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Vicnonb3oBaHme LMKNOHOB AN yaAaneHnsa TBepabiX U XUAKMUX BKITHOYEHUI (Nbinn, Kanesnb, B3BELEHHbIX YacTuL)
13 rasa (B YaCTHOCTU BO3[yxa) U U3 XnAKocTen (Boabl, HepTM) 0BYCrNOBNEHO HAAEXKHOCTBIO N NPOCTOTOM YCTPONCTBA
npy HebonbLUMX KanuTanbHbIX W 3KCMMyaTauMOHHbIX 3aTpaTax. B HacTosiwen cratbe Oygem paccmatpuBaTb
UMKIIOHbI, UCNOMb3yeMble ANA NbineyaaneHnst s Bosayxa paboyen 30HbI NPON3BOACTBEHHbIX MOMeLLeHMn. Hanbonee
pacnpocTpaHeHHbIM TUMOM TaKUX YCTPOWCTB SABMASETCS MNPOTUBOTOYHBLIA LUUKMNOH C TaHreHuuanbHbIM MOABOAOM
Bo3gyxa (puc. 1).

B cootBetctBUM C [2], Oymaem paccmatpuBaTb LUMKIIOH C

LUMMUHOPUYECKUM  KOPMYCOM, C BHYTPEHHMM paguycom R un % <
pagnycom oTBoAsAllen Tpybbl Iy. MMpn 3Tom BO3Ayx nopgsoamTcs

FAMEINEHHEIR

yepe3  BXxogHOM  MaTpyboK  MPSMOYrOfibHOMO  CeYeHuss ¢ BoAY
BepTuKanbHbiM pebpom h 1 ropusoHTansHbiM pebpom b = (R — ro)

UM UEHHEIR
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CO CKOpPOCTbiO V0. Takune UMKNOHbI, Kak npasuno, WMEKT

BEPTUKanNbHY0 OCb Z, W YacTuubl MbINX yoansawTcs M3 notoka 3a
CYeT UX ABWXKEHUS K CTEHKE LMKINOHa Nnod AeWCTBUEM CUN MHepuun
(B AaHHOM criyyae HanpasneHHbIX NepneHanKynsapHO OCU LIMKIOHa U
MOSTOMY B [JarnbHeWleM HasblBaeMblX LEHTpPoOexHbiMn) [4].
OBwxkeHne dactTu BHM3 BOOMb BHELWHEN CTEeHKU LMKIOoHa

MpoOMCXoaMT 3a CYeT OCEeBOW COCTaBrisloLer ckopocTuV, n noa
[EeNCTBMEM CUMbI TSXKECTMU.
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Mpv rMOpaBnMYEecKOM pacyeTe UMKIOHOB BMHTOBOW MOTOK
nbifiecodepallero Bosgyxa B paboyert 4vacTv Tena LMKIOHa
cyMTaeTcs OOHOPOAHBLIM BAOSIb OCM Z, TaK YTO MpeacTaBnsieTcs
BO3MOXHbIM  «pacllienneHme» npouecca YyaaneHuss Ha [ase

PucyHok 1. [IpOTUBOTOYHBLIN LIUKIIOH C
Hes3aBWCHMble YacTu.

TaHreHUnanbHbIM JIOKanbHbIM NOABOAOM
1. OceBoW NOTOK BAOSb OCU Z CO CPEAHEN CKOPOCTLIO: Bo3gyxa [1]
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2. TaHreHumanbHbIN OCGCVIMMeTpVI‘-IHbIVI MNOTOK, 6narop,ap9| nepeHoCy KOTOpbIM YacTuua nbiin nog nencrTemem
cun nHepumn nepemMellaeTca K CTeHke UUKIOHa U ocaXxaaeTCd Ha Hewn. TaHreHunanbHas CKOpPOCTb Ug ABWXeHnaA
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BO3Qyxa onpefensiet BenMYMHY LEHTPOOEXHOro YCKOPEHMs, MO3TOMY pacnpegeneHve ee 3HadeHus BAOIb
pagvanbHOM KoopAuMHaTbl I SBNSETCA CyLWeCTBEHHbIM (DaKTOpOM, OT KOTOPOro 3aBUCUT 3PdEKTUBHOCTb
nbineyganeHns B LMKIoHe [4].

