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AHAJIN3 ITPOU3BOACTBA SHTPOIINU ITPU ITPOTEKAHNN
HECMENIIUBAIOIINXCA MUKPOIIOJIAPHON U HLIOTOHOBCKOM
XUJIKOCTEN YEPE3 KAHAJI: BIUAHUE TEILJIOBOI'O
N3JIYYEHUA 1 MATHUTHOTO I10JIA
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Ienbio naHHO PaGOTHI SIBJISIETCSI AaHAJIU3 TEIUIOBBIX XapaKTEPUCTUK, IPOU3BOACTBA SHTPOIIUHU, CKOPOCTHU
noroka u npodwist uncia bexaHa npu Te4eHUU AByX HECMEIIMBAIOIIMXCS HECKMMAEMbIX MUKPOTIOJISIP-
HOIT U HBIOTOHOBCKOI BSI3KMX XKMIKOCTE B INTOCKOM KaHajle. BHUMMaHue aKIeHTUPYETCSI Ha BAUSIHUU TEIl-
JIOBOTO M3JIYYCHUS] U OPUEHTUPOBAHHOIO MAarHUTHOTO IOJISI HA TEIJIOBOM MPOMUIIb U IPOU3BOICTBO SH-
Tponuu. B ypaBHeHUU 1151 TETIJIOBO SHEPTUM YUYUTHIBAIOTCS BSI3Kasl AUCCUIIaLus U 3(P@eKT TerioBoro ns-
JIyYEHUST U aHaJIU3UpPYyeTCs IMPOM3BOACTBO SHTPOINMM BHYTPU KaHaja 3a CYET OPMEHTUPOBAHHOTO
MarHUTHOTO TI0JIS U TEIUIOBOIo uaiydyeHus. [IoCTOSHHBIN rpagueHT JaBJIeHUs NeiicTBYeT Ha BXoae B 00-
JIaCTh OTOKA, a HEMOABMXKHbBIE CTCHKY KaHaJla SIBJISIIOTCS U30TepMUUecKMU. B 3T0i1 3anaue npennpuHsTa
MOIIBITKA CMOAEIMPOBATh TEIJIOBOE U3IYyUYCHUE B YPABHEHUN SHEPTUM, NPUHSIB 11 Y3MOHHOE PUOIIH-
xeHue Poccenanga. B cOOTBETCTBUM C TeOMETPpUYECKOI KOH(MUTYpalMeii 3a1a4y UCTIOIb3YIOTCS YCIOBUSI
OTCYTCTBHUSI CKOJIBXXEHMUSI HA CTEHKAX KaHajla U HelpPEePBIBHOCTD TEIUIOOOMEHA, MUKPOBpAICHUS, HAIIPsI-
KEHMSI CIIBUTa, CKOPOCTH TTOTOKA M TEIUJIOBOIO MOTOKA Ha TpaHMIIEe pa3jiesia HeCMEeIIMBAOIIMXCS KUIKO-
creit. Onpenensionie ypaBHEHUS I TEUYESHUs] HECMELIMBAIOIINXCS XUAKOCTEN PELIaloTCs KJIacChde-
CKMM METOJIOM U OLIEHMBAETCS TOYHOE PellIeHUE IS TETLUIOBBIX XapaKTePUCTUK U T10JIsI TeueHus1. MaTeMa-
TUYECKME PE3Yy/IbTaThl 111 TEIIOBOIO NPOMUIIS ¥ XapaKTEPUCTUK MOTOKA UCIIOIb3YIOTCS IS MTOJIydeHUS
npoduis yrcia bexxaHa, a Takke mpoduiist MpoOU3BOACTBA SHTpOIUU. [padudecku odbCcyKnaeTcs BIUSIHIE
Pa3IMYHBIX TEIUIOMU3NUYECKUX YIIPABJISIOIIMX TapaMETPOB, TAKUX KaK NMapaMeTp U3IydeHus, Yucio Peii-
HOJIBJICA, MapaMeTp yrja HaKJIOHAa MAarHUTHOTO I10JIsl, TTapaMeTp BSI3KOM AMCCUMNALIMM, apaMeTp MUKPO-
MOJIIPHOCTU Y YMCI0 [apTMaHa, KOTOpbIEe ONpPeaesioT (PU3NUECKYI0 3HAUMMOCTD MPEIIOKEHHO Moie-
JIM, HA TeYEHUE U ee TeIUIOBbIe XapaKTepUCTUKU. [TojlydeHHbIe B 3TOM MCCAeAOBAHUN HOBBIE PE3YJIbTaThl
MOATBEPXKAAIOTCS MIPEABIAYIINMU OIyOJIMKOBAHHBIMU JaHHBIMU.

Karouesnie cnosa: MUKPOIOJApHaa XKNIAKOCTb, HCCMCIHINBAOIIHNECA 2KUWIKOCTHU, HAKIIOHHOC MarHuTHOC I10-
JIC, TCIIJIOBOEC U3JTYYCHUEC, YUCIIO BC)KaHa, ITPOU3BOACTBO SHTPOIMUU
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1. BBEAEHHE

B nocnenHee agecsTuiieTe BO3pOCia BaXKHOCTb
aHajiM3a MarHutoruapoauHamudeckoro (MI'JI) Te-
YeHUS XKUIKOCTU U TIpollecca TermjIooOMeHa B pas-
JIMIHBIX TEOMETPUUYECKNX KOH(MPUTYpalMsIX, TaKNX
KaK TPYOBI, KaHaJIbI, BO3AYyXOBOIbI, TPYOOITPOBOIEI
u T.0. Knacc MI'JI-TedyeHuit XNUAKOCTU MpeTepreBa-
€T PEBOJIIOLNIO C TOYKM 3PEHMSI IIPOCTOTO II0TOKA, He-
CMEIIMBAIOLIETOCS TEUCHMSI, TIEPUCTATBTUYECKOIO MO~
TOKa, KpOBOTOKA, IYJILCUPYIOLIETO ITOTOKA, TSYSHUSI B
KaHajie U T.0. MarHuTHasi TUApOAUHAMUKA HUMEeT
I POKOE TIPUMEHEHNE BO MHOTUX O0OJIACTSIX TETLIO-
TEXHUKM M B TEXHOJOTMYECKHMX IIpolleccax, TaKhX
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KaK yaapHble BOJHbI, MI/l-reHepaTophl, TEIJIOBbIE
HACOCHI, PEaKTOPhI TEPMUUECKOI0 CUHTE3a, SIICPHBIC
peaKkTOphbl, pacXodOMephbl, TEPMUUYECKOE CropaHue
u T.40. B mturepatype ymoMmHaeTcs HECKOJIBKO IIPU-
MmeHeHnit MI'JI-ipoiieccoB Teruronepenadyd 1 Teue-
HUS XKUAKOCTU, KOTOPbIe ObUTU MPEANIPUHSITHI PSIIOM
nccienoBareiieili. HekoTopast mpenBapuTeabHast pa-
60Ta 6bU1a MpoBeAeHa ellle B Havane 1967 1. biaroMom
u ap. [1], KoTopklil u3ydyana mpouecchl Macco- U Tell-
JIOOOMEHA IIpU AEUCTBUU OMHOPOTHOTO MAaTrHUTHOTO
nons. I'aptman u Jlazapyc [2] B 1937 1. ObUIM cpenu
YUEHBIX, KOTOPbIE MPOBEIU SKCIIEPUMEHTATbHOE HUC-
cJIeoBaHNe JIEKTPOIPOBOISIIEIO U MarHUTOTUAPO-
JIMHAMUYECKOTO TeUYeHMS XUAKOCTU B KaHaIe MEXIY
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W30JIUPOBAHHBIMM Y HETOIABVKHBIMU THapajlieib-
HBIMU TIacTUHaMU. 7100 [3] u3yyas ctalioHapHoOe
TeYEHHE 3ICKTPOIIPOBOMSILECH 1 HECKMMAEMOI K-
KOCTH B KOJIBILIEBOM 00acTH, 0Opa30BaHHOM IBYMS
0ECKOHEYHO JUIMHHBIMU HIuanHApaMmu. 'onn [4] mpo-
BeJI MCCIEAOBaHUE CTAlIMOHAPHOTIO, 3JIEKTPOIPOBO-
ISIIeTo, OmHOHampaBiaeHHoro MIJI-TeueHnsa He-
CXKMMaeMO# XXUIKOCTU B KOJIbLIEBOM KaHajie. TaHu
[5] mpencraBuil YucClIEeHHOE pEIIeHUE [UTIST YCTOUYN-
BOTO, JIJAMMHAPHOIO 1 IIOJTHOCTBIO Pa3BUTOIO Teue-
HUSI TIPOBOMSINEH XKMAKOCTU B IIPSIMOM KaHajle ¢
KOMOMHMPOBAaHHEIM JeiicTBUEM ToKa XOJlIa U IToTie-
PEYHOTO 3JIeKTpOMarHuTHOrO mojsa. CayHaajarekap u
np. [6, 7] uccienoBaau BIMSHIE MOHHOIO CKOJIbXKE-
HUSI U XOJUIOBCKMX TOKOB Ha ITOJIHOCTHIO Pa3BUTOE
MIJI-Teueane Ky>TTa HBIOTOHOBCKOM BSI3KOM KT~
KOCTH IO TOpM3OHTaIbHOMY KaHay. HukonueBud u
nap. [8, 9] mpencraBmiInM aHAIUTUYECKOE MCCIIEIOBa-
ane TerroooMeHa 1 MIJI-teuenus Kystra HecMe-
LIMBAIOIINXCS XKUIKOCTEM B TOPU30HTAIBHOM KaHa-
Jie ¢ KOMOMHUPOBAHHBIM BO3ACHCTBMEM HAKJIOHHOTO
MarHUTHOTO II0JISI M 3JIEKTPUYECKOro I10Js1. BiustHue
9JIEKTPUYECKOIO MOJIisi 1 HAaKJIOHHOIO MarHUTHOIO
nmoisgd Ha HectanuoHapHble MIJI-Teuenust Kyatra
JIBYX BSI3KMX XUIKOCTEl HECMEIIMBAIOIIETOCs THUIIA
B MIPSIMOYTOJIBHOM KaHajie ObIIo ucciaegoBaHo Illa-
xoMm u ap. [10].

EcTtb psig nccnenoBareneil, KOTopbie 00pallaIrch
K mpo0OJjieMe IIPOM3BOACTBA DHTPOIIMM BCJIECACTBUE
Te4YeHUs BSI3KOW XXUIKOCTU U Mpollecca pagruaiioH-
Horo TteruioooMeHa. CpuHuBac 1 Mytypamx [11] 00-
CYIWIN BIUSTHUE TETUIOBOTO ma3nydeHus u MI' -3¢ -
¢$eKTOB Ha CMEIIAaHHYIO KOHBEKIIMIO YCTOMYUBOTO U
IMOJTHOCTBIO Pa3BUTOTO ITOTOKA KMIKOCTU B BEepPTHU-
KaJIbHOM mopucTOM KaHaje. OHU CMOAEIMpPOBAIU
MEXaHU3M TEIJIOBOrO M3JIYYEHMUsI, UCITONb3Ys TpU-
ommxeHue Poccenanna. Yen u np. [12] npoanannium-
pOBa/IY BIUSIHME paagualliOHHON TeIUIoIIepeaaYr Ha
MPOM3BOICTBO SHTPOMNUU MUKPOIIOJSIPHON XXUIKO-
CTH, KOTOpasl Te4eT IO BOJHUCTOI ITOBEPXHOCTH.
Marsspu u I[TanTokpatopc [ 13] creamm yrmop Ha JImHe-
apu30BaHHOM TIpuOIMkeHnn Poccenmanaa mist usyde-
HUS BIMSIHUSI paJMallMOHHOTO TeriooOMeHa Ha Tell-
JIOBBbIE XapaKTEePUCTUKM MJISI HECKOJIbKUX TECYCHMIA
norpaHuyHoro ciyos. Ilpakamr u MyTtramuicenbBaH
[14] oOcymmnm cTaloHApHbBII, HAMAarHUYEHHBIIA, TT0JI-
HOCTBIO Pa3BUTHIN 1 U3IyYalOLUi MOTOK HECXKMMA-
€MOIi MUKPOIIOJISIPHOI KMIKOCTHU Yepe3 BepTUKab-
HEBII1 IPSIMOYTOJIBHBIN ITOPUCTHIN KaHall. OlamKyBOH
n 1p. [15] uccieqoBanm MaccoIiepeHoC M TEII000-
MEH B HECTAllMOHAPHOM ITOTOKE MMKPOIIOJSIPHOMN
XKUIKOCTH Yyepe3 BEPTUKAIBbHYIO ITOPUCTYIO TUIACTH -
HY nipy Haymmauu 3¢ dexra Xoinuia, MarHuTHOTO TT0JIs
U TETUIOBOTO U3aydeHus. Jxkanranu u ap. [16] usyya-
JIM BIUSTHUE PagyalliOHHOIO U KOHBEKTUBHOTO TEIl-
JJooOMeHa Ha IIPOU3BOIACTBO SHTPOITMH 3a CUET ITOTOKa
HECXKMMaeMOW MUKPOMOISIPHOM KUIKOCTA B MPSIMO-
YIOJILHOM BEpPTUKaJIBLHOM MOpHcTOM KaHaje. Cpu-
HUBAc 1 ap. [17] obcynmii mojie TeMIepaTyphl, Ipo-

W3BOICTBO SHTPOIMHU M TIOJIE CKOPOCTEM M3IyJaro-
IIMX, HECMEIINBAIOIIMXCI MOMEHTHBIX XKUIKOCTEM
BHYTpH KaHaJa.

bexan [18, 19] pa3Bui Teopuio MpPOM3BOACTBA SH-
TPOITMU IIPY PA3IUYHBIX CUTYyalUsIX U TapaMmeTpax
TEUEeHUsI, TPAHUYHBIX YCJIOBUSIX U T€OMETPUYECKUX
KoHurypanusx. BrnociiencTBun HECKONIBKO HCCIIe-
JoBaTtesieil BRITTOIHWIN padoOTy IO OLIEHKE HeoOpa-
TUMBIX pacrpeneaeHuil 1 KoJn4ecTBa 0Opa3oBaHUs
SHTPONUU B Pa3INIHBIX TeOMETPUIECKIX CUTYALIMSIX
u ycioBusix TedeHus. Jxxanrvmm u Myptu [20] obcynm-
JIU TETUTOOOMEH, TPOM3BOICTBO SHTPOMUU U CBOMCTBA
TeUEeHUsI HECMEIINBAIOIINXCSI MUKPOMOISIPHBIX KW -
KOCTeli B TOpU30HTaJbHOM KaHajie. CprHUBAC U Op.
[11, 17, 21] npoaHanu3upoOBaau MPOU3BOACTBO IH-
TPOIMMM XUIKOCTSIMU MHPU Pa3IUIHBIX I'PaHUIHBIX
YCJIOBUSIX, CUTYallUsIX TEUEHUSI U TeOMETPUUYECKUX
koHurypanusix. Hexan v ap. [22] ¢ moMo1IbIo BTO-
poOro 3aKOHa TePMOAMHAMMKM IPOBEIM aHAINU3 He-
CMEIIMBAIOIIMXCS BI3KUX XUIKOCTeHl B HAKIIOHHOM
KaHaJie ¢ BO3AEHCTBUEM OIHOPOIHOTO MarHUTHOTO
nosst. Kampemuiel u op. [23] npoaHaau3upoBaIu pe-
XKHUM JIAaMUHAPHOTO TE€YEHUS ITOJHOCTHIO Pa3BUTHIX
TeUeHU I HECMEIIIMBAIOIINXCS KUIKOCTEN B TIJIOCKO-
rnapajuieJIbHOM KaHajle, BBIIOJHWINA aHaIu3 IIPOM3-
BOJICTBA SHTPOIMH U OTIPEIeIIMINA KO(PPUIIUEHT pac-
MpeaesieHusI HeoopaTtuMocTu. Db decyku u ap. [24]
paccuuTanu yncio bexxaHa v Impou3BOICTBO SHTPOITNU
JIJI1 TaMMHAPHOIO, HECXKMMAEMOIO U CTallMOHAPHOTO
T€YEHUS] MUKPOMOJISIPHOI XUAKOCTY B KaHaJle C rpa-
HUYHBIMM YCJIOBUSIMU CKoOnbXeHMs1. [IpousBomcTBo
SHTPOITMHU B IBYXCJIOMHOM ITOTOKE HECMEIIMBAIOIIX-
¢l KUAKOCTEl yepe3 TeruTonepeaalonyto CucTeMy 1uc-
cinengoBaHo Yenom u LlzsHoMm [25]. Can u mp. [26]
M3y4aJii FTeHepalliio SHTPOIUH 1 TeTIJIOBBIE XapaKTe-
PUCTUKHU B 3JIEKTPOOCMOTUYECKOM MOJHOCTBIO pa3-
BUTOM IIOTOKE BSI3KOM KMIOKOCTU 4epe3 IBYMEPHBIN
MPSIMOYTOJIbHBIN MUKpOKaHaI. XapaKTepPUCTUKH IIPO-
WU3BOACTBA SHTPOIUU ABYXCIOMHOM 3JIEKTPOIPOBOISI -
el HeCMeIIMBaIoIeiicsl XKMIKOCThIO Yepe3 KaHall
nccnepoBanbl AnaBom u Kymapowm [27]. Amas u mp.
[28] uccaenoBaiu nmepeHOC TeIla, XapaKTepUCTUKU
TeYEeHUSI U IPOU3BOACTBA SHTPOIIMU IBYXCIOMHOM
3JIEKTPOIIPOBOASIIIE HECMEILIUBAIOLIEHACS >KUOAKO-
CTH Uepe3 MOPUCThII HACHIILIEHHBIN KaHaJl ¢ pa3iny-
HOM ITOPUCTOCTBIO. AHA/IM3 TEIJIOBBIX XapaKTepu-
CTUK U TEKYyYEeCTHM HECMEIIMBAIOLIMXCS XKMIKOCTEM
OYEHb BakK€H MpU TEpMUYECKO 0OpaboTke, 1oObIYe
ChIpoii HedTU, pelllecHUM 3ajJad IlepeHoca, B IIpO-
MBIIUIEHHBIX IPUWIOXKEeHUIX U T.0. Myptu u CpuHu-
Bac [29] uzyyanu Tenjornepenadyy, Ipou3BOACTBO 9H-
TPOITMM U CTAalIMOHAPHOE TeUYeHMeE i1 TOPU30HTAIIb-
HOTO KaHaja HEeCMEIIMBAIOIINXCS MUKPOIIOISIPHBIX
xuakocteit. Myrtypamk u CpuHusac [30] nipeacra-
BWJIY aHAJIMTUYECKUI oTYeT A8 BsA3Kux MI'JI-noTto-
KOB HECMEIIMBAIOILIMXCS XKUAKOCTEA BHYTPU IIOPH-
croro kaHayia. CpuHuBac 1 Myptu [31] uccinenoBaiu
TEIUIOBbIE XapaKTEPUCTUKM, TeHEepaLIIO SHTPOIIUU U
MoJIe TeUEeHUSI HECMEIINBAIOIINXCSI MMKPOIIOISIPHBIX
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KUIKOCTEH B TIPSIMOYTOIBHOM KaHaJTe, 3aKaToOM MeX-
Iy OByMsI TTOpUCTBIMU ciiosiMu. KymaBat u ap. [32]
paboTanu HaJl MPOU3BOACTBOM DHTPOINUM B MarHU-
TOTUAPOIMHAMUYECKOM IBYyX(a3HOU cucTeMe Kpo-
BOTOKA YePE3 MPOHULIAEMYIO apTEPUIO.

