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OBLUAS XAPAKTEPUCTHKA PABOTbI

AKTYaJbHOCTBL paboThbl

HecMoTps Ha HaKOIUIEHHBIH ONMBIT MPOEKTHPOBAaHHA M IKCMAVATALHH. OCTaeTcs
ocTpas HeoOXOAMMOCTb B MNOBBILLIECHHH d(PPCKTHBHOCTH H HAICIKHOCTH OCHOBHOIO
obopynosanus TOC u A3C.

3HauuTeNIbHbIE pe3epBbl NOBbILIECHHA PGCKTHBHOCTH M HACKHOCTH HMCIOTCA B
NPOTOYHBIX YACTAX MapoBbIX TYpOHH paboTaloWHX Ha BIAXHOM [1apc. B
ocobeHHOCTH B obnacTax nocneauux ctynedeid LIH/I. Ilpn atom xapakrep TeueHus
Cpeabl B 3TOM Y4acTKe IPOTOYHOH 4acTH M3Y4E€H HEL0CTaTo4HO. B 1iepByto ouepeas
3TO CBA3aHO € HaIUYMEM JWUCKPETHOM cpeibl B MOTOKE BIIAXHOFO Tapa. uTo
OPUBOAMT K HHTEHCHOUKALUMH CJIOXKHBIX MNPOUCCCOB TCPMOJHHAMHUCCKOTO H
MexaHHuYeckoro Mexgas3oBoro B3anmoaeiicTBii. MMetolecs Ha TaHHBIT MOMEHT
pe3yabTaThl JKCMEPUMEHTAIBHBIX H YHUCICHHBIX HCCICA0BaHHI BIOKHOMAPOBLIX
NOTOKOB MO3BOJHJAM HONYYUTH NoApoOHble (yHAAMEHTablible NpPCACTABICHHA O
npupoae MexdaszoBeix B3anMonelcTBHi. OQHAKO NPHKNALHOE MPUMEHEHHE 3THX
3HaHMM K KOHKPETHbIM HH)XXEHEPHBIM 3aJayaM NOpoi OKa3bIBaeTCA HEBO3MOXKHBIM.

OnHo#t M3 OCHOBHBIX 3afay, [0 KOHL@A HE M3YYEHHbIX Ha JIaHHbIi MOMEHT,
ABJAETCA BONpoc 00pa3oBaHHA U ABH)KEHHS KPYTIHBIX IPO3HOHHO-OMACHBIX Kamnenb B
MEXO0CeBOM 3a3ope TypOMHbI. JIna nosnHoro aHanusa 3hexkTHBHOCTH MeponpHATHii
N0 MOBBILIEHUIO HAEXKHOCTH JIONATOYHOTO arnapara nocneAHux crtyneneii 1[H]]
(cemapauust >KHAKHX IUIEHOK H3 MPOTOYHOH YacTH, HCMOJb3OBaHHMEe HOBEHLIIX
MaTepHaroB W HalUIaBOK M TaK Jajee) HEOOXOAMMBI 3HAHHA O TPAEKTOPHAX W
XapaKTepHCTHKAX Kamesib BAOJIb HUX (KO3()(MHULHEHTH CKOJbXKEHHs, HalpaBieHHe
IOBHXXKEHHUs, pa3Mmepbl). AKTUBHOE pa3BMTME 3KCHEPUMCHTAIBHBIX NOAXOLO0B
HccneNoBaHMA  (CHCTEMBl  Jla3epHOH  AHArHOCTUKH. TMHEBMOMETPHYECKHX H
ONTHYECKUX M3MEPEHHH), a TaKXKe COBEPLICHCTBOBAHUE WYMCIICHHBIX MCTO/OB
pelueHns 3anay MeXaHHKH CIUTOLUHBIX cpell (COBMECTHO C POCTOM BbIUHCIHTENIbHBIX
BO3MOXHOCTEH KOMMBIOTEPOB H KJIacTEPOB) CO3/AIOT 61aronpuaTHbIE MPEANOCHUTKH
ans  Gonee neranbHOro  M3yudeHHWs  ocobeHHocTell  TeueHus  AByXQasHOH
KOoHAeHcupyrotleiics cpensl. [puMeHeHne koppensimorHoro Metona PIV (Particle
Image Velocimetry), HHTErpHpoBaHHOrO B CHCTEMY JIa3epHOI JIHAarHOCTHKH,
NO3BONIAET ONpeNeNsTb MONf CKOpOCTel JMCKPETHBIX WacTHl B MOTOKe.
Hcnonb3oBaHHe 3THX JaHHBIX MO3BOJMT IKCMEPHMEHTANLHO BbISBUTH TPAEKTOPHH
KpyNMHBIX Kanejib B MEX/IONAaTOYHOM 3a30pe W ONpeleuTb HX OCHOBHblE
xapakTepucTHkH. OIHaKO Ha AaHHBIH MOMEHT NoAO6GHbIE METOAUKH HE MPUMEHSIHCH
JUIS MCCJIeI0OBaHUS BJIAXKHO NAapOBbIX MOTOKOB.

eawb paboThl

PazpaboTka M pealn3alus OSKCEPUMEHTATBHO OOOCHOBAaHHOH METOIMKH
ofpefiesieHHs MapamMeTpoB KMAKOH (a3bl BIAXHO MApOBOTO MOTOKA B 3JIEMEHTax
NPOTOYHBIX 4YacTeH TypOOMAalUMH C  MWCMONb30BaHMEM CHCTEMbl J1a3epHOH
auartoctuki. I[Ipu 3ToM pelianucs crenylolme 3ana4u:

1. PaspaboTtats 3¢ ¢eKTHBHYIO METOAHKY TPUMEHEHUA CHCTEMBI Jia3epHoOi
JVarHOCTHKH AJIS ONpelesieHHs CKOPOCTHBIX XapaKTepHCTHK KPYMHBIX Kancib B
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2. HacTpouTh ¥ NMpOBEPUTh MAaTeMaTHYECKYIO0 MOJEJb BIAXKHOMAPOBbIX MIOTOKOB
is oleciieyeHUs 10JlyYeHUs KOPPEKTHBIX AaHHbIX O MapaMeTpax napoBoi (asbl
NpH HAIMYUK KPYITHOAWCNIEPCHOI Bi1ary B MOTOKE.

3. PazpaboTaTth M BepHPHUHPOBATH METOAHKY OECKOHTAKTHOIO OMNpeiesIeHUs
CpeJHHX pa3MepoB KpYMHbIX Kaneidb BIOJb HMX TPAaeKTOpHil, OCHOBBIBAafCh Ha
IKCIIEPUMEHTATLHO ONpeesIeHHbIX MOJAX CKopocTeil #uAKOH ¢a3el U JaHHBIX O
MapoBOM TIOTOKE, MOJYYEHHBIX METOJOM MaTeMaTHYECKOro MOAEIMPOBaHHS.

4. AnpoGupoBaTb pa3paboTaHHble METOAbl M NOAXOAbl IMPH HCCAEJOBAHHH
CTPYKTYpPbl KallCJIbHOFO TMOTOKAa 33 M30JIMPOBAHHOI COIUIOBOH pelIeTKoH M
onpeaeNUTh BAMAHHUE PEKUMHBIX [1apaMeTpOB Ha pacrpejielieHHe OCHOBHBIX
XapaKTCPHUCTHK YaCTHULL JKHAKOH (a3bl.

Hayunas HOBH3HA

e PazpaboTaH MeTOJ TNpHUMEHEHHS CHCTEMBI Jla3epHOiH JIHArHOCTHKH AN
UccileJOBaHHs XapaKTePUCTHK JKHIKO#HM (asbl NpH TeHeHUH BAAaXHO MapoBOr0O MOTOKA
B NPOTOUHBIX YaCTAX TYpOOMaILHH.

e Pazpaborana  OeckOHTaKkTHas  pacHYETHO-IKCHEepHMEHTalbHasd  METOJHMKA
onpelaeneHus cpeHUX pa3MepoB Kamneb.

e BiicpBble 3KCICPUMEHTAJILHO ObLIW OIlpe/le/ieHbl XapaKTepHble TPAEKTOPHH
JNBH)KEHHS KpYIMHBIX Kanelb M pacrpelefieHHe HX OCHOBHBIX IapaMeTpoB 3a
COIIOBOM peLleTKOMH.

e IlpoBeacna moxudukauus pacuetHsix Moaeneil CFD koma Ansys Fluent ans
MaTeMaTHYeCKOro OMicaHus BIaXHOro napa.

e TlonyueHbl oOoblialole XapaKTEPUCTHKH 3PO3MOHHO-OMACHBIX Kamejb 3a
COMJIOBOH pelueTKoH, KOTOpble MOAPOOHO ONMCHIBAIOT OCOOEHHOCTH UX ABHXECHHS B
Jroit obslacTy.

