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Study of the non-contact seals influence on the centrifugal
machine’s dynamic characteristics

Serhii Shevchenko

As the parameters of centrifugal machines increase, it becomes more and more difficult to
ensure the effectiveness of sealing. Non-contact seals, in addition to sealing, perform an
equally important function — to improve the vibration state of the centrifugal machine. Models
of systems "rotor-gap seals", impulse seals, "rotor-hydraulic face" and seals-supports of a
shaftless pump have been studied to assess the effect of seal systems on the oscillatory char-
acteristics of the rotor. Analytical dependencies are obtained for calculating the dynamic char-
acteristics and stability limits of seals as hydromechanical systems. The proposed general
technique makes it possible to purposefully select the design parameters of seals to adjust
work in vibration-safe modes.

Introduction

The rotor sealing system of a high-speed centrifugal machine is one of the most
complex and critical units that determine the reliability of the entire unit. This is due
to the harsh operating conditions of the seals, combined with high tightness require-
ments in all operating modes [1, 2].

Non-contact seals, in addition to the function of sealing, perform no less important -
they improve the vibration state of the centrifugal machine [3, 4, 5]. Structural
measures aimed at increasing the hydraulic resistance of seals, as a rule, increase
their hydrostatic stiffness and damping, and thereby improve their dynamic qualities
[6, 7]. Dynamic performance is especially important for seals in high-speed rotary
machines.

Another important indicator is the resource of the assembly, which is determined by
the wear of the sealing surfaces. When designing sealing systems, it is necessary to
coordinate their tightness and reliability, on the one hand, and resource indicators,
on the other [8, 9].

The creation of highly loaded equipment with sealing systems for non-standard op-
erating conditions is impossible without taking into account the above factors [10].
Examples of such non-standard products are pumping units for nuclear power plants
[11] and turbopump units for rocket engines [12].

Pumps for the power industry need an increased resource of sealing units. To do
this, it is necessary to use sealing systems with guaranteed controlled leakage in
order to provide lubrication and cooling, and, consequently, the required service life
[13].
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The seals of LRE turbopump units operate under extreme conditions, for which vi-
bration reliability and tightness are the most important requirements [14]. The re-
quirement for a low mass of equipment leads to the creation of units with flexible
rotors, which can have significant deflections during transient conditions.

In connection with the transition of aerospace technology to reusable systems, their
engines are designed for repeated activation, so the required resources reach tens
of hours. All these new increased requirements for engine operation complicate the
already difficult work of sealing assemblies.

Modern approaches to the creation of mathematical models of oscillatory systems
based on experimental data are presented in [15, 16]. Monograph [17] evaluates the
coefficients of mathematical models of oscillatory systems, including rotor systems
for multistage centrifugal machines. In works [18, 19] the phenomena of loss of sta-
bility of rotation of the rotor in rolling bearings are considered.

Modern approaches in the field of linear and nonlinear dynamics of rotors and their
practical applications are presented in the monograph [20]. The works [21, 22] gives
an estimate of the rigidity of segment bearings during balancing of flexible rotors of
turbine. Modern methods for determining the stiffness of active magnetic bearings
and identifying damping from the frequency responses of control systems are pre-
sented in [23, 24]. The application of the finite element method for calculating the
stiffness and critical speed of the magnetic bearing-rotor system for electrical ma-
chines is described in the article [25]. The article [26] presents an analysis of the
stability and vibration of a complex flexible rotor-bearing system. In [27], the phe-
nomenon of subharmonic resonance of a symmetric ball-bearing-rotor system was
studied. In [28], models are proposed for studying the critical frequencies of the rotor
of a centrifugal compressor, taking into account the nonlinear stiffness characteris-
tics of bearings and seals.

As indicated in [29], the energy of volume losses can be converted into useful energy
if slot seals are used simultaneously as hydrostatic supports, capable of not only
having high radial rigidity, but also effectively damping rotor vibrations to acceptable
values, even in the presence of a significant imbalance. This effect is especially sig-
nificant in the presence of steep velocity and pressure gradients inherent in the small
gaps of slotted seals, on which high pressure drops are throttled and one of the
surfaces belongs to the rotor, which simultaneously rotates and vibrates [30, 31]. In
[32], the dynamic characteristics of slotted seals as intermediate supports were stud-
ied.

The hydrodynamic characteristics of slotted seals, taking into account the flow of the
sealed liquid in the annular channels, the surfaces of which rotate and simultane-
ously perform radial-angular oscillations, are considered in [33]. The results of the
conducted studies show that when creating sealing systems of modern centrifugal
machines, it is necessary to take into account the effect of non-contact seals on the
dynamic characteristics of the rotor [34, 35, 36].
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Thus, it became necessary to create a methodology for the design and calculation
of sealing systems based on the configuration of seal components in order to achieve
harmonization between sealing and vibration reliability.

