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1. Introduction

The principles of design of adaptive hydro-
dynamically and hydrostatically loaded bearings are
presented in the literature [1]. Yet, the literature does not
mention of the possibility of modular design of tribological
systems. Both mathematical and structural elements of
systems may serve as modules of such systems. The issue,
on the whole, depends on structural complexity and the
needs, which may arise in this connection. The majority of
works feature mathematical modules of the Reynolds
equation type; however, the problem of modular design
remains still open. Mitchell was the first to solve the
problem of modular design by inventing the tilting-pad
hydrodynamic slider bearing. Later in the researches [1-5]
carried out aimed at designing bearings of the above-
mentioned type. However, coverage of modular design has
been scarce as yet. The present work deals with certain
aspects of modular design of tribological systems, using
pad-type bearings in illustration of the subject.

2. The conception of modular design

The conception of modular design allows adding
new functions to modular elements at various hierarchical
level of a system under consideration. For example, bear-
ings with a dynamically stressed carrying lubricant layer
can be designed out of separate modular elements in the
form of functional units of a rank system. In the given sys-
tems, as shown in Fig. 1, the rotor journal is evenly em-
braced by several segments which are linked by multilayer
thin elastic ribbons, made of materials not limited by the
value of their coefficient of linear expansion. The linking
ribbons may consist of two or three layers and may be in-
tegral, punched or provided with projections on the inner

side. They are attached to the segments rigidly, hinged
together or free floating with clearances. Multilayer linking
ribbons (Fig. 1) act as thermotribological damper, as well
as a thermoelastic adaptive regulator, i. e. they control the
difference in the oil film thickness at the entrance and exit
of the segments and damp vibrations [1].

The number of segments in the bearing may range
from three to six. Most widely used are three-segment
bearings, shown in Fig. 1, that form functional units of
modular-type tribological systems. Connecting bearing
components enables the functions of adaptivity and con-
trollability in such systems. Segments are borne either by
special pins with a spherical bearing surface, shown in
Fig. 1 or by bearing balls or rollers, contacting with the
outer races or housing. The rollers may be solid or hollow,
with a slot for thermoelastic deformation. The bearings
may also be constructed without the intermediate bearing
components or with bearings in the form of a half-torus,
filled with lubricant, which substantially increases their
rigidity, peripheral self-alignment and segment cooling [1].

The method for adjusting the radial clearance be-
tween rotor journal and segments is determined by the type
of bearing elements. It may be either passive or active. In
passive cases, adjustment segments are displaced as a re-
sult of forced displacement of bearing components (by
displacement of bearing pins, axial compression of outer
races, etc.), such that the linking ribbons change their con-
figuration and the bearing is always ready for operation. If
the bearing is placed into a rigid housing without any in-
termediate bearing components [1], or in the form of a
half-torus, the diametric clearance can be selected techno-
logically or with the help of conical shaped rotor journal.
Due to compliance of the linking ribbons, the segments
may self-align in the direction of rotation and axial direc-
tion, as well as in the peripheral direction.

Fig. 1 Design diagram of an adaptive bearing of modular structure
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3. Mathematical study

The momentum equation and the law of conserva-

tion of mass for flow of viscous fluid in these systems can
be written in the well-known dimensionless form as fol-
lows [3]
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tion that the flow is two-dimensional, the velocity profiles,
flow function and pressure distribution throughout the gen-
eralized lubricant layer can be found by means of Egs.
(10). In the case of a hydrodynamic lubricant film the sta-
bility of state of the lubricant across the thickness of the
layer results in the independence of thermal capacity and
coefficients of heat conductivity and viscosity from coor-
dinate y. This makes it possible to integrate Egs. (10) under
averaged local terms of inertia force.



By integrating the first and third motion equations
across the thickness of the film under boundary conditions
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where / is thickness of the lubricant film.
The function of the current ¥ is determined by
the expression
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By integrating the continuity Eq. (4) by y across
the thickness of the layer and by substituting velocity val-
ues (11) and (12) into it, we obtain equations for the calcu-
lation of pressure in the generalized lubricant layer with
inertial forces taken into account:
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The equation obtained can also be generalized for
the case of a turbulent flow.
Equation for the calculation of pressure (Eq. (14))

in the supporting lubricant layer with inertial forces taken
into consideration also can be presented as follows
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velocity of the rotor in case of nonstationary rotation.
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The term o, / , in Eq. (15) characterized the in-

stability of the system at the moments of start-up and shut-
down as well as under various disturbances. This term
represents the transfer function of the system. The non-
stationary rotation period of the system is defined by fluc-
tuations of trajectory of rotor centre observable in Fig. 2
inside the Lissajous figures. Surrounding part of the figures
represents the stationary rotation followed the start-up pe-
riod. Fig. 2 illustrates that, while the rotational speed of the
rotor increases from 3500 to 5500 rpm, the thickness of the
rotor orbits decreases.

