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AxHOTAnIUA
Pabora mocBsmeHa 0030py COBPEMEHHBIX JIOCTMIKEHHH B 00JIACTH PETHCTPAINH,

00paboTKH, aHATIN3a JUHAMHUYECKUX IIPOIIECCOB B KUIKOCTSAX, Ta3axX, Iia3dMe, MHOTO(a3HBIX
cpefax, peauTHU3yIIIUXCs B TPHUPOJIEe U TeXHHKe. ABTOP 0030pa paccMaTpuBaeT Kak
(pusuveckre OCHOBBI BU3yaJIU3allUM IMOTOKOB, TaK M OCHOBBI COBPEMEHHBIX TEXHOJIOTUU
nudpoBoil 00pPabOTKM 3aperuCTPUPOBAHHBIX M300pakeHWU. KpaTKuil aHaIU3 HCTOPUU
Pa3BUTHUA METOZOB MTAHOPAMHOUM BU3yaJIU3aIllUU U TEIUIOPU3UIECKUX I0JIel MepeKphIBaeT
Iepuos IMoJyTopa crojeTuil. B paborax mociemHero JecATHwieTUs B (OKyce - METOZbI
KOMIIbIOTEPHOU 00pabOTKU, CPEe/ICTBA, TEXHOJIOTUY aHAIN3A U PACIIO3HABAHUA N300paKeHU U
MMAHOPAMHBIX TEIJIOPU3UUECKUX TI0JIeH, IO3BOJIAIONINE IIOJydyaTh KOJUUYECTBEHHYIO
nHOpManuio o moTokax. O630p COMIEPKUT aHAIN3 MyOJUKAIIUHA, OTHUCHIBAIOIINX OCHOBHBIE
COBpEMeHHble MeTO/Ibl BH3yaJHU3allUd IIOTOKOB: METO/Ibl OCHOBAaHHble Ha fBJIEHUU
pedpakiuu; UCIOIL30BaHUH 3JIEKTPOTIOMUHUCIIEHITNY; ¢ POBOe TpaccupoBanue (particle
image velocimetry), Bu3yasm3anuu TOBEPXHOCTHBIX TedeHUH (OApOMHIMKATOPHBIE U
TEPMOUH/IUKATOPHbIE TOKPBHITUSA, KHUJIKHE KPHUCTAJUIbl; MacisgHble HOKpbITUA); Ocoboe
BHUMAaHHE V/leJIeHO MeTOAaM, MCHOJIb3YIOIINM KPOCC-KOPPEIALNOHHbIE aJTOPUTMBI
obpaboTku wm300pakeHU#. PaccmarpuBalOTC METOABI, TAe OSTOT aJTOPUTM  SIBJISAETCSA
OCHOBHBIM: ITH(dpoBoe TpaccupoBauue (PIV), TeHeBoii ¢oHOBEIN MeTo (T®M), Oe33aceBHbIE
TeHeBble MeTO/lbl, TepMorpadudeckoe PIV, nsamepeHue CKOpPOCTH B BA3KUX ITOKPBITHUAX,
MUKPO, ToMorpadpuueckue mopudukanuu PIV u gp. 3arparuBaercs akTyasibHas mpobsema
aHaIM3a NUQPPOBBIX JAHHBIX MAHOPAMHOTO JKCIEPHUMEHTA - MpoOseMa OOJbIINX JaHHBIX.
[IpuBogATCA TPUMEPHI HCIOJIH30BAHUA MAIIMHHOTO OOyYeHUs IpPU aHajau3e OOJIBIINX
MAaCCUBOB JIaHHBIX TE€HEBOU ChEMKU. PaccMOTpPeHBI HEKOTOpble IpUMeEpHI BU3yaIU3aIUU
JAHHBIX YUCJIEHHOTO MO/IETUPOBAHUS, UMUTHUPYIOIINX SKCIIEPHUMEHT.

KiaroueBble cjioBa: NMaHOpaMHAs BU3yaIu3anus, IUGPOBOU aHAIN3 M300parkKeHUH,
ONTUYECKHE METO/Ibl, II0Jleé CKOPOCTH, TPaJUeHT ILJIOTHOCTH, PACIIO3HAaBaHUE Ppa3pPbHIBOB,
TeHeBOU (DOHOBBIN METOJ], KOMITLIOTEPHAS 00paboTKa.

1. BBegeHue

Busyanuzanusa ABMKYIIUXCA Cpefi B IPUPOJIe U B TEXHUUECKUX YCTPOMCTBAX KakK crocob
uxcanuu u nepegaun UHGOPMALMU O PA3JIUUYHBIX JUHAMHYECKUX MPOIeccax CyIlecTByeT
HECKOJIbKO cTosieTuil. [IoHnMaHue CI0’)KHBIX HeCTaIlMOHAPHBIX ITPOIECCOB, TPOUCXOIAIINX B
MIOTOKE Tas3a, >KUJIKOCTH, IIJIa3Mbl BO3MOXKHO NIpPU HAOIIOZEHUU BCEN KapTUHBI TeYeHUsd
cpeZibl B 1IeJIOM. B CBA3U ¢ 3TUM, IaHOpAaMHasA BU3yaJIN3alUsA 101 TE€YEHUA CPebl ABJIAETCA
BOKHEHIMUM  cmocoboM  mosiydeHus  uHGOpPMAUMM O  TaKUX  IOTOKaxX  IIpU
9KCIIePUMEHTAJIbHBIX UCCJIEJOBAHUAX B TEIUIOPU3NKe, MEXaHUKe ra3a, >KUJIKOCTH, IJIa3MBbl.

[IpuHATO cCcumTaTh, YTO B 3INOXYy BO3poxkIaeHHWA IIOABWIACH HaydyHasd BU3yaJIu3alusd
IIOTOKOB — JINHAMHUYECKHUE IIPOIeCChl U ABJIEHUA TEIUIOPU3UKU, MEXaHUKM >KUJIKOCTH, rasa
(pukcupoBaucy B rpaduueckux u3obpakeHusx. VccaenoBaHus MOTOKOB ra3da U »KUJIKOCTU
IIOMOTaJIO T€HUIO UTAJIbAHCKOr0 Bo3poxaenud Jleonapao na BuHuM nposyMbIBaTh IPOEKTHI
CO3[aHUA CPEJCTB IepeABIDKEHUA II0 BO3AyXy, Boge, cyme. C snoxu Bospoxzaenusn
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BU3ya/IN3allis pa3BUBajach IMIPEUMYIIECTBEHHO B JIBYX BHAX - KaK MCKYCCTBO M KaK HayKa.
BHOBb OTKpBIThIE (PU3UUECKHE MPHUHIUIIBI PETUCTPAlMU H300pasKEeHUH WCIT0JIb30BaIOCh
OTHOBPEMEHHO M Ha HOBOM BUTKE HAy4YHON BHU3yaju3allud, U B HcKyccTBe. Hampuwmep,
n3obperenue ¢ororpaduu MepBOHAYAIBHO HCIIOJIH30BAJIOCH B OCHOBHOM B OBITY; JIMIID B
koHIe XIX Beka mosiBWiIach HayuHas ¢ororpadusa. B 1839 roay B [lapuke Ha coOpaHHuU C
y4acTHEM WIEHOB AKaJIEeMUU HAyK ObLIO OOBABIEHO, YTO Jlarep OTKPBLI CIIOCO0 MPOSIBIIATH U
3aKkpeIviATh (ororpadpuueckre m3obpakenuda. Ilociae 3TOro cobBITHSA HAUaJIOCh Pa3BUTHE
HAYYHOU BU3yaJIU3alUU.

[TanopamHass BuUByaIu3alUsA TEIJIOPU3UUYECKUX TIOJIe  BKJIIOYAET JABYMEPHOE,
TpexMepHOe, 4YeTbIpeXMEePHOe IIpe/CTaBjieHHe pe3yJIbTaTOB H3MepeHUN u IudpoBOro
aHaIN3a HUCCIeAyeMBIX MOJIEN Ta30UHAMUYECKUX, TeIIOQU3NUECKUX TapaMeTPOB, a TaKKe
U  pe3yJbTaTOB UYMUCJIEHHBIX pACUETOB JAUHAMHYECKHX IIporieccoB. I[laHopamHas
BU3ya/IN3alusa IMOTOKOB BOCTpeOOBaHA BO MHOTHUX €CTECTBEHHBIX HayKax, - TeIUIopU3UKe,
reopusuke, MeUNINHE, (PU3UKe IIa3Mbl, OHMOJIOTUH, TICUXOJIOTUH U JIP.

A.Teriep BHepBble NPEAJIOKWJ TaK Ha3bIBAEMBIA MeETOJ CBWIEH (pPa3HOBHIHOCTH
TEHEBOTO MeTO/[a) JJiA W3Y4YeHHs OITHYECKHX HEOJHOPOJHOCTEH cpeAbl W HabJroman
VAAQpHYIO BOJIHY OT OSJIEKTPUUYECKOH HCKphI (1867 r1.). D.Max IpemIoKWI HECKOJIBKO
MUATHOCTUYECKUX MeToauK. OH mosyuns B 80-e ro/ibl 19 BeKa MepBble TeHeBbIe GoTOorpaduu
TOJIOBHOU yJapHOM BOJIHBI IIEpe] ITyJIeHd, JIETAIIEH CO CBEPX3BYKOBOU CKOPOCTHIO, ITO33Ke
nostyuyns uHTepdeporpamMmsl noToka. [1]. @paniry3ckuil ecrectBoucnbiTaTesb 2K.9. Mapei
BIE€pBBIE MPUMEHWJ MHOTOKaZ[poByl0 ¢ortorpaduio i perucTpanuyd ABUKEHUU W,
IIOCTPOUB a’pPOJMHAMUUYECKYIO0 TpyOy, BHU3yaJIU3HMPOBAJl CHCTEMON [JBIMOB OOTeKaHUeE
MPENATCTBUU U ITePeX0/T K TypOyJIeHTHOCTH. [2].

B Teuenme TOCIEAHUX JBYX BEKOB Ppa3BUTHE IMAHOPAMHOW  BU3yaIU3aI[UU
TeIUIOQU3NYECKUX, THAPOJMHAMUYECKUX TIIOJIEH  OIpEeJNesIsyIOCh  ITPEUMYIeCTBEHHO
CJIeTyIOINMU IAThIO (aKTOpaMu:

1. ITporpeccoM B CO3/ITaHUU PETUCTPUPYIOIUX MaTEPUATIOB;

2. [IporpeccoM B CO3/IaHUM PETUCTPUPYIOLIEH N300paKeHNs annapaTyphl;

3. CosmaHveM HOBBIX HCTOUYHUKOB TeHepanuu (M Tiepefadyd) 30HAUPYIOIIETO
2JIEKTPOMATrHUTHOTO U3JIyYEeHUS;

4. PazBuTHeM HOCHUTesEN BU3yaIbHON NHMOpMANH (ClI0COO0B XpaHEeHUs).

5. PazButmem nudpoBBIX METOZIOB aHAIN3a U 0OpabOTKU pe3yJsIbTaTOB BU3yaJIM3aIlHU
(maumHan ¢ 80-roI0B 20 BeKa).

Perucrpupyioiine MaTepuasibl 3BOJIIOIUOHUPOBAIN OT TBepAbIX HocuTeseil (OGymara,
dorommactuaky, @doTolIeHKa) M0 IUAPOBBIX MaTpUIl. Perucrpupympoiias ammnaparypa
COOTBETCTBEHHO - OT MIPSIMOTO HAOJTIOZEHNA IJ1a3aMu, Jjajiee HaOJTI0eHHs C UCII0JIb30BaHUEM
kamep-o0ckyp, omtuku. C cepenunbl XIX Beka /1 HaydHON BU3yaJlu3alUMl CTajia
HCIOJIb30BaThcsl  ¢oToammaparypa, 3areM KHWHOKaMephbl, BHIeOKaMepbl, OapabaHHbBIE
BBICOKOCKOPOCTHBIE KaMepbl. B cepenmHe XX Beka MOSIBUJINCH BJIEKTPOHHO-ONTHYECKUE
npubopbl. MICTOUHUKH CBeTa — TaKKe IOCTOSHHO SBOJIIOINHOHUPYIOT: HCIIOJIH30BAJIOCh —
COJIHEYHOe  U3JIyuyeHue, CBeuH, JIAMIOYKH, 3JJIeKTpUUeCKHe pas3psAnabl, Jia3ephl,
KyMyJIATUBHBIE, CBETOJIMO/IHbIE UCTOYHHUKU MU Jip. COBpeMeHHble HCTOUHUKU H3JIy4aloT B
MIMPOKOM JIMana3oHe JIIMH BOJIH U JJINTEJIbHOCTH UMITYJIbCa.

B macrynuBmiyro mu@pOBYIO 3MOXy HAET IOCTOSHHOE OOHOBJIEHHE TEXHOJIOTHI
HU3TOTOBJIEHUSA CIIEIUATU3UPOBAHHBIX KaMep JIJIsl PeTUCTPAlU MPOIIECCOB B MOTOKAX; UZET
KOHKypeHTHasi 60pb06a GpUpPM-U3TOTOBUTEJIEN 3a YBEJIMUEHNE TPOCTPAHCTBEHHO-BPEMEHHBIX,
CIIEKTPAJIbHBIX XapaKTEPUCTUK KaMep.

MeToapl BU3yaJM3alli CTPYKTYpPhl U MapaMeTPOB MOTOKOB OCHOBAHBI Ha (PUBUUECKUX
CBOMCTBAaX 3JIEKTPOMArHUTHOTO U3JIyYEHUS U €ro B3aUMOJENCTBHUI CO cpeflaMu, BKJIIOUas
pasiauuHble (pU3NUECKHe MIPOIIECCHI:

e PaccesHue;

e Pedpaxnus;

e Ilorstomenue



OtpakeHue

NnTepdepennus

Jucnepcus

JlroMuHeceHIINA

AbdeKThl HEJITMHENHON ONTUKHU

[TepeunciieHHbIE IPOLIECCH] BKJIIOYAIOT IPOSABJIEHUS CBONMCTB CBETA, KOTOPBIE MOTYT OBITH
MPOMHTEPIPETUPOBAHBl B paMKaX TreOMeTPUYECKOUW, BOJHOBOM, KBAaHTOBOU MO/ieJel.
CerogHs i TPAaMOTHOTO HCIIOJIb30BAHUS SKCIEPUMEHTATBHBIX METOJIOB BU3YIM3AllU B
TeluI0(PU3NKe, MEXaHUKe U aHAIN3a PE3YJIbTaTOB MAHOPAMHBIX SKCIIEPUMEHTOB HEOOXOIUMO
OBITh CHEIUAINCTOM IO (PU3UYECKOU ONTHKE; TeIIOQU3NKE U MEXAaHHWKE, a TaKXKe II0
nudpoBBIM MeToZaM 00pabOTKU M aHAJIW3a HAayIHBIX U300paskeHuH. B mociiesHme rogpl B
CBA3M C HENPEPHIBHO YBEJIMYUBAIOIIUMCA OOBEMOM BU3YaJIbHBIX JIAHHBIX MaHOPAMHOIO
SKCIIEPUMEHTA HAYaJICA IPOIECC MOJKIIOYEHUs] MAIIMHHOTO OOyYeHHs W MCIOJIb30BaHUS
HCKYCCTBEHHOTO MHTEJUIEKTA IS UX aHAIN3A.

N306pakeHus moJiell TeueHuil B TEIIOQU3UKE - OCHOBHON HMCTOUHUK WHMOPMAIUHU O
paclipesieJieHUN IIapaMeTpOB cpefibl, KOHQUTYypalUusAX U JUHAMUKE CTPYKTYp B IIOTOKE -
BUXpel, c1abbIX BO3MYIIIEHUH, CUJIBHBIX PA3PbIBOB - y/IaPHBIX BOJIH, KOHTAKTHBIX Pa3PhIBOB,
0 JIMHUAX TOKA, TYpOYJIEHTHBIX CTPYKTypax u Ap. llesp BHU3yanusanuu TEII0QU3UUECK X
IIOTOKOB - KaueCTBEHHOe W KOJIMYECTBEHHOE MCCJIeJOBAaHME, ONMCAHNE HOBBIX fABJIEHUU U
3aKOHOMEpPHOCTeN B IIOTOKAaX B PAa3/IMUHBIX CpPe/aX, a TakyKe B HX JeMOHcTpanuu. Bropou
BAXKHOU IIeJIbI0 HAKOIUIEHUs JAaHHBIX BU3YAJIU3ALUHUU JUHAMUYECKUX TEeII0QU3UIECKUX
moJie sABJsieTcA obecrieyeHre O€HUMApPKOB JUIsI TECTHPOBAHUA IMPOrPaMM WU aJTOPUTMOB
YUCJIEHHOT'O MOZIeJINPOBAHUA B TeIIOMUBUKE.

3a mociegHHEe 10-20 JIeT IPOU3OIIES CTPEMHUTEIbHBIN 1mepexoj, Ha Hu@poBbie
TEXHOJIOTUHM PEerucTpanuy, o0pabOTKH, aHIN3a AUHAMHUUYECKHX IIPOIIECCOB B JKUIKOCTSIX,
rasax, mjiasMe, MHOTO(asHBIX CpeJlax, peayIn3yIoluxcs B IpUpoJie U TexHuke. [Iy6aukyores
(a B mocnemaHue 5 JET — B OCHOBHOM Pa3MeEIAIOTCsl B MHTEPHETE) B OOJIBIIIOM KOJIUYECTBE
COOTBETCTBYIOIIHE ITU(POBbIe U3IAHUSA — KypHAJIbI, cOOpHUKH, MOHOTpaduu. Kinaccuueckue
MOHOTpadUM U ATLOOMBI BU3YATU3aIlNU TeYeHUH 80-X - 2000X rozioB [3-8] cocpenoToueHbl
Ha ONHCAHUHU ONTHYECKUX CXeM, PErHCTPUPYIOIIeN ammapaTypbl, aHaIu3e u300pakeHui
TECTOBBIX TIOTOKOB. Ilosiyuaemass B 20 Beke IIpu Budyaimzanuu wuHdopmanus (B
no1upoBYIO BIIOXy) HOCHJA IMPENMYIIECTBEHHO KAuYeCTBEHHBIN XxapakTep. B mociennue
JNEeCATWIETUSI YUCJIO 3apyOelKHbIX OO30pHBIX MyOJHKAIUi IO TeMe MHOTOKPAaTHO
yBeJIMYMUIIOCh — Hanpumep - [9-11] u ap. Cpeau moHorpaduii u 0630poB MOCAETHUX 20 JIET
10 TAHOPAMHBIM METO/IaM Ha PYCCKOM sI3bIKe CJIeJlyeT OTMETUTH [12-18].

B paborax mocyiegHero gecsaTwieThss B (QOKyce - METOAbl KOMITBIOTEPHOU 00pabOTKH,
CpP€eJICTBA, TEXHOJIOTUH aHAIN3a U PACIO3HABAHUSA U300paKeHUH TeIUIOPU3UIECKUX TTOJIEH,
MO3BOJIAKOIINE TOJy4aTh KOJIMYeCTBeHHYI0 HH@opmanuioo o mnotokax. OmHON u3 Iesei
MOJIydYeHUs] BU3YAJIIbHOU MHGOpPMAIUU O JUHAMUYECKUX MPOIeccax B MOTOKAaX >KUAKOCTH,
rasa, IJIa3Mbl — co3/laHue 0a3 HKCIIePUMEHTAIbHBIX JJAHHBIX JIJIs BepUUKAIUU IPOrPaMM
TPEXMEPHBIX pacueToB [19] AKTyasbHBI 33J1a4yd Pa3BUTHUSA DKCIIEPUMEHTAJIBHOU 06asbl I
Bepudukanuu CFD k0/10B ITpu UCIIO/Ib30BAHUU B aTOMHOU SHEPTETHUKE.

C TmosABJIEeHWEM MOIIHBIX KOMIIBIOTEDOB BO3HHUKJIA BO3MOKHOCTH ITPOBOJUTH
BBIUNC/IUTEJIbHbIE SKCIIEPDUMEHTHI, OCHOBAaHHble HAa UYHCJIEHHOM pelIeHWd YypaBHEHUM,
HCIIOJIb3YEMBIX B MaTeMaTUUYECKOU MOJeIn HCCIeAyeMOro (U3UUECKOTO SIBJIEHUS WU
nporiecca. CucteMbl HAyYHOUW BU3YIM3al{ II03BOJISIOT TPEJICTAaBUTh PE3YJIbTAThI
BBIYUCJIEHUH U CDAaBHUBATH UX C IAHHBIMU SKCIIEpUMeEHTa [20-21].

AxTtyanpHadg 1npobseMa  aHajW3a JIAHHBIX  IAHOPAMHOrO  TeIIoU3UYEeCKOTO
SKCIepUMeHTa - Impobsiema OOJIBIIMX MAAHHBIX. B mporjecce 5KCIEPUMEHTOB CETOJHSA
HAKAIJINBAeTCsl OrPOMHOE KOJIMYeCTBO Iu¢pOBON WHQPOPMAIUY, TMOJyYEeHHOU IIPHU
BHU/IEOChEMKE Ha IU(POBBIE KaMepbl, TEIUIOBU30pPHI, U T.7. Ilpu pabore ¢ OGOIbIINMU
JAHHBIMU TOJIKJIIOUaeTcs Mpo0JieMa MalllMHHOTO 00y4eHUs Py aHain3e O0JIbIINX MacCUBOB



JAHHBIX (B JaHHOM cJIydae — U300pakeHUH MCCeyeMbIX MOTOKOB). [loka BechMa HEMHOTO
paboT MOCBAIIEHHI JAHHOU MPO0JIeMe, HO UX YHCJIO PACTET OBICTPO.

