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ABSTRACT

The stern tube or strat bearings are key important component for safety of shipping. Modern global regulations required
a low as possible negative impact on environment including lubricants leaking to the sea. The ship owners are looking
for reliable and durable solutions. The costs of each ship components are carefully studied. The water lubricated
bearings for ship propeller shafts are an environmentally friendly solution. That is the reason why water lubrication
is an interesting option to consider. Because simplicity of the ship design is expected the open lubricating system with
only one seal module, when sea water is a lubricant is often recommended by manufacturer.

This research was inspired by a series of failures or premature excessive wear of the propeller shaft strut bearings of
real ships. The experimental tests were conducted in the laboratory on custom designed and build test-rig. The large
group of tested bearings was delivered by certified manufacturers.

The results of long time wear tests clearly prove that the cause of this premature wear was abrasive wear resulting
from water contamination with solid particles of mineral origin. The range of the wear strongly depends on bearing
bush materials and bearing interspace geometry. The wear was low for bearings with elastic bushes especially when
hydrodynamic phenomena takes place.

The general conclusion is that water lubrication is an interesting option to consider when design of the ship is discussed.
The simplicity resulting an attractive price, low maintenance costs and proven durability and reliability of some bearings
materials cause that this technology is becoming popular and often applied
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INTRODUCTION

Despite significant progress in engineering at the end of
the 20th and the beginning of the 21st century, shipping still
plays a key role in global transport. It has been estimated that
there are over 100,000 ships in operation around the world,
with an average age of over 20 years. The lifespan of a ship
is often stated as 30 years, although in practice, this lifespan
depends on many factors [1].

An important component of any modern ship is a safe,

reliable power transmission system. In the case of a ship
equipped with a classic shaft line, the propeller shaft and its
bearings are particularly important. Despite over 150 years
of experience with ship propeller propulsion, a significant
number of failures are recorded every year, resulting in
unplanned, costly downtime and repairs to ships [2][3].
Faster ships, such as car and passenger ferries, passenger
ships, warships and some container and gas carriers have a
twin-screw propulsion system. This solution has been used
for over 100 years, most frequently on war ships, but it still
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gives rise to certain problems. In the past, water-lubricated
bearings installed inside the struts were commonly used,
and the failure of these propulsion systems caused some
shipowners to demand the use of oil-lubricated strut bearings.
To make this possible, the shaft support was connected to
the hull by a pipe called a stern tube, consisting of a jacket
protecting the shaft, filled with circulating lubricating oil. This
solution is relatively complicated and sensitive, due to the need
for a complex sealing system to ensure the tightness of the
lubrication system. These are not 100% environmentally safe
solutions, as there is a risk of seal damage and oil leakage into
the sea. To extend the durability of the seal, some permanent
operational leakage of oil into the water is often allowed (up
to two litres per day from a properly functioning system). It
is also common that seawater enters the lubricating oil, which
may degrade the properties of the lubricant. In the case of
some environmentally friendly oils (i.e. the so-called EAL),
water ingress may cause the formation of chemical compounds
such as acids that can degrade rubber seals, among other
components. The desire to reduce the cost of components at
the construction and operation stages and to avoid the risk
of contamination of lubricating oil from seawater has caused
some shipowners to willingly use water-lubricated bearings
(Fig. 1b). A cantilever bearing has a relatively simple structure,
since it is lubricated by the surrounding water.

Fig. 1. Strut propeller shaft bearings for passenger and car ferries: (a) a
propeller shaft strut before installation of the propeller shaft; (b) two shafts
with propellers after final assembly
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However, this solution also has some significant
disadvantages. An unprotected propeller shaft is exposed to
corrosion, and must be carefully protected. The bearing is
lubricated with water, which is not filtered, meaning that it
may contain various impurities, including hard solid particles
of mineral origin, which are particularly dangerous. This was
the case for the shaft shown in Fig. 1. After only two years of
operation, the wear of the bushings was so deep that it was
necessary to replace the bearings and regenerate the journals
of both propeller shafts (Fig. 2).

