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Introduction. The paper considers analytical studies on the “rotor — gapped-type support” dynamic system under pro-
cess loading. The research objective is to obtain expressions for determining the equivalent stiffness characteristics of
the system.

Materials and Methods. A rotor rotating in the elastic gapped-type supports is considered. A dynamic model that ena-
bles to consider the problem of determining the linear equivalent stiffness characteristics of mounting groups is pro-
posed. To solve the problem, a system of differential equations is compiled, and a detailed analysis is performed.
Results. From the obtained dynamic equations of the system in question, we can calculate the static angular deviation of
the rotor pins due to the action of the load. The proposed expressions for determining equivalent stiffness characteristics
testify that it is possible to study the rotor dynamics as on the linear elastic supports with the above parameters. The
obtained system of equations is analyzed, and all special cases of applying the first approximation formulas for equiva-
lent stiffness of the rotor mounting groups are listed.

Discussion and Conclusions. The results obtained make it possible to study many dynamic processes on the basis of
linear differential equations considering the nonlinear properties of the system. For shavers used in the production of
leather materials, the determination of rotor vibrations in the horizontal plane provides the quality and accuracy of oper-

ations.

Keywords: mechanical engineering, rotor, dynamic rotor equipment, rotor balance, rotor mounting groups, linear equiv-

alent stiffness parameters of rotor units, rotor operating modes.

For citation: S.1. Lazarev, O.V. Lomakina, V.I. Galaev. Determination of linear characteristics of rotor mounting groups un-
der load. Vestnik of DSTU, 2020, vol. 20, no. 1, pp. 61—67. https://doi.org/10.23947/1992-5980-2020-20-1-61-67

Funding information: the research is done on theme no. 10.4798.2017/bY within the frame of the government task of

RF Ministry of Education and Science in R&D

Introduction. Technological progress imposes new, higher requirements for the quality of engineering prod-
ucts. Mainly, it is about high reliability, durability of machines, their productivity and safety. All these parameters
should be taken into account and calculated at the design stage.

From the point of view of production processes, the dynamic rotor equipment that provides the continuity of
the process is of particular importance [1-3]. In [4], structural designs and the principle of operation of various rotary
machines are presented; patent searches for each type are performed. In [5], the nature of the dependence of equivalent
stiffness on the frequency of oscillations for a specific model is considered; the dependence of the critical frequencies
on the equivalent stiffness of the supports is given. In [6], the authors consider in detail the issues of vibration control,
vibro-adjustment work and prevention of increased vibration of rotor machines, and equilibrium of rotors. In addition,
vibration sources are listed here and basic information from oscillation theory is provided. The problems of the dynam-
ics of a rigid unbalanced rotor with four degrees of freedom are discussed in [7-9]. The study [10] is based on the as-
sumption that bearing reactions are quasilinear forces with cubic nonlinearity. With this in mind, the effect of the radial
clearance on the movement in space of a dynamically unbalanced rotor under the impact of internal friction forces is

considered. In [11], the interrelation of transverse and torsional vibrations arising under the rotation of the centrifuge
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rotor is shown. A linearized mathematical model of the rotor in elastic supports is developed due to the impact of trans-
verse and torsional vibrations.

The literature review suggests that the study on the oscillatory process and the corresponding parameters of
linear mechanical systems is of interest. In this paper, the rotor, in particular, its gapped-type supports, is considered.
The study objective is to determine the values under load of linear equivalent stiffness parameters of the named mount-
ing groups.

Materials and Methods. A dynamic model that provides for rotation in elastic gapped-type supports was used

as a rotor (Fig. 1).
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Fig. 1. Dynamic model of a rotor that rotates in elastic gapped-type supports

In Fig. 1, the following designations are adopted: 1 is rotor support; 2 is the contact boundary of the support
with the rotor axle; 3 is the curve of relative motion of the rotor axle center; m is the rotor mass; 3 () is the radial clear-
ance in the rotor bearings (represented by the angular displacement function of its journals from the vertical guides); C,,
C. are the general stiffness of the casings of the mounting groups in the horizontal and vertical guides, respectively; y.,
ze; 18 the static shift of the center of rotor mass in the horizontal and vertical direction caused by deformations in the
mounting groups; a is the dynamic tilt angle of the rotor journals; a., is the angle of inclination from the equilibrium
position caused by the process load on the rotor; y,, z, are total dynamic displacements of the rotor mass center in the
above directions; f = Fz / Fy is the relationship of the vertical and horizontal components of the process load.