[TanopamHas Busyanusanusa TelUIOPU3NUECKUX I[I0JIed BKJIIOYAeT PsAJA 9STAloB: 1.
Buszyasmzanusa moroka. 2. Permcrtpanusa u300pakeHUs HU3MeHAOIIelcsa obsactu (o)
roroka. 3. Illudposas o6paboTka usobpaxkenus (puabma) 4. IToydueHne KOIMIeCTBEHHON
nadopmanuu. 5. Ilosmyuenue noseit pusnueckoro napamerpa. 6. AHaIU3 U UHTEPIIpeTaIys,
(pusmueckas Mosenb.

B Hacrosiliiee BpeMs pas3BUTHE METOJIOB IMMAHOPAMHOM BHU3yaJIH3alUN U IU(PPOBOTO
aHaM3a TelwIopU3UUECKUX TIIOJIed OompejiesisieTcs BO MHOTOM  BHEJIDEHHEM B
SKCIEPUMEHTAIBHYIO MIPAKTUKY COBPEMEHHBIX IPOTPAMMHBIX U 3JI€KTPOHHBIX CPEJICTB JJIA
BBO/Ia B 9BM m300paskeHU, OJy4YeHHBIX IIPU BU3YAJIN3alNH, U UX IUPpoBoi o6paboTku. C
IIOMOIIBI0  CIIENUAIU3UPOBAHHOTO  IMpOrpaMMHOro  obecmeyeHust  0OpabaThHIBAIOTCHA
n300pakeHus Kak B TellodU3NKe, TaK U MeXaHUKe CIUIONIHBIX Cpejl, MeAUllHe, reodusukKe,
o6uosiorun. IIpm 5TOM cTaBATCA CXOAHBIE OA30BBIE 3a7]auM: YMEHbIIEHUE 3allyMJIE€HHOCTU
HCXOHOTO W300pa’KeHUsI, BbIJIEJIEHHE BJIEMEHTOB CTPYKTYpPbl HCCJIEAYEMBIX OOBEKTOB,
COXpaHEHUEe TIOJIyUeHHbIX pe3yJbTaTOB B yAOOHOM s JayjbHEHIeln paboThl U
MIpe/icTaBIeHUsA BU/IE.

Oco0eHHO MHOTO KOJIMYECTBEHHON HHQOPMAIUUN O MapaMeTpax TeIIoQU3UIeCKUX
IoJIed TOJIyYeHO 3a MocaefAHue rofa 06Jaro/iaps HUCIOJIb30BAHHUIO KPOCC-KOPPEISAIIMOHHBIX
aJITOPUTMOB  00pabOTKM U300pa’keHWH. ITOT QJITOPUTM  SABJISIETCS OCHOBHBIM B
MouduKanuax TeHeBoro ¢ouoBoro Meroaa (T®M), anemomeTpuu MO H300paKEHUSIM
yactun, (PIV — Particle Image Velocimetry), Bkytouas MUKpO, cTepeo, ToMorpaduyueckue
MouduKaui, 0e33aceBHYI0 aHEMOMeETpHIo, TepMmorpaduueckoe PIV, mpu wusmepeHHsX
CKOPOCTH B BA3KUX HOKPBITHUSAX, U JIP.

2. MeToabl, OCHOBaAHHbIE Ha pedpaKkIiuu cCBeTa

JIJ1s1 BU3yasin3alu MHOTUX BHUIOB ONITUYECKH IIPO3PAYHBIX IMTOTOKOB B TEIUIOPUBUKE U
TUHAMUKE CIUIOIIHBIX CpeJl UCIOIb3YIOTCA METOAbI BU3YAIN3alli, OCHOBAHHBIE HA SABJIEHUU
OTKJIOHEHHUS CBeTa IIPU €ro IMPOXOXKJAEHUHN Yepe3 HEOTHOPOAHOCTH IUIOTHOCTU ITPO3PAYHOHN
cpebl: TEHEBOM METOJ, IIUTUPEH — METO/I, UHTEP(PEPOMETPHUIO a TaKXKe UX MOAU(PUKAIINU.
OnTuueckuil MoKasaTesb MPeIOMJIEHUS CPelbl N paBeH OTHOIIEHUI0 CKOPOCTH CBETA B CpeJie
K CKOPOCTH CBETa B BaKyyMe U CBs3aH C JIOKAJIbHOU IJIOTHOCTHIO cpeabl ¢popmystioi JlopeHrr-
JlopeHTI1ia, KOTOpAs JJIs Ta30B UMEET BUJL:

rje k-mocrossHHAs BestnumnHa, (JIJIA Bo3/ayXa paBHasA 0,22635 cM3/T).

TeneBoil MeTO/; OOHAPYKEHUSA HEOJHOPOHOCTEN ILJIOTHOCTH B Traze ObLI IPEJJIOKEH B
1867 roxy HeMenkuMm ydeHbIM Temsiepom. IllnmpeH - mMeTos BU3yaIn3alluy WHOI/IA TakK U
HasbIBaeTcs — MeTo/ Tertepa [22].

Eciu moTok raza HEOZHOPOJEH, TO ONTHYECKHUU ITOKa3aTesIb IPEJOMJIEHUS CpeZbl B
HcCyIeIyeMoU 001aCTH IOTOKA 3aBUCUT OT KOOpPAUMHAT (X, V, z). IIpu mpocBeunBanuu obsactu
TeUeHUs C TMEePEeMEHHON IUIOTHOCTHIO JIyd, PACIPOCTPAHAIONIUMICA MapasijieIbHO OCH Z U
MPOXOJAIIUNA Yepe3 HEOJHOPOJHOCTb, OTKJIOHSETCA OT IEPBOHAYAJIBHOTO HAIpPaBJIEHUS
pacmpocTpaHeHUs Ha yTOJT o
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OCHOBHBIM HENOCTAaTKOM TEHEBBIX METOJIOB ABJAETCS TO, YTO BCEe U3MEHEHUs
IUIOTHOCTA CYMMUPYIOTCA BJOJIb HAaIlpaBJIeHUsA pACIPOCTPAaHEHUs Jyda 30HAUPYIOIIEro
U3JIydeHUSI W TaKuM 00pa3oM pEerucTpupyeTrcsi HWHTerpaJibHOe 3HadeHHe W3MeHEHHUs
IWI0THOCTU. 1losTOMYy TeHeBble U HMHTepdEpPEeHIIMOHHbIE METO/Ibl C YCIEeXOM HPUMEHSIOTCS
JUIA BU3yaJIM3allui ABYMEPHBIX, a TAKKE HEKOTOPHIX 0CECUMMETPUYHBIX Ta30JUHAMNYECKUX



TeueHUH. [IpyM BHUByaJIM3UINK TIOJIsI TeUYEHHWs ra3a TEHEBBIM METOIOM H3MeHEHHe
OCBEIIIEHHOCTU MPOIOPIIMOHAJIBHO CTEllEHU W3MEHEHHs TpaJineHTa IUIOTHOCTH rasa. [lpu
HAJIUYUA B TOTOKE CWIBHBIX T'PAJUEHTOB IUIOTHOCTH — (B YaCTHOCTH - ITOBEPXHOCTEMN
pa3phiBa) MPOUCXOAAT JAOIOJHUTEIbHBIE OTKJIOHEHUS Jiyda Ha IIOBEPXHOCTH pas3phIBa.
TeneBoe M300pakeHNEe YapHOU BOJIHBI IIPEACTABJIsIET COOON TEMHYIO IIOJIOCY CO CTOPOHBI
Ha0eramwImero MmoTOKa, CMEHSIONIYIOCA SPKOW CBETJIOW IT0JIOCOM, WHTEHCUBHOCTh KOTOPOH
nocreneHHO yMmeHbInaercs:s (Puc. 1). [Ipuw Jr1azepHOM 30HAMPOBAHWM Ha TEHEBBIX
U300pakeHUAX BO3MOXKHO MOsIBJIeHHEe AU(PPAKITNOHHBIX I10JIOC B 00J1aCTU Pa3phIBOB.

Puc.1. TeneBoe n3obpakeHne KBa3UABYMEPHOTO IIPOIECCA B3AUMOIENCTBU A YAAPHOMN
BOJIHBI ¢ 00J1aCThI0 UMITYJIbCHOT'O TOBEPXHOCTHOTO pa3psiia C JIa3epHOH MO/ICBETKOM.

B pabore [23] TeHEeBBIM METOJOM HCCIENOBAHBI UYETHIPEe clieHapus Au(@Py3noHHOTO
TOpPEeHUs KPYTJION MUKPOCTPYH BOAOPO/ia B 3aBUCMMOCTH OT CKOPOCTH ee ucreueHus. B [24]
TEHEBBIM U IIJINPEH METOJaMU MCC/IeJ0OBAaHA CTPYS ra3a, UCTEKAIOIAsA U3 COILIA.

[Ilnupen-meton Budyammdanuu (win Merop Temsepa) — 3TO YCIO0KHEHHBIM TEHEBOU
Meto7i. OCHOBHOI IPUHIIUIN JIeHCTBUA IUINPEH-CUCTEMBI COCTOUT B TOM, YTO YacTh CBETA,
OTKJIOHEHHOTO IIPU IPOXO0XKAEHUH Yepe3 HEeOJHOPOAHOCTh IUIOTHOCTHU Ta3a, 3a/IeP:KUBAETCSA
KPOMKOUM HOXQ, YCTAaHOBJIEHHOT'O B (POKAJIbHON IIOCKOCTU IIy4Ka, IIPOIIEJIIEro uepes
ucciaenyemMyto obsactb. Ha sKpaHe, BCJIEJCTBHE 3TOTO, OCBEIEHHOCTH COOTBETCTBYIOIIHX
yacTell u300pa’keHUs YMEHBIIUTCH WIH YBEJIWYUTCA B 3aBUCUMOCTH OT TOro, Kyza
HaIIpaBJIeHO OTKJIOHeHUe. lI3MeHeHHe OCBEIeHHOCTH B TOYKe, COIPSKEHHOU ¢
HEOJHOPOJHOCTBIO, OIIpEZeIsIeTCs BEJIMYMHON yIJIa OTKJIOHEHUs Jiyda, (OKYCHBIM
paccTossHreM BTOPOTO OOBEKTHMBA M Pa3MepOM HCTOUYHMKA CBETa. B BapmaHTe NUIUpEH-
MeTO/la, Ha3bIBAEMOM METOJOM HHTH, MEePEKPHIBAIOTCH, HA000POT, HEOTKJIOHEHHBIE JIyYM.
[Ipy BUByaJIM3UIINU TIOJA TEYEHHUs Tra3a IUIMPEH-METOJ0M H3MEHEHUE OCBEIeHHOCTH
MPOIIOPIIMOHAJIBHO TPAIMEHTy IUIOTHOCTH ra3a B HCCIIelyeMON 00JIacTUB HaIpaBJIEHUH,
MepIEeHUKYJIIPHOM KPOMKE HOXKa, a He CTelleHU U3MeHeHUs I'Pa/iieHTa IUIOTHOCTH, KaK B
TeHeBOM MeToJie. [IlnpeH - MeTo/IoM JIydIlle BU3yaTUu3upPYIOTCS BUXPH, BOJTHBI pa3peKeHsd;
TEHEBBIM METOJIOM 00Jiee TOYHO PETUCTPUPYETCS MOJIOKEHNE Pa3PhIBOB.



Puc.2. llliupen peructparnius Te4eHUs B CBEPX3BYKOBOU CTPYe; ONITUYECKUI
paspsAz B CBEPX3BYKOBOM IIOTOKE.

Busyanusanuio IUIMPEH-MeTOAOM TeuyeHUs, OJIU3KOTO K OCECUMMETPUYHOMY, MOXKHO
paccMoTpeTh HA ITpUMepPe N300pasKeHUsI CTPYH raza (puc.2), ucTeKarolen u3 coma [24].

YcnoxxkHeHHass MoaudUKanusa NUIMPEH - MeToZa — IIBETHOM INUIMpPEeH-MeToq [25, 26].
CylecTByeT HECKOJIBKO CIIOCOOOB ITOJIydeHHs IIBETHOH TeHEeBOH KapTWHBI. Yale Bcero B
MPUEMHOU YaCTH OINTHYECKOM CHCTEMbl WIA B (OKAJIbHOU IJIOCKOCTH KOJIJITMMATOpa
yCTaHaBJIUBaeTCsA MHOToLBeTHaA uadparma. llBeTHbIe NIUTMPEH-U300pakeHNs IOTOKA JIAI0T
OoJibItie THGOPMAIINH O TI0JIe TEUEeHUsI, YeM UePHO-0eIble, TOCKOJIPKY Ha HUX BMECTO OJTHOH
IUIOTHOCTU TOYEPHEHUsA U3MEHAITCA Ccpa3dy TpPU KOMIIOHEHTBbl, a WMEHHO I[BET,
HACBIII[EHHOCTD I[BETA U SPKOCTHh N300pakeHus. I'71a3 cmocobeH pa3imyarh OOJIbIIE [IBETHHIX
OTTEHKOB, UeM OTTEHKOB CEPOro, MO3TOMY IIUTUPEH - CHUCTEMBI C IIBETHBHIM H300pa’keHHeM
JIal0T, KaK IpaBUJIO, OOJIbIlle KauyeCTBeHHON WHGpopMarnuu. K mpemmyliectBaM IIBETHOTO
TEHEBOTO METO/Ia OTHOCUTCS TO, YTO JIETAJIU CIIEKTPA OOTEeKAHUs Ha IIBETHON KAPTHUHE JIETKO
OTJIMYUTH OT TPAHUIL MOJIeJIel U IPyTUX 00BEKTOB, 3aTEHAIONNX KAPTUHY TeUeHUs.

OnTtuueckas UHTEPHEPOMETPHUSA HWCIOJIb3yeTCsd B OCHOBHOM ISl KOJIMUECTBEHHBIX
HcceIeJOBAaHNM IVIOTHOCTU IBYMEPHBIX IIPO3PayHbIX ITOTOKOB. IIpu nHTepdepomeTpuyeckoi
perucTpanuu mnoJjs TeueHus: KapTUHa pacipeziesieHus M0JI0C UHTEHCUBHOCTH CBETA OTPaXKaeT
pacipesiejieHre TOKasaTesis MOpejoMJieHus cpenbl. HTepdepeHIIMOHHAsA KapTUHA
MPEJICTaBJIAET COOOUM CHCTEMY IIOJIOC, PACCTOSIHHME MEXKAY MaKCHMyMaM{ KOTOPBIX IIPH
3aJJaHHON JIJIMHE BOJIHBI A OIpefiesisieTcsd YIJIOM CXOXKJAeHUs HHTepGhepUupyoInX BOJIH.
BBesieHnie ONTUYECKOW HEOJTHOPOJHOCTH B OFHO W3 IUIed HHTephepoMeTpa HU3MeEHseT
ONTHUYECKYI0 /UIMHY IyTU COOTBETCTBYIOIIETrO ITydKa IO CPaBHEHUIO C HEBO3MYIIEHHBIM U
BBI3bIBAET cMellleHre MHTepdePeHIIMOHHbBIX M0JI0oC. [[ji u3MepeHUN MJIOTHOCTH B IOTOKAX
JKUIKOCTU U Ta3a UCHOJIb3YIOT nHTepdepoMeTpsl Maiikenbcona, yKamena, Maxa — Illenzepa,
®abpu-Ilepo. IIpu ucciaenoBaHMU ABYMEPHBIX obJiacTell TeueHUs1 (B KOTOPHIX IMapaMeTpPhI
raza II0 HaNpaBJIE€HUIO MPAMOJMHEHHOTO pAaCIpOCTPAHEHUs Jiyya HE MEHSIOTCA)
untepdepomerp Pabpu-Ilepo o06sa71aeT MOBBINIEHHON UYyBCTBUTEIBbHOCTHIO. Ilpu caBure
MHTep(QEePEeHIIMOHHBIX I0JIOC Ha BeJWYUHY O (B JOJIAX PACCTOSAHUN MeXJy II0JIOCAMM)
3HAUYEHHe IUIOTHOCTH MeHsieTcs Ha BennuuHy Ap/p=030L/kL, rne L — reomerpuueckas JjInHA
IyTH Jiyda B HEOJHOpoAHOCTH k-mocrosinHast [magcrona-/Iaiina. ViHTepdepomerp Maxa —



Ilennepa, ob6JiaaeT HEKOTOPBIMU TMPEUMYIIECTBAMU TIPU HCCJIEIOBAHUAX B Ta30BOU
nuHamMuke. B 3ToM mHTepdepoMeTpe ¢ MOMOIIBIO CUCTEMBI HOJIYIPO3PAYHBIX IJIACTUH U
3epKaJl OCYIIeCTBJIseTCA aMIUIUTYZHOe JleJieHHe CBETOBOU BOJIHBI Ha J[Be U MOCJIeyIolee
HQJIOKEHWE  BOJIH,  MPOIMIEAIINX  Pa3UIHBIMH  ONTHYECKUMU  myTamu.  Jlaa
O0CECHMMETPUYHBIX HEOJHOPOJHOCTEN CMelleHne WHTep(EepeHIMOHHBIX mosioc & (X) B
ceyeHUH, MePHeHIUKYIAPHOM OCH CUMMETPUU TeUeHUs, CBA3aHO C N3MeHEeHNEeM IIJIOTHOCTHU
pellleHreM UHTErpajJibHOTO YpaBHEHUA ADeJs.
2k R(¥) p(y, %) - o
o)== 1 ———=yy
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r7ie R — rpanuia HeoJTHOPOJHOCTU B CEUEeHUH; I',X — IWINHAPUUYECKHe KOOPAUHATHI, Po
— IUIOTHOCTHh HEBO3MYIIIEHHOH! CPE/IbL.

Bosbmyto €10KHOCTh TPU aHaAIW3e€ WHTEP(EeporpaMM IIPeACTABJISAET OIpeseieHre
M3MeHEHUs IUIOTHOCTH IIPH Iepexo/ie Yepe3 MOBEPXHOCTh Pa3pbIBa, 0COOEHHO /JIS TIJIOCKUX
TeueHU. TpynHO MO0  HEBO3MOXKHO  YCTAaHOBUTh  COOTBETCTBHE  IIOJIOC  Ha
uHTepdeporpaMmMax IIpU  Ilepexojie  uYepe3 YIAApHYI0 BOJIHY TIIpU CBhEMKE C
MOHOXPOMAaTHUYECKUM HCTOYHUKOM cBeTa. [[7d pelneHus 5TOH MpPOOGJIEMBI CYIIECTBYIOT
crenuagbHble MeTOAbl UHTEP(EepOMeTpUIecuX N3MepPeHU.

TeneBas BU3yasn3anus B3aNMOAENUCTBUU YAAPHBIX BOJH C MPEMATCTBUSAMU IIO3BOJIMIIA
YCTaHOBUTH 3aKOHOMEDPHOCTHU MEPECTPOUKH CTPYKTYPhI TE€UEHHUH ¢ pa3pblBaMH. B wacTHOCTH,
IpU OTPaXKEHUU YAAPHOM BOJHBI OT TBEPAON IOBEPXHOCTU OBLIO OOHAPYKEHO
CYII[eCTBOBAaHUE HECKOJIbKUX THUIOB KOH(QUIypamui, peau3yIolUXCcsA MNPU Pa3JINYHBIX
YCJIOBUAX OTpakeHUs. BrepBwie 3TO sABJIeHMEe ObUIO uU3ydyeHO J. MaxoMm, HCCJIe/IOBaHUSA
BeJ[yTCA W celvac, IMOCKOJIBKY BOIIPOC O KPUTUUYECKUX YTJIaXx Iepexofia OT OJHOTO THUIIA
OTpaXkeHUs K JIPyrOMy He pellleH OJHO3HAYHO. BaskHbIM fBJIsieTCA aHAIN3 M0JI IIJIOTHOCTH B
OKPECTHOCTH TOYKHU IlepecedeHHs YJIApHOW BOJIHBI € TOBEPXHOCTHIO C TOYKU 3pPEHUA
YCTAHOBJIEHUs 3HAYEHHS KPUTUUECKOTO VIJIA Oxp. [I0ATOMY HCCiIeIOBAHUA TOJISL T€UEHUS
IIOTOKA IIpU OTPaKeHUU yAApHONH BOJIHBI BeAyTcA KaK TEeHEBbIMU, TaK U
HHTEPDEPEHIIMOHHBIMU METOJAMHU.

»

Puc.3. OTpaskeHue yJapHOU BOJIHBI OT BOTHYTOU U BBIITYKJION
IWINHAPUIECKON ITOBEPXHOCTH.

Ha puc.3 npusenens! ne nunrepdeporpammsl (I'Boszesa JI.T., u CeicoeB H.H., 1970-e
IT.) ABYMEPHOTO HECTAI[MOHAPHOTO IIOTOKA - OTPAKEHUs Y/IADHOU BOJIHBI OT BOTHYTOU
BBIITYKJIOW IIWJIMHJPUYECKOH TOBepXHOCTH. B pabGore [27] omucaHbl pe3yJsbTaThl
UHTEPdEPOMETPUN HEOJHOPOAHOCTU Ta30AMHAMHUYECKUX OKOH JIa3epa CO CBEPX3BYKOBBIM
IIOTOKOM aKTHUBHOHN CpeAbl C OJHOBPEMEHHOUW perucrpanueid JByX HHTepdeporpaMm C
B3aMMHOOPTOTOHAJIPHBIM  HAIlpaBJieHWEM  cABUTA.  ANpoOMpPOBAaHO  MPOTPAMMHOE
obecneueHre 00pabOTKHU JIAHHBIX.

