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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOmMpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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CENTRIFUGAL PUMP ROTOR DYNAMICS STUDY

Abstract. Rotary machines just like other complex technical devices, are the subject to vibrations that can lead
to harmful effects during operation, and sometimes to destruction of individual elements, for example, reference
nodes . The main source of vibration in such machines is a rotating element - the rotor, to which the centrifugal
forces act in presence of shell elements or their residual imbalance. This is the main and inevitable type of vibration
of any rotary machine. The unbalanced rotor always oscillates with the reference frequency, that is, the rotation
velocity. In this case, the resulting centrifugal forces can cause not only vertical and horizontal vibrations, but also,
under certain conditions, axial vibrations.

The analysis of the dynamic behavior of the rotor under the influence of these forces should be carried out to
any rotary machine both as at the design and operational stages, and so in case of operational accidents.

The purpose of this work is to determine the main dynamic parameters and characteristics of the rotor of a
centrifugal pump, taking into account the shell elements, determination of critical rotation velocities and the
derivation of results in the form of the Campbell diagram with visualization of the rotor motion paths to determine
the danger of resonance modes. To achieve this goal, the NASTRAN engineering analysis system of the standardized
DMAP procedure "Rotodynamics" was used. The rotor was modeled as a shaft of piecewise constant cross section
with shell elements modeled in the form of concentrated masses with inertia of rotation. In the article the results of
calculations of two design schemes of a rotor of the pump with fastening the end of a shaft at a guide support, in the
form of a caprolon sleeve and at a bearing support are given.

Key words: rotor, centrifugal pump, dynamic analyses, critical velocities, Campbell diagram, calculating
scheme, NASTRAN.

Introduction. Reliability and life of a centrifugal pump is largely determined by its vibrational state.
The technology of calculating the critical rotational velocity of the pump rotor is complicated, and to date
it is impossible to accurately determine it because of the impossibility of reliable prediction of the
coefficients taking into account the effect of all possible factors that have an impact on the vibrational
state of the pump [1, 2].

At the present stage of development of computer technologies, the problem of determining the eigen-
frequencies of rotor systems based on linear mathematical models is well defined in automatic mode
[3,4,5]. Dynamic processes occurring in rotor systems can be numerically modeled using ANSIS, as it was
implemented in [6]. In [7, 8], methods are considered that allow one to take into account the gyroscopic
moments of inertia of the shell parts.

The Patran module of the NASTRAN software package allows calculating the critical velocities of
the rotor. The inclusion of gyroscopic terms in the computational model of the rotor occurs automatically
with the help of the standardized DMAP procedure "Rotodynamics" included in the solution sequence of
the MSC Nastran dynamic problem (in all versions, since version 2004) [9,10].

Methods

1. Theoretical provisions of numerical analysis of rotor dynamics. Free oscillations fully deter-
mine the dynamic properties of the mechanical system and are of primary importance in the analysis of
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forced oscillations [11], so using the finite element model we primarily determine the spectrum of the
eigenoscillation frequencies of the rotor of the Centrifugal pump.

To describe the motion only under the action of the restoring (elastic) force without taking into
account the energy dissipation, use the equation [12,13,14]

[MI{4} + [Cl{q} = O, (1

where [M], [C] — mass matrix (inertia) and rigidity of the system; {G}, [q] — generalized node displace-
ments and their derivatives.
The solution of equation (1) is sought in the form [13]

{a} = {qo}sinw,t ()

where w, — values of eigen-frequencies, {g! — complete vector of nodal displacements of the system, {go/}
— Column-matrixof amplitudes.

The total vector q is a function of independent components of displacement and angles of rotation
with respect to the corresponding axes. The complete displacement vector is represented in the form

(@} = {a@Hq®} ... 1™} 3)

In this case, the problem reduces to calculating the eigenvalues of the frequencies @0 and the
eigenvalues of the vectors of the generalized displacement g,this implies that ¢ determines the shape of the
eigen-oscillations at the corresponding value of the frequency w0. When implementing the automated
finite-element method for determining the eigen-oscillations, the numerical solution of the system of
algebraic equations (3) with the algorithms of the PATRAN program is carried out using the Lanczos
method [15,16].

Forced oscillations of the rotor occur under the action of the harmonic centrifugal inertia force of the
unbalanced rotor masses, which is represented in the form F,= mo’ecos(ot), then the equation of forced
oscillations will be written as following

[M1{g} + [Bl{q} + [Cl{q} = [Me]w? cos(wt), “4)

where [M], [B], [C] — matrices of mass (inertia), damping and rigidity of the system; {q}, {q}, {G} —
generalized node displacements and their derivatives, w — angular velocity of rotation, e — specific
imbalance.

