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I INTRODUCTION

Historically, the problem of having a successfully
working bearing dates back hundreds of years, Slider-type
bearings, in which there 1is one surface sliding over the

other seem to be the first known type of bearings.

A look about at the numercus engineering compo=-
nents, devices, and machines that ﬁypify our today's civili-
zatlon illustrates how it 1s Important to have successfully
operating bearings. Many variations of bearing designs
have been developed, each satisfying a particular function.
Journal bearing types may be classified from the standpoint
of cooling conditions, as (a) Self-contained bearings,
where the heat developed by friction 1s dissipated from
the bearing housing surface to the surrcunding air by
conduction, convection, and radiation; (b) Pressure-fed
bearings, where the fricticnal heat 1s removed by the
circulating oil which is introduced to the bearing, in this

case, under a controlled pressure and temperature.

The full solution of a hydrodynamic journal bearirg
design may require much data and many theoretical compu-
tations 1n order to get a successfully operating bearing
within the practical limitations of bearing design. In
general, such a satisfactory sclution 1s possible after

1



a long series of trials, even from the practicing engineer,
Therefore, a computer program to carry out this design
problem and to cut down the effort, time and money will

be very useful.

The primary objective of this book is to provide
a computer package for an optimum design of hydrodynamic
Jjournal bearings. The package that has been developed in
this thesis is highly user oriented and requires a minimum
of knowledge of the theory of bearing design and no
knowledge of computer programming, FORTRAN, or optimizatim
theory. However, it 1s considered very important that the
user have a good understanding of the principles of

bearing operation and lubrication.

No successful design can be guaranteed by any
theoretical analysis if the design assumptions do not matc
the real life situation. Practical limitations which are
inherently unavoidable in real problems have been taken
into account in the optimum design proccedure, thereby
minimizing the possibility of getting geometrically
unreasonable or impractical designs. Chapter VI, gives

a brief description of these limitations.

To satisfy the primary objective of the thesis,
chapter II to chapter V give a discussicn of the
Hydrodynamlc Theory of Lubrication starting from the

fundamentals of viscosity.



Chapter VII, deals with the optimum design procedure,

deslgn criteria and constraints.

- A user's manual and complete documentation is

provided .

(9Y)



IT FUNDAMENTALS
2-1 Viscosity

Definition of "viscosity" or the coefficient of
viscosity seems to be have been first given in 1866, It
may be best defined by considering a film of olil between
two parallel horizontal plates as shown by figure 2-la.
The upper plate is set in motion by a force of F pounds,
and the force is Jjust sufficient to move the plate with

a constant velocity Vo 1in a horizontal direction.

Since the velocity 1s constant, the force F will
depend on the condition of the lubricant oil and not on
the mass of the plate. If the velocity of the lower plate
is Vl, then the change of velocity between the plates is
Vo = V3 = dv. Due to the difference in veloclity a
horizontal shearing stresses in the oil will develop, and
an element of o0il cutlined by the rectangle a,b,c,d will

be displaced to a new position d&,v,c',d\

According to Newton's law of viscous flow ="at
any point in a fluid the shearing stress 1is directly
proportional to the rate of shear" . If the plates are only
a differential distance (dy) apart, then the rate at which

shear stress takes place 1is



dv/dy
If A 1s the shear area of the element of o0il, the shear
stress according to Newton will be

s = F/A :/u.dv/dy psi (2-1)

or

M = s/(dv/dy) 1b.sec/in2 (REYN)

in which u is called the "coefficient of internal friction"
or the "absolute viscosity coefficient" or more simply
"absolute viscosity" .
In the metric system, the absolute viscosity is

z = s/(dv/dy) dyne.sec/cm2 (POISE)
z always denotes the absolute viscosity in centipoilse
(1/100 of a poise), and M denotes the absolute viscosity

in reyn .

2-2 Kinematic Viscosity

Kinematic viscosity 1s another form of expressing

viscosity, and this 1is defined as;
avsolute viscosity
Kinematic viscosity,Yy =

mass density of fluid

1

M/p in°/sec.

or z [f cm?/sec. (stoke)

The equation of the kinematic viscosity for the Saybolt

viscosimeter is
180
Yy =0.22 t - — centistoke [2-2)
t

where t is the time in seconds taken for a given volume

of oll at a given temperature to flow out of a container
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through a capillary tube .

Usually t is expressed in SUS (Saybolt Universal Seconds).
If ¢t is given in SUS at temperature T°F, then the

kinematic viscosity Y at the same temperature can be

directly determined from equation(2-2), and to get the

absolute viscosity in centipoises (z :_fq)), the mass

denslty p, at the same temperature T, must be known. How

to find 1it, is the subject of the following section.

2-3 Specific Gravity

According to the specifications of the American
Petroleum Institute (API), the specific gravity of oil is
measured at 60 F by a calibrated glass hydrometer, The
following equation is used to determine the specific gravi-
ty at 60°F

141.5
e = | (2-3)

60 131.5 + degrees API at 60°F

From the specific gravity at 60°F, (Jfzo), the specific
gravity at any other temperature T, (,PTJ, can be obtained

as follows .

/} = £y =0.00035 (T - 60) (2-4)
24 Relation Between M and z

If z is given in centipoise, then

_ .z
M= é » 106 reyns (2-5)



2-5 Viscosity-—Temperature Relation

Viscosity of a liquid lubricant is a function of
its temperature. It decreases by increasing the lubricant
temperature. The relation between viscosity and temperature
is different in different grades of oils, and two oils
having the same viscosity at a certain temperature, might
have different viscosities at another temperature.

Flgure 2-2 shows the manner in which the viscosity changes
with temperature, while Appendix 2, shows a chart that
indicate how the viscosity of a number of SAE-classified

lubricating oils changes with temperature.

2-6 SAE Classification of 0Qils

This classification 1s based upon the viscosity
without considering any other characteristics of
lubricating oils.

Lubricating oils are classifled by numbers in terms of
SUS. The larger the SAE number, the more viscous 1is the
oil.

There are two series of viscosity grades; one for motor

oils, and other for gear olls .,

SAE classification for SAE classification for
crankcase oils gear oils
S5W 75
10w 80
20W 90
20 140
30 : 250
4o

50
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ITI HYDRODYNAMIC LUBRICATION OF

JOURNAL -BEARINGS

W

-1 Introduction

Osborne Reynoids developed the first mathematical
relationship between load, speed, fluid properties of the
Jubricant, and clearance that constitutes the hydrodynamic
theory of lubrication. Sommerfeld and W.J. Harrison have

subsequantly simpliified the work of Reynolds .

Although the hydrodynamic theory of lubricaticn
is based essentially on a complicated mathematical analysis
the results are easlily interpreted. A knowledge of the
hydrodynamic theory of lubrication will help to understand

bearing performance .

The following section describes the development

of o1l pressure in a bearing .

R Pressure Development Mechanism in an

0i1 Film, [30] .

Consider two parallel horilzontal plane surfaces
with an oil film inbetween, Fip 3-1. If the upper plate
moves 1n the direction shown with a constant velocity V,
and the lower plate is stationary. Then the velocity will

vary uniformly from zero at the lower plate to its maximum

9
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value V at the upper surface. In this case, as mentioned
in section 2-1, the rate of shear stress is constant
throughout the oil film.

If we assume that the plates surfaces are wide enough in
the direction perpendicular to motion so that the flow

in that direction can be neglected, then the rate of oil
flowing across any sectlon is constant and the velocity

of flow of the oill film at any point is proportional to
the distance of the point from the stationary surface.
This explains how a bearing with parallel surfaces can not
support any load by its fluid film, and if any load is
applied, the lubricant wlll be squeezed out of the bearing

and metal to metal contact will exist under such condition.

Consider next the case in which the lower plate
AB is stationary while the upper plate A'B' is moving
in the perpendlcular direction to the surface AB, as shown
by Fig 2-2 . Surfaces AB and A'B' do not have in this case
any relative motion in the horizontal direction. Consider-
ing the same assumption that the plates surfaces are wide
enough in the direction perpendicular to the paper, so
that the flow in this direction may be neglected . As the
upper plate starts to move toward the lower plate as
indicated by the arrow, the 01l is squeezed out of the
plates 1n both directions to the left and to the right of

the midway sectlion CC' and increases gradually to reach
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the maximum value at sections AA', BB' at both sides.
Inany cross sectlion the velocity of 01l flow is a maximum
midway between the surfaces and zero at.the surfaces,
Velocity distribution curves in the oil film at different
sections are shown in Fig 23-2 .,

Thus under these conditions [30],"the 0il in each layer
(with the exception of the two layers directly on the
surfaces, where the oil is adhering to the surfaces) in=-
creases 1ts veloclty as the distance from the section
midway between AA' and BB' increases, Such a type of flow
is possible if there 1s a pressure gradient along the
surfaces, with a maximum pressure at the middle section
CC' falling gradually to zero at the end sections AA!

and BB!' ., Figure 3-2 indicates also the character of pres-

sure distribution for the case described above.

It has been found that the pressure developed
in different sections of the film depends upon the viscosi-
ty of the lubricant and the difference in the rate of flow
of lubricant through these cross-sections. However, in
thls particular case , this difference depends upon the
velocity of the upper plate A'B!', the areas of surfaces AB:
and A'B', and the instantaneous clearance h. This type of
flow of liquid lubricant due to the difference in pressure
in different cross sect!: s is known as "pressure induced

flow" .
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Another example of this kind of flow 1is given by
figure 3-3, Where the lubricant flows from the left to
the right due to the difference in pressure between
sections AA' where the pressure is Py, and section BB'
where the pressure is Pp. The velocity distribution
across the fluild film is exactly the same in different

sections and is given by

T 9P (42 - y2)

U S semimn 1y e—
2 M dx
where u 1s the absolute viscosity, 1b.sec/in2,
dp

dx
t = h/2(half the clearance), and

is the pressure gradient,

2y 1s the thickness of an element of fluid having

length dx and width b .

According to these three examples, there are two
main types of velocity distribution across the oil film.
The first type of velocity distribution is a straight line
and it occurs when the rate of shearing stress across the
lubricant film is constant. In the second type, the velo=-
clty distribution is a curved line, so that the rate of
shear in the different layers across the oil film is
different. It is clear that the first type of veloqity
distribution takes place where there is a relative motion
between two parallel surfaces in a direction parallel to

each other, as illustrated by the first example. The
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second type occurs 1if pressure exists in the oll film due
to a change of the volume between the surfaces, as ex-

plained in the second example figure 3-2, or due to other
means that do not depend upon the motion of the surfaces
as in the third example of figure 3-3, or due to elther

factor. Therefore, it 1s important to note that pressure
in the oil film always exists wheneverbthe velocity dis~

tribution across the film is represented by a curved line.