[nsi BblUMCNEHNS pacnpeferneHnst TaHreHumanbHoi ckopoct U, = U, (I') 0oBbl4HO UCMOMb3YIOT rMMNoTesy o
TOM, YTO BHYTPM LIMKITOHA hOPMUPYETCA NOSIe TaHreHunanbHOM CKOPOCTM TaKoe Xe, kak 1 B cBobogHom Buxpe [2,5,6]:
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I'Ipvl TakoM noaxoae CHMTaeTCd, 4TO BBMAOY MaloCTu oceBoWn CKOpOCTH VZ cpegHAAa TaHreHunanbHaa CKOPOCTb

NPaKTMYeCcKn paBHa CKOPOCTM NOABOAA BO3[yXa B LIMKIOH, T.e. V. =V, a NOTOK HE paclumpseTcs BOOMb OCU Z 1
nmeeT popmMy cnupanu ¢ NOCTOSAHHbIM Lwarom [7,8].
MpuBedeHHble Bbie TrMMNOTE3bl O MOSMIe CKOPOCTM BHYTPU LMKIOHA He uMelT ybeanTenbHOM

9KCMEePVMEHTarNbHON MPOBEPKU, a MO3TOMY [OCTOBEPHOCTb pPEe3ynbTaTOB pacYeToB, OCHOBaHHbIX Ha TaKux
MoZenbHbIX NPeAcTaBneHnsx, Bcerga MoXHo NocTaBUThb Mo COMHEHME.

JononHuteneHbIM hakTopom, obycnaBnvBaloWEM HEOOXOOUMOCTb SKCNEPUMEHTANbHOMO W3y4YeHUs1 Mons
CKOPOCTM BO3yXa BHYTPM LMKIMOHA, SABNAETCHA MPakTUYECKM MOSTHOe OTCYTCTBME B nuTepaType CBeAeHUn O nosne

MyNbCaLMOHHOM CKOPOCTU Uy B BO3AYLUIHOM MOTOKE.

MakcumarbHble 3HaYeHUs! 3TOW MyNbCaLMOHHON CKOPOCTU OrpaHnYMBaloT KPYMHOCTb YacTul, NbiK, KOTopble
MOryT ObITb yaaneHbl u3 notoka [9]. Bonee Toro, MHTEpeCHbl AN OLEHKM 3MMEKTUBHOCTU LMKIIOHA HE TONbKO
MaKcuMarbHble 3HaveHnsi Uy, HO U pacrnpefereHne 3Toi BENMYMHbI BAOMb KOOPAMHATHI I, TaK Kak LeHTpoBexHas
rMAPaBMMYECKas KPYMHOCTb YacTuy W,;, OT KOTOPOW 3aBUCKT CKOPOCTb Uy yAaneHus 4actuu nbimm ot ocu Z [9],

onpepgendaeTca cnep,yrou.teﬁ 3aBUCUMOCTbIO:
2
MR

ar
roe W — rpaButaumoHHas rmgpasnuyeckas KpynHocTb vYactumy [3,9,10];
g — yCKOpeHue cunbl TSXECTH.

Wys = (4)

Obsa3aTenbHbIM YyCroBMEM yaaneHus 4acTuy U3 UMKIIOHA, T.e. UX OCEeA4aHWsl Ha BHELLHIOW CTEHKY, SBnsdeTcs
cnegytouee: LeHTpobexHasa rmgpaBnuyeckas KpynHoCTb JOIMKHA ObiTb GonblUe MynNbCaLMOHHONW CKOPOCTU BO BCEX

TOYkKax Mo koopavHaTe I. B cnyyae ecnu wu6<u;, YyacTuubl MOFYT HEOrpaHWYeHHO HONro MepemMellaTbes ¢

