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BO3JEUCTBHUE JIA3EPHOI'O U3JIVUEHUS HA BEH[ECTBO

PACS 47.10.+ g, 61.30.-v

Bo30y:k/1eHne cBeTOM KOHBEKTHBHBIX JIBH:KEHHI
B M30TPONHBIX W AHU3O0TPONHBIX KHIKOCTAX

P.C.Axonsn, P.b.Anasepasin, JI.X.Mypaasu, I'.E.Cedepsn, 10.C.YUnnunrapsu

Teopemuuecku u IKCNEPUMEHMAALHO NPOOEMOHCIMPUPOBAHA B03MONCHOCTb 8030YIHCOCHUA KOHGEKIMUGHBIX O8UNCCHUL MUNA
Psaesa— benapa u Mapanzonu no2.ioweHuem céema ¢ nPOCMPAHCIEEHHO-NEPUOOUUECKUM PACHpedeleHUeM UHMEHCUBHOCIU 8
UBOMPONHBIX HCUOKOCAX U HEMAMUUECKUX HCUOKUXx Kpucmaaiax. Ilokaszano, umo 6 cayuae 6ecyujeil unmepgpepeHyuonto
Kapmunbvl HAO A00AIOMC A 2PagumayuoHHble U MmepMOKAnUAAAPHbIE NOBEPXHOCHIHbIE 2UOPOOUHAMUYecKUe 80aHbl. Hccaedosansl
603MONCHOCTb KOHMPOAA U YCIMOUYUBOCb KOHBEKIMUBHBLY 08udcetuti. IIpu 00801610 8bICOKOT UHMEHCUGHOCIU C8EIMA A4CTIKU
benapa cmanosamea neycmoiuusblmu. Dmu HeyCmMouyugoCmu umMerom meniogoii Xapakmep, HOCKOAbKY 04 Hauieti cpedbl
uucao Ilpanomas Hamno2o 6oavuie edunuysi. Mccaedosana makice KOHKYPEHYUS MeNCOy 2PAGUMAYUOHHBIM U MEPMOKANUA-
AAPHBIM MEXAHUIMAMU CEEMO2UOPOOUHAMULECKOL NePeopueHmayuu OUpPeKmopa HeMamuyecKo2o Hcuokoeo kpucmasia. Ha-
0.1100A40Cb BAUAHUC KOHBEKMUBHBIX OBUNCCHULL HA MEPMOOUHAMUUECKULL (hA308bliL NepeXo0 U OaHO0 e20 00bACHeHUe.

Karouesvie caosa: a1azeproe go30eiicmeue, KOHGEKYUA, HECIAOUABHOCINY, HCUOKUE KPUCAAADL.

1. BBenenne

Bompochl koHBekIMu B Cii0€ KUAKOCTH, HAarpeBaeMoit
CHM3Y, TPUBJIEKAIOT OOJIBIIIOE BHUMAaHHE, ITOCKOJIBKY KOH-
BEKIHS SIBJISIETCSI IIPOCTBIM IIPUMEPOM JBIKEHHSI, 00YCIIOB-
JICHHOTO HEyCTOWYMBOCTHIO OCHOBHOT'O COCTOSIHUSI. DTa He-
YCTOWYMBOCTH BO3HHUKAET, kKorjaa uucio Panes R, xapakre-
pu3yrolllee paBHOBECHE MEXY MOTEHIMAILHON 2HEepruel u
SHEprueu morTepb U3-3a JUCCUMAIUN, TPEBBIIIAET HEKOTOPOE
KpuTHueckoe 3Hayenue R;.. B HacTosIee Bpems cymecTByeT
OYeHb MHOTO paboT, B KOTOPBIX HCCIEAYIOTCS PAa3JINYHbIE
ACHEKTHI CTAOUILHOCTH T'OPU30HTAJIBLHOTO CJIOS XUJKOCTH,
HarpeBaeMoii cHu3Y [1 —3]. D1u 3¢ eKThl XOPOIIIO U3BECTHBI
KaK KOHBEeKTUBHbIE ABIKeHUs Panes — benapa u Mapanronun
[4,5]. UccnenoBanue crienupuKyd TEIJIOBOH KOHBEKIIMUA B
HeMaTnueckux xkunkux kpucramwiax (HXKK) mpencrasmiser
00JIBIIIOI MHTEpEC BCIIEICTBUE UX MPAKTHIECKOTO UCIIOIB30-
BaHMs. 3aMeTUM, YTO noporu HeycToitunBocteit B HXKK cy-
LIECTBEHHO OTJINYAIOTCS OT MOPOra HEYCTOMYMBOCTHU B U30T-
POTHBIX XUIAKOCTSIX [6]. B oTimmume oT n30TpomHOM KUAKOCTH
B Mexauu3me HeycroiunBoctu HXXK nomunupyer mosenenme
JIUPEKTOPA, OTPEACIISIONIETO HANPaBJIEHHE TTPEUMYIIECTBEH-
HOH opueHTanuu MoJiekyJ. CJIeICTBUEM 3TOTO SIBJISETCS TO,
4TO CTAI[MOHAPHAsl KOHBEKUHUS MPOUCXOJUT B TOMEOTPOIHO-
OPUEHTUPOBAHHOM (MOJIEKYJIbl OPUECHTUPOBAHBI IEPIEHANKY-
JstpaO toitoxkaM stueiiku) HXKK mpu ero marpeBannu cBepxy
[7-9]. Hanpumep, B pabote [9] Habmromanacy Oudypkarmst
Xomnda npu kousekuu Pasies —benapa B roMeoTponHo-opu-
entuposanHoM HXKK.

[IpoGaema cTaOUIBHOCTU PETYJISIPHBIX KOHBEKTHBHBIX
JIBUKEHUI SIBJISICTCSI BECbMa aKTyaJIbHOU B CBSI3U C IPUMEHE-
nueM HXKK B 3amavax npukiiagnoi pusuku. [epexom KoH-

EpeBaHCKMii TOCYAapCTBEHHBI YHUBEPCUTET, (pU3MYeCKuil (PaxysbTeT,
Apmenus, 375025 EpeBan, yi. A.ManyksHa, 1;
e-mail: rhakob@yahoo.com

IToctynuna B penakuuro 16 mast 2002 r.

BEKTHBHOI HEYCTOWYMBOCTH K aOCOJIFOTHON HEYyCTOWYMBOC-
1 B siueiike Xese—Illloy mpu HeyCcTOHYMBOM cHBUTE THUIA
KenBuna — ['elbMroJiblia MOBEpXHOCTH pa3zesia IBYX Mmapai-
JIETbHO TEKYIIMX KUIKOCTEH SKCHePUMEHTATIBLHO HCCIeI0-
BaH B [10].

Hcnonb3oBanue J1a3epHOTO U3JIYYEHHS JAET BO3MOXK-
HOCTb HE TOJIKO CO3/1aTh 00bEMHOE TEIIOBBIIEICHUE MTPAK-
TUYECKH C JTFOOBIM XKeJJaeMbIM MPOCTPAHCTBEHHBIM pacIIpe-
JIeIeHIeM, HO M YIIPABJISITh HapaMeTpaMy TAKOTO pacipese-
stenusi. Tax, B pabotax [11—13] BuepBble 3KCIEPUMEHTAILHO
ObLIIa IPOJIEMOHCTPUPOBAHA BOZMOXHOCTb TEPMOKATUILISIP-
HOTO BO30OYXIEHHS TUAPOJUNHAMUYECKUX BUKCHUN Jla3ep-
HBIM IIY4KOM, a paHee B [14] Oblia mpeickazaHa BO3MOX-
HOCTb BO3OYXKICHUS PETYJISIPHBIX KOHBEKTHBHBIX JBMKECHUIA
B HXXK 6naronapsi morjiomeHuio jJa3epHOro U3JIyuYeHHS C
MPOCTPAHCTBEHHO-TIEPUOINIECKON CTPYKTYpOH HHTEHCHB-
HOocTU. BBUIO mMoOKazaHo TakXke, YTO THAPOIUHAMHYECKHE
JBUXKEHUS IPUBOASAT K NMEPEOPUEHTALMH JUPEKTOpa U, TEM
caMbIM, K MOJYJISIIUHM JUIJIEKTPUYECKON MPOHUIAEMOCTH
HXKK. Teopus, onuceiBaroias CHIBHYIO OPUEHTAIIMOHHO-
KOHBEKTUBHO-TEIUIOBYIO HEJIMHEHHOCTDb, MPEICKA3aHHYIO B
[14], mana B [15].

