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OBILIASA XAPAKTEPUCTHUKA PABOTbBI

AKTYaJIbHOCTDH PA0OTHI

HecMOTpsi Ha HAaKOIUIEHHBI OMBIT MPOEKTHUPOBAHUSA U 3KCIUTyaTallMd, OCTAETCs
ocTpasi HEOOXOAMMOCTh B MOBBIMICHUH 3()PEKTUBHOCTH W HAACKHOCTH OCHOBHOTO
o6opynoBanus TOC u ADC.

3HauuTENbHbIE PE3ePBHI MOBHIMICHUS YPPEKTUBHOCTH U HAJCKHOCTH UMEIOTCS B
OPOTOYHBIX YacTSX MapoBbIX TypOMH paboTalomMX Ha BJIAKHOM Iape, B
ocoOeHHOCTH B obuacTsax nocnenuux crynenet [{TH/I. Ilpu sTom xapaktep TeueHuUs
Cpezbl B 3TOM y4YacTKE IMPOTOYHOM 4aCTH M3Y4YEH HEIOCTAaTOYHO. B mepByto ouepens
3TO CBS3aHO C HAJIMYHMEM JUCKPETHOM Cpeapl B IMOTOKE BJIAXXHOIO I1apa, 4TO
OPUBOAUT K MHTEHCU(UKALNU CJIOXKHBIX IPOLECCOB TEPMOAMHAMUYECKOTO U
MEXaHUYECKOT0 Mex(a3z0oBoro B3zaumoneucTBus. VMmeromuecss Ha JaHHBII MOMEHT
pe3ynbTaThl 3KCHEPUMEHTAIBHBIX W YHCICHHBIX MCCIIEIOBAHUN BIIAKHOIAPOBBIX
MOTOKOB MO3BOJWJIM MOJYYUTh MOAPOOHBIE (PyHIAMEHTaIbHBIE NPEICTABICHUS O
npupoae MexX(pa3oBbIX B3aUMOAEHCTBUNA. OJHAKO NPUKIAJAHOE NMPUMEHEHUE ITHX
3HAHUI K KOHKPETHBIM MHXXEHEPHBIM 33]1a4aM MOpPOil OKa3bIBA€TCs HEBO3MOKHBIM.

OpnHOil M3 OCHOBHBIX 3a/ay, /10 KOHIIA HE M3YyYEHHBIX HA JIaHHBIA MOMEHT,
ABJISIETCSI BOIIPOC 00Opa30BaHUs U ABUKEHUS! KPYITHBIX 3pO3UOHHO-OIMACHBIX Kallelb B
MEXKOCEBOM 3a30pe TypOuHBbI. /[ mosHOro ananuza 3(pPEeKTUBHOCTH MEPONPUATHIA
10 TIOBBIIICHUIO HAJEKHOCTH JIONATOYHOTO amnmapara nociegHux crynened LIHJT
(cemapanust KUAKUX IUJICHOK K3 MPOTOYHOM 4YacTH, HCIOJb30BaHUME HOBEWUIIMX
MaTEpUajJoB W HAIUIABOK M TaK Jajnee) HeoOXOAMMBI 3HaHHUS O TPACKTOPUSAX U
XapaKTepUCTHKaX Kaledb BIO0JIb HUX (KO3()PUIMEHTHI CKONbKEHHUS, HAlpaBiICHHUE
IBWKEHUSI, pa3Mepbl). AKTHUBHOE pa3BUTHE SKCIEPUMEHTAJIbHBIX IOJXO0B
UCCleOBaHUsT  (CHUCTEMbl  JIa3epHOW  JMAarHOCTUKH, IMTHEBMOMETPUUYECKUX U
ONTUYECKUX M3MEPEHUH), a TaKKe COBEPLICHCTBOBAHME YHUCJICHHBIX METOJI0B
pelIeHus 3a7a4 MEXaHUKH CIUIOLIHBIX Cpell (COBMECTHO C POCTOM BBIYMCIIMTENBHBIX
BO3MOYXHOCTEH KOMITBIOTEPOB U KJIACTEPOB) CO3JAIOT OJIaronpusTHbIC MPEANOChUIKH
st Oojiee  ETaNbHOTO  M3YyYEHHUs] OCOOEHHOCTEH  TeueHusi JABYyX(a3HOM
KOHJICHCHUpYIoIelcs cpensl. [I[pumenenne koppensimuonnoro merona PV (Particle
Image Velocimetry), wHTErpMpOBaHHOTO B CHCTEMY JIA3epHOW JIMATHOCTHKH,
MO3BOJISIET  ONPENENATh TMOJsl CKOPOCTEM JIUCKPETHBIX YacTHUIl B  IMOTOKE.
Hcrnonbs30BaHnEe 3TUX JAHHBIX IMO3BOJIUT 3KCIHEPUMEHTAIBHO BBIIBUTH TPACKTOPHUU
KPYIHBIX Kamnelb B MEXIONATOYHOM 3a30p€ M ONPEINEIUTh HX OCHOBHBIE
xapakTepucTuku. OJHAKO HAa JaHHBIH MOMEHT MOI00HBIE METOAUKHU HE MPUMEHSIIIChH
JUTSL ICCIIEIOBAHUS BJIAXKHO ITAPOBBIX TOTOKOB.

Ileab padoThI

Pa3paboTtka u peanuzanus SKCIEPUMEHTATIBHO OOOCHOBAaHHOW METOJMKU
OTIpe/ICNICHUs] MapaMeTpPOB KUAKOW (ha3bl BIAXKHO MApOBOTO MOTOKA B dJIEMEHTax
MPOTOYHBIX YacTed TypOOMAlIMH C MCIHOJb30BAaHUEM CHCTEMbI JIa3€pHOM
nuarHoctuku. [Ipu aToM pemanuch cieayromnme 3a1aun:

1. Pa3pabotatb 3(PEKTUBHYIO METOAMKY MPUMEHEHHUS CHUCTEMBI Ja3epHOU
JUArHOCTUKHU JJISI ONPENEICHUs] CKOPOCTHBIX XapaKTEPUCTHK KPYIHBIX Kareiab B
MOTOKE.




2. Hactpouth 1 mpoBEepUTh MAaTEMAaTUYECKYIO MOJIEh BIAKHOMAPOBBIX MOTOKOB
JUisi oOecrieueHrs TOJMyYeHUs] KOPPEKTHBIX JIaHHBIX O MapaMmeTpax MapoBoil (asbl
IPpY HATMYUU KPYTTHOUCIIEPCHOM BJIard B TIOTOKE.

3. Pazpaborats ¥ BepuduUIMpPOBATH METOAUKY OECKOHTAKTHOTO ONpE/eICHUs
CpPEIHUX pPa3MEpPOB KPYIHBIX Kamleib BAOJAb HMX TPACKTOPHM, OCHOBBIBAsICh Ha
AKCIIEPUMEHTAJILHO OMPENENIEHHBIX MOJISIX CKOPOCTEW KUAKOW (a3bl U JaHHBIX O
apOBOM IOTOKE, MOTYYEHHBIX METOJOM MAaTeMaTHUYE€CKOTO MOJICTUPOBAHMUS.

4. AnpoOupoBarh pa3pabOTaHHBbIE METOJbl M TMOJXOAbl MPU HUCCIEAOBAHUU
CTPYKTYPBl KameJdbHOrO0 IIOTOKAa 33 W30JUPOBAHHOM COIUIOBOM pEIIETKONM W
ONpPENENIUTh BJIUSHUE PEXKUMHBIX [MApaMETPOB Ha PACHPEACIICHHUE OCHOBHBIX
XapaKTEPUCTHUK YACTHII )KUIKON (Ha3bl.

Hay4ynasi HOBU3HA

e Pa3pabotan MeTOJ NPUMEHEHHS CHCTEMBl JIa3€pPHOM JUATHOCTUKH JIJIS
MCCJICIOBAHMS XapAKTEPUCTHUK JKUJIKOU (pa3bl MpU TEUEHUU BIAKHO IMAPOBOTO MOTOKA
B [IPOTOYHBIX YACTIX TypOOMAIIIHH.

e Pa3pabotana OECKOHTaKTHasi  pacYETHO-IKCIIEPUMEHTAJIbHAas  METOJMKa
ONpENENeHUS CPETHUX Pa3MEPOB Kaleb.

e BrepBbie 3KCIEpUMEHTAIBHO OBUIA OMNPEENICHbl XapaKTePHbIC TPACKTOPUHU
JBIDKCHUSI KPYMHBIX Kamejlb W PAaclpeliesiIeHMe WX OCHOBHBIX MapamMeTpoB 3a
COILJIOBOM PELIETKOM.

¢ IIpoBencHa momudukanus pacueTHbix moaeneir CFD xoma Ansys Fluent mis
MaTeMaTUYECKOTO OMKUCAHUs BIAKHOTO Mapa.

e [lomydyensl 0000mIAIONINE XaPAKTEPUCTUKU SPO3HMOHHO-OMACHBIX Kareiab 3a
COTUIOBOM pelIeTKOM, KOTOPhIE MOJAPOOHO OMUCHIBAIOT OCOOEHHOCTH WX JABUKECHUS B
ATOM 00J1aCTH.