C moMOIIbI0 METOAWKU 30HJAHUPYIOIIed MHUKpOoUHTepdepoMeTpun OBUTH IOJyIEHbI
SKCIIepUMEHTAIbHbIE 3aBUCUMOCTH Pa/IMAJIBHOTO paclpe/iesieHUs 3JIeEKTPOHHOU IJIOTHOCTH



OT BpeMeHH JiIsi (DEMTOCEKYH/THOHM JIa3epPHON MUKPOILIA3Mbl OIITHYECKOTO IPOoOO0s Tra3oB
(BOB3OyX, a30T, aproH | reJINi) IPU Pa3IMYHbIX AaBjaeHus X (0T 1 10 10 atm) [28].

Ha puc.4 npusesieHa uHTepdeporpaMma, BU3yaTU3UPYIOIasi KOHBEKTUBHBIE CTPYKTYPbI
U (pa30BbIii IEPEX0/T B BEPTUKAJIBHOM CJIOE IIPECHOM BOAHI [29].

(L
Puc.4. CasuroBasa natepdeporpamma.

B pab6ote [30] ¢ ucnons3oBanuem uHTepdepomerpa Maxa-Ilennepa ¢aszoBble cABUTH
MOJIy4eHbl U3 HHTepdeporpaMM 3a BpeMs 1000 HC METOZOM OBICTPOTO IpeoOpa3oBaHUA
dypbe, a 3aTeM 3HAUEHUs IOKA3aTessd MPEJOMJIEHHUSA BBIBEJIEHBI C MOMOIIBI0O WUHBEPCUU
AbGens.

OnHako, B IIEJIOM KOJUYECTBO paboT mo uHTephepOMETPUU TeIIODU3NIECKUX MOJIen
3aMEeTHO YMEHBIIWJIOCh 3a MOocJaeHue JecATwaeTus. B Kakoi-TO Mepe Ha 3aMeHY
uHTepdepOMeTpUU MPUIIe] TEHEBON (POHOBBIN METO/I.

TeHeBOU U MIJIMPEH METOMBI CYIECTBYIOT C 19 BeKa, OHAKO 3a MOCJIEIHUE JeCATUIETHS
MIPOU3OIILIO HECKOJILKO BaXKHBIX yCOBEPIIIeHCTBOBaHUH [31]. TeHeBasA cheMKa- Mo-IIpeskHeMY
OCHOBHOU MeTO/, IaHOPAMHOM BU3yaJM3allUU I TeUYeHWM C pa3pblBaMd H
TypOyJIEHTHOCTHIO, B TOM UHCJIe — TEUeHUH KUAKOCTU. Ha puc.5 mpuBeneHbl TeHEBbIE
(ororpadun THIUYHBIX COOBITUH HA MMOBEPXHOCTU BOZbI, TPUBOASAIINX K reHEPAIlUH Kalesb

[32].

4.3ms \ 9.8 ms

—
Puc.5 ®opmupoBaHue 1 pa3pbIB CTPYKTYP IIpU 00pa30BaHUU KalleJib.

[IpumeHeHUE BBICOKOCKOPOCTHBIX IMU(POBBIX KaMep IMO3BOJIMJIO U3y4daTh JJIUTeSIbHbIe
BBICOKOCKOPOCTHBIE HECTaIlMOHAPHBIE IIPOIIECCHl C YaCTOTOU CHEMKH 0Oojiee MUJLTMOHA
KaZIpoB B cekyHZy. Ha pucyHke 6 NpUBeJIeHBl 4 IIOCJ€0OBATEJIbHBIX TEHEBBIX KaJipa
BCTPEUHOTO JBU)KE€HHUA Y/JIADHBIX BOJIH, WHUIMUPOBAHHBIX IIOBEPXHOCTHBIM Ppa3psA/ioM
HAHOCEKYHJHOU JIJINTEJIbHOCTU HPU ChEMKE BBICOKOCKOPOCTHOM IudpoBOU Kamepoi (124
TBIC. KaJ[pOB/C).
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Puc. 6. TeHeBbIe Ka/Ipbl BBICOKOCKOPOCTHOU ChEMKHU y/IaPHBIX BOJTH
OT IIOBEPXHOCTHOT'O pa3psAza.

3. anyaﬂnsaunﬂ IIOTOKOB rasoBbIM paspaaA0M

Busyanuszanusa ra3ofuHaMUUYeCKUX IIOTOKOB 3JIEKTPUYECKUM pa3psA0M OCHOBaHA Ha
TOM, UTO Ta30Bas cpeia sABJIsETCA IPU €€ MOHU3AIMU HUCTOUHUKOM U3JIy4YeHHs (sSBJIeHHe
9JIEKTPOJIIOMUHECI[EHIINY),  MHTEHCUBHOCTh  KOTOPOTO  CBfi3aHAa C  JIOKQJIbHBIMU
ra30JMHAMUYECKUMH IMapaMeTrpaMu. [Ipu ropeHuH CTallMOHAPHOTO OOBEMHOTO paspsaa B
IIOTOKE Tra3a IMPOCTPAHCTBEHHbIE HEOJHOPOJAHOCTH IUJIOTHOCTU CpeIbl BEOyT K
repepacupeie/IeHHI0 WHTEHCUBHOCTH U3JIydeHUs IUIa3Mbl paspsaza. IToT  d¢h¢eKT
JIOCTATOYHO YacTO UCIIOJIb3yeTcsA /IA BU3YaJIM3allUd CBEPX3BYKOBBIX TEUEHUU B
aspoAVHAMHYECKUX Tpybax Mpu HU3KUX JaBieHusax [33]. ZlocTouHCTBO 3TOro meroaa -
MIPOCTOTA ammapaTypHoro o¢gOpMJIEHHS ¥ BO3MOXKHOCTb HAOJIIOIEHUST JUHAMUYECKUX
U3MEHEeHUU KapTUHBl TeueHUs B XOJe 3KcllepuMeHTa. HeomHOPOAHOCTH IIJIOTHOCTU
IPUBOAUT K Ilepepaclipe/ieJIEeHUI0 TOKAa 3a CUeT CWIbHOM 3aBUCUMOCTH KOHI[EHTPAI[UU
9JIEKTPOHOB WM IIPOBOJIMMOCTH OT BeJIMYUHBI KO3 Puruenta monuzanuu. KosddumueHt
WOHHU3AlNU SBJIAETCA HEJIUHEHHOW (QYHKIMENW OTHOIIEHUs HANpSKEHHOCTH IO K
KOHIIEHTpauuy HeUTpaysbHbIXx vactul, E/N. B 3aBUCHMOCTH OT OTHOIIEHHS BEJTUYUHBI
JIMHEWHOTO MacmTaba, XapaKTepU3yIOIero rpalueHT KOHIIEHTPAIIUN YAaCTHUI] K Pa3IUUYHBIM
XapaKTepPHBIM (pu3nuecKkuM Macirabam (mebaeBcKoMy pasinycy, JUTHHE CBOOOTHOTO Impobera
9JIEKTPOHOB U T. JI.) BO3MOKHBI pasjuyHble ¢usnyeckue 3DGIEKTh], CBA3AHHBIE C
rpaineHTaMu IUIOTHOCTU rasa. JIokasbHasi MHTEHCUBHOCTh U3JIy4eHUs I1a3Mbl paspsazga I B
HEKOTOPBIN MOMEHT BPEMEHU:

I(x,y,z,)=f(W,U,i,N, P, T,d, Se)

Fne W- snekTpudeckas SHEPTHsA, OABOUMAsA K pa3psAgHou obsacty, U - HampspkeHUe
MeXKIy 2JIEKTPOZaMHU, 1 - TOK paspsza, N (wim p)- mwioTHocTh yactul, P - gaBnenne , T -
TeMIlepaTypa, d- paccTosHre MeX/ly 3JIeKTPoJlaMH B MM, Se — ImapaMeTp, XapaKTepU3YIOIIHi
reoMeTpUI0 3J1eKTPoZioB. HaumHaa ¢ 50-TooB, B aspoamHammdeckux Tpybax IJATU mpu
MIOMOIIM CTAIIMOHAPHOTO BBICOKOBOJIFTHOTO Pa3ps/ia IMIPOBOAWINCH UCCIEIOBAHUS ITOTOKOB
OKOJIO Pa3JIMYHBIX Moziesied [34-37]. Bputn BU3yasmm3upoBaHbl, B YaCTHOCTHU, CTAI[IOHAPHBIE
yapHble BOJIHBI B T€UYEHUU OKOJIO MOJeJUd KOHyca Ha LWIMHJAPUYECKOU Jiep:KaBKe IIpU
pasHBIX yTIJlaX aTaku. Busyanusupyemble 37€MEHTHI IIOTOKA — BUXPEBbIE KIYThl CPBIBA
IIOTOKA B/[0JIb IIOBEPXHOCTHU KOHYca. [IpoBOIMINCE UCCIIe/IOBAHUS BUXPEBBIX TEUEHUN OKOJIO
JPYTHUX HU30JMPOBAHHBIX TeJl BpAllleHWsdA, TeJ BpallleHWsa ¢ KpbUIOM; BU3YaJIM3UpPOBaHA
roJIOBHAA yiapHasi BOJIHA OKOJIO IWJIMH/IpA ¢ otychepruyecKoi roJI0BHOU YacThIO.

B paborax AnoHCKUX HcCCiie/loBaTeled BU3yau3alis CBEPX3BYKOBBIX TEUEHUUM C 90-X
TOJIOB IPOU3BOJIUTCSA TaKKe€ METOJOM CTallMOHAPHOTO 3JIEKTPUYECKOTO  paspsja.
BusyanmusupoBasivch yZapHOBOJIHOBble KOH(MUIYpAIlUM OKOJIO Pa3jIMYHBIX Mojeseld Ipu
yucyie Maxa 10 10 [38-39]. CranuoHapHbIN pa3ps/ pean30BBIBAICSA MEXKAY JIMHEUHBIM U
TOYEYHBIM 3j1eKTpoiamMu. [Ipu mpoxokaeHn paspsaa Mo YIacTKYy, TIe eCTh CKAauOK, yiapHasi
BOJIHA BU3yaJIu3UpyeTcsd KakK TeMHass o0sacTb. bBbUtM 1ToydeHbl H300pakeHUsd
KOH(}UTypanluu yAapHBIX BOJH B IIONEPEYHOM Ce€YEeHUU OTHOCUTEJIbHO Mozenu. Jlna
yBEJIMUEHUSI yYacTKa IIOTOKA, KOTOPBI BO3MOKHO BHU3YaJIM3UPOBaTh, BBOJWINCH
JIOTIOJTHUTEIbHBIE TOYEYHbBIE DJIEKTPO/IBL.

B Nuapunm Besnwch pabOTHI 110 BU3YAJIM3AIUU CBEPX3BYKOBBIX TEUEHHH OKOJIO MOJEJIEN:
(BaTymIeHHBIN KOHYC, 3aTyIUIEHHBIA KOHYC C IITUIIOM U JUCKOM [40-41]). Mcnosbs3oBacs,
TaK >Ke, KaK B MPEJIBIAYIIEM CIydae, MeTOJ] BU3YAJIN3allNU CTAllHOHAPHBIM 3JIEKTPUUECKUM



paspAnoM. bpuin BU3yaJIM3UPOBAHBI 3JIEMEHTHI IIOTOKA OKOJIO MOJIEJIM: TOJIOBHAA yZapHas
BOJIHA, TOYKA IIPUCOEUHEHU ITI0TOKA, HO’KKa Maxa. IIpoBoauinch YncieHHble pacueTsl JJ1s
CpaBHEHU C IOJIyYeHHBIMHU 9KCIEPUMEeHTAIIbHBIMU JIAHHBIMU.

Ha paHHBIM MOMEHT He TaK MHOIO MCCJI€JOBAHUN IPOBOJUTCA C HCIOJIb30BAHUEM
BU3yQJIM3allM Ta30AUHAMUYECKUX TeYeHUHW METO/I0OM 3JIeKTpUUYecKoro paspsaza. B
OCHOBHOM BHU3yaJIU3aIlus BeJleTCsl MOCTOSIHHBIM 3JIEKTPUUECKUM paspsaaoMm [42, 43]. Ha
puc.7 TPUBEJIEHO UHTErpajbHOE H300pa’keHUe CBEPX3BYKOBOT'O TEUEHHUS pPa3peKeHHOTO
a30Ta IIPU MOJCBETKE MOIEePEUHBIM TJIEIOIINM Pa3PsAI0M.

Y dpoHTa ymapHON BOJIHBI IIpU TOPEHHHU pa3psA/ia B CBEPX3BYKOBOM CTAIlMOHAPHOM
NOTOKe (POPMUPYIOTCA CJIOM C IPOCTPAHCTBEHHBIM 3apsAZI0M, B KOTOPBIX H3MEHSIOTCA
HAIIPpSDKEHHOCTh  JJIEKTPUYECKOr0  MOJiA, KOHIIeHTpamus  3apsKeHHBIX 4YacTUll U
IIPOBOAUMOCTh Ta3a, NpUYeM XapaKTep H3MeHEHUS BEJIWYUH CYIIeCTBEHHO 3aBHUCUT OT
MOJIAPHOCTH TOJIA.

W3BecTHO, 4YTO TrOpeHUe pa3psza B IOTOKe MOXeT IIpUBECTM K HarpeBy rasa,
CYILIECTBEHHBIM H3MEHEHUSM CTPYKTYpPhl, GOPMBI Pa3pbhIBOB, YBEJIMUEHUIO YAAPHOTO CJIOA,
YCWIEHUIO CJIaObIX BO3MYIIEHHN U pAAy Apyrux 3¢p@dekToB, B TOM UHCIIe U BeAyIIUX K
KaueCTBEHHBIM H3MEHEHUAM CTPYKTypbl TeueHUs. Takum o0pa3oM, HUKaK HeIb3s
paccMaTrpuBaTh BU3yaJU3alMI0 IIOTOKA CTAlMOHAPHBIM TAa30BBIM  pa3psAAoM  Kak
OEeCKOHTAKTHBIN METOJI.

PI/IC.7. BHByaJII/IBaI_II/IH TJICIOIIUM pa3pAA0OM ra3oBou CTPYH N3 CBEPX3BYKOBOTI'O COILJIA.

Hekoropbsle HeZOCTaTKKM BU3yaJIU3allUM Ta30BBIM pPa3pA/loM YCTPAHAKTCH IPU
WCIIOJIb30BAHUM HMIIYJIbCHOTO, MCXOJIHO IIPOCTPAHCTBEHHO OJHOPOJHOTO paspszga c
BpeMeHeM TOpeHHs, MHOTO MEHbBIIUM, YeM XapaKTepHble BpeMeHa Ta30UHaMUYECKUX
B3aumojiericTBuil. [lpu wuccaeoBaHUAX HA adPOAUHAMHUUYECKUX TpPyOax STU BpeMEHA —
NeCATKM W  COTHU  MHUKPOCEKYHZl, IIpH  UCCIEAOBAHUAX  OBICTPOIPOTEKAIOIINX
ra3o/INHaMHUYECKUX IPOIIECCOB, BK/IIOUAsl HECTAI[MOHAPHBIE B3aUMO/IEHCTBUSA YAAPHBIX BOJIH
— eMHUIBI MUKpPOceKyH/. IIpu co3maHuy HepaBHOBECHOU IPOCTPAHCTBEHHO OJHOPOHOMN
obsactu motoka 3hQdEeKTUBEH UMITyJIbCHBIA OOBEMHBIU pas3psA ¢ NOpeAbloOHU3anuen
yAbTPa¢UOJIETOBBIM U3JIyY€HHEM OT IIa3MEHHBIX JIUCTOB [44-47]. Vcmionp30BaHNe TaKOTO
paspsaza obecreyrBaeT MHHUMAJIbHOE BPeMs Pas3BUTHA INPob6os, Auddy3HBIN XapakTep
CBeUEeHUs Ha HayaJIbHBIX 3TallaX pPa3BUTHUA pas3psfa, HCKIIOYAIOT BO3MOXKHOCTD
BO3HUKHOBEHUS B Pa3psaAHOM o0beMe HEeOJHOPOHOCTEU, CIIOCOOHBIX HEKOHTPOJIHUPYEMO
MOBJIMATH Ha ra3ofHaMHUYecKoe TeueHue. [IpaBmibHas IpsAMOyroyibHass opMa pas3psagHON
obJlacTd T03BOJIsIET MTHOBEHHO WOHHM30BAaTh YYaCTOK Ta30[MHAMUYECKOTO IIOTOKA, B
YaCTHOCTH, TeUYeHUs B YJapHBIX, a’spoAuHamMuueckux Tpybax. Ha pucynkax (7-9)
Mpe/ICTaBJI€Hbl  pe3yJbTaThl  BU3yaJIU3aI[UM  HECTAIIMOHAPDHBIX U  CTAI[MOHAPHBIX
ra3oZ[HHAMUYECKUX IOTOKOB C HCIOJb30BaHMEM Takoro paspsga (MAU, MIY, 2000-
2020rT). BusyanmazupoBanuch TeueHus ra3a B yIapHo# Tpyoe 48x24 MM, UMeIoIIel pabodyio
KaMepy CHeIMaJIbHOU KOHCTPYKIIMH TOTO Ke ceueHus. /[Be CTeHKH Kamepbl — KBaplieBble
OKHA; BEpXHASA U HIDKHAA — IUIOCKHE IIA3MEHHBIE BJIEKTPOABI MPOTIKEHHOCTHIO 100 MM,



MO/PKUTaeMble B 33JJaHHBI MOMEHT IIPOIleCCa; OHOBPEMEHHO IO/KUTaeTcs 00beMHBIN
pasps. Bpems cBeueHHs MOHU30BAaHHOTO IMOTOKA BO3/yXa B pabouyeM Juara3oHe JIaBJIeHUH
coCTaBJIseT 150+200 He. [Ipu mHTerpajsbHON perucTpauy CBeueHus Moy TeueHus "'H9KCIo-
3UIUA" SBJISIETCS MTHOBEHHOU C TOUKHU 3PEHUs ra30[MHAMUYECKOTO0 BPEMEHHOTO MacIiTaba.
3a BpeMs S5KCIO3WIHNU - BHICBEYUBAHUS DJIEMEHTOB TEYEHUS - IPU MaKCHUMAaJIbHBIX
CKOPOCTAX ABIKEHUS yAApHBIX BOJIH 2000 M/C BOJIHA HepeMellaeTcsi Ha 0,4 MM, IpU
CPeIHUX CKOPOCTSAX IIJIOCKOH YZIapHOUM BOJIHBI OKOJIO 1000 M/C CMEIeHHE COCTaBJISIET 0,2
MM. BosmymeHus, ABIKYyIUecs C JI0O3BYKOBOM CKOpPOCTHIO, "pa3zmasbIBalOTcs" 3a BpeMs
SKCIO3UIINU Ha COThle A0ju MuwinMerpa. Ha pucyHke 8a npusezieHO n3o0OpakeHUe IOJIA
TeUeHHUs OKOJIO 3aTYIUIEHHOTO IIJINH/IpA INaMEeTPOM Q MM IIpH umcse Maxa cBepx3ByKOBOTO
obrekanuss M=1,5 (MCKycCTBEHHbIE I[BeTa). Busyasim3upoBaHBI TOJIOBHasl yJapHas BOJIHA,
BHUCSYME CKAaYKH, OTPAKEHHBIN ckadyok. Ha ¢oro 86 moTok 3a mpoxoasiel y/lapHOU BOJTHOU
(cieBa) popmupyet 30HY OTPBIBA B JOHHOU YacTu cephl.

a 0
Pric.8. Busyanuzanus HMITyJIbCHBIM O0BEMHBIM Pa3PsIOM CTAIIMOHAPHOTO TEYEHUS
OKOJI0 3aTYILUIEHHOTO IIJIMHAPA M HECTAIIMOHAPHOTO O0TEKAaHUs IIapa.

B omimyme OT ONTUYECKUX METOJOB, TPEOYIOIIMX 30HUPOBAHUSA OOBEKTA, JAHHBII
MeTOJ| M03BOJIsIeT BU3YyaJIM3UPOBATh MOTOK Uepe3 OAHO OKHO paboueit kamepnl. C Apyroiu
CTOPOHBI, MOKHO IIOJIy4aTh OJHOBPEMEHHO HECKOJIBKO H300pa’keHHi dYepe3 oba OKHA
paboueit KaMephl, IIPYU 3TOM OOIITUN YroJl 0630pa MOKET JIOCTUTATh 200° - 250° [44].

