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Experimental research on marine oil lubricated stern tube bearing

Abstract

Bearings of propeller shafts are very crucial elements of the propulsion system of each of the
ships. The safety of shipping depends on their durability and reliability. The new legal restrictions mean
that today we are looking for environmentally friendly solutions. That is why water-lubricated bearings
are becoming more and more popular. So, will oil lubricated shaft bearings belong to the past?

The bearing with a white metal bushing lubricated with mineral oil, which was subjected to
experimental tests has a number of advantages. First of all, it works in the area of full fluid friction and
in typical shipbuilding conditions it has a significant excess of hydrodynamic load capacity.

Therefore, replacing mineral oil with an environmentally friendly lubricant with a similar
viscosity seems to be a promising solution. Motion resistance larger than in water lubricated bearings

compensates for the reliability and durability of this solution.

Keywords: hydrodynamic lubrication, journal bearing, marine bearing, oil lubrication, stern tube

bearing

1. Introduction
Marine main shafts bearings are very crucial elements of the propulsion system of each of the

ships. The safety of shipping depends on their durability and reliability. Despite the fact that the
engineers today have a lot of knowledge and are able to design a correctly operating sliding bearing,
every year failures or premature wear of the sliding couples are reported. Common causes of failure
are:

e errors in assembly resulting stress concentration caused mostly by the misalignment of

the bushing and the shaft (1)(2) (3),

e unfavorable bearing interspace geometry, especially lubrication grooves distributed

around the perimeter (4)(5),
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. excessive bearing clearance and other bushing shape errors due to assembly by means
of a thermo compression method (bush is cooled before installation, for most of polymers
thermal expansion coefficient is high so it helps to shrink bush and install it easy in housing),
e improper sliding couple or hard operation conditions (6)(7),

e improper lubrication, not sufficient flow of the medium causing overheating of the sliding
couple (8), solid particles in the lubricating liquid (9)(10), corrosion (11), etc.

It is worth adding that a classification society monitor over each of the operated ships. It
supervises the ship from the moment when the design of the unit is created, throughout the entire
period of operation, making systematic inspections until the unit is withdrawn from service.
Supervision of highly qualified specialists increases the chances of long and trouble-free operation of
the ship. On the other hand, fierce competition between ship owners means that when designing a
new ship or renovating an older unit, the cheapest solution, not always the most durable or reliable
one is chosen.

In recent years, environmental protection has become one of the most important issues (12).
This is one of the reasons why water lubricated bearings are becoming more and more popular. They
have recently been subjected to comprehensive experimental tests in various centers around the
world. The tribological properties of various sliding couples, properties of bearings during operation
under mixed or full fluid friction conditions are tested. The durability of bearings under severe
operating conditions with limited cooling is assessed, when the shaft axis is not alignment in the
bushing (2) or during lubrication with liquids containing particulate contaminants (9)(10).

In addition to numerous advantages, water lubricated bearings have quite severe limitations,
which means that oil lubricated bearings are still used on parts of newly built ships with transmission
through the shaft line. Former tests on sliding bearings lubricated with water, the results of which were
published in the literature, have identified the most important limitations and risks for some of the
currently used materials (13) and the geometries of the bushings, such as:

e limited hydrodynamic load capacity (5),

e considerable resistance to motion during start-ups and during operation in the mixed friction

area (14),

¢ occurrence of stick p phenomena (15),

e sensitivity to non-coaxial position of the shaft, especially for stiffer bushing materials (16),

e sensitivity to work temperature (8),

¢ limited durability of bearings installed in open systems without sealings lubricated with water

containing particulate contaminants (17).

