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OCOBEHHOCTHU CTPYKTYPbI U IPUMEHEHUE MATEPUAJIOB,
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A.H. BOJIOTOB, a-p TexH. HayK
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© Hosuxkos B.B., HoBukora O.0., bornoros A.H., 2023

Omnpenenenbl (GakTOpbl, BIUSIONIME HA CTPYKTYpY M TPUOOTEXHHYECKHE CBOWCTBA
MaTepHajoB U IOKPHITHH, CHOPMUPOBAHHBIX B 3JIEKTPOJIUTHOW Miazme. PaccMmoTpeHsl
OCHOBHBIC HAIPaBICHUS MHUKPOIUIA3MEHHOTO MOJU(PHUIIMPOBAHUS TIOBEPXHOCTH TPEHUS
JI€TaJIed: TIOBBILICHUE €€ TBEPAOCTH U U3HOCOCTOMKOCTH, MOIYYEHHE KOPPO3HUOHHO-CTOMKHUX
U JIEKOPaTUBHBIX MOKPBITUN, CHI)KEHUE MATepUaIOeMKOCTH y3Jla TPEHHUS B LIEJIOM U 3aMeHa
noporux MarepuanoB. [loka3aHo KpaTHOE yBEIMYEHHE DSKCIUIyaTallMOHHOM CTOMKOCTH
YIIPOYHEHHBIX TpuOocomnpspkeHui. [IpuBeneHsl mpuMepsl TMONYyYEHHs] KepaMHUYECKUX
MaTepHaJIOB C TBEPAOCMA30YHBIM HAMOJIHUTENIEM, YCIEIHO (YHKIMOHUPYIOLIUX B YCIOBHIX
CYyXOro TpPEHHUs WM OrpPaHWYEHHOW I0JaYd CMAa304HOIro MaTepuaina. M3710%eHbl OCHOBBI
OpPUTMHAIBLHOU TEXHOJIOTMH IIOJIy4YEHHUS MUHEPAIOKEPAMUYECKOTO MaTepuana,
IPEJICTaBIISIONIEr0 COOOM MaTpUIly U3 OKCUAA aTFOMUHUS U AUCIIEPCHBIX BKIOYEHUM anmasa,
IIOKa3aHbl ero cBoicTBa. JlaHbl mpUMepbl peanu3auuu chOPMUPOBAHHBIX MUKPOILUIa3MEHHBIM
OKCHJMPOBAaHUEM  KEpAaMUYECKMX  KOMIIO3MIMOHHBIX  MaTepuaJioB B  peajbHBIX
TpUOOYCTPONCTBAX, yKa3aHbl pe3yJabTaTbl HKCIHEPUMEHTAIbHBIX  HCCIEJOBAaHUM  UX
TPUOOTEXHUYECKUX XapaKTEPUCTHK.

Knwouesvie  cnoéa:  MUKpOILUIa3MEHHOE  DJIEKTPOJUTHYECKOE  OKCUIUPOBAHUE,
MHUKpPOJIyTOBOE OKCUIUPOBAHUE, IOKPBITHE, TPEHUE, U3HOC.

DOI: 10.46573/2658-5030-2023-3-5-13

BBEJIEHUE

OpHMM U3 EPCHEKTUBHBIX METOJI0B MHXXKEHEPUH padoyeil MOBEPXHOCTH Y3JI0B TPEHUS
COBPEMEHHOM TEeXHUKH SBISETCS TEXHOJIOTHS OKCUIUPOBAHUS B SJICKTPOIUTHOM TU1a3me (UITu
Mukpoayrosoro oxkcuauposanus (MZO)) [1, 2]. [Ipouecc oxcuaupoBaHUs 3aKIJIIOYAETCS B
dbopMUPOBaHUN YITPOYHEHHOT'O KEPAMUYECKOTO CJI0S MO JEHCTBHEM BBICOKOTO HAMPSIKEHUS
Ha TIOBEPXHOCTH METAIIJIOB C SIPKO BBIPAXCHHBIMH BEHTHJILHBIME cBolicTBamu (Al, Mg, Ti, Zr,
Nb, Ta, Be u crnaBoB Ha X OcHOBE). TeXHOIOTHs MUKPOIIA3MEHHOTO MOJIU(DUIIUPOBAHUS
MOBEPXHOCTH  JieTajlel  BocTpeOOBaHAa mpu  MOIU(MUIMPOBAHMHA  TPHOOY3IOB B
MaIIMHOCTPOUTENBHOM, HedTerazo100bIBaIOICH MPOMBIIUIEHHOCTH, B MPUOOPOCTPOCHUH,
PaAMOANIEKTPOHUKE, TPAHCIIOPTHOM, aBUALIMOHHOM, KOCMUYECKON U Ipyrux oTpacisx [1-9].

XapakTepUCTUKH MaTepHaioB, C(OOPMHUPOBAHHBIX B DIEKTPOJIUTHOW IUIa3Me,
OTIPENIENIAIOTCS COBOKYITHOCTBIO (DM3MKO-MEXaHMYECKHX IapaMeTpOB MaTEpPHAIOB OCHOBBI,
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NEepeXOAHOTO U paboyero Kepamuyeckoro ciosi. CBOWCTBA M CTPYKTypa OKCHIHOTO
KEPaMUYECKOTO CJIOSl 3aJal0TCsl DIIEKTPUUYECKUMH peXUMaMu (HOPMUPOBAHHS MaTepuaia,
XMMHUYECKHM COCTaBOM 3JIEKTPOJMTAa M BO3MOXKHBIM JaJbHEWIIMM MOAM(DULIHPOBAHHEM
KepaMUYECKOH MAaTpUIBIl MHKPO- M HaHOpa3MepHbIMU TpuOoHamomuutemsivu [3, 4, 10].
bnaronapss yHHMBEpCaJbHOCTH TEXHOJIOIMM MOKHO IOJIy4aThb KOMIIO3MIIMOHHbBIE KepaMH-
YECKUE TOKPBITHSI U MaTepualibl, XapaKTEpPU3YIOIIHECS BBICOKUMHU TPUOOMEXaHUYECKUMH,
JIEKTPOU3OJIALIMOHHBIMU U TEIUIOQU3MYECKUMH CBoOWcTBaMHM. B  Hacrosimee Bpems
pa3paboTaHbl TEXHOJIOIMUECKHE PEKUMBI IOIY4YEHMsI JIOCTATOYHO IIHPOKOro Kpyra
MJ1O-maTepuaios.

B umemom »stambl  GOpMHpPOBAaHUS TOKPBITHS B MpOIECCe MHUKPOIUIA3MEHHOTO
okcuaupoBanus cxoxu A1 MJIO-okpeITuil pa3indHbiXx TUIIOB. OTHAKO HE3HAYUTEIbHBIC HA
NEPBBIN B3I HIOAHCHI TEXHOJOTUU MOTYT MPUBECTH K JAUAMETPaAIbHO MPOTUBOIIOJIOKHBIM
pe3yibTaTaM (HalpuMep, MOKHO MOJIyYUTh He aHTU(DPUKIIMOHHBIN, a a0pa3uBHbIN MaTepua)
[11]. TexHomoruu  NOJYy4YEHUS  NEPCHEKTUBHBIX  KOMIO3UIMOHHBIX  IOKPBITHIA,
IPECTaBIAIOINX CO00H KepaMUUECKy0 MaTpHIly, B KOTOPYIO BHEIPEHbI TBEPIOCMA30uHbIE
JMCTIEPCHBIE YacTHIbI (TIOMMMEpHI, TpaduT, TUCYIbPuI MOIUOaeHa, HAHOKOPYH U JIp.), B
3HAYUTEIBLHOU CTEeTICHU BapuaTuBHbI [7, 12, 13].

JlJi1 TEXHOJIOTOB M KOHCTPYKTOPOB MAIIMHOCTPOUTEIBHBIX IPEIIPUITHI JOCTATOYHO
CJIO’KHO ONPEAETUTHCS IPU UMEIOIEMCSI MHOT00Opa3uu BO3MOXKHBIX METO/I0B ONITUMAIILHOTO
MOIU(UIMPOBAHUST  TOBEPXHOCTH  JAeTaieidl. MHOrMe TepCleKTUBHBIE  TEXHOJIOTHU
MHKPOIUIa3MEHHOI'0 IEKTPOIUTUYECKOTO OKCUIUPOBAHUS N3BECTHBI B HAYYHBIX KpPyrax v He
HOJyYWJIM TOKa UIMPOKOIO IMPUMEHEHMs] B pealbHbIX MexaHu3max. He Bcerna moHsTHa
HOMEHKJIaTypa oOOOpYyJOBaHUs, HEOOXOJUMOIro M THOJIY4YEeHUS KOMIIO3ULMOHHOTO
KEPaMUYECKOTO TIOKPBITHS C 3aJJaHHBIMH (PU3UKO-MEXaHMYECKIMMH CBOMCTBAMH.

Ienbto paboThI SABISETCS aHAIW3 OCHOBHBIX HAIpPaBICHUN MPUMEHEHHsI TEXHOJIOIMU
MUKPOILJIA3MEHHOTO 3JIEKTPOJUTHUECKOIO OKCUUPOBAHUS, UX IPEUMYIIECTB Epe APYyruMu
METOAaMU MOJU(UIMPOBAHUS IOBEPXHOCTEH, a TaKXkKe M3Y4eHHE CTPYKTYpbl U CBOMCTB
noJlyyaeMbIXx MarepuanoB. lccrienoBanue mpenHa3HAyeHO Ui O3HAKOMIIGHHS C HUM
HIMPOKOT'0 Kpyra TEXHOJIOIOB ¥ MPOEKTUPOBIINKOB COBPEMEHHOTO 000pY/J0BAHUS.

OCHOBHBIE HAITPABJIEHU S TIPUMEHEHUS TEXHOJIOT'MHU
MUKPOIIVIABSMEHHOT'O JIEKTPOJIUTHYECKOI'O OKCUAUPOBAHUSA

1. MonudunupoBanue NMOBEPXHOCTU TPEHHS JETad METOJOM MHUKPOIUIA3MEHHOTO
ANEKTPOJIUTUYECKOTO  OKCHUIUPOBAHHMS C  IEJbI0  TOBBIIMICHUS €€  TBEPAOCTH H
u3HOcocToMKocTU. [laHHOe HampaBieHue TpaaunuoHHo [1, 2]. B mpouecce oxcuanpoBaHus
Ha TTOBEPXHOCTH JeTald (POPMHUPYETCS TPEXCIOWHOE MOKPBITUE U3 MIEPEXOTHOr0, pabovero u
BHEIITHETO0 TEXHOJIOTHYECKOTO clioeB. ToHKMH mepexomubii cioi (tommmuaa 0,01...0,1 Mxm)
0o0ecreurnBaeT BBICOKYIO aATe3UI0 KEPAaMUYECKOTO TOKPBITUS C OCHOBHBIM METAJLIOM.
PaGounit okcuanblii cinoi TonmuHoM 10 100 MkM Hambonee (yHKIMOHATCH, MPEACTABISET
co0O# CIOXKHYIO CTPYKTYpy U3 0-, P-, ¥ y-MomuduKammii OKCHUIOB aTFOMHUHUSI.
Monuduxarus a AlOs, unu KopyH, mpeodiiagaeT, Tak Kak sABseTcs Hanbosee yCTONYHBOM.
JlaHHBII CIOMl MOKPBITUS WUMEET HU3KYI MOPUCTOCTh M, Onaromaps KOpPYHAY, COYETaeT
BBICOKYI0O MUKPOTBEPOCTh, KOHTAKTHYIO KECTKOCTh M HM3HOCOCTOMKOCTH CO CTOMKOCTBIO K
KOppo3uu. BHemHuii TexHojormueckuil cimoil umeer tonumuHy 10 200 MkMm, obnazaer
CYILIECTBEHHO MEHBIIEH TBEPAOCTHIO IO CPAaBHEHHIO € pPabOuMM ciioeM, HO Ooublieit
MOPUCTOCTHI0, (AKTUYCCKH HMMEET PBHIXIYI0 CTPYKTypy. B cioydae okcuaupoBaHus B
HIEIOYHOM 3JIEKTPOJIHUTE C A00aBKOHM JKHUIKOTO CTEKJIA TEXHOJOTHYECKHM CIOW COCTOUT W3
mymumrta  3AL032Si02.  Ilo  okoHyanuu  (HOPMUPOBAHHS  TOKPBITUS  PBIXJIBINA
TEXHOJOTHYECKUI CJIOM I1e7ecoo0pa3Ho  yaainuTh HUIMGOBAHHEM WM MECKOCTPYHHON
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00paboTkoil. Paboumii OKCHIHBIN CIIOH, HEMOCPEICTBEHHO YYaCTBYIOIIUN BO (PPUKIIMOHHOM
KOHTaKTe, uMmeer Mukporsepiocts g0 20 I'Tla, a mo M3HOCOCTOMKOCTH 3TO MOKPBITHE
COIIOCTABUMO C KapOu10M Bosb(pama.

B cpaBHeHMHM C W3BECTHBIMH TEXHOJOTHSIMH OKCHIMUPOBAHUS ATIOMUHHS M €ro
CIUIaBOB, HanpuMmep rajgbBaHuku, MJ1O sBiIsleTCs CaMbIM JOPOTHM, CJIOKHBIM U 3HEPTOEMKHM.
OpHako MpEeuMyIecTBa  MHKPOIUIA3MEHHOTO  3JIEKTPOJUTHYECKOTO  OKCHIHPOBAHUS
HOKPBITUN (HaJIMYUE YHUKAIbHBIX TPUOOTEXHHYECKHUX CBONCTB, a TaKK€ 3HAaYMTENbHas
TOJIIIMHA TIOKPBITHUH, €CIM CpPaBHMBATH C MOKPBHITUSAMH, TIIOJyYEHHBIMHU, HaIpUMED,
aHoAupoBaHUeM (ToimuHa cios 10 20 MKM)) JenalT JaHHYI0 TEXHOJOTHIO Haubosee
KOHKYPEHTOCTIOCOOHOH 1 3((PEKTUBHON B TOITOCPOYHON EPCIICKTHBE.

HauOonee peHTabenbHO YHPOYHEHHE METOJOM MMKPOILIa3MEHHOI'O 3JEKTPOJIUTH-
YECKOr0 OKCHAWPOBaHUS (PUKIHMOHHBIX IMOBEPXHOCTEH TMap TPEHHs: TOIIINITHUKOB
CKOJIBXKEHHUS, 3yO4aTbX Iepejad, IIKUBOB, HANPABISIOIIMX CKOJBXEHHUS, TOPLEBBIX
YIUIOTHEHUH JJI JBUTaTeNell BHyTpeHHero cropanus u 1.4. [1, 3, 5-8]. YcranoBneHo, uro
MOJIUGUKALMS Y3JI0B LMJIMHAPOIOPIIHEBOW I'PYMNIbl JaeT MOBBIIIEHUE M3HOCOCTOMKOCTH B
10...15 pa3 [5].

OOBIYHO TOKPBHITUS JAHHOI'O TUIA MPHUMEHSIOTCS B MPUCYTCTBHM CMa30YHOIO
marepuana. OIHAKO HaMU TOJIy4eHBl XOPOIIUE Pe3yIbTaThl YBEIHMUEHHUS W3HOCOCTOMKOCTH
paboueil MOBEepXHOCTU JAeTanedl MNpsAAUIBLHONW MAaILIMHbI, SKCIUTyaTUPYIOLIEHCs B YCIOBUSX
CyXOro TpeHusi. M3HOCOCTOMKOCTh MPSAIMIBHBIX POTOPOB YBEIHUYMIACH, BO3POC CPOK HX
CJIy’KOBI, YMEHBIIUJICS MPOU3BOJCTBEHHBIH OpakK, KOJIMYECTBO PEMOHTOB 0OOpYJOBaHUS
cokpaTmiiock 6onee ueM B 20 pa3 (puc. 1).

Puc. 1. Y3en Tpenust npsauiibHON MaluHbI,
MOJUGUIMPOBAHHBIA TEXHOJIOIHEH MUKPOIUIA3MEHHOI'O OKCUUPOBAHNUS

2. MoaupuuupoBaHue TMOBEPXHOCTH TPEHUS METOAOM  MHKPOILUIa3MEHHOI'O
AIEKTPOMTHYECKOTO OKCUIMPOBAHUS JeTaneit u3 ierkux metauios (Al, Ti, Mg u ux cruraBbl)
C LEJIBI0 3aMEHbl TSDKEIBIX METAUIMYECKHMX CIUIABOB WM JOPOTOCTOSALIMX KOMIIO3UTHBIX
MaTepuaioB. B mammHocTpoeHun TpubOy3ibl, ynpouHeHHble MeToioM MJ10, npuMmeHstoTcs
JUIsL  3aMEHbl JIETUPOBAHHOM CTalM, IpPU OTOM JOCTUraeTCsl KpPAaTHOE YBEIMYEHUE
MU3HOCOCTOMKOCTH, MAaTEPUAJIOEMKOCTH U TEIUIOHArPYKEHHOCTH, MPOUCXOIUT COKpAIlCHUE
Mexannyeckux 3atpar Ha 40...50 %, nossimenne KIIJ[ — va 2...15 % [1, 5]. Heooxoaumo
OTMETUTh TAKXKE€ CYILECTBEHHOE IOBBIIIEHUE JMHAMUYECKUX XapaKTEPUCTUK JIBHIKYLIUXCS
TpUOOY3IJI0B, TaK KaK IJIOTHOCTh AJFOMUHMS MOYTH B 3 pa3a HUXKe IJIOTHOCTH CTaJlu.

CHmXEeHHE MAaTepUaJIOEMKOCTH B COYETAHMM C COXPAHEHUEM M IIOBBIIIEHHUEM
TBEPJOCTH U M3HOCOCTOMKOCTH TPAAMLMOHHBIX Y3JO0B TPEHHs OCOOEHHO aKTyaJbHO B
ABHALIMOHHOM, KOCMMYECKOW M CYAOCTPOUTENBHOW IPOMBIIUIEHHOCTH. B aspokocMu4ecKoi
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IPOMBIIIIEHHOCTH Ba)KHO MAaKCHMaJIbHOE CHUYKEHUE Macchl pa3padaThiBa€MON KOHCTPYKLUH,
MIOSTOMY JakK€ 3aMeHa OTHENBHBIX JIEMEHTOB MMEET OOJbIIoe 3HaueHwe. B dacTHOCTH, B
cTaTtbe [9] noka3zaHo, 4TO 3aMEHa CTaJIM WJINA TUTAaHa B YIIOPaX y3Jla PaCKPBhITU KOCMUUYECKUX
JeTaTeNbHBIX allapaToB Ha aJIOMHHHUEBBI cruiaB  AMroM, MoanuiupoBaHHBIH
MUKPOJIYTrOBbIM OKCHUAMpPOBaHHEM, ompaBaaHa [9]. VYmpouHeHHbIE nAeTanu U3 JIETKOTO
KOHCTPYKLIMOHHOTO MaTepuajia 00eCleYrBalOT B YCJIOBUSAX BHOPAIMOHHBIX HArpy3ok,
NOBBILICHHOIO W3HOCA, HM3KHUX TEMIIEpaTyp M BaKyyMa BBICOKYIO  HaJE€XKHOCTb
(YHKIIMOHUPOBAHUS y3Ja.

3. llpuMeHeHue TEXHOJOIrMM MHKPOIUIA3MEHHOIO 3JIEKTPOJUTUYECKOIO OKCHIH-
pOBaHMS C LEJIbI0O BOCCTAHOBJIEHMSI HCXOIHBIX pa3MEpPOB M3HOIICHHBIX JeTaled mpu
OJTHOBPEMEHHOM IOBBIIIEHUU UX M3HOCOCTOMKOCTU M JoiroBeyHocTd. Hanbonee akryanbHO
3TO HaINpaBlieHHE MpH pPadoTe C JETAISIMH CEIbCKOXO3SHCTBEHHOH, TOPHOAOOBIBAIOIICH
TEXHUKHU B COBPEMEHHBIX yCIOBUAX MAIINHOCTPOUTEIBHOTIO U ABTOPEMOHTHOI'O IIPOU3BOJICTB.

XapaktepHoii 0co0eHHOCThI0 MJIO-TeXHOJIOTHH SIBISIETCS YBEIHMUCHHE Ta0apUTHBIX
pa3sMepoB JeTalu B Ipolecce okcuaupoBanus. Dopmupyemblii paboumii cioif pacter BrilyOb
U HapyXy OT HCXOJHOH ITIOBEPXHOCTH JETAIH. TEXHOJOIMYECKUH CIIOH CYyIIECTBEHHO
BBIXOJUT 3a IIE€PBOHAYAIbHBIE pa3Mepbl MOBEPXHOCTU. ITy OCOOEHHOCTb CJIELyeT
UCIIOJIF30BaTh B PEMOHTHOM IPOM3BOCTBE. be3 MOMOMHUTENBHBIX CIIOCOO0B KOMITCHCAIINU
W3HOIIEHHOTO Marepuajla MOKHO HapacTUTh 10 0,1 MM HM3HOCOCTOMKOIO KEpPaMHUYECKOIO
cinos [10, 13, 14]. M3BecTHBI TEXHOJOTHM, MO3BOJIAIOIINE HNPUMEHATh MUKPOIUIA3MEHHOE
JNEKTPOJIMTUYECKOE OKCHJUMPOBAHWE HE TOJNBKO JUId JeTaleld, W3rOTOBICHHBIX U3
BEHTWIbHBIX MeTauioB. OOOHTH JaHHOE OrpaHWYEHHE BO3MOXKHO IIPEIBAPUTEIILHBIM
HaHECEeHUeM (HalpuMep, Ha CTaJIbHYIO TOBEPXHOCTb) AJIFOMUHUIICOAECP)KAILIMX KOMITO3ULIMN 1
MOCIIEAYIOUM MouduIupoBanuem [15].

4. IlpuMeHeHHME MHUKpPOAYTOBOIO OKCHUAMPOBAHMS U1 IOJIY4YEHHS KEpaMHYECKON
MaTpHIIbl, B TIOPBI KOTOPOil MOTYT OBITH BHEAPEHBI TBEPAOCMA30YHbIC MaTepHaibl. JlaHHBIN
METOJ IpUMEHsSeTca B ciiydae (DyHKIMOHUPOBAHUS TPUOOCOIPSIKEHUM B YCIOBUSAX CYXOrO
TPEHMsI U OFPaHUYEHHON MOJa4d CMa304YHOI'0 MaTepuasia, 0OCOOCHHO B TSYKEIOHATIPYKEHHBIX
y3nax Tpenus [4, 8]. Cnocod Bo3MOkeH Omaromapsi TMOPHCTOCTH IOJIy4aeMOro
KEepaMH4eCKOro MOKpbITUs, npuyem pasmepsl mop (0,01...10 MKM) U UX KOHILIEHTpalHIO
(5...50 %) MOXHO peryJupoBaTh 3JIEKTPOTEXHHUUECKUM PEXHMOM MHKpPOILIa3MEHHOIO
AJIEKTPOJINTUYECKOTO  OKCHJIMPOBAHUS U COCTAaBOM  3JIEKTPOJIUTA.  ACCOPTUMEHT
UCIIOJIb3YEMbIX HAlOJIHUTENEH JOCTaTOYHO MIUPOK: MOJUMEpPHBIE MaTepHralibl ((hToporiacTsl,
MOJIMAMUJIBl), MUKPO- U HAaHOCTPYKTYpHBIE TpaduTt, TUCyib(ua MoaubaeHa, OKCHI MEIH,
MarHeTur U JIp.

TexHoOrnK BHEIPEHUS PA3IMUYHbIX HAIMOJHUTEIEH B KEPAaMHUECKYI0 MaTpPHILy TOXKE
CYLIECTBEHHO DPAa3JIMYaIOTCs, YTO OOYCIIOBJIEHO 3JIEKTPUYECKUMM CBOICTBaMHU TBepAOCMa-
304YHBIX MAaTEpUaATOB M, COOTBETCTBEHHO, HUX BIIMUSHMEM Ha IPOLECC OKCHIUPOBAHUS.
Hanpumep, npu momudunupoBanuu MJIO-NOKpPHITHS  YIIEPOAHBIMA HAHOPAa3MEPHBIMU
MaTepuajiaMl OHHM BBOSTCS HEIOCPEACTBEHHO B 0a30BbIil anekTponuT [4, 16]. [Ipu stom
HOBBIIIAETCS CKOPOCTh (POPMUPOBAHUS KEPAMUYECKOIO CIJIOSs, €r0 TOJIIIMHA YBEIUYUBACTCH,
CTPYKTypa  CTaHOBUTCS ~ Oojiee  paBHOMEPHOH, MOPUCTOCTh yMeHbmaercs. llpu
MoguuuupoBanun  MJ1O-nokpsiTst  yactunamu — HaHomopomka CuO  TexHonorus
npenmnoiaraeT JBa JTana: (pOopMHpOBAaHHE KEPAMUYECKON MAaTpulbl U HENOCPEACTBEHHO
BHE/IPEHHE OKCHJa MEAM JYTOBbIM 3JIEKTPO(Ope30M B TOHKHUH IOBEPXHOCTHBIN CIION
HOKpbITHA [8].

bbutn nmosydeHsl XOpoIliye pe3ysabTaThl NP MOIUGUIMPOBAHUN MUKPOIUIA3MEHHBIM
AJIEKTPOJINTUYECKUM OKCHJIMPOBAHWEM MaTpullbl, cpopMUpOBaHHON Ha amoMuuuu /1, a
TaKXe MpH J00aBIEHUM TUCIEPCHBIX MarHeTuTa, rpagura u aucyibpuna moiudaeHa [4].
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BBenenre B KOJUIOMAHBINA 3JEKTPOJIUT YACTHI] BBICOKOIMCIIEPCHOTO MarHETUTa CYIIECTBEHHO
HE TMOBJIMSJIO Ha Mpolecc OKCUaAWpoBaHUs. YactumaMm aucynbpumaa MoaubieHa u rpadura
norpedoBanach MOIU(HUKALUS TOBEPXHOCTHO-AaKTUBHBIM BEIIECTBOM IIPH  BBEJCHUU
B 2JeKTponuT. CpaBHUTENbHBIE TPUOOTEXHUUECKUE HWCIBITAHUS TIOJYYE€HHBIX TBEPIO-
CMa30YHBIX KOMIO3WIMOHHBIX MAaTE€pPHUANOB MOATBEPIMIN HMX MNPEUMYIIECTBO IEepe.
TpaguioHHBIM ~ MJIO-mokpbITHEM, a Takke CTaOWJIbHYI0 pPabOTOCIIOCOOHOCTH B
9KCTPEMANIbHBIX YCIIOBHAX O€3 JOMOJHHUTENBFHON CMAa3KH JKUAKHUMHU WIA KOHCUCTEHTHBIMU
Marepuaiamu (Tabiuma).

PesynbraTsl TpHOOTEXHIUUECKUX UCTIBITAHUN (DPUKIIMOHHBIX CBOHCTB
KOMITO3UIIMOHHBIX OKPBITUH C Pa3IMYHbIMH HAIOJIHUTEISIMU

Marepuan Tomuruna Koapdpunment HHTGHCEI BROCTH MukpoTBepaoCTb,
IIOKPBITHS, JIMHENHOTO
HAIIOJIHUTEIIS TpEHHUS I'Tla
MM M3HOCA

MoS» 0,1...0,50 0,07...0,11 5-107 10...12
I'padur 0,1...0,45 0,10...0,16 7-10° 12...14
Fe;04 0,1...0,30 0,15...0,26 9-10° 14...17

be3 nanonauTens 0,1...0,40 0,11...0,25 15-10° 12...14

5. IlpumeHeHure TEXHOJIOTUM MUKPOILIa3MEHHOT'O 3JIEKTPOIUTUUECKOTO OKCUANPOBAHUS
JUISL TIOJYYEHHUS WHHOBAIIMOHHBIX MarepuasnioB. CHHEPrHs CBONCTB MaTepHaliOB MaTpPHIIHI,
JIEKTPOJIUTA, AUCIIEPCHBIX HAMOJHUTENEH, TPeoOpa30BaHHbIX B MIPOLIECCE MUKPOILIa3MEHHOTO
CHHTE3a, TI03BOJISIET MOJy4aTh HOBBIE YHHKAJIbHBIC MAaTEPUAIbI, IMEIOIIHE IIUPOKYIO0 00JIaCTh
PUMEHEHMUSL.

Hamu paspaborana opuruHajibHasi TEXHOJIOTHS MOTYYEHHUS] MUHEPAIOKEPAaMHUUECKOIO
Mmarepuaia, HpPEeJCTaBISAIOIIEro coOOM MaTpully W3 OKCHJAa allOMHHHUS M JUCIIEPCHBIX
BKIIIOYeHUH anMasa [11]. 3aroroBka s usnenus GopMupyercs U3 aaMa3zHO-ATFOMUHUEBON
CMECH METOJIOM MOpPOIIKOBOH MeTamtypruu. JlucnepcHble 3epHa aiMasa HpeABapUTEIbHO
NOKPBIBAIOTCS MEABIO ISl 3allUTBI  OT YPE3MEPHOTO OKUCICHHUS W B  KayecTBe
JIONIOJIHUTENBHOIO  aHTU(PUKIMOHHOTO (akTopa [17]. MuHepanokepaMUuecKuil —CIloi
dopmupyeTcss Ha TOBEPXHOCTH JETald B MpoOIecce MHUKPOIUIa3MEHHOro cuHTe3a. llpum
aHaJM3€e TEXHOJIOIUU OIpeJesieHbl ONTUMAJIbHbIE IMANa30Hbl BApbUPOBAHUS OTHOCUTEILHON
IJIOTHOCTHU 3arOTOBOK, CTEIIEHU METAJUIM3AlMU aJIMa30B ME/IbIO M COCTaBa JEKTPOJIUTA.

OneHka (ppUKLIHMOHHBIX CBOMCTB MOJYYEHHOTO MaTepuaia 1mokasaia, YTo 3epHUCTOCTh
aJIMa30B OKa3bIBAET OINpEAEIAoNIee BIMSHUE HAa TPUOOTEXHUUECKHE XapaKTEPUCTHUKU U
00J1aCTh MPAKTUYECKOT0 MPUMEHEHUs: Matepuaina. [Ipy ucnoab30BaHUM aJIMa30B C BBICOKOH
3epHHCTOCTRIO ( => 28/20) momydaeTcss MUHEpPAIOKEPaMUYECKUH MaTephall C BBICOKMMH
PEeXYLUIMMHM  XapakTepucTukamu (puc. 2a). AOpa3uBHbIE KpYI'M, W3TOTOBJIEHHBIE U3
3TOr0 Marepuaia, o0JaJaroT CTa0MIIBHO BBICOKOW OOBEMHOW pexymied crnocoOHOCTHIO (B
1,5...3,5 pa3za Bbllle TPaJULUOHHBIX AHAJIOIOB) M  XapaKTEpU3YIOTCS  BBICOKUM
anMasoyaepxanuem (puc. 20).

MuHepanokepaMHUYeCKue MaTepHalibl C MaJlod 3€pHUCTOCThIO anmazoB (< 20/14)
XapaKTePU3YIOTCS BBICOKMUMHU AHTU(PHUKIIMOHHBIMH CBOMCTBAMHU B YCIOBHUSX NeQHUINTA H
OTCYTCTBUSl CMa304yHOro wmarepuana (puc. 3). JlaHHas XapaKTepUCTUKAa OOBsACHIETCA
¢opMHEpoBaHHEM B KEpaMHUYECKOH MAaTpHIlE BKIIOUEHHH CBOOOTHOTO TBEPAOCMA30YHOTO
rpa¢uTa, 00pa3oBaBIIErocs Py YaCTUYHOM (ha30BOM OKHMCIICHHUHU ajiMa3a.
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(6)

Puc. 2. U300pakeHus cTpyKTypbl HOBEPXHOCTH MUHEPAJIOKEPAMHUECKOT0 MaTepraa
(3eprmcTOoCTh anmMa3a 80/63) (a); abpa3uBHBIX KPYTOB C PEXKYIITUM CIIOEM
U3 MUHEpaJlokepaMuueckoro Marepuasa (0)

J
0.8
M
0.6
0.4 ‘
02 1 7Y
0

0 2 4 6 8 10 129»Mlla
bes3 cmazku

Puc. 3. Kosaddunuent tperus aiis MJ1O-nokpbITHii:
1 — anmazocoaepxkanuit matepuait; 2 — /{16 (cruiaB amroMuHMs)

6. MoandunupoBaHue MHKPOIUIa3MEHHBIM 3JICKTPOJIUTHYECKUM OKCHIMPOBAHUEM
QIIOMUHHUEBBIX JE€TaJled I 3allUThl OT BO3JCHCTBUS arpeCcCUBHBIX CpEI: XUMHUYECKH
aKTUBHBIX PAcTBOPOB, MOPCKOH BOJBI, IKCTPEMAIBHBIX aTMOC(QEpPHBIX BO3JIEHCTBHI U
ap. [3, 9, 10, 18]. B crarbe [19] ycraHoBineHo, uyto mnpu temmneparype g0 870 °C
MO-nokpeitusi Ha TUTaHOBOM ciuiaBe BT6 (Ttommuua mokpeitus 45...50 MKM) cOXpaHsIn
BBICOKYIO aJre€3Mi0 K IOAJOXKKE U IUIOTHOCTh IIOBEPXHOCTHM O€3 IMPHU3HAKOB IMUTTHUHIA.
Koppo3nonHast cTOWKOCTh (DOPMHUPYEMBIX KEPAMUYECKHUX IOKPHITHI CYIIECTBEHHO BBIIIE,
4YeM Yy TPAAMLMOHHO IPUMEHSEMbIX TraJbBaHUUeCKUX. ClleqyeT OTMETUTh BBICOKYIO
9KOJIOTMYHOCTh MMKPOJYTOBOI'O OKCHIUPOBAHUS, B OTJIMYUE OT rajbBaHMYECKOI'O METO0Ja,
IPOBOJAIIEIOCS B AarpecCUBHBIX 3JIEKTPOJMUTAX, I/ie TPeOYHTCs Omepanuu IMPOMBIBKH,
00e3)KupuBaHus, TpaBieHus. JIaki Ha OJMMEPHON OCHOBE B KauecTBe HamnoiaHutens MJO-
MaTpULbl MOTYT IPUMEHSATHCS Kak IOACIOW IO OKpallMBAaHME B OTBETCTBEHHBIX
TpUOOM3IENNAX, HCIOIb3YEMbIX B arpecCUBHBIX cpenax. [[ns HaHeceHHs MOACIOSN MOJ
OKpaIlIMBaHUE JOCTATOYHO C(HOPMHUPOBATH MOKPHITHE TONLIMHOHN 5...10 MKM, YTO CHMXKaeT
3aTpaThl Ha MOJIYYEHHUE U3/IETHS.

[lepcrieKTMBHO YNPOYHEHUE MMKPOIUIA3MEHHBIM 3JIEKTPOJUTHYECKUM OKCUAUPO-
BaHUEM TPUOOMOBEPXHOCTEN Y3JI0B TPEHUS, CMa3bIBAEMbIX COBPEMEHHBIMU MAarHUTHBIMHU
cmaskamu [20]. Hapsiny ¢ oueHb XOpoUIMMH aHTU(GPUKLIMOHHBIMU M HPOTHUBOM3HOCHBIMU
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CBOMCTBAMM MAarHUTHBIE CMa30YHbIE CpPEIbl OKAa3bIBAIOT KOPPO3HMOHHOE BO3JEHCTBUE Ha
KOHTaKTUPYIOLIUE MOBEPXHOCTH. Takxe aOpa3uBHO M3HAIIMBAIOT MOBEPXHOCTH arjoMepaThl
U3 MArHUTHBIX 4YacTHIl, oOOpa3yloIlluecs B MAarHUTHBIX Maciax WU IKUAKOCTAX.
Mukpomia3MeHHOE Ipeo0pa3oBaHWE MOBEPXHOCTHOIO CJIOS JIETAIM B KEpaMHUYECKUUN
MaTepuai MO3BOJSET HUBEIMPOBATh HEraTUBHBIN 2(PPEKT arpeCCUBHOTO BO3JECUCTBUS TAKUX
CMa304HbIX CPel.

Hamu paspaboraHa TeXHOJOTHUSI TMOMYYEHHS aHTUKOPPO3UOHHOTO JIEKOPATHBHOIO
HOKPBITUSL CIIOCOOOM MHUKPOAYTOBOTO OKcHAMpoBaHUsA. C IENbI0 CHUKEHHUS SHEPro3arpar
Ipolecc MPOUCXOAUT B JBE CTaJAMM B pa3M4HBIX 3iekTpoiuTax [21]. B cranmaptHOM
AIIEKTPONIUTE (POPMHUPYETCS TEXHOJOTHMUECKUH CJIOW, 3aTeM BO BTOPOW AIIEKTPOJIHT
NOOABJISAIOTCS KOMIIOHEHTHI, ONPEAETSIONUE [BET 3alUTHO-AEKOPATUBHOrO cios (puc. 4).
MuxkpoTBepaocTs GopmupyeMoro MOKpbITHS ~5...10 I'Tla, TommuHa, mocraToyHas IS
o0ecrnevyeHnst SKCILTyaTallMOHHBIX XapaKTepUCTHK, ~20...30 MKM.

Puc. 4. BHenmHuii BUJT 3aIIUTHO-IEKOPATUBHBIX TTOKPBITHH,
MOJTYYEHHBIX METOJ0M MUKPOILIA3MEHHOTO JIEKTPOIUTHUYECKOTO OKCUIUPOBAHUS

3AK/IFOYEHHUE

TexHOIOTHsI MHUKPOIUIa3MEHHOTO AJICKTPOJUTHYECKOTO OKCHIMPOBAHUS ITO3BOJISICT
MOIU(DHUIIUPOBATH MIOBEPXHOCTh BEHTHIIHBIX METAILIOB, (POPMHUPYST Ha HUX U3HOCOCTOUKHUHN U
BBICOKOTBEP/IbIA KEPAaMHYECKUH CJIOW, KOTOPBIH MOXHO JIONOJIHATH pPa3HOro poja
HaIOJIHUTENAMH (KaK TBEPJIOCMA30YHBIMHU, TaKk U aOpa3uBHbIMH). OCHOBHBIC HAMPABIICHUS
NPUMEHEHUS TaKUX MOKPBITUH M MaTepualioB — Y3Jbl TPEHHUs, MpuueM (opmupyembie
MOBEPXHOCTH O00ECIEYNBAIOT CTAOMIBLHYIO PAOOTOCIIOCOOHOCTh W H3HOCOCTOHKOCTh B
YCIIOBUSIX BBICOKHX Harpy3okK, TeMIepaTyp U arpeCCUBHBIX CPE/l.

OOnacT MPUMEHEHHS] TEXHOJIOTMH  MHKPOIUIA3MEHHOTO  3JIEKTPOJIUTHYECKOTO
OKCHUJIMPOBAHUS HE OrPAHUYMBAIOTCS MPHUBEICHHBIMUA NIPUMEpaMH. Pa3paboTaHbl TEXHOJIOTHH
MOJTy4eHUs] OMOAKTHUBHBIX, JJIEKTPOHM3OJSIIMOHHBIX, CBETOTCXHUYCCKHX, KATAIUTHICCKU
AKTHBHBIX KEPAMHUYCCKUX KOMIIO3UITMOHHBIX MaTepHaioB. Bo3MOXXHOCTH MUKPOILIa3MEHHOTO
OKCUJIMPOBAHMS HCCJICNOBAaHBI €IIe HE TMOJHOCTBhIO, (YHKIMOHAILHOE Ha3HAuYCHUE
MIO-nokpeiTuit  Oyner pacmupsathesi. Haumbosnee mNepCrneKTHBHBIM — MPEACTABISETCS
HaIlpaBJICHUE CO3/JIaHUsI HAHOCTPYKTYPHBIX MOKPBITUN MO KOHKPETHYIO TEXHOJOTHYECKYIO
3anavy. [IpuMenenne HaHOpa3MEPHBIX J00ABOK (METANIOB, OKCUIOB, OOPUAOB, YIIIEPOIHBIX
HAHOTPYOOK, (YyJUICPEHOB, YIBTPATUCIICPCHBIX YACTHI] JCTOHAIIMOHHOTO CHHTE3a) CO3acT
BO3MOKHOCTh I€peX0Jila MaTepUajioB B HAHOKPHCTAIMYECKOE COCTOSHHME, OTKPBIBAIOIIICE
MPUHIIUITHATIFHO HOBBIE CBOMCTBA BEILIECTBA.
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STRUCTURAL FEATURES AND APPLICATIONS
OF MATERIALS FORMED IN ELECTROLYTE PLASMA

V.V.NOVIKOYV, Cand. Sc., 0.0. NOVIKOVA, Cand. Sc., AN. BOLOTOV, Dr Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: vavkv(@yandex.ru

The factors influencing the structure and tribological properties of materials and
coatings formed in an electrolyte plasma are determined. The main directions of microplasma
modification of the friction surface of parts are considered: increasing its hardness and wear
resistance, obtaining corrosion-resistant and decorative coatings, reducing the material
consumption of the friction unit as a whole and replacing expensive materials. A multiple
increase in the service life of hardened tribo-couplings is shown. Examples are given of
obtaining ceramic materials with a solid lubricating filler that successfully operate under
conditions of dry friction or limited lubricant supply. The basics of the original technology for
obtaining a mineral-ceramic material, which is a matrix of aluminum oxide and dispersed
diamond inclusions, are outlined and its properties are shown. Examples of the
implementation of ceramic composite materials formed by microplasma oxidation in real
tribodevices and the results of experimental studies of their tribotechnical characteristics are
given.

Keywords: microplasma electrolytic oxidation, microarc oxidation, coating, friction,
wear.
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HNCCIEJOBAHUE KOHTAKTA KOHCTPYKIIMOHHBIX METAJIJIOB
B YCJIOBUAX CXBATBIBAHUS I1PU TOBBILIEHHBIX TEMITIEPATYPAX

B.B. U3SMAIJIOB, n-p texH. Hayk, A.®. 'YCEB, kana. TexH. HayK,
A.A. MUTIOPEB, kana. TexH. HayK

TBepckoii rocy1apCTBEHHBIN TEXHUYECKUI YHUBEPCUTET
170026, Teepsb, Ha0. Ad. Hukutuna, 22, e-mail: iz2v2@mail.ru

© M3maiinos B.B., I'yceB A.®., Mutiopes A.A., 2023

N3ydeHsl yclioBUS BO3HUKHOBEHMSI CXBAaTbIBaHUSI IIOBEPXHOCTEW METAJUIOB IpU
CTaTMYECKOM KOHTakTe M cnaBure. lccrenoBaHo BIUSHUE MEXaHUYECKOW HArpy3Ku U
MOBBIIIIEHHBIX TEMIIEPATyp Ha MPOIEecC 00pa30BaHMs alr€3HOHHOTO COSTMHEHHS B KOHTAKTE.
JlaHo ommcaHHMe SKCIEPUMEHTAIBHON YCTAaHOBKM W METOIUKH SKcrepuMmeHTa. [lomydeHsl
KOJIMYECTBEHHbIE  3HAYEHUS IPOYHOCTH  AJIr€3MOHHBIX COEAMHEHUH U  IPOBEIEH
TEOPETUUECKHUI aHAINU3 TMOJIyYeHHBIX 3aBUCUMOCTed. [loka3aHo, YTO OTHOCUTENBHBIM CABHUT
KOHTaKTUPYIOLUIUX MOBEPXHOCTEN BIMSET KaK Ha MOPOI CXBaThIBAHUSA, TaK M HA BEIUYHUHY
kodddumenTa aare3ud MpH JaHHBIX TeMmIeparype U Harpy3ke. [Ipu 3ToM 3HaueHHS
TEMIEpATyp M Harpy3oK, IpU KOTOpPbIX HayMHAETCSd CXBaTbIBAaHUE, CHMIKAIOTCA, a
KOA(UIIUEHTHI aATE3UN YBEITNYNBAIOTCSI.

Knrouesvie cnosa: MeraminyecKuil KOHTAaKT, aAre3us, CXBaTbIBaHUE, TEMIIEpaTypa,
IUIONIA/Ib KOHTaKTa, KOHTAKTHOE YJIEKTPHUYECKOE COIIPOTHUBRIICHHE.

DOI: 10.46573/2658-5030-2023-3-14-24

BBEJIEHUE

Anresus ¥ aire3MOHHbIE TEXHOJIOTMH IIUPOKO PACIIPOCTPAHEHBI B IPUPOJIE U TEXHUKE,
HayuHasg OT a’pPOKOCMMYECKOM OTpaciad M 3aKaHYMBAsl JIETKOW INPOMBIIUICHHOCTBIO U
MeauuuHoi [1-3]. bonpimoe 3HaueHHME HUMEET aAre3MOHHOE B3aUMOJEHCTBUE TEl B
TpUOOJIOTHH, TaK KaK OHO SIBJSIETCS NMPUYMHOW OJHOTO M3 Hambosiee pacrpoCTPaHEHHBIX H
OIIACHBIX BHUJIOB M3HAIIMBAHMS — aAT€3HMOHHOIO, a TAaK)K€ OJHOW M3 INPUYMH BO3HUKHOBEHMS
CHUJIBI TPEHUS MEXy KOHTAaKTUPYIOIMMU Testamu [4, 5].

B coBpeMEHHON TEXHUKE B CBA3M C TEHICHIMEW BO3pacTaHMs YAEIbHBIX
HHEPreTUUECKUX Harpy30K pacTeT 4YHCJIO KOHTAKTHBIX COEIMHEHUH, padoTaroluX MpU
NOBBILICHHBIX TEMIIEpaTypax B JKECTKUX DKCIUIyaTallMOHHBIX peXHMax. B 3Tux ycioBusax
YBEJIMYUBAETCS BEPOSATHOCTH 00pa30BaHUs B KOHTAKTaX aJr€3MOHHOT0 COEAMHEHUSI METAINIOB
B TBepAoH (hasze, T.e. CXBaThlBaHUSA. B MOIBMKHBIX COEIMHEHMSIX CXBaThIBAHUE BEIET K
BO3pPAaCTaHUIO DHEPreTUYECKHUX IIOTEPhb, IOBBIIMICHHOMY M3HOCY W, KaK KpalHUM Ccioydai, K
norepe  paboOTOCHOCOOHOCTHM  M3-32  BO3HUKHOBEHMs  3aellaHUsl B KOHTakre. B
AJIEKTPOKOHTAKTHBIX YCTPOWCTBAX CXBATHIBAHHWE BEACT K 3AJIMIAHUIO KOHTAKTOB, YTO TAKXKE
MOJKET IIPUBECTU K aBaPUIHON CUTyall1u.

3HAYUTEIBHOE KOJIMYECTBO TEOPETUUECCKUX U IKCIIEPUMEHTAIBHBIX PaOOT MOCBSIIECHO
MCCIIEJIOBAHUIO MEXaHU3Ma IIpoliecca aAre3uy W CXBaTbIBaHUA. Pe3ynbTaTel nMccienroBaHUN
U psiI TUTIOTE3 /1711 OOBSICHEHUS SIBIICHUS TIPECTABIICHBI B ()yHAMEHTAIBHBIX MOHOTpa(HsIX
[6-8], olHaKO eIMHOW TEOpUH aAre3ud He pa3paboTaHO 10 HACTOALIETO BPEMEHH, TaK 4TO
WCCJIEIOBAHMS PA3JIMYHBIX ACIEKTOB aJIr€3MOHHOTO KOHTAKTa OCTAKTCSA aKTyaJlbHBIMHU

[1,2,9].
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HGJII) JaHHOT'O HCCICAOBAHMWA 3aKI04YajlaCb B H3YYCHHMHU aArC3UM M CXBATBIBAHUA
KOHCTPYKIHOHHBIX MCTAJUIOB IIPU IMOBBIICHHBIX TEMIICpATypax B CTATUYCCKOM KOHTAKTC H
npu capure ik YCTAaHOBJICHHUS BJIIMAHHSA CXBAaTbIBAHWA HaA OCHOBHBIC XapaKTCPHUCTUKHU
KOHTaKTa MCTANIMYCCKUX HOBerHOCTGI\/JI, ornpeaciromumue ero (1)pI/IKIII/IOHHI)I€ CBOfICTBa,
TCILIO- U SJICKTPOIIPOBOJAHOCTD.

MATEPHUAJIBI U METO/IbI
YcraHoBka Ui HCCJIeI0BAHMS TNPOLECCA CXBATHIBAHMS MPH MNOBBIIIEHHBIX
Temneparypax (puc. 1) wucnomp3yeTcss B XOJ€ OSKCIEPUMEHTAIBHOTO OINpeieseHus
XapaKTEPUCTUK KOHTAKTA METAJUIMYECKUX MOBEPXHOCTEH MPU CXBATHIBAHUH B CTATUKE U MPHU
C/BHTE.

Puc. 1. Cxema ycTaHOBKU JJIs UCCIIEOBAHUS CXBAaThIBAHUS METAJLIOB
MIPY MOBBILIEHHBIX TEMIIEPATYpax

OcHOBHbBIE y3JIbl YCTAaHOBKHM: CHUCTEMa HAarpy>KeHus, y3€l KpEIUIEHUsS HUKHEro
o0Opa3lia M HarpeBarelb B M30JSIMMOHHOM Kopryce. OOpa3ubl LMIMHAPUYECKOH (opMbl
nuaMerpoM 20 MM M JUIMHOM 25 MM HW3TOTOBJSUIM TOYEHHEM Ha TOKapHOM craHke. Co
CTOpPOHBI paloueil TOpLEBOHl MOBEPXHOCTH oOOpa3lla MPOCBEPICHO BJOJIb OCU TIIIyXO0e
OTBEpCTHE TUaMeTpoM 14 MM Ui YCTAaHOBKM B HEro LEHTpUpylomend BTynkH. OOpasisl
KOHTaKTHUPYIOT 110 CXEME TOPLIEBOr0 TPEHUs paOOYMMHU MTOBEPXHOCTIMHU, UMEIOLUMH B IIJIaHE
BUJ Kojen. B oOpasme Takke MpPOCBEPIICHO TUAMETPaTbHOE CKBO3HOE OTBEPCTHE, B HETO
BCTABJIICTCSl pbIUar, C IMOMOULIbI0 KOTOPOIO OCYIIECTBJIIETCSI CABHUI BEpXHEro oobpasla
IIOBOPOTOM BOKPYT BEPTHKAIbHON OCH.

Hwxnuit obpazen; 1 ykpemisieTcst B onpaBke 2 U yAEpKHUBAETCS OT MOBOPOTa BOKPYT
BEPTUKAIbHOM ocu BHHTOM 3 co cromopoM. OmpaBka 2 3akpervieHa Ha obOoiiMe 4 u
yIep>KUBaeTcs OT BpalleHMs INNOHKOM. Harpyska mpukiagsiBaeTcst K BepXHEMY oOpasiy 5
MIOCPECTBOM BHHTA 6 depe3 000iMy 7 co HUTM(pOBAHHBIM HIDKHHUM TOPIIOM U H3MEpSeTCs
nuHaMoMmeTpoM 8. Bepxuuii oOpasenr 5 wuentpupyercs mapukom 9. Harper o0pasios
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IPOU3BOJUTCS CHHUpaibHbIM HarpeBareneMm 10 B uszonsuumoHHoMm kopmyce 11. Ilpu cnBure
00pa31ibl HEHTPUPYIOTCS BTYIKOM 12.

H3mepeHue KOHTAKTHOTO DJIEKTPOCOMPOTUBIICHHS OOpa3lOB  OCYIIECTBISETCS
METOJIOM BOJIbTMETpPAa — amIepMeTpa IO YETHIPEXIIPOBOJHOW CXEME€ U NPOU3BOAMUTCA C
MOMOIIbIO HHU(POBOrO BOJBTMETPAa MOCTOSHHOIO TOKA M HCTOYHUKA IMOCTOSHHOTO TOKA.
Temnepatypa 00pa3LioB H3MEpPSAETCSs TEPMOMETPOM M XPOMEJb-KOIEIEBOM TepMOIapoH,
PacmoI0KEHHON y KOHTAKTHOTO CTHIKA.

Paboune nmapameTpsl yCTaHOBKH:

HOpMaJsbHas Harpy3ka Ha oopasusl 0...20 kH;

HOMMHAJIbHAS IUIOIIA(b KOHTAKkTa 160 MM2;

uHTepBal padouux temieparyp 20...450 °C;

pabouwnii Tok HarpeBateins 0...4 A;

CHJIa TOKa B u3MepuTebHOM cxeme 1...10 A.

DKCrepUMEHTBI IPOBOIUIIN 10 HUKEONMCAHHON METOUKE.

TopueBble (KOJNBIEBBIC B IIaHE) padoure MOBEPXHOCTH OOpasloB NUIM(OBAIM Ha
HECKOJIbKMX a0pa3MBHBIX MOPOIIKAX C IOCJIEI0BATEIbHBIM YMEHBIIEHUEM 3€pHUCTOCTU Ha
OPUTUPOYHOM  IIUTE JJIA  JIOCTIDKEHHUS  3a/laHHOM  IIepOXOBATOCTH  MOBEPXHOCTH.
HInudoBaHHbIE TOBEPXHOCTH 00€3KUPUBAIU NOISPHBIMU U HETIOISIPHBIMU PACTBOPHUTEIISIMH,
3aTeM HacyXo MPOTHUPAIIH.

