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Introduction 

Hydrodynamic lubrication is a field, which is paid more and 
more interest. Modern machines with higher and higher speeds of 
rotating parts need carefully designed bearings in order to avoid 
wear, heating and vibrations. It is important to know what happens 
within the carrying oil film between the shaft and the bearing. 

The bearing is one of the oldest and most used machine elements. 
All rotating machine parts are mounted either in journal bearings 
or in rolling bearings. The latter operate in the rolling points after 
similar principles but with thinner oil films and less oil flow. The 
lubrication of ball and roller bearings is thus very simple. They are 
filled with grease only once for several years. The hydrodynamically 
lubricated bearings need a more careful lubrication and a frequent 
service, but are in spite of that used in several bearing applications, 
e. g. when a dividable bearing is needed, for silent-running machines, 
and for machines which, under non-operating periods, are subjected 
to vibrations. 

The research on hydrodynamic lubrication was started in the 
1880's when the railroads were growing up. The heavily loaded 
locomotive bearings gave problems. TOWER (39) published in 1883 
his discovery that the maximum oil film pressure was about twice 
the average pressure. It had earlier been thought that the pressure 
was constant. He also showed that the pressure varied in the axial 
direction after a curve of parabolic form. The same year PETROFE 

(31) published a formula to determine the power loss in the bearing 
assuming the shaft and bearing concentric. This formula is still an 
acceptable approximation. 

In 1886, REYNOLDS (34) presented his hydrodynamic oil film 
theory, which is the base for all calculations on bearing quantities. 
He combined the equilibrium and continuity conditions for a small 
oil element and gave the equation which determines the pressure 
build-up in a thin oil film between two moving surfaces. REYNOLDS 

solved this equation for an infinitely wide plane pad bearing and 



5 

made an approximate solution for the infinitely wide journal bearing. 
He showed that a shaft can carry a load swimming on an oil film 
without touching the bearing. A correctly designed bearing shall thus 
run without any wear. The exact solution of the infinitely wide 
journal bearing was given in 1904 by SOMMERFELD (36). His solution 
has been strongly criticized as it seems to include negative pressures 
in the oil film. SOMMERFELD, however, was fully aware of this shortage 
and defined the validity range of his theory. 

In the year 1905, MICHELL (27) succeeded in solving REYNOLDS' 
equation for the plane pad bearing of finite width. The pressure at 
a certain point of t he bearing area was given as the sum of a n infinite 
series and the load was derived by numerical integration. In recent 
years REYNOLDS' eq uation has also been solved for the finite journal 
bearing case after several different methods, exact as well as numeri
cal. The exact solutions are built upon infinite series and the approxi
mate numerical calculations are usually made on digital computers 
in order to get good accuracy. 

A field in the hydrodynamic lubrication theory which has been 
given little interest is cavitation and related problems. In journal 
bearings cavitation nearly always occurs and it is thus not correct 
to neglect that problem when investigating the quantities needed for 
journal bearing design. In this work great interest is paid to cavi
tation and the behaviour of the oil in a cavitation region. It has been 
possible to derive the boundary conditions of cavitation regions, 
thereby obtaining solutions to problems, hitherto unsolved. This has 
made it feasible to prepare tables and charts for bearing design. 
The usual assumptions of constant viscosity, constant load and rigid 
surfaces are made. 



Hydrodynamic Lubrication and Cavitation 

Bearings carry loads on lubricating films in which pressures are 
built up hydrostatically or hydrodynamically. Lubricants are oils, 
water, air, etc. In hydrostatic bearings the pressure is supplied by a 
pump. These are not treated here. In the hydrodynamic bearing the 
pressure is built up by shearing forces from the moving surfaces. 
These forces give rise to the power losses. It is thus the viscosity 
which is used to create the carrying effect and also gives loss. This 
fact was shown theoretically by REYNOLDS in 1886 when he derived 
the following equation which determines the pressure distribution in 
a lubricating film 

d  /  d p  \  d  I  d p  \  f d h  \  
H (» + "Ä (AS & j =6" K*»"* +2F>) 

where 

p = pressure 
h — film thickness 
x, z = coordinates 
i-J = absolute viscosity 
U 0 ,  U x ,  V x  —  surface velocities 

It is remarkable to find how REYNOLDS in his pioneer work finds 
a solution, which is fully correct in all respects. 

If a bearing consists of converging wedges only, the pressure is 
positive in the whole bearing and the pressure distribution is derived 
from REYNOLDS' equation using as the only boundary conditions 
the pressure at the bearing boundaries. If there are diverging wedges 
in a bearing we usually get cavitation, while REYNOLDS' equation 
then falls out Avith negative pressures. In this case the REYNOLDS' 

equation solution is wrong for the whole bearing and we need other 
conditions to determine the pressure distribution. 
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This work treats hydrodynamic lubrication with cavitation. The 
boundary conditions of cavitation regions, which are derived here, 
make it possible to determine the bearing quantities for every steady 
state bearing case. 

The Infinite Journal Bearing 

When studying hydrodynamic lubrication it is suitable to start 
with the case of infinite width for which simple exact solutions are 
obtainable. The infinitely wide journal bearing is treated in Part 1. 
The full SOMMERFELD pressure curve with positive pressure all around 
the journal has been rejected in literature due to experimental evi
dence. This curve, which is theoretically possible if an oil groove is 
located at the minimum pressure point, has here been experimentally 
verified, see fig. 1. The test is made with a bearing with tight side 
seals making the side leakage negligible. The bearing width is thus 
practically infinite and the agreement with theory is quite satisfactory. 
The fact that the full SOMMERFELD curve earlier has been rejected 
is due to tests made with bearings of finite width. Two different 

Pull Sommerfeld 

• Experimental points 

Usual theory-

Half Sommerfeld 

Nücker's experiment 

- 6 0  6 0  

Fig. L Pressure Curves for e  = 0, 60  

(Compare CAMERON-WOOD fig. 2) 

(Part 1: 40.1) 
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(Part 1: 63.2) 

bearing cases have thus been compared and incorrect conclusions have 
been drawn. The full SOMMERFELD pressure curves give a horizontal 
attitude-eccentricity line for the shaft centre location, which, how
ever, has been regarded as impossible. CAMERON-WOOD (4) wrote in 
1949: "In the full SOMMERFELD solution the resultant of pressure 
round the journal has 110 component along the line of cen tres, and the 
attitude is always at 90 deg. to the load line. It has been clear for a 
a considerable time that all the experimental evidence was against 
this straight line centre locus." Fig. 2 shows that SOMMERFELD was 
right. 

When cavitation occurs in an infinitely wide journal bearing the 
continuity of flow gives zero pressure derivative at the film break 
as shown in Part 1, page 41. This gives for a certain eccentricity a 
group of pressure curves shown in fig. 3. The vapour pressure is now 

c. 