Fig. 2. A ship tail shaft strut bearing bush after dismounting from the
passenger and car ferry shown above: (a) simplified drawing of the bushing;
(b) photo of a dismantled, worn bushing (the worn area is marked; a slice
of the bush was cut and removed by shipyard workers to make disassembly
easier)

The problem of lubrication with a fluid containing
impurities has been studied by scientists in the past [4]. In
recent years, research has focused on some specific types of
sliding couples used in practice, including in shipbuilding, and
both theoretical and experimental studies using tribometers
have been carried out [5][6]. Some of this work has focused
on specially prepared journal bearing test stands [7][8][9]
[10][11][12]. The test results allow conclusions to be drawn
regarding the wear resistance of specific sliding couples. In
a real object, for example in the case of the ship discussed
above, the shaft diameters are significant, and the radial loads
resulting from the mass of the rotating shaft and propeller
exert average pressures not exceeding 0.6 MPa in typical



cases, meaning that despite lubrication with a low-viscosity
liquid, it is possible to obtain full hydrodynamic lubrication.
Theoretical and experimental research conducted in recent
years has confirmed this observation [13][14][15][16].

However, the latest research shows that the loads on the
propeller shaft bearing do not result solely from the weight,
but also from the propeller, which operates under conditions
that are unique to each ship. Traditionally, it was assumed
that the average pressure on stern bearings with a length-to-
diameter ratio of two (L/D = 2) was less than 0.6 MPa, but
the latest research shows that significant radial forces may
arise from the operation of the propulsor in a non-uniform
pressure field influenced by the shape of the underwater part
of the ship [17][18][19]. It turns out that when manoeuvring
the ship, the rudder affects the pressure field and hence
the forces acting on the shaft and stern bearing [20]. The
hydrodynamic phenomena occurring around the stern of
the ship in the case of two- and four-screw drives are very
complex, and in practice require a separate study for each
ship [21]. Experimental research is currently being carried
out around the world with the aim of learning about and
understanding the impact of variable pressure fields on the
forces acting dynamically on a ship’s propulsion system [22]
[23]. It is believed that forces resulting from the hydrodynamic
phenomena accompanying the operation of a ship’s propeller
may be important in unsteady states, especially during
manoeuvres. Swimming with a partially submerged propeller
is also potentially dangerous, as the propeller wings come out
of the water and then hit the water surface [24][25].

Under steady-state conditions, when the speed is constant,
the forces resulting from the operation of a large-sized
propeller operating under non-uniform pressure (which arise
not only from the disturbances caused by the flow of water
around the hull but also from the different hydrostatic pressure
resulting from the depth) usually make up a percentage of
the total thrust force. On a ship, this effect is compensated
by a constant rudder turn of about 1-2°.

The phenomenon of hydrodynamic lubrication has a
significant impact on the friction and wear process. It has been
proven that if solid particles are smaller than the thickness
of the lubricant film, they are carried by the fluid through
the lubrication gap without damaging the surfaces of the
sliding elements, and do not crumble. It is therefore common
today to use bushings with lubrication grooves only in the
upper part of the bushing, so that they do not have a negative
impact on the process of forming the load-bearing lubricant
film. However, as operational experience proves, this solution
does not guarantee durable and reliable operation of the
bearing for the period of 10 years that elapses between two
successive required inspections of the ship in dry dock, when
disassembly of the propulsion system is usually obligatory.
There have been cases where the measured shaft drop, which
results from the wear of the bush and journal of the propeller
shaft, has forced the need for premature, unplanned, and
costly repair.

It is interesting to note that bushings made of synthetic
rubber (nitrile rubber, NBR), a solution patented in 1922,

are still available on the market and are provided by many
manufacturers [26]. This solution is considered obsolete by
many engineers, but it turns out that such bearings perform
perfectly under contaminated water lubrication conditions,
even when they have a geometry that prevents the formation of
aload-bearing lubricant film [27]. This solution is very popular
in some countries, and is widely used even for large shaft
diameters, despite the requirements imposed by classification
societies that the sleeve length must correspond to four shaft
journal diameters (the proportion of the length L to the
diameter D must be equal to four). Concerns may therefore
arise about the precision of long bushings; for example, in
the case of a shaft with a diameter of 500 mm, the bushing
length must be 2 m, and the typical bearing clearance can
be calculated using the formula given in the regulations of
classification societies as 0.7 mm. For most other materials,
such as polymers or composites, the legally required (accepted
by the classification society) length-to-diameter ratio is half
as large, and amounts to two diameters of the shaft [28].

In order to objectively analyse the advantages and
disadvantages of the solutions discussed above, the significant
advantages of rubber bushings should be mentioned, such
as their ability to dampen vibrations, the lack of stress
concentration in the event of misalignment of the shaft and
bush axes, the relatively low price of this solution, and the
widespread availability of raw material for their production.
The aim of the current work is therefore to investigate the
wear process of typical sliding couples used in ship propeller
shaft strut bearings.