Jlig uccienoBaHusl CXBAThIBAaHUSL B CTaTMUECKOM KOHTAKTE YCTAaHABIMBAJIN HIKHUN
obpazer; 1 B ompaBky 2 (cm. puc. 1). Ilocie yctaHoBku BepxHero obpasua 5 u 060iMbl 7 ¢
HIApUKOM 9 NpUKIaAbIBAIM CKUMAIOUIYI0O KOHTAKTHYIO Harpy3ky. HarpeBanu KOHTaKTHbII
y3en a0 TpeOyemoi Temmeparypbl B TeueHue 10...20 MHHYT W BbLAEPKHBAIA OOpa3Ilbl
10 munyT. 3arem oxnaxganu oOpasubl 20...30 MUHYT BMeCTE€ C KOHTAKTHBIM Y3JIOM O
KOMHaTHOW Ttemriiepatypsl. [locie 3Toro pasrpyxanu oOpasipl, MOAHMMAIU BHHT 6 U
BKJIIOUYAJIM 3JIEKTPOU3MEPUTENIbHYIO LIenb. M3MepeHnsi KOHTaKTHOTO AJIEKTPOCOIIPOTUBIICHUS
OPOBOAMIN TpPU KOMHATHOHM TemmepaType. [lorom BeiHMManmu oOpa3ibsl U3 000MMBI 7 U
BU3YaJIbHO OTIPENEISUTN HAJMYUe CXBaThIBaHMs. Eciu 00pasiibl CXBATHIBAUCH, MPOIOIIKAIN
9KCIIEPUMEHT Ui OMNpeAeNieHUs CHIIbI pa3pbiBa aAre3MOHHBIX CBSI3ed NpU KOMHATHOMN
TeMIEpaType.

[Ipu uccnenoBaHUU CXBAaTHIBAaHUS B KOHTAKTE€ CO CIBUTOM YCTAHABIIMBAIU HIDKHUN
obpazerr 1 B ompaBKy 2 W 3aKperuisuid CTOMOPHBIM BUHTOM 3. B momocts o6Opasma
BKJIQJIbIBAJIM HANPABISIONIYI0 IEHTpUpyromyo BTynky 12. Ilocne ycTaHOBKH BEpXHEro
oOpasma 5 u 000iMBI 7 ¢ MIApUKOM 9 MPUKIAIBIBATH CKUMAIONIYI0 KOHTAKTHYIO HarpysKy.
HarpeBanu koHTakTHBIA y3en 1o TpeOyemoil temmepaTypsl B TeueHue 10...20 MuHYT.
OtkppiBaniu u3onupyomuid kopmyc 11, He cHUMas CKMMaoIIEH Harpy3ku, pblyarom
MOBOpAYMBalii BEpXHUIl 0Opasell 5 Ha HEOOJNBIION yroy BOKPYT BepTUKanbHOU ocu. Kopyc
3aKpbIBalM, KOHTAKT HarpeBajli B TedeHHE 3...5 MHUHYT 10 TpeOyemoil TeMmieparypbl U
BbIIepKUBaIM 00pas3ipl 10 muHyT. 3areM oxnaxkaanu oOpaszisl 20...30 MUHYT BMecTe C
KOHTAKTHBIM Y3JIOM JI0 KOMHAaTHON TeMneparypsl. Pasrpyxanu oOpasiisl, OJAHUMAIN BUHT 6
U BKIIOYAIM DJIEKTPOM3MEPUTEIbHYIO 1enb. V3MepeHuss KOHTAKTHOTO 3JIEKTPOCO-
NPOTHBIICHHSI TPOBOIMIIA TPU KOMHATHOU Temrieparype. [locie 3Toro BeIHUMaM 00pa3iisl U3
000iiMBI 2 ¥ BU3yaJIbHO OMpeEAeNsiifi Haluyhe cXBaTbiBaHUSA. Ecimu o0pasibsl cXBaTHIBAIUCH,
IPOJOJDKAIM 3KCIEPUMEHT JJIsi ONpEAENeHUs] CHJIbl pa3pbiBa aJr€3HOHHBIX CBS3€H IpHU
KOMHATHOM TemrepaType.

PE3YJIBTATBI UCCJIEJOBAHUA
Hcciaenopanue CXBATBHIBAHUS METAJUIOB B CTAaTHYECKOM KOHTaKTe. bpumn
UCCIIeIOBaHbl  00pa3lbl TEXHWYECKH UHUCTBIX METAIJIOB Pa3IMYHOW KPUCTAUIMYECKON
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CTPYKTYpbl: aJIOMUHUSA, KagMHs, MEIU M CIUIaBOB pA3JIM4YHOIO XHMHUYECKOTO COCTaBa
(matynu J163, TutanoBoro cruiasa BT20 u yriepoaucroii cranu 45). UcnbiTanus npoBoaAnan
Ha Bo3ayxe npu temieparypax oT 20 no 400 °C u HopmanbHbIX Harpy3kax ot 0,5 no 15 kH,
YTO COOTBETCTBYET HOMHHAIBHOMY JIaBJICHHUIO B KOHTaKTe p, = N/A, ot 3,0 mo 90 MIla. Ha
OCHOBE PEe3yJIbTaTOB SKCIIEPUMEHTA OIPEIEIsUIN MEPEXOAHOE IIEKTPHUUECKOE COMMPOTUBIICHUE
B 30HE KOHTAKTa, IJIOUIA (b TIOBEPXHOCTH CXBAThIBAaHUS U KO3()PUIIMEHT aare3u.

Koaddunment aare3un paccyuThiBamu 1o Gopmyie Kak OTHOIICHHE YCUIIHs pa3pbiBa
aJAre3MOHHOTO COEAMHEHHMs, O0Opa30BaBLIETOCS IIPU CXBaTbIBAHMM IIOBEPXHOCTEM, K
HOpMaJIbHOM Harpyske [7]:

=—. (D
VY aenpHyI0 POYHOCTh 00pa30BaBIIETOCS aAr€3MOHHOTO COSIWHEHHS — HANpsKCHUE
aire3UH — PACCUUTHIBAIU O (popmyIie

=—=— (2)
rac F - yCcuie pas3pbiBa COCAUHCHUAA, N — HOpMaJIbHAA CXKHUMAOMIAsd HArpys3ka, Ar —
pacueTHas (QakTHyecKas IUIOMAAb KOHTakTa, H — TBEpIOCTh TMpPH TEeMIEpaType

KOHTaKTHPOBAHHMSI.

TBepHoCTh WHACHTHUPOBAHMS HCCICIOBAHHBIX MATEPUATOB TPH  IOBBIIICHHBIX
TeMIIEpaTypax M3MEpsIM aJIMa3HbIM KOHMYECKUM HHICHTOPOM C YIJOM Ipu BeprmHe 120°
cormacio ['OCT P 8.748-2011 (MCO 14577-1:2002). Jlns ucciaenoBaHHBIX MaTepHalioB
3HAYEHHs TBEPAOCTH MIPH TEMIIEpaTypax IKCIIEPUMEHTA MPUBECHBI B Ta0I. 1.

Tabnuna 1. TBepaocTh uccnenoBanHbix MatepuanoB H, MIla, npu pa3nuyHbIX TemmepaTypax

Temmeparypa, °C

Matepuan 20 100 200 300 400

AIrIoMUHAN 310 260 205 157 110

Meb 800 700 580 463 354

Kanmuii 280 95 45 26 —

Turas BT20 2 400 1 900 1300 1070 950

Tatyns J163 690 650 590 500 480
Cranb 45 1790 1 740 1700 1 650 1610

Ilocne paspbiBa 00pa3loB METOJOM IUIAHUMETPUPOBAHUS IO  YBEIHMYEHHBIM
¢dororpadusM moBepXHOCTEH KOHTAKTa ONPENEIUIN ITUIONMA]b MOBEPXHOCTH CXBATHIBAHUS,
T.€. BU3YaJIbHO OIpe/eseMyl0 001acTh KOHTAKTa, [0 KOTOPOM MPOUCXOAMIIO CXBaTbIBAaHHE
noBepxHocteil. [IpakTruecku 3Ta oOmacTh ONM3Ka K KOHTYPHOM IIIONIaTU KOHTAKTa, Ha
KOTOPOH TIpyNmupyroTcss MATHa (AKTUUYECKOro KOHTakTa. B skcnepumeHTax Obuin
OTIpeieNIeHbl He0OX0AMMbIE YCIIOBHS 00pa30BaHUs aJAr€3MOHHBIX COCIMHEHHI: TEMIIeparypa
Y KOHTaKTHas1 Harpy3ka. /i nccine1oBaHHBIX METAJUIOB OHU OKa3aJIUCh CIEAYIOIIMHU.

Meab. CxBaThIBaHHE MEIHBIX OOpPa3llOB B CTaTHUYECKOM KOHTAKTE€ HAUYMHACTCS TPU
temneparype 300 °C, 4TO IO TOMOJIOTMYECKOM IIKaJe COOTBETCTBYET TEMIIEpaType
0 = T/Tux = 0,42. ObpaszoBaBmmecs mocie kKoHTakTupoBanus mpu 200 °C coenuHeHUs
pa3BaIMBAIOTCS NpPU TMPWIOKEHMM MHUHUMAJIbHOW paspbiBatoliell Harpys3ku. Ilpum OGosee
HU3KUX TeMIepaTrypax He MPOUCXOAUT oOpa3oBaHUs aAre3uoHHOro coenvHeHus. Ha
IIOBEPXHOCTU KOHTAKTa II0CJIE €r0 Pa3beINHEHUS MOKHO PAa3IMUUTh TpU 30HBL. [loBEpXHOCTD
MEpBOM IMOKPBITA TEMHO-(DHOIETOBOM OKHUCHOW IUICHKOW (IBET IUIGHKH MEHSIETCS B
3aBHCUMOCTH OT €€ TOJIIIMHBI, Ha KOTOPYIO BIIMSET TeMIleparypa skcnepumenta). [lo stum
IJIOIIAIKaM KOHTAaKTUPOBAaHHUE HE IMPOUCXOAUT. biinke K EHTPy KOJIbLIA PACIIOIOKEHA 30Ha,
HOKpBITasi 00Jiee TOHKOM OKMCHOW IIIEHKOH. 3/1ech 00pa3ibl JOCTaTOYHO IIJIOTHO MPHJIETaloT
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Ipyr K Jpyry, 4YTO 3aTpyJHSET OKUCIEHHE KOHTAaKTUPYIOLIUX MoBepxHocTed. OJHaKo
CXBaThlBaHUSl Ha OTUX IUIOMIAJIKAX TaKXK€ HE MPOUCXOIUT. B 1LieHTpe HOMHHAIbHBIX
IUIONIA/IOK KOHTAKTHUPOBAHUS pacrojiaraeTcs TpPeThs 30Ha — OOJACTH CXBaThIBAHUA, TIE
TpyNIUPYIOTCS  (PaKTHYECKHe IUIOMIAAKKA KOHTAaKTa, Ha KOTOPBIX HAET OOpa3oBaHHE
aJre3MOHHOTO COETUHEHMS. DTU MOBEPXHOCTH UMEIOT LIBET CBEXKE3aUUIIICHHONW MeIH, T.€. HE
HNOKpPBITBl OKUCHBIMM IUIeHKaMHu. Ha o0pasmax, KOTOpble MCHBITHIBAIIUCH HPHU BBICOKHUX
TEMIEpaTypax U KOHTAKTHBIX HArpy3Kax, KOrjaa MpOUCXOAUII0 HHTEHCUBHOE CXBaThIBaHHE, B
MHUKPOCKOII HAOJII0AAETCsl METTKOKPUCTAIUTMYECKAs! CTPYKTypa MEIU Ha TOBEPXHOCTHU pa3phiBa
COETMHEHUSI.

[Ipu HOpMmanbHbIX Harpy3kax 0,5 u 1,0 kH u temneparype 300 °C cxBaTbiBaHUS HE
MPOUCXOIUT, OHO HAayMHAeTcs MpH Harpy3ke 2,5 kH, 4To cOOTBETCTBYeT HOMHHAIBHOMY
nasieHuio p, = 15 Mlla (3,2 % oT TBepAocTH Menu IpU 3TOW TeMIEepaType).

IIpu 400 °C (0 = 0,5) cxBaTbIBaHHE IMOBEPXHOCTCH HAYMHACTCS C KOHTAaKTHOM
Harpy3ku 0,5 kH (p, = 3 Mlla, unu 0,85 % ot TBepioCTH IIpH 3TOH TeMIieparype).

[IpoyHOCTH aAT€3MOHHOTO COEIWHEHUS YBEIUYHMBACTCA C POCTOM CHKMMAIOIen
KOHTaKTHOW Harpy3ku IpH 0Opa30BaHUU COEAUHEHMS. 3aBUCHUMOCTb YJEIbHOIO YCHUIIHUS
pa3pbiBa coeluHeHus g, = F/A, ot Harpy3ku npu temmneparype 400 °C myist MeIHbIX 00pa3iioB
noKaszaHa Ha puc. 2.

3aBUCHUMOCTh KO3(pUIMEHTa aare3ud OT BEJIMYMHBI KOHTAaKTHOM Harpys3Ku
IpHUBEJIeHA Ha puc. 3.
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Puc. 2. 3aBUCUMOCTB YA€IBHOTO YCUIIHS pa3pbiBa aIr€3MOHHOIO COETUHEHUS
OT HOMUHAJILHOTO KOHTAKTHOT'O JaBJICHUS
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Puc. 3. 3aBucumocts k03 purinenta anare3nu
OT HOMHHAQJILHOTO KOHTAKTHOTO JIaBJICHHS
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Kak BuaHO u3 puc. 2 u 3, NpOYHOCTb COEAMHEHHUS PACTET C YBEJIWYEHHEM YCHJIUS
CKaTHUsg KOHTAaKTa, T.e. KOHTAKTHOE JABJIEHUWE, KaK W TemIepaTypa KOHTAKTa, SBISETCS
(akTOpPOM, aKTUBUPYIOIIIUM CXBAThIBAHNE ITOBEPXHOCTEH.

Bripasum Harpy3ky paspyiieHus aAre3uoHHOro coeiuHenus (F) u ycunue cxarus (V)
yepe3 (paKTHUECKYIO MJIOLIa (b KOHTAKTa:

= ; )
= (4)
IJie 0, — y/I€JIbHOE YCHIINE pa3pblBa aJIr€3MOHHOI0 COeAMHEHUS; H — TBEpIOCTh MaTepuaa.

TBepmocTb, Kak M3BECTHO, CBsi3aHA C MPENEIOM TEKy4yeCTH Marepuaiga Cs

3aBHCHUMOCTBIO

I

, (5)
rae ko3¢ dunuent C = 3.

Takum o0pa3om, eciu MPEIIOI0KUTh, YTO MAKCUMAIbHAS MPOYHOCTH aJIT€3NOHHOTO
COCMHEHUSI Ha (haKTUUECKOM IISATHE KOHTAKTa OJIM3Ka K Tpejeay TeKydecTH marepuaia B
o0weme, To, cormacHo popmynam (3)—(5), mpu pa3BUTOM IJIACTHYECKOM KOHTAKTE, T.C. MPHU

OONBIINX KOHTAKTHBIX Harpys3kax, 3Ha4C€HUC KOS(i)(bI/II_II/IeHTa aArc3nn — — — — JO0JI’KHO

cTpemMuThes K Benuuune 0,3, 4TOo COOTBETCTBYET puC. 3.

O4eBHIHO, YBEIMYEHUIO TPOYHOCTH aJIr€3MOHHOTO COEAMHEHHS CIOCOOCTBYET
YBEJIMUEHUE TUIOMIAN KOHTAKTa, Ha KOTOPOW MPOUCXOJUT CXBAaThIBAHHE U KOTOpAsk 3aBHCUT
KaK OT HOPMaJIbHOW HAarpy3Kud Ha KOHTAaKTe, TaK W OT MU3MEHEHHUs TBEPIOCTH Marepuaia C
temreparypoil. ['paduk 3aBUCHMOCTH TUIOUIAIM CXBAaThIBAaHHS OT HArpy3Kd IJIsi KOHTaKTa
MeaHbIX 00pa3ioB B cratuke mpu 400 °C npuBeieH Ha puc. 4.
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Puc. 4. 3aBuCcUMOCTD IJIomaau CXBaTblBaHUA OT HOMUHAJIBHOT'O JaBJICHU A

3aBUCUMOCTH KOHTAKTHOI'O QJICKTPHUYCCKOTO COIIPOTUBJICHHUA oT HarpyskKu
QJIFC3UOHHOTO COCIMHEHMS, TOJYYEHHOrO B JKCIEPUMEHTaX IPU TeMIIepaTypax KOHTAKTa
300 u 400 °C, nokazana Ha puc. 5. HecMoTps Ha TO, 4TO MEXIy KOHTAKTHBIM 3JIEKTPOCOIPO-
TUBJICHUEM M (PAKTHUYCCKOW IUIONIAJbI0 KOHTAKTa HET TPSAMOW MPOMOPIMOHAILHOCTH,
O4YCBUAHO, YTO OOJIBILIEN BEJIMYNHE iom@aan KOHTaKTa COOTBETCTBYCT MCHbIIAA BCIWMYMHA
AJIEKTPOCONPOTUBIICHUSI. TakuM 00pa3oM, pHc. 5 MOATBEPKIACT YBEIWYCHUE IUIOIIAIH
aJIre3UM C POCTOM TEMIIEPATYPHI.
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Puc. 5. 3aBHCHMOCTh KOHTAKTHOTO AJICKTPUYECKOTO COMPOTUBICHUS
OT HOMUHAJILHOTO JaBJICHUs: BepXHsis JuHuUs — remrneparypa 300 °C;
HwkHss — 400 °C; maTepuai 00pa3IoB — Me/b

AIOMUHME. ATIOMUHHUEBBIE 00paslbl MPU KOHTAKTUPOBAHMM HE CXBATBIBAIOTCS 0
temneparypbl 400 °C, 4To COOTBETCTBYET TEMIIEpaType o romosioruueckoi mkaie 6 = 0,72.
[Tpu yxazaHHO# TemrmepaType cXBaTbIBaHHE HaYMHaeTcs ¢ Harpy3ku 1 kH, 4To cooTBeTcTBYEeT
HOMUHaNBHOMY naBieHuto 6 MIla (5,5 % ot TBepmoctn). Ilpu 3ToM KOdpPUIMEHT aare3nn
noctatoyHo mai u paseH 0,01...0,02 naxke npu 1mionaayd CXBaTbiBaHUs, MPAKTUYECKU PaBHOM
HOMHUHQJIBHOM IUIOIIAAM KOHTakTa. HeBbIcOKass aire3usi IMOBEPXHOCTEW MpHU pPa3BUTOM
TUIOMIA/IM KOHTAKTUPOBAHUS OOBSACHSAETCS HAIMYMEM Ha KOHTAKTHBIX MOBEPXHOCTIX OKUCHBIX
IJICHOK, TPEMSTCTBYIOMIMX OOpa30BaHUIO IISITEH METAIMYECKOr0 KOHTaKTa. ITO
MPEIOJIOKEHNE MOATBEP)KIAETCS BBICOKMMU 3HAUEHUSMU KOHTAKTHOTO SJIEKTPHUYECKOTO
conpoTtusienus — nopsaka 0,3...1,5 mOwm.

B wuccnemoBaHHOM UWHTepBaje TeMIlepaTyp W HAarpy3ok IpH CTaTUYECKOM
KOHTAaKTUPOBAaHWW HE HAOIIOJAIOCh CXBAaThIBAaHUS CTANBHBIX, JIATYHHBIX M THTAaHOBBIX
o0pa3ioB. JlaHHbI (DaKT CBSA3aH C BHICOKOW TBEPJOCTHIO YKa3aHHBIX MaTepHAalIOB, C1aldoil ee
3aBUCHMOCTBIO  OT TEMIIEpaTypbl B  HCCIEAOBAaHHOM HWHTEpBaje TEMIleparyp W,
COOTBETCTBEHHO, C HEPAa3BUTOCTHIO IIACTHYECKHX JedopManuii B 30HE KOHTAKTa. OTHU
pEe3yNIbTAaThl COTJACYIOTCS C COBPEMEHHBIMH B3TJISJaMH Ha MEXaHW3M 00pa30BaHUS
aJIre3MOHHBIX COCIMHEHHUH B KOHTaKTe MeTasuioB [7, 8]. CXBaThIBAaHHIO TUTAHOBHIX 00Pa3IIOB,
KpOME TOrO, MPEMATCTBYIOT IPOYHBIE OKHCHBIC IUIEHKHM Ha IOBEPXHOCTH MeETaia, He
pa3pyuaronmecs npu CTaTHYeCKOM KOHTAaKTe.

Hccienopanue cXBaTbIBaHUS METAJVIOB IIPH CABHIe KOHTAKTA

OTHOCHUTENBHBI CcABUT 00pa3noB sBIsSeTCS (HAKTOPOM, HHTEHCUDUITUPYIOIIUM
CXBaThIBAHUE B KOHTAKTE METANIMYECKUX MaTepuanoB. [IpudnHbel MOTyT OBIThH ClEAYyIOIINE:
pa3BUTHE IIACTUYECKON aedopMani W yBEIHMUYEHHE IUIOUaay (aKTHUYECKOTO KOHTAKTa;
paspylICHUE OKUCHBIX IUICHOK U YBEIWYECHUE OTHOCHUTEIBHON JOJIM YHUCTO METAJUIMYECKOTO
KOHTaKTa Ha TISTHAaX (PAKTHYECKOTO KOHTAKTa; CHW)KEHHE DHEPreTHYecKoro Oapbepa
CXBaTbIBaHUs IIPU JICUCTBUU KACATEIbHBIX HAPSIKEHUMN.

Kak u B ciy4ae CTaTU4ECKOrO KOHTAKTa, HA IMOBEPXHOCTH KOHTAKTUPOBAHUS MOXKHO
BBIJICJINTh TPU 30HBL. J[BE 30HBI — CHWJIBHO M C11a00 OKHUCIEHHbIE — B Clyyae CJBUIa
AQHAJIOTUYHBI MOJOOHBIM 30HAM NPU CTATUYECKOM KOHTAKTE, OJHAKO WX T'PAHUIBI MEHEE
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BBIp@KEHBL. B TpeTheil 30HE OTYETIMBO HAOMIONAIOTCS clenbl cxBaTbiBaHUA. [lon
MHUKPOCKOIIOM XOPOIIO BUHBI BBIPBIBBI U CJIE/IbI IEPEHOCA MaTepHaIa.

OTHOCHTENBHBIN CABUI NTOBEPXHOCTEH BIIMAET KaK Ha IOPOI CXBATHIBAHUSA, TaK U Ha
BeNMYMHY Kod((duIMeHTa aare3sud NpU JaHHBIX TEMIeparype W Harpy3ke. 3Ha4eHUs
TEMIIEPATyp M HAarpy30K, I[pU KOTOPBIX HAaYMHAECTCA CXBAaTbIBAaHUE, CHMIKAKOTCA, a
KOO(QQUIMEHTH aJre3uy YBEIWYHMBAIOTCA. Bo BpeMsi cIBuUra TakkKe IMPOUCXOAMT
CXBaTbIBAHUE MAaTE€pUAJIOB, AAr€3UOHHOE COEJUHEHHE KOTOPBIX OTCYTCTBOBAJIO IIpU
CTaTMYECKOM KOHTAKTE.

CxBarbIBaHME MEIHBIX OOpa3LOB IpPHU CIBUIE€ HAYMHAETCS B YCJIOBUSX KOMHATHOMN
TEMIEPATYPbI, OJIHAKO HE BO BCEX JKCIIEPUMEHTAX, TAK YTO pa3dpOC aHHBIX B 3TOM CIlly4yae
Oonbuiol. MHTEHCHBHOE pa3pyllleHHE OKHCHBIX IIJICHOK Ha IOBEPXHOCTH AaJTFOMHHHMEBBIX
00pa310B BeeT K Hayally cxBaThlBaHUs yxe npu temmneparypax 20...100 °C. CxBarbiBaHuE
Oosee TBepAbIX MaTepuanoB — TuUTaHa M cranu 45 — Haumnaercs npu 200 °C. JlaryHs
cxBatbiBaetcs ipu 400 °C.

3aBUCUMOCTH YCHUJIUSL Da3pblBa COCIUHEHUS OT TEMIIEpAaTypbl KOHTAaKTa s
UCCJIEJOBAaHHBIX MAaTEPUAJIOB IPUBEEHBI Ha puUcC. 6.

on, MIla K
10 ; 1
* » ® . ®
- s 1 e
]_ E B 0,1 """ '.t"'"”.
E @ - &
P @ T e
1+ 3‘3, O ...... Am
0,1 5 .- ; et O 0,01 .ﬁ """ .
£ =
0,01 1 1 1 1 1 1 1 0,001 T ] T 1 T ] ] 1
100 150 200 250 300 350 400 450 T, °C 100 150 200 250 300 350 400 450 7, °C
(a) (6)

Puc. 6. 3aBUcHMOCTh MPOYHOCTH AT€3UOHHOTO COeIMHEHMS (a)
1 ko3 durmenta aare3un (0) OT TeMIepaTyphl IPU CABUTE TOBEPXHOCTEH:
e — Menp; € — tuTaH; A— amomunuii; B — crans 45

IIpu omHuMX M Tex »XKe TeMiepaType M Harpy3ke HaumOOJIbLIeH CKIOHHOCTBIO K
CXBaTBIBAHUIO OTJIMYAETCS MeIb, HaumMeHbIIeld — cranb 45. CxBarbiBaHue 00pa3loB U3
KaIMUsl HE INPOUCXOIUT HU IPU CTATUYECKOM KOHTAKTE, HU IIPU CIBUIE, HECMOTpPS Ha
HEBBICOKYIO TBEPAOCTb 3TOT0 METala, a CIEeJOBaTEeIbHO, M OOJIBIIYIO IJIOMAAb (haKTH-
YECKOI'0 KacaHus NPU KOHTAKTUPOBAHUU. JTO MOATBEPKIAET TEOPETUUECKUE NPEACTABICHUS
[7], cormacHO KOTOpPBIM METaJlIbl C IPaHELEHTPUPOBAHHOMN IJIOTHOYIIAKOBAHHOM pEIIETKON
MMEIOT MEHBIIYI0 CKJIOHHOCTb K CXBAaTBIBAHUIO.

MHOrouuciaeHHble HCCIEAOBAHUS INPOLECCOB aAre3MM M CXBAaTBIBaHHUS METAJUIOB
CBHUJIETEJICTBYIOT 00 HMX TEPMHMUYECKM AKTMBMPYEMOM XapakTepe. B yacTHoCTH, OfHUM U3
MEXaHU3MOB aJIF'€3UH CUYUTAETCS U(PPY3UOHHBIN. B CBSA3M ¢ 3TUM paccMOTpPUM 3aBHCHMOCTD
aAre3MOHHOW TNPOYHOCTH METAJUIMYECKOr0 KOHTaKTa OT TeMIeparypbl. B koopaunHarax
In —1/ naHHas 3aBUCHMOCTh WUMEET BHJ IPSIMOM, HAKIOH KOTOPOHW XapaKTepH3yeT
SHEpPrul0 axkTHBauuu npouecca (puc. 7). OmnpelesneHHble HA OCHOBAHWU JAHHBIX puc. 7
3HAYCHUsI YHEPIUU aKTUBAIMK FE4 Ui TPEX METAIIOB NMPHUBENEHBI B TA0N. 2. DTH 3HAYCHHUS
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CYIIECTBEHHO MEHBIIE, YeM y OSHEPrHH aKTUBAIMH CaMOAU(Qy3ud, TUIUYHBIC 3HAYCHUS
KOTOpO# paBHbI 15...20 RTy,, 1 HanOonee OJU3KH K SHEPTHUH NOBEPXHOCTHOW nuddy3un Ky,
TUIIMYHBIEC 3HAYEHUS KOTOPOH (B 3aBUCHMMOCTH OT MexaHusMa auddysuu) pausl 4...6 RTux
[10]. CormacHo pabote [11], sHeprusi akTHBaUHM MOBEPXHOCTHOH auddy3un cocrapiser
5...20 % ot TtemnoTsl aacopOuuu. Eciu NpUHATH, YTO TUIMYHAS TEIUIOTa XUMHYECKOH
agcopoumu 1...10 5B, TO BenmMuYMHA SHEPrHMM AaKTUBAIUM TIOBEPXHOCTHOW Iu(dy3un
E;=0,05...2 5B, uto cooTBeTcTBYeT NpuUMepHO 5...200 kI>x/MOb.
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Puc. 7. 3aBHCUMOCTD HANPSOKEHUS aN€3UH OT 0OPATHOM TEMIIEPATYPHI:
e — Menp, € — ThTaH; A — ATIOMHUHUN

Tabmuua 2. 3HaueHus SHEPTUH aKTUBAINH, KJK/MOIIh

Mertamn Anre3ust (SKCIEPUMEHT) [ToBepxHoctHas quddy3us [11]
AJTIOMUHUN 9,5 ~ 46
Turtan 28.0 —
Mennb 28,3 30...80

Ha puc. 8 mpuBeneHbl 3HAUYEHUS  KOHTAKTHOTO  3JIEKTPOCONPOTHUBIICHUS
pasrpyKeHHOTO KOHTaKTa 00pa3IoB B 3aBUCHMOCTH OT (PaKTHUECKOM IUIOMIAId KOHTAKTa KaK
JUISL CTaTUYECKOIO0 KOHTAaKTa, TaKk M A KOHTakTa mpu casure obOpasuoB. dakTuueckyro
IUIONIA/Ib PACCYUTHIBATN 10 Qopmyne (4) Uisl IJIACTHYECKOTO KOHTAKTa, WCIOIb3Ys
9KCIIEPUMEHTANIbHBIE 3HAYEHUS HArpy30K CHaBJIMBaHHUS 0O0pa3slloB M TBEPAOCTH MpU
TEMIEpAaType CXBaTblBaHUS. Bech MaccUB AKCIEPUMEHTAJIbHBIX JIAHHBIX  XOPOIIO
OMKCHIBACTCS  €IUHOM CTENEHHOW  AammpOKCUMUPYIOUIEH  3aBUCHUMOCThIO  (TIOKa3aHa
NYHKTUPOM Ha pHC. 8) MpU BBICOKOM 3HaueHWH Kod(pduimenta xoppensiuu R = 0,94 nHa
ypoBHE 3Hauummoctd p < 10®%  Takum 00pasoM, BEIMYMHA  KOHTAKTHOIO
AJIEKTPOCOIPOTUBJICHUSI MOXKET CIYKUTh KOCBEHHBIM HHIMKATOPOM KakK aOCOIIOTHBIX
3HaYeHUM, TaKk M U3MEHEHHUs (PAKTHUECKON IUIOMIad KOHTaKTa, HECMOTps Ha TO, 4YTO
KOHTaKTHOE 3JIEKTPOCOIPOTUBJIEHHE OINpeAesieTcss HE CYMMOH IUIomaaed msaTeH
dakTHYeCKOro KOHTAaKTa A, a UX CyMMAapHbIM HepuMeTpoM [12]. DKcrepuMeHThl MOKa3ain
TAaK)K€ TECHYI0  OTPHULATEIbHYIO  KOPPEJSLMOHHYIO  CBSI3b  MEXKIY  KOHTAKTHBIM
JIEKTPOCONPOTUBIICHUEM U Kod(dduumeHTom aare3un ¢ Kod(P(GUIUMEHTOM KOpPpeIsuu
R = 0,85 Ha ypoBHe 3HaunmocTH p < 0,01.
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Puc. 8. 3aBUCUMOCTb KOHTAKTHOTO 3JIEKTPOCOIPOTUBIICHUS
OT (paKTUYECKOM TIJIOMIAIU KOHTAKTA:
® — Mmenb, 300 °C; M — menpb, 400 °C; A — Melb IPU CABUTE;
MYHKTHP — 0000IIIeHHAsT KOPPEISIIIMOHHAS 3aBUCUMOCTh

3AKJIOYEHUE

[Tonmy4yeHHbIe pe3yabTaThl CBHJICTEIBCTBYIOT O TOM, YTO B Cllydae KOHTAKTa
METATMYEeCKUX (HE FOBCHWIBHBIX) ITOBEPXHOCTCH Ha BO3QyXe OCHOBHBIM (DaKTOPOM,
BIMSIOIIAM Ha TIPOYHOCTh AQJIF€3MOHHOTO COCJMHEHUS B CTATHYECKOM KOHTAKTe
METAUIMYECKUX JCTaleii M MPU WX OTHOCHUTEIBHOM CJBHIE, SBISCTCS COCTOSHHE WX
MIOBEPXHOCTEH, a IMEHHO HAJMYUE ¥ MPOYHOCTh OKCHIHBIX U APYruXx IieHok. Heooxomumoe
yciaoBue  00pa3oBaHUS  aIre3MOHHOTO COEAMHEHWS — IulacTH4ecKkas Jaedopmarus
HEPOBHOCTEH IIIEPOXOBATOCTH KOHTAKTHPYIOUIMX ITOBEPXHOCTEH, KOTOpas HE TOJIBKO
obOecrieunBaeT pa3pylleHue MOBEPXHOCTHBIX IUICHOK, HO M CIOCOOCTBYET (hOpMHpPOBAHUIO
JOCTaTOYHO OonblION TuIomanu (aKTUYEeCKOro KOHTakTa jetaneil. CleacTBUEM 3TOTO
YCIIOBUSL SIBIISICTCSl BJIMSIHHEC TEMIIEPATyphl, TBEPJOCTH MATEPHATIOB KOHTAKTHUPYIOIIMX
JeTajeid U Harpy3ku (OPMHPOBAHUS allr€3MOHHOTO coeauHeHus. [Ipu ynmpyrom xapakrepe
nedopMaIuy MIepOXOBATOTO CIIOSI TOBEPXHOCTHBIC IJICHKU HE PAa3pyIIAFOTCS, YTO UCKITFOYACT
o0pa3oBaHUE B KOHTAaKTE NMPOYHBIX METAUNIMYECKUX CBs3eil, a cialdble BaH-JIepP-BaalbCOBBI
CBsS3W OyAyT paspylieHbl IPU YIPYroM BOCCTAHOBICHHHM MaTepuaia TOCIe CHSITHS
KOHTAKTHOW Harpy3ku. lMeeT 3HaueHHE TaKKe KPHCTALIMYECKOEC CTPOCHHUE METAJIJIOB
KOHTAaKTUPYIOIIUX JIETAJICH, OT KOTOPOrO0 3aBHUCUT CTENEHb COTJIACOBAHHOCTH (WU
pa30pHCHTAINH) KPUCTALTHYECKUX PEIIETOK KOHTAKTUPYIOIIUX MeTayuioB [13].

KauecTBeHHBIM HMHIMKATOPOM HAJIWYWS M CTCICHU pa3pylICHUS MOBEPXHOCTHBIX
IUICHOK B  KOHTAKTe SBJISCTCS KOHTAKTHOE JJIEKTPOCONpPOTHBIEHHE. Pe3ynbraTh
OKCIIEPUMEHTOB  IIOKa3aJld TECHYIO KOPPEJSIHMIO KOHTAKTHOTO  COINPOTHUBICHUS C
ko3pdunmenTom aare3uu. J[OCTOMHCTBA KOHTAKTHOTO  3JICKTPOCONPOTHBICHHS  KakK
JUArHOCTHYECKOTO WHCTPYMEHTA: €r0 OTHOCHTEIbHAs JOCTYITHOCTh, IIPOCTOTA PETUCTPALIUN
1 00pabOTKHU BBIXOAHOW HH(OPMAITHH.

JIUTEPATYPA
1. Adhesive Bonding / W. Brockmann [et al.]. Weinheim: Wiley-VCH GmbH & Co.
KGaA. 2005. 414 p.
2. Handbook of Adhesion Technology / ed. by L.F.M. da Silva, A. Ochsner,
R. Adams. Springer International Publishing AG. 2018. 1806 p.

Becmnuk Teepc:cozo zocydapcmeeimozo mexHu4YecKozo ynueepcumemada.

Cepus «Texnuuecxkue naykuy. Ne 3 (19), 2023
23



3. Handbook of Adhesive Technology / ed. by A. Pizzi, K.L. Mittal. Boca Raton: CRC
Press. 2018. 644 p.

4. TlomoB B.JI. MexaHuka KOHTAKTHOTO B3auMOJEHCTBUS U ¢uzuka TpeHus. Ot
HAHOTPUOOJIOTHH 10 TMHAMUKH 3emieTpsicennii. M.: dusmarnut. 2013. 352 c.

5. Usamaitno B.B., HoBocenoa M.B. O JIMT-Monenu AUCKpPETHOTO aAre3MOHHOTO
KOHTaKTa // Becmnux Teepckoeo eocyoapcmeennozo mexuuyeckoeo ynueepcumema. Cepus
«Texnuuecxue naykuy. 2019. Ne 4 (4). C. 5-15.

6. Hepsarun b.B., Kporosa H.A., Cmunra B.Il. Anre3us tBepasix Ten. M.: Hayka.
1973. 280 c.

7. baxnu [1. [ToBepXHOCTHBIE SIBJICHUS IPU aAre3UN U (HPUKIIMOHHOM B3aUMOICHCTBUH.
M.: Mammnoctpoenue. 1986. 359 c.

8. CemenoB A.Il. Tpenue u aare3snoHHOE B3aUMOJICHCTBUE TYTOIUIABKUX MaTEpUajIOB
IpH BBICOKUX Temriepatypax. M.: Hayka. 1972. 160 c.

9. The mechanics of adhesion / ed. by D.A. Dillard, A.V. Pocius. Amsterdam e.a.:
Elsevier. 2002. 790 p.

10. Antczak G., Ehrlich G. Surface Diffusion: Metals, Metal Atoms, and Clusters.
Cambridge e.a.: Cambridge University Press. 2010. 758 p.

11. Beenenue B pusuky noepxuoctu / K. Oypa [u np.]. M.: Hayka. 2006. 490 c.

12. Mpinkun H.K., Konunn B.B., BbpayHoBuu M. DnekTpuueckue KOHTAKTHI.
Honronpyansiii: Matemnekt. 2008. 560 c.

13. llInenskoB I'.I1. ®usukoxumus Tperus. Munck: YHusepcurerckoe. 1991. 396 c.

Jus nutupoBanusi: M3maitio B.B., I'yceB A.®., MutiopeB A.A. HcciaegoBaHue KOHTaKTa
KOHCTPYKIMOHHBIX METAJUIOB B YCJIOBHUAX CXBAaTbIBAHUS IPHU IMOBBILICHHBIX TEMIIEPATYpax
// BectHuk TBepckoro rocynapcTBEHHOro TexHuueckoro yHuBepcurera. Cepus «TexHu-
yeckue Haykm». 2023. Ne 3 (19). C. 14-24.

STUDYING THE CONTACT OF CONSTRUCTIONAL METALS
UNDER THE CONDITIONS OF SEIZURE AT ELEVATED TEMPERATURES
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22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: iz2v2@mail.ru

The conditions for the occurrence of seizure of metal surfaces under static contact and
shear are studied. The effect of mechanical load and elevated temperatures on the process of
formation of an adhesive joint in a contact has been studied. The description of experimental
device and experimental technique is given. Quantitative values of the strength of adhesive
joints are obtained and a theoretical analysis of the obtained dependences is carried out. It is
shown that the shear of the contacting surfaces affects both the “seizure threshold” and the
value of the adhesion coefficient at a given temperature and load. At that the values of
temperatures and loads of seizure begining decrease, and the adhesion coefficients increase.

Keywords: metal contact, adhesion, seizure, temperature, contact area, contact
electrical resistance.
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A.H. BOJIOTOB, n-p texs. Hayk, [.b. BYPJIO, n-p TexH. Hayk

TBepCcKoOi rocy1apCTBEHHBIM TEXHUYECKU YHUBEPCUTET
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MarHuToXXHJIKOCTHbIE YIUIOTHEHMSI JUIsl TEepMETHU3alMU Ta30BbIX CpeJ  HalUIU
NIMPOKOE TMPUMEHEHUE B PA3JIMYHBIX OTPACIAX MPOMBINIUICHHOCTH OJjarogapss CBOUM
HEOCTIOPUMBIM TpeuMyliecTBaM. TeM He MeHee Takue YIUIOTHEHHs MOKa HE CIOCOOHBI
HAJeKHO TEPMETHU3UPOBATh KHUAKHE CPeAbl C Pa3IMYHOM TOJSIpHOCTRIO. B pabote
MPOAHATU3UPOBAHBl (DU3UKO-XMMHYECKHE MPOLECChl, KOTOPbIE MPUBOAAT K pa3pyIICHUIO
MarHUTHOM KHUJIKOCTH B YIUIOTHEHUHW TOJ BO3JCHCTBUEM KOHTAKTHPYIOIIECH C HEM JKUIKOU
cpenoii.  IlpuBeneHbl  pe3ynbTaThl  3KCHEPUMEHTAIbHBIX  HCCIENOBAaHUN  Ipolecca
repMeTu3anum, Oa3upYIOIIErocsi Ha MCIOJIb30BAaHUM MArHUTHBIX JKUJIKOCTEM Ha OCHOBE
CUJIOKCAaHOB W TPUATAHOJAMHUHA, a TAKXE HEMarHUTHBIX JKUJIKOCTEH C pa3InyHON
noysipHocThi0.  CrenaHn  BBIBOJ, YTO JJIi TEPMETH3ALMM TMOJSPHBIX KUIKUX Cpe
MPEJCTaBIsIeTC MEePCIEeKTUBHBIM  HCIIOJIb30BaTh  0J€0()OOHbIE MAarHUTHBIE KUAKOCTH,
cojepxamire B OOJBIIOM KOJUYECTBE HAMOJHUTEIh B BUJE CHIBHOMAarHUTHBIX YacTHI[ C
mucnepcHoctbio 0,1...1 M. [Tokazana HE0OOXOIMMOCTh TOTO, YTOOBI MarHUTHAs KHUJIKOCTh
MMEJIa KaK MOXHO MEHBIIYIO0 IUIOIIAJb KOHTAaKTa C TE€PMETU3UPYEMOW KHAKOCTBIO U
COXpaHsJia JIJAMUHAPHBIA PEXKUM TEUCHHUS.

Knrouegvie cnoea: MmarHuTHas1 )KUJIKOCTb, YIUIOTHEHHE, KUAKAs Cpeaa.

DOI: 10.46573/2658-5030-2023-3-25-32

BBEJAEHUE

HoBplil (GyHKIMOHATBHBIN MaTepual — MarHUTHBIC JKUAKOCTH — HAIled IIUPOKOe
OpUMEHEHHEe B TEXHHYECKHUX YCTpOMCTBaX, TaKuUX Kak pa3HOOOpa3Hble JATUYUKU
MEXaHUYECKUX BEIWYMH, JAeMIi(epsl, MarHuTHIE moamunuuky [1-3]. B Hacrosmee Bpems
JUIs pabOThI B I'a30BbIX CPEAax YacTO MCIOJIb3YIOT MArHUTOXUIKOCTHBIE yIutoTHeHUs (MOXKY)
[4, 5]. Tepmern3anuss B HHUX OCYIIECTBIISICTCS «IPOOKOH» W3 MarHUTHOM JKUIKOCTH,
yAep>KUBacMOM MarHuTHBIM noseMm. OdeBuiHble npenMyiectsa MJKY nepen canbHuKamMu 1
PE3MHOBBIMM MaH)K€TaMH — JOJIOBEYHOCTb, Jydlllas TIepMETU3HPYIOIas CIIOCOOHOCTD,
OTCYTCTBUE (U3NYECKOTO KOHTAKTa C BajloM (OTCYTCTBHE HM3HOCA IOBEPXHOCTEH), HU3KHE
NOTEPH DHEPrUM HA BHYTPEHHEE TpPEHHE, NPOCTOTa OOCIY)KMBAHUS W 3HAUYUTEIHHOE
yBEJIMUEHUE MexpeMoHTHoro mnepuoma. K Hepmocratkam MIKY cnenyer otHectn
OTPaHUYEHHOCTh PaboOYero TeMIIepaTypHOTO AHMANa3oHa, a TAaKKe MPOOJIEMBI, CBSI3aHHBIE C
pa3pyLICHUEM KOJIJIOWJHOW CTPYKTYPbl MArHUTHOM KUAKOCTH B CHJIBHBIX MarHUTHBIX MOJIAX,
UCHIapeHNe AUCIIEPCUOHHOM Cpe/ibl U BBICOKUN MOMEHT CTparuBaHUsl.

IIpn ucnonszoBannu MJKY MOXKHO OCyIIECTBUTH I'€pMETH3ALUIO KUAKUX CPEX, HO
MpaKkTUYECKasi pealn3anusi dTOM 3a7auu O4YeHb clIokHass [6—11] u B HacTosAUUA MOMEHT
HaXOJIUTCSl Ha CTaJuu peleHus. [71aBHbBIM 00pa3oM TPYAHOCTH CBSI3aHbl C OBICTPHIM
pa3pylLIeHUEM MarHUTHOW IepMETHU3MPYIOIIEH Cpenbl B Ipolecce padoThl YIIJIOTHEHUS, CO
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CHIDKEHHEM BEIMYUHBI MPOOWBHOTO JaBIICHUS, a TaKXKe C HEJIOCTaTOYHBIM NMOHWMaHHEM
TEOPETHUYECKUX BOIPOCOB B3aUMOJIECHUCTBUS MAarHUTHOM >KMJAKOCTHM C TE€pMETU3UPYEMOM
CpeJlou.

3ajaya HWCCIENOBaHUIM 3aKiloyajach B TEOPETHUYECKOM aHalM3€ pPa3pylleHUs
MarHMTHOM KUIKOCTH ITOJ JEMCTBUEM I€PMETU3UPYEMOM XKUIKOCTH U B OKCIIEPUMEHTAIBHOM
MOMCKE MOJXO00B K yBeJINYeHHIO AoiaroBedHocTd MKV, paboTaronmx B KOHTAKTE C KUIKON
CpeJlou.

AHAJIM3 MTPOLHECCOB

MPU KOHTAKTE MATHUTHOM U HEMATHUTHOM )KUJAKOCTEN

[Ipoananu3upyeM OCHOBHBIE MPUYUHBI, MPUBOJALIME K Pa3pyLICHUIO MarHUTO-
KUJIKOCTHON «IIPOOKM» TOJ] TEHCTBHEM OMBIBAIOIICH €€ JKUIKOW Cpeibl, 1 Ha OCHOBAaHUU
9TOrO BBISIBUM TPeOOBAaHMSI K COCTaBY MArHUTHOW HUAKOCTH M KOHCTPYKIMH YIJIOTHEHUS.
HaubGonee oueBuaHoi mnpuunmHOM mnorepu repmernyHoctd MOKY sBisiercst pa3MbiBaHue
MAarHUTHOM JKHUJIKOCTH TE€PMETHU3UPYEMOW CpeNoM M3-3a HUX B3aUMHON pPacTBOPUMOCTH.
[ToaroMy MarHuTHasi JXUAKOCTh JIOJDKHA OYEHb CJIa00 pacCTBOPATHCS B YIUIOTHICMOM
JKUJKOCTH U HE BCTYNAaTh C HEM B XUMHUYECKOE B3aUMOJICHCTBHUE.

B3anMHass pacTBOPHMOCTB KMAKOCTEM OIpPENEIsAeTCs COOTHOUICHUEM DJHEpPIruil
B3aUMOJICMCTBUSL  OJHOPOJHBIX M  pPa3sHOPOAHBIX KOMIIOHEHTOB  pacTtBopa. Ecnm
npeoOIagaroIel SBISCTCS YHEPTUsS B3aUMOJICHCTBHUS OJMHAKOBBIX MOJICKYJ, PACTBOPHMOCTh
0o0bluHO HeBenuka. Kak mpaBuio, IUIOXO PacTBOPSIIOTCS APYr B JAPYre pPa3sHOPOIHBIE IO
(U3HKO-XUMHYECKUM CBOMCTBaM BeliecTBa. KadecTBEHHO TMpeAcKa3aTh pacTBOPUMOCTD
HEDJIEKTPOJIUTOB MOKHO Ha ocHoBaHuM Teopuu Jx. ['mipnebpanma, coryiacHO KOTOpPOM
pacTBOPUMOCTh BEIIECTB YMEHBUIAETCA M C YBEJIMYEHUEM pa3HOCTU HX IapaMETpPOB
pacteopumoctr: p = (E / V)%, rue E, V — yaenbHas SHEPrusl UCIIAPEHHS U MOJILHBIH 00beM
KOMIIOHEHTa COOTBETCTBeHHO. C TIpHMepaMH pacyeTa HapameTrpa pacTBOPUMOCTU MOXKHO
03HAKOMHUTHCS B CripaBovHHUKE noj penakiuen B.b. Koran [13].

DOMITUPUYECKHM CITOCOOOM YCTaHOBJIIEHO, YTO B3aWIMHAsI PACTBOPUMOCTH >KHUIKOCTCH
yanie BCEr0 YMEHBIIAETCS C YBEJIMYEHHEM Pa3HOCTU JUIOJIbHBIX MOMEHTOB MX MOJIEKYIL.
Ecnu yuuThiBaTh, YTO OCHOBHOW BKJaJ B MOJISIPU3ALMIO KUIAKHX JUIIEKTPUKOB BHOCHUT
OpUEHTAIIMOHHAs ToJspu3anus, 00 UX PACTBOPHUMOCTH MOXKHO KAaYECTBEHHO CYIUTh I10
JIABJIEKTPUYECKON MPOHULIAEMOCTH, KOTOPAsi JErKO OMPEACIISIETCA SKCIIEPUMEHTAIBHO.

B obmem cimyuyae mporecc pacTBOPEHHS MOXKET MPOTEKAaTh CaMONPOU3BOJIBHO, €CIH
U3MEHEHHEe CBOOOAHON sHepruu orpunarensHoe: AG ~ AH — TAS, rtne H — »artanenus, T —
Temmeparypa, S — sHTponus. B paccMaTpuBaeMbIX CUCTEMaxX BELIECTB, CIA00 M3MEHSIOMINX
cBoit 00beM, AU~AH, rae U — BHYTpEHHSISI SHEPT U

JlJis MarHUTHBIX KHJIKOCTEH 4acTh BHYTPEHHEW SHEpPTrUu OOYCIOBIEHAa MAarHUTHBIM
JIATIOJb-JUIIOIBHBIM B3auMoJieicTBUEM yacTul] Uy. Eciim MarHuTHast )KUAKOCTh HaXOAUTCS B
OJIHOPOJIHOM MAarHMTHOM IIOJie, TO B TMpolecce ee paz0aBiIeHHS B OCHOBHOM OyIeT
MPOUCXO/IUTh M3MEHEHUE PACCTOSHHS MEXAY LENOYKaMHU YacTHIl, & PACCTOSHUE MEKIY
YacTUIIAMHU B IeNOYKe OyleT U3MEHAThCA HEe3HAUUTEIbHO. JTO 0OBSICHSAETCS IeHCTBUEM CHII
OTTAJKMBAaHUS MEXKIY LENoykamu. B pe3ynprare npu pacTBOPEHWH WHOPOAHBIX MOJEKYH
M3MEHEHHUE YHEPIHUH MarHUTOCTaTUUECKOro B3anumoeiicTsus oyaetr AU, < 0, 4To mpuBEAeT K
cHIKEeHUI0 AU BCEH CUCTEMBI.

Uucno MUKpPOCOCTOSTHUN YacTHUIl NP PACTBOPEHUU MOYTH HE M3MEHUTCS HU3-3a TOrO,
YTO BHEIIHEE MArHUTHOE TI0JIE TMO-TPEeKHEMY OyJIeT OrpaHWYMBaTh HX TOJIBHIKHOCTb.
[loaTOMYy MarHuTHOE B3aMMOJECHCTBUE MPAKTUYECKH HE BIIMSET HA BEIUYUHY SHTPONUIHOTO
daktopa 74S. V3 cka3aHHOTO BBIIIE BHITEKAET, YTO BO BHEIIHEM OJHOPOJHOM MarHUTHOM
MoJIe BEPOSATHOCTH 00pa30BaHUs paCTBOPA MOKET HECKOJIBKO YBEIIMYMBATHCS.

Becmnuk Teepc:cozo zocydapcmeeimozo mexHu4YecKozo ynueepcumemada.

Cepus «Texnuuecxkue naykuy. Ne 3 (19), 2023
26



[To-gpyromy pactBOpeHHe OyneT NpOTeKaTh B HEOAHOPOJHOM MArHMTHOM TOJIE.
Paznyume MarHUTHOM OSHEpPruM dYacTHUIl B pa3HbIX YacTAX O0beMa MPUBOJUT K HX
nepepacupeieNeHHI0 B COOTBETCTBUU ¢ 3akOHOM bosbimana. [1pu paz6aBienun npousoiaer
YBEJIMYECHUE MAarHUTHOW JHEPrUMM B3auMOJAEHUCTBHUA 4acTul Uy 3a C4ET TOro, 4TO 4YaCTHIIbI
BBIHY’K/ICHbI OyTyT NepelTH B 001aCTh C MEHbILIEH HAMPSHKEHHOCTHI0 MArHUTHOTO MOJIs. DTO
npuBeneT K yBenuueHuro AU cuctembl, a CIEAOBATEIbHO, K CHUXEHHIO BEPOSITHOCTH
0o0pa3oBaHuUs pacTBOpA.

OpHako Aake eclid YIJIOTHSIOIIAs MarHUTHAs >KMJIKOCTh U YIUIOTHsSEMasl KUIAKOCTb
B3aMMHO HEPAacTBOPUMBI, CYLIECTBYET OINACHOCTb HApyIIEHUs TEpPMETHU3alUd H3-3a
IIOBEPXHOCTHOI'O pa3pylIeHUs MArHUTHOM >KUIKOCTH. Ha Ham B3msia, BO3MOXKHBI JiBa
MEXaHM3Ma Takoro paspymeHus. llepBblii mposBisSeTcss TOrAa, KOrAa 3HEPIUs aare3suu
MarHUTHOM UIKOCTH K YIUIOTHSAEMOW J>XUAKOCTH BBIIIE DHEPIMM KOI€3MM MarHUTHOM
KHUAKOCTU. [Ipy 3TOM YCIOBHMM SHEpPreTHYECKH BBITOJAHO OOpa3oBaHME Ha MeX(pazHOH
MOBEPXHOCTU «PACTBOPUTEND — I'a3» IJICHKU U3 MarHUTHOM kUAKOCTH. OHO IPUBEJET K TOMY,
YTO LUPKYIUPYOUIas YIUIOTHAIOLIAs )KUIKOCTh ITOCTEINIEHHO Pa3MOET MarHUTHYIO XKHUJIKOCThb
B YIUIOTHEHHWH. BeposTHOCTH 3TOro mpormecca T€M BBIIIE, YeM OOJbIIe Pa3HOCTh MEXKIY
IIOBEPXHOCTHBIM HATSKEHUEM KOHTAKTUPYIOIUX KUJKOCTEH.