4. Analysis of modular structure systems

Fluid friction bearings considered above differ
from each other by the design of bearing segments, elastic
intersegmentary ties, geometrical dimensions and the
method of controlling the shape of supporting lubrication
layer as well as their stress. Elastic ties between segments
or elastic bearings of segments (Fig. 1) restrict movement
of the segments beyond the rotor and, consequently, have
certain effect on their stability and accuracy. On the other
hand, such design solution has an advantage as regards the
reduced friction moment at start-up. However, the influ-
ence of elastic ties on the mobility and stability of segments
under high rotational frequency of the rotor journal requires
the application of the system analysis and research. One of
the basic tasks of the system analysis is the determination
of geometric parameters and effect of elastic ties on the
conditions of origination of the whirling motion of the ro-
tor.

The structure of self-adjusting hydrodynamic
bearing as a lower rank system (Fig. 1) is represented by a
series of its elements (rotor, segments, bearings of seg-
ments, linking ribbons and lubricant), by relevant proper-
ties of elements (chemical composition, modulus of elastic-
ity, hardness, density, thermal conductivity, geometrical
shape, roughness, composition of surfaces and viscosity of
lubricant) and by ties between the elements in their relative
movement (friction and wear processes during the rotor’s
start-up and shutdown and the processes of hydrodynamic
lubrication (Fig. 2)). Basic properties of the elements used
in hydrodynamically lubricated systems of contemporary
machines are presented in the [3]. The segments are made
bimetallic; the housing is made of steel, whereas the anti-
friction layer is made of bronze or babbitt. In some cases
(small-scale bearings) they can be made solely of bronze.
Conjugation of a bimetallic segment with bearings creates
the subsystem “segment-bearing”, the characteristic ele-
ment properties of which are presented in [3]. Determine
the parameters, such as geometrical dimensions of ele-
ments. Let the supporting thickness of the lubricant film

(Fig. 1) satisfy the geometric mean while within the
boundaries of the segments manufacturing precision
1 hO
hy = Ihy = =7 (16)
0 2
B G (7
h, i+l

where a, =h,/h, is the dimensionless correlation of the
lubricant film’s thickness at the entrance and exit of a
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Fig. 2 Results of measurement of bearing rotor’s axis displacement performed by means of noncontact induction transduc-
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segment; i=1//l,=¢,/p, is gear ratio of the segment

(Fig. 1).

By substituting the obtained values into the initial
correlation and performing simple transformation we ob-
tain
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Fig. 3 Distribution of pressure of the lubricant layer be-
tween the rotor and segments of the tilting-pad hy-
drodynamic slider bearing (r=45mm; ;=
=2000 1/s; @pax =01+ 2 =m/3): 1 - k, =4.0, h =
=01mm;2- k;, =40, h=02mm; 3 - k, =1.0,

h=0.1mm;4- k, =1.0, =02 mm

P/Pmas
/1 N\
VAN
LA
”ZQ?“&
0 0.2 04 06 08 /0.

Fig. 4 Distribution of pressure of the lubricant layer de-
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The rotation angle of the segment’s normal on the
spherical bearing corresponds to the rotation angle of the

segment 6,

dh

(r +h)d(0

While the angle is constant, the shape of the hy-
drodynamic wedge is determined by the formula

h= (r+h)exp(tg9n(0,.)—r (20)



Functional reliability of such system in many re-
spects depends on the ties between the elements in their
relative motion.

Interaction of the elements is limited by hydrody-
namic, tribological and thermoelastic processes and ties.
This influences the system’s stress. The initial stress of the
system (Fig. 1) is created by pre-straining the linking rib-
bons by means of radial displacement of segments.

