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Abstract

Professor Duncan Dowson had close connections with industry throughout his academic career, and viewed industrial
tribological challenges as problems to be solved and as a source of new ideas. Professor Dowson’s famous work on a
numerical solution for the lubrication of an elastohydrodynamic line contact, with professor Higginson, was motivated
by the need to better understand gear lubrication. These first calculations took 18 months to complete(!), and simpler
correlation functions fitted to numerical simulations were developed to enable tribologists in academia and industry to
apply elastohydrodynamic lubrication theory without the need for full scale models. Industrial partners such as Shell sup-
plied high-pressure fluid properties required for the elastohydrodynamic calculations (such as the pressure coefficient of
viscosity and the way in which lubricant density varies with pressure). Professor Dowson also famously served on the Jost
Committee, which quantified, for the first time, the financial impact of tribology, and highlighted that investments in good
tribological practices would pay for themselves many times over. It should be remembered that in setting up the Jost
Committee, the UK Government specifically asked the committee ‘to investigate the state of lubrication education and
research and to establish the requirements of industry in this regard’. Personal memories of the significant collaborations
that | was involved with, as an industrial research scientist, with Leeds University from the mid-1990s to around
2013, which predominantly focused on piston ring tribology are also included as is a brief discussion of the Leeds-
Lyon Symposia on Tribology.
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Introduction Although there was great academic interest in research
on elastohydrodynamic lubrication, there was also prac-
tical industrial interest too. The interest in elastohydrody-
namic lubrication arose from understanding how gears
were successfully lubricated. A simple application of the
Reynolds’ equation to gears, assuming a fixed lubricant
viscosity, and rigid, unyielding surfaces, gave oil film
thickness estimates in gears that were very low,® much
lower than the surface roughness of the gears themselves.
Yet, in practice, gears could last for many years and
seemed to be successfully lubricated. Professors
Dowson and Higginson investigated whether the assump-
tions of (a) a lubricant viscosity that increased exponen-
tially with pressure and (b) metal surfaces that deformed
elastically under significant pressures would lead to

Professor Duncan Dowson collaborated with many indus-
trial partners during his academic career, and I believe he
viewed industrial tribological challenges as problems that
could usefully be solved by academia, and as a source of
ideas for new projects. In addition, of course, industrial
partners provided much-needed funding for PhD students
or post-doctoral fellows to work on specific tribological
problems. Professor Dowson himself worked in the indus-
try for two years (for the Sir WG Armstrong Whitworth
Aircraft Company') after his PhD? before he returned to
Leeds University as a lecturer in 1954.

The study of elastohydrodynamic lubrication in the
United Kingdom was initiated in 1956 by a letter from
Dr F.T. Barwell at the Department of Scientific and
Industrial Research offering research contracts to study
the lubrication of concentrated contacts such as that in
gears and rolling bearings.> Professors Dowson and
Gordon Higginson took on the task and published the 'University of Central Lancashire, UK
first well-known numerical solution fgr the lubrication Corresponding author:
of an elastohydrodynamic line contact” in 1959. (Later, Robert lan Taylor, University of Central Lancashire, Preston PRI 2HE,
it was discovered that an earlier numerical solution had UK.
in fact been published by Russian researchers’). Email: RITaylor@uclan.ac.uk
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substantially thicker oil films, and their numerical investi-
gations found that this was indeed so.*

These early numerical simulations were extremely
time-consuming, with the first solutions taking almost
18 months to complete! Professors Dowson and
Higginson realised that to be of use to practicing engi-
neers, simpler methods for predicting the oil film thick-
ness in elastohydrodynamic contacts would be needed,
and they developed ‘correlation’ equations’ that were
based on a number of detailed numerical simulations.

The point to emphasise in this section is that the correl-
ation functions were specifically developed so that working
tribologists (in both academia and industry) could quickly
apply elastohydrodynamic line contact theory to gears and
other important contacts, without the need to numerically
solve the elastohydrodynamic equations themselves
(which at the time, in the 1960s, would not have been pos-
sible). It was later found that earlier work by Russian scien-
tists® had also found relatively simple equations for the
minimum oil film thickness in elastohydrodynamic con-
tacts which broadly agreed with the correlation equations
found by Dowson and Higginson. The work on elastohy-
drodynamic lubrication was later extended to point con-
tacts” by Bernard Hamrock (of NASA’s Lewis Research
Centre) and correlation equations were developed for
such contacts, and this work clearly had practical implica-
tions for rolling element bearings.

In the 1960s, there was no internet, and academic
papers were only readily available in libraries, so an
important aspect of the communication of elastohydrody-
namic lubrication theory, and its application, was the
classic textbook produced by Dowson and Higginson in
1966, which gave a concise account of the theory
behind elastohydrodynamic lubrication, the experimental
data that supported the theory, and how elastohydrody-
namic lubrication theory could be applied to rolling bear-
ings and gears. It is worth pointing out that in the preface
to this textbook, specific acknowledgement was given to
the Thornton (Shell) Research Centre for providing
crucial lubricant data (on the pressure viscosity coefficient
of lubricants and on how lubricant density varied with
pressure). Further information on the industrial impact
of elastohydrodynamic lubrication is given in the relevant
section following the introduction.

