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PREFACE 

PROPERLY DESIGNED and lubricated cast bronze sleeve bearings offer operat
ing and wear performance second to none. But sleeve bearings have always suffered 
from lack of fast, simple design techniques. 

Recognizing this need, a group of producers of cast bronze sleeve bearings 
recently formed the Cast Bronze Bearing Institute which undertook, as its first 
venture, the preparation of a Design Mll.nual. The Friction and Lubrication Labo
ratory of The Franklin Institute Laboratories was engaged to accomplish this task. 

Design and application of 360-degree bronze bearings is fully covered in 
this Design Manual for full-film, boundary, and mixed-film lubrication. New de
sign methods and numerous graphs reduce actual calculations to a minimum 
for quick determination of bearing configurations. 

Detailed explanations tell how to predict load-carrying capacity, power re
quirements, lubricant requirements, stability, and operating temperatures. Bearing 
clearances are recommended for various classes of machinery and shaft sizes. 
Special problems caused by shock loads and heavy loads at slow speeds are analyzed. 
The Manual also presents additional information on lubricating fluids, including 
a method for calculating viscosity. Methods are described for applying lubricant. 
Determining shape and dimensions of grooves in bearing surfaces is illustrated for 
each type of lubrication. Properties of cast bronze bearing materials are discussed. 

Material contained in this Design Manual has been taken from many differ
ent sources. Almost all of it has been reworked to suit the particular needs of 
the Manual. Hence, CBBI is deeply indebted to the works of many experimenters 
and writers in the field of sleeve bearing design, analysis, and application. Pub
lished material most heavily drawn from is tabulated in the accompanying bibli
ography. 

Participating members of the staff of the Friction and Lubrication Laboratory 
of The Franklin Institute Laboratories in this work included: J. G. Hinkle, A. M. 
Loeb, S. B. Malanoski, R. R. Pandolfi, S. A. Richardson, G. M. Robinson, W. W. 
Shugarts, C. H. Stevenson and, in particular, D. D. Fuller, Principal Scientist, under 
whose guidance the work was accomplished. Greatest credit, however, belongs to 
Harry C. Rippel, Senior Staff Engineer, Franklin Institute, whose conscientious 
and untiring efforts in preparing this Manual have brought it into reality. Mr. 
Rippel's simple, reliable, and straightforward approach will, it is believed, make 
this Manual the necessary text of every sleeve bearing designer and lubrication 
engineer in industry. 

This Manual first appeared as a series of articles in Machine Design, a Penton 
publication. It is a second edition ; others will follow as planned additional research 
and development bring to light new design data and information.* 

Comments concerning this Manual, and any other phase of cast bronze sleeve 
bearing design, are welcomed by CBBI and should be addressed to Chairman 
for Research and Development at the address below. 

*See page 2 for list of all other CBBI Publications. 

221 North LaSalle 

Oticago, Illinois 60601 
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CHAPTER 1 

Introduction to Cast Bronze 

Sleeve Bearings 

STATED simply, the designer's problem from 
the standpoint of bearings is: Provide suitable 
bearings to support the moving system in a 

trouble-free manner when operating at the given 
speeds and subjected to the given loads. 

A typical "moving system" is shown schematically 
in Fig. I. The system is to be supported by "suitable 
bearings." Type and speed of motion is usually 
dictated, as are the types and magnitudes of loads. 
In addition, diameter of the shaft in the vicinity 
of the bearings is also normally specified to meet 
certain strength or stiffness considerations within 
the system. Knowing speed, load, and size require
ments, the designer can proceed to design trouble
free bearings. "Trouble-free" usually means long 
service life, low friction, and minimum maintenance. 

At this stage in the development of suitable bear
ings, the present-day designer selects rather than 
designs such bearings. Actual design of bearings, 
such as the bronze sleeve bearing, is becoming a 
lost art. Most bronze bearings being designed today 
have, as the basis for their design, bearings used in 
previous, similar applications which proved success
ful. The experienced bronze-bearing designer relies 
heavily upon his past experience. This practice is 
both good and bad-good in that a workable de-

:\oml'ndat url' 

C = Radial clearance, in. 
D = Journal diameter, in. 
F = Bearing friction force, lb 
f = Coefficient of friction 

=F/ W 
L = Bearing length, in. 
N = Rotational speed of journal, rpm 
p = Projected area unit load, psi 

=WI LD 
W = Steady load to be suported, lb 

Wm = Dead weight of rotating parts, lb 
W, = Shock load, lb 

Z = Lubricant absolute viscosity, centipoise 

sign can be arrived at in a short time, and bad in 
that what's best in one case may not be best for 
a similar application. 

The prime purpose of this Manual is to present 
sufficient engineering data to permit design and 
performance prediction of bronze sleeve bearings. 
On this basis, a bearing design can be accepted or 
rejected for use in a particular application. 

~ Description of a Sleeve Bearing 
Sleeve bearings are quite probably the most used 

machine element in our civilization. They are of 
many sizes, shapes, and configurations, but they 
consist ·essentially of a band or sleeve of close-fitting 
material that encloses and supports a moving mem
ber. Fig. 2 shows a typical bronze sleeve bearing 
and ·the member being supported. Usually, the 
sleeve is stationary and is called the bearing. The 
moving member is usually referred to as the journal. 
Other names for sleeve bearings are journal bearings, 
since they support journals, and radial bearings, 
since all loads supported are in the radial direction 
or perpendicular to the axis of the journal. 

Important physical dimensions of the sleeve bear
ing in Fig. 2 are journal diameter D, bearing length 

Wm 
Pig. 1-Diagram of typical 
moving syacem. 
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Fig. 3-Variation of coefficient of friction with ZN/p 
for bronze sleeve bearings. 

L, and radial clearance C. Of these three dimensions 
usually only one, the journal diameter, may be 
specified beforehand. The other two must be de
termined before the bearing can be made. Two 
useful and meaningful terms in sleeve-bearing work 
are: 

2C -- = Clearance ratio 
D 

L -- = Length-to-diameter ratio 
D 

(I) 

Lubricant of some sort is usually introduced to 
the bearing and eventually leaves at the ends of 

the bearing. Consequently, lubricant must be con
tinuously or periodically replaced. Some functions 
of the lubricant in a bearing are: 

I. Reducing friction. 

2. Removing some of the heat generated. 

3. Minimizing wear of the rubbing parts. 

Propez:ties of the lubricant of most concern are abso
lute viscosity and ability to cling to bearing mem
bers. 

~ Types of Sleeve-Bearing Operation 
There are three types or realms of sleeve-bearing 

operation. Proper classification and definition is im
portant since the design and operating characteristics 
are different for each. The three types are: 

I. Full-film or hydrodynamic lubrication. (Hydrostatic 
lubrication is also full-film.) 

2. Complete bou!1dary lubrication. 

3. Mixed-film lubrication. 

Full-film lubrication physically separates the jour
nal from the bearing by a relatively thick (on the 
order of 0.001 in.), continuous film of self-pres
surized lubricant with no metal-to-metal contact. 
This happy state of affairs is also termed "hydro
dynamic lubrication." Low friction and infinitely 
long service life can be obtained provided a supply 
of clean lubricant of the right viscosity and suffi
cient quantity is continuously maintained. 

Full-film is the ideal type of lubrication for bronze 
bearing operation and should be strived for when 
feasible in order to reap the benefits of low power 
loss, almost infinite life, and low cost. Sleeve-bearing 
coefficients of friction for full-film lubrication are 
on the order of 0.005. However, coefficients of fric
tion of 0.001 or less can be obtained from bronze 
sleeve bearings in certain applications. 

Complete boundary lubrication indicates that the 
bearing and journal surfaces are being rubbed to
gether in the presence of an extremely thin film of 
lubricant which adheres to the surface of both the 
journal and the bearing. Unless the bearing is re
lubricated periodically, the thin film is eventually 
destroyed and intimate metal-to-metal contact re
sults. For bronze bearings operating under condi
tions of complete boundary lubrication, the coeffi
cient of friction may vary over a range of approx
imately 0.08 to 0.14. A bronze alloy with a high 
percentage of lead (IS to 25 per cent) is recom
mended for extreme boundary conditions. 

Mixed-film lubrication* is, as the name implies, a 
combination of hydrodynamic and boundary lubri
cation. That is, part of the total load carried by the 
bearing is being supported by individual load-carry
ing pools of self-pressurized lubricant and the re
maining part by the very thin contam,inating film 
associated with boundary lubrication. Coefficients of 
friction in this realm of operation are in the range 
of 0.02 to 0.08. 

•common current practice Is to combine boundary film and 
mixed-film ·lubricated sleeve bearings under the one title of 
"boundary lubrication." However, in this :Manual, they are treated 
•eparately. 



Lubrication and Friction: Fig. 3 indicates in a 
very general way the picture of bronze sleeve-bear
ing performance. This slightly modified version of a 
diagram familiar to bearing designers consists of a 
plot of coefficient of friction versus bearing parameter 
ZN /p. The figure is separated into three distinct 
regions to indicate the three realms of sleeve-bearing 
operation. 

At the extreme right of Fig. 3, which corresponds 
to the higher values of ZN / p, is the full-fluid-film 
or hydrodynamic lubrication region. Under full-film 
conditions, the coefficient of fluid friction is seen to 
be approximately proportional to viscosity and speed 
and inversely proportional to load. The coefficient 
attains a minimum value of approximately 0.001, 
which is also the minimum coefficient of friction 
for a good precision grade of rolling-element bearing. 

At the extreme left-hand side of Fig. 3 the curve 
levels off at a high value for the coefficient of fric
tion and remains constant. This portion of the curve 
is recognized as the region of true boundary friction 
where the coefficient of friction is independent of 
viscosity and rubbing speed. Thus, for small values 
of ZN /p, the coefficient of friction remains essen
tially constant. Its magnitude will normally lie be
tween 0.08 and 0.14 depending upon the bearing 
materials and the lubricant used. 

Between the boundary and full-film zones of lubri
cation (they may also be called zones of friction) 
is the zone where, with reduction in ZN /p, the coef
ficient of friction increases sharply. Evidence indi
cates that in this zone a combination of fluid fric
tion and boundary friction exists; hence, it bears 
the title "mixed friction" or "mixed lubrication." 
The exact values of ZN /p at which the transition 
from complete boundary to mixed-film lubrication 
occurs, and also from mixed-film to full-film lubri
cation, is difficult to predict. These transition points 
depend upon such variables as: 

1. Quantity of lubricant available. 

2. Ability of the lubricant to adhere to bearing surfaces 
under adverse conditions. 

3. Rigidity of bearing and journal. 

4. Bearing and journal materials. 

5. Operating temperature of bearing. 

6. "Wearing-in" of bearing. 

Bronze sleeve bearings in common use today are 
called upon to operate in one or more of these three 
types of lubrication. For instance, the sleeve bearings 
of a small fan motor may be squirted with oil at 
the beginning of summer so that on June 1 the bear
ings may have an abundance of lubricant. Because 
of light load and high speed, the bearings will prob
ably operate on a full film until they lose their 
copious supply of lubricant. Thus, on June 2 the 
bearings probably will be operating under mixed
film conditions. Certainly by the time the fan is 
ready for winter storage, the bearings will be op
erating on a very thin boundary film with no ill 
effects. Small hand-tool and appliance motors fall 
into the same category. Usually the bearings for 
such motors ·are small in size and very lightly load
ed. They are capable of years and years of service 

with just the barest of lubrication. 
In direct contrast are the large turbine-generator 

sleeve bearings on which are generated practically 
every kilowatt of electrical power and which are con
tinuously operated only under full-film conditions. 
Elaborate precautions are taken to insure that such 
bearings receive a copious supply of clean lubricant 
of the right viscosity. Such bearings fulfill what is 
perhaps one of- the most demanding tasks in our 
present civilization-100 per cent reliability. A classic 
example of a large-size sleeve bearing which operates 
in all three regions of lubrication is the journal 
bearing used for railroad freight cars. 

Full-Film Operation: Conditions which are neces
sary to promote full-film or hydrodynamic operation 
are: 

1. Bearing characteristic number should lie within a 
specified range. 

2. Relative surface speed should be greater than approxi
mately 25 fpm and continuous in one direction. Ro
tation in the opposite direction is also possible provided 
the motion is not oscillatory in nature. Exceptions 
are pulsating loads such as occur in engine wrist pins. 

3. Lubricant should have the proper viscosity. 

4. Lubricant at the proper rate should be continuously 
supplied to the bearing, and the flow must not be 
less than a specified minimum rate. 

5. The bearing must be properly designed to promote and 
maintain full-film hydrodynamic lubrication. 

Full-film lubrication under very high-load, very 
slow-speed conditions is possible by using hydro
static lubrication. Extremely low coefficients of fric
tion (zero at zero speed) can be realized using this 
type of lubrication. Also, starting and stopping un
der load can be easily accomplished. Since hydro
static lubrication requires external pumps, bearings 
of this type are costly but offer advantages not 
found in any other type of bearing. 

Mixed-Film Operation: Bronze bearings which 
usually operate in the mixed-film lubricated realm 
of sleeve bearing operation are: 

1. All oil-lubricated bearings which are supplied a con
tinuous but relatively small amount of lubricant if the 
oil-supply rate is less than some specified rate and the 
surface velocity is greater than IO fpm. 

2. Bearings supplied by drop-feed oilers, wicks, bottle 
oilers, mechanical oilers, and other types of low-feed
rate devices. 

3. Bearings subjected to oscillatory motion if relative sur
face speeds are greater than IO fpm. 

Complete Boundary Operation: Bronze bearings 
which usually operate in the complete boundary 
lubricated realm of .sleeve bearing operation are: 

1. Grease-lubricated bearings. 
2. Bearings which are periodically relubricated, as by 

hand oiling or greasing. 
3. Bearings used for reciprocating motion applications 

(motion along the axis of the shaft). 
4. Bearings used in very slow-speed applications where 

relative velocity between shaft and bearing is less than 
IO fpm. 
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CHAPTER 2 

Full-Film Lubrication 

Journal 

(o)Axiol 

Journal 
ino 

(b) Circumferential 

Fig +-Pressure distributions in a full.film 
lubricated brooze bearing. 

10 

PRESENCE of hydraulic pressure in the oil 
film of a sleeve bearing was discovered in 
1883. Later, it was explairied and proved that 

full-film lubrication was the result of hydrodynamic 
action. In a properly lubricated sleeve bearing, lu
bricant adheres to both the journal and the bearing. 
As a result of journal rotation, lubricant is drawn 
into the converging region formed by the displaced 
journal in the bearing. Because of lubricant vis
cosity, fluid pressure is generated in the lubricant 
film separating the bearing members. This fluid 
pressure provides the load-carrying capacity in a 
bronze sleeve bearing. 

General shape of the pressure distribution that 
exists in a bronze sleeve bearing operating on a full 
film of lubricant is indicated in Fig. 4. Both axial 
and circumferential pressure distributions are shown. 
Magnitudes and shapes of the fluid pressure distri
butions will vary depending upon such factors as 
load, speed, clearance ratio, and lubricant viscosity. 
How to determine magnitude and shape of the pres
sure distribution is described later. 

Distinct steps in the formation of the fluid film 
in a bronze bearing are shown in Fig. 5. When 
the bearing is at rest, no lubricant separates the 
bearing members. When the journal begins to 
rotate, it first "climbs" the wall of the bearing in 
a direction opposite to rotation. Actually, it rolls 
up the wall because of friction between journal 
and bearing. As soon as the friction-force com
ponent in the direction of the load is overcome, the 
journal falls down the wall and crosses to the other 
side of the bearing. As speed increases, the journal 
draws more lubricant into the converging wedge 
until it is completely supported on a full film of 
lubricant with no metal-to-metal contact. Properly 



(o) 

At Rest 

(b) 

Start· Up 

(c} 

At Speed 

Fig. S-Pormation of full fluid film in a bronze bearing. 

designed and continuously supplied with clean lu· 
bricant of the proper viscosity and quantity, the 
bronze bearing will operate forever with absolutely 
no wear and extremely low friction. 

Such performance is the dream of every designer 
and is readily obtained by using the basic principles 
and recommendations which follow. After individual 
factors are discussed, a chart outlines the use of 
these factors in the actual design procedure. Given 
conditions are listed first, and other data are easily 
read from charts and tables. Preliminary calcula· 
tions provide condensed factors for final computa
tions. The actual ten-step method starts with an 
assumed bearing bore temperature. With this value, 
the remaining bearing information is determined 
and a temperature balance is obtained. If the 
final temperature does not agree with the initially 
assumed temperature, a different bore temperature 
is selected and the ten steps repeated until assumed 
and calculated temperatures are approximately the 
same. 

Therefore, in the sections which follow, equa
tions and charts are presented, discussed in detail, 
and ultimately combined into a simple work sheet 
for designing bronze sleeve bearings under full-film 
lubrication. A sample design then illustrates the 
method. 

~ Bearing Clearance Ratios 

Often, some confusion results when specifying 
clearances for bronze sleeve bearings because of 
the various methods of expressing this clearance. 
For use in this Manual, terms regarding bearing 
clearance are defined as: 

Diametral clearance, 2C, equal to bearing bore diameter 
minus journal diameter. 

Radial clearance, C, equal to bearing bore radius minus 
journal radius. 

Clearance ratio, 2C/ D, equal to diarnetral clearance 
divided by journal diameter. 

Because C is much, much smaller than D, clear
ance ratio is multiplied by 1000 to obtain numbers 

'\omt·ndat urt 

A = Bearing characteristic number 
C = Radial dearnnce, in. 

• c,, = Specific heat of lubricant, Btu/lb-deg F 
D = Journal diameter, in. 

Ds = Bearing bore diameter, in. 
e = facentricity, or radial displacement of 

journal, in. 
ho = Minimum film thickne!>S of lubricant, in. 
K1 = Vmtilation factor, Table I 
kc = Whirl speed factor 
kt = Frictional power factor 
kq = Side-leakage flow fa(·tor 
k, = Shock load factor 

k1, k2, ks, kt, k5 = Factors used in Table 2 
L = Bearing length, in 
m = Clearanc..-e foctnr 

= 1000(2C)/D _ 
N = Rotational speed of journal, rpm 

Ne = Half-frequency whirl speed of shaft, rpm 
0 = Actual center location of hearing 
O' = Actual center location of displae<'d journal 
p,. = Frictional horS(>power generated within 

full -film lubricated hearing, hp 
p = Projected area unit load, psi 

=WILD . 
Q = Side-leakage oil-flow. or oiJ .. riow feed rate. 

gpm or drops per min ·' 
Q' == Minimum oil-flow r('(juired for full-mm 

lubrication, gpm or drops per min 
s = Lubrication factor, Table I 
= er~ T:<> 1CL r,) 

T1 = Oil inlet temperature, F 
T2 = Lubri<-ant film temperature for full-film 

conditions, or hearing bore temperature 
for mixed-film and boundary conditions, F 

Ts = Surface temperature of hearing hou!iing, F 
T• = Ambient atmosphere ·temperature, F 
t11 = Bearinr.t bore "plus" tolerance, in. 
tJ = Journal diameter; "minus" toltranl"e, in. 

At = Duration of shO<'k load, sec 
W = Steady load to ~ supported~ lb 

Wm = Dead wei~ht of mtatin11: parts, lb 
W, = Shock load, lb 

Z = I .ubricant absolute viscosity, centipoise 
y = Lubricant density, lb per gal I 
e = Journal eceentrkity ratio 
'• = Journal CC<'entricity ratio before shO<'k l<;>ad 
e1 = Journal eccentricity ratio at end of shock 

load 
I = Angle between direction of load and di

rection of journal displat-ement, deg 
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Fig. 6-Precision spindles made 
of hardened, ground steel run
ning on lapped cast-bronze bear
ings (8 to 16 microinch rms 
finish) when the product DN is 
less than 2000. 

Fig. 7-Precision spindles made 
of hardened, ground steel run
ning on lapped cast-bronze 
bearings (8 to 16 microinch 
rms finish) when the product 
DN is more than 2000. 

Fig. 8-Electric motors, gener
ators, and similar types of ma
chinery using ground journals 
in broached or reamed cast
bronze bearings (16 to 32 mi
croinch rms finish}. 



tnore convenient to use. This modified ratio is 
termed "clearance factor" and is 

m = 1000 ( 
2i ) (2) 

As a useful guide to determining bearing clearance 
factor m, first identify the particular application 
with one of the descriptions given for Fig. 6 through 
l 0. Then, a recommended value for m can be ob
tained from the figure for that type of machinery. 
Two sets of curves are shown on each of the figures. 
One set indicates average recommended values for 
m and also shows the range within which the de
signer may obtain acceptable results. The second 
set shows similar curves for the resulting diametral 
clearances, 2C, obtained when using the suggested 
values of m. In general, these clearance factor 

Fig. 9 - General machinery 
which continuously rotates or 
reciprocates and uses turned or 
cold-rolled steel journals in 
bored and reamed cast-bronze 
bearings (32 to 63 microinch 
rms finish). 

Fig. 10 - Rough-service ma
chinery having turned or cold
rolled steel journals operating 
on cast-bronze bearings (63 to 
125 rms finish). 

values may also be used for mixed-film and com
plete boundary film operating conditions. 

Journal and Bore Tolerances: When dimensions 
and tolerances for journal and bore are specified, 
the following practice is recommended: 

Journal diameter should be specified as 

(3) 

and bearing bore diameter as 

+I• 
Da = (DB)nom-o.oooo (3a) 

When the two diameters are specified as above, 
minimum diametral clearance will be 

(2C)ml" = (DB)nom - Dnom (3b) 

13 
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and maximum diametral clearance will be 

(2C)maz = [(DB)nom - Dnom) + tB + tJ (3c) 

The allowable tolerances may then be computed 
from 

tB + tJ = (2C)maz - (2C)mln (4) 

Both (2C)m"' and (2C),,_, may be obtained di
rectly from Fig. 6 through I 0, and values may be 
conveniently assigned to tB and tJ by using Equa
tion 4. If the nominal journal diameter is known, 
the required nominal bearing bore diameter may 
be determined directly by using Equation 3b. 

EXAMPLE: The journal of a 3-in. diameter bearing for an 
electric motor is specified as 3.000, +0.0000, -0.0005. How 
should the bronze bearing bore be specified to insure a satis
factory value of m? 

From Fig. 8, 
(2C)ma:r for a 3-in. diameter is 0.0047 in. 
(2C)min for a 3-in. diameter is 0.0030 in. 

From Equation 4, 

tB + 0.0005 = 0.0047 - 0.0030 

tB = 0.0012 in. 

Nominal bearing bore diameter from Equation 3b is 

(DB)nom = (2C)mln + Dnom 

= 0.0030 + 3.0000 

= 3.0030in. 

Bore diameter may then be specified as 

+0.0012 
DB = 3.0030-0·0000 

In this example, the tolerance assigned to both bearing 
members allows m to range between l.O and 1.5. Satisfactory 
results are obtained by using an average value for m. In 
this case, a value of 1.25 would be selected for m. 

To maintain proper diametral clearance, the bore 
diameter of the bearing should be finish-machined 
to size after installation. This recommended practice 
eliminates errors caused by the accumulation of 
tolerances from bearing ID and OD and housing ID. 
The method also results, generally, in lower over
all installation cost since only one close tolerance 
need be, and definitely can be, maintained. 

~ Bearing Characteristic Number 

First major step in the design of a bronze bear
ing is to evaluate the bearing characteristic number, 
A. This number is determined as follows: 

m2 W 
A=--

D2ZN 
(5) 

Note that this number is a slight modification of 
the parameter ZN /p used previously. Usually, de
sired operating speed N and total steady load W 
to be carried are known. Likewise, journal diameter 
D in the vicinity of the bronze bearing may also 
be specified to meet certain stiffness or deflection 
requirements. Determination of clearance factor m 
was discussed in the preceding section, Bearing 
Clearance Ratios. 

Since the operating temperature of the lubricant 
film for a bronze bearing of unknown length is 
impossible to predict, the next best thing is to as
sume an operating temperature. Absolute viscosity 
Z can then be determined for the lubricant at the 
assumed temperature, T 2• Ordinarily, sufficient data 
from the manufacturer of the selected lubricant will 
permit simple determination of a value for Z. If 
complete information is not available, absolute vis
cosity can be calculated by a method described in 
Chapter S. However obtained, the proper value of 
Z is then used in Equation S. 