To determine the potential ( //) and kinetic (7 ) energies of the system under study, we use the following

equalities:

7 :%Cy [yu +y., —8(a+a,,)sin(a+a,,)+d(a,, )sina,, ]2 +

+%CZ [z, +2, -8(a+0,,)cos(a+a,,)+d(a,, )cosa

cm

cm |’

-mg| z, +2z,, +3(a,, )cosa
1 2. 1
Tzzm(yaz +z§)+EA0)2.

Here, A is polar moment of inertia, ® is the angular velocity of a rotating rotor.
It should be borne in mind that the acting forces are not potential. Moreover, the generalized forces to which
the previously introduced coordinates y,, z,, o correspond, take the form:

Q}’u ZF;) Qza Z_F;’
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[3(a+a,, )cos(a+ar,)+8 (a+a, )sin(a+a,,)]+

Q(x =

" |+/[8(a+a,,)sin(a+a,, )-8 (a+a,,)cos(ata,,)]

z

Here, 8'(0( + acm) is o angle derivative of radial clearance; f = is the relationship of vertical and horizontal com-

y
ponents of the process load.
Under these conditions, equations expressing the dynamics of the system can be written as:

my, +C, -y, —C),S(a—i-(xm )sin(o+a,, )+ C},S((xcm)sinotcm =0,

mz, +C.-z,-C.8(a+a,,)cos(a+oa,)+C.d(a, )cosa,, =0,
mg[8(a+a,, )sin(a+a,, )-8 (a+a, )cos(a+a,,)]-
-C,[y,-8(a+a,,)sin(a+a,,)+d(a,,)sina,, |x

x[8'(au+ar,, )sin(a+a, )+3(a+ar, )cos(a+a,,)]+ (1)
+C.[z,-8(a+a,, )cos(a+a,,)+8(a,, )cosa,, |
x[8(au+ar,,)sin(a+a,, )-8 (a+a,,)cos(ata,,)]=

[8(a+a, )cos(a+a,)+8 (a+a, )sin(a+a,,)]+

v

+f[8(oc+(xm)sin(oc+(xm)—S'(ot+0L6m)cos((x+acm )] '

Having examined in more detail the third equation of the system (1), we determine the angle of inclination .,
considering oo = 0. After transformations in the equations (1), we obtain a simpler system:

mj}a+C;:<B.ya+C;:<Z8‘Za:07 (2)
mZtl +CBZK(3' .Zu +C3zij[i .y(l = 0.
An analysis of the equations (2) enables, in the first approximation of the values, to consider the elastic
gapped-type support as a support with linear elastic characteristics (both in horizontal and vertical guides):

F;’ :Cy ,ya+C}’Z .Za’ F; :Cjks.za+czy .ya'

K6 K6 K6

Here,
=2 [me-r+cos’a, (0+7-2:2-C,) o & [mg-r+cos’a,, (0+/-26°-C, )]
9K6 A > ~oxe A ,
C” =C? = C,C. cos’ a,, ‘G'Z(e+f~z)
e = Cons A ,

r=8 (o, )+28 (a,,) ~8(at,, )-8 (a, ).
0=5(a,,)+d(a,,) tga,,, z=58(a,, )-1ga,, —8'(c,, ),
A=mg-r+cos’a,, (0+f-2)-(C.-2+C,-0%). 3)
c:,, Cr

K6 ¥ L

Research Results. In the system (3), the quantities C? express the equivalent stiffness characteris-

tics of the gapped-type support.

To obtain the dependences of the equivalent stiffness characteristics of a non-linear mechanical system, we use
the expansion of trigonometric functions in the system (1) taking into account higher-order summands. To determine
the required values, we indicate:

Y, =4, sinot, z, =B -cosot,

where B, 4, is the amplitude of the general oscillation of the rotor in the vertical and horizontal guides, respectively;

o, is the frequency of oscillations.

Thus,
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Here, @ (y,.2,), ®.(»,.z,) are functions of y,, z, coordinates. These quantities can be determined through the

system of differential equations (1).

Solving the system of equations (4) by integration methods, we represent the quantities in the form:

Cv<mgr+Cz cosoccm-b-zz) Clcosa,, .W.e.[f(cy?.92.A5+C22.22.322)
Lo

o oo
A 8A’ ’ )
_ C, (mgr+Cy cosal,, ~b~92)+ C?cosa,, -y -z-b’ (Cy2 074 +C2- 27 BZZ)
K6 A 8A3 °

Here,

b=cos’ o, (0+f-z),
vy =38(a,, )+38'(a,, ) 1gar,, —38"(at,, ) —8" (., ) 1gat,,,,

& = 8 (acm )tga‘cm - 38' (Q‘cm ) - 36” (acm )tg(x’cm + 8’” (acm ) .
Analyzing (5), we can talk about the interdependence not only between the stiffness of the housings in the rotor

bearings C, C._, but also the amplitudes 4, B, of'its general vibrations.
It must be emphasized that stiffness C,-, is expressed as the relationship of rotor movements in the horizontal

and vertical planes. In the case C?2 =0 in the system (2), the equations will not be connected, which enables to consid-

er all possible options. They are listed below.

