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AHHOTALUA

Beenenue. B nacrosmiee BpeMst oJHUM U3 HauOOJIee pacpOCTPAHSHHBIX THIIOB TEITIOOOMEHHBIX allliapaToB SBIIOTCS
TUTACTUHYATHIE TEINIOOOMEHHUKH, B TOM YMCIIe MHKpOKaHaIbHEIE. 7151 HOBBIIEHNUS 3P ()EKTHBHOCTH TEIIIO0OMEHHBIX
anmnapaTroB HE0OXOMMa ONTUMHU3ALHS TEOMETPUH TIACTHH, YTO PEATN3YETCsl C TIOMOIIBIO YUCIEHHOTO MOJCIHPOBAHHUS
TedeHHs U TermiooOMeHa. YucieHHoe MOIeTMpoBaHie TpeOyeT BaluAalii pe3y/IbTaToB He TOJIBKO M0 HHTErPabHBIM
XapaKTepUCTHKaM, TAKUM KakK Iepenas JaBlIeHHH Win K03 QUIIMEHT TeII00TAa4YH, HO U TI0 CTPYKType TeueHus. Metoa.
B pabote skcniepuMEHTaIbHO U YHCICHHO MCCIIEA0BAHA CTPYKTypa TEUCHHUS B IIENEBBIX KaHAJIaX ¢ OJHOCTOPOHHUM
TUIAaBHBIM PACIIMPEHHEM U CyKeHHeM: ¢ MUHIManbHOU (33 %), cpenneit (53 %) n makcumanbHo# (200 %) cTeneHsio
pacuupenust pu yucie PeitHonbaca oxono 300. s 9rCICHHOTO MOJETUPOBAHUS UCIIONIB30BANIACh CTAllMOHAPHAS
TpexMepHasi HeC)KMMaeMasi IOCTAaHOBKa Ha OCHOBE OCPeIHEHHBIX 10 PeifHonbacy ypaBHenuit HaBre—CTokca ¢ nx
3aMbIKaHHEM TIOCPEICTBOM MOJIeNH TypOyneHTHOCTH k-& Realizable. B xoj1e skcriepuMeHTaIBHBIX UCCIICIOBAHUN ObLT
MIPUMEHEH ONTHYECKHH METOJ] aHEMOMETPUH MO M300paKeHUSIM YACTHII, 3aKIFOYAIOIIUICS B KPOCC-KOPPEISIIMOHHOM
aHaJN3e MOCJIeA0BaTENbHBIX CHUMKOB ITOTOKA C 3aCEeTHHBIMH YaCTHI[AMH-TPacCepaMu, YTO MO3BOJISET OMPEIEISITh UX
CpeiHee CMEIIEHHE 3a BpeMsl MeXIy KaJpaMH, U, KaK CIeACTBHE — JABYXMEpHOe mosie ckopocTe. s peanuzanuu
JAHHOTO MeToja OBLI CO3AaH CTEHI, B TOM YHCJE pa3padoTaH, M3TOTOBIIEH M UCHBITAH KalleIbHBIH reHepaTop Ha
ocHoBe coruta Jlackuaa. OcHOBHBIE pe3yJbTaThbl. Pe3yIbTaTel YUCICHHOTO MOIESITHUPOBAHNUS U SKCIIEPUMEHTA TIOKa3aJIH
MTHOBEHHBIE U OCPEIHEHHBIE ITOJISl CKOPOCTEH B CPETMHHOM IPOIOJIFHOM CEUEeHIH KaHaIoB. [lomyueHHbIe pe3ybTaThl
TIOJITBEP/IMIIN KaUeCTBEHHOE M KOJIMIECTBEHHOE COITIACUE C AKCIIEPHMEHTAIBHBIMI JaHHBIMH, OTKJIOHCHHUE HE ITPEBLIIIAeT
8 %. YcTaHOBIICHO, UTO B CIIy4ae 3HAYUTEIBHBIX PACIIMPEHUN B IIUPOKOIl YaCTH KaHAJIA MOXKET BO3HHKATh BUXPEBOE
TeYeHHe, [IPU ITOM BUXPb HE SBIISETCS CTAllMOHAPHBIM, HECMOTPsI Ha HU3KOe YHCIIo PeifHomb/aca 1 mepemMeraeTcst Kak
BJICBO-BIIPABO, TAK U BBEPX-BHU3, YTO IPH OCPEAHCHUH IPHUBOINT K PA3IUYUSIM B BEKTOPHBIX MOJISIX CKOPOCTH MEXKIY
pe3yibTaTaMy 3KCIepUMeHTa U MofenupoBanus. Oocy:xaenue. [lonTBepxkaeHO, UTO HCIOIB3yEeMbIe B HACTOSIEM
HCCIIEI0BAaHUN MOJIEITH M TIOZIXO/IbI 00ECTICYMBAIOT MPUEMIIEMYIO TOYHOCTE € TOUKH 3PEHHS BOCIIPOU3BENICHUS CTPYKTYPbI
TedeHnH. BBuy HaIM4UMs BUXPEBBIX CTPYKTYp MpH OOJBIION CTETIEHH PACIIUPEHHMS, KOTOPas MOXKET OBITh 00pazoBaHa
opeOpeHNEM CO 3HAUUTEITLHON BBICOTOH pedep, Tl NCTIOIb30BaHMs B TEINIOOOMEHHBIX KaHATIAX PEKOMEH/IYIOTCS KaHAIIbI
C MaJIBIM U CPETHIM PaCIIMPEHUSIMU KaK 00ecIIeunBaronye 0e30TPHIBHEIN XapaKTep TEICHHSI.

KuioueBble ciioBa

CTPYKTypa TCUCHHS, AHEMOMETPHSI TI0 300paskeHUsIM yacTil, PIV, TermooOMeHHbIC KaHaJIbI, OpeOpeHIe, BU3yaH3allis
TEUCHUH
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Abstract

Currently, one of the most common types of heat exchangers is plate heat exchangers, including microchannel heat
exchangers. To improve the efficiency of heat exchangers, optimization of the plate geometry is necessary which is
achieved through numerical flow and heat transfer modeling. This requires validation of the results not only for integral
characteristics such as pressure drop or heat transfer coefficient, but also for the flow structure. In this paper, we
experimentally and numerically investigate the flow structure in slotted channels with a one-sided smooth expansion
and contraction with a minimum (33 % of the slot height), average (53 % of the slot height), and maximum (200 %
of the slot height) expansion at a Reynolds number of approximately 300. For numerical modeling, we used a steady-
state three-dimensional incompressible formulation based on the Reynolds-averaged Navier-Stokes equations with
their closure using the k-& Realizable turbulence model. During the experimental studies, we employed the optical
method of particle image velocimetry which consists of cross-correlation analysis of successive images of the flow
seeded with tracer particles, which allows us to determine their average displacement over the time between frames,
and, consequently, the two-dimensional velocity field. To implement this method, a setup was created, including the
development, manufacture, and testing of a droplet generator based on a Laskin nozzle. Using numerical modeling
and experiments, instantaneous and averaged velocity fields in the mid-longitudinal cross-section of the channels were
obtained. The numerical modeling results show good qualitative and quantitative agreement with the experimental
data, with deviations not exceeding 8 %. It was also established that, in the case of significant expansion, a vortex flow
can occur in the wide section of the channel. The vortex is not stationary, despite the low Reynolds number, but moves
both left and right and up and down. This, when averaged, leads to differences in the velocity vector fields between
the experimental and modeled results. The models and approaches used in this study were found to provide acceptable
accuracy in reproducing flow structures. Due to the presence of vortex structures at significant expansion, which can
be formed by fins with significant fin heights, low- and medium-expansion channels are recommended for use in heat-
exchange channels as they ensure a flow without separation.
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BBenenune

[IpuMeHeHne MIIaBHOTO CYKEHHS M PaCIIMPEHHS SIB-
JSIETCsl OIHUM M3 LIMPOKO HCIIOJIb3YEMBIX CIIOCOOOB MH-
TEHCU(UKAMHA KOHBEKTHBHOTO TEINIOOOMEHA B MIEIEBBIX
KaHajlaX TUIaCTUHYATBIX U TPyOUaTO-IIIaCTUHYATHIX Te-
m1000MeHHBIX anmaparoB [1]. CykeHus U pacIIHpeHUs
MIPOTOYHOH YacTH 00pa3yroTcst opeOpeHNEM IIIaCTHH, U3
KOTOPBIX HaOMpaeTcs TeTI00OMEHHUK, TIPH 3TOM, B 3a-
BHCHUMOCTH OT KOHCTPYKLUH KOHKPETHOTO TEIIOOOMEH-
HUKa, BO3MOKHBI KOH(UTypaluu KaK ¢ JByXCTOPOHHUMHU
CY)KEHUSIMH M pacIIMPEeHUsIMU [2], Kornia kaHaji o0pa3oBaH
ABYMs IIJIaCTUHAMU, TaK 1 ¢ OTHOCTOPOHHUMHU, UMEIOII -

MH MECTO B KpailHUX IICICBBIX KaHAIaX, 00pa30BaHHBIX C
OJTHOM CTOPOHBI MJIACTUHOM, a ¢ IPYrod — KOPITyCHBIMU
JIETaJIIMH TEIUTOOOMEHHOTO0 armapara [3].

