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AHHOTALUSA

CoBpeMeHHBIE METOJIBI YIIPaBIeHHs (POpPMOI Mex(Da3HBIX MOBEPXHOCTEH CMENINBAEMBIX
U HECMEIIUBACMBIX XUIKOCTEH, a TaKKE OCHOBAHHBIC HAa HUX TEXHOJOTHM aJaTHBHOIL
JKUJIKOCTHOM OTTHKH, UIIK TaK Ha3bIBAEMO# ONITHKH CBOOOIHOM (DOPMBI, TPEOYIOT [IIyOOKO-
r0 MOHMMAHUsS MTPOLECCOB TEIUIO- U MACCOIEPEHOCa, IPOTEKAOIUX HA TPaHULE pa3zera.
OTH NPOIIECCHI 0KA3BIBAIOT 3HAUUTEIHHOE BIMSHIE Ha (JOPMY MOBEPXHOCTH U CKOPOCTD €€
NEPEX0/ia B yCTONUMUBOE COCTOAHKE, UTO ABIISETCS ONPENEISIOIMM KPUTEPHEM JIJI aKKOMO-
JIAITAN ONITHYECKUX XapAKTEPUCTUK KUAKOCIONHON onTHKY. [enbro JaHHON paboTHI SBIIS-
€TCsI UCCIIEIOBAHME OCHOBHBIX PEKMMOB TEPMOKAMMULSIPHON KOHBEKIIMU B TOPU3OHTAIBHON
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CHUCTEME IBYX HECMEIIUBAIOIIMXCS KUAKocTel. [[priunHOi BOSHMKHOBEHUS TEILIOMACCOIIe-
pEHOCA B M3y4aeMON CHCTEME SIBIISIICS JIOKAJIbHBII HATPeB MEK(a3HOM IPAHHUIIBI C TIOMOIIIBIO
Ja3epHOT0 M3JIydeHus. MeTouka mojiyueHus HHPOpMaIi 00 M3MEHEHUH KPUBU3HBI T10-
BEPXHOCTH CJI0Sl KaK O ToKa3aTese TuIpoMHAMUYECKON YCTONUMBOCTH CUCTEMbBI OCHOBAHA
Ha U3MEPEHUH JHaMeTpa HHTEPPEPEHIIMOHHOM KapTHHBI, CHOPMUPOBAHHOM Ha YIaIeHHOM
9KpaHe OTPaKEHHBIM OT J1e(hOPMUPOBAHHOM TTOBEPXHOCTH JKUAKOCTH JIA3EPHBIM MYyYKOM.
C momomIpio 3TOTO MeTo/Ia OOHAPYKEHO, YTO IS OJHOM M3 PacCMaTpPHBAEMBIX CHCTEM
(OEH3UIIOBBIN CIMPT — MOTUMETHIICHIOKCAH) XapaKTepPHO BO3ZHUKHOBEHHE T'HAPOJAHHAMHU-
YECKOI HEYCTOWYMBOCTH KOJIe0aTeIbHOTO XapaKTepa, IPOSBISIONICHCS B U3MEHEHUH (HOPMBI
Kak MeX(a3HOM IPaHUIIBI MLy JIBYMS )KHIKOCTSIMH, TAK ¥ CBOOOIHOM IpaHuilbl. [loka3aHb
OTIMYHUTENbHBIE 0COOCHHOCTH JBOMIONMN OOHAPY)KCHHON HEYCTOWYMBOCTH, BBIIBHHYTO
MIPENONOKEHHUE O BIUSHUM MUKPOIY3bIPHKOBBIX CKOTUIEHUH, BBISIBICHHBIX METOJIOM OITH-
9eCKOif MUKPOCKOTINH, B Ka4eCTBE MPHINHBI BOSHUKHOBEHHS 1 3aTyXaHus Konebanwit. [Ipen-
TOJIAraeTCsl, 4TO MEPEMEILEHUE ITy3bIPHKOBBIX CKOILIEHUIA TOCPEICTBOM TEPMOKAMILIIPHBIX
TEUEHUH M KaIMIUIIPHOTO Jpeiia crocoOCTByeT (hOPMUPOBAHUIO JIOKATBHOTO MEeperaia
Mex(pa3HOTO HATSHKEHUSI, IPUBOJIAIIETO K JIECTA0UIM3AINN YCTOMYNBON Ae(OopMaIUK CII0S
U TIePEX0jly CUCTEMbI B PEXKHUM KONEOATENbHOM HEYCTOWUMBOCTH. YCTAHOBJIEHBI BPEMEHA
3aTyXaHUs U TIEPHUOIBI KOJIeOaHU B 3aBUCUMOCTH OT TOJIIWHBI BEPXHETO CIIOS.

