm

Skin-effekt  YuCh energiya simning ichiga
kirmasdan, fagat muz bilan chegaradosh tashgi

0'zak sirtda harakatlanadi va issiglik ajratadi
bir metr sim uchun talab Quvvat fagat sirtni qizdirishga sarflanadi,
etiladigan o'rtacha 220 - 250 Vt/m 85-110 Vt/m simning ichki massasini (po'lat o'zakni) behuda

quvvat

qgizdirishga energiya yo'gotilmaydi.

Manbaning umumiy
quvvati

5-10 MVt darajasida (katta tok
talab etiladi)

100 - 150 kVt darajasida

YuCh generatori aloga tizimlariga o‘xshash
ishlaydi, lekin maxsus kuchaytirgich orqgali
yuzlab kVt gacha energiya beradi. Bu MVt larga
nisbatan o‘nlab marta tejamkor hisoblanadi.

Muz eritish vaqti texs 45 - 60 dagiga va undan ko'p

15 - 30 dagiqa

Sirtqi  qatlamda issiglikning tezkor
konsentratsiyasi  hisobiga muzning simga
yopishgan joyi tez eriydi va muz massasi 0'z
og'irligi bilan uzilib tushadi.

Shart. Iste’'molchilar (masalan,
NKMK ob’ektlari) elektr
ta’minotisiz qoladi yoki zaxira
liniyasiga o'tishi kerak.

Liniyani tarmogdan uzish
zarurati

Shart emas Nazorat giluvchi
va boshgaruv imkoniyatiga
ega bo'lgan tizim

L-C to'suvchi g'altaklar 50 Gs yuk tokini va
YuCh energiyani bir-biridan ajratib (seleksiya
qilib) ishlash imkonini beradi.

Avariya yuz bersagina reaksiya
qgilinadi. Tiklash xarajatlari
yuqori.

Iqtisodiy samaradorlik
(Avariyaning oldini olish)

Muz eritish doimiy avtomatik
nazoratda va liniya uzilishining
to'liq oldini oladi

AS-240/39 simining uzilishi va tayanchlarmning
qulashidan kelib chigadigan yirik igtisodiy va
ekologik zararlar nolga tushiriladi.

kuzatib boradi va arxivlashtiradi hamda vizuallashtirib beradi. U
avtomatik boshqaruv  algoritmlarini  amalga oshiradi. "Havo
ko'rsatkichlari" degan yozuv va ushbu belgilar aynan meteorologik
nazoratni anglatadi.

“Bessopan-Gorniy 220 kV" yugori kuchlanishli havo elektr uzatish
liniyalarining aloga tizimidagi yuqori chastotali signal bilan nazorat
giluvchi va boshgaruv imkoniyatiga ega bo‘lgan tizimining sxemasi va
tuzilishi bo'yicha bir xil, fagatgina ularga qo'yiladigan vazifalar xar xildir.
2-jadvalda taklif etilgan yuqori chastotali signal va an’anaviy usullarin-
ing qgiyosiy tahlili ko‘rsatilgan.

Natijalarni muhokama qilish

Olingan natijalar shuni ko‘rsatadiki, muzlashga qarshi kurashishda
fagat meteorologik ogohlantirish yetarli emas; mexanik yuklama
haqidagi ma’lumot bilan birlashtirilgan real vagtli boshqaruv zarur. Ten-
zodatchiklardan olingan ma’lumotlar simdagi qo‘shimcha massa va
tortilish kuchining o‘zgarishini bevosita aks ettiradi. Meteorologik mod-
ullar esa muz hosil bo'lishi uchun qulay sharoit paydo bo'lishini
oldindan baholaydi. Shu ikki manbaning birlashtirilishi noto'g'ri ishga
tushishlar ehtimolini kamaytiradi va eritish jarayonini fagat zarur vagtda
faollashtiradi.

Taklif etilgan yechimning asosiy ustunligi — yugori chastotali ener-
giyaning sim sirtida lokal issiglik hosil gilishidir. An’anaviy usulda simn-
ing butun kesimini gizdirish talab gilinadi, bunda po‘lat o'zak va ichki
metall massa ham energiya yutadi. Yuqori chastotali signalda esa
tokning sirtga siljishi tufayli issiglik muz bilan bevosita chegaradosh
sohada ajraladi. Shu sababli eritish vaqti gisqaradi, energiya sarfi ka-
mayadi va liniyani tarmogdan uzmasdan ishlash imkoniyati paydo
bo'ladi. O'xshash tadgiqotlarda ham havo liniyalari muzlanishini onlayn
monitoring qilish va avtomatik boshgaruv bilan birlashtirish dolzarb
yo'nalish sifatida ko'rsatilgan [3, 5].

Shu bilan birga, tadqgiqotning ayrim cheklovlari mavjud. Birinchidan,
yuqori chastotali tokning aniq chastota diapazoni, quvvat darajasi va
liniya uzunligiga bog'liq so‘nishi tajriba orqali go‘shimcha tekshirilishi
kerak. Ikkinchidan, ulash kondensatori va liniya to'sig'ining izolyatsiya
mustahkamligi, issiglik bargarorligi hamda elektromagnit mosligi alohida

sinov dasturi asosida baholanishi lozim. Uchinchidan, turli iglim hudud-
lari uchun korreksiya koeffitsienti C qayta kalibrlanishi talab gilinadi.
Kelgusida tizimni ragamli egizak, mashinali o‘gitish algoritmlari va uzun
muddatli ekspluatatsion statistika bilan to‘ldirish magsadga muvofig.
Shu sababli, tizimda qo‘llaniladigan to‘'suvchi g'altaklar va aloga kon-
densatorlari quyidagi talablarga javob berishi shart:

1. Termik bargarorligi, to'suvchi g‘altak nafagat 50 Gs tokni, balki
go‘shimcha uzatilayotgan 3 kGs chastotali muz eritish tokini (I > 200A)
ham o'zidan o‘tkazishga qodir bo'lishi lozim.

2. lzolyatsiya mustahkamligi, kondensatorlar transformatordan
chiquvehi yugori amplitudali kuchlanish impulslariga bardosh berishi
lozim.

“Bessopan-Gorniy 220 kV” yuqori kuchlanishli havo elektr uzatish
liniyasi ekspulatatsiya jarayonida bo‘lgani uchun, taklif etilayotgan
nazorat giluvchi va boshgaruv imkoniyatiga ega bo‘lgan tizimi mu-
rakkab kommutatsiyalarni o'chirib-yoqishlarni bajarishi shart emas. U
fagat transformatorni nazorat qilib boshqarib turadi. Nazorat va
boshgaruv imkoniyatiga ega bo‘lgan tizimining boshqarish jarayoni
ketma-ketligi quyidagicha amalga oshiriladi:

1. Liniyadagi datchiklardan va meteostansiyadan olingan ma'lu-
motlarini integratsiya gilgan holda tizimning serveriga uzatib turadi.

2. Olingan ma'lumotlarni gayta tahlil giladi masalan, liniya simidagi
muz qalinligining diametri 5 mm dan oshsa yoki iglim parametrlari
o‘zgarsa ya'ni atmosferadagi havo namligi 78 % dan va shamol tezligi
10.5 m/s dan yuqori bo'lsa.

3. Tahlil ma’lumotlaridan kelib chigib garor gabul giladi.

4. Liniyadagi chastotani 3 kGs gacha oshirish uchun maxsus trans-
formatorni ishga tushirish.

5. Liniya simidagi muzlar erishi natijasida simlarning og'irilik mas-
sasi standart holatga kelganda tizim maxsus transformatorga to‘xtash
buyrig‘ini beradi.

“Bessopan-Gorniy 220 kV” yugori kuchlanishli havo liniyalarini bilan
nazorat va boshqaruv tizimini integratsiya gilinganligining afzalligi
quyidagicha izohlanadi:

1. Tizim xavfni aniglaganidan so'ng 0.5 sekundan — 1 sekund vagqt
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oralig'ida liniya simlaridagi muzlarni eritish holatini ishga tushiradi.

2. Liniya simlaridagi muzlarni eritish jarayoni to'liq tushib ketishi
natijasida tizim to'xtatiladi va ortiqcha energiya sarflanmaydi.

3. Yugori kuchlanishli havo liniyada xodimlar ishtirokidagi harakatlar
amalga oshirilmaydi.

Ushbu usul “Bessopan-Gomiy 220 kV” yuqori kuchlanishli havo
liniyasi simining fagat muz gatlami joylashgan qismini eritish uchun
talab etiladigan tok migdorini an’anaviy usulga nisbatan 30% dan-40%
gacha kamaytirishi imkonini beradi. llk bor “Bessopan-Gomiy 220 kV”
yugori kuchlanishli havo liniyasini tarmogdan uzmagan holda muz erit-
ishning kombinatsion usuli ishlab chigildi. Taklif etilgan usul uzluksiz
texnologik jarayonga ega hisoblanib, sanoat korxonalari ("Navoiy KMK"
AJ) uchun elektr energiyasi ta’minotining barqgarorligini ta’'minlash
hamda “Bessopan-Gomiy 220 kV” yuqori kuchlanishli havo liniyasida
muzlash xavfini tezkor aniglash va inson omilisiz avtomatik eritish ho-
latini ishga tushirish imkonini berdi. Natijada, muzlashni aniglash va
bartaraf etish jarayonining ishonchlilik ehtimolligini 0.43 % dan 0.98 %
gacha oshirildi.

Tadqiqot natijalari O'zbekiston Respublikasi Energetika vazirligi va
“Navoiy kon-metallurgiya kombinati” AJ tizimida amaliyotga joriy etildi.

Ishlab chiqilgan tizimning qo'llanilishi natijasida avariyaviy o‘chishlar
soni yiliga o'rtacha 85 % dan 90% gacha kamaytiriish imkoni yaratildi
natijada “Bessopan-Gorniy 220 kV” kuchlanishli havo liniya simlaridagi
muzlami eritish uchun sarflanadigan vagqt 7 barobarga gisqardi.

Xulosa

Bessopan-Gornbly 220 kV havo elektr uzatish liniyasi misolida
muzlash xavfini aniglash va yuqori chastotali signal yordamida bartaraf
etishning avtomatlashtiriigan usuli ishlab chigildi. Tadgiqotda meteor-
ologik parametrlar, simning mexanik tortilish kuchi va yuqori chastotali
energiyani liniyaga kiritish sxemasi yagona nazorat-boshqgaruv konturi-
da birlashtirildi. Taklif etilgan yondashuv signalni dispetcherlik markazi-
ga 15-20 sekundda yetkazish, qo‘shimcha mexanik yuklamani 5 foizga-
cha aniglikda gayd etish va eritish jarayonini optimal vaqtda ishga tu-
shirish imkonini beradi. Yuqori chastotali skin-effekt asosidagi eritish
usuli an’anaviy gizdirish yondashuviga nisbatan energiya sarfini ka-
maytirishi, liniyani uzmasdan ishlashi va favqulodda uzilishlar xavfini
pasaytirishi bilan ahamiyatlidir. Kelgusida tizim parametrlarini real ek-
spluatatsion ma’'lumotlar asosida kalibrlash, chastota-quvvat rejimlarini
optimallashtirish va uskunalarning elektromagnit mosligini laboratoriya
hamda dala sinovlari orqali tekshirish zarur.

Minnatdorchilik. Mualliflar tadgiqot mavzusi bo‘yicha amaliy ma’lumotlami shakllantirish, texnik yechimlami muhokama qilish va tajriba obyek-
tini tanlash jarayonida ko‘mak bergan soha mutaxassislariga minnatdorchilik bildiradi.
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ARTIFICIAL INTELLIGENCE-BASED CONTROL MODELS FOR HIGH-
DIMENSIONAL NONLINEAR INDUSTRIAL SYSTEMS

O.A. Tuychiyev, 0.V. Tuyboyov

Turin Polytechnic University in Tashkent, Republic of Uzbekistan

Abstract. This study proposes a unified hybrid intelligent control framework that integrates physics-informed modeling, data-driven nonlinear representation, cau-
sality-aware interaction learning, hierarchical model predictive control, and safety-constrained reinforcement learning within a closed-loop architecture. The proposed
framework is designed to capture regime transitions, nonlinear couplings, and uncertainty while ensuring stability, interpretability, and constraint satisfaction. A hybrid
state-transition model combining first-principles dynamics with neural residual learning is developed, and causality-aware structure identification is incorporated to re-
duce spurious correlations and improve robustness. The control strategy employs a hierarchical predictive optimization layer complemented by a reinforcement learning-
based adaptive correction mechanism. The framework is validated across multiple high-dimensional nonlinear industrial benchmark scenarios under stochastic disturb-
ances and varying operating conditions. The results demonstrate that the proposed approach reduces one-step-ahead prediction error by 18-27% compared to conven-
tional physics-based models and improves extrapolation accuracy by approximately 21% relative to standalone neural networks. In closed-loop control experiments, the
method achieves a 32% reduction in tracking error compared to classical model predictive control and a 41% reduction compared to PID controllers, while decreasing
constraint violation rates by up to 48% relative to pure reinforcement learning approaches. Energy efficiency analysis indicates a reduction in cumulative energy con-
sumption by 6.3-9.1% compared to conventional MPC and up to 11.4% compared to rule-based control strategies. Robustness evaluation using Monte Carlo simula-
tions (10,000 scenarios) demonstrates stable performance in 96.8% of cases, with bounded degradation under extreme disturbances. Additionally, computational com-
plexity is reduced by 37% through hierarchical decomposition, enabling real-time applicability with sampling intervals as low as 50 ms.

Key words: hybrid intelligent control, nonlinear industrial systems, physics-informed modeling, model predictive control, reinforcement learning, causality-aware
modeling, data-driven control, high-dimensional systems, industrial artificial intelligence, robust control, energy-efficient optimization, digital twin systems.

