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Introduction

This paper offers a brief review of the history of the theory
of hydrodynamic lubrication written on the occasion of what
may be considered the 100th anniversary of its birth. The
present text is, of course, not the first to take a look at the
history of this science. Others include Archibald (1957),
Pinkus (1962), Cameron (1966), Dowson (1977), and Rohde
(edit) (1983). Although the title of this paper is sufficiently ex-
plicit, it is still perhaps desirable to stress that this is not a
history of tribology of which the present subject is but a part.
Even with respect to the hydrodynamic theory of lubrication,
the purpose of this paper is not the cataloging of works con-
ducted over the last 100 years, a task more suitable to an en-
cyclopedia than a paper. What will be attempted is a historical
overview aimed at delineating the topography of the subject as
it was formed and shaped by key contributors in the course of
its development. Consequently, the references at the end of
the paper are not, in any sense of the word, a bibliography,
but rather a most stringent selection of milestones on the long
road to our present state of knowledge in this field.

The elapsed century is, somewhat arbitrarily, divided into
five periods characterized by their unequal progress in the
field. Aside from its historical perspective, an attempt is made
to evaluate the present status of the theory vis-a-vis the past.
This commemorative paper, therefore, in addition to paying
tribute to generations of scientists who passed on to us this
often elegant and always practical branch of science, will also,
perhaps, help the present community of tribologists to proper-
ly chart their professional activities for the future.

Foundations of the Science: The 1880s

There were three men who within a few years and indepen-
dent of each other discovered and formulated the mechanism
of hydrodynamic lubrication and laid its foundation as a
branch of engineering science. They were a Russian, N. P.
Petrov (1836-1920), and two Britons, B. Tower (1845-1904)
and O. Reynolds (1842-1912). What all three had in common
was that they perceived the process of lubrication as being due
not to the mechanical interaction of two solid surfaces but to
the dynamics of a fluid film separating them. This is the fun-
damental aspect of hydrodynamic lubrication and within a

Contributed by the Tribology Division of THE AMERICAN SOCIETY OF
MEecHANICAL ENGINEERS and presented atl the ASME/ASLE Joint Lubrication
Conference, Pittsburgh, Pa., October 20-22, 1986. Manuscript received by the
Tribology Division, March 1, 1986. Paper No. 86-Trib-22.

2/Vol. 108, JANUARY 1987

brief three years, 1883-1886, both its theoretical and ex-
perimental foundations were firmly established.

The crystallization of the concept started with Nicolai
Petrov whose main interest was in the area of friction. He
postulated two cardinal things: first, that the important fluid
property with regard to friction is not its density, as was
assumed by his contemporaries, but viscosity; and second,
that the nature of friction in a bearing is not the result of the
rubbing of two solid surfaces but stems from the viscous
shearing of an intervening fluid film. In other words, he pro-
posed the hydrodynamic nature of friction in bearings. He
then went on to formulate in his basic paper, (Petrov 1883)*
the functional relationship between frictional force and bear-
ing parameters, as
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an expression valid to this day, It is worth noting that Petrov
was a true tribologist in as much as his interests embraced also
the properties of lubricants and materials, subjects on which
he wrote nearly 80 papers during his tenure as professor at the
Technical Institute of St. Petersburg-in Tsarist Russia.

It is somewhat surprising that Petrov failed to extend his in-
sight into the nature of friction to the load carrying capacity of
bearings. This fundamental discovery fell to Beauchamp
Tower. It again started with what has been in the history of
bearings a quasi obsessive concern with friction. Petrov
himself followed up his 1883 paper with a number of publica-
tions on measurements of frictional losses in bearings.
Likewise the Institution of Mechanical Engineers in Great Bri-
tain, which had organized a Research Committee on Friction
at High Velocities, commissioned Tower to conduct a series of
experiments on friction in railroad bearings, the railroad being
another of those persistent strains in the history of tribology.
Beauchamp Tower was an engineer, an inventor, and a
research assistant to such luminaries as Froude and Lord
Rayleigh, the latter being also a personal friend of Tower’s as
well as a member of the committee. This famous series of ex-
periments which was to lead to the discovery of the presence of
hydrodynamic pressures in the fluid film took place in
1883-1884.

The geometry and operating condition of the first bearing
tested by Tower is shown in Fig. 1(a). At one stage, instead of

*Given the nature of this article, references are arranged chronologically at
the end of the paper.
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D=101.6 mm (4 in.)
L =1524 mm (6 in.)
B =157
N=187 - 75 Hertz
(100 — 450 r/min)
P=68x10"—425Xx 10° Pa
(100 — 625 psi)
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Qil Bath

b) Bearing with Axial Grooves

relying on bath lubrication, Tower decided to use an oiler, For
this purpose he drilled a 1/2-in. hole at the center of the bear-
ing. However, when the journal started to rotate, Tower
noticed that oil was being pumped out of the bearing. In order
to stop the leakage, first a cork and then a wooden plug were
inserted, but both were ejected from the hole, With his keen
insight Tower realized what was happening: a fluid film was
separating the journal from the bearing and the fluid was
under high pressure. Tower went on to modify his bearing
geometry in the direction of what we now know to be the cor-
rect way of supplying lubricant, namely a set of axial grooves.
This second bearing is shown in Fig. 1(b). Tower then install-
ed a set of pressure gauges over the bearing surface. He ob-
tained a map of hydrodynamic pressures which when in-
tegrated over the bearing surface equaled the applied load.
These historical results were published in two reports (Tower
1883, 1885); Fig. 2, showing the pressure map, is taken from
the second of these papers. Thus was the concept of
hydrodynamic lubrication born.

Both Petrov and Tower arrived at their concepts via ex-
perimentation and all that was needed to give the edifice a
solid scientific ground was a theoretical basis for the ex-
perimental observations. This was achieved by Osborne
Reynolds almost simultaneously with the two others. It again
started with friction. At a meeting of the British Association
for the Advancement of Science, held in Montreal, Canada, in
1884, Reynolds read two papers—one entitled “‘On the Action
of Lubricants,”’ and the other ‘‘On the Friction of Journals.”

Fig. 1 Tower's experimental bearings
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Fig. 2 Tower's presentation of hydrodynamic pressures in journal

bearings

Nomenclature

a = inlet-to-outlet film thickness p = pressure

ratio R = radius of bearing or journal e = (e/C), eccentricity ratio
A = area T = temperature f = angular coordinate in U
B = length in x direction, damping U = linear velocity direction

coefficient V' = normal velocity 0, = end of hydrodynamic film
C = radial clearance W = load on bearing p = absolute viscosity
D = diameter W = (W/LDuN)(C/R)?* p = density
e = eccentricity x = coordinate in U direction ¢ = attitude angle
f = friction coefficient y = coordinate across film w = rotational frequency
F, = frictional force z = coordinate normal to U :
G = turbulence coefficient a = viscosity-temperature Subscripts
h = film thickness coefficient 0 = bearing surface
K = spring coefficient B = bearing arc I = start of film
L = width in z direction A = wavelength of asperities 2 = end of film
M = rotor mass on bearing ¢ = height of asperities s = start of pad
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It was at this Montreal meeting that Reynolds for the first time
discussed his differential equation explaining the
hydrodynamic nature of lubrication. No published record re-
mains of any of Reynolds’ contributions at the Montreal
meeting. However, the timing of this meeting, 1884, lends fur-
ther support to the view that Reynolds had developed his
theory without knowledge of Tower’s crucial experiment.

The reigning place that Osborne Reynolds occupies in the
history of hydrodynamic lubrication is, of course, due to the
formulation of the basic differential equation bearing his
name. It provides the physical and mathematical foundations
of the science in such lucid and comprehensive terms that it
has remained the essential and unimpeachable tool to this day.
The paper (Reynolds 1886) containing the derivation of this
equation was read to the Royal Society on February 11, 1886,
and in it the equation appears in the form of

i ap li} ap l’ dh ]
3 RS e —+ 2
% (h e + 2 (h %2 ) 6p _(U0+Ut) e +2V

(2)

The new concept that emerged from this formulation,
something that was not apparent from Tower’s results, was
that, barring squeeze film effects, hydrodynamic action re-
quires that (dh/dx) < 0. The presence of a geometric wedge
is, of course, a basic feature in all of hydrodynamic
lubrication.

Reynolds’ paper running to nearly 80 pages contains much
additional pioneering work besides the differential equation,
viz.

o A squeeze film solution for two elliptical plates ap-
proaching each other with a velocity V.
¢ The concept of infinitely long bearings

d ap dh
2 (w —) L 3
3x( dx I’ dx ®
which Reynolds attempted to solve for both a journal
bearing and a slider,
e The derivation of an optimum slider for which a = 2.2.
e The concern with cavitation in the diverging portions of

journal bearings for which Reynolds was the first to sug-
gest the correct trailing boundary condition of

d,
p=—p—=0 at 0=0, 4)
dx
e Formulation of the p — T relationship
= poe= =10 ®)

which if not always satisfactory is an extremely useful
relation in the analytical treatment of variable viscosity.

® The notion of a bearing having clearance, i.e., of journal
and bearing radii differing by an amount C. In Reynolds’
days fitted bearings (C = 0) seemed to have been a
natural choice,

In retrospect the paper also contains some inexplicable
lapses. In trying to solve equation (3) for journal bearings,
Reynolds somehow made no attempt to simply integrate the
expressions

I={ d db

s J= .
(1+e¢ sin 6)? ! (1+¢€ sin )2

(6)

although the integrals were then known to be integrable. In-
stead he developed his solution for the pressure in terms of an
infinite series which not only is cumbersome, but which does
not converge at ¢ > (.5. Also in comparing his L./D = oo solu-
tion with Tower’s results for an L/D = 1.5, Reynolds resorted
to the doubtful procedure of picking arbitrarily such values
for e and C as to achieve agreement. Yet, even this sleight of
hand was not without merit. In matching theory with experi-
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ment, Reynolds obtained a value of C = 0.02 mm (0.8 mils)
and thus provided an order of magnitude for the clearances re-
quired in hydrodynamic bearings, a quantity unknown to his
contemporaries.