4 
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1 

0 , 2 4 0 2  0 , 2 5 4 3  
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0,0141 0,0141 

Fig. 5. Pressure Curves and Oil Flows 

(Part, J : 70.2) 
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called cavitation pressure. The location of the oil groove determines 
which pressure curve is derived. In practice the cavitation pressure 
is usually close to the groove pressure and it is thus theoretically 
possible to derive a cavitation region all around the journal. An 
experimental curve with a cavitation region of 350° is shown in fig. 
4. In literature the rate of the oil film region is usually assumed to 
be 180°. Such an assumption has no real background as shown above, 
where it is established that the cavitation region can vary from zero 
degrees to almost the full circumference. 

In literature the low pressure part of the bearing has been shown 
very little interest, but many calculations have been made for the oil 
film part of the bearing with arbitrarily chosen boundary conditions. 
The risk with such a calculation is demonstrated in fig. 5. ten BOSCH 
(3) considers the oil film part only and obtains for the case chosen an 
oil flow of 0,2402 entering the bearing at <px and leaving at <p2. If the 
low pressure cavitation part is taken into account, an oil flow of 
0,0141 will enter at (p2  and leave a t cp1 .  

The Finite Journal Bearing 

All practical bearings have considerable side flow. It is thus necess
ary to take this into account when calculating the bearing quantities. 
The three-dimensional oil flow case is studied in Part 2. It is theoretic
ally demonstrated that the boundary conditions are, at the upstream 
boundary of the cavitation region 

/ 

p—p c  

dp 

and at the downstream boundary 

V=Vc 

Uh* Uli h3  T dp dp dx 1 

2 2 12>7 L dx dz dz J 
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Fig. 6. Sketch of a Cavitation Region 

(Part 2: 36.1) 

where 

pc — cavitation pressure 

U — surface velocity 

h* = oil film thickness at film rupture 

The last condition has not earlier been presented in literature. A 
sketch of a cavitation region derived from this condition is shown 
in fig. 6. The oil flows in streamlets through the region. The shear 
stress, taking the air strips into account, is shown to be 

rj U h* 
t= — 

Some authors assume a full oil film in the cavitation region and 
others an air region when calculating the power loss, but both methods 
violate the continuity condition and give incorrect results. 

A theoretically determined pressure field with a cavitation zone 
is shown in fig. 18. For the same case a comparison between the 
theoretically determined pressure curves and experimental points 
is made in fig. 7, where 
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Fig. 7. Theoretical Carves for 
v=l; e = 0,6 and pco—— 0,1 

+ Experimental points 

(Part 2: 71.1) 

cp, C — coordinates 
v = width-diameter ratio 
g = eccentricity ratio 
p0 = non-dimensional pressure 
pcQ =z non-dimensional cavitation pressure 

The agreement is quite satisfactory. 

In Part 5 the behaviour of the oil at cavitation is discussed. Two 
numerical calculations are made on cases treated in a paper by RAI-

MONDI (33). He does not satisfy the continuity of flow at the down
stream boundary of the cavitation regions, and in Part 5 this boundary 
is adjusted due to the continuity condition. 



13 

10 

E0 
8 

6 

L 

2 

0 

0  1  2  3  U  5  6 P o
?  8  

Fig. 8. Theoretical Power Loss 

+ Experimental points 

(Part 3: 14.1) 

Experimental Investigation of Power Loss 
in Journal Bearings 

Part 3 represents an experimental investigation of the power loss 
in a 360° journal bearing with an oil groove 90° before the load line. 
The theoretical power loss is calculated taking the air strips in the 
cavitation region into account, and theory and tests are compared, 
see fig. 8. The experimental power loss is derived through measure
ments of journal torque and rotational speed. All the test apparatus 
is put on a cradle and therefore the journal torque is the same as the 
cradle torque. This method requires no calibrations and gives quite good 

results. 

Lubrication of Cylindrical Surfaces 

Part 4 treats hydrodynamic lubrication of a cylinder and a plane 
and Part 8 the two cylinder case. These two cases have earlier been 
treated by KNESCHKE (26) and GATCOMBE (18) but they have used 
arbitrarily chosen boundary conditions violating the continuity of 
flow. In the Parts 4 and 8 the continuity of fl ow is satisfied in every 

C 

f ++ 

:fc^ + 
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Fig. 9. Theoretical Film Break 

(Part 4: 25.1) 
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Fig. 10. Experimental Film Break 

(Part 8: 32.1) 

section of the oil wedge. KNESCHKE and GATCOMBE have the film 
break as a straight line in axial direction, but here it is theoretically 
shown that the oil will divide into streamlets and this behaviour is 
verified by tests, see the figs. 9 and 10. 

Design of Thrust Tilting-pad Bearings 

Part 6 treats the thrust tilting-pad bearing. It is shown how to 
choose the number of pads which gives minimum power loss at given 
values of load capacity, angular velocity and minimum permissible 
oil film thickness. Tables and charts for design calculation are given 
and a diagram for design of optimum thrust tilting-pad bearings is 
made. 

Design of Journal Bearings 

Part 7 treats the two-groove journal bearing. Tables and charts 
for design of ring- or pressure-lubricated journal bearings are given 
and it is shown how to design optimum bearings with minimum 
power loss at given values of load capacity, angular velocity and 
minimum permissible oil film thickness. 
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Stability Conditions 

Part 9 is an extension of P art 1, treating the infinite journal bearing. 
The level of the cavitation pressure is studied and it is shown that it 
is just below that pressure where air or gases are in contact with 
the oil under a considerable time. Hitherto it has been normally 
believed that cavitation occurs just below the atmospheric pressure. 
Fig. 11 shows cavitating oil at atmospheric pressure in a test tube 
which earlier was put under higher pressure (6 atm g). 

In Part 1 the continuity of the oil flow was studied and solutions 
were made starting with fixed locations of the shaft centre and the 
oil groove relative to the bearing. Those solutions are thus true if 
the shaft centre is forced to stay in that position. In practice, how
ever, a certain load is applied at a certain angle, and the correspond
ing shaft centre position is only derived if that position is stable. 
In Part 9 the stability of the infinite journal bearing is treated both 
theoretically and experimentally. STIEBER (37) has theoretically 
treated the infinite journal bearing but has not considered the sta
bility conditions. SWIFT (38) has studied a special infinite journal 
bearing case, but his calculation method satisfies neither the con-

Fig. 11. Cavitation at Atmospheric Pressure 

(Part 9: 11.1) 
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<P,+ß 
8  

Fig. 12. Attitude-Eccentricity Curves for 

Different Groove Locations 

(Part 9: 14.1) 

tinuity condition nor the stability condition, but his work is, in spite 

of this, often referred to in literature. 
Here the boundaries between stable and unstable regions are derived, 

see figs. 12 and 13. The regions to the left of the dotted lines are 
stable and those to the right are unstable. Fourteen test series have 

been made and the agreement with theory is good. 
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60 

Experimental Investigation of Cavitation Regions 

Part 10 represents an experimental investigation of cavitation 
regions in journal bearings of finite width. Tests are made with thin 
plastic bearings in order to photograph the regions and with thick 
plastic bearings to measure the region locations. The grooveless 
bearing case and the case with an oil groove 90° before the load 
line are studied. 