YUQORI O‘LCHAMLI NOCHIZIQLI SANOAT TIZIMLARI UCHUN SUN’lY
INTELLEKTGA ASOSLANGAN BOSHQARUV MODELLARI

O.A. Tuychiyev, 0.V. Tuyboyov

Toshkent shahridagi Turin politexnika universiteti, O‘zbekiston Respublikasi

Annotatsiya. Ushbu tadgiqotda yopiq konturli arxitektura doirasida fizik gonunlarga asoslangan modellashtirish, ma’lumotlarga asoslangan nochiziqli tasvirlash,
harakat va natija munosabatlarini hisobga olgan o'zaro ta’sirlarni o'rganish, iyerarxik modelga asoslangan prediktiv (bashorat qilish) boshqaruv hamda xavfsizlik che-
klovlari bilan mustahkamlangan kuchaytirilgan o‘qitish usullarini birlashtiruvchi yagona gibrid intellektual boshqaruv tizimi taklif etildi. Bu yondashuv rejimlar o‘zgarishini,
nochizigli bog'ligliklarni va noanigliklarni hisobga olish bilan birga tizim barqarorligi, talqin gilinuvchanligi va chekloviarga rioya etilishini ta’minlaydi. Birinchi prinsiplar
asosidagi dinamik va neyron tarmoglar yordamida qoldiq komponentlarni o'rganishni birlashtirgan gibrid holat o'tish modeli ishlab chiqildi. Noto‘q'ri korrelyatsiyalarni
kamaytirish va barqarorlikni oshirish maqsadida harakat va natjjaga asoslangan tuzilmani aniglash mexanizmi joriy etildi. Boshqaruv strategiyasi iyerarxik prediktiv
optimallashtirish qatlamini 0z ichiga olib, u kuchaytirilgan o'qitish asosidagi adaptiv tuzatish mexanizmi bilan to‘ldiriigan. Taklif etilgan tizim ko'p olchamli nochizigli
sanoat jarayonlari uchun etalon modellar asosida, stokastik bezovtaliklar va turli ish rejimlari sharoitida sinovdan o'tkazildi. Natijalar shuni ko'rsatadiki, ushbu yondashuv
an‘anaviy fizik modellarga nisbatan bir bosgich oldingi bashorat xatoligini 18-27% ga kamaytiradi va mustaqil neyron tarmoqlarga nishatan ekstrapolyatsiya aniqligini
taxminan 21% ga oshiradi. Yopiq kontur boshqaruv tajribalarida ushbu usul klassik modelga asoslangan prediktiv boshqaruvga (MPC) nishatan kuzatuv xatoligini 32%
ga, PID-regulyatorlarga nisbatan esa 41% ga kamaytiradi. Shu bilan birga, cheklovlarning buzilishi darajasi sof kuchaytirib o'qitish usullariga nisbatan 48% gacha kama-
yadi. Energiya samaradorligi tahlili an'anaviy MPC bilan solishtirganda umumiy energiya sarfini 6,3-9,1% ga, qoidalarga asoslangan boshqaruv strategiyalariga nis-
batan esa 11,4% gacha kamaytirishini ko'rsatadi. Monte-Karlo modellashtirish (10 000 ta ssenariy) asosida o'tkazilgan barqarorlik baholash natijalari 96,8% hollarda
tizimning barqaror ishlashini va ekstremal bezovialiklar sharoitida ham cheklangan darajadagi yomonlashuvni ko'rsatdi. Bundan tashqari, iyerarxik dekompozitsiya
yordamida hisoblash murakkabligi 37% ga kamaytirildi, bu esa 50 ms gacha bo‘lgan diskretlash oralig‘ida haqiqiy vaqt rejimida qo‘llash imkonini beradi.

Kalit so‘zlar: gibrid intellektual boshqaruv, nochizigli sanoat tizimlari, fizik qonunlarga asoslangan modellashtirish, modelga asoslangan prediktiv boshqaruv,
kuchaytirilgan o'qitish, harakat va natijaga asoslangan modellashtirish, ma’lumotlarga asoslangan boshqaruv, yugori o‘lchamli tizimlar, sanoat sun’iy intellekti, robust
boshqaruv, energiya tejamkor optimallashtirish, raqamli egizak tizimlar.
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MOZENU YNPABNEHWA HA OCHOBE UCKYCCTBEHHOIO
WHTENNEKTA A1 BbICOKOPA3SMEPHbIX HENMUHEUHbBIX
NMPOMBILLNEHHBLIX CUCTEM

Tywumes 0.A., Tyin6oitos O.B.

TyprHCKOro MONMTEXHUYECKOTO yHUBEpCUTeTa B TallkeHTe, Pecnybnuka Y3bekucTaH

AHHomayusi. B OanHol pabome npednacaemca eQuHas eubpulHas UHMennekmyanbHass cmpykmypa ynpaeneHusi, o0bbeduHslwas u3udecKu-
UHGhopMUpOBaHHOe ModenupogaHue, HenuHelHoe npedcmagneHue Ha 0cHoge OaHHbIX, 0byYeHue 83aumodelicmeusiv C y4emoM NPUYUHHO-CIeACMBEHHbIX ces3ell,
uepapxuyeckoe npedUKMUBHOe ynpasiieHue Ha ocHose Modenel, a makxe 0byyeHue ¢ NOOKpeneHUeM ¢ yyemom oepaHuyeHull 6eaonacHocmu 8 pamkax 3amkHymol
apxumekmypab! ynpasneHus. [pednoxeHHas cmpykmypa npedHasHayeHa onsi ydema nepexodos MexOy pexumamu, HeruHelHbIX 83auMocesseli U HeonpedeneHHocmu
npu 0dHo8peMeHHOM obecneyeHuu ycmolyusocmu, UHmepnpemupyemocmu u cobnrodeHusi oepaHuyeHull. Paspabomara eubpudHas modesnb nepexoda cocmosHuUU,
coyemarowjass OUHaMUKY, OCHOBaHHYI0O Ha NepebIX NPUHYuUnax, ¢ HelipocemesbiM 0BY4EHUEM OCMamoOYHbIX KOMNOHEHMO8, a makxe eHedpeHa udeHmubukayus
CMPYKMYpbI C y4emOoM NpUYUHHOCMU Ol YMEHbWEHUS TIOXHbIX KOppenayull u nogbiweHusi ycmotdusocmu. Cmpameaus ynpasneHus 8kmoyaem uepapXxudeckuli
croli npedukmusHoU onmumu3ayuu, OONONHEHHbIU MexaHU3MOM adanmusHOU KOppekyuu Ha ocHoge 0byyeHus ¢ nodkpenneHuem. [TpednoxeHHas cmpykmypa eanu-
OupogaHa Ha pside dmarioHHbIX 8bICOKOPa3MEPHbIX HEMUHEUHbIX NPOMbILLIEHHBIX 3a0a4 8 YCroBUSX CMOXacmUYeCcKUX 803MYWEHUL U USMEHSIIOLUXCS peXUMOo8 pabo-
mbl. Pe3ynbmameI nokasbigatom, 4mo npednoxeHHbIl no0Xo0 CHuxaem owubky 00HOCMyneHYamoa0 npoeHo3upogaHus Ha 18-27% no cpasHeHulo ¢ mpaduyUOHHbI-
MU ¢hu3u4eCKUMU MOOENAMU U NOBbILIAEM MOYHOCMb 3KCMpPanonayuu npuMepHo Ha 21% no CpasHEeHUI ¢ a8MOHOMHbIMU HEUPOHHBIMU cemamu. B akcnepumenmax
3aMKHYymo20 ynpasreHus Memod obecneyugaem CHUXeHUEe OWUOKU CrexeHus Ha 32% No CpasHeHUIo C Kaccudeckum MoOebHO-NPeOUKMUBHBIM ynpaseHuem U Ha
41% no cpasHeHuto ¢ [TV]-peaynsmopamu, Npu 3MomM CHUXas ypOoBEHb HapyLeHus oepaHuyeHuli 00 48% no cpagHeHuk ¢ YucmbiMu Memodamu 0byyeHus ¢ nodkpen-
neHueM. AHanu3 3Hep203hheKkmusHOCMU Nokasbigaem CHUXEHUE CO8OKYNHO20 sHepeonompebneHus Ha 6,3-9,1% no cpasHeHuto ¢ mpaduyuoHHbiM MPC u do 11,4%
no cpasHeHuIo ¢ npasunamu ynpagneHus. OueHka yemouyugocmu ¢ ucnons308aHuem Modenupogaxus MoHme-Kapro (10 000 cueHapues) demoHcmpupyem cmabusib-
Hyto pabomy & 96,8% crydaes ¢ 02paHUYEHHbIM yXyOWeHUEeM Xapakmepucmuk npu SKCmpemarnbHbIX 803MyweHuUsX. Kpome moeo, 8bI4UCTUMENbHasS CIIOXHOCTb
CHUXeHa Ha 37% 3a cyem uepapxuyeckoll deKoMno3uyuu, 4mo obecneyusaem 803MOXHOCTb NPUMEHEHUS 8 pealbHOM 8peMeHU nNpu URmepeanax Ouckpemusayuu
00 50 mc.

Knrouesbie cnoea: eubpudHoe uHMennekmyansHoOe ynpasneHue, HenuHelHbIe NPOMbIWIEHHbIE CUCMEMbI, (hu3UYECKU-UHGHOPMUPOSaHHOE MOOEeNupogaHUe,
ModenbHO-npedUKMUBHOe ynpasneHue, 0by4eHue ¢ NOOKpenneHUueM, NPUYUHHO-0pUeHMUPO8aHHOe MOOEeTLUpOsaHuUe, ynpasieHue Ha 0CHo8e AaHHbIX, 8bICOKOpasMep-
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Hble cucmemb|, NPOMbILEHHBIU UCKYCCMBEHHB I UHMennekm, pobacmHoe ynpagneHue, 3Hep2oaghchekmugHas onmumusayusi, yughposbie d80UHUKU.

Introduction

The rapid evolution of industrial systems over the past decade has
been driven by the convergence of artificial intelligence [1], advanced
control theory, and cyber-physical infrastructures [2]. This transfor-
mation is not merely technological but structural, reshaping how com-
plex industrial processes [3] are modeled, monitored, and controlled.
Modern industrial environments-ranging from energy conversion sys-
tems to smart manufacturing and autonomous production lines-are
increasingly characterized by high dimensionality, nonlinear interac-
tions, and tightly coupled physical and digital components. These sys-
tems operate under strict performance, safety, and efficiency require-
ments, where even minor deviations can propagate into significant
operational and economic losses. Recent bibliometric evidence based
on large-scale scientific datasets [4] (2020-2025) reveals a clear shift
in research focus toward the integration of artificial intelligence with
dynamic system modeling and control. In particular, three dominant
thematic directions emerge: (i) Al-driven monitoring [5], detection, and
digital twin integration [6]; (i) nonlinear dynamic system [7] representa-
tion rooted in differential equations and physics-based modeling [8];
and (iii) hybrid frameworks that bridge data-driven learning with control-
theoretic guarantees. The strong co-occurrence of terms such as inte-
gration, dynamic, equation, problem, and artificial intelligence indicates
that the field is transitioning from isolated algorithmic solutions toward
unified, system-level intelligence architectures.

This figure 1 illustrates the co-occurrence relationships among
keywords extracted from 1383 publications. The clustering structure

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026

reveals three dominant research directions: (i) artificial intelligence
integration and industrial applications (red cluster), (i) nonlinear dy-
namic system modeling and differential equation-based [9] representa-
tions (green cluster), and (jii) data-driven prediction [10] and optimiza-
tion methods (blue cluster). The strong connectivity between clusters
highlights the increasing convergence of Al and physics-based control
paradigms. Despite this progress, industrial systems remain inherently
difficult to control due to their nonlinear, multiscale, and partially ob-
servable nature. Real-world processes often exhibit complex behaviors
[11] such as bifurcations, regime switching, oscillations, and sensitivity
to disturbances. Classical control approaches-particularly those relying
on linearization or simplified physical assumptions-struggle to capture
these phenomena under varying operational conditions. While Model
Predictive Control (MPC) [12] has become a standard for handling
multivariable constraints, its effectiveness is fundamentally limited by
model accuracy and computational scalability, especially in high-
dimensional settings with hybrid (continuous—discrete) decision varia-
bles. Parallel to model-based approaches, data-driven techniques-
especially deep leaming and reinforcement learning-have demonstrat-
ed remarkable capabilities in approximating nonlinear dynamics [13]
and optimizing control policies. However, their application in industrial
contexts remains constrained by critical limitations, including lack of
interpretability, vulnerability to distributional shifts, and absence of
formal safety guarantees. Bibliometric clustering further confirms that
research on error, distribution, and loss function is strongly linked to
dynamic system modeling, highlighting ongoing challenges in generali-



INFORMATION TECHNOLOGY AND ARTIFICIAL INTELLIGENCE

qdetenﬁnation

charge
o supportvector machine genetic algorithm -?;
degradation’ ¥ baftery LN ey
S —— temperature
usef@life omparative analysis total i
comparagy V7 Bl role contro@eratesy predictign epror” Coe@ent
. emigsion it a “ fl \
) account i [
climate o° shap @ InTgeriee b . location
[ ] > P awe <) q trainingéprocess
ma%ent hybrid physics an @ J
predlctlvaanodeung version @ weight . depth € q ‘novel physics i
maintenance S* 5 " 3 \ VEW'W
owergsystem
o ® CPP" y.’ p Sy: autoemcoder madule ev trajégory
pri i ture
@ g e Ve oo i “
: : 'y
di SINY % instance lS}w R
pdm data augmentation e |OSS function
i p = b 4
federated learning _. ﬁ comp@sition novel aPﬁmh J ‘..‘"‘ c Wrse Y
xai d@ct @ supetiority initial conditior
iot
et L 2
F praduct R
artifici user v order m.arge.umw °
major challenge S
& peer @ -tun : ¢ e
“, £ . large dataset 7 ﬁ
future@@irection e gl quan@atlon %Parse lfwtlflca
her 3
challenges ‘ D ! Torge arouTt physice fW‘ dif‘ferent#quatlon .
e great promise efficacy | o :
roa@dap deigade hand . w ®
currenpstate learning process 1
human B recefifyear i < ° £
> reliance physical principle peior ©
o I - sdience aspéct di r
Ove"ewmn per*tlve (%: ,gd variety W y scientific machine learning
. piml =
large language model ot K unified framework
@survey S physical knowledge i
. rug discoves
ﬁ: VOSviewer € v

comprehensive overview .
potential application

Fig. 1. Keyword co-occurrence network of Al-based control research in high-dimensional nonlinear industrial systems
(2020-2025, VOSviewer analysis)

zation and robustness. These issues are particularly pronounced in
safety-critical domains, where uncontrolled exploration or model mis-
match can lead to instability, equipment damage, or system-wide fail-
ures.

The overlay visualization figure 2 indicates a clear temporal shift
toward integration-driven and dynamic modeling approaches. Earlier
studies focus on monitoring and detection, while recent works empha-
size hybrid modeling, physics-informed leaming [14], and dynamic
system representations. Emerging keywords such as dynamic, equa-
tion, and integration suggest a transition toward unified intelligent con-
trol frameworks. Another emerging insight from recent literature is the
growing importance of integration as a central research paradigm.
Rather than relying on purely data-driven or purely physics-based
methods, there is increasing recognition that effective industrial intelli-
gence requires a coordinated fusion of both. This includes the integra-
tion of physical laws (e.g., differential equations), machine learning
models [15], optimization frameworks, and real-time feedback mecha-
nisms. In this context, approaches such as physics-informed neural
networks (PINNs), hybrid digital twins, and learning-enhanced MPC
represent important steps forward. However, existing solutions often
address these components in isolation and lack a unified architecture
capable of simultaneously ensuring adaptability, interpretability, and
safety.

The density map figure 3 identifies high-frequency and high-impact
research areas, with dominant concentrations around artificial intelli-
gence, integration, dynamic, problem, and equation. These hotspots
confirm that current research is centered on combining Al with nonline-
ar dynamic system modeling and control optimization, reinforcing the

need for hybrid and physics-informed intelligent control architectures. A
further challenge lies in understanding and modeling causal interac-
tions within high-dimensional industrial systems. Traditional correlation-
based leaming [17] methods may capture spurious relationships that
fail under changing conditions. As indicated by the strong linkage be-
tween dynamic, equation, and problem clusters in recent studies, there
is a pressing need for causality-aware modeling frameworks that can
identify physically meaningful dependencies and improve robustness.
Without such mechanisms, learned control policies risk overfitting to
historical data and degrading in real-world deployment.

These observations highlight a fundamental gap in the current state
of research: the absence of a comprehensive, hybrid control framework
that integrates nonlinear system dynamics, data-driven adaptability,
safety constraints, and causal interpretability within a single coherent
architecture. Addressing this gap is essential for advancing industrial Al
from experimental success to reliable large-scale deployment.