IIpn nmepemenieHnn MarHUTHOW JKUJIKOCTH BO BHEIIHEE OAHOPOJHOE MAarHUTHOE II0JIE
Ha JUCIIEPCHBIE YACTHULbI AEHCTBYET MarHUTHBIA MOMEHT, CTPEMSAILUICS OPUEHTHPOBATh MX
TaKk, 4TOObl BEKTOp HAMAarHUYEHHOCTH COBMAJajl C HAaIPaBJIEHUEM CWJIOBBIX JUHHHA. B
CTPYKTYPHUPOBAaHHON IOJ00HBIM 00pa30M MarHUTHOM KHMJIKOCTH B3aMMOJICHCTBHE MEXIY
YaCTULIAMM 3HAYUTENBHO BBIIIE, YEM B M30TPOIHOM, B KOTOPOM MAarHUTHbIE MOMEHTBI YAaCTHIL
pa30pocaHbl XaOTUYHO TEIUIOBBIM JBIKeHHeM. OTcroja cielyeT, YTO B MarHuTHOM IIOJe
SHEPTrHs KOT€3UH Y MAarHUTHOW KHUIKOCTH OyJeT Apyroi. B 3aBHCHMOCTH OT OpHEHTAINH TIOJIS
10 OTHOLLIEHHUIO K BOOOpa)kaeMoi TOBEPXHOCTH Pa3pbiBa KOTre3usi MOXKET ObITh KakK BBILIE, YEM
0e3 mosd, Tak ¥ HWkKe. [Ipy HOopManbHON OpueHTauuu NoJs paboTa KOre3uH BbIIIE, a MPU
TaHreHUUanbHON — Huke. Crieyer 100aBUTh, YTO HEKOTOPOE BO3/EHCTBUE MAarHUTHOTO MOJIS
HPOUCXOJUT 3a CUET U3MEHEHHUSI MEKMOJIEKYJIIPHOT0 B3aumozencTeus [12, 13].

JU1st MarHUTHOM >KUAKOCTH, HaXOIAILEHCs B HEOJHOPOAHOM MarHUTHOM I10Ji€ (HarpuMmep,
B YIUIOTHEHHH), TUICHOYHOE Pa3pyIlIeHHE 3aTPYAHEHO TaKKe AEHCTBUEM OOBEMHBIX MAarHUTHBIX
CHJI, KOTOpPBIE KaK Obl yBEIMYHUBAIOT HEKOTOPYIO 3P (HEKTUBHYIO PabOTy KOTE3HU.

Jlpyroii MexaHu3M pa3pylUICHHs YIUIOTHSIONIEH MarHUTHOW XHJIKOCTH MOXET OBITh
00ycJI0BJIeH 00pa30BaHUEM 3MYJIbCUHU U3 B3aUMOHEPACTBOPUMBIX YIUIOTHAEMOM >KUIKOCTH U
YIUIOTHSAIOIIEH MarHUTHOW KUJKOCTU. Y CTOMYUBOCTD SMYJILCUH, @ 3HAYUT, U BEPOSITHOCTh UX
00pa30BaHUs 3aBUCAT OT BEIMYMHBI MEX(a3HOTO MOBEPXHOCTHOIO HATSDKEHUS: YEM OHO
MEHBIIIE, TEM BBIIIE YCTOWIUBOCTD. 1J1si CHIDKEHHS MEX()a3HOTO MOBEPXHOCTHOTO HATSHKCHUS
UCIIOJIB3YIOT 3MYJIBIUPYIOLIME areHThl, POJIb KOTOPBIX BIOJIHE MoOryT urparbk IIAB wnmm
JICIIEPCHBIEC YACTULIbI, COAEP/KAIUECS B MATHUTHON KUAKOCTH.

OMyJIbIUpOBaHUE HAUMHAETCS IOCJE TOro, KaK TeUEHHE MKHUJKOCTH IepecTaeT ObITh
JaMUHApHBIM M CTaHOBUTCA TypOyJeHTHBIM. Bo3HuKaromas npu 3ToM TruApoJAMHAMUYECcKas
HEYCTOMYNBOCTb IOBEPXHOCTH MATHUTHOMN KHUJKOCTU COIIPOBOXKAAETCSA OTPHIBOM €€ 4acTHULl U
UX YHOCOM I'eépMEeTU3UPYEMOI )KUIKOCThI0. CKOpPOCTH Mpoliecca SMYJIbIMPOBAaHUS 3aBUCUT OT
clleAyoumx 0e3pa3MepHbIX KpUTEPUEB:

P/ Piw; Hi/ Him,
rae P, Hi v P, Hin — IUIOTHOCTb U BS3KOCTb COOTBETCTBEHHO MAarHUTHOW JKUIKOCTU U
YIUIOTHSEMOM.
[110THOCTH MAarHUTHOM JKUKOCTH IPUHUMAETCS PAaBHOM yCIIOBHOMY 3HAYE€HMIO, T.€.
Pin = Poim + Finl g,
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rne Pop, — IJIOTHOCTHP MarHWTHOM JKHAKOCTH KaK CIOKHOIO BemlecTBa, Fi, — cuia,
JIEUCTBYIOIASA HA €AMHUYHBIA 0O0BEM MAarHUTHOM KUJIKOCTH B MAarHUTHOM T10JI€ YIIJIOTHEHHS;
g — YCKOPEHHUE CUJIBI TSHKECTH.

B cBoro ouepens:
FlmNJHm,
rone J — HAaMarHM4€HHOCTh MArHUTHOM JKWUIKOCTH; H, — MakCUMajibHOE TIOJIE B
TEPMETU3UPYEMOM 3a30PE.

C yMeHbBIIEHHEM 3HAYEHUS TNPUBEACHHBIX KPUTEPUEB CHHKACTCS BEPOSTHOCTH
SMYJIbTUPOBAHUS MarHUTHOW JKUIKOCTU. [losTOMy clienyeT CTpEeMHUTBhCA K IOBBIIICHUIO
BSA3KOCTH MAarHUTHOM JKHUJIKOCTH, €€ IUIOTHOCTH U HamarHudeHHoctu. [lporecc
SMYJIbTUPOBAHUSA, PA3yMEETCs, 3aBUCUT OT KOHKPETHOM KOHCTPYKLMH YIUIOTHEHHUS U OT
pasMepoB mocienHero. KOHCTpYKIWsI YIUIOTHEHHWS JOJDKHA OBITh TakoW, 4YToObI OblIa
MUHHUMAJIbHAS TUIONIA/Ib KOHTAKTa MArHUTHOM MUIKOCTU C YILUIOTHsMOIIEH cpenoil. Kpome
TOTO, TEOMETPHS YIUIOTHIEMOTO 3a30pa JI0JKHA CIIOCOOCTBOBATH COXPAHEHHUIO JTAMUHAPHOTO
TEUEHUS KUIKOCTEH B IIMPOKOM JIMAIIa30HE CKOPOCTEM.

METOJAUKA ITPOBEAEHUSA DKCIIEPUMEHTA

DOKCHEPUMEHTATBHO  M3ydallach TePMETHU3HUPYIONIas CHOCOOHOCTh  MOJCPHU3H-
POBAHHOTO PAJUAIBHOTO MAarHUTOXUJKOCTHOTO MOAIIMIHUKA cKoibxeHus [14-16]. Tlon
TUM IOHHUMAJIACh CIIOCOOHOCTHh MOJMIIMITHUKA HOPMAJIbHO paboTaTh B KOHTAKTE€ C KaKOM-
anb0 KUAKOM Cpelod M HEe MpoIycKaTh ee uepe3 ceds Baoib Basa. CxeMa OIBITHOTO
MOJAIMIUITHUKA U YCTAHOBKH, HA KOTOPOM MPOBOJAMIIUCH SKCIIEPUMEHTHI, ITOKa3aHa Ha PUCYHKE.
[TonmMnHUKOBBIA y3ell pa3MelleH B HeMarHuTHOM kopryce 1 Ha cranune 2. Kopmyc 1
MOJAMIUITHUKOBOTO y3Jla YCTAHOBJEH HAa MOJAMIMIHUK KadeHus 12 W MOITOMY MOXKET
BpalllaTbCsl OTHOCHUTEIBHO OCHOBaHUS 2 [JII H3MEpeHUuss MOMeHTa TpeHus M: B
MarHUTOKUJIKOCTHOM TOIIMITHUKE CKOJBXEHUS U B YIUIOTHEHUU. MarHuTOKUIKOCTHBIN
HNOJUIUITHUK COCTOMT M3 MAarHUTONPOBOAA 3, KOJBIEBOIO IOCTOSIHHOIO Martura 4,
MarHUTONPOBOJA ¢ 3yOmaMu 5 (MarHMTOXXHUIKOCTHOE YIUIOTHEHUE) M BTYJIKH 6 M3 OpOH3HI.
Hwxuuil xonen Bana 8 u3 cranu 45 3aKperuieH BO BHYTPEHHEM KOJIbIE IIapUKOMOIIUITHU-
ka 9. BepxHuii KOHEIl Bajla COeTUHEH Yepe3 MyPTy ¢ dJIeKTpoBUrareiieM. I epmeru3upyemas
KUAKOCTh pa3menaercs B paboyem oobeme 10 kopmyca 2 u cooOmiaercs ¢ pesepByapom 11,
YCTaHOBJICHHBIM Ha HEKOTOPOW BBICOTE JIJISl CO3/JaHUS MOBBIIIEHHOTO JIABJICHUS TIOCPEICTBOM
TpyOompoBoa 14.
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Cxema BKCHepHMeHTaHLHOﬁ YCTaHOBKU

B mpuBeneHHON KOHCTPYKIMH TMOAIIUIHUKA (CM. PUCYHOK) MAarHUTHAs >XKHIAKOCTh
HEMOCPEICTBEHHO KOHTAKTUPYET C TePMETU3UPYEMOU IKUAKOCTBIO. J[Is yMeHbIIeHHs
MJIOMIAM KOHTAaKTa MEXAY MAarHUTHOW M HEMarHUTHOM >KUAKOCTSIMHU MPEIyCMOTPEHO
cleayrollee KOHCTPYKTHBHOE perienne. K Topily MarHUTONpoBoaa 3 KpenuTcs HeMarHuTHas
nraitba 7. Mexay maiiboi 7 ¥ BpamarommMcs BaloM 8§ UMEETCS MUHUMAIIBHO BO3MOXKHBIN
3a30p (menee 0,1 Mm). MarauTHOE Macjo 3amoaHsIEeT pabouuii 00beM MOAIIUITHUKOBOTO y3Iia
U oOmactb 13 Mexay MarHUTONPOBOJIOM 3 U IMailboi 7. DTO CHUXKAET BEPOSTHOCTH
SMYIBIHPOBAHUS U CKOPOCTh MpoTeKkaHus JIU(Py3MOHHBIX TMPOIECCOB  B3aUMO-
MIPOHUKHOBEHUS KHUIKOCTEH.

MaruuTomnpoBo/i ¢ 3yOliaMu co3AaeT CUIbHOE MarHUTHOE TOJIe B 3a30p€, OTACISIONIEM
ero oT Bala. MarHuTHas SKMIKOCTh (Maciio), 3aloJIHAIOLIEE 3a30p, KOMIIEHCUPYET
MOBBIIIEHHOE JIaBJICHHME CO CTOPOHBI TEPMETH3UPYEMOl KHIKOCTH (1O CYIIECTBY,
MarHuTOIPOBO/, BaJl U MarHUTHASI dKUAKOCTh COCTABIISIIOT MarHUTOXUJAKOCTHBIC YIUIOTHEHUS).

B HeKOTOpBhIX OMbITaX HUCHBITHIBAICA MOAIIUIHUK, MOKAa3aHHBIH Ha PHUCYHKE, B
NEPEBEPHYTOM BHJIC, T.C. IMOAIIUIHUK, B KOTOPOM K Te€PMETH3HPYEMOW >KUIKOCTH OBLI
oOpaitieH MarHuTonpoBoy 5. Ban, mpoxonsuiuii yepe3 MOAUIMITHUK, UMEN AuaMmeTp 14 mwm,
JUTMHA BTYJIKU PaBHSJIACH JUAMETPY Bajia, OTHOCUTEIBHBIN 3a30p MEXKIY BaJIOM M BTYJIKON —
2-10, a HaNPsHKEHHOCTH MOJIE B 3TOM MECTE COCTaBisia okoio 1,6°10° A/m. 3aszop mMexay
3yonamu 1 Basom 0,2 MM, TonuuHa 3yonos 0,5 MM. McnplTaHus mpoBOAWIM IPU CKOPOCTU
BparieHus Bajga 1 000 o6/muH.

[Tocre mepuonma MpUPaOOTKH TOMNIMITHUKA (DUKCHPOBAIOCH CTAOMILHOE 3HAYCHHE
MOMEHTa TpeHHs. 3aTeM B paboumii oobem 10 (cM. PUCYHOK) 3amuBalM >KUIKOCTh M
MIPOJIOJDKAHU JaybHE e ucnbiTanusi. O MPOHUKHOBEHUH KUJKOCTH CYAMIIMA IO U3MEHEHUIO
MOMEHTa TPEHHUSI, YPOBHIO KHUAKOCTHU B MPO3pavyHOM pe3epByape 11 u mpoTeKaHHIO )KUIKOCTH
yepe3 3yOuel MaraurtornpoBona 5. Mcmeitanus nponmomxanu B tedenue 200 wacos, ecnu
TepPMETUYHOCTH MOIIUITHAKA HEe HapyIllajJach paHblIe.

N3yuamace paboTa MarHUTOXXKHUIKOCTHOTO TIOJIIMITHAKA B KOHTAKTe €O ciabo-
MOJIIPHBIMU KHUAKOCTAMU: MPUOOpHBIM MacioM MBII, Ba3zennHOBBIM MaciioM U C CHJIBHO
IIOJISIPHOM KMJIKOCTBIO — BOJIOM.

CnabonosnsipHble KUIKOCTH HMEIOT AUAIEKTPUUECKYI0 MPOHUIAEMOCTh, COCTaBIIS-
IOIIYIO MeHee 2...3, ¥ HOBEPXHOCTHOE HaTshkeHue 0koj10 20...30 spr/cm?. Jlns repMerusanun
TaKUX JKHJIKOCTEH ObliIa BEIOpaHa MarHUTHas )KUIKOoCcTh MM-TDA ¢ nucriepcuoHHOM cpemoi
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U3 TPUITAHOJIIAMUHA, KOTOPBIM MPAKTUYECKH HEPACTBOPHM B YKA3aHHBIX YTJIEBOJOPOIHBIX
CJIa0OMOJISIPHBIX JKUAKOCTSX, MMEET ropa3fo OoJiee BBICOKOE 3HAYCHHE IUAIICKTPHYECKON
nponunaeMocti (~110), a MOBEpXHOCTHOE HATSDKEHHE NMPHOIM3MTENBHO Takoe xe. Ecim
UCXOJWTh W3 YCTAHOBJICHHBIX MEXaHHU3MOB pa3pyHICHUS TEPMETHU3UPYIOMIEH MarHUTHOMN
KUJKOCTH, TIEPEUUCIICHHBIE CBOMCTBA XUIKOCTH MM-TDA mo3BOJISAIOT BBIACIUTD €€ U3 psiia
JPYTHUX.

Jlns repMeTH3anuy BOJbI ObUTM BBIOPAHBI MAarHUTHBIC JKUIKOCTH, COJCpIKAllue B
KaueCTBE OCHOBBI CHJIOKCAHOBBIC KHUJIKOCTH, KOTOPHIC HE CMEITUBAIOTCS C BOJOW M SIBJISIFOTCS
ruapodoOHBIMH (Ta0IHIIA).

MarsuTHbIC KUJKOCTH U UX CBOMCTBA

MarnuTHas Jucnepcuonnas Hamarunuen-
Bszkocts, I1a-c
AKHUJKOCTb cpena HOCTh, KA/M
MM-II5C1 I19C-5 4,6 21
MM-OM DOM-6 2,4 38
MM-II5C2 I19C-5 15 195
MM-TOA TOA 1,2 31

Kuakocts MM-IIDC1 (cMm. Tabnuiy) otnuyaercs oT MM-IIDC2 nanuuuem B coctase
MEJIKOAUCIIEPCHOTO  MAarHUTHOTO  HAIMOJHUTENS, CYIIECTBEHHO IOBBIIIAIOIIETO €€
HAMarHUYeHHOCTh M BS3KOCTh. (CTporo roBopsi, ’TO HE COBCEM MAarHUTHAs >KUIKOCTb, a
CKOpee KOJUIOMJHAs CHUCTEMa, HAllOMUHAIONMIAsi MAarHUTOPEOJOTUYECKYIO KUIKOCTH.)
BriOpanHble MarHMTHBIE >KUIKOCTH W3-32 BBICOKOW BS3KOCTH MOTYT HCIOJB30BaThCS IS
CMa3Ky MOAMIUITHUKOB JIMIIb B UCKIIOYUTEIBHBIX CIIy4asx. B CBS3U ¢ 3TUM UMU 3aMOIHSIN
JUIIb YIJOTHSIOMUNA 33a30p MEXAY BaJlOM U MarHUTONPOBOJOM C 3yOllaMH, a MOAUIUITHUK
CMa3pIBaId MAJIOBSA3KOM MAarHUTHOM JKUAKOCTRIO Ha ocHoBe [IDC-B-2. Ilommumnuauk
pa3BoOpayMBaIM TaK, YTOOBI YIIJIOTHSAIOIIAs MarHUTHAs >KUIKOCTh OblIa oOpailieHa B CTOPOHY
BOAbl. OKOJIO MarHUTONPOBOAA 5 (CM. PUCYHOK) yCTaHABIMBAJACh Takas ke Iaiba, Kak U
mraitba 7. s UCKITIOYEHHs MEepeMEIIMBaHMs YIUIOTHSIOMIEH M CMa304HOW KHAKOCTEH B
MOJAIIUITHUKE ObllIa YCTAaHOBJIEHA CIelHalibHas meperopoaka. Kak Obulo paHee ykaszaHo,
UCIBITAaHUS TPOBOJAMIUCH TPU YCIOBUSX, KOTJIAa MOAIIMIHUK HAXOIWICA B KOHTaKTe C
OTPaHWYCHHBIM OO0BEMOM HEMPOTOYHOM JKHUAKOCTH. Korma repMeTrn3mpoBayiachk BOJA,
UCIBITaHUS TIPOBOJAUIIUCH TAK)KE MIPH HETIPEPHIBHOM NMPOTEKAHUH €€ OKOJIO MOAIUIHUKA. J{71s
3TOro peseppyap 11 moaxmrovasics K BOJAOIMPOBOIHON CETH, a B mojoctu 10 mpoaenbiBaioch
CIMBHOE oOTBepcTHe. [laBneHue HUPKYIUpPYIOLel BOJAb Ha MOJIIMIIHUK HE MPEBBIIIAIO
20 klITa.

PE3YJBbTATHBI DKCIIEPUMEHTOB

YcTaHOBIEHO, YTO MarHuTHas XUAKOCTh MM-TDA Ha OCHOBE TpHUITaHOJIAMHHA
JIOCTaTOYHO HAJCKHO TI'ePMETHU3HPYET MOMNIMITHUK OT INPOHUKHOBEHUS CIIA0OIOJSIPHBIX
KUIKOCTEH nipu n30bITouHOM naBieHuu 10 klla u Huoke.

Hukakux 0ObEKTHBHBIX JaHHBIX O CHMDKCHUU TC€PMETUYHOCTHU TOJIIMITHUKA K KOHITY
ucnplTaHui  monyueHo He Obuio. CpaBHenue HWK-crekTpoB MOTJIOMIEHUS YHCTOTO
Ba3eJIMHOBOT'O Maclia v MPOpadOTaBIIET0 B KOHTAKTE C MAarHUTHOM YKUKOCTBIO TIOKA3aj10, YTO
B IIOCJIE[HEM COJEPIKUTCS HE3HAUMTENHLHOE KOJIMYECTBO TPUAITAHOJAMUHA — Ookoyo 1072 %.
OTa KOHLIEHTpallUs TPUATAHOJIAMMHA, MO-BUAMMOMY, ONMM3Ka K MPEAETbHOM, MOCKOIbKY B
KOHTaKT€ C MArHUTHOM KHUIKOCTHIO HaXOJWJIOCh Ba3€JIMHOBOE MACJO, MPEBHIIIAIONIEE €€ 10
o0Bvemy Toisibko B 10 pas.
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[Ipu pabGore B HempoToyHOH BojAe ¢ u30bITouHBIM mgaBinernueM 20 klla Bce
IPUBEJIECHHBIE B TA0JIMIIE€ MAarHUTHBIE XHUJKOCTU O0ECIEUMBAIN FEPMETHU3ALUI0 B TEUEHUE
200-yacoBoro nukia ucnelTaHui. OAHAKO K KOHIy MCIBITAHMM B MAarHUTHBIX KUAKOCTSAX
MM-IIOC1 u MM-OM nOpoucxoauiu CyLIECTBEHHblE HEOOpaTUMbIE H3MEHEHUS:
YBEJIMUMBAIACh BA3KOCTb, CHUYKAJIACh HAMArHUYEHHOCTh. B pOTOYHOMN BOJE rEpMETUYHOCTD
HNOJAUIMITHUKA C JTHUMM JKHJIKOCTSMHU HApyIIaeTcsl 4Yepe3 HECKOJbKO JIECATKOB YacoB.
HeratusHoe BiusHME BOABI HA CTPYKTYPY YKa3aHHBIX MarHUTHBIX XXMJIKOCTEH HE IO3BOJIAET
PEKOMEH/I0BaTh MX JJIsl MPAKTUYECKOro MpUMEHEHUs. TeM He MeHee BIIOJIHE MOXKET OBITb,
YTO €CJIM CTAaOUIIM3UPOBATh 3TH MarHUTHbBIE XKUIKOCTU IpyruM [TAB (He Ha OCHOBE KHMPHBIX
KHCJIOT), TO pe3yibTaT OyJeT UHbIM.

MaruutHas xugkocts MM-IIOC2 ycnenmHo Bblaepskana BCE UCHBITaHUSA, BKIOYAs
UCTIBITaHUSL B IPOTOYHON BoJie mpH naienuu 0,1 MIla. B mpouecce paboTbl U3 MarHUTHOH
XKHUJIKOCTH BBIMBIBAIACh HEOOJIbLIAsl YacTh JUCHEPCHOHHOW Cpefbl, APYIMX 3aMETHBIX
MU3MEHEHUN CTPYKTYphl HE IPOUCXOAWIO. bojee mpomosKuTeIbHbIE UCTIBITAaHUS TOKa3aly,
YTO BBIMBIBAHHUE OCTABILENCS 4aCTU AUCIIEPCUOHHOM Cpebl IPEKPaLacTCs UIIU CYIIECTBEHHO
3amensiercs [17].

Henocratkom MmarnutHON sxuaxkocty MM-IIDC2 gaBisercs ee BBICOKAs BS3KOCTb,
0COOEHHO B MarHUTHOM 1osie. [lo3ToMy yIUIOTHEHMSI C 3TOM JKHJIKOCTBIO MOTYT
neperpeBaTbcs U3-3a AUCCUIIATUBHBIX OTEPh SHEpruM Ha TpeHue. Kpome Toro, Habmonaercs
AHOMAJIBHO OOJIBIION ITyCKOBOH MOMEHT TPEHHS B YIUIOTHEHHUSX C XKHUAKOCTbI0O MM-IIDC2,
KOTOPBIN SIBIIIETCS MPOSIBICHUEM €€ TUKCOTPOIIHON CTPYKTYPBI.

Xopomiass TepMETU3UPYIOIIAsi CIIOCOOHOCTh MAarHuTHOM kuaAkocTd MM-I12C2
00BsICHAETCSl ee 0co00i CTPYKTYpoi. HacTuipl cynepMenKkoro MarHuTa COBMECTHO ¢ Oosee
KPYIHBIMH YaCTHIIAMH MAarHUTHOTO HAIOJHUTENS OOpa3yloT IUIOTHYIO YIAKOBKY C
HEe3HauuTeNbHOU mopuctocthio. [lopel 3amonustoTcst Monekynamu [TAB-crabunuzatopa u
JUCIIEPCUOHHOM cpenbl. ['epmeTn3upyemMasi BoJa HE B COCTOSHUU pa3pyLIUThb MarHUTHYIO
KUAKOCTb MEXAaHUYECKHM M3-332 HAIM4YUs B HEW NMPOYHOIO KapKaca M3 MAarHUTHBIX YaCTHIL.
Bona moxeT mpoHHKaTh 4epe3 MarHUTHYIO KHJAKOCTb TOJBKO IO IOpaM, HO JUIsl 3TOTO
TpeOyeTcsl oueHb BbICOKOe JaBiieHHe. He obs3arenbHO gaxke, 4ToObl MOpPbI ObUIM 4eM-ITH00
3aIl0JIHEHBI, TOCTATOYHO, YTOOBI CTEHKH 1MOp (JacTHir) Obutd ruaApodoOHEI.

BbIBO/I

Takum oOpa3zoMm, B Hacrosmed pabore ObUla TOKa3aHa JOCTATOYHO BBICOKAS
TrepMETU3UPYIOIIas CIIOCOOHOCTh MArHUTHOM >kuIKocTH MM-TDA mpu KOHTakTe Cco
C1a0OMOJISIPHBIMU  KUAKAMU cpenamu. Jlisi repMeTu3anu  TMOJSPHBIX SKUIKUX Cpej
NPECTABISICTCS TEPCIEKTUBHBIM — HCIOJIb30BaTh  0JIcOPOOHbIE MAarHUTHBIC JKUIKOCTH,
coJcpKalmuc B OOJIBIIIOM KOJIMYECTBE HAIOJIHUTEIL B BUJAC MAarHuTHBIX 4YaCTuUll C
JMCIIEPCHOCTBIO, KOTOpast Ha 1...2 mopsaka Ooyiee HHU3Kas, 4eM Yy YacCTHI[ MarHeTUTa
KUAKOCTHU. Cnez[yeT TaKXeE 06pa1uaTb BHHUMAaHHE Ha TO, I-ITO6I)I MardmuTHada XUJAKOCTb UMEJIa
KaKk MOXXHO MEHBIIYIO TUIOIIAh KOHTAKTa C FEPMETH3UPYEMOM KHIKOCTBIO M COXpaHsia
JJAMUHAPHBIN pekUM TeueHus. [lomydeHHble pe3yapTaThl HAllUIM IPAKTHYECKOE BOIUIOLIECHUE
B KOHCTPYKIIMU MarHUTHOTO IIMUAHACIHHOTO Y3J1a JUTsl XUMHYECKOTO TOMOT'€HU3aTopa.
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Magnetofluidic seals for sealing gas media have found wide application in various
industries due to their undeniable advantages. Nevertheless, such seals are not yet able to
reliably seal liquid media with different polarities. The paper analyzes the physico-chemical
processes that lead to the destruction of the magnetic fluid in the seal under the influence of
the liquid medium in contact with it. The results of experimental studies of the sealing process
based on the use of magnetic liquids based on siloxanes and triethanolamine, as well as non-
magnetic liquids with different polarities are presented. It is concluded that for sealing polar
liquid media, it seems promising to use oleophobic magnetic liquids containing a large
amount of filler in the form of strong magnetic particles with a dispersion of 0.1...1 microns.
It is shown that the magnetic fluid must have the smallest possible contact area with the
sealed liquid and maintain the laminar flow regime.

Keywords: magnetic fluid, seal, liquid medium.
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K METOAUKE OHEHKHA PECYPCA
OPUKIHUMOHHOI'O COEAUHEHUA JETAJIEU C HOKPBITUEM
ITO KPUTEPUIO TPEAEJIBHOI'O U3HOCA

B.B. USMAJIOB, n-p TexH. Hayk, JI.LE. AOAHACBEBA, kann. ¢us.-mar. HayK,
M.B. HOBOCEJIOBA, kaHJ. TeXH. HayK
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© Usmaiinor B.B., Adanaceepa JI.E., HoBocenosa M.B., 2023

[IpennoxxeHbl aHATUTUYECKUE 3aBUCUMOCTH JIJIsl IPOTHO3UPOBAHUS U3HOCA AeTajeil ¢
HNOKPBITUEM, TBEPAOCTb KOTOPOI'O OTJIMYAETCS OT TBEPAOCTH OCHOBHOrO Marepuana. Jlis
OMHCAaHUs 3aBHUCUMOCTH TBEPJOCTH MaTepuaja OT PAcCTOSHUA 10 TOBEPXHOCTH TPEHUS
UCTIOJIb30BaHa (hopMysia, MOJYyYCHHAs! C TIOMOIIBIO SHEPTETUYECKOT0 METO/Ia OIICHKH YCHIIUS
BHEJ[PEHHUS WHICHTOPA B IJIACTHYECKHUI Marepual. B ocHOBY pacueTa pecypca y3ia TpeHHUs
[0 KpUTEpUIO H3HOCA TIOJOKEHO H3BECTHOe B TpuOonormum ypaBHenue JIx. Apuapaa,
00001IeHHOe Ha Ciydail HEJIWHEHHOW (CTENeHHO#) 3aBUCMMOCTH HWHTEHCUBHOCTHU
W3HALIMBaHUS OT TBEPAOCTH H3HAIIMBAEMOIO MarepHuaja W IPHIOKEHHOH HOpMallbHON
Harpy3ku. [lokazaHo, 4TO B 3TOM Cily4ae UTHOPHPOBAHHE IPaJUEHTa TBEPAOCTH MPH OIICHKE
pecypca y3ia TpeHHUs NPUBOJAUT K ele 0ojiee CyIIECTBEHHON MOTPEIIHOCTH, YeM B Cllydae
JUHEWHON 3aBUCHUMOCTH WHTEHCHUBHOCTHU WM3HAIIMBAHHUA OT TBEpAOCTH. B 3aBHcMMOCTH OT
COOTHOILLEHUS TBEPAOCTEN MOKPHITUS U MOJUI0KKH OLIEHKA pecypca y3Jia TPeHUs 0Ka3blBaeTCs
an00 3aBBIICHHOW, NUOO 3aHW)KEHHOH, 4YTO HETaTHBHO BIMSIET HA HAJCKHOCTh U
3 PEeKTUBHOCTh 000pyI0BaHMS. B mIepBOM citydae BO3pacTaeT BEPOSTHOCTh BOZHUKHOBEHUS
0TKa3a, BO BTOPOM Cllydae 4acTb pecypca OCTaeTcs HEeHCIOIb30BaHHOIM.
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BBEJAEHUE

W3BectHO, uto Oomee 80 % OTKAa30B COBPEMEHHBIX TEXHHYECKHUX YCTPOWCTB
00yCJIOBJIEHbl M3HOCOM JEeTajel, MOATOMY €lle Ha CTaJuu MPOEKTUPOBAHHUS HEOOXOIUMO
IPOrHO3MPOBAaTh TEXHUUECKUH pecypc y3ioB TpeHus [1]. B mporecce skcrmyaTaiuu MOXET
BO3HUKHYTh HEOOXOJUMOCTb YTOUHHUTH NEPBOHAYAIbHBIA MPOTHO3 U OLIEHUTh OCTATOYHBIN
pecypc y3ia. B mo0om ciiydae KpUTEpUEM IPENEIbHOIO COCTOSIHUS y3i1a TPEHUs SIBJIAETCS
IPENENbHO NOMYCTUMBIN n3HOC [1]. [l olleHKH pecypca U3Aenus 10 KPUTEPUIO IPEAEIbHO
JOMyCTUMOTO ~ M3HOCA  HEOOXOJMMO  HCIIONB30BaTh  AHATUTHYECKHE  3aBHCHUMOCTH,
BBIP@KAIOLINE BEJIUYMHBl JIMHEHHOT0, 0OBEMHOI0 MM MacCOBOIO HM3HOCAa KakK (YHKIMU
BPEMEHM WUJIU IyTH TpeHus. Kpome Toro, 3T 3aBUCUMOCTHU JOJDKHBI COJAEPKATh HapaMeTpbl
(pPUKLHMOHHOTO COEAMHEHUs, BIUSIOUINE HAa BEJIMYMHY M3HOCA: HOPMAJIBHYIO HArpy3Ky WIH
JIaBJICHUE, MPOYHOCTHBIE XAPAKTEPUCTUKU MATEpUAIOB TPYILUXCS JeTalel, IapaMeTpbl
OKpY>Karollen cpelbl U T.II.

OpHOM W3 3aBUCUMOCTEH, ONMCHIBAIOLIMX JWHAMUKY IIpollecca H3HAIIMBaHUS,
ABIISIETCS U3BECTHOE ypaBHEeHHE Apuapia (i XonsMa — Apuapaa) [2—6]:

= —. (1)
rae V' — o0beM u3HOIIeHHOTO Marepuana; K — kod¢p¢uimeHT u3Hoca; N — HOpMayibHasl
Harpyska; H — TBepIocTh (MUKPOTBEPIOCTH) O0JIee MATKOrO MaTepHasia napbl TpeHHUsT; L — Iy Th
TPEHHUSL.

B ypaBuenun (1) TBepAOCTh OOBIYHO CUMTACTCS BEIMYMHOW TMOCTOSHHOW, T.€. HE
3aBHCSAIICH OT IyTH TPSHUS. MEXIy TEM B y3JlaX TPCHHUS OUEHb YaCTO UCIOJIBb3YIOTCS JCTaIH
C TIEPEMCHHOW 10 TIYOMHE TBEPIOCTHIO, T.. (PAaKTUYECKU TBEPIOCTh SBJSCTCA (DyHKIMEH
NYTH TPEHUS. DTO OOCTOSATEIBCTBO HEOOXOIUMO YUYHTHIBATh MIPU PACUYETE BEIUYUHBI U3HOCA
U B KOHEYHOM CYETE TPH OIIEHKE pecypca y3Jia TPEHHSL.

B craree [7] mpemiokeHa aHAIMTUYECKAsh 3aBUCHUMOCTH Ui IPOTHO3MPOBAHUS
pecypca (pPUKIMOHHOTO COCIUHEHHS JETaje C TPaJUEHTOM TBEPJOCTH IO TJIyOMHE IO
KPUTEPHIO TIPEACIbHO TOMycTUMOro u3Hoca. [Ipu 3Tom, kak u B ypaBHeHuu (1), BenndyuHa
U3HOCA CUMTACTCS MPSIMO TPOMOPLUUOHATIBHON HOpPManbHON Harpy3ke N U 00paTHO
NPOTIOPIIMOHATILHON TBEPIOCTU MaTepuaia H, 4To sSBISETCS HEKOTOPHIM JOMYIIICHUEM.

Llenpro HacTOsIICH paboOTHI sABiIsieTcss 00o0OIeHne ypaBHeHus (1) Ha ciaydait Gonee
CJIO)KHOM HETMHEHHOW 3aBUCUMOCTH BEJMYMHBI U3HOCA OT YKa3aHHBIX mapamerpoB (N u H)
NIPY TIEPEMEHHOM TBEPIOCTH MaTepUaia U3HAIIMBAEMbBIX JIETAJICH 110 TITyOnHE.

TEOPETHUYECKHUE NPEAITIOCBIJIIKA

[Ipsimasi TPOMIOPIIMOHAIEHOCTh MHTCHCHBHOCTH M3HAIIMBAHUS BEIMYMHE HOPMATHHOU
Harpy3ku W oOpaTHas TPOMOPIHUOHAIBLHOCTh TBEPJOCTH Marepuaia (WM aHaJOTHYHON
MPOYHOCTHOM XapaKTEPUCTUKE) MOATBEPKIACTCS MHOTMMH 3KCIIEPUMEHTAIBHBIMHU HCCIIEH0-
BaHusMU. OJHAKO TaK)Ke HEMajoe YHCIIO JKCICPUMEHTAIBHBIX pa0OT CBHJIETEIBCTBYET O
0oJiee CII0KHOM (Yallle BCErO CTETIEHHOM) XapaKTepe B3aUMMO3aBHCUMOCTH YKa3aHHBIX BBIIIIE
napameTpoB. s ananutrueckoro onucanus 3tux 3aBucumocteit FO.H. [Ipo3aoB npeninoxumn
BBIp@XaTh HMX C IOMOINBIO Oe3pa3MepHBIX KOMIUIeKcoB (kputepuen) [8]. B cmyuae
npeodsiajaHisl MEXaHWYECKOro pa3pyIleHHS TOBEPXHOCTEH TPEHUS HWHTCHCHUBHOCTH
W3HAITUBAHUS OIPEICIIsIeTCS] HA0OPOM KPUTEPHEB, T.C.
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= (0,9, 9,9,), )
rac I, — nuHelHasT HMHTEHCHUBHOCTH HW3HallIMBaHUA, D, — KOMILJICKC, XapaKTepI/I:BYI'OIHI/Iﬁ

HaIIpsAKCHHOC COCTOSAHHUC KOHTAKTa, Doy — KOMILJICKC, XapaKTepI/ISyIOH_[Hﬁ TOJIINHUHY
CMAa304YHOI0 CJIOA B KOHTAKTC, CDy — KOMIIJICKC, XapaKTepI/ISyIOH_[Hﬁ YCTAJIOCTHYKO IPOYHOCTD
MaTCepruaJIOB  TPYHIUXCA L[eTaneﬁ; o, - KOMILJICKC, XapaKTepI/ISyIOH_[Hﬁ BIIMSAHUC

HIEpOXOBATOCTH Ha U3HAILIMBAHUE.
Haunbonee BaxHBIM npy 1r000M XapakTepe M3HAIUMBAHUSA SABJIACTCS Kpurepuid @, =

/ ,wm @,= / , rne p, — HOMHHAIbHOE HaBicHUE, [ — KOI(DUIUMEHT TpEeHHUS.

Hcnonp3ys yka3aHHBIM KPUTEPHA U 00BEANHSAS MEHEE 3HAYUMbIE KPUTEPUHU B KOOPPHUIIUEHT
U3HalmmMBaHus K, noiay4yaem ypaBHeHue, aHasornyHoe (1):

- ()
= (o) (3)

rae 7 — NUHEHHBIM W3HOC (TOJIIMHA M3HOIIEHHOTO CJIOs); M — SMIIMPUYECKHUI MOoKa3aTelb
CTEIEHHU.

TBepmocTp Marepuwana TpYIIHMXCS JAeTaneld mpearnosaraercss (QyHKIUer TIyOHHbBI
BHE/IPEHUs MHJCHTOPA, KOTOpas MPAaKTUUYECKU COBMAJACT C BEJIWYMHOMN JIMHEHHOro HM3HOCA,
MIOJIy4YE€HHOTI'0 B IIPOLIECCE M3HAIIMBAaHMS MaTeprasia. B rereporeHHoM matepuane (Harpumep,
MOKPBITUU HA TOJUIOKKE) MPUYMHA 3aBUCUMOCTH TBEPAOCTU OT TiyOuHBI H(/) oueBuana. B
TOMOTE€HHOM MaTepualieé NpUYMHA €€ MOXXET OBbIThb B H3MEHEHHM CTPYKTYpbI, Pa3MepoB
KPUCTAINIMYECKUX 3€PEH U T.I1.

B crartbe [9] mpennoxkena 3aBucuMocts H(/) cienyroero Buja:

()= npnm < 9,
O= +2( = 2= = ) mm >

rne h — KOOpAWHATa, HANpaBleHHAas OT IOBEPXHOCTH B TiyOb Marepuana (riryOuHa);
Hywn Hy — TBepIOCTH MOKPBITUS U MOJIOKKHA COOTBETCTBEHHO; O — TOJNIIMHA NOKphITUs; C —
SMITUPUYECKUHA KOIPDHUITUCHT.

3aBUCUMOCTh (4) MONy4eHa Ha OCHOBE HHEPreTHUECKOI0 METOJa OLEHKU YCHJIUS
BHEJPEHUSA HHICHTOpa B IUJIACTMYECKUN MaTepuaj, 4TO OTIMYaeT €€ OT AaHaJIOTUYHBIX
3aBUCHUMOCTEH, MOTYYSHHBIX MPOCTOMN ammpoKCUMAINE pe3ylbTaToB U3MEPEHHs TBEPIOCTH
Ha MONEPEYHOM HIIM KOCOM MHUIH(E HeTalu C MOKPHITHEM Ha Pa3HBIX PACCTOSHUAX OT
MOBEpXHOCTU. Bce BemMYMHBI B MNPEAJIOKEHHON 3aBUCMMOCTH HMMEIOT KOHKPETHBIN
¢usnueckuil cmbica, B ToM uuciie kodpounueHt C. OH paBeH KPUTHUYECKOMY 3HAUYEHUIO
OTHONICHUS TJIYOMHBI BHEIPEHHS HWHACHTOPA K TOJIIMHE TMOKPBITHS, MPU KOTOPOM Ha
pe3ynbTaTe HM3MEPEHHUs TBEPAOCTH HAYMHACT  CKa3bIBaThCsl  BIMSHHUE  TOJAJIOMKKH.
Teopernueckuii aHanu3 U 0000IIEHNE SKCIEPUMEHTAIBHBIX Pe3yIbTaTOB MOKA3bIBAIOT, YTO
HanOoJiee BEpOATHBIN Tuana3oH 3HadeHui kodddunuenta C 0,25...0,3.

Benuuuna H — TBep0CTh MHASHTUPOBAHUS, U3MEPEHHAs IIPU HArpy3Ke HA UHACHTOD,
HAIPaBIEHHOW MO HOPMAaJU K MTOBEPXHOCTU TpeHHsl. B mpoiiecce abpasuBHOroO M3HAIIMBAHUS
OT BENUYMHBI H 3aBUCUT TiayOuHa ciiefja aOpa3suBHOM YaCTHUIBl MPH MUKPOPE3aHHH WU
IUIACTUYECKOM OTTECHeHMU MaTepuaia. [Ipu aare3noHHOM M3HAIIMBAHUU TBEPIOCTH BIUSET
HA pasMep IUIOMAAKA (HaKTUYECKOTO KOHTAKTa HEPOBHOCTEH IIEPOXOBATOCTH W,
COOTBETCTBEHHO, Ha 00BeM 0oOpa3oBaBIICHCS YACTUIBI W3HOCA IPU pa3pyLICHUH 3TOTO
KoHTakTa. [Ipym M3MepeHuu TBEPAOCTH WHACHTUPOBAHMS WHICHTOP (DAKTHUUECKH SIBISETCS
MO/JIeJIbI0 a0pa3MBHOIO 3epHA WM €AMHIUYHON HEPOBHOCTHU HIEPOXOBATOCTH, €T0 BHEAPEHUE B

nJIn

(4)
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AQHW30TPOIHBIA MM TETEPOTeHHBIH MaTephal MOJO00HO KOHTAKTHPOBAaHUI aOpa3uBHOTO
3epHa WIH JIMHUYHON HEPOBHOCTH.

[IpuBenennpie Ha puc. 1 mpumepsl omucaHus 3aBucumoctu H(h) BwIpaxkeHueMm (4)
HOJTBEPIKIIAIOT XOPOIIee COOTBETCTBUE TEOPETHUYECKOW 3aBUCHMOCTH XapaKTepy JKCIEepH-
MEHTAJIbHBIX JIAHHBIX.

H, MIIa H, MIla
6 000- 1 400
5500+ 1300
50001 1200
4 5001 11007
4 0001 10004
900 .
3 500- 200 PN
3 000- 700 - g
2 500 600
20+———m—m———————1—— 500 +—r——rr—rrr T
0 1 2 e 0 1 2 3 his
(a) (6)

Puc. 1. 3aBUCHMOCTH TBEPAOCTH OT OTHOCHUTEIIBHOW BETMYMHBI BHEIPEHUS HHIICHTOPA
111 IOBEepXHOCTEH ¢ mokpeiTueM: mokpeiTie NiPdRe Ha natynu (a); mokpeitue NiP Ha menu (0)

IIpu h < CO TBepmocth mocrostaHa: H = Hy Torma mpu TOCTOSHHOW CKOPOCTH
W3HAIIMBaHUs U3 ypaBHeHUs (3) umeeM

Win B 0e3pa3MepHOM BUJE

ITpu h = Cd nyts Tpenus L = Lo. C 3T0ro MOMEHTa Ha BEJIMYUHY TBEPJIOCTU HAUYMHAET
BJIMSATH TIOJUIOKKA. BBegeM Oe3pa3MepHbIil yTh TpEeHUs

A= |—] - <.
OueBugHo, uTo Ao = C.
[Tpu h > C3 asnst >1EMEHTApHOTO y4acTKa IyTH TPEHUsS dL MOYKHO 3amucarh

[ (I = :
rae H(h) onpenensieTcst 3aBUCUMOCTBIO (4).
BBens HOByl mepeMeHHYI0 z = h/0, TPOUHTErpUpyeM 00€ YacTH MOJIYYEHHOIO

BBIPpAXKCHUSA:
O= 0= (- (9= -

rae F(z) — npaBas yacTb ypaBHeHUs (4).
Y4YuThIBas, YTO MHTETPAI B JICBOM YacTH J(z) ecTh QYHKIUS BEPXHETO Mpejena U 4To
Ao = C, momyuaemM

)+ = )
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B oOmem ciydae wuHTerpan J(z) MokeT OBITh HaWIEH TOJBKO 4YHCIeHHO. [lpu
[EIOYMCIICHHBIX 3HAYCHHSIX TTOKA3aTes CTCIICHU 71 WHTETPAJI BRIPAXKACTCS aHATUTUICCKH, HO
MOJTyYEHHBIC BHIPAXKEHUS TPOMO3/IKH, TO3TOMY B HACTOSAIICH CTaThe HE MPUBOAATCA.

VpaBuenue (5) cBs3piBaeT 0Oe3pa3MEpHYIO BEJIWYMHY JIMHEHHOTO H3HOCA Z C
0e3pa3MEpHONl BENMYMHOM TMYyTH TPEHUS A, T.€. OHO MOXKET HCIIOJIb30BaTbCA IS
MIPOTHO3MPOBAHUS pecypca (PPUKIIMOHHOTO y3Jia B BUIAC MAKCUMAIBHOTO IYTH TPEHUS II0
KPUTEPUI0O MAaKCHUMAaJbHO JOMYCTUMOTO HM3HOCAa. B 3TO ypaBHEHHE B KadecTBe MapamMeTpoB
BXOIAT K03pdunuent C, moKa3aTellb CTEIICHU /7 U COOTHOIICHHE TBepaocten y = HiH,. x
BJIMSTHUE HA 3aBUCUMOCTD BEJIMYMHBI JIMHEHHOTO M3HOCA OT MYTHU TPEHUS MPOAHATU3UPOBAHO
HUKE.

OBCYXIEHMUE PE3YJBTATOB

Bnusaue napamerpa ) Ha 3aBUCHMMOCTb OTHOCHTEIBHOM BEJIMYMHBI H3HOCA OT
OTHOCHTEIIFHOTO MYTH TPeHHs MokazaHo Ha puc. 2. IIpu 4/d = C CKOpPOCTh M3HALIMBAHUS
MeHsieTcsi: Ipu OoJiee MATKOM NoJuI0KKe (KpuBble 1 U 2) OHa yBesqn4MuBaeTcsi, 6osiee TBEpAon
(xpuBast 3) — ymensbliaercs. Korjga BenumyuHa JMHEWHOIO HM3HOCA JOCTUTHET TOJIIIMHBI
HOKPBITHUS, MTOTPEIIHOCTh B OLIEHKE BEJIMYMHBI IyTH TPEHUs, KOTOpas BO3HUKHET, €CIU HE
YUUTHIBaTh BIUSHUE MOMAJIOXKKH, cocTaBUT 27 % npu y = 1,5; 42 % npu y = 2; 52 % npu
x = 0,5. Ilpu 3Tom ecau y > 1 (mO[I0KKa MArde MOKPBITUS), TO pecypc (MpenenbHbIi MyTh
TpeHwusI) epeorieHeH, mpu y < 1 pecypc HemooneHeH. Tak, ipu x = 0,5 u A/6 = 1 peanbHbII
pecypc B 2 pa3za IPEeBBIIIAET €ro )K€ OLIEHKY Ui TOMOT€HHOI'0 MaTepuaia.

/o
2,0 -
1.8 -
1.6 -
14 -
1.2
1.0 1
0.8 -
0.6 -
0.4 1
0.2 1
0,0 44 . . . -
0.0 0.5 1.0 1.5 2,0 A

Puc. 2. Bnusinue napamerpa y Ha 3aBUCMMOCTb OTHOCUTEJILHOTO U3HOCA
oT 6e3pa3MepHOro MyTu TpeHus pu m = 3: nunus 1 —y = 2; nunusa 2 — = 1,5;
muans 3 — y = 0,5; mynktup — = 1 (romorenHsiii Mmarepuan); kodpoumuent C = 0,25

Bnusinue mnokasarens creneHu m B ypaBHEHUU (3) Ha 3aBUCHUMOCTh OTHOCHUTEIbHOU
BEJIMYMHBI U3HOCA OT OTHOCHUTENIBHOTO IyTH TPEHMs MOKa3zaHO Ha puc. 3. KauecTBeHHO 3TO
BJIMSHUE BIIOJIHE NPEJICKAa3yeMO: C POCTOM BEIMYMHBI I1OKA3aTessl CTENEHU m BIUSHUE
HEOJHOPOAHOCTH MaTrepuana ycuiuBaeTcs. KoiauuecTBeHHbIE OLEHKH CIEyIoLue: Ipu
OTHOCHTEIIEHOW BEIMYMHE M3HOCA //0 = 1 MOrpemHocTs B OLIEHKE BEIMYUHBI IIYTH TPEHHUS,
CBS3aHHAs C UTHOPUPOBAHUEM BIIMSIHUS MOJUIOKKH, cocTaBisaeT 27 % nipu m = 2 u 42 % npu
m =3 (B 000ux ciryqasx y = 2).
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hld
2,0 1
1.8 4
1.6 4
1.4
1.2 4
1,0 1
0.8 4
0.6 4
0.4 4
0.2 4
0.0

0.0 0.5 1,0 15 A

Puc. 3. BausHue napamerpa m Ha 3aBUCUMOCTb OTHOCUTENILHOTO U3HOCA
oT 0e3pa3MEePHOro IMyTH TPEHUS: CIUIOIIHBIC IMHUM — T€TEPOTeHHBIN MaTepHral
(1-m=3,y=2;2—m=2,y=2); IyHKTUP — TOMOT€HHbII MaTepHa
B—yx=14-H=H,m=3;5-H=H;,m=2)

Eme Gosiee 3HAYUTENBHBIC MOTPEIIHOCTH B pacdeTe MaKCHMAaJIbHOTO MYTH TPEHUS
BO3HUKAIOT, €CJIM MPHU OLIEHKE pecypca HCIOJIb30BaTh B KAYECTBE TBEPJAOCTU MOCTOSHHYIO
BEJIMYMHY, PAaBHYIO TBEPAOCTH MOUTOKKH H,. OTieHKa pecypca PpUKIIMOHHOTO COSIUHEHISI B
3TOM CIIy4yae OKa3bIBAECTCSI CUJIBHO 3aHMKEHHOM: B 5,6 paza npu m =3 u B 3,1 pazanpum =2
st A/ =1 uy =2 (cm. puc. 3).

3AK/IIOYEHUE

Hecmotps Ha TO, YTO aHANUTUYECKUE 3aBUCHUMOCTH, aHAJOTHYHbIE 3aBUCUMOCTH (5),
HE MOTYT IpPETEeH/0BaTh Ha BBICOKYI0 TOYHOCTh IMPOTHO3UPOBAHMSA HM3HOCA (PUKIIMOHHBIX
COCIMHEHUM BBUY CIYy4YalHOI'O XapakTepa Mpolecca U3HAUIMBAHUSA, UX IPUMEHEHHE B PAE
CllyyaeB MOXKET ObITh moJe3HbIM. OHM MOIYT HCHOJb30BAaThCS, Hampumep, s
NPOTHO3UPOBAHUS IOBBIIICHUS W3HOCOCTOMKOCTH  ()PUKIMOHHOTO COCAMHEHUS NpHU
IIPUMEHEHNN HOBBIX MAaTEpUaJIOB U MOKPBITUH, a TaK)Ke JJIs IPOTHO3UPOBAHUs pecypca y3ia
TPEHUs Ha CTaJAUM NPOEKTHUPOBAHHUs, KOIJa COOTBETCTBYIOIIHME CTATUCTHYECKHUE JIaHHBIC
OTCYTCTBYIOT WJIM UX 00BEM HETOCTATOYEH.

ITockonpKy M1 NOBBIMIEHHUS] W3HOCOCTOMKOCTU TPYIIMXCA JETAJIEW OYEHb LIUPOKO
UCTIOJIB3YIOTCSl PA3IMYHOrO poJa MOKPBITHS pabodMX MOBEPXHOCTEH, UCHOIb3yeMble IS
IIPOTHO3UPOBAHUSI pPECypca AHAIUTHYECKHE 3aBHCUMOCTH JIOJDKHBI YYHUTHIBATH HEOJHO-
POJHOCTh MEXAaHUYECKHUX CBOMCTB MaTepHalOB KOMIIOHEHTOB (DPUKIIMOHHOM MapBhl.

[IpennoxxenHas B  JgaHHOW paboTe MeETOAWKA MPOTHO3HPOBAHHUS — pecypca
(PUKLHMOHHOTO COEIMHEHHs MO0 KPUTEPHUIO MNpeAeiabHO AONYCTUMOIrO H3HOca 00o0O0maer
IpeJJI0KEHHbIE HAMU paHEe aHAJOTUYHbIE pacyeTHbIE MeTOAUKH [7, 10].

