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ObpaboTka aKcnepuMeHTanbHbIX pe3ynbLTaToB
cynepKaBUTaLMOHHOIO 00TEKAaHMA KOHyCa METOAOM
nokanbHou nonuMHomuanoHon perpeccumn (LOESS)

O.A. Tpuwaes', A.K0. Pagsiok?, E.B. UcTaruna®
SYpKkymckul HayuoHarnbHbIU uccriedosamerbCKull mexHu4eckull yHusepcumem, e. Mpkymcek, Poccus

Pestome. Llenb — nonyyeHve 3aBUCUMOCTEN, ONMCLIBAIOLLMX NMapaMeTpbl NOTOKa NpW CyrnepKkaBUTaLMOHHOM obTeka-
HUM NPENSTCTBUS, YacTO BCTPEYAOLLEMCS B PA3NMYHbIX 3rIeMEHTaX TENMOSHEPTETUYECKMNX CUCTEM M YCTAHOBOK, @ Takke
NpeanoXeH1e JOCTYNHOIO M JOCTOBEPHOMO METOAA AN aHan13a MacCBOB 3KCMEPUMEHTASbHBIX AaHHbLIX TEYEHUIA B TaKUX
cucTemax. HatypHoe MogenvpoBaHme kaBUTaLMOHHBIX NPOLECCOB BbIMOMHSANOCH HA LIMPKYMALMOHHOM rMAPOAMHAMUYECKOM
cTeHpe. bbin uccnegoBaH NPOLECC CynePKABUTALMOHHOIO 06TekaHUsl KOHYCOB C AMamMeTpamMu ocHoBaHus 15,45 mm n 21,75
MM C yrnamm packpbitust 154° n 127°, cooTBETCTBEHHO, B paboyeM yyactke gnameTpoM 30 mMm. MNonyyeHHble akcnepu-
MeHTasbHble AaHHbIe NPeaCcTaBnsAnm cobol YETbIPEXMEPHDIA MacCKB, KOTOPbIA ONUCHIBAN 3aBUCUMOCTb [JIMHbI KaBEPHHI,
BO3HUKAIOLLEN 32 NPENATCTBUEM, M JABIIEHWE B HEM OT CKOPOCTY NOTOKA W Temnepartypbl. M3-3a cnoxHocT o6paboTku 1
BK3yaNbHOTO NPEACTABNEHNS JaHHbIA MACCWB 3KCIEPUMEHTAIbHBLIX AaHHbIX Obln pasbuT Ha [Ba TPEXMEPHbLIX MaccuBa.
AnnpokcMMaLms NOMyYEHHbIX JaHHbIX BbIMOMHSANACh METOAOM CITIaXMBAHMS NOKANbHO OLEHEHHON AuarpaMmbl paccevBa-
HUS. BbINOnHeHHast annpoKkcMMaLums ¢ UCMonb30BaHWEM METOAA JOKarbHOW NONMHOMUANBHOW perpeccun nokasana, uto
MOMEHT MepPEXoAa OT Napora3oBoii k NapoBOW KaBUTaLMW He 3aBUCUT OT rEOMETPUYECKUX pa3MepoB NpensTcTBus. Takke B
pesynerare 06paboTku aKCNePUMEHTaNbHbIX AaHHbIX Obiria NoMyyYeHa 3aBUCKMOCTb, COOTBETCTBYHOLLAs NPOLECCy nepexoaa
K MapoBoW kaBuTauuu. [pennoXeHo aMnmpuyeckoe ypaBHEHME, OMKCHLIBAKOLLEE TakoM nepexon. Takum obpasoM, MeToq
CTTIaXMBaHWS NIOKaINbHO OLEHEHHON AuarpamMmMbl paccenBaHus (NOKanbHOW NONIMHOMUANbLHOW PErpeccun) HarmsgHo noka-
3an B3aMMocCBA3b Mexay obpabaTbiBaeMbiMU faHHLIMK. [peanoXeHHoe aMNUPUYECKOE YpaBHEHME NO3BONSIET ONPeaenuTb
KPUTWMYECKYIO A/IMHY KaBEPHbI, COOTBETCTBYHOLLLYIO NEepexoay OT Napora3oBoii KaBUTaLMK K MApPOBOM, M MOXET ObITb UCTONb-
30BaHO NPU MPOEKTUPOBAHNUN W SKCMITyaTaLmm TEMIO3HEPreTUYECcKoro 060pyaoBaHuS.

Knroyeeble cnoea: KaBUTaLMOHHOE 0OOTEKaHWe, CyrnepKaBepHa, MaporasoBasi KaBUTALWS, PErPECCUOHHBIN aHamnms,
nokarnbHas nonnHoMmuansHas perpeccust (LOESS)
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CynepkaBuUTaLMOHHOTO 0OTeKaHUsl KOHyca METOAOM JTOKanbHOM nonMHoMuanbsHomn perpeccumn (LOESS) // iPolytech Journal.
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Processing of experimental results for super-cavitating flow
past cone by local polynomial regression (LOESS)

Denis A. Grishaev'™, Aleksandr Yu. Radzyuk?, Elena B. Istyagina®

3lrkutsk National Research Technical University, Irkutsk, Russia

Abstract. The aim of the study is to define the correlations describing the flow parameters during super-cavitating flow
past an obstacle, often found in various elements of thermal power systems and units, as well as to offer a simple and reliable
method for analysing experimental datasets for the flows in such systems. Full-scale modelling of cavitation processes was
carried out using a circulating hydrodynamic set-up. The process of super-cavitation flow past cones with base diameters of
15.45 and 21.75 mm and opening angles of 154° and 127°, respectively, in a working section having a diameter of 30 mm, was
investigated. The obtained experimental data comprises a four-dimensional array that describes the dependence of the cavity
length arising behind the obstacle and the pressure inside the cavity on the flow rate and temperature. Due to the complexity
of processing and visual representation, this array was divided into two three-dimensional arrays. The approximation of
the obtained data was carried out by locally estimated scatterplot smoothing (LOESS). The results demonstrated that the
transition from vapour—gas to vapour cavitation is independent of the geometric dimensions of the obstacle. In addition, the
dependence corresponding to the transition process to vapour cavitation was obtained by processing the experimental data.
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An empirical equation describing such a transition is proposed. Therefore, the method of smoothing a locally estimated scatter
plot (local polynomial regression) illustrates the correlation between the processed data. The proposed empirical equation
allows the critical length of the cavity to be determined that corresponds to the transition from vapour—gas to vapour cavitation
and can be used for the design and operation of thermal power equipment.
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BBEOEHUE