KnioueBble cjioBa

TepMokanuuIsipHbIE TEUEHNS1, KOHBEKLMSA, IBYXCIIOHAs CUCTEMA, HATPEB J1a3€pOM, Ta30BbIe
My3bIPbKU, MeX(pazHas rpaHuia, 1epopManis MOBEPXHOCTH KHUAKOCTH.
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BBenenue

TepmoxammmsipHas (TK) KOHBEeKTHBHAs HEYCTOMYMBOCTH B JABYXCIIOMHBIX CHCTE-
Max MMeeT OOJbIIOe 3HAYCHUE B €CTECTBEHHBIX MpPOIEcCcax U MPOU3BOJICTBEHHBIX
npuioxkeHusx [15]. BolbIIMHCTBO paboT MOCBSINIEHO MCCASIOBAHUIO MEK(a3HOM
HEYCTOWYMBOCTH, BOSHUKAIOMIEH B ABYXCJIOWHBIX JKUIKOCTHBIX CHCTEMAaX, OrpaHUYEH-
HBIX IBYMS )KE€CTKIMH CTEHKaMH, I7Ie OCYIIIECTBISETCS HAarpeB HIDKHEH MM BepXHEH
creHku [12, 15] mubo HenocpeacTBeHHO Mexda3HOU rpaHullsl [6]. B 3aBucuMocT
OT HaIpaBJIEHUs IPATUEHTA TEMIIEPATYPBl MOTYT BO3HHMKAThH PA3JINYHBIE TUIIBI HEY-
CTOMUYMBOCTH B CUCTEME «KHUKOCTb — KHUKOCTb», BEI3BAHHBIE KOHKYPEHIIMEN MEXKITY
TE€PMOTPaBUTALIMOHHBIM U TEPMOKATMIUIIPHBIM MEXaHU3MaMH.

CHCTEeMBI «KHUAKOCTb — KUKOCTbY MPH HATMYHH CBOOOIHON MOBEPXHOCTH BEPX-
HETO CJ1051 OBITN MCCIIEIOBAHBI B pAMKaxX PEIIeHNs IPOOJIeMbl HHKAIICYIIAIIUH PacIlia-
BOB TIOJYITPOBOJHUKOBBIX MAaT€pPHaJiOB B yCIOBHAX MOHWKEHHOH TpaButanuu [9].
B paborte [14] Takyro KOH(PUTYpAITUIO UCCITIEOBAIN B KA4€CTBE TPOTOTHITA YYBCTBH-
TenbHOrO npeodpazosaresnst MK usnydenus B BuguMoe u3odpaxenue. B atom ciyuae
JedopMariio BEpXHETO CII0Sl MHIYUPOBAIN HATPEBOM IPAHHLIBI «GKUIKOCTD — JKUJI-
KOCTB» MPOCTPaHCTBEHHO-MOTYIMPOBAHHBIM HH(PPAKPACHBIM JIA3€PHBIM ITyUKOM.
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Haryproe uccnenoBanne popMbl CBOOOTHOM TOBEPXHOCTH KHUIKOCTHBIX CHCTEM
SBIISIETCSI KPUTHYECKH HEOOXOAMMBIM JIJIsi KOPPEKTHOTO OMpeAeNeHHs (POKaTbHBIX
CBOMCTB aIaNTUBHBIX ONTHYECKUX 37eMeHTOB [11]. beckoHTakTHas AmarHOoCTHKA
MOBEPXHOCTH KHUJIKOCTEH TTO3BOJISIET TPAKTHYECKH MIHOBEHHO MOTy4aTh HHPOpMa-
M0 O MHOXKECTBE MapaMeTPOB >KUIIKOCTH, TAKHX KakK BA3KOCTH [1], Temmeparypo-
IIPOBOJIHOCTH [5], KOAPPUIMESHT NpeIoMIICHUs [8], a TaKkKe CICTUTh 3a JTUHAMHUKON
MOBEPXHOCTHHIX BOJH. [lociieiHee, B CBOIO ouepeib, JaeT BO3MOKHOCTh KaueCTBEH-
HO aHAJIM3UPOBAThH CTAIIMOHAPHBIC M ITEPEXOIHBIE TIPOIECCH MACCOTIEPEHOCca B CIIOE
KUIKoCTH [3].

B nacrosieii padote ¢ momoiiso Metona pororepmokanmnisipaoro (OTK) or-
KJIMKa [ 7] ObliIa HecileloBaHa CUCTEMa, COCTOSIIAsI U3 ABYX TOHKUX CJIOE€B HECMEIIIH-
BAIONINXCS KUIKOCTEH, PACIOIOKEHHBIX Ha TBEPAOU TOPU3OHTAIBHONU MOIJIOXK-
ke (puc. 1), mpu HarpeBe WX MeX(a3zHOU TpaHUIBI MydKoM Ja3epa. OOHapyxeH
Y OMHUCAH HOBBIM BUJ 3aTyXarollel Koe0aTenbHON HEeyCTOWYHMBOCTH CBOOOMHOI
1 Mex(a3HOH TpaHUI] MPH HENMPEPHIBHOM TETLIOBOM BO3JICHCTBHU ITyYKOM Ja3epa.
Jana knaccuukanus pe:KuMOB TEPMOKANMIUIIPHON KOHBEKIIMH, UMEIOIIHX MECTO
B HCCIIeZlyeMOl CUCTEME, U OTIPeIeTIeHbl KPUTEPHH UX BOZHUKHOBEHHUS.