— In the absence of changes in the radial clearance over time and o, =0, we have C., = C. . This option is
typical for idle rotor operation. Moreover, the radial displacement of the rotor with respect to the support in the vertical
guides is a very small amount, although of a higher order than the displacement in the horizontal guides.

— If we acceptz =0, then C; = C.. This situation is characteristic of the radial movement of the rotor rela-
tive to the support surrounded by a point through which the horizontal tangent passes to the trajectory of the relative
movement of the journal center.

— When the value of the radial clearance in the bearings is zero, we have C),, =C, andC;, =C..

IKE

— If there are no changes in the radial clearance and o, =90’ , then C.,

2w = C, . This is possible if the rotor op-
erates at under the process load with a selected gap, i.e., in horizontal rails, the radial displacement assumes small val-
ues in comparison to the vertical direction.

— When0=0, C,, =C,. In this case, the radial displacements of the rotor take place in the vicinity of the

point through which the vertical tangent passes to the line of relative motion of the journal center.

— It is possible to accomplish the equality 6+ f -z =0. This is true in the case of a radial displacement of the
rotor with respect to the support surrounded by such a point through which a normal is drawn which coincides with the

line of action of the resulting forces F, and F,. In this case, C,, =C, andC; =C..

K6 K6

Consider the characteristics of the rotor on elastic supports the rigidity of which is equal to CJ_, CZ . Let us

denote ¢ the eccentricity of the rotor, and ® its angular velocity. We represent the oscillation equations in the form of

the system:

K6

(6)

{mj}a +Cl -y, =m-g-o sinot

mi +C. -z =m-& @ cosot

K6



Lazarev S. 1, et al. Determination of linear characteristics of rotor mounting groups under load

Solving the (6), we write the expressions for the oscillation amplitudes:

2 2
m-g-@ m-g-
Rl - a— 7
g 11O g 11"

Note that the summands C;,, C;, in the denominators depend on the amplitudes 4,, B_. We represent the

graphically considered system (Fig. 2).
o, (@), (@)’

Fig. 2. Graphical representation of dynamic characteristics of absolute oscillations of the rotor in gapped-type supports

The surfaces P, P,

1y> fayo»

P,

1z »

P, (resonant) and C,, C_ (skeleton) are constructed under the assumption that
the amplitudes 4, and B, vary independently based on (7) and the equalities C;, = m(cof )2 ,C. = m((of )2 .
The amplitudes of forced oscillations 4,, B, correspond to the frequency of disturbing forces ®,. Given this

fact, to obtain expressions of the indicated amplitudes, we first construct the plane »* = w; .

P, and P

At the intersection lines of the constructed plane with the surfaces £}, P, )

P, there will be points

with identical coordinates. These points are the desired amplitudes of the rotor oscillations.

Planes C', C/" are the skeleton surfaces of a linear system. In this case, only the first summands are taken in

the expressions for equivalent stiffness. They indicate that the frequencies of free vibrations of a linear system are inde-
pendent of amplitudes.

Resonant surfaces represent rotor oscillations in horizontal guides, and skeleton surfaces — in vertical guides.

They are built in various coordinate octants. The skeleton surfaces are elliptical paraboloids in shape. ®), ®. represent

the frequencies of free oscillations of the system in Fig. 2.

Discussion and Conclusions. Multiple points may be suitable for a single frequency. This means that several
modes of oscillations including unstable ones are possible in the studied system. For the transition of a system from one
stable mode of motion to another, some external impacts are necessary, which is characteristic of nonlinear systems.

As an example of the application of the dependences obtained, we can cite the problem on forced oscillations

of the rotor due to its static imbalance.
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Dependences presented in the paper (4) indicate that equivalent angular stiffness properties are interdependent

not only through the stiffness characteristics C,, C. of the bodies, but also through the amplitudes 4, B, of general

rotor oscillations.

As a result of the study on the linear characteristics of the mounting groups of the loaded rotor, the following
results are obtained.