[TnacTUHBI MOTYT UMETh PA3TUYHYIO KOHCTPYKIIHIO,
Kak ¢ MpsMBIM [4], Tak ¥ ¢ HAKIIOHHBIM, TIPEPHIBUCTHIM
u V-o0passpiM opebpenuem [5]. Temnoruapasiamaeckas
3((HEeKTUBHOCTH TOTO MJIM MHOTO THIIA OpeOpEHus orpeie-
JISIETCSl KOHKPETHBIMH PEKUMHBIMH TIapaMeTPaMu, THUIIOM
Cpezbl, pAAOM 3KOHOMUYECKUX U TEXHOJIOTHYECKHX Orpa-
HUueHMi. VccnenoBaHuIo JaHHBIX acleKTOB MOCBSIIEHO
60nbI10€ KOMUYECTBO YHUCIEHHBIX U HKCIIEPUMEHTAIBHBIX
HCCIIEI0BaHUI, HCUepIbIBAIONIHE 0030pbl KOTOPBIX Tpel-
CTaBJICHHI B paboTax [5, 6], mpuyeM B HACTOSIIEE BPEMs
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SKcnepmmeHTaanoe N 4YncneHHoe nccnenoBaHMa CTPYKTYPbI TeHeHWS B LWesleBblX KaHasax...

Bce Ooree MMPOKO MPUMEHSIETCS MOAXO/] BEIUUCIUTEIBHON
rugponuaamuky Computational Fluid Dynamics (CFD)-
MOJIEJIMPOBAHUE.

[omynsaprocts npumenennst CFD-monenuposanus 00-
ycIoBieHa TeM (akToM, YTO TeIUIOrHApaBIndeckast 3hek-
TUBHOCTb PA3JIMYHBIX KAHAJIOB 00YCIIaBIMBACTCS B IIEPBYIO
O4epesib CTPYKTYPOH TeUeHMsI, HAJIMIMEM OTPHIBOB MOTOKA
1 UHTEHCHBHOCTBIO €T0 TypOynu3anuu. B ommyne ot Tpa-
JMIOHHBIX SKCIIEPUMEHTAIBHBIX UCCIICIOBAHUN TETIome-
penayu, MO3BONAIONIUX ITOJYYUTh JaHHBIC TIO MJIOTHOCTH
TEIJIOBOTO MOTOKa, ynciam Hyccenbra, koapduiuenram
COTPOTHUBIICHUS, YHCIEHHOE MOJCIUPOBAHNUE TIO3BOJISACT
TaKXKe BU3yaIU3UpPOBaTh CTPYKTYpY TEUECHUS, 32 CUCT YETO
BO3MOXKHO M3y4Y€HHE MEXaHW3MOB MHTEHCU(HUKAINU Te-
I1000MeHa.

OnHako B OONBIIMHCTBE CIy4acB MPaKTHYECKH 3Ha-
YUMBIMU SIBJISIFOTCSL TypOYJICHTHBIE PEKUMBI TCUCHHS Te-
TUIOHOCHUTENCH, UIsI MOAETMPOBAHUS KOTOPBIX Hanboiee
IHAPOKO MPUMEHSIOTCS OCpEeAHEHHBIE 110 PeliHonbACy
ypaBHeHust HaBbe—CTOKCa, HCIIOIB3YIONINE TOITY3IMIINPHU-
YeCKHe MOJICTH TypOyJIEeHTHOCTH, TPEOYIOIIE BaHIallnu
M0 pe3yabTaTaM KCIIEPUMEHTAIBHBIX UCCIIEIOBAHNN KaK
C TOYKH 3PEHUS] MHTETPAJIbHBIX XapaKTEPUCTHK, TAKUX KaK
CpezHsisl IVIOTHOCTh TEIIOBOTO MOTOKa, uncio Hyccensra
1 K03 PUIMEHT MoTeph AABICHUS, TAK U C TOUYKH 3pPECHHS
CTPYKTYPBI II0OTOKA. B 9T0# CBSI3M aKTyallbHBIMU SBJISIOTCS
HCCJIEI0BaHMs, HAITPABJICHHbIE HA SKCIIEPUMEHTAILHOE U3~
YUCHHE T0JIeH CKOPOCTH IIPU TEUCHHUSIX B TETTIOOOMEHHBIX
KaHaJlaX ¥ BU3YyaJM3alnio 00LIel CTPyKTypBI ITOTOKA.

O030p myGJIUKALMIA 0 TeMATHKe
BH3YaJIH3aLUU TeYeHHil B TeNJI00OMEHHbIX KaHAJIaX

Busyanuzanuu TeueHUN B TEINIOOOMEHHBIX KaHAlIaX
C IPUMEHEHHUEM Pa3JIUYHbIX METOJ0B MOCBSIIEHO 3Ha-
YUTEIBHOE KOJTMUYCCTBO IyOnukarwmii. B padote [7] npen-
CTaBJICHBI PE3YJIBTAThl YUCIICHHOTO U SKCIIEPUMEHTAIEHOTO
HCCIICIOBAHUH CTPYKTYPBI TCUCHHUSI B MO TETUIOOOMEH-
HOTO KaHaJIa IUTACTHHYATOTO TEIUIOOOMEHHUKA C TYHOYHBI-
MH HHTEHCH(pHUKaTOpamMu IpH ynciax Peitnomsaca 70470,
IIPY 3TOM pabOYMM TEJIOM SBJISUIACh BOAA, a ISl BU3yalld-
3aIlMM TTOTOKA MCTIOJIB30BAHMCh CTPYHKH KPACKU Pa3HBIX
1uBeTOB. J[aHHBIN MOJIXO/1 TO3BOJINII BU3YaJIM3UPOBATh Tpa-
CKTOPHUH KUIKUX YACTUIl U COTIOCTABUTH UX C JUHHUSIMHU
TOKa, TMOJTy9aeMbIMH MO pe3yJbTaTaM YUCIEHHOTO MOJe-
JIMPOBAHUS, OAHAKO MPHU MCMOJIb30BAHUU TAKOTO METOAA
HET BO3MO>KHOCTH ITOCTPOCHUS TOJIsl CKOpocTH. B pabore
[8] onmcaHo ynCIEHHOE U HKCIEPUMEHTAIBHOE UCCIEH0-
BaHUsI TEIIOOOMEHA W THUAPOJANHAMHUKH B TETTIOOOMEHHBIX
KaHaJIaxX C MTHIPHKOBBIMU U IITHIPFKOBO-TYHOYHBIMH HH-
TeHCH(HUKATOpaMH TEIUIO0OMEHa TPH TEUCHUH BO3AYXa.
Jnis monTBep K ACHNS THIIOTE3HI 00 YBETMYSHNN MaciiTada
1 MHTEHCHBHOCTH MOJAKOBOOOPA3HOTO BUXPS, hopMupy-
IOIIEToCsl B MECTAaX YCTAaHOBKH MITBIPbKA MPHU pa3Mmelie-
HHUH €T0 B JIyHKE HCIOJIb30BATACh TEXHUKA BU3YyaIN3aIlUH
«oil-and-dye», cyTh KOTOPOU 3aKJIFOUACTCSl B HAHCCCHUU
BSI3KOM MOJKPANICHHON JKUIKOCTH Tepe] MPOoayBKO Mo-
JICITN KaHajia, IPU 3TOM 30HBI ¢ 00JIee TOHKUM CJIOEM Kpa-
CKU COOTBETCTBYIOT HAJMYUIO BOJM3HA HUX WHTCHCUBHBIX
BHXPEBBIX CTPYKTYP, OMHAKO JAaHHBII METOJ TO3BOJISACT
JIUIIH HAa KaY€CTBEHHOM YPOBHE BAJHIUPOBATH MOJICIb.