METHODS

This research focused on a group of typical materials
prepared for use in shipbuilding (Table 1) with four typical,
popular geometries (Fig. 3). It is worth noting that the solution
with grooves around the entire circumference (Fig. 3a) is
considered to be a classic design, and is still being produced,
although attention is now being paid to hydrodynamic
phenomena, which is why bushings in which the loaded part
has no lubrication grooves at all are becoming increasingly
popular (Fig. 3b, ¢). A compromise can be found in the form
of a geometry with wider grooves (Fig. 3d), and it is sometimes
possible to find the opinion that a wider arrangement of
lubrication grooves favours the flashing out of impurities
from the friction zone, and that limiting the sliding surface
to 120° of circumference does not limit the hydrodynamic
potential of such a solution. All the bushings tested here
were manufactured and provided by global manufacturers,
and were made extremely carefully. The bearing clearance
was selected each in each case in accordance with the
manufacturer’s recommendations and experience. Each of
the materials tested here has also been accepted for use in
shipbuilding by at least one of the well-known classification
societies, and is in practical use in shipbuilding.
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Fig. 3. Four popular bush geometries used in shipbuilding

Table 1. Properties of the tested materials

Maxi -
Modulus of elas- . Thermal conduc- aximum accept
No./ geometry L g Thermal expansion . able temperature of
. . ticity (radial direc- . tivity Water swell . .
type/ diameter Material type . coefficient : N operation /melting
clearance [mm] tion) -10° [1/K] coefficient (%] point
MPa W/K:m
[MPa] [W/Km] [Cl/°C)
1/a/ Nitrile rubber 110 15-20 0.24 - -
0.25-0.35 (NBR)
2/b, ¢, d/ Nitrile rubber 40 17 0.25 - 120/ -
0.22-0.32 (NBR)
3/b,c, d Elastomeric poly- 35 MPa liner Nonlinear 0.25 1.3 60/-
0.2-0.3 mer 440-600 shell below 0°C - 10.2
0<T<30°C: 14.8
Over 30°C: 18.1
4/b, ¢, d/ Three layers: PTFE: 770 PTFE: 12.4 PTFE: 0.19 PTFE: PTFE: 120/200
0.25-0.3 polytetrafluoeth- NBR: 40 NBR: 17 NBR: 0.25 NBR: (estimated)
ylene (PTFE) / Bronze: 103k Bronze: 2.2 Bronze: 50 Bronze: 0
NBR/
bronze
5/b, ¢, d/ Polymer 610 1 1.6 150
0.25-0.35
6/b, ¢, d/ Composite with 2800 0.9 0.5 -
0.2-0.25 fabric
7/a,b, ¢, d/ Composite with 2300 0.6 0.55 0.2 130/-
0.25-0.35 fibres along sliding
direction

Fig. 4. Key parts of the test rig: tested bearing with seal module; 1 - main shaft, 2 - shaft sleeve, 3 - tested

bush, 4 - bush housing, 5 - sealing ring guided by a ball bearing
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The experiment was conducted using a
specially designed test stand (Fig. 4) with a
replaceable stainless steel shaft journal. The
bearing assembly was sealed with a specially
designed seal module (5). By guiding the
sealing ring through the rolling bearing,
it was possible to ensure tightness despite
the progressive wear of the sliding couple
and the gradually increasing displacement
of the shaft and bushing axis. The lubricant
was water contaminated with solid
particles, which was kept in a tank with a
conical bottom. To prevent the process of
gravity causing sedimentation of the water
contaminants, the mixture of water and
contaminants was constantly stirred. The



test rig enabled us to measure the friction force of the bearing
assembly during operation and to measure the temperature of
the water flowing through the bearing. The dimensions, the
operating parameters of the test rig, and the measurement
procedure are summarised in Table 2 below.

Table 2. Data on the components of the main test rig

No. Parameter Value
1 Journal diameter x journal length | ® 65x 105
[mm] Steel X3CrNiMol3-4
Shaft liner material (1.4313)
Materials, geometries and
diameter clearances of bearing
bushes - table x
2 Specific pressure 0.6 MPa

(a typical maximum value
for marine applications)

3 Shaft speeds

- running-in (10 h in clean water) | Iststage: 5hat 600 rpm
2nd stage: 5h at 1000 rpm
- test conditions (60 h) 4x 15 h at 1000 rpm, four
lubricant replacements,

total trial time 60 h

Pure, clean water 10 dm®
5 cm?® of solid particles of
mineral origin

4 Lubricating liquid preparation

A mixture of fresh water with particles of mineral origin
typical of the Baltic Sea catchment area was used as a
lubricant [29][30]. For this purpose, natural sedimentary
material was collected from the river. It was cleaned from
biological contaminant like leaves parts. The high quality,
modern digital microscope was used for making pictures
(Fig. 5) The dedicated software provided by manufacturer
was used for analysis of the particles size. After conducting
a statistical analysis after many measurements of different
samples percentages of particles of various sizes figure with
particles size distribution was plotted (Fig. 6).