A fair approximation of lubricant temperature rise 
may be made if the method of lubrication is known. 
For forced-feed or pressure lubrication, temperature 
rise T 2 - T 1 will be in the neighborhood of 5 to 
IO F. With less oil being supplied, the bearing will 
tend to run hotter since it is not being flushed by 
as much relatively cool inlet oil. Thus, for other 
lubricating techniques, such as oil bath, splash feed, 
and oil ring, lubricant temperature rise may range 
from IO to IOO F. Knowing these relationships, the 
designer should be able to make a reasonable ap
proximation of the lubricant film temperature and, 
hence, of lubricant viscosity. 

With known and determined values substituted 
for m, W, D, Z, and N in Equation 5, the bearing 
characteristic number can be evaluated. If A falls 
in the range between 0.0005 and 0.50, practical 
full-film lubrication is possible. With special care, 
the upper limit can easily be doubled to 1.0. How
ever, most bronze sleeve bearings for rotating ma
chinery operate within this given range of bearing 
characteristic number. If A is greater than 0.50, 
special types of lubrication discussed later may be 
required. 

Even if the value of A falls within the normal 

w 

Journal 

Fig. 11-Geometry 
of full-film lubri
cated bronze sleeve 
bearing. 

Fig. 12-.Angular location of displaced ~ 
journal within a full-film lubricated 
bronze bearing. (Reference 3.) 
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range, full-film lubrication may not be possible for 
one or more of the following reasons: 

!. Insufficient flow of lubricant to the bearing as a re
sult of either ignorance or an attempt to reduce the 
flow to a value felt to be acceptable. 

2. Misplaced oil-feed grooves. 
3. Too low a lubricant viscosity. 
4. Use of a porous bearing material which prevents for

mation of hydrodynamic pressures. Hence, separation 
of the journal from the bearing is not possible. 

5. Severe misalignment. 
6. Dirty lubricant. 
7. Excessive heating within the bearing which is a re

sult of poor heat dissipation and which reduces lubri
cant viscosity. Cast bronze bearings have excellent 
heat-dissipation qualities. 

A large value for bearing characteristic number 
indicates a heavily loaded or relatively slow-speed 
bearing. Conversely, light loads and high speeds 
give very low bearing characteristic numbers. If de
sired, the numerical value of A can be adjusted 
up or down by varying the parameters m, D, and 
Z. Also, duty cycle of the bearing should be in
vestigated to determine the possible variation of 
A with changing speed, load, and, indirectly, 
viscosity. 

Bear in mind that only steady loads in both 
magnitude and direction are considered for use in 
the bearing characteristic number. Likewise, only 
constant, unidirectional rotation of the shaft is appli
cable for continual full-film, hydrodynamic lubrica
tion. Shock loads, rotating loads, and reciprocating 
or oscillating journals are considered in another 
section of this Manual. This treatment is valid only 
for fluid lubricants and does not apply to grease 
1 u bric a ti on. 

~ Journal Eccentricity Ratio 

An important concept in full-film lubrication is 
journal eccentricity ratio, E, which is determined 

Pig. 13-Bea.ring size selection 
chart for full-film lubricated 
360-deg bronze sleeve bearings. 
(After Raimondi and Boyd.) 

Pig. 14-Ratios of LID required ~ 
by recommended operating ec-

,,----. centricity ratios. The LID 
curve is obtained from Fig. 13. 

§ 
o' 

''5 
"" (ii 
Oi 
E 
a 

Ci 
£ ..c 
0, 
c: 
~ 

6 

5 

4 

3 

2 

0 

0.001 

-

I I 
2 4 

I 
6 

from 

e 
t=-c 

(6) 

Fig. 11 illustrates the eccentricity of a bronze bear
ing operating with a full film of lubricant. In this cross 
section of the bearing, clearance has been purposely 
exaggerated. Equilibrium position for the center 
of the journal, O', will be displaced from the center 
of the bearing, 0, a distance equal to e and at an 
angle equal to B. Both e and () depend upon: 

!. Magnitude and direction of load W. 
2. Magnitude and direction of speed N . 
3. Viscosity of lubricant in the film, Z. 
4. Bearing clearance factor m. 

When there is no load on the bearing (W = 0), 
the journal will run virtually centered within the 
bearing, and eccentricity e will be zero. Thus, from 
Equation 6, the eccentricity ratio will likewise be 
zero. As the load increases, the journal moves ec
centrically until a position is reached where hydro
dynamic pressure distribution developed in the oil 
film balances the load. Additional loading requires 
that the journal move to an even more eccentric 
position. 

While eccentricity e is increasing, minimum film 
thickness h0 is decreasing. The equation for h. is 

ho = C - e = C(l - •) (7) 

If the load becomes great enough, the journal may 
eventually touch the bearing. For this situation, e 
= C, h0 = 0, and the eccentricity ratio becomes 
unity. Fig. 12 is a plot of angle () (between direction 
of load and direction of displacement of the journal) 
and eccentricity ratio e for various L/D ratios. Thus, 
for any eccentricity ratio, the exact location of the 
center of the journal and also the location and mag
nitude of minimum film thickness can be readily d~
termined. This information is necessary for later 
considerations such as surface-finish requirements 
and oil grooving. 

-

I 11 -
2 4 6 

0.0 1 0.1 
Bearing Chorocteristic Number, A 

~ 

2 4 6 
1.0 



18 

1.0 0.6 

0 .8 

0.6 

0.4 

0 .2 

0.1 

....._o.oa 
4c 

o .. 0.06 -0 

~ 
I... 0.04 
Cl) 

~ 

&. 
0 

· c 
0 0.02 ·.o:: 
0 

~ 

0.01 

0 .008 

0 .006 " 

0.004 

0.002 

0.001 

.... \ 
~. 2 D\\ 
-\ \ - \ \ 

- I\ 
..... \ -~ 
~ 

--..... 
-
..... 
..... 
~ ---
---------
-
----
i--

--------- I I 11 

D.8 
\ 

'\. \ 
\ \ 1.:g 

I\ I\\, \ \ 11.~ 

~\ ~\ \ \ \ " \ . 
~~ 

\ 

I\ !~ \ 
\ '.\· . .\ 

\ \ \ 
\ 

\. ' 

~ 

I 111 I I I I 

2.c . 

\ ~ o- L/L• 

I\ \ \ 
\ 

i\ . 
\ \ \ 

~ \\ \ \ 
\. \' \\' \ \ 
' \\' ~\ \ \ 

\ \\' ~" ' \ \. 

~ \~ 
\. \ ~\ \ 
"'\ ~ ~ .\ .\: 

" ~ ~ ~ ~ 

~ ~ ' ' ' ~ ~ ~ " ~'\.. ~~ "' .. I'... 
~ ~ "" t'('r-.. ' "' 

I 111 I I I I I 111 I I I I I .. , f 

2 46 2 46 2 46 2 46 
0.0001 0 .001 0.01 0.1 J.0 

Bearing Characteristic Number, A 



• Bearing Length 

Once the bearing characteristic number is com
puted, a suitable length for the bearing can be estab
lished which will insure satisfactory full-film per
formance. Fig. 13 permits determination of proper 
bearing proportions L/D and thereby calculation of 
L since D is known. 

In Fig. 13 eccentricity ratio is plotted against 
bearing characteristic number for various L/D ratios. 
The unshaded area of the chart is the only region 
of interest. To use this chart, enter the vertical 
axis at the proper value of A and move horizontally 
across the graph to the dashed line marked Recom
mended operating eccentricity ratio. The required 
ratio of L/D to obtain this recommended eccentricity 
ratio for the particular value of A is obtained by in
terpolation of the L/D curves. As an example, sup
pose the computed bearing characteristic A equals 
0.01 I. From the chart, this value of A gives L/D 
equal to 0.80 for the recommended operating eccen
tricity ratio of 0.60. Since D is known, L is easily 
calculated. Fig. 14 is a plot of L/D versus A for 
recommended operating eccentricity ratios. 

Lengths of bronze bearings other than those dic
tated by the recommended operating eccentricity 
ratio can be used. For instance, for the case just 
mentioned where A = 0.01 l, an L/D value as low 
as 0.2 could be chosen, but the operating eccentricity 
ratio would be 0.95, which means that the journal 
would almost be touching the bearing. At the other 
extreme,_ L/D ratio of 1.7 gives an operating eccen
tricity ratio of 0.15, which means that the journal 
would be only slightly displaced within the bearing. 

Any selection of L/D within the unshaded area 
of Fig. 13 can be made. Shorter bronze bearings arc 
usually preferred from the standpoint of space, fric
tion, and flow requirements. However, for the same 
bearing characteristic number, shorter bearings nec
essarily operate with greater eccentricity. There must 
be a compromise, and on this basis the recommended 

~ 
Fig. 15- Frictional power fac
tors for 360-deg full-film lub
ricated bronze bearings having 
various L/D ratios. (After 
Raimondi and Boyd.) 

Fig. 16-Frictional power fac- ~ 
tors based upon recommended 
operating eccentricity ratios. 
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operating eccentricity ratio curve in Fig. 13 was 
established. Also, some allowance is -made .to enable 
the bearing to carry higher loads than anticipated, 
since operating film thicknesses are still fairly large. 
In addition, if film thicknesses are large, slight con
tamination of the lubricant can be tolerated. Thus, 
if possible, bearing lengths for full-film lubrication 
should be computed as dictated by the recommended 
operating eccentricity ratios. Fig. 14 makes this com
putation very easy once the value of A has been cal
culated. 

For the hypothetical value of A = 0.011, which 
gives an L/D ratio of 0.8, the curve of L/D = 0.8 
can be followed to observe the change of eccentricity 
ratio caused by a change in load and/or speed 
and/or viscosity. For instance, if the load doubles, 
the new value of A will be 0.022. According to Fig. 
13, this value.requires an eccentricity ratio of 0.73. In 
other words, once an L/D ratio has been decided 
upon, location of the journal within the bearing 
can be completely defined, with the help of Fig. 12 
and 13, for varying speed, load, or viscosity. 

~ Power Requirements 

Although the coefficient of friction for full-film 
lubricated bronze bearings is quite small, power re
quired to drive the journal may be appreciable be
cause of high load-carrying capacity and reasonably 
high speeds. Also, since frictional energy is dissipated 
in the form of heat, energy required to overcome 
friction must be evaluated to determine any cooling 
requirements for the bearing. 

The equation which determines driving or input 
power is 

PP = k1mDNW X J0-6 (8) 

The value of frictional power factor k1 can be ob
tained from Fig. 15 if the value of the bearing char
acteristic number and the L/D ratio are known. 
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To illustrate with the previous example where A = 
0.011 and the L/D ratio h 0.80, Fig. 15 gives k1 = 
0.036. Since the other terms in Equation 8 are known, 
the horsepower requirement for a full-film bronze 
sleeve bearing can be easily computed. 

For a bearing of given L/D ratio, the variations 
in power requirement with change in load, speed, or 
viscosity can be determined, for a correspondingly 
different value of A, by picking from Fig. 15 the 
new value of k1 and substituting it into Equation 8. 
In the preceding section, Bearing Length, particular 
values of A were shown to have a recommended op
erating eccentricity ratio which, if adhered to, fixed 
the L/D ratio. If both A and ratio L/D are fixed, 
k1 is restricted to a single value also. Thus, a plot of 
k1 against A can be obtained based on a bearing 
designed to operate at the recommended operating 
eccentricity ratio. Such a plot is shown in Fig. 16. 

~ Oil-Feed Requirements 

In a 360-deg bronze bearing, oil must enter the 
bearing at the same rate that it escapes from- the 
ends of the bearing. End leakage in a sleeve bearing 
is caused by the high pressure that develops in the 
center of the bearing. This pressure forces lubricant 
toward the low-pressure areas at the ends of the 
bearing (see Fig. 4). If the journal is to maintain 
its position within the bearing, lubricant lost through 
end leakage must be continually replenished. 

The theoretical oil-feed rate required to maintain 
the clearance space filled with oil while the bearing 
is operating is 

(9) 

The value of side-leakage flow factor kq can be ob
tained from Fig. 17. For given values of A and L/ D, 
kq can be quickly determined. For the example using 
A = 0.011 and L/D = 0.8, kq is found to equal 2.8. 
As in similar charts, curves in Fig. 17 for given 

Fig. 17-Side-leakage flow fac
tors for 360-deg full-film lubri
cated bronze bearings having 
various L/ D ratios. (After 
Raimondi and Boyd.) 

Fig. 18--Side-leakage flow fac- ~ 
tors hued upon recommended 
operating eccentricity ratios. 

values of L/D indicate the variation of kq with 
changes in load, speed, and viscosity. When these 
values of kq are used in Equation 9, the variations 
in flow requirement can be determined. 

Surprisingly enough, if less than the computed 
rate of flow is delivered, operating eccentricity will 
be not far removed from what it would be if the 
required rate were delivered. The effect of reduced 
oil flow on operating eccentricity is almost negligi
ble at the higher eccentricity ratios. How much less 
the oil-feed rate may safely be than the value cal
culated with kq in Equation 9, while maintaining 
reasonably similar eccentricity ratios, is difficult to 
specify. 

As a rule of thumb, when operating at eccentricity 
ratios less than 0.50, calculated oil-feed rate should 
be maintained if the expected operating eccentricity 
ratio is to be realized. For larger eccentricity ratios, 
feed rate may be somewhat less than calculated, 
gradually decreasing to about 80 per cent of the 
calculated flow at approximately 0.90 eccentricity 
ratio. 

Consider the operation of a bronze bearing sub
jected to wide extremes of load. If enough oil is sup
plied to the bearing at high loads, the bearing will 
be oversupplied at low loads, which is not harmful. 
However, if the flow rate is designed for low loads, 
insufficient oil flow for high loads will force the 
bearing to operate on a thinner film of lubricant. 
Hence, the safe practice is to supply the highest 
oil-feed rate required to meet varying conditions. 

If A and L/ D are fixed, kq must also be restricted to 
a particular value. For a bearing designed to operate 
at the recommended operating eccentricity ratio, k, 
can be plotted against A as shown in Fig. 18. 

~ Minimum Flow Requirements 

Operating with a bearing characteristic number 
that indicates a full film of lubricant betwee~ ioumal 
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and bearing, a bronze bearing will run at a pre
scribed eccentricity if supplied with sufficient lubri
cant. If the rate of flow to the bearing is reduced, 
the journal will move to a new, more eccentric posi
tion within the bearing because of insufficient fluid. 
Experiments have determined that fluid-film lubri
cation is not possible below a definite minimum 
lubricant flow rate. 1 The journal will begin to touch 
the bearing at the point of closest approach, and 
bearing friction will increase markedly if lubricant 
flow is below this minimum value. 

Minimum flow required for full-film lubrication, 
Q', can be determined approximately with the fol 
lowing equations: 

Q' = 29.3 x 10-9 ( L + 0.0043 ~ ) mD2 N, gpm (lOa) 

Q' = 3.32 x 10-3 ( L + 0.0043 ~ ) mD2 N, 

drops per min (I Ob) 

1 cu cm = 30 drops 

Needless to say, supplying just the barest minimum 
of flow to the bearing to sustain full -film lubrica
tion, especially in a new bearing which has had no 
"wearing in," is extremely dangerous practice. How
ever, Q' can be used as a guide to determine what 
value the flow may be allowed to approach and still 
maintain the benefits of full-film lubrication. 

~ Oil-Film Temperature 

To determine lubricant viscosity and, in turn, 
bearing characteristic number, oil film temperature 
T 2 had to be assumed. Since means for calculating 
bearing length, frictional power, and flow through 
the bearing have been presented, temperature rise 
of the lubricant as it passes through the bearing 
can now be computed. A portion of the heat gen
erated in the bearing is transmitted to the flowing 
lubricant, and some of the heat is also dissipated 
through the wall of the bearing to the ambient at
mosphere. Of the many types of sleeve bearing ma
terials available, solid cast bronze offers the best 
heat-dissipating qualities. 

Self-Contained Bearing System: A self-contained 
bearing is one which requires no oiI.-circulating or 
cooling system. In this type of bearing practically 
all the heat is removed by conduction, convection, ,.. 

•References are tabulated In Bibliogra phy. 

Table 1-Ventilation and Lubrication Factors 

Ambient 
Air 

Condition 

Quiet Air 
Moving Air 

(500 fpm ) 

Ventilation ---Lubrication Factor, s---
Factor, Oil-Bath Oil-Ring Waste-Pack 

K 1 Lubrication Lubrication Lubrication 

6 
16 

0.20 
0.63 

0.90 
1.30 

1.60 
4.4 

and radiation to the surrounding atmosphere. Self
contained bearings are the conventional pillow
block and pedestal type found on most motors, gen
erators, turbines, pumps, and similar equipment. 
Such bearings reach thermal equilibrium l to 3 hr 
after starting. Thereafter, radiation and convection 
from the bearing housing is sufficient to dissipate 
all the heat generated by friction in the bearing. 

If the particular bearing is operating at high 
speeds and heavy loads, equilibrium may be reached 
at a high level of temperature-perhaps higher than 
200 F. Temperatures in this range may not be ac
ceptable for industrial use because some lubricants 
undergo a rather rapid deterioration which results 
in the formation of harmful acids. Therefore, the 
limit of acceptable equilibrium film temperatures 
for the usual industrial application range from 160 
to 180 F. Operation beyond these temperatures 
usually requires auxiliary cooling such as a cooling 
coil in the oil sump. In this case, some of the heat 
is then removed directly from the oil itself. 

Cast-bronze bearings can be effectively applied 
at elevated temperatures with the use of proper 
high-temperature lubricants. However, discussion in 
this Manual is concerned with bronze bearing oper
ation at less than 200 F. 

In a self-contained bearing system the assumption 
that all frictional heat generated within the bearing 
must be dissipated to the ambient atmosphere per
mits the resulting temperature difference to be ex
pressed as2 

(s + I)PF 
T 2 - T4 = -------

15 x 10-s DLK1 
(I I) 

Values for s and K1 are simplifications of data in 
Fuller's text and may be obtained from Table l. 

The value of T 2 can be determined from Equation 
11 and compared with the assumed value used 
earlier to calculate the bearing characteristic num
ber. In all likelihood they will not agree exactly. 
Hence, another assumption of T 2 is made and the 
entire process repeated. Another value of T2 is cal
culated and is again compared with the assumed 
value. This process is continued until reasonable 
agreement is obtained between 'the assumed value 
of T 2 and the calculated value of T2. The actual 
process will be illustrated in the sample problem 
which follows later. 

Forced-Feed Lubricating System: In bearings sup
plied with copious amounts of relatively cool lubri
cant, most of the heat of friction enters the oil and 
is thus removed from the bearing. Usually, the oil 
is returned to a sump where it is cooled before re
entering the bearing. 

If the assumption is made that all heat generated 
by friction within the bearing is removed by the 
lubricant and that side-leakage flow through the 
bearing is as determined by Equation 9, then tem
perature rise of the lubricant can be expressed as 

42.4 PF 
T2 - T1 = Q 

, Yep 
(12) 

If oil inlet temperature T 1 is known, T 2 can readily 



be determined from Equation 12 and compared with 
the assumed value of T2 used to determine the bear
ing characteristic number. Reasonable agreement in
dicates a solution has been found. Otherwise, the 
process, based on a new assumed value for T2, is 
repeated until agreement between assumed and cal
culated values of T 2 is obtained. 

Combined Heat Loss: For those cases where heat 
is removed not only by the oil but also by con
duction through the bearing, lubricant film tem
perature can be determined by the following equa
tion, which is a combination of Equations 11 and 12: 

PF + ( 
15 X l0-6 K1 

) (DL)T4 + ( :~~ ) Ti 
s + 1 

T2 = 
15 X 10-6 K1 ( ) (DL) + ( YcpQ ) 

s +I 42.4 

degrees Rankine (13) 

Since this equation does not deal with temperature 
differences, absolute temperatures in degrees Rankine 
(degrees F plus 460) must be used for Ti. T2, and 
r •. 

Once again, if T2 as computed from Equation 13 
is different than the assumed value, a new assump
tion for T2 is made and all the calculations repeated 
until agreement is reached. Equation 13 should be 
used when there is any doubt concerning the dis
tribution of heat losses. 

~ Simplified Design Method 
To make the computational work required for 

actual bearing design more systematic, Table 2 is 
presented in three parts. Necessary entries and com
putations are indicated, and space is provided for 
given or determined values. Part A lists data needed 
to design the bearing. This information is usually 
given or known. Part B provides for preliminary 
calculations that reduce the number of terms in
volved and simplify final computations. Values for 
all symbols used are obtained from Part A. Part C 
is a step-by-step process for final calculations which 
determine a temperature balance. Results obtained 
from Step l 0 indicate whether or not the bearing 
design is satisfactory, and if not, what adjustment 
is necessary before again proceeding through the ten 
steps. 

~ Heavily loaded Bronze Bearings 
A heavily loaded bronze bearing operating under 

full-film lubrication will have a high eccentricity 
ratio. Hence, resulting minimum film thickness h0 

will be extremely small. The heavily loaded, or rela
tively slow-speed, region of operation is indicated as 
the extreme upper right portion of Fig. 13. 

Theoretically, a bronze bearing will carry an in
finitely large load before the journal touches the 
bearing. However, the actual maximum load that 
a sleeve bearing can support is far short of infinite 

because of such things as surface roughness, journal 
deflection, bearing distortion, and out-of-roundness. 
Recommended maximum allowable eccentricity ratios 
for heavily loaded bronze bearings of various L/D 
ratios are shown on Fig. 13. If these values are ex
ceeded, the journal may rupture the film of lubri
cant and touch the bearing. 

When such contact does occur, friction within the 
bearing increases very markedly. Frictional increases 
of 1000 per cent are not uncommon for slight in
creases in load, or decreases in speed, in the transi
tion from full-film to mixed-film lubrication. The 
increased friction generates more heat, which re
duces lubricant viscosity, which promotes more met
al-to-metal contact, which causes more friction, and 
the cycle is repeated again and again. If overload
ing is not too severe, this vicious cycle will continue 
until the bearing "wears-in" and some temperature 
equilibrium condition is established in the sleeve 
bearing. 

On the other hand, operation of the bearing under 
severe overload can lead to rapid temperature rises, 
accelerated wear, and early failure. Thus, if a sleeve 
bearing is to be subjected to unavoidable overloading, 
the overloads should be of short duration and should 
occur no oftener than absolutely necessary. Also, 
if possible, the bearing should be well worn-in before 
being overloaded. The beneficial effects of wearing
in result from smoothing microscopic high spots. 

If continuous operation is desired at speeds and 
steady loads requiring a bearing characteristic num
ber greater than 0.50, full-film hydrodynamic opera
tion should be abandoned in favor of hydrostatic 
lubrication. This method of lubrication is discussed 
later. 

Reviewing briefly, operation beyond the maximum 
eccentricity ratios shown in Fig. 13 is to be avoided 
if at '"all possible. Occasionally, the bearing may be 
subjected to overloads that are not too severe and of 
short duration. For this type of service the bearing 
should be carefully worn-in before being overloaded. 
In any case, a maximum allowable bearing char
acteristic number is approximately 0.50 for steady 
(nonshock) loading. 

~ Shock-loaded Bronze Bearings 
In many applications, bronze sleeve bearings un

der full-film lubrication are subjected to pulsating 
or reciprocating loads. Because of high pressure and 
lack of continuous sliding or rotation, oil-film break
down and severe wear should theoretically occur 
if the bearing characteristic number is used as a 
criterion. Strangely enough, bronze bearings proper
ly designed for applications of this type show no 
signs of wear. Crank-pin and piston-pin bearings 
are examples of heavily loaded, slow-speed bronze 
bearings having varying loads. Relative motion in 
such bearings is zero at periodic intervals, but never
theless, an oil film is maintained between bearing 
surfaces. 

This load-carrying phenomenon can be explained I 
by the fact that a viscous lubricant cannot be in
stantaneously squeezed out from between two sur-
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7. e (Fig . 12), deg 
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J--ubricated Bronze Bearings 

~ Preliminary Steps 
Part A: Fill in values dictated by the 

problem. 
Select m from Fig. 6 through IO for 

the specified class of machinery and op
erating speed. 

Obtain Ki and s from Table 1. 
Values of Y and Cp should be known. 

Average values for normal petroleum lu
bricants are y = 7.S lb/gal and cp = 
0.48 Btu/lb-deg F. 

Part B: Make calculations indicated, ob
taining necessary values from Part A, 
and record the answers. 

~ Final Calculations 
Step 1. Choose a suitable value for 

T2. Temperature T2 should not be so 
high as to weaken the bearing material 
or damage the lubricant. 

Step 2. Determine Z for assumed tem
perature T2. 

Step 3. Calculate A by dividing factor 
ki from Part B by Z from Step 2. 