MeTo/bl, OCHOBaHHbIE Ha U3MEPEHUU I'PAUEHTOB KO-
a¢duIHenTa npesoMIIeHUs] ONITHYECKH PO3PauHOi Cpe/ibl
Takue, Kak, HarpuMmep, GOHOBO-OpUEHTUPOBAHHBIH 1IN~
pen [9, 10], mO3BOAAIOT MpH MOCTOOPAOOTKE MOIYUUTH
TIOJIS TUTOTHOCTH M TEMIIEPATYPBI, YTO MOXKET OBITh TaK¥Ke
AKTyaJIbHO ISl BAJIMJALINN PE3YJIGTATOB YUCIEHHOTO MOJIe-
JMPOBAHUSI, OTHAKO, TOCTPOCHUE TTOJISI CKOPOCTH SIBIISIETCS
3aTpyaHUTENbHBIM. [IprMepoM paboTsl, B KOTOPOH pea-
JM30BaHO MOJTYyYEHHE OIS CKOPOCTH C MCIOIb30BaHUEM
MeToa (POHOBO-OPHUEHTHPOBAHHBIN IUTUPEH, SBIISCTCS pa-
6ora [11], rae aust 00pabOTKK JaHHBIX UCIIOJIB30BAHbI (DU~
3U4ecKy HHPOPMHUPOBaHHbIE HEHPOHHBIE ceTH. BeTpanBas
ypaBHeHust HaBee—CToKca, ocpeiHeHHbIe 1o PeltHonbacy
B (DyHKIMIO 1TOTeph HEWpOoHHOU ceTH, B [11] ObuT BoccTa-
HOBJICH ITOJIHBIH Ha0Op (PU3MUECKHUX IEPEMEHHBIX IpH-
MEHHTENBHO K 3aJjade B3aMMOJICHCTBHS yAapHON BOIHBI C
MPUCTEHOUHBIM cioeM. OHaKo IpUMEHEeHNne HeHPOHHBIX
ceTel MOXKET IIPUBOIUTH K MCKYCCTBEHHBIM MCKa)KCHHUSIM,
BBI3BAaHHBIM OCOOCHHOCTSIMH JaHHOTO TOAXOAA, BCIIE-
CTBHE YETO BO3MOKHBI HETOYHOCTH B OIPEEICHUN OIS
CKOPOCTH.

Hawnbomnee moaxoasmum 1 SKCIIEPUMEHTAIBHOTO UC-
CIIEZIOBAHMS TOJISI CKOPOCTH JKUAKOCTEH U Ta30B SBIISACTCS
aHeMoMeTpust 1o nzobpaxenusiM yactuiy (Particle Image
Velocimetry, PIV). Cymnocts MeTona PIV 3akitouaeTcst
B KPOCC-KOPPEISLIMOHHOM aHaiu3e nap ¢ororpaduii mo-
TOKa C 3aCESIHHBIMU YaCTHLIAMU, IIPH ITOM MO CPEJHEMY
CMEIIEHUIO TPYII YacTHIl B paMKax BBIIEICHHBIX SYEEK
ONpEAeIIIeTCs BEKTOPHOE 10JIe CKOpOCTH [12].

Buzyanuzauus teuenuit meronom PIV B kaHanax te-
TII00OMEHHBIX ANIIapaToB B HACTOSIEE BPEMS SIBISCTCS
aKTyaJbHBIM HalpaBJIeHHeM ucciienoBanmid. B padote [13]
ObuTH nccneoBaHbl X-00pa3Hble KaHAJBI MIIACTHHYATHIX
arnmnaparoB ¢ IepeToKaMu Mpu yuciiax PelfiHonbica mopsiai-
ka 103, mpu 5TOM BU3yalu3alys TEUEHUN IPUMEHSIACH
JUTA BAIMJALIMN PE3ylbTaToB MOJICTUPOBAHUS HA IpUMeEpe
YOpOILIEHHON Mojenu kaHana. [lo pesynsraraMm uccieno-
BaHMs OBIIO YCTaHOBIEHO, YTO HAUOOJIBIIEH TOYHOCTHIO
XapakTepu3yeTcsi Mojielb TypOyineHTHOCTH k- Shear
Stress Transport. B [14] npuBeaeHbl pe3yabTraThl HCCIEN0-
BaHUSI 110J11 CKOPOCTH B MOZIENH KaHAJIa C YCTAaHOBJICHHBIMH
KerneoO0pa3sHbIMH HHTEHCHU(HUKATOPaMU TEMJI000MeHa B
nuamnaszone Re 1100-5100. BeimostHeH aHamn3 OIS CKO-
pocTtu u TypOyIeHTHON KHHETHYECKOI dHEpruu, HO He
HPECTaBICHO COMOCTABIICHHUS C PE3yNbTaTaMU YHCICHHBIX
HCCIICIOBAHUMN.

B [15] npencTaBneHsl pe3yasTaTsl UCCIEAOBAHUS OIS
CKOPOCTH M TEeMIIepaTypbl (IOCPEICTBOM I'PaJUEHTHOH Te-
IUIOMETPUN) TIPH TEUEHUH NTapa BOKPYT LIUIUHIPOB KPYyTyIo-
ro ceucHus. B paboTe moapoOHO omrcaHbl IPOGUITH CKOPO-
CTH, MPEJICTaBICHBI pactpeneneHus yucen Hyccensra no
MOBEPXHOCTU HUIMHAPOB B Auanazone Re 4000—40 000.
B [16, 17] uccnenoBansl nosst CKOPOCTU NPU TEYEHUH BO3-
JIyXa B TIOBOPOTHBIX KOJIEHAX MTPSIMOYTOIBHOTO U KPYIJIOTO
cedeHnii. OcoOEHHOCTRIO PaboTHI [15] saBIseTcs TOT daxT,
YTO pacCMaTpUBACTCS IIOBOPOT MOCIIE BUXPEBON MAaTPHIIBI,
SBJIAIOUICHCS] TUIIOBBIM JIEMEHTOM OXJIaXaeMOM Jiomar-
KM TYpOMHBI, B pe3yibraTe 0co00e BHUMAaHHE YACIEHO
UCCJIEJOBAaHHUIO (POPMBI, pa3Mepa U IBOJIOIMH BUXPEBBIX
CTPYKTYp, TeHepHpyeMbIx MaTpuiei. B [16] kpome noneit
CKOPOCTH, MPUMEHUTEIBHO K KOTOPHIM HaOJII0AaeTcs Xo-
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pouiee cornacue ¢ pesyisraramu CFD-MonenupoBanus,
AQHAJIM3UPYIOTCS TAKOKE MOJISt TYPOYJICHTHOM KHHETHYECKOH
suepruu (TKD), npruem B ciryuae TKD nabmonaercs npu-
emieMoe konmuectBenHoe cortacue ¢ CFD, Ho HeynoBieT-
BOPHUTEIIFHOE KAYECTBCHHOE.

