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Groove seals are considered as hydrostatic bearings capable of effectively damping rotor vibrations. In order
to determine the dynamic characteristics, a model of the rotor-groove seals system is considered. The radial
forces and moments in groove seals had been estimated. Expressions of joint radial-angular rotor vibrations in
groove seals had been obtained. Formulas had been proposed for constructing amplitude and phase frequency
characteristics. An example of calculating the dynamic characteristics of a centrifugal machine rotor model is
presented. The directions of increasing the vibration reliability of NPP pumping equipment by purposefully

increasing the rigidity of groove seals are determined.
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Introduction

The vibratory condition of the centrifugal machine
rotors is determined by the dynamic characteristics of
groove seals. Centrifugal pumps and compressors are
widely used in all industries. A steady upward trend
of the operational parameters is peculiar to them:
supplies, pressure and speeds, i.e. to the concentration
of increasingly higher capacities in individual units.
For example, reactor coolant pump flow of nuclear
power plants is 20 000 m3/hour, high-speed pump
flow is 60 MPa [1].

The distinguishing characteristics of centrifugal
machine is that the tasks of vibration reliability and
sealing are interrelated and, in most cases, can be
satisfactorily accomplished through the correct
selection of the groove seal construction. Therefore,
when selecting the construction of groove seals, not
only their designated purpose - to reduce volume
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losses should be taken into account, but also their
no less important function - to ensure the required
vibration characteristics of rotor.

Problem statement

Two typical diagrams of single-disk rotor: with
the disk between fixed bearings (Figure 1,a) of
asymmetrical (P-1 model), symmetrical (P-1c model)
and overhung (Figure 1, b, P-2 model) are considered.
Identical groove seals are situated from both sides of
the disk (impeller).

The first diagram imitates the rotor of single-stage
pump with double-entry impeller and the second - the
rotor of overhang pump.

In both diagrams radial displacements of disk are
accompanied with its rotation in the plane of defected
shaft axis. Inertial resistance to rotation is characterized
with the corresponding gyroscopic moment of disk.
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Figure 1 - Typical diagrams of single-disk rotor in groove seals:
a - with a disk between the bearings (P-1, P-1c models);
b - overhung (P-2 model) with mass 7, radius R and effective thickness b,

Rotor mass is concentrated in the centre of disk masses
and a weightless elastic shaft rotates in fixed bearings.

The rotor is statically and dynamically unbalanced:
centre of mass is displaced from the mechanical center
for the amount of eccentricity d\9dx,d, ) that stands for
static unbalance. The main central axes of disk inertia
due to fit tilt or other instrument accuracy are deviated
from the principal shaft axes of section (main flexural
shaft axes) to angles ,,7, characterizing dynamic
unbalance of the rotor. Unbalance parameters are
considered to be preset small values.

Analysis of the literature

While developing centrifugal pumps for any
parameters, except for workout of economic wetted
part, high-priority tasks are vibration reduction
ensuring the desired reliability and service life of
bearings and drive couplings, development of durable
and sufficiently air-tight seals [2].

In centrifugal pumps up to 100% of the power
intake is lost for leakage through groove seals of
impellers and autodump system of axial forces [3].
Energy of volumetric losses can be converted into net
energy, if the groove seals are used simultaneously
as hydrostatic bearings able to have not only high
radial rigidity but also to effectively damp the rotor
fluctuations [4]. In this case leakage energy can not only
ensure necessary load-carrying capacity of bearings
but also importantly to reduce the rotor vibrations
to the acceptable level even, if there is a significant
unbalance [5]. Environmental effect is especially
considerable, if there are existing steep velocity and
pressure gradients, which is peculiar to close gaps of
the groove seals, on which high pressure differentials
are restricted and one of the walls belongs to the
rotating and vibrating rotor [6].

As it is mentioned in the paper [7], rotor and groove
seals are a closed hydromechanical system. This is the
reason for key feature and complexity of the problem
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of centrifugal machine rotor dynamics. The seals not
only change critical frequencies of rotor, but also have
significant influence on the amplitudes of its forced
oscillations and stability thresholds [8].

