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BBenenue

AKTYaJIbHOCTD U CTeNEeHb Pa3pad0TAHHOCTH TeMbl UCCJIeI0BAHUSA

MaruutabeiMu kuakocTsIMA  (MIK), deppoXKUIKOCTIMU WM MarHUTHBIMU
KOJUIOMJIAMH Ha3bIBAIOT HCKYCCTBEHHO CO3/1aBAEMBIE CPENbI, IMPEACTABISAIOIINE
co00li KOJUTOUIHBIC NUCTIEPCUU OJHOJAOMEHHBIX YaCTHI[ MarHUTHOTO Marepuasa —
kKeyesa, koOaibTa, MarHETUTA, B3BEIICHHBIX B JKUJAKOCTH-HOCHUTENC, B Kaue€CTBE
KOTOPOM  OOBIYHO  HUCIOJB3YIOT  YIJIEBOAOPOALI  (YHIEKaH,  KEPOCHH,
TpaHcpopMaTopHOE Macio), BoAy U Jip. UToObl MpeaoTBpaTUTh CIUNAHUE YaCTHIL
o/ JEMCTBUEM MArHUTHOTO TPUTSHKCHUS, KAKAYI0 U3 HHUX OKPYXalT
MOHOMOJIEKYJISIPHBIM CJIOEM TOBEPXHOCTHO-aKTUBHOTO BenlecTBa. CpeiHui pazMep
JacTHUIl MarHUTHOM (ha3bl coctanisieT 10 HM, a XapakTepHbIi pazmep mosekyn [TAB,
HallpuMEpP, OJICMHOBOW KHCIJIOTHI, COCTaBiIseT 2 HM. BcleacrBue AUNONb-
JTUTIOJIBHOTO B3aUMOJICHCTBHS YaCTh MAarHUTHBIX YaCTHUI] OOBEAUHSACTCS B arperarsl,
coliepKaliue OT HECKOJIBKUX J0 JIECSTKOB YacCTHLI.

Oco0eHHOCTh TeITOU3NUYECKUX SIBIIGHUM B MATrHUTHBIX HAHOXHIKOCTAX
ONpeEeNsAeTCs 3aBUCUMOCThIO HAMATHUYEHHOCTH OT TEMIIEPATyphl, KOHIIEHTPALUH
YacTUIl MU TNPWIOKEHHBIX MAarHUTHBIX Mojed. HamarHmumBaHWEe MarHUTHBIX
KOJUIOMJIOB CBSI3aHO C JIEMCTBHMEM ABYX OPHEHTAUHMOHHBIX MeXaHu3MoB. C onHOM
CTOPOHBI, €CIIM CBSI3b MAarHUTHOTO MOMEHTAa C KPUCTAUIMYECKON pEeIIeTKON
JIOCTaTOYHO CUJIbHA, TO YAaCTHIIA B TOJE€ MOBOPAYMBAETCS, MOMOOHO MArHUTHOMN
cTpernke. Bpemst opueHTaImoHHOM peakcalyy B c1aboM o€ B 3TOM CIIy4dae paBHO
XapaKTEPHOMY BPEMEHH BpallaTelIbHOTO OpPOYHOBCKOTO JABUKEHUS KOJUIOWIHOMU
YACTHUILIbL, B TECYEHUE KOTOPOrO OHA IO/ JEUCTBUEM CIIyYaWHBIX TOJIYKOB CO CTOPOHBI
OKPYKarOIIeH JKUIKOCTH yCIIeBACT MPOBOPAYMBATHCS TI0 BCEll cepe HampaBIeHUH.
Ecnm xapaktepHas »Heprus CBSI3M MAarHUTHOIO MOMEHTa C BBIJCICHHBIMU
HaMpaBICHUSAMH B YaCTHUIIE, OMpeAeIeMbIMA €€ (DOPMON WM KPUCTAJUTHUECKON
PEILIETKOM, BCJIEACTBHE MAJIBIX PAa3MEPOB YaCTHUIBI CpaBHHUMAa C TEIUIOBOW, TO
OPHUEHTALIMSI MATHUTHBIX MOMEHTOB IO IMOJI0 MOXET MPOUCXOAUTh U B PE3YJIBTATE
TEIJIOBBIX CKAaYKOB MArHUTHOTO MOMEHTAa 4Yepe3 JHEpreTuueckue Oapbepsl,

PasaciArOmuye 1OJ0KCHUA €10 YCTOI>'I‘{HBOFO PaBHOBECHA B 4aCTHUILC (HeeHeBCKI/Iﬁ
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MexaHu3M). B Hammx »skcrepumeHTax ¢ MK HaMarHWYMBaHUE TMOJHOCTHIO
OTIpEACNICTCS  OPHCHTAIIMOHHBIM ~ MEXaHW3MOM  TOJSPU3AIUH, IOCKOJIBKY
UCIIOJIb30BAJIUCH TOJBKO IMMOCTOSTHHBIC MAaTHUTHBIC TTOJIS.

HeomHopomHOCTh HAMAarHWYEHHOCTH B MArHUTHOW HAHOXHIKOCTH MOXKET
ObITh O0OyCJIOBIIEHA JBYyMs (akTOpaMu — HEU30TEPMUYHOCTBIO JKUJIKOCTH U
HEPaBHOMEPHBIM paclipeieJIeHUeM YacTHUIl MarHUTHOW (a3bl 1Mo oOobemy. Jlonroe
BpEeMsl B 33/1a4ax M0 KOHBEKIMK MK KOHIIEHTpaIiss MarHUTHBIX YaCTHII CYUTAIACh
OJHOPOIHOM W TPWHUMAINCh BO BHHMAHHE TOJIBKO TCPMOMArHUTHBIA W
TEPMOTPABUTAIMOHHBIM MEXaHU3MbI BO30YXAcHHS TedeHWi. OJHaKo, Jaxe B
U30TCPMHUYECKOM KOJUIOMAC B OTCYTCTBUE MAKPOCKOTMYCCKUX JIBUIKCHUI
MPOUCXOANUT TPABUTAIMOHHOE OcaxeHue n auddy3noHHOE TepepacnpesesieHne
gacTun. KapTuHa TEUEHHS B BEPTUKAIBHOM CJIO€ CTPaTU(OHUIIMPOBAHHOTO
beppokouIonIa OTINYACTCS OT TCUCHU, HA0TFOIaEMBIX B OTHOPOIHBIX YKHIKOCTSX.

Kak moka3pIBalOT SKCHEPUMEHTHI, OIEHKM M pPacueThl, TpaBUTALMOHHAS
KOHBEKI[US HAHOXKUKOCTEH o0ycIIOBIIEHA KOHKYpEHLUen MEXIY
HEOJHOPOTHOCTSIMHU MIOTHOCTHU TETJIOBOH, TepMoar(hy3nOHHOU u
OapomeTpuueckoil Tpuponbl. B TOHKMX CHOSIX TPU OTHOCHUTEIBHO BBICOKHX
HEOJTHOPOHOCTSX TeMIIEpaTyphl CYIIECTBEHHOE BIMSHUE OKa3blBaeT TepModopes
yactuil. CyiiecTBeHHasi poiib TepMoQope3a MarHUTHBIX YaCTHI] 00yCIIOBICHA TAKKe
TeM, 4T0 KodpunmeHT tepmoanddy3un 4acTUIl B MAarHUTHOM XKUJIKOCTHA HA OAUH
— JIBa TMOPSAKA BBIIIE, YEM B MOJICKYIIIPHBIX PACTBOPAX.

Takum o00pa3oM, nsi yhOpaBieHUS TETIIOOOMEHOM U YCTOWYHUBOCTHIO
KOHBEKTHUBHBIX TEUCHHUI TIPHU MOMOIIM MAarHUTHOTO TIOJS HEOOXOUMO yUYUTHIBATh
KOHTPOJIMPOBATh LEJbIA psj SABJICHUN U napaMmeTpoB MJK, onpeaensrommux Takue
nporiecchl. PazHooOpa3ue HabIromaeMpIx B dKCriepuMeHTe 3 (PEKTOB yBeIMINBaCT
CIIOKHOCTh PEIIEHUs MPUKIATHBIX 3a7ad U CTAHOBUTCA OapbepoM ISl MIUPOKOTO
NPUMEHEHUS Ha TPAKTUKE MArHUTOXKHUIKOCTHBIX CHCTEM W JardyukoB. Ha
CETONHSIIHUKA JeHb HET OOIIEeH TEOpUH TUAPONMHAMHKHA MATHUTHBIX KOJUIOHIOB,
KOTOpast ObI TaBajia MOJCIH, aIeKBaTHBIC peabHbIM MK 1 MoTa yKa3arh TpaHuUIIb]

INIPUMCHHUMOCTHU TAKHUX MOI[GJ'IGI‘/'I .
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UccnenoBanus, pe3ylbraTbl KOTOPBIX U3JI0KEHBI B IUCCEPTALIMU, IPOBOAUIINCH
pu nopaepxkke rpaHToB PODU Ne 12-08-31423 mon_a, Ne 16-31-00417 mon_a u
No 16-31-60074 mon_a Ak, W TpaHTOB BEAYIIMX HAy4YHbIX KON Pocculickoit
®enepanuun HI-4022.2014.1, HIII-9176.2016.1.

Heabo  auccepTrallMOHHOW  pabOThI  SIBISETCS  DKCIEPUMEHTAIBHOE
UCCIIEAOBAHUE TEPMOMArHUTHOM U TEPMOTPABUTALMOHHON KOHBEKIIMM MarHUTHOM
KUJKOCTH B TIJIOCKOM BEPTUKAJIBHOM ClI0€, 000TpeBacMOM C IIUPOKOW OOKOBOM
CTOPOHBI.

JI71s1 BBIMOJTHEHUS IOCTABJICHHOM 1€ PEILICHBI CIAEAYIOUINE 3a/1a4u:

1. PazpaboranHa v M3rOTORJICHA SKCIIEPUMEHTAIbHAS YCTAHOBKA JIJISI U3YUCHUS

TEPMOMArHUTHON U TEPMOTPABUTAIMOHHOW KOHBEKIIMU B BEPTUKAJIBHOM
CJ10€, MOMEIIEHHOM B OJHOPOJHOE MarHMTHOE MOJIE;

2. Pa3zpaboraHo ABe METOAWKH BU3YyaJM3allUd KOHBEKTUBHBIX CTPYKTYp H
U3MEPEHUS TEMIIEPATYPHOTO MOJISI HA TOBEPXHOCTH KUAKOCTH;

3. H3ydeHsl pexruMbl KOHBEKTHBHBIX TedeHUN MK B BepTHKaIbHOM CIIO€ B
IPAaBUTALIMOHHOM U MArHUTHOM IIOJISIX.

OcHOBHBIE MOJ10KeHN S, BBIHOCUMbIE HA 3aIIUTY:

1. Pe3ynbrarsl 3KCIIEPUMEHTAIBHOTO U3yYEHUSI TEPMOMATHUTHOW KOHBEKIUU
Ha (poHEe TepMOrpaBUTAIIMOHHON B BEpTUKAIBLHOM ciioe. Kapra pexxuMoB u
CTPYKTYPbl KOHBEKTUBHBIX T€UEHU MArHUTHOM KUJIKOCTU B BEPTUKAJIbHOM
CJI0€ B OAHOPOJHOM MArHUTHOM IIOJIE;

2. Pesynbrarhl  OKCIEPUMEHTAIBHOTO  MCCICJOBAHHS ~ TEPMOMArHUTHOM
HEYCTOMYMBOCTHU MOABEMHO-OIIYCKHOTO TEPMOTPABUTALIMOHHOTO TE€YCHHS.
YTBepKAEHNE, YTO HEYCTOMYMBOCTh HOCHUT MOPOroBbIM xapakrep. Kapra
YCTOMYMBOCTH IOJABEMHO-OITYCKHOIO TEYEHHUSI B MArHUTHOM TMOJI€ U
YTBEPKACHUE O TOM, YTO HOpMaJibHasi KOMIIOHEHTA IMOJIs A€CTa0UIU3UPYET
OCHOBHOE€ KOHBEKTHMBHOE TE€UECHHE, a KacarelibHasi KOMIIOHEHTa, HA000POT,

CTaOUITU3HUPYET;



CymecTBeHHOE BIIVSTHHE Ha4aJIbHBIX CEIMMEHTAIMOHHBIX
HEOIHOPOJHOCTEM 4YaCTHIl Ha KOHBEKUWIO MAarHUTHOW MKUIKOCTH B
BEPTUKAJIBHOM CJIOE;

Bnusinue tepmodopes3a MarHUTHBIX YaCTHUI] HA YCTOMYUBOCTH CIABUTOBOIO
TEUYEHUs] B BEPTUKAIBLHOM CJIO€ U YTBEPKAEHHE O TOM, 4TO Tepmodopes
YaCTULl IPUBOAUT K MIEPUOIUYECKUM KOHBEKTHBHBIM IIPOLIECCAM;
VYTBepxklieHHe O TOM, YTO TepMO(Ope3 YacTUIl UTPAET OMpPelesIONLyI0
poJIb B MEPUOAMYECKONM CMEHE HANpaBIEHUS KOHBEKTHUBHOIO TEYEHUS
MAarHMTHOM KMJIKOCTH B CBSI3aHHBIX BEPTUKAJIbHBIX, [TOIOIPEBAEMBIX CHU3Y,

KaHaJax.

Hayuynasi HOBH3Ha pe3yJIbTAaTOB PadoOThI

9KCH€pI/IM€HTLI IO KOHBCKIIUH B BCPTUKAJIBHOM CJIOC MarHuTHOM KHUIKOCTH B

I'paBUTAIMOHHOM W MAardnuTHOM IIOJIC BBIIIOJIHCHBI B HaHHOﬁ }IHCCGpTaHHOHHOﬁ

paborte BriepBbie. [lonmyueHsl cleayone HOBbIE pe3yIbTaThl:

1.

DKCIEPUMEHTAIBHO TOJydeHa KapTa PEKUMOB KOHBEKTHUBHBIX TE€UEHUM
MarHUTHOM >KUJKOCTH B BEPTUKAJIBLHOM CJIOE€ B OJHOPOJHOM MAarHUTHOM
T10JIC;

DKCHEPUMEHTAIBHO OOHAPYKEH PEKHUM CYNEPIHO3UIIUH CTAIIMOHAPHBIX
BEPTUKAJIbHBIX BaJIOB U TEPMOMArHUTHBIX BOJIH;

DKCIEpUMEHTAIIBHO UCCIIEIOBaHA YCTOMYMBOCTH TEPMOTIPABUTAIMOHHOTO
MOABEMHO-ONTYCKHOTO TEUYEHHUS MpPU Pa3IMYHON OPUEHTAIlMM BEKTOpa
MAarHUTHOTO TOJIS U TTOJTy4Y€Ha KapTa YCTOMYMBOCTH TAKOTO TCUCHUS,
N3ydeHo BIMSHUE CEAUMEHTAIMOHHBIX HEOJHOPOAHOCTEN KOHIIEHTPAIIHH,
HAKOIUIEHHBIX B Mokosmierncss MK, Ha KOHBEKIIHIO B BEPTUKAJIBHOM CJIOE;
ITokazaHo, 4TO MIPH OTHOCUTEIBHO HEOOIBIINX CKOPOCTIX CTAIIMOHAPHOTO
KOHBEKTHBHOTO TEUCHHS, TEPMO(POPE3 MArHUTHBIX YACTHUIL MOMEPEK CIIOS
IIPUBOAUT K NIEpUoANYECKUM npoueccam B MIK.

OO6ocHOBaHa KiIIOYEBas PoJib TepModopes3a YacTUIl B TMEPUOIMYECCKOMN
CMEHE HalpaBJICHUSI KOHBEKTUBHOTO TeueHUss MK B CBSI3aHHBIX

BCPTHUKAJIBHBIX, IIOAOIPCBACMbIX CHH3Y KaHaJax. rpaBI/ITaHI/IOHHaSI
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CEIUMEHTAIMsI YacCTUL[ HCKJIOYEHA W3 BO3MOXHBIX MPUYMH TaKUX
KOJIeOaHMIA.

TeopeTnueckass 1 NPaKTHYECKAS] 3HAYUMOCTb PadoOThI

Pe3ynbrarel nuccepTaliMOHHOTO HWCCIAEAOBAaHUS CIOCOOCTBYIOT MOHUMAHUIO
CJIOKHBIX TPOIECCOB, MPOUCXOASIIMX B HAHOXKHUIKOCTSIX, WM BHOCAT BKJIAJI B
CO3laHWE TEOPUM  KOHBEKLIIMM  MArHUTHBIX  JKUAKOcTeW. HaxomineHHbIn
AKCIIEPUMEHTAJIbHBIN OTIBIT MOXHO MPUMEHSTh npu pa3paboTke
MarHUTOXKUJIKOCTHBIX JIATYMKOB U TEIUIOOOMEHHBIX YCTpOWCTB. Pa3zpaGoTaHHBIN
croco® HaOMIONEHUS 32 KOHBEKTUBHBIMU CTPYKTYpaMHU TIPU TOMOIIM TOHKOM
IJTACTUHKY M TEIUIOBU30pa PACIIUPSIET 00IaCTh MPUMEHUMOCTH TaKUX MPUOOPOB.

MeTo010/10THSI M METOABI JUCCEPTANMOHHOTO UCCJIEI0BAHUS

B uccnenoBaHuM HMCHONB30BAINCH JBE Pa3HbIX METOAWKU BU3YAJIM3AlMU U
WU3MEPEHUS] TEMIEPATYPHOTO TOJISI HA MOBEPXHOCTH KUAKOCTU. OJIHA U3 METOAUK
HAOJIOCHUS 32 KOHBEKTUBHBIMU CTPYKTYpaMH MPH MOMOIIY TOHKOW TUTACTUHKHU U
TEIJIOBU30pa MOJHOCTHIO OPUTHHAJIbHAS U IPUMEHEHA BIIEPBBIE.

KonTponp TemnepaTypsl B JIOKQJIbHBIX TOUKaX OCYIIECTBISUICS MPU MOMOIIU
TPaAULMOHHBIX TEpMONAp U MHUKPOBOJBTMETPOB «TepmMoaaT» ¢ BO3MOMKHOCTBIO
nepeaayd TepMOrpaMM B KOMIIBIOTEPHBIE CHCTEMBI. JlJisl aHanW3a 3alMCaHHbBIX
CUTHAJIOB CTPOMIIUCH CIEKTPBI Dyphe.

Jlna  u3MepeHusT CBOWCTB MArHUTHOM KUJKOCTH NPUMEHSUIMCh  Kak
CTaHJapTHble TPUOOPHI (BUCKO3UMETPHI, BEChbl, MHUKHOMETPHl U T.1.), TaK U
coOcTBeHHbIE pa3paboTku. Hampumep, CKOHCTpyHpOBaHa OPUTHHAIBHAS] YCTAHOBKA
JUTSE I3MepeHust KodPPUIMeHTa TeMIIEPaTypOrnpOBOIHOCTH METOAOM PETYISIPHOTO
pexuMa U OOOCHOBaHAa MPUMEHHMOCTb 3TOrO0 HECTAallMOHAPHOTO METoJa MJIs
KUJIKOCTEMN.

JlocTOBEpPHOCTH  pE3yJAbTaTOB  00ECIEeYMBaliaCh  BOCIPOU3BOAMMOCTHIO
AKCIIEPUMEHTANBHBIX H3MEPEHUH C Y4YEeTOM CHCTEMaTHYEeCKUX M MPUOOPHBIX
norpemHocTtel.  [IpoBeneHsl  crieluaibHbBIE  JOMOJHUTEIBHBIE  PACUYEThl U
SKCHEPUMEHTHI JUISI OLIEHKM CHCTEMAaTUYE€CKUX TMOTPEIIHOCTEH B HU3MEPEHHUSIX

TEMIICPATYPbl HA IIOBCPXHOCTH KHUAKOCTHU IIPHW IIOMOIIH TOHKOM IIJIACTUHKU M
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TeI1oBH30pa. Pe3ynbTarsl nccaea0BaHus TaM, I11€ 3TO BO3MOXHO, COOCTABISUIUCH
C U3BECTHBIMH TEOPETHUECKUMH pacyeTaMy M SKCIIEPUMEHTaMU JPYTUX aBTOPOB.
OcHoBHbIE (U3UUECKHE TMapaMeTpbl MAarHUTHOW JKUJKOCTH, BIMUSIOIIME Ha
KOHBEKTMBHOE TEUYEHHUE, OIEPaTUBHO OMNPENSTISIUCh B JOMOJHUTEIbHBIX
AKCIIEPUMEHTAX.

Anpodauus padoTsl

OcHOBHBIE pe3ylbTarThl JUCCEPTAIMU JOKJaabiBaauch Ha KpaeBoit HaydHO-
pakTUYeCcKor KOH(GEPEHIIUH CTYIEHTOB, ACTTUPAHTOB U MOJIOJIBIX YUEHBIX «Du3nka
s [lepmckoro kpasy (Ilepmsb, 2008, 2015, 2018); Beepoccuiickoit kondpepeHuu
MOJIONBIX y4eHbIX «HepaBHOBecHbBIE mpoliecchl B CIUTOMHBIX cpenax» ([lepmb,
2009, 2010, 2011); 12th International Conference on Magnetic Fluids (Sendai,
2010); Illectnaamaroit Bcepoccuiickoii HayyHOUW KOH(GEpPEHIIMH CTYIESHTOB-
¢buzukoB U Monoawsix yudeHbix BHKC®-16 (Bonrorpan, 2010); 3uMHei mikone 1mo
mexanuke crutomubix cpen (Ilepms, 2011, 2013, 2019); International conference
bifurcations and instabilities in fluid dynamics. BIFD 2011 (Barcelona, 2011); 65th
Annual Meeting of the American Physical Society's Division of Fluid Dynamics
(San Diego, 2012); MexayHaponnoit koHpepeniun «HenuHeitHbie 3a1aun T€0pUH
TUAPOAMHAMUYECKOW YCTOMYMBOCTH W TypOyneHTHOCTH» (Mocksa, 2012, 2014,
2018); Russian conference on Magnetohydrodynamics (Ilepms, 2012, 2015, 2018);
MexnynapogHoit koHpepeHunn «llepMckue THAPOIMHAMUYECKHE HAydHbBIC
YTEeHHsI, TOCBSIIeHHBIC MaMsaTH mpodeccopoB [.3. ['epuryrn, E.M. XKyxoBuikoro u
J.B. JIrobumosa» (Ilepmb, 2013, 2014); Mexaynaponuoit Ilnecckoit HaydHOU
KOH(pEepeHIInn 10 HAHOAMUCIEPCHBIM MarHUTHBIM kuakoctaMm (Ilmec, 2014);
[lepmckomM ropoackoM ruapoauHaMuueckoM cemuHape uMm. [ 3. Tepuiynu u
E. M. KyxoBuuixoro (Ilepmb, 2015, 2019).

Hyoankanmuu. Martepuansl aucceprauuyd OMyOJIMKOBaHbI B 35 MeYaTHBIX
paborax: 5 crareii B JKypHajaxX, SBISIOMIUXCS PEICH3UPYEMbIMU HAyYHBIMU
W3IaHUSIMUA, B KOTOPBIX JOJKHBI OBITh OIYOJIMKOBAHBI OCHOBHBIE PE3YJIbTaThl

JIHACCEepTAllMM HA COMCKAHWE YUYEHOM CTEIeHW KaHaujaara Hayk [1-5]; 5 crareil B
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xKypHaie, uagekcupyemom cuctemoit PUHIL [6-10]; 15 crareii B cOopHUKax Tpya0B
1 MaTtepuaioB KoH(pepeHuuii u 10 Te3UCOB TOKIAI0B.

JIMuHbIN BKJIAJ aBTOPA

OcHOBHBIE  pe3y/bTaThl JUCCEpPTALlUM  OIMYOJMKOBaHBl B  JKypHajax,
yuntbiBaeMbIXx BAK mpu 3ammre nuccepranuym Ha COMCKAaHHWE YYEHOM CTENEHHU
KaHauaara Hayk [1-5].

B nyGnukanusix [1-2] aBTOpOM BBITIOJIHEHA BCS DKCIIEPUMEHTAJIbHAS 4acTh U
o0paboTka pe3ynbraroB. [locTaHOBKa 3a7a4 ¥ aHATIU3 PE3YIBTATOB YKCIIEPUMEHTOB
OCYIIECTBIISUIUCH aBTOPOM COBMECTHO C Hay4yHbIM pykoBoauTeneM [lytunsim [.O. u
COaBTOpPaMU, TEOPETUUECKHUE pe3yabTaThl monydeHsl CycnoBbiM C.A.

OKCHEpPUMEHT, OMHCaHHBIK B [3], MOATOTOBJICH, BBINOIHEH, O00paboOTaH, U
pe3YJIBTaThl OIMYOJIMKOBAHBI aBTOPOM JIMYHO.

B pabGore [4] sKcrepMMEHT CO CIHENHATbHOWM MAarHUTHOW >KUJIKOCTBHIO H
o0paboTka pe3ylnbTaTOB  BBINOJHAJIMCH JUYHO aBTOpoM. COBMECTHO C
I'myxoBbiM A.®. TpOBENEH TEOPETHUUECKUN aHadu3 pOJIM CEIUMEHTAlud H
TepModopesa yacTHI] B MEPUOAMYECKUX KOHBEKTHBHBIX IMPOIIECCaX B KaHAajdaX U
HAIlMCaH TEKCT CTaThU.

B nybnukanum [5] sKcnepuMeHTanbHAasT dYacThb MPUHAIJICKHUT aBTOPY.
TeopeTuueckass 4YacTb M  YUCJIEHHBIE PAcU€Thl BBIINOJIHEHBl COABTOPaAMHU
CwmoponunbiM b.JI. u  YepenmanoBeiM M.H. ComnocraBieHue TEOpEeTUUYECKUX
pe3yJIbTaTOB C 3KCIEPUMEHTOM, M HalMCAaHWE TEKCTa CTAaThU BBINOIHSIIUCH
COBMECTHO BCEMH aBTOPAMMU.

O0beM M cTPpYKTYpa AUCCePTALMU

HucceprannonHas paboTa COCTOUT M3 BBEJCHUS, YETHIPEX TIJ1aB, 3aKITIOUCHUS
U CIHCKa JIUTEpaTyphl, BKItovarmiero 147 nanmenoBanuii. Pabora uznoxeHa Ha

138 nuctax u comepxut 54 pucyHka u 2 TaOJIUIIHI.
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I'maBa 1

COBpGMCHHOG COCTOSIHHE MCCJICOBAaHUM

1.1 KOHBCKHI/IH H KOHBCKTHBHaA HeyCTOﬁqHBOCTb TCUCHUA MAaIHUTHBIX

JKUAKOCTEN

3ajaua 0 KOHBEKTUBHOW HEYCTOMYMBOCTH TECUCHHUS KUIKOCTU B BEPTUKATILHOM
Cl0€ SIBISIETCS OJHOM M3 KIACCHMUYECKUX 3ajad TUIPOJUHAMHKHU, TMOAPOOHO
paccMarpuBaniach B MoHorpadusx [36, 37].

N3BecTHO, YTO MHTEHCUBHOCTh TPABUTAI[MOHHOW KOHBEKIIMM BO3PACTACT C

yBenudeHueM uucia ['pacroda [36]

Gr=g83.6h° /v (1.1)
I ¢ — YCKOPEHHE CHWJIBI TSKECTH, [r—KOd(h(UIMEHT TEIIOBOr0 pacuIupeHus,
® —momepeyHbll  ToONIyNepemnas — TeMIeparyp, h — MONYTONIIMHA  CJIOA,
V — KHHEMATH4YCCKas BA3KOCTbD. HGpBI/I‘IHOG KOHBCKTHUBHOC TCUCHUC

XapaKTepU3yeTcsl JMHEHHBIM pAaCIpeAeICeHHeM TeMIeparypbl W KyOMYEeCKUM
npodusieM CKOPOCTH MOMEPEK CIIO.

B OeckoHEYHOM BEPTUKAJIBHOM CIOE TMEPBUYHOE MOIBEMHO-OMYCKHOE
TEUYCHHE, BBHI3bIBAEMOE OOKOBBHIM OOOTPEBOM, HMEET JBE OCHOBHBIX MOJIBI
HEYCTOMYMBOCTH B 3aBUCUMOCTH OT 3HaueHui uucen ['pacroda Gr u llpannrns Pr

Pr=v/a, (1.2)
IJI€ a — TEMIEPATYPOIPOBOIHOCTb.

[Ipy 3HAYEHMAX yOPABIAIOMMX HapaMeTpoB Pr <1245 u Gr=5-10°
BO3HHMKAET THAPOAMHAMHUYECKAs MOJAa HEYCTOMYMBOCTH B BHUJI€ HEMOABUKHBIX
BUXpEH Ha TpaHUIE pasjesia BCTpe4HbIX MmoTokoB [36, 37]. Ilpu Pr>12.45 u
Gr~10*> Gonee oOmacHOM CTAHOBUTCS BOIHOBas MOJA HEYCTOMYHMBOCTH —
TEMIIEpAaTypHbIE  BOJHBI, PACIpPOCTPAHSIOIMECS  BAOJIb  BOCXOASUIETO U
HUCXOASIIEro MOTOKOB, BOZHUKAIOIIUE MTPU MEHbIINX yuciax I'pacroda.

B orpanndyeHHOM MO BBICOTE BEPTUKAJIBLHOM CJIO€ KOHBEKILHS UHIYIUPYET

WHBEPCHBIN Tepenaj TEMIIEPATYP MEXIY HUKHEU U BEPXHEN YaCTAMM MOJIOCTH, U
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BO3ZHHMKAET JIOMOJHUTENIbHAS CTAllUOHAPHASI MOJa B BHUJI€ TOPU3OHTAJIbHBIX BAJIOB
[38, 39]. B xauecTBe Oe3pa3zMepHOro napameTpa B 3TOM CIIy4ae UCTIOIb3YETCs YUCIIO

Panes, onpenensemoe uepe3 nHBepCcHbIN nepenan remneparyp A 7iny

Ry, =9A:N'AT,,, Ival, (1.3)
e / — BBICOTA BEPTUKAILHOTO CJIOSI.

B  okcmepuMeHTax  Hajlu4We  HMHBEPCHOTO  Mepernaga  TeMIleparypbl
ompexaensercs GopMUpPOBaHUEM B BEPXHEH M HIDKHEH YacTAX BEPTUKAIBLHOTO CIIOS
obnacreli 0oJiee HATPETOM M OXJIAKICHHOM KUIKOCTH COOTBETCTBEHHO.

B KOHBEKTHBHBIX 3a]]a4aX MarHUTHBIC )KUJIKOCTH YaCTO PACCMAaTPHUBAIOTCS Kak
OJTHOKOMIIOHEHTHBIE, OJIHOPOAHBIE MO KOHUEHTpauuu cpeasl [40-45]. Onnako
OKCIICPUMEHTAIbHbIC  HAOMIONCHHWS  KOHBEKIIMM  MAarHUTHBIX  JKHUIKOCTCH
OTIPOBEPralT ATO TMPEANOJIOKEHHE W TPeOYyroT Oojiee JEeTaabHOTO aHalu3a, Kak
caMoro mpoliecca reHepali HeOJHOPOIHOCTEN, TaK U POJIM HEOIHOPOIHOCTEN B
KOHBEKTUBHBIX MPOIIECCAX.

JIeHCTBUTENBHO, €CNIM B KUJKOCTH HMEIOTCS WU TEHEPUPYIOTCS BO BpEMs
KOHBEKIIUM HEOJAHOPOJHOCTH KOHIIEHTPALIMM YaCTHUIl, TO OJarofaps KOHKYPEHIIHH
ApXUMEIOBBIX CHJI JIByX THIIOB - KOHIIEHTPAI[MOHHOTO U TEIIOBOTO, IMOBEICHUE
TaKOW cpeibl CTAaHOBUTCSA OoJiee CIOKHBIM: PAaBHOBECHE IPHU TOJOTPEBE CHUBY
TEpPSeT YCTOWYMBOCTh OTHOCHTEIIBHO KOJIeOaTeNbHBIX BO3MYIIeHUNM [46], a
CTa0OHAAKPUTHUECKNE PEKUMBI KOHBEKIIMHM YacTO SIBISIIOTCS HECTAIIMOHAPHBIMHU
[46-49]. UToOBI 00a MexaHW3Ma KOHBEKIIMH MOTIIM KOHKYpHUPOBaTh, HEOOXOmMMa
COMOCTaBUMOCTh TEIUIOBBIX W KOHIICHTPAIIMOHHBIX HEOIHOPOAHOCTEH IUIOTHOCTH:
pPrAT u pPcAC. ]JIns MarHUTHOW S>KHIKOCTH TEeMIEepaTypHbId Kod(hUIeHT

miotHocTH fr ~ 1073 K! a xoHnenrpaumonssni ko>d@dumuent Bc ~ 3, mostomy

JOCTaTOYHO HeoaHoponHocTed AC ~ 103 — 10, yToOBI 0OECTIEUnTh YCIIOBUS IS
IPOSIBIICHUS B  TEIJIOBOM KOHBEKIIMM MArHUTHOH KHUIAKOCTH 3(h(PEKTOB,
XapaKTEePHBIX JJIs1 KOHBEKIIMM HEOTHOPOAHBIX IO KOHIICHTPAIIMK OMHAPHBIX CMecei
[49-52].

MoXHO Ha3BaTh HECKOJbKO MEXaHHM3MOB TE€HEpallMM KOHIICHTPAIIMOHHBIX

HCO,HHOpOI[HOCTCﬁl rpaBUTalMOHHAA CCAMMCHTAINUA YaCTHI, MaFHI/ITO(bOPGS B
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HEOMHOPOJHBIX MArHUTHBIX TMOJAX, TepMopope3 KOUIOUAHBIX YACTUIl B
HEOMHOPOJIbIX TEeMIEpaTypHbIX MoJiAX. Bce 3TH HMCTOUHMKU HEOTHOPOAHOCTEH
BecbMa ci1albl (32 UCKITIOYEHHEM MarHuTodopesa, rae BeIMYUHY HEOIHOPOAHOCTH
onpeenseT rpaauent nos). I MoxxHO ObL10 ObI 0KUIaTh, UTO TEIJIOBAs KOHBEKITHUS
JIETKO TMEPEMEIIAET 3TU HEOMHOpoaHoCcTH [46,47]. OnmHako B ciydae, Koraa
reHepalusi HeOJHOPOJHOCTE HUKAK HE CBA3aHa C KOHBEKIHMEH (cenuMeHTaIus
4acTull, MarHuTodopes), IKCIEPUMEHTATOPbI K MOMEHTY Hadajga KOHBEKTHBHBIX
OTIBITOB YK€ MMEIOT HEOJHOPOAHYIO cpeny. Jleno ycyryonsiercs eiie U TeM, 4To
HEOJIHOPOJHOCTH KOHIEHTpalMK Ojarofapsl KOHIIEHTPAIIMOHHOW KOHBEKIIUU
OBICTPO BBICTPAUBAIOTCA B BEPTUKAIBHBIN TpagueHT [49], mog00HO TOMY, KaK 3TO
IMPOUCXOAUT C ILJIOXO TIEpPeMElIaHHBIM CHPOIIOM B CTakaHe C Bojaod. Manas
BeanunHa kKodppuipenta qudPpysun komtonansix yactur D ~ 107! m%/c npusoaut
K BEeCbMa MEJICHHON pelakcalui OBICTPO BO3HHKIIUX TaKUM 00pa3om
HEOJHOPOTHOCTEH M OHU YCIIEBAIOT MOBIMUATh HA YCTOWYMBOCTH PaBHOBECHS
KHUJKOCTU WJIM Ha CcJ1a0yt0 KOHBEKIIHIO.

[losiBneHue rpaIu€HTOB KOHLIEHTPAIIUU B PE3y/IbTaTe CEAMMEHTAIIUU YACTHUIl U
arperaroB TOAPOOHO HCCIEAOBAIOCh OJKCIEPUMEHTAIBHO M TEOPETUYECKH B
paborax [53-58]. dopMUpPOBAaHHE  PABHOBECHOIO OapoMeTPHIECKOTO
pacrpeeneHus 9acTul] TpeOyeT JIMTEIBLHOTO BpeMeHu Hopsiaka />/D. Hanpumep, B
[55] GapomeTrpuueckoe paBHOBECHE B CTOJ0OE MAarHUTHOM J>KHIKOCTH BBICOTOM
/=9 cM He ObUIO AOCTUTHYTO U cIycTd 2 roaa HaOmoneHui. OgHAKO, TOCKOIBKY
IPOLIECCHl C HEOAHOPOAHOW IJIABYYECThIO 3aMETHBI MPU Pa3HUIIE KOHLEHTPALMI
menee 0.01 % BnusHHE CeNMMEHTAIlMU Ha KOHBEKLMIO [53] MOXET HpPOSIBUTHCA
3aJI0JITO JIO YCTAHOBJICHHUSI PABHOBECHOTO 0apOMETPUIECKOTO pacipe/eIcHus.

3amaya 0 KHHETHKE 00pa30BaHMsS 0APOMETPUUYECKOTO PACIPEIeTICHUSI YaCTHII
BIICpBBIC pemieHa B pabore [57] mnsg moayOeCKOHEYHOTO CJIosi C HavdaJlbHBIM
pacmpeneJIeHUEM YacTUIl B BUJAC JeIbTa-QPyHKIIMA HA HEKOTOPOM PACCTOSHUU OT
nHa. B [55] aT0 penienne ucnonb30BaHO I PACCMOTPEHUSI KUHETUKY MpoLiecca ¢
WCIIOJIb30BAaHUEM HA4YaJbHOTO CTYIEHYATOTO paCIpeAesieHUs YacTHI] MO BBICOTE,

KOIJIa TOBEPX CJIOSI OJHOPOJHOM MArHUTHOM KHUJKOCTH HAJUT CJIOHM KEPOCHHA.
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ABTOpbl paboThl [58] paccMarpuBaiM CIIOH KOHEYHOW BBICOTHI C HadyaJbHBIM
CTYIIEHYAThIM pacHpeeeHUEeM KOHUEHTpauuu. Pelienne 3a1a4u UCoiIb30BaHO B
HKCIIEPUMEHTE MO ONpeAesieHnIo ko3 duurenta 1udpPy3u MarHuTHbIX YacTull. B
[54] pemiena 3a1a4a 0 KHHETUKE MPOLIECCA B CJI0€ KOHEYHOM BBICOTHI C HAYaJIbHBIM
OJHOPOJHBIM  pacHpeleJIeHUeM  KOHUEHTpauuu. MccnenoBaHusi — BIHUSAHUS
TepMOAU(P(HY3NOHHBIX I'PATUEHTOB KOHIIEHT ALK HA YCTOMYMBOCTH KOHBEKTUBHBIX
TEYCHUN B MAarHUTHBIX KOJUIOMJIaX MPUBEAEHBI B padorax [59-62]. B pabore [63]
OTMEYEHO CYIIECTBEHHOE BiUsHUE TepMoauddy3un Ha 3HPEKTUBHOCTH PadOTHI
MarHUTOXXKUJIKOCTHBIX yIUIOTHHTENEH. B mybnukamuu [64] paccMoTpeHa 3aiada o
KUHETUKE PACTpeesICHHs] KOHIICHTPAllMM B BEPTUKAJIBHOM KaHaJIe C yY4ETOM Cpasy
JIBYX MEXaHH3MOB I'€Hepallii HEOAHOPOJHOCTEHN: IPaBUTAIIMOHHON CEIMMEHTAINH
U TepModope3a YaCTHIL 32 CUET BEPTUKAIBHBIX TEMIIEPATYPHBIX TPAJUCHTOB.
HccnenoBanne 0COOCHHOCTEM KOHBEKIIMM B HAHOXXUIKOCTSIX PA3IMYHOTO
cocTaBa M B pa3HbIX NPUIOKEHUSIX SBISIETCS  CIOXKHOM  MpoOsieMoil
TeroMacconeperoca [65-67]. B ciiydyae MarHuTONOJISPU3YEMOM HAHOKHUIKOCTH
OHa CTaHOBUTCS elle OoJiee CIOKHOM HM3-32 HEOOXOIMMOCTH Yy4eTa OO0bEMHOI
HEPABHOMEPHOCTH  pACIpPEACIICHHS  HAHOYACTHI,  BBI3BAHHOW  IIOMHUMO

I'PaBUTAIMOHHON CEIMMEHTAIIUU, TEPMO- U Maruutodopeszamu [68-72].
1.2 TepMOMATHUTHBI MEXaHU3M KOHBEKIIUU

TepMOMarHuTHBIM MEXaHH3MOM HEYCTOMYMBOCTH MBI Oy/lIeM Ha3bIBaTh
JBIDKEHUE 00beMa MarHUTHOM JKUJIKOCTH IO/ ISHCTBUEM TTOHACPOMOTOPHOM CHITHI.
MarnuTtHOE 10JIe MPUBOAUT K HAMAarHUYMBAHHUIO BEIIECTBA TBEP0H (ha3bl, KOTOPOE
3aBUCUT OT Temriepatypbl (3¢ dext Kropu). M3-3a HeOompmoro paMepa, 4aCTHIIBI
CUHMTAIOTCS PABHOMEPHO PaCIpECICHHBIMU B 00hEME KHUIKOCTH-HOCUTEIS 32 CUET
BpoyHoBckoro aBwxeHus. Takum oOpa3oM, Ha MakKpOypOBHE, HAMarHUYE€HHOCTb
OTIEIBHBIX YaCTHI] paccMaTpuBaeTcs Kak 3¢ (eKTUBHAS HaMarHWYECHHOCTh CaMoit
x’uakoctu. Eciam  Temmeparypa  KHUJIKOCTH — yYBEIMYHBACTCSI, TO OOBEMHas
HAaMarHW4Ye€HHOCTh JKUJKOCTH YMEHBIIAETCS M3-3a TEIUIOBOTO PACIIMPECHUS
KUJIKOCTU-HOCUTENS, YTO CHIDKaeT 3(P()EKTUBHYIO KOHIEHTPALIMIO MarHUTHBIX

JacTun, M HN3-3a AC30OPUCHTAIMHM MAIrHUTHBIX MOMCHTOB OTACIBHBIX YaCTHIL
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OpoyHOBCKMM JBIW>KeHHEeM [73,74]. B pesynprare o0mactd ¢ MEHbIIEH
TEMIIEPaTypoH KUAKOCTU OYyT CHIIbHEE HAMarHM4MBaThCs. Takas TemneparypHas
HEOJHOPOJHOCTh HAMarHMYEHHOCTU TMOPOXKJIAET TPATUEHT HAIMPSHKEHHOCTH
MarHUTHOTO MOJIsI BHYTPH KUAKOCTH, HAIIPABICHHBIN K ropsAueil CTEHKE U XOJIOIHbII
AIIEMEHT KUJKOCTH OyAET BTATUBATHCA B 00JACTh OOJIBIIET0 MAarHUTHOTO MOJIS MO

I[CﬁCTBPIGM cwinl KeapBruHa
F=MVH, (14)

Trac Mo — MArHUTHAA IIOCTOsAAHHA, M— HaMaratm4cHHOCTD, VH - rpaaucHT
HaMps’KCHHOCTH MATrHUTHOTO IT10JIA.
MHTEeHCUBHOCTH TepMOMaFHHTHOﬁ KOHBCKIIMU MOKHO OIIPpCACIUTL YCpPC3

MarauTHoe yucio ['pacroda [74]
Gr, = 1, K?°®*h? I 1+ ) pv°, (1.5)
rne K=0M /0T |,_;, — nupomarHuTHblii ko3 duiueHt, T«— cpeaHss TemMreparypa

KUJKOCTH, ¥ — MAarHUTHAs1 BOCIPUUMYHUBOCTb.
MexaHu3M TEPMOMArHUTHOW KOHBEKLMHM JUIsI BepTUKaJIbHOro cios MK
o0orpeBaeMoro ¢ 0JIHON OOKOBOI CTOPOHBI M OXJIAXKIaEMOTO — C APYTOi, n300pakeH
Ha puc. 1.1. TlockonbKy HOpMajdbHas COCTaBIISIIONIAs BEKTOpa MATrHUTHOM
UHIYKUUU HENpPEpbIBHA, TIPaJUEHT HAMarHWYEHHOCTH MOPOXKIAET TIPaJUECHT
HAIPSKEHHOCTH T0JIsI, HAIIPABJICHHBIN B TPOTUBOMOJIOKHYIO CTOPOHY.
HccnenoBanue TEpMOMArHUTHOTO MEXaHU3Ma KOHBEKLIMM HA4YaJIOCh C 3aJa4u
00 YCTOMYMBOCTM MEXaHWYECKOTO DPABHOBECHS  IOIOTPEBAEMOrO  CHU3Y
rOpU30HTAIBHOTO ciog MOK mox aeicTBHEM CHII TPAaBUTAMOHHOW M MAarHUTHOU
npupoabl, BiepBbie paccMorpeHHor dunimsiiconom B 1970 . [40]. B atoii pabore
MOKa3aHO, YTO B IJIOCKUX CJOSX TOJNIIUHOW OoJbllie 1 MM B paBHOM CTEIIEHU MOTYT
JNEUCTBOBATh  JIBA  MEXaHM3Ma  KOHBEKIMU:  TEPMOrPABUTALMOHHBIN U
TEPMOMATrHUTHBIA. B ciosx TommuHoN MeHbme | MM OyaeT mpeoOiamarh

TepMOMaFHHTHBIﬁ MCXaHM3M KOHBCKIIHUH.
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Puc. 1.1. TepMOMaFHHTHBIﬁ MCXaHNU3M KOHBCKIIMH B BCPTUKAJIBHOM CJIOC

3aBUCUMOCTh HAIPABJIEHUSI BHEIIHETO OJHOPOJHOTO MArHUTHOTO IMOJS IO
OTHOILIICHUIO K TpaJueHTy TeMmepaTypbl B KBajapatHod monoctd ¢ MXK
uccieaoBanachk B padore [75].