B [18] mpuBeneHsI pe3yasTaThl UCCICAOBAHUS CTPYK-
TYpBI TEUCHHUS B MOJIETH TEIJIOOOMEHHOTO KaHaja C pe-
OpaMu-MHTEHCU(UKATOPAMH B BHIE a3POAHMHAMUYECKUX
moBepxHoCTel. OTMEUEHO, YTO CTPYKTypa TEUEHHS IOCIe
pebep-uHTeHCU(DHUKATOPOB, MOI00HA TCUCHUIO B KOH(Y-
30pHOM KaHalle, OJIHAKO M3-32 0COOEHHOCTEH HKCIepH-
MEHTaJIbHOW YCTaHOBKH HE MCCIIEJIOBAHO T10JIe CKOPOCTH
BOIM3M camux pedep. COOTBETCTBHE PE3yIIbTATOB YHCIICH-
HOTO MOJICIIMPOBAHUS M SKCIIEPUMEHTAJIbHBIX JaHHBIX Ha
ypoBHE morpemHocty He 6oiee 7—10 % nomydero B [19]
Ha IMpUMEpE CTPYKTYpHl TCUCHHUS B ITOTIEPEUHOM CCUCHUH
MEXTPYyOHOTO MPOCTPAHCTBA KOKYXOTPYOHOTO TEII000-
MEHHHKA.

Haubonpmmit nHTEpEC Cpeau pacCMOTPEHHBIX HCCITe-
JOBaHUI CTPYKTYPHI TEUCHUS B TEIULIOOOMEHHBIX KaHaJIax
MIPEICTABISAIOT Pe3ynbTaThl paboTsl [20], mOCBAIICHHON
BU3yaJin3allii MMOTOKa B MOJCIN MUKPOKAHAJIBHOTO TC-
1000MEHHOT0 TIACTHHYATOrO anmapara. KccieqoBaiuch
MOJICJIN 3UT3aroo0pa3HbIX KaHAJIOB, U3TOTOBJICHHBIC U3
MIPO3PavyHOTO aKpUJIa, YTO TTO3BOJIHIIO OCBETUTD «JIA3€PHBIM
HOKOM» BCIO TIPEJICTABIISIONIYI0 HHTEpec o0nacTb. bbutn
TIOJTyYEHBI OCPEHEHHBIE M10JIs1 CKOPOCTH M 3aBUXPEHHOCTH,
Ipr4eM HaOJIoaeTesl Xopollee KaueCTBEHHOEe U KoJnye-
CTBEHHOE coracus ¢ pesynbraramu CFD-MonenupoBaHus.
TakuMm 006pa3oM, BU3yann3alus TSUCHUN B TPAJHIINOHHBIX
¥ TIEPCTIEKTUBHBIX TEIJIOOOMEHHBIX KaHallaX COBMECTHO
C BaNMJAIIMEH MCIIONB3yEeMbIX IIPH UX MPOCKTHPOBAHUHI
YHUCIICHHBIX MOZIETICH ¥ METOJIOB TI03BOJISIET JTyUIlle TOHATh
MEXaHU3MbI HHTCHCH(UKAIINU TETI000MCHA, a TAKXKE CJie-
JaTh 000CHOBAHHBIH BBIBOJ O IPUMEHUMOCTH BBIOPAHHBIX
HO/IXOJIOB K MOJICTIMPOBAHUIO.

Lenbto HacTosinield pabOTHI SBISIETCS BaJUIALMS pe-
3yJBTaTOB YMCIIEHHOTO MOJIEIIMPOBAHMUS U MCCIIEOBaHNE
CTPYKTYpBI TeUEHHSI B TETIOOOMEHHBIX KaHaJIaX C OJJHOCTO-
POHHHM IUIaBHBIM pacIHIMPEHUEM U CY>KeHHEM ITPH HU3KUX
ymcnax PeifHombIca, CBOMCTBEHHBIX MUKPOKAHAIAM.

O0BbEeKT U MeTOIbI HCCIe0BAHNS

OOBeKTaMU HCCIIEIOBAHMS B HACTOSIICH paboTe BBIOpa-
HBI MOJIEJIM TEIIOOOMEHHBIX KAHAJIOB C IIABHBIM PaCIIIy-
PEHUEM U Cy)KeHHUEeM. DCKU3bI MOJIEJICH MPEICTABICHBI Ha
puc. 1. Mojiein BBITTOJHEHBI 110 CPABHEHUIO C HATYPHBIMU
KaHAJIaMd MUKPOKAHAIbHBIX TEIIIOOOMEHHUKOB I1JIaCTHH-
YaTOro anmapara B yBEJIMUEHHOM MAcCIITa0e C [EeIIbo JTyd-

60

IIeH BU3yaIN3allMy TeYSHNU S, TaK KaK BOJIM3H MPO3PaYHBIX
1 HETIPO3pauHbIX CTEHOK arapara jiyd Jla3epa MOXKeT co3-
JlaBaTh N30BITOYHYIO 3aCBETKY, U BIIMSIHAE 3aCBETKU TEM
MEHbIIIe, YeM MaciTad mozenu Oompiie. KpuBonnHeliHast
MIOBEPXHOCTH MOJIENTH 00pa3yeT BEPXHIOI CTEHKY KaHala,
TIPY 5TOM HIDKHIOIO CTEHKY 00pa3yeT CTEeKII0, Yepe3 KOTopoe
TPACCHPYIOMINE YACTHIBI OYIyT MOACBEUMBATHCS «JIA3ep-
HBIM HOXOM». OcTalIbHBIE TOBEPXHOCTU MOJEIIEH CITyXKaT
JUTI X YCTaHOBKH Ha pabodeM ydacTke cTeHaa. B pabore
paccMaTpuBalOTCsl TPH MOJICTH KaHalla B 3aBUCUMOCTH OT
BBICOTHI IIEJIH: C MUHMMAJIbHBIM CY>KEHHEM U pacilupe-
HueM (33 %), cpeaaum (53 %) u makcumanbHbIM (200 %).

DKCIepUMEHTAIBHBIA CTEH/I JUIsSl UCCIIC0BaHUS T10-
JIell CKOpPOCTH NOKa3aH Ha puc. 2, a, pabouuii yuyacTox
(puc. 2, b), ycTpo¥CTBO IJIs 3aceBa MOTOKa (puc. 2, ¢).
Crenji GyHKIIMOHUPYET CIISTYIOMINM 00pa3oM: MOTOK BO3-
JIyXa, CO3/1aBacMblii BO3YXO/lyBKOH, CMEIINBAETCS C a3pO-
305IeM MHUKPOKAIIEJb, CO3/1aBAEMBbIM I'€HEPATOPOM Karelb
U 4epe3 pacxoJoMep HarpasisieTcsl Ha pabodnii yqyacToK
CTEHJa, KOTOPBI UMEET [BE MPO3pauHble CTeHKU. Yepes
OOKOBYO ITPO3PAYHYIO CTCHKY OCYIIECTBIISIETCS TOJICBETKA
TPacCHUPYIOMIUX Kalelb adpo30iIs HMIYIECHBIM JIa3€POM,
Ha KOTOPOM YCTaHOBJIeHa (pOKyCHUpYyIOLIas JINH3a, CO3/1a-
IOLIasl IUIOCKUM HAIPABIICHHBIN J1y4 CBETa, TaK Ha3blBac-
MBI «J1a3epHBIA HOX». VIMITybCHBIN J1azep Gopmupyet
napsl BCIIBIILIEK, BPEMs MEXAY KOTOPBIMH COCTaBIISIIO
200 MKc, IpH STOM BpeMsi MEXAy IapaMH BCIbIIIEK —
200 mc. Macmrabusiii ko3 ¢unnent paser 0,03 Mm/muk-
cest. C y4eToM JaHHBIX ITApAMETPOB M HEONIPEIEICHHOCTH
KPOCC-KOPPEISIIH, COCTABISAIONICH 110 JaHHBIM pabOoTHI
[21] 0,1 mukcen, HeoNpeAEIEHHOCTh U3MEPEHHS CKOPOCTH
MokHO omeHHTh B 0,015 m/c. BricokockopocTHast kKaMe-
pa, CHHXpPOHM3MPOBAaHHAs C Ja3€POM IOCPEACTBOM IIPO-
I[eccopa-CHHXPOHU3aTOPa, OCYIIECTBRIANA ChbEMKY depe3
(GpoHTaNBHYIO PO3pauHyI0 CTEHKY pabouero yyacrtka
3aCBEYCHHBIX YaCTHIl BO BPEMsI BCIIBIIIKH, TAKUM 00pa3oM
(bopMHpOBaIHCh Mapbl KaJpoOB, KOTOPBIE B AabHEHIIIEM
MIOIBEPTAINCH KPOCC-KOPPEISILIMOHHOMY aHaJIM3y B IPO-
rpamme ActualFlow. B HacTosimeii pabote ncciienoBanoch
TI0JIE CKOPOCTH B CPEANHHOM TIPOIOJIBHOM CEUEHUH KaHAJIOB.

