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Highlights

Abstract

* Oil hydrodynamic bearings can be fed from a lu-
brication pocket or from the face side.

* The analysis for two oil fed method and two oils
were made.

* The method of oil fed and type of oil depends the
bearing static characteristics.

Two types of hydrodynamically lubricated plain journal bearings were subject to examina-
tion differing in the method used to feed them with oil. The first type was fed from a lubrica-
tion pocket and the second from the bearing face side. Mathematical models were developed
with two-way oil flow allowing to determine the oil film bearing capacity, the maximum
pressure, the maximum temperature, and the film oil minimum height for given position of
journal relative to solid bush. Static characteristics were developed used in the further course
of the study to compare operating parameters of the considered types of bearings. Another
issue considered in the paper is the effect of 0il VG grade on bearing performance with condi-

* This study could help to chose the oil and fed
method for plain bearings.

Keywords

tions of oil feeding taken into account and results of the research presented.

This is an open access article under the CC BY license hydrodynamic bearing, oil feeding method, static characteristics, viscosity, VG oil grade,
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List of basic symbols

B —bush width (m); Ci = 0.5(D — Dy) — radial clearance (m); D = 2R
— diameter (m); e — eccentricity (m); 4 — oil film height (m); ' — load
(N); Ay — minimum oil clearance height (m); n; — journal rotational
speed (rpm); p — pressure in oil film (N/m?); T — temperature (°C); x =
@R — Cartesian system coordinate (m); y — Cartesian system coordi-
nate (m); z — Cartesian system coordinate (m); S — journal center (Oj)
and bush center (O) attitude line angle; e=e/ Cy —relative eccentricity;
jy— Journal rotational speed (rad/s). Indexes: B — solid bush; J —jour-
nal, ZC — fresh oil feeding from the bearing face side; ZK — feeding
with fresh oil from a lubrication pocket.

1. Introduction

Plain bearings are commonly used in various types of machine so-
lutions or in transmission systems. Increasingly higher requirements
for bearing systems, such as high durability, operation at high rota-
tional speeds, increasing greater thermal loads, increasing load capac-
ity, and lowering the vibration level, require an in-depth analysis of
their properties. Currently, research are conducted both of a theoreti-
cal basis - mathematical models simulating real working conditions,
and experimental ones [13, 17].

One of the example are results of tests of dynamic properties of
the rotor bearing system presented in [4, 6, 16, 26]. Computational
simulations showed that for the new bearing concept load capacity,
temperature in the oil film and fluid-induced instability conditions are
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dependent on the rotational speed directions. For positive rotational
speed of the bearing (shaft and bearing surfaces rotate in the same
directions) the average velocity of the oil film (thus, the load capacity)
was increasing and viscous shear of the film (reducing oil tempera-
ture) was decreasing. For opposite directions of the bearing rotational
speed the average velocity of the oil film was decreasing (avoiding
fluid-induced instability) [15].

The instability of hydrodynamic bearings can be diagnosed by us-
ing Teager-Kaiser energy operator. The experimental tests were con-
ducted for two cases of rotor unbalance: G6.3 in accordance in ISO
1940-1 [28] standard and twice greater as allowed in the ISO 1940-1
standard. In the results analyses the energy operator, measured ro-
tor displacement and acceleration of bearing were presented in [3].
By using new analytical method for calculating the nonlinear float-
ing ring bearings oil film the unbalance effect influencing the rotor
response was presented in [20]. The engine excitation effects shown
that the rotor response has a distinct difference at lower and higher
speeds as well.

The angular misalignment effects on bearing performance is a very
important issue. The manufacturing tolerances, installation error and
elastic deflection of the rotors are the misalignment potential causes.
The numerical investigation of pad tilt motion and the spherical pivot
of tilt, pitch and yaw motions was presented in [10, 19]. The increas-
ing misalignment led to the stiffened bearing and decreased minimum
film thickness (increased lubricant peak temperature) [19]. The effect
of the axial movement of journal on the maximum film pressure, load
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capacity and over-turning moment and friction power loss is relatively
weak for the small eccentricity and for the smaller the rotational speed
is greater [10].

