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PaccMOTpeHO COBpeMEHHOE COCTOSIHME MCCIeOBaHM HEpaBHOBECHBIX TEUEHUIA ra3a ¢ HEKJIacCU-
YEeCKHUM TIepEeHOCOM, B KOTOPBIX IPUHLIMITHAIBLHO HapymaloTcs 3akKoHbl Ctokca u dypbe (1 cooT-
BETCTBEHHO MeTo YenMeHa—DHcKora HelmpuMeHuM ). 17151 HalesXKHOTO TTOATBEepKIeHUS 3 (HEKTOB
HCTIONIB3YIOTCS pACUETHBIC METOIIBI PA3JIMYHOM IPUPOIBL: PSIMOE pellieHne ypaBHeHUsT bobliMaHa
u nipsimoe MonesnpoBanue MoHTe-Kapio. Hekiaccuyeckuii aHoMasbHBIN TTEPEHOC TIPOSIBIISIETCS
Ha MacmTabax 5—10 mmuH cBoOOmHOro mpodera, 9YTo MOATBEPXKAACT TOT (PAKT, YTO HEOOXOTUMBIM
ycinoBueM 3 HEKTOB ABJISIETCS CUIbHAsE HEPaBHOBECHOCTD TeueHUsI. PaccMOTpeHbI IByMepHBIE 3a-
a9l O CBEPX3BYKOBOM TEUCHUM OKOJIO TUIOCKOM TJIACTMHBI B TMEPEXOMHOM PEXHUME, a TaKKe O
CBEPX3BYKOBOM IOTOKE Yepe3 MeMOpaHbl (CETKM), I1e 3a CETKOI TeYeHUe COOTBETCTBYET 3a1a4ye O
IMPOCTPAHCTBEHHO HEOMHOPOMIHOM peflakcaliv. B aToit ob6iactu (popMUpyOTCST HepaBHOBECHBIE
pacnpezesieHusl, IeMOHCTPUpPYIOIIMe aHOMaJIbHbIi nepeHoc. ObcyxaaeTcs cBsi3b 3 deKTa co BTO-
PBIM Ha4yaJoM TEPMOAMHAMUKU, PACCMATPUBAIOTCS BOZMOXKHOCTH TSI 9KCTIEPUMEHTATBLHOM TTPO-
BEpKHU, a TaK>Ke HaMe4aloTCsl TIePCIIEKTUBbI CO3MaHUSI Ha 3TOM OCHOBE HEKOTOPHIX HOBBIX MUKPO-
puOOpPOB.
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BBEAEHUWE

Hexnaccuueckue 3¢hheKThl pa3InyHOIO CBOMCTBa, 0OHApYKMBaeMbIe B pa3pekeHHbIX ra3ax, siBJjsi-
IOTCSI OMHMM M3 BaXKHBIX HallpaBJI€HU COBPEMEHHBIX MCClef0oBaHuii, cM. 0030p [1]. 3yuaemoe Hamu
HapyllleHWEe U3BECTHBIX 3aKOHOMEPHOCTEN MPU MEPEHOCE BA3KUX HAMPSKEHUIA U TeIia CYlIECTBEHHO
KaK B TEOPETUUYECKOM IJIaHE, TaK U C TOUYKM 3pEHUSI BO3MOXKHBIX MpuJioxkeHui. Kak mpaBuiio, HauboJsb-
Iree BHUMaHUE YOEIIeTCsI OTKIOHEHUIO OT 3aKoHa Dyphe, TTOCKOIBKY 3TO CBA3aHO C BOIIPOCAMM TeTl-
JIoOOMEHa B TEXHUYECKMX cucTeMaxX. B HAayyHOM OTHOIIIEHMU BHUMAaHUE K MOTOKY TeIlIa CBSI3aHO U C
TPaKTOBKOI BTOPOTO Hayajla TepMOAMHaMUKHU. HaBepHoe, mepBoe ymoMHUHAHUE O BO3MOXHOM aHO-
MaJIbHOCTH IIpUBEICHO B paboTte [2], roe Ha ocHoBe 000011eHHOro MeToga Morra—CMmuTa nmpeackasbl-
Bajlach JIoKajbHasi HEMOHOTOHHOCTH (“mepexiiecT”) B mpoduiie TeMIlepaTypbl B CTPYKType yaapHOM
BoJIHBI. I3MeHeHue 3HaKa rpagdeHTa TeMIIepaTypbl IPY COXpaHEHUU 3HaKa TEIJIOBOTO MOTOKa CBUIE-
TEJILCTBYET O Ka4eCTBEHHO MHOM XapakTepe TeruiornepeHoca. B monorpacdun M.H. Korana [3] Takxke
YIIOMUHAETCSI aHAJIOTUYHBINA (haKT ¢ aKIEHTOM Ha BaXXHOCTb PACCMOTPEHHUSI BOIMpOca “U3 TEePBBIX
MPUHLIMIIOB” , UMesl B BUIY pellieHUue KUHeTu4YecKoro ypaBHeHusi boabiiMaHna. B 1980-e roasl pacueTsl
C MCTIOJIb30BaHUEM Pa3IMUHbIX METOMIOB pellieHUs1 ypaBHeHUS bosbliMaHa nmokasanu, 4To B 3TOM 3a1a-
ye 3¢ eKT HabII0gaeTCsI B TUTIEP3BYKOBOM TEUEHUU TIPU TOCTATOUHO 00JbIIoM unciae Maxa M = 8. B
[4] 6b110 MOKa3aHO HAJIMYKME TIPOIOJbHOTO TEIJIOBOTO MOTOKA MPY HYJIEBOM IpagleHTe TeMIlepaTyphl B
teueHun Kyatra (X0Ts, KOHEUHO, 60jIee BaXKHbBIM ObLIIO Obl OOHapyXKeHUEe BO3MOXXHOCTU TeUEHUSI Terlia
B HalpaBJIeHUM rpaaueHTa temrieparypbl). B 1990-e ronsl Obl1a chopMyIrMpoBaHa 3a1ada O HEOJHO-
POIHOIT TPOCTPAHCTBEHHOI pejlakcalluy, B KOTOPOit Ha BXOAHOM TpaHulie (hyHKIMS pacipeaeaeHUs
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YaCTHUIl HEPaBHOBECHAsI M COOTBETCTBYET CBEPX3BYKOBOMY ITIOTOKY, 1 Jajiee HAOMIOOAeTCs peaaKcamms
BHM3 10 TTIOTOKY [5]. B TakoM TeueHUU TeIIOBOI MOTOK HAIlpaBjIeH U3 XOJIOMHOI 00JIaCTH B TOPSIUYIO,
MIpUYEM aHOMAJILHOCTbD BBISIBJIEHA BO BCell M3yyaeMoii o61actu. I1pogonbHasi KOMITOHEHTa HaIIpsKe-
HUS TaKKe JEMOHCTPUPYET HEKJIACCUIECKOE MMOBEAeHNE: BeJIMUMHA €€ MMeeT TOT XXKe 3HaK, YTO U Ipa-
JIVEHT TIPOJOJIBLHOM KOMIIOHEHTHI CKOpOocTU. B manbHeiilieM maHHas 3amada ObLla MCClIeIOBaHa st
PAa3HBIX CPE C U3YyYEHMEM MOBEACHUS pa3IMYHBIX MOMEHTOB, BKJTIOUast SHTpomnuio [6—9]. Hapymenus
KJIACCMYECKOTO TerIoIiepeHoca GUKCUPOBAINCH U B ApyTuX Kiraccax teueHuit [10—15]. ITomuepkHeM,
YTO B U3YYaBIIMXCS HAMU CJIydasx B OTJIMUME OT, HONycTUM, TeueHus Ilyaseiinsa (cm., Harpumep, [11])
aHOMAJILHOCTb (DMKCUPYETCSI HE B HEKOTOPOI JIOKAILHOM HeOOJIbIIIOI 30HE, a BO BCeil 001aCT BHU3 110
noToKy. [Ipy 3TOM MOXHO peryIdpoBaTh XapakTep aHOMAaJbHOCTH 10 IIPOCTPAHCTBY, MEHSISI BUI, HE-
paBHOBECHOU (pyHKIIMU pacIipeAeieHUs Ha TpaHUlIaX U3y4aeMbIX 00JIacTei.

