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1. luceprauiiiHa po60oTa NpUcBsIYeHa pO3POOJIEHHIO METOIUKHU PO3PaxyHKy Ta BIOCKOHAJIEHHIO reOMETPii
OaraTolNapyHHUX YIIiJIbHEHD BilleHTPOBUX HacoCiB. HaykoBe OOrpyHTYBaHHS Ta OINPaLlOBAaHHS METOIUKHU
BA3HAYEHHS CTAaTUYHUX i JMHAMIYHMX CUJIOBUX XapaKTEPUCTUK Ta YTOUHEHUI PO3PaXyHOK BEJIMYMHY BUTOKIB B
6araTOMNAPVHHMX YILiIJIBHEHHSX JAOTh 3MOT'Y TOKPAIIATU BXXE iCHYIOUi KOHCTPYKIii Ta MiIBULIUTU
eHeproeeKTUBHICTb NpU 3ab6e3MeYeHHi JoIyCTUMO HU3bKOTO PiBHIO Bibpallill pOTOPIB BifjlleHTPOBUX HacociB. Ha
OCHOBI aHasi3y JliTepaTypHUX AKepeJl BCTAHOBJIEHO MO>KJIUBICTD IiIBUILIIEHHS 3arajIbHOTO KoedillieHTy KOPUCHO] i
(K.K.II.) BigieHTpOBUX HACOCIB 32 PaXyHOK 3MEHILIEHHS 00’€MHUX BTPAT Ha IEPEJHIX Ta MDKCTYIIEHEBUX LITNIaPMHHUX
VIIiIbHEHHSX [TPU BEJIMKUX 3HAUEHHSX NepenafiB TUCKY Ta MIBUAKOCTIX OOepTaHHS POTOpiB. lle MOXKIIMBO 3a
PaxyHOK BUKOPHCTaHHS 6araToIMNapruHHYX yiliyibHeHb. KOHCTPyKLUii TakKuX yIiTbHEHb CTBOPIOETHCSI IIOCJIiOBHO
PO3MillleHMMU IPOCEsIMU, 3'€AHAHUMU MiXX CO00I0 KamepaMi, KoedillieHT TifipaBiyHUX BTPAT SIKUX TPUOTIU3HO
IOPiBHIOE CyMi KoeillieHTiB BTpaT BCiX ApoceJliB. BillOBiIHO 3MEHIIYETbCS BUTOKU Y€PE3 YIIiIbHEHHS. 3
JIiTepaTypy CTa€ 3pO3yMIiNINM, 10 B TAKUX YIIIJIbHEHHSAX, K 1 Y 3BUYalHUX OJHOLINAPUHHUX, HE TiJIbKU
0OME>XYIOTbCSI BTPATH, a I BHACJIIIOK BUCOKUX 3HAUEHb I1epenajiB TUCKY BUHUKAIOTh pafliajibHi CUIIH, SIKi
BIIJIMBAIOTh HA MHAMIYHi XapaKTE€PUCTUKY POTOPIB BiJILLEHTPOBUX HACOCIB, TOOTO BOHYU BUKOHYIOTb (PYHKIIil
TriIpoAMHAMIYHMX OIOP i MOXYTb, SIK CTab1/1i3yBaTH POTOP, TakK i BUKJIMKATU BTPATy HOro AMHAMIYHOI CTiKOCTI. 17151
BU3HAYEHHS PO3INOJiNTy TUCKY B KODOTKOMY KiJIbLIEBOMY KaHaJli 3 BiATIOBIAHMMU rPaHUYHAMU YMOBAMU ITPUMHSTO
PiBHSIHHS Teuii B'13K0i HeCTUCAMBO]I pigunHM (piBHSIHHS PeliHomnbaca). OTprMaHi aHaiTUYHI 3aJ1€5KHOCTI 17151
PO3PaxyHKY pafliaJIbHUX CUJI, IO BUHMKAIOTD B KiJIbLIEBUX APOCEJISX ABOXUIIIAPUHHUX i TPhOXIITIAPMHHUX
VILiZIbHEHD, 3yMOBJIEH] pajliaJibHUM 3MillleHHS Bajia Ta IIEPEKOCOM OCel poTopa Ta crtatopa. [IpoBesena ouinka
BILJIMBY KOHYCHOCTI LIiIINH Ha CWJIOBi KoedillieHTH 6araTolnapyHHOro yiliibHeHHS. Po3risaTecs cuiy,
3YMOBJIEHI OCbOBUM I€PENaZOM THUCKY i IOTOKOM BUTICHEHHS!: AMCUIIAaTMBHA CUJIa i LMPKyJIsiLiiiHa cuia , SKi
MO>YTb IIPUBECTU JI0 BTPATHU CTiMKOCTI, sIKa CyIIPOBOPKYETHCSI aBTOKOJIMBAHHSIMU POTOPA 3 BEJIMKOIO aMILTITYyA010.