Step 4. Obtain L/D ratio from Fig. 13 
using the curve for recommended operat
ing eccentricity ratio and the value of A 
in Step 3. Then, calculate L by multiply
ing the L/D ratio times D from Part A. 

Step S. Obtain e from Fig. 13 for value 
of A in Step 3 and the curve for recom
mended operating eccentricity ratio. 

Step 6. Solve Equation 7 for ho using 
C from Part A and e from Step S. 

Step 7. Obtain angle 8 from Fig. 12 for 
e of Step S and the LID ratio obtained 
for Step 4. 

Step 8. Obtain kt from Fig. lS for value 
of A in Step 3 and the L/D ratio ob
tained for Step 4. Then, calculate Pr 
by multiplying kt times factor k2 from 
Part B. 

Step 9. Obtain kq from Fig. 17 for 
value of A in Step 3 and the L/ D ratio 
obtained for Step 4. Then, calculate Q 
by multiplying kq times factor ks from 
Part B. 

Step IO. Calculate T2 with the formula 
in the table. Use factors k4 and ks from 
Part B, temferatures Ti and T2 from Part 
A, frictiona horsepower Pr from Step 8, 
and oil-flow rate Q from Step 9. If the 
value of T2 calculated in Step IO does 
not agree with the assumed value in 
Step l, another value is assumed for 
T2 and the process in Part C repeated 
until agreement is obtained. 

~ Numerical Example 
Design a cast-bronze sleeve bearing for 

a precision spindle operating with full
film lubrication. A well-ventilated, oil
bath lubricating system with SAE 20 mo
tor oil is to be used. 

Known values for the Design Sheet, 
Part A, are: W = SOO lb; N = 1000 
rpm; D = l.S in.; m = 1.025 from Fig. 
6; Ti = 130 F = S90 Rankine; T4 = 
100 F = S60 Rankine; C = 0.8 X lo-s 
in.; Ki = 16 from T able l; s = 0.63 
from Table l; y = 7.S lb per gal; cp = 

0.48 Btu/ lb-deg F; Wm = 2 lb. 
Calculations for Part B are: ki 

(l.025)2(SOO)/(l.S) 2(1000) = 0234; k2 = 
1.025 (LS) (1000) (SOO) oo-5i = o.768; 
ks = 1.025 (l.S)S(lOOQ) (IQ- ) = 3.46 X 
10-s; k4 = lS X 10-6 (16)/(0.63 + l) 
= 0.147 X IO-s; ks = 7.S (0.48)/42.4 = 
0.08S. 

Values for the complete design are tabu
lated for Part C. 

Explanation: First entry for Step 1 in 
the table for Part C is an assumed value 
for T2. Since the bearing will be oil
bath lubricated, a reasonable tempera
ture rise would be IO F, or T2 = Ti + 
IO = 140 F, or T2 = 600 Rankine. 

First entry for Step 2 is obtained from 
the manufacturer of the SAE 20 oil for 
T 2 in Step 1. A later article illustrates 
how Z can also be determined if complete 
lubricant information is not available 
from the manufacturer. 

First entry for Step 3 is 0.234/25 = 
0.0094. 

For Step 4, the LID ratio is obtained 
from Fig. 13 for the value of A in Step 
3 and the curve for recommended operat
ing eccentricity ratio. This LID value 
is noted in the table. Length is then 
0.7 (l.S) = I.OS. 

First entry for Step S is obtained from 
Fig. 13 for the value of A in Step 3 and 
the curve for recommended operating ec
centricity ratio. 

First entry for Step 6, calculated from 
Equation 7, is 0.8 X I0-3 (1 :--- 0.62) = 
0.304 X lo-s. This is an acceptable mini
mum film thickness. 

First entry for Step 7 is obtained from 
Fig. 12 for the LID ratio noted in Step 
4 and the value of e in Step S. 

For Step 8, kt is obtained from Fig. IS 
for the value of A in Step 3 and the 
LI D ratio noted in Step 4. Frictional 
horsepower is then 0.036 (0.768) 
0.0276. 

For Step 9, kq is obtained from Fig. 
17 for the value of A in Step 3 and the 
LI D ratio noted in Step 4. Oil-flow rate 
is then 2.60 (3.46 X 10-s) = 9.00 X 
10-3. 

Step First 
No. Assumption 

1. T2 600 
2. z 25 
3. A 0.0094 

(LI D= 0.7) 
4. L I.OS 
s. 0.62 
6. ho 0.304 X 10-s 
7. 8 48 
8. Pr 0.0276 
9. Q 9.00 X 10-s 

10. T2 611 

First entry for Step IO, calculated from 
the equation in Part C, Table 2 is (0.0276 
+ 0.147 x 10-3 x I.OS x l.S X S60 + 
0.08S x 9.00 x 10-s x S90) I (0.147 x 
10-a x LOS x 1.S + 0.08S x 9.00 X 
10·3 ) = 611. 

Since this value for T 2 does not agree 
with the assumed value of Step 1, a new 
assumption must be made. The second 
assumption, T 2 = 606 Rankine, is entered 
for Step 1. Proceeding through the cal
culations as just described gives a cal
cularcd value of 608 Rankine for Step 10. 
A third assumption is made and the cal
culated value of 607 Rankine matches the 
assumed value of T2. Hence, the third 
cycle represents a solution, and the re
sults obtained for the other values are 
valid. 

Bearing bore diameter Ds will be 
D + 2C = 1.S + 2 (0.8 X 10-3) 

l.SOl6 in. 
Center of the operating journal, from 

Equation 6, will be distance e from center 
of the bearing: e = 0.61 (0.8 X 10-s) = 
0.488 X 10-s in. 

Theoretical oil-flow rate that will sup
port the journal in its calculated position 
is 0.00934 g.p.m., or 1060 drops per min. 
Minimum oil-flow rate for full-film lubri
cation from Equation lOb, is Q' = 3.32 X 
10-s ( 1.20 + 0.0043 X SOO/ l.S) ( 1.025) 
(l.S)2(JOOO) = 20.2 drops per minute. 

Thus if the oil supply rate is reduced 
to app;oximately 20 drops_ per min., ~ull
film lubrication may sull be possible. 
However, the journal will nea~ly be touch
ing the bearing, and T 2 will be much 
larger than the assumed value of 6~7 
Rankine because, in this problem, lubn
cant is used to remove most of the fric
tional heat generated within the bearing. 
As oil flow decreases, the bearing runs hot
ter. Increased operating temperatures will 
decrease the absolute viscosity of the lu
bricant, which, in tum, will cause the 
journal to operate eccentrically. Like
wise, if oil-flow is reduced to a low. rate, 
sufficient lubricant may not be ava1lable 
within the bearing to fill the clearance 
volume. Hence, the journal must operate 
more eccentrically. 

Second Third 
Assumption Assumption 

606 607 
22 21 

0.0106 O.Olll4 
(LI D= 0.77) (LID= 0.80) 

l.ISS 1.20 
0.61 0.60 

0.312 X 10-s o.32 x lo-s 
49 so 

0.02611 0.02534 
9.20 X IO-s 9.34 X 10-s 

608 607 
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faces that are approaching each other. Time is re
quired for the load to force these sarfaces to meet. 
During that interval, a pressure is developed because 
the lubricant resists extrusion, and the load is ac
tually supported by the oil film. Thus, if the load 
is of short enough duration, such as a shock load 
or· a rotating load, the two surfaces will not meet 
before the load is removed. When the load is re
moved or reversed, the oil film can often recover 
its thickness in time for the next load application 
if the bearing is designed to permit and assist this 
buildup. However, indiscriminate location of oil 
holes, oil grooves, and reliefs may interfere with 
restoration of the oil film and thus destroy the ma
jor portion of the load-carrying capacity of the bear
ing. 

The name used to describe this type of lubrication 
is "squeeze film." Requirements for successful 
squeeze-film lubrication are: 

l. Copious amounts of lubricant with sufficient viscosity 
to resist being squeezed out of the clearance space. 

2. Short duration of shock loads to avoid metal-to-metal 
contact. A reciprocating load or rotating load fulfills 
this requirement. 

3. Absence of oil grooves or holes in the load-carrying 
region to avoid reducing the squeeze-film pressure de
veloped. 

4. Bearing materials which readily conform to shock 
loads without deforming, thus distributing load and 
squeeze film over a greater area. Cast bronze is an 
ideal material for this type of application. 

Development of a squeeze film does not depend 
on rotational speed, and hence squeeze films may 
be used to good advantage when there is no rela
tive sliding velocity. 

Design of a bronze bearing which requires squeeze
film lubrication, because of slow (or zero) relative 
speed or extremely large loads, can be attempted if 
magnitude of load W, and its duration, Llt, are 
known. Both these quantities are assumed to be con
stant. If load varies, as it would for a rotating load, 
some average load magnitude and time must be 
determined. With duration and magnitude of load 
known, the required length of bronze bearing may 
be determined with 

('1t)m2 W, 
L=-----

k,DZ 
(14) 

Shock-load factor k, depends upon lubricant film 
thickness both before and at the end of the shock 
load. Fig. 19 shows values for k, as determined by 
journal eccentricity ratio before the shock load, e0 , 

and journal eccentricity ratio at the end of the 
shock load, e1• Use of Fig. 19 is illustrated for a 
journal that operates with an initial eccentricity 
ratio of e0 = 0 and is required to have an eccen
tricity ratio of 0.60 at the end of the shock load. 
Enter the graph along the bottom at e1 = 0.60 and 
move up until curve e0 = 0 is intersected. Then move 
horizontally to the k, scale and read l.43. With 
k, and the magnitude and duration of shock load 
known, the required length of bearing can be com-

puted using Equation 14. 
Curves in Fig. 19 can also indicate whether or not 

a given bearing will carry a given shock load. 

EXAMPLE: A bronze bearing with l in. diam, 1 in. length, 
and m = 1.0 operates at a speed of 1000 rpm with a steady 
load of 100 lb and a lubricant viscosity of Z = 10 centi
poise. Determine lubricant film thickness at the end of a 
shock load of 500 lb applied in addition to the steady load 
for 0.05 second. 

First, calculate the bearing characteristic number: 

(1) 2 (100) 
A= = 0.01 

(1)2(10) (1000) 

From Fig. 13, for LI D = 1.0, e has a value of 0.42. Let 
this value be •o. Then, using Equation 14, 

('1t)m2 W, 
k =----, DLZ 

(0.05) (1) 2(500) 
-----=2.5 

lXlXlO 

Enter Fig. 19 at k, = 2.5 and move horizontally to an 
interpolated curve for •o = 0.42. Then, directly below on 
the •1 scale, read •1 = 0.83. Therefore, minimum film 
thickness will be 

h. = 0.5 x 10-so - 0.83) = 0.000085 

This is an acceptable value for minimum film under shock 
loading. 

Some error is introduced when short bearings with 
a small L/D ratio are considered because the as
sumption was made in the derivation of k, that lubri
cant does not flow in the axial direction. However, 
shock load factors in Fig. 19 can be used with 
reasonable accuracy for bronze bearings having L/D 
ratios as low as 0.5. 

~ Lightly loaded, High-Speed Bearings 

An unstable condition sometimes experienced by 
lightly loaded, high-speed bronze sleeve bearing~ 
is known as "half-frequency whirl." This phenome
non is very serious and troublesome, especially with 
vertical guide bearings, and results from instability 
of the oil film. Half-frequency whirl occurs when 
the shaft starts to whirl around in the clearance 
space. If the condition becomes serious enough, shaft 
and bearing may destroy themselves. This type of 
whirl is defined as a condition in which the center 
of the journal rotates or orbits about the center 
of the bearing at a frequency equal to approximate
ly one-half the rotational or spin speed of the shaft. 

Where speed of the shaft is less than the first 
critical speed, half-frequency whirl will begin to oc
cur at a shaft speed determined approximately by 

[ 
DNZ J'h 

Ne = kc X 103 -
3
--

m Wm 
(15) 

Whirl-speed factor kc is obtained from Fig. 20. En
ter the chart at the bottom for the proper value of 
bearing characteristic number, proceed upward to 
the desired curve of L/D, and then move horizontally 
to read the value of k0 on the vertical scale. 

If the computed value of N. is greater than the 
contemplated operating speed, the journal will not 
suffer from half-frequency whirl. However, if N 0 

is less than the desired operating speed, the journal 
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• Fig. 19-Shock-load fanors at 
various initial and final eccen
tricity ratios for 180 and 360-
deg bronze bearings. 

Fig. 20-Whirl-speed fanors for ~ 
:\60-deg full -film lubricated 
bronze bearings having various 
LI D ratios. 

Eccentric ity Ratio at End of Shock Load, e1 
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will begin to whirl when the spin speed is approxi
Jl).ately equal to N c· Further increase in speed beyond 
Ne will cause the journal to whirl more severely 
with the result that stable operation at desired op
erating speed N will not be obtainable. If such is 
the case, the bearing will have to be redesigned and 
re-evaluated until N c is sufficiently above the oper
ating range. In general, if the shaded region in the 
lower left corner of Fig. 13 is avoided, the bearing 
should not be susceptible to half-frequency whirl. 

Cast bronze bearings can readily be applied to 
high-speed applications. Properly designed, they are 
as efficient as, and in some cases more efficient than, 
other types of bearings. 

~ Hydrostatic lubrication 

The method of lubrication discussed up to this 
point has dealt with hydrodynamically lubricated 
bearings. In hydrodynamic bearings the fluid pres
sure needed to support the load is generated within 
the bearing by relative motion of the bearing mem
bers. Load-carrying capacity therefore depends upon 
relative shaft speed. 

In applications where loads are high and speeds 
are low, hydrodynamic lubrication may be impos
sible. When this is true, and when full-fluid-film 
lubrication with no metal-to-metal contact is still 
desired, hydrostatic lubricating may be used. 

A hydrostatically lubricated bronze bearing re
ceives high-pressure lubricant from an external 
source. Lubricant is injected into a recess in the 
load zone of the bearing. Supply pressures required 
are usually far in excess of those normally used to 
supply lubricant to hydrodynamic bearings. Exter
nally supplied pressure is sufficient to "float" the 
shaft with respect to the bearing. A thick, fluid film 
therefore separates shaft from bearing even at zero 
speed. In many cases where high starting loads exist, 
the load is hydrostatically supported until the unit 
is up to speed. External pressure is then removed 
and the load is supported hydrodynamically. At 
other times when speeds are low, hydrostatic pres
sure is applied continuously. 

Usually, hydrodynamic bearings can depend on 
boundary and mixed-film lubrication for their start
ing periods, especially when loads are speed-de
pendent. If a bronze sleeve bearing is either very 
highly loaded at start-up or does not have sufficient 
speed to maintain full hydrodynamic film, high 
wear rates, high temperatures, and shortened bear
ing life may result. 

Determination of the performance of hydrostatic 
bearings is a specialized aspect of lubrication. Full 
coverage of hydrostatic lubrication is presently be
yond the scope of this Manual. However, many 
authors and investigators have done work in the 
field of hydrostatic bearings. Fuller2 covers hydro
static lubrication quite thoroughly. Loeb4 determines 
characteristics of hydrostatic bearings by using an 
electric analog approach. Loeb and Rippel5 describe 
methods for determining optimum proportions for 
bearings of this type. 

High pressure 
lubricant in 
(4 locations) 

~~-::.----

Journo 

Fig. 21-Typical hydrostatic bronze bearing. 

Some very distinct advantages that hydrostatic 
bronze bearings have over bearings of other types 
are: 

1. High load-carrying capacity at low speed. 

2. Extremely low running friction. 

3. Zero starting friction (at zero speed). 

4. High stiffness. 

5. High reliability. 

6. Predictable load-carrying capacity. 

7. Almost infinite life. 

Coefficients of friction much lower than the 0.001 
of hydrodynamic and rolling-element bearings are 
possible with hydrostatic lubrication. 

A typical hydrostatic bronze bearing with several 
high-pressure recesses is shown in Fig. 21. Lubri
cant under pressure is pumped into the bearing 
recesses and flows out across the fitted area of the 
bearing. All hydrostatic bearings may be analyzed 
by using two equations which relate load-carrying 
capacity, recess pressure, film thickness, viscosity, 
and flow. However, these equations contain constants 
which must be evaluated for each bearing size and 
configuration. 

Hydrostatic bearings have been applied with a 
great deal of success in rolling mills, machine tools, 
radio telescopes, optical telescopes, and other heavily 
loaded, slow-moving equipment. However, specialized 
techniques, which include thorough knowledge of 
hydraulic components accompanying the bearing 
package are required. The designer is cautioned 
against pursuing the design of bearings of this type 
without a full knowledge of all aspects of the 
problem. 



CHAPTER 3 

Complete 

Boundary Lubrication 

SINCE actual lubrication in boundary-lubricated 
sleeve bearings is practically nil, "boundary 
friction" might be a better name for this sec

tion. However, little as it ·may be, some lubrica
tion is essential for the successful operation of a 
boundary-lubricated bearing. Before such a bear
ing can be designed, some understanding of the 
mechanism of boundary friction and lubrication 
must be gained. 

Discussion which follows applies only to "bound
ary" friction, or the rubbing together of two sur
faces without either a complete or a partial inter
vening oil film. This type of lubrication exists in 
one form or another in almost every kind of bear
ing. Even in well-designed and lubricated full-film 
bearings, some boundary friction must occur when 
starting and stopping. 

Greases are very frequently used as boundary lu
bricants. Hence, the following discussion applies 
equally well to grease-lubricated sleeve bearings. 
Even though greases have a considerably higher vis
cosity than mineral oils, they do not allow a full 
film of lubricant to separate the journal from the 
bearing because the grease, too, is eventually forced 
from between the moving surfaces, and boundary 
friction will occur before reapplication of the grease. 

~ Mechanism of Boundary Friction 

Successful boundary lubrication of sleeve bearings 
requires the use of a suitable lubricant with proper 
journal and bearing materials. The correct com
bination will produce one or both of these effects: 
1. A strong affinity for metal surfaces such that 
those molecules adjacent to the metal hold their 
position and greatly resist being displaced. 2. Forma
tion of a soap film that is bound to the metal sur
faces by the chemical reaction which occurs between 
lubricant and bearing and journal metals. 

Fatty-Acid Lubricating Agents: Animal, vegetable, 
and marine fats and oils are superior to plain min
eral oil as boundary lubricants. The ingredient 
common to all good boundary lubricants is some 
kind of fatty acid which occurs in chemical com
bination with glycerine or other high-molecular
weight alcohol. These fatty acids are often called 
"oiliness" agents. The three most important fatty 
acids used to enhance boundary-lubricating ability 
of lubricants are: 

1. Stearic acid, as contained in lard oil and beef and 
mutton tallow. 

2. Palmitic acid, a principal ingredient of cottonseed 
oil, palm oil, and animal and mari11e oils. 

3. Oleic acid, which is found in high percentages in 
almost all animal and vegetable oils. 

When a small amount of one of these fatty acids 
is added to mineral oils, boundary-lubrication fric
tion values decrease very markedly. Hence, if the 
bearing is to operate under conditions of complete 
boundary lubrication using oil, a fatty-acid type 
additive should be specified for the oil. If a grease 
is to be used, no fatty acid need be specified be-

!\oml'nclaturl' 

D = Journal diam<>tcr, in. 
(11 = Codfidcnt of frktinn for tomplete boundary luhrl-

1·ntio11 
L = B1•arinl( length, in. 

L..,.,f = Maximum bearing length for complete boundary 
lubrication, in. 

N = Rotational speed of journal, rpm 
Pu = Frktional horsepower generated within complete 

houndary lubricated bearing, hp 
T2 = Lubrkant film temperature for full-film lubrication, 

or hearing bore temperature for mixed-film and 
boundary lubrication, F 

T~ = Ambient atmosphere temperature, F 
W = Steady load to be supported, lb 
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cause ~r~ases normally contain fatty acids in their 
composition. 

The action of a fatty acid in reducing friction 
under boundary conditions is generally attributed 
to molecular adherence. The fatty acid adheres to 
th~ metal surface with sufficient strength to resist 
bemg tom off when the rubbing surfaces slide over 
each other. A simplified explanation is that the 
fatty-acid molecules orient themselves on the metal 
surface such that they all stand up like the pile of 
~ carpet, Fig. 22. The molecular layers actually 
isolate the two metal surfaces and friction which 
woul~ be high in the absence of lubricant,' is sub
stantially reduced. 

Present research indicates that a chemical reac
tion occurs between the fatty acid and the metal 
involved. Product of this reaction is a soap film 
that is chemically bound to the metal surface. Thus, 
a fatty acid is most effective as a friction reducer 
when the nature of the metal permits a chemical 
reaction. Bronze is classed as a reactive material 
and readily combines with fatty acids to produce 
low-shear-strength metallic soaps. 

When a fatty acid is used with a reactive metal 
breakdown of t.he extremely thin lubricating fib~ 
does not occur at the melting temperature of the 
fatty acid but at a considerably higher temperature. 
Actual breakdown temperature depends on the na
ture of the metal and on the load and speed of 
sliding. It corresponds approximately to the stage 
at which the metallic soap film softens or melts. 
When breakdown temperature is reached, the fatty 
acid loses its boundary-lubricating properties, and 
the coefficient of friction increases, as indicated by 
the "fatty acid" curve in Fig. 23. Breakdown tem
perature, of course, depends upon the particular 
metallic soap formed by the reaction of fatty acid 
and bearing metal. 

Rapid transition to the no-lubricating-film condi
tion at breakdown is not desirable, since a tem
perature variation of only a few degrees could 
seriously affect performance of the bearing. Hence, 
when a boundary-lubricated sleeve bearing is ex
pected to operate at elevated temperature or at 
high speed with high load, probable breakdown 
temperature of the metallic soap must be considered. 
The best source for this sort of information, once 

the particular lubricant and bronze bearing ma
terial are known, is the lubricant manufacturer. 
After returning to operating temperatures below 
the transition temperature, the fatty acid regains 
its boundary lubricating qualities. 

Extreme-Pressure Lubricants: As has been stated, 
when bearing loads, speeds, and ambient tempera
ture conditions combine to give surface temperatures 
ranging from 250 to 300 F, fatty acids and their 
products undergo thermal decomposition with a re
sulting increase in friction and surface damage. 
Therefore, under such conditions, some new kind 
of low-shear-strength film that is more stable must 
be formed. 

The need for a suitable lubricant for high-speed 
hypoid gears led to the development of a class of 
lubricants containing extreme-pressure additives. 
These additives are called extreme-pressure lubri
cants, or just EP lubricants. Active chemicals that 
have proved to be effective in forming an organic 
film of low shear strength on the metal bearing 
surfaces are chlorine (chlorinated esters, etc.), sul
fur ( sulfurized lard oil, etc.), and phosphorus ( tri
cresyl phosphate, etc.). In general, compounds 
containing these elements are used as additives to 
form, through reaction with metal surfaces, chlorides, 
sulfides, and phosphides. Such surfaces have rela
tively low shear strength so that rubbing between 
contacting surfaces occurs in the low-shear-strength 
surface film and thus protects the base metal. The 
surface films also have a relatively high melting 
point (iron sulfide, 2150 F; iron chloride, 1200 F) 
and will remain on the rubbing surfaces even at 
high contact temperatures. 

However, if surface temperatures are below a 
200 to 350 F range, the reaction of extreme-pressure 
additives with metal surfaces does not take place 
very rapidly. Consequently, as indicated in Fig. 23, 
until some temperature favorable to promoting the 
reaction is attained, these substances may prove rel
atively ineffective as boundary lubricants. For this 
reason, a small quantity of fatty acid is often in
cluded in the lubricant to provide effective lubrica
tion at temperatures below the reaction temperature 
of the chemical additive. Friction characteristics of 

Fig. 22-Fatty-acid lubri
cant molecules adhering 
to bearing and journal 
surface. 



l'ig. 23-Variation of coeffi
cients of friction with tempera
ture for several lubricants un
der complete boundary-lubrica
tion conditions. (After Bow
den.) 

this "ideal" lubricant and characteristics for normal 
paraffin oil are also shown in Fig. 23. 

The curve in Fig. 23 for a fatty acid is typical. 
The acid reacts with the metal surface to form a 
m.et~llic . soap. At the melting point of the soap, 
friction mcreases. The EP additive in a lubricant 
reacts slowly below some critical temperature, T 0 , 

so that up to this temperature, lubrication is poor. 
Above this temperature, a protective, low-shear
strength, high-melting-temperature film is formed 
and effective boundary lubrication is provided u~ 
to a very high temperature. The lowest curve is 
an idealized result when some fat.ty acid is added 
to an EP lubricant. Good boundary lubrication is 
provided by the fatty acid below Tc. Above Tc, 
the effectiveness of boundary lubrication is attri
buted chiefly to the EP additive. 