IIpakTHUYecKasi HEHHOCTD

— Pa3paGoranHass MeTonMKa MOXET OBITh HCIOJb30BaHA TMPU U3YYEHUHU
JBYDKEHUS ABYX(a3HOM Cpe/ibl B MPOTOYHBIX YACTSAX MapOBLIX TypOUH.

— IlomydeHHbIE SKCIEPUMEHTANIbHBIE JAHHBIE O JBUKEHUU KPYIHBIX Kamneiab 3a
COTUIOBOM PEIIETKOW MOTYT ObITh MCIOJIb30BaHbI MPU aHAIN3€ YCJIOBHM HATCKAHUS
YaCTUIl TUCKPETHOM (pa3bl Ha BXOHBIE KPOMKH pabOYHUX JIOMATOK.

— JlaHHBIE O XapaKTepUCTUKAX KPYMHOJIUCIEPCHOM BJIard MOTYT OBITh
WCIIOJIb30BaHbl MPU MPOESKTUPOBAHUU CTyIIEHEH TypOUH.

— Ilomy4yeHHbIe PKCIIEpUMEHTAIBHBIE JAHHBIE MOTYT OBITH HCIOJB30BaHbI MPHU
BepU(DUKAITMN MATEMATUIECKUX MOJICTICH ABUKEHUS BIAKHO MAPOBBIX TTOTOKOB.

Jd0CTOBEPHOCTH U 000CHOBAHHOCTh PE3YJIbTATOB 00ECTICUNBACTCS MIPOBEICHUEM
TECTOBBIX HCIIBITAHMN B W3yYEHHOW OO0JacTH W3MEHEHUs TMapameTpoB IS
COTIOCTABJICHUS TMOJYYEHHBIX 10 pa3pabOTaHHBIM METOJMKAM pe3yJbTaTOB C
pe3yJbTaTaMu paHee MPOBEJACHHBIX UCCIEIOBAHUM C MPUMEHEHHUEM aTTECTOBAHHBIX
M3MEPUTEIBHBIX YCTPONCTB U alpOOUPOBAHHBIX METOJIUK U3MEPEHUH.

ABTOp 3a1IMIIIAET
1. MeTonuky NpUMEHEHHUs] CUCTEMBI Jla3epHOM AuarHocTuku u merona PIV nmns
MCCIICIOBAHUS BIAKHO MapOBBIX MTOTOKOB.




2. OKCNEpUMEHTAIBHO-PACUETHYI0 METOJUKY OECKOHTAKTHOI'O OIpPEICICHUS
CpPEAHUX pa3MEpOB Kareib B TIOTOKE BIAXKHOTO Hapa.
3. Pe3ynbTaThl 3KCHEPUMEHTAIBHBIX MCCIENOBAHUN CTPYKTYpPBl KalleJbHOTO
NOTOKA U XapaKTEePUCTUK DSPO3MOHHO-OMACHBIX YaCTHI[ JKUJAKOW (a3l 3a
V30JIMPOBAHHOM COIJIOBOM PEMIETKOM.

Anpo0auus padoThbl

OcHOBHBIE Ppe3yJbTAThl HACTOSIIEH pabOThl JOKJIAABIBAIIMCH HA CIETYIOIIMX
HAyYHO-TEXHUYECKUX KOHPEPEHIIHIX, CHMIIO3UyMax M CEMUHApaX:
1. MexnayHaponHble  HAYYHO-TEXHUYECKHE KOH(EpEeHIMH  CTyJICHTOB U
acnupaHToB «Paguo3neKTpoHMKa, 3JIEKTPOTEXHUKA U 3HepreTuka», ®PI'bOY BIIO
«HNY MDBW», Mocksa, 2009-2013 T;
2. Power System Engineering, Termodynamics & Fluid Flow ES 2010.
Department of power system engineering faculty of mechanical engineering
university of Bohemia. Pilsen. 2010;
3. 3-1 KOH(pEPEHIUS MOJIOJBIX CIEIHUATMCTOB WHKEHEPHO-TEXHUYECKUX CITYKO
OAO «CUJIOBBIE MAIIIMHbBI». OAO «Cunossie mamuuby. Cankr-IlerepOypr.
2012 1
4, Baumann Centunary Wet Steam Conference. Cripps Court conference centre,
Magdalene College. Cambridge. 2012;
S. Hayunsbiit cemunap HIl «l'azogunamuka», ®I'BOY BIIO «HUY MO3N».
Mockaa. 2013.

Peanu3anus pe3yJibTaTOB PadoThl

Pe3ynbpraThl pabOThl HCMOIB3YIOTCA B yueOHOM mponecce kadeapbl NapoBbIX U
ra3oBbIX TypouH denepanbHOro rocyAapCTBEHHOTO OIOIKETHOTO 00pa30BaTEIbHOIO
yUpexIeHus Bbiculero npodeccruoHanbHOro  oOpaszoBanus  «HanuoHanbHBIM
HCCIIEI0BATENbCKNN yHUBEpcUTET MO

Iyoaukannu

[To pe3ynpraTaM auccepTallMOHHONW pPabOThl ObUIO OMYyOIMKOBAHO 4 Hay4HbBIC
CTaTbH, B TOM 4HClie 3 CTAaThbU B JXKypHaiax, BXxoAsumx B nepeueHb BAK PO, u 7
JIOKJIaJIOB HAa HAYYHO-TEXHUYECKUX KOH(PEPEHIIUSIX.

CTpyKTYpa B 00bEM PAa0OTHI

Juccepraiysi COCTOUT U3 BBEJEHUS, YETBIPEX IJ1aB, OCHOBHBIX BBIBOJIOB U CIIHCKA
JTUTEPATYphl, U3NokeHa Ha 211 cTpaHuIiax MalIMHOMKMCHOTO TEKCTa, COlepkuT 124
pucyHka, 3 Tabmuibl u 6ubmuorpaduro u3 139 HanMeHoBaHMIA.

OCHOBHOE COAEP XAHUE PABOTbBI

Bo BBegeHMM pPacCMOTPEHBI HaNpaBICHUS TMEPCHEKTUBHBIX HCCIIEIOBAHUN
TEUEHHUS BJIAKHOTIAPOBBIX MOTOKOB B MPOTOYHBIX YACTAX TypOOMAIIIHH.

B nepBoii rmaBe npencraBieH 0030p JIUTEPaTyPhl, TOCBAMIEHHBIN 0COOCHHOCTSIM
JIBYDKEHUS JUCKPETHOW (a3l B MOCIHEAHUX CTYINEHSIX TypOOMaIluH, METOoAaM
AKCIIEPUMEHTAJIBHOTO HCCJIEAOBAaHMUS IAapaMETPOB AUCKPETHBIX YaCTHUL, BIUSHUIO
PA3TUYHBIX PEKUMHBIX TTAPAMETPOB HA XaPAKTEPUCTUKH KUIKOU (pa3bl B MEKOCEBOM
3a30pe CTYNMEeHW, HWCTOYHMKAM OOpa30BaHUS KPYMHOJMUCIIEPCHBIX Kamelb B
npoToyHoii vactu TypOumnbl. Paccmorpen PIV (Particle Velocimetry Tracking)



METOJl, MHTErPUPOBAHHBI B CHUCTEMY Ja3epHOM JAUArHOCTHUKUA TMOTOKOB. OH
MO3BOJIAET OMNPENEATh MTHOBEHHBIE MOJII CKOPOCTEW TPaccepoB, IBHXKYILIUXCS B
notoke. O030p AUTEpaTypbl MOKa3aj, YTO CHUCTEMa JIa3€pHOW NMATHOCTUKU IS
UCCJICIOBAHUS JABMKEHUSI TUCKPETHBIX (a3, MOCIe HEKOTOPBIX JT0paOOTOK, MOKET
OBITh MCIOJIb30BaHa JJIs KOMIUIEKCHOTO W3Y4Y€HHUs MapameTpoB MOJIUIUCIEPCHOIO
notoka. B oTnMuyme OT paHee NpHUMEHSEMBIX TOUYeYHBIX MeToJ0B, PIV wmeron
MO3BOJISIET IMOJYYNUTh PACIPE/ICTICHHE OCHOBHBIX NAapaMETPOB Kallellb B IIOCKOCTH.
[To uToram 0630pa MTepaTyphl ObLTH CHOPMYTUPOBAHBI 33191 W TIOCTABIICHBI TEJIH
JUTS TaHHOM paOOoTHI.