AHanu3 TNOJY4YEHHBIX PE3YyJbTaTOB  IOATBEPKIACT CYLIECTBEHHOE  BIIMSHHE
COOTHOUIEHUS TBEPAOCTEN NOKPBITHS U OCHOBHOI'O MaTepHasia TPYILIUXCs ACTAIEH HAa OLICHKY
pecypca y3n0B TpeHud. lIpemiokeHHas METOIMKA TaKOM OLICHKH, MOMHMO HENOCpen-
CTBEHHOH 1M, MOKET HCIIOJIb30BaThCS MPU 00PabdOTKE AKCHEPUMEHTAIBHBIX TaHHBIX IO
orpeeneHuto ko uirenTa n3noca K — OCHOBHOM XapaKTEepUCTUKH U3HOCOCTOMKOCTH TOH
WJIM UHOW ITapbl TPEHUS.-
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ON THE METHODOLOGY
OF A FRICTION CONNECTION RESOURCE EVALUATION
FOR COATED PARTS BY LIMITING WEAR CRITERION

V.V.IZMAILOV, Dr. Sc., L.E. AFANASIEVA, Cand. Sc.,
M.V. NOVOSELOVA, Cand. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: iz2v2@mail.ru

Analytical dependencies are proposed to predict the wear of coated parts, the hardness
of which differs from the hardness of the base material. To describe the dependence of the
material hardness on the distance to the friction surface, a formula was used that was obtained
using the energy method for estimating the force of indenter penetration into a plastic material.
The calculation of the resource of the friction unit according to the wear criterion is based on
the J. Archard equation known in tribology, generalized to the case of a nonlinear (power-law)
dependence of the wear rate on the hardness of the wear material and the applied normal load.
It is shown that in this case, ignoring the hardness gradient when estimating the resource of a
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friction unit leads to an even more significant error than in the case of a linear dependence of

the wear rate on hardness. Depending on the ratio of the hardness of the coating and the

substrate, the resource of the friction unit is either overestimated or underestimated, which

negatively affects the reliability and efficiency of the equipment. In the first case, the

probability of a failure increases, in the second, part of the resource remains unused.
Keywords: friction, wear, coating, hardness, resource, prediction.
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MATEPUAJIOBEJIEHUE

V]IK 620.19

KOHTPOJIb HAMATI'HUYEHHOCTHA
MMPOMBIIIVIEHHBIX IOCTOSAHHBIX MAT'HUTOB
JJIA MATHUTOCHUJIOBBIX MEXAHUYECKUX CUCTEM

A.H. BOJIOTOB, g-p texs. Hayk, O.0. HOBUKOBA, kanz. TexH. HayK

TBepckoii rocyJapCTBEHHBIN TEXHUYECKUI YHUBEPCUTET
170026, Teepsb, Ha6. Ad. Hukutuna, 22, e-mail: alnikbltov@rambler.ru

© bonoros A.H., HoBukosa O.0., 2023

[Ipennoxkena MeToAMKa KOHTPOJIS OJHOPOAHOCTH HAMArHUYEHHOCTH MarHUTOB,
OCHOBaHHAasi Ha DJKCIIEPUMEHTAILHOM OINPEACICHUN HANPSHKEHHOCTH MArHUTHOIO I1OJIS
Ha TIOJISIPHOM  TOBEPXHOCTH  MarHurta pasnuyHod  ¢opmbel. [Ipm  OTKIOHEHHH
9KCIIEPUMEHTAIIBHOTO 3HAYEHUs MAarHUTHOTO IO OT PACYETHOrO, OINPEACIEHHOrO I10
XapakTepUCTUKaM, yKa3zaHHbIM B cooTBeTcTByOIIeM ['OCTe, 6onee yem Ha 10 % marHutsl
Opakytorca. J{is  BBINOJHEHUS pacyeToB MarHUTOCWIOBBIX CBOMCTB ~ MEXaHH3MOB
IIPEJIaracTCsl  MCIHOJIB30BaTh  JIKCIIEPUMEHTAJIBHO OIpPEICIICHHOE CPEIHEEe 3HA4YCHUE
HaMarHu4eHHocTH. Teoperudeckue GoOpMynbl s ONpEeNIeHUs] MarHUTHOTO — IOJIs
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MPU3MATUYCCKHUX, TUINMHAPUYCCKHUX W KOJBLCBBIX MArHUTOB MOJYYCHBI C HMCIIOJIBb30BAHUCM
METOJa SKBHUBAJICHTHOI'O COJICHOUIA.

Knrouesvie cnosa: TNOCTOSHHBIC MAariuTbl, BBICOKOKOOPHOUTUBHLIC MAIrHUTHBIC
MaTcpHralibl, HAMArHn4€HHOCTb, MarHUTHAasA CUJid, MArHUTHBIC MCXaHU3MBI.

DOI: 10.46573/2658-5030-2023-3-40-46

BBEJIEHUE

AKTHBHOE TPOW3BOACTBO MEXaHM3MOB C MAarHMTHOW CBS3BIO (My(T, pEayKTOPOB,
MOJUIUITHUKOB, TPYKUH (PUKCUPYIOLIUX YCTPONCTB) HAYaJOCh TMOCJIE CO3/aHUS B KOHIIE
IPOLUIOr0 BEKa MAarHUTOB HAa OCHOBE PEIKO3E€MENbHBIX 3JIeMEHTOB [1-7], KoTopble
XapaKTepU3yIOTCS B TMEPBYI0 Ouepelb BBICOKOM OCTATOYHOM HAMArHUYEHHOCTHIO U
KOJPLUTUBHON CUIIOH.

Pa3znensior qBa kiacca peko3eMeIbHbIX MarHUTOB [5, §8]: Ha OCHOBE CIUIaBa camapus
u kobanpTa (Sm-Co) 1 Ha OCHOBE CIUIaBa, COACPXKAIIETO HeouM, xkene3o u 6op (Nd-Fe-B).
Maruautel nepBod rpynmnbel  (Sm-Co) wumeroT ocrarounyro wusHayknuioo 0,7...0,95 Tu,
TEMIEepaTypHblii K0d3()(UIIMEHT OoOpaTHMbBIX HM3MEHEHHH OCTaTOYHOH HAMarHHYEeHHOCTH
0,035...0,045 %/°C u aumama3oH u3MeHeHusi pabouux temneparyp ot —70 go 300 °C.
Ocrarounas uaaykuus MarautoB Nd-Fe-B BTopoii rpynms! cymectBenHo Bbiie: 1...1,35 T,
OJIHaKO TemmepaTypHbii kodpduiuent y uHux Oompme — 0,07...0,13 %/°C, a nuanazon
pabouux temmeparyp menee mupokuid — 60...180 °C. Marautel Nd-Fe-B Gonee aemieBsi, HO
UMEIOT HU3KYI) KOPPO3UOHHYIO CTOHMKOCTh U, Kak MpaBWio, TpeOyrT HaHECCHHs
CHEUHANBbHBIX 3alIUTHBIX TMOKPBITHA. OTMETUM, 4TO (EpPUTOBBIE MAarHUTHI, HWMEBIIHE
HIMPOKOE PACIPOCTPAHEHUE JI0 TMOSIBICHUS MAarHUTOB PEIKO3EMENbHBIX, XapaKTepPU3YIOTCS
ocrarouHoi uHIykuei ve 6onee 0,4 Tin u TemneparypubiM kodddummentom 0,2 %/°C.

MarautoctaTuyeckasi cuiia B3aUMOJCHCTBUS HICAIBbHBIX MAarHUTOB 3aBHCHT OT
HAaMarHWYeHHOCTU BO BTOPOHl CTENEHHW, IMO3TOMY CHJIa MEXJy MarHuTamMu W3 CIUjlaBa
Nd-Fe-B npumepno B 2 pa3a Bblilie, 4eM sl aHaJOTHYHBIX 110 pa3MepaM MarHUTOB U3 CILJIaBa
R-Co.

Jlnsa pacueta cuUil B3aUMOJEWUCTBUS MEXIY IOCTOSSHHBIMH MAarHUTamMu YA0OHO
UCII0JIb30BaTh METO/] SKBUBAJIEHTHOT'O cojieHouaa [6, 7]. DTOT METOJ MOKHO IPUMEHATH NIPU
pacueTe MarHUTHBIX IIOJIEH, CO3/JaBa€MbIX COBPEMEHHBIMU  BBICOKOKOIPIIUTHUBHBIMU
MarHuTaMyd Ha OCHOBE PEAKO3EMENIbHBIX 3JIeMEeHTOB. lIpeamnonaraercs, YTo TaKMEe MarHUTHI
UMEIOT OJHOPOJHYIO M aHHU30TPOIHYI0 HAMArHUYEHHOCTH, IOATOMY UX MOXHO MPEJICTaBUTh
B BHUJE COJICHOMJIOB C IIOCTOSHHOM IJIOTHOCTBIO TOKa B OOMOTKe coseHompa. OgHako
UCIIOJIb3yeMble Ha MPAKTUKE MArHUTHI OOBIYHO HE MMEIOT OJHOPOIHYI0 HAMarHUYEHHOCTH,
TaK 4YTO pacyeThl MAarHUTHBIX CHUJI OyIyT HE coBceM TouHble. Kpome Toro, mpu HarpeBaHUH
MarHuTOB  MPOUCXOJUT oOpaTuMoe U  HeoOpaTMMOe  yMEHbBIIEHHE  OCTAaTOYHOI
HaMarHWYeHHOCTH, KOTOPOE 3aBUCUT OT TEMIIEPATypbl, JOKAJIBLHOW CTPYKTYphl MAaT€pHaJIOB,
dbopMbI U pa3MepoB MarHUTOB. B pe3ynbraTe 3TUX HM3MEHEHUH MarHUTHI B OMpPEEICHHOMN
Mepe TEPSIOT OJAHOPOJHYI0 HaMarHMYEHHOCTb, YTO TOXKE CJIEAYET YYUTHIBATh IPHU pacuere
MarHUTHBIX MEXaHU3MOB.

HeonHopoaHasi HAMArHUYEHHOCTh HE TOJIBKO 3aTPYAHSIET TEOPETUUECKUE PACUEThI, HO
U MOXET MPHUBECTU K YXY/IICHUIO CBOMCTB MarHUTHBIX MexaHU3MoB. Hamu Obu10 Moka3aHo,
YTO, HECMOTPSI HA IPUMEHEHUE B MAarHUTHBIX [TOAIIMITHUKAX IOCTOSIHHBIX MarHUTOB C OCEBOI
cummeTpuei (hopMbl, BHEIIHEE MarHUTHOE MOJIEé HE COXPaHSeT OceByl cummerpuio. [Ipu
U3MEPEHUM TMOJsl MO COOCHBIM C MarHUTOM OKpPY)KHOCTSIM, JIEKAallMM Ha HEKOTOPOM
paccTOSSHUM OT €ro TMOBEPXHOCTH, HAONIONAIOTCA ClIydailHble OTKJIOHEHHS BEITUYHHBI
UHAYKIIMM T0JI1 OT CpEIHEro 3HadeHus. BennunHa HEOIHOPOAHOCTH MOJSI 3aBUCUT OT
MaTepuaia MarHuTOB U criocoba ero noiaydeHus. Hampumep, A5 UMIMHIPUYECKUX MarHUTOB
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u3 cmiaBa SmCos C O0CeBOM HAMarHWYEHHOCTHIO, TIOJIYYEHHBIX H30CTAaTUYECKUM
IPECCOBAHKMEM, HEOJHOPOIHOCTh TMOJs Ha paccrosHud 10% M OT IOBEPXHOCTH MarHuTa
coctaBiseT 2...2,5 %. J[ns MarHuToB, M3rOTOBJIEHHBIX METOJOM JIMHEHHOIO MpeccoBaHMs,
OJIHOPOJIHOCTh TIOJISI XYK€ U cocTaBisieT 3...5 %. [lelicTBue pa3MarHMYMBAIONIUX IOJEH
MOYKET yXy/IIaTh OJHOPOAHOCTb I10JI1 MarHUTA.

Bo Bpemst paboThl MarHUTHOTO TIOJIIMITHUKA HA KaXKIBIH M3 MAarHUTOB BO3CHCTBYET
CO CTOPOHBI CONPSKEHHBIX MarHUTOB IEPEMEHHOE MarHWTHOE I0Je, KOTOpOe MPHUBOAMUT K
TOMY, YTO Ha BPALIAIONIYIOCS YacTh IMOJALIMITHUKA ICHCTBYET AJIEKTPOMArHUTHBIA MOMEHT
TOPMOXEHHUS, O0YCIIOBIEHHBIH NUCCUNALMEl KMHETUYECKOM PHEprUu Ha BUXPEBBIE TOKU U
MarHuTHBIN THcTepe3nc. [loaToMy 1Sl MOBBIIMIEHWS TOYHOCTH pacueTa MarHUTHBIX CHII
MEXIY IOCTOSIHHBIMM MarHuTaMM W yBeauueHUs 3(PQPeKTHUBHOCTH (YHKIIMOHHUPOBAHUS
MarHUTHBIX ~ MEXaHM3MOB  HEOOXOAWMO  KOHTPOJHPOBATH  CTENEHb  OIHOPOJHOCTH
HaMarHM4eHHOCTH 10 00bEMY MarHUTOB.

Llenp paboThl 3akimOYagach B CO3/JaHUM IPOCTOW M JOCTATOYHO OOBEKTUBHON
METOAMKH KOHTPOJISI HAaMarHU4YE€HHOCTH IOCTOSIHHBIX MAarHUTOB U €€ OJHOPOJHOCTH IO
00BbeMy JUTSI OLICHKH BO3MOYKHOCTH ITPHUMEHEHHSI MArHUTOB B TEXHUYECKHUX YCTPOUCTBAX.

Mertoauka A KOHTPOJS CBOMCTB (OCTaTOYHOM HaMarHMYEHHOCTH, OAHOPOAHOCTHU
HAaMarHMYEHHOCTH) M OTOPAaKOBKM BBICOKOKOIPUUTHUBHBIX ITOCTOSHHBIX MAarHWTOB B BHJIE
napajjenenunena, WIMHApPa WIM KOJIbLA, KOTOpble M3rOoTOBJIEHBI M3 ciaBoB FexOs-Ba,
Nd-Fe-B, Sm-Co wu mnpouux, pacnpocTpaHseTcsl TOJbKO Ha MAarHuThl, KOTOpHIE
IPENOoiaraeTcsi MCIOIb30BaTh B MAarHUTOCWIIOBBIX YCTPOMCTBAax, HalpUMeEp cHCTeMax
MarHUTHOH pasrpy3Ku, My(QTax WU MOALIIUITHAKAX.

OBOCHOBAHUWE METOAUKHA

OCHOBHBIM TIOKa3aTelieM KadecTBa MAarHUTOCHJIOBBIX CHCTEM SBJISIETCS BeEJIMYMHA
MarHUTHOW CHWJIbI NPUTSDKEHUSI WM OTTAIKMBAHUSA, BO3HUKAIOLIECH MEXIY IMOCTOSHHBIMU
MarHuTamu, a TaKkKe IMOCTOSHHBIM MarHuTOM U SIPMOM M3 MarHUTOMATKOro Marepuaia. [[ns
COKpAILIEHUS 3aTPaT OTHOCUTEIBHO JIOPOrOr0 MArHUTOKECTKOIO MATEpHUAIa U YMEHBIICHUS
pa3MepoB MarHUTHOW CHCTEMbI BEITMYMHA CHUJIBI JOJDKHA ObITh MaKCUMAJIbHO BO3MOYKHOU B
pacyeTe Ha eaWHUIY OoObeMa MarHuTa. MarHuTHas cuja (JIJI1 MarHUTOB OTOBOPEHHBIX
MaTepuasioB) MPOMOPIHOHAIbHA KBaApaTy OCTATOYHOM HAMArHUYEHHOCTH J,, TOITOMY
MMEHHO OCTaTOYHas HAMarHMYEHHOCTh BBIOpaHa B KAa4€CTBE OCHOBHOI'O KOHTPOJHUPYEMOTO
rapamMmerpa.

B uneanbHOM cilydyae NMOCTOSSHHBIA MarHuT JOJKEH MUMETh OJHOPOJHYIO IO BCEMY
00beMy HaMarHM4eHHOCTh. OTHAKO MO TEXHOJIOTMYECKUM IMPUUYMHAM, a TaKXKE B PE3yJbTaTe
HEKAYECTBEHHOI0 HAMAarHMYMBAHUS MOCTOSIHHBIE MAarHUThl UMEKOT HEOJHOPOJIHYI) MarHuT-
HYIO CTPYKTYpYy, T.€. COJEp>KaT OOJacTH C pa3NUYHOW OCTATOYHOW HAMAarHUYEHHOCTHIO.
OrnpezenieHne CTENEHU OAHOPOAHOCTH HAMArHMYEHHOCTH TMpEeIaraeTcs MPOU3BOAMUTH IO
3HAYEHUSAM HANPSDKEHHOCTH MAarHUTHOIO IIOJIsSI, CO34aBAEMOIO MAarHUTOM B HECKOJIBKHMX
TOYKaX OKOJIO €ro IMOBEPXHOCTH. 3HAYEHUs BEJIMYMHBI TMOJIEW HE JODKHBI CYIIECTBEHHO
OTJINYAThCA OT COOTBETCTBYIOLMX 3HAYEHUM, MOJYUYCHHBIX JJIs1 OJHOPOJIHO HaMarHMYE€HHbIX
MAarHuTOB.

[Ione oOAHOPOAHOrO MarHUTa pPAacCYUTHIBAIOT TEOPETUYECKHU, T.€. HUCXOIAT U3
TOCTUPOBAHHOTO 3HAYCHHSI OCTATOYHOW HAMArHWYEHHOCTH W YYHUTHIBAIOT ero (opmy u
pasmepsl. Eciu BenmMunrHa M0JIsI KOHTPOJIUPYEMOIO MarHuTa He Takas, KaK y WJIeaJIbHOro, TO
€ro HaMarHMYE€HHOCTh HEb351 CYUTATh OJHOPOIHOM.
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[Tpu npou3BOJCTBE MAarHUTOB Pa3dpoc CBOMCTB MoXkeT aocturatb 10 % u Gonee [9].
[IpuHATO CUMTATH TEXHOJOTHYECKH PA3yMHBIM JIOIYCTHMOE OTKJIOHEHHE CBOWCTB MarHMUTOB
OT TOCTUPOBaHHBIX Ha 10 % B MEHBILIYI0 CTOPOHY U Ha JH000€ — B OOJIBIIYIO.

Ecnmu yunteiBaTh OmHMOKY H3MEpEHHs HAMarHUY€HHOCTH MAarHUTOB B IPOM3BOJI-
CTBEHHBIX YCJIOBUSIX, TO HAMAarHMYEHHOCTb IIOCTAaBJIIEMOrO C 3aBOJa MarHuTa MOXET
OTJINYATHCS OT HOMHUHAJIBHOW Ha BETUYUHY 110 15 %.

[IpuBenem mnpumep, MOKA3bIBAOLINI SKOHOMUYECKHE MOCIEACTBHS TEXHUYECKOTO
IPUMEHEHUS MarHUTOB C HAMarHU4E€HHOCTbI0, KoTopast Ha 10 % MeHble HopMUpOBaHHOI. B
[AaCCUBHBIX MArHUTHBIX HOJIIMIHUKAX HCIOJb3YIOTCS MAarHUThl M3  3aKPUTUYHBIX
MarHUTOXECTKUX MAaTepUAIOB, KOTOpBhIE pPabOTAIOT Ha OTTAJIKMBAHWE WU TPUTSDKEHHE.
MakcumanbHasi CHJIA g B3aUMOJIEHCTBUA (IIPU 3a30pe, CTPEMSIIEMCS K HYJII0) MEXIY
JBYMS WIMHAPUUECKUMHI MarHUTaMH ONTUMAJIbHBIX Pa3MEpOB BeIpaskaeTcs 1o opmyie

2
max =45 '10_5 0 2 5’ (1)
rac 0— MarauTHas 1I10CTOsIHHAasA, — OCTaTO4YHas1s HAMarHH4€HHOCTD, — O6’I)€M Mar”Hura.
OHTI/IMEL]'II)HI)IMI/I CUUTAJINCh MArHuThbl C TAKUMHU pasMepaMH, JUJIA KOTOpI)IX 3aJaHHas
cuJjia BBaHMOHeﬁCTBHH peaimn3yeTcda INIpu MHUHUMAJIBHOM 00BEME MAarHUTOKECTKOI'O
MaTepI/IaJ'Ia. PaC‘-IeTBI IIOKa3bIBAKOT, 4TO y OIITUMAJIBbHBIX MAarHUTOB COOTHOIIICHHC pa3M€pOB

-=119,tne - BBICOTA, — pagUyC MarHUTA.

W3 Beipakenus (1) i CHiibl B3aMMOJACHCTBHSI MMOTYYaeTCs, YTO MPH YMCHBIICHUU
HamargnueHHocTd Ha 10 % cuia B3aumopeircTBus cHrkaerca Ooiee ueM Ha 20 %. UToObI
KOMIICHCUPOBaTh ~yMEHBIIEHWE CHIIBI, Tpedyercs yBenuuuTh Ha 33 % oObem
MarHUTOXXECTKOI0 MaTepuana. B JeHEeKHOM BBIPOKEHHUU 5TO MPUBOAUT K YIEIHHOMY
YIOPOXKAHUIO MaTepuayia Uil M3TOTOBJICHUS MArHUTOCHIOBOW MPOIYKIMH Ha ~25 JOJUI/KT
(Ndz2Fe14B) u na ~30 gomr/kr (SmCos) [10].

COIJEPKAHUE METOAUKHA

B ocHoBe MeToaMKM JeaT aHAaJIUTUYECKUE PAcueTbl MAarHUTHOTO IOJSi MarHUTOB
paznuuHoil (OpMBI C OJHOPOAHOM HAMAarHMYEHHOCTHIO. Pacder mnpoBOIMIICS METOI0M
SKBUBAJICHTHOI'O COJICHOM/IA JUISl «MI€AJIbHBIX» MArHUTOB C OJHOPOAHOM HAMarHU4€HHOCTHIO.
YuutbiBass TreOMETPUI0 MAarHUTOB B BHUJE NPU3MBI, JUISl ONHCAHUS MArHUTHOTO I1OJIA
HCIIOJIB30BAIM JIEKAPTOBY CHUCTEMY KOOPJMHAT, HA4ajJ0 KOTOPOM HAXOJWUJIOCh B CEpPEeANHE
pebpa mMarauTa, BIOJIb KOTOPOW HANpaBlieH BEKTOpP HAMarHWYEeHHOCTH. Pa3mepbl MarHura
OBLIH MPUHSATHI CIEIYIOIIUMU: d, b — CTOPOHBI MOJSPHOI MOBEPXHOCTH; /1 — BHICOTA MAarHUTA.

AHaNOru4HbIM METOAOM B HUJIMHIPUYECKON CUCTEME KOOPAMHAT BBINOJIHSJICSA pacyeT
MarHUTHOTO TOJISI HWJIHHIPUYECKOTO MarHuTa ¢ pajilycoM » U BBICOTOM /1, HAMarHU4€HHOTO
BJ0Jb ocH. IlonsipHyto och z ynoOHO HampaBUTh BJAOJb OCH MarHuMTa, a Hayajlo OTcueTa
3a(MKCUPOBATH Ha €T0 MOBEPXHOCTH.

Ipusmamuueckue macnumol (pUCyHOK a). DUKCUPYIOTCS TPU TOYKH Ha IMOJSPHOMN
MOBEPXHOCTU MAarHUTa AJi ONPEJEICHUsI €r0 CBOMCTB: MEepBasi — B LIEHTPE OBEPXHOCTH; JIBE
JIpyrue — Ha MPSMOU, MPOXOIAIIEH MapauieibHO O00JIbIIOMY peOpy MarHuTa yepes3 IEeHTpP Ha
paccTosiHuU a/6 OT KpaeB MarHuTa, Tae a — JUIMHA OobIlel CTOPOHBI MarHuTa. MoryTt ObITh
B3STHl M JIFOOBIC JPYTH€ TOYKH, TOJIHKO HE HAa OJIM3KOM PACCTOSHUHM OT Kpaes, IIe €CTh
00JIbIIIast HEOAHOPOJHOCTh MarHUTHOTO Mouist. [Ipyrast mpuynHa BIOOpa yKa3aHHBIX TOYEK Ha
MOBEPXHOCTH MAarHuTa 3aKJII0YaeTcd B TOM, YTO B A3THUX TOYKAX MO TEXHOJOTMYECKUM
NpPUYUHAM MOKET HaOJIF0aThCsl OoJiee HU3KOE 3HAueHWE HamMarHwdeHHocTu. [lpu BBIOOpE
TOYEK HaONIOICHUs CJEeIyeT Y4YWUThIBaTh M pa3Mep AaKTHUBHOW 30HBI gaTdunka Xomna (y
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MUHHATIOPHBIX, HO JIOPOTOCTOSIINX JaTYMKOB XOJIIa pa3Mepbl aKTUBHOW 30HBI MOTYT OBITH
menee 0,1x0,1 Mm?).

PaccunTHIBAIOTCSA 3HAUEHUS HAMPSHKEHHOCTH MACHUTHOIO MOJIA B YKAa3aHHBIX TOYKAX
JUTSI «MJIeaTbHOT0» MarHuTa. J{7s meHTpaibHOi Touku 1 — 1mo ¢popmyiie

== | e o) @

JUTS KpailHUX To4ek 2, 3 — o ¢opmyre

(~)3 z
23 — 5 -
? (+) = 2t + 72 (4 2t (+ P2

(-3

+

2
+ —— T 3)
A (- )2+T+A2 A 2+T+A2
rjae — OCTarouyHas HamMarHu4eHHocTh (Oepercs u3 coorBercTByronmx ['OCToB);
A — paccTosHHE OT IIOBEpXHOCTH MarHuTa J0 npeoOpaszoBarenss Xoiwia (OOBIYHO

0,4...1,2 mm); x1 = a/6, x2 = 5a/6, y = b/2, z = A+h/2 — KoopIuHATA TOYKH, B KOTOPOH
u3MepseTcs moJe.

C nomomipio Tecimamerpa (rayccMerpa) HM3MEpseTCs HANpsHKEHHOCTh MAarHUTHOTO
MoJii B YKa3aHHBIX TOYKaX JJs KOHTPOJIMPYEMOTro MarHuta. MOXKHO HCHOJIb30BaTh
JOCTaTOYHO TOYHBIN TeciaameTp Mapku P4354/1, y kotoporo A = 0,4 mMm.

Lununopuueckue maenumol (pucyHoxk ©0). Jnd UWIMHAPUYECKUX MAarHUTOB
MPHUHITO JKCIEPUMEHTAIBHO ONPEISIsITh HANPSHKEHHOCTh MArHUTHOTO IIOJISI B JABYX
TOYKAaX, PACIOJIOKEHHBIX Ha PacCTOSHMM A OT LEHTpa TMOJSIPHBIX IOBEPXHOCTEH.
JUIs 9TUX K€ TOYEK pPACCUUTHIBACTCS MArHUTHOE Tojie H. «WIeaqbHOr0o» MAarHuTa II0

dbopmyne

:E[ A+ A ] 4)

v 2+@+ )2 242
Kak w B mnpempiaymieM ciydae, OCTaTOYHas HaMarHMYEHHOCTb Oepercs U3
cootBercrByroniero 'OCTa.

(2) (6)

PacyetHble cxeMbl IPU3MATUIECKOTO (a)
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U TWIMHAPUYECKOTo (0) MarHUTOB

Maenumsl 6 6ude koavya npamoyeonvHo2o cedenus. [lpuBeaennyio ¢opmyny (3)
MOKHO BIIOJIHC TPUMEHUTh W JUISl pacueTa MAarHWUTHOTO IOyl H, KOJNBIIEBOIO MAarHWTa.
KoJiblieBOl MarHuT B 3TOM Cilydae MPEJICTABISICTCS B BUJIC JBYX COJICHOMIIOB, BCTABJICHHBIX
OJIMH B JIPYroi, IO OOMOTKaM KOTOPBIX IMPOTEKAIOT TOKA AMIepa B IPOTHUBOMOIOKHBIX
HarpasieHusX. Torjga MarHUTHOE TOJIE B TOYKE z = A Ha OCH MarHuTa

= - )
rie , — BHEIIHWUW M BHYTPCHHUU PaJMyChl KOJIBIICBOI'O MarHUTA.

Ananusz pezynbmamos. CpaBHUBAIOTCS PACUETHBIC M JKCIICPUMEHTAIBHBIC 3HAYCHUS
HANPSDKEHHOCTH TIOJIS:

€CIIM pacxXo)K/IeHHEe 3HAUEHUH MOoJId B UACHTUYHBIX TOYKax He mpesbimaeTt 10 %, To
MarHuT CYUTACTCS OIHOPOJHO HAMATHUYCHHBIM M MOJXKET HCIOJIB30BAaThCS B MAarHUTO-
CHJIOBBIX CUCTEMaX;

eclii XOTsI OBl OJIHO JKCIICPUMCHTAIBLHOC 3HAYCHHE HAMPSHKCHHOCTH IIOJISI MCHBIIES
pacueTHoro 6osnee ueM Ha 10 %, TO MarHuT 0TOPaKOBBIBACTCSI.

JUis  mpomieAmux KOHTPOJIb MAarHUTOB PACCUYHMTHIBACTCS CpeAHEEe 3HAYCHUE
OCTAaTOYHON HamarHuueHHOCTH. Ompenenstorcss Tpu (MPU3MAaTHUYECKUE MArHWThI) WM JIBa
(UMTMHIPUYECKHE MArHWThI) 3HAYCHUS HAMarHWYeHHOCTH J, TO 3KCIEPHUMEHTAIbHBIM
BEJIMYMHAM MArHUTHOTO TIOJSi HAa OCHOBAHWH HCIIOJIB30BAHMS  BBIIICTIPUBEICHHBIX
dopmyn (2)—~(5). 3arem HaXxoAUTCS CpeHee 3HAYCHHE HAMArHUYEHHOCTH MarHuTa U IO
9TOMY 3HAYEHUIO PEKOMEHIYETCS MPOBOAWTH PACUEThl MArHUTHBIX CHUCTEM KOHKPETHBIX
MexaHu3MoB. OTOpakOBaHHBIE MAarHUTHI MOTYT HalTH MPUMEHEHHE B MEHEE OTBETCTBEHHBIX
MarHUTHBIX MEXaHHU3MaXx.

3AK/IIOYEHHUE

HpeZ[J'IO)KCHa npocras u Harjis aHas METOAMKa OLICHKU OOHOPOJHOCTH
HAaMarHM4YE€HHOCTHU MTOCTOSIHHBIX MAarHUTOB U3 3aKPUTHYECKUX MArHUTOXKECTKUX MaTEPHAJIOB.
MGTOZ[I/IKa OCHOBAaHa Ha JSKCICPHUMCHTAJIBHOM H3YYCHHUU TOHOFpa(i)I/II/I MAarHuTHOT'O IIOJIsA
IOCTOSSHHOTO ~ MarHuTa. HemomycTUMBIM — CcYMTaeTCsi OTKJIOHEHHWE HaMarHMYeHHOCTH
nocTosiHHOro Maruuta Ha 10 % B MEHbIIYI0 CTOPOHY OT 3HaueHus, ykazanHoro B 'OCTe Ha
MarHuTHBINA Marepuan. /i1 pacdeToB MarHUTHBIX MEXaHU3MOB IPEUIOKEHO HCIIOJIb30BATh
cpenHee 3HaYeHNE HAMarHUYEeHHOCTH, OIPEIENEHHOE ATl TPEX WM ABYX 00acTell MarHura.
B nmanHOM ciydae KayecTBO MarHHUTHOIO MeXaHH3Ma OyAeT JOCTHTHYTO HpPU MEHBIIEM
00beMe JOPOTOCTOSAIIET0 MArHUTHOT'O MaTepHaa.
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CONTROL OF THE MAGNETIZATION
OF INDUSTRIAL PERMANENT MAGNETS
FOR MAGNETIC-POWER MECHANICAL SYSTEMS

AN. BOLOTOV, Dr. Sc., 0.0. NOVIKOVA, Cand. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: alnikbltov@rambler.ru

A method for controlling the homogeneity of magnetization of magnets is proposed,
based on the experimental determination of the magnetic field strength on the polar surface of
a magnet of various shapes. If the experimental value of the magnetic field deviates from the
calculated value determined by the characteristics specified in the corresponding GOST, the
magnets are rejected by more than 10 %. To perform calculations of the magnetosilic
properties of mechanisms, it is proposed to use an experimentally determined average value
of magnetization. Theoretical formulas for determining the magnetic field of prismatic,
cylindrical and annular magnets are obtained using the equivalent solenoid method.

Keywords: permanent magnets, high-coercivity magnetic, magnetization, magnetic
force, magnetic mechanisms.
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VK 620.16
MOBBIIIEHUE TPEIMUHOCTONKOCTH KAPEOHATHOT O BETOHA

B.B. BEJIOB, n-p texn. nayk, T.P. BAPKASI, kanz. TexH. HayK,
[1.B. KVJISEB, kana. TexH. HayK

TBepcKko# rocy1apCTBEHHbIH TEXHUUSCKUI YHUBEPCUTET
170026, TBepsw, HaO. Ad. Hukuruna, 22, e-mail: vladim-bel@yandex.ru

© benos B.B., bapkas T.P., Kynses I1.B., 2023

B crathe paccMoTpeHa 3aBUCMMOCTh MEXaHUYECKOTO IMOBEIEHUS KapOOHATHOTO
0eToHa OT CKOPOCTH JiehopMaliii. Y CTaHOBJICHO, YTO B OCHOBE 3TOM 3aBUCUMOCTH JIEKaT JBa
pa3IUYHbIX (U3NYECKUX MEXaHM3Ma: IPOLECC pa3pyLICHUs, BIUSIOLIUI Ha CKOpPOCTh
o0pa3oBaHUs TPEIIMH, U BA3KOYHpyrue nedopManuu HEMOBPEKICHHOW (Hepa3pyIIeHHON)
HGMGHTHOfI ITacCTHhI. HOKa38,HO, 4TO IIPU QaAHAJIM3C Pa3JIMYHBIX AaCIICKTOB MCXaHHU3Ma
paspylieHusl clieyeT NPUHUMAaTh BO BHUMAaHHE TPEIIMHOOOpa3oBaHHE HJsi MPOCTHIX U
Kap6OHaTHI)IX OE€TOHOB U YUYUTBIBATH BJIUAHHUC CKOPOCTHU I[G(i)OpMaIII/II/I. BI)IHBJIGHO, qTO AJId
dbopMUpOBaHUS TONHON KapTHHBI pa3pylIeHUs STUX OETOHOB MeEXaHH3M OOpa30BaHUS
TPCIIMH JOJDKCH OBITh BKJIIOYEH B aHajIu3 Pa3JIMYHBIX AaCIICKTOB MOp(i)OJIOFI/II/I CeUeHUN
00pa310B U MPOSIBJIICHUS TPU3HAKOB POCTA TPEILIUH.

Kniouesvie cnosa: menko3epHUCTBIE KapOOHATHBIE OETOHBI, 1e()OPMATUBHBIE CBOMCTBA,
TPEIIMHOCTONKOCTD, BIUSHUE U3BECTHIKOBOTO MUKPOHATIOIHUTEIISA, XUMUYECKUE TO00aBKU.

DOI: 10.46573/2658-5030-2023-3-46-52
BBEJIEHUE

[ony4yenne »s¢ddekTuBHBIX MenKo3epHUCTHIX KapOoHaTtHeIXx OetoHOB (M3KB) c
yIyYIIEHHBIMUA (DU3UKO-MEXaHHUYECKUMHU W OKCIUTYyaTal[MOHHBIMH CBOWCTBAMHU CBSI3aHO C
HEOOXOIMMOCTBIO M3YUEHHUS MEXaHHYECKHUX CBOMCTB ITHX OETOHOB Ha PAa3HBIX YPOBHSIX
Bozzercteus [1, 2]. B M3Kb npucyrcTByeT Tak Ha3blBaeMas MaTpuUlid, COCTOALIAs U3
[IEMEHTHOTO PAacTBOpA, Pa3IMYHBIX JOOABOK U )KECTKOTO CKeJeTa u3 3anogHuTens. CHIKeHne
ypoBHsi nedopmanuii M3Kb cBomutTcs k peanusanuu mpoueccoB [3] BbIpaBHUBaHUS
TUpPATALNK 32 CYET 0oJiee paBHOMEPHOTO pacipeiesieHus yacTull nemenTa B oobeme M3Kb;
(U3UYECKOT0 BBHITECHEHHS] BOJbI M3 BO3AYIIHBIX U KAMWUIAPHBIX MHUKPOIOP M YaCTHUYHOTO
nepeBo/ia €€ B IejieByr0 00J1acTb.

[TpaBusibHBIE JO3UPOBAHKE, CTEIIEHb AUCIIEPCHOCTH U TEXHOJIOTHS BBEIEHUS 100aBOK
BeIyT K cHrkeHuto nedopmarnuit M3Kb, nenas nmociennue 6oee MpOYHBIMUA B CTOMKUMH K
arpeccUBHBIM cpeaam [4].

B craresax [5-7] npexncraBieHsl coBpemeHHble uccienoBaHus M3KBb ¢
MUHEPATbHBIMU J00aBKaMU M PACCMOTPEHO BIMSHHUE Pa3HOOOpa3HbIX (aKTOPOB HA €ro
¢u3nKo-MexaHuyeckue cBoiicTBa. JleopMaTHBHOCTh NpPU MOJI3YyYECTH SBJSETCS HE MEHeEe
BAYKHBIM [1apaMEeTPOM, OIpEeAeIAIONINM dKcIuTyaTaiuonHble xapakrepuctuku M3Kb [8]. Ha
OTH XapaKTEPUCTUKU BIHMSIOT M TaKue (aKTOPHI, KaK BOAOTBEPJOE OTHOIICHHUE, pa3Mmep
3aMoJIHUTENS, TOHKOCTh IIOMOJIa BSDKYILIEro, BIAXXHOCTh, BO3pacT OETOHAa K MOMEHTY
IPUJIOKEHUS HArPYy3KU U cama BeJIMYMHA Harpy3ku [9—-11].
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BnusHue TakuMx mapameTpoB, Kak CTPYKTypa, COCTaB O€TOHA, IPOLEHTHOE
CoJlepKaHue TUTACTU(DHUIMPYIOMUX ¥ MHHEPATBHBIX JT00ABOK, OCBEIICHO B paboTax, TJe,
IOMUMO IIPOYETr0, OTMEUYACTCS BIMSHUE U3BECTHSIKOBOTO TOHKOUCIIEPCHOTO HAMTOJIHUTENS Ha
pEeOoJIOTHYECKUE U TEXHOJIOTUYECKHUE CBOMCTBa OeToHa [12—14].

Metoauka OLEHKHM JIOJTOBEYHOCTH OETOHOB HA KOMIIO3ULMOHHOM BSDKYIIEM
paccMoTpeHa B ctathe [15].

Takum oOpa3om, aHanu3 ONMyOJIMKOBAHHBIX pabOT, KaK NMPHUBEAECHHBIX BbIIIE, TaK U
JIpyrux MO TAaHHOM TeMe, MOKa3bIBaeT, uTo mpu paspadorke TexHoioruun M3KDB ocoboe
BHUMaHHUE YJENAeTCsl IOBBIIICHUIO IMPOYHOCTH, MOPO30CTOMKOCTH, CTOMKOCTH K
UUKJIMYECKMM Harpy3kaM U MCTUpPaHHMIO (HampuMmep, IMpU IOJIYYEHHUHU JIOPOKHBIX
KOHCTPYKLUMH), YTO HE BCErJa BO3MOXHO peajln30BaTh IPHU CYLIECTBYIOIIMX MeToJax
npoexTrpoBanus kommnosuimit M3Kb u rexnonorusx npousoactsa. Oco0eHHO 3TO KacaeTcs
3a[a4d TOBBILIEHUS TPEIMHOCTOMKOCTH AAaHHBIX OeToHOB. TakuMm o00pazom, HEOOXOIUMO
COBCPHICHCTBOBATL HAYYHBIC MCTOAbI U CHOCOOBI  MOBBIIIEHUS SKCILTYyaTalMOHHO-
TexHosoruueckux cBoiictB M3Kb, mpex e Bcero ux TpelmHOCTORKOCTH U JIOJTOBEYHOCTH.

METO/bI HCCJIEJOBAHUN

B npornecce HarpykeHus B O€TOHAX NPH YAAPHBIX U JUTMTEIBHBIX Harpy3kax, Kak u
MPH JUIUTEIBHBIX CTATHYECKHUX, CKOPOCTh JAehOpMAaIli U3MEHSETCS JUIS PA3IUYHBIX CTaIUi
(BOSHHKHOBEHHSI TPEIIMH, UX PACIIPOCTPAHCHUS | IIOCIIC pa3pylieHus). B memom 3o 3aBUCUT
OT JMHAMHYECKHUX CBOMCTB OETOHA, BPEMEHHU BO3JEHCTBUS U psifa Ipyrux (HakTopoB.

B Tabn. 1 mpuBemeHBI COCTaBBI CMECH JII OOBIYHOIO MEIKO3EPHUCTOrO0 M Kapbo-
HaTHBIX OeToHOB. KapOoHATHBIM HamoJHUTENb ObUT M3MENbYEH J0 YIEIbHOW MOBEPXHOCTH
350 m?/kr. B xone wucheiTanuii Ha oOpasuax-Oamkax pasmepom 10 X10 X 40 cm,
BBITIOJIHCHHBIX M3 OOBIYHOTO M KapOOHATHOTO OETOHOB, OLCHHMBAIM Jedopmaruu it
Pa3JINYHOM HATPYy3KH.

Tabnuna 1. CoctaBbl ¥ cBOHCTBA OOBIYHOTO (ITPOU3BOJCTBEHHOI0) U KapOOHATHBIX OETOHOB

CocraBsl 6eToHa, KI/M°
KoMmoHeHTs 6eToHa

IIpon3BOACTBEHHBIN COCTAB

¥ CBOHCTBA M3KB Ne 1 M3KB Ne 2
MEJIKO3EpHUCTOTO OETOHA
Lement 650 336 472
Ilecok 1460 - -
T —
Boma 286 333 295
MoIOTBIN U3BECTHSK - 336 200
CII-1 (cyxoit) - 2,52 5,04

lMunpaBnuueckuii npecc (puc. 1) NpuMeHsIM B Ka4ECTBE UCIIBITATEIbHOW YCTaHOBKHU
JUIs  OLEHKM YPOBHS MIHOBEHHBIX M  yCTOWuMBBIX Jedopmanuil. CryneHuaras
npeaBapuTenbHas Harpyska coctaBisuia 500 H. Dnextpuueckue NaTUMKU U3MEPSUIM HA4Yallo
TPEUIMHbI. DJIEKTPOU3MEPHUTEIb ObLI HAKJIEEH Ha yYacTKHM KOHTPOJBHBIX Jedopmauuil (B
HIDKHEH YaCTH UCTIBITATEIbHBIX 0aJI0K).
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B skcnepumenTe noj yaapHoil Harpy3Koil NpuMeHsUIM 4y Th 0oJiee AJIMHHBIE 00pa3Lbl-
Oanku M3 jKene300eToHa OOBIYHOTO M KapOOHATHOTO COCTAaBOB. ApMaTypa COCTOsIa W3
OCHOBHBIX cTepxkHel knacca A300, poIOJIBHBIX CTEPKHEN InaMeTpoM 12 MM U IonepeyHbIX
JTUaMETPOM & MM.

Puc. 1. UcneiTarensHoe YCTPOﬁCTBO C o6pa3u0M 1 SJICKTPUYCCKUM USMEPUTEIIEM
JJI1 OINIPECACIICHNUA MIHOBCHHBIX U JJIMTCIIBHBIX Haprl)KeHI/Iﬁ

B xone onenuBanus sddekra nepopmanuu npu yaape MCIOIb30BAIN CHEIHATBLHOES
ycTpoiicTBo Juist cOpoca (puc. 2). YmapHbIil MCHBITATENbHBIN CTEH] MPEICTaBiIsul coO0i
HakoHEeUHUK-rpy3 Becom 100 H co cpenneit ckopocteio mpuioxkenus ynapa 0,2 c. s
U3MEPEHUs] MTHOBEHHBIX M YCTOHYMBBIX JAedopManuil HCIOIb30BAJICS H3MEPUTENbHBIN
MOCTHK. Pbruar BMecTe ¢ rpy30M-HAaKOHEYHHKOM (HKCHPOBAJICS 3aIIEKOH C 3aCTEKKOM,
KOTOpas MpU HaXAaTUU OTIyCKaJa phlyar M CHpaBsUIach C YAAapHOM Harpy3koil. Bwicora
NOJbEMa pblYara COOTBETCTBOBAjJa UYBCTBUTEIBHOCTH JJIEKTPHUUECKUX JATUUKOB IS
¢ukcaliM MOMEHTa TpELIUHbl, AajbHeWIee pa3BUTHE KOTOPOH KOHTPOJIMPOBAIOCH C
NOMOIIBI0 (OTO- U BUACOPHUKCAINU. DIEKTPHUUECKUE TEH30METPHl OBUIM TOJCOSAMHEHBI K
TEH303JIEKTPUUECKOMY H3MEPUTEILHOMY MPUOOPY C rajbBaHOMETPOM IOCTOSHHOI'O TOKA IO
NapaJuIeIbHOM LETIH.

Puc. 2. UcnbiTaTennbHOE YCTPONUCTBO JUIsl U3MEPEHUS yIapHBIX HANIPSKEHUM

PE3YJIbBTATBI U UX OBCYKAEHUE
B Tabn. 2 npuBeneHbI pe3ynbTaThl ONMPENSICHUs] TPEIMHOO0PA3YIOMHX aedopMannid
JU1 OOBIYHOTO M KapOOHATHOT0 OETOHOB O] HATPY3KOIA.

Tabnuua 2. BnusHue BUj1a Harpy3Ku U JUIMTEILHOCTU HArPy>KEHUS
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Ha TPEIIMHO0Opa3yrolue geopMalyu Juisi OOBIYHOIO U KapOOHATHOTO OETOHOB

YcnoBus Harpy>KeHus Tpemunoobpasyromue aepopmaruu, 1073

Bun narpysku Bpewms OObruHbIl OeTOH M3Kb Ne 1 M3KB Ne 2
VY napuas 20 MKC 2,1 2,6 2,4
KpaTtkoBpemenHas 1 gac 2.9 52 3,0
JnurenpHas 7 cyTOK 32 5,6 33

B Tabu1. 2 mokaszaHbl XapaKTEPUCTUKH pa3pylieHUs: KapOoHaTHOTO OeToHa (B Oankax) B
CpPaBHEHMH C OOBIYHBIM IO IEpPHOJAM MPHIOXKEHUs Harpy3ku. Hekotopsie aedopmaruu
MOJ3y4eCTH BKJIIOYEHBI B IIOJIHYIO BEIHYMHY JAedopMmanuii, 0Opa3yroIIuX TpPEHIMHBI B
pe3ynbTaTe JIMTENbHON HArpy3KH. Y POBEHb TPEHIMHO0Opa3yomux aedopMauii 3aBUCUT OT
JUTATENTbHOCTH TIPUIJIOKEHUS] 1 MHTEHCUBHOCTH HAarpy3ku. B mienom juis kapboHatHoro 6eToHa
9TOT YypPOBEHb HECKOJIBbKO BBIINIE, uYeM s mpoctoro (cm. Ttabm. 2). Uem Oosnbiie
IPOJIOJDKUTENBHOCTD JICHCTBUSL HATPY3KH, TEM MeEIUICHHEee JUIsi OObIYHOro OETOHa pPacTyT
3HaYEHUS TPEIUHOOOpasyomux aedopManuii, OCOOEHHO B ciy4yae KpaTKOBPEMEHHOMU
Harpy3ku ¢ OJWHAKOBBIM Imarom. J[lyis kapOoHaTtHOoro OeToHa 3HaueHHs edopManuii
pacTpecKUBaHUSA TPH YBEIMUYEHUU TPOJOJDKUTEIILHOCTH HArpy3KH BO3pPAcTalOT HE3HAUU-
TENBHO, MPU ITOM K HHUM JO00ABISIFOTCS IacTuueckue aedopmanuu monsydectu. KapOo-
HATHBIH TOHKOM3MENbYCHHBIH HANOJHUTENb CO3JA€T IJIACTHYHBIE 30HBI, JeMI(pUPYIOLUe
XOJ] TPEIUHO0Opa3yommx aepopMannii; B BEpXHEH 4acTH KaHaJla TPEUIMHBI KapOOHATHBIX
OETOHOB CO3JAIOT IUJIOLIAJb HAKOIUIEHUs yHpyrou aedopmamuu, KoTopass Ooiblie, 4eM B
OOBIYHBIX OETOHAaxX, 3a CYeT TOro, 4YTo JJ00aBka ¢ KapOOHATHBIM HAIMOJIHUTEIEM U
cymnepIuiacTu(UKaTopoM OXBaThIBAET MUKPO- U ME3030HBI KaHajla TPEIIUHEI B OETOHE.

V3MeHeHne BeMMYMHBI TpEIIMHOOOpasyoomeil aedhopManu BIUSET W HA KapTUHY
paspyuieHus. Y 0ObIMHOrO O€TOHa 3TO PAcKod C OOINBIIOW OCHOBHOM TpEUIMHOW, a Y
KapOoHATHOTO — POPMHUPOBAHUE KIacTepa ¢ MUKPOTPEIITHAMH.

Ha 3aximrounTtenbHOM 3Tame oOpaslbl HarpyXaiuch 10 TOSBICHUS DPa3pyIICHUS C
TPEUINHOM, pa3BUBAIOIICHCS MEPIICHIUKYIISIPHO MTPOAOIBHOM ocu oOpasna (006a KoHIa OaJKu
onupanuch Ha mapHupsl) (puc. 3). Ha ctaguu pa3Butus TpemuH He ObUIO Pa3pyLICHUI 1O
HAKJIOHHBIM y4YacTKaMm, B OTJIMYHE OT OOBIYHOTO OETOHA, KOTOPBIM TOKa3ajdl HW3BECTHYIO
KapTUHY Pa3pyIICHHUS.

4\

Puc. 3. Ipornecc paspymenus odpasia kapOoHaTHOTO OeTOHA

Ha puc. 4 mokazano paspymeHue oOpasia kapOoHaTHOro OeToHa coctaBa No 2
(M3Kb Ne 2). B ornmmuue ot 0Ob4HOrOo O€TOHA, KOTOPBIN pa3pyliaeTcs XpyHKo C
MUHUMAQJIBHBIMU ~ 3HAUEHUSMH  TPEIIMHOOOpa3yrwoImux  aedopManuii, oOpasibl  Ha
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KapOOHATHOM OETOHE Pa3pymIAIOTCs MOCTENEHHO, UMesl OOJIBIIYIO TUIOIAAb TUIACTHYHOCTH B
BEpXHEHl YacTHM OCHOBHOM TpPEIIMHBI, KOTOpas OrPAHUYMUBACT HM3MEHEHHS TPEIIUHO-
oOpazyromux aedopmanmii. Jlnsg oOblYHOTO OETOHA ATH YYaCTKH SBIAIOTCS MEHee
TUTACTUYHBIMU, YTO CHIDKAET 3HAYCHHUS TPEIIUHOOOPA3yIoMuUX aedopMaIui.

Ha mnonoBune oOpa3na mocne wucobiTaHus (puc. 40) NpOSBISIOTCS Y3JIOBBIC
BKJIFOYCHUS YACTHI] HATIOJIHUTENISI B MATKOW MaTpuile KapOOHATHOTO MUKPOHAIIOIHUTEIS. DTa
[IepOXOBaTasl pa3BUTAasl MOBEPXHOCTb — PE3YJbTAT BA3KOIUIACTUYHBIX BHYTPEHHUX ME30- U
MUKpPOCMEIIEHUH, CONPOBOXKJAIOLIMX Ipoliecc paspyuieHus. Bce oOHM 3aaepKuBaroT
oOpa3oBaHue TpelmMH B KapOoHaTHBIX OeToHax. [loBepxHocTu paspyiieHUs B OOBIYHOM
OeroHe Oosiee TIJIaJKWE, YTO I1OKa3bIBAE€T MEHbILEE CONPOTUBIIEHUE IPOLECCY Pa3BUTHS
TPEIIUH M0 CPABHEHHIO C KAPOOHATHBIMHU OE€TOHAMHU.

(©)
Puc. 4. Ilpornecc pa3pymieHUs: KOHTPOJIBLHOTO 00pa3ia kKapOoHAaTHOTO OeToHa (a)
Y OJIHA U3 €r0 IMOJIOBHH C IEPOXOBATOM pa3BUTON MOBEPXHOCTHIO TOCIE pa3pyuieHus (0)

BbIBO/IbI

KapOoHaTHbIif HamOMHUTEND MIACTU(GUIMPYET HEMEHTHYI0O MaTPHILy U OKpYKaroIlue
arperaTHble 30HBI W YKPEIUSIET KOHTAKTHBIE 30HBI MEXKIy IIEMEHTHBIM KaMHEM U
3aMoJIHUTENIEM, CIIOCOOCTBYET OOpa30BaHUIO MHUKPOIUIACTHYHBIX 30H, MOTJIOIIas yaap u
YCTOMYUBYIO SHEPTHUIO, TEM CAMBIM YBEIIMYHMBAsI TIOJHBIE TPEIMHOOOpa3ytomue aedopMarim
u fienasi KapOoHaTHbIN O0eTOH 0oJiee CTOMKUM K yIapHBIM Harpy3Kam.