B HacTostieit pabote 06CyKaaroTcs MPUHLMIUATLHBIE TeOpETUUECKIUE TTOJTOKEHUS TToaxona. Pac-
CMaTpUBAIOTCSI HECKOJIBKO 3a[1a4, CBSI3aHHBIX C YCIOBUSIMHA (POPMUPOBAHUS U Pean3allii HEKJIacCU-
YecKoro nepeHoca. MzydaeMble TeUCHUST XapaKTEPU3YIOTCSI HEPaBHOBECHOCTBIO, C(DOPMUPOBAHHOI B
MPOLIeECCe CBEPX3BYKOBOro o0TeKaHUsl. BHMMaHue cocpeloTOUYeHO Ha MPOCTPAHCTBEHHO-ABYMEPHBIX
3aJa4ax ¢ MCIOJIb30BAaHMEM Pa3IMYHBIX BAPUAHTOB T'PAaHUYHBIX YCJIOBU. B yacTHOCTU, pe3yabTaThl,
MOJTy4eHHBbIE 711 IByMEPHOI 3aga4i 0 MeMOpaHe, MOATBEPXKIAIOT OCHOBHbIE MTOJIOXEHUSI OMHOMEPHOM
MeMOpaHHOI MOJENIN C JOIMOJHUTEILHLIM MOSCHEHEM W YTOUYHEHUEM. YCTaHOBJICHO COOTBETCTBUE
aHOMaJIbHBIX 3(P(PeKTOB BHU3 T10 MTOTOKY C aHAJOTMYHBIMU B OMHOMEPHOI HEOMHOPOIHOI MPOCTpaH-
CTBEHHOM penakcanuu. PaccMOTpeHBI BO3MOXKHOCTH SKCIIEPUMEHTAIBHOM ITPOBEPKIM, KOTOpast MOTJia
OBl TaTb U3MEPUMBIE KOJIMYECTBEHHBIE TTOKA3aTEeJH, TTOJIE3HbIE U IS TEXHUYECKHUX IIPUMEHEHUIA.

1. TEOPETUYECKHME OCHOBbI HEKJTACCHUYECKOTI'O
AHOMAIJIBHOT'O ITEPEHOCA

B Hacrosiieit padboTe ucciaeayeTcs Tak Ha3bIBaeMbIii aHOMAaJIbHBIN (OTINYAIOIIUICS Ka4eCTBEHHO U
KOJIMYECTBEHHO OT KJIACCUYECKOTO) MEPEHOC BSI3KUX HAIIPSDKEHUI M TeIla B HEpaBHOBECHBIX TCUCHM -
sax. OnmMcaHue BEIeTCsl ¢ IIOMOIIBIO KWHETUYECKOM TEOPUH, BaXKHEUIIINM 00BbEKTOM MaTeMaTUIECKOTO
" (GU3NUECKOTO MHTepeca saBiisieTcss dyHKuus pacnpeneierus (OP). Bece 3HaunMble BEJTMYUHBL: THIOT-
HOCTb, CpPEAHSISI CKOPOCTbh, TEH30p BS3KMX HaIMpsDKEHUIA, TeMIlepaTypa, JaBjieHHe, MOTOKU Terja U
SHEepPruu BeIpaxkarmTcs yepe3 OP Kak COOTBETCTBYIOIINE MOMEHTHI M HA3bIBAIOTCS MAKPOCKONUYECKUMU
napamempamu. TeopeTndyeckuM 6a31COM TEOPUHU ra3oB SIBJISIETCS KUHETUYECKOe YpaBHeHUe bonbiima-
Ha U pa3IndHbIC MOJIeJIbHEIE ero Bepcun. Ho mpeskae yeM BhIITMChIBAaTh 3TO ypaBHEHUE, IIOSICHUM CYTh
paccMaTpMBaeMOro aHOMAaJIBHOTO 3¢ deKTa IepeHoca Ha IIPOCTOM IIpUMepe.

JIJIst OMHOATOMHOTO Ta3a yKa3aHHble MOMEHTHI (MakpomnapameTpsl) or @P f(E) umeror cienyroniuii
BUII:

n= | rd, uz%j&fd&, T:3anc2fdg, q:%jcchdﬁ.