HenaBame nocTr:keHUS B 00J1aCTH M3YUYEHUS pas3-
JIMYHBIX BUIOB HEHBIOTOHOBCKMX XKMUJIKOCTEM MpUBeE-
JIM K pOCTY BHUMAaHUS UCCIIEAOBAaTENIC I MHKEHEPOB
M3 TaKMX BaXKHBIX 00JIaCTei, KaK MEMULIMHCKIE HAyKH,
WH>KEHEPHBIE TEXHOJIOTUH, TIPOMBILIIJIEHHOE 000pyI0-
BaHMe, HEPTENMPOAYKTHl M T.O. MUKpOMNoJsIpHas
XKUOKOCTh — ONHA W3 3HAYMMBIX HEHBIOTOHOBCKMX
KUIKOCTEM, KoTopasi 00J1agaeT MHOTMMU HOBBIMU OT-
JIMYUTEIIBHBIMI 0COOeHHOCTIMU. CHCTeMaTUIECKOE
U3y4eHHE TEOPUU MUKPOITOISIPHOM XUIKOCTH OBLIO
BBINIOJIHEHO DpuHreHoM [33, 34]. MukpomnoisipHas
XKUIKOCTh 00J1agaeT MOMEHTHBIMU HaMpPsSKEHUSIMMU,
a yacTUlla XUIKOCTA UMEET He3aBUCHUMBbBIE BEKTOPHI
BpallleHUs1. MUKpOTIOJIsIpHast SKMAKOCTD IITUPOKO UC-
MOJB3YETCsl B XUIKUX KpUCTaJIaX, HarpeBaTeIbHbIX
2JIEMEHTAaX, MOJMMEPHBIX HJ00aBKaX, JUHUSIX IIepe-
a4y, XOJOAMIbHBIX 3MEEeBUKaX, Ipolleccax CYIIKH,
okeaHorpaduu, actpodusrke 1 reopusnke. IHaAIM-
TeJIbHBIE MCCIICIOBAHMS 110 TEOPUY MUKPOHIOISIPHOM
SKMIKOCTU OBLJIM MPOBENEHBI PSITIOM COBPEMEHHBIX
nccienosareieii. SlmaB u ap. [35] paboTtanu Hang xa-
paKTepUCTUKAMM TEYEHUSI MUKPOIIOJISIPHBIX 1 HbIO-
TOHOBCKMX XUJIKOCTEH Yyepe3 IMOPUCTBIN MTPSIMOYTOJIb-
HBII KaHaJI, a TAK:Ke OOCYIMIN BIIMSTHHE MOMEHTHBIX
HanpsoKeHWM M MapaMeTpa OTHOIIEHMS BSI3KOCTEH
Ha HaMpsiKeHWE CABUTa Ha CTEHKE U CKOPOCTh IMMOTO-
Ka. [Tozxe AnaB u dxaiicsan [36] ucciiemoBaiu BIu-
STHUE OPMEHTUPOBAHHOTO ITOCTOSTHHOTO MAarHUTHOTO
TOJISI TIPU T€YSHUU MUKPOIIOJSIPHBIX U HBIOTOHOB-
CKUX XUIKOCTEil B IMOpUCTOM KaHajie. OaxuMup u
OnamxyBoH [37] ucciaenoBaimm TIpoMIN KOHIICH-
TpallMy U TeMIlepaTypbl MUKPOTIOJISIPHOM KUIKOCTHU
B 0ECKOHEYHOM BEepPTHKAJILHOM IIOPUCTOM KaHaJjIe IIpU
KOMOMHMPOBAHHOM BO3IEUCTBUM TEILIOBOTO M3Iyde-
Hus, apdekTa Xosaa 1 MarHuTHoro mosst. HlpuHu-
Bacauapbs 1 bunny [38] nsydanu TeruioBbie XapakTe-
PUCTUKH, CKOPOCTb MMOTOKA 1 IIPOMU3BOIACTBO SHTPO-
MU TIpA TEUEHUU MUKPOIIOJSIPHON XUIKOCTU B
HAKJIOHHOM KaHajie. OHM IIPUMEHWJIN METOH, CIeK-
TpaJbHOI KBa3WJIMHEApPU3aLUK IS OLIEHKU TEILIO-
BOTrO TIpOWIST U TIOJNSI TEYEHUST MUKPOMOJISIPHOMN
xkuakoctu. JxaiicBan u AnaB [39] usyyanu npoobie-
MY KPOBOTOKa IO IeJICTBEM BHEIITHETO MAarHUTHO-
ro BozaeiicTBusi. OHU TPEACTaBUIN TTOTOK KPOBU B
BUIE ABYX(Pa3HBIX HECMEIIMBAIOIINXCS MUKPOIIO-
JIIPHOM Y HBIOTOHOBCKOM BSI3KHMX XMAKOCTEH yepes
TIOPUCTYIO CIOUCTYIO apTepuio. Jdeo u np. [40] obey-
JIVJIA BIUSTHUE MarHUTHOTO MOJIsl Ha XapaKTEePUCTU -
KM T€YCHUST MUKPOIOISIPHON KMAKOCTU Yepe3 KOH-
LIEHTPUYECKUI MOPUCTHIN UMJIUHIP, UCIIONb3YS sTUe-
€UHBI METO/I.

Kaxk obcyzknanochk BhIllIe, psif UCCieaoBaTesieit 00-
palaarch K IpoodjaeMe 00pa30BaHUS SHTPOIMH 1U3-3a
3¢ deKTOB BSIZKON M pagvallMOHHON TeruIonepeaa-
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yp. OQHAKO BCe ellle CylIeCTBYeT HeOOXOIMMOCTh B
00CYyXXIeHMU HEeoOpaTUMOCTU, BO3HUKAIOIIEH MpU
MPOXOXIEHUN HECMEIINBAIOIINXCS XKUIKOCTEH IO
KaHaITy n3-3a 3(pPEKTOB TETUIOBOTO M3JIYUYCHUSI. XO-
pOIIIO U3BECTHO, YTO PAaAWALIMOHHBIN TEIJIOOOMEH U
TEIUIOBBIE MEXaHM3MbI HEOOPATUMBI IO CBOEIA IIPUPO-
ne. [Tpon3BoICTBO SHTPONUH U3-32 TEIUIOBBIX IIPOLIEC-
cOB pa3pyiaeT 3(pPEeKTUBHOCTH TETUIOBBIX CUCTEM U
CHMZKAET MPOU3BOAUTEIBHOCTD TEIUIOBBIX TEXHOJIO-
ruii. TakuMm o6pa3oM, 1IeJIbIO HAIlleTO aHAIU3a SIBIISI-
eTcsl JajibHellee CHUKEHNUE TIPOU3BOMICTBA SHTPO-
MUY U JOCTVDKEHME HAWIYYIIEero Tu3aifHa TeIIOBhIX
ycTpocTB. JlaHHOE nccliefoBaHNe pacCMaTPUBAETCS
C YYETOM COOTBETCTBYIOILIUX SIBJIEHUA, OTMEUEHHBIX
B paborax [20, 22, 23, 41—43] u pacTyliero 3Ha4eHUSs
MUWHUMM3ALUH TTPOU3BOIACTBA SHTPONUM.

B nanHoii paboTe BBISIBISIETCS BAUSHUE paarali-
OHHOM TerUioInepeaauu, BSI3KOil TUccunalum 1 Mar-
HUTHOTO MOJISI HA TEPMOJIUHAMUWYECKUIA aHAJIN3 IBYX
TUTIOB HECMEIIIMBAIOIIMXCSI MUKPOTIOJISIPHOI U HbIO-
TOHOBCKOM XKMIKOCTU B T'OPU30HTAIBHOM ILIOCKO-
napayuieTbHOM KaHajle. Ha ocHoBe paHee oImy0JIMKO-
BaHHBIX UICTOYHUKOB MbI TIPOAHAJIM3UPOBAJIN, YTO B
JuTepaTtype He 00CyxXmaeTcsl TaKOM THUIT MCCIIenoBa-
HMsI, B KOTOPOM AEJIAETCS aKLIEHT Ha TEpMOIMHAMM -
YEeCKOM aHaJIM3€ JABYX HECMEIIUBAIOIINUXCS, TTOJTHO-
CThIO Pa3BUTHIX, JAMUHAPHBIX ITOTOKOB HECXKMMae-
MbIX MUKPOIOJISIPHOM Y HBIOTOHOBCKOM XXUJIKOCTU B
TOPU30HTAJIbHOM KaHaJie Mo BO3AEUCTBUEM TETIJIO-
BOIO M3JIyYEHUSI U OPUEHTUPOBAHHOTO MAarHUTHOIO
noysi. BaxkHble pe3yabTaThl, ITOJIYYeHHBIE B PE3yiib-
TaTe 3TOTO UCCIEA0BAaHNSI, MOTUBUPYIOT HAC paboTaTh
B 9TOI 00JIaCTH 1 MOJIYy4YaTh HEKOTOPHIE HOBBIE PE3YJIb-
TaThl HAPSIAY C CYIIECTBYIOIIMMU. 31€Ch MbI MCCIEAYyEM
BJIMSTHUE PAIMAlIMOHHOIO TEIJTOOOMEHA U OPUEHTHU-
POBaHHOIO MAarHUTHOTO I10JIsI Ha T10JIe TEMIIEPATYpPhI,
IIPOM3BOICTBO PHTpONUM, Yncio bexxana u moBene-
HUE TTOTOKA HECMEIIUBAIOIINXCS MUKPOIIOJISIPHBIX 1
HBIOTOHOBCKHUX XMAKOCTel B KaHajie. CucteMa He-
JIMHEMHBIX CBSI3aHHBIX MG EPEeHIINAILHBIX YypaBHE -
HUI 3HEPTUU, YDABHEHUS COXPAHEHUS JIMHEMHOIO U
YIJIOBOTO MMIIYJIbCA pEIIaeTCsl aHAJIUTUIECKU C MO-
MOIIIBIO CTAHAAPTHOIO METO/A, U Aajiee Mbl 00CYK1a-
M rpa(bw{ecm/[ BJIMSAHUEC PA3JIMYHBIX PEOJIOTUYCCKMX 1
Teru1oU3NIECKNX ITapaMeTpoB Ha uncio bexaHa, ko-
JIMYECTBO MPOMU3BOACTBA SHTPOIIMM, TeMIIEPATYPHBIA
MpoUiIb, YIJIOBYIO M JIMHEIHYIO CKOPOCTb.

2. OIIPEAEJIAIOIIME YPABHEHHMA

TeyeHre HeCMEITMBAIOIINXCSI MUKPOIIOJISIPHOM 1
HBIOTOHOBCKOM BSI3KUX XUIKOCTEN B KaHAJe C yde-
TOM TeIUIOTIepenadu, TEIUIOBOTO M3JIyYeHUSI U OpU-
€HTUPOBAHHOTO MAarHUTHOTO MOJISI IIPUBJIEKAaeT MHO-
JKECTBO MCClIeoBaTeeil M yIeHbIX U3-3a €70 BAXKHBIX
MPUJIOKEHUI B peakTopax TePMOSIASPHOIO CUHTE3a,
MpOoIecce TEPMUIECKOTO TOPEHMSI, YIAPHBIX BOJTHAX,
SIIEPHOM peakTope U T.I. TerioBble XapaKTepuCTU-
KW U CKOPOCTb ITOJIHOCTBIO pa3BUTOTO MOTOKA CTALIV-
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y
MuxkpomosipHas
JKMIIKOCTD

HryroToHoBcKas
KUIKOCTh

Puc. 1. CxeMa TeueHUsI B KaHaJje.

OHaApHOI, HECXKUMAEMOM, U3JIydalolleil 1 HaMarHu-
YEHHOM HBIOTOHOBCKOM BSI3KOM >KMIKOCTU ONpEc-
JISTIOTCSI KOHCEPBAaTUBHOI (DOPMOI yIPaBIISTIOIINX
ypaBHeHUit. [TomHBIN HAaOOp M3 ypaBHEHUS Hepa3phIB-
HOCTH, TUHEIHOIO ypaBHEHUSI UMITYJIbCA U YPaBHEHUS
SHEPIUHU, BEIVISIIUAT CIEIYIOIINM 00pa3oM.

YpaBHeHUe Hepa3pbIBHOCTH [8, 35]:
dp
—+V-(pv) =0, (D
ot
TIe CKOPOCTh MOTOKAa B aKCHMAJbHOM HaIlpaBJICHUHU
o003HavYeHa KaxK v, a TJIOTHOCTh KUJIKOCTU paBHa .

VYpaBHEHME COXpaHEHHUS KOJINYECTBA IBUXKEHUS
[8, 35]:

p%:=J><B+23_MV(V-V)—VP+HV2V» 2)

I1e naBjaeHue P nefiCTBYET BIOJIb OCU X OTHOCUTEIIb-
HO 00JIacTH TeYeHHUs, a KO3(DPUIMEHT BSI3ZKOCTHU
HBIOTOHOBCKO XXMJIKOCTU 0003HAaUY€H CUMBOJIOM L.
I1epBrIii WieH B mpaBoii YacTu ypaBHEHU (2) ompe-
JIeJISIET 3JIEKTPOMArHUTHYIO CUly, Tae J — INIOTHOCTh
2JIEKTPUYECKOIO TOKA, BOZHUKAIOIIETO B 00JIACTH Te-
YeHHUsI M3-3a HAJOXCHMsS OPUEHTUPOBAHHOIO Mar-
HUTHOTrO noJisi B, koTopoe o6pa3yeT yroJji 6 ¢ HarpaB-
JIEHHEM TIepIIEHIUKYJISIPHBIM MOTOKY XXUIKOCTH. DTa
2JIEKTPOMAarHuTHAasl cwjia wir cuia JlopeHiia pac-
cMaTpMBaeTCsl KaK MaccoBasl CuJia, AeHCTBYIOIIast B
HaIlpaBJICHUH OCH y B 00JIacTU TeueHus (puc. 1).

3aKkoH OMa, KOTOpBIfI onpeacjasdaeT COOTHOIIECHME
MEXAY IMIOTHOCTBIO SJICKTPHUYCCKOIO TOKa J, QJICK-

TPHUYCCKUM II0JIEM E 1 MarHUTHBIM I10JIEM B, IIpur-
HHUMAaET BUI:

J=0(vxB+E), (3)

e ¢ 0603HavYaeT 3JIEKTPOITPOBOTHOCTD. [10CKOIBKY
HETIOOBIDKHBIE Y M30TEPMHUYECKME CTEHKHM KaHajia
BJIEKTPUIECKU U30JIMPOBAHBI TO, CIEI0BATEILHO, CO-
OTBETCTBYIOIIICE YpaBHEHME TSI TUIOTHOCTH 3JICKTPU-
YeCKOTO ToKa 3amaeTcst (hopMyIIoit:

J = o(vxB). 4)

PRAMOD KUMAR YADAV u np.

Takum 06pa3oM, CKOPOCTh ITOTOKA M 3JIEKTPO-
MarHUTHas CUJia KOJJIMHEeapHbl U ASUCTBYIOT B IPO-
THBOIIOJIOXKHBIX HaIlpaBJICHUSIX IpyT K apyry. Ciemo-
BaTeJIbHO, BMECTE C HATBLHEHITMMHU YIIPOIICHUSIMI

cuna JlopeHua Boipaxaercs B Buae F = —0B,vA, rie
A = cos6. 3nech o6o3HaueHo B, = | B |.

VYpaBHeHue sHepruu [8, 9]:

2
pD_Y;:szT—P(V~v)+u¢+J——V'C]n 5)
(6}

S ERCRC]

2 2 2
+(3—V+9—”] +(a—”+3—wj +(9—W+3—Vj .
ox dy 0z 0x dy 0z

31mech CUMBOJIBL k, T'0003HAYAIOT TEIJIOIIPOBOIHOCTD U
TeMrnepaTypy HbIOTOHOBCKOI >XUAKOCTU. MHOXUTEb
¢ mpencTtaBiasieT coOoil (YHKUMIO OUCCUIIALMU B
YpaBHEHUM BSHEPruM AJI1 HBIOTOHOBCKOM BSI3KOM
xkuakoctu. ITocnenHuit 4ieH B MpaBoii YaCTU ypaB-
HeHus (5) ompenesseT U3IydalolInii TEIIOBOM I10-
TOK. YTOOBI MOMYYUTh YIPOIIEHHYIO (hOPMY paaualiy-
OHHOTO TEIUIOBOTO MMOTOKA ¢, Mbl UCIIONb3YeM auddy-
31oHHOe npuomkeHue Poccenanna B Bune [15, 44]:

(6)

o* 4
g =-324L )
3k* dy

Koaddbunuentsl 6* u k* B ypaBHeHuu (7) 060-
3HavaloT TocTostHHyo Credana—bonbiiMana wu
cpenHuii kKoagunueHT nomoineHus PoccenmaHna,
COOTBETCTBEHHO. MBI MCIOJIB3YEM 3MI€Ch Pa3JIOxKe-
HUe B psa Teimopa 1o OTHOIIEHUIO K MCXOTHOM TeM-

neparype 7, T.€.

T =T, + 4T (T - T)) + 6T, (T - T, +...  (8)

IlpenamnonaraeM, 4YTo W3MEHEHUE TeMIEpaTypbl
BHYTPU KUIKOIN Cpelbl CAUIIKOM MaJio U, CleloBa-
TEJIbHO, BbIPaXke HUE LT HEJIMHEMHOTO UleHa TeMIiepa-
TYPHOTO MPOGUIST MOXKET OBITh IMPEACTABICHO B BUJIE:

T = 4T,T - 3T, )

JduddepeHuupys ypaBHeHUe (7) mo KoopauHaTe
y ¥, UCOb3ysl ypaBHeHUE (9), TToJlydaeM:

dg, _ 160* T, i’
dy 3k*  dy*

TeruioBble XapaKTepUCTUKUA U XapaKTEPUCTUKU
TEUEeHMSs MOJIHOCTHIO PAa3BUTOrO M3JIyvalollero, Ha-
MarHM4eHHOTO, HECKMMAaeMOT0, YCTOMYMBOTO TTIOTO-
Ka MUKPOIIOJIIPHOM XXUIKOCTU OTIPeIeIISIIOTCS ypaB-
HeHusiMu coxpaHeHus. [ToaHbI HaOOp ypaBHEHUIt
SHEPTrUM BMECTE C YPABHEHUSIMHU COXpPAHEHUS JIV-
HEMHOTO U YIJIOBOTO MMIy/dbca B (popMe, Mpemio-

(10)

KOJUIOUOHBIN XYPHAJT Ttom 85 Nel 2023
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XXeHHOIT DpuHTeHOM [33, 34], BBIIIAONT CIIEOyIO-
1M 00pa3oM:

YpaBHeHUe JMHEHOTrO nMIyibea [15, 19, 36]:

p&=—(M+K)VXVXV—VP+

Dt (11)
+ kKVXxo+IxB+pg+ (&, +2u+K)V(V-v).

