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AHHOTALUA

BBegeHue. Pa3paboTtka BUXpeBbIX annapartoB — YCTPOWCTB A1 3aKPYTKM MOTOKOB XWAKOCTEN U ra3oB — OCTaeTCH aKTy-
anbHON Hay4YHOWN W NHXeHepHOW 3aaadelt. PaccmaTpyBaeTcs KOHCTPYKLMSA 3aKpy4mMBatoLLEro NoTok annapara KoHTpBUXpe-
BOrO racuTensi Ha X0nocToM BodoBbinNycke benopeyeHckon rugpoanektpoctaHumm (M3C). Llenb nccnenosanns — paspa-
60Tka a¢pPEKTUBHOTO KOHTPBUXPEBOIO racuTensi N30LITOYHON KUHETUYECKON SHEPTM NOTOKA BOAbI.

MaTtepuanbl 1 MeToAbI. VICNONb3yOTCA aHanMTUYeckne MeTOAb! KNaccu4eckomn rmapoMexaHuku. B KoHuenTyanbHyo oc-
HOBY WMCCNeaoBaHUN NONOXEHO MyHAaMeHTanbHOe PaBeHCTBO reOMETPUYECKOW XapakTepucT1KM BUXPEBOTro annapata rno
AbpamoBuyy (4ncno AbpamoBuya) Uncny 3akpyTku notoka Xvurepa — bapa.

Pe3ynbraThl. YCTaHOBMNEHO, YTO reOMeTpUYecKas xapakTepucTika LMIMHAPUYECKOro JIONacTHOrO 3aBUXPUTENS HE 3aBUCUT
OT pafmnyca BbIXOAHbLIX KPOMOK 3aKpy4MBatoLLMX NOTOK NoONacTem, HO 3aBUCUT OT Yrna ckoca fonacTei Ha 9ToM paguyce.
370 No3BonsieT, cornacHo dpyHaaMmeHTanbHoMy paBeHcTBy Yvicen AbpamoBuya n Xurepa — bapa, coxpaHsia yron ckoca no-
nacTen, cMeLlaTh MX NO paauycy Kamepbl 3aKpyTKv OO BbIMOMHATL UX C YANUHEHHOW XOpA0N, OCTaBNssA MMapaBnuyeckue
XapaKTepuUCTUKV BUXPEBOTO annaparta v 3akpy4YeHHOro 1M NoToka Hen3MeHHbIMU. YONUHEHNe XOpApl flonacTeit BUXPEBOro
annapara noBbILLaeT HaAEeXHOCTb K ka4ecTBO (DOPMUPOBaHNS 3aKpy4eHHOro MM noTtoka. Ha ocHoBe AnddepeHumansHo-
ro ypaBHEHWSsi, OMUCHIBAIOLLErO NIMHUK TOKa TeYEHNs B LIMMUHAPUYECKOV Kamepe 3aKkpyTku, AoKa3aHo, YTO xopAa NinaBHO
obTekaeMon NOTOKOM YANMMHEHHOW NonacTy 3aBUXPUTENS AOMMKHA UMeTb hopmy rorapudmuyeckon cnnpanu. MNMokasaHo,
4YTO BUXPEBOM annapart, BbIMOMHEHHbIV B BUAE NIONACTHOW CUCTEMbl norapudmMmyecknx cnvpanen, hopMupyeT TeveHve
C HanoXxeHneMm NOTEeHLUManbLHOro BpaLleHnsi Ha NoTeHUManbHbIA CTOK.

BeiBoabl. [MpoaHanuanpoBaHa KOHCTPYKLMST KOHTPBUXPEBOTO racuTens SHepruv notoka Ha BoAoBbINycke benopeyeHckon
'3C c cuctemont nonactert B dopme norapudmmyeckmx cnmpanen. NpeanoxeHo pekoMeHAoBaTb PACCMOTPEHHYIO KOH-
CTPYKLMIO B Ka4yecTBe TUMOBOW AN MMApOYy3noB CpeaHero Hanopa.
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ABSTRACT

Introduction. Development of vortex apparatuses — devices for swirling flows of liquids and gases — remains an urgent
scientific and engineering task. The design of counter vortex damper flow swirling apparatus at the idle water outlet of
Belorechenskaya hydroelectric power plant (HPP) is considered. The purpose of the study is to develop an effective counter
vortex damper of excess kinetic energy of water flow.

Materials and methods. Analytical methods of classical hydro-mechanics are used. The conceptual basis of the research is
the fundamental equality of the geometric characteristic of the vortex apparatus by Abramovich (the Abramovich number) to
the Chigier-Beer swirl number.

Results. It has been found that geometrical characteristic of the cylindrical vane swirler does not depend on radius of exit
edges of blades which swirl the flow, but depends on the angle of bevel of blades at this radius. It allows, according to
fundamental equality of Abramovich and Chigier-Beer numbers, either to shift the blades along the swirl chamber radius or to
perform them with elongated chord, leaving the hydraulic characteristics of the swirl apparatus and swirled flow unchanged,
preserving the bevel angle. Lengthening the chord of the vortex apparatus blades increases the reliability and quality of
formation of the swirling flow. It has been proved on the base of differential equation describing the flow lines in the cylindrical
swirl chamber that chord of a swirl apparatus prolonged blade flowing smoothly around the flow should have a shape of
a logarithmic spiral. It is shown that the vortex apparatus made in the form of a vane system of logarithmic spirals forms a
flow with potential rotation superimposed on the potential flow.

© A.A. 3yrikos, 2023
PacnpoctpaHsieTcsa Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)



LIMAMHAPUYECKUI 3aBUXPUTEAB MTOTOKA C YAAMHEHHOM XOPAOH AomacTek

C. 20-30

Conclusions. The design of counter vortex damper of flow energy at the outlet of Belorechenskaya HPP with a system of
blades in the form of logarithmic spirals has been analyzed. It is offered to recommend the considered design as a typical

one for hydraulic units of medium head.
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BBEJEHUE

Pa3paboTka BUXpEBBIX anmaparoB — yCTPOICTB
JUTSL 3aKPYTKH TTOTOKOB JKHJIKOCTEH M Ta30B — OCTAET-
Csl aKTyaJIbHOW HAyYHOU M MHKEHEPHOM 3anaueit [1-5].
JlaHHbIE anmaparsl MHAPOKO HCIIONB3YIOTCS B MUKPO-
OHMOJIOTUH, XUMUH, SKOJIOTHH, TETNIOTEXHUKE, JHEpre-
THKE, ABUraTelle- U pakeTocTpoeHuu [6—14].