This study proposes a unified intelligent control framework for high-
dimensional nonlinear industrial systems. The approach is built upon a
multilayer integration of physics-informed modeling, data-driven nonlin-
ear representation, hierarchical predictive optimization [18], and trust-
worthy reinforcement learning. Unlike conventional methods, the pro-
posed framework explicitly incorporates causality-aware interaction
structures and explainability mechanisms to ensure both robustness
and interpretability. Furthermore, it is designed to balance multiple
industrial objectives, including energy efficiency, operational stability,
and safety compliance. The main contributions of this work are three-
fold. First, it introduces a structured hybrid modeling paradigm that
combines physical knowledge with adaptive learning to accurately
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capture complex nonlinear behaviors. Second, it develops a hierar-
chical control architecture that integrates predictive optimization with
reinforcement learing while maintaining formal safety constraints.
Third, it embeds causality-aware and explainability-driven components
to enhance transparency and reliability in high-dimensional environ-
ments. By addressing the limitations identified in recent literature and
bibliometric trends, this work aims to establish a scalable and trustwor-
thy foundation for next-generation intelligent industrial control systems.

Methods

This study develops a unified hybrid intelligent control framework for
nonlinear industrial processes operating under uncertainty, safety con-
straints, and multi-objective performance requirements. The proposed
methodology integrates physics-informed modeling, data-driven nonlin-
ear representation, predictive optimization, causality-aware structure
learning, and trustworthy reinforcement learning within a hierarchical

closed-loop architecture.

ySIcs'-Based] [ Data-Driven ] \
Model Model

Model
Analysis
Dynamics
RL Agent

Fig. 4. Hybrid intelligent control framework integrating physics-
based modeling, data-driven learning, causality analysis, and
adaptive control

/

The proposed framework figure 4 combines first-principles model-
ing with data-driven learning to construct a hybrid system representa-
tion. Causality-aware interaction modeling enhances interpretability,
while predictive optimization and reinforcement learning jointly enable
robust and adaptive control under uncertainty.

The framework is designed for general applicability to energy-
intensive, safety-critical, and high-dimensional industrial systems. Con-
sider a nonlinear industrial process described in continuous time by

x(t) = f(x(),u(t),d(t), 6), 0
y() = h(x(®)),
where x(t) € R™ denotes the state vector, u(t) € R™ the control

input, d(t) € RP exogenous disturbances, and 6 uncertain or slowly
varying parameters. The functions f and h(-) may be partially known,

nonlinear, and potentially non-smooth due to hybrid actuation logic.
Industrial systems of interest exhibit: Nonlinear state interactions, Cou-
pled energy-material-information flows, Actuator saturation and dis-
crete switching, Time delays and measurement noise, Multi-objective
operational constraints.

To account for digital implementation and mixed-integer actuation,
the system is discretized with sampling time At:

X1 = F O, g, di, 6x) + wy, 3)
Vi = H(xy) + vy,

where wy, and vy, represent bounded process and measurement dis-
turbances.

The control objective is defined as a constrained multi-objective
optimization problem over a prediction horizon:

N-1 3 .
min Z (aljenergy(k +0+ a2]tracking (k+0+ (
Uk:k+N-1 = +a3]stability(k + i) + a4]safety (k + l))

subject to:

Xirivr = F i Ugrir D), (5)
Xe+i € X, Uy €U,
I(Xrir Uge+i) < 0.

Here, X and U define admissible state and input sets, while g(*)
encodes safety, operational, and equipment constraints. Physics-
Informed Data-Driven Nonlinear Representation, Purely first-principles
models often fail to capture regime shifts, bifurcations, and unmodeled
couplings. Therefore, a hybrid state transition representation is adopt-
ed:

F(xk'uk) = thys(xkr uk) + Eﬁes(xk;uk; ¢): (6)

where: Fphys is the known physics-based component, Fres is a
learned residual dynamics model, @ are trainable parameters

The residual model is implemented using a structured neural archi-
tecture constrained to preserve physical invariants such as energy
balance, monotonicity, and boundedness. Regularization terms enforce
Lipschitz continuity:

Ve Fresll < L. (7)

This hybrid representation ensures interpretability while enabling
nonlinear expressivity beyond linear approximations. To avoid spurious
correlations in high-dimensional systems, a causality-aware interaction
graph G = (V,E) is estimated from time-series data.

The causality figure 5 captures directed dependencies between
system variables, enabling structured leaming of nonlinear dynamics.
By focusing on physically meaningful interactions, the model improves
robustness and reduces the impact of spurious correlations.

Nodes correspond to state variables, and edges represent directed
dependencies inferred via phase-based nonlinear causality measures
and conditional information criteria.

The adjacency matrix A € R™ ™ is constructed such that:

1 if x; = x;jcasually, (8)

A= j
Y {0 and otherwise
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Fig. 5. Causality-aware interaction graph representing
dependencies among system variables.

This structure (8) constrains the residual dynamics:

Fres () = ) wy(x0) ©)

i:Ail-:l

reducing overfitting and improving interpretability. It also enhances
robustness under distributional shifts.

State x1 State x2

State x3 State x6 ‘

N

State x4

Fig. 6. Closed-loop control structure integrating model
predictive control and reinforcement learning

The control structure in figure 6 combines model predictive control
with reinforcement learning in a unified closed loop. The MPC layer
ensures constraint satisfaction and stability, while the reinforcement
learning agent improves adaptability and performance under uncertain-
ty through continuous feedback.

The upper control layer implements a constrained Model Predictive
Control (MPC) algorithm using the hybrid model. For mixed-integer
actuation, the optimization problem becomes:

O'zbekiston konchilik xabarnomasi Ne 3 (106) 2026

min J(x, u, z)
u,z

(10)

subject to:

7 € {0,1}, uy, = 7, © uo™ (1)
yielding a mixed-integer nonlinear program (MINLP). To ensure
tractability, a two-layer approach is adopted: Long-horizon economic
scheduling (slow time scale), Short-horizon disturbance rejection (fast
time scale), This hierarchical decomposition reduces computational
burden while preserving constraint satisfaction.
To enhance adaptability, a reinforcement learning (RL) module
learns a corrective control term 174 (x) applied as:
we = PC + 1o () (12)
The RL agent is trained in a high-fidelity digital twin environment
with safety shields:
uy € Usafe- (13)
The reward function incorporates energy efficiency, constraint
penalties, and stability margins:

Tk = _(,Bljenergy + ﬁZ]tracking + ﬂ3ViolationPenalty (14)

Safe exploration is ensured via: Action projection onto admissible
sets, Lyapunov-based stability constraints, Conservative initialization
from MPC policy, Explainability and Robustness Validation, Policy
transparency is evaluated through:

Gradient-based sensitivity analysis, Input perturbation testing,
Feature attribution methods, Robustness is assessed under: Paramet-
ric uncertainty, Stochastic disturbances, Sudden load changes, Adver-
sarial perturbations.

Closed-loop stability is analyzed using a composite Lyapunov can-
didate:

V(x) =x"Px + Allmg ()12 (15)

Stability holds if:

AV (x) < —€llx? (16)

The framework is validated on high-dimensional industrial bench-
mark scenarios including: Nonlinear energy management systems,
Multi-actuator thermal processes, Coupled oscillatory mechanical sub-
systems, Performance metrics include: Energy consumption reduction
(%), Tracking error (RMSE), Constraint violation rate, Switching fre-
quency, Stability margins, Computational time, Comparisons are con-
ducted against: Classical PID control, Pure MPC, Pure deep RL, ANN-
based controllers.

All models are trained and tested using cross-validation across
multiple operating regimes to evaluate generalization.

Results

The proposed hybrid intelligent control framework was evaluated

across multiple nonlinear industrial benchmark scenarios, including
high-dimensional feedback control systems, energy-conversion units,
manufacturing quality monitoring processes, and multi-objective deci-
sion environments. The results are presented in terms of predictive
accuracy, control performance, energy efficiency, robustness under
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uncertainty, computational feasibility, and comparative benchmarking
against conventional and state-of-the-art approaches. First, the hybrid
nonlinear state-transition model demonstrated substantial improve-
ments in predictive fidelity compared to purely physics-based or purely
data-driven baselines. Across dynamic benchmark systems with strong
nonlinearities and multi-regime behavior, the proposed physics-
informed residual learning structure reduced one-step-ahead prediction
error by 18-27% relative to classical reduced-order physical models.
Compared to standalone deep neural network predictors, the hybrid
model exhibited 21% lower extrapolation error under distributional
shifts, particularly in regions near bifurcation thresholds and subhar-
monic resonance regimes. This robustness was especially evident in
high-dimensional nonlinear systems characterized by oscillatory energy
tracks and multi-branch solution spaces, where purely data-driven
models showed sensitivity to regime transitions.

(EEERRMSE N Energy [ Violation |

Performance Comparison of Control Methods
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Fig. 7. Comparative performance evaluation of control strategies
in terms of tracking error, energy consumption, and constraint
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Fig. 8. Closed-loop tracking performance under nonlinear dynam-
ic conditions.

The hybrid framework figure 7 demonstrates superior perfor-
mance across all metrics, achieving the lowest tracking error and con-
straint violation rate while maintaining improved energy efficiency com-
pared to conventional and learning-based baselines. In closed-loop
control experiments, the hierarchical predictive optimization layer com-

bined with causality-aware structure constraints yielded superior stabili-
zation performance. Under stochastic disturbance injection and para-
metric uncertainty, the proposed controller achieved a 32% reduction in
root-mean-square tracking error compared to classical MPC and a 41%
reduction compared to PID baselines.

The proposed figure 8 hybrid controller exhibits faster conver-
gence and reduced oscillations compared to baseline methods. The
improved damping behavior highlights its ability to handle nonlinear
dynamics and disturbances effectively. Constraint violation frequency
decreased by 48% relative to pure reinforcement learning controllers,
demonstrating that embedding safety constraints within the predictive
optimization layer effectively mitigates unsafe exploratory behavior.
Energy efficiency improvements were particularly significant in energy-
intensive system simulations. In transient energy conversion scenarios
inspired by dynamic fuel-cell and electrochemical systems, the hybrid
controller reduced cumulative energy losses by 6.3-9.1% compared to
conventional MPC and by 11.4% compared to rule-based control strat-
egies.

o Cumulative Energy Consumption
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| MPC Vol
200 RL 7
e Hybrid /
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o 150 -~
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0 1 1 1
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Time

Fig. 9. Cumulative energy consumption comparison across con-
trol strategies

The hybrid approach consistently achieves lower cumulative
energy consumption, indicating improved operational efficiency and
reduced system losses. These gains were achieved while preserving
stability margins and maintaining bounded temperature and utilization
constraints under load-following conditions. Notably, during rapid load
transitions, the controller suppressed overshoot amplitude by approxi-
mately 35%, indicating improved transient damping behavior. The
integration of reinforcement learning as a corrective supervisory layer
further enhanced adaptability under nonstationary conditions. When
operational regimes were shifted abruptly (e.g., altered disturbance
statistics or parameter drift), the adaptive component restored nominal
performance within 12-18 control cycles, whereas fixed-parameter
MPC required manual retuning to regain equivalent performance. Im-
portantly, safety-shielded policy projection prevented any observed
hard constraint violations during online adaptation.

Explainability analysis revealed that causality-constrained interac-
tion modeling significantly reduced spurious feature attribution. Sensi-
tivity heatmaps demonstrated that dominant state dependencies
aligned with physically interpretable interaction pathways rather than
statistically correlated but physically irrelevant signals. Gradient-based
attribution showed 23% lower feature variance across perturbation
tests compared to unconstrained neural baselines, indicating improved
structural consistency. Robustness analysis under Monte Carlo disturb-
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Fig. 10. Robustness evaluation under stochastic disturbances
using Monte Carlo simulations

ance sampling (10,000 scenarios per benchmark) demonstrated stable
convergence behavior across 96.8% of simulations.

The hybrid controller figure 10 exhibits the lowest variance and
median error, demonstrating strong robustness against uncertainty and
disturbances. The remaining 3.2% represented extreme adversarial
perturbation cases, in which performance degradation remained bound-
ed and did not trigger constraint violations. Lyapunov-based empirical
stability assessment confirmed negative semi-definite energy growth in
all nominal operating regimes. In high-dimensional nonlinear feedback
systems exceeding six state variables, where curse-of-dimensionality
effects typically degrade feedback realization accuracy, the proposed
surrogate-assisted feedback approximation maintained stable perfor-
mance with less than 5% degradation relative to lower-dimensional
benchmarks. This suggests that greedy sampling combined with struc-
tured residual modeling effectively preserves feedback quality even in
large state spaces.

Comparative benchmarking against alternative intelligent control
paradigms—including standalone deep reinforcement leaming, neural
predictive control, and transfer learning—based controllers-revealed
consistent performance advantages. Pure DRL achieved comparable

Ablation Study of Framework Components

0.25
0.2
0.15
L
D)
%
0.1
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0
Full Model -RL  -Causality -Physics
Fig. 11. Ablation study showing the contribution of each
component in the proposed framework
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steady-state performance but exhibited higher variance under uncer-
tainty and longer convergence times. Neural predictive controllers
achieved low tracking error in stationary regimes but degraded signifi-
cantly under distributional shift. Transfer learning approaches improved
generalization but lacked formal constraint guarantees, resulting in
occasional boundary violations under stress testing. Statistical analysis
confirmed the significance of improvements. Across all benchmark
scenarios, mean performance improvements over the strongest base-
line were statistically significant (p < 0.01) under paired t-tests with
Bonferroni correction. Effect sizes ranged from moderate (Cohen’s d =
0.54) in tracking performance to large (d = 0.91) in constraint violation
reduction.

Removing key components significantly degrades performance,
confirming that the integration of physics modeling, causality con-
straints, and reinforcement leaming is essential for optimal control
performance (see figure 11). Computational complexity analysis indi-
cated that hierarchical decomposition reduced average online optimiza-
tion time by 37% compared to full-horizon mixed-integer predictive
control. Real-time feasibility was maintained for sampling intervals
down to 50 ms in medium-scale systems (n < 12 states). Memory foot-
print remained stable due to structured sparsity in causality graphs. In
multi-objective trade-off analysis, Pareto front evaluation showed that
the proposed framework expanded the feasible performance envelope,
enabling simultaneous reductions in energy consumption and tracking
error without increasing constraint risk. The Pareto frontier dominated
those of classical MPC and pure RL controllers across 83% of operat-
ing regimes.

Generalization tests across heterogeneous industrial contexts—
including manufacturing inspection-inspired classification dynamics,
biomedical-inspired multi-parameter optimization tasks, and dynamic
electrochemical systems—demonstrated consistent architectural trans-
ferability. Performance degradation across domain shifts remained
below 8%, indicating strong structural adaptability. The results demon-
strate that integrating physics-informed modeling, causality-aware
interaction constraints, hierarchical predictive optimization, and trust-
worthy reinforcement leaming produces a control architecture that is
simultaneously robust, adaptive, interpretable, and computationally
efficient. Compared to conventional model-based, purely data-driven,
and standalone reinforcement leamning approaches, the proposed
framework achieves superior stability, reduced constraint violations,
enhanced energy efficiency, and improved resilience under uncertainty,
thereby addressing critical limitations identified in the current state of
industrial intelligent control research.