B ypaBHenuu (11) cuMBOJI @ 0003HAYAET YIIOBYIO
CKOpOCTb (MUKpPOPOTALIMIO) MUKPOMOJISIPHBIX 4Ya-
CTHUII XKMAKOCTU. MaTepualibHble mapaMeTpbl MUK-
POMOJISIPHOM XMAKOCTH TpeacTaBIeHbI KO3(pDUIIM-
erramu BsizkoctH (&), W, X). [paBuTainoHHas cuia
Ha eIMHUILY MacChl BbIPaxKaeTcsi CHMBOJIOM g.

YpaBHeHHUe yIJIOBOTO MMITyibea [ 15, 19, 36]:

.Dw
= =—vVXxVxo+pl-2xmn +
P/ Dt Yo P (12)

+ (0 + By + Y)V(V - @) + xV X v,

rae cuMmBoJl I 0003HaYaeT MaccoBYIO MJIOTHOCTb MO-
MEHTOB CUJI, a CUMBOIJI j onpeaeiseT Ko3GGULIUEeHT
BpaleHus (MOMEHT MHepLn). MatepuanbHbIe T10-
CTOSIHHbBIE WJIN KO3 DUIIMEHTHI BpalaTeJbHOM (T'U-
POCKOIIMYECKOM) BI3KOCTH MUKPOITOJISIPHOM KM~
KOCTH TPEICTaBIeHbI 3HaYeHUsIMU (04, By, Vo). DTH
KOHCTaHTBI CBSI3aHbl MEXIy COOO0Ii HEpaBEeHCTBaAMU,
MPUBEACHHBIMY HIKE:

2U+ k20,720, 3ap + By + 720,
K20, 3§ + 21 + k20, B < v

VYpaBHeHue sHepruu [15, 19, 29]:

2
p2L Ly g PV V- (Vmtpo. (13
Dt o
. e ' 1 B 2
p0 =&,(V-v) +2u(D.D)+4K(2V><v u)) +(14)

+ oV o) +B,(Vo : (Vo)) +v,(Vo : Vo).

B ypaBHenuu (13) mexaHudeckKasi dHeprusi Ha
eIUHUIY MacChl MUKPOMOJISIPHON XWUIKOCTH 000-
3Ha4YaeTcsl CUMBOJIOM (', Torga kak cuMBoi D B ypas-
HeHuH (14) o603HaYaeT TeH30p CKOPOCTHU aedopma-
oM YyaCTUI bl MUKPOITOJIAPHOU KNAKOCTHU, KOTOPBIN

1
onpenessieTcs: Kak E(v, ; + ;). OtmMetnm, uto mpu

K =& =0y=By =7 =0 " HyJIeBoil IUIOTHOCTH
MOMEHTOB CcuJI I yrioBast CKOpoCThb @ CTaHOBUTCS
paBHOII HYJIIO U, cjledoBaresibHO, ypaBHeHue (11)
CBOJIUTCS K XOPOIIO M3BECTHOMY ypaBHeHMio Ha-
Bbe—CToKca. Takke 3amedaem, 4to 1pu K = 0 yriio-
Basi CKOPOCTh (MUKPOBpAILIEHUE) ® U CKOPOCTH MO-
TOKa vV He CBSI3aHBI IPYT C IPYIOM U, CIISIOBATEILHO,
yIJIOBasi CKOPOCTb He BJIMSET Ha CKOPOCTb IOTOKA
MUKPONOJISIpHOM KMaKocTr. CuMBoOJ h B ypaBHEHUM
SHEPIrUU MMKPOIIOJISIPHOM KMIKOCTH TIPEACTABISIET
TEIUIOBOM ITOTOK M MpUHMMAaeET 3HaueHue —kAT , rae
TEIUIONIPOBOIHOCTh 0003HaUeHAa CUMBOJIOM K.
KOJUIOVIHBIN XYPHAJI Ne 1
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3. TEHEHME HECMEIIMBAKOIIMUXCA
HBIOTOHOBCKOHN 1 MHUKPOITOJIAAPHOM
KNIKOCTEUN

Tlocmanoeka 3adauu

M3ydaemast 3mech 3agaya MONENIUPYETCS ITyTEM
paccMOTPEHUSI MOTOKA HECMEIIUBAIOIINXCS BI3KUX
HbIOTOHOBCKOM U MUKPOIIOJISIPHOM XXUIKOCTEN B Ka-
HaJle, KOTOPBIA MPOCTUPAETCS B HATIPABJICHUSIX X U ).
I'eomeTpus moToKa KaHaja cxeMaTUYHO MOKa3aHa Ha
puc. 1. B aToii Mogenun pexkXuM Te4eHHUsI OorpaHUuIBa-
€TCsI ODUEHTUPOBAHHBIM MAaTHUTHBIM TTojieM B, Ha-

MpaBJIeHHBIM I101 yrjioM 0, 0 < 0 < TEE, KOTOPBIN OT-

CUNTHIBACTCSI OT BEPTUKATBHOTO K 00JIACTH TCUCHUS
HanpasyieHus (puc. 1). BepxHsis o6nacte 0 < y < A,
o0o3HaYeHHas Kak PernmoH-1, comep>KuT MUKpPOMO-
JIIPHYIO XKMAKOCTh, TOIMAa KaK HIXKHSSI 00JIacTh
—h < y < 0, o603HaueHHas1 Kak PermoH-2, cogepXuTt
HBIOTOHOBCKYIO BSI3KYIO XKMIKOCTh. TeueHue HecMe-
IIMBAIOIINXCS XKMUOKOCTEN B KaHaJIe IIPOMCXOINUT 3a
CUeT IIOCTOSSIHHOTO TpanueHTa pasiieHus. Hero-
JIBVDKHBIC TUIACTUMHBI KaHajla IOAIepXXUBAIOTCS IPU
JIBYX pa3HbIX TeMmneparypax 7; u 7, Ha pacCTOSIHUU
y=huy = —h,COOTBETCTBEHHO, OT I'PaHUIIbI pa3e-
Ja xmakocteit. TakmMm o6pa3om, mepemadya TeIuia B
COYETAaHUU C TEIUIOBBIM U3JIydeHUEM BO3ICHCTBYyeET
Ha o0GJacTh moToKa. PexkxuiM TeueHUs1 00enx XXKUIKO-
cTell aBNsgeTCI HECMEIIINBAEMBIM.

CreHKU KaHaja pacIloloXeHbl Ha pacCTOSTHUA 2/
B ITIOTIEPEYHOM HarlpaBJIEHUH, B TO BpeMsI KaK HecMe-
IIMBAKOIIASCI XUAKOCTh T€UYET BIOJb OCEBOr0 Ha-
MpaBJIeHMs X KaHaja. Pexxym TedeHUsI MUKPOIIOJISIp-
HOM KMUIKOCTH TIOIJIEPKMBAETCS B BEpXHEi 001acTn
KaHajia 3Ha4€HUSIMU CKOPOCTU MOTOKA V,, TEIJIONPO-
BOIHOCTH K , BSI3KOCTH |, TEMIIEPATYPHI 1; Y 3JIEKTPO-

IIPOBOJHOCTH ;. IIp1 3TOM peXUM TeUeHUS HbIOTO-
HOBCKOU BSI3KOH KMIAKOCTU MMEET MECTO B HUZKHEN

0o0JlacTi KaHaJla CO CKOPOCTBIO TIOTOKA V,, TeTUIO-
TIPOBOIHOCTHIO k,, BI3KOCTHIO WW,, TeMrepaTtypoit 7,
U 3JIEKTPOIPOBOIHOCTHIO ).

Ilocmanoska 3adauu u onpedensroujue ypasHeHus

YT0oObI BEIYMCIUTH XapaKTEPUCTUKI TTPODWIIS YUC-
Ja bexaHa, BeTMYMHY TPOM3BOACTBA SHTPOIUU, TEM-
rnepaTrypHble XapaKTepUCTUKWA U CKOPOCTb TMOTOKA,
MBI IPUHUMAaEM CJIEAYIONIe TPEANOI0KEHUS, KOTO-
pbie B3aMMHO COIJIACOBAaHBI BO BCEU paccMaTpuBae-
MOt 00J1aCTU TeUEHUSI.

* Cua JlopeHi1ia, KoTopasi SIBJISIETCSI Pe3YJIbTUPY-
JOIIei CUJION, OOYCIIOBJIEHHOM NMPUJIOXEHHBIM IIO-
CTOSIHHBIM OPUEHTUPOBAHHBIM MarHUTHBIM I1OJIEM,
paccMaTpHMBaeTCs KaK MacCoBasi CHJIa.

* Cunoii, 0o0yC/IOBIICHHOI rpaBuUTallueil g, IJIs
TEKyIIEeH 3amaun IIpeHeoperaeM.
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° HpeﬂnonaraeTCH, YTO TEIUIOBBIE CBOMCTBA U Xa-
PAKTEPUCTUKUN TCEUYECHHMSA HBIOTOHOBCKUX BSI3KOI U
MI/IKpOHOHHpHOﬁ XUIKOCTEH TMTOCTOSTHHBI.

*» IToTok paccMaTpuBaeTcsl Kak OHOHAIpaBJIeH-
HBI JJAMAUHAPHBINA, TMOJHOCTBIO PAa3BUTBHIA U TEKY-
IIIMI BAOJIb OCEBOTO HaIpaBieHUs (OCh X).

* TedyeHue HeCMEIIMBAIOIIMXCS HbIOTOHOBCKOM
BA3KOU U MUKPOIOJISIPHOM XUAKOCTEH Ipearoara-
€TCsl YCTOWYUBBIM, HECKUMAEMBIM, U3TYyYAlOIINM U
OCECUMMETPUYHBIM.

Tornma nist paccMaTprBaeMoOii 3aa4l COOTBETCTBY-
roiue onpenesiomme ypapHeHus (10)—(13) BmecTte ¢
ypaBHEHMEM Hepa3pbIBHOCTHU (1) 17151 TOTOKA MUKPO-
MOJISIPHOM KUAKOCTHU B BepxHei oonactu (PeruoH-1)
KaHajla OynyT TIpeacTaBiieHbl B BEKTOPHOU ¢opme
KaK:

Vv, =0, (15)
(16)

A7)

W+ Vv, - Vp+IxB+KkVxw=0,

v. Vo — kQow -V xv,) =0
kVT, +2uD : D) + B,(Vo : (Vo)) +
J2

2
+—+4K(1V><v1—(1)) -V.q. =0.
0, 2

(18)

Omnpenenstomue ypaBHeHus (1), (2) u (5) o Te-
YeHUs BSI3KOM HBIOTOHOBCKOM KMIKOCTU B HIDKHEN
obyiactu (PernoH-2) kaHajia st pacCMaTpuBaeMoO
3ama4u OyayT BbIpakKeHbI B BEKTOPHOIT (hopMe Kak:

Vv, =0, (19)

w,Vv, + IxB-Vp =0, (20)
2 J’
KV +=—+ud-V-q =0.
)
3mech BEKTOp YIVIOBOM (MUKpOBpallaTEIbHOM)
CKOPOCTU ® MUKPOIIOJSIPHOM KUIKOCTU paccMar-
puBaetcs kKak @ = (0,0, ®). [TycTp 1MHEHBIE CKOPO-
CTM MUKPOIIOJSIDHON KMAKOCTM U HbIOTOHOBCKOM
BSI3KOM KMAKOCTU B BepxHeit yactu (Permon-1) m
HUXHel yactu (PermoH-2) KkaHaia paBHBI COOTBET-
cTBeHHOV, = (4,0,0), v, = (4,,0,0). ¥YpaBHeHUE He-
DPa3pbIBHOCTU U YCJIOBHE MOJIHOCTbIO PA3BUTOIO Te-
YEHUS1 HECXKMMAeMOro MoToKa MpeAroaramT, YTO X-
COCTaBJISIIOIIME CKOPOCTEN V, U V, OynyT QYHKLMSIMU
TOJBKO KOOPIUHATHL Y, T.€. U4y = Uy (Y), Uy = ().
Takum 00pa3oM, TIOTHBINA HA0OP CBSI3aHHBIX OTTpe-
TEJISTIONINX YpaBHEHM JIMHeitHoTo mMITyibea (16), yr-
JioBoro uMmItynbca (17) u aneprum (18) Mukpomnosp-
HOM >XUAKOCTU, KOTOpPbI€ YIIOMUHAIOTCS B padoTax
[31, 33, 45, 46], npeacrasisieTcs B CIEOYIOIIEM BUIE.

CoxpaHeHue JuHeiHoro ummynsca [19, 35, 36]:

dul

(21)

16BNy, +do_dp _

22
dy dx @2

(W + K)

CoxpaHeHue yrjioBoro ummnyJnca [15, 29, 35]:

2
y*d—(;)— K(%+ 203) =0.
dy dy

CumBoI vy, B NPUBEICHHBIX BBIIIE YPaBHEHUSIX

(17) n (23) ObLI BBeneH AxManu U ap. B padote [47] u
omnpeaessieTcs CIeayoiM oopa3oMm:

x — (Ml +g)i.

ITapameTrp i 0603HAYAET MIOTHOCTh MUKPOUHEP-
LAY MUKPOMOJISIPHOM XXUIKOCTH.

VYpasHenue sHepruu [15, 19, 36]:

2
de‘+ (du1+2c)j+
dy’ dy

2 2
d
U, (%] +B, (d_m) + 0,8\ Ul L .
dy dy dy

IMonaHbIll HAGOp ONMpeAesIONIMX YPaBHEHUMN ISt
COXpaHEHUS JIMHEWHOro uMItyjibca (26) U sHepruu
(27) HBIOTOHOBCKOI BSI3KOI KMIKOCTU, KOTOPBIA 00-
cyxnaercs B pabote Xamnrielsiss 1 bpenHepa [48], umeer
CJIENYIOIINA BUI:

CoxpaHeHue JuHeliHoro umnyJibca [8, 11, 13, 49]:

(23)

(24)

(25)

sz 2-P-o0 2307\ u, =0. (26)
dy’
CoxpaneHnue sHepruu [8, 11, 13, 49]:
2 d
LRy S (d“?) 0. (27)
dy dy dy

Peuwenue 3adauu

YrtoObl mpeoOpa3oBarb ypaBHeHUs (22)—(27) B
Oe3pa3MepHYIo (popMy, BBeIeM cleaylolnre 6e3pas3-
MEpHbIC BEIMYUHBI:

=t =12, = =X
U, h h
__D Y «_ Wh _0;
p*__a np ) w" = ’ )
p1U§ Wy U, ’ &
2 *
c=X, Br:uon, ei_T;‘ To’
W, kAT AT
) =B_02’ k :&, Re:—plUOh
wh ki Wy

46* Ty
Nr=—=220 Ha=pgh/O
k* ki 8

3neck AT u U, 0003HaYaIOT XapaKTEPHYIO TEMIIEpa-
TYpY M CKOPOCTH COOTBETCTBeHHO. 3HadyecHHMe AT
KOJJIOMOHBIN JKYPHAJ

TOM 85 Ne 1 2023
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% %

oueHuBaerca Kak AT =7, — T, , ipu 3ToM Tz* < Tl*.
BespasMepHast BenmanHa 0, OTIPEaeIsiET MOMEHTHBII
napametp. Beaxnmunnbel Re, Nr, Ha u Br o6o3Haualor
yuciao PeliHonbaca, mapamMeTrp U3AydeHMs, YHUCIIO
laprtmMaHa u uyucio bBpuHKMaHa, COOTBETCTBEHHO.
Ternepb, IPUHSAB BBIIIEYITOMSIHYTBIC Oe3pa3MepHBIC
MEpeMEHHbIE U yIaJIUB CUMBOJI “3Be3m04Kka” y 0e3-
pa3MepHBIX BeIUYMH, ypaBHeHUs (22)—(27) npuHu-
MaIloT CIASAYIOLINI Oe3pa3MepHBIA BU/I.

Pervon-1 (-1 <y <0):

2 2,2
dL;l_HaAul c d_(o_ReP:O’ (28)
dy- (+o¢) l+cdy (@A+c¢)
do_ 2 (d”wz j 0, (29)
dy*> 2+cldy

2 2 2
(1+§Nr)d—ezl+B{c(%+2wj +(%J +
dy y y (30)

+ HaA % + 6(‘[(”) } — 0,

dy
e P = d_p
dx
Pernon-2 (0 <y <1):
2
di_ReP Moy, o, 31)
dy ny n,
2
(1 +‘—‘Nrjd % 4 Bl Ha®a%2 + n (duzj = 0.32)
3 ny dy ny dy

ToyHoe pelneHUe CBSI3aHHOI HEIWMHEWHON CH-
creMbl 1ugdepeHInalbHbIX YpaBHeHU (28)—(32),
MMOTYMHEHHOE COOTBETCTBYIOIIUM I'PaHUYHBIM YCI0-
BUSIM, HAXOAUTCS C UCHOJb30BAHUEM KJIACCUUECKUX
METOJIOB U 3[eCh Aajiee OyayT MPeaCcTaBIeHbI TOJbKO
KOHEYHbIe (DOPMYJIbI.

BI)Ipa.}KCHI/IC ISl TUHEUMHOM CKOPOCTH IIOTOKa
MHKpOHO)’IHpHOﬁ KNAOAKOCTU UMECET BU!:

w(y) =- &+cle +oe @ + e +ce ™. (33)

YriaoBass CKOpPOCTh MUKPOHOISIPHOM XKUAKOCTU
OIMCHIBAETCS CSAYIOLICH (pOopMYJIOii:

o(y) = v(ee™ — e ™)+ 8(ce™ —ce ™). (34)

BrIpaxkeH1e IJ1s1 TETIOBOTO ITPOMUIISI MUKPOTIOJISIP-
HOWM XKMIIKOCTH MPEACTABJISIETCS CIIeIyIOIINMM 00pa3oMm:

0,(») = Br,(8PHa A’ Re(a,’e”c, + e Yaic, +
+ BrePe; + BrePe,) — ale™ Ha’ M pc)) —
— Bri(8(a + B)je“ " Ha"Vgeey + 8o — B)re ™
x Ha’Ane,e; + ¢PHa’A’p7e;T) — Bry(8(a —
— B)re”  PHa’ A nee, + 8(a + B)re " “PHa’A? x
X (2cad + 2¢cy(B + 20))) — Bry(ap(l + ¢ + yOE,)
Ha’A’c,c,) — 2Br,y’ P> Re’+ 2Bry’(2Ha oA x >
X ¢icy(1+¢)+ 8cHa y)» ac(aty) + 2Ha’ B A’ C3Cy X
X (1+ ¢)) = 2Bry"QHa’g A (a™y e, + B20%cse,) +
+ 2Ha"A* (¢, + ¢5¢4) — 8cHa o) cse, (B+0)) —
— Br(e “"PHa’\ a8, Boycrp +
+ e ap,el)) + ¢s + yee.