Vcranosneno, uro 3ameHa 50 % meMeHTa M3MeEIbUYEHHBIM M3BECTHIKOM B OE€TOHHOI
CMECH CIIOCOOCTBYET COKPAIICHHUIO JIOKATbHBIX (DAKTOPOB HANPSKEHUS, KOTOPHIE BIUSAIOT HA
NOBeJIeHHE OETOHA MPH pa3pylIeHHH. Mexay HalOIHUTEIEM U CBA3YIOIIMM C(hOpPMHpPOBaHA
0ojiee OHOPOAHAS U MPOYHAS KOMIIO3UTHASI CTPYKTYpa. DTO MOBBIIIAET TPEIIMHOCTORKOCTh
KapOOHATHOTO OETOHa M €ro JAWHAMHYECKYI0 MPOYHOCTh, YTO MPUBOJIUT K IOBBIIICHUIO
3¢ (PeKTUBHOCTH U YIYYIICHHUIO (PU3NKO-MEXaHUYECKUX CBOMCTB KapOoHaTHOro OeToHa. 3a
CUYeT W3MCHSIOMICWCS OOBEMHON IUIACTUYECKOW JeopMaliil  MaTpuilbl  O0OBEMHOE
nedopMalMOHHOE CTIAKUBAaHHE KOMIO3UTHONH MUKPOCTPYKTYPBI YIIy4IlAeT MEXaHUYECKHe
XapaKTepUCTHKH KapOOHATHOTO OETOHA, OCOOEHHO B JOJTOCPOYHOW TepcreKkTuBe, 0e3
3HAYUTENBHBIX TOTEPh TEXHOJIOTUYECKUX CBOMCTB HA HAYAIBHOM JTarle.

Bosiee BBICOKast ycTOHUMBOCTH KapOOHATHOrO OETOHA K TPEUIMHOOOPAa30BAaHHIO BO
MHOTOM OOYyCIIOBJIEHAa Jy4llled YMNakOBKOW 4YacTHI[ BHYTpU OETOHHOM MaTpullbl U
YMEHBIICHHEM NOpHUCTOCTU. JlaHHBIe (DAaKTOPHI BBI3BIBAIOT TIEPEHOC MHUKPOTPEIIMH U3
BO3YIIHBIX U KallWUIAPHBIX 00JIaCTel B MUKPO30HBI U paciiajl ME30TPEIIMH Ha BHYTPEHHUE
MHUKPOCTPYKTYPHBIE  S/Ipa, JIMIOIEHWE KOMIIO3UTHOW CTPYKTYphl ~MHKPOIUIACTHYECKHX
9HEpro3aTpaTHbIX obnacteil. B utore kapOOHATHBIM OETOH CTAHOBUTCS MEHEE XPYIKUM, YeM
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INCREASING THE CRACK RESISTANCE OF CARBONATE CONCRETE
V.V. BELOV, Dr. Sc., T.R. BARKAYA, Cand. Sc., P.V. KULYAEV, Cand. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: vladim-bel@yandex.ru

The dependence of mechanical behavior of carbonate concrete on strain rate is
considered in the article. It has been established that this dependence is based on two different
physical mechanisms: the fracture process, which affects the rate of crack formation, and the
viscoelastic deformation of the undamaged (undamaged) cement paste. It is shown that cracking
for plain and carbonate concretes should be taken into account when analyzing different aspects
of the fracture mechanism and the influence of the deformation rate should be taken into
account. It has been revealed that in order to form a complete picture of fracture of these
concretes the mechanism of crack formation should be included in the analysis of various
aspects of morphology of sample cross-sections and manifestation of crack growth signs.

Keywords: fine-grained carbonate concretes, deformative properties, crack resistance,
influence of limestone microfillers, chemical additives.

[Moctynmna B pegakmuro/received: 20.04.2023; mocne penensupoBanus/revised: 04.05.2023;
npunsta/accepted: 11.05.2023

HEJIPOITIOJIb3OBAHUE U I'OPHBIE HAYKHA

YK 622.331:556.043

OIEHKA BJIMAHUSA TEXHOJIOI'MYECKUX TAPAMETPOB
HA ITOJIEBYIO CYHIKY TOP®AHOTI'O CJ1OA ITPU EI'O 1OBbIYE

O.B. IIYXOBA, xana. TexXH. HayK

TBepcKoi rocy1apCTBEHHBIM TEXHUYECKU YHUBEPCUTET
170026, TBepb, Ha6. Ad. Hukurtuna, 22, e-mail: owpuhova@mail.ru

© Ilyxosa O.B., 2023

Becmnuk Teepc:cozo zocydapcmeeimozo mexHu4YecKozo ynueepcumemada.

Cepus «Texnuuecxkue naykuy. Ne 3 (19), 2023

53


https://mail.yandex.ru/?uid=815669700&login=innova-tver
mailto:owpuhova@mail.ru

PaccmoTpenbl BOIpOCHl BIMSIHMSL TEXHOJIOTMYECKUX IapaMeTpoB (YpOBHS BOJ,
IIOTOJTbI), OT KOTOPBIX 3aBUCUT CKOPOCTh CYHIKH HPORYKIMH, MPH pa3padoTke TOp(sSHOTO
MecTOpokaeHus «CBATHHCKOE», a TOYHEe, IpU I0JIEBOM cylIKe TOP(SIHON KpOIIKH,
nojiyyaeMoil (pezepoBaHueM 3aneku. sl ONbITHBIX KapT MPOM3BOACTBEHHOH IJIOLIAJAKU
IPUBECHBI TOKa3aTeIN CE30HHBIX HccieqoBaHui. i 3Toro ObUIM ONpesieneHbl BIaXKHOCTh
CYIIMMOTO CJOsI, MMOKa3aTeIy KojJeOaHWsi YPOBHS TPYHTOBBIX BOJ M OOBEM BIIAr, KOTOpas
BIIUTBHIBAJIACh M3 MOACTWIAIOLICH 3alle)kKM M JI0XKIEBBIX OCAJKOB, YBIAXHSS CYIIHMBII
TopsiHOM cinoi. Ha yeThlpex kapTax ¢ OTKPBITOM OCYLIWTENbHON CEThIO B TEUEHHE CE30HA
IpOBEeeHO HaOMIoleHUe 3a IOTOJHBIMU YCIIOBHSMM, a TaKkKe KoJeOaHUsIMHM YPOBHS
TPYHTOBBIX BOJ B KapTOBBIX KaHanax. IIpoaHammu3upoBaHbl CII0KHOCTH 3aJI05KEHUS LIEIEBOTO
JPEHUPOBAHMS M €ro BIUSHUE Ha BOJHO-BO3AYIIHBIM PEXUM BEPXOBOW 3alleXkHu IpHU
W3MEHEHUU YPOBHS TPYHTOBBIX BOJ B Te€UeHHE ce30Ha. [Ioka3zaHO, 4TO IIENEBOM IpeHax
COBMECTHO C OTKPBITBIMM KaHaJaMH OKa3bIBaeT OJIarONpPUATHOE JeHCTBUE HAa OCYLICHHE
IIPOU3BOACTBEHHON IUIOIIAAKHA. YCTAHOBJIEHO, YTO TPYHTOBBIE BOJBI IIOJ JEHCTBHEM
IPAaBUTAlMOHHBIX CWJI, T.€. NPU Pa3HOCTH HANOpPOB B TOP(SIHON 3alexu U JApeHax,
IIPOCAYMBAIOTCS BHYTPb IIOJIOCTH, 3aT€M IOJ YKJIOHOM cOpachlBalOTCs B COOPHYIO CEThb
OTKPBITBIX KaHAJIOB U BBIBOAATCS 3a IPEIENbl OCYLIAEMON ITPOU3BOJICTBEHHOM ILIOIIAIKH.
PekOoMEHI0BaHO HUCIOIB30BaTh PE3YIbTAThl CE30HHBIX MCCIENOBAHUN U aHAIU3 IIPOLIECCOB
HepeABHKEHH BJIary JUIsl pa3paboTKU M 0OOCHOBAHUS MEPOIPUATHI MO yIyUIIEHUIO BOJHO-
BO3YIIHOTO PEeXUMa TOPQSIHON 3aleXn C pa3pabOTKOW MHTEHCUBHOTO METOJIa OCYIICHHUS, a
TaKXe /Ul COXpPaHEHUs HEOOXOAUMBIX YCIIOBHIA.

Kniouesvie cnoea: TOpdsiHasg KpOILIKA, METEOPOJIOrMYECKHE II0Ka3aTeNH, T'MAPOJIo-
TMYECKUM pEXHUM, YPOBEHb TI'DYHTOBBIX BOJ, OTKpPBITasi OCYIIMTEIbHAs CEThb, APEHAX,
IPOIIECCHI CYIIKH, TOP(hsIHAS 3aJ1XKb, TOPPSIHOH CIIOH.

DOI: 10.46573/2658-5030-2023-3-53-61

BBEJIEHUE

B mnocnenHee BpeMsi NPOMBILUIEHHbIE NPEANPUATHS AKTUBHO OCBAUBAIOT HOBBIE
CXEMbl MEIHOpAlUU TOPPSHUKOB, TOJ KOTOPHIMH PACIHOJIOKEHBI IIECUaHbIe 3aJIeXKH,
COBPEMEHHBIE CITOCOOBI TIOJIYYEHHsI OPraHOMHHEPAIBHBIX (OPMOBAHHBIX YHOOpEHHH ¢
MOJIHBIM HAa0OpPOM MHUKPODJIEMEHTOB, a TaKke CO3JaHHUsS MHHOBALMOHHOW mpoaykiuu [1, 2]
JUISL KCII0JIb30BAHHUS B 3€JIEHOM CTPOUTENBCTBE U CEJILCKOM XO3SIICTBE.

Jlo6biua Topda 3aBUCUT OT KIMMATHYECKHX YCIOBUM, TaK Kak IS TOIy4YeHUs
rOTOBOM MpoayKUuHU (MpU yCIOBHOW BJIQXKHOCTH) celuyac NMPHUMEHSAETCS CyLIKa B IOJEBBIX
ycnoBusix [4, 5]. HeoOxonuMo yuuThIBaTh 00CTOSTENHCTBA MOJTHOTO U3BIIeYeHHs Topda U3
MECTOPOXKACHUSI U €r0 palMOHAJIbHOTO HCIOJIb30BaHUs [6], MO3TOMY MHpU NMPOEKTUPOBAHUU
ydacTka 1o j100b14e Topdha MpUHUMAIOT BO BHUMAaHUE BCE KIMMATHUYECKUE, TEOJIOTHYECKUE U
TU/IPOT€0JIOTUYECKUE YCIIOBUS.

[Ipu ecrecTBeHHOW cymike TOP(SIHOrO CBHIPhS OOJBIIOE 3HAYEHHE HUMEIOT
MeTeopoJoruyeckue yciaous. K HUM MOXXHO OTHECTH TEMIIEPATypy U BJIAXHOCTh BO3JyXa,
CKOPOCTh BeTpa, 00Ja4HOCTh U Mpouee, MpUYeM y JaHHBIX MOKa3aTelel MHUPOKU Truana3oH
U3MEHEHHUs1 B TEUYEHHE pa3iuyHoro BpeMmeHU. Korma mnpoexkTtupyercss TEXHOJOTMYEeCKHUil
pOoLECC A00BIYH TOPPSHOTO ChIPbS, MPU MOIO0PE CIIOS I ONTUMHU3AIUU CYIIKU B MOJEBBIX
YCIIOBHSAX YYUTBIBAIOT MHOTOJICTHUE JaHHBIE METEOPOJIOTHIECKUX (hakTopoB. ONTHMAIBHBIHN
CJIOM, B CBOIO OYepe/b, 3aBUCUT OT INIyOMHBI (ppe3epoBaHHs U BUAa HOXEH (pe3epHOro
Oapabana. B Teuenue cezoHa ¢pe3epoBaHHE MPOU3BOAAT HA MOCTOSHHON TIyOWHE, OJHAKO
9TO HETaTHBHO CKa3bIBaeTCs Ha JOOBIYHBIX padorax. Tak, B 6e310KIHbIE TEIJIble BETPEHbBIE
JHU TOP(SIHOM CIIOW BBICHIXAET /10 YOOPOUHOW BIIAKHOCTHU PAHbIIE YCTAHOBIEHHOIO CPOKa
no0brun. J{anplie mpoucxXoIuT Mepecyiika. DTO IPUBOJUT K NMBUICHUIO, @ B BETPEHbIE THU — K

Becmnuk Teepc:cozo zocydapcmeeimozo mexHu4YecKozo ynueepcumemada.

Cepus «Texnuuecxkue naykuy. Ne 3 (19), 2023
54



IBIJIEBBIM OypsiM, KOTOpBIE 3arps3HAIOT MPHUJIETAIONINE TEPPUTOPUH, U3-32 YE€TO MPUXOJHUT B
HErOJTHOCTh TOTOBas MNpoAyKnus. B wurore cokpamaercss KOJWYECTBO IPOAYKIMH B
TEXHOJIOTUYECKUX LHMKIaX (IPOMCXOIUT HEN000p) W He B MOJHOM O0BEME HCIOJb3YHOTCA
MIOTOJTHBIE YCIIOBHS JIJIsl TIOJIEBOM CYyIIKU. B mOKIHMBBIE THU, HA00OPOT, CYIIUMBIA TOPHSHON
CJION Ha MepeyBIaKHEHHOM MOJCTUIIE HEe MOXKET AOCTHYb YOOPOUHOH BJIQXKHOCTH JI0 KOHIIA
TEXHOJIOTUYECKOTO IIMKJIA, a OJarompusTHbIE TIOTOJHBIE YCIOBHS HE MOTYT OBITh
UCIOJIb30BaHbl 10 MakKCUMyMy uid moneBoil cymku. IlosBisercs HeoOX0IUMOCTh B
OIIPECIICHUU HOBBIX CPOKOB, IIPOLECC CYIIKH CIBUTrAcTCA Ha CleAyromue JHu. B pesynbrare
YMEHBUIAETCS] KOJIMYECTBO YOOPOUHBIX LIUKIOBBIX M CE30HHBIX COOPOB, yCTAaHOBJICHHBIH IJ1aH
10 00beMy A00BIYM HE BBINONHSIETCA. TakuM 00pazoM, /1Jisl HOHUKEHUS BIaXKHOCTH BEPXHETO
CJIOSl 3aJIe)KW HEOOXOJUMO MCIIOJIb30BaTh HE TOJIBKO CETh OTKPBITBIX KaHAlIOB, HO U
IPOKJIAAKY 3aKpbITBIX JpEH. 3a CYEeT 3TOr0 IOHMXKAETCSI YPOBEHb T'PYHTOBBIX BOJ,
IPOMCXOIUT BapuabebHOE YMEHBIIEHUE BIAXKHOCTH TOP(SIHOM 3a1exu B 11esoM [7, 8].

MATEPHUAJIBI U METO/IbI

HccnenoBanuss NMpOBOAWJIMCH Ha YETHIPEX KapTax IPOU3BOJICTBEHHOW IUIOIIAIKU
MeCTOpOXKIeHUs «CBITHUHCKOE», KOTOPOE pacloyiokeHO B TBepckoi 00JacTh M CIIOKEHO
TOpOM BEPXOBOTO THIA: MAareUIAHUKyMOM U MyHIUIEBO-C()arHOBBIM CO CTEMEHBIO
paznoxenuss 20-25 %. Ha nByx kaprax ObUI HpOpHIT IieieBod ApeHax [9]. UtoOsl
(UKCHPOBATH METEOPOIOTUIECKHE MapaMeTphl, UCIIONB30BATH MCUXPOMETPUIECKYIO OyIKY
JUISL  OTpEJENICHUs TEeMIEepaTypbl M BIAXHOCTH BO3/AyXa, PYYHOH aHEMOMETp — s
YCTAHOBJIEHHUSI CKOPOCTH BETPA; MPOBOJWIM BU3YaJbHYIO OLIEHKY KOJMYECTBAa O0JIAKOB I10
10-6amibHOM mikane. i KOHTpOJIS ypOBHS TPYHTOBBIX BOJI B KApTOBBIX KaHalax OBLIN
YCTAHOBJIEHBI JINHEHKU. 3aMepbl MPOBOIMINCH €XeIHEBHO. KoanmuecTBo BhIIABIIMX OCAKOB
KOHTPOJIHUpOBaIIU ocajkoMepoM TpeThsikoBa. Mcnapenue ¢ moBepXHOCTU TOPQSIHON 3aliexu
ompeneisii  ucnaputeneM TomoibHUIKOTO. BraxHOCTH TOpda ycTaHaBIMBajIach IO
CTaH/JapTHOW METOJUKE C HCIOJIb30BaHHWEM CYIIWIbHOW ycTaHOBKU. llleneBoii npeHaxk ¢
OTKPBITBIMU MOJIOCTAMHU ObUI 3a105keH Ha KapTax Ne 3 u 4 mapajijiesibHO KapTOBBIM KaHajaM
Ha rryouny 0,9...1,2 m.

PE3YJIBTATBI UCCJIEJOBAHUA
B xonme wuccinenoBaHuii OBLJIO YCTaHOBJEHO, YTO 3@ CE30H TIPYHTOBBIE BOJBL,
HaxXOZAIIKECS HWKE ypOBHS MOBEpPXHOCTU KapThl Ha 50...60 cM, HE MOBBILAIOT BIAXXHOCTh
MIOBEPXHOCTH TOP(SHON 3alekXd M MOTOMY HE BIHMSIOT Ha MPOLECCHl IOJIEBOM CYIIKH
TOPQSHOIO €08 ONTHUMAJIbHOM TOMUMHBI (puc. 1). AHanu3 puc. 1 mokasbiBaeT, 4To IOCIE
50 cM moanHUTKa TOPQSIHOTO CIOS OTCYTCTBYET.
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Puc. 1. 3aBucumocTs noanuThiBarolie Biaaru M, oT ypoBHSI TPYHTOBBIX BOJL

BrnaxxHocTh TOpda B 3a1eH OTHOCUTCS K HEYCTOHYMBOMY I10KA3aTeNto U U3MEHSETCS B
3aBHCHMOCTHU OT paiiOHa PACIIOJIOKEHHUSI MECTOPOXKIECHUS, TEMIIEPATypbl OKpPYKaIOLIEH Cpe/ibl
U BoAHOro pexuma. O4yeHb CHJIBHO OHAa 3aBUCHT OT BO3JEHCTBUS BTOPUYHBIX IPOLIECCOB
(TTOJIOBO/IBS, OCYIICHHUSI TMPUJIETAIONINX TEPPUTOPHN, HAMYUS/OTCYTCTBUS 3aJ€CEHHOCTH).
OpHako Takoi ypOBEHb I'DYHTOBBIX BOJ TPYIHO yIEpXKHBaTh U3-3a HECTAOMJILHOCTHU PabOThI
OTKPBITON OCYIIMTEIFHOW CETH W 3aCOPEHUsI BOJOOTBOAHBIX TpyO. Kak mpaBmio, xapToBbie
KaHaJbl TIOJIHOCTHIO 3allOJHEHBbl BOAOM. OTO yIOBIETBOPSAET YCIOBUSAM TOJBKO IpU
IPOM3BOICTBE KycKOBOTo Topha ppe3chopmMoBoUHBIM criocodbom [5, 10].

B xoze mnoaroroBku TOp(SAHOrO MECTOPOXKIEHHS K pa3paboTKe ¢ IOMOIBIO
HKCKABaTOPOB U CIELUAIbHBIX MAIIUH IPOKJIAAbIBAETCS CEThb OTKPBITHIX KaHAJIOB. Y 3THUX
KaHaJIOB IHO UMEET YKJIOH B CTOPOHY BOJONPUEMHHKA, OHU CHOCOOHBI OTBOJUTH B HErO BOJY,
a TaKXe pEeryjJupoBaTh IIOBEPXHOCTHBI CTOK BOJl W YpPOBHU TIpyHTOBbIX BoA. Ha
MIPOM3BOCTBEHHON TUIOIIAIKE OBLIM UCIIOJIB30BaHbI BUABI KaHaoB [12, 13]:

KapTOBBIN — MPOPHIT uepe3 20 M, UCII0Ib30BaH JUIsl 0TBOJIA BOJI B BAJIOBbIE KaHAJIbL;

BaJIOBBIN — IIPOJIOKEH NEPIEHIMKYIISAPHO KapTOBBIM KaHajaM Ha paccTossHUM 500 M;

MarucTpajibHbII — B HETO TEKYT BOJbI U3 BaJOBbIX;

3aKpBIThIE JApPEHbl — 3AJ0KEHbl NEPHEHIUKYJIAPHO KapTOBBIM KaHajgaM JJis
JIOTIOJTHUTEIBHOTO OTBOJIA BOJI;

HaropHO-MOKapHbI — COEAMHEH C BAJIOBBIM KaHAJIOM M YCTPOMCTBOM IUIIO30B IS
IIPOTUBOIIOKAPHBIX LIEJIEH.

Ilepen BoOAONMpPHUEMHHKOM 0053aTENBbHO YCTPaMBAETCs OTCTOMHUK JJsi OYMCTKU
TopsiHbIX BOA. [IpuMeHeHune apeHaxka ¢ OTKPBITBIMU MOJIOCTSIMU TIO3BOJIIET OBICTPO CHU3UTH
nepeyBlaXHeHHue TOp(QSHOU 3ajieXkH, HO paboTOCHOCOOHOCTh MOJOCTEH COCTaBIIsET OAMH
CEe30H, TaK KakK MPOMCXOJIUT MX CMBIKaHUE H3-3a paboTsl obopynoBanus. OmHako 3¢ddekr
IPUMEHEHHUS APeHaXka KOMIIEHCUPYET 3TOT HeI0CTATOK.

B reorexHonorun noObua (pe3epHbIM CIIOCOOOM HETATUBHO BIMSIET HA IMPOIECC
HOJEBOM CYIIKM (YBEIMYMBACTCA IPOJOKUTENBHOCTh CYIIKM, HMEET MECTO IUIOX0e
00€3BOKMBAaHUE) U IIUTEIBHOCTh TEXHOJIOIMUECKOIO IMKIA. B CBSA3M C 3TUM mpHUMEHEeHUe
npeHaxa (puc. 2) obocHoBaHO. Tak, TpyHTOBbIE BOABI IpH JIIOOOM BHJE JpeHa)ka H3-3a
Pa3HOCTH HANOpOB B TPYHTE U JIpEHE MONAAal0T BHYTPh TpyO, JIMOO CKBaXHH, JUOO
OTKPBITHIX KaHaJOB. /lasee Mo yKJIOHY WJIM HACOCHBIMHM YCTAHOBKAaMHU OHHU IIEPEKauMBaIOTCS B
COOPHYIO OCYIIUTENBHYIO CETh 3a MPEAEIIbl TEPPUTOPUU MECTOPOKICHUS.
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Puc. 2. Cxema pa0OoTbl IpeHaxka 0 0TBOAY MU30BITOUHBIX BOJ:
1 — moBepXHOCTH TOP(SHON 3aIEXKH; 2 — OCAIAKH; 3 — YPOBEHb T'PYHTOBBIX BO/I;
4 — npeHa; 5 — HanpaBJICHUE IBUKEHUS I'PYHTOBBIX BOJ (JINHUM TOKa);
6 — HarpaBJIeHUE ABM)KEHUSI IPEHUPOBAHHbBIX BOJ; 7 — BOAOYIIOP;
H — neiictBytromuii Hanop; 4 — ypoBeHb BOABI B MOJIOCTAX; Hoc — KOJIMYECTBO OCAKOB, MM

Konebanue ypoBHsSI TpyHTOBBIX BOJ BO MHOTOM 3aBHUCUT OT CBOMCTB TOp(siHON

3aJIeKU ¥ TPAaHUYHBIX YCIIOBHIL:

BUJIOB pacTeHuil-ropoodpazoBareseid, KOTOpbIE ONpeneNsaoT 00TaHUYECKUH cocTaB
Topda;

CTEIIEHH Pa3JI0KEHUs, BIUAIONIEH Ha CIOCOOHOCTh MOIJIOMATh U YAEPKHUBATh BOLY;

CKOPOCTH TMOCTYNAaei HHOUIHTPAIIMOHHOHN BOJBI;

pacroyio’KeHUs] W KOHCTPYKLMHM OCYyIIHTeNel (KaHaloB, CKBaXHH, KOJIOJLEB),
KOTOPBIE OKa3bIBAIOT BIHMSIHUE HA 00BEM U CKOPOCTh BOJIOTOKA;

THJIPOJIOTMYECKUX YCIIOBUIA.

[TpoTekast IO OTKPBITHIM KaHaJIaM CETH M TOJIOCTSIM JIpEeH, CBOOOIHAS BOJIA BIUSET HA
CHIJKEHHE YPOBHS IPYHTOBBIX BOJI B CYIIMMOM TOP(SIHOM clloe (BbIIIENEkKaIlel 30He) U TeM
caMbIM 00ecreunBaeT HEOOXOIMMBIN IS WHTCHCU(UKAIMH CYIIKA BOJHO-BO3IYIIHBIN
pexxum. CamoBukeHHE TOPQSHBIX BOJI HUXKE YPOBHS TPYHTOBBIX BOJ| PACCMaTpUBAJIOCh KaK
CTaIMOHapHbBIN NOTOK. OCOOCHHOCTBIO 3aJIeKH MIPU 3aKJIAAKe APEH SBISETCS CIIOCOOHOCTH C
HE3HAUUTENIbHBIM COIPOTUBICHUEM POIYCKATh BOAY B JIFOOBIX MOJIOCTSX.

Ce30HHbIE HAOMIOAECHMS [OKa3aJld BO3MOXKHOCTh YJIYYIIEHHsS] YCJIOBHUH I10JIEBOM
CYLIKH B T€OTEXHOJIOTUU TOOBIYM (hpe3epHBbIM CIIOCOOOM Ha MPOU3BOACTBEHHOMN IJIOLIAJKE
(xapthl Ne 3 u 4) (tabn. 1), rae ucnonb3oBajlach cxemMa OCYLIECHHS] OTKPBITONW CEThIO KaHAJIOB
CO IIEJNEBBIM JIpeHHpOoBaHMEM. llpumMeHeHHe KOMOMHMPOBAHHOW CXEMbl IO3BOJIMIIO
CYIIECTBEHHO CHHU3UTHh YPOBEHb TPYHTOBBIX Boxa (puc. 3). Ilpum BbImageHnn OcaaxoB OH
HE3HAUUTENIbHO TMOBBIIAJICA W IpPU 3TOM HE OKa3blBal CYILIECTBEHHOIO BIMSIHHUA Ha
YJUIMHEHUE MIPOLecca CYLIIKU U BCETrO LIUKIIA.
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Tabnuna 1. Biusiare BIaXXKHOCTH CIIOS M 3aJICKH
Ha IIMKJIOBOH cOOp TOP(MSTHON KPOITKY B O30 THBIN IIEPUOT

No BrnaxnocTh BrnaxnocTh ukmnoBoi
KapThl TopdstHOTO CIIos1, %0 nozactuia, % cbop, T/ra
1 79,1 81,5 30,7
2 75,3 83,3 274
3 71,8 79,6 34,0
4 72,3 79,0 37,6

YpoBeHb
TPYHTOBBIX | 1 . . .
BOJI, M [NoBepxHOCTH TOPQSIHOIT 3ameKU

) b e

0,2,

C npenaxem

i3 NI II_III_ R | Y [N .
5 27 2 6 10 Hwowp 18 [lau
Puc. 3. KoneGanust ypoBHs TpyHTOBBIX BO/JI

Heo6xoaumo ynensaTs 10JKHOE BHUMaHME MOATOTOBKE KapT Ha MPOU3BOACTBEHHON
IUIOIIAKE, B YACTHOCTH MPO(UIMPOBAHUIO TIOBEPXHOCTH TOP(DSIHOM 3aIeKH.

ITocne npekpailieHHss MHTEHCHBHOTO BBINAJACHUS OCAJKOB YKa3aHHOE KOMOMHHMPO-
BaHHOE OCYIIEHHUE O3BOJISIIO B OUEHb KOPOTKHI MEpUOJI CHUXKATh YPOBEHb I'PYHTOBBIX BOJ U
JOCTUTAaTh YCIIOBUH, HE BIUAIOMIUX Ha moneByro cymky [14]. Ilpu noOwsiue mepreneir u
OpPTaHUYECKUX Carpornesnieil, HaXOAAIMXCS O] CJI0eM TOP(SIHOHN 3aJIeXkKH, BO3HUKAIOT TaKHUe
K€ 0COOEHHOCTH, BIIMSIONTUE Ha BIAKHOCTD ChIphs [15].

TpakTopHbIii TPOPUIMPOBIIMK CO3[JAET BBIMYKIYIO TOBEPXHOCTh KapThl. ITO
HO3BOJISIET YMEHBIIATh 10 2 % BIIAXXHOCTb BEPXHEro cios TopdsHoi 3anexu. Co3parorcs
YCIIOBHSA, TpPH KOTOPBIX TOBEPXHOCTh TOP(SIHOrO NOJCTHIA CTAHOBHUTCS MPAKTUYECCKH
napajijelibHa MOBEPXHOCTH YPOBHS T'PYHTOBBIX BOJI, @ HOpMa OCYLIEHHMS — OJIMHAKOBA Ha
IPOTSKEHUM BCEH IUIOMIaaM KapThl. B KOHEYHOM WTOre yBeIMuUMBaeTCs cOOp MPOIYKIUHU C
€IMHULIBl IJIOLIAM, B MOJHOM OOBEME HCHOIb3YIOTCS TEXHOJIOTMYECKUE MapaMeTpbl Ipu
cymke u yoopke ¢peseproro topha. AHaIM3Upys JaHHBIE TaOJ. 1, MOXKHO CIIeNaTh BBIBOJ,
YTO Ha XOpoIlo crnpoduianupoBaHHbIX kapTax (Ne 1 u 4) xoauuecTBo yOpaHHOH HpPORyKIMH
pacrTer.

Crenenb ocyiieHHOCTH [4] TOpdSHOTO €105 OLIEHHUBAJIM Ha OCHOBE MOTEHLMAA BJary,
KOTOPBIi ~ CO  BpPEMEHEM  MEHSJICS  TOJ  JCHCTBHEM  (DU3MKO-TEXHHYECKHUX U
METEOPOJIOTHYECKUX (PAKTOPOB (pHcC. 4), KaK U BIaKHOCTh ITOBEPXHOCTH 3aJIEKU.
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Puc. 4. 3aBHCHMOCTH BJIIAXKHOCTH W CYIIUMOTO TOP(SHOTO CIIOS
oT noteHuuasna piaru G na kaprax: 1 —Ne 1; 2 — Ne 3

HenocpencrBenHoe JeHCTBHE INENEBBIX JPEH M CETH OCYIINTEIbHBIX KaHaJIOB
MOHMKAET YPOBEHb TPYHTOBBIX BOJ M 3HAYUTEIFHO BIHMSET HA MHTEHCHBHOCTH CYIIUMOTO
TOPQSIHOTO CII04, 32 CYET Yero B HEM U CO3/1aeTCs OJIarONpUSATHBIA BOJHO-BO3AYIIHBIN PEKHIM.

[Ipomecchl mepenBHKeHHS BIAard B TOP(SHON 3aleXH TO3BOJISIOT OLCHHUTh U
000CHOBAaTh MEPONPUATHUS MO YIYYIIEHUIO BOJHO-BO3AYIIHOIO peXHMa MocienHel. Otu
JTAaHHBIE UCTIOIB3YIOTCS TPU pa3paboTKe MHTEHCUBHBIX METOJIOB OCYIICHHUS TOP(SIHON 3aJIeKH
Y COXPaHEHUs B HEH HEOOXOAMMOTO BOJJHOTO PEKHMA.

Ha mpaktuke TpyaHO TOBBICUTH 3()()EKTUBHYIO MPOBOJUMOCTH TOPQSHON 3alIeKH,
OJJHAKO ATOT0 MOXXHO JOCTUTHYTH 3aJI0KEHHEM IIENEBBIX JIPEH C IIeTbI0 ONEepaTUBHOIO
yIIpaBJICHUS] TIOJIOKEHUEM YPOBHS T'PYHTOBBIX BOJ. JlaHHBIE Ta0u. 2 MOKa3bIBAalOT, YTO Ha
CIIEIYIOIIMI JIeHb MOCIe A0/ BIAKHOCTh TTOBEPXHOCTHOTO CJIOS 3aJI€KH JPEHHUPOBAHHEM
3HAYUTENBHO CHIDKaeTcs. [lo pesynbpraram McClenoBaHHS MOXKHO CKa3aTh, YTO HMPOHCXOIUT
U3MEHEHHE BJIAKHOCTH 00pa3LioB Topda Ha KapTax C 3ajl0’keHHbIMH JpeHamu. OHa Ha 4 %
MEHBIIIE BJIAXXHOCTU 00pa3LloB Ha KapTaxX TOJIBKO C OTKPBITOM OCYHIMTENbHOU ceThio (0e3
NPUMEHEHHS JpeHaXka), MOATOMY Ipolecc MoJeBOl cymku uHTeHcupunupyercs. Ilocie
¢pe3epoBanus 3aeKU Ha KapTax, 00YCTPOSHHBIX IIEIEBbIM APEHAXKOM, M0JIEBAs CYIIKa CI0S
TOP(SIHOM KPOIIKM HAYMHAETCS C MEHBLICH BIAKHOCTH, IPHU STOM COKpAILAECTCs BpeMs Ha
CYIIKY 0 YOOPOYHOH BJIQYKHOCTH, @ B KOHEUHOM HUTOT'€ COKPAIIAETCS TEXHOJIOTUIECKUN ITHKIL.

Tabmmna 2. BinaXHOCTh BEpXHETO CJIost TOP(SIHON 3aJIeKH, CI0KEHHON MareuIaHuKyM-Topdom

Baaxuocts, %
Ne xapThl
OTKpBITHIE KAaHAIIBI OTKpBITHIE KaHAJIBI C APEHAKEM
1 84,1 _
2 84,2 _
3 — 81,8
4 — 79,3

YMmeHbleHHEe OOBEMOB IOTOKOB BIJIATM B HCCJICIOBAHUAX JIOCTUTHYTO ITyTE€M
YBEJIMYCHHUS TTOBEPXHOCTHOTO CTOKAa W MHTCHCU(HMKALUK WCIApPEHUs BIAard C MOBEPXHOCTH
TOP(QSHON 3aleKU. DKCIEPUMEHTAITBHO YCTAaHOBJIEHO, YTO Ha BIIATOMPOBOJIHOCTH TOpda B
a’pUpyeMOil 30HE HE OKa3bIBAIOT MOJOXKUTEIBHOTO JEHCTBUS JIIOOBIC JOCTaTOYHO KPYITHBIC
MYCTOTHI (JPEHBI), TaK KaKk OHU OOBIYHO 3alOJIHEHBI BO3IYXOM W HE CIOCOOCTBYIOT
nepeMeIieHuio Biaru. [103ToMy nmpuMeHeHHe KaK BEPTHUKAIBHOTO, TaK U TOPU30HTAIBHOTO
JpeHa)ka B 30HE BBIIIE YPOBHS T'PYHTOBBIX BOJ HE TIOMOXKET YIYYIIUTH BOJIHO-BO3IYIIHBIH
PEXHM TIPH MTOJIEBOI CyIIKE.

[Tpu noObrue TOpda camMbIM PACHPOCTPAHEHHBIM CIOCOOOM W3MEIBUCHHS 3aJICKU —
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dpe3epoBaHreM — HEOOXOIUMO HCITOJIB30BaTh (DYHKIIMOHAIBHBIC BO3MOYKHOCTH YIIPABICHUS
TEXHOJIOTHYECKUMHU Tporieccamu. [IprMeHeHHne IeneBbIX IpeH IO3BOJIIET PETyIHpOBATh
ONTUMAJIbHBIA  BOJHO-BO3AYIIHBIA pPEKUM TOp(MSAHON 3alexd, 4YTO CHOCOOCTBYET
3HAYUTEIHHO OBICTPOMY CHMIKCHHIO HAYAJIbHOW BIIYKHOCTH KaK MIOBEPXHOCTH 3aJICKH, TaK H
CYLIUMOTO CIJIOSl, @ MPH BapbHUPOBAaHUU TIyOWHBI (pe3epoBaHus IS Mpolecca MOJIeBOM
CYIIKH MOXHO OOJbIIIEe BBICYIIUTh M MOOBITh. Ha OMBITHOW MPOU3BOJICTBEHHOW ILJIOMIAIKE
KapT Ne 3 u 4 cHM>KEHUE MIIOTHOCTU MOTOKA TOP(SIHBIX BOJA JOCTUTAIOCh HHTECHCH(PHUKAIIUEH
MIOBEPXHOCTHOTO CTOKa C IOBEPXHOCTH W MHTEHCHU(HUKAIMEH HCIApEHUs BOM, MPOTEKAIOIINX
yepe3 TOp(PsIHyYIO 3aiexkb 10 YPOBHS IPYHTOBBIX BOJ U 3aT€M K KaHaJlaM.

Takum o00pa3oMm, IS TIOBBIIICHHS YPOBHSI OCYIIEHHOCTH ITPOHM3BOJICTBEHHBIX
IJIOMIAIOK HA TOP(MSHOM MECTOPOXKIECHUH TTPpH 100bIue (hpesepHoro Topda HEOOXOUMO:

paspymaTth pPHIXJIYI0 CTPYKTYpY, CHOCOOHYIO YAEp)KHBAaTh W TOTJIOMATh OOJBIIOE
KOJIMYECTBO BObL;

NPOM3BOJIUTh MEXAHWYECKYIO MEpepadOTKy C YIUIOTHEHHUEM IOBEPXHOCTH KapT JUISA
dbopMUpOBaHUS TOBEPXHOCTU TOP(SHOI 3aJI€KU C MII0XOM BIArOMpOBOAHOCTHIO;

NPUMEHSATh Kak crnocod oOe3BokuBaHUA Topda JuUOO  KPaTKOBPEMEHHOE
MepeoCcyIeHUE 3aJIeKH, TNO0 TPOMOPAKIBAHUE;

OCYIIECTBIISITh PEMOHT TOBEPXHOCTH KapT C XOPOIIMM HPOPHIUPOBAHHEM IO BCEH
wioniaay, Onaromapst 4emy oOpasyeTcsi pOBHAas BBINMYKJIas IMOBEPXHOCTh C YKIOHOM B
CTOPOHY KapTOBBIX KaHAJIOB;

NepeBOpPaunBaTh CYMIMMbIA TOp(SHONH ciol (XoTs Obl OJHO BOPOIICHHUE) IS
YBEIIMYCHUSI HCIAPEHUSI C MOBEPXHOCTH TOPQSHOW 3aJIeKH, TaK KaK Cyxas MOBEPXHOCTbH
CYLIUMOTO CJIOS MOXXET BBICTyNaTh BIJIATOU30JSATOPOM U TEM CaMbIM 3a/I€pKUBATh WU
0C1abJIsATh AEUCTBUE COTHEYHON U pACCEsTHHOW pajnaluil.

3AK/IIOYEHHUE

Ha ocHOBe npoBe1eHHOT0 HCCIeI0BAaHUS MOYXKHO C/I€1aTh CIEAYIONINE BBIBOIbI:

1. YpoBeHb TPYHTOBBIX BOJ| 3aBHCUT OT (DU3UKO-TEXHHMUYECKHX CBOHCTB TOPQSHOU
3aJI©KM WM TPAaHUYHBIX YCIOBMH  (THIPOr€OJIOTMYECKHX); CKOPOCTH  HOCTYIAroLIeH
UHQUIBTPAMOHHON BJIATW; KOHCTPYKIIMH U PACIIONOKEHHS KaHAIOB U JIpeH. [y CHUKeHus
YPOBHsI Ha MPOM3BOJCTBEHHBIX IUIOIMIAJKaX HEOOXOJUMO MPHUMEHATh CETh OCYLIMTEIbHBIX
KaHAJIOB M JPEH, 4TO OOECIEYHT Ha TOBEPXHOCTH TOPQSIHOTO MOJACTHIA HEOOXOAWMBIN
BOJIHO-BO3AYILHBIA PEXUM U OJAronpUsATHBIE YCIOBUS MTOJEBON CYIIKH.

2. B reorexnonorun 100sr4u Topda GpesepHbM criocoO0M CyIIeCTBEHHOS CHUKCHHE
(6onee 1 merpa) ypoBHsI IPYHTOBBIX BOJ (KOI/la B KAapTOBBIX KaHaJlaX OTCYTCTBYET BOJA)
3HAYUMO YMEHbBINAET 3aBUCHMOCTb OT OCAJKOB BCEX TEXHOJIOTMYeCKuX onepauuid. Ilpu
OCYILIEHMM HM3MEHEHHE YPOBHsS TPYHTOBBIX BOJ M CKOPOCTb MX IOHMKCHMs BIMSAIOT Ha
WHTCHCHUBHOCTH (DU3HKO-TEXHUUYECKUX MTPOIIECCOB TOP(PSHOM 3aTICHKH.

3. TopdsHas 3anexp, HaXONALIAACA HW)XKE YPOBHS TPYHTOBBIX BOJ, MMeEET
0COOEHHOCTh — CHOCOOHOCTh C HE3HAYUTEIBHBIM CONPOTUBICHHUEM B JIIOOOW IOJIOCTH
npomyckaTh BoAy. B nensax yBennuenus 3¢hekTuBHON MPOBOIUMOCTH TOP(DSIHON 3anexu u
MHTEHCU(UKAIINH MTPOIECCOB MOJEBON CYIIKH M JTOOBIYM HEOOXOIMMO NMPUMEHSTH LIENEBON
JPEHaX.

Takum 00pa3oM, KOPPEKTUPOBKA TEXHOJOTUYECKHX IapaMeTpoB (BO3MOKHOCTH
UCIIOJIb30BaHUsI 000PYI0BaHMsI ¢ MEHBLIEH MPOXOJUMOCTBIO M0 MEpe YIPOUHEHUsI Hecylen
CIIOCOOHOCTH IOBEPXHOCTH IPOM3BOJCTBEHHBIX IUIOLIAIOK, T[IyOMHBI (pe3epoBaHus,
pacCTOAHUS MEXIY IIEJIeBbIMU JIPEHaMHU, WX IJIyOHWHBI 3aJI0KEHHs) M INPOEKTUPOBAHHE
aJaNTUBHON TEXHOJOTUYECKONW CXEMbI BO3MOXHBI IIPU YUETe JUHAMHKU U3MEHEHUS] CBOMCTB
TOp(sAHON 3aexu B XoJe ocylieHus. [Ipu 3ToM CyliecTByIOT BO3MOXKHOCTU (PUKCUPOBAHMS
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MCTCOPOJIOTUIYCCKHUX TIMapaMCTPOB, TEXHUYESCKOMN BOOPYKCHHOCTHU, a TaKXC OIPCACICHUA
3arpaT Ha 00yCTPOMCTBO OCYIIUTEIbHOH ceTH. BBIOOp TEXHOIOTMYECKOW CXEMBbl OCYIICHHUS
Ha CTaJ{H MPOCKTUPOBAHHS MMO3BOJIUT ONPEICIUTh EPHO OCBOCHHS, 00BEMBI U CTOUMOCTb
3eMJISTHBIX PadoT.

JIUTEPATYPA

1. Singh K. Allocation and sustainable management of peat resources on public land
/I AEP Public Land Management. 2016. Ne 9. P. 1-14.

2. SlononeB A.JL., IlyxoBa O.B. CoBpeMeHHbIe HampaBlIeHUs HCIOIb30BaHUs Topda
/I Becmnukx Teepckoeo eocyoapcmeennozco mexnuueckoeo yausepcumema. 2010. Ne 17.
C. 104-107.

3. IManoB B.B., MucnukoB O.C. Tennenuuu pa3sutus TopdsHoit orpaciu Poccun
/I Topnuwtii ocypuan. 2015. Ne 7. C. 108-112.

4. IlanoB B.B., MucnukoB O.C., Kynopoa A.B. IlpoGiemMbl KM mNE€pCrEeKTUBBI
pa3BuTHs TOphIHOTO Mpou3BoacTBa B Poccuiickoit @enepaunu // I opusiii unghopmayuonro-
ananumuyeckuil oranemens (Hayuyno-mexnuuyeckuil scypran). 2017. Ne 5. C. 105-117.

5. MucnaukoB O.C., Tumodeer A.E., MuxaitnoB A.A. AHaIU3 TEXHOJOTHHA
pa3paboTku TOPQPSHBIX MECTOPOXKIACHUW B CTpaHaX MalbHETO M OJIMKHETO 3apyOeKbs
/I I'opHoltl ungopmayuonHo-aHarumudeckutl OwlemeHs (HAYYHO-MEeXHUYeCKUll JCYPHAT).
2011. Ne 9. C. 84-92.

6. MucnukoB O.C., Tumodees A.E. O panvoHanbHOM HCHOJIB30BaHUU
YHEPTEeTUYECKUX U MHUHEPAIBHBIX PECYPCOB TOP(MSIHBIX MECTOPOXKACHUH // [ opubitl HcypHA.
2008. Ne 11. C. 59-63.

7. AdanackeB A.E., Uypaes H.B. Onrtumuzauus nOpoueccoB CYyIIKH U
CTPYKTYypOoOOpa3oBaHusl B TEXHOJIOTHH TopdsiHOTO MpousBoacTBa. M.: Heapa. 1992. 288 c.

8. Uypaes H.B. Mexanusm rnepeHoca Bjiaru B KanWUISPHO-TMIOPUCTHIX TeJIax
/I Hoknaowr Akademuu nayxk. 1963. T. 148. Ne 6. C. 1361-1364.

9. Kymopoa A.B., IlyxoBa O.B., Epmusm J[.M. Hanpasnenuss ocymieHus
MECTOPOXACHUH B TEOTEXHOJIOTHSAX Topda u camnponens // [opuwviti ungopmayuorHo-
ananumuyeckuul oroaiemens (Hayuno-mexuuyeckuti socypran). 2011. Ne 11. C. 36-40.

10. sA6noneB A.JI., 'yceBa A.M. DkcniepuMeHTaIbHOE 0OOCHOBAHHE PallMOHATBHBIX
PEKHMOB TIPOU3BOACTBA KyckoBoro Topha // [opmuwiii unpopmayuonno-anarumudeckuil
oro1nemens (Hayuno-mexuudeckuil scyprain). 2019. Ne 2. C. 163-171.

11. MucnukoB O.C., IlyxoBa O.B., UeptkoBa E.}0. ®dusnko-xuMu4ecKue OCHOBBI
TopsiHOrO mpou3BocTBa: yueOHnoe nocodue. Treps: TBI'TY. 2015. 160 c.

12. Kremcheev E.A., Kremcheeva D.A. Technological approaches to reducing the loss
of peat raw materials in fields with hydrological regime // Indian Journal of Science and
Technology. 2016. V. 9. Ne 12. P. 89525.

13. KpemueeB D.A. OO0CHOBaHHE TEXHOJIOTMUYECKUX NMPUEMOB CHUKECHHSI BIIAXKHOCTH
TOP(SHOTO CBHIPBS P AKCKABATOPHOU 1100bIue // [ opubitl uHopMayuoHHO-aHarumuyeckKui
oro1nemensd (Hayuno-mexuudeckuil scypran). 2014. Ne 9. C. 31-35.

14. Bonaposuu M.I1., Uypaes H.B., 'amatonoB H.1., ApanacreB A.E. UccnenoBanue
MEXaHM3Ma CYHIKA KanWUISPHO-TIOPUCTBIX TEN PAa3iHYHON CTPYKTYpPhl HHAWKATOPHBIM
metosoMm // Tenno- u macconepenoc. B 11 1. KueB: HaykoBa mymka. 1968. T. 6. Y. 1.
C. 30-43.

15. MucnukoB O.C. ®usmnyeckue MPOILECCH CTPYKTYpOOOpa3oBaHUsI MPU CYIIKE
norpeOeHHbIX camnpomnenei. Jucc... kana. TexH. Hayk. Tepb. 1997. 20 c.

Becmnuk Teepc:cozo zocydapcmeeimozo mexHu4YecKozo ynueepcumemada.

Cepus «Texnuuecxkue naykuy. Ne 3 (19), 2023
61



Juas nutupoBanusi: IlyxoBa O.B. Onenka BIUSHHS TEXHOJOTHYECKHUX ITapaMeTpOB Ha
MOJICBYIO CYIIKY TOP(SHOTO cIiosi Ipu ero a00srde // BectHUk TBEpCKOro rocyapcTBEHHOTO
Texunueckoro yHupepcuteta. Cepus «Texumueckume Haykm». 2023. Ne 3 (19).
C. 53-61.

ASSESSMENT IMPACT OF TECHNOLOGICAL PARAMETERS
FOR FIELD DRYING OF THE PEAT LAYER DURING ITS EXTRACTION

0.V. PUKHOVA, Cand. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: owpuhova@mail.ru

The questions of the influence of technological parameters (water level, weather),
which depend on the rate of drying of products, in the development of the peat field
“Svyatinskoye”, and, more precisely, in the field drying of peat crumb obtained by milling the
deposit, are considered. For the experimental maps of the production site the indicators of
seasonal studies are given. For this purpose, the moisture content of the dried layer, indicators
of groundwater level fluctuations and the volume of moisture, which was absorbed from the
underlying deposit and rainfall, moistening the dried peat layer, were determined. On four
maps with an open drainage network, weather conditions as well as groundwater level
fluctuations in the map channels were monitored during the season. The complexity of laying
of slot drainage and its influence on the water-air regime of the uppermost deposit during the
ground water level variation during the season were analyzed. It is shown that slot drainage
together with open channels has favorable effect on production site drainage. It has been
established that ground waters under the action of gravitational forces, i.e. at the difference of
pressures in the peat deposit and drains, seep into the cavity and then under the slope are
discharged into the collecting network of open channels and are removed outside the drained
production site. It is recommended to use the results of seasonal studies and analysis of
moisture movement processes to develop and substantiate measures for improving the water-
air regime of the peat deposit with the development of an intensive method of drainage as
well as for maintaining the necessary conditions.

Keywords: peat, peat deposit, peat layer, open drainage network, drainage,
meteorological indicators, hydrological regime, groundwater level, drying processes.
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[TpuBeneHb! pe3yabTaThl UCCIICAOBAHUM, CBA3aHHBIX C BHECCHHEM aMMHUaka B TOp(d
U TonydeHus TopdoaMmuadHoro ymoopenus. IIpemioskeH cmoco0 BHECEHHS pacTBOpa
aMMHMA4YHOW BOJBI B TIOJICBBIX YCIIOBHSX IEpe] orepanueil BaikoBaHus. Jims stux menei
n00aBJICHBl KOHCTPYKTHUBHBIC W3MEHEHHS B BAJIKOBATENh, KOTOPBIM MPHUMEHSETCS Ha
TOP(PSAHOM MECTOPOXKIACHUHU B TEXHOJIOTUH JTOOBIYHM pe3epHOro Topda.

Kniouegvie cnosa: topd, BOIHBIH aMMHaK, a30T, TYMHHOBBIC KHCIIOTBI, €MKOCTb
HOTJIOIIEHUS!, KHCIIOTHOCTb, yIOOPEHHE, MOJICPHU3AIIUS, CIIOCOO BHECCHUSI.

DOI: 10.46573/2658-5030-2023-3-62-70

BBEJEHUE

Ha tepputopuun Poccun mimomanas maxoTHBIX 3eMelb COCTaBiIseT okojo 120 MiH ra.
Copnepxanue rymyca B HMX 3a npoueamue 20 JieT, 0 OLlEHKaM HE3aBHUCUMBIX JKCIEPTOB,
causuiock a0 20 % [1, 2]. OCHOBHBIMU HCTOYHUKAMHM HACBIIMICHUS MUTATEIbHBIMU
9JIEMEHTaMU B TIOYBE SIBIISIIOTCS yI0OpeHus. B mocneHue qecsaTHiIeTHs OHM HEe BHOCHIINCH Ha
TeppuTopuu okojo 41 mus ra [1]. Jnsg ynosiaerBopenus 25 % norpeOHOCTEN B OpraHUYeCKUX
yI0OpEeHUsIX HE0OX0IMMO 00eceunTh J00BIdy TophsHOTo Chipbs HE MeHee 300 MIIH T B TOA
(13 pacuera MUHUMaJIbHOM 1036l BHEceHHs 10 T/ra) [3].

Opranuveckue yIOOpPCHHs SBISIFOTCS BaXXHBIM CPEJACTBOM YIIYYIICHUS (DU3UUIESCKHX
CBOMCTB M BOIHO-BO3IYLIHOTO PEXHUMa OEIHBIX T'YMYCOM U MUTATENbHBIMH BEIECTBAMU
MOYB, a TAKXKe JOMOJHUTEIHHBIM HCTOYHHUKOM MHUTATEIBHBIX BEHICCTB I PAcTCHUH U
CTUMYJISITOPOM OMOJIOTHYECKUX MPOLIECCOB [4].

[Mpenmpustus mo go6sr9e Topda B Poccuu mpou3BoAsIT HECKOIBKO BHIOB TOPPSHBIX
ynobpenuit. g 3TOro MpakTUKYIOT JOMOJHUTENBHYI0 00pabOTKy TOPQSHOM KPOIIKH.
Topdsinbie  ynoOpeHHsS OTIUYAOTCS APYr OT Jpyra TEXHOJOTHYECKUMHU CXEeMaMH
MPOU3BOJICTBA U COCTABOM BHOCHMMBIX KOMIOHEHTOB. TE€XHOJIOTHUU MPOU3BOACTBA TOP(PSIHBIX
y0OpeHui pa3/ieistoTCcsl Ha 3aBOJICKHUE U MOJIEBBIE.

I[To paHHBIM HMCTOYHUKOB [4—6], MOXXHO BBIJACIHTH TPU OCHOBHBIX CIIOCO0A
aMMOHHM3aIu Topda B MOJIEBBIX ycioBusX. [lepBelii — mobaBiieHMe aMMuaka B IPOIECCe
no0bun (ppezepHoro Topda. Bropoit crocod — BHeceHHME aMMHUaKa HEMOCPEICTBEHHO B
mradenst gpe3epHO Kpomku. Tpetuidt cmocod — BHECEHHWE aMMHaKa CIHEIUATBHBIM
YCTPOMCTBOM B ILIMKJIOBbIE HaBajbl B TEUCHHE BCEro Ce30Ha JOOBMU (pe3epHOro Topda.
[Ipon3BOACTBO MOYKHO OpPraHM30BaTh C MPUMEHEHUEM MAIMH WU CEJIbCKOXO35WCTBEHHOU
TeXHUKHU [7, 8].