Bo BTOpoOii rjIaBe OPUBOAWUTCS ONUCAHWE KOMIUIEKCHOWM  METOJUKH
AKCIIEPUMEHTAIBHOTO M3MEPEHHSI MapaMeTpoOB BIIAXKHO I[ApOBOT0 MOTOKAa B
AJIEMEHTAaX MPOTOYHBIX YacTel TypOOMAaIIMH, a TaKXKe PacCMaTpUBAETCS MPOIECC
MaTeMaTUYeCKOT0 MOJCIUPOBaHus TeueHus: aAByxdaznoit cpenst B CFD xome Ansys
Fluent 14,

HccnenoBanusi NPOBOAWINCH Ha HSKCIEPUMEHTAIBHOM MapOJIWHAMUYECKOM
crenne KBII — 2, no3BonstonieM HccienoBaTh TEYEHUE MIEPETPETOTO, HACBIILIEHHOTO
M BJIQXHOTO Tlapa B AJIEMEHTaX MPOTOHHBIX YacTed TypOOMAIlMH MPHU Pa3IMYHbIX
CKOpocTax motoka. PaGodee Tenmo 1jisi uccienoBaHuid Oepercs U3 oTOopa mapoBOn
TypOunbl TOL[ MDU u B neperpeToM COCTOSIHUM MOCTYIAET Ha AKCIIEPUMEHTATBHBIN
creHn. Jlis W3MEHEHUST HA4yaJlbHOTO COCTOSIHHA Iapa OT MEPErperoro 1o
HACBIIIEHHOTO, HCIOJB3YIOTCS JIBE CTYNEHU YBIaKHEHUA. OHHU CHUXKAIOT
TeMIrepaTypy IMeperpeBa IyTeM BIPBICKA OXJaXAAIONed NUTATeIbHOW BOJBI.
@opMHUpPOBaHUE MOJUAUCIEPCHOTO BIAXKHOMAPOBOTO IOTOKA OCYIIECTBISETCS 32
CYeT TapOayTheBBIX (POPCYHOK, YCTAHOBJICHHBIX B Oake-pecuBepe creHaa KBII-2.
OHU BOPBICKUBAIOT THUTATEIbHYIO BOJAY B MAapOBYIO Cpeay, HaXOMSIIYIOCS B
COCTOSIHUM HachIlleHuss. TeM camMbIM 00pa3yloTcsi 4YacTHIlbl JUCKPETHOM (hasbl,
CpPEHEMACCOBBIM pa3Mep KOTOPHIX cocTaBigeT 25 — 30 MkM. Ilyrem u3mMeHeHus
pacxojia BOJbI, MOCTYTAIOIIEH B CTYNEHU YBJIAKHEHHS U MapOayTheBbie (DOPCYHKH,
MIPOU3BOJIUTCS PErYJUPOBAHUE HAYAIBHOIO COCTOSIHUA Tmapa. [loAroToBIEHHBIM
TakuM 00pa3oM BJIAXKHO MapoOBOW MOTOK MOCTYMAET B MCCIEIYEMBIM KaHal, MOCIHe
YEero HaMpaBJISIETCA B KOHAEHCATOP M BO3BPAILIA€TCS B TEXHOJIOTHYECKHil ki TOLI.

N3MeHeHne pexuma TEUYEHUsI MNPOU3BOAUIOCH TOCPEICTBOM PETYIUPOBAHUS
JIABJICHUS TIOJTHOTO TOPMOXKEHUsI B OaKe-pecruBepe Mepel UCCIeNYEMbIM 00BEKTOM H
BEJIMYMHBI BaKyyMa, MOIJIEPKUBAEMOTO B KOHAEHCATOPE.

B xaudecTBe mitaTHbIX cuctem usMepenus, Ha crenae KBII-2 ucnonb3oBanucse:

e l3MepuTENbHO-BBIYMCINTEIbHBIN KOMILJIEKC MIC-300M, KOTOPBIi
MpeHa3HavYeH MJig perucrpaiuu, coopa, oOpabOTKM U TPEJACTABICHUS JaHHBIX O
IMHEBMOMETPUYECKUX NapaMeTpax MapoBOro MOTOKa (JIaBJeHUE, TeMmrepaTrypa). Jta
CUCTEMA B HACTOAIIEH pabOTe MUCIONB3YETCS NIl U3MEPEHUST TEMIIEPATYPhI TTOJTHOTO
TOPMOXXEHUSI M CTAaTUYECKOro JaBiieHus. M3MepeHus TtemmnepaTypbl MOJIHOTO
TOPMOXEHUS Ccpeabl B 0Oake-pecuBepe MPOU3BOIUTCS TOCPEICTBOM TEPMOIIAPHI
KTXK02.01-C10-1-1,0-1000/2000 (xpoMens — Kamenb), a [Js ONPEACICHUS
pacrpeneneHns CTaTUYECKOro JIaBJICHUS Ha MOBEPXHOCTSX HMCCIEAYEMbIX KaHAJIOB
npumensiics napokommyratop MJIK-16.



e Tenesou ABTOKOJUIMMALIMOHHBIN
npuoop MAB-451, koTopsiii mpeaHa3HAuYCH
JUISL BU3YyaJU3allud BOJHOBOM CTPYKTYpBI
CBEPX3BYKOBOI'O MOTOKA CIUIOIIHOW CPEIbl
Nasep . = (CKQYKOB YIUIOTHEHUSI W KOHJEHCAIUH).

Perucrpanus U300paKeHUS
MIPOM3BOJUIIACH OCPEICTBOM CKOPOCTHOM
Bujicokamepbl  Bupeocnpunt-G6 (5000
KaJpoB B CEKYHIy) U (OTOKaMephl
Buneockan-285-2001 (8 xkagpoB B
CEKYHIY).

‘n
e Cucrema Ja3epHOM JIUATHOCTUKHU

Puc. 1. Cucrema JIa3CpHOU IHATHOCTUKH  o1orOB «HOHHC»’ KOTOpast

«[TOJTC» UCIIOJIb30BAIaCh IS OMPEICICHUS MMOJICH
CKOpOCTed JKUIKOW (a3bl MOCPEICTBOM
uHTerpupoBanHoro B Hee anroputma PlV. IloTok, B KOTOpOM NPHUCYTCTBYIOT
Tpaccepbl, JBa paza C 3aJaHHBIM MHTEPBAJIIOM BPEMEHH OCBEIIACTCA IIOCKUM
Ja3epHbIM  JIy4OM, CQOPMUPOBAHHBIM  CIBOCHHBIM  HMMIYJIbCHBIM  JIA3€pOM.
3acBeyeHHbBIC Kariu dboTorpadupyroTcs CKOPOCTHOM (doToKaMepoil.
Koppenaunonnsiii anroput™ PV, onpenensist cMenieHue Kameiab Ha BTOPOM KaJipe 10
OTHOIICHHIO K TIEPBOMY, PACCUMTHIBAET MTHOBEHHOE IIOJIE CKOPOCTEH Kareidb B
IJIOCKOCTU JiazepHoro Hoxka. Ilocnenyromuit Habop map ¢otorpaduii Mo3BoSIET
MTOJIYYUTh CTATUCTUYECKH OCPEAHEHHOE NOJIe CKOopocTed. CXxema CUCTEMBI JIa3€pHON
JAMArHOCTUKH TpescTaBieHa Ha Puc. 1.

e 30HJ WHEPIMOHHOTO OCAKICHHUS Kamelb W MHKPOCKON ¢ (oTOKaMepoi
DCIM510, xoTopbie HCMOIB30BATUCH JUIsl M3MEPEHUs JIUCIIEPCHOTO COCTaBa
KPYIHBIX Karelb BIaKHO MApOBOTO MOTOKA.

Kondurypamusi  3KCIEepUMEHTANBHOTO  CTE€HJA  IO3BOJIIET  MPOU3BOJUTH
UCCJICNIOBaHUS B KaHajlaX pa3IMdyHOM TeoMeTpuu Onarogaps BO3MOXKHOCTU
UCIIOJIb30BAaHUSI CHEMHBIX pabounx uacted. OHM ObUIM TpEmapupoBaHbl TaKUM
o0pa3om, 4TOOBI O0ECNEUUTh BO3MOXKHOCTb NMPUMEHEHHUS BCEX BBIIIE OMMCAHHBIX
cucteM. B HacTosmieil paboTe paccMaTpuBaioch JABM)KCHHE BIAKHO MapOBOTO
MOTOKA B TPEX Pa3TMYHBIX KaHAIaXx:

e [lnockoe HecummeTrpuunoe corio Jlasans (Puc. 2, a). PacueTHbiil pexxum B
KaHaJIe JOCTUTAeTCs MPU BEIWYMHE OTHOCUTEIHHOTO JABJIICHUS HA BBIXOJHOM CPE3e
g, = 0,315 u 6e3pazmepHnoii ckopoctu A = 1,34. Benuunna &, onpenenseTcs:

I
&= (1)
Do
rac pa' CTaTHUYCCKOC OaBJICHHUC HA CPEC3C COILIA, pO_ AaBJICHUC ITOJIHOI'O TOPMOIKCHHUA

nepeJt UCCIIEAYyEMbIM KaHAJIOM.
OnHa U3 CTEHOK comula ObUIa MPOAPEHUPOBAHHA JJII U3MEPEHUsI CTaTUUECKOIO
JaBJICHUS BJIOJIb KaHaJja.
e [lnockoe cumMeTpuyHOe cyxmuBaromeecst corio (Puc. 2, 0). JlaHHBIA KaHaT
UCIIONIb30BAJICSL ISl  TPOBEPKH  pa3pabOTaHHOW METOIMKH  OECKOHTaKTHOTO
OTIpe/ICNICHUs] CPEeIHUX pa3MepoB Kamelb. B ero OOKOBOIl CTEHKE OpraHM30BaHHbI