[IpakTHyeckas HeHHOCTb

— PazpaboTaHHas MeToAHKa MOXET OBITb MCIOJIL30BAaHa IIPH  H3YYEHHH
IBHXKEHUA NBYX(a3HOH cpelbl B IPOTOYHBIX YaCTAX NapOBBIX TypOUH.

~ TlonyyeHHble 3KCNEpUMEHTaANIbHbIE JaHHblE O JABH)XXEHMH KPYMHBIX Kanesb 3a
COIIOBOH pelleTKOi MOryT ObiTh UCIHOJIL30BaHBI [IPY aHAJIM3€ YCIOBWI HAaTeKaHUs
4acTHLU AMCKPEeTHOH ¢a3bl Ha BXOAHBIE KPOMKH paboumX JIONATOK.

— JlaHHbie 0 XapakTepUCTHKax KPYMHOJMCIEPCHOH BlarM MOTYT ObITh
HCMOJIb30BaHbI PU POEKTHPOBAHHH CTYTIEHEH TYpOUH.

— [IMonyyeHHble 3KcnepUMeHTabHBIE JaHHBIE MOTYT ObITh HCIOJIB30BAaHBI TPU
BepudUKaLUK MATEMATH4YECKUX MOJEJICH ABMIKEHUS BJ1aXKHO [1APOBBIX [1OTOKOB.

JocTOBepHOCTL H 060CHOBAHHOCTL Pe3Y/IbTaTOB 00€CeyHBAETCs NPOBEAEHHEM
TCCTOBBbIX MCOBITAHHH B M3ydcHHOH 0061acTM H3MEHEHHs MapaMeTpoB [Uid
COMOCTABJIEHHA MOJYYEHHBIX 0 pa3padoTaHHBIM METOAUKAM Ppe3ylbTaTOB C
pe3yJIbTaTaMu paHee MPOBEAEHHBIX MCCIIEAOBAHUH C MPHMEHEHHEM aTTeCTOBAHHBIX
M3MEpPHUTENbHBIX YCTPOHCTB H anpoOHPOBaHHBIX METOIUK U3MEPEHHUHA.

ABTOD 3amiHIaeT
1. MeToauKy npuMeHeHHs CUCTEMBbI Jla3epHOi JHarHocTUku U Metoaa PIV ans
HCCNe/I0BAHHUs BIAXKHO NApOBLIX MOTOKOB.




2. JKCMEPHMEHTATBHO-PACYETHYIO METOIHKY OECKOHTAKTHOrO oOnpeleeHns
CPEe/IHHX pa3MepoB Kariesb B [I0TOKE BJIAXHOTO 11apa.
3. Pe3ynbTaTel 3KCNEPHMEHTANBHBIX HCCNENOBAHHIH CTPYKTVPHl KanelbHOro
MOTOKa M XapaKTepHCTHK JPO3HOHHO-OMACHBIX YacTHL KHAKOH ¢assl 3a
H30/TMPOBAHHOMN COMMOBOH pelIeTKOH.

Anpobauus padorbl

OcHOBHble pe3yiabTaThl HacTosulell paboThl OOKNANBIBAHCh HA ClEdYHOLIHX
HAayYHO-TEXHHYECKNX KOH(EPEHUHAX, CHMIIO3HYMaX H CEMHHapax:
1. Mex1yHapoaHble  HayYHO-TEXHHYCCKHC  KOH(CPCHLUMH  CTVACHTOB  H
acnupaHToB «Paano3nekTpoHHKa. 31eKTpoTeXHHKa H 3HepreTHka». ®I'BOY BIIO
«HHUY M3H», Mockaa, 2009-2013 r;
2. Power System Engineering, Termodynamics & Fluid Flow ES 2010.
Department of power system engineering faculty of mechanical engineering
university of Bohemia. Pilsen. 2010;
3. 3-9 KOH{)epeHLHA MONOABIX CMELHATHUCTOB HHKEHEPHO-TEXHHUECKHX CnykO
OAO «CHJIOBBIE MAIIMHBI». OAO «Cunosbie Mawnnbl». Cankr-IletepOypr.
2012
4. Baumann Centunary Wet Steam Conference. Cripps Court conference centre,
Magdalene College. Cambridge. 2012;
5. Hayunbiii cemunap HII «I"azoaunamuka», ®I'BOY BIIO «lHHHY MDH».
Mocksa. 2013.

Peannsauus pe3yabTaToB paboThi

Pesynbrarsl paboThl ucnonb3ylotes B yyeOHOM mpolecce kadeapbt NapoBbIX H
ra3oBbix TypouH deaepajbHOro rocyaapcTBEHHOro 610/DKeTHOro o6pa3oBaTeslbHOI0
yupexaeHus  Bbiculero mnpodeccHoHanbHoro  obpasopaHus  «HauuonanbHbif
Hcche10BaTeNIbCKUil yHHBepeHTeET MO

Ily6amkauuu

ITo pesynsTataM auccepTallMoHHON paboThl ObuT0 omybnukoBaHO 4 HayuHble
CTaTbH, B TOM 4McJie 3 cTaThH B )KypHalaX, BXOJAIMX B nepedeHs BAK P®, u 7
JIOKJIaZIOB Ha Hay4HO-TEXHHUYECKHX KOH(bepeHUMsAX.

CTpYKTYpa # 06beM paGoThl

JuccepTauns cOCTONUT U3 BBEJEHHS, YEThIPEX IJ1aB, OCHOBHBIX BBIBOJIOB M CITHCKa
JIMTEpaTyphl, H3oXkeHa Ha 211 cTpaHHLAaX MalIMHOIUCHOTO TeKCTa, COAEPXKHUT 124
pucyHka, 3 Tabnuubl 4 6ubnuorpaduio U3 139 HauMeHoOBaHHUIA.

OCHOBHOE COJEPXAHHE PABOTbI

Bo BBeJeHHH pacCMOTPEHB! HampaBAeHHA TMEPCMEKTHBHBIX HCCIEN0BaHUIA
TeYEHUs! BIIAXKHONAPOBbIX NOTOKOB B NIPOTOUHBIX YaCTAX TYpOOMALIHH.

B nepBoii rnase npeicTaieH 0630p TUTepaTyphl, MOCBsLIEHHbIH 0COBEHHOCTAM
IOBHXKEHHMs JUCKpeTHOH ¢as3sl B MOCAEAHUX CTYNEHAX TypOOMallMH, MeTojaM
IKCMEPUMEHTAIBHOTO HCC/IEJOBAHUSA apaMeTPOB LMCKPETHBIX YacTHL, BIHAHUIO
pasIUMHBIX peXXHMHBIX apaMeTpOB Ha XapaKTePUCTHKH XKHAKOH (a3sl B MEXOCEBOM
3a30pe  CTYNEHH, HCTOYHMKaM o0Opa3oBaHHs KPYMHOAMCIMEPCHBIX Kamelb B
nporouyHolt uactTh TypOGHHBL. PaccMmotpeH PIV (Particle Velocimetry Tracking)



MeTol, MHTETPHPOBAHHBIH B CHCTEMY JIa3€pHOH HMAarHOCTHKH MNoTokoB. OH
NO3BOJIAET ONpEeAENATh MTHOBEHHBIE NOJIA CKOPOCTEH TpaccepoB, ABHXYLUMXCA B
notoke. O630p nuTepaTypsl MOKasajl, YTO CHCTEMA Jla3epHOM MHArHOCTUKH JUIA
HCCIEAOBAHUA JBMXCHHA OMCKPETHBIX (a3, Mocjie HEKOTOPHIX AOpabOTOK, MOXKET
6bITh HCMOAb30BAHA IS KOMIUIEKCHOTO H3y4YEHHS MapaMeTpoB MOJMAHCIIEPCHOTO
notoka. B oTiuyMe OT paHee NpHMeHseMBbIX TOuYEYHBIX MeTonoB, PIV Mmerox
1103BOJIAET MONYYUTh pacnpejesieHHe OCHOBHBIX MapaMETPOB Kanenb B IUIOCKOCTH.
INo utoram 0630pa nuTEpaTyphl 6bUIH CHOPMYNHPOBaHBI 3aJa4U H NOCTaBJIEHbI LEH
Ul JaHHOH paboThl.

Bo BTOpo#di riaBe [MPHBOJMTCA ONMCaHHE KOMIUIEKCHOH  METORMKH
JKCMIEPUMEHTATBHOTO H3MEpPEHHA MapaMeTpoB BJaXHO [apoBOro IOTOKa B
3JIEMEHTaX NpPOTOYHLIX yacTed TypOOMallMH, a TaKXkKe pacCMaTpHBaeTCs MpoLecc
MaTeMaTHYeCKOro MOJENUpOBaHUA TeueHHs AByxdasHoil cpensl B CFD kozme Ansys
Fluent 14.