IIpu ¢dpesepuom cmocobe pa3paboTku 100bYa TOP(SIHONW KPOIIKH BKIHOYACT
KOMILJIEKC Omepanuii, Takux Kak ¢pe3epoBaHHe, BOPOIICHHE, BaJIKOBaHUE, yOOpka U
mrabenupoBanne. I[lpu ¢dpesepoBanun usMenbuaeTcs (dpe3epyercs) BEpXHUU CIOH
topdsiHoi 3amexu rayounoir o 50 mm. C Touku 3peHHs (PaKIMOHHOTO COCTaBa s
TopdsHBIX  ynoOpeHuil Hamboyiee MpHEMIIEMBIM  SIBISETCS  TopdsHAs  KpOUIKa.
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JIL.P. IImBoBapoB m A.B. TumkeBnu ycTaHOBWIM, YTO B IIPOLIECCE AMMOHHU3ALUHU
HauOOJBIICH MOTIOTUTEIHLHOW CIIOCOOHOCTBHIO OO0JIAal0T YacTHIBI TOpda pa3sMepoM JI0
Smm[4,5,9].

Cymka cdpesepoBaHHOTO Cjosi Topda OCYIIECTBISIETCS Ha TIOBEPXHOCTH
paszpabatbiBaemMoil twiomanu TophAaHbIX Moneil. UToObl MHTEHCHU(PUIUPOBATH MPOILECC
cymku Topda, NPUMEHSIOT CIENHUaIbHbIE MAIIWHBI — BOPOIIMIKH. [loAcymieHHYIO
TOpQSHYIO KpOUIKY COOMpalOT BaJKOBaTeleM B BalkKd M 3aTeM YOOPOYHBIMU
KOMIUIEKCAMU OTIpYyXaroT B mrabens. [ng nmocTiwkenuss Hawirydmero s¢¢ekra or
TOPQSHBIX YAOOpPEHUM HCMIOIB3YyEeMBbIH TOPQ MOMKEH OBITh MOJCYLIEH A0 BIAXKHOCTHU
55...60 %. Ilpu sTOil BIaXHOCTHM B HEM HauOoJee AaKTUBHO MPOTEKAIOT IOJIE3HbIE
MukpoOuonornueckue mpoueccel [5, 10]. Ha mmomaasx mnocne ybopku ¢dpesepHoit
KPOIIKK TPOU3BOIUTCS (ppe3epoBaHre CICAYIOMIETO CIOSI TOPPSHON 3anexu, Topd cymar
u youpatotr B mrabens. Onepanuu MUKIAYHBL. J[IUTEIbHOCTh LUKIJIA MPU MPOU3BOICTBE
Topda UISI CENbCKOTO XO3AWCTBA COCTABISET OKOJIO JABYX CYTOK B 3aBUCHMOCTH OT
NoroaHsIxX yciuosui [10].

MATEPHUAJIBI U METO/IbI

Topd B ecTECTBEHHBIX YCIOBUSIX XapakTepusyeTcs Cinabold OHOIOrHYecKOi
AKTUBHOCTBIO. MHOTHE BUABI TOpda colepkaT 3HAUUTEIHHOE KOJIUYECTBO a30Ta, KOTOPBIN
HaXOAUTCS B TPYAHOJOCTYIHBIX JJIsl pACTEHUI T'YMHHOBBIX BEILECTBAX, OUTyMax, JUTHUHE U
JIpYyrux coequHeHusx [5, 11].

MHOTOYHCIICHHBIE HCCIEJOBAaHUS aKTHBHM3AIMU a30Ta Topda M MONydyeHHsI Ha €ro
OCHOBE BBICOKOO((EKTUBHOTO YAOOPEHHS IPOBOJUIUCH B pa3HbIe Tojbl XX BeKa TaKUMH
yuenbiMH, kak C.C. [parynos, JI.A. XpucrteBa, A.B. Tumkosuu, JI.H. [Ipsaumuukos u
ap. [4, 5].

K ocHOBHBIM MeTO1aM aKTUBU3aLMU a30Ta Topda oTHOCATCs [4—7]:

a) BHeceHHE B TOp¢ aMMHAYHOI BOJBI UM 0€3BOJJHOTO aMMHUAKA;

0) KOMIOCTHpOBaHWE TOP(SIHONH KPOIIKKM C OpPraHWYECKMMH W MUHEpAIbHBIMU
KOMIIOHEHTaMU;

B) pa30rpeBaHuUE.

AmMMoHmU3anus Topha — 3T0 mpoliecc HAChIEHUs] TOPHAHON KPOIIKH BOAHBIM WU
0€3BOITHBIM aMMUAKOM.

B Hacrosmeil crarbe paccMOTpPUM MpPOLIECC BHECEHHUS BOAHOTO aMMHaKa BO
¢dpe3epHbIil TOp) A MOTydeHUS TopPoamMMUAYHOTO ynoOpenws. s aMMOHU3AIMU
UCXOJHBIM TOp( MOIKEH COOTBETCTBOBATH CIEAYIOHIUM TpeboBaHusIM [9]: cTeneHb
pasznoxenus — He MeHee 15 %, 3oimbHOCTH — He Ooznee 25 %, kuciaorHocts (pH) — B
npeaenax 3,5...6,0.

Opranndeckoe BEmecTBO TOpda COCTOUT U3 YIriIepoa, BOAOPOAA, KHCIOPOAa, CEPhl U
azota. s Topda B menom conepkaHue yKa3aHHBIX AJIEMEHTOB HAXOAMTCA B Tperenax
48...65 % C; 4,7...7,3 % H; 0,02...1,2 % S; 0,5...4 % N; 24,7...45,2 % O [11]. CnoxHblii
COCTaB OPraHUYECKOTO BEIIECTBA ONMPEAEISET U CI0KHOCTh (hOpM CBSI3U TOpda C aMMHUAKOM.
[Ipu koHTakTe (pe3epHO KPOWIKM C aMMHAYHOM BOJOH MPOHMCXOIST ONpEACTICHHbIC
npouecchl. C 0IHOI CTOPOHBI, UMEIOT MECTO YUCTO (PU3MUYECKUE MPOILIECCHl PACTBOPEHUS U
muddy3us aMMuaKa B BOJIE€ BIXKHOTO Top(a, a TakkKe ero aacopOIHs Ha BBICOKOPA3BUTOM
noBepxHocTH TOopda; C APYyrol CTOPOHBI, PAcTBOpP aMMHaka B BOJAE TUCHEPTUPYET
KOJUIOMJIaJIbHOE BEIIECTBO TOopda M B pe3yjibTaTe TIHAPOJIU3A PACLICIUIAET CIIOXKHbIE
MOJIEKYJIBl OpPTaHMYECKOTo BellecTBa Topda, oOpazys OJHOBPEMEHHO aMMHUAYHBIC COJHU
[5, 12].
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[Ipu mpowmsBoacTBe TOP(GSAHBIX YNOOpPEHWH aMMHMadHas BOJAa BBOJIUTCS B HOpMax
COTJIACHO TEXHUYECKUM YCIIOBHSM, T.€. EMKOCTh Torjomenus | T Topda ¢ maccoBor noineit
Biaru 55 % a1 BogHOro aMmmMuaka — He Menee 20 Kr, KUJKOro aMMHuaka — He MeHee S5 Kr [9].
EMKocTpIO mOTIIOmIEHUST TOPPOM amMMHaKa Has3bIBAlOT KOJIMYECTBO aMMHaKa, KOTOPOE
dpesepHblii TOpd MOXKET MOTJIOTUTh M yJAep:KaTh 0e3 MmoTepb B OOMEHHO-TOIIIOMICHHOM
dopme [12].

OnpezneneHre MacCOBOM O OOIIETro a30Ta B aMMOHU3UPOBAHHOM TOpdE TAeT MOTHOE
IPEJCTAaBICHUE O €MKOCTH IOIJIOLICHUS aMMHaKa, TaKk KaKk B 3TOM CiIydae YYUTBIBAIOTCS
aMMHaYHBIA a30T B 0OMEHHO-TIOTJIOIEHHOM COCTOSIHUM U Ta YacTh aMMOHHUS, KOTOpask MOXKET
OBITH OOJIee TIPOYHO yAeprKaHa OPraHMYECKUM BEIIECTBOM M HAXOJUTCS B HEOOMEHHOH (opme.

B BoaHOM pacTBOpe aMMuayHBId a30T HaxOOUTCA B JBYX ¢Gopmax: B BHIE
cBobogHoro ammuaka NH3; u karuona ammonuss NHy, mpuueM cBoOOJHOro aMMMaka
COJICP)KHUTCST 3HAYUTENbHO Oonblie, yeM KaTuoHa ammonus [12]. Hamuuue B BoIHOM
pacTBope OOJBIIOrO KOJWYECTBA CBOOOIHOrO aMMHaKa MOXET NPHUBOJIUTH K MOTEPSIM
aMMHUAYHOI'O0 a30Ta, BEJIMYMHA KOTOPBIX OyHeT OMpenensiThCsid HE TOIbKO IPAaBHIBHO
YCTaHOBJIGHHOW /10301, HO M CIIOCOOOM BBeJCHHS B TOpd amMMmuayHOW BOABL. Topd s
CEJIbCKOXO3MCTBEHHOT'O HCIOJIb30BaHUA aMMOHU3UPYETCS MPH OMNepaluyd J0ObIYM WIH B
NEPHOJ] €ro XpaHEHUs Ha MoJsX [5].

PE3YJIbTATBI UCCJIIEJOBAHUSA

OObeKTOM uccleoBaHUs SBISIETCS TOP(SIHOE MECTOPOXKICHHE, PACIOJIOKEHHOE BO
Biagumupckoii o6sactu. 3ajiekb OTHOCUTCSI K BEpXOBOMY THITY, CJIOKEHA IPEUMYIIECTBEHHO
MyHIUIEBO-c(harHOBBIM TOP(HOM CO CTETIEHbIO pasnoxkeHus — 24 %; 301pHOCTHIO — 3 %.

beutm  mpoBeNeHBI MCCICAOBAHMS IO W3YYCHUIO B3aMMOJCHCTBUS aMMHaKa
aMMUA4YHOU BOJABI ¢ TOp(HOM, OTOOpPaHHBIM C STOTO MECTOPOXKACHHS, B 3aBHCHUMOCTH OT
BJIQ)KHOCTH CBIPBSI, KUCJIOTHOCTH.

Jlna uccnenoBaHus BIUSHUSA BIQXHOCTH TOp(da Ha MOTJIONIEHWE aMMHUAYHOW BObBI
Opanu oOpa3ibl Topda U3 3aJIeKu U MOJICYIIUBAIIA UX B JJabopaTopuu 1o BiaxHocta 40, 50,
60, 70 %. Bo Bcex HaBeckax Topda NPUHUMANOCH OJMHAKOBOE KOJIUYECTBO
cyxoro BemecTBa. Kaxmas HaBecka oOpa0aThiBalaCh aMMHAYHOH BOJIOM IO IOJIHOTO
HaceleHus [12], a 3aTeM monBeprajiiach aHalu3y Ha coJep:KaHue B Tophe aMMHAuHOTO
azota B Mmwumrpammax Ha 100 T abCOTIOTHO CyXOro BEIIeCTBA C TOCIEAYIOIUM
NepecuyeToM B MPOIIEHTHBIE AOJIU. Pe3ynbTarhl uccieoBaHus MPeCTaBICHbI HUXKE:

BnaxHnocts ucxomuoro Topda, % 40 50 60 70
EmkocTh moroeHust TopgoM aMMHuaKa
B IIlepecuere Ha abCOTFOTHO 1,96 2,02 1,93 1,97
CyX0€ BEIIEeCTBO, %

Ha ocHOBaHHMH BBIIICHU3IIOKEHHOTO MOXHO CJHIEJaTh BBIBOJ, 4YTO KOJMYECTBO
MOTJIOIIEHHOTO TOP(POM aMMHUAYHOTO a30Ta B IiepecueTe Ha aOCOIIOTHO CYyX0€ BEIIECTBO BO
BCEX Mpo0ax MOJyYMSIOCh NMPAKTUYECKU OJUHAKOBOE (IOKaszarenb oTiaudaercs Ha 2...5 %)
JUISE OJHOTO BHUAA Topda TpH pa3HBIX IMOKA3ATENAX BIAKHOCTH. Pe3ynbTaThl HaIIMX
UCCIICJIOBAHUIN TOATBEPXKIAIOTCS HCCICIOBAaHUSIMU, TpOBeAeHHbIMA B 50-70-X romax
XX Beka [4, 5].

AMMUaK yuepkuBaeTcsi TOpPOM B pe3yibTaTe (PU3MKO-XUMHUECKUX IPOLIECCOB.
Crnenyer TakKe Y4YUTBIBaTh, YTO IPHU MOJACYIIMBAHUU aMMOHHU3HpPOBaAaHHOTO oOpasma 1o
BIaXHOCTH 12...15 % K moTepssiM OTHOCUTCS M Ta YacTh aMMHA4YHOTO a30Ta, KOTOpas
HAXOJIUTCS B COCTOSHHHM (PU3UYECKON COpOLMHU, T.e. COCPENOTOYCHA M YACPKUBACTCS B
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IUIEHKE BOJHOTO PacTBOPa, OKPYKAIOIMIETo YacTHIbl Topda. B aToMm MoxHO yOenauTscs npu
OTIpE/ICJICHUH KOJHMYECTBA MOTJIOMIEHHOTO TOP(POM a30Ta Mocje BHICYIIMBAaHUS oOpasia 10
MOCTOSIHHOM Macchl. B mpoiiecce BoicymuBaHus aMMoHU3UpoBaHHOTro Topda mpu 105 °C B
CYUIMJIFHOM MIKady BMECTE C TMTPOCKONMUYECKOW Biaroi tepsiercsa §...30 % ammmagHOTrO
a3zoTa (OT HalIGHHOTO B BO3AYIIHO-CyXOoM Topde). Pe3ynbrarsl npeactaBieHsl Ha rpaduke
€MKOCTH TMOTJIONICHHsT aMMHAayHOTO a30Ta BEPXOBBIM TOphoM (B BO3AYIIHO-CYXOM
coctostHuM) (puc. 1).

[lpu w3yyeHumn ¢opM a30Ta B aMMOHHU3HPOBAHHOM TOpQE BBISBICHO, YTO B
pe3ylbTaTte B3auMOJICHCTBUS BOJHOTO PAacTBOpa aMMHaKa ¢ TOPPOM MPOTEKaeT ps] BechbMa
CJIO’KHBIX TPOIIECCOB: OJHOBPEMEHHO ¢ OOMEHHBIM XapaKTepOM IOTJIOMICHUS UMEIOT MECTO
Ipyrue XUMHUYECKHUE PeaklUyd MEXAy MOHOM aMMOHHUS U OPraHUYeCKHUM BElIeCTBOM Topda
(5,7, 13].

[Ipu HackieHuu BepxoBoro Topda (crenens paznoxenus 24 %) BOJHBIM pacTBOPOM
aMMHaKa ObLJIO OTMEUEHO, UYTO C yBeluueHueMm koumeHTparuu ot 1,2 go 10,3 % (puc. 1)
MOBBIIIAETCS U COJEpKaHUE MOTJIOUIEHHOT0 aMMHAYHOTO a30Ta B BO3AYLIHO-CYyXOM Topde.
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Puc. 1. EMKOCTB MOTJIOIIEHHsT aMMHAaYHOTO a30Ta BEPXOBBIM TOPHOM
(B BO3AYIIHO-CYXOM COCTOSIHUN)

Tem He MeHee mpu AadbHEHIIEM MOBBIICHHH KOHIICHTPAIIMA aMMHAaKa B PacTBOpE
(14,5...20 %) nabmromaeTcss 3aMETHOE YMEHBIICHHE KOJUYECTBa IMOTJIOIMIEHHOTO Tophom
aMMHAYHOTO a30Ta. JTa 3aKOHOMEPHOCTh ObUIa OTMEUYEHAa B TPEABLAYIINX OIBITax C
oOpasuamu Topda Apyrux BUIOB [4]: C MOBBIIEHUEM KOHLEHTPAIMK aMMHUaKa B PacTBOpeE
YBEJIMUYMBAETCA KOJIMYECTBO HoriouieHHoro aszora a0 10...15 %; npu panpHelem
MOBBIIICHUN KOHIICHTPAIlMM aMMHUaKa COJAEpKaHUE TMOIJIOMIEHHOTO TophoM aMMOHHS
3HAUUTEIbHO COKPAILlAETCs.

OneHka NOTIOTUTENBHONW CHOCOOHOCTH TOopda MO OTHOIICHHIO K aMMHAKy HMeeT
00JbIIOE NPAKTUYECKOE 3HAUYEHME, IIOCKOJIBKY CIY)KUT OCHOBHBIM KpPUTEPHEM UL
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YCTaHOBJICHUS JJO3bI AMMHAYHOMN BOJIBI IIPH MPOU3BOJICTBE KOHIICHTPHPOBAHHBIX yIOOPECHHU.
OTOT Ccnocod TPHBOIUT K HU3MCHEHUIO OMOXMMHYECKHX W arpOXMMHYECKHUX CBOHCTB
dpesepHoro Ttopda. I[IpoucxomuT yBenUUYEHHE COJEP)KAHUS MOJBMKHBIX OPraHUYECKUX
BemecTB B 10...15 pa3 3a cyeT BoOpacTBOPUMBIX rymaToB ammoHus [4, 5, 11], Bcienctsue
Yero yJiIydIlarTcs CBOHCTBa Topda.

EmMkocths mormnomenusi TopoM BOJHOTO aMMHaka B 3aBUCUMOCTH OT IOKa3aTess
kucnotHoct (pH,) mokazama, 4To MO Mepe YBEIMYEHHUs KHUCIOTHOCTU HalIogaercs
TEHJICHIIUS K YBEIWYCHUIO TMOTJIONICHUS aMMHA4YHOrO a30Ta B CBSI3M C HM3MEHEHHEM
noHooOMeHHoi aktuBHocTu rpymnn (mo ganHbiM C.C. JlparynoBa u nap.) [4]. Husa
OTpE/CIICHUs] ypaBHEHUS PETPECCHH, XapakTepu3ymomero (Gopmy CBI3H  MEKIY
KHUCIIOTHOCTBIO M €MKOCTBIO MOTJIOLIEHUS, TPUMEHSIIM METO]T HAUMEHBIINX KBaapaToB [14].

[TosydyeHo 3MnupuvecKoe ypaBHEHUE PErPECCUU:

) =586 x 0804,
I ¥ — eMKOCTh TOTJIOmeHHsI TOpHOM aMMHUaKa aMMHAYHOH BOJIBI, %; X — KHUCIOTHOCTb
topa (pH) B ycroBHBIX eTUHUIAX.

OMIUPUYECKUE JIMHUM PErpeccud U BUA (PYHKIMOHAIBHOW 3aBUCHMOCTH MEXIY
UCCJICIOBAaHHBIMU TIOKA3aTeNIIMU MIPEJICTABICHBI Ha pUC. 2.

G4

241 .

200~ o

Emkocth nornomenus: toppom ammuaka, %
¥

13 | | | |
2 @ 4 5

KucnotHocTe Topda pHo

Puc. 2. 3aBUCMMOCTh €MKOCTH MOTJIOLIEHUSI BOJHOTO aMMHuaka Tophom
OT KHCIIOTHOCTH Topa

Jlnst onpeneneHuss TECHOTBI CBSI3W MEXJY KHCIOTHOCThIO Topda pHo M eMKOCTBIO
MOTJIOIIEHUSI UM aMMHMaKa aMMHMAYHOH BOJBI ObUI MOACYUTAH KOA()(UIIMEHT HEITHMHEHHOU
perpeccuu u yCTaHOBIICHO KoppensinuonHoe otHomieHue [16]. Koaddumuent perpeccun s
csasu pHo 1y = 0,926, a KOppENALMOHHOE OTHOWIEHHE Tyx = 0,752, 4TO yKa3pIBaeT Ha
JIOCTAaTOYHYH) CBSI3b MEXKIY HCCIEAYeMbIMH IOKa3aTeasiMH. YeMm BbIIIE T0Ka3aTelb
KHACJIIOTHOCTH HCIIONIB3YeMOTr0 Topda MpHU TOCTOSHHOW KHUCIOTHOCTH CpEeAbl, TeM OOJbIle
KOJINYECTBO MOHOB aMMOHHSI UM TTOTJIONIAETCSI.
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[Tpon3BOACTBO aMMHAYHOTO YI0OpEHUST OyJIET OMpPEeNeNsIThCsl HE TOJIBKO MPaBUIHHO
YCTaHOBJIGHHOMW JI030H, HO M CITOCOOOM BBEACHHUS B TOP( aMMHAYHON BOJIBI.

[Tocne ananu3a UCTOYHUKOB [4, 5] (B KOTOPBIX PACCMOTPEHBI CIIOCOOBI BHECEHUS
BOJIHOTO pacTBOpa aMMHaKa), 000pyI0BaHUS JIJIsl IPUTOTOBJICHHSI aMMHUAYHOTO yIOOpEHUs Ha
OCHOBE TOpda B IMOJIEBBIX YCIOBUSAX, HH(GOPMAIIUU 110 CMEKHOMY HAIpPaBIECHUIO B CEITLCKOM
X03siicTBE [8], a Takke 3aBUCUMOCTH €MKOCTH TOTJIOIMICHUS OT BJIAXKHOCTH W KHCIIOTHOCTH
OBLT MPEJIOKEH CIIOCOO BHECEHHs pacTBOpa aMMHUAYHOW BOJBI B IMOJIEBBIX YCIIOBUSAX MEpes
orepanueil BaIKOBaHMS. B TEXHOJIOTMYECKOM IPOIECCe MPOXOAT TPH 3Tala yCPETHCHHS
Topa m amMmmaka: MepBbIil — yCpelIHEHHUE B MPOIECCEe BAaJIKOBaHUS, BTOPOW — B Ipoliecce
yOOpKH, TpeTuii — BO Bpems InTa0enupoBaHus. VCIoJIb30BaHHE —MPEaaraeéMoro
TEXHUYECKOTO PEIICHUs MMO3BOJIMT MOBBICHTH Ka4eCTBO aMMOHH3auu Topda 3a cuer Ooinee
pPaBHOMEPHOTO BHECCHHsI aMMHaka. Kpome Toro, mpuMeHEeHHEe TpeiaraeMoil MalluHbI JacT
BO3MOXXHOCTh M30€KaTh OTEPh BOJHOTO PACTBOPA aMMHAKA.

Bechk TexHOnmormyeckuii mporiecc a00bMM TOpda HA MECTOPOXKICHUU OCTACTCS
HEU3MEHHBIM, KpOME OIepally BAJIKOBAHUS, YTO WrpaeT OOJBIIYI0 pOJb, TaK Kak
NPEIIPHUSTHIO HE TTOHAOOUTCS JOMOJHUTEIIEHO BKJIQJBIBATh CPEICTBA B M3MEHEHHE BCETO
TEXHOJOTMYECKOro mporecca.

Jlyis peanu3anuy TEXHOJIOTHH MOJIydeHUsT TOPPOAMMHAYHOTO yI0OpEHUS MpeiaraeM
MOJIEPHU3UPOBATh MPUMEHSEMBbI Ha JaHHOM MpeanpHusITHH BaikoBarenb Thma TBA-09.
Takyro MOJEPHH3AIUIO BO3MOYKHO OCYIIECTBHTH B YCIOBUSX MEXaHMYECKHX MACTEPCKUX Ha
TOP(STHBIX MPON3BOJCTBAX.

BankoBarens (puc. 3) ocHamaeTcsi MUCTEPHOU (KOHTEHHEPOM), 4TOOBI 00paboTKa IuIa
B paccTuJ epej onepanueil BaIKOBaHHUSL.

Puc. 3. BankoBatenb ¢ 000pynoBaHuEM /Jisi BHECEHUS YAOOpeHUs: 1 — CEeKIMs BaJIKOBaTeNs;
2 —pama; 3 — X0J10Basi 4acTh; 4 — MUCTEPHA; 5 — HACOC-1103aTOD;
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6 — Bax 0TOOpa MOIIHOCTH; 7 — IUIAHT MOJIa4X BOJHOTO aMMHaKa; 8§ — pabounii opran

OCOOEHHOCTBIO JIaHHOTO pEIIeHUs SBISETCS TO, UTO BHECEHHE aMMHaKa
IIPOM3BOIUTCS HEMOCPEICTBEHHO B pacCTHI Top(a mepes onepalyei BakoBaHus, Oi1arogaps
4yeMy MPOMCXOAMUT TepBOE IepeMeninBanue (ycpeaHenue) Topda ¢ pactBopom ammuaka. K
TOMY K€ BHECEHHE aMMHaKa He MO BCEH IIMPUHE 3aXBaTa CEKIIMHM BAaJKOBATENs, a TOJIBKO IO
KpasiM UCKIIIOYaeT CepelluHy, rae OyaeT ocCHOBaHME Basika (puc. 4), 3a CUET Yero CHUKAIOTCS
MOTepU aMMHAKaA.
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Puc. 4. PaGounii opran: 1 — cexums BankoBaTes; 2 — pabouuii opras;
3 — BhIITyCcKHBIE OTBepCTHs ((hapcyHKn)

WutepBan B 1-2 waca Mexay onepanusMd BaJKOBaHWS M YOOpKH B MITaOems
CHOCOOCTBYET JIydIlleMy B3aUMOJICHCTBHIO aMMHaKa ¢ TOp(OM, Tak Kak OHO IPOUCXOAUT Ha
HOPOTSKEHUM OIpesielieHHOro BpeMeHH [4]. IIpu 3TOM 3HAUMTENBHO COKpAILIalOTCs MOTEPU
aMMMaka, a caM OH paBHOMEPHO pachmpeiessercs 10 CeyeHuro  mTalens.
AMMOHU3HUPOBaHHBI TOp(d BBIACpXKHUBAIOT B mmTtadene 1,5...2 wMecsma [5], a 3atem
OTIPY’KAlOT MOTPEOUTENI0 Kak roToBoe ToppoammuayHoe ynoOpeHue. UToObl COKpaTUTh
[OTEpH, CBA3aHHBIE C HAMOKAHUEM (KOTOpPOE 3aBHCHUT OT JJIUTEIILHOCTH XPaHEHUs U 00IIero
KOJIMYECTBA BBINABIIMX 3a 3TO BpeMs OCaJKoB), IUTabenb CileqyeT H30JUpoBaTh
MTOJIMATHUIICHOBOM TIICHKOM [15].

3AK/IIOYEHUE

[ToaBeneM UTOTH MCCIICIOBAHHUS:

1. Posib aMMua4HOM BOJIBI PU BHECCHHUH €€ B TOP(J CBOAUTCS K oOorameHuto Topda
HOJBWXXHBIMA (popMaMu a30Ta, HEHTpaaM3aluy KHUCIOTHOCTH, IMOBBIMICHUIO COJICPKAHUS
BOJIOPACTBOPUMBIX TYMHHOBBIX BEIICCTB, aKTHBH3AIMK a30Ta Topda [4].

2. Hopma aMMua4yHOW BOJBI HE JOJDKHA MPEBBINIATH BEIUYHHY MaKCHMATbHOU
€MKOCTH TIOTJIOIICHHSI, IMOCKOJbKY BBEJCHHE H30BITOYHOIO KOJHUYSCTBA aMMHaKa
NpUBEIET K HEHM30CKHBIM MOTEPSM a30Ta B Pe3yJbTaTe YJIETyYHBAHHs HETOTJIOMICHHON
YacTH aMMHUaKa.

3. AMMHAYHBIH a30T MOJHOCTBIO YACPKUBACTCA BIAKHBIM TOPPOM, HO IMpH
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MOCTIEAYIOIEM IOJICYIIMBAaHUM aMMOHHU3HUPOBAHHBIX OOpPAa3oB 10 BO3AYIIHO-CYXOTO
coctostHUS (BiaxkHOCThIO 13...15 %) moTepu ammuayHoro azora cocTaBisioT 14...19 %.
Obpabotka Topda BO3pacTarONIMMHU KOHLEHTpAIMsIMU aMMHakKa I[OKas3ala, 4YTO C
YBEJIIMYCHHEM KOHIIGHTPALUU COACpPKAHHWE TOTJIOMEHHOTO aMMOHHUS YBEIHMYHUBACTCS
TOJIBKO JI0 KOHKPETHOro mnpenaena. JlanpHelnee yBenuueHue KoHueHTpanuu (oomnee 15 %)
OPUBOAWT K  YMEHBUICHWIO  KOJIMYECTBA aMMHAYHOTO  a30Ta,  YAEPKHBAEMOTO
TopdoMm.

4. Bbeia mpeuiokeHa HOBask CXeMa BHECEHUS aMMHUAYHOW BOIbI B TOp(, mpen-
mojlaramolas ee paBHOMEpPHOE paclpeielieHue 3a CueT HEOJHOKPATHOro mepe-
MEIIMBAHKUSI MAacChl JI0O MOMEHTa BBIBO3KM ¢ TioJiel TopdoaMMUAdYHOTO ymoOpe-
HUSL.

5. Jlnsg peanu3anuy TEXHOJOTHH MOJyYeHHs] TOp(HOaMMHUAYHOTO YyHOOpeHHus Obuia
peyIoKeHa MOJACPHU3ALINS BaJIKOBATEIs.
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FIELD AMMONISATION OF PEAT
E.Yu. CHERTKOVA, Cand. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: lastochka-w(@mail.ru

The results of research related to the application of ammonia to peat to produce a peat-
ammonia fertilizer are presented. The method of introducing ammonia water solution
in the field before the swathing operation is proposed. For this purpose, constructive changes
are made to the rake, which is used at the peat field in the technology of milled peat extraction.

Keywords: peat, aqueous ammonia, nitrogen, absorption capacity acidity, fertilizer,
modernization, application method.
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B pabore onucaHbl NPOEKTUPOBAHUE U MOJIEIMPOBAaHUE ¢ UcHob30BaHueM MatLab u
Simulink mpormecca cyniku 3e1eHOro 4ast B KOHBEHEPHO-JIGHTOYHON CYIIWIIKE MPH HEYETKOM
annpoOKCUMAallMM 3aBHCHUMOCTH DPABHOBECHOM BJIAXHOCTH Yas OT €ro OTHOCUTEIBHON
BIOKHOCTH M Temreparypbl. Ha OCHOBE CpaBHEHHSI pacueTHBIX KPUBBIX IO pa3pabOTaHHOM
MOJIeIH, a TaKkXKe Ha 0a3e MMEIOIUXCS SKCIEPUMEHTAIbHBIX JAHHBIX O CYILIKE 3€JICHOro 4Yas B
KOHBEHEPHOH CYIIMIJIKE CIeTIaH BBIBOJ 00 MX YAOBJIETBOPUTEIHLHON CXOMUMOCTH. [lomyueHHbIe
MOJIEJIA PEKOMEHI0BAHbI [l IPAKTUYECKOTO IPUMEHEHHS.

Kniouesvie cnoéa: Cylmlka  3€JIEHOTO  4asg, TEOPUS  HEYETKUX  MHOXKECTB,
MaTeMaTH4YeCcKas MOJIEIb CYLIKH, PABHOBECHAS BIAKHOCTb, BIAXKHOCTD 3€JIEHOTO 4Yas.
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BBEJIEHUE

[II1poko U3BECTHBINM HAITUTOK Yail HOMYJIIpeH BO BceM MUpe Oi1arosapsi CBOUM Je4eOHbIM
cBoiicTBaM [1]. BakHBIM 3JI€MEHTOM B HEM SIBJSIFOTCS MOJIM()EHOJIBI, KOTOPBIE MPEICTABIISIOT
co00M THI MMKPORJIEMEHTOB, CIIOCOOCTBYIOLIMX YIIyUIIEHHIO 3/10pOBbs uesioBeka. OHU Takke
NPUCYTCTBYIOT BO MHOTHX OBomaX W (Qpykrax. PacrurenpHble mOMUQEHONB OOraThl
AQHTUOKCHJIAHTAMH, KOTOpbIE ITOMOTalOT OCTAHOBUTH BPEIOHOCHOE JEWCTBHE CBOOOIHBIX
pasvKanoB M MPEAOTBPaTUTh MOBPEXKIEHUE KIIETOK, CHIKAas TaKUM O0pa3oM PHUCK pa3BUTHS
XpoHHUeckux 3abosieBaHui. I[lonuQeHonbl BBIIOIHAIOT U MHOMKECTBO JAPYIHX IOJIE3HBIX
(YHKIMIA: OT KOHTPOJIS YPOBHS caxapa B KPOBH JI0 YMEHBILICHHUS prcKa 00pazoBaHus Tpomoa [2].
Kpome Toro, nojaoxuTenbHOE BIMSHUE HA OPraHU3M Yail OKa3bIBa€T IIPU OKUPEHUH, MUKPOOHOM
aTepOCKIIEPO3€ U paKe, BKIIOYask paK TOJICTOM KMIIKH, IPOCTAThI, JIETKUX, MOJIOYHON KeJe3bl U
KOXKU.

YroObI MOTpeOUTENh MOTYYHI KAYeCTBEHHBIN YaifHBIN TPOIYKT, CBEKHUE JIUCTHS 3€JICHOTO
Yas JIOJDKHBI ITPOMTH MHOXKECTBO CIIOXKHBIX CTaJui 0OpaOOTKM, U OJHUM M3 Ba)KHBIX 3TAroOB
apisiercss cymka. OHa HE TOJNBKO CHOCOOCTBYET IMPOAJIEHUIO CpPOKAa XPaHEHUs U
IPEAOTBPAILIEHUIO POCTa BPEIHBIX XUMUUYECKHUX BELIECTB, HO U MPHUIAET JIUCTHSIM IIPABUIIbHBIC
(dopMy, LIBET U BKYC.

MatemaTuueckoe OIMCAaHUE MpOIecca CYIIKM OCHOBAaHO Ha HCIOJIb30BaHUU
T depeHIMaIbHbIX ypaBHEHUH TemaonpoBoaHOCTH. [Ipu cuHTe3e Takux ypaBHEHH
HEOOXOJUMO YYHUTHIBATb MAacCCOOOMEHHBIE IIPOLIECCHI, IPOLECCHl TEIIONPOBOJHOCTH U
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TerIooOMeHa. MaTeMaTnyeckoe OINMCaHWe MOJOO0HBIX IMPOIECCOB B OOJBIIMHCTBE CBOEM
HOCUT HEJIMHEHHBIM XapakTep, OOYCIOBICHHBIM KaK HEONPEIEICHHOCTHIO B 3HAHUSAX O
napameTpax CaMHX IpPOLECCOB, TaK M HEIMHEMHOCTBbIO MX B3auMocBszeil. [loatomy mnpu
pemeHnu auQpepeHInaIbHbIX YPaBHEHUH MaTeMaTHUECKOTO OMUCAHMs OOBIYHO BO3HUKAIOT
ornpezieNieHHbIe TPYAHOCTH. UTOOBI CIPaBUTHCSA C HUMHU, B HACTOSIIECH pabOTe MCIOIB30BaIN
pe3yJIbTaThl SKCIIEPUMEHTOB, UHKEHEPHBIE ONBITHI U TEOPUIO HEUETKUX MHOXKECTB [3].

OIIMCAHME TEXHOJIOI'MHA

Cxematnueckuii BHJ KOHBEMEpPHO-JICHTOYHOM CYIIMJIKHA JUIs  3€JI€HOr0o  4as
npeicraBieH Ha puc. 1. BHavane Bo3myx IHocTymaer B IOJOIpeBaTelb, a 3aTeM, IIOCIE
JOCTMDKEHUST HEOOXOJMMOM TeMIepaTyphl, YXKe Tropsuuil BO3AyX B CYLIMJIBHOW Kamepe
KOHTaKTHUPYET ¢ yaeM, oOecrieunBasi TEIJIo Ui MCHapeHust Biaru. B mpormecce cyniku Bo3ayx
JIBIDKETCSI ¢ OOJIBIION CKOPOCTBIO, IOATOMY YacTh Yasi OyAeT BbIAYBaTbCS BMECTE C BO3LyXOM
U3 CYLIMJIBHOW KaMephl. /{715 u3BJIeYeHUs 3TOM YaCTH IPOJYKTa HA BBIXOJE CTABUTCS LIUKIIOH.
W3 cymwibHON KaMepsl BO3AyX IOCTYNAET B LUKJIOH JUIsl OTHAEJIECHHs 4YacTUl] 4Yas. 3aTeM
oTpabOTaHHBI BO3AYX BBHIOPACHIBACTCS B OKPYKAIOUIYI0 Cpely, a CyXue MaTepHalibl
CMEILNBAIOTCS C TOTOBBIM ITPOTYKTOM.

3eneHbld 4ail ¢ IOBBIIIEHHOW BIA)XXKHOCTHIO MOJAETCS B CYLIMJIBHYIO KaMepy IO
KOHBEHEpaM, JBHKETCS 110 KOHBEHEPHOH JIEHTE MEPIEHANKYIISIPHO HAIIPABICHUIO BUKCHUS
rOpsiYero BO31yXa U IOJYy4acT TEIJI0 HENOCPEACTBEHHO OT HETO B MPOLIECCE CYILIKH.

OupmeHHET
BOIOVX

Brnasmsie
MaTepHAaNE]
Cnoit semeHoro gas
Cyxue
MATEepHANEL
Jeurarens
Boamyx
/f Cryune
Benmimaaro, MATEPHANEL
P Harpegartens Z 2

Puc. 1. TexHONnOTrMYECKas cxeMa CYIIKHU 3CJICHOI'O Yast

MATEMATHUYECKASA MOJEJIb

MatemaTuueckoe ONnrucaHue KOHBEHEPHOU CYIINIIKU ¢ HEMOCPEACTBEHHBIM KOHTAaKTOM
BKJIIOYAET YpaBHEHHUs OaJlaHCOB MacChl U SHEPTUU TBEPAOH U ra30Boi (a3, KOTOpbIE CBS3aHbI
C BpPEMEHEM yJep>KUBaHUsI [4] 1 MOJIESIMU TEIJI000MEHA.

[Ipenyiaraemast AMHaAMHUYECKasi MOJIEb UMEET BaXKHbIE YIIPOILECHUS:

1) 3eneHblil yail npeacTaBiIsieT coO0M MOPUCTHIM MaTepua, BKIOYAIOUIUN KUAKYIO0 U
TBEpAYIO (ha3bl;

2) mepeHoC MacChl W TeIa MPEACTABISIET CO00M KOMOMHALMIO OJTHOBPEMEHHBIX
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BHYTPEHHUX W BHEITHNX KOHEYHBIX COMPOTHBIICHU;
3) ycaaka 4asi He BIUSIET Ha CKOPOCTh CYLIKH.

VYpaBHEHHE MaTEpPUAILHOIO OaaHCca B 3€JICHOM Yae:

_ G ) C ()= ), (1)

rae M — BIaXXHOCTh JIUCTHEB 3€JICHOT0 4asi, KI/KT; Vs — CKOPOCTh JIBUXKEHUS JIEHTHI, M/c; K —
ko3 duimenT maccoooMena, Kr/(m?> ¢); M. — paBHOBECHAs BIAXHOCTh JIMCTHEB Yas, KI/KT.
VYpaBHEHHE YHEPTETUIECKOTO OasiaHca:
(v):_ (!)_ (+(1)('))( ( _ (’))+ + (,))++
) 2)
)

rne T — Ttemneparypa cnosi 3enedHoro das, °C; 7. — Ttemmeparypa Bo3ayxa, °C;
h — k03 bUIUEHT TerIonepe1ayn, ONUCHIBAIOIINNA KOHBEKTUBHBIN MOTOK TEIUIa OT BO3/AyXa K
nmuctbsaM, Br/(M2-°C); A — CKpBITast TEIIOTA UCTIAPEHHS BOIBI, JIK/KT.

B ypaBuenuu (2) Cps, Cpw 1 Cpy — yI€IIbHBIE TEIUIOEMKOCTH JIUCTHEB, KUJKOM BOJBI U
BOASIHOTO Tapa COOTBETCTBEHHO. 3HaueHus Cps JHCTbEB 4Yas U3MEPSId METOI0M
muddepenHnmanbHoi ckanupyromei kanopumerpun (DSC Q2000, TA Instruments). Cpennaue
3HaueHus Obutn paBHbl 1 720 J[x/(kr-°C). Koaddunment maccooOmeHna B ypaBHeHusix (1) u (2)
MEHSUJICS TI0 BPEMEHH, OH 3aBUCHUT OT CKOPOCTH BO3/yXa M €ro Temreparypsl [3] B kamepe u
BBIUMCIISIETCS 110 YPaBHEHUIO

K=1O_6 02,08( )1,11, (3)

I1€  — CKOPOCTh CYIIMJIBHOTO BO3ayXa, M/C.

[Tpu pemennn nuddepeHanTbHOr0 ypaBHEHUS B YACTHBIX MPOU3BOJIHBIX Yallle BCEro
npumMensercs Metoj, koneuHblx pazHoctei (MKP) [5]. Cymnocts MKP 3akitouaercs B TOM,
YTO MPOU3BOJIUTCS pazOueHue Oo0JaCTH UHTETPUPOBAHUSA. 3aTeM s KaKIAOW OTIEIbHON
obnmactu BMecTO au(QEpEeHIMATBHBIX ypPAaBHCHUW BBIIOJHICTCS 3aMEHAa WX KOHEYHO-
Pa3HOCTHBIMH aHanoramMu. Takum crocoOOM MOTYYaroT CUCTEMY JIMHEWHBIX anreOpandyeckux
YPaBHEHHI ISl ONIPEICJICHUS JIOKAIbHBIX 3HAYCHUH TEMIEPaTyphl U BIAKHOCTH B KaXJIOM
y3ie ceTku. KoHeuHO-pa3HOCTHOE pelieHue s pa3pabOTaHHOW CHCTEMBbl ypaBHEHUUN
(MatepuanbHoro (cMm. ¢opmyny (1)) m teroBoro (cMm. ¢opmyny (2)) BBIIONHSAETCS Ha
OJIHOPOJHOM CETKE C KOJMYECTBOM Pa30UEHUN MO AJMHE KaMephl CYIIUIKU { ¥ TI0 BPEMEHH .
Cerka s pacyetHor obmact [0< < , 0< < | uMeeT MOCTOSHHBIN IAr Kak I10
MIPOCTPAaHCTBEHHOM KoopauHate Ax = L/N, Tak u 1o BpemeHu At = T/M (puc. 2).

t,c
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Ax x, M

i=0 i=1 i=N

Puc. 2. Cetka st pacuetHoit o0nacTu
Jlis HaXOXKJIeHUs TeMIEpaTyphl JIUCTHEB 3€J€HOI0 Yas B IPOLECCe CYUIKM B MOMEHTE
BpeMeHH (j + 1) HeoOXxomumMo uMeTh penienne B MoMeHTe j. [IpousBoaubie ot pyHkuunit 7(x, f)
u M(x, f) mo BpeMEHM U JJIMHE CJIOS 3€JI€HOr0 4asg B IPUBEACHHOM BBIIIE
T epeHIaIbHOM YPaBHEHUH TEIJIONPOBOJHOCTH MPECTABISAIOTCS KOHEYHO-Pa3HOCTHBIM
METOJIOM CJICIYIOLTUM 00pa3oM:

() =5=—— @
() =5=—1— ®
L) =t o T ©
() === )

[TocraBum Bbeipaxkenusi (4)—(7) B ypaBuenus (1)—(2) u mpoBeaem mpeoOpazoBaHue
MOJTy4eHHBIX (GopMylsl. B pe3ynapTare MOJydHMM OCHOBHYIO CHUCTEMY KOHEYHO-PA3HOCTHBIX
YpaBHEHUH )T TPOTHO3UPOBAHUS U3MEHEHUH TeMITepaTyphl U BIAKHOCTH YAWHBIX JTUCTHEB B

TCUCHUC ITpOLCCCa:
+1

— = = ( - )
+1

—_ = (+_ )( ( - )+ + )+—( —2 (¥

PaccMoTpeHHBIN THUI CYIIMIKK B paboTe — KOHBEHEPHBIH, MIOATOMY MOXKHO CKa3aTh,
YTO 3HAYCHUS TEMIIEPATYPhl M BIQKHOCTHU CJIOS 3€JICHOTO Yasi B OJTHOW TOYKE MPAKTUYCCKU HE
U3MCHSIOTCS, OCOOCHHO TPU HE3HAYUTEIILHOM BBEIOpDAaHHOM HWHTEpBAJIE 1O KoopauHaTe (Ax).
Cucremy nuddepeHIHaTbHBIX YpPaBHEHHH JUIsi MPOTHO3MPOBAHUS M3MEHEHHM KayecTBa
IPOJIYKTa MOXKHO IEPEIucaTh B BUJIC

——==C = )
S R T P iy ®)
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N3 pemeHus [JaHHOM CHCTEMBl YPAaBHEHMM  IIOJIYYUM  BBIPAXECHUA A
IIPOrHO3MPOBAHMS U3MEHEHUM TEMIIEPATYPHI U BIAXKHOCTH B CYLIHJIKE:
+ 1( | )A

+1: —’

- (1o

+1 - ’

rac

l( ] ):_ ( - ( ) ))5
o)== =)+ + )
(_

+
N )
+

OcHOBHbIE  TEIUIOPHU3MYECKHE  XapPAKTEPUCTUKU 3€JCHOT0  4Yasg  IPEICTaBJICHBI
B TaOm. 1.
Tabnuna 1. TermoBeie mapaMeTpsl MpoIecca CYIKH 3€JIEHOTO Yas

[Tapametp O06o3HayeHnE 3HayeHue Enunuist
VY nenpHas TEMIIOEMKOCTB Co 4220 JUk/(xr-°C)
JKHMJIKOH BOJIBI
VY nenbpHas TEMmIOEMKOCTh Cor 200 JiK/(kr-°C)
BOJITHOTO T1apa
Koaddpumment i 181 Br/(M2-°C)
TEIUIoNepe1aun
CkpslTas TemioTa 1 2300 K
UCIIAPEHMS BOJBI
Tewmeparypa To 20...25 °C
OKPY’KaloLIEH Cpebl
HauyanpHas B1a)kHOCTh Mo 60...70 %

B ypaBuenusx (1) u (2) umeercs paBHOBeCHOE cojiepkaHue Biaru (M.) 3eneHoro vas,
KOTOpPOE SIBJIIETCSI HEU3BECTHOM XapaKTEpUCTHUKOW. [l ompeneneHus TaHHOIO Iapamerpa
Obula MpoBeJeHa cepusl M3 MATHAALATH SKCIEPUMEHTOB 10 M3YYEHHIO BIMSHUS OCHOBHBIX
pabounx mapaMeTpoB HAa PABHOBECHYIO BIAXKHOCTh YaWHOTO JincTa. B Tabn. 2 mpuBeneHBI
9KCHEPUMEHTAJbHbIE JaHHble M., MOJy4YEHHbIE IyTeM BapbHUPOBAHUS 3HAYCHUH OTHOCH-
TeNbHON BiaxHocTu (M) u TemnepaTypsl (7) Ha HATH U TPeX YPOBHSAX COOTBETCTBEHHO.
[ToBTOpHBIE aHAIM3BI 0OPA3LIOB /ISl ONPEJIENICHUs] PABHOBECHOTO COAEPKAHUS BJIard NPUBEIH K
HU3KUM 3HAueHWsM cpeaHekBagparndeckoro oTkioHeHuss (CKO), urto mnoxarBepxkaaer
HAaJIS)KHOCTh SKCIIEPUMEHTAILHOM MeToAMKHU. Bes skcnepuMenTabHas npoLeypa HOBTOPsIach
JIBYK/IBI B MICHTUYHBIX pabOUYMX YCIOBHSX JUIS TIPOBEPKH ee jocToBepHOCTH (3HaueHue CKO).

Ta6mmma 2. JlaHHBIE SKCIIEPUMEHTOB I10 ONPEIEICHUIO
PABHOBECHOM BJIAYKHOCTH 3€JICHOTO Yasi

OTtHocuTeNnbHAs Temnepa- PaBHOBecHas CKO,
BJIQXKHOCTB, % Typa, °C BIIAXKHOCTB, %o %
11 30 4,03 0,02
32 30 7,75 0,05
43 30 6,9 0,0
51 30 8,65 0,15
75 30 14,65 0,25
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OTtHocuTenbHas Temnepa- PaBHoBecHas CKO,
BJIQXKHOCTB, % Typa, °C BJIQXKHOCTB, %o %

11 40 3,58 0,015
32 40 5,72 0,08
43 40 6,19 0,04
51 40 9,28 0,22
75 40 14,68 0,03
11 50 2,82 0,16
32 50 4,71 0,30
43 50 5,35 0,20
51 50 6,86 0,30
75 50 13,40 0,28

PesynbraTel skcniepumentoB (puc. 3, 4, cM. TaOl. 2) TMOKa3bIBAIOT 3HAYUTEIHHOE
BIIMSHUE KaK TEMIIepaTypsbl, TaK © OTHOCUTEIBHOM BIIaKHOCTH Ha PABHOBECHYIO BIa)KHOCTb.

Paeuoeecuas enaxnocts M:, % Pasuoeecuas snaxuocts Me, %o
g &8
i (+) - )
4r + =T (=)
=) 2 (=)
§ 5 {+)
(0,11-0,32) (0,33-0,43) (0,43-0,49) (0,49-0,75) (0,11-0,32) (0,33-0,43) (0,43-0,49) (0,49-0,75)

OTHocHTenEHAR EXaEH0CTE M OtrocutensHai enaHocTs M

(a) (6)

PaenoeecHas enassHocTs M:. %

(0,11-0,32) (0,33-0,43) (0,43-0,49) (0,49-0,75)
OtrocuTensHas enaxHocTs M
(8)
Puc. 3. IlonoxuTenbHoe BIUSIHUE OTHOCUTEJIBHOM BJIaKHOCTH HA PaBHOBECHYIO
npu pa3ianunbix Temneparypax: 7' = 30 °C (a); 7=40 °C (0); T=50 °C (B);
TEeMHasl 110J10ca — OIIMOKa B pacuere 3¢ dekra

PaeHoeecHas enaxHocTs M:, %o PaenoeecHas snaxHocTs Me, %
16 1.6
0.8} e 0.8} ) 2
(=) ‘
0 0
(30-40) (40-50) (30-40) (40-50)
Temneparypa 7, °C Temneparypa 7, °C
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(a) (©)
Paenopecuas enaxHocTs M. %o
16[

k=)

(30-40) (40-50)
Temneparypa T, °C

(8)
Puc. 4. BnusiHre Temriepatypbl Ha paBHOBECHOE BJIarocoiepyKaHue
IIPY Pa3TUIHON OTHOCUTEIBHOM BIAXKHOCTH; (1) — OJIOKHUTEIHHOE BIUSHHE,
(-) — orpunarenbHoe: M = 0,11 (a); M = 0,43 (6); M =0,75 (B);
TEeMHas Tojioca — ommoOKa B pacuere dpdekra

[Tpu cpaBHEHMH JAHHBIX MOXHO CJIIEJIATh CICAYIOIINE BIBOIbI:

BO-TIEPBBIX, OTHOCUTENbHAS BIAXXHOCTh OKa3bIBaeT OOJbIIEE BIMSHUE HA PaBHO-
BECHYIO BJIIQKHOCTh, YEM TEMIIEPATYpPa;

BO-BTOPBIX, OTHOCHTEJIbHAs BIAXHOCTh OKA3bIBAET IIOJIOKUTEIBHOE BIHMSHAE Ha
PaBHOBECHYIO BJIQKHOCTh, T.e. TeM Oojbinee M, uem Oosbliee M., a Temmeparypa —
OTPHIIATEIIEHOE BIHUSHHUE.

Ha puc. 5 mpencraBineHbl rpadMKd WU30TEPM PABHOBECHOW BIAXKHOCTU MPH JBYX
pa3IMYHBIX TEMIIepaTypax, MCCIEJAOBAaHHBIX B JTOH pabore. OKclepUMEHTaIbHBIE
Pe3yNbTaThl TOATBEPXKIAOT TOJIOKHUTEIBHOE 3HAYMMOE BIIMSIHUE OTHOCHTEIIBHOM BJIAKHOCTH
Ha 3HAYCHHS PABHOBECHOW BIIAXXHOCTH, OJHAKO M3 3THUX PE3YJIBTATOB CJIEIYyET, YTO Pa3sHHIA
MEXJy 3HAUCHUSMH PABHOBECHOHM BIQXXHOCTH HAa PUC. 5 ClieBa HE3HAYUTEIbHA, TOITOMY
BIMSIHAE TeMIepaTypsl Ha M. TpeOyer Oojee AETATBHOTO aHAIM3a IYTEM YBEIWYCHUS
JMara3oHa TeMIlepatypsl. BiusHue TeMrnepaTypsl Ha pe3ysibTaThl paBHOBECHOM BIIAKHOCTH
3aMETHO TPH YBEJIWYCHUW DPA3HHIBI TeMIEpaTypbl uccienoBaHus Oonee yem Ha 40 °C.
Ha puc. 5 cmpaBa moka3aHbl pacyeTHble NPOQWIA BIArOCOJCPKAHHUS B JIHANA30HE
oTHocutenbHOM BiaaxkHoctu oT 0 10 80 % mpu 10, 50 u 90 °C.