Busyanmzarnusa HEOZHOPOJHOCTEH C  HWCIOJIB30BAHHEM  DJIEKTPOJIIOMUHECIIEHIIIHI
MTO3BOJISIET HCCJIEZIOBATh TPEXMEPHbIE CTPYKTYPHI IOTOKA. TeHeBble METOAbI MOTYT JaTh
n3obpakeHre OOKOBOM ITPOEKITUU TIOTOKA C PErUCTPalledl NHTErPAJIbHBIX XapaKTEPUCTUK B
HANpPaBJIEHUU TPOCBEUMBAHUSA, NMEPEKPBIBAHUE MOZEIBI0 ONTHYECKOTO MYTH HCKJIIOYAET
30HAUPOBAaHUE LEHTPAJIbHOU (0ceBoi) obsiactu. Ha puc. 9 mpuBesieHBI /Ba N300paKEHUSA
MTOTOKA OKOJI0O OCECUMMETPUYHOM MOJIENIH, COETUHSIONIEN B ceOe OCHOBHBIE T€OMETPHUECKUE
TeJla BpAIlleHUsl, KOTOpas YacTO CTAHOBUTCSA OOBEKTOM HCCJIEJIOBAHUSA, SBJISAACH DJIEMEHTOM
MHOTHX KOHCTPYKIMH B aspopuHaMuike. Mojiesib TMpeACTaBIsieT COO0W KOHYC C YIJIOM
MOJIypacTBOpa 10°, KOTOPBIA KPENUTCSA Ha IWIMHAPE, 3aTeM JHaMeTp IUJIWHAPA YCTYIIOM
yBenuuuBaetrcsa. Ha ¢oTo pucyHka 9 mpuBefieHO M300pa’keHUEe CBEPX3BYKOBOTO TEUYEHUS
OKOJI0O MOJIeJIW, I€JIUKOM IIOMEIIEeHHOW B Ppa3psAHbIA MPOMEXKYTOK. 3aperucTpUpOBaH
MOMeEHT (pOpMHUPOBaHUsA OOTEKAHUS MOJIEHU TTOCJIe IPOX0/a YAAaPHOU BOJHBI ¢ YucaoM Maxa
M=2.8. CrpykTypa TeYeHHs IIOJHOCTbIO BHU3yaJIU3UPOBAaHA HA JBYX H300paKEHUSIX,
3apETHUCTPUPOBAHHBIX YEPE3 MMPOTUBOIIOIOKHBIE OKHA KAMEPBI.



Puc. 9. JIByxpakypcHas BU3yaausanusa IOTOKA OKOJIO OCECUMMETPUYHON MO/IENH.

MerToz BU3yaIM3aI[Ui UMITYJIbCHBIM OOb€MHBIM Pa3ps0M ITO3BOJINII U3YYUTh JUHAMUKY
TPEXMEPHOTO BUXPEBOTO KOJIBI]A B JIOHHOM oOsacTu mpu Audpaknuy yapHON BOJIHBI Ha
KOHyce ¢ ycrynmoMm [45]. Takke BHU3yaTU3WpOBAINCH HECTAI[MOHAPHBIE KBa3UJIByMEpPHBIE
TeYeHUs B KaHAJIE C YCTYIlaMH, BO3HUKAIOIIIEE B KaHAJIe 3a MMa/Iaioliell y1apHoi BoaHoH. Ha
BepxHel U HIKHEU CTeHKax KaHajla OT CTeKya J0 CTeKJia PacIojlarajiich MPSAMOYTOJIbHBIE
mpensATCcTBUA 2xX6x48 MM [46,47]. Ha pucyHke 10 UMIYJIbCHBIH OOBEMHBIA pas3psf
BU3yaJIM3UpyeT OrubaHue IJIOCKOM BOJHOM B KaHayle MPENATCTBUs HA HIDKHEH CTEHKe U
WINHAPUYECKUN BUXPh B 30He OTphIBa. OOBEMHBIN pa3ps/i Iepepacipenessercs B 30HYy
HHU3KOTO JIJaBJIEHUs IIepe/T yIAPHOU BOJTHOU U B 30HY OTPHIBA 32 YCTYIIOM.

Puc.10. CBeueHUe UMITyJIbCHOTO 0OBEMHOTO pa3psi/ia ¢ IpeiuoHu3aIei
pu AUQPAKIUY YIAPHOU BOJHBI Ha IPENATCTBUN HA HIKHEU CTEHKe.

4. IIpoGsemMa OOJBIINX [JAHHBIX B aHAJNU3€ TAHHBIX
IMaHOPAMHOM BU3yaJIU3alluU

AxTtyanpHadg mpobsiema aHajiu3a JAHHBIX [MAHOPAMHOTO SKCIIEpUMEHTa - mpobsema
OoJyIpIINX JIJaHHBIX. B mpoliecce 5KCIEPUMEHTOB CErofHS HAKAIUJIUBAETCS OTPOMHOE
KoJimyecTBO HUQPOBON HHpOpPMAIUM, IOJIYyUYeHHONW IpU BHUJleOCheMKe Ha IU(POBBIE
KaMephl, TEIJIOBU30pbl, H T.J. Pa3Burume nU@POBBIX TEXHOJOTUNA NPUBOAUT K
MHOTOKPAaTHOMY YBEJIMUEHHI0O 00beMa BU3yaJbHOM WHGOpPMAIUM O IapameTrpax
TeIUIOPU3NYIECKUX T0JIeH, BO3HUKAIOT OOJIBIIINE MACCUBBI IU(MPOBBIX JAHHBIX, KOTOPHIE HE
MIpeJICTaBJIAETCSA BO3MOXKHBIM 00pabOTaTh BPYyUHYIO.

Tak, coBpeMeHHbIE BHAEODUIBMBI, PETUCTPUPYIONIUE SBOJIIOIUI0 TypOyJIEeHTHBIX
TeYEeHUH KUJKOCTU Ha OCHOBE TEHEBBIX METO/IOB, TPACCUPOBAHUsA, TepMorpaduu, TpedyoT
00paboTK1 W KBaTU(PUIMPOBAHHOTO aHaIM3a. HewnsbexxeH mepexoJi HA JIPYrOM YpPOBEHb
aHaJINU3a JIAHHBIX.

BoszHukaer HE0OXOUMOCTh aBTOMATU3HPOBATh MpoIiecc 00pabOTKU U aHATN3a OOJTBIIIIX
JQHHBIX - DYKCIEPUMEHTAJIbHBIX U300paKeHUU TEeII0DU3NIECKUX IIOJIEH, WCIIOJIb3Ys
pasynyHble MOJIXOJIbI, B TOM YHCJI€ - METOAbl MAITMHHOTO 3peHUs U O0yueHUs, UCIIOJIb3Ys
IyOOKOe 0o0yueHHe, CBEPTOUHBbIE HelpoHHbIe ceTw (aHIuI. convolutional neural network,



CNN). IToka BechMa HEMHOTO PabOT IMOCBSAIIEHBI JAHHON IpoOseMe, HO UX YUCIIO PacTeT
6bIcTpo. PaboTa B JaHHOM HaIpaBJIEHUN HAYMHAETCA B OT/I€JIbHBIX HAYYHBIX JIA00PATOPHIX.
Cospnaercs nporpammHoe obecnieuenue (I10) g pacrio3HaBaHUA CTPYKTYPHBIX 2JIEMEHTOB
TeUeHUU B TasaX, KUJKOCTAX U mia3dMme. /laa tectupoBanusa [10 u oOyueHHs HEHPOHHBIX
ceTell MCIOJIB3YIOTCSA MAaCCUBBI M300paKeHUI Pa3JIWYHBIX TeUEeHHUH, 3aperucTpUPOBAHHBIE
TeHeBBbIM, HUIMpeH, PIV metonamu.

Cerogusa HauboJiee TePCIIEKTUBHBIE TTOAXO/Ibl K PENIEHUI0 3TUX MPo0JieM OCHOBAaHBI Ha
rdpoBoi 06paboTKe M300paKEHUH C PA3TUUHBIMU AJITOPUTMaMH OOHAPYKEHUS TPAHUI] U
pacrio3HaBaHus OOBEKTOB [48] M umeHTHDUKAIUUA CJIOKHBIX CTPYKTYP IOTOKOB. [l
oOHapy>keHHUs YJIapHOU BOJIHBI MOJXOJAT pa3jIMuHble AJTOPUTMbI OOHApy:KEHUs KpaeB
n300pakeHus. Pa3jimyHpIMU HCCiIeoBaTeIAIMHU OBLIO ITOKa3aHo, uyTo ajaroputMm Canny [51]
JIy4Ille BCEro IIOAXOJUT JJisi 00paOOTKU TEHEBBIX U IIUIMPEH H300pakeHHU. ABTODPHI [48]
co3/layii MpOrpaMMHOe ofecrieueHue Jjisi OOHAPYKEHUS U OTC/IEKUBAHUSA YAAPHBIX BOJIH.
ViydiieHHbIE € TIOMOINBIO BBIIEJIEHUS TPAaHUI HAa HUINPEH-U300paKeHUAX Ipoliecca
CMEIINBAaHUs B COIUIE OBUTH IMPOAaHAJM3UPOBAHBI B [52]. O6paboTka w300paskeHUi
BBINIOJTIHsAIACh 1o anroputMy Canny. IIpoBogATcss paboThl MO YJIyYIIEHUIO KAvyecTBa
U300paKeHU C IIOMOIIBIO VAaJleHUs IIyMOB, BBIUUTAHUA (HOHOBBIX H300paKEHUMN
pasnuyHbIMU MeToAaMu. B [53] mokazaHo, UTO BbIYHMTaHHE (OHOBOTO HU300paKeHUs B
YacTOTHOM IIpeZICTaBJIeHUH (BBINOJIHAEMOE ¢ IIOMOIIbI0 ObIcTpOro IpeobpazoBanusa ®ypwe),
M03BOJIsIeT JOOWUThCA HAWIYYIIero kKadecTBa. Takke IEPCHEKTUBHBIMU JJjiAd LUMPOBOM
00pabOTKH SKCHEPUMEHTAIHHBIX H300pKEHUN MeTOAaMH KOMIIBIOTEPHOTO 3peHUsd
SIBJITFOTCSI: METO/IbI CErMEHTAIUsI N300paKeHUH C UCI0JIb30BAHNEM TAKHUX aJTOPUTMOB KaK
k-cpenHUX, MUHUMH3alI SHEPTUU U JIP.; METOZbI BHIABJIEHUs NpuU3HaKoB (aHri. feature
detection) (SURF, LESS, HOG u ap.).

B Hacrosiliee BpeMsA aKTUBHO pa3BUBaeTcsl TeMa MAIIUHHOTO OOydYeHUs Ui
THAPOAVHAMUKU. J[OCTaTOYHO MOAPOOHBIN 0030p MCCIETOBAHUN 110 3TOU TeMe IpPUBEJEH B
[54]. Takke OBICTPO pa3BUBAETCA IOAXOJl, OCHOBAaHHBIM HAa MAaIIMHHOM OOY4YeHUM, JJIA
HUJIeHTU(PUKAIIUY CTPYKTYP IIOTOKOB Ha IUINpeH-u300pakeHusx. B pabote [55] nmpenioxkeHa
cucteMa  kiaccupuKanmuu W 00pabOTKM  IUIMPEH-U300paKeHU  OOBEKTOB B
aspoguHaMuueckoi Tpybe. Cucrema cMoria u3Bjieyb U3 n300pa’keHui TPU apaMeTpa: yroj
MpeJIOMJIEHUS TOJIOBHOU YAapHON BOJIHBI, Pa3HUIy B MHTEHCUBHOCTU JIMHUU U CPEIHIOI0
mUpuHy JUHUU. OCHOBBIBAsACh HA O3TUX JIAHHBIX, CHCTEMA BBIYUCJISIET CKOPOCTh IOTOKA
BOIM3U Moziesu. HelipoHHBIE ceTH MOTYT U3BJIEKATH HE TOJIBKO y/IapHbIE BOJIHBI, HO U JIIOObIE
IpyTHe 3JIeMeHTHI ToToKa. Hampumep, aBTOphI [56] yclenHo npuMeHWIN HEUPOHHYIO CeTh
7T KaccuUKaIUuy BUXPEBBIX CJIEOB 3a MpodumieM Kpbuia. HellpoHHBIE CETH HAYMHAIOT
HCIOJIb30BaThCA ISl MPeACKa3aHusl [57] WiIM PEKOHCTPYKIUH [58] AUHAMHUKU TeYeHHUH.
[TpepsaratoTcsi HOBbIE, OCHOBAaHHbIE HA (PUBWUYECKUX IMPHUHIUIAX, CIOCOOBI BBIUHCJIEHUSA
¢dyukmuu morepp (loss function) [58]. Isybokoe wmamuHHOEe OOydeHHE IT03BOJISIET
MOZeJIUPOBaTh TypOyJIEHTHOCTh W JPyTHe Ta30/IHHAMUYECKHE CHCTEMBI OOJIBIITHUX
pasMepHoOCTeH [59].

Jlna ucciaeqoBaHUs 3BOJIIONUU Ta30UHAMUYECKOTO TeueHUs Ha MPOTs:KeHHuUu 6-10
MILTUCEKYH/] B paboTax [60-61] McCIOIb30BaINCh pe3yJIbTaThl KOJIUUYECTBEHHOTO aHAIN3a
BBICOKOCKOPOCTHOH TEHEBOU CheMKH TeUueHHH B yAapHOU TpyOe. IIpu moMoiu MaIlImHHOTO
3peHUs u oOyuyeHus [61] [62] 6p10 pa3paboTaHo TpU HpOrpaMMbl 0OPaOOTKU TEHEBBIX U
nuiupeH uzoOpaxkeHuil. [lepBas paboTaeT Ha ajJropuTMax MAaIIMHHOTO 3pEHHsA, BTOpas
HCIIOJIB3YeT OOYYEeHHYI0 HaMU CBEPTOYHYI0 HEHWPOHHYIO CeTh JUJII PACIO3HABAHUA U
aBTOMAaTUYECKOTO OTCJIEKUBAHUSA PA3JIMYHBIX CTPYKTYp TEeYEHUH, TpeTbs IporpaMma
HCIIOJIB3YeT METOJT KPOCC-KOPPEJAIUN JJisi OLEHKU CKOPOCTH TeYeHUH 10 CMeI[eHUIo
TypOyJIEHTHBIX CTPYKTYP U B3BEIIEHHBIX B IIOTOKE YACTHUI[ — [0 aHAJIOTUH ¢ MeTojiom PIV
(aursn. Particle Image Velocimetry). /Iy BblaeseHus TPaHUIL HCIOJIB30BAJICA QITOPUTM
Kouun (anrmi. Canny edge detection), xoropblii okazaics Hanbosee 3hGEKTUBHBIM IS
QHAJIU3VPOBAHHBIX TEHEBBIX U NUINPEH HU300pa’keHUH. AJITOPUTM IIOMCKA YIJla KOCOTO
CKayKa YIUIOTHEHUs BKJIIOYaeT B cebs BblJIeJIEHUE TPAHUI], IMOWCK YPaBHEHUU IPSIMBIX



(CKauKOB YIUIOTHEHHS) C IOMOINBIO IpeoOpaszoBanus Xada, (GuabTpanus HaWIeHHbIX
NPAMBIX IO JUIMHE, YIJIy U TOJoKeHuo. OmpesieiIeH MOMEHT Iepexo/ia K J03BYKOBOMY
pexxuMy. JIMHaAMUKA IUIOCKUX YZIAPDHBIX BOJIH ABTOMATHYECKH H3MEPSJIaCh C IMTOMOIIBIO
CBEPTOYHOU HEWpPOHHOU ceTH. CKOpPOCTh pAacIO3HABaHHUA OOBEKTOB HA H300paKEHUIX
(YZapHBIX BOJIH, YaCTHI[-TPACCEPOB B MOTOKE) HEHPOHHOU CeThIO cocTaBmiIA 15 K / ¢. Bpuin
aBTOMATHYECKH M3MEDPEHbI U MOCTPOEHBI 3aBUCUMOCTH CKOPOCTH IAIAIONIEN, OTPaKEHHOU
VB ot BpemeHu. McceiieoBaHa JUHAMUKA IyTa IceBaockadkoB (aHriI. shock train) B kaHase.
Vcriosib30BaHWE AJTOPUTMOB MAIIIMHHOTO 3pEeHHsA U OOydYeHHs IIO3BOJIJIO YCKOPHUTH
00paboTKy M aHajiu3 OOJIBIIIUX MAaCCHBOB OHKCIIEPUMEHTABHBIX ITU(PPOBBIX H300pa’keHUH
(Puc. 11) ¥ MOJIHOCTHIO aBTOMATU3UPOBATh 3TOT mpollecc. Ha pydyHyro oOpabOTKy OmHOU
ChEMKH Te€YeHHs B yZapHOU TpyOe (OKO0JI0O 1000 KaJPOB IMPHU CKOPOCTH CHEMKH 150 000
KaJIpoB / ¢) MOT YUTH LieJIbld pabouunii eHb. Pazpaborannoe 10 pemaer 3Ty 3a1a4y 32 OHY-
nBe MUHYTHI. Takum 06pa3om, ObLIO 3HAYNUTEIFHO YCKOPEHO MOJIyYeHre HOBOU (HU3UIECKON
uHpOpMaLnU.
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Puc. 11. Pacrio3HOBaHMe TEPMUKA OT UMILYJILCHOTO pa3psAazaa ¢ noMoIbio CNN
¥ aBTOMaTHUYECKU ITOCTPOEHHBIN rpaduK ero pocTa.

5. IIlpuMmeneHue nHppakpacHou repmorpadpuu

Meton uHbpakpacHON TepMorpaduul TEIJIOBBIX IIOJIEl OCHOBAaH HAa HU3MEpPEHUH
pacripefiejieHUs1 TEIUIOBOTO HU3JIydeHHs W IIpeoOpa30oBaHUU €r0 B KapTy TeMIlepaTyphl.
TerioBoe u3/yueHNe BO3HUKAET B TBEPJIBIX TeJIaX, JKUAKOCTSAX U ra3ax IPHU TeMIlepaType
BbIllle a0COJIIOTHOTO HyJIA BCJIEJICTBHE KoJyiebaHWs aTOMOB WJIM  BpallaTeJIbHO-
KoJiebaTeJIbHOTO JABIKeHUs MoJiekyn [63]. Kak u3BecTHO, OOBEKTHI MOTYT IIOTJIONIATH,
OTpaXKaTh WIH IMPOIYCKATh 3HEPrui0 u3jaydeHUA. A omucaHus 5TUX (UIUUECKUX
MIPOIECCOB BBOJISITCA COOTBETCTBYMOIIHE Kod3ddunuenTsl. UK usiyueHue JeKUT B IHaNIa30He
CIEKTPA 3JIEKTPOMATHUTHBIX BOJIH OT 0.75 MKM ZI0 1000 MKM MEXJy BHAUMBIM CBETOM U
paguoBosiHamMu. B cBow ouepenp MK criekTp NpUHATO NOAPA3AEIATh HA KOPOTKOBOJIHOBYIO
(0.75—1.5 MKM), CPeTHEBOJIHOBYIO (1.5—20 MKM) W JJIMHHOBOJIHOBYIO oOJractTé (20—1000
MKM), XOTs B JIUTepaType BCTpedaloTcs pasindyHble pa3bmenus WK guamazona B
3aBUCHMOCTH OT JJAJIbHEHIIIETO IPUMEHEHUA.

NndpakpacHas Ttepmorpadus — OeCKOHTAKTHBI MeTOJ, H3MeEpEeHHs U aHaIu3a
TEIUIOBOTO U3JIy4eHHs OOBEKTOB WM MOTOKOB. Perucrpamus TeIUIOBOTO H3JIyUEeHUs JaeT
oOmupHyI0 HHPOpPMAINUI0 00 HEPreTUYECKOM COCTOSHUHM O0BEKTA HCCIIEIOBAHUSA, YTO
MpUMEHSETCS B TEIUIO(PU3UKE, MEAUIIHE, T€0JIOTUH, OUOJIOTUH, SHEProcOepeKEHNH, U JP.
Hcnosip30BaHNe JAHHOTO METOJIa BCTPEUAeTCs B TAaKUX HWH)KEHEPHBIX NMPUWIOKEHUAX, KaK
PeryJAnusa TeIION30IANNY, NedeKTOCKOIHA Hepa3pyIamIui KOHTPoJIb U Ap. Ha puc. 12
MpUBE/IEHBl TMPUMEpPHl TEPMOTPAMM: YTE€YKH TeIla 4Yepe3 IIeJM OKOHHOH paMbl U
n3o00pakeHue “sHeprocoeperaleil” JaMibl; TeIVIOBU30P C AUATIA30HOM perucTpanuu 3.7 —
4.8MKM.
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Puc.12. TepmorpaMMsbl TEIJIOBOTO I10JIsI OKOHHOM PaMbl U CBETHJIBHUKA

¢ 9HeprocbeperaroIei JaMITOH.

Tepmorpadus npumeHsercsa i JUATHOCTUKU IICHXO3MOIIMOHAJIBHOTO COCTOSHUA
YyeJsioBeKa B MH(PAKPACHOM U TepareprioBoM Jiniama3oHe [64 - 66].

Bospocmmit mHTEpec K TepMmorpaduum O0OyCJIOBJIEH KaK IMOSIBJIEHHEM TEIMJI0BU30POB
HOBOTO IIOKOJIEHHS, TaK M BO3MOXKHOCTAMH IT¢poBoil 00paboTKU, aHAIW3a, XpaHEHU
TepMorpaduueckux u3obpakeHuil U GuabMoB. [10JHBIN MOTOK TEIIOBOTO U3iyueHUs W,
perucTpupyeMbIi TEIUIOBU30POM, PaBEH:

W = 1,8, Wayr(To) + Ta(1 — €0)Waur(Tp) + (1 — T2) Waur(Ta).

dTo ob6mas u3mepuTeabHas GopMmysa, HUCIOIb3yeMasi B OOJIBITMHCTBE KOMMEPUYECKHUX
TEIUIOBU3UOHHBIX  cHUcTeMaX. TemoBU30p BbIIA€T HEKOPPEKTHPYeMOe 3HauyeHHe
TeMIepaTypbl OOBEKTa, IOJyYeHHOE C YYETOM BCEX TEIUIOBBIX H3JIyUYeHUH, MPUHATHIX
JETEKTOPOM.

