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Abstract

There is a constant demand for higher equipment parameters, such as
pressure of a sealing medium and shaft rotation speed. However, as the param-
eters rise it becomes more difficult to ensure hermetization efficiency. Moreover,
sealing systems affect the overall operational safety of the equipment, especially
vibratory. Non-contact seals are considered hydrostatodynamic supports that
can effectively damp rotor oscillations. Models of an impulse and a groove
seals, models of rotor-seals system and rotor-auto-unloading system, models of
a shaftless pump are studied to evaluate the effect of these sealing systems on
oscillatory characteristics of rotor. Analytical dependencies for computation
the dynamic characteristics of impulse seals, hydromechanical systems rotor-
seals and rotor-auto-unloading, as well as shaftless pumps are obtained. These
dependencies describe the radial-angular vibrations of a centrifugal machine
rotor in seals-supports. Equations for computation the amplitude-frequency
characteristics are given. The directions of improving the environmental safety
of critical pumping equipment by purposefully increasing the rigidity of non-
contact seals that leads to higher rotor vibration stability have been determined.
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Introduction. Centrifugal pumps and compressors are widely used through-
out all industries. There is a steady tendency towards an increase in operating
parameters of pumps: capacity, pressures and speeds, i.e. to the higher concen-
tration of parameters in a single unit. The strengthened rotor is one of the most
complex and critical points that determines the reliability of the entire unit. This
is due to the strict working conditions of seals combined with high requirements
for tightness in all operating modes. For contact seals, the development of the
chemical industry is a special issue [1,2], since the chemical composition of contact
seals is taken into account depending on their design [3].

Thermal and nuclear power stations constantly require an increase in param-
eters of feed, main circulation 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 [4]. Designing turbopump units
for high-power rocket engines for reusable spacecraft have further raised the re-
searchers’ interest in the dynamic characteristics of non-contact seals and rotor
vibrations in seals [5]. 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 throttled, and one of
the surfaces belongs to a rotor that rotates and vibrates. Therefore, when mod-
elling 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.

Current approaches for refinement of mathematical models of oscillatory sys-
tems according to experimental data are presented in [6,7]. The monograph [6]
evaluates coeflicients of mathematical models for oscillatory systems, which in-
cludes rotary systems for multistage centrifugal machines. PAVLENKO et al. [7]
address 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 applications are presented in [8-12]. YASHCHENKO et al. [8] pro-
vide 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 iden-
tification from frequency characteristics of control systems were introduced in [9].
Application of the finite element analysis for stiffness and critical speed calculation
of a magnetic bearing-rotor system for electrical machines was described in [10]. A
phenomenon of subharmonic resonance of a symmetric ball bearing-rotor system
is investigated in [11]. PAVLENKO et al. [12] propose models for investigation of
critical frequencies of the centrifugal compressor rotor that considers non-linear
stiffness characteristics of bearings and seals.
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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 imbalance. 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 choked 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 [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 processes caused by the hydrodynamic characteristics of seals.

In monograph [4], a model of a slot seal was considered, which is an annular
throttle formed by an inner cylinder (shaft) with a small cone angle ¥4 and an
outer cylinder (bushing) with a cone angle ¥p; total channel taper angle ¥y =
9p — ¥4. Channel taper parameter 6y = Yol/2H, |fy| < 1. Shaft and bushing
rotate around their own axes with the frequencies of their own rotation wi, ws.
The axes themselves rotate around the fixed centre O with precession frequencies
Q1, o, and also perform radial and angular oscillations. Thus, when developing
groove seals, it is necessary to consider not only their direct purpose to reduce
volumetric losses, but also their equally important function, which is to provide
the necessary vibration characteristics of the rotor.

MARTSINKOVSKY [16] 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.