3nech MPEACTABIECHbI, COOTBETCTBEHHO, YMCJIOBAsI MJIOTHOCTh #, BEKTOP CPEAHEN CKOPOCTHU U, TEMIIE-

parypa 7'u BekTOp TerioBoro noroka ¢, & = (€,,&,,&_) — BekTop MosieKynspHoii ckopoctu, ¢ = & — u,
m — Macca 9acTuIlbl, kg — moctossHHas BosbliMaHa.

IMokaxeM Ha mpuUMepe IBYX OJIM3KUX B MIPOCTPAHCTBE HEPABHOBECHBIX pacIpeaeieHuii (cM. ¢ur. 1),
KakK peaju3yeTcs aHOMAaJIbHBINI IepeHOoC Terjia, a UMEHHO, YTO OH HampaBJIeH 13 XOJOIHOM 061aCcTu B
rops4yo. DTO IPUHIUIIMAILHO OTIMYACT TAKOM IIPOLIECC OT TPAIUIMOHHOTO IIepeHoca. 31ech B OJI13-
KUX IPOCTPAHCTBEHHBIX TOYKAX IO X “IPUTOTOBIIEHBI” IBE HEPABHOBECHBIE (DYHKIIUM paclpeacacHUS,
IS ynpolieHust ojiaraeM, 4yto @P f(E,) 3aBUCHUT OT OIHOI KOMITOHEHTHI MOJIEKYJISIPHOM CKOPOCTH &, .

Berancianm cootsercTByioline MoMeHThl. [Tonaraem, uto f(§,) = f, npu —a > &, < 0 m1s1 oboux pac-
npenenenuii. Iycts f(§,) = f, npu 0 < &, < b mns nepsoro (dur. la) pacripenenenust, u f(§,) = f,

mpu 0 < &, < ¢ st Broporo (¢wur. 16) pacrpenesnenust. I[TycTb ra3 MOKOUTCsI, T.€. CPEAHSISI CKOPOCTh U
= (0 w11 060uX pacmpenesieHuit. 3aMeTUM, YTO TaKOe MPEIITOJIOKEHNE TTPOSICHSIET BO3MOXKHYIO MHTEP -
MpeTaIuIo TEIJIOBOIo MepeHoca, MOCKOJAbKY YaCTO BO3HUKAET BOIIPOC: UTO SIBJIsSIETCS] (PU3NUECKU U3ME-
pPUMOIi BEIMYMHOM, MMOTOK TeIlIa WK MOTOK 3Hepruu? B maHHOM TIprMepe BOIIpOC CHUMAETCSI, T0-
CKOJBKY IJIST HyJIEBOI cpenHei CKOpOCTU JaHHbBIe BEIMYNHEI coBItagaroT. [1ycTs Takke b > a, ¢ > b.
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Ja (a) Ja (©)

Je

Cx

@ur. 1. [Ipe DP, 3aBucsiine OT MOJIEKYJISIPHOMN ckopocTH &, (OXHOMEPHBIi cilyyail), (a) — HepaBHOBECHOE pacrpeie-
JIEHUE B TOYKE X, (0) — B TOUKE X, X| > X.

st @P (dur. 1a) ipu ycsioBun u = () BEIYUCISIEM YUCIOBYIO TIJIOTHOCTh #, TEMIIEPATYPY (31eCh OIHA
cTereHb cBOOObI) 7 ¥ TETJIOBOM ITOTOK g:

2

w= 1 [Efde, =5 (10 ~1a') =0, fi= 1.5,
n=[ i, =fbb+faa=faa(‘i+l),
2
7= (6, = (10 1) =% Lo+ a),

1 1 ’
q =3 [euste, = L (fib' ~fia') =S £, (b + ) (b~ a) > 0.

st ®P (pur. 16) COOTBETCTBEHHO TOJydyaeM

1 2 2 a
w=—(f-1£d)=0, f=15%,
2n
13 4ero CiaecayeT, 4YTo

n =fcc+faa=faa(c—l+1)<n,
c
T= 5 e #ha) >3 (1 w1’} > () +1a') =T,

2 2
4 :é(ﬁc4—ﬁza4):%fa(c+a)(c—a)>%fa(b+a)(b—a):q>0.

3Hauur, grad T> 0 (tTak Kak 7, > T), v TETJIOBOIi TTOTOK TakK>Ke MOJOKUTEJIEH, TaK KaK B OJIM3KO pac-
MOJIOXKEHHBIX TouKax ¢ > 0 u g, > 0. Ins1 Apyrux COOTHOIIEHWI BEIUYUH 4, b, ¢ TIyTEM aHAJIOTUYHBIX
Co00paXkeHUiT MOXKXHO MOAy4YnTh, 4To grad 7' < 0 mpu ¢ > 0, B YaCTHOCTHU, IEPECTAHOBKOI 1O X pacIio-
JIOXKEHMUSI YKa3aHHBIX HEpaBHOBECHBIX pacnpeneiacHuii. [IpuBeneHHbIN Boilie mpuMep nByx OP noka-
3BIBAET, YTO B OOIIIEM CIydae CBSI3b MEXIY BEIMYMHON TEIJIOBOIO MOTOKA M IPagueHTOM TeMIIEpaTypPhl
He 00s13aTeIbHO COOTBETCTBYET 3aKOoHY Pyphe. 3mech HepaBHOBECHBIE (DYHKIIMM HE ITOJIyYEHBI KaK pe-
3yJbTaT pelleHUs] HEKOTOPOI'O YPaBHEHMsI, IO3TOMY BaxKHO OyIIeT II0Ka3aTh, YTO TaKasi CUTyallusl BO3-
MOXHAa MpU PELICHNUM 3a1a4 IS KHHETUIECKOTO ypaBHEHUSI.