3agaya O BO3ACHCTBUM TEPMOMArHMTHOTO MEXaHW3Ma Ha YCTOWYHUBOCTH
rPaBUTAIlMOHHOTO KOHBEKTMBHOTO TEUYEHUA B BepTUKaJIbHOM cioe MK
UCCIIe0BAIach SKCIIEPUMEHTANIBHO B paboTrax [76-80] u Teopetnuecku [42-44]. B
uccienoBanusax [43, 44, 76] ObLI0 MOKAa3aHO, YTO OCHOBHOE IMOABEMHO-OIYCKHOE
TEPMOTPABUTAIIMOHHOE TEYCHHE B BEPTUKAIBLHOM TOAOTPEeBaEMOM COOKYy CIoe
MarHUTHOM >KUAKOCTH, IIOMEIIEHHOM BO BHEUIHEE OJHOPOAHOE MOMEPEYHOE
MarHUTHOE T0Jie, TIPU MPEBBIIIEHUH KPUTUUECKUX IMapaMeTpPOB HAIPSKEHHOCTH
MAarHUTHOTO TIOJISI M TONEPEYHOro Mepenaja TeMreparyp CMEHSETCS BTOPUYHBIM
TEPMOMAarHUTHBIM TEUEHHMEM B BHJIE BEPTUKaJbHBIX BajoB. FEiie oauH
MIpUMEYATEIIbHBIA PE3YIbTaT — 3TO MOSIBJICHUE PEKUMa OSTYIUX TEPMOMATHUTHBIX
BOJH [43].

B ecTecTBEHHBIX XKHUIKUX MapaMarHUTHBIX Cpelax, HampuMmep, B KUCIOPOJE
TAKXE MPOSABIIAETCA TEPMOMArHUTHBIM MEeXaHU3M KOHBekuuHu [81]. OnHako Moaenu
HEYCTOWYHUBOCTH, OOHApY)XCHHbIE B IapaMarHUTHBIX KHUIKOCTSIX, Ka4ye€CTBEHHO

OTJIMYHBI OT TeX, YTO MOJydawTcs s (GeppoKUIKOCTeH. DTO pasziuuue
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0OyCJIOBIIEHO HEIMHEWHOCThIO MAarHUTHOro mojs BHYTpu cios MK, u
3HAYMTENBHOM pa3HMIEH B HaMarHudeHHOCTH ~ 107 mng xucmopoma u ~ 10 mis
MX [82].

TepMOMarHuTHbIN ~ MEXaHU3M  KOHBEKLUMHM  SIBISIETCA  OAHUM U3
HErPaBUTALIMOHHBIX MEXaHU3MOB KOHBEKIIUHU, IIO9TOMY €r0 MOXHO UCITIOJIb30BaTh B
YCIOBUSX MHKPOTPABUTAIIMM HAa KOCMMYECKMX anmnaparax [83-85] wim mnpwu
pa3paboTKe MHUKpPO- W HAHOXJICEKTPOMEXaHWYeCKUuX cucrem [86, 87], koraa
rpaBuTalioHHoe ymcio ['pacroda crpemurcs x 0.

B paGorax [88-93] mnpencrtaBieHbl AKCHEPUMEHTAIbHBIE PE3YJIbTaThl
UCCJIEIOBaHUN KOHBEKTUBHBIX TEUCHUM HA OOPTY opOUTanbHON cTaHuu «Mup» u
«MKC», nmomydeHHbIe ¢ TOMOIIIBIO JaTYMKa KOHBEKIMU TUIA «[lakoH». DTa HayyHas
anmnaparypa Obuia pa3paboTaHa W M3rotoBiieHa B [lepMckoM rocynapcTBEeHHOM
yHuBepcutere. [lonmydeHHbIe MaHHBIE MOKA3bIBAIOT, YTO HA OOPTY KOCMHYECKHX
anmnapaTtoB BO3HUKAIOT MMKPOYCKOPEHHSI BCIIEJCTBHME pabOThl JBUTATENEH,
000OpyIOBaHUS, DKUIAXKA, BEJIMYUHBI KOTOPHIX JIOCTATOYHO IS BO3HUKHOBEHMS
KOHBEKTHBHBIX TEYEHUH B Ta3ax U KHUAKOCTAX. OJHAKO TEPMOMArHUTHYIO
KOHBEKIIMIO B HEBECOMOCTH MHULIMUPOBATH <JIETYE», YEM TEPMOrPABUTAIMOHHYIO.
C mnoMoupl0 MarHUTHOTO TIOJIE MOXHO YIPAaBIATh KOHBEKIHEH U MEHSTh
MarHMTOKOHBEKTUBHBIC TTOTOKH U1l oTBoAa Teruia [94]. B pabote [95] mokasaHo,
YTO BHEINIHEE MArHUTHOE TI0J€ CIOCOOHO VYBEJIMYUTH TEIUIONEPEHOC B
ropuzoHTanbHOM cioe MJXX B 3 -5 pa3. MarHutHble MOHIEPOMOTOPHBIE CHUIIBI
MOXXHO HCHOJB30BaTh B YCIOBHUSIX MHUKPOTPABUTALMU ISl YIPABICHUS POCTOM
KPUCTAJJIOB U3 Jua- U MapaMarHUTHBIX paciuiaBoB [96] unu mpoueccoM ropeHus
[97]. B 2010 rony Ilepmckum yHHMBEpcUTETOM OBUIO pa3paboTaHO TEXHHYECKOE
3a/1aHUE HA KOCMUYECKHUI SKCIIEPUMEHT I10 UCCIIEOBAHNUIO KOHBEKTUBHBIX TEUECHU N
U U3MEPEeHHI0 KOX(P(UIMEHTOB TMEpeHOCa B  MAarHUTOIMOJSPU3YIOIIHAXCS
HAHOXKHJIKOCTSX B  YCIOBHSIX MHUKpPOrpaBUTAllMM, PYKOBOAMUTENb MPOEKTa

[Tytun I.O.
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I'maBa 2

SKCHCpHMGHTaHBHaﬂ YCTaHOBKA U MCTOJHKA I/IBMepeHI/Iﬁ

2.1 ®usnyecKkue napaMeTpbl MATHUTHBIX KUAKOCTEH

B skcnepruMeHTax MCHONIb30BajJdCh MArHUTHBIE KOJUIOW[IBI, M3TOTOBIICHHBIE
OOOQO HIIBII «®epporunpoaunamuka, T. Hukomnaes (Toprosast mapka «bieck») u
npo0IeMHON Hay4HO-UCCIIEN0BATEIBCKON naboparopueit MIPUKIIAHON
dbepporuapoaunamMuikd  MIBAHOBCKOTO ~ TOCYAapCTBEHHOTO  DHEPreTHUECKOTO
yHuBepcutTeTa, T MBaHOBo. B KkauecTBe XUIKOCTH-HOCUTENS HCIOIb30BAJICS
KepocuH, 0o yHjekan crabunuszaropom (ITAB) cimyxkuna onenHoBasi KUCIOTA.
OcCHOBHBIE CBOMCTBA KOJIJIOMIOB MIPUBEACHBI B TabmuIle 1.

CBoiicTBa MarHUTHBIX JKHJKOCTEH 3aBUCAT OT CHOco0a MPUTOTOBIICHUS,
pacnpenesieHuss 4YacTUI] MarHeTUTa Mo pa3MepaM, B3aUMOACHCTBUS ATUX YaCTHII,
HAJIM4YMsS HECBSI3aHHBIX MOJIEKYJ BEIIeCTBA-CTAOMIM3aTOpa, COCTaBa HECyIeH
cpenpl U psaga Apyrux (akropo [74, 98-108]. B cBsi3um c 3TUM H3MEepeHUs
OPOBOAWINCH C JKUJIKOCTBIO M3 OAHOW mnaptud. J[uHamuueckass BSI3KOCTb,
IJIOTHOCTh, TEMIIEPATYpPOIPOBOJHOCTh M1 HAMarHnueHHocTh MK onpeaensuincs Bo
BCIIOMOTATENbHBIX OmbITaX. HekoTopeie Temnopu3nueckue, peoJOoTHYECKUe MU
JIpyrue CBOMCTBAa OLEHHMBAJIUCh IO CIPAaBOYHBIM JAHHBIM M 3aBUCHMOCTSIM,
CoZIepKaIUMCs B 0030pHBIX MOHOTpadUSIX M OPUTHMHAIBHBIX paboTax, a TakKe
npeaocTaBieHHbIM npousBoauTensmu MK [100-103, 109-111].

OcHOBHbIE MarHuTHble cBoMcTBa MK MOXHO OIpeAenuTh H3 KPUBOU
HaMarHnuuBanus. Ha pwc. 2.1 npuBeneHa -sKClEpUMEHTallbHAs 3aBHCUMOCTH
HAMarHM4Y€HHOCTH KEPOCHHOBOM MAarHUTHOW KUJIKOCTH M OT BEIWYHHBI
IPUJIOKEHHOTO MarHuTHOTO Ttonst /. KpuBasg HamMarHn4MBaHHS TNOJIyYE€HA MyTEM
YUCJIEHHOTO WHTETPUPOBAHUS AKCIIEPUMEHTAIIBHOU 3aBUCUMOCTH
nudpepeHnanbHOl  BOCIIPUUMYMBOCTA MArHUTHOM KUAKOCTH OT BHEIIHETO
MOCTOSSHHOTO MarHuTHOro nouss [112]. M3mepeHus npoBOAWIHCH HA YCTAHOBKE
naboparopuu «/uHamuka gucnepcHbIX cucteM» MHCTUTYyTa MEXaHUKHU CILTOMIHBIX

cpen YpO PAH, r. [lepmb; norpemiHocTh U3MEPEHUI cocTapisiia He 6oree 3 %.
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Ta6JII/IHa 1. OcHOBHBIC CBOMCTBAa MAarHUTHOM KHUOKOCTH U €€ KOMIIOHCHT

Kuakocts-
HOCHUTEITh
dusnueckas BEIMYNHA
KePOCHH | YHICKaH

M; | HaMarHUYEHHOCTh HACHIIEHHS, KA/M 43 45

X HayaJbHAs MarHUTHas BOCIIPUMMYHUBOCTh 2.9 -

Co KOHILEHTPAIMsS MarHeTUTa 0.14 0.16
p | IIOTHOCT, KI/M° 1.44-10° | 1.46-10°
PH [UIOTHOCTD KHUJIKOCTU-HOCUTENS, KI/M’ 0.83-10° | 0.74-10°
Py | TULIOTHOCTH MarHeTUTa, Kr/m> 5.2:10°

n JMHAMHUYECKas BA3KOCTh, I1a-c 7.7-103 | 8.5-107

v | KuUHeMaTudeckas BI3KOCTh, M2/C 5.3-10% | 5.8:10°
Axe | KOB(hduIMEHT TeronporoagHoctr, Bt/M-K 0.25

a | TeMIepaTypoIpoOBOIHOCTb, M2/C 1-107

D | xoodppumuent nuddysnu, m>/c 5-10712

vs | ckopocTh CTOKCaA, M/C 6:10°!!

Br | xosddunuent Ternosoro pacmmpenus, 1/K 8-10* 1107
fc | KOHIEHTPAIMOHHBINA KOA(POUIIUEHT TIIOTHOCTH

Pm | OTHOCUTENBHBIN TEMIIEPATYPHBINA KOIPPUIIUECHT 5-103

HamMaranueHnocty, 1/K

Pr | wucno Ipanamis 53 54
9 . e 1.3-10' | 1.5:10'
va | KOHBEKTHBHBIN mapamerp, K'm : :

r CpPEOHUN paJnyC YaCTULbI, M 6:10°
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OOBemMHas OIS TBEPJbIX MarHUTHBIX 4acTHUI] (0ObEMHAs JOJIS MarHeTHTa B
KUJKOCTH) OIpeaessiaachk uepe3 IJIOTHOCTb MAarHeTUTa U IUIOTHOCTH JKHAKOTO
HOCHUTENS 110 hopmyIie

C = P~ Pu _
Pm~—Phu
[11OTHOCTB KUIKOCTH p HAXOAWJIACH TIPH MTOMOIIN MTUKHOMETPA U aHATUTHYECKHUX
BECOB.

JluHamudeckass BS3KOCTb O KHJIKOCTH 7 OINpPEACIsLIach TPH  MTOMOIIH
BuOpainmonHoro Buckozumerpa SV-10 (Smonust). J[ocTOBEpHOCTh H3MEpEHUU
MPOBEPsUTACh B ONBITAX C JUCTUIJIMPOBAHHOW BOJIOHM, KOTOpPHIC N1ajld M3BECTHHIC
TaOJIMYHBIC 3HAYEHUSI TSI BI3KOCTH BOJBL. 3aBUCUMOCTDH BSI3KOCTHU, MCCIICTYEeMOMN
MX oT KOHIIEHTpaIlK YacTHI] KCcaeaoBantachk B padore [113].

Koaddumment temnepaTypornpoBOJHOCTH & OMNPEASsCS B OTACILHOM
AKCIIEPUMEHTE METOAOM PETYJSPHOTO PEXKHUMa, KOTJa aHAJU3UPYeTCs KpHUBas
nporpeBa (OCThIBaHUS) — U3MEHEHHUE TEMIIEPaTyphl B IIEHTPE KaHalla OT BPEMEHHU
O(t). JlamuHapHOE KOHBEKTHBHOE T€UCHUE, HEN30€)KHO BO3HHUKAIOIIEE B JUIMHHOM
BEPTHKAJILHOM KaHaJle paJuycoM R, MOABEp>KEHHOM BHE3aIHOMY, HE CIHUIIKOM
CWIBHOMY OJIHOPOJHOMY IO BEPTUKAIH U IO OKPY>XKHOCTH OOKOBOMY OOOTpEBY,
XapaKTepu3yeTcs MPSMOIUHEHHOCThIO TPACKTOPUHM S>KHIKUX YacCTHUIl. JTO cpasy
CWIBHO YMPONIAeT 3aJady aHajliu3a TEMIEPATypHOrO TMOJS M TOJS CKOPOCTH.
Mo>kHO 3apaHee cKa3aTh, YTO TEMIEPATYPHOE MOJIe OJHOPOIHO MO BEPTHKAIH U
3aBUCHUT TOJBKO OT BPEMEHH U PaANAIIbHON KOOPIUHATHI I.

JIeWCTBUTENIBHO, B CiIydyae NPSMOJMHEMHOCTH TPACKTOPUUA B YpPaBHECHUU
NMepeHoca Terla AaBTOMATHYECKHM  WCYE3al0T  cllaraémble, CBSI3aHHBIE C
KOHBEKTHBHBIM TIEPEHOCOM [0 TPUYMHE HYJEBOH pagualbHOW KOMIIOHECHTHI
CKOPOCTH V; 1 Oarogapsi OHOPOAHOCTH TeMITepaTypsl ® 1Mo BepTUKaiu

00 00

Vi—=0unv,—=0.
or 0z
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Takum o00Opa3oM, ypaBHEHHE TME€pEHOCAa TEIUIa COBCEM HE COACPIKUT
KOHBEKTHBHON CKOPOCTH, T.€. MMPOIPEB KHUIKOTO CTOJ0A MPOMCXOIUT TaK Ke, Kak

JUTMHHOTO TBEPAOT0 cTepikHs [114]

15,0 10 00
ot r or or

B cioydae mnpsSMOJIMHEHHOCTH TpPAeKTOPH HeAMHEHHBIH uieH V-VV B
ypaBHeHnn HaBbe-CTOKca JJIsi CKOPOCTH TakKKe€ ABTOMATHYECKH DPaBEH HYJIIO.
JIOTIOJTHATEBHO yYTEM, YTO MArHUTHBIE JKMIKOCTH, KaK TMPAaBUIIO, HMEIOT
KAHEMATHYECKYI0  BS3KOCTB Vv B JIECATKM  pa3  Oojblie,  4eM
TEMIIEPATYPONPOBOJHOCTE @, ITO3TOMY  3aTyXaHWE  THIPOJUHAMHYECKUX
BO3MYIILICHUIT MacITaba paaiyca R kaHa a MPOUCXOIUT 3HAYMTEILHO OBICTPEE, YeM

34aTYXaHHUC TCMIICPATYPHOTO ITOJIA

R> _R?
T~—>—,
a 14
T.€. Pa3yMHO MPEANOJOXKHUTh KBA3UCTATHUECKUN XapaKTep HW3MEHEHHUs MO
CKOPOCTH, KOTJa KUJIKOCTh IMOJHUMAETCS] OKOJIO HAarpeTOM CTEHKHU U OIYyCKAaeTCs B
LEHTPE KaHala.
JlaMuHapHBIA XapaKTep TEYCHUS U MPSIMOJUHEHHOCTb TPACKTOPHUN NIpHU

KOHBCKIMHX B BCPTHUKAJIBHOM KaHAJIC MOYKHO IIOATBCPAUTD OHCHKOﬁ Ha4daJIbHOT'O

yucna Penes

Ra =971 o3
va

OMpENENIIEMOr0 4Yepe3 HAYaIbHYIO) pa3HOCTh TemmepaTtyp ® Mexay XHIKUM
CTOOOM ® TEPMOCTATOM. OTO WYHCIO CJIEIyeT CPaBHUTh C W3BECTHBIMU
XapaKTEPHbIMU 3HAYEHUSMH, HAlpUMEp, ¢ KpPUTHUYECKUMH uuciamu Penes mis
KOHBEKTUBHBIX CTPYKTYP B KaHaJle Ipu mojorpese cansy [115]. Teuenue, 6muskoe
no GopMe ¢ OXHIaeMOW CTPYKTYpOH TMOTOKOB B HAIIMX OMbBITaX (BCIIBIBAaHUE
KUJKOCTU y TOpSYEH CTEHKHU U ONYyCKAaHHE €€ B IIEHTPE KaHayia), BOZHUKAET MpHU
guciie Penes Rac = 452. bonee menkomacmTaOHbIE CTPYKTYPhl TEUCHHUSI B KaHAJE

MOTYT BO3HUKHYTh TOJBKO NpH uuciax Penes ~ 10% Eme Gosee 3HaunTENbHBIE
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yucia Penmes TpeOyroTcsi AJie BO3HUKHOBEHMSI MNEPUOAMYECKUX CTPYKTYp MO
BEpTUKAIH. B 3TOM ciyyae HapymaeTcss IpSMOJIMHEHHOCTh TpaekTopuit [115] u
oOcyxJ1aeMasi METOJIMKA OIpe/iesIeHUs & HE TPUMEHUMA.
Yucno Penes B ombiTax yosiBasio a0 0, a peryisipHbIii SKCIIOHEHIMATbHBIH
[V - . 3
peXuM MporpeBa (OCTHIBAHUS) HAUYMHAJICSA OT 3HaueHui Ra ~ 2-10°.
[Tone TemmnepaTypsl ® mocsae HaCTYIUIEHUS PETYJSIPHOrO pexuma, KOrja Bce
MEJIKOMACIITA0HbIE TapMOHUKH TEMIEPATypHOro IMOJSI 3aTyXJM, ONUCHIBACTCS

¢yukuueit beccenst Hynesoro mopsiaka [114]:
—-At
® = 0,J(2.405r/R)e (2.1)

rae koHcranta 2.405 — sTo mepBblii Hynb (GyHKuuu beccens, A — nekpeMeHT
3aTyXaHHUsl.

JlJist MeTosia peryssipHOro pekuma TpedyeTcst 00ecTeunuTh BHICOKOE 3HAUCHUE
uncna buo Bi ~ 102 [114], onpenenseMoe Kak OTHOLIEHHE MOTOKA TeIa ¢ OOKOBOI
MOBEPXHOCTH CTEHKH K TEIJIONPOBOJAHOMY MOTOKY M3 00beMa KUAKOCTU
_aR

A

HC

Bi

TecToBbIC SKCIEPUMEHTHI TMOKA3adHM, YTO HEOOXOAMMOE 4HCiIO Bi MOXHO
MOJIYYUTh 3a cueT d(P(HEKTUBHONW TEIUIOOTAAa4M ¢ OOKOBOM TMOBEPXHOCTH CTOJIOA
KUJIKOCTH B OKPYXKAIOIMKA €ro TEIJIONPOBOAHBIN MaccuB. Jliis 3Toro ObuI
M3TOTOBJICH JAaTyHHBIH wmHAp 1 muamerpom 20 MM u BeIcOTOW | =42 MM, B
KOTOPOM  BJOJIb IIEHTPAJIBHOW OCH BBICBEPIUBAJICS BEPTUKAIBHBIA KaHal
muamerpom 2R = 6.0 mm  (puc. 2.2). Kanam 3akppIBajicsi CBEpXy H CHH3Y
TUTIEKCUTIIACOBBIMU TUIACTHHAMHU TONIIUMHON 1 Mm. BepxHss KpbIka-rmiiacTuHa
uMena OTBEPCTHUS JUIsl 3alUBKHU. BIONb MEHTpaTbHONW OCH KaHaja MPOTATHUBAJICS
npoBos auddepeHInaTbHON Meab-KOHCTAHTAHOBOM TEPMOIIAphl, M3TOTOBICHHON
u3 npoBoJioku nuametrpom 0.1 mm. «"opstamii» crai 2 TepMorapsl 3 pacrmoaraics
MOCEepeIMHE BHICOTHI M IMAMETpa KaHala, a «XOJOAHBIN» 4 pa3Mmeniaics Ha CTCHKE

JJATYHHOI'O HUJIHMHAPA.
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Puc. 2.2 Cxema yCTaHOBKM Uil HU3MEPEHUS TEMIIEPATypONPOBOJHOCTH
MarHUTHOM KUJKOCTH | — JaTyHHBIN HUIKMHIDP; 2 — «rOpsiYui» crnail TepMonapsl B
BEPTUKAJIIBHOM KaHaJle C JKUJKOCTbIO; 3 — KOHCTAHTAHOBBIN MPOBOJ TEPMOIIAPHI;

4 — «XONOAHBINY» crlail TepMoMaphl; 5 — CJIOW TETIOU3OIALIUH.
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Takum oOpa3om, TepMomapa m3Mepsia pasHocTh Temmepatyp O(0) mexmay
LEHTPOM CTOJI0A JKUAKOCTH U JIATYHHBIM LMWJIMHIpPOM. BOKOBasi MOBEPXHOCTH
JATYHHOT'O HWJIMHAPA MOKPBIBATIACH CIOEM IIJIACTUKOBOU MOPUCTON TETUIOU30JISIIAN
5 TonmuHON 5 MM. XKuUJIKOCTh, NIpeIBApUTEILHO HarpeTas A0 TEMIIepaTypbl OKOJIO
40 °C, 3anuBanach 4Yepe3 WIJy IINpUIIAa B KaHal M HA4YUHAJCS TPOIECC €€
OCTBHIBAHMS 32 CUET OTJAa4U TEIUIAa METAINIMYECKUM CTEHKaM JIaTyHHOTO IIUJIMHIIPA.

Bricokas TemionpoBOHOCTE JIATYHHBIX CTEHOK KaHama A, ~ 2 102 Brm1-K'B
CPAaBHEHHMH C TEIUIONPOBOJHOCTBIO KUAKOCTH Ax ~ 0.2 Br-M™1-K? obecneunsaer
BeCchMa CJIa0bIN TEeMIIepaTyPHBIN TPaUEHT B METAIIJIE B CPABHEHHUH C TPAJUEHTOM B

JKUJIKOCTH BOJIM3M rpaHulipl pasaena (npu tunuaaom O(0) ~ 5 K)

dT J1(2.405) 3 K
— =2405-1 ©(0)———~2-10 °—.
dr JHC R-A MM

7

Taxoli TpaAMEHT COOTBETCTBYET HEOTHOPOJIHOCTH TEMIIEPATYPhI B JATYHHOM
muuaape ~ 0.04 K.

CpaBHUBas TEIJIONMPOBOAHBIC MOTOKM HA TPAHMIIE JKUIKOTO CTONOA W uepes
JTaTYHHYIO UJIMHIPUYECKYIO0 CTEHKY TPU OJIMHAKOBBIX TPAJMCHTAX TEMIIEpaTyp Ha
IpaHMIIAX MOYKHO OLIEHUTh 3 dexTuBHOE uKcio buo 3Hauenuem Bi ~ 102,

[TockonmbKy pedb WAET O HECTAIMOHAPHBIX MPOIECCaX, TO BAXKHBI TAKXKE
BpPEMEHA peJlaKCalliid TEeMIIEPaTyPHBIX BO3MYIICHHUW B CTONOE YKHIKOCTH U B
OKpYXaloleM JaTyHHOM MaccuBe. OTHOIICHHE BpPEMEH MOXHO OIEHUTh

CIeAYIOMKUM 00pa3oMm:

T R2 a

A _ oA g
2

g Rﬂa

DTO 3HAYUT, YTO HEOJHOPOJHOCTH TEMIIEpaTypbl B JIATYHHOM MAacCCHBE
paccachblBalOTCS HAa MOPAJIOK OBICTPEE, YEM OCTBIBAET CTOJIO HKHUJIKOCTH.

[Tocne mOJHOrO OCTHIBaHUS KUJAKOCTH, TEMIIEpaTypa JIATYHHOTO LWJIMHApPA
HECKOJBKO YBEJIMYUTCA, M O3TOT MPUPOCT AT BKIAJ B CUCTEMATHYECKYIO
MOrPEIIHOCTh JKcnepuMeHTa. HWHTerpanbHas TeEIioBass €MKOCTh JIATyHHOTO

IWIMHAPA CTEIHMATbHO BhIOpAHA 3HAYUTENIBLHO OOJBIIeH TETUIOEMKOCTH JKHIKOTO
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o0beMa, Tak 4TO MPUPOCT TeMmiepaTypbl jaTyHu He npesbicur 0.1 K 3a cuer
octbiBaHuA )xuakoro crosnba ot 10 1o 0 K, yto nodasur k norpemnoctu ~ 1%.

[IpuBeeHHBIE OLIEHKH MOKAa3bIBAIOT, YTO BO BPEMS ONbITA MOXHO CUMUTAThH
JATYHHBIN HMJIUHIP C JOCTATOYHONU TOYHOCTBIO U30TEPMHUUECKUM, UYTO U TpeOyeTcs
JUTsl IPUMEHUMOCTH METOJ1a PETYIISIPHOT'O peXUMa.

OJIC TtepMmomnapbl u3Mepssiach MHKpoOBOJIbTMETpoM Tepmonar 38Bl1.
MukpoBosbT™MeTp noakmovancs Kk USB nmopTy kommbioTepa M €ro Mnoka3aHus B
OpolLecce OCTBIBAHMS  JKMJIKOCTH  3alUCBIBAIUCH B BUAE TEPMOIPAMMBbI
npuioxkenuem TermodatReader.

Ha puc. 2.3 noka3aH TUNUYHBIA BUJ TEPMOIPAMMBI OCTHIBAHHMS MarHUTHOU
xuakoctu. Bunno, uro Beck npouecc anurcs ~ 100 c. Tlpu 3ToM niepBbie 1ecaThb-
NATHAAIATh CEKyHJ  HAOJIOMAIOTCS  HEperyjspHble KoJieOaHUs  pPa3HOCTH
TEMIIEpaTyp, CBSI3aHHBIE C TEM, YTO Harperas XHUJAKOCTb OBICTpO, T.€. CO
3HAYUTEJbHBIMU BO3MYILEHUSMHU TOJS CKOPOCTEH M TemIepaTyp, BIPBICHYTa B
kaHail. OJIHaKO HayaJlbHble XaOTUYECKUE TEUEHUs OBICTPO 3aTyXalOT U CTAHOBATCS

PETYISIPHBIMH.

151
®, K
0 20 40

0 .

10 H 1 f, ¢
-2
3 In(®/Gm)

5 3 L

0 25 50 75 100

Puc. 2.3 KpuBast ocThIBaHUS MATHUTHOM KUJKOCTH B BEPTUKAITLHOM KaHaJIe
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Uucno Ilpanartns y warauTHoM skuakoctd Pr~50, T.e. 3aryxanue
TUAPOAMHAMUYECKUX BO3MYIIEHUH MporcxoauT B 50 pa3 ObIcTpee, YeM pertakcanus
noJyisi temreparypel. TemmeparypHoe moisie crnycTss ~ 20 C Takxke CTaHOBHUTCS
peryiasipHbiM W omuckiBaetcss  popmynoir  (2.1). Jluneinblii rpaduk B
aorapupmuyeckoM  macmradbe Ha  ¢parMeHTe  puc. 2.3 MOATBEPXKIaeT
AKCIIOHEHIMATBHBIN XapaKkTep 3aTyXaHusd TemIiepaTypHoro mnoss. M3 yrioBoro
K03 ULIMEeHTa TPAMOI HAXOAUIICSA JEKPEMEHT 3aTyXaHHUsl, KOTOPBIH JIJIs1 JJTMHHOTO
IMHJIpa paarycoM R onuckiBaeTcst hopmysoit

 2.405%-a

A
R2

Otkyna Haxoauicss KO3 PUITMEHT TeMIepaTypOoIPOBOIHOCTH d.
BbU10 BHIMOTHEHO HECKOJBKO AKCIIEPUMEHTOB, KOTOPbIE MOKA3aJIM 10CTATOYHO

XOPOIIYIO IIOBTOPSEMOCTh PE3yIbTaTOB ¢ HEOMPEAEIECHHOCThIO ~ 6 %.
a=(1.08+0.06)-107 m%/c.
N3mMepenus npoBeneHbl IpU TeMIiepaType jJaryHHoro nunusapa 27 °C.

2.2. Buzyaauzauus KOHBEKTHBHBIX CTPYKTYP " U3MepeHue
TEeMIIEPATYPHOI0 TOJS MOBEPXHOCTH SKHIAKOCTH SKMIAKOKPHCTAJI-

JUICCKHMM TEPMOUHANKATOPOM

Kak mpaBwio, MarHUTHBIE XUJKOCTH SIBISIOTCS HEMPO3PAYHBIMU B CIIOSIX
TOJNIIMHOW  Oojiee  HECKOJNbKMX JEeCATHIX Joled MuwummMmeTpa. JlanHoe
00CTOATENLCTBO HAKJIAAbIBACT OTPAHWYCHUS HA METONbl HCCICIOBAHUS W
BU3yalIH3allid KOHBEKTUBHBIX TEUEHUH B TMOMOOHBIX Cpeaax: HEBO3MOMKHO
IPUMEHUTH ONTUYECKUE METOJbI U3MEPEHUS MOJIEW CKOPOCTH MeTonoM Jlomiepa u
1 poBOI TPaCCEPHON BU3yaTH3alMH IIOTOKOB, M3MEPEHUS T0JIeH KOHIICHTPAIIUN 1
TEMIEpPAaTypsl B 3aBUCHUMOCTH OT MoOKaszarens npenomieHus. lloatomy
VICCIIEIOBAHUE KOHBEKTUBHBIX CTPYKTYP B HEIMPO3PAYHBIX KUJKOCTIX CBOIATCA K
W3MEPEHHUIO TOJIEM TeMIepaTypbl Ha TIOBEPXHOCTU KUAKOCTH, JIOKAJbHBIX
TEMIIEpaTyp B €€ o00beMe U TEIUIOBBIX MOTOKOB. TemmeparypHbie MOdAs U

COOTBETCTBYIOLLINE IIPOCTPAHCTBEHHO-BPEMEHHBIE CTPYKTYPBI B MX
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PETUCTPUPOBATUCH MTPU MTOMOIIHU KUIAKOKPUCTATINYECKOTO TEPMOUHINKATOPA WIIH
TEIJIOBU30pa.

OpauM ©3 crnocoOOB U3MEpPEHHUs NOJs TEeMIEpaTypbl Ha IOBEPXHOCTH
KUJKOCTH  SIBISIETCSL  METOA  BHU3yaju3allUh  KUJKOKPUCTAJNIMYECKUMU
TepmouHauKkaropamu [116, 117].

JInst u3ydyeHus: yCTOMYMBOCTH KOHBEKTHUBHBIX TEUEHHI B BEPTHUKAJIBHOM CJI0€
UCIIOJIB30BAJIUCh HM3MEPUTEIbHbIE SUYCUKU MPSIMOYTOIBHON (HOPMBI  TOJIIIMHOMN
d =4.0u 6.0 mm, BbicoTOM / = 250 MM 1 quuHO# 70 MM (puc. 2.4). [Tomocts 1 ¢ MK
OTpAaHUYMBAJIACHE C OJHOW W3 IIUPOKUX CTOPOH JIATYHHOW ILJIACTUHOM
termooOMenHuka 2 tommuHOW 10 MMm. K mnmactuHe ObutM NpUMasiHbl MEIHbBIC
TPyOKH, CIIy)KalllMe KaHaJlaMu IS TepMocTatupytomend xuakoctu. C npyroit
IIUPOKON CTOPOHBI K TOJOCTH [ TPUMBIKAT MPO3PAYHBIN TEMIOOOMEHHHK J,
COCTABJICHHBIA W3 JBYX NapauIeJbHbIX IUIACTUH W3 ITUIEKCHUIVIAca, OTIACICHHBIX
IPOMEKYTKOM &8 MM, KOTOpPBIA CIIYXWJ KaHajJoM JUIsl TEpMOCTaTUPYIOIIEi
KUJIKOCTH. TommuHa TIacTUHBI, oOpameHHo k cioro MK, cocrarmsuia 2.0 Mm;
Hapy)XHas IUTACTHMHA TETUIOOOMEHHHMKA JUIsl yMEHBIIEHUS TEIUIOOTAAud B
OKpyXKawInyr cpeay umena toauHy 4.0 MMm. C OOKOBBIX CTOPOH MOJOCThH [
OKpYy>aJlaCh paMKOW 4 M3 IUIEKCUITIaca, TOJIIMHA KOTOPOU 3ajjaBajia IIUPUHY CJIOS.
Kuakokpucraminyeckuid TepMOMHIUKATOp J ToauHou 0.1 MM, TaMUHUPOBAHHBIN
¢ AByx cropoH mieHkoi 0.075 MM, conmpukacaics HemoCpeACTBEHHO co ciioem MIK.
JInd  KONMYECTBEHHBIX  M3MEPEHHUM  TEeMIeparypbl  BHYTPU  KUIAKOCTH
UCTIONB30BANMCH JBe nudepennmanbapie Tepmonapbl 6. OauH crail Kaxiaou u3
TEpMOIIAp pacrojarajici B TOHKOM TIIyOOKOM OTBEPCTHHM B JIATYHHOM
TEIUIOOOMEHHUKE, APYroil — ObUT YCTAHOBJIEH B TMOMEPEYHOM CEUEHUHU MOJIOCTH,
npoxoasuieM uyepe3 e€ Ooipllyl0 och cummerpuu. Cram TepMomnap ObUIH
BBICTABJICHBI B )XUAKOCTh HA 0.5 MM B BepxHer U (0.8 MM B HWJKHEW 4acCTAX CIIOS, U
pPacmoyoKEeHbl Ha PACCTOSIHUAX 43 MM OT BEpXHEM M 46 MM OT HWKHEUW Y3KUX

TPaHUI] TOJIOCTH.
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Puc. 2.4. (Cxema KOHBEKTHBHOM KaMephl:

I —momocts ¢ MX; 2 wu

3 — MeTauIMYeCKuil U MPO3pavyHbIi TEIUIOOOMEHHUKH; 4 — paMKa M3 TUICKCUITIAca;

5 — )KUJKOKpHUCTANINYECKasl TIICHKA; 6 — TepMonapa.
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KoadhduimeHnts! TemmonpoBOAHOCTH JIATYHU U MJIEKCUITIACa COOTBETCTBEHHO
paBubl 86 m 0.19 Br/(M'K). KosdpduimueHnt TenmonpoBOIHOCTH MarHUTHOU
KUJIKOCTH COCTAaBIISLI 0.25 Bt/(m-K). OTHOLIECHNE k03¢ puImeHTOB
teronposogHocty MK u mekcurnaca cocraswio 1.3, mma MK u nmarynm —
2.2-1073. Taxum 06pa3oM, JTaTyHHBIA MACCHB MOKHO C XOPOILEH TOYHOCTHIO CYUTATh
MAacCHMBOM OECKOHEYHOW TEIJIONPOBOJHOCTH B CPAaBHEHHUH TEILJIOMPOBOIHOCTHIO
OPUMEHSABIIUXCA JKUJIKOCTEW. OTH YCIOBHS Ha TBEPAbIX TIPAHULAX CJIOS
YUHUTBIBAIMCH IPU CPABHEHHUH SKCIIEPUMEHTA C TEOPUEH.

JIns BU3yanu3alMu CTPYKTYpPbl KOHBEKTHUBHBIX TEUEHHUU HCIIOIb30BAIHCH
KUIKOKPUCTALTNYECKUE TEPMOUHIUKATOPbI IIPOU3BOJICTBA WNHuctutyTa
TeopeTnueckol M npukiaagHoil mMexaHuku CO PAH, u3MeHstomue OKpacKy OT
KOPUYHEBOM Yepe3 3€JICHYIO 10 CUHEN TP MOBBIIIEHUH TEMIIEPATYPhI B UHTEPBAJe
17 + 22 °C; norpemnocTts TepMouHanMKaTopoB cocTtaBnsna = 0.5 K. Ha puc. 2.5
IpeACTaBiIeHa rpaJyrpOBKa IBETA )KUIKOKPUCTAUIMYECKON TUIEHKU B 3aBUCUMOCTHU
OT TeMIEepaTypbl B OTCYTCTBME BHEIIIHETO MAarHUTHOTO TOJIS (2) U MPU HAJIOKEHUH
MarHuTHOro nojs (6). ®parment (0) Moka3bIBaeT, UTO IBET IJICHKU HE 3aBUCHUT OT
PUIOKEHHOTO MOJIS.

Pacnonoxxennas napajuiebHO MU30TEPMUYECKUM IJIOCKOCTSIM
TEIUIOOOMEHHUKOB T€PMOYYBCTBUTENbHASI TTIOBEPXHOCTh B OTCYTCTBHE KOHBEKIIMHU
ABIISIETCS TTOBEPXHOCTHIO TMOCTOSHHOW TeMIEpaTypbl MW 00JanaeT OAMHAKOBOMN
OKpackou. [Ipy KOHBEKTHMBHBIX TEUEHHAX B BHJE AYEEK M BAJIMKOB C OCSAMH,
napajuleNIbHBIMU IJIOCKOCTH CJIOSI, IEMEHTBI KUIKOCTH, UMEIOIIUE ITONIEPEYHYIO K
U30T€pMaM KOMIIOHEHTY CKOPOCTH, Je(OPMUPYIOT YHCTO TEIUIOIPOBOJHOE
pacnpenenenue Temneparypbl [115]. 3a cueTr KOHBEKTMBHOIO MEpeHOCA TeIia Te
o0nacTu, B KOTOPBIX XKUAKOCTh MEPEMEIIAETCs OT HarpeToro TeII0OOOMEHHUKA K
OXJIAKJIEHHOMY, IpuoOpeTaroT Oosiee BBICOKYIO Temneparypy. Hamporus, B
oOmactsiX, Kyga KHJIKOCTh IOCTyHaeT OT XOJIOJHOW TpaHMIbI, TemIepaTypa
MOHIKAETCA. MHOTrOUHCIEHHbIE SKCIEPUMEHTHI U pacueTsl [ 118, 119] mokassiBator,
YTO NPU MEIJIEHHOM W3MEHEHMM BO BPEMEHHM CTPYKTypa TaKMX TEUYEHUHN

OJTHO3HAYHO CBsi3aHa ¢ AedopmanusiMu TemrneparypHbix nosiei. bonee Toro, npu
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OTHOCHUTEJILHO MEJICHHBIX JBIKEHUSIX CBSI3b MEXKIY MOMEPEYHON KOMIOHEHTOM
CKOPOCTM U KOHBEKTUBHBIMH HCKKEHUSIMU TEMIIEpaTypbl MNPHUOIU3UTEIHHO
JUHENHA. DTO MO3BOJISET, PETUCTPUPYS UBMEHEHHE LBETA KUAKOKPUCTATUIMYECKOTO
TEPMOMHIUKATOPAa IO CPAaBHEHHIO C OECKOHBEKTHUBHBIM COCTOSHMEM, JeJllaTh
3aKJII0YeHUsT 0 JOopMe€ M WHTEHCUBHOCTH JBWIKEHUN, MMEIONIUX TMONEPEUYHYIO K
M30JIMHUSM TeMIEpaTypbl cocTaBistonlyto. CieayeT Nog4epKHyTh, OJHAKO, YTO B
IJIOCKUX CJIOSIX TEMIIEPATYPHBIE METO/IBI PETUCTPAIIMN KOHBEKIIUU HETIPUTOIHBI TS
CJIy4aeB, KOT/Ia TPACKTOPHUH KHUJAKUX YACTUILL HE NEPECEKAIOT PABHOBECHBIX U30TEPM,
TO €CTh JIeXKAT B IUNIOCKOCTAX, MapaJlIeIbHBIX MOBEPXHOCTAM TEMI000MEHHHUKOB. K
JIBUKEHHSIM TaKOTO TUTIA OTHOCSITCS, HAIPUMED, JJIMHHOBOJIHOBAS MOJIa P3JIEEBCKOM
HEYCTOMYMBOCTH B TOPU3OHTAJILHOM CJIO€ W IUIOCKOMApaJlIebHOE IMOIBEMHO-
OIYCKHOE€ TEYEHHE B HAKJIOHHOM U BEPTUKAJIBHOM CIIOSIX.

