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Introduction

Centrifugal pumps and compressors are widely used throughout all industries. There is a steady ten-
dency towards an increase in operating parameters of pumps: capacity, pressures and speeds, i.e. to the
higher concentration of parameters in a single unit.

Thermal and nuclear power stations constantly require an increase in parameters of feed, main circu-
lation and other pumps. This need stimulated a detailed study of hydrodynamic processes in non-contact
seals and their influence on the vibration state of centrifugal machines rotors [1]. Designing turbopump units
for high-power rocket engines for reusable spacecraft have further raised the researchers’ interest in the dy-
namic characteristics of non-contact seals and rotor vibrations in seals [2].

The effect of the pumping medium is especially significant with large gradients of velocities and
pressures. These conditions are typical for small gaps of non-contact seals, on which large pressure is throt-
tled, and one of the surfaces belongs to a rotor that rotates and vibrates.

Therefore, when modelling groove seals, besides their designated purpose — to reduce volume losses,
we need to ensure the required vibration characteristics of rotor, which is also a very important function.

Noncontact seals, on which a huge pressure is throttled, can play the role of static, and with the right
design approaches, dynamic supports. This must be considered when designing critical power equipment in
order to improve its environmental safety.

Literature Review

Current approaches for refinement of mathematical models of oscillatory systems according to experi-
mental data are presented in the work [3]. The monograph [4] evaluates coefficients of mathematical models
for oscillatory systems, which includes rotary systems for multistage centrifugal machines. The work [5] ad-
dresses the phenomena of rotor rotation stability loss at rolling bearing.

Modern approaches in the field of linear and non-linear rotor dynamics and their practical applica-
tions are presented in the paper [6]. The work [7] provides an assessment of segment bearing stiffness with
the balancing procedure for flexible rotors of turbocharge units in the accelerating-balancing stand. Current
methods for determination of active magnetic bearings stiffness and damping identification from frequency
characteristics of control systems were introduced in [8]. Application of the finite element analysis for stiff-
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ness and critical speed calculation of a magnetic bearing-rotor system for electrical machines was described
in the paper [9]. Article [10] provides stability and vibration analysis of a complex flexible rotor bearing sys-
tem. A phenomenon of subharmonic resonance of a symmetric ball bearing-rotor system is investigated in
the paper [11]. The paper [12] proposes models for investigation critical frequencies of the centrifugal com-
pressor rotor that considers non-linear stiffness characteristics of bearings and seals.

As indicated in [13], energy of volumetric losses can be converted into net energy, if the groove
seals are used simultaneously as hydrostatic bearings, that are able to have not only high radial rigidity but
also to effectively damp the rotor fluctuations to the acceptable level even if there is a significant disbalance.
This effect is especially considerable if there are existing steep velocity and pressure gradients, which are
peculiar to close gaps of the groove seals, on which high pressure differentials are chocked and one of the
surfaces belongs to rotor that both rotates and vibrates [14].

The dynamic characteristics of groove seals as intermediate supports have been studied in the paper [15].

However, the problems of rotor dynamics in groove seals are slightly neglected as to solve them it is
necessary to account for the hydrodynamic characteristics of groove seals. And this is a separate problem in
the hydrodynamics of three-dimensional unsteady viscous fluid flows in annular channels, whereof surfaces
rotate and simultaneously perform radial-angular oscillations [16]. Since the problems of the rotor dynamics
without groove seals have been mainly solved, this paper focuses more on the analysis of oscillatory proc-
esses caused by the hydrodynamic characteristics of seals.

Problem statement

Figure 1 shows a model of the groove
seal that is an annular throttle formed by inner
cylinder (shaft) with a small taper angle 9,
and outer cylinder (sleeve) with a taper angle
9;; total taper angle of the channel

99 =95 —9,. Taper parameter of the channel
0, = 9,1/2H, [6,|<1.

Shaft and bushing rotate around their
own axes with the frequencies of their own ro-
tation ,, ®,.The axes themselves rotate

around the fixed center O with precession fre-
quencies Q,, Q),, and also perform radial and

angular oscillations.
Thus, when developing groove seals, it
is necessary to consider not only their direct

Fig. 1. Design diagram of a groove seal with a movable sleeve

purpose to reduce volumetric losses, but also their equally important function, which is to provide the neces-
sary vibration characteristics of the rotor.