Consider now the case in which the two plates are
not parallel while the upper plate 1s moving to the right
with velocity V and the lower plate is stationary, Fig3-lka,
Again the lubricant flow in the direction perpendicular o
the paper is neglected. Surface A'B'tends to carry a
certain volume of lubricant per unit time, through section
AA', to the space between the surfaces. Assuming a width
of unity, this rate of flow may be represented ac shown
in figure 3-4a by the triangle AC'A'. The volume of lubri-
cant In this section that tends to discharge from the
space between the surfaces through section BB' during the
same period of time 1s represented by BD'B', Since thére
is a difference in the cross sectional area of section AA!
and BB', a surplus volume represented by AEC'will be present.
Because there is no flow in the perpendicular direction,

-~

as assumed before, and because the lubricant is assumed

1]

incompressible, then the rate of lubricant flow to the
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film space should be equal to the rate of flow out of the
space; and the excess volume of lubricant carried into
the space 1s squeezed out through sections AA'and BB'
causing a constant "pressure-induced flow" through these
sections .

Figure 3-4b indicates the character of the velo=-
city distribution across these sections due to "pressure
induced flow" only . Figure 3-4c¢c shows the actual velocity
distribution in sections AA' and BB' . This actual velocity
distribution is the result of thé combined flow of lubril-

cant due to "pressure-induced rlow" and viscous drag.

Studies of the actual velocity distribution curves
at the different sections of figure 3-lUc indicate that the
maximum pressure exists in a section, JJ', somewhere in-
between sections AA' and BB', but nearer to BB' than to
AA' . Also it has been indicated that at section JJ' there
is no pressure induced flow and the velocity distribution

across this section is represented by the straight lineJK!',

The character of the pressure distribution in the
oil film in this case 1is represented by the curve A'NB',
Line LM shows the mean pressure in the film. Due to the
pressure developed in the oil film, the upper plate A'B!
can support a vertical luvad W preventing in turn metal-to-
metal contact between the surfaces. If the load W is inc~-

reased , the space clearance between the surfaces will be
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decreased and consequently the ratio between the distances

AA'" and BB' will increase, which means that the pressure

(03]

developed 1In the oil film will also increaseand a n

1y
vi

®

equilibrium between the load W and the pressure developed

in the o011l film will be established .

From the foregoing discussion, it can be seen that
the load carrying capacity of a bearing of such an arran-
gement can be increased by any of the following .

a) Increasing lubricant viscosity.

) Increasing surface area of the bearing.

¢) Increasing the relative motion between the surfaces.

d) 1Increasing, in certain limits, the angle between the
surfaces.

e) Decreasing the space clearance.

It can be seen also that a positive pressure in the oil

film 1is develoved when the direction of motion of the upper

plate is toward the convergence of the two surfaces AB and

A'B'. On the other hand a negative pressure ( less than tite

atmospheric) may be expected if the motion of the upper

plate is reversed without changing the inclination of .the

lower plate. In this case the bearing will be unable to

support any load by its lubricant film .

3-3 Behavior of a Journal in its Bearing

- A s <t S A

A full journal bearing 1is shown diagrammatically

in figure 3-5, assuming that the clearance svace is
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line of load

le—

Journal W bearing

lubricant

-

Z

(a) (b) (c) (d)

Fig3-5 Formation of continuous oil film in
a full journal bearing
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completely filled with lubricant fluid all the times. If
the shaft 1is at rest as in figure 2-5a while it is loaded
by a vertical load W, a metal-to-metal contact between the
surfaces of the journal and the bearing will occur., If the
Journal starts to turn in the direction shown in figurel-5b
it will roll up on the bearing wall due to friction
between the surfaces. The point of contact at that time

is moved from n to m. The friction in this case corresponds
to boundary or extreme boundary conditions. The angle o<
shown in figure 3-5b may correspdnd to the angle of sliding
friction between the surfaces if the pressure developed

in the film is neglected, perhaps due to a very slow star-
ting speed. In this position we can define the o0il film
condition, as a converging film above the line ml and a
diverging film below this line. Therefore, as the speed
increases, the moving Jjournal surface tends to drag oil
into the wedge shaped area ( converging film ) between the
Jjournal and the bearing. As mentioned in section 3-2,
under such conditions a positive pressure 1is developed 1in
the converging part of the o0il film. This pressure forces
the Jjournal to move to the right in the position shown

in figure 3-5c .

As the journal speed increases , an o0ll pressure
is created, sufficient to separate the surfaces, and the
Journal is forced into the position shown in figure 3-5d.

This is the equilibrium position where the surfaces
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o

are separated by a film of 511 whose minlmum thickness is
now at point s. The magnitude of the minimum [i1ilm thick-
ness at point s and the position of the line of centers
st depend on the load W, properties of the oil, size and
speed of the Jjournal , the clearance, and the bearing_
length, ( as will be seen in the following sections and

in chapter VI) .

-4 Reynold's Equation in Two Dimensions

The phenomenon of pressufe development in a
converfing o0il film discussed in the preceding sections
was first analysed mathematically by 0. Reynolds in 1866,
He obtained a differential equation defining the relation-
ship between the pressure gradient, the lubricant viscosity
and the form of the oil film,

Certain basic assumptions, which simplify the conditions

existing in the actual bearing, are the foundation of the

entire analysis. The assumptions are:

1- There 1s no oil flow in the perpendicular direction
to motion, that 1s, no end leakage from the bearing to
the outside. This means that the bearing is of infinite
width in theZdirection, see figure 3-6,

2~ The viscdsity of the lubricant is constant thrcoughout
the oil film. A number of authorities have shown that
this is a reasonable assumption since 1little error will

be introduced, and there 1s a great simplification in the
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bearing analysis.

2~ The flow of the lubricant in the film is laminar.

4~ Inertia forces in the oil film resulting from accele-
ration of the fluid are so small that their influence
on the pressure developed in the film may.be neglected.

5~ The fluid is incompressible, therefore the mass rate of
flow past adjacent sections is constant.

6~ Shear stress is proportional to the rate of shear .
This means that the liquid is Newtonian .

T- There 1s no change in the pressure across the clearance
space, so that the pressure in the film is only a
function of x.

8- No slip occurs between the lubricant and the bearing

surfaces.

It is defined by many authors [22 5 38 33],and
others, that a bearing in whilch there 1is no end flow (end
leakage) and in which the viscosity of the lubricant is
constant throughout the film is called an"idealized
bearing" . Hence the results of calculations based upon
these theoretical assumptions have only a qualitative
value and they must be corrected for quantitative studles,
An important correction factor is one that takes care of

the end leakage effect in the actual bearing.

Consider the part of the converging oil film

shown in figure 3-6, where the bearing surface is fixed
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and the Jjournal rotates with a constant speed.
Let X, Y, and Z be the directional axis as indicated in
the flgure, then;
X 1s the distance in the tangential directilon.
y 1s the distance normal to the bearing surface.
z 1s the distance along the axis of the Joufnal.
p 1s the oil film pressure in psi. above the bearing.
s the shearing stress in oil in psi.
We assume that the journal rotates in the direction indi-
cated in figure 3=-6. According ﬁo the basic assumption of
the analysis, summing the four indicated forces in the

X~direction gives,

(p+dp) dy dz + s dx dz = p dy dz+(s+ ds) dx dz
or
ds _ dp (3-1)
dy dx

Consider now flgure 23=7, where the clearance space around
the journal is filled with oil and there 1s no end leakage
out of the bearing. According to these two assumptions, the
0il flows only in the X-direction while the oil flow past
any section 1n that direction in constant. The velocity

of o0il flow 1is zero at y=0 and it is equal to the
journal velocity at y= h, where h is the clearance thick-

ness .

Let; Q the rate at which the oil circulates around

the journal in the X-direction.

L

1

the bearing length, inches.



v = o011 flow veloclity at a distance y above the
bearing surface.

From figure 2-7, then

L h
A = v dy dz
d/ O/
h 3
Q = L / v dy in-/sec (2=2)
0

From equation (1-1), we have

s = u.dv/dy
Differentiating with respect to y; then

ds/dy = m.d°v/dy2 (3-3)

But, from equation (3-1), equation (3=3) becomes

-

d2v/dy2 = —;}-dp/Hx
Integrating we get
3, y2
v = Y (dp/dx)-é- + Cq ¥ + ¢y (3-4)

From the boundry conditions ¢, and c, can be determined;

v =0 at y=0 giving, ¢, = 0

and v V (the peripheral speed of the journal) at

y = h (the oll film thickness), giving

h
e, = V/h - ——(dp/dx)
e M

Finally equation (3-4) becomes

1
v = V.y/h = E—(Gp/dX)(hy-yg) in/sec (3~5)

This is the velocity in equation (3-2). It consists of
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two pafts. The first part is V'= % y shown as a straight
line in figure 3-8 and 1t 1s caused by the velocity of
the Jjournal with respect to the bearing, as already dis-
cussed in secticon 2«2, The second part;
Vit = - E%Z(dp/ﬂx) (hy - y2), 1s a parabola and it
depends upon the lubricant viscosity and the pressure
gradient dp/dx .
Figure 3-8, gives a graph representing equation (3=5).
Notice that this graph 1s the same as that of figure 3-lc
represented by (AHC!') .

Knowing the oll velocity as a function of y as
given by equation (3~5), then the rate at which oll circu-

lates may be found from equation {3-2) to be
i h3 2
Q = LYo o b (ap/dx) in-/sec (3-6)
2 iz ji

If hl is the o0il film thickness where dp/dx = 0, and

Q1 1s the corresponding flow rate, then

Qu = VLhy/2 in3/sec (3=7)
Since the rate of flow across any section 1s constant,

thus
Q = 9

Combining equation (3-6) and equation (3=7), the pressure

gradient becomes

dp/dx = (6pV/n3) (h-hy) (3-8)
This is the Reynold's differential equation in two dimen-

sions for the pressure gradient in a converging oil film
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with no end leakage. This equation may be used for determi-

ning the load-carrying capacity.

3.5 Harrison Equation for Qil-f1lm Pressure

Around a Journal Bearing,[33

Consider the full journal bearing in figure 2-9,
The angle © 1s measured from the line cof centers indicated
where the o0il film thickness 1s h at © =0. The angle O is
measured positive in the direction of motion of the Jjournal.
If R is the radius of the journal, then dx = Rd® a diffe-
rential distance around the Jjournal.
Let e represent the Jjournal eccentricity, as defilned
previously in figure 3-5 .
e = C.E
where; C 1s the radial clearance, and
€ 1s the eccentricity ratio.
The oil film thickness h at any angle © as shown in figure

2-9 becomes

h= e cos 9 +\/(R+ c)? - e®sin?0 -~ R
Since, e®sin?0 << (R+C)%, it can be neglected, then

the oll film thickness as a functlion of © is

h = C(1 + € cos 8) (3-9)
Similarly, if the oil film pressure is a maximum at angle 63

then the corresponding oil film thickness is

hy = C(1 + € cos g) (3-10)
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Fig 3.9 Position of journal in a full bearing



Accordingly, equation (3-8) will take the following form

dp/de = (6MVRE )/c2 [(cos © = cos 61)/(1+€ cos 6)3]
TTIITIITE sy

then, the o0il film pressure at any angle © 1s

o)
u

(6}4VRE_)/C21fk(cos 6 - cos ©7)/(1+€cos 6)3)d64-po
Cerienneeoees (3-12)

where Py is the o0il film pressure at the line of centers

where © = zero.