Discussion

This study addressed one of the central challenges in contempo-
rary industrial automation: the design of trustworthy, adaptive, and
computationally feasible control architectures for high-dimensional
nonlinear industrial systems. By integrating physics-informed modeling,
causality-aware structure learning, hierarchical predictive optimization,
and safety-constrained reinforcement leaming, the proposed framework
advances beyond the limitations of purely model-based or purely data-
driven control paradigms. The results demonstrate that structured hy-
bridization-rather than replacement of physical models with black-box
learning—offers a more robust pathway toward industrially deployable
artificial intelligence. In complex systems characterized by nonlinear
dynamics, regime transitions, oscillatory behavior, and multi-objective
constraints, the physics-informed residual architecture significantly
improved predictive fidelity and extrapolation performance. Unlike con-
ventional neural approximators that may degrade near bifurcation
boundaries or under distributional shift, the structured residual design
preserved physical plausibility while retaining nonlinear expressive-
ness.
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The hierarchical predictive optimization layer proved essential for
maintaining constraint satisfaction and computational tractability. By
decomposing long-horizon economic scheduling and short-horizon
stabilization, the framework preserved real-time feasibility even in
mixed-integer nonlinear control settings. Importantly, the embedded
safety mechanisms and Lyapunov-consistent adaptation ensured that
performance improvements did not come at the expense of operational
risk-a key limitation frequently reported in standalone deep reinforce-
ment learing applications.

Conclusion

The reinforcement learning component functioned not as an un-
constrained decision-maker but as a corrective supervisory module
operating within formally defined safety envelopes. This design choice
reflects a broader methodological insight: adaptive intelligence in safety
-critical industries must be layered, verifiable, and physically interpreta-
ble. The incorporation of explainability mechanisms and causality-
aware interaction graphs further strengthened transparency and robust-
ness, reducing susceptibility to spurious correlations and enhancing
interpretability in high-dimensional environments. From an energy and
sustainability perspective, the demonstrated improvements in cumula-
tive energy efficiency and transient damping behavior underscore the
practical relevance of hybrid Al control architectures in energy-intensive
industries. Simultaneous reductions in tracking error, constraint viola-
tions, and energy losses indicate that multi-objective optimization can
be effectively balanced when structural modeling and adaptive leaming
are jointly considered.

Beyond performance gains, this research contributes conceptually
by framing intelligent industrial control as a multilayer integration prob-

lem rather than a single-algorithm solution. The synthesis of physical
knowledge, data-driven inference, predictive optimization, and adaptive
policy refinement represents a systematic architecture capable of ad-
dressing nonlinear uncertainty, high dimensionality, and safety con-
straints concurrently. This perspective aligns with emerging trends in
physics-informed machine learning, trustworthy reinforcement leaming,
and hybrid cyber—physical control systems. Nevertheless, further re-
search is warranted to extend validation beyond benchmark simulations
into real-world industrial deployments with hardware-in-the-loop evalua-
tion. Future studies may investigate scalable causality learning in ultra-
high-dimensional networks, probabilistic constraint satisfaction under
partial observability, and transformer-based temporal modeling for long-
horizon industrial processes. Formal stability guarantees for hybrid
adaptive controllers also remain an open and valuable research direc-
tion.

In conclusion, this work establishes that artificial intelligence—
based control models for high-dimensional nonlinear industrial systems
must be structured, interpretable, and safety-aware to achieve industri-
al viability. The proposed hybrid framework demonstrates that integrat-
ing physics-informed dynamics, causality-aware structure, hierarchical
predictive optimization, and trustworthy reinforcement leaming can
yield a control architecture that is robust, adaptive, computationally
efficient, and operationally safe. Such integrated intelligent control
paradigms provide a foundational pathway toward resilient, energy-
efficient, and future-ready industrial automation systems in the era of
Industry 4.0 and beyond.
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OMPELENEHWUE U NOOAEPXAHUE MAPAMETPOB M'MOPOMOHHOW
YCTAHOBKU

Kaaupos E.B., Yynuesa X

HaBouiickuin rocyAapCTBEHHbII FOPHO-TEXHOMNOUYECKIA yHUBEpCuTeT, Pecnybnvka Y3sbekucta

AxHomauyus. B daHHol cmambe npedcmagneHa pa3pabomka UHmenekmyansHol asmomamu3uposaHHoU cucmeMb! ynpagneHusi 2UOPONOHHOU ycmaHosKol
NFT (Nutrient Film Technique), ocHogaHHOU Ha MUKpoKOHMposnepHol nnamegopme u mexrHonoeusix loT (Internet of Things), HanpagneHHoU Ha nosbiweHue 3ghghek-
mueHOCMU (hyHKYUOHUPOBaHUS CUCMEMbI U ONMUMU3AUUI0 Npouecca ebipalyueaHuss pacmeHull. B cospeMeHHbIX yCrosusx cenbcko2o Xxo3alicmea payUuoHabHoe
ucnonb3ogaHue 800HbIX Pecypcos, obecneyeHue aKomoeuyeckol ycmolyugocmu U nosbiweHue ypoxalHocmu mpebyrom akmugHo20 eHedpeHus nepedossIX yugpo-
8bIX U a8MoMamu3upoBaHHbIX aepomexHonoaull. B cesi3u ¢ amum asmomamusayusi 2uOPONOHHbIX NPOUECCO8 U OpaaHu3ayust OUCMaHUUOHHO20 MOHUMOPUHea CmaHo-
8amcsi 00HUM U3 Haubornee akmyarbHbIX Hay4yHO-npakmuyeckux HanpaeneHul. lpednazaemas cucmema ynpasneHus peanusosaHa Ha 6ase MUKPOKOHMPOsIepHol
apxumeKkmypb! U 8Krr4aem KOMNIEKC COBPEMEHHbIX damyukoe Orsi HeNpepbIBHO20 KOKMPOIIS memMnepamyphbl, 8naxHocmu 8030yxa, yposHs 800kl nokazamens pH,
a makxe KOHUeHmpayuu pacmeopéHHbIX 8euwecms 8 numamesbHoM pacmeope. [lonydeHHble ¢ damyukog daHHbIe HenpepbigHo obpabambigatomes u nepedaromes ¢
ucnonb3ogaHueM mexHonoaul 10T, ymo obecneyusaem MOHUMOPUHE MEXHOMO2UYECKO20 NPOLEcca 8 PEXUME PeanbHo20 8PEMEHU U 803MOXHOCMb YO0anéHHo20
ynpagnexusi cucmemoli. [Insi nosbIeHus moYHocmu, adanmugHocmu U HaéxHocmu ynpasseHus 6biiu NPUMEHEHbI UHKMENeKMyarnbHble ansopummb| ynpagneHus,
8KrK0Yas anemeHmsl Heyémkol noauku (Fuzzy Logic), nosgonsrowue noddepxusamb mexHomozu4eckue napamempbl 8 onmumasbHbix duana3oHax. Pesynbmamei
aKcnepumeHmanbHbIx uccredosaHuli nodmeepdusiu ycmou4usyto u HadéxHyro pabomy pa3pabomaHHoU cucmembl. YcmaHo8eHo CHu)eHue pacxoda 8 00bl Ha 20-25
%, CoKpaleHue Ucnonb308aHus MUHepasbHbIX ydobpeHul 0o 15 %, nosbiweHue 3Hep203hhexmuUsHOCMU CUCMEMbI, & MakkKe yiyduweHue cmabulibHOCMU 0CHOBHbIX
MeXHOMo2U4YECKUX napamempos npouecca ebipaujusaHusi pacmerull. [TomydeHHble pe3ynbmambi no0meepxdaom nepecnekmusHoCMb NPUMEHeHUs mexHonoauli loT
U UHmennekmyarnbHbIX anzopummos ynpaseHus 8 COBPEMEHHbIX 2UOPONOHHbIX KOMNIIEKCax Kak 00H020 U3 KITKYesbIX HanpaseHull pa3gumusi 4Lhposoeo CeflbCKo-
20 xossticmea.

Knioyesbie cnoga: NFT-2udponoHHass cucmema, UHMenekmyarnbHas cucmemMa ynpasieHusi, aBmoMamu3upogaHHoOe ynpaenieHue mexHomo2uqeckum npoyec-
COM, MUKPOKOHMPOIIIIEPHas cucmemMa ynpasseHusi, mexHonoauu MumepHema sewjeli, OUcmaHYUOHHbIL MOHUMOPUHe napaMempos, cucmema KOHmpoIs numames-
HO20 pacmeopa, anzopummbl HEYEMKOU Mo2uKu, adanmueHoe ynpasneHue NPoOUeccoM, UHmennekmyanbHasi obpabomka OaHHbIX, agmomamu3ayus 2udpoNoHHO20
8bIpalyusaHusi pacmeHutl, 3Hep203(hheKkmuBHbIEe a2pOmexHoI02uyeckue CUCMEMbI.

GIDROPONIK QURILMA PARAMETRLARINI ANIQLASH VA
BARQAROR SAQLASH

Yo.B. Kadirov, G.H. Chuliyeva

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston respublikasi

Annotasiya. Ushbu maqolada mikrokontroller bazasi hamda IoT (Internet of Things) texnologiyalari asosida NFT (Nutrient Film Technique) gidroponik qurilmasi-
ning intellektual avtomatlashtirilgan boshqarish tizimini ishlab chigish va uning samaradorligini oshirish masalalari tadqiq qilingan. Hozirgi kunda gishlog xofjaligida suv
resurslaridan samarali foydalanish, ekologik barqaroriikni ta’minlash hamda hosildorlikni oshirish zamonaviy agrotexnologiyalarni keng joriy etishni talab gilmoqda. Shu
sababli gidroponik usullarda o'simlik yetishtirish jarayonlarini avtomatlashtirish va masofadan boshqarish dolzarb ilmiy-amaliy yo‘nalishlardan biri hisoblanadi. Taklif
etilgan boshqaruv tizimi mikrokontroller asosida ishlab chigilgan bo'lib, unda harorat, havo namligi, suv sathi, pH ko'rsatkichi hamda oziglantiruvchi eritmadagi erigan
moddalar konsentratsiyasini nazorat qiluvchi zamonaviy sensorlar integratsiya qilingan. Sensorlardan olinadigan ma’lumotlar doimiy ravishda qayta ishlanib, loT
texnologiyalari yordamida real vaqt rejimida monitoring qilish va masofadan nazoratni amalga oshirish imkoniyati yaratilgan. Tizimning boshqaruv anigligi va moslashu-
vchanligini oshirish magsadida intellektual boshqaruv algoritmlari, jumladan noaniq mantiq (Fuzzy Logic) elementlari gollanilgan bo'lib, ular texnologik parametriarning
optimal qiymatlarda ushlab turilishini ta’'minlaydi. O‘tkazilgan tajriba-sinov natijalari ishlab chigilgan tizimning bargaror ishlashini tasdigladi. Natijalarga ko'ra suv sarfi 20—
25 % ga kamaygan, mineral o'g’itlar sarfi 15 % gacha qisqargan, energiya resurslaridan foydalanish samaradorligi oshgan hamda o'simliklarni yetishtirish jarayonidagi
asosiy texnologik parametrlarning barqarorligi yaxshilangan. Olingan natijalar loT texnologiyalari va intellektual boshqaruv algoritmlarini zamonaviy gidroponik kom-
plekslarda qo'llash istigbolli ekanligini ko‘rsatadi.

Kalit so‘zlar: NFT gidroponik tizimi, intellektual boshqaruv tizimi, texnologik jarayonlarni avtomatlashtiriigan boshqarish, mikrokontroller asosidagi boshqaruv
tizimiii , loT texnologiyalari asosida monitoring, masofaviy nazorat tizimi, oziglantiruvchi eritmani nazorat qilish tizimi, noaniq mantiq algoritmlari, adaptiv boshqaruv
usullari, ma’lumotlarni intellektual qayta ishlash, gidroponik yetishtirishni avtomatlashtirish, energiya tejamkor agrotexnologik tizimlar.
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DETERMINATION AND MAINTENANCE OF HYDROPONIC SYSTEM
PARAMETERS

Yo.B. Kadirov, G.H. Chulieva

Navoi State University of Mining and Technologies, Republic of Uzbekistan

Abstract. This article presents the development of an intelligent automated control system for an NFT (Nutrient Film Technique) hydroponic installation based on a
microcontroller platform and IoT (Internet of Things) technologies, with the aim of improving system efficiency and optimizing plant cultivation processes. In modern agri-
culture, the efficient use of water resources, environmental sustainability, and increased crop productivity require the widespread implementation of advanced agricultural
technologies. In this context, automation and remote monitoring of hydroponic cultivation systems have become one of the most important scientific and practical re-
search directions.

The proposed control system is designed using a microcontroller-based architecture and integrates modern sensors for continuous monitoring of temperature, air
humidity, water level, pH value, and the concentration of dissolved nutrients in the nutrient solution. Sensor data are continuously processed and transmitted through loT
technologies, enabling real-time monitoring and remote control of the entire cultivation process. In order to improve control accuracy, adaptability, and system reliability,
intelligent control algorithms, including Fuzzy Logic elements, were implemented to maintain technological parameters within optimal operating ranges.

Experimental results demonstrated the stable and reliable operation of the developed system. The findings showed a 20-25% reduction in water consumption, up to
a 15% decrease in mineral fertilizer usage, improved energy efficiency, and enhanced stability of critical technological parameters during plant cultivation. The obtained
results confirm that the integration of loT technologies and intelligent control algorithms in modern hydroponic systems represents a promising and effective direction for
the future development of smart agriculture.

Keywords: NFT hydroponic system, intelligent control system, automated process control, microcontroller-based control system, loT-based monitoring technologies,
remote parameter monitoring system, nutrient solution control system, fuzzy logic algorithms, adaptive process control methods, intelligent data processing, automation of
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hydroponic plant cultivation, energy-efficient agricultural technology systems.

Beepexue

B nocnepgHue rofbl MMPOBOI arpoNpPOMBILLNEHHBIA CEKTOP CTasKu-
BaeTCS C PAAOM CEPbE3HbIX MPO6NEeM, CBA3aHHbIX C U3MEHEHWNEM KIn-
Mata, 4eduuMTOM NPecHoi BOAbl, COKPALLEHUEM MNOLOPOAHbIX 3e-
Menb 1 POCTOM YMCNEHHOCTW HaceneHus. 1o nporHosam mexayHapog-
HbIX opraHu3auui, k 2050 rogy HaceneHue nnaHeTbl NpesbIcUT 9 Mun-
NapaoB 4enoBek, 4To MoTpebyeT yBenuyeHnss o6bLEMOB NpoM3BO-
CTBa CEJTbCKOXO3ANCTBEHHOMN NPOAYKLMN He MeHee YeM Ha 60-70 %. B
3TUX YCINOBMSIX TPaAWLMOHHble MeTOAbl 3eMrefenust MoCTENEHHO
TEPSIOT 3EKTUBHOCTb, NOCKONbKY TPEDOYIOT 3HAUMTENbHBIX BOAHBIX,
SHEPreTMYEcKNX U 3eMenbHbIX pecypcoB. OpHUM M3 Hanbonee nep-
CNEKTUBHbIX HanpaBneHuil pelleHns LaHHoW npobnembl ABnSeTcs
pasBuUTME TEXHOMOMMIA WHTENMEKTYanbHOTO CENbCKOro  XO3SMCTBA
(Smart Agriculture), OCHOBaHHbIX Ha NPUMEHEHWM aBTOMATU3UPOBaH-
HbIX CUCTEM KOHTPOMS, LMPOBLIX NIaThopM ynpaBneHns 1 MEeToaoB
aHanu3a faHHbIX B pexuMe peanbHoro BpeMeHn. BaxHoe mecto cpe-
AW Takux TEXHOMOrWA 3aHUMaeT rMAPOMOHHOE BblpallMBaHWe pacTe-
HWIA, NO3BONSIOLLEE MPOU3BOAUTL CEMbCKOXO3ANCTBEHHYK MPOAYKLMIO
6e3 1cnonb3oBaHNA NOYBbI 32 CYET NPUMEHEHUS BOAHBIX PacTBOPOB,
copepxaLynx HeobXoaMMble MaKpo- 1 MUKPOINEMEHTbI.

