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PREPFacCE

The purpose of this treatise is & study ol come
of the phycicwel properties ¢ lubricunts, but especially
oi the properties whkich besr directly upon the problem of
lubricetion. A relationshi: ic cthown to exist betrveen the
friction coefficient &nd the viscosity constant, also a
reletionship is set up bvetween the viscosity conetant and
the surfuce tension factor, but no relation has beer ee-
teblished betveen the fricticn coefficient und the surfeuce
tersion fuctor. This is what is needed most at the pre-
gent time, but before such & relation can be established,
tlhere are some other problems to be solved, which have
been pointed out in this trewtice.

The author has not attenpted to wmaie uny exper-
imentul reseerch on the coefficient o? friction, but has
guoted freely from Archbutt and Deeley, Eesuchamp Tower,
and others whc huve gpent severusl years in the study of
the coefficient of friction. The resesarch vork vhich the
author hae carried on wost vigorously has been in the
study of the properties, viscosity, and surfece tension,
and it is hoped that enougk has beer accemplished to show
vhat the real problems are at the jresent time along such
lines.

The wuthor is purticularly iniebted to Prof.
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W.Jd. Sawdon, of Cornell University, Prof. F.R. Tatson, of
the University of Illinois, Prof. A.E. Flowers, of the
Ohio State University, Dean I.F. Telker, of the Engineer-
ing School of Xansas University, and Prof. A.H. Sluss,

of Kanses University, for the meny valuable suggestions

received ircm them.

Tarl Carson.

Lawrence, Kansas, April, 1914.
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INTRODUCTION

The problem of proper lubricaticn has been
and still is one of the most perplexing problems that
tne engineer has hau to dewal with in his line. This
is not from the fuct that experimental investigation
has been neglected; a&s a matter of fact for the last
226 years, a vast amount of experimental data has been
collected, but the results not only feiled to agree
with each other, but they also failed to agree with
the general experience of engineers concerning the
frictionsl resistance of machinery.

The full benefit derived from the use of a
lubricant was, until a couple of decades ago, seldom
taken practical advantage of, as certain adverse con-
ditions almost invariably accompany perfect lubrica-
tion. Prof. J. Goodman in 1890 in a paper read be-
fore the llassachusetts Association of Fngineers stated
that, out of every ton of fuel conswued for engine
purposes, some 40C to 800 1lbs. are wasted in overcom-
ing friction of the vworking parts of engine, or gener-
ator, and a motor also wastes a large percentage of
power by its own friction. One would nct be far short

in saying that from forty to eighty per cent of the



fuel is consumed in overcoming friction. This extreme-
ly wasteful state of affairs is greuatly improved by a
due observance of the laws of friction and lubrica-

tion.
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CHAPTFR I
KXINDS QO FRICTION

Hature cf friction:-- Fricticn is not rere-
ly a resistance to the relative rotions of solid sur-
faces. The cnunges of a shape undergone by solids when
under stress, as well as the movenents of liquids, are
opposed by internsl fricticn, which, in such cases, is
friction of quite a different nature and obeys laws
quite different from that of friction between opposed
surfaces.

friction is divided into two main classes
&8 follcws: The friction of gquiescence, and the friec-
tion of motion. The latter can be ITurther sub-divided
into rolling frictiocn, sliding or gliding friction and
revolving fricticn.

Rolling friction is thut due to the resistance
offered by the circuwference of & vheel to the power
by which it is propelled, and is met with in roller
bearings.

S5liding or gliding friction, is that of or-
dinary Jjournsals or bearings, and is caused by one
body rubbing upon another, and it causes the loss of
force or motion in amounts varying in accordance with

the different natures of the surfaces in contact, and
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with the pressure of the one body upon the other.

The ordinary accepted theories of solid and
of liguid are as follcws: In the first, fricticn in-
creases in direct proportion to the load, is indepen-
dent of the extent of surfaces, and diminishes with an
increase of velocity beyond a certain limit. In the
gsecond, the friction is independent of the pressure
rer unit of surface, and increases as the square of
the velocity.

To give some idea of the vast amount of
time that wen of science have spent in investigating
the subject ¢l friction, the follcwing brief sw.nary
of the results of the experiments carried out by the
principel investigators will be given as follows:

Amontous, 1669, concluded that friction was
not augmented by an incresase of surface, but only by
an addition of pressure upon the surfaces in contact,
that it was the same for woods and metals when lubri-
cants were emplcyed, and that it increased or dimin-
ished with velocity.