MeToz(mca IKCIIEPUMEHTA

Ha puc. 1 npexncrasnena ayxcnoiinas cucrema (L, — Huwknuil cioi, L, — BepxHuii
cioi), Haxomsmiasicss B 4yamke [lerpu nuamerpom 60 mm. TommuHa L, cocrasnus-
Jla 2 MM, a TOJIIIMHA L2 BapbupoBanack B Auanazone ot 0,3 no 1 mm. Kunkocts Ll
OBLTa OKpaleHa OpUTMAaHTOBBIM 3eJIEHBIM /ISl 00eCTIEYeHHS MOTIIONIEHS H3ITyde-
nust He-Ne nasepa (17 mBT, 632,8 um), a L, ocraBanace npospaunoid. [Ipu morno-
IIEHUHU U3TydeHus cnoem L, temneparypa na mexdasnoi rpanuue L, — L, Bozpac-
TaeT, U Moce HEKOTOPOH 3aepKKU Ty = h%z / 4K/, IPOUCXOMALICH BCIEICTBHE
nuddysun Tennaa 4epes cuoi L, Temmeparypa Ha cBoOOAHOH moBepxHOCTH L,

Puc. 1. O01mas cxema KCIiepuMeHTa Fig. 1. Scheme of the experiment
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JIOKAJIbHO YBEJMYUBAETCS. 31€Ch Ny, ¥ K, SBIISIOTCS TOJIIMHON U TEMIIEPaTy pOIIpO-
BOJHOCTBIO €101 L, cOOTBETCTBEHHO. JIOKaJIbHBIN HArPEB CIOCOOCTBYET BO3HUKHO-
BEHUIO IPAIMEHTA TIOBEPXHOCTHOIO M MEX(A3HOro HaTsHKEHMH BIOMbL rpaHui L,
n L, —L,, mpusopsmux k TK nedopmannn stux rpanuu. Jlasepubii myqoxk, yactuy-
HO OTPaXE€HHBIA OT ACPOPMHPOBAHHOM MOBEPXHOCTH KHUJIKOCTH, HHTEPPEPUPYS,
o0pasyeT Ha yJaJIEHHOM JKpaHe CHUCTEMY KOHIICHTPHUYECKHUX KOJIEll, Ha3bIBAEMYIO
(hororepMokamILISIpHEIM OTKIUKOM (puc. 1). [luamerp (D) ®TK orknmka MeHsieTCS
B 3aBUCUMOCTH OT pazMepa (MaKCHMaIbHOTO yTIia HakiIoHa moBepxHocTH) TK yrmy-
omenus. B ganpreimeM 3Bomroruio nuamerpa OTK oTkimka ¢ TedeHHeM BpeMeH!
U3MEPSITH 17151 IOJTYYCHHUST KOJIMYEeCTBEHHON MH(OPMAIIMHU O MTPOIIECCax B U3ydaeMbIX
cucrteMax. B uccieoBanusix ObUIM UCIIOIB30BaHbI KOMOWHAIIMY KUIKOCTEH, TIpUBe-
JIcHHBIC B TaOmuIe 1.

Tabnuya 1 Table 1
KomoOunanuu :xuakocreii Combination of liquids
L, (20°C) Me:kda3snoe HaTskenne y, , L, (20 °C)
(60wt 1300 ) 23,3 i O ecr
DTILICHEIHKO, 15,2 MH/m TIMC 20 cCr

(48 mH/m, 20 cCr)

IIMC 5 ¢Cr, 19 MH/M
~5 MH/™m TIMC 10 cCr, 19,6 MH/™m
IIMC 20 ¢Cr, 20 MH/™m

benszunoseiit coupt
(37 MH/m, 5,8 cCr)

[ToBepxHOCTHOE M MEX(pa3HOE HATSKEHNS BRIOPAHHBIX KOMOWHALINH )KUAKOCTEH
U3MEPSIIA METOJIOM IUIacTUHBI Busbrensmu ¢ nomonisio Tensuomerpa DCAT 15
(DataPhysics, ['epManns) u METOIOM BHUCSIIEH Kalljd C TIOMOIIBIO TOHHOMETpPA
OCA 25 (DataPhysics, I'epmanust) npu 7= 20 °C.