Fig. 14. Upstream Part of the Cavitation Region 
(v=l, £ = 0,6 and pco=— 0,l) 

(Part 10: 17.1) 

Fig. 15. Downstream Part of the Cavitation Region 
(v=l, £ = 0,6 and pco=—0,l) 

(Part 10: 17.2) 
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Fig. 16. Upstream Part of the Cavitation Region 
(v=l and e = 0, a) 

(Part 10:23.1) 

Fig. 17. Downstream Part of the Cavitation Region 
(v= 1 and e = 0,6) 

(Part 10: 23.2) 
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Load l ine ^ 

Fig. 18. Theoretical Cavitation Region for 
v=l, £=0,6 and pco= — 0,1 

The dotted line represents the experimental boundary 

(Part 10: 19.2) 

Figs. 14 and 15 show photos of a cavitation region in a bearing 
without axial oil grooves. There are peripheral grooves at the bearing 
sides with oil of higher pressure than the cavitation pressure. The 
oil flows into the bearing where the pressure is lower than the groove 
pressure and out from the bearing where the pressure is higher than 
that pressure. A comparison between the theoretical and experi
mental boundaries of the cavitation region is shown in fig. 18. 

Oil groove Oil groove Load l ine 

Fig. 19. Theoretical Cavitation Region for 
v= 1 and £=0,6 

The dotted line represents the experimental boundary 

(Part 10: 24.2) 
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The figs. 16 and 17 show photos of a cavitation region in a bearing 
with an axial groove 90° before the Joad line. The groove pressure 
and the cavitation pressure are both atmospheric. A comparison 
between theory and test is given in fig. 19. 

Conclusion 

In the ten parts included in this dissertation, theory and tests have 
given pressure distributions, load capacities, shaft locations, stability 
conditions, power losses and locations of cavitation regions. There 
is in all cases close agreement between theory and tests. 
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Preface 

The aim of this treatise is to study the effect of vaporization on 
the properties of a journal bearing of infinite width. In practice, 
there is no infinitely wide journal bearing, but a correct theory for 
this should be a basis for the study of the finite. However, there 
are practical cases which are approximately infinite. Several errors 
in the oil filin theory are due to confusion in regard to infinite and 
finite bearing width. In the case of an infinite journal, it is possible 
to give exact solutions for the equations. 

The subject was put forward during lubrication research work 
under leadership of professor B. JAKOBSSON, at the Institute of 
Machine Elements, Chalmers University of Technology, Gothenburg, 
Sweden, and sponsored by Statens Tekniska Forskningsråd. The 
experimental investigation has been made at the laboratory of the 
institute. 

I wish to express my gratitude to those who have helped me in 
this work. 

Leif Floberg 

t 
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1. Introduction 

The first mathematical treatment of the pressure in the oil film 
in a bearing was made by REYNOLDS (7) in 1886. He combined con
tinuity and equilibrium for the flow of an incompressible, viscous 
fluid and derived the differential equation for the pressure. For the 
infinite slider bearing he gave an exact solution, and for the infinite 
journal bearing an approximate solution. SOMMERFELD (8) succeeded 
in getting an exact solution for a journal bearing of infinite width in 
1904. If the pressure distribution is known, load, load direction, 
power loss, and oil f low can be determined. 

REYNOLDS a nd SOMMERFELD, however, have not treated the case 
with vaporized oil. SOMMERFELD writes: »Sehr bedenklich muss für 
die Stichhaltigkeit unserer Theorie das Auftreten negativen Druckes 
erscheinen. . . . Zerreisst nämlich die Ölschicht an der Stelle begin
nenden negativen Druckes, so werden die Voraussetzungen hinfällig, 
. . .» Several authors, among them GÜMBEL (5), FRÄNKEL (4), TEN 

BOSCH (1), and OTT (6), have tried to determine the pressure distribu
tion when the oil is vaporized in parts of the bearing, but no satis
factory treatment has been made hitherto. This case, with constant 
pressure vapour or air regions in the bearing, is discussed in this 
paper. Experiments confirm the theoretical results for bearings 
without and with constant pressure regions. 



2. Notation 

A, C — Constants of integration 

c = Specific heat of oil 

E — Power loss per unit width 
E xp 

E0 — ^j2 = Non-dimensional power loss per unit width 

e = Eccentricity of journal relative to bearing 

Fb = Friction force on bearing per un;t width 

Fj — Friction force on journal per unit width 
F j x p 

F j 0  = = Non-dimensional friction force on journal per 

unit width 
E 

f — p — Relative power loss 

h 
H — = Film thickness/radial clearance 

h — Oil film thickness 

Mb  = Friction torque on bearing per unit width 

Mj = Friction torque on journal per unit width 
M j x p 

Mj0 = y — Non-dimensional friction torque on journal per 
unit width 

P — Load per unit width 
P xp2  

Po = — Non-dimensional load per unit width 
Yj U 

p = Pressure 
p xp2  

Po = = Non-dimensional pressure 
Tj O J 

q — Oil flow per unit width 

q° — ^ — Non-dimensional oil flow per unit width 
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R — Radius of bearing 

r = Radius of journal 

Ar — R — r = Radial clearance 

At — Temperature rise 
At xp2 

At0 — cn • = Non-dimensional temperature rise 
rj co 

U — r co = Velocity of journal surface 

u, v — Velocities of a fluid particle in the x- and y-
directions respectively 

V — Volume of oil per unit width 
V 

V a  —  — =  N o n - d i m e n s i o n a l  v o l u m e  o f  o i l  p e r  u n i t  w i d t h  
r Ar r 

x, y, z = Rectangular coordinates 

ß = Angle between load line and line of centres 

y = Angle 
e 

e = = Eccentricity/radial clearance 

tj = Viscosity of the oil 

^ = Coefficient of friction 

Q = Density of the oil 

r = Shear stress 
x 

cp = — = Angular coordinate 

Ar 
xp = — — Radial clearance/journal radius 

Q = Angular coordinate measured from the oil 
groove 

co — Angular velocity 

Indices 

a = Average 
b = Bearing 
e = Experimental 
j — Journal 
t = Theoretical 
o = Non-dimensional 



3. Fundamental Oil Film Theory 

3,1. The Pressure in the Oil Film 

For the pressure in a thin oil film between two surfaces, which are 
moved relative to each other, REYNOLDS (7) obtained the partial 
differential equation 

where x,  z — rectangular coordinates 
p = oil film pressure 
h — oil film thickness 
rj = absolute viscosity 
U = surface velocity 

The viscosity is assumed to be constant. 

The equation has the form as in 10.1, in the cases of 10.2. 

If the direction of the velocities is changed, as in 11.1, the right-hand 
term in the equation changes its sign. The positive ^-direction is 
to the right. 

