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STUDY OF RADIAL SLIDE BEARINGS WITH A FLOATING RING
CONSIDERING THE PHYSICAL PROPERTIES OF OIL

Summary. Radial slide bearings are typically used in turbochargers (among other
applications), owing to their simple design and advantages, such as good heat dissipation
from the working zone, high stability of operation and low resistance to motion. The
current research is both experimental and theoretical. In a state of static equilibrium, the
operation of a bearing can be described using a system of five coupled differential
equations. The bearing’s operating parameters are related to the type of oil used. Two types
of oil, VG46 and VG68, were used for testing. In accordance with the applicable standard,
the tolerance of kinematic viscosity of oils is £10%. The results imply a significant
influence of the oil class and viscosity tolerance on the resistance to motion caused by
internal friction forces in the oil. In conclusion, it seems advisable that the calculation
procedures currently in use should include the slide bearing design optimisation by taking
the resistance to motion in the bearing into account.

1. INTRODUCTION

Machine operation safety is a key issue in transport, including the branches of air, rail, road and
industrial transport. Using slide bearings in these machines determines the possibility of safe operation
in extreme conditions, such as under increased operating temperatures. The thermal properties and the
resulting resistance of the bearings to high temperatures are of great importance in preventing serious
incidents, including fires. Currently, materials such as stainless steel and bronze are widely used, but
ceramics are also becoming popular owing to their ability to transfer sudden accelerations and high
speeds. There is a noticeable trend of replacing metal bearings with self-lubricating plastic bearings in
transport, especially in aviation applications, due to their lightness; durability; low price and resistance
to dirt, dust and chemicals.

Plain bearings are commonly used in reciprocating and rotating machines. An example is internal
combustion engines used in propulsion systems that use plain bearings as the main bearings to hold the
crankshaft in the engine crankcase or connect the pin to the piston and connecting rod. Slide bearings
with floating rings are used in internal combustion engines and turbochargers (e.g. those manufactured
by Volkswagen Group, MAN Truck & Bus and Napier Turbochargers), among other applications.

Compared to classic designs, the bearings in question are characterised by low resistance to motion,
good heat dissipation and high operating stability.

This bearing type comprises the following elements (Fig. 1): a journal (2), a fixed bearing bush (1)
and a floating ring (3) loosely inserted between the journal and the fixed bearing bush. The floating ring
divides the oil film generated during the bearing operation into the outer and inner oil film. Oil is
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supplied by an external source and it is delivered to both the floating ring and the fixed bearing bush
through circumferential lubricant grooves (4). It flows to the fixed bearing bush via supply holes (5) and
to the floating ring via another set of holes (6). The arrows show the oil flow direction inside the bearing

(7).
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Fig. 1. Geometry and oil flow direction in a radial slide bearing with a floating ring: 1- fixed bearing bush, 2 —
journal, 3 - floating ring, 4 - circumferential lubricant grooves, 5 and 6 - supply holes

Contemporary research concerns the modelling of oil and heat flow in a bearing for the positions of
static [1+6] and dynamic equilibria [7+11].

Buluschek R. [12] presented the results of theoretical and experimental research on stationary
operating conditions of an axially supplied floating ring bearing. For the theoretical research, an
isothermal bearing model was adopted. The temperature of the oil films was determined by heat
balances. The oil flow was assumed to be bidirectional (i.e. circumferential and axial in direction). The
experimental research showed that the motion of the floating ring was unstable. Such instabilities were
documented, and an attempt was made to describe the causes of this phenomenon by comparing the
operation of the bearing to that of a viscous coupling.

The paper by D. M. Clarke, C. Fall, G. N. Hayden and T. S. Wilkinson [13] comments upon their
theoretical research on a slide bearing with a floating ring for a constant load case and an adiabatic
model. The model was built based on the assumption that the ring surfaces were perfectly cylindrical,
while the pressure distribution equations were solved using the Giimbel boundary conditions. The heat
from the bearing was dissipated by the flowing oil and radially through the surface of the floating ring
and the journal. These assumptions made it possible to lower the order of the differential equation of
temperature distribution.