[Tpu sxcniepumMenTe ObUIO IPUMEHEHO cleayroliee 000-
pyZroBaHuE: TepMOaHeMoMeTprudeckuil pacxogomep EE741,
nporeccop-cuaxporusatop «I[1OJINCy, nMIynsCHBIH
nazep Beamtech Optronics Vlite 200 ¢ marHOM BOTHBI
532 HM, BBICOKOCKOpPOCTHas kamepa Imperx Bobcat GEV.

Jlig 3aceBa MOTOKa HMCIOIB30BAH CHEIMAIBFHO pa3pa-
OOTaHHBIN 1 U3TOTOBJICHHBIN ICHEPATOP Karejlb Ha OCHOBE
coruta Jlackuna. ['eHeparop Kareib paboTaeT CleIy UM
o0pa3om: TpyOKka BHYTPECHHHUM JUAMETPOM 8 MM COCIHMHE-
Ha ¢ KOMIPECCOPOM WJIM MarucTpajbio CKAaTOro BO3yXa,

60 60

20 20

L s —

20

s
’ 7,SI

7,SI

73]

Puc. 1. DcKHU3bI SKCIEPUMEHTATIBHBIX MOJIETIel KaHaJIOB (B MM) CO CTENEHBIO pacmuperus: 2,5 MM (a); 4 MM (b); 15 mm (c)

Fig. 1. Sketches of experimental channel models: with an expansion of 2.5 mm (a), 4 mm (b), 15 mm (¢)
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BBICOKOCKOPOCTHAS
Kamepa

CHHXPOHHU3ATOP TK

«JlazepHbIil HOX»

Pabounit yuactox

HuknoHHBIH GUIBTP

Boznyxonyska

Kommpeccop
Teneparop kamnens ¢ coruiom JlackuHa
b c
Hanpasnenue
TEUECHUSI CPeJIbl TTomagya
(BBIXOT) CKaToro BO31yXa
3anHss CTEHKA !
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JIa3epHOTO HOXKa

/

/
/
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boxoBas crenka

BBICOKOCKOPOCTHON
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TEUCHUS CPEAbL
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(Bx0m) T

N\ Hanpasnenue chemxu

®poHTabHAasl CTCHKA

Hronsuarsiit
KJ1araH Brixon

ad3p0o30JI1

Manomerp

Puc. 2. YCTpOHCTBO SKCIIEPUMEHTAIBHOTO CTEH 1A oOumii BUL (¢); pabounii ygacTok (b); reHepaTop Kanems (c).

INK — nepcoHabHbII KOMIBIOTEP

Fig. 2. The experimental setup: general view of the setup (a); working section of the setup (b); droplet generator (c)

HWKHUH KOHEI[ TPYOKH OMyIlleH B MHHEPAIbHOE MacIo,
KOHeIll TPYOKH 3arasiH, Py 3TOM B HUXKHEW 4acTH IMpo-
CBEpJICHBI OTBEPCTHSI TUAMETPOM | MM, BBICTYMAIOIINE B
kadecTBe comeln. CKaTblii BO3IYyX C BBICOKOW CKOPOCTBIO
BBIXOJIUT U3 COIICJ, Pa3phIBACT M BCIICHUBAET MMOBEPXHOCTh
Macia, 00pa3ys MEJIKOAUCIICPCHBIA a3p030Jib M KPYITHBIC
karutu. Janee a’spo30Iib BMECTE C TOTOKOM BO3yXa YXOIUT
B OTBOJISIIYIO TPYOy B BEPXHEH YAaCTH EMKOCTH, TOT/Ia KaK
KPYITHBIE KaIUTH OTIaJaf0T ¥ CTEKAIOT IT0 CTCHKaM 00paTHO.
Pacxon cxkaTroro Bo3myxa U INIOTHOCTH 3aC€Ba a3pO30yisi
PEryJIupyeTCs UroJIBIaThHIM KIIAIIaHOM.

st mpoBepku pabOTOCTIOCOOHOCTH KAIleNbHOTO Te-
Heparopa M OLEHKH MapaMeTpoB CO3/IaBaEMOro a3po30Jisi
OBbUTH MPOBEJICHBI €r0 HCIIBITAHUS C TIOMOIIBIO OIpe/ielie-
HUSI TI0JISI CKOPOCTH Ha BBIXOJIC M3 KalleJIbHOTO reHeparopa.
Ha puc. 3 npencrasiena ¢pororpadus 3acesHHOrO MOTOKA,
JEMOHCTPHUPYIOIIas XOPOIIYIO IJIOTHOCTh 3aceBa U PaB-
HOMEPHOCTh Pa3MEpPOB TPACCUPYIOLIUX YacTuil. Pa3zmep
yacTuil adpososis nopsyika 10 mxm. Yucno Crokca oneHu-
BaJIOCh 110 (hopmyIe:

_ pd’u

Sk X
18uD
Ijie p — IIOTHOCTh Macia, 0koj1o 800 kr/m3; d — nuamerp
YaCTHUII; ¥ — XapaKTepHasi CKOPOCTh (CpeTHss CKOPOCTh B
y3KoM ceueHuu paBnas 0,3 M/c); L — IUHAMUYECKAs BSI3-
KOCTh BO37yXa; D — XapaKTepHBIN pa3Mep KaHaia (BbIcoTa
y3KO# yacT kanamna — 7,5 MM).

Yucno Crokca cocTaBuino okoso 102, 4To coOTBET-
CTBYCT YCJIOBHIO MPUMCHHUMOCTH YaCTHIIBI KaK Tpaccepa
npu PIV-nccnenoBanmsx Sk << 1.

Brina BeImoaHEHA 00pabOTKa CHUMKOB U ITOJTYYCHEI
TTOJISt MTHOBEHHOW CKOPOCTH U TI0JIC OCPEITHCHHOM CKOpO-
ctu (puc. 4). Kak BUIHO, HCIIONB3yeMBIi TeHEpaTop Kareib
TTO3BOJISIET CPOPMHUPOBATH 3aCESTHHBIH MOTOK, XOPOIIIO MOA-
xonawuil uist PIV: 3aceB goctarouHo paBHOMEpHBIi, 10JIe
MPaKTUYECKH HE UMEET Pa3phIBOB, IPH 3TOM CKOPOCTh
MEHsIeTCs IJ1aBHO. Takum 00pa3oM, 1o pe3yJabraram Hpe/-
BapHUTEJIbHBIX UCTIBITAHHUH ObLIa MOATBEPKIeHA paboTOCHO-
coOHOCTh 1 3D (HEKTHBHOCTH Pa3pabOTaHHOIO YCTPOUCTBA.
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10 mm

Puc. 3. Dororpadus 3aCesTHHOTO MOTOKA Ha BBIXOJIC U3
KamneJbHOTo TreHeparopa (HeraTus)
Fig. 3. Photograph of the seeded flow at the outlet of the drip
generator (negative)

B pamkax skcnepuMeHTaTbHBIX HCCICIOBAHUI OBLIO
peaTn30BaHO YUCICHHOE MOJCIMPOBAHUE TCUCHUH NpH
ycInoBHAX dkcnepumenTa. Ha puc. 5 mpezacrasieH npumep
CETOYHON MOIEH MPOTOYHOM YacTH KaHaja ¢ 0003Ha4YEH-
HBIMH I'DaHUYHBIMHU ycIOBUsIMH. Ha BXone 3amaBajnach
ckopocth Teyenus 0,45 m/c, coorBercTByromas Re = 300
n pacxony Bozayxa 0,75 Kr/d, KOTOPBIH MOIep)KUBaJICS B
XO0JIC DKCIIEPUMEHTAIILHBIX NCCIICIOBAHNH.

