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Abstract
This paper presents a design tool to aid the
successful design of plain bearings, which are key in
Wave Energy Converters (WEC) as the operational
lifetime of a bearing directly affects maintenance
intervals. The design tool employs an incremental
wear model and a finite-difference thermal response
model of a plain bearing submersed in sea water.
The wear pattern over time is predicted using the
surface velocity, shaft load direction and magnitude.
The thermal model investigates the transient
temperature response for a given set of waves. The
results of the model indicate that transient
temperature fluctuations should be considered, even
in submerged bearing designs. The results of the
design tool highlight the importance of
experimentally derived coefficients for a range of
operating temperatures, reinforcing the need for
investigation into wear rates with respect to
temperature to ensure that the WEC bearings meet
the design life requirements.
Keywords: plain bearing, thermal response, wear,
lifetime prediction
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Introduction

In general wave energy converters (WECs) are subject
to large wave loads over relatively small movements
through which they extract energy. The bearings guide
the WEC components over the wave cycle through the
defined motion path of the power take off (PTO)
system; hence bearings are critical components of a
device. Any operation of a WEC with a faulty bearing
has the potential to cause damage to the shaft and/or
bearing housings. The ocean environment restricts
access for inspection, maintenance and replacement
and thus components must have long service lives. This
paper focuses on the specification of self-lubricated
composite plain bearings for use in WECs such as the
Oyster® device developed by Aquamarine Power Ltd.
to ensure that the service life targets are met [1].

A main hinge
bearing is located
at each end of the
Oyster 800 device

Figure I: The Oyster 800 wave energy device concept.

This is a crucial area in the commercialization of the
marine energy industry as the potential cost of a failed
bearing system far outweighs the cost of the bearing
itself. Hence it is in the best interest of developers to
minimize the risk of premature bearing failure.
There are a number of commercial non-metallic self
lubricated plain bearings available for use in the marine
energy industry. Predicting the wear of a polymer
bearing is non-trivial and is not the sole factor in
bearing design [2-3]. The design tool presented herein
was developed to aid in the design of submerged plain
bearings. Such research helps developers such as
Aquamarine Power Limited to ensure that maintenance
is kept to a minimum.
2

Design Process

Whilst predicting wear levels is the main motivation for
the development of a design tool, the design process in
Figure III highlights other criterion that must be upheld
such as acceptable pressure, velocity and thermal
dissipation as illustrated in Figure II.
Whilst design tools already exist they are aimed at
existing applications such as ship rudder shafts and
hydro power wicket gates which experience high loads
but low velocities and are operated intermittently. Selflubricated plain bearings are also found in ship
propeller shafts that experience lower radial loads and
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higher velocities. The higher velocities and constant
direction enable hydrodynamic lubrication. In the case
of WECs the oscillation period and amplitude of
angular displacement eliminate the potential for
hydrodynamic lubrication with water as a lubricant and
hence this design process focuses on transfer film
lubrication from self lubricated bearings.
Some manufacturers provide a guide to aid engineers
with bearing life predictions, others state that wear is
application specific and publish non-dimensional or
relative wear results highlighting the strengths of their
own materials. A number of studies are publically
available and compare the wear of a variety of
materials under oscillating motion [2-6]. The Oyster
WEC bearing is an example of a new application for
self lubricated bearings and to date there have been no
published wear rates for similar operating conditions.
Published wear results of similar materials from Jones
have been used as a first basis for the design tool [6].
However wear coefficients derived under experimental
conditions that differ in pressure and/or velocity from
the application in question should be used with caution
when predicting wear [3]. The wear rate varies with
operating conditions. For example a low velocity, high
load situation may cause a material to wear less than if
it were under conditions of low load and high velocity
and vice versa. Wear is further complicated by the
surrounding environment and thermal dissipation from
the running surface [7-8].

Equation 1

Where
and T are the amplitude in radians and
period of oscillation respectively. The peak and average
surface velocities can be defined as
and
respectively, where r is the bearing radius. For
example a large plain bearing of 1m diameter
oscillating +/- 30 degrees in a 10 second wave would
experience an average surface velocity of 0.21m/s with
a peak velocity of 0.33 m/s. If the maximum velocity
on the minimum shaft diameter exceeds that of all
available self-lubricating bearing materials then another
type of bearing is required, or the shaft dimensions will
have to be reduced.
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Figure II: Cross sectional view of a plain bearing,
highlighting the key design elements.

Normally the amplitude of oscillation, radial loads and
geometric limitations such as minimum shaft diameter
and maximum bearing housing diameter are stipulated
by other design processes. The designer should initially
start with the minimum shaft size and begin the process
highlighted in Figure III.
2.1

Surface velocity

Each WEC bearing configuration will experience
different amplitudes and periods of oscillation in
different wave sets. It is critical that the bearing can
withstand the peak velocities experienced in large seas.
For the purpose of modelling bearing wear, simple
harmonic motion is a reasonable first assumption to the
motion of a WEC bearing.

Accept Bearing
Material

Figure III: A design process flow chart for oscillating selflubricated plain bearings.