The paper has provided an assessment of the force characteristics for laminar and turbulent flow re-
gimes taking into consideration local resistances and in view of flow swirl at the gap inlet [16].

Models of non-contact sealing systems

Impulse Seal Model $ — 4\\

Impulse seals (Fig.2) with self- Z
adjusting clearance have several undeniable -
advantages over conventional mechanical seals /;Z:Av
[2]. In impulse seals, as rotational speed rises, i Bt
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the face clearance increases, meaning that in- P R 1

crease in energy losses due to friction is negli- 77%‘—] 7

gent. Therefore, impulse seals are especially =

effective in high-speed machines. Fig. 2. The diagram of an impulse seal
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There is negative feedback be-
tween the face clearance z (adjustable

value) and the force F, (control re-

P1-p3
. . —>
sponse), which ensures self-regulation

Loading area 4,

of the face clearance (Fig. 3).
The operation of impulse
compaction is accompanied by

4

an axially movable ring

Automatic regulator

Fig. 3. The model of impulse seal as the automatic control system

Object of regulation— z

complex unsteady hydrodynamic processes, the mathematical description of which is complicated. Success in the
analytical solution of the dynamic computation problem depends on the correct choice of a simplified computa-
tional model of compaction. The simplifications can only be justified by the results of experimental studies [17].

Groove Seals

H,9,

Seals and their
stiffness

A simplified model of the ro-
tor-groove seals system is shown in
Fig. 4. Radial (x, y) and angular (8, 9,)

-

A 4

Flow in the gap

oscillations of the rotor are largely de-
termined by hydrodynamic forces (F)

<

and moments (M) arising in the sealing
gaps (in annular throttles), and the very
forces and moments depend on the
nature of rotor movement.

T 00,9, 9, Ap(o)

€
l————
Y
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l

Fig. 4. Model of the hydromechanical rotor-groove seal system
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There is another feedback between geometric shape of the gap (average radial gap H and taper )
and pressure in the gap p(z, ¢): deformations of the sealing rings are determined by pressure distribution, and
the latter is very sensitive to changes in size and shape of the gap.

Automatic balancing devices as sealing systems

Automatic balancing devices have many different
designs [18], however there is a general principle: nega-
tive feedback is created between the balancing force and
the axial position of the rotor, providing only small devia-
tions of the axial position of the rotor from some prede-
termined position (Fig. 5).

The groove seals of the rotors have clearances of

4]1»@—+ Object of regulation }7

)|

F:T—{ Automatic regulator Fﬁ
ApT

Fig. 5. Model of the balancing device

the same order as journal bearings. Therefore, the seal is a full-grip bearing, the bearing capacity of which is pro-
vided not only by the rotation of the eccentrically located shaft, but also by the significant pressure drop throttled
on the seal. The hydrostatic component of the bearing capacity is predominant since it usually exceeds the bend-
ing stiffness of the shaft and the stiffness of radial journal bearings. Face groove seals of auto-unloading systems

simultaneously serve as thrust hydrostatic bearings.

High sealing pressure results in significant losses
of the sealed medium. To reduce them, the gaps are made
as small as possible. Therefore, the balancing device addi-
tionally functions as a face seal with self-regulating leaks.

Shaftless pumps with seals — bearings

In high-pressure pumps, groove seals, in addi-
tion to their main purpose — to limit the crossflows be-
tween cavities with different pressures, can be used as
rotor supports. Implicitly, these sealing functions have
always been implemented in centrifugal pumps. There
are recent designs where groove seals are also function-
ing as only supports (Fig. 6.) [19].

34

=

Z)

—l
Sz

Fig. 6. Shaftless pump model
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The advantages of shaftless pumps are possible only if there is no contact between the rotating im-
peller and the stationary casing. In turn, the non-contact mode of operation is determined by the hydrody-
namic characteristics of groove seals and axial force auto-unloading system.

