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Abstract: Up to one half of the total useable energy produced in the world is consumed in 
overcoming friction.  There have been a number of initiatives launched in the field of 
lubrication as potential sources of significant improvements in energy efficiency in a wide 
range of engineering products, industrial plant and processes.  This paper reviews some 
of the background to these claims and how a novel design of adjustable fluid film bearing 
shows promise to both improve performance and save energy.  Simulations and practical 
tests have demonstrated clear improvements over conventional fluid film bearings, along 
with a number of other benefits that may be of interest to designers and users of such 
bearings. 
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1. Introduction 

1.1 Scope for Improvement 

It has been estimated by eminent researchers in the field that from one-third to one-half of the total 
energy produced in the world is consumed in overcoming friction. It may be considered that all 
automobiles, lorries, buses, trains, aeroplanes, ships, production line machinery, computer disc 
drives and the like, effectively expend most of their running power in this way. Just considering 
rotating parts and plant even very small improvements in lubrication effectiveness and bearing 
design will have widespread and significant knock-on effects in terms of energy saving.  

There have been a number of initiatives echoing precisely this theme. In 1966 a UK 
Government sponsored report [1] concluded that the potential savings to British industry 
resulting from lubrication education and research were about £515 million p.a. (In 2008 
terms £7.0 billion, or $ 13.0 billion). It also introduced the concept of ‘Tribology’ from 
the Greek ‘tribos’ (rubbing) as ‘the science and practice of interacting surfaces in relative 
motion and of the practices related thereto’.  A key lecture paper presented in the UK 
1981 [2] showed that Tribology has a role to play in environmental protection in terms of 
reducing the production of greenhouse gases and use of non-renewable energy and raw 
materials. 
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This was a comprehensive study, and included results and recommendations from 
other studies carried out for the Federal German and United States Governments, all of 
which identified the massive consumption of energy spent in overcoming friction and the 
potential for savings.  It also specifically highlighted losses and potential savings in the 
bearings supporting rotating plant in electrical power generating sets, manufacturing and 
processing industries.  In 1992 the UK Institution of Mechanical Engineers launched a 
Tribology Action Campaign [3] highlighting potential savings of £1.5 billion p.a. (In 2008 
terms £2.3 billion, or $ 4.2 billion).    

It is noteworthy that all these initiatives were presented in times when concerns over 
energy use and global warming were not mainstream topics thereby enhancing their 
prescience.  Strictly, the energy is not consumed, merely converted from one form to 
another.  In friction and lubrication the energy “lost” or “power absorbed” is accounted 
for by generation and dissipation of low grade heat, perhaps a little noise and other 
irreversible effects such as expulsion of oil mist, wear particles etc.  The effects are not 
so obvious because of the widespread nature of the field of application but most of such 
energy is irrecoverable and thus wasted.  Clearly there is plenty of scope to address the 
efficiency of bearings and lubrication in all industrial applications.  A brief outline of the 
issues may set the context.  

Notation 

Cr  Radial clearance between bearing and shaft surfaces 
L Bearing axial length 
N Shaft rotational speed 
P Power absorbed 
r Shaft radius 
T Bearing oil film torque 
η Lubricant dynamic viscosity 
ν Lubricant kinematic viscosity 
ρ Lubricant density 
ω Shaft angular velocity 

1.2 Concepts of Full Film Lubrication 

The issues discussed in this paper relate to the support of plant equipment and components in 
motion, often at relatively high speeds.  It is possible to completely separate the sliding surfaces 
with a lubricant film, in which case frictional resistance is solely that of deforming the lubricant 
itself.  This is called “full fluid film lubrication.”  Fluid film bearings offer advantages of 
cheapness, small packaging space, tolerance of debris particles in the lubricant, and can last for a 
very long time, the only chance of damage or wear  being whilst on start up and occasions of 
lubrication starvation.   They provide both significant stiffness and damping to reduce vibrations 
from dynamic loads and are hence common in engines, industrial machinery and rotating plant, 
usually in the form of a simple or plain journal bearing.  Fluid film lubrication is a relatively new 
phenomenon in Engineering but because of the widespread applications of such bearings and the 
long timescales in which they operate there is a potential to save significant amounts of energy 
throughout the industrialised world. This is because for each fluid film bearing there is an energy 
loss involved in the shearing of the lubricant itself. 
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2. Energy Losses in Fluid Film Journal Bearings 

Figure 1 shows a rotating shaft (journal) running concentrically within the stationary bearing 
housing. This is a common arrangement although in principle the system would work just as well if 
the shaft was stationary and the bearing outer itself was rotating. 
 