CtpykTypa TeuyeHMs, HaOmogaemass C T[OMOIIBIO TEPMOMHIUKATOPA,
CHUMasach Ha MUQPPOBOH (oTOaNMmapat, KOTOPHIN YIPaBISAICS KOMIBIOTEPOM.

[lorpemHocTh W3MEpEHUN TeMMepaTypbl, OOYCIOBICHHAs MCIOIb3YEeMON
anmapaTypom, CKJIaJbIBAETCS W3 MOTPEIIHOCTEN KUJIKOKPUCTAUIMUYECKOMN IJIEHKH,
TEPMOCTAaTOB, TepMoaara u Tepmomnap u cocraBiusier £ 0.5 K B ombiTax ¢

Busyanuzanuent u = 0.1 K — npu usmepenuu nepenaaos TeMnepaTyp TepMonapamu.

15 16 17 18 19 20 21 22 23 24 25 26 TI,°C
(a) (6)

Puc. 2.5. 3aBucumocTh  1BETAa  KUAKOKPUCTAUNIMYECKOW  IUIEHKH  OT

TeMrepaTypsl (a); WITIOCTpAIUs OTCYTCTBUS BIMSHUS BHEIIIHETO MAarHUTHOTO MOJIS

Ha useT unaukaropa nmpu 7 = 19 °C, H = 21 kA/m (6)
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2.3 Buzyaausaunus KOHBEKTHUBHBIX CTPYKTYp U H3MepeHue
TEMIIEPATYPHOIr0 MOJIA MOBEPXHOCTH KUAKOCTH € NMOMOIIBI0O TOHKOH

IJIACTHHBI U TCIJIOBU30PA

C pa3BuTHEM TEXHUKU TEIJIOBUSMOHHBIX METOIOB HW3MEPEHUN CTajo
JOCTYITHBIM HM3MEpPEHUE TOoJIel TeMIeparypbl B JA0OPAaTOPHBIX YCIOBHUSIX C
paspemenriem g0 0.01 °C [120-123]. B paborax [121, 122] mnpoBoauiuch
U3MEPEHHUS TI0JIsI TEMIIEpaTyphl Ha MOBEPXHOCTU KHUAKOCTH uepe3 rmiuactunbl LiF.
Takue ™IaCTHHBI XOPOIIO MPOMYCKAIT WH(MpPaKpacHOE W3JIYYEeHHUE U JaHHBIC
METOJIMKH TO3BOJISIOT HAOIIOIATh TEMIIEPATYPHOE MOJI€ Ha MOBEPXHOCTHU KUJTKOCTHU
npu nomoIu uHppakpacHoi kamepsl. K HegocTaTkaM Takoro MeToaa OTHOCSTCS
OTPAaHUYEHHBIC Pa3MEpbl CTEKOJ, KOTOPHIE MOXHO H3TOTOBUTH W3 KPUCTAJJIOB
coJiei, UX HeOOJIbIas MPOYHOCTH U BBICOKAS IICHA.

B namux skciepuMeHTax BMECTO MTPO3PauHbIX JJ1s1 HHPPAKPACHOTO U3TyUCHUS
CTeKON Il  HaOMIOmeHHWs 32  TEMIIepaTypoll  MOBEPXHOCTH  KUIAKOCTH
UCIIOJIb30BAJIUCh TOHKHUE IUIACTUHBI M3 TEKCTOJINUTA. TEKCTONWTOBas IJIACTUHKA
pemaer OHOBPEMEHHO JBE 3aAauu: | — CIy>KUT rpaHULIel KOHBEKTUBHOM MOJIOCTH;
2 —sABIAETCS  MHAMKATOPOM  TEMIIEpATypbl HAa  MOBEPXHOCTH  KUIKOCTH.
Buzyanuzauuss v M3MEpEeHHE TEMIEPaTypHOro IMOJsI MOBEPXHOCTHU IUIACTUHKHU
ocymiecTsisieTcs mpu nomoinu undpaxkpacuont kamepsl «FLIR-CEDIP Titaniumy.

B ombiTax ucmnonb3oBanach KOHBEKTHBHAS Kamepa B GhopMe MPsSIMOYTOIBHOTO
napasienenunena tommuHod d = (6.0 £0.1) Mm u pazmepamu ctopoH 70 MM u
250 mmM (puc. 2.6 a). [TonocTs / ¢ MArHUTHOM KUJIKOCTBbEO OTPAaHUYUBAJIACH C OJJHOM
U3 MUPOKUX CTOPOH JIATYHHBIM TETUIOOOMEHHHUKOM 2 TOIIIMHON 19 MM, B KOTOpOM
UMEIOTCSl KaHajbl JJIsI MPOKauKu TepMocTatupyromeid skuakoctu. C apyroi
HIMPOKOM CTOPOHBI K OJIOCTH / TPUMBIKajIa TEKCTOJIUTOBAS TJIACTUHA 3 TOJIIUHOU
0.7 MM, KOTOpasi mpuxuMaliach paMkod u3 ruiekcuriiaca 4. C OOKOBBIX CTOPOH
MOJIOCTh [ OKpy)Kajach paMKOW ) W3 IUIEKCUINIACA, TOJIIMHA KOTOPOW 3aaaBalia
WUpUHY cios. i BuU3yanu3auuu CTPYKTYp TEUEHHI HCIIONb30Ballach Ha3BaHHAas
BbIllIE MH(paKpacHas KaMmepa, KOTOpask perucTpupoBalia mojisi TeMIeparypsl 6 Ha

BHEIIIHEN MOBEPXHOCTH TEKCTOJIMTOBOM IIJIACTUHBI 3.
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Puc. 2.6. Cxema KOHBEKTMBHOW KaMmepbl: 1 — pabouyasg mnoiaocth, 2 —
METAJUTMYECKUN TEIJIOOOMEHHUK, 3 — TeKCTOJIMTOBAs IUIaCTUHA, 4, 5 — paMKH U3
OPraHUYEeCKOro CTeKiIa, 6 — Toje TeMmeparyphl, (UKCUpyeMoe Ha MOBEPXHOCTH
TekcTonuTa (a). Bua ceueHus kaMmepsl CBEPXY, 0. — YIoJl HAKJIOHA BEKTOpa MarHUTHOM

HanpsHKeHHOCTH (0).
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B HekoTOphIX »SKCHEpUMEHTaX WCIOJb30Bajlach KOHBEKTHBHAs Kamepa
Oonpiux pasmepoB cTopod 180 MM u 375 MM npu HEM3MEHHOU ToNKUHE cios. B
TaKOM KaMepe MPUXOAUIIOCh MCIONb30BaTh CHAPYXHU JIONOJHUTENbHBIE pedpa
KECTKOCTU JJIi TPEAOTBpAICHUS] YBEJIUUYEHUS] TOJIIUHBI CJOSI BCIEACTBUE
neopManv TEKCTOJIUTOBOM CTEHKM 3a CYET TUJPOCTATUYECKOTO JaBICHUS
KUJIKOCTU. Pebpa kecTkocTH oOToOpakanuch Ha ¢ororpadusix B BUIC
BEPTUKAJIBHBIX TT0JIOC.

C 1enbio OLICHKU CUCTEMAaTUYECKUX MOTPEIIHOCTEN U3MEPEHUST TeMIIEPaTyPhI
MOBEPXHOCTH  KUJIKOCTU OOCYKJIa€MbIM  METOJOM, BBIMIOJHEHBI  PACUYETHI
TEMIIEPATyPHBIX TMOJEH B TOHKOH TEKCTOJUTOBOMW IUIACTHHKE, OrpaHUYMBAOIICH
cinoit sxkunkoctu. [IpoBeneHo nabopaTopHOE MOJEIMPOBAHUE MCKYCCTBEHHBIX
NEPUOIUYECKUX CTPYKTYp JJIsi MPOBEPKU TEOPETUUYECKUX pacueToB. J[ms storo
paccMmarpuBaliach OJHOMEpHas 3a/1a4a O pacipeeIeHUN TEMIIEPATyphbl B IJIACTUHKE
ToimuHou b (puc. 2.7). OaHa rpaHuIla MIACTUHKYA Kacanach U30TEPMHUUECKOro ra3a
¢ Temrnepatypoit 7., a OKOJIO IPYrou MIOCKOCTH PEaM30BbIBATNCH KOHBEKTHBHBIC
BaJbl, TaK YTO HUMEETCA NEPUOAMYECKH MEHSIOUasicsa TeMmIeparypa BJIOJb
HaMpaBleHUs, TEPICHAUKYISIPHOTO BajaM. [Ipu maMuHApHON KOHBEKIIMU MOXKHO
anmpoOKCUMUPOBATh TEMIIEpAaTypHOE TOJe BOJW3HM IUIACTUHKA TapMOHUYECKOM
byHKIIHIEH

Toe = Tome + Troe SIN (KX + ) (2.2)

IJ€ X — KOOpAWHATa BAOJNb IUIACTHHBI, ¢ - HadainbHas (aza; T, — cpemHsis
TEMIIeparypa >KUIKOCTH BONMW3M IUIACTUHBI; k =27/l — BOJHOBOE YHCIIO,
ONpPEAENIEMOE Yepe3 NPOCTPAHCTBEHHBIN NEPUOJ L KOHBEKTUBHOM CTPYKTYPHI.
PeanbHOe TeMmeparypHoOe Mojie MOXKET OKa3aTbCs 0oJiee CI0XKHBIM, U TOTIa B
(2.2) cnemoBasio Obl HCHONB30BaTh pasnoxkeHue B psag Dypwse, HO, Kak Oymer
MOKa3aHO HWXE, MJIACTUHKA 3aMETHO OCHa0JiIeT MEePUOJUYECKUN CUTHAT U TeM
CUJIbHEE, YEM BBIIIE €r0 MPOCTPAHCTBEHHAs YacToTa. [103TOMy r1aBHOM rapMOHUKHU

JJIA aHaJIn3a BIIOJIHE JOCTATOYHO.
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, dxﬁqtﬁf
S q,= l::>q_, X,

O®0® 1+O8C

Puc. 2.7. Cxema nnst pacuera TeMneparypHoro mnoss

[Inactuny Oygem cuuTaTh TOHKOW b << L, Tak 4TO €e TeMIeparypa MeHseTCs
TOJIBKO BAOJb ocu X. CranMoHapHas Temneparypa B KaKJI0H TOYKE CKIIa/IbIBA€TCs
n3 OajaHca TEIJIONPOBOAHBIX TEIJIOBBIX IOTOKOB ¢;, ¢> W TEIUVIOOTAAYH (3 , G4

(puc. 2.7), £gi= 0 unu

d( ‘;'IT J+a (T -T,o)dx+a, (T —T,)dx =0

rjae A — TEIUIONPOBOJHOCTh IIACTHUHBI, Oy, 0. — KOA(D(UIMEHT TEIUIOOTaauH B
KUJIKOCTh M B BO3AyX COOTBEeTCTBeHHO. OTciofa TMoJdy4daeTrcs YypaBHEHHUE

TCIUTOMPOBOIHOCTH IS TIOMCKA pacnpeaencHus T (X)

d’T  a,,
BT T e
B ciydae oTcyTCTBHS IEPUOANYECKON COCTABIAIOIIEN TEMIIEPATYPA KUJIKOCTH

moj IUTaCTUHOM mocTostHHA T, =T,,.. OTO COOTBETCTBYET CHUTYallMHM, KOTIJa

KOHBEKTHBHBIX BaJIOB HET, & UMEETCS TOJIBKO OCHOBHOE T€UEHUE B BEPTUKAIBHOM
CJIO€ WJIM PABHOBECHE B TOPU3OHTAIBHOM cJo€. TeMnepaTypa MIACTUHKHU IPHA 3TOM

MNPUHHUMACT IIOCTOAHHOC 3HAYCHHC

T, = M_ (2.4)

aJIC + ae
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B 3aBucuMOCTH OT COOTHOIIEHHSI MEXKIY KOd(P(DUIMEHTAMU TEII00TIauu
temneparypa (2.4) MOXET NPUHUMATh 3HAYCHHUS B JIMANA30HE OT TEMIICpPaTyphI
KUIKOCTH 10y 1O TEMIEPATYPHI BO3ayXa 7.

[Ipu cnaGoit Temnoornaue B BO3AYX («,, > «.) Temmeparypa 1o CTpeMUTCS K
TEMIEPATYPE KUJIKOCTHU
T,=T, +Tal/a,.
CucremaTnyeckasi HOTPEIIHOCTh U3MEPEHUS TEMIIEPATYPHI 1o, IPU 3TOM
=Ty -To,0)/Tose * ./, .
JIJ1s1 KOHBEKTHBHOM TEIIOOT/IAYM B BO3MyX Kod(hduuueHT o, ~10 Br-m2K?,
TennmooTaaya B )KUIKOCTh B BEPTUKAJIIBHOM CJIO€ MIPU KOHBEKIIMHU B BUJIE OCHOBHOTO

teuenus [60], moka TemmepaTypHbIi NPOQUIL OCTAETCS JIMHEMHBIM, MOXKET OBITH
OLICHEHA CJIELYIOIIUM 00pa3oM

a,.~A,/d~33 Br-m2K? ,
31ech A, 0.2 Br-m K- k0> QUIHEHT TEMIONPOBOAHOCTH MATHUTHOM KUIKOCTH;
d=6MM — ToimMHA CIIOS. AHAJOrMYHOE 3HAYEHHE MOJAYy4aeTcs U s
TOPU3OHTAILHOIO CJIOS XKHMIKOCTH B YCIOBHUSAX MEXAHUYECKOIO PAaBHOBECHS. DTO

JaeT MOTPEIIHOCTh U3MEPEHHUS TeMIIEpaTyphl MOBEPXHOCTH Kuakoctu ~ 30%.

[Tpu cuiapHOM 00/1yBEe BEHTHIISITOPOM (¢, < @,) TeMmreparypa IUIACTHHKU H

BOBCE CTPEMHTCS K TEMIIEpaType BO3ayXa

TO sz +TOJfC az/a:)fc ,
IJIACTUHKA MEPECTACT U3MEPATh TEMIIEPATYPY KUJIKOCTH U MOTPELIHOCTH TEpSeT
CMBICII.

OTmeTnM, 9TO TemriepaTypa, paccuntanHas mo gopmyse (2.4) He 3aBUCUT OT
TOJIIIMHBI TUIACTUHKU D, M03TOMY TOAMTCS Takke IS OICHKH TEeMIIepaTyphl
CBOOOJHOW  TOBEPXHOCTH  JKUJKOCTH, HampuMep, TPU  KOHBEKIIMH B
TOPU3OHTAIILHOM CIIO€ B YCIOBUSIX moaorpeBa cHuzy. Ha poinb 7o, B 3TOM ciiyuae
cieayer OpaTh TEMIIEpATypy ropsiuero Termio0OMEHHHUKA.

Korpa mox mimacTMHOW HMMEIOTCST KOHBEKTHBHBIE Bajbl M MEpHOJAYECKAs

cocrapistoniast (2.2) He maina, penieHue ypaBHeHUs (2.3) KpoMme MOCTOSSHHOHM To
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(2.4) comepXuUT M TapMOHHUYECKYIO COCTaBIAIONIYI0 TOW K€ MPOCTPAHCTBEHHOM

9aCTOTHI
T =T,+T,sin(kx+¢). (2.5)
[Moacrasnsis pemenue (2.5) B ypaBuenue (2.3) ¢ yuerom (2.4), monydaem
COOTHOIIICHHE MEX1Yy aMIUIUTYIaMU TAPMOHHK B TUTACTUHKE U YKHUJIKOCTH:

Tn a,, 26
Toe Qe+, +47220/ 12 (2.6)

CrnenyeT pasneisTh aHaW3 MOCTOSHHON cocTaBisioniei (2.4) v aMILIUTYA
rapMoHMK (2.6), Tak KaK OHHM HE3aBHCHMO JpPYyr OT Jpyra H3MEHSIOTCI C
napaMeTpaMu 3ajadyd. J[as yMEHBIIEHUS IMOTPENTHOCTH WU3MEPEHUS aMILTUTY]IBI
NIEPHOIUICCKUX TEMIICPATYPHBIX TOJICH CIIeAyeT BEIOUpATh MaTepHall INIACTUHKH C
HU3KOW TEITONPOBOIHOCTHIO | JICJIaTh INIACTUHKY BO3MOXKHO OoJiee TOHKOM. Takxke
MOTPEIIHOCTh YMEHBINIAETCA C POCTOM IMPOCTPAHCTBEHHOT'O MEPHOJa TapMOHHK.
[locnennee 06CTOATENBCTBO OOBACHSIET TO, IOYEMY MBI HE YYHUTHIBAEM
BO3MOXHOCTh 00Jiee CIIOKHBIX MEPUOJIUYECKUX CTPYKTYp, Hampumep, npoduiei
OJIM3KUX K IPSIMOYTOJIbHUKY. DaKTHUECKH TUIACTUHKA BHICTYIAET B POiu (PuiibTpa
HU3KMX YacTOT W BBIJEISET TIJIABHYI IMPOCTPAHCTBEHHYIO TapMOHHUKY
NEPUOJUYECKOTO CUTHAJNIA, MOTOMY 4YTO 0oJiee BBICOKHME YacTOThI OCIAOJISAIOTCS
TUTACTUHKOW 3HAYUTENbHO cuiibHee. K mpuMepy, rapMoOHHMKAa C TIEPHOJOM BIBOE
MEHBIIIAM, YeM OCHOBHasI, OCJIa0JIIeTCsl BUSTBEpO criibHee (2.6).

OOBIYHO BaJIbl 3aHMMAIOT BCIO TONIMUHY cios kuakoctd d, T.e. L =2d,
nosromy ¢Gopmyay (2.6) MOXHO HCIIOIB30BaTh JJIsS OLEHKH CHCTEMAaTHYCCKOMN

IMOTrpCHIHOCTH B BUAC

Thoe =T a
S=_Muc " m _1_ o1
Tinore o, +a,+m2Ab/d? (2.7)

B nipenene criibHOM TEMIIOOTAYH B )KUJIKOCTh

a,, >, + 72 2b/d?
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MOTPEIIHOCTD CTPEMUTCS K HYJIO CIEIYIOIUM 00pa3oM

2
a, Ab
s~ % |142 5
Ay a.d

IIpu cunpHOM 004yBE (@, <c.), Kak OBIJIO IOKAa3aHO BBIIIE, CPEIOHI

TeMIIepaTypa IJIACTUHKUA CTPEMUTCA K TEMIIepaType 00 1yBaroIIero Bo3ayxa, HO IpH

9TOM I'apMOHHYCCKAs COCTABJIAOIIAA TTOJISA BIIOJTHE MOXKCT OBIThH BHU3YyaJIM3MPOBAHA

2 2
" m3MepeHa. [orpelHoCTb B ciiydae o, < a, +72Ab/d? MoxkHO oleHHTb Golee
npoctoi popmyroit

72Ab
ox——=.
a,,d
dopmyna (2.7) MO3BOJAET OIEHUTH IMOTPEIIHOCTH W3MEPEHHUS TOJCH TpH
KOHBCKIINH MAarduTHOU KUIAKOCTH B BCPTHUKAJIBHOM CJIOC, KOI'Ta Ha OCHOBHOC
MMOABEMHO-OITYCKHOC TCYCHUC BO BHCHIHCM OAHOPOAHOM MArobuTHOM IIOJIC
HaKJIaJIbIBAOTCA BCPTHKAJIbHBIC KOHBCKTHBHLIC BaJlbl. Tak xak IMIpyu IOABJIICHUHA

BaJIOB TeIUIoNepenaya yepe3 ciioi Bo3pacraer [115], koadduimeHT TemiooTnadun

BI)I6€p€M BIBOC 60J'ILHIHM, 4€M B OCHOBHOM IIOABCMHO-OIITYCKHOM TCYCHHUHU —

a,, ~60 Br-m?K'. Vcrmomp3ys mapaMeTpsl OKCICPUMEHTANBHON YCTAHOBKH:
b=07mMm, d=6wmMm, A=024Br-MK', @, =10Br-m?K?, noJryqaem
CHCTEMaTHUYECKYIO MIOTPEITHOCTh onpeeeHUS AMILTATY/IBI
0= = Tw)/Tpoe =05, Te. meprogUUEcKUE HEOTHOPOIHOCTH, BBIVISIAT Ha
IJTACTUHKE BJIBOE OoJsiee c1abbIMM, YeM Ha TTOBEPXHOCTH JKHJIKOCTH.

BaxxHO OTMETHTB, YTO TOSIBICHUE TEPMOMArHUTHBIX KOHBEKTHBHBIX BajlOB B
peaNlbHBIX KOHBEKTHBHBIX JKCIIEPUMEHTAX HOCHT IIOPOTOBBIN XapaKTep, MOITOMY
PUBECHHAS ITOTPEITHOCTh HE MOXKET 3aMETHO TTOBJIHMATH HAa H3MEPEHHBIE B OITBITAX
KPUTHUYECKHE TTapaMeTPhl ONPEACIISIONINE IMTOPOT HEYCTOMYMBOCTH. DTH TTapaMeTPhI
OTIPEICIISIINCh U3 TPUHITNAIIA: HAOIIOMAIOTCS JIM KOHBEKTUBHBIC Bajibl TPH JIAHHBIX
YCIIOBHUSX WJIM BaJIOB HET.

Pacuetsl moneit mpoBepeHbl B MOJICITLHOM 3KCIIEPUMEHTE, TAC IS CO3TaHMS

MIEPUOANYECKON CTPYKTYPbl HA TEKCTOJIUTOBYIO INIACTUHY MPU MMOMOIIY T€PMETHKA
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HAKJICUBAJIUCh CEMb JIATYHHBIX TPYOOK nuamerpoMm 5 mm. Ilo HedeTHOMY psay
TPYOOK MpHU MOMOIIM CTPYWHOrO TEepMOCTaTa MpPOKauMBaJiach Topsiyas BOAa C

TeMIeparypou T

2op » & TIO YETHOMY — XONoAHas T, (puc. 2.7). Takum o6pa3om, mox
IJIACTUHKOM ~ WMeNoCh  TeMieparypHoe  moie  (2.1) ¢ ammauTynou

Tioe =(Toop = Txoz) /2 1M €O cpenHuM 3Ha4eHHEM To,e =(T.., +Ty,,)/2. Ha puc. 2.8

nokazaHa Qororpaduss TemMmepaTypHOrO MOJS  IUIACTMHKH, TMOJyYEeHHAs
uHpakpacHoil kamepou. [lpm mnomomu npunoxenus Altair u3zo0paxkeHue
CKaHUPOBAJIOCh MEPINEHIUKYIIPHO TPyOKaM BAOJNb JIMHUM, H300pa)KeHHOW Ha
puc. 2.8. Ha puc. 2.9 nokazanbl COOTBETCTBYIOIIME TeMIIeparypHble Npoduiu,
MOJyYEHHbIE IS TUIACTUHKHM TONIIMHOM b = 0.7 MM U Temmeparypoil BoOAbl B

TpyoKax .o =90°% Ty, =25°. TlynkrupHas kpuBas puc. 2.9 COOTBETCTBYET

poQUITIO TIPU BKITFOYEHHOM OO IyBE BO3IyXOM C TeMIiepaTypoit 23°.

Bunno, uto pasmax konebaHui mpu OO0JyBE yMEHBIIAETCS 3a CYEeT Oojiee
CHUJILHOTO OCTBHIBAaHUS HauOOJIee HarpeThIX MECT.

3anucu ¢ TEIJIOBU30pa CPAaBHUBAIUCH C UCXOJHBIM TEMIEPATypHBIM IOJIEM,
KOTOpoe TocTpoeHo mo dopmynie (2.2) depe3 mapameTpsl Boabl B TpyOkax. Ha
puc. 2.10 (kpuBas 1) mokazaH UCXOXHBIN MPOdWIIb, a KpUBas 2 OTpa)kaeT pe3yIbTar
U3MEpPEHHS TeIrIoBrU30poM. Ha aTom ke pucyHke (KpuBas 3) MoCTpoeH Mpoduib,
paccuutanHbii  mo  dopmyne (2.5) ¢ yuerom (2.6) mnpum mapamMerpax,
COOTBETCTBYIOIIUX ombiTaM: A =0.24 Br-MmK?1, «, =10 BT-M'ZK'l, b=0.7 MM,
L=10.9 mm.

Koadhdurment TemmooTmaun B JKHUJIKOCTh TPU MPUHYIUTEIBHOW ITPOKAdKe
HEU3BECTCH W OH TOAOMpANICS B DJICKTPOHHBIX TAaOIUIIAX METOAOM BH3yaIbHOM
MHUHUMHU3ALUN CPETHEKBAAPATUYHBIX OTKJIOHEHUM IKCIIEPUMEHTAIbHOU JIMHUU OT
pacueTHO KpuBO#. J[ns 3TOro KO3(pGUIMEHT TEIUIOOTAAa4d BapbUPOBAJICS Tak,
9TOOBI BU3YyaJbHO MPHUOIU3UTH KPUBBIE 2 W 3 JIpYyr K APYTY, ¥ OJHOBPEMEHHO
MHHUMM3UPOBATh CPEIHEKBAAPATUUHOE OTKJIOHEHHUE. J[JIsi pacuyeToB MCIOIB30BaH

untepBas x oT 11 1o 37 mMm. OnTUMaNbHBIM 3HaYeHUEM KO3 (UIIMEHTa 0Ka3aJ0Ch

a,.=185 Br-m2K™?. [Ipy 5TOM HOPMHPOBAHHOE HA Tm,. CpPEIHEKBAJIPATHYHOE



Puc. 2.8. TemneparypHoe nosne miaactuHku (b = 0.7 MM, T.op = 50°, Tyor = 25°)

BCPTHUKAJIbHAA JIMHUSA — JIMHUA CKAaHUPOBAHUA

-’J

X, MM

0 20 40 60
Puc. 2.9. [Ipopune Ttemneparyppl Ha 1utactuike (b= 0.7wmmMm, T.,,=50°,

Tvon=25°); MyHKTHP — MPU BKIIOUEHHOM 00yBE BEHTUIIATOPOM

]
n

20

Puc. 2.10. IIpodunu remmnepatypsi: 1 — ucxomubrit moxa maactuHou b = 0.7 MM,
T.op=50°, Tyon=25°; 2 — U3MepeHHBIN Ha IUIacTUHE; 3 — pacueT no Gopmynam (2.5),

(2.6).
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OTKJIOHEHUE  OJKCIEPUMEHTAIBHOTO  MpoQuias OT  PacyeTHOro  MnpoQuis
MHUHUMU3HpOBAIOCh 10 3HadeHus 0.08. DTO 4ncimo XapakTepusyeT BEINYHHY

CIIy4alHbIX IMOTPELIHOCTEN B HAIIEM JKcHepuMeHTe. IIpy MeHpmuX pa3HOCTAX
AT =T,,, —T,,, ~3° ciy4aiiHbIe IOrPEIHOCTH AOCTUraIy 3Ha4eHus 0.15.

Paccuurannoe 1o Qopmyne (2.6) OTHOIICHHE aMIUIMTYJ MPOBEPSIIOCH
sKcriepuMeHTaabHO. [Tockonbky npumeHeHne Oypbe-aHanu3a 11 KOPOTKUX PSAIOB
3aTPYIHUTEIBLHO, AaMIUTHTYAa OKCIICPUMEHTAIBLHOTO TPOGUIs Ompeaessiach

OIMMCAaHHBIM BbBIIIIC MCTOAOM BHByaHBHOﬁ MUHUMM3AIHUU CPCAHCKBAAPATUYIHBIX

OTKJIOHEHMI. [[na skcnepumenta Ha puc. 2.10 oTHOLIEHUE 5=T§KC/TmD,Cz0.7
MOJIYYHJIOCH OJIM3KUM K pacdeTHOMY OTHoteHuto 0.75.

OKCHEPUMEHTHI MPOBOAWINCH MPU Pa3HBIX TeMIIepaTypax MpPOKaYuBaeMOM
KUJKOCTH M Pa3HOW TOJIIMHE BU3YAJU3UPYIOIMICH TIACTUHBL. J[7s M3MeHeHus
TOJIIIMHBI JIBE TJIACTUHBI CKJIEUBAJIUCH, YTO AaBajio 3HadeHue b = 1.4 mMm. Taxke
IPUMEHSUICST 00/IyB IIACTUHBI BO3AYXOM MPU MOMOIIM BeHTWIsATOpa. OnucaHHas
BBIIIE MPOLEAYpPa BU3YyaIbHOM MUHUMHU3ALUHA CPEAHEKBAAPATUYHBIX OTKIOHEHHUI
M03BOJIMJIA TO00paTh KO3 GUIIMEHT TEIII00TAAYH MPH BKIIOYEHHOM BEHTHIISATOPE
o,=25 Br- MKt

B Tabnuue 2 mpuBereHbl OCHOBHBIE pE3YJIBTAaThl CPABHEHUS PACUYETOB C
AKCIIEpUMEHTOM. BHIIHO, YTO TIaCTHHKA HEM30EKHO YMEHBIIIAET TeMIIepaTypPHBIH
curHain. PacuetHoe ocnabnenne (2.6) W IKCHEPUMEHTATBHOE YMEHBIIICHUE
aAMIUTUTYbl TPOCTPAHCTBEHHBIX IMEPUOIUUYECKUX TEMIIEpaTypHBIX Mpoduiieli B
npeaenax ClIy4aiHOM MOrPEIIHOCTH COBIIAIALOT.

Jliist cpaBHEHUsT OBUT TOCTPOEH PKCIIEPUMEHTAIBHBIN MPOPUITH TEMIIEPATYPHI,
MOJIYYEHHBIN B SKCIIEPUMEHTE C KOHBEKTUBHBIMUA TEPMOMArHUTHBIMU BaJlaMH.

Ha puc. 2.11 (muaus 1) mokas3aH SKCIIEPUMEHTATBHBIA TPOQUITH, TOJTYyICHHBIN
NpH Tepenaje TeMIEpaTyp MEXKIy TOpsudM TEIJIO0OOMEHHUKOM U KOMHATOH 35 °,
npu oO0JyBe TIUIACTUHBI BEHTWISATOPOM, W TPU HAMNPSHKEHHOCTH BHEIIHETO

MarHuTHOTO oI 35 KA/M. TonmuHaa BEpTUKATBEHOTO CJIOS MAaTHATHOMN JKHJIKOCTH
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d = 6 MmM. 31ech xe nmpuBeneH npodwib (IUHUS 2), PACCYMTAHHBIN 1O (opMyIaM

(2.4)u (2.5) g 4 =0.24 Br-mK? a, =25 a, =45Br-M?K' b =0.7 Mmm.

]

[lony4yennsie (Gopmyiibl, MO3BOJIAIOT BbIOpAaTh ONTHUMAJbHBIE IapaMeTpPhl
BU3YAIM3UPYIOLIEN IUIACTUHBI M OLEHUTh CHCTEMATUYECKUE IOTPEIIHOCTH
U3MepeHus. BUIHO, YTO NI yMEHBIIEHUS MOTPEIIHOCTEW HYKHO HCIIOIb30BaTh

IJIaCTHUHY MEHbIIECH TOJIIOWHBI XU TCIIJIOIMIPOBOJHOCTH.

Tabnuma 2. CpaBHEHHME pacyeTHOM M SKCIEPUMEHTAJIbHON TeMIepaTypbl

mwiactunbl (7., = 50°C, T, =23°C, [a] = Br'Mm?-K™)

AT °C b, MM T/ T e T/ Trise Ole o
001yB pacu. (5) IKCII.

25, Her 0.7 0.75 0.7 185 10
25, na 0.7 0.70 0.6 185 25
5, HeT 0.7 0.75 0.8 110 10
5, na 0.7 0.70 0.7 110 25

25, Her 1.4 0.49 0.4 110 10
25, na 1.4 0.46 0.4 110 25




n
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Puc. 2.11. Ilpoduns TemrepaTypbl Ha TEKCTOJUTOBOM IJIACTUHE

pu

KOHBEKIIMM MAarHUTHOM >KUJIKOCTH: 1 — skcrepuMeHT; 2 — pacuer mo Qgopmyrnam

(2.5), (2.6).
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2.4 DkcnepMMEHTAIbHAA YCTAHOBKA JUIS M3YYeHHMs KOHBEKUHMH B
BEPTHKAJIBHOM CJI0€ MATHUTHOM KUAKOCTH B MATHUTHOM IIO0JI¢ NIPH

o0orpese cOOKy

OO61muMii BUA SKCIEPUMEHTAIBHON YCTaHOBKH MOKa3aH Ha puc. 2.12. Buemnee
OJHOPOJTHOE MAarHUTHOE MOJIE CO3JaBajoCh C MOMOILIBIO KaTylek lempMroisblia,
MPEACTABISAIONINX COOOM CUCTEMY M3 YEThIPEX KaTyIleK: Be OCHOBHbIC (1) U 1Be
KOPPEKTUPYIOLIUE KATYIIKH (2).

Jlns ycTpaHeHHsl TeperpeBa KaTylleK MPOBOIUIOCH UX OXJIAKJICHHE MPH
MIOMOIIU NMPOKAYKH BOJBI uepe3 MeaHbie TpyOku (3). Tok Ha KaTyIIKH Mo aBaics OT
ucTtouHuka nutanus (4) u gocturan 5 A. MakcumaibHas MOIITHOCTh 1.5-10° Br,
Hanpspkenue 10 300 B.

KroBera ¢ MK (5) pacnonaranack B IIEHTPaJIbHON YaCTH MAarHUTHOW CUCTEMBI.
Jlns mojiepkaHus MOCTOSTHHON TeMIIepaTyphl Ha CJI0€ MCIOJIb30BAIUCH CTPYHHBIC
tepmocTathl «KRIO-VT-01» (6), (7).

[lepenaap! TeMiiepaTyp Ha CJI0€ KUJIKOCTH U3MEPSUIUCh Tud pepeHnaaIbHbIMU
MeIb-KOHCTaHTaHOBBIMH Tepmorapamu (8) ¢ muamerpom mposoaoB 0.1 mm. DJIC
tepmomnap cocrarisiia 40 MkB/K. Curnan ¢ Tepmonap perucTpupoBaics npudopom
«Tepmonat 38B1» (9), usrorourens: HIIIT «Cucremsr KOHTpOIIsi», T. [lepmb, TY
4211-011-46526536; npenen nomyckaemoit morpemHoctd 0.5 %, paspeunieHue
0.01 K. ITpubop monkirovaics k kommnbetorepy (10) m onpammBaics mpu momMouu
nporpammbl TermodatNet, kotopass MOXKET HaKaIIMBaTh MU3MEPEHUS B TECTOBBIX
daiinax u 0a3e MaHHBIX, a TAKKE OCYHIECTBISATh UX IPaQUUIECKOE MPEACTABICHHUE.
[lokazaHusi coXpaHsJIUCh C MEpUOAOM | C, UTO Ha OJMH-/IBA MOPAJKA MEHbIIIE
XapaKTEPHBIX BPEMEH M3yYaE€MbIX IIPOLIECCOB.

Jlnst mpoBeneHus (POTOCHEMKH HCIONB30BAICS MHQPPOBOK doToammapat
«OLYMPUS  E330» (11). OpHOpomHOe  OCBENICHHE  O0ECMEeYMBAIOCH
JIOMUHECIIEHTHOM JTamrion (12).

B skcnepumenTax co BTopoil KOHBEKTUBHOM KaMepoi iudpoBoit poToanmapar

3aMeHsJIcs Ha uH(pakpacHyro kKamepy (puc. 2.13), KoTopas MO3BOJIsIA
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Puc. 2.12. ®ortorpadbus u cxema OKCIECPUMEHTAIBHOW YCTAHOBKH C
KUJKOKPUCTAIIIMYECKUM HHJIUKATOPOM TEMIIEpaTypHbIX mojen: 1, 2 — Karymku
I'enpmroneua, 3 — cucrema OXJaxJaeHHS KaTylleK, 4 — ICTOYHUK MOCTOSSHHOTO TOKa,
5 — KOHBEKTMBHas Kamepa, 6, 7 — TepMmocTarsl, 8§ — AUPPepeHIaIbHbIE MEb-
KOHCTaHTaHOBbIE TepMonapsl, 9 — npudop Tepmogar — 38B1, 10 — komnwrotep, 11 —

udpoBoit Goroammapar, 12 — TIOMHHECIICHTHAS JIaMIIa.
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Puc. 2.13. ®ortorpadusi u cxema DOKCIEPUMEHTAJIHLHOW YCTAaHOBKH C
nH(ppakpacHoOi kamepoii: 1 — kommbioTep, 2 — cucteMa 00yBa, 3 — nHppaKpacHas
Kamepa, 4 — pErucTparop CHUTHala TEMIIepaTypbl OT MeIb-KOHCTAHTAHOBBIX
Tepmonap, 5 — ucTrouHuku nutaHus (4 mr.), 6 — TepMocTaT, 7 — KOHBEKTHUBHAs

kKamepa, 8 — karymku ['enpMroinpiia, 9 — cucTeMa OXJIaXICHHS KaTyIIIeK.
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BU3YaJIM3UPOBATH HEBUIMMOE JJIs YEJIIOBEUECKOIO IM1a3a MHPPAKPACHOE U3ITyUEHHE.
Un¢pakpacnas kamepa «FLIR-CEDIP Titanium» ¢ pa3peleHueM MaTpHIlbl
640 x 512 nukceneit u pabounuM auanazoHoMm Temrmeparypsl oT — 20 go + 3000 °C,
M03BOJISIET (PUKCUPOBATH TETVIOBOE U3TyUCHHE B JUANIA30HE JJTMH BOJIH 8 — 12 MKM.
N300paxkeHre ¢ TEMI0BU30pa BBIBOAWIOCH HA MOHUTOP KOMIBIOTEPA B peaibHOM
BPEMEHU U 3alMCHIBAJIOCH HA KECTKUW IHUCK C 3aJaHHOW 4acTOTOM Kaapos. [lis
CKOPOCTEM KOHBEKTHMBHBIX JBWIKEHUM B OKCIEpPUMEHTaX ~ 1 MM/C CheMKa
3a/1aBajach C MHHUMAJIBbHO pazpemumoit yacrtorod 2.5 ['m. Jlna oOpaboTku
U300pakeHU ToJiel TeMIeparypbl UCIOJb30BAJIOCh MPOrpaMMHOE OOecredeHne
Altair, B KOTOpOM MOXHO TIOJy4aTh HPOCTPAHCTBEHHO-BPEMEHHBIE MNPOdUIn
TeMIieparypsl. Pa3peuienue ternoBuzopa no uaMepennto temmneparypst 0.01 °C.

TekcTonuToBass IMJIaCTMHA HAXOAWIACh MPHU IOCTOSHHOW TeMmIeparype B
naboparopuu, KOTopas KOHTPOJIUPOBAJIACh KOHAMIIMOHEPOM C ToyHOCThIO + 1 °C.
NHTEeHCHBHOCTD TETUIO0OMEHA MEXKY TUIACTUHON M BO3TyXOM 0OecIedrBaIach-pu
TIOMOIIIY HAMPaBIEHHOTO 00/1yBa BEHTUIISITOPOM.

Yron noBopoTa o KOHBEKTUBHOW KaMepbl U3MEPSJICA ONTHYECKUM YIIIOMEPOM
YO -2 ¢ norpemtHocThio + 5 MuH. B 1uana3one 0 < a < 20 rpaaycos.

Uetsipe kaTymku (puc. 2.14) coctapisiiiv MOCIeI0BaTeIbHYIO AJIEKTPUUYECKYIO
IeMb C YeTBHIphbMsSI HCTOYHUKAMU mocTosstHHOro Toka «GPR-7510HDy,
MOKA3bIBAIOIIMMHU CHIJTYy TOKA B LIETIM KATyIIEK Ha U(PPOBOM TabJ0; MOTPEUTHOCTh
CTaOMIU3aIMH BBIXOTHOTO ToKa He TipeBbimaia 0.7 %. C moMOIIbIO IepeKITFodaTess
P meHsocs HanpasieHue Cuibl TOKa B Karymkax. llonkmtoueHHbl napasieabHo
MCTOYHUKAM MUTAHUS NOJYIPOBOJHUKOBBIN 11oA D 3amuian ux ot 3KCTPATOKOB.
C mnomomplo w3Meputens MarHuTHoW wHAayknuu [11-8 Opima  momyueHa
KaTuOpOBOYHAS KPUBAsl JAJI HAMPSSKEHHOCTH MarHUTHOTO TIOJISA B IIEHTPE KaTYIIeK
B 3aBUCUMOCTH OT cwibl Toka (puc. 2.15). MakcuManpHOe 3HAYCHUE
HANPsDKEHHOCTH MAarHUTHOTO Tmonis  jpocturano 35 kA/mM.  HeomHopomHOCTh
MAarHUTHOTO MOJI B CPEAHEM CEUEHUH, MAPATITIETLHOM MJIOCKOCTH BUTKOB, U BIOJIb
aKCHAJIBHOH ocu cumMeTpun He npeBblmana 2 % (puc. 2.16). IlorpenrHocTh

HU3MCPCHHA MAIrHUTHOI'O ITIOJIA B SKCIICPHUMCHTAX II0 TepMOMaFHHTHOﬁ KOHBCKIINH
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He mpeBblnana 3 %. BHemHWN IUaMeTp OCHOBHBIX KaTymiek paseH 7-107!w,
nuameTp pabodeil 30HbI 4.5-107 M, BBICOTA HAMOTKM HPOBOJA BIOJIb Paguyca H

IMMPUHA — BAOIb oOpasyromeii 8:10% M u 5:10 M COOTBETCTBEHHO.