Results and discussion. Effect of seals on the dynamic characteristics of the rotor

Systems frequency response
Oscillations of the rotor under the action of gyroscopic forces and moments arising in the seals are
described by the equations [20]:

ayii + ayti + agu — it + aguJo — (0(29 + a36)m - i(oc49 +o,0- ocOG) o’ Ae™,

b+ by0 -+ by — i(b,0+ by o+ (Bt — Byt Joo — i(B i + Bste + Bou) = °Te™”. M
The notations can be found in [20]. General view of the solution to these equations:
u=u,e ) =i 0=0_ ) =fe
which after substitution in (1) leads to a system of algebraic equations for complex amplitudes
[—alm +a; +a,0 +z as)m}ﬁ [ —oc4)o)+z(0c ® +oc5—oc0) = Ao’ 2

L@, -BJo+ipre? B5 B, i + [boo + by +b,o” +i(b, — b Yo =Te?.

Using standard programs one can immediately find a numerical solution to these equations. How-
ever, the traditional approach produces analytical expressions of amplitudes and phases, which allow to see
how different forces and moments affect them.

After switching to dimensionless frequencies and introducing some notation, equations (2) take the form:

U+ i+ (U, +i%;,)6 = AB?,
(U, +iVy )i + (U, +iVy, )0 =T®".

Here U,, +iV},,U,, +iV,, are proper operators of the independent radial and angular oscillations respec-

3)

tively. Cross operators U,, +iV,,, U,, +iV,, characterize the effect of angular oscillations on radial ones and

the reverse effect, 1.e., interconnection of these oscillations.
Substituting the values of the determinants into (3), we obtain the amplitudes and phases expressed
in terms of external disturbances:

s (AU, -TU, | +(AVy, -TT, )
‘ Us +V§

b

b

0 =62\/(FU“ — AU, ) +(TH, - AV, )
‘ U +Vy
AUy, ~TU, Wy = (AVy, ~TV, U,
AUy, ~TU, o +(AVy, =TV, W,
¢, = —arctg (CUy, =AU, W, =TV, = AV, U,
(r 11_AU21)U0 TV, =AY, W,

For impulse seals, the amplitudes and phases are expressed by the formulas [2]:

2,2 _
A (m)zlz —b tob —,Q=- arctgw—bOU [;IV .
v VU vor bU + by

The corresponding notations can be found in [2]. The amplitude frequency characteristics can be
used to estimate the dimensional values of the amplitudes of the forced axial oscillations of the ring at any
rotation frequency.

Amplitude and phase frequency characteristics of the rotor-gap seals system for the corresponding
external influences:

¢, = —arctg E
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A U+’
T T LA
T, H,T, U+l

V uv —-rvu
0. (0) = arctgy—= = arctg o—7F"—~—,
U, UU, + oWV,

Uy Zay Pn U+ 0V} v, -vu,)
AW = — = = 5 ) ’(pW =aI‘Ctg(D— D) .
v  H,p, U +oV uu, +olv,

The frequency characteristics of the rotor-balancing device system are calculated in a similar way:

u /U2 +o’V2 Uv.-vu
A (o)== = Kk T rt , o = arcte ® T rt ,
(o) T, P U vt 7 (©) s Uu,, +o’VV,,
2 2172
r ) /U +o’V uv,, -vU
A 0) — ada :(D ra ra , a (D =arct (D ra ra ’
() a Uo7 (©) s uu,, +o’ VvV,
and of shaftless pumps:

2 2172
+oV -U)JV
A(w)= L= [YerOTe (o) =arctgo—L0re = Yo
Av,, Uy +ol,; UU,+o V)V,

A (o) = e ks 9, ()= —arctg 0l

e, \/UO2 +o’V) ’ Uy

Stability criteria
The stability is determined using the Routh-Hurwitz criterion for a system of 4th order

a2(a2a3 + a4a5)— a, a52 >0,
which for the rotor-groove seals system is reduced to the form:
2 N2
a3, 20

o, <—5— .
a\ds —dy az) — 4,45

u

“4)

Inequality (4) shows that the main destabilizing factor is the circulating force, characterized by the
coefficient a;. Damping a,, , gyroscopic force a, and shaft bending stiffness Q , stabilize the rotor.
For impulse seal it is possible to determine the chamber volume admissible in stability:
< AEz,8 '
31+ n,)(k1g30 = k3810)(P1o = P30)

It can be seen from inequality (5) that the stability region of the seal expands due to a decrease in the
volume of the chambers and in the coefficient of hydrostatic stiffness.