Following on from his success in developing elastohydro-
dynamic lubrication theory, professor Dowson was asked to
serve on what is now known as the Jost Committee, which
was set up by the UK Government ‘fo investigate the state
of lubrication education and research and to establish the
requirements of industry in this regard’. The outcome of
the Jost Committee was the famous ‘Jost Report’,'® pub-
lished in 1966, which for the first time quantified the signifi-
cant economic benefits for the improved control of
lubrication friction and wear, and coined the word ‘tribology’
for the interdisciplinary subject. Further details of professor
Dowson’s contribution to the Jost Committee are given in
the relevant section below.

Professor Dowson continued to work with industrial
partners on the tribology of various engine components,

such as valve trains, journal bearings and piston rings (a
good summary of this work can be found in Taylor'").
My personal involvement with professor Dowson and
the Leeds University tribology group began in 1994
when I attended my first Leeds-Lyon Symposium on
Tribology and also was in contact with Martin Priest
(now a professor at Bradford University) who was then
working with Shell on a PhD to investigate the
‘running-in’ wear of piston rings that used a single cylin-
der Caterpillar diesel engine located at Shell’s Thornton
Research Laboratory. The work led to a widely cited
paper by Martin Priest, Duncan Dowson and Chris
Taylor'? with more details in the full PhD thesis."® At
the time I was developing mathematical models (and
computer codes) for piston ring lubrication, and so a
close cooperation developed between Shell and Leeds
University that lasted until around 2013. A large number
of joint projects were initiated that focused on (a) engine
and piston friction, and the use of lower viscosity lubricant
to reduce friction, (b) fuel-lubricant interaction in the top
piston ring zone and (c) a collaboration that also involved
York University and the additive company Infineum, to
investigate lubricant oxidation at the high temperatures in
the top piston ring zone. Further details of this work are out-
lined in the section below.

Finally, professor Dowson’s initiative, with Maurice
Godet of INSA Lyon, to set up the Leeds-Lyon
Symposium on Tribology, should not be overlooked.
Although a relatively small conference (usually with delegate
numbers of 150-250) it attracts tribologists from around the
world, from both academia and industry, and some of the
early conferences that focused on specific topics are still
useful references for those topics (such as the first
Leeds-Lyon Symposium in 1974 on the topic of
‘Cavitation and Related Phenomena in Lubrication’, the
third Leed-Lyon Symposium on ‘Wear of Non-Metallic
Materials’, the eighth Leeds-Lyon conference, ‘The
Running-In Process in Tribology’). Further details are pro-
vided in the separate section on the Leeds-Lyon Symposium.

One of professor Dowson’s legacies is the large
number of PhD students that studied at Leeds
University and then moved on to tribology positions in
academia or within tribology groups in the industry.
Those tribologists are now starting to make their own sig-
nificant impact within the tribology community.

Finally, it must also be mentioned that the tribology
community clearly held professor Dowson in the
highest esteem as he was elected as a winner of the
Tribology Gold Medal (the highest honour in tribology)
in 1979 and served as President of the UK’s Institution
of Mechanical Engineers in 1992.

Elastohydrodynamic lubrication
Elastohydrodynamic line contact correlation
equations

As discussed in the Introduction, although the numerical
solution of the line elastohydrodynamic contact problem
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was a significant step forward, professors Dowson and
Higginson realised that simpler equations would be
needed by practicing tribologists that needed to apply
elastohydrodynamic theory to gears, or other line contacts
(such as the cam/follower or cam/tappet contact in the
valve train of an automotive engine). Thus, they devel-
oped ‘correlation equations’ based on data from a
number of detailed simulations, which are still widely
used today.

Within their elastohydrodynamic theory of line con-
tacts, a number of useful dimensionless parameters were
found to be of use, in particular, U (a speed parameter),
W (a load parameter) and G (a materials parameter),
which are defined below:

U
U= M
w
V=Fr @
G = aF' 3)

where 7, is the lubricant dynamic viscosity at the inlet to
the contact (Pa-s), u is the speed (m/s), w is the load per
unit length (N/m), E' is the effective elastic modulus of
the contact surfaces (Pa), R is the effective radius curva-
ture of the contact (m) and « is the viscosity pressure coef-
ficient (Pa™') of the lubricant (typical values for this
parameter are 10 to 20 inverse GPa, although the pressure
viscosity coefficient varies with both temperature and
pressure, and type of base oil used in the lubricant).

In terms of these dimensionless parameters, the correl-
ation function for the minimum oil film thickness of an
elastohydrodynamic line contact was found to be’:

hmin _
Hm — T — 1.6G0'6U0'7W 0.13 (4)

As mentioned in the introduction, it was later discovered
that earlier work in Russia had led to a simple, analytical
expression for the minimum oil film thickness in an elas-
tohydrodynamically lubricated line contact. This expres-
sion is generally referenced as being due to Grubin,®
although it is thought the original work was done by
Ertel. Their result was found to be:

H,, = 1.95(GU)*"'w~"""!
~ 1.95(GU)" w09 )
It should be noted that the above equation is the one
quoted in Dowson and Higginson’s book on elastohydro-
dynamic lubrication (equation (4.9) on page 54 of
Dowson and Higginson’). However, in a recent review

of Ertel-Grubin methods'* a slightly different equation
was quoted:

H,, = 2.2081(GU)*w~1/8
=2.2081(GU)* P w012 (6)

The author does not know why there is a discrepancy

between these two different results.