Pe3y.]'leaTLI n oﬁcymueﬂue

B xoze skcriepuMeHTOB ObLIH YCTAaHOBJICHBI TP pexxuma npotekanus TK koHBeknu
B cucteme thna L, — L
I.  Cocrosnue yCTOHYMBOTO MepMOKANUILIAPHO20 NCeedopaspuléa cnos L.
[Ipu HEenpepsIBHOM O0TydYeHUN MeX(pa3zHOW TPaHMIIBI ITyYKOM Jiazepa Mmpo-
HCXOJIUT BBIPOXKJICHHUE YBEIIMYMBAOIICICS B IMaMeTpe HHTeP(EPECHIIMOHHOM
kaptunbl (OTK oTkiMKa) B pacCesTHHOE CBETOBOE MATHO, YTO COOTBETCTBYET
OTPaKEHUIO Ja3ePHOTO JIyda JHOO OT IUIOCKOTO CJIOs, JINOO OT UICKPHUBIICHHO-
T0, C OOJNBIIM PaJNyCOM KPUBHU3HEI (RKPA) nedopmanmm (puc. 2a). [Torsatue
ricesmopaspeiBa [ 13] BBemeHo o To# npuumae, uto [IMC moimHOCThIO cMa-
YUBAET BCE TPH HKUIKOCTH, M, KaK Pe3ysbTar, Ha MoBepxHocTH L, Bcerma
MIPUCYTCTBYET TOHKAsI CMauMBAaIOIIAs IJICHKA.
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II.  Cocrosiaue ycroituuBoii mepmoxanuanapHoul Oegpopmayuu — muamerp OTK ot-
KJIMKA YBEJIMIUBACTCA B TIPOIIECCE HEMPEPBIBHOTO HarpeBa Mex(a3HOM rpaHUIIbI
J10 IOCTWIKEHHUSI HEKOTOPOTO MOCTOAHHOTO 3Hauenus D (puc. 2b), coorser-
CTBYIOLIETO CTAlIMOHAPHOMY IPOQUITIO AehopMaIii CBOOOIHOMN TOBEPXHOCTH.

II. IlepexomHblil pexxum — zamyxaroujue korebanus nuamerpa O@TK orkmu-
Ka (puc. 2¢). B atom ciyqae TK niceBnopaspeis ciost L, u ero nocrnemyronee
BOCCTAHOBJICHHE TTOBTOPSIOTCS IEPUOANYECKH C TTOCTETIEHHO 3aTyXaloIiei am-
IUIMTY/ION 10 TeX 1Op, IOKa CJIoK L, He cTaHeT miockum ubo obmafaroimm
JIOCTATOYHO MAJTBIM CTAITIOHAPHBIM YTITyOIIeHUEM (€CITH CpaBHUBATH BEMUNHY 1D
Mex Iy BpemeHnamu ¢ = 0 u ¢ =270 ¢, puc. 2c).

OOHapyKeHo, 4To JiIs ap xuakocted «rmieprH — [IMCy» U «3THICHIITKOIb —
IIMC» umeer mecto cymiectBoBanue Toibko rneporo (1) mimm Broporo (II) pexxumor
B 3aBUCHMOCTH OT TOJIMHBI L,. Takoe noBeieHre mogo0Ho0 ToMy, KOTOPOE NPOMCXOHT
B ClTy4ae Jia3epHO-UHyupoBaHHON TK KOHBEKIIMK B OTHOCIONHOM CCTEME Ha TBEPIOH
TIOJUIOKKE. ITO CXOJCTBO MO3BOJIAET 3aKIFOUMTh, YTO L, MOKET BBICTYNATh B KAYECTBE
JKECTKOro ocHoBaHusl. OnHako B ciydae mapbl «mmuepud — [IMCy» B obnactu msiTHa
JIa3epHOTO IMy4Ka Obl1a OOHapyeHa BblyKias nedopmanus L, (puc. 3), 4o roBoput
O HAJIMYMK BUXPEBbIX TeYeHUH B L .

(@)

R
OO6pazoBaHue CraunoHapHbIif IceBAOpPa3phIB

TICEBOpPa3PhIBa (coxp. n-p-B)

CranpioHapHOE yITyOIeHne
Pocr yrimy6nenust

(©)

Hunamerp TK orknuka, oTH. €.
D
S

HepI/IOZ[I/I‘ICCKI/IC OCIIMIIJTAI A

O6pasoBanue
TNICEB/IOPa3phIBa ‘:E(—)—C-C-”E_I—:;}
0 30 60 90 120 150 180 210 240 270
Bpewms, ¢

Puc. 2. 3aBucumocts auamerpa @TK orkimka Fig. 2. The diameter of the PTC signal
ot BpeMeHH: pexxuM TK 1iceBnopasprisa (a), vs. time: the thermocapillary pseudo-rupture
pexum TK yrmyonenus (b), peskum mode (a), the steady-state depression mode
3aTyXaloIHX KoneOaHuii (C) (b), the decaying oscillations mode (c)
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MeHuck

L,

L, Breiraytas nedopmartus cios L,
Puc. 3. llpodune TK niceBnopaspeiBa Fig. 3. A side-view image of the TC
B cucreme «ruieprH — [IMCy» pseudo-rupture in the “glycerol —

PDMS” system

B cucreme 6en3unoBeiii «cnupt — [IMCy» Habmronanock HaIu4ue BCEX TPEX
pexumoB TK HeycTOHYMBOCTH B 3aBUCMMOCTH OT OTHOIIEHHS TONHUH € = hy, /h; :
(I) TK ncesnopaspsis L, nabnronaercs npu & < 0,2; (II) cranmonapnoe TK yry-
Onenue cios L, umeer mecto npu ¢ > 0,4, a pexum (I1I) 3aryxaromux xonedanui
nuametrpa OTK oTkiauka BOZHUKAET MpU 3HAYEHUSX &, HAXOJAIIMXCS B JUANa30HE
ot 0,2 1o 0,4.