The problems associated with environmental protection can be
solved with the lubrication by water. The results of research on new
design solutions for this type of bearings are presented in [7]. As a
result of the research, it was noticed that the turbulent flow in relation
to the laminar flow increases the load bearing capacity. On the other
hand, an increase of the water temperature in the bearing reduces the
load capacity [7]. The influences of misalignment on the lubrication
performances and lubrication regimes transition of water lubricated
bearing was presented in [23]. With the increase of the misaligned
angle the maximum pressure and shear stress increased, the minimum
film thickness decreased and the eight dynamic coefficients increased.
The micro interface lubrication regime influence on the streamline,
pressure, eddy viscosity and kinetic energy distribution in the micro
cavities were discussed in [24].

The transverse self-aligning hydrodynamic bearings operating in
the turbine drive systems at high speeds have good hydrodynamic
working stability. The influence of the oil film pressure and tem-
perature distributions on the pads deformation was presented. Tests
were conducted for static equilibrium position of the journal [5, 18].
The bearing load capacity related to each pressure distribution can be
calculated by researching the dimensionless lubricant film thickness
in the circumference direction. The lubricant film thickness reflects
directly the bearing topology structure can be expressed by harmonic
functions [25].

The results of the research on increasing the bearing capacity, re-
ducing the coefficient of friction and wear with the use of nanofluids
are presented in [1, 16]. The use of TiO, nanoparticles in a nanofluid
for different oils (DTE 26, DTE 25, DTE 24) and different rotational
speeds was investigated. Increasing the rotational speed from 500
rpm to 1500 rpm caused that the dissipation power and temperature
increased around 600% and 800%, respectively [1]. The use of tung-
sten disulfide nanoparticles (IF-WS, NPs) in nanofluid increased the
bearing load carrying capacity about 18% [16]. Increased load carry-
ing capacity, significantly reduced peak pressures, more oven oil film
pressure distribution and thicker oil film in the loaded zone compared
to a white metal bearing can be obtained also by using PTFE layer as
a bearing liner [9].

The adiabatic or diathermic theoretical models, which taking into
account the influence of temperature on the oil viscosity, as shown by
the research results, significantly make the temperature distribution in
the oil film more accuracy to the results of experimental research [8,
14]. Concerning the ability to predict friction power losses in journal
bearings, the research results indicate that the considerably simpler
elastohydrodynamic approach appears to be sufficient to reliably and
accurately predict these losses for full film lubrication and to investi-
gate the occurrence of metal-metal contact [2, 21].

In many mechanical application the floating ring bearings are
used instead the plain bearings [12]. But theoretical models are much
more complex for that bearings. To analyze mechanical and thermal
performances the thermohydrodynamic model can be used [11]. The
floating ring bearings system is inherently nonlinear. If it is lightly
loaded or operated at high speeds, it is prone to the fluid-induced in-
stability. Several approaches for the linearization of the forces acting
in floating ring bearings were proposed and analyzed in [6].

In industrial practice, the radial plain bearings can be feed with
fresh oil from a lubrication pocket located in the non-working part
of the oil film or from the face side of the bearing. In the literature
and in standards [27, 13], methods for calculating the bearings op-
erating parameters feed with fresh oil from a lubrication pocket are
presented. But there are no such methods for the oil feed from the face
side of the bearing. The experimental results of thermal phenomena
accompanying operation of a water-lubricated stern tube bearing with
axial grooves (lubricant feed from face side) were discussed in [22].
It should be noted here, that face side oil feed is a common method

used for example in the bearing of crankshafts, engine timing gear,
and turbochargers.

The basis of mathematical models of this type of bearings are the
equations of the pressure distribution in the oil and temperature dis-
tribution in the lubricating gaps, and the equation of the oil clearance
geometry. The above equations are supplemented with the equation of
the mathematical model of the oil lubricating the bearing. The pres-
sure and temperature distribution equations are differential equations
that are solved for boundary conditions reflecting the actual operating
conditions of the bearing [1, 14]. The boundary conditions are related
to the oil feed form.