For a bearing of i nfinite width the second term of 10.1 disappears, 
and therefore 

10.1 

u 

u 
Fig. 10.2 
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Fig. 11.1 

Integration with respect to x gives 

dp 
¥ = 6 T] U h + C 

dp 6 ï] U C 

dx h2 h3 

If -f~ = 0 for h  =  h *  C  =  -  6 i i U  h "  
dx 

dp 

and 

dp 6 n U 

d x  " P  < *  

For the journal bearing, as in 12.1, the oil film thickness is 

h = Ar — e cos cp — Ar (1 — e cos y ) 

where Ar — radial clearance 
e = eccentricity of journal relative to bearing 

e 
e = —— = non-dimensional eccentricity 

and with journal radius r 

x — r (p dx = r d(p 

Then 11.2 becomes 

dp 6 rj o) I 1 1 — e cos M dep ip2 1 ( 1  —  £ COS cp)2, (1 — E cos cp) 3 
11.3 



where co = angular velocity 
Ar 

xp = = non-dimensional clearance 

Integrate from <p1 to cp, assuming p1 to be zero. 

<P 
erjco  r  r 1 1 — £ cos 99* 1 

P 1p2 J 1 ( 1  —  £  c o s  cp)2 ( 1 — £ cos 9?)3 J 
<Pi 

or non-dimensionally 

<P 
p y 2  r  r 1 1 —e cos ç9* 1 

77 CO ^ J 1( 1 —  £  COS Ç>)2 ( 1  — £ COS 9?)3 J ^ 

To solve this integral, introduce 

cos y + £ 
cos cp = — 

1 + £ cos y 
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y 1 - e2 

dep = dy 
1 + £ cos y 

The solution is 

<P 

dtp y — yi 
h •h 

<P 

•h 
— £ COS V  y i —  e 2   

d ( p  (y  — yx) +  e (sin  y  —  s i n  y x )  

' " e cos 9?)2 1(1—e2 

<Pi 

<P 
dep h — £ COS C PY 

<Pi 

£* \ £l  

1  +  —  )  (y — yx) + 2  £  (sin y  —  sin yx) + —  (sin 2 y —  s i n  2  y x )  

|/(1 - £2)5 

and 

Po — 6 Ih — ( ! - e cos 9?*) j3] 

This solution was first obtained by SOMMERFELD. 

If at <p2, p2 is assumed to be zero, three different cases can be 
treated: 

I. and cp2 are known, then (p* = / (<plf (p2, e). 

II. <p± is known, and cp2 = <p*, then cp* — / (ç>l5 e). 

III. A complete 360° oil film, çp1= — n and <p2 = n, then <p* — f (E). 

I. p = 0 for cp — (px and cp = cp2 

12 (ç>2) = (1 — e cos <?*) j3 {cp2) 

1 + e cos y* = 

/ e2 \ £2 

1 1  +  " y  1  ( y 2  —  Y i )  + 2 £ (sin y 2  — sin yx) + — (sin 2 y2 — sin 2 yi) 

( y 2  —  Y i )  +  c  ( s i n  7 2  —  sin yj) 
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This expression holds for the angle between (p1 and cp2. 

II. p — 0 for <p = cp1 and cp — cp2 — cp* 

In this case, there is no negative pressure between cpl and cp 2 ,  

1 -j- £ cos y* — 

\ g2 
— I (y* — yx) -f- 2 e (sin y* — sin yx) -\—— (sin 2 y* — sin 2 y J 

(y* — 7i) + e (sin y* — sin 7i) 

which holds for the angle between cpx and <p2. 

III. p = 0 for cpx = — TI and cp2 = n 

This gives 

1 + Tj 2 "  
1 + £ cos y* = = 1 + 

Z 71 1 

£ 
cos y* — • 

and 

3 £ 
cos 99* = ———— 14.1 

In this case p = 0 for cp = 0 

3,2. Load Capacity 

The load components are from 12.1 

<p, 
Px = P sin ß — — fp sin q) r dep 

9>. 

Py = P cos ß J p cos c p r dep 
<Pi 
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The integrals are transformed into 

r dp 
Px — — I — cos (p r d<p 

With 

d<p 

<P« 

f dp 

Py = ~ J ~<h sin (prd(p 

<Pi 

(fx 

j . . \ , d(p y2 — ïi 
Ji — fa (Ç92) — 

1 — £ COS 99 J 1 
<Pi 

J-2 — i2 (ty2) 

'J3 = ?3 (ty2) 

the load components can be written 

_ fJl 
6 nu Jl Tz 

T. 

xp* 

= ̂ nV_ / _ j, 
1/ n 1-^9 T -L Î y i*>2 \ 2 j 3 

r \ 

where 

I / 
<p2 

sin 99 CZ99 cos y2 — cos y1 

' (1 — £ COS ( p)2 1 — £2 

sin 99 0^99 

/ « r  ' 1 1 — £ COS 9 ?)3 

9>1 

£ 

(cos y2 — cos yx) + — (cos 2 y2 — cos 2 yx) 

(1 - £2)2 
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\ 

/ /  /  .  
u 

lyu 

Fig. 16.1 

The non-dimensional load components are 

Pxtp2 6 
P = 

X O  T T  rj  U  = 7 K' - T 

Py VP 
p"0 = ~ ï̂ï~ = 6 u 

J ,  
2 T 3 

3 

The angle ß between the load line and the line of centres is calcul
ated from 

tan ß = 

3,3. Oil Flow 

The vertical velocity component can be neglected beside the 
horizontal component. Fig. 16.1 shows the velocity distribution. 

For an oil element 

du 
T — ri  —7— 16.2 

dy  

and 

dr  dp  

dy  dx  

x = shear stress. 
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This gives 

u = ^ n ' l ^ W - h y )  +  T ' y  1 7 J  

The oil flow per unit width is 

h 
q = f u  d y  

0 

U h  h 3  d p  

^  2  1 2  7 ]  d x  

With the non-dimensional expressions 

h  
H — =1 — £ cos œ 

Ar r  

we can write 

V o  

V o  

p ip2  

7] CO 

q H H3  dp0  

U Ar 2 12 dep 

3, 4 .  Friction Force 

The shear stress is obtained from 16.2 and 17.1 

1  d p  U  
t= 2 "dï {'2y-h) + r<-T 

With the indices j  for journal and b  for bearing 

h  d p  U  
y  =  h  T ' = ¥  'l x  + " ' T  

h  d p  U  
y =0 r» - - t • & + • T 

17.2 

r is the shear stress on an oil element. 

2 



The friction forces per unit bearing length 

<Pt 
F j  =  /  r  d ( P  

<Pi 

< Pa 
F b  =  J  r b  r  d cp  

<Pi 

and 
<P, 
Ï  (  h  d p  U \  

F ' =  J  \ j - ~ d x + r r ' h j r d , f  

<P1 

f  I  h  d p  U \  

=  J  r i ' ï + ' ' T ) r d v  
<pi 

or non-dimensionally 

F : W  f  I  4 3 H *  \  

F j 0  =  t ]  U  ~  J \ B ~~ H 2  I d ( f  

<Pi 

F b V  [  (  3 H *  2\ 
F " « =  ~ W  =  J  \ ~ W  " ~ H )  d < r  

<PI 

F j 0  =  4 J 1  - 3 m  J2 

F  b o  —  3  H *  J2  2 

3,5. Friction Torque 

The friction torques for journal and bearing per unit length 

r >  U  
Mi = Fi<- = — -F,«>• 

7]  U  
M b  =  F  b r  —  —  '  F b o r  
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Non-dimensionally 

M : x p 
MJ0 = '7 ] U r  

=  Fj0 

Mb  xp 
*» 

rrhe relation between these two is derived through equilibrium 
condition for the oil film in fig. 12.1. 