2. YPABHEHUWE BOJIbIHMAHA 1 METOAbI JUIA ETO PEIHEHUA

MaTeMaTU4eCKOM OCHOBOI IUIsT MCCIIEIOBAHMIA SIBJISIETCSI KUHETUYECKOe YypaBHeHue bonbliMaHa, B
CTallMOHAPHOM CJIy4yae 3aruchbiBaeMoe B CIEAYIOIeM BUJE:

I (x8) _ 1
g . —an(f,f)- (1)

3nech X = (x,y,z) — NPOCTPAHCTBEHHBIIA BEKTOP B IEKAPTOBOIT cucteme KoopauHar, & = (§,,8,.8,), —
BEKTOD MOJIEKYJISIDHOM CKOPOCTH, [ (f, /) — uHterpan croinkHoBeHuit, Kn — uncno Kuyncena. Ypas-
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HeHue (1) 3armmcano B 6e3pazMepHoM Bue. [1pu o0e3pasMeprnBaHUN NCHOJIb3YIOTCS CIEAYIOIINE Xa-
pakTepHble 3HAYEHUS: IJIs1 JUIMHbBI, YMCJIOBOM TUIOTHOCTU, TeMIIepaTyphl (paciipeaeieHus IJIsl BXOIsI-

LIMX YaCTHUIL) U CKOPOCTU OHM PABHBI, COOTBETCTBEHHO, L, M,op, Tior, Uper = +2kgT s /m . IlpruHUMaeTCH
MOIENb TBEPOBIX cep MeXMOIeKyasapHoro B3ammopeiictBust. UYucimo Kuymcena Kn = A/L, rae

A=1/ (\/5 Tt(52nref) — ITMHA CBOOOIHOTO TIpobera (G — IuaMeTp MOJIEKYJIb). BeImanHb B majbHEUIIIeM
Moka3aHbl B 6e3pa3MepHOM BUJIE.

B pacueTax mist HAneXXHOCTH Pe3yJIbTaTOB IPUMEHSUIMCH TBA B3aMMOIOITOTHSIOIINX TTOAX0IA pellle-
HUS ypaBHeHUs BosibliMaHa. A MMEHHO METO MPSIMOTO YMCJIEHHOTO pellleHUs ypaBHeHus bosibliMaHa
(ITYPYDB) ¢ moaHBIM UHTETPAJIOM CTOJIKHOBEHUIT Ha ocHOBe TporpammHoro Komiuiekca UFS (Unified
Flow Solver) [16] u BapuaHT MeTOJa IPSIMOIo cTaTucTHdeckoro MomenupoBanust (IICM) B ¢opme
DSMC2D [17].

CpasHeHnue peuieHuit mo Mmetogam ITYPYD u ITCM nokasbiBaeT Xxopolilee COOTBETCTBUE Pe3yJibTa-
TOB. B cuity 0;1M30CTH pe3ynbTaToB Ha rpaduKax npoduieii BeIUYMH JMHUY 110 KaXIOMY METOIY CIIe-
OMAJIbHO HE OTMEYaloTCs, TIPUBOIITCS TOJILKO pe3ynbTaThl, moiaydeHHbIe MeTogoM [TYPYDB. Jlng Bcex
ciydaeB (DUKCUpYeTCs Xopollliee KayeCTBEHHOE U KOJIMYECTBEHHOE coBNaAeHre. B 1ByMepHBIX ciiydasix
00JIaCTU HEKJIaCCUYECKOTIO TEeIJIONepeHoca o IByM MeTOoAaM HEMHOIO OT/IMYAIOTCSI, HO OCHOBHbIC Ya-
CTH 3THUX 30H COBITAAIOT.

3. ABYMEPHbIE HEPABHOBECHbLIE TEHEHWA C AHOMAJIbHBIM ITEPEHOCOM
N AHAJIN3 DOPEKTOB

IMpob6aema popmupoBaHus HepaBHOBecHO DP Ha rpaHuile MOXET OBITH pellieHa IBYMSI cItocoba-
mu. [lepBblii cBsI3aH € 3aJjaHUEM CHELUAIbHBIX TPAHUYHBIX YCJIIOBUI Ha MOBEPXHOCTSIX TBEPABIX TEN,
9THU YCJIOBUS MPUMEHSIIOTCS B 3aJa4e O TeTionepeaaye Mexay AByMsI riacTuHaMu. Ho peanusyeMocTb
TaKWX TPaHUYHbBIX YCJIOBU BhI3bIBAET BOMPOCHI. boJsiee oueBUIHBIN cIOCOO CBsI3aH C B3auMoieficTBrEM
CBEPX3BYKOBBIX IOTOKOB C HEKOTOPOI CTPYKTYPOIi, COCTOSIIIE U3 TBEPABIX TEJI, B YaCTHOCTU, OMUH U3
TaKUX CIy4yaeB COOTBETCTBYET MTOTOKY uepe3 MeMOpany. B [14, 15] 6bu11 paccMOTpeHbI OMTHOMEpPHBbIE 3a-
nauu. B Hacrosieit paboTe Mbl MccaeayeM AByMEpPHbIe 3alauu 00TeKaHUs TeJl CBEPX3BYKOBBIM MOTO-
KOM pa3peX€HHOTO ra3a, OCHOBHOE BHUMAaHUeE yIIeJISIeTCsl 30HE 3a TeJIOM, I1e hOpMUPYETCS HEPABHO-
BECHOE pacIpeesieHre, KOTOpoe Aajiee BHU3 MO TMTOTOKY MPUOIMKAETCsI K pPABHOBECHOMY, UTO B OMpe-
JIeJIEHHOM CMBbICJIe COOTBETCTBYET peaiu3allui YCJIOBUM 3a1aui O HEOTHOPOIHOM peakcaluu.

INepBasg 3amaya — o6TeKaHUe O€CKOHEYHOM MIACTUHBI HYJIEBOI TOJIIIMHBI CBEPX3BYKOBBIM ITOTOKOM
paspexeHHoro raza. PaccmarpuBaeTrcst 1ByMepHasi riockasi mocraHoBka. [ToTok mpemdroiaraercst Ha-
MpaBJIEHHBIM CJeBa HAIpaBo, IUIACTUHA pacrnojaraeTcd MapajjieIbHO CKOPOCTU TMOTOKA, B pacueTax
WCIIOJIB3YETCS CUMMETPHUSI OTHOCUTEJBbHO JIMHUM PACIIOJIOXKEHUS TIACTUHBI. 3a XapaKTepHBIM Mac-
mTab L mpyuHUMaeTcs JJIMHA ITacTUHBL. OTMETHM, YTO JaHHasl KJIacCUYecKasl 3ajada XOpollIo u3ydyeHa
MeToAaMU MPSIMOTo YHMCJIEHHOTO pellleHUs ypaBHeHNsT BoabliMaHa ¢ MOIHBIM WM MOAEIbHBIM UHTE-
TpajJIoM CTOJIKHOBEHM, a TaK:Ke METOJIOM TTPSIMOTO CTaTUCTUYECKOTo MoAempoBaHus [ 18—21], ogHa-
KO, TETJIOBbIE MOTOKU BOJM3M TeJia U 3a TeJIOM He u3ydanuch. [loctaHoBKa cieayoliast (OHa XOPOIIIO
M3BECTHA U ITO3TOMY OIMMCBIBAETCS KpaTKo). 11 BXOASIINUX B 00JIACTh MOJIEKYJT 3aJaeTCSI MaKCBEILIOB-
ckast @P, mist KOTOPOIi TJIOTHOCTh M TEMITepaTypa I0JIaraloTcs paBHbIMU 1, CKOPOCTh OTIPENeIISIeTCS C
ydyeToM yurcyia Maxa st HaGeraroIero CBepX3ByKOBOTO MTOTOKa:

2
nexp| -CTW o on w= (MyT/20.0). 2

Sint =W 7

B3aumoneiicTBue ¢ TBepaoil MOBEPXHOCTHIO TIACTUHBI Mpearonaraetcs auddy3HbIM, TeMIlepaTypa

mnactuHel 7T,,, cuuTtaercs: paBHoii 1, @P, oTpaxXeHHBIX OT TUIACTUHBI MOJIEKYJ 3aJaeTCsl CIEAYIOLIUM
obpazom:

[ (&) (& 9)dg
PO (0 S R &0
refl — 3/2 > (A -3/2 2 )
(D) Tyan () J' exp _s (&s)dE
(&,5)>0 Twall
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®ur. 2. O6tekanue rutactuHbl Ipu Kn = 10 1 M = 3. T1ojs TeMniepatypsl (a) 1 KOCUHYCA YIJla MEXXIy BEKTOpaMU TeTl-
JIOBOTO TIOTOKA M TpanureHTa temrmeparyps (0). [Tomoxenue uentpa mmactunasl x =0, y = 0.

30€CHh S — BEKTOP HOPMaJIN K ITOBEPXHOCTH. npl/l YNCJICHHbIX pacy€TaX UHTETPUPOBAHUEC 3aMCHACTCA
CYMMMUPOBAHUEM I10 BCEM CKOPOCTAM:

) D FE)(Es)AL
ﬁeﬂ = Lmexp _g_ S ni = — 1 7 (éas)<0 . ) (3)
T By (COR

(&,5)>0 wall

Bropag 3amaya onmuchIBaeT CBEPX3BYKOBOM ITOTOK Yepe3 PeIIeTKY, 00pa3yeMyio 0eCKOHEYHBIMM 11 -
JIMHAPUYECKUMU NPYTKAMHU C KBaApaTHBIM CEUEeHUEM, LIEHTpaJIbHbIe JIMHUU TIPYTKOB MoJIaraeM 3KBU-
JUCTAaHTHBIMU U KOIUIaHapHbIMU. PaccMaTpuBaeTcs IByMepHas Ijlockas MocTaHoBKa 3agauu. CKo-
POCTb MOTOKA, HAITPABJICHHOTO CJIeBa HAIpaBO, CUMTAECM MEPIICHINKYJISIPHOI pellleTKe, KBaaparT IoJia-
raeM pa3BEepHYTbIM OOHOIM M3 CTOPOH IEPIIEHOUKYISIPHO IOTOKY. Ilpearmosaraercsi, 4To pelieHUe
nepuoandeckKoe Ha Iepuoie pelreTku. st 3KOHOMUM pecypcoB MBI MILIEM pellieHre Ha MOJIyIIepUOIe
3aJa4u, 3a1aB 2 YCIOBUSI CUMMETPUM Ha BepXHell M HUKHeM rpaHuiiax. Takke, Kak U TIpU 00TeKaHUU
racTuHbl, @ P MoIeKyIT, BXOOSIINX B 001aCTh, 3a0aeTCSI MaKCBEUTOBCKOI (2) C TUIOTHOCTHIO U TEMTIE-
paTypoii, paBHBIMHU 1, 1 CKOPOCTHIO, OTIpeaeasieMoil o yruciy Maxa. Ha TBepmoit moBepXHOCTU pelieT-
KM 3amaeTcs a1uddy3Hoe rpaHnYHOe yciaoBue (3), TeMIepaTypa NOBEpXHOCTH MoJjiaraeTcsl paBHoit 1. B
KadecTBe XapaKTepHOTo MacilTaba 3aJauyy BEIOpaHa CTOpOHAa KBajapaTa d, B 3aJaue ecTh ellle OAVH T1a-
paMeTp — repuo peueTku 2H, KOTOpbIii CBI3aH ¢ d yepe3 reOMEeTPUUECKYIO IIPOHUIAEMOCTh PEIIETKU

Py =1-d/2H. 3ameTuM, 4TO IS TOTO, YTOOBI FAPAHTUPOBATH IPOXOXKIEHUE IMOTOKA CKBO3b PELIETKY
0e3 popMupoBaHUS yOIapHOI BOJTHEI 32 CYET OTPAXKEHUS OT PEIIETKN HaBCTpedy MOTOKY, BEIUYMHA P

JOJKHA OBbITh 6J1M3KO0M K 1, onTuMaiibHble 3HaueHus Py = 0.9—0.95. Takyro pelieTKy MOXHO paccMmar-
pUBaTh KaK BBICOKOIMTPOHUIIAEMYIO MEMOpaHY, 00JIalaloNIyI0 JOCTATOYHO BBICOKOW MPOYHOCTHIO IS
HCITOJIb30BaHUSI B 9KcTniepuMeHTax. OCHOBHOE BHUMaHUE COCPEIOTOYCHO Ha U3yYeHU M HEPAaBHOBECHO-
IO TEYEHUSI, BOSHUKAIOIIETO B pe3yJibTaTe B3aMMOIEMCTBHSI CBEPX3BYKOBOTO ITOTOKA C PEIIETKOM.

i1 mosiydeHusi HaleXKHbIX PE3YJIbTATOB PELIEHUS CTPOSITCS C TIOMOILIBIO IBYX YKa3aHHbBIX UYMCJIEH-
HBIX MTOAXOI0B, KaK 3TO AejaJloch paHee B [ 14, 15] mpu MoaeIMpOBaHUM CJIOKHBIX TEUEHU ¢ “MemMOpa-
HOTIOJIOOHBIMM” TPAHUYHBIMU YCIIOBUSIMHU.