The conducted analysis of the state of knowledge has shown that
the issues concerning, among others: operation and construction of
slide bearings are the subject of many scientific studies. However, it
should be noted that in the available literature, no studies have been
found concerning plain bearings feed with oil from face side. Moreo-
ver, the available literature does not present any mathematical models
to describe the lubrication of bearings with such a supply. Therefore,
it was considered justified to build a mathematical model for these
bearings to describe the properties of the oil film, which will be based
on models intended for bearings supplied with oil from the lubricat-
ing pocket. The mathematical model was the hydrodynamic lubrica-
tion model, taking into account the influence of temperature on the
oil viscosity. The static characteristic of plain bearings were devel-
oped for a better presentation of the bearing working condition. These
characteristic allow for the given journal position relative to the solid
bushing (¢) and type of the oil #(7) to determine the maximum pres-
sure (Ppmay)> the maximum temperature (7,,,,), and the oil clearance
minimum height (4;,).

Another issue, that has been considered in this manuscript, and
which significantly affects on the bearing operation conditions, was
the type of the oil oil viscosity used to feed the bearing. The ISO
oil viscosity classification according to ISO 3448:1992 [29] was used
for the tests. The obtained results allow to determine, if the oil used
for plain bearing lubrication, was chosen appropriate. The maximum
oil film temperature as a criterion for proper operation condition was
used. The test results were presented in the form of graphs. Other
parameters influencing the lubricating properties will be taken into
account in further research.

2. Materials and models

2.1. Equations of mathematical model for a bearing fed from
lubrication pocket

The structure, geometry, and oil flows in a bearing fed with oil
from a lubrication pocket is presented in Figure 1. For the purpose of
involved calculations, the method recommended in the standard [27]
was used.

Similarly, the structure, geometry, and oil flows in a bearing fed
from the face side are shown in Figure 2. The calculation model em-
ployed for this oil supply type was verified by means of experimental
studies [13, 14].

2.2. The mathematical model constitutes a system of equa-
tions describing:

e pressure distribution in oil clearance:

40 h3.‘ip +£(h3.‘lpj:6.n.wJ@ (1)
prop\ o) oz oz o¢

Equation (1) was obtained after transformation of the equation of mo-
mentum conservation for oil particles and the equation of flow con-
tinuity [27].

¢ 0il clearance shape:
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Fig. 1. The geometry, oil flow directions, and oil pressure distribution in a
plain journal bearing fed with fresh oil from lubrication pocket

Fig. 2. The geometry, oil flow directions in case of feeding with fresh oil from
the bearing face side

h=05-D-yp[1+&-cos(p-PB)] @)

Cr
where: =—
YR D
Equation (2) was obtained by assuming the reference system as in
Figure 1 or Figure 2 [27].
* emperature distribution in oil clearance in case when the heat

from bearing is carried away by flowing oil:

* aT * aT *k K%
P‘Cpﬂ[l)x'aﬁwz'g}:“'[“x +Uzi| 3)

where:

2
0
oy
The equation describing the temperature distribution was derived

from the energy balance equation.
* properties of oil lubricating the bearing:

* h * h ok k 6l)x 2 *k h
Uy =vady,UZ =IUzdy,Ux =J. £y dy,u, =,[
0 0 0 0

n(T)=ng-e™ (T~Ty)+by(T-Tp)* | p(T)=const, c,(T)= const (4)

For the sake of the present considerations it is assumed that the oil
is a Newtonian fluid [27].