For balancing device

Eo?

N < g smzuzO . (6)
AeH 2 3 QOm

Inequality (6) limits the volume of the hydraulic prop chamber, at which the stability of independent

axial oscillations of the rotor is maintained.
For a shaftless pump, the axial stability condition is reduced to the inequality

)

Vo

Ezy Ay
3p, AvyAy,,

The design of the chamber can be easily changed since its depth is an independent parameter. There-
fore condition (7) can be used for pump design to ensure its stability.

H<

(7)
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Conclusions

Based on the study of models of non-contact seals and models of rotor-groove seals-auto unloading

systems, analytical dependencies are obtained that describe the effect of non-contact seals on the dynamics
of a centrifugal machine. It is shown that a purposeful choice of the design parameters of the seals can influ-
ence the vibration state of the rotor. In this case, the initially "flexible" in the dynamic sense rotor combined
with correctly designed seals becomes "rigid". This is especially important for machines with high parame-
ters. The studies carried out make it possible to determine the directions of increasing the vibration stability
of critical power centrifugal machines.
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3aranbpHuil miaXia 10 MoaeTIOBAaHHS 0€3KOHTAKTHUX YIIIJIbHEHb
Ta iX BIVIMB HA JUHAMIKY POTOPAa BiAlEHTPOBOI MAIINHHA

C. C. llleBuenko

IHcTuTyT IpOoOIIEeM MoaemoBanHs B eHepreTuii iM. I'. €. [Tyxoea HAH VYkpainu,
03164, Ykpaina, m. Kuis, Byn. I'enepana Haymosa, 15

Icnye nocmitinuii nonum Ha Oinb 8UCOKi napamempu 00NAOHAHHA, MAKI AK MUCK YWITbHIO8AILHO20 cepedo-
suwa ma weuokicms obepmanns sana. OOHAK i3 3DOCMANHAM NAPAMEMPIE CIAE 8adicye 3abe3neuumu epekmusHicmo
2cepmemusayii. Kpim moeo, cucmemu ywinbHeH s GNIUBAIOMb HA 302albHY be3neKy ekcniyamayii 061a0HanHs, ocoonu-
60 6ibpayitiny. besxonmakmui yuinbHeHHA PO3210AOMbCA AK 2I0POCMAmMOOUHAMIYHI ONOPU, KL MONCYMb epeKmueHo
2acumu KoauganHus pomopa. JJis oyinKu 6nauey cucmem ywiibHeHHs Ha KOAUBANbHI XAPAKMEPUCMUKU pomopa 0oCi-
00iceHO MOOeni IMNYIbCHUX [ WIMUHHUX YWIIbHeHb, MOOeIl CUCMeMU YUWIIbHeHHs-pOmop 1 CUcmemu pomop-
ABMOPO36AHMAICEHHS, MOOeNb 6e36a1bH020 HAcocd. OMPUMAHO AHATIMUYHT 3AIEHCHOCMI OISt PO3PAXYHKY OUHAMIYHUX
Xapaxkmepucmux — iMHYIbCHUX — YWITbHEHb,  IOPOMEXAHIYHUX — CUCTNeM  POMOP-YWiIbHEeHHA — md  pomop-
ABMOPO3BAHMANCEHHS, A MAKONC be38anbHuX Hacocis. Li 3anexcnocmi onucyiome padianbHo-Kymosi KOIUBAHH pomo-
pa 8i0yeHmposoi MawuHu 8 yujiibHeHHAX-onopax. HageoeHno pigHAHHA O pO3PAXYHKY AMNLIMYOHO-4aCMOMHUX Xapa-
Kmepucmux. Busnaueno Hanpamxu nioguwjeHHs eKchiyamayiunoi 6e3neku 8i0no8idanibHO20 HACOCHO20 O00IAOHAHHA
WAXOM YINeCnpAMOBAHO20 NIOBUWEHHS HCOPCMKOCMI Oe3KOHMAKMHUX YWiTbHeHb, Wo NPU3800Uums 00 NiOSUUeHHs
sibpayiinoi cmitikocmi pomopa.