OKPY>KHOW CKOPOCTbIO NOTOKA. [103TOMY Npu yBenMYEeHUM nynbCauuoHHOM CKOPOCTU 3(PEKTUBHOCTL NbineyaaneHus,
B OCODEHHOCTM ANst MeNKuX 4yactuu, cHmwkaeTcd. C aTuM CBA3aHO OrpaHUYeHne no MUHUMAaNbHOW rMapaBinyecKon
KpynHocTn W ygansiembix 4actumu,.
MccnepoBaHnst nonst  OCpegHEHHOM U, B OCODOEHHOCTMW,
. NynbCaLMOHHON CKOPOCTEN Ha OCHOBE h3MYECKOTO MOAENMPOBaHUSA
[T BO34YLUHOIO NMOTOKa B TENe LUKIOHA COMNPSPKEHO C BoNbLUMMK, MOPOW
TEXHUYECKN  HEeMnpeogoNUMbIMKM  TPyOHOCTSIMM  (CyLLECTBEHHO
TPpEXMEpPHOe [OBWXEHWEe BO34yxa, CrOXHas KOHuWrypauus rpaHuy,
notoka un T1.n.) [loaTomy ObIIO NPEANPUHATO MaTemMaTudeckoe
Has. MoZenvpoBaHune TypbyneHTHOro NoToka rasa B LIMKNOHe, OCHOBaAHHOE
Ha pelleHnn TpexmepHbiX ypaBHeHu Habe-CTokca. Bo3amMoxHOCTb
NPSAMOr0 YMCMEHHOIO PELUEHUsT ATUX ypaBHEHUIN AN TypOyneHTHoro
N notoka B Tene uuMknoHa He obecnedyeHa COBpPEMEHHON

BLIYVCIINTENLHON TEXHUKON, U MO3TOMy Bbina ucnonbsosaHa K —&
Mogesb TypOyrneHTHOCTH, YTO oGecneynnio He TOMNbKO onpeaereHve
Mofisi TaHreHuMarnbHOM ckopocTM U., HO UM BO3MOXHOCTb OLIEHKU

e
H nons nynbCauMOHHOW CKOPOCTW. BbluMcneHus BbINOMHANUCH C
noMmoLlblo nporpammHoro komnnekca Flow 3D. lNpu npoBeaeHun
YUCNEHHOIO0 MOOENUPOBAHUS CKOPOCTM Ha BXOO4€ B  LMKIMOH
3afaBanucb Takum obpasom, 4ToObl obecneumBancs pasBUTbIN
TYpOYNEHTHbIA PEXUM.

HDDE

Iy [ B cootBeTctBUM C JKCnepnMmeHTarnbHbiIMNU OaHHbIMU, TOTOK
BO34yXa B UMKIIOHE MOXHO pa3fesinTb Ha BXOAHYH 4acCTb, BbICOTOMN

L~ )\t—k H,.., B «KoTopoi nocne noABoAa BO3dyxa  MNPOUCXOAWT
nepedopMMpoBaHie NoToka 1 0BpasyeTcss 0CECMMMETPUYHBIA NOTOK
rasa, pa6odyl 4acTb, BbicoTon H roe cqopmMMUpoBaHo

pab »
ocecMMmmeTpun4yHoe none CKOpoCThn, Ha KOTOpOVI npouncxognT
OocaxXgeHue 4actuy B pac4eTHOM peXXnme; BbIXOOHYH 4acTb, BbICOTOW

ho, HWXe pa6oqe|7| 30HbI, rAe TakKkKe Nponcxoant CuibHadaA

PucyHok 2. Cxema LMKIOHa ¢
noacoeaAnHeHWeM BXOAHOro natpy6ka noa
yrnom 90°

aedopmaums NnoToka Npu ero BXoAe B 0TBOAALWMN NaTpybok (puc. 2).
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Bo BXogHOW 4acTM LUMKIOHa MOSie CKOPOCTU CYLUECTBEHHO HEOAHOPOAHO M XapaKTepu3yeTcs Hannyinem
BOAOBOPOTHbIX obnacten (puc. 3). YTobbl nckniounts 06pasoBaHne BOAOBOPOTHLIX obnacTten, Ang ynopsagoumBaHus
NoTOoKa B LMKIOHE ObINo NpeanoxeHo NpoBECTUN TaKKe UCCNeAoBaHNA KOHCTPYKLMM LMKITOHA C YCTPOWCTBOM BXOOHOM
yacTtu B hopMe «HanpasnsitoLwen Kpbiwkn» (puc. 4) [11].

