N E W S of the Academy of Sciences of the Republic of Kazakhstan

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES OF GEOLOGY AND TECHNICAL SCIENCES
ISSN 2224-5278 https://doi.org/10.32014/2018.2518-170X.29
Volume 35, Number 431 (2018), 226 — 233

UDC
M. E. Isametova', B. N. Absadykov’, M. K. Batyrgaliyev', I. I. Borovik’

!Satbayev University Almaty, Kazakhstan,
“Institute of Chemical Sciences named after A. B. Bekturov Almaty, Kazakhstan,
*KARLSKRONA machine-building enterprise Shymkent, Kazakhstan.
E-mail: isametova69@mail.ru, b_absadykov(@mail.ru, marat batyrgaliyevi@yandex.ru, i.borovik@kkr kz

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 supportt, 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} = 0, (D

where [M], [C] — mass matrix (inertia) and rigidity of the system; {3}, [q] — generalized node displace-
ments and their derivatives.
The solution of equation (1) is sought in the form [13]

{q} = {qo} sinw,t 2

where wq — values of eigen-frequencies, {g} — complete vector of nodal displacements of the system, {qo}
— 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

@) = {(4V}a®}... 4™} . 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 g 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,= mw’ecos(ot), then the equation of forced
oscillations will be written as following

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

where [M], [B], [C] — matrices of mass (inertia), damping and rigidity of the system; {¢} {4}, {4} -
generalized node displacements and their derivatives, @ — angular velocity of rotation, e — specific
imbalance.

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

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

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
clements, 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 =21 - 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 CONM?2 (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- fitth eigen-frequency, Hz 732
fe- 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

- first frequency, Hz 0
fi quency

- second frequency, Hz 463
fo quency

- third frequency, Hz 488
fa quency
fa- fourth frequency, Hz 732

- fifth frequency, Hz 736
fs quency

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.¢. (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.
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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

- second frequency, Hz 315
f quency

- third frequency, Hz 388
f quency

- fourthfrequency, Hz 631
fa quency
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 30,3742 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.¢. (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 TEIKIII COPFbI POTOPAbIH JIMHAMUWKACIH 3EPTTEY

Annrotanusa. Potopnsl MammHATAPE! 0acKa Ja KYPACT TCXHHKAIBIK Kypaaaapbl CHAKTHL JiPiJl OCCPiHE YIIbI-
pay¥a O¢itiM kene/i, OyT maiganaHy mpOUCCIHAC SHAHABI 3apAANTAPFA OKCIY1 MYMKIiH, OJIAPFa KATATBIHAAP MAHAAIBI
acep eTy KO3 PHUIUCHTIHIH TOMEHACYI, MBICAIBL, TIPEK TY3LTIMACPAIH KECKEICHICH 3IEMCHTTEPIHIH Kupaybl. MyH-
Jaif MampHAJIapaa HETisri Aipin Ke3l peTiHAe alHAaIMabl 3IEMEHTI OOJBIN TaOBLIANEI — POTOP, O KE3JC acHaibl
3JCMCHTTEPIIH, SKCICHTPHUKTI KOHIBIPBLIYBI HEMECE OJAPABIH KAJIBIK TCHICPIMCI3NITIHCH TCNKIM KYINTEP 9cep
ereai.byn ke3 KenreH poTOpIBI MANIMHAIAPABIH OACTHI JKOHE MIAPACBI3ABIKTHI MIpia Typi Oonaxel. baticanasr emec
POTOP SPKAIIAH HETI3T XKUIJIriMEeH TepOemicTep >Kacalnapl, SFHU POTOPABIH alHAIY >KHiTiriMeH. byn perre maiina
OOJFaH OPTAJAH TCHKIMI KYIITSP TCK TiK YKOHC KOIACHCH IPIIAep FAHA MEC, COJ CHAKTHI OCNTii KaFraaiaa, OChTIK
JipiagepAi TY ABIPYBI MYMKIH.