Evolution Into an Engineering Discipline: 1890-1925

As described above, Petrov, Tower, and Reynolds can be
considered the founding fathers of the concept of
hydrodynamic lubrication. The coincidence of their near
simultaneous emergence on the scene marks the mid-1880s as
the undisputed birthdate of this branch of science. Subse-
quently, not much would be altered in the basic tenets laid
down by this triumvirate. The history of the subject over the
next half-century is essentially that of converting what was in
1886 merely the nucleus of a science into an engineering
discipline.

The most important step in the next phase was the discovery
that the fluid film does not have to be an oil or a liquid, but
that it can be a gas. This discovery was made by Albert
Kingsbury (1863-1943) and again accidentally. As Professor
of Mechanical Engineering at the College of A & MA in
Hanover, N.H., he had in 1892 built a torsion-compression
machine which contained a cylinder piston arrangement 152.3
mm (6 in.) in diameter. With the cylinder in a vertical position
Kingsbury one day twirled the piston and found that the
slightest effort would make it spin. The same near-frictionless
rotation could be imparted to the piston when it was in a
horizontal position, i.e., loaded. The thought that occurred to
Kinsbury was the same as Tower’s, namely, that the rotation
was due to the presence of a fluid film, in this case air.
Kingsbury went on to construct a special bearing 152.4 mm (6
in.) in diameter with a radial clearance of 0.02 mm (0.8 mils)
carrying a load of 222.4 N (50 Ib) which he ran on both air and
hydrogen. He installed axial and circumferential pressure taps
and measured the pressure field—all without having heard of
Reynolds. In 1897 Kinsbury read the Reynolds paper and
published his own findings. Thus was the phenomenon of
hydrodynamic lubrication extended to compressible fluids, a
milestone in the history of tribology.

Kingsbury’s standing in the field is not limited to gas bear-
ings for he is also known as the inventor of the tilting pad
bearing. The history of tribology harbors many paradoxes and
coincidences, and the story of tilting pad bearings is one of
them. The bearing is one of the most elegant and complex
devices, and it was precisely this that was developed at the very
beginning. Second, the bearing was conceived simultaneously
and independently by two men, the other being A. G. H.
Michell, of whom more will be said later on.

Although Kingsbury built a model of the tilting pad bearing
in 1898, he did not apply for a patent until 1907. The applica-
tion was at first refused because Michell had patented the
bearing in 1905, and it was not till 1910 that Kingsbury was
granted a patent. Keeping up his inventive spirit, Kingsbury,
though at a later date, was also one of the first to utilize an
analog, in this case an electrolytic tank, to simulate flows and
pressures and thus obtain a solution for a finite journal
bearing.

In his last two achievements, Kingsbury’s progress was
paralleled by the work of Anthony Michell (1870-1940) of
Australia. As already mentioned, Michell independently in-
vented the tilting pad bearing. He was also a skilled analyst
and obtained a solution for a finite slider by expressing the
pressures in the form of a series, viz.,

)

e i f(x)sin nz

1,3,5 nx

the function f(x) containing Bessel functions whose coeffi-
cients were made to equal zero at the edges of the slider, These
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solutions, obtained for L/B = 3, 1, 1/4, Michell published in
1905.

It was mentioned that it seems ironic that the tilting pad
pearing should have been developed at the very beginning of
bearing technology. But a much greater irony lies in the
realization that the success of this bearing should have
brought the demise of the entire theory of hydrodynamic
lubrication. A tilting pad produces a resultant that is off
center, and therefore with central pivoting, such a pad is
rotated to a position parallel to the runner. However, a
parallel surface should, by the very first and basic principle of
hydrodynamic theory, produce no pressures and no load
capacity. Yet centrally pivoted thrust bearings not only carry a
load but have the highest load capacity of all. Such an event
ought to have shattered the very foundation of hydrodynamic
lubrication. That it did not must surely be ascribed not to
science but to faith. To this subject—by no means satisfactori-
ly resolved even today—we shall return later on.

The evolution of the subject into a mature engineering
discipline consisted in large measure in trying to solve the
Reynolds equation. Equation (2) is a nonhomogeneous partial
differential equation with variable coefficients and is difficult
to solve analytically; even when solved for special cases, the
results are cumbersome to use. One shortcut consisted thus of
considering the bearing to be infinitely long, something that
has been attempted by Reynolds himself, though unsuccessful-
ly. In this area, the name Sommerfeld occupies in all histories
of the subject a most prominent place. Suffice it just to recall
that this word relates to the name of a man, a boundary condi-
tion, a mathematical substitution, a dimensionless number,
and there is even such a thing as a Half-Sommerfeld.

Since the Sommerfeld phenomenon is going to receive here
a mixed review, it is important to stress that the criticism
relates not to the man and his work but to the indiscriminate
use of his approach by his imitators. Also, the fame of Arnold
Sommerfeld (1858-1951) does not rest in the slightest on his
paper on lubrication. Sommerfeld was a distinguished
theoretical physicist who made notable scientific contributions
to such fields as atomic structure, quantum theory, spectral
analysis, and the theory of relativity. He wrote 276 papers and
13 books. In his midcareer, for some unexplained reason,
Sommerfeld picked up the Reynolds equation and solved it for
an infinitely long journal bearing. Unlike Reynolds, he went
straight ahead and integrated the differential equation and ob-
tained explicit analytical expressions for pressure distribution,
load, locus of shaft center, and friction. The boundary condi-
tion he used was that of simple periodicity, namely

p(0)=pQ2m)
dp | _dp (8)
do lo ™ do lax

This work Sommerfeld published in 1904. It was his sole
paper on and sole venture into lubrication theory.

Some of the features inherent in the Sommerfeld work are
as follows:

(a) Pressure Profile. The solution gives an antisymmetric
pressure distribution about ¢ = « with negative
pressures equal to the positive ones. Since liquid
lubrication yields pressures in the tens and hundreds of
atmospheres, the solution gives absolute negative
pressures of the same order, a physical absurdity.
Locus of Shaft Center. The solution gives a constant
attitude angle of 90 deg. In reality, as ¢ — 1, the at-
titude angle approaches colinearity with the load in-
stead of being normal to it.

Load Capacity. Due to (a), calculated load capacity is
about double its actual value.

(b)

(¢)
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(d) Friction Coefficient. As obtained from the Som-
merfeld approach, f yields a minimum at e = 1/v2. In
actuality the friction coefficient keeps decreasing with e
as long as hydrodynamic lubrication prevails.
Sommerfeld Substitution. Sommerfeld is credited with
having facilitated the analytical solution of the one-
dimensional Reynolds Equation by the use of the
substitution

(e)

1-¢?
(1 —ecos ¢)

named after him. In fact he used the familiar 6 = tan
(6/2) and recurrence formulae for solving the problem.

(&)

(l+ecosf)=

It is the use of boundary conditions (8) that is responsible
for all of the discrepancies listed from (a) to (d). Som-
merfeld, himself, in his paper, mentions and worries about the
possible effects of cavitation which he ignored, but not so the
imitators that followed him. For, starting with this analysis,
scores and perhaps hundreds of papers were written based on
the Sommerfeld boundary conditions. They were for the most
part mere mathematical exercises, and woe to the engineer
who would try to design a bearing or predict its performance
from the results of these efforts. This use of the Sommerfeld
conditions has remained an established research tradition for a
long time and occasionally surfaces even today.

In contrast to journal bearings, most thrust bearings do not
experience cavitation, and thus while L/D = oo solutions may
quantitatively be inexact, they are at least qualitatively accept-
able. An elegant set of solutions for sliders of various film
shapes was derived by Lord Rayleigh (1842-1919). In addition
to calculating load capacity, he also obtained optimum values
for the “*@” ratios, and by the use of the calculus of variations
showed that a stepped slider is the best configuration when
compared to those with a linear taper, a crowned, or exponen-
tial film shape. This work he published in 1918, and what is
impressive is that these results are more or less valid also for
finite thrust bearings. It is also worth noting that Lord
Rayleigh was the first to conceive the idea of hydrostatic bear-
ings, in a paper he published in 1917.

At the turn of the century, Kinsgbury had discovered gas
lubrication and in 1913 W. J. Harrison, a fellow at Cambridge
University, derived the differential equation for compressible
fluid films. Instead of eliminating density from the continuity
equation, he retained it under the differentiation signs and
then, by using the perfect gas equation under isothermal con-
ditions, he obtained the compressible Reynolds equation in the
form of
a (!ﬂ apz) a (h3 ap?

— +—(——)=120U
dx 9z \ pu 6z)

d(ph)
dx

(10)

wo ox

Kingsbury’s intuition had now received, in parallel to the
Tower-Reynolds precedence, a theoretical foundation for the
hydrodynamic action of gas lubricants. Moreover, here there
was no cavitation to haunt the analyst and the simple periodic
boundary conditions applied, since the equation of state
guaranteed that the pressures could never fall below absolute
zZero.

The 35-year period (1890-1925) ended with the concep-
tualization of two most important features of journal bear-
ings, both dealing with bearing dynamics and stability. The
first, made by Stodola in 1925 was the realization that a bear-
ing is not a rigid support but represents rather a set of springs
and dashpots whose characteristics have a telling effect on
rotor criticals and dynamic behavior. Since that time, bearing
stiffness and damping coefficients have become a basic ele-
ment in journal bearing studies.