B ruzmporexHuke BriepBbIie 3aKpyTKY TOTOKA CTAJIN
MIPUMEHSTH Ha IaXTHBIX BogocOpocax. K msarumecsateiv
ro/IaM MPOIILIIOTO BeKa MOCTPoeHo Oosee SO BUXPEBBIX
IIaXTHBIX BomocOpocoB, 18 u3 Hux B Urtamuum [15].
B Coserckom Coro3e 1Ba Takux BoocOpoca mocTpoe-
HO B COCTaBe CeNe3allluTHON IIOTHHBI Mefeo, rae 3a-
KPYTKa OTKPBITOTO ITOTOKA OCYIIECTBISIETCS] 3aBUXPH-
TeneM B popme crimpasibHoi kamepsl [16]. B 70-x romax
B CBSI3H C IPOEKTHPOBAHNEM U CTPOUTEIHECTBOM BBICO-
koHanopHbIXx Hypekckoi (BbicoToit 275 M) u PoryH-
ckoit (335 m) mmotus B CoBerckoMm Coro3e MPUCTYITHIN
K pa3paboTke IyOHHHBIX BOLOCOPOCOB, CIIOCOOHBIX
MIPOITYCKaTh BEICOKOCKOPOCTHBIE TIOTOKH BOJIBI U TACUTH
nX KHHeTH4ecKyro sHepruio [ 17]. ccnenoBanacs u Tak
Ha3blBaeMasi KOHTPBUXpEBasl BOZOCOPOCHAs cHCTEMa,
OCHOBAHHAs Ha B3aHMMOTAIICHUU MU30bITOYHON KHHETH-
YEeCKON DHEPTHHU 3aKPYUYEHHBIX ITOTOKOB CO BCTPEYHBIM
BpamenueM [ 18, 19].

B nacrosiee BpeMs y psiia THAPOIIEKTPOCTAHIUI
(I'SC) B Poccnn rcTekaeT CpoK HKCIDTyaTalrH, 9To Tpe-
OyeT ux JieMOHTa)Ka WJIM KOHCEPBAIMK C 00eCIieueHueM
MIPOITyCKa PAcXO/I0B PEKH uepes ruapoysen. [Ipuemie-
MBIM pelIeHUEeM MPEICTaBIACTCS UCIIOIB30BaHHIE B ATHUX
LeJSIX B Ka4e€CTBE BOZOCOPOCOB SHEPreTHIECKUX BOIO-
BOZI0B ocTanoBineHHOH ['DC. D1a npobiema ncciemyercst
B padorax [20, 21], B KOTOPBIX N3y4aeTCsi BO3SMOXKHOCTD
3aMEHBI BBIBOANMBIX U3 IKCILTyaTallid THAPOArperaron
KOHTPBUXPEBBIM racuTelsieM, 00ECIIeUMBAIOIINM CITIOKOH-
HBI 0TBOJ COPOCHOTO MIOTOKA B HIDKHUH Obed ¢ mora-
IIEHHOM N30BITOYHON KMHETHYeCKOW sHeprueil. Pazsu-
THIO 3TOH TEMBI NTOCBALIEHA AAHHAs CTAThsl, B KOTOPOH
paccMaTpUBaeTCs KOHCTPYKIIHSI 3aKPyIHBAIOIIETO TOTOK
armapara KOHTPBUXPEBOTO FACHTENS HA XOJIOCTOM BOZIO-
BhITycke benopeuenckoit '2C.

Hens uccnemoBanuss — pazpadboTka 3¢hdHexTus-
HOTO KOHTPBUXPEBOTO TaCUTENsl W30BITOUHON SHEPIHU
MIOTOKA.

MATEPHAJIBI U METO/JbI

Hcrnonp3yroTcsl aHAJIMTHYECKUE METOMbI Kiac-
cudeckoi runpoMexanuku [22]. B wactHoctu, pabo-
Ta Oaszupyercs Ha Tpynax [.H. AGpamosuua [23, 24],

H.A. Xurepa, Jx.M. bapa u npyrux aBropos [25-27],
B KOTOPBIX JJISl pacueTa BUXPEBBIX alllapaToB U aHAJH-
32 HUPKYISAIHOHHO-TIPOAOIBHOTO TEUCHUS IIPUMEHSET-
sl TEOMETPUIECKasi XapaKTEePUCTHKA 3aKPyIHBAIOIIETO
MIOTOK yCTpoicTBa (unciio AbpamoBuya A).

I'eomeTprueckast XapakTepUCTHKA 3aKpyUIHBarOIe-
TO ycTpoiicTBa 4 obmamgaeT ¢pyHIaMEHTAIHHBIM CBO-
CTBOM, 3aKJIIOYAOLINMCS B TOM, UTO ATOT IApaMeTp C Ofl-
HOW CTOPOHBI ONPEENsIeT MPOIYCKHYIO CIIOCOOHOCTh
YCTPOKMCTBA, BRIPAKAEMYIO €10 KOI(D(PHUIIMSHTOM pacxo-
Ila, a ¢ Tyroil — ycTaHaBIHUBaeT Y3P(PEKTHBHOCTH 3aKPyT-
KU IIPOIYCKAaeMOTr0 MOTOKA, XapaKTEPU3yEMYO UUCIIOM
Xwurepa — bapa Sn, paBHBIM OTHOIIIEHHIO €r0 TaHTCHIIU-
AJIbHOTO MOMEHTA KOJIMYECTBA ABM)KEHNUS K OCEBON KOM-
noHente umnynsca [18, 19, 23-27]. ITapametp 4, kak
MOKa3aHo B MyOuKanuu [28], YUCIEHHO paBEH YHCITY
3akpyTKu Xurepa — bapa Su u, Takum obpazom, ompe-
JIETSIET B [EJIOM BCE T'MPABIMYECKUE XapaKTEPUCTHKN
KaK caMOro yCTpONCTBa, TAK ¥ MPOIMYCKAaeMOro UM MOTO-
ka. [IpuyeM 1ipu U3MEHEHUH FeOMETPUU IIPOTOYHOM Ya-
CTH BHXPEBOTO arfapara, HO COXPaHEHNN HEU3MEHHBIM
napamerpa A = Su THIpaBINYECKHE XapaKTePUCTUKU
YCTPOICTBA U MIPOITYCKaeMOI'0 UM IIOTOKA COXPAHSIOTCSI.
Hcnonp3oBaHuE 3TOTO CBOMCTBA SABIISAETCS KOHLENITYallb-
HOI OCHOBOU ATHUX UCCIIENOBAHUMN.