The solution of equation (6) is sought in the form

T

{q} = {qo} sin wyt+[Me]w? cos(wt) 5)

2. Features of simulation of rotors for various purposes. As an object of the research, the rotor of
a multistage vertical submergible pump for aggressive environment was chosen. Figure 1 shows the
design of the 3D rotor model with shell elements. The upper end of the shaft is attached to the motor, the
lower end is fitted with a guide support in the form of a caprolon sleeve. The rotor is modeled by rod
elements, to such a representation a shaft of almost any rotary machine can be adduced (turbine, com-
pressor, expander, generator, etc.). Impellers shell elements are of complex configuration, for them the
location of the center of mass on the shaft, mass, equatorial and polar moments of inertia must be known
[17]. Currently used bearings (rolling, sliding, magnetic) can be modeled as rigidly clamped, hinged or
resilient damper piers, depending on the degree of proximity to these options for the type of bearings used.
In addition, for carrying out computational dynamics studies, such parameters of the rotor as the properties
of the shaft material, residual imbalances of the shell elements, the acceleration characteristic and the
range of operating rotor velocities should be known [18].

3. Automated calculation of eigen-frequencies and mode shapes of a rotor of a centrifugal
pump. The initial data for the calculation are the physical properties of the material of the shaft (density
p = 7850 kg / m3 and modulus of elasticity of the first kind E = 2,1 - 1011 N/m2), length L, outer D and
inner d diameters of sections, mass m, as well as the rigidity of bearing piers. Figure 1 shows a 3D model
of the design of the seven sectional centrifugal pump.
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Figure 1 — 3D Model of Rotor System

According to the design scheme (figure 2), the complete model was built in Patran, it includes 7 ele-
ments of CBEAM (rotor shaft), 6 elements of CONM2 (a concentrated mass element simulating the rotor
wheel).

a) b)
Figure 2 — The rotor of CP a) the design model b) the rod model of a rotor constructed in Patran
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Simulation of fixedpiersis carried out by fixing the nodes of the rotor model to the corresponding
degrees of freedom, in the design of the pump under study the pier was modeled taking into account the
gap A-mm (figure 2).

The values of the rotor eigen-frequencies were found using the NORMAL MODELS solver (modal
analysis).

Calculated values of eigen-frequencies

Parameter Value
f1- first eigen-frequency, Hz 8
f>- second eigen-frequency, Hz 434
f3- third eigen-frequency, Hz 447
fa- fourth eigen-frequency, Hz 696
f5- fifth eigen-frequency, Hz 732
fo- sixth eigen-frequency, Hz 892

The coincidence of often disturbed oscillations with frequencies of natural oscillations presented in
the table can lead to resonance phenomena.

4. Determination of disturbed oscillations frequencies. To determine the disturbed oscillations
frequencies we use the COMPLEX EIGENVALUE solver (complex frequencies).

It is available to use the option of asynchronous precession (ASYNC) in the program to determine the
response of the system to an external action that is independent of the rotation velocity. When using the
synchronous precession option (SYNC), the system respond to an imbalance or other excitation, which
depends on the rotor speed, is determined. With the help of complex shape analysis, it is possible to
determine the oscillation frequencies corresponding to direct and retrograde precession, as well as the
critical rotational velocities [19,20].

In the Spin Profile menu, the user sets individual rotation velocities of the rotor, for our centrifugal
pump rotor problem, the angular velocity value is @ = 3000 rpm. Also the required moments of inertia of
the hook-up wiring elements were defined in the CAD system of Solid Works.

Results and discussion. When choosing the calculation type, the calculation of complex eigenvalues
SOL 107 is a direct method, the frequency diagram is obtained by calculating the complex eigenvalues by
a direct method using the option ASYNC, at rotation velocities of 0, 100, 200, 300, 700 rpm.

Figure 3 — The 5th form of disturbed oscillations at a frequency of 100 rpm
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Obtained values of disturbed oscillations frequencies

Parameter Value
f1- first frequency, Hz 0
f>- second frequency, Hz 463
f3- third frequency, Hz 488
fa- fourth frequency, Hz 732
fs- fifth frequency, Hz 736

The critical velocities are determined based on which eigenvalues are identical to the rotation velocity
of the rotor. To do this, a straight line corresponding to w = W is constructed on the diagram, i.e. (oscil-
lation frequency = angular rotation velocity of the rotor). The points of intersection of the straight line
with the eigen-frequency curves correspond to the critical rotational velocities of the rotor.