C momoipio TepMorpaduu MOKET MPOBOJUTHCS HKCIIEPUMEHTAJIbHOE HCCefloBaHue
TEII000MeHa Ha IJIOCKUX U pesibepHBIX IIOBEPXHOCTSX C Pa3IMYHON reoMeTpueli [67, 68].

HecMmoTps Ha TO, YTO ra30BbIe Cpebl ABIAIOTCA po3payHbiMu B MK ob6siactu criekTpa,
TepMorpadus IIMPOKO IPUMEHSAETCS /I MCCAeOBAHUA BO3JAYIIHBIX IIOTOKOB U UX
BO3ZIECTBUU HA IIOBEPXHOCTh. PaHHME WU3BeCTHBIE IOIBITKU U3MEPHUTh KO3(PPUIMEHTHI
TeIUIoNepeadyd B BBHICOKOCKOPOCTHOM IIOTOKE BO3/yXa C TOMOIIbI0 TepMorpaduu ObLIH
BBITIOJTHEHBI B TUIIEP3BYKOBOM DPEXXUME B a’pofguHaMuueckoil Tpybe [69] B pabore [70]
peasim3oBaHa TeHeBas BU3yaJIH3alus pPa3peKeHHBIX IMOTOKOB B HH(PPaKpacHOM CBeTe
(mtoTHOCTH Taza B O0JIACTH CKadyka = 1073 Kr/M3), YTO HEAOCTYITHO /Il BU3yaIM3alliU B
BUIUMOM cBeTe. Tak Kak MOJIEKYJISIDHBIA a30T He MOXKET H3JIy4aTh B HHOPAKPACHOM
Uarna3oHe, TO BU3yaJlu3alus CKAYKOB YIUIOTHeHus (M=21) cBsi3aHa ¢ HpeJIOMJIEHUEM
WHPPAKPACHOTO U3JIyUYeHHUs, OTPAKEHHOTO OT 3aJ{Hell cTeHKH pabouell kaMepbl, HA CKAYKaX
yIUIOTHeHUs. VIMeeT MecTO «IIpsAMOTeHeBas» BU3yaJIU3alys TeuyeHUs B HH@pPaKpacHOM
UanasoHe, r7e Koa@UINeHT IpeIoMIeHNs ra30B CYIeCTBEHHO BO3pacTaer.

OmHO M3 BaXKHBIX NPWIOKEHUN TepMorpadum - ompejaeseHHe 00JacTU JIAMHUHAPHO-
TypOyJIEHTHOTO Iepexo/ia Ha O0TekaeMOW MOTOKOM ra3a WIN KHAKOCTU IOBEPXHOCTU.
[TpobJsiemMa KOHTPOJISA IAMHHAPHO-TYPOYJIEHTHOTO IIEPEX0/IA B Ta30BbIX CPEJIaX IIPE/ICTABIIAET
0O0JIBIIION WHTEPEC JIJIsI ONITUMU3AIUY TEOMETPHU U JIETATEIbHBIX alllIapaTOB U C TOUKH 3PEHHUS
ra3o/INHAMUKA U C TOUKH 3peHHs TemIooOMeHa Ha 00TeKaeMOW IMOTOKOM ITIOBEPXHOCTH.
Tepmorpadus MO3BOIWIN OMIPENEJUTh 30HBI JIAMHHAPHO-TYPOYJIEHTHOTO IIepexojia IpHU
oOTeKaHWM JIETATEJbHBIX aIllapaTOB IOTOKAMU BO3/yXa C IIOMOIIBI0 W3MEPEHHS KapT
TeMIIepaTyp Ha KPbUIbSX U JIOMACTAX [71-73].

B paborax rpymnmbl u3 Dryden Flight Research Center omucaH JjieTHBIN 3KCIIEPUMEHT 10
HCCJIEIOBAHUIO PACIpeiesieHUs JIaBAeHus IpU O0OTeKaHUU IJIOCKOH IJIACTUHBI B II0JIETE HA
CBEPX3BYKOBBIX CKOPOCTAX A0 Maxa 2.0. [74]. WccinemoBaH MOTpaHUYHBIA CJIOM B IIOJIETE.
[{esib cocTosiia B TOM, YTOOBI OIIPEIETUTh XapPAKTEPUCTHUKU IEPEX0/ia IIOTPAHUYHOTO CJIOS U
3 dEKTUBHOCTD UCIOJIH30BAHUSA TOKPHITUS TOBEPXHOCTH 1 Oy/IyIINX JIETHBIX UCIIBITAHUN
¢ ucnosb3zoBanueM VK rtepmorpaduu. C momornisio nHGpapakpacHON BU3yaTU3alluul ObLIN



3apUKCUPOBaHbI y/IlapHasl BOJIHA, ITa/1AI0IasA Ha TIOBEPXHOCTD B IOMIOJTHEHHUE K OIIPE/IeIEHUIO
JIMHUY TI€PeX0/ja JAMUHAPHOTO ITIOTPAHUYHOTO CJIOSI B TYPOYJIEHTHBIH.

BaxxupiM HampaBsieHHEM TepMorpaduu ABJISETCA aHATU3 MPUIIOBEPXHOCTHBIX TEYEHUU
JKUZKOCTA. B JimTeparype MPEUMYIIECTBEHHO BCTPEYAOTCA PabOThI, ITOCBSIIEHHBIE
HCCIEIOBAHUI0 KOH(UTypamuid Ha ITOBEPXHOCTH pasfiesia Tra3-KUJKOCTh U MeJJIEHHBIX
TeYeHU! ¢ MaJIbiMu uyuciaamu PeitHosbaca. UK ussydyeHne MOTJIONIAETCA HEMOCPEICTBEHHO
Ha TOBEPXHOCTH JKUJKOCTH. Tepmorpadus MOKeT HCIIOJIb30BAThCA IS U3MEPEHUH IOoJIen
TeMIIEPATyPhI ’KUJTKOCTH B JIAMUHAPHBIX U TYPOYJIEHTHBIX PEKHUMaX KOHBEKTUBHBIX T€UEHUH
co cBOOOMHON TOBEPXHOCTH JKUJAKOCTH [75]. IlosiyueHBI IpOCTpPaHCTBEHHO-BPEMEHHBIE
XapaKTEPUCTUKU AYEUCTHIX 1 MHOTOMACIIITAOHBIX KOHBEKTUBHBIX CTPYKTYP [76].

UccnepoBauch ¢ momMomipio HHGPAKpacHOU TepMorpaduu pekuMbl TeUeHUs NMOTOKOB
BO3/[yXa U JKUJKOCTH B HAKJIOHHBIX TPyOax Ha OCHOBE TEIJIOBBIX M300pa’KeHUH U IOJIeH
JIOKQJIbHBIX KO3((PUITMEHTOB TEIIOOTAAUN Ha HArpeTol ImoBepxHocTH [77]. B pabote [78]
HK tepmorpadus coBmecTHO ¢ MeTosioM PIV (1iudpoBoe TpaccupoBaHUE) UCIIOIb3YETCS JIJIA
aHaJIN3a CTPYKTYPhI CBOOOJIHON KHIKOHN CTPYH, MAJaroIed Ha METAJUTUUECKYIO IIAaCTUHY B
BO3/IyXe.

Bosbiioe kosnuecTBO pabOT TMOCBAIIEHO ITPUMEHEHUI0 WHGPAKpacHOU TepMorpaduu
JULST KICCJIE0BAHUI TeIJI00OOMeHa CTPYWHBIX TEUEHHUH ITyTeM PETrUCTPAIlUH TEIJIOBOTO IOTOKA
OT BHEITHEH ITOBEPXHOCTU CTeHKH [79]. IIpakTuuecKWil WHTepec IPEACTABIISIIA 3a7auu
KOHTDOJII U CKAaHUPOBAHUSA TEMIIEPATYPHOTO IIOJIA HAPYXKHBIX CTEHOK CMECHTEJIEN Mpu
TEUEHUH BOJHOTO W JKHUJAKOMETAJUTUUYECKOTO TeIUIoHOcuTenen [77-81]. [ WMIaKTHBIX
CTPYH H3MEpPEHHs IMTPOCTPAHCTBEHHO-BPEMEHHBIX XapPaKTEPUCTHUK TYpOYJIEHTHOTO TEUEHHUS
BO/IbI OOBIYHO ITPOBO/IFUIMCH Yepe3 TOHKYI0 META/UTUYECKYIO CTeHKY (T1acTuny, ¢osbry) [82-
85]. PerucrpupoBanuch ycpe/lHEHHbIE TETLJIOBBIE I10JIs, TIOJIyIEHHbBIE 32 CUET TEIJIONEepeIaun
HCCJIEyEMOTO IIOTOKa TBepyiod creHKe. OCHOBHOHW IIpO0JIeMOI, BO3HUKAIOIIEH IIpH
U3MEPEHHUSAX UYepe3 MeTa/UTMYecKHue IIO/AJIOKKH, SBJIsIeTcs ocaabsieHne KoyiebaHui
TeMIlepaTypbl MCIBITATeJIbHON MOBepXHOCThI0. B pabore [86] O6buio mpeasokeHO
CKOMIIEHCHPOBATh oOcjabjieHne MyJIbcalluii TeMIIEPaTypbl C IIOMOIIBI0 BOCCTAHOBJIEHUS
HCXO/THOTO TEIUIOBOTO CHTHAJIa C BHYTPEHHEH CTOPOHBI ITOBEPXHOCTH IIyTEM peIIeHUs
00paTHOTO ypaBHEHHUS TEILIOPOBOTHOCTH.

PazBuTHE BBICOKOCKOPOCTHOU TepMOrpaduuecKOl TEXHHKHU IIPUBEJIO K BO3MOKHOCTH
pErUCTpaIfu JOCTATOUYHO OBICTPOIIPOTEKAIOIIUX ITPOIECCOB, B YACTHOCTH - XapaKTEPHUCTUK
TeliooOMeHa TypOyJsieHTHOTO TeueHusi. B pabore [87] MK cbemka wucmosbayercs i
BU3yaJIU3allid TypOYJIEHTHOTO T€YEeHUs BOJABI B AKPHWJIOBBIX KPYIJIBIX TPyOax C BBICOKUM
BpeMEHHBIM paspeliienneM. B pabore [88] peructprpoBasinch IIyCKOBBIE MPOIECCHI U
JAWHAMUKA  HE3aTOIUIEHHOW  BBICOKOCKOPOCTHOM  CTPYH  JKHUJKOCTH Ha  CTaHKe
ruzpoabpa3suBHON pe3ku. lcciiemoBaHuWe HAMpaBe€HO Ha TOJyYeHHE HOBBIX JIAHHBIX O
nByXx(a3HBIX IMOTOKAX B SKCTPEMAIBHBIX YCJIOBUAX, U MOXKET OBITh HPUMEHEHO JIA
YCOBEpPIIIEHCTBOBAHUSI WHKEHEPHBIX THAPOCTPYHHBIX KOHCTPYKIUEM. Ha pwuc.13 mpuBemeHbl
ZBa TepMOTpadUIECKUX U300paKeHUs Pa3BUTHUs CBEPX3BYKOBOU TH/IPOCTPYHU IPH ChEMKE C
YacTOTOU KazpoB 10 415 ', HabGmoAeHne Benercs ¢ nepudgepuidHON 00JacTH CTPYHU U ee
BO3/IyIITHO-BOAHOU 000/10uKH. CKOPOCTh MCTEUEHHs CTPYH HA OCHU JocTHraeTr 270 M/c, (Re =
107).



Puc. 13. TepmMorpamMmMsl IIyCKOBBIX IIPOIECCOB BHICOKOCKOPOCTHOM T'UAPOCTPYU B IEPUO/T
710 0.005 C II0cJIe 3aIlycKa.

CaoiictBo Boabl morsomars uHppakpacHoe (1K) uziydyeHune Ha CyOMILIMMETPOBOM
Macmtabe — TO3BOJIWJIO — MPEAJIOKUTH  METOJl  HCCIEAOBAHUS  HEU30TEPMUYECKUX
HECTAI[MOHAPHBIX TypOyJIEHTHBIX T€UYEHHUH >KUAKOCTH B MOTPAaHUYHOM cjioe [89] Ha ocHOBe
UK tepmorpaduu (meron TBITXK — Tepmorpadus BBICOKOCKOPOCTHBIX ITOTOKOB YKUJIKOCTH).
IIpu perucrpanuu uyepe3 HWK-mipodpauHoe OKHO MeTOJ II03BOJIAeT BU3YaJIU3UPOBATH
TEIJIOBOE U3JIydeHHe U3 TOHKOTO IIPUIIOBEPXHOCTHOTO €104 )KuUaAKocTH. [IokasaHo, 4yTo uepes
CTeHKY, IPO3PavyHyI0 1j11 NHPPAKPACHOTO U3JIyYeHUs NPHU TEIVIOBU3MOHHOM HCCJIe/I0BAaHUU
NBIDKYIIENCA JKUAKOCTH MOTYT OBITh W3MEpPeHBbl IIyJbCAI[UOHHBIE, SHEPreTUYecKue
XapaKTEPUCTUKU HEU30TEPMUUYECKOTO TypOyJIEHTHOIO IIOTPAHUYHOTO CJIOA JKUJIKOCTU C
YaCTOTHBIM paspelnieHreM OT 100 I'm. /jd Mojienun IJIOCKOr0 TPOMHUKOBOTO COEIMHEHUS
BBISIBJIEHO HaJIUYVe WHEPIUOHHBIX HHTEPBAJIOB YHEPreTUYECKUX CIEKTPOB B ydacTKax
auanasoHa oT 4 70 4o0l'n.. IlpuiokeHue MeToza i HCCAeJOBAHUU UMIIAKTHBIX CTPYH
H3JI03KEeHO B paboTrax [90-91]

Ha puc.14 mokazaH mpumep BU3yaJTHU3AIUU MEPEXOTHOU 00JIaCTH TeUueHUs] MMITAaKTHOM!
crpyu. llpuBesieHbl BpeMeHHbIE Pa3BepPTKU IIyJIbCAllM TeMIIepaTypbl Ha YeThbIpeX Pa3HbIX
paccrosiausAx (R) OT TOuku TOPMOKEHUSA.

v & fia
W e,
YL WLy WAL N
I! ll ]\K TR "I

- / J e e f W

20l AETI SN ¥ b 1A a s AaadadAAn ) | ) YUY N
" L 11 | 2, 5 | "R Y Y VO )
{

001" | L i 1 | ‘!

|
W T T T
N ,m\‘ﬂ'y‘"}‘ l““"

1800 »
0000 00% 0100 0150 0200 0250 0300 03%0 0400 0450 0500 02550 0£00 0820 0700 07%0 0800 08%0 080s

Puc. 14. [Ipumep MrHOBEHHO! TepMOTPaMMBbI ¥ BpeMEHHOU pa3BepPTKU TeMIIepaTyphl Ha
YyeThIpeX Pa3HBIX paccTOAHUAX (R) OT TOUKU TOPMOKEHHUS.

6. TeneBoi (HPOHOBBIN METO/

OTnesIbHOTO PacCMOTPEHUS 3acay:KUBAaeT OCHOBAHHBIM Ha (PU3UUYECKOM SIBJIE€HUU
pedpakIi U KPOCC-KOPPEIAIMOHHOM aHaJIM3e HN300pa’keHWil TeHeBOW (POHOBBIA METO.I.
[Ipu BuU3yasm3auu moJjierd MmokKasaTesis MPeJIOMJIEHUS MPO3PayHbIX HEOAHOPOJHBIX CpeJ, -
OIIPEJIE/IAIOTCS CMEIEeHUs] pasfleJIEHHBIX B IMPOCTPAHCTBE H300pa’keHWN Touek (oHa,
TIOMEIEHHOTO 3a HcCIeayeMbIM 00beKkToM. KostmuecTBeHHbIE U3MEPEHUsI TT0JIeH MIOTHOCTH



BO3MOXKHBI B CJlydae JIBYMEPHOTO M OCECHUMMETPHYHOTO TEUEeHUs ITPO3PAYHOU CpEIbI
(poromeTpruecKUM TeHEBBIM MeTOZOM. BeJM4uHBI YIJIOB OTKJIOHEHUS CBETa CBA3AHBI C
paciipesieieHreM [IOKas3aTesisd MPeJOMJIEHHs BHYTPH H3ydyaeMOHW HEOHOPOJHOCTHU
TIOCPEAICTBOM COOTHOIIeHUH AbGessa. Hampumep, B pabore [92] u3dmepeHbl MOJIA IJIOTHOCTH
reJivs IIPU TUIEP3BYKOBOM OOTEKaHUHU KOHYcCA.

B anrnoassranoit tutepatype TOM usBecteH kak Background Oriented Schlieren (BOS).
Meroz ObUT MpeJIOKeH MPAKTUUECKH OFHOBpeMeHHO Maitepom [93] wu Jlampiimiem [94],
TOT/Ia ke OBUTM IIPOM3BE/EHBI IePBble SKCIEPUMEHTAIbHbIE CHEMKU. [Ipe/iecTBeHHUKOM
JTAHHOTO METOJ]a MOXKHO CYUTATh TEXHUKY crieka-pororpadun (CD), koropas pa3BuBaIach B
HNucrturyre Terwno- u maccooomena (MTMO) um. A. B. JIeitkoBa AH BCCP ¢ cepenuubl 1980-x
rozoB. KosimuecTBeHHas BU3yaju3aldsl TEeUeHUU, OCHOBAaHHAs HA CIIEKJI-TEXHOJIOTHAX
onucaHa B [95]. [Ipuemsr nudpoBoi crekia-¢ororpaduu, HAIUIN PA3BUTHE TAKXKE B TEXHUKE
PIV, Tanp60T-uHTEpdEpOMETPUH, [96].

CyTb TeHeBOTO (POHOBOTO METO/Ia 3aK/II0UAETCS B CPAaBHEHUH JIBYX U300pa’keHUI OTHOTO
U TOrO Ke (POHA, CHATHIX IPU OTCYTCTBUH U MPU HAJTUUHU MKy doToanmnapaTom u (poHOM
HCCJIEyEMOTO TIPO3PAYHOr0 OOBEKTa € HEOAHOPOAHOCTAMHU [97, 98]. DOHOBBI 3KpaH
JIOJI’KEH COOTBETCTBOBATH OIpPe/ieJIEHHBIM TPeOOBAHUAM, JJIsl TOTO YTOOBI IPU AajIbHENIIeNn
dPOBOH 0O6PabOTKE SKCIIEPUMEHTAIPHBIX N300paKEeHUN MMOJIYIUTh KAUeCTBEHHBIE TaHHbBIE
C MaKCHUMaJbHBIM KOJIMYECTBOM I10JIe3HOU UH(POpMaUU U HU3KUM YPOBHEM IIIyMa.

V3meHeHUe TIOKa3zaTesisl IpeIOMJIEHUS BJOJIb JIMHUU HAOJIOJIEHUS B CiIydae CheMKU
(ona uepe3 0OBEKT IPUBOJAUT K HECOBIIAJIEHUIO PENEPHOTO U «pabouero» M300pakeHUU
(Puc.15). IIpoaHasim3upoBaB cMellleHNE 3J1eMeHTOB (OHAa HAa CHUMKAX, MOXKHO IIOJIyYHUTHb
KOJIMYECTBEHHYI0O MH(MOpPMANU0 00 MHTETPAJIbHOM M3MEHEHUM IOKA3aTess MPeIOMJIEHU
HcceelyeMoil cpefibl BJIOJIb HalpaBiieHus HabusozeHusa. Kpocc-KoppesasiuoHHbIE METO/IbI
U(PPOBOTO CPaBHEHUs HKCIEPUMEHTAIBHBIX H300paKeHUU paHee OBUIM CYIIECTBEHHO
paspaboTaHbl B paMKax MeTo/ia nudpoBoi TpaccepHoit anemometpuu (PIV).