D

e

™~
E

L1 L2 L3 L4
TOAMALALT MALALST VAALST VAT

Puc. 2.14. Dnexkrpudeckasi cxema MojkJIroueHus karymek ['enemromnsia: E—4
uctouyHuka nutanust « GPR-7510HDy; P — nepekitouatens 1151 CMEHBI HAllpaBiIEHUs
TOKa (BEKTOpa HaIpsHKeHHOCTH MarHutHoro mons); L1, L4 — xoppekTtupyroniye

karymku, L2, L3 — karymku ['enpmronsia; D — auon.
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Puc. 2.15. KanuOpoBouHasi kKpuBasi KaTyliek [ eapMroipiia: HanmpsHKeHHOCTD

MAarauTHOTO ITOJIA B HCHTPEC KATYIICK B 3aBUCUMOCTHU OT CUJIbI TOKA
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Puc. 2.16. MarnutHoe Tmosie B IIeHTpe pabodero oObemMa B IUIOCKOCTH,

MnapajuieIbHOM KaTymkaM [ enbMrosibia, B 3aBUCUMOCTH OT KOOPJUHAT X, Y
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I'maBa 3
KoHBeKIIUsI MarHUTHOM sKHJIKOCTH B MArHUTHOM U I'paBUTA-

IIMOHHOM IOJISIX B BEPTHUKAJIBLHOM CJI0€ IPH 000TpeBe COOKY

3.1 TepMOoMarauTHasi HEYCTOHYHUBOCTh KOHBEKTHBHOI'O TCYCHHUS B

BEPTUKAJIBbHOM CJI0€

Paccmorpum 3amady O KOHBEKIIMM B OECKOHEYHOM BEPTHKAJIBHOM CIIOE
MAarHUTHOM >KUJIKOCTH, 3aKITIOYECHHOU MexAy AByMs ractuHamu [43] (puc. 3.1).
[TnacTuHbl pa3aeneHbl pacCTOSHUEM 2/, W HA HUX TMOMAJIEPKUBAIOTCSA MOCTOSIHHBIC

temreparypsl (T.+®). Jlns onucaHus [BMKEHHS BBOJUTCS IpaBas cHUCTeMa

KOOpAWHAT ()C, y, Z) C Ha4YaJIOM OTCUCTa B CCPCAMHC CJIOA TAK, YTO KOOPAWHATHI

BEPTUKAIbHBIX CTEHOK COOTBETCTBYIOT X ==/h. PasnHuna temmeparyp Mexuay

creakamu 20. HampsbkenHocts BHemHero wmarautHoro mons H®=(H®,0,0)

—

NPUKJIAIBIBAECTCA TMEPHNEHANKYISIPHO CIOK M CO3JaeT BHyTpeHHee moine H B
npenenax cios. MarHUTHOE IoJie ¢ BEPXHUM HHJEKCOM «e» OOO3HavaeT IoJie
CHApYXH CJI0s1.

Cuctema ypaBHEHMIl HEpa3pbIBHOCTH, KOJIMYECTBA JBHXKEHHUS U TEIUIOBOM

SHEPrUU B MPUOIMKEHUN byccrHecKa 3alrCchIBAeTCs CIASAYIONUM 00pa3oM:

V-v=0, (3.2)

oV I e
p*a+p*v-Vv:—Vp+77*V V+ o0+ 1,MVH, 3.2)
%r+\7-VT =aVT. (3.3)

B >Tux ypaBuenusix p+= p(7T+) — IIOTHOCTb KUAKOCTH IIPU CPEIHEN TemMIepaType
T« B cepenune cnos. lIpeanomaraercs, 4YTO JAMHAMHYECKAs BA3ZKOCTh 4+ H
TEMIIEPATyPOIIPOBOJIHOCTh @+ KUJAKOCTU TMOCTOSIHHBI. JTO MPEANONIOKEHUE
CIIPaBEJIMBO, KOIZa MU3MEHEHHS] TEeMIEpaTypbl U MArHUTHOTO MOJsS Manibl [75].
N3meHeHns NII0THOCTH )KUAKOCTH C TeMIEPaTypor 7' yUUTHIBAKOTCS TOJIBKO B CHIIE

Apxumea u 3aJ1al0TCsl TUHEHHOW 3aBUCUMOCTBIO

p=p]1-B.(T-T.)], (34)
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Puc. 3.1. Beprukaneusiii cimoit MK oGorpeBaeMblii COOKYy B TONEPEYHOM
MarHuTHOM Tnojie: T+ — cpeAHsiss TeMmmeparypa B KUAKOCTH, 20 = AT — nepenan

TEMIIEpaTyp Ha CJI0€ KUJIKOCTH, 2/ = d — TONIIMHA CIIOS.

[locnegnuii wieH BO BTOPOM YpPaBHEHUHM, KaK TOBOPWIOCH B 1.2, omuchIBaer
NOHAEPOMOTOPHYIO CHITY, KOTOpas I€UCTBYET B HAMAarHUYMBAIOUIEHCS KUJKOCTU B
HEOJJHOPOJTHOM MAarHUTHOM II0JI€ U MPUBOAMUT K TOMY, 4TO Oojiee HaMarHWMYEHHas
AKUJKOCTb JBUKETCS B HAIIPABJICHUU BO3PACTAHUS MOJS.

VYpaBuernus (3.1) — (3.3) onuckIBalOT 6€3bIHIYKIIMOHHOE MPHUOIMKEHHE, KOTIa
TE€UEHHUE JKUJKOCTHU HE BIUAET HAa HAMAarHWYEHHOCTh U MAarHUTHOE IOJIE B CpEJIE.
Ongnako B paccMarpuBaeMO 3aJade B3aUMOJCWUCTBUE MEXKIY JBHXKYIIEHCS
KUJKOCTHIO W BBI3BAHHBIM JITUM JIBUKEHUEM HW3MEHEHUEM MAarHUTHOTO OIS
npeacTasisier ocHOBHOM uHTepec. [loaTomy, k cucteme (3.1) — (3.3) noGapnsitoTcs
ypaBHeHHsT MakcBeina, ONKUCHIBAIOUIME MAarHUTHOE TMOJ€ B  OTCYTCTBHUE

HHAYKIOHNOHHBIX TOKOB:
VxH=0,V-B=0, (3.5)

IJIe MarHUTHAsI UHAYKIUS
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—

B:,uO(M +H). (3.6)

YrooOsr cBszate ypaBHeHus (3.1)—(3.3) u (3.5), (3.6) HaMarHMYECHHOCTH
KHUJIKOCTH paccMaTpPUBACTCS KakK (DYHKIMS MPHIOKEHHOTO MAarHUTHOTO TOJS U
TeMIepaTypsl. B KBa3UCTaTHYECKOM MPHUOJMKCHHH CUYUTACTCS, YTO MAarHUTHBIC

MOMCHTBI B3BCIHICHHBIX B (beppOKOHHOI/II[G JaCTUI MIHOBCHHO BBICTPauBarOTCsA

BOOJIb TMPWJIOKCHHOTO II0JII, TaK YTO BCKTOPbI HAMAIrHUWYCHHOCTH M u

—

HAalpsSKCHHOCTH  MATHUTHOT'O  ITOJIA H KOJIJIMHCAPHBI. Tor):[a YPaBHCHUC

HaMarotm4€HHOCTH 3alIMIICTCA KaK

—

M :M(H,T)%. 3.7)

B nuneitHoi Qopme s MaibIX M3MEHEHUN TeMIieparypbl U MarHUTHOTO TIOJIS

yYpaBHEHHUE Il HAMarHU4EHHOCTH NIPEACTABISETCS B BUJIE:
M=M.+yAH-KAT,AH=H -H,, AT=T-T. (3.8)

3necb M+ u H+ — HaMarHMY4EHHOCTb W HAIPSHKEHHOCTb MAarHUTHOTO IIOJISL IIPU

temrieparype T+, TO ecTth B cepenune cioss, K=0M /0T |,_, mupoMarHuTHbIN
’ ’ T-T.

ko3¢ durment. Ucnonp3ys (3.12), nepenumem (3.11):

M, + yAH —KAT -

M H. 3.9
w (3.9)

ITockonbKy ypaBHeHuE (3.8) MOIy4YEHO JUHEApU3alMel HEJIMHEWHOrO0 ypaBHEHUS
HAMarHM4YEeHHOCTU B OKPECTHOCTH (H+, T+), MOCIEeN0BaTeIbHOCTD alllPOKCUMAITUN
TpeOyeT, 4TOO0BI paBeHCTBO (3.9) Takke OBLIO JTMHEAPHU30BAHO OKOJIO TOM JK€ TOYKH,

TO €CTh 3HAYCHUS MOMYJISL M BEKTOPA MAarHUTHOM HAMPSHKEHHOCTH ONPENEIATCS KaK:
H=H.+AH u H =H.+AH . OrmeTtum, uto H. — HanpsHKEHHOCTH MAarHUTHOTO

nojrs1 B CCPCAMHE CJI0A B PCKHMC IINIOCKOIIAPAJIICIbHOI'O ABHXKCHHA. B HUTOTIC,

ypaBHeHue (3.9) 3anumercs:
M =[M. + (¥ — %)AH —KAT €. + z.AH, (3.10)
rie €. .= H./H., u y=M./M. Bemuunaer AHwu AH cootHOCSATCS  Kak

AH =AH -&.. Ucnons3ys ypaBHenue (3.10) u (3.6), uckioyaeM HaMarHU4€HHOCTh
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13 BTOPOTO paBeHCTBA ypaBHEHUH (3.5) U mojiydaeM ypaBHEHHE ISl MATHUTHOTO

OIS

(1+2)V-H+(x-x)VH & —KVT - =0. (3.11)
W3 sTOr0 paBeHCTBAa BHIHO, YTO TEPMOMArHUTHOE B3aMMOACHCTBHE BO3MOXKHO
TONBKO B TOM cCllydae, KOTla TPaJHCHTHI TeMIeparypbl ¥ MarHHUTHOTO TOJS HE
nepreHuKyssipHsL. [logaepkaem, uto, ecnu H, || AH , To ypaBrenus (3.10) u (3.11)

3alIAIIYTCS B BUJC!

M =(M. + yAH —KAT)&,, [ (1+ x)VH —KVT | &

0. (3.12)

HpI/I PacCMOTPCHUHN MAJIbIX MAI'HUTHBIX HOHGP'I, Koraga MaroHuTHasda KUAKOCTHh AaJICKa
OT 001acTH HACBIIICHHA, 110 3aKOHY JlaH:XeBeHa 3aBUCUMOCTh HAMAarHM4eHHOCTH OT

marautHoro nojst nuHeiiHa M =M (H) = pH u y=(0M /0H), = y.. PaBencrra

(3.10) u (3.11) B 3TOM Cydae MOXKHO TIPEICTaBUTD, KaK:
M = (M. - KAT)& + yAH, 1+ »)V-H —KVT -& =0. (3.13)
[Ipouieccyl HamMarHWMYMBaHUA WM pa3MarHUYUBaHUS  (PeppoOMarHUTHOMN
KHUJKOCTHU, TOMEIIEHHOH B MIEPEMEHHOE MAarHUTHOE T0JIe, MPUBOAST K U3MEHEHUAM
BHYTPEHHEH SHEPTHH U TEMIIEPATYPhl )KUJIKOCTH (MarHUTOKAIOpUIeCKuid 3 PdeKr).
JI1s1 onicaHusi TAKUX IIPOIECCOB BhIPAXKEHHUE JIJI TEII0BOM sHEpruu (3.3) J0KHO
ObITh M3MeHeHO cortacHo [40, 98]. Ho maruurokanopudeckuii apdekr Hanbdosaee
SIBHO TIposiBisieTcs BOMM3u Touku Kropu [99]. Bnanu ot 3ToM TOYKH €ro BIMSHUEM
Ha TEeMIepaTypy XKUAKOCTH MOXKHO mpeHeOpeub. CremoBaTeNbHO, MPU OMMCAHUH
KOHBEKIIMM MOKHO MCIIOJIb30BaTh BeIpakeHue (3.3).
st ynoOcTBa MOXKHO TIEPEOIpPEACIIUTh JaBICHUE p U 3alucarh ypaBHEHUE
(3.2) Tak, 4TOOBI OHO BKJIFOYAJO THAPOCTATUYECKYI0 KOMIIOHEHTY U I'PaJUEHTHYIO

KOMITIOHEHTY MarHuTHou cwibl [100]. Mcnons3ys paBenctBa (3.4) u (3.8) 3amuiieM:
PG+ MVH = p.[1- B (T =T.)]G + 1o [M. + 7(H = H.) = K(T ~T.)]VH =

V{p*(fG)wo[M*H +%1(H - H*)Z}}—(p*ﬂT*QWOKVH)(T -T.),
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e paguyc-BekTop I =(X,Y,z). Torma, eciiu mepeonpeacinTh JaBIeHHe KaK
Lo 1 2
P=p—p*(r-g)—,u{|\/|*H +§Z(H—H*) }, (3.14)

paBeHCTBO (3.2) mepenuiiemM Kak

p*% +pNV-VW=-VP+nVV-p.L.(T-T.)G -, KT-T)VH.  (3.15)

Ha 0oxoBBIX TBCPABIX I'PaHUIIAX YCJIIOBUA NPUITHIIAHUA U U30TCPMUIHOCTHU UMCIOT
BUJL:

X=Fh:v=0,T=T, 0. (3.16)
rpaHI/I‘{HBIQ YCIIOBUA JII MATrHUTHOTO ITOJIA U HAMAIHUWYCHHOCTH IIPU OTCYTCTBUUN

MOBEPXHOCTHBIX TOKOB TMOSIBIISIIOTCS U3 CIEAYIOMIMNX YCIOBUA:
x=Fh: (H*-H)xfi=0,(B°-B)-i=0, (3.17)
rie M =(1,0,0) — Bekrop HOpMasM K GOKOBBEIM cTeHKaM. Mcrmons3yst paBercTsa (3.7)
u (3.10), BTOpO€ yCOBHUE NMEPENUIIEM KaK:
[H®—[@+ z)H.+ (7 - 2)AH +KOJ&. - (1+ z)AH |-i=0  (3.18)
npu X==xh.
ITocne obe3pasMepuBaHUs CUCTEMBl YpaBHCHUH M TpaHUYHBIX YCIOBHH depe3

IMOKa3aHHbIC HMXKC CAMHUIBIL: JJIMHBI, CKOPOCTH, BDCMCHHU, JaBJICHUA, TCMIICPATYPHI,

HAaIIpsAKCHHOCTH IIOJIA 1 HAMAIrHHYCHHOCTHU COOTBCTCTBCHHO

2 2
F—di,v= v =Ly p_ T _pl T T -0

ph 7. p.h
=PSRN TRy DL T VILSC AV g = ge,,
1+ y 1+ y 1+ y 1+ y
OIIyCKasd IITPHUXHU, ITOJITYYUM:
V.v=0, (3.19)
N o - _
—+V-VWW=-VP+VV+Grog, +Gr,d VH, (3.20)

ot
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‘Zt—gw-ve: %vze, (3.21)
VxH =0 (3.22)
A+ )V -H+(x - x)VH & -1+ y)VO-& =0, (3.23)
M =[(x-2)(H-N)-(1+ »)0]e + x.H (3.24)
C T'PaHUYHBIMHA YCIIOBUAMU
[H—[(r = 2)H=N)F(1+ 2)]&.— L+ z)H |-i=0 (3.25)
v=0,60==+1 npu x=7F1. (3.26)

be3paszmepnbie napameTpsl Ui JTaHHOW 3a/1a4Hu:

2 3 22142
Gr — p*ﬂT*zg®h ’ Gl’m — p*lL;OK 0 h ’ Pr = T)« ’ N = H*(1+Z) )
7B ne(l+ y) Jo XN KO

3nece Gr u Gr, — TpaBUTAallMOHHOE MW MarHuTHoe uucna [pacroda,
XapaKTepU3yIOLKe BKJIaJ apXUMEA0BOM U MarHUTHOU cuil, Pr — uucno [Ipanats,
N — napameTp, ONUCHIBAIOLINN TEPMOMArHUTHBIE CBOMCTBA KUIKOCTH.

OTMeTHM Takke, YTO BHEIIHEE OJHOPOJAHOE MarHutHoe mome HE,
NPWIOKEHHOE NEPHEHAUKYIAPHO BEPTUKAJIBHBIM IPaHULAM, CO3[a€T B CEpPEANHE

CJI0S1 MArHUTHOM KUJKOCTH MAarHUTHOE T10JIE
H*:He/(l+;(*) (3.27)
[Ipu (puKCMPOBaHHBIX 3HAYEHUSX PA3HOCTH TEMIEPATyp MArHUTHOE YHCIIO

I'pacroda mpu U3MEHEHUH MATHUTHOTO TOJIS OyAeT MEHSATHCS MPOMOPIHOHATIHLHO

2

OTHOLLICHUIO (puc. 3.2). ChHauana, o Mepe yBEJIWYEHHUS HANPSKEHHOCTH

1+ x)

rmons H- *, MarHUTHBIN mapameTp YBCIIMYHUBACTCA, 4, HAUWHAA C BHYTPCHHCTO

@+ 7)
nonst H== 15 kA/M, yObIBaeT W 3aTeéM BBIXOJUT Ha HackinieHue. CieaoBarenbHoO,
BesinunHa G7, HEIMHENHO MEHSAETCA ITPU YBEJIUYEHNUH HANPSIKEHHOCTH MAarHUTHOTO

II0JIA.
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| | H,10° Al
5 2 25

| 1.5

Puc. 3.2. M3meHeHue mnmapamerpa, COJIEPIKAILIETO CBOMCTBA MAarHUTHOM
KUJAKOCTH M BXOJSIIET0 B MarHuTHoe uucio ['pacroda, B 3aBUCHUMOCTH OT
BEJIMYUHBI MarHUTHOro mojs BHyTpu cioss MM (Ms =43 kA/Mm, y =2.9);

MTpUXOBad JIMHUA — HAMAIrHUYUBAHUC 110 3dKOHY HaHmeBeHa; CIlIoIIHas JIMHHUA

— IPUOJIIDKEHHE CPETHETO JAercTBYyroMmero moss [124].
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TpexmepHass mnpoOjeMa YCTOMYMBOCTA CBOAWIACH K OSKBUBAJICHTHOU
JBYMEpPHOM 3aJ1a4e ¢ MOMOIIbI0 Teopembl CkBalipa, T.€. pacCMarpUBajIuCh TOJIBKO
caMmble OmacHble IMIockue Bo3MylleHus. [lonmyueHHas 3ajaua Ha COOCTBEHHBIE
3HaueHUsI ObLjIa pellleHa ¢ TOMOIIbI0 HHTETpaIbHOTO MeToaa YeOniiena [125, 126].

Ha puc. 3.3. npeacrasnena kapTa OCHOBHBIX BUJIOB TEUYEHUI B BEPTUKAIbHOM
OECKOHEUYHOM CJI0€, MOJOTPEBAEMOM C OIHOM W3 IIMPOKUX OOKOBBIX CTOPOH, BO
BHEIIIHEM OJIHOPOJHOM MOMNEPEYHOM MArHUTHOM I0JI€ B KOOpJMHATAX MAarHUTHOIO
Gry u tpaButaimonHoro Gr umcen I'pacroda. [luarpamma pasjiesieHa 1IBETOM Ha
BepTUKaIbHbIE 00JacTH. B nepBoii obnactu I, mpumMblikaromiei K BEpTUKAIbHONW OCU
IUarpaMMmbl, peajn3yeTcsi CTAallMOHAPHOE TMOABEMHO-OMYCKHOE TEUYEHUE C
JUHEWHBIM TpoduiieM TeMmIeparypbl M KyOMYEeCKHUM TpoQuiIeM CKOPOCTH.
Crnenytomias o0yacTh KapThl, 0003HaYeHHass Kak II, COOTBETCTBYeT KOHBEKIIMH B
BU/JIC CTAIMOHAPHBIX TEPMOMATHUTHBIX BaJOB. B rpaBUTAIIMOHHOM 10JI€ MOABEMHO-
OMYCKHOE TEYEHUE OPUEHTHUPYET TEPMOMArHUTHBIE Bajbl MPEUMYLIECTBEHHO
BEpPTUKAIbHO. B ciyyae HEBECOMOCTH HampaBieHUE KOHBEKTUBHBIX BaJIOB OyAeT
IIPOU3BOJIBHBIM.

O6nacth, COOTBETCTBYIOIIAS TEPMOTPABUTAIMOHHOMY TEYEHHIO B BUJE JIBYX
TEIJIOBBIX BOJIH, OHA U3 KOTOPBIX PacHpOCTpaHSETCs BBEPX, a Apyras — BHU3,
ormedeHa kak III. Ha puc. 3.4 yepHbIMH CTpelKaMHu TMOKa3aHO I0JE€ CKOPOCTH, a
[BETOM BBIJIEJIEHO paCIpeeIeHUE TEMIIEPATYPhI JJ1s1 TEMIOBBIX BOJIH B IIONIEPEYHOM
CEUCHHH CJIOS C BPEMEHHBIM HHTEPBAIOM MEXKIYy H300paKCHHsIMU paBHBIM 1/4
nepuoaa. [lone ckopocT mpencTasiseT co0oi Mocaea0BaTeIbHOCTh CTAIIHOHAPHBIX
BUXPEU, LIEHTPBl KOTOPBIX PACIIOJIOKEHBI B CEPEAUHE CIIOS. benbiMu cTpenkamu,
MOKa3aHo MpeoOajarollee HalnpaBICHUE ABUKEHUS KUAKOCTH B JAHHBIA MOMEHT
BPEMEHHU. 3aKpyTKa BUXPEH OIpeaesaeTcs apXUMEAOBON CHIIONW: MEHee IIJIOTHas
Teryas >KUAKOCTh (KpacHBIM LIBET HAa puC. 3.4) MOAHUMAETCs, XOJOAHAas (CUHUM
nBer) — omyckaercsa. B monorpadusax [36, 127, 128] oTMedeHO, YTO TEIJIOBBIC
BOJIHbl BO3HHMKAIOT B CBOOOJHOW KOHBEKIUMU MPHU JOCTATOUHO OOJBIIMX YHCIAX

[Mpanatns (Pr > 12.45).
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cioe MJK BO BHEIIHEM

OAHOPOAHOM IIOIICPCHYHOM MAI'HUTHOM IIOJIC: I - CTAalMOHAPHOC IIOABCMHO-

OITyCKHOE

TEUYCHUE;

I — craunoHnapHsie

TCPMOMArouTHLIC BaJIbI,

III — repmorpaBuranmonssle BosnHbL; Vo u IV — tepMoMarHuTHbIE BOJIHBL C

pa3IMYHBIMU BOJTHOBBIMU unciiamMu [43].
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t=17/ 4 =112 t=31/4

0

t

R

Puc. 3.4. Pacnpenenenue moyied CKOPOCTH W TEMIEpPaTypbl I peXUMa

TCPMOI'PABUTAIMOHHBIX BOJIH



60

N3meHeHne  CTPYKTypbl  TE€MIEpPAaTypHbIX  BOJH NpPU  YBEIWYCHUU
IPaBUTALIMOHHOIO YKcia ['pacroda paccMOTpeHO B 3KCIEpUMEHTaxX U Teopud [129].

B Bepxueit obnactu nuarpammel (o0o3Hauenust 1I+1I1 Ha puc. 3.3) Bo3HuKaer
HECTaIlMOHApHasi CTPYKTypa U3 KOMOWHAIUM CTallMOHAPHBIX BEPTHUKAJIBHBIX
TEPMOMATrHUTHBIX  BajloOB ¥  TOPU3OHTAJIBHBIX  BajoB, C(HOPMHPOBAHHBIX
TEpPMOTrPaBUTAIMOHHBIMU BOJHAMU. [IpyM yBENTMYEHUM OTHONIEHUS MArHUTHOTO K
rpaBUTAIMOHHOMY uuciay [pacroda BOJHBI  T'paBUTAIMOHHOW  MPUPOJIBI
3aMeNaloTCsl TEPMOMATHUTHBIMM BosHamMu — obOmactu  I+IV, u 1I+IV..
TepMomarHuTHbIe BOJIHBI, 0003HaUeHHbIe Kak [V u [V,, oTuyarorcs 3HaUCHUSIMU
BOJIHOBBIX YHCEIN; BOJIHBI [V BMeroT Oomblyto JyiMHY BOJIHBL. [11aBHBIN iepexos ot
IPaBUTAIIMOHHOTO K MATHUTHOMY BOJIHOBOMY MEXaHU3MY ObLT TPOJIEMOHCTPUPOBAH
B pacuerax [80] ¢ mpuMEHEHHUEM SHEPreTUUECKOTO aHaIn3a BO3MYILICHUH.

[IpuHMn JOBMOKEHUST TEPMOMArHUTHBIX BOJIH B TeueHUe niepuoaa 1
wuiroctTpupyetr puc. 3.5. B momentsl Bpemenu ¢ =T7/4 u ¢=3T7T/4 BOIHBI
pacrpoCTpaHsAIOTCS BBEPX BIOJIb TEIUION JIEBOM CTEHKH (TeIuUias Jierkas )KUJIKOCTb
MOJHUMAETCS) M BHHU3 BJIOJIb XOJOIHOM MpaBOM CTEHKW (XOJOAHAs TsKemas
OITyCKaeTcsl), MOJ0OHO TEPMOTPABUTAIIMOHHBIM BONHAM. OHAKO NEWCTBUEM CHII
TUTABYYECTH HEBO3MOXXHO OOBSICHUTH OJHOBPEMEHHOE MIBUKECHHE KHAKOCTU C
OJIMHAKOBOW TEMITEpaTypOl BBEpX U BHHU3, KaK 3TO MpoucxonuT npu ¢ = 0 u 7/2 (cm.
HaIpaBJI€HUE YEPHBIX CTPEJIOK, IPEICTABISIONINX JJOKAJIbHBIE BEKTOPbI CKOPOCTH).
B Tedyenue 3TuX OTpE3KOB BPEMEHU JIBUKEHUE UHAYLUUPYETCS MOHAEPOMOTOPHBIMHU
CWJIAMH: XOJOJHasi U Oojee HAMAarHWYEHHAsl KUAKOCTh (CUHUMN I[BET) BTATUBACTCS
[0 HAIIPaBJIEHUIO K TEIUION CTEHKe (X = -1), rae Hanps>KEHHOCTh MAarHUTHOTO TOJIs
BHYTpU cJosi Bblie (cHUMOK nipu ¢t =0), a ropsyas (KpacHbIi UBET) —
BBITAIKUBaeTCA (CHUMOK mipu ¢ = 7/2). Takum 00pa3oM, MarHUTHBIE BOJIHBI
ONMCBHIBAIOTCS MTOHACPOMOTOPHBIMU CHJIAMH, HANPABICHHBIMH BJOJb TPaJHECHTA
HaIPSDKEHHOCTH MAarHUTHOTO MOJS, B OTVIMYKME OT TEPMOTPABUTALMOHHBIX BOJIH,
ONpEAENsiEMbIX CHUJIAMHM  IUIABYYECTH, JCHUCTBYIOUIMMH B  BEPTUKAIBHOM

HalIpaBJICHHUMU.
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=174 t=1/2

Puc. 3.5. Pacnpenenenue mnoneld CKOPOCTH W TEMIEpaTyphl IS pexUMa

TCPMOMAruuTHBIX BOJIH

Kak ormeuaercs B [43], mpu B3auUMOIEUCTBUM CTAlMOHAPHBIX KOHBEKTHUBHBIX
BaJIOB C TEPMOMArHUTHOM BOJTHOBOM MOJIOM MOTYT HaOIIONAThCS HECTAIlMOHAPHBIE
BaJIMKOBBIC CTPYKTYypbl. B 3aBHCHMOCTH OT BEJIMYMHBI MAarHUTHOTO U
rpaBUTaliMOHHOTO uncen I[pacrodpa B obmactax I[I+1V, u I+IV, nHa done
BEPTHKAJIBHBIX BAaJIOB MOTYT BO3HHKATh HAKJIOHHBIE BaJbl C PA3HBIMU BOJHOBBIMU
yucliaMi W yroiamu HakioHa. Hampuwmep, mpu (Gry,, Gr)= (15, 15) Oymyr
OTHOBPEMEHHO HEYCTOWYMBBHI MOJBI B BHUJE CTAIIMOHAPHBIX BEPTHUKAIBHBIX H
HaKJIOHHBIX BaJIOB C pa3HOM JJIMHOM BOJHBI (puC. 3.6).

Otmerum, uto npu Gr, > 1.4 DOMUHUpPYIOIIEH CTPYKTYpOoil BO BCEM

AWAaIa3sOHE UCCICAOBAHHBIX MApaMCTPOB 6YI[eT CHUCTCMa BCPTUKAJIbHBIX BaJIOB.
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a) 0) B)
Puc. 3.6. Pacmpenenenue Ttemmneparypbl BOJM3U XOJIOAHOW BEPTUKAILHON
IMIMPOKOW CTEHKHU: CTalMOHApHble BEpTUKaJbHbIE (a) W HeCcTallMOHapHbIE
HAKJIOHHBIE TEPMOMArHUTHBIE BaJIbl ¢ yriiamMu HakinoHa 62° (6) u 82° (B) k ropuzonTy

npu (Gra, Gr) = (15, 15) [43]
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3.2 TepMOMaFHHTHaﬂ U TEPMOIrpaBUTAIUOHHAA KOHBEKIIUA B MATHUTHOM

1oJjie, HANPABJEHHOM MePHEeHAUKYISIPHO CJIOK)

B »sTtoM paznene mnpeAcTaBlieHbl AKCIEPUMEHTAIbHBIE PE3YyIbTaThl IO
UCCJICJIOBAaHUIO B3aMMOJICUCTBUS TEPMOI'PABUTALIMOHHOTO M TEPMOMArHUTHOTO
KOHBEKTHUBHBIX TEUEHUM B BEPTHKaJIbHOM ciioe MK, momenieHHOM B MOMepeyHoe
MAarHMuTHOE TOJIE.

Ha puc. 3.7 u 3.8 npuBeAeHbl SKCIEPUMEHTAIbHBIE KapThl YCTOMYHMBOCTH
NEPBUYHOTO TEPMOTPABUTAIMOHHOTO TEUCHUS 110 OTHOIICHUIO K TEPMOMATHUTHBIM
BajlaM JUJIg CJIOGB C Pa3IuyHOM TONIMUHON d. [luarpamMMbl TOCTPOEHBI B
nepeMeHHbIxX: AT — mepemaa TeMmmeparyp MeEXAy BEePTUKAJIbHBIMH IITUPOKHUMU
rpaHuIiaMu ciosi U H — HanpsHoKeHHOCTh MPUIIOKEHHOTO MarHUTHOTO  TIOJIS.
YCTOWYHUBOCTh MEPBUYHOTO TEUYEHUS HACHTU(GUIIMPOBAIACH IO OJHOPOTHOMY
TEMIIEpaTypHOMY TIOJIF0 OOKOBOM moBepxHOCTH cios. [log Bo3zaelcTBHEM
MAarHUTHOTO TIOJISI TEYEHHUE TEPSIO YCTOMYHMBOCTh, MOSIBISINCH BEPTHKAJIbHBIC
TEPMOMArHUTHBIE BaJibl, KOTOPbIE MPOSBIISUIMNCH HA TEMIIEPATYpPHOM Tojie OOKOBOI
NOBEPXHOCTH B BHJI€ BEPTUKAJIBHBIX MOJIOC. ['paHUIIa yCTOMYMBOCTH ONPENEIISIAC
BU3YaJbHO, T.€. B NPOIECCE M3MEHEHUsS YIPABIAIONINX MapaMeTpOB HAOIIOIATH
MOSIBJICHUE BaJIOB TMOPOTOBBIM 00pa3zomM. B o6mactu «I» puc.3.7 u pwuc. 3.8
peanu3yercss YCTOMYMBOE TEPMOIPABUTALIMOHHOE MOABEMHO-OMYCKHOE TEUCHHUE.
CxeMma 3TOr0o TeueHHs MOKazaHa Ha puc. 3.9a: Harperas >KUAKOCTb MOAHUMAETCS
BIOJIb TOpAYE CTEHKU (CHUHMI IBET), OXJaXIEHHAas >KUAKOCTh OIYCKAeTCSl BIIOJb
XOJIOAHOM CTEHKM (KOpUYHEBBIM 1BeT). B OCHOBHOM OJHOpOAHAasi OKpacka
TEPMOYYBCTBUTEIBHON IUJICHKHA I TAKOro TeYeHHUs Ioka3zaHa Ha pwuc. 3.10a.
Busyanuszauusi BBINOJIHEHA CO CTOPOHBI XOJOAHOM CTEHKH, KOTAa KUIKOCTh
OMYCKAETCs BIOJb MPO3PAYHOTO TEIJIOOOMEHHUKA. VI3MeHeHnEe OKpacKu BBEpPXY U
BHU3Y CJOs (CHHSA TOJOca BBEPXYy W KOPUYHEBAsS BHHU3Y) OOYCIIOBICHO
BEPTUKAJIBHOU cTpaTh(uKalreil TeMeparypbl B CJIO€ BCJIEICTBUE OTPAHUYECHHOM
npotsikeHHoCTH nojocTtu [130-132]. B obnactu «I» oOcyxaaeMbIx quarpaMMm Ha
0a30BO€ TEUYEHHWE HAKJIAJbIBACTCS TEPMOMArHWTHas KOHBEKIHMS B  BUJE

BEPTUKAJIbHBIX BaJioB (puc. 3.90). ®dotorpadus TEPMOMArHUTHBIX BaJiOB
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Puc. 3.7. PexxuMbl KOHBEKTUBHBIX JBUKEHUN B BEpTUKaJIbHOM ciioe MK Bo
BHEIIHEM OJHOPOJHOM IIONEPEYHOM MArHUTHOM TMoje: | — cTalMoHapHbIE
TEpPMOMAarHuTHbIE  Bajlbl; 2 — HECTAllMOHApHbIE  (C  OOHOM  YacTOTOM)
TEPMOMAarHUTHbIE  BaJibl, 3 — HECTAllHOHAapHBIE (C  JABYMS  4YacTOTaMM)
TepMOMarHuTHele Balbl (d = 6.0 MmM); [ — cTanMoHapHOE MOABEMHO-OMYCKHOE

TeueHue; [l — TepMmomMarHuTHasi KOHBEKIIHS.



35 H, kA/M
30 1
25 A
20 A
1 m-1
15 -
-2
104 ®-9
1 o0-4
T K
5 1 T T T T T
5 10 15 20

Puc. 3.8. Kapra ycTOHYMBOCTH IEPBUYHOIO MOABEMHO-OIYCKHOTO TEYEHUS B
MOTIEPEYHOM MAarHUTHOM T10JIE JUISI BRICOTHI ciost: 1,2 — 1 =250 mMm; 3,4 — [ = 70 mm.
3akpallleHHbIE CHMBOJIBI COOTBETCTBYIOT HaOmiomeHuio 3a TedeHuemM MK y
XOJIOHOM CTEHKH B OIYCKHOM IIOTOKE; ITYCThIE CHMBOJBI — 3a TedueHneM MK y
ropsiueil CTeHKH B oibeMHOM MoToKe (d = 4.0 MM); | — cTanimonapHoe nMogAbEMHO-

onyckHoe TedyeHue; I — TepMoMarHuTHasi KOHBEKIHUS.
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(a) (6)
Puc. 3.9. CxemMbl KOHBEKTHBHBIX JBWXEHUH: (@) - MEPBUYHOE MOABEMHO-

OIIYCKHOC TCPpMOTPAaBUTALIMOHHOC TCUCHUC, (6) - BTOPUYHOC TCPMOMAIHUTHOC

TCUCHUC.

(6)

Puc. 3.10. Pacnpenenenue Temmneparypbl Ha KUJKOKPUCTAIMYECKON TUICHKE

Y XOJOJHOM CTEeHKH B ommycKHOM moToke nipu A7 = 20 K: (a) — mepBuyHOE TeueHue
npu H =0; (6)— tepmoMarauTHbeie Baimbl npu H = 25 kA/M. MarautHoe mome
HaIpaBJIeHO NEPHEHIUKYJISAPHO IUIOCKOCTH (¢oTorpaduu B HAMpaBICHUU OT

HAOJIrOIaTEN.
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npencrasieHa Ha puc. 3.100. CuHss 1moioca  COOTBETCTBYET — TEIJIOMY
KOHBEKTMBHOMY NOTOKY MJK OT Harperodl CTEHKM B HAIPaBIECHUH XOJOJHOMU
CTEHKHU, a KOPUYHEBAs MOJI0CAa OTOOpa)kaeT 0OpaTHOE JBMKEHUE XOJOAHBIX Macc
KuAKocTU. Takum 00pa3oM, Mbl HAOJIIOJa€M BEPTUKAJIbHbIE KOHBEKTHBHBIE BaJIbl HA
(oHE MOABEMHO-OITYCKHOTO TEYEHHUS.

Kapra ycTOHYMBOCTH NEPBUYHOIO TEPMOTPABUTALMOHHOTO TEUYEHHUS IS
stueiikn  TonmmuHo O =6.0 MM u BeicoTOM 250 MM, moka3zaHa Ha puc. 3.7.
N3mepenust NpoBOAMINCH HA YCTAHOBKE U MO METOJIUKE, OITMCAHHOM B paznene 2.4.
B kauecTBe ynpaBigionx napaMmeTpoB Ha KapTe YCTOMYMBOCTH BHIOPAHBI Meperna/y
temriepatryp A7 W HanpsyKeHHOCTb MarHuTHoro noisst /. ['paBUTallMOHHOE U
MarHuTHoe uucia ['pacroga 3aBUCAT OT yKa3aHHBIX MAPaMETPOB CIEAYIOIIUM

obpazom:

Gr ~ AT, Gr, ~AT?H?.

B oskcnepumeHTax, B 3aBUCHUMOCTH OT 3aJaHHbIX 3HaueHud H u AT,
HAOJIIOIANIUCh:  TEPBUYHOE  TOJBEMHO-OIYCKHOE TEYeHHUE, CTalMOHApHBIE
BEPTHUKAJIbHBIE TEPMOMATHUTHBIEC BaJIbl, CYNEPIO3UIUS CTAIIMOHAPHBIX U OETYIINX
BaJIOB.

Touku, cooTBEeTCTBYIOIIME BO30YXACHUIO TEPMOMATHUTHOM KOHBEKIIUH,
ONPEACIISINCH IPU NIEPECECUCHUN KPUTUYECKOU KpUBOH (puc. 3.7) 0 TOPU30HTAIIH
(H=const) u mo Beptukanu (A7=const). [Ipu duxcupoBannom 3HaueHuun H
OCHOBHOM BKJIaJl B IOTPEUTHOCTh U3MEPEHUSI KPUTUUECKON TEMIIepaTypbl, paBHYIO
+ 1K, BHOcwI «mar» wu3MeHeHus Temneparypsl HarpeBatenss - =+ 0.7 K;
MOTPENIHOCTH U3MEPUTETBHBIX MPUOOPOB U TEPMOMHIUKATOPA ONKCAHBI B TJIaBE 2.
[Ipu ¢duxcupoBaHHOM A7 TOTPENIHOCTH OMPEACICHHS] KPUTUUYECKUX 3HAYCHUH
HaANPSOKEHHOCTH MarHUTHOTO mois coctapisiia + (0.7 kKA/M u Obuta cBs3aHa ¢
«Il1IaromM» HM3MEHEHMSI CUJIbl TOKa, MPOTEKAlolero B Karymikax [enasmrosisua, u
MOTPEITHOCThI0O TPUOOPOB, YyKazaHHOW B pazaene 2.4. IlorpemHocTd BHOIb
IPaHUIBl YCTOWYMBOCTH MEPBUYHOTO MObEMHO-OITYCKHOTO TEYEHUSI OTMEUYEHBI Ha

puc. 3.7.
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Ha puc. 3.11a npeacraBineHo NEPBUYHOE NOABEMHO-OIYCKHOE TEUYCHHUE.
Pa3nunia temnepatyp Mexay BepxHel cuHel 00J1acThlo, I7e HaKarIuBaeTCs Terias
XKUJKOCTh, 1 OCHOBHBIM KOPUYHEBBIM (JOHOM, COOTBETCTBYIOIIUM MEHEE HarpeToi
xuakoctu, coctapisieT 4 K. Ha ciaepyromux caumkax (puc. 3.116 — r) BUaHO, 4TO
M0 Mepe TEPMOMArHUTHOTO TIEPEMEIIMBAHUS BEpPTUKAJIbHAS TeMIepaTypHas
HEOJIHOPOJHOCTh CTAHOBUTCS MEHBIIIE, 30HA C XOJIOJHOM KUIKOCTHIO CYXKaEeTCsl.

[lepBasi TepMOMarHuTHasi MoJla HEYCTOMUYMBOCTH TEUYEHUs, BO30yKaaemas B
BEPTUKAJIIBHOM  CJI0€, COOTBETCTBYET CTPYKType B BHUJI€ CTaI[MOHAPHBIX
BEPTUKAJIBHBIX BajioB (puc. 3.116 m kBagparsl Ha puc. 3.7), 4TO COITIACyeTcs C
npenckazanusiMu  teopun [43]. Ilpu yBenuuenun H wunu A7 Ha cucremy
HETOJIBUKHBIX BEPTUKAJIBHBIX BAJIOB HAKJIQJIBIBAIOTCS OCTYIIME HAKIOHHBIC BaJIb
(TpeyroJibHUKH W Kpyru Ha puc. 3.7). B pe3ynbrare oOliiee 4nciio KOHBEKTUBHBIX
BajioB yBenuuuBaeTcs (puc. 3.11B, ). ComtacHo pacueram [43], Takas CTpyKTypa
dopMupyeTcss TpU CYNEPHO3UIMH CTAIlMOHAPHBIX BEPTUKAIBHBIX BAaJIOB H
TEPMOMArHUTHBIX BOJH C Pa3HBIMU BOJIHOBBIMU YHCJIAMHU.

Ha puc. 3.12 oTpaxkeHa npoCcTpaHCTBEHHO-BPEMEHHAS 3BOJIIOLUS CTPYKTYPHI B
obnacTy, OTMEYEHHOW TpeyrojbHUKaMu Ha puc. 3.7. Ha d¢parmentax cepuu
MOoKa3aHa ILIEHTpajbHas 30Ha cyos. Ha puc. 3.12a 4eThipe MPOTAKEHHBIX CUHUX
MOJIOCHI COOTBETCTBYIOT WIECTH KOHBEKTHMBHBIM BajaM. 3aTéM Ha HUX
HaKJIaJbIBaeTCS BOJNHA, OeryIasi cieBa HampaBo. [lepemenieHrne JOMOIHUTENbHBIX
2-X BaJOB, MHUHHMMYM KOTOPbIX OTMEUYEH BEPTUKAJIbHOW UYEPHOW JIMHUEH,
OTCJIC’)KUBAETCS MPU MOMOIIM JUHEUKU. CKOPOCTh ABUIKEHUSI TEPMOMATHUTHBIX
BosH mpubmm3utenbHo 0.1 mm/c, uyto comnacyercs ¢ pacueramu [43]. Ilpwm
HAJIO)KEHUHM BOJIHBI HAa Oa3MCHYI0 CHCTEMY BaJlOB MEPHOJ CTPYKTYPbl MOXKET
YMEHBIIAThCSA, HAlpUMep, Ha MeCTe OJHOM CHUHEW Monockl (BTOpas CIpasa,
puc. 3.12a) nosinsiercs nBe (puc. 3.12B).