Fig. 5. Microscopic photo of solid particles of mineral origin used during the
tests

Fig. 6. Percentage size distribution of solid particles used during the tests.

In order to investigate the wear of the sliding pair, it
was necessary to measure the wear of the shaft journal and
bushings. The shaft journal wear was determined by analysing
the measurement results with a profilographometer, which
allowed us to calculate the consumption area and then the
volume (Fig. 7).

Fig. 7. (a) Profilometer measurements of the shaft journal surface profile; (b)
method used to calculate the wear field based on the roughness profile.

The bush wear was determined based on the loss of bush
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wall thickness measured at three surfaces (Fig. 8), and the
amount of consumption was then calculated using the method
proposed by Archard [31]. The specific wear rate coeflicient
(k,) was determined based on the wear volume (V)), sliding
distance (s) and applied force (F) as
Vi

" F-s
A well-known formula for the problem studied here involves
replacing the wear volume (V,) by the wear displacement (h,),
in this case the average value of the measurements of the worn
depth on both sides of the bearing bush, i.e.:

py =

A

where A is the area subjected to wear, and p is the specific
pressure, giving

k;

h;
p-s

ki=

Fig. 8. Measurement of bush wear at three surfaces a, b, c, relative to the
original bush thickness d.

RESULTS AND DISCUSSION

The results of testing 27 different sliding couples are
presented below. The testing of each bearing took on average
two weeks, and the full series of tests took almost a year. For
each material pair, we began by testing the couple under
clean water lubrication conditions with a typical geometry
for a given solution (Fig. 3). During the bearing operation,
which lasted 70 h, the friction force was measured and
recalculated to give the coefficient of friction (COF) and the
temperature of the water flowing through the bearing on the
supply and outlet sides. Lubrication with a liquid containing
hard solid particles of mineral origin in the case of a metal
sliding pair is accompanied by a very intense process of
crushing solid particles, causing a temperature rise [10]. In
the case of bearings with non-metal, more flexible bushings,
the wear process was different; after adding the contaminants,
the resistance to movement in the bearing increased, but the
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particle crushing process was not intensive. The wear process
was accompanied by a visible increase in temperature over
the entire system, which was due, among other things, to the
small volume of the lubricant system, which had a volume
of only 10 L. The temperature and COF charts presented
below were acquired for a classic, popular solution, a rubber
bearing with grooves made around the entire circumference
(Figs. 9 and 10), and the low intensity of the wear process is
visible. A comparison of the temperature measurement results
clearly shows an increase in the temperature of the lubricant
flowing through the bearing. In the case of clean water, this
increase is about 4°C, whereas for contaminated water it is
about 6°C. This is undoubtedly due to the greater resistance to
movement in the case of lubrication with aliquid containing
solid particles compared to pure water.

Fig. 9. Temperature of the water at the inlet and outlet sides of the bearing,
and coefficient of friction (COF) for a classic bearing with a rubber bush
with grooves around the entire circumference, under clean water lubrication
(bearing 1a*)

Fig. 10 Temperature of the water at the inlet and outlet sides of the bearing,
and coefficient of friction (COF) for a classic bearing with a rubber bush
with grooves around the entire circumference, under contaminated water

lubrication (bearing 1a)

The reference line showing the maximum acceptable wear
level is marked on the volumetric journal wear comparison
chart above. This is conventionally used to show the level
of wear recorded for the classic solution, i.e. a bearing with
a rubber bushing with through lubrication grooves on the



Fig. 11. Summary of wear results for shaft journals and bearing bushes, for varying sliding couples and geometries (* indicates tests performed with clean water)

circumference. It is known from experience that in many
countries, a five-year service life for this type of bearing
is considered satisfactory; after this period of time, the
propeller shaft is dismounted and the bearing journals are
regenerated by grinding or replaced with new ones. This
is time-consuming and expensive, but it ensures reliable
operation over the assumed five-year period. The overall cost
of such an operational strategy is acceptable for the shipowner
because the rubber bushing itself, especially if it is mounted in
a composite sleeve, is not much more expensive than bronze
or brass.