Care should be exercised in the type of extreme
pressure compound selected. If reaction rate be
tween lubricant additive and metal surface is too 
rapid, more harm than good may result. Continuous 
fast-reaction rates will lead to chemical corrosion. 
Hence, the EP additive selected should give rise to 
chemical reaction only at temperatures or pressures 
where welding and tearing of bearing surfaces be
comes so imminent that high wear and subsequent 
~eizure are likely to result. 

As a brief review, major facts of boundary friction 
'ind lubrication are: 

l. Unmodified mineral oils are not good boundary 
lubricants. 

2. Fatty acids are added to a lubricant to im
prove its boundary lubricating properties by: I. Ad
hering very strongly to the surfaces, thereby form
ing very thin films which reduce friction and pre
vent metal-to-metal contact. 2. Combining chemi
cally with the bearing materials to form low-shear
strength metallic soaps whose maximum operating 
temperature is governed by breakdown temperature 

of the metallic salt. 
3. Extreme-pressure additives are used to increase 

permissible surface temperatures for satisfactory 
boundary lubrication. Reaction rate should be con
trolled to prevent undue chemical corrosion. 

~ De~igning for Complete Boundary lubrication 
Since design of complete boundary lubricated 

bronze bearings follows the same lines as the design 
of mixed-film lubricated bronze bearings, complete 
discussion of the procedure will be presented in the 
next section, Mixed-Film Lubrication. 

Required lerigth for complete boundary lubricated 
sleeve bearings is determined from* 

fBNW 
Lmaz = ------

15.28(T2 - T,) 
(16) 

This equation yields satisfactory results where con
tinuous bearing operation under conditions of com
plete boundary lubrication at given temperature, 
load, and speed is required. If operation is inter
mittent with regard to load and speed, shorter 
bearing lengths than indicated by Equation 16 may 
be used. Also, since diameter of the bearing does 
not enter into Equation 16, some limit on allow
able L/ D ratio should be set. In general, L/D ratios 
larger than 4 to l should be avoided. 

Horsepower required to overcome friction in a 
complete boundary-lubricated sleeve bearing is ob
tained with* 

PB = 7.87 x 10-6 fBDNW (17) 

Clearance ratios for boundary-lubricated bronze 
bearings are similar to those used for full-film lubri
cated bronze bearings. 

•Derivation and correct application of Equations 16 and 17 are 
explained In Chapter 4. 
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'.\oml·ndaturl' 

A = Bearing characteristic number 
Ai, A2 = Areas of heat dissipation 

C = Radial clearance, in. 
D = Journal diameter, in. 
F = Bearing friction force, lb 
f' = Minimum coefficient of friction. for mixed-film 

lubrication 
f1J = f:<iefficient qf frlc~jon for complete boundary 

}~~r!catjpn 
fr ;: ~fficjent of. frlctjqn for f\-11!-fi!~ lubric!Hiop 
111 = @peffi~ient of f fic*m fQr !Ilixaj-fil~ Jub~ica

tion 
K', K" = Coefficients of heat transfer 

kL = Bearing length factor for ' mixed-film lubrica
tion 

k' L = Minimum bearing length factor for mixed-film 
lubrication 

ke, k1 = Simplifying factors 
ke, ke, ~io =: Factors l!St!d in T~q)e 3 
· L = Bearing length, in. 

/..maz = Maximu~ bearing. jength fqr complete bound~ 
- ' ary lubrication, in. 
L111 1l! = ~inimum b~!!rin~ Jeng~h for fluif!-film lubri

cation, in. 
m := Clearance factor 

= !000(2C) / D 
N = Rotational speed of journal, rpm 

PM = Frictional horsepower generated within mixed
film lubricated bearing, hp 

p = Projected area unit load, psi 
Q = Side-leakage oil flow, or oil-flow feed rate, gpm 

or drops per min 
Q' = Minimum oil flow required for full-film lubri

cation, gpm or drops per min 
Cr min = Minimum oil flow required for full-film lubri

cJtion when bearing length is Lmin, gpm or 
drops per min 

T2 = Lubricant film temperature for full-film lubri
cation, or bearing bore temperature for mb:ed
film and boundary lubrication, F 

Ts = Surface temperature of bearing housing, F 
T4 = Ambient atmosphere temperature, F 
V = Shaft surface velocity, fpm 

W = Steady load to be supportep, lb 
Ws = Load supported by lubricant film under com

plete boundary lubricating conditions, lb 
w,. = Load supported by lubricant film under full 

film lubricating conditions, lb 
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T HOUSANDS of bronze sleeve bearings oper
ate under mixed-film conditions, either by in
tent or by chance. Lubrication by frequent 

hand oiling, mechanical feed, wick feed, waste pack, 
or drop feed usually results in mixed-film operation. 
Bearings operate under mixed-film conditions be
cause: 1. Load is too large. 2. Speed is too low. 3. 
Viscosity is too low. 4. Lubricant is restrained. 

The first three reasons result in a large value 
for bearing characteristic number, A. For the fourth 
r~ason, rate of lubricant application is below mini
mum requirements, c;ir Q < Q'. 

~ Mechanism of Mixed Friction 

In a bronze sleeve bearing operating under con
ditions of mixed-film lubrication, part of the total 
load carried by the bearing is supported on a bound
ary film in the areas of closest approach between 
journal and bearing. The remaining portion of the 
load is supported by hydrodynamic pressure de
veloped in the oil-filled, depressed regions of ap
parent contact area. Hence, total friction encoun
tered when operating under conditions of mixed
film lubrication depends upon the coefficient of 
friction for boundary friction, f s, and the coefficient 
of friction for fluid friction, f F· 

As previously mentioned in the discussion of Fig. 
3, the value of fs ranges from 0.08 to 0.14 depend
ing upon the combination of lubricant and bearing 
materials. For the case of fluid friction, a safe as
sumption is that coefficient fF will be on the order 
of 0.002. Minimum coefficient of mixed friction, f', 
is approximately equal to 0.020, while the maximum 
coefficient of mixed friction approaches the coeffi
cient of boundary friction. When all the load is 
supported on a boundary film because of either 
lack of lubricant or slow speed, both of which pre
vent build-up of hydrodynamic pressure to support 
a portion of the load, boundary friction constitutes 
the total friction encountered. 

Based on the assumption that load is shared be
tween a boundary film and many partial fluid 
films, 

W = Ws + Wr 



CHAPTER 4 

Mixed-Film Lubrication 

Total friction force will then be total load times 
coefficient of mixed friction and is the sum of 
boundary friction and fluid friction forces, or, 

fMW = fsWs + fFWF 

By combining the two previous equations, the 
solution for coefficient of mixed-film lubrication 
becomes 

WB 
fM = fF + (fs - fF) - w (18) 

If all the load is carried on a boundary film, then 
W = W s, W B! W = I, and fM = fB· Conversely, 
if all the load is carried on a fluid film and there 
is no boundary friction, W B = 0 and f M = f F· Be
tween these two end conditions, ratio W B!W must 
be determined to evaluate f M· 

As discussed in Chapter 2, a minimum flow rate 
of lubricant, Q', must be supplied to a given sleeve 
bearing subjected to a given load and speed to per
mit it to operate hydrodynamically. If less than 
this minimum flow rate is supplied, some boundary 
friction will occur and an immediate increase in 
bearing friction will signify the onset of mixed-film 
conditions. As oil-feed rate is further reduced, the 
logical assumption is that ratio W n/ W will increase 
since less lubricant is available. Hence, an approxi
mate relationship between W B! W and oil-feed rate 
Q can be established. A suitable equation for this 
relationship is 

WB = 1 - (fB - f') ( QQ' )
2 

W (fB - fF) 
(19) 

If oil-feed rate is known, the coefficient of mixed 
friction can be obtained by substituting Equation 
19 into Equation 18, or, 

f.ll = f B - (fB - f') ( ~' r (20) 

Coefficient of boundary friction, f n, for steel jour
nals running on cast bronze ranges from 0.08 to 
0.14, depending upon the lubricant. An observed 
approximate value for f' is 0.020, which becomes 
the approximate coefficient of mixed friction when 
oil-feed rate Q equals minimum oil flow Q'. Equa
tion 1 Oa or I Ob is used to evaluate Q'. 

One important variable not included in the pre
ceding discussion is the effect of wearing-in of bear
ing members. If a sleeve bearing is given an oppor
tunity to wear-in, the necessary value of Q' will 
probably decrease. Hence, the preceding analysis is 
on the safe side in that predicted coefficients of fric
tion may be somewhat higher than actual values. 
Because this reduction in Q' cannot be evaluated, 
no attempt is made to include it in the equations. 

Coefficient of mixed friction is plotted against oil
fced ratio Q/ Q' for various values of coefficient of 
boundary friction in Fig. 24. Notice that the mini-
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Fig. 24-Coefficients of mixed friction for bronze 
bearings operating with mixed-film lubrication. 
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Table 3 - Design Sheet for Mixe 

Port 8-- Simplit1·ed 
Calculation 

NWA72- 74) 
0.0043W/D 

(3.32x 10-3 )mD2N 

Factors 

Value 

--

Part C-- Final Calculation Form 

1. kL (1tep5) 

2. L = kL k8 , in. 

3. L + k9 

4. ()~ = k10 x step 3, 
drops per min 

5. kL (Fig. 25)for 

()= __ drops per min 

Original 
Values 

kL = 0.00131 

L~;n = 0.00131 k8 

= 

/ 
()min=---

Values for First Values for Second 
Adjustment Adjustment 



J-ilm Lubricated Bronze Bearings 

~ Preliminary Steps 
Part A: Fill in values dictated by the 

problem. 
Select m from Fig. 6 through IO for the 

specified class of machinery and operat
ing speed. 

Choose a suitable value for T2. Tem
perature T2 should not be so high as to 
weaken the bearing material or damage 
the lubricant. For cast leaded bronze, 
T2 should never exceed 450 F if the lubri
cant can function properly at that tem
perature. 

Estimate a value for f s . 
Part B: Make calculations indicated, ob

taining necessary values from Part A, and 
record the answers. 

~ Final Calculations 
Step I. Use h = 0.00131 in first col

umn as indicated. Taken from Equation 
23, kL = fMl15.28. When Q = Q', 
kL = k' L = 0.00131 regardless of tTie 
value of fa. Factor kL is plotted in Fig. 
25. In second and subsequent columns, 
copy h from Step 5 of preceding column. 

Step 2. Calculate L' min in first column 
as indicated. In subsequent columns, cal
culate L. 

Step 3. Add the result of Step 2 and 
factor k9 from Part B. 

of h. Interpolate for curves Q' and fs 
when necessary. Record the value of kL. 

~ Numerical Example 
Determine the length of a cast-bronze 

sleeve bearing for a precision spindle of 
hardened, ground steel. Design for mixed
film lubrication. 

Known values for the Design Sheet, 
Part A, are: W = 1000 lb; N = 200 
rpm; D = 1 in.; m = 1.1 from Fig. 6; 
T2 = 250 F; T4 = 100 F; fs = 0.10 
estimated. 

Calculations for Part B are: ks 
200 (1000)1(250 - 100) = 1333; ks = 
0.0043 (1000)11 = 4.3; kio = 3.32 X 
10-s (1.1) (1)2(200) = 0.726. 

Values for the complete design are tabu
lated for Part C. 

Explanation: First entry for Step 1 In 
the table for Part C is given for k' L. First 
entry for Step 2 is 0.00131(1333) = 1.756. 
First entry for Step 3 is the rum of 1.756 
and 4.3. First entry for Step 4 is 0.726 
(6.056) = 4.4. 

Thus, if at least 4.4 droP.S of oil per 
minute are supplied to a bearlng approxi
mately 1 % in. long, satisfactory mixed
film operation should result. A flow rate 
less than 4.4 drops per min will result 
in more boundary friction and, hence, will 
require a greater bearing length. 

For a complete illustration of the de
sign procedure, suppose the flow rate can 
be no more than 3 drops per min. A 
new value of kL is obtained from Fig. 25: 
Enter the graph at Q = 3 and move 
horizontally to the location correspond
ing to 4.4 for Q' in Step 4. Move ver
tically to the curve for f B = 0.10. Then 
move horizontally to the left-hand side 
of the graph and read h = 0.0040. This 
value is entered for Step 5 and also as 
the second entry for Step I. 

Step Original First 

The process is then repeated using the 
new value of h. The new value for 
L is 0.0040 (1333) = 5.332. For Step 3, 
5.332 + 4.3 = 9.632, and for Step 4, 
Q' = 0.726 (9.632) = 7.0 drops per min. 

Since the calculation process continues 
until no change occurs in two successive 
values of L, or, in effect, for kL, a new 
value for h is again taken from Fig. 25: 
Enter the graph at the desired value of 
Q = 3, move horizontally to Q' = 7.0, 
move vertically to fs = 0.10, and move 
horizontally to h = 0.0055. 

Because this last value of h does not 
equal the previously used value, 0.00401 
the third set of entries must be calculatl!cl 
using h = 0.0055. Thus, entties are made 
in columns for the Second, Third, and 
Fourth Adjustment. 

After the Second Adjustment Is com
pleted, h is 0.00585. The Third Adjust
ment gives h = 0.0059, which agrees 
very closely with the previous value of 
h. Value of L is also computed and is 
sufficiently close to the 7.79 value to in
dicate a solution. 

Thus, a sleeve bearing of I-In. di
ameter, supplied with lubricant at a rate 
of 3 drops per min, will give satisfactory 
mixed-film performance if its length is 
approximately 7.8 in. This length gives 
an LI D ratio of approximately 8, wnlch 
is entirely too large. Hence, every effort 
should be made to reduce the length by 
supplying more lubricant, namely, the 
4.4 drops per min. The shorter length is 
necessary if alignment difficulties are to 
be avoided. Ratios of LID greater than 
4.0 should be avoided. 

This example illustrates, ~uite dra
matically, the effect of "starving' the bear
ing-that is, supplying less lubricant than 
the minimum rate required to operate 
under full-film conditions. Needless to 
say, it is highly recommended that flow 
rate be at least equal to Q' min if at all 
possible. 

Second Third Fourth 

Step 4. Multiply the result of Step 3 
by factor k10 from Part B. Entry in first 
column equals Q' min, which, for the given 
conditions, will tend to reduce boundary 
friction to a minimum for a bearing of 
length L' min. If Q' min is acceptable and 
can be continuously supplied to the bear
ing, and if L' min is also acceptable, the 
design is completed. However, if bear
ing length is too long and will not fit 
the app1ication, either full-film, hydrody
namic lubrication must be used, if pos
sible, or bearing diameter must be varied. 
If oil-flow rate appears excessive, and if the 
LID ratio is small and space is available 
for increased bearing length, compute a 
new value for kL in Step 5. 

Step 5. Determine a new value of h 
from Fig. 25 if permitted by conditions 
listed in Step 4. First select an acceptable 
value for Q and record it. This oil-flow 
rate is used to determine all subsequent 
new values of h. Then, entering Fig. 
25 at the right-hand side for the selected 
value of Q, move hori20ntally left to the 
value of Q' obtained in Step. 4. From 
this point, move vertically to the value 
of fs estimated in Part A. Finally, move 
horizontally from the fs value to the 
left-hand scale to obtain the new valuP. 

No. Values Adjustment Adjustment Adjustment Adjustment 

1. kL k'L = 0.00131 0.0040 0.0055 0.00585 0.0059 

2. L L' min = 1.756 5.332 7.34 7.79 7.80 

3. L +kg 6.056 9.632 11.64 12.09 

4. Q' Q'mln = 4.4 7.0 8.16 8.76 

5. h 0.0040 0.0055 0.00585 0.0059 
Q = 3 
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mum value of fM for each value of fB equals 0.020 
when Q/Q' = I. At the extreme left-hand side of 
the graph, when Q/Q' = 0, f M equals f B in each 
case and indicates complete boundary-friction condi
tions. Between the two limits, fM is dictated by the 
oil-feed ratio and fB· 

~ Designing for Mi1xed-Film lubrication 

Regardless of whether a bronze bearing is operat
ing on a full, mixed, or boundary film of lubricant, 
frictional energy is generated within the bearing. 
Frictional heat must be removed from the bearing 
at a rate equal to the rate of heat generation if 
some steady-state operating temperature is to be 
obtained. Since only small flow rates are associated 
with boundary and mixed-film lubricated bearings, 
practically all heat generated within the bearing 
must be conducted through the bearing walls and 
eventually dissipated to ambient atmosphere. 

Frictional energy to be dissipated is the product 
of force required to overcome friction in the bearing 
and journal surface speed or FV. If steady-state tem
perature conditions are to be attained, 

where K' and K" are heat-transfer coefficients and 
Ai and A2 are heat-dissipating areas. 

Since F = fMW and Ai and A2 are proportional 
to the product of bearing length and diameter (Ai = 
k6DL, A2 = k1DL), by substituting for F, Ai. and 
A2, 

f.MWV = K'kaDL(Tr - Ts)= K"krDL(Ts - T4) 

fMV ( :i ) = kaK'(T2 - Ts) = krK"(Ta - T4) 

When the last equation is combined with informa
tion available on temperature rises for mixed-film 
conditions, 

kr(T2 - T4) 
pV=----

fM 
(21) 

Value of k7 depends upon heat-dissipating quali
ties of the bearing, but to obtain a value for k1, 

Fig. 25-Bearing-length fac· 
tors for bronze sleeve bear
ings operating with mixed· 
film lubrication. 

more empirical data are required. An observed fact 
is that maximum permissible value of pV for mixed
film lubrication is approximately 50,000 lb-ft per 
in.2 per min. For pV to be maximum in Equation 21, 
temperature difference T2 - T 4 must be maximum, 
and the coefficient of mixed friction must be mini
mum. Factor k7 remains constant, since it is only a 
constant of proportionality. For continuous opera
tion on cast bronze, an acceptable upper limit for 
T2 would be approximately 325 F. If T 4 is chosen 
as 75 F, then (T2 - T4 )ma,,, equals 250 F. Also, 
from previous discussion and Fig. 24, minimum value 
of fM is 0.020. By substituting these various values 
into Equation 21, k7 is found to equal 4. Thus, 

4(T2 - T•) 
pV=----

fM 
(22) 

Bearing Length: To make Equation 22 more use
ful for design purposes, p can be replaced with 
W/ DL and V with -rrDN/ 12. By rearranging, 

fMNW 
L=------

15.28(T2 - T4) 
(23) 

The only unknown quantity is L, since W, N, and 
T4 are usually known for the problem. If a bearing
bore temperature compatible with lubricant and bear
ing materials is assigned to T 2, and a value of f M 

is computed from Equation 20, a bearing length 
can be determined that will satisfy the design re
quirements. However, evaluation of fM may require 
more manipulation than has been indicated. 

With f' = 0.020, the coefficient of mixed friction 
for use in Equation 23 is obtained from Equation 20: 

, . ( Q )2 far= fa - (fB - 0.020) Q- (20a) 

In Equation 20a, minimum flow for full-film lubri
cation Q' is obtained from Equation lOb (repeated 
here for convenience): 

Q' = 3.32 X 10-3 ( L + 0.0043 ~ ) mD2N (10b) 

To evaluate Equation lOb requires a value for L, 
but Lat this stage is unknown. However, from Equa
tion 20a and Fig. 24, when Q/Q' = 1, fM equals 
0.020, and when Q/ Q' = 0, f M equals f B· If these 
values are substituted into Equation 23 for the given 
speed, load, and temperature limits, maximum bear
ing length when Q = 0, and minimum bearing 
length when Q = Q' can be determined. 

Thus, for complete boundary lubrication, 

fBNW 
Dnu=------

lS.28(T2 - T4) 
(16) 

and for the other condition, that of minimum length 
for fluid-film lubrication, 

0.00131 NW 
Lm111=---

T2 - T4 
(24) 

The necessary oil-feed rate that will allow use of 
Lmu. is obtained from Equation lOb by substituting 
for L the value of Lmtn as computed from Equation 
24, or, 
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Q' min = 3.32 X 10-8 ( L...1n + 0.0043 ~ ) mD2N (25) 

If quantity Q' min appears impractical or impossible 
to supply because of the high rate, an acceptable 
flow-rate value is assigned to Q. With this assigned 
flow rate, a repetitive process determines a length L 
that will give satisfactory service. 

For initial calculations at minimum conditions 
QIQ' = Q!Q' min = I. Now, with Q selected and 
being smaller that Q' min. ratio QIQ' also becomes 
smaller, or less than 1. Consequently, as shown by 
Equation 20a and Fig. 24, fM becomes larger than 
0.020. Then, with f M larger in Equation 23, L will 
be longer than Lmin· For this longer value of L 
Equation lOb shows that a new value for Q', greate; 
than the value obtained for Q' min, is required. 

With the assigned oil-feed rate still desired, the 
new ratio for QIQ' becomes slightly smaller than 
the previo-:As ratio because the new Q' is larger than 
the previous Q', which, since this is the first cycle 
is actually Q' min· Thus, the second cycle starts with 
new values being determined for fM and L. After 
several cycles, a solution is obtained when no further 
cnange occurs in length L. 

~ Simplified Design Method 

Outlined in Table 3 is a systematic procedure for 

designing bronze bearings under mixed-film condi
tions. All necessary entries and computations can 
be made in the spaces provided. Part A of Table 3 
lists all data needed to compute the required bear
ing length. This information is known from condi
tions and requirements at the start of the design. 
Part B requires computation of factors that simplify 
final calculations. All information necessary to ob
tain these factors is taken from Part A. Part C 
indicates final calculations for determining bearing 
length L. In most cases several trials will be required 
before a satisfactory length is obtained, and space is 
indicated for initial cycles. Certain values required 
to complete the calculations can be easily determined 
from Fig. 25. 

A sample problem is included that illustrates full 
use of the design method. Table 3 outline is used, 
and explanations are given throughout the procedure. 

~ Power Requirements 

With required bearing length L and oil-feed ratio 
QIQ' determined, expected coefficient of mixed fric
tion can be obtained from either Equation 20a or 
Fig. 24. Then, power required to overcome mixed.
film friction in the bearing is 

(26) 



CHAPTER 5 

Viscosity and Lubricants 
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Fig. 26 - Conversion chart for kinematic 
viscosity and Saybolt viscosity. 

Nomenclature 

B = Constant for Equation 31 (Table 6) 

e = Base of natural logarithms = 2.718 
p = Pressure, psi 

T = Temperature, F 

t = Viscosity, Saybolt Universal Seconds (SUS) 

W = Steady load to be supported, lb 

Z = Lubricant absolute viscosity, centipoises 

., = Kinematic viscosity, centistokes 

p = Specific gravity, or mass density, of oil, gm per 
cu cm 

PAPI = API gravity at 60 F, degrees 

T HERE are so many methods of measuring 
viscosity of fluids that viscosity data can be 
quite confusing to a designer of bearings. To 

clarify . the "mystery" surrounding viscosity informa
tion, simple definitions which follow present a clear 
picture of common terms and units. A step-by-step 
procedure shows how to calculate absolute viscosity, 
which is used for bronze sleeve bearing design . 

Deciding which lubricant to use for full, mixed, 
or boundary-film lubrication can also be a prob
lem. Discussion of factors to consider and a lubri
cant-selection chart help remove this obstacle. 

Under certain conditions, oils may not provide 
satisfactory lubrication. Other lubricants must then 
be used. Descriptions of various greases and solid 
lubricants serve as a helpful reference when depart
ting from conventional oils. 

~ Lubricant Viscosity 

To the designer of a fluid-film bronze bearing, 
viscosity of the lubricant is its most important single 
physical property. Viscosity dictates load-carrying 
capacity, fluid-film thickness, operating tempera
ture, and friction loss in the bearing. 

Viscosity is defined as "the internal frictional re
sistance offered by a fluid to any change in· shape 
or relative motion of its parts. For example, because 
water pours more readily than oil, oil is sajd to 
be more viscous than water. Properly designed, 
bronze bearings can, and do, operate using "fluids" 
having viscosities that cover a range represented by 
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air and honey. Even a typical lubricating oil such 
as SAE 30 exhibits a SO-fold change in viscosity over 
its normal operating temperature range. 

Various measures of viscosity and specific gravity 
arc defined in Table 4. 