VYCTaHOBJIEHO, YTO YMEHBIIEHUE TOJIMIMHBI L, BENET K yBEIMYEHUIO OOIIETO
BpEMEHH KoneOanuid (¢, ) u K yMmenblienuto ammiutyasl ®TK orkinka u nepuona
ocumuisnuid. Harpumep, nipu usmenenuu ¢ ¢ 0,2 no 0,4 3HayeHue /  BO3pacTaer
¢ 200 no npumepHo 400 ¢, a nepuox koiaedanuii ymeHbaercs ¢ 7 10 3 ¢. Mexay tem
BA3KOCTb €101 L, BIMSAET TOJILKO Ha BpeMs 00pa30BaHusl ICEBI0PA3PhIBA.

C nomoitupto MK kameps! BBISBIEHO, UTO B LIEHTPE MaJEHUS Ja3epHOro MydKa
B MoMeHT TK mnceBgopa3psiBa MpOUCXOJUT BCIIECK TeMiieparypsl ¢ 35 °C o npu-
MepHO 50 °C mpoI0IKUTENLHOCTBIO BILIOTH [0 Havaa 3aTekanus cios L, (puc. 4).
ITocne monHOro 3aryxXaHus KoaeOaHui OBEPXHOCTH €110 L, pUXOaMT B COCTOSHUE
PaBHOBECHS, a TEMIIEPATypa Ha MOBEPXHOCTH cnos L, crabunusupyercs. Ilpexpa-
IIEHHE JIa3epHOM HaKauyKW MPUBOJIUT K BBIPABHUBAHUIO TEMIIEPATYPhl BIOJIb MEXK-
(a3HOM rpaHMIIbl M HCUYE3HOBEHHUIO 1€(OPMALIMK IOBEPXHOCTH L, COOTBETCTBEHHO,
D — D(t =0).

O 55
S . 50+
§45 r OOpa3soBanue ﬂ; INeproauyeckue oCHMIIALUNA
S 40+  pa3speiBa S
a,
8 35¢ =
—~
é 30
25 1 1 1 1 1 1 1 1 L 1
0 50 100 150 200 250 300 350 400 450 500 550 600
Bpewms, ¢
Puc. 4. JlunamMuka TeMreparypbl Fig. 4. Temperature evolution
B IIEHTPE Ia/ICHNS JIA3EPHOTO ITyYKa in the center of laser beam incidence
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Bbu10 3ameueno, 4To nocie NoNHOTo 3aTyxaHus kojaeOauuit (D — const), B LeH-
TPE IIOCKOCTH €110t L, 00pasyercs maTHO MOJIOYHOrO OTTEHKa (pHC. Sa), IiIomaib
KOTOPOTO YBEIMYHMBACTCS C TCUCHHEM BpeMeHH. MccnenoBanue ¢ moMoLbio MUKPO-
CKOIIa MO3BOJIMJIO YCTAaHOBUTD, YTO JAHHOE IISITHO SIBISICTCS CKOIUICHMEM MHKPOILY-
3BIpEeid, XapaKTepHbIN pa3zMep KOTophix cocrasiser 30-40 MM (puc. Sb).

[lepexoxn cuctemMbl B COCTOSIHUE KOJIeOATEIbHON HEYCTOMUMBOCTH MTPEITIOIOKH-
TEJILHO NPOMCXOMT BCIIEACTBHE TIOABJIEHUS MUKPOILY3bIPBKOB Ta3a B cioe L, koto-
poie nocie ¢popmupoBanusa TK ncesnopaspeisa (puc. 6a, HIKHUM) HAKaIUIMBAIOTCS
B 30HE cmaeHayuy — B o0JacTu BOIM3M IpaHMLBI IIceBIOpa3phiBa (puc. 6b), rae
marautyna ckopoctu TK Teuenus Haumenpiias. B pesynabrare KoaleCleHIUN MU-
KPOIY3bIPEKOB (POPMHUPYIOTCSI KPYITHBIE I'a30BbI€ CKOIJICHUS, KOTOPBIE «CPBIBAIOTY
JUHHIO TICEBIOpa3phiBa (puc. 6a, BEpXHHIL; puc. 6¢), IpuBOs K 3arekanuto TK yrmy-
Onenus B cnoe L.

Bornee HamIs11HO 3TOT MPOLIECC MOXKHO OMUCATH CIAEAYIOIINM 00pa3oM. M3BecTHO,
YTO OOJIBIIMHCTBO YHCTBIX JKUAKOCTEH, HAXOISIIIMXCSI B KOMHATHBIX YCIIOBHSIX, CO-
Jepkat B cebe pacTBOpeHHBIN ra3. Ilpu MoBbIIEHNH TEeMIIEpaTyphl B CHCTEME 3a-
POXKJICHHE I'a30BbIX ITy3bIPHKOB OyJ€T IPOMCXOMTH Ha MeXK(pa3Ho rpanune L, —L,
(B 30HE pa3zena AByX )KUAKOCTEH ) BCICACTBHE OOJIBIIETO 3HAUCHHSI CYMMBI 1aBJICHHUN
HACBIILICHHBIX ITapPOB KUAKOCTEH, YeM UX COOCTBEHHbIE MoKa3zaTenu [16].