CKOpoCTh TIOTOKA HBIOTOHOBCKOM XKUIAKOCTU
NPUHUMAET BU:

PRe
242
Ha"A"n,
TemriepaTypHBI TTPOMIMITE HEIOTOHOBCKOI XKW -
KOCTHU IPECACTABJIACTCA KaK:

U (y) = ¢, + cge” — (36)

0,(y) = ¢y + ¥ + Br(~P*Re’ y* +
+ 4PRe(ce ™
- Brz(Hazkznun(,(cfe_zxy

+ce™)n,) — (37)

+cie™)).

3,Z[CCB JJIA y,[[O6CTBa BBCIACHLI CJIICAYIOLIME 000-
SHaA4YCHMUA:

¢ =0 +co’ + deary + ey + a’yE, + Ha’)?, (38)
¢ =0of+ cof + 2cPy+ 2cad +

s
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Ha2}\,2 1\/_ 24 2
2(1+c)j_5 243c+c

3
+ 4eyd + oyt + Ha')?, 39)
=—off — cof — 2cpy — 2cad —
B —cop - 2By < “0)
— 4¢yd + afydE, + Ha'A",
F=p>+cp* + 4c[38 +4c8” + P78, + Ha’\?, (41)
= , Bl = l
B 1 “2)
@+B)y=——, (@a=-P) = ,
‘ <+m (o —PB)
=, 43)
4Ha’)’(3 + 4Nr)
Br,= 3BT : (44)
2Ha"A"n,(3n, + 4Nr)
16cHa’A _( 2c Haxj 45)
l+¢c 1+4c¢
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= ¢ Han),
l+c¢ 2(1+¢)

o Ha’’(2 +¢) 1

o ((2 +o)(+ c)j’ @7

4c? 2 4c*
Ha’A’Q+¢) 1) 3 ((2 +o)d+ c))
5=p| 2L 1| _gLrdbTI) 48
b 4¢? 2 b 4¢ “9
y = Hatn, (49)
n,

Pemienue mis temneparypHoro npoduis 6,(y),
CKOPOCTY MUKPOBpPAILEHUS ® {()), CKODOCTH ITIOTOKA

MUKPOIIOJIAPHOM XKUIKOCTU 4()) BKIJIIOYAET KOH-
CTaHTHI Cj,C,,C3,C4,Cs,Cq, TOTNA KAK BBIPAXKEHUE I
TemImeparypHoro npoduist 0,(y), CKOpOCTU MOTOKa
HBIOTOHOBCKOM XHUIKOCTHU U,(y) BKIIOYAET KOHCTaH-

THI ¢, Cg, Cg, Cjg- DTU IPOU3BOIbHBIE KOHCTAHTBI HAX0-
JIISITCS C MCITOTb30BaHNEM HEOOXOIMMBIX TPAHWIHBIX
YCJIOBUM, KOTOpPbIE CTABITCS B COOTBETCTBUU C pac-
CMaTpMBaeMoOM 3aadveii.

Ipanuunsie ycarosus

KayecTBeHHBIM CBOiICTBOM IIpolecca IIpoTeKa-
HUS n1ByX(da3HOM HeCMEITNBAIOIIEC JKUIKOCTH STB-
JISIETCS CLETUICHME Ha TpaHUIe pasaelia KUAKOCTb-
XKUIKoCTh. Cion HeCMEIIMBAaIOMIEHCsI XKUITKOCTH CO-
eOUHSIOTCS TOCPENCTBOM Mepeaayd MMITyabca II0
rpanulle pasnena. [lepenaya nMmnyabca MPOUCXOIUT
n3-3a baylaHca HaIIPSDKEHUI ¥ HEIIPEPhIBHOCTY TaH-
TeHIIMATbHOIM CKOPOCTH Ha TpaHuIle pa3aeia. YToowl
OLICHUTb TEIUIOOOMEH M XapaKTepHbIe KOMIIOHEHTHI
TeYeHsI HECMEIINBAIOIINXCSI HhIOTOHOBCKOM 1 MUK-
POTIOISIPHON KMIKOCTEH, IpMHUMAaeM (PU3NIECKH pe-
aJIMCTUYHbIC TPAaHUYHbIE YCJIOBHS HA TPaHMLIE pa3aea.
TeyeHune HeCMEIMBAOIIEICS XKUIKOCTH IIPONCXOIUT
BHYTPM KaHaJja, TaK YTO CTEHKM KaHaJla HaXOIsTCS B
W30TEPMUYECKOM 1 CTaTUYECKOM COCTOSIHUU. YCIIO-
BUSI OTCYTCTBUSI IPOCKAIb3bIBAHWS HAKJIAIBIBAIOTCS
Ha HEMOABW:KHBIE HIDKHIOI 1 BEPXHIOIO CTEHKHU Ka-
HaJjla, B TO BpeMsI KaK Ha TpaHUlIe pa3iesia UMeeT Me-
CTO HENPEPHIBHOCTh CKOPOCTHU ITOTOKA HECMEIINBa-
FOIIMXCS KMAKOCTE. YCI0BHE HEIIPEPHIBHOCTUA Ha-
MNpsSDKEHUS CABUTA M CKOPOCTM ITOTOKa Ha rpaHUlIe
pazzaena HeCMelInBaIoIIUXCsI HbIOTOHOBCKOM 1 MUK-
PONOJIIPHOM XUIKOCTEH 3a0a€TCS B CAEAYIOIIEM BU-
ne (Anmas u gop. [35]):

(1+c)%+cco = nH%,
dy dy

u(y) = uy(y). (51)

Pernon-1 comepXuUT BEpPXHIOK HEIIOIBIIKHYIO
TUIaCTUHY, y = 1, a TpaHUIla pa3nesia HeCMeIlInBalo-

(50)

1 —16cHa27\2_( 2
2N 2+3c+¢?

24 2\2
+Ha7»j’ (46)

l+¢c (A+c¢)

ieiics xuakoctu 3anaercs Kak y = 0. Pernon-2 co-
MEePKUT HIDKHIO HETTOABIDKHYIO TUIACTUHY, y = —1.
HenpepbIBHOCTh TEMJIOBOTO MOTOKA U TeMIepaTyp-
HOTro MPOMUIII MO LEHTPATbHON NTWMHUU (TpaHULE
paznena) BeipaxaeTcs paBeHcTBamu (Myptu u Cpu-
HuBac [29]):

a0, _, do, 5
dy nk dy ) ( )
0,(») = 6,(»). (53)

IMTocTostHHAasE yriaoBast CKOPOCTh (MUKPOPOTALIMS)
MUKPONOJISIPHOM YacTULIbI XUIKOCTH Ha TpaHUIIEe
pasnelia 3a4aeTcd yCIOBUEM cuMMeTpuu (ApuMaH U
Kaxkmaxk [50], Apuman u np. [51]):

do)  _
dyl,—o

Pacnipenenenuss temnepaTypbl Ha HENMOABVKHBIX
M30TEPMUYECKIX CTEHKe KaHaja 3amaiorcs Kak (Myp-
™ 1 CpuHuBac [29]):

(54)

(55)
(56)

Kak ormeuan JlykameBuu [52], MUKpOIOJIsipHast
YyacTulla XUIKOCTU 00JagaeT MUKpOBpalllaTeIbHON
CKOPOCTBIO, KOTOpasi 9KBUBaJIEHTHA YIJIOBOU CKOPO-
CTM Ha HETOJBVXXHOM M30TePMUYECKON CTEHKE Ka-
Hana. TakuMm oOpa3oM, nMeeM

O, =1lnmpuy=1,

0, =0npuy=-1.

(57)

BenuuuHa BpalieHust siBsieTcsl HaUMEHbIIIEH, KO-
I1a mapamMeTp x mpuomkaercs K Hysmo. Ecniun = 0, To
o = 0 Ha cTeHKax. OTO yKa3bIBaeT HA TO, YTO B TAKOM
peXuMe TeyeHUs] MUKPOTIOJISIPHON XKUIAKOCTU, Ya-
CTULIBI BOJIM3Y TTOBEPXHOCTU TUIACTUH HE CIIOCOOHBI
spaiatbes (Mena n Maryp [53]). Kak ynmomuHanochb
psimom aBTOpOB (Puc 1 boccom [54], bxarrauapesa u
np. [55]), ckopocTbh MUKpPOBpAIIEHUSI MUKPOYACTUL]
JKUIKOCTU paBHA HYJIIO Ha HETOJABMXKHBIX I'PaHUIIAX
KaHasa.

Oy =(VXv), Tne0<n<1.

CiieqgoBaTelbHO,
(58)

YcnoBuUsI OTCYTCTBUSI CKOJIBbXKEHMSI HA HETTOIBUXK-
HBbIX HEMTPOHUIIAEMbIX TPaHUIIaX KaHaJla 3aliChIBAIOT-
¢ B ciaenytomeM Buae (Canmumn u Henmanmae [56]):

o(y)=0npuy=1.

u(y)=0mpuy =1, (59)
u(y)=0mnpuy=-1. (60)
KOJ'IJ'[OI/IZ[HLIIZ KYPHAJI TOM 85 Ne 1 2023



AHAJIN3 MMPOU3BOJCTBA SHTPOITNA 109

ObsemHoe npouzeo00cmao S3HMpPonUU

BripaxkeHue it 00beMHOIoO IPOU3BOACTBA 3H-
TPOITMM B CIy4ae OMHOMEPHOTO TeUeHMsI BSI3KOM, He-
CXXMMAaeMO, MUKPOIOJISIPHOM XXUAKOCTU B MPUCYT-
CTBUU paIUALIMOHHOIO TEIJIOOOMEHA U OpPUEHTUPO-
BaHHOTO MarHUTHOTO I10JISI 3a1a€TCSl BTOPHIM 3aKOHOM

TEPMOIMHAMUKU U 0003HAYAETCsI 30eCh KaK(S)):

L 1+M on ’ 51307*”1 "
7y 3k* k, |\ 9y T,

. u_(a_] +&(8_wj2 +£(9_ s 2coj2.
T\ dy Ty\dy) Ty\dy

ITpou3BOACTBO HTPONMU MUKPOTIOJISIPHOM XKW/~
KOCTM 3a CYET TEIJIOBOTO U3JIyYeHUs] U TEIUIONpPO-
BOMHOCTHU MpPEACTaBJEHO TEePBbIM WIEHOM ypaBHE-
Hus (61), TOrma Kak 9HTPOIHs, 00YCIIOBIEHHAsI OpY-
€HTUPOBAHHBIM MATHUTHBIM TOJIEM, BbIpaXkaeTcs
BTOPBIM WIeHOM ypaBHeHUs (61). OcTaabHbIE YWIEHbI
MPEICTaBIISTIOT SHTPOIUIO, OOYCIIOBIEHHYIO 3 deK-
TOM BSI3KOM NMCCUMALIMU HECKMMAaeMOil MUKPOIIO-
JIIpHO XuakocTu. OO6beMHOE MPOU3BOACTBO IH-
TPOIUU /11 HECXKUMAEMOTO, U3JTy4YaloIIero, OMHOMEp-
Horo MIJI-pexrma TedeHUs] HBIOTOHOBCKOM BSI3KOM
JKMIIKOCTH 3a1aeTCsl BTOPbIM 3aKOHOM TePMOJIMHAMM -

K1 1 0603Ha4daeTcsa Kak(S, )

(S)e =
(61)

160* T 2
(Ss = K2 14200 %j
T; 3%k, |\ y

, (62)
Ty T, \ dy

I1poun3BOACTBO HTPONUU HBIOTOHOBCKOM K-
KOCTHM 3a CUYET TEIUIOBOIO M3JIYyYEHUS U TEIJIOIPO-
BOIHOCTHM IIPEACTABICHO MEPBBIM WICHOM YpaBHE-
Hu (62), Torma Kak BTOpOE cjaaraeMoe IpeacTaBisaeT
MPON3BOACTBO SHTPOIIMM, BbI3BAHHOE HAKJIIOHHBIM
MarHuTHBEIM nojieM. OCTaBIIMICS WIEH IPEaCTaBIIsI-
eT co0oli MPOMU3BOICTBO IHTPONMUU U3-3a dPdhexTa
BSI3KOM ITMCCUIIALIMM HECKMMAEMOU HBIOTOHOBCKOM
XunkocTr. TepMUH “XapakTepHOEe ITPON3BOIACTBO SH-
Tpormmu” ObUI ucnoib3oBaH bexanom [17, 18, 57] u
omnpenesieTcs Kak:

+

k(AT
h27})2
DTO KOJIMYECTBO ITPOM3BOJICTBA SHTPOITNH CBI3bI-
BaeTcsl ¢ MpoduiaeM MPOU3BOACTBA SHTPOIUU OIS
MUKPONOJIIPHOM M HBIOTOHOBCKOM BSI3KOM >KUOKO-
CTH B TOPM3OHTAJILHOM KaHaJjie. BeIipaskeHue ist Ko-
JIMYEeCTBA MPOU3BOACTBA SHTPOIIMM BBIUMCIISICTCS 1Ty -
TeM AeJICHUS BhIpaxkKeHUs O0ILEel CKOPOCTU ITPOU3BOI-
CTBa SHTPOIMM Ha XapaKTEPUCTUUYECKYID CKOPOCTb
Mpou3BoACTBa 3HTponuu. OLieHKa KOJIMYeCTBA ITPOU3-
BOJCTBA SHTPOIIMU IS BSI3KOTO, U3JIy4Yalollero, He-
cknMaemoro, MI'JI-moTroka MUKpPONOJISIPHOMN KW -

SG,C = (63)
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KOCTHU B KaHAJIC BbIYUCIIACTCA C ITIOMOIIBIO BbIpaXe-

HUS:
Ns1=[1+ N}de +
3 dy

d P (auY

4+ Br c(ﬂﬂmj {ﬂj .
Q dy dy

+ Ha’\u +60(d“’j
dy

O1ieHKa KoJIMYyecTBa 00pa30oBaBIIeiiCs SHTPOITUHN

NSZ IJId BSA3KOIO, HM3JIy4dyalrollero, HECXKMMaEeMOro,
HAMarHM4Y€HHOTO ITOTOKA HBbIOTOHOBCKOM BSI3KOM
KNMOKOCTH B KaHAJIC ITOJIy4acTCA C ITIOMOIIBLIO aHaJ10-
TUYHOI'O BbIpaXCHUA:

2
Ns, = [1+3Nr (@j +
3n, |\ dy

(64)

N (65)
+1Br nHa\u; + nu(duzj
n, Q dy

BnusiHue BsI3KOI AuccUITAlIIN OIIPCACIACTCA YnUC-

nmom bpmHkmana Br, a wien Q = % 0003HayvaeT
0e3pa3MepHoe MpupallieHue TCMHepaTyBH. W3 ypaBHe-
Huit (64)—(65) MOXHO caesIaTh BEIBOM, YTO KOJTITIECTBO
MPOM3BOACTBA 3HTponMU Ns; MNPEACTABIsIET COOOM
KOMOMHAIIVIO IBYX cllaraeMblx. BTopoii ujieH npen-
CTaBJIsIET YHCIO TeHepaunuu sHTponuu (INf;) 3a cuer
KOMOMHUPOBAHHOTO 3@ deKTa TpeHUs XKUIKOCTA U

MAarHUTHOTO MOJIs, a nepBbli wieH (NYy;) IpeacTaBsieT
YHMCJI0 TeHepallii SHTPOINH 3a CYET PaaualliOHHOTO
TeII000MeHa BHYTPU cUCTeMbl. TakuM oOGpa3om,

Ns, = Ny, + Nf.. (66)

Ilpoghuns yucaa bencana

B TepMoguHaMUYecKOM aHaAIU3€e paclipeaesieHue
HEOoOpaTUMOCTH B Pa3IMYHBIX TEPMOAUHAMMNYECKUX
Mpolieccax onpeaesieTcss TepMOAMHAMUYECKIM Ma-
paMeTpoM, KOTOPhIi U3BeCTeH Kak unciio bexkana. Ko-
a¢pduIeHT pacrpeneaeHuss HeOOpaTUMOCTU BBEIECH
ITaonerTu u ap. [58] u nipeacrapisieT cOO0it OTHOIIE-
HUE OOIIeil SHTPONUU, OOYCIOBIEHHON KOMOWHHU-
pPOBaHHBLIM 3(h¢HEeKTOM TPEHUS XKUIKOCTU U MATHUT-
HOIO MOJs, K SHTPONMHU, BBI3BAHHONI pagualliOH-
HBIM TETIJIO0OMEHOM BHYTPU CUCTEMBI.

:N—fi, i=1,2.

67
Ny; ©

Ecnu nuana3oH M3MeHEHUs s, IPUHUMAET 3HAYE-
Hus oT 0 ;o 1, 3To 03HavYaeT, YTo KO3 PUILMEeHT pac-
npeaeaeHnusI HeoOpaTUMOCTH BO3HUKAET U3-3a Iepe-
Hoca Teruia B oojactu notoka (Myptu u CpuHmMBac
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[29]); s; =1 yka3biBaeT Ha TO, YTO KOAGMGULUUEHT
pacripeneyicHls HeoOpaTMMOCTA BO3pacTaeT TOJIBKO
W3-3a TPEHUS XKUIKOCTH, OMHAKO TeM He MeHee TIpe-
cTaBiIsIeT KO3 UIIMEHT pacIipeaeieHrus HeoopaTu-
MOCTHU M3-3a TPEeHUS XUAKOCTH W Tepemadyd Terria
BHYTpHU cucteMbl (Myptu u CpuHubac [29]).

MexaHn3M HEOOpPaTUMOCTU MMEET (PU3UYECKYIO
3HAYMMOCTb B TEIUIOBBIX IIPOIIECCaX U IIPOILIeccax Te-
YEHUS KUIKOCTU. DHTPOITUS CO30AETCS BHYTPU CU-
CTEeMBI 13-3a TPEHUS KUIKOCTH, IIpoliecca TeTI0006-
MeHa, MarHUTHOTO TIOJISI M TEIJIOBOTO WM3JIYyYSHUSI.
BaxHo npoaHanu3npoBaTh MEXaHU3M HEOOpaTUMO-
CTH, OOYCIOBJIEHHBII Pa3IMYHBIMU WCTOYHUKAMU
TeIuIonepeHoca BHYTPU CUCTEMbI. 3HAYUMOCTh 3THUX
MEXaHN3MOB OIIPEACIACTCA Ba>KHBIM TECpMOANHAMMU -

2
(1 + fNr) (@j
3 dy

PRAMOD KUMAR YADAV u np.

YeCKHM IapaMeTpOM, KOTOPbIii Ha3bIBAETCS YUCIOM
bexana, Be.