CoBpeMeHHble MMAPOMOHHLIE YCTAHOBKM NO3BOMSIHOT CYLLECTBEHHO
CHW3MTb Pacxopd BOAbI MO CPABHEHMIO C TPAANLMOHHBIM 3EMNEAENNEM.
CornacHo pesynbTaTam psiia UCCMENOoBaHMIA, NPUMEHEHNE TMAPOMNOH-
HbIX TeXHOMoruit cHkaeT notpebnenne sogbl Ha 70-90 %, ogHospe-
MEHHO MOBbILLIAS YPOXaHOCTb PacTeHuil 3a CYET Boniee TOYHOTO KOH-
Tpons ycnoBuit Bbipalimeanus. OcobeHHO 3thdeKTUBHOIM cunTaeTcs
TexHonornst NFT (Nutrient Film Technique), npu kotopoi nuTaTensHbIn
pacTBOp HEMPEPbLIBHO LMPKYNMPYET TOHKMM CMOEM BZOMb KOPHEBOM
CUCTEMbI pacTeHni, obecneunBas CTabunbHOE NOCTYNNEHNE KUCIOPO-
[a V nUTaTenbHbIX BELLECTB.

OpHoBpeMeHHO pa3suTWe TexHonoruin WHtepHeta Belweit (loT)
OTKpbIBAET HOBble BO3MOXHOCTW A1 aBTOMATM3auuu TMAPOMOHHBIX
KOMMNekcoB. Mcronb3oBaHue pacnpenenéHHbX CEHCOPHBIX CeTelt
NO3BONSIET B HEMPEPLIBHOM PEXMME U3MEpsTb NapameTpbl Cpeabl,
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BKITIOYast TeMnepaTypy, BNaXHOCTb BO3[yXa, YPOBEHb BOAbI, KMCMOT-
HOCTb pacTBopa, 3NeKTPONPOBOAHOCTb W KOHLIEHTPaLMIO NUTaTENbHbIX
BeLlecTB. [lonyyeHHble AaHHble MOrYT nepefaBaTbCsl Ha 0bnadHble
CepBepbI 1 MCNONb30BATLCS NS MHTENNEKTYaNbHOrO aHanusa cocTos-
HWs cuctemsl. [13]

B nocnepnme rogbl 0cobblii MHTEpEC MpeAcTaBnseT uHTerpauns
METOLOB UCKYCCTBEHHOTO MHTENNEKTA, HEYETKO NOMMKMA 1 ajanTUBHbIX
anropuTMOB YNpPaBNEHWst B arpOTEXHOMOTNYECKUE CUCTEMBI. Takue
MoAxXofbl MO3BOMSIOT Y4YUTbIBATb HEMUHENHOCTb  TEXHOMOTUYECKNX
NPOLECCOB, HAaNMMYME BHELLHWX BO3MYLLEHWUA W HEOonpeaenéHHoCTb
napameTpoB cpefbl. B pesynbrarte noBbILaETCs YCTONYMBOCTb CUCTE-
Mbl, COKpALLAKTCs SKCMNyaTaLMOHHble 3aTpaThl U ynyylwaeTcs kade-
CTBO BblpalyuBaemMon npoaykuun. MmeHHo noatomy paspabotka WH-
TENNeKTyanbHbIX aBTOMaTU3NPOBAHHBIX CUCTEM YMPaBMEHUs Mapo-
MOHHbIMI YCTAHOBKaMM SBMSIETCS aKTyanbHOM HayYHO-TEXHUYECKOM
3afjayei COBPEMEHHOrO LiMdpOBOro CEMNbCKOro X03SIACTBA.

[laHHas TEXHOMOTUsI LUMPOKO MPUMEHSIETCS MpW BblpaLLyBaHUN
NINCTOBbIX OBOLLHbIX KYNbTyp W paccadbl B COBPEMEHHbIX TEMNYHbIX
xo3scTBax. OCHOBHbIMM MPEUMYLLECTBAMM TUAPOMOHHBIX CUCTEM
ABNSIOTCA aBTOMAaTU3aLMS NONKUBA, CHUXEHWE TPYAO3aTpaT, N3onsaLms
OT BHELWHeA Cpefdbl U BO3MOXHOCTb MHOTOSIDYCHOTO BbIpalLMBaHus
pacTeHNn.

OpHMM 13 KIKOYEBbIX HANpaBMNEHUA PasBUTWS MHTENNEKTYaNbHOTO
CENbCKOro X0341ACTBa ABNseTCA BHeApeHue TexHonorui loT (Internet of
Things — WHTepHeT BelLLeit), 0becneunBaloLLmx aBTOMaTU3MPOBAHHbIN
MOHWUTOPVHT 1 YNpaBrieH1e TEXHOMOTMYeckMM npoueccamu. B rugpo-
MOHHBIX YCTaHOBKaX 0CO00E 3HaYEHWE UMEIOT KOHTPONb TeMnepaTtypbl
MUTaTENbHOTO PacTBOpa, YPOBHS KMCMOTHOCTH (pH), anekTponpoBog-
HocTu (EC) 1 KoHueHTpauum pacTBOpéHHbIX BelecTs (TDS), nockornb-
Ky AaHHble napameTpbl HENOCPEACTBEHHO BMUAIOT HA NPOAYKTUBHOCTL
pacTeHui.

TpamuuUMOHHO KOHTPOIb YKa3aHHbIX NapaMeTPOB OCYLLECTBNSETCS
BPYYHYI0, OHAaKO COBpEMEHHble |0T-TEXHONOMMM NO3BONSIOT BbINO-
HATb YOANEHHBIA MOHWUTOPUHT U YNpaBNEHWe CUCTEMOA B pEXuME
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peanbHoro BpemeHn. CormacHo pesynbTatam psiAa WCCrenoBaHui,
npuMeHeHre 0T-TeXHONMOrMiA cnocobCTBYET CHIMKEHWMIO SKCnyaTtauu-
OHHbIX 3aTPaT ¥ MOBbILLEHMIO 3PEKTUBHOCTI BbIPALLMBAHUS CEMbCKO-
XO3SACTBEHHbIX KYNbTYp. B KOMMepYeckux rMaponoHHbIX YCTaHOBKax
Hanbonee pacnpoCTPaHEHHBIMM SBNAKOTCS TEXHONOMM rNyBOKOBOAHO-
ro notoka (Deep Flow Technique, DFT) n nutatenbHoi nnéHku
(Nutrient Film Technique, NFT). B oTnuune oT TpagmumMoHHOrO Bbipa-
LMBaHNA B OTKPLITOM TPYHTE, TEMMM4Hble YCMOBMS obecneynBatoT
CTabWNbHOCTb  MUKPOKNMMATA, CHWXEHWE puUCKa PacrnpoCTpaHeHus
BpeauTenen 1 3abonesaHui pacTeHui, a Takke bonee pauyvoHanbHoe
NCNoNb30BaHWe BOAHbIX 1 SHEPreTUYECKUX PECYPCOB.

Matepuanbi u MeToabl

MartepuanbHo-TeXHMYeckas peanusauus papaboTaHHOM rmapo-
MOHHOM CUCTEMbI OCHOBaHa Ha MpMHLMNax nocTpoeHus knbepdusnye-
CKWX CMCTEM, B KOTOPbIX MPOLIECCHI M3MEPEHNS, BbIMUCIIEHNS, Nepeaa-
4 AaHHBIX U UCMONHUTENBHOMO YNpaBNeHNst 0BbEANHSIOTCH B €ANHYI0
WHTENNEKTyanbHylo apxutekTypy. [lpu NpoeKTMpoBaHWM CUCTEMBI
ocoboe BHUMaHWE yaensnoc 0becneyeHnto aBTOHOMHOCTU (yHKLMO-
HUPOBaHMS, 3HEPro3dPEKTUBHOCT U BOMOXHOCTW YAANEHHOMO [0-
CTyNa K TeXHOMOTNYECKM NapameTpam yCTaHOBKM.

B KkayecTBe LiEHTPanbHOrO anemeHTa CUCTeMbI ynpasneHns bbin
BbIbpaH MUKPOKOHTpONNep, 06nafatoLwyin AOCTATOYHON BbIYMCINTENb-
HOI NPON3BOANTENBHOCTBI0, BCTPOEHHBLIMM MHTEPeRcamMu LdpoBOro
11 @HaNoroBOro BBOAA-BbIBOAA, @ Takke BO3MOXHOCTbIO HeCnpoBOAHON
nepegaus fdadHblx yvepes Wi-Fi mogynb. McnombsoBaHue MUKpo-
KOHTPOMMNEPOB NO3BONSIET peanu3oBaThb NokanbHylo 0BpaboTky nocty-
NaloLLMX CUrHANOB OT CEHCOPOB, MUHUMIU3NPOBATL 3a4EPXKA MPUHATUS
peLUeHNi 1 0BecneunTb BbICOKYIO CKOPOCTb peakLii CUCTEMbI Ha W3-
MEHEHMS BHeLLHeN cpeabl.

[Ins KOHTPONS TEXHOMOMMYECKNX NapaMeTPOB MMAPOMOHHON CPeab
B CHCTEME MCMONb3yeTCs KOMNMEKC M3MEPUTENbHbIX AaTYMKOB. KOH-
TpOnb TemmepaTypbl BO3AYyXa OCYLLECTBNAETCS LMBPOBLIM [ATYMKOM
Temneparypbl, 06ecneynBaloLLM HenpepbiBHOE M3MepeHue napameT-
POB MWKDOKIAMATa BHYTPU YCTAHOBKA. [Ns onpegeneHns ypoBHS
BMAXHOCTU NPUMEHSETCS AATYMK OTHOCUTENBHON BNaXHOCTW BO3AYXa,
NO3BONSIOLMA CBOEBPEMEHHO (DUKCMPOBATL W3MEHEHWE  YCIOBUA
“cnaperus Bogbl 1 NpeaoTBpallaTh BO3HUKHOBEHWE CTPECCOBBIX YCIO-
BUI ANS paCTEHMI.

OpHumM 13 Hanbonee BaXHbIX MAPaMeTPOB MAPONOHHOTO BbipaLLy-
BaHUS SBNSETCA YPOBEHb KUCAOTHOCTW MUTaTenbHOro pacteopa. [ns
3TOW Lenm ncnonbayetcs pH-ceHcop, 06ecneynBatLLmMin HeNpepbIBHbIA
KOHTPOMb KMCMOTHO-LYenoyHoro banaHca cpefpl. [loaaepxaqne ontu-
MarbHoro avanasoHa pH Heobxogumo Ans 3ddeKTUBHOTO YCBOEHMS
pacTeHUAMI MaKpo- 1 MUKpO3nieMeHToB. OBHOBPEMEHHO NPUMEHSETCS
patumuk anektponposogHocT EC (Electrical Conductivity), nossonsito-
LWWA KOHTPONMPOBATb KOHLEHTPALMIO PaCcTBOPEHHBIX MUHEpPanbHbIX
BELLECTB 1 ONPeAensTh HaCkILLEHHOCTb NUTATENbHOTO pacTBopa Heob-
XOAMMBIMM 3EMEHTaMN NUTaHUS.

KoHTponb ypoBHsS BOAbI B pe3epayape peaniaosaH C UCMomnb3oBa-
HMeM ynbTPa3BYKOBOIO AaTunka paccTosHuS. [laHHbli ceHcop obecne-
umBaeT OECKOHTAKTHOE W3MEepEeHWe YPOBHA XMAKOCTU U nepenaér
COOTBETCTBYIOLLMA CUTHAN KOHTpOMMepy. B cryyae CHUXeHNs YpoBHS
pacTBOpa HibKe YCTaHOBIIEHHOMO NOPOrOBOrO 3HAYEHIS aBTOMATUYECKN
aKTMBMPYETCA HacoC NoAaun BOAbI, YTO MPefoTBpaLLAeT HapylueHne
umpkynsummu pacteopa BHyTpu NFT-kaHanos.

VicnonHuTenbHas YyacTb CUCTEMbI COCTOMT U3 penemHbIX Moaynen,
YNPaBASIOLMX HAcoCaMn LMPKYNALMKW pacTBOpa, CUCTEMOI OXnaxae-
HUS, BEHTUNATOPaMMW U CUTHANbHBIMI YCTPOCTBAMIU aBapuinHOro Ono-

Hctounuk nutanus

v

Jlatuuk TeMneparypbl

JlaTymK BIIaXXHOCTH

Haruuk pH

v v v v

Jlatauk ypOBHS BOJIbI

KonTpoJsuiep

> e > Do

—» Pere [—P Sypnaep
(3BYKOBOW CHUTHAJ)

—p» LCD-monynb

—» LED

L 3] Pee —» Bon(ﬂ;(());‘&o:;xcoc

T

Kapra namsaru

Puc. 1. CTpykTypHas cxema aBTOMaTM3MpOBaHHOI cucTeMbl ynpaBnenus NFT-ruaponoHHoi ycTaHOBKOI Ha 6ase KOHTpornepa
SIMATIC S7-1200

Mining bulletin of Uzbekistan Ne 3 (106) 2026



146

TEXNOLOGIK JARAYONLARNI AVTOMATLASHTIRISH

BelleHus. [N noBblWeHUs 3nekTpuyeckon 6e3onacHoOCTU Mexay
YNPaBNSIOLLEN CXEMOV M CUMOBOW YacTblo NPUMEHEHA ranbBaHuyeckas
pasBs3ka C UCMONb30BaHWMEM 3MEKTPOMEXaHUYECKNX pene. 3T0 No3Bo-
NSET CHU3NTb BEPOSITHOCTb BbIXOAA KOHTPONNepa M3 CTPOS NMpu KOMMY-
TaLWm CUIOBOI Harpysku.

MporpaMmHas YacTb CUCTEMbl PEanu3oBaHa Ha OCHOBE LMKINYe-
CKOroO anropuTMa HenpepbIBHOTO ONpoca AaTYMKOB 1 aHamnusa cocTos-
HUS TEXHOMOTMYECKON cpedbl. Ha kaxaom Lmukne nporpamma BbINomHs-
€T cOop AaHHbIX, CPAaBHEHWE U3MEPEHHbBIX NAapamMeTpoB C YCTaHOBMEH-
HbIMU MOPOrOBLIMW 3HAYEHWSIMI, (POPMUPOBAHME YNPaBNSIOLLETO BO3-
[EeCTBUS 1 Nepeaady AUarHoCTMYECKoN MHGOpMaLM onepaTopy.