Viscosity Variation with Temperature: If Saybolt 
viscometer data are available at two different temper
atures, Saybolt viscosity at any other temperature 
can be determined from a plot of this information 
on special graph paper. Data for a typical SAE 30 
oil arc plotted in Fig. 27 on graph paper obtain
able from American Society for Testing Materials 
(A.S.T.M. Chart No. D -341). 
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Fig. 27-Relationship of Sarbolt viscosity and temperature 
for SAE 30 oil on sample of special ASTM graph paper. 
Line is determined by: 489 SUS at 100 F, and 65 SUS at 
210 F. API gravity is 28.7 deg at 60 F. 

A straight line drawn between the two data points 
gives a curve of t versus T for an appreciable tem
perature range. Saybolt viscosity t at any other 
temperature, T, can then OL' determined. 

Calculating Absolute Viscosity: If specific gravity 
at a particular temperature and kinematic viscosity 
at the same temperature are known, absolute vis
cosity at that temperature can be computed. The 
sequence of operations is presented in Table 5 with 
given and calculated vaiues indicated. Absolute vis
cosity can also be obtained from Fig. 28 if Saybolt 
viscosity and specific gravity have been determined. 
A ehart similar to Fig. 28 for some other partieular 
value of specific gravity can be plotted for Equation 
30 if the designer finds it convenient. 

Computations indicated in Table 5 were made 
for several SAE lubricants, and results arc plotted 
in Fig. 29 for temperature T. These curves are only 
typical, and there may be (and, in fact, there is) 
considerable difference in viscosity-temperature re
lationship for the same SAE grade oil made by 
different companies. If sufficient data are available 
on the lubricant to be used, calculation of the 
absolute viscosity-temperature relationship outlined 
in Table 5 and a plot similar to Fig. 29 .arc recom
mended. 

Viscosity Index: Quite often, the term "viscosity 
index" is used in lubrication practice to denote an 
arbitrary system of comparison used in evaluating 

Table 4-Viscosity and Specific Gravity Definitions 

Specific Gravity: Standard ·practice in the oil industry 
is to obtain a measure of specific gravity at 60 F on an 
arbitrary scale specified by American Petroleum Insti
tute. As an example, API gravity may be expressed as 
"27.5 degrees at 60 F." 

The relation between API degrees and specific 
gravity at 60 F is 

1-11.5 
pi;o = ----

131.5 + P.H'/ 

(27) 

Specific gravity, or grams of mass per cubic centimeter, 
at some other temperature, T, is found from 

Pr :.--..: P~o -· 0.0003.'i(T - 60) (28) 

Normal values of specific gravity for slceve-hearinp; 
lubricants range from 0.75 to 0.95. Hence, if the AP! 
rating is not known, an assumed value of 0.85 mav be 
used. 

Saybolt Viscosity: A standard method established hy 
American Society for Testing Materials is used by the 
oil industry to determine viscosity. The method re
quires deterrr.ination of the time required for 60 cu 
1:m of constant-temperature oil to flow through a tube 
0.176 cm in diameter and I.225 in. long. The instru
men' used to det('rmine viscosity is the Saybolt Uni-

\Wsal Viscometer, which may give such viscosity infor
mation as: 450 SUS (Saybolt Universal Seconds) at 100 
F. This reading means the lubricant in question required 
-ISO seconds to pass 60 cu cm through the Saybolt Uni
versal Viscometer at 100 F. 

Kinematic Viscosity: To an experienced lubricant 
man, SUS rating may be meaningful, but it is useless 
for mmputational purposes. A more meaningful meas
ure of viscosity is obtained from 

180 
v:::: 0.22t - -

t 
(29) 

where v is the kinematic viscosity in centistokes and 
t is the numhc~r of sC'c-omls obtained from the Saybolt 
Uni\·ersal Viscometer. For convenience, the curve of 
Eauation 29 is olotted in Fig. 26. 

Absolute Viscosity: Mass . density of the oil must be 
introduced to obtain absolute viscosity: 

Z::: pv (30) 

Absolute viscosity is expressed in centipoises, with I 
ccntipoise being equivalent to 0.01 gram of mass per 
centimeter per second. Mass density in mt>tric units 
is equal to specific gravity. 
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the relationship between viscosity and temperature. 
At one time it served the very useful purpose of 
identifying the source of an oil. Lately, it has fallen 
into disuse because modern developments have im
proved viscosity-temperature relationships. However, 
the index is still valuable, within limits, for express
ing relative change of viscosity with temperature. 

Graphical means for evaluating the viscosity index 
arc provided by Fig. 30. Use of this chart is explained 
with the typical SAE 30 oil plotted in Fig. 27 as 
an example. Ente.r fig. 30 on the horizontal scale 
for a Saybolt viscosity of 489 sec at 100 F. Move 
vertically to the Say bolt viscosity of 65 sec at 210 F, 
interpolating this point between the slanting lines. 
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Then move horizontally and read 106 as the VI 
rating on the vertical scale. 

In general, oil having a high VI has a better 
temperature-viscosity relationship than oil with a 
low VI-better in the sense that rate of change of 
viscosity with temperature is less. 

Viscosity Variation with Pressµre: Many ordiqary 
lubricants arc known to undergo appreciaple iq, 
crease in viscosity when subjected to high. pres~ure. 
In highly loaded bronze bearings, wher~ W /LD > 
1000, peak fluid pressures ranging from 10,000 to 
20,000 psi arc possible. Hence, the pressure effect 
on viscosity can be considernhle. Fortunately for 

' ,,fj 
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v/ 

I 

~ :/ 
V/ 
i, 

Fig. 28 - Conversion chart 
for absolute viscosity and 
Saybolt viscosity for differ
ent values of specific gravity. 
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the sleeve bearing, pressure causes an increase in 
viscosity such that load-carrying capacity of the 
bearing is increased. 

An approximate expression that determines the 
new viscosity, Zp, caused by pressure p is 

Zp = Ze8 P (31) 

where e is a constant equal to 2.718 and Z is ab
solute viscosity at atmospheric pressure. Values of 
B for various lubricants are given in Table 6. How
ever, the effect of increased viscosity as a result of 
pressure need not ordinarily be introduced. 

~ Lubricant Selection 

Criteria for selecting bronze bearing lubricants are: 
1. Journal speed. 2. Anticipated operation-that is, 
whether the bearing will operate on a full, mixed, 
or boundary film. 3. Unit load. As a guide to lu
bricant selection, Fig. 31 combines these factors with 
horizontal bands representing the recommended SAE 
lubricant. 

For example, consider a lightly loaded journal 
operating under full-film conditions at 1000 rpm. 
Move vertically in Fig. 31 for a speed of 1000 rpm. 
The slanting line for light load, full-film lubrica-
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tion is intersected in the middle of the band for 
SAE 10 oil. If the journal were operating under a 
heavy load, an SAE 20 oil would be recommended 
by the chart. 

In general, heavier oils-those with higher SAE 
numbers - are recommended for higher loads. 
Heavier oils should also be used for boundary and 
mixed-film operation. Grease lubrication is suggested 
when lubricants heavier than SAE SO are required. 
When operating temperatures are high, oils heavier 

Table 6-Values of B 

Lubricant 

Steam cylinder oil 
Light turbine oil 
Kerosene 
Castor oil 
Glycerine 
Olive oil 
SAE 10 
SAE 10 
SAE 20 (high VI) 
SAE 20 (high VI) 
SAE 20 (low VI) 
SAE 20 (low VI) 
SAE 30 

Viscosity 
(centipuises) 

442 
30 

1.9 
266 
200 
40 
40 
7 

56 
10.6 
77 
11.7 

105 

Temperature 
(F) 

130 
100 
81 

100 
94 

115 
100 
180 
100 
180 
100 
180 
100 

B 

1.69 x 10-• 
1.37 
0.75 
I.OJ 
0.40 
0.77 
1.73 
1.45 
1.53 
1.26 
1.90 
1.37 
2.2 x 10-4 

1e~o~'---10~0~'---12~0~'--~14~0~'--~16-o--'~~1e-o--'~2~0-o--''--2~2-o--'~2~40~_._-2~60~_._-2~e-o-'-~3+00~-'-3-2~0~..__3_4~0~~3-6~0 

Temperature, T IF ) 

Fig. 29-Average absolute viscosities of typical SAE motor oils for 
normal temperature range. 



Fig. 30-Viscosity index 
as determined by two 
Saybolt viscosities at 
standard temperatures of 
100 and 210 F. 
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than indicated on the chart should be used, and 
for bearings more than 3 in. in diameter, lighter 
oils than indicated are recommended. Thus, al
though Fig. 31 is a useful guide, certain situations 
may require violation of the charted suggestions. 

~ Greases and Solid Lubricants 

In addition to lubricating oils, many other com
mercial lubricants are available for use in bronze 
bearings. Reasons for using other lubricants are 

varied, but several important reasons are to: 

I. Lengthen the period between relubrication. 
2. Avoid contaminating surrounding equipment or ma

terial with "leaking" lubricating oil. 
3. Provide effective lubrication under extreme tempera

ture ranges. 
4. Provide effective lubrication in the presence of con

taminating atmospheres. 
5. Prevent intimate metal-to-metal contact under condi

tions of high unit pressures which might destroy 
boundary lubricating films. 

Lubricants which can meet some or all of these con-

Table 7-Common Greases and Solid Lubricants 

Lubricant Appearance Solubility 
Type or: Struotitre in Water 

Greases 
Calcium soap, Smooth, buttery Insoluble 

or lime soap 
Sodium soap, Fibrous texture Soluble 

or soda base 

Aluminum soap Smooth, salve-like Insoluble 
Lithium soap base Smooth Semisoluble 

Barium soap Short fibers Insoluble 

Solid Lubricants 
Graphite Powder or flakes Insoluble 

Molybdenum Powder Insoluble 
disulfide 

Recommended Oper-
ating Temperature 

160Fmax 

300F max 

180 F max 
300Fmax 

350 Fmax 

IOOOFmax 

- 100to750F 

Operating 
Loads 

Moderate 

Wide range 

Moderate 
Moderate 

Wide range 

Wide range 

Wide range 

Comments 

For wide speed 
range. 

Possible oil separa
tion above 350 F. 

Good for low tem
peratures. 

Multipurpose grease. 
Similar to lithium 

soap base grease. 

Chemically inert. 
Mixes readily with 

oil or grease. 
Chemically inert. 
Resists attack by wa

ter, oil, alkalies, 
and most acids. 
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ditions fall into two major classifications-greases 
and solid lubricants. 

Greases: Where full-film lubrication is not pos
sible or is impractical for slow speed, fairly high
load applications, greases are widely used as bronze
bearing lubricants. Although full-film lubrication 
with grease is possible, an elaborate pumping sys
tem is required to continuously supply a prescribed 
amount of grease to the bearing. Bronze bearings 
supplied with grease are usually lubricated periodi
cally. Hence, for this discussion, grease lubrication 
implies that the bearing will operate under con
ditions of complete boundary lubrication and should 
be designed accordingly. 

Lubricating greases are essentially a combination 
of a mineral lubricating oil and a thickening agent, 
whieh is usually a metallic soap. When suitably 
mixed, they make excellent bronze-bearing lubri
cants. There are many different types of greases 
which, in general, may be classified according to 
the soap base used. Information on the most com
mon greases is charted in Table 7. 

Synthetic greases are composed of normal types 
of soaps but use synthetic hydrocarbons instead of 
normal mineral oils. Available in many consistency 
ranges in both water-soluble and insoluble types, 

Table 8-NLGI Consistency Numbers 

NLGI Consistency Typical Method 
Consistency No. of Grease of Application 

0 
I 
2 
3 
4 
5 
6 

Semifluid 
Very soft 

So~ ! Light cup grease 
Medium cup ._grease 
Heavy cup grease 
Block grease 

Brush or gun 
Pin-type cup or gun 
Pressure gun 

or centralized 
pressure system 

Pressure gun or hand 
Hand, cut to fit 

Journol Speed, N (rpm) 

synthetic greases are capable of wide variations in 
operating temperature. 

Additives for lubricating greases, such as oxida
tion inhibitors and extreme-pressure additives, are 
available. Greases can be fortified with fillers such 
as mica, lead, zinc, carbon black, or graphite to 
enhance their lubricating quality. Such fillers are 
of advantage under extremely heavy loads or in
termittent motion. Because certain additives and 
fillers may adversely affect bearing or journal 
material, they should be selected with care. Cast 
bronzes are not affected by mild EP additives, but 
highly active additives require caution. Final recom
mendations on special-purpose greases should be 
obtained from the lubricant manufacturer. 

Application of grease is accomplished by' one of 
several different techniques determined by grease 
consistency. National Lubricating Grease Institute 
has classified greases by their consistency and as
signed NLGI consistency numbers to them. This 
classification is shown in Table 8 along with typical 
methods of application. Grooves for grease are gen
erally greater in width, up to 1.5 times, than for oil. 

Coefficients of friction for grease-lubricated bear
ings range from 0.08 to 0.16, depending upon con
sistency of the grease, frequency of lubrication, and 
type of grease. An average value of 0.12 may be 
used for design purposes. 

Solid Lubricants: The need for effective high
tcmperature lubricants led to development of sev
eral solid lubricants. Essentially, solid lubricant~ 
may be described as low-shear-strength solid ma
terials. Their function within a bronze bearing is 
to act as an intermediary material between sliding 
surfaces. Since these solids have very low shear 
strength, they shear more readily than the bearing 
material and thereby allow relative motion. While 
solid lubricant remains between the moving sur-

Fig. 31-General guide to 
lubricant selection for cast
bronze sleeve bearings oper
ating between 60 and 140 F. 
(After B. Dunham) 



faces, effective lubrication is provided, and friction 
and wear are reduced to acceptable levels. 

Two common solid lubricants currently used to 
provide effective lubrication of bronze bearings are 
listed in Table 7. Where high temperatures prevail, 
or where oil or grease contamination cannot be 
tolerated, solid lubricants are specified. Normal 
cast-bronze sleeve-bearing materials are not recom
mended above 550 F, but special bearing bronze 
alloys containing graphite plugs are available for 
temperatures up to 1000 F. 

Graphite, in addition to its desirable high-tem
perature properties, will not react with bearing or 
journal materials. Mixed with oil or grease, graphite 
improves their boundary lubricating properties. Also, 
metal surfaces coated with graphite are more readily 

wetted with oil or grease. Because dry graphite is 
difficult to apply, surfaces are usually coated with 
a solution of graphite in a volatile carrier or vehicle. 
After vaporizing, the vehicle leaves a thin film of 
graphite on the surfaces. 

Molybdenum disulfide has an affinity for metal. 
When rubbed on a metal surface, it forms a thin, 
durable film of solid lubricant. Correctly applied, 
it provides good protection against galling and seiz
ing over a wide temperature range. Molybdenum 
disulfide has good extreme-pressure characteristics 
and can be combined with oils and greases to en
hance their boundary lubricating qualities. It is 
also available in spray or paste form for more con
venient application. 
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CHAPTER 6 

Bearing Bronze Selection 

SELECTION of a sleeve-bearing material would 
be no problem if bearing and journal surfaces 
were absolutely smooth and always separated 

by a full film of lubricant, if the materials did not 
experience elastic or thermal distortions, and if the 
lubricant contained no abrasive particles. Under such 
ideal conditions, a bearing . material of adequate 
strength becomes the only consideration. However, 
perfect operation cannot be realized because: 

1. The bearing can distort. 
2. The shaft can deflect and may rub at the ends of the 

bearing. 
3. Bearing and journal surfaces cannot be made per-. 

fectly smooth; consequently, peaks of surface rough
ness may periodically puncture the lubricant film. 

4. The bearing may occasionally be "starved" of lubri
cant. 

5. Lubricant viscosity may be too low. 

When these undesirable conditions exist, solid con-

tact is permitted between journal and bearing. It 
inevitably results in wear and reduced bearing life. 
Hence, choice of good bearing materials, in conjunc
tion with bearing design and a suitable lubricant, 
is essential in obtaining trouble-free sleeve bearings. 

~ General Requirements 

Experience shows that a good bearing material is: 

1. Score resistant. 
2. High in compressive 

strength. 
3. High in fatigue strength. 
4. Deformable. 

5. Corrosion resistant. 
6. Low in shear strength. 
7. Structurally uniform. 
8. Inexpensive. 
9. Readily available. 

This list of requirements is evidence that selection 
of a bearing material for a particular application is 
almost always a compromise. No single material 

Tobie 10-Nominal Physical Properties of Cast Bronze Bearing Materials 

Brinell Modulus Impact 
Tensile Yield Reduction Hardness of Strength, 

Alloy Strength Strength Elongation of Area Number Elasticity lzod Density 
(1000 psi) (1000 psi) (3 in2 in.) (per cent) (500 kg load) (psi) (ft-lb) (lb/cu in.) 

SAE 40 35 18 28 25 60 13.5 x 106 6-12 0.318 

SAE 62 45 22 2S 20 6S 12.S 4-16 0.314 

SAE 620 40 20 30 2S 68 14.0 9-22 0.315 

SAE 63 40 20 2S 25 70 13 3-11 . 0.317 

SAE 64 3S 18 20 10 63 10.S 2-8 0.321 

SAE 660 3S 20 15 20 60 12.0 4-12 0.316 

SAE 67 30 17 15 IS SS 9.S 4-6 0.332 

AMS 4840 25 lS 15 10 48 9.0 3-6 0.326 

ASTM 90 37 15 IS 19S 18 x lQ6 10-lS O.Z72 
B 148-52-9C 
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Table 9-Composition of Cast Bronze Bearing Materials 

Alloy Common Name Copper Tin Lead 

SAE 40 Leaded red brass; 84-86 4-6 4-6 
Ounce metal; 
Composition metal 

SAE 62 Gun metal 86-89 9-11 0-0.3 
SAE 620 Navy "G" 86-89 7.5-9 0-0.3 
SAE 63 Leaded gun metal 86-89 9-11 1-2.5 
SAE 64 Phosphor bronze 78-82 9-11 8-11 
SAE 660 Bronze bearings 81-85 6.25-7.5 6-8 
SAE 67 Semlplasttc bronze 76.5-79.5 5-7 14-18 
AMS 4840 High-leaded tin bronze 67.5-72.5 4.5-6 23-26 
ASTM Aluminum bronze 83.0-87.0 

B 148-52-9C 

has all of these characteristics in a sufficiently ac
ceptable level. For example, a material having good 
fatigue strength generally has poor deformability. 
The order of importance for these general require
ments depends upon the particular application. 

Score resistance is that quality of a bearing .mate
rial which prevents damage to the journal during 
boundary or mixed-film operation or when starting 
and stopping. Antiweld or antiseizure characteristics 
are sometimes referred to as score resistance. 

Compressive strength, a ftJ.ndamental requirement, 
is the ability of the material to carry the imposed 
load without extrusion or disintegration. 

Fatigue strength is the ability of the material to 

Thermal Thermal Maximum Max Unit-

Elements (per cent by weight) 
Zinc Iron Nickel Phosphorus Aluminum SIU con Antimony 

4-6 0-0.30 0-1.0 0-0.005 0-0 .005 

1-3 0-0.15 0-1. 0 0-0.005 
3-5 0-0.15 0-1.0 0-0.005 
0-0.75 0-0. 15 0-1.0 0-0.25 0-0.005 
0-0 .75 0-0.15 0-0.50 0-0.25 0-0.005 0-0.005 0 .50 
2-4 0-0.20 0- 0 .50 0-0.15 0-0.005 0-0.005 0.35 
0-1.5 0-0.40 0-0.75 0-0.05 0-0.005 0-0.005 O.l!O 
0-0.5 0-0.30 0-0.05 0-0.20 

3.00-5.00 0-2.50 10-11.5 (Manganese, 
0-0.50) 

give satisfactory service life when subjected to vari
able stresses. 

Deformability is that quality of the material which 
permits it to yield, if necessary, to deformation under 
operation without causing failure. 

Conformability is desirable when the journal 
touches the end of the bearing as a result of load 
deflection in both journal and bearing. The bear
ing should adjust itself by wearing or wiping away 
without developing a high-temperature condition. 

Embeddability is important when dirt enters the 
clearance space. If a dirt particle cannot embed 
itself in a relatively soft bearing material, it will 
jam itself between a hard bearing material and the 
shaft and eventually cut a groove in both. 

Compressive Strength Data 
Coefficient Conductivity Operating Pressure Permanent Compressive Strength (1000 psi) for 

of Expansion (Btu-ft/hr/ Temperature Load Set Sample Thickness (in.) of ... Alloy 
(in./in./deg F) sq ft/deg F) (F) (psi) (in.) 0.125 0.250 0.500 1.000 

10.9 x lQ-6 48 450 3500 0.001 28 17 14 13 SAE 40 
0.005 42 23 18 16 

10.0 37 500+ 4000 0.001 26 23 22 22 SAE 62 
0.005 56 33 28 26 

10.0 45 500 4000+ 0.001 28 25 23 21 SAE 620 
0.005 51 37 28 25 

9.9 500 4000+ 0.001 36 24 22 19 SAE 63 
0.005 57 36 33 32 

10.2 27 450+ 4000 0.001 22 19 18 17 SAE 64 
0.005 29 27 23 20 

10.0 27 450+ 4000 0.001 30 26 21 18 SAE 660 
0.005 44 32 25 21 

10.7 450 3000+ 0.001 20 17 14 13 SAE 67 
0.005 35 27 21 16 

10.3 400+ 3000+ 0.001 17 15 13 11 AMS 4840 
0.005 26 22 17 14 

9.0 x 10-6 32 500+ 4500+ 0.001 45 30 25 18 ASTM 
0.005 95 48 39 31 B 148-52-9C 
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Corrosion resistance is that quality of a material 
which reduces or eliminates wearing away caused by 
various acids formed during oxidation and deteriora
tion of lubricants. The danger of bearing corrosion 
can be greatly reduced by using inhibited oils. 

Shear strength is the ability of the material to re
sist movement of one layer of the material with re
spect to another layer. Experiments indicate that the 
most desirable bearing metals have a soft, low-melt
ing constituent in which actual shearing occurs. 

Structural uniformity is that quality of the mate
rial which results in a sound, nonporous surface nec
essary to promote and maintain full-film lubrication. 

Low cost and availability often play a major role 
in selection of a bearing material, especially if large 
quantities are involved. 

~ Cast Bronze Materials 

Bronze offers a favorable compromise with respect 
to the general requirements for a good bearing ma
terial. Cast bronzes, in general, exhibit fair deform
ability; good score resistance, structural uniformity, 
shear properties, and compressive strength; excellent 
fatigue strength and corrosion resistance; and the 
lowest cost in the field . 

Trying to be specific about bronzes is difficult 
because of the many different compositions and 
modifications of these compositions. Bronze bush
ings are suitable for a wide range of applica
tions. They have great strength, yet they can 
be easily and economically produced in a variety of 
forms. Even when only one or two bearings are re
quired, the cost is low. "Machined in" bearing toler
ances are also an advantage cost-wise in comparison 
with close-tolerance housings, subassemblies, etc. 

Bronze sleeve bearings can be made as a single, 

solid unit with no bond or liner to fail. Hence, they 
are extremely reliable. Also, relatively thick walls 
provide an adequate reserve for wear. 

The relatively high thermal conductivity of cast 
bronze is an advantage in removing heat from bear
ing surfaces, thus tending to prevent "hot 
such as may occur in clad-type or steel-backe< 
ings with only a few thousandths of bronze or oau
bitt for a bearing surface. 

Soft bronze alloys containing large amounts of 
lead and small amounts of tin have relatively low 
strength but good frictional characteristics. At the 
other extreme are high-tin alloys with very little 
lead. These have high strength and hardness but 
less-favorable friction characteristics. Intermediate al
loys contain various amounts of tin and lead with 
the addition of small amounts of other elements 
such as zinc, silicon, phosphorus, nickel, and alu
minum. Nine of the most popular cast-bronze bear
ing materials, their common alloy names, and their 
chemical composition are listed in Table 9. 

Important physical properties of the nine popular 
cast bronzes are given in Table 10. Heretofore, a 
cast-bronze bearing material was generally selected 
for the tensile properties of the alloy. The vast ma
jority of bearings in operation today, however, are 
in compression only. In the table, compression data 
are tabulated for a permanent set of 0.001 and 0.005 
in. on a 1 sq in. area for thicknesses of 0.125, 0.250, 
0.500, and 1.000 in. This information should not 
only help the designer select the most suitable alloy 
but also indicate necessary wall thickness for the 
bearing. Typical tensile properties, also listed in the 
table, are seen to have no definite relationship to 
the compression values for the alloys. 