Material and methods. Impulse seal model. Impulse seals with self-
adjusting clearance have several undeniable advantages over conventional mechan-
ical seals [2]. In impulse seals, as rotational speed rises, the face clearance in-
creases, meaning that increase in energy losses due to friction is negligent. There-
fore, impulse seals are especially effective in high-speed machines.

There is negative feedback between the face clearance z (adjustable value) and
the force Fs (control response), which ensures self-regulation of the face clearance
(Fig. 1).

The operation of impulse compaction is accompanied by 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 computational model of compaction.

The simplifications can only be justified by the results of experimental stud-
ies [17].
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Fig. 1. The model of impulse seal as the automatic control system

Groove seals. A simplified model of the rotor-groove seals system is shown
in Fig. 2. Radial (z, y) and angular (9, 9,) 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.
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Fig. 2. Model of the hydromechanical rotor-groove seal system

There is another feedback between geometric shape of the gap (average radial
gap H and taper 92) 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:
negative feedback is created between the balancing force and the axial position
of the rotor, providing only small deviations of the axial position of the rotor
from some predetermined position (Fig. 3). The groove seals of the rotors have
clearances of the same order as journal bearings. Therefore, the seal is a full-grip
bearing, the bearing capacity of which is provided 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 bending stiffness of the shaft and the stiffness of radial
journal bearings. Face groove seals of auto-unloading systems simultaneously
serve as thrust hydrostatic bearings.
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Fig. 3. Model of the balancing device
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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 additionally functions as a face seal with self-regulating leaks.

Shaftless pumps with seals-bearings. In high-pressure pumps, groove
seals, in addition to their main purpose — to limit the crossflows between 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 functioning as only supports [19].

The advantages of shaftless pumps are possible only if there is no contact
between the rotating impeller and the stationary casing. In turn, the non-contact
mode of operation is determined by the hydrodynamic characteristics of groove
seals and axial force auto-unloading system.

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]:

arii + gt + azu — i(agitasu)w — (a2f+a30)w — i(asb + as0 — agh) = w?Ae™",
b16 + a6 + b0 — i(bab + bs)w + (Batit — Bau)w — i(Bats + Bsu + Bou) = wTe™.

The notations can be found in [20]. General view of the solution to these
equations is

w = uaez(wt+<pu) _ aezwt’ 0 — gaez(wt—s—apﬁ) _ eezwt’

which after substitution leads to a system of algebraic equations for complex
amplitudes

[—a1w? + a3 4+ agw? + i(ag — as)wli — [(o3 — ag)w + i(ow? + a5 — ag)]f = Aw?,

[—(B3 — Ba)w + i(Bhw? — Bs — Bo)|i + [—b1w? + by + baw? + i(by — bs)w]d = Tw?.
Using standard programs one can immediately find a numerical solution to
these equations. However, the traditional approach produces analytical expres-

sions of amplitudes and phases, which allow to see how different forces and mo-
ments affect them.
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After switching to dimensionless frequencies and introducing some notation,
equations take the form:

(Ur1 + iVi1)a + (Uyg +iVi2)0 = Aw?,
(Uay + iV )it + (Usg + iVao)0 = Tw>.

Here Uy1 + iVi1, Uag + iVao are proper operators of the independent radial and
angular oscillations, respectively. Cross operators Ujo + iV79, Us1 + Va1 charac-
terize the effect of angular oscillations on radial ones and the reverse effect, i.e.,
interconnection of these oscillations.

Substituting the values of the determinants, we obtain the amplitudes and
phases expressed in terms of external disturbances:

(AUsgg — TU12)% + (AVag — T'V19)2

)

Ug = w2\/

Us + Vg

0 — w2\/(FU11 — AU21)2 + (F‘/ll — AV21)2
a U2+ Vg ’
oy = — arctg (AU — I'U12) Vo — (AVa — T'Vi2)Uo
(AUsg — TU12)Uy + (AVae — T'Vi2) V'
oy = — arctg (LU — AU2)Vp — (TViy — AVar)Uop.
(PU — AU )Ug + (I'Vip — AVaq)Vy

For impulse seals, the amplitudes and phases are expressed by the formulas [5]:

b3 + w?b3
UZyorve T TRy

The corresponding notations can be found in [5]. 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:

boU — b1V
biU 4+ w2bgV'’

Alw) = %

U2 + w2V2

_ ZaTAOpn
+ w?V?’