HccnepoBanns npoBOAMIIMCE HAa IKCNEPUMEHTAIBHOM IApOAHHAMHUYECKOM
ctenae KBIT - 2, nossondioluem uccnenoBarh TeueHUE MEPErPETOro, HaChILEHHOTO
H BJIQXHOrO Mnapa B 3J7ieMEHTax MPOTOHHBIX HacTeil TypOOMAlUHH MpPH pasIMYHbIX
ckopocTax notoka. Pabouee Teno ans uccrienoBaHuii Gepercs M3 otTOopa nmapoBoi
Typ6rHbel TOL] MDU 1 B neperpeToM COCTOSIHUM HNOCTYINAET Ha IKCIIEPUMEHTANIbHBIN
cTeHA. [lns M3MEHEHWsA HayalbHOrO COCTOSHHA [apa OT Heperperoro o
HACBILIEHHOTO, MCMOJIB3YIOTCA [BE CTYNEHH YBIaXHEHHA. OHH CHHXAOT
TEMIEpaTypy IeperpeBa MNyTeM BIOPBICKA OXJIAKAAIOWIEH NHTATebHOH BOABL.
®opMHpoBaHHE MOJUAUCIEPCHOTO BJIA)KHOMNAPOBOrO IIOTOKA OCYLUECTBIAETCA 3a
cueT 11apoAyTheBbiX (HOPCYHOK, YCTaHOBJEHHBIX B Gake-pecusepe creHga KBII-2.
OHM BNpPLICKMBAIOT MNMTATENbHYIO BOAY B INAapoBYIO Cpely, Haxozdllylocs B
COCTOSIHUHM HachilieHMs. TeMm caMbiM 00pasyloTCs 4YacTHUbl JUCKPETHOH ¢a3sl,
cpeHEMaccoBbli pa3Mep KOTOphIX cocTaBiseT 25 — 30 mxm. IIyteM usmeHeHHs
pacxofa BoJbl, MOCTYNAIOWEH B CTYNEHH YBIaXHEHHUS U NapolyTheBble GOPCYHKH,
MNpOH3BOJHTCA PEryJHpOBaHHE HAYAIBHOTO COCTOAHHA MHapa. IloAroToBNEHHBIH
TakMM 00pa3oM BJIaXKHO MApOBOH MOTOK MOCTYIAeT B HCCIIEAYEMbIH KaHai, mocne
4ero HanpasJsieTcs B KOHIEHCATOp U BO3BpalllacTcs B TexHonoruyeckuit uui TILL

H3meHeHne pexHMa TedeHHs MPOH3BOAWIOCH MOCPEICTBOM PEryJHpOBaHHUA
JIaBJICHUSA TIOJIHOTO TOPMOXKEHHs B Oake-pecHBepe Mepes UccileyeMbIM 00BEKTOM H
BEJIMYHHBI BaKyyMa, NOJAEPKUBAEMOTro B KOHIEHCATOPE.

B kauecTBe IITAaTHBIX CHCTEM H3MepeHHs, Ha cTeHae KBII-2 ucnonp3oBanuch:

o H3MepUTENbHO-BBIYHCIUTENBHBIN KOMILIEKC MIC-300M, KOTOpBIi
npefHa3HayeH UIi perucrpauuu, cbopa, oO6paboTKM M NpeACTaBICHHS TaHHBIX O
MHEBMOMETPHUYECKHX TapaMeTpax MapoBOro noToka (JaBjieHHe, TeMIlepaTypa). JTa
cucTeMa B HacToslleH paboTe HCMonb3yeTcs A U3MEPEHUS TeMIlepaTyphbl OJIHOTO
TOPMOXKEHHA M CTaTHYeCcKoro JabneHud. M3MepeHHs TeMmIepaTypsl [OJIHOro
TOPMOXEHHUA cpeldbl B Oake-pecHBepe MPOM3BOAMTCA MOCPEACTBOM TepMOMapsl
KTXK02.01-C10-HU-1,0-1000/2000 (xpoMens — Kaneib), a IJid oONpeaeeHus
pacnpeliejieHisi CTaTUYECKOro JaBEHHA Ha MOBEPXHOCTAX HCCIedyeMblX KaHaJioOB
npuMeHsca napokommyrtarop MIK-16.



¢ Tenesoit aBTOKO/LIHMALHOHHBI
npubop MAB-451, koTopslil NpenHa3HaueH
I BH3YalH3alMK BOJIHOBOH CTPYKTYPhI
CBEPX3BYKOBOTO MOTOKa CTJIOIIHOM Cpe1bl
(CKauKOB YTUIOTHEHHS M KOHIEHCALHH).
Peructpauus H300paXKeHHs
MPOH3BOHIIACk TIOCPECTBOM CKOPOCTHOM
BHUaeokaMepbl Bunaeocnpunr-G6 (5000
KaZpoB B CeKyHQy) H (oTokamepsl
Bupeockan-285-2001 (8 kagpoB B
CEKYHAY).
e CucreMa Ja3epHOil  JHarHOCTHKH
Puc. 1. Cucrema nasepHoi OUarHOCTHKH potokoB «TTOJTACY, KoTopas
«[1OJIUC» HCTIONB30BaNach JUIA ONpeleneHHs Monel
ckopocteil xkuakoi (asbl nocpeacTBOM
HHTETpUpOoBaHHOTO B Hee anroputMa PIV. Tlotok, B KOTOpOM MpPHCYTCTBYIOT
Tpaccepbl, [Ba pa3a C 3aJaHHbBIM HHTEPBAIOM BPEMEHH OCBELIAETCA IUIOCKHUM
NasepHBIM  JIydoM, C(OPMHPOBAHHBIM  CIBOEHHBIM HMMYJIBbCHBIM  JIa3€pPOM.
3acBeueHHEbIe KaIum tdororpadupyrorcs CKOPOCTHOM doTokamepoii.
KoppensuyonHsi#t anroput™ PIV, onpenenss cMeleHne Kaneab Ha BTOPOM Kaape o
OTHOLIEHHIO K TEPBOMY, PAacCCYHTHIBaE€T MTHOBEHHOE IOJi€é CKOpOCTei Kkanens B
IIOCKOCTH JlazepHoro Hoxka. Ilocnexyrowmit Habop map ¢oTtorpapuii nossosser
MIOJTY4YHUTh CTAaTUCTHYECKH OCPEHEHHOE NoJie CKopocTeH. CXxeMa CHCTEMBI Jla3sepHOH
JIMarHOCTHKM TpencTablieHa Ha Puc. 1.

o 30HI MHEPLMOHHOIO OC@KACHHA Kamejlb H MHKpockonl ¢ (oTokaMepoi
DCIMS510, koTopble HCNONB30BAIMCh U1 HM3MEPEHUS IHCIIEPCHOrO COCTaBa
KPYMHBIX KarneJib BIaKHO [TapOBOro MOTOKA.

KoHpurypauns  3KCIEpHMEHTAJIBHOTO  CTEHAAa  MO3BOJIAET  NPOH3BOAMTD
MCCIIEIOBaHHA B KaHalaX pas3iH4HOi reoMeTpuH Onarofaps BO3MOXKHOCTH
HCNONB30BaHMA CBEMHBIX pabouux dYacTeil. OHM OHINM NpenapupoBaHbl TaKHMM
06pa3oM, 4TOGBI 00ecrieyHTh BO3MOXXHOCTH IIPUMEHEHHS BCEX BbILIE OMMCAHHBIX
cucteM. B HacTosme#i paGore paccMaTpHBanoch ABIXKEHME BaXHO MapoOBOro
MOTOKA B TPEX Pa3IMYHBIX KaHaIaxX:

e IInockoe HecummerpuyHoe comio JlaBans (Puc. 2, a). PacuerHnlit pexum B
KaHajle A0CTUraeTCs NPH BEJIUYHHE OTHOCHTENILHOTO NABJICHUA Ha BBLIXOLAHOM Cpese
£, = 0,315 u Ge3pasmepHoii ckopoctu A = 1,34. BenuuuHa €, onpenensercs:

ea=z—:. 1)

TI€ P,- CTaTHYECKOE JaBJIEHHE Ha Cpe3e COIUIa; Po- JAaBJEHHE MOJHOTO TOPMOXEHHS
nepeJ McciieTyeMbIM KaHaJIOM.