The other discovery was that of bearing-induced instability
made by Burt Newkirk at the General Electric Research Lab.
Encountering shaft vibration which could not be attributed
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either to unbalance or to internal friction which he was then
investigating, Newkirk turned off the oil supply to the bear-
ings supporting the shaft and discovered that the instability
ceased. These results he published in 1925, and from that
period dates the great and growing concern about what was
originally called oil whip and later generalized to half-
frequency whirl. A new and most significant area of
hydrodynamic lubrication had thus been discovered and incor-
porated within its boundaries, with serious ramifications not
only for bearings but for machine design in general.

In view of the stagnation that followed the first 40 years of
lubrication progress, it is perhaps worth speculating briefly
what may have been the forces that accounted for this intense
and rewarding activity. Two specific and two general causes
may be discerned. One was that mineral oils entered the in-
dustrial market in the mid-1880s, just about the time the
founding tribologists made their entry. A strong interest in
their utilization evoked interest in their properties with regard
to viscosity, friction, etc. The other was railroads. It was
problems on the railroads that led Petrov to his oil and friction
studies; the experiments that Tower performed were done on
railroad bearings; Kingsbury, at one time, was a consultant to
Canadian Railways; and most interesting of all, it was while
working on braking problems of railroad cars that Som-
merfeld ventured into his famous lubrication paper.

More generally, the period was one of political stabili-
ty—there had been no major European conflict from the
Franco-German War in 1870 until the outbreak of World War
One in 1914, And it was a period of unprecedented scientific
bloom in physics and chemistry. Electricity and electronics
were born then; so was the internal combustion engine and the
airplane; and all the modern concepts of physics—quantum
theory, atomic physics, and relativity—saw their dawn in
those years. Hydrodynamic lubrication was one of the lesser
but still vigorous offsprings of this scientific high tide.

The Doldrums: 1925-1945

A curious void seems to stare at us from the 20-year period
between the end of the First World War and the end of the
Second. Speculating about the possible causes of this regres-
sion, one could cite here the Great Depression that set in in
1929 and was not really over until the Second World War; the
turmoil caused by the two world wars; and the political and in-
tellectual dark ages that the dictatorships had inflicted on
Europe in that period. It was not a brilliant era for science and
free-thought in general and tribology seems to have shared in
the general decline.

There was only one outstanding new name during that inter-
val, that of Herbert W. Swift (1894-1960). He was the man
who formulated fully the Reynolds equation as it applies to
dynamic loading and by extension to problems of
hydrodynamic stability (Swift 1932, 1937). For his solution of
dynamically loaded journal bearings, he used the Sommerfeld
approach arguing that the changes occurred so fast that there
was no time for the cavitation bubble to collapse and reform
in phase with the changes in load direction. In fact, the ques-
tion of cavitation at high frequencies is something that is still
not completely resolved, involving as it might inertia effects
which the Reynolds equation ignores. Swift also finally nailed
down the question of the trailing boundary conditions in
diverging films by showing that p = dp/df = 0 is a require-
ment of both continuity and the minimum potential energy
principle.

Other than the aforementioned exception, the theory of
hydrodynamic lubrication in the 20 years between the two
world wars stayed in the doldrums, and to such a degree that
in the scientific community few were aware of the existence of
such a branch of science.
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Fig. 3 Research loop in hydrodynamic lubrication

Renaissance: 1945-1965

Within a few years of the end of the Second World War,
there followed a reawakening and bloom of tribological activi-
ty which constitute probably the peak of its history to date.
While the previously suggested causes for the ups and downs
in tribological progress are somewhat tentative, there is little
doubt as to what triggered its unprecedented growth during
the years following 1945. Two technological developments
stand out as triggers. One was the advent of modern com-
puters, whose impact is sufficiently familiar to need no further
elaboration. The other event was the space age. These two
developments together brought about a veritable renaissance
in the life of tribology.

The flow of research work as it affects the development of a
viable body of theory can be portrayed by means of the block
diagram of Fig. 3. While such a portrayal may hold for all
fields, in one respect perhaps the course of the theory of
hydrodynamic lubrication may differ from other sciences, and
that is in the importance of Box 1. It is not merely that experi-
ment ought to corroborate theory—true of all science—but
also that often it must lead it. In many instances, it alone can
provide the inputs and boundary conditions for the proper
formulation of the physical problem and be a guide as to what
terms can or cannot be dropped.

The Reynolds Equation. Equation (2), as written down by
Reynolds, is unnecessarily restrictive. It can be fleshed out to
account for a number of phenomena that are a part of modern
tribological systems. In tensor notation this expanded
Reynolds equation can be written in the following form:

h a dah
V'["G p vp]‘ﬁ{g ax [""]J’z"[ at H

The meaning of the new terms in equation (11) is spelled out
in Table 1. It is the need to account for phenomena such as
turbulence, elastic deflections, and temperature variation that
accounts for the presence of Box 2 in Fig. 3. Perhaps the omis-
sion of inertia effects from Table 1 may seem arbitrary. But a
scrutiny of analyses that have evaluated the impact of inertia
effects in hydrodynamic lubrication will show that despite the
many valiant attempts to prove their importance, inertia ef-
fects have only a second order effect, if that much. It is a com-
forting thought because it was claimed that the Reynolds
equation remains the sovereign expression of the theory,
whereas had inertia proven its importance, it would have
amounted to no less than an overthrow of the Reynolds
regime.

(1)
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Table 1 Significance of terms in equation (11)
Symbol Applicability Additional Equations
p Density Variation Equation of State
® (as Bearings
e Compressibility Effects
h(x,z) Variations in Film Thickness Elasticity Equations
* Misalignment
* Elastic Deformation
® Thermal Deformation
G Turbulence Effects Turbulence Coefficients

Normal Velocity

® Squeeze Film

® Dynamic Loading
* Instability

( dah
v=(=-)
at

Rotordynamic Equations

m Viscosity Variation
* Thermal Effects
® Rheological Fluids
® Transverse (v) Variations

Energy Equation
p=u(T, p) :
Heat Transfer Equations
Rheological Models

As stated before, the analytical solution of the Reynolds
equation is difficult, and it is here that comptuers have
wrought a veritable revolution. But before we chart the rapid
advance of finite bearing solutions, it is important to note the
story of the L/D = 0 solution. The idea of an infinitely short
as opposed to an infinitely long bearing first occurred to
Michell who, in 1929, suggested dropping the first instead of
the second term in the Reynolds equation to make it read:

a rh* d
(__....__‘?__)=6 Uﬂ

— 12
0z \p 0z dx 2

Cardullo, in 1930, actually went ahead and integrated the
above expression for the pressure distribution. It is a fitting
comment on the lethargy prevailing in that period that no one
picked up the hint to carry the analysis forward. It was not un-
til 1952 that Ocvirk provided a detailed and full solution to the
problem of short bearings. It is a most simple, compact, and
elegant solution which for analytical manipulations is without
peer. And despite its label of infinitely short, it is pretty much
valid to L/D ratios of up to 1/2, which is the design range of
most modern bearings. On the other hand, it is important to
note the restrictions of that solution which are often overlook-
ed. The method cannot be used for bearings whose fluid film
does not start at h,,,; it cannot be used for pads with arcs less
than 180 deg; and it cannot be used at all for sliders and thrust
bearings.

Prior to the advent of computers, two important sets of
solutions appeared for finite journal bearings. One, by
Cameron and Wood in 1949 for full journal bearings ranging
from L/D = oo to 1/4, used Southwell’s relaxation method to
solve the Reynolds equation; the other, by Sassenfeld and
Walter in 1954 for both 360 and 180 deg arcs, used a Gaussian
algorithm for solving their finite difference equations. Both
sets of solutions involved a prodigious amount of calculation
and by their method of solving the differential equation can be
considered precursors to the new era characterized by the ad-
vent of high-speed electronic computers.

The first use of modern computers in the solution of the
finite Reynolds equation using the proper boundary condi-
tions was made by Pinkus in 1956. He obtained solutions not
only for circular but also for elliptical and three-lobe bearings
for L/D ratios ranging from 1-1/2 to 1/4, as well as for finite
sector thrust bearings of various arcs and (R,/R)) ratios. A
significant aspect of this work was the realization that the
whole problem of generating solutions for journal bearings of
different geometries and load orientations, including the non-
circular shapes, resolves itseif to that of obtaining generic
solutions for single pads of different values of the parameters
L/D, B, 8,, ¢, and ¢, Fig. 4, and then assembling them into
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Fig. 4 Basic elements of journal bearings

appropriate geometries under specified operating conditions.

Within a very short time, a whole spectrum of comprehen-
sive solutions for full and partial journal bearings began to ap-
pear for both liquid and gas lubrication. Some of the major
contributors here were Raimondi and Boyd who, in 1958, pro-
vided most meticulous 360, 180, 120, and 60 deg arc results for
L/D ratios of 1, 1/2, and 1/4 for incompressible fluids and, in
1961, results for gas bearings for (L/D)s of 2, 1, and 1/2;
Hays (1958) provided full slider solutions ranging from L/B
= 1/8 to oo for values of “‘g”’ from 1.2 to 6; Gross (1962)
assembled a tabulation of finite gas bearing solutions for
various operating conditions; and Castelli and Pirvics (1967)
provided solutions for multipad journal gas bearings for L/D
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Fig. 5 Performance map of plane sliders

ratios ranging from oo to 1/2. Some idea of the thoroughness
and scope of these solutions can be gleaned from Fig. 3, taken
from Hays’' work, which in addition to the substance of the
presented data also offers an easy way of determining op-
timum slider geometry. Numerous other works continued to
add to this bank of solutions. But even looking at the above, it
is clear that thanks to modern computers a nearly complete
spectrum of finite bearing solutions was generated within 5
years, something that measured against the prodigious labor
required in the past to achieve a single solution seems almost
magical.