Mj = Mb  -f P e sin ß 

With non-dimensional expressions 

ri U r riU r r\ U 
M j0  • = Mb 0  • 1- P 0 — • e Ar sin ß 

' xp xp xp2  ' 

now 

and 

Ar 

M,o = Mbo + P0  e sin ß 

3,6. Power Loss 

The power loss per unit length of the rotating shaft is 

r> U 
E — F jU — -L- • F j 0  U 

' ip '  

r\ U2  

V E = F j0  
ip '  

The non-dimensional expression for the power loss then becomes 

E xp 

rj U2  
K = —£r - Fj0 
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It is interesting to note that the non-dimensional expressions for 
friction force, friction torque, and power loss per unit length have the 
same value. 

3,7. Temperature Rise 

Between the two points cpx and cp2,  with the same pressure, the 
temperature rise is At. The total power loss is assumed to heat 
the oil, conduction being neglected. 

Then the energy equation gives 

FjTJ = c Q q At 

where c = specific heat of oil 
q = density of oil 

F, U 
At = 

c q q 

Since 

and 

71 U 
F i = — ' F,o 
' yj 1 

q = U Ar q0  

V o > _ Fjo 
'—I ^ 9 

c Q y q0 

The non-dimensional temperature rise then becomes 



4. The 360° Bearing without Vapour Regions 

4,1. Infinitesimal Compression and Boundary Conditions 

Consider an infinitely wide journal bearing with given radius, 
clearance, and eccentricity. The space between journal and bearing 
is filled with oil, and this space is assumed to be completely separated 
from the atmosphere. In the beginning, the shaft does not rotate, 
and the pressure in the oil film is equal to an arbitrary initial pressure. 
The shaft starts rotating, and the speed is increased very slowly, 
so that the oil film is not influenced by the acceleration. At a certain 
speed, the pressure curve has the form shown in 21.1. 

This curve is antisymmetrical with respect to the angle of minimum 
film thickness. The pressure is higher than the initial pressure in 
the convergent part, and lower in the divergent part of the oil flow. 
If the oil is assumed to be infinitesimally compressible in proportion 
to the pressure increase, the increase of the volume at an angle cp 
is equal to the decrease at — <p\ therefore, the average pressure is 
the same as the initial pressure. 

There are no problems at increasing rotational speed until the 
pressure curve reaches the vapour pressure. When this occurs, 
vaporization will appear. There is, however, no space for a volume 
increase, and therefore the average pressure must increase, while the 
pressure gradient of 11.3 is not influenced. 

The increase in average pressure is assumed to give the oil an 
infinitesimal compression. This balances an infinitesimal vaporiza
tion. The new pressure curve is shown in 22.1. 

p 

Maximum film 
thickne3 3 

Minimum film 
thickne ss 

q, pressure 
Initial 

Vapour 
pressure 

Fig. 21.1 
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Fig. 22.1 

If now the rotational speed is reduced, the average pressure 
decreases to the initial average pressure, and when the journal has 
come to a standstill, the pressure is again constant. 

According to this theory, the full SOMMERFELD conditions are 
theoretically possible. It is, however, not possible to have a bearing 
with the same oil all the time, because of the temperature rise. 
Consequently, it is necessary to change the oil. This can be done 
through an axial groove at an arbitrary angle, if the oil pressure in 
the groove coincides with the pressure in the oil film at this angle. 
In this theoretical treatise, the oil groove is assumed to be a straight 
line, having no width in peripheral direction. If the changed quantity 

Uh* 
of oil is equal to the oil flow q = —-— in the bearing, the temperature 

rise At is the same as that in the oil film. If now the changed quantity 
is nq, the temperature rise of the oil for the cooling system is 
At 

; but in the oil film the rise is still At. 
n 
The full SOMMERFELD conditions are realized if an oil reservoir 

with arbitrary pressure is connected with the bearing at an angle 
between the points cp' and cp" in 23.1, where the pressure curve with 
the vapour pressure as a tangent crosses the reservoir pressure. 

An infinite bearing could perform without changing the oil if a 
coolant were introduced in the bearing metal. 

Several authors, among them GÜMBEL (5), FRÄNKEL (4), TEN 

BOSCH (1), and OTT (6) treat the infinite journal bearing and use the 
theory for this as given by SOMMERFELD (8); but unfortunately 
all refer to the finite bearing in maintaining that air comes in from 
the sides. In the theoretical case of a bearing of infinite width, 
nothing comes from the sides; but air can be dissolved from the oil. 
It is obviously not correct to mix the theory of t he infinite and finite 
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Axial grooves with 
oil change 

Re se rvo ir 
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Vapour 
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Fig. 23.1 

bearings. The infinite bearing must be thought of as a finite one 

with ideally tight side-packings. 

In his paper »Berechnung von zylindrischen Gleitlagern» FRÄNKEL 
(4) writes: »Da SOMMERFELD seine Berechnungen unter Berücksichti

gung dieser negativen Drücke durchführte, hat er Ergebnisse er

halten, welche mit der Wirklichkeit nicht übereinstimmten (z. B. 

horizontale Verlagerungskurve des Wellenmittelpunktes), und des

halb wenig beachtet wurden.» SOMMERFELD's calculations are made 

for an infinite bearing and are completely correct. For vertical 

bearing load, the attitude-eccentricity curve is a straight horizontal 

line because of the antisymmetrical pressure curve. The main 

problem, since 1904, has been the boundary conditions. Authors 

who have treated this problem have assumed one or both of the 

boundary conditions and have no satisfactory solution for the region 

with pressure lower than atmospheric pressure. They have avoided 

negative pressures, putting p = patm as the lowest oil film pressure. 

The pressure curve, however, can, as shown, be strictly treated, the 

negative pressure region giving no special difficulty. 

4,2. Pressure Curves 

The pressure curve is antisymmetrical with respect to the minimum 

film thickness, and equal to the average pressure at cp = 0 and 

cp = ± 7z. We assume that the oil groove is located at the point of 

minimum film pressure and put this equal to zero. 

Then the expression for the pressure becomes 

6 £ 
Po = Voa 2+li ' Sm f 

1 

1 — e cos cp (1 — e c os cp)2 
23.2 
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Fig. 25.1. <p* = / (e) 

where 

3 e I // 4 —e2 \3 

^ I ( i ,= ) 252 

2?0 is drawn as a function of 99 for different e in 24.1. Fig. 25.1 

gives 99* as a function of e . Fig. 26.1 shows an infinite journal bearing 

with vertical load and operating with an eccentricity of 0,6. The oil 

groove with the pressure equal to zero is located at 99 = 40,3° from 

the horizontal line of centres. The pressure is positive all around the 

circumference. 