OpHa U3 CTEHOK comja Gblyla MpOAPEHUPOBAHHA A H3MEPEHHS CTaTHYECKOro
JIaBJIEHHA BJIONb KaHaua.

o IInockoe cUMMeTpHUYHOE cyXMBatoleecs comno (Puc. 2, 6). JlaHHbIA KaHan
HCIOJIb30BajICA  IUIA NpPOBEPKH pa3paboTaHHOH METOOMKH O€CKOHTaKTHOro
ofnpeneneHus CpPelHUX pa3MepoB Kamenb. B ero 60koBOH CTEHKE OpPraHM30BaHHbI

3epkano WUccneayembin

ﬂaaepnbm\‘ oBvexT
HOX

-




OTBEPCTHS [JIA BBOAA 30HJA MHEPLUHOHHOTO OCaXAeHHA Kamenb. [laHHBlE ©
JIACIIEPCHOM COCTaBe XUIKOH (a3bl, Moyu4eHHbIE C OMOLIBIO HETO, CpaBHUBAIMCH C
pe3yabTaTaMK IPUMEHEHHS pa3pabOoTaHHOH METOIHKH.

o IInockuii naker comnoBeix Jionatok (Puc. 2, B). Pemerka, cocrosimas uz 5
KaHAJIOB C OTHOCHTE/ILHBIM aroM ¢t = 0,7, 06pa3soBaHHBIX COTUIOBBIMHU JIONATKAMH ¢
yrioM Bbixoaa 17.6° u xopmoit b = 67,5 MM. JlaHHBIi 00BEKT HCHOMB30BAICA MPH
anpobauuy pa3paboTaHHBIX METOAMK [UIA MCCIENOBaHHA XapakTepa HABHXKEHHs
JMCKpeTHO# (a3pl 3a COMIOBOI pelieTkoil. i3MepeHHs MPOM3BOAMINCH B CpelHEM
KaHajle peuleTKH. PaccMaTpuBasloch pacrnpejesiieHUe NapaMeTpPoOB Kak BJOJb Iiara
(koopauHaTa X), TaK M B OCEBOM HalpaBieHUM (KOOpAMHATa 2). X H Z
COOTBETCTBEHHO PAaBHbI:

; @
; 3
rae X — KOOpAWHATa BAOJb Liara; ¢ — War pelieTKd; Z — pacCTOSHHE OT BBIXOAHOM
KPOMKH B OCE€BOM HaIllpaBJICHHH; b- XopJAa JonaTkH.

ﬂ,Ilﬂ BC€X paccMaTpHBAEeMbIX KaHAJIOB CO34aHbI pacUE€THBIC CETKH, NOCTPOCHHBIE

B cerouyHoMm reneparope ICEM CFD, koTtopbie HCHOAB3YIOTCA AJid TIPOBEACHHSA
YHCJIEHHOTO MO/IEJIMPOBaHuA.

a)

x=
Z =

S INS | R

B) X

Puc. 2. HecummerpuuHoe coiuto JlaBaiia (a), cyxuBatoileecs comwio (0), miockas
coruoBass pewerka (B). 1 — obnacte HccnenoBaHwii; 2 — JpeHaxH
CTaTHYECKOTO JaBJieHHA; 3 — OTBEpCTUA UIA 30HAA HHEPLUOHHOIrO
OCaX/JEHHUs Karesb

B Tperbeidi rnaBe omHcaHa O3KCMEpHMEHTaNIbHO-pacueTHas METOAUKa
6€CKOHTAaKTHOrO ONMpENENICHUs CPeJHUX pa3MepoB KpynHbIX kanens. ITomxoa no
OMpefeneHHI0 OHaMETPOB YacTHULl AHUCKpeTHOM a3kl 3akiloyaeTcs B pacyere
XapaKTepHbIX TPaeKTOPHH [BH)KEHHA Kamenb (Ha OCHOBE OCPEAHEHHBIX MoJei
cKopocTei, MosyyeHHbIX ¢ noMomipio chucreMsl «I1OJIMCy») u onpeneneHny BROIbL
HHX OCHOBHBIX IIapaMeTpOB JKUIAKOM (CKOPOCTH H YCKOpEHHHA, HONYUeHHBIX
IKCHEpUMEHTaIbHO ¢ nomouupio cucreMmbl «[1OJIMC») ¥ napoBoil (IUIOTHOCTB,



CKOPOCTh, JHHAMHYecKas BA3KOCTb. 4ncao Maxa) ¢a3. ITH 1aHHble HCMOMB3YIOTCA
IUIS onpelesieHHs CpeiHUX pa3MepoB Kamellk BA0JIb HX TPAeKTOpHil.

OCHOBHbIE JONYLIEHHA, HCTIONb3YEMbie NP pa3padoTKe METOAHKH:

1. Ilpeanonaraercs, 4To Karuid HMEIOT chepryeckyto Gopmy.

2. TlpeanonaraeTcs, 4TO M3 BceX CHA, JEHCTBYIOWHX Ha Karutio. Hanbosbluee
BIMAHHE Ha XapakTep ee JBW)KEHHS OKa3blBaeT CHla a’dpoAHHAMHYUECKOTO
COMPOTHBIIEHHA. BO3EHCTBYIOLIAA CO CTOPOHBI OCHOBHOTI'O TIOTOKa.

3. TlpeanonaraeTcs, YTO BeNMYMHA a’POJAHHAMHYECKOTO  COMPOTHBAEHHSA
chepryeckoil 4acTHUB!I OCTaeTCAs MOCTOAHHOW NPH H3MEHEHHH pacCcOrsacoBaHils
MEXIy HanpaejeHHeM JBHXEHHs OCHOBHOIO MOTOKA H Kariu.

4. TlpeanonaraeTcs, 4Tto OOpaTHOe MeXaHHYeckoe BO3IACHCTBHE Kanenb
(0cobeHHO KpYMHBIX) Ha NapoBOi NOTOK MHHUMAJIBHO H UM MOXHO NpeHeOpes.

Ha ocHOBe cleiaHHBIX MpeAnonoXeHUH CpeaHHi QuaMeTp Kaniad B KaxJo#
TOYKE €€ TPaeKTOPHUH OMpeesAeTCss U3 pELIeHUs YPABHEHHSA IBHKCHHS:

Mm@y = 3 ACapuln — Gl (G — G- @)

31eck m, - Macca KalUIH: @, - YCKOpPeHHe KaiuiH: A- Miollajb MonepevyHoro

cedyeHHs Kanimu (B MIOCKOCTH, HOPMAIbHOH K HampaBleHUIO ABHXeHHs ra3a); Cy-

KO3 OULHEHT adpOAMHAMHYECKOTO CONPOTHBIEHUS KaIUIH: C,- CKOPOCTb NapoBoi

¢dasbl; ¢, - ckopocTb kHAKoH ¢asel. [lpy pacuete BemmumHBl KO3dduuneHTa

a’pOJMHAMHYECKOr0 COMPOTHBIICHHS YYMTHIBAIOCH BIMSAHHE pEXHMa OOTCKaHHA
Karuu (uncio Re) u cxMMaeMocTH crutoiHo# cpenpl (uucno M).

PaccuMTaHHas TpaeKTOpHUA ABNAETCA AHCKPETHBIM HabOpOM 3reMEHTapHbIX
OTpe3KOB  (paspeluaioiias CIIOCOOHOCTh  MOJIy4aeMbIX CHHUMKOB  MO3BOJIAET
nobuBathecst pa3bHeHNs TpaeKTOpHUH Ha oTpe3ku aAnuHoH 0,5 — 1 mm). Tpu pacuere
YCKOpPEHHA Kafelsb BAOMb UX TPaeKTOPHit MpeanoiaraeTcs. YTo Ha OTAENBHOM MajloM
OTpe3Ke CKOPOCTh H3MEHAETCS JUHEHHO, TO €CTh YCKOPEHHE MOCTOSHHO.,

Cucrema nazepHodi auarHoctuku <«IIOJIMC» Obila  apanTtHpoBaHa s
HCIMOJIB30BAHHUA B YCIOBHAX MONHANHCTIEPCHBIX BIIAXKHOMAPOBbIX MOTOKOB. BhisBneHo.
YTO HaMUYUe CBETOHENPOHMLAEMON BOJAHOM MIIEHKH HA MOBEPXHOCTH ONTHYECKOrO
cTeKJ1a. MHTep(epeHLHs a3epHOro HOXa, 3aCBETKA KPYMHBIX Kanelb NPHBOAMT K
HEKOPPEKTHOMY OMNpeAeNeHHI0 BEKTOPOB CKOPOCTH YacTHL >kuakoit dasel. [ins
pelieHus 3Toif mpobaembl Obl1  peannu3oBaH d(GEKTHBHBI MeXaHHU3M TNOCT-
00paboTKH HaHHBIX O CKOPOCTAX >XHAKOH ¢a3bl, KOTOpPbIfI MO3BOJAMI MOBBLICHTH
KauecTBO MONYy4aeMbIX JaHHBIX K CHU3HTh YKCMIEPUMEHTAIBHBI LIYM.