From the test results, it can be concluded that bearings
with polymer bushes (material 5), which are popularly used
in marine propulsion systems, are not the best option for
sliding couples in cases where water contaminated with solid
particles may be the lubricating fluid. The experimental tests
carried out here show that it can be expected that the wear
process of the shaft journal and bearing will be intensive.
Although the geometries of bushings b and ¢ favour the
generation of hydrodynamic phenomena, thanks to the fact
that the lubrication grooves are placed in the unloaded part,
the lubrication film is often not thick enough to allow large
solid particles to pass through the bearing without increasing
its wear. The limited hydrodynamic load capacity often
results from the relatively large bearing working clearance
recommended for materials with a high coefficient of thermal
expansion, such as polymers. This increase in clearance is
intended to protect the bearing against jamming of the shaft,
which results from the thermal expansion of the bushing as
the bearing clearance gradually decreases as a result of the
increase in volume. Previous research has proven that this
may be the cause of sudden failures [32]. Some polymers
increase in volume as a result of absorbing water (soaking of

a polymer results in swelling), so manufacturers often also
recommend precautions in the form of an increased bearing
clearance. Due to the low permissible operating temperatures,
which can be as much as 60°C, efforts are very often made to
provide effective, failure-free cooling; a significant number
of lubrication grooves may be placed in the bushing, which
can limit the hydrodynamic load capacity or even cause the
bearing to work in the region of mixed friction, meaning
that the wear of the sliding couple may be very intense (3D
bearing).

In the case of chemically cured resin reinforced with
fibres (materials 6 and 7), the thermal expansion coefficient
is usually lower, and the materials are also usually more
resistant to higher temperatures (up to around 130°C). This
makes it possible to safely reduce the bearing clearance, and
has a positive effect on the hydrodynamic properties of the
bearing. After testing the composite materials, an acceptable
level of wear of the journal and bush was found for the sliding
couple when no lubrication grooves were made in the bush
in its lower, loaded part (geometries b and c). The addition
of grooves to the lower part of the bushing probably limited
the hydrodynamic load capacity of the bearing and, as a
result, caused intensive wear of both the journal and the
bushing (7a). The opinion, popular among engineers, that
particles are washed out by the lubricant flowing through
densely spaced grooves was not confirmed. However, one
surprising result was the wear resistance of a classic bearing
with a rubber bush, with lubrication grooves arranged around
the entire circumference (1a). The geometry of this bush is
not conducive to the formation of fluid friction, and yet the
wear of both the journal and the bush was lower than for the
other solutions. According to the author of the work, this is
due to the local deformation of the flexible bearing surface.
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It was found that the forces exerted on the particle were not
large enough to crush it, and that it rolled between the shaft
journal and the bushing. The local deformation of the bush is
shown in the microscopic photo below of a specially prepared
model (Fig. 12). This concept helps to explain why on elastic
bearing bushes only large scratches probably made by larger
hard particle are easy to notice (fig. 13, 2b and 4b). For harder
bushes process of crushing a particles results intensive wear
especially when hydrodynamic properties are poor because
of lubrication groves located in lower half of the bearing bush
(fig. 13, 6d and 7a).

Fig. 12. Contact surface of the steel-NBR pair, with solid particles of mineral
origin between them, showing the local deformation of the flexible NBR.

Fig. 13. Selected group o tested bearing bushes; 2b- NBR with scratches on surface, 4b- 3 layer bush
with smoothed surface and visible contact zone, 6d - polymer bush with wear zone between grooves,
7a- composite with deep worn zone - visible contact zone (dark)
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CONCLUSION

The cooling conditions in the strut bearing of a ship’s
propeller shaft are excellent, due to the very intense flow of
surrounding water caused by the movement of the ship’s
propeller. However, due to the pressure differences caused
by the rotation of the propeller and the flow disturbances
caused by numerous factors, the flow rate of water through
the sliding pair itself is difficult to determine. Accurate
temperature measurements at the sliding surface of a non-
metal bearing are practically impossible, making it difficult
to monitor the operating conditions of the bearing. Our
tests confirmed that the classic NBR material works well in
bearings lubricated with surrounding water, where a lack
of filtration means that contaminants easily find their way
into the lubrication gap. These tests also confirmed that the
composites often used for sliding bushings work well as long
as the geometry of the lubrication gap favours the formation
of aload caring lubricant film. Another interesting aspect is
the gradual evolution of the bearing geometry, from grooves
evenly spaced around the entire circumference, which was
popular until recently, including for composite materials
(geometry a), to grooves only in the upper, unloaded part
(geometry c), and then to only two grooves in the horizontal
plane (geometry b). This progression undoubtedly results
from an understanding of the hydrodynamic phenomena
that occur in the stern bearing of the propeller shaft. The
upward shift of the two lubrication grooves (Fig. 2) is due to
the increasing appreciation of the influence of the horizontal
force acting on the propeller shaft resulting from the operation
of the twin-propeller drive system [33][34][35].

One popular solution for ships with twin-
propeller propulsion is to extend the stern
tube outside the ship’s hull, and to support
it with brackets at the end and place sliding
bearings inside, closing the entire system with
seals. This solution has significant advantages.
The lubricant (mineral oil, EAL or water)
circulates in a closed system, meaning that the
temperature and flow rate of the lubricant can
be controlled, and the lubricant itself can be
filtered to remove impurities and the products
of wear and corrosion.

When assessing the results of research
work, the scale effect should be borne in mind.
Our tests were carried out on bearings with a
journal diameter of 65 mm. In many typical
applications of this type of solution, such as
in propeller shafts supported in cantilever
bearings, for example in the case of popular
passenger and car ferries, the shaft diameters
exceed 400 mm. This means that the obtained
lubricant films will have a proportionally
greater thickness, while the sizes of solid
particles may be similar to those used during
experimental tests. Hence, in reality, the
working conditions of a ship will not be as



difficult as during laboratory tests. It is also worth noting that
in a real system, cooling will also be better due to the inflow
of water at a relatively constant temperature, whereas during
our laboratory tests, the water temperature in the system
slowly increased. An important conclusion from this research
is that the classic bearing material, NBR, works well in open
system operating conditions when the lubricating water is not
filtered. However, it should be remembered that in accordance
with the regulations of classification societies, bearings with
an NBR bush must have alength corresponding to four shaft
journal diameters (L/D=4), while for most modern materials
approved for use in shipbuilding, the bush can be half as
long (L/D=2). A longer bearing imposes higher costs and
technological difficulties at the production and assembly
stages. It is also worth considering that modern materials
such as a three-layer shell with a PTFE surface (material 4) or
modern composites (materials 6 and 7) work very well as long
as they have the right geometry and bearing clearance. Our
research continues, and the research stand has been rebuilt
and improved; future work will focus on the scale effect and
the impact of particle size on the wear process in a bearing

operating in the regions of fluid friction and mixed friction.

FUNDING

This work was supported by the National Science Centre,
Poland, grant no. 2016/23/B/ST8/03104 entitled “Research on
water-lubricated sliding couples in unfavourable operation
conditions™.

AUTHORSHIP CONTRIBUTION STATEMENT

Wojciech Litwin: Idea, Inspiration, Methodology, Resources,
Investigation, Data curation, Validation, Visualization,
Writing - original draft, Writing — review & editing
Agnieszka Barszczewska, Ewa Wojtowicz, Izabela Szwoch,
Leszek Matuszewski: Investigation, Data curation, Validation,
Writing — original draft

REFERENCES

1. DNV, “Maritime Forecast To 2050,” DNV Energy
Transition Outlook 2022. dnv.com, p. 74, 2022. [Online].
Available: dnv.com

2. J. Balaouras and S. L. Larsen, “Increase in stern tube
damages - a concerning new trend ?” GARD, 2023.
[Online]. Available: https://www.gard.no

3. W. Litwin, Water-Lubricated Journal Bearings,
Ist ed., no. 1. Elsevier Inc., 2023. doi: 10.1016/
B978-0-443-13457-9.00016-7.

4. S. A. McKee, “Effect of abrassive in lubricant,” SAE Tech.
Pap., p. 270009, 1927, doi: 10.4271/270009.

10.

11.

H. Xiao, S. Liu, D. Wang, and Y. Chen, “Abrasion-Corrosion
Behaviors of Steel-Steel Contact in Seawater Containing
Abrasive Particles,” Tribol. Trans., vol. 61, no. 1, pp. 12-18,
2018, doi: 10.1080/10402004.2016.1268227.

R.Zuo, G. Wang, G. Hu, S. Zhao, and G. Wei, “Tribological
properties of hydrogenated nitrile rubber in confrontation
with hard particles under different axial loads,” Tribol.
Int., vol. 153, no. May 2020, p. 106649, 2021, doi: 10.1016/].
triboint.2020.106649.

E. Harika, M. Hélene, J. Bouyer, and M. Fillon, “Impact
of lubricant contamination with water on hydrodynamic
thrust bearing performance Impact de la pollution des
lubrifiants par del” eau sur les performances d’ une butée
hydrodynamique,” in 9th EDF/Pprime (LMS) Poitiers
Workshop, 2010, no. October, pp. 1-9.

M. M. Khonsariand E. R. Booser, “Effect of contamination
on the performance of hydrodynamic bearings,” Proc.
Inst. Mech. Eng. Part J J. Eng. Tribol., vol. 220, no. 5, pp.
419-428, 2006, doi: 10.1243/13506501J00705.

C. Yang, X. Zhou, . Huang, F. Kuang, and X. Liu, “Effects
of sediment size and type on the tribological properties
of NBR in water,” Wear, vol. 477, no. February, p. 203800,
2021, doi: 10.1016/j.wear.2021.203800.

W. Litwin and S. Kropp, “Sliding bearings with sintered
bronze bush lubricated by contaminated water with solid
particles — Theoretical and experimental studies,” Wear,
vol. 532-533, no. June, p. 205070, 2023, doi: 10.1016/].
wear.2023.205070.

C. Yuan, Z. Guo, W. Tao, C. Dong, and X. Bai, “Effects of
different grain sized sands on wear behaviours of NBR/
casting copper alloys,” Wear, vol. 384-385, pp. 185-191,
2017, doi: 10.1016/j.wear.2017.02.019.

12. E. Piatkowska, “Influence of solid particle contamination on

13.

14.

the wear process in water lubricated marine strut bearings
with NBR and PTFE bushes,” Polish Marit. Res., vol. 28,
no. 4, pp. 167-178, 2021, doi: 10.2478/pomr-2021-0059.

W. Litwin, “Marine Propeller Shaft Bearings under Low-
Speed Conditions: Water vs. Oil Lubrication,” Tribol. Trans.,
vol. 62, no. 5, 2019, doi: 10.1080/10402004.2019.1625991.

W. Litwin, “Water lubricated marine stern tube bearings
- Attempt at estimating hydrodynamic capacity,” in
Proceedings of the ASME/STLE International Joint
Tribology Conference 2009, IJTC2009, 2010. doi: 10.1115/
IJTC2009-15068.

. Y. Zhimin et al., “Study on tribological and vibration
performance of a new UHMWPE/graphite/NBR water
lubricated bearing material,” Wear, vol. 332-333, pp. 872-
878, 2015, doi: 10.1016/j.wear.2014.12.054.

POLISH MARITIME RESEARCH, No 4/2024 195


dnv.com
dnv.com
https://www.gard.no
10.1016/j.triboint
10.1016/j.triboint
10.1016/j.wear
10.1016/j.wear
10.1016/j.wear
10.1016/j.wear
10.2478/pomr
10.1115/IJTC
10.1115/IJTC
10.1016/j.wear

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

196

H. Xing, Q. Wu, Z. Wu, and S. Duan, “Elastohydrodynamic
lubrication analysis of marine sterntube bearing based on
multi-body dynamics,” Energy Procedia, vol. 16, no. PART
B, pp. 1046-1051, 2011, doi: 10.1016/j.egypro.2012.01.167.

Y. xin Zhang, K. Chen, and D. peng Jiang, “CFD analysis
of the lateral loads of a propeller in oblique flow,” Ocean
Eng., vol. 202, no. February, p. 107153, 2020, doi: 10.1016/j.
oceaneng.2020.107153.

C. Testa, L. Greco, and J. Bosschers, “Marine propeller shaft
loading analysis in moderate oblique-flow conditions,”
Ocean Eng., vol. 262, no. September, p. 112199, 2022, doi:
10.1016/j.0ceaneng.2022.112199.

J. Li, Y. Qu, Z. Zhang, D. Xie, H. Hua, and J. Wu, “Fluid-
structure interaction analysis of the propeller-shafting
system in a non-uniform wake,” Ocean Eng., vol. 289, no.
P1, p. 116189, 2023, doi: 10.1016/j.0oceaneng.2023.116189.

O. K. Kinaci et al.,, “Free-running tests for DTC self-
propulsion — An investigation of lateral forces due to the
rudder and the propeller,” Appl. Ocean Res., vol. 116, no.
March, p. 102877, 2021, doi: 10.1016/j.apor.2021.102877.

S.Sun, Y. Zhang, Z. Guo, X. Li, and Z. Huang, “Research
on propeller bearing force of a four-screw ship in oblique
flow,” Ocean Eng., vol. 276, no. February, p. 114164, 2023,
doi: 10.1016/j.0ceaneng.2023.114164.

J. Ha et al., “Experimental study on the propulsion
performance of a partially submerged propeller,” Int. J. Nav.
Archit. Ocean Eng., vol. 15, p. 100516, 2023, doi: 10.1016/j.
ijnace.2023.100516.

N. Duan, C. Wu, Y. Huang, Z. Zhang, and H. Hua, “Lateral
vibration analysis and active control of the propeller-
shafting system using a scaled experimental model,” Ocean
Eng., vol. 267, no. September 2022, p. 113285, 2023, doi:
10.1016/j.0ceaneng.2022.113285.

C. L. Meng et al., “Propeller hydrodynamic excitation
influenced by shafting whirling vibration considering
different nonuniform inflow conditions: A numerical
study,” Ocean Eng., vol. 288, no. P1, p. 116021, 2023, doi:
10.1016/j.0ceaneng.2023.116021.

“Incomplete Propeller Immersion — Risk of Propeller Shaft
Bearing,” DNV Tech. Regul. NEWS, no. 01, pp. 3-5, 2017.

R. Orndorff, “Water lubricated rubber bearings, history
and new developments,” Nav Eng J, pp. 39-52, 1985.

Wojciech Litwin, “2015_TI_Propertiescomparisonofrubb

erandthreelayerPTFE-NBR-bronze,” Tribol. Interantional,
2015.

POLISH MARITIME RESEARCH, No 4/2024

28.

29.

30.

31

32.

33.

34.

35.

“Shaft Alignment and Propeller Shaft Aft Bearing
Performance — Recent Trends Call for Action,” DNV-GL,
2018. https://www.dnvgl.com/news/shaft-alignment-and-
propeller-shaft-aft-bearing-performance-recent-trends-
call-for-action--111385

M. Damrat, A. Zaborska, and M. Zajaczkowski,
“Sedimentation from suspension and sediment
accumulation rate in the River Vistula prodelta, Gulf
of Gdansk (Baltic Sea),” Oceanologia, vol. 55, no. 4, pp.
937-950, 2013, doi: 10.5697/0c.55-4.937.

T. Leipe and B. Sea, “The kaolinite/chlorite clay mineral
ratio in surface sediments of the southern Baltic Sea as
an indicator for long distance transport of fine-grained
material,” Baltica, vol. 16, pp. 31-36, 2003.

J. F. Archard and W. Hirst, “The wear of metals under
unlubricated conditions,” Proc. R. Soc. London. Ser. A.
Math. Phys. Sci., vol. 236, no. 1206, pp. 397-410, 1956, doi:
10.1098/rspa.1956.0144.

W. Litwin and C. Dymarski, “Experimental research on
water-lubricated marine stern tube bearings in conditions
of improper lubrication and cooling causing rapid bush
wear,” Tribol. Int., 2016, doi: 10.1016/j.triboint.2015.12.005.

A. Franceschi, B. Piaggio, D. Villa, and M. Viviani,
“Development and assessment of CFD methods to calculate
propeller and hull impact on the rudder inflow for a twin-
screw ship,” Appl. Ocean Res., vol. 125, no. May, p. 103227,
2022, doi: 10.1016/j.apor.2022.103227.

H.P. Guoand Z.]. Zou, “A RANS-based study of the impact
of rudder on the propeller characteristics for a twin-screw
ship during maneuvers,” Ocean Eng., vol. 239, no. February,
p. 109848, 2021, doi: 10.1016/j.0ceaneng.2021.109848.

O. F. Sukas, O. K. Kinaci, and S. Bal, “System-based
prediction of maneuvering performance of twin-propeller
and twin-rudder ship using a modular mathematical
model,” Appl. Ocean Res., vol. 84, no. January, pp. 145-162,
2019, doi: 10.1016/j.apor.2019.01.008.


10.1016/j.egypro
10.1016/j.oceaneng
10.1016/j.oceaneng
10.1016/j.oceaneng
10.1016/j.oceaneng
10.1016/j.apor
10.1016/j.oceaneng
10.1016/j.ijnaoe
10.1016/j.ijnaoe
10.1016/j.oceaneng
10.1016/j.oceaneng
https://www.dnvgl.com/news/shaft
10.5697/oc
10.1098/rspa
10.1016/j.triboint
10.1016/j.apor
10.1016/j.oceaneng
10.1016/j.apor