3angaya 06 00TeKaHUM TUIACTUHBI CBEPX3BYKOBBIM ITOTOKOM Pa3pekeHHOIo ra3a paccMaTp1BaeTCs B
nepexonHbix pexumax: M = 2—4, Kn = 1—10. Ha ¢wur. 2 npeacraBieHsI 11oJIst TeMmiiepaTypsl 7 (a) 1 Ko-
CHHYCca yrja MeXIy BEeKTOpaMu IpaJueHTa TeMIlepaTyphl U TeIrIoBoro notoka (6) mpu Kn=10, M = 3.
Kiaccnueckmnii TeruionepeHoc cornacHo 3akoHy Dypbe COOTBETCTBYET 3HAUEHUSIM KOCUHYCA, PAaBHbIM
—1. Ecii KoCMHYC MONOXUTENIEH, TO YTOJI MEXIY AByMs BeKTopaMu MeHblie 90°, 1 ,3HaYUT, CYILLIeCTBY-
€T HallpaBJIieHHEe, B KOTOPOM KOMIIOHEHTEI BEKTOPOB IpaJreHTa TeMIlepaTypbl U TEIUIOBOIO IIOTOKA
MMEIOT OAWMHAKOBBINM 3HAK, YTO Mbl Ha3bIBaeM Hekaaccuueckum neperocom. Ha ur. 26 MoXXHO BUIETh
0O0JIBIITYIO 00JIACTDH C HEKJIACCUYECKUM MEPEHOCOM 3a IIACTUHOM (KEJITHIN 1IBET Ha PUCYHKE).
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®ur. 3. O6Tekanue miacTuHbl 1pu Kn = 1 npu pa3nuyHbeIx ynciax Maxa BOJIU3M TUHUM cuMMeTpun. Ipoduin Kkom-
TTOHEHTBHI TETJIOBOT'O MOTOKA ¢, (a) 1 Temnepatypsl (6). LleHTp rutacTrHbI pacnionioxeH npu x = 0.

B onHOMepHOM ciydae MpocTpaHCTBEHHO-HEOIHOPOIHOM peslakcallii aHOMaJIbHble COOTHOIIIEHUS
TiepeHoca 3anuchiBaloTcs B Buae (cM. [5, 22])

P = U du

xx de,
dT

= 4L
q de

3,[[er KOB(D(I)I/ILH/ICHTLI IIPpOMOPIHMOHAJIBHOCTH MEXKAY NNCCUITATUBHBIMHY BCIIMYNHAMU N COOTBETCTBY-

IOLIMMU IPANMEHTaMU [l U A(;, KOHEYHO, OTJIMYAIOTCSI OT OOBIYHBIX KO GHUIIMEHTOB BI3KOCTU U TeTI-
JIOIIPOBOIHOCTHU. /111 MpUBEAEHHBIX BHILIE PE3yJbTaTOB B JBYMEPHOM CJiydae aHaJIOTMYHbIE COOTHO-
IIEHUS C aHOMAJIbHBIM COOTBETCTBMEM 3HAKOB B JIEBBIX U MTPABBIX YACTSIX YPABHEHUI MOXHO 3aMUCaTh
(B KaueCcTBe ASMIIMPUIECKUX COOTHOIIIEHUIT), €CIM KOCUHYC yIJia MeXIy BEKTOpaMM TEINIOBOTO MOTOKA
U TpaJyeHTa TeMIepaTyphl ImoJjioxuTtenaeH. COOTHOIIEHUS OyIyT MMETh 00Jiee CIOXKHBIN BU U JOJKHBI
colepKaTh, HAIpUMEp, MMPOEKIIVIO TpagueHTa TeMIIEpPaTyphbl HA OCh, COOTBETCTBYIOIIEIT BEKTOPY TEIl-
JIOBOTO TTOTOKA (B MHOTOMEPHOM CJIy4ae aHOMAJIbHOCTD BI3KMX HATIPSIKEHUI JOJKHA U3Y4aThCsI 0CO-
00).

B 3ToM cMBICIE MHTEpeC NPEACTABIISIOT AeTalu IIepeHoca TeIlIa 1 HePaBHOBECHbBIX HANIPSKCHU B
HaIIpaBJICHUU X Ha JJWHUHA CUMMeTpnH motoka. Ha ¢wur. 3a,6 npencraBineHbI IIpod@MIN BOIN3NU TMHUNA
CMMMETPHHU KOMIIOHEHTBI g, TETJIOBOTO TIOTOKA (KOMIIOHEHTA g, = 0 B CUJIy CUMMETPUM) Y TEMIIEPATY-
pul 11t Kn = 1 1 pasznuuHbix yncea Maxa. Kak BUIHO, 3a INIAaCTUHOM KOMITOHEHTHI TEIUIOBOTO IOTOKA
M TpagyleHTa TeMIIEpaTyphbl OTPULIATENIbHBI IS U3ydaeMbIx uncell Maxa. Ha ¢wur. 4a,6 nipencTaBlieHbI
podUI KOMITOHEHT TeH30pa BI3KUX HAIIPSDKEHUH p,, 1 MAKPOCKOTTMYECKOM CKOPOCTH ¢, Tipn Kn = 2
IJIsT IBYX yrcesl Maxa. 31ech Takke HabI101aeTCsl aHOMaJIbHOCTb, 3a TJIACTUHOM rpagueHT CKOPOCTU U
TEH30p BSI3KMX HAIPSIKEHUI MOJOXUTEIbHBI (BOJIM3U JIMHUU CUMMETPUM y-KOMIIOHEHTY IpagueHTa
CKOPOCTHU MOXHO CUMUTATh paBHOIA 0).

3aMCTI/lM, YTO IMPUBECACHHDBIC BbIILIEC COOTHOICHUA MEXAY IUCCUITAaTUBHBIMU BEJIMYMHAMU U COOT-
BETCTBYIOIIMMU TpagUeHTAMU MOTYT CIYXKUTb OCHOBOM IUISI 3aMBIKAHMSI MOMEHTHBIX ypaBHeHMIA. B
5TOM cllydae CUCTeMa KayeCTBEeHHO oTiimyaercs oT cucteMbl HaBbe—CToKkca. Takue ypaBHEHUS B OI-
HOMEPHOM cJIy4yae 3aIluchiBaIuCh B [23].