Dynamics of a segment can be described by the
following equation

1,6V + Hy0 +Co0) = M) 1)

The analysis of Eq. (21) shows that if at least one
of the values /,, Hg or Cg for each segment (pad) shows a
tendency to infinity, a pad-type (segmentary) adaptive
bearing degenerates into a bearing with immobile seg-
ments fixed in stationary positions. Otherwise, when
forces of external resistance to rotation of the segments do
not exist (I, = Hg = Co = 0) an ideal self-aligning segmen-
tary bearing is obtained. So, the developed bearings are
found between extremes.

It should be noted that there are lower and upper
limits of rigidity of the coupling bands, corresponding to
the cases of disconnected self-aligned segmentary bearings
and rigid multi-lobe bearings. The analyzed bearings fall
between these two types of bearings.

Numerical analysis of the dimensionless Eq. (15)
at fixed time intervals when k, =1, ..., 4 and equation of

lubricant film (Eq. (20)) shows (Fig. 3) that the pressure
may fluctuate within wide range, depending of the fre-

quency component a)l (Fig. 4).
5. Conclusion

This work gives an account of the principle of
modular design of adaptable fluid friction bearings. This
principle allows taking into consideration the specific fea-
tures of the stressed state of interacting elements in a par-
ticular construction. Using the modified Reynolds equation
and joining it to other modular equations achieve this. The
segmental bearing is used to illustrate the principle of
modular design. Since the advantages of modular design
are associated with various operation modes of a tribologi-
cal system, the idea of a modular (segmentary) bearing
seems rather promising.
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V. Vekteris, V. Moksin

MODULINIS ADAPTY VIUJU SKYSTOSIOS TRINTIES
GUOLIU PROJEKTAVIMO PRINCIPAS

Reziumé

Straipsnyje suformuluoti pagrindiniai adaptyviujy
skystosios trinties guoliy, kaip Zemiausio lygio tribologinés
sistemos, modulinio projektavimo teiginiai. Sudaryti ma-
tematiniai moduliai, apybiuidinantys tepalo sluoksnio su-
spaudimo salygas. Jie nagrinéjami kaip guolio struktiiriniai
elementai. Atsizvelgiant { juos parenkama guolio darbinio
pavirSiaus forma ir reguliavimo elementy tipas. Moduliai
sujungiami per dinamini tepalo sluoksnio tampruma,
sprendziant modifikuota Reynoldso lygti.

V. Vekteris, V. MokSin

THE MODULAR PRINCIPLE OF DESIGN OF
ADAPTIVE FILM LUBRICATION BEARINGS

Summary

General formulation of modular design of adap-
tive film lubrication bearings as tribological systems of the
lowest range is presented in the article. Mathematical
modular elements characterizing condition of tension of
the bearing layer of lubricant as a structural bearing ele-
ment are given. According to them the configuration of
structure of the bearing surface as well as the type of regu-
lated bearing elements is defined. Jointing of mathematical
modules is effected through the dynamic tension of the
bearing layer of lubricant on the basis of solution of modi-
fied equation of Reynolds.

B. Bekrepuc, B. Mokuun

MO/YJIbHBIN ITOJIXO/] K [TIPOEKTUPOBAHUIO
AJTATITUBHBIX ITOAIINITHUKOB XXUAKOCTHOI'O
TPEHN A

Pe3ome

B crathe copmysmpoBaHbl OCHOBHBIC IOJIOXKE-
HUS MOJYJIbHOTO MPOCKTHPOBAHUS AJANTHBHBIX ITOJIIIHII-
HUKOB JKHJKOCTHOTO TPEHHUS KaK TPUOOIOTMYECKON CHC-
TEMBbI HU3MIIETO paHra. [IpuBeNeHBI MaTeMaTHYeCKHEe MO-
JTyJTH, XapaKTePU3YIOIIUE YCIOBHSI CXKATUS CIIOSI CMa3KH B
3a3ope mommmnHuka. CorimacHo UM moadupaetcs (opma
pabouell MOBEPXHOCTH MOJIIUIHUKA U THUIl PETyIHPYIO-
mux 31eMeHToB. O0beIMHEHHE MOTYJICH OCYILECTBISIETCS
HAa OCHOBE pEUICHUS] MOIU(PUIMPOBAHHOTO YpPaBHEHHS
Peitnonnbca.

Received March 24, 2010
Accepted July 02, 2010