PaenoeecHas snazxmocts M, % Paenoeecuas enaxHocts Me, %

|:| - L | 1 | i 1 i D i 1 i | L | L
0 02 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Oiiicomcihiiag pnarnots. M OTHOCHTENEHAY ENasHOoCTE M
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Puc. 5. I'paduku nu30TepM paBHOBECHOH BIIAYKHOCTH
P Pa3JIMYHBIX TEMIIepaTypax

Jlig annpokcuManuy 3aBUCUMOCTH PaBHOBECHOW BIIAKHOCTH JIUCTHEB 3€JEHOIO yasi
OT OTHOCHUTEJIbHON BIIAXXHOCTU W TEMIIEpaTyphl CJOs 4yas B JAaHHOH paboTe HCIOJIb30Bajd
HEUYETKYIO JIOTUKY. UTOOBI pelnTh 3Ty 3a/1a4y, HEOOXOJMMO ONPENeIUTh HeueTKrue (QyHKIINN
MPUHAJJICKHOCTH U 06a3y MPaBUJI HEYETKOU MPOTYKIIHH.

BXo/1HBIMYM NIEpEMEHHBIMU SIBIISIIOTCS OTHOCUTEJIbHAS BJIAXHOCTh M u temmneparypa 7’
cinoss 4yas (puc. 6). OrTHOcUTenbHAas BJIKHOCTH CIIOS 4Yas MO OSKCIEPUMEHTAIbHBIM
uccienoBanusM npuHumaet 3HayeHus ot 0 go 80 %. Temmnepartypa HaxoIuTCs B Juana3oHe
10...90 °C. BpIxoIHOI BeIMUYMHON SBJISETCS PaBHOBECHAs BIAXHOCTb M., KoTopas (1o
JTAaHHBIM IKCIEPUMEHTOB) IPUHUMAET 3HaueHus ot 3,58 1o 18,6 %.

Heuetraie

XX~

T

Puc. 6. BxonHble 1 BBIXO/HbIE IEpEMEHHBIE 0JIOKAa HEUETKOM JIOTUKU

Ha yHuBepcyMe HEYETKMX MHOXKECTB B JIaHHOM ciydae OynmeT Iesiecoo0pa3Ho
MPUHSTh MATh 3HAYEHUW BXOJHBIX W BBIXOJHBIX JIMHIBUCTHYECKUX IEpPEMEHHBIX. Tepm-
MHOXECTBA 3HAYEHHH JIMHTBUCTHYECKUX TIEPEMEHHBIX H300paXKaroTCs TPEyroIbHBIMHU
durypammu, a Ha TpaHHIAX OOJIACTH ONpPENEICHUS — CUTMOUJAIBHBIMH HEYETKUMH
uHTepBanamu. Jns  Tepm-HabopoB «MunH» U «Makc»  NEpEeMEHHBIX  IPUHATHI
TpaneuueBuIHbIe (JOPMBI MO0 MPUUMHE YBEIMYEHHOTO JMana3oHa 3HAYeHUN B ATOU 00JacTH.
I'padmueckn TUHTBHCTUYECKUE ITEPEMECHHBIE ITOKa3aHbI Ha puc. 7. J{1s 0003HaYCHHI TEPMOB
BCEX MEPEMEHHBIX UCIIOJIb3YIOTCS CIAEAYIOIIMNE CI0Ba U UX omnpeneneHus: «MUHUManbHas» —
Min; «Manas» — M; «Cpennsisi» — Cp; «bonpmas» — B; «MakcumanbHas» — Max. Takum
00pa3oM, JIMHIBUCTHUYECKHE TIEpEeMEHHBbIE UMEIOT cienytoue 3HayeHus: «Temmepatypa T»
{Min, M, Cp, B, Max}; «OtHocurenpHas BiaxHocth M» {Min, M, Cp, B, Max};
«PaBHOBecHas B1axxHOCTh Mo» {Min, M, Cp, B, Max}.

R — u
1 Min M C B Max 1 Cp B Max
//i /’H\\ / -\\_\. PR .-"{

0.5 | 0.5 w4 /Y

) _ A /

0 0.2 04 0,6 0.8 10 30 ] 70 a0
OtrocuTensHas eaasHocTs M TemmnepanrvpaT, °
(a) (6)
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Jil‘vfm M Cp B Max
0.5
NN N
0 6 10 14 18
Paenoeecuan pnasxocte M. %0
()

Puc. 7. ®yHkunn npuHaJIe;KHOCTH IEPEMEHHBIX HEUETKOM JIOTUKU:
OTHOCHUTEIIbHOW BIAXKHOCTH (a); Temreparypsl (0); paBHOBECHOM BIIAYKHOCTH (B)

Jl7i1 HEeYeTKOro BbIBOJAa (PYHKIMU MPUHAJICKHOCTH BOCHIOIB3YEMCS OJJHUM M3 CaMBIX
paclpoCTpaHEHHBIX METOJIOB — MeTonoM Mawmuanu [6, 7]. B sTom ciyyae BIusHUE
KOMOHMHAIIMI BXOJHBIX BO3JIEHCTBUI HA BBIXOJHOH IMapameTp 3alMUCBHIBAECTCSA B CIEAYIOLIEM
Buje: eciim I = «Mun» u M = «Muny», To M. = «Muny.

C yuerom crnenudukn sBieHus (Gopmanu3zoBaHa 0a3a MpaBWI HEYETKOTO BBIBOJA
byukun (Tabmn. 3).

Ta6ymma 3. baza npaBu1 HEYETKOTO BbIBOJA (DYHKIIMH JIJIs1 PABHOBECHOM BIAXKHOCTH Yasi

Temneparypa OTtHOCHTENbHAS BIAXKHOCTh
Mun M Cp B Max
Mun Mun Mun M B B
M Mus M M B B
Cp Mun M Cp B B
= Mun M Cp B B
Max Mun M Cp B Max

Hnsa ¢opmupoBanus neda33uuIUpPOBAHHOTO 3HAYEHUS BBIXOAHOW IEpEMEHHOU
UCTIONIB3YETCSI METO/I PE00pa3oBaHMs TI0 CpelHEMY LIEHTpY. YeTkoe 3HaYeHne paBHOBECHON
BJIQXKHOCTH PacCUUTHIBAeTCA MO popmysie

== )
Annpokcumaiusi 3aBUCUMOCTH PaBHOBECHOM BJIAXKHOCTH JIUCTHEB 3E€JIEHOrO 4Yasi OT

OTHOCUTCIILHOM BIIAXXHOCTH W TEMIEPATyphl CJIOS 4Yas peaJn30BaHa B NPUIOKECHUU
Fuzzy Logic Toolbox cpenst Matlab (puc. 8) [8].

M=04 T=50 Me=115
1 | =~ | ]
2 | = 1 |
3 | | |
4 ] Pt |
5 ] ] ]
8 — | =~ | |
T ] | Caipa o ] ]
B == ] [ | = ]
8 /= ] [ = = )
T T R GO TR TR T T (G R S T 0 = | [ =] =" |
16.1f (W is 8) and (T is min) then (1_e is Cp} (1) a3 ni } = l = l
1 ) and (T is 1} then (1_e is Cp) (1) 1] ] \ ] [~
i )and (T is Co) then (M_e is B (1) B } } — } }
19, If (11 is B) and (T is B} then (_e isB) (1) 1 [ e = ] \ ]
20,1 (11 is B) and (T is max) then (M_e & B) (1) L == = ] ‘ =
21, IF (M is max) and (T is min) then (M_e is B) (1) 19 = | =)
22. 11 (M is max) and (T s M) then (M_e s B) (1) A = — 1 =
23, IF (I is max) and (T is Cp) then (M_e is B) (1) » = == ] —
24 1f (1 is max) and (T is B) then (M_e is B} (1) o = — —
25, 1If (1 is max) and (T & max) then (I}_g is max} (1) W 25 = =] ]
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(a) (6)

Me. %

Puc. 8. Heuetkuii BoiBoa pynkuuii M. = (T, M) B npunoxenun Fuzzy Logic Toolbox
cpexnsl Matlab: 6a3a npaBus HEYETKOTO BBIBOAA (@); IPOIeypa HEYETKOTO BHIBOIA
Y IpUBeIeHUs K yeTKocTH (0); pyHKIMs HeueTKoro BeiBoga M. (B)

[ToncraBmsist anmpoKCUMAIIMU 3aBUCUMOCTH PaBHOBECHOM BIIQYKHOCTH JIMCTHEB 3€JICHOTO
Yasg OT OTHOCHTEIBHON BIIQKHOCTH W TEMIIEpAaTyphl CIIOs, a TaKKe OCHOBHBIC IapaMeTphl
nporiecca TepMooOpaboTKH (cM. Tab. 1) B 0OLIyI0 MOJENb CYIIKU 3€JIEHOTrO Yasi, MOKHO Mpo-
BECTH YHCIICHHBIN PacyeT TEXHOJIOIMIECKOTo Iporiecca AJIs €ro MOICIMpoBaHus B cpezie Matlab.

W3 mpuBeneHHOTo Bbille pemieHus AuQdepeHlnaIbHblX YpaBHEHHH B YaCTHBIX
Ipou3BOAHBIX ¢ nomombd MKP n HeueTkol anmpoxcHMManuu 3aBUCUMOCTH PABHOBECHOM
BJIQXKHOCTH JIMCTHEB 3€JIEHOTO 4Yasi OT OTHOCUTEIHHOU BIQXKHOCTH M TEMIIEpaTyphl CI0s 4asi
MOYKHO OITMCBHIBAaTh OJIOK-CXEMY QJITOpHTMa IPOTPaMMbl ISl BBIYMCICHUS IapaMeTpOB
TepMOOOPaOOTKHU CJI0S 3€JICHOTO Yasl.

PE3YJIBTAT NPOLECCA MOJAEJIUPOBAHUS
U ITPOBEPKA AJIEKBATHOCTU MATEMATHYECKNUX MOJIEJIEM
JInsi TpOBEpPKH  aJIeKBATHOCTH MMOJYYCHHBIX MAaTEMAaTHYECKUX MOJENIeH  ObLIO
NPOBEICHO OKCIEPUMEHTAIBFHOE HCCIENOBAaHUE IIpolecca CYIIKA 3€JeHOTO das B
KOHBeHepHoU cymmike (puc. 9).

Hagamo Brruncnenue 3HaueHus
l PaBHOBECHOM BIIAXKHOCTH
110 IPUBEJACHHON BBIIIE
Brox: A HEYETKON MO
. b b b
5 5 5 ha 0> '
0> 0 5 ’
Brruucnenue Temneparypsl
; +1
o popmyite (10)
Brruncienue
ko3 durmenrta ;
Macconeperoca K B
o dopmyse (3) I)I‘-Ii/lchIeHI/Ie BIIQYKHOCTH
o popmyze (10)
0CYO0aPCMEEHHO20 Me)
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Puc. 9. Anroputm MoaenupoBaHusi poliecca CyIIKy 3eJI€HOro Yast

I'paduku SKCIEPUMEHTATIBLHOTO HUCCIEIOBAaHUS MPOLECCa CYIIKH MCIOIB30BAHBI IS
OLICHKH BJIMSTHUS TEMIEPATyphl BO3yXa Ha BIAXXHOCTh M TEMIIEPATypy CJIOS 3€JICHOTO Yasi, a
TaKXKe IS OIEHKH MHHHUMAIBHOTO BPEMEHH CYIIKH, HEOOXOIUMOTO JUIsl JOCTHIKEHHS
3a/laHHBIX ypOBHEH BIaXHOCTU. [l STOro OBUIM TOMYYEHBl KpPHUBBIE 3aBUCHMOCTHU
TEMIEPATypbl OT BPEMEHU B IepHoAuuecKoM pexume (puc. 10) mpu 3agaHHON CKOpOCTH
koHBelepa ve = 0 m/c. CKOpoCTh BO3[lyXxa, KOTOopasi Obljla pacCuMTaHa HA OCHOBE ILIOIIATU
MOTIEPEYHOTO CEYCHMs KOHBEWEPHOH JEeHTHI, OblIa ycTaHOBIeHa paBHOM 2,0 M/c, a
TeMIiepaTypa Bo3ayxa Ha Bxoje cocrasisuia 70, 80 u 100 °C. Temneparypa cios 3€JI€HOTO
Yasi BO BpEMs CYIIKH SIBIISIETCS KIIOYEBBIM (DAKTOPOM [UISI COXPAHEHUS OMOAKTHUBHBIX
COEIMHEHUI1, TOATOMY HEOOXOIUMO OIPENEIUTh 3Ty MEPEMEHHYIO JUIsl CO3/IaHUS aIeKBATHBIX
ycnoBuid cymku. TakuMm o0pazom, Temrieparypa 3eleHOro 4as Ha HEOOJBIIOM YyYacTKe
KOHBEHEpHON JEHTBHl u3Mepsiach ¢ momomblo uHbpakpacHoro tepmomerpa (Uni-trend
UT300A, Tounocts +2 %) 1o Mepe NpoxXoKIEHUs Yas uepe3 Kamepy. BrIXxo/iHyt0 BIaXKHOCTh
00pa31oB HU3MEpPSUIM TPAaBUMETPUUYECKUM METOJOM C HCIOJIB30BaHUEM IH(PPOBLIX BECOB
(GEHAKA, BG440; 0400 1; Tounocts +10—4 kr).

T, °C T, °C
120 80
100 o —soswsose? ' }A—O—Fgﬁ
: " .. —5 o0 G
80 W o
e *® 1/
60
40 -
40- i
20- | T |I I : t, C 2[} : { T T T T t’ ¢
200 400 600 d 200 400 600
(a) (6)

Puc. 10. Pesynwratsl cyniku ipu 70 (a) u 100 °C (0).
DKcrepuMeHTalIbHbIE (CUMBOJIBI) U pacyeTHbIE (JINHUU) TEMIIEpaTypbl IO MOJIETN
IIPYU Ha4yaJIbHOM 3HAYCHHUH BIAKHOCTH yast (Mo):
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Mo = 1,65 (uepnbie cuMBOIIBI); Mo = 1,2 (OGenbie)

I'paduku Ha puc. 10 mokaspiBalOT, 4TO MaTeMmartuuyeckas Mmojaeib (ypaBHenuit (1)
U (2)) mpenckaspiBaeT JOCTATOYHO TOYHO 3HAUCHHUS PACUCTHBIX M IKCIECPHUMEHTATHHBIX
JTAHHBIX TEMIEPATyphbl MOBEPXHOCTH JIMCTHEB Yasi BO BpeMs Cymku. [Ipu 3ToM morpenrHocts
cocrasisieT He Ooiee 5 %.

UroObl U3MEpPUTh H3MEHEHHUS Macchl 00pa3loB, B TMPOIECCE CYIIKH Ha JIEHTY
noMemanu nepGopupoBaHHBIN JTOTOK. Ero MOXHO OBUIO JIETKO CHATH JJISi B3BEHIMBAHUS, U
9TO TOMOTJIO COKPAaTUTh KOJIMYECTBO JOIMYCKAEMBIX SKCIIEPUMEHTAIBHBIX OIMKOOK. Maccy
00pa3loB TOCTOSHHO HM3MEpsUIM C MMOMOIIbI0 IU(poBBIX BecoB. Ilo macce o00pasios,
U3MEPEHHOW B XOJ€ JKCIEPHUMEHTa, M HMCXOJHOM Macce MOXKHO YCTAaHOBHTH KOJIHUYECTBO
UCIIapUBIICHCS Biaru. Pe3ynpTar 3KCIEPUMEHTOB NPH HM3YYCHUH W3MEHEHHUS BIAXKHOCTH
MaTepuana BO BpeMs CYIIKM IMOKazaH Ha puc. 11. Ha Hem mpencTaBieHO OTHOCHUTEIBHOE
OTKJIOHEHHE MEXIy pacueTHOW (M0 MOAENH) W OKCHEPUMEHTAIBHON BIAKHOCTSAMHU
MOBEPXHOCTH YalHBIX JIMCTREB B  JMANa30HE HAYalIbHOTO  COJAEP)KAHMSI  BJIArd
npubnusutensHo 1,2—1,65 kr/kr u temneparypsl Bozayxa 80—110 °C. B mepuox cymiku 3ta
pa3HuIa HE MPEBbIIIAeT NPUMEPHO § %, 0OCOOCHHO Ha HAYAIbHBIX CTaAUSIX. TakuM oOpa3om,
CpemHsis pa3HUIlAa MEXKIYy pPACCUYUTAHHBIMU IO ypaBHeHHWIO (1) 3HAYECHUSMHU BIAXKHOCTH
MOBEPXHOCTU U SKCIIEPUMEHTAIBHBIMU COCTABIISIET puUMepHO 5,1 + 2,7 %.

Ha ocHOBe cpaBHEHHUs pacUeTHBIX KPHUBBIX M IKCIIEPHUMEHTAIBHBIX TAHHBIX CYIIKH
3eJIeHOr0 4asi B KoOHBeiepHoil cymmike (puc. 10, 11) MoxHO caenaTh BbIBOI 00 HX
YJIOBJIETBOPUTEIHHON CXOAMMOCTH. [loyueHHBIE MOAETH PEKOMEHIYIOTCS ISl TMPaKTHYeC-
KOT'O IIPUMEHEHUSI.

M, xr/xr M, xr/xr
1.6 - 1.6
12 1.2+
0.8+ 0.8
0.4 - 0.4
| <
0 CSTOCo| 0
| Y — ;e
0 4 000 6 000
(a)
M, xr/kr M, xr/xr
1:5"'.' ] 1=5 <t
| 1.2
i 0.8
| 0.4
i —o— g >—
5 4000 6000 "€ 0 4000 6000 =€
(8) (r)
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Puc. 11. DxcnepuMeHTanbHOE (CUMBOJIBI) U paCUE€THOE (JIMHUM) COJIEpKaHUE BIaru
B JINCTHIX Yast o moaenu npu 70 (a), 80 (6), 100 (B8) u 110 °C (1)

3AK/IFOYEHUE

ITonsenem utoru. B pesynbraTe nccieaoBaHus:

1. Pa3paboranbl MaTeMaTHYECKHUE MOJAENM I PELICHUs 3a4ad paclpeleleHus
BJIQKHOCTH U TEMIIEPATYPHI B CJIOSX 3€JCHOT0 Yasl B IPOLECCE CYIIKH.

2. Ha ocHoBe pemenus muddepeHInaIbHbIX ypaBHEHHA MOMYYeHbl (QYHKIHU-
OHaJIbHbIE 3aBUCHUMOCTH M3MEHEHUS BJIAXKHOCTH M TEMIIEpaTyphl 3€JI€HOro 4as (C yuyeToM
HEYETKONH MaTeMaTHUYeCKON MOJIEJIM U3MEHEHHUSI PABHOBECHOH BJIAKHOCTHU 3€JIEHOTO Yasi).

[Tpy1 UMUTALIMOHHOM MOJETUPOBAHUU OTMEUEHA XOPOLIas CXOJUMOCTb Pe3yJbTaToOB C
IKCIEPUMEHTAIBHBIMU JIaHHBIMHU, YTO JIOKA3bIBAET BBICOKYIO a/IeKBATHOCTH pa3pabOTaHHON
MaTeMaTHYeCKOM MOoJIeIu.
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The paper describes the design and simulation using MatLab and Simulink process of
drying green tea in a conveyor belt dryer with fuzzy approximation of the dependence of the
equilibrium moisture content of tea on its relative humidity and temperature. On the basis of
comparison of calculated curves for the developed model, as well as on the basis of available
experimental data on drying of green tea in a conveyor dryer the conclusion about their
satisfactory convergence was made. The obtained models are recommended for practical
application.
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HNCCIEJOBAHUA UHOPAKPACHOI'O
MMOJYIIPOBOJHUKOBOI'O IETEKTOPA I'A30B

JL.B. WIIAACOB, n-p TexH. HayK

TBepckoii rocy1apCTBEHHBIN TEXHUYECKUI YHUBEPCUTET
170026, Teepb, Ha0. Ad. Hukutuna, 22, e-mail: Ivi450714@mail.ru

© Unsacos JI.B., 2023

[IpuBeneHbl pe3ynbTaTbl AKCIEPUMEHTAJIbHBIX HMCCIEAOBAaHUM HMH(pPaKpacHOro
MOJIyTIPOBOJTHUKOBOTO JETEKTOpa Tra3oB, CO3JAaHHOTO Ha 0a3e CEepUiHO BBITYCKaeMOTO
MOJYIIPOBOTHUKOBOTO TpeoOpaszoBatens tuma [111-1, mpuHIMN neiicTBUS KOTOPOrO OCHOBaH
Ha M3MEPEHUHU DJIEKTPONPOBOJHOCTH Harperoro a0 Ttemneparypsl 400...450 °C
HOJIyTIPOBOJJHUKOBOTO YYBCTBUTEJIBHOT'O 3JIEMEHTA IPU €r0 KOHTAKTE C FOPIOYMMH ra3aMu.
VYcTaHOBIEHO, YTO M3MEHEHHE 3JIEKTPOIPOBOJHOCTH JIAHHOIO 3JEMEHTa COIPOBOMXKIACTCS
UH(PAKPaCHBIM WU3IYYCHHUEM, YTO TO3BOJISIET MCIIOJIB30BATh VIS TOJTYYCHUST N3MEPUTEILHON
uHGOpMaIMU 0 KOHIEHTPAIIUU aHAITU3UPYEMOro ra3a U3MEPEHHe HHTEHCUBHOCTH M3ITYYCHHS
uHppakpacHeIM  poroaroaoM. OnucaHbl KOHCTPYKIIMU JETEKTOpa H JabopaTopHOM
YCTaHOBKH JUIsl ero ucciaefoBaHuil. [IpuBeneHbl 3aBUCMMOCTH CHUTHala JETEKTOpa OT €ro
OCHOBHBIX PEKUMHBIX [1apaMETPOB: KOHLUEHTPALUU aHAIIU3UPYEMBIX T'a30B (BOAOPO/I, IPOIaH)
B TIOTOKE Tra3za-HOCHTENs (BO3[yXa); HaIMpPSKCHUS MUTAHUST  TTOJTYIPOBOJIHUKOBOTO
YYBCTBUTEJIBHOIO 3JIEMEHTA; pPACCTOSHUS MEXAY UyBCTBUTEIbHBIM JJIEMEHTOM U
uHpakpacHbIM (oToamonoM; pacxoaa raza-HocuTens. C HCIOJIB30BAHUEM CTaHIAPTHOMN
METOJMKHU HalIeHbl 3HAYEHHUSI OCHOBHBIX METPOJIOTMYECKUX XapPAKTEPUCTUK JETEKTOPA.

Kniouesvie cnosa: nadpakpacHbIil MOITYIPOBOJHUKOBEIA IETEKTOP, ra3, SKCIIEPHUMEHT,
KOHLIEHTpalusl, U3JIy4eHHEe, METPOJIOTHSI.

DOI: 10.46573/2658-5030-2023-3-84-89
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BBEJIEHUE

Pa3BuTHEe COBpEMEHHBIX TEXHOJOTUH IOCTOSIHHO TpeOyeT COBEPILIEHCTBOBAHUS
M3BECTHBIX U pa3pabOTKU HOBBIX CPEJICTB KOHTPOJIS Ta30BbIX cpell. Cpenu pazpabaTbiBaeMbIX
B HACTOSAILIEE BpeMs BaXHOE MECTO 3aHMMAIOT IIOJIYIIPOBOJHHUKOBBIE JIE€TEKTOPHI U JaTYHKHU,
paboThl MO CO3/IaHUI0 KOTOPBIX OBLIM HAyaThl emie BO BTOpoil monoBuHe XX Beka [1-7].
Celiuac  MOJYNPOBOAHUKOBBIE JETEKTOPbl M  JAaTYUKU I[IMPOKO MPUMEHSIOTCS B
MPOMBILIUIEHHOCTH, Ha TPAHCIIOPTE, B CUCTEMAaX KOHTPOJI OKPYKaIOLEH cpelibl, a MOCIeaHEe
BpeMsi — B YCTPOMCTBAX TUIA «JIEKTPOHHBIA HOC» [6, 7]. OHM 007a1aI0T KOMIIAKTHOCTBIO,
BBICOKON 4yBCTBUTEJIIBHOCTBIO, MPOCTOTONM KOHCTPYKLUMU M HU3KOM CTOMMOCThIO. B Hamieit
CTpaHe IIMPOKO MPUMEHSIOTCS MOJIYIIPOBOJHUKOBbBIE IPE0OpA30BaTENN KOHLEHTPALIMU Ia30B
tumna I1I1-1 u JAMII-1, koTopble 0OeCIIEUMBAIOT KOHTPOJb KOHIICHTPAIIMN TaKMX Ta30B, KaK
MeTaH W mporaH, Ha ypoBHe 10 ppm. Mudopmarus, npuBoguMas B Macmoprax Ha 3TH
YCTPOMCTBA, CBUIETENLCTBYET O TOM, YTO HUX CHTHAIbl (POPMHUPYIOTCA 32 CUET U3MEHEHUs
AIIEKTPONPOBOJHOCTH MOTYIMPOBOTHUKOBBIX YYBCTBUTEIBHBIX DJIEMEHTOB IPH aICOPOLINU HA
MX MOBEPXHOCTH HAa3BaHHBIX Ta3oB. lIpenBapurenbHble HCCIENOBaHUS JTAHHBIX YCTPOICTB,
BBINIOJIHEHHbIE Ha Kadeape «ABTOMATH3alMsl TEXHOJIOTMYECKHUX IPOLEccoB» TBepcKoro
rocyaapcTBeHHOro Texuuueckoro ynusepcutera (TBI'TY), mo3Bonunu yctaHOBHTS |8, 9], uTO
CUTHAJI YCTPOMCTB HE TOJIBKO (POpMHpYETCs 3a CUET U3MEHEHUS 3JIEKTPOIIPOBOAHOCTH, HO U
3aBUCUT OT KATAJIUTUYECKOIO CrOpPaHMsl TOPIOYUX Ta30B, KOTOPOE COMPOBOMKIAACTCS
NOSIBICHMEM WHTEHCUBHOTO HH(]paKpacHOro wu3imydeHus. Takoe SBICHHE OIpenesieT
BO3MOXXHOCTh HCIOJB30BaHUSl JIOTIOJTHUTEILHOTO KaHala BO3HUKHOBEHHS WH(PPaKPACHOTO
U3ITYYCHUS IS TTOJTyYSHHsI H3MEPUTEIbHON WH(POPMAIINH, YTO, B CBOIO OY€pe/lb, ONPEIesIeT
1eJIeCO00Pa3HOCTh MPOBEACHUS HCCIEAOBaHUNM pPabOThI MOIYNPOBOJHUKOBBIX JIETEKTOPOB
ra3os.

PE3VJIbTATBI HCCJIEJJOBAHUM

B mnHacrosimiee BpeMs MOJTYNPOBOJHUKOBBIE JETEKTOPHI U JATUYMKH BBIYCKAIOTCA
MHOTUMHU 3apyOeKHBIMH ¥ OTCYECTBCHHBIMH (upMamMu. CHTHaJI JaHHBIX YCTPOHCTB
dbopMupyeTcss 3a c4eT WM3MEHEHHUS AJIEKTPOMPOBOJHOCTH YYBCTBUTEIBHOTO 3JIEMEHTA IMPHU
aJicopOIIMM Ha HEM MOJIEKYN JeTeKTHpyeMoro BemecTBa. Ha kadenpe «ABromaruzanus
TeXHoJormueckux mporeccoBy TBI'TY mpum  wuccnmegoBaHuM  OAHOTO U3 THUIIOB
MOJTYTIPOBOTHUKOBBIX MpeoOpa3oBarelniel, a MeHHO TpeobdpasoBateneld tuma [1I1-1, O6puT0
YCTaHOBJICHO, 4YTO B3aMMOJEHCTBHE TOPIOYUX Ta30B C YYyBCTBUTEIHHBIMU 3JIEMEHTAMU
npeoOpaszoBatTeisi COMPOBOXKIACTCS BO3HHKHOBEHHEM HWH(PAKPACHOTO H3IIydeHUs. Takum
o0pa3oMm, HMeeTcs elle OJMH KaHal [OJIyYeHUs W3MEpPUTENbHOH HWH(OpMaLUUd MpU
OKCIUTyaTallii MOJIYIPOBOJIHUKOBBIX IpeoOpa3oBareneil KOHLIEHTpanuu ra3oB. Ha ocHoBe
9TOro ObUI CO3/1aH U 3amaTeHToBaH [9] uHdpakpacHbIi MOTYIPOBOAHUKOBBINA JETEKTOP ra3oB
(UKIILO). Hdnst ero 3KCIEPUMEHTAIbHBIX HCCIENOBAaHUM OblJJa CKOHCTPYMpPOBaHA
naboparopHas ycTaHoBKa (puc. 1).
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Puc. 1. Cxema s3xcniepuMeHTalIbHON ycTaHOBKY /715 MccneaoBannii MKTITI/I:
1 — mOTYnpOBOAHUKOBBIN TPe0Opa3OBaTEb KOHIIEHTPAIIMH T'a30B;
2 — MOJIyIPOBOAHUKOBBIIA YyBCTBUTEIBHBIN 3JIEMEHT MPEOOpa3oBaTEs;
3 — mpotoyHas kamepa; 4 — HHppaKpacHbIii HOTOTUOT;
5 —anexTpoMerpuueckuil yeunurens tuna UMT-05;
6 — anekTpoHHbIM noteHuuomerp tuna KCII-4;
7 — 60K KOPPEKIIMU HAYAIBHOTO YPOBHS CHTHAJIA JETEKTOpa; 8 — OaTapeika;
9 — crabunu3aTop JaBJieHHs ra3a-HOCUTEIIS;
10 — ocymmTens ra3a-Hocutens; 11 — nepeMeHHbIN 1poccerb;
12 — yerpoiicTBo BBOAA Mpo0 ra3os;
13 — xomonka (TIacTMaccoBasi TpyOKa ¢ BHYTPEHHUM TUAaMETPOM 3 MM U JITHHOH 1,5 m);
14 — cTabMIM3UPOBaHHBIA HCTOYHHUK JIEKTponuTaHus tuma b5-47;
R1 —nepemennsiii pesuctop (1,6 kOm); R2 — nocTostHHbIN pe3uctop (6,8 kOm)

Bce wuccienoBaHus NpPOBOJWIMCH € HMCHOJIb30BAaHUEM  IOJTYIPOBOJAHUKOBOIO
npeoOpazoBarenss tumna IIII-1 wu wuHppakpacHoro ¢doroanona Ttuna DJI-265A. s
VOPOIIEHUS M YCKOpeHUs pabdoT NPHUMEHSJICS MMIIYJIbCHBIH METOJ BBOAa Ipod
aHanu3upyemsbIx ra3zos [10] B mOTOK ra3za-HOCHUTES, MO3BOJISIFOIINI MUHUMHU3UPOBATh PACXOJ
YUCTBIX aHATU3UPYEMBIX Ia30B.

UccnenoBanus BBIIIOJIHSUIUCH CJIEIYIOIINUM o0pa3zom. C MIOMOILBIO
CTaOUIIM3MPOBAHHOTO MCTOYHMKA AJIEKTPONMTAHUS YCTAaHABIMBAJIOCH HAIPsDKEHHUE, KOTOPOe
M0/1aBAJIOCh K YYBCTBUTEJIBHOMY 3JIEMEHTY JAeTekTopa. B coorBerctBum ¢ nacnoprom III1-1
MakCHMaJbHOE 3HA4YEHHE O3TOro HampsbkeHuss He mnpesbimaio 1,3 B. C nomomibio
MEPEMEHHOTO JPOCCENs YCTaHABIMBAJICA PACXOJ] raza-HOCHTENs (BO3[AyXa) B JETEKTOp Ha
3HaueHusx 1...3 /4. [lpoObl aHamm3upyembix razoB oO0bemom 0,1...1,0 Mkn1 mnpu
WCIIOJIb30BAaHUM CIIELUAJIBHOIO WINpPHUI[A BHOCWIHCH B IOTOK Ta3a-HOCUTENS 4epes
ycrpoiictBo BBoja. [IpoObl TpancmopTupoBanuchk nmotokoM raza-Hocurens B UKIIIII. Iepen
BBOJIOM OCYILECTBIISIACh KOPPEKTUPOBKAa HAUYaJbHOTO YPOBHS CHUTHaja JIE€TEKTOpa.
Hcnonb3oBaHre KOJOHKM B COCTaBE YCTAHOBKU OIPEAEIAETCS HEO0O0XOAMMOCTBIO
WCKIIFOUEHHS CUTYallUH, IPU KOTOPOU MOXKET MIPOU30MTH HAIOKEHUE U3MEHEHUN HAa4aJIbHOTO
YPOBHSI CUTHAajla JIETEKTOPA, BO3HUKAIOIIMX B MOMEHT BBOJA IpOObI ra3a, Ha IOJIE3HBIN
MMITYJIbCHBIM CUTHAJ.

IIpu noctynieHun mnpoObl aHAIM3UPYEMOrO ra3a B JIETEKTOP IPOUCXOIUT €€
YAaCTUYHOE KaTAIMTHYECKOE CTrOpaHHe, TaK KaK TeMIeparypa 4yBCTBUTEIBHOIO 3JE€MEHTa
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coctraBisier 400...450 °C. Ilpu »TOM BO3HHMKAET HH(PPAKPACHOE H3IYyUYEHHUE, KOTOPOE
yhnaBiuBaeTcsi WHOpakpacHbIM auoaoM. CurHanm paHHoro (oOToaMOJa TOCTYMAeT Ha
JNEKTPOMETPUYECKUN  yCUIIUTENb, BBIXOJHOW  CHUTHAJI  KOTOPOTO  H3MEpsieTcss U
PETUCTPUPYETCS SIEKTPOHHBIM MOTEHIIMOMETPOM. DTOT CHTHAJl UMeeT (opMy HMITYIbCa, a
€ro mapamerpsl (aMIUIMTYAa A, MM, WIM ILIOM@Ab S, MM?) HCIOJIB3YIOTCA IS HONYYEHUS
U3MEPUTENIbHOW MH(DOPMAIIUN O KOHIIEHTPAIIMH aHAJTU3UPYEeMOro BEUIeCTBAa B MOTOKE rasa-
HOCHTEJIS.

Onpenenenne 3apucumoctu curnana UKIIII ot o6bema npod aHaIM3UPYEMBIX Ta30B
OCYIIECTBIISUIOCHh MPU CIEAYIOIIUX YCIOBHSAX: PACXOJl Traza-HOCUTENS 2 JI/4; paccTOsSHUE
MEXIY YyBCTBUTEIBHBIM DJJIEMEHTOM H© OKHOM ¢oronuoma 3 MM; o00beM 1pod
ananmuzupyemsix razoB 0,2; 0,5; 0,8 u 1,0 mxu. Ilepen BBogoM mpo6 oowsemom 0,2; 0,5 u
0,8 mMkin oHu paszbaBisuiich Bo3ayxoMm 10 oobema 1,0 Mk, Temmeparypa nerekropa
cocrapmsiia 20 °C (mpu 9TOM TemmepaType BBINONHSUIUCH BCE OIMCAaHHBIE HUKE
ucciie[oBanusl). B onbITax MCIOJIB30BATTMCH BOJOPO/ U IIPOIaH.

Ha puc. 2 noka3ansl 3aBUCHMOCTH aMIUIUTY bl / U TIOMAAH S CUTHAjIa AETeKTopa OT
o0bema mpob Vo ananmsupyembix ra3oB. Ha rpadukax, mpuBEeIeHHBIX Ha pHC. 2, KaKk U Ha
BCEX MOCJIENYIOIINX, 3HAYCHHE IS KaXJAOW TOYKHU OMpPENeNsUIOCh MO pe3yiabTaTaM Tpex
U3MEpPEHU M mocienyromero ycpeaHeHus. [loydyeHHble 3aBUCHMOCTH  SIBIISIFOTCS
MPAKTUYECKH JTMHEHHBIMHU.

Jlis oueHku BiausiHUS HanpspkeHus nutaHus Ha curdain MKIIIT/L Opiiu BBIOIHEHBI
U3MEPEHHs] 3TOTr0 CHUTHAJIAa TPU PA3NIUYHBIX 3HAUYCHUAX HANPSIKCHHSI MUTAHUS, KOTOpPHIE
3a[aBAJIICh C TOMOINBI0 CTAOMIM3UPOBAHHOTO HMCTOYHMKA 3yeKkrpornuTanusa. Ha puc. 3a
nokazaHa 3aBUCHUMOCTh aMiuuTyabl curdHana MWKIIIA ot wanpspkenuss nurtanus U
YYBCTBUTEJIBHOIO 3JIEMEHTAa. BbUIO Takke yCTaHOBJIEHO, YTO IPU HANpPSDKEHWU INHUTAHUS
menbIe 1,1 B gerektop tepsieT paboTocnocoOHOCTb.
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h, MM % —C3H8 S, MM % — CaHs 1,
o -H» o-H
X 400 ’ /|
150 ¥ 17
300 / s

" / / 200 /{ )

50 A 27 /

/// 100 22
A /|

02 04 06 08 10 p, mxn 02 04 0,6 08 1,0 VyMKn

(a) (6)
Puc. 2. 3aBucuMocTh aMImIuTy b1 (2) U miom@aau (6) curHasia 1eTekTopa
oT o0beMa P00 aHATU3UPYEMOTO ra3a

[Mockonbky curnan UKII dopmupyercs 3a cuer uH(paKpacHOro H3ITyYSHHUS,
MPEJICTaBISIOCh €CTECTBEHHBIM OIpEAeNeHUEe 3aBUCUMOCTH €Tr0 CHUTHala OT PACCTOSIHHS O
MEXIY UYyBCTBUTEIBHBIM 3JIEMEHTOM M OKHOM uH(pakpacHoro ¢dortoauona. ITu
UCCJICIOBAHMS TPOBOJWINCH IPHU CIEAYIOIIUX YCIOBUAX: PACXOJN Ta3a-HOCUTens 2 I/4;
HanpspkeHue nurtaHus 1,3 B; obseM mpoOwl anamusmpyemoro rasa (Bogopon) | Mk
pacctossHue  3...13  MM; MUHUMaJbHOE  3HAYEHUE  PACCTOSHMS  ONPEACIIIIOCH
KOHCTPYKTUBHBIMM BO3MOXHOCTSIMU TnpeoOpazoBatens I[II1-1. PesynbraTtel u3mepeHuit
npuBeneHsl Ha puc. 36. Buano, uyto ammumrtyna curHaiga UWKIIIIJ] nHecymecTBeHHO
YMEHBIIAETCS C YBEJIMYEHUEM PACCTOSHUS.

h, MM 5w C3H8 h’ MM
o-H, ©-H
¥
150 150
100 / /’ 100 g — |
| :/ ;-_--_*H‘E
50 50
1,1 1,2 13 UB 305 7 9 11 13 § mm
(a) (6)

Puc. 3. 3aBUCHMOCTb aMILTUTY/ABI CUTHAJIA IETEKTOpa
OT HaNPsDKECHUS MUTAHUS MTOJYIPOBOAHUKOBOTIO YYBCTBHTEILHOTO 3JIEMEHTA (a);
PacCTOSIHUS MEKIY YyBCTBHTEIHHBIM 3JIEMEHTOM M OKHOM MH(ppakpacHoro GoTtoauozaa (6)

C yuerom toro, yro UKIIITJ[ MoxkeT ObITh HCIIONB30BAaH B COCTaBE ra30aHAIU3aTOPOB
Y Ta30CUTHAJI3AaTOPOB PA3JIMYHBIX FOPIOYMX T'a30B U MAPOB MPU PA3JIMYHBIX PAacXo/lax ra3o-
BO3/YIIHBIX CMECEH, a TaKKe B COCTaBe ra3oBBIX XpomarorpadoB, B KOTOPHIX pacxoj rasa-
HOCHTEJIS ONPENEISICTCS YCIOBUSAMHU Pa3/ICJICHHS] KOMIIOHEHTOB, HEOOXOAMMO OIpeaciicHUE
3aBucuMocty curasia UKIII/] ot o0beMHOro pacxo/ia ra3a-HOCUTEIS.
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VYcranoBineHue 3TOW 3aBUCUMOCTH OCYIIECTBIUIOCH TIPU  CIEAYIONIUX YCJIOBHSX:
o0beM Mpo0 aHaIM3UpyeMbIX Ta3oB | Mki; HanpsbkeHue nurtaHus 1,3 B: pacxon rasza-
Hocutens 1, 2 u 3 m/4. Ha puc. 4 npuBeneHbl 3aBUCUMOCTU aMIUIMTYABI A U Iomw@aau S
CUTHaJIa JIETEKTOpa OT pacxoja rasa-Hocurelnsa. Kak BUIHO, aMIUIUTyAa U IUIONIA/Ib CUTHAJA
JNETEKTOpa, BBI3BAHHBIC MPOXOXKICHUEM uYepe3 Hero mnpoObl aHAIM3HPYyeMOro Trasa, C
YBEJIMYCHUEM paCXo0/la Ta3a-HOCUTENSI YMEHBIIAIOTCS, YTO OMNPENENseTCS COKpaIICHHUEM
KOHIICHTPAIlUU aHATU3UPYEMBIX T'a30B B IIOTOKE ra3a-HOCUTETIS.

h, MM S, MM?
800 -
150 e
3
cs\ 600
100 ¥ \
% - C3Hs T 400 \’
| o-H» ® - C3H_g X
50 O - H2 }\g
200
1 2 3 0, n/q 1 2 3 0, n/q
(a) (6)

Puc. 4. 3aBucuMOCTh aMIUTUTY/I6I (2) 1 TIomaau (0) CUTHANA IeTeKTopa
OT pacxoja ra3a-HOCUTEIIS

CrnenuaibHbIMUA UCCIEAOBAHUSAMH, PE3YJIbTaThl KOTOPBHIX HE BOLIM B JAHHYIO CTaThIO,
o010 ycrtanoBieHo, uyto MKIIIIJ] oOnamaer YyBCTBUTENBHOCTHIO K HapaM JKHUJIKHUX
YTJIEBOJOPOAOB PA3JIMYHBIX KJIACCOB.

C wucnosib30BaHWEM CTAHAAPTHON METOIUKH OBLIM HAWIECHBI 3HAYEHHUS OCHOBHBIX
METPOJIOTHYECKUX XapaKTEPUCTHK JETEKTOpa: I0pora 4yBCTBUTENbHOCTH — 4-10° % 00.;
MaKCUMaJIbHOM KOHIEHTpAIlMU B Tpeleiax JMHEHHOCTH CTaTHYECKOM XapaKTePUCTUKU —
0,1 % 06.; ypoBus myma — 0,4-107'2 A; mocrostnHoi Bpemenu — 0,3...1,0 c.

3AK/IIOYEHUE

CnenyeTr OTMETUTb, YTO ONMCAHHBIM B CTAaThe AETEKTOP Tra30B SIBJISETCS HOBBIM
TEXHUYECKUM CPEJICTBOM IOJIyUYEHHUS U3MEPUTEIbHON MH(POPMALUU 0 MUKPOKOHLIEHTPALMH
TOPIOYMX Ta30oB B Bo3ayxe. Ero pa3paboTka M HCCleOBaHUE MOATBEPAMIM BO3MOXHOCTH
UCIOJIb30BAaHUSl JIONOJHUTENBHOIO KaHajla IOJIY4EHUs HW3MEpUTENbHOM HHbopManuu,
OCHOBAaHHOTO Ha HW3MEPEHHWH HWHQPPAKPACHOTO  W3IYYCHHS, BO3HUKAIOLIETO MpHU
KaTaJIUTUYECKOM CrOpaHUM TOpPIOYMX Ta30B Ha IMOJIYNPOBOJHHUKOBOM UYBCTBUTEIBHOM
anemente. st BesiBieHUs Bcex MH(poOpManmoHHbIX Bo3MokHOocTed MKIIILJ] HEoOXxommumbl
pa3paboTka MaTeMaTH4eCKOHl MOJeNu CUrHajga JAeTeKTopa; IpPOBEIECHUE HCCIeI0BaHUs
3aBUCHMOCTH €T0 CHTHajla OT TEMIIepaTypbl; M3y4YEHHE BO3MOYKHOCTH MCIIOJIB30BaHUS B
coCTaBe JETEeKTopa Oosiee YYBCTBUTENBHBIX INPUEMHHUKOB HH(PPAKPACHOTO W3IYUYECHHUS;
UCCIIEI0BaHMs Pa0OThI JETEKTOPA HA ra3e-HOCUTEIIE TEIHH.
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INFRARED SEMICONDUCTOR GAS DETECTOR RESEARCH
L.V.ILYASOV, Dr. Sc.

Tver State Technical University
22, Af. Nikitin emb., Tver, 170026, Russian Federation, e-mail: 1vi450714@mail.ru

The results of experimental studies of an infrared semiconductor gas detector, created
on the basis of a commercially available semiconductor converter of the PP-1 type, whose
principle of operation is based on measuring the electrical conductivity of a semiconductor
sensing element heated to a temperature of 400...450 °C when it comes into contact with
flammable gases, are presented. It has been established that the change in the electrical
conductivity of this element is accompanied by infrared radiation, which makes it possible to
use the measurement of the intensity of this radiation by an infrared photodiode to obtain
measuring information about the concentration of the analyzed gas. The designs of the
detector and the laboratory installation for its research are described. The dependences of the
detector signal on its main operating parameters are given, namely: on the concentration of
the analyzed gases (hydrogen, propane) in the carrier gas (air) flow, on the supply voltage of
the semiconductor sensing element, on the distance between the sensitive.

Keywords: infrared, semiconductor, detector, gas, experiment, concentration, radiation,
metrology.
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NHOOPMAIIMOHHbBIX CUCTEM U HABOPOB UJIEN

J.U. TIPUXOAbKO', maructp, A.B. MOKPSIKOB? 3, kanz. ¢u3s.-mart. HayK,
B.B. TOPIIKOB?, 1-p TexH. HAyK

IPHI] HayuHno-uccnenoBaTenbCKkuii HIHCTUTYT CUCTEMHBIX uccienoBanuii PAH
117218, MockBa, HaxumoBckuii pocit., 36, k. 1, e-mail: mitry1205@mail.ru
2MOCKOBCKHIi aBUAI[MOHHBIA MHCTUTYT (HAIIMOHATILHBIA MCCIIEI0BATENLCKUI YHUBEPCHUTET)
125993, Mockga, Bonokonamckoe 1., 4, e-mail: ali.latex@gmail.com
3Poccuiicknii rocypapctennblii yuusepeureT uM. A H. Kocbiruna
(Texnonoruu. J{uzaitn. VIckyccTBo)

119071, Mocksa, yn. Manas Kanyxckas, 1, e-mail: gorshkov-vv@rguk.ru

© IIpuxoapko .M., Mokpskos A.B., 'opuikos B.B., 2023

B craThe paccMOTpeH BONPOC B3aUMOCBSI3U CYLIECTBYIOINX METOA0B MOJEIUPOBAHUS
I/IH(i)OpMaIII/IOHHBIX CUCTECM, OIIMCAHbI AJOCTOMHCTBA KOHICIITYaJlbHOI'0, MAaTc¢MaTU4YCCKOrO,
HaTypHOro mojenupoBanus. IlokazaHo, 4TO NEpPBOPOJHBIM BapUaHTOM BBICTYIAET UACHHOE
MOZIETTMPOBAHKE, [10]] KOTOPBIM MOPa3yMeBaeTCsl aOCTPAKTHOE CMBICIIOBOE IPEAIIOI0KEHHE.
[TponeMOHCTPUPOBAHO OTJIMYME HJEU OT KOHUENIMH. 1IocTpOoeHO HECKOJIIBKO BapHaHTOB
B3aMMOJICHCTBUS: JIMHEIHOE, JINHEHHO-TIEPEMEHHOE, OJIOK-CXeMa JIeTaJIbHOTO BapuaHTa. J{is
IOCJIEIHEr0 YyKa3aHO, 4TO (YHKLHSA Hepexoia MOKeT ObITh peajn30BaHa Ha OCHOBE
HEOOXOJMMOr0 MaTeMaTHM4YeCKOro MM Jlorudeckoro ammapara. (OO0Oo03HaueHoO, 4TO
OPOCTEHIIMK BapHaHT MOJEIH IPEICTABISET COOON IepecedeHne MeXay MHOKECTBAMU
KaXa0ro Tuiia MOACJIUPOBaAHMA.

Knwouesvie cnosa: MareMaTH4eCKO€ MOJEIMPOBAHUE, KOHLENTYaJbHOE MOJACIIU-
pOBaHME, HATYpPHOE MOJIEIMPOBAHUE, HACHHOEC MOIECIMPOBAHHME, B3aUMOCBSI3b METOOB
MOJIEJTUPOBAHUS.

DOI: 10.46573/2658-5030-2023-3-90-95

BBEJAEHUE

Bo Bce BpemeHa ydeHble M H300peTaTen pa3padaThiBajll Pa3UYHBIE CHUCTEMBI, K
KOTOPBIM, KPOME BCErO MPOYETr0, OTHOCATCS CUCTEMbl MEIULMHCKUE U TEXHUYECKUE, B TOM
YHCIIe U BEIYMCIIUTENbHBIC. [Ipy BRIOTHEHNN pa3pabOTKH OCHOBHOM BOTIPOC, CTOSIINN TIepe/T
UCCIIEI0BAaTEISIMU, 3aKJIF0YAEeTCs B TOM, KaKOW U3 CYLIECTBYIOIIUX CIIOCOOOB MOAEIMPOBAHHUS
HEOOXOIMMO BBIOpAaTh W Ui KaKUX 337324 M MPH KaKUX YCJIOBHAX IPUMEHEHHE TaKOTO
crioco0a sIBJIIETCSI ONTHUMaJIbHBIM.

3auacTy0 pa3pabOTKU COBPEMEHHBIX TEXHUYECKMX CHCTEM HE OrpPaHUYUBAIOTCA
IPUMEHEHHUEM TOJIBKO OJJHOI'0 THIa MoJenupoBaHusl. OOBIYHO UCIIOIB3YIOTCSA HECKOJIBKO, T.C.
CO3Ja€TCS KOHILEMIMUS, 3aTeM CTPOMTCS JIOTHYECKas MOJENb, a 3aTeM IPOEKTUPYETCS
HaTypHas MOZEJb TEXHUYECKOW CUCTEMBI. B CBSI3M € 3TMM BO3HUKAET NPHUHLUIMAIBHBIN
BOIPOC O TOM, KaKk MOTYT OBITh CBSI3aHBI MEXIYy COOOW 3TH CIIOCOOBI MOJEIUPOBAHMS.
WHbIMU c0BaMH, €CTh JIM BO3MOXHOCTb B aOCTPAaKTHOM BHUJE OIPENEIUTh B3aUMOCBS3U
MEXJy YKa3aHHbIMM THUIIAaMU MoOJEIMpoBaHUsA? MOXHO 3azarh e€mie OAMH BONPOC:
CYLIECTBYET JIM BO3MOXXHOCTh OOBEAMHUTH JaHHbBIC TUIIBI MOJCIUPOBAHUS C Uieei?
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VYka3aHHbIE BOIPOCHI BCTAIOT OCOOEHHO OCTPO, KOTJa paccMaTpUBaeTcs 3ajada
CO3/IaHUS BBIYUCIIUTEIIBHBIX CUCTEM, KOTOPBIC JIOJKHBI pab0TaTh B SKCTPEMAJIbHBIX YCIIOBUSX.
[Ipumepom SBASIOTCS ATOMHBIE PEAKTOPbl WM  OOOpYJOBaHHE, HCIOJNb3yeMOe B
KOCMHUYECKOM MPOCTpaHCTBe (Ha opOuTe 3emim Wi 000 JApyroi IuraHeTsl). B atmx
CIIy4asix IpOEKTHPOBAaHUE MEXaHU3MOB TpeOyeT ocoboro nmoaxoxa [1, 2].

METOOOJIOI'UsA

Ha Texkymuii MOMEHT U3BECTHBI TAKHAE BUJIBI MOJCIIMPOBAHNUS, KAaK MOJEJb KOHIECIILINH;
MaTeMaTHuecKas; MpelIBapuTeNbHas (HaTypHas). ABTOpaMU MNPEJIOKEHO IS MOCTPOCHUS
CBSI3KH JT0OABUTH MIEPBBIM ITyHKTOM Het0. Takum 00pazom, KiracCHpUKAIMSI MOJACTHPOBAHUS
NpPUMET CIEAYIOUIMN BUJA: HUJied; MOJENb KOHLENIMU; MaTeMaTH4ecKas; IpeaBapUTesIbHAs
(HatypHas).

Baxxno orMeruTh, YTO B paMKax JaHHOW KiaccuUKalMK Hles TOCTaBJIeHa
OTZAEIBHBIM IIyHKTOM IO CJIEAYIOIIEW IpUYMHE: KOHLENTyalbHas MOJEIb IPEACTABISIET
co00il CTaHIAPTU3HPOBAHHYIO HJCI0 C TOYKH 3PEHHS MPOCMOTPEHHBIX KaK TEXHHYECKHX
[ETI0YEK HCIIOJHUTENS, TaK M TOKYIATeIbHON CIIOCOOHOCTH 3aKa3zyHKa (C COTIacoBaHHEM
CIEIMalIbHOM MPOEKTHOM JokyMeHTanuu). Mpes mpencrtamisier co0oil mpennoyiokeHue,
UMEIOIIee MOTCHIHA ISl pea3aliy, TOra K€ KaK KOHLEHIHUS — 3TO CPOPMHPOBAHHOE
peyIoKEeHNe, KOTOpoe MPUHATO s peanu3anuu. [lo sToii npuunHe uaeil Bcerga Oosblie,
yeM KoHuenuuii. [Ipm 3TOM CBS3b MAEM C KOHUENUMEH, MaTEMaTUYeCKOW W HaTypHOU
MOJICJIbI0 HE BCErJa SIBISETCA JIMHEMHOW. boiiee TOro, KOHLENUMS B HEKOTOPBIX CIIydasx
BKJIIOYAeT B ceOsl HE OJHY, a HECKOJIbKO (HO CTPYKTYPHPOBAHHBIX) uici. Takum oOpaszom,
MOJIeJIb KOHLEMIIUU — 3TO HAabOp COTIaCOBAaHHBIX M MPOPAOOTAHHBIX HAEH C TOUKH 3PEHUS
ToKyMeHTanuu. MHoe ompeneneHue Obulo maHo B auccepramuu [3]: «Mbl Oymem mon
KOHIENTYaJIbHOU MOJEIbI0 MOHUMATh 001Iyto KoHuenuuo MC (MHpOopMaIMOHHON CUCTEMBI).
NMenHo KOHIETITYalIbHAs MOJCIL HEeCeT B ceOe uiaeliHyro Harpy3ky noctpoenust MCy». Tem
HE MEHee KOHIEMIIMS pEIICHUs elle He O3HAuaeT, yTo ObUIM pa300paHbl BCE TEXHUYECKUE
BOIIPOCBI. MHOKECTBO BONPOCOB M IPEUIOKEHUH BO3HHMKACT HA JTale CO3JaHUS
MaTeMaTUYECKOU MOJECIIH.