Jist 3aga4m 0 TIPOXOKIEHUM CBEPX3BYKOBOTO MOTOKA YEpPeE3 PEIIETKY PACCMOTPUM CJIEIyIONINE Ma-
pameTpel: M =4, Kn = 1—5. BepxHuii ipenen misa yncia KHyaceHa 1o nopsiaKy BEIUYMHBI COBIAIAeT
¢ H/d, uato cnenyet u3 olleHOK (pU3NYECKOM TTpoHULIaeMOCTH peiieTku. Ha ¢ur. 5 mpencrasieHo moJie
BesmunHLI cos(q, grad(7)) mist Kn = 2. O61acTi OJI0XKUTEIbHBIX 3HaUeHU cos(q, grad(T)) moka3aHbl
KpPaCHBIM LIBETOM, T.€. B 3TUX 30HaX HabIogaeTcs TeronepeHoc “antu-Mypbe”.

Takum o6pa3zoM, MBI OOHAPYKMBAEM, UTO B pe3yJIbTaTe B3aUMOIECTBUS CBEPX3BYKOBOTO TTOTOKA C
IUIACTUHOI WX pelIeTKO BO3HUKAEeT HEpaBHOBECHOE TeUCHIUE, CTpeMSIIIeecs K paBHOBECHOMY BHU3
10 MTOTOKY, U TIPY 3TOM HaGII0JaeTCsl aHOMAJIbHBIN TepeHoc Teruia. Ha ¢ur. 6, 7 moka3zaHo, KaK Ipo-
ncxonut penakcauys @P BHU3 110 MOTOKY. MOXHO OTMETUTD, UTO HECMOTPSI Ha ABYropObIii BUIL PyHK-
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®ur. 4. O6TekaHue IacTUHBI Tpu Kn = 2 npu pa3nuyHbIx ynuciax Maxa BOJIU3M TUHUM cuMMeTpun. Ipoduin kom-
TIOHEHT TEH30pa BA3KUX HATIPSLKEHU Py, (2) 1 MAKPOCKOMUYECKOH CKOpocTH i, (6). LIeHTp miacTuHbI pacnosoxeH
npu x = 0.

®ur. 5. [ToTok yepes peleTky, noite cos(q, grad(T)) nmpu Kn = 2. ®1oj1eTOBbII LIBET COOTBETCTBYET AUAIIa30HY BEJIM-
yuHbI [—1, —0.1], kpacHslii uBet — [0.1, 1], 3eeHsblit u roay6oii sera — [—0.1, 0.1].

(a) 0.12 0.12 (B) 0.12
o 0.09 (%15 000 O 0.09
00 0.06 006 0.06 00 0.06
0.0 0.03 (.03 0.03 (.0 0.03
0 0 0 0
- 5.0 -2 - 5.0

6 3750 > 6 3750 >

®ur. 6. OP B 3amaue TeueHMs Yepe3 pelIeTKy Ha OCH CUMMETPHUH 3a 3jieMeHTaMu perretku: y = 0: x = 1.5 (a), x = 3.5
(6), x=15.5(B).

UM pacTpencieHns Ha GUT. 6 HeKIaCCHIECKU TIepeHOC B 3TOIM 00JIACTU MPAaKTUYECKH OTCYTCTBYET
(aTOT BOTIpOC TpebyeT 0co60TO pacCCMOTPEHUS, HO SICHO, YTO He BCEeTaa JaXke CMIIbHO HepaBHOBECHOE
pacripeneseHue IpUBOAUT K aHOMaJIbHOMY ITEPEHOCY).

Ha ¢ur. 8 npencrasieHbl IPOAoJIbHbIE TPOGUIN TEMIIEPATYPhl U KOMIIOHEHTHI ¢, TETJIOBOTO MOTO-
Ka B 00J1aCTH 3a PEIISTKOM Tl pa3INYHBIX y. BUIHO, 4TO BeTMYMHa NU3MEHEHUS TEMIIEPaTyPhl I KOM-
TMOHEHTHI TETUIOBOTO ITOTOKA OTJIMYAETCS I Pas3inyHbIX y. Ho M1 Kaxkaoro cirydast UMEIOTCsl 30HBI
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®@ur. 7. OP B 3amaue TeueHUs Yepe3 PeIieTKy Ha OCU CUMMETPUN MeXy 3jieMeHTaMu petetku: y = 5.0: x = 1.5 (a),
x=3.5(06),x=5.5(B).

T dx
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®ur. 8. Teuenue yepes peureTky. [IpononbHble TpodMIN TeMIIEPATYpPHI (a) 1 KOMIIOHEHTHI ¢, TEIUIOBOTO MIOTOKa (6) B
Pa3TMYHBIX CEYSHUSIX TI0 ).

AHOMAJIBHOTO TeIUToNepeHoca. DTO OTYETIMBO 3aMeTHO TIpH ¥y = 5.0 (YTO COOTBETCTBYET U HT. 5).
31ech B 00J1aCTH MEXAY dJeMeHTaMu pemeTku pr 2 < x < 9 COOTBETCTBYIOIIE KOMITIOHEHTHI IPamy-
eHTa TeMIlepaTyphbl U TETIJIOBOTO ITOTOKA OTPULIATEIbHBI.

4. OBILHETEOPETUYECKHME BOITPOCHI, BO3MOXHDbIE
OKCINEPUMEHTDLI 1 IMPUJIOXKEHUA

HapyreHne KiraccmyecKmMx MUKPOCKOITMUYECKNX COOTHOIIIEHNI HEN30EXKHO TpeOyeT 0OCYyKIEeHMS C
TOYKM 3pEHUSI OTHOLLIEHUS JaHHbBIX 3(p(EKTOB KO BTOpOMY Havally TepMoauHaMuku. MI3BecTHa popMy-
nupoBka Kitaysuyca, cMm. [24]: TeruioTa He MOXKET CIIOHTAHHO TIEPEUTH OT 60Jiee XOJIOIHOIO Tejia K 60-
Jiee TopsiueMy. B HaieM citydae mist COOTBeTCTBUS (hOPMYJIMPOBKE MOXHO CKa3aTh, YTO IIPOXOXKICHUE
IIOTOKA 4yepe3 MeMOpaHy (pellIeTKy) M CO3JaeT “HECIHOHTAaHHOCTh”, 00eCIeUnBaIONIYI0 aHOMAJILHBIN
nepeHoc Tera B notoke. Mcxons U3 NpuBeAeHHBIX PE3yIbTaTOB, OXKUIAETCS, YTO IMTOAOOHBIE SIBJICHUS
MOTYT OBITh OOHAPY:KEHBI ITPU 00TEKAaHUM KOCMUYECKHMX armnapaToB W acTPOPU3NIECKUX OOBEKTOB.
IToMuMO TakMX BO3MOXKHBIX MAKPOCKOITMYECKUX MPOSIBIICHUM JaHHbIE 3(P(GEKThI JOITYCTUMO Peajin3y-
eMbI 1 Ha MUKpOoMacIuTabax.