OcHoBHo# 3anauedi npumeHeHus CFD koma B pabore O6bino nonyyeHue
JOCTOBEPHBIX JaHHBIX TONBKO O TapameTpax mapoBoii cpeabl. CpaBHeHue
pacnipeienieHHii NPoGUIBHBIX NOTEPb KUHETHUECKOH SHEPruy BOJL 1ara peleTky,
paccuntanHsix ¢ nomoiusto CFD kona Fluent n onpenenieHHBIX YKCHEPHMEHTAIBHO,
MoKasano. 4YTO MOJEeNHPOBaHWE TedYeHHs BIAKHOMAPOBOro MOTOKA B YCIOBHMAX,
¢$hopMUpPYEMBIX IKCNIEpUMEHTATBHBIM CTEHAOM, CONPOBOXIAETCA CYUIECTBEHHOH
norpeHocThio. IlpuunHaMH HaboJaeMoro paccorjiacoBaHHs MOXHO CYMTaTh B
MePBYIO oO4vepellb OTCYTCTBHE MaTeMaTHYECKOro OMNUCAHHUA KPYMHOAMUCNEPCHOH
BJard, a Takxe (GOpMHPOBAHHMSA. IABWXKEHHA U CpblBa € MOBEPXHOCTH JIONATKH
BOIsHON IeHkH. KpoMe Toro mnposBiseTcs MOrpeliHoCTs B ONpPEAENEHHH



HEeKOTOPBIX MapaMETPOB MapoBO#l Cpefbl, KOTOpblE HEOOXOOHUMBI i1 KOPPEKTHOIO
COIIOCTABIEHHS paCYETHBIX U IKCTIEPHMEHTAJIbHBIX JaHHbIX.

OrcyrcTBHE BOAAHOH IMJIEHKH Ha IOBEPXHOCTAX JIOMATOK KOMIIEHCHpPOBANoch
BbIOOpOM MozienH TypOysieHTHOCTH Standard k-€, KOTOpas pacCUMTBIBAET TOJHOCTHIO
TypOyneHTHBIH TNOrpaHUYHBIH CJIOH B NPHUCTEHOYHOH OOJIACTH, YTO MPHBOJHT K
TMOJIyYEHHIO 3aBbIILIEHHbIX TOTEPh KHHETHYECKOH dHEPrHHM 3a JionaTtkoil. Tem caMbiM
KOMMEHCHPOBAJIOCh HaJIMYHe BOJAHON IUIEHKH Ha moBepXHocTH npoduneit. s
obecrieyeHUss BO3MOXHOCTH pacyeTa HEPAaBHOBECHBIX IPOLIECCOB KOHAEHCALMH,
JaHHad Mozens Obina MoaudHUMpOBaHA — H3MEHEHO YPaBHEHHE pacyeTa
TypOYyJIeHTHOi BA3KOCTH.

TMorpewHOCTh B OMpefieNleHNH HEKOTOPHIX MapaMeTpoB MapoBoif cpeanl Oblia
HcrpaBieHa nyTeM 3aMeHbl BcTpoeHHbIX B CFD kox Ansys Fluent ypaBhenui
CBOHCTB BOJIb! H BOJIAHOTO apa Ha YpaBHEHHs, peKOMEHAOBaHHEIE MexayHapoaHOI
Accounauueit no CpoiictBam Boas: u BoasHoro ITapa.

Bepugukauus ¢ sxcnepumeHtansHeiMu faHHeIMH CFD koama Ansys Fluent 14 u
€ro Moau(UUHPOBaHHbIX KOMIIOHEHTOB NPOBEAEHA 111 HECHMMETPHYHOTO MJIOCKOIo
coruia JlaBasif M 1JIOCKOH COMIOBOH PELIETKH.

B conne Jlasana Ha ctenae KBII-2 cospaBajiich pekMMbl ¢ HE3HAYMTEIbHBIM
neperpeBoM Mapa Bblile TeMIeparypsl HachieHus (AT, = 5K) na Bxoze. Ilpu 3tom
paccMaTpHBaIMCh KaK pacyeTHblH, Tak M HepacyeTHble (C HalH4YHeM B
CBEpX3BYKOBOH 4YaCTH KaHaja CKa4yKOB YIUIOTHEHHA) peXuMbl TeueHHs. Ha
pealn3yeMblX I[apaMeTpax MOTOKa B CBEPX3BYKOBOW OOJIaCTH HMEET MECTO
peslakcallHOHHBIH Mpollecc nepexola U3 HEpaBHOBECHOTO B PaBHOBECHOE COCTOSIHUE
napa, BbIpaXXEHHbIH ckaykoMm KOHAEHCauHH. BonHoBas cTpyKTypa cBepX3BYKOBOIO
NOTOKa BU3yalbHO (HMKCHpOBanach ¢ MOMolLbl0 TeHeBoro npudopa HAB-451 n
CpaBHHUB&JIaCh C pe3yjibTaTaMH 4HcleHHoro MoaenuposaHus (Puc. 3). PacyerHbie
JlaHHble JIOBOJIBHO TOYHO OTOOpakkaloT Ha0MogaeMylo CTPYKTypy MOTOKa.
CpaBHeHHe pacnpejiefieHH# JaBjleHHs Ha Npo(HIMpOBaHHOH BCTaBKe COILIa TakKke
NO3BOJIHJIO TOBOPHTH O KOPPEKTHOCTH PE3YNbTaTOB MOAEIUPOBAHHS.

Jns Bepv(UKAaLUMH MaTeMaTHYeCKOH MOIENH BIAKHOro Mapa, NMpOU3BOAMNIOCH
3KCIEPUMEHTATIBHOE MCCIIEIOBaHHE TEYEHHA 32 IUIOCKOH H30IMpPOBaHHOM comnoBoi
pewetkoli. B pamkax paboThl NPOM3BOAMIOCH CPAaBHEHHE HHTErpalbHBIX
K03 GULUEHTOB NOTEPh KHHETHYECKOH SHEPTHH, NMOIyYEHHBIX 9KCIEPUMEHTAJILHO U
yucneHHsIM MeTofoM. Ha pacctosHuu 10% Xopapl J0MaTk¥ OT BBIXOAHOH KPOMKHM
BAOJb LIara pemIeTKH TMOcepeJHHE  BLICOTHRl  JIONATKH  OCYLIECTBIAIOCH
TpaBepCHpPOBaHHE MOTOKA Napa 30HJOM MOJIHOIO TOPMOXEHHS, a TakKe U3MEPATIOCh
CTaTHYEeCKOe JaBjieHHe. PaccMaTpUBAIOCh TeYEHHE BJIAXHO NAapOBOTrO NOTOKA MpH
pa3/MYHBIX HayaJIbHBIX 3Ha4EHHSAX BIaXHOCTH U TeopeTHdeckoro uucia Maxa 3a
peLueTKoil.

C pocToM HayanbHOH BI2OXKHOCTH Iapa NPOUCXOAUT YBeJHYeHHE MOTeph
KuHeTH4yeckoH 3Hepruu. IIpumenenne CFD koma ¢ MoauduuupoBaHHON MOAENBIO
TypOY/JIEHTHOCTH [a€T 3aBbILIEHHOE 3HAa4YE€HHE MOTEPb KHHETHYECKMX SHEpruu
NpaKTHYECKH A BCeX 3Ha4deHWd HavaneHoit BnaxsocTH. Ilpu y, = 3%
MakcHMajlbHOEe abCoNIOTHOE 3HAYEHHE paccoriacoBaHHA B  PacueTHBIX U
3KCMEPUMEHTAIBHEIX JAHHBIX cocTaBifeT nopsaaka 1,5 %. C poctoM HayanbHOH



a)

B)

r)