Knwouogi cnoea: imnynvcui ywinbHeH s WiUHHI YWiTbHEeHHs, a8MOPO36AHMAICY8ANbHULL NPUCMPILL, YW ilTbHeH-
HA-0NOPU, MAMEMAMUYHA MOOETb, PAJIANbHO-KYMOGI KOAUBAHHS, YACMOMHI XAPAKMEPUCUKU.
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POWER ENGINEERING

O6mmii moaxoa K MOACJITUPOBAHUIO 0€CKOHTAKTHBIX yl'lJ'lOTHeHﬂﬁ
U UX BJAUAHUEC HA TMHAMUKY poTOopa ueHTpoﬁexmoii MalllMHbI

C. C. llleBuenko

HuctuTyT npobnem monenupoBanus B sHepretuke uM. [. E. [TyxoBa HAH Ykpaunsi,
03164, Yxpauna, r. Kues, yn. I'enepana Haymosa, 15

Tlompebnocmu 8 noguvluieHUuU nApamempos 060pyo00sanus, MaKux Kax 0asieHue Yniomusiemol cpeosl U cKo-
pocmub 8pauenust 8ana, nocmosanno pacmym. OOHAKO ¢ pOCMOM Napamempos Cmanogumcst 6ce mpyonee obecneyums
apexmusnocmo 2epmemuzayuu. Kpome mozco, yniomuumenbHble CUCMEMbl GIUSION HA 00WYI0 6E30NACHOCHb IKC-
nayamayuu 060py0osanust, 0cobeHHo ubpayuonnyio. beckonmaxmuvle yniomuenus paccmampugaiomes Kak 2uopo-
cmamoouHamuieckue onopel, Cnocobuvie dghgexmusHo acums Korebanus pomopa. /s oyenku uusHus Jmux yYnion-
HUMENbHbIX CUCMeM Ha KojebamebHble XapakmepucmuKku pomopa ucciedyiomcs Mooenu UMRYIbCHO20 U Wene8020
VRIAOMHEHUT, MOOeNU CUCEM POMOP-YNIOMHEHUs. U POMOP-A8mopasepy3kd, mooensb 6e3sanvrHozo Hacoca. Ilonyyenvl
aHanumu4ecKue 3a8UCUMOCU 0I5l pACHema OUHAMUYECKUX XAPAKMEPUCTUK UMNYIbCHbIX YIIOMHEHUN, 2UOPOMEXaAHU-
YeCKUux cucmem pomop-ynjiomuenue u pomop-aemopasepy3kd, a maxice 0e36anbHblX HACOCO8. DMu 3a6UCUMOCTI ONU-
CbIBAIOM PAOUATLHO-Y2NI08ble KOEDAHUs POMOpA YeHMPOOEHCHOU MAWUHbL 8 yniomHuenusx-onopax. Ilpueedenvt ypas-
HeHust 0I5l paciema AMIIUNYOHO-4acmomubix xapakmepucmuk. OnpedenieHvl HanpasieHus: NOGbIUEHUs IKCHILYAMayi-
OHHOTL DE30NACHOCTNU OMBEMCMBEHHO20 HACOCHO20 0D0PYO0BANUS 34 CHEM YELeHANPABGIEHHO20 NOGIUEHUS JCECTKO-
cmu 6eCKOHMAKMHBIX YIJIOMHEHUL, Yo NPUSOOUN K NOGBIULEHUIO GUOPOYCIMOUYUBOCTU POMOPA.

Kniouesvie cnosa: umnynvchvie YnI1omHeHus, weesble YNJIOMHEHUA, Ad8MOPa3epy304Hoe YCmpolucmeo, Yniom-
HeHUs-ONopbl, MaAmMeMamuieckas Mooeib, padudibHO-y2l08ble KOaeOanus, Ydcmomuble XapaKmepucmuxu.
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