Bkitan ykazaHHOro MexaHM3Ma ONTHYECKOW HEJIMHEHHO-
ctu B siBieHue camogokycupoBku ceeta B HXKK Bnepsbie
Habmonascs B [16]. B aroii pabote HXXK-sueiika Oblia 3a-
KpBbITa ¢ 00€uX CTOPOH TaK, YTO MMEJ MECTO TOJBKO Ipa-
BUTAIMOHHBIA MEXaHN3M KOHBEKIIUH, MHTYIUPOBAHHOM TelI-
JIOBBIM pacHIpeHuemM Xuakoctu. B padore [17] Teopermye-
ckH OblJIa paccMOTpeHa 3ajava BO30YXKICHUS PEryJISIPHBIX
KOHBEKTUBHBIX IBUKEHUI B U30TPOMHOMN XUIKOCTU C OJTHOU
OTKPBITOW MOBEPXHOCTHIO, KOTIa OHA MOIJOLIajia CBET C
TIPOCTPAHCTBEHHO-TIEPHOINIECKON CTPYKTYpPOI pacnpenerie-
HUS UHTeHCUBHOCTH. KOHBEKIIMS BO3HUKAJIA O1arogaps TeM-
NepaTypHON 3aBUCUMOCTH K03(pPuIImeHTa MOBEPXHOCTHOTO
HATSDKEHUS KUIKOCTH (TEPMOKAIMIUIIPHBIA MexaHu3Mm Ma-
panronu). B pa6ote [18] TeopeTudecku ucciae1oBaHa MPUHY-
UTeNbHAs] KOHBEKIHSI M CBETOTMIPOAMHAMMYECKAs Tepe-
opuenTtamus moJjiekya HXXK ¢ omHoli cBOOOMHOU TTOBEpX-



82 «KBanToBas snekTporukar», 33, Ne 1 (2003)

P.C.Axonsn, P.b.Anasepasn, JI.X.Mypazsn, I'.E.Cedepsin, FO.C.Unnunrapsiu

HocTblo. TaM ke 00cyxkaanach KOHKYPEHLHUs MEeXIy Ipa-
BUTAIIMOHHBIM M TEPMOKATHIISIPHBIM MEXaHU3MaMH H BBI-
SICHEHBI YCJIOBHUS, TIPU KOTOPBIX TOT WJIM HHOW MEXaHU3M J1a-
€T OCHOBHO BKJIaJ] B BOSHUKHOBEHHE KOHBEKTUBHBIX JIBHKE-
HU.

B Hacrosiel paboTe 3KCIepUMEHTaIbHO HaOJIH01aIMCh
U TEOPETHYECKU MCCIIEAOBAINCH TPABUTAIMOHHBIA 1 TEPMO-
KAWL PHBIN MeXaHU3MBbI BO30YXKICHUS THIPOINHAMMUYEC-
KX KOHBEKIIN B M30TPOITHBIX 1 aHU3OTPOIHBIX KHUIKOCTSIX,
00yCIIOBJICHHBIE TIOTJIOIIIEHNEM CBETOBOTO M3JIYYCHHS C IIPO-
CTPaHCTBEHHO-NIEPUOINIECKON CTPYKTYPOIl HHTEHCUBHOCTH.
ITpu co3manuu Oeryiiei nepuoanIecKoi CTPYKTYphI HAOIrO-
JTaJIUCh TOBEPXHOCTHBIE TUAPOINHAMUYECKHE BOJIHBI CO CKO-
POCTBIO PACTIPOCTPAHEHMSI, COBIAIAIOIIEH CO CKOPOCTHIO Tie-
peMellIeHHs IEPUOINIECKOi CTPYKTYpHI. MccrienoBaach cra-
OWJIBHOCTh KOHBEKTHBHBIX SYECK M MOBEPXHOCTHBIX THIPO-
JUHAMHIYECKUX BOJIH U IPOAHAIU3UPOBAHA BO3SMOXKHOCTD YII-
paBIIeHUS YCTOXYMBOCTDIO.

2. Bo30y:x/1eHne KOHBEKTHBHBIX JIBH/KEHHI
NPOCTPAHCTBEHHO-NIEPHOANYECKOM
CTPYKTYPOIil CBETOBOM BOJIHbI

PaccMoTpuM ropu3oHTasIbHBIH cioit (z = 0, L) cBeTomO-
TJIOIIAFOIIEH JXKUAKOCTH WM XKHUIKOTO KPHUCTAJIa C BEpXHEH
(z = L) cBoO01HOI oBepxHOCTHIO (puc. ). Cioii HaxoauTcst
B II0JIE TSKECTH C g = —ge. U NOIJIONIAET NAJAOIIEE CBEPXY
cBeToBOE H3iIyueHue. [1010XKuM, 4TO 1Ba KOT€PEHTHBIX ILJIO-
CKUX CBETOBBIX IyYKa MAJAIOT Ha CBOOOIHYIO TOBEPXHOCTD,
00pa3yst TpOCTPAHCTBEHHO-NIEPUOINIECKYIO KapTHHY pac-
MpeNiesieHns] HHTeHCUBHOCTU ¢ mepuonoM A. Ciaboe mo-
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Puc.1. Cxema skcniepuMeHTaJIbHOM yCTAHOBKH:
1 — styefika ¢ KHIKHEM KPHCTAIOM; 2 — MOJSIPH3ATOPbI; 3 — HCTOYHUK
cBeTa (rajioreHHas jiamma moiHocTbio 200 Br); 4 — koHaeHcop; 5 — aMm-
IUTUTYAHAS PeIieTKa; 6 — MUPKYJIUPYIoIas BOJA; 7 — MUKPOCKOIL; 8 — CBe-
ToBOT; 9 — poTonpuemuuk; /0 — He — Ne-mazep.

IJIOLEHUE MIPUBOAUT K IEPUOINYECKOMY TEIJIOBBIICIEHUIO
0O = aly[l + cos (kx)], rne o — KOIPUIMEHT MOTIIOLIECHHS
cBeta; Iy — CpemHsisi CyMMapHasi MHTEHCHBHOCTH CBETa;
k = 2n(sinoy — sinop)/A — BOJHOBOE UHCIIO; 0 U oy — YIJIBI
MAaJICHAs CBETOBBIX MYYKOB Ha MOBEPXHOCTb XHUIKOCTH, A —
JUTHHA BOJIHBI CBETOBBIX BOJIH B BAaKyyMe.

[Ipeanonoxum, 4T0 UMEETCs] CHMMETPUS TEIUIOBbIEIe-
HHS TIO y-KOOpAMHATE, Tak 4To Bezde 0/0y =0 m v, =0
(v — CKOPOCTB THAPOAMHAMIYECKUX TBUXeHMIT). Bo30yxmae-
MbI€ TUAPOJMHAMUYECKUC JBYKCHUS OTMCBIBAIOTCS CHCTE-
Moii ypaBHeHuil coctosinusi, HaBbe — CTOKCa, HECXKUMAEMO-
CTH ¥ TETJIONPOBOAHOCTH JII TUAPOAMHAMIYECKOH IIOTHO-
CTU p, JABIIEHUS p, CKOPOCTH v U Temmepatypsl 7. Ipen-
CTaBUM 3TH TIEPEMeHHbIe B ciieaytomem Buge: 7' = To+ T,
p=po+p'sp=pl —BT"), tne Ty, po, py — HEBO3MYIIIEH-
HbIe TEMIIepaTypa, AaBjeHue (py = —pygz + const) U IIOT-
HOCTh; T’, p', v — BeJIMUUHBI BO3MYILIEHUS; § — KO3 HUIUEHT
00BEMHOT0 pacCUIMpeHus KUIKOCcTH. Hamuimem cuctemy
ypaBHeHMi it BenmauH 717, p’, v B Ge3pa3zmMepHOM BHUIIE.
MNmeercs HeCKOIBKO COCOOOB Hepexoaa K 0e3pazMepHbIM
nepeMeHHbIM. ByjieM ToJIb30BaThes clienyrolei, HanboJee
yIOTpeOUTEILHOM NpoLieAypoi. B kauecTBe e AMHUIIBI JJTMHBI
BBIOEpEM TOJIIMHY CJIOsI L, €IMHUIBI BPEMEHU — BpeMsl
YCTAHOBJIEHUS] TMIPOAMHAMHUYECKUX IBIKeHUH L2/v, enu-
HUILI CKOPOCTH — y/ L, eMuHUIIbI JaBjienus — povy/ L2, enu-
Huubl Temnepatypst — oL 21y /(pocyy), TaE 7 — KoddduimenT
TEeMIIEPaTYPOIPOBOIHOCTH; V= 1]/ p, — KHHEMATHYECKasl BSI3-
KOCTb; 1] — KO9((QULUEHT BA3KOCTH; ¢, — TEII0OEMKOCTh. Tor-
Jla BBILLIEYKa3aHHbIE ypaBHEHUS B pubmxkeHnn byccunecka
MOJHO TIPEJICTABUTH B CIIEIYIOIIeM Oe3pa3MepHOM BUJIE:

ov 1
P + P (vW)v = —gradp + Av + RTe.,
oT
Pra—l+vVT:AT+1 + cos(kx), (D
divy =0,

rae Pr = v/y —ancno Hpanaras; R = gBly(aL)L*/(vpyc,z?)
—umco Pasest 111 ICTOMHUKA TEIUIA, CBSI3aHHOE C MOTJIOIIE-
HHUEM CBETa; [UUIS IPOCTOTHI IIITPUXH HAJl BEJIMYMHAMU OILy-
IIEHBI. Y paBHEHUS [IJIS Z-KOMIIOHEHTBI CKOPOCTH U TeMIIepa-
TYPBI B CTAIIMOHAPHOM PEXUME KOHBEKTHBHBIX JIBIKCHHUH B
JIMHEHHOM MPUOIIVKEHUU UMEIOT BH/T

AAvg. + RA | T = 0,
@)

AT + 1+ cos(kx) =0,

rneA, = /0x?2. Tlonaraem, 4TO Ha kecTKOM rpanuie z = 0
MO/IEP)KUBAETCS TeMIepaTypa T ¥ 3aJaHbl TPAHUYHBIE YC-
JIOBHSI IPUJTUTIAHUS KUKOCTH, TaK 4TO npu z = 0 uMeeM

o Ovg:(x,z) B
vs(x,z2=0) =0, 22 =0,

z=

I'paHnvHOE yCJIOBUE HA OTKPBITON MOBEPXHOCTH z = |
JUTSE BO3MYIICHUS TemIiepaTypbl T COOTBETCTBYET JIMHEH-
HOMY TEILUIOOTBOIY COTJIacHO 3akoHy buo [1] (MBI moJyiaraem,
4TO TEMIOOTBOJI IPOCTO OTCYTCTBYET):

0T
0z z=1

=0. )
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CBsi3aHHAsi C HEOAHOPOJAHOCTBIO KOA(PPUIIUEHTA TOBEPX-
HOCTHOTO HATSDKEHUSI ¢ TAHTEHIMAJIbHAS CHJIA HA eAWHUILY
TUIOIIAU TUIOCKOW MOoBepXHOCTH f = Vo, mo3ToMy rpaHud-
HOE YCJIOBUE JUISI CKOPOCTU C YYETOM TEPMOKANUIUISIPHON
CHJTBI 3aTUILIETCS B BUC

2
07 g,
0z2

~ MO’T,
., ox?