1. Algorithm for constructing dynamic characteristics of non-con-
tact seals

For an analytical description of the processes occurring in sealing units, we will con-
sider them as automatic control systems.
The model of the hydromechanical system "rotor - slotted seals”, presented in the
paper [29], is shown in fig. 1.
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Fig. 1. Hydromechanical system rotor-slotted seals

Hydrodynamic forces and moments arise in the sealing gaps, which depend on the
nature of the rotor movement. At the same time, these forces and moments affect
the radial and angular oscillations of the rotor.

On the other hand, the pressure distribution in the gap depends on the shape of the
gap, and the deformations of the gap walls are determined by the pressure distribu-
tion in this gap.

Thus, due to the occurrence of feedbacks, a hydromechanical system is formed.

The model of a non-contact mechanical seal, as a system for automatic control of
the mechanical clearance and leakage, on the example of impulse compaction [14]
is shown in fig. 2.

y

Object of regulation— z
an axially movable ring

M} Loading area 4,

\ 4

Automatic regulator

Fig. 2. Impulse seal as the automatic control system
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At present, for large high-pressure multistage pumps, the most effective way to bal-
ance axial forces is to use automatic balancing devices that simultaneously perform
the functions of a radial-face non-contact seal and a journal-thrust hydrostatic bear-
ing.

Automatic balancing devices, despite the many designs, are built according to the
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 [37].

The model of the automatic balancing device is shown in fig. 3

kAl

Object of regulation

\4

F: Automatic regulator <

]

Fig. 3. The balancing device

Non-contact rotor seals have gaps of the same order as in journal bearings. There-
fore, the seal is a full-circle bearing, the bearing capacity of which is ensured not only
by the rotation of the eccentrically located shaft, but also, first of all, by a significant
axial pressure drop throttled on the seal.

An example of the use of non-contact seals as supports is the so-called shaftless
pumps [38] (Fig. 4), in the design of which the functions of the supports are already
deliberately shifted to the seals.

Fig. 4. Scheme of a shaftless pump

The non-contact mode of operation of the impeller of such a pump is determined by
the hydrodynamic characteristics of the system of automatic offloading of axial forces
and slotted seals.
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The impeller of a shaftless pump with a support-seal assembly is a system of auto-
matic control of a variable end clearance, which creates negative feedback [39].
Therefore, for its study, one can jointly use the above models of slotted seals and
automatic balancing device.

2. Frequency characteristics and evaluation of dynamic stability

Forced joint radial-angular oscillations of the rotor at a constant pressure drop across
slotted seals are described by the equations [31]
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Substituting the solution of equations (1) in the form
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we obtain a system of algebraic equations for the complex amplitudes A and I":
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From the system of inhomogeneous algebraic equations (2), after a series of trans-
formations, we obtain the amplitudes and phases expressed in terms of external
perturbations:
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Using a similar algorithm, it is possible to obtain expressions for amplitudes and
phases for other types of non-contact seals.

For impulse seals [14]:
bl2 + wzboz bOU - blV (4)
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The amplitude and phase frequency characteristics of the auto-balancing system
according to the corresponding external influences have the form:

2 uv,-vu
U +(,3 V2 U o V 0= arctg(opizp ()
U +oV?’ uu, +o Vv,
and for shaftless pumps [39]:
Ul +o'V; uy,-uy, (6)
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As can be seen, expressions (3-6) for the amplitudes and phases of various non-
contact sealing systems have a similar form.

The stability is determined using the Routh-Hurwitz criterion for a system of 4th order
[40]

az(a2a3 + a4a5)— a a52 >0

which reduces to the form [37]:

2 2
a, Q
wi < - 221 u0 . (7)
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It can be seen from inequality (7) that the main destabilizing factor is the circulation
force characterized by the coefficient a;. Damping «,,, gyroscopic force «, and

shaft flexural stiffness Q,, stabilize the rotor in seals.
For impulse seals, the stability criterion is reduced to the inequality [2]:
VO A EZOg ‘ (8)
3(1"'” )(k 83 — k3g10)(p10 _p30)
from which it is possible to determine the stability-admissible volume of impulse seal

P+
chambers V. Where g, =g; + 1o + 830 = & 20 » k; = 51810 4 _ 830
&0 g0

It can be seen from inequality (8) that the stability region of the seal expands due to
a decrease in the volume of the chambers and in the coefficient of hydrostatic stiff-
ness.

For a balancing device

A hEg’
V< e gsZO , (9)

30;

Inequality (9) limits the volume of the balancing face chamber, at which the stability
of independent axial oscillations of the rotor is maintained.