2.2

Bearing pressure distribution

Designing bearings to ensure that they are capable of
withstanding the radial loads is relatively trivial
provided the maximum radial load, F, is understood.
The specific pressure or normal pressure is defined as:

Equation 2

However the pressure distribution for a plain bearing
varies across the contact surface as in Figure II. It is
reasonable to assume that the pressure follows a cosine
distribution profile multiplied by some constant, AP as
labelled in Figure IV and given in Equation 3.

Equation 3

The ‘nominal’ pressure calculation in Equation 2 does
not consider this pressure distribution. Manufacturers
ascertain the material properties via testing on a flat
strip of the material. Therefore it is unlikely that
bearing manufacturers have specified the maximum
radial load on a bearing whilst taking this pressure
distribution into consideration. In order to determine
the peak magnitude, AP, of the radial pressure
distribution illustrated in Figure IV, the radial force, F,
must be balanced by the pressure distribution in the
direction of the load.
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Figure V: Effect of contact angle on
peak bearing pressure

A more detailed standard for bearing pressure and
material limits is required to help design engineers
avoid either over engineering or in the worst case under
engineering the bearing design. It is proposed that the
peak pressure,
, found in an ideal bearing with 180°
of contact is used to determine the maximum pressure
on the bearing material, given in Equation 6 which is
27% greater than the nominal pressure calculated using
Equation 2.

Equation 6
Figure IV: Pressure distribution for a bearing
free body diagram and force triangle

If one assumes a cosine shaped pressure distribution as
in Figure IV the required magnitude of
can be
calculated by Equation 4 derived from the free body
diagram in Figure IV.

Equation 4

By substitution, and rearranging
Equation 5 where is in radians.

is given in

Equation 5

The minimum ratio of
is 4/π as seen in Figure V at a
full 180° of contact. Reducing the contact angle has
little effect on the peak pressure until about 120°, after
which point the peak pressure climbs considerably with
any subsequent reduction in contact area. This analysis
is a first step and does not take into consideration the
local contact stresses due to different radii of the
bearing and shaft. It is highlighted here as a variable in
block-on-ring wear tests such as in ASTM G176 03(2009). As the ring wears through the bearing block
the contact area increases and the pressure-velocity
product (PV) decreases preventing constant pressure
wear evaluation.

Edge loading has the potential to exert even greater
pressures on a bearing material. Edge loading can be
designed for with bearing flexibility, allowable wear
and suitable aspect ratio. Edge loading is not
considered in this design process due to the varied
design solutions.
2.3

Thermal Response

The thermal response of a bearing refers to the
temperature of the bearing surface in operation. The
thermal response of the bearing is dependent on its heat
transfer to the surroundings and on the thermal
conductivity of the system components which include
the shaft, the bearing material and the bearing housing.
For the purposes of this report a radial 1D and an axial
2D finite difference model were developed for steady
state calculations. Transient temperatures were also
investigated using 1D and 2D radial finite difference
models described by Holman [9].
For relatively small bearings it has been sufficient for
manufacturers to specify a maximum PV product for
their bearings to ensure that the heat input into the
bearing can be adequately dissipated. Other
manufacturers provide more detail about the acceptable
heat inputs and supply a PV map as in Figure VI. If a
PV product is found to exceed the manufacturer’s
recommendations the only solution is to increase the
length of the bearing as seen in Equation 7 assuming
the load and velocity are predetermined.

Equation 7
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Figure VI: Example of a pressure-velocity map for
specifying bearing thermal stability
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Specifying a PV limit is valid for the expected thermal
resistances of typical bearing and shaft dimensions and
thermal conductivities. As the size of a bearing
increases the internal temperature distribution increases
in range. It is recommended to perform a thermal
analysis on larger bearing systems due to the increase
in thermal resistance. This gives a better prediction of
the temperature distribution throughout the bearing
structure.

Figure VIII: Comparison of 1D and 2D thermal models

2.3.1

2.3.2

Steady state thermal response

The steady state operational temperature is normally
the main thermal limitation given for a bearing design.
The thermal modelling highlights the change in peak
temperature for a constant PV product over a range of
bearing radii and aspect ratios.

After an L/r ratio of about 2 the majority of heat
transfer is radial and the 2D axial model reflects that of
the 1D radial model. This result highlights the
requirement for short bearings to be modelled in a 2D
axial plane as increasing the length of a short bearing to
reduce the PV product might actually lead to an
increase in bearing temperature.
Transient thermal response

The transient thermal response of a bearing is also a
concern in the case of cycling loads and velocities that
can occur in WECs. To evaluate the radial temperature
distribution and transient response a finite element
radial 2D model was developed.
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For a given constant load the radial 1D and axial 2D
finite difference models show an interesting feature of
the heat transfer paths. The 1D model showed a
decrease in temperature with increasing length that
approached the environmental temperature. The 1D
model however does not account for the axial heat
transfer paths and hence the axial slice heat transfer
model was developed. The two models are compared in
Figure VIII. The 2D model captures the radial heat
transfer through the bearing material and the axial heat
transfer along the shaft. In short bearings the majority
of heat transfer is axial and the initial increase in
temperature with bearing length is a result of the
increased thermal resistance due to the longer shaft.
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Figure IX: Dimensionless radial temperature distribution.
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Figure VII: Effect of radius and length on bearing
temperature for a constant pressure-velocity product
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Figure X: Dimensionless temperature fluctuations over a
plain bearing surface.