K )

rae M = oy(aL)L21y/(vypéc,) — unciao MapaHronu; o) =
—00/0T. HeobXoaquMoO peluuTh CHCTEMY ypaBHeHHH (2) ¢
rpaHnyHbIMU ycsioBusiMu (3)—(5). Pemienune mMoxer ObITh
MpeACTaBIIEHO B BUAC Vs, = V(2) cos (kx), Ts = 01(z) + 01(2)
x cos (kx)

B skcriepuMeHTe JIeTKO U3MEPUTh X-KOMIIOHEHTY CKOPO-
ctu. 'paHUYHbIC YCIOBUS JJIs1 HEE MOXHO 3aMUCATh TaK:

Ovey

0z

~ M7,
o N ox

Vsx(x,2=0) =0, (6)

z=1

Perienyie /11 KOMIIOHEHTLI CKOPOCTH Vg, MOKHO IpeJCTa-
BUTb B BHJIE Vs, (X, 2) = —(1/k)(0V/0z) sin (kx). 3aBucumoctu
AMILTATY/ X- ¥ Z-KOMIIOHEHT CKOPOCTH OT z TIOKa3aHbl Ha
puc.2. PacueTsl BBIOJNHEHLI OPHU CJIEAYIOIIUX HapaMeTpax
cpennl: p, = 1.042 r/em?, n = 1.25 nyas, y = 107* em?/c, f =
53x 104K, Iy = 6 Br/em?, 0 = 50em™!, L = 1 mMm, pc, =
1 JOx-em3-K! 67 =1072 gur-em K~!, R =1.27 x 10°,
M =24 x10°.

3. Bo30yxk/1eHHe NOBEPXHOCTHBIX
HAPOAMHAMIYECKHX BOJIH

[Iycts Tenepbs Ha FOPU3OHTAIBHBIA CJIOW XKUIAKOCTH CO
CBOOOTHOM OBEPXHOCTHIO IpH z = () a/Iat0T J{BE MOHOXPO-
MaTHYECKHE BOJIHBI CO CABUHYTBIMH 4acTOTaMH ®| U 3,
00pa3yst Oerymnryto MHTepGhEpEeHINOHHYIO KApTUHY WHTEH-
cuBHOCTH. Torga TEermIOBBIIEJICHUE MOXKHO IPEJICTABUTH B
HeckoJbko uHOM Bume: Q = alp[l + 0.5exp (ikx — iwr) +
KOMILI COIIp.], TIe @ = @] — 7, & TEOMETPHUSI IKCIIEPUMHTA
BBIOpaHa TaKMM 00pa3oM, YTOObI HHTEP(PEPEHIIMOHHBIE T10-
JIOCHI OBLIIH TapaJIIeNIbHEI ocH y. Berynias narepdepeHmnon-
Hasl KApTUHA MPHUBEIET K OEryIeMy HepHOIUIYeCKOMY Tell-
soBblaesienuto. [lociieqaee, B cBOO ovepeab, 00yCIOBUT TO-
SIBJICHUE KOHBEKTHUBHBIX POJIMKOB C OCSIMHU, TapaJIJIEIbHBIMU
HaIpaBJICHUIO HUHTEP(EPEHIIMOHHBIX MTOJIOC. DTH KOHBEKTUB-

400 |

(—1/k)dV /0=

300

200
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Puc.2. 3aBHCHMOCTH aMILTUTY[ X- U Z-KOMIOHEHT CKOPOCTH OT HOPMH-
POBaHHO KOOpIUHATHI z/ L ipu uHTeHCHBHOCTH [y = 6 BT/cM?, TONIIIIMHE
sa4eiiku L = 1 MM U nieprojie pacupeesieHusl ”HTEHCUBHOCTH A = 2 MM.

HbIC UJIMHAPHI (DOJIUKU) OyIyT ABUTATHCS MEPIICHIUKYJISIP-
HO JaHHOMY HAIPABJICHUIO CO CKOPOCTHIO w /k.

BaxHbIM 006CTOSITEILCTBOM IS JAHHOTO PACCMOTPEHUS
SIBJISIETCSL YUET Z-KOMIOHEHTBI CKOPOCTH XHIKOCTH HAa CBO-
60HOI1 moBepxHOCTH v,(z = 0) # 0. CyIiecTBOBAaHUE OTJINY-
HOW OT HYJISI CKOPOCTH OOYCJIOBJICHO TE€M, YTO TOJHUMALO-
muecst 00JIACTU KUJIKOCTH 11O HHEPIUH BBIXOST U3 MJIOCKO-
cti z = 0. DTO ¥ IPUBOTUT K BOBHUKHOBEHUIO TTOBEPXHOCT-
HBIX THAPOIMHAMUYECKUX BOJIH C UIMHOM 270/ k 1 CKOPOCTHIO
pactpoctpanenusi o/k.

JJ1s peleHns: ONMCaHHOW 33/1a4¥ HY)KHO BUTOM3MEHUTD
rpannuHble ycioBus s v.(z = 0). [TocieaHee MOXHO cie-
JIaTh, UCXO/s U3 CJICAYIOIIMX COOOpakeHuid. Bo-TiepBbIX, pu
nepopmanuu cBOOOTHONW MOBEPXHOCTH KUIKOCTH BO3HU-
KaeT JlamacoBa cuia o(9°¢ /ox?), rae &(x, 1) — cMelleHue B
BEPTUKAJIHLHOM HAIMPABJCHUU OT HEBO3MYIIECHHOTO YPOBHS
noBepxHOCTH z = (). DTa cHjIa ypaBHOBEIIMBAETCS HOPMaJib-
HOUW COCTAaBJISIONICH BS3KOW CUIIBI 0. (0 — TEH30p BSI3KUX
HanpsDKeHUi). BO-BTOpBIX, TaHTEHIMAJIbHBIC BS3KUE CHJIBI
YPaBHOBEIINBAIOTCS TEPMOKANMUISIPHBIME cujIaMu. TpeTbe
TPaHUYHOE YCIIOBHE OCTABUM MPEXHUM (cM. pasf. 2). Taxum
00pa3oM, TpU TPAHUYHBIX YCJIOBHS pH z = () 3anuIleM Tak:

ov. 0%
0:=—-p+2 2 = Oonr
(N
o — avx+av_, 76_0 a_Ti
2 = O =1 oz ' ox /) ox’ o0z

VuursiBas, uto v.(z = 0) = 0£/0t, perieHust CUCTEMBI ypaB-
HeHnii (1) 6e3 yueTa HeJIMHEWHBIX YWIEHOB UMEIOT BH/T

Vy: = Vi .(2) exp(ikx — iwt) + xoMILIL. comp.,

p = P(z) exp(ikx — iwt) — pygz + KOMILIL. coIp., (8)

T = O(z) exp(ikx — iwt) 4+ KOMILL comp.

He octanaBnmBasce moapoOHO HA MATEMATHYECKUX BbI-
YHUCJICHUSIX, BBINMUIIEM Cpa3y IOJIyYarolIuecs BBIPAXKEHUS
JUTS paclpeiesieHusl TeMIIepaTypbl Ha TOBEPXHOCTH KHJIKO-
CTH ¥ aMILTUTY bl KAUJUJISIPHBIX BOJIH:

Ot]o
O(z=0)= pey(xk? —iw)’ ©)
.01 @(Z = 0) . .
= —1— kv -
< l411 wgk +ok3/p — 2ivk2weXp(1 ¥~ o)
+ KOMILI. COTIp. (10)

C menbro MPOBEACHUSI YUCIEHHBIX OIEHOK BOCIIOJB3YeMCS
3HAYCHUSIMU NTAPAMETPOB, OJIN3KIMU K MapaMeTpaM THUITHY-
HBIX XXUAKUX KpucTaJ1oB (Hanpumep, MBBA), mpuBeieHHBI-
MU B paszn. 2. JIONOJHUTENIBHO cuuTas, 4yto o = 10 guH/cMm,
B obactu onTmieckux vacToT (kK ~ 10 — 10° cm~!) momy-
uum ok /p ~ 10" — 10'7. C npyroit cTopoHsl, ajis BO36yx-
JIEHHsI TIOBEPXHOCTHBIX BOJIH HEOOXOAMMO, YTOOBI TIepeme-
IIICHUEe MHTEPPEPSHIIMOHHON KApTUHBI MPOUCXOIMIO MeEJ-
JICHHEe, YeM YCTAaHOBJICHHE TEMIIEpaTypbl M THAPOIUHA-
MHYECKO# CKOPOCTH, T.e. YToObl @ <K yk? < vk?. B stux
ycinoBusix ¢opmynay (10) MoxHO 3amucaTh B OoJiee yIi-
POIIIEHHOM BHJIE:
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agymody

S(x 1) =

= 11
2nocpyk> b

sin(kx — wt).