Selection of a cast bronze alloy for a bearing re
quires careful consideration of the important mate
rial properties described as deformability and con
formability. Alloys with high physical properties are 
not always the .best. Leaded bronzes, although they 
have lower physical properties, are generally the best 
bearing alloys. 

Table 11-Equivalent Government and Society Specifications* 

SAE ASTl\l AllIS Navy 

40 B 62-52 48i55B 46 -B-23e 
B 145-52-4A 

ez B 22-52-D 4845D 
B 143-52-lA 

820 B 143-52-lB 46-M-61 
63 
64 B 144-52-3A 4842A 

660 B 144-52-3B 46-B-22g-VI 
67 B 66-52 4825A 46-B-22g-IV 

(Hard Bronze) 
B 144-52-3D 
B 66-52 4840 46-B-22g-V 

(Soft Bronze) 
B 144-52-3E 
B 148-52-9C 46 -B-18d-llI 

Key: SAE, Society of Automotive Engineers ; ASTM, American 
Society for Testing Materials; AMS, Aeronautical Material Specifica
tions; Navy, U . s . Navy Department; Military, U . S . Dept. of 

Military Federal AAR 

MIL-B-16444 QQ-B-691b -2 

.......... . ....... .. 

MIL-B-16576 QQ-B -691b-5 
.. ..... .. . ·········· 
· ·· ····· ·· · ········· M-503-48 

(Phosphor Bronze) 
MIL-B-16261-VI QQ-B-691b-12 
MIL-B-16261-IV QQ-B -691a-7 M-503-48 

(Hard Bronze) 

MIL-B-16261-V ........ .. M-503-48 
(Soft Bronze) 

MIL-B-16033-111 QQ-B-671b-3 

Defense (MIL); Federal , General Services Administration; AAR, 
Association of American Railroads. 
•In some cases, compositions are similar but not exactly equivalent. 



DATA SHEET SLEEVE-BEARING BRONZES 

Table 12-Characteristics and Uses 
SAE 40 

(85 Cu, 11 Sn, 5 Pb, 5 Zn) 
Chararterlstlrs: Reasonable strength; 

excellent thermal conductivity; sound m a
teria l structure; reasonable corrosion re
sistance to sea water and brine; gooct 
machining and casting propertles-sanrl 
casting of sections larger than 1-ln. 
thick Is not recommended. 

Uses: Light loads and low to medium 
speeds; primarily, for bearing shells and 
backing for babbitt-lined bea r ings; corn
picker snapping roll bushings; deep-well 
pump line-shaft bea r ings; automotive
tra nsmission thrust washers; tow-pressure 
valve bearings ; m anifold bushings for 
earth-moving m achirrery ; pump sleeves; 
propeller bushings; spring bushings for 
farm and a utomotive equipment. 

SAE 62 
(88 Cu, 10 Sn, 2 Zn) 

CharaC"tf"rl~tl<'M: H a rd ; st ron g: goorl cor
rosion resistance. especia lly to sea. water: 
wear resistant; high resista nce to pound
ing; difficult to broach but can be hared 
or reamed ; requires gooct, relinble luhri
catlon and a shaft hardness of 300-4 00 
Bhn. 

Ust>s: Heavy loads and low speerls; pis
ton-pin bushings: valve guictes: rolling
mill bearings; rocker-shaft bushings for 
interna l-com busti on engines; worm bear
ings, pilot bea rings , roll bushings, and 
linkage bushings for machine tools. 

SAE 620 
(88 Cu, 8 Sn, 4 Zn) 

Chara<>terlstlrs: H a rel; strong; ductile; 
corrosion resistant to sea wnter and 
brine: wear resistant; goorl resistance to 
pouncling; good machining properties
slmil:u to SAE 6'.? but e:lsier to worlc 
in foundry; requires reliable lubrication. 
goocl a lignment. and a shaft hardness of 
300 to 400 Bhn. 

Ust-s: Hea\'y loads and low speeds; 
bushings for aircraft landing gear; brid~e 
bearings; machine-tool bearings; trun
nion bearings; trolley wheels; wrist-pin 
bush ings for air compressors. 

SAE 63 
88 Cu, 10 Sn, 2 Pb) 

Charartf>rlsth•s: Hard: strong; good cor
r osion resis tance: wear resistant; goocl 
m achining and fair casting properties; 
requires goo<I lubr ication and a shaft 
harrlness of 300 to 400 Bhn. 

USP.N: Heavy loads , low speeds. anrl 
severe working conditions; applications 
requirin g strength in addition to bearing 
properties; bea rings for earth-moving ma
chines; locomoti ve bearings; trunnion 
bea rings ; gear bushings and connecting 
rods for farm equipment; mechanical 
linkage for f a rm equipment and packag-

Ing machinery ; automotive spindle bush
ings. 

SAE 64 
(80 Cu, 10 Sn, 10 Pb) 

Characteristics: Good strength; low 
thermal conductivity compared to high
tin bronzes; generally high physica l prop
erties combined with fairly good bearing 
qualities; corrosion resistant to mild acids 
as found in mine wa ter , good resistance 
to minera l waters or paper-mill sulfite 
1iquor; excellent wear resistance under 
conditions of high speed, heavy pressure, 
shock , and vibration; low friction; good 
machining and fa tr casting properties: 
can be used where lubrlcation is doubt
ful; requires hardened shaft: maximum 
shaft surface speed can be 800 to 
1000 fpm. 

Uses: Heavy loads and high spee<ls; 
backing for babbitt-lined bearings ; wrist
pin and valve rocker-arm bush ings ; fuel 
and w ater-pump bushings ; aircraft con
trol bushings; electric-motor bushings; 
steering-knuckle bushings; track-roller 
bushings: crankshaft bearings for out
board motors, power lawn mowers, anrl 
garden tractors; gear bushings for farm 
equipment , reducers , and motorcycles; 
cam bushings for mechanica l elev ices: 
farm equipment, and diesel engines; 
crankshaft, sp indle , and -connect ing- rod 
bushings for farm equipment; piston pins 
for packaging equipment and diesel en
gines; linkage bushings for presses; roll· 
neck bearings; la the bearings; ba bbitt
linerl armature bearings for electrical 
locomotives; rail road-car bea r ings; r oll
ing-mill bearings ; trun nion bearings. 

SAE 660 
(83 Cu, 7 Sn, 7 Pb, 3 Zn) 

Chara<'ttrl!lltlC!ll: Goo<I h a r cl n e s s. 
strength, and wear resistance; excellent 
an ti frictional qualities; goorl casting- and 
excellent machining properties; can be 
readily broached or reamed. 

Ust's: Curren tly the sta nda rd cast
bronze bearing material; general utility 
applications for medium loads ancl speeds: 
electric-motor bushings; spring-sh it.ck le 
bushings; torque -tube bushings; bushing:s 
for automotive generators, distributors. 
and sta rters: motorcycle-engine bearings: 
sleeve bushings for cranes and draglines; 
track -roller bushings for crawJer tractors; 
guide bushings for valves. rams. and pis
ton rods; camshaft bushings for tractor 
engines: roller bushings for conveyors; 
main bearings for presses : mechanical· 
linkage bushings for fa rm and m a teri;J.I· 
handling equipment; spindle ·bushings for 
farm equipment and trucks. 

SAE 67 
(78 Cu, 6 Sn, 16 Pb) 

Charactf>rlstlcs: Fair strength; corrosion 
resistant to sea water a nd brine, resist· 

ant to certain concentrations of sulfuric 
acid and acids in mine waters; fair wear 
resistance ; excellent antlfrlctlonal quali
ties ; nonselzlng; good machining anrl 
casting properties; can be used where 
lubrica tion Is doubtful. 

Uses: General-service bearing material 
for moderate pressures anrl high speocts ; 
general·purpose wearing material for rod 
bushings , freight and streetcar bearings, 
and backs for lined bearings; bushings for 
gasoline pumps; hydraulic glands ; seals ; 
deep-well pump-bowl bushings; general 
bearings for locomotive tenders and pas
senger and freight cars; rolling-mill boar· 
lngs; brass and copper rolling-mill neck 
bearings ; gas-engine bearings; diesel-en
gine bearings ; kingpin bushings for earth
moving machinery; drum bushings for 
cranes and earth-moving machinery; bear
ings and spacer bushings for pumps. 

AMS 4840 
(70 Cu, II Sn, 25 Pb) 

Chararterl•tlcs: Fair strength ; fair wear 
resistance ; low pounding resistance; ex
cellent nntlfrlctlonal qualities; gooct ·con
formablllty-wlll not score sort shafts ; 
good machining and tnlr casting proper· 
ties-requires care In broaching; can op
erate at high speeds under adverse lubrl· 
cation conditions. 

U•es: Light to mocterate loarl s and high 
speeds; unsuitable for extremely heavy 
compressive and shock loads ; suitable 
for bearing liners required to deform 
locnlly to conform to lrregularltl•• of 
motion or bad flt; under-water service; 
water-lubricated bushings; aircraft-car
buretor bea rings; fire-pump bushings; 
railroad-car bea rings ; used extensively for 
locomotive bearing parts ; rod bushings 
and main bearings for refrigeration com
pressors; hydraulic pump bushings. 

ASTM B 148-52-9C 
(86 Cu, 3.5 F~. IO.II Al) 

Charartt>rlstlrs: Very hard ; abrasion re
sistant; excellent strength; physical prop
erties rem ain good a t elevated tempera
tures-compressive strength at 500 F Is 
the same as for tin bronzes at room tem
perature: wear res istant; excellent resist
ance to repeated. severe impacts ; re la live
ly poor antisetzure properties; relatively 
poor con formability anct embedrlablllty ; 
difficult to broach; requires reliable full
film lubrication to prevent metal -to-metal 
contact and possible scoring : requires 
shaft hardness of 550 to 600 Bhn to pre
vent damage to shaft; requires surface 
finish of 15 to 20 mlcrolnches rms on 
both bea ring and shaft. 

Uses: Bushings for power shovels anrl 
heavy earth-moving equipment ; roll-neck 
bearings ; guide -post bushings; turntable 
bushings ; boring-bar guide bushings; ma
chine· tool bearings. 

Specifications for the nine cast bronzes are cross
refercnced in Table 11. Important characteristics and 
typical applications are listed in Table 12. 

tively high speeds. Their excellent conformability en
ables them to correct minor misalignment, and their 
high lead content offers excellent shaft protection 
in case the lubricant supply should momentarily fail. 
Physical properties of SAE 64 and SAE 660, the two 
most widely used bronzes, offer the best compromise 
to all requirements. They are particularly suited for 
medium loads at medium to relatively high speeds. 
As a substitute for the other leaded bronzes, SAE 40 
presents certain advantages. In addition to its ability 
to do a good job at the lighter loads, it is also 
somewhat lower in cost than the other bronzes. 

Tin bronzes, which include SAE 62, SAE 620, 
and SAE 63, are generally used in those applications 
which require high loads at low speeds. Because 
of their hardness, these bronzes require adequate 
and reliable lubrication and will tolerate very little 
misalignment. 

Leaded bronzes, which include SAE 40, SAE 64, 
SAE 660, SAE 67 and AMS 4840, are ordinarily ?:tsed 
for applications requiring intermediate loads at rela
tively high speeds. Bearing properties of leaded 
bronzes arc enhanced by the additional lead content 
which fulfills the requirement that a good bearing 
material contain a soft, low-melting constituent. 
SAE 67 and AMS 4840 are high-leaded bronzes 
which handle intermediate loads at slow to rela-

Aluminum bronze, ASTM B 148-52-9C, is not a 
"true" bearing material because it lacks some of the 
common bearing characteristics such as antiseizure, 
embeddability, and conformability. Main advantages 
are high strength and retention of favorable char
acteristics at temperatures in excess of 500 F. 
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CHAPTER 7 

Grooving Specifications 

SPECIFICATION of grooves for a sleeve bearing 
is equally as important as any other aspect of 
bearing design. Many cast-bronze sleeve bear

ings, properly designed otherwise, have been handi
capped by improper or overzealous application of 
grooves. In some cases, the only reasons a grooved 
bearing functions at all are choice of a cast bronze 
as the bearing material and removal of excessive 
heat by the lubricant. 

The primary purpose of grooving within a sleeve 
bearing is to expedite and insure distribution and 
maintenance of an efficient film of lubricant, either 
partial or complete, between moving surfaces of jour
nal and bearing. How this purpose may best be 
achieved depends mainly upon the anticipated mode 

of operation-that is, whether the bearing is designed 
to operate ander conditions of full-film, mixed, boun
dary, or hydrostatic lubrication. Other necessary 
considerations are: 

l. Type of lubricant. 

2. Lubrication system. 

3. Nature of the load. 
4. Relative motion of bearing members. 

~ Grooving for Full-Film Lubrication 
Full-film lubrication can be achieved with either 

oil or grease. However, greases are seldom used for 
this purpose since it is a chore to continually re-

Table 13-Uses of Grooving for Full-Fiim Lubrication 

Type of Groove 

Slnde oil hole 

Straight-axial 

Feeder plils straight-axial 

Circular 

Straight-axial circular 

When To Uae 

When oil flow from single oil-Inlet hole 
can provide sufficient lubricant. 

For more effective axial distribution of 
lubricant, especially In long bearings. 

In large-diameter bearings to permit cor
rect location of axial groove. 

When direction of load varies such that 
a consistent low-pressure region cannot 
be located on either bearing or shah. 

When circular groove cannot be pressure
fed. 

Comments 

Hole ·location depends on direction of load 
and. may be In either bearing or shaft. 

Groove and iµlet-hole locations depend 
on direction of load and may be In 
either bearing or shaft. 

Sequence of groove elements, In direc
tion of rotation, must be: I. Oil hole. 
2. Feeder groove. 3. Axial groove. 

Groove Is usually preaure-fed. 

Axial groove must be located In low
pressure region. 



plenish the grease which escapes from the bearin)!. 
Hence, only grooving for normal lubricating fluid
oil-will be considered. 

From previous discussions, full -film lubrication 
was shown to be possible under favora ble conditions 
of load and speed, provided, of course, that the 
bearing is properly designed to promote separation 
of the bearing members. An approximation of oil
flow rate required to sustain hydrodynamic lubri
cation has also been discussed. Next, where to in
troduce the necessary lubricant must be determined. 
The obvious and only location for introducing lubri
cant to the bearing is in a region of low pressure. 

Theoretical distribution of pressure within an un
grooved, full-film lubricated sleeve bearing is shown 

Nomenclature 

A = Bearing characteristic number 
a = Groove width, in. 
b = Groove depth, in. 
D = Journal diameter, in. 

Ds = Bearing bore diam~ter, in. 
l = Bearing length, in. 
N = Rotational speed of journal, rpm 
0 = Actual center location of bearing 

O' = Actual center location of displaced journal 
W = Steady load to be supported, lb 
w = Wall thickness of bearing, in. 
• = Journal eccentricity ratio 
I = Angle between direction of load and direction of 

journal displacement, deg 
11 = Angle between direction of load and point of maxi

mum film pressure, deg 
12 = Angle between direction of load and point where 

film pressure ends, deg 

w 

2 

Fig. 32-Reference lo~-ations for pressure distribution 
within an ungrooved bronze bearing operating wirh 
full-film lubrication are: l. Maximum film thick
ness; beginning of pressure formation. 2. Direction 
of load. 3. Maximum film pressure. 4. Minimum 
film thickness. 5. End of pressure film. 6. Unloaded 
side of bearing. 

Fig. 33-Location of peak pressure, pos11100 3 in 
Fig. 32, for full-film lubricated bearing. 
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Fig. 34-Location of end of pressure film, posi· 
tiuo 5 in Fig. 32, for full.film lubricated bearing. 

w 

(0) 

Oil-inlet hole 

Fig. 35-Single oil-
1--*'f?L:>t-- inlet hole located 

on unloaded side 
of bearing. 

(b} 

Poth of oil carried 
by rotating journal 

Fig. 36-Possible oil distribution in a loog bearing 
using only a single oil-inlet bole. 

in Fig. 32. The numbered locations around the bear
ing are of interest and are referred to throughout 
this discussion. Pressure is generated, in a clockwise 
direction, from region I to 5, and the low-pressure 
region is from 5 to I. Location l is the region of 
maximum film thickness and is diametrically opposite 
location 4, which is the region of minimum film 
thickness. Location 4 can be determined from the 
curves in Fig. 12 (in Reference I ) . Lo ca ti on 2 is on 
a line through the bearing center and parallel to 
the direction of load. Peak pressure at position 3 
and zero pressure at position 5 are located using 
position 2 as a reference. Fig. 33 and 34 can be 
used to determine locations 3 and 5 if the operating 
eccentricity ratio is known. 

With three points on the pressure distribution 
curve known-zero at I, maximum at 3, and zero 
again at 5-the pressure distribution can be approx
imated by connecting these three points as in Fig. 32. 
Location 6 is on the unloaded side of the bearing op
posite location 2. If the journal were rotating in 
the opposite direction, the geometry would be re
versed and could be obtained by looking at Fig. 32 
in a mirror. Also, if the load were acting in some 
direction other than that shown, the proper pic
ture could be obtained by rotating the figure until 
load W is in the proper angular position. 

For the simple case where load is constant and 
always in one direction and the speed is also con
stant, the low-pressure region from 5 to I is always 
in the same location with respect to the bearing. 
Hence, the oil-inlet hole may be located somewhere 
between location 5 and, in the clockwise direction, 
location I-the closer to I the better. Usual practice 
is to place the oil-inlet hole at location 6, Fig. 35. 
In horizontal bearings, the inlet hole should be 
centered axially; for vertical bearings, it should be 
closer to the top end. 

In many cases a single oil-inlet hole located in the 
unloaded region of the bearing will suffice. How
ever, if the bearing is of appreciable length, lubri
r.ant will not be distributed uniformly over the en-

LGroove 

Fig. 37-Straight·axial oil distribution groove. 



tire length of the bearing. Fig. 36a illustrates this 
condition. Possible route of travel of lubricant 
through the bearing is shown in Fig. 36b to further 
illustrate the point. To correct this situation, a 
straight-axial groove is often placed in the bearing, 
Fig. 37, usually at the same location as the inlet 
hole (position 6). When this type of grooving is 
used, the oil can be distributed axially along the 
groove before being picked up by the shaft and 
carried through the bearing. A much more uniform 
distribution of lubricant is thus made possible over 
the length of the bearing. This type of grooving shall 
be designated a "straight" groove. 

If the bearing is fairly large in diameter, the 
straight-axial distribution groove should be located 
closer to position I. This location, Fig. 38, allows 
the lubricant to be picked up by the shaft closer 
to the point where it is needed. If it is impossible 
to position the oil-inlet hole directly above the 
axial distribution groove at position I, the inlet hole 
may be connected to the distribution groove by a 
feeder groove, Fig. 39. Remember, however, that 
the oil-inlet hole must be located only in the low
pressure region. Orientation of the grooves with re
spect to direction of shaft rotation is also important. 
That is, a point on the shaft should arrive first 
at the oil-inlet hole, then at the partial circumfer
ential-feeder groove, and finally at the straight-axial 
distribution groove. 

Thus far, only unidirectional loading and rotation 
have been considered, and required grooving is very 
simple. For such operating conditions, all that is re
quired is to establish the location of the low-presssure 
region of the bearing and use either a single oil hole 
or a straight grooving arrangement in this region. 
The pressure distribution can be approximated by 
first evaluating the probable eccentricity ratio from 
Fig. 13 (Chapter 2). Position 4 and, hence, position 
I can then be determined from Fig. 12 (Chapter 2). 
The ::>ther two points of interest on the pressure 
distribution curve are points 3 and 5, which are 
determined from Fig. 33 and 34 for the same eccen-

w 

Section A-A 

Fig. 38-Straight-axial groove and inlet hole lot.-a1ed 
at beginning of generated-pressure zone for beuer oil 
distribution. 

tricity ratio. 
Location of the generated pressure within a full

film lubricated bronze bearing depends upon bear
ing characteristic number A and the directions of 
load and speed. Any change in operating conditions 
means a change in pressure distribution which must 
move within the bearing for continued satisfactory 
operation. Consequently, it may not be possible to 
locate a region of the bearing which is always at 
low pressure. For example, in a bearing where load 
may fall in any direction, a given location may 
alternately be in a high-pressure region and then in 
a low-pressure region, depending upon instantane
ous load direction. To allow for this condition, a 
circular or annular groove is usually machined com
pletely around the bearing, Fig. 40. 

The circular type of groove divides the bearing 
into two shorter bearings, each of which is lubri
cated from one end. Other conditions being equal, 
two short bearings whose combined length is equal 

w 

A 

Stroight
oxiol groove 

Fig. 39 - Oil-inlr1 
hole joined 10 proper
ly located straight· 
axial groove by a 
feeder groove. To aid 
machining, f e e d e r 
groove may extend 
slightly beyond the 
straight groove or in· 
let hole. 

Bronze beori nq •Oil-inlet hole 

Fig. 40-Circular oil-distribution grom·e for load 
with constandy ··hanging dire,-cion. 
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Section Pr-A 

Section A·A 

Fig. 41 - Nonpressure-fed 
bearing using a circular 
groove plus a straight groove 
located in a low-pressure 
region. 

FiR. 42-0il inlet and straight-axial groove located 
in low-pressure region of shaft for synchronous rotat· 
ing load. 

w 

Journal 

to that of a single bearing do not carry the same 
load as the single bearing. Thus, each half of the 
bearing has to be treated separately to evaluate 
load-carrying capacity, eccentricity ratio, etc. The 
oil-inlet hole can be at any ·angular position around 
the bearing. Actually, the circular groove could just 
as easily be put in the shaft if shaft strength permits. 
Also, the oil-inlet hole could be put in the shaft 
if supplying lubricant through the shaft is desired. 

Circular-grooved bearings are usually pressure
fed. However, they may be used in nonpressure-fed 
applications in combination with a straight-axial 
groove if the straight groove is placed in a relative
ly lightly loaded region of the bearing, Fig. 41. If 
the lightly loaded region is fixed with respect to 
the shaft, the straight groove may be machined in 
the shaft. This type of grooving shall be designated 
a combination circular and straight-axial groove. 

For the special case in which load rotates with 
the shaft, either a single hole or a straight groove 
or both may be used in the shaft. Lubricating 
through the shaft is possible with a synchronized ro
tating load because the pressure distribution is fixed 
with respect to the shaft. Here again the oil-inlet 
hole and groove in Fig. 42 must be oriented to lie 
between positions 6 and 1 just as was necessary when 
the inlet hole and groove were in the bearing. This 
type of grooving is also recommended when the 
bronze bearing rotates around a stationary shaft. 

For ring or chain-oiled bearings, a slot at the 

w 

Fig. 43-Ring-oiled bearing using feeder and straight-axial grooves to 
distribute oil picked up by ring. 

Fig. 44 - Geometry of completely 
boundary-lubricated sleeve bearing. 
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Grooves hove V 
cross section--.... 

Fig. 45 - Grooving for completely 
boundary-lubricated bronze bearings 
using grease. 

(a) Double 0 (b) Ooub:e Fiqure B 

/ 

Space between two 
bearings 

(c) Wirle circular 



top of the bearing allows the ring or chain to touch 
the rotating journal. The slot is usually connected 
to a straight distribution groove by a feeder groove, 
Fig. 43. Orientation of the grooving should be as 
indicated. Recommended total clearance between 
ring and slot is n to Ys in. 

Preferred types of grooving for full-film, hydro
dynamically lubricated sleeve bearings are summar
ized in Table 13. In general, for vertical bearings 
the oil-inlet hole is displaced from the axial center 
of the bearing to a position closer to the top of 
the bearing. Circular grooves, when used, are also 
usually displaced toward the top of the bearing. 

In some cases a sleeve bearing may receive lubri
cant from one end of the bearing. To provide ef
fective lubrication, the oil must first enter and then 
pass through the bearing. Small clearances and the 
internal pressures generated normally prevent axial 
flow through the bearing. However, one way of pro
moting flow through the bearing is to provide a 
straight-axial groove which is located in the low
pressure region and which is open at the lubricant 
end of the bearing. 

Performance of some full-film lubricated bronze 
bearings can at times be enhanced by some form of 
specialized or "exotic" grooving different from the 
types already covered. However, the designer should 
consider carefully before specifying such forms. Not 
only ·are special grooves expensive to fabricate, but 
more important, they may defeat their purpose by 
crossing regions of the bearing which would other
wise generate load-carrying pressure. If the neces
sary pressure distribution for full-film lubrication 
can be determined, special grooving may be used in 
the low-pressure region to suit a particular applica
tion. However, specialized grooving should be con
sidered only if one of the previously discussed types 
cannot be used or is not adequate. 