3epkano Vccnepyembln

J'IaseprM\ OOBeKT
HOX !
N, &Pi




OTBEpCTUSl JUISI BBOAA 30HAA WHEPUHUOHHOIO OCAXACHUs Kanenb. JlaHHble O
JTUCIIEPCHOM COCTaBE KUIKOM (ha3bl, MOIyYEHHBIE C TOMOIIBIO HETO, CPABHUBAIKCH C
pe3ynbTaTaMu NPUMEHEHHS pa3pad0oTaHHOW METOIUKY.

e [Imockuit maker comnoBbiXx jomnatok (Puc. 2, B). Pemetka, cocrosimas u3 5
KAaHAJIOB C OTHOCHTENLHBIM maroM t = 0,7, 06pa30BaHHBIX COMIOBBLIMU JIONATKAMHU C
yrioM Beixoga 17,6° u xopmoit b = 67,5 mm. JaHHBI 0OBEKT HCIIOIB30BAJICS IIPH
anpoOaruu  pa3pabOTaHHBIX METOIWK [UJISI HWCCJICNOBAaHMS XapakTepa IBUIKEHUS
JTUCKPETHOM (ha3hl 3a COIJIOBOM pemeTKor. M3MepeHus: mpou3BOIUINCH B CPEITHEM
KaHaje pemeTku. PaccmarpuBaioch pacnpenesieHUe MMapaMeTpoB Kak BIOJb Iara
(koopaMHaTa X), TaK W B OCEBOM HampaBicHWHM (KOOpAWHATA Z). X H Z
COOTBETCTBEHHO PABHBbI:

x =

@)
: (3)

r7Ie X — KOOpAMHAaTa BOJb Iara; t — 1mar pemeTk; Z — PacCTOSHUE OT BBIXOJHOM
KPOMKH B OCEBOM HaIpaBJICHUH; b - XOp/1a JOMaTKH.
JIJist BceX paccMaTpuUBaeMbIX KaHAJIOB CO3/IaHbl PACUETHBIE CETKU, MMOCTPOEHHBIC
B cerounoM reHeparope ICEM CFD, kotopbie UCHONB3YIOTCS AJiA MPOBEIACHHUS
YUCJICHHOTO MOJICITMPOBAHUS.
B)

a)

7 =

TN | R

=

0)

#/ |

Puc. 2. Hecummerpuunoe corio JlaBans (a), cyxkuBaromeecs corio (0), riockas
comioBas pemerka (B). 1 — o0macte HCCAEAOBaHHM; 2 — JIpPEHAXH
CTaTUYECKOTO JIaBJICHHUS; 3 — OTBEPCTHSl [JIsi 30HAA HWHEPIIMOHHOTO
OCaKICHUS Karelb

B Tperbeil rilaBe omnuMcaHa AKCIEPUMEHTAIBHO-pACUYETHAs  METOJMKA
OCCKOHTAKTHOT'O OMPENENICHUs] CPEIHUX pPa3sMEepoB KpyIHbIX Kanenb. [logxom mo
ONpENEICHUI0 JUAMETPOB YAaCTUIl AUCKPETHOW (ha3bl 3aKI0YaeTcss B pacuere
XapaKTePHBIX TPACKTOPUM JIBMKEHHUS Kameiab (Ha OCHOBE OCPEIHCHHBIX TOJICH
CKOpOCTEeH, modydeHHbIX ¢ moMotibio cuctembl «IIOJIMCy») u onpenenenun BIOIIb
HUX OCHOBHBIX TIapaMETPOB JKUAKOW (CKOPOCTHM U YCKOPEHUS, TOJyYEHHBIX
AKCIEpUMEHTaNbHO ¢ mnoMouplo cucteMbl «I[IOJIMCy») u mapoBoil (IJTIOTHOCT,



CKOpPOCTh, IUHAMUYECKasi BSI3KOCTh, unciao Maxa) ¢a3. DT JaHHBIE WCHOJB3YIOTCS
JUTSI OTIpEIeNICHUs CPEAHUX Pa3MEpPOB Karelb BJ0JIb UX TPACKTOPHUH.

OcHOBHBIE TONYIIIEHHUS, UCIIOJIb3yEeMbI€ MTPU pa3pabOTKe METOAUKU:

1. Ilpennonaraercs, 4To Karuid UMEIOT ChepruecKyto popMmy.

2. [Ipeanonaraercsi, YTo U3 BCEX CWUJI, JIEUCTBYIOIIMX HA KA, HauOoJblIee
BJIMSIHUE Ha XapakTep €€ JABWKEHHUS OKa3blBaeT CHJIAa adpPOJUHAMUYECKOTO
COMPOTHUBJICHUS, BO3JICHCTBYIOIIASl CO CTOPOHBI OCHOBHOT'O MTOTOKA.

3. [Ipenmonaraercs, 4YTO BEIWYMHA adPOJUHAMHYECKOTO  COMPOTHBICHUS
cheprueckoil YacTHIIBI OCTAeTCsl MOCTOSHHOM MPH W3MEHEHHWH PacCOrIacOBaHUs
MEXy HalpaBJICHUEM JBUKEHUS OCHOBHOTO IMMOTOKA U KAILIH.

4. Ilpeanonaraerca, 4YTOo OOpaTHOE MEXAaHUYECKOE BO3JCHCTBHE  Kallelb
(oco0eHHO KpYIHBIX) Ha TAPOBOM MOTOK MUHUMAJIBHO U UM MOXHO MTpeHeOpeyb.

Ha ocHOBE chenaHHBIX NPEANONIONKEHUNW CPEIHUM JUaMETp Kallld B KaXKIOU
TOYKE €€ TPACKTOPUU ONPEIEISAETCS U3 PEIICHNS YPaBHEHUS IBUKCHUSA:

My = 5 ACpultn — Tl (6 — ©0). (4)

3necb m, - Macca KalulM; @, - YCKOPEHUE Karu; A.- 1uionaab MOoInepeyHoro

CEYeHMs Kariu (B IJIOCKOCTH, HOPMAJIbHOW K HANpaBIICHUIO ABWXKEHUS Trasza); C,-

KO3 (UIUEHT a’pOJIMHAMUYECKOTO CONPOTUBIEHUS KaIUIU; Cy- CKOPOCTh HapOBOM

¢da3bl; ¢, - ckopocTh xuiakoi ¢as3el. Ilpu pacuere BenuuuHbl KO3 (dUIMEHTA

a’POAMHAMUYECKOTO CONPOTUBIIEHUS YYUTHIBAIOCH BIMSHHUE pEXUMA OOTEKaHUs
Karuy (duciio Re) u cxkMMaeMoCTH CIUTONIHOM cpepl (uncio M).

Paccuntannas TpaekTopus SBIAETCS JUCKPETHBIM HAa0OpPOM 3JIEMEHTAPHBIX
OTpEe3KOB  (paspemiaromias CrocoOHOCTh  IOJYyYaeMbIX CHHMMKOB  IO3BOJIET
no0UBaThCs pa30MEeHusl TpaeKTopuu Ha otpe3ku juHou 0,5 — 1 mm). Ilpu pacuere
YCKOPEHHS Karelb B0JIb UX TPACKTOPHI IPEANOJIaraeTcs, 4YTo Ha OTAEIBHOM MaJloM
OTpE3KE CKOPOCTh U3MEHSAETCS JTMHEMHO, TO €CTh YCKOPEHUE TIOCTOSHHO.

Cucrema naszepHori guarHoctuku «IIOJIMC» Owuia amanTtupoBaHa s
MCIIOJIb30BAHUS B YCIOBUSX MOJUIUCIEPCHBIX BIAXKHOIMAPOBBIX MOTOKOB. BhIsBIEHO,
YTO HAJUYHME CBETOHEMPOHMIIAEMOW BOISHON IJIEHKH HA MOBEPXHOCTU ONTUYECKOIO
CTEKJIa, UHTEP(PEPEHIIMs JIa3EpPHOIO0 HOXa, 3aCBETKAa KPYMHBIX Karejlb MPUBOAUT K
HEKOPPEKTHOMY OIPENEIICHUI0O BEKTOPOB CKOPOCTH 4YacTULl XuAKON ¢a3bl. g
pemieHust 3Toil mpoOneMbl ObUT peanu3oBaH IP(EKTUBHBIA MEXaHU3M IOCT-
00pabOTKM JTaHHBIX O CKOPOCTSAX JKUIAKOW (ha3bl, KOTOPBIA IMO3BOJIUI MOBBICUTH
KAaueCTBO MOJIy4a€MbIX JAHHBIX U CHU3UTh HKCIIEPUMEHTAIbHBIN LIYyM.

