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Abstract: In the current paper is presented experimental determination of the hydrodynamic pressure in a radial journal bearing using a
specially designed stand. The latter is used also for determining the friction moment of the bearing. The results obtained show that the
influence of the shaft angular speed and the static load on the pressure values present tendencies identical to those published by other
authors. The same can be claim also for the studied effect of the shaft speed on the values of friction moment.
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1. Introduction

Hydrodynamic journal bearings are preferred for rotating shafts
and axles in many applications at various speeds and loads due to
their simplicity of construction, reliability, efficiency and relatively
low cost. Typical examples are their use as components of internal
combustion engines, reciprocating compressors, rolling mills, steam
turbines, precision metal cutting machines, machines operating in
adverse temperature conditions, as well as in contaminated and
aggressive environments, etc. In order to increase the reliability and
durability of the bearing, it is necessary to achieve minimal friction
losses and a corresponding reduction in the heat generated during its
operation. This implies compliance with the operational mode and
operating parameters, suitable materials for contact surfaces,
suitable oil, etc.

Important  characteristics of the journal bearing are
hydrodynamic (HD) pressure in the lubricant film and the friction
moment, so for their study it is designed and built test rig [1].
Mineral fluid AN 46 is used as a working fluid in experiments. This
is a general-purpose industrial oil [2] suitable for lubricating lightly
loaded units in machines and installations with flow and circulation
systems.

The aim of the current study is to experimentally determine the
hydrodynamic pressure at different speeds and different loads in a
radial plain bearing using a specially designed test rig. In addition,
the purpose is to determine the moment of friction when operating
parameters are changed.

2. Lubrication Modes

Journal bearings are most often operated under hydrodynamic
lubrication conditions, such as the lubricating fluid being mineral or
synthetic oil. As it is known, the necessary conditions for the
generation of HD pressure in the fluid film are the presence of
wedge space and lubricating fluid in the bearing clearance, as well
as the supercritical velocity of relative sliding between the contact
surfaces therein [3].

Depending on the shaft speed, the shaft occupies a different
position in the bearing, whereby different friction modes (in it) are
observed (Figs. 1a, 1b and 1c):

a) boundary lubrication mode - @ =0 (rest) - ruptured oil
layer;

b) mixed lubrication friction mode - w < @,,, rotor drive and

op’

angular velocity sufficient to balance the external pressure - start of
oil wedge formation; the journal rises and displaces laterally, but
the lubricant film is insufficient;

¢) HD lubrication mode - @ = ®,, - the operating position at

which the prescribed operating speed is reached; fully developed oil
wedge, no contact between work surfaces (shaft and bush of the
bearing).

The three friction modes are shown schematically in Figure 1.

oil layer pressure

a) boundary lubrication  b) mixed lubrication  ¢) HD lubrication

Fig. 1 Changing the shaft position with increasing speed, [4]

The modes described above are generally illustrated with the
Stribeck diagram shown in Fig. 2.

The diagram represents the relationship between the friction
coefficient of the bearing and respectively the dynamic viscosity of
the lubricant, the angular velocity of the shaft and the mean pressure
in the bearing.

Coefficient of friction

A\ 4

Velocity x viscosity / pressure

Fig. 2 Lubrication modes, [5]

The pressure distribution on radial and axial directions at
hydrodynamic lubrication mode is presented in Fig. 3. In Fig. 3.a is
given an uncoated bearing (classic case), whereas in Fig. 3.b is
shown a case of a polymer coated bearing with layer applied to the
inner side of the bushing.

a)

b)

Fig. 3 Pressure distribution in the HD journal bearing - a) uncoated
bearing, [6]; b) coated bearing
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whereas in Fig. 3.b is shown a case of a polymer coated bearing
with layer applied to the inner side of the bushing.
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3. Description of the Stand and the Experiment

The test rig on which the experimental study was conducted
(carried out) is shown in Fig. 4. - FIG. 4.a shows a general view of
the stand made, and Fig. 4.b presented set of journal bushings with
coating.

