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P R E F A C E 

The purpose of this treatise is a study of some 
of the physical properties of lubricants, "but especially 
oT the properties which bear directly upon the problem of 
lubrication. A reletionshij. is shown to exist betveen the 
friction coefficient and the viscosity constant, also a 
relationship is set up between the viscosity constant and 
the surface tension factor, but no relation has been es-
tablished between the friction coefficient and the surface 
tension factor. This is what is needed most at the pre-
sent time, but beforo such a relation can be established, 
there are some other problems to be solved, which have 
been pointed out in this treatise. 

The author has not attempted to make any exper-
imental research on the coefficient of friction, but has 
quoted freely from Archbutt and Deeley, Eeauchamp Tower, 
and others who have spent several years in the study of 
the coefficient of friction. The research work which the 
author has carried on most vigorously has been in the 
study of the properties, viscosity, and surface tension, 
and it is hoped that enough has been accomplished to show 
v. hat the real problems are at the present time along such 
lines. 

The author is particularly indebted to Prof. 
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W.M. 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. Walker, of the Engineer-
ing School of Kansas University, and Prof. A.H. Sluss, 
of Kansas University, for the many valuable suggestions 
received from them. 

Earl Carson. 
Lawrence, Kansas, April, 1914. 
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I N T R O D U C T I O N 

The iDroblem of proper lubrication has been 
and still is one of the most perplexing problems that 
tne engineer has had to deal with in his line. This 
is not from the fact that experimental investigation 
has been neglected; as a matter of fact for the last 
226 years, a vast amount of experimental data has been 
collected, but the results not only failed to agree 
with each other, but they also failed to agree with 
the general experience of engineers concerning the 
frictional 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 Massachusetts Association of Engineers stated 
that, out of every ton of fuel consumed for engine 
purposes, some 400 to 800 lbs. are wasted in overcom-
ing friction of the working parts of engine, or gener-
ator, and a motor also wastes a large percentage of 
power by its own friction. One would not be far short 
in saying that from forty to eighty per cent of the 
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fuel is consumed in overcoming friction. This extreme-
ly wasteful state of affairs is greatly improved by a 
due observance of the lav/s of friction and lubrica-
tion. 
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CHAPTER I 
KINDS OF FRICTION 

Nature cf friction:-- Friction is not mere-
ly a resistance to the relative motions of solid sur-
faces. The cnanges of a shape undergone by solids when 
under stress, as well as the movements of liquids, are 
opposed by internal friction, 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 
as follows: The friction of quiescence, and the fric-
tion of motion. The latter can be further sub-divided 
into rolling friction, sliding or gliding friction and 
revolving friction. 

Rolling friction is that due to the resistance 
offered by the circumference cf a wheel to the power 
by which it is propelled, and is met with in roller 
bearings. 

Sliding or gliding friction, is that of or-
dinary journals 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 liquid are as follows: In the first, friction in-
creases in direct proijortion to the load, is indepen-
dent of the extent of surfaces, and diminishes with an 
increase of velocity beyond a certain limit. In the 
second, the friction is independent of the pressure 
per unit of surface, and increases as the square of 
the velocity. 

To give some idea of the vast amount of 
time that men of science have spent in investigating 
the subject cf friction, the following brief summary 
of the results of the experiments carried out by the 
principal investigators will be given as follows: 

Amontous, 1669, concluded that friction was 
not augmented by an increase of surface, but only by 
an addition of j>ressure Up 0 n ^he surfaces in contact, 
that it was the same for woods and metals when lubri-
cants were employed, and that it increased or dimin-
ished with velocity. 

De Vince, 1784, was of the opinion that 
v/ith varying surfaces the smallest gave the least 
friction, the latter being greatly increased by co-
hesion; that the friction of hard bodies in motion 
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was an uniformily retarding force, whilst that of 
soft bodies was productive of an increase of retar-
dation v,ith an increase of velocity; and that friction 
was about one-fourth the pressure. 

George Reunie, 1829, considered the friction 
of metals to vary in proportion to their h*,rdness, the 
harder developing less than those of a softer nature. 

General Morin, 1838, concluded that the friction 
of woods and metals 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 slew speeds 
the friction between pieces of pine wood decreased rap-
idly as the speed increased. 

Professor Jenkins, 1877, found that at very 
slow speeds, with a 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 friction and dynamic 
friction was very slight, no difference was observed. 
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Captain Douglas Gait on, 1878-79, ascertained 
the existence of a temporary decrease in the coefficient 
of friction with an increase of speed of from 400 to 
5,300 feet per minute in the frictional resistances be-
tween brake blocks and wheels. 