 

Figure 1: Journal bearing scheme 

There is a small gap between the outer surface of the shaft and the inner surface of 
the bearing which houses the lubricant, usually oil. In reality this gap and the oil film 
thickness will be very small, of the order 0.1 per cent of the shaft radius, so Figure 1 
greatly exaggerates the scale of the oil film thickness. The arrangement shown is with the 
shaft and bearing concentric in which case the gap is called the ‘radial clearance’, Cr.  
The bearing axial length is L, the journal radius is r and it is rotating at N revs sec–1. The 

oil has an absolute or dynamic viscosity η.  
The rate of energy loss, i.e., the power absorbed by the lubricant when the bearing is 

operating can be estimated quite simply from the shear stresses acting in the oil film, 
having made some assumptions. Because the oil film is very thin relative to the radius of 
the bearing, we neglect the effect of the curvature of the bearing surface. We assume that 
there is no lubricant flow leakage axially along the shaft out of the bearing and the 
lubricant to be a Newtonian fluid.  (A Newtonian fluid, which most fluid film bearings 
lubricants are, is one in which when sheared due to relative motion, the shear stress 
induced within the fluid is related to the rate of shear strain by a constant of 
proportionality, the coefficient of dynamic viscosity). 
The shear drag torque is given by: 

3

r

2 r L
T

C

η ωπ
=        (where ω = N/2π) 

This equation, known as ‘Petrov’s equation’, predicts the torque required to run the 
bearing for the speed required.  In terms of power absorbed, or rate of energy loss, this is 

simply the product of torque and angular velocity, Tω, thus 
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The total energy lost for a period of running will be simply the power absorbed x the 
time of operation. By studying Petrov’s equation, or the power loss expression, the effect 
of the various parameters on energy losses can be considered. 

η  viscosity – direct linear influence, more viscosity – more power absorbed, 
proportional to the difference in viscosities; 
r  shaft radius – direct cubic effect, more radius  – more power absorbed, 
proportional to the difference in the cubes of the radii; 
L  bearing length – direct linear influence, more length – more power absorbed, 
proportional to the difference in lengths; 

ω  shaft speed – direct squared effect, more speed – more power absorbed, 
proportional to the difference in the squares of the speed; 
Cr  radial clearance – inverse direct effect, more clearance – less power absorbed, 
inversely proportional to the difference in clearances. 

Thus reducing the shaft size and speed would be highly advantageous – their effects are 
greater than linear. Increasing the lubricant film thickness and decreasing the bearing 
length have linear effects, as does decreasing the viscosity.  Unfortunately there are 
usually other constraints to consider. For example, it won’t be safe to decrease the 
viscosity too much if there may not be enough stiffness and damping to support loads and 
changes in load. Equally, the bearing clearance and length are set by other factors. To get 
an approximate idea of the magnitudes of energy losses and potential for savings it is 
worth considering the power absorbed by a vertical shaft support bearing of a large size as 
might by used in a hydro- electric power generation installation.  The parameters of the 
bearing are as follows: 

Journal radius = 0.605 m; 
Journal speed = 500 rev. min–1 (52.4 s-1)  
Bearing axial length = 0.350 m; 
Radial clearance = 0.3 x 10-3 m; 
Oil dynamic viscosity at working temp. of 65 ˚C (VG68) [4] = 0.0195 Ns m-2; 

 
Using Petrov’s equation it is possible to determine the torque required to operate the 
bearing  and then the power absorbed, and the total energy lost after 1 hour’s running. 