The main components of the stand include: bearing, load
system, adjustable speed motor and control unit.

a b)

Fig. 4 Experimental stz)amd of plain journal bearing - a) general view;
b) replaceable bushings

Simplified scheme of the experimental stand (general view) is
shown in Fig. 5.a. The shaft of the bearing (1) is mounted fixedly
(keyway) to the shaft of the electric motor (13) (Fig. 5.b). A metal
sleeve (2) is mounted on the bearing shaft in which two opposite
radial channels (3) and (4) are made.

At

a) general view

b) longitudinal section with
the bushing

Fig. 5. Experimental stand

1- test bearing shaft; 2- journal bushing — metal or with inner polymer
cover; 3 - oil supply channel; 4 — channel to the pressure sensor; 5 - pressure
sensor; 6 - load lever; 7 — load (weight); 8 - spoke; 9 — lever arm, contacting
with the sleeve at one end and mounted (with rolling joint) at the other; 10 -
force sensor; 11 - two clock micrometers; 12 - scale for angular deviation; 13 -
adjustable DC motor; 14 - control unit; 15 - locking mechanism of metal strip
and spring

One of them (3), with holes on the outer and inner surfaces of
the shell, used for gravitational feeding of the oil through of a
flexible silicone tube. The second radial channel (4), by means of an
additional axial channel (shown in Fig. 5.b), connects the bearing
clearance and the oil layer therein to the pressure sensor (5) which
is mounted on the front surface of the shell. The pressure in the oil
layer is measured along the circular coordinate in different angular
positions by rotating the sleeve in each of them. The rotation of the
shell is done manually and must ensure that it is in such a position
in which the oil channel (3) is always in its upper half, while the
pressure channel (4) remains always in the lower one. The
corresponding rotation angle is indicated on the scale (12) in
degrees.

The design of the test rig allows the pressure to be measured
also along the bearing. For this purpose, the sleeve is made of
longer length than the shaft. This allows it to be displaced in an
axial direction (Fig. 5.b), whereby the channel (4) with the pressure
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sensor is also displaced. This is also done manually and its position
is determined by a caliper.

The static load in the bearing is created using a load system
consisting of a load lever (6), a arm (9) and a load (7). The force
arising from the load on the outer periphery of the bushing is
measured by a force sensor (10) connected to the lever arm (9)
using a spoke (8).

To prevent the shell from rolling into the contact area, a locking
mechanism (15) is installed (Fig. 5.b), consisting of a metal strip,
the ends of which are connected to the spring.

A particular advantage of the test rig is its design with the
possibility of changing bearing bushes ability to replace the support
bushings. This makes it possible to study antifriction coatings with
different physico-mechanical characteristics, particularly, the effect
of the elastic deformations of the coating on the distribution of HD
pressure in the bearing.

The stand allows experiments to be performed at different rpms,
which is achieved by an adjustable DC motor (13) and an electronic
control unit (14). The revolutions are read by a light pulse counter
and its values are displayed in digital form.

On the other hand, the test rig allows the eccentricity to be read
out by means of two clock micrometers (11) positioned at an angle
of 90°, giving deviations of the left and right micrometer
respectively from their starting position.

The maximum displacement is:

A:JA%+AW, (1)

where AX and Ay are the deviations from their readings in the
starting position of the left and right micrometer respectively.

The angular position of this displacement is observed on the
scale (12):

B =arctg Ax/Ay + 45°, )

It is also possible to measure the friction torque moment at
different speeds and static loads, taking into account the readings of
the force sensor (10).

The advantages of the test rig include: significantly simplified
construction compared to other stands [7, 8]; replaceable bearing
bushes (with different physico-mechanical characteristics of the
coatings on their inner surface); the ability to measure the pressure
in the axial direction along the length of the bearing.

Some design parameters of the stand: - diameter of the journal
bearing - 4.10 m; bearing axial length - 4.10% m; radial clearance
(c=R=r)-6.10° m; clearance ratio ( p=c/r) - 15.10" m, shaft
speed (smooth adjustment) - 0 — 3 000 rpm, load - 0 — 500 N.