Prof. Thurston, 1878, was led to 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 Mr. 
Tower, 1883-1891, demonstrated that in an oil 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 l.ads within 
ordinary working limits, and did not increase in direct 
proportion to the load, as it should do according to 
the ordinary theory of solid friction, but approximated 
more to the laws governing liquid friction, inasmuch 
as it was nearly independent of the pressure per square 
inch, and increased with the velocity, though at a rate 
not nearly sorapid as the square of the velocity. A 
very considerable diminution in the friction was found 
to take plaoe as the temperature arose. The friction 
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seemed to "be dependent upon the quantity and uniformity 
of distribution of the oil, the amount of which might 
"be very small, giving a coefficient of one one hundredth, 
any diminution and increase of friction much beyOnd this 
point, hovever, producing imminent risk of heating and 
seizing. The oil "bath was found to give the most per-
fect lubrication, and the limit beyond which friction 
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 ancient scientists. The 
pressure inferred in the relationship is that exerted 
over the whole surface, and not per square 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 sxjuare 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 work 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. 

Some very recent experiments made vvith var-
ious grade s 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 materially influences the work 
of friction. If the relationship 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 
use of a lighter oil by reducing the pressure per square 
inch, without increasing the abrasion. Practical demon-
stration, however, has proven the necessity of avoiding 
long journals and with the friction of rotation, an in-
crease in the diameter of the journal 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 
ujjon the nature and fluidity of the lubricant than upon 
the nature of the solids carrying the lead. 

There seems to be a combined friction con-
sisting of the particles forming the lubricant and of 
the moving surface in contact with it, with constant 
pressure 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 resistance of the particles of the lub-
ricant, it is evident that any influence that will change 
the fluidity or density of the lubricant v/ill also af-
fect the frictional resistance. 

Increase of temperature, 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, and, necessarily an increase in 
the friction when motion is produced. The ideal con-
dition of lubrication is attained when the viscosity of 
the lubricant at the working temperature is sufficient, 
and no more, to keep the surfaces of the solids apart 
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under the maximum pressure they may have to sustain. 
Coefficient of Friction:— 7/ith 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 utmost care when the best results from 
lubrication 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 with 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 latterTs under heavy jjressures, 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 a variation in any of the above conditions. 

The results obtained by Toodbury are tfee 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, there 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 
laws 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 made to prove a positive 
relationship between the viscosity of an oil and its 
coefficient of friction, they are no doubt, more or 
less dependent, there is moment sufficient data at hand 
to resolve this to a definite basis. In adiition to 
that of viscosity, lubricants possess a property desig-
nated as unctousness which seems to influence the coeffici-
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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 friction, viscosity, and unction is ob-
tainable f 

The general conclusions to be arrived at are: 
That the friction of a 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 of the luuricant. In ordinary engine bearings 
the coefficient of friction is about .002, under excep-
tionally favorable circumstances this may be reduced as 
lev; as .001. r7hen cast iron bearings are used the pres-
sure should not exceed 100 lbs. per square inch and the 
speed 150 feet per minute. 

Definition for Coefficient of Friction: The 
coefficient of friction is that resistance due to fric-
tion which is caused by a pressure or load of one pound, 
hence to find the amount of friction between any two 
surfaces the load must be multiplied by the coefficient. 
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CHAPTER TWO 
THEORY OF LUBRICATION 

A simple definition of lubrication would be 
the act of lubricating, which means to jjiake smooth or 
slippery. Lubricants are, v.ith few exceptions, fluid 
or semi-fluid substances, which have the property of 
forming and maintaining between friction surfaces films 
of sufficient thickness to keep the surfaces apart, thus 
doing away with solid friction and substituting for it 
much less considerable 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 petroleum in Galicia from a very early period, while 
earljr in the present century the advantages of petroleum 
as a lubricant free from "gumming11 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 petroleum and shale oil industries, 
stimulated by the increased demandrfor lubricants due 
to the introduction of railways and th^ extended use of 
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machinery has led to the production of immense quantities 
of lubricating oils, which, besides augmenting the general 
supply, have, owing to their cheapness and other advantages 
displaced to a great extent the older lubricants. 

The origin of crude x̂ etroleum is one of the 
mysteries of nature and to science about which scarcely 
two authorities agree. The most recent theory is, in a 
sense the simplest and is expressed in the word "mudn. 
The mud was formed on the top of mountains, at the bottom 
of the ocean, and all other levels in the ages long agot 
by innumerable agencies in greatly diversified ways. Ages 
and ages have been allowed for these to do their work* 
Thus it is seen that crude oils are very complex in their 
composition and that they must differ greatly, one from 
another. 

Under the heading mineral oils, are the hydro-
carbons which are derived from the distillation of the 
products of the American and Russian oil wells and 
bituminous shales. 

The hydrocarbons represented in the above oils 
belong to the paraffin and olefine series, and are gen-
erally spoken of as parafine or mineral lubricating oils. 

Parafines and olefines differ in that a para-
fine contains two atoms more hydrogen than the corresponding 
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