In the theoretical part of a paper dedicated to a rotor featuring symmetrically arranged bearings, B.
Domes [14] studied the effect of non-linear forces acting on the oil film on the formation of self-excited
vibrations using an isothermal bearing model in the calculations. He determined the ranges of stable
operation areas. The research was conducted for both a rotating and a non-rotating floating ring. The
equilibrium of the position of the floating ring was considered against the condition of equilibrium of
the moments of friction on the inner and outer surfaces of the floating ring, as well as in the frontal
plane. The research concerned an axial bearing, and the experimental part included tests of high-speed
rotors. The rotational speed of the rotating floating ring, as well as the amplitude and frequency of
vibrations, were measured for the variable speed of the rotor and for variable unbalance.

Krause R. [15] conducted both theoretical and experimental studies. In the theoretical part, he built
a substitute model of a bearing, while in the experimental section, for the assumed load and shaft
rotational speed, he calculated the coefficients of stiffness and damping of the oil film and determined
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the static positions of equilibrium of the journal and the floating ring. Additionally, for a rotor loaded
by variable unbalance, he measured the rotational speed of the floating ring. The experiments were
carried out for rotational speeds of the journal ranging from 700 to 5,000 rpm, with the static bearing
load ranging from 500 to 25,000 N and the dynamic bearing load ranging from 50 to 3,000 N. The author
also noticed that the oil film temperature depended on the bearing’s dynamic properties. The coefficients
of stiffness and damping were compared with the results of the theoretical work by Fink and Someya.

H. Allmaier, C. Priestner, F. M. Reich, H. H. Priebsch and F. Novotny-Farkas [16] presented a
thermo-elastohydrodynamic (TEHD) model of a radial bearing that takes friction losses into account.
The results were verified experimentally. Comparative studies of the EHD and THD models show that
considering local temperatures results in relatively small corrections of the properties examined.
Moreover, the TEHD results formed the basis for developing a method to establish the effective
temperature of the EHD oil film. Yanyan Zhang, Lihua Yang, Zhi Li and Lie Yu [17] elaborated on a
method envisaged for the static performance testing of hydrodynamically lubricated thrust slide bearings
using harmonic functions. The authors defined a dimensionless function of the oil film thickness. Then,
dimensionless pressure distributions and their corresponding hydrodynamic buoyancy forces were
determined. Thus, the obtained results demonstrate the relationships between the thickness of the lube
oil film, the pressure field and the hydrodynamic buoyancy force.

D. E. Sander, H. Allmaier, H. H. Priebsch, M. Witt and A. Skiadas [18] discussed researched bearings
operating in a mixed and hydrodynamic lubrication regime. They experimentally identified the
properties of the oil film under high pressure and high shear rate. The results were presented as Stribeck
curves. The authors also found that temperature exerted a limited effect on the properties of the
elastohydrodynamic oil film.

Yajing Li, Feng Liang, Yu Zhou, Shuiting Ding, Farong Du, Ming Zhou, Jinguang Bi and Yi Cai
[19] conducted theoretical and experimental research on high-speed rotor systems. They analysed the
impact of oil temperature and viscosity on the operating parameters of a test bearing. Theoretical
research was conducted for a three-dimensional heat and oil flow in the bearing. The authors concluded
that, compared to a two-dimensional model, the three-dimensional flow model reflected real-life
operating conditions much more accurately.

The operating parameters of a bearing can be established through theoretical [20+23] or experimental
research [24+29]. In theoretical research, three types of models are used: isothermal, adiabatic and
diathermic. In the isothermal model, the oil film temperature is constant. In the adiabatic model, the heat
generated is removed from the working zone by the flowing oil. Meanwhile, in the diathermic model,
heat is dissipated by the flowing oil and the housing components. This paper presents the relevant
research results obtained for the adiabatic model.

The methods used when designing slide bearings have been based on verified theoretical models
whose outputs include bearing characteristics established under static and dynamic equilibria. These
characteristics are necessary to analyse the results of calculations performed using the mathematical
model. The limitations assumed in calculation methods are as follows: permissible pressure (piim),
maximum permissible temperature (Tiim) and the minimum permissible height of a lubrication gap (hiim).
These values are determined for laminar flows. This paper proposes that the methods in question should
be supplemented with calculations of the bearing’s resistance to motion. For slide bearings with a
floating ring, this is the frictional moment on the surface of the fixed bearing bush (Mu). Following the
applicable standards, oils are characterised by standard viscosity with a tolerance of v =+10% [mm?s].
An analysis of the available literature has revealed that no research results show how oil viscosity
tolerance affects resistance to motion.