JJ1s mostyueHus: BOJIHBI ¢ aMIUATYI0R & = 1 MKM He00-
XOJIMMa MHTEHCHBHOCTH CBETOBBIX BOJH Iy = 11.7 Br/cm?,
T.€. peUb UJET O CPABHUTEJIBHO YMEPEHHBIX MOIIHOCTSX. B
3TOM CJly4ae MaKCUMAaJIbHAS TEMIIEPATYPa Cpeibl O (2 =0)~
6.5 x 10° K, uT0 06ycI0BIEHO OTCYTCTBHEM TemIooTaaun. C
yueToM nocyienelt B Gopmyiie (9) modasisieTcss MHOKHATEID
1/[1 + b/(xkpcp)] m TeMIepaTypa KUIKOCTH OKa3bIBACTCS HA
JIBa OPsIIKA HIDKE (B 3aBUCMMOCTH OT 4ucia buo b).

Taxum 06pa3oM, pacCMOTpPEHHUE TOJTyOe3r PAaHUYHOI CBe-
TOMOTIJIOIIAOIIEN XUAKOCTH B JAHHOM 3ajave MO3BOJISET
MOJIYYUTh IPOCTOE AaHAJUTUYECKOE PELICHUE B BUJE BOJIHbI
TePMOKANUJIISIPHOI O BO3MYIIEHUS] CBOOOJHOU IOBEPXHOCTHU
KHUJIKOCTH.

4. CTaOWJIBHOCTH CTAIHOHAPHBIX
KOHBEKTHBHBIX CTPYKTYP

PaccmoTpuM Tenepb BONPOC yCTOMYMBOCTH CTAIMOHAP-
HBbIX KOHBEKTUBHBIX sueek Posiess —benapa. YcroluusocThb
YIIOPSAOYEHHBIX KOHBEKTUBHBIX CTPYKTYP NpU (pUKCHpOBaH-
HBIX TOJIIIMHAX SYEHKU CHJILHO 3aBUCHT OT HHTEHCUBHOCTHU
CBeTa U Iepro/ia MHTephEepEeHINOHHON KAPTHHBI.

ITycts B cucteme (1) 6e3pa3smMepHBIX YpaBHEHHIl TeIlIO-
BO KOHBEKIMH B npubmmkeHnn byccrHecka BoO3MyIlieHHbIE
BEJIMYMHBI UMEIOT BUA Vs + v, ps + p, Ts + T. Huxe Oyaem
nojaratb, 4To Pr > 1. Torna nss senuuuH v, p, T ojayvaem
CJIeyIOIINe CKAJIIPHBIE YPaBHEHMSI:

vy Op

o= o A
ov; op

: P Ay +RT
o - AT RL

(12)
oT  oT  oT  dT. OoT.

Pra-i-vsxa-‘rvsza an—i—v:g:AT,
Ovy  Ov.
ot

Teneps BBeAeM Tak Ha3bIBAEMYIO (DYHKIIUIO TOKA Y(X, z, 1):

o, o

Tz T ox

: (13)

Vy =

Toraa ypaBHEeHUs 1UIs GYHKIUHM TOKA U BO3SMYIIICHHS TEMIICS-
paTyphl IPUOOPETYT BUJT

aAY oT
(14)

oT  dT T oydT, oyoT,

P Ty T, T or Taxa: AT

Bynem uckath pemenus (14) B Bume Y(x,z, ) = oy(z)
% cos (kx) exp (1), T(x,z,t) = Oy(z)sin (kx)exp (y?), Tae y —
nmorapudmuueckuii ekpeMeHT (yHKImMU Toka. [arnee, mc-
krounB T(x, z, ) U3 CUCTEMBI YPABHEHUH, IOCJIE HEKOTOPBIX
npeoOpa3oBaHuii HalaeM IS oy(z) creayroiee nuddepen-
MAJTbHOE YPaBHEHHUE IIECTOTO MOPSIIKA!

d4d0
dz4

6
4% k2 4 opr)

+ (3k4 + 29k *Pr + “/2Pr) @
dz dz2

1
_[k6+"/k4Pr+k2<"/2Pf+_R>}°‘0:0' (15)

2

I'pannyHble ypaBHEHUS JISI aMILTUTYIbI BO3MYIIEHUH 0(z)
MOHO 3aIIICATh B CJIEIYIOIIEM BU/IE:

_ dO(()(O) _ d4060 2 dza() .
O{O(O) - O’ dZ - 03 |: dZ4 (2k + /) de 0 - 09
d4O((] 2 R dzao
060(1)70, lig— <2k + _M) F:HZl 70, (16)
dz’ )4z )4z . ’

W3 Buma ¢pyakmmm Toka y(x, z, t) = op(z) cos (kx) exp (yr)
ciemyeT, 4To mpu y > 0 MBI IMEeM BO3PACTAHUE BO3MYIIIE-
HUSl CKOPOCTH, TIpH y < 0 — 3aTyxaHHe BO3MYIICHHUS, a TIPU
y = 0 — craumoHapHble Bo3MylleHus. Heobxoaumo HalTh
o6actu uyncen Pajiest (MM HHTEHCMBHOCTH CBETA) M BOJIHO-
BBIX YHCEJ MHTEP(PEPEHIIMOHHONW KApTHUHBI, B KOTOPBIX pe-
TYJSpHbIE KOHBEKTHBHbBIE CTPYKTYphI ycToWumBBl. C 3TOMU
[EeJIbI0 WINEM pellieHue I HEeHTPabHOTO BO3MYIICHUS
%y = ocgzo(z) B BUE oo ~ exp (dz). Torma u3 ypaBuenus (15)
MOJIYYUM

6 254 452 6, 1o
0" —3k“0" +3k"0 —(k +§Rk)=O. 17

Vpasuenue (17) umeeT 11eCTb pEIICHUI:

o1 =f(k,R), o2 =—f(k,R), d3=a(k,R)+ib(k,R),

4= —a(k,R) —ib(k,R), 85 =a(k,R) —ib(k,R), (I8)

J6

—a(k,R) +ib(k,R),

rae f(k,R), a(k,R), b(k,R) — Hekue omnpenesicHHbIC (YHKIIUN
BOJIHOBOT'O Yucia 1 ynciia Pasies. HeTpynHo mokaszaTs, 4To

&y = ¢y exp(fz) + ¢z exp(—fz) + ¢3 exp(az) cos(bz)
+ cgexp(az) sin(bz) + ¢s exp(—az) cos(bz)

+ cg exp(—az) sin(bz). (19)
31ech ¢; — ¢g — MOCTOSIHHBIE, KOTOPBbIE HY)XXHO HAWTH W3
rpaHnyHbIX ycnoBuid (16). Tem caMbIM mOJTydaeM CHCTEMY
aJreGpanyeckux ypaBHEHUH ISl IOCTOSIHHBIX €] — Co:

(20)

ajc; =0,

riae a; = a;(k,R) (i, j=1— 6) — HekoTOpBIe (yHKLIHUHU, IO-
cTpoeHHble Ha ocHoBe GpyHknuid f (k, R), a(k, R)u b(k, R). Ans
HAJIMYKS y CUCTEMbl YPaBHCHUN HETPUBUAJILHBIX PEIICHUMN
HE0o0XOIUMO, YTOOBI IETEPMUHAHT MATPHIBI @ PABHSIICS
HyJt0. VI3 3TOrO YCIOBHS HaXOIUM HCKOMYIO 00JIacCTh yC-
toitunBocTH cuctemsl (20) B Bue pynkumu R = R(k).
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5. DkcnepuMeHTa/IbHBIE Pe3Y/IbTAThI
BO30Y:K/IeHHs1 KOHBEKTHBHBIX JIBHKEHHI