M3-3a manoi BA3KoCTH ci1ost L, 1 Toro, 4T0 cpeanuii 00beM MPHUCYTCTBYOIIUX
B CJIO€ I'a30BbIX MY3bIPHKOB MPUMEPHO Ha 20 MOPsAKOB 00JIbIIe MUHUMAIBLHOTO 3Ha-
YeHHsI, HEOOXOMMOTO ISl ITPEOI0NIEHUs] UMH Mek(a3HoH rpaHuIlbl cuctemsl [10],
OombIIIas YaCTh MUKPOITY3bIPEH Oy/1eT HaXOMUThCA B cioe L, BOmsu rpanuub L, — L,
¥ yBIICKaThCs IPUIOHHBIMU TEYEHUAMHU L, HalpaBJIeHHBIMU B 30HY IICEBIOPA3PhI-
Ba (puc. 6d, mynkrupHbiii oTpe3ok DC). YacTb MUKPOIY3BIPHKOB, OCTaBIIASCS
Ha Mex(a3HOl rpaHuIe, TaKKe Oy/IeT YBIIEKaThCsI K TPaHULIE ICEBI0Pa3PhIBa, HO yiKe
3a c4eT kanunsaprozo opetigha [2]. KoanecueHuus my3sIpbKoB B 00IaCTH CTarHALUH
OPUBOAMT K 0OPa30BaHMIO KPYIHBIX [a30BbIX [I00YI, CUISIINX HAa MEeX(a3HOH rpa-
nune L, — L, (puc. 6d, orpezok CB). Tak kax 511 11o0yJibl HaXOAATCs BONIU3U 00-
JaCTH MaKCHMAJILHOTO HarpeBa, pacTyLIMi IPaJUeHT OBEPXHOCTHOTO HATSHKECHHS

Puc. 5. ®otorpadus «MOIOIHOTO» Fig. 5. The photo of the “fuzzy”
CcKomyeHus B cnoe L, (Bux ceepxy) (a), formation in the L, layer (top view) (a),
CHUMOK MUKpoIy3bipent (b) an image of microbubbles (b)
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MEX]ly TOYKaMu TpaHuIlb! my3sipbka B u C (puc. 6d) ciocoOCTBYET MPOIBUKESHHIO
o0y B 00J1aCTh MaKCHUMaNIbHOU Temmeparypsl (puc. 6d, 3oua TK miceBmopa3priBa,
touka A). [Ipn 5T0M, T. K. y3bIpH CUIAT Ha Tpanuue L, — L, onu 06pasyror co cio-
amu L, u L) (puc. 6d, 4epHo-0enblii MyHKTUP CHU3Y U CILIOLIHAS JIMHUS CBEPXY
Mexay B n C coOTBETCTBEHHO) TpaHUILy pa3zenia «OKUAKOCTh — Ta3», T. €. Be TI0-
BEPXHOCTH CO 3HAYMTENIBHO MOBBILICHHBIM, 110 CPABHEHHIO C Y, ,, TIOBEPXHOCTHBIM
HaTshKeHueM y (tabnuna 1).

Taxum 00pazom, mociie oopazoBanus TK nceBmopaspsiBa 3aryCKarOTCS HECKOIb-
KO OTHOBPEMEHHBIX ITPOIIECCOB!

1) TK koHBeKIMs KUAKOCTH B cioe L ;

2) TK KOHBEKIIHSA B CI0€ L1 no oonacteio TK riceBnopaspeiBa;

3) rpaBUTAlIMOHHOE U KAMUIAIPHOE, BCICACTBUE KPUBU3HBI IOBEPXHOCTH, 3aTe-
kanue ciost L ;

4) xKanmuJUTAPHBIN Apeiid MUKPOITY3bIpel B 30HY CTarHauu ¢ nepudepun BIoIh
TpaHuULIbl L1 — L2, TIPUBOIATITNI K 00pa30BaHUIO 00JIACTH C BEICOKUM MTOBEPX-
HOCTHBIM HATSKEHHEM.

[TepBrie Tpu nporecca MpUBOAAT K cTarmonapu3anuu TK ncesmopa3psiBa B cBO-

UX KOHEYHBIX pa3Mepax, Kak, Harpumep, B padore [4]. [locnemuuii, Ha000poOT, CTI0-
COOCTBYET JiecTa0MIIN3alliu TPaHUIlbl TICEBIOpa3phiBa (puc. 6a, cBepxy; puc. 6d),
T. €. IOCTENEeHHOMY packianHuBaHuto wieHku [IMC u3-3a «Hamon3aronieil» razoBoi