4,3. Load Capacity 

From 3,2 we have 
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Fig. 26.1. Theoretical Pressure Curve for e = 0,6 

Pyo 6 112 j ' 13 
J± 

's 

Now 

and 

y1 = — Ji y2 — 7i 

12 TI e 
Pcc o — ~ 

(2 + £2) ]/l — £2 

PyO 0 

The non-dimensional load capacity per unit length and the attitude 

angle then become 

P o = 
P -ip2 12 71 E 

VU (2 + £2) |/l — £2  

ß = 90° 

P0 is shown as function of e in 27.1. 
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Fig. 27.1. Load Capacity P0 = 
r/ U 

4, 4 .  Oil Flow 

For the oil flow per unit width we have from 17.2 the expression 

Uh 

<1 
h3 dj) Uh* 

12 rj dx 
— const 

Non-dimensionally 

H* 1 — £ COS 09* 
Qo 

but 

and then 

U Ar 2 2 

3 e 
COS 99* 

2 4- £2 

i 0  U A r  2 + e2 

which is shown in 28.1. 
The oil volume in the bearing is Q — 2 71 r Ar per unit width. 
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O,o Oj/ 0,2 O, 3 0,4 0,5 0,6 0,7 0,a 0,9 1,0 

Fig. 28.1. Oil Flow per Unit Width qQ 
U Ar 

4,5. Friction Force, Friction Torque, and Power Loss 

From 18.1 
<P* 

4 3 
F j  o — Mj 0  — E 0  — H Ii2 

dep 

Integration between — n and n gives the non-dimensional expres
sion for friction force, friction torque, and power loss per unit width. 

F Jo  =  

Mj0 = 

= En = —rb- = -

F> V . 
Tj U 

M} y = 

rj U r 

E y) 4 n (1 + 2 e2) 

v u2 (2 + £2) y 1 — £2 

This function is drawn in 29.1. 
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0,0 0,1 0,2. Oj3 0;A O,S- Oj6 0,7 0,8 0,9 /,0 
£ 

Fig. 29.1. Friction Force, Friction Torque, and Power Loss per Unit Width 

T ) U  '  7 ]  U r  r j  t / 2  

4,6. Temperature Rise 

Assume that no conduction exists and all the power generated is 
supplied to the oil. Then the non-dimensional temperature rise for 
an angle of 2 n is 

At Y2 E0 4 TI (1 + 2 e2) 
Z I ^ q  —  C  Q  

?o y(l-e2)3 

which is shown in 30.1. 
The temperature rise between the angle of minimum film thickness 

and an arbitrary angle is 

JAt>= • YTJ [2(2 + «•)(1 + 2 ^ ) y - 1 2 e *  ™  r  +  

+ 3 e2 sin 2 y] 
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Fig. 30.1. Temperature Rise At0 = c o . 
At y>2 

?7 a) 

where 

cos 99 — e 
y = arc cos — 

s cos 99 

4,7. Coefficient of Friction and Relative Power Loss 

The coefficient of fr iction is defined as friction force per unit load 

fi 

or 

W (1 + 2e2) 

3 e 
30.2 

The definition of the relative power loss, as introduced here, is 
power loss per unit load; and this is the most important value for 
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a bearing. A practical condition is that the power loss for a given 
load capacity is as low as possible. This means that the relative 
power loss will have an optimum value. 

/ = 

or 

E 

P 

co Ar (1 + 2 e2) 
/ = ^ 31.1 

3 e 

If ip is constant in the coefficient of friction, and œ and A r are 
constant in the relative power loss, the non-dimensional expressions 
for those two are the same. 

From 30.2 and 31.1 we find 

fi f 1 + 2 £2 

— = z = 31.2 
ip co Ar 3 £ 

The minimum of 31.2 is 

/ ^ r n i n  / m i n  2  j /  2  

ip œ Ar 

for 

Y* 

0, 9 4 2 8  

0, 7 0 7 1  

The variation of — and — for 0, 5  • <  e < 1 is very small 
xp co Ar 

jU 
0, 9 4 2 8  <  —  <  1 .  

xp 

Above xp and Ar were constant. Assume now the minimum film 
thickness hmin to have a given constant value, as hm[n is an important 
design parameter. 

The film thickness is 

h  =  A r  (1 — s  cos ( p )  
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Fig. 32.1. Coefficient of Friction and Relative Power Loss 

and then 

^min = Ar{\- e) 

Y Ar = 
^min 

1 — e 

Substitute this for Ar. 

H r f 1 + 2 g2 

Kin CO^min 3fi(l— e) 

Through derivation 

t*min r /min 2 ( V 3 + 1, 

^min ^ ̂ min 

=  1 , 8 2 1  

for 

1/3  — 1  
= 0,3660 

32 .2  
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Axial groove 

Fig. 33J 

As seen from 32.1, the curve of 32.2 has a more pronounced minimum 
than 31.2, showing that correct design is important. 

4,8. Experimental Investigation 

The data for the experimental journal bearing were: 

r — 50 mm 
xp = 0,00825 

The bearing had a width of 135 mm, and there were seals at the 
sides with axial clearance of about 0,02 mm and radial length of 
about 20 mm. The oil was exchanged at about atmospheric pressure 
at an axial groove, the angle of which relative to the load could be 
varied. The pressures were measured at 18 points in the middle of 
the bearing, with intervals of 20°, by means of a mercury manometer 
with 18 glass tubes. Simultaneous readings were taken from photos 
of th e manometer. Maximum allowable pressure w as about 3 atm g. 

Fig. 33.1 gives the principle of the test bearing, and a sketch over 
the rig is shown in 34.1. 

The journal was carried by two ball bearings; and the load was 
vertically directed. The angle Ü is measured from the oil groove in 
rotational direction. The rotational speed was varied from 450 to 
1500 rpm. 

3 
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Oi1 reservoir 

all bearing 

A' ' S'A -, t-

Fig. 34.1 

From the experiments we see that it is possible to have a bearing 

operating with positive pressure all around the circumference, as in 

35.1 and 37.1. There is evidently not atmospheric pressure at the 

maximum film thickness, which is a usual assumption. If the average 

pressure is drawn in 35.1, we find the locations of minimum and 

maximum film thickness. For 99* we can read the value 40°, and from 

14.1 e = 0,60. The angle between load line and line of centres is 
92°. The theory gives 90°. 

The experimental pressure curve in 38.1 should be compared with 

the theoretical curve in 26.1. In both cases: e = 0,60, and the 

pressures are non-dimensional. 

In 39.1 and 39.2, the theoretical curves for nondimensional pressure 

are shown together with the experimental points. 