B akcrnieprMeHTe UCIOJIb30BAIUCH TOPU30OHTANIbHBIE STUCH-
k¥ ¢ uzoTponuoi xuakocthio, ¢ HXKK 51IB 1 MBBA (cMm.
puc.1). BepxHsisi rpaHuIa siueek OblIa OTKPBITO, a HA HUXK-
Helt mojtoxke stueiiku ¢ HXKK Obu10 3a1aHO TOMEoTpoTiHOE
rpaHnyHoe ycioBue. Sueiiku ObUIM PacHOJIOKEHBI MEXIY
CKPEILEHHBIMU MOJISIPA3ATOPAMH M OCBEIICHBI JBYMS CIIO-
cobamu. JI1d TOHKHX staeek fBa mydka YAG : Nd3+-nasepa
(4 = 1.06 mxMm) mamaiu Ha HXXK mox HeGobImmMu yriiaMu,
TAK YTO YrOJI MeX Ty HuMHE cocTaBisn 2 x 1072 paa. ToncTsie
SIYEHKH OCBEILAJIICDH C TOMOLIBIO JIAMITBI HAKAJTMBAHU S, MOIII-
HOCTb KOTOPOH peryjmpoBajiach B mpenesax ot Hyjs g0 200
Br. 151 mostyueHUs IEPUOAMYECKOTO PACTIPe/IeTICHUsI HHTEeH-
CHUBHOCTH MEX Iy KOHIACHCOPOM U STUCIKOM Obljia yCTAHOBJIE-
Ha MOTJIOIIATEIbHO-TIPOIIYCKATEIbHASI PELIETKA C IEPUOAOM
A ~ 2 mMm. TemmepaTtypa Ha HIDKHEH TpaHULE SYEHKU TOI-
JepkuBajack moctossHHoM (293 + 0.3 K) c moMoIipro mupKy-
JIUPYIOIIEH BOJBI OT PETYJIMPYEMOro TepMoctaTa. Bepxusis
CBOOOJIHAS TPAHUIA KUJKOCTH COOOINAJIACH C BO3IYXOM,
TemnepaTtypa koroporo Obuia komHaTHoH (293 K). I'mapo-
nuHamMudeckue AskeHns HXXK naGironanuch yepe3 MHK-
pockomn, cHaOXeHHbIH (oToanmapaToM. Buzyanusanus rui-
POAMHAMMYECKUX TBUKEHUI TIPOBOAMIIACE ITyTeM JOOABKH B
JKUJIKOCTh aJJFOMHHUEBOTO MOPOIIKA C BECOBOW KOHIICHTPA-
mueit 1073 %. Ucnonwpsosamues HXK SIIB u MBEBA, B
KOTOpbIe BBOJAWJICS CHEIHUATILHO NMOAOOpPAHHBIA KPAaCUTENb,
00ecrnevnBaIONN CUIILHOE ONTUYECKOE MOTJIOIEHUE 3TOTO
komitekca (a@ ~ 50 cm~! ma 4 ~ 500 um). ITpu HEO6XOMEMO-
CTH slYeika CBepXy OcBellaiach Takxke m3aydyennem He — Ne-
Jiazepa MOIITHOCTBIO ~ 3 MBT.

ITpu Bo3aelicTBUN HAa 006pa3el U3JIydeHus ¢ IPOCTPaHCT-
BEHHO-TIEPHOANIECKUM PACTIPEIeICHUEM HHTEHCUBHOCTHU BO3-
HUKAJU TUAPOAMHAMHUYECKUE ABIDKEHHU S, OTYETINBO HAOIIO-
JlaeMble C IOMOIIBbI0 MUKpocKkona. Takue ruapoHaMuYe-
CKH€ IBYDKSHUSI ITPH OTIPE/ICTICHHBIX YCIOBUSX 3KCIIEpUMEHTA
(B 3aBUCHMOCTU OT UHTEHCUBHOCTH [y U oTHOIEHHs 2L/ )
HEPEXOASIT B KOHBEKTUBHbBIE ABIDKEHUS C PETYJIIPHON POJIM-
KOBOH CTPYKTYPOW. DTHU perysipHble KOHBEKTHBHBIE IBIIKE-
HUSl IPUBOMST K MEPHOIMYECKOMY PACIPENEICHUIO TUPEK-
topa HXKK, 4To 6pUI0 XOPOIIO BUTHO B MOJISIPU3AIIHOHHBIN
MUKpockot. [1pn ymaieHun pemeTka (T. €. Korjaa MepuoIu-
4ecKOe pacrnpeiesieHue MHTEHCUBHOCTH MITHOBEHHO 3aMEHS-
JIOCh PAaBHOMEPHBIM pacHpeesieHeM) epHOINYECKOe pac-
TpesieIeHNe AUPEKTOpa HEKOTOPOE BPEMsI COXPAHSIIOCH, a
3aTeM MOCTENEeHHO HcYe3ajo. DTO CBA3aHO (YTO XOPOIIO
BUJTHO B MUKPOCKOII) C ICUE3HOBEHUEM POJIMKOBOM CTPYKTY-
pbI KOHBEKTUBHBIX JBUXeHUA. [lepron pacnpenesieHus au-
peKTOpa paBeH MOJIOBUHE NMEPUOJA PACHPEOCSICHUS MHTEH-
CHUBHOCTH TIaJIalOIIEro CBETOBOrO M3jydyeHus. Ilepuon rua-
POAMHAMMYECKUX ABMDKEHUN COBIIANIAI C TIEPHOOM pacCIIpe-
JIeJIeHNS] THTEHCHBHOCTH.

Hab6ronenus nokasaiy, 4To poJMKOBasi CTPyKTypa 60-
Jiee YeTKO U OBbICTPO (hOpMHUPOBATIACH IPH TOJIIIKHE CJIOs L,
PaBHOH MMOJIOBHHE NEPUOA PACIPEICTICHUS] MHTEHCUBHOCTH.
IIpu L < 0.5 MM mepuoandeckasi CTpyKTypa pacupeiesieHus
UPEKTOpa BO3HUKAJIA MMOYTH MTHOBEHHO. [Ipm Takux TOJ-
IITHAX, KOT/Ia peleTKa MPUBOIUIIACH B ABIDKCHHE B HATIPAB-
JICHUU OCH X, YACTHIIbI, HAXOISIIIUECS Ha TIOBEPXHOCTH KU/
KOI'o KPHCTaJIJIA, BBITSTUBAJIUCH B 3TOM € HAIPaBJICHUU.
DTO CBUIIETENIBLCTBYET O TOM, UYTO B JAHHOM CJIy4ae JOMUHH-
PYIOIIMM MEXaHU3MOM BO3HUKHOBEHUS PETYJIIPHON KOHBEK-
THBHOM HEYCTOWYMBOCTHU SIBJISIETCSI JIEMCTBUE TOBEPXHOCT-

VI (MKM/C)
600 |

500 | ©

400 + Iy = 4 Br/em?

300 .
* 6 Br/cm?

200 4

100 oo
8 Br/cm?

0 0.5 1.0 1.5 2.0 25 2L/4

Puc.3. Cpennsisi 1o BpeMeHH MaKcUMaJjlbHas MPOEKLUsl CKOPOCTU KOH-
BEKTUBHBIX JIBUKEHUH v*** B 3aBUCUMOCTH OT TOJILIMHBI CJIOSI KUIAKOTO
KPHUCTAJLIA IPU PA3HBIX THTEHCUBHOCTSX MAJAFOLIETr0 U3J1y4eHus /.

HBIX CHJI (M3-3a TEMIEPATYPHOIH 3aBUCHMMOCTH KO3(PPUIIH-
€HTa MoBepXHOCTHOro HaTspkeHust). Ilpu L = 0.75 mm yka-
3aHHBIE TIOBEPXHOCTHBIE SIBJICHUS HE HAOJIFO1aJIUCh U, TTO-BH-
JIIMOMY, BO3HUKHOBEHHE PET'YJIIPHON KOHBEKTUBHOM CTPYK-
TYpbI OBLJIO 00YCIIOBJIGHO B OCHOBHOM OObEMHBIMH CHJIAMU
(u3-3a TeMIepaTypHOH 3aBHCHMOCTH IJIOTHOCTH JKHUAKOTO
Kpuctajuia), a npu L > 1.75 MM peryjisipHble KOHBEKTUBHbBIC
JIBIDKEHHS (POJIMKOBASI CTPYKTYpa) CTAHOBUJIUCH XaOTHYe-
CKHMH.

B skcnepuMeHTe U3Mepsilach CpeHss 0 BPEMEHU MaK-
cUMaJjibHasl NMPOEKIUs CKOPOCTH KOHBEKTUBHBIX JBUXEHUI
v, Ha pwuc.3 mpeacTaBiieHa 3aBUCHMOCTb V.'** OT TOJI-
LIMHBI CIIOS1 KHUAKOTO KPUCTAJUIA MPU PA3HBIX CPEIHHUX HH-
TEHCUBHOCTAX NMaJAroMIEro usiayyenus lo. Bumno, uro v
uMeeT MakcuMyM mipu L ~ 1 mm, T.e. mpu L ~ A/2. 3Bes-
JIOYKHM Ha KPUBBIX COOTBETCTBYIOT MaKCUMAaJIbHbIM U MUHH-
MaJIbHBIM TOJILIMHAM CJIOS, MEXKAY KOTOPBIMU NPU TaHHOU
WHTEHCHUBHOCTH TAJAFOIIEr0 M3JIyYeHUS CYIIECTBYIOT pery-
JISIpHbIE KOHBEKTUBHBIE JIBUXKEHUSI poJIMKOBOTO THA. Ucce-
JIOBaJIach TaKXe BpEMEHHAasl 9BOJIFOIUSI BO3HUKAIOIIUX KOH-
BEKTUBHBIX ABIDKEHUH. XOTS TPYAHO ObLIO MIPOBECTH KOJIM-
YeCTBEHHBIN aHAIN3 (M3-32 CYOBEKTUBHOCTH BOCIIPHUSITUS Ha-
OJIF0TaeMBIX Yepe3 MUKPOCKOI KapTHH), TEM HE MEHEe MOX-
HO CYMTATh, YTO KOHBEKTUBHBIC [IBIKCHUS YCTAHABIMBAIOT-
cs yxe gepe3 150—200 c mocie Havana obyrydeHust. MoxHO
YTBEPXKJaTh, YTO BPEMsl YCTAHOBJICHUS! KOHBEKIIMM YMEHb-
maercss npu npubsmwkennd L k A/2 (korma L = 0.5 cwm).
3HaunTebHOE YMEHBIIEHNE 3TOTO BpEeMEHHM HaOIromaeTcs
TaK)Xe IPH yBEJIMIEHUN HHTEHCUBHOCTH MAJAIOIIEr 0 U3JIyye-
nusi. Ha puc.4 npuBenena 3aBUCUMOCTB V' OT HHTEHCHBHO-
ctu ipuy L~ 1 MM u A =2 mMm. B mpegenax TouHoctu
9KCIIEPUMEHTA 3Ta 3aBUCUMOCTb NPUOIM3UTENILHO JIMHEHHA,
4YTO COOTBETCTBYET TEOPETUUYECKUM PE3yIbTaTaAM.