The methodology for conducting experiments implies the
following sequence: -before each measurement the system is filled
with a lubricating fluid (oil AN46 is fed by gravity in the unladen
zone of the bearing; it is assumed that the temperature does not
change during the experiment); - the external load is set by hanging
a weight to the lever system (due to the ratio of arms of the lever
follow that a weight of 1 kg will correspond to 20 N load); - the
position of the bushing is set for the measurement of the HD
pressure in desired direction; - the engine is turned on and the
desired speed is selected; wait for transitional start mode to pass
(few minutes) ; - the pressure values are taken from the pressure
gauge readings for each measurement and recorded.

The oil pressure values at a given load and speed are measured
separately for the two main directions as the position of the bushing
changes accordingly (Fig. 5.a and 5.h):

- for angular coordinate - the bushing (respectively the channel
to the pressure sensor) rotates through a certain step (e.g. 5° or 10°)
and is fixed in the new position. / The rig allows measuring the HD
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pressure in the lower half of the bearing shell - from 0° to 180°
relative to the horizontal on the scale of the test rig, which
corresponds of 90° to 270° on the entered angular coordinate /.

-for axial coordinate (bearing length): - first the bushing be
fixed in the angular position in which the maximum value of the
HD pressure is recorded in the tangential direction, after that it
moves along the bearing length and is fixed through a certain step
(e.g. 5 mm) (test rig allows displacement from the midline to the
ends of the bushing).

The design of the stand allows for easy replacement of its
bearing bushing with one of a set (when studing the effect of the
deformation of the coating on the HD pressure values). The change
of bushing is done by releasing a stopping mechanism, consisting of
a strip and spring and pulling the bushing from the shaft. The
selected bushing is placed in its place, moves along the shaft until
the top surface is matched (Fig. 5.b) and closes the stopping
mechanism.

For the determination of the frictional moment: The desired
rpms and static load are set. Start the engine and the readings of the
force sensor (10) are measured for the values of the tangential force.
Taking into account the parameters of the lever arm (9) and the
diameter of the bearing bushing (2) for the calculation of the
friction moment, it is considered that for each 1 kg indication from
the device match 0.2 Nm. Before every next measurement, the
device is reset.

In order to ensure greater accuracy of the experiments, two
parallel measurements are carried out for each set of experiments
(with rpm variation at constant load and with load variation at
constant rpms) (varying the rpm at constant load and varying the
load at constant rpm) and for each of the two main directions -the
anguular coordinate and the length of the bearing. However, no
sensitive deviations were found on the maximum pressure values in
the bearing.

4. Mathematical Model

Hydrodynamic pressure distribution equation for the steady
state case [9, 10, 11, etc.] is given by:

o(h®o o(h®g oh
o), o(h ) g, N )
ox\n ox) o\ n oz OX

where p - hydrodynamic pressure, Pa; h - fluid film thickness, m;
r - radius of the journal, m; X,z- Cartesian coordinates; 7 -
dynamic viscosity of the lubricant, Pa.s; @ - shaft angular velocity,
-1

s

The fluid film thickness for bearings with rigid contact surfaces
(without coatings on bushing and/or shaft) is representing by the
equation:

h =c+ecosé, 4)

where ¢ —radial bearing clearance, m; € — bearing eccentricity, m;
@ - angular coordinate, measured from the centre line.

If there is a coating on one of the bearing surfaces and the
elastic deformations of this coating are taken into consideration (the
other components of the bearing and the shaft are considered as
rigid) the film thickness geometry is given by the equation [9, 10,
11, etc]:

h=(c+ecosd)+J, (5)

where ¢ - elastic deformation of the bush coating, m.

It is known that it is possible to calculate coating distortions
by different formulas in accordance with different hypothesizes
presented in the scientific literature.