ITaonerTn u ap. [58] uccnenosanu yncio bexana
Y OIIpee/ININ €ro KaK OTHOIIIEHEe HeOOpaTUMOCTHU
n3-3a TeIUI0O0OMEHA K HEOOpPAaTUMOCTH M3-3a JIPYTUX
HeuaealbHOCTE BHYTPU CUCTEMBI, T.€. K CYMMe He00-
paTUMOCTU TEIIOOOMEHa, HeOOPAaTUMOCTH 13-3a Mar-
HUTHOTO TT0JISI U HEOOPATUMOCTU TPEHUST SKUITKOCTH.

B _ NYI — NY1 — 1 .
e = = = ;
Ns;, Ny, +Nf, I+
ITpodune yucna bexana Be, ajis1 MUKpOIOJSIP-
HOU JKMAKOCTU BHYTPUM KaHaJjia 1101 BJIMAHMUEM paguva-
MOHHOTO TEIUIOOOMEHA M OPMEHTHMPOBAHHOI'O Mar-

HUTHOTO TIOJIS TIOJyYeH HAMU B CIICOYIOIEM BUIE
(Myptu u CpuHusac [29]):

i=12. (68)

Bel =

[Tpodune uucna bexana Be, 1151 HBIOTOHOBCKOM
JKUIKOCTU BHYTPHY KaHaja Toj BIUMSHUEM paavalu-
OHHOIO TeIUIOOOMEHa U OPUEHTUPOBAHHOTO Mar-

2
(1 +‘—‘Nr)(@) +Br c(ﬂJr 20
3 dy Q dy

2 2 2 (69)
du 242 2 dw
+| = | +Ha Ay +8,| —
dy dy

HMTHOTIO MOJIsI MMeeT aHaJIoOTUYHbIN Bun (MypTu u
CpuHusac [29]):

4. PESYJIBTATBI 1 OBCYXKJAEHUE

AHaIn3 IpOU3BOACTBA SHTPOIUMU B TOPU3OHTAIb-
HBIX Y BepTUKAJIbHBIX BO3AYXOBOJAaX, KaHajlax, Tpy-
6OIPOBOIaX B PA3JIUYHBIX YCIIOBUSIX UMECT TUHAMMU -
yecKHe IIPUMEHEHMS BO BpalllaloLIMXCs 3JeKTpUYIe-
CKMX MalllMHAX, IPU ONITUMU3ALUN IPOMBIIIIIEHHBIX
YCTPOMCTB, MOBBIIIEHUN TTPOU3BOIUTEILHOCTH pa3-
JIMYHBIX WHXXEHEPHBIX TEXHOJIOTWii. 3a IIocaeaHue
JIEeCITUIETUSI ObLJIO OMyOJIMKOBAHO MHOTO WHHOBA-
LUOHHBIX UCCICAOBAHMI, TIOCKOJIBKY aHAINU3 BTOPO-
ro 3aKOHa TEPMOAUHAMUKU SIBJISIETCS Pa3yMHBIM JIJIST
MOJIYYEeHUSI ONTUMAILHOIO OU3aifHa cucTeMbl. [1o-
5TOMY, B JaHHOM MCCIIEIOBAHUU OOCYXIAaeTCsT MPO-
HM3BOJCTBO SHTPOIUM HECMEIINBAIOIIUMICS MUKPO-
MOJISIPHOMN Y HBIOTOHOBCKOI BSI3KUMU KUIKOCTSIMH,
TMIPOTEKAIOIINMHU 10 KaHaiy. B pabore MBI 00CyXKna-
€M BJIMSIHUE pa3IMYHbIX TEIUIOBBIX M (PU3MUECKUX
napaMeTpoB ITOTOKA, TaKUX KaK mapamMerp U3JIyde-
HUSI, apaMeTp MUKPOIOJISIPHOCTU ¢, uuciio Peii-

2
213

Be, = \ 3n )\ dy
|4 4Nr (ﬂj L 1Br
3n, )\ dy n Q

(70)

2
nUHa2k2u22 +n, (%)
dy

HOJIBICA, IlapaMeTp BI3KON IMCCUIIALIMM, YNCIIO
I'aprMaHa 1 mapaMeTp yrIjia HakJIOHa Ha unciio bexa-
Ha, CKOpPOCTb ITOTOKAa, TEIJIOOOMEH U KOJMUYECTBO
(uncio) nmpousBoacTBa aHTpornuu. Lleab HacTosIe-
ro UCCJIEAOBAaHUSI TOCTUTAETCS ITyTeM PacCMOTPEHUS
COOTBETCTBYIOIIMX YMCICHHBIX 3HAUYEHM I BBIIIICYIIO-
MSIHYTBIX TEIUIOBBIX ITapaMEeTPOB 1 MapaMeTPOB I10-
TOKa, CBSI3aHHBIX C pacCMaTpuBaeMoOl 3agadueil. DT
3HAYEHUSI TOCTATOYHO XOPOIIO ITOATBEPKICHBI yXKe
OITyOJIMKOBaHHBIMU paGoTtamu [8, 17, 20, 34, 36].
Huana3oH 6e3pa3MepHOro rpagdeHTa JaBJIeHUS Jie-
JKUT B Iuarna3oHe (—oo,0) (Ixanrunu u Myptu [20],
AnaB u ap. [35]). BausHue MUKpONOJISIPHOCTA Ha
MOTOK U TEIJIOBBIE CBOMCTBA HECMEIIMBAIOLIECHCS
XKUIKOCTU OITMCHIBACTCS ITapaMeTpOM MUKPOMIOJISIpP-
HOCTH ¢, M 3HAYEHUS 3TOr0 apaMeTpa jexaT B 00Jia-
ctu [0,0) ([Ixxaurunu m Myptu [20], Oaxumup u
OnamxyBoH [37]). HanmpsiskeHHOCTh MATHUTHOTO TT0-
JIs1 B 00JIaCTH TIOTOKA OIMChIBaeTCs uncyioM [aptma-

KOJUTOWAHBIN >KYPHAI Ne 1
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1.5+

CKopocCTb

0.5F

Pervon-1

0 { PeI‘I/IOH-I2

-0.5 0 0.5 1.0
y

-1.0

Puc. 2. 3aBUCUMOCTM JIMHEMHON CKOPOCTU ISl HECMe-
LLIMBAOLIMXCS HbIOTOHOBCKOM M MUKPOITOJSIPHOM KU -
KOCTeld  OT  TMmapaMeTpa  MUKPOMOJSIPHOCTU  C:

8 =0.7,Re=2.5 Q=1, n, =09, Br=0.5 n =11,
A=0.5n,=05Nr=1, P=-1.5 Ha=0.5.

Ha, KOTOpO€ MPUHMMAET 3HAYCHMSI M3 OMala3oHa
[0,00) (Jxxanrwiu u Myptu [20], Hexan u Illaxpu
[22]) mna ananmm3a BIMsSHUS 3PdeKTa MarHUTHOIO
TTOJIsI TIPU HECKOJIBKHUX YTJIaXx HaKJIOHA 00JIaCTH TTOTO-

Ka OT HyJId 10 g (Hukonueu4 u ap. [8]). Tepmun Nr

MpeACTaBIsieT OTHOCUTENbHBIM BKJIad paaualliOH-
HOI1 Terionepenay B KOHAYKTUBHYIO TeIUIonepeaaqy
u iexuT B uHTepBae (0, co) (Cpunusac u ap. [17]).

Bausinue napamempa muxponoaspuocmu

CooTHonIeHre MeXIy HbIOTOHOBCKOM M Bpaliia-
TEJIbHOM BSI3KOCTBIO BBIPAXKAETCS XOPOIIO M3BECT-
HBIM TTapaMeTpOM MUKPOMOJIIpHOCTH ¢. Y3 puc. 2 u
3 MBI MOXEM 3aKJIIOUYUTh, YTO MUKPOCTPYKTYypa MUK~
POIIOJISIPHOIM KMIOKOCTHA OKa3bIBa€T 3HAYUTEIHbHOE
BJIUSTHUE Ha JIMHEMHYIO CKOPOCTh U CKOPOCTb MUK-
poBpaiieHust npu ¢ — 1. Eciu mber mpumem € — 0,
TO 3TO O3HAYAET, UYTo ¢ — 0, clIemoBaTeIbHO, MUKPO-
MOJIIPHOCTBIO MOXHO TpeHeOpeyb, TO €CTb B 3TOM
cliygae XXWUIKOCTh CUMTAeTCs HEMOoJIsIpHOil. Takum
o0Opa3oMm, Kak ToJIbKo ¢ — 0, ypaBHeHus (29) u (31)
mpeoOpa3yoTCcs B COOTBETCTBYIOIINE YPABHEHUS IS
HBIOTOHOBCKOM Xunkoctu. CiaemoBaTeabHO, pPUC. 2
JIEMOHCTPHpPYET BIUSHHE ITapaMeTpa MUKPOMOJIsIp-
HOCTHU Ha JIMHEWHYI0 CKOPOCTh HECMEIIMBAIOLLIEUCS
KUIKOCTHU, U MOXHO ClIeJIaTh BEIBOA O TOM, 4YTO JIM-
HeiiHasI CKOPOCTh YBEJIIMYMBACTCSI C YMEHBIICHUEM
napaMeTpa MUKpOMoJIsIpHOCTU. Puc. 2 mokaswiBaeT
TaKK€, UTO XapaKTEPUCTUKU TeYCHUS HBLIOTOHOB-
CKO XXMIKOCTH IIPEBOCXOIAT XapaKTEPUCTUKI MUK~
POTIONSIPHOM XKUAKOCTH.

IT10 IIPOUCXOOUT N3-3a TOro, 4YTO C YBECJIIMYCHUEM
MI/IKpOBpaLL[aTeﬂbHOﬁ CKOPOCTH HMMITYJIBC YaCTUILL
KNOKOCTU TIEpEOAcCTCA BpallaTcJIbHOMY IBMKCHUIO
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MuKpoBpallareJIbHas CKOPOCTh

Puc. 3. 3aBucuMoCTM MUKpPOBpalaTEIbHONH CKO-
pOCTH 0 MUKPOTIONSIPHONA KMIKOCTU OT TIapa-
MeTpa MUKponoysipHocTy c: §y = 0.7, Re = 2.5, Q =1,
n, =09, Br=0.5 n =11, A=05n, =05 Nr=1,

P =-1.5 Ha=0.5.

YacTull XUAKOCTU. M3MeHeHHne YriaoBOoil CKOPOCTU
(MUKpOBpAIIeHNs]) MUKPOMNOJSIPHBIX YaCTHI KU~
KOCTHY MpU pa3jIUYHbIX 3HAUYCHUSIX MapaMeTpa MUK-
POIIOJISIPHOCTH ¢ TI0Ka3aHo Ha puc. 3. M3 aToro pu-
CYHKa BHIHO, YTO IapaMeTp MUKPOIIOJSIPHOCTH C
CUJIBHO BJIMSIET HAa MUKPOBpAILEHUE MUKPOIIOJISIP-
HBIX YAaCTUIL XXUIKOCTU: MUKpOBpaIlaTeIbHasl CKO-
POCTh MUKPOHOJISIPHON XUIKOCTH PACTET IIPU YBeE-
JIMYeHUM MapaMeTpa MUKpomnojspHocTtu c. Hayka,
CcTOsIIIAasI 3a 3TUM (PAKTOM, 3aKJIFOYAETCS BO Bpalla-
TEJbHOW TpaJME€HTHON BSI3KOCTU MUKPOIOJSIPHOMI
KUIKOI 4acTULIbI, KOTOpasi yBEJIMYMBACTCS C YBEJIU -
YyeHUEM MapaMeTpa MUKPOMNOJISIPHOCTH.

M3 puc. 3 MOXHO 3aKJIIOUYUTD, YTO MIPU OOJIBIIOM
3HAYCHUH ¢ YTIIOBOE BpallleHNE MUKPOIIOJISIPHBIX Ya-
CTHII XXUIKOCTU MEIJIEHHO YOBbIBAeT OT LIEHTPAJIbHOM
JIMHUM (TpaHULBI pa3lesa XKUIKOCTe) K cepeauHe
Pernona-1, a 3aTem OBICTpO yOBIBaeT K IrpaHUIIC Ka-
HaJla ¥ CTAaHOBUTCS IPEHEOPEXKMMO MaJIbIM Ha HEIIO-
JIBVKHOM TpaHUIlE KaHajla, 4To MOATBepXIaeT Ipa-
HU4YHOe ycioBue (59). Hamm pe3yibTarbl XOpOILIO
KOppenaupyloT ¢ pesyabratamMmu Myptu u1 CpuHrUBaca
[29]. XapakTep TermoBoro npoduiisi ¢ pa3IMYHbIMUA
npueMIEeMBIMUA 3HAYCHUSIMU ITapaMeTpa MHUKPOIIO-
JISIPHOCTHU ¢ TIOKa3aH Ha puc. 4. MBI BUIUM, 9YTO TEM-
rneparypa HeCMEIIMBAIOLIUXCS XKUIKOCTE yMEHb-
IIaeTcs C yBeJIMYeHUEM 3HAaUeHMI ITapaMeTpa MUK-
POTIOJISIPHOCTU. DTO CBSI3aHO C TEM, UYTO YBEJIMUCHUE
3HAUYEHUS TapaMeTpa MUKPOMOJISIPHOCTA CHUXKAeT
JIMHEIHBIe XapaKTepPUCTUKU ITOTOKAa HEeCMEIINBalo-
1EeNCcI MUKPONOJISIPHO-HbIOTOHOBCKOM >KWUIKOCTU W,
cJIeToBaTeIbHO, SHEPTHSI HECMEIITBAIOILIMXCS SKUIKO-
CTeil yMeHbIlIaeTcst. TakuM o0pa3oMm, TeMIiepaTypa He-
CMEIIMBAIOIIMXCS XXKUIKOCTEM CHMXKAETCS IIPU yBe-
JIMYEHUU 3HAYEHUI TapaMeTpa MUKPOTOJISPHOCTU
¢. Bmustnue dusmyecku nmpreMyIeMbIX 3HAYEHUI Ma-
paMeTpa MUKPOHOJISIPHOCTHU ¢ HAa NPODIIb KOJIMYe-
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Puc. 4. TemmepatypHble npoduId IIsI HECMEIIMBAIO-
IIMXCSI HBIOTOHOBCKOM M MMKPOMNOJISIPHON KUIAKOCTEM

npyu  pasIudHbIX c: Q =1, = 0.6, A =0.5 n; =0.8,
P=-15Ha=0.5n =1.1, Nr =1, 98y =0.7,
Re =2.5, Br =0.5.

CTBa MPOU3BOACTBA SHTPOIUM TTOKA3aHO Ha puc. 5.
MpI HaOM0maeM, 9TO MPOGUIIbL KOJIMYECTBA MPOU3-
BOJICTBA YHTPONUU JTOCTUTAET CBOETO MUHUMAJIbHO-
ro 3HaueHUs Ha LIeHTpaIbHOM JIMHUY (TpaHulie pas/e-
J1a). Puc. 5 mokasbIBaeT, YTO MPOU3BOJACTBO SHTPOMUU
YMEHBIIIAeTCS TIPU YBEJUUEHUN 3HAYEHUI TTapaMeTpa
MUKPOTOJIIPHOCTU ¢, OMHAKO BOJIM3U LIEHTPaTbHOM
JuHUU (TpaHMILIbl pasiesia KUIKOCTEH) M3MEeHEHUE
Yyucja MpOU3BOACTBA SHTPOMNUU C POCTOM TTapaMeTpa
MUKPOIIOJIIPHOCTU MPOUCXOAUT B 0OPATHOM MOPSII-
ke. bonee Toro, Mbl Takxke MOXeM 3aKJIIOYUTh, UYTO
YUCJIO TIPOU3BOACTBA BHTPOMUM JOCTUTaeT OoJjee
BBICOKUX 3HAUYEHU B 00JIaCTU HbIOTOHOBCKOI KU~
koctu (PernoH-2) mo cpaBHEHUIO C 00JaCThIO MUK~
porosipHoii kuakoctu (Permon-1). OTo saBieHue
BO3HHUKAaET 13-3a 3((HEKTOB TPEeHUSI, KOTOPhIE Oojiee
3aMEeTHbl B ClIydyae HbIOTOHOBCKOW KMIKOCTH, YeM
JUJTSI MUKPOTIOJISIPHOM KUAKOCTH.

Ha puc. 6 mpencrtaBiieHO BIWSIHUE ITapaMmeTpa
MUKPOIOJISIPHOCTH Ha Mpoduib yrucia bexana. 3a-
MEYaeM, YTO YBEJIUYEHUE MapamMeTpa MUKPOIOJSIp-
HOCTH yCUIIMBaeT IIpodruts unciia bexkana mis HecMe-
IIMBaOIIMXC Xuakocteit. [paduk mokasbiBaeT, 4To
ynciao bexaHa nocturaeT 6ojiee BHICOKMX 3HAYEHUI B
00J1aCTU HBIOTOHOBCKOI kuaKoctu (PernoH-2), yem B
o0acTu MUKpoIoJsipHoi xkuakocTtu (Perron-1). OHo
JIOCTUTAET MAKCUMAaJIbHOTO 3HAYE€HUSI Ha LIEHTPaJb-
HOI MMHMU (TpaHUIIe pasaeia XUIKOCTeil). AHAJIO-
TUYHBIM BUJ M3MEHEHUs pacnpeneiaeHus yucia be-
>KaHa Y YMcJia MPOU3BOACTBA SHTPOIIMHY C POCTOM T1a-
paMeTpa MUKPOIOJSIPHOCTU ¢ ObUl OOHapyXeH
Takke B padbortax JAxxanrwin u ap. [16], IxaHruim u
Myptu [20] u CpunuBac u Myptu [29], KoTOpbIe
MOATBEPXKIAIOT PE3Y/IbTAT HAILIETO UCCIeN0BaAHUS.
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Puc. 5. lNpodunu konmmaecTa MpON3BOACTBA SHTPOTTUUN
IUIsI HeCMeIlIMBalolIeiicss HbIOTOHOBCKOW W MUWKPOTIO-
JISIPHOM KMIKOCTY B 3aBUCUMOCTH OT ITapaMeTpa MUKpPO-
nojsipHoctT ¢: Re=2.5 Q=1 P=-1.5 Ha=0.5,
n=Lnm=Lr=05n=1 Nr =1, Br =0.5,

8y =0.7.