Assuming that p - b, = 0 at 6 = 0, and at 6 =27], then

integrating equation (3-12) will give

cos 91 = e 3F /(2+62) susnususnsyes b IwlS)

the oil film pressure becomes

- 6MyRE | _sin @ (2 + € cos 8)
c® (2 + €)2(1 +€ cos 6)2

P = P,

PRI . o T 3
This is Harrcisonsequation for a full journal bearing,
based on the assumption of no olil flows frcm the ends of
the bearing.
Figure 3«10 indicates the variation in oil film

pressure, in a polar diagram using equation (3-13) and

equation(3-14), taking; (6 MVR/C?) = 1,
€ = 0.8, and
P, = the journal radius.

From the plot it is easy to see that
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a) The pressure distributic: on one side of the line of
centers is the negative reflection of that on the other
side .

b) The vertical components of both the negative and posi=-
tive pressure act in the same direction, whereas the
horizontal ones act in opposite directions. Accordingly
the resultant force able to carry a vertical load on the
Journal will act perpendicular to the line of centers,
Hence the journal theoretical position will be as shown
in figure 2«11, In an actual bearing, this position of

the journal with respect to its bearing can never exist,

In the actual problem the effect of end leakage is such theat
negative pressure willl not exist and the positive pressure
will not cover 180° arc, The angle between the line of
action of the load and the line of centers is always less

than 900 as shown in figure 2-5,

3-6 Load-Carrying Capaclty, Harrison-Sommerfeld

~

Equation, [??

If W is a vertical load acting on the journal, then
from figure 23-11, W can be written as follows:

21T

w o =1rR [ (p-p) sine ae (3-15)
g

"

From Harrison equaticn (3-14), we substitute for (p - po)

and 1Integrate



€

(2 + (2) VI - 62

A AT & s ()|

W o= 127L pv(rR/C)® 1bs

This 1s the Harrison-Sommerfeld equation for the load -
cafrying capaclity of an idealized Jjournal bearing.

Considering that :

V = WR
W = 2RLP
where; 2TN

W 1s the angular velocity of the journal rad/sec

60
N is the rotational speed of journal, revs/min, and
P is the unit load, psi of projected bearing area.

equation (3-16) takes the following form

B Ro | S2e€®) |1 - ¢

> sec/min
P c me €
S0 0000000000000 (3-17)
MN R 5
The group —— (—)° 1is called the Sommerfeld number,
P C

designated by S, thus

MN R
s = —(—)°
P C
o 200000 -8
B 5 = si2+ ) - €2 R
(]

The reciprocal of the Sommerfeld number is called the

" "

capacity number ", designated by Cn .

Thus,
P C
- 2
Cp = —(—)
MN R
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e
n = > = (3"19)
5(2 + €°). \[1 ra

Although the capaclty number, given by equations (3-19),

or C

represents the load-carrying capacity of a bearing only
in an 1ideal case, it is very important in any real bearing

analysis .,

-7 Minimum 0il-Film Thickness

If the capaclity number 1s known, then from
equation (2-19), the eccentricity ratio € can be determined,
The minimum filﬁ thickness hg is at 6 = 1809, see Fig 3-9,
Therefore, we substitute 6 = 180° in equation (2-9), and thre

minimum film thickness will be

h, = C(1 =€) inch (2~-20)

3-8 Friction Torque in Full Journal Bearing

To determine the frictional torque in this case, the
shearing stress in the oll at the journal surface must be
known. Therefore, using equation (3-1),

dp
ds = — dy
dx

in which dp/dx 1s a constant. Integration gives

dp

&2
u

y o+ 5
dx

where s 18 the shear stress in the oil at the bearing sur-
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w

face where y = 0.,

But s = M—— from equation (1-1), thus
dy
dv dp
M— = — 7 + 85
dy ax
dp
or av = s dy + —y dy
M v ax
after integration
dp y?
MV = 8, + —_—— g constant
dx 2
but constant = 0, as y= O if v=20
Then dp y2
MV = ISP 4 ————
- dx 2

If y = h ( the oil film thickness), then the Journal speed

v becomes V, so thatl S, will be

MV dp h
(<) = —— — e g—
= h dx 2
Consequently,
MV dp h
S = — + — Yy - —
h ax 2

Ilet y = h, and dx = R de
The shear stress at the journal surface will be
5 & Lkl ——h—-d—p  1b/in? (3-21)
h 2R dS
Examining equation (23-21), it can be seen that it is made
up of two parts; the first .part depends on the Jjournal speed

and the second part on the rate of change of film pressure

with the angle around the journal.
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~

Multiplying the shear stress given by equation(3-21)
by the area under shear, L dx = LR d8, then by the journal

radius R, we get the differential torque dM as

}} RL
—_— de + ——h dp
h 2

aM

Substituting dp from equation (3-11), and h from

equation (3-9) gives the total frictional torque.

M =

JVR2L /9 ™ ge
C 0 (1 +€cos

@
N

3MVRZE L 2T cos © - cos €3
C d/ (1 + € cos 8)° “°
or :
M = M, + Mp 1b.inch
where; M, 1is the velocity torque caused by viscous fric-
tion, and
M, 1s the film pressure torque.
We let V = WR and integrate to get the velocity tordue.
2 Ir
M, = Jffj?r (p R31, w/C) 1b.inch
and the pressure torgue
6 ¢’ MR3L 1
M, = lb.inch

.2> o ,dl .
(2+€7) ¢ g
Therefore the total torque will be

e 3w 2 T g gr
M s W— 1b.inch
1-¢? T 2r )




Rearranging the last equation gives

—

T
2 ey A1 4 e
RALNM 15 1~ €7 L (2+¢%)

) min./sec.

ceseersesesssess (2-22)

MC
The quantity —s——  is the "torque number" .
RLN M



v INFLUENCE-OF END LEAKAGE ON

THE BEHAVIOR OF BEARINGS

b Introduction

Several theoretical and unrealistic-assumptions were
considered in deriving Reynold's differential equation in
section 2-4, and consequently in deriving the capacity
equation 1n section 3-6. The assumption that has the greatest
effect on the results of the bearing analysis is that there
is no end flow in the direction perpendicular to the direc- -
tion of rotation of the journazl . Actually the oil flows
out of the bearing ends and the shorter the bearing , the
more oil rugé oubt.

Experiments prove that the actual oil film pressure
in a full journal bearing carrying a steady load in one
direction is about that shown in figure 4-1. The supporting
pressure exists only over about 120%0f arc, and the load
line 1s shifted off the bearing center in such a way that

the line of centers makes with it an angle less than the

90°, stated by the theoretical analysis in section 3-5 .

In this chapter th: determination of the load capa-

city of an actual bearing, considering end flow, is discussed.
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Fig 4.1 Diagram of full bearing showing

oil film pressure




y.p Reynold's Differential Equation in

Three Dimensions,[30] .

The eight basic assumptions explained in section3-i
and used in the derivation of Reynold's equation in two
dimensions are the basis of the present derivation, however
the end flow or the flow in the Z-direction will be consi-

dered as occurring.

Without going into mathematical details, Reynold's

eguation in three-dimensions may be written

3 3
h- 3p h” 3p dh
I R R 2 G W e (4-1)
dX M 0X dz M Oz dx
.3 Kingsbury's electrical analogy

Kingsbury [21,22], and Needs [27], applied electri-
cal analogy methods to solve Reynold's differential equation
in three dimensions, and to come out with some leakage

factors for the actual bearing analysis,

by Dennison correlation

The experimental work of Kingsbury, Needs, Howarth,
McKee and McKee, and others has been correlated, with refe-
rence to the theory of lubrication, by Dennison [9]. He has
determined values for the capacity number given by

equation (2~19) as a function of the eccentricity ratio € ,
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and tabulated these values of C, for various length to
diameter ratios ( L/D ).
il.e P C
. = —(—)2 = f£(£) IR & = -3
MN R
The same thing has been done for the torque number,
where the right side of equation (3-22) was replaced with
experimental data, which includes the effect of end flow and
deals with that part of the bearing arc which can support the
load. The experimental values of the torgue number T' are
given as a function of the eccentricity ratio € ,i.e.
MC
T o= —— = £(€) exansselled)
MRILN
The group of curves shown in Dennison's design chart
figure 4«2 express the results in terms of C, and T! as
a function of € and L/D ratio. The data of figure 4-2 has
been tabulated for reference in Appendix 3 .
The actual frictional torque can be determined from Dennisons
design chart. The chart is entered by the value of By to the
appropriate L/D ratio. From the chart T' is taken. Then the
actual torque loss by friction can be determined, using
equation {(4#-3) by transposition, i.e.
JUNROL
M = — i 1b.Inch cueaaas(H=4)

~where M 1is the actual total frictlonal torque (i.e consi-

dering end leakage ).
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\' JOURNAL BEARING DESIGN

5=1 Introduction

Journal bearings may be classified according to the
method of lubricant feed to them, roughly, to three main
classes; Non-pressurized ( self-contained ) bearings,

Pressurized-fed bearings, and Externally pressurized bearings.

This thesis deals only with the first two classes;

the non-pressurized, and the pressure-~fed bearings.

52 Self-Contained Bearings

Thils class of Jjournal bearings is, in general, used
at low speeds and moderate loads, and therefore in application
where the duty 1s less severe or less critical.

Self-contained bearings have a wide fileld of appli-
cation in industry. They are capable of getting rid of the
frictional heat generated by direct conduction, convection,
and radiation to the surrounding atmosphere from the housing,
A bearing of this class reaches thermal equilibrium from one
to three hours after starting [11].

For heavy loads the equilibrium may be reached at a nigh

level of temperature - 200 °F

or more. Such high temperatures
are not always acceptable for industrial use, because of the

deterioration of the lubricant 1tself and the formation of

41
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harmful acids due to a chemical breakdown. High temperatures

also initiate softening of the bearing materials.

