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HucepraiiitHa poOoTa MpUCBAYEHA PO3POOIECHHIO METOIUKU PO3PAXYHKY Ta
BJIOCKOHAJICHHIO T€OMETpii 0araToINnapuHHUX YIIIJIbHEHb BIIUEHTPOBUX HACOCIB.
HaykoBe oOrpyHTyBaHHS Ta ONpAILIOBaHHSI METOJWKH BHU3HAYCHHS CTAaTHYHUX 1
JUHAMIYHUX CHJIOBHX XapaKTePUCTUK Ta YTOYHEHUH pO3pPaxyHOK BEJIMYMHU
BUTOKIB B 0araTOIIMAPUHHUX YIIIIBHEHHSX JAaI0Th 3MOT'Y TOKPAIIUTH BXXKE 1CHYIOU1
KOHCTPYKIIi Ta MABUIIUTH €HEProeeKTUBHICTh MPHU 3a0€3MEUYeHH] TOMyCTHMO
HU3BKOTO PIBHIO BIOpaIliii poTopiB BIAIEHTPOBUX HACOCIB.

Ha ocHOBI aHamizy miTepaTypHUX JKEped BCTAHOBJIEHO MOKIIUBICTh
i ABUIICHHS 3araibHOTO KoedimienTy kopucHoi aii (K.K./I.) BiAIIEHTpOBHX HACOCIB
3a paxyHOK 3MEHIICHHsS O0’€MHHUX BTpaT Ha MEpeIHIX Ta MIDKCTYICHEBUX
MIMAPUHHUX YIIIJIbHEHHSX TMPH BEIUKUX 3HAYCHHAX TepenaiiB THCKY Ta
MIBUAKOCTSX o0OepTaHHa poropiB. lle MO¥JIMBO 3a paxyHOK BUKOPUCTaHHS
OaraTommMapuHHUX YIIUTbHEHb. KOHCTPYKI1 TakuX YIIITbHEHb CTBOPIOETHCS
MOCTIZIOBHO PO3MIIICHUMH JPOCEIIIMH, 3 €IHAHUMH MK CO00I0 KaMepaMH,
KOe(DILIEHT TiAPaBIIYHUX BTPAT SIKUX MPUOIM3HO JOPIBHIOE CyMi KOE(QIII€HTIB
BTpaT BCIX JApoceniB. BilMOBIIHO 3MEHIIYEThCS BUTOKM Y€pe3 YIIUIbHEHHS. 3
JITEpATypu CTAa€ 3pO3yMUIMM, IO B TaKUX YIIIJIBHEHHAX, SIK 1 Y 3BUYAMHHUX
OJTHOIITIAPUHHUX, HE TUTBKH OOMEXYIOThCS BTPATH, @ i BHACITIIOK BUCOKUX 3HAYCHb
nepenaaiB TUCKY BUHHUKAIOTH pajiaibHI CWIHM, SKI BIUTMBAIOTh HA JUHAMIYHI
XapaKTEPUCTHKU POTOPIB BIAIEHTPOBUX HACOCIB, TOOTO BOHU BUKOHYIOTH (DYHKITIT
rIPOAMHAMIYHMX OTIOP 1 MOXKYTh, SIK CTAOLI13yBaTH POTOP, TaK 1 BUKJIMKATH BTPATY

WOro JUHAMIYHOI CTIMKOCTI.



JIisi BU3HA4YEHHS PO3MOJAUTY THCKY B KOPOTKOMY KUIBIIEBOMY KaHall 3
BIJIMOBIJHUMUA TPAaHUYHUMU YMOBAaMU NPUUHATO PpIBHSAHHA Tedll B’ A3KOi
HECTHCIUBOI pinguHu (piBHsAHHSA PeiiHombaca). OTpuMaHi aHAIITUYHI 3aJICKHOCTI
JUIA PO3paxyHKy paflaibHUX CWJI, L0 BHUHUKAIOTh B KUIBLEBUX JPOCENSIX
JBOXILIMAPUHHUX 1 TPBOXUINAPUHHUX YIIUJIbHEHb, 3YMOBJEHI pajialbHUM
3MIIIEHHS Bajla Ta NEPEKOCOM ocel poTopa Ta craropa. [IpoBeneHa oliHKa BIUIUBY

KOHYCHOCTI NIIJIMH Ha CHJIOBI Koe(]illleHTH OaraTOIMapHuHHOTO YIIUIBHEHHS.