Ha puc. 3.13 nokazan pexum u3 00jacTd, 00O03HAYEHHON KpYy>KKaMu Ha
puc. 3.7. Ha nepBoM Kaape cepuu MOKa3aH MOJHBIN BUJ CTPYKTYPHI 10 BBICOTE CJIOS;

YEPHBIMU BEPTUKAJIBHBIMU CTPEJIKAMU 0003HAYEHO PACIIONIOKEHUE TEpMOTIap.
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(a) (6) (B) (r)

Puc. 3.11. DBomronusi KOHBEKTHUBHBIX CTPYKTYp TIpH (UKCHUPOBAHHOUN

temrieparype A7 =18.3 K ¢ yBenuueHueM NPUIIOKEHHOTO MarHUTHOTO mojs H,

KA/M: (a) 0; (6) 12; (B) 17; (1) 21 (d = 6.0 mm).
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(a) (6) (8) (r)
Puc. 3.12. Hecranimonapusie (C OJTHOH 4acCTOTOM) TEPMOMArHUTHHIC BaJbl
pu A7 = 22 K, H = 14 xA/m; Bpemst mexay kaapamu (a) u (6) — 30 c; (6), (B), (T)
—20c¢ (d=6.0 mm).

Puc. 3.13. Hecrammonapueie (¢ IByMS 4acTOTaMH) TEPMOMATHUTHBIC BaJbl
mpu A7T=18.3 K, H = 21 xA/m; Bpemst mexxkny kaapamu 30 u 50 c. Ha yBenmaeHHOM

cbparMeHTe CTPCIIKAMHU II0Ka3aHbl HAIIPABJICHHUA AIBMIKCHHA HAKIIOHHBIX BaJIOB

(d = 6.0 Mmm).
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IIpocTpaHCTBEHHO-BPEMEHHAsT DBOJIIOLMSA CTPYKTYPbl B HWXKHEU YBEJIMYCHHOU
o0JacTH CHHUMKa NpuBOAUTCS crpaBa. Creayer 3aMeTUTh, YTO BEPTHUKAIbHbBIC
CTallMOHApHble Baybl, OOO3HaYeHHble Kak 1 W 3, OCTalOTCAd MO-NPEKHEMY
JTOMUHUPYIOIUMHU. B TO e BpeMs MOSABISAIOTCS 100aBOYHBIE BaJibl, Iperdyromine
B LIEHTPAJIbHOW YacTU cJOS cjeBa HampaBo. KadecTBEHHO J3TOT peXUM
COOTBETCTBYET B3aMMOJICCTBUIO CTAllMOHAPHBIX BEPTUKAIBHBIX BajJOB W
MAarHUTHBIX BOJIH C Pa3HBIMHM BOJTHOBBIMU unciaMHu. J[JInHA BOJIHBI OETYIINX BajJoOB
B 1.5 — 1.8 paza MeHbIlIe AJIMHBI BOJIHBI CTAIMOHAPHBIX BaJOB, YTO COTJIACYETCS C
TEOPETUUYECKUMHU NpeIcKazaHusIMHu [43].

Kaxk cBuieTenbCcTBYIOT BHI€03aNMCH, KOHBEKTUBHBIE Bajbl pu A7 = 18.3 K u
H=21xA/M BONM3U Y3KUX BEPTUKAIBHBIX TPAHUI] MOJIOCTU JIBUKYTCS BIEBO W
BIIPABO, CTPEMSCHh BBICTPOUTHLCS TEPIICHIUKYJISIPHO OOKOBBIM cTeHKaMm. Hakiion
BaJIOB BOJIM3Y IPaHUIl KOHBEKTUBHOM KaMephl MOXKET ObITh BhI3BaH JACHCTBHEM JIBYX
(bakTOpOB: MOSIBJICHUE TAHTCHIIMAIBHOM COCTABIIAIONIEH MAarHUTHOTO TOJIA 33 CUET
NPEJIOMJICHHS] CHJIOBBIX JUHUN ToJisi BOJMW3M TpaHMIIBl pasfena JByX cpel C
pa3IMYHBIMKA MAarHUTHBIMU cBoWcTBamu [133], W nOelCTBUSL CUJIbI TpPEHUS] Ha
rpa"uIax TBepAbiXx creHok [118]. O6a dakropa mMpUBOIAT K MPEUMYIIECTBEHHOM
NEPEOPUCHTAIIMM KOHBEKIMOHHBIX BaJOB, TaK 4YTO HUX OCH BpallCHUs
npUOIMKAIOTCS K HOPMAJIM OTHOCUTENIHHO BEPTHKAJIBHBIX CTEHOK KaMEpHI.

3anucu TeMmIeparypbl C HWXKHEW TepMONapbl I CEPUU  PEXHUMOB,
npeAcTaBiIeHHbIX Ha puc. 3.11, npuBenensl Ha puc. 3.14. IlepBbiil rOpU30HTATbHBIN
OoTpe30K Ha pucyHke 3.14a coorBercTByeT 0asoBomy Teuenuto mpu H = 0.
BxiroueHrie MarHUTHOTO TOJISI MPUBOJMT K YMEHBIICHUIO TIepenaga TeMIepaTypbl
BHYTPU CJOS JKUIKOCTH — «CTYNEeHb» BHHU3 Tpu H =7 KA/M — BCIEACTBUE
«BO3MYUIIAIOIIETO» JIBUKEHUSA, WHIYUUPOBAHHOTO HEOJAHOPOJAHOCTSIMU OIS
BONM3U TpaHuIl. AHAJIOTHYHBIA CKadok Temmepatypel mnpu H = 10.4 kA/m
COOTBETCTBYET MEPEXOJly K KA4ECTBEHHO HWHOW CTPYKType — CTallMOHAPHBIM
BEPTUKAIBHBIM TEPMOMArHUTHBIM BajlaM.

[Ipu yBenmuueHun MarHuTHOro mojisg A0 14 kA/M BO3HUKAIOT KoOJeOaHUSs

TeMIiepatypsl ¢ nepuoaom okoso 480 ¢ (puc. 3.140).
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Puc. 3.14. 3anuce koneGaHuii TeMmmepaTypbl, 3aperuCTpUpPOBAHHAS MPHU
IIOMOIIM TEPMOMApPhI, PAa3MEIICHHON B HI)KHEW YaCTH KOHBEKTUBHOW KaMEphI IIpHU
AT=183K: (a) H=0; 7 u 10 xkA/™m; (6) H=14 xA/m; (B) H =17 kA/™m; (T)
H=21xA/M (d = 6.0 Mmm).
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HopMupoBaHHBIN 3HEPreTUYECKUN CIIEKTP HaHHOIO CUTHAJla IIOKa3aH Ha
pucyHke 3.15a. Ha npencraBneHHoM Dypbe-CIIEKTpe OCHOBHAS TapMOHUKA UMEET
gactoty Vo~ 0.0021 I'u. Crnegyer OTMETUTh, YTO BO3HHUKAIOIIME BCIICJICTBUE
HEJIMHENHOI0 B3aMMOJCHCTBUS CYINEPrapMOHMKHA C 4acTOoTamH 2vg, 3vp u 4v) He
OTBEYAIOT (U3UYECKHU paA3IMYHBIM MOJaM. A TMHK OKOJO HYJEBOH YacTOTHI
COOTBETCTBYET MEHJICHHOMY HW3MEHEHHUIO CpEJHEH aMIUIUTyAbl KoJieOaHuN B
pe3ysabpTrare HEeTMHEHHOro caMoB3auMOIEUCTBHS (yHIAMEHTAIbHON TapMOHUKH.

Takum oOpa3zom, mepBas KojeOareabHas MoOJa COCTOMT M3  OIHOM
TEPMOMArHUTHOM BOJIHBI, YTO COIVIACYETCS C TEOPETUUYECKUMH MpeCKa3aHUsIMHU
[43].

[locnenytomee yBenuYeHWE MArHUTHOTO TONs MpU  (PUKCHPOBAHHOU
TEMIIepaType Ha TeII00OMEHHHUKAX MPUBOAUT K YMEHBIIIEHUIO [TEPHO/1a CUTHAJIA J10
290 ¢ (puc. 3.14B) u kauecTBeHHOMY H3MeHeHUIO Dypbe-cniekTpa (puc. 3.150):
BMECTO PEryJsipHO PACHOJIOKEHHBIX CYNeprapMOHHUK HAOII0AeTCsl OTHOCUTEIHHO
IIMpOKasi 00JJaCTh YaCTOT BOKPYT OCHOBHOM yacToThl vo =~ 0.0035 I'i. YBenuuenue
MarHuTHoro yucna I'pacroga (Bcienctsue pocta H) oka3biBaeT ABOMHON 3 dexT
Ha XApaKTEPUCTUKHU BO3MYILIEHUU. C OIHON CTOPOHBI, IPOUCXOAUT PACIIMPEHHE
CIIEKTpa BO3MYIIICHUH BOJIM3M OCHOBHOM YaCTOTHI, C APYTOM CTOPOHBI, BCICICTBUE
MOJYJSIITUOHHOW HEYCTOMYMBOCTA TOJOCa MEXAYy OOKOBBIMH YacTOTaMH
CKUMaeTcs K 0a30BOI 4acToTe Vo.

IIpu H =21 kA/M curHan CTaHOBUTCS MOIYIUPOBaHHBIM (puc. 3.14r). DTO
COOTBETCTBYET TMOSBICHUIO BTOPOM KOJEOATEIBHONH MOJBI (TEPMOMArHUTHOM
BOJIHBI) ¢ Onu3Koi yacToToi. dyphe-CeKTp MJaHHOTO CUTHAIA UMEET JBa OJIM3KO
PaCIOIOKEHHBIX MaKCUMyMa, COOTBETCTByrmux dyactoram v1~0.0041Tm u
v2=0.0047'ny  BOMM3M  OCHOBHOM  4acTOThl Vo = (v1 +2)/2=0.0044 I'y,
OTBeYarolle OCHOBHOMY niepuoay 225 ¢ (puc. 3.158). 13 BeipakeHuUs 151 4aCTOThI
MOJTYJISIITAY Vi = (V1 - v2)/2 = 0.0003 'y mostygaem neproa MOIYJISIAN TIPUMEPHO B
15 pa3 Gonbinii ocHoBHOTO niepuoja 7o. Takum o6pazoM, CyMMapHOE YHUCIIO BaJIOB

npu (PUKCUPOBAHHBIX 3HaUeHUSIX H u AT B Koje0aTeNbHbBIX PEKUMaX KOHBEKIIUHU B
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Puc. 3.15. HopmupoBauubiit ®ypbe-criekTp i KoJieOaHU TEMITepaTyphl IPU

AT=18.3 Ku H, kA/m: (a) 14; (6) 17; (B) 21 (d = 6.0 mm)
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BepTUKaIBHOM ci10e MK MOKET MEHATHCS BCIAEACTBUE MOIYISIIUNA aMILUTUTY/ bl
BaJIOB U TMOSIBJICHUS JUCIOKAIUH.

PaccmoTpum  BIMsAHHME HampaBiCHUS JBMKEHUS MOJIbEMHO-OIYCKHOTO
Te4YeHUs Ha POpMY M YCTOMUMBOCTh KOHBEKTUBHBIX CTPYKTYP B BEPTUKATBLHOM CIIOE
(puc. 3.8).

OBOJIONMST  KOHBEKTUBHBIX TEUYCHUH Mpu (DUKCUPOBAHHOM Mepenaje
temreparypbl AT =20 K mexay mupokuMu OOKOBBIMU TpaHUIIAMH CJIOSI TI0 Mepe
YBEIUYECHUSI TTPUIIOKEHHOTO MArHUTHOTO MOJIs JJIsl Pa3HbIX 3aKPYTOK MOIBEMHO-
OMYCKHOTO JJIMHHOBOJIHOBOI'O TEYEHUs MpeacTabiieHa Ha puc. 3.16 u 3.17. Ilpu
H =0 na puc. 3.16a B107b NPO3PAYHOrO TEIUIOOOMEHHHKA OMYCKAETCS XOJOIHAs
KHUJKOCTh, YEMY COOTBETCTBYET KOPUYHEBBIN IIBET KUIKOKPUCTAIITNYECKOM IJICHKU
(18 °C), a a puc. 3.17a B10Ib NPO3PAavyHOTO TEMIIOOOMEHHHKA TIOJHUMAETCS TEILIast
JKUJIKOCTh, U TepMmoumHaukatop mmeer cuumii nser (22 °C). Ilpm BKIHOYEHHH
MarHUTHOTO  TOJsS, HEJOCTaTOYHOrO IO  BEJIMYMHE I8 BO30YXKIEHHUS
TEPMOMATHUTHOTO JBWIKEHHUS 10 BCEH MmonocTH, Ha gororpadusix (0) odeux cepuid
BOJMM3M OOKOBBIX TPAaHMI] CJIOA TOSIBISIIOTCS Y3KHE BEPTUKAJIbHBIE IOJIOCKU
3esneHoro (puc. 3.16) u kopuuneBoro (puc. 13.17) nBetoB. Takoil TeraonepeHoc y
I'PAHUI] MOYKHO OOBSICHUTh TEPMOMATHUTHOW KOHBEKITMEH BBI3BAHHOW T'PaIUCHTOM
H, cBSi3aHHBIM C UCKAXEHHEM CHJIOBBIX JIMHUI MAarHUTHOTO TOJIS NP MIEPEXOe U3
XKUJIKoro (eppomarHeTuka B TBepaple HemarHuTHble creHkd [133]. Ilpum
yBenudeHuu H (kaapsl (B)) BEPTHUKAJIbHBIE TEPMOMArHUTHBIE BaJbl OSIBISIFOTCS 110
BceMy cioto (cxema TteueHuss — puc. 3.96). C panpHeWmuM poctoM H poib
NOTpaHUYHBIX A (PEKTOB yCUITUBACTCSA : TUIOIIA/b, 3aHATAsI BEPTUKATHHBIMH BaJaMH,
BBICTPOEHHBIMU BJ0JIb IEPBUYHOTO MOABEMHO-OMYCKHOIO MMOTOKA, YMEHbIIIAETCS, a
BOJM3H y3KUX OOKOBBIX TPaHUIl HAOTIOMAIOTCS HAKIOHHBIC BaJibl, CTPEMSAIIUACCS
COPUEHTUPOBATHCS MEPHEHIUKYISIPHO CTEHKE W BIOJb OCH «BO3MYILAIOLIETOY
Te4eHus: — CHUMKH (T), (1). KOHIIbI HAaKJIOHHBIX BaJIOB, OMUPAIOLIUXCS HA y3KHUE
OOKOBbBIE€ T'paHUIIbl KIOBETHI, MEPUOAMYECKH MOJHUMAIOTCS BBEPX BIOJb CTCHKU;

CKOPOCTh UX IBHIKCHHUSA BO3PACTACT C YBCIAINYCHHUCM MArHUTHOI'O IT0JIA.
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(2) (©) (B) (r) ()

Puc. 3.16. H3MeHeHUe CTPYKTyphl KOHBEKTHMBHBIX TEUEHHH IO Mepe

YBEJIUYCHUS BEIIMYMHBI MTPUKIIAIIBaeMOro MaruutHoro mojst st AT =20K u H,
kA/M: (a) 0; (6) 11; (B) 15; (1) 25; (n) 35. Busyanu3anusi TeUeHHS y XOJIOTHOMN

CTEHKH B OITyCKHOM MOTOKe B cjioe ¢ d = 4.0 MM u BeIcOTOM 250 MM.
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(a) (6) (8) (r) ()

Puc. 3.17. U3MeHeHHE CTPYKTYphl KOHBEKTHMBHBIX TEUEHHUU MO Mepe
YBEJIMUEHUS BEJIMYUHBI MPUKIIAabIBaeMOro MarauTHoro nosst aist A7 =20 K u H,
kA/m: a) 0; 6) 13; 8) 21; 1) 31; 1) 35. Bun Teyenus y ropsiueit CTEeHKH B MOAHEMHOM

notoke B cioe ¢ d = 4.0 MM 1 BbicOTOM 250 MM.
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He3aBucumo OT 3HaKa NPUMEHSEMOI0 MOMEPEYHOIr0 TPaJueHTa TeEMIIEpaTyphbl
W, CJEIOBaTelbHO, HANpaBICHHWS OCHOBHOIO TEPMOTPaBUTALMOHHOTO IOTOKA,
BaJIMKU Y KpaeB KaMepbl ABMKYTCs TONbKO BBEpX. Kak obcyxnanocs B [82], onHol
U3 BO3MOYKHBIX IPUYHUH TAKOTO CBOEOOPA3HOTO MOBEACHHS MOKET ObITh HAPYILICHHE
CUMMETPHUH M3-32 HEJIMHEHMHOCTH pacHpeleseHHs] HAMArHWYEHHOCTH B CJIO€, YTO
OPUBOAUT K MPEUMYUIECTBEHHOMY CMEUIEHUIO TEPMOMArHUTHBIX KOHBEKTHMBHBIX
CTPYKTYp HEYCTOMYHMBOCTH K Topsiyedl cTeHKe, rae (OHOBBIA TOTOK HMEET
BOCXOJISILIIYIO CKOPOCTb.

Ha puc. 3.18 noka3zans! gororpaduyv TepMOMATHUTHBIX JBHKEHUN JIJIST CIOS C
d =4.0 mm, BeicoToM 70 MM U mmpuHOi 250 MM. TemnepatypHasi cTpaTtudukaius
MK B OTCYyTCTBHE MarHUTHOTO MOJIS MpecTaBieHa Ha puc. 3.18a. [Ipu HanoxeHun
OTHOCHUTEIHHO HEOOIBIIOTO MATHUTHOTO TOJISI TEPMOMArHUTHOE JIBH)KEHUE cCHavasa
BO3HUKAET BOJM3U BEpPXHEW UIMHHOW TPAHUIIBI CJIOS B BUJE KOPOTKHX BaJMKOB,
BBICTPOCHHBIX TEPICHANKYIApHO cTeHke (puc. 3.180). B aroit curyanmum Ha
OpHUEHTAIMIO BaJIMKOB B IPUTPAaHUYHON 30HE OCHOBHOE BIMSHUE OKa3bIBAIOT
NEPBUYHOE  IOABEMHO-OIYCKHOE  TEUYEHHWE W  TEPMOMArHUTHBIA  Ball,
WHAYIUPOBAHHBIA BEPTUKATBHBIM TPAAUEHTOM HAIPSHKEHHOCTH BOJW3H y3KOU
BEpXHEW TpaHullpl. [Ipu nanpHenemM yBeandeHu ' TepMOMarHuTHasE KOHBEKIHS
oxBaThiBacT Bechb ciod (puc. 3.188). Ilpu wmakcumanibHOM 3HaueHuUu H
teMmrieparypHas crpatudukanus MK mo Beicore (puc. 3.18a) pasmbiBaeTCs
WHTEHCUBHBIM TEPMOMArHUTHBIM TeueHueM (puc. 3.18r).

Paccmotrpum, kak BbICOTa ClOsi BIMSET Ha ycToWuuBocTh. Ha puc. 3.8
IOpeacTaBieHa JAuarpaMma  KOHBEKTUBHBIX  JBWKEHHM B  BEPTUKAJIBHBIX
oborpeBaeMbIX COOKY CJIOSIX, OMMHAKOBOW TOMMHHBI d = 4.0 MM M C BBICOTaAaMHU
[=250u 70 MM, B TONEPEYHOM MATHUTHOM IIOJ€ JUIsl Pa3HbIX HaNpaBiIeHUU
JBH)KCHUSI NEPBUYHOTO MOJBEMHO-OMYCKHOro mnoroka. Kak BumHO u3 pwuc. 3.8,
pa3HHIIA KPUTUUYECKUX MEPETNAT0B TEMIIEPATYPHI JJIs1 CAMBOJIOB, COOTBETCTBYIOIINX
pa3HOM BbICOTE cJosl (KBaJapaTbl M KpPYyIHM), MEHbIIE pa3HULbI, CBA3AHHON C
W3MEHEHUEM HAIpaBJICHUS JIBMOKCHUS TEPBUYHOIO TEUEHHS (3aKpallleHHbIE U

IIyCTBIC CI/IMBOJ'IBI). CJ'IGI[OBaTeJ'II)HO, A1 CJIOA SaI[aHHOﬁ TOJIIIKWHBI ITPOAO0JIbHAA
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(a)

(6)

(8)

(r)

Puc. 3.18. U3MeHeHHE CTPYKTypbl KOHBEKTHBHBIX TEUYCHHH I10 Mepe
YBEJTWYEHUS BEIIMYMHBI MPHUKIaAbIBAEMOro MaruutHoro nosst aist AT =20 K u H,
kA/M: a) 0; 6) 14; B) 21; ) 31. TeueHue y X0n0HON CTCHKH B OIYCKHOM ITOTOKE B

cinoe ¢ d =4.0 mm u BeIcOTOI [/ = 70 MM.
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temneparypHas crparuukanus MOK MeHbllle BiuseT Ha MOpOr BO30YXKIACHUS
TEPMOMArHUTHOM KOHBEKLIMH, YEM HANpaBJICHUE ABUKEHHUS OCHOBHOIO IOTOKA.
OtmeTuM, 4TO TeMmIepaTypa Ha MHMPOKUX rpaHunax ciod MK nogbupanacek Tak,
YTOOBI KUJKOKPUCTAIIIMYECKAs [JIEHKAa UMeJla TeMIeparypy pabouero auamna3zoHa
17°+22° C. B 31oM ciydae npy OIyCKHOM JBMXKEHUH BIOJb IPO3PAYHON IPAHMIIBI
cpennsisi Temneparypa B cioe MM Bcerma Gombliiie, 4eM B MOJBEMHOM IOTOKE.
Hampumep, npu nepenane temmneparypbsl Mexay rpanunamu cinosg A7 =20K
pa3HuLla Mexay cpeaHedl Temmeparypod B MOK mpu pasHbIX HampaBiIeHUSX
NOJbEMHO-OITYCKHOTO 1oToka cocrasiseT 10 K.

BSI3KOCTB )KMJIKOCTU-HOCHUTEIS TPU TAKUX U3MEHEHUSIX CPEeIHEN TeMIepaTyphl
MX ornnuaercs npumepHo Ha 10+ 20 %. OdeBMAHO, YTO MPU YMEHBIIEHUHU
BSI3KOCTU B CJydae OMYCKHOTO IMOTOKA Yy XOJOJHOM HIMPOKOW OOKOBOM TpaHUIIbI
(TeMHBIE CHMBOJIBI Ha puc. 3.8) TEPMOMAarHUTHOE JBMXKEHHE BO30YXKIAeTcs MpH
MEHBIINX Tepernagax TeMIepaTyphl, MOCKOJIbKY MarHutHoe uucio [pacroda
Grm ~ (AT/n)*.

TepMoOMarHuTHOE JBUKEHHE B BUJE BEPTUKAJIBHBIX BAJOB B CJIO€ TOIIIMHOM
4.0 MM ObLTTO HecTalMOHApHBIM. Ha 3anmucu TemmneparypHoro curnaia (puc. 3.19a),
PETHCTPUPYEMOTO MPHU MTOMOIIY TTOMEIIEHHON COOKY TepMOTnaphl, OTPaKeH MOMEHT
BO3HMKHOBEHUSI TEPMOMATrHUTHOW KOHBEKUIMH. CrycTs 15 MHH. mociie BKIIOUEHUS
MarHuTHOrO nonst H = 17 kA/M UHAYIUPYIOTCS HECUHYCOUIATIbHBIE KOIEOaHUs C
ammumatynoit ~ 0.1 K. Tlpu yBenuuennn marHuTHOTO mojs Ha 1 KA/M koneOaHUs
CTAHOBSITCS KBa3WIrapMOHWYECKMMH, ¥ HX aMIUIMTyJa BO3pacTaeT B 2 pasa
(puc. 3.196, no momenTta Bpemenu 120 muH.). JlanpbHEHIIUNA pOCT MAarHUTHOTO TIOJIS
OPUBOAUT K H3MEHEHUI0 (OpMBI KOJ€OAaHMH: B MAaKCUMyMax MHOSBISETCS
nob6aBounbi muk (puc. 3.196, mocme 120 wmwuH.). Haumnas c¢ H =21 kA/Mm,
KoJIeOaHMsl CTAHOBSTCA CHJIBHO HEeCMHycouaaimbHbiMH (puc. 3.198B), u B
MaKCHMaJIbHBIX MarHUTHBIX MOJIAX MX aMIUIMTyAa npuMepHo B 10 pa3 npesslaer

ee 3HaueHue y nopora koHBekiuu (puc. 3.19r).
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Puc. 3.19. 3anuce konebaHuil TeMmmepaTryphl, 3aperdCTPUPOBAHHAS TPHU
nomornu Tepmonapsl npu A7 = 16.7 K u H, kA/™m: (a) 17; (6) 18 u 20; (B) 21; (1) 32

(d = 4.0 mm, BeIicoTa | = 70 MM).
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OHepreTUYecKue CIEKTPbl CUTHAJIOB MOKa3aHbel Ha puc. 3.20. HopmupoBka
ko3p¢uurentoB Pypbe MpPOBEAEHA TaK, YTO HMX MaKCHMalibHasg a0COJIIOTHAs
BEJIMYMHA paBHA €AUHUILIE.

Ha ®ypne-cnekrpe, coorBercTByromeM H =17 kA/M, yactora KoneOGaHUi
paBHa Vvp~=0.0071 I'u, mepuox — 7Tp=150c (puc.3.20a). Ilpu yBenuueHuu
MarHUTHOTO TOJIS YacTOTa CHavyaia yMeHbiaercs 10 vp =~ 0.0050 I'u (H = 18 kA/m,
puc. 3.200), a 3areM cHOBa HauMHaeT Hapactarb - vy~ 0.0060 'y (H =20 kA/Mm,
puc. 3.20B).

B ciiyyae mogynupoBanHoro curHaia npu H =21 kA/m @ypbe-criekTp UMeeT
nBa OJM3KO pacmlojoXkeHHBbIX mnuka (puc. 3.20r), COOTBETCTBYIOIIMX YacTOTaM
v; = 0.0065 I'1g u v>=~0.0088 I'g BOIM3H OCHOBHOM YaCTOTEI
vo=(v;+v2)/2=0.0077 I'tl, 4TO O3HAYAET MOSBIICHNE BTOPOH KOJIeOaTeIbHONM MOJIbI
c Onu3koil  wyactotoi. M3  BhIpaXkeHUS 11 YACTOTHI  MOAYJISALMH
Vi = (vi —v2)/2 = 0.00055 't monmydaem mepuoa MOIYJISLHNH, MPpUMEpHO B 14 pas
OompIuit OCHOBHOTO nepuoaa 7.

JlanbHeilliee yBEeTUYEHHE MArHUTHOTO IIOJIS TPUBOAMT K YMEHBIICHHUIO
ocHOBHOM yactoTel Vo= 0.0071 I't (7p= 150 ¢) u nepuona moxynsiuuu 1, = 5Ty
(puc. 3.207).

Takum oOpa3zom, Hecymass dYacToTa B TPEICTABICHHOM OMbBITE TIPH
BO3HMKHOBEHUM KOHBekiuu (H=17kA/M) ®w B cioy4ae MaKCUMaJIbHOTO

npuitokeHHoro nois (H = 32 kA/m) umeer oguHakoBoe 3HadeHue vy ~ 0.0071 I'm.
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Puc. 3.20. HopmupoBanHubiii @ypbe-cekTp s KoJieOaHU TeMIiepaTyphl Ipu
AT=16.7K u H, kA/M: (a) 17; (6) 18; (B) 20; (1) 21; (x) 32 (d = 4.0 MM, BbICOTa
| =70 mm).
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3.3 Bausinne  TeEPMOMATHUTHOr0 MeXaHHU3Ma HAa  YCTOMYHMBOCThH

TepMOFpaBI/ITaHHOHHOﬁ KOHBCKIIMHA B HAKJIOHHOM MAarouTHOM I10J1I€

—

B nanHOoM paszenie paccMarpuBaeTcsl ciyyai, korna Bektop H Haxomutcs B
TOPU3OHTAJIIBHON IIJIOCKOCTH, HO HAmpaBJIEH IIOA YIVIOM ¢ II0 OTHOLICHUIO K
MIMPOKOW BEpPTUKAJIbHON OOKOBOW TIpaHMIle cJos. Temepb B KUIAKOCTH €CTh
HOpMaJsibHasi H, W TaHreHuanbHas H, kKoMnoHeHTsl nons. B paborax [75, 79, 99]
[I0KAa3aHO, YTO KOrJa I'PaJUMEHT MArHUTHOI'O IIOJIsI HAIIPaBJIEH IO KAaCaTEIbHOU K
CJIOK0 INEPIECHAUKYISIPHO TEMIIEPATYpHOMY TIPaJUEHTY, MarHuTHOE II0Ji€ He
OKa3bIBAET BIMUSHUS HA MOPOI HEYCTOMYMBOCTHU, HO MOXKET MEHATh CTPYKTYpYy

KOHBEKTHUBHBIX TeueHMM. Takoe Iojie CHUMaeT BBIPOXKJICHHUC I10 HAIIPABJICHHAM

—

KOHBEKTHBHBIX BaJIOB, BBICTpaWBas UX MapayuieabHo Bektopy H . Ecnm rpaguent
MoJIsl HOpMaJIeH K CJIOI0, TO, Kak 3To omucaHo B pazzaene 3.1, 3.2, ocHOBHOE
MOTEMHO-OITYCKHOE TEUCHHE TEPSeT YCTOMYMBOCTh OTHOCUTEIIBHO BEPTHKAIBHBIX
TEPMOMATHUTHBIX BaJIOB. TakuM o0Opa3oM, B JaHHOH 3a7aue MOKHO OJHOBPEMEHHO

Ha6J'IIOIIaTI> ,II@IZCTBI/IG ABYX MCXAaHU3MOB HGYCTOIZ‘IPIBOCTH, CBJA3aHHBIX C

HOpM&J’IBHOﬁ M TaHICHUMAJIbHOM KOMIIOHEHTaMU BCKTOpa HAIIPAKCHHOCTHU H.

—

MeHnsis yron HakjJIoHa BekTopa H 10 OTHOIIEHHMIO K CJIOI0, MOXXHO MEHSTh
COOTHONIEHUE BKJIAJ0B KaXJ0r0 U3 MEXaHU3MOB.

I'panunbl yCTOMYMBOCTH TEPMOIPABUTALIMOHHOTO TEYEHHS B HAKIOHHOM
MarHWTHOM TII0JIE B 3aBUCHUMOCTH OT IPWIIOKEHHOIO Iepenaja TeMmeparyp u
HANPSKEHHOCTHU BHEIIHETO MAarHUTHOTO MOJS MOKa3aHbl Ha puc. 3.21. ['panuyuHble
JUHUU NPOBEJEHBI 711 YIIoB HakioHa o oT 0 mo 20°. Pe3ynpraTsl NOTy4EHBI MO
METO/IMKE, ONMKMCAHHOU B pazneine 2.3.

Puc. 3.21 HamsgHO JEMOHCTPUPYET, UYTO HMEKTCS TPU YIPABISIOMIUX
napameTpa, MEeHsISl KOTOPBIE MOYKHO JTOOUTHCS CTAOMIM3AIIMN W IeCTaOMITN3aiu
TEPMOTPABUTALMOHHOTO TEUYEHHUs. OTO pa3HOCTh Temmeparyp AT wmexay
IJIOCKOCTSIMU CJIOS, BEIMYMHA MO H 1 yroj HakjoHa mojis . 3apuKCUpOBaB JBa
T00BIX apamMeTpa, U MEHsISl TPETU MOKHO BbI3BaTh MOSIBICHWE TEPMOMArHU THBIX

BaJIOB MJIM NX NCYC3HOBCHUC.
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Puc. 3.21. I'paHu1isl yCTOWYMBOCTH KOHBEKTUBHBIX TEUCHUHN B BEPTUKAIHLHOM
CJI0€ MAarHUTHOM KUIKOCTH BO BHEIIHEM OIHOPOJHOM MArHUTHOM IIOJI€ TPHU
pa3IUYHBIX VyIJIaX HakjioHa BekTopa mois (d=6.0 mm); | — crauuonapHoe

IMOABCMHO-OITYCKHOC TCUCHHUC, IT - TCPMOMAaruuTHasA KOHBCKIIHA.
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CoOOTBETCTBYIOIIME TOPU30HTAJIbHBIE M BEPTUKAJIBHBIE CPE3bl JAHATPAMMBI
npuBeaeHsl Ha puc. 3.22. Hanpumep, npu (UKCUPOBAHHOM 3HAYEHWU MArHUTHOM
HanpsiokeHHOCTH H, = 26.0 kA/M (puc. 3.22a) B MONEPEYHOM MArHUTHOM TIOJIE
(o =0) TepmoMarHuTHBIE Bajbl Bo3HMKalOT npu A7.=9.2 K, a npu HakiIoHe
MAarHuTHOTO 1oy Ha a = 15° — Tonbko ipu A7, =17.8 K.

[Ipy mMakcuMaJibHO BO3MOXXHOM Ha Hallel YCTAHOBKE 3HAYEHWU MArHUTHOM
HanpsokeHHocTH H = 35.0 kA/M 1 a > 15° uHAYIMpPOBATh TEPMOMATHUTHOE TEUCHHE
He ynanocs npu A7 < 13 K.

[IpuOnu3uTensHO TpeXKpaTHas CcTaOWiIM3alus TEYEHUsT B HAKJIOHHOM
MarHuTHOM Tiojie  HaOdromaeTcs mnpu  pasHoctd Ttemmeparyp AT, =223 K
(puc. 3.226). Ecniu MarHutHOE T0JI€ TEPIEHIUKYISIPHO HIMPOKUM TPAHSIM CJIOS
a = (0°, To TepMOMArHUTHBIEC BaJIbl BO3HUKAIOT NTpu H,. > 9.8 kA/M. HaknonHoe nosue
o= 20° renepupyet Baybl Toiabko Tpu H. > 30.5 kA/m. CornacHo pacueram [82]
Tako 3(dekT cBsi3aH C JByMsS OCHOBHBIMH MPHYMHAMU: TE€OMETPUUYECKUM
YMEHBIIICHUEM J1eCTaOMIM3UPYIONIel HOPMaJbHOM COCTaBISIONIE MarHUTHOTO
NOJI M HEJIMHEMHOCTBIO pacmpeiesieHnss HaMarandeHHoctr MOK.

TepMOMarHuTHbIE Balibl, MOSBUBIIMECSA IOCJIE€ MOTEPU YCTOMUYMBOCTHU, HE
SIBJISIIOTCA  cTauMoHapHbIMU (puc. 3.23). B 1eHTpanbHONM 4YacTH KOHBEKTHMBHOM
KaMephbl Bajibl COBEPIIAIOT KOJIeOaHUsI BIEBO U BIIPABO, MOCTEINEHHO CMEMIASAChH
ONMKe K BEPTHKAIBHBIM TPAHUIIAM KIOBETHI, IIPU 3TOM H3-3a HAKIOHA MAarHUTHOTO
noJis Bajbl B CPEIHEM JABWXKYTCA K TpaHULE, y KOTOPOW JIMHUM MAarHUTHOMU
MHIYKLUY PEIOMIISIOTCA cuiibHee. BOnMM3u rpanull, Kak oTMeuasioch B paszuene 3.2,
KOHBEKTHBHBIE Bajibl TAKXE HAKIIOHSAIOTCA WU JBHXKYTCA Bcerga BBepX. UTOObI
MOKa3aTh JIBI)KEHNE KOHBEKTUBHBIX BaJIOB, HA TIPENICTaBIEHHOM cepun doTorpadmii
KPECTUKOM OTME4YeHa (MKCHpOBAHHAS KOOpAWHATA W IU(paMu OTMEYCHBI TPHU
BEPTUKAJIbHBIE IOJOCH. KaKI0M 3€JIEeHOM MOJ0CE COOTBETCTBYET TEYEHUE OT
ropsiuei MIaCTUHbBI B HAMPABICHUH XOJIOAHOM JBYX COCEHUX KOHBEKTHBHBIX BaJIOB.
Jlns cuaux nosioc — Haooopot. Ha nepBoii pororpaduu MmeTka coBnagaet ¢ mojiocou

1, 9TO COOTBETCTBYET MAaKCUMYMY TeMIlepaTypsl (puc. 3.23a).
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Puc. 3.22. 3aBucuMOCTb KpUTHUECKOTO Tiepenajga temmeparyp (a) u
3aBUCUMOCTh KPUTUUECKOW HAIPS)KEHHOCTH MAarHUTHOTO 1oJIs (0) OT yIiia HaKJIOHa

MardMTHOTI'O IT0JIA
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a) 6) B) r)
Puc. 3.23. [IpocTpaHCTBEHHO-BPEMEHHBIE U3MEHEHUS CTPYKTYPBI
KOHBEKTUBHBIX TeueHui npu AT= 18.9 K, H =34 kA/m u o= 10°. Bpemsa mexny
kagpamu 80 c. CmpaBa mpeacTaBieHa IIBETOBasi TI'paJyupoOBKa TeMIEpaTyphl,

3aj1aBaemMas TeII0BU30pOM (T).
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B cienyrommuii MOMEHT BpEMEHU TeMIIepaTypa B 3TOM TOYKE HE MEHSETCs, HO
MPOUCXOJIUT CMEIIEHUE TOJIOC U M3rM0 BepTUKaIbHOU mojockl 2 (puc. 3.230). A
3areM (puc. 3.23B) B JaHHOM TOYKE MPOCTPAHCTBA BO3HUKAET MHUHUMYM
TEMIIEpaTypbl, OTBEYAIOLIUN TEUEHUIO OT XOJOJHOW IUIACTHHBI B HANpaBICHUU
ropsiueit. Takum oOpazom, 3a 160 ¢, TPOUCXOIUT CMEIIEHUE BAJIOB HA PACCTOSIHHE
16 mM. Pazmep nosiocsl paBeH MIMPUHE KOHBEKTUBHOTO Baja 6 MM. ['opr3oHTanbHas
CKOPOCTh JIBUKEHUS BAJIOB B LIEHTPE €105 cocTaBmiia nopsiaka 0.1 Mmm/c, HAKIIOHHBIX
BaJIOB BOJIM3M y3KHX OOKOBBIX IpaHHI] — 1 MM/c.

N3MeHeHne cTpyKTypbl KOHBEKTUBHBIX TEUEHHUI MPU YBETUUCHUH YITIa O IS
(UKCHPOBAHHOTO TMEpernajga TeEMIIEpaTyp U HANPsHKEHHOCTH TOJIs MPEICTABICHO Ha
puc. 4. B cnyuyae a =(0° TepMOMaraHuTHOE T€YEHHE MPECTABISAET COO0N cucTeMy
HECTAllMOHAPHBIX BEPTUKAJIBHBIX B IIEHTPAIBHON YaCTH CJIOS U HAKJIIOHHBIX BaJOB
BOJIM3KM OOKOBBIX TpaHull (puc.3.24a), T.e. CTPYKTypbl TEYCHHUS IOJOO0HBI
CTPYKTypaM, OIUCaHHBIM B pazueine 3.1, 3.2.

Korma BHemiHee MarHUTHOE I0JIe TPHUIIOKEHO TMOJ YIJIOM U CUJIOBAsl JIMHUSA
HAKJIOHEHAa B CTOPOHY MpPaBON OOKOBOM CTEHKH, CTAHOBHUTCSI 3aMETHBIM €IIle OTHO
IpUMeYaTeIbHOEe CBOMCTBO PE3YABTHPYIOMIETO TMOTOKA: TEPMOMATHUTHBIE Ballbl
BO3HHMKAIOT CHaJaJa y JIeBOW BepTUKAJIBHOU I'paHuIlsl (puc. 3.240, B). Eciiu cunoBas
JVHUS TI0JISI HAKJIOHSUIACh B CTOPOHY JIEBOW CTEHKH, Ballbl BOZHMKAIM CHaydaja y
NpaBoOil CTEHKA. DTO MOXKHO TOIBITAThCS OOBSICHUTH CIEAYIOIUM O00pa3oM —
BOJIM3U CTEHOK CJIOSl B JKUJKOCTU CHJIOBBIE JIMHMM MAarHUTHOTO TIOJISI MCKaXaroTCsl
(puc. 3.25). B nzorepmMuueckoid, OATHOPOAHO HAMAarHWUYEHHOMW JKUJIKOCTH CUJIOBBIC
JMHUY, BTATUBAACH B MAarHETHK, COXPAHSAIOT CUMMETPUIO OTHOCUTEIBHO IIUPOKUX
rpaHul] cios (OyHKTUpHbIE JUHUM Ha puc. 3.25). OagHako, Korjga K CIOIo
NPUKJIAJBIBAETCS MEepernajl TeMIeparyp, CAMMETpUs Hapyluaercs, T.K. KacarelibHas
KOMITIOHEHTAa IOJII BOJIM3M XOJIOAHOM CTEHKH OOJbIlIE, YeM Yy ropsyed CTEHKHU
(crutonrHble TIMHUM Ha puc. 3.25). [ToaToMy cpeaHsia koMnoHeHTa noiis H'; otindHa

OT HYJIA U HAIIPpaBJICHA, KaK IIOKAa3aHO Ha PUCYHKC.
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a) 6) B)

Puc. 3.24. IIpocTpaHCTBEHHO-BPEMEHHbBIE U3MEHEHUS CTPYKTYPBI
KOHBEKTUBHBIX TeueHui npu A7 = 18.9 K u H = 34 xA/Mm ¢ yBenuderuem o ot (a) 0°

1o (6) 10° u go (B) 20°
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Kornma mpuknaapiBaeTCsl HAKJIOHHOE TOJ€, TAHTCHIIMAJIbHAS COCTABIISAIONIAS
KOTOpPOrO HAalpaBlICeHA, CIpaBa HAJIEBO, aCUMMETpHUs ycuiauBaeT H'; y mnpaBou
rpa”ullsl U ocnadnset H'; Boiu3u neoit. HopManbHas KoMIIOHEHTa MoJisi, HA00O0POT,
OyneT Oomblie cieBa, YeEM CIIpaBa, MOTOMY TEPMOMArHUTHBIE Bajbl MOSBISIOTCS
BOJIM3U JIEBOM TpaHUIlBl MOJOCTU panbiie (puc. 3.246). WM3-3a omnucaHHOU
aCUMMETpHUH, TEPMOMArHUTHBIE BaJlbl B TPABOM M IEHTPATBHOIN YacTIX CIOS MPH
o = 20° mouTH MOTHOCTHIO Kcue3anu (puc. 3.248).