Puc. 3. Tenessle ¢oTtorpadum (crieBa) H

COOTBETCTBYIOIIIHE

UM

pacyeTHsle

KapTHHBI Te4eHHs (CMpaBa) Ha pa3IMYHEIX
pexuMax IMpH HayalbHOM Meperpese
BBIllIE TeMIlepaTypsl HachilleHHs ATO =
5K. a: g, = 0,38; 6: ¢, = 0,51; B: £, = 0,63;

rig,=

0,66

BA@QXHOCTH OTIHYHA B pe3yabTaTax
MOJIE/THPOBAHUS W ITHEBMOMETPHUYECKHX
H3MEPEHHH CHHXKaeTca M MpH y, = 10%
OHH NPAKTHYECKH OTCYTCTBYIOT.
B uensx MOAYYEHHA KOPPEKTHBIX
JaHHBIX TONBKO © MapoBoil oase,
orcyrcTBue yyera B CFD kope kpynHbix
Kaneilb W BOAAHOH IUIEHKM MOXHO
KOMIICHCHPOBATh KOPPEKTHHIM BhIGOpoM
MOJI€JIH TYpOYNEHTHOCTH.
PaspaboTtanHas pacyeTHo-
3KCMepUMeHTaJIbHas METOJHKA
6ECKOHTAaKTHOTO H3MEPEHUs pa3MepoB
Kamnenb ¢ MOMOUIBIO CHCTEMBI JlazepHO#
JWarHOCTMKH  BepH(uUIMpoBanacs B
cyxuBaloiieMcs comsie. Ha naHHbif
MoMeHT npumeHeHne PIV anropurma
MO3BOJISET ONpeNENATb CpeAHuE Mo
KOHLIEHTpalUMH pasMmepsl KaneJib,
Pe3ynbraThl U3MepeHHH CpaBHUBANIMCD C
JaHHBIMU, MOJIyYEHHBIMH € IOMOLUIBIO
30HAA  HHEPLHOHHOIO  OCaXICHHA.
PaccmarpuBanoch HM3MeHEHHE CPEAHUX
pa3MepoB Kaneib BJOJb KaHana (CM.
Puc. 2, 6). [lo Mepe ABHXEHHA BIOJIb

KaHasa, AMaMeTphI Kanelib CHHXaloTcs oT 30 10 20 MKM, 4TO CBA3aHO C APOG/IEHHEM
YacTHL KPYMHBIX pasMepoB B MOJMIAMCNIEPCHOM nortoke. Habnonaercs pocratouHo
Xopollee COBNaJeHHe NPaKTHYECKH 10 Beel JUTHHE paccMaTpHBaeMoit obnacTH, 4to
FOBOPHT O KOPPEKTHOCTH NPHUMEHEHHs OIMCAHHOrO MOAXOJa MO ONpENEICHHUIO
pa3mepos Kanenb (Puc. 4).

g 8
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w\\ON
Y, =2%; p = 2100
Xm
0,02 0,04 0,06 0,08
PaspaGorankan MeToauka |
o M

Puc. 4. Pacnipenenenne cpeaHUX pa3MepoB Kanesb BAOJb COMa
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0 X ™
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paccMaTpHBaIOTCS

0COOEHHOCTH JABHXCHHA

KpYTHOAMCHEPCHOM BJIarH 3a M30JIMPOBAHHON COIUIOBOM pelueTKoM. KcciepoBaHus



NPOBOAMJIMCH TpU TeopeTHYecKkoM uucie Maxa 3a pewerkod M, = 0,8.
PaccmatpuBanock BIHAHHE Ha XapaKTEPUCTHKH NOTOKOB KPYMHBIX Kanejb TakKHX
PEeAKHMMHBIX TIapaMeTpOB, KaK HayalibHas BJIAXHOCTh mnapa (Yo) M OTHOILLEHHE
naoTHOCTEH da3:

o =2~
p_pn. (5)

rae p,- TJIOTHOCTB JKMAKOHA (a3bl nepenx MccienyeMbiM 06bEKTOM; P, - TUIOTHOCTD
napoBoii dasbi nepe/l HccneayeMbiM OO BEKTOM.

HcTounnky KpynHbix Kanenb HabmoaamMch Kak Ha GoTorpaduax, Nojiy4eHHbIX C
nomoubio cucteMsl «[IOJIMC», Tak M Ha pacnpefeneHUIX Kod(PdHLHEHTOB
CKOJIbXXEHUS Kancjip BJONb IIAra peweTkd. bBbiio  BbIABIEHO 3 1OTOKa
KpyNHOAMCNEPCHOH BJary 3a peLueTKomn:

e KanenbHblit NOTOK B KPOMOYHOM CliezIe.

¢ KanenbHblit NOTOK B 06J1aCTH CO CTOPOHBI CTHHKH JIONATKH.

e KanesibHbIi MOTOK CO CTOPOHBI BOTHYTOH MOBEPXHOCTH.

IlepBble 1Ba HMCTOYHMKA KPYMHOAWCMEPCHON BJard MNpPOABJAIOTCA HPH BCeX
paccMaTpHBaeMbIX 3HAUYCHHAX HavyalbHOH BJIAKHOCTH TMapa, a [OoCIenHuH
Habmoancs npu y, = 8,4%.

OcHOBBIBaCb Ha JKCMEPUMEHTANbHO OMNpeleNleHHBIX BEKTOPHBIX IONAX
cKopocTeit KuAKON ¢a3bl, ObUTH paccunTaHbl XapaKTepHble TPaeKTOPHH ABHWXEHHA
KpYNHbIX Kanenp 3a pewetkod (Puc. 5). OHM HMeoT KpuBONHMHEHHYI0 ¢opMmy H
HalnpasjieHbl B CTOPOHY YMEHbIUEHHUS YyIrjla BbIXOAa Karejgb;, MNPH 3TOM €
YBETHYEHHEM HayalbHOH BIQKHOCTH NMapa yroJl BBIXO/a YacTHIl AUCKPETHOH (a3bl
yBenuuupaetca. TpaekTopus 1 cOOTBETCTBYET MOTOKY Karesb €O CTOPOHBI CIIMHKH
nonaTtku, 3 — KpOMOYHOMY KarelnbHOMY ciiefly, 4 — MOTOKY CO CTOPOHBI BOrHYTOMH
MOBEPXHOCTH.

Bnonbs paccmaTpuBaeMbIX TpaeKTOpHii ObUTH ONpejesieHbl OCHOBHBIE MapaMeTphl
Kanesb: KO3POULHEHTH CKONBKEHHS (V), YIUIbl OTKIOHEHHS Kareslb OT HanpaBieHHs
napoBoro notoka (Aa), cpearue auametpsl (d). BennuuHel v 1 Aa onpenenstorcs
COOTBETCTBEHHO Kak:

v=">, (6)

Cn
Aa = ay, — ayp, (7)
rae ¢, - CKOpOCTb KarmeJib; €, - CKOPOCTb 1apa; @y, - YroJl BbIXOAa Kanesb; oy, -
yroJj BeIXojia napa.

INoTox KpynHBIX Kanenb CO CTOPOHBI CNIMHKH npoduis (TpaekTopuu 1) BOMH3M
BLIXOAHOM KPOMKH JBHXETCA noa GonbliuM yrjioMm - B 3Toi objactH Aa = 25°
YcTaHOBEHO, YTO YaCTHLBI AMCKPETHOH (a3bl B JaHHOH 30HE ABJIAIOTCSA MEPBHYHOM
BJIaroi, Npoxojsllieidi MexXJIONnaTouHbli KaHan 6e3 KOHTaKTa € ero CTeHKaMHM M
nepecekaoueii KpoMOuHBIH KanenbHbI ciel, WiIM BeiOHBaloIlel AMCKpETHBIE
qacTHubl M3 Hero. CpeaHue AUaMeTpbl B 3Toi o6nactu coctaBuay 10 — 15 mkm. C
yBeNMYEHHEM HauanbHOH BnaxHocTH OoT 3,4% no 8,4% ocCHOBHBIE NapaMeTphl
KaneJsb NPaKTHYECKH HE H3MEHAIOTCA.
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Puc. 5. TpaekTopun KpyNHBIX Kalelib 3a PELUETKOH MpH pasjiMyHON HaualbHOM
BJIOKHOCTH

HccnenosaHus nokasany, 94To B KPOMOYHOM ciiefie (TpaekTopHs 3) Ha HaYalbHOM
y4acTke JBixkeHHd (Z2 < 0,12b) uMeeT MecTo aKTHBHOE APOGJICHHE YaCTHLL XHUOKOMH
¢da3bl — cpenHue pasMmepsl Kanesab yMeHblialoTcs (Puc. 6). Ilocne BhipaBHHBaHUS
JaucrnepcHoro cocraBa Ha y4yactke 0,12b < z < 0,22b HauuHaeTcs POCT CpefHHX
JANaMETPOB, YTO CBHJETENBCTBYET O Hayajle KoaryasaLMOHHBIX mpoueccoB. [To mepe
yldaJieHds OT BHIXOAHOH KPOMKHM JIONIATKH CKOPOCTH Kanelb HenpephiBHO
yBENHYHUBaAIOTCA — KO3 GHUHEHTH! cKoNbXeHus pactyt ot 0,5 — 0,55 npu z = 0,05b
1o 0,69 — 0,74 npu z = 0,26b. C u3MeHeHHeM HayaJIbHOI BIaXHOCTH OT 3,4% 1o
8,4% nuaMmeTpbl yacTHI, BOJIH3M BLIXOJHOH KPOMKH pacTyT oT 85 MkM a0 115 Mkm.
OTO CBA3aHO € POCTOM pacxola B BOIAHOH IUIEHKe, GpopMUpyeMoH Ha CTeHKax
JIONATKH.