1 . 2 3 4
Puc.15. Ontuueckas cxema T®M (TeHeBOro ¢OHOBOTO METO/IA):
1 — ¢oH, 2 — ucciiefyeMbld 00bEKT, 3 — JINH3a/00BEKTUB, 4 — IUPPOBOI perucTpaTop

Y-KOMITOHEHTa OTKJIOHEHUS JIy4a, UJIYIIEero OT (POHA, BRIPAXKAETCA U3 3aKOHA pedpaKkiuu
cenyonM 06pa3om:
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Torma COOTBETCTBYIOIUI 3JIEMEHT (1)0Ha OyzeT cMeméH Ha paboueM HU300pa’keHUH
OTHOCHUTEJIPHO PEIIEPHOT0 Ha BEJIMUNHY:

dy =tge, L, =& Ly

CBs3b MEXAY IIOTHOCTBIO OJJHOPOJHOIO ra3a M €€ IIOKa3aTeyieM IIPEJIOMJIEHUA MOXHO
BbIPpA3UTHh COOTHOIIIEHHEM FﬂaZ[CTOHa-HefIHaZ



n-1
Yo,

raie G — mocrosiHHasa I'najacrona-/leina. Perucrpupyemoe TOM cmelieHue sjieMeHTa
¢dona Ha M30OpaKEHWU MPAMO IMPOIMOPIHOHAIBHO TPAJUEHTY IJIOTHOCTH B ILIOCKOCTH,
MEPIEeHUKYIAPHON ONITHYECKOU OCH.
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3 L, l, =|z,~ 2z,
JIECh — paccrosiHMEe OT oO0BbeKTa 710 (doHa, - TOJIIIIUHA HCCIIEyEMOTO

TEUEHHS BJIOJIb OIITUYECKOH ocH cxeMbl. Ha cMereHne n300pakeHUsT BJUSAIOT BCe DJIEMEHTHI

TEeUEeHUsI BJIOJIb JITAHHOTO ONTHYECKOro Jiyda — (aKkTU4YecKu, HHPopManus ob HCCIelyeMoM

TIOTOKE yCPemHsEeTCS BAOJIb Hero. BoccTraHOBiEHHE HENMOCPEACTBEHHO IOJIS IUIOTHOCTH W3

pe3yabpTaToB OmHOpPakKypcHOro TOM BO3MOMKHO TOJIBKO JJisi TeUYeHHs OJU3KOro K

JBYMEPHOMY (YTO peIKO BCTpeUaeTcsi B OSKCIEPUMEHTE), JIUOO JJisi OCECHUMMETPUUIHOTO

TeueHUs (Ha OCHOBE HCII0JIb30BaHUsI, 0OpaTHOrO mpeobpaszoBanus PajoHa.).

JIJ1s1 IoJTy4yeHusT KOJTMYECTBEHHBIX 3HAYEHHUH MOJIA TJIOTHOCTH B CJIOKHBIX TPEXMEDPHBIX
TeUeHHAX HeoOXoauma MHoropakypcHas TOM-chéMKa ¢ MOCIEAYIOINIUM BOCCTAHOBJIEHUEM
TPEXMEPHOTO TMOJII W3 JIByMEPHBIX H300pa’KeHUH C HCIOT30BAaHHEM  IIOJIXOJI0B
TOMOTPAUUECKOU PEKOHCTPYKIUU. [IpU 5TOM CHEMKA MPOU3BOAUTCS OIHOBPEMEHHO C
HECKOJIBKUX (0OBIYHO He MeHee 5-6) pakypcoB. JIJis cTallMOHAPHBIX TEYEHUH ChEMKA MOKET
MIPOU3BOJIUTHCS IIOCJIE/IOBATEIFHO C Pa3/IMYHBIX YIJIOB, OJHOM M TOM Ke Kamepou [99].
OpHako Jaxke IOJydyeHHble Ha ocHOBe TO®M monsa cmeleHus (CBsA3aHHBIE C IIOJISIMH
IUIOTHOCTH), MOTYT CJIY?KHTBb IIOJIE3HBIM HCTOYHHUKOM HH(MOPMAIUHU O TEIUIOPU3ZUUECKUX
00BEKTax - HAITPUMEP, JAHHBIX O MOJI0KEHUH U IMHAMUKE XapaKTEePHBIX Ta30{HHAMYECKUX
CTPYKTYP (pa3phIBOB, BUXPEH U IIP.).

B Poccuu nepBbie pabOTHI ¢ ucosib3oBanueM TO®M ObLTu IPOBEEHBI B HAUajle 2000-X B
HUY "M3aU".

B oTinune oT TeHeBBIX MeTOAO0B, TOM-Busyanusanus He TpeOyeT HCIOJIb30BaHUS
ONITHYECKUX 3JIEMEHTOB, CPABHUMBIX II0 pa3MepaM C HUCCIEAYEMBIM OOBEKTOM. DTO J€JIaeT
€ro yZIoOHBIM JJIsl TIOJIEBBIX HCCJIEIOBAHUU W SKCIEPUMEHTOB, W JPYTUX CJIy4YaeB, KOT/a
TpebyeTcs BU3yasu3aIus TeUYeHUU OoJpIoro maciirtaba. ABTOpPHI [100] .HMCIOJIB30BAIH
T®M coBmecTHO ¢ PIV 1y1s1 KOMOMHUPOBAaHHOM BU3yaIU3alliu TeUeHus ¢ yucioMm Maxa M=8
B aspopguHammyeckoil Tpybe. TO®M-ucciaeoBaHUA HECTAIIMOHAPHBIX TPAHC3BYKOBBIX
TEUEeHWH, COAeP KAINX y/lapHble BOJIHBI B KaHa/Ie U Ha BBIXOJle M3 KaHaJa YAapHOU TPYObI
osutu mpoBeseHbl B MIY ([101, 102]. Ha puc.16 npuBezensl 3 TOM uzobpaskeHHUs BBIXOJIa
y/IapHOU BOJIHBI ¥ IIOTOKA U3 TOPIIA yZlapHOU TpyObl. [1osie 0630pa - 710 40 cM.
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Puc.16. T®OM uzobpakeHUsI CBEPX3BYKOBOTO T€UEHUsI IIPU BBIXO[E
y/IapHOI BOJIHBI B aTMocdepy.



IIpu uccneqoBanuu mpoieccoB roperus TOM Takike MOXKeT OBITh ITMPOKO MPUMEHEH,
IIOCKOJIBKY METOJ] CIIOCO0EH BU3yaJTM3UPOBATh HE TOJIPKO TEIUIOBBIE MTOTOKU U IIJIAMEHA, HO
TaKKe ONPeAEsATh KOHIIEHTPAIIUU COCTABJIAIONIUX B PA3JIMYHBIX TOILUIMBHBIX cMecsax [103].
TO®M Takke MPUMEHSICA JJIA HATYPHBIX ChEMOK ITOJTHOMACIITAOHBIX IOJIEBBIX B3PBIBHBIX
HCIBITaHUMH, [104 - 106]. OCHOBHBIM Pe3yJbTAaTOM OBLIO OIpeZieJieHre AUHAMUKUA (PPOHTA
yIapHOI BOJIHBI, IOPOXKIEHHOHN B3pbIBOM. Pe3ysibTaThl paboT OJHO3HAUHO YKa3bIBAIOT HA TO,
yro TOM o006JafaeT UCKIIOUUTEIbHBIMA BO3MOKHOCTAMU II0 TMPAKTHYECKUM I10JIEBBIM
IpUMEHEHUsIM, XOTs TIPU 3TOM He BCerJa yAaércs TMPOU3BOAUTh KOJIMYECTBEHHBIE
HU3MepeHUs.

[IpakTHuecku ¢ caMoro Hayajia HUCHOJIb30BAHUA TeHEBOro (OHOBOTO MeTozia OBLIU
oOHapy>KeHbl 3HAUUTEJIbHBIE IOTPENIHOCTH, BO3HUKAIOIINE IPH BU3YIM3AIUU CHJIBHBIX
IPaJINEHTOB IUUIOTHOCTH (B YAaCTHOCTH, YZIApDHBIX BOJIH) JAQHHBIM MeETO/IOM. Pe3ysbpTaThl
MHOTOYHCJIEHHBIX PpaboT IOKa3bIBAIOT, UTO KOJWUYECTBEHHOE OIpe/iejieHHe CKadka
IUIOTHOCTA Ha QPOHTE yAapHOW BOJIHBI IIOCPEICTBOM Kjaccmyeckon cxembl TOM
MIPEJICTABJIAET CJIOKHYIO ITpobiiemy. DdeKT, perucTpupyeMbiii Ha (PpoOHTAX y/IaPHBIX BOJIH,
3a4acTyi0 He Koppejaupyer ¢ GHU3UYECKHMH IapaMeTpaMu IHOTOKa. B paborax 107], [101]
OBUIO MOKA3aHO, YTO JaHHAA MpobiieMa pakTruuecku 00ycIOBIeHa BBIXO/IOM ETEKTUPYEeMOU
BEJIMYUHBI pedpaKIfi 32 paMKU YyBCTBUTEJIBHOCTH MeToAa. V3-3a CHJIBHOTO MPEJIOMJIEHUS
cBeTa Ha QPOHTE y/IapHOU BOJIHBI OTKJIOHEHHBIN JIyd MOXKET BBIMTHU 3a Ipe/iesIbl ONTUYEeCKON
cXeMbl U He OBITh 3aPETUCTPUPOBAHHBIM.

Ha ceropnsamuuii /ieHp OGOJBIMIMHCTBO paboT, cBsa3aHHbIX ¢ TOM, paccmaTpuBaer
TEUEeHUs W MPOIECChl, TpoucxoadAmue B raze. OqHako mo cBouM mnpuHiunam TOM Takske
IIPUMEHUM K HCCJIeJIOBAaHUIO IIPOIECCOB B MPO3PAUHBIX KUAKUX U aMOPHBIX cpefax. Tak,
MeTOJ] WCIOJIb30BAJICA /Ji PErHuCTpalliil BHYTPEHHUX BOJH B 00BEéMe BOJbI [108] ) u
TEIUIOBBIX TMPOIlecCOB B BoAe U Iwiekcuriace ( MOU 2008). Ha puc. 17 mpuBeneHbI
n300pakeHus IOJIeH CMeIlleHUs NP JIBIMKEHHUM KOHBEKTHUBHBIX TEPMHUKOB B ILIOCKOM
cocyze.

cm

Puc.17. T®OM nzobpakeHUs KOHBEKTUBHBIX IIOTOKOB B BOJIE.

TOM 3aHHMMaeT HUIIY KJIAaCCUYECKHUX KaueCTBEHHBIX TEHEBBIX METOJ[0B, BBIUTPBIBAA Y
HHUX 3a CYET OOJIbIIEH NIPOCTOTHI NpHUMeHeHHus [109] Tam, rie He TpebyeTcsi BBICOKOE
IIPOCTPAaHCTBEHHOe paspellleHue. bospliag mnpocrota ammapaTHou uyactu TOM 1o
CPaBHEHUIO C JIpyTUMHU MeTOJaMH JejaeT OoJiee AOCTyHHOW MHOTOpakypcHyio TOM-
BU3yJIN3aLHIO.

IIpu Bcex mpeumyiiectBax TOM oueBHZIEH PsAA HEAOCTATKOB [110, 111]. AJITOPUTMBI
KPOCC-KOPPEJIAINY M300pa’KeHUN YCPEAHSAIT II0 pa3Mepy OKHa ompoca, TM® Bcerma
obecrieurBaeT MeHbIIlee paspelleHre N300paKeHHsA, UeM COIOCTABHUMBIE TPAJUIMOHHbBIE



TeHeBble cxeMbl. [IOBBIIIEHEe UyBCTBUTEIBHOCTU TPeOyeT OOJIBIIIETO OKHA OIMpOoca U, TAKUM
obpaszom, MOHMKaeTcs paspenneHue. I[loteps paspemieHus Hanbosee 3aMeTHA MPU TAKHUX
0o0beKTax, KaK y/lapHble BOJIHBI U TPAHUIIBI pasjiesia cpell. B To BpeMs, Kak TpagUIIOHHbBIE
TeHEBBIE METOIbI JJAIOT TOTOBOE M300pakeHre B peayibHOM BpeMeHU (6e3 obpabotku) TOM
TpebyeT 06paboTku. CyiiecTBeHHBI Tp0o6ieMBbI ¢ GOKYCHPOBKOHN OZJHOBPEMEHHO Ha 0OBEKTE U
¢one. Metoj; Takke UyBCTBUTEIEH K BUOpanuaM. OZHUM U3 HETOCTATKOB, YCJIOKHAIOIINM
KOJIMYECTBEHHblE H3MepeHHs C IIOMOIIBI0 TeHeBOTO (DOHOBOTO MeTOZA, SABJAETCH
HelapaJUIeJIbHOCTh CBETOBBIX JIydeH, 30HAUPYIOIIUX HCCIeAYEMBIH 00BEM. ITO MPUBOIUT K
HEPAaBHOMEPHOCTH IPOCTPAHCTBeHHOro Mmacmraba TOM-moseli B 3aBHCHMOCTH  OT
MOJIOKeHUsA (UKCUPYEMbBIX HEOJHOPOJHOCTEU BJOJIb ONTHYECKOro Jiyda. IlombITKU
CKOMIIEHCHPOBATh JAHHBI HEJOCTAaTOK IIyTEM BBEJEHHUS B ONTHUUECKYIO CHUCTEMY OOJIBIIION
cobuparolei JUH3bI, COTJIACOBAHHOU ¢ 0ObEKTUBOM PETUCTPUPYIONIEH KaMepbl OTMEHSIOT
O/THO M3 CYIIeCTBEHHBIX JOCTOUHCTB METO/la, T.K. OTPAHMYUBAET pa3Mephbl HCCIeayeMOu
HEOJTHOPOTHOCTH pa3MepaMHM IJIaBHOTO OIITHYECKOr0 SJIeMeHTa.

7. ndpoBoe TpaccupoBaHue

JIBu:keHHe 5JIEMEHTOB ra3a M JKUJAKOCTH MOXKHO BU3YaJIM3UPOBATh, BBOJASA B IIOTOK
MeueHble, OKpallleHHbIE YAaCTUIIbI, CTPYUKH JbIMAa, HUTH, IIIEJIKOBUHKH, U. T. . Takou MeToz
BU3yaJIU3allNHU - METOJ] TPACCUPOBAHUS - ABJISETCS OJHUM U3 CTapeHIINX crocob0B MpsMon
BU3yasu3anuu TeueHus. [Ipu WHTerpajbHOU PETUCTPALMU CJIela YACTUIBI B Ta3e METO/T
TPacCUPOBAHUA TO3BOJIAET HAOIIOAATh TPAEKTOPUHM YACTHI], JINTHUM TOKa. Peructpupys c
SKCHIO3UIMeNd Ot JBIDKEHUE TPACCUPYIOIIUX YacTHI[ B IIOTOKE, MOXKHO IIOJIyYHUTh
n300pakeHuss OTPE3KOB IyTU OS, MpOMJeHHble YacTulamMu 3a ot. Benuuwmna v=9s/ot
TIpeJICTaBIsAeT COOOM CPeIHIOI CKOPOCTh YAaCTUIIBI HA 3ToM oTpe3ke. [{udposas ob6paboTka
pe3yJIbTaTOB TPACCUPOBAHUS pa3BWIaCh B CIEIUAJIBHOE HAIpaByieHHEe 00eclieunBaolee
PEKOHCTPYKIIMIO JMHAMHUKHN TPEXMEPHBIX IMOJeld ckopoctu - Meron PIV — (particle image
velocimetry).

Meton 1mudpoBoro TpaccupoBaHUs (aHEMOMETpPUM IO U300paKEHUAM YaCTHII,
(mexxayHapogHoe HasBaHue Meroza Particle Image Velocimetry) ocHoBan Ha
CTaTUCTUYECKOM AaHAIM3€ CMEIIeHHuHd W300pa’keHWi 4YacCTUIl, JBIDKYIIIHUXCSI BMECTE C
HCCIIelyeMbIM Te€YEeHHEM, BU3YaJIU3UPYIOIINX MIOTOK 32 KOPOTKHUN HMHTEpPBaJl BpEMEHU IpU
pEerucTpany 3TUX YACTHUI] B BBIIEJIEHHOHN IUIOCKOCTH C IIOMOIIBIO ONITHYECKOTO HOXKA. Bo
BpeMeHH ONTHYeCKUH HOXK (J1a3epHOe mu3JIydeHue) chopmupyercsi B BUJE JIBYX KOPOTKUX
HMITYJIbCOB HEKOTOPHIM HHTEPBAJIOM BpEMEHHU MEXKAYy HMILYJIbCAMU H3JIydeHus. Torom
nsMmepenuss PIV merona ABJAIOTCA MrHOBEHHBIE IIOJIA CKOPOCTU IIOTOKA. MHOXKECTBO
0030poB 1 MOHOTpadUil MOCBAIIEHO OMHCAHUI0 MOUMUKAIIUN U TPUMEHEHUH MeToza [112,
114]

B Poccuu meTos akTUBHO PasBUBAICA C QO-X TOA0B B VHCTUTyTe TeIUIOQU3UKUA HM.
C.C. Kyrarenagze CO PAH. B o63ope [15] 1aH aHA/IN3 UCTOPUU U COBPEMEHHBIX TEH/IEHITUH
pasBUTUA MeTOZla AaHEMOMETPUHM IO U300paKEeHUs M UYaCTHI[ B NPWIOKEHUAX K
adpOAMHAMHUYECKHMM  yCTAaHOBKAM. ABTOpaMH  paccMaTpPHUBAIOTCS  OCHOBBI  METO/A
aHeMOMEeTPUH, BADUAHTHI €T0 peayn3aIuu, UCTOPUA U COBPEMEHHOE COCTOSTHHE aIllIapaTHBIX
CPEJZCTB.

[Tosienenne TepmuHa PIV orHOCAT K 80-M romam, Korjaa oH ObLIT BBIZIEJIEH KaK YaCTHBIN
caydad meroza JasepHoil crexsomerpun LSV (Laser Speckle Velocimetry) [115-117].
6asupyrolerocs Ha ONTUYECKOM IpeobpazoBaHuu Pypre IPKOCTHHIX KAPTHH.

K mwranapubiMm mopudukanuaMm metozia otHocsATcs Particle Image Velocimetry (PIV),
Micro Particle Image Velocimetry (Micro PIV), Particle Tracking Velocimetry (PTV) u ap.

K 00beMHBIM METOJIaM HCCIEOBAHUSA KMHEMATUYECKOU CTPYKTYPBI IIOTOKA OTHOCATCSA
Stereo Particle Image Velocimetry (Stereo PIV), Tomographic Particle Image Velocimetry
(Tomographic PIV) u np.



Mertop PTV npaktuuecku naenrudeH ¢ merogoM PIV. Utorom usmepenus PTV merona
TaK>Ke ABJIAITCA MTHOBEHHBIE /IBYXKOMIIOHEHTHbIe I0JiA ckopocTu. Ho B orsimume or PIV
METO/1a BEKTOP CKOPOCTH U3MepseTcs 10 epeMelleHUsAM OT/eJIbHBIX TPAcCepoB B MOTOKE, a
He rpynnbl. Meroy PTV mpumeHsieTcss B cilydae, €Cji IUIOTHOCTh OOpa30B YacTHUIl OUE€Hb
Masnia. ObOpaboTka H300pa’keHUN TaKKe IPOU3BOAUTCA C IIOMOIIBI0 KOPPEIAIMOHHBIX
QJITOPUTMOB.

OgHuUM U3 BaKHEWIINX IIPEeUMMYILECTB MeTOJla ABJIAETCA OTCYTCTBUE 3HAUYNTEIHBHOTO
BO3MYIIAIONIEr0 BAUAHUA Ha NOTOK. K orpanmyenusaMm PIV MOXHO OTHECTH KOHEUYHBbIE
pa3Mepnl TPACCUPYIOIIUX YACTHL, BCJIECTBHE Yero Tpaccepbl He BcerJa TOYHO CJIEAYIOT 3a
nmoTokoM. OcoOeHHO 3TO KacaeTcsi o0jacTeld CHJIBHBIX I'DaJIUEHTOB M Pa3pbIiBOB. Pasmep
HCIIOJIb3YEMBIX UACTHUI] OTPAaHHYUBAET pa3Mep BJJIeMEeHTapHOW o0JiacTH, WpU STOM
HCIIOJIb30BaHUE 00Jiee MeJIKUX YaCTHUIl IPUBOAUT K BJIUSHUIO OPOYHOBCKOTO JIBIXKEHUS HA UX
nosioxkeHue. Tpaccepsl /111 Ta30BBIX CPesl MOTYT OBITh KUAKUMH KaIUIAMU pa3MepoM 1-100
MKM; KaK IIPaBUJIO, UCIOJIb3YIOTCA pa3jIMuHble HATypaJIbHble U CUHTeTHYeckue Macia. [
BBICOKOCKOPOCTHBIX IIOTOKOB HCHOJIB3YIOTCH TBEDJIble YACTHUIIBI, Yallle BCETO U3 OKCHUJA
TUTaHa U amoMuHusA. OHU MOTYT UMETh MEHbBIIIEe pa3Mephl (OpsAKa COTEH HM), U 32 CYET
9TOTrO JIy4llle CIeJ0BaTh IIOTOKY.

Ob6usacts mpumeHeHus: PIV-merosa B 4aCTHOCTH BKJIIOUAaeT B ce0s (yH/IaMeHTaIbHbIE
Hay4JHBIe WCCJIEJIOBAHUSA, HAIPABJIEHHbIE HA U3YYeHUE IUHAMHUKH U MacIITabOB BUXPEBBIX
CTPYKTYP B HOTOKaX >KUJKOCTU U rasa, [118-120]. B paborax [121-122] npojieMOHCTpHUpPOBaHa
Bugyasnmzanusa merogaom PIV mpodwuseill ckopocTu 3a B3PBIBHBIMU (yIapHBIMH) BOJIHAMH,
00pa3yIOIUMUCS TIPY MTOAPHIBE B3PhIBE MPOBOJIOUYKHU. C TOMOIIBI0 8-UMITyIbCHOU JIa3ePHOM
CUCTEMBl IIOJIydyeHbl II0CJIe/IoBaTeIbHble WN300pakeHus IoJie cKopocT 3a (ppoHTOM
chepuueckoil B3pbIBHON BOJIHBI. OTMeuaercs, 4YTO Ha (POHTE BOJIHBI 3a(pUKCHUPOBAHO
3HAUUTEJIPHOE  VIIMpeHHe TpOomIs  CKOPOCTH, IO-BUAUMOMY, OOYCJIOBJIEHHOE
IIPEeUMYIIeCTBEHHO MHEPLIUOHHBIM 3alla3/IbIBAHUEM >KUJIKUX TPACCUPYIOIIUX YaCTUIl. IDTOT
a(pdexT, oTMeuaeMbli U B JApyrux paboTax, OrpaHUYMBAET NPUMEHUMOCTb MeTo/a K
HCCIIeIOBAHUAM T10JIeH TeUeHUH IPU B3PhIBAX.