OcunoBuoit 3amaueit mpumenenuss CFD koma B pabore ObUTO TONydeHHE
JOCTOBEPHBIX JAaHHBIX TOJBKO O THapaMmeTpax MapoBoil cpensl. CpaBHEHHE
pacnpeneneHuii mpodUIbLHBIX TOTEPh KHHETUYECKON SHEPTHH BIIOJb IIara PEIIeTKH,
paccuntanubix ¢ omonisio CFD koma Fluent u onpeneneHHBIX SKCIIEPUMEHTAIBHO,
MOKa3aJIo, YTO MOJEIMPOBAHME TEYEHMs BIIAXKHOMAPOBOTO IIOTOKA B YCIOBUSX,
(bopMUpYEMBIX 3KCHEPUMEHTAIBHBIM CTEHAOM, COMPOBOXKIACTCS CYIIECTBEHHOU
norpenHocTbio. [lpuunHaMu HaOMIOZAEMOr0 PaccOryiacOBaHUs MOXHO CUUTATh B
MEpPBYI0 oOuepelb OTCYTCTBUE MATEMAaTUYECKOIO OMHCAHUS KPYMHOIUCIEPCHOM
BJIarv, a Takxke (OPMHUPOBAHHUSA, NBWXKEHHS W CpbIBA C MOBEPXHOCTH JIOMATKU
BOAsSHOM TUIeHKHM. Kpome Toro mnposiBiAsieTcss TMOTrpelHOCTh B ONpPEAeNIeHUU



HEKOTOPBIX MapaMEeTPOB MapOBOM Cpenbl, KOTOPble HEOOXOIUMBI JJIsI KOPPEKTHOTO
CONIOCTABJIEHUS PACUETHBIX U IKCIIEPUMEHTAIbHBIX TaHHBIX.

OtcyTcTBHE BOJISAHOW IUJIEHKM HA MOBEPXHOCTSX JIOMATOK KOMIIEHCHPOBAJIOCH
BBIOOpOM MojieiH TypOynenTHocTH Standard K-g, koTopast pacCUUTBIBAET MOJTHOCTBIO
TypOyJICHTHBI TOTPAHUYHBIA CIIOM B MPUCTEHOYHOM 00JIaCTH, YTO MPUBOAMUT K
MOJIYYEHHUIO 3aBBILICHHBIX MOTEPh KUHETUYECKOW SHEPIruu 3a jonaTkor. Tem cambim
KOMITEHCUPOBAJIOCh HAJIMYME BOJSHOW IUIGHKHM Ha TOBEPXHOCTH mpoduieit. s
oOecrieyeHnss BO3MOYKHOCTH pacyeTa HEPaBHOBECHBIX IIPOLIECCOB KOHJICHCALIHH,
JaHHAs MoOAeNb ObUta MoAudUIIMpOBAHA — W3MEHEHO YpaBHEHHE pacdeTa
TypOyJIEHTHOU BSI3KOCTH.

[lorpemHOCTh B OIpPEAEIIEHUH HEKOTOPBIX IMApaMETPOB MApOBOM cpelbl OblIa
ucrpaBlieHa myTeM 3ameHbl BcTpoeHHBIX B CFD xom Ansys Fluent ypaBHeHwmit
CBOKCTB BOJIbI M BOJSIHOTO I1apa HAa YPaBHEHUs, PEKOMEHJOBAaHHbIE MeKIyHapOJHOU
Accounarnueit no CsoiictBam Boasl u BoasiHoro Ilapa.

Bepudukanus ¢ sxcniepumentanbabiMu ganabiMu CFD koma Ansys Fluent 14 u
ero MoAuGUIIMPOBAHHBIX KOMIIOHEHTOB MIPOBEICHA ISl HECUMMETPUYHOTO IJIOCKOTO
coruia JlaBanis ¥ IIIOCKOM COMIIOBOM PELIETKHU.

B comne JlaBans Ha crenae KBII-2 co3maBanuce pexuMbl ¢ HE3HAYUTEIbHBIM
MeperpeBoM mapa Bhiiie Temrneparypsl HacoieHus: (AT, = 5K) Ha Bxoze. [Ipu stom
paccMaTpUBaJINCh KakK pacyeTHbId, TaK MW HepacueTHble (C HaJIUYUEM B
CBEPX3BYKOBOM YacTH KaHaja CKauyKOB YIUIOTHEHHUS) pexuMbl TeueHus. Ha
peanu3yemMbIX IapaMeTpax IMOTOKa B CBEPX3BYKOBOW 00JIaCTU HMEET MECTO
pENaKCalMOHHBIN MPOLIECC NIEPEX01a U3 HEPAaBHOBECHOTO B PABHOBECHOE COCTOSIHUE
rapa, BBIPaKEHHBI CKAaYKOM KOHJIEHCAalluu. BOJIHOBas CTpyKTypa CBEPX3BYKOBOIO
MOTOKa BHU3yaJIbHO (PUKCHpOBaAiach C MOMOIIBI0 TeHeBoro mnpudopa MAB-451 wu
CpaBHUBAJIACh C pe3yJbTaTaMu 4ucieHHoro mozenupoBanus (Puc. 3). Pacuernbie
JaHHbIE JOBOJBHO TOYHO OTOOpaXarT HAOMI0JAaEMYyl0 CTPYKTYypy IOTOKA.
CpaBHeHME pacnpeeieH!il JaBaeHusT Ha TpOo(QUIMpoBaHHOM BCTAaBKE COIJIa TaKKe
IT03BOJIMJIO TOBOPUTH O KOPPEKTHOCTH PE3YIBTATOB MOJAEIUPOBAHHUS.

Jist Bepuukanmym mMaTeMaTHYECKOM MOJEIM BIIAXKHOTO Mapa, MPOU3BOJIUIOCH
DKCIIEPUMEHTAIIBHOE HCCIIEIOBAHUE TEYEHUA 3a IUIOCKOW M30JMPOBAHHOM COIUIOBOM
pemietkoif. B pamkax pa0oThl MNPOU3BOAWIOCH CpPAaBHEHUE HWHTETPAIbHBIX
KO3 PUIIMEHTOB NOTEPh KHHETUYECKON SHEPIUH, MOTYUYEHHBIX SKCIIEPUMEHTAIBHO U
yuciaeHHbIM MeTonoM. Ha paccrostaum 10% Xopael JonmaTku OT BBIXOJAHOW KPOMKH
BJIOJIb ~ [lIara  PELEeTKH T[OCEePEIMHE  BBICOTHI  JIOMATKHM  OCYLIECTBISIOCH
TpaBepCUPOBAHUE MOTOKA Mapa 30HIOM IMOJHOTO TOPMOKEHHUS, & TAK)KE U3MEPSIIOCh
CTaTUYECKoe aaBieHue. PaccMaTpuBaioch TEUEHHE BIIAXKHO MApOBOTO MOTOKA IMpHU
Pa3JIMYHBIX HA4YaJbHBIX 3HAUYEHUSX BIIAXKHOCTH M TEOPETHYECKOro yucia Maxa 3a
PEIIETKOM.

C pocroM HauyalbHOW BJIAXKHOCTH Mapa NPOUCXOAUT YBEIUYEHUE IOTEPh
kuHeTndeckoir sHeprun. [Ipumenenne CFD koma ¢ MomauduImpoBaHHONW MOJIEIBIO
TypOyJICHTHOCTH Jae€T 3aBBINICHHOE 3HAYCHHE TMOTEPh KUHETUYECKUX DHEPTHH
MpPaKTUYECKU JUISI BCEX 3HAYCHUM HavdaiabHOM BiaxHoctu. Ilpm Yo = 3%
MaKCUMajlbHOE a0COJIOTHOE 3HAYEHUE PACCOIVIACOBAHMS B  PACUETHBIX W
DKCIEPUMEHTAIIBHBIX JaHHBIX cocTaBisieT nopsaka 1,5 %. C poctom HayanbHON



Puc. 3. Tenesbie (ororpaduu (cinesa) u
pacueTHbIe
KapTUHBI TeYEHUs (CIpaBa) Ha Pa3TUYHBIX
peXuMax [pU HAYAIBHOM II€pErpeBe

COOTBCTCTBYIOIIHC M

BbIIIE TeMmeparypsl HaceimeHus ATO

5K. a: g, =0,38; 0: ¢, =0,51; B: ¢, = 0,63;

r: g, =0,66

BJIQXHOCTH OTJIMYUS B PE3yJbTarax
MOJICTTUPOBAHUS U TTHEBMOMETPUIECKIX
U3MEepeHu cHrkaeTcs u npu Yo = 10%
OHHU TIPAKTHYECKH OTCYTCTBYIOT.