PucyHok 3. O6pa3oBaHMe BOJOBOPOTHLIX ob6nacrten PucyHok 4. Cxema LMKNOHa ¢ nogcoeauHEHUEM
BO BXOAHOW YacTU LMKNOHA (BblAeneHbl CUHUM BXOAHOIO C «HanpaBnsAoLWen KPbILLKON»
LBeTOM)
YuncneHHoe mMogenvpoBaHue ObiIo NPOBeAEHO ANS Crefyllnx reoMeTpuYeckux MnapameTpoB LMKIOHa
(tabn. 1) .
Tabnuuya 1. Pacyem nomoka e YUKI/TOHe
Ne r b H,. a | H KoHuueckas
nam E E q NMoacoepnHeHne BxogHoOro naTpybka q H yacTe
0 0 0

1 0,3 >1 1,6 noA yrnom 90° 1 1 -
2 0,4 1 1,6 nog yrrnom 90° 1 1 -
3 0,5 <1 1,6 nog yrrnom 90° 1 1 -
4 0,4 1 0 «HanpasngawLas Kpblka» 1 1 -
5 0,4 1 1,6 nog yrrnom 90° 3 1 -
6 0,4 1 1,6 nog yrrnom 90° 1 1 +
7 0,4 1 1,6 nog yrnom 90° 1 2 -

PesynbTaTthl aKCnepMMeHTarnbHbIX UCCeA0oBaHUIN nokasanu cnegyollee.

1.

Bbicota H,. BxogHoro yuyactka uuknoHa (puc. 2), rae npoucxogut dedopmauusi notoka ot
napannenbHOCTPYMHOrO Ha BXOA4E B UMKIOH M3 MOABOASLIErOo MpsIMOYrofibHOrO BO34yxoBoda Ao
pacyeTHOro 0CECMMMETPUYHOrO MoToKa B paboyen (pacyeTHol) Yactu, coctasnset H o = 3,2r0 .

OcpeaHeHHasa TaHreHumanbHas ckopocTb U, B pabouyeit 4acTu LMKNOHa NMPaKTUHYecKn He 3aBucuT oT I,
T.€. UCMONb30BaHMe MoAeny cBOOOAHOro BUXPS AS1S ee onvcaHus HenpurogHo (tabn. 2).
CpeaHee no pagnycy 3HavyeHue TaHreHumarnbHoi ckopocTu V. yBbiBaeT No Mepe yaaneHus oT Bxoda, oT

aHavenmit V, = 0,6V B Havane pa6oueit yactu uuknona go V, = 0,25V, B koHue (Tabn. 2).

3HaueHus I'Iyan&Ll,VIOHHOf/] cKopocTu coctasnsaoT 7-10% ot OCpeﬂ,HeHHOVI TaHreHunanbHomn CKOpOoCTH Ug )

YTO COOTBETCTBYET WHTEHCMBHOCTM TypOyneHTHOCTM B NPOAOMbHO-OAHOPOAHBIX NOTOKax B Tpybax.
YcTonymeas 3aBUCUMOCTb 3TUX 3HAYEHUI OT paguanbHOW koopauHaTthl ' He obHapyxeHo (Tabn. 2).
MapaBnuyeckMe noTepu Hamnopa OT BXxOAa B UMKNOH A0 Bbixoga 4epe3 oTBoasawmi natpybok
nponopuMoHarnbeHbl KBagpaTty pacxoaa.

YCTPONCTBO HanpaBnsloLWeEn KpbIWKA YMeHbLIaeT ANMHY BXOAHOM YacTu UMKIoHa (puc. 2), Ho
3P PeKTMBHOCTb MbifieyAaneHns CyLeCTBEHHO He MOBbILWAeTCs, Tak Kak pacluMpeHue NnoToka B OCEBOM
HanpaBneHny Npu HanuuuM KpPbILLKWA He UCKMoYaeTcs (Tabn. 2).

Hanbonee BaxHbIM npeacTaBnsieTcs pesdynbraT Ne3, cornacHo KOTOpOMY TaHreHumarbHbl MOTOK BO3dyxa,
nonajasi B UMKIIOH, pacLUMpsieTCs B OCEBOM HarpaefieHnu. B pesynbTaTte 3Toro cpeaHsisi TaHreHumnanbHasi CKopocTb

Vg yMeHbLUaeTca BAOMNb OCUN Z . Takum o6pasoM, 06LI.|,eI'IpI/IH‘i|Ta$-| B HacToduwee BpemMda rmnortesa o I'IpOLI,OJ'IbHOVI

(BD,OJ'Ib ocun X) OOHOPOAHOCTM NOTOKa He noAaTrBepXxaaeTtca 4YUCleHHbIM MoaennpoBaHUEM. CnepoBaTtenbHo,
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3Ha4YeHunA 3(*)(*)eKTVIBHOCTVI nbineyganeHnd, pacCynMTaHHble Ha OCHOBaHUA 3TOW rMNoTesbl, CyLleCTBEHHO 3aBblLllEHbl.
OTO cBA%@HO C Tem, 4TO, XOTSA pacCcToAHNA TaHreHunanbHOro nepeHoca 4Yactuy nbifin yMeHbLUaTCA

nponopuuoHansHo V. (M YacTuubl UMetoT Gorblile BO3MOXHOCTEN BbiNacTb Ha CTEHKY LWKMOHa 3a C4eT 3TOoro
dakTopa), UeHTpobexHas rugpaBnuyeckasl KpynHoCTb cornacHo copmyrne (4) ymMeHblIaeTcsi NponopuuoHanbHO
KBagpaty V., Y4TO NPMBOAUT K TOMY, YTO 3HAYMTENbHAsA YacTb MbINW HE JOCTUrHET CTEHKU LIMKIOHA.

Ta6bnuua 2. lNMone ocpedHeHHOI maH2eHUUabLHOU CKOPOCMU MO 6bICOMe YUKIIOHA, 3Ha4eHus1 cpedHel
maHaeHyuanbLHOI CKopocmu no ebicome YUKIIOHa

MoacoeavHeHne BXogHOroO MoacoeavHeHne BxogHOro
naTpy6Ka n KpbIlWwKK: nog yrnom 90° naTpy6Ka U KpbILLKM:
«HanpaBnsoLWas KpbIWKa»
Ne ceyeHus No BbICOTE LIUKIMOHA u, u,
Voo =20m/c Voo =20ml/c
1
Vo =132mlc Vo, =18mlc
2
Vep =13m/c Vo, =1l4mlc
3
V.g =8mlc Vo, =78mlc
4
Ve, =4mlc Vo, =4mlc
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MpoBedeHHble UccrieqoBaHWsA MOMs CKOPOCTM MoKasanW, YTO Ans LMKITOHOB CYLLECTBYIOLMX KOHCTPYKLMM
UCMonb3yemMoe «pacLUeniieHme» N HEe3aBUCHUMbIA pacyeT OBWXKEHUS 4acTul, MOXET MPUBECTU K 3aBbllUEHHbIM
3Ha4YeHMsAM 3PEKTUBHOCTY MbirieyaaneHusi B LIUKIOHE.

Nmes aTo B BMAY, ANs pacyeTa 3HEKTUBHOCTUA, B OCOGEHHOCTU AN MESKUX YacTul, PeKoMeHOyeTCsl, ecnu
€CTb Takasi BOSMOXHOCTb, BbIMOMHUTb C MOMOLLBIO YNCNIEHHOTO MOAENMPOBAaHMS C UCMOMNb30BaHMEM YHUBEPCATbHbIX
NakeToB MPOrpamm, He TOMbKO pacyeT Monelt CKOPOCTU OBWXEHMS Bo3dyXa BHYTPW LIMKMOHA, HO W OBWXEHUS U
OCaXOeHUs1 caMmx YacTull Nbinu.

CnegyeT OTMETMTb, YTO [ANA TakMX pacyeToB HeobXoAMMO 3adaBaTb 3HAYEHUs  rpaBUTALMOHHOWA
rMOpPaBNUYEcKON KpynHOCTU YacTuu W. 3HauyeHuss STOW BenuuMHbl OObIMHO paccyMTbIBAlOTCA ANs OTAENbHO
aBwXywmxca dvactuy [12,13]. OgHako pfOaxe nNpyM He3HauyuTemnbHbIX KOHLEHTpauuMsX 4YacTul, ruapaBnvdeckas
KPYMHOCTb SABNsieTCcs pyHKLMEN He TONbKO NIOTHOCTU 1 pa3MepoB YacTuL, HO U MX KOHLIEHTpaLUN.

Hanbonee BaxHbIM CpeACTBOM MOBbILLEHNA 3MPEKTUBHOCTM LIMKMOHA, OCOBEHHO NpW ynaBnvBaHUM MeENKUX
YyacTuu, ABNSeTCH YMEHbLUEHNE pacluMpeHns NoToKa rasa B OCEBOM HanpasfeHny Npu ero BpallatenbsHOM OBUXEHUN
B UMKNOHE. 3TO MOXeT ObITb JOCTUrHYTO MyTEM M3MEHEHUS KOHCTPYKUUWM UMKNoHa. OAHUM U3 BO3MOXHbLIX MyTEn
pelleHns ABMNsSeTCH YMEHbLUeHWe paguyca UMKIIOHa W npuaaHue BXOZHOMY naTpybky npsMoyronbHon ¢opmel,
BbITAHYTOMN BAOMb OCU LMKMIOHa. WccnegoBaHuto nogoOHbIX KOHCTPYKUMIA nocBsAweH psag paboT, B KOTOPbIX
npuBegeHbl pe3ynbTaTtbl OMNbITHOTO MCCReaoBaHUs, OQHAKO OTCYTCTByeT 0b6oCHOBaHWe 3deKTUBHOCTM NOAOGHbLIX
N3MEHEHWN KOHCTPYKUUW LMKINoHa [14].

[na  ycOBEpPLUEHCTBOBAHWA  KOHCTPYKLMA  LWKIOHOB  HEOGXOAMMO,  BO-NEPBbIX, MaTemaTuyeckoe
MOENMPOBaHNE OCAXKOEHWUS YacTuL, B TPEXMEPHOM 3aKpy4YeHHOM TypOyrieHTHOM MOTOoKe rasa, Bo-BTOPbIX, NMPoBepkKa
paboTbl KOHCTPYKLIMN B MPON3BOACTBEHHBIX YCIOBUSIX.
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Abstract

The urgency of work is determined by the importance of developing methods for calculating cyclones and
improving their design, due to popular usage cyclones for air cleaning.

The efficiency of dust cleaning depends on the velocity distribution in the body of cyclone. Researches of the
distribution of tangential velocity and turbulent velocity on the basis of physical modeling of air flow in the body of the
cyclone is associated with large, sometimes technically insurmountable difficulties (essentially three-dimensional
movement of air, a complex configuration limits the flow, etc.). Therefore, mathematical modeling of turbulent gas flow
in the cyclone was made.

Mathematical modeling provided data on the distribution of velocity in the cyclone. Most important result is that
the tangential flow of air entering the cyclone, expands in the axial direction, which leads to lower efficiency extraction.
To eliminate this effect the design of the cyclones should be improved.
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