The automatically calculated eigenvalues (figure 4), corresponding to the identical oscillation forms,
form a series of curves, which are the functions of changing the oscillation frequency from the angular
rotational velocity of the rotor. At the shown Campbell diagram, all the multiple critical rotational
velocities for the first waveforms 366, 488.732 Hz are in the 47 Hz (2200 rpm) range for retrograde and
direct precession, respectively.

Campbell_Diagram
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Figure 4 — The Campbell diagram

The polygonal character of the frequency lines indicates the unstable character of the vibrations
associated with the structural features of the guide supports in the form of a gap of size A.

In order to optimize the vibration and predict more stable launch of the machine into operation, a
calculation scheme was simulated with a pier, that imposes restrictions on the movement in the plane
perpendicular to the plane of the axis of the rotor shaft. The task was calculated with the same input data
as for the scheme presented above.

The frequencies of the disturbed oscillations in the second case of holdfastening are summarized in
table.

Parameter Value
fi- firstfrequency, Hz 0
f>- second frequency, Hz 315
f3- third frequency, Hz 388
fa- fourthfrequency, Hz 631
f5- fifthfrequency, Hz 636
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Figure 5 — Campbell diagram for a model with a support without a gap

Despite the fact that the vibration tones of the second model are lower by 20% than the models in the
guide bearings, it can be said that the points of critical velocities (the intersection points of the frequency
multiplicity lines with the frequency lines) are absent and the machine enters the operating mode relatively
stably.

Conclusions. The determination of critical velocities is important for the system constancy assess-
ment. When balancing real rotors, the residual imbalance valueiskept in the system. Any imbalance will
cause oscillating forces in the rotor or support element. If the velocity of the rotor rotation is equal to the
critical velocity, then the system undergoes strong enough vibrations, which can lead to damage or even
functional failure. Knowledge of critical velocities allows the user to determine safe operating ranges. For
the studied pump the critical velocities are 30,37,42 Hz.

To date, there is a sufficient number of analytical methods for analyzing the dynamics of rotary
systems, however only modern computer technologies such as NASTRAN solver allow to quickly and
adequately study the vibration parameters of machines and mechanisms, which also excludes the costs for
vibration testing.

The researches carried out and the automated calculations have allowed to define tones of natural and
disturbed oscillations, and also values of critical rotor velocities of the model of an operating vertical
submersible centrifugal pump.

Two design schemes of the rotor system were distinguished, differing in the ways of securing the
shaft, the first existing version is the guide support, the second variant is hypothetical, the support with
two degrees of freedom without a gap. Comparison of the results of the calculation showed a difference
between the tones of the disturbed oscillations in 20%, and also the greater stability of the mode of entry
into the operating speeds of the rotor on the support without a gap. The second diagram of Campbell
clearly shows the absence of points of intersection of the lines of frequencies of perturbed oscillations with
direct corresponding w = W, i.e. (oscillation frequency = angular velocity of rotation of the rotor).

As a recommendation to give, it is possible to propose to the manufacturer of the centrifugal pump to
change the design of the pump shaft holdfast, as a factor affecting the performance of the machinery.
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OPTAJIBIKTAH TEINKIII COPFBI POTOPJAbIH IMHAMMUWKACIH 3EPTTEY

AnHoTanusi. PoTopibl MammHanapel 6acka aa Kypaeli TEXHUKAIBIK KypaJaapbl CUSIKTBI ipij 9cepiHe YIIbI-
payra OeifiM keseni, Oy maiiianany mpouecine 3usHABL 3apanrtapra 9Keilyl MyMKiH, OJlapFa XaTaTbIHAap Mai ainsl
acep ery KO3 QHUIMEHTIHIH TOMEHIEYi, MBICAJIBI, TIPEK TY3UTIMAEP/IiH KEKEIEeHIeH dJIEMEHTTEpiHiH Kupaybl. MyH-
Jlail MammuHaIapaa Heri3ri Mipil Ke3i peTiHAe aifHaIMaibl 3JIEMEHTI OOJBIN TaObUIAABI — POTOP, OJ KE3/EC acIaibl
AIIEMEHTTEPIIH SKCIEHTPHUKTI KOHIBIPBUIYBI HEMECE OJAapAbIH KaJIBIK TEHIepIMCI3IITiHEeH TeKiml KYIITep ocep
eTeni.bys Ke3 KeNreH poTopIbl MalIMHATIApABIH 0acThl KOHE MIapachI3IOBIKTHL Tipia Typi Oomaxsl. Baiicanmer emec
POTOp OpKAIllaH HETi3Ti JKUUIriMeH TepOemicTep *Kacalpl, SSFHH POTOPIBIH aifHaly >kuimiriMeH. by perre maiina
0oJIFaH OpPTagaH TEIKINI KYIITEeP TeK TiK )KOHE KOJIACHEH Ipiaaep FaHa eMec, COJI CUAKThI OSNTili y)KaFraaiaa, OChbTiK
JUpLiaepAl TyAbIPYbl MYMKIH.