For the seals-bearings, the axial stability condition is reduced to the inequality
h < EZO X A\Vso . (10)
3pn AWZ()AWCO
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Since the chamber depth h is an independent parameter that can be easily modified
by design, condition (10) can be used when designing a pump to ensure its stability.

As can be seen from inequalities (7-10), the dynamic stability conditions for various
types of non-contact seals also have a similar form. By adjusting the design param-
eters of the seals, which are included in these inequalities, it is possible to expand
the boundaries of stable operation.

3. Results

On fig. 5 shows the frequency responses built for three values of the taper parame-
ter. For a diffuser channel (g = _.3), the total resistance is negative. For cylindrical

(6, =0) and confusor (6,=0.3) channels, the stability condition is satisfied at all
speeds.
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Fig. 5 — Amplitude frequency characteristics as a response to statistic unbalance:
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a-Ap, =1.5 MPa = const, b~ Ap, =4 MPa = const, C—
Ap, =13.3 MPa = const

1-0,=-03;,2-0,=0; 3-6,=0.3
In seals with a diffuser gap (90 = _()_3), the rotor is unstable even in the absence of

rotation. The research results showed that the critical value of the diffuser is
0, =—0.27- In a cylindrical gap at Ap, =15 MPa, the limiting stability dimensionless

speed is @, ~ 6.5. With an increase in the pressure drop to 4 MPa, an instability

region appears in the range ® ~3 -4 . Confusor seals ensure the stability of the rotor
at all investigated speeds.

4. Discussion

An analysis of the gap seals’ dynamic characteristics showed that the force coeffi-
cients of slotted seals are determined by geometric (clearance, radius, length, taper,
shape of the leading edges) and operational (pressure drop, operating speed range,
physical properties of the pumped medium) parameters. 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.

The operation of non-contact mechanical seals is accompanied by complex non-
stationary, high-frequency hydrodynamic processes determined by micron end gaps.
For the analytical description of the processes, a model for a sealing in the form of
an automatic control system is proposed.

Automatic compensation systems for axial forces acting on the rotor of a multistage
centrifugal pump simultaneously perform the functions of a self-adjusting non-con-
tact mechanical seal and a heavily loaded radial-axial hydrostatic bearing. Such sys-
tems largely determine the oscillatory state of the rotor.

Axial and radial hydrodynamic forces arising in the throttling gaps of the balancing
device are interconnected. As a result, the “rotor-auto-offloading” system, under the
influence of the inevitable radial static imbalance, discharge pressure pulsations and
harmonic changes in the axial force acting on the rotor perform interconnected forced
radial-axial oscillations. At rotational frequencies coinciding with any natural fre-
quency, the resonant amplitudes of these oscillations can exceed the permissible
limits, therefore, the determination of resonant rotational frequencies and detuning
from them is of great practical importance.

The wheel of a shaftless pump performs independent axial oscillations under the
action of kinematic excitation in the form of given radial oscillations due to the static
imbalance of the impeller. In this case, the adjustable end throttle creates negative
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feedback, so the impeller with the support-seal assembly is an automatic control of
the end clearance system.

When designing a shaftless pump, it is necessary to compute the axial and angular
vibrations of the impeller freely floating in the slotted seals. This will allow to ensure
self-tightening of the rotor relative to its oscillations and avoid destabilizing factors
by selection of design parameters.

Similar support-balancing devices can also be successfully used in multistage cen-
trifugal pumps.

Using the proposed general approach to the analysis of non-contact seals as auto-
matic control systems, and the algorithm for constructing their dynamic characteris-
tics at the design stage, it is possible, by changing the geometric parameters of the
seals, to ensure their vibration resistance margin.

5. Examples of building a complex sealing system

Fig. 6 shows the sealing system of the Nuclear Power Plant (NPP) main circulation
pump [6]. The operating pressure and water temperature in the primary circuit are
12.5 MPa and 270°C, respectively. The seal operates on blocking water, which is
taken from the primary circuit, cooled to 40°C and cleaned by passing through the
cooler and ion-exchange filter. Automatic regulators maintain a predetermined
(0.5-0.6 MPa) excess of the blocking water pressure over the pressure in the
pump cavity, as a result of which about 50% of the input water (0.3—-0.5 m3/h) en-
ters the pump, excluding the exit from it of a hot radioactive coolant.

Cooling water

- ———7—= fenfnings sl il
% X i X Blocking water

I 1 N

Controlled _@_ Q}

leakages N\ AN

5

15 |

10/ 1/

Leakage_ D ; N4

9 4 A) Y A (

Compressed

air

X A\ \ \ \
{ 8 7 e [|\s e \3
|
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Fig. 6. Diagram of RCP shaft seal [6]
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On fig. 7 shows [41] a design diagram of the separation unit of the TPU seals be-
tween the oxygen pump and the TPU turbine of the Space Shuttle engine, driven by
hot gas with excess hydrogen (“sweet” gas). With an “acidic” fuel environment in the
pump and “sweet” gas in the turbine adjacent to the pump, leakage from the pump
to the turbine and mixing of these leaks with turbine gas is unacceptable, since this
mixture is explosive.