De Vince, 1784, wvas of the opinion that
with varying surfaces the smallest gave the least
friction, the latter being greatly increased by co-
hesion; that the friction of hard bodies in motion

12



was an uniformily retarding force, whilst that of

soft bodies was productive of an increase of retar-
detion vith an incresse of velocity; and that friction
was about cne-fourth the pressure.

George Reunie, 1829, considered the friction
of wetels to vary in proportion to their hirdness, the
harder developing less than those of a scfter nature.

General Morin, 1838, concluded that the friction
of woods &and retals rubbing upon each other was practic-
ally the same, and that the friction during motion was
proportional to the pressure and independent of the
area of the surfaces in contact and of the velocity of
motion.

Professor Kimball decided that at slcw speeds
the friction between pieces of pine wood decreased rap-
idly &8 the speed increased.

Professor Jdenkins, 1877, found thuat at very
slow speeds, with & very marked difference between the
static friction or the friction of rest, and the dynamic
friction or the friction of motion, the coefficient of
friction decreased gradually as the speed increased
from .012 to 0.6 feet per minute. When the difference
between the coefficient of static fricticn and dynamic
friction was very slight, no difference was observed.

13



Captain Douglas Galton, 1B78-79, ascertained
the existence of & temporary decrease in the coefficient
of friction with an incresse of speed of from 400 to
5,300 feet per minute in the frictional resistances be-
tween brake blocks sand wheels.

Prof. Thurston, 1878, was led tc conclude
that the coefficient of friction first decreases and
after a certain point increases with the speed, the
point of change varying with the pressure and with the
temperature.

The Report  of Experiments, conducted by Ilr.
Tower, 1883-1891, demonstrated that in an ¢il bath
the absolute friction, that is the actual tangential
force per square inch of bearing required to resist
the tendency was nearly constant under all 1.ads within
ordinary working limits, and did not incresase in direct
proportion to the load, as it shoculd do according to
the ordinaery theory of solid friction, but approximated
more to the laws governing liquid friction, inasmuch
as 1t was neurly independent of the pressure per square
inch, and increased v.ith the velocity, though at a rate
not nearly sorapid as the square of the velocity. A
very ccnsiderable diminuticn in the friction was found

to take plagee as the temperature arose. The friction
14



seemed to be dependent upon the quantity and uniformity
of distribution of the o0il, the amount of which might

be very smsll, giving a coefficient of one one hundredth,
any diminution and increase of friction much bey®nd this
proint, hovever, producing imminent risk of heating and
geizing. The oil bath was found to give the most per-
fect lubrication, and the 1limit beyond which frietion
could not be reduced. With speeds of from 100 to 200
feet per minute the coefficient of friction could be
reduced as low as one one thousandth by properly pro-
portioning the bearing surface to the load.

Thus the widely taught law that friction is
independent of the extent of surface in contact, but
varies only with the pressure, is about ready to be
placed among the archives of anciernt scientists. The
pressure inferred in the relationship is that exerted
over the whole surface, and not per squsre inch, - that
is, a surface one square foot in area under a pressure
of one pound per square inch would require the same
force to move it over a resisting surface as it would
if made one syuare inch in area under a pressure of
144 pounds per square inch.

The extent of surface in contact was sup-
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posed to have no effect upon the force or vork of
friction necessary to move one body upon another, and
consequently required no increased effort to produce
motion, provided the same total pressure was exerted
although the area of the surfaces in contact might be
at variance.

Soume very recent experiments wude with var-
ious grades of lubricants, to determine the coeffi-
cient of friction of lubricated surfaces under vary-
ing conditions have proved conclusively that the amount
of surface in contact waterially influences the work
of friction. If the relaticnship of the "resistance
of friction as independent of the area of surfaces in
contact, but dependent upon the pressure" were true,
the temptation would be to reduce the work of friction
and the abrasion of the materials by increasing the
area of the surfaces in contact, which would allow the
ugse of a lighter oil by reducing the pressure per square
inch, without increasing the abrasion. Practical demon-
steation, however, has proven the necessity of avoiding
long journals and with the friction of rotation, an in-
crease in the diameter of the Jjournal means a corresponding
increase in the work of friction.

It has been established quite conclusively
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that when the rubbing surfaces are kept well separated
by the lubricant, and the friction is more dependent
upon the nsture and fluidity of the lubricant than upon
the nature of the solids carrying the lcad.

There seems to be a combined friction con-
gisting of the particles forming the lubricant arnd of
the moving surface in contact with it, with constant
rressure and temperature, it is dependent upon the ex-
tent of surface in contact and varies directly with it.
It is also influenced by unit pressure and varies in
the same ratio as has been previously taken for granted.