PE3VYJIBTATHI UCCJIEJOBAHUA

IToxa3aHHBIN Ha puC. | TOKaNbHBIN 3aBUXPUTENb
MOTOKA (3aKpyYHBAIOIIEe MOTOK YCTPOWCTBO) BEITION-
HEH B BUJIE IIMJIMHIPUIECKOH PEIIeTKH (HaIrpaBIIsSIOLIe-
TO anmapara) HeIOBOPOTHBIX JOMAacTel, 3aKpeIICHHbIX
B KOJIBIIEBOM BOJIOTIPOMTYCKHOM CEYEHHH 110 IEPUMETPY
OTBOAALIETO KaHaja. [ eoMeTpuueckast XapaKTepUCTHKA
TAKOTO 3aBUXPUTENS BBIUncIsieTcest o gopmyae [18-21,
23,24, 28]:

Ao TRR, , 1)
Q
rae R — paauyc OTBOJSIIErO KaHalla 3aBUXPUTENS;

R, — s(dextupnblii paauyc (paauyc HOpMadbHbIH
BEKTOpY CKOpOCTH U CXOHSILEro ¢ JIONAcTe MOTOKa,
cM. puc. 1); Q — mromazns KoJIbLEBOTO BOIOIIPOITYCK-
HOTO CEYEHUs MEXY JIONACTIMH HOpMaJIbHasi BEKTOPY
ckopoctu U.

Ha cxeme (puc. 1) MOXXHO BHAETH, 9TO 3PPEKTHUB-
HBIA pajyc R, U IUIONIa/b BOJOTPOIMYCKHOTO KOJIbIIE-
BOTO ce4eHHUs () CBA3AHBI C PAIIyCOM BBIXOAHBIX KO-
MOK 3aKpy4HMBAIOIIMX MIOTOK JIONACTEH R _CIIEYIONIUMU
3aBUCUMOCTSIMHU:

Ry, =R _cosP_; )
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Puc. 1. PacyetHas cxema: a — MpoIOIBHBIN pa3pes; b — pas-
pe3 no A-A; ¢ — y3en b; | — nonactu 3aBuxpurens; 2 —
Kamepa 3aKpyTKH; 3 — OTBOASAIININ KaHaI

2n
Q= [bR.d0 sinB, =b2mR, sinp,, 3)
0

rje B, — yron ckoca JlonacTel 3aBUXpHTENs Ha pajiu-
yce R ; b — juivHa nonactei 3aBuxpures; do — Oec-
KOHEYHO MaJIbIil EHTPAJIbHBIH yToj M0 OKPYKHOCTH
KOJIBIIEBOTO CEUCHMSI 3aBUXpUTENS (CM. puc. 1, ¢).
Taxum o6pazom, Gopmyna (1) ¢ yueTom BeIpake-
Huil (2) u (3) npUHUMAaET BU:
B R
2b-tanf,

Cornmacuo opmyre (4), reoMeTprdecKas XapaKTe-
PHCTHKA JIOIIACTHOTO 3aBUXPUTENSI A 3aBUCHT OT COOT-
HOIICHHS PaJnyca ero OTBOISIIETO BOIOBOAA R K BbI-
COTE 3aKpy4YMBAIONIMX MOTOK JIONACTEH b M yria ux
ckoca [, Ha pajiMyce BBIXOAHBIX KPOMOK R . B TO e
BpeMsl mapameTp A He 3aBHCHT OT paJiyca BBIXOIHBIX

(4)

22

KPOMOK, TaK Kak OH BbImajaeT u3 Gopmyns (4). [Tomy-
YEHHBIH pe3ysbTar JaeT BO3MOXHOCTH C/IeJaTh BayKHbIC
BBIBO/IbI, BBITEKAIOIIUE M3 PACCMOTPEHHOTO BBIIIE (yH-
JTAMEHTAJBHOTO CBOHCTBA TEOMETPUYECKON XapaKTepH-
CTHKH 3aKPY4YHMBAIOIIETO TIOTOK YCTPOHCTBA A.

[TepBbIif BEIBOJL MOXHO C(OPMYIUPOBATH Clle-
JYIOUIMM 00pa3oM: JUIsl THAPABINYECKH MICHTHIHBIX
3aBUXpHUTENEH, 11 KOTOPBIX A = idem u R/b = idem,
BBIXO/IHBIE KPOMKH JIONIACTEH MX HANPABISIOMINX arl-
1apaToB MOTYT OBITH PACIIOJIOKEHBI Ha ITPOM3BOJIBHBIX
pammycax R, HO yron ckoca JionacTei 3, Ha panmyce
BBIXOJHBIX KPOMOK JIOJKEH OBITh OAMHAKOBBIM. B Kaue-
CTBE WJUTIOCTPALIMH HA pHC. 1, b epBEIil psa JomacTen
MOKa3aH YEPHBIM LIBETOM; JIONACTH, NEPCHECEHHbIE
Ha MHBIC paJiMalbHbIC PACCTOSHUSI OT OCEBOM JTMHHUU
YCTPOHCTBA, OTMEUEHBI KPACHBIM IIBETOM, OJJHAKO MPH
J000M BapHaHTE YCTAHOBKH JIONACTEH TUjapaBiinye-
CKHE XapaKTEPUCTHUKU YCTPOHCTB M MPOIYCKAEMBIX
VIMH MIOTOKOB Oy/TyT O/IMHAKOBBIMH TIpH B = idem.