HyT,

_ Uzar

Ta

= U2+ w?V2 =

Uv, —Vvu,
UU, +w?VV,’

U2 4+ w?V;2
=\ 12 el py = arctgw
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Ay = uy _ ZaWPn
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The frequency characteristics of the rotor-balancing device system are calcu-
lated in a similar way:

Uraqr qu— + W2‘/¢2¢ UVir = VU,
Arr(w) = ™ = K’fsﬁ\/ T2 L o2y2 Prr(w) = arCtngUrT F VvV,

Taa o U2, +w?V2 UVig = VUra
Arg(w) = W YN T roeve Pra(w) = arCtngUm VYL

and of shaftless pumps:

Agfw) = tea U HwVe () = arctg w—20Ve = UeVo_,
e - Ze¢ea - Ug —|—w2V02’ Pe - g UOUe +W2‘/0‘/e’

a k \%Z
Acw) = =2 = 3 pe(w) = — arctgw o

- Ase, \/Ug—i-wQVO27 Up’

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

as(agas + agas) — alag > 0,
which for the rotor-groove seals system is reduced to the form:

2 02
a Q
3 < 21" “u0

“uS 0162 — a2, a31 — agasas
145 21431 214405

Therefore, the main destabilizing factor is the circulating force, characterized
by the coefficient a5. Damping as1, gyroscopic force a4 and shaft bending stiffness
Q.0 stabilize the rotor.

For impulse seal it is possible to determine the chamber volume admissible
in stability:

AsE209s0

3(1 4 ni)(k1g30 — k3g10) (P10 — pso)

Therefore, 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

( 1% > - Eg? .0
A.H, 3Q3,,
The last inequality 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 <

Ez Aty
3pn Ao Athe
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The design of the chamber can be easily changed since its depth is an inde-
pendent parameter. Therefore, the last condition can be used for pump design to
ensure its stability.

Results and discussions. Examples of calculations of the rotor frequency
characteristics in gap seals are shown in Fig. 4.
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Fig. 4. Amplitude frequency characteristics as a response to dynamic unbalance:
a— Apo = 1.5 MPa = const, b — Apg = 4 MPa = const, ¢ — Apy = 13.3 MPa = const
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The gap seals with three taper parameters were considered: 6y = —0.3;0;0.3.
Diagrams for these parameters in Fig. 4 are designated by numbers 1, 2, and
3, respectively. For a diffuser channel (fy = —0.3), the total resistance is nega-
tive, and the imaginary part is positive. As a result, the phase characteristic is
positive. For cylindrical (fp = 0) and confusor (6y = 0.3) channels, condition is
satisfied. In this case, the real part is positive at all rotation frequencies (does not
pass through zero), and the phase characteristic does not go beyond the fourth
quadrant: —7/2 < ¢, < 0. An analysis of the gap seals’ dynamic characteristics
showed that the force coefficients of gap seals are determined by geometric (clear-
ance, radius, length, taper, shape of the leading edges) and operational (pressure
drop, operating speed range, physical properties of the pumped medium) param-
eters. With a purposeful choice of these parameters, it is possible to influence
the vibrational state of the rotor and the machine itself. An important feature
of centrifugal machines is that the pressure drops throttled at the gap seals are
proportional to the rotor speed. This is due to the self-tightening effect of the
rotor, which leads to a positive shift of the critical frequencies.

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 influence 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 parameters. The studies
carried out make it possible to determine the directions of increasing the vibration
stability of critical power centrifugal machines and, as a consequence, increasing
environmental safety.
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