CkazaHHOE MOATBEPKAACTCS M3MEHEHHEM CTPYKTYPBl TEMIEPATypHOTO TOJIS
(puc. 3.26). B ciyyae neprneHIUKYISIPHO HAIPABICHHOTO TIOJISI CTPYKTYPHI Y JIEBOM
W TIPaBOW TPaHUIIBI CUMMETpHYHBI (puc. 3.260). IIpu HaKIIOHE MarHUTHOTO TIOJSI
CUMMETpHUsI HapymaeTcsi: y JIEBOM TpPaHUIBI MBI BUANM HHTCHCHBHYIO
TEPMOMATrHUTHYIO KOHBEKIIHIO, B TO BpeMs KakK CIpaBa TEPMOMArHUTHBIC BaJbl

OTCYTCTBYIOT (puc. 3.26B).

Hot

Cold

Puc. 3.25. BraruBaHue CHJIOBBIX JIMHAM HOPMAaJIbHOTO MAarHUTHOTO ITOJIS
BOJIM3W OOKOBBIX I'PAaHMIY Cl10s KuaKocTH [ 133] (cxemarudeckuit Buj cBepxy). H'; —
yCpeIHEHHAass TaHTeHITMATbHAS COCTABISAIONIAs MarHUTHOTO TIOJIS BOJNH3M KpacB

nudpepeHnaibHO HarpeToro oSl AKUJKOCTH.
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458

45.0

44

434

426

418

41.0

, 40.2

39.4

386

' 37.8

37.0

36.2

354

346

a) 0) B)

Puc. 3.26 Ilone Temneparypbl ipu AT =189 K qs1 (a) a =0, H=0; (6) a. =0,
H=9.8 kA/M; (B) a =150, H=9.8 xA/m.
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Ha pwc.3.27 mnoka3aHO HW3MEHEHHE KOHBEKTHBHBIX CTPYKTYp IIpH
MOCTENIEHHOM YMEHBIIEHUU BEJIIMYMHBI MPWIOKEHHOIO MArHMTHOTIO IOJIA OT
34.1 kA/m 1o 16.3 kA/M nns pukcupoBanHoro nepenaaa remneparyp 18.9 K u yrna
HakioHa a = 10°. M3 pucyHka BHJIHO, YTO YMEHBUIEHUWE BEIUYMHBI BHEIIHETO
MarHUTHOTO MOJsSI MPUBOJUT K IMOJHOM CTaOMIM3alMU TEPMOTPaBUTALMOHHOTO
[IOTOKA, aHAJIOTMYHO TOMY, KaK 3TO HAOJIOAAJIOCH C YBEJIUYEHHEM YIVIa HAKIJIOHA
nonsi, npu pukcupoBanHoM H. I[IpryeM BOCCTaHOBIEHUSI CTPYKTYPbl OCHOBHOTO
MOTOKA MOYKHO TOOMTHCSI KaK 3a CUET HAKJIOHA MOJIsA, TaK U 33 CUET YMEHBLIEHUS €ro
BEJIMYMHBI.

[Tpu 06paboTKe SKCIEPUMEHTANIBHBIX JAHHBIX YAJIOCh 3aMETUTb, YTO BCE TPU
KPUTHYECKUX YIPABIAIOMIMUX MapameTpa B HamMX skcrepuMentax AT., H. u o
MOXHO OOBEAMHUTH HA OJIHOW JIMHUM, pa3AeNdionel o0nacTu MNOAbEMHO-
OIYCKHOTO  TEPMOIPAaBUTAIIMOHHOTO TEYEHUS U TEYEHMs, OCIOKHEHHOTO

TCPMOMAroHuTHBIMU BaJIaMH. y‘II/ITBIBa}I, YTO B HEOONBINUX MNOIIX M ~ H MOXHO

Gr,, H, . Gr,, H,
GrmC HC Grmc HC ’

rine Grm, u Gry,, — MarauTHble uncina [pacroda, onpeneneHHbie uepe3 HOPMAIbHYIO

3aMCTHUTD

H, u TaHreHunanbHyr F/; KOMIIOHEHTBHI MOJS COOTBETCTBEHHO, GFye— YHUCIIO
I'pacroda, onpenenenHoe uepe3 KpuTudeckoe 3HadeHue nons H. npu a=0. T.e.
BMECTO KOpHSI U3 OTHOIIEHHUs 4ucen ['pacroda B HAMMX IKCTIEPUMEHTAX MOMKHO
WCIIOJB30BaTh OTHOLICHUE HOPMAJIBHOM M KacareIbHOM KOMIIOHEHTBI MOJs, K
KPUTUYECKOMY 3HAYECHUIO /..
I'paButammmonnoe umcno ['pacroda Takke MOXKHO HOPMHPOBATH dYepe3

pasHocTh Temneparyp AT ciemyronmm oopazom

Gr _ AT

Gr, AT’

rne Gr. — Oe3pa3MepHOE YHCIIO, OMPEASNICHHOE Yepe3 MHUHHMMAJIbHBIM Tepernan

temneparyp AT, npu KOTOPOM BO3HUKAIOT TEPMOMAarHUTHBIE Bajbl, IpH o = 0.
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45.8

45.0

44.2
434
| 42.6
41.8
41.0
40.2
394
38.6
37.8
37.0
36.2
354
34.6

2) 6) B)

Puc. 3.27. DOBontouust KOHBEKTUBHBIX CTPYKTYp Iipu AT =189 K n aa=10° ¢
YMEHBIIICHUEM HANpsHKEHHOCTH MarHuTHoro mois H ot (a) 34.1 kA/m po

(6) 26.0 kA/m u 10 (B) 16.3 kA/Mm
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Ha pwuc. 3.28 mnokazana o00o00mIeHHasi JuarpaMma HEYCTOMYHMBOCTHU
TEPMOIPaBUTALIMOHHOIO  TeueHusA. Ilo  BepTUKanpbHOM  OCH  OTIIOXKEHA
HOPMUpPOBaHHas Ha H. HOpMajbHasi KOMIIOHEHTA Hallps>KeHHOCTH noiis H,. I1o ocu
abcIcC OTJIOXKEHO MPOU3BEAECHUE HOPMUPOBAHHOW KacaTelbHOH KOMIIOHEHTHI
nosist H; Ha nepenax temueparyp A7, HopMupoBaHHbIi Ha AT.

Bce skcniepumeHTanbHble TOUKHA PaCIpeaeInInuch BAONIb IpAMoi nuHuM. [Ipu
3HAQUEHUSIX NapaMeTpPOB, COOTBETCTBYIOLIMX TOYKAM HWXKE MPSIMOMl Mbl HMMEEM
00J1aCTh YCTOWYUBOTO, CTAIIMIOHAPHOTO MOABEMHO-OTYCKHOTO TEYEHHS, & CBEPXY OT

JIMHUUA PACIIOJIOKCHA 001acTh CyYHI€eCTBOBAHUA TCPMOMATI'HUTHBIX BAaJIOB.

Puc. 3.28. O6o0mienHasi SKCIepUMEHTalbHAS TUarpaMMma TePMOMAarHUTHON
HEYCTOMYMBOCTU TEPMOTPABUTAIIMOHHOTO TEYEHUSI MArHUTHOW KUJKOCTU B
BEPTHKAJIBLHOM CJI0€ TIpU 000TpeBe COOKY NIl pa3IMYHBIX YTJIOB HAKJIOHA BEKTOPA
MarHuTHoro monst. Gryn u Gr,, — MarauTHble umcia ['pacroda, ompeneneHHbIC
yepe3 HOpManbHYIO H, u TaHreHmmanbHyio H, kommoneHTsI most, Glye— 9uCIIO

I'pacroda, onpeaenennoe yepes Kputudeckoe 3Hauenue mous H. mpu a = 0.
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OcHoBHBIE BBIBO/BI IVIABBI 3

[TokazaHo, 4TO mOTEps YCTOMUYMBOCTU OA30BOTO TEPMOTPABUTAIMOHHOTO
KOHBEKTHUBHOT'O TE€UYEHHUs CBsizaHa ¢ (HOPMUPOBAHUEM CHUCTEMBI TEPMOMATHUTHBIX
KOHBEKTHBHBIX BAaJOB C OCSIMH, BBITSHYTBIMHU NPEUMYIIECTBEHHO IO BEPTUKAJIU
BIOJIb CABUTOBOro TeueHus. HaOmiomaemble B KCIIEPUMEHTE CTPYKTYPHI TEUCHUM
COITIACYIOTCS C TEOPETUUYECKUMHU PACUETaMH.

Paccmotpeno BiausiHUE HEOMHOPOIHOCTEH MArHUTHOTO TMOJsT BOJIU3HM T'paHUIL
CJOSI Ha CTPYKTYPY TEPMOMArHUTHBIX BajioB. [loka3zaHo, 4TO TepMOMAarHuTHas
KOHBEKIIMSl CHauajla TOSIBISIETCS Yy TpaHull cios. B skcnepumeHTax
TEPMOMArHUTHBIE BaJibl JABUTAINCH OT IIEHTpPAa IMOJOCTA K KpasM M 3areM
MOJHUMAJIMCh BBEPX BAOJb CTCHOK.

O6paboTKOI IKCIIEPUMEHTATBHBIX PE3yIbTaTOB MOKAa3aHO, YTO €CJIM BEKTOP
HaIpPSOKEHHOCTH MAarHUTHOTO TOJISi MMEET W HOPMAJIbHYI0 WM TaHTCHIIMAJIbHYIO
KOMITOHEHTBI, TO C POCTOM YIJIa HakJIOHa BekTopa / Habmromaercs: ctabuin3aius
OCHOBHOTO TeuYeHHUsl. DTO 00yclIOBIeHO JByMs (akTopamu: 1) mOBOpPOT BeKTOpa
NoJii  AaBTOMAarM4eCKd  yMEHbIIAET  HOPMAJIBHYKO  KOMIIOHEHTY H, 1u
JeCTa0MIM3UPYIOIee BIUSHUE IO clabeeT; 2) TaHTeHIMalbHasi COCTABISIONIAs
nonia H,, HanpaBleHHas TOPU3OHTAJIBHO, TACUT BO3MYIIEHHUS, COOTBETCTBYIOIINE
BEPTUKAJIIbHBIM TEPMOMATrHUTHBIM BajlaM U TEM CAMbIM, TOXKE€ MPEMSATCTBYET HUX
Pa3BUTHIO.

B HaKkIOHHOM M0JI€ TEPMOMATrHUTHBIE BAJIbl XapAKTEPU3YIOTCS CYILIECTBEHHOU
HEPAaBHOMEPHOCTBIO UX MOABJIEHHUS y IPABOW U JIEBOM I'PAHULIBI ITOJIOCTH.

TepmoMaruuTHbIC T€UCHUS, HAOIIOAABITNECS B HAKJIOHHOM MAarHUTHOM TIOJIE,
B OTJINYKE OT cityyas oo = 0, UMEIOT BOJIHOBOM XapakTep. [ Opu3oHTaIbHbIE CKOPOCTH
JNBH)KCHUSI TEPMOMATHUTHBIX BaJIOB CYIIECTBEHHO OTJIMYAKOTCS B LEHTPE U MO

0OKaM CJ10o4.
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I'maBa 4
HeoaHopoaHOCTH KOHIIEHTpALM MAarHUTHBIX YaCTHII, X

Ireacpanusa U BIIMAHUC HAa KOHBCKIIUTO

B manHO# maBe OyaeT moKa3aHO, YTO BOOOIIIE TOBOPSI, MATHUTHYIO KUIKOCTh
HENb3s paccMarpuBaTh KaK OJHOPOAHYIO IO KOHIIEHTPAIlMH Cpeay, KakK 3TO
npeanoiarajoch B TJaBe 3 TpU HM3YYCHUU TEPMOMArHWUTHOW KOHBEKIIHH.
DKCIIEpUMEHTATOPbl TIOCTOSSHHO CTaJIKMBAIOTCS C TPOSBICHUEM B  OIBITAX
KOHIICHTPAIIMOHHBIX HeomgHopomHocTe MOK, Hampumep, s TOro YTOOBI
KOHBCKTUBHOE TCUCHHWE B DOKCIICPUMEHTE BO3HHUKIO M MMEIO OXKHIACMbIC
XapaKTePUCTUKH HEOOXOIMMO MPEABAPUTEIBHO TIIATESIBHO MIEPEMEIIATh )KUIKOCTb.

B pomu MCTOYHMKOB-TeHEPATOpPOB KOHIICHTPAIMOHHBIX HEOTHOPOIHOCTEH
MOTYT BBICTYIIUTH: TPAaBUTAIIMOHHAS CEAMMCHTAIMS 4YacTHIl, MarHutodope3 B
HEOJHOPOJIHBIX MATHUTHBIX MOJISIX U TepMOGOpe3 B HEOMHOPOABIX TEMIIEPATYPHBIX
nonsix. MHorma reHepanust HEOMHOPOAHOCTEM HUKAK HE CBA3aHA C KOHBEKIIHMEH
(cemuMeHTanust 4vactuil, Maruutogopes). KoHBekiusi Bcerma mpesnojaraet
HAJIM4YKUE TEMIEpPaTypHbIX HEOAHOPOJHOCTEH — 9TO JHUOO 3aJlaHHbIE W3BHE
TEMIIEpaTypHbIE TPATUEHTHI, JUOO HEOAHOPOAHBIE TEMIIEpaTypHbIE TIOJS,
TeHepUpyeMbIe camMOil KOHBEKIIMEH, KOTOpbIE MPUBOAAT K TepMoauddy3noHHOMY
npeidy gacturl (tepmodopes). B ciayuae HopManbHOU TepMoaudPy3uu 4acTUIIBI
npeidyor B Ooiiee XOJOAHBIE 00IACTH, UMEHHO TaKOW Ciydall pacCMOTpPEH B
pasnene 4.1 maHHOW TJIaBBI B DKCMEPUMEHTAX C BEPTUKAIBHBIMU KaHAJIAMH TIPU
MOJIOTPEBE CHUBY.

B paznene 4.2 omucano, kak TepMo(dopes 4acTHI] BIUSET Ha KOHBEKIIHIO B
nomorpeBaeMoM cOoky BepTukajibHOM cioe MJXK. B 4.3 B kadecTBe reHeparopa
HEOJHOPOJTHOCTEH paccMarpuBajach CEAMMEHTAIusl dYacThi. B ToM dmcie

PacCMOTPEHO BIUSHUE HEOJHOPOJHOCTEN HA TEPMOMArHUTHYHO KOHBEKIIMIO.
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4.1 Poabp cenuMeHTAUMM M TepMmodope3a YacTHI B NEPHOAMYECKHX
KOHBEKTHBHBIX NPOLECCAX B BEPTHKAJIBHBIX CBA3AHHBIX KaHAJaX €

MATrHUTHOM KUJAKOCTHIO IPH MOJAOTPeBe CHU3Y

[Tpy KOHBEKITMY MAarHUTHBIX KUAKOCTEH B IMOJOTPEBAEMBIX CHU3Y CBSI3aHHBIX
BEPTHKAJIBHBIX KaHajdaX BOJM3W IOpOra HEYCTOMYMBOCTH MEXaHHUYECKOTO
paBHOBecus HaOJonal0TCs creunduueckue KojeOaHUsl MOYTH HPSIMOYTOJbHOMN
(GOpMBI, CBSI3aHHBIC C TICPUOAMYCCKOW CMEHOUN HAmpaBlICHUS TECYCHHS >KHJIKOCTH
[134]. B sxcniepuMeHTax UCIOJIb30BAMCh MATHUTHBIC XKHJIKOCTH Ha 0a3e KepoCcuHa,
T.C. OCHOBOH BBICTyIIaJla MHOTOKOMITOHCHTHAs! XHUJAKOCTh. B >KHIKMX OWHApHBIX
pacTBopax (Hampumep, pacTBOp CyjbdaTa HATPUS B BOJE) TAKXKE HAOIIOMAITUCH
TIOXOXKUE TIpoTiecChl. J{1s1 OMHApHBIX PACTBOPOB IMMOCTPOSHA TEOPETHUYECKAsT MOJIEITh
[51] u B uricneHHBIX pacyeTax MOJIydeHbl KoyiebaHus moxoxeil ¢popmbl. KirroueBoii
AJIEMEHT MOJIEIN HOpMallbHAsl TepMOAU(PY3HsI MOJIEKYIT TSKEIOH KOMITOHEHTHI 32
CYET FOPU30HTAIBHBIX TEMIIEPATYPHBIX IPAJIUEHTOB B Y3KUX KaHalIax.

B nacTosmem paszzene aHaATU3UPYIOTCS MPUYMHBI OMUCHIBAEMBIX SIBICHUN B
MarHUTHBIX SKUIKOCTSIX. OlleHeHa poJib TPaBUTAMOHHOW CEIUMEHTAlUU M|
tepmoaudpy3nonHoro apeiida komowmHbIX dacTtuil. Ilpemmaraercs ¢opmyia,
CBS3bIBAIOIIAS TIEpUOJa KoyiebaHuit ¢ uuciaoMm Penes u ¢ nuddy3uOHHBIMH H
TepMoanGPy3MOHHBIMU CBOWCTBAMHU CPEIbI.

Hcnonp3oBanace 3KCliepuMEHTalIbHast ycTaHoBKa (puc 4.1), omnucanHas B
[134], HO ocHamieHHast 0ojiee COBpEMEHHOW M3MEPHUTEIHHONW TeXHUKOH. [ maBHas
YacTh YCTAHOBKM COCTOSJIA M3 JIATyHHOM mmacTuHbel 21 X 6.2 x 70 MM°, BHOJB
KOTOpO#l ObUIM BBIPE3aHbl J[Ba MapaJUICNbHBIX KaHala KBAJAPAaTHOTO CEUYCHHS
mmpuHoi 2d = 3.2 mm u BeicoToit £ = 50 mM. KaHabl cBepXy U CHHU3Y COCHHSIINCH
JPYT C IPYroM KOPOTKUMH NEPEMBIYKAMH TOTO K€ MPOdHIIS, TaK YTO PACCTOSHHE
MEXKYy LEHTPaMH KaHAJIOB COCTaBIsiI0 6 MM. BepTukanbHbIl T'pagueHT
TEMIIEPATyphl CO37ABajCs TPH TOMOINU JJICKTPHUUECKOTO HArpeBaTeNsl BHHU3Y

IJIACTUHBI U 00/1yBa€MOro pajnaTopa B €€ BEpXHEH yacTu.
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a) 0)

Puc. 4.1 CBsi3aHHbBIC BEpTUKAIBHBIC KaHAIBI: JJATYHHAS IJJAaCTUHA C KaHAJIaMHU
(a); cxema kaHayoB (0): 1 — KaHaT C TEUCHHMEM KHUIKOCTH BBEpX; 2 — KaHal C

TCUCHHUECM XUIAKOCTH BHU3.

Tepmoperymstop «Tepmomar 16E3» mnopaepxuBan 3aJaHHYI0 pPa3HOCTH
Temreparyp ¢ TouHocThio £0.2 K, Tak 4To B IUTACTUHE U B KUIAKOCTH, HAXOSIIEHCS
B PaBHOBECHH, CO3/1aBAJIOCh OJHOPOJHOE B CEUEHUH U JIMHEWHOE IO IJINHE KaHAJIOB
pactpenenenue remnepatypsl. [Ipy 10CcTHKEHNH KPUTHYECKUX YCIOBUM TOI0TPEBa
BO3HHMKAJI0 KOHBEKTHUBHOE TEYEHHE: B OJHOM KaHalle BOCXOISALIMU IOTOK, a B
IPYroM — HUCXOJAIIUNA. VMHTEHCHMBHOCTh TEUYEHHUS OIpENeNsjaach MO Pa3HOCTU
TeMreparyp 20 Mexay BOCXOISMIIMM M HUCXOIAIIUM TOTOKaMU MPU MOMOIIU
b depeHnranbHOM MeIb-KOHCTAHTAHOBOW TEPMOIIApPhl U3 TIPOBOJIOB TUAMETPOM
0.1 mMm. Cniau TepMotnapbl ObLITH YCTAHOBIICHBI B CPETHEN YacTH KaHAJIOB Ha BHICOTE
¢/2, a ee curnan wusmepsuicsa udpoBeiM mpudbopom «Tepmomat 29BM1» c
paspemienriem 0.01°C. IIpubopsl noaxmtouanucs Kk USB mopry kommbiorepa,
MOKa3aHMs JTaTYMKOB M3MEPSIUCh mporpammoii TermodatNet u coxpaHsSIUCh B
BUJIE TEPMOTPAMM.

OnwuceiBaeMbie 3KCIIEpUMEHTHI [4] OTIMYAIOTCA OT OMBITOB ¢ MAarHUTHBIMH
KUIKOCTSIMH Ha OCHOBe KepocwHa [134, 135] TeM, 4TO HCKIIOYEHA BO3MOXKHAs

TepMoIudy3uss MOJEKYI TKEIBIX (GpaKIuii KEPOCHHA, KOTOPhIE THIOTETUYECKU
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Morii Obl 00€CTICYUTh OMMUChIBaeMbIe KoJieOanus. J[Jist 3TOro B KaHAJbI 3aJIMBAJIACh
MarHuTHas JKHJIKOCTh HAa OCHOBE YHJEKaHa, TAC TsKEIbIX (pakmuii HeT, a
KOJUIOUJIHbIE YacTHIlbl ecTh. OCHOBHbIE (DU3UYECKHE CBOWCTBA JKHJIKOCTHU
puBeeHbI B Tabnuie 1.

CKOpOCTh CeIMMEHTAaLHU BelunciaeHa o popmyne Ctokca vs = 2.4-10 m/c, a
kod(pdunuent nuddysun ouenen Gopmymnoit DitHmTeiina D = 5.2-101% m2c ™,

B oskcmepuMeHTe ompeneneH KpUTHYSCKHHA Tepemnaja  TeMIlepaTypbl IS
BO3HMKHOBEHHUSI KOHBEKIIMU B oOcyxmgaeMoM oOpasne AT.=9.0K, uto
COOTBETCTBYET KpUTUUECKOMY uncily Penes

4
Ra, = /9 ATe g
val

Jl1s1 conocTaBieHus ¢ TEOPUEH MCIOJIb30BaIOCh OTHOCHUTENIBHOE Ynciio Pernes
1 = Ra/Ra..

I'paduk sKCHepuMeHTANbHOW HWHTeHCHBHOCTH TeueHus O(0.50)/AT B
3aBUCUMOCTH OT uucia Peness Ra B MarHUTHOM KUIKOCTH Ha OCHOBE yHJIeKaHa
KauyeCTBEHHO HE OTIMYaeTcs OT rpaduKOB JJIs >KHIKOCTEH Ha 0a3e KepocHuHa.
TepMmorpamMma, mnokazaHHas Ha puc. 4.2, TaKkKe I[O0X0Xa HA TEPMOTPAMMBI
KoJeOaHul KUAKOCTEH Ha OCHOBE KepocuHa. BOMM3M mopora HEYyCTOWYHMBOCTH
paBHOBECHs YK€ BO3HHKIIEE IIOYTH CTAllMOHAPHOE KOHBEKTHMBHOE TEUCHHUE
OKa3bIBAETCSl HEYCTOMYMBBIM M 32 BpeMsl T/2 IMyTeM OBICTPOTO MEPEXOAHOTO
npolecca MoAbeMHOEC KOHBEKTHMBHOE TEUCHHE B JICBOM KaHalle U OIMYCKHOE B
IpaBOM MEHSETCSA Ha KOHBEKIMI0O B OOpaTHOM HampasieHuu. Jlamee Bce
noBTopsieTcsi ¢ mepuogoMm T~ 1 uac. Ilepuogmdeckue mepexoabl MEXKIY IBYMS
BETBSAMH KOHBEKIIMHM, TaK Ha3bIBa€MbIe MEpPeOPOCH], HAONIOMAINCh BO BCEX
oOpasmax. [lpuunHy OMUCAHHBIX MEPUOAMYECKHX MPOIECCOB MOTYT TPOSCHUTH
OIICHKH, BBITIOJTHEHHBIC HA OCHOBE MTAPaMETPOB CPEIbI.

OKCHEepUMEHTHl TOKa3aJid, YTO B KaHallaX TOSBISIOTCS BEPTUKAIBHBIE
IpaueHTHI KOHIIEHTPAIUH €1I1e 10 BOSHUKHOBEHHSI KOHBEKITUU. ITO MPOSIBISICTCS B
K0J1e0aTeTbHON HEYCTOWYMBOCTH MEXaHWUYECKOTO PaBHOBECHS W B THCTEpPE3HCE

BO3HHUKHOBCHHN KOHBCKIIMHU B KaHaJIaXx.
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°C

4

30 60 f, MHH

Puc. 4.2 KonebGarenbHblii IEPEXOAHBIA MPOLECC U MEPUOIUYECKUE TIEPEXOIbI
MAarHUTHOM XKUIKOCTH MEXKY ABYMS BETBIMHU KOHBEKIIUHU B IOJJOIPEBAEMBIX CHU3Y

CBSI3aHHBIX BEPTUKAIBHBIX KaHanax npu Ra = 36

NmeeTcs HECKOJIBKO MPUYUH MOSIBIICHUSI BEPTUKAIBHBIX HEOJHOPOIHOCTEMN J10
BO3HUKHOBEHUS KOHBEKIUU. [Ipexae Bcero, 3TO HEMOJHOE TIEpEeMEIINBAHUE
ucxoaHoro obpasua. B pesynbrare 0osnee KOHIIEHTPUPOBAHHBIE HEOIHOPOIHOCTH
OBICTPO OCeNatoT BHU3 (KOHIIEHTpAllMOHHAs KOHBEKIMs ). Bo3HUKIINI B pe3ynbpTaTe
BEPTUKAIBHBIN I'PaIUEHT KOHIIEHTPALIUU UMEET CIYyYailHYI0 BEJIUYUHY (3aBUCUT OT
NpEeNbICTOPUHU), HO BechbMa CTaOWiIeH M 00JaJJaeT BpPEMEHEM pellaKcallui,
COBMAJAIONIMM CO BpPEMEHEM IIepexojla K PaBHOBECHOMY OapOMETpUYECKOMY
pacrpenesneHuto, T.€. BpeMEHEM MOPSAKA roja.

MenneHHee ocemaroT arperaTbl YacTHI, a CaMOM MEIJICHHOM SBIISIETCS
celMMEHTALMs OJMHOYHBIX YacTHIL 3a BpeMs {/vs ~ 6-10° uac.

PocT KoHIeHTpanuu B HIDKHEW 4YacTH COCyla B CJIO€ BBICOTOM O 3a CYeT

OCE/IaHMsI YaCTHUIl CO CKOPOCTHIO 0y MOXKHO OmmHcarh (popmymnoi u3 padotsl [53]
A
C=Co(1+§j (4.1)

dopmyna akTyandbHa, IMOKa MOXHO mpeHeOpeub mauddysueir dactuiy B
00OpaTHOM HampapieHuu, T.e. korma ¢ < &%/(n’D). CemuMeHTaUMsi 1aeT BeChbMa
MEJUICHHBI TIPUPOCT KOHIIEHTpAIIMM BOJM3W JHA KaHajoB. Hampumep, mpwu
vs~ 10" M/c 3a Bpems moaroroBku skcrepumenta t~ 10*c B cioe BbICOTOM
8 ~0.01 M xoHneHTpanus yseaumuutcs secero Ha AC/Co ~ 107, HO 3TOro 10CTaTovHO,

yTOOBl HAOIOMATh KOJIEOATEIBHBIA IMEPEX0l OT MEXaHMYECKOTO PaBHOBECHS C
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MEPUOAOM T;, KOTOPBIA ~ MOXXHO  OL€HUTb M3  TEOpUU  KojeOareabHOU
HEYCTOWYMBOCTH MEXAHUYECKOTO PABHOBECHS B CBA3AHHBIX KaHajax [49]

o _Ad® BT,
' ma\B.VC

10%c 4.2)

3necs V1, — BepTUKAIBHBINM TPaAMEHT TEMIIEPATYPhI, PH KOTOPOM HAaOIIOIACcTCs

KosiebareabHas HEYCTONYMBOCTD MEXaHUYECKOTO paBHOBeECHS,
VC — BepTUKaIBHBIA TPATUCHT KOHIICHTPAIIMK, BO3HHUKIIHMKI, HAIIPUMEDP, 32 CUET
cequMeHTanu. M3 ¢Gopmynbl BUIHO, YTO Tt HE 3aBUCUT OT JU(DPYy3UOHHBIX
napaMeTpoB MarHUTHOM KUTKOCTH, a OTpeIeIIsIeTCS TOJILKO
TEMIIEPATYPOTIPOBOTHOCTBIO Cpebl. Takke Ba)XHO OTMETHTh, 4YTO TEPUOT
HEePEeXOAHBIX KOJICOaHH HA TIOPSA0K MEHbIIE, YeM MepHo ] nmepedpocos (puc. 4.2).

I'paBuTanOHHAs CEMMEHTAIIMS YaCTHUIl OKAa3bIBACT BIMSIHUE Ha KOHBEKITUIO
MarHUTHBIX KHUJKOCTEH B KaHajlax TOJIbKO Ha HAyallbHOM JTare Iepexoaa OT
paBHOBeCHs K KOHBEKTHBHOMY TEUEHHIO. Bpemsi penakcanuu BepTHKAIbHBIX
KOHIIEHTPALIMOHHBIX HEOAHOPOJHOCTEH Ha MATh MOPSJIKOB IPEBBIINIAET TEPUO
nepeOpoCcoB T, a CKOPOCTh OCEJaHUsl YaCTHUI] HA CEMb, BOCEMb MOPSIKOB MEHBIIIE
KOHBEKTHBHOW CKOpOCTH. TOJNBKO B OYEHb Y3KOM IPHCTEHOYHOM cjoe ~ 107 M
CKOPOCTb OCEJaHMS YACTHUI] MOKET CPAaBHUTHCS C KOHBEKTUBHOM CKOPOCTHIO [136].
3a BpeMsi T/2 4YacTUIIBI TPOABUHYTCS 3a CYET CENMMEHTAIIMM HAa HHUYTOXKHOE
paccTosiHuE OIMHAKOBO U B MPABOM, U B JIEBOM KaHajiax. [Ipu 3ToM B 1ieHTpanibHOM
YacTU KaHala >KUJKWE 4YaCTUIBl YCHEIOT COBEPIIUTh JECSITKH OO0OpPOTOB IO
3aMKHYTOMY KOHTYpY. ['paBUTaliMOHHas BHICOTA AJI MPUMEHSBIINXCA KUAKOCTEH
coctaBusgeT k1/mg~ 0.1 M, 37Hech m —Macca 4YacTUIBI 3a BBIYETOM MacChl
BBITECHEHHOM KHUJIKOCTH. PaBHOBECHOE OOJBIIMAHOBCKOE paclpeeieHUE YacTHIl
0 BBICOTE€ JOCTUTAaeTCs B KaHalaxXx 3a BpeMsl MOpsAIKa Tola, a caMo 3TO
pacmpeneseHue XapakTepU3yeTcsi CTONIb OOJIBIION cTpaTuduKaIueit mo MmIOTHOCTH,
YTO JieaeT HEBO3MOXHBIM BO3HMKHOBEHHUE KOHBEKIMHM TIPU  Pa3yMHBIX

rpagueHrax 7.
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[IpuBeneHHBIE OLIEHKH MO3BOJSIOT YTBEPKIaTh, UTO MPUPOJA NEPHUOANUECKUX
MEPEXOJ0B CUCTEMbl MEXAY JBYMs HAIllPaBICHUSMU TEUECHHs B KaHalaX HUKaK HeE
CBs3aHa C CEAMMEHTALMEH.

CenumenTanusi yactull U TepMoanddy3us 3a cueT BEpPTUKAIBHOTO Tepemnaja
TEMIEpaTyp yXOOAT Ha BTOopoll miaH Ha (¢GoHe Oonee  CHIBHOTO
TepMOoaAr(P(HY3NOHHOTO TOTOKA YACTHULL TIOTIEPEK Y3KUX KaHAJIOB. DTO CBSI3aHO C TEM,
YTO B KaHaJe TOPU30HTAJIBHBIN TEMIIEPATyPHBINA IPAIUEHT HA MOPSAOK MPEBHIIIACT
BEPTUKAIbHBINA, T.K. KOHBEKIMS CO3/1a€T B Y3KOM KaHaje IMONEpeYHbId mnepenaj
TeMIieparypsl ® MeXay CTEHKOM W ULeHTpoM KaHana [136], cpaBHUMBINA cC
BepTUKAJIbHOU pa3sHOCThIO AT. CxopocTh TepmoandPpy3uoHHOro aApeida yacTuil vy

B TOPU30HTAIHPHOM CEUCHUU KaHAJIOB OIpeaesieTcs: OpMyIoi
v, =—-DaVT (4.3)

3necb o —kodpdunuent Tepmomubdysun  Cope. Ilpu  mojoxkuTeIHHOM
ko3 punmente o yacTUIbl IpeidyroT B HapaBIeHUH CTEHOK B KaHAJIe ¢ TEYCHUEM
BBEpX, a B KaHaJle C TeUeHHEM BHU3 HampasieHue napeiida oOpaTtHoe, OT Topsuux
CTEHOK K XOJIOTHOMY LIEHTPY.

Bpems penakcanuu THIpOIMHAMHYECKUX BO3MYLICHHH TOMEPEK KaHAIOB U
BpEMsI peJlaKcaluy TeMIIEPAaTyPHOTO IOJIsi COOTBETCTBEHHO PaBHBI

2
@"O.lCI/I (2d)2
2

~5¢c
272y 27°a '

OTu BpeMeHa CYIIECTBEHHO MEHBIIIE MeproIa nepedpocoB T ~ 1 gac. DTo o3HavaeT,
YTO Ha KaXXJI0M U3 TOJYIIEPUOJIOB B KaHAJIaX Peau3yeTcs YCTAaHOBUBILIEECS, TOYTH
CTallHOHAPHOE KOHBEKTUBHOE T€UEHUE, aHAJIOTUYHOE TEUCHHUIO OHOKOMIIOHEHTHOM
AKHUJKOCTH.
Huddy3nonHoe BpeMsi perakcanuyd KOHIEHTPAIMOHHBIX HEOTHOPOTHOCTEH
MOMNEPEeK KaHaia
(2d)°

272D

~504acos

T.€. HA MHOTO TIOPSAJIKOB OOJIbIIIE TUAPOAUHAMUYECKOTO U TEMIIEPATypHOTrO BpEMEH

penakcainm, a TaKkxke 0oJjiee YeM Ha MOPSI0K IPEBBIIIAET NEPHUO MEPEOPOCOB. IDTO



104

JaeT BO3MOKHOCTh MPUMEHUTH (hopmyny (4.1) st onvcaHusi HAKOTICHHS YaCTHIL Y
CTEHKH B KaHaJI€ C BOCXOSIIINM MMOTOKOM, M YOBLITM YaCcTUI] BOJIM3U CTEHKH B KaHaJe
C HUCXOJISIINM TEUEHHEM, HO BMECTO CKOPOCTH CEAMMEHTAIIMU 0s; MCIIOJIh30BaTh
ckopocTh TepMoauddy3nonHoro aperda v, TorammHa TPUCTEHOYHOTO CIOS O s
OIICHOK BBIOMPAETCs, UCXOAS W3 rapMOHUYECKOTO mpoduiisi ckopoctu [136], Tak
YTOOBI MOJTYNEPUO] NMEePeOPOCOB T/2, COOTBETCTBOBAJ BPEMEHHM Mpodera >KUAKOU
yacTulel JHbl kKaHana €. Takum oOpaszom, JuHHUS YpoBHS V =2{/t oTcekaer
MPUCTEHOUHYIO 00yacTh (puc. 4.3), e MarHUTHBIE YAaCTHUIhl HAKATUTMBAIOTCS B
TEeYCHHUE TIOYNIEPUO/Ia U KaHaJl B CPEJTHEM CTAaHOBUTCA Tspkenee. Kanan ¢ TedeHueM
BHU3 OyIET TePSATh MATHUTHBIC YACTHUIIBI U3 TPUCTEHOUHOTO CJIO0s, T.€. CTAHET JIeTYe.
Korma xoHmeHTpanmoHHas MOAbEMHAas CHJIa B JIOCTaTOYHOW Mepe BBIPACTET,
IPOU30MAET CMEHA HANPaBJICHUS KOHBEKITUU.

Jnd  pganpHEMIIMX  OUEHOK  MCIOJNB3YETCA  aHAJIUTUYECKOE  PEIICHUE
HEJIMHEWMHON CTallMOHAPHOW 3a7a4u O KOHBEKIIMU OJTHOKOMITOHEHTHOM KMJIKOCTH B
MOJIOTPEBAEMBIX CHU3Y KaHajax KBaJpaTHOrO CEYEHUsS] KOHEYHOM BBICOTHI [136].
KoopaunatHbeie ocu B c€UeHUU KaHAJIOB MOKa3aHbl Ha (pparmente puc. 4.3, rae och
Z MEPHeHAUKYIIIpHA PUCYHKY W HampaBieHa BBepX. CKOpPOCTh M TemIeparypa B
KaHaJie OMMCHIBAIOTCS (hopMyIaMu

V (x,y) =V,sin(nx/2d ) cos(my/2d )

T(X,Y,2) =@(Z)Sin(nx/2d)cos(ny/2d) (4.4)

IIpu 3TOM BO BTOpOM KaHalie @y(z) =— O(f —z), V> =— V. CKOopoCTh T€UCHUS
UMEET TOJIbKO BEPTUKAIbHYIO KOMIIOHEHTY F, KOTOpas HE 3aBUCUT OT z, a
BEPTUKAJIBHOE pacrpeacieHue O(z) MOCTOSHHO BIOJb OOJIBIICH YacTH JJIHMHBI
KaHalla  TOJNBKO Tpu  HeOompImmux  uucinax  Pemes  BOMM3W  mopora
HeycrounBocth. [Tocnenawnii hakt moaTBepkaeH B [136] sKCIEpUMEHTAIBHO B ATO
MO3BOJISIET YIPOCTUTH MOCIEAYIOIIUE OLICHKH.

[ToncraBnsis ckopocTts TepMonuddysnonnoro apeida (4.3) B popmyny (4.1),
UCIIONB3Ys CPEIHUM MO0 TOPU30HTAIIU TPAIUEHT TeMneparypsl ©/d BOnu3u 110001
U3 YETHIPEX CTEHOK KaHaaa MOXKHO HAWTH pOCT KOHIEHTPALIUK CO BPEMEHEM £ B CJI0€

TOJIIIIUHOMI O
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tDa®
od

B kaHazne ¢ TeyeHueM BHHU3 3Ta (pOpMyJia ONMHUCHIBAET YObUIb KOHIIEHTPALUU Y

AC =C,

CTEHOK B cCJIo€ TOMMUHOW o. Takum o00pazom, MexIy KaHaTaMH pa3HHIA
IPUCTEHOYHBIX KOHIIEHTpaui cocTaBuT 2AC.

Konnenrpanuonnas moabeMHasi cuiia ApxXuMeJa HaXOAWTCS YMHOXKEHHEM
pYLcAC Ha 00beM mpucTeHOUHOTo ciiosi 8ddf. DTa cuia pacTeT co BpeMeHeM t u
TOPMO3HT TMOTOK, a )KUJIKOCTh T€YeT OJaroaapsi TeMIepaTypHoOil MOAbEMHON CHIIe,
KOTOPYIO MOKHO HAHTH ITyTeM UHTETpUpPOBaHUs pgftT Mo o0beMy KaHaja ¢ y4eToM
rapMoHMYeckoro nmpodumias T wu  mocrosHcTBa ® mo  Beicote  (4.4).
[Tpu t = 1/2 KOHIIEHTPAIIMOHHAS CHJIa CPABHSIETCS C TEMIIEPATypHOI CHIION U TorIa
NPOMCXOJUT CMEHAa HampaBlIeHUS IOTOKAa. bajgaHc CWiI B 3TOT MOMEHT

npeacCTaBsICTCA COOTHOIICHUCM

£98-C, %MSE =g 0(2d )2 ﬁ%
Tonmuna cinost § u Temmneparypa ® UCKITIOYAIOTCS U3 YpaBHEHHUs OanmaHca CHJI
B KaHajax, U moiydaercs dhopmyia s oleHKH kodddunmenta tepmoaudpy3uu
qepes mapaMmeTphl KUJAKOCTH U IKCTICPUMEHTAIBHBIN ITepHo] IepeOpOCcCoB T
2
o= % ~0.1K™,

(4.5)

[IpuBegeHHOE  YHMCIO  COBMAAAaeT MO  TMOPSAKY  BEIUYUHBI  C
AKCIIEPUMEHTATLHBIMHI U3MEPEHUSIMH KOd(hPUITMEHTA 0 TSI MAarHUTHOM >KHJIKOCTH
B MICCIICJIOBAHUSX APYruX aBTopoB [137].

[Tpumep pacuera mpupocTa KOHICHTPAIIUU ¢ ydeToM npodueii (4.4) B cioe,
ouepueHHOM JuHMel V = 20/t = 3-10° m/c ipu p = 1.2, naet repmoauPpy3HOHHBIII
ko> puuyent Ha 10% Hmke npusenennoi oueHku. Ipu a ~ 0.1 Kt mma p=1.2
ckopocTh TepMoanddy3nonnoro apeida vt ~ 3-107% m/c, uto Ha mopsI0K GObIIE
CKOPOCTH CeMMEHTALMH, HO MeHbIle KOHBEKTUBHO ckopoctu Vo= 1.3-10° m/C.
Jpeiid KOJUTOMIHBIX YACTHI[ CO CKOPOCTBIO ¥t MPOUCXOIUT TMEPICHIUKYISIPHO

TPACKTOPHUAM JKUAKHUX YaCTHUI[ 1 B IIPOTHUBOIIOJJIOKHBIC CTOPOHEI B PAa3HbBIX KaHAJIaX.

KonnenTpamonHusiilt kK03QpOUIIMEHT IUIOTHOCTH 00Jiee YeM Ha TpU MOPsiAKa OOJIbIiIe
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TeMIIepaTypHOro K03 UIMEHTa, TOATOMY TeHEPHPYEMbIe KOHBEKIMEH B TOHKOM
OPUCTEHOYHOM  CJIO€  HEOJHOPOTHOCTH  KOHIIGHTpPAIlMd  BeCbMa  MaJibl
ACICo~10%—-10° wu HemoCTymHBI OOBIMHBEIM CPEACTBAM H3MEpeHHs. B
OIMUCHIBAEMBIX JKCIIEPUMEHTAX YYBCTBHUTEIBHBIM JJIEMEHTOM CIIY)KUT ciabast
KOHBEKIUSI B y3KHX KaHalaX, a 4epe3 JIETKO H3MepsSeMbIi MepHoa mepeOpocoB
MO>KHO ONPENEIUTh TePMOAU(P(HY3UOHHBIN KO3PPULIUEHT .