Boundary Conditions. It was argued previously that atten-
tion to the physical reality has been and remains a particular
requirement of hydrodynamic lubrication. Nowhere is this
more apparent than in the question of boundary conditions.
We have seen how this has plagued the trailing boundary con-
ditions. No sooner was this resolved than the question of the
start of the hydrodynamic film came to preoccupy the re-
searcher. Two complications often arise in this connection.
One is that shown in Fig. 4(b) where the diverging portion at
the beginning of the pad causes upstream cavitation. In most
cases when confronted with such solutions researchers as-
sumed a full film from the beginning but when the diverging
portion is large it can introduce serious errors. The correct
boundary condition for determining the start of the
hydrodynamic film in diverging spaces was formulated by
Floberg in 1961 as

Uh, hi [ap" ap(dx)}ll_w:,

— =2 13
2 12p L ax dz \ dz 2 a3

The location of the starting line will thus depend on the (L/D)
ratio, 4., €, and ¢. How widely such starting lines may differ
from each other is shown for the case of a full bearing in Fig.
6.

The other complication noted in the meticulous experiments
conducted by Cole and Hughes in 1957 is that shown in Fig. 7.
Due to either low supply pressure or insufficient axial extent
of the oil groove there is initially only a partial fluid film in the
axial direction. This experimental observation led to the for-
mulation of corresponding solutions for an incomplete film,
and, more broadly, to analyses of starved bearings, discussed
later on.

Elastohydrodynamics. In 1916 Martin first applied
hydrodynamic theory to gear teeth, but his approach gave
such unrealistically small film thicknesses that one was ready
to abandon the postulate of the existence of a fluid film in
gears and similar devices. It was physical evidence that assured
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Fig. 7 Incomplete oil film at inlet to bearing (Cole & Hughes, 1957)

the survival of the concept of hydrodynamic action in gears.
Careful observation revealed that machining marks in the con-
tact areas of gear teeth remained visible even after prolonged
usage, making it unlikely that there was metal-to-metal con-
tact. There were two difficulties with the Martin approach;
the assumptions of rigid surfaces and of constant viscosity. A
turnabout occurred in 1949 when Grubin discarded both of
these restrictions. He accounted for surface deflection, and he
incorporated the appreciable rise in viscosity with pressure. As
aresult, film thicknesses were obtained which corresponded to
measurements. Soon thereafter, in 1951, Petrusevich obtained
solutions which included the elasticity equations and, in the
process, discovered the essential and typical shape of
elastohydrodynamic pressure profiles, shown in Fig. 8.
Starting in 1959, Dowson and others then produced a series
of works in which elastohydrodynamic problems were solved
by the simultaneous use of the Reynolds and elasticity equa-
tions, often even coupled with the energy equation. A whole
spectrum of new tribological devices, such as pumping rings,
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rubber bearings, and foil bearings, appeared which required
the application of elastohydrodynamic theory.

Turbulence. The conceptual picture of lubricant flow in
e
-

7N

Increasing
Velocity

3

S——T
Fig. 8 Typical shapes of elastohydrodynamic films and pressure
profiles

{2} Mobllity plot for Qcvirk solution

narrow gaps dates back to G. I. Taylor, who in 1923 devised
the criteria for the onset of turbulence for two concentric
cylinders, but its specific link to bearings does not start until
the 1950s. In a series of experiments with 8-in. journal bear-
ings Wilcock (1950) discovered that their performance was
seriously altered when operated in the turbulent regime. The
difficulty with the development of a rational approach to tur-
bulence in lubrication is linked to the general state of this
branch of science, which is still in a state of uncertainty.
Within these limitations, Constantinescu (1959), using
Prandtl’s mixing length concept, and Ng and Pan (1965), us-
ing the notion of eddy viscosity, formulated some workable
schemes for incorporating the effects of turbulence into the
calculation of bearing performance. These are the ‘G’ fac-
tors appearing in equation (11).

Dynamic Loading. One of the few contributions of the stag-
nant 1925-1945 period was that of dynamic loading by Swift,
who, it will be recalled, used the Sommerfeld conditions in his
solution. This work was refined in 1947 by Ott in Switzerland
who dropped the negative pressures from his solutions and
then obtained a most comprehensive spectrum of shaft orbits
for various modes of loading. This work was soon sup-
plemented by Burwell, who at first, in 1948, used the same ap-
proach as Swift but then went on in 1957 to obtain solutions
based on short bearing theory. It was of some interest to note
that the results were qualitatively similar for both infinitely
short and infinitely long bearings although this was due more
to the retention of the negative pressures in both cases than to
anything else.

At about 1964, a new concept of treating dynamically load-
ed bearings made its appearance. Booker first presented this
approach in October 1964 calling it the “‘mobility’’ method. In

03 ° S L0 o0

o=

(b} Mobility plot for Sommerfeld solution

Characleristics of complate-Nim (2x) bearings

la) Mobillty plot for Oevirk solulion

|b) Mobilily plet for Sammerfeld solulion

ch fstles of rup

d-film (x) beoiing
{Booker, 1965)

Fig. 9 Plots of vector M in mobility method
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it, a mobility vector M, defines the locus of both ¢ and ¢.
Unique maps of M for a given bearing geometry can then be
constructed, such as shown in Fig. 9, which permits the plot-
ting of the shaft orbit according to

%: W M (e,6,L/D)+W x ¢
where de/d! is the velocity of the journal center, as seen by an
observer rotating with the load. Orbits can then be obtained
by marching in time from some ¢ = €(0) without the need for
laborious iterations involved in the conventional solution of
the Reynolds equation.

It seems that a similar concept called the Impulse Method
was arrived at simultaneously by Blok in 1964-1965, which
goes beyond the mobility method in that it yields additional
bearing information not obtainable from a routine application
of the mobility method. Both of the above methods have
proven to be of particular use when dealing with highly ir-
regular force diagrams, such as those that occur in the bear-
ings of internal combustion engines.

(14

Instability and Rotordynamics. There are at least three
elements underlying the topic of hydrodynamic stability of
bearings. The first and simplest one is that of dynamic proper-
ties of the fluid films, postulated by Stodola in 1925. Pestel in
1954 was among the first to evaluate both the colinear and
cross-coupling spring and damping coefficients of journal
bearings, to be followed by numerous others who covered the
entire spectrum of bearing geometries for both liquid and
gaseous lubricants. Simultaneously with Stodola’s contribu-
tion, Newkirk discovered the phenomenon of bearing-induced
vibration. This hydrodynamic instability, originally named oil
whip and later generalized to both liquid and gaseous fluid
films by the name of half-frequency whirl, is a much more
complex phenomenon. Throughout the 50s and 60s, valiant
attempts were made to formulate the problem mathematically
and relate it to experimentally observed system behavior. The
earliest efforts were those by Hagg in 1946 and by Tondl in
1957, to be followed by a number of contributions from 1962
onward by Sternlicht who studied the stability of both liquid
and gas lubricated bearings. It soon became clear that the
bearings could not be studied in isolation from the rotor
characteristics. This then gave rise to rotordynamics as the
subject is understood by tribologists. In its simplest form, this
calls for a solution of the combined system represented by the
following two differential equations.

MAX+ B Ax+ K Ax+ B, Ay+ K, ,Ay=0
MAy + B, Ay + K, Ay + B, Ax+ K, Ax=0

where ¥ = dx/dt, ¥ = d*x/dr*, and the eight bearing dynamic
coefficients, K and B;; have to be obtained from a solution of
the Reynolds equation.

Much pioneering work in rotordynamics was done by Lund
who, starting in 1965, has done basic work in conceptualizing
the interaction of stiff and flexible rotors with the bearings in
determining stability. These concepts Lund developed to a
point where they are now a part of routine dynamic studies of
rotor systems. A large number of specific stability maps for
various bearing configurations was subsequently worked out
by Allaire (1980) and his associates at the University of
Virginia.

To sum up, the years 1945 to 1965 were a period of un-
precedented accomplishments and maturation of the theory of
hydrodynamic lubrication. The Reynolds equation in its finite
form and with the correct boundary conditions was solved for
nearly any bearing configuration for both liquid and gas
lubricants. Gears, rolling element bearings, and traction drives
received a workable and solid theory to calculate perfor-
mance. Bearings linked to rotordynamics provided a new

(15)
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methodology for the correct evaluation of the stability of
rotor systems. The vitality of that period could be felt at the
various professional conferences and symposia, characterized
by large attendance and vigorous discussions. Government
and corporate sponsorship of research projects was generous.
The number of papers and books on the subject proliferated.
The production of sophisticated algorithms for the solution of
complex sets of differential equations was something that
would have done pride to any mathematician. Even the name
lubrication, which smacked of the hotbox and factory oil can,
was changed to that of tribology (from the Greek “‘tribein”’
meaning ‘‘to rub’’), a quantum jump in respectability. It was
indeed a golden period.

The Contemporary Scene: 1965-1986

As compared with the previous periods for which time has
performed its screening job to leave us a body of works that
can be said to constitute the fabric of hydrodynamic theory,
such a selection is much more difficult for recent times. Also,
whereas in the past hydrodynamic theory can be said to have
held the center of attention, with lubricants, materials, etc.
constituting satellites of lubrication theory, with the redefini-
tion of lubrication as an interdisciplinary science,
hydrodynamic theory became simply one among several. The
extraction of the pure fluid dynamics aspect of lubrication
from the body of tribological research has become a much
more nebulous undertaking. Thus, while it has not been easy
to detect and attribute a pattern to the past, to do so for the
present is risky indeed.