One final and important requirement is that the 
edges of all grooves be broken or chamfered at as
sembly after the bore of the bearing is finished or 
sized. This precaution eliminates the possibility of 
having burrs on the grooves which would act as oil 
scrapers. 

~ Grooving for Complete Boundary lubrication 
By definition of complete boundary lubrication, 

none of µie load on the bearing is supported by 
lubricant. Consequently, the question might be asked: 
Ts grooving necessary? The answer is "yes" because 
every advantage should be taken to insure that what 
little amount of lubricant is provided reaches the 
loaded region of the bearing to effectively boundary 
lubricate the moving surfaces. 

Normally, sleeve bearings which are lubricated 
only periodically will at some time. be operating 
under boundary lubrication conditions. For such ap
plications, grease is the more usual lubricant al
though hand-oiled bearings fall into a similar cate
gory. Since grease does not flow readily, it must be 
pumped into the bearing. Inside the bearing, grooves 
are necessary to allow free passage of the grease 
to the loaded region and to provide a reservoir for 
the grease. When oil is used for completely boun-

dary-lubricated bearings, grooving allows easy pass
age of the lubricant to the region where it is re
quired. Grooving also acts as a trap for the oil and 
retards its eventual escape from the bearing. 

Thus, the little lubricant that is supplied under 
boundary lubricating conditions remains within the 
bearing longer than it would if there were no groov
ing, provided, of course, that the grooves do not 
break through the ends of the bearing. One other 
beneficial effect of grooving is that a convenient 
trap is provided for wear particles and other foreign 
matter which might otherwise enter the bearing. 

Geometry of a completely boundary-lubricated 
journal operating within a sleeve is shown in Fig. 44. 
Under action of applied load, the journal will al
ways bear against the bearing in the direction of 
load regardless of the magnitude of load and speed or 
the direction of motion of the shaft. Thus, the load
ed region would be at position 2 as shown in Fig. 44. 
Load-carrying area, or area of contact, will lie be
tween positions 7 and 8. Since the bearing cannot 
generate hydrodynamic film pressures under com
plete boundary lubrication because a continuous sup
ply of lubricant is lacking, no harm can J:>e done by 
grooves which pass through the load zone~ However, 
removal of too much bearing material should be 
avoided to prevent excessive unit pressures in the 
load zone. 

Two types of grooves acceptable for completely 
boundary-lubricated bearings using grease are shoVl'Il 
in Fig. 45a and b. These grooves, while appearing 
to be complex, are easily generated on a grooving 
machine-an important fabricating consideration. 
Similar groove configurations may be used when oil 
is the lubricant. Notice that these grooves do not 
break through the ends of the bearing. 

Another simple but good groove for grease lubri
cation is the arrangement in Fig. 4Sc. The wide cir
cular groove can be obtained merely by allowing a 
gap to exist between two bearings in the same hous
ing to provide a generous grease reservoir. The same 
effect could be achieved by cutting a wide circular 
groove in the shaft. 

~ Grooving for Mixed-Film lubrication 
Geometry of a mixed-film lubricated bronze 

bearing is similar to that of a complete boundary
lubricated bearing in that the journal bears against 
the bearing in the direction of load, Fig. 46. How
ever, for this situation a portion of applied load is 
supported by fluid pressures generated in local areas 
of the load zone. Likewise, some metal-to-metal 
contact occurs in region 7 to 8. When mixed-film 
conditions exist, this area of contact is somewhat 
smaller than that for a completely boundary-lubri
cated sleeve bearing. In fact, contact area is quite 
small unless some wearing-in has occurred. 

Previous definition of mixed-film conditions states 
that the bearing must be supplied continuously 
with lubricant and that the lubricant must be picked 
up by the shaft and carried to the load zone before 
escaping from the bearing. Use of grooves in the 
load zone should also be avoided for this type of 
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lubrication. Recommended grooves for mixed-film 
operation are the same as for full-film lubrication 
except that the oil should be picked up by the shaft 
at a point closer to the region of minimum film thick
ness, location 4 in Fig. 32. If load is continually 
changing direction, an axial groove, or even just a 
single hole, may be used in a relatively lightly loaded 
region. 

~ Groove Dimensions 
Common groove cross sections are shown in Fig. 

47. The V-groove is generally recommended from 
a fabrication standpoint. Specifying chamfered cor
ners at the bearing surface, as indicated on the V -
groove in Fig. 47, is an important detailing practice. 
This step is necessary in all grooving so that lu
bricant which adheres to the rotating shaft is not 
wiped off by burrs or projections at groove corners. 
However, chamfered corners are not as critical for 
boundary-lubricated bearings. Inside corners at the 
bottom of grooves should be rounded to avoid local 
stress concentration. 

Width and Depth: Recommended groove widths 
and depths for various bore diameters are given 
in Fig. 48 and are the same for all oil grooving 
regardless of groove configuration. Width curve a 
is plotted in 1/32-in. increments since groove width 
is not critical and need not be specified to a closer 
tolerance. Also, groove depth b need not be specified 
any closer than the nearest 1/64 in. 

Before groove depth from Fig. 48 is specified, 
value b should be compared with 1/ 3 the wall thick
ness of the bearing material. If the value of w/3 is 
less than b, then w/3 should be specified as the 
groove depth. On the other hand, if b is less than 
1/3 the wall thickness, then the value of b should 
be specified. If groove depth is always kept less than 
1 /3 the wall thickness, the bearing is not unduly 
weakened at the location of the groove. 

When grease is used as the lubricant, the groove 
should be widened somewhat to provide free pas
sage for the less-mobile grease. For this purpose, 
groove width may be increased up to 1.5 times the 
values recommended for oil in Fig. 48. 

Configuration: Dimensioning of groove configura
tion, or plan view, will depend upon type of groov
ing used and size of the bearing. As a general rule, 
grooves should not break out the ends of the bear
ing unless the bearing is to be lubricated from one 
end. However, grooving may approach the bearing 
ends. Recommended distance between groove and 
end of the bearing should be more than 0.05 times 
the length of the bearing, Fig. 49a and b. For short 
bearings, minimum distance from end of the bearing 
to grooving should be Ys in. 

Oil-inlet holes should, as has been stated, be 
located in the low-pressure region of the bearing. 
If used in conjunction with grooving, inlet holes 
should be centered about the groove. Size of the 
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Fig. 46-Geometry of mixed-film lubricated 
sleeve bearing. 

Breck corners 
ct assembly 

r---0--1 
f7777'"'ry"?-.... 

Rectangular Half- Round 

Fig. 47-Typical grooving cross sections for 
bronze bearings. The V-groove is generally 
easier to machine and develops a better lubri
cating film. 

inlet hole should be at least as large as the width 
of the groove it is supplying and preferably 1.5 times 
groove width for the smaller size bearings. For 
vertically mounted bearings, the oil-inlet hole should 
be located closer to the top to help equalize oil flow. 
In nonpressure-fed applications, the inlet hole should 
be located approximately within the range shown 
in Fig. 49c. 
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Fig. 48-Rernmmended groove dimensions for oil-lubricated bronze bearings. For 
g rease-lubr icated bearings, increase groove wiqth up to 1.5 times values given. 
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Pis. 49-Recommended distances from ends of bearing to 
grooving for bearings in any position, /1 and b. Recom
mended distance from end of bearing to oil-inlet hole for 
vertical bearings, t. -
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Fig. 51 - Flow factors for cencra llv located 
single-hole oil groove with pressur~ lubrica
tion (D 11 ::::D). 

Fig. 50-Pressurized lubricant supply syscem rnncaining 
chree differenc bronze bearings. 



CHAPTER 8 

Techniques for 
Supplying Lubricant 

ONCE the actual bearing configuration is de
fined, there remains the problem of getting 
lubricant to the bearing in quantities suffi

cient to permit the desired type of operation. Does 
the application require a pressurized system to in
sure an adequate flow rate? Or will one of the 
simpler nonpressure methods be satisfactory? 

This chapter will attempt to answer these questions 
by presenting, where possible, charts and equations 
for determining probable oil flow. With this infor
mation, the conditions required by the flow-rate 
equations for full-film and mixed-film (not bound
ary) lubrication can be satisfied. 

In Chapter 2, theoretical flow rate for full-film 
lubrication is found from 

(9) 

with side-leakage flow factor kq obtained from Fig. 
17. !.f the amount of oil supplied is less than Q, the 
journal will operate more eccentrically within the 
bearing than indicated in Fig. 13. 

Also from Chapter 2, the equation for minimum 
flow rate for full-film lubrication is 

Q' = 29.3 X 10-9 ( L + 0.0043 ~ ) mD2N (10a) 

Hence, to insure full-film conditions the bearing 

Nomenclature 

C = Radial clearance, in. 
D = Journal diameter, in. 

Ds = Bearing bore diameter, in. 
d = Diameter of oil-inlet hole (Fig. 51), in. 
h = Wicking distance from top of oil level to jour

nal, in. 
ks = Groove flow factor 

kgA = Flow factor for pressure-lubricatd single oil
inlet hole 

kgB = Flow factor for pressure-lubricated straight-axial 
distribution groove 

kgo = Flow factor for pressure-lubricated circular 
groove 

kq = Side-leakage flow factor 
L = Bearing length, in. 
L' = Length from centrally located circular groove to 

end of bearing (Fig. 53), in. 
L' 1, L' 2 = Respective lengths from noncentrally located 

circular groove to each end of bearing (Fig. 
53), in. 

l = Length of straight-axial distribution groove (Fig. 
52), in. 

m = Clearance factor 
= 1000 (2C)/D 

N = Rotational speed of journal, rpm 
pg = Pressure developed in groove of pressure-fed 

bearing, psi 
Q = Side-leakage oil flow, or oil-flow feed rate, gpm 
Q' = Minimum oil flow required for full-film lubrica

tion, gpm 
Qg = Oil flow in grooved, pressure-fed bearing, gpm 
W = Steady load to be supported, lb 
Z = Lubricant absolute viscosity, centipoises 
~ = Journal eccentricity ratio 
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Fig. 52-Flow factors for straight-axial dis
tribution groove with pressure lubrication 
(Da:::::D). 

must be supplied continuously with a flow rate at 
least equal to Q' and preferably equal to Q. If oil 
flow is less than Q', the bearing will operate under 
mixed-film conditions. 

Pressure-Fed Bearings 

With pressure feeding, lubricant is supplied to the 
bronze bearing under external pressure. Depending 
upon bearing requirements, pressurized lubricant 
may be supplied continuously for full-film lubrica
tion or intermittently for mixed-film lubrication. 
The intermittent method is used extensively in cen
tralized lubricating systems to supply prescribed 
amounts of lubricant to many different bearings at 
periodic intervals. 

When pressurized lubricant is continually sup
plied, pressure is generated within the bearing 
groove because the narrow clearance between bear
ing members restricts oil flow. Actual flow through 
the bearing depends upon lubricant pressure in the 
groove, bearing diameter, clearance, bearing length, 
lubricant viscosity, and groove configuration. When 
the journal is concentric within the bearing bore, 
flow through the bearing is 

k m 3 p V3 

Q"=" " xw-6 z (32) 

Under load, the journal becomes eccentric with re
spect to the bearing and flow increases accordingly. 
Equation for the oil-flow rate of a loaded bearing is 

k m8 p V 8 
( 3e2 

) 
Q"= "z" I+-2- x10-6 (33) 

Values for groove flow factor k" in the following dis
cussion are identified as kuA• k"B' etc., but can be 
substituted directly into Equation 33. Actually, DB 
should be used in Equations 32 and 33 instead of D, 

but the numerical error is negligible. Use of shaft di
ameter agrees with previous flow equations and makes 
original L/D ratio valid for graphs which follow. 

Oil-Groove Pressure: If only a single bearing is 
supplied with pressurized lubricant from a pump, 
groove pressure will be the same as the discharge 
pressure of the pump, assuming no line losses. If 
several bearings are supplied with pressurized lubri
cant from the same source, and again assuming no 
line losses, groove pressure developed within each 
bearing will be the same. Thus, if all bronze bear
ings in a system have identical configurations and 
operate under similar conditions, flow requirements 
for each bearing will be the same. 

However, flow requirements are usually different 
for each bearing in a system and consequently re
quire different groove pressures. In these situations, 
recommended practice is to install a restrictor in the 
distribution line to each bearing. Restrictors are 
merely devices inserted in the oil line to promote a 
pressure drop between manifold and bearing. Such 
devices include orifices, capillary tubes, needle valves, 
and flow-control valves. In addition to making the 
distribution line for each bearing independent of 
the others, restrictors also make full supply pres
sure immediately available to any bearing if required. 

A schematic diagram of a lubricant supply sys
tem feeding three bronze bearings is shown in Fig. 
50. Each bearing has a different groove pressure 
and requires an individual restrictor. Supply pres
sure is the same for all bearings. Proper "sizing" 
of restrictors to obtain desired flow rates requires 
some knowledge of pressure-flow relationships for 
the particular type of restrictor used. 

Thus, it is important to remember that Pu in Equa
tion 33 is the groove pressure developed within the 
bearing. With Pu correctly determined, probable oil
flow rates can be predicted. 

Single Oil-Inlet Hole: Flow factors for a single oil 



Nonpressure Methods of 
Applying Lubricant 

Hand Oiling 
Many bronze bearings operating under bound

ary and mixed-film lubrication conditions are 
adequately lubricated by periodic hand oiling 
with a squirt can-provided oil application is 
not too infrequent. The bearing to be oiled 
is usually provided with a dustproof cover, and 
the lubricant, of course, should be clean. Actual 
oil-feed rate varies from copious shortly after 
oiling to nothing when the reservoir runs dry. 
Hence, if hand oiling is to be used, the bear
ing should be designed for complete boundary 
lubrication. 

Drop-Feed Oilers 

Housing 

A big improvement over hand oiling is the use of 
drop-feed oilers. Flow rate can be adjusted and es
sentially held constant if oil level and temperature 
are not allowed to vary appreciably. Dropping rates 
ranging from 0 to 100 drops per minute are possible. 
Oil flow is normally started and stopped by hand, 
although such oilers can be made automatic by elec
trical or pressure devices. 

Bottle Oilers 
A typical bottle oiler consists essentially of a clear "bottle" con

taining an extension tube. The bottle is inverted over the bearing and 
the extension tube rides the journal. Movement of the rotating journal 
causes the extension tube to move up and down, thus pumping oil 
from the bottle to the bearing. Delivery rate of oil depends upon the 
amount of motion available for pumping the lubricant. Oil flow is 
also very sensitive to temperature, which is an advantage because 
more lubricant will flow at higher temperatures when it is required. 
Another advantage is that oil is pumped only- when the bearing is in 
operation. Because the lubricant supply is sealed, bottle oilers are 
widely used in dusty atmospheres. 

w 

On-off lever 

Feed-rate adjuster 

Bronze bearing 

Bearing 
housing 

Waste and Pad Oilers 

Oil 

Bronze 
bearing 

Capillary action accounts for the lubricating ef
fectiveness of oilers using waste or pads which con
tact an oil reservoir at one end and the rotating shaft 
at the other end. Needless to say, oil-feed rates are 
difficult to predict. Maintaining oil in the reservoir 
is important and permits the waste to supply copious 
amounts of lubricant. Such oilers are used extensive
ly for railroad freight-car journal bearings. The waste, 
in this case, provides effective lubrication under ad
verse conditions. 
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Wick Oilers 
Use of a wick to transport lubri

cant from reservoir to bearing is a 
tried and true method. Lubricant 
moves through the wick due to capil
lary action. Although the method may 
appear to be quite crude, wick-feed 
oilers are efficient when properly de
signed. Flow rates possible with SAE 
F-1 felt for siphon and bottom type 
wicks may be estimated from the 
curves. Data presented are for wick 
areas of 0.10 sq in. for SAE lubricants 
at 70 F. Oil delivery rate is directly 
proportional to total cross-sectional 
area of the wick and inversely propor
tional to viscosity of the lubricant. 
At higher temperatures, oil flow will 
increase since lubricant viscosity de
crea!;es. Wicks also serve as effective 
filters to insure that only clean oil 
reaches the bearing. 

f;2.0 
'5 

i l 1.5 

• 
~ 
~1.0 .., .. a: 
t-0.5 .., 
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0 2 4 6 

Siphon-Feed Wick Oiler 
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Wicking Distance, h (In.) 

Also in use are wooden wicks in 
which oil is drawn through the wood 
by capillary action. Normally, wood
en wicks are built into the bearing 
along with a reservoir that is ma
chined in the housing or bearing. 
Thus, all external wicks and reservoirs 
are eliminated. 

Unlooded ~==in::;:==; -

St raight groove 

side of 
beoring 

w 

Oil splash 

Oil 

Spring 

Bottom-Feed Wick Oiler 

Ring and Chain Oilers 
Copious amounts of lubricant can be supplied by the rela

tively simple means of hanging a ring or chain on the 
journal in a horizontal bronze bearing. At low speeds, the 
ring moves with the shaft. If the bottom of the ring is 
immersed in oil, it will, as it rotates, pick up and deliver 
oil to the bearing. If the oil is allowed to return to the 
reservoir to maintain the oil level, a constant supply of 
lubricant will be delivered to the bearing. Ring diameters 
are about 1 Y:? to 2 times the diameter of the bearing. Mini
mum oil level should cover at least a 30-deg section of the 
ring. Chains can supply more lubricant than rings and 
require less space. However, they are not suitable for high 
speed because they tend to swing around the shaft. Oil 
supply rates of from lf.a to 1 gpm are easily obtained with 
rings or chains. 

Splash and Bath Oiiing 
Often. effective lubrication can be provided by 

splashing lubricant into suitable channels which 
then direct the lubricant to the bearings. Splash
ing may be accomplished by parts of the machine 
moving through a constantly maintained level of 
oil within the machine. In this case cleanlJness 
of the inside of the machine is important to avoid 
contaminating the lubricant supplied to the bear
ing. Bronze sleeve bearings may also be operated 
in a bath of lubricant. 



Sect ion A-A 

Fig. 53-Flow factors for circular groove 
with pressure lubrication (08 :::::0). 

hole, considered as a groove, can be obtained from 
Fig. 51 for various ratios of inlet-hole diameter to 
bore diameter. Oil flow can then be determined 
from Equation 33. 

If calculated oil flow for the pressurized lubricant 
is more than that obtained from Equation 9 for full
film lubrication, the bearing should operate at the 
specified eccentricity ratio. If calculated flow is less 
than full-film requirements, the journal will be more 
eccentric within the bearing than anticipated. To 
increase the flow, either d/DB ratio or pressure may 
be increased. Equation 33 and Fig. 51 may also be 
used to determine pressure required at the hole to 
yield the proper flow when hole size is fixed. 

Straight-Axial Groove: Flow factors for straight
axial distribution grooves can be obtained from Fig. 
52 for several ratios of groove length to bearing 
length. Ratios of l/L between 0.7 and 0.9 are recom
mended. To evaluate flow from a pressurized axial 
groove first requires determination of k11B from Fig. 
52 for particular l/L and L/D ratios. Since the other 
quantities are known, substituting k11B in Equation 
33 yields the flow rate. 

If a pressurized feeder is used with a straight-axial 
distribution groove, oil flow will be somewhat more 
than for a plain, straight groove. However, use of 
flow factors from Fig. 52 for straight grooves is sug-

gested when evaluating flow from a combination 
feeder and straight groove. 

Circular Groove: Flow factors for a centrally lo
cated circular groove can be obtained from Fig. 53. In 
this curve the abscissa is L' /D with L' being the dis
tance from edge of the groove to end of the bearing. 
After the value of k110 is determined, substitution in 
Equation 33 permits evaluation of flow through one 
end of the bearing. Total flow will be twice this value 
if the groove is centered within the bearing. 

When a circular groove is not axially centered 
within th.e bearing, two different values of L' exist: 
L' 1 and L' 2 • Hence, the flow factor for each end of 
the bearing will be different. Therefore, Equation 33 
must be used twice to evaluate the flow for each 
section. Total oil flow is then the sum of these two 
values. 

Nonpressure-Fed Bearings 

Bronze bearings are supplied with lubricant by 
many methods that do not use external pressure. 
Seven of the more common ways to apply lubricant 
are shown and discussed. Where possible, informa
tion on flow rates is furnished for the individual 
method. 
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Fig. 54-Range of rec
ommended wall thick
nesses for cast bronze 
sleeve bearings as deter
mined by bearing bore 
diameter. For bearings 
larger than 10-in. diam
eter, specific manufactur
ers should be consulted. 

Fig. 55-Common meth
ods used to prevent 
movement of bearing 
within the housing. 
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CHAPTER 9 

Bearing Fabrication 
and Assembly 

L IKE any other engineering problem, the major 
efforts in designing a bearing must be con
cluded with small but common-sense details. 

Without such practical considerations as proper in
stalla~ion or compatibility with other operating parts, 
even a perfect bearing could fail. 

Wall thickness of the bearing, the type of housing 
material, and methods of retaining the bearing within 
the housing are some of the final, and often inter
related, points to be specified. Proper relationship 
between bearing and journal hardnesses must be 
e:;tablished to prevent rapid wear and expensive 
replacement. Surface finish is also important in con
trolling wear. And after the bearing has been as
sembled and placed in service, maintenance per
sonnel will need information about care of the bear
ing and its lubricating accessories and about replace
ment when it becomes necessary. 

Bearing Wall Thickness: Bronze sleeve bearings are 

normally contained within a housing or shell. Cri
teria for wall thickness is that the bearing, when 
installed in its housing, should provide adequate 
strength to support the imposed loads without elastic 
or thermal distortions which would destroy the 
"built-in" geometry of the bearing. In general, in
creasing wall thickness is required for increasing 
bore diameter. But ratio of wall thickness to bore di
ameter decreases with increasing bore diameter. 

,Thin bearing walls and heavy housings provide 
more strength than the opposite arrangement, but 
heat transfer from · the bearing may be impeded. 
If .severe wear of bearing material is permissible and 
expected, adequate material thickness should be pro
vided. Anticipated temperature rise is another con
sideration when wall thickness is specified. Large 
variations in temperature, and different coefficients 
of thermal expansion for bearing and housing mate
rials, combine to produce expansion and contraction 
forces that make bearing dimensions and fits diffi-

Table 14-Recommendeci Tolerances . for 
Nominal Housing Bores Using Press or Shrink Fits 

Nomlllal Tolerance on Tolerance on Rance of Averace 
Bearlns OD Nominal Nominal lnterfeftnce laterfe-

aaclB01111lllclD Bear!D&' OD Houmr ID PH Flt 
(ID.) (In. ) (In. ) (In.) (In.) 

Oto 0.5 +0.002 to +0.003 + 0.0015 to + 0.0020 zero to o. 0015 0.00075 
0.5 to 1 +0.002 to +0.003 + 0.0010 to + 0.0015 0.0005 to 0.0020 0.00125 

1to1.5 + 0.002 to + 0.003 + 0.0005 to + 0. 0010 0.0010 to 0.0026 0.00176 
1.5 to 2 + 0.002 to + 0.003 + 0.0000 to + 0.0010 0.0010 to 0.0030 0.0020 

2 to 2.5 + 0.002 to + 0.003 + 0.0000 to + 0.0010 0.0010 to 0,0030 0.0020 
2.5 to 3 +0.002 to +0.003 -0.0005 to + 0.0005 o. 0015 to o. 0035 0.0025 

3 to. +0.003 to +0.005 + 0.0005 to + 0.0015 0.0015 to 0.0045 0.0030 
• to 6 +0.003 to +0.005 + 0.0000 to + 0.0010 0.0020 to 0.0050 0.0036 
6 to I +0.003 to +0.005 -0.0006 to + 0.0006 0.0025 to 0.0055 O.OCMO 
I to 8 +0.003 to +0.005 -0.0010 to + 0.0000 0.0030 to 1).0060 O.OCM6 
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cult to maintain. Varying clearance within the bear
ing can result. 

When a bearing is pressed or shrunk into the 
housing, unequal expansions can also cause stressing 
of both members. If the bearing material yields, 
cooling may change the original interference fit and 
result in a loose bearing. However, these difficulties 
may be minimized by proper design. 

A final requirement, mentioned in Chapter 7, 
is that wall thickness should be at least three 
times the depth of any grooving used in the bear
ing. Suitable wall thicknesses and the amount of 
thickness variation allowed for cast bronze bearings 
are recommended in Fig. 54. 