Two experiments are analysed in detail: 

1) Fig. 35.1 and 39.1 

rj = 0,0161 Ns/m2  

co =47,3 1/s 

« = 130° 

99* = 40° 

£ = 0,60 

ß = 91° 
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max m/n 

Fig.  35.1.  Experimental  Pressure Curve for  e  = 0,60 

Experimental maximum pressure 

pe — 11,6 N/cm2 

Poe = 

Poe = 

Pe V 

7] CO 

10,4  

11,6  • 104 • 0,0082 5 2   

0 ,0161 • 47 ,3  

Theoretical maximum pressure from 25.2 

P o t  =  2 • 5 ,17265 = 10 ,345 

P o e  1 0 , 4  
Ratio 

Pot 10,345 
= 101 % 

Experimental load capacity 

pe — 6750 N/m 

P e y 2  6750 • 0,00825 2  

Poe = 
ri U 0,0161 • 0,05 • 47,3  

P o e =  1 2 , 1  



36 

Theoretical load capacity 

P o t  = 11 , 981  

Poe 12,1 
Rati0 = TmsT  = 1 0 1  %  

2) Fig. 37.1 and 39.2 

t j  = 0 , 0 1 6 1  N s / m 2   

OJ = 63,8 1/s 

<x = 150° 

cp* = 56° 

£  =  0 ,40  

ß = 92° 

Experimental maximum pressure 

pe = 8,05 N/cm2 

8 ,05  •  10 4  •  0 ,00  825 2  

Voe 0,0161 • 63,8 

Theoretical maximum pressure from 25.2 

.  <p o t  = 2 • 2 , 715  =  5 ,430  

Poe 5,3 3 
Ratio = - = 98 % 

Vot 5'430 

Expeiimental load capacity 

Pe = 5670 N/m 

5670 • 0, 00825 2  

-Pno — 
0 ,0161  •  0 ,0 5  • 63, 8  

Theoretical load capacity 

P o t  =  7 , 6 1 7  
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Fig. 37.1. Experimental Pressure Curve for e = 0,40 
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n 

Ratio 
7, 5 1  

- = 99 °/ 

In the two experiments the difference between the theoretical ancl 
experimental values is less than the measurement accuracy. 

Theoretical loads from the paper »The Full Journal Bearing» by 
CAMERON and WOOD (2) for infinite width are 

0,6 

0 , 4  

compared to the test values here 

0,6 
0 , 4  

8,17 
4,97 

r o 

12,1 

7 , 5 1  

The experimental load on this bearing with side seals is thus about 
50 % greater than the usually used theoretical load for an infinitely 
wide bearing, where the oil film pressure starts at the maximum 

space and has zero derivative at the end. 
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Oil  groove 

Fig. 38.1. Experimental Pressure Curve for e = 0,60 

Fig. 40.1 and 40.2 should be compared with those by CAMERON-
WOOD (2), where these problems are discussed. According to experi
ments by NÜCKER whose pressure curve is considerably lower than 
that marked with »usual theory» in fig. 40.1, they use this theory 
based upon the boundary conditions £> = 0 at 9? = — n and where 

dp 
—— = 0. From the experimental points, taken from 39.1, it is 

evident that their conditions have no theoretical background but 
are arbitrarily chosen. 

The usual attitude-eccentricity ratio curve for the finite bearing, 
and often for the infinite bearing, too, is a semicircle, as in fig. 40.2. 
From 4,3 this curve should be a straight horizontal line. CAMERON-
WOOD write: »In the full Sommerfeld solution the resultant of p ressure 
round the journal has no component along the line of centres, and 
the attitude is always at 90 deg. to the load line. It has been clear 
for a considerable time that all the experimental evidence was 
against this straight line centre locus.» As shown in 40.2, the experi
ments, however, have a very close agreement to the horizontal 
attitude-eccentricity curve. 
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Fig. 40.1. Pressure curves for e — 0,60.  

(Compare Cameron-Wood fig. 2) 

90 

80 

Op 

OS 40 

03 
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Fig. 40.2. Attitude-Eccentricity Ratio Curves 

+ Experimental points. 

(Compare Cameron-Wood fig. 3) 



5. The 360° Bearing with Vapour Regions 

5,1. Vapour Regions and Boundary Conditions 

The assumptions are: 

The lowest possible oil film pressure value is the vapour pressure. 
In a vapour region the pressure is constant and equal to this vapour 

pressure. 
This hypothesis holds for an ideal oil. In many cases there is, 

however, air dissolved in the oil, and in this case the vapour pressure 
is replaced by the higher value of the »air ex pulsion pressure of the 
oil»; b ut the same theory can still be applied. 

Now we will discuss the boundary condition for the pressure at 
the beginning of a vapour region. The derivative of the pressure 
cannot be positive, because there is no pressure below the vapour 
pressure; therefore it must be, as in 41.1, negative or zero. 

U 

Negative deri vative Zero derivat ive 

Fig. 41.1 

U U 

To the left of <p ' To the right of <p ' 

Fig. 41.2 
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p 

G r o o v e  

p r e s s u r e  

V a p o u r  

p r e s s u r e  

Fig. 42.1. Pressure curves for variable cp* at e = 0,5 

The velocity distribution for negative pressure derivative is shown 
in 41.2. 

The conditions of 41.2 violate the continuity condition, which is 
fulfilled only if the derivative at the beginning of the vapour region 
is zero. 

The pressure curve is completely determined by e and 99*, see 42.1. 
In practice, the pressure has a given value at a given angle by 
connection of an oil groove to the bearing. Then 9?* can be computed 
from this condition. For every oil groove angle there is one, and 
only one, pressure distribution. 

It is possible to get an oil film all around the circumference 
(SOMMERFELD'S solution), and it would also be possible to get a 
vapour region all around the circumference if an oil groove at vapour 
pressure were placed at the minimum film thickness. In this case 
the load would be zero. 

The continuity conditions at the end of a vapour region shall now 
be discussed. The velocity distributions are shown in 42.2. 

u u 

V a p o u r  r eg i o n  O i l  r e gi o n  

Fig. 42.2 
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Fig. 43.1 

From 42.2 it is clear that the left distribution gives a greater oil 
flow per unit width than the right one. There is, however, in the 
vapour region only oil flow over parts of the width, and so the 
continuity is fulfilled. Thus, a vapour region should look like 43.1, 
which can be found on photos by COLE-HUGHES (3). 

An infinite number of strips is assumed. It is not necessary for 
the gas to move in rotational direction because of it s low viscosity. 

If 

Uh h3 dp 

^ 2 12 rj dx 

d p 6 rj U 

dx h2 

where rj is the low vapour or gas viscosity. 

This derivative can be neglected beside that for the oil. 

5,2. Pressure Curves 

The general expression for the pressure is 

rj co 
f t  -  f t  =  - y  • 6  I 1 1 — e cos 

(1 — s cos qp)2 (1 — e cos cpf 
dcp 

This integral is solved in 3,1. 