KaBWTaUMOHHbIE SBMEHWS MOrYT BO3HU-
KaTb MPWU OBWKEHUW >KMOKOCTU C  BOonbvmMu
CKOPOCTSIMM B Pa3MMYHbIX  TEXHOSOTMYECKNX
anemMeHTax 9HepreTndeckoro obopynoBaHuUs
(Hacocax, 3anopHOM W perynupytowen annapa-
Type). Paspywatowiee BO3AENCTBME KaBWUTaLMK
TpaanUMOHHO 0BBbACHAETCS BO3AENCTBUEM KYMY-
NATUBHOWN CTPYMKM, BO3HMKAIOLLEW NpKU Konnance
MapoBOro Ny3blpbKa, O4HAKO B peasibHbIX NOTOKaX,
MOMUMO MapOBOW KaBuTauum, MOXeT (hOPMUPO-
BaTbCA MNaporasoBas KaBWTauUMWs, NPOSIBNEHUE
KoTopon OydeT CyLEeCTBEHHO OTnMyaTbcA OT
napoBov KasuTauuu. B aToM CBA3M BaXHbIM
SBNSAETCS OnpefeneHve napameTpoB nepexoaa
OT Napora3oBov K NapoBOW KaBUTaLMW.

NonyyeHne uHopMaLum O TeX UMK WHbIX
usmyeckmx npoueccax U ABMAEHUSX 3a4acTyro
OMMPaeTCs Ha WX 3JKCNepuMeHTanbHoe W3yye-
HWe, B pesynbTaTe KOTOPOro uccregosaTeslb
MMEET psagd 3HaYeHUn (PUINYECKUX BESUYMH.
Pesynbtathl MOObIX M3MEPEHWIA MOABEPXKEHDI
HEKOTOPbLIM MOrpelwHOCTAM. AHanu3 nosyyeH-
HbIX Pe3ynsTaToB U MOrpeLHoCTEN N3MepPeHUi
SBMSAETCH CYLLECTBEHHOW YacTbio M06oro Hayy-
HOrO  9KCMEpWMeHTa, MO3TOMy  BRajeHue
meTogamm  06paboTkM  SKCMEepUMEHTanbHbIX
[aHHbIX SBNSETCS HEOoTbemnemon paboTton
uccneqoBaTens-aKkcnepuMeHTarTopa.

MeTtogbl  06paboTkum  3KcnepuMeHTanb-
HOM WHJOpPMaUMN 3aBUCAT OT TOro, KakoBa
mMoZenb, ANS YTOYHEHUS KOTOpOW MpoBOAUTCS
akcnepumeHt. dakTnyeckn obpaboTka 3kcne-
PUMEHTaNbHBIX AaHHbIX — 3TO Npeobpa3oBaHue
WHGopMaumn K Bugy, yoobHomy ans vucnonb-
30BaHMS W aHanu3a, MOCTPOEHWE 3aKOHOB
pacnpegeneHns CnyyYaHbIX BENWYUH, YyCTa-
HOBMEHWE 3aBUCUMOCTU MeEXAY MONyYeHHbIMU
BENUYNHAMM.

[Npu paccMoTpeHuUn pesynbTaTtoB OTAENbHbIX
9KCNEPUMEHTOB OblBaeT TPYAHO OBHAPYXWUTb
Kakue-nubo 3akoHomepHocTW. OpHako ecnu
paccMOTpeTb MocneaoBaTenbHOCTb HOMbLWOro
yucrna 9IKCMNEepUMEHTOB, MOXHO OBHapYXWUTb
onpefeneHHble 3aKOHOMEPHOCTU B YCTOMYMBO-
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CTV CPEeHMX PesyrbTaToB.
LENb NCCNEQOBAHUA

Llenbto paboTbl SBNAETCS SKCNEPUMEHTaslb-
HOe onpeferieHMe napameTpoB nepexoda OT
napora3oBoOi K NapoBOW KaBuUTaUWu Mpu cynep-
KaBWTALUMOHHOM OOTeKkaHUM npPensaTcTBus U
BbIYUCIIEHNE  AMMUPUYECKUX KO3 PULIMEHTOB
ypaBHEHWs, onpeaensioLLEero Takon nepexos.

MATEPUAN U METOAbl MCCIIEJOBAHUA

Mpn wuccnegoBaHnM 0OTEKAHWUS  KOHWUYe-
CKMX TEN C pasfnnyYHbIM YriioM packpbITUa Obinwu
nonyyeHbl AaHHble, 00beaMHSIOLME CKOPOCTb,
Temneparypy noTOKa, AaBfEeHWe B KaBUTALMOH-
HOW KaBEPHE W ee ONNHY.

MonyyeHHble B pesynbrate  ucche-
[0BaHWs 3KcnepuMeHTanbHble [aHHble
ABNATCA CO3aBUCUMbIMK M hakTUYeCKN obpa-
30T YeTbIpeXMEPHBI MaccuB. 3-3a CnoxHOCTU
rpachn4eckoro npeacTaBneHust AaHHbIA MaccuB
ObIn pa3buT Ha ABe cocTaBnstowme. MNocTpoeHbl
cregytoLLme 3aBnUCMMOCTM:

1) naBneHne B KaBWUTALMOHHOW KaBepHe OT
CKOpPOCTW NOTOKA ¥ TEMNepaTypsl;

2) AN1Ha KaBepHbI OT TEX XKe NapaMeTpoB.

Ho n npu Takom npegctasneHun GonbLioe
KONMMYECTBO MOSMYYEHHbIX SKCMEPUMEHTaNbHbIX
3HaYEHWN 3aTpyOHSET aHanM3 MPOUCXOAALLMX
npoueccos. B ¢BA3n ¢ 3TM BO3HMKAET HEOOXO-
AMMOCTb UX NpeaBapuTensHon 06paboTku.

[ns HarnsgHoro npeacTaBneHns B3auMocBs-
3eli B 9KCNepUMEHTarnbHbIX AaHHbIX XenaTenbHo
nopobpatb Takyl annpoKCUMMPYIOLLYIO NOBEPX-
HOCTb, KOTOpasi OKaxeTcsi Haumbonee 6nuska K
MMEIOLLMMCS TOYKaM B 3ajaHHOM Avana3oHe.