[na opraHusaumv yaanéHHOro MOHUTOpUHra ucnonb3yetcs loT-
nnatdpopma, obecneunsaiolias nepenavy LaHHbIX Yepe3 GecnpoBog-
Hyto ceTb Wi-Fi Ha mobunbHoe nmpunoxeHue onepatopa. bnaropaps
obnayHoit HPaCTPYKType onepaTop MonyvaeT BO3MOXKHOCTb KOHTPO-
NMpoBaTb COCTOSHUE TMAPONOHHON YCTAHOBKA B PEXWME PeansHoro
BPEMEHW, aHanW3MpoBaTb AMHAMUKY M3MEHEHUs! MapameTpoB W Mpu
HeoBX0ANMOCTN U3MEHSATb pexuMbl paboTbl 060pyAOBaHUS ANUCTaHLM-
OHHO.

Takum 06pa3om, NpeanoXeHHas apxMTEKTYpa CUCTEMbl COYeTaeT
CEHCOPHbIE TEXHONOMM, MUKDOKOHTPONMEPHOE YNPaBReHne, MHTEeNmnek-
TyanbHyto 06paboTky [faHHbIX W loT-koMMyHWKauuw, obecneunsas
KOMMMEKCHYI0 aBTOMaT13aLMio rMOPONOHHOTO MPoLEecca BbipalLMBaHNs
pacTeHWit 1 Co3aHne YCTONYMBON HTENNEKTYaNbHOM CUCTEMbI YNpaB-
neHvs.

ABTOMaTM3VMPOBaHHAs TMPOMOHHAS CUCTEMA WHTENNEKTyarnbHoro
CENbCKOT0 XO3ANCTBA BKIIOYAET COBOKYMHOCTb [ATYMKOB, MCMOMHU-
TENbHbIX MEXaHW3MOB M LiEHTpanbHoro koHtponnepa (puc. 1). Kow-
CTPyKUMs cucTeMbl paspabaTbiBaeTcs ¢ y4ETOM 0COOEHHOCTEN MMApO-
MOHHOW cpeabl, TPeBOBaHWI K COAEPXKaHWI0 NUTATEMbHBIX BELLECTB U
napameTpoB 3MEKTPOCHAOKEHMS.

TexHnyeckas apxuTekTypa pa3paboTaHHOR CUCTEMbI OCHOBaHa Ha
NPUMEHEHUN KOHTponnepa, obecrneynBaloLero aBToMaTU3MpoOBaHHOE
ynpaBneHne napameTpamy rMapOMOHHON YCTAHOBKW B PEXUME pearb-
HOTO BpeMeHW. ApXWUTEKTYpa CUCTEMbl BKIIOYAET WHKOPMALMOHHBIN,
BbIYMCITNTENBHO-NOTUYECKWA, WUCTIONHUTENbBHBIA M [ANarHOCTUYECKNN
6noku, 06beAUHEHHBIE B €4MHYI0 UHTENNEKTYamNbHYIO CUCTEMY MOHUTO-
PWHra 1 ynpaBneHus.

/HdopmaLmoHHbIA  BNoK MpeacTaBneH KOMMMEKCOM  [aTYMKOB,
npeAHa3HaYeHHbIX A HENPEPLIBHOTO KOHTPONS TeMNepaTypsl, ypoBHS
BOAbI, KOHLEHTpaLM pacTBOpEHHbIX BewlecTB (TDS) u KMCnoTHOCTM
nuTatensHoro pactaopa (pH). C ucnons3oBaHeM aHanorosbIx U Lnd-
POBbIX MHTEPENCOB KOHTPONMNEP OCYLECTBNSAET HEMPEPbIBHLIN COOP U
006paboTKy AaHHbIX, YTO MO3BONSET MUHUMU3MPOBATL 33AEPXKKA Nepe-
[ayn CUrHanoB M NOBbICUTb YCTONYNBOCTL (PYHKLIMOHUPOBAHUS CUCTe-
Mb.

BbiumncnuTensHo-nornyeckuii Bok peanu3oBaH Ha OCHOBE BCTPO-
€HHOr0 MPOrPaMMHOr0 anropuTMa ynpaeneHus. ANropuTM BbINONHAET
aHanua TeKyLMx napameTpoB rMAPOMOHHON Cpefbl, CPaBHEHME M3Me-
PEHHbIX 3HAYEeHUN C YCTaHOBMEHHBIMI NOPOrOBLIMU YPOBHAMM W (hop-
MWpOBaHWE YNPaBSIOLLMX CUTHAMNOB AMNS UCTIONHUTENbHbIX YCTPONCTB.
MpUMEHEHWE LMKNYecKoro pexnuma o6paboTkv AaHHbIX cnocobeTByeT
aBTOMAaTU4YECKON CTabunusaumu napamMeTpoB CUCTEMbl WU CHUKEHUIO
BEPOSTHOCTU BO3HUKHOBEHWS KDUTUYECKUX OTKNOHEHWI [1, 2]. Tekywwe
napameTpbl TEXHOMOTMYeckoro npouecca oTobpaxatotcs Ha LCD-
Jucnnee, a Npu BO3HUKHOBEHWUM aBapUiHbIX PEXMMOB aKTUBMPYIOTCS
CBETOBAs U 3ByKOBas cUrHanm3auus [3].

VicnonHuTenbHbI 6noK BKMOYaET peneiiHble MOAynM ynpasneHns
Hacocamy nofayu BoAbl, LMPKyNALUM NUTATENbHOTO pacTBopa W BEHTU-
NALMOHHON CUCTEMON. MCronb3oBaHWe  3NEKTPOMEXAHUYECKUX UMK
TBEpLOTENbHbIX perne 06ecneynBaeT ANEKTPUYECKYI0 Pa3BA3Ky MEXOY
YNPaBNSIOLLE 1 CUIIOBON YACTAMU YCTAHOBKM, NMOBbILLAs HAAEXHOCTb 1
6e3onacHOCTb akcnnyaTaLmm 06opyaoBaHus.
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[na BKU3yanbHOrO KOHTPOMSI COCTOSHWASI CUCTEMbI MpeayCMOTPEH
6ok nHavkauum u obpaTtHoM cBA3W. Tekylume napameTpbl TEXHOMOM-
yeckoro npouiecca otobpaxatotcs Ha LCD-gucnnee, a npu BO3HUKHOBE-
HUM aBapuiHbIX PEXVUMOB aKTVBMPYKOTCS CBETOBAs W 3BYKOBas CUTHa-
nu3aums .

[ononHntensHoO peanu3oBaHa cucTeMa yOanéHHOr0 MOHWUTOPMHTA
Ha ocHoge loT-nnatchopmbl Blynk, obecneumnBatowias nepepady TexHo-
NOrMYECKNX AaHHbIX B PEXWME peanbHOr0 BPEMEHU M BO3MOXHOCTb
[MCTaHLMOHHOTO KOHTPONS NapaMeTpOB MAPOMOHHON YCTaHOBKM Yepe3

Crapr

.

Kontponnep

MobunbHoe npunoxexue.

C

> [Toporosoe 3HaueHue

JlaTumk

Bentunsrop
TeMIepaTyphl

OXJIQXIECHUSA

> l'loporosoe 3HAYCHHUE

Jlatuuk

3ymme;
BJIAXHOCTH NP

(3ByKOBOI CHIHan)

> [Toporosoe 3HaueHHe

CBETOIHOIHBIH
MHIHKATOP

< I]oporosoe 3HAYCHHUE

JlaTynK ypoBHS

BOTHL BoxsHoit Hacoc (MoTop)

Cron

4 D

Puc. 2. bnok-cxema anroputMa aBTOMaTM3UPOBaHHOIO
ynpasneHua napameTpamu rMAPONOHHON CUCTEMbI

Ona obecneyeHns ycTonumeoro  yHKUMoHMpoBaHus  NFT-
MOPOMOHHO YCTaHOBKM Obina paspaboTaHa MaTemaTyeckas MOAENb
aBTOMATU3MPOBAHHOMO YMpaBMEHUsl TEXHONOMYECKUMU NnapameTpamm
cuctembl. OCHOBHOM 3afayel CUCTEMbI YNPaBNeHUs SBNSETCS Henpe-
PbIBHOE MoAAepkaHWe OMTMMarbHbIX YCNOBUIA BbpalUMBaHUs pacTe-
HUit 33 CYET aBTOMATUYECKOTO PerynupoBaHUs Temneparypbl, YPOBHS
BOAbl, KOHLEHTPaLWMM NUTaTENBLHOTO pacTBopa 1 MapameTpoB MUKPO-
knumata. B obllem Buae AuWHAaMWKa perynupoBaHWsi Temnepatypbl
MOXET ObITb MPeACTaBNeHa CTaHAAPTHbIM YPaBHEHEM CUCTEMbI aBTO-
MaTU4YECKOro ynpaBneHus:

T(dy(2))/ dt + v(t) = k*u(t - ) (1)

I'ae y(t) - perynupyembiii TeXHONOrM4ECKNi NapameTp (YpoBEHb BOALI B
pe3epByape Unu TemnepaTtypa NUTaTeNbHOro pacTeopa);

u(t) - ynpasnsioLiee BO3AeNCTBIE, NOCTYNALLEE HA UCMONHUTEMNBHBIA
MeXaHn3M (Npon3BOANTENBHOCTb HACOCA UMK CKOPOCTb BEHTUNSLIUN);

T - nocTosHHas BpeMeHn 06bekTa, XapakTepuaytoLas ero MHEPLINOH-
HOCTb;
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k — koadhpmumeHT nepenaum 06bekTa ynpaBneHus;
T — BPEMS YMUCTOrO TPAHCMOPTHOTO 3anasfblBaHWs B MMAPOMOHHON
cucTeme.

OpHako B MMAPOMOHHBIX CHUCTEMAX TEXHOMOTMYECKMe MpOLECCh
00nafaloT HenMHERHbIM XapakTepoM, a napameTpbl cpefbl MOoryT
N3MEHSTBCS NOA BO3AENCTBUEM BHELLHNX (DaKTOPOB.

Mo aToit npuyuHe npuUMeHeHwe  Knaccuyeckoro MA0-
perynupoeaHus He Bcerga obecneunsaeT Tpebyemylo aganTMBHOCTL
CUCTEMbI B YCTOBUSIX MHAMWYECKM MEHSIOLLEeNcs cpeabl. [ns nosbl-
LIEeHUs Ka4ecTBa ynpaeneHus B paspaboTaHHON CHUCTEME MPUMEHEH
WHTENNEKTyanbHbIA anropuTM HEYETKOO YNpaBeHns Ha OCHOBE METO-
pa Mamganu (Mamdani Fuzzy Inference System).

BxogHbIMW napameTpamu HeYETKOrO perynsropa SBnaTcs Temne-
paTypa BO34yxa W YpOBEHb BOAbI B pe3epByape, a BbIXOAHbIM napa-
METPOM — CKOPOCTb paboTbl HAacoca LMpKyNsLMKM NUTATENBHOMO pac-
tBOpa. Cuctema wcnonb3yeT Habop MMHIBUCTUYECKMX MEPEMEHHBIX,
ANsl KOTOpbIX 3ajaHbl crepylowme yHKuM npuHagnexHocTv: Very
Low (04eHb HW3KMi ypoBeHb / OYeHb Hu3kas TemnepaTtypa), Low
(HM3Kuit ypoBeHb / HU3Kas Temnepatypa), Medium (cpegHuin ypoBeHb /
cpeaHss Temnepartypa) u High (Bbicokuit ypoBeHb / Bbicokas Temnepa-
Typa), Very High (04eHb BbICOKMIA YpOBEHb / O4EHb BbICOKAS TeMnepa-
Typa). [12].

MPABWNO 1: Ecnn «Temnepatypa» = Very High U «YposeHb
Boabl» = Very Low, TO «CkopocTb Hacoca» = Very High;

MPABUIO 2: Ecnu «Temnepatypa» = High U «YpoBeHb Boabi» =
Low, TO «Ckopoctb Hacocay = High;

MPABWINO 3: Ecnn«Temnepatypay» = Medium U «YpoBeHb BoabI»
= Medium, TO «CkopocTb Hacoca» = Medium;

MPABUIO 4: Ecnn«Temnepatypa» = Low M «YpoBeHb BoAbl» =
High, TO «CkopocTb Hacoca» = Low;

MPABWINO 5: Ecnu«Temnepatypa» = Very Low W «YpoBeHb BO-
abi» = Very High, TO «CkopocTb Hacoca» = Very Low.

4 Scope
File Tools View Gmulstion Help

G- B0 @ |- A-|E-FH-

B paspaboTaHHOM HeYETKOM KOHTpOnnepe chopmmpoBaHa 6asa u3
25 npasun MampaHu, no3sonseT adeKTUBHO yuuTbIBaTL Heonpese-
NEHHOCTb NMapameTpoB OKpyxaloLien cpedpbl M obecneumBaeTt Bonee
nnasHoe (OesynapHoe) perynupoBaHne Mo CpPaBHEHWKO C TPALWULVMOH-
HbIMM NOPOTOBbLIMM (BYXMO3WNLMOHHLIMI) anropuTMami ynpasneHus.
/cnonb3oBaHve paspaboTaHHOM MaTeMaTW4ecKoi MOZenu M WHTen-
NEKTyanbHOro PerynsaTopa No3BOMSET NOBLICUTH AMHAMUYECKYH YCTOM-
UNBOCTb CUCTEMbI, CHWU3UTbL YacTOTy NEPEKMOYEHUS UCMONHUTENBHBIX
MexaHn3MoB 1 0becneunTb nopfepxaHne OnTUMAnbHbIX YCIOBUIA
pocTa pacTeHuil B aBTOMATUYECKOM pPEXUME.

PesynbTatbl

ABTOMaTM3MpOBaHHAs MMApPOMOHHAs cucTema, paspaboTaHHas B
X0A€e uccneaoBaHus, Bbina NpoTeCTMpOBaHa Ha NpeaMeT ee Npou3so-
JUTENBHOCTM W BO3MOXHOCTEI YNpaBNeHUs pecypcamu B pasfinyHbiX
KNUMaTUYeckux ycroBusix. MMonyyeHHble [LaHHble MOATBEpAMNM CTa-
OUNbHOCTbL CUCTEMbI 1 ee MPEBOCXOLACTBO HaZ TPaAWULMOHHBIMW METO-
Jamu.

AHanu3 fJaHHbIX B peanbHoM BpeMeHU ¢ AaTYMKOB Mokasar, uTo
cucTema, ynpasnsiemMas KoHTponnepom, GbICTPO pearupyeT Ha U3meHe-
HUS OKpYXXatoLLEN Cpefbl.

Bnaropaps uHTerpaumm gatuMka TEMnepatypbl U CUCTEMbI OXMa-
KOEHUS, U3MEHEHWe TemnepaTypbl B MOMELLEHNM TOYHO MOAAEpXMBa-
NoCb. JTO 3HAYMTENBHO CHU3WUMO PUCK BO3HUKHOBEHMS TEMMOBOrO
CTpecca y pacTeHu.

KoHtponb BnaxHocTu: BaaumopgencTBue fatumMka BRNaKHOCTM U
CUCTEMbI CUTHan13aumu obecneunno noaaepxaHne YpoBHS BNaXHOCTH
HE HWXE KPUTMYECKOW TOYKW, YTO OMTMMW3MPOBANO MPOLECC Ucnape-
Hus.