Omenka (4.5) u xapaktep SKCIEPUMEHTAIbHBIX 3aBUCHMOCTE T(W) maeT

BO3MOKHOCTb IIPEAJIOKUTh IMIMPUUECKYIO (OpMyITy JUIsl EpUojia NepedpocoB

__4pd’
Y= 25 C.0a" (4.6)

Crneayer OTMETHTh, YTO IIEPUOJA IEPEOPOCOB TOJHOCTBIO OMPEICIACTCS
muhQy3HOHHBIMU U TepMOIU(DPY3MOHHBIMA CBOWCTBAMH CpPEJIbl B OTIUYHE OT
epruoia MepPexXoaHbIX KoyieOaHuit (4.2), KOTOPBIA 3aBHCHT TOJBKO OT TEILIOBBIX
cBOMCTB kuakoctH. Dopmyna (4.6) roguTcs TOJABKO I TaKMX CpPell M TaKUX
3HAYCHHH I, IPU KOTOPHIX MOKHO BBIACIUTh MPUCTCHOYHBIN TTOTPAaHUYHBIN CIIOH, B
KOTOPOM YaCTHUIIbl HAKATUTMBAIOTCS B TCUEHHUE MOYIIEpHUO/Ia B KaHaJle ¢ TCUCHUEM
BBEpX (M YOBIBAIOT B MPOTHBOIIOJIO)KHOM KaHAJle) U MPU STOM MOXKHO TIpeHEOpeUb
muddy3uen KOJTOUIHBIX YaCTUIl B 00paTHOM HAmpaBJICHUH.

Juddys3us crmocoOCTBYET pa3MbBIBAaHUIO MPUTPAHUYHOTO CJIOSI, IOATOMY
MOKHO OXHJaTh OoJiee OBICTPOro pocTa Iepuojia C YBEIHMYEHUEM [l B Cpelax ¢
oonpmuM koddduimenroM auddys3uu, yeM y odcyxmaemoro odpasma. OmgHako
3aBHCHMOCTH TIEpHOAa NepeOpOCcCOB OT mapaMeTpoB cpeabl Gopmyna (4.6) 3amaer

IMPaBUJIBHO U 3TO IMOATBCPKAACT SKCIICPUMCHT.

Ha pwuc. 4.3 mokaszanpl pe3ynbTaThl W3MEPEHHH Tepuoja MepeOdpoCcoB TpH
pa3HbixX yuciax Penes B oOCyx1aeMoM o0pa3le MarHUTHOW >KUAKOCTU. Jlunusa 1
cootBercTByeT (popmyne (4.6) npu 3Hauenun koddpdunuenra Cope a = 0.19 K1,
[IpuBenenHoe 4nciio — 3TO (PAaKTUUECKU MOJTOHOYHOE 3HAYEHUE U €0 JKeJaTeIbHO
M3MEPUTh HE3aBUCHUMBIM MeToAoM. OJHAKO HEOOXOJUMO OTMETUThb, 4YTO B
skcriepuMenTax [137] Obutm TONMydYeHBI 3HAYEHHS 3TOro Kol duIueHTa IS

MAarHUTHBIX )KUIKOCTEH, OJM3KHUE K MPUBEICHHOMY YHUCITY.
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Puc. 4.3. Tlepuon mnepeGpocoB B 3aBUCUMOCTH OT OTHOCHUTEIBHOTO YHCIA
Penes: 1 — ¢opmyna (4.6) mpu a=0.19 K1 2 — skcrnepuMeHT ¢ MarHUTHOM
KUJKOCTHIO Ha ocHOBe yHIekaHa Co = 0.16; 3 — ceyeHue KaHaJIOB, OCH KOOPJAMHAT

¥ HarpaBlieHHe aperida gacTull (CTpEIKH) B KaHajlax ¢ TeUYeHHeM BBepX (+) v BHU3

).

B oakcnepumenTte mepeOpockl  HaOMIOAAIOTCS TOJIBKO BOJW3M  TOopora
HEYCTOMYMBOCTH paBHOBeCHs, a mpu W >1.5-—2 CMEHSIOTCS CTalMOHAPHBIM
TeueHreM. l[lo-BUaIuMOMY, OOBSICHUTH ATOT (PAKT MOXKET TO, YTO CyMMapHOE
tepmonudPy3moHHOE  HAKOIUIEHWE  YacTWIl  BOJWM3M  CTEHOK  KaHalla
IPOIMOPIIMOHATIFHO UHTErpaly OT TeMmneparypsl ©® Bnonb kanana. C pocToM ymcia
Penest remnepatypa ®(Z) cTaHOBHTCSI HEOHOPOAHOM 110 BepTukaym [136], mpu sTom
€€ MHTETpaj CHavajla YBEITUYMBAETCS C MOBBIIMICHUEM |, a TIOCNIe L = 2 HaYWHACT
yobsiBaTh [138]. B pesynbraTe creHepHpOBaHHBIX KOHBEKIIHMEH HEOTHOPOIHOCTEH
KOHIIEHTPAIIMK CTAaHOBUTCA HEJOCTATOYHO, YTOOBI CMEHHUTH HaIpaBICHUE

KOHBCKTHUBHOI'O ITIOTOKA.
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4.2 lleppoauyecKkue KOHBEKTHMBHBIC IPOLECCHI B 000rpeBaeMoM COOKY

BEPTUKAJIBbHOM CJI0€ MArHUTHOM AKHUIKOCTH

B stom pasznene mpuBeneHbl pe3yiabTaThl UCCIECIOBAHUS NMEPUOIUUECKUX BO
BPEMEHHM TIPOIIECCOB HEYCTOMYMBOCTU TMEPBUYHOTO TEPMOI'PABUTALIMIOHHOTO
MOTEMHO-OITYCKHOTO TE€YeHUs B BepTUKaibHOM ciioe MK mpu obGorpese cOOKy.
OnucpiBaeMble SBICHUS HAOJIONANMCh TOJBKO MpH HEOONBIIMX TMepernagax
temrneparyp AT ~ 5 K. Tlpu Gonbimmx mepernanax TEMIeparyp OMHCAHHBIE HIKE
NepUOINYECKHUE SIBJICHUs He HaOMoAaniuch. Mbl ripeAnonaraeM, 4To Ipupoaa TaKux
aBTOKOJICOAHUN CBsA3aHA C TepMOGPOPE30M YACTHUIl MONEPEK TOHKOTO CJIOs, T..
MEXaHU3M aBTOKOJIeOaHU BeChbMa MOX0XK Ha MEXaHHU3M, ONTMCAHHBIN B MPEIBIAYIIEM
pazaene 4.1. DKCHEpUMEHTHl MNPOBOAWIUCH IO METOAUKE, TPUBEACHHOU B
naparpade 2.3.

Ilepen kakapIM SKCIEPUMEHTOM JUISi CO3[aHUS OJMHAKOBBIX HayaJbHBIX
YCIOBUMI W OJHOPONHOIO pAaclpelesieHus YacTHI] MAarHuTHas >KUAKOCTh
nepemMennBaiach B TeueHue 10 — 20 MUHYT 01 AEHCTBUEM MAaKCUMAalbHO CHIJIBHOW
TEPMOTPaBUTAIIMOHHON W TEpMOMAarHUTHOM KoHBekuun T1pu AT=30K B
NOCTOSTHHOM MarHMTHOM MOJIE.

3areM 1OoJN€ BBIKJIKOYAIOCh, PA3HOCTh TEMIIEpaTyp yMEHbIIAlach, H
IPOBOIUIIOCH JUIMTEIbHOE HAOMIONEHNWE 3a OCHOBHBIM IOJABEMHO-OIYCKHBIM
TeueHueM. bonpliylo 010 BpPEMEHHM TEMIIEpaTypHOE IIOJIE  COXPAHSIIO
OHOPOAHOCTb, HO TEPUOJUYECKM B HIDKHEM YacTH CJIOS  BO3HHKAJ
TOPU30HTANIBHBIN BUXPh THAMETPOM CPABHUMBIM C TOJIIUHOM cJos (puc. 4.4).

DBOMIOINUS KOPOTKOBOJHOBOTO KOHBEKTMBHOTO BHUXps Ha (oHEe 0a30BOro
TE€YEHHUs MmpenacTtaBieHa Ha puc. 4.4. TepMmorpamMbl CHATBI YEpE3 JBA 4aca IOCIe
HayaJia SKcnepuMeHTa. Ml npeamnongaraeM, 4YTo B TEUEHHE YKa3aHHOIO BPEMEHHU B
NPEIBAPUTENHHO MEePEMEITaHHON JKUIKOCTH (HOPMHUPOBAIHCH KOHIICHTPAIIMOHHBIC
HeonHopoaHocTH TepMmoaud@y3nonHoit mpupoasl. TepmoaudPpy3noOHHBII TOTOK
YaCTUIl HAIMIPaBJIEH OT ropsiueil CTEHKU K XOJIOAHOU. B TOHKOM cii0€ BOJIM3U CTEHOK,

rae CKOPOCTh KOHBEKIIUU HEBEJIMKA, bopmupyrorcs
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2751

26,9

26,7

26,5

26,3

7)
Puc. 4.4. Dpomtonsi BTOPUYHOTO KOJI€OATEIBHOTO pPEKHMMa TEUEHUN TNpH
AT =5 K. Tepmorpammsi cHsthl B 0 (a), 10 (6), 16 (B), 19 (1), 21 (1) u 30 () MunyT

OT Havajga ChEeMKH COOTBEeTCTBEHHO (d =6.0 MM). CrmpaBa mpejacTaBieHa cxema

TCUCHMUA.
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KOHILICHTPALIMOHHBIE HEOJHOPOIHOCTU: BOJIM3M XOJOJHOM CTEHKH KOHILICHTpALMs
pacteT, a BOIM3U ropsiyeil yoObiBaeT. B omiMuyume OT KOHBEKTHBHOIO TEYEHHS B
KaHajax, IJie HaKariBaemMble TepMoaAr(GHy3nOHHBIE HEOJHOPOAHOCTH MTOCTENEHHO
TOPMO3UJIM KOHBEKTHUBHBIN MOTOK, B 000TpeBaeMOM COOKY CJI0€ HEOAHOPOJHOCTH
HA00OPOT AEUCTBYIOT B OJIHY CTOPOHY C TEIUIOBOM KOHBEKIUEH, T.€. YCUIUBAIOT €€.

[locnenyroumii CHOC YacTULl KOHBEKTHBHBIM TEUEHHEM MPUBOAUT K
nepepacrpeiesieHnio UX M0 BepTUKaIU, T.e. (QOpMUpPYETCS BEepPTUKAJIbHBIM
HaNpaBJIE€HHbI BHU3 TPAJUEHT KOHUEHTpaluu. TakuM oOpa3oM, BepTHUKAJIbHBIHI
nojorpeBaembiii cooky cnoit MK sBusiercss anajmorom Tepmoauddy3noHHOM
KoJOHHBI [139-141]. BaxHO, 4YTO oOpraHu3anus BEPTUKAIBHOIO TIpaJUEHTA
KOHIIGHTPALMU MPOUCXOJIUT 3a Yachl, a HE 32 TOMIBI KaK 3TO ObLIO ObI, €CIM ObI MBI
KJaIU paBHOBECHOe pacmpesneieHue bonbliMaHa B BEPTUKAJIBHOM IOJOKEHHUH
U30TEPMUYECKOTO CJIOSI.

B HuxHel yactu cios, TA€ TPalueHT KOHLIEHTPAIMU MaKCUMAJICH, MOSBIISIICS
BTOPUYHBIN KOPOTKOBOJHOBBIN BUXPB (puc. 4.4a). [opru3oHTanbHAs TpaHHIA 3TOTO
BUXPS C TEUEHHEM BPEMEHU MMOTHUMAJIACh BBEPX, U BUXPh IOCTENIEHHO pa3pyIIaics.
CxkopocTh morbeMa Oblia OOJIbIe y TOPIIOB KOHBEKTUBHOM KaMephl (puc. 4.40-1).
[Tocne momHOrO paspymieHus nepBOro Buxps (puc. 4.4e) Mbl HaOIOIaeM
OJTHOPOAHOE IOJIE TEMIIEPATYPhl, COOTBETCTBYIOILIEE OCHOBHOMY T€UeHHI0. OHAKO
TE€YEHUE MOCTENEHHO TEPSII0 YCTOMYMBOCTh, U CIIyCTS] HEKOTOPOE BPEMSI HaYMHAT
dbopMHUpOBaThCS  CIEAYIONUKA BUXPh. TakuM oOpa3oM, B IKCIICPUMCHTE
HaOJII0aINCh aBTOKOJIIEOaHUsI, BKJIIOYAIOI[ME BO3HUKHOBEHHE KOPOTKOBOJIHOBOTO
BaJMKa B HIW)KHEM 4YacTW CJIOS, €r0 YBEIWYEHHE B pa3Mepe, MOCIeqyrollee
pas3pylIeHNE U MOSIBICHNE BHOBB. Takue KoieOaHus MPOUCXOAUIN C IEpUoJaMH OT
1 1o 4 gacos. [lepuonbl konedaHui oNpeAeIsIUCH IO U3MEHEHUIO TEMIIEPaTyphl B
HECKOJIbKMX BBIOPAHHBIX TOYKAaX TepMOrpamMMbl B mporpamme Altair. OnucanHbie
KoseOaHusl HaOMIONAUCh B OKCIIEPUMEHTAX JUIMTEIbHOCTBIO OT HECKOJIBKHX CYTOK
710 HECKOJIBKUX HEJIETIb.

Crnenyroomuye 3KCHEPUMEHTHl MPENCTaBICHbl JUIsl BEPTHKAJIBHOIO  CIIOS,

noBepHytoro Ha 90 rpaaycoB OTHOCHTEIBHO NPEABIAYIIETO OIbITA, T. €. A
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MEHBIIETr0 acleKTHOro oTHoueHus: paBHoro 30. TepMorpaMmsbl, MpeACTABICHHBIE
Ha puc. 4.5, TOX0XKH Ha T€, YTO MOJYYaIHCh B MPEABIAYIIEM CIIy4ae: MEPBUYHOE
OHOBAJIMKOBOE TeueHue (puc. 4.5a) OCIOXKHSUIOCH BTOPUYHBIM  BHUXPEM,
dbopmupyromumMcs: BOIM3M HWXKHEH Tpanuibl cios (puc. 4.56). Ilocne uero
HAUMHAJICS TIPOILIECC JABUKEHHUS TOPU3OHTAJIBLHON TpPaHUIIBI BUXPS BBEPX U €€
IOCTENIEHHOTO pa3pylIeHUs] OT BEPTUKAIbHBIX CTEHOK IMOJIOCTH K LEHTPY
(puc. 4.58 - 3). K koHI1y miporiecca rpaHuiia IOJIHOCThIO paspymianack (puc. 4.5u) u
HauMHaja (OpMHUPOBATHCS BHOBb MO TOMY e CLEHapHUio. B 3ToM skcnepumeHTe
nepuos kosedanuit paseH 3.5 yaca.

JlaHHBIN  aBTOKOJNEOATENbHBIA PEXXUM KOHBEKTHUBHOTO TEUEHUS MOXKHO
CpPaBHUTH C pPaOOTOM 3JIEKTPUUECKOrO KOHJEHCATopa: CHayaia HAET Mpolecc
HAKOILJICHUSI KOHIIEHTPALIMOHHBIX HEOJHOPOAHOCTEH B >KUIKOCTH, 3aHMUMAIOIIHIA
qachl, a 3aTeM ObICTpoe (HECKOJIbKO MHUHYT) MEepeMENIMBaHUE HEOIHOPOAHOCTEH
KOHIIEHTPALIUX YaCTHUI] OCHOBHBIM CIBUTOBBIM MTOTOKOM.

[Ipu OonpmMx mnepenagax TeMIEparyp, OOCYXKIaeMble MepUOIUYECKIE
aBTOKOJIEOAHUsI HE BO3HHMKAIU. DTO MOXHO OOBSICHUTH TEM, YTO TMPHU OOJBIINX
nepenanax 7 Bce BO3HUKAIONIME KOHIICHTPAIIMOHHBIE HEOMHOPOAHOCTH B KUIKOCTH
yCIIEBAIOT NIEPEMEIINBATHCSA 00JIee MHTEHCHUBHBIM CIABUTOBBIM TEUCHUEM.

Takum 00pa3zoMm, nmepruoANYEeCKre KOHBEKTHBHBIC MPOIECCH B BEPTHUKAIHLHOM
CI0€  MArHUTHOM  KHUAKOCTH,  IO-BUJUMOMY,  CBSI3aHBI ~ TE€MHU K€

TepMOI[I/I(i)(i)YBI/IOHHBIMI/I MCXaHHU3MaMH, YTO U B BECPTHKAJIbHBIX CBA3aHHBIX KaHAJIaX.
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Puc. 4.5. DBomtonusi BTOPUYHOTO KOJI€OATEIBHOTO pPEXKMMa TEUEHUH TMpH

AT =5 K. Tepmorpammsl cHsTHI OT (a) 10 (u) B 0, 4.0, 5.4, 5.7, 6.0, 6.1, 6.3, 6.4 u

7.0 yacoB OT Hayaja CheMKH COOTBETCTBEHHO (d = 6.0 MMm).
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4.3 BausiHue HAYAJbHBIX CeIMMEHTANUOHHBLIX HEOAHOPOTHOCTEH
KOHLUEHTPALMHU YacTHI HA KOHBEKTHBHOE TeYeHHEe BEPTUKAJIbLHOM

CJ1o¢

B ngaHHOM pa3nene OCHOBHOE BHUMAHHME YAECISAETCS SKCIEPUMEHTAIBHOMY
WCCIICIOBAHUIO BJIMSIHMS HA4aJbHBIX KOHLEHTPALMOHHBIX HEOJHOPOIHOCTEN
HAHOUYACTHI] U arperaroB MarHeTuTa Ha JOpMUPOBAHUE U PA3BUTHE KOHBEKTHUBHBIX
CTPYKTYP B BEPTHUKAJIBHOM CJIO€ MATrHUTHOM KHUJKOCTH. OKCIEPUMEHTHI
MPOBOAWINCH 10 METOAWKE, ONHCAHHOM B pasaene 2.3, U Ha YCTAaHOBKE,
NPENCTaBICHHON B pazaene 2.4.

Ecnu marHutHas >KMAKOCTh HAXOAWIACh MpPHU TMOCTOAHHOM TeMIlepaTtype B
COCTOSTHUM TIOKOSI B TOPU30HTAIBLHOM MOJIOKEHUHU B TEUCHUE JIUTEIILHOTO MEPHo/Ia
BpeMEHH (OT HECKOJIbKHUX JHEH 10 HECKOJIbKUX HEJNEJb) 10 Hadalia SKCIIEpUMEHTA,
HaOJFOIaeMble CTPYKTYPhl TE€UEHUS 3HAYUTEIHHO OTJIMYAINUCh OT KOHBEKTHBHBIX
CTPYKTYp, ONHUCaHHBIX B 1aBe 3. CHBUTOBOE MNOABEMHO-OMYCKHOE TEYEHUE
pa30MBalOCh Ha OTIENIbHBIC BUXPU C PE3KUMU TOPU3OHTAIBHBIMU TPAaHUIIAMH, KaK
noka3aHo Ha puc. 4.6. J[BI>KeHUS BHYTPU KaXJIOTO BUXPS Ka4€CTBEHHO MOJOOHBI
TEYEHUSIM B TIOJIOCTH, 3aIIOJITHEHHOW OTHOPOJHOM KUJAKOCTHIO [S]. [IpencraBieHHbIE
CTPYKTYpBl TOJIYYEHBI JIsI XKUIKOCTH, KOTOpas OCTaBajach B TOPU30HTAIbHOM
MOJIOXKEHUHM METAJTIMYECKON CTEHKOW HAarpeBaresisi BHU3Y B TEUEHUE MECSIA.

[lepen HauasiOM 3KCIEpUMEHTa MOJOCTh MOBOPAYMBAIACH B BEPTHKAIBHOE
MIOJIOKEHUE, TaK YTO CJIION JKUJIKOCTU C OOJBINEH MIOTHOCTHIO HAYMHAJ CKOJIB3UTh
BHM3 BJIOJIb METAJUIMYECKOM CTEHKH, CMEIasi BBEPX MEHEE KOHIICHTPUPOBAHHYIO
KHUJKOCTb, TEM CaMbIM CO3/laBas BEPTUKAIBHYIO CTpPaTU()PHUKAIMIO MO TIIOTHOCTH.
Harpes xunkoctu BOJM3U OTHOM U3 CTEHOK MPUBOAUT K MOSABICHUIO MOIBEMHOMN
CUJIbI, HANpPABICHHOW BBEpX. KOHKypeHIHMs TEIUIOBOW M KOHIEHTPAlMOHHOU
MOBEMHOM CUJI IIPUBOJUT K HEYCTOMYMBOCTH MAPAJUICIIBHOTO CIBUTOBOI'O MOTOKA.
Bunno, uto B Hayaje skcrnepuMeHTa (popmMupoBaniach CUCTEMa KOPOTKOBOJIHOBBIX
KOHBEKTUBHBIX BaJOB C JITMHON BOJIHBI MOPSIIKA TOIIIUHBI ¢1ost (6 MM) U OoJiblie

(puc. 4.6a). C TeueHMEM BpPEMEHHU KOJIWYECTBO HAOIIOJAEMbIX TOPHU30HTAJIbHBIX



114

1.0e+00
I 038

0.6

e
N

0.4

I 02
0.0e+00

Puc. 4.6. OBomonnsi KOHBEKTUBHBIX CTPYKTYp nipu AT =5 °C. Tepmorpammsbl
cuarel B 0.1 (a), 3 (0) u 18 (B) wacoB mocie Havana dKCIepuMeHTa; (T) — cxema
KOHBEKTHUBHBIX CTPYKTYp B pacyeTax: IBeTOM oOo3HadeHa Oe3pa3mepHas
TEMIIEparypa, CTpeIKaM1 NTOKa3aHO HaIlpaBiIeHUE JBUKEHUS KUIKOCTH; (1) — cxema

KOHBCKTHBHOI'O TCUCHMA.

BAJIOB YMEHBIIAECTCA, YTO CBHUICTEIBCTBYET O KOHBEKTMBHOM II€PEMEIIMBAHUU
KOHLICHTPAUMOHHBIX HEOTHOPOAHOCTEN KUIKOCTH U TEHICHIIUU K BOCCTAHOBJICHUIO
IJIOCKOIIAPAJUICIIBHOM CTPYKTYpbl Te€ueHUsA. [ OpHU30HTaJIbHBIE T'PAaHUIBI BaJIOB
UCIIBITHIBAIOT KOJIEOAHUST W pas3phiBel. BMomb MHpPOKOW HArpeTod CTEHKH,
oOpalieHHOW K HaM, TPAHUIBI TOPU3OHTAIBHBIX BAJIOB JBHXKYTCS BBEPX IO
HaIlpaBJICHUIO 3aKpyTKHU OCHOBHOro mortoka. Ilocine 3 wyacoB oT Hauana
akcriepuMenTa (puc. 4.60) OCHOBHOE MOABEMHO-OYCKHOE TEUEHHE pa30omIoch Ha
OT/AENIbHBIC TOPU30HTANIbHBIC BaJbl. [[prbmmkascy K BEpXHEH CTEHKE KOHBEKTHBHOM
KaMephl, TPAHUIBI TEPAIOT YCTOWYMBOCTh W paspymarTrcs. Takum oOpazoM, ¢
TEYCHHEM BpPEMCHHM KOJWYECTBO HAONIOMAEMBIX TOPU3OHTAIBHBIX  BaJiOB
YMEHbIIIAeTCsl 3a CYET KOHBEKTHMBHOIO mepemeniuBanusi (puc. 4.68). B mannom

AKCIIEPUMEHTE TOPU30HTAIIBHBIE BaJIbl COXpaHSIUCH Oosee 20 yacos.



115

Cnenyoomuid >KCOEPUMEHT ObUI TPOBEIEH C KOHBEKTUBHOW KaMepoil,
UMEIOILEH OONBIIYIO IIUPUHY U BBICOTY 0€3 U3MEHEHHS TONILUHBI CIIOS KUIKOCTH.

Crparudukauus MX ocymecTsisiiach 10 METOAMKE, ONUCAHHOM BBIIIE, HO
npukianaeiBaics Oonpimuii mepenang A7 =28 °C mocie MoBOpoTa TMOJOCTH B
BEPTUKAIbHOE TIOJIO)KEHWE M U3MEHEHO HalpaBiIeHUE 3aKPYyTKH OCHOBHOIO
HOJBEMHO-OITYCKHOT'O TEYEHUSI.

B HauvanpHBII MOMEHT BpEMEHHU CTPYKTypa TEUEHHs aHaJoru4yHa W
NpeCTaBIsieT co00M CHUCTEMY KOHBEKTHBHBIX BaJOB C JJMHOW BOJNHBI 6-12 MM
(puc. 4.7a). C TedyeHHEeM BpPEMEHU KOJIMYECTBO HAOIIOAAEMBIX TOPU30HTAIBHBIX
BaJIOB yYMEHbINAETCS W uepe3 17 MUHYT MOcCie Hayajla 3KCIEePUMEHTa OCTaloCh
TOJIBKO IIECTh TOPU3OHTAJIBHBIX BajioB (puc. 4.76). Uepe3 26 MUHYT HAOJIIOIATIOCH
oOpa3zoBanue Oonee kpymHbIX BajioB. [locne 44 MuHYTHI OocTamuch 3 Bajia ¢
OTYETJIMBBIMU TOPU3OHTANIBHBIMU TpaHunaMu (puc. 4.7r). Ilponecc paspyuieHus
BaJIOB MPOAOJDKAJICS CBEpPXy B HalpaBJIE€HUW [HA CJIOS B TeueHHUe ~ 6 4acos.
KoHBekTHBHOE TeueHUE >KUIKOCTH MPOAOIKAIO pPa3MbIBaTh OTACIIbHBIC Babl
(puc. 4.71) no Tex mop, MoKa HE YCTaHOBUJIOCH XapaKTepHOE I KOHBEKIUU B
BEPTUKAIBHOM CJIO€ TPH HarpeBe COOKY MOABEMHO-OMYCKHOE TEYEeHHEe. ITO
CIIyYMWJIOCH Yepe3 ~ 7 4acoB MOCJe Havasa skcnepuMenTa (puc. 4.7¢).

Jliist onrcanust HAOIIOIaeMbIX CTPYKTYP OLICHUM BEJIMUMHY HEOJHOPOTHOCTEN
KOHIIGHTpAllMd HMCXOAs M3 TOrOo, 4TO XapakrepHoe muddy3noHHOE BpeMs MpH
TOPU30HTAJIBHOM IIOJIOKEHHM CJIOSI MEHBIIE, 4YEM BpeMs BBIIEPXKKUH B
SKCIIEPUMEHTE, T.€. MOKHO O’KUaTh YCTAHOBHBILIEECS PABHOBECHOE PACIIPEIEIICHUE
KOHLIEHTpauuu. JIeHCTBUTENBHO IIPpU BBICOTE CJIOA KUAKOCTH d=6MM U
koopduuuente aupdysun D ~ 101 M? ¢! quddysnonnoe Bpems ~ 10? ugacos,
O3TOMY MOXXHO OLICHHTb HEOJHOPOAHOCTh  KOHLEHTpPALMU 4Yepe3  ee

OapoMeTpUYecKoe pacrpeeieHue

C ( USXJ
G, D

Torna mnpu ckopoctu Crokca s wactuy os~ 107%M/c  pasHocTs

KOHIIEHTpALU MEX 1y IpaHUIIAMHU CJI0sl OyZIeT paBHA
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r) n) ¢)

Puc. 4.7. OBontonysa KOHBEKTUBHBIX CTPYKTYp npu AT = 28 °C. TepmorpaMmsl

cusatel B 10 (a), 17 (6), 26 (B), 44 (1), 379 (1) 1 400 (¢) MUH. OT HaUaja SKCIIEPUMEHTA

COOTBCTCTBCHHO.
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AC ~1—exp(—usd j ~0.1.
C D

0

CormacHO uyucneHHbIM pacueraM [142] mocne mepeBopoTa B BEPTHUKAIBHOE
NOJIO)KEHUE PA3HOCTh KOHUEHTpAlUil MEXIy BEpXOM M HH30M M[PUMEPHO
COXpPaHUTCS, TOrJA IPAJUEHT KOHUEHTPAIMU B BEPTUKAIBHOM IMOJIO)KEHUH MOMKET
ObITh OneHeH BenumuuHol ~ 0.5 M. D10 ouens OGonpmoii rpamment. ITosTomy
HEYJIMBUTENbHO, YTO ciiabas KOHBEKLHS HE MOXET €ro IepemMeliaTrb B TEUEHHUe
JUIMTENILHOTO BpeMeHu. B akcnepuMenTanbHbix padorax [121, 143] noka3aHo, 4To
JUISL BIUSIHUSL HA CTPYKTYPY U TOPOT BO3HUKHOBEHUS KOHBEKTUBHBIX TEUCHHUUH
JOCTaTOYHO 3HAYUTEIBbHO 00JIee MAJIBIX IPAJIUEHTOB.

B TeopeTMueckoM YHCIEHHOM pacyeTe JaHHOM 3aJadd ObLIM TOJy4YeHbI
rOpU30HTaIbHbIE BaJIUKOBBIE CTPYKTYphl. Ha puc. 4.6r nokazaHo mojie CKOPOCTH U
TEMIIEpaTypbl TAaKWX BaJIOB. 3a CYET OJMHAKOBOIO HAMpABICHUS BpAIlCHUS
KOHBEKTHBHBIX BaJIOB Ha IPaHUIIE MEXITY HUMU 00pa3yeTcs pe3Kuil TeMneparypHbIi
¢bpoHT, 3a cueT HaberaHus XOJOIHOM >KUJIKOCTU CBEPXY M TEILION KUJIKOCTH CHU3Y.
Taxkoii TemrnepatrypHbiii GpOHT MBI K HAOJIIOaeM B SKCIIepUMEHTe (4.61).

O6pabotkoit pororpaduit ObUTH TOCTPOCHBI TPACKTOPUH JIBH)KCHHS BAJIOB 110
BepTukainu (puc. 4.8a). B BepxHEl 4YacTH BEPTUKAIBHOIO CJOS BaJibl MUMEIOT
OOJNBIIUI pa3Mep U ABUKYTCS CO BpEMEHEM K BepxHel rpanuiie. B HuxHel yacTu
BaJbl MEHBIIETO pa3Mepa U ropas3io MeJIeHHee cMemnaroTcs BBepX. llogoOHbIe
TPAEGKTOPUU JABWKEHUSI TPAHUI] BaJIOB BOCIPOU3BOAWINCH B YUCICHHOM
skcriepuMenTe (puc. 4.80).

BanukoBbie CTpYKTYyphl, OOHapy»XeHHbIE B paboTe, MOXOXKHU HA CTPYKTYPHI,
paHee HaOIoAaBIIMECS B BEPTUKAJIBHBIX CIOSIX COISIHBIX pacTBOpoB [144, 145].

B cnemyromem skcnepuMeHTe OBUIO TOKa3aHO BIWSHAC HAYaIbHBIX
KOHIICHTPALMOHHBIX HEOJTHOPOJHOCTEW YaCTHI] HA TEPMOMArHUTHYIO KOHBEKIIHUIO.
K xonBekTMBHON Kamepe, 3anoiHeHHOM MOK M HaxomuBIIENHCS BEPTUKAIBHO B
TE€YEHHE YETBIPEX HENIEIb, MPUKJIaAbIBaNICS nepena temneparypsl AT =23 °C. Ilpu

9TOM 4YCPC3 METAINYECKAN TEIJI00OMEHHHUK IIpOKa4YuBaJiaCb BOJa OT TECpMOCTara
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Puc. 4.8. Tpaekropuu ABUXKEHHUS T'paHUIl BajoB: (a) — 3KcnepuMeHT; (0) —

YUCJICHHBIA pACYeT.

oxXJIaaeHHass 10 TemmepaTypsl 5 °C, a TeKCTOJIUTOBAas BU3YyIM3UPYIOIIAs CTCHKA
o0ryBajach BO3JyXOM KOMHaTHOU Temmeparypsl. [locie aToro cpasy 3amaBaioch
BHEIIIHEE OJHOPOIHOE MArHUTHOE II0JI€, HAMPABIECHHOE MO0 HOPMAJIM K LIUPOKOM
CTEHKE.

Ha puc.4.9a BugHo, uTOo cdopmMupoBanach JAByXBUXpEBas CTPYKTypa
KOHBEKTHBHOTO TEYEHMS, KOTOpas CYLIECTBOBaja Ha MPOTSXKEHUH 1.5 dacos
(puc. 4.9a). BepxHuii BUXpb, I7I€ IEPBUYHBIN BOCXOJAIINN TEPMOTPaBUTAIIUOHHBIN
MOTOK OBIT OTHOCHTENIBHO CJIa0bIM, H3-3a €ro HEOOJBIIOW BEPTHKAJILHOU
OPOTSKEHHOCTH, ~ COJEpXajl  HAKJIOHHBIE,  BOJIHUCTBIE W  CHOUpaJbHBIC
TEPMOMAaTrHUTHBIC BaJIbl, IOJOOHO HaOIOMaeMbIM B 3amade Pames-benapa [118]. B
[IEHTPAJIBHOM KPYITHOM BUXpe Mpeobiagaid MPeuMYyIIeCTBEHHO BEPTHKAJIbHBIC U
HAKJIOHHBIE TEPMOMATrHUTHBIE Bajbl, TMOMAOOHBIE TEM, 4YTO HAOIIONATUCh B
OJTHOPOAHOM MO IJIOTHOCTHU KUJKOCTH.

[Tociie 5 MUHYT C MOMEHTA BKJIFOUEHHS BHEIIHETO OJISI CTPYKTYPbI B MEHBIIEHN
BEpXHEH sUelKe OCTaBajJuCh OTHOCHUTEIBHO CTAaOWJBHBIMH, TOTJA Kak
BEPTUKAJIbHbIE Bajibl B IEHTPAJbHON siUEiKEe MNOJABEpPrajuch CEPUM BTOPHUYHBIX
HEYCTOMYMBOCTEH, YTO  MOPHUBOAMUIO K  OOpa30BaHUIO  HEPETYISIPHBIX

HECTallMOHAPHBIX CTPYKTYP (puc. 4.90).
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6)

Puc. 4.9. OBomonus KOHBEKTUBHBIX CTPYKTYp Tipu AT =23 °C u H = 35 kA/m.

Tepmorpammsbl cHATBI B 64 (a) u 69 (6) MUHYT TOCJe Hayajga SKCIIEpUMEHTa

(d = 6.0 mm).

3KCHepI/IMGHTI>I IMIOKa3aJIk, 4YTO TCPMOMAIrHUTHOC IICPCMCIINBAHNUC KUAKOCTH
YCKOPACT IIPOHECCC IO CPAaBHCHUIO C IICPCMCIIMBAHUCM TOJBKO 3a CUCT TEILIOBOM

KoHBek1MU [ 146, 147].
OcHOBHbBIE BBIBOJbI I'IAaBLI 4

[Tokazana xirodeBast poib TepMo(pope3a YaCTHUIl B MEPUOTUUECKIX Mepexoaax
(mepeGpochl) MATHUTHOM KUAKOCTA MEXIY JIBYMsI HallpaBICHHUSIMHU KOHBEKIIUU B
BEPTUKAIBHBIX CBSI3aHHBIX KaHaJlaX MpH MOAOrpeBe CHU3y. [paBuTanroHHAs
CeAMMEHTAIUS YACTHI] UCKITFOUEHA U3 IPUINH TaKUX KOJICOaHUIA.

B BepTuKalbHOM IUJIOCKOM CJIO€ MAarHUTHOM KUJKOCTU TMPU HE CIUIIKOM
CHWJIBHOM 00orpeBe cOOKy TepMo(dOope3 YacTHUIl MOMePEK KaHaTa U X KOHBEKTUBHBIN
MEPEHOC OCHOBHBIM TEUEHHWEM TMPUBOASAT K TEHEpaluu BEPTUKAIbHBIX
KOHIEHTPALIMUOHHBIX TPAJUEHTOB B CJIO€ M K TOSIBICHUIO BTOPHYHBIX

TOPU30HTAJIBbHBIX BaJIOB, dAHAJIOTMYHBIX Ha6J'IIOI[aCMBIM B CJIOAX COJISIHBIX PAaCTBOPOB
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[144, 145]. [Ilpomecc moOBTOpsieTCsl TEPUOAUYECKH, CHayajda HaOIomaeTcs
MEUICHHOE (Yachl) pOXKJIEHUE-TEHEepalHs BTOPUYHBIX CTPYKTYp B BHUIE
TOPU30HTAIBHBIX BaJOB, 3aT€M UX OBICTPOE (MUHYTHI) pa3MbIBaHUE.

N3ydyeHO BIMSHUE HAYaJIbHOM, CIIEHUATBHO OPraHU30BAHHOMU B IMOKOSIIEUCS
MarHUTHOM KUJKOCTH CTpaTU(PUKAIIMU YACTUL HA pa3BUTUE TEPMOTPaBUTALIMOHHOM
Y TEPMOMArHUTHOM KOHBEKUMHU. DKCIIEPUMEHTAILHO 0OHAPYKEHO, UTO MEPEXOIHBIE
KOHBEKTHBHBIE TEUECHUSI IPEJCTABISAIOT COOOM CUCTEMY rOPU30HTAIBHBIX BUXPEH C
OIMHAKOBOW 3aKpyTKoW. HaudanbHble HEOOHOPONHOCTH KOoHLEHTpanuun MX
NOSABIISIUCH B clioe Onarofapsi CEJUMEHTAllMd YacTUI[ M WX arperaroB mpH
OTCYTCTBUM KOHBEKLIMM, KOIJa BHEUIHUE TEMIIEPAaTypHbIE TIPAJUEHTbl HE
3a71aBaJINCh.

OOHapyxeHO, 4YTO B ODIMYME OT TMEpPBOHAYAIBHO oaHOponHOM MK,
TEPMOMArHUTHBIE Bajbl B TMPEIBAPUTEIBHO CTPATUPUIIMPOBAHHON >KHJIKOCTHU

NPEICTABISIOT COOON HEPETYISIPHBbIE CTPYKTYPhI C MHOKECTBOM JTUCTIOKAIIHIA.
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3aKIucHuE

HToru BbINNOJITHEHHOI O HCCJICA0BaHUA

ba3zoBoe TepMOrpaBUTAalMOHHOE TEYEHWE MAarHUTHOM KUJIKOCTU B MAarHUTHOM
1ojie MEePHEHANKYIIPHOM CIIOI0 TepSET YCTOMUMBOCTH MOPOTOBBIM 00pazoM.
MexaHU3M HEYCTOMYMBOCTM TEPMOMATrHUTHBIM, CTPYKTypa BO3MYILECHUU —
BEepTUKaJIbHbIE TEPMOMAarHuTHbIe Bajbl. HaOmiomaemble B 3IKCHEpUMEHTE
HAJKPUTUYECKNE TEUECHHS COOTBETCTBYIOT IO CTPYKTYpPE TEUCHUSIM, HAAEHHBIM
TEOPETUYECKH.

MaruutHOe TIOJIe, HAIpPaBJIE€HHOE TOPU3OHTAIBHO, HO TMOA YIJIOM K
BEPTUKAIBHOMY CJIOI0O CBOEW HOPMAJIbHOW KOMIIOHEHTOM J1eCcTaOUIu3upyeT
0a3oBOoe TeUeHHME, a KacarelbHash KOMIIOHEHTa TIOJs, HA0OOPOT, CIYKHUT
CTaOUIU3HUPYIOMUM (PaKTOPOM.

[lokazana ompezgensmomias pojib TepModope3a dYacTHI] B MEPHOAUUECKUX
nepexo/lax MarHUTHOM KUJIKOCTA MEXIY ABYMSI HAlpaBICHUSMH KOHBEKIIMU B
BEPTUKAJIBHBIX CBA3aHHBIX KaHAJIaX MIPU MOJIOTPEBE CHUBY.

Tepmodopes vactuil mormnepek o0orpeBaeMoro cOOKy BEPTHKAIBHOTO CIIOS, U
CHOC YaCTUI] KOHBEKTUBHBIM TEUEHHEM IMPUBOJUT K MEIJICHHOW T'€HEpalnu B
CJI0€ BEPTUKAJIBHOTO TPaJMEHTa KOHIIEHTPAIMU C MOCIEAYIONIUM OBICTPHIM
NIEPUOANYECKUM Pa3MBbIBAHMEM HAKOIUICHHBIX HEOJHOPOAHOCTEN. Pa3MbIBaHME
HEOIHOPOJHOCTEH HAYMHACTCA C HEYCTOMYMBOCTH OCHOBHOIO TCYECHHUS — B
HIDKHEN YacTH CJIOS MOSIBISIETCS TOPU3OHTAJIBHBIM BUXPb, KOTOPBIM HAYMHAET
MENJICHHO pacTH, a 3areM ObIcTpo paspymaercs. Ilpomecc mnoBTopsieTcs
NEPUOINYECKHU.

OKCIIEpUMEHTAJIBHO O0OHApyE€HO, YTO CIELHAIBHO OpPraHU30BaHHbIE B
MAarHUTHOM JKUJKOCTH BEPTUKAIbHBIE TPAJAUEHTHl KOHLEHTPAIIMU YaCTHIL
BIMSAIOT HA pa3BUTHUE TEPMOrPaBUTALMOHHOM KOHBeKIMU. llepexonnsbie
KOHBEKTHBHBIE TEUEHUS NIPEACTABIIAIOT COOOM CHCTEMY FOPHU30HTAJIbHBIX BaJIOB.

YucneHHble pacdeThl MOKa3aau, YTO Bajbl 00J1a1af0T OJIMHAKOBOM 3aKPYTKOM.
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6. CH@HI/IaHBHO OpraHnM30BaHHLIC B MarHMTHOM JKUIAKOCTH BCPTHUKAJIBHBIC
rpagv€HTbl KOHOCHTpAIWKW YaCTUI BJIIMAKOT Ha Pa3BUTHC TepMOMaFHHTHOf/'I
KOHBCKIWH: TCPMOMATHUTHBIC BCPTUKAJIBHBIC BaJibl TCPAIOT yCTOﬁ‘IHBOCTB 151

pacnazaroTcsi Ha OTAEJbHbIE MEIKOMACIITAOHbIE CTPYKTYPBI.
PexomMeHaanMu M NePCNEKTUBHI JaJIbHe el pa3padoTKH TeMbl

B nanpHeHmmMx ucciaenoBaHusaX O0IbIION HHTEPEC MPENICTABISIOT PE3yabTaThl
DKCIIEPUMEHTOB [0 H3YYEHHI0 TEPMOMArHUTHON KOHBEKLUHWH MAarHUTHOM
HAHOXHUIKOCTH B YCIOBUAX MuKporpasuramun ~ 100 gp. Takoll 3KCIEepUMEHT
NO3BOJIMI OBl  M3Y4YUTh  KOHBEKTHBHBIE  TE€UEHHUS, BBI3BAHHBIE  YHCTO
TEPMOMArHUTHBIM MEXaHU3MOM. Pe3yibrarbl MOKHO OyleT NpUMEHUTh KakK s
IPOBEPKHU CYIIECTBYIOUIUX TeOpEeTUUECKUX Moneneid MK, Tak u il CpaBHEHHUS C
pesyapraramMu HacTosiiedl paboTsl. Takue SKCIepUMEHThI MOXHO peasiu30BaTh Ha
00pTy KOCMUYECKHUX anapaTos.