Therefore, many authorities [11],[30], and others,
recommend the limit of écceptable equilibrium film opera=
ting temperature for usual industrial applications to range
from 160 - 180 °F, and if there is any tendency to exceed

these 1limits, an aguxiliary cooling method should be used,

In self-contained bearings, 1t can be assumed, as a
good approximation, that the heat generated by friction is
entirely dissipated from the bearing housing surface to the
surrounding air .

The rate of dissipation of heat = K A aty Btu/hr.

where; & o
K = the heat transfer coefficient, Btu/hr. F.ft°,

A = the hot outside area of the bearing housing, ft%

and at,=the temperature rise of the housing outside sur-

face above amblent alr temperature, OF.

The temperature gradient from the operating tempera-
ture of the lubricant to the outer surface of the bearing
housing depends upon the method of o0ll supply to the bearing
such as; oll supply by oill-rings, waste pack, wick, or by

oll=bath .

Bearings supplied by o0il rings or olil-bath have a
copious supply of lubricant and there is not much difference

in temperature along the circumference of the bushing as well
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as along the axial length of the bearing, due to axial dis-

tribution oil grooves that are usually used .

Bearings supplied by wick, waste-pack, or by drop-
feed are somewhat starved and the bearing clearance is sube-
stantlally empty. Consequently, the heat generation is more
concentrated than for the other bearings fed with a coplous
supply of o0il. Since, there is not enough supply of lubricark
in those bearings and there 1is risky to heat concentration
that tends to distort the bearing shell, the total heat must
be transfered to the heat dissipating surface by conduction

through the body of the bearing .

The class of non=-pressurlzed Jjournal bearings includes
the following types of bearings that have been consldered in

the thesis for optimum design .

5«2.1. Oil-ring Bearings

The o1l ring bearing plays an lmportant part in the
design of rotating machinary; they are probably more widely
used than any other. The 0il ring lubricated -bearing 1is a
self-contained unit, requiring very little attention or
maintenance., Like all bearilngs, of course, it does have cer-
tain limitations to satisfy its function. Limitations in oil
ring lubricated bearings are assoclilated with high speed and

high temperature .

The oil ring, as shown in figure 5-1, rides con the
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top of the shaft through a slot cut in the upper half of the
bearing,wnile it passed below the bearing dipping into an oil
reservoir to a depth of about one inch during operation. The
01l ring rotates by friction with the rotating Jjournal, so
that it carries the o0il up from the reservolr to the top of
the Jjournal. Spreader grooves are usually used for the dis-
tribution of o0il from the slot along the length of the
bearing.

On this type of self-contained bearing , loads should be ver-

tical, since the slot must occupy about 180° of bearing arc.

Ring design

In designing the cil ring, the main object 1is to
maximize the quantity of oil delivered by the ring to the
bearing. For a given ring cross section shape, the oil deli-
vary increases as the ring speed approaches the rotational
speed of the Journal. The ring speed can be increased by
increasing the friction between the ring and the shaft, that
is, increasing the driving force on the ring , and this can
be increased by increasing the total weight of the oil ring.
Therefore, the o0il ring must be made of a heavy material.
Brass 1s recommended because of its high density and chemical
stabllity plus good boundary-lubrication characteristics.

For small rings sizes, die-cast zinc find a considerable use.

The o0il ring is conslderably larger in diameter than

the journal. The inside diameter is about 1.5 times the
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Fig 51 OQil ring representation

Fig5.2 Some oil ring cross sections
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Jjournal diameter. The most s ‘table cross-section found is,
in general, a rectangular one, where the width of the ring

frequently from one half to one fourth the radigl height.

Ring Grooves

Experimenters [h] s [11] 3 [40] , agree that shallow

grooves on the inside surface of the ring increase the oil
delivary, see filgures 5-2 and 5-2 ., These grooves hold a
large quantity of o0il on the inner surface of the ring and
deliver it to the rotatling Jjournal.
The grooves are usually about 1/16" wide and from 1/32" to
1/16" deep [40]. Tney should be spaced from 1/16" to 1/32"
apart .

Figures 5-3, indicate ths performance of oil rings,

from reference [4] "

5-2.2 Waste-Pack Bearings

This type of self-contained bearings is lubricated
with oll-saturated waste . The waste is pressed against some
part of the rotating Jjournal and transfers oil to it by
capillary action. Two best known bearings of this type are;
waste-packed railroad Jjournal bearings shown schematically
in figure 5»4,’and waste«packed electric motor armature

bearings shown schematically in figure 5-5 .

The performance of a waste-packed bearing [18], is

subject largely to the same hydreodynamical laws that govern
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the operation of the perfectly lubricated bearing, but in
contrast with 1%, the load in waste-packed bearings is car-
ried partly by hydrodynamic pressure and partly by direct
contact,

In waste~packed bearings a window 1s cut along the
circomference in such a way to provide enough angle between
the window and the line of action of the load under any
conditions of service, so that an efficient load-carrying

o1l film can be stablished.

The oill=-saturated waste packing should cover the
whole window.A wick long enough to reach the bottom of the
0il well can be placed across the window and extended so as
to i1l the waste chamber behind the wick with waste. This
design, see figure 5=-6, helps to completely seal the window,
but the pack must be tamped very tight to force the wick
against the Journal and to prevent any loosening of the
waste .
grooves

According to KARELITZ [18], "in general, the useful-
ness of grooves in waste-packed bearings for oil transmissim
along the bearing 1s doubtful, and that when properly designed
and manufactured a waste-packed bearing will function just
as sabtisfactorily without grooves.". Because the designer is
not always certain whether the bearing'is properly designed

or properly manufactured, grooves should be used and they
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must be carefully chamfered or rounded to avoid disrupting
the continuity of the o0il film or scraping the oil from the
Journal. Moreover, it is very important to finish the surfa-
ces of the journal and shell as well as possible . This

increases the 1life of the bearings.

Material

Wool waste is recommended as packing material.
Lamp wick or cotton thread should be used when the mechanical
properties are of secondary importance, as in auxiliary oil

drippers, syphon feeds,... etc.

5-2.3 Wick=-0iled Bearings

In wick-oiled bearinga, a wick is used to deliver
the oll to the journal through a window in the top of the
bearing. 011l flow by end leakage 1is replaced by oil fed
through the wick material by capillary action. Figure 5-6
indicates a good way of providing good oill-storage capacity
and oll retention features, PO], In this design the packing
and wick act as a filter for the oil passing to the bearing.
In wick~-oiled bearing, retention of the oill is quite impor-

tant since only a small amount of o0il can be stored.

The felt wick has s cylindrical shape. The packing
used in the deslgn shown in figure 5-6 is a soft felt or

mass of fibers which is more deformable than the wick felt.
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The packing has large pores and holds o0il more loosely than
the wick. It should fill the cavities around the wick to pro-

vide good o0il storage and to decrease leakage and oxidation.

In some cases no wick is used and a long=-wool-sliver
packing is pressed against the shaft by a wick spring as

shown in figure 5-7 .

Material

Although, the wick and packing materials each has a
different function in ¢1l delivery, experience has shown
that both are best made from high quality wool fibers. These
should not contaln any alkaline or acidic materials in order
to decrease the rate of o0il oxidation. A packing material

should have a good o0ll storage and absorption capacity.

Grooves

Operation of wick-oiled bearings is improved by oil
grooves. The most effective type 1s the spiral groove on the
shaft, but it must be used for a single direction of rotatim
and it is costly. An X-shaped groove is used on the bearing

surface. The groove leads diagonally away from the bearing

window and stops short of the ends of the bearing.

5-2.4 (Qil-Bath Bearings

In this type of bhearings, the Jjournal is partly sub-
merged in an oil reservoir as shown in figure 5-83.

This method of o0il supply is particularly suited to bearings
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that carry the load on the top half.

Design procedure of 0il bath bearings is considered

the same as that of 0il ring bearings.
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5«2 Pressure - Fed Bearings

In pressure-fed bearings the lubricant is fed to the
bearing under a positive preésure. The primary function of
the pressure feed of the lubricant in this class of bearipgs
is to ensure its reliability by a positive feeding of the
lubricant at all times.

The lubricant is fed to the bearing not only at a gilven
pressure, but also at a controlled temperature. Feeding the
lubricant at a controlled pressure and temperature, then,
provides more effective cooling to the bearing and uniformity
in its performance, specially those bearings that work under

heavy duty conditions.

This type of bearing is commonly used in modern high
speed turblnes, compressors, and gears as well as in heavy

large machinery and internal combustion engines.

Heat generated in the bearing oil film is dissipated
partly by the surface of the bearing housing and partly by
the o0il circulating through the bearing. However, the amount
of heat disslipated by the surface of the bearing housing 1is
relatively small 1in comparison with that generated in the
bearing . Becausé of this, it is a good approximation to
assume that all heat generated by friction is removed by
Jubricant cooling. Accordingly,

The rate of heat dissipation = Q. Cp. at Btu/hr.,
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where; Q 1s the total oil flowing through the bearing, Gpm,

p
and at is the oil temperature rise, °F .

C, is the heat capacity of lubricant, Btu/gal.OF,

Pressure~fed bearings include two main types;

split cylindrical bearings, and full cylindrical bearings.

=3l Split Cylindrical Bearings

The split cylindrical bearing is one of the most com-
mon types of bearings. It is commonly used in the field of

internal combustion engines.

An optimum design solution for a split bearing of
the type 1llustrated in figures 5-9 and 5-10 is available.
This bearing, as shown, 1is split into two halves and has a
cylindrical bore. The bearing has large axial oil-distrib-
ution grooves located at the split, each o0il groove subtends

an angle of, approximately, 30 degree.

5-3.2 Full Cylindrical Bearings

For simplicity and rigidity a fullecylindrical bea=~
ring is, generally, used. The bearing 1is normally made in
one cylindrical piece, although, 1t is sometlimes made from
two halves without chamfering the edges . This type of
pressure-fed bearings fincs 1ts application in light machi-

nery and where the direction of the load cannot be predicted.
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Figures 5-11 and 5-12 illustrate two types of this
category of bearings. These are the crcumferential-groove,
and the single oil-hole type. In the first type, the lubri-
cant is fed under pressure into a circumferential groove
midway along the bearing length. Therefore the lubricant is
induced to run completely around the bearing. In order to
prevent oil circulation within the groove, a small dam at
one point in the groove is used. In the second type, the oil
is fed through a2 hole at the top of the bearing. The rate of
lubricant flow through this type is smaller than that
through a comparable bearing with a circumferential groove.
Therefore it is used where the cooling effect 1s not a criti-

cal factor.