ATanFaH KYIITEp/IiH 9CEPiHeH POTOPAbIH JUHAMHKAJIBIK TOPTIOIHIH TanayblHa - Ke3 KeJIreH pOTOPIIbl MaIlIKMHA,
OlTKeHI o0anay >kKoHe KETUIIIpY Ke3eHJepiHle, CoHAaii-aKk MaijanaHy aBapusiiap TYbIHAAraH Ke3/e YIIbIpaybl
THIC.

Byst >KYMBICTBIH MakcaTbl OOJIBIN OPTAJIBIKTAH TEIKIII COPFbI POTOPIbIH CHIATTaMajapbl MEH Herisri aAuHa-
MUKAJIBIK TIapaMeTpIIepiH aHBIKTay OOJBIN TaObUIA/bI, aclaibl 3JIEMEHTTEPIH €CKepe OTHIPHIN, KPUTHKAJIBIK aifHATY
JKBUIAMIBIFBIH aHBIKTAy JXKQHE POTOPBIHBIH KO3FAIBIC TpaeKTOpHschiH Kammbenna aumarpammainap HOTHXKENEpiH
HIbIFapy TYPIHIE PE30HAHCTTHI PEXIMIEp C KayiNTUIIK aHBIKTAay YINiH KOJIAaHBbUIAABL.AJIFa KOMBUIFAH MiHAETTEp.i
icke acelpy ymiH wmxeHepnik Tammay NASTRAN xylieci maiimamaneuianel crasmaprranraH DMAP pocimaepi
"Rotodynamics", poTop TiTiM TYpaKTHl KIMaJbl aclaibl AIeMEHTTepiMeH OUTIKTIH TYpiHAe MOAEIbACHTeH O0NaIbl,
Oyt OypbUTy MHEPLMACHIHA He IOFBIPIaHFaH Macca TYPiHIe MOJelbJIeHreH. Makaiana eKi KYphUIBIMIBIK POTOPIBIH
COPFBI CXEMAJIAPbIH ECEITey HOTIKEePl KeNTIpUIreH, o1 OLTIK YIIBIHBIH OaFbITTayIIbl TIPEKTE, KAIOPOIOH bl TOJIKE
TYpiHJIE ®OHE MOUBIHTIPEKTI TipEeKTep TYpiHAe OEKiTYyIMEH KeNnTiplireH.

Hotmxenepi coprbl KOHCTPYKLMSICHIH OHTaMJIAHJBIPY YINIH YCHIHBUIYBI MYMKiH, COHZIali-aK, KeIl CaTbUIbI
OpTaJiaH TEMKilll COPFbI KPUTUKAIIBIK KbUIIAM/IBIFBIH KOMITBIOTEPIIIK €CEeNTey 9/IiCi PeTiH/e YChIHBIIYbl MYMKIH.

Tyiiin ce3gep: poTOp, COPFbI, JUHAMMKAJIBIK 3€PTTEY, KPUTHKAJIBIK XKbUIAaMAbIK, KaMnOenn auarpamacsl,
KUK, ecentey cynbace, NASTRAN.
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HNCCJIEJOBAHUE JTMHAMUKHA POTOPA HEHTPOBEXKHOI'O HACOCA