1. A dynamic model of a rotor rotating in elastic gapped-type supports is proposed. This model provides inves-
tigating the problem of determining the linear equivalent stiffness characteristics of mounting groups.

2. The system of equations is analyzed, and the possibilities of applying the formulas are listed. In particular,

they can be used to determine rotor oscillations in the horizontal plane on shavers used to produce leather blanks.

References

1. Banaszek S. The modeling of defects in the rotor-trains of turbomachinery-simulation-based diagnostics.
Problems of Mechanical Engineering. 2013;16(3):73-78.

2. Galaev VI. Vibroaktivnost' vzaimodeistviya sistemy neuravnoveshennykh valov, vrashchayushchikhsya v
uprugo-massovykh oporakh [Vibro-activity of interaction system of unbalanced shafts rolling in elastic-mass bearing].
Transactions of TSTU. 2004;10(3):747—-754. (In Russ.)

3. Lomakina OV, Galaev VI. Dynamic linearization of stiffness characteristics of elastic bearings with radial
clearance of loaded rotor. Problems of Contemporary Science and Practice. Vernadsky University. 2011;2(33):387-393.

4. Grinev DV. Konstruktivnye skhemy i printsipy raboty rotorno-lopastnykh mashin [Constructive schemes
and principles of operation of the rotor-blade machines]. Vestnik PskovSU (Economic and Technical Sciences).
2014;5:142—150. (In Russ.)

5. Biyalt MA, Plotnikova AA, Ur'ev EV. Raschetnoe issledovanie vibratsionnykh kharakteristik dinamich-
eskoi sistemy «Rotor - podshipniki - opory» [Design study on vibration characteristics of the “Rotor - bearings — sup-
ports” dynamic system]. Young Scientist. 2012;11:23-26. (In Russ.)

6. Gol'din AS. Vibratsiya rotornykh mashin [Rotary machine vibration]. Moscow: Mashinostroenie; 1999.
344 p. (In Russ.)

7. Timoshenko SP. Kolebaniya v inzhenernom dele [Fluctuations in engineering]. Moscow: Mashinostroenie;
1985. 40 p. (In Russ.)

8. Kel'zon AS, Tsimanskii YuP, Yakovlev VI. Dinamika rotorov v uprugikh oporakh [Dynamics of rotors in
elastic supports]. Moscow: Nauka; 1982. 280 p. (In Russ.)

9. Kelzon AS, Meller AS. Dinamika staticheski neuravnoveshennogo rotora v podshipnikovykh oporakh
[Dynamics of statically unbalanced rotor in bearings]. Doklady Akademii nauk SSSR. 1991;318(1):69—72. (In Russ.)

10. Pasynkova IA. Ustanovivshiesya dvizheniya neuravnoveshennogo rotora v podshipnikakh s radial'nym
zazorom [Steady motion of unbalanced rotor in bearings with radial clearance]. Vestnik of Saint Petersburg University.
2005;3:87-95. (In Russ.)

11. Vul'fson II, Kolovskii MZ. Nelineinye zadachi dinamiki mashin [Nonlinear problems of machine dynam-

ics]. Leningrad: Mashinostroenie; 1968. 284 p. (In Russ.)

Submitted 16.01.2020
Scheduled in the issue 19.02.2020



Lazarev S. 1, et al. Determination of linear characteristics of rotor mounting groups under load

About the authors

Lazarev, Sergei 1., Head of the Mechanics and Engineering Drawing Department, Tambov State Technical
University (106, Sovetskaya St., Tambov, 392000, RF), Dr.Sci. (Eng.), professor, ORCID: https://orcid.org/0000-0003-
0746-5161, sergey.lazarev.1962@mail.ru

Lomakina, Olga V., associate professor of the Mechanics and Engineering Drawing Department, Tambov
State Technical University (106, Sovetskaya St., Tambov, 392000, RF), Cand.Sci. (Pedogogy),
ORCID: https://orcid.org/0000-0002-6908-6055, lomakinaolga@mail.ru

Galaev, Valentin L., associate professor of the Mechanics and Engineering Drawing Department, Tambov
State Technical University (106, Sovetskaya St., Tambov, 392000, RF), Cand.Sci. (Eng.), associate professor,
ORCID: https://orcid.org/0000-0002-6793-6693, geometry@mail.nnn.tstu.ru

Claimed contributorship
S. I. Lazarev: basic concept formulation; research objectives, tasks, and methods. O. V. Lomakina: literature
review, text preparation, results obtaining and formulation of conclusions. V. I. Galaev: analysis of the research results,

the text revision.

All authors have read and approved the final manuscript.

Machine building and machine science

)
N