Bropoii BEIBO — J10T1aCTh 3aBUXPUTEIIS 110 JUTHHE D
MO’KET BBITTOJHATHCS C BEIXOJHOM KPOMKOH ITepeMeHHO-
TO pagnyca RK(b), TOT/A ISt 00ECTIEYEHNS TTOCTOSTHCTBA
mapameTpa (uncina AbpamoBnda) 4 1o Bcel IUTHHE Ta-
KOH JIONACTH YTOJI €€ CKOCa B, Ha IIEPEMEHHOM pajiny-
ce R (b) nomKken COXpaHATLCA MOCTOAHHBIM = idem.
JlaHHBIN BBIBOJ| Ba)KC€H, €CIU TpeOyeTcsl MOBLICUTH
KauecTBO ()OPMHUPOBAHUSI 3aKPYUECHHOTO TIOTOKA Y-
HEHUEM XOP/IbI JIOTIACTH 3a CYET €€ MePEeMEHHOI BbICO-
ol a(b). Ha puc. 1, b Takoe yyiiHEHHE XOPAbI JIOMACTH
MOKa3aHO TEMHO-CHMHMM LiBeToM. Ha mpakTuke o0e-
CriedeHue KauecTBa (JOPMUPOBAHUS TTOTOKa TpeOyeTcs
BCerja, MoATOMY B TaKOW ITOCTaHOBKE 3ajada Ooee
aKTyaJlbHa, YeM 3aJlada MepeHoca JIONacTe ¢ OHOTOo
paauyca Ha JPYTOM.

Paccmorpum hopmy, KOTOPYIO HEOOXOIUMO TIpH-
JIaTh 3aKPY4IHMBAIOIIEH MTOTOK JIOMACTH, €CIIH PaJIIyC €€
BBIXOIHON KPOMKH H3MEHAETCS 10 JunHe R (), a yron
ee CKoca Ha 3TOM pPaJnyce OCTACTCSl MOCTOSHHBIM
B, = idem. O4eBuaHO, 4TO HOpPMY MIABHO OOTEKAEMO¥
TIOTOKOM JIOIACTH CJIE/YeT BBIIOIHATD 110 JIMHHUSM TOKA.
Torna, paccmarpuBasi oOTeKaromee JIONacTh B KaMepe
3aKpPYTKH IJIOCKOE TeYEHHE, 3alMIIeM PaBeHCTBA, CBsI-
3bIBAIONIME PAJMANIbHBIC 4, 1 TAHTEHIMAIbHBIE U, KOM-
MOHEHTHI BekTopa ckopoctu U ¢ pynkimeit Toka W [22]:

oY oY
==ty = 5)
roo or
rJe ¥ — TEeKyIUW paguyc,
1 o0pamariue ypaBHeHIEC HEPa3phIBHOCTU KaIlleib-
HOM KUJKOCTH B IIWJIMHPUYECKON KaMepe 3aKpyTKU

M + % — 0
ror 700
B TOXKJIECTBO, KOO
oru,) ou, __ ¥ ¥ _
ror 700 rorod  robor
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Ho, ecii KOMIIOHEHTBI BEKTOPA CKOPOCTH MIOCKOTO
TEUEHUs U W U, OTpeNessoTes Gpopmynamu (5), To moi-
ueIi muddepenmman pyaxmmu Toxka ‘P(r, 0) pasen:

oY oY
d¥Y =—dr+—db =uydr —ru,db. (6)
r o0
Ha nmuamsx Toka ¢yskmus ¥ = const, mpu 3TOM

d¥ =0, Torna, corlacHO BeIpaxxeHuo (6), popma 1ias-
HO 00TEeKaeMOH ITOTOKOM JIOTIACTH JIOJKHA Y/IOBIIETBO-
PATB YCIIOBHIO:

u,dr —ru,dé = 0. 7

ITockomeky (cM. puc. 1, ¢):

_I7enB - — 8
u, =UsinP,; u, =UcosP,, (®)
10 ycioBue (7) JIerko npuBOIUTCs K AuddepeHInaib-
HOMY YPaBHCHHIO XOPJIbI JIOTACTH 3aBUXPUTEIIS:

1 dr

do = ,
tanf, r
WM TI0CJIe MHTETPUPOBAHMSA B NpefeNax OT TOYKH
Ha XOpJe JIONACTH ¢ KOOPAHHATAMH IO IIEHTPaIbHO-
My yIuIy O, M pajiiyCy BBIXOJHBIX KPOMOK JIONAcTH R |
10 TOYKHM Ha XOpJle C KoopauHaTaMu 0,, R , HOIyduMm:
1 R

0,-0, = In| =2 |, 9
: =0 = 0| 7 ©

Kl

Cornacao dopmyie (9) nomacTu 3aBUXPHUTEIIS
JIOJDKHBI UMETh (OPMY JIOTapU(PMHUUECKONW CHUPATH.
Teuenue, chopMUpPOBAHHOE JIOMTACTHON CHCTEMOH J10-
rapu()MUUECKUX CIMpajIe, XapaKTepU3yeTcsl CIeayIo-
IIMMHA OCOOEHHOCTSIMH.

