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There is a constant demand for higher equipment parameters, such as pres-
sure of a sealing medium and shaft rotation speed. However, as the parame-
ters rise it becomes more difficult to ensure hermetization efficiency. More-
over, sealing systems affect the overall operational safety of the equipment, 
especially vibratory. Non-contact seals are considered as hydrostatody-
namic 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, model of a shaftless pump are studied to evaluate an ef-
fect of these sealing systems on oscillatory characteristics of rotor. Analyti-
cal 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 ra-
dial-angular vibrations of a centrifugal machine rotor in seals-supports. 
Equations for computation the amplitude-frequency characteristics are 
given. The directions of improving the оperational safety of critical pumping 
equipment by purposefully increasing the rigidity of non-contact seals that 
leads to higher rotor vibration stability have been determined. 

Keywords: impulse seals, groove seals, auto unloading device, seals-
supports, mathematical model, radial-angular vibrations, frequency char-
acteristics. 

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 A  
and outer cylinder (sleeve) with a taper angle 

B ; total taper angle of the channel 

АВ 0 . Taper parameter of the channel 

2Hl00  , 10  . 

Shaft and bushing rotate around their 
own axes with the frequencies of their own ro-
tation 21,  .The axes themselves rotate 
around the fixed center O with precession fre-
quencies 21,  , 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 

Impulse seals (Fig. 2) with self-
adjusting clearance have several undeniable 
advantages over conventional mechanical seals 
[2]. In impulse seals, as rotational speed rises, 
the face clearance increases, meaning that in-
crease in energy losses due to friction is negli-
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 Fs (control re-
sponse), which ensures self-regulation 
of the face clearance (Fig. 3). 

The operation of impulse 
compaction is accompanied by  

Loading area Ае + Object of regulation— 
an axially movable ring

Automatic regulator

Fe

-Fs

p1-p3

Fk ω 

z

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

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 
A simplified model of the ro-

tor-groove seals system is shown in 
Fig. 4. Radial (x, y) and angular (ϑx, ϑy) 
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.  

Seals and their 
stiffness

Flow in the gap
Throttle

Bearing

Rotor

H, ϑ2 

x, y, ϑx, ϑy, Δp(ω) 

w

p(z, φ) 

Q

F, M

a
γ 

ω 
 

Fig. 4. Model of the hydromechanical rotor-groove seal system 

There is another feedback between geometric shape of the gap (average radial gap H and taper ϑ2) 
and pressure in the gap p(z, φ): 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  

Object of regulation

Automatic regulator

—
T

Fz

z

kΔ 

Δp
 

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]. 

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

a
titi

a eeeueuu u   
~

,~ , 

which after substitution in (1) leads to a system of algebraic equations for complex amplitudes 
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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: 
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Here 22221111 , iVUiVU   are proper operators of the independent radial and angular oscillations respec-

tively. Cross operators 21211212 , iVUiVU   characterize the effect of angular oscillations on radial ones and 
the reverse effect, i.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: 
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For impulse seals, the amplitudes and phases are expressed by the formulas [2]: 
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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: 



POWER ENGINEERING 

ISSN 2709-2984. Journal of Mechanical Engineering – Problemy Mashynobuduvannia, 2022, vol. 25, no. 1 36 

 

 

 
.arctg,

,arctgarctg

,

2222

222

2

2

222

222
222

2

0

пп

пnnn

a

na

pp

pp

pp

a

na

а

zа

VVUU

VUUV

VU

VU

pH

pzи
A

VVUU

VUUV

U

V

VU

VU
VU

TH

pzи
А












































 

The frequency characteristics of the rotor-balancing device system are calculated in a similar way: 
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and of shaftless pumps: 
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Stability criteria 
The stability is determined using the Routh-Hurwitz criterion for a system of 4th order  

  02
5154322  ааааааа , 

which for the rotor-groove seals system is reduced to the form: 
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Inequality (4) shows that the main destabilizing factor is the circulating force, characterized by the 

coefficient 5а . Damping 21а , gyroscopic force 4а  and shaft bending stiffness 0и  stabilize the rotor. 
For impulse seal it is possible to determine the chamber volume admissible in stability: 
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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 
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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 
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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. 
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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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Загальний підхід до моделювання безконтактних ущільнень  
та їх вплив на динаміку ротора відцентрової машини 

С. С. Шевченко  

Інститут проблем моделювання в енергетиці ім. Г. Є. Пухова НАН України,  
03164, Україна, м. Київ, вул. Генерала Наумова, 15 

Існує постійний попит на більш високі параметри обладнання, такі як тиск ущільнювального середо-
вища та швидкість обертання вала. Однак із зростанням параметрів стає важче забезпечити ефективність 
герметизації. Крім того, системи ущільнення впливають на загальну безпеку експлуатації обладнання, особли-
во вібраційну. Безконтактні ущільнення розглядаються як гідростатодинамічні опори, які можуть ефективно 
гасити коливання ротора. Для оцінки впливу систем ущільнення на коливальні характеристики ротора дослі-
джено моделі імпульсних і щілинних ущільнень, моделі системи ущільнення-ротор і системи ротор-
авторозвантаження, модель безвального насоса. Отримано аналітичні залежності для розрахунку динамічних 
характеристик імпульсних ущільнень, гідромеханічних систем ротор-ущільнення та ротор-
авторозвантаження, а також безвальних насосів. Ці залежності описують радіально-кутові коливання рото-
ра відцентрової машини в ущільненнях-опорах. Наведено рівняння для розрахунку амплітудно-частотних хара-
ктеристик. Визначено напрямки підвищення експлуатаційної безпеки відповідального насосного обладнання 
шляхом цілеспрямованого підвищення жорсткості безконтактних ущільнень, що призводить до підвищення 
вібраційної стійкості ротора. 

Ключові слова: імпульсні ущільнення щілинні ущільнення, авторозвантажувальний пристрій, ущільнен-
ня-опори, математична модель, радіально-кутові коливання, частотні характеристики.  
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Общий подход к моделированию бесконтактных уплотнений  
и их влияние на динамику ротора центробежной машины 

С. С. Шевченко  
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Потребности в повышении параметров оборудования, таких как давление уплотняемой среды и ско-
рость вращения вала, постоянно растут. Однако с ростом параметров становится все труднее обеспечить 
эффективность герметизации. Кроме того, уплотнительные системы влияют на общую безопасность экс-
плуатации оборудования, особенно вибрационную. Бесконтактные уплотнения рассматриваются как гидро-
статодинамические опоры, способные эффективно гасить колебания ротора. Для оценки влияния этих уплот-
нительных систем на колебательные характеристики ротора исследуются модели импульсного и щелевого 
уплотнений, модели систем ротор-уплотнения и ротор-авторазгрузка, модель безвального насоса. Получены 
аналитические зависимости для расчета динамических характеристик импульсных уплотнений, гидромехани-
ческих систем ротор-уплотнение и ротор-авторазгрузка, а также безвальных насосов. Эти зависимости опи-
сывают радиально-угловые колебания ротора центробежной машины в уплотнениях-опорах. Приведены урав-
нения для расчета амплитудно-частотных характеристик. Определены направления повышения эксплуатаци-
онной безопасности ответственного насосного оборудования за счет целенаправленного повышения жестко-
сти бесконтактных уплотнений, что приводит к повышению виброустойчивости ротора. 

Ключевые слова: импульсные уплотнения, щелевые уплотнения, авторазгрузочное устройство, уплот-
нения-опоры, математическая модель, радиально-угловые колебания, частотные характеристики.  