B mensx monydeHHS ~KOPPEKTHBIX
JaHHBIX TOJBKO O TapoBoi (hase,
orcytcTBue yueta B CFD kome kpynmHbIx
Kamejlb W BOMSHOW IUICHKH MOYKHO
KOMITCHCHUPOBATh KOPPEKTHBIM BHIOOPOM

MOJIeTH TypOyJIeHTHOCTH.
Pa3zpaborannas pacdeTHo-
IKCIIEPUMEHTAIbHAS METO/IUKA

OCCKOHTAKTHOI'O H3MEPEHUsI pPa3MEpoB
Kareiab ¢ MOMOIIBI0 CHCTEMBI Ja3epHOU
JTUArHOCTUKU  BepU(pUIMpOBAIaCh B
cyxkuBaromemcss comie. Ha pmanHbIN
MoMeHT mnpumenenue PlV anroputma
MO3BOJIIET ONPENENATh CPEAHUE IO
KOHIICHTPALINU pa3mepsl Karenb.
Pe3ynbTaThl U3MEpEHU CPAaBHUBAIKCH C
JAQHHBIMU, TIOJIYYEHHBIMHU C TOMOIIBIO
30H/]a  HUHEPIMOHHOTO  OCAXKJICHMS.
PaccmarpuBasioch M3MEHEHHE CpPEIHUX
pa3sMepoB Kameiab BJOJb KaHaia (CM.
Puc. 2, 6). I[lo Mepe nBHKEHUSI BIIOJb

KaHasa, JUuaMeTphl Kaneiab cHikaroTes ot 30 10 20 MKM, 4TO CBSI3aHO C APOOJICHUEM
JaCTHUIl KPYIHBIX Pa3MepoOB B MOJUIUCIIEPCHOM ToToke. HabmomaeTcs 1ocTaTouHo
XOpoIliee COBIAJICHUE MPAKTUUCCKH 10 BCEH JJIMHE paccMaTpUBaeMoin 00JIaCTH, YTO
TOBOPUT O KOPPEKTHOCTH IPHUMEHEHMS OINMMCAHHOTO MOJAXOJa IO OIpPEaCICHUIO

pa3mepoB Karenb (Puc. 4).

40
T\G_\*Q\_e____r;

¥, =1%; p=1900

002 0,04

40
309

¥, = 2%; p = 2100

XM
0,08

0.02 0.04 0.06

PaspaboTaHHaa MeToguka
¢ 30HA MHePLUMOHHOMO OCarKASHNA

Puc. 4. Pacnipenenenne cpelHUX pa3MEPOB Karlelib BAOJb COILIa

E !’__6_0\0\
= 20 .
_D¥
100y, =3%;F=23900
0 . . . Xm
0,02 0,04 0,06 0,08
B  d4erBeprOli < ruaBe

paccMaTpUBaIOTCS

OCOOEHHOCTH  JIBHIKECHHUSA

KPYITHOJIMCIIEPCHOW BJIATW 33 U30JMPOBAHHOM COIUIOBOM pemerkou. MccimenoBanus



OpPOBOAMJIMCH TIpU TeopeTHueckoM umciae Maxa 3a pemetkoit My = 0,8,
PaccmarpuBasioch BIMSHHE Ha XapaKTEPUCTUKH MOTOKOB KPYIHBIX Kareidb TaKuX
PSKUMHBIX IMapaMeTpoB, KaK HadalbHas BIAXHOCTh mapa (Yo) U OTHOIIEHUE
IJIOTHOCTEH ha3:

5 =P
p=1 (5)

I7ie P,- IWIOTHOCTh XUAKOW (ha3bl mepen UcciaeayeMblM OOBEKTOM; p,, - IJIOTHOCTb
napoBoOil (a3el epes UCCIETYEMBIM OOBEKTOM.

HcTouHuKY KpYMHBIX Kamnellb Ha0II01aIich Kak Ha (GoTorpadusix, MOIydeHHBIX C
nomoinipio cuctembl «I[IOJIMC», Tak U Ha pacmpeneiaeHusx KodpQPUIUECHTOB
CKOJBXEHHUS Kalejlb BIOJb IIara pemeTkd. bbpuio BhISIBIEHO 3 MOTOKA
KPYITHOAMCIIEPCHOM BJIarv 3a PEIIETKOM:

e KanenpHbI NOTOK B KPOMOYHOM CIIEJIE.

e KarnenbHblll HOTOK B 00JaCTH CO CTOPOHBI CIUHKH JIONATKH.

e KanenbHblil TOTOK CO CTOPOHBI BOTHYTOW TOBEPXHOCTH.

[lepBble 1Ba MCTOYHMKA KPYMHOAUCIEPCHOW BIArv MpPOSIBISIIOTCA TPH BCEX
paccCMaTpUBAaEMbIX 3HAYEHHMSIX HA4YaJdbHOM BJIAXKHOCTM Tapa, a IOCIEAHHUM
HaOmrogascs mpu Yo = 8,4%.

OCHOBBIBasICb Ha SKCHEPUMEHTAIIBHO OMNPEAEIECHHBIX BEKTOPHBIX  MOJSAX
CKOpOCTEN KUAKON (pa3bl, ObUIM pACCUUTAHbl XapaKT€PHbIE TPACKTOPHH JBUKEHUS
KPYIHBIX Karenb 3a pemietkoi (Puc. 5). OHM MMEIOT KpPHUBOJHMHEHHYIO (QOpMYy H
HaIlpaBJI€Hbl B CTOPOHY YMEHBIICHHs YIJIa BBIXOJA Kameiab, IPU 3ITOM C
yBEJIMYEHUEM HauaJbHOW BJIAXKHOCTU Mapa yroj BbIXOJa YaCTHIl IUCKPETHOU (a3bl
yBenuuuBaeTcs. Tpaekropust | COOTBETCTBYET NMOTOKY Kallellb CO CTOPOHBI CIIMHKH
JIONATKH, 3 — KPOMOYHOMY KalleJIbHOMY cilefny, 4 — IMOTOKY CO CTOPOHBI BOIHYTOMN
ITOBEPXHOCTH.

Bronp paccmarpuBaeMbIX TpaeKTOpHil ObUTH ONpesesieHbl OCHOBHbBIE MapaMeTphbl
Kaneiab: K03 OUIIMEHTHI CKOJIbKEeHUS (V), YIIIbl OTKJIOHEHHUS Karellb OT HalpaBJeHUs
napoBoro notoka (Aa), cpenaue nuametpsl (d). Benmmuunbl v 1 Aa onpeaesiroTes
COOTBETCTBEHHO KaK:

V=2 (6)

Cl'[
Aa = ay, — (7)

IJI€ Cx - CKOPOCTh Karellb; C; - CKOPOCTb Mapa; &y, - YIoJ BbIXOJa Kamneib; oy, -
yroJi BbIXO/1a mapa.

[ToToK KpYyMHBIX Kamelb CO CTOPOHBI CIHHKU Tpoduiis (Tpaektopuu 1) BOMHM3U
BBIXOJHOM KPOMKH JBHKETCS IMOJ OOJIBIIMM YIJIOM - B 3TOM oOmactu Aa = 25°
VY CTaHOBJICHO, UTO YaCTHUIIBI TUCKPETHON (a3bl B JTAHHOW 30HE SIBJISIOTCS IIEPBUYHOM
BJIaroi, MPOXOJSIICH MEXKJIOMATOYHbIM KaHal 0e3 KOHTaKTa ¢ €ro CTEHKaMu |
MepeceKaronel KpOMOYHBIM KamnedbHbIA ClIe/l, WJIM BBIOMBAIOIIEH JTUCKPETHHIE
gacTullbl U3 Hero. CpenHue AuaMeTpsl B 3Tol obiactu coctaBuiau 10 — 15 mxm. C
YBEIIMUYEHUEM HayajabHOU BiaxkHocTH oT 3,4% pno0 8,4% OCHOBHBIE MapaMeTphl
Karesb MPakTUYECKU HEe U3MEHSIOTCA.
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Puc. 5. TpaekTtopuu KpyIHBIX Kameidb 3a PEHICTKONH MpU Pa3IMYHOM HadaIbHOM
BJIQXKHOCTHU

WccnegoBanus mokasaiu, 4TO B KPOMOYHOM clie/ie (TpaeKTopusi 3) Ha HayaaIbHOM
yuactke aBwxkeHus (z < 0,12b) umeeT MeCTO aKTUBHOE JIPOOJICHUE YACTHUIL KHUIKOM
(da3el — cpegHue pasmepnl kamenb ymeHbiaroTcs (Puc. 6). Ilocne BeipaBHUBaHMS
aucrepcHoro cocrtaBa Ha ydactke 0,12b < z < 0,22b HaumHAETCS POCT CPETHUX
JMaMETPOB, UYTO CBUJETEILCTBYET O Hauajie KOaryJsIMOHHBIX mporeccoB. [1o mepe
yAaJleHus OT BBIXOJHOM KPOMKH JIOMATKH CKOPOCTH Kamelb HEMpPEepPhIBHO
YBEIMYHUBAIOTCA — KOA(PUIIMEHTHI cKoJIbKeHus pactyT oT 0,5 — 0,55 mpu z = 0,05b
10 0,69 — 0,74 npu z = 0,26b. C u3MeHEeHNEeM HAYaJbHON BIAXHOCTH OT 3,4% 110
8,4% nmameTpbl YacTull BOJU3U BBIXOJIHOM KPOMKHU pacTyT OT 85 MKM 110 115 MKm.
DTO CBSI3aHO C POCTOM pacxoja B BOJSHOHN IUICHKE, (opMUpyeMOW Ha CTEHKaX
JIOTIATKH.