PanmansHBIC CKOPOCTH TEUCHHSA (CTOK) HAPACTAIOT
K LEHTPY 00paTHO MPONOPIHOHAIBHO paanycy. B pac-
CMaTpPUBAEMOM CITydae 3TO CBOANTCS K hopMyIie:

L0
" 2mrb’

rae Q — MpoIycKaeMblid 3aBUXPUTETIEM PACXOL.
Janee, MOCKONBKY COTTIACHO paBeHCTBaM (§), mMeeM:

(10)

u"
Uy =—=-—
0 )
tanf,
TO, COOTBCTCTBCHHO, HAXOAUM:
ru, :L:const. 11
* 2mb-tanp, (n

@opmyrst (10) u (11) xapakTepusyoT TedeHHE
IIPU HAJIO)KEHHUH TTOTCHIINAIBHOTO BPAIIEHHS HA TIOTEH-
LUUANbHBIN CTOK [22]. DTO TeueHue B IUTEpaType 4acto
Ha3bIBAIOT «BUXPECTOK», YTO HEJB3S PU3HATH KOPPEKT-
HBIM, K00 T€UeHHUe 10 onpejeIeHuto 6e3suxpesoe. [Ipu
0e3BUXpEBOM (TIOTEHIMATIBHOM) JBHIKCHUH KUIAKOCTH
TUpaBIMYeCcKHe TOTEPU HAopa OTCYTCTBYIOT. [oTeH-
[[HAJbHBIE TEUEHUS OTHOCATCS K MOJENM HJIeaJbHON
(HeBsa3Koif) xuaKocTH. Ho TeueHmit BA3KoH (peanbHOiIT)
KHJIKOCTH, HE COTTPOBOXKIAIOIMINXCSA THAPABINYCCKIMHU
HOTepsIMU Haropa, He cymiectByeT. [loaTomy He cyue-
CTBYET U CTPOTO MOTEHIUAIBHBIX TeueHU. OHaKo pU

JIBIOKEHUU TYpOYJIIEHTHOTO MOTOKa MOXXHO TOBOPHTH
0 KBAa3UIOTEHIIUAIBHOCTY TEUEHUsI, IPUYEM, YEM BBIIIIE
TYpOYJICHTHOCTB, TeM OJIFKE TeUEHHE )KUIKOCTH IO CBO-
ell CTpPYKType 1 CBOICTBaM K IOTEHIIHAIBHOMY.

Ecimu ruapasnaeckoe ycTpoicTBO, 001a1ast HU3KUM
THJPaBINIECKUM COIIPOTHBICHHEM, (DOPMHUPYET MOTOK,
OMM3KHI K TOTEHIMATIBEHOMY, TO €10 MOYKHO XapaKTepu30-
BaTh KaK TEXHIMYIECKH coBepIIeHHOe. Ha 3ToM ocHOBaHMN
JIOTIACTHOM 3aBUXPUTENTH, B KOTOPOM (popMa Jioracteit co-
OTBETCTBYET JIOTAPU(MUIECKON CIIMPAITH, MOKET paccMa-
TPUBATHCS KaK TEXHUUECKH COBEPIIICHHBIH.

EcTb OcHOBaHusI nonarars, 4To JIONACTHON 3aBUX-
PHUTENb SBJISETCS ONTUMATIBHBIM ISl YCIOBUH yCTaHOB-
KM Ha DHEPreTUYeCKHUX BOJOBOJAX CPEAHEHANOPHBIX
I'SC npu BIBOJIE MIX M3 SKCILTyaTallMK M UCTIOIB30BaHUH
B MOCIIETYIONIEM B KAYE€CTBE XOJIOCTBIX BOJOBBIITYCKOB.
OJHAaKO IPH peAT3aLMHU 3TOTO MPE/IIOKEHHSI BOSHUKAET
npoOnema, COCTOsIIas B TOM, YTO JMAMETPhI TypOUHBI
M KOHYCa OTCAChIBAIOIIEH TPYObl THAPOArperaroB cpe-
HeHanopHEIX [ DC oTMgaioTcs MeXIy co00i He3HAYH-
TEITBHO M HE MO3BOJISIOT BBIIIOIIHUTH 3aBUXPUTETD C XOP-
JIOM JIoTmacTei JOCTAaTOYHOM JUTMHBI JIJISI KaY€CTBEHHOTO
(hopMHpOBaHUs 3aKPYUSHHOT'O TTOTOKA.

Ha puc. 2 npencraBieH KOHTPBUXPEBOIl racUTEb,
yCcTaHaBIMBaeMblil B TypOuHHOM Onoke ['A-2 benope-
yenckoil ' DC nocre 1eMoHTaxa rujjpoarperara u rnpe/i-
Ha3Ha4YeHHBIN I cOpoca yepes HEero XOJIOCThIX pac-
XOJIOB B MEPUOABI TABOJKOB U MOJIOBOAMI Ha BOJOTOKE.
Oco0eHHOCTh KOHCTPYKIUH ITOKAa3aHHOTO Ha PUCYHKE
KOHTPBHXPEBOTO TACUTEISI 3aKIF0YACTCSI B TOM, UTO €T0
JIOTIACTH, YKECTKO 3aKPEJIEHHbIE Ha TOPLIEBOM BEpXHEM
KpBIIIKE THAPOArperaTa, J0KHBI Pa3BOPAdYNBaTh MPOXO-
JUIININ 9epe3 HUX MOTOK B CTOPOHY, ITPOTHBOIIONIOKHYIO
3aKpyTKe Apyroro (mepugepuitHoro) moroka, Gopmupy-
€MOT0 JIONIaTKaMH HaIPaBIIAIOILETO anmnapara ylaleHHO!
ruApoTypOuHbL. Takum 00pa3zom, JIONacTH 3aBUXPUTEIIS
BBIMOJIHSIIOT JIBe (DYHKIIMHU: Pa3BOPOT IOTOKA M (op-
MHUPOBaHHE 3aKPYYEHHOI'O T€4EeHUs. MOXKHO BUAETS,
YTO, HECMOTPSI HA TYCTOTY YCTaHOBKH 3aKPY4HBAIOIINX
cOpOCHOH ITOTOK JIoTIAaCTE|, MLy HUMH UMEIOTCSI 3Ha-
YHUTENbHBIE IIPOCBETHI. DTO OyJIeT CKa3bIBaThCst Ha (hop-
MHUPOBaHUH 3aKPYUCHHOTO TEUCHUS, IPUBOS K CHIDKE-
HUIO €T0 3aKPyTKH U d(PPEKTUBHOCTH KOHTPBUXPEBOTO
racutend. OueBUIHO, YTO TPAH3UTHBIN TIOTOK B 3HAYH-
TEJILHOM 00beMe OyIeT MPOXOIUTh MEXIY JIONAcTsIMU
C CyILIECTBEHHO CHUKEHHOW 3aKPYTKOM.