Cxorur

HHe rasa

Fo-__ <
°
P i Yo 9% &=
A B D
@ ['a30BBIE MUKpPOMY3BIPEKH -=== ['paHuna konrakra L, — ra3
—— Hanpagnenue 1BWXEHUS KUAKOCTH  ==== [paHuna kontakra L, — L,
<== Hanpasnenue nBmwkeHus My3plpbkoB —— ['panuna konrakra L, — ras
Puc. 6. ®otorpadust TK ncesmo- Fig. 6. The photo of the TC pseudo-
pa3psiBa (a): IPOLECC 3aTEKAHMS CII0S rupture (a): the layer filling process
(cBepxy), cTalMOHAPHBIN TICEBIOPA3PHIB (top), the stationary pseudo-rupture
(cHHU3Y); cXeMa Mepexoaa CUCTEMBI (bottom); the scheme of the system
u3 pexkuma (1) B (1) (b-d) transition from mode (I) to (III) (b-d)
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[I00YIIBI B 00JIACTH MaKCUMyMa TeMIieparyphl. Kak ciencTBue, MporucXoauT OTPHIB
TieHkn cMmaunBaHus B 3oHe TK mcesmopaspsiBa u obpaszoBanune TK yrimyOneHws,
HO, B oTirune ot pexkuma (1), ¢ umerotericst mox 1ehopMUpOBaAaHHOHN TTOBEPXHOCTHIO
BEpPXHETO CJI0s1 ra30BOM npocioiikoit. [locnennee coctosHue, Kak MbI IIPEATNIONIAraeM,
U SIBISIETCS HEKUM «CITyCKOBBIM MEXaHM3MOM» JIJISl TIEPEX0/a CUCTEMBI B PEKUM
KoJie0aTeTbHON HEYCTOHYMBOCTH. ['a30Bast mpocioiika u Apeidyrolue K 30He Harpe-
Ba MUKPOITY3bIPbKH PacCEMBAIOT U3JIyUEHHUE JIA3€PHOTO0 MMy4YKa, yMEHbIIAs OIOIIE-
HUE ero HIDKHUM CII0eM, 9TO BefleT K ocnabeBanuio TK MOTOKOB B KUAKOCTH H Tie-
pexony cucteMmsl B pexxuM (11). [Toce oTkirodenus 1azepa HakKauKu MOYKHO BUJIET,
YTO HATHO MOJIOYHOT'O OTTEHKA UMEET JBa MAKCMMyMa MHTEHCUBHOCTH: Ha OCH Ta-
JIGHUs TIy4YKa M Ha TPaHUIIE CKOIUIEHUSI — B 30HE, 7€ IPUMEPHO pacrojiaraiach
007acTh crarHanuu (puc. 5a).

3akarouenune

Metogom ®TK otkinuka ucciegoBaHa TK KOHBEKLMS B JBYXCIOWHBIX CHUCTEMaXx
C OTKPBITOM IPpaHUIEH BEPXHETO CJI0S B 3aBUCUMOCTHU OT €T0 TOJIIMHBIL. YCTaHOBIIE-
HO cylIecTBOBaHUE TpeX pexuMoB TK KOHBEKIIUU B 3TUX CUCTEMAX:

. CocrosHuE YCTOWYMBOTO MePMOKANULIAPHO20 NCeB00Paspbiéa cios L,;

II. Cocrosinue ycToHUnBOM mepmokanuinaprot oegpopmayuu ciost L.;

III. Ilepexonuslii pexxum — 3amyxarowue koneoanus nuamerpa O@TK orkmmka.

IIpenmomnaraercs, yro nepexomusiid pexuM (I11) BI3BaH 00pa3oBaHNEM 30H ITOBBI-
IIIEHHOTO MeK(ha3HOTO HATSHKEHHS 32 CUET KOAJIECIICHITUH MUKPOITY3bIPHKOB, JIperdy-
IOIIKX K IIEHTPY HarpeBa, U YBEJTUUCHUS TUIOIIAAN KOHTAKTA ra30BOM U KUAKOHN cpen
Ha rpaHulle pasaena L1 — Lz, MIPUBOJSAICH K MCUE3HOBEHUIO I'PaHUIIbI [ICEB0PA3PhIBA.
PocT urcia MUKpOITY3BIpeit B 007IaCTH BO3ICHCTBHS JIA3EPHOTO ITydKa Ha MeK(Da3HYIO
TPaHULy BEAET K YMEHBLIECHUIO 0JIM NOVIOU[AEMON HUKHUM CIIOEM SHEPrUM 3a CUET
paccestHUsI U3Ty4eHUs U, KaK CIICACTBUE, K 3aryxaHuio TK Tedenuil B cucteme.
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Abstract

Modern methods of controlling the shape of interfacial surfaces of miscible and immiscible
liquids, as well as technologies based on them, adaptive liquid optics, or the so-called free-form
optics, require a deep understanding of the processes of heat and mass transfer occurring at
the interface. These processes have a significant effect on the shape of the surface and the rate
of its transition to a stable state, which is the determining criterion for accommodating the op-
tical characteristics of liquid-layer optics. The aim of this work is to study the main modes of
thermocapillary convection in a horizontal system of two immiscible liquids. The reason for
the occurrence of heat and mass transfer in the system under study was the local heating of
the interface with the help of laser radiation. The technique for obtaining information about
the change in the curvature of the layer surface as an indicator of the hydrodynamic stability of
the system is based on measuring the diameter of the interference pattern formed on a remote
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screen by a laser beam reflected from the deformed surface of the liquid. Using this method,
it was found that one of the systems under consideration (benzyl alcohol — polymethylsilox-
ane) is characterized by the appearance of hydrodynamic instability of an oscillatory nature,
which manifests itself in a change in the shape of both the interface between the two liquids
and the free boundary. The distinctive features of the evolution of the detected instability
are shown, and an assumption is made about the influence of microbubble clusters, revealed
by the method of optical microscopy, as the cause of the onset and damping of oscillations.
It is assumed that the movement of bubble clusters by means of thermocapillary flows and
capillary drift contributes to the formation of a local difference in interfacial tension, leading
to destabilization of the stable deformation of the layer and the transition of the system to
amode of oscillatory instability. The decay times and periods of oscillations are determined
depending on the thickness of the upper layer.
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Thermocapillary flows, convection, two-layer system, laser heating, gas bubbles, interface,
deformation of the liquid surface.