Section 5<%, gives the rate of oil flow through a

pressure-fed journal bearings .
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axial groove

a:45"°

( azchamfer dimension)

Fig 5.9 Cross section at chamfer opening
for split cylindrical bearing
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( Upper half) ( Lower half )

Fig5J0 Lower and upper half of split hearing
with axial oil grooves
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5l 0il Flow Through a Pressurized Journal Bearing

As will be mentioned in chapter VII, tﬁe heat dis-
sipation, and qonsequently the thermal equilibrium of pres-
surized Jjournal bearings, depends primarily upon the quanti-
ty of o0il flow through the bearing. So in order to predlct

the bearing performance, the oll flow must be known .

According to Wilcoeck and Murray Rosenblatt [41],
there are two kinds of o0il flow. The first is called Zero=-
speed flow (Q ) and the second is Hydrodynamic-flow (Q,) -
Zero-speed flow depends upon the oll inlet pressure in the
0il feed grooves in the bearing, whence 1t occurs whether
the journal rotates or not. It consists of two kinds, that
0il which flows through the bearing clearance space (Qp), |
and that oil which flows through the chamfer openings(Q,)
in split type of bearings, see figure 5-9.

Hydrodynamic oil flow, on the other hand, 1s the oil flow
out of the bearing ends (end flow) that results from fhe

generating hydrodynamic pressures within the bearing.

5-4.1 0il Flow_Through a Split Journal Bearing

with Axial Groove, [Mll

"A- The o0il flow through the bearing clearance 1is given
by the following formulsa :

¢3 py

Q = t.6x10 Gpm. (5-1)

Z
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where; C =
Py =
% =
B
Qs e
where; 3 =
Qe =

-
-
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radial clearance, inch.

0il inlet pressure, psi.

oll viscosity, centipoise.

Flow through the chamfer openings is given by :

1 .€.q) (5-2)

number of chamfer openings.

Gpm.

the uncorrected chanfer flow,gpm.

correction factor for chamfer flow.

The uncorrected cnamfer flow is given by

]
& (a + C);
Q, = 47200 L Py Gpm.
’ 1z
where; a = chamfer dimension, 1inch.
1 = axial length of chamfer, inch.
6 = radial clearance, inch.
P1 = o011 inlet pressure, psi.
A = o1l viscosity, centipoise.

The correction factor

for chamfer flow € is given as a

0
function of the uncorrected chamfer flow Qc as follows

-1

<

+ Vl + 4

where; A Q

The chart in figure 5-=13

~

(¢]
C

. function of and 1z

%

C- Hydrodynamlc oll

2 A
(40/12)
gives the correction factor as a

flow can be determlned from the

following equation



NRL "~
g 8 ———— g Gpmi . (5-3)
735
where; N = shaft rotational speed rpm.
R = Journal radius, inch.

L = bearing length, inch.

C = radial clearance, inch.

q = oil«flow coefficient, the chart in
figure 5=14 gives q as a function
of the eccentricity ratio ( € ) and
L/D ratio, [40] .

The total oll flow is

5-4.2 0il Flow Through a2 Full Cylindrical Bearing

s . S e S T 8 e o AR s 0 BT 7 TR e

with Circumferential Groove [40]

A= The oil flow Qg is given by the followlng relatlon
2
g RC Py

o = 3.76 07 — 2 (1 4 1.5€%)  Gpm. (5-4)
Z

where, L, in this equstion 1s the total active

length of the bearing (see figure 5-11).

B~ Hydrodynamic o0il flow 1s given by

NRL C-
= ——  q Gpm. (5-5)
T35

where , in this case, § is an o0il coefficient defined

*1

as a function of S (L/D)2 . The chart in figure 5-35



10
05
QO
Cc
(GPM)
01
005
Q01

1 5 10 50 100

Fig 513 Chamfer flow correction factor § as
a function of Q; and Iz

63



1.0
/ P '\1,4
I A
AN AT N
/A J
05 / / // P
y ‘d A \1\-0\
/// ,/ /’—“\\\1.5
YA TS
¥ %
y
o) 0.5 ” 1.0

Fig 5-14 Oil flow cofficient q for
different L/D ratio

64



2.0

1.0 A\
0.5 \\
\'\\
(0} 0.2 04 0.6 08
S(L/DY

Fig515 Coefficient of oil flow as a
function of SIL/D for all L/D ratios

65



gives § as a function of S (L/D)2 and 1/D, where
S is the dimensionless Sommerfeld number .

Then the total flow is

Q = Q. +Qq Gpm. (5-6)

5-%.3  0il Flow Through a Full Cylindrical Bearing

e s

with Single Hole, [30]

The o©il flow rate through a bearing fed by a single

o1l hole is expressed by the following equation

2
C’Py 3 277R
Q. = 5.97x 10° tanl( . ) (1 + 1.552) Geme (5-7)
& J

The hydrodynamic oll flow in this case 1s considered
to be equal to the end flow [40] , and whence the total flow
will be

@ = 24 Gpm. (5-8)
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5=5 Design Procedure

The design procedure consists mainly of two parts.
The first part is the determination of the frictional energy
loss and the same principles apply for both class of bearings
mentioned in sections 5«2 and 5-2. The second part in the
design procedure is the thermal equilibrium of the bearing.
Here, the problem is different; in self contained bearings
the heat balance 1is based upon the assumption @1], that the
heat generated by friction is dissipated entirely from the
housing surface to the surrounding air. While in pressure-
fed bearings, the heat balance is based upon the assumption
that all heat generated in the c¢il film is carried away by

the o0il flowing through the bearing.
A- Friction Energy Loss

In section 4-4%, we discussed Deunnison's design
chart figure 4-2 . From that chart is taken the torque
number T!' for the appropriate L/D ratio.

The actual friction torque is given by equation.(h-4) as

z R3L N

M = T! 1b.inch

6.9x10° ¢
Having M , then the horsepower loss is
M N
F.H.P = —m—
63000.0

and the frictional energy loss will be



Hg = F.H.P x 2545 Btu/hr (5=9)
The next step 1s the heat balance.
B-1 Heat Balance in Self-Contalned Bearing

From the preceding chapters, we know that the opéra“
ting characteristics of a bearing, such as the load=-carrying
capacity, minimum film thickness, and friction loss depend
upon the viscosity of the lubricant. The viscosity of a lube
ricant, however, is a function of the temperature of the film,
Therefore, with the exception of bearings running at low
speeds, the heat balance in the bearing is an important part
of the analysis of any bearing operating witnh fluid film
lubrication . The operating temperature of bearings is also
of interest because the fatigue strength of a bearing materiad
is a function of its temperature. Also, an increase in the
bearing shell temperature causes temperature expansion of
the elements of the bearing, with a change of bearing clea-
rance, and possible high stresses in the bearing metal due
to differential expansion .

Heat generzted 1in a bearing with fluid=film lubrication is
due to the viscous friction in the oil film and 1s given by

equation (5-9) in Btu/hr .,

The amount of heat carried off by conduction through
the shaft or through the pedestal [3 ], 1s usually small

when compared with the amount of heat generated in the
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bearing. Therefore, assumption that the entire heat gene-
rated in a self-contained bearing is dissipated from the
bearing surface to the surrounding air will yield satis-
factory results in bearing analysis, hence,

The rate of heat dissipation is

Hy, = KA at Btu/hr (5-10)
where;
Hs is the rate of heat dissipation, Btu/hr
K is the heat transfer coefflcient, Btu/hr.ftar
A is the hot outside area of the bearing

. 2
housing, ft
Atw is the temperature rise of this outside
surface above ambient air temperature, °OF

The dissipation of heat from the outer surface of
the bearing housing depends upon the veloclty of the amblent
air moving across the surface .

Karelitz [20], estimated these values, these are:
K = 2.1 Btu/hr . £4°,OF
for quiet air, and
K = 5.9 Btu/hr. 7, OF

for alr with a velocity of 500 fpm.

The surface area of the bearing housings to be con-
sldered effective as a heat-digsipating area may ve estimated
in average as, 15 (L.D), where L is the total length of the

bearing .in inches and D is the Journal diameter 1in inches.
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A chart has been made by Fuller [11], based on
measurements of temperature gradients in typical bearings,
figure 5-16, Three types of bearings are included, they are;
waste packed; oll ring, and oll bath. A range is indicated
for each type between the limits of still ambient air and
moving ambient air.surrcunding the housing . For the wick-
fed bearings, 1t was assumed that the temperature gradients

will behave as in the waste-pack bearings .

From the heat balance, by equating equation (5-9)
and equation (5-10)

H & = Hd

Btu/nr K A Atw (5-11)

4

The temperature rise AG”, of the outside surface of the
bearing above ambient air temperature, can be obitained.

Knowing Atw, the temperature rise of the oil film above
housing wall ( Ato) is determined from the chart of

figure 5-16, whence the oll operating temperature will be

To = T. % Atw + at

1 o}

where T1 is the ambient temperature , °p.
B-2 Heat Balance in Bearings with Forced-Fed Lubrication

In a bearing lubricated under pressure, heat genera-

ted in the oil film 1s partly dissipated by the surface of

the beating housing and partly removed by the oil circulating


http:housj.ng
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through the bearing. The temperature of the oll returning

from the bearing into the sump is therefore higher than the
temperature of o0il supplied to the bearing. The difference
in temperature of the oil flowing in and flowing out of the

bearing 1s denoted by ot . The lubricant in the sump must

be cooled before it is pumped again to the bearing.

In a bearing with oil supplied under pressure, the

temperature of the body of the bearing is usually relatively

P

low, and the amount of heat dissipated by the surface of the
bearing housing is relatively small compared with the amount
of heat generated in the bearing. For thils reason 1t may be -
assumed that the entire heat generated in the bearing is

removed by the flow of the lubricant through the bearing.

Hence, the rate of heat dissipation is

Btu/hr = Q.C,. at (5-12)

where;
total amount of o0il flowing through

O
1

the bearing, Gpm.

. o
heat capacity of lubricant in Btu/gal. ¥

Q
|

b

; : ¢}
at oll temperature rise, "F .

1

then, the o1l operating temperature, in this case, will be

n — N
. : i ; ©

where Tgyi1 is the 0il inlet temperature, F .

In order to get at from the thermal equilibrium of

equation (5-12) the quantity of oil flow through the bearing
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(Q), must be known. Section 5-% , gives this quantity for

each type of bearing in this class .



VI PRACTICAL CONSIDERATIONS
IN BEARING DESIGN

61 Introduction

In the derivation of the hydrodynamic theory, in
previous chapters, many assumptions were made. Actually,
these assumptions are not quite true and, accordingly, no
succesful design based upon these theoretical assumptions
can be guaranteed under all conditions, and the conclusions
will be only true within certain limits and under certain

conditions .

In the next sections, some practical considerations
concerning bearing design will be explained . Most of these
conslderations are based upon practical engineering experi-
ence while some of them are supported theoretically.
References [9] B [10] 5 l}O] , and [}OJ discuss in detail

these considerations .

Practical considerations, however, have helped us in
the selection of the limiting conditions used in the design

of bearing.

6-2 Length- to -Diameter Ratlio L/D

Actually, there 1is no general rule govern the best

length to diameter ratio, and in selecting this ratio many
_ 7
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considerations‘are important. Both large and small length
to diameter ratios have their own advantages and disadvan-
tages, however, a ratio close to one appears to be the
optimum. The ratio could be increased when the shaft is rigid
and no deflection problem exists, good alignment conditions
are available, and cocling the bearing is not a problem.

Otherwise, it should be decreased.

Limits of L/D ratio have been set according to the
application such as, generators, machine tools,.. etc.
Four kinds of applications have been selected and they are
available for the designer,
Table 6-1 , shows the common values of L/D ratios for these

applications in accordance with current practice .

TABLE 6-1

L/D ratios, Current practice

Machine L/D
Turbo-Generators 0.8 -~ 1.8
Steam turbins 0.8 - 2.0
Generators & Motors 1.0 -~ 2.5
Machine tools 1.5 - 4,0

Due to limitations in design data, the maximum limit in

table 6-1 has been considered not more than two .
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6=3 Clearance in Journal Bearings C

One of the important factors in bearing performance
is the radial clearance. Under certain operating conditlons
there 1s a range of clearances that provides the optimum

performance of the bearing. Load carrying capaclty and
minimumrfilm thickness, represented by equations (3-19) and
(2-20) respectively, are affected directly by the value of
C and consequently so are the eccentricity ratio € , fric-
tional loss, o0il flow, and the operating temperature,
Experience in bearing design provides the designer with
average clearance values that help in a preliminary selec-
tion . Table 6-2, from reference [34] , gives average
values for the clearance as a function of bearing metal.
While Fuller hl] recommends "medium fits" for Jjournals
running at speeds under 600 rpm, while above 600 rpm
"free fits" may be used. Kingsbury has suggested a radial
clearance for bearings equal to 0.001 + 0,001 R, where R
is the journal radius. For high speed journals the radial
clearance is usually set equal to 0.001 R to decrease the
frictional losses and to increase the flow of oil through

the bearing.
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TABLE 6-2

Radial clearance, Current practice

Bearing alloys c/R
Tin - base babbiltt _0.0005
Cadmium silver 0.0008
Copper = lead 0,0010
Silver - lead - indlum 0,0010
Aluminum 0.0010

From Shaw and Macks [34]

6-4 Minimum Film Thickness

The load carrying capacity of a bearing as shown
from equation (3-19) depends upon the eccentricity ratio
which, in turn, depends upon the minimum film thickness
as given by equation (3-20) . According to the theoretical
formula of equation (3-19), the load carrying capacity of a
bearing increases with an increase of the eccentricity ratio

€ , that is, with a decrease of the minimum film thickness
hy, Consequently, the load carrying capacity will Increase
infinitely if the film thickness 1s recduced to zero.

Thus the minimum film thickness is one ¢f the factors gover-
ning the load capacity of a hydrcdynamilcally lubricated
bearings .

The following is a list of rocommended minimum allowable film
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thickness,(ho)ell, given by .arious authors and based upon
A

their experiments and experlence in the bearing design field.

Karelitz & Kenyon [19] :
McKee [23] :

Fuller [11] :

Slaymaker [33] :

Black & Paul [5] :

Karelitz [20] :

Vallance & Doughtie [39] :

It is of the order of 0.,00005"
It is of the order of 0.00005"
The lower limit for commercial
type bearings is approximately
equal to  0.0001" .
Suggested a value always greater
than  0,0001" |
It is of the order of 0,0002"
per inch of diameter of the
Journal .,
In actual bearings it 1s of the
order of 0.0001" for finely
bored small bronze bearings .
It is at least 0.00075" for
ordinary operating conditions
of babbitted bearings running
at high speeds; and not less
than one-half this value in
all other cases .
It should be;
0.0001" for fine-finished
bronze bearings.
0,00075" for ordinary babbitteé

bearings .
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0.00% -~ 0.005" for bearings with
large steel shafts,
Wilcock & Booser [ﬁo] 2 It should be not less than
0.0001 - 0,00015" .
In general, afull flow filtration of the lubricant 1is
recommended specially for highly loaded bearings fed under

pressure with a small minimum film thickness .

6~5 Bearing Pressure

Experience shows that the éllowable bearing pressure
should be selected for a given bearing on the basis of a
complete analysis concerning the values of the minimum film
thickness, temperature, viscosity, speed, clearance, and
bearing metal characteristics. No direct relation has been
found between the bearing unit load and its fatigue 1life,
because the latter is influenced by factors other than the
unit load .
Etchells and Underwood ho] glve maximum values of unit load
for Qarious bearings metals for engine bearings. These
values are shown in Table 6=3, where the pressures are based
on a fatigue life of 500 hours at a bearing temperature of

300 °F .
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TABLE 6-3

Maxlmum values of load per projected bearing area

Bearing Metal Maximum unit
load, psi

Lead - base babbitt « « ¢ ¢« ¢ ¢« ¢ &« « o| 600 - 800
Tin - base babbitt . . ¢ ¢« ¢ ¢ ¢ ¢ o & 800 - 1000
Cadmium = base bearing metal. « « « « & 1200 - 1500
Cadmium - base with 0.003 to 0.004"

gverlay of babbltt « « o s 5 o ¢ o & 2000 - 4000
Copper = lead (Pb,45% ; Cu,55%) « o o« & 2000 - 3000
Copper - lead (Pb,25% ; Sn,3% ; Cu,72%)| 3000 - 4000
Silver (lead - indium overlay) . . . . 5000 and up

Bror] Zes L d . L . L] L d L (2 L] L] o L] L] * L] L] 10000

From Radzimovsky BO]

6-6 Sommerfeld Number and zN/P

The.relationship between Sommerfeld number, obtained
theoretically and experimentally, and the ccefficient of
friction quantity (R/C)f 1is shown in figure 6-1 . While
figure 6-2 shows atypical experimental relationship bebtween
the coefficient of friction and the zN/P .

It has been found in practice that the bearing operates with
fluid-film lubrication if *n Sommerfeld number and the
symbol group zN/P are of such values in the region to the

right of point B and the f?iction, therefore, will depend
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upon the viscosity of the lubricant. Whereas between B
and C , figures 6-1 and 6-2, the film becones so thin that
the surface high points begin to touch and boundary operating
conditions will exist.

Therefore, the portion of the curve between B and C repre~
sents the transition from thick to thin film lubrication.
Leftward from point C, any decrease 1in Sommerfeld number or
the symbol group zN/P , will cause a very rapid increase in
the coefficient of friction f. The friction then depends
not only on the viscosity, but also upon the journal and
bearing materials used as well as upon the degree of surface

roughness and rigidity of the rubbing surfaces .

Shaw and Macks [3&], recommend minimum values of

Sommerfeld number and zN/P as given in Table o=l ,

TABLE 6-4

Recommended minimum values of S and zN/P

Bearing Metal zN/P S
Tin - base babbitt 20,00 0.050
Lead - base babbitt 10.00 0.025
Cadmium -~ base alloy 3.T75 0,009
Copper - lead 3.75 0.009
Silver - lead = indium 2.00 0.005

From Shaw & Macks [34]
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6-T Turbulence

turbulence in the lubricant film is a phenomenon that
occurs at high Jjournal surface velocities.
The theoretical analysis of the bearing performance of this
thesis 1is based on the assumption that the flow of lubricant
in the clearance space is laminar or streamline , in which,
the lubricant flows in parallel or concentiric layers having
a relative velocities to each other, but no mixing between
them. When the velocity of the flow reaches a certain upper
iimit, turbulent flow may occur in the oil film. This causes

increase in the power loss, increase in the operating tempe-
3

rature, and decrease in the rate of flow.

The critical flow veloclty at which turbulence is
initiated, in a cylindrical tube, can be determined by the
dimensionless "Reynolds number", that equals

V. ad
v

where; V 1is the linear flow velocilty,

d 1s the tube inside diameter, and

Y 1is the kinematic viscosity .
In tubes and pipes, turbulence generally begins when Reynolds
number is aboét 2000, In Journal bearings the following
expression for Reynolds number, suggested by Wilcock [&2],
is appliled

DN C ) R
-_ = 11 .1 ==y ceeecosoo000e -
= . (6=1)
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From equation (6-1), the critical speed at which turbulence

in the bearing start to occur is gilven by

where;

=

I

R
)) — rpm. 00'00.(6-2)
R.C C

392.4

critical shaft speed, rpm.
kinematic viscosity, in2/sec.
radial clearance, in.

radius of Jjournal, 1in.



VII OPTIMUM DESIGN OF HYDRODYNAMIC

JOURNAL BEARINGS

T=1 ;ntroduction

The overall purpose of this chapter is to present
the optimum design problem, its objective function, gecmet-

rical parameters, and 1ts constraints,

The bearing design procedure presented here, 1is based
upon Dennison's design chart, explained in chapter IV, in
determining the frictional torque. While the optimum design
ocbjective function and the independent geometrical parame-
ters are found by one of the optimization subroutines, adap-

ted from OPTISEP [31] .

The optimum'design of a hydrodynamic journal bearing
will be considered on the basils of minimizing elther the

frictional torque, or the oil temperature rise, or both .

T=2 Definition of the Problem

As mentioned earlier, a computer alded design package
is to be designed for determining an optimum scolution for

hydrodynamic journal bearings.

The following classes of bearings have been considered.
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HYDRODYNAMIC
JOURNAL BEARINGS

mmwm VA T RS TR

PRESSURE _FED NON PRESSURIZED
BEARI NGS BEARINGS
7 a

FULL-CYLINDRI\AL N—— Qil ring bearings

N————Waste pack bearings

Circumferential- groove
bearings N———Wick bearings

SPLIT

Single_hole bearings \———0il bath bearings

Figure 7-1 shows the general configuration of a
bearing, without provision of o0il supply. The different

geometrical variables are 1ndicated .

T=3 Optimum Design

The optimum design of a mechanical element in engi-
neering work is the selection of the material and determi-
nation of the optimum values of the independent geometrical
parameters in order to either minimize an undesirable
objective or maximize a functional requirement.

The design procedure is conducted so as to satisfy other
functional requirements and to keep other undesirable effects

within tolerable limits .

Optisep [31], is a package of subroutines for perfor-

ming such an optimum solution .
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7l Optimization Criterion

The optimum design for a hydrodynamic Jjournal bearing
is conducted on the basis of minimizing either of the follo=-

wing significant quantities .

A= Frictional torque loss,

Be Oil=-temperature rise.

C- Both criteria, A and B, if the input torque
in 1b.inch is known to the designer., This
case will be explained in section 7-5.4 when

setting up the optimization function,

T=5 Fornulation for Optimization

Te=5.1 Inout

In general, the designer usually knows the bearing
load (the reaction at the bearing), the rotational speed of
the shaft, and the ambient temperature, He might decide
upon the shaft size or oll inlet pressure. However, the
designer 1s not restricted to specifying elther the shaft
size or oil inlet pressure, and 1s allowed to set up either

or both as a design variable,

For all kinds of bearings given in section 7=2, the
designer 1s essentlally required to give the following

input data .
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1- Load at bearing in pounds
-If the load is not stationary, the theory of
bearings has proved experimentﬁly [33], that
such a bearing with a rotating load at the
same shaft speed has the same load capacity
as a bearing with a constant directional lcad.
A reciprocating load can probably be approxi-
mated by an average load.
2- Shaft rotational speed in revs/min.
2= Design operating ambient temperature, Op .
4~ Maximum expected ambient temperature, °©F .
In addition to the abovementioned input data, a set of code
names (see user's manual, Appendix 1) are used to define

user's options.

7-5.2 Design Varilables

The maximum number of design variables that can be
set, including geometrical and non geometrical variables, is

as follows :

1= L = 1length of bearing, inch

2- C = radial clearance, inch

- Z = o011l operating viscosity, centipoise
he R = radius of Journal, inch

5= P = o0il i»" 2t pressure, psi

6- T = o0il inlet temperature, OF.
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N
i
o
1

axial length of chamfer, inch

(00)
i

o
i

chamfer dimension, inch
The last two variables belong to the split type of Jjournal
bearing. In addition to thcse independent design variables,
there are also the following dependent variables.

9~ o011 operating temperature, ©OF.

10~ minimum film thickness, inch

11- eccentricity ratio

12~ attitude angle, degrees

13- frieticonal torque, lb;inch

14~ amount of oll to be supplied, gpm.

15« grade of lubricating oil, SAE number

16~ Bearing metal

7-5.3 Optimization Function

The primary design criterion may be one of the
following
A~ Minimum fricticnal torque loss.

In this case the frictional torque 1s given
by equation (4-4), as a function of the follo=-
wing variables

Tp = f(L,Rr,C,z,W,N)
hence, the primary design equation is

U = Tf = minimum

B~ Minimum oil temperature rise.
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Here, we have to differentiate between the
two classes of bearings, that is, self -
contained and forced feed bearings.

The primary design equation, is

U = at = minimum
where;
At = temperature rise of oil above ambient
= Atw+»AtO for self contained,

= at in equation (5-4) for forced
feed bearings.

C- Minimum friction torque loss and minimum oil

temperature rise .,

In the last case the target is different, and what
is called a multifactor optimization technique is required.
In such a case the utility contribution of both factors
constitutes the objective function that is to be maximized

rather than minimizing the specific value of the design

characteristics, as in case A or B .

Anumber of multifactor optimization techniques for
developing the utility contributions is explained by
Siddall [32], The inverted utility technique suggests mini-
mizing the undesirability rather than maximlzing combilned
desirability of both parameters (frictional torque and oil
temperature rise, in this case) . To carry out the inverted
utility concept [36], a functicnal relationship is sketched

for each parameter as shown in figure 7-2 where the vertlcal
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axis represents the undesirability (optional) values and the
horilzontal axls represents the parameter values . If the

undesirability functional values are U; for the frictional
torque and U2 for the oil temperature rise, then the total

optimization objective function to be minimized is given by :
U = Uy + Uy

7=5.4 Problem Constraints

In addition to all preceding pertinent design equa-
tions, there are several significant 1imit equations that
should be written for expressing permissible ranges of values
for certain significant parameters. They are discussed in
chapter VI.

The primary constraint, here, is that a thick film lubri-
cation should occur and that the bearing willl work hydrody=-

namically .

The following 1s a group of constraints according
to practice and current experience in bearing design.
1- Constraint for minimum film thickness
ho > (ho)dﬂ
where (hy)y77 1s the allowable lower limit, taken
as a function of bearing material, See section 6-4,
2~ Length =-to- diameter ratio
/D 2 (L/D)yy,
(L./D) > L/D

max
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Fig 7_-2 Undesirability curves for journal bearing
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where the maximum and minimum L/D ratio depend upon
the application. See table 6-1 ,

Constraint for Sommerfeld number S.

S > Smin
where the minimum value of Sommerfeld number depends
upon the bearing metal as given by table 6«l,
Constraint for zN/P.

zN/P 2 (zn/P)

where the minimum value is a function of bearing

min

metal as given in table 64,
Constraint for oill film turbulence.
Ncr ;> B

where Ny, 1s the critical shaft speed at which
turbulance in the oil film start to occur; See
section 6~7 for shaft critical speed .
01l operating temperature ccnstraint.

180 °r 2 T (self contained)

250 > T (pressure feed )
Whereas 180° is the highést recommended operating
0il temperature for the first class of bearings [1¥L

[31], 2500 1s assumed for the other class as a

meximum reasonable practical temperature.

fe

0il inlet temperature for forced feed bearings.

O
Tot1 » T, *+ 25 °F

. % . 5 Q
where Toil is the o0il inlet temperature, "F and

s " ¢]
Tl is the czmblent temperature, F .
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7"5 -5

There are limits on the grade of lubricating oil,

that could be used.

SAET70 > G > SAE 10

Constraint on Journal radius.
R > R 2 R
max i = min
where R and R should

max min
designer if the radlus 1s to

design variable .
A group of other ccnstraints

negative requirements of the

bearing length L
radial clearance C
viscosity Z
chamfer length 1
chamfer dimenslon a

0oil inlet pressure P

Computer Qutput

be specified by the

be considered as a

95

to satisfy the non =

variables

vV VvV V V V V

0.0
0.0
0.0
0.0
0.0
0.0

are

-
°

The program gives the designer the following

main items

Value of criterion function
Value of design variables
0il operating temperature, °F.

Frictional torque, in.lb.
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5 Amount of olil that must be supplied, gpm.
6= 0il grade, SAE number

T Bearing metal advice

8- Surface finish advice

9~ Shaft hardness advice

and for forced - feed bearings,

10= 0il inlet temperature, Op,

11- 011 inlet pressure, psi.

7-6 User - Qriented Journal Bearing Program

A complete design program ccvering all design aspects
discussed in the preceding chapters has been created with a
view to making the user input requirements as simple as

'possible. The user 1is required to supply only four main
values mentioned before in section 7«5.1 ; load that the bea-
ring is to carry, rotational speed, constant operating amblient
temperature, and the upper expected 1limit of the ambient
temperature. Plus up to 11 options including radius of

Journal, input oil pressure, and input shaft torque.

The design program consists of ten FORTRAN subrou=
tines in addition to 13 others for optimization purpose
adapted from OPTISEP [31] . The whole program needs approxi-
mately T70C00 storage locations in the central memory of a
CDC 6400 ccmputer . Figure 7-3 shows an outline of the main

subroutines of the program. How the user sets up the calling
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program is included in the user's manual, together with a

complete listing, in Appendix 1 .



MAIN

DATA RNG 1
B FEASBL
ANSWER BRNGZ
FIND |
DAVID SIMPLEX SEEK1 SEEK3
PAS TLAL
l |
SUPPLY OPTIMF2 SHOT SEARCH
FRANDN OPTIMF1
]
|
UREAL CONST

Fig7-3 Program flow chart

86
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=7 Sample Problems

A~ Pressure~fed journal bearings.
Problem 1

The following specifications are given for a Jjournal
bearing lubricated under pressure, and operating under

steady 1oad.[30] .

Applied load | 5460 1b.

Journal speed 1600 rpm

Journal radius 2.0 inch
Bearing length h, 2 inch
Radial-clearance 0,003 inch
0i1l éperating temperature 210 Or,

Minimum film thickness 0.00069 inch
01l inlet temperature 110 OF,

0il inlet pressure 2.5 psi

Solution

The problem is solved by specifying only the load,
Journal speed. and then also the Jjournal radius and oil
inlet pressure using DAVID optimization method (gradient
me thod) ;

The following is also specified :

1- The bearing 1s to be used for turbo-generators.
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2~ The optimization crite - ion is minimum frictional
torque loss.

- The hearing 1s to bhe a split cylindrical type.

b~ The design ambient temperature is 75 °F .

5~ The maximum expected ambilent temperature ls assumed

150 ©F

Accordingly, the calling program is setl up as shown in

fipure 7-4 where, in this case, the o0il inlet pressure is

taken as a variable. See Appendix 1 for the définition of

the code names and how to set up the calling program,

The input informaticns as given by the calling program is

printed out in the computer output for reference. This is

shown in figure 7-%a . The optimum solution found by DAVID

is shown in figure 7-4b together with the time consumed.

The same problem is solved again considering that
both the Jjournal radius and the o0il inlel pressure are
unkncwns. The optimum solution found by DAVID is shown in

figure 7=-5b, Figure T7-5a shows the input data print ocut.

Observe that the optimum solution found in the first
case 1s restricted to the design ambient temperature (T1).
While in {the second case the optimum solution found is

feasible up to 124 Or, amhient temperature ,


http:ca11:i.ng
http:beari.ng

CCMMCN 7411/ RPM,W ;RADIUS T4 ,KOPTIM KERG \ ' g
1gpg§£gLIc,PINLET,K%Y,KAIRZTI&FUT,TV&X p R RADE RATLBUER yROLL S
RFF =16 00,

T1=75,

TMAX=150,

RAGIUS= 2.

RADU=RADIUS

RADL =RADIUS

NMBR=7

KOFT IM=1

KAFLIC=1

MTHD =7

TINPUT =0,

KERG =1

PINLET=0,0

KEY=1

CALL BRNG2

STCP

END

Fig 7-4

- OPTIMUM HYDRODYNAMIC BEARING DESICN -

. s WS W CE L D ASED Be GO @ SRS WD WD O €D WD TS D KD R em AR AD OB ws W ms e ms

" LCAD AT BEARING) LBSecececescesossoseccccoesscocecocecsse o W = 5,4600000E+03
JCURNAL SFEEDj,; REVS/MINe esoecesososovoconcsoosconssesRPM = 1,600C0C0C0E+C2
AMETENT TEMFERATULRE,; DEGeF e sseveoococoscsceccnecsnseceeldl = 7,50CC0CCE+CL
MAXIMUN EXFECTED AMBIENMNT TEMPERATURE sesecccooseseces TMAX = 1,5000CCCE+C2
JCURNAL RADIUSy INCH eceeveessocscosessscesoosscesee RACIUS = 2,0C0C0C00E+0C
ESTIMATED UPPER LIMIT CF RADIUS seceesossecosnasnseess RACU = 2,00000CCE+CO
ESTIMATED LOWER LIMIT CF RADIUS s eeecoceeeccecececes RADL = 2,00000C0E+CO

OFTIMIZATION CRITERION ceoesovevcsscensocscescosse KOFTIM = 1
TYPE OF AFPLICATICN seccoccocenccacecsonoscsscssees KAFLIC = 1
NUMBER CF DESIGN VARI BLES s evecesocscssscececscecess NMBER = 7
OFTIMIZATION METHCD USED seesescococosssasascssssces MIFD = 7
INPUT TCRCUE scecoceooscecoocscnvnososcncscscnccacse TINPUT = 0,

TYPE OF JCURNAL EBEAPING USEDvevcesoossoesescescecosss KBRG = .
FLAG NUMBER s coocescccceccessceso svoovecosssesesscoces KEY = i

OIL Ir\’LET FRESSURE 26 0 Q09 & 82 €00 9D T S OO OO &S COCOCE OO FI'\LET = 0.

Fig 7-4 a
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D e R ]

LCAD AT EEARINGy; LBSecescscesoocoscscosoosvsncssssess ¢ W = B5,LEQ00CCE+C3
JCURNAL SFEED,y REVS/MINe seosvevssosesseccesecososssecRPY = 1,60000C0E+03
AMBIENT TEMPERATURE) L[EGeFo ecoseosssccosssssesscenssesldl = 7,5000CC0E+01
MAXTIMUM EXPECTED AMEIENT TEMPERATURE eeceecooocsceses TMAX = 1,5000C0C0E+C2
JCUPNAL RADIUS, INCH ssceosescsevsooscesssssoanseases RACILS = Q.

ESTIMATED UPPER LIMIT CF RADIUS s ceoccoesssescsoaseee RACU = 2,250000CE+00
ESTIMATED LOWER LIMIT CF RADIUS s eeseesoscesseesseee RACL = 1.750C0CCE+CO

OPTIMIZATICN CRITERION ccocovescooocoosscsesascores KOFTIM = 1
TYPE OF AFFLICATICN ecvecosssooncesccssersceccesncss KAFLIC = 1
NUMBER OF DESIGN VARI BLES eeeccoceocsseocscsssscosssss NMER = 8
OFTIMIZATION METHOD USED sescossovscosssesssssescccse MTHD = ir

INFUT TCRGUE seovevcoscocscsccscessscesosssscssnsssse TINPLT = (.
TYPE OF JUCURNAL BEARING USEDeesss ecoscscesccsscsseses KBRG =
FLAG NUMBER eovoeroococscocossososcnsoscssosssscasosssscs KEY = i
OIL INLET PRESSURE eeeseceorecsosocscscesesssacsees FINLET = 0O,

(=Y

Fig 7-ba
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Eroblem g

A full cylindrical bearing with a circumferential

0oil groove is designed with the following data, [30] .

Applied load 2000 1b.
Journal speed 1800 rpm
Journal radius 1425 inch
Bearing effective length 3.9 inch
Radial clearance 0.0015 inch
0il operating temperature 225 Op
011 inlet temperature 105 OF
031 inlet pressure 4o, psi
ILubricating oil used SAE 20
Solution

B

The problem is solved for optimum with the same
conditions stated in problem 1, however the maximum expected
temperature is assumed 90 °F., and the bearing is full cylin-
drical with a circumferential o0il groove . The calling
program is set up in the same way, as shown in figure 7-k.
Optimum solutions have been found first for known or given
Journal radius and o0il inlet pressure snd then for these as

unknowns (desiegn variables).

For known radlus and oill inlet pressure, the calling

program and the input data print out are shown in figures 7-6
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and 7-€a respectively. The optimum solution found is shown
in figure 7-6b., For journal radius and oil inlet pressure
as design variables, the optimum solution is shown in
figure 7-6c. Observe that in both cases the optimum solu-
tion found by SIMPLEX 1is restricted to the design ambient

temperature .



CCMMCN /1117 RPM,H yRADIUS;T1,KOPTIM,KBRG,yMTHC,RADU,RACLyNMBR,KOILS
4UE, KEPLIC, PINLET KEY s KAIR y TINFLT , TFAX

W=3000,

RFM=18C O,

T1=75,

TMAX=30,

RADIUS=1,25

RAGDU=RADIUS

RACL=RADIUS

PINLET=40,

NMEPR =4

KCFTIM=1

- KAPLIC=1

TINPUT=0.0

KERG=2

KEY=2

MTHD=5

CALL BRNG2

STCP

END

Fig 7-6
- CPTIMUM HYDRODYNAMIC BEARING DESIGN -
INPUT CATA

LCAD AT BEARI[\G’ LBSOO..O...O.QOO00»000000.000000010.0 L[] N = 3OGUOBGEUE+03
JCUPNAL SFEED’ REVS/MI!\' e 60 6 6000 oonono!oooucovooo.oo'RPM = 1.80000[0E}‘33
AMBIENT TE““PERATUF\E’ [EGQFD e o0 ¢ C.'..lol'......ll'.ll.Ti = 7.500(0[}0{4'[}1
MAXIMUM EXPECTED AMBIENT TEMPERATURE sesesccssosoeee TMAX = C,C0CCOCCE+0L
JOURNAL RADIUS; INCH sssssssessssnsenvsasnansnsasns BACIUS = 41,2500000E+00
ESTIMATED UPPER LIMIT CF RADIUS ¢ esvesscesoceoensees RACU = 1,25000C0E+00
ESTIMATED LOWER LIMIT CF RADIUS sosssesoscsssensosse RACL = 1,25000C0E+0C
OPTIMIZATIC“ CRITERION 20 © 29 ¢ © 0 0O © O 5O PO R B O C O OO O OO KOFTIM = 1
TYPE OF AFPLICATIC'\\' © ¢ 9 CC 6 00 00 0 00 08 00 0O S O ST OC OO B SO KAFLIC = 1
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B~ Self-contained Jjourual bearings.

Problem 3

e e e e e w————

A waste-packed bearing is to be designed for a turbo

generator with the fcllowing specifications.

Applied load 2300 1b.
Journal speed 200 rpm
Journal radius 2. inch

The problem is solved for a combined criterion of
minimum friction loss and minimum temperature rise. The
journal radius is considered first as known (as given = 2")
and then as unknown.

In solving the problem by SIMPLEX the following is assumed :
1. The ambilent 1s a moving aif.

2. The design ambient temperature is 75 OF.

. The maximum expected ambient temperature is 90 OF,

I, The input shaft torque is 2000 1b.inch .

According to thgse assumntions, the calling program
is set up .as ghown in figure 7-7. Figure 7-7b shows the
optimum golution found consldering the Jjournal radius as
known., Tieure 7-7a gives the intermediate ocutput for
iterations of the optimization orocess in this case. The

optimum =clution found considering the radius as unknown is
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shown in figure 7-T7c .

Problem 4

e St 3 s e,

A bearing for a motor-generator set 1s to be designed

with the following specifications.

Applied load 1200 1bs.
Journal radius 2:15 inch
Journal speed 450 rpm

The tearing is to be designed for a combined minimum friction
loss and minimum temperature rise. The shaft torque is

given 500 1b.inch .

The problem is solved by SIMPLEX , assuming quiet
ambient with temperature ™ OF. and the maximum expected

ambient temperature is 100 °p .

The optimum solution found is shown in figure 7-8a
o}
and, as shown, is feasible up to 88 F ambient temperature.

Figure 7-8 shows the calling program.

The same problem is solved for minimum temperature
rise considering the journal radius first as known and then
as unknown. Solutions found are given in figure 7-8b and

7-%¢c respectively .
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CONCLUSIONS

A design package has been developed that makes the
problem of finding an optimum design for a hydrodynamic
journal bearing, within the classes of bearings mentioned
in section 7-2, much easier and available within seconds of
computer time without going into a long series of trials

in bearing design calculations .

This thesis illustrates how a complex design problem,
such as hydrodynamic bearings, which relies heavily on the
designer's Jjudgement, can be successfully computerized so
as to give an optimum design. User input is very short
and simple and yet the user's judgement can still be fully

exercised .

The package does not require any knowledge of com=-
puter programming, FORTRAN, or optimization theory. However
a knowledge of the fundamentals of Jocurnal bearing operation
and lubrication 1is essentiél. The user can directly specify
his options from the calling program which has been deve-
loped in a very simple form. He may specify a value for the
Jjournal radius or leave it as a design variable, giving the
upper and lower possible 1limits. He may also specify the oil
inlet pressure, for forced-feed bearings, or considers it
as one of the design variables .

120



121

The class and type of the bearing are left to the user
judgement and background. Moreover, the bearing design
criterion may be either minimum frictional torque, or mini-

mum olil temperature rise, or both in a ccmbined criterion.

A set of design failure comments will be printed
out in the computer output, when an optimum solution can
not be found. Those comments are based upon the results

of several worked examples solved by the package.

Most of the bearing manufaéturers rely largely on
the limits of good practice resulting from past experience.
The group of constraints that were incorporated in the
design procedure seem to work satisfactorily and the opti-
mum solutions remain within the allowable practical limits.
This can be seen clearly from the results of the sample

problems given in chapter VII .

Although the work discussed in thils thesis does not
cover all classes and types of bearings, it can be extended
easily to cover all classes by some additions and minor

meodifications .
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I USER'S GUIDE

1-1 Introduction

This package 1s one cof a series for automatic
optimum design of englineering ccmponents or devices., Its
purpose is the cptimum design of hydrodynamic journal

bearings with the followlng optlons :

HYDRODYNAMIC
JOURNAL BEARINGS

|rrrs TR Y T ST DI IS AN
- =

PRESSURE _FED ’ NON PRESSURIZED
BEARINGS BEARINGS
r \ r
FULL-CYLINDRCAL N——Oil ring bearings

———Waste pack bearings

Circumferential- groove
bearings N———Wick bearings

SPLIT

Single_hole bearings \———Oil bath bearings




The package is highly user oriented and requires a
minimum of knowledge of the theory of bearings, and no
knowledge of computer programming, FORTRAN, or optimization.
However, Jjudgement cannot be completely removed from any
design, nor can a successful design be guaranteed by any
theoretical analysls if the design assumptions do not match
the real life situation .

The user exercises his judgement by options available in

the input coding .

1-2 Configuration

The following is a group of schematic sketchs shows

the different type of bearings available in this manual.
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- DESIGN VARIABLES -

Bearing length , inch

Journal radius , inch

Radial clearance , inch

Eccentricity , inch

Eccentricity ratio =§

Minimum film thickness , inch

c(1-€) inch

= Attitude angle , degrees

0il operating temperature , degree fahrenheit
0il operating viscosity , centipoise
Frictional torque , 1lbs.inch

Required amount of oil , gallon/min.

- 01l grade

- Bearing metal

- 0il inlet pressure , 1b/square inch
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