Bauanue yucaa Peiinoavoca

Brnusnaue yrucna PeitHonpaca Ha TUHEHHYIO CKO-
pOCTb MOTOKA, YTJIOBYIO CKOPOCTh, MPOMUIb YMUCa
bexaHa, TeruioBble MOJISI U KOJIUYECTBO IIPOU3BOI-
CTBa BHTPOIMUM OKa3aHo Ha puc. 7—11. U3 puc. 7 3a-
MeJyaeM, YTO XapaKTEPUCTUKU JTUHEHHOIro TeyeHUs
HECMEIINBAIOIIMXCS XUIKOCTEe! yCUJIMBAIOTCS IIPU
YBEJTMYEHWHU 3HAYEHU I yncia PeiftHonbaca, v TUHEH-
Hasi CKOPOCTb JIOCTUTAET HECKOJILKO 00Jie€ BBICOKUX
3HAYCHUU B 00JIaCTU HBIOTOHOBCKOI xkuakoctu (Pe-
TUOH-2), YeM B 00JIaCTU MUKPOIIOJISIPHOM XXUAKOCTH
(Pernon-1). D10 sgBIeHME BO3HMKAET M3-3a BKJIada
MHEPLUMOHHBIX 3 (PEKTOB HECMEIITNBAIOIIINXCS KU~
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Puc. 6. I[Ipocdunp yucia bexaHa 1jist HeCMEIIMBaIOIINX~
CS1 HBIOTOHOBCKOM M MMKPOIOJSPHOU KUAKOCTEW Mpu

pa3UYHBIX 3HAaYeHUsX Tapamerpa c: Q =1, my =1,

me=1,1=05n; =1, P=-0.1, Ha=0.5,
Nr=1, 8, =0.6,Re =5 Br=0.38.
KOJUTOMAHBIN XKYPHAJI  Ttom 85 Nel 2023
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Puc. 7. I1poduim cKopocTr HECMEIIMBAIOIIMXCS HBIOTO-
HOBCKOW Y MUKPOIIOJISIPHOM KUAKOCTEN MIPU Pa3IUYHbIX
3HAYCHUSX Re: Q=1mnm =0.6m =11,
P=-2 Ha=0.5 Br=05A=0.5 n;=09 Nr=1,
89 =0.7,¢c=0.2.

Kocrteit. OnpeneneHre CKOPOCTU TEUEHUSI MUKPOTIO-
JISPHOM M HBIOTOHOBCKOM XXUIKOCTEN XOPOIIO CO-
IacyeTcs C pe3yJibTaTaMu, OIyOJIMKOBAHHBIMU B pa-
6orax [16, 20, 29].

HN3meHeHue Tipoduias YrioBOM CKOPOCTU IIpU
pa3IUYHBIX IMPEOIIOYTUTEIBHBIX 3HAYCHUSX YHCIIa
Petinonpaca mokasaHo Ha puc. 8. MoxXHO caeliaTh
BBIBO]I, YTO YIJIOBasi CKOPOCTh (CKOPOCTh MUKPOBpa-
IIEHNS) YBEIUYMBAETCS C yBeIMdeHeM yucia Peii-
HoJbaca. BnusHue yncia PeliHosbaca Ha TemIoBOE
oJie IPOUJIIIOCTPUPOBaHO Ha puc. 9. CiiemyeT oTMe-
TUTh, 4TO C yBeIndyeHneM uyrcia Re mpoduns Temire-
paTyphl yBeIUduBaeTcd B 00enx o0acTsIx KaHanaa, u
JIOCTUTAET HECKOJBKO 00Jjiee BHICOKMX 3HAYCHUI B
00JIaCTV MUKPOIOISIPHOM XKUIKOCTH IO CPaBHEHUIO
¢ 00JacThIO BsI3KOM kuakoctu HeiotoHa. ITpuumnna
3TOro akTa 3aKJII04aeTCs B TOM, UTO IIPU YBEJTMYCHUN
CKOPOCTH ITOTOKA HECMEIIMBAIOIIMXCS XKUIKOCTet
YBEJIMYMBAETCS pacCerMBaHUE SHEPTUHU U, CJIEI0BATE b~
HO, TIOBBIIIAETCS MX TeMIiepaTypa. Haim pe3ynbraThbl
JIJI1 TEMIIEPaTypHOTO MpOdUIs, YIIIOBOKM CKOPOCTU U
JIMHEMHON CKOPOCTU MOTOKA COITIACYIOTCS C pe3yJibTa-
TaMu, ONyOJIMKOBaHHBIMU B pabdotax [16, 20].

XapakTep M3MEHEHHMSI YMCJIa MPOU3BOACTBA DH-
TPONIUHU TIPU PA3INIHBIX PU3NIECKU O0OCHOBAHHBIX
3HAYeHUSIX 4urcia PeiiHonbaca moka3aH Ha puc. 10.
W3 storo rpadmka BMAHO, YTO MTpOodUITL YHUCIIa TIPO-
M3BOJACTBA SHTPONUU YBEJIUUNBACTCS C yBEJIMYCHUEM
3HaYeHuit yucia PeitHoapaca. DTo sBJIEeHNE BO3HU-
KaeT u3-3a 00Jiee BEICOKMX 3HAYEHU I TETIJIOBBIX Tpa-
JIUEHTOB U TPAIUEHTOB CKOPOCTH.

BrIio 3amMeueHO, YTO U3MEHEeHHe Yuciia TeHepa-
MY SHTPONNU BOJM3M CTEHOK KaHajla 0oJjiee BhIpa-
KEHO, B TO BpeMs KaK OHO UMEET MUHUMYM Ha IIeH-
TpaIbHOI TMHUM (TpaHUILIe pa3aeiia HECMEIINBalO-
muxcsd Xuakoctei). IlpmumHOT BO3HUKHOBEHMUS
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Puc. 8. INpoduan MUKpOBpamIaTeIbHON CKOPOCTH
MUKPOIOJIIPHOM KUIKOCTU MPH Ppa3HbIX 3HaYeHUsIX Re:

Q=1n =06m =11 P=-2,Ha=0.5
Br=0.5A=0.5mn,=09, Nr=1,063=0.7,¢c=0.2.

TaKOTO pe3yJibTaTa SIBJISIETCSl BsA3Kasl MpUpoaa KUi-
kocreit. [To Mepe yBeanueHUs BSA3KOCTU >KUAKOCTHU
YBEJIMUMBAETCSI U TPEHUE KUIKOCTU, TO3TOMY TpO-
M3BOJCTBO SHTPOINUU MAKCUMU3UPYET BOJIU3U CTE-
HOK. 37eCh Mbl OOHAPYKWUJIU, YTO MPOU3BOJICTBO DH-
TPONUU BbIllIE B 00JIACTH HBIOTOHOBCKOM >KUAKOCTHU
(PernoH-2), yeM B 00JIaCTM MUKPOTIOJSIPHOMN KU~
koctu (Pernon-1). IIpou3BonCcTBO HTPONMM BHIIIIE
B cllydae HBIOTOHOBCKOI >XWIKOCTH, MOTOMY YTO
HBIOTOHOBCKas JKUIKOCTb 00J1aiaeT Oobliieit BA3KO-
CThIO, YeM MUKpPOTMOJspHasl XUAKocTh. Hamm pe-
3y/JbTaThl, MO-BUIUMOMY, XOPOIIO MOATBEPXKIAIOTCS
pe3yJibTaTaMU, OINyOJIMKOBAaHHBIMU B pabotax [16,
20, 29]. Ananus npodwis yucina bexaHa npu pas-
JIMYHBIX TPEANOYTUTENbHBIX 3HAUEHUX yncia Peii-
HOJIb/CA TTOKa3aH Ha pUc. 11. DTOT pUCyHOK TTOKa3bl-
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Puc. 9. TemrniepatypHbie TTpodwin IjIsI HECMEIINBAIO-
IIAXCS HBIOTOHOBCKOW W MUKPOIIOJISIDHOU KMAKOCTEH
npu Pa3IUYHbIX 3HAYEHUSIX Re:
c=02,Q=1mn =06m =11P=-2

Br=0.5A=0.5 Ha=0.5 n, =09, Nr=1,98;, =0.7.
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Puc. 10. Kpusble nipo¢hwIsi TpOU3BOACTBA SHTPOITUHU LIS
HECMELINBAIOIUXCS HBIOTOHOBCKOW U MUKPOIIOJISIPHOM
KMIKOCTeM  MpM  pa3iIM4HbIX  3HaueHusix  Re:

¢c=02,Q=1Ln=Lnm=1 Nr=l, P = -0,
A =09 Ha=0.5n, =18 =0.9, Br = 0.4.

BaeT, 4yTo Inpoduib yucia bexxaHa yMeHbIIaeTcs C
yBeJIMYECHMEM 3HaUYeHUI ynciia PeiiHonbaca. Mbl 00-
HapyXwiu 0oJjiee BhICOKME 3HaYeHMs yncia bexana
Ha LeHTpaJIbHON JMHMU (TpaHULIe pa3lejia HecMe-
IIMBaIOIIMXCs XKuakocteii). Ho, oKojio HenmoaBuK-
HOM IUTaCTUHEI, npodwib yncna bexaHa ymeHbIIa-
eTcsl ¢ yBeJIMYeHMeM uncia PeiiHoabaca, 4To mpouc-
XOJIUT M3-3a BBICOKOM TMCCHUITALIIM SHEPTUU BOJIN3U
CTEHOK KaHayia. OTH pe3yJbTaThl IPEBOCXOOHO CO-
IJIaCYyIOTCSl C pe3yJibTaTaMHU, OIyOJIMKOBAaHHBIMU B
mmTepatype [16, 20, 29].

Bausnue yucaa lapmmana

AHanmm3 BIUSHUS ITapaMeTpa MarHUTHOIO IIOJIS
(uucna TaprmMaHa) Ha pacrpencjieHHe JMHEHHOMI
CKOPOCTH IIOTOKA HECMEIIUBAIOIIMXCS MUKPOIO-
JISPHOU Y HBIOTOHOBCKOM XMUAKOCTEN MPENCTABIIEH
Ha puc. 12. MbI 0OHapyXKWJIN, YTO YBEINISHUE YHNCIIa
I'aprmana, Ha, npuBoguT K IMaiecHUIO CKOPOCTH IO~
TOKa B 000X CEUCHUSIX HECMEIIMBAIOIINXCS XKUTKO-
cTteit. MBI TIpoaHaJIM3upoBaII ¢ PU3NICCKON TOUKH
3pEHMs, YTO II0 Mepe YCWICHUS HaMpPsSKEeHHOCTU
MarHUTHOIO IO/ CKOPOCTh ITIOTOKA HECMEIINBalo-
IIUXCS XUIKocTeir ymeHbmiaercsa. CylecTBoBaHUE
MarHUTHOTO IIOJISI B IIpoLecce TEYSHUS XKUIKOCTU
CO31aeT CUJTy COIPOTUBJICHHUS, 1 9Ta CHJIa COIIPOTUB-
JIEHUSI IPOTUBOAEMCTBYET OBMXKECHUIO KMIKOCTU B
KaHajie, M, CJIeIoBaTeIbHO, IBXKEHE MUKPOIIOJISIp-
HOI1 1 HBIOTOHOBCKOM XXMIKOCTH 3aMeIJISIeTCsI B 00e-
ux obiacTax KaHana. I'paduyeckme pe3yabpTaThl 10~
BEICHMSI YIVIOBOI CKOPOCTH IIPU Pa3IMYHBIX 3HAUYe-
HUsIX unciia FaprMana nmoka3aHbI Ha puc. 13. Ha aTtom
PUCYHKE MbI BUIYM, YTO YBEJINYECHNE 3HAYCHUI UnC-
Ja TapTMaHa IIPUBOAUT K YMEHBIIEHWIO YIJIOBOM
CKOpOCTH (MHUKPOBpAILIEHUSI) MUKPOIIOJISIPHBIX Ya-
CTHUII XUIKOCTU. AHAJIOTUYHbIE HAOIIONCHUS 3a Xa-
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Puc. 11. Kpusie uameHeHus uncia bexaHa mist Hecme-
IIMBAIOIIMUXCS HBIOTOHOBCKOU MU MUKPOMOJISIPHOM XU~
KocTeit npu Pa3TUYHBIX 3HAYEHUSIX Re:

¢=02,Q=1n =1 =1,P=-0.11=09 Ha=0.5
ng =1, Nr=1, Br=0.4, 8 =0.9.

pPaKTepUCTUKAMMU YIJIOBOM CKOPOCTHU U IMOTOKA C PO-
cToM uwnciaa [apTMaHa O6bUTM TpeacTaBiacHbI JIKaH-
rvi 1 Myptu [20], AnaBoMm u JIxaiicBanoMm [36].

Bausinue napamempa yena Hakaoua

Y10o0BI NpOaHAIU3UPOBATh IIOBEACHUE TMHEWHOM
U YIJIOBOI CKOPOCTU ITOTOKA MPU Pa3IMYHbIX 3HAYEHU -
SIX TIapaMeTpa yIJIa HaKJIoHa MarHUTHOTO MOJIST K Bep-
TUKAITBHOI OCH, MBI TOCTPOWJIN TpadrKy Ha puc. 14, 15.
Lenpio puc. 14 gaBnsieTcss aHaIM3 BIUSTHUS U3MESHEHUST
napaMeTpa ymia HakJioHa A = cosO (0 < A < 1) Ha xa-
PAKTEepPUCTUKN IIOTOKA HECMEIIMBAIOIINUXCS SKHUIIKO-
creit. I'padpmk TMHEHOM CKOPOCTH TIOTOKA TIPU pas3-
JIMYHBIX 3HAYEHMSIX TTapaMeTpa yrjia HakJoHa (hopMU-

[=)}

CKopocTb
N

\S]

Puc. 12. IMpodwimn 1rMHEHON CKOPOCTU HECMEIIMBAIO-
IIMXCS HBIOTOHOBCKOM M MMKPOMNOJISIPHON KUIAKOCTEM
npu pasnuyHelx yuciaax laptmana: 0y =0.7, Q =1,
n, =06, m =11, A=0.5 P=-2, ¢=0.2, n; =0.9,
Re=8 Nr=1 Br=0.5.

KOJJIOMOHBIN JKYPHAJ Ne 1

TOM 85 2023



AHAJIN3 MMPOU3BOJCTBA SHTPOITNA 115

MukpoBpallarejibHast CKOPOCTh

Puc. 13. [Ipodunu MUKpoOBpalllaTeIbHbIX CKOPOCTENH M
IUTSI MUKDOITOJIIPHOM XXHMIKOCTH MPU Pa3IMYHBIX YHACIaX

TaprmaHna, Ha: 89 =0.7,Q=1, n, =0.6,
m=1LAr=05P=-2, ¢c=02,n=09 Re=S§,
Nr=1, Br=0.5.

pyer  mapaboiauyecKuii  Ipodmib,  KOTOPHIM

JIOCTUTAET CBOEI0 HAaMBBICILIETO 3HAYEHMsI Ha TPaHUILIE
pasnena xwuakocteil. bonee Toro, u3 puc. 14 cienyer,
YTO CKOPOCTb T€UECHUS MUKPOMOJISIPHON M HBIOTO-
HOBCKOM XMIKOCTEW yBEJIMYUBACTCI C YMEHbIICHU -
€M 3HaueHUIi mapaMeTpa yrjia HaKJIoHa MarHUTHOTO
nojisi. 9To (pU3nYecKoe SIBJIEHNE BO3HUKAET M3-3a
MPUCYTCTBUS CUJIbI CONTPOTUBIeHUs JIopeH1ia, KOTO-
past pa3BUBaAETCs U3-3a ASUCTBUS IIOCTOSSHHOIO Mar-

HUTHOTIO ITOJIA ITo4 YIJTIOM g —-0K HaIrpaBJICHMUIO I10-
TOKaA.

Cuita cornpoTtuBieHus JlopeHla ycuinuBaeT I1BU-
KEHME KUAKOCTU W YyIPABISIET MOTOKOM XUIKOCTHU
o BCceMy KaHasly. AHaJIOTMYHBIN XapakTep rpaduka
IJIsT CKOPOCTH TIOTOKa TPU Pas3IMYHBIX 3HAYEHUSIX
rnapaMeTpa yrja HakJIoOHa MoJjiydeH B paborax [8, 9].
Ha puc. 15 mokazaHo, 4To yrjioBast CKOpOCTb yBEJIN-
YUBAETCS C YMEHBIIIEHUEM MTapaMeTpa yrjia HaKJIoHa.

I'pacprueckue pe3yIbTaThl 1151 YKUCIA IIPOU3BOICTBA
SHTPOITMH TIPU Pa3IMYHBIX 3HAYCHUSIX TTapaMeTpa yrjia
HaKJIOHa MOKa3aHbI Ha puc. 16. W3 sToro rpacdmka Mbl
OpUXOOMM K BBEIBOMY, YTO OOpa3oBaHUE SHTPOIIMU
UMeeT MMHMMYM Ha LIEHTPaJbHON JMHUM (TpaHULIC
pasznena XUaKocTeit), B To BpeMsl KaKk OHO UMEET MaK-
CHMMYM Ha CTeHKE 00JIACTM HBIOTOHOBCKOM KMIKOCTH.
DTO IBJICHNE BBI3BAHO HEOOPATUMOCTBIO TPESHUST KT~
KOCTH, KOTOPOE€ MUHUMAJIBHO B LIEHTpe KaHana. Ipa-
¢uaeckoe nccnenoBaHue ynciaa bexana mist psiga 3Ha-
YeHWI TapaMeTpa yIjla HakKjJoHa IPeACTaBIeHO Ha
puc. 17, KoTopblit HOKa3bIBaeT, YTo Mpoduib yucia be-
JKaHa YBeJIMYMBAETCSI C YMEHBIIICHUEM 3HAYeHUIA T1a-
paMeTpa yrjia HakJIOHa OTHOCHUTEIbHO LIEHTPaJIbHOMI
JIMHUM (TPaHULIbI pa3iesia HeCMEIIMBAIOIIMXCS KU -
KOCTei1), OMHAKO B APYroii 4acTW KaHalla OH YBEJIU-
YMBaeTCs C yBeJIMUYEHMEM IIapaMeTpa yrjia HakKJIoHa.
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Puc. 14. IIpodmim 1TuHEHHON CKOPOCTH HECMEIIMBAIO-
IIMXCSI HBIOTOHOBCKOM M MUKPOMNOJISIPHON KUIAKOCTEM
npu pasauuHblX A: Br=0.5 Q=1 P=-2, Re=2,
n,=0.6, ;e =1.1, n; =0.9, Nr=1, ¢=0.2, § =0.7,
Ha =5.

AHaJIorMyHble HAOMIOAEeHUST MMOBENCHUS TTPOU3BO/I-
CTBa SHTPOIMHU U TIpod ISt uncia bexaHa ¢ pazmmd-
HBIMU (HU3NYECKU TIPUEMIIEMBIMU 3HAYCHUSIMU T1apa-
MeTpa yIJla HaKJIOHa IpUBeIeHEBI B padboTax [59, 60].

Bausnue napamempa uznyuenus

3aech MbI 00CYyXAaeM BIIMSHUE MapaMeTpa U3Jy-
yeHuss Nr Ha KOJIMYECTBO 00pa30BaHUSI SHTPOIIUM,
TerI0BOI mpod b 1 Mpoduiab yncaa bexana. Ana-
JIM3 TEMJIOBOTrO MPOodMIsa HECMEIIUBAIOIINXCST KU~
KOCTe! IIPY HECKOJIbKMX 3HAYCHUSIX ITapamMeTpa u3-
JIydeHUs TToKa3aH Ha puc. 18. M3 puc. 18 cienyer, uro
110 Mepe YBEJIMYCHMSI TTapaMeTpa U3 TydeHUs: N1 TeMITe-
parypa KUIKOCTE CHIDKASTCs M3-3a MOIIOIICHMS Tell-
JIOBOI SHEPTUY U3 HECMELLIMBAIOLLIMXCS XXKUIKOCTEM.