CywectByeT MHOro cnocobos 06paboTku
[aHHBIX W CMNaXWBaHWSA WX MOBEPXHOCTEMN.
Hanpumep, B pabote [1] onucaH aBToMaTtu4e-
CKM METOZ NOCTPOEHMS rNadKunx NOBEPXHOCTEN,
onpeaensieMblX Kak CeTb KPUBOSIMHEWHbIX Tpe-
YronbHbIX Y4acTKOB (TpeyronbHukoB besbe).
B pabote [2] noka3aHO, YTO 3KCMEpPUMEHTalb-
Hble AaHHble C pa3bpocoM MOXHO CrnaguTb
npu NOMOLM pagmanbHon 6asMcHON (YHKLMK.
MpumeHseTCs Takke W30reoMEeTPUYECKUIA aHa-
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nu3 [3] n MHorne apyrve MeTofbl. Kaxabii metosq
MMeeT CBOWM AOCTOMHCTBA U HeJoCTaTKK, Npume-
HSETCA B pasnnyHbiX 06nactsax nccnegoBaHms.
Ons 06paboTkn MOMyYEHHbIX SKCMEPUMEH-
TalnbHbIX AaHHbIX OblM  MCNONb30BaH METON
LOESS (ot aHrn. Local Estimated Scatterplot
Smoothing — crnaxwuBaHue nokanbHO OLEHEH-
HOW amarpammbl paccenBanusi) [4—6]. [daHHbIN
anroputm sBnseTca 0606LeHneM M3BECTHbBIX
cnocoboB 06paboTKM AaHHbLIX —MeTo4a HAaUMEHb-
wmx kBagpatoB (MHK), MHCTpymMeHTOM KOTOpOro
ABNSIETCH PerpeccmMoHHbIn aHanus. oea metoga
3aknoyaetcs B TOM, 4T0Bbl Crnaaute psa AaH-
HblX HE BO BCEM [Auana3oHe, a B KOHKPETHOM
MecTe, KOTOpblii 3agaeT wccnegosatenb. [ns
aTOro BbIGMPAETCA NPOU3BONbLHAA TOYKa B Mac-
CVYBE [aHHblX, ONpPefenseTca paccTosHue OoT
BblIBpaHHOW TOYKM IO COCEAHUX TOYEK, NOMNaBLLNX
B uHTepBan. dopmmpyeTca OkHO Ans paboTbl €
MaccuBOM, ero pasmep 3aBWUCWUT OT NapameTpa
CrNaxvBaHWs, KOTOPbIN BXOAMT B hopmyny (1).

r=|g-NJ. (1)
A€ r — HaTyparbHOe 4WCMo, Ornpeaensioliee
WHTepBan Ans crnaxusaHus; || obosHauaeT

OKPYrMeHne 4ucna [o Lenoro no npasunam
matematuku; N — uncno Touek B BLIOOPKE, LUT.;
£ — 6e3pa3mepHbin KO3DULUMEHT crnaxmea-
HUsA, € (0;7] 1 3a4aeTcsa uccrieaoBartenem.
COOTBETCTBEHHO, pa3Mep OKHa CUMbHO
3aBMCUT OT KO3(hmUMEHTa CrnaxuBaHus. Yem
Gonblue TOYeK nonagaeT B OKHO, TeM Iydlie
ByOeT NponCXoauTb CriaxmnsaHue psaa gaHHbIX.
[lanee ons To4eK, NonaBLLMX B OKHO, HE0OX0AMMO
3agatb Beca Mno npuHUMny: Yyem Bnvxe Touka K
LeHTpanbHON, TeM BosbLie ee BEC U TEM CUSb-
Hee oHa OydeT yunTbIBaTbCS NPU CriaXuBaHum.
LleHTpanbHas TO4YKa, OT KOTOPOW Ha4MHaeTCs
OKHO, Beca He umeeT. [1ns OLEHKM Beca TOUKN U
CrraXmBaHusl NOMYYEHHbIX 3KCNEPUMEHTaNbHbIX
[aHHbIX 1cnonb3oBanack Tpukybuyeckas qyHk-
ums [4]:

3
(1-|z|3) |2 <1

02> 1

(2)

Wmpuky6 (2)=
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roe w(z) — yHKUMS BECa; Z — 3TO NEPEMEHHAs
PaCCTOSIHUSA, XapakTepuayloLllas yaaneHHoOCTb
HabNIOAEHNI OT LEeHTpanbHoW Toukn. B camoii
LeHTpanbHon Touke = 0.

MeTog LOESS ctaHoBWTCA nonynsipHbIM Ans
crnaxwueaHus aaHHbix [7]. OH xopollo onucaH
B MoHorpadmsix [8, 9]. OBblMHO meTOn npume-
HAIOT ANS CrNaXuBaHWUs [OBYMEPHbIX AaHHbIX,
Hanpumep B COLManbHO-3KOHOMUYECKOM MpPO-
rHO3MpoBaHuu. o MHeHWo aBTopa pabotsl [10],
[aHHbIA METOA, MOXHO MPUMEHWUTb K MHOrOMep-
HbIM AaHHbIM. [ofNyYeHHbIe 3KCNepUMEHTanbHbIE
[laHHble Kak pa3 ABNSATCS TakKUMM.

HocTonHcTBa ncnonb3oBaHus LOESS*:

1) [ocTaToMHO YKasaTb [Ba napameTpa:
cTeneHb NoMNHOMa W NapameTp CriaXuBaHus;

2) mbkoCTb, U3-3a 4YEro MOXHO MOZENU-
poBaTb CIIOXHble NPOLECCHl, AN KOTOPbIX He
CyLLeCTBYeT TEOPETUYECKUX MOESNEN.

HepoctaTtkm metoga LOESS*:

1) Ana co3faHus KavyeCTBEHHbIX MoJenew
TpebyeTcsa 6onbLLOe KONUYECTBO AAHHBIX C XOPO-
Luen BblIbopkoM;

2) HET PErpeccuOHHON QyHKLMK;

3) TpebyeT 3HaUNTENbHbIX BbIYUCIUTESBHBIX
pecypcoB. B Takom cnyyae Heobxoammo pa3pabo-
TaTbnporpammy ansa 3BM[11]. Uccnegosatensmu
npeanpyHUMAatoTCS NOMbITKA CHU3WUTb 3aTpaThl Ha
BblUMCNEHUS, Hanpumep, B paboTe [12].