As the resistance of lubricated surfaces is
made up of the resigtance of the particles of the lub-
ricant, it is evident that any influence that will change
the fluidity or density of the lubricant will also af-
fect the frictional resistance.

Increuase oi tewperuture, increasing the fluidity
causes a decrease in the coefficient of friction; while
increase in unit pressure causes an increase in the
density of the fluid, arnd, necessarily an increase in
the friction when motion is produced. The ideal con-
dition of lubrication is attained when the viscosity of
the lubricuant at the working temperature is sufficient,
and no more, to keep the surfaces of the solids apart

17



under the maximum pressure they may have to sustain.

Coeftficient of Friction:-- With the excep-
tion of the method of lubrication there is no other
element in connection with the subject under consider-
ation that has received more attention than that of the
coefficient of friction, and yet there is no other ele-
ment that is in as crude and indeterminable a state.

As the investigators progress, the subject seems sur-
rounded with more and more variables of a complicated
nature, which indicated the importance, if not the
necessity, of the utwost cure when the best results from
Jubrication are desired.

As long as the metals are prevented by the
lubricant from coming in contact, it is found that the
friction is dependent upon the fluidity of the lubricant,
and varies with changes of the fluid condition, decreas-
ing vith a higher temperature and increasing with a less
degree of heat.

It was found conclusively by some experiments
carried on by Woodbury and Tower, the first under light
pressures, and the latter's under heavy pressures, that
uniform results could not be looked for unless constant
temperature, velocity, pressure, area of surface,in con-
tact, and thickness of the film of the oil between the sur-
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faces were maintained. The results indicating clearly
that the resistance of friction was dependent upon and
changed with & variastion in any of the above conditions.

The results obtained by Voodbury are the most
accurate of any ever published and probably ever made,
there still lacks sufficient uniformity for the deriva-
tion of friction with changes in temperature and pressure.

The variation in the coefficient of friction
with changes of temperature can re:dily be carried to
an extreme, as it has been found that while the resis-
tance decreases as the temperature is raised, thkere is
a point, depending upon the unit pressure and viscosity
of the lubricant where the coefficient starts to in-
crease very rapidly with increase of temperature. The
same holds true with a variation in pressure while these
lews are true as stated in a general way they depend and a
are limited by the viscosity of the lubricant used.

An attempt has been .i.ade to prove a positive
relationship between the viscosity of an oil and its
coefficient of friction, they are no doubt, more or
lesg aependent, there is mewmmisy sufficient duta ut hand
to resolve this to a definite basis. In adiition to
that of viscosity, lubricants possess a property desig-

naoted as unctousness which seems to influence the coeffics
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ient of friction as much, if not more than the viscosity.
It appears and there seems sufficient information at
hand to anticipate it, that a relationship of a positive
and determinable nature between the three elements, co-
efficient of frietion, viscosity, and unction is ob-
tainable,

The general conclusions to be arrived st are:
That the friction of & shaft or axle depends upon the
amount of load upon the bearings, the finish, the truth
of allignment, the nature of the lubricants and the effi-
ciency ol the luvricant. In ordinary engine bearings
the coefficient of friction is about .002, under excep-
tionully favorable circumstances this may be reduced as
low us .001. "hen cast iron bearings are used the pres-
gure should not exceed 100 1lbs. per square inch and the
gspeed 150 feet per minute.

Definition for Ccefficient of Friction: The
coefficient of friction is that resistance due to frie-
tion which is caused by a pressure or load of one pound,
hence tc find tle amount of friction between any two

surfaces the load must be multiplied by the coefficient.
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CHAPTER TVO

THEORY OF LUBRICATION

A simple definition of lubrication would Dbe
the act of lubricating, which means to pake smooth or
slippery. Lubricunts are, vithh few exceptiung, fluid
or semi-fluid substances, which have the property of
foruing and maintaining between friction surfaces films
of sufficient thickness to keep the surfaces apart, thus
doing away with solid friction and substitufing for it
much lesg consgiderable friction of the liquid itself.

The compounds which have this property in the
highest degree are known as fats and fixed oils. Until
the latter half of the present century lubricating oils
were almost exclusively derived from the animal and
vegeatable kingdoms, although a grease had been prepared
from petrolewrn in Galicia from a very early period, while
early in the present century the advantages of petroleun
as a lubricant free from "gumming™ properties were suf-
ficiently well known to lead to its more general use in
places where it could be obtained. The rise and devel-
opment of the modern petroleun and shale oil industries,
stimulated by the increased dewmand: for lubricants due

to the introduction of railways and thr extended use of
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