In case of the bearing fed from lubrication pocket, the system of

mutually adjoint equations (1-4) was solved for boundary conditions
applicable to the pressure field and the temperature field. The condi-
tions are represented in Figure 3.
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Fig. 3. Boundary conditions for pressure and temperature field in the model
of bearing fed with oil from a lubrication pocket. Lines ended with ar-
rows indicate directions of oil flow in the bearing

In case of the bearing fed with oil from its face side, the system of
Equations (1-4) was solved for boundary conditions applicable to the
pressure field. The conditions are presented in Figure 4.
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Fig. 4. The pressure field boundary conditions for a bearing fed with oil from
the face side. Lines ended with arrows indicate directions of oil flow in
the bearing

On the other hand, boundary conditions for the temperature field
are depicted in Figure 5, where:

sk sk * sk sk *
rl(uxi +u, )'Uxi T’(Uxi +u, )'Uz

ﬁx = ¥ * z = ¥ * (
prep (@ +(v3)?) T prey (@ +(vr)?)
p.= const
-z T.,= const d
-B/2 N AT /ez=p.

bush working zone

non-working " “wherep=TU " 7 -
zone bush
' non-working|
B/2 oT /iéz=p. 1 zone
N environment
z p= [}] p= 0

Fig. 5. The temperature field boundary conditions for a model of bearing fed
with oil from the face side

The result of solving the problem of thermo-hydrodynamic equilib-
rium of the journal relative to the solid bush are the following quanti-

ties: p(¢,z),T(¢,z),h(¢,z),F:FL
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3. Results

3.1. A comparative study on operating parameters of bear-
ings fed with oil from a lubrication pocket and from the
face side

For the present study, two oils have been selected with properties
summarized in Table 1. The calculations were carried out for a bear-
ing fed with oil either from lubrication pocket or from the bearing face
side. As a preset quantity, position of the journal relative to the solid
bush (¢) was assumed. Results of the research in the form of static
characteristics as functions depending on the oil type are presented in
graphical form in Figure 6.

With increasing value of ¢, the minimum oil clearance height de-
creases. For the discussed calculation example, the condition of fluid
friction is met in the whole range of considered relative eccentricity
values (A, < Hajiow =15 um).

3.2. The effect of oil VG grade and oil feeding method on
operating conditions of the bearing

In order to determine the effect of oil grade, oils of the follow-
ing viscosity grades were examined: VG32, VG46, VG68, VG100,
VG150. Results of tests allowing to establish the effect of oil grade
and the oil feeding method are presented in graphical form as plots of
the function Ty = Tiax(VG, €, F, oil feeding method). For the as-

Table 1. Preset quantities

Preset parameters
1. Journal nominal diameter Dy=131.925 mm
2. Solid bush nominal diameter D =132.109 mm
3. Journal-floating bush relative clearance Y =1.39%0
4. Relative width B/D =0.5
5. Relative eccentricity £=0.2-0.85)
6. Journal rotational speed wy=500 s, ny=4774.65 rpm
7. 0il viscosity 1" = 0.1084 Pa-s, a,V = -55291-10°%, b,V = 239-10°°
10® = 0.5264 Pa-s, a,® = -75000-10°, b, = 349-10°
8. 0Oil density po =900 kg/m?
9. 0il specific heat Cpo = 2000 J/kg-°C
10. Bearing feeding oil and environment temperature T, =50°C, Ty =20°C
11. Bearing feeding oil pressure p,=0.1 MPa

Table 2. Bearing operating parameters

Table 3. Operating parameters of the bearing

pallow=15 [Mpa]

0il feeding method

170=0.1084 [Pa-s] 10=0.5264 [Pa-s]

Tallow =95°C

0il feeding method

0il feeding from the
bearing face side

Epallow:0'81
Thax=111[°C]

Epallow:0'75
Trnax=124[°C]

0il feeding from a lubri-
cation pocket

“-‘pallow=0-75
Tmax=117[°C]

‘E‘pallow=0-71
Tmax=130[°C]

The relative eccentricity (Figure 6, Tables 2 and 3) determining
position of the journal relative to the solid bush (¢) has an effect on
fulfillment of criteria of current operation, namely: p(¢,2) < Paiiows
T((o,z) = Tallows hmin < haIIOW'

With increasing value of ¢ (Figure 6), value of the maximum pres-
sure in oil film (p,,,) increases accordingly. Adopting the allowable
value of surface pressures for the bush material p,,,, =15 MPa, val-
ues allowable for the relative eccentricity &”,,,, for the lubrication
pocket oil feeding method are lower than those in the case of oil being
fed from the bearing face side (Figure 6, Table 2).