DOI: 10.21684/2411-7978-2021-7-4-111-123

REFERENCES

1. Bezuglyi B. A., Fedorets A. A. 2003. Non-contact viscosity measurement
method. No. 2001106544/28; declared 11 March 2001; published on 27 March 2003.
Bulletin no. 9. [In Russian]

2. Bratukhin Y. K. 1975. “Thermocapillary drift of a viscous liquid droplet”. Bulletin
of the USSR Academy of Sciences. Mechanics of liquid and gas, no. 5, pp. 156-161.

[In Russian]

3. Mizev A. L. 2004. “Experimental investigation of thermocapillary convection induced
by a local temperature inhomogeneity near the liquid surface. 1. Solid source of heat”.
Journal of Applied Mechanics and Technical Physics, vol. 45, no. 4, pp. 36-49.

[In Russian]

4. Bekezhanova V. B., Fliagin V. M., Goncharova O. N., Ivanova N. A., Klyuev D. S. 2020.
“Thermocapillary deformations of a two-layer system of liquids under laser beam
heating”. International Journal of Multiphase Flow, vol. 132, pp. 103429.

DOI: 10.1016/j.ijmultiphaseflow.2020.103429

5. Bezuglyi B. A., Chemodanov S. 1. 2005. “Effect of delay of the thermocapillary response
of a transparent liquid layer during laser heating of the absorbing substrate”. Technical
Physics, vol. 50, no. 9, pp. 1243-1245. DOI: 10.1134/1.2051472

6. Chraibi H., Delville J.-P. 2012. “Thermocapillary flows and interface deformations
produced by localized laser heating in confined environment”. Physics of Fluids, vol. 24,
pp- 032102. DOI: 10.1063/1.3690160

7. Da Costa G., Calatroni J. 1978. “Self-holograms of laser-induced surface depressions
in heavy hydrocarbons”. Applied Optics, vol. 17, no. 15, pp. 2381-2385.

DOI: 10.1364/A0.17.002381

Tyumen State University Herald



On oscillatory instability ... 123

10.

11.

12.

13.

14.

15.

16.

Da Costa G., Escalona R. 1990. “Time evolution of the caustics of a laser heated liquid
film”. Applied Optics, vol. 29, no. 7, pp. 1023-1033. DOI: 10.1364/A0.29.001023

Doi T., Koster J. N. 1993. “Thermocapillary convection in two immiscible liquid layers
with free surface”. Physics of Fluids A: Fluid Dynamics, vol. 5, issue 8, pp. 1914-1927.
DOI: 10.1063/1.858817

Edrisi A., Dadvar M., Dabir B. 2021. “A novel experimental procedure to measure
interfacial tension based on dynamic behavior of rising bubble through interface of two
immiscible liquids”. Chemical Engineering Science, vol. 231, pp. 116255.

DOI: 10.1016/j.ces.2020.116255

Ivanova N. 2020. “Biomimetic optics: liquid-based optical elements imitating the eye
functionality”. Philosophical Transactions of the Royal Society A., vol. 378, issue 2167,
pp- 20190442. DOI: 10.1098/rsta.2019.0442

Juel A., Burgess J. M., McCormick W. D., Swift J. B., Swinney H. L. 2000. “Surface
tension-driven convection patterns in two liquid layers”. Physica D., vol. 143, pp. 169-186.
Klyuev D. S., Fliagin V. M., Semenov S. V., Ivanova N. A. 2021. “Thermocapillary
deformation induced by a laser heating of thin liquid layers: Physical and numerical
experiments”. International Journal of Heat and Mass Transfer, vol. 172, pp. 121020.
DOI: 10.1016/j.ijheatmasstransfer.2021.121020

Loulergue J. C., Manneville P., Pomeau Y. 1981. “Interface deflections induced

by the Marangoni effect: an application to infrared visible image conversion”. Journal
of Physics D: Applied Physics, vol. 14, pp. 1967-1977.

Nepomnyashchy A., Simanovskii I. 2012. Interfacial Convection in Multilayer Systems.
J.C. Legros: Springer Science. Pp. 513.

Randall M., Avila W. 1940. “The boiling point composition diagram of immiscible

and partially miscible liquid systems”. Journal of Chemical Education, vol. 17,

issue 11, pp. 536-537.

Physical and Mathematical Modeling. Oil, Gas, Energy, vol. 7, no. 4 (28)