IHepuiiini cumnu (ripockomnivyHa i cuia iHep1ii), 3Bakaioyy Ha ix BiTHOCHO MaJli 3HaYeHHS, He BPaXOBYIOThCSI.
OTpumaHi aHaNITUYHI 3aJ1€5KHOCTI /1711 BU3HAUYEHHS aMIUIITyAu Ta a3y BUMYLIEHUX PafliajlbHUX KOJIMBaHb Baja, a
TaKOXX BU3HAYEHHS YMOBHU MOT0 CTIMKOCTI. Tako>X PO3IJISIHYTI BiJIbHI KOJIMBAHHS POTOPa B 0araToINapuHHOMY
yIIiJIbHEHHI Ta OTPUMaHi YaCTOTU BJIACHUX KOJIMBaHb CUCTEMU POTOP-YLIiJIbHEHHS 3 BPaXyBaHHSIM JeMI1(pipyBaHHS
B 3aJI€’KHOCTI Bif] 4aCTOTU 00€pTaHHS IPU Pi3HUX 3HAUEHHSIX YIIiJIbHIOBAJIbHOTO TUCKY. BUKOHAHO NOPiBHSIHHS
BEJINYMH JUHAMIUYHUX KoedillieHTiB Ta BUTOKIB IBOX- Ta TPbOXIIINIAPMHHYX YIIiJIbHEHDb 3 OAHOUIIIAPUHHUM
VILiIbHEHHSIM NIPU YMOBI BUKOPUCTAHHS OCTAaTHbO BEJIMKUX KaMep, sIKe IEMOHCTPY€E CYTTEBI IlepeBaru
OaraTolMapyHHMUX YIibHEHb. Tak, HAaIPUKJIaZ, TPhOXUIIIAPUHHE YILiITbHEHHS 3 OOHAKOBUM PaZia/IbHUM 3a30POM
BCiX IIINIApUH YILiIJIbHEHHS Ma€e y cepeiHboMY Ha 48,5 % 6inbli iuHamiuHi koedillieHTH, Ta Ha 41,2 % MeHII BUTOKHY,
a nofibHe IBOXIUINAPUHHE YIIiIbHEHHS Mae Ha 15 % 6inbLly Npsmy KOPCTKICTb Ta Ha 9,1 % 6isnbine npsime
nemngipyBaHHs Ta Ha 20,6 % MeHIIi BUTOKU. [17151 TPOBEIEHHS €KCIIEPUMEHTAJIbHUX AOCIiI)KEHDb Ha 6a3i
Mpo6JiIeMHOI 1abopaTopii repMoOMeXaHiku Ta BibpoAiarHOCTUKY Kadenapu KOMITIOTEPHOI MeXaHiKU iMeHi
Bosnoprmupa MapiyHKOBCBKOIO BUKOHAHA MOJI€pHI3allisi iCHYI0u0i eKCIIepUMEHTAJIbHOI YCTAaHOBKHU JJ1s1
IOCTIiIKEHb OQHOIINAaPUHHUX YIIIiTbHEHb. YCTAHOBKA 3abe3Mevye 1ojavy yiijibHIoBaJbHOro TUCKY Bifg 0 1o 1 MIla,
IIPM YMOBI JOCTAaTHBOTO IaCiHHS MOTO IMyJIbCalliil, IpY BeJIMYMHI BUTOKIB 10 1,2 71/C Ta yacToTi 06epTaHHs Baja -
8000 06/xB. BUKOHYBaIMCh €KCIIEPUMEHTAJIbHI JOCIIIPKEHHS TPbOXLIIIAPUHOTO YIIiJIbHEHHS IBOX BapiaHTIB
KOHCTPYKIIiii: 3 OHAKOBUMMU PajliaJIbHMMU 3a30paMy Ha KOKHIl ITNapyHi i 3 BABiYi 30ib1IEHUM pafiialbHUM
3230pOM Ha JpyTili MIapuHi TPy JBOX OCbOBUX PO3Mipax 3'€JHyBaJbHUX Kamep — 1 Ta 3 MM. [I711 BUBHAYEHHS
BIUJIMBY PafliajIbHOI Ta TaHTeHIiaJIbHOI CUJI, OKPEMO IIPOBEJIeHi JOCiIpKEHHS SIK 3 He 00epTOBUM, TaK i 3 06€PTOBUM
BaJIOM. B excriepuMeHTaNbHUX JOCIIKEHHSX 3 HE 00EPTOBUM BaJIOM ITPOBEIEHO BUMIPIOBaHHS PO3IOAiNy TUCKY
110 JOBXMHI NepIIoi MIaprUHU Ta B 3'€AHYBaJIbHII KAMePi Ha BUXOZ] 3 Hel y ABOX MPOTUJIEXKHUX PaiaIbHUX
MTOJIOKEHHSX Bajla — y MiCli 3 MiHIMasZIbHUM Ta MaKCMMaJIbHUM PafiiaJIbHUM 3a30POM; Ta CYMapHUX BUTOKIB 3
VILIiJIbHEHHS B 3aJI€)KHOCTI Bif pafiiabHOro 3MillleHHS Baja (€eKCLLeHTpUCUTETY) B Aiana3oxi 0,04-0,16 MM nipu pisHii

BEJIMYMHI YVIIIJIbHIOBAJILHOTO TUCKY 1,25; 2,5; 5; 7,5, 10 aTtm.

2. 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 and the displacement flow are considered: dissipative force and circulating force , 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 hermomechanics and vibrodiagnostics of
the Department of Computer Mechanics 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 O to 1 MPa, provided sufficient suppression of its pulsations, with the value of leaks up to 1.2
1/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.

Jep>kaBHHHM peecTpauiiiHuii Homep iP:

IIpiopuTeTHHI HaNIpSIM PO3BHTKY HayKH i TEXHIKH:
CrpareriyHui# NpiopHTETHHUI HAIIPSIM iHHOBaLLiHHOI AiSJILHOCTI:
IlizcyMKHu BOCIIiAKEHHS:

ITy6ostikamii:

HaykoBa (HayKOBO-TeXHiYHa) IPOAYKILis:



ConuiasIbHO-€KOHOMIYHA CIIPSIMOBaHICTh:

OxopoHHi gokymeHTH Ha OIIIB:

BrnpoBaakeHHS pe3yJIbTaTiB AHCEpPTalLii:

3B's130K 3 HAYKOBUMH T€MaMH:

VI. BizomocCTi Ipo HayKOBOr0 KePiBHHKA/KEPiBHHUKIB (KOHCYJIbTAaHTA)

Baacue IlpizBumie Im's Ilo-6aTbKOBI:
1. 3aropysnbpko AHApint BacunboBuy

2. Zahorulko Andrii V.

KBasigikamis: k. 1. 1., 05.05.17
InenTudikarop ORCID ID: He 3acrocosyetscs
JoparkoBa indopmamist:

IloBHe HaliMeHYBaHHS IOPHIHUYHOI 0COOH:
Kop 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma BaacHoOCTI:

Cdepa ynpasitiHHS:

InenTudikarop ROR: He zacrocosyerscs

VII. BizomocTi npo odiliiHuX OTIOHEHTIB Ta pelleH3€eHTiB
OdiuiiiHi OIOHEHTH

Baacue IlpizBume Im'a Ilo-6aTbKOBI:

1. PoroBuii AHppiit CeprifioBud

2. Rogovyj Andrij Sergijovych

KBasigikamis: 1.1.1., 05.05.17
InenTudgikarop ORCID ID: He 3acrocosyerbcs
JoparkoBa inHdpopmamuist:

IloBHe HaHMEHYBaHHS IOPHIHYHOI 0COOH:
Kopg 3a €IPIIOY:

Micue3Haxoa KEeHHSI:

dopma ByracHOCTI:

Cdepa ynpasiiHHS:

InenTudikarop ROR: He zacrocosyerscs



Baacwue IlpizBumie Im's Ilo-6aTbKOBI:

1. Almenko Auppin CepriitioBud

2. Yashchenko Andrii S.

KBasigikamis: . . 1., 05.02.09
Imentudikarop ORCID ID: He zacrocoyerbcs
JoparkoBa iHdopmamist:

IloBHe HaliMeHYBaHHSI IOPUAHUYHOI OCOOH:
Kopg 3a €IPIIOY:

Micue3Haxoa KeHHS:

dopma ByTacHOCTI:

Cdepa ynpasiriHHS:

InenTudikarop ROR: He zacrocosyerscs

Penensentu

Baacue IlpizBuuie Im's Ilo-6aTbKOBI:
1. CaByeHKO €BreH MukosnanoBuy

2. Savchenko levgen M.

KBasigikamis: . 1. 1., 05.05.17
Imentudikarop ORCID ID: He zacrocosyerbes
JoparkoBa iHdpopmamist:

IloBHe HaliMeHYBaHHS IOPHIHYHOI 0COOH:
Kopg 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma BaacHoOCTI:

Cdepa ynpasiriHHS:

InenTudgikarop ROR: He zacrocosyerscs

Biacue IlpizBuuie Im's I1o-6aThKOBI:
1. CumoHOBcbKUM Bitasiit loBuu

2. Symonovskyi Vitalii .

KBasigikamis: n. 1. 1., 05.02.09
InenTudikarop ORCID ID: He 3acrocosyetscs
JoparkoBa iHdpopmamnis:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOH:
Kop 3a €IPIIOY:

Micue3HaxoaKeHHS:



dopma By1acHoCTI:
Cdepa ynpasiiHHS:

InenTudikarop ROR: He zacrocosyerscs

VIII. 3akar04Hi BimoMocTi
BiiacHe IIpi3Buine Im'sa ITo-6aTbKOBI
TOJIOBH paju

BiiacHe IIpi3Buie Im'sa ITo-6aTbKOBi
rOJIOBYIOYOrO Ha 3aCiflaHHi
BigmoBigasbHUH 32 MiATOTOBKY

00JIIKOBHX JJOKYMEHTIB

PeecTpartop

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZITIOBiZJaJIbHUM 32 PEECTpalLilo HayKoBoi

OisIIBHOCTI

CknabiHcbkuil BceBoson IBaHOBUY

CkrabiHcbkui BceBosiog IBaHOBUY

Opuenko T.A.