2. MATERIALS AND METHODS
2.1. Analysis of forces and moments of friction in a bearing

In the state of thermohydrodynamic equilibrium, when applied to the bearing journal, external load
F, constant in terms of direction and magnitude, is balanced by the hydrodynamic capacity of the inner
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bearing (Fv1) and of the outer bearing (Fi») (Fig. 2). The centres of the journal (Oy;) and the floating ring
(Op2) are displaced eccentrically with respect to each other and against the centre of the fixed bearing
bush (O). The journal centre displacement values are described by eccentricities €1, €2 and €. The
distances between the load effect line and the oil film reaction line are determined by displacements e’;
and €.

The moments of friction designated as M2(Oy2) and M3(Oy2), observed on the outer and inner surfaces
of the floating ring, are equal. M(Oy) and M4(Oy,) are the moments of friction on the surface of the
journal and the fixed bearing bush, respectively. Additional information about the geometry of the
lubricating films has been provided in previous work [30].
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Fig. 2. Forces and moments of friction in a radial slide bearing with a floating ring

2.2. Theoretical model of a slide bearing with a floating ring

The theoretical model is based on specific assumptions regarding the oil and heat flow in the bearing,
the structure of the bearing elements and the lubricant [30]. These assumptions include the following:
- bearing elements are non-deformable and perfectly smooth cylindrical surfaces with parallel axes;
- oil is an incompressible Newtonian fluid of constant conductivity and variable specific heat capacity,
viscosity and density, which depend solely on temperature;
- flow is laminar;
- heat flow and oil flow coincide and there is no heat exchange between the oil film and sliding surfaces;
- the heat conduction capacity of oil is taken into account;
- the oil temperature in the radial direction is constant;
- the temperature in the bearing’s supply groove is constant (T, = const.);
- the values of oil temperature in the circumferential oil grooves are constant and are determined by the
heat balance. These temperatures vary for the inner and the outer bearing, amounting to Toi; = const and
Toz = const, respectively;
- the pressure generated in the oil film may be greater than or equal to zero;
- the oil pressure in the supply grooves and the ambient pressure are constant.

¢ Equation of pressure distribution in lubrication gaps (i=1, 2):
The equation describing the distribution of pressure in the oil film was obtained by transforming the
Stokes-Navier equation and the equation of flow continuity:

OB ), O(E B (0 Ria r ) 0
ox\n ox ) oz\m oz &,
i=1 "R, =m, -R,,

Meanwhile, if
R_, =0,

i=2 o -R =0, R,,o0, i+l

i+l
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e Equation of the shape of lubrication gaps (i=1, 2):
For testing purposes, it was assumed that the journal, the floating ring and the fixed bearing bush were
cylindrically shaped. For the ¢ angle describing the angular coordinate and the Pangle describing the
position of the centre line (Fig. 2), the equation of the shape of lubrication gaps in the dimensional form
is given by

h =Cy, '[]"' ¢ 'COS((pi _:Bz)] @)

¢ Equation of temperature distribution in lubrication gaps (i=1, 2):
For the assumed adiabatic model, the equation of temperature distribution was derived from the energy
equilibrium equation. Simplifications concerning the flow and transfer of heat, as well as the lubricant
properties, were assumed [30]. The temperature distribution equation assumes the following

dimensional form:
pclo, ﬂ + v, ﬁ =1 Ar + n aUxx + & R (3)
I Ox oz oy, oy,

Based on Equation (3), the components of the flow velocity along the x and z axes are described by
the following relationships:
1 Op, o, R, 1 Jp,
Ly = _ﬁyi(yi _hi)+l+—(hi +yi)+ VU, = _iyi(yi - hi)’
2n ox, h h 2n oz
¢ Equations of equilibrium of forces and moments of friction:
In the state of thermohydrodynamic equilibrium (Fig. 2), the centres of the journal (Oy:) and the floating
ring (Oy2) are eccentrically displaced against the centre of the fixed bearing bush (O). When this is the
case, the conditions of equilibrium are described by the equations of equilibrium of oil forces in both oil
films (Fr), balanced by the load (F) and the moments of friction on the inner and outer surfaces of the
floating ring. The conditions are described by the following system of equilibrium equations:

1° Ri+1

i i

F =F =0
Llx L2x

F =F =F (4)
Lyl Ly?2

M,(0,)=M(0,)

The condition of equilibrium of the moments of friction takes the following form:

-R,, 7l 0 B-w,-
F = J. é'wa'hz'apz * .2;177
Ly2 0 ¢2 l//2 2

R, —R,, T )i p, B'a)ﬂ?( R, .
=2 ALy B-h-—L+—LE[-Q—L o, —y, &, -sinf,.
R,, FLy] }[ 2" op, v, h R, A ]

Additional information on the derivation of Equations (2-5) has been provided in previous papers [30].

»,=
(5)

2.3. Equations of the state of lubricant

The local values of viscosity, density, specific heat capacity and thermal conductivity of oil are
needed to determine the distribution of pressure and temperature in the lubrication film. The
classification according to standard [31, 32] was used in order to describe the properties of oil. In
accordance with the classification the acceptable tolerance level for the kinematic viscosity of oil is
v=x10%.

The dynamic viscosity of oil is described by the following exponential function [12, 30]:

77 — 770 A eau (T—To )+br] (T—To) , (6)

where ay, by is the factor determining the effect of temperature on dynamic viscosity.
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The studies were performed for two VGas and VGes class oils. The functions of oil viscosity (taking
the tolerance of v = £10% into account) are represented by the following equations:

U(TXVGMW =0,1786 - e_0‘648“'z (7T, )+0,00030159(T-T, ),
U(TXVGMW =0,2268 - 670’671'(7“*7"0 }+0,00031205(T-T,
U(TXVG% i = 0,]] 15 3_0’604'(T—Ta }+0,00028177(T~T, )2’

77(T XVGM o= 0,142- e——0,628~(T—T,, )+0,00029269(T-T, ), o

The functions of the density, specific heat capacity and thermal conductivity of the oil were assumed
to be constant per DIN 31652:

p(T ) = const, )

¢ (T)=const, )
P

A= const (10)

2.4. Boundary conditions for the field of pressure and temperature

When determining the boundary conditions for the field of pressure and temperature [33], it was
assumed that the oil grooves in the inner and outer bearings were filled with oil. Given these
assumptions, the boundary conditions of the pressure field are as follows (Fig. 3):

- at the border between the supply groove and the bearing bush: p(¢i, -B/2) = p,,
- at the boundary between the bearing bush and its surroundings: p(¢;, B/2) =0,

- at the boundary between the working and non-working zones: P - 0,
?;

- on the surface of both bearing bushes: pi(<0.27>, z) >0,

Three zones were defined to describe the boundary conditions of the temperature field (Fig. 4):
- the zone containing the boundary between the bearing bush and the supply groove, in which the
temperature is constant,
- the zone containing the boundary between the bearing bush and the supply groove or between the
bearing bush and its surroundings, in which the temperature varies,
- the zone on the surface of the bearing bush, in which pressure equals zero, which contains the boundary
where oil is fading.

Fig. 4 presents the conditions at the boundaries of the bearing bush assumed when solving the
equations of the temperature field. In [30], the author describes how to derive dependencies describing
the temperature gradients (Fig. 4) at the boundaries between the working and the non-working zone,

T, = f3., between the working zone and the supply groove and between the working zone and the

Ox
bearing bush surroundings: % = f3.. The functions are given by the following formulas:
4
o _ ., n +v)w,  OT _ . _ p+v))-v (1

a DT e @y sy & T pe )y @)
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2.5. The algorithm and method used to solve the system of equations of the mathematical
bearing model

The mid-width of the fixed bearing bush and the floating ring (Fig. 1) contain circumferential grooves
that divide them into two halves. In the case under consideration, a reference system was used; the
angular coordinate (¢) was assumed to be in the middle of the width of one of the halves.
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A coupled system of five differential equations for the state of static equilibrium can be solved by
assuming that the position of one of the two journals or the load represents a pre-set value. In the first
case, one should look for a hydrodynamic force which balances the load, while in the second case, one
should look for a position in which the hydrodynamic force balances the load. The system of equations
was solved numerically, assuming the position of the floating ring against the fixed bearing bush as a
pre-set value. The differential equations were solved using the finite difference method. As per standard
[32], the assumed accuracies of the calculated values were obtained iteratively. The solution of the
mathematical model equations can be presented as the following algorithm:

Stage 1. Pre-set parameters:

- temperature and pressure of oil in the bearing: T,as[°C], pzs[N/m*],

- angular velocity of the floating ring: w»[rad/s],

- physical properties of oil: n(T) [Pa-s], p(T) [kg/m?], A{[W/(m-°C)], cx(T) [J/(kg-°C)],

- position of the centre of the floating ring: &,

- geometry of the bearing: Ry, Ri, Rz, Ry, B [m].