0.025
0.020
0.015

0.010

0.005

MukpoBpaiareabHas CKOPOCTh

Puc. 15. INpodwin MUKpoBpalaTeJIbHOM CKOPOCTU ®
MUKPOMOJISIPHOM KUAKOCTH MPU Pa3IMUHBIX 3HAUCHUSIX

A Br=05 Q=1 P=-2 Re=2, n, =06, n =11,
Ny =09, Nr=1,¢=02 8 =0.7, Ha=5.
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Puc. 16. ITpodrimn konnyecTBa MpOU3BOACTBA SHTPOIUU
IUIsT HECMEIIIMBAIOIIMXCSI HBIOTOHOBCKOW W MUWKPOTIO-
JISIPHOIM XKMIKOCTEM TMpU pas3iUYHbIX 3HAYEHUSIX A:
c=0.2, P=-0.1, Br=0.1, =1, m =1, Ha=0.5
ne =L, Nr=19,=0.9, Q=1 Re=5.

AHanum3 npouIsi IpOU3BOACTBA SHTPOIINU OTHO-
CUTEJIbHO Pa3JIMYHbIX YMCIOBBIX 3HAUEHHUI apaMeT-
pa uznydeHus Nr rmokasaH Ha puc. 19. VI3 npuBeneH-
HOTI'O PYCYHKA BUIHO, YTO IIPOM3BOJICTBO SHTPOIINU
YMEHBIIIAeTCs MpHU yYBeaWdeHUM 3HadeHui Nr. [1pm
5TOM MMHUMaJIbHOE 3HaUeHMEe KOJIUJecTBa o0pas3o-
BaHMS SHTPONNU UMEET MECTO Ha LIEHTPaIbHOM JIM-
HUU KaHaJla, TOraa Kak MaKCMMaJIbHOE 3HaYeHUE J0-
CTUTaeTCsl Ha HEMOABUXXHOM CTeHKe 00J1aCTU HbIOTO-
HOBCKOI KMIOKOCTH. DTOT pe3yJbTaT ITOKa3bIBaeT,
YTO TOBBIIIEHUE MapaMeTpa U3IYyYeHUsI ITPUBOIUT K
CHUXXEHUIO TEIUIOBOTO MPOdUIIsi HECMEIIMBaOIINX-
Cs XKUIKOCTEM, a TaKKe K YMEHBIICHUIO BEIpAa0OTKH
SHTPOITMH 3a CYET TeIJIO0OMeHa B ToJjie moTtoka. M3
ATOTO PUCYHKa MBI TaKKe TIPUXOAUM K BBIBOMY, UTO
OoJIpllIMe 3HAYCHMsI ITapaMeTpa U3IydeHusT NI oKa-
3bIBAlIOT MEHbIIIEE BIMSIHNUE Ha KOJMYECTBO T'eHepa-
LIMM SHTPOIMU, YeM €ro MeHbllIne 3HaueHus . [ToBe-
JIEHUEe 4Kclia IIPOM3BOACTBA SHTPOIIMU C ITapameT-
pPOM M3JIy4eHMs TaKoe Xe, Kak U B padborax [12, 16,
17]. Puc. 20 mocTpoeH 1 aHanu3a BIUSHUS Tapa-
MeTpa m3nydeHuss Nr Ha npodwib uynciia bexana.
Pucynok ummocTtpupyer, aro rpodmiis unciia bexkana
yAaydIiaeTcsl Tpy yBEJIMUSHUU 3HAYEHMI TapameTpa
M3JIy4eHUS 1 JOCTUTAET OOJBIIEro 3HAYeHUS B CPEIHEN
TOYKE KaHaJIa ¥ MUHMMAaJIbHOTO 3HAYEHMST Y CTEHKM Ka-
Hana. [ToBegeHue mpodwist yucia bexaHa ¢ mapamer-
pPOM U3JIydeHUsI TaKOe Xe, KaK U B paboTtax [16, 17].

Bausnue napamempa 6sa3Kk0il duccunayuu

B aToM moapasnesnie Mbl MpOaHATU3UPOBAJIHA Ipa-
duyeckue pe3yabTaThl BAUSHUS MapaMeTpa BsI3KOM
JUccUIialiy Ha mpod b uncia bexxana, a Takke Ha
npoUIIb YMCjIa TeHEePalluKy SHTPONTUU. AHAJIN3 TTPO-
W3BOJCTBA SHTPOIIUM JJIsI pa3IMYHBIX YMCIOBBIX 3HA-
YeHUI MmapaMeTpa BSI3KOM TUCCUTIALIMK TOKa3aH Ha
puc. 21. DTOT TepMOTMHAMWYECKII TTapaMeTp SIBIIsSICT-

100 r }\/ — 05 <7:,T._\__ ~ }\, = 075
0.99 - /
A=0.9
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Puc. 17. IIpodwin uucina bexaHa o1 HecMeIlIMBarO-
IIAXCS HBIOTOHOBCKOW W MUKPOIIOJISIDHOU KMAKOCTEH
IUJISL pa3InyHbIX 3HaueHuit A: ¢ = 0.2, P =-0.1, Br = 0.1,
m=1m=1,Ha=0.5n,=1,Nr=1 089 =09, Q=1,
Re =5.

cs1 6e3pa3sMepHBIM YUCIIOM, KOTOPOE UTPAET SKU3HEHHO
Ba)KHYIO POJIb B aHAJIM3€E IMPOU3BOIACTBA SHTPOITUH.

W3 puc. 21 BugHO, 9YTO MPOMU3BOICTBO SHTPOITUH
YBEJIMUMBAETCS C YBEJIMUEHUEM MapaMeTpa JUCCUTIa-
nuu. M3 3Toro pucyHka Takke 3akKJIrodaeM, 4To I1a-
paMeTp OUCCUIIAIIMU OKa3bIBaeT MEHbIICE BIUSTHUC
Ha IPOU3BOACTBO SHTPONUU BOJIU3U I'PaHUIIbI pa3/e-
JIa HECMEITNBAIOIINXCS KUIKOCTEM, OMHAKO OH OKa-
3pIBaeT MaKCHUMAaJIbHOE BJIMSHHWE Ha IIPOM3BOICTBO
SHTPOIIMM Ha CTeHKaX KaHajia. DTU pe3yJbTaThl CO-
mIacyrloTcs ¢ BeiBomamu Penmu [61].

BnusitHue mnapamerpa BsI3KO AuccUNalUMy Ha
npodmb ynciaa bexaHna wmoctpupyet puc. 22. Ha
3TOM PUCYHKE OOHapyxXuBaeM, 4YTO NMpodujb Yucia
bexxaHa yMeHblIaeTcsl MpU YBEJIMUYEHUN MapaMeTpa
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Puc. 18. TemmneparypHble KpuBblE IS HECMEIIMBAIO-
IIECsS HBIOTOHOBCKOM W MUKPOIIOJSIPHOM >KUIAKOCTHU
OpU pas3IMyHbIX IapamMeTrpax usiaydyeHus Nr, Koraa
80 =07, Q=1, n, = 0.6, m =1.1, P=-2, Ha=0.5,

Br=0.5A=0.5n;, =09, Re=2,¢=0.2.

KOJUIOUOHBIN XYPHAJT Ttom 85 Nel 2023



AHAJIN3 MMPOU3BOJCTBA SHTPOITNA 117

§ Pernon-2 Pervnon-1
S 0256
=
T
m™
20.254}
)
2
o)
5 0.252F
o)
2,
= , -
0.250H . | |
-1.0 —0.5 0 0.5 1.0
y

Puc. 19. ITpodrim KomyecTBa MPOU3BOACTBA SHTPOITUMN
IUIST HECMELIMBAIOLIEICs HBIOTOHOBCKOM M MMKpPOIIO-
JIIPHOM XKUAKOCTH TIPU Pa3IMYHbBIX ITapaMeTpax Uu3jiyde-

Husg Nr, korna Q =1, Ha=0.5, n; =1, n, =1, m =1,
Re=2,P=-0.1,A=0.9,¢=0.2,9y =0.9, Br =0.4.
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Puc. 21. IIpoduau yncia mpou3BOACTBA SHTPOIIUHU ISt
HEeCMEIINBAIOIIECs] HBIOTOHOBCKON M MUKPOTIOJISIPHOM
KUJKOCTH TIPU PA3TUUHBIX Br/ Q, xorma Q =1, Ha = 0.5,
ng=1m =1 m =1 Re =5, P=-0.112=09,¢c=0.2,
89 =0.9, Nr =0.1.

JUCCUTIALIMU, a TpaeKTOpuu nmpoduist uncia bexxaHna
JOCTUTAIOT CBOETO HAWBBICIIETO 3HAYEHUs Ha IeH-
TpaJIbHOM TMHUM KaHana. ['padpmueckue pe3yabTaThl
BJIMSIHUSI BSI3KOM NUCCUMALIMM Ha YKCJIO oOpa3oBa-
HUSI DHTPONUU BMecTe ¢ unucioM bexaHa mMelor Ty
K€ TIPUPOY, YTO U NnosydyeHHble CPUHUBACOM U JIp.
[17], CpunuBacom u Myptu [29].

OTMeTUM, 4TO B JaHHOI paboTe UCTIOIb30BaIUCh
OIpeAessiolie ypaBHeHUs1 i1 ONKUCaHUsl JBUXKe-
HUSI MUKPOMOJSPHON XUIAKOCTHU, 3arlucaHHbIE B
dopme DpunreHa [33, 34]. B pabore [62] mpoBeneHO
CpaBHEHUE Pa3IMYHbIX 3aMUCeil ONpPeaesSIoNINX ypaB-
HEHUI ¥ TpaHWYHBIX YCJIOBUI, B TOM 4ucjie B (popme,
npemioxeHHoit Hopaukum [63]. Tam Xe mpuBeneH
0030p CYIIECTBYIOIIMX aHATUTUUECKUX PEIIEHU u
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Puc. 20. IIpodwim yucina bexaHa o HecMelIMBaiO-
meiicss HbIOTOHOBCKOM M MUKPOMNOJISIPHON XKUJIKOCTHU
TIpY pa3IMYHBIX MapaMeTpax uairydeHust Nr, Korga € = 1,
Ha=0.5 n;=1 mo=1 m =1 Re=2, P=-0.1,
A=0.9,¢=0.2 065=0.9,
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Puc. 22. Ilpodwim uucina bexaHa o HecMelIMBaiO-
IIMXCSI HBIOTOHOBCKON M MUMKPOMNOJSPHON KUIAKOCTEM

JUIA pa3/IMYHBIX MapaMETpOB AUCCUITalIUN BI'/Q, Koroa
Q=1,Ha=05n=1n=1,m=1LRe=5 P=-0.1
A=0.9,c¢=02 8,=09 Nr=1.

BO3MOXHBIX TTPUIOXEHU MUKPOIIOJISIPHOI TeOpUH,
paccMOTpeHa MeXaHW4YeCKM OO0OCHOBaHHasI ITOCTa-
HOBKa 3a7a4¥ IS TeYEHUSI MUKPOIIOJISIPHOM XKUIKO-
CTU B TIOpUCTOM cpene Tuna bpuHkmaHa.

5. BAKJITOYEHUE

B manHoi#1 paboTte m3ydyaeTcs TEIUIOBOE TTOJIe, Xa-
PaKTepUCTUKHU ITOTOKA, YnCciIo bexkaHa u mpoBoauTCs
SHTPOIMMAHBINA aHAJIN3 TEYEHUS HECMEIITUBAIOIINXCS
MUKPONOJISIPHOM M HBIOTOHOBCKOM BSIZKMX >XKUOKO-
CTell B IUIOCKOM KaHajie. IIpon3BoaCTBO 3HTpONUU
aHAIM3UPYETCS ¢ MCIOJb30BaHUEM BTOPOIO 3aKOHA
tepmonmHaMuku. [1pencraBiaeHo moapooHoe 0ObsIC-
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HeHMe 00pa30BaHMSI SHTPOIINHU IIPY IIPOTEKAHNY He-
CMEIIMBAIOIIMXCS XUIKOCTEel BHYTPM KaHajla IO
BO3ICHCTBUEM PagIHAlIOHHOIO TEIUIOOOMEHA 1 OpPH-
eHTUPOBAHHOIO0 MarHuUTHoro Trond. JdnddepeHnn-
aJIbHbIE YpaBHEHMS IUISI pacCMaTpyMBaeMOM 3amadu
pellIeHbl aHAJIMTUYECKN KJIACCMYECKUM METOIOM U
MMOTy4YeHbl MaTEMaTUIECKNE BhIPAXKECHUS IS TTOJIei
TeMIIepaTyphl U IMHEMHOM U YIJIOBOI CKOpOCTeii He-
CcMeIIMBaoIINnXcsl XuakocTeit. [padpmaeckn o0CyxK-
JaeTCS BIUSHUE Pa3IMIHbBIX ITapaMeTPOB, TAKUX KakK
mapaMeTp M3IydeHus, ITapaMeTp yrjia HaKJIOHA Mar-
HUTHOTO MOJIsI, MapaMeTp BSI3KOI TUCCHUITALIN, YMC-
110 PeiiHomnpaca, ynciio 'aprMana, mapaMeTp MUKPO-
MOJISIPHOCTH, Ha TIpod b uncia bexxana, TeruioBoit
MpoUiIb, KOJMIECTBO 00pa30BaHMsI SHTPOITNM U Xa-
pakTepUCTUKHU IToToKa. [IpoBemeHHOE UCciefoBaHNE
IIPOM3BOMICTBA SHTPOITUM IIPU MIPOXOXKICHNUN HECME-
IIMBAIOIINXCS KMAKOCTEM IO KaHATTy MMEeT MHOXKe-
CTBO IIPAKTUYECKMX IIPUIIOXKEHUI B TEPMOSIEPHBIX
peaxKTopax, CUCTeMax OXJIaXIeHUsI, HE(TEIIPOayKTax
u T.11. Pe3ynbraThl, mojlydeHHBIE IJISI paccMaTpuBae-
MOM 3ama4u, MOT'YT OBITh MCITOJIb30BAaHbI IIPHU OXJIa-
XKICHUN SIIEPHBIX PEaKTOPOB, KOHTYPOB TEILIOBBIX
DJIEKTPOCTAHIINI, caMojieToB 1 T.1a. IloaToMy aHamm3
SHTPOIMHU IIPEAOCTABIISIET IIpeABapUTEIIbHBIC 3HAHUS
00 yJIy4illeHUM KOHCTPYKIIMM CUCTEMBI, TOBHIIIICHUN
ee 3(PEKTUBHOCTU U ONTUMHU3ALUMN YCIOBUM 3KC-
mwiyataiguy. C y4eToM 3TOTO KOHTEKCTa IIPUBEICH-
HOEe 37eCh OOCyXIeHre OOeCIeurMBacT HAWIyJINe
pe3yabTaThl IJIsI MUHUMM3AMKA IIPOM3BOICTBA SH-
TPOITMM ITyTEM aHaIK3a BIUSHUS Pa3IMYHBIX BO3HU-
KaIOIIMX TeIUIOBBIX ITapaMeTPOB 1 NapaMETPOB IOTO-
Ka, TaKMX KakK I1apaMeTp U3Iy4eHHs, ITapaMeTp BI3-
KO muccumanuu, 4uciao laprmaHa, 4wuciIo
PeitHonbaca, Ha yncio bexxaHa, TerioBoi mpoduib,
YKCJIO IPOU3BOACTBA SHTPOIUU U CKOPOCTH IIOTOKA.
Brnusiane pammualimoHHON Terionepeaadyyr Ha ITOTOK
XKUOKOCTU M TeIUIoIlepenady HEeCMEIINBaIOIINXCS
XKUIKOCTE M3y4eHO C MCHOJIb30BaHUEeM AUddy3m-
OoHHoOro mnpubmrokeHus PoccenraHma B ypaBHEHUU
sHeprum. JlaHHas paboTa MOXeET OBITh ITOJIE3HA IS
YYEHBIX, MCCIEOOBATeNIC, NHKEHEPOB 1 IIPOMBIIII-
JICHHUKOB, KOTOpPbIE PabOTaIOT B 00JIACTSIX, CBSI3aHHBIX
¢ teronepenadeii. M3 mpeacraBiIeHHOro MCClIeaoBa-
HUS CIeJIaHbl CISAYIONIE BBIBOMIbI.

1. BeISICHEHO, YTO TEIJIOBBIE XapaKTEPUCTUKUA U
MOBeAeHME ITOTOKA HECMEIIMBAIOIINXCS KMIAKOCTEM
MOTYT OBITh YBEJIMUYEHBI 32 CUET YMEHBILICHUS BEJIU-
YMHBI ITapaMeTpa MUKPOIIOJISIPHOCTU. Yuciio mpou3s-
BOJICTBA DHTPOIMU JTOCTUTAET MUHUMAJIBHOIO 3HaYe-
HUS Ha LICHTPAJIbHOM JTMHUM KaHala U MaKCUMaJIbHO-
ro 3HAY€HUS — Ha HEIOABMXXHON CTEHKe 00J1acTu,
3aHMMAaeMOl HBIOTOHOBCKOM BSI3KON XXMAKOCTBIO.
DTO OTKpBITHE IIpEArojiaracT, 4YTo HeoOpPaTUMOCTh
TPEHUST XUIKOCTH, BOZHUKAIOIIAS Ha MOBEPXHOCTU

KaHaJja, YBCJIMYUBACT ITPOU3BOACTBO SHTPOITMU B 006-
JIACTU HBIOTOHOBCKOM >XXKMIKOCTHU.

2. U3 IIPOBCOCHHOIO MCCIIEAOBAHUA MOXHO CIOC-
JIaTb BbIBOJ O TOM, YTO yIJIOBasd " JIMHEHAa CKOpO-
CTHM IMIOTOKa YMCHbLINAIOTCA C YBCIMYCHHECM 4YHUCiIa
FapTMaHa. C1o) IIPOUCXOOUT MN3-3a HAJIOKCHUSA Mar-
HHUTHOIO IIOJA B PEXMMAX TCUYCHMA, CO3dAr0IICTO
MarouTornapoOaunHaMHUICCKYIO CHJIIYy COIIPOTHUBIIC-
HUsA, KOTOpas HpOTHBOﬂCﬁCTByeT ABU2KCHHIO KM -
KOCTH 1 3amemisaeT ero. OmicaHHoOe sIBJICHUE YKa3bI-
BacT HA TO, YTO IMPUJTOKCHHOC ITOCTOAHHOC MAIrHUT -
HOC€ TII0JI€ B HaAIpaBJICHUMN IIOTOKAa OKa3bIBACT
PE3NCTUBHOC BJIIMAHNC Ha l'[pO(bI/U[b CKOpPOCTH.