Ipu o4yeHb MaJIbIX M O4YeHDb OOJIBILINMX MapameTpax 2L/A
¥ CBETOBOW HHTEHCUBHOCTH KOHBEKTHBHBIE POJIMKOBBIE CTPYK-
TYpBI CTAHOBSITCSI HEYCTOWYMBBIMU. BO3HUKAIOT BTOpPUYHBIC
TeIUIOBbIe HeycToiuuBocTU. O6s1acTU YCTOWYUBOCTH PETY-
JISPHBIX KOHBEKTHBHBIX sUeeK, HAOIIFOAaeMBbIX B IKCIEPH-
MEHTe, TOKa3aHbl Ha (a30BOM AUarpamMme, MPUBEACHHON HA
puc.5. llITpuxoBeie KpUBBIE COOTBETCTBYIOT TEOPETHYECKUM
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v (MKM/C)

600 -

400 | $

200

0 2 4 6 8 I (Brjem?)

Puc.4. DxcniepumeHnTanbHas (TOYKM) U TeOpETHUECKast (CIIIOLIHA S TIMHUS )
3aBHCHMOCTH X-KOMIOHEHTBI CKOPOCTH OT HHTEHCHBHOCTH CBeTa /) IpH
L=1vMmvmuAad=2wmm.

pacuetam. [ITpux-myHKTHpHAS KPUBAs pa3/elisieT H30TPOII-
HYHO (BBIIIIE KPUBOI) U HEMATHUYECKYIO (HUXKe KpUBOI) (pazbl
XKHUIKOro Kpucrajuia. JIOKaJbHBIA MakCUMyM Ha IITPUX-
MyHKTHUPHOW KPUBOHM YKa3bIBAE€T HA TO, YTO KOHBEKTHUBHBIE
JBIDKEHUS 3aTpyAustoT (pa3osbiii mepexoa HXKK B uzorpon-
Hyto (pa3y. 310 00ycioBIIeHO 3P PEeKTHBHOCTHIO TEIIIOO0OMe-
Ha pu TosmmHax L ~ A/2.

6. Ha0.1ro1enne noBepXHOCTHBIX
TUIPOIMHAMHYECKHX BOJIH

TTockosbKy BEpXHSISl TOBEPXHOCTD KUIKOTO CJIOSI SIBJISI-
€TCSl OTKPBITOH, OHA Je(OpMUPYETCS TMPU KOHBEKTUBHBIX
JBUXKEHUSIX (T.K. Z-KOMIIOHEHTa CKOPOCTH HE paBHA HYJIO
Ha cBoOO1HOM oBepxHOCTH). Eciin uHTEepdepupyroime my4-
KH IMEIOT CMeEIIIeHHbIE YaCTOThI WJIH PEIIeTKa JABIKETCS CO
ckopocThto W, To Oyaer Habiromathest Oerymas KapTUHA
pacripeiesieHis ”HTEHCUBHOCTHU. Torma BeieIcTBue KOHBEK-

Iy (Br/em?)

12k !
|
\
UN S N3otponnas
\_ tdaza
\
8 L .
\. I s
\ f \
6 |- \‘.
~
\
4 |
NN
N N
>/ "
2+ be
>>/ Hematuueckas
paza _ -
p -
- == 1 1 1 1
0 0.5 1.0 1.5 2.0 2L/A

Puc.5. ®a3oBas auarpamMma CTaOMIIBHOCTH DPEryJISIPHBIX POJIMKOBBIX
KOHBEKTHBHBIX [IBIDKEHHI U HOBEPXHOCTHBIX THIPOANHAMHIIECKIX BOJIH.
IITpuxoBblE TMHUUA COOTBETCTBYIOT TEOPETUYECKUM pacyeTaM.

TUBHBIX IBYOKEHUI U AeOopMaLlK IOBEPXHOCTU BO3HUKAIOT
MOBEPXHOCTHBIE TPABUTAIMOHHBIE U KATMJUJISIPHBIE BOJIHBI,
MHAYIUPOBaHHBIE cBeTOM. OOJIACTh YCTOHYMBOCTH CBETO-
WHIYIAPOBAHHBIX THAPOAMHAMMYECKHX BOJIH IIOKa3aHa Ha
(ha30BOM TIOCKOCTH (PUC.5, ABAXKIbLI 3aIITPUXOBAHHAS 00-
JIacTh).

J1st ucciieqoBaHus BO3MYILIEHUsI CBOOOIHON MOBEPXHO-
CTH XHJAKOCTH ObLIa coOpaHa 3KCHEpUMEHTaJIbHAS yCTa-
HOBKa, CXeMa KOTOpoi mpuBeaeHa Ha puc.6. Kak u3BectHo,
OOJIBIIMHCTBO ONTHYECKMX TOBEPXHOCTENH KOHTPOJIUPYETCS C
MOMOIIBbIO TPOOHBIX cTeKOJ. OIHAKO METOI TPOOHBIX CTe-
KOJI TIPEIoJiaraeT HeMOCPEACTBEHHBI KOHTAKT 3TAJIOHHOU
Y KOHTPOJIMPYEMOU MOBEPXHOCTEM, UTO B TAHHOM CJIyvae He-
nonyctumo. s 3KCIiepuMEHTAIILHOTO UCCIIEAOBAHUS BO3-
MYIIEHHSI TTOBEPXHOCTH JKUIKOCTH OECKOHTAKTHBIM METO-
JIoM OBLI cOOpaH Ja3epHblid mHTephepomeTp THna Puzo

—I\—3
l9
5 1 T -
| P
K// 2
[[]'::\:/‘\_—’_’—_\{_\_{_;H/II
/'\/\/\/\/\8
(I I N

Puc.6. Cxema uHTephepoMeTpa AJIsi HAOJIIOJEHHS TI0JI0C PABHOU TOJ-
LUHBI (@) ¥ CXeMa SKCIePHMEHTA, HOSCHSIOIAst METOI N3MEPEeHISI aMII-
JINTYAbI KOJIEOAHUS TIOBEPXHOCTH KUJIKOCTH (0):

1 — uccnenyemasi KUAKOCTb MM SKHIKHU KPUCTAILT; 2 — 9TaJOHHAS IO-
BEPXHOCTh; 3 — quadparma; 4 — InH3a; 5 — CBETOJCIUTEIbHbII KyOuK; 6 —
00bexTHB; 7 — He — Ne-nmazep; § — magaromast IpocTpaHCTBEHHO-MOY -
poBaHHasl BOJIHA; 9 — BEIXOAHAS quadparma.
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[19]. Anadparma 3 nepeMeHHOU HIUPUHBI, PACIIOJIOKEHHAS B
(hoxambHOM MIIOCKOCTH 0OBbEKTUBA 4, OCBEIAeTCS MOHOXPO-
maTtuieckuM m3inyueHneM He—Ne-mazepa (4 = 0.63 mMxMm).
ITyuku, npomenye nuadparMy u CBETONCIUTEIBHBIN Ky-
OWK 5, HANIPABJISIIOTCS K 00BEKTUBY 6, 0Opa3yroleMy napa-
JIEJIbHBIA MYYOK, MaJarolluid Ha KJIMHOBUAHYIO 3TAJIOHHYIO
MJIACTUHKY 2 ¥ Ha TOBEPXHOCTD KUIKOCTH UJTH )KUIAKOTO KPH-
cramna /. [Tyuku, oTpakeHHbIe OT TOBEPXHOCTEH KUAKOCTH
7 00pasia, Co3Iar0T MHTEPPEPEHIIMOHHBIE TOJIOCHI, BOCIIPO-
WU3BOJIAIIUE Pelibe() KOHTPOJIUPYEMON MOBEPXHOCTH KHJIKO-
cru. KIIMHOBUIHOCTL 3TAJIOHHOHM IUIACTMHKH HEoOXoJmma
JUIS. OTKJIOHEHHSI B CTOPOHY IYYKOB, OTPAXXEHHBIX BEpXHEH
Hepabouell MOBEPXHOCTHIO, KOTOPbIE MOTYT CHHM3UTbH KOH-
TpacT IOJIOC, MoNaaasl B OTBEPCTUE BBIXOMIHOM Aradparmbl
9. AMIIUTYa BO3MYILICHUS TIOBEPXHOCTHU ¢ CBSI3AHA C pa3-
HOCTBIO X0/1a JIyuel A BbIpax€HUEM

"

A =2&cos ¢ —|—%,

T7e ¢, — yroJ magenus gyda. [Ipu ¢, ~ 0 momydaem
m

A A

¢= 5 T
r/ie M — MaKCUMAITbHBIN TOPSIIOK HHTEPPEPEHIUN B Ipe/ie-
JIaX OJJHOTO MEPUOJA PACIPEIC/ICHUS HHTCHCUBHOCTH BO3-
OyXIaroIIero u3JIydeHus §.

TepMokanuUIIpHbIE BOJHBI HA TOBEPXHOCTH JXKUIKOCTH
HCCIIEAOBAIICh TAKKe C IIOMOINBIO OTPaXXCHHOIO OT Hee
y3koro (amamerpom ~0.1 mm) myuka He—Ne-nazepa. Ha
puc.6,0 IpuBeeHa CXeMa IKCIIEPUMEHTA, MOSICHSIFOIAs Me-
TOJl U3MEPEHNS AMIUIATYIBI KOJIeOaHUsI TIOBEPXHOCTH XKHJI-
KOCTH.