Stage 2. Operating parameters of the bearing determined for the isothermal model:

- based on the equations of equilibrium of forces and moments: angular velocity of the journal — w;,
relative eccentricity of the inner bearing — €, resultant relative eccentricity — €, angles defining the
location of centre lines — Bi, P2, Po, the bearing’s hydrodynamic force of oil — F,

- pressure distribution in the oil films pi(1, z), p2(P2, 2).

At this stage, the dynamic viscosity in the working zone of the bearing bush was assumed to be
constant n = const.

Stage 3. Operating parameters of the bearing determined for the adiabatic model:
- temperature distribution in the oil films T(¢1, z), T2(p2, z).

- the hydrodynamic force of the oil film Fyi, Fro,

- moment of friction on the surface of fixed bearing bush My,

- the angular velocity of journal ;.

Similarly to stage 2, the equations of the temperature distribution in both lubricant films were
assumed to be dimensionless for calculation purposes. An exact algorithm of the solution, the solution
method and the confirmation of the theoretical model’s compliance with the bench test results have been
provided in other papers [12, 29, 30]. Fig. 5 provides a flowchart illustrating the method used to solve

Fig. 5. Flowchart of the method assumed for solving the mathematical model

3. RESULTS

The effect of oil viscosity tolerance on the operating parameters of the bearing, such as the
hydrodynamic force of oil film (Fvi, F1»), the moment of friction on the bush surface (Mu), the angular
velocity of the journal () and the maximum temperatures in the oil films (Timax, T2max), Was tested for
the pre-set values listed in Table 1.



Study of radial slide bearings... 35

Table 1
Pre-set values

Parameter value

1. Journal diameter, inner and outer bearing:
Dy =31.636; Dy, = 37.986 mm
2. Outer diameter of the inner and outer bearing:
D; =31.765; D, =38.115 mm
. Bearing width: B =22.22 mm
. Relative eccentricity: € = <0.2-0.9>
. Rotational speed of the floating ring: oy, = 1,000 1/s, nj =9,549.3 rpm

3
4
5
6. Oil class VG46 and VG638, viscosity tolerance: v = £10%
7
8
9
1

. Oil density: po =900 [kg/m’]
. Specific heat capacity: cy = 2,000 [J/kg-°C]
. Ambient temperature and temperature of oil supplied to the bearing: To = 20 °C, T, =50 °C

0. Pressure of oil supplied to the bearing: p, = 0.1 MPa

The pre-set values were used in the calculations, and the results are provided in the graphs depicted
in Fig. 6, as well as in Table 2.
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Fig. 6. Effect of oil viscosity tolerance on the bearing’s operating parameters:
a) FL=FL(e1, €2), b) Muu= Mu(e2), ¢) Timax= Timax(€1), d) Tomax = Tomax(€2), €) 1= ®1(€2)
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(13)