CyLuecTBYIOT U pyrve meTtofbl Criaxuea-
HUS NOBEPXHOCTEN. Hanpumep, MeTof, CMEXHOro
ycpeaHenus (adjacent-averaging), mMeguaHHOro
ycpeaHeHus (adjacent-Median), oTpuuatensHon
3KCMOHeHThl (negative exponential), 6ukeagpa-
TWYHOrO B3BelLMBaHKA (Bisquare weighting) u
3aKkoHa obpaTtHbIXx kBagpaTtoB (inverse-square
law)5¢. OpHako aKcnepuMeHTasbHble [daHHble
Obinn obpaboTaHbl nMeHHO meTogom LOESS c
TPUKyOUYeCcKon BeCOBOW (DYHKLMEN B KayecTBe
A4pa, Tak Kak, Mo MHEHUIO aBTOPOB JaHHON CTa-
TbW, [OOCTOMHCTBA 3TOr0 MeToAa MO3BONSOT
nonyuntb Hambonee KayeCTBEHHbIE anmnpok-
cumupyoLmne nosepxHocT. K Tomy xe metoa
NMPUMEHEH ANS pe3ynbTaToB (OM3NYECKOro 3KC-
NEpPVMEHTa, YTO He BCTPEYaETCA B MMEIOLLENCS
nuTeparype.

44.1.4.4. LOESS (aka LOWESS). National institute of standards and technology [3nekTpoHHbI pecypc].

URL: https://www.itl.nist.gov/div898/handbook/pmd/section1/pmd144.htm (18.07.2022).

53D Smoother - File Exchange — OriginLab. OriginLab — Origin and OriginPro — Data Analysis and Graphing Software
[GnekTpoHHbIf pecypc]. URL: https://www.originlab.com/fileExchange/details.aspx?fid=415 (18.07.2022).

®Help Online — Origin help — Algorithms (Smooth). OriginLab — Origin and OriginPro — Data Analysis and Graphing Software.

[AnekTpoHHbIi pecypc]. URL: https://www.originlab.com/doc/Origin-Help/Smooth-Algorithm (23.07.2022).
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Puc. 1. 3asucumocms 0aenieHus 8 kagepHe om memmnepamypbl U CKOpoCcMu:
a — KoHyc 15,45 mm; b — koHyc 21,75 MM
Fig. 1. Cavern pressure vs temperature and flow velocity:
a- 15.45 mm nozzle; b - 21.75 mm nozzle
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PE3YIbTATbl UCCNEOQOBAHUA
U UX OBPABOTKA

[ns BO3HUKHOBEHUS KaBuTaUuM Heobxo-
OMMO NafeHve OaBfEHUS HUXEe onpenesieHHoM
KPUTUYECKON BEMUYMHBI, TaKXe Ha3blBaeMoWn
KaBUTALMOHHON MNPOYHOCTBLIO KMAKOCTU. JTOT
a(ppekT MOXHO co3aaTtb, MOMECTUMB Ha MyTu
NOTOKa >XMAKOCTWM MPEensTcTBME, Hanmpumep, B
BUOE KOHYCa C pasfiMyHbiM YoM PacKpbITUS.
OyeBnaHO, YTO MaKCUMarnbHOe 3HayeHue 3TOro
KPUTUYECKOro AaBneHns ByaeT paBHO AaBMNEHNIO
HaCbILEHHbIX MapoB XWAKOCTW Npu Temnepa-
Type NoToka, OQHAKO Takoe yTeepxaeHve byaet
CrpaBeasIMBO TOMbKO AN NOMHOCTLIO Aera3upo-
BAHHOW XXMOKOCTU U NNLLEHHON SAEP KaBUTaLMW.
B peanbHbIX npoueccax Takow criydan novtu He
BCTpEYaeTcs, B 3TOW CBA3N aKTyanbHbIM SBNS-
eTcsa onpepesieHne napameTpoB BO3HUKHOBEHUS
KaBUTaLWW B XWOKOCTW, CodepXaLlen npuMmech,
pacTBOPEHHbIE rasbl M CBOBOAHbIE Ny3blpbku1 rasa
B noToke. Takxe HeobXoaAMMOCTb pa3feneHus
napameTpoB MapoBOM 1 NaporasoBon KaBUTaLmm
BO3HMKAET B Cflyyae MNPUMEHEHUSI KaBUTaLWu
B MaporeHepaTopax M KoHAeHcaTopax napa, B
CynepKaBUTALIMOHHbIX UCNApUTENSIX.

Mpn ob6TekaHMn KkoHyca OblM  NOSYyYEHbI
criefylolme KnveBble napameTpbl:  Temne-
paTypa, OaBrfeHue B KaBMTALMOHHON KaBepHe,
ANVHA KaBepHbl M CKOPOCTb MOTOKA. [laHHble
ObInNK CHATBI NPV NPOBEAEHNMN SKCMNEPUMEHTOB Ha
rmapoavHaMUYecKoM CTeHae, NPeacTaBnsAoLMM
13 cebsl 3aMKHYThbI LIMPKYNALMOHHBIA KOHTYP.

OnucaHne KOHCTPYKUMWM NpeacTaBneHo B
pabotax [13-15]. CTeHp sBNsieTCA B HEKOTOPOM
poAe Mopesnblo NPOMbIWMEHHOrO 06bekTa, Ha
KOTOPOM MOXHO 3KCMEPUMEHTAsIbHO YCTAHOBUTb,
kak CKOPOCTb NOTOKa B TPy6ONpoBOAE BNUSIET HA
WHTEHCUBHOCTb BO3HUKHOBEHUS KaBUTaLMMW.

Pesynbratel 06paboTKM NOMyYEHHbIX 3KC-
nepuMeHTanbHblX [aHHbIX MeTogom LOESS
npeacTaBneHbl Ha puc. 1, 2.

OBCYXOEHUE NMONYYEHHbIX PE3YIILTATOB
MNMommmo 06paboTkM [fOaHHbIX NO  MmeTody

LOESS, 6binv onpegeneHsl napameTpbl nepe-

Xofa OT NaporasoBomn KaBuUTaLmmM K NapoBOM.