The dynamic characteristics of groove seals as
intermediate supports have been studied in the
paper [9]. It presents linearized expressions of radial
hydrodynamic forces and moments acting on the
rotor on the part of fluid flow in gap of groove seal. The
power characteristics are determined by the geometric
and operating parameters of the seals: initial taper
and radial clearance, length and average radius of the
channel, throttled pressure drop, rotor speed, swirling
flow at the gap inlet, physical properties of the fluid.
Analysis of the influence of groove seals on the rotor
dynamics allows choosing their design so that in the
entire operating range the vibration level of the rotor is
within the acceptable limits [10].

However, the problems of rotor dynamics in
groove seals are slightly neglected as to solve them it
is necessary to know the hydrodynamic characteristics
of groove seals. This is a separate problem in the
hydrodynamics of three-dimensional unsteady viscous
fluid flows in annular channels, whereof walls rotate
and simultaneously perform radial-angular oscillations.

Since the problems of the rotor dynamics without
groove seals have been mainly solved, this paper
focuses more on the analysis of oscillatory processes
caused by the hydrodynamic characteristics of seals.

Dynamic rotor-groove seal system

Gap throttles separate spaces, where the sealing
areaisunderdifferent pressures.The flow rateis limited
due to the consumption of potential pressure energy
to overcome local resistances, friction resistance
along the length of the channel, and sometimes on
inertial resistance. The higher this consumption,
the lower potential energy is converted into kinetic
energy of the flow, the lower average fluid velocity in
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Figure 2 - Structural diagram of the hydromechanical rotor-groove seal system

the channel and its flow rate. Thus, the groove seals
do not completely eliminate, but only limit the flow.
A simplified structural diagram of the rotor -
groove seal system is shown in Figure 2. Radial
(x, y) and angular (SX, 19y) oscillations of the rotor are
largely determined 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. There is another
feedback between geometric shape of the gap
(average radial gap H and taper 9,) 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.
Radial forces and moments in groove seals

Figure 3 shows a model of the groove seal that is
an annular throttle formed by inner cylinder (shaft)
with a small taper angle ¥, and outer cylinder
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Figure 3 - Design diagram of the groove seal with a movable bushing
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(sleeve) with a taper angle i total taper angle of
the channel?, =9, —9,. Taper parameter of the
channel

0, =10,1/2H 1 |6 <1 (1

Shaft and bushing rotate around their own axes
with the frequencies of their own rotation w,, w, .The
axes themselves rotate around the fixed center O
with precession frequencies (2, (2, , and also perform
radial and angular oscillations. The paper has
provided an assessment of the force characteristics
for laminar and turbulent flow regimes taking into
consideration local resistances and in view of flow
swirl at the gap inlet [1].

In the models of rotors of single-stage pumps,
impellers are situated between two identical seals.
For symmetrical statistically unbalanced rotors,
for example, rotors of double inlet impeller pump,
radial oscillations are predominant. Small angular
oscillations are caused by unavoidable dynamic
unbalance and probable disturbance of the rotor
symmetry in regard to transverse vertical plane
going through the centre of masses. In this case,
useful preliminary results can be received, when
considering only radial oscillations. Herewith, the
coefficients of hydrodynamic forces should be
doubled (according to the number of seals).

Another extreme case of predominantly angular
vibrations is possible for a symmetrical statically
balanced rotor under the influence of dynamic
unbalance. In this case, it is necessary to double
the hydrodynamic moments. Besides, the radial
hydrodynamic forces F,, arising when the rotor axis
is skewed towards to the seal axis are different in
value due to the difference in eccentricities, radial
speeds and accelerations. Therefore, they create an
additional moment relative to the center of impeller.
The angles of azimuth in both seals with equally
spaced bushings remain the same, therefore, the
components of forces due to angular vibrations (with
coefficients ¢, ) do not create additional moments.

More details of additional moments from elastic
forces are presented in the paper [3].