Table 2
Operating parameters of the bearing
Operating Calculation results
parameter
500 1,500 2,500 | 1,500] 1,500 2,500
FL [N] Qil type
VGsmax VGagmax
& [-] 0.469 0.702 0.801 0.539 0.762 0.838
&[] 0.241 0.493 0.624 0.276 0.548 0.672
T2max| °Cl 77 84 94 73.9 82.5 91.3
T1max|°Cl 79.1 77.4 80.7 74 74.9 79
M4 [Nm] 0.285 0.36 0.404 0.243 0.307 0.347
P2max[MPa] 1.25 5.11 10.28 1.39 4.72 10.28
Pimax [MPa] 1.31 4.72 9.17 1.33 5.11 9.78
D2min[pum] 344 18.4 12 30 15.6 10.1
himin [pm] 49.3 32.7 24.7 46.7 28.7 20.7
Qil type
VGé8min V G46min
g2 [] 0.503 0.741 0.828 0.569 0.785 0.854
gl [-] 0.266 0.521 0.648 0.301 0.579 0.699
T2max| °Cl 75.5 82.5 93.5 72.6 82.4 90.4
T1max|°Cl 76.1 76.7 79.7 72 75.5 80
M[Nm] 0.265 0.335 0.3778 0.227 0.283 0.327
P2max[MPa] 1.39 5.28 10.56 1.39 5.97 10.28
Pimax [MPa] 1.39 5 9.44 1.36 5.33 9.78
D2min[pum] 313 16.7 10.7 27.7 13.8 9.2
Dmin[pum] 473 31 22.7 45.2 27.7 19.3
The values of the moments of friction on the fixed bearing bush, considering the oil tolerance, are
as follows:
5VG68ma)dmin — Mt4(VG68max ) B Mt4(VG68min) — 0,36 -0335 100=7.5%
Mt4(VG,.) 0,335
5VG46miax/min — Mt4(VG46max) _Mt4(VG46min) — 0,307-0,283 100=8,5%
M, (VG,,,) 0.283
VG68min/VG46min _ Mt4(VG68min ) _Mt4(VG46max) — 0335-0,307 100=9.1%
M, (VG p0) 0.307
5V 068max/VG4Smin _ Mt4(VG68max) _Mt4(VG46min) — 0,36 -0,283 100=27.2%
M, (VG in) 0,283
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4. CONCLUSIONS

The mathematical model equations were solved for a given position of the floating ring against the
fixed bearing bush. The bearing’s static characteristics were established in order to determine the
properties of the slide bearing featuring a floating ring.

An analysis of the operating parameters of the bearing (provided in Table 2) implies that the
maximum values of pressure, temperature (Pimax, P2max, 1imax, 12max), the moment of friction on the
surface of the fixed bearing bush (Mw) increase as the bearing load (Fri = Fr»= FL) increases. At the
same time, the minimum heights of lubrication gaps (himin, hamin) decrease.

Furthermore, as the relative eccentricity rises to €2 > 0.5, the oil film temperatures (Timax, T2max)

decrease. A further increase to €,> 0.5 causes oil film temperatures to rise.

An additional analysis of the function graphs provided in Fig. 6 and the calculation results contained
in Table 2 reveals that increasing eccentricity &> results in an increase in the resistance to motion (Mu).
The values of Pimax, P2maxs Timax, T2max, Nimin and homin determine the proper operation of the bearing.

VGys and VGes oils represent the recommended and consecutive oil classes. The permissible
tolerance of the kinematic viscosity v of oil is £10%. An analysis of the relationships given by the
corresponding Equations (12) shows that the VG viscosity class and viscosity tolerance (v) significantly
affect the resistance to motion in the bearing (Mw). The relative increases in the moment of friction for

oil classes VGss and VGes were 5;?;6"'“/"”"' =8,5%, 5;?;"“/ =7,5%, respectively. The relative

increase in the moment of friction for VGaemin and VGuagmax was & A’ff min/VGimin — 9 195 while the relative

. VG, VG i i
increase for VGesmax and VGugmin Was &, """ 0m =27 2%

The applicable standards and the available publications [12, 30, 32] presenting the methods used to
calculate various types of bearings fail to consider the moment of friction as a criterion for optimising
the operating parameters of a bearing. In light of the above analyses, we recommend including the aspect
of the slide bearing design optimisation in the procedures applied in the present study while considering
the resistance to motion in a bearing.

Abbreviations

B — ring width [m], Cr — radial clearance [m], D — diameter [m], h — oil film height [m], F — load [N],
Fr— friction force [N], M;— moment of friction [N-m]; ny— rotational speed of journal [rpm], p — pressure
in oil film [N/m?], Qu — oil stream flowing from working zone to feed tubule [m?/s], Quo— o0il stream
flowing from working zone to environment [m*/s], R — radius [m]; T— temperature [°C], x = ¢-R —
Cartesian coordinate [m], y — Cartesian coordinate [m], oy— angular velocity of journal [rad/s],
Indexes: J — journal; a rotor journal for the inner oil film or a floating ring for the outer oil film, i = 1-
inner oil film, i = 2— outer oil film, lim — limit value, max — maximum value, min — minimum value.
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