What will be attempted here is to note, in a tentative man-
ner, some of the new arecas that have opened up in the
framework of hydrodynamic theory of lubrication, as well as
some of the failings that have characterized our most recent
efforts. While the hazards of such premature scrutiny are
high, so are the potential benefits because any perceived short-
comings can perhaps still be remedied. Not even tribologists
could do that for the past.

Areas of Progress.

Hydrodynamic Seals. The injection of hydrodynamics into
seals is aimed primarily at separating the mating surfaces so as
to minimize wear, It is an extra bonus, and a large one, when
some designs in addition also manage to prevent leakage of the
sealed fluid that the presence of a film normally entails. This is
often achieved by having the hydrodynamics of the seal ar-
ranged so that the fluid is pumped back to the high-pressure
side.

The early interest in seal hydrodynamics goes back to Nau
(1964, 1968) who observed cavitation and inward pumping in
seals, obviously due to nonparallelism between the surfaces
and thus the generation of hydrodynamic pressures. Seal
hydrodynamics were then thoroughly analyzed by Findlay
(1968, 1969) who delineated both the dynamics of the cavita-
tion bubble and the mechanism of inward pumping. The latter
Findlay showed to be due to a combination of planar misalign-
ment and radial mismatch, or eccentricity, of the runner
center vis-a-vis the face of the seal. Figure 10 shows the shape
of the resulting cavitation bubble with its proper upstream and
downstream boundary conditions (based on short-bearing
theory). This result is of considerable interest not only for the
technology of seals but also for bearings lubricated via cir-
cumferential grooves in which case the nonpressurized bearing
edge would run along the centerline of the seal, the cavitation
in such a bearing having the shape of a symmetrical half of the
bubble in Fig. 10.

Following this pioneering work, a number of analyses
followed, of which that of Sneck and McGovern (1973) dealt
with the spiral-groove face seal particularly suitable for pro-
ducing inward pumping; and by Lebeck who starting in 1978
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provided a series of analyses on the effects that waviness will
produce in face seals, often including surface roughness and

wear.

Surface Roughness Effects. By the nature of the manufac-
turing process, all materials exhibit surface irregularities. One
of the early papers to deal specifically with the effects of sur-
face roughness on hydrodynamic lubrication was that by
Tzeng and Saibel (1967) who, solving the problem for the case
of a slider, obtained a 30 percent boost in load capacity due to
the irregularities. The conditions that led to this result were as
follows:

e A roughness peak of the same order as A,,;, was assumed
e The effects of longitudinal roughness were ignored
e Cavitation was ignored.

A number of subsequent analyses, such as the very solid
work by Christensen and Tonder (1971), took the same ap-
proach, that is they used either one-dimensional configura-
tions or ignored the mutual effects of the x and z perturba-
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tions. However, Sun and Chen (1977) produced an important
paper showing the constraints that must be heeded in dealing
with such a nebulous subject as surface roughness. They
pointed out that in machined surfaces the peaks are usually an
order of magnitude less than the hydrodynamic film thickness,
whereas the wavelength is of the same order. Two conclusions
follow: the effect of the roughness in normal films is bound to
be small compared to the wedge effect, and the Reynolds
equation cannot be used for asperities whose heights are of the
same order as h; it would be rather the Stokes equation that
applies to such cases. Sun (1978) also showed that the solution
depends very strongly on the correlation factor, which in
essence reflects the interdependence of the irregularities in the
x and z directions and ignoring this factor is bound to lead to
serious error.

Elrod (1973) was on much safer ground when he introduced
the effects of surface roughness in gas films which of course
are much thinner and are free of the problem of cavitation.
Elrod clearly separated the two families of solutions, the
Stokes regime when (A/h) << 1 and the Reynolds regime
when (\/h) >> 1. Still, complications multiplied when Lebeck
in 1980 while confirming that one-dimensional solutions fail
to represent the true dynamics of rough surfaces, also showed
that, given the finicky nature of the topography, the very map-
ping of the finite difference grid vis-a-vis the asperities net-
work affects considerably the solution.

Now the major problem with the above analyses for liquid
lubricated seals and bearings is the assumption of a complete
film. If the troughs are short, then most likely circulation is set
up there. If they are relatively long, then we are dealing with
cavitated regions. It was Walowit and associates who provided
solutions including cavitation. In one paper (1966), there is a
photographic evidence of cavitation in parallel surface seals
and a formulation of the asperity problem; and the 1969 paper
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rigid plaslic rigid

d} Forming
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provides, in addition to sample cases, the following expression
for the asperity-produced pressure

P = (20 19

where v is the slope of the asperity over a distance equal to its
radius ry.

Metalworking. Metalworking could properly be considered
a part of EHD or perhaps vice versa, and in fact the early ven-
tures into this field treated it as such. However, metalworking,
some forms of which are shown in Fig 11, entails new elements
such as variable surface velocities or the variation in the
geometry and physical properties of the workpiece, to name
just a few. The idea of a hydrodynamic fluid film in wire
drawing goes back to Christopherson and Taylor (1955) who
postulated its existence without specifying the origin of this
fluid film. Subsequent analyses such as Tattersall (1961) and
Cheng (1966) did provide analyses of the formation of such a
film but more or less within the confines of conventional EHD
theory. Much pioneering work in proper metalworking
lubrication was done by W.R.D. Wilson. The Wilson and
Walowit (1971) paper analyzed strip rolling and showed the
dominant role played by the inlet zone in the whole cycle. In a
discussion to the above which itself nearly amounts to a paper,
Haines (1971) showed that there could be no neat separation
between the elastic and plastic zones and provided expressions
of how this affects the velocities and, therefore, the
hydrodynamics of the film in the ‘“bite’’ zone. The process of
forging was next analyzed by Osakada and Oyane (1970) to be
followed by Wilson and Wong (1974) who included the effects
of variable viscosity. The extrusion process originally treated
by Tattersall was taken up by Snidle et al. (1975) who included
thermal effects due to work expanded on plastic deformation.
A much advanced model of strip rolling was produced by
Wilson and Murch (1975) who included the effects of
backflow and slip between the surfaces. The complexity of
many of these processes, can be gleaned from the fact that in
the relatively simple case of sheet stretching there are four
possibile lubrication regimes. While clearly much remains to
be done, still the recent contributions provide sufficient in-
sight and a valid analytical methodology for a reasonable
treatment of hydrodynamic lubrication in metalworking
processes.

Starved Bearings. It has been pointed out before that due to
geometrical constraints some films are incomplete at the inlet
to the bearing. Such deficiencies can, of course, be remedied
but in many cases lubricant starvation is an inherent feature of
the system. Any jet-wick- or oil-ring-lubricated bearing will
operate under starved conditions as will, in most cases, a
floating ring bearing whose inner film receives its lubricant
across the rotating element. Starvation is simply that condi-
tion when Q, < Qy;, Q,, being the inlet flow required to main-
tain a full film. The equation that formulates the problem then

18:
2 cnU W o/ dp
Q"g-m{ 2 12uR \ 0 )a, ]dz

where Q, now constitutes a new independent input.
Constantinescu in 1977 considered the problem in
qualitative terms for converging, diverging, and cylinder-
plane configurations using one-dimensional models. It was
Bayade (1983) who supplied a solution for finite journal bear-
ings as a function of various values of Q,. This was for
isothermal conditions. Two subsequent papers by Artiles and
Heshmat (1985, 1986) supplied starved bearing solutions for
finite journal and thrust bearings with viscosity variations
taken into account, which, given the thinness of the fluid film
at low values of Q,, can have a considerable effect on the

an
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dynamic coefficients. Finally, Hayasaki and Wada (1985) ob-
tained results for starved floating ring bearings showing that
starvation of the inner film increases the stability of the bear-
ing while starvation of the outer film produces an opposite
effect.

Stalled Efforts. There are a number of areas in
hydrodynamic theory where the times have not kept up with
the needs. Of these, only four areas will be mentioned and,
given the constraints of a review such as this, the discussions
will be the briefest of the brief.

The Thermal Problem. By far the most urgent of the unhap-
py areas is that of thermohydrodynamics. Yet this is one of the
crucial elements of lubrication theory because variable viscosi-
ty not only affects profoundly the performance of tribological
devices, but it alone can provide the value of T, one of the
two criteria, along with A,;,, of bearing or seal failure. When
one looks back at the prosperous 1950s and 1960s one
discovers that the accomplishments of that period are largely
confined to isothermal solutions. What is meant by this is
that, given any bearing problem, one can find in papers and
textbooks the desired solutions. No such data exist for
anisothermal problems. Not that there is a shortage of works
on the subject. The 1979 Proceedings of the Leeds-Lyons Con-
ference on *‘Thermal Effects in Tribology’’ alone contains 28
papers on the subject, with its lead article offering a
bibliography of 118 references. The list is incomplete and
scores of papers have appeared since then. However, when ex-
amined carefully, that great body of analyses proves to be
haphazard in content and contradictory in its claims and
results. If one needed an ansiothermal solution it would be dif-
ficult to tell to which of the hundreds of papers in existence to
turn to to obtain a reasonable answer.

An attempt to show the nature of this disarray was made
recently by Pinkus (1985). To quote an example, this paper
cites the case of a simple slider taken from two different works
with, in one case, the film temperatures penetrating a distance
of one film thickness into the bearing metal, whereas in the
second case, it penetrates to a depth 1000 times as large—the
difference being due to different initial postulates. Not even
the subject of pad inlet temperature resulting from mixing the
hot carry-over oil and cold supply oil has been resolved—and,
formally, this is no more than a thermal boundary condition.