The separating block of the sealing system in this case is a very important element
of the pump and consists of several sealing units: a bellows mechanical seal with a
friction pair 1, 2 on the side of the cavity 3 with liquid oxygen, a block of floating rings
4, 5 and a block of floating rings 6, 7 with sides of the cavity 8 with gaseous hydrogen,
between which there is a chamber for supplying 9 helium barrier gas. Spiral grooves
are made on the contact surface of the rotating ring 1. Drainage channels 10 serve
to drain the helium mixture and oxygen leaks, and channels 11, 12 - to drain the
helium mixture and the hydrogen-enriched gas mixture overboard the engine.

Compressed helium on board the ship is stored in a cylinder, and its consumption
can determine the number of engines starts and the total duration of the ship's flight.

Fig. 7. Sealing system between oxygen pump and turbine with reducing media:

1, 2 - rotating and non-rotating rings of a friction pair; 3 - cavity of liquid oxygen; 4, 5
- block of floating rings from the side of the oxygen cavity; 6, 7 - a block of floating
rings from the side of the cavity with gaseous hydrogen; 8 - cavity with gaseous
hydrogen; 9 - chamber for supplying helium barrier gas; 10 - drainage channels for
removing helium mixture and oxygen leaks; 11, 12 - drainage channels for removing
a mixture of helium and gas enriched with hydrogen

The operating parameters of such a mechanical parking seal TPU LRE: sealing pres-
sure drop 3.1 MPa, sliding speed 180 m/s; the required resource is 10 h with the
number of inclusions of TPU on the order of 300.
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Summary and Conclusion

The development of complex sealing systems must be carried out based on the con-
figuration of the constituent seals in order to achieve harmonization between sealing
and vibration reliability, taking into account oscillatory processes due to hydrody-
namic sealing characteristics.

The studies carried out have shown that all sealing units with throttling gaps or seal-
ing paths filled with a high-pressure medium to be sealed should be considered as
dynamic systems. The medium to be sealed, acting on the walls of the sealing paths,
affects the dynamic state of the rotor.

It is shown that the purposeful choice of the design parameters of the seals makes
it possible to improve the vibrational state of the rotor. In this case, the initially "flex-
ible" dynamically rotor, in combination with properly designed seals, becomes "rigid".
The proposed general technique makes it possible to evaluate this effect depending
on the design characteristics of the seals and, by changing them at the design stage,
to rebuild the “rotor-seals-auto-unloading” system from resonant operating modes.

Nomenclature

LRE Liquid Rocket Engine
MPC Main circulation pump
NPP Nuclear power plant
TPU Turbo pump unit
Variable  Description Unit
a eccentricity of mass center m
ar the coefficients of the equations of motion, which de-
Y pend on the parameters of the gap seals
Ae the effective area of the balancing face disk m?
As is the area of the end surface of the impulse seal cham- m2
ber sector
isothermal volumetric module of the sealed medium 2
elasticity Pa, N/m
hydrodynamic forces arising in sealing gap N
Fe external force (regulating influence) of the impulse seal N
Fx force of elastic elements of the impulse seal N
Fs pressure force opening the butt joint of the impulse seal N
F; pressure force in the end gap of the impulse seal N
g0, Gso conductivities of the corresponding end throttles for a (M7/kg)°S

steady value of the impulse seal gap zo
gi conductivity of the impulse seal feeders (m7/kg)%-5



516 227 |SC

p(z, @)
P1
P3

P10, P30

X,y

the total conductivity of the radial and end chokes of the
unloading device

is the chamber depth of the unloading device
mean radial clearance of gap seal
compression ratio of the pressing device
hydrodynamic moments arising in sealing gap
number of feeders for impulse seal

gap pressure

sealing pressure of the impulse seal

back pressure of the impulse seal

sealing pressure and counterpressure for a steady
value of the impulse seal gap zo

nominal discharge pressure

seal leakage

seal leakage in steady state

axial force

volume of balancing face chamber
volume of impulse seal chamber
gap fluid flow rate

radial vibrations of the rotor

end gap (adjustable)

clearance in steady state of the unloading device
angle of deviation of the inertia axis
deformation of the pressing device
sealing pressure

dimensionless pressure drops in the chambers of the
shaftless pump

mean radial taper

rotor angular oscillations

rotor speed

the bending stiffness of a shaft

(m7/kg )0.5

m

rad
rad

N/m
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