CaoiicTBa BO3/yXa ObUTH MPHUHATHI IPH aTMOC(HEPHOM
IaBICHUU U Temmepatype 25 °C, n3-3a MaJol CKOPOCTH
TEYEHNUS MCIOJIb30BAIACh HECXKUMaeMast TOCTaHOBKa, JJIs
3aMbIKaHus ypaBHeHUH HaBre—CTOKCa, OCpEIHEHHBIX 110
Peitnonpcy Obita BeIOpaHa MoOzeNb TYpOYyJIEHTHOCTH k-
Realizable [22], nemoHCTpHpYIOIIasi BHICOKYIO TOYHOCTh
MIpU MOJICIMPOBAaHUM TEUEHHUH B KaHajaX. B xadecTse pe-
maress npumensuicst Ansys Fluent, cerka Obiia mocrpoeHa
B Ansys Meshing. Pazmep TeTpasapuyeckux siueek CeTKu
ObUT yCTAHOBJIEH PaBHBIM | MM B XOJie MCCIIEOBaHUI Ha
CETOYHYIO CXOIMMOCTh. [Ipu aHann3e mosy4eHHbIX O
pesynsraraM CFD-MonennpoBaHus Mojaed CKOPOCTH, aHa-
JIOTUYHO HKCIIEPUMEHTY, PaCCMaTPUBAIOCH MOJIE B TPO-
JIOJIEHOM CPEANHHOM CEYCHUH KaHAJIOB.

Pe3y.11 bTaThbI UCCJICAOBaAHUSA

Hawnbonee BaKHBEIMU ¢ TOUKH 3pCHUA BaJlaallun 4uc-
JICHHBIX Moaeneﬁ ABJIAIOTCA PE3YJIbTAThl PACYCTHBIX U 9KC-
NEPUMCHTAJIbHBIX I/ICCJ'Ie,Z[OBaHI/Iﬁ B KaHaJle ¢ HauOOJIbIIEH

12
.

(= S )

Mm/c

CTEIEHbIO PACHIUPEHUs], COCTABISIONIEH 15 MM, Tak Kak
B JIAaHHOM CJly4ae MOT'YT IPUCYTCTBOBATh 3HAUUTEIIbHbIC
BUXpEBbIe TeueHust. Ha puc. 6 mpencrasieH nmpumep Kcrie-
PUMEHTAIBHOTO KaJipa ChbEMKH ITOTOKA C 3aCEeSTHHBIMU Ya-
CTHIIAMH, IEMOHCTPUPYIOIINH BHICOKYIO INIOTHOCTH 3aCEBa
(mpumepHO 50 9acTHIl Ha KBaPATHBIN MIJUTUMETP Kazpa).
Kak BumHO 110 poTorpaduu, odecneunBaeTcs mpuemieMas
IUIOTHOCTB 3aC€Ba IIOTOKA, YACTHUIIBI PACIIPE/IENICHbI 10CTa-
TOYHO PABHOMEPHO U XOPOILO OTCIIEKNBAIOTCS. B ciydae
OCTaJIbHBIX KaHAJIOB C MEHBIIMMHU CTCTICHAMU paCIIUPCHUA
U Cy’KeHHsI HabJIroanach cXoxasi KapTruHa.

Ha puc. 7 npezacrasieHsl IpuMepbl MTHOBEHHBIX 10JIEH
ckopoctu. Kak BHIIHO, B KaHaJax HAaOJIIOIAETCs HECTallU-
OHapHOE, TypOyIM3UPOBAHHOE BEKTOPHOE TI0JIE B 00JIaCTH
pacmpenus notoka. [Ipu sTom ypoBeHs TypOyimu3annu
TEYEHHSI BO3PACTACT C YBEIMICHUEM CTETICHN PACIIMPEHHSI.
B ciydae ¢ kaHaI0M ¢ MUHUMAJIbHBIM PacIIMPEHUEM TYyp-
Oynu3arys TeUeHNsT He3HAUMTEIbHAs, YTO BUTHO 1O MaJIbIM
OTKJIOHEHHSIM BEKTOPOB CKOPOCTH OT TOPH30HTAIBHOTO
HarpasieHust. BaXKHO OTMETHUTB, 4TO BUXPEBBIE CTPYKTYPEBI
B ClTyyae KaHajla CO CTETEHbIO pacmupeHus 15 MM Taxxke
HUMEIOT HEeCTAIMOHAPHOCTh, U BUXPH B pacuiupsronieics
4acTH KaHaJla IIEePEMEIA0OTCs 110 BEPTHKAIN U MO TOPHU-
30HTaNM. B X0z1e uccnenoBanums yisi KaKI0ro KaHasia Obuio
noctpoeHo 1o 1000 MrHOBEHHBIX MOJEH CKOPOCTH JIs
(hopMHpOBaHMsT OCPEHEHHOTO BO BPEMEHH I10J1s1. 3aMETHM,
4TO IpU Ucnoab3oBaHuu Metona RANS pesynsrarel CFD-
MOJIETUPOBAHNUSI COOTBETCTBYIOT OCPEIHEHHOMY TOJIO.

Ha puc. 8, a, b n300paxkeHbl 0cpesHEHHBIE 10 BPEMEHH
TIOJISE MOZYJISI CKOPOCTH JUTS KaHalla CO CTENEHBIO PACIIn-
penust 15 MM, OTyUYEHHBIE [0 PE3YJIbTaTaM 3KCIIEPUMEHTa
(puc. 8, a) u monenmupoBanus (puc. 8, b). Habmogaercs
BBICOKOE COIVIACHE PE3YIbTaTOB MOACINPOBAHUS U KCIIE-
pumenTta. MoxHO 0TMeTUTh, uTo CFD-MonenupoBanue 10-
CTaTOYHO TOYHO BOCTIPOM3BOAUT OTKJIOHEHUE CTPYH BBEPX,
IIPY 3TOM HaOJIIOIAETCs COMIACHE TAK)KE U 10 3HAYCHUSIM
BEIUYMHBI MOy ckopocTH. OJJHaKo B BepXHEN yacT Ka-
HaJla 9KCIIEpUMEHTANIbHAsl KapTHHA TeUCHUH 3HAYNTEIBHO
OTIIMYACTCS: YMEHBIIEHHE CKOPOCTH HAOMIOAETCs ITaBHOE
1 MOHOTOHHOE, Torja kak Juist CFD-monenpoBanust mocie
YMEHbIICHUS HaOII0IaeTCsl yBEIUIEHHE CKOPOCTH BOIN3U
Hanbosee BEICOKOH TOUKH.

J11st aHaM3a BO3MOXKHBIX MPUYUH PACXOXKICHUSI MOJTY-
JI51 CKOPOCTH PAaCCMOTPUM BEKTOPHBIE TOJIS OCPETHEHHOM
10 BPEMEHHU CKOPOCTHU ISl PE3YJIbTAaTOB 3KCIEPUMEHTA U

Puc. 4. Pe3ynbTaThl HCTIBITAHUI KaleJIbHOTO FeHepaTopa: MPUMep MIHOBEHHOTO BEKTOPHOT'O T10JIs1 CKOPOCTH (a); OCPEAHEHHOE 10JIe
Moayisi ckopocTH (b)

Fig. 4. Test results of the drop generator: example of instantaneous velocity vector field (a); averaged velocity magnitude field (b)
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CreHku

Puc. 5. Ilpumep ceTo4HOM MoA€eIM IPOTOUHON YaCTU KaHala ¢
TPaHUYHBIMHA YCIOBHIMH

Fig. 5. Example of a grid model of a channel flow with
boundary conditions

Mozenuposanusi (puc. 8, ¢, d). BugHo, 4to 1o pesynsraram
CFD-monenupoBaHus B BEpXHEH YacTH KaHalla HaOIona-
eTcs CTAI[OHAPHBIA BUXPh OOJIBIIOTO pa3Mepa, TOrna Kak
B cirydae PIV Buxps B BepxHe#l gacTu He HAOIIOMACTCS.
JanHbIil (akT MOKHO OOBSCHHUTH C YI€TOM MTHOBCHHBIX
moseit ckopocTH (puc. 7): B yCIOBHAX AKCIIEPUMEHTa BUXPh
B BEpXHEH 4acTH KaHaja CO CTeNEeHbIO 15 MM JIBHXKETCS
BHH3-BBEPX M BIIPABO-BIICBO, B pE3YJIbTATE YEro MPH OCpe/-
HEHUH 110 BPEMEHU OH PaBHOMEPHO «Pa3Ma3bIBACTCs IO
BEpXHEH 4acTh KaHaJla, YTO NPUBOJMT K CTPYKTYpE TIOTOKa,
MMOKa3aHHOW Ha puc. 8, a, b.