AnHoTanusi. PoTopHBIE MallIMHEL, KaK JIpyrUe CI0KHBIE TEXHUYECKUE YCTPOIHCTBA, HCIBITHIBAIOT BO3/ICHCTBIE
BUOpaLyii, KOTOPbIE MOT'YT IIPUBOJHUTH B MPOLIECCE HKCILTyaTaAlMK K ITaryOHBIM ITOCIIEICTBUSM, TAKMM KaK CHIDKCHHE
K03(h(pUIIMEHTa TOJNE3HOTO IEHCTBHS, Pa3pyIICHUIO OTAEIBHBIX 3JEMEHTOB, HAIPHMEp, Y3JIOB OIOpHI. [ 1aBHBIM
WCTOYHMKOM TaKOW BHOpalMH B MalllMHAX SIBJISCTCS BPAIIAIOIIMIICA JIEMEHT — POTOP, HA KOTOPBIH IPH HATHIHN
MOCAJIKN C SKCIIEHTPHUCUTETOM HABECHBIX 3JIEMEHTOB, JTM00 MX OCTATOYHON HECOATaHCHPOBAaHHOCTH JCHCTBYIOT LICH-
TPOOEKHBIE CHJIBI. DTO OCHOBHOW M HEM30EKHBIN BHJ BHOpanuii 000 poTopHON MamuHbl. HeypaBHOBEIICHHBIIH
pOTOp Bcerma coBepiaeT KojaebaHus ¢ OCHOBHOM YacTOTOM, TO €CTh C 4YacTOTOU BparieHus potopa. [{eHTpodexHbie
CHJIBIBO3HUKAIOIIUE TIPH 3TOM MOTYT BBI3bIBATH HE TOJIBKO BEPTHKAJIBbHBIC U FOPU30HTAIbHBIC BUOpAIUU, HO U, IPU
OIIPEJEIICHHBIX YCIOBHAX, OCEBBIC.

AHanu3y IMHaAMUYECKOTO MOBEJCHHUS POTOPA MO/ BO3AEHCTBUEM yKa3aHHBIX CHJI IOJDKHA MOJBEPraThes J1to0ast
poTOpHas MallvHa KaK Ha STalaxX MNPOCKTUPOBAHUA W JOBOAKHU, TaK W IMPU BOZHUKHOBCHHUU OSKCIUTyaTallMOHHBLIX
aBapuil.

Lenpto naHHOW pabOTHI SBISETCS ONpE/eNIeHHE OCHOBHBIX JAWHAMUYECKHX IapaMeTpoB M XapaKTEePUCTUK
pOTOpa HEHTPOOEKHOTO HACOCA, C YIETOM HAaBECHBIX JIIEMEHTOB, ONpE/EICHNEe KPUTHYECKNX CKOPOCTEeH BpallleHUs
W BBIBEJICHHE PE3yJbTATOB B BHJE AMarpaMmbl KommOemia ¢ BH3yanu3anued TPaeKTOPHH IBIDKEHHUS POTOpa Ui
OTIpEIeTICHNS] ONIACHOCTH PE30HAHCHBIX PEXXUMOB. [Isl pean3annyl MOCTaBICHHON 3aa4y NCII0JIb30BAIaCh CHCTEMA
nmkeHepHoro aHanmm3za NASTRANcrargaptmsuposannoit DMAP nponenypst “Rotodynamics”, potop Ob11 cMome-
JMPOBaH B BUJE Bajla KyCOYHO-IIOCTOSIHHOTO CEUCHMS C HABECHBIMH 3JIEMEHTaMM, CMOAEIMPOBAHHBIMH B BHUJE
COCPENOTOUEHHBIX MacC 00NafaloMMK HHEPIHUEH MMOBOpOTa. B cTaThe MPUBOANUTHCS PE3yNbTaThl pacuéToB ABYX
KOHCTPYKTHUBHBIX CXEM POTOPa Hacoca C 3aKpEeIICHHEM KOHIIA Bajla B HAIPABIISIOIICH Omope, B BUAE KaIPOJIOHOBON
BTYJIKK U B HO[[[HMHHHKOBOﬁ o11ope.

Pe3yanaTb1 MOTyT 6bITl) PEKOMCHAOBAHDbI JId ONITUMU3AIMU KOHCTPYKIIMHW HACOCa, TAKXKC KaK MECTOJUKA KOM-
MIBIOTEPHOT0 pacyeTa KPUTHYECKUX CKOPOCTEH MHOTOCTYIIEHYATOr0 LIEHTPOOEKHOTo Hacoca.

KitroueBble cioBa: poTop, HAacOC, JIMHAMHYECKMH aHAJIM3, KpPUTHYECKas CKOpOCTh, nuarpamma Koammbena,
yacToTa, pacuetHas cxema, NASTRAN.
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