Busyasmsamus cBepx3BYKOBBIX ITIOTOKOB C OMOIIbI0 PIV ocTaéTcst c10KHOU TpobsieMoi
B CBfI3U C HEPAaBHOMEPHOHN IUIOTHOCTHIO YACTHUI HAa H300pakeHUsX. B cBA3M ¢ 3THM
BU3ya/IM3allisd CBEPX3BYKOBBIX TedeHHN TpeOyeT O0OCOOEHHO TIATEJBLHOTO ToA00pa
TPaCCUPYIOITUX YACTUI], MEXaHU3MOB 3aceBa MOTOKA, AJITOPUTMOB U ITapaMeTpOB 00pabOTKU
n3obpakeHui PIV.

JIpyroii BOIIpPOC, TECHO CBS3aHHBIA C MPEABIAYIINM — KOPPEKTHUPOBKa JaHHBIX PIV B
MOTOKAaX C OOJIBIIUMU TPafiIleHTaMU cKopocTu. V3-3a 3ama3ApIlBaHUs YaCTUIl, JAHHbBIE B
TAaKUX TEUEHUAX MOTYT CYIIECTBEHHO OTJIMYAThCA OT HCTUHHBIX. OJHAKO B HEKOTOPBIX
CIIy4yasx yAAéTcs y4ecTb 5TU IMOTPENIHOCTH U BOCCTAHOBUTH UCTUHHOE II0JIe CKOPOCTU Trasa
[123]. B pabore [124] metromom PIV wu3MmepeHBbI HecTallMOHApHBIE IIOJISI CKOPOCTEH,
BO3HHUKAIOIINE IIPU Pa3BUTUM IIOTOKOB 3a yJAapHBIMU (B3pBIBHBIMU) BOJIHAMH,
WHULMUPYEMbIMUA HMIIYJIbCHBIM IIOBEPXHOCTHBIM CKOJIB3AIIUM paspsaoM B BO3ZyXe.
[Ina3zmenHble JUCTHl  (HAHOCEKYHZHble Ppa3psfbl, CKOJIb3AIIHE II0 ITOBEPXHOCTHU
IU3JIEKTPUKA) ObUINM MHUIIMUPOBAHBI HA CT€HAX IMPAMOYTOJIFHON KaMmepbl. PacrpejeneHus
CKOpOCTel IOTOKAa 3a 3TUMM BOJIHAMHU I[I0OKa3ayl, 4YTO BJIOXKEHHE HWMILYJIbCHON 3Hepruu
ABJIAETCA OJAHOPOAHBIM BJIOJIb Pa3pA/HBIX KAHAIOB IJIA3MEHHOI'O JIMCTA, B TO BpeMs Kak
WHTerpajibHasd BUAMMAas WHTEHCUBHOCTb CBEYEHMsA IIJIa3Mbl YMEHBIIAETCA B HAIlpABJIEHUU
pacnpoctpaHeHus kaHasna. Ha puc.18 mpuBe/ieHO moJie CKOPOCTEN 3a IJIOCKOU yAapHOU
BOJIHOM (c;eBa) W 3a I[WIMHJPUYECKOW YIAApPHOW BOJHOW, WHHIUHMPOBAHHOU
HAHOCEKYH/IHBbIM IIJIa3MEHHBIM KaHAJIOM.
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Puc.18. ITosie ckopocTelt 3a yJapHOU BOJIHOM, THUITUUPOBAHHOU TOBEPXHOCTHBIM
CKOJIB3SAIIUM Pa3PsJIOM.
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YBenuuuBaeTcs B IOCIeAHUE TOAbl YUCa0 npuiaokeHud PIV ajs 3aad uccienoBaHUA
MHKPOIIOTOKOB [125-126]. B mocyieqHeii paboTe IpejicTaByIEHbl pPe3yJIbTaThl MPUMEHEHUS
MeTo/1a micro-PIV /i BU3yanmsamuu CTPYKTYPhI IOTOKA B KaIljle BO/IbI, PACIIOJIOKEHHON HA
CTEKJITHHOU TOJI0OKKe (puc. 19). B paziudHble MOMEHTHI HCIIApeHUs] KalId ITOJIyYeHBI
JIByXKOMIIOHEHTHBIE OJII CKOPOCTH B PA3HBIX CE€UEHMAX KaIJIN 110 BBICOTE.
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Puc. 19. MrHOBEHHOE I10JIe CKOPOCTHU B Ucnapsioleiics kamie. CeueHue — 45 MKM OT
MIO/IJIOKKHU.

B pabGore [127] mnpoBemena PIV Busyanuzanus UM HCCIE€IOBAaHUE TeUEHUS,
pa3BHUBAIOIIETOCA IPU BBIXOJE Y/IAPHOM BOJIHBI U3 KaHaIa yJIapHOU TpyObl B armocdepy
(puc.20).
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Puc. 20. JIuHNYU TOKa TeUeHU 3a y/IapHOU BOJTHOM, BBIXOAAIIEH U3 KaHAIa
(TIBET KOIMPyeT CKOPOCTH MOTOKA).

B mociieHMe TOBI Os1arozaps pacIpoOCTPAHEHHIO KPOCC-KOPPEISAIIMOHHBIX aJITOPUTMOB
00paboTKM M300paKEeHNU MOSBUIJIOCH 3HAUUTEIFHOE KOJUUECTBO PA0OT MO MCIIOJIb30BaHUIO
0e33aCeBHOTO TPACCUPOBAHUS — CJIEKEHHE 3a CTPYKTYPHBIMU 3JIeMEHTaMH, MapKepaMu,
MIPUCYTCTBYIOIIIMMH B camMOM IIOTOKe. B astoil mMeromuke “muiupeH PIV® ucnonbayroTces
€CTECTBEHHbIE HEOJHOPOJIHOCTH U TMPEJIOMJISIONINE TypOyJeHTHble BUXPH B IIOTOKE B
KauyecTBe BHUPTYAJIbHBIX «3aTPAaBOYHBIX YACTUIl», HA KOTOPBIX HPOBOJUTCA U3MEPEHHE
ckopoctH [128-131].

[Tpumep BU3yaM3aliiid HEOTHOPOAHOCTEHN ITOTPAHUYHOTO CJIOSI IIPU BBICOKOCKOPOCTHOM
TeHEBON CbhbeMKe IpHBeleH Ha pHuC. 21. Pe3ysabTaT Kpocc-KOPPeIAIMOHHON 00paboTKu
MOI00HBIX U300pAYKEHUH MOKET ObITh MCIIOJIb30BAaH KAK HU)KHSASA OIIEHKA CKOPOCTH rasa B
MIOTPAaHUYHOM CJIOE.

Puc.21. Kajip BBICOKOCKOPOCTHOM TeHEBON ChEMKU TEUEHU S
B pabouel cekIuu yapHOH TpyObl

IIpennoxenusiii B "Kazanckom HayuyHom 1ieHTpe PAH" [132] wMeTon abIMOBOM
BU3yaJIM3allid OCHOBAaH Ha IM(PPOBON 00paboOTKe BUJleo3amucell BU3yaIM3alUU JbIMA,
3alMCAaHHBIX Ha CBeTOBOM JucTe. IIOTOKM rasa 3aceBaloTcs TeHepaTopaMu a’po30Jis,
KOTOpPBIE CJIEMYIOT 3a IOTOKOM Ta3a Tak ke T, Kak u B PIV, HoO m3-3a 0OoJiee BBICOKOU
KOHIIEHTPAIINY OHU BBITJIAAT Ha N300pa’keHU U KaK He OCBEIeHHbIE OT/IeIbHbIE YACTHIIHI, a
ZIBIM C HENPEPBIBHOM HHTEHCUBHOCTHIO. METOJI MO3BOJISIET HCIIOJIH30BATh OTHOCHUTEJIHHO
MIPUMHUTUBHOE 000pyZ0BAaHUE AJIsI U3MEPEHUUN MHAMUKHU JIByXKOMIIOHEHTHBIX BEKTOPHBIX
M0JIEN CKOPOCTH € YaCTOTOM OKOJIO 10 KI'II.



OpguuM u3 6e33aceBHBIX METO0OB TPAaCCEPHOUM BU3YaJIM3AIUM SBJISETCA HOBBIH METOI
TpaccupoBaHusi TerwioBbiMu Toukamu (TTT), ocHoBaHHBIE Ha TepMorpaduuecKon
BU3yJIM3allK IOTPAHUYHOTO cJyIos kuakoctu [133]. IIporpamMmoil Kpocc-Koppessiuuu
U3MepsieTCs CMeIeHre TOUEeK PaBHON TeMIlepaTyphl (B IpaJjalysix ceporo) Ha JIBYX COCETHUX
TepmorpamMax. Ha puc.22 npuBe/ieHO ycpeJiHEHHOe 110 100 KaipaM II0Jie CKOPOCTeU IOTOKa
B IIOIPAaHUYHOM cJioe BOAbl Ha ocHOBe Meroza TTT. Mcnosnp3oBasiach BBICOKOCKOPOCTHAsA
CheMKa TeIUIOBU30POM HMIIAKTHOU 3aTOIJIEHHOU HEW30TEPMHUYECKON CTPYH Uepe3 OKHO,
MIPO3pavyHoe 11 MHPPaAKPaCHOTO U3JIyUeHUs. B 1ieHTpe — 006J1acTh JaMUHAPHOTO TEYEHUS.

position mm
Py
=

velocity m

position mm

Puc.22. Metop 6e33aceBHOTO TpacCUPOBAHUS TEIJIOBBIMU ToukaMu. [1ojie ckopocreil B
IIOTPAHUYHOM CJI0€ UMIIAKTHOU 3aTOIJIEHHOU CTPYH

8. MeToab1 BU3yajau3anuv MIOBEPXHOCTHOI'O TeYEeHU S

l'unpoavHaMuyeckoe TeueHHWe Ha OOTeKaeMOUW TBep/IOM IMOBEPXHOCTH, MOXKET OBITh
BU3YaJIM3UPOBAHO C UCIOJIb30BAaHUEM CIIeNIUAJIbHO pa3paboTaHHBIX MeTo/0oB. OHH
MO3BOJIAIOT JIETEKTUPOBATh 00JIaCTU Iepexoia JIAMUHAPHOTO IIOTPAHUYHOTO CJIoA K
TypOyJIEHTHOMY, BU3yaJIM3UPOBATh 30HBI OTPBhIBA IIOTOKA, O0JIACTH IlepeceueHus] CKAYKOB
VIUIOTHEHUsI C IIOBEPXHOCTHIO, pacCIpefiesieHne TeIUIOPU3NIEeCKUX IapaMeTpoB IO
MIOBEPXHOCTH U Jip. [Ipu 3TOM mCCielyIoTes MPOIECCHl B IEPEXOTHON O0JIACTU MOTOKA — B
MIOTPAHUYHOM CJIOE HAa IMOBEPXHOCTU. B mepexopHON ob6siacTu TeyeHUs (JUHAMUYECKUN
MIOTPAHUYHBINA CJION) IMPOUCXOAUT U3MEHEHHE CKOPOCTH OT HyJIs Ha CTEHKE /10 HEKOTOPOTO
KOHEYHOTO 3HAYeHHWs BO BHEIIHEM IIOTOKe. MOXKHO TakKe BBIJEIUTh TEIJIOBOH
(TeMmepaTypHBIF) TOTPAHUYHBIA CJIOH, O0Opas3yoImuics B CJIy4ae HECOBIAJeHUs
TeMIlepaTyphl IOBEPXHOCTU U TeMIIEpPaTyphl ra3a. IIpu mpoTekaHUU Ha CTEHKe XUMUUYECKOU
peaknuu Wih BAyBe OOpasyeTcs KOHIEHTPAIMOHHBIN (IudEdy3HOHHBIN) MOTpaHUYHBIN
ciol. TeIyIoBOUM IOTOK OT rasa K MOJIeJIM MOXKHO BBIUMCJIUTH, €CJIM U3MEPUTh CKOPOCTH
HarpeBa IOBEPXHOCTU MOJIEJIN C U3BECTHBIMHU TelJI0OU3NUeCKUMU CBOMCTBAMH.

OnTuueckrie MaHOpPaMHBle METOABI Pa3jUyYaloTCA  crmocoboM  IpeoOpa3oBaHUSA
TEMIIEPATYPhl MOBEPXHOCTU B ONTHUYECKHN CUTHAJ: JIIOMUHECIIEHTHbIE Ipeobpa3oBaTesn
TeMIlepaTyphl, *KUJIKUe KPUCTAJUIBI, TeIJIOBUeHUe. VI cIoIb30BaHNe CIIeI[UaIbHBIX MEeTO[0B
BU3BYJIN3allNH IIOBEPXHOCTHOTO TEUEeHUs II03BOJISIET IMOJIYUYUTh KapPTHUHBI, CO3JaHHBIE
pacripefieJieHHeM CKOPOCTH, TeMIIepaTypbl, JaBJeHHSA, MPUCTEHOYHBIMU KacaTeIbHBIMHU
HaNps)KeHUAMU B IOTPAaHUYHOM cjoe. Busyanusanusa NOBEPXHOCTHOTO TeueHUs
OCYIIIECTBJISIETCS, KaK MMPABUJIO, CIIEAYIONUM 00pa3oM: Ha 00TeKaeMyr0 TOBEPXHOCTh MOJEJTU
HAHOCHUTCSA CIIeNUaIbHAs KpacKa, KUAKas IJIEHKA WIN JAPYyroe MOKPBITHE, pearupylollee Ha
JIOKaJIbHBle IIapaMeTphl TedeHWsA. 3aTeM perucrpupyercd KapTHHA, CO3/laHHAsA
pacripesiejieHUeM JlaBjJeHUsA, TeMIepaTypbl, CKOPOCTH, IPHUCTEHOYHBIMU KacaTeJIbHBIMU
HANPsOKEHUAMU Ha 3TOM NOBEPXHOCTH. B KauecTBe MOKPHITUH, HCHOJIb3yEMBIX JIA
BUBYJIN3AlH ITOBEPXHOCTHOTO TEUEHUs, WCIIOJIb3YIOTCA: KUJIKUE KPUCTAJUIIBI, MOKPBITUI



1Sl “HQpakpacHOU TepMorpaduu, MOKPHITHS, YyBCTBUTEIbHBIE K JIaBJIEHHUIO (0apOTPOIHbIE
MIOKPBITUSA), U K TeMmIleparype (TepMOHHIUKATOPHBbIE KPACKU), CaKe-MacJIsiHble MOKPBITHSA,
BA3KOE MACJIO, HEKOTOPBbIE CIelHabHble MOKPBITUA, HCHOJIb3yeMble B OCOOBIX CIIydasX.
MeTo/bI IAIOT KaK KOJIMYECTBEHHBIE, TaK 1 KaUeCTBEHHBbIE N300pakeHNsA oIl mapaMeTPOB
Ha IIOBEPXHOCTU Mojenn 0e3 BHECEHHsA BO3MYyIEeHHN B IMOTOK (DeCKOHTAaKTHBIE METO/IbI
nuarHoctuku). IlosyuenHoe wu3obOpakenwe (bwibM) TedeHHUS HA  I[IOBEPXHOCTHU
peructpupyercsi Ha IMGPOBOM HOCUTENIb BO BpeMs 3KCHepHMeHTa (WU IMOcjie HETo).
Cy1ecTBeHHA Mpo0OeMa BOCCTAHOBJIEHUS BU3YATM3UPYIONIUX CBOMCTB MOKPBITHA BO BpeMs
SKCIIEPUMEHTA; JJIs €€ PelleHUs IPUMEHSIOTCSA CIIeIHATbHbIE METO/BI.

B03MO0KHOCTh U3MepeHUsl UHTEHCUBHOCTU U YaCTOThI CBETa OTKPHLIO IOPOTY CO3IaHUIO
METOZI0B, B KOTOPBIX HHTEHCHBHOCTh CBeTa CBf3aHA C W3MeEPAEMBIM IapaMeTpoOM
(maBieHHeM, TEMIIEPATYPOU, HANIPSKEHUEM TPEHHA U T.7.). B mepBylo ouepenp pedsb HIET O
MeTOo/|ax JIIOMUHECIIeHTHBIX TpeoOpa3oBaTeieil 1aBjieHUs U TEMIIEPATyPhI.

B koHme 70-x romoB BHuMaHume crnenuasmuctoB [JATM  (IleHTpasibHBIN
Aspol'uppopunamuueckuii  MHertutyT, r. JKYKOBCKMI) TIpHUBJIEKJN PpabOThl JIOIEHTa
JIeHHMHTPA/ICKOTO TEeXHOJIOTHYECKOro uHcrutyrta I. 3axapoBa, KOTOPBIA HCCIEA0BAT
TyIIIEHHEe JIIOMUHECIIEHIIUN OpPTaHUYECKUX Kpacurened (JIIOMHHOGOPOB) MOJIEKYJIaMHU
kucoposia. OHU HCIOJIB30BAJIU 3TO SBJIEHUE /I U3MEPEHUS pacIpesiesieHUs JTaBJIeHUs
Bo3Aayxa (B cOCTaB KOTOPOTO BXOJHUT KHCJIOPOZ) Ha TIIOBEPXHOCTHU MOJIeJId B
aspoavHaMuueckux Tpybax. CaMmy uzelo yueHble 3alaTeHTOBAIU B 1980 T., a peayinsymoliee
ee MepBoe YyBCTBUTEIBHOE K JIaBJIEHUIO ITOKPBITHE (CI0M CUTUKATEJIA C 3/ICOPOMPOBAHHBIMU
B HEM MOJIEKyJaMH OpPraHUYEeCKOro JIIOMUHOGoOpa) - B 1981 T. ITO MOKPHITHE - aBTOPHI
Ha3BaJIl ero OAPOMHIMKATOPOM - IOJIYYUJIOCh HECOBEPIIEHHBIM, HO C €ro MOMOIIBIO yiKe
MOKHO OBLIO yBUJIeTh MOJie AapieHus. K KoHIy 1989 Tr. ObUIO CO3/aHO HECKOJIBKO
Pa3JIMYHBIX THUIOB  IOKPBITUW, UYBCTBUTEJBHBIX K JlaBJeHHI0 (MX  Ha3BaIU
JIIOMUHECLIEHTHBIMU ITpeoOpaszoBaresnamu Aasienus JIII/T).

Ucnosnp3oBaHue fABIEHUA JIIOMUHECIEHIIUM B ONTHUYECKHUX MeTojaxXx oO0JajlaeT Tem
MIPEUMYIIIECTBOM 10 CPAaBHEHHIO C UCIIOJIb30BAHNUEM PACCESTHHOTO U OTPA’KEHHOTO CBETA, UTO
Os1arofiapsi CHEKTPaJIbHOMY CJIBUTY W BPEMEHHOH 3a/iepiKKe TO3BOJISET OTCTPOUTHCS OT
najiaomero (Bo30y»K/1aloIIero) cBeTa M, TEM CaMbIM, IOBBICUTh TOYHOCTb H3MEPEHUs
WHTEHCHUBHOCTH CBETA, HECYIIETO MOJIE3HYI0 NHGOPMAITUIO.

CerogHs ompezieJieHHEe pacOpesesieHus aBjeHusT Ha O00TeKaeMON MOBEPXHOCTU C
HCIIOJIb30BAHUEM ITOKDPBITUM, YYBCTBUTEJIBHBIX K JIOKAIbHOMY JiaBieHuto (PSP - Pressure
Sensitive Paint) - oAH U3 OCHOBHBIX COBPEMEHHBIX MAHOPAMHBIX 0ECKOHTAKTHBIX METO/[0B
TUATHOCTUKY OBEPXHOCTHBIX TEUEHUH B TEIIOUBHUKE.