120 I
100 d, Mk ——y0=3,4%

80 —=—y0=5,4%

—+—y0 = 8,4%

60 Y!

40 N |

20

0 T U T ' z
0,02 0,06 0,1 0,14 0,18 0,22 0,26

Puc. 6. PacripemeneHue cpeXHHX IO KOHIEHTPAaLUHMH pa3MEpOB Kamnejib BAOJb
TpaeKkTopuu 3

YcraHOBNIEHO, YTO uucnepcnuﬁ cocTaB llHCKpCTHOﬁ Cpelbl B KDOMOYHOM cClieae
CYWICCTBCHHO 3aBHCHT OT HAyaJIbHON BJIAXKHOCTH napa. Ilo Mepe YAAICHHUA OT

BBIXOIHOH KpPOMKM, IIpH HayanbHOH BHaxHocTH yo = 3,4% yBesuuuBaerca
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KOHLICHTPAllMs MENKONUCIEpCHOH Blard, B TO BpeMi Kak InpH Yo = 8,4%
HabJoaeTcs pocT KOHUEHTPALWH KPYMHBIX Karesb.

ToTok KpYMHBIX Karenb CO CTOPOHBI BOTHYTOW MOBEPXHOCTH (TpaeKkToOpHA 4)
SBHO MPOSBJIAETCA TOJBKO MPH HayalbHO# BaXHOCTH Yo = 8,4%. Ero nossnenue
CBA3aHO C HHTeHCH}HKauMeH NpOLECCOB OTpaKeHHUsA W BbIOMBaHHA Kamenp ¢
MOBEPXHOCTH BOAAHOH IUIEHKM, JBHXKYLIeHcAs BIOJb BOTHYTOH [OBEPXHOCTH
nonarku. Ilpu 3ToM cpenHue auaMerpsl Kanenb yBenanyuBaiotrcsa ot 10 MM o 15
MKM.

Hccnenosanns nokasaim, 4To H3MEHEHHe MapaMeTpa p CYLIECTBEHHO BIHAET Ha
XapakTep ABHXKEHHMS HaCTHL XXKMIKOI ¢a3bl 3a COMIOBOH peleTkoil. To CBA3AHO C
M3MEHEHHEM a3POJMHAMHYECKOro BO3/EHCTBHA Ha KalUIM CO CTOPOHBI OCHOBHOIO
noTtoka (TaKk KaK H3MEHEHHe p B MEPBYIO oyepedb NPHBOAHT K H3MEHEHHIO
TUIOTHOCTH f1apOBOTO 110TOKA).

YCTaHOBEHO, YTO YBeIWYeHHe IUIOTHOCTH NMapoBoif cpefbl (YMEHBIIEHHE p)
TIPMBOJMT K BBIPOKAEHHIO IOTOKA KPYMHBIX Kallesib CO CTOPOHBI CIIHHKH JIOMATKH.
OTo 4eTKO NpOSABNAETCS Ha pacnpeleneHHAX Kod((GHLUHEHTOB CKONBXKEHHS 3a
peetko# (Puc. 7) — B paccMarpuBaemoii 30He nipu p = 1994 BenuunHa v 6nu3ka K 1,
YTO FOBOPHT O ABHXKEHHH Kanejb NPeHMYLIECTBEHHO MallsIX pasmepoB. KpoMe Toro,
yMeHblieHHE p (YBENMYEHHE IUIOTHOCTH IMapoBOro IIOTOKAa) MPHBOIUT K
YMEHBIIECHHIO YTJIOB BLIXOAA YACTHL KHIAKOH (ha3bl.

HabmopaeTcs cymecTBeHHOE MepecTpOeHHe CKOpPOCTel W pasMepoB Kameib B

— KPOMOUYHOM cnexe  (Puc. 8).
VMeHblUIeHHE P  OPHBOAMT ™ K
CHHXXEHHIO ko3¢ puumeHToB
CKOJIbXKEHUA HEMOCPEACTBEHHO

BONM3H BBIXOOHOM Kpomku (z =
0,05b). TIlpu o3TOoM, ecnum TmpH
MaKCHMaJIbHOM 3HaueHuH p = 3790
BEJIHYHHA ko3 duimeHTa
CKOJIBXEHUA MPaKTHYECKH He
H3MEHSAETCS N0 Mepe YAAJIeHHs 4acTHL{
XUAKOH (a3sl OT CONNOBOM peleTKH,
To npu p= 2581 u p= 1994
NPOHCXOAUT AaKTHBHOE YCKOpEHHe
yacTul. Yem Gosibliie NIOTHOCTH Napa,
TeM BbIlIE TPAAUEHT CKOPOCTH Karmenb
Ha HayaJlbHOM y4acTKe JBHXKEHHA (Z =
0,05b - 0,11b). Kak cneactBue, B

pe3ynbTare aKTHBHOTO
MEXaHHYeCKOro B3auMoJeicTBUA da3,
Puc. 7. Pacnpenenenne cpeAHnx BBI3BIBAIOILCTO ApobreHue

KOI(QOHULHMEHTOB CKONBKEHHA 32 COMUIOBOM AMCKPETHRIX HACTHL, Ha pEeXHMax ¢
pelLeTKoi NpH HayalbHOM BaxHocTH mapa P = 2581 u p = 1994 cpeanwe no
Yo = 3.4%. a: p= 3790; 6: p= 2581; B: p= KOHUEHTpaUMH pa3MEpel Kamnenb B
1994 obnactu YCTAHOBHBIIETOCS
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aucniepcHoro coctasa (z = 0,11b - 0,19b) B aBa pa3a MeHblue, yeM npu p = 3790.

Ha ocHoBe mnpoBedeHHBIX HCCNEJIOBaHHH OBUIM MOJyYeHH 060GUIEHHbIE
XapaKTEPHUCTHKH JKHAKOH ¢a3nl B KPOMOYHOM Clielle 3a COIUIOBOM PELIETKOM (CM.
pucyHox 9). Ha pucynke ¥ = d/d,, rae d, - cpeaHHit pasMep kanenb mepen
KaHaJIOM.

IpencTapnenHbie  XapaKTEPUCTHKH  HMEIOT  BaXHOE  IIPAKTHYECKOE
NpUMEHEHHWE HA JTale NPOEKTUPOBAHHA MPOTOYHBIX HacTel NOCNEAHHX CTyneHel
IIH/{ konaeHcaMoHHBIX Typ6uH U TypouH AS3C. X Hcnone3oBaHue 03BOJLET:

1. Ilomy4uTh BXOAHBIE TPEYrOJbHHKH CKOPOCTEH NS KPYMHBIX Kaneis,
TEM CaMbIM ONpPEAEHT 30HB aKTHBHOIO 3pO3HOHHOrO H3HOCA paboyvHX JIOMAaToK.

2.  BribpaTh ONTHMaJNbHOE 3HAYEHHE MEXKOCEBOrO 3a30pa CTYINEHH C TOUKH
3peHUs CKOPOCTEH, YTJIOB ABMKEHUS U pa3MEPOB Kareb.

3. OnNTHMH3HpOBaTL MEPONPHUATUA MO Oopbbe ¢ KpyNHOAMCHEPCHOM
BJIaro# B mortoke. BrlbpaTh onTHMalbHBIE MapaMeTphl paGOTHI CHCTEM CeNapalMH
[UIEHKH M BJYBa TPEIOLIETO Napa MyTeM CPaBHHBaHUs XAPaKTEPHCTUK JBHKECHHS
KaIlesib 3a peLIeTKOMH.

4.  Tlony4yeHHble mapaMeTpbl ABHXEHHS KPYMHOIMCIIEPCHOM BJarM MOTrYT
ObITH UCMOJNIB30BAHB! KaK HCXOJHbIE JaHHbIE [UIA aHalli3a aKTHBHOCTH 3PO3UOHHOTO
H3Hoca paboyux IOMaToOK: ONpeAesieHHE CTENEeHH pas3pylleHus Marepudana B
3aBUCHMOCTH OT BpEMEHH paboThl MallliHbl, HaNpsHXKEHUs B MeTaule [pH
coyZlapeHKH Karlli ¢ MOBEPXHOCTBIO JIONATKH M TakK Jajlee.