120 |
100 9 MKM ——y0=3,4%
30 \ —=—y0=5,4%
60 \ yO = 8,4%
40 } :
0 Z
0,02 0,06 0,1 0,14 0,18 0,22 0,26

Puc. 6. Pacnpenenenue cpenHMX IO KOHIIEHTpAlMU pa3MEpOB Kalenb BIOJIb
TpaeKTOpHH 3

Y CTaHOBIIEHO, YTO JUCIIEPCHBIA COCTAB JUCKPETHOW CPEIbl B KPOMOYHOM CIIEIE
CYIIECTBEHHO 3aBHUCHUT OT HayajbHOM BIaxXHOCTU mapa. [lo Mepe ynmaieHuss ot
BBIXOJIHOM KpPOMKH, MpU HadalbHOM BIaxHoctH Yo = 3,4% yBenuuuBaetcs
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KOHIIEHTpAlUsl MEJIKOJUCIEPCHOM Biark, B TO BpeMs Kak npu Yo = 8,4%
HaO0JII0/1aeTCsl POCT KOHIIEHTPAIIUU KPYITHBIX Karellb.

IToTok KpyIHBIX Karelib CO CTOPOHBI BOTHYTOM MOBEPXHOCTU (TpacKkTopus 4)
SIBHO TPOSBIISIETCS TOJIBKO IPH HAYaJIbHOM BIIAXXHOCTH Yo = 8,4%. Ero mosiBinenue
CBSI3aHO C MHTEHCHU(]UKAIMEH TMPOIEeCCOB OTPaKCHHWS W BBHIOMBAHUS Kallellb C
MMOBEPXHOCTH BOJSHON IUUICHKH, JBIKYIIECHCS BJOJIb BOTHYTOM TITOBEPXHOCTH
nonatku. [Ipu 3ToM cpenHue auaMeTphl Kameiab yBenuuuBaroTcs ot 10 Mkm 1o 15
MKM.

HccnemoBanus 1mokasaiv, 4TO U3MEHEHHUE IMapaMeTpa p CYIMISCTBEHHO BIIHSICT Ha
XapakTep JBMXKCHUS YaCTHI] XKUIKOU (has3bl 32 COIJIOBOM PEHIETKOW. ITO CBSI3aHO C
M3MEHEHHEM a’3pOJMHAMUUYECKOTO BO3JICUCTBUS Ha KaIlJId CO CTOPOHBI OCHOBHOTO
MMOTOKa (TaK KakKk WM3MEHEGHHE O B IICPBYIO OYepeAb NPUBOJUT K H3MCHCHHUIO
IJIOTHOCTH MapOBOTO MOTOKA).

YCTaHOBIICHO, YTO YBEIMYCHHUE IUIOTHOCTH MApOBOM cpeibl (YMEHBIICHHE P)
MPUBOJUT K BBIPOXKICHHUIO IMOTOKA KPYIMHBIX Karellb CO CTOPOHBI CIIMHKU JIOTIATKH.
OTO YETKO TMpOSBISETCS Ha pachpeleleHusx KoIP(GUIUEHTOB CKOJBKEHUS 32
pemrerkoii (Puc. 7) — B paccMarpuBaemoii 30He Ipu p = 1994 Bennuuna v 0au3ka K 1,
YTO TOBOPUT O JBUKEHUU Kallelib MPEUMYIIIECTBEHHO MaJbiX pazMepoB. Kpome Toro,
yMEHbIICHHEe O (yBeJIMUYCHHE IUIOTHOCTH IIApOBOTO IIOTOKA) TMPHUBOJAUT K
YMEHBIIECHUIO YTJIOB BBIXOJIa YACTHII )KUJKON (ha3bl.

HaGnromaeTcst cyliecTBEHHOE MEPECTPOCHUE CKOPOCTEM W pa3MEpoOB Karellb B

KpPOMOYHOM ciene (Puc. 8).
YMeHbllIeHHe P  TPUBOIUT = K
CHIDKEHHIO k03¢ pHUIIEHTOB
CKOJIb)KEHUS HEMOCPEACTBEHHO

BOJIM3M BBIXOAHOW KPOMKU (Z =
0,05b). TIIpm otoM, ecau mpu
MaKCHMajJbHOM 3HaueHuu p = 3790
BEJIMYMHA koadpurreHTa
CKOJIBKCHUS MPaKTUYECKU HE
MU3MEHSETCS TI0O Mepe yAaJIeHUS YaCTHI]
KUJKOU (ha3bl OT COIUIOBOM PEIIETKH,
To pu p= 2581 m p= 1994
IMPOUCXOUT  AKTHUBHOE  YCKOPEHUE
gacTull. YeM OoJibilie MIIOTHOCTH Mapa,
TEM BBIIIIE€ TPATUEHT CKOPOCTH Karlelb

Ha HAYaJbHOM yYacTKe JIBIKEHHS (Z =
0,05b - 0,11b). Kak crmencrBue, B

pe3yJbTare AKTUBHOT'O
MEXaHUYECKOTO B3auMojeucTBUs (a3,
Puc. 7. Pacrnipenenenne cpeaHux BbBI3BIBAIOIICTO ApobiieHne

K03()(HUIMEHTOB CKOIBXKEHMS 3a COIUIOBOM AMCKPETHBIX HaCTHll, Ha pPEXMMax C
pelIeTKoi PN HayanbHOH BIakHOCTH mapa P = 2581 u p = 1994 cpexnne no
Yo = 3,4%. a: p= 3790; 6: p= 2581; B: p= KOHLEHTpALUU Ppa3MEphLl Kamejab B
1994 oOnactu YCTaHOBUBIIETOCS
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nucniepcHoro coctara (z = 0,11b - 0,19b) B n1Ba pa3a mensie, yem mpu p = 3790.

Ha ocHOBe mNpoBeNeHHBIX HCCIEIOBAaHUNA ObUIM TOJy4YeHbl O0O0O0OIIECHHBIE
XapaKTEPUCTUKU KUAKON (ha3bl B KPOMOYHOM CJE/I€ 3a COIUIOBOM PEIIETKON (CM.
pucynok 9). Ha pucynke Yy = d/d,, rae d, - cpenHuii pa3Mep Kareib Iepe
KaHAJIOM.

[IpencraBieHHble  XapaKTEPUCTUKA  MMEIOT  BaXHOE  IPAKTHYECKOE
IIPUMEHEHUE HA ATale MPOCKTUPOBAHUSA MPOTOYHBIX YACTEH IMOCIECOHUX CTYIICHEU
HH/I xonaeHcanmoHHbix TypOouH 1 Typoun ADC. Ux ucnosib30BaHUE MO3BOJISIET:

1. [TonyunTh BXOJHBIE TPEYTOJBHUKHA CKOPOCTEW M1 KPYMHBIX Kaleb,
TEM CaMbIM ONPEJEIUTH 30Hbl AKTUBHOTO 3PO3UOHHOTO U3HOCA padOYHX JIOMATOK.

2. BriOpaTh onTUManbHOE 3HAUEHHE MEKOCEBOIO 3a30pa CTYIEHH C TOYKH
3pEHHUs CKOPOCTEM, YIJIOB JBUKEHUS U PA3MEPOB KaIleb.

3. OnTuMu3upoBaTh MeponpuaATHs 1O OopbOe ¢ KPYyMHOIUCIEPCHOM
BJIaroil B MoTOKe. BhIOpaTh onTUMalbHBIE MapaMeTpbl pabOThl CUCTEM Celapaluu
IUIEHKM W BAYyBa TPEIOMIETO Mapa MyTeM CPAaBHUBAHUS XapaKTEPUCTHUK JABUKECHUS
Kaneib 32 PEelEeTKOM.

4, [Tonmy4yeHHble TapameTpbl IBUXKEHUS KPYIMHOJIUCIEPCHOW BJarud MOTYT
OBITh MCHOJIb30BaHbl KaK MCXOJIHbIE JAaHHBIC JJI aHAIN3a AKTUBHOCTU 3PO3UOHHOIO
M3HOCAa pabdoyux JIOMATOK: OIpEAEICHHEe CTENeHW pa3pylleHus marepuaia B
3aBUCUMOCTH OT BpPEMEHH padOThl MAalWHbI, HANPSHKEHUS B METAUIE NpH
COYJapeHHUH KaIlIU C MOBEPXHOCTHIO JIONATKU U TaK Jajee.