CoMHeHus B paboTOCIOCOOHOCTH KOHTPBUXPEBO-
ro racuTels 10 BapuaHTy | 3acTaBWIIM MCKaTh Oojee
COBEpIICHHBIE TEXHUUECKHE PEIICHHS, K KOTOPBIM
Y OTHOCHUTCSI 3aBUXPUTEIb C YUIMHEHHBIMH JIONIACTIMU
B (hopMe JIorapu(PMHUUECKON CIIUPaTIH. DTOT KOHTPBHX-
peBoii racuTensb i yenosuit benopeuenckoit '9C (Ba-
pHaHT 2) MmoKa3aH Ha puc. 3.

lacurens 1Mo BapuaHTy 2 UMEET YETBIPEXKPATHOE
CHIDKEHHE YHCIIa JIOTACTEH MO OTHOIIEHUIO K BapuaH-
Ty 1, TIpy 3TOM IIPOCBETOB MEXY JIOMACTSIMU HE HaOITIO-
naercsi. Het coMHeHMT B TOM, 4TO BUXPEBOU ammapar
CO 3HAYUTENHFHO YAJTHHEHHBIMH JIOTIACTAMHU OyneT dop-
MHPOBATh 3aKPyUCHHBIN TIOTOK TPeOyeMbIX MapaMeTpoB
1utst 3Q(HeKTUBHOM pabOThl KOHTPBUXPEBOTO TACHTEIIS.
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A.J1. 3yiikoe

c
Puc. 2. KoHTpBUXpEBOI racuTens 1o BapuaHTy 1: @ — 3cKu3-
HBIH IPOEKT; b — BHJ COOKY; ¢ — H30METPHUS

3AKJITIOYEHHUE U OBCYXIAEHHUE

PsiioM crienuanicToB BBICKA3bIBAJIOCh CYXKICHHUE,
YTO BBIIOJHEHHE KOHTPBUXPEBOIO FACUTENS C JIOMA-
CTSIMH JIOTapU(PMUIECKOTO MPOQUISI IPUBEIET K €T0
3HAYMUTEIbHOMY yaopoxaHuio. OnHAaKO MPOeKTHas
npopaboTKa I0Ka3ajla, 4TO y4acTOK Jorapupmuye-
CKOHM cIupajy aninpOKCUMUPYETCS LUIUHIPUYECKON
MMOBEPXHOCTHIO, CIEAOBATEIBHO, ATOT y4aCTOK MO-
JKET OBITH BBIpE3aH M3 TPYObI HY)XHOTO JHaMeTpa.
Hanpumep, muist yenosuit benopeuenckoii '9C Tpeby-
ercs ydacTok TpyOsr guamerpom 2000 MM U [THHON
1800 MM, u3 KOTOpOTO BEIpE3atoTcs Bce 10 HeoOXoam-
MBIX Jioractell. Takum 0O6pa3om, MHEHHE O CJIOKHO-
CTH M3TOTOBJICHHSI BUXPEBOI'O ariapara ¢ JONacTIMu
JoTapU(PMHIECKOTO TPOGUIS CIUIBHO MPEYyBEIHICHO.
Haobopor, mpocToTa NCHOTHEHHUS MO3BOJISIET PEKO-
MEH/IOBAaTh PACCMOTPEHHYIO KOHCTPYKIIUIO B Ka4eCTBE
TUIIOBOM.

24

c

Puc. 3. KoHTpBUXPEBOI racUTEINb 110 BAPUAHTY 2: @ — ICKU3-
HBII TIPOEKT; b — BUJI COOKY; ¢ — H30METPUS

B 3axutouenne ormeTuMm cienyromniee. B pabore
YCTaHOBJIEHO, YTO T€OMETPUYECKasl XapaKTePHUCTHKA
MUJIMHAPUYICCKOTO JIOMAaCTHOI'O 3aBUXPUTECIIA HE 3aBU-
CHUT OT paanyca BBIXOAHBIX KPOMOK 3aKPY4HBAIOLINX
MIOTOK JIOTIACTEH, HO 3aBUCHUT OT yTJIa X CKOCA Ha 3TOM
paauyce. OTMeudaeTcs, 4TO 3TO OTKPBIBAET BO3MOXK-
HOCTH TMOBBIMICHUS HAACKHOCTH U dPPEKTHBHOCTH
(hopMHUpOBaHHMS 3aKPYUEHHOTO MTOTOKA BUXPEBBIM arla-
paToM c JIONACTSIMH YBEJIWYCHHOW JUTMHBL. Jloka3aHo,
YTO XOp/a IIABHO 00TEKaeMO#l OTOKOM YITHHCHHOM
JIONACTH 3aBUXPUTENS T0JDKHA UMETh (hOpMY Jtorapud-
muueckoi cnupanu. [lokazano, 4To BUXpEBOM anmnapar,
BBINOJIHEHHBIH B BUJIE JIONACTHOW CHUCTEMBI JIorapud-
MHYECKHX CHHpaseil, GOpMHUPYET TEUEHUE C HAJIOKe-
HUEM MMOTCHIUAJIbHOTO BpalllCHUS Ha HOTeHI.[PIaJ'II:HLIﬁ
cTOK. PaccMoTpeHa KOHCTPYKIMSI KOHTPBUXPEBOTO Tra-
CHUTEJIsl SHEPIUH ITOTOKA C CHCTEMOI JioriacTei B popme
JOrapu(pMHUUYECKUX CIUpATICH Ha MpUMepe X0JI0CTOTO
BonoBbINTycKa benopeuenckoit 'DC.
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INTRODUCTION

The development of vortex apparatuses — devices
for swirling liquid and gas flows — remains an urgent
scientific and engineering task [1-5]. These devices
are widely used in microbiology, chemistry, ecology,
heat engineering, power engineering, engine and rocket
engineering [6—14].