ATanraH KYIITEPAIH 9CEPIHCH POTOPIBIH TUHAMHKAIBIK TIPTIOIHIH TaNJAybIHA - KE3 KEJITCH POTOPIIBI MAIIIHA,
OUTKEHI >k00anay >KoHE >KETUIIIPY Ke3eHJACpiHAe, COHIal-aKk maiiianaHy aBapwsuiap TYBIHAAFAH KE3[€ YINBIPAYybl
THIC.

By »KyMBICTBIH MaKcarsl OOIBII OPTAJBIKTAH TENKII COPFBI POTOPABIH CHIIATTAMANAPHI MCH HETi3ri JHHA-
MHKAIBIK ITAPAMETPIICPIH aHBIKTAY OOIBIN TaOBLIANBL, ACHANBI 3JCMEHTTEPIH €CKEPE OTHIPHIN, KPUTHKAJIBIK alHATY
SKBITIAMABIFBIH AHBIKTAY JXKOHE POTOPBIHBIH KO3FANBIC TPACKTOPMCHIH KaMmOennma amarpamMmanap HOTIDKEICPIiH
IOBIFAPY TYPIHAC PEC30HAHCTTHI PCKIMACP ¢ KAVINTLTIK AHBIKTAY YIOiH KOJIAHBLIATBL AJTFAa KOWBLTFAH MIHACTTCPIL
icke acelpy yumriH wmkeHepmik tammay NASTRAN skykeci mafimamaseumansl ctanmaprraran DMAP pocimaepi
"Rotodynamics", poTop TUTIM TYpaKThl KHMaJbl ACHABl 3JICMCHTTCPIMCH OUTIKTIH TYPIHAC MOACIBICHTCH OOATBL,
Oyo1 OYphUTY MHEPUMACHIHA HE IMOFBIPIAHFAH MACCa TYPIHAC MOJCIbACHICH. MaKanana exi KypbUIBIMABIK POTOPIBIH
COPFBI CXEMAJIAPBIH ECCIITEY HOTIDKEICP] KENTIPLUITEH, 0J1 O1TiK YIIBIHBIH OaFBITTAY B TIPEKTE, KATIOPOJIOH/IBI TOIKE
TYPIH/E YKOHE MOMBIHTIPEKTI TIPEKTEP TYPiHAC OCKITYIMEH KENTIPiAreH.

Hormxkenepi COprbl KOHCTPYKUMSCHIH OHTAMIAHABIPY VINIH YCBHIHBUIYBI MYMKIH, COHIAH-aK, KOIl CAThLIbI
OPTaZaH TEIKIII COPFbI KPUTHKAIBIK >KbLIIAM/IBIFBIH KOMITBEOTEPIIK €CENTEY /ICI PETIHAC YCHIHBIIY I MYMKIH.

Tyiiin ce3jaep: poTOp, COPFBL, AMHAMHKAJBIK 3EPTTCY, KPHTHKAIBIK KbUTAAMABIK, KoMmOenn amarpamacsl,
JKHULTIK, ecentey cyndacsl, NASTRAN.
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HCCIEJOBAHHUE JTUHAMUWKH POTOPA HEHTPOBEXKHOI'O HACOCA