Methods of Retaining Bearings: Many different 
techniques are used to insure that a bronze bearing 
stays put within the housing. The method used 
depends upon the particular application but requires 
first that the unit lend itself to convenient assembly 
and disassembly. One goal to keep in mind is that 
the bearing wall should be uniformly thick to pre
vent introduction of weak points in the construction 
which might lead to elastic or thermal distortion. 

Press or Shrink Fit : One common and satisfactory 
technique for retaining the bearing is to press or 
shrink the bearing in the housing with an interfer
ence fit. Uniform wall thickness over the entire 
bearing is easily maintained by either of these proc
esses. 

Standard stock bushings with finished inside and 
outside diameters are available in sizes up to ap
proximately 5 in. ID. Stock bushings are commonly 
provided with 0.002 to 0.003 in. over nominal on 
OD sizes of 3 in. or less. For ODs greater than 3 
in., actual OD is 0.003 to 0.005 in. over nominal. 
Since these tolerances are huilt into standard bush-

ings, the amount of press fit is controlled by housing 
bore. Fits recommended for general applications are 
listed in Table 14. 

For high-temperature work, interference fits in 
Table 14 may need adjusting to account for ex
pansion differences between bearing and housing 
and to avoid yielding of the bearing material. Thin
walled housings or housings other than steel or cast 
iron require somewhat lighter press fits. For fabri
cated bearings, tolerances of both bearing OD and 
housing bore should be specified to produce the rec
ommended interference fits. 

As a result of a press or shrink fit, the bore of the 
bearing material "closes in" by some amount. In 
general, this diameter decrease is approximately 70 
to 100 per cent of the interference fit. Any attempt 
to accurately predict the amount of close-in, in an 
effort to avoid final clearance machining, should be 
avoided. 

Shrink fits may be accomplished by chilling the 
bearing in dry-ice and alcohol, or in liquid air. These 
methods are easier than heating the housing and 
are preferred. Dry ice in alcohol has a temperature 
of - 110 F and liquid air boils at -310 F. 

When a bearing is pressed into the housing, the 
driving force should be uniformly applied to the 
end of the bearing to avoid upsetting of the bearing. 
Also important are the mating surfaces, which must 
be clean, smoothly finished, and free of machining 
imperfections. 

Keying Methods: Many different ways are used 
to fix the position of the bearing with respect to its 
housing by "keying" the two together. Possible key
ing methods shown in Fig. 55 include: 

1. Set screws. 4. Threaded bearing OD. 
2. Woodruff keys. 5. Dowel pins. 
3. Bolted bearing flanges. 6. Housing caps. 



Factors to keep in mind when/selecting one of these 
methods are: 

1. Maintain uniform wall thickness of the bearing ma
terial if at all possible, especially in the load-carry
ing region of the bearing. 

2. Provide as much contact area as possible between 
bearing and housing. Mating surfaces should be 
clean, smooth, and free from imperfections to facilitate 
heat transfer. 

3. Prevent any local deformation of the bearing, if 
possible, that might result from the keying method. 
Machining after keying is recommended. 

4. Investigate possibilities of bearing distortion resulting 
from the effect of temperature on the particular key
ing method. 

Bearing and Journal Hardness: Even in well
lubricated full-film sleeve bearings, momentary con
tact between journal and bearing may occur under 
such conditions as starting, stopping, or overloading. 
In mixed-film and boundary-film lubricated sleeve 
bearings, continuous metal-to-metal contact occurs. 
Hence, to allow for any necessary wearing-in, the 

journal is usually made harder than the bearing 
material. This practice allows the effects of scoring 
or wearing to be inflicted on the more easily replaced 
bearing rather than on the more expensive shaft. 
As a general rule, recommended Brinell hardness 
of the journal is at least 100 points harder than 
the bearing material. 

The softer cast bronzes are those with high lead 
content and very little tin. Such bronzes give ade
quate service in boundary and mixed-film applica
tions where full advantage is taken of their excellent 
"bearing" characteristics. High-tin, low-lead content 
cast bronzes are the harder bronzes which have 
higher ultimate load-carrying capacity. Accordingly, 
higher journal hardnesses are required with these 
bearing bronzes. Aluminum bronze requires a journal 
hardness in the range of 550 to 600 Bhn. 

Harder bearing materials, in general, require better 
alignment and more reliable lubrication to minimize 
local heat generation if and when the journal touches 
the shaft. Also, abrasives which find their way into 
the bearing are a problem for the harder bearing 

Pis- '7-Recommended surface finitbes for the rhree ty.PfJ of shew! beerin1 opera~loa. WbeD 
proper weariaa in occurs. a .. dsfactory finish will u.-lly deftJop in rhe beariq. 
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materials because they cannot readily embed them
selves in the bearing as they would in a softer ma
terial. Hence, lubricant cleanliness is also a more 
important consideration for the harder materials. 
However, clean lubricant is import'lnt for the best 
performance of any material. 

Surface Finish: Whether bearing operation is com
plete boundary, mixed film, or fluid film, surface 
finish of journal and bearing must receive careful 
attention. In applications where operation is hydro
dynamic or full film, peak surface variations should 
be less than the expected minimum film thickness. 
Otherwise, peaks on the journal surface will contact 
peaks on the bearing surface, Fig. 56, with result
ing high friction and temperature rise. Ranges of 
surface roughness obtained by various finishing 
methods are listed in Table 15. 

In general, better surface finishes are required 
for full-film bearings operating at high eccentricity 
ratios because full-film lubrication must be main
tained with small clearances, and metal-to-metal 
contact must be avoided. Also, harder materials gen
erally require better surface finishes. Surface finish 
requirements for boundary and mixed-film applica
tions may be somewhat relaxed since bearing wear-in 
will smooth the surfaces if given an opportunity. 

Fig. 57 is a general guide to the ranges required 
for bearing and journal surface finishes. Specifying a 
particular surface finish in each range can be simpli
fied by following the general rule that smoother 
finishes are required for the harder materials, for 
high loads, and for high speeds. 

Maintenance and Replacement: After a suitable 
design has been completed and the bearing has been 
properly fabricated and iI).stalled, successful trouble
free sleeve bearing operation lies in the hands of those 
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responsible for any bearing maintenance that may be 
required. Although this Manual is not intended to 
fully explore the problem of sleeve-bearing mainte-

Table 15-Surface and Peak Roughness 
Surface Roughness 

Finishing Method Range 
(microinches rms ) 

Boring, broaching, reaming. 32-63 
finish turning 

Commercial grinding 16-63 
Precision grinding 4-16 
H oning and la pping 4-16 
Polishing a nd buffing 2 -16 
Super finishing 1-8 

Peak Roughness 
(mlcrolnches ) 

4. 5 x rms roughness 
6. 5 X rms roughness 
7 X rms roughness 
7 X nns roughness 

nance, no bearing design is entirely complete without 
consideration of particular maintenance require
ments. Definite instructions regarding bearing main
tenance should be issued to cover such items as: 

I. Number and location of all bearings. 
2. Specification of recommended lubricant. 
3. Lubrication and inspection schedule and procedure. 
4. Overhaul instructions applying to bearings. 
5. Operating and maintenance instructions for acces

sory lubricating equipment if required. 
6. Bearing replacement instructions emphasizing clear

ance requirements and proper installation procedure. 

Properly designed and applied bronze sleeve bear
ings encounter difficulty for one of two reasons
either they are overworked with regard to speed and 
load, or they receive inadequate or faulty lubrication. 
Sleeve bearings, like humans, suffer when over
worked, neglected, or treated badly. With reasonable 
care and attention, bronze sleeve bearings can, ar,d 
do, fulfill a vital need in a highly mechanized age. 

The following references are those referred to by number or author's name in the text of 
the manual. 
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INDEX 
A 
Absolute viscosity, 40 
Adherence of fatty acids, 29 
Adsorption of fatty acids, 29 
Affinity for metal surfaces; 29 
Alignment, 67 
Aluminum bronze, 49, 67 
Alloys of bronze (See Bronze also), 46 

AMS 4840, 49 
ASTM B l 48-52-9C, 49 
SAE 40, 49 
SAE 62, 49 
SAE 63, 49 
SAE 64, 49 
SAE 67, 49 
SAE 620, 49 
SAE 660, 49 

Antiseizure characteristics of bronze, 47 
Antiweld characteristics of bronze, 47 
API degrees, 40 
API gravity, 40 
Assembly, 65 
Auxiliary cooling, 22 
Axial grooves (See straight grooves) 

B 
Bearing characteristic number, 14 

acceptable range of, 14 
definition of, 14 
evaluation of, 14 
maximum allowable, 23 
range of, 14 

Bearing deformation, 47 
Bearing design (See Designing) 
Bearing friction (See Friction) 
Bearing housing, 65 
Bearing length factor, 36 
Bearing materials, bronze, 46 
Bearing parameter ZN/ p, 9 
Bore temperature, 37 
Bore tolerances, 13 
Bottle oilers, 61 
Bottom wick, 62 
Boundary film, 32 
Boundary friction (See Boundary lubrica

tion also), 29 
mechanism of, 29 

Boundary lubricants, 29 
Boundary lubrication, 29 

additives for, 29, 30 
clearance ratios, 31 
coefficient of friction , 8, 31 
conditions for, 9 
definition of, 29 
designing for, 31 
extreme-pressure lubricants, 30 
fatty-acid lubricating agents, 29 
grooving for, 55 
ideal lubricant, 31 
length required for, 31 
power requirements, 31 
requirements for, 29 

Brinell hardness number, 46 
Bronze, 
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advantages of, 48 
alloys, 47 
bearing alloys, 46 
characteristics, 49 
common names of, 47 

composition of, 47 
physical properties of, 46, 48 
selection of, 46 
specifications, 48 
standard bearing bronze, 47, 49 

(See SAE 660) 
uses, 49 

Bushings, 

c 

sizes of, 66 
standard stock, 66 
tolerances of, 66 

Cast bronze (See Bronze aiso) 
materials, 48 

Cast bronze bearing alloys, 46 
Centipoises, 40 
Centistokes, 40 
Characteristic number (See Bearing char-

acteristic number) 
Chain oilers, 54, 62 
Chemical reaction, 30 
Chlorinated esters, 30 
Circular and straight-axial groove, 54 
Circular groove, 53, 63 

flow factors, 63 
Clad type bearing, 48 
Clearance factor, 13 

definition of, 13 
recommended values of, 12, 13 

Clearance in sleeve bearings, 11, 66 
recommended values of, 13 

Clearance ratio, 8, 11 
boundary lubrication, 31 
definition of, 11 
specification of, 11 

Coefficient of friction, 
boundary friction, 32 
boundary lubrication, 8, 31 
effect of EP additives on, 30 
effect of fatty-acid additives on, 29 
fluid friction, 32 
full-film lubrication, 8 
hydrostatic lubrication, 28 
maximum coefficient of mixed fric-

tion, 32 
minimum coefficient of mixed fric-

tion, 32 
minimum value for fluid friction, 9 
mixed-film lubrication, 8 
mixed-friction, 33 
range for complete boundary lubri

cation, 9 
variation of for mixed-film lubrica-

tion, 33 
Coefficient of thermal expansion, 65 
Composition metal, 47 (See SAE 40) 
Compressive strength, 47 
Conformability, 47 
Conversion of SUS viscosity to absolute 

viscosity, 40, 41 
Cooling, auxiliary, 22 
Copper content of bronze bearing alloys, 

47 
Corrosion by EP lubricants, 31 
Corrosion resistance, 48 
Cost of bronze bearing materials, 48, 49 
Critical temperature for boundary lubri-

cants, 30 

D 
Degrees, API, 40 
Deflection of journal, 23 
Deformability, 47 
Deformation of bearing, 23, 47 
Density of bronze bearing materials, 46 
Density of lubricating oils, 40 
Designing, 

for boundary lubrication, 31 
for full-film lubrication, 23 
for mixed-film lubrication, 37 

Diametral clearance, 11 
recommended values of, 12 

Dirty lubricant, 47 
Double figure 8 groove, 54 
Double 0 groove, 54 
Drop-feed oilers, 61 
Dry lubricants (See Solid lubricants) 
Dynamic loads on bearings, 23 

E 
Eccentricity ratio, 17 

definition of, 17 
recommended operating, 19 

Electric motor bearing clearance, 12 
Elongation, 46 
Embeddability, 47 
End leakage (See Side leakage), 21 
Energy loss due to friction, 19, 31, 38 
EP lubricants (See Extreme pressure lubri

cants) 
Externally pressurized bearings (See Hy

drostatic lubrication), 28 
Extreme-pressure lubricants, 30 

active chemicals in, 30 
combined with fatty acids, 31 
effective, 30 

F 

function of, 30 
reaction of, 30 
reaction rate, 31 
selection of, 31 
temperature dependence, 30 
types of, 30 

Fabrication, 65 
Fatigue strength, 47 
Fatty acid, 29 

action of, 30 
breakdown temperature, 30 
types of, 29 
with EP lubricants, 31 

Feeder groove, 53 
Film thickness, 17 

minimum, 17, 23, 68 
Forced-feed lubricating system, 22 
Force-feed lubrication (See Pressure-fed 

bearings) 
Friction, 

boundary, 29 
fluid, 32 
mixed, 32 

Friction reducer, 30 
Frictional heat, 22, 37 

dissipation of, 22 
dissipation of for mixed film lubri

cation, 37 
generation of, 22 



Frictional power factors, 18, 19 
definition of, 19 
determination of, 18, 19 
required for recommended eccen

tricity ratio, 19 
Full-film lubrication, 10 

G 

angular location of displaced jour-
nal, lS 

bearing length, 19 
bearing proportions, 19 
bearing size selection chart, 16 
coefficient of friction, 8 
conditions for, 9 
design method, 23 
design sheet, 24 
eccentricity, 17 
eccentricity ratio, 17 
film thickness, 17 
formation of, 10 
grooving for, SO 
heat loss, 23 
heavily loaded bronze bearings, 23 
high-speed bearings, 26 
hydrodynamic action, 10 
hydrostatic lubrication, 23, 28 
lightly 1011Md, 26 
location of end of pressure distribu-

tion, 52 
maximum load carrying capacity, 23 
minimum flow rate for, S9 
minimum flow requirements, 21 
oil-feed requirements, 21 
oil-film temperature, 22 
power requirements, 19 
preferred types of grooving for, S5 
pressure distribution, 51 
reasons for failure of, 17 
sample problem, 2S 
shock-loaded bronze bearings, 23 
slow-speed, 23 
temperature rise, 22 

Generator bearing clearance, 12 
Geometry of completely boundary-lubri

cated sleeve bearing, S4 
Geometry of full-film operation, 14 
Geometry of mixed-film lubricated sleeve 

bearing, 56 
Graphite, 4S 
Greases, 29, 43, 44 

additives for, 44 
application of, 44 
classification of, 44 
coefficient of friction, 44 
composition of, 44 
fillers for, 44 
full-film lubrication with, 44 
grooves for, 44 
methods of applying, 44 
reasons for using, 43 
recommended operating tempera-

ture, 43 
synthetic, 44 
temperature limits, 44 
types of, 43, 44 
water solubility, 44 
when to use, 44 

Groove flow factor, 60 
Grooving, SO 

boundary lubrication, 55 
circular, S3 

circular and straight, 54 
configuration, S6 
cross sections, 56 
dimensions, 56, 66 
exotic, 5S 
feeder, 53 
flow factors, 60 
for unidirectional load, 52 
for varying load direction, 53 
full-film lubrication, SO 
mixed-film lubrication, 5S 
oil groove pressure, 60 
oil inlet hole, 52 
purpose of, 50 
ring or chain-oiled, 54 
specifications of, 50 
straight-axial groove, S3 
tolerances, S6 
width and depth, S6 

Gun metal, 47 (See SAE 62) 

H 
Half-frequency whirl, 26 
Half-frequency whirl speed, 

definition of, 26 
determination of, 26 

Hand oiling, 61 
Hard bronze, 48 
Hardness, 67 
Heat balance, 22 
Heat transfer, 22, 6S 
Heavily-loaded, 28 
Heavily-loaded bronze bearings, 23 
High-leaded tin bronze, 47 (See AMS 

4840) 
High-speed bearings, 26 
High temperature, 66 
Hot spots, 48 
Hydrodynamic lubrication (See Full-film 

lubrication) 
Hydrostatic lubrication, 23, 28 

advantage of, 28 
applications of, 28 
coefficient of friction, 28 
definition of, 28 
design of, 28 

Impact strength, 46 
Inhibited oils, 48 
Instability, 26 

J 
Journal bearings (See Sleeve bearings) 
Journal deflection, 47 
Journal hardness, 67 
Journal surface finish, 67 

K 
Keying methods, 66 
Kinematic viscosity, 40 

L 
Lead content of bronze bearing alloys, 47 
Leaded bronzes, 49 
Leaded gun metal, 47 (See SAE 63) 
Leaded red brass, 47 (See SAE 40) 
Leakage from sleeve bearings, 21 (See 

Side leakage) 
Length factor, bearing, 36 
Length-to-diameter ratio, 8 

boundary lubrication, 31 

mixed film lubrication, 35, 37 
recommended, 19 
required for recommended operating 

eccentricity ratio, 17, 19 
selection, 16, 19 

Lightly loaded bearings, 26 
Long bearings, 19 
Load carrying capacity, 10 
Lubricants, 39, 59 

cleanliness, 68 
criteria for selecting, 42 
deterioration of, 48 
distribution within bearing, 52 
greases, 43 
high temperature, 44 
properties, 39 
selection, 42 
solid, 43 
solubility in water, 43 
techniques for supplying, 59 
types of, 43 
viscosity, 39 

Lubricant film temperature, 14 
approximation of, 14 

Lubrication factors, 22 
Lubrication methods, 59 
Lubricators, 61, 62 

M 
Machinery bearing clearance, 13 

general, 13 
rough service, 13 

Maintenance, 68 
Materials (See Bronze) 
Material requirements, 46 
Maximum operating temperature, 47 
Maximum unit pressure load, 47 
Metallic soaps, 30 
Minimum flow requirements, :!I 
Misalignment, 49 
Mixed-film lubrication, 32 

bearing length, 37 
bearing length factor, 36 
coefficient of friction, 8 
conditions for, 9, 32 
design methods, 38 
design sheet, 34 
designing for, 37 
distribution of load, 32 
grooving for, 55 
oil flow rate, 33 
power requirements, 38 
sample design problem, 35 
total friction, 32 

Mixed-friction, 32 
coefficient of, 32 
definition of, 32 
determination of, 33 
effect of flow rate on, 33 
mechanism of, 32 

Modulus of elasticity, 46 
Molybdenum disulfide, 45 
Motor oil viscosity, 42 

N 
National Lubricating Grease Institute, 44 
Navy "G" metal, 47 (See SAE 620) 
NLGI (See National Lubricating Grease 

Institute), 44 
Nomenclature, 7, 11, 29, 32, 39, SI, 59 
Nonpressure-fed bearings, 61, 63 

flow rates, 63 

71 



· Nonpressure methods of applying lubri
cant, 61, 62 

Non-steady loads, 19, 21 

0 
Oil-feed requirements, 

full-film lubrication, 21 
mixed-film lubrication, 33 
theoretical, 21 

Oil-film, 
formation of, 10 
pressure distribution, 51 
rupture of, 23 
temperature determination, 22 
thickness, 17, 23, 68 

Oil-groove pressure, 60 
Oil-inlet hole, 

dimensions of, 56 
location of, 53, 56 

Oil leakage (See Side leakage), 21 
Oil ring, 22, 62 
Oilers, 

bottle, 61 
drop feed, 61 
wick, 62 

Oiliness agents, 29 
Oleic acid, 29 
Organic film, 30 
Ounce metal, 47 (See SAE 40) 
Overloading, 23 
Oxidation, 48 

p 
Palmitic acid, 29 
Partial fluid films, 32 
Peak pressure, 52 
Peak pressure position, 51 
Peak roughness, 68 
Phospher bronze, 47 (See SAE 64) 
Power requirements, 19 

mixed-film lubrication, 38 
boundary lubrication, 31 
full-film lubrication, 19 

Practical considerations, 65 
Precision spindle bearing clearance, 12 
Press or shrink fit, 66 
Pressure distribution, 10, 17, 51 
Pressure-fed bearings, 60 

flow rates, 60 
groove flow factor, 60 
oil-film temperature, 22 
oil-groove pressure, 60 
restrictors, 60 
supplying several bearings, 60 
temperature rise, 22 

Pressure-viscosity effect, 41 
Pressurized lubricant supply system, 58 

(See Pressure-fed bearings) 
Pulsating loads, 23 
pV criteria, 37 

R 
Radial bearings (See Sleeve bearings) 
Radial clearance, 11 
Reactive material, 30 
Reciprocating loads, 23 
Reduction of area, 46 
Replacement of bearings, 68 
Retaining bearings, 65, 66 

criteria for, 67 
method of, 66 

Ring and chain oilers, 62 
Ring-oiled bearing, 54 
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Roughness of bearing surface~, 23, 67, 68 
Running-in or wearing-in, 23 

s 
SAE, 

bronze bearing materials, 4fi 
motor oils, 42 

Saybolt universal seconds, 40 
Saybolt viscosity, 40 
Score resistance, 47 
Self-contained bearing system, 22 
Semiplastic bronze, 47 (See SAE 67) 
Shear strength, 48 
Shock-load, design for, 26 
Shock-load factor, 26, 27 

definition of, 26 
determination of, 26 

Shock-loaded bronze bearings, 23 
Short bearings, 19 
Shrink or press fit, 66 
Side flow (See Side-leakage) 
Side-leakage, 

cooling by, 22 
determination of, 21 
flow factors for full-film lubrica

tion, 21 
variation of, 21 

Side-leakage flow factor, 20, 21 
definition of, 21 
determination of, 20, 21 
required for recommended eccen

tricity ratio, 23 
Single oil-inlet hole, 52, 60 

flow factors, 60 
Siphon, Wick, 62 
Sleeve bearings, 7 

description of, 7 
instability of, 26 
lubrication and friction, 9 
material requirements, 46 
other names for, 7 
overloading of, 23 
selection of material, 46 
types of operation of, 8 

Slow speed, 23, 28 
Soap film, 29 
Soft bronze, 48 
Solid lubricants, 43, 44 

function of, 44 
reasons for using, 43 
recommended operating tempera

ture, 43 
types of, 43 

Specific gravity, 40 
definition of, 40 
determination of, 40 
normal values of, 40 
types of, 40 

Specifications, 48 
equivalent government and society, 

48 
Splash and bath oiling, 62 
Squeeze-film lubrication, 26 

requirements for, 26 
Starting and stopping of sleeve bearings, 

10 
Steel-backed bearings, 48 
Stearic acid, 29 
Straight-axial groove, 53, 63 

flow factors, 63 
Structural uniformity, 48 
Sulfurized lard oil, 30 

Surface finish, 67, 68 
recommended, 67 

Surface roughness, 23, 67, 68 
Surface speed, 9 
Surface temperature, 37 

T 
Temperature, 22 

absolute, 23 
balance, 23 
bearing bore, 37 
effect on boundary friction, 31 
maximum operating, 47 
oil-film, 22 
oil-inlet, 22 
viscosity variation with, 40 

Temperature rise, 14, 22, 65 
Tensile strength, 46 
Thermal coefficient of expansion, 47 
Thermal conductivity, 47, 48 
Thermal equilibrium, 22 
Thickness, oil film, 17, 23, 68 
Tin bronzes, 49 
Tin content of bronze bearing alloys, 47 
Tolerances, 13, 65 

for press or shl'ink fits, 65 
journal and bore, 13 
recommended, 13 

Tricresyl phosphate, 30 

u 
Unit loading, maximum, 47 

v 
Velocity of sliding, 9 
Ventilation factors, 22 
Vertical bearings, 55 
Vertical guide bearings, 26 
Viscosity, 39 

w 

absolute, 40 
calculation of, 41 
calculation of absolute, 40 
conversion, 39 
conversion of, 41 
definition, 39, 40 
determination of, 40 
index, 40 
kinematic, 40 
pressure effects, 41 
SAE motor oils, 42 
Saybolt, 40 
temperature effects on, 40 
units of, 40 

Wall thickness, 48, 56, 64, 65 
criteria for, 65 

Waste and pad oilers, 61 
Waste-pack, 22 
Wearing-in, 22, 23, 33 
Whirl, 26 
Whirl-speed factor, 26, 27 
Wick oilers, 52 
Wide circular groove, 54 
Wooden wicks, 62 

y 
Yield strength, 46 

z 
Zero Pressure, 52 
Zinc content of bronze bearing alloys, 47 
ZN/ p, bearing parameter, 9 
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