Ha puc. 1 HaHeceHa KpuBas HacblLLEHUS
BOASIHOrO napa B BuAe nnockocTtu. MNepeceyermne
annpOKCMMMPYOLLLE NOBEPXHOCTM C NIIOCKOCTbLIO
KPMBOW HACbILEHUs NOKasbiBaeT napumasb-
HOEe [aBfieHWe BOASAHOrO napa, Npu KOTOPOM
N3 IKCMEPUMEHTANIBHOrO CTeHAa MOMHOCTLIO
ydansietcs BO34yX, a KaBWTauusi CTaHOBUTCA
NCKNYNTENBHO napoBov. MecTo nepeceyeHus
0603Ha4YeHO KpacHOM NHKEN, KOTopasi COOTBET-
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CTBYET 3KCMEPUMEHTANbHbIM Toukam. Obnactb
neBee KpacHOW NHUM 03HAYaeT, YTO KaBUTaLMS
elle ABNSETCS NaporasoBov U B HEW JaBneHue
BOASHOrO napa npeBbllaeT [aBfieHWe Hacbl-
WEeHN Ha BENWYMHY napumanbHOro AaBreHus
Bo3gyxa. O6nacTe npaBee KpacHOW JMHWK
MoKa3blBaeT, YTO KaBWUTaLMS YXe MOSHOCTbIO
napoBas. YacTb annpoKCMMUPYIOLLLEN NOBEPXHO-
CTW, Haxo4sLeNcs 3a KPUBOW HaCbILWEHWS, Kak
pa3 OTHOCUTCS K TaKoW.

MOXHO 3aMeTUTb CreayHLLyto OCOBEHHOCTD:
YeM Bbllle CKOPOCTb MOTOKa, TeM npu bonee
HU3KOW TemnepaType HayuMHaeTca nepexon OT
rasoBOW KaBMTaLMK K NapOBOWA.

[JaHnHble, npuBegeHHble Ha puc. 1, No3BoNSAT
onpeaenuTb CKOPOCTb U TemnepaTypy, Npu KOTo-
PbIX AaBfeHWe CTaHOBUTCH paBHbIM [ABIIEHMIO
HaCbILLEHHOro napa npu TOW WKW WHOW Temne-
patype. [lo onpefeneHHbIM Takum MeTOLOM
TemnepaTtype M CKOPOCTU BblOpaHbl COOTBET-
CTBYIOLME UM OSIMHBI KaBEPHbI U NpeaCcTaBieHbl
B BMJe KpacHOW NIUHWMM Ha puUC. 2, KoTopas pakTu-
Yecku npeacTaBnseT cobon NHMI nepexoda Ha
puc. 1 B 4pyron npoekumm.

PesynbtaThl Hawwux 3KCNEPUMEHTOB COMO-
CTaBMMbl C npedblgywmmm pabotamn [13-16]
W pesynsTatamMmum YUCNEHHOrO MOAENUPOBAHUSA
KaBUTaLMWU NPU UCTEYEHUN KXUOKOCTU M3 KOHyCa
MpM  pasfuuHbIX  cKopocTax — notoka  [17].
CpaBHuBas nony4YeHHble pesynsTrathl ¢ paboTon
[18], B kOTOpOW @aBTOPLI MPOBOAWMN TPEXMEPHOE
YMCMEHHOE WCCMedoBaHWe  HecTauMOHapHbIX
TYPOYNEeHTHbIX KaBUTALMOHHBIX TEYEHUA BOKPYT
KPYrforo Aucka W KOHYCHOrO KaBuTatopa, W
pabotamu [19, 20], B KOTOPbIX aBTOPbI JKCNEepu-
MeHTaNnbHO uccnegoBany rmapoanHaMUYECKyHo
KaBUTaUMIO B MUKpOKaHanax, MOXHO caenatb
BbIBOA, YTO pesynbraTtbl onpeaeneHns AnuHb
KaBepHbl Mpy Tex Xe AuaMeTpax MpensTcTBus
ABNAOTCA CONOCTaBUMbIMM.

Mo NONyYeHHbIM KPMBBIM AN ABYX KOHY-
COB pasHblX pa3MepoB MOXHO BbIBECTU
ypaBHEHWE MIOCKOCTW, MPOXOAsLLen Yepes 3Tu
TOYKN. KoahbpunumeHTbl, BXOASLLME B YypaBHEHNE,
OKa3blBAKTCA [OCTATOMHO O6IM3KMMKM, NOITOMY
nepexoq OT ra30BOW K NapoBOW KaBUTaLMN MOXHO
onucatb OOHUM 3MMMPUYECKMM YpaBHeHueM. B
pesynbrate BbIYUCMEHUA MOMYYEHO YpaBHEHUE
cnegytolero suaa:

Lyp =0,0370+0,0033t-0,49,  (5)

rae L, — KpuTndeckasi AnMHa kaBepHbl, COOTBET-
CTBYIOLLLAs Nepexoay OT MaporasoBon K NapoBOM
KaBUTaLMK, M; W — CKOPOCTb NOTOKa B OCHOBaHUM
CynepkaBepHbl, M/c; — TemnepaTtypa notoka, °C.
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Puc. 2. 3agucumocmb OnuHbl KagepHbI OM memriepamypbl U CKOPOCMU.
KpacHast nuHusi — napamempsi nepexoda om napoza3oeoli (6HU3Y) k napoeoli (eeepxy)
Kkasumauuu: a — KoHyc 15,45 mm; b — koHyc 21,75 Mm
Fig. 2. Cavern length vs temperature and flow velocity.
The red line stands for the parameters of the conversion from steam-gas (area below the red line) to steam
(area above the red line) cavitation: a — 15.45 mm nozzle; b — 21.75 mm nozzle
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lMapameTpbl, BxoAaswme B ypaBHEHWE (5),
SBMNSAOTCA KOOPAMHATAMM TOYEK B NPOCTPAHCTBE:
CKOPOCTb (W COOTBETCTBYET KoopAuHaTe X, TeM-
nepatypa t— KoopamHaTte y v Kputudeckas AnnHa
KaBepHbI L, — koopauHate z.

lNpegnaraemoe ypaBHEHWE XOPOLLO anmpok-
CUMUPYET  SKCMEpPUMEHTalbHble  [aHHble B
3a[jaHHOM [uManasoHe, paccydTaHHas no Hemy
KpuTUyeckass ANWMHa KaBepHbl nonagaeT Ha
KPMBYIO nepexoda OT naporasoBon K MapoBOM
kaBuTauuu. 3a npefenamu ananasoHa akcnepu-
MEeHTanbHbIX JaHHbIX 3KCTPaNonauus 3Ha4YeHun
He NpoBOAMach, HEOOXOAUMO NPOBOANTL Aarb-
HeMwme aKcnepumeHTbl B obnactu nepexoaa
OT NaporasoBOM KaBuTaUMW K MapoBOW ANs
YTOYHEHUS  OMNUPUYECKUX  KOIDDULMEHTOB.