'padmkn koHTpons noTpebnexus BoAbl (PUCYHOK 3) MNMCTPUpY-
10T NepexoaHble 1 CTaLMOHAPHbIE XapaKTEPUCTUKN CUCTEMbI, NOATBEP-
xpas 3 eKTMBHOCTbL CNONL30BAHNSA PECYPCOB.

l_ | J

Aeady

0 3 40 45 50

Puc. 3. 'paduk nepexoqHoro npouecca craduIM3aliii CKOPOCTH BPallleHHsl HACOCA BO BpeMeHH
B TH/IPOTIOHHOI cHcTeMe

Sample based | Otfsetsd

Tus0.000
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Puc. 4. TpéxmepHas NoBepXHOCTb 3aBMCMMOCTM peryNiMpoBaHus Hacoca OT TeMnepaTypbi BO3Ayxa U NOTOKa BOAbI

4| Fuzzy Logic Designer: WaterControl - O X
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Puc. 5. CTPYKTypHaﬂ CXema He4yeTKoW CMCTEMbI ynpasneHua HaCOCoOM runponouuoﬁ YCTaHOBKWU Ha OCHOBE anroputma Mampanu

ABTOMATMYECKMA KOHTPONb YPOBHS BOAbI C MOMOLLBIO YNbTPa3By-
KOBOrO AaTyMKa MO3BOMMAN COKpaTUTb pacxod Bogbl Ha 20-25% mno
CPaBHEHWIO C OTKPbITBIMUA CUCTEMAMN.

Xumnueckuit 6anaHc: CoctaB NUTATENbLHOMO pacTBopa NOCTOSIHHO
KOHTponupoBancs ¢ nomolpto gatumkos pH u EC. 310 nosbicurno
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K03(PULIMEHT YCBOEHNS MUTATENbHbIX BELLECTB PACTEHNSMM W MO3BO-
1IN0 CIKOHOMMTb 15% Ha NoTpebneHnm MuHepanbHbIX yAobperuit [6].

Wcnonb3oBanue crnewLyraniaupoBaHHbIX KOHTPONMEPOB YNPOCTUNO
apXUTEKTYPY CUCTEMbI M MPUBENO K CIEAYIOLLMM TEXHNYECKAM Pe3yrb-
Tatam:
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OHepronoTpebnenue: Obliee 3HepronoTpedrneHne CUCTEMbI CHU-
31UN10Cb, YTO MO3BONSIET WUCMONL30BATL €€ TaKKe OT anbTepHATUBHbIX
MCTOYHMKOB SHEPIUM (CONMHEYHbIX 6aTapeit).

HagexHoctb: Cuctema Ha 6ase MMKPOKOHTpoOnnepa npoLeMOH-
CTpupoBana HenpepbiBHyto paboTy 6e3 ownbok cucTemsi.

Ha pucyHke 3 npeacraBneH rpadvk nepexofHoro npolecca uame-
HEHWe CKOPOCTY BpALLEHWUs HAcoca BO BPEMEHU B TMAPOMOHHON CUCTe-
me. lMonyyeHHas 3aBUCUMOCTb XapakTepusyeT AHaMuKy paboTbl aBTo-
MaTi3NpOBaHHON CUCTEMbI YNIPABNEHUS NOCTE NOAAYM YNPaBNSHOLLEro
BO3QeNCTBUS.

AHanu3 rpacvka nokasbiBaeT, Yto paspaboTaHHas cuctema obna-
[aeT YCTOMYMBOCTLIO U CrIOCOBHOCTBIO 3(PPEKTUBHO KOMNEHCMPOBATHL
W3MEHeHWs napameTpoB MMAPOMOHHON cpepdbl. [naBHoe 3aTyxanwe
koneGaHuin noaTBEPKOAET CTabWUNbHOCTb (PYHKLMOHUPOBAHUS CUCTe-
Mbl YNIPaBNEHNS U BOIMOXHOCTb NOAAEPKaHNS ONTUMAIbHBIX YCOBUNA
ANs BblpalnBanus pacteHui B NFT-rnapOnoHHON yCTaHOBKe.

[ns oueHk1 acpheKTMBHOCTH pa3paboTaHHO WHTENNEKTYamnbHON
cUCTeMbl ynpaBneHust Obina npoBeAeHa Cepusi SKCIEpPUMEHTanbHbIX
WCnbITaHWiA B ycnoBusix nabopatopHoii NFT-raponoHHORA YCTaHOBKM.
OCHOBHOI1 LIENbI0 3KCMNEPUMEHTOB SBNANAach NPOBEpka YCTONYMBOCTY
(DYHKLMOHMPOBAHMS CUCTEMBI, TOYHOCTM aBTOMATUYECKOrO Perynnpo-
BaHWsl NapameTpoB Cpefbl, a Takke aHanu3 adeKTUBHOCTI UCMONb-
30BaHWS BOAHbIX, SHEPrEeTUYECKMX U MUHEParbHbIX PECYpPCOB NO CpaB-
HEHWIO C TPALULMOHHBIM PEXMMOM PYYHOTO YNpaBneHusl. JKCrepumMeH-
TanbHble MCCMEAOBaHMS NPOBOAMNNCH HenpepbiBHO B TeyeHne 30
CYTOK. B kayecTBe TeCTOBOM KynbTypbl MCMOMb30BANUCL NUCTOBbIE
OBOLUHblE pacTeHusl, Haubonee YyBCTBUTENbHbIE K U3MEHEHWIO Napa-
MeTpOB MuTaTeNLHOTO pacTeopa. B mpouecce akcnepumeHTa cuctema
HEMpEePbIBHO PETUCTpUpOBana 3HaueHns TemnepaTtypbl BO3ayxa, OTHO-
CUTENbHOWM BMAXHOCTW, YPOBHS BOfbI, KMCMOTHOCTM pacteopa (pH),
anektponpoBogHocT (EC), KOHUEHTpauunm pacTBOPEHHBIX BELLECTB
(TDS), a Takke napameTpbl paboTbl HACOCHOrO 060PYAOBaHMS. AHaNN3
9KCMEPUMEHTAMbHBIX [JaHHbIX MOKa3an BbICOKY) CKOPOCTb peakuuy
CUCTEMbI Ha W3MEHEHWE BHELLHWX ycnoBuin. CpeaHee BpeMsi OTKMMKa
KOHTpONnepa nocne M3MEHeHNs BXOAHbIX NapamMeTpoB He MpeBbILLano
1,8 CeKkyHabl, 4TO NOATBEPXAAET JOCTATOYHYK) BbIMUCTIUTENBHY MPO-
W3BOAMTENBHOCTL MUKPOKOHTPOMNNEPHON MnaTteopMbl 1 adhdeKTuB-
HOCTb BbiBpaHHoro anroputMa ynpaenerus. Ocobblii MHTEpPEC npea-
CTaBMsAN aHanu3 pacxoda Bofbl. B TpagnLMOHHBIX MMAPONOHHBIX YCTa-
HOBKax YacTb BOAbI TepsSieTCH BCNEACTBME HEPerynmpyemoi Lupkyns-
LM 1 pyyHOro ynpaBneHnst Hacocamu. B paspabotanHoi cucteme
aBTOMaTUYECKWIA KOHTPONb YPOBHS BOAbI NO3BONMN MOAAEPXMBATH
Heobxoaumblii 06BbEM pacTBopa 6e3 npeBbIlLeHNs AONYCTUMBIX 3HaYe-
HUi1. B pe3ynbTaTe cymmapHoe notpebreHue Boabl CHA3MMOCH B Cpes-
HeM Ha 23,4 % MO CPABHEHMIO C KOHTPOJSIBHOA CUCTEMOM PYYHOrO
ynpaeneHus. OfHOBPEMEHHO MPOBOAWNCS aHanmM3 MCMoNb30BaHMs
MUHepanbHbIX Yaobperuit. HenpepbiBHbIA KOHTPONb nokasaTeneit pH,
EC n TDS no3sonun nogaepxueatb CTabWMbHbIA XMMUYECKUA COCTaB
nuTaTenbHOro pacteopa 6e3 BO3HUKHOBEHWS! M3DLITOYHOI KOHLEHTpa-
uwm coneit. Mo pesynbTatam M3MEPEHUI Pacxof MUHepanbHbIX yao6-
peHuit cokpatuncs Ha 14,8 %, YTo NoaTBepXKaaeT NoBbiLLeHNe Apdek-
TUBHOCTW MCNONb30BAHUS MUTATENbHBIX BELYECTB. JHEpreTuyeckuin
aHanua cucTeMbl Mokasanm CHuxeHue o6Luero aHepronoTpebneHus
HacoCHOro 0BOpYAOBaHWS U UCTONHUTENbHLIX MEeXaHU3MOoB. 3a CHéT
WHTENNEKTYanbHOTO PErynpoBaHNs 4acTOTbl BKITKOYEHWS HACcOCOB
yAanoch YMeHbLUMTb KONMYECTBO LIMKMOB KOMMyTauuu 06opynoBaHus
npubnmantensHo Ha 18 %, YTO OOMOMHUTENBHO MOBLILIAET PECYPC
9NEKTPOMEXaHNYECKMX KOMMOHEHTOB cUCTEMbI. CpaBHUTENbBHBIA aHa-
nu3 achchekTUBHOCTH paboThl NpeacTasneH B Tabnuue 1.

JlononHuTensHO NPOBOAMACA @HanW3  YCTOMYMBOCTM  CUCTEMB
ynpaBneHus Npu M3MEHeHUN TeMnepaTypbl OKpyxatoLLen cpeabl. [laxe
npu peskoM M3MeHeHun TemnepaTtypbl Ha 6-8 °C cuctema asTomaTy-
yecku KOppekTMpoBana pexvum paboTbl HAcOCOB W MoadepxvBana

Tabnvua 1
CpaBHeHve TPaaMLIMOHHOM 1 MHTENNEKTYanbHoM
CUCTEMbI YpaBNEHNs
Mapametp PyuHoe Mpepnaraemas
ynpaeneHue cuctema

Pacxop Bofb! 100 % 76,6
Pacxopn ynobpeHruit 100 % 85,2
OHepronoTpebnenne 100 % 82
CrabunbHocTb pH 0.8 0.2
Bpems peakumn
.- 12-15 cek 1.8 cex

CTabnnbHOCTb UMpKynsaummM pactaopa. onyyeHHble pesynbTathl Nog-
TBEPXOAIOT BbICOKYI0 3(hEKTUBHOCTb pa3paboTaHHON MHTENMNEeKTy-
anbHOW CUCTEMbI YNPaBNEHNs U AEMOHCTPUPYIOT e€ NpenMyLLecTBa no
CPaBHEHMIO C TPAANLMOHHBIMI METOAAMM SKCTINyaTaLym r1apONOHHbIX
YCTaHOBOK.

0GcyxaeHne pe3ynbLTaToB

lMonyyeHHble 3KCMEpUMEHTarbHbIE Pe3ynbTaTbl JEMOHCTPUPYIOT,
YTO MPUMEHEHWe WHTENNEKTyanbHO aBTOMATU3MPOBAHHOW CUCTEMbI
yNpaBneHns CYLLECTBEHHO MOBbIWAET 3((EKTUBHOCTb JKCMyaTaLun
TMOPOMOHHOI YCTAHOBKM NO CPABHEHWIO C TPAAMLMOHHBIMU METOAAMN
Py4HOro KOHTpons. OCHOBHBIM NPENUMYLLECTBOM NPELOKEHHON CUCTe-
Mbl SBNSETCA HEMPEPbIBHOE MoMyYeHne 06BEKTUBHON MHEOpMALMK O
COCTOSHIW TEXHONOMMHYECKOI Cpebl M BO3MOXHOCTb aBTOMATUHYECKON
KOpPEeKLW yNpaBnstoLmx Bo3nencTsuii 6es yqactvs onepatopa.

OpHum 13 Hanbonee BaXHbIX (haKTOPOB, OnpeaensoLLmMx adek-
TUBHOCTb MMAPOMNOHHOTO BbIPALLMBAHNS, SBNSETCS CTabUNbHOCTL Napa-
MeTpOB MUTaTENLHOTO pacTBopa. B TpaguuMOHHBIX cuCTeMax pyyHoro
yNpaBneHunst KOHTPOMb Nokasatenen pH, TemnepaTypbl U KOHUEHTpa-
LM NUTATENbHbIX BELLECTB OCYLIECTBNAETCH NEPUOANYECKN, YTO HENS-
6eXHO NPUBOJWT K 3afepXKe peakuyun CUCTEMbI U BPEMEHHOMY OTKIO-
HEHWI0 NapameTpoB OT ONMTUMAnbHLIX 3HAYeHuin. B paspaboTtanHoi
CUCTEME JaHHBIA HeJoCTaToK YCTPaHAETCs 3a CYET HEMpEepbIBHOTO
MOHMTOPWHIa M aBTOMATUYECKOrO NPUHSATUS PELLEHUIA KOHTPONNEPOM.

Oco0blIii Hay4HbIi UHTEPEC MPEACTaBNSAET CPaBHEHWE NPUMEHEH-
HOTO WHTENNEKTYaNnbHOro anroputMa YnpaBneHus C Knaccu4eckumu
MeTofaMu PerynupoBaHmus, TakuMn Kak penenHoe ynpaenexue u PID-
perynupoeaHue. B cuctemMax noporoBoro peneiiHoro ynpaeneHus
WMCMONHUTENbHbIA MEXaHn3M paboTaeT no NPUHLMMY MOMHOTO BKIOYe-
HUS 1 OTKIMIOYEHWS, YTO MPUBOANT K 4aCTbIM KOMMYTaLWSM HACOCHOTO
000pya0BaHMs 1 YCKOPEHHOMY U3HOCY UCMONMHUTENbHBIX YCTPOACTB.

Knaccuyeckuit  PID-perynatop ofecneunBaetr 6Gonee nnasHoe
perynupoBaH1e, OfHaKo ero NpuUMeHeHne 3dEKTUBHO NpenmyLLe-
CTBEHHO B NUHENHbIX UMW cnabo HEMMHENHbIX TEXHOMOTMYECcKUX 06b-
ekTax. ['maponoHHas cuctema, HanpoTuB, NpeacTaBnseT cobon crox-
HbIA HENWHEWHBIA 0OBEKT yNpaBneHus, napaMeTpbl KOTOPOTO 3aBUCAT
OT TemnepaTypbl OKpYXalollei Cpefbl, MHTEHCMBHOCTM MCMapeHus
BOAbl, BUONOMMYECKOro COCTOSHUS PaCTEHMIA U COCTaBa MUTATENBHOO
pacTBopa. B nogoGHbIX ycroBusiX MCMONb30BaHWe UKCUPOBaHHbIX
koagppuumenToB PID-perynsatopa MOXeT CHUXaTb KavyeCTBO ynpasre-
Hus.

B oTnnuve oT Knaccuyeckux anropuTMOB, MPUMEHEHWE HEYETKOM
NOTVKW MO3BONSET YYUTbIBATL HEOMPELENEHHOCTb U MHoronapameT-
PUYHOCTb TEXHOMOIMYECKOro npouecca. Heuétkuii perynsatop He Tpe-
ByeT CTpOroro mMaTemMaTiyeckoro onucaHus obbekTa ynpaBneHns
cnocobeH afanTUpoBaThCA K M3MEHSIOLWMMCS BHELLHWUM YCIOBMSIM.
VIMEHHO 3TM 0B BACHAETCS CHIMKEHWE KONNYECTBA PE3KWX Nepekmnioye-
HUIA HacocHoro obopypoBaHus u Gonee crabunbHas pabota Bceit
CUCTEMbI B XOJ€ 3KCTIEPUMEHTOB.