Joint radial-angular oscillations of the rotor
in groove seals

To analyze free oscillations, we use oscillation
equation in projections without right-hand sides [5].
For a constant, independent of the rotary velocity,
differential pressure, the equations are written as

al, +a,u, +au, + )
+(aiuy +au, —ald, fa_,fﬂx)w+
+a49y + (a5 —a,)0, =0,
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au, +au, +au, —
—(aiux +alu, +a0, +af, )w -
o~ (o5 — )0, =0,
b,d, +b,6, +b,6, +
+(bi6, + b6, + BJi, — Blu, Jw+
+06,0, 4+ (35 + B, )u, =0
b0, +b,0, + b0, —
—(b16, +b/0, — B0, + Bju, Jw—
—0,0, — (85 + B, Ju, =0

General solution of these

equations:

homogeneous

u =u_e", u =u_e", (3)

Substituting the solution into the original
equations, we arrive at algebraic equations in relation
to the amplitudes of free oscillations:

(@ +a +a,)u, +(aA+a))Jwu, — (@)
—(042')\+063/)W9ax +(a4)\+0z5 7040)9@ =0,

—(Gi/\ +a;)wuax +<a1)\2 +02)\ +a3)uay -
—<CE4>\ +O[5 _ao)gax _<a2,>\+0{3{)weay = 0'

(ﬂZIA_ﬂ;)wuax +(B4A+65 +B0)uay +
(bX* +b,X+b,)0,, +(biA+b])wb, =0,

_(ﬁ4/\+65 +60)uax +(621)‘_63{)wuay -
—(byA+b])wh,, + (b +b,\+b,)0,, =0.

The condition of existence of non-zero solutions is
equality to zero of system determinant (5).

Having expanded the determinant, it is possible
to obtain characteristic equation of 8th degree in
usual algebraic form in regard to the characteristic
exponent \.

To analyze joint radial-angular oscillations of
the rotor, one has to use numerical methods. For
numeric calculations it is more convenient to use
dimensionless characteristic equations. That is why,
let us divide (5) by ©,, (6).

The consideredrotoringroovesealsisan oscillatory
system of the eighth order with four generalized
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a\ +a,\+a, (ai)\ +aS’)w f(azl)\ +a3')w N+ o —
A= —(ai)\—l—a;)w aN +a +a; —(A+as—ap) —(aZ’)\+a3’)w o (5)
(BA—B1)w BA+B+8, b +b)\+b, (biA +b))w
—(BA+B+05,)  (BA-B)w  —(bAA+b0))w BN +b,A+b,
ar’ + =2\ +— [dX+ﬁi%5 -{dX+3iF5 SN WL S
u0 uo ! QuO ’ QuO QUO QZ
- al o, - Q.—qQ - o
—laA+—|@ aM+——A+—— —| A+ =] A+ =@
A/ [ ) QuO ]w QUO Qz [QUO QLZIO [Oé2 QUO .
A(A): t! Tt .+ 1, b, b, b’ ©
T _ +
A — ﬂw L) PR bA? 2\ —— FA+——]
[ ’ QuO QuD uO Quo QZ QuO
t, - ts+1 7" b’ b, b,
—| A+ =2 A —— | —bIN+=—-1© bA+——A+——
( ) /Quo’)\:)\/Quo'(’U:w/Quo

coordinates: ux,uy,ex,ey . The system oscillates about
a stable equilibrium position, therefore the roots
of characteristic equation are four pairs of complex
adjoined numbers A\, Ao, AN Ay A A A, Let's
present them in expanded form:

A A .
)\ =n, tis, A =n, tis,, (7)

T

[ A3 ] . [ )\4 .
=n, Lis,, =n, Lis,.
Age A

Imaginary components s, of the roots are
frequency of free oscillations and real-valued n, are
relative damping ratios. Oscillations with increasing
amplitude in time correspond to positive values
n.>0, ie. the rotor loses stability; atn, =0, k-th
componentofthe oscillations has a constantamplitude,
the rotor is on the oscillatory stability boundary.