3AKINKOYEHUE

Mcnonb3oBaHne [Ans  CrnaxvBaHWs Mac-
CMBa 3KCMEPUMEHTANbHBIX AaHHbLIX JTOKanbHOW
perpeccun LOESS nossonsieT ycTaHOBUTL B3au-

ISSN 2782-6341 (online)

MOCBSI3b MEXAY YETbIPbMS 3aBUCUMbIMU MEXAY
coborn napameTpamm: CKOPOCTbIO MOTOKA, TeMne-
paTypon, AaBneHneM B KaBUTALMOHHON KaBepHe
M ee OJIMHOW, YTO MO3BOMSET KONMUYECTBEHHO
M KayeCTBEHHO aHanu3uMpoBaTb W3y4aemoe
SIBMEHWE, ONMNPasiCb Ha YCTAHOBMEHHbIE AMNUPU-
Yyeckme 3aBUCUMOCTU MeXIy BapbupyHLLMMUCS
XapakTepucTnkamum.

Ha ocHoBe conocTaBneHuss U3MepeHHoro B
KaBepHe [daBreHus C AaBIEHWEM HaCbILLEHHbIX
napoB BOAbl NpU TOW Xe Temnepatype onpe-
[eneHbl napaMeTpbl NaporasoBod W NapoBOW
KaBWTauWW;, caenaH BblBOA O TOM, YTO MOMEHT
nepexoa OT Napora3oBo KaBuTaLMK K NapoBOM
HE 3aBUCUT OT reoMeTpumn obTeKaeMoro npensT-
CTBWSI; HA OCHOBE aHanu3a aKcnepuMeHTanbHbIX
[aHHbIX MOSlyYEeHO JMMNUPUYECKOE YpaBHEHWE,
no3BonstLLee onpeaenuTb KpUTUYECKYH OSIMHY
KaBepHbl, COOTBETCTBYIOLLYIO Nepexoay OT napo-
rasoBOW K NapoBOW KaBUTaLMW.

Cnucok ucmo4yHukoe

1. Kaick O.M., Silva M.V.G., Schwartz W.R., Pedrini H. Fitting smooth surfaces to scattered 3D data using piece-
wise quadratic approximation // Proceedings. International Conference on Image Processing. 2002. Vol. 1. P. 493-496.
https://doi.org/10.1109/ICIP.2002.1038068.

2. Carr J.C., Beatson R.K., McCalum B.C., Fright W.R., McLennan T.J., Mitchel T.J. Smooth surface reconstruction from noisy
range data // Proceedings of the 1st international conference on Computer graphics and interactive techniques in Australasia
and South East Asia. 2003. P. 119-127. https://doi.org/10.1145/604471.604495.

3. Cottrell J.A., Hughes T.J.R., Bazilevs Y. Isogeometric analysis: toward Integration of CAD and FEA. John Wiley & Sons;
2009. 335 p.

4. Cleveland W.S. Robust locally weighted regression and smoothing scatterplots // Journal of the American Statistical Asso-
ciation. 1979. Vol. 74. Iss. 368. P. 829-836. https://doi.org/10.1080/01621459.1979.10481038.

5. Irizarry R.A. Local regression with meaningful parameters // The American Statistician. 2001. Vol. 55. Iss. 1. P. 72-79
https://doi.org/10.1198/000313001300339969.

6. Cleveland W.S, Grosse E. Computational methods for local regression // Stat Comput. 1991. Vol. 1. P. 47-62. https://doi.
org/10.1007/BF01890836.

7. Jacoby W.G. Loess: a nonparametric, graphical tool for depicting relationships between variables. Electoral Studies.
2000;19(4):577-613. https://doi.org/10.1016/S0261-3794(99)00028-1.

8. Loader C.R. Local regression and likelihood. New York: Springer, 1999. 290 p.

9. Chambers J.M., Hastie T.J. Statistical Models in S. New York, 1992. 624 p.

10. Jacoby W.G. Loess: a nonparametric, graphical tool for depicting relationships between variables. Electoral Studies.
2000;19(4):577-613. https://doi.org/10.1016/S0261-3794(99)00028-1.

11. Cleveland W.S. lowess: a program for smoothing scatterplots by robust locally weighted regression // The American Stat-
istician. 1981. Vol. 35. Iss. 1. P. 54-55. https://doi.org/10.2307/2683591.

12. Talgorn B., Audet C., Digabel S., Kokkolaras M. Locally weighted regression models for surrogate-assisted design optimi-
zation // Optimization and Engineering. 2018. Vol. 19. Iss. 1. P. 213-238. https://doi.org/10.1007/s11081-017-9370-5.

13. Kulagin V.A.,, Radzyuk A.U., Istyagina E.B., Pianykh T.A. Experimental stand for the study of cavitation
flow regimes // Materials Science and Engineering: IOP Conference Series. 2018. Vol. 450. Iss. 3. P. 032023.
https://doi.org/10.1088/1757-899X/450/3/032023.

14. Radzyuk A.Yu., Kulagin V.A., Istyagina E.B., Pianykh T.A., Grishina I.I. The determination of the dependence of the cavern
length on the flow velocity on an experimental hydrodynamic workbench // Journal of Physics: Conference Series. 2019. Vol.
1399. Iss. 2. P. 022050. https://doi.org/10.1088/1742-6596/1399/2/022050.

15. Pag3tok A.KO., KynaruH B.A., AcTtarvHa E.B., MNbsHbix T.A. MogepHM3aums kaBUTaLMOHHOIO CTeHaa Ans UCCneaoBaHns
ABYyXha3HbIX pexumoB TeveHns // XKypHan Cubupckoro degepansHoro yHusepeuteta. Cepus: TexHuka n TexHonoruu. 2019.
T.12. Ne 4. C. 468—475. https://doi.org/10.17516/1999-494X-0155.