The analysis of solutions used on newly built ships shows that oil lubricated bearings, despite

the high price, are still willingly used because they have a whole range of advantages. The use of seals
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and operation of the propeller shaft in the lubricating oil is an excellent protection against aggressive
corrosive environments such as sea water. Moreover, no corrosion-resistant but high-strength grades
of alloy steels can be used for making shafts. This reduces the dimensions of the shaft and consequently
reduces the unit's construction costs. Oil lubricated bearings usually work in a wide area of full fluid
friction and thicker than in the water lubricated bearing, lubrication films allow to limit the negative
impact of minor misalignment of the shaft and bushing axis. It should be added that the coaxial error
of the shaft and bushing is practically always present, although every effort is made to make it as small
as possible. It is usually the result of technological problems related to the construction and assembly
of large-size elements and of deformation of the ship's hull during operation in various loading
conditions and in changing weather conditions.

The purpose of the planned and conducted tests was to get a better knowledge on the most
heavily loaded stern tube bearing lubricated with oil with bushing made of white metal. The
measurements were carried out in a wide range of working conditions that may occur during
operation. As a result, it becomes possible to compare the properties of an oil lubricated bearing with
previously tested bearings lubricated with water of the same dimensions under the same operating
conditions (4)(18). It is also important to note that currently environmentally friendly oils based on
esters, glycol or even water are developed, which could replace petroleum oils (19)(20). Therefore, it
is anticipated that marine bearings lubricated with liquids with viscosity definitely higher than water
will still be produced and exploited. The shipowners of some ships, especially special units, are willing
to pay the high costs of such a solution to ensure high operational safety and reliability.

Therefore, in order to gain new knowledge in the field of tribology, it was decided to use a test
stand, which in the past was used to test water lubricated sliding bearings for testing oil lubricated

bearings.

2. Experimental testing

A modernized test stand shown in Fig. 1 was used for the tests.
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Fig. 1. Test stand;

The test stand for detailed examination of a single bearing has a construction, which is typical
for these units (14)(21)(22)(23). The main shaft of the test stand made of carbon steel is supported by
two rolling bearings with the tested bearing unit in between. (Fig. 2). An electric motor with a reduction
gear was used for the drive. The motor is equipped with speed control system. It has a starting torque
of about 160 Nm. The bushing with a sliding layer made of white metal housed in a steel sleeve (2) was
mounted on the shaft (1). The oil is supplied through two longitudinal grooves in the horizontal plane
of the bearing (Fig. 2). The oil flows out of the bearing on both sides to the covers (3). The tested
bearing unit is closed on both sides with the covers in which the sealing rings (3) are mounted. The
load is exerted by a hydraulic cylinder via a hydrostatic bearing (4). The place where the hydrostatic
film is made is shown in the illustration below (Fig. 2). Separation of the system of exerting the load
from the bushing unit through a thin layer of oil under pressure enabled precise measurement of
motion resistance and calculation of the coefficient of friction. Unfortunately, this way of supporting
also has a disadvantage. During the tests there is no control on the position of the axis of the bushing
with relation to the axis of the shaft. The bearing behaves similar to a self-aligning bearing. In the
described case, thanks to the high precision of the shaft and the bushing and the symmetric oil supply

through the longitudinal groove, there was only a barely noticeable axis skewing.
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Fig. 2. The tested bearing unit; 1- main shaft, 2- tested bushing unit, 3- covers with seals, 4 - load
exertion system, 5- pressure sensors, 6- contactless proximity probes, 7- friction force sensor, 8 -

temperature sensors installed in the bushing sliding layer

The stand is equipped with two pump units. One using hydraulic oil feeds the load exerting
cylinder (4) and the hydrostatic bearing through which the tested bearing is loaded. The radial load
value of the tested bearing is controlled by control of a specific supply pressure by overflow valve. The
second hydraulic unit is used to supply the lubricating oil to the tested bearing. The output of the feed
pump and the oil supply pressure can be adjusted. The lubrication system is adapted to mineral oils,
synthetic oils and lubricants of similar viscosity based on esters, glycol, etc.