[Ipu BBINONHEHUH MaTEMaTHYECKOIO MOJAEIUPOBaHUsA [4] MPOUCXOIUT MaKCUMAIbHO
MOJIHOE COOTBETCTBHE II0 BbIOpaHHOMY HabOpy KpUTEpHEB MOAEIU U OOBEeKTa.
MareMaTnueckoe MOJEIUPOBAHUE I103BOJIAECT CBA3aTh HAYaJbHBIE M KOHEYHBIE COCTOSIHUS
BBIUMCIUTENLHON CUCTEMBI MEKIY CO0O0I uepe3 onpeaeseHHbIe aaropuTMsl (Tadim. 1). Baxno
OTMETHUTH, UTO K MATEMAaTHYECKOMY MOJEINPOBAHUIO OTHOCST €I11€ U KOMIIBIOTEPHOE.

Tabnuna 1. JlocTouHCTBA M HEOCTATKU MOJAEIMPOBAaHUS MaTEMAaTHUECKUM allapaToM

JlocTonHCTBa Henocrarku
1. Xopoiiiasi TO4HOCTh PELICHUS. 1. CooTHeceHue ¢ peaabHOCThIO. [laneko He
MareMaTtryeckas MOJENb MOXKET OBITH BCET/IA MOJIy4aeTCsl IPaBUIIbHO MIOCTPOUTH
MOCTPOCHA C JTF000N TOYHOCTHIO 10 TPeOyeMbIM | MOJ1e)b. CIUIITKOM MHOTO ()aKTOPOB BITUSIECT
XapaKTepUCTUKAM U3ICIHS Ha TEXHUYECKHE HU3ACIUS
2. JlemeBuzna. CTOMMOCTb MOCTPOCHUS
MaTeMaTUYEeCKON MOJIEJIH BKIIFOYAET TOILKO 2. I[IpoGieMa ¢ TOYHOCTBIO. B HEKOTOPBIX
Habop 10 u cnenuanucra, KOTOPbINA CTPOUT Cly4asX MaTreMaTH4ecKasi MOAEIb 1aeT
Mojenb. [locTpoeHnne peaibHOTO MakeTa HE TOYHOE PEILICHUE, a JIUIIh aHATUTUYECKOE
OyzeT Jopoxe

Takum 06pa30M, MAaTCMAaTHYCCKOC MOJACIIMPOBAHUC ABJISACTCA IICPBLIM HpI/I6J'II/I)KeHI/IeM
00BEKTa K IT0Ka3aTeIIsIM 3aJaHusd OT 3aKa34dyHuKa.
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[IpenBaputensHoe (HATYpHOE) MOJCIMPOBAHHE MOJPAa3yMEBAET CO3JaHHE TEXHH-
YECKOro pelieHusl [5] B MPOMOPIHOHATHPHOM WM PEATbHOM pa3Mepe IS IMPOBEICHUS
UCIbITaHu# (Tab. 2).

Tabnuua 2. JIocTOMHCTBA M HEAOCTATKU HATYPHOTO MOJICIIUPOBAHUS
JlocTonHcTBa Henocrarku
1. Ilpaktudecku abcomoTHast TOYHOCTH. | 1. Beicokast croumocTth. Opranu3anust mogo0HbIX
Jocturaercs 3a cueT TOro, YTo TECTOBOE |  YCJIOBMM BO MHOTHX CiIydasx sBJsieTcs Oonee

U3JIeNIe MOMEIIAETCS] B MAKCUMAJIbHO JIOPOTrOCTOSILEH, YeM MaTeMaTHYeCKoe
pUOIMKEHHBIE YCIOBUS MOJICJIUPOBAHKE
2. JlerkocTb 1OpaOOTKU U3JENNA. 3a CUET 2. [leproapl MEXTy UCTIBITAHUSIMU CUIIBHO
NpUOIMHKEHUS] BHEITHUX YCIIOBHH JIETKO | PACTSHYTHL. DTO CBSI3aHO C TE€M, YTO TOPAOOTKH
BBISIBJISIFOTCS OLINOKU HE BCErJla MOYKHO BBINOJIHUTH B KOPOTKUI CPOK

Takum 00pazom, HATYpHOE MOCIMPOBAHHE CaMOE TOYHOE, HO MPHU ITOM H CaMoe
JIOPOTOCTOSIIIEE.

Llenpto cTaThbU SBISETCS IMOCTPOCHHE TMPOCTCHUINEH MOJENTH, KOTOpas CBS3BIBACT
MeXIy cOO0H M€, KOHIEHINI0, MATEMAaTUKy U UTOTOBOE pelieHue. YToObl TOCTHYD IENH,
BOCTIOJIB3YEMCS HHIyKTUBHBIM METOJIOM.

PE3YJIBTATBI
Kak y>xe Ob110 CKa3aHO paHee, MOXKHO CBsI3aTh UJICIO C TPEMS THUIIAMU MOJAEIUPOBAHMUS.
B mpocreiimem ciydae cBsA3b MOXKET OBITH OpraHW30BaHa JIMHEHHBIM 00pa3oM, OJTHAKO 3TO
Oyzner He coBceM KoppekTHo. IIpaBuibHee OyaeT OCyIEeCTBUTH 3alyMaHHOE IPU JIUHEHHOM

IpOrpecce, ABJIAIONIEMCS IPOCTENIIMM BAPUAHTOM CBS3U (puc. 1).
Maes 1 | Konuenums 1 ,|Marematneckasn| | HaTypHas
mMoaens 1 Momenb 1
Maes 2 | KoHuenums 2 . MartematuecKas L,
MOAEenb 2 )
Maes 3 [ KoHuenunsa 3 —> i 2
nefb

Maea 4 = KoH 7 4
: Aens =

!

Puc. 1. Moaens nepexitoueHus
MEXTy THITAMHA MOJICTUPOBAHUS NHPOPMAITUOHHON CHCTEMBI

Ha puc. 1 m3o0pakeH mpocredmmii ciiydail: BeIOpaHa peaM3amnusi TOJIbKO MEpBOU
uaen. B mpoiecce mocTpoeHus: KOHLEMIIUU, MATEMAaTHYECKOW MOJENTU M HATYpPHON HMPUHATO
pElICHUe OCTaBUTh TOJBKO HATYPHYIO MOJEIh |, KOoTopas ObLia MOoJTydeHa W3 NEPBON HICH.
EctecTBeHHO, B peanbHOW XKHU3HU MOJOOHOE CiydyaeTcsi KpailHe peaKo, Tak Kak OOBIYHO
BBIOMPAETCS HECKOJIbKO HATYpHBIX Mojene. Ecnu mpeamonoxutb, 4TO B KOMIIAHUM B
mporecce pa3pabOTKU BHEApPSETCA Kaxkaas BTopas HIes, TO TaKoe BHEAPEHUE MOXKHO
0TOOPa3UTh MPHU OMOIIH ACTATU3UPOBAHHOM MOIeNH (pHC. 2).
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Moes 1 | Konueruma 1 | MaremaTdeckas HatypHan
Modents 1 Mopeno 1

MaremaTHdeckad

Maea 2 > KoHuenuws 2

MoAens 2
HatypHaa
Moes 3 [ KoHuenuma 3 Mogens 3
Maes 4 =)

Puc. 2. PaciiupeHHbIi BapHaHT CTPYKTYPHI B3aUMOACHCTBUS WU U HATYPHOU MOJENH,
KOTOpast SIBJISIETCSI TECTOBBIM MaKETOM CHUCTEMBI

Bueapsinu (cM. puc. 2) He IpocTo JBe HaTypHble Mojenu. [Ipu BHeapeHun moaens 3
Obl1a IEPEOCMBICIIEHA, TAK KAK MaTeMaTH4eCcKas MOJIeb OKa3ajach HEIPUIOJIHON B OTJIMYUE
oT HaTypHo#l. IIpu 3TOM B oO0lIeM Buje B3aUMOJEHCTBUE TpeX MOJENEH MOXXHO ONHUCATh
Oonee neranbHO. C TOUKM 3pEHMs] B3aMMOJEWUCTBUSA MOJENEH HIEH B HEKOTOPBIX CIIydasx
0TOpPAachIBAIOTCS U BO3BPALIAIOTCA. DTO KAacaeTcsl U KOHLENIUM, 1 MaTeMaTHYeCKUX MOJeNei,
U HarypHbIX. C yyeToM BO3MO>KHOCTEM BO3BpaTa, UCIPABIEHUS U J1OPAOOTKH CTPYKTYpbI
B3aMMOCBSI3M, M300pakeHHble Ha puc. 1 u 2, mnpeoOpasyroTcs B JA€TaJIU3UPOBAHHYIO

CTPYKTYpY (puc. 3).

KOHI.IeI'ITYaHbHaSI Moaenb HHdJOpMaLIHOHHOFl CHUCTEMbI

Wrarogaa _l—p

MTaroean Wroroean
—>
ROHUBLLYA Y KDHLI,BFIL(HFIQ_L) KOHLENUMA 2
KoHuenTyaneHanA I"HaNKM3 Ha Marematmyeckan
KoHuenuna 2 MOLEN lToroean | ™ nOnHoTY oen.

KOHLENLMA 1

e,
KOHLERMUMA 1
‘—|_' Wroroean
KoHuenuwa 3 konteniis 3
OTApOWEHHEIR KOHUENTEI ToToBan Harypnan
| brnok pa CHCTEHa| HOAENb
KOHUENUMIA

MaTtemaTndyeckas Moaenb HHdJOpMaI.IHOHHOﬁ CHUCTEMbl

; pMup r=""CnAToR "
_ I MaTemaTU4ecknx | aneKBaTHbIX |
T Figwen © | thopmponane | | MM°ﬂe"2e-1"1 | monenei |
KOHUEMUMA | runores o _D'”'e”b i L | Mogens 1117
: b‘ ManoTesa 2.1 [ Mogens 2.1.2 |f1 » —-a—i-b Mogens 112 : HatypHoe
E Vo H i MOOENWPOBAHHE
al i PLHOATE 2 > Wogene 211 |
Komlezn- 4 L Wogen 2.2.2 | EnoKnpogeI?;m : |
Y ! :
nus : : 3 e i ey 1 Mopens 2.1.2 fr
) ! r—>|‘ Mogene 1.1.1 'fq " 3 |
Konuen- |- | Munoreaa 1] i mogens 1.1.2 ——» 0 Hospar :
s 1 ! I KOHLENUAA :
: ﬂl’unmesa 12 ﬁ_Lé—b{ Mogens 2.1.1 I——. Ha aopadoTiy ek
1 i) ; CcHCTeMa
' L Mogens 2.2 - :
: b ! KoHuentyaneHaa)
U | M. R i} MOfEens

HatypHasa moaens MHPOPMALWOHHON CUCTEMDI

MNpuet ! NPOMIBOACTEEHHLIN  MCTILITAHIA U3NEnMii | i Ycnewwo ! Wroroeblit
AneKBaTHbIX LMKN (MCMbITaHWI) | | {Tecroeasn npoAaeHo | | pesynbrar

I
Hogenei : V1 SKcnnyaraups) | 1
: L }_Irr' —{Mznenue 1.1.1 -

Mogene 1.1.1 —-—b| IMznenue 1.1.1 I—‘—rb| +»f [znenue 1.1.1 I
‘ : L Axanuz e zpenue 21 2

Knace -1
Vizgenue 1.1.1 [

pe

1Mn,ﬂ.enh 11 2|——§—>| ¥znenwe 1.1.2 }—E:-D|M3,J19nue1 12 !—:-—> TSR

: ; ey
[Mogens 2.1.1 |——'—>| Vizaenve 21 1 ——ta{Magenve 21 1—i_ |
[Mogene 2 12|——~—»| viagenne 2.1.2——»[aaerme 21 21—

[ oo

0DbpatoTKa He
NPOATEHHBLIX
pesynsIaloe

lotoBasn
cHCTewa (BLIDop
3aKa3YMKDH
pesynsiara)
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Puc. 3. Jleranu3zupoBanHas CTPyKTypa B3auMOACHCTBUS TUIIOB MOJCIMPOBAHUS
C Touku 3pC€HHUA MAaTCMAaTHKU MOJC/Ib B3aI/IMOI[€I\/JICTBI/IH MOXXHO 3allucarb B OYCHb
YIPOILIEHHOM BapUaHTe — Kak Habop B3aMMOICHCTBYIOIIMX MHOKECTB:
U3zoenusn = (Moeu  Konyenyuu) Mamemamuxka Hamypuvle mooenu.

W3 nmpuBenenHoil Gopmynbl BUAHO, YTO YKCIO BO3HUKAIOIIUX HICH Bcerna OoJblie
Yyuciaa TeX, KOTOpPbIE TMOJy4arT MpPaKTUYeCKOoe BoruionieHue. KoHUenuuid TeXHUYECKOTO
pellleHus] TOXKE 3a4acTyro OOJbIlIe, TaK KaK 4YacTh KOHUEMIUI MPUXOAUTCS OTBEPrarh IO
pa3IUYHBIM TpUYMHAM (KaK MPaBUIO, SKOHOMHUYECKHM). MaremaTH4ecKkue W HaTypHbIC
MOJICNIA MPAKTHYECKH BCETrJa COBNAJAIOT 32 OYEHb PEJKUM HMCKIIOUEHHEeM. TeM He MeHee
MaTeMaTUYECKUX MOJIe]eil 0OBIYHO OOJIbIe, TAK KaK Ha MPAKTUKE MX CO3JaHHE OOXOMUTCS
nemieBne. HatypHbIX Mozieneil Toxe MEeHbIe, YeM CEPUMHBIX MPOU3BOJICTB, 3TO BBI3BAHO TEM,
YTO y TEXHUYECKOTO H3JACNUS B XOJEC MPOCKTUPOBAHUS TMOSBIISIIOTCS MHOTOYHCICHHbBIC
TpeOoBaHus U 10paboTku. M3-3a 3TOr0 peannsyrorcs Janeko He BCE MOJIEIH.

OBCYXIEHUE

OCHOBHOE OTJIMYME PACCMOTPEHHON B CTATh€ MOJENM 3aKJIKYaeTCsl B TOM, YTO OHA
IIpeIoyiaracT HENOCPEACTBEHHOE CBS3bIBAHUE MJIEH, KOHLIENTYaJIbHOM, MaTeMaTH4YECKON U
HaTypHOM MOJIEJE€N B €IUMHYI0 U IOHATHYIO CTPYKTYpy. IIpm 3TOM mepeceueHne MHOXKECTB
0TOOpa)kaeT CUTyallM, KOT/1a YaCcTh KOHUEMIIUN OKa3bIBAETCs HEKU3HECIIOCOOHON MIIU XKe B
nporuecce pa3paboTKU BBIICHWIOCH, YTO M3HaYallbHAs UIEsl 0Ka3aJloCh HEBEPHOM, HO TeM He
MEHEE OHa Jlajia PaBUJIbHBINA PE3YJIbTaT C TOUYKH 3PEHUS KOMIIAHUU U PBIHKA B LIEJIOM.

IloctpoeHHass B  crarbe CTPYKTypa B3aUMOJCHUCTBUS  HECKOJIBKHX  THIIOB
MOJICJIUPOBaHMs B YIPOILEHHOM BapHaHTE MOJpa3yMeBaeT, YTO MJAEH M KOHULENUIHUU ObUIM
BOIUIOLIEHHI cpa3y. [Ipu 3TOM npuBefeHHas paclIMpeHHas CTPYKTypa MOKA3bIBAET, YTO UIECH
4acTO UMEIOT CBOWCTBO M3MEHAThCS. bojee Toro, abcTpakTHOE MOCTPOEHUE JaeT IEPBUYHOE
IIPEACTABIICHUE O B3aUMOCBA3SIX THUIIOB MOJEIMPOBAHMS, 4YTO HAa IIPAKTUKE ITO3BOJIUT
yAy4YIIUTh  METOJOJOTMI0 W CTAaHAAPTH3alMI0 TpuU  pa3pabOTKe  COBPEMEHHBIX
MH(OPMALMOHHBIX W BEIUNCIUTEIBHBIX CUCTEM.

3AK/IIOYEHUE

IIpuBenenHas abcTpakTHasi MOJETIb JAeT HarjsaHOe 0a30BOE MpPENCTaBIEHHE O TOM,
KaK HJEH TOJy4aloT peasbHble TEXHWYECKHe BOIUIOmeHUs. JlaH orBeT, kakuM oOpa3oMm
KOHILICTIMS,, MaTeMaThKa U HaTypHas MOJelIb MOIyT ObITh B3aUMOCBS3aHBL. bBbUIO
IPOJEMOHCTPUPOBAHO pa3INuue MEXAy HIeed M KOHLENUUEH U IOKa3aHO, HACKOJIbKO
JAHHOE PA3JINYUE SIBISIETCS CYLIECTBEHHBIM.

Takum o00pa3oM, TmOJy4yeHHass MOJENb IO3BOJIIET C HEKOTOPOM TOYHOCTHIO
OIpEeNIeIUTh BO3MOXKHYIO (YHKLUIO Iepexoja (B MpocTeillieM cilydyae HCHOJIb3YITCS
CTaHJapTHBIE ONEPALMK HaJ MHOXKECTBAMH) MEXAy MIesiMU M KoHuenuusmu. [lonoOHble
(GyHKLMH, KaK IPaBUIIO, IPEJOIPEIEIICHBI.
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ABSTRACT MODEL OF THE RELATIONSHIP BETWEEN EXISTING
INFORMATION SYSTEM MODELING METHODS AND A SET OF IDEAS
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The question of the interconnection of existing methods of modeling information
systems is considered. Advantages of conceptual, mathematical, natural modeling are
considered and described. It was shown that the original version of everything is ideological
modeling, by which the authors mean an abstract semantic assumption. The difference
between the idea and the concept was demonstrated. Several interaction options were built:
linear, linear-variable, block diagram of a detailed option. At the same time, it was indicated
for the latter that the transition function can be implemented on the basis of the necessary
mathematical or logical apparatus. It has been shown that the simplest version of the model is
the intersection between sets of each type of modeling.

Keywords: mathematical modeling, conceptual modeling, natural modeling,
ideological modeling, the relationship of modeling methods.
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B crarbe paccMOTpEHO COBPEMEHHOE NPEACTABICHHE BBIYMCIUTEIBHBIX CHUCTEM B
CUCTEMHOM aHalln3e. ABTOpaMH MPOBEEHBI JOMOJIHUTENbHASI BHYTPEHHSSI CUCTEMaTH3alus U
KJIaCCI/I(bI/IKaLII/IH 3allIUTHBIX MCXAaHHU3MOB BEIYHCIATEILHON CHUCTEMBI, HpeI[Ha?;HatIeHHOﬁ JIIsL
JKCIITyaTalliu B KOCMHYECKHUX YycioBHsX. Ha ocHOBe mpuBeeHHON KiIacCH(PUKAIUU 3aIIUT-
HBIX MEXaHU3MOB 6I)IJ'Ia IMOCTPOCHA paCHIMpPCHHAaA CTPYKTYypa BBEIYHCIIMTEIbHON CHCTEMBI.

Kntouesvie cnosa: cTpykTypa BBIUMCIHTEIBHON CHUCTEMBI, SKCTpEMallbHbIE YCIOBHS
OKPY>KaIOIIEH CpeIbl.

DOI: 10.46573/2658-5030-2023-3-96-103

BBEJIEHUE

B HacTosee BpeMs CyHIECTBYIOIIMHM CHUCTEMHBIM IOAXOJA MO3BOJIMI JIOCTUTHYTH
BBICOT B PA3JIMYHBIX OTPACIAX HAYKU U TeXHUKH. COBpPEMEHHbBIE BHIYMCIUTEIIBHBIE CUCTEMBI
IPOLUIN ITYTh OT Hay4YHO-UCCIIEI0BATENbCKUX HHCTPYMEHTOB /10 COBPEMEHHOMN MOPTATUBHOMN
TeXHUKH. [Ipr 3TOM MOBBIIANIOCH KA4eCTBO €€ 00CTYKMBAHUS M MOIIHOCTH HUCIIOJIb30BAHMUS.
B pesynbTate 3BOJMIOLMOHUPOBANIO M TOHATHE CHUCTEMHOrO IOJAXOJAa W aHalu3a Kak
KaTeropu  pabOThl  Pa3IMYHBIX  CHUCTEM, 4YTO  MpPHBEIO K  3HAYUTEIHLHOMY
YCOBEPILIEHCTBOBAHUIO TEOPUU CUCTEM, KOTOPasl O3BOJIMIIa MHOTUM OTPACisIM Pa3BUBAThCS B
paMKax KOHLENIMM CUCTEMHOIO Imojaxoga. B mpoiecce Bo3pacTaHus MOIIHOCTH
BBIUMCIUTEIBHBIX CHUCTEM CTal CYLIECTBEHHO DPACLIMPATHCS INEPEUYeHb 3a]lad, PELIacMbIX
JAHHBIMU CUCTEMaMHU, U B HACTOAILEE BPEMs BBIUMCIUTEIbHBIE CHCTEMbl HUCIIOJIB3YIOTCS B
TOM YHUCJIE U JJISl BBIIIOJIHEHNUS KOCMUYECKUX UCCIIEJOBAHUM (KaK aBTOHOMHO Ha pa3jN4HbIX
30HJaX, TaK ¥ Ha OpOUTANIBHBIX cTaHIusIX, HanpuMep MKC).

Tem He MeHee 3KcCIUlyaTalys BBIYUCIUTEIBHBIX CHUCTEM B KOCMHYECKHMX YCIOBHAX
MoJIpa3yMeBaeT MPUMEHEHUE CHEeHU(PUUIECKMX MEXaHH3MOB U METOJOB A oOecreyeHus
pabotocniocobHocTH. Llenpio cTaThu SABISETCS IMOCTPOEHHE PACIIUPEHHOW CTPYKTYpPHI
BBIYMCIIUTEIILHON CUCTEMBI, SKCIUTYaTUPYIOIIECHCS B KOCMUUYECKUX YCIOBHSIX.

METOIOJIOI'UsA
BrruucnurenbHbie CUCTEMBI, KOTOPBIE CO3/IaHbl ISl PEIICHUS 33]1a4 B SKCTPEMAJIbHBIX
YCIIOBUSIX OKpYXKalIled cpenbl, HMEIT BHYTpeHHHEe ocobenHoctu [1]. Hampumep,
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mukponpoueccopsl (MIIC), ycranaBauBaeMble B HUX, NPEANOIaraloT HaIM4Me CHelMalbHbIX
JIOTIOJIHUTEIbHBIX MEXaHU3MOB. B uacTHOCTH, 17 BBIYMCIHUTEIBHBIX CHUCTEM, 3KCIUIyaTH-
pYeMbIX B KOCMMYECKMX YCIOBMSX, MCIOJIB3YIOT CHELHUAIM3UPOBAHHBIE 3alllUTHbIC
MEXaHU3MBI, CYTh KOTOPBIX 3aKJIIOYaeTcs B TOM, YTOOBI MPEJOTBPATUTH BO3JEHCTBHE
arpeccuBHOM OKpysKarollel cpe/ibl Ha QYHKIIMOHAIBHYIO YacTh CUCTEMBI.

[Ipocreiimas cTpyKTypa B3aMMOJEHUCTBHUS CUCTEM C OKPYXKAIOIIEW Cpelod NOKa3aHa
Ha puc. 1.

Buemmaasa
cpena

Cucrema

Puc. 1. Obmas cTpykTypa B3auMOAEUCTBUS CUCTEMBI C BHEIIHEN Cpeoi

[IpuBenenHas crtpykTypa (cM. puc. 1) sBusercs yHuBepcaibHOl. Tem He MeHee
OCHOBHasi MpoOiieMa »SKCIUTyaTalldd BBIYUCIUTENbHBIX CHUCTEM COCTOMT B TOM, YTO
CYIIECTBYET JIOBOJILHO OOIIUPHBIN IEpeueHb 3a1ad, B KOTOPBIX HEOOXOIUMO pa3JeisaTh
BHYTPEHHEE YCTPOMCTBO CHUCTEMbI HA COCTABIAIONINE, T.€. HA MEXaHU3MbI, 00ECTIEYUBAIOIIIE
3aIUTY BBIYUCIUTEIIBHOW CHCTEMBl OT BO3JCHCTBUS BHEIIHEW CpEIbl, U MEXaHU3MBI,
OCYIIECTBISIfOIIME  MMOJe3Hylo pabory. Hampumep, kopmyc HoyTrOyka —3aluinaer
MATEPUHCKYIO TUIATy OT IOMAJaHWs THUIM W BJIATM, a MATCPUHCKas TUIaTa OOCCIICYUBACT
B3aumozeiicteue MIIC ¢ onepaTUBHOM MaMATbIO, MOHUTOPOM H T.I.

Takum 00pa3oM, 3alllUTHBIE MEXAHU3MBI SIBISIIOTCS ~ CaMbIMU  YA3BUMBIMU
KOMIIOHEHTaMHU BBIUYUCIUTEIbHBIX CHCTEM, IIOCKOJIBKY KOPPEKTUPYIOT paboune yCIOBHS s
GyHKIIMOHaTa W  O00ECIeYWBAIOT 3allUTy OT BHEMIHUX W3MEHEHHH. CTpyKTypy
B3aMMOJICHCTBHSI BBIYMCIUTEIBHOW CHUCTEMBl MOXKHO TPEACTaBUTh B BHAE Habopa
KOMIIOHEHTOB [2, 3]:

1. Buemnue yciaoBust — 3TO cpelia, B KOTOPOW (PYHKIIMOHUpPYET cucTeMa. Y CIOBUS
OBIBAIOT CTAOMIILHBIMH U HECTAOUITBLHBIMH.

2. Cucrema. JlenuTcs Ha CleIyIONINE COCTABIIAIOIINE:

aJanTUBHBIE MEXAaHW3MbI M 3aIIUTHBIE — KOMIICHCUPYIOT BO3/IEHCTBHE OKPYXKAIOIIEH
cpensl Ha pabounii (yHKIIMOHAT CAMOM CHCTEMBI;

paboumii (HPyHKIIMOHAT — YaCTh CHCTEMBI, KOTOpasi OTBEYAET 32 PAOOTOCIIOCOOHOCTh H
peleHue 3a7a4 ¢ TpedyeMbIMU TOYHOCTBIO U Ka4eCTBOM.

OrnucaHHbIE BBIIIE KOMIOHEHTHl MOXHO MPEACTaBUTh B BHUJE CTPYKTYPHOH CXEMBI

(puc. 2).

Y

AfnanTMBHbIE

MexaHW3Mbl
BHewWwHAA

cpepa [%

Paboumia
thyHELMOHaN

Puc. 2. CtpykTypHas cxeMa BbIYMCIUTEIbHON CUCTEMBI
¢ pasnencHreM (PyHKIIMOHAIBHON M aJanTHBHOW YacTen
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B kadecTBe mpumepa HMCMIOIB30BaHUS CXEMbI (CM. pUC. 2) MOXHO YKa3aTbh IMPOIIECC
3arrycka onepanuonHoi cucreMbl Android B BupTyanbpHo# Mammae VirtualBox mox Windows.
Bsaumonerictsue Android ¢ Windows uMmeer cBou 0COOEHHOCTH

1. Buemmneit cpenoii ans Android Beictymaer cuctema Windows, o0ecrieunBaromas
noctyn BuptyanbHoit OC k anmapaTtabiM ¢yHKIusM. OqHako npsimoro noctyna y Android k
anmapaTHbIM pecypcaM HeT, Tak kak Windows HermoCcpeICTBEHHO KOHTPOJIUPYET aIlliapaTHoe
obecrieyerne. YToObI OTYYUTH JOCTYI, HY)KHO MCIIOJIB30BaTh BCIIOMOTATEIILHOE PEIICHUE —
BUPTYAIbHYIO MAIIHHY.

2. BupryanpHas mamuHa VirtualBox siBiissieTcst alanTHBHBIM MEXaHH3MOM MOJTYYCHUS
nocryma kK pecypcam Windows u3 Android.

3. OyHKIMOHAIBHOW YacThiO siBisieTcs cama cucreMa Android, KOTOpyro »xemaer
3aIyCTUThH ITOJTH30BATEITb.

JlaHHBIA TMpUMEp SBISICTCS NPOCTCHINMM, OJHAKO MMEHHO OH II0Ka3bIBAaeT, YTO
pacuiMpeHne W3HAYAIBHBIX BO3MOXKHOCTEH IO AIKCIUTyaTallid BBIYMCIUTEIBHON CHCTEMBI
(Android 3amyckaeTcst Ha HOYTOyKe Kak CaMOCTOSITEIbHAsI CUCTEMAa) BO3MOXKHO HE TOJIBKO 32
cYeT yIydmeHus (QYHKIUOHAIBHOW dacTH. [IpM 3TOM pacmMpeHHe 3KCIUTyaTallMOHHBIX
BO3MOXKHOCTCH BBIYMCIUTEIBHON CHCTEMbI HEM30€)KHO BEJIET K M3MEHEHHUSIM HaJC)KHOCTH [4].
JUIss BBIYMCIIUTENBHBIX CHCTEM HM3MCHCHHE (PYHKIIMOHAIBHOH YacTH CHCTEMBI — IPOIECC
JIOCTAaTOYHO 3aTPaTHBIH, IOATOMY B paMKax CTaThd IIOCTPOCHHE JETATHM3UPOBAHHOMN
CTPYKTYpPbl ~ BBIYHCIUTEIHLHOM CHCTEMBI Ie1eco00pa3HO TOJBKO C TOYKH 3pEHUS
CHCTEMATH3AIlMH U aHAJIM3a 3aI[UTHLIX MEXaHU3MOB.

PE3YJIbTATBI

IIpu paccMOTpeHMM AaBTOPCKOM KOHLEHNIHMHM IPOCKTUPOBAHUS BBIYMCIUTEIBHOU
CHUCTEMBbl HEOOXOIMMO OTMETHTb, YTO MEXaHU3Mbl, INpEAHAa3HAYECHHbIE I 3allUThI
(YHKIIMOHAJIBHOW YaCTH, MOTYT OBITh CIPYNIIUPOBAHbI B TIOJICUCTEMBI:

1) paGoThI HEMOCPEICTBEHHO C OKPYKAIOIIEeH cpeoi;

2) 00pabOTKM 9acTO BOSHUKAIOIIUX OTKA30B CUCTEMEI;

3) anpTepHAaTUBHOM OCTaHOBKHU pabOTHI YCTPOMCTBA;

4) ynpaBneHust paboTOl aJanTUBHBIX MEXaHU3MOB.

Ecnu  yuuThIBaTh  OCOOCHHOCTHM  IIOCTPOEHUSI  BBIYUCIUTENBHBIX CHCTEM U
OCOOEHHOCTEH yCIIOBUHM 3KCIUTyaTallid, TO OJHA YacThb MPEJCTABJIECHHBIX BBILIE TPYII
3alUTHBIX MEXaHU3MOB MOXXET OTCYTCTBOBAaTh, a Ipyras — IPUCYTCTBOBATh HE IOJHOCTHIO.
Hanmpumep, mnpu aHanmu3e 3alllUTHBIX MEXaHU3MOB B BBIUMCIMTEIbHBIX CHUCTEMaX,
UCMONB3YIOUMXCS B cdepe HUHPOPMALMOHHBIX TeXHONOrud [5], Habop 3alUTHBIX
MEXaHU3MOB TSI OOJBITMHCTBA CHCTEM MOXKET BBITJISAJECTH CIEAYIOUIM 00pa3oM:

1. ®yHKIMOHAN 3alUMTBl OT MEpErpeBa pas3JIMYHBIX MHKPOCXeM. Baknenmmii
MEXaHU3M C pa3nu4yHbIMH (QyHKIMsAMU. Hampumep, B HOYTOyKax NpH CIHMIIKOM CHJIBHOM
TEIUIOBBIIECICHUH HIET OTKIIOYEHHE BCErO YCTPOMCTBA.

2. OyHKIMOHAJ 3alUThI OT MONaJaHus TPSA3U U OT JAPYrMX BHEHIHUX (AKTOPOB. DTO
Koprmyc ycrpoiictBa. IIpenHasHaueHue — 3amuUTa BBIYUCIMTEIBHOM TEXHUKH OT TPS3H,
U3JTYYCHUS U IPOYHNX BHEITHUX arpeCCHUBHBIX (DaKTOPOB.

3. UnnukatopHas ¢yukuus. JlaHHbIH (GYHKIMOHAT OTHOCUTCS K KaTeropuu
JIMarHOCTUYECKUX cpencTB. MHnukaTopHas GyHKIUS HEOOXOAWMA C TOYKM 3PEHHS aHAIH3a
paboTOCIIOCOOHOCTH KOMIIOHEHTOB, @ TAK)K€E BBISIBIICHHS OIINOOK.

4. OyHKUOMS XpaHEHUS W PE3CPBUPOBAHMS JAaHHBIX. SIBIseTCS CrienupUIecKoi,
IpeJCTaBiIsieT cOOOM HCIOJIb30BAaHME HE TOJIBKO JKECTKOI'o JUCKa, HO M cucteMbl RAID-
MaccuBa (MaccuMBa HE3aBUCHMBIX AMCKOB) JUIS 3alllUThl JAHHBIX, XPAHALIMXCS Ha JKECTKOM
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JIMCKE, OT TIOTEpU. Y COBPEMEHHBIX MOJIb30BATENICH 3Ta (DYHKIIUS BBITIOIHACTCS C MOMOIIIBIO
BHEIIIHUX HAKOMUTENEH: (JIeIIeK, CbeMHBIX )KECTKUX JUCKOB, ONITUYECKUX JUCKOB.

5. ©@yHkIusa AyOonupoBaHus KOMIOHEHTOB. [loapazymeBaeT Hanuuue MyOIHPYIOMIMX
KOMIIOHCHTOB BBIUHMCIIMTEIIFHOM CHCTEMEI. B uacTtHOCTH, 3TO0 jgomoauutenabHbli MIIC,
BKJIIOUEHHBIN TMapaienbHo, BHaeokapra. Kpome Toro, nganHas (yHKIUS peanu3oBaHa B
RAID-TexHOnOruM CoXpaHeHUsl JAaHHBIX, OJJHAKO CAMBIM SIPKUM MPEACTABUTEIEM SIBISETCS
texHosioruss Hot Swap (TexHoorust ropsiueid 3aMeHbl), TO3BOJISAIONIAs MEHATh KOMIIOHCHTHI
BHYTPH CHUCTEMHOTro OJioka 0e3 oTkiItoueHust nutaHus. Vcnonb3yercs B mepByro ouepeapr Ha
cepBepax.

Takum oOpa3om, CTPYKTypa BBIYMCIUTEIBHON CHUCTEMBI (CM. pHC. 2), JONOJHEHHas
JeTanu3alnen aIanTHBHBIX MEXaHU3MOB [6], mpeoOpasyeTcs B CTPYKTYpHYIO cxemy (puc. 3).
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Puc. 3. CtpykTypa BBIYMCIUTEIBHON CUCTEMBI,
IpeJHa3HAYSHHOM Ul SKCIUTyaTallK B SKCTPEMAJIbHBIX YCIOBHIX
OKpY’KaroIllel CpeJibl, C yYETOM JETAM3alUY aJalITHBHBIX MEXaHU3MOB

CornacHo npeacTaBIeHHOW Ha pHUC. 3 CTPYKType, COCTaB BBIYMCINUTEIbHONW CHUCTEMBI
COCTOMT U3 CIAEAYIOUIMX KOMIIOHEHTOB:

1. Oxpyxaromeid cpeapl — BHEIIHUX YCJIOBHH, B KOTOPBIX JKCILUIyaTHPYETCS
BBIUKCIIHUTENbHAS cucTeMa. [[puHrMaroTCs 3a MOCTOSHHbBIE (PAKTOPBI BO3ICHCTBUSI.

2. Pabouero (pyHKIIMOHAJIa CUCTEMBI — TEXHUYECKUX BO3ZMOXXHOCTEH BBIUUCIUTEIHHOMN
CUCTEMBI.

3. Iloxcucrempl B3aUMOJIEHCTBUS C OKPYKAOILIEH Cpeloil — HEMOCPEACTBEHHON YacTu
aJIaNTUBHBIX MEXaHU3MOB, B3aUMOJICHCTBYIOIAs C OKPYKAIOIIEH Cpeoi.

4. TlomcucreMsl yIipaBieHUS.

5. TloacucreMbl 00pabOTKH OTKA30B.

6. IloacucTeMbl aTbTEpHATUBHONW OCTAHOBKH.

B ykazanHOM criucke MyHKTBI 1 U 2 SBISIOTCS cTaHAApTHBIMUA. OHH OMPEIeNsioTCs B
MOMEHT COCTaBJICHUS TEXHHYECKOTO 3aJaHusl Ha pa3pabOTKy BBIYUCIHUTEIHHOW CHUCTEMBI,
MO3TOMY B paMKaxX HacTOAIIEH cTaThu pa3bupaThcs He OynyT. Haznadenwe ocTaBIIUXCS
YeThIpeX KOMIIOHEHTOB, HAa000pOT, OyAeT pPacCMOTPEHO, ITOCKOJIBbKY OHH SIBIISFOTCS
COCTaBIISIOLIUMU a/IalITUBHBIX MEXaHU3MOB.

Takum oOpa3oM, cCOCTaB aJaNTHBHBIX MEXaHHU3MOB BKJIIOYACT  CIIEIYIOIIUE
MOJICUCTEMBI:

1. B3auMoJIelCTBUS C OKPYKAKOLIEH CPEOM.

2. YmpaBieHus.

3. OO6paboTKM OTKA30B.

4. AnbTepHATUBHOW OCTAHOBKH.
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IMoxcucrema B3aMMOAEHCTBHSI ¢ OKpY:Kawwei cpenoii. EnuHcTBEeHHOW 3amayei
SBIIIETCS. 00pabOTKa CHTHAJIOB, TOCTYMAINNX M3 OKpyxkaromed cpeasl [7]. K curnamam
MO>KHO OTHECTH U3MEHEHHS BIAXKHOCTH, PAJAMOU3IyYEHUE, TOAbEM BETpa, U3MEHEHNE YPOBHS
nryma.

JleranbHblii aHanmu3 (QYHKIUA TOJCUCTEMBbI SBIsSETCS H30BITOYHBIM. PaccMoTpum
CTaH/IapTHbIE BO3MOKHOCTH B KOHTEKCTE BBIUUCIUTEILHON CUCTEMBI OCTAJIbHBIX OJIOKOB.

Iloacucrema ynpapiaenus. IlpenHasHaueHa uis  yOpaBieHHs — 3allUTHBIMU
MexaHm3Mamu. Ee craHmapTHeId (QyHKIHOHaN — obecrnednTth APGEKTHBHYIO pPadOTy
3alIMTHBIX MEXaHH3MOB C YYE€TOM BHEIIHUX OKpYXaromux (pakTopoB. DTO AOCTUTAETCA
yTEM:

yIlpaBieHUs paboTOI CUCTEMBI IPU CMEHE YCIOBUI BHEIIHEN CPEIbL;

YIOPpaBJIE€HUS MPOCTEHIIMMU OTKa3aMHM CHCTEMBI. {51 3TOro BBI3BIBACTCS OTJIENIbHAS
MOJICUCTEMA,

OCymecTBIeHUs] (YHKIIMM 3alacHOTO YIpaBleHUS. OTO JaeT MHUHHMAIbHYIO
rapaHTUIO B Ciy4yae YTpaThl BO3MOXKHOCTH YIPAaBISATH CUCTEMOW (Takue cllydad 4YacTo
BO3HUKAIOT [IPH Ype3BbIUaNHBIX cuTyalusax). Cienyer OTMETUTD, UTO B JAaHHOM CiIydae, Kak
MPABUIIO, UCTIONIb3YEeTCs GYHKIUS aBapUHHON OCTaHOBKH;

BbI30Ba DKCTPEHHOM OCTAHOBKU BBIYMCIUTEIIBHONM CHUCTEMBI. DTO JIONOJHHUTENIbHAs
byHKIHS.

Ioacucrema 00padoTkm oTka30B. OCHOBHOE Ha3HAUYEHUE — IEPBUYHAS IUATHOCTHUKA
U UcnpasjeHue omuoOoK. MIHpIMU ciioBaMu, (GYHKIIMOHAT 3TOM MOACUCTEMBI LIETUKOM 3aBUCUT
OT JIOJIM TIOBPEXKIEHHUS BHYTPEHHUX KOMIIOHEHTOB CHUCTeMbI. J{isi 00paboTKM OTKa30B
MOJICUCTEMA HUCIIONIb3YeT MEXaHU3MBbI:

NEPEKIIIOYCHUST MEXIY IyOJMPYIONIMMU YacTsIMH CHCTeMbl. Croco0 HCIonb3yercs
IIPU TOJTHOM BBIXOJIE U3 CTPOs (B Ipoliecce paboThl) CUCTEMBI COOTBETCTBYIOIIETO 3JIEMEHTA,
KOTOpPBI OTBEYAET 32 BHINOJIHEHUE CUCTEMHBIX 33/a4;

OTKJIIOUEHUSI  TOBPEXKJEHHBIX  dJeMEHTOB  cucTembl. OcyliecTBiusercs Mpu
HEUCIPAaBHOCTH 3JIEMEHTA, KOI'JIa €ro JajbHeimas padoTa BpeAUT CUCTEME;

oOMeHa JaHHBIMU C TMOJCUCTEMOU ympaBieHus. KoopauHupyer NeHCTBUS CHUCTEMBbI
yIpaBJICHUS HA OCHOBE UMEIOLUXCS JaHHBIX;

nepeiayd aBapuiiHOTO CUTHAJIA B TIOJICUCTEMY aIbTEPHATUBHOM OCTAHOBKH.

Iloacucrema anbrepHaTHBHOM ocTaHOBKH. [IpenHasHaueHa [UIsl KCTPEHHBIX
Clly4aeB, KOTJla BBIYMCIUTENbHYIO CHUCTEMY HEOOXOAMMO CpPOYHO OCTaHOBUTH. Hampumep,
IpY TIeperpeBe BBIUYUCIUTEILHOW CUCTEMbI (HOYTOyKa) ammaparHasi OlepalroHHas CUCTeMa
(BIOS wmu UEFI) otkmouaer nutanue [8]. Takue BO3MOXHOCTH HMMEIOTCS HE BO BCEX
BBIUMCJIUTENBHBIX CHUCTEMAaX, OJHAKO B OOJBIIMHCTBE CIy4yaeB OHU €CTh B SAEPHBIX
YCTaHOBKAX WJIM KOCMUYecKHX anmnaparax. OcHOBHbIEC (DYHKIIMU JaHHOTO OJ0Ka:

1) BBINOJMHATH OCTAHOBKY CHCTEMBl B YCIIOBUSIX, KOrJa IOBPEXJIECHO BHEIIHEE
yrnpapieHue. DOYHKIMS HUCKIIOYaeT MOTEPI0 KOHTPOJS (HEAOMYyCTUMYIO HE3aBUCHMO OT
CTETICHU MOBPEXKICHUS) B pa0OTE BRIYUCIUTEIHLHON CUCTEMBI;

2) ocTaHaBIMBATh CUCTEMY MPU KPUTHUYECKHX HApYHICHUSX OJI0Ka, OTBEYAIOIIETO 3a
B3aUMOJICVCTBUE BBIYMCIIUTEIIBHON CUCTEMBI C OKpyXaromei cpenou. [Ipu atom nansHenmas
paboTa cucTeMbl, Kak MMPaBUJIO, HEBO3MOXKHA, CJIEJIOBATEIBHO, €€ MPOIIe OCTAHOBHUTb, TaK KaK
B IIPOTHBHOM CiIy4ae Oy/eT MOTEPSHO yIPaBICHUE U MOXKET MPOU30UTH KaTacTpoda;

3) ocraHaBIMBaTh CHCTEMY 10 KOMaH/I€ OT MOJACUCTEMbI YIIPABICHUS;

4) ocTaHaBIMBAaTh CHUCTEMY NpU OTKa3e pabOTHl MOACHUCTEMBI 0OpabOTKH OTKAa30B.
Korna mnoxacucrema oO0paOOTKM OTKa30B TmiepecTaeT paboTarh, 3TO O3HAa4yaeT, 4To Yy
BBIUMCIUTEIbHON CUCTEMBI OCTAJICSI MUHUMAJIbHBIM 3amac MPOYHOCTH, TaK YTO OTKJIIOUEHUE
BCEH BBIYMCIIUTEIBHOW CHCTEMBI MO3BOJHMT COXPAHUTh TEXHUYECKYIO PabOTOCIOCOOHOCTS.
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JanHast GyHKIMS HCHIOTB3YETCs HE BE3/Ie, a B HEKOTOPBIX CIIydasiX U BOBCE HE MCIOJIB3YETCs.
Hanpumep, nns HeoOMTaeMbIX CIIyTHHKOB yKa3aHHas (yHKIHS He TpeOyercs, Tak Kak
MIPOBOJIUTH PEMOHT HEKOMY;

5) ocyuiecTBisATh AyOJUPOBAHME MEXAHU3MOB OCTAHOBKM, pEaJIM30BaHHBIX B
GyHKIIMOHATBHOU YacTH (pe3epBHBII MEXaHU3M JJI1 OCTAHOBKH CHUCTEMBI).

JlaHHas MOJCUCTEMA OTJIMYAETCSI MAaKCUMAJbHBIM OBICTPOJCHCTBHEM B CPaBHEHUU C
OCTAJIbHBIMU, IIOCKOJIBKY SIBJSIETCS KPUTUYECKHMM PECypcoM JUisl MpPeIOTBpallCHUS
TEXHUYECKUX HEYCTPAHUMBIX OTKa30B.

Takum 00pa3om, ObLTH PAacCCMOTPEHBI U KIACCHU(UIMPOBAHBI OCHOBHBIE JJIEMEHTHI
QIalITUBHOM YacCTH BBIYMCIMTEIBHOM CHUCTEMBI, a TaKKe NpesIoKeHa Kiaccupuramnms
TEXHUYECKOTO OOCIY)KMBaHHUS BBIYMCIUTEIBHON CHCTEMBl C Yy4Y€TOM KiacCU(UKALUU
BBIUMCIUTEIbHON CUCTEMBI.

OBCYXKIEHUE

B pabotax mno CHCTEMHOMY aHalu3y pacCMaTPUBAIUCh pPa3UYHbIC AaCIEKThHI
BHYTPEHHETO YCTPOWCTBA CHUCTEM U KOHIENIMU WX TocTpoeHus. OIHAKO CTPYKTypy
BBIUMCIUTENBHBIX CHUCTEM, IPH IOMOIIM KOTOPOH MOXHO ObLIO OBl oOmucaTb Habop
TpeboBaHuii, He wu3lydanu. Hampumep, B pabore [9] mOKa3aHO WCIOIB30BaHHUE
ABTOMATUYECKON 00pabOTKM OTKA30B U CUCTEMbl aBTOMAaTHYECKOTO OOCITYXKHBaHUS, OJHAKO
OTCYTCTBYET CTPYKTYPHUPOBAHHUE BHYTPEHHUX MEXAaHM3MOB KaK aOCTPaKTHOW KaTerOpuHu.

B uccnenoBanusx [10, 11] 611 paccMOTpPEH METOIOOTHYSCKUN MTOAXO0/] K CUTHAJIAM C
TOYKH 3pPEHHUS CHCTEMHOTO aHalli3a, OJHAKO TEXHUYECKOe OOCITy)KHMBaHHE B KauyeCTBE
CUCTEMHOM KaTeropuM HE NpPHUBEIEHO, TakKe He KIacCU(UUIUPOBAHBI B OO0IIEM BHUIE
BHYTPEHHUE MEXaHU3MBI 3aIIUTHl BEIYUCIUTEITHFHON CHCTEMEI.

Heo0OxonumMocTh paccCMOTpEHHS PACHIMPEHHON CTPYKTYPhI BBIYUCIUTEIBHON CUCTEMBI
(puc. 3) cBsi3aHa B MEPBYIO OYepe/lb C OCOOCHHOCTSMH KOCMHYECKOTO MPOCTPAaHCTBA. B HeM
AaKTUBHO DPACIPOCTPaHSIETCS MOHU3MPYIOIIEe H3IIyuyeHUe, BO3JCHCTBHE KOTOPOrO MPHUBOJIUT
CHavYaja K HeOOJBIINM MTOBPEKICHISIM, a 3aTeM K HEYCTPAHMMOMY OTKa3y anmnapaTHON 4acTu
cuctembl. MoHu3upyromiee u3inydeHue, BO3JCHCTBYIONIEEe Ha IEHTpaibHylo yacTh MIIC
AMD64, cxematuueckn n300paxkeHo Ha puc. 4.

Puc. 4. Cxema Bo3aelictBus nsiyuenus Ha MIIC

st peanuzanuu 3ammtel MIIC oT n3inydeHus He0OXOAMMO UCIIOJIB30BATh 3AIIUTY HE
byHKIIMOHATBHYI0 (TaK Kak MOJYNPOBOAHUKOBBIE MPUOOPHI  Oojiee  MOJBEPIKEHBI
BO3JICHCTBUIO M3IYYCHHS, YeM WX NPEIIICCTBEHHUKH — 3JIEKTPOBAKYyMHBIC MPHOOPHI), a
yepes aJjanTUBHbIC MEXaHU3MBI.

Ecimu Opath BO BHUMaHHE OOIIYI0 KIACCH(PUKAINNIO, TAKUMU MEXaHU3MaMH MOTYT
OBITh:
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1. JIonOJHUTENbHBI BHEHNIHUM KOPIYC — IIOJCHCTEMA B3aMMOJECHCTBHS C
OKpY>KaroIle CpeIou.

2. JlaTyuk aBapuMHOrO OTKJIIOUEHHS] MPU IMEperpeBe — IMOACUCTEMA aBapHUITHOMN
OCTaHOBKH.

3. DnemMeHTHl BHYTPEHHEH TUarHOCTUKU — MojicucTeMa o0pabOTKU OTKA30B.

4. Ympapimsoomas moacuctemMa ¢ Habopom MIIC Ha wmaTepuHCKOH Tulate —
MOJICCTEMA YIIPaBJICHUSI.

Takum o0pa3zom, OaHHas CTPYKTypa IMOApPA3yMEBaeT, YTO KOCMHYECKas TEXHUKa
TpeOyeT MHBIX CTAaHAApTOB IMpH pa3paboTke (KaK SJIEMEHTHON 0a3bl, TaK M METOJO0JIOTHUU
IPOEKTUPOBaHUs). PaciiupeHHas CTpyKTypa BBIYMCIHUTEIbHBIX CHCTEM MOXET MOMOYb IpHU
pa3paboTKe METOAOJOTUU U OMPEEIICHUH CTaHIapPTOB AJIs HKCIUTyaTallii B SKCTPEMAIIbHBIX
YCIOBUSAX OKPYXKAIOIIEH CPEbL.

3AKJIIOYEHUE

[IpemioskeHHast CTPYKTYpa BBIYUCIUTEIBHBIX CHCTEM JIAET BO3MOXHOCTh ONPEICIUTh
0COOEHHOCTH TPOEKTUPOBAHMS OTACIBHBIX AJIEMEHTOB. Hampumep, mpu NpOeKTUPOBAHHU
BBIYUCITUTEILHBIX CHUCTEM JUIS MOJIb30BAaTElIC, KOTOPHIM HYKEH HPOCTOM CTallMOHApPHBIN
KOMITBIOTEP, JOCTATOYHO MCIOIH30BATh OOBIYHBIE BHYTPECHHUE MEXAaHU3MBI B BHJIE KOPITyCa,
pamuatopa WM  BOJSHOTO  OXJQXICHHS, a TakKe CTaHJIAPTHBIA  (YHKIIMOHAJ,
XapaKTePU3YIOMIMICS HA0OPOM MPOTPaAMMHOI0 00eCIeUeHHsI, HEOOXOIUMOTO KOHKPETHOMY
MOJIB30BATEINIO (C YYETOM €ro OKeTa).

IIpu pa3paboTke cHUCTEM, KOTOpbIE JOJDKHBI OKCIUTyaTHpoBaTtbcs Ha TOIL,
HEOOXOJIMMO TPEAYCMOTPETh OCOOYIO 3alUTy OT TIONaJaHusl TbUTM W TIPsA3H Ha
BBIYUCITUTENIFHYIO TEXHUKY, a B CHTyalldd, KOTJa HJIET pa3paboTKa BBIYUCIUTEILHOU
CHCTEMBI JIJII KOCMHYECKOW OTpaciu, Ha MEPBOM MECTE JOJDKHBI CTOSTh MEXaHU3MBI
yIpaBiieHus: 1 00pabOTKH 0TKa30B, OJCHCTEMA BOCCTAHOBIICHHS U T.1I.

Takum 00pa3oM, HCIOJIB30BAHUE JICTAIM3UPOBAHHOW CTPYKTYPHI BBIYHCIUTEIHHOMN
CHCTEMBI MTO3BOJISIET YAYUIIUTh METOIOJIOTHIO IIPOSKTUPOBAHUSL.
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The article discusses the issue of a detailed representation of the mechanisms of a
computer system from the point of view of a system approach, which as a result allows you to
determine the necessary criteria and a set of regulations for the development and operation of
computer systems. Maintenance structure is considered for proposed structure of computer
system.

Keywords: structure of the computer system, extreme environmental conditions.
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