0,8 \ 100
v Y +Pp=3790 -p=2581 .p=1994 d, MKM

0,72 % : — Tt 80
v e e /

064 | /R - 60
"\ ,' 2 ‘().'. o

\ ) MM

0,56 T e T e .- 40
B e

M ST <\ g T 20
Z

0,4 0
0,05 0,1 0,15 0,2 0,25

Puc. 8. Pacnpenenenne kod3(p(HUIIMEHTOB CKOJBKCHHS M pa3MEpOB Kameidb BIOJIb

TpacKTOPpHUH, pacnonox(eHHoﬁ B KPOMOYHOM KallCJIBHOM CJI€AC IIpU Yo =
8,4%
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Puc. 9. Pactipenencane korPUIIMEHTOB CKOJIBKEHUS (a) U CpeaHuX pa3mepoB (0)
KUJIKOU (pa3bl B KPOMOYHOM CIIEJIe 32 COIJIOBOM PEIIeTKOM MpH HavalbHOU
BIIAYKHOCTH Yo = 3,4%

OCHOBHBIE PE3YJIBTATBI U BBIBO/IbI

1. JlokazaHa BO3MOXHOCTh NMPUMEHEHUS MmporpaMMHoro komruiekca ActualFlow,
pEaNU3yoUIero KOPPEISILIMOHHBIA METOJ  OIpPEJENICHHs] BEKTOPOB CKOPOCTEH
nuckpeTHeIX yactull (P1V) mis sKkcriepuMeHTaIbHOrO ONMpEAeSICHUs XapaKTePUCTUK
MIOJINJIUCIIEPCHBIX BJIAXKHO IApOBBIX IIOTOKOB B 3JIEMEHTaX IPOTOYHBIX YacTeu
TypOOMaIINH.

2. Pa3pabotana u anpoOWpoBaHa SKCIEPUMEHTAILHO-PACUETHAS METOIMKA
OECKOHTAKTHOTO ONpEIEICHUsS CPEIHUX pPa3MEpPOB KPYIHBIX Kamellb, KOTOPbIE
IBUKYTCSI B OCHOBHOM ITOTOKE C YCKOPEHUEM U CO CKOJIBKEHHUEM I10 OTHOLIEHUIO K
napoBoii ¢aze. 1yt aToro BeinonHeHa Moaudukaius komnoneHtoB CFD xoma Ansys
Fluent 14, xoTopas mo3BONMIa TPUMEHSATh YHCICHHBIC METOABI W COBMEINATH
pe3ynbTaThl  pacyeToOB  NapamMeTpoB  MmapoBod (a3l ¢ pe3yibTaramu
AKCIIEPUMEHTAJILHOTO UCCIIEI0BAHNS XapaKTEPUCTUK KUAKON (azbl.

3. [Tomy4deHbl XapaKTEPUCTUKH MOTOKA 34 COIUIOBOM PEIMIETKOM, KOTOPBIE MOTYT
OBITh HCIIOJIb30BaHbl TMPU NPOECKTUPOBAHUU CTyNEHEH TypOuH, padoTaomMx B
0o0JaCTH  BJIAXHOTO Tapa. OKCIEPUMEHTAIbHO  ONPENENCHbl  XapaKTEepHbIE
TPAEKTOPUM JBWKEHHUS, pacnpeneneHue Kod3(PQPUUUEHTOB CKOJIBKEHHUS, YIJIOB,
JAAMETPOB KPYIHBIX KaIlesib 32 U30JIMPOBAHHOM COIJIOBOM PELIETKOM.

4, [Ipy DPOEKTUPOBAHMM CTYNEHH M CHUCTEM pa3pyllE€HUs W YAAJICHHUS
KPYIHOAMCIIEPCHON BJIard HEOOXOJUMO YUYUTHIBATh OCHOBHBIE MCTOYHUKU KPYITHBIX
Karesb B MOTOKE 3a N30JINPOBAHHOM COIJIOBOM PEIIeTKON U 0COOEHHOCTH MPOIIECCOB
ux GOPMUPOBAHUS.

4.1 KpynHble Kaljikd CO CTOPOHBI CIUHKU MPO(UIIS SBISAIOTCA NMEPBUUHON
BJaroi, (opmupyemoit nepes ucciaeayeMbIM KaHaJIOM U MepeceKaromeil KpOMOYHbIN
cJiel IOMaTKU WM BhIOMBAIOLIEH AUCKPETHBIE YacTUlbl U3 Hero. VX cpeanuii pa3mep
coctasisieT 10 — 15 mxm.
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4.2 JIBWKEeHHE Kamelb B KPOMOYHOM CIIE[ie XapaKTepHU3yeTcs aKTHBHBIM
IpoOJieHWeM BJark Ha HAYaJIbHOM YYacTKE TPAEKTOPUM C  JalbHEHIINM
BBIPAaBHMBAHUEM CpEIHUX pa3MmepoB Kamenb. Ha paccrosaum 0,23b — 0,25b ot
BBIXOJIHOW KPOMKH JIONIAaTKM HAYMHAKOTCS MPOLIECCHl KOATYISIIIUUA U POCTa CPEAHUX
IMaMETPOB.

4.3 TIlpu pa3BUTOM IUICHOYHOM TEYEHUM Ha BOTHYTOM CTOpPOHE MPOQUIIs
(mpu HayambHOW BIAKHOCTU Yo=8,4%) WHTEHCUPUIMPYIOTCS MNPOIECCHl CpbIBAa U
OTpaXEHUS Kalelb C €€ MOBEPXHOCTU, YTO CIOCOOCTBYET (POPMUPOBAHUIO MOTOKA
KPYITHBIX KaIleJlb 332 COIJIOBOM PELIETKOM.

S. Ha ¢dopmupoBanne u XapakTepUCTHKH MOTOKOB KPYMHOJUCIIEPCHOW Biaru
CYILLIECTBEHHOE BJIMSIHUE OKA3BbIBAET CTENEHb BIAXKHOCTU MEpPEJ] PELIETKOM, a TaKxKe
COOTHOIIEHHE MJIOTHOCTEN MapoBOil U KUAKOH (Pa3.

5.1 I3MeHeHWe HAYaJIbHOW BIIAXKHOCTH B JuarazoHe Yo = 3 — 9% npu p =
2581 He NPUBOJNT K CYNICCTBEHHBIM U3MEHEHHSM V, O, 0, Kanelb, ABIKYIIUXCS CO
CTOPOHBI CIIMHKH JIONIATKH.

5.2 C yBenuueHWeM HadaJbHOW BIAXHOCTH 10 Yo = 8,4% mpu p = 2581
HaOJII0/1aeTCsl POCT CPeAHUX pa3MepoB Kamenb ¢ 15 MkM 10 20 MKM Ha TpaHUIE
KareJbHOTO CJIeJJa CO CTOPOHBI BOTHYTOM MOBEPXHOCTHU JIOMATKH, YTO OOYCIOBJIEHO
MOSIBJICHHEM HOBOI'O UCTOYHUKA (POPMUPOBAHMS TIOTOKA KPYITHBIX KaIellb.

5.3 B KpoMOYHOM KamnelbHOM CIJI€J€ C POCTOM HayaJbHON BIAXKHOCTH OT
3,4% no 8,4% npu p = 2581, cpenHue pa3Mepbl Kaneib BOJIU3U BBIXOJTHON KPOMKH
M3MEHSIOTCA OT 85 MKM 110 115 MkM.

5.4 N3MmeHeHue HaBieHMs, a, CIEAOBATENIBHO, U IJIOTHOCTU MAPOBOM (pa3bl

OKa3bIBAET CYLIECTBEHHOE BIMSHUE HA CTPYKTYPY KaleJIbHOIO MOTOKA. Y MEHBILICHHUE
kodpdunmenta p ot 3790 mo 1994 npuBOAMT K MHTEHCU(UKALUU TIPOIIECCOB
MEXaHUYECKOTO B3auMOJENUCTBUs (a3 — YBEIMUMBAETCS YCKOpPEHHE Kareilb Ha
HayaJbHbIX YyYacTKaxX TPAECKTOPUH B KPOMOYHOM CIJEAE, YIJIbl BBIXOJA Karelb
YMEHBIIAIOTCA, CpPEJHUE pa3Mepbl Kaledb B KPOMOYHOM KalleJIbHOM  CJEAe
cHwkatorca B 3,5 pasza. [IoTOK KpYIHBIX Kamejb CO CTOPOHBI CIMHKU JIONATKU
BBIPOK/1a€TCsl, @ 00J1aCTh MPOSIBICHUS KPYITHOJUCIIEPCHON BJIar YMEHbILIAETCSI.
6. Ha ocHOBe 3KCHEpUMEHTAIbHBIX JaHHBIX pa3padOTaHbl PEKOMEHJALUU IO
npumenennto CFD-koma Ansys Fluent 14, mpoBepeHHbIe 10 pe3yjibTaTaM pacdera
BJIQYKHOT'O TIapa B KaHAJIAX Pa3IMYHOW reoMeTpUH B paboyeM sl IPOTOUYHBIX YacTeu
TypOOMalMH Auana3zoHe napameTpoB. [lonyyeHo yIoBIETBOPUTEIHLHOE COBIAJACHUE
pE3yNbTaTOB pacyeTa M IKCIEPUMEHTOB, MOJYUYECHHBIX, B TOM YHUCJE, Pa3IMYHBIMU
aBTOPAMH.
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