OTMeTHM, YTO B OCTAJIHOM YacTH KaHaia ¢ HanOoJIb-
1IeH CTENEeHbI0 PACIIMPEHUs] HAOII0AaeTcsl IpHeMIIeMOoe
corllacue pe3ysibTaToB pacdyera ¥ HKCIEPHMEHTa, YTO TOBO-
PHT O BBICOKOM TOYHOCTH BHIOPAHHBIX METOJIOB M MOJICIICH.

[Tonst ckopocTH MPUMEHNUTENBHO K KaHaJIaM ¢ HeOOJIb-
0¥ CTETIEHBIO paCIIUpeHus — 2,5 U 4 MM IIpeICTaBICHBI
Ha puc. 9 u 10. B cirydae kaHAIOB ¢ HEOOIBIIIOHN CTETIEHBIO
HE HaOMI01aeTCsl 3HAUUTENBHBIX CTAIIHOHAPHBIX OTPHIBHBIX

Puc. 6. IIpumep portorpadun 3acestHHOTO IIOTOKA B CITydae
KaHaJla cO CTENEHbIO PacLIUpeHus 15 MM

Fig. 6. Example of a photograph of a seeded flow in the case of
a channel with an expansion of 15 mm

TEUEHUI KaK MO0 pe3yabTaTaM HKCIIEPUMEHTa, TaK U [0 pe-
3ynsrataM CFD-monenuposanust. 711 JTaHHBIX KaHAJIOB Ha-
OirormaeTcst Xopolee cortacue JaHHBIX IKCIIEPUMEHTa M MO-
JIETTMPOBAHUS: B 000MX CITydasx BUAHO 3aMeUICHNE TIOTOKA
B paCIIUPSIIONIEHCS YaCTU KaHalla ¢ MOCIEeTYIOMHUM YCKO-
pPEHHEM, TIPU STOM IS KaHAJIa CO CTENEHBIO PACIINPEHUS
2,5 MM yCKOpEHHE U 3aMeIJICHIE HE3HAUYNTENIbHBI, 1 CJIa00
BUHBI B pe3ynbrarax PIV-uccnenoBanus. B nenom pesxxumel
TEYCHHS BO BCEX PACCMOTPEHHBIX KaHAJIaX MOXHO OXa-
PaKTepU30BaTh KaK HECTALMOHAPHBIE IEepeMeKaroIInecs.

J1ist Goriee TOYHOTO Ka4eCTBEHHOTO M KOJIMYECTBEHHOTO
comnocrasieHus pesynsratoB CFD-Monenuposanus u PIV-
HCCIIEIOBaHUS OBLIIM TIOCTPOCHBI MTPOGIIIN CKOPOCTH 10
BBICOTE KaHAJIOB B CEUCHUH C HAMOOJBIIIEH BHICOTOI KaHaia
(puc. 11). B pesymbrare momydeno, 9o norpemHocts CFD-
MOJIEIUPOBAHNS B CPABHEHHH C YKCIIEPUMEHTAIbHBIMU

Buxpessle CTpyKTypBI

Puc. 7. IlpuMepbl MTHOBEHHBIX BEKTOPHBIX TOJICH Il KAHAJIOB CO CTETIEHBIO pacmperus: 15 mum (a); 4 mum (b); 2,5 MM (¢)

Fig. 7. Examples of instantaneous vector fields for channels with expansion efficiency of: 15 mm (a); 4 mm (b); 2.5 mm (c)
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Puc. 8. OcpenHeHHbIe IO BpeMEHH CKaIsIpHOE (@, b) 1 BeKTOpHOE (¢, d) IOt MOJTYIISl CKOPOCTH IS KAHAJIOB CO CTETICHBIO
pacmmupenust 15 mm: PIV (a, ¢); CED (b, d)

Fig. 8. Time-averaged scalar (a, b) and vector (¢, d) fields of the velocity modulus for a channel with an expansion efficiency of
15 mm: PIV (a, c¢); CFD (b, d)
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Puc. 9. TTonst ocpesHEHHOI CKOPOCTH JUTS KaHaJIa CO CTENEHbI0 pacmmpenus 2,5 MM: ckasipHoe, PIV (a); ckamsipaoe, CFD (b);
BektopHoe, PIV (c¢); BektopHoe, CFD (d)

Fig. 9. Averaged velocity fields for a channel with an expansion of 2.5 mm: scalar, PIV (a); scalar, CFD (b); vector, PIV (c); vector,
CFD (d)

TAHHBIMH HE MPEBHIIaeT 8 %, 3a UCKIIFOYCHUEM BepXHEH
YaCTH KaHaJla co CTETNeHblo pacmupenus 15 mm. Kak Obuto
CKa3aHO BHIIIIE, 3TO CBSI3aHO ¢ 0COOEHHOCTAMHU MeToaa PIV.

IIpu TeueHusix KUIKOCTEN U ra30B B KaHAJIAX C U3Me-
HSIOMIEHCS TUIOIIA IO IPOXOAHOTO CEUEHHS OOTIBIIOE 3HA-
YeHHE MOTYT UMETh TPEXMEpHBIe BUXPEBbIE ABIeHUS. s
MIPOBEPKH 3HAYUMOCTH TPEXMEPHBIX dPPEKTOB BBHIITIOTHEH
aHajau3 TpexMepHbIX pe3ynbraroB CFD-monenupoBanus.
ITO CBA3aHO C TEM, YTO MIPUMEHsIEMas B HACTOSIIIICH paboTe
TEXHUKA HE MO3BOJISIET OCYLIECTBISITh AaHEMOMETPHUIO T10
TpeM HampaBJICHUSIM CKOPOCTH OJJHOBPEMEHHO, OJHAKO
MOXKET OBITH MPOM3BEICHA ChEMKA B JPYTOW IIOCKOCTH.
s aHanm3a 1enecoo0pa3HOCTH CheMKH B TIONIEPEYHOM
CCUCHHH OBLIH TIOTyYCHBI IMHUHU TOKA CPEIIBI TP TCICHUHT

B paccMarpuBaeMbIx Moaessix (puc. 12). ITo momydeHHbIM
JIMHUSIM TOKA, BUJTHO, YTO TOJIBKO B CIIydae KaHaya co CTe-
MICHBIO PACIIUPEHHs |5 MM MMEIOTCSl MaJlO3HAYUTEIIbHbIC
TpexMepHbIe P HEKTHI, TOKATH30BAHHBIE BOJIN3H TOPLIEBBIX
CTEHOK. BerencTBue NX HE3HAYUTEIBHOCTH HKCIICPUMEH-
TaJbHOE UCCIIEIOBAaHNE TPEXMEPHBIX d(PPEKTOB IPHUMEHH-
TEIIBHO K pelIaeMoi 3aa4e HelleslecooOpasHo.