Later researchers'>'® developed elastohydrodynamic
correlation functions that could be applied across the
whole lubrication regime, using two dimensionless con-
stants rather than three (the correlation functions in equa-
tions (4) and (5) only apply in the elastohydrodynamic
lubrication regime).

Application of elastohydrodynamic
lubrication theory

In their classic textbook, Dowson and Higginson showed
how to apply their elastohydrodynamic line contact theory
to roller bearings and gears. Clearly the application to
gears is straightforward as these are indeed line contacts.
However, for roller bearings, strictly speaking, the theory
should only apply to needle roller bearings. For rolling
element ball bearings, elastohydrodynamic lubrication
theory needed to be extended to point contacts before it
could be applied fully.

One area in which there was significant collaboration
with industry was in the application of elastohydrody-
namic lubrication theory to valve train contacts. In
1986, professor Dowson published a paper entitled ‘The
lubrication of automotive cams and followers’ in the pro-
ceedings of the 12th Leeds-Lyon Symposium'’
‘Mechanisms & Surface Distress’ (which was held in
Lyon in 1985) and the work was sponsored by the Ford
Motor Company (from their UK Dunton location). This
specific work focused on direct acting bucket tappet
type valve trains. The application of elastohydrodynamic
theory to the valve train was of considerable interest to
industrialists, since this is an automotive component that
could be subject to considerable amounts of wear (due
to the thin oil films between the moving surfaces).
Other research at the time was being pursued separately
by both Shell'® (for finger follower valve train designs)
and Ford.'" Later, useful papers by Bovington®
(Infineum), Coy*' (Shell) and Moore** (BP) explained
how elastohydrodynamic lubrication theory was being
used by industry to solve practical problems. Shell also
sponsored a PhD student (Marco Workel) at Leeds
University between 1996 and 1999 to investigate the
use of a ‘bouncing ball’ apparatus for measuring high
pressure properties of lubricants.*>**

Elastohydrodynamic lubrication theory was also
applied by the Leeds group to human joints, in particular
the hip joint. Early work in this area was reported by
Dowson>’ in 1966 and a comprehensive review of bio-
tribology was recently published by Dowson®® in 2012.
This was an area where there was significant interaction
between academia and industry (in this case, medical pro-
fessionals). As detailed in Morris et al.,*” it was not ini-
tially clear what mode of lubrication the hip joints
operated in. Some medical practitioners believed the hip
joint was boundary lubricated,?® others believed it was
hydrodynamic,?® while others believed it was there was
a ‘weeping’ lubrication mechanism.*® In 1967, a
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symposium was held that involved both the Institution of
Mechanical Engineers and the British Orthopaedic
Association, where Dowson demonstrated that the
primary modes of lubrication were elastohydrodynamic
with squeeze effects.’’ Professor Dowson worked
closely with Verna Wright, an eminent rheumatologist
based in Leeds and both had significant interest in joint
lubrication and bioengineering. Another significant, long-
lasting collaboration then developed between professor
Dowson and John Charnley, one of the pioneers of hip
joint surgery. Charnley’s original interest was in the use
of an ultra-high molecular weight polyethylene
(UHMWPE) socket against a metal femoral head.
Professor Dowson, had, at the time, been investigating
UHMWPE as a novel bearing material that could be
used in the presence of water and high humidity environ-
ments (work that was sponsored by the UK’s Ministry of
Defence). The reason for Charnley’s interest in
UHMWPE was that in previous hip joint replacements
polytetrafluoroethylene (PTFE) had been initially used
since Charnley believed that a low friction coefficient
between the moving parts of the hip joint was desirable;
however, when PTFE was used in actual hip replace-
ments, significant wear occurred, and in addition, there
were undesirable reactions with surrounding soft tissues
which meant the hip joints needed removing. The use of
UHMWPE solved the issues found with PTFE. During
the many meetings between the two men, either at
Leeds University or at Wrightington Hospital, there even-
tually emerged the Charnley low friction arthroplasty,*?
which is generally referred to as the ‘Charnley joint’
which was the first artificial hip joint replacement in wide-
spread worldwide use. The Charnley joint was first
implanted in a patient by Charnley in 1962.*® Later analysis
found that the dimensions of the Charnley joint were close
to optimum for low wear.>* Later industrial collaborations
between Dowson and DePuy International focused on
the use of laboratory based hip joint simulators to inves-
tigate metal-metal hip joints.>>>® A comprehensive
review of the history of hip joints was published by
Dowson®’ in 2001.

Jost report

It is well known that professor Dowson served on the Jost
Committee. This committee was set up by the UK
Government to investigate the state of lubrication educa-
tion and research and to establish the requirements of
industry in this regard.

For the first time, the potential savings from good
tribological practices (regular servicing and oil changes,
running machines correctly, using recommended lubri-
cants in machines, etc.) were quantified, and it was
found that savings of about £515 million'*** could be
achieved (these were 1965 figures, when the UK’s gross
domestic product (GDP) was about £36 billion, so the
potential savings were ~1.4% of GDP).

A number of potential research and development pro-
jects were proposed for funding to help realise the

savings reported. A number of these projects were on
tribological subjects directly linked to subjects that pro-
fessor Dowson had experience in (rolling element bear-
ings, gears, journal bearings, etc.) and also included
topics that Leeds University had not, until then, worked
on (such as the lubrication of piston rings and the use of
lower viscosity lubricants). To some extent, then, the
Jost Report laid out a research roadmap in tribology that
professor Dowson, and Leeds University, followed,
after their success in elastohydrodynamic lubrication. It
can hardly be a coincidence that work on piston ring lubri-
cation began at Leeds University in the late 1960s/early
1970s after this topic was specifically mentioned as one
worthy of study in the 1966 Jost Report.'°

A further finding from the Jost Report that would have
found favour with professor Dowson would have been the
recommendation to set up improved education/training in
the subject of tribology. Training courses were set up in
the United Kingdom, both as part of the Undergraduate
engineering curriculum, and as separate Masters’
courses. In addition, short, one-week courses were set
up in the United Kingdom, mainly aimed at industry
(such as the well-known Cambridge course on
Tribology that was run until recently by professors John
Williams and Ian Hutchins).

Another recommendation from the Jost Report was the
establishment of three UK centres of industrial tribology,
one in Risley (near Warrington), one in Swansea and one
in Leeds. The Leeds centre was known as the Industrial
Unit of Tribology, which opened in 1968, and eventually
became integrated with the Mechanical Engineering
Department at Leeds University.** The Industrial Unit
of Tribology was intended to operate on a commercial
basis linking to industry and providing consultancy and
undertaking sponsored projects. The initial intention
was that the Leeds centre would specialise on bearing
design and application, although it later also provided
advice on elastohydrodynamic lubrication and other tribo-
logical topics. In the sense of linking academia with
industry, the Leeds Industrial Unit of Tribology was
well ahead of its time. It closed in 1997, most likely
because University departments were then being tasked
to become more commercial, and so in some sense the
Mechanical Engineering Department academics were
likely competing with the Industrial Unit of Tribology
staff for industrial funding.

Shell/Leeds collaborations on piston
lubrication

My own first interactions with professor Dowson, and the
Leeds University Tribology group, occurred in 1994. That
year, [ attended the Leeds-Lyon Symposium on Tribology
for the first time, and I also became involved with a Shell
sponsored Leeds University PhD project focusing on the
wear and lubrication of piston rings. The student involved
in the study, Martin Priest, later went on to become a pro-
fessor at the Leeds University Mechanical Engineering
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Department and is now a professor of Tribology at
Bradford University. At the time, Martin spent a consider-
able amount of time at Shell’s Thornton Research
Laboratory where he used a single cylinder Caterpillar
1Y73 diesel engine for his studies. He installed new
piston rings in the engine, and operated the engine for
~100 h, and removed the top piston ring every 10 h or
so of engine operation, and measured the amount of
wear, and the change in ring profile that had occurred.
The objective of the research was to better understand
piston ring wear during ‘running-in’, and how
‘running-in’ affected the shape of the piston ring and its
lubrication. During his PhD project there were of course
many meetings between the Shell and Leeds University
scientists, and professor Dowson was regularly at these
meetings. A widely cited paper'? on the work was pub-
lished in 1999. The lubrication of piston rings had been
a topic of research at Leeds University from the early
1970s*** onwards. During the early to mid-1990s
Shell had been developing mathematical models and com-
puter codes for modelling piston ring lubrication, with a
view to including realistic lubricant properties*” (includ-
ing the effects of lubricant shear thinning). The motiv-
ation for this work was the need to reduce friction in
automotive engines by moving to lower viscosity, friction
modified lubricants, and so there was a need to better
model the oil film thickness in critical engine components
for these new oils, to assess the friction reduction poten-
tial, and to assess the impact of the lower viscosity lubri-
cants on wear. | had the good fortune to co-author a paper
with professor Dowson around this time on the topic of
the different cavitation boundary conditions that can be
used for piston ring lubrication.*® Soon after, a useful col-
laboration started between Shell and Leeds University on
the general topic of piston lubrication and engine friction,
in the late 1990s and went on until around 2013, and there
was regular contact with the Leeds University tribology
team (including professor Dowson) and the Shell scien-
tists. At the time of this work, professor Dowson had
retired, and was an Emeritus Professor and so no longer
had a day-to-day role in the projects but was still very
encouraging behind the scenes and was interested to
hear and read about the research results.
Highlights from this work were:

e An extended collaboration that involved Leeds, York
Universities, Shell and Infineum started in 1999. The
objective of the collaboration was to better understand
both the tribology and the chemistry of the lubricants
within the piston assembly. The detailed work included
taking top ring zone lubricant samples to estimate the
degree of lubricant oxidation, and the impact that dif-
ferent lubricant additives had on engine operation.
Separately, at York University, the chemical pathways
leading to hydrocarbon oxidation were investigated,
with the aim of better understanding how polymerisa-
tion could occur in the later stages of oxidation.
Chemical reaction pathways were found that led to
molecules with half and double the molecular weight

of the original hydrocarbon (in the simplest chemical
models of hydrocarbon oxidation, the products had a
similar molecular weight as the starting hydrocarbons,
so in these simple models it was difficult to understand
how polymerisation could occur, although it was
well known in practice that oxidation ultimately led
to higher molecular weight components). Infineum
left the collaboration around 2004-2005, and the
focus shifted to fuel-lubricant interaction in the
piston zone, and the impact of biofuels on piston ring
tribology. Work from this ambitious project was
reported in numerous papers from 2003 through to
2011477

e A project to measure engine friction on the single
cylinder Hydra engine at Leeds University started
in 2000 and was initially sponsored by the UK
Engineering and Physical Sciences Research
Council, Shell, Jaguar (later Ford) and
Federal-Mogul. Torque transducers were attached to
the camshaft and crankshaft of a single cylinder
Hydra engine (based on a 2.0 litre GM gasoline
engine with a bore diameter of 85.99 mm and a
stroke of 86 mm). These torque transducers enabled
the direct measurement of crank angle resolved
valve train and total engine friction. In addition, a
strain gauge placed mid-way on the con-rod could
be used to measure piston assembly friction. (A grass-
hopper linkage was attached at the bottom of the
con-rod to enable data transmission out of the
engine. The use of a linkage limited the maximum
speeds that could be used to about 2000 r/min.)
Crankshaft bearing friction could then be estimated
by subtracting the measured piston assembly and
valve train friction from the measured total engine
friction. As part of the project, Shell supplied Leeds
University with a range of lubricants (of different vis-
cosity grade) some of which also contained friction
modifier additives. Successful measurement of
engine and component friction was achieved, and a
number of papers were published on the work.”*°°

With the closure of Shell’s Thornton Research Laboratory
in 2013, the formal Shell collaboration with Leeds
University unfortunately finished, although support for
the Leeds-Lyon Symposium continued (through attend-
ance, presentation of papers and financial support for
Student Best Paper award).

One lasting legacy of this particular period of industry/
University collaboration was that a large number of PhD
students have since become successful researchers in trib-
ology, and a number have gone on to successful tribology
careers in industry and academia (e.g. Dr Peter Lee is
Head of Tribology at the Southwest Research Institute,
Dr Oliver Smith was at Lubrizol Research for a number
of years and is now chief executive officer and co-founder
of a start-up company and Dr Riaz Mufti is a professor at
the National University of Sciences and Technology
(NUST) in Pakistan, as well as the Technical Director
of a NUST spin-off company).
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Leeds-Lyon symposia

Professor Dowson established the concept of the
Leeds-Lyon Symposium on Tribology with professor
Maurice Godet, and the first symposia took place in
Leeds in 1974, on the topic of ‘Cavitation and Related
Phenomena in Lubrication’ (and cavitation was the topic
of professor Dowson’s PhD studies). The symposia then
alternated, with the second conference taking place in
Lyon. Virtually all the Leeds-Lyon conference have
taken place in Leeds or Lyon, the only exceptions being
in 1997 (when it was held in London, as part of the
World Tribology Congress taking place there) and in
2001 (when it was held in Vienna, again as part of the
2001 World Tribology Congress).

The Leeds-Lyon Symposium on Tribology has
become established as one of the main regular European
tribology meetings, although it is a relatively small con-
ference (with delegate numbers typically between 150
and 250). The meetings attract a mix of academics and
industrialists (mainly from lubricant or lubricant additive
companies or from car, truck and engine manufacturers).
The conference has always attracted a strong contingent
from the far east (Japan, and more latterly China). The
good reputation that the conference has in Japan may
stem from the fact that one of professor Dowson’s
former research students was Shuhei Toyoda, who is
now President of the Toyota Boshoku Corporation in
Japan.

One of the unique aspects of the Leeds-Lyon Symposia
is that each year a separate specific topic is chosen as the
main theme of the conference. In the early years, some of
the themes were very specific (such as ‘The Running-in
Process in Tribology’ (eighth symposium), ‘Cavitation
and Related Phenomena in Lubrication’ (first sympo-
sium), ‘The Tribology of Reciprocating Engines’ (ninth
symposium), ‘Elastohydrodynamics and Related Topics’
(fifth symposium), ‘The Wear of Non-Metallic
Materials’ (third symposium), etc.) For researchers in
industry these self-contained conference proceedings
were extremely useful references (since in the early
days of the conferences, internet access to research was
not available, and finding academic references usually
meant a trip to the library).

Another attractive feature of the Leeds-Lyon Symposia
was that although there was an overarching theme to the
conference, one could always find other, more diverse
talks on tribology that were not usually encountered at
other tribology conferences. An example that comes to
mind is professor Dowson’s paper ‘A Tribological
Day’.®' This paper discussed everyday tribology
(mainly soft tribology) such as the operation of human
joints (such as knees and hips), washing, bathing and
showering, the combing, brushing and washing of hair,
skin tribology, shaving, and the tribology considerations
associated with shoes, clothing and textiles, oral tribology
(eating, chewing, teeth and tongues), the tribology asso-
ciated with eyes, and animal tribology. Industrial collea-
gues interested in shampoo, or shaving foam, or food

tribology would clearly find such a paper of great interest
and look for collaboration opportunities. Other talks at
Leeds-Lyon over the years have also included, for
example, papers on the tribology of snail motion.®?
These diverse and unusual talks at the symposium open
the eyes of participants to the wider world of tribology
applications and can be a source of new ideas and new
innovations.

Industrial partners at the conference are also present at
the exhibition (usually manned by journal publishers or
companies that make tribometers) and have also contrib-
uted to the finances of the conference (e.g. funding
prizes for best papers at the conference).

Conclusions

In summary, professor Dowson worked with many indus-
trial collaborators, including lubricant and lubricant addi-
tive companies, engine and component designers and
manufacturers, rolling element bearing and gear manufac-
turers, medical practitioners and medical companies that
manufactured hip joints and organisations such as the
UK’s Ministry of Defence. These companies provided
useful funding for research students, and over the years
professor Dowson advised over 100 research students.
Professor Dowson was committed to education, and was
a prime mover, along with professor Maurice Godet, in
establishing the annual Leeds-Lyon Symposium on
Tribology. His work on elastohydrodynamic lubrication
enabled a much better understanding of the tribology
and lubrication of highly loaded components such as
gears, automotive valve trains and rolling element bear-
ings which was clearly of great interest to manufacturers
of such components. In addition, the lubricant was a
key component in elastohydrodynamic lubrication
whose properties could be controlled by lubricant com-
panies (through choice of base oils and additives) and
so lubricant and lubricant additive companies were enthu-
siastic sponsors of tribology research at Leeds University
(and continue to be today). Professor Dowson also
investigated the tribology of piston rings at Leeds
University, and a significant collaboration began
between Shell, Leeds University and others (including
York  University, Infineum, Jaguar, Ford and
Federal-Mogul) that ran from 1999 to about 2013 which
looked at fuel-lubricant interactions, lubricant oxidation
and degradation in the piston ring zone, the impact of bio-
fuels on piston ring lubrication, and the impact of lubri-
cant formulation (viscosity grade and friction modifier
content) on piston assembly and engine friction.

In addition, professor Dowson was keen to quantify the
financial benefits of tribology, and was considered a valu-
able member of the Jost Committee (by Peter Jost
himself®).

In conclusion, in addition to his already recognised
academic contributions, professor Dowson has also had
a huge impact on the many industrial partners he collabo-
rated with over the years.



Taylor

Acknowledgements

The author would like to thank and acknowledgement the many
Shell colleagues that were involved in the various collaborative
projects between Shell and Leeds University discussed here,
including Dick Coy, Harold Gillespie, John Bell, Glyn Roper,
Eiji Nagatomi, Chris Paddon, Dennis Kruchinin, Catherine
Price and Nigel Tait.

Declaration of Conflicting Interests

The author declared no potential conflicts of interest with respect
to the research, authorship and/or publication of this article.

Funding

The author received no financial support for the research, author-
ship and/or publication of this article.

ORCID iD

Robert 1. Taylor (2} https:/orcid.org/0000-0002-3132-8469

References

1. Taylor CM. In memoriam: Professor Duncan Dowson
(1928-2020). Proc IMechE, Part J: J Engineering
Tribology 2020; 234: 987-988.

2. Dowson D. Cavitation in lubricating films under constant
velocity conditions. PhD Thesis, Leeds University, 1952.

3. Higginson GR. The origin of EHL studies at Leeds. Proc
IMechE, Part J: J Engineering Tribology 2009; 223:
236-240.

4. Dowson D and Higginson GR. A numerical solution to the
elasto-hydrodynamic problem. J Mech Eng Sci 1959; 1:
6-15.

5. Petrusevich A. Fundamental conclusions from the contact
hydrodynamic theory of lubrication. Invest Akad Nauk
USSR 1951; 2: 209. (Ministry of Defence, London,
Translation No. 293).

6. Martin HM. Lubrication of gear teeth. Engineering 1916;
102: 119-121.

7. Dowson D and Higginson GR. The fundamentals of roller
gear lubrication elasto-hydrodynamic lubrication. Oxford,
UK: Pergamon Press, 1966.

8. Grubin AN. Fundamentals of the hydrodynamic theory of
lubrication of heavily loaded cylindrical surfaces. Central
Scientific Research Institute for Technology and
Mechanical Engineering, Moscow, 1949. Book No. 30
(DSIR Translation), pp.115-166.

9. Hamrock BJ. Elastohydrodynamic lubrication of point con-
tacts. PhD Thesis, University of Leeds, 1976.

10. “Lubrication (Tribology) Education and Research™: Jost
Report, Department of Education and Science, HMSO,
London, 1966.

11. Taylor CM (ed). Engine tribology. Elsevier Tribology
Series 26. Amsterdam, The Netherlands, Elsevier, 1993.

12. Priest M, Dowson D and Taylor CM. Predictive wear mod-
elling of lubricated piston rings in a diesel engine. Wear
1999; 231: 89-101.

13. Priest M. The wear and lubrication of piston rings. PhD
Thesis, Leeds University, 1996.

14. Morales-Espejel GE and Wemekamp AW. Ertel-Grubin
methods in elastohydrodynamic lubrication — a review.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Proc IMechE, Part J: J Engineering Tribology 2008; 222:
15-34.

Moes H. Lubrication and beyond. Lecture notes 115531.
Enschede, The Netherlands: Twente University Press, 2000.
van Leeuwen H. The determination of the pressure—
viscosity coefficient of a lubricant through an accurate
film thickness formula and accurate film thickness measure-
ments. Proc IMechE, Part J: J Engineering Tribology 2009;
223: 1143-1163.

Dowson D, Harrison P and Taylor CM. The lubrication of
automotive cams and followers. In: Proceedings of the
12th Leeds-Lyon symposium, ‘mechanisms and surface
distress’, Paper XI(ii), 1986, pp.305-322. Oxford:
Buttersworth.

Bell JC, Davies PJ and Fu WB. Prediction of automotive
valve train wear patterns with simple mathematical
models. In: Proceedings of the 12th Leeds-Lyon symposium,
‘mechanisms and surface distress’, Paper XI(iii), 1986,
pp-323-333. Oxford: Buttersworth.

Staron JT and Willermet PA. An analysis of valve train
lubrication in terms of lubrication principles. SAE Paper
1983; 830165.

Bovington C. Elastohydrodynamic lubrication: a lubricant
industry perspective. Proc IMechE, Part J: J Engineering
Tribology 1999; 213: 417-426.

Coy RC. Practical applications of lubrication models in
engines. Tribol Int 1998; 31: 563-571.

Moore AJ. The behaviour of lubricants in elastohydrody-
namic contacts. Proc IMechE, Part J: J Engineering
Tribology 1998; 211: 91-106.

Workel MF. Lubricant behaviour during impact under high
pressure and shear rate. PhD Thesis, Leeds University,
1999.

Workel MF, Dowson D, Ehret P, et al. Design and develop-
ment of a ball impact apparatus for the direct measurement
of lubricant friction under high pressures and shear rates.
Proc IMechE, Part J: J Engineering Tribology 2001; 215:
211-222.

Dowson D. Modes of lubrication in human joints. Paper 12.
Proc Instn Mech Engrs 1966; 181: 45-54.

Dowson D. Bio-tribology. Faraday Discuss 2012; 156: 9-30.
Morris NJ, Johns-Rahnejat PM and Rahnejat H. Tribology
and Dowson. Lubricants 2020; 8: 63.

Charnley J. The lubrication of animal joints in relation to
surgical reconstruction by arthoplasty. Ann Rheum Dis
1960; 19: 10-19.

MacConaill MA. The function of intra-articular fibrocarti-
leges, with special reference to the knee and inferior radio-
ulnar joints. J Anat 1932; 66: 210-227.

McCutchen CW. Physiological lubrication. Proc Instn
Mech Engrs Conf 1966; 181: 55-62.

Dowson D. Paper R2, “Review of symposium on lubrica-
tion and wear in living and artificial human joints”,
London, April 1967. Proc Instn Mech Engrs Conf 1966;
181: 226-231.

Scales T. Paper 13. Arthroplasty of the hip using foreign
materials: a history. Proc Instn Mech Engrs Conf 1966;
181: 63-84.

https:/en.wikipedia.org/wiki/John_Charnley

Charnley J, Kamangar A and Longfield MD. The optimum
size of prosthetic heads in relation to the wear of plastic
sockets in total replacement of the hip. Med Boil Eng
1969; 7: 31-39.


https://orcid.org/0000-0002-3132-8469
https://orcid.org/0000-0002-3132-8469
https://orcid.org/0000-0002-3132-8469
https://orcid.org/0000-0002-3132-8469
https://orcid.org/0000-0002-3132-8469
https://en.wikipedia.org/wiki/John_Charnley
https://en.wikipedia.org/wiki/John_Charnley

Proc IMechE Part J: | Engineering Tribology 0(0)

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

Dowson D, Hardaker C, Flett M, et al. A hip joint simulator
study of the performance of metal-on-metal joints: part I: the
role of materials. J Arthroplasty 2004; 19: 118-123.
Dowson D, Hardaker C, Flett M, et al. A hip joint simulator
study of the performance of metal-on-metal joints: part II:
design. J Arthroplasty 2004; 19: 124-130.

Dowson D. New joints for the millennium: wear control in
total replacement hip joints. Proc IMechE, Part H: J
Engineering Tribology 2001; 215: 335-358.

Jost HP and Schofield J. Energy saving through tribology: a
techno-economic study. Proc Instn Mech Engrs 1981; 195:
151-173.

Taylor CM. The Institute of Tribology, University of Leeds.
Proc IMechE, Part J: J Engineering Tribology 2009; 223:
245-249.

Strachan PJ. 4 study of piston ring lubrication. PhD Thesis,
Leeds University, 1973.

Economou PM. 4 study of the lubrication and dynamics of
piston rings. PhD Thesis, Leeds University, 1976.
Dowson D, Economou PN, Ruddy BL, et al. Piston ring
lubrication — part II, theoretical analysis of a single ring
and a complete ring pack. In: Rohde SM, Wilcock DF and
Cheng HS (eds) Energy conservation through fluid film
lubrication technology: frontiers in research and design.
New York: The American Society of Mechanical
Engineers, 1979, pp.23-52.

Economou PN, Dowson D and Baker AJS. Piston ring lubri-
cation — part 1: the historical development of piston ring
technology. Trans ASME 1982; 104: 118-126.

Dowson D. Piston assemblies; background and lubrication
analysis. In: Taylor CM (ed) Engine tribology. Elsevier,
1993. Amsterdam, The Netherlands: Tribology Series 26,
pp-213-240.

Taylor RI, Kitahara T, Saito T, et al. Piston assembly fric-
tion & wear: the influence of lubricant viscometry. In:
Proceedings of the international tribology conference,
Yokohama, 1995.

Priest M, Taylor RI, Dowson D, et al. Boundary conditions
for Reynolds equation with particular reference to piston
ring lubrication. Tribol Ser 1996; 31: 441-452.

Gamble RJ, Priest M and Taylor GM. Detailed analysis of
oil transport in the piston assembly of a gasoline engine.
Tribol Lett 2003; 14: 147-156.

Stark MS, Gamble RJ, Hammond CJ, et al. Measurement of
lubricant flow in a gasoline engine. Tribol Lett 2005; 19:
163-168.

Stark MS, Wilkinson JJ, Lee PM, et al. The degradation of
lubricants in gasoline engines: lubricant flow and

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

degradation in the piston assembly. Tribol Interface Eng
Ser 2005; 48: 779-786.

Hammond CJ, Smith JRL, Nagatomi E, et al. A mechanistic
study of the liquid phase oxidation of nonan-5-one. New J
Chem 2005; 30: 741-750.

Smith O, Priest M, Taylor RI, et al. In-cylinder fuel and
lubricant effects on gasoline engine friction. In: World trib-
ology congress, Washington, USA, 2005.

Lee PM, Priest M, Stark MS, et al. Extraction and tribo-
logical investigation of Top piston ring zone Oil from a gas-
oline engine. Proc IMechE, Part J: J Engineering Tribology
2006; 220: 171-180.

Smith O, Priest M, Taylor RI, et al. Simulated fuel dilution and
friction-modifier effects on piston ring friction. Proc IMechE,
Part J: J Engineering Tribology 2006; 220: 181-189.

Stark MS, Wilkinson JJ, Lindsay Smith JR, et al
Autoxidation of branched alkanes in the liquid phase. Ind
Eng Chem Res 2010; 50: 817-823.

De Silva PR, Priest M, Lee PM, et al. Tribometer investiga-
tion of the frictional response of piston rings when lubri-
cated with the separate phases of lubricant contaminated
with the gasoline engine biofuel ethanol and water. Tribol
Lett 2011; 43: 107-120.

Mufti RA and Priest M. Experimental evaluation of engine
valve train friction under motored and fired conditions.
Tribol Ser 2003; 41: 767-778.

Mufti RA and Priest M. Experimental evaluation of
piston-assembly friction under motored and fired condi-
tions in a gasoline engine. ASME J Tribol 2004; 127:
826-836.

Mufti RA and Priest M. Theoretical and experimental evalu-
ation of engine bearing performance. Proc IMechE, Part J:
J Engineering Tribology 2009; 223: 629-644.

Mufti RA and Priest M. Effect of engine operating condi-
tions and lubricant rheology on the distribution of losses
in an internal combustion engine. ASME J Tribol 2009;
131(4), 041101.

Mutfti R. Total and component friction in a firing engine.
PhD Thesis, Leeds University, 2004.

Dowson D. A tribological day. Proc IMechE, Part J: J
Engineering Tribology 2009; 223: 261-273.

Kobayashi A, Yamamoto I and Aoyama T. Tribology of a
snail (terrestrial gastropod). In: Proceedings of the 29th
Leeds-Lyon symposium on tribology (Elsevier tribology
series 41), 2004, pp.429-436.

Jost HP. Tribology: how a word was coined 40 years ago.
Proc IMechE, Part J: J Engineering Tribology 2009; 223:
240-244.



	 Introduction
	 Elastohydrodynamic lubrication
	 Elastohydrodynamic line contact correlation equations
	 Application of elastohydrodynamic lubrication theory

	 Jost report
	 Shell/Leeds collaborations on piston lubrication
	 Leeds-Lyon symposia
	 Conclusions
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