Now the reasons for this disarray are in part objective and
the difficulties with thermal analysis, which involves not just
the fluid film but the whole assembly, are well known. But in
part they are a consequence of the nature of the conducted in-
vestigations and a disregard of physical reality. It seems to be
the peculiar nature of research on thermal effects that each
technical paper and each set of new results, while certainly ad-
ding to this subject, at the same time introduces new complex-
ities into the problem. As a result, in place of a steady if slow
resolution of the difficulties, the subject is both expanding and
becoming more obscure.

Parallel Surfaces and Mixed Lubrication. It was mentioned
earlier that the success of the centrally pivoted thrust pad
violates the very foundations of hydrodynamic theory. A
number of theories have been advanced to explain this con-
tradiction. It was postulated that elastic or thermal distortions
bend the pad so as to give it a crown. But the fact remains that
very thick pads for which calculations yield negligible deflec-
tions and cold pads, for which no thermal bending is likely,
work just as well. The operation of parallel surfaces was then
attributed by many tribologists to the expansion of the liquid
due to heating, the *‘thermal wedge.’” But even if real, the
contribution of such a wedge yields but a small fraction of the
loads these bearings carry, The next panacea was the viscosity
wedge. This consisted of assigning to the runner a temperature
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Table 2

Some works on Non-Newtonian fluids

Lubricant Bearing Effect on
Year Author Model Applied to Load Capacity
1957 Milne Viscoelastic Slider Increase
1967 Hsu Pseudoplastic Journal Decrease
1971 Allen and Micropolar Slider Increase
Kline
1973 Tipei and Directional Slider Increase for
Rohde Viscosity short;
decrease for
long sliders
1978 Harnoy Viscoelastic Journal Increase
1983 Bourgin and . Polymer- Journal Decrease
Gray Thickened
1984 Buckholz Rheological Journal Decrease

higher than to the bearing and then by assuming a viscosity
variation both along and across the film a load capacity was
obtained. But the fact is that, in most cases, the bearing sur-
face is hotter than the runner, and this being the case, a
viscosity wedge produces suction instead of lift. Thus, neither
bending, density, nor the viscosity wedge provides an answer
to the problem. Ettles and Cameron (1965, 1966) in a most
comprehensive series of tests on parallel surfaces sadly con-
cluded that without bending parallel plates produce a negative
load capacity.

What does provide the load capacity? The question is raised
rhetorically in order to point out that there is no satisfactory
answer to it. The question is perhaps linked to what is called
mixed Iubrication, a regime partly hydrodynamic, partly
boundary lubrication. A number of important tribological
devices such as seals, piston rings, pumping rings, and perhaps
parallel surfaces operate in that regime. But there has been no
methodical investigation, no fundamental experiment on what
are the film thicknesses, pressures, and temperatures of such
regimes, and, in particular, what are the individual contribu-
tions of each regime that would enable one to calculate their
composite load capacity.

Rheological Lubricants. Starting with the work of Milne
(1957) a number of researchers attempted to evaluate the ef-
fect that non-Newtonian lubricants may have on the perfor-
mance of bearings. Table 2 gives a representative selection of
such efforts over the last quarter century or so. This exhibit is
meant to point out the diversity of lubricant models employed
and the differing effects on load capacity produced by the
various analytical approaches. The great uncertainties prevail-
ing in this area are symbolized by a discussor’s comments to
the Harnoy (1978) paper in which the discussor takes issue
with the claim of increased load capacity and provides ex-
perimental data, which actually support the paper’s conclu-
sions. But rheology is perhaps one area where tribologists
should not be wholly blamed for the ensuing contradictions
because the origin of the differences lies most likely in the
postulated models of the non-Newtonian fluids, an area in
which there is a great deal of uncertainty among the physicists.

Biotribology. 1t is only fitting, and it makes for a har-
monious conclusion of this brief review, that biotribology, the
youngest offspring of the science of lubrication is something
that was first broached by Osborne Reynolds himself 100
years ago. His seminal 1886 paper that started it all ends with
the following words:

““The only other self-acting system of lubrication is that
of reciprocating joints with alternate pressure on and
separation (drawing the oil back or a fresh supply) of
the surfaces. This plays an important part in certain
machines, as in the steam engine, and is as fundamental
to animal mechanics as the lubricating action of the
journal is to mechanical contrivances.”’
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In general, the problem in biotribology is twofold; given the
anatomy and physiology of animal joints how to translate
them into engineering terms; and then to provide an analytical
model that predicts correctly the Functioning of a live or
replacement joint.

The first papers on the lubrication aspects of animal joints
originated, naturally, within the medical profession. One of
the earlier papers by a tribologist is that of Dowson (1966,
1967) who saw squeeze-film action as the underlying
mechanism of a knee-like joint lubrication. Perhaps a score of
papers have since appeared on the subject. Given the fact that
interest in this field extends far beyond the small circle of
tribologists, that it impinges on such vast, social domains as
medicine and public health, it is somewhat disappointing that
more has not developed in this area. One would have expected
a most lively interaction with the medical profession and a
much more active pursuit of the tribologist’s skills and
knowledge. Yet the level of activity remains dormant with the
interests and number of published papers, lagging behind
some of the more mundane areas of lubrication theory.

Sum Up. The above paragraphs lead one to the view that the
recent period is one of mixed success. Even though, for exam-
ple, the area of surface roughness has been included as one of
progress, it is only optimistically so for in many ways its status
is close to our failings in the area of rheology. In a review of
this area, Elrod (1977) wrote the following:

“Although the accomplishments of analysis in predic-
ting the effects of roughness on laminar lubricating
films are perhaps encouraging, the work is incomplete,
and a number of differences in outlook and results re-
main to be reconciled.”

Lubrication is an engineering discipline and one expects to
be able to extract from the fruits of research and analysis a
reasonable estimate or solution for the underlying engineering
problems. No such answers are easily available either in the
thermal field or for the performance of bearings with parallel
surfaces or those running with non-Newtonian lubricants. All
this, paradoxically, is occurring against a background of great
sophistication in the use of mathematical algorithms and com-
puter technology in the tackling of extremely complex
analytical problems. It is not lack of effort that seems to be
responsible for this state, but rather a disorientation as to
what constitutes the aim and purpose of present-day
hydrodynamic theory as well as a lack of perseverance in see-
ing through an issue to its viable resolution. No concerted ef-
fort has been made, for example, to establish a hierarchy of
sorts among the scores of variables and the multiple possible
regimes of thermohydrodynamics so as to reduce the problem
to a size and form amenable to some sort of generalized solu-
tion. No basic experiments have been conducted to facilitate
this and the field is open for any arbitrary postulate, no matter
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how far fetched. A survey of the literature over the last 10 to
15 years will reveal the shrinking fraction of experimental
works in the total output of papers. Careful, meticulous ex-
periments aimed at investigating a specific phenomenon or a
single variable are nearly nonexistent. On the other hand,
there is an excessive preoccupation with methods of solution,
to the point that some papers offer not results and insights in-
to hydrodynamic theory, but intricacies of programming.
Some of this is reminiscent of the post-Sommerfeld era when a
sufficient justification for a paper was the success of its
mathematics. One even hears the view that the present
disorientation is due to the fact that most of the problems have
been solved. But if nothing else, the story of our failed efforts
in thermal analysis alone should prove the opposite. Whether
a reawakening will materialize in time before history imprints
on our present era a stamp short of perfection has to be left to
some future biographer.
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DISCUSSION

A. Cameron!

I have read with great interest and enjoyment Oscar Pinkus’
history of hydrodynamic lubrication. There are one or two
matters of fact which might be of relevance to the article.

It is still not clear whether ‘‘Reynolds had developed his
theory without knowledge of Tower’s crucial experiments.”’
Tower had reported his findings on September 28, 1883
whereas the Montreal meeting was in August/September
1884 — nearly a year later.

Also of interest is that it was not Grubin who did the
famous EHD solution, but Ertel who defected to the West,
and therefore became a ‘‘non-person.’’ Subsequently, his sec-
tion leader Grubin, published it under his own name. This is
detailed in Tribology, 1985, Vol. 18, No. 2, p. 2.

As far as parallel surfaces are concerned a paper by C. L.
Robinson and myself describes the use of optical methods to

Cameron-Pint Tribology, Ltd., Berkshire, U.K.

Journal of Tribology

see how these bearings operate (Phil. Trans. Math & Physical
Sciences R.S., 1975, Vol. 278, pp. 351-395). Being in Phil
Trans it has been missed by many, but it seems to me it
(almost) puts the subject to rest.

J. Frene?

The author is to be congratuated for the excellent presenta-
tion on a historical aspect of hydrodynamic lubrication. As a
Frenchman working in this field, I would like to present a little
known study, even in France, on hydrodynamic Iubrication
dating from the middle of the nineteenth century.

On the June 28th 1854, G. Hirn [A1] presented at ““La
Société Industrielle de Mulhouse’’ a study entitled:

Etudes sur les principaux phénoménes que présentent les

2Professor, Laboratoire de Mécanique des Solides, U.A. C.N.R.S., Univer-
sité de Poitiers, Poitiers, France
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Fig. 12 Drawing of the apparatus design by Hirn

frottements médiats et sur les diverses maniéres de détermin-
ner la valeur mécanique des matiéres employées au graissage
des machines.”’

ie.,

“‘Studies on the Principal Phenomena Presented by mediate
Friction and on the Various Means to Determine the
Mechanical Efficiency of the Materials Used to Lubricate the
Machines.””