3

3
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 Power absorbed = 1658.7 × 52.4 = 88.9 kW 

 Total energy lost per hour = 88914.0 × 60 × 60 = 312.9 MJ 
It is interesting how much power is absorbed by the bearing and the consequent energy 
loss after one hour’s running – using an equivalent amount a one tonne car could be lifted 
to a height of 31.9 km. This is for just one bearing.  There would probably be three 
journal bearings and one large thrust bearing for each generating set, and perhaps a 
number of sets in each plant. It would seem therefore that there is ample scope for 
reducing energy losses in such bearings.  It is appropriate therefore to consider how such 
a bearing operates. 
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3. Basic Operation of a Hydrodynamic Journal Bearing  

The most common form of simple journal bearing works with hydrodynamic lubrication.  This is 
outlined in Figure 2, again with clearances and displacements highly exaggerated.  In (a) the 
journal has no net load and is rotating concentrically within the bearing, the two being separated by 
a lubricant film of oil. The axial centres of the bearing, O, and journal, P, are coincident.  In (b) a 
load has been applied to the journal which causes a very small displacement, e, between centres, 
known as the eccentricity.  In reality this will be very small, e.g., less than about 50 % of the radial 
clearance.  The journal has adopted an attitude defined as the attitude angle φ between the load line 
and the line joining centres.  Although small this eccentricity is highly significant. As a 
consequence of it the oil film shape now contains convergent and divergent regions.  
 

       
                     (a)                               (b) 

 

Figure 2: Operating parameters of a hydrodynamic journal bearing 
 
The lubricant is dragged into the converging shape and develops within its profile a field of very 
high pressures.  This pressure field partially blocks the flow of further lubricant into the 
converging space and boosts the flow of oil leaving it.  The pressure field supports the applied 
load, there still being no contact between the bearing and journal surfaces.  The eccentricity will 
vary depending on the load, as will the pressure magnitudes thereby providing the load support 
stiffness.  Moreover the pressure field will also react quickly enough to balance dynamic loads, 
thereby providing load support damping.  This is the somewhat magical hydrodynamic action.  
The only requirements for it to be invoked are the relative motion of the two surfaces, a convergent 
shape somewhere in the lubricant profile and a steady supply of oil (or other lubricant) of a 
reasonable viscosity. 

This phenomenon of hydrodynamic action has been studied since Victorian times 
when it was discovered and there have been many ideas and developments in the design of 
journal bearings.  The most significant are the idea of producing the converging shape by 
means other than the eccentric displacement (e.g., by special machining of the profile 
shape) and introducing a plurality of pressure fields, not just the one shown in Figure 2.  
An outline of such ideas is given in Figure 3. 
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Figure 3: Outline of various profiled bearing schemes (Courtesy IMechE Publications) 

These show ingenious ways to create the hydrodynamic converging wedge shape for the 
oil film without relying totally on the need for the journal to adopt an eccentric rotational 
centre position. By careful machining of the bearing housing 2, 3, 4 or more converging 
wedge shapes are built in to the bearing.  Note that the ‘offset halves’ bearing is actually 
a concentric bearing arrangement but with two halves adjusted in position relative to each 
other to form two converging wedge shapes. (Note also that the tilted four lobe bearing is 
shown operating in the opposite direction).  All of these bearings can offer improvements 
but at the cost of greater precision machining and assembly.  The shapes shown are 
greatly exaggerated and in reality the wedge profiles would not be noticeable by eye.  

Another interesting idea has been the use of tilting pads (also known as pivoted shoes 
in the U.S.) where each pad is free to adopt its own convergence and provide a pressure 
field independently of the others. Figure 4 shows the idea in principle. In this case there 
are 4 pads. Each pad’s pivot is central which is the best place for a bearing that has to cope 
with a journal that may rotate in either direction (i.e., forwards and reverse).  As the 
journal rotates each pad tilts very slightly and fluid pressure profiles are generated in the 
oil film for each pad. The fluid pressures on all pads are nearly equal so that a ring of 
radial forces, one from each pad, tends to centre the journal in the bearing. If the journal is 
then loaded in a radial direction it will be displaced slightly and the pads will adopt new 
tilt angles (not equal now) until the oil film pressure forces balance the new load. The 
response in terms of angles will depend on the load direction i.e., directed on or between 
pads. For increased effectiveness the pads are mounted with a preset towards the journal, 
rather than being concentric. In this position the requirement for a converging oil film 
shape is met. For some designs the pad can  also pivot in the axial direction to allow a 
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degree of misalignment of journal and bearing axes – important for example in ships’ 
propeller shaft bearings when the vessel may encounter rough water causing hull and shaft 
strains. As ever it should be emphasised that clearances and potential tilt movements are 
greatly exaggerated in Figure 4.  

 

Figure 4: Outline of tilting pad journal bearing 

One key aspect of the tilting pad bearing is that the pads do not totally embrace the full 
circumference of the journal.  The presence of gaps has an effect on the power absorption 
because the lubricant film is not being sheared for the full distance around.  For example 
the power station bearing of the case study above has in reality a tilting pad bearing 
comprising 8 pads, each pivoted at the rear surface centre position to allow for both 
directions of rotation. The length of each pad bearing surface in the circumferential 
direction is 390.0 mm, the width in the shaft axial direction is 350.0 mm.  It can be seen 
from Petrov’s equation that the reduction in circumferential distance will have a direct 
linear effect in reducing the torque and power loss.  The full circumference (2 π r) is 
3.801 m, that of the pads is 3.12 m (8 x 0.390).  Thus the tilting pad arrangement will 
reduce the losses by an equal proportion, i.e., around 18 %, a useful reduction.  The 
tilting pad bearing however shares a characteristic with the plain journal bearing in that for 
certain conditions of low load, i.e., when pressure fields are less developed, they are prone 
to instability.  Vibrations and even lubricant film breakdown can result. The profiled 
bearing has an advantage in this respect but again being effectively of full circumference 
has the higher energy loss characteristic.   

All of the bearings as described so far have their advantages and disadvantages in 
terms of stiffness, damping, and power absorbed, but have one thing in common.  They 
are all reactive systems.  The converging profiles and consequent pressure fields are 
generated in response to the operating conditions (e.g., load and changes in load). That is 
to say, they react to changes in load or other operating conditions in order to set up an 
equilibrium stance which balances the applied load.  What is needed is a system which 
combines the precision, stiffness and damping of the profiled bore bearings at lower loads, 
the precision, stiffness and damping of the plain and tilting pad bearings at normal loads, 
the reduced energy losses of the tilting pad type at normal loads, and reduced energy 
losses at lower loads.  A recent development shows promise in these respects and offers a 
way of combining the precision of location, stiffness, damping and energy efficiency of the 
profiled and tilting pad bearings irrespective of the loading conditions.  This new type of 
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bearing is adjustable and its operating conditions can be set or controlled in a proactive 
manner irrespective of the loading conditions acting, while it continues to operate. 

4. New Developments in Hydrodynamic Bearings 

The recently developed novel bearing allows users to have a degree of control of the bearing 
operation [5, 6]. Essentially the bearing comprises a number of pads, for example 4, similar in many 
ways to the pads of a tilting pad bearing. Figure 5 shows two versions of the bearing used in tests. 
Each has 4 pads lined with 2 mm thick white metal, (the one to the left was photographed before 
finish machining). The difference between the bearings and conventional tilting pad types is that the 
pads are supported by tapered pins and each pin is located by a thread and when turned moves along 
its axis. The effect of this is to displace the pad radially in relation to the journal surface so that its 
pad position and tilt angle can be independently set in relation to the journal or shaft. This means 
that the hydrodynamic converging wedge shapes can be changed continuously at will, irrespective 
of the loading on the bearing or journal, and while the bearing continues to operate. (Continuous 
adjustment could mean both in the time sense or infinite level of smallness).  The bearings in 
question were part of a test programme carried out for the (then) UK Defence Evaluation and 
Research Agency [7].  The test bearings fitted in the available space for current conventional plain 
hydrodynamic journal bearings and used the same oil supply delivery line and pressure.  The test 
rig was based on the transmission gear set for a Royal Navy Type 42 Destroyer. 

The circumferential spaces between the pads contributed to reducing the power 
absorbed, indicated in this instance by a much reduced oil temperature rise of the exit oil 
from the bearing. The proactive adjustment capability of each pad was also very successful 
in improving low load stability, manifest by the ability to suppress journal orbits and 
improve precision of location of the rotating pinion shaft. Figure 6 shows an example of 
the orbit suppression achieved.  

 

Figure 5: Two adjustable bearings as tested, journal diameter 190 mm 
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Figure 6: Orbit suppression with adjustable bearing 

 

Figure 7: Reduction in temperatures with adjustable bearing 

Figure 7 shows the respective oil temperature rises in comparison with those for the 
conventional bearings running in the same load – speed conditions. The bearing tested 
operated on a journal diameter of 190 mm running at 1500 rev. min-1, and the significantly 
reduced temperature rise with the adjustable bearing indicated a more efficient operation 
and reduced power absorbed, notwithstanding the improved performance and orbit 
suppression at low loads.  In all cases performances confirmed predictions made by 
comprehensive theoretical and computer models [8,9]. A strong case could be put to take 
advantage of the reduced oil temperature rises by reducing the supply pressure and flow 
rates of the oil to the bearing, thereby saving more energy in lower pumping losses etc. 

The stability and power absorbed reduction characteristics were first practically 
demonstrated on a test bearing with a journal of 48 mm diameter and four support pads 
[10]. The oil film shear torque was measured directly and for a variety of load and speed 
conditions there was a consistent reduction in torque (hence reductions in power absorbed 
and energy loss) of the order 20 %, examples being depicted in Figure 8.  This bearing 
could not be adjusted continuously nor in operation (requiring dismantling to reset the pad 
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positions) but the principal characteristics claimed for the adjustable bearing concept were 
clearly demonstrated. 

 

 

Figure 8: Reduction in torque losses with adjustable bearing. 

5. Potential Energy Savings 

Almost by definition the energy consumed by an individual fluid film bearing is relatively small, 
being used to overcome shear resistance of the lubricant only.  Noting the many millions of such 
bearings in constant and continued use, however, even a small individual saving can mount up to 
significant energy reductions.  For example with regard to the ships propulsion set bearing, and 
based on the Petrov model, the novel adjustable bearing could save about 130 MJ of energy per day.  
There are 4 bearings of a similar type in the gearbox, and 2 gearboxes, so something of the order of 
over 1 GJ or energy saving per day will be possible for each vessel in the transmission system alone.  
Enough to lift a small car nearly 30 km.   There are other bearings and scope for more 
improvement elsewhere in the vessel, such as those supporting the two propeller shafts. 

The potential savings in the larger bearings in power generating sets has also been 
noted, and again considering the number of such sets in use, and the time scales involved 
in running the plant, worldwide there is scope for a significant saving in energy.  The 
adjustable bearing of a size corresponding to those in use in industrial and production 
machinery and plant has been demonstrated to save energy too.  

It should also be noted that all novel bearings manufactured and tested so far were 
manufactured from conventional materials e.g., steel and white metal, and using standard 
machine tools.  The precision of accuracy of location of rotating parts was achieved by a 
combination of simple mechanical components, and the continuous nature of adjustment 
(in the sense of degrees of smallness) does not require anything more than standard 
machining and production tolerances on dimensions.  The additional energy cost in terms 
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of complexity in manufacture will be relatively small in comparison with the potential 
savings in energy throughout the life and use of the product using the bearings. 

6. Conclusions 

There have been many authoritative investigations and reports over past decades highlighting the 
potential for reducing energy losses world wide in the field of lubrication and overcoming friction.  
It has been estimated that up to half of all energy produced is consumed in this way, producing 
irrecoverable waste heat.   

One difficulty is the apparent low levels of energy losses on an individual product or 
system level and incentives to consider the aspect of saving energy. When multiplied up 
onto the collective scale of widespread use, however, the cost benefits available to the 
community as whole are most significant for even relatively small improvements in energy 
efficient designs such as fluid film bearings.   

An innovative design of adjustable fluid film bearing shows potential to improve the 
operating characteristics of support bearings.  The adjustable feature confers hitherto 
unavailable benefits such as improved precision of location of rotating parts under load, 
changes of load and low levels of load.  Stiffness and damping can be adjusted in 
operation to suppress instabilities that otherwise accompany low loaded fluid film 
bearings.  Importantly the power absorbed and energy losses in operation are consistently 
lower than with equivalent conventional fluid film bearings.   Other potential savings in 
energy are available by reducing oil supply line pressures to take advantage of the reduced 
power needed in operation. Such improvements are available without the need for 
infrastructure changes or major redesign issues of current products, processes and plant. 
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