Putting <p1 — 0 at minimum film thickness gives 
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7h - Vi 

fj OJ 

V? ]/(l - e2)3 

2 + £2 \ /cos (f — £ ^ 
1 — H* • irl arc cos 

2 ( 1 -  £2 )  H 

+ U — H* 

H* 

2 e \ sin cp I 1 — £2 

1 -  £ 2 /  H 

cos cp — £ sin (p j 1 — 

where 

2 (1 - £2) H H 

H =1 — £ COS Cp 

H* =1 — £ cos œ* 

In the following figures the pressure is measured from vapour 
pressure (=0). 

The curves are valid for every vapour pressure; and the line for 
non-dimensional atmospheric pressure can be drawn afterwards. 
Pressure curves are drawn for £ = 0,2; 0 ,4; 0,6 and 0,8 in 44.1, 45.1, 
45.2, and 46.1. 

y =72,90 

r=$o 

Fig. 44.1. Pressure Curves for f = 0,2 V o 
p y* 

rj œ 
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Fig. 46.1. Pressure Curves for s  = 0,8 p 0  =  

r j  œ  

5,3. Load Capacity 

For the load components we have 

P - H j L . ± ( r  3  
F' « r J, 

yU I J2 
P„ = ~ -6 y v.2 I 2 T 3 

V  \  J 3  

The quantities I and J are introduced in 3,2. 

P = }'Pl + PI 

Px 
tan ß = 

y  

Curves over P0 and ß are shown in 47.1 and 48.1 as functions of e 
and q?*. 
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Fig. 47.1. Load Capacity P0 = 
rj U 

Attitude-eccentricity curves for various values of t he angle between 
the load and the beginning of the oil film are shown in 50.1. Attitude-
eccentricity curves for various values of the angle between the load 
and the end of the oil film are drawn in 51.1. When the centre is 
moving through changing rotational speed or load, the curves in 
both diagrams must be studied for angles between 90° and 180°. 
Curves for constant non-dimensional load capacity are shown in 49.1. 

\ 
£=/,o 

\ 

\ 
£=0,8 A 

6= 0,6 / 

e--o/y 

y £= 

£ = Q o  
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Fig. 48.1. Angle between Load Line and Line of Centres 
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Fig. 49.1. Attitude-Eccentricity Curves for Different Load Capacity 
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Fig. 50.1. Attitude-Eccentricity Curves for Various Values of the Angle between 

the Load and the Beginning of the Oil Film 
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Fig. 51.1. Attitude-Eccentricity Curves for Various Values of the Angle between the 

Load and the End of the Oil Film 
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Fig. 52.1. Oil Flow per Unit Width q0 — 
U Ar 

5,4. Oil Flow 

The oil flow per unit width is 

Uh* UAr 
q = —— = —— (1 - e cos 99*) 
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or non-dimensionally 

Qo 

Fig. 53.1 

1 — £ COS cp*  

U  A r  

which is shown in 52.1. 

5,5. Oil Volume in the Bearing 

Assume the pressure curve in 53.1. 
Between qo1 and cp 2  the bearing is filled with oil, and between cp 2  

and 9o1 ther e is a mixture of oil a nd oil vapour, or air. In every section 
of the last region there is the same oil area. 

Oil volume in the bearing per unit width 

V — J  h rd cp  +  h 2  r  {cp x  — cp 2 )  

( f 1 - 27Z  

Vapour volume 
T  X 

F f ,=  J  h rd cp  — h 2 r  {cp x  — çp 2 )  

The dimensionless volumes are 

_  V 

r  A r  

1  r  A r  

f 
Vi  

I 

;i — e cos <p)  dcp  +  H 2  (ç> x  — (p 2 )  

;i — £ cos <p )  dcp  — H 2  ( cp x  — c p 2 )  

Then 

V0 = 2 7 1  +  (1 — H 2 )  (cp 2  — <P i)  —  e  (sin c p 2  — sin q> x )  

which is shown in 54.1. 
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Fig. 54.1. Oil Volume in the Bearing per Unit Width F0 = 
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5, 6 .  Friction Force, Friction Torque, and Power Loss 

The velocity distribution in a vapour region is a straight line. 
When the film thickness h increases, the width of an oil strip Ab 

decreases, see 55.1. 
The continuity gives 

h* Ab* = h Ab 

The mean shear stress becomes 

Ab U _ h* U 

T ~~ ~A b * ' V ' h = Y ' V ' T 

rj U h* 
T = ^2 
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Ab 
Ab 

Fig. 55.1 

Now the dimensionless friction force, shown in 56.1, is 

From 3,5 and 3,0 

F j 0  — — E ( )  

5,7. Temperature Rise 

As in 3,7 

At ip2  E0  

Atn  = C Q • =  •— 
f] (O q0 

which is shown in 57.1. 

2 TZ 

4 3 H*\ r H* r 11 H*\ r H* 
F '°= J \ H H* ) • J lp~df=i J [h - w)d1'+ J IF d(p 

( p i - 2  n  q> - 2  < T i  - 2 k 0 

5,8. Coefficient of Friction and Relative Power Loss 

The coefficient of friction 

Zl _ 
fl > v p„ 



Fig. 56.1. Friction Force, Friction Torque, and Power Loss 
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P = FJ0_ 

V Po 

The relative power loss 

E E n 



Fig. 57.1. Temperature Rise 

which is shown in 58.1. 
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<J 
3 

4 

£ = 0,2 £=0,8 \E = 0.6 \£ = 0/4 

3 

2 

0 
SO 60  40 ao 30 2 0  O 

Fig. 58.1. Coefficient of Friction and Relative Power Loss for given tp, Ar and <x> 

Here tp, Ar and co a re constants. If hmin is a given constant, 

r 
= / = Fj0 

Ämin wÄmin ^0 (1 ~ «) 

which is shown in 59.1. 
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?*  
Fig. 59.1. Coefficient of Friction and Relative Power Loss for given /&mjn and o> 

5,9. Experimental Investigation 

The same bearing as in 4,8 was used. The groove with about 
atmospheric pressure is at Q = 0. 

The experiments coincide very closely with the theory. Fig. 63.2 
shows that it is possible to have a negative pressure region almost 
all around the circumference. 

For an ideal oil without dissolved gases the vapour pressure is 
about absolute vacuum. In practice, one finds that this low pressure 
is impossible to reach. When an experiment starts, the vapour 
pressure is considerably low (about —0,7 atm g), depending on the 
amount of gases in the oil, but after some hours this pressure has 
arisen to about —0,01 atm g. 
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Three experiments are analysed in detail: 

1) Fig. 61.1 

rj =0,0161 Ns/m2 

co = 64,4 1/s 

(Pl + ß = 191° 

<p2 + ß = 121° 

Experimental load capacity 

Pe = 7100 N/m 

Pe ip2 7100 • 0, 0 0 8 2 5 2  

P no 
7] U 0 , 0 1 6 1 - 0 , 0 5 - 6 4 , 4  

Poe — 9,3 

Experimental load angle 

ße = 81° 

From diagram 50.1 and 51.1 

£ =0, 5 1  

ß t  = 7 6 °  

Theoretical load capacity from diagram 49.1 

Pot = 9,0 

Rati0 ft - to- = 103 % 

2) