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Summary

By the middle of this century two distinct regimes of
lubrication were generally recognized. The first of these
was hydrodynamic lubrication. The development of the
understanding of this lubrication regime began with the
classical experiments of Tower (1883), in which the
existence of a film was detected from measurements of
pressure within the lubricant, and of Petrov (1883), who
reached the same conclusion from friction measure-
ments. This work was closely followed by Reynolds’
(1886) celebrated analytical paper in which he used a
reduced form of the Navier-Stokes equations in associa-
tion with the continuity equation to generate a second-
order differential equation for the pressure in the narrow,
converging gap of a bearing contact. Such a pressure
enables a load to be transmitted between the surfaces
with very low friction since the surfaces are completely
separated by a film of fluid. In such a situation it is the
physical properties of the lubricant, notably the dynamic
viscosity, that dictate the behavior of the contact.

The second lubrication regime clearly recognized by
1950 was boundary lubrication. The understanding of
this lubrication regime is normally attributed to Hardy
and Doubleday (1922a and b), who found that very thin
films adhering to surfaces were often sufficient to assist
relative sliding. They concluded that under such circum-
stances the chemical composition of the fluid is
important, and they introduced the term “boundary
lubrication.”’ Boundary lubrication is at the opposite end
of the lubrication spectrum from hydrodynamic lubrica-
tion. In boundary lubrication it is the physical and
chemical properties of thin films of molecular propor-
tions and the surfaces to which they are attached that
determine contact behavior. The lubricant viscosity is not
an influential parameter.

In the last 30 years research has been devoted to a
better understanding and more precise definition of other
lubrication regimes between these extremes. One such
lubrication regime occurs in nonconformal contacts,
where the pressures are high and the bearing surfaces
deform elastically. In this situation the viscosity of the
lubricant may rise considerably, and this further assists
the formation of an effective fluid film. A lubricated
contact in which such effects are to be found is said to be
operating elastohydrodynamically. Significant progress

has been made in our understanding of the mechanism of
elastohydrodynamic lubrication, generally viewed as
reaching maturity.

This report briefly describes the science of these three
lubrication regimes (hydrodynamic, elastohydro-
dynamic, and boundary) and then demonstrates how this
science is used in the design of machine elements.

Symbols

Ap  total projected pad area, m2

ap groove width ratio

as bearing pad load coefficient

B total conformity of ball bearing

b semiminor axis of contact, m; width of pad, m

b length ratio, by/b,

be length of feed groove region, m

b, length of ridge region, m

by length of step region, m

C dynamic load capacity, N

C load coefficient, F/p,RI

c radial clearance of journal bearing, m

c’ pivot circle clearance, m

cp bearing clearance at pad minimum film thickness
(fig. 2.1-9), m

Cd orifice discharge coefficient

D distance between race curvature centers, m

D material factor

D, diameter of contact ellipse along x-axis, m

D, diameter of contact ellipse along y-axis, m

d diameter of rolling eclement or diameter of
journal, m

d, overall diameter of ball bearing (fig. 2.6-2), m

dp bore diameter of ball bearing, m

d; diameter of capillary tube, m

d; inner-race diameter of ball bearing, m

d, outer-race diameter of ball bearing, m

6_10 diameter of orifice, m

E modulus of elasticity, N/m2
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effective elastic modulus, 2/(

N/m2

metallurgical processing factor

elliptic integral of second kind

eccentricity of journal bearing, m

applied normal load, N

load per unit length, N/m

lubrication factor

elliptic integral of first kind

pad load component along line of centers (fig.
2.4-1), N

rolling-element-bearing equivalent load, N

applied radial load, N

pad load component normal to line of centers (fig.
2.4-1), N

applied thrust load, N

race conformity ratio

coefficient dependent on materials and rolling-
element-bearing type (table 3.6-10)

dimensionless materials parameter

speed effect factor

groove factor

dimensionless elasticity parameter, W38/3/U2

dimensionless viscosity parameter, GW3/U2

dimensionless film thickness, #/R,

misalignment factor

dimensionless film thickness ratio, Ag/h,

pad pumping power, N m/s

power consumed in friction per pad, W

pad power coefficient

dimensionless minimum film thickness, #pin/Ry

dimensionless minimum film thickness,

Hpin (W/U)?
dimensionless pivot film thickness, hp/c
dimensionless trailing-edge film thickness, A,/c
film thickness, m
inlet film thickness, m
film thickness ratio, h;/h,
leading-edge film thickness, m
minimum film thickness, m
outlet film thickness, m
film thickness at pivot, m
film thickness in ridge region, m
film thickness in step region, m
film thickness at trailing edge, m
film constant, m

BRI

K5

IS

b~
S

number of stress cycles

load deflection constant

dimensionless stiffness coefficient, cK,/p,RI

dimensionless stiffness, —c(aW/ac)

film stiffness, N/m

load-deflection constant for a roller bearing

load-deflection constant for a ball bearing

dimensionless stiffness, cK,/p Rl

ellipticity parameter, Dy/D)

capillary tube constant, m3

orifice constant, m4/s N1/2

fatigue life

adjusted fatigue life

fatigue life where 90 percent of bearing population
will endure

fatigue life where 50 percent of bearing population
will endure

bearing length, m

length of capillary tube, m

roller effective length, m

roller length, m

length dimension in stress volume, m

total axial length of groove, m

probability of failure

stability parameter, mph3/2R5I?2

number of rows of rolling elements

mass supported by bearing, N s2/m

preload factor

rotational speed, rps

Reynolds number

number of rolling elements or number of pads or
grooves

dimensionless pressure, p/E’

diametral clearance, m

free endplay, m

pressure, N/m?2

ambient pressure, N/m2

lift pressure, N/m?2

maximum pressure, N/m?2

recess pressure, N/m2

bearing supply pressure, N/m2

volume flow of lubricant, m3/s

dimensionless flow, 37Q/ mp,h3

volume flow of lubricant in capillary, m3/s

volume flow of lubricant in orifice, m3/s

volume side flow of lubricant, m3/s

constant, 7/2—1
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bearing pad flow coefficient

curvature sum on shaft or bearing radius, m
groove length fraction, (R; —Rg)/(R1—R»)
groove radius (fig. 2.4-19), m

orifice radius, m

effective radius in x-direction, m

effective radius in y-direction, m

outer radius of sector thrust bearing, m
inner radius of sector thrust bearing, m
race curvature radius, m

roller corner radius, m

probability of survival

Sommerfeld number for journal bearings,
aNd3l/4Fc2

Sommerfeld number for thrust bearings,
nubl2/ Fh%

shoulder height, m

tangential force, N

dimensionless torque, 67,/ rpa(R%+R%) hA,

critical temperature, °C

torque, N m

dimensionless speed parameter, uny/E’R,

mean surface velocity in direction of motion, m/s

elementary volume, m3

dimensionless load parameter, F/E ’R)Zc

dimensionless load capacity, F/p,l(b,+ bs+by)

dimensionless load, 1.5 GF/np,(R?—R3)

factors for calculation of equilvalent load

coordinate system

distance from inlet edge of pad to pivot, m

radius ratio, Ry/Rx

offset factor

groove width ratio, by/ (b,+ bg)

angular extent of pad, deg

radius ratio, R,/R,

contact angle, deg

iterated value of contact angle, deg

groove angle, deg

free or initial contact angle, deg

angle between load direction and pivot, deg

curvature difference

groove length ratio, /1//

rms surface finish, m

total elastic deformation, m

eccentricity ratio, e/c

absolute viscosity of lubricant, N s/m2

kinematic viscosity, 7/p, m2/s

viscosity at atmospheric pressure, N s/m2

Mo

0 angle used to define shoulder height, deg

6 dimensionless step location, 6;/(6;+6,)

b, angular extent of lubrication feed groove, deg

0; angular extent of ridge region, deg

0, angular extent of step region, deg

A film parameter (ratio of minimum film thickness
to composite surface roughness)

A, dimensionless bearing number,

31)w(R% - R%)/pahf

Aj dimensionless bearing number, 6nwR2/p,c2

A, dimensionless bearing number, 6qul/ pah%

A length-to-width ratio

g length ratio, (b,+bs+bg) /1

Ap (1+2/30)-1

i coefficient of friction, T/F

v Poisson’s ratio

£ pressure-viscosity coefficient of lubricant, m2/N

& angle between line of centers and pad leading
edge, deg

0 lubricant density, N s2/m4

o density at atmospheric pressure, N s2/m#

Omax Mmaximum Hertzian stress, N/m2

T shear stress, N/m2

To maximum shear stress, N/m?2

@ attitude angle in journal bearings, deg

®p angle between pad leading edge and pivot, deg

¥ angular location, deg

7, angular limit of y, deg

Vs step location parameter, by/ (b,+bs+bg)

w angular velocity, rad/s

wp angular velocity of rolling-element race contact,
rad/s

wp angular velocity of rolling element about its own
center, rad/s

We angular velocity of rolling element about shaft
center, rad/s

wg  rotor whirl frequency, rad/s

wg  whirl frequency ratio, wg/w;

wj journal rotational speed, rad/s

Subscripts:

a solid a

b solid b

EHL elastohydrodynamic lubrication

e elastic

HL  hydrodynamic lubrication

i inner



iv isoviscous

0 outer

pv piezoviscous

r rigid

x,¥,z coordinate system

1 Lubrication Fundamentals

A lubricant is any substance that is used to reduce
friction and wear and to provide smooth running and a
satisfactory life for machine elements. Most lubricants
are liquids (like mineral oils, the synthetic esters and
silicone fluids, and water), but they may be solids (such
as polytetrafluoroethylene) for use in dry bearings or
gases (such as air) for use in gas bearings. An understand-
ing of the physical and chemical interactions between the
lubricant and the tribological surfaces is necessary if the
machine elements are to be provided with satisfactory
life. To help in the understanding of this tribological
behavior, the first section describes some lubrication
fundamentals.

1.1 Conformal and Nonconformal Surfaces

Hydrodynamic lubrication is generally characterized
by surfaces that are conformal. That is, the surfaces fit
snugly into each other with a high degree of geometrical
conformity, as shown in figure 1.1-1, so that the load is
carried over a relatively large area. Furthermore, the
load-carrying surface remains essentially constant while
the load is increased. Fluid-film journal bearings (fig.
1.1-1) and slider bearings exhibit conformal surfaces. In
journal bearings the radial clearance between the shaft
and bearing is typically one-thousandth of the shaft
diameter; in slider bearings the inclination of the bearing
surface to the runner is typically one part in a thousand.
These converging surfaces, coupled with the fact that
there is relative motion and a viscous fluid separating the
surfaces, enable a positive pressure to be developed and
exhibit a capacity to support a normal applied load. The
magnitude of the pressure developed is nor generally
large enough to cause significant elastic deformation of
the surfaces. The minimum film thickness in a hydro-
dynamically lubricated bearing is a function of applied

Shaft—._

A
\Bearing

Figure 1.1-1.—Conformal surfaces. (From Hamrock and Anderson,
1983.)

load, speed, lubricant viscosity, and geometry. The
relationship between the minimum film thickness /Ay,
and the speed v and applied normal load F for conformal
surfaces is given as

u\1/2
(hmin)HL“ (F)

For more coverage of hydrodynamic lubrication see
Section 2.

Many machine elements have contacting surfaces that
do not conform to each other very well, as shown in
figure 1.1-2 for a rolling-element bearing. The full
burden of the load must then be carried by a very small
contact area. In general, the contact areas between
nonconformal surfaces enlarge considerably with
increasing load, but they are still smaller than the contact
areas between conformal surfaces. Some examples of
nonconformal surfaces are mating gear teeth, cams and
followers, and rolling-element bearings (fig. 1.1-2). The
mode of lubrication normally found in these
nonconformal contacts is elastohydrodynamic lubrica-
tion. The requirements necessary for hydrodynamic
lubrication (converging surfaces, relative motion, and
viscous fluid) are also required for elastohydrodynamic
lubrication.

The relationship between the minimum film thickness
and normal applied load and speed for an elastohydro-
dynamically lubricated contact is

(1.1-1)

(7min) gy < F—0-073 (1.1-2)

(Mmin) gy, 01068 (1.1-3)
The results of equations (1.1-2) and (1.1-3) compare with
that obtained for hydrodynamic lubrication expressed in
equation (1.1-1) as follows:

(1) The exponent on the normal applied load is nearly
seven times larger for hydrodynamic lubrication of
conformal contacts than for elastohydrodynamic
lubrication. This implies that in elastohydrodynamic
lubrication the film thickness is only slightly affected by
load while in hydrodynamic lubrication it is significantly
affected by load.

Rolling
element—
/

\
“Inner
ring

Figure 1.1-2.—Nonconformal surfaces. (From Hamrock and
Anderson, 1983.)



(2) The exponent on mean velocity is slightly higher
for elastohydrodynamic lubrication than for
hydrodynamic lubrication.

For more discussion of elastohydrodynamic lubrication
see Section 3.

The load per unit area in conformal bearings is rela-
tively low, typically averaging only 1 MN/m2 and seldom
over 7 MN/m2. By contrast, the load per unit area in
nonconformal contacts will generally exceed 700 MN/m?2
even at modest applied loads. These high pressures result
in elastic deformation of the bearing materials such that
elliptical contact areas are formed for oil film generation
and load support. The significance of the high contact
pressures is that they result in a considerable increase in
fluid viscosity. Inasmuch as viscosity is a measure of a
fluid’s resistance to flow, this increase greatly enhances
the lubricant’s ability to support load without being
squeezed out of the contact zone. The high contact pres-
sures in nonconforming surfaces therefore result in both
an elastic deformation of the surfaces and large increases
in the fluid’s viscosity. The minimum film thickness is a
function of the parameters found for hydrodynamic
lubrication with the addition of an effective modulus-of-
elasticity parameter for the bearing materials and a
pressure-viscosity coefficient for the lubricant.

1.2 Bearing Selection

Ball bearings are used in many kinds of machines and
devices with rotating parts. The designer is often con-
fronted with decisions on whether a nonconformal bear-
ing such as a rolling-element bearing or a conformal
bearing such as a hydrodynamic bearing should be used
in a particular application. The following characteristics
make rolling-element bearings more desirable than
hydrodynamic bearings in many situations:

(1) Low starting and operating friction

(2) The ability to support combined radial and thrust
loads

(3) Less sensitivity to interruptions in lubrication

(4) No self-excited instabilities

(5) Good low-temperature starting

Within reasonable limits changes in load, speed, and
operating temperature have but little effect on the satis-
factory performance of rolling-element bearings.

The following characteristics make nonconformal
bearings such as rolling-element bearings less desirable
than conformal (hydrodynamic) bearings:

(1) Finite fatigue life subject to wide fluctuations
(2) Large space required in the radial direction
(3) Low damping capacity

(4) High noise level

(5) More severe alignment requirements

(6) Higher cost

Each type of bearing has its particular strong points, and
care should be taken in choosing the most appropriate
type of bearing for a given application.

The Engineering Sciences Data Unit documents (1965,
1967) provide an excellent guide to the selection of the
type of journal or thrust bearing most likely to give the
required performance when considering the load, speed,
and geometry of the bearing. The following types of
bearings were considered:

(1) Rubbing bearings, where the two bearing surfaces
rub together (e.g., unlubricated bushings made from
materials based on nylon, polytetrafluoroethylene, also
known as PTFE, and carbon).

(2) Oil-impregnated porous metal bearings, where a
porous metal bushing is impregnated with lubricant to
give a self-lubricating effect (as in sintered-iron and
sintered-bronze bearings).

(3) Rolling-element bearings, where relatiye motion is
facilitated by interposing rolling elements between
stationary and moving components (as in ball, Toller, and
needle bearings).

(4) Hydrodynamic film bearings, where the surfaces in
relative motion are kept apart by pressures generated
hydrodynamically in the lubricant film.

Figure 1.2-1, reproduced from the Engineering
Sciences Data Unit publication (1965), gives a guide to
the typical load that can be carried at various speeds, for
a nominal life of 10 000 hr at room temperature, by
journal bearings of various types on shafts of the
diameters quoted. The heavy curves indicate the
preferred type of journal bearing for a particular load,
speed, and diameter and thus divide the graph into
distinct regions. From figure 1.2-1 it is observed that
rolling-element bearings are preferred at lower speeds
and hydrodynamic oil film bearings are preferred at
higher speeds. Rubbing bearings and oil-impregnated
porous metal bearings are not preferred for any of the
speeds, loads, or shaft diameters considered. Also, as the
shaft diameter is increased, the transitional point at
which hydrodynamic bearings are preferred over rolling-
element bearings quite rapidly moves toward lower
rotational frequency.

The applied load and speed are usually known, and this
enables a preliminary assessment to be made of the type
of journal bearing most likely to be suitable for a
particular application. In many cases the shaft diameter
will have been determined by other considerations, and
figure 1.2-1 can be used to find the type of journal bear-
ing that will give adequate load capacity at the required
speed. These curves are based on good engineering prac-
tice and commercially available parts. Higher loads and
speeds or smaller shaft diameters are possible with
exceptionally high engineering standards or specially
produced materials. Except for rolling-element bearings
the curves are drawn for bearings with a width equal to

5



‘— —— —wwew == Rubbing bearings

— e Rolling bearings

r_ i e Qil-impregnated porous metal bearings

j— — —==mm== Hydrodynamic oil-film bearings

10/
Shaft ,-"—""\. .5
106 diameter, ° ~.
m

~ Approximate solid-steel-
shaft burst limit

Typical maximum load, N

\v
N

£ Approximate

51 Approximate maximum speed,
maximum speed, rolling bearings
2l rubbing bearings ~~
)
1 2 5 10 10 103 1° 100

Frequency of rotation, rpm

Figure 1.2-1.—General guide to journal bearing type. (Except for roller bearings, curves are drawn for bearings with width equal to diameter.
A medium-viscosity mineral oil lubricant is assumed for hydrodynamic bearings.) (From Engineering Sciences Data Unit, 1965.)

the diameter. A medium-viscosity mineral oil lubricant is
assumed for the hydrodynamic bearings.

Similarly, figure 1.2-2, reproduced from the
Engineering Sciences Data Unit publication (1967), gives
a guide to the typical maximum load that can be carried
at various speeds for a nominal life of 10 000 hr at room
temperature by thrust bearings of the various diameters
quoted. The heavy curves again indicate the preferred
type of bearing for a particular load, speed, and diameter
and thus divide the graph into major regions. As with the
journal bearing results (fig. 1.2-1) the hydrodynamic
bearing is preferred at higher speeds. A difference
between figures 1.2-1 and 1.2-2 is that at very low speeds
there is a portion of the latter figure in which the rubbing
bearing is preferred. As the shaft diameter is increased,

6

the transitional point at which hydrodynamic bearings
are preferred over rolling-element bearings again moves
to the left. Oil-impregnated porous metal bearings are
not preferred for any of the speeds, loads, or shaft
diameters considered in this figure.

1.3 Lubricants

Both oils and greases are extensively used as lubricants
for all types of machine elements over wide ranges
of speeds, pressures, and operating temperatures.
Frequently the choice is determined by considerations
other than lubrication requirements. The requirements of
the lubricant for successful operation of nonconformal
contacts such as in rolling-element bearings and gears are































































































































































































































