The pressure developed by the centrifugal stage
is throttled on the front groove seal of the stage. This
pressure is proportional to the square of the impeller
rotary velocity: Ap, =Bw’. It is these conditions
that are peculiar to centrifugal machines. As far as
various equation coefficients (4) depend on pressure
differential, they also depend on the frequency of
rotation, and this depends on the form of frequency
characteristics — dependencies of natural frequencies
from the rotary speed. In this case, the pressure
differential ceases to be an independent external
influence, it is associated with additional correlation
Ap, =Buw’. As a result, only the rotary speed is
external influence, and self-intensification effect of
the rotor is enhanced.
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Forced joint radial-angular oscillations of the
rotor at a constant pressure drop across the seals are
described by equations [9].

a,i + a i+ a,u Fi(aju + aju)w — (8)
—(azlé + a3’9)w F i(a49 + a0 — a09) =

=uw’ad =w |a |ei’”

byl +b,0+b,0 Fi(bj6 + b)) w +
+(ﬁz’u—ﬁ£u)wi(ﬁ4u+ﬁsu+ﬁou)=
:(1'jo)wz'y* = 'Jo |7 |eim-

Using standard programs, you can immediately
find numerical solution of these equations

a,ii+a,0 + a,u —i(ayi+alu)w — (9)
( 9—|—oz39) —i(a49+a59—a09>:
=w’Ae",

byfi +b,0+b,0 — (b0 + b/f)w +
+(ﬁ2'u - B;u)w — (B0 Bsu + Byu) =
=w’Te".

Substituting the solution of these equations in the
form

u=u,e ) =ge, g =0 =gt (10)

we shall obtain a system of algebraic equations for
complex amplitudes:
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[—a1w2+a3+a£w2+i(az—a5’)w]d— an

—[(as’ —a4>w —|—i(oz2/w2 + s —a )}9 =Aw’

(5= 8 )81 =B, =+
+[—bw? + b, +byw’ +i(b, — b]Jw|f =Tw’.

Let's move on to dimensionless frequencies
@=uw/Q,, and introduce the notation:

a
U11:(—a1+a§)u72+1+9%, (12)
uo0
= Ty —1-6121 _asl @,
QuO
— / —
U, =Bt 5y %% o,
Quo QuO
_ !/
U21: ﬁ3+ﬁ40_), V21: zlwz_ﬁs—tﬂol
QUO QUO
Q2 b
U, = (7(91 +b1)52 420 4 T
0
sz _ bzo + b21 - bsl .
Quo
Afterwards, these equations (11) become
(Upy + iV, )a+ (U, +1V, )0 = AL, (13)

(U, +iVy, )+ (U, +iV,, )0 =T,

Here U,,+iV,,,U,, +iV,, are proper operators
of the independent radial and angular oscillations
correspondingly.  Cross  sectional  operators
U, +iv,,, U, +iV,, characterize the influence
of angular oscillations on radial and the effect of
radial on angular, i.e, interconnection of these
oscillations.

Determination of the amplitude and phase
frequency characteristics

From the system of non-homogenous algebraic
equations (13) according to Cramer’s formulas [8] we
find complex amplitudes

g

’

G, oS (14)
A0

P

0
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where system determinant A, and determinants
A,, A, are written as:

Ay =U, +iV; (15)
Uy =U, Uy, =i Vs, —UpUsy, + VoV,
V, =V Uy, +U,V,, = ViU, — UV,

A, =U,+iV,; (16)
U, =AU, —TU,, V, =AV,, —TV,;

Ay, =U, +iV,;

U, =T, _AU21’ v, =TV, _AV21'

Taking into consideration the reported values of
formula determinants (14), upon division of real and
imaginary parts, the following is presented:

U=u.e™ :u_zzu; (17)
U2+
U1 :UuUO +VuV0' V1 = UuVO _VuUO;
Uz _in .