AnHOTanmmst. POTOpPHbIC MAIIMHBL, KaK JAPYTHE CIOXKHBIC TEXHUUICCKUE YCTPOMCTBA, HCIBITHIBAIOT BO3ACHCTBHIC
Bn6paum71, KOTOPBIC MOTYT IPUBOAUTE B IMMPOLICCCEC IKCILTY ATALIMH K Iar y6HI>IM OOCICACTBHAM, TAKHM KAaK CHHKCHHC
Kk03(p(uimeHTa MONE3HOTO ACHCTBHS, PA3PYIICHHUIO OTACIBHBIX 3JCMEHTOB, HAIIPHUMED, Y3JIOB OMOPHL [ IaBHBIM
HCTOYHHKOM TaKO# BHOpAIMHM B MAIIMHAX SIBIICTCSA BPAMIAIOIIMICS 3JEMEHT — POTOP, HA KOTOPBHIH NPH HATMIUA
TOCA/IKU C IKCIICHTPHUCHTETOM HABECHBIX JIEMEHTOB, TMO0 MX OCTAaTOYHOW HECOATAHCHPOBAHHOCTH JCHCTBYIOT LICH-
TPOOCKHBIC CHIIBL. ITO OCHOBHOH M HEHM30CKHBIH BHJ BHOpaumii M000H pOoTOpHOHM MammHbL. HeypaBHOBEIICHHBIH
POTOP BCErJa COBEPIIACT KOJICOAHHI C OCHOBHOW YaCTOTOM, TO €CTh C YaCTOTOH BparueHus potopa. LleHTpobexHbie
CHJIBIBOZHUKAKOMIXC ITPU 3TOM MOTYT BBI3BIBATH HC TOJIBKO BCPTHKAJIBHBIC H TOPH30HTAJIBHBIC Bn6paunn, HO U, TIpA
OTIPEACICHHBIX YCIOBHIX, OCCBBIC.

AHanw3y ITMHAMHYECKOTO TTOBEACHHS POTOPA MO BO3ICHCTBHEM YKA3aHHBIX CHJI JOJDKHA MOABEPTaThCs 00
POTOPHAA MAIIMHA KAK HA JTAanaX MPOCKTHUPOBAHWA W JOBOAKH, TAK W IPH BOZHUKHOBCHHU JKCIUIY ATAITHOHHBIX
aBapui.

Lenpto maHHOM PabOTHI ABIIETCS OIPEACICHUE OCHOBHBIX JAWHAMHYCCKHX IIAPAMETPOB M XAPAKTEPHCTHK
PpOTOpa HEHTPOOEKHOTO HACOCA, C YUCTOM HABECHBIX 3JIEMCHTOB, ONPEICICHHEC KPHTHUCCKHX CKOPOCTEH BpaICHHS
W BBIBEJCHUC PE3yIbTATOB B BHIAC AMarpaMmbl KammOenna ¢ Bu3yamm3anued TPAGKTOPHH IBIKCHHS POTOPA LI
OTIPEICICHAS ONACHOCTH PE30HAHCHBIX PEKUMOB. JII1 peann3anny MOCTABICHHON 3aJaUH HCII0JIb30BAACh CHCTEMA
mmkeHepHOTO aHam3a NASTR ANcrargaprusuposanaoi DMAP npoueaypst “Rotodynamics”, porop ObLT cMOzC-
JMPOBAH B BHJEC Bajla KyCOYHO-IIOCTOSHHOTO CCUCHHS C HABECHBIMH 3JCMCHTAMM, CMOJCIHPOBAHHBIMH B BHIIC
COCPEAOTOYUCHHBIX MAcC 00JNAJAIOIMMMH HHEPIHCH MOBOPOTA. B CTaThe MPHBOAMTHCS PE3yJIBTATHI PACUETOB JIBYX
KOHCTPYKTHBHBIX CXEM POTOPA HACOCA C 3aKPEIUICHHEM KOHIIA BAlla B HATIPABILIFOLICH OIOpe, B BHAE KAIIPOJIOHOBOH
BTYJIKH U B HOE[LHI/IHHI/IKOBOﬁ onope.

PeSyJ'ILTaTBI MOTYT OBITH PEKOMCHAOBAHBI I ONTUMHU3AaIMU KOHCTPY KUK HACOCA, TAKXKEC KaK MCTOAHUKA KOM-
MIBEOTEPHOTO PacyueTa KPUTHUCCKUX CKOPOCTEH MHOTOCTYIIEHYATOTO IICHTPOOEKHOTO HACOCA.

KimoueBnie ciioBa: poTop, HACOC, TUHAMHYCCKHN aHAIM3, KPUTHYECKAI CKOPOCTh, auarpamva Ksmmbena,
yacToTa, pacucTHas cxema, NASTRAN,
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