This work was submitted first to the ‘‘Académie des
Sciences in Paris’’ in 1849 [A2] and then to the Royal Society
in London but neither body felt moved to publish the paper.

Hirn presented experimental results obtained on a half bear-
ing made out of bronze loaded against a polished cylindrical
cast iron drum. The drawing of the apparatus as it appeared in
the original paper is shown in Fig. 12. The bearing
characteristics were as follows: diameter 230 mm, length 220
mm rotational speed between 45 rpm to 100 rpm. The bearing
was loaded by the 50 Kg dead weights of the half bearing,
which includes the torque arm and added masses M and M.
Friction was measured by adding weights to the lever. The
friction balance is described as an extremely delicate and ac-
curate brake. The cast-iron drum was water cooled to control
temperature and the temperature rise of the cooling water was
recorded.

Hirn tested animal and vegetal oil like sperm, olive, and
rape oils but also mineral oil, water, and air. He discovered
the effect of running-in upon bearing friction and further
pointed out that lubricated bearings must be run continuously
for a certain time before an equilibrium friction torque, lower
than the initial one, is reached. He found that two different
regimes exist, the direct contact called ¢ frottement immédiat”’
in which friction follows Coulomb’s law, and the lubricated
contact called ‘‘frottement médiat”’ known today as
hydrodynamic lubrication in which for a constant
temperature, the friction torque is directly proportional to the
rotational speed. He also noted that when the speed is too low
or when the load is too heavy the friction is proportional to the
rotational speed to a certain power, lower than 1. He showed
that, under certain circumstances, air can be an excellent
lubricant.

He wrote that:

‘“Pour que I’eau et P’air pusse y agir comme lubrifiants, il
fallait que le tambour tournit assez vite pour les entrainer sous
le coussinet. Dés que la vitesse diminuait jusqu’a un certain
degré, les deux fluides, non visqueux, étaient expulsés par la
pression, les deux surfaces arrivaient en contact immeédiat, et
le frottement devenait tout d’un coup énorme.”’

i.e., [A3]:

““For water and air to act as lubricants it is necessary for the
drum to turn sufficiently rapidly to drag them into the bear-
ing. When the speed reduces to a certain value the two non-
viscous fluids are expelled by the pressure and the surfaces
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come into direct contact, and the friction at once becomes
enormous.”’

Hirn who is known to be one of the founders of the applied
thermodynamic science was very interested in the relationship
between work and heat. He showed that friction produces heat
and that equilibrium temperatures depend on friction and am-
bient température.

He showed that the heat is directly proportional to friction
when the fluid is not altered and when the materials are not
damaged ‘‘because wear needs power.”” Using the cooling
system of the drum he maintained the bearing temperature
within plus or minus 0.1°C and he measured the heat carried
out of the bearing by the cooling water. He evaluated also the
heat carried out of the bearing by convection. He thus
measured that 1 kilocalorie equals to 370 Kg.m (i.e., 1 calorie
= 3.63 joules) but at the same time (1842) but independently
Joule and Mayer found, respectively, that 1 kilocalorie equals
417 and 365 kg.m. The error by Hirn could be due to an
overevaluation of the heat carried out of the bearing by con-
duction and convention.

This work was noted by Petrov [A4] who analyzed the
results obtained by Hirn and used the same words ‘‘“mediate
friction”’ to define hydrodynamic lubrication.

Additional References

Al Hirn, G. A., “Sur les principaux phénoménes que présent les frottements
médiats et sur les diverses maniéres de déterminer la valeur mécanique des
matiéres employées au graissage des machines,”” Bull. Soc. ind. de Mulhouse,
1954, Vol. XXVI, pp. 188-277.

A2 Compte-rendu de ’Academie des Sciences, 1849, Vol. 28, p. 290.

A3 Dowson, D., History of Tribology, 1979, Longman, pp. 293-295.

A4 Peirov, N., *“‘Résultats les plus marguants de I'étude théorique et
expérimentale sur le frottement médiat.”’ Revue de Mecanique, 1900, no. 7, p.
571-602.

C. M. Mc C. Ettles®

Part of Dr. Pinkus’ review of hydrodynamic lubrication
looks to the future and concerns problem areas where the
development of the subject has been unsatisfactory. It is possi-
ble that the incomplete and fragmented treatment of some of
these subject areas is due to lack of interest and lack of com-
mitment from the agencies that usually fund research in
Tribology? Within the wider community of Tribology there
appears to be an increasing view that hydrodynamic lubrica-
tion is concerned with solving equations, that all the relevant
configurations have been solved and there is little left to do ex-
cept improve the algorithms within the solution.

Dr. Pinkus has described four areas where hydrodynamic
theory is either in ‘“disarray”’ or has simply not been applied
with sufficient effort and expertise. The most important of
these areas (in the discussor’s view) are mixed lubrication (and
the effect of surface topography on partially lubricated
sliding) and mechanical seals operating in the thin film regime.
The “‘proper’’ application of hydrodynamics to these and
other areas could uncover important effects that are not even
suspected at this time,

With the inclusion of Chemistry, Metallurgy, and Material
science under the umbrella of Tribology, is insufficient atten-
tion being directed at Hydrodynamics?

3 Department of Mechanical Engineering, Aeronautical Engineering &
Mechanics, Rensselaer Polytechnic Institute, Troy, NY 12180,
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H. Heshmat?

This presentation, given on the hundredth anniversary of
Reynolds’ 1886 paper, is a fine summary of the history of
hydrodynamic lubrication to date. Particularly noteworthy
are the author’s reflections about the present state of affairs in
hydrodynamic theory. To the several areas of stalled momen-
tum mentioned by the author I would like to add two more
where lack of success mars not only our theoretical under-
standing but actually obstructs successful design and the ap-
plication of theory to practical situations. ’

{. Two Dimensional Turbulence and Turbulence at High
Speeds. )
In advanced machinery fluids of very low viscosity and
high density are often used (cryogenics) as well as
hydrostatic or hybrid bearings at relatively high fluid
pressures. Two problems arise. The first is that in addition
to the high velocities in the direction of motion there are
also high Poiseuille cross flows and a conceptual question
arises of how turbulence is to be defined in view of the ex-
istence of two high velocity streams at right angles to each
other. The second uncertainty is with regard to the power
losses resulting from these very high Reynolds numbers.
Reference [H1] shows the results of a study of several
cryogenic bearings under turbo-pump conditions. The
calculated Reynolds numbers are of the order of 100,000.
This is far in excess of the Reynolds numbers (less than
10,000) for which bearing data have been obtained to date.
The laws of parallel surface turbulent flow, such as-that oc-
curring in pipes, can be used to estimate the flow require-
ment for pressure driven flows. However, the determina-
tion of power losses is far more uncertain. Using existing
turbulent bearing theory the predicted power requirements,
as compared with laminar flow, are given in Fig. 13. It can
be seen that power losses of the order of 20 to 50 times
greater than for laminar flow are predicted. Are these
numbers real?

2. Dynamic Coefficients

An impressive body of theory accompanied by elaborate
algorithms exists for calculating the rotor dynamic
characteristics of complex systems. A great deal of effort
together with numerical exercises has gone into ascertain-
ing the theoretical values of the stiffness and damping coef-
ficients of journal bearings. Experimental corroboration,
however, has been scarce. Moreover, whatever does exist is
in striking disagreement with theoretical predictions.

To demonstrate the severity of disagreement between
analysis and test results, including disagreement among the
test results themselves, let us consider the following typical
application: a set of 229 mm (9 in.) journal bearings sup-
port a 60 m (235 in.) long fan rotor, Fig. 14, at e=0.6. A
rotor/bearing computer program is used to solve the shaft
response, with the bearing dynamic coefficients taken from
two different sets of experimental data, one from Morton
[H2], and one from Parkins [H3]. The results are plotted in
Fig. 15. As seen the two experimental critical speeds fall
one below and one above the theoretical value. The
amplitudes of vibration at the critical speed vary by a fac-
tor of 4. Thus the values of the spring and damping coeffi-
cients have a profound effect on the dynamics and stability
of rotor systems. Yet no serious attempts have been made
to ascertain whether it is our methods of analysis or
methods of testing that lie behind the repeated discrepancy
between theoretical and experimental results.

The above difficulties, as well as a number of others, can in
part be traced to the point made by Pinkus in the paper, name-
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Fig. 15 Unbalance response as affected by bearing coefficients

ly that there is a striking decline in the number of experimental
works, and in particular, of basic experiments that would con-
tribute to our grasp of lubrication concepts. To support this
view a survey was made of the number of analytical and ex-
perimental works published during 1980-1986 in JOLT-JOT.
The results are given in Fig. 16. Not only do the experimental
papers trail, and by more than 50 percent, those of analysis,
but the ratio is declining. Superimposed on this tabulation are
two other surveys, one of publications in the USSR, the other
in the United Kingdom. They are both significantly above the
USA score. While certainly this is not the whole story behind
the noted decline in the vigor of hydrodynamic theory, lack of
fundamental experiments may be one of its major causes.

Additional References
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Fig. 16 Analysis and experiments in the field of hydrodynamic
lubrication
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Author’s Closure

The comments of the several discussers seem to fall into two
categories, one dealing with historical particulars, the other
with the technical status of specific areas of tribology. The
closure will deal with them in that order,

In addition to his technical contributions Professor
Cameron is an assiduous detective in the reconstruction of the
history of tribology and one reads him with care. However,
this writer did not claim to have resolved the issue of whether
Reynolds knew of Tower’s experiment at the time he for-
mulated his differential equation. The paper merely noted that
since it is now clear that Reynolds had presented his equation
as early as 1884 (and not 1886) this ‘‘lends support to the
view’’ that Reynolds arrived at his formulation independently.
The information that it was Ertel, a political outcast, and not
Grubin, his supervisor, who had constructed the EHD solu-
tion is indeed of interest, and not only on historical but also on
ethical grounds. For, unfortunately, cases of usurped author-
ship are not restricted to particular political regimes. In our
own environment it often occurs when government officials
have their names inserted as co-authors by grateful grant and
contract recipients; or, similarly to the Ertel-Grubin case,
employees who leave a corporation often see their work
published by those left behind. It would not be a bad turn if
such cases were discouraged.