It follows from analysis of the course of the maximum temperature
function (Figure 6) that with increasing value of ¢, the maximum tem-
perature initially decreases, and for ¢ > 0.5 it starts to increase. The
function T, = Thax(€) for both of the two feeding methods reaches
its minimum for the value £™* . = 0.45. Adopting Tyow = 95°C
as the allowable oil temperature, allowable values of the relative ec-
centricity 7,0 » the corresponding oil film bearing capacity values
(Fralow = Fallow)> and maximum pressures with the feeding method
taken into account the values which are presented in Table 3. For an
oil with 5y = 0.5264 Pa-s, values of the maximum temperature (7, >
Tatiow = 95°C) are exceeded in the whole examined range.

1o =0.1084 Pa-s 1o =0.5264 Pa-s
0il feeding from the bear- £"allow = 0.71
i & i Fallow =235kN Tmax > Tallow
ing face side
Pmax = 8.0 MPa
T
. . . &€ allow = 0.64
0il feedl'ng from a lubrica Fon = 19.0 kKN T Tatow
tion pocket
Pmax = 7.0 MPa

sumed preset values, the function takes the form shown in Figure 7.

For the purpose of the study, two different values of the relative
eccentricity ¢ were adopted, namely 0.45 and 0.7.

By analyzing the course of the function 7}, = T1nax(&, Tatiows Fro
VGQ) and taking into account the fresh oil feeding method (Figure 7),
a significant effect of oil VG grade and feeding method can be noted
on bearing operation parameters such as the oil film bearing capacity
or the maximum oil temperature.

4. Summary

Characteristics were developed allowing to determine conditions
for correct operation of a bearing with oil VG grade taken into ac-
count. The effect of the oil viscosity, the oil clearance geometry, and
the oil film pressure and temperature was demonstrated for two oil
feeding methods.

By analyzing the research results presented in Table 3 it was
found that for the same geometrical parameters, the face-fed bear-
ings have higher bearing capacity. For the discussed structural de-
sign solution, the relative bearing capacity increase was found to be
dFLallow = 18%.
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Fig. 6. Static characteristics of a plain journal bearing depending on the oil feeding method: 1 — n, = 0.1084 Pa-s,

feeding from the bearing face side; 2 — n, = 0.1084 Pa-s, feeding from a lubrication pocket; 3 —n,= 0.5264
Pas, feeding from the bearing face side; 4 — n, = 0.5264 Pa-s, feeding from lubrication pocket

‘ T,.. (e=0.45; £=0.7; @,=500 1/s; oil feeding method) 'C
T T T T T T
B/D=0.5 o
1250 °C e=0.7
T,=20°C 7K
120 L B.=1-10° MPa £=0.7 |
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€,=2000 Jikg-'C zc
T 043
10+ - -
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o F 22403 [N] TIN]
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90 4
80 - / 1
Recommended area of correct
/" “ bearing operation “ “
70 1 . ) . Ol VG
20 40 60 80 100 120 140 grade
Fig. 7. The effect of oil grade on the maximum temperature in bearing. Symbols: ZC — fresh oil feeding from the
bearing face side; ZK — feeding with fresh oil from a lubrication pocket
Based on research results presented in Figure 7 it can be claimed The presented results represent the outcome of the first stage of a
that for the eccentricity value ¢ = 0.7, bearings fed from a lubrication wider research project. In the next step, the effect of tolerance of oil
pocket can be operated with oils of the grade VG,,,, = 40, whereas operating properties on the bearing node operating parameters and
oils with VG, = 53 can be used when fed from the bearing face side. dynamical properties of the bearings will be examined. The param-

For ¢ = 0.45, the limiting
100, respectively.

grade values are VG, = 122 and VG, = eters influencing the lubricating properties will be also researched in
the future.
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