Thanks to the load exerted by the hydrostatic bearing, it is possible on the test stand to accurately
record the motion resistance. Making accurate measurements of the friction force allows to calculate
the coefficient of friction. A small measurement error results from the fact that the friction force of
the bearing and of two sealing rings is registered simultaneously. This is quite a typical problem and it
also appears in other similar test stands (22)(23). However, it is believed that the coefficients of friction
of the rings are minimal, and to further reduce them, the springs pressing the sealing lip were
disassembled.

On the stand, it is possible to measure the distribution of pressure in the lubrication film through
sensors installed in the bearing bush. In a typical case, sixteen pressure sensors are installed in two

groups of eight. The arrangement of the sensors shown in the figure is not accidental. The larger
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distance between sensor 1 and 2 was intentionally provided. This was due to the need of
measurements made in the zone where the hydrodynamic pressure drops quickly and cavitation can
occur.

The stand is equipped with two pairs of proximity probes, contactless sensors on both sides of the
tested bearing (fig. 3 part number 6) enabling non-contact measurement of the distance between the
shaft and the bushing (6). The use of carbon steel shaft during testing, which does not contain strong
ferromagnetic nickel and chromium like stainless steel necessary for water lubricated bearings, made
it easier to measure distances and increase the measurement precision. The possibility of rotating the
bearing bush loaded by the cylinder on the fixed shaft (after disassembling the friction force sensor)
enables the determination of the boundary positions of the shaft in the bushing so that it is possible
to apply the clearance circle to the shaft's orbit diagrams (Fig. 3). This is a very valuable feature of the
test stand that allows the assessment of the thickness of the lubricating film during the analysis of
results. In the graphs below (Fig. 3) there are two centric circles, which define the contact zone
between the shaft and the bushing - dependent on the radial load value and result from the elastic
deflection of the bushing and shaft as a result of specific pressure (from 0.2 to 0.8 MPa). During bearing
tests, when measured shaft orbits are placed inside the clearance wheels, it is possible to evaluate the
approximate thickness of the lubricating film. It is also worth noting that the clearance wheels on both
sides have the same dimension and the shape errors are negligibly small. These measurements
confirmed that the diameters of shaft journal and bush are correct and allowed to calculate a diameter
clearance amounting to 0.27 mm. Measurements carried out at the temperature of 20 and 50 degrees
have shown that the bearing clearance changes slightly and this change can be omitted by analyzing
the measurement results. Numerous tests of water lubricated sliding bearings carried out in the past
have each shown significant errors in the shape of clearance circles (4)(18). This was due to difficulties
in the precise machining of the polymeric bushing. Such a problem do not take place in bearing with

white metal bush.

07

06

L) } R) e e A
[ | o 02MPa | | o 0.2MPa
e 04MPa e 04MPa
4 08MPa | L H | 4 0.8MPa
08 : 07

Y [mm]

el

s

Y [mm]
]
EESSN

100um . \ . I 100um

10 g (/v ! 0.8 s s
[T \*_g/y
T T
09 08 07 0,6 0.8 08 07 06
X [mm] X [mm]


http://mostwiedzy.pl

A\ MOST

Fig. 3. Verification of the position and size of the clearance circle of the tested bearing, the contact

points between shaft and bush were presented; left bearing side (L) and right side (R)

The stand has five temperature sensors - thermocouples. During the tests, the supply and outflow of
lubrication oil temperature and the temperature of the bush are measured. Two sensors are installed
in the sliding layer (Fig. 2) and one on the surface of the bushing. The tested bearing, lubricant and

operation conditions were presented below in the table 1.