ITycTh 1O MOBEPXHOCTH KUIKOCTH PACIIPOCTPAHSACTCS CH-
HyCOHIaJIbHAsl IOBEPXHOCTHAsI BOJHA. Torga BO3MYyILCHUE
CBOOOIHOM MTOBEPXHOCTH JKHUIKOCTH MOXHO OIKCATh YpaB-
HEHUEM

Z—é&]l —X — wt s
— ~
A

rae A — AJIMHa HOBEPXHOCTHOU BOJIHBL, & () — €€ IIUKJIMYeCKast
yacTtoTa. B 3ToM ciiyyae MakcumalibHOE OTKJIOHEHUE OTpa-
JKEHHOT'O IIy4Ka OT HEBO3MYILIEHHOT' 0 HanpaBJieHus (YyroJi 2¢)
CBSI3aHO C aMILJTUTY 10U BOJIHBI ¢ COOTHOIIIEHHUEM

_o4
6_211'

@n

(22)

B akcnepuMeHTe HMCIONMB30BajIach siYeka JIMOO ¢ H30-
TpOMHON k)HUAKOCThIO (muddy3noe macio), mudo ¢ HKK
(MBBA), nmeromum o/1HY, BEpXHIOKO, CBOOOTHYIO IMOBEPX-
HocTh. Ha HikHeit rpanune (B ciyyae HXKK) Ob10 3a1aH0
TOMEOTPOIHOE TPaHUYHOE yclioBHe. Takas siuelika CHU3y oc-
BEIIAJIACh M3JIyYCHHEM OT JIAMITbI HAKAJIMBAHWS, MOIIIHOCTh
KOTOPOI peryjmpoBajiack B npeneiax ot Hyis 1o 200 Br.
JJ1s MOJTyYeHusI IePUOIMIECKOTO pACIpeIe/ICHUsI HHTEHCHB-
HOCTH MEX]Ty KOHJCHCOPOM U SIUEHKON Oblja yCTaHOBJICHA
petetka ¢ nepuoaoM A ~ 2 mMm. Temnepatypa Ha HIKHEH
TPaHUIE TUEHKH o 1IepKUBAIACh MOCTOsIHHOM (293 + 0.3 K)
C TOMOIIBIO IHMPKYJUPYIOIIEH BOOBI OT PETYIUPYEMOTO
TepMocTaTa. BepxHsisi cBOOOIHAS TPAHUIIA KHUIKOCTH CO00-
11ajgach ¢ BO3AyXOM, TeMIepaTypa KOTOPOro Obljla KOMHAT-
Hol (~293 K).

ITpu Bo3nelicTBUU HA 0Opa3el] u3JyUeHHUs C IPOCTPAHCT-
BEHHO-TIEPHOINYECKAM pacHpee/ieHneM WHTCHCUBHOCTH B
moJie 3peHust mHTepdepoMeTpa BO3HHUKATA WHTepdhepeHIm-
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Puc.7. 3aBucMMOCTH KOOPAMHATHI HOBEPXHOCTH KHUIKOCTHU z OT KOOPAH-
HATBI X [IPY BO3/ACHCTBUY HA 00pa3el] u3J1y4eHHs ¢ IPOCTPAHCTBEHHO-TIE-
PHOJIMYECKUM PACHPE/ICTIEHUEM HHTEHCUBHOCTH (/) U AMIUIUTY /bl BO3MY-
LLEHUS MOBEPXHOCTH ¢ OT MHTEHCUBHOCTH ).

OHHAasI KApTHUHA B BUJIE ITOJIOC PABHOH TOJIILIMHGBI B HATIPABJIe-
HUM, TEPHCHIUKYISIPHOM BOJHOBOMY BEKTODPY PEIIETKH.
DTH TOJIOCH CBUACTEIBCTBYIOT O TOM, YTO MOBEPXHOCTH
KUAKOCTH feopmupoBaiack. Ha Helt Bo3HMKaU yriyOJie-
HUS ¥ BO3BBILLICHHSI, COOTBETCTBYIOIINE MAKCUMyMaM U MU-
HUMYyMaM B pacnpeesIeHny HHTEHCHBHOCTH BO30YKIAIOIIe-
ro uziy4yenusi. Ha puc.7,a npuBeneHa 3aBHCHMOCTb KOOPIH-
HATHI Z OBEPXHOCTH KXUJKOCTH OT KOOPJAUHATHI X MPU BO3-
JIEWCTBUY HA 0Opa3el] U3J1yUYeHHsI C TPOCTPAHCTBEHHO-TIEPUO-
JIMYECKUM pacrpeieJleHHeM UHTEHCUBHOCTH (OCh X HampaB-
JIeHa BIOJIb BOJTHOBOT'O BEKTOPA PEILIETKH, a TNIOCKOCTD z = ()
COOTBETCTBYET HEBO3MYIIEHHON CBOOOJNIHOM TOPU3OHTAJIb-
HO MOBEPXHOCTH KUAKOCTH). IHTEHCHBHOCTH B MAKCIMYME
pacnpeesienus Bo30ykaarollero usydenus Iy = 8 Br/cm?2.
MaxkcumyMam z Ipu x = £1 MM B pacipeesieHu! UHTEeH-
CHBHOCTH BO30YKAAIOLIETO U3JIyYeHHSI COOTBETCTBOBAIIH MU-
HUMYMBI, T. €. B OCBEIIaeMbIX YUACTKaX IOBEPXHOCTH BO3HH-
Kaim yrayonenus. Kak moka3plBaeT SKCIEPUMEHT, aMILIH-
Tyaa ¢ BO3MYIICHUSI MOBEPXHOCTH B MpeiesiaX TOYHOCTH
9KCIEPUMEHTA NPUOIU3UTEIBHO JIMHEHHO 3aBUCUT OT MHTEH-
cuBHOCTH B 06mactu 2 Br/em? < Iy < 8 Br/em? (puc.7,6).
Ecnu meproamyeckasi CTpyKTypa pacupee/ieHnst HHTEH-
CHUBHOCTH TPUBOAIIIACH B IBM)KEHIE B HANIPABJICHUHN BOJIHO-
BOTO BEKTOpA PEIICTKH (B HANPABJICHUN OCH X), HA TIOBEPX-
HOCTH JKHJIKOCTH BO3HHKAJIa TIOBEPXHOCTHAs BOJIHA, KOTO-
past pacupoCTpaHsIACh IO HAIPABJICHUIO ABIKEHUS PELIET-
ku1. CKOPOCTh 3TOH BOJIHBI COOTBETCTBOBAJIA CKOPOCTHU JBH-
xxenus pemetku W < 10 mm/c. [1pn oCcTOSIHHOW HHTEHCHUB-
HOCTH MAJAFOIIET O U3TyYSHUS AaMILTUTY/ 1A 3TOM BOJIHBI 3aBH-
ceJia OT TOJIIIMHBI CJI0SI U CKOPOCTH JBIDKEHHUS pereTk. Ha
puc.8,a mpuBeAcHA 3aBUCHMOCTh AMILTATYIbI MOBEPXHOCT-
HOU BOJIHBI OT TOJIIIUHBI CJIOS )KUJIKOCTH. XapaKTEepHOU OCco-
OEHHOCTBIO 3TON 3aBUCHMOCTH SIBJISICTCS HATTMIME MAKCHMY-
Ma. [1pu yBeTMYEHUN TOJIIUHBI CJIO0SI AMILTUTYa TEPMOKa-
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Puc.8. 3aBucuMocTH aMIUIUTY/IbI TTOBEPXHOCTHON BOJIHBI OT TOJIIIMHBI
CJIOSI )KUJIKOCTH TIPH CKOPOCTH ABYKEHUS pereTku W~ 0.1 MM/c 1 uH-
TeHcuBHOCTHU Iy =~ 8 BT/cM? (d) M OT CKOPOCTH [IBMXKEHMS PEILETKH MIPU
Iy ~ 8 Br/cm? 1 Tommmne cnost L ~ 0.2 mum (6).

MAJUISPHBIX BOJIH YMEHBIIAETCS; 3TO CBUAETEIBCTBYET O TOM,
YTO B KOHBEKIIMH JTOMHWHHUPYIOIIUM CTAHOBUTCS BKJIAal OT
rpaBUTAMOHHOrO MexaHu3Ma (koHBekIms Pases — benapa).
VMeHbllIeHne aMIUTUTYAbl KaluUISIPHBIX BOJIH MPH YMEHb-
meHnn TouuHel ciost (L < 0.1 MM), O-BUIUMOMY, CBSI-
3aHO C B3aMMO/ICHCTBUEM «IIOBEPXHOCTHBIX» MOJIEKYJT KH/I-
KOCTH € TBep10¥ NOAI0KKOU. [TprurHbI TaKON 3aBUCUIMOCTHU
&(L) npu manbix L B HacTosIee BpeMs He SICHBI U TpeOyroT
JIOIIOJIHUTEIbHBIX 3KCIIEPUMEHTOB. B yacTHOCTH, 3HAUYUTEb-
HOE TPOJBIKEHHE B 3TOM HANPABJICHUH MOTYT JaTh JKCIIe-
PUMEHTHI C PA3HBIMU TBEPIBIMHU TOJIOKKAMHU.