3. [IomydeHo, 4To ¢ yBeanmdeHHeM yuciaa [apTtma-
Ha TIPOM3BOACTBO SHTPOITMH YMEHBIITAETCS BO BCEX 00-
JIACTSX KaHaJIa, 32 UCKITIOYEHUEM IIEHTPATBbHOM JIMHUH
1 BOJMIM3M Hee (TpaHWIIB pas3aesia HeCMEITNBAIOIINXCS
KUIKOCTe!). YBelmmueHne 3HaYeHUsI TTapaMeTpa Mar-
HUTHOTO TIOJNIST TIOHIDKaeT Tpodriib ymcia bexkaHa
BOJIM3M HETTOABMXXHOM CTEHKM KaHaJa.

4. HaiimeHo, 4TO yBeIMUEeHUE MMapaMeTpa BSI3KOM
JUCCUTIALIMK TaKKe MOHMXKaeT Mpoduib uncia be-
KaHa, B TO BpeMs KaK OHO MOBBIIIAET MPO(UIIL YHC-
JIa MpOoM3BOACTBA dHTponun. OOGHAPYKEHO, YTO U3-
3a yBEeJIMUCHUS JOCTYITHOM HEPTUH Ha LIEHTPATbHO
JIMHUM (TpaHUlle pasaesia HeCMEeIIUBaIOIINXCST KU/ -
KOCTEi1) MPOU3BOACTBO SHTPOIUU TaM MUHUMAJILHO.

5. INomyyeHHBIE 1 OOCyXmaeMble 30eCh TaHHbBbIC
IMOKA3bIBAIOT, YTO TEIUIOBbIE XapaKTEPUCTUKU He-
CMEIIMBAOIINXCI XUIKOCTEel YMEHBIIAIOTCS C YBE-
JIMYeHUEM mapaMeTpa u3nydeHus Nr. DTo sBjIeHUE
BO3HUKAaET U3-3a MONIOIEHMS TeIJIOBOI SHEPTUU U3
HECMEIINBAIOLINXCS XUIKOCTEM.

6. Takke ceyiaH BBIBO, O TOM, YTO XapaKTEPHUCTUKI
TEYEHUS HECMEIIMBAIOIIUXCI MUKPOIOJSIPHON M
HBIOTOHOBCKOM KMIKOCTEN SBISIOTCS ITapadoide-
CKMMH U JOCTUTAIOT CBOMX 00JIee BRICOKMX 3HAYCHU I
B 001aCTU HbIOTOHOBCKOM BSI3KOM >KMJIKOCTHU.

7. Uncno PeitHoBICA MOXKET OBITh NCITOJIE30BAHO
IJIE KOHTPOJISI paclpelesieHusT IMOTOKa, CKOPOCTU
MUKpOBpallleHUs, KOHBEKTUBHON TEIUIONEepeIadyu 1
MIPOU3BOACTBA SHTPOIUM B IPOTOYHOI cpefe.

8. BaxHbIi1 BEIBOI, KOTOPBII BBITEKACT U3 HACTO-
SIIIET0 UCCIeA0BaHUSs, 3aKII09aeTCsI B TOM, YTO YBe-
JIMYMBAIOIIMECS 3HAYSHMsI ITapaMeTpa yIjia HakKJIoHa
MarHMTHOTO IIOJSI YMEHBIIAIOT CKOPOCTh IIOTOKAa,
CKOPOCTb MUKPOPOTAIIUX U 00pa30BaHUE SHTPOIUN
JIByX HECMEIIMBAIOIIMXCSI MHUKPOIIOJSIPHON 1 HBIO-
TOHOBCKOM XHUIKOCTEN B KaHAJIE.

HccnenoBaHue mpoBeaeHO i1 YCTOMYMBOIO, He-
CXKMMaeMOT0, M3JIy4yaloliero, 0CECUMMETPUIHOTO U
MMOJTHOCTBIO PAa3BUTOTO TEYSHMSI HECMEIIMBAIOIIINXCS
HBIOTOHOBCKOI U MUKPOTIOJSIPHOM XUAKOCTEH € MO-
CTOSTHHBIMM TEIJIOBBIMM CBOMCTBAMU U CBOMICTBaMU
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TEKY4YECTH, T.€. TSTIOIIPOBOIHOCTD, BI3KOCTh M ITPO-
HHUIIAeMOCTb IPUHUMAIOTCS B KaUeCTBE ITOCTOSTHHBIX
BemaiH. OTMETUM, UTO JaHHOE MCCIeIOBaHNE MO-
KeT OBITh pacIIMpPeHO Ha SIBICHUS ITepUCTAIbTIYC-
CKOTO TIepeHOCca IBYX HECMEIIMBAIOIINXCSI MUKPO-
MOJISPHOM Y HBIOTOHOBCKOM XXUAKOCTE! B TIOPUCTOM
WA HETIOPUCTOM KaHajle TIyTEM pacCMOTPEHUS M3Me-
HSIIOIINXCS CBOMCTB ITOTOKA, TAKMX KaK TepeMeHHas
TEIIOIIPOBOIHOCTD, BA3KOCTh Y IPOHUIIAEMOCTb.

OMHAHCHUPOBAHUE PABOThI

Pa6ota B yacT aHaJIM3a MOJIy4eHHBIX PE3YIbTaTOB BhI-
MOJTHEeHA TIPYU YaCTUYHOM TToaaepKe Poccuiickoro Hayu-
Horo ¢onna (rpant Ne 20—19—-00670).

KOH®IMKT MHTEPECOB

ABTOpI:I 3adABJIAI0T, YTO Y HUX HET KOH(I)JII/IKT& MHTEPECOB.

CIIMCOK JIMTEPATYPbI

1. Blum E.L., Zaks M.V., Ivanov U.1., Mikhailov Y.A. Heat
exchange and mass exchange in magnetic field, Riga:
Zinatne,1967.

2. Hartmann J., Lazarus F, Hg-Dynamics Copenhagen:
Levin & Munksgaard, 1937.

3. Globe S., Laminar steady-state magnetohydrodynamic
flow in an annular channel // The Phys. Fluids. 1959.
V.2.Ne 4. P. 404—407.

4. Gold R.R. Magnetohydrodynamic pipe flow. Part 1 //
J. Fluid Mech. 1962. V. 13. Ne 4. P. 505—512.

5. Tani I. Steady flow of conducting fluids in channels un-
der transverse magnetic fields, with consideration of hall
effect //J. Aerosp. Sci. 1962. V. 29. Ne 3. P. 297—305.

6. Soundalgekar V., Vighnesam N., Takhar H. Hall and ion-
slip effects in MHD Couette flow with heat transfer //
IEEE Trans. Plasma Sci. 1979. V. 7. Ne 3. P. 178—182.

7. Soundalgekar V., Uplekar A. Hall effects in MHD Cou-
ette flow with heat transfer // IEEE Trans. Plasma Sci.
1986. V. 14. No 5. P. 579—583.

8. Nikodijevi¢ D., Stamenkovic¢ Z., Milenkovi¢ D., Blagoje-
vi¢ B., Nikodijevic J. Flow and heat transfer of two im-
miscible fluids in the presence of uniform inclined
magnetic field // Math. Prob. Eng. 2011. V. 2011. Arti-
cle Ne 132302. P. 1—18.

9. Nikodijevic D., Milenkovic D., Stamenkovic Z. MHD
Couette two-fluid flow and heat transfer in presence of
uniform inclined magnetic field // Heat Mass Transf.
2011. V. 47. Ne 12. P. 1525—1535.

10. Shah N.A., Alrabaiah H., Vieru D., Yook S. Induced
magnetic field and viscous dissipation on flows of two
immiscible fluids in a rectangular channel // Scientific
Reports. 2022. V. 12. Ne 1. P. 1—-14.

11. Srinivas S., Muthuraj R. Effects of thermal radiation
and space porosity on MHD mixed convection flow in
a vertical channel using homotopy analysis method //
Ne 1 2023

KOJMJIOVOHBIN KYPHATT  ToMm 85

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

119

Comm. Nonlin. Sci. Num. Sim. 2010. V. 15. Ne 8.
P. 2098—-2108.

Chen C.K., Yang Y.T., Chang K.H. The effect of thermal
radiation on entropy generation due to micro-polar flu-
id flow along a wavy surface // Entropy. 2011. V. 13.
Ne 9. P. 1595—1610.

Magyari E., Pantokratoras A. Note on the effect of ther-
mal radiation in the linearized Rosseland approxima-
tion on the heat transfer characteristics of various
boundary layer flows // Int. Comm. Heat Mass Transf.
2011. V. 38. Ne 5. P. 554—556.

Prakash D., Muthtamilselvan M. Effect of radiation on
transient MHD flow of micropolar fluid between po-
rous vertical channel with boundary conditions of the
third kind // Ain Shams Eng. J. 2014. V. 5. Ne 4.
P. 1277—1286.

Olajuwon B., Oahimire J., Ferdow M. Effect of thermal
radiation and hall current on heat and mass transfer of
unsteady MHD flow of a viscoelastic micropolar fluid
through a porous medium // Eng. Sci. Technol. an Int.
J.2014. V. 17. Ne 4. P. 185—193.

Jangili S., Adesanya S., Falade J., Gajjela N. Entropy
generation analysis for a radiative micropolar fluid flow
through a vertical channel saturated with non-Darcian
porous medium // Int. J. Appl. Comp. Math. 2017.
V. 3. Ne 4. P. 3759—3782.

Srinivas J., Murthy J.R., Bég O.A. Entropy generation
analysis of radiative heat transfer effects on channel
flow of two immiscible couple stress fluids // J. Braz.
Soc. Mech. Sci. Eng. 2017. V. 39. Ne 6. P. 2191-2202.

Bejan A. Second law analysis in heat transfer // Energy.
1980. V. 5. Ne 8. P. 720—732.

Bejan A. Convection heat transfer // John Wiley and
Sons, 2013.

Jangili S., Murthy J. Thermodynamic analysis for the
MHD flow of two immiscible micropolar fluids be-
tween two parallel plates // Front. Heat Mass Transf.
(FHMT). 2015. V. 6. Ne 1. P. 1.

Srinivas J., Murthy J.R., Chamkha A.J. Analysis of en-
tropy generation in an inclined channel flow containing
two immiscible micropolar fluids using ham // Int. J.
Num Meth. Heat Fluid Flow. 2016. V. 26. Ne 3.
P. 1027—1049.

Nezhad A., Shahri M. Entropy generation case studies
of two-immiscible fluids under the influence of a uni-
form magnetic field in an inclined channel // J. Mech.
2016. V. 32. Ne 6. P. 749-757.

Kamush E, Oztop H.F. Second law analysis of the 2D
laminar flow of two-immiscible, incompressible vis-
cous fluids in a channel // Heat Mass Transf. 2008.
V.44, Ne 6. P. 751-761.

Desoukya A.El., Ismaila H.N.A., Abourabiab A.M.,
Hammada D., Ahmeda N.A. Analysis of entropy gener-
ation of MHD micropolar fluid through a rectangular
duct with effect of induced magnetic field and slip
boundary conditions // Int. J. Adv. App. Math. Mech.
2020. V. 7. Ne 3. P. 31-42.



120

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

PRAMOD KUMAR YADAV u np.

Chen X., Jian Y. Entropy generation minimization anal-
ysis of two immiscible fluids // Int. J. Therm. Sci. 2022.
V. 171. Article Ne 107210. P. 1—10.

Sun R., Hu W., Jiao B. and Qi C. Heat transfer charac-
teristics and entropy generation of electroosmotic flow
in a rotating rectangular microchannel // Int. J. Therm.
Sci. 2019. V. 140. P. 238—254.

Yadav P.K. and Kumar A. An inclined magnetic field ef-
fect on entropy production of non-miscible Newtonian
and micropolar fluid in a rectangular conduit // Int.
Comm. Heat Mass Transf. 2021. V. 124. Article
Ne 105266. P. 1—-13.

Yadav PK., Kumar A., El-Sapa S. and Chamkha A.J.
Impact of thermal radiation and oriented magnetic
field on the flow of two immiscible fluids through po-
rous media with different porosity // Waves Rand
Comp. Med. 2022. V. 32. P. 1-33.

Murthy J.R., Srinivas J. Second law analysis for Poi-
seuille flow of immiscible micropolar fluids in a chan-
nel // Int. J. Heat Mass Transf. 2013. V. 65. P. 254—-264.

Muthuraj R., Srinivas S. Fully developed MHD flow of
a micropolar and viscous fluids in a vertical porous
space using ham // Int. J. App. Math. Mech. 2010. V. 6.
Ne 11. P. 55-78.

Srinivas J., Murthy J.R. Second law analysis of the flow
of two immiscible micropolar fluids between two po-
rous beds // J. Eng. Thermophys. 2016. V. 25. Ne 1.
P. 126—142.

Kumawat C., Sharma B.K., Al-Mdallal Q.M. and Ra-
himi-Gorji M. Entropy generation for MHD two phase
blood flow through a curved permeable artery having
variable viscosity with heat and mass transfer // Int.
Comm. Heat Mass Transf. 2022. V. 133. Article
Ne 105954. P. 1-23.

Eringen A.C. Simple microfluids // Int. J. Eng. Sci.
1964. V. 2. Ne 2. P. 205-217.

Eringen A.C. Theory of micropolar fluids // J. Math.
Mech. 1966. V. 16. Ne 1. P. 1—18.

Yadav P.K., Jaiswal S., Sharma B. Mathematical model
of micropolar fluid in two-phase immiscible fluid flow
through porous channel // App. Math. Mech. 2018.
V. 39. Ne 7. P. 993—1006.

Yadav P.K., Jaiswal S. Influence of an inclined magnet-
ic field on the Poiseuille flow of immiscible micropo-
lar—Newtonian fluids in a porous medium // Canad.
J. Phys. 2018. V. 96. Ne 9. P. 1016—1028.

Oahimire J., Olajuwon B. Effect of hall current and
thermal radiation on heat and mass transfer of a chem-
ically reacting MHD flow of a micropolar fluid through
a porous medium //J. King Saud Univ.-Eng. Sci. 2014.
V.26. Ne 2. P. 112—121.

Srinivasacharya D., Bindu K. H. Entropy generation in a
micropolar fluid flow through an inclined channel //
Alex. Eng. J. 2016. V. 55. Ne 2. P. 973-982.

Jaiswal S., Yadav P.K. A micropolar-Newtonian blood
flow model through a porous layered artery in the pres-
ence of a magnetic field // Phys. of Fluids. 2019. V. 31.
Ne 7. Article Ne 071901. P. 1—14.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

KOJUTOUIHBIN XYPHAJ

Deo S., Maurya D.K. and Filippov A.N. Effect of mag-
netic field on hydrodynamic permeability of biporous
membrane relative to micropolar liquid flow // Colloid
J.2021. V. 83. Ne 6. P. 662—675.

Khan A., Khan 1., Alkanhal T A., Ali F., Khan D., Nisar
K.S. Entropy generation in MHD conjugate flow with
wall shear stress over an infinite plate: exact analysis //
Entropy. 2019. V. 21. Ne 4. Article Ne 359. P. 1-21.

Gupta V. Jain A., Jha A.K. Convective effects on MHD
flow and heat transfer between vertical plates moving in
opposite direction and partially filled with a porous medi-
um //J. App. Math. Phys. 2016. V. 4. Ne 2. P. 341—358.

Rashidi M., Kavyani N., Abelman S. Investigation of en-
tropy generation in MHD and slip flow over a rotating
porous disk with variable properties // Int. J. Heat Mass
Transf. 2014. V. 70. P. 892—-917.

Umavathi J.C., Chamkha A.J., Mateen A., Al-Mudhaf A.
Unsteady two-fluid flow and heat transfer in a horizon-
tal channel // Heat Mass Transf. 2005. V. 42. Ne 2.
P. 81-90.

Sparrow E.M. Radiation Heat Transfer. Routledge,
2018.

Eringen A.C. Microcontinuum Field Theories: 11. Flu-
ent media, Springer Science Business Media. 2001.
V. 2.

Ahmadi G. Self-similar solution of incompressible micro-
polar boundary layer flow over a semi-infinite plate // Int.
J. Eng. Sci. 1976. V. 14. No 7. P. 639—646.

Happel J., Brenner H. Low Reynolds Number Hydro-
dynamics: with Special Applications to Particulate Me-
dia. Springer Science Business Media. 2012. V. 2.

Afridi M. 1., Qasim M., Hussanan A. Second law analysis
of dissipative flow over a riga plate with non-linear
Rosseland thermal radiation and variable transport
properties // Entropy. 2018. V. 20. Ne 8. Article Ne 615.
P. 1-19.

Ariman T., Cakmak A.S. Some basic viscous flows in
micropolar fluids // Rheol. Acta. 1968. V. 7. Ne 3.
P. 236—242.

Ariman T., Turk M., Sylvester N. Applications of micro-
continuum fluid mechanics // Int. J. Eng. Sci.1974.
V. 12. Ne 4. p. 273—293.

Lukaszewicz G. Micropolar Fluids: Theory and Appli-
cations. Springer Science Business Media, 1999.

Jena S.K., Mathur M. Similarity solutions for laminar
free convection flow of a thermomicropolar fluid past a
non-isothermal vertical flat plate // Int. J. Eng. Sci.
1981. V. 19. Ne 11. P. 1431—1439.

Rees D.A.S., Bassom A.P. The Blasius boundary-layer
flow of a micropolar fluid // Int. J. Eng. Sci. 1996. V.
34. Ne 1. P. 113—124.

Bhattacharyya K., Mukhopadhyay S., Layek G., Pop I.
Effects of thermal radiation on micropolar fluid flow
and heat transfer over a porous shrinking sheet // Int. J.
Heat Mass Transf. 2012. V. 55. Ne 11. P. 2945—2952.

Ne 1

TOM 85 2023



56.

57.

58.

59.

AHAJIN3 MMPOU3BOJCTBA SHTPOITNA

Sandeep P., Deshpande M. A note on the no-slip bound-
ary condition // Nat. Aerosp. Lab. Rept. PD-CF-0304,
Bangalore, India, 2003.

Bejan A. Advanced Engineering Thermodynamics.
John Wiley and Sons, 2016.

Paoletti S., Rispoli F, Sciubba E. Calculation of exerget-
ic losses in compact heat exchanger passages // In
ASME AES. 1989. V. 10. P. 21-29.

Dar A.A., Elangovan K. Influence of an inclined mag-
netic field on heat and mass transfer of the peristaltic
flow of a couple stress fluid in an inclined channel //
World J. Eng. 2017. V. 14. Ne 1. P. 7—18.

KOMJIOVAHBIM JKYPHATT  TomM 85 Nel 2023

60.

61.

62.

63.

121

Bitla P, Iyengar T. Pulsating flow of an incompressible
micropolar fluid between permeable beds with an in-
clined uniform magnetic field // European J. Mech.-
B/Fluids. 2014. V. 48. P. 174—182.

Gorla R.S.R. Second law analysis of mixed convection
in a laminar, non-Newtonian fluid flow through a ver-
tical channel // ISRN Appl. Math. 2011. V. 2011. Arti-
cle Ne 287691. P. 1—13.

Khanukaeva D.Yu., Filippov A.N. Isothermal flows of
micropolar liquids: formulation of problems and ana-
Iytical solutions // Colloid J. 2018. V. 80. P. 14—36.
Nowacki W, Theory of Micropolar Elasticity. Wien:
Springer-Verlag, 1970.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