Table 1. Data of bearing, working conditions and details of measurement sensors

1 Diameter of the shaft / length of the bushing 100 mm / 200 mm

2 Bearing clearance measured at the temperature of 20 degrees 0,27 mm

3 Rotational speed of the shaft 0-11rev/s

4 Radial load [N] / specific pressure [MPa] 4kN, 8kN, 12kN, 16kN, 20kN
/
0.2MPa, 0.4MPa, 0.6MPa,
0.8MPa, 1MPa

5 Lubricating oil - mineral, typical for the lubrication of low-speed internal
combustion engines and sliding bearings of the shaft line produced by
several reputable manufacturers, SAE 30 often described as type 3005.
Viscosity at 40 degrees Celsius 105 cSt
6 Bearing bush material — white metal SnSb8Cu4Cd (Sb 7+8%, Cu 3+4%,
Cd 0.8+1.2%, Pb 0.35%, As 0.5%, Sn 85.45+88.25)

7 Pressure strain gauge sensors (16 pcs.), range 0+6 MPa, accuracy +0.3% FS (full scale)

Friction torque measurements — strain gauge sensor with amplifier, range 0-100N, accuracy +0.5% FS
9 Distance touchless measurements — proximity probes — with analog output, accuracy +1% FS

10 | Temperature measurements — K thermocouples, accuracy 1% FS

11 | A/D data acquisition system, pc computer and A/D card

(o]

3. Test results
Before each test, the stand and lubricating oil was warmed up. This was carried out by starting-

up the stand (initial stable temperature of 20 degrees Celsius of the entire system), which worked for
90 minutes with the shaft speed of 11 rev/s. The load exerted in the bearing was 0.6 MPa. In the first
phase of the work, for about 15 minutes the oil in the tank was heated using an electric heater. After
about 90 minutes, the temperature of the oil and the bearing bush stabilizes. Fig. 4. Therefore, as the
operating conditions for the bearing installed on the test stand, the following has been assumed:

e Supply oil temperature 44 degrees Celsius

e Temperature of the bearing bush 55 degrees Celsius.
As predicted, the resistance of movement during start-up when the oil and bearing temperature is 20
degree coefficient of friction is much higher (0.032) than after the operating temperature is reached
(0.01). This is mainly due to the viscosity of the oil, which decreases with increasing operating

temperature. It is worth adding that the procedure of preheating oil is a common practice on ships. As
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a result, the resistance of movement of the shaft unit can be reduced already in the initial phase of

operation after the start-up of the drive system.
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Fig. 4. Temperature and friction coefficient graphs during warming up of the stand; load 20 kN

(specific pressure 1 MPa), shaft speed 11rev/s

The measurements carried out showed that the bearing works in a wide range of liquid friction.
This is indicated by the measured low resistance of movement (Fig. 5), distribution of hydrodynamic
pressure in the lubrication film (Fig. 6) and the shaft orbits (Fig. 7).
The characteristics of the coefficient of friction as a function of rotational speed and load indicate that
during the start-up there is a significant reduction in the resistance of movement. The static friction
coefficient ranged from 0.12 to 0.15. The static friction was acquired during slow start-up to the speed
of 1 rev/s with sampling frequency 1 kHz. Similar values of coefficient of friction were acquired by
others researchers (24). There was no increase in motion resistance resulting from longer standstill of
the shaft which is typical for bearings with plastic bushings when there is a stick - slip phenomenon.

The coefficient of friction decrease in the resistance of motion for each of the speed points and slightly
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increase with growing speed, that are a typical phenomena for a bearing operating in the area of
hydrodynamic lubrication (Figure 5). It results from the fact that the increase in load entails an
decreasing of film thickness, which in turn causes the temperature in the lubricating film to rise as an
effect of growing shearing stress in thin lubricant layer, causing reduces the resistance of motion. In
optimal conditions, when the bearing is loaded with specific pressures from 0.4 to 0.8 MPa in typical
for the operation of small ships shaft speed with a diameter of 100 mm ranging from 7 to 11 rev/s, the
coefficient of friction is from about 0.01 to 0.055. It is worth remembering that this value shows the
total resistance of bearing and two sealing rings.