One very popular of them is based on the Vlassov’s model
[12], which can be transformed for the case of thin layer [13] in a
following form:

5o 6por? (1-2u)(1-4*)d

P, (6)
C3 E (1_/1)2
The other methods are given by Higginson [14]
2 2
5:677_03”[1_2LJ9F)1 7
c 1-u)E

and by Kodnir (Winkler-Zimmerman hypothesis) [15, 16, 17 ]

_ 6ror’ 2(1_#2) d
°=Te T . E"

®

The elastic part of the problem is very important because the
correct calculation of the film thickness influenced on the
determination of values of the hydrodynamic pressure in the fluid
film and load capacity of the bearing as whole.

5. Results and Discussion

In Fig. 5. are presented experimental results of the HD pressure
distribution in tangential direction at constant load 100N and
different rpms — 700 rpm, 1000 rpm and 1500 rpm.

HD pressure, kPa

Angle 8, deg

Fig. 6 HD pressure distribution of on the angular coordinate & at different
rpm

The maximal value of the pressure is reported at approximately
6 = 185°. From the measured results an increase in values of the
maximal pressure is observed, when the rpms of the shaft are
increased. Similar trends have been identified by other researchers
[18, 19, etc.]. The profile of the HD pressure on the angular
coordinate, obtained in the present work, has its typical form, and
the slight deviations may be explained by some inaccuracies during
the experiment.

Table 1 presents the results of the values of the HD pressure,
measured in the same direction at a constant load of 100 N and at
different rpms of 700 rpm, 200 rpm and 2500 rpm. The analysis of
the results shows keeping of the above-mentioned trends of
influence over the maximum HD pressure - higher values at higher
revolutions with maxima localized at @ = 185°.
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Table 1: HD pressure values at different revolutions (rpms)

0, deg
n, rpm
120 160 180 185 190 200 260
700 0 38 54 56 52 41 0
2000 0 39 66 71 70 58 0
2500 0 41 68 73 72 61 0

The effect of varying the external load (100 N, 135 N, 160 N) at
constant revolutions of the shaft (700 rpm) is presented in Fig. 7. As
it was expected, the obtained results show that the values of HD
pressure increase with increasing of load. The authors of [18, 19,
etc.] make the same conclusions. The pressure peak for all three
considered cases for different load is again considered & = 185°.

160

—+— 160N ™~ 700 rppm

HD pressure, kPa

Angle 8, deg

Fig. 7 HD pressure distribution on the angular coordinate at different loads

Fig. 8 shows HD pressure distribution in an axial direction at
input parameters - 100 N load and 700 rpm. The resulting profile is
identical in form to all known theoretical formulations also with
published results by other authors [20, 21]. In relation with the
aforementioned, it can be expected that these trends will be
preserved in subsequent measurements with the present stand, but
with other input parameters.

From the results can be observed a significant increase in the
values of the friction torque with an increase of the shaft speed. The
increase in the values of this parameter is more obvious at low
speeds and, less obvious at high speeds. A similar trend of change
in the friction torque with a change in speed can be found in [22,
etc.].

160
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Fig. 8 HD pressure distribution along the bearing
Fig. 9 shows some results of the friction torque measured values

at a constant load of 160 N and a range of speed values from 700 to
2000 rpm.

0,5

04

03 f
=
= 0,2 |

- Load 160N
= 01 t
0 .
600 1400 2200
n,rpm

Fig. 9 Friction torque

6. Conclusion

In the present work, an experimental study of the HD pressure
in a journal bearing was carried out in case of varying of load and
speed, using a specially designed test rig for this purpose. The
results presented refer to the HD pressure distribution on the
angular coordinate and the length of the bearing. In addition, the
results are presented regarding the determination of the bearing
torque at constant load and at various speeds. As noted above, the
resulting trends of influencing the hydrodynamic pressure values
from the change of shaft speed and the load change are identical to
those obtained by other authors.

The ability of the stand to investigate the influence of the
bushing deformability on the HD pressure values has been used and
numerous experiments have been carried out, but they are the
subject of another publication.

Furthermore, it is planned a test rig improvement by
introducing of additional sensors with outputs to connect to
computer. If sensors for angular and axial position of the shell will
be introduced, the hydrodynamic pressure profiles should be drawn
automatically.
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