C 11es1bI0 KOJIMUYECTBEHHOTO aHaln3a TypOyJICHTHBIX
MyNbCalUil Ha OCHOBE AKCIIEPUMEHTAIIBHO MOJYYEHHBIX C
npuMmeHeHreM mMerona PIV MIHOBEHHBIX M OCPEIHEHHBIX
noseit ckopoctr OblIH ocTpoens! ot TKD st pacema-
TpHBaeMBIX Mojeneil kaHanos. Ha puc. 13 npencrasieHo
COIOCTABIEHUE YKCIEPUMEHTAIIBHO M YUCIEHHO IOIYy-
yenHbIx noneit TKD. Kak BunnHo u3 puc. 13, a, b, mons
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Puc. 10. Ilons ocpeqHEHHOI CKOPOCTH A KaHAJIA CO CTETIEHBIO pacimperus 4 Mm: ckassipHoe, PIV (a); ckamsiproe, CEFD (b);
BekTopHoe, PIV (¢); Bextopnoe, CFD (d)
Fig. 10. Averaged velocity fields for a channel with an expansion of 4 mm: scalar, PIV (a); scalar, CFD (b); vector, PIV (c);
vector, CFD (d)
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Puc. 11. Conocrasnenue npoduieii ckopocts (V) B 3aBUCHMOCTH OT BEPTHKATBHON KOOPAUHATHI ( V), MOTyYSHHBIX 110 Pe3ysibTaTaM
MOJICTIMPOBAHHS ¥ SKCIIEPUMEHTA JUISI KAHAJIOB CO CTETICHBIO pacmuperus: 15 mum (a); 4 MM (b); 2,5 mm (c)

Fig. 11. Comparison of velocity () vs vertical coordinate (Y) profiles obtained from the results of simulation and experiment:
channel with an expansion of 15 mm (a), with an expansion of 4 mm (b), with an expansion of 2.5 mm (c)

Puc. 12. JIuaum TOKA CpeIpl, TOIYYSHHBIE [0 Pe3yabTaTaM MOJCIHPOBAHHMS JUIsl KAHAJIOB CO CTEIEHbIO pacuiupeHus: 15 MM (a);
4 mm (b); 2,5 MM (¢)

Fig. 12. Streamlines obtained from the results of simulation: channel with an expansion of 15 mm (a), with an expansion
of 4 mm (b), with an expansion of 2.5 mm (c)
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Puc. 13. TTonst OCpeTHEHHOW BO BpeMeHH TypOyICHTHON KHHETHYECKOH SHEPTUH 110 Pe3y/IbTaTaM MOACIHPOBAHUS U IKCIICPHMEHTA
JUISL KaHAJIOB CO CTETICHBIO pacmmpenus: 15 mum (a, b), 4 MM (¢, d) n 2,5 mm (e, f): PIV (a, ¢, e); CFD (b, d, f)

Fig. 13. Fields of time-averaged turbulent kinetic energy based on the results of modeling and experiment for channels with degrees
of expansion of 15 mm (a, b), 4 mm (c, d) and 2.5 mm (e, f): PIV (aq, ¢, e); CFD (b, d, f)

TKD, momyuennsie ¢ momonrsio CFD u PIV ans xanama co
CTETEHbIO PACIIMPEHHs |5 MM UMEIOT JOCTaTOYHO CHIIBHOE
pacxokeHue Ha KaYeCTBEHHOM ypoBHe, omHako 1 CFD,
u PIV B menoM cxoXum 00pa3oM JIOKaIH3yIOT OCHOBHBIE
TypOyJICHTHBIE 30HBI. B cirydae jke KaHalI0B CO CTEHEHBIO
pacuupenust 4 u 2,5 mum (puc. 13, c—f) corviacue OnbITHBIX
Y pacyeTHBIX JaHHBIX HAOIIONAETCs TOJIBKO HA YPOBHE MO-
psiziKa BEJIMYUH, ITPY 5TOM B 000UX CIIydasix MpeAcTaBieHa
paziM4Hast JIoKaM3anus odacrei nmoroka ¢ Bbicokoit TKD.

OtMeTuM, 4TO pe3ynbTaTel aHanusa nojeit TKD He
JIAf0T OCHOBaHMH CUNTAaTh HEKOPPEKTHBIMH JaHHBIC YHC-
JICHHOTO MOJICJIMPOBAHUS TEUEHHS, B CBSI3U C TEM, UTO TEX-
Huka PIV ¢ uMnynbCcHpIMU J1azepamMy, UMEIOLIUMH YacTOTY
Benbllek 70 15 ' He MOo3BOMISIET KOPPEKTHO U B MOJHOM
Mepe OIEHHUBATh ITyJIbCALMHN MTOTOKA IPUMEHNUTENBHO K pac-
cMaTpuBaeMoOH 3ajade, TaK KaK 3HAYUTEIbHAS 9acTh Typ-
OyJeHTHOCTH (OCOOCHHO B KaHajaX C MaJbIM U CPEIHHM
pacIIMpeHusIMH ) SIBISIETCSI MEJIKOMACIITaOHO! U HaXOIUTCS
B 00J1aCTH BBICOKHX BOJIHOBBIX 4Hceld. B cBsa3u ¢ aTuM
UX aMIUIMTYyAa U, Kak cieacrsue, TKD He MoxeT ObITh
KOppekTHO u3MepeHa nocpeactsom PIV. Onenka TKD B
JTAHHOM CJIy4ae BO3MOXHA TOJIBKO B TUANa30HE BOJTHOBBIX
4HCell MyJIbCaluil, COOTBETCTBYIOIUX HU3KHM 4acTOTaM
no 15 I'u, HanpuMmep, B ciayyae 3aTOIUVIEHHBIX CTPYH WU
BHXPEBBIX CIIEIOB 3a TesioM (fnopoxkka Kapmana). Cxoxne
Pe3yNBTaThl OBLIH TIOTYYEHBI Takke B padote [17].

B pesynbrare, MOXXHO czienarb BBIBOJ O 1OCTAaTOYHOM
TOYHOCTH BBIOPAHHBIX METOIOB M MOZIETICH TypOyIeHTHO-

CTH NMPUMEHUTEIHHO K MOJICIMPOBAHUIO TEUCHUH B KaHa-
Jax ¢ MJIaBHBIM PACIIUPEHHEM M CYKCHHEM IPU HHU3KHUX
yucnax PeiiHonpaca. C TOYKH 3pEHUS HCIIONB30BaHUS B
TETIIO00MEHHOM KaHaJIe PEKOMEH/TyeTCs HCTIONb30BaTh Ka-
HaJIbI CO CPEHEH CTENEeHbIO paciupeHus (4 MM), Tak Kak
B HUX HE 00pa3yeTcst KpyIHbIX 3aCTOMHBIX 30H, B KOTOPBIX
MOXCT Ha6HIOZ[aTI>CH YXyAICHUE TECIJIOOTAa4YU, a TaKKE
CKOIIJICHHUE 3arpsi3HEHUH, IIPH 3TOM B HUX 00€CIIeunBaeTCs
3HAUUTENBLHBII YPOBEHb TYpOY/IM3aIM1 TIOTOKA.

3akarouenne

HccnemoBana CTPYKTYpa TEICHHS B MOJIENISX TEIII000-
MCHHBIX KaHaJIOB C O/THOCTOPOHHUM IIJIABHBIM paCIIMPEHU-
€M U CYKCHHUEM, KOTOPbIC UMCIOT MECTO B IJIACTUHYATBIX
TeI000MeHHbIX armaparax. [1o pe3ynbraraM YHCIEHHBIX
HCCIIEIOBAaHUN YCTAHOBJIEHO, YTO B KaHAJIaX C MAJIOW CTe-
MEHBIO PACIIUPEHHsT HAOIIOMAeTCsl OE30TPHIBHBIN PEXUM
TEUEHUs], TOrJa KaK MPU YBEJIMUECHHON CTEIICHHU PACIIU-
pEHHs BO3HMKAET 3aCTOMHAA 30HA. Pe3ysbTarsl YHCIIeH-
HOTO MCCIIEIOBAHUS MOATBEPKICHBI IKCIIEPUMEHTAIBHO
MTOCPEICTBOM HCITOIB30BAHHS METOIa aHEMOMETPHH 110
M300paKEeHMSIM JaCTHUI]. YCTaHOBIIEHO, YTO YHCIEHHOE
MOJICITUPOBAHNE TEUCHHUI TAHHOTO KJacca ¢ MCIOIbh30Ba-
HHEM Mojeu TypOyneHTHOCTH k-¢ Realizable ¢ xoporireit
TOYHOCTBIO KAYE€CTBCHHO U KOJIMYCCTBEHHO BOCIIPOU3BOAUT
ToJIe CKOPOCTE, HAOII0aeMOE DKCIIEPUMEHTAIBHO, C OT-
KJIOHEHHEM He Oosiee 8 %.
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