In hydraulic engineering, swirling flow was first
used in mine spillways. By the fifties of the last century
more than 50 swirling mine spillways had been built,
18 of them in Italy [15]. In the Soviet Union two such
spillways were built as part of the Medeo mudflow
protection dam, where the open flow is swirled
by a swirler in the form of a spiral chamber [16].
In the 1970s, in connection with the design and
construction of the high-pressure Nurek (275 m
high) and Rogun (335 m) dams, the Soviet Union
began developing deep spillways capable of passing
high-speed water flows and damping their kinetic
energy [17]. The so-called counter vortex spillway
system based on mutual damping of excess kinetic
energy of swirling flows with counter-rotation was also
investigated [18, 19].

A number of hydroelectric power plants (HPPs)
in Russia are currently reaching the end of their service
life, requiring their dismantling or mothballing to
ensure that the river flows through the hydroelectric
complex. An acceptable solution seems to be to use
the power conduits of a stopped hydropower plant as
spillways for this purpose. This problem is investigated
in works [20, 21] in which the possibility of replacement
of decommissioned hydraulic units with a counter vortex
damper, which provides a quiet removal of discharge flow
to the downstream side with extinguished excess kinetic
energy, is studied. The development of this topic is devoted
to this article, which deals with the design of the swirling
flow apparatus of counter vortex damper at the idle outlet
of Belorechenskaya hydroelectric power station.

The aim of the study is to develop an effective
counter vortex damper for excess flow energy.
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MATERIALS AND METHODS

Analytical methods of classical hydromechanics
are used [22]. In particular, the work is based on works
of G.N. Abramovich [23, 24], N.A. Chigier, J.M. Beer
and other authors [25-27], in which for calculation
of vortex devices and analysis of circulation-length
flow the geometrical characteristic of swirling flow
device (Abramovich number A4) is used.

The geometric characteristic of the swirl devi-
ce A4 has the fundamental property that this parameter,
on the one hand, determines the flow capacity
of the device expressed by its flow coefficient and,
on the other hand, sets the swirl efficiency of the flow
passing, characterized by the Chigier-Beer number Sn,
equal to the ratio of its tangential momentum to the axial
component of momentum [18, 19, 23-27]. Parameter A4,
as shown in [28], is numerically equal to the Chigier —
Beer number Su and thus determines in general all
hydraulic characteristics of both the device itself and
the flow passing through it. Moreover if the geometry
of vortex apparatus flow part is changed, but parameter
A = Su remains unchanged, the hydraulic characteristics
of the device and the flow passing by it are preserved.
The use of this property is the conceptual basis for this
research.

RESEARCH RESULTS

The local swirler shown in Fig. 1 is designed as

a cylindrical grid (guide apparatus) of nonrotating

blades fixed in an annular culvert around the perimeter

of the diverting channel. Geometric characteristic

of such swirler is calculated by the formula [18-21, 23,
24, 28]:

TRR,
4 q (1
where R is the radius of the swirl outlet channel; R is

the effective radius (radius normal to the velocity vec-
tor U of the flow descending from the blades, see fig. 1);
Q is the area of the annular culvert section between
the blades normal to the velocity vector U.




Cylindrical flow swirler with extended blade chord
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Fig. 1. Schematic diagram: ¢ — longitudinal section; b —
section along A-A; ¢ — assembly B; / — swirl vanes; 2 —
swirl chamber; 3 — diverter channel

From the diagram (Fig. 1) it can be seen that
the effective radius R and the area of the permeable
ring section Q are related to the radius of the outlet
edges of the flow-twisting blades R by the following
relationships:

RO = Rnut €os Bb’ (2)

2n
Q= [bR,,d0-sinp, =b27R,, sinp,, 3)
0

where B, is the angle of bevel of the swirler blades at
radius R ; b is the length of the swirler blades; d0 is
the infinitesimal central angle on the circumference
of the circular cross section of the swirler (see figure 1, ¢).
Thus, formula (1) with expressions (2) and (3)
takes the form
R

:2b-tan[3b' @

According to formula (4), the geometric character-
istic of a vane swirler 4 depends on the ratio of the ra-
dius of its outlet conduit R to the height of the swirl-
ing blades b and their bevel angle B, at the radius
of the outlet edges R . At the same time the parame-
ter A does not depend on the radius of outlet edges, as
it drops out of formula (4). The obtained result allows
us to draw important conclusions, which follow from
the fundamental property of the geometric characteristic
of the twisting flux device 4 discussed above.

The first conclusion can be formulated as follows:
for hydraulically identical swirlers, for which 4 = idem
and R/b = idem, the outlet edges of their guide vanes
can be located at arbitrary radii R, but the blade bevel
angle B, at the outlet edge radius must be the same. As
an illustration, in Fig. 1, b, the first row of blades is shown
in black; blades moved to different radial distances from
the unit centreline are marked in red, but with any blade
arrangement the hydraulic characteristics of the units and
the flows they pass will be the same at , = idem.

The second conclusion is that a swirl blade along
the length b can be made with an exit edge of variable
radius R (b), then to ensure consistency of the param-
eter (Abramovich number) 4 along the entire length
of such a blade, its bevel angle B, at variable radius
R (b) must be kept constant 3, = idem. This conclusion
is important if the quality of forming of swirled flow is
to be increased by lengthening of chord of the blade at
the expense of its variable height a(b). In Fig. 1, b this
lengthening of the blade chord is shown in dark blue.
In practice, ensuring the quality of flow formation is
always required, so in this formulation the problem is
more relevant than the problem of transferring blades
from one radius to another.