4th International Conference on Ocean Energy, 17 October, Dublin

Bearing Wear

There are two main modes of bearing wear for plain
self lubricating bearings, adhesive wear and abrasive
wear. This report is optimistic and assumes that the
bearing designs are sealed, clean and hence the only
wear mechanism is adhesive wear. Adhesive wear is
modelled according to Archard’s law [10]. Wear rates
are dependent upon the environment, application and
heat transfer. Archard’s law indicates that for a given
pressure-velocity product (PV) the bearing wear is
linear with respect to time. Where
is the normal
pressure on the bearing over the plan area,
is the
relative velocity between the bearing material and
supporting surface and
is wear rate in m2/N or
3
mm /Nm.
Equation 8

The tangential velocity of the bearing is defined as
where is the rotational velocity of the shaft.
Rearranging Equation 8 it is shown that the bearing
wear is independent of radius, where is the force, is
the length and is the radius of the bearing.

Equation 9

Such a result is possibly a little surprising. It can be
rationalized by understanding that the smaller the
diameter of the bearing the higher the pressure but the
lower the tangential velocity. Archard’s law in essence
states that the material removal is proportional to the
work done on the bearing; however this work does
generate both heat from friction, remove material and
in some cases transfer material along the bearing
surface such as the transfer films commonly seen in
PTFE based bearings. These reactions for each bearing
material will vary in proportion and hence the wear
rates vary between materials.
2.4.1

Stages of Wear

Bearing service lives commence with a bedding in
period where the bearing settles under load and the
larger asperities are worn away until the pressure is
more evenly distributed over the bearing surface. Any
wear rate test should determine the shift from bedding
in to normal operation as illustrated in Figure XI. This
can be done by various mass loss or thickness
measurements over the duration of the test.
Dry, wet and edge loaded oscillating wear tests on a
variety of bearing materials have been published [6].
The wear rates were taken as the slope during the last
third of the 120 hour test after a 24 hour bedding in
period. It is explained that a steady state wear was
reached before the point of wear rate measurements,
yet extended tests also showed a decrease in friction

wear
measurement 0

Wear (m)

2.4

and wear rate indicating that in point of fact the wear
was not at steady state during the wear measurements
after all. It is quite possible that the wear values from
Jones [6] are similar to those illustrated by the slope ko
in Figure XI, whereas the extended tests exhibited a
reduced wear rate indicated by the slope, k1.
normal wear
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Figure XI: Stages of wear in a plain self lubricated
bearing
Adequate test durations are required to confidently
calculate the Archard’s wear constant. The tests from
Jones [6] only considered ≈ 720,000 cycles or 3.2 km
of travel. This is does not equate to one fifth of the
wave cycles experienced by a WEC in one year,
assuming 4 million waves annually and furthermore
this is only about 0.3% of the distance travelled by the
bearing of Oyster 800 developed by Aquamarine Power
Limited. Predicting wear in an uncontrolled ocean
environment is further complicated by the potential for
third-body abrasion. The wear tests should represent
the application as near as possible in surface velocity,
pressure distribution and thermal dissipation as
illustrated in Figure II. To date there is no published
wear data relevant to WECs, due to the duration and
magnitude of loads required to simulate the ocean
conditions.
2.4.2

Cumulative wear pattern

Wear levels across the bearing surface are modelled to
ensure service intervals are acceptable and that the
bearing profile does not change considerably. By
solving the bearing radial load angle, magnitude and
surface velocity and applying the pressure distribution
described in section 2.2 the cumulative wear levels
over the bearing surface are calculated assuming a
constant wear coefficient. In the example of Figure XII
the load angle only varies by about ±15° and hence the
wear still occurs about 12 o’clock.
Nominal Annual Wear

The results indicated that over one wave group the peak
temperature on the bearing surface can vary by up to
20% of the RMS bearing temperature.

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Degrees (0 deg = 12 O'clock)

Figure XII: Wear pattern over a bearing surface based on
nominal pressure distribution and varying load angle by ±15°
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In Figure XIII the load angle varies by about ±90° and
hence the peak wear points occur about 180° from each
other as the bearing loads switch direction with each ½
of the wave cycle.
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The load is given in normalized values as the wear rate
for PTFE embedded composites vary considerably. The
results of the cumulative wear analysis are based on
short time scales of non-comparable velocities,
pressures and temperatures [6]. Wear maps of pressure
vs. velocity over a range of temperatures would be an
ideal data set for use in such a program that could
simultaneously model contact pressure, temperature
and cumulative wear. Until such tests have been
completed wear levels for WEC bearing life predictions
are based on a range of Archard’s wear coefficients that
vary by a factor of 7 and hence the prediction of the
service life has a significant possible range. As
bearings are critical components it is vital that these
margins are reduced and the wear level prediction of
large self lubricated bearings is improved upon.
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