08 ——— 100

Y +P=3790 -p=2581 +p=1994 d, MkM

0,72 — i

oo «-::f:g N

0,56 \ - ﬁ,‘;_,.:,,_-;tq_o:;{,f,, el 40
- -~ 4'

0,48 S hrm—et 20
P Sl ‘
, e Z |

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

Puc. 8. Pacnpenenenne ko3@HUHEHTOB CKOJBXEHHA H pa3sMEpOB Kameib BIOJb
TPaeKTOPUH, PacnoJIOKEHHOH B KPOMOYHOM KalelbHOM cilelle NMpH Yo =
8,4%
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Puc. 9. Pacnpenenenne ko3hpdpuuHeHTOB CKOJIbXEHUA (a) H CpelHHX pa3MepoB (6)
KuaKoH (asbl B KpPOMOYHOM Cilejle 33 COMIOBOMH peLIeTKOH NpH HayallbHOM
BJIQYXKHOCTH Yo = 3,4%

a)

OCHOBHDBIE PE3YJIBTATbHI H BBIBOIbI

1. Jlokas3aHa BO3MOXXHOCTb NPHUMEHEHHs nporpaMmHoro komiutekca ActualFlow,
pean3ylolIero KOPPEeNsLUHOHHBIH METOl OnpelefieHUs BEKTOpOB CKOpOCTei
auckpeTHbIX YacTHL (PIV) ana skcnepuMeHTanbHOTO ONpeAeeHHs XapaKTepHCTHK
MOJIMAKCTIEPCHBIX BJIAKHO MAapOBbIX TOTOKOB B 3JEMEHTaX MPOTOYHBIX YacTei
Typ6omalinH.

2.  Paspaborana M anpoGupoBaHa dKCMEPUMEHTAIbHO-pacyeTHas MeETOIMKa
6ECKOHTAKTHOrO OfIpEleNieHHs CPeAHUX pPa3MEpPoB KPYTIHBIX Kameib, KOTOpble
JABHXYTCS B OCHOBHOM MOTOKE C YCKOPEHHEM H CO CKOJIBXXEHHUEM IO OTHOLIEHHIO K
naposoi ¢ase. [Ins 3roro BbinosHeHa Moangukauus xomnoHeHToB CFD kona Ansys
Fluent 14, koTopas mno3BonWia NPUMEHATH YHCIIEHHBIE METOABI M COBMEILATh
pe3yabTaThl  pacyeToB  MapaMeTpoB  MapoBod  Gasel ¢ pe3yibTaTaMH
IKCMEPUMEHTATILHOIO HCCIIEIOBAaHHA XapaKTEPUCTHK KHIKOH ¢asbl.

3. Tlony4eHBl XapaKTepHCTHKH MOTOKa 3a COMJIOBOH pEILETKOH, KOTOphle MOrYyT
6bITh HMCNONIB30BaHBl MPH NPOEKTHPOBAHWHM CTymneHeil TypOWH, paboTaloulMX B
oblacT  BI@KHOrO Mapa. DKCNEPHMEHTANBHO  ONpeleNieHbl  XapaKTepHBble
TPaeKTOpHY IBMXEHHA, pacrpeleneHHe Ko3(P(HLHEHTOB CKOJBXKEHHs, YIJIOB,
JIMaMeTPOB KPYITHBIX Karesb 32 H30JIHPOBaHHOH COMJIOBOH peLIEeTKOH.

4. Tlpu npoeKTMPOBAaHUM CTYMEHH M CHCTEM pa3pylieHHs HIH YAaleHus
KpPYNHOAUCNIEPCHON BiarM HeoOXOJMMO YyUHTHIBaTh OCHOBHBIE HCTOYHHKH KPYTHBIX
Kanesb B NOTOKE 32 H30JIMPOBaHHOMN COMNJIOBOH PELIETKOH H 0COOEHHOCTH NPOLIECCOB
MX (opMHpOBaHHA.

4.1 KpynHsie kanad co CTOPOHBI CIHMHKH NMpPOdUIS ABNAIOTCA NMEPBUYHON
Baro#i, GopMHpYeMoit epe HccileAyeMbIM KaHAJIOM H NepeceKalomieil KpoMOYHBI#
cle] IONaTKKU MM BEIOWBAlOLUEH AHCKPEeTHbIE YacTHLB U3 Hero. Mx cpeanuit pasmep
coctasaset 10 — 15 mxm.



4.2 JlBuxeHHe Kamelb B KPOMOYHOM CJ€J€ XapaKTEPH3YeTCA aKTHBHbIM
ApobneHMeM BJIarM Ha HayaJlbHOM  Y4acTKe TpPaeKTOPHH ¢ JajlbHeMIluM
BbIDABHHBAaHHEM CpelHHX pasmepos kameas. Ha paccrosnuu 0.23b - 0.25b ot
BbIXOJHOH KPOMKH JIONIAaTKH HAYMHAIOTCS MPOLECChl KOArYJALHH H POCTa CpeIHHX
JHaMeTpPoB.

4.3 Tlpu pa3sBUTOM IIEHOYMHOM TE€YEHHHW Ha BOTHYTOIH CTOpOHe npoduis
(npH HauanbHOH BNAXKHOCTH Y;=8.4%) WHTEHCHPHUMPYIOTCA TNpOUEcChl CpbiBa H
OTpaXK€HHS Kaneslb ¢ €€ MOBEPXHOCTH. YTO CMOCOOCTBYET (POPMUPOBAHMIO MOTOKA
KPYIHBIX KareJb 32 COMI0BOi pelleTKO.

5. Ha ¢opMupoBaHHe M XapaKkTEePHCTHKH MOTOKOB KPYNHOAMCTEPCHOI BarH
CYHIECTBEHHOE BIHAHHMC OKa3blBaeT CTEMeHb BNAXHOCTH Mepell pCLICTKO, a Takke
COOTHOLIEHHE [VIOTHOCTEH MapoBOH M XXKHAKOH das.

5.1 H3MeHeHHe HayalbHON BIAKHOCTH B AHanasoHe yp = 3 ~ 9% upu p =
2581 He MPUBOAMT K CYLIECTBEHHBIM M3MEHEHHAM V, o, d, Kanenb, ABHKYLIUXCH CO
CTOPOHbBI CITUHKH JIONATKH.

5.2 C yBennueHHeM Ha4albHOH BIDXHOCTH 10 Yo — 8,4% npu p = 2581
HabJIolaeTCst POCT CPeJHMX pa3MepoB Kanedb ¢ 15 MkM 10 20 MKM Ha rpaHuiie
KanesibHOro cjeaa co CTOPOHbl BOTHYTOH MOBEPXHOCTH JIOMATKH, YTO 0BYCIIOBIEHO
NosABNEHUEM HOBOIO UCTOYHHKA POPMHPOBAHUS [OTOKA KPYNHBIX KaneJb.

5.3 B KpOMOYHOM KamleJIbHOM Cllefleé C POCTOM HAYalIbHOH BNAOXHOCTH OT
3,4% no 8,4% npu p = 2581, cpenHue pazMmepsl Kanenb BONM3W BBIXOJHOH KPOMKH
H3MeHsAI0TCs OT 85 MKkM o 115 MKkM.

5.4 H3meHeHue NaBJiieHus, a, CJIEOBATENbHO, H IJIOTHOCTH MapoBoii dasbl

OKa3bIBaeT CYIIECTBEHHOE BIHAHHE HAa CTPYKTYPY KalenbHOro rnoTroka. ¥ MeHblleHHe
ko3¢pduunenta p ot 3790 no 1994 nNpHBOAHT K HHTEHCHGHKAlMH TNPOLECCOB
MEXaHHYECKOro B3auMoneicTBus (a3 — yBeNMYMBAETCA YCKOpEHME Kalejlb Ha
HayaJibHBIX Y4YacTKaX TPacKTOPHH B KPOMOYHOM CJEA€, YIJbl BblXoJa Kamehb
YMEHBLIAIOTCA, CpeAHWEe pa3Mepbl Kameinb B KPOMOYHOM KamnejgbHOM Cliefie
cHmxatorcs B 3,5 pasa. IToTok KpymHBIX Kamnenb CO CTOPOHbI CIIMHKH JIONATKU
BBIPOXKAAETCA. @ 00NACcTh MPOABIEHHS KPYNHOAMCNEPCHON Bard yMeHbLIAEeTCS.
6. Ha ocHoBe 3KCNEPUMEHTAIbHBIX [aHHbIX Pa3pabOTaHbl PEKOMEHJALUH IO
npumeHennio CFD-kona Ansys Fluent 14, nposepenHble Mo pesysbTaTaMm pacueTa
BI@XHOrO Napa B KaHaJlaX pasNW4HON reoMeTpUH B padoueM JUis NPOTOYHBIX YacTeit
Typ6omaluuH auanaszoHe napaMetpos. [lonyueHo yaoBJIETBOPHTEIBHOE COBIIAJEHHUE
pe3yJbTaTOB pacdeTa M IKCIIEPUMEHTOB, MOJyHYEHHBIX, B TOM 4MCJie, pa3INuHbIMU
aBTOpaMu.
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