B HemaBHee BpeMst BOBHUK MHTEPEC K KCIIEPUMEHTAJIbHOI IpoBepKe U3y4aeMbIX 3(P(PeKTOB. DTOT
MHTEPEC BaxKeH U ¢ TOUKU 3PEHUSI Pa3BUTUSI METOOUK SKCIIEPUMEHTA B pa3peXXeHHBIX razax. Ha ¢ur. 9
MoKa3aHa cxeMa dKCIepUMEHTA, TMTOX0XKEro Ha SKCIEePUMEHTHI B [25], XOTS 11 U3MepeHMsT HepaBHO-
BecHo PP ucrnosb3yeTcss METON 37EKTPOHHO-JIy4eBOi (hiyopeclieHIun. DKCepuMeHTalIbHAs yCTa-
HOBKa peajn3oBaHa B MapceIbCKOM YHUBEPCUTETE TI0J, pyKOBOACTBOM qokTopa I1. ITeppne.

AJneKBaTHBIE YCJIOBUSI HA BBIXO/IC U3 COTLJIa MOTYT OBITh pealn30BaHbl COOTBETCTBYIOIIEH a9pOauHA-
MUYECKO# TpyOoOii, CM. TexHUYeCcKuit otueT [26]. His stoit uenu rpymmnoii I1. Ieppbe co3maHo crienu-
aJlIbHOE MUKpOCOILI0. [TapaMeTphbl yCTAaHOBKU CJIEAYIOIINE: BXOAHOM AUaMETP adpOAMHAMUYECKOM TpY-
ObI 23 MM, BeIxogHOI 1 MM, maBiieHue Ha Bxozae 1 atM (~100 000 ITa), Ha Beixoge MeHee 100 ITa. 1o
obecneunBaeT ynuciao Maxa M = 4 1151 BBIXOTHOT'O CBEPX3BYKOBOTO IT0TOKA. CpemHsisi IJIMHA CBOOOTHO-
ro rpooera paBHa npuMmepHo 0.1 mMm. Perretka (rpedeHka) coctout u3 Hutein nuamerpom 0.1 MM, pac-
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Kamepa

’ ITpocTpaHcTBEHHAs MJIOTHOCTD MMy4Ka
PCLL[CTKal

l/l3MepeHMe CKOPOCTHU BPEMATIPOJICTHBIM
METOAOM MNJIN METOOOM AOIIIJIEPOBCKOIO
caBura ¢ agariTupoBaHHBIM
CIICKTPpaJIbHBIM OKHOM

DyukysS pacﬂpeﬂeﬂeﬂnﬁ st &y

DIeKTPOHHBIN
ny4Jok 20 kOB

Temneparypa TennoBoit moToK

®ur. 9. Cxema 3KCIepUMeHTalbHOI ycTaHOBKK. CiieBa MOKa3aHO CBEPX3BYKOBOE COILIO, Cpa3y 3a HUM — pelleTKa,
3JIEKTPOHHBII ITy4OK M Kamepa, MO3BOJISIONIAst PETUCTPUPOBAThH YaCTHIIBI.

CTOSTHME MEXIy KOTOPHIMHU COCTaBIsIeT 1 MM, ee reoMeTpudecKkas ImpoHuiiaeMocTb paBHa 0.9. Yucno
KHynceHa B OKpeCTHOCTH pellIeTKU B pacyeTe Ha JuaMeTp HUTU cocTasisgetr Kn ~ 1.

Heknaccuueckuii TernionepeHoc, HabMoAaeMblii B CBEPX3BYKOBBIX TEUCHMSIX, MOXKET OBITb Mpel-
CTaBJICH He TOJILKO B OIIMCAaHHOM cXxeMe IIPOXOKICHMsI ITOTOKa Yyepe3 penreTku. B padore [10] paHee 06-
CY>XKIaJTMCh BOBMOXHOCTH CO3IaHWS 30H aHOMAJIbHO TeTIoIepenadyn B TTOKOSIIIIEMCSI Ta3e, IPH YCII0-
BUM pean3allui CrelabHbIX HepaBHOBECHBIX TPAHUYHBIX YCJIOBUI Ha CTeHKaX. DTOT MPUHILIUI MO-
JKET MCTIONIB30BAaThCS MJIST OXJIaXKIeHWS Ha MUKpPOMAcCIITabax.

SAK/IIOYEHHE

TeopeTuuecky M ¢ TIOMOIIBIO YMCIIEHHBIX METOAOB Pa3IMYHONM IMIPUPOAbI TOKA3aHBI BO3MOXKXHOCTH
peam3anum HeKJIaCCUYECKOT0 ITIePEeHOCa B CBEPX3BYKOBBIX IIOTOKAX pa3peskeHHOTO ra3a Ha MaciuTabax
5—10 myH cBOOGOAHOTO ITpobera. DTo moaATBepKAaeT (PakT, YTO HEOOXOAUMBIM YCIOBUEM 11 TAKUX SIB-
JICHUH SIBJISIETCS CUJIbHAS HEPABHOBECHOCTh TeUEHMsI. TedeHune 3a pellleTKOM COOTBETCTBYET 3aJaue O
IIPOCTPAHCTBEHHO HEOMHOPOIHOI penakcanmnu. OOcykmaeTcst cBsI3b 3¢d@deKTa coO BTOPHIM HAYAJIOM
TEePMOIMHAMMKM, OTTMCAHbLI BO3MOXKXHOCTU 3KCIEPUMEHTAIILHOM IPOBEPKMU.

YucieHHbIe pacyeThl MPOBOAUINCH HA BBIYMCIUTEIBHBIX pecypcax MexXBeJOMCTBEHHOTO CyIep-
KOoMITbloTepHOTO LieHTpa PAH.
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