Il BU3yanu3aluyl pacrupesesieHus JIaBJIeHUs TMOBEPXHOCTh MOJEJIN ITOKPHIBAETCSA
HECKOJIBKUMHU  CHEIUAIBHBIMUA  CJIOSIMH ~ KPAacKd; OAWH U3  CJIOEB  COJIEPKUT
(gyopeciiupyioliee BemecTBO, ¢ ONTHYECKON aKTHUBHOCTHIO, 3aBUCAINEN OT MapIHaJIbHOTO
JaBjeHusa Kuciaoposa. ®usuueckoe sBjeHHeE, JieKalllee B OCHOBE BHU3YyaJIM3allMU IOJIEN
JlaBJIeHUs - TyIIeHUe JIIOMUHECIEHIIUN OPTraHUYEeCKUX KPACHUTeJIed KHCJIOPO/IOM BO3JyXa.
Bo30y>x/1IeHHbI CBETOM COOTBETCTBYIOIIEUN JJINHBI BOJIHBI, JJIOMUHOGOD MOKET U3JIy4YaTh
cBeT (JIIOMHUHECIIEHIU) WIN TEPATHh SHEPTHUIO, IIepefiaB ee MOJIEKyIaM KUCI0poza (TyIleHue
JIIOMUHecLeHIIun). JoJid TepseMoll SHEPTUHU MTPONOPIHMOHAIbHA KOHIIEHTPAIIU KUCI0POa
B IOJIMMepe U ero noiBm:kHOcTU. CorsiacHO 3akoHy ['eHpH, KOHIIEHTpalus KHCJI0pOAa B
MOJIUMEPHOM CJIo€ TMPSMO TMPOMOPIMOHAJIBHA €ro IMapIuaJibHOMYy JIaBJIEHUIO Haj
MMOBEPXHOCTHIO TMoJsimMepa. TakuM 00pa3oM, KBAHTOBBIM BBIXOJ, JIOMUHECIEHITUH OOPaTHO
MIPONIOPLIIOHAJIEH MAPIIUAIBHOMY JIaBJIEHUIO Kucaopoaa. Ecyiu KoHIeHTpanusa KUCJIoposia B
BO3/[yXe MOCTOSAHHA, TO 3G @EeKT TyIIeHUs JIOMUHECIEHIINNU MOKeT OBbITh HUCIIOJIb30BaH IS
U3MepeHus JIaBjIeHus Bo3ayxa. JIIoMUHECIIEHTHRIN ITpeobpasoBaresib Temiieparypsl (JIIIT) —
9TO TOKPHITHE, KOTOPOE IO JIeUCTBHEM BO30YKAIOIIEr0 W3JIyUYeHHs JIIOMHHECIIUPYET C
WHTEHCUBHOCTbIO, 3aBUCAIIEHA OT €TI0 TEMIIEPATYPBL.

[TepBrie mybsukanum 06 MCIIOJIB30BAHUM MeTOZa ObLIU OIyOJUKOBAHBI COTPY/IHUKAMU
ITATU [134]. AHasiornuHble 3apyOekHble pabOThl MOSABUINCH TOJBKO 4epe3 4—5 JieT. B



pabote [135] mommmepHbI# ObIcTpHIi JITI/] nccemoBasicsa B 1abopaTOPHOI yAapHOU Tpybe, a
B paborte [136] mnpuBeAeHb pe3yJbTAThl H3MEPEHUHA /ABJIEHUA U TeMIEPaTypbl B
TUIIep3BYKOBOH y/1apHOU TpyOe yHuBepcuteTa Koscnan. Hanbosiee nmosHble 0630pHI 110 TEMe
npesicTaBieHbl B MOHOTpaduu [137] u B kKHure [138]. B 5TOM HOBOM M3JaHUU OMHUCHIBAIOTCS
KpacKy, YyBCTBUTEJbHbIE K JlaBjeHH0o u Temmnepatype (PSP u TSP), mia maHopamMHBIX
U3MEepEeHUI IMOBEPXHOCTHOTO JAaBJI€HUs U TeMIIEpaTypbl B a’pOJIMHAMHKE U MEXaHUKE
xkuakoctu. KHUra BrTIouaeT B ce0s MOC/EMHHE JTOCTHKEHUS B 00JIACTH COCTaBOB KPACOK,
MIPUBEIEHBl Pe3yJIbTaThl CTAIMOHAPHBIX M HECTAI[MOHAPHBIX H3MEPEHUH B Pa3IUUIHbBIX
adpoOAVHAMHYECKUX  yCTAaHOBKAX, BKJIIOYAs  CBEPX3BYKOBble U  T'HIIEP3BYKOBHIE
asposimHaMu4YecKkre TPyObl. OMUCHIBAIOTCA TEXHHUYECKHE AaCIIEKThI, BKJIIOUAs KaJHMOPOBKY,
ocsereHne, 00paboTky nzobpakeHui, - OOCyKIAI0TCA HEOIPEIEJIEHHOCTh n3MepeHui PSP
u TSP (Temperature Sensitive Paints - MOKpHITHUS YyBCTBUTEIBHBIE K TEMIIEPATYPE).

B paborax [139 -141] onmcaHbl METOAbI U Pe3yJabTaThl U3MEPEHUsS TOJIEU JIABJIEHUSA U
TeMIIEpaTyp W BU3yaJTW3allUid JIMHUN TIOBEPXHOCTHOTO TEUEHHWS W HANPSKEHUH TPEHUS
casura. Ha pucyHke 23 npezicTaBjeHO I10JI€ JIaBJIEHUS Ha TIOBEPXHOCTH MOJIEJTH, IIOJIyYEeHHOE
C TIOMOIIIBIO JTIOMUHECIIEHTHBIX ITPeo0pa3oBaTesiel JaBIeHHA.

Puc.23. Pacrnipeziesienue fasieHns Ha IUIaCTUHE.
(http://www.tsagi.ru/research/measurements/Ipd2.jpg)

[ToBepXHOCTHBIE JIMHUY TOKA WIN HaIlPaBJIEHHE ITOTOKA Y MTOBEPXHOCTU MOJETU MOKHO
BU3yaJIU3UPOBaTh, €CJIM HAHECTH Ha IIOBEPXHOCTh MACJSHYIO0 IUIEHKY. ONTHYecKH
KOHTPACTHBIE (JIIOMUHECIIEHTHBIE) TBEP/AbIE YACTHUIIBI J00ABJIAIOTCA B IUIEHKY BA3KOTO Maca,
U II0 MEHBIIIEHl Mepe JBa paclpeiesieHUus] STHX YAaCTHI[ PETMCTPUPYIOTCS Ha IMOBEPXHOCTU
MOJIEJTM B IIOTOKE 4Yepe3 3aJaHHbIM WHTEpPBAJI BPEMEHHU C IMOMOIIBI0 IHU(POBOU KaMepHI.
O06paboTKa 3TUX N300paKEHUH C IIOMOIIIO0 KOPPEJISIIUOHHOTO aHaIn3a (aHAJIOTUYHO TOMY,
Kak 3To Jesaercsa B Merofe PIV) maér BekTOopa cMmemneHus dactul,. /ljia pacuera moOJs
HaNpsOKEHUH CJBUTAa HEOOXOJMMO TakKe B3HATh TOJIIUHY MAC/JASHOH IUIEHKU |
IUHAMUYECKYIO BA3KOCTh Macjla B KaXKJI0W TOUKE MOBEPXHOCTU MoOzeNu [142, 143]. Metox
MOJIYYMJI IIIMPOKOE PacIpOCTpaHeHWe MPU U3yYeHWU OTPHIBHBIX TeueHWi. Ha pucyHke 24
Mpe/icTaB/IeHa IIOJIydeHHAs: METOAO0M MAaCJISTHBIX MOKPBITUH KapTHHA BU3YAJIHU3aIlUU JIMHUN
TOKa U HAIPSKEHUS TPEHUS.



Puc. 24 Metop «rycroro» macia. ObTekaHue Kpbljia IMacca’kUPCKOTO CaMOJIETa
http://www.tsagi.ru/research/measurements/ofi/measurements_maslo.jpg

[ToBepxHOCTHAsT WHTephEPOMETPUS B MAaC/HSAHBIX IUIEHKAX - METOJA HW3MeEPEeHUs
CONIPOTUBJIEHUSI OOIIMBKU JIETAaTEJIbHOTO ammapara Mpu o0TekaHwu I1OoTokoM. Cioi
MMPO3PavyHOr0 Macjia, HAHECEHHOTO Ha IOBEPXHOCTh, OOTEKAEMYI0 BO3AYIIHBIM IIOTOKOM,
CTAaHOBUTCS TOHBINIE B 00JaCTM BO3HUKHOBEHUS HAIPSIKEHHs caBura. JIokasibHOe
W3MEHEHNEe TOJIIUHBI CJI0S MOXKeT OBITh HW3MEPEHO C WCIOJIb30BAHUEM SIBJIEHHS
uHTeppEPEHIINN B TOHKHX IUIeHKaX. IHTepdepeHIUs BO3HUKAET IIPH OCBEIeHUU
TIOBEPXHOCTH, MOKPBITOM MAC/ISAHOU IUIEHKOU IEepeMEeHHON TOJIIHNHBI U3JIyYeHHUeM Jia3epa.
HNuTepdepeHnys B TOHKUX IJIEHKAX MMPOUCXOAUT IIPU B3aUMOJAENCTBUH CBETA, OTPAKEHHOTO
OT BO3AYIIHO-MAC/JIAHOW MOBEPXHOCTU pas/iesia U MOBEPXHOCTU paszesia Macjo — TBepzas
MMOBEPXHOCTH. JlJIsl MOJydeHUus1 KOJTMUYEeCTBEHHOW WH(MOPMAIUU O COMPOTHUBIIEHUU OOIIUBKHU
U3MepsieTCsl BEJIMUMHA CMEIEHUS IT0JI0C.

IIpocroit, HO BechbMa 3(P(PEKTUBHBIA METOJI BHU3yaJIU3allMHd CTPYKTYPhl (poHTA
JIETOHAITMOHHOHN BOJIHBI HCIOJIb3YEeTCA B Ta30[lMHAMHKE TOPEHHSA IS aHAIU3a CTPYKTYPbI
¢dpoura peronanmu [143]. CymiecTBoBaHME mNepecKaTbIX M HENOCKATBIX YYacCTKOB Ha
IUIOCKOM yZapHOM (POHTE BOJIHBI JIETOHAINN BeJIET K BOSHUKHOBEHHIO HEOTHOPOTHOCTEH.
[Tepuopnueckre HEOJHOPOJHOCTH BO (POHTE JIETOHAIIMU B BUJIE JIMHUM JABOUHOTO U
TPOWHOTO TepeceueHus] YIaCTKOB BOJIH OCTAaBJIAIOT CJIEAbl HAa 3aKOMYEHHOM CTEKJISTHHOM
IUIAaCTUHKE TOMEIEHHOU B ToOpIe TPyObl. DTO SABJIEHHE U CETOAHS WCIOJIb3YETCA JIsd
HCCIIeIOBAaHUSA CTPYKTYPBhI (PpOHTA AeTOHALINH, MaciTaba HEOHOPOAHOCTH (DPOHTA.

JKukokpucrajinueckue MOKPBITUSA UCIOJIB3YIOTCH KaK B BO3AYIIHBIX, TAK U B BOJISHBIX
IIOTOKaX. BbICOKAas IPOCTPAHCTBEHHAs paspelialoiias CIOCOOHOCTh, MaJIble BpeMeHa
OTKJINKAa, MHOTOIIBETHOCTh, OOpPaTHMMOCTh, CPAaBHHUTEJIPHO HU3Kas CTOMMOCTH ITO3BOJISIIOT
HCIOJIb30BaTh JKUAKWE KPUCTAJUIBI JUISI BU3YAJIH3AI[UM PacIpe/ie/IeHUus] TeMIepaTypbl U
HATIpsPKEHUs C/IBUTA Ha TIOBEPXHOCTH MOJIEJIH, JIMHUU TOKA B IIPOCTPAHCTBEHHBIX TEUYEHUSX B
IIAPOKOM JIMAlla30HEe PEXUMOB 00TekaHHsA [144]. TepmModyBCTBUTENBbHBIE KHUIKHE
KPUCTAJUIBI MEHSIIOT I[BET B 3aBUCHMOCTH OT TeMIIEpaTyphl. 3a IIpe/ielaMy Jauaria3oHa
TeMIIeEpaTyp OHM CTAaHOBATCA NHPO3PAaUYHBIMU Ha YEepPHOU IOBepxXHOCTHU. lIpu moBblIEHNU
TeMIIepaTyphl I[BET MEHSETCs U IPaHuIla 00JIACTH [BETA YKA3BhIBAET IOJIOJKEHHE HU30TEPMBbI
Ha ITOBEPXHOCTH. /[mana3oH TeMIepaTryp, U3MePSEMbBIX € TIOMOIIBIO KUIKOKPHUCTA/TIIECKUAX
MOKPBITUHA — TpUMepPHO OT - 40 70 280° C. OgHAKO B OJHOM OIIBITE BU3YAJIU3UPYETCS
Uara30H B HECKOJIPKO TpaZlycoB, YTO O3HayaeT (AKTUUECKH BU3YAJIU3AIUI0 O HOU
HM30TepPMBI IIpU OOJIBIIIOM pa3zbdpoce TeMrepaTyp Ha MOBEPXHOCTH.



0. anyaﬂnaaupm AAHHbIX YUCJICHHOIO MOAC/INPOBAHMUA:
HNMUATAIIA PE3YyJAbTAaTOB IIAHOPAMHOI'O OKCIICDHMMCHTA

XapakTepHass OCOOEHHOCTh COBPEMEHHOTO 3Talla BU3yaJlM3aluM TEIO(PU3UUECKUX
IIOTOKOB — CTPEMUTEboe COJIMKEHWE YHCAEHHBIX W BKCIIEPUMEHTAJIbHBIX IMaHOPAMHBIX
n300pakeHnH Terodusndeckux mnosiedl. Takoe cOJMMKEHHE CTaJ0 BO3MOXKHBIM B CBSI3H C
BHEZIpeHUEM ITUMPOBBIX TEXHOJOTHUA B METO/bI PETHUCTPAIUN M aHAIN3a IMOTOKOB C OJHOU
CTOPOHBI, ¥ PaCIIUPEHNEM BO3MOKHOCTEH UHCIEHHOTO MOJIEJTUPOBAHUS C APYTOH CTOPOHHI.
Ha ocHoBe cpaBHeHUsI ¢ JaHHBIMU SKCIIEPUMEHTAIbHON BU3YaIU3aIlUU IIOTOKOB IIPOBOIUTCS
BepudUKanus MOJleJIed U aJITOPUTMOB YHCJIEHHBIX pacueToB. C JApyrol CTOPOHBI,
pe3yJibTaThl BKCIIEpUMEHTA Ppaciiu@pPOBBIBAIOTCA M YTOYHAIOTCA HA OCHOBE JAHHBIX
YHCJIEHHOTO SKCIIePUMEHTA.

Ha pwuc.25 npuBefieHO IOJIydeHHOE METOZO0M BHU3YaJIM3allii UMILYJIbCHBIM OO'h€MHBIM
paspsa0M MTHOBEHHOE H300pa)keHHe CTauu HeCTAI[MOHApHOTO mporecca Audpakiiuu
IUIOCKOM yZapHOUW BOJIHBI B IIPSIMOYTOJIBHOM KaHajle 48X24 MM Ha HOPSIMOYTOJIbHOM
MPENATCTBUM Ha CTeHKe KaHaja. Ha »sKcliepuMeHTaIbHOe HW300paskeHre HaHeceH
ra3oIMHAMUYECKHUI pacyeT ABYMEPHOTO TeueHus (M30/JIMHUHU IUIOTHOCTH, ypaBHeHUs1 HaBbe-
Croxca). Pacuer momoraet pacmm@poBaTh JeTall 9KCIEPUMEHTAIBHOTO N300pasKEHUA.

Puc. 25. CBeueHue pa3psjia U pacueTHOE I0JIe IVIOTHOCTU B KaHAJIe
C YCTYTIOM IIPU JBM>KEHUU YADHOU BOJIHBI.

JlaHHbIE YMCJIEHHOTO MOJEIUPOBAHUSA BU3YAJIU3UPYIOTCS IMPH BO3MOXKHOCTH B BU/IE
HMUTAIIAM  Pe3yJbTAaTOB SKCIIepuMeHTa (YHcjaeHHble HHTepheporpaMMbl, TeHEBbIE
U300pakeHusl, IIOMUHECIIEHTHbIe TOKPbITHsA, PIV, TOM u ap.).

Cerogus OoJipIIas YacTh pe3yJIbTaTOB pacyeTHBIX KCC/IeIOBAHNI
CBEPX3BYKOBBIX Ta30IJHHAMUYECKHX IIPOIIECCOB MPECTABJISAETCA B BU/IE€ YNCIEHHBIX TEHEBBIX
kaptuH. HaubGosiee 3(PpPeKTUBHO 3TO HMPOUCXOAUT B CTPYKTYPHUPOBAHHBIX TEUEHHAX — C
paspbIBaMU, BhIPa*KeHHBIMU HEOJHOPOHOCTSIMHU, BUXPEBBIMH CTPYKTYPaMH.

Ha pwuc.26 mnpuBefeHbl pacyeTHOE U OKCIEPUMEHTAJIbHOE W300paKeHusl IoJiek
IUIOTHOCTH CJIO’KHOTO Ta30MHAMHYECKOTO KBa3WUJIBYMEPHOIO TE€UYEHHsA B YyJapHOH TpyOe
Iocjie B3aUMOJIEMCTBUS YJAPHOM BOJHBI € UWMIYJIBHBIM OOBEMHBIM paspszioM ¢
MpEeIMOHU3AIINEH OT IIa3MEHHBIX 3JIeKTposoB. CpaBHEHHE SKCIEPUMEHTATbHBIX TEHEBBIX
M300pakeHU# ¢ pe3yJibTaTaMH PacueToB Ha OCHOBe ypaBHeHMH Diiyiepa u HaBre—Crokca —
ITO3BOJIMJIO IIyTEM pelleHHs 00paTHOHN 3a/jaui PacCUMTATh 3HaUeHHE SHETPOBKJIa/Ia B TIOTOK

[145-147].




_ S
6 8 10 12
Puc. 26. CpaBHeHHe paCUeTHBIX U SKCIIEPUMEHTATLHBIMU TEHEBBIX N300pAsKEHH.

B 90-x rT. OBUTM ONmyOJIUKOBAaHBI IIepBble KOMIBIOTEPHBIE HWHTEP(EPOrpaMMBbI
JIBYMEPHBIX TedeHu! [148, 149].

B kHure [20] paccmarpuBalOTCA MOAXOAbl M MPUBOASATCA MHOTOYHCIEHHBIE ITPUMEDPB
BU3yaJIbHOTO IIPE/ICTABJIEHUS PeEIIeHUsl psAga 3a7ad Tra30BOM JWHAMUKH, CBS3aHHBIX C
pacueTaMyd TEeYEeHHH HEBSA3KOTO M BSI3KOTO CXKHMaeMOTrO rasa, CoJiepiKamux cjaabble Hu
CWJIbHBIE Ta30[JUHAMUYECKE pa3pbIBbl. [IpUBeIeHBI JaHHBIE BU3YaTU3allH CBEPX3BYKOBBIX
CTPYUHBIX U OTPBHIBHBIX TEUEHHH, MOJYyUYEHHBbIE IMPH SKCIEPUMEHTATBHBIX U YHCJIEHHBIX
HCCJIEIOBAHUSIX.

Ha pwuc.27 npuBezieHbl M300pakeHUsI CBEPX3BYKOBOT'O TEUEHUs IPHU BBIXOJE YAApHOU
BOJIHBI M3 IPSAMOYTOJIPHOTO KaHaJa, IMOJyYeHHOTO TEHEBHIM (POHOBBIM METO/IOM (CJjIeBa) U
YHMCJIEHHBIM MOJIEJTMPOBAHUEM COOTBETCTBYIOIIETO MIOTOKA P TEX JKe IapaMeTpax.

10
| 9
| 8
| 7
! BEls
2 .‘5
» |
4
3
2
|
1
|
0
10 20 30 40 50 60 70

a 0
Puc.27. CBepx3BYKOBOE JIBYMEPHOE TeUeHHeE C yJAPHON BOJTHOU U CITyTHBIM ITIOTOKOB.
TeHneBo (OHOBBIN METO/, — IOJIE CMeEIeHUH (a) 1 YncaeHHoe MoenpoBaHue (0).

Ha puc.28 npuBezneH pe3ysbraT BU3yaIW3alluyd YHCJIEHHOTO MOJIEJIMPOBAHUA TOTO Ke
TeueHUs — Mpe/ICTaBJIeHNUeE T10JIsl CKOPOCTeN — UMUTAIUA METO/[a U(PPOBOTO TPACCUPOBAHUS
(PIV).
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Puc.28. UncnenHoe MoJieIMpoOBaHue — [I0JIe CKOPOCTel CBEPX3BYKOBOIO
TeueHues C y/IapHOU BOJTHOU.
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Abstract

The paper presents a review of modern methods in the registration, processing, and
analysis of dynamic processes in liquids, gases, plasmas, multiphase media, which are
realized in researches and technology. The review author observes both the physical
fundamentals of flow visualization and the basics of modern technologies for digital
processing of recorded flow images. A brief analysis of the panoramic visualization methods
progress history covers a period of one and a half centuries. In the works of the last decade,
the focus is on the methods of computer processing, tools, technologies for analyzing and
recognizing of panoramic thermophysical fields, which make it possible to obtain quantitative
information about flows. The review contains an analysis of publications describing the main
modern methods of visualization of flows: methods based on the phenomenon of refraction;
electroluminescence; on digital tracing (particle image velocimetry), visualization of surface
flows (PSP and TSP coatings, liquid crystals; oil coatings). Particular attention is paid to
methods using cross-correlation image processing algorithms. Those are: digital tracing
(PIV), shadow background method (in English Background Oriented Schlieren - BOS),
seedless shadow methods, thermographic PIV, velocity measurement in viscous coatings,
micro, tomographic modifications of PIV, etc. The actual problem of digital data analyzing in
a panoramic experiment is touched upon - the problem of big data. Examples of the machine
learning use in the analysis of big data sets of shadow surveys are given. Some examples of
numerical simulation data visualization (simulation of experimental flowfields) are
considered.

Keywords: panoramic visualization, digital image analysis, optical methods, velocity
field, density gradient, discontinuity recognition, PIV, BOS methods, computer processing.
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