Professor Frene has raised the issue of whether Hirn, who
had presented a paper on friction in bearings some 30 years
before Petrov, is not to be considered the first apostle of
hydrodynamic lubrication. But taking Professor Frene’s sum-
mary of Hirn’s work at face value it would be difficult to do
so. Hirn was a thermodynamicist and his experiments had the
purpose of studying the relation between heat and work and of
numerically determining the value of the mechanical
equivalent of heat. There is no evidence that he was interested
in the mechanism or nature of bearing lubrication. In other
words the bearing was not the object but the instrument of his
research. His distinction between ‘‘frottement immédiat’’ and
“frottement médiat’’ was motivated not by any insight into
the hydrodynamics of lubrication but by the different
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amounts of heat generated in the two regimes—in the first in-
stance variable and high, and in the second at a uniform rate
and low. The paper in which Hirn published his findings runs
to some 90 pages, all text. Perhaps, when the full translation
of the paper is available, a close reading of the material will
reveal additional aspects of his experiments but for the mo-
ment the dethronement of Petrov is not imminent.

Professor Cameron seems to feel that contrary to the
pessimistic assessment in the paper, the workings of parallel
surfaces are now understood. The paper quoted by the
discussor is a worthwhile contribution primarily because of
the new way of measuring film thickness, a particularly
challenging job in parallel plate operation. Otherwise the
mechanism of operation is interpreted as due to crowning
which is not new, and does not explain the load capacity of
cold and thick pads. On the other hand Professor Ettles,
Cameron’s erstwhile coresearcher, thinks just the opposite,
namely that this whole area of mixed lubrication is the least
understood and most urgent. Moreover, at the very meeting at
which the present paper was delivered Prof. Lebeck offered
two review articles on the subject of mixed lubrication entitled
“Parallel Sliding Load Support in the Mixed Friction
Regime,’” Parts 1 and 2 (ASME Papers #86-Trib-1 & 2). The
two papers go over, topically and historically, the various
theories and conjectures that have been advanced to explain
the load carrying capacity of parallel surfaces and some of
these approaches are checked against the more recent mixed
regime models. But to no avail, and in the end Prof. Lebeck is
forced to conclude that none of them can fully explain the
workings of flat plates. In fact, the suggestion offered by
Prof. Lebeck is that it is not the classical theory that can ac-
count fully for the operation of parallel surfaces, but that it is
the still unknown mechanism of flat land operation that is to
some degree responsible for the hydrodynamic pressures even
in wedge-shaped configurations.

With regard to the two areas brought up by H.
Heshmat—turbulence is at least something that tribologists
are not fully to be blamed for. The concept of turbulence is
something that is handed down to us by the fluid dynamicist
or physicist, and, as with rheology, the models they have given
us are deficient. However, there is no excuse for not having
any experimental data on the power losses at extremely high
Reynolds numbers. The lack of such tests is merely part of the
general decline of experimental papers illustrated by
Heshmat’s Fig. 16.

The problem with the dynamic coefficients, however, lies
entirely in our court. One reason for the glaring discrepancy
between theory and experiment certainly has to do with the
way the experiments are conducted. But another reason, one
that affects both the theoretical and experimental results harks
back to the main specter of hydrodynamic theory—the ther-
mal problem. The dimensionless dynamic coefficient in the
form most commonly used are given by

(L) (L)L)

and immediately the question arises: what is u? The uncertain-
ty about p affects not only the K’s and the B’s but also the
value of ¢ or of the Sommerfeld Number against which the
coefficients are plotted. Thus, significant and cumulative er-
rors as a result of variable viscosity effects are almost
unavoidable.

Nor is this all, for there are also unresolved conceptual
problems in the theoretical evaluation of the K’s and B’s. To
illustrate some of these ramifications Table CI shows the
results of several thermal approaches used in the evaluation of
the dynamic coefficients, namely

K=
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Table C1 Effects of method of solution in starved journal bearings L/D = 1, W = 10, 0, = 0.1, T, =

120°F, SAE 20

Full energy equation

Isothermal solution Isoviscous solution

(du/de) (dp/de)=0 (e=p0) (ay =0.87 pg)
Included*
Value Error, % Value Error, % Value Error, %
€ 0.924 0.914 —-1.1 0.916 -0.9
[ 9.9° 7.7° —-22 8.3° —-16
[oR 0.0106 0.0067 -37 0.0077 -27
7, 0.2623 0 - 1.390 430
Tnax 0.8182 0 — 2.411 195
K. 7.3 13.4 .83 6.5 ~11 15.3 110
I_{Xy 77.4 -1.5 -102 94.9 23 98.8 28
K, —220 176 ~20 — 315 43 —432 96
£, 1280 530 ~59 2405 88 2473 93
B 2.4 1.7 -31 2.1 -13 -2.9 21
Bxy 8.5 -9.5 —-21 12.7 49 34 —-60
Byx —4.4 -9.5 115 —-3.7 -16 —-10.1 130
o 369 181 51 619 68 7673 109
*Reference Solution
o Full Energy Equation. This represents more or less an ac-  Table C2 Listing of government supported tribology pro-
curate solution of the adiabatic problem and it con-  grams*
stitutes the reference set of performance data to which 1978-1982
the other solutions are compared in the table. . o
e Isothermal Solution. Here the inlet viscosity u, has been i;u.br_xcuy, Lubrication 1
. riction 316
kept constant throughout the bearing. Wear 431
e Isoviscous Solution. Since the accurate solution yields an  Lubricants 239
average viscositiy which is 87 percent that of the inlet  Bearings 83
viscosity po, this solution was based on a constant  Seals . 184
. . 4 . Gearing, Power Transmission -
viscosity field with u = 0.87 p,. Brakes 14
e Effect of (du/de). Table Cl contains also another com-  Clutches 1
parison, and that is the importance of a proper method  Valves 119
of solution of the Reynolds and energy equations when it ~ Eretting . 15
7 e e Wear Reduction 11
comes to the evaluation of the stability coefficients. The Erosive Wear 175
value of K, for example, is evaluated from the Hydraulic Fluids 33
relationship Greases 24
Solid Lubricants 20
K= lim Failure ) 922
A he Surface Properties 6,633

Now since Ae is very small, one might think it would be
permissible to ignore the variation of viscosity with Ae
when a small perturbation is used. However, since W =
W(e, p), we have

aw (6W)+< 6W)( au)

“de de i de
and, since Ae is small, the last term cannot be neglected
when the viscosity varies within the bearing.

The above considerations are reflected in the values
tabulated in Table C1. The striking errors, often as much as
100 percent, that can result from neglecting the perturbed
change in Ay attest to the extreme care that has to be taken not
only in the use of approximate equations, but also in the
method of solution of the full energy equation. While dif-
ferences in the values of K, and K |,y are merely quantitative,
errors in the cross coupling coefficients K, X, B,, and B,
can lead to more serious consequences, because they, to a
large extent, determine the stability regimes of a bearing.

Finally, Professor FEttles asks whether hydrodynamic
lubrication has somehow fallen by the wayside. Yes, indeed!
This, in fact, has been the thrust of the closing paragraph of
the paper, While in general the subject of tribology has grown
in breath and scope, the discipline of hydrodynamic lubrica-
tion has become a victim of its parental success. As an illustra-
tion of this ongoing process, Table C2 gives a listing of recent
government supported tribological research; 6,632 programs
on surface properties versus 83 on bearings. When a rough
grouping is made in percentages of all hydrodynamic items
Vis-a-vis the other branches of tribology—we have Table C3

Journal of Tribology

*Source:

“ASSESSMENT OF GOVERNMENT TRIBOLOGY PRO-
GRAMS,”” DOE/ECUT, PNL-5539 UC 95 by M. B. Peterson and T.
M. Levinson

Table C3 Survey of tribological research
(Smithsonian Science Information Exchange)
(Source: Table C2)

AREA PERCENTAGE
OF TOTAL
Friction and wear 15
Surface morphology 68
Lubricants 8

Fluid film bearings

}3

Rolling element bearing

Seals 3
Other devices 3
Total 100%

with 68 percent for surface morphology facing 1-2 percent for
hydrodynamic bearings and 3 percent for seals. By contrast, at
a recent large gathering of tribologists in the USSR which this
writer attended the ratio of papers on hydrodynamic lubrica-
tion was, as shown in Fig. C1, in the vicinity of 15 percent.
There is no intention to suggest that the interest in surface
morphology, lubricants, etc. is misplaced, but merely to say
that the imbalance between the chemical-material and
hydrodynamic aspects of tribology has serously distorted the
body of tribological research.
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After the paper has gone to print it has come to the author’s
attention that a collection of papers dealing with the profes-
sional career of Osborne Reynolds has been published in 1968
by the University of Manchester on the 100th anniversary of
Reynold’s accession to professorship at that University (then
Owens College). Also, parallel to the ASME Centennial, the
13th Tribology Symposium in Leeds celebrated the Reynolds
anniversary at which Professor Cameron presented a paper
with additional details on Reynolds’ personality and scholar-
ship. These works complement the ‘‘Historical Reviews”
given in the author’s paper and they are offered here as a sup-
plement to that listing.

Additional References
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