Consider the shape to be given to a swirling flow
vane if the radius of its trailing edge varies along
the length R (b), and its bevel angle at this radius
remains constant §, = idem. Obviously, the shape
of the smoothly flowing blade should be made along
the current lines. Then, considering the flat flow around
the blade in the swirl chamber, we write the equations
linking the radial u_and the tangential u, components
of velocity vector U with the current function ¥ [22]:

oY oY
e T ©)
where » — is the current radius, and reversing the conti-
nuity equation for a droplet liquid in a cylindrical swirl
chamber

o(ru, ) +%
ror 700

=0

into an identity, for

6(1"ur)+%_— oy . Pe

ror 100 rordd  ro0or

But, if the components of the velocity vector
of a plane current u_and u are defined by formulae (5),
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then the total differential of the current function Y¥(r, 0)
is equal:
a¥ = a—\Pdr + {;—\;’de =u,dr —ru, do. (6)

r

On the current lines the function W = const, in this
case d¥ = 0, then according to expression (6) the shape
of the smoothly flowing blade must satisfy the condition:

u,dr —ru,dd = 0. (7
Since (see Fig. 1, ¢):
u, =UsinB,; u, =U cosP,, (8)

then condition (7) is easily reduced to the differential
chord equation of the swirl vane:

do = ! 'ﬁ,
tanf, r

or after integration within the range from the point
on the blade chord with coordinates at the centre an-
gle 0, and the radius of the outlet edges of the blade
R, to the point on the chord with coordinates 0, R,
we obtain:

R
0,-0, = ! In| —2= |, )
tanf, (R

outl

According to formula (9) the swirl vanes must be
shaped like a logarithmic spiral. The flow formed by
a logarithmic spiral vane system is characterised by
the following features.

The radial velocities of the flow (runoff) increase
towards the centre inversely proportional to the radius.
In the case under consideration, this boils down to
the formula:

0
-2 10
“r 2nrb (10)

where Q is the flow rate through the swirler.

Further, since, according to Equations (8), we have

ur

_taan’

then, accordingly, we find:

riy = _9
2mb-tanf,

Uy

= const. (11)

Formulas (10) and (11) characterize the flow at
superposition of potential rotation on potential flow [22].
This flow is often referred to as “vortex flow” in literature,
which is not correct, because the flow is by definition
vortexless. In vortexless (potential) fluid flow there is no
hydraulic head loss. Potential flows refer to ideal (non-
viscous) fluid model. But there are no viscous (real)
fluid flows without hydraulic head losses. Therefore,
strictly potential flows do not exist either. However, in
turbulent flow we can talk about quasi-potential flow, and
the higher the turbulence, the closer the fluid flow is to
the potential flow by its structure and properties.
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If a hydraulic device, with its low hydraulic
resistance, generates a flow close to the potential flow,
it can be characterised as technically perfect. On this
basis, a vane swirler in which the shape of the blades
corresponds to a logarithmic spiral can be regarded as
technically perfect.

There is a reason to believe that the vane swirler
is optimal for the conditions of installation on power
conduits of medium-pressure hydroelectric power
stations during their decommissioning and use in
the future as idle outlets. However, when implementing
this proposal, the problem is that the diameters
of the turbine and the suction pipe cone of hydroelectric
units of medium-power plants differ slightly and do not
allow to make a swirler with a chord of blades long
enough for high-quality formation of swirling flow.

Fig. 2 shows a counter vortex damper installed in
the turbine unit of GA-2 of Belorechenskaya HPP after
dismantling the hydraulic unit and designed for discharge
of idle discharges through it during floods and floods
on the watercourse. The peculiarity of the counter-vortex
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Fig. 2. Counter-vortex damper according to variant 1:
a — schematic design; b — side view; ¢ — isometric
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Fig. 3. Counter-vortex damper version 2: ¢ — schematic
design; b — side view; ¢ — isometric

damper design, shown in the figure, is that its blades, rig-
idly fixed on the end upper cover of the hydraulic unit,
shall turn the flow passing through them in the direction
opposite to the twisting of another (peripheral) flow,
formed by the blades of the guide apparatus of the re-
moved hydraulic turbine. Thus, the swirl vanes have two
functions: flow reversal and formation of swirling flow. It
can be seen that despite the dense installation of the swirl-
ing discharge blades, there are significant gaps between
them. This will affect the formation of the swirling cur-
rent, resulting in a reduction in swirling and the effective-
ness of the counter vortex damper. Obviously, a signifi-

cant volume of transit flow will pass between the blades
with significantly reduced swirl.

Doubts in serviceability of counter-vortex damper
according to variant 1 forced to search for more perfect
technical solutions, which include swirler with elongat-
ed blades in form of logarithmic spiral. This counter-
vortex damper for conditions of Belorechenskaya HPP
(variant 2) is shown in Fig. 3.

The Option 2 dampener has four times the number
of blades compared to Option 1, with no gap between
the blades. There is no doubt that a vortex apparatus
with considerably longer blades will produce the swirl-
ing flow required for the effective operation of a coun-
ter-vortex damper.

CONCLUSION AND DISCUSSION

A number of specialists have suggested that
a counter-vortex damper with logarithmic blades would
be considerably more expensive. However, design
studies have shown that the logarithmic spiral section
is approximated by a cylindrical surface, hence this
section can be cut from a pipe of the required diameter.
For example, Belorechenskaya HPP conditions it
is necessary to cut out a piece of pipe with diameter
of 2,000 mm and length of 1,800 mm from which all
10 necessary blades are cut out. Thus, the opinion about
difficulty of manufacturing of the vortex apparatus with
blades of logarithmic profile is greatly exaggerated.
On the contrary, the simplicity of construction makes
it possible to recommend the considered construction
as a typical one.

In conclusion, we note the following. It has been
found that the geometric characteristic of a cylindrical
vane swirler does not depend on the radius of outlet
edges of the blades which swirl the flow, but depends
on the angle of bevel at this radius. It is noted that this
opens up an opportunity of increase of reliability and
efficiency of formation of the swirled flow by the vortex
apparatus with blades of the increased length. It is proved
that the chord of extended swirl vortex blades, smoothly
streamlined by the flow, should have a form of logarithmic
spiral. It is shown that the vortex apparatus made in
the form of logarithmic spiral vane system forms a flow
with potential rotation superimposed on the potential flow.
The design of counter-vortex damper of flow energy with
the system of blades in the form of logarithmic spirals
on an example of an idle water outlet of Belorechenskaya
hydroelectric power station is considered.
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