6=6,e" =* ;
0 U2 + V7

U, =U,U, +V) Vo, V, = U,V =V, U,

Modules and arguments of complex amplitudes

RN A (Ve
u,=w o e (18)
0 0 0 0
PR el e U/
‘ U2+ V2 U +Vv; '
V. uv,-Vv.u
o, = —arctg—- = —arctg—4+-2—4"9,
U1 UuUO +VUV0
V, uv, —-Vv,u
¢, = —arctg—= = —arctg—->—"-2
U, Uyl +V, Y%

Having substituted the values of determinants (15),
(16) in these formulas, we shall obtain amplitudes and
phases expressed in terms of external disturbances:

. :&ZJ(AUH—FUU)ZqL(AVZZFVn ’ i

’ U2 +V)
0 = GZ (FUH _AU21 )2 +(FV” fAV21 )2
a Ug +%2 ’
¢, = —arctg (AUZZ _FU12>V0 - (szz _FV12)UO
u (AUZZ_FUU)UO +(A\/22_I“/12)V0
¢, = —arctg <FU” — AU21 )Vo - (FV11 _AV21)U0
1} (FUH _AU“)UO +(FV11 _AV21)V0
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Figure 4 - Amplitude frequency characteristics as a response to dynamic unbalance, model P-1, Ap =13,3 MPa=const

Using formulas (19), we can build amplitude
frequency characteristics as amplitude ratio of the
corresponding oscillations to the amplitudes of
external excitements:

y 2 o 0oy
A, =%, A, =", A, =—, A =—.
ua A va A uy F Uy F (20)

Numerical calculations were carried out for the rotor
model with a disc between the bearings. The groove
seals with three taper parameters were considered:
6, =—0,3;0;0,3. Diagrams for these parameters
in Figure 4 are designated respectively by numbers
1, 2, 3. Calculations were carried out for constant
pressure differences Ap,=13,3 MPa. The following
values of unbalance were consideredin the calculations:

A=a =a/H=0,05 a=12,5um, 21)
daw, = 3,75mm/s.

Figure 4 show the amplitude frequency
characteristics for pressure differentials that do not
depend on the rotor speed: the preset pressure
differential is created by an independent external
source.

Conclusions

The differences in the patterns of rotor oscillations
in groove seals from its oscillations in air are caused by
the action of hydrodynamic forces arising in groove
seals.

The force of inertia and the force of viscous
resistance decrease, while the gyroscopic force and the
force of hydrostatic rigidity increase the modules of
natural frequencies. The increase in natural frequencies
is proportional to the square root of differential
pressure throttled across the seals and depends on the
taper of annular throttling gap. For typical designs of
centrifugal pumps, natural frequencies of the rotors in
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seals with a confuser channel are 2 - 4 times higher than
in diffuser seals. The pressure differential of 1.5 MPa
across the converging seals provides almost threefold
increase in natural frequency of the rotor. This confirms
the possibility and effectiveness of simultaneous use of
groove seals as hydrostatic bearings.

The circulation force, depending on the rotary
speed, does not affect the value of natural frequencies,
but decreases the module of relative damping ratio.
Thus, it is the main destabilizing factor leading to
the loss of stability of free oscillations. The circulation
force is proportional to the swirling ratio of flow in
the annular channel; therefore, swirling suppression
expands the rotor stability region.

The hydrodynamic dissipative force depends on
the channel taper and can change sign in the diffuser
channel turning into a force of negative resistance, i.e.
is another destabilizing factor. Unlike the circulating
force due to proper rotation of the rotor, the dissipative
force does not depend on rotary speed and can
become negative in the absence of rotation. Thus, in
seals with diffuser channels, even a non-rotating rotor
can go beyond oscillatory stability.

Force factors of the groove seals are determined
by the geometric (gap, radius, length, taper, shape of
the input edges) and operational (pressure differential,
operating speed range, physical properties of the
pumped medium) parameters. A purposeful choice of
these parameters can influence vibratory condition of
the rotor and the machine as a whole.

The important feature of NPP pumps is that the
pressure differentials throttled on the groove seals
are proportional to the rotor speed. This is due to self-
intensification effect of the rotor, which leads to the fact
that in most cases there are no critical frequencies. Self-
intensification is enhanced by gyroscopic moments
of groove seals, and for rotors of a disk design - by
gyroscopic moment of a disk.