16. Radzyuk A.Yu., Istyagina E.B., Kulagina L.V., Li Feng-Chen, Pjanykh T.A., Grishaev D.A, et al. Determining properties of a
flow-through supercavitation desalination plant / Journal of Siberian Federal University. Engineering and Technologies. 2023.

524 https://ipolitech.ru



https://doi.org/10.1109/ICIP.2002.1038068
https://doi.org/10.1145/604471.604495
https://doi.org/10.1080/01621459.1979.10481038
https://doi.org/10.1198/000313001300339969
https://doi.org/10.1007/BF01890836
https://doi.org/10.1007/BF01890836
https://doi.org/10.1016/S0261
https://doi.org/10.1016/S0261
https://doi.org/10.2307/2683591
https://doi.org/10.1007/s11081
https://doi.org/10.1088/1757-899X/450/3/032023
A.Yu
https://doi.org/10.1088/1742-6596/1399/2/022050
https://doi.org/10.17516/1999
A.Yu

Mpuwaes [.A., Paodstok A.F0., UIcmsizuHa E.B. Obpabomka sKkcnepumMeHmarnbHbIX pe3ynibmamos cyrnepkasumayuoHHOZO. .

Grishaev D.A., Radzyuk A.Yu., Istyagina E.B. Processing of experimental results of supercavitational flow around a nozzle

Vol. 16. Iss. 1. P. 6-21. EDN GSDAGT.

17. Radzyuk A.Yu., Kulagin V.A., Istyagina E.B., Pjanykh T.A., Kolosov M.V. Numerical simulation of supercavitation in the
constrained flow // Earth and Environmental Science: |OP Conference Series. 2019. Vol. 315. Iss. 3. P. 032027. https://doi.
org/10.1088/1755-1315/315/3/032027.

18. Fard M.B., Nikseresht A.H. Numerical simulation of unsteady 3D cavitating flows over axisymmetric cavitators // Scientia
Iranica. 2012. Vol. 19. Iss. 5. P. 1258-1264. https://doi.org/10.1016/j.scient.2012.07.013.

19. Lobasov A.S., Skripkin S.G., Tsoi M.A., Kravtsova A.Y. Investigation of the cavitation processes behind a cylinder located
in a microchannel in a wide range of Reynolds numbers // Case Studies in Thermal Engineering. 2022. Vol. 38. P. 102306.
https://doi.org/10.1016/j.csite.2022.102306.

20. Ghorbani M., Sadaghiani A.K., Yidiz M., Kosar A. Experimental and numerical investigations on spray structure under the
effect of cavitation phenomenon in a microchannel // Journal of Mechanical Science and Technology. 2017. Vol. 31. Iss. 1. P.
235-247. https://doi.org/10.1007/s12206-016-1226-y.

References

1. Kaick O.M., Silva M.V.G., Schwartz W.R., Pedrini H. Fitting smooth surfaces to scattered 3D data using piecewise
quadratic approximation. In: Proceedings. International Conference on Image Processing. 2002;1:493-496.
https://doi.org/10.1109/ICIP.2002.1038068.

2. Carr J.C., Beatson R.K., McCalum B.C., Fright W.R., McLennan T.J., Mitchel T.J. Smooth surface reconstruction from
noisy range data. In: Proceedings of the 1st international conference on Computer graphics and interactive techniques in
Australasia and South East Asia. 2003;119-127. https://doi.org/10.1145/604471.604495.

3. Cottrell J.A., Hughes T.J.R., Bazilevs Y. Isogeometric analysis: toward Integration of CAD and FEA. John Wiley & Sons;
2009. 335 p.

4. Cleveland W.S. Robust locally weighted regression and smoothing scatterplots. Journal of the American Statistical
Association. 1979;74(368):829-836. https://doi.org/10.1080/01621459.1979.10481038.

5. Irizarry R.A. Local regression with meaningful parameters. The American Statistician. 2001;55(1):72-79. https://doi.org
/10.1198/000313001300339969.

6. Cleveland W.S, Grosse E. Computational methods for local regression. Stat Comput. 1991;1:47-62. https://doi.
org/10.1007/BF01890836.

7. Jacoby W.G. Loess: a nonparametric, graphical tool for depicting relationships between variables. Electoral Studies.
2000;19(4):577-613. https://doi.org/10.1016/S0261-3794(99)00028-1.

8. Loader C.R. Local regression and likelihood. New York: Springer; 1999, 290 p.

9. Chambers J.M., Hastie T.J. Statistical models in S. New York; 1992, 624 p.

10. Jacoby W.G. Loess: a nonparametric, graphical tool for depicting relationships between variables. Electoral Studies.
2000;19(4):577-613. https://doi.org/10.1016/S0261-3794(99)00028-1.

11. Cleveland W.S. lowess: a program for smoothing scatterplots by robust locally weighted regression. The American
Statistician. 1981;35(1):54-55. https://doi.org/10.2307/2683591.

12. Talgorn B., Audet C., Digabel S., Kokkolaras M. Locally weighted regression models for surrogate-assisted design
optimization. Optimization and Engineering. 2018;19(1):213-238. https://doi.org/10.1007/s11081-017-9370-5.

13. Kulagin V.A., Radzyuk A.U., Istyagina E.B., Pianykh T.A. Experimental stand for the study of cavitation flow regimes.
In: Materials Science and Engineering: IOP Conference Series. 2018;450(3):032023. https://doi.org/10.1088/1757-
899X/450/3/032023.

14. Radzyuk A.Yu., Kulagin V.A., Istyagina E.B., Pianykh T.A., Grishina |.I. The determination of the dependence of the
cavern length on the flow velocity on an experimental hydrodynamic workbench. Journal of Physics: Conference Series.
2019;1399(2):022050. https://doi.org/10.1088/1742-6596/1399/2/022050.

15. Radzyuk A.Yu., Kulagin V.A., Istyagina E.B., P&apos;yanyh T.A. Modernization of the cavitation stand for the
investigation of two-phase flow regimes. Zhurnal Sibirskogo federal&apos;nogo universiteta. Seriya: Tekhnika i tekhnologii
= Journal of Siberian Federal University. Engineering & Technologies. 2019;12(4):468-475. (In Russ.).
https://doi.org/10.17516/1999-494X-0155.