B nanpHeleM HHTEPEC MPEACTABIIAET CPABHEHUE PE3YIBTATOB SKCIIEPUMEHTA
CO CJIa0OHETMHEHHBIM M HEJIMHEHHBIM aHAJIU30M TEPMOMArHUTHON KOHBEKIUU B

TEOPUHU.



123

Cnmcok nureparypel

. Bozhko A.A., Putin G.FE., Sidorov A.S., Suslov S.A. Thermomagnetic
convective flows in a vertical layer of ferrocolloid: Perturbation energy analysis
and experimental study // Physical Review E. 2012. V. 86. P.016301.

. Bozhko A.A., Putin G.F., Sidorov A.S., Suslov S.A. Convection in a vertical
layer of stratified magnetic fluid // Magnetohydrodynamics. 2013. V. 49. No. 1.
P. 143-152.

. Sidorov A.S. The influence of an oblique magnetic field on convection in a
vertical layer of magnetic fluid // Magnetohydrodynamics. 2016. V. 52. No. 1.
P. 223-233.

. I'myxoB A.®., CunopoB A.C. O nepuonnyeckux KOHBEKTUBHBIX Ipoleccax B
MarHUTHOM UJKOCTH B BepTHKaJIbHBIX KaHanax // M3Bectus PAH. Mexanuka
JKuakocTH U rasa. 2019. Ne4. C. 13-18.

. UepenanoB U.H., Cmopoaun B.JI., CunopoB A.C. AHanu3 TeUeHU MarHUTHOMN
KUJKOCTHU B BEpPTUKAJIbHOM KaHaje mpu HarpeBe cOoky // Kypnan
AKCIIEPUMEHTANILHON U TeopeTnueckor puszuku. 2019. tom 155. Beim. 2. C. 371-
381.

. CunopoB A.C. KOHBEKTHBHBIE TEUEHHMS B IUIOCKOM BEPTHUKAJIHHOM CJIO€
MarHUTHOTO KOJUIOM/Aa B OJHOPOIHOM BHEIIHEM MarHuUTHOM Tmoje // BecTHuk
ITepmckoro ynusepcurera. Cepus: @uszuka. 2012. Bemm. 2 (20). C. 24-29.

. CunopoB A.C. KOHBEKTHBHBIE aBTOKOJICOAHUS B BEPTUKAILHOM CII0€ MAarHUTHOU
xuakoctu // Bectauk Ilepmckoro ynuBepcutera. Cepusi: Pusmka. 2013.
Beim. 3 (25). C. 50-53.

. T'myxoB A.®., CunopoB A.C. M3aMepeHue TemIiiepaTypHbIX MOJieH MOBEPXHOCTH
KUJAKOCTA TPU TOMOINM TOHKOW TIIJIACTUHKA W TerwioBu3opa // BecTHuk

ITepmckoro ynusepcurera. Cepus: @uszuka. 2016. Bemmn. 1 (32). C. 5-10.
. boxko A. A., Kpay3una M.T., CunopoB A.C., CycnoB C.A. O6 0coOeHHOCTSIX
KOHBEKIIMU B (DEppOKOIONJaX B TPaBUTALMOHHOM M MAarHUTHOM MOJsX //

Bectauk [lepmckoro yauepcuteta. @usnka. 2018. Ne 1 (39). C. 54-64.



124

10.I'myxoB A.D., Cunopos A.C., Apedre .M., JlapeitmukoBa B.B.,
[IImatko H.FO. O KOHBEKTHBHBIX CBOMCTBAX MAarHUTHOW XUJKOCTH Ha OCHOBE
yHanekana // Bectauk Ilepmckoro ynusepcutera. ®usuka. 2018. Ne 4 (42). C. 19-
24.

11.CunopoB A.C. O KOHBEKIMM B MAarHUTHBIX HaHOCycneH3usax // Marepuanibl
[Mectnanuaroii Beepoccuiickoit HaydyHON KOH(EPEHINMH CTYAEHTOB-(U3UKOB U
Monoabix yueHsix BHKC®-16. Bonrorpaz. 2010. C. 626-627.

12.Bozhko A.A., Putin G.F., Sidorov A.S., Suslov S.A. Interaction of gravitational
and magnetic mechanisms of convection in a vertical layer of a magnetic fluid //
Physics Procedia 12th International Conference on Magnetic Fluids. ICMF12.
Sendai. 2010. P. 167-170.

13.Cunopos A.C. B3aumoneiicTBrue TpaBUTAIIMOHHOTO U MAarHUTHOTO MEXaHH3MOB
KOHBEKIIMM B BEPTUKAJIBHOM CJI0€ MarHUTHOM JKuakoctu // Marepuaibl
Bcepoccuiickoil koH(bepeHInn MooabIX yueHbIX «HepaBHOBECHBIE MPOIIECCHI B
crmomHbIx cpenax HITCC-2010». Ilepms. 2010. C. 226-229.

14.boxko A.A., Ilytun I®., CugopoB A.C., CycnoB C.A. TepmomarHuTHas
KOHBEKI[MS B BEPTUKAIBHOM clioe deppokoionsa / COOPHUK HAYYHBIX TPYIIOB
IIT  Bcepoccuiickoit HayuyHoi KoHpepeHIHH «DUBHKO-XUMHUYECKUE U
PUKJIAHbIE POOJIEMBbl MAarHUTHBIX JUCIEPCHBIX HAaHOCUCTEMY. CTaBpOIOIb.
2011. C. 135-140.

15.CunopoB A.C. KOHBEKTUBHBIE TEUYEHUS B IUIOCKOM BEPTUKAJIbHOM CJIOE
MarautHoro kojutomma // Tpymel noknagoB Bcepoccuiickoil KoHGMEpEeHIHH
MoJiobIX yueHblX «HepaBHoBecHble mpouecchl B cruiomHbix cpempax HIICC-
2011». Ilepms. 2011. C. 67.

16.boxxko A.A., Ilytun I®., CumopoB A.C., Cycno C.A. DKcnepuMeHTaIbHOE
UCCJIEZIOBAHUE KOHBEKTHUBHBIX TEUEHUNW B BEPTUKAIBHOM CJIO€ MAarHUTHOTO
xoutouaa // Marepuansl XX MexaynaponHoit koHpepeHnnn «HenmaeitHbie
3a/1aud  TEOPUU TUJIPOJUHAMUYECKON YCTOMYMBOCTU U TYpOYJEHTHOCTDY.

Mocksa. 2012. C. 33-35.



125

17.boxko A.A., Ilytun I®., Cunopo A.C., CycnoB C.A. O KOHBEKTHUBHOMU
YCTOMYUBOCTHU BEPTUKATIBLHOTO CJIOSt MATHUTHOTO Kosutoua // COOpHUK HayYHBIX
TpynoB 15 MexnayHaponnoit Ilnecckoit HayyHOMl  KOH(epeHUMH 1O
HAaHOAUCIIEPCHBIM MAarHUTHBIM X)ujakocTsaM. [lnec. 2012. C. 182-186.

18.Bozhko A.A., Putin G.F., Sidorov A.S., Suslov S.A. New type of thermal waves
in a vertical layer of magneto-polarizable nano-suspension: theory and
experiment // 65th Annual Meeting of the American Physical Society's Division
of Fluid Dynamics. San Diego, California, USA. November 18-20. 2012.
Bulletin of the American Physical Society. V. 57. No. 17. P. 189.

19.JloceB I'.JI.,, CumopoB A.C. ABTOKONCOaHUSA B KOHBEKIIMM MAarHUTHOM
HaHoXkuakoctT //  Marepuansl  XXI  MexayHaponHoit  koHdepeHUIUU
«HenuHelinble 3amauyd  TEOpPUM TUAPOJAMHAMUYECKONM  YCTOMYMBOCTH U
TypOyneHTHOCTh». Mockga. 2014. C. 153.

20.boxko A.A., Jloce I'JI.,, Ilytun I.®., CunmopoB A.C. ABbTOoKoJIcOaHHS B
BEPTUKATHHOM U HAKJIOHHOM CJIOSIX MarHUTHOM >kUJIKOCTH // COOPHUK HAyUHBIX
TpynoB 16 MexnaynaponHoit Ilmecckoit HayyHOW  KOH(MEpPEHIIMU IO
HAHOAUCIIEPCHBIM MarHUTHBIM X)ujkocTsaM. [lnec. 2014. C. 271-276.

21.CunopoB A.C., boxko A.A., 3asanun B.K., 3usaraunos P.P., IlytunI.O.,
CycnoB C.A. BiusHHMEe HAKJIOHHOTO MAarHUTHOTO TIOJISI Ha KOHBEKTHBHYIO
HEyCTOWYHUBOCTH B (eppokomionne // COOpHUK HaydyHbIX TpyaoB 16
MexnynapoaHoii Ilnecckoit HayuHOW KOH(EpPEHIIMH MO HAHOAUCIIEPCHBIM
MarHuTHbIM xugkocTsaM. [Inec. 2014. C. 114-119.

22.JloceB I'JI., CupopoB A.C. O KOHBEKIIMM MAarHUTHBIX JKHJKOCTEH B
BEPTUKATBHOM cJo€ // Marepuanbl pernoHaNbHOW HAYYHO-TIPAKTHICCKON
KOH(pepeHIIUH CTYIEHTOB, ACIHUPAHTOB U MOJOABIX YYeHBbIX «Duzmka s
[Tepmckoro kpasi». [Tepmb. 2015. C. 108-111.

23.T'nyxoB A.®., CugopoB A.C. M3MepeHne TeMIepaTypHBIX IOJICH MOBEPXHOCTH
XUJKOCTU TPU TOMOIINM TOHKOM TJIACTUHKU U TerioBu3zopa // COOpHUK

MaTepruasioB 3-in Bceepoccuiickoi KOH(DEepeHITUN «Ilepmckue



126

TUAPOAMHAMUYECKHE HAy4YHbIE YTCHUS, MOCBSIICHHBIE MaMATH MPodeccopoB
I'.3. T'epmrynu, E.M. XKyxosuixkoro u JI.B. Jlrooumoa». [lepms. 2015. C. 21-22.

24 YepenanoB U.H., Cmoponun B.JI., CunopoB A.C. AHanu3 Te4eHUd MarHUTHOU
AKUJKOCTU B BEPTHKAIHLHOM KaHalie ipu 60koBoM oborpese // Marepuainbr XXIII
MexnyHapogHou KOH(pepeHIIUN «Henuueinpie 3a71a4u TEOpUHU
TUAPOJMHAMUYECKON YCTOWYMBOCTHU U TypOyJIeHTHOCTh». Mockaa. 2018. C. 304.

25.'nyxoB A. ®@., T'opnees U.M., CunopoB A.C. Crparudukanus MarHUTHOU
KUJKOCTA B TPABUTAIIMOHHOM Tiojie // Marepuanabl perMoHalibHOW Hay4dHO-
MPaKTUYECKON KOH(EPEHIMU CTYJEHTOB, ACMHPAHTOB M MOJIOJBIX YUYEHBIX
«®Dusuka g Ilepmckoro kpas» Mjig CTYACHTOB, acClUPAHTOB U MOJIOJBIX
yuenbIX. [Tepmb. 2018. Tom. Beimyck 11. C. 152-154.

26.TTunerun FO.B., CugopoB A.C. DKkcniepuMeHTaIbHOE UCCIEA0OBAHNE KOHBEKIIUH
B BEPTUKAJIBHOM CJO€ MAarHUTHOM >kujakoctd //  Te3ucel AOKIaIOB
MexXBy30BCKOM HAayYHO-TIPAKTUYECKON KOH(PEPEHIINH CTYIEHTOB, aCIUPAHTOB U
MoJI0AbIX yueHbIX «Pu3zuka s [Tepmckoro kpas». [lepmb. 2008. C. 45.

27.CunopoB A.C. KoHBekIMss MarHUTHOW >KHJIKOCTH B BEPTHUKAJIBHOM clioe //
Tesucel  goknagoB  Bceepoccuiickoii  koHGEpEHIIMM  MOJOIBIX  YUEHBIX
«HepaBHoBecHbI€ mporiecchl B crutomHbiX cpenax HITCC-2009». Tlepmb. 2009.
C. 74.

28.CunopoB A.C. DKCIiepuMEHTaIbHOE HCCIeIOBAaHNE TEPMOMArHUTHBIX TCUCHHM
B BEPTUKAIBHOM CJO€ MAarHUTHOW >Kkuakoctd // Te3ucel JOKIaoB
Bcepoccutiickoit koH(bepeHITnN MOJIObIX yueHbIX «HepaBHOBECHBIE MPOIIECCHI B
crutomHbIx cpenax HIICC-2010». ITepms. 2010. C. 79.

29.boxko A.A., [Tytun I'.®., Cunopos A.C., CycnoB C.A. KoHBEKTHBHBIEC TCUCHUS
B BEPTUKAIBHOM CJIO€ MAarHUTHOM >KUJKOCTH B IMOMEPEYHOM MAarHUTHOM ToJie //
Tesucer goknanoB XVII 3uMHel MIKOIbI IO MEXaHUKE CIUIOMIHBIX cpel. [lepmb.
2011. C. 54.

30.boxko A.A., Ilytun I.®., CumopoB A.C., CycmoB C.A. TepMOoMarHuTHbEIE

BOJIHOBBIC PCKHMMBI KOHBCKIIMHN B BCPTHUKAJIbHOM CJIOC MarHUTHOM KHNIKOCTH /!



127

Tesucel nokinanoB Poccuiickoil KOH(EpEeHUUH MO0 MArHUTHOM TMIPOJUHAMUKE.
[Tepmsb. 2012. C. 18.

3l.boxko A.A., Ilytun I®., CunopoB A.C., CycinoB C.A. KouBekuus B
cTparu(pUIUPOBAaHHOW MarHuTHOM >kuakoctd // Tesucwl poxnagoB XVIII
3UMHEH IIKOJIBI 1T0 MEeXaHMKe cIuiomHbIX cpel. [Tepmb. 2013, C. 55.

32.JIoceB I'JI., CunopoB A.C. KoHBeKTHBHBIE aBTOKOJIEOAaHHUS B BEPTHUKAJIbLHOM
cioe  marHuTHoro  kommomnma  // Tesucer  mokmamoB  Ilepmckux
TUAPOAMHAMUYECKUX HayyHbIX uTeHuil. [lepms. 2013. C. 28.

33.Arefev LM., Bozhko A.A., Losev G.L., Putin G.F., Sidorov A.S., Oscillatory
instability of primary flow in vertical and inclined layers of stratified magnetic
fluids // Book of abstracts Russian conference on magnetohydrodynamics. Perm,
Russia. 2015. P. 9.

34.Bozhko A., Krauzina M., Sidorov A., Suslov S. Features of ferrocolloid
convection in gravitational and magnetic fields // Book of abstracts Russian
conference on magnetohydrodynamics. Perm, Russia. 2018. P. 25.

35.Yepemnanos 1.H., Cwmopoaun b.J1., Cunopos A.C. KonBexkiusa
CTpaTu(UIIMPOBAHHON MAarHUTHOW KHUAKOCTH B BEPTUKAJIHLHOM KaHaje MpU
oborpeBe cOoky // Tesuchl pokmagoB XXI 3uMHEH IIKOJBI MO MEXaHUKE
cromHbIX cpea. [lepmb. 2019. C. 322.

36.T'epmrynu I'3.,  XKyxoBunkuit EM.,  Hemomusimuit A.A.  YCTOHYMBOCTH
KOHBEKTHBHBIX TeueHuil. M.: Hayka, 1989. 320 c.

37.Lappa M. Thermal Convection: Patterns, Evolution and Stability. A John Willey
and Sons, Ltd., Publication. UK. 2010. 670 p.

38.Kirdyashkin A.G., Leont'ev A.l., Mukhina N.V. Stability of laminar flow of
liquid in vertical layers with free convection // Fluid Dynamics. 1971. vol. 6,
P. 884-888.

39.Korpela S.A., Gozum D., Baxi C.B. On the stability of the conduction regime of
natural convection in a vertical slot. International Journal of Heat and Mass

Transfer. 1973.vol. 16, P. 1683-1690.



128

40.Finlayson B.A. Convective instability of ferromagnetic fluids // J. Fluid Mech.
1970. V. 40. Ne 4. P. 753-767.

41.Hennenberg M., Weyssow B., Slavtchev V., Alexandrov S., and Desaive T.
Rayleigh-Marangoni-Benard instability of a ferrofluid layer in a vertical
magnetic field // Journal of Magnetism and Magnetic Materials. 2005. vol. 289.
P. 268-271.

42.Nogotov E.F., Polevikov V.K. Convection in vertical layer of ferromagnetic fluid
placed in a magnetic field of a plate with current / Magnetohydrodynamics. Vol.
13. No. 2. 1977. P. 28-34.

43.Suslov S.A. Thermomagnetic convection in a vertical layer of ferromagnetic
fluid // Phys. Fluids. 2008. V. 20. P. 084101(36).

44 Belyaev A.V., Smorodin B.L. The stability of ferrofluid flow in a vertical layer
subject to lateral heating and horizontal magnetic field // Journal of Magnetism
and Magnetic Materials. Mater. 2010. V. 322. P. 2596-2606.

45.Bajaj R. The effect of periodically moving boundaries on thermomagnetic
convection in ferrofluids // Phys. Fluids. 2010. vol. 22. P. 114106.

46.Glukhov A.F., Putin G.F. Convection of magnetic fluids in connected channels
heated from below // F1. Dyn. 2010. vol. 45. P. 713-718.

47.Bozhko A.A., Tynjala T. Influence of gravitational sedimentation of magnetic
particles on ferrofluid convection in experiments and numerical simulations //
Journal of Magnetism and Magnetic Materials. 2005. vol. 289. P. 281-285.

48.Bozhko A.A. Onset of convection in magnetic fluids // Physics Procedia, 2010.
vol. 9 P. 176-180.

49.TnyxoB A.®d. DKcrepuMEHTAIbHOE WCCIEIOBAHUE TEIJIOBOM KOHBEKIIMHM B
yCIIOBUAX TpaBUTAIIMOHHOTO paccioenus // Kana. nuc. [lepms. 1995. 140 C.

50.1TmennynukoB A.®. KonebarenbHas HEYyCTOMYMBOCTH OWHApHOW CMECH B
CBSI3aHHBIX BEPTUKAIBHBIX KaHanax // ['mmpommnamuka. [lepms: TIT'Y. 1976.

Bem.8. Ne 362. C. 3-11.



129

51.T'nyxoB A.®., [lemun B.A., Ilytun I®. KonBekuuss OHHApHOH cMecH B
CBSI3aHHBIX KaHaJIaX npu noporpese cHuzy // M3B. PAH. MIKT. 2007. Ne 2. C. 13-
23.

52 ITmennynukoB A.d.  DkcnepuMeHTaldbHOE  HCCIIEJOBAHME  KOHBEKTHBHOM
YCTOMYMBOCTH JKUJKOM OWHApHOM CMECHM B 3aMKHYTOM T'HAPABINYECKOM
koHtype // Tunponunamuka. [lepmsb: III'Y.1974. Bein. 7. Ne 316. C. 97-103.

53.Glukhov A.F., Putin G.F. On the kinetics of establishing a concentration
distribution of magnetic phase in a force field. In Proc. of 12th Riga Conference
on Magnetohydrodynamics. Riga, Latvia. 1987. vol. 3. P. 46-49.

54.Paiixep 10.J1., Hlnuomuc M.U. KuHeTMka  yCTAHOBJIEHUS  PaBHOBECHOTO
pacmpeneneHus] KOHIICHTPAIMU B MarHUTHOH >kuakocT // TIpubopsl 1 METOIbI
u3MepeHus  (u3uueckux  mapameTpoB  (eppokoiongoB.  CBEpAIOBCK:
YpO AH CCCP. 1991. C. 27-32.

55.I'myxoB A.®., Ilyrun I®. VYcraHoBieHHEe pPaBHOBECHOTO OapOMETPHUECKOTO
pacripefielieHus 4acTHI] B MarHuTHOW >kuakocTu // I'mapomunamuka. 1999.
Boim. 12. C. 92-103.

56.Lakhtina E.V. Centrifugation of dilute ferrofluids // Physics Procedia. 2010.
vol. 9. P. 221-223.

S7.Yanapacekap C. Croxactuueckue mpobOiembl B Qu3uke u actpoHoMuu. / M:
HNuoctp. nuteparypa. - 1947. C. 106-111.

58.by3makoB B.M., [TmennunukoB A.D. M3mepenne ko3¢ dumuentor quddy3uu u
aHaJ M3 JUCIEPCHOTO COCTaBa MATHUTHBIX KOJJIoWIOB // MarHurtHas
rugpoauHamuka. 1986. Ne4. C. 23-28.

59.Bozhko A.A., Putin G.F., Tynjala T. Oscillatory regimes of Rayleigh convection
in a ferrofluid // I1zvestiya VUZov. Severo-Kavkazskiy region. Natural Sciences
series. Special Issue on Mathematics and Mechanics of Continuum. 2004. P. 68-
73.

60.Shliomis M.I., Smorodin B.L.. Onset of convection in colloids stratified by

gravity // Physical Review E. 2005. vol. 71. P. 036312.



130

61.Ryskin A., Muller H.W., Pleiner H. Thermal convection in binary fluid mixures
with a weak concentration diffusivity, but strong solutal buoyancy forces //
Physical Review E. 2003. vol. 67. P. 046302.

62.Huke B., Lucke M. Roll, square, and cross-roll convection in ferrofluids //
Journal of Magnetism and Magnetic Materials. 2005. vol. 289. P. 264-267.

63.Krakov M.S., Nikiforov I.V. Regarding the influence of heating and the Soret
effect on a magnetic fluid seal // Journal of Magnetism and Magnetic Materials.
2017. T. 431. P. 255-261.

64.lemun B.A. Ocenanne HaAHOYACTHUI] B OJHOPOIHON HECYIICH YXKUIKOCTH TPH
Hanuuuu tepmomuddysun // Bectnuk Ilepmckoro ynuepcutera. Cepus:
®duzuka. 2013. Bein. 1 (23). C. 24-24.

65.Donzelli G., Cerbino R., Vailati A. Bistable heat transfer in a nanofluid // Phys.
Rev. Lett. 2009. vol. 102. P. 104503.

66.Terekhov V.., Kalinin S.V., Lehmanov V.V. Mechanism of heat transfer in
nanofluids: the current state-of-the-art (review). Part 2. Convective heat
exchange // Thermophysics and Aeromechanics. 2010. vol. 2. P. 173-188.

67.Pakravan H.A., Yaghoubi M. Combined thermophoresis, Brownian motion and
Dufour effects on natural convection of nanofluids // Int. J. Thermal Science.
2011vol. 50. P. 394-402.

68.Blums E., Mezulis A., Maiorov M., Kronkalns G. Thermal diffusion of magnetic
nanoparticles in ferrocolloids: Experiments on particle separation in vertical
columns // Journal of Magnetism and Magnetic Materials. 1997. vol. 169. P. 220-
228.

69..Demouchy G. et al. Diffusion and thermodiffusion studies in ferrofluids with a
new two-dimensional forced Rayleigh-scattering technique // J. Phys. D: Appl.
Phys. 2004. vol. 37. P. 1417-1428.

70.Volker T., Blums E., Odenbach S. Determination of the Soret coefficient of
magnetic particles in a ferrofluid from the steady and unsteady parts of the
separation curve // International Journal of Heat and Mass Transfer. 2004. vol.

47.P. 4315-4325.



131

71.Ivanov A.S., Pshenichnikov A.F. Magnetophoresis and diffusion of colloidal
particles in a thin layer of magnetic fluids // Journal of Magnetism and Magnetic
Materials. 2010. Vol. 322. P. 2575-2580.

72 ITmennynukoB A.®., bypkosa E.H. O cerperauum yacTul] B MarHUTHOM
KHUJIKOCTH B OJHOPOAHOM MAarHMTHOM M TPaBUTAlMOHHOM moisx // BecTHuk
[lepmckoro ynuepcurera. Cepusi: @usuka. 2012. Bein. 1 (19). C. 29-37.

73.Rosensweig R.E. Ferrohydrodynamics. Cambridge Univ. Press. 1985. 344 p.

74.bamroBoi B.I'., bepkosckuit b.M., Bucnosuu A.H. BBenenne B
TEPMOMEXAHUKY MarHUTHBIX xkuakocre. M.: UBTAH. 1985. 188 c.

75.Krakov M.S., Nikiforov I.V. To the influence of uniform magnetic field on
thermomagnetic convection in square cavity // Journal of Magnetism and
Magnetic Materials. 2002. T. 252. Ne 1-3 SPEC. ISS. P. 209-211.

76.boxko A.A., Ilytun [.®. DkcniepuMeHTaIbHOE UCCIIE0OBAHUE TEPMOMArHUTHOM
KOHBEKIIMU B ogHOponHoM BHemrHeM mone // U3B. AH CCCP. Cep. ¢wus. 1991.
T. 55. Ne 6. C. 1149-1155.

77.Bozhko A.A., Pilugina T.V., Putin G.F., Shupenik D.V., Suhanovsky A.N. About
instability of thermogravitational flow in a ferrofluid vertical layer in the
transversal magnetic field // Proceedings of 8th Int. Plyos Conf. on Magnetic
Fluids. Plyos, Russia. 1998. P. 75-78.

78.boxko A.A., Ilytun I'.®., ®unumonos /[.}O. O TepMoMarHuTHONW KOHBEKITMH B
BepTUKaTbHOM cioe ¢eppokouionna // Bectauk IlepMckoro yHUBEpcHTETA.
ITepmb. 2000. Boim. 6. C. 109-114.

79.Bozhko A.A., Putin G.F. Heat transfer and flow patterns in ferrofluid convection
// Magnetohydrodynamics. 2003. V. 39. Ne 2. P. 147-168.

80.Suslov S.A., Bozhko A.A., Putin G.F. Thermo-magneto-convective instabilities
in a vertical layer of ferromagnetic fluid // Proceedings of XXXVI Int. Summer
School-Conference «Advanced Problems in Mechanicsy». St. Petersburg, Russia.

2008. P. 644-651.



132

81.Huang J., Edwards B.F., Gray D.D. Thermoconvective instability of
paramagnetic fluids in a uniform magnetic field // Physics Fluids. 1997. vol. 9.
no. 6. P. 1819-1825.

82.Rahman H., Suslov S.A. Thermomagnetic convection in a layer of ferrofluid
placed in a uniform oblique external magnetic field // Journal of Fluid Mechanics.
2015. vol. 764. P. 316-348.

83.0denbach S. Drop tower experiments on thermomagnetic convection //
Microgravity Science and Technology. 1993. vol. 6. no. 3. P. 161-163.

84.0Ohlsen D.R., Hart J.E., Weidman P.D. Waves in radial gravity using magnetic
fluid // Proc. the 3rd Microgravity Fluid Physics Conference. Cleveland. Ohio.
USA, 1996. P. 717-721.

85.Bozhko A.A., Putin G.F. Thermomagnetic convection as a tool for heat and mass
transfer control in nanosize materials under microgravity conditions //
Microgravity Science and Technology. 2009. vol. 21. P. 89-93.

86.Koji F., Hideaki Y., Masahiro I. A mini heat transport device based on
thermosensitive magnetic fluid // Nanoscale and Microscale Thermophysical
Engineering. 2007. vol. 11. no. 1. P. 1150-1159.

87.Lian W., Xuan Y., Li Q. Characterization of miniature automatic energy transport
devices based on the thermomagnetic effect // Energy Conversion and
Management. 2009. vol. 50. no. 1, P. 35-42.

88.Bogatyrev G.P., Putin G.F., Ivanov A.l.,, Polezhaev V.I. et al. A System for
Measurement of Convection aboard Space Station // Proceedings of Third
Microgravity Fluid Physics Conference. Cleveland. Ohio. NASA Lewis
Research Center. 1996. P. 813-818.

89.becconoB O.A., [TonexxaeB B.I. Maremarndeckoe MoeIupoBaHue KOHBEKITUH
B garuuke «J/lakoH» B yCIOBHSX pEaTbHOTO KOCMHUYECKOro rmonera //
Kocmuueckue nccnenosanus. 2001. T. 39. Ne 2. C. 170-178.

90.badymkur U.A., borateipes ['I1., I'myxoB A.®., Ilytun I.®., Armeer C.B.,
NBanoB A.M., MakcumoBa M.M. MU3yueHue TemnoBOM KOHBEKIMU U

HU3KOYACTOTHOM MUKPOTpPaBUTALlMM HA OpOUTAIbHOM KoMIuiekce «Mup» mpu



133

oMoty aarunka «Jlakon» // Kocmuueckue nccnenopanus. 2001. T. 39. Ne 2.
C. 161-169.

91.Ilytun I®., I'nyxoB A.®., babymkun WN.A., 3aBamumun JI.A., benses M.IO.,
NBanoB A.A., CazonoB B.B. Hccrenoanume MHKpoycKOpeHUM Ha Oopry
MexayHapogHOW KOCMHYECKOH CTaHIMM C TIOMOIIBIO JaTdyhKa KOHBEKIIUU
JNAKOH-M // Kocmuueckue uccnemoBanus. 2012. T. 50. Ne 5. C. 373-379.

92.babymkun N.A., I'epuen FO.I1., I'myxoB A.®D., 3unbbepman E.A.,
HaroBunibia A.A., Ilytun I'.®. Measurement of buoyancy driven convection on
board International Space Station with the use of convection sensor «DACON-
My // Bulletin of the European Low Gravity Research Association. Antwerp,
Belgium. 2012. Ne27. C. 69-70.

93.Ilytun I.®., I'nyxoB A.®., babymikun U.A., 3aBamumun [.A., benses M.10O.,
NBanos A.N., CazonoB B.B. DkcniepumeHTsI ¢ 1aTyukoM KoHBeknu «JAKOH-
M» nma MKC u TI'K «IIporpeccy» // Ilpenmpunt HMHCTHTYTa NpUKIaTHOM
marematuku PAH. 2014. Ne 76. 40 c.

94 Mukhopadhyay A., Ganguly R., SenS., Puri.LK. A scaling analysis to
characterize thermomagnetic convection // International Journal of Heat and
Mass Transfer. 2005. V. 48. P. 3485-3492.

95.boxko A.A., Tlyrun I®. OcoOGeHHOCTH KOHBEKTHMBHOTO TEIUIONEPEHOCA B
MarHUTHBIX HaHOXUAKOCTSIX // Bectnuk Ilepmckoro ynuBepcurtera. Cepus:
Maremaruka. Mexannka. Magopmaruka. 2012. Beim. 4 (12). C. 25-31.

96.Edwards B.F., Gray D.D., Hang J. Magnetothermal convection in nonconducting
diamagnetic and paramagnetic fluids // Proc. 3-d Int. Microgravity Fluid Physics
Conference. Cleveland, Ohio. 1996. P. 711-716.

97.Khaldi F. Removal of gravity buoyancy effects on diffusion flames by magnetic
fields // Abstract of the First International Seminar on Fluid Dynamics and
Material Processing. Algiers, Algeria. 2007. P. 57-58.

98. Rosensweig R.E. Fluid dynamics and science of magnetic fluids // Advances in

Electronics and Electron Physics. 1979. V. 48. P. 103-199.



134

99.bnym 3.4., MaitopoB M.M., Llebepc A.O. MaruutHble XuakocTu. Pura:
3unarne, 1989. 386 c.

100. Odenbach S. Colloidal magnetic fluids: Basics, Development and Application
of Ferrofluids. Lect. Notes Phys. Springer, 2009. 430 p.

101. MInmomuc M.M. Maruutheie xunkoctu // YOH. 1974. T. 112. Beim. 3.
C. 427-458.

102. ®eprman B.E. Maruutasle kuakoctu: EcTecTBeHHas KOHBEKUUS U
termooOMeH. Munck: Hayka, 1978. 206 c.

103. bepkosckuii b.M., Measezaes B.®., Kpako M.C. MarautHble KuakocTu. M.:
Xumus, 1989. 240 c.

104. Buzmakov V.M., Pshenichnikov A.F. On the structure of microaggregates in
magnetite colloids // Colloid Interface Science. 1996. Ne 182. P. 63-70.

105. Lakhtina E.V., Pshenichnikov A.F. Dispersion of magnetic susceptibility and
the microstructure of magnetic fluid // Colloid J. 2006. V. 68. Ne 3. P. 327-337.

106. AgneeB M.B. CtpykrypHbIe 0COOCHHOCTH MarHUTHBIX kuaKocTed // YOH.
2007. T. 177. Ne 10. C. 1139-1144.

107. HsanoB A.C., IlmennunuxoB A.®. PacciioeHne MarHMTHOHW >KUIKOCTH B
rpaJeHTHOM MarHuTHoM mosne // BectHuk Ilepmckoro yauBepcureTta. dusuka.
2009. Bom. 1. C. 45-48.

108. ITmennynukoB A.®D. dusnueckue CBOMCTBA U HAHOCTPYKTYypa MarHUTHBIX
xuakocteii // Bectauk [lepmckoro HayuHoro neHtpa. MccnenoBanus: Teopust u
skcriepuMeHT. 2009. Ne 2. C. 12-17.

109. Bapradbtuk H.b. CmpaBouHuk mo TerioGu3U4eCKUM CBOWCTBaM Ta3oB U
x)uakocte. M.: Hayka, 1972. 720 c.

110. Tabmuuer ¢pusnueckux BennunH. CrpaBouHuk noj pen. Kukomna M.K. M.:
Atomusnar, 1976. 1006 c.

111. ®eprman B.E. Marnuthasie xunkoctu: Crnpas. nocooue. MHu.: Beicur. k.,

1988. 184 c.



135

112. Lebedev A.V., Lysenko S.N. Magnetic fluids stabilized by polypropylene
glycol // Journal of Magnetism and Magnetic Materials. 2011. vol. 323. P. 1198-
1202.

113. KomuanoB H.B., Konecunuenko E.B. Bs3kocTh MAarHUTHBIX KUAKOCTEH MpH
PAa3IMYHBIX KOHLOCHTPAIHAX KOJUIOMAHBIX YaCTUI U TCMIICpATypax // BecTHHUK
[lepmckoro yauepcurera. Cepusi: @uzuka. 2017. Beim. 4(28). C. 37-44.

114. [setkoB ®.D., I'puropses b.A. Ternmomaccooomen. M.: M3nareascteo MOU,
2005. 550 c.

115. Tepumynu I'.3., Kyxosunkuit E.M. KonBekTuBHas YCTOMYHBOCTH
HecokuMaemon xuakoctu. M.: Hayka, 1972. 392 c.

116. Kapxosa .M., Conun A.C. Kunkokpucraminiyeckue KOMIIO3UTHI.
HoBocubupck: Hayka, 1994. 214 c.

117. Stasiek J.A., Kowalewski T.A. Thermochromic liquid crystals applied for
heat transfer research // Opto-electronics review. 2002. V. 10. Ne 1. P. 1-10.
118. Ternmunr A.B. Konsekius Poanes-benapa. CTpykTypel W JUMHaAMHKa.

M.: Dnutopuan YPCC, 1999. 247 c.

119. Mehta B., Khandekar S. Infrared thermography of laminar heat transfer during
early thermal development inside a square mini-channel // Experimental Thermal
and Fluid Science. 2012. V. 42. P. 219-229.

120. Leblay P., Henry J.F., Caron D., Leducq D., Bontemps A., Fournaison L. IR
thermography measurement of convective coefficients in a pipe with periodic
excitation // International Journal of Thermal Sciences. 2013. Vol. 74. P. 183-
189.

121. Kolchanov N.V., Putin G.F. Gravitational convection of magnetic colloid in
a horizontal layer // International Journal of Heat and Mass Transfer. 2015. V. 89.
P. 90-101.

122. babymxun U.A., KongpamoB A.H., Peibkun K.A., C6oeB N.O. Pa3zButne
TCIUIOBOTO IUTFOMa B Y3KOM BepTHKaibHOM cioe // Bectnuk Tomckoro

roCyJIapCcTBEHHOTO yHHBepcuTeTa. MaTemarnka u mexanuka. 2015. Ne 2 (34).

C. 41-51.



136
123. P.S.B. Szabo, M. Bekovié, W.-G. Frith Infrared thermography of wall

temperature distribution caused by convection of magnetic fluid // International
Journal of Thermal Sciences. 2018. V. 134 P. 129-1309.

124. Ivanov A.O., Kantorovich S.S., Reznikov E.N., Holm C.,
Pshenichnikov A.F., Lebedev A.V., Chremos A., Camp P.J. Magnetic properties
of polydisperse ferrofluids: A critical comparison between experiment, theory,
and computer simulation // Physical Review E. 2007. V. 75. P. 061405.

125. Ku H.-C., Hatziavramidis D. Chebyshev expansion methods for the solution
of the extended Graetz problem // J. Comput. Phys. 1984. 56. 495.

126. Suslov S.A., Paolucci S. Stability of natural convection flow in a tall vertical
enclosure under non-Boussinesq conditions // International Journal of Heat and
Mass Transfer. 1995. V. 38. P. 2143.

127. Tlacxonor B.M., ITonexaes B.U., Uynos JI.A. YncieHHOE MOACIMPOBAHKE
IIPOIIECCOB TeIIo- 1 MaccooOMena. M.: Hayka, 1984. 288 c.

128. Kuppsmkua A.T, JleonTtheB A.U., Myxuna H.B. YcToiunBOCTh
JaMUHAPHOTO TEYEHMsI >KMJIKOCTH B BEPTUKAJIBHBIX CJOAX MPH €CTECTBEHHOU
rxousekiuu // U3s. AH CCCP. MOKT. 1971. Ne 5. C. 170-174.

129. Bratsun D.A., Zyuzgin A.V., Putin G.F. Non-linear dynamics and pattern
formation in a vertical fluid layer heated from the side // Int. J. Heat and Fluid
Flow. 2003. V. 24. pp. 835-852.

130. IaiimypoB I'.®d. YCTOWYMBOCTH KOHBEKTHBHOI'O MOTPAHUYHOTO CJOS B
KUJIKOCTH, 3alOJHSAIONICH TOPU3OHTANBHBIM IuiuHAp //  WHXeHepHo-

dusnuecknii xxypran. 1959. T. 2. Ne 12. C. 68-71.

131. Elder J.W. Laminar free convection in a vertical slot // Journal of Fluid
Mechanics. 1965. V. 23. P. 77-98.

132. Kutateladze S.S., Berdnikov V.S. Structure of thermogravitational convection
in a flat variously oriented layers of liquid and on a vertical wall // International
Journal of Heat and Mass Transfer. 1984. V. 27. Ne 9. P. 1595-1611.

133. Kamamauko C.I. DnexrpuduectBo: YdueOHOE mocoOue mjis By30B. 6-¢ W3II.,

crepeoturnnoe. — M.: ®uzmariut, 2003. — 624 c.



137

134. TnyxoB A.®., [Tytun I.®. KoHBeKIIMSI MAarHUTHBIX XKUAKOCTEH B CBSI3aHHBIX
KaHanax npu nonorpese causy // U3s. PAH. MKT. 2010. Ne 5. C. 41-48.

135. TnmyxoB A.®., Jlemun B.A., [lonoB E.A. TemnnoBas KOHBEKI[MSI MarHUTHOU
HaHOCYCIIeH3UH B y3kux KaHanax // 3. PAH. MKT. 2013. Ne 1. C. 41-51.

136. Glukhov A.F., Zorin S.V., Putin G.F., Petukhova E.S. Thermal convection in
connected vertical channels of finite height // Heat transfer. Soviet research.
1988. Vol. 20. Ne. 2. P. 167-173.

137. Sprenger L., Lange A., Odenbach S. Thermodiffusion in concentrated
ferrofluids // Phys. Fluids. 2013. Vol. 25. P. 122002.

138. TImyxoB A.®. O mepUOAUYECKOW TMOTEPE YCTONYMBOCTH KOHBEKIIUU
MarHUTHOW YKUJKOCTH B IIOJOTPEBACMBIX CHHU3Y BEPTUKAIBHBIX KaHamax //
Becthuk I[lepmckoro yausepcurera. @usznka. 2019. Ne 1. C. 17-25.

139. Ryzhkov L.I.,, Shevtsova V.M. On thermal diffusion and convection in
multicomponent mixtures with application to the thermogravitational column //
Phys. Fluids. 2007. Vol. 19. Is. 2. P. 027101.

140. PwoxkoB U.H. Tepmonuddysust B cMecsSx: ypaBHEHUS, CAMMETPUH, PEIICHUS
U ux yctonunBocTh. — HoBocubupck: M3narensctBo CO PAH, 2013. 200 c.

141. Jemun B.A. KonBekruHnbie cenaparopsl // [Ipuknagnas ¢pusuka. 2013 . Ned.
C. 60-67.

142. YepenanoB M.H. O nepepacnpenenennu NpuMecy B KOJUIOUTHBIX cMecsax //
Kypnan rexandeckoit pusuku. 2018. T. 88, Boim. 12. C. 1763-1770.

143. Krauzina M.T., Bozhko A.A., Putin G.F., Suslov S.A. Intermittent flow
regimes near the convection threshold in ferromagnetic nanofluids // Physical
Review E. 2015. Vol. 91, no. 1. P. 013010.

144. Paliwal R.C., Chen C.F. Double-diffusive instability in an inclined fluid layer
//'J. Fluid Mech. 1980. vol. 98. P. 755-768.

145. Lee J., Hyun M.T., Kang Y.S. Confined natural convection due to lateral
heating in a stably stratified solution. International Journal of Heat and Mass

Transfer. 1990. vol. 33. P. 869-875.


http://www.scopus.com/authid/detail.url?authorId=7005231189&eid=2-s2.0-0023981117
http://www.scopus.com/authid/detail.url?authorId=36921222900&eid=2-s2.0-0023981117
http://www.scopus.com/authid/detail.url?authorId=6603441794&eid=2-s2.0-0023981117
http://www.scopus.com/authid/detail.url?authorId=7004350602&eid=2-s2.0-0023981117
http://www.scopus.com/source/sourceInfo.url?sourceId=31142&origin=recordpage

138
146. Lukashevich M.V., Naletova V.A., Tyatyushkin A.N. et al. Redistribution of
ferromagnetic particle concentration in a magnetic fluid // Journal of Magnetism

and Magnetic Materials. 1990. Vol. 85. no. 1-3. P. 216-218.
147. KpakoB M.C. luddy3ust u KOHIIEHTpPAIIMOHHAs] KOHBEKIIMS KaK MEXaHU3MbI

nepeMeNIMBaHusl MarHUTHOM M HEMarHuTHOW kuakocted // TeHneHuuu

pa3BuTHs Hayku u oopa3zoBanus. 2018. Ne 44-7. C. 23-29.