The studies make it possible to determine the
directions of increasing the vibration reliability of NPP
pumping equipment by purposefully increasing the
rigidity of groove seals.
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nepeKauvyeTbCa pigrHa. ¥ Takux cuctemax 3aBxzau 0y-
BalOTb NPOTIKaHHA PiANHM Yepe3 HaABHI HeLiNbHOCTI
(3a30pwm) Mixk 06epTOBUM i BIOpYIOUMIM BasioM Ta Hepy-
XOMMM KOPMyCOM. 3i 3pOCTaHHAM TaKMX napameTpis

) [DEPXABHE MIANPUEMCTBO
[EPKABHUM HAYKOBO-TEXHIYHUI
N R s LEHTP 3 SAEPHOI TA PALIALIAHOI

BE3MEKN

of Increasing the Vibration Reliability of NPP Pumps

06/1afiHaHHA, AK TUCK YLLiNbHIOBAHOTO CepefoBULa i
LWBMAKICTb 06EPTaHHS POTOPA, 3POCTaloTb i Npobne-
MU, NOB'A3aHiI i3 3ab6e3nevyeHHAM ePpeKTUBHOCTI NOro
repmeTu3auii. Oco6nMBO aKTyanbHi Ui NUTaHHA Ans
yulifibHeHb POTOpPIB HAaCOCHOTrO obnagHaHHA AEC, Ake
BXOAWTb O CUCTEM, BaXNMBUX Ansa Ge3neku. Tomy
ywinbHeHHA poTtopiB HacociB AEC nocTinHo ycknag-
HIOIOTbCS, NEPETBOPIOUNCD Y CKNaaHi, 6baratonaHko-
Bi riApOMEeXxaHiyHi cuctemum.

Kpim, BnacHe, repmeTtum3adii, CUCTEMM YLLiNIbHEHHA
BCe 6iNbLIOI0 MipOIO BMIMIBAIOTb Ha 3aranbHy eKCry-
aTauinHy 6e3neky HacocHOro obnagHaHHA, ocobnu-
BO Bibpauinny. LLlinnHHI yulinbHeHHA po3rnsgaloTbes
AK TigpocTaToAMHamiuHi onopwu, 3aaTHi epeKTMBHO
ZemndyBaTy KONMBAHHA poTopa. [nA BU3HaueHHsA
OVHAMIYHMX XapaKTepUCTUK pPO3MAHyTa MopAenb
CUCTEMWN POTOP-WINVHHI YWiNbHEHHA, Modeni ogHo-
ONCKOBUX POTOPIB, PO3PaxyHKOBA CXeMa LWiSIMHHOro
YWiNIbHEHHA 3 PYXOMOI0 BTYNKOI0. [TpoBeeHO ouiHKyY
pagianbHUX CUA | MOMEHTIB Y WISIMHHMX YLWifbHEH-
HAX. HaBegeHoO oTprMaHi aHaniTUYHi 3aneXHoCTi AnA
PO3paxyHKy AUHAMIYHUX XapaKTepucTUK rigpome-
XaHIYHOI cMcTeMy, WO ONUCYIOTb pagiasibHO — KYTOBI
KOJIMBAHHA POTOpPA BiALEHTPOBOI MAaLUMHW B LiSINH-
HUX YLWiNIbHEHHSX, @ TaKOX GopMynu Ans po3paxyH-
Ky aMMAiTygHNX YaCTOTHUX XapaKTepUCTUK AK BigHO-
LWeHHA amMniTya BiANOBIAHNX KONUBaHb [0 amMnAiTya
30BHiLLHIX 30yaKeHb. HaBeileHO MpurKnag po3paxyH-
Ky AMHaMIYHMX XapaKTepuCTUK OFHI€El 3 mogenen po-
TOpa BiAUEHTPOBOI MawuHW. Bn3HaueHO HanpAMKK
NigBYLLEHHA BiOpaUiiHOT HaZiIHOCTI HACOCHOro 06-
napgHaHHA AEC 3aBgaku UinecnpsaMOBaHOMY nifBu-
LLEHHIO XXOPCTKOCTI WiINVHHKX YLWiNIbHEHb.

KniouoBi cnoa: Hacocu AEC, pagianbHo-
KYTOBi KOMMBaHHA, YLWiJIbHEHHA-ONOPW, YaCTOTHI
XapaKTepUCTUKN.
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