16. Radzyuk A.Yu., Istyagina E.B., Kulagina L.V., Li Feng-Chen, Pjanykh T.A., Grishaev D.A, et al. Determining properties
of a flow-through supercavitation desalination plant. Journal of Siberian Federal University. Engineering and Technologies.
2023;16(1):6-21. EDN GSDAGT.

17. Radzyuk A.Yu., Kulagin V.A., Istyagina E.B., Pjanykh T.A., Kolosov M.V. Numerical simulation of supercavitation in
the constrained flow. In: Earth and Environmental Science: IOP Conference Series. 2019;315(3):032027. https://doi.
org/10.1088/1755-1315/315/3/032027.

18. Fard M.B., Nikseresht A.H. Numerical simulation of unsteady 3D cavitating flows over axisymmetric cavitators.
Scientia Iranica. 2012;19(5):1258-1264. https://doi.org/10.1016/j.scient.2012.07.013.

19. Lobasov A.S., Skripkin S.G., Tsoi M.A., Kravtsova A.Y. Investigation of the cavitation processes behind a cylinder
located in a microchannel in a wide range of Reynolds numbers. Case Studies in Thermal Engineering. 2022;38:102306.
https://doi.org/10.1016/j.csite.2022.102306.

20. Ghorbani M., Sadaghiani A.K., Yidiz M., Kogar A. Experimental and numerical investigations on spray structure under
the effect of cavitation phenomenon in a microchannel. Journal of Mechanical Science and Technology. 2017;31(1):235-

247. https://doi.org/10.1007/s12206-016-1226-y.

https://ipolitech.ru 525


A.Yu
https://doi.org/10.1088/1755-1315/315/3/032027
https://doi.org/10.1088/1755-1315/315/3/032027
https://doi.org/10.1016/j.scient.2012.07.013
https://doi.org/10.1016/j.csite.2022.102306
https://doi.org/10.1007/s12206
https://doi.org/10.1109/ICIP.2002.1038068
https://doi.org/10.1145/604471.604495
https://doi.org/10.1080/01621459.1979.10481038
https://doi.org/10.1198/000313001300339969
https://doi.org/10.1198/000313001300339969
https://doi.org/10.1007/BF01890836
https://doi.org/10.1007/BF01890836
https://doi.org/10.1016/S0261
https://doi.org/10.1016/S0261
https://doi.org/10.2307/2683591
https://doi.org/10.1007/s11081
https://doi.org/10.1088/1757-899X/450/3/032023
https://doi.org/10.1088/1757-899X/450/3/032023
A.Yu
https://doi.org/10.1088/1742-6596/1399/2/022050
A.Yu
https://doi.org/10.17516/1999
A.Yu
A.Yu
https://doi.org/10.1088/1755-1315/315/3/032027
https://doi.org/10.1088/1755-1315/315/3/032027
https://doi.org/10.1016/j.scient.2012.07.013
https://doi.org/10.1016/j.csite.2022.102306
https://doi.org/10.1007/s12206

2023. T. 27. Ne 3. C. 518-526

ISSN 2782-4004 (print)

2023;27(3):518-526

MHOOPMALIMA OB ABTOPAX

Mpuwaes [leHuc AHgpeeBuy,

acnupaHT,

Cwubupckuii dhefepanbHbIi YHABEPCHTET,

660041, r. KpacHosipck, np-T. CBoGoAHLIN, 79, Poccus
< frank_benyton@mail.ru
https://orcid.org/0009-0007-7116-2380

Pansiok AnekcaHgp HOpbeBuy,

K.T.H., JOLEHT,

[OLEHT kadpeapbl TENMOTEXHUKN W TMAPOra3oanHaMUKK
Cubupckuii hegepanbHbIi YHUBEPCUTET,

660041, r. KpacHospck,

np-T. CBo6oaHbIN, 79, Poccus

aradzyuk@sfu-kras.ru
https://orcid.org/0000-0002-8387-1957

UcTtarmHa EneHa bopucoBHa,

K.(p.-M.H., OOLIEHT,

[OLEeHT kadpeapbl TENTOTEXHUKN U TMOPOrasoanHaMmKm,
Cwbupckuii hefepanbHblii YHBEPCHTET,

660041, r. KpacHosipck, np-T. CBoGOAHLIN, 79, Poccus
tim.484@mail.ru

Bknag aBTopoB

Bce aBTOpbI cAenanu sKBUBaNEHTHbIA BKNag B NOAFOTOBKY
nyonukaumm.

KoHdnukt untepecos
ABTOpbI 3a9BNSOT 06 OTCYTCTBUM KOH(DNMKTA MHTEPECOB.
Bce aBTopbl npounTanu 1 04o6bpunm oKoHYaTeNbHbIA Bapu-
aHT pyKonucy.

WHdopmauus o ctatbe
Cratbsa noctynuna B pegakumio 15.05.2023 r.; opobpeHa
nocne peueHaMpoBaHus 22.06.2023 r; npuHATa K
nybnukaumm 13.07.2023 .

526

ISSN 2782-6341 (online)

INFORMATION ABOUT THE AUTHORS

Denis A. Grishaev,

Postgraduate student,

Siberian Federal University,

79, Svobodny pr., Krasnoyarsk 660041, Russia
< frank_benyton@mail.ru
https://orcid.org/0009-0007-7116-2380

Aleksandr Yu. Radzyuk,

Cand. Sci. (Eng.), Associate Professor,
Associate Professor of the Department

of Heat Technology and Fluid Dynamics,
Siberian Federal University,

79, Svobodny pr., Krasnoyarsk 660041, Russia
aradzyuk@sfu-kras.ru
https://orcid.org/0000-0002-8387-1957

Elena B. Istyagina,

Cand. Sci. (Phys. and Math.), Associate Professor,
Associate Professor of the Department

of Heat Technology and Fluid Dynamics,

Siberian Federal University, 79, Svobodny pr., Krasnoyarsk
660041, Russia

tim.484@mail.ru

Contribution of the authors

The authors contributed equally to this article.

Conflict of interests
The authors declare no conflict of interests.
The final manuscript has been read and approved by all the
co-authors.

Information about the article
The article was submitted 15.05.2023; approved
after reviewing 22.06.2023; accepted for publication
13.07.2023.

https://ipolitech.ru



https://orcid.org/0009-0007-7116-2380
https://orcid.org/0000-0002-8387-1957
https://orcid.org/0009-0007-7116-2380
https://orcid.org/0000-0002-8387-1957