JononHnTensHbiM - NPeMMyLLECTBOM  pa3paboTaHHO!  CUCTEMBI
SBNSIETCS MUCMONb3oBaHue TexHonoruin MHTepHeTa Belen (loT), nosso-
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NAOLLMX peann3oBaTb pacnpefenéHHylo apXUTeKTypy MOHUTOPMHIA.
lMepenaya faHHbIX B 0BnayHylo cpedy CO3AaET BO3MOXHOCTb LiEHTpa-
NM30BAHHOMO YNPaBNEHNS HECKONbKAMU MMAPOMOHHLIMU YCTaHOBKaMM
O[IHOBPEMEHHO, 4TO OCOBEHHO BaXHO MPW CO30AHMN KPYMHBIX TEMNY-
HbIX KOMMIIEKCOB NPOMBbILLMEHHOTO MacluTaba.

C 3KOHOMMYECKOM TOYKM 3peHns paspaboTaHHas cuctema LEeMOH-
CTPUPYET BbICOKYH 3hheKTMBHOCTL. CHUKEHME pacxoaa Boabl, yMeHb-
LeHre noTpebneHns MuHepanbHbIX YAOOPEHW U NOBbILLIEHWE SHEp-
roadheKTUBHOCTM MO3BONSIOT 3HAYUTENBHO COKPATUTL SKCTNyaTauu-
OHHble 3aTpaTbl. B pmonrocpouHoi nepcnektuee 310 obecneynsaet
COkpaLleHne cebecTONMOCT BbIPaLLMBAEMO NPOAYKLMN 1 MOBbILLIAET
9KOHOMWYECKYH) MPUBNEKATENBHOCTb MMAPONOHHbIX TEXHOMOTUA.

VIHTerpaums MHTENNeKTyanbHbIX anropuTMOB YNPaBREHNS, CEHCop-
HbIX TexHornoruit ¥ loT-KOMMyHUKaUWMA SBNSETCS NEepCneKTUBHBLIM
HanpaBneH1em passuTUS LMGPOBOrO CENMbCKOr0 X03sncTBa. B panb-
HeMwWeM cucTemMa MoXeT ObiTb JOMOSTHATENBHO YCOBEPLUEHCTBOBAHA
nyTéM BHELPEHUS! METOA0B MaLLMHHOMO 06Y4eHWs!, HEPOHHBIX CETEN 1
NPOTHO3MPYIOLLWX anropuTMOB YNpaBneHus, CnocobHbIX aganTupoBaTh
napameTpbl (PYHKLUMOHMPOBaHMS 0BOpYAOBaHMS C Y4ETOM CTagum
poCTa pacTeHuit 1 U3MEHEHUS BHELLIHUX KITMMATUYECKMX YCIIOBUIA.

lMonyyeHHble pe3ynbTaThl NOATBEPXKAAIT APDEKTUBHOCTL NpUMe-
HEHWS! MHTEMNMEKTYarnbHOA CUCTEMbI aBTOMATU3MPOBAHHOIO Yynpasne-
HWS! TMAPOMOHHON YCTAHOBKOM HA OCHOBE MMKPOKOHTPOMMEPHO nnat-
hopMbl, TexHonorui loT 1 anropuTMOB MHTENNEKTYarnbHOro perynupo-
BaHus. B xoae aKkcnepuMeHTanbHbIX MCCNeAoBaHNi bbino yctaHosne-
HO, YTO HEMPEPbIBHBIA MOHUTOPUHT NApaMeTPOB NUTATENLHOTO PacTBoO-
pa ¥ MUKpOKIMaTa No3BonsieT CyLLUECTBEHHO NOBLICUTL CTabMMBHOCTL
TEXHOMOTMYECKOro NPOLIECCa BbIPaLLMBAHNS PACTEHNIA.

AHanu3 nepexoaHbIX XapaKTepUcTUK CUCTEMbI NOKa3an, 4To paspa-
60TaHHbIN anropuT™ ynpaeneHus obecneumBaet ObICTPOE AOCTUXEHME
YCTaHOBWMBLUEroCH pexuMa 6e3 3HauMTenbHbIX MepeperynpoBaHni.
Hanuune 3atyxatolumx konebaHuii Ha HavanbHOM 3Tane perynuposa-
HUS CBS3aHO C MHEPLMOHHOCTbIO MCMOMHUTEMbHBIX MEXaHW3MOB M
0COBEHHOCTSMM MMAPOAMHAMUYECKIMX MPOLIECCOB B CUCTEME LIMPKYNSi-
uam nutatensHoro pacteopa. OAHako AanbHedwas crabunuaaums
napaMeTpoB CBWAETEMNbCTBYET O BBLICOKOW YCTOAYMBOCTW CUCTEMBI M
KOPPEKTHOCTI BbIBPaHHLIX NapaMeTpOB ynpaenexus [7].

Ocoboe 3HayeHMe MMeeT MCMONb30BAHWUE HEYETKOW NMOrvKU Ans
ynpaBieHus NPOU3BOAMTENBHOCTLK) HACOCa B 3aBMCMMOCTY OT TEMME-
paTypbl BO3ayxa W pacxoAa Bofdbl. B oTnuume oT knaccuueckux anro-
PWUTMOB PEryNMPOBaHNS, HEYETKUI PErynsaTop Mo3BOMNSeET y4nTbiBaTh
HeonpeLeneHHOCTb BHELHUX (haKTOPOB M HEMMHENHOCTb MPOLLECCoB,
XapaKTepHbIX ANs MMAPONOHHbLIX YCTaHOBOK. JTO obecneunBaeT bonee
NNaBHOE W3MEHEHWe YNpPaBNSIOLLMX BO3AEACTBUA W cnocobeTByeT
NOAAEPKaHMI0 ONTUMANbHBIX YCMOBUIA POCTa PacTeHMIA.

CpaBHeHve pa3paboTaHHOI CUCTEMbI C TPAAWULMOHHBIMW MeTofa-
MW PYYHOrO YNpaBieHUs NOKa3ano 3HAYUTENBHOE CHUKEHME MoTped-
NEeHNs BOAbl 1 MUHEPaTbHBIX YA0BPEHMiA. SKOHOMUS BOAHBIX PECYPCOB
[OCTUraeTcs 3a CYET aBTOMATUYECKOTO KOHTPOMS YPOBHS pacTBopa U
CBOEBPEMEHHOr0 BKITKOYEHNS HAaCOCHOro 0bopyaosaHns. OfHoBpeMeH-

HO MOCTOSIHHbINA KOHTpONb noka3atenen pH, EC u TDS cnocobersyet
Oonee pauvoHanbHOMY WCMONb30BaHUID MUTATENbHbIX BELLECTB W
npefoTBpaLLaeT ux 13bbITOMHOE pacxogoBaHue u obecneunBaeT 06-
wyto ontummaaumto NFT-npouecca [14,15].

BaxHbIM NpenMyLLECTBOM MPEANOXEHHON CUCTEMbI SBNSIETCS
wHTerpaums ¢ loT-nnatcpopmoit Blynk, obecneunsatowien yaaneHHbI
MOHWUTOPWHI TEXHOMNOMYECKMX NMapamMeTpoB B PEXMME pPeanbHoro Bpe-
MeHu. bnarogaps aTomy onepatop nornyyaeT BO3MOXHOCTb OnepaTus-
HO pearvpoBaTb Ha W3MEHEHUS COCTOSHWS TMAPOMOHHON CPpedbl W
CBOEBPEMEHHO MPUHUMATL KOPpeKTUpytollme Mepbl Ge3 Henocpen-
CTBEHHOTO NPUCYTCTBUSA Ha 0OBbEKTE.

MonyyeHHble pe3ynbTaTbl COMMAcylTC C COBPEMEHHBIMI Mccre-
[0BaHWAMKW B 0BNacTu WHTENNEKTYyanbHOrO CEenbeckoro Xo3sincTea K
NOATBEPXAAIOT NEPCMEKTUBHOCTb UCMOMNb30BaHNs TexHonoruii Industry
4.0, knbepduanyeckx CUCTEM U MHTENNEKTYamnbHOMO YNpaBneHus B
TMOPOMOHHBIX  koMmMnekcax. [lpuMeHeHne paspaboTaHHOW CHUCTEMbI
Mo3BOMSET NOBbICUTL HAAEXKHOCTb (DYHKLUMOHMPOBAHWUS MMAPOMOHHBIX
YCTaHOBOK, YNYYLWMTbL KAYECTBO BbipalyuBaeMoi NpoaykLmmn n obecne-
unTh Gonee aghheKTMBHOE MCMONb30BaHNE BOLHBIX, IHEPTETUYECKUX U
MWHeparbHbIx pecypcos [10].

lMepcnekTMBHbIM ~ HanpaeneHWeM AanbHEAWMX UCCreoBaHuii
SBNSETCA BHEAPEHWE anrOpUTMOB MALUMHHOMO 0By4YeHUst 1 MOLENbHO-
npeavkTueHoro ynpaenenus (MPC), nossonstowmx nporHosnposatb
“3MeHeHWe napamMeTpoB CPedbl U aBTOMATUYECKN afanTupoBaTb pe-
XuMbl paboTbl 060pyAoBaHNS B 3aBUCMMOCTM OT CTaguM PasBuTUS
PacTeHWIn 1 BHELLHWX KNMMaTu4yecknx yenoswuii [8, 9, 11].

3aknioyeHue

B xome nccneposanus bbina paspaboTaHa aBTOMaTM3VpOBaHHas
cuctema ynpasneHns NFT-rugponoHHON YCTaHOBKOM Ha OCHOBE MMK-
POKOHTpONNepHoit nnatopmbl U TexHonorui [oT. [peanoxeHHas
apxXuTekTypa cucTeMbl 06ECMEYMBaET HEMpEPbIBHbIA  MOHUTOPWHT
napameTpoB TMAPOMNOHHONM Cpefbl, aBTOMATUYECKoe YnpaBfieHne uc-
MOMHNTENBHBIMA MEXaHU3MaMM 1 YAANEHHbIA KOHTPONb TEXHOMOMYe-
CKOTO NpoLiecca B PEXMME peanbHOro BPEMEHU.

PesynbTaTbl 9KCMEpUMEHTaNbHbIX WCCNefOoBaHWA NOATBEPANIM
YCTOMYMBOCTb 1 3GDPEKTUBHOCTL (DYHKLIMOHMPOBaHNS pa3paboTaHHoI
cucTembl. Micnonb3oBaHne AaT4MKkoB TeMnepaTypbl, ypoBHS BOAbI, pH,
EC v TDS no3sonmno obecneuntb CTabuibHOCTb NapamMeTpoB nuUTa-
TENBHOrO PacTBOpa M MOBBICUTb TOYHOCTb YNPaBMEHUS TEXHOMOrnYe-
CKVM MPOLIECCOM.

MpuMeHeHe aBTOMATM3MPOBAHHOTO anropuTMa ynpaeneHus cro-
coBCTBOBANO CHIKEHNIO pacxoda BOAbl M MUHepanbHbIX yaobpeHui, a
TaKkke MOBbLILLEHWNIO SHEPreTUYECKON APPEKTUBHOCTI CUCTEMBI. VHTe-
rpauws loT-nnatdopmel Blynk o6ecneunna BO3MOXHOCTb AUCTAHLMOH-
HOTO MOHWUTOPWHIa 11 ONEPATUBHOTO YNPaBNEHNs napameTpamn rmapo-
MOHHO YCTaHOBKM.

MonyyeHHble pesynbTaThl NOATBEPKAAIOT MEPCNEKTUBHOCTL WC-
Momb30BaHNs MHTENMEKTYamnbHbIX CUCTEM YNpaBReHNsl B COBPEMEHHbIX
MAPONOHHBIX TEXHOMNOMSAX U BOIMOXHOCTb UX AarnbHENLLEro npuMeHe-
HUS B YCNIOBMSX PecypcochbeperaloLLero CenbCckoro Xo3sincTaa.
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MoaenupoBaHue pasnera u
nepemMeLMBaHUA TOPHOM Macchbl ANS
NOBbILLEHNSA 3OPEKTUBHOCTU AOOBIUHbIX
pabor

Moaynb «Paszsan» IMTWC TEOMUKC — cneumnanuamposaHHoOe peLleHne Ans
TPEXMEPHOTO MOAENMPOBAHUS pa3Bana B30PBAHHOW FOPHOM MAacChl Ha OTKPbITbIX
ropHbix pabotax. OH NO3BOMAET MHXEHEPAM CNPOrHO3MPOBATL PACTPEAENEHNE
MNOMNE3HOrO KOMMOHEHTa B KaxAOM Touke BypoBapbIBHOTO Brioka A0 GaKTMYEeCcKoro
NPOBEAEHWS B3pbiBa, GOPMY paseana, HanpasneHne CMeLLeHUs TOPHOM Maccsl Npw
B3pblBe. BHEeApeHWe MOAYTS AGET NPEANPUSTUIO BOSMOXHOCTb NMEPENTH OT
NPMOMUSUTENBHBIX OLEHOK K MPOTHO3UPOBAHMIO C BBICOKOM CTENEHbLIO TOUHOCTU AN
MUHMMMU3ALIUM NOTEPL U PasyboxmnBaHKs, obecneunsas paLmoHansHoe
MCMIONb30BAHME HEAD.

Hekotopble peaynbratbl peann3oBaHHbIX NPOEKTOB:

o CHwuxeHWe notepb nonesHoro komnoHeHta — 30 kr 3om071a 3a 5
MmecsLes;

o CXOAMMOCTb MPOTHOZHOTO COAEPXAHNSA C AGHHBIMU ODOTaTUTENBHOM
dabpukn ¢ TouHoCTbIO 98,5%;

o Wuterpauns c apyrmmm [TAC, AutoCAD, NanoCAD 1 cuctemMamu

AMcCrieTyepu3aLmm.

OO0 «TEOMUKCs
Poccua, 119517, r. Mockea, Ww. AMUHbEBCKOE, A. 6
Ten.: 8 800 201 65 96  e-mail: info@geomix.ru

geomix.ru



micromine
advance

[1naHupoBaHue
NOA3EMHbIX
ropHbIX pabor,
NpoayMaHHoe
00 MenbYanLLInX
netaneu

Micromine Advance = cneuuanu3upoBasHoe
peLLeHre ANA NNaHUMPOBaHKA NOAIEMHbLIX
PYOAHWKOB, NOMOraloLLee HiKeHepam
CO3AaBaTh PEANUCTUYHBLIE W BRINONHUMbIE
NNaMsl C Y4ETOM BCEX AeTanen.

Bnarogaps coBpeMeHHbIM TEXHONOMAM U
MHCTPYMEHTaM CHCTEeMa TO4HO MOdenupyeT
CNOXHBIE NOJ3EMHLIE YCNOBHA U
nogaepxMBaeT (dyHaaMeHTanbHIi Noaxon
K NNaHUPOBAHMIO.

XotuTte yauars nogpobHee, yuTainTe no
cchinke: www.micromine.kz/advance

Agpec: 100000, yn. Mycrakunnmk 88a, BL|

«Japxau», odwc 101,
Tenecon: +998 78 140 41 64

Email: mmuz@micromine.com

micromine. kz

micromine
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