The tested bearing with a diameter of 100 mm could be used in the propulsion system of a small ship
with a propulsion power of around 200 kW. The calculated frictional power in the analyzed case when
the coefficient of friction is 0.02 reaches even 1.1 kW. It would be about 0.5% of the power of the drive
system, which is a small value compared to the other energy losses of the drive system components.
The efficiency of the internal combustion engine usually does not exceed 50% (25) and the efficiency

of the propeller does not exceed 60 % (26)(27).
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Fig. 5. Measured resistance of motion in the tested bearing
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Fig. 7. Measured orbits of the shaft axis in the bushing for loads from 4 to 20 kN

(specific pressure 0.4 to 1 MPa)

The graphs of the measured pressure distributions in the lower half of the bushing have a
typical geometry. The increase in load for each of the rotational speeds causes the response of the
lubricating film in the form of an increasing pressure field. When working at low speed, when the load
increases, the pressure distribution graphs show a low pressure zone where cavitation can occur that
could have a destructive effect on the bearing.

The trajectories of journal center located inside the experimentally determined clearance circles allow
an approximate determination of the thickness of the lubricating film. Since the trajectories registered
on both sides of the bushing were very similar, the graphs show the trajectories measured on one of
the sides. The estimated thickness of the lubricating film is shown in the graph below (Fig. 8).
Considering the smoothness of the surface of the sliding couple, the minimum thickness of the
lubricating film can be approximated. It is usually assumed in approximate calculations that the
minimum thickness (hmin) of the lubricating film is a sum of the roughness of the journal and the
bushing (28).

Rimin = km(Rpjournal + bush) = 0.5(0.32 4+ 12) = 6.16pm (28)

km = 0.5 — material factor for white metal and babbits

11
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Rpjournal=0.32 um — surface grinding

Rpbush= 12 um —internal turning of polymer bush

In the analyzed case, the minimum film thickness was assumed as 8 um (28). Considering the fact that
in the typical case, in the stern tube bearing on the vessel there are specific pressures of 0.4 - 0.5 MPa,
it can be stated that the bearing works in the hydrodynamic lubrication range even at a minimum
speed of 1 rev/s. What is important, the bearing also has a clear margin of hydrodynamic load capacity.
For specific pressures of 0.5 MPa, the lubrication film reaches a thickness of 70 um. This is a significant
value, and it can be assumed that in the case of slight misalignment, the shaft will not come into
contact with the bushing.

It is worth paying attention to the size and shape of the orbits. For lower speeds, the orbits have the
shape of eights and are quite large. The work stabilizes and the vibrations become practically

indiscernible for work with speeds above 7 rev / s.
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Fig. 8. The thickness of the lubricating film determined on the basis of experimental tests

4. Conclusions

The ship's stern tube bearing with the ratio of length to diameter L / D = 2 lubricated with oil under
typical operating conditions works in the area of full fluid friction with a significant margin of
hydrodynamic load capacity. This is a significant advantage over water lubricated bearings, which, if
they work in the area of liquid friction, have thin lubricating films and it is difficult to assess the

hydrodynamic load capacity.

12


http://mostwiedzy.pl

A\ MOST

The friction coefficient of an oil-lubricated bearing under typical conditions is around 0.015 - 0.02.
It is a small value but still it is larger than in the case of oil lubricated bearings. According to the author,
the energy losses resulting from the use of an oil lubricated bearing are small. It seems illusory to
indicate lower motion resistance of bearing lubricated with water as its advantages. Working in the
area of mixed friction, thin lubricating films while working in the area of liquid friction, cause that the
wear process in a bearing lubricated with water takes place throughout the entire service life.

Bearing the ship's propeller shaft using oil lubricated bearings with white metal bushing is not a
cheap solution. Seals, which are subject to continuous wear are often the weakest point of such a
solution. It seems that oil lubrication, especially with environmentally friendly biodegradable oils is a
very interesting offer for ship owners who expect high durability and reliability (19)(29)(30).

Research into environmentally friendly oils is ongoing and the results will be published soon.
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