PosrnsimaroTecss CcUM, 3yMOBJICHI OCHOBHUM TIE€PEIAOM THCKY Fp 1 TIOTOKOM

BHUTICHeHHS: IUcUNaTHBHA cuiia F, 1 mupkymsmiiina cuna F, siki Moy Th npHuBecTH

JI0 BTPATH CTIHKOCTI, SIKa CYIPOBOKYETHCS aBTOKOJIMBAHHAMHU POTOPA 3 BEITUKOIO
amIuTiTy010. [HEpuiiHi cuim (TipOCKOIiYHA 1 chja iHepiil), 3Bakalouum Ha ixX
B1JIHOCHO MaJii 3HaYeHHs, HE BpaxoBYIOThC. OTprUMaHi aHaJIITUYHI 3aJI€KHOCTI1 JIJIst
BU3HAYCHHS aMILTITYyId Ta a3y BUMYIIICHUX pajlialbHUX KOJUBaHb Baja, a TAKOXK
BU3HAYCHHS YMOBU MOTO CTIMKOCTI. TaKOXK PO3TISHYTI BIIbHI KOJMBAHHS POTOpa B
OaraToImImapuHHOMY YIIUIBHCHHI Ta OTPUMaHI YaCTOTH BJIACHUX KOJUBAaHb CUCTEMHU
pPOTOP-YIIUIBHEHHSI 3 BpaxyBaHHSAM JieMN(ipyBaHHS B 3aJIEKHOCTI BiJ] 4aCTOTH
oOepTaHHs NPH PI3HUX 3HAUYCHHSX YIIUTbHIOBATHHOTO THCKY.

BukonaHo nMopiBHSHHS BEIMYUH TUHAMIYHUX KOE(ILI€HTIB Ta BUTOKIB IBOX-
Ta TPHOXIIMAPUHHUX YIIUIPHEHh 3 OJHOIIMAPUHHUM YIIUIGHCHHSIM TPH YMOBI
BUKOPUCTAaHHS JOCTAaTHBO BEIMKHX KaMep, SKe IEMOHCTPY€ CYTTEBI IMepeBaru
OaraToNIMMapuHHUX YIIUTbHEHB. TakK, HAPUKIIAJ, TPHOXIITAPUHHE YIIUTPHCHHS 3
OJIHAaKOBHUM DPaiaJIbHIM 3a30pOM BCiX IIMAPUH YUIUTbHEHHS Ma€ Y CEpeIHhOMY Ha
48,5 % Ol quHaMivyHl KoediieHTH, Ta Ha 41,2 % MeHII BUTOKH, a Moj110He
JBOXUIMApUHHE YIIITbHEHHS Ma€ Ha 15 % Oinbury npsMy >kopcTkicTh Ta Ha 9,1 %
oinbie npsime aemndipyBanus Ta Ha 20,6 % MeHII BUTOKH.

JIns mpoBeleHHS €KCHEPUMEHTAIbHUX JOCHIKeHh Ha 0a3l mpoOJaeMHOi
naboparopii TrepMOMEXaHIKM Ta BiOpPOJIarHOCTHKM Kadeapu KOMIT IOTEPHOI
MexaHiKu iMmeH1 Bosiogumupa MapiimHKOBCAKOT0 BUKOHAHA MOJIEpHI3allisl ICHYI04YOi

EKCIIEPUMEHTAILHOI YCTAHOBKHU JJIsi JOCHIPKEHb OJHOIINAPUHHUX YIIUIbHEHb.



VYcranoBka 3abe3nedye moaady yuliibHIOBabHOTO THUCKY Bim 0 mo 1 MlIla, npu
YMOBI JIOCTaTHBOT'O TaClHHA HOTro IMyJjbcalii, Mpy BEIMYHMHI BUTOKIB 10 1,2 j/c Ta
gacToTi o0epranus Bajia - 8000 006/xB.

BukonyBanuch ~ eKCHEpUMEHTaNbHI  JOCHIDKEHHS  TPHOXIITIAPUHOTO
VIIUIBHEHHS IBOX BapiaHTIB KOHCTPYKIIH: 3 OJTHAKOBUMH pajiiaIbHUMHU 3a30paMu
Ha KOXKHIU IITIapuHi 1 3 BJIB141 30IBIIIEHUM paJllaJIbHUM 3a30POM Ha JAPYTii MImapuHi
IIPU IBOX OCHOBHUX PO3MIpax 3’€IHYyBabHUX Kamep — 1 Ta 3 mM. /{715 BU3HaueHHs
BIUIMBY pajlajJbHOI Ta TAHT€HI1aJIbHOI CHJI, OKPEMO IIPOBEAEHI JOCHIIKEHHS 5K 3
HE 00epPTOBHUM, TaK 1 3 00EPTOBUM BaJIOM.

B excnepuMmeHTaIbHUX JOCHIKEHHSIX 3 HE O0EPTOBHMM BajJOM MPOBEACHO
BHUMIPIOBAaHHS PO3IMOALLY TUCKY 110 JOBXHHI NEPILIOi IINAPUHU Ta B 3’€IHYBaJbHIN
KaMepl Ha BUXO1 3 Hel y JBOX MPOTWJICKHUX PaJlalIbHUX TMOJIOKEHHSIX Baja — y
MICLI 3 MIHIMAJIbHUM Ta MAaKCUMAaJbHUM paJiaJIbHUM 3a30pOM; Ta CYMapHUX
BUTOKIB 3 VIIUIBHCHHS B 3aJeKHOCTI BiJI paJialbHOTO 3MIIICHHS Bala
(excueHTtpucutery) B giamazoni  0,04-0,16 MM 1npu  pi3HIA  BeIWYHHI
yHIUIbHIOBaJIbHOTO TUCKY 1,25; 2,5; 5; 7,5, 10 atM. OTpuMaHi pe3yJbTaTH IO
PO3MOAUTY TIAPOCTATUYHOTO TUCKY IO JTOBXKHUHI MEPIIOi MIMAPUHUA TOKa3au, 0
NEPIIUI BapiaHT KOHCTPYKIIT TPhOXIITIAPUHHOTO YIIIIPHEHHS Ma€ MEIEHTPYIOTY
paniagbHy TIAPOCTATUYHY CUITY, SIKA IMIJIBUILYETHCA 31 30UIbIIEHHSIM PajiadbHOrO
3MIIICHHS Bajly Ta 3MEHIIYETHCS MPHU 301TIBIIEHI OCHOBOTO PO3MIPY 3’ €HYBAIBHHUX
Kamep. Y Apyromy BapiaHTi KOHCTPYKIIi pajiaiabHa rapocTaTUdHa CUja Ha epuiin
MImapuHi y OUTBIIOCTI BUTAJKIB Ma€ IMEHTPYIOUY Jif0, Ta CyMapHa TiapocTaTudHa
panianbHa cuia 30UIBIIYETHCA 31 30UIBIICHHAM pPaaiaibHOTO 3MIIICHHS Baja i
OCBOBOTO pO3Mipy 3’ €IHYBaIbHHUX KaMep. BennunHa BUTOKIB J€TI0 3MEHIITYETHCS 3
pagiabHUM 3MIIIIEHHSM BaTy JIJIsl IEPIIOTO BapiaHTy KOHCTPYKIIii, ajie Ma€e CyTTEBO
OUTBIITY BETMYMHY 1 Mai>ke HE 3MIHIOEThCS K BiJl pagiadbHOTO 3MIIICHHS, TaK BiJl
301IBIIEHHS] OCLOBOTO po3Mipy Kamep. [IopiBHSHHS BEJIMYMHU BUTOKIB OTPUMAHHUX
3a JOMOMOIOI0 AHAJITUYHUX 3AJIEKHOCTEH 3 E€KCIIEPUMEHTAIbHUMU JaHUMU IS
KOHCTPYKIIH TPhOXIITNAPUHHUX YIIUIbHEHb AAJI0 MAKCUMaJIbHY OXHOKY 3,3 %, 110

HiATBEP/HKYE TOCTATHIO aIeKBATHICTH 00paHoi TeopeTrnuHoi Moaei. [Tomiueno, o



1] 4ac eKCIEPUMEHTAIBHUX JOCIIPKeHb B TEPIIOMY BapiaHTI KOHCTPYKIIII MpU
OCHOBOMY PO3MIpl 3’€IHYBaJIbHUX KamMep 3 MM MNOpH BIJICYTHOCTI BJIACHOTO
oOepTaHHsI  CIIOCTEpIraBCcsl MNPELECIMHUI  pyX Baja, TPAEKTOpIA  SIKOTO
BIJICTe)KYBaJIach Ha €KpaHi ocimiorpada.

B ekcnepuMmeHTanbHUX JOCHIDKEHHSIX 3 O0epTaJbHUM BajoM OTpHUMaH1
aMILTITYy THO-4aCTOTHI xapakTepuctuku (AYX), Tpaekropii pyXy Ta 3HAUYCHHS
BUTOKIB B 3aJIEKHOCTI BIJI 4aCTOTH OOEpTaHHS Baja MPHU PI3HUX 3HAYECHHIX
YIIUIBHIOBAJIBHOIO TUCKY. Bu3HaueHo, 110 y OUIbIIINA YacTUHI JOCHIIKYBaHOIO
Jiana3oHy IapaMmeTpiB, 3arajbHe uuciao PeliHomblaca y TpbOXIINAPUHHOMY
YIIUIBHEHH] BIJIMOBIJIa€ TypOyJIeHTHOMY pexumy Tedii. AHaniz AUYX nokasas, 1o
y JIpyromMy BaplaHTl KOHCTPYKLIi YIIIJIbHEHHS 3 yABOEHHUM paJialIbHUM 3a30pOM
JIpyroi MMapuHU Ta 30UTBIIEHUM OCHOBHUM PO3MIPOM 3’ €IHYBAJIBHUX KaMep Mpu
30LIBIIEHH]  YIIUJIBHIOBAIBHOTO THUCKY CYTTEBO 30UIBIIYIOTHCS  3HAYEHHS
KPpUTUYHUX MIBHJAKOCTEH. B mepmomy BapiaHTI KOHCTPYKINT 31 3MEHIICHUM
OCbOBHM PO3MIPOM 3’€HYBAJIbHOI KamMepH TEHICHIls € 3BOpoTHOW. Jlis 060x
BapiaHTIB KOHCTPYKILIM 31 30UIBIIEHHSM YIIUJIBHIOBAIBHOTO THUCKY JAEIIO
30UTBIITYIOTHCS KPUTUYHI aMIUTITyAM KOJIMBaHb. [Ipu womy, y Apyromy BapiaHTi
KOHCTPYKIIii TPHOXIIIMAPUHHOTO YIIIIFHEHHS] MaKCHMajdbHa KPUTHYHA aMILTITYy/a
KOJMBaHb Ha 36 % MeHIIa. AHaJi3 TPAEKTOPii pyXy CTIHKH Baja MATBEPIKYE TON
dakt, 1m0 HaWMEHIy BEIMYMHY aMIUIITyld KOJWBaHb Ma€ JPYruil BapiaHT
KOHCTPYKI1 YIIUIbHEHHS 31 3011bIIEHUM OCHOBUM PO3MIPOM 3’ €IHYBAJILHUX KaMep.
Takox TiATBEPIKEHO, MO K 1 Y TPAAUIIHHUX MIMAPUHANX YIIUThbHEHHSIX, BUTOKA
3MEHIITYIOTHCS 31 30UIBIIICHHSIM YaCTOTH 0OEpTaHHS BaJia.

[TopiBHSIHHS ~ €KCIIEPUMEHTAIbHO  OTPUMAHUX  aAMIUTITYJHO-4aCTOTHHX
xapaktepucTuk(AUX) 3 AUX oTpuMaHMMH 3a QHATITUYHUMU 3aJICKHOCTSIMHU,
MOKa3aJio Kpamie 1iX CHIBMNAiHHA [JIsi JAPYroro BapiaHTy KOHCTPYKIIi 31
301IBIIEHUMH 3’ €JHYBAJIbHUMU KamMepaMu. Tak MakCMMallbHa BIIHOCHA MOXMOKa
nopiBHoBasia 15 %. Lle mosicHI0€TbCS THM, II0 B aHAJNITUYHUX PO3paxXyHKax He

BPaXOBYETHCS PYX PIAMHM B LIMJIIHIPUYHUX KaHANIaX 3’ €HYBAJIbHUX KaMep.



JIns moCIiJDKeHHS T1APOAMHAMIKYA Tedii PIIMHM Y HWIIHAPUYHUX KaHamax
OaraToIMapuHHOTO YIIUITbHEHHST BHUKOPHCTOBYBABCS MPOTPAMHUN KOMILIEKC
ANSYS CFX, B sskoMy 3a JIOOMOTOI0 METOJa CKIHUCHHHUX 00 €MiIB €IEMEHTIB
po3p’szyBanucst piBHsSHHS Has'e-Ctokca ocepenneni 3a PeliHonbacoM, siki
3aMuKaiauch K-g¢ mozemno TypOyieHTHOCTI. Posrisganack i30TepMivHa Tedis
pinvau (Boau). TOYHICTH BUKOPUCTAHHS BHINEHABEICHOI MOl TypOYJIEHTHOCTI
HIATBEPAKYETHCS HAABHUMU B JIITEPATypl pe3yabTaTaMU PO3PAXYHKIB IMIMAPUHHHUX
VIIIbHEHbD.

[IpoBeneni PO3paxyHKOBI JOCIKEHHS TPHOXIUIIAPUHHUX Ta
JBOXILIIIAPUHHUX YIIIJIbHEHb B CTAal[lOHAPHIMN Ta HECTAl[lOHAPHIA MOCTaHOBKAaX.
OTpumani NoJst MBUAKOCTEHN, pO3MOALUIM TUCKY Ta 3HAUEHHS BUTOKIB.

B cramioHapH1ii MOCTaHOBI PO3MIISAANIOCh paaiajibHE 3MILNIEHHS Baily 0e3
ypaxyBaHHsS HOTO BiacHOro oOepraHHsA. [lOpiBHSHHS OTPUMAaHHMX PO3MOJILTIIB
TIPOCTaTUYHOTO THUCKY 3 pe3ylbTaTaMd EKCIEPUMEHTAIBHUX JOCHiKEHBb
MOKa3aJio, II0 MAaKCMMajbHa IOXHMOKa MDK pe3yJbTaTaMU pO3paxyHKIB Ta
EKCIIEPUMEHTIB ISl KOHCTPYKIIIHA TPhOXIIMAPUHHOTO YIIIIbHEHHS ckiana 12,4 %, a
MaKCMMaJibHa BIJIHOCHA PI3HUIL 3a BEJIWYMHOIO BHUTOKIB ckiana 15% mpu
MaKCHMaJIbHOMY 3HAYCHHI BEJIMYMHH PaJ1aIbHOTO 3MINICHHS Baja. BUHUKHEHHS B
EKCIIEpUMEHTATIBLHUX JOCIIKEHHIX Mperiecii Baja 06e3 oro Bj1acHOTO 00epTaHHS B
NepIIOMYy BapiaHTI KOHCTPYKLII TOSICHIOETBCS pe3yJbTaTaMU pPO3PaXyHKOBHX
JIocHmiKeHb. Tak, pamiaiibHI KOJWMBAaHHS Baja B3JIOBXK BEPTUKAIBHOI OCI, SIKi
BUKIIMKaHI JICHEHTPYIOYOID CHJIO0 B IbOMY HAaNpsIMKy, TpPU MiHIMATbHOMY
BUIIaJIKOBOMY CTAI[IOHAPHOMY 3MIIIEHH] Baly B TOPU30HTAJIbHOMY HaINpsIMKY,
MOXXYTh BUKIMKATH JOJATKOBI pajiaibHI KOJIMBAHHS B IIbOMY HampsMky. Lle
NOB’5I3aHO 3 BUHUKHEHHSIM HETaTHUBHOIO JAeMN(ipyBaHHS B IMEPUIOMY BaplaHTI
KOHCTPYKIIii TPhOXIIIAPUHHOTO YIIIIEHCHHS.

B HecramionapHiii MOCTaHOBII PO3TIISAABCA PyX Bajla 3a ITUJIIHIPUYHOIO
TPAEKTOPIIO MpPU MPSAMIA CHHXPOHHIA mpuuecii. BenuunHa eKCUEHTPUCUTETY
nopiBHioBania 10 % Big BeMMYMHU 3a30pa. 3a BIJOMHUMH aHATITUYHUM

3aJICKHOCTAMU, 3a BCIIMYMHAMH paI[iaJIBHI/IX Ta TaHFCHHiaHI)HI/IX CUJ1, OTPUMAHHUMHU



B PO3pPaxyHKOBHX JOCII/DKCHHSX, OIIHIOBAIMCh JWHaAMIYHI  KoediieHTH
KOPCTKOCTI Ta AeMI(ipyBaHHs OaraTolmnapuHHUX YIIUIbHEHb.

Hecranionapauii aHani3 AMHaMiKM Bajy B TPbOXIUIIAPUHHOMY YIIUIbHEHHI
MOKa3aB, IO MaKCUMaJibHI CYMapHi 3HAauY€HHs JAWHAMIYHHUX KOE(]iIlI€EHTIB Mae
JIpYruil BapiaHT KOHCTPYKLIi 31 30UIblIeHOI0 Kameporo. OCHOBHI JUHaMIYHI
Koe(DIieHTH — MPSAMI )KOPCTKOCTI 1 eMiipipyBaHHS Ta epexpecHe AemnipyBaHHA
MaroTh NTO3UTUBHE 3HAYCHHS, HETaTUBHE 3HAYCHHS MEPEXPECHOT KOPCTKOCTI JIUIIIE
301IBIIY€ CTA0LTI3y0UY A0 CHJI Ha BaJl B IbOMY BaplaHTl KOHCTPYKIIT YIIIJTbHEHHS.
o TakoX MIATBEPIAKYETHCS PE3yJIbTaTaMU €KCIIEPUMEHTATbHUX JOCITIIKEHb.

[Tomanpiie HamaraHHs TOKpAIIUTH JAWHAMIYHI XapaKTEpUCTUKHA Bala B
TPHOXINMAPHHHNX YUIUTBHEHHSX 32 PaXyHOK BHKOPUCTaHHS HOBUX KOHCTPYKIIIN 3
raibMaM Ta 0OE€pPTOBUMHM JIOMATKaMHU, SIKi BCTAHOBJIIOIOTHCS HA CTAIllOHAPHHUX Ta
POTOPHUX €JIeMEHTaX 3’€IHyBaJIbHUX KaMep, HE N1ajJ0 OYiKyBaHOTO pE3yNbTary.
Tak, mpsiMa >KOPCTKICTb Ma€ HETaTUBHY BEJIMYHMHY JJs LHUX KOHCTPYKIIH
yIIUIbHEHb. [IpUCYTHICTH TalbM Ta JIOMATOK HE 3MEHIIY€, a HABMAaKU 30LIbIIYE
NepeXpPECHY JKOPCTKICTh B KOHCTPYKIIi TPOXIITAPUHHOTO YUIUIbHEHHS.

BuxoHnani po3paxyHKOBI JOCHTIIKEHHS TYpOYJIEHTHOI Tedii HECTHUCIMBOL
PIIMHY JUIsSl TPhOX BapiaHTIB KOHCTPYKIIIM ABOXIIMAPUHHOTO YUIUIbHEHHS: 0a30BOi
KOHCTPYKIIii (3MIHIOBaBCSI JIMIIE OCHOBHMA pPO3MIp 3 €IHYBAJIBHOI KaMmepu),
KOHCTPYKIIii 3 pafiaibHOIO MPOTOYKOIO HAa 30BHINIHBOMY Pajilyci Ta KOHCTPYKIIT 3
pajialibHOI0 MPOTOYKOI0 Ha BHYTPIIHBOMY pajlyCl 3 €JHYBaJbHOI KaMEpH.
Po3paxyHKOBI JOCHIKEHHS B CTaIllOHapHIM 1 HeCTaliOHApPHIA IMOCTAHOBKAX
nokazajii Oulbllly €(EeKTUBHICTh APYroro BaplaHTy KOHCTPYKIIi, SKUA Mae
HalOUIbIly BEIUYHMHY padlayibHOI TAPOCTATUYHOI LEHTPYHOYOi CHIIA 1 3MIHEHHS
HAIpaBJICHHS CUJIM BiOYBAETHCS MPU MEHIIUX OCbOBHUX PO3Mipax 3’€IHYBaJIbHOI
KaMepy, Ta BIJAMOBIIHO Ma€ HAWOLIBII 3HAYEHHS TPSAMOI JKOPCTKOCTI Ta
nemrngipyBaHHS.

B pesynbpTaTi mpoBeneHUX PO3PaxXyHKOBUX JOCIIKEHb BUIAHI MPAaKTHUYHI

pEeKOMeHallli 0 BETUYMHI OCHOBOTO PO3MIPY 1 KOHCTPYKIIIT 3’ €IHYBaJIbHOT KaMEPH



Ta MPOAHANII30BAHO BIUIMB 3’ €JHYBAJIBHOI KaMepu Ha TIAPOAMHAMIYHI CHIIH, SIKi
BUHUKAIOTh B IWJIIHAPUYHHAX 3a30pax JBOXIIMAPUHHUX YIIIJTLHEHb.

JIOCTOBIpHICTh ~ OTPUMAaHUX  HAyKOBHX  IIOJIOXKEHb 1  pe3yJIbTaTiB
3a0e3MeuyeThCs: JOCTATHIM Y3TOPKEHHSIM PO3PAaXyYHKOBUX Ta €KCIIEPUMEHTAIbHUX
JIAHUX; BUKOPHUCTAHHSM METOJIB 1 3ac00lB BHUMIpIOBaHHsS, IO 3a0€3MEYyrOTh
JOTYCTUMY TTOXHUOKY €KCIIEpUMEHTAIbHOTO BUSHAUYCHHS OCHOBHUX BEJIMUNH.

Karw4oBi caoBa: OararommnapvHHe yHIUIBHEHHS, TiIpOAMHAMIUHI CHJIH,
BUTOKH, BIAINCHTPOBUU HACOC, YHCIOBUW EKCIIEPUMEHT, OIOpa-yIliIbHEHHS,

pamialibHI CWIH, BIOparlisi, MaTeMaTUYHA MOJIENb, YACTOTHI XapaKTePUCTUKH.
ABSTRACT

Pozovnyi O.0. Influence of multi-annular seals on tightness and vibration
reliability of centrifugal pumps.

The thesis submitted for the degree Doctor of Philosophy, specialty 133
"Branch Engineering". — Sumy State University, Ministry of Education and Science,
Sumy, 2021.

The thesis is devoted to the development of calculation methods and
improvement of the geometry of multi-annular seals of centrifugal pumps. Scientific
substantiation and elaboration of the method of determining static and dynamic
forces characteristics and refined calculation of leakage in multi-clearance seals
allow to improve existing structures and increase energy efficiency while ensuring
a low level of vibration of centrifugal pump rotors.

Based on the analysis of literature sources, the possibility of increasing the total
efficiency of centrifugal pumps by reducing the volume losses on the front and
interstage annular seals, with large values of pressure drops and rotational speeds.
This is possible through the use of multi-clearance seals. Sequentially placed
throttles connected by chambers creates the design of such seals, the coefficient of
hydraulic losses is approximately equal to the sum of the coefficients of loss of all
throttle. Accordingly, leakage through seals is reduced. From the literature, it is

clear that in such seals, as in conventional single-clearance, not only limited losses



but also due to high values of pressure drops radial forces that affect the dynamic
characteristics of the rotors of centrifugal pumps, i.e. they perform hydrodynamic
support and can both to stabilize the rotor and to cause the loss of its dynamic
stability.

The flow equation of a viscous incompressible fluid (Reynolds equation)
determines the pressure distribution in a short annular channel with corresponding
boundary conditions. Analytical dependences for calculating radial forces arising in
the ring chokes of two-annular and three-annular seals due to the radial displacement
of the shaft and the skew of the axes of the rotor and stator are obtained. The

influence of the conicity of the slits on the force coefficients of the multi-annular

seals is estimated. The forces due to the axial pressure drop Fp and the displacement

flow are considered: dissipative force F,and circulating force F_, which can lead

to loss of stability, accompanied by self-oscillations of the rotor with a large
amplitude. Inertial forces (gyroscopic and inertial forces), due to their relatively
small values, are not taken into account. Analytical dependences for the
determination of amplitude and phase of forced radial oscillations of a shaft and the
definition of its stability condition are received. The free oscillations of the rotor in
the multi-annular seal are also considered, and the natural frequencies of the rotor-
seal system are obtained, taking into account damping depending on the rotational
frequency at different values of the sealing pressure.

Comparing the values of dynamic coefficients and leakage of two- and three-
annular seals with a one-clearance seal under the condition of using sufficiently large
chambers demonstrates the significant advantages of multi-annular seals. For
example, a three-clearance seal with the same radial clearance has an average of
48.5% higher dynamic coefficients and 41.2% fewer leakages. A similar two-
clearance seal has 15% greater direct stiffness and 9.1 % more direct damping, and
20.6% fewer leaks.

To conduct experimental research on the basis of the problem laboratory of
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named after Volodymyr Martsynkovskyy, the modernization of the existing
experimental installation for the study of single-well seals was performed. The unit
provides the supply of sealing pressure from 0 to 1 MPa, provided sufficient
suppression of its pulsations, with the value of leaks up to 1.2 I/s and shaft speed -
8000 rpm.

Experimental studies of three-annular seals of two design variants were
performed: with the same radial clearance on each hole and twice the radial
clearance on the second hole with two axial sizes of connecting chambers - 1 and 3
mm. To determine the influence of radial and tangential forces, separate studies with
both non-rotating and rotating shafts were conducted.

In experimental studies with a non-rotating shaft, the pressure distribution was
measured along the length of the first clearance and in the connecting chamber at its
outlet in two opposite radial positions of the shaft - in the place with the minimum
and maximum radial clearance; and total leaks from the seal depending on the radial
displacement of the shaft in the range of 0.04-0.16 mm (eccentricity) at different
values of the sealing pressure of 1.25; 2.5; 5; 7.5, 10 atm. The obtained results on
the distribution of hydrostatic pressure along the length of the first clearance showed
that the first design of the three-clearance seal has a decentralized radial hydrostatic
force, which increases with increasing radial displacement of the shaft and decreases
with increasing axial size of connecting chambers. In the second variant, the radial
hydrostatic force on the first clearance has a centering effect in most cases. The total
hydrostatic radial force increases with increasing radial displacement of the shaft
and the axial size of the connecting chambers. The magnitude of the leaks decreases
slightly with the radial displacement of the shaft for the first design variant but has
a significantly larger value and does not change almost from the radial displacement
and increase in the axial size of the chambers. Comparison of the magnitude of leaks
obtained with the help of analytical dependences with experimental data for the
construction of three-annular seals gave a maximum error of 3.3%, which confirms
the sufficient adequacy of the chosen theoretical model. It was noticed that during

experimental studies in the first version of the design, with an axial size of the



connecting chambers of 3 mm in the absence of its own rotation, precession
movement of the shaft was observed on the oscilloscope screen.

In experimental studies with a rotating shaft, amplitude-frequency
characteristics (frequency response), trajectories and values of leaks depending on
the frequency of rotation of the shaft at different values of sealing pressure were
obtained. It is determined that in most of the studied range of parameters, the total
Reynolds number in the three-annular seal corresponds to the turbulent flow regime.
The frequency response analysis showed that in the second variant of the seal design
with a double radial clearance of the second annular and an increased axial size of
the connecting chambers, the values of critical velocities increase significantly with
increasing sealing pressure. The trend is reversed in the first version of the design
with the reduced axial size of the connecting chamber. The critical oscillation
amplitudes increase slightly as the sealing pressure increases for both designs.
Moreover, in the second variant of the three-annular seal design, the maximum
critical amplitude of oscillations is 36% smaller. The analysis of the shaft wall
trajectories confirms that the second value of the seal design with the increased axial
size of the connecting chambers has the smallest value of the oscillation amplitude.
It is also confirmed that leaks decrease with increasing shaft speed, as in traditional
annular seals.

Comparison of the experimentally obtained frequency response with the
frequency response obtained by analytical dependences showed a better match for
the second design option with enlarged connecting chambers. Thus, the maximum
relative error was 15%. This is because the analytical calculations do not consider
fluid movement in the cylindrical channels of the connecting chambers.

The ANSYS CFX software package was used to study fluid flow in cylindrical
multi-annular sealing channels. The Reynolds-averaged Navier-Stokes equations
were solved using the finite-volume element method, which closed the k-¢
turbulence model. The isothermal flow of liquid (water) was considered. The
accuracy of using the above model of turbulence is confirmed by the results of

calculations of annular seals available in the literature.



Calculated research of three-annular and two-annular seals in stationary and
non-stationary installations is carried out. Velocity fields, pressure distributions and
leak values are obtained.

The radial displacement of the shaft without taking into account its own rotation
was considered in the stationary setting. Comparison of the obtained distributions of
hydrostatic pressure with the results of experimental studies showed that the
maximum error between the results of calculations and experiments for the
structures of the three-annular seal was 12.4%, and the maximum relative difference
in the magnitude of the leaks was 15% with the maximum value of the radial
displacement of the shaft. Numerical calculations explain the occurrence in
experimental research of the precession of a shaft without its own rotation in the first
variant of a design. Thus, the radial oscillations of the shaft along the vertical axis,
which are caused by the decentralizing force in this direction, with the minimal
accidental stationary displacement of the shaft in the horizontal direction, can cause
additional radial oscillations in this direction. This is due to the negative damping in
this version of the three-annular seal design.

In a non-stationary setting, the precession movement of the shaft along a
cylindrical trajectory was considered. The magnitude of the eccentricity was equal
to 10% of the magnitude of the gap. According to the known analytical dependences,
the values of radial and tangential forces obtained in the calculation studies, the
dynamic stiffness and damping coefficients of multi-annular seals were estimated.

Non-stationary analysis of the shaft dynamics in a three-annular seal showed
that the maximum total values of the dynamic coefficients have the second design
option with an enlarged chamber. The main dynamic coefficients - direct stiffness,
damping, and cross-damping have a positive value. The negative value of cross-
stiffness only increases the stabilizing effect of forces on the shaft in this version of
the seal design. The results of experimental studies also confirm this.

However, attempts to improve the dynamic characteristics of the shaft in three-
annular seals by using new designs with brakes and rotating vanes, which are

installed on stationary and rotary elements of the connecting chambers, did not give



the expected result. So, the direct stiffness has a negative value for these seal designs.
The presence of brakes and blades does not reduce but rather increases the cross-
stiffness in the design of the three-annular seal.

Numerical calculations of the turbulent flow of incompressible fluid were
performed for three variants of two-annular seal designs: basic design (only the axial
size of the connecting chamber changed), design with a radial groove on the outer
radius and design with the radial groove on the inner radius of the connecting
chamber. Computational studies in stationary and non-stationary settings have
shown greater efficiency of the second design variant, which has the largest value of
radial hydrostatic centering force and changes in the direction of force occurs at
smaller axial dimensions of the connecting chamber and therefore has the highest
values of direct stiffness and damping.

As a result, practical recommendations on the axial size and design of the
connecting chamber are issued, and the influence of the connecting chamber on the
hydrodynamic forces that occur in the cylindrical gaps of two-annular seals is
analyzed.

The reliability of the obtained scientific statements and results is ensured by:
sufficient coordination of calculated and experimental data, using methods and
means of measurement that allow the permissible error of experimental
determination of basic values.

Keywords: multi-annular seal, hydrodynamic forces, leakages, centrifugal
pump, numerical experiment, support-seals, radial forces, vibration, mathematical
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