Ha puc.8,0 npeacraiieHa 3aBUCUMOCTD aMILTUTYIBI TEP-
MOKAIUJIISIPHBIX BOJIH OT CKOPOCTHU JABUKEHUS PEIIETKH (OT
CKOPOCTH TEPMOKANUJIISIPHON BOJIHBI) IPU OCTOSIHHON MH-
TEHCUBHOCTU BO30OYyxnaromero usniydenus: ly. Bunno, uyto
TIPH HE OU€Hb OOJIBILINX CKOPOCTSIX IBUKEHHS peleTkn W <

Wm (MM/C)
[]
6 L
L]
4+ {
°
2r °
L[]

L]

1 1 1 1
0 0.2 0.4 0.6 Iy (Bt/em?)

Puc.9. CxopocTb IBWXEHUS pelieTkd Wp,, IpU KOTOPOH aMIUIMTYIa
KaMIUBIPHBIX BOJIH YMEHBIIAETCS B 1B pa3a, B 3aBHCHMOCTH OT HHTEH-
CHBHOCTH BO30YXJAIOIIET0 H3JIyueHust /.

4 MM/C aMIJIUTYJa KaNWJUISIPHBIX BOJIH CJ1A0O 3aBHCUT OT
ckopoctu. [lpu W > 5 MMm/c nanbHelilliee yBeJIMYCHUE CKO-
POCTH IPUBOJIUT K YMEHBIIEHUIO AMIUTATYIbI KATAIIJISIPHBIX
BoJiH. CKOPOCTh, TIPU KOTOPOU aMILTUTYa KAMUUISIPHBIX
BOJIH YMEHBIIIACTCS B IBA pa3a, 3aBUCUT OT WHTECHCHBHOCTHU
BO30YXAaroIIero u3iyuenus (puc.9).

7. O6cy:KaeHne H BHIBOIbI

Taxum o6pa3oM, B HacTosield paboTe TEOPETUIECKU U
9KCIIEPUMEHTAJILHO TOKa3aHa BO3MOXHOCTH BO30YXkKICHHS
PEryJISpHBIX KOHBEKTUBHBIX JBM)KEHHI M MOBEPXHOCTHBIX
TPaBUTAIMOHHBIX U TEPMOKANUJUISIPHLIX BOJIH B U30TPOI-
HBIX XUJKOCTSIX WM KHUIKUX KpUCTAJUIaX. DTH dPPEKTh BbI-
3BaHBI CBETOBBIM U3JIyYEHUEM C MPOCTPAHCTBEHHO-TIEPHO M-
YEeCKOW CTPYKTYpPOU WHTCHCHUBHOCTH. [ MIpOIMHAMUYECKHE
3¢ deKThI, BO30YXIaeMbIe CBETOM, NIPEICTABIISIIOT UHTEPEC B
CBSI3H C TEM, UTO MOSIBJISIETCS BO3SMOXHOCTb HHAYIIMPOBAHUS
POJIMKOBBIX CTPYKTYP C KeJaeMbIMH Ouciokanusmu. [lo-
cJeTHee MOXHO 00ecreunTh nHTepdepeHIuell II0OCKOo CBe-
TOBOW BOJIHBI C IPYTO# BOJHOM, 00J1a1at01Iel TUCTOKAIEH
BOJIHOBOI'O poHTa. KOJIblLIEBBIE POJIMKOBBIE CTPYKTYPBI MO-
T'YT OBITh IOJIy4€HbI IPU BO3AEHCTBIM UHTEP(HEPEHIINH TIIOC-
KO CBETOBOM BOJIHBI C BOJIHOM, 00J1aaaroIeil KOHMYECKAM
(dponToM. MHTepdepeHius TpeX, YeThIPeX U OOJIbIIETO YUC-
JIa BOJIH ITO3BOJISIET OPTaHU30BBIBATH SIUEHKH C TeKCATOHAb-
HOW, KyOMYEeCKO# M IPYTUMH CTPYKTYPaMHM; IPU 3TOM HMe-
€TCsl BOBMOXHOCTD LEJIEHATIPABIEHHO BHOCUTH J1€(EKTHI B
Takue CTPYKTYphl. Kpome Toro, ecTb OCHOBAHUS OXHIATh,
4TO MPH HEOOIBIIIOM MPEBBIIIEHUH TOPOTa CBETOBASI UHTEP-
(bepeHIIMOHHAST KAPTHHA MOXET «HABSI3aTb» CBOU MEPHOI U
(baszy ycraHOBUBIIIEHCS KapTHHE POJIUKOB WK stueek. C Ha-
el TOYKU 3PEHUs], Takasi BO3MOXHOCTD YIPaBJCHUS MPO-
CTPAHCTBEHHBIMH CTPYKTYpaMH BeCbMa HHTEPECHA HE TOJIb-
KO ISl )KUJIKUX KPUCTAJUIOB, HO U JJISl JIIOOBIX CUCTEM, 00-
JIATAFOIIHMX HEYCTOMYMBOCTBIO C KOHEYHBIM BOJIHOBBIM UHC-
nom pemeTkn 1 < K < 10° cM™! B monepeunoii m1ockocTH.

YTo KacaeTcs HOBEPXHOCTHBIX THIPOIMHAMHYECKUX BOJIH,
BO30Y)KJAEMBIX CBETOM, TO 3/€Chb BaXXHO TO, YTO JUJIMHOH,
YaCTOTON W aMIUTUTYION 3THUX BOJIH MOXHO JIETKO YIpaB-
JIATH C IOMOLIBIO TAKUX BHEIIHAX TAPAMETPOB, KAK YaCTOT-
HBII C/IBUT, MHTEHCUBHOCTH U YTJIbl AJCHUSI CBETOBBIX My4-
KoB. Hanmume HECKOJIBKHX MapaMeTpOB YIPABJICHHS TAET
OCHOBAHHUE OXXUAATh MPOSIBIICHUS PA3HOOOPA3HBIX PEXKUMOB
BO30YXJCHUS TOBEPXHOCTHBIX BOJIH, COIIPOBOXIAEMBIX OU-
(ypKaMOHHBIM M THCTEPE3UCHBIM MTOBEICHAEM.

B Hacrosieit paboTe mokazaHo Takxke, YTO P OOJIBIINX
Y MaJTBIX THTEHCUBHOCTSIX CBETA M OTHOIIICHUSIX IEPUO/Ia FH-
TepPEepeHIIMOHHOM KapTUHBI K TOJIIIMHE STYCHKHN ABYMEpHAS
pOJIMKOBAasl CTPYKTYypa CTAHOBUTCSI HEYCTOWYMBON U MOCTe-
MEHHO TEPEeXOOUT B XaOTHYECKOe cOocTosiHMEe. IToCKOJIbKY
ycHrIeHre 0eJIoro mrymMa B OOBIYHBIX 3KCIIEpUMEHTaX MO Typ-
OYJICHTHOCTH 3aTEMHSIET KaUeCTBEHHBIE PA3JINIus TYpOyJIeH-
THBIX TEUCHUN B Pa3JIMYHBIX O0JIACTSIX BHEIIHUX MapamMeT-
POB, TO 3KCIIEPUMEHTBI C KOHTPOJMPYEMBIM BO30YXICHUEM
UMeEIOT 0cob0e 3HaueHre. MBI yBepeHbI, YTO ONMCAHHBIE B HA-
cTose paboTe SKCHEPUMEHTHI MOT'YT CIIY>KUTb B Ka4eCTBE
MOJIEJIA B YKa3aHHOM BBIIIIE CMBICJIE IIJIsI pelIeHus TpooJe-
MBI TYypOyJieHTHOCTH BoOOIIe. OT/essisi CBORCTBA JIUCKPET-
HBIX 3()(HEKTOB OT CBOMCTB CTOXACTUYECKHX IIIYMOB, MBI ITPO-
JIEMOHCTPUPOBAJIM BaXHOCTh oboux 3¢ddexkToB B 00mIEM
cilydae yMEpeHHO TypOyJIeHTHOW KOHBeKIuH. Bojee ToroO,
pe3yJIbTaThl, MPEACTABICHHBIE 3/1€Cb, BMECTE C OYEBHUIHO-
CTBIO JTUCKPETHBIX TEPEXONIOB B TYpOYJEHTHOM NepeHoce



B036y)K,ZLCHI/IC CBETOM KOHBEKTHUBHBIX JIBUKECHUI B U30TPOMHBIX U AHU3O0TPOIHBIX XAJAKOCTAX 89

TeIJia JAKT BO3MOXXHOCTD MPEANOJIOKUTD, 4T0 00a 3hdekta
CPaBHUMBI 11O BAXXHOCTHU B O0IIEM Cliydae TYpOyJICHTHOCTH.
B TO Bpemst Kak /Uist U3y4CHHU s KOHBEKIIMU HEOOXOIUMBI CPaAB-
HUTEJIBHO MPOCThIE IKCIIEPUMEHTAIBHBIC UCCIICIOBAHMS, HO-
BBIE METOJBI MOTYT KAa4eCTBEHHO MPOJAEMOHCTPUPOBATH
B3aMMO/ICHICTBHE IBYX JIEMEHTOB TYPOYJCHTHOIO MOTOKA B
JIPYTUX CIIy4yasiX TYpPOYJICHTHOCTH.

WccnemoBanmsi, mpeAacTaBieHHbIE B HACTOSIIEH padoTe,

OBLTH BO3MOXHBI, B 4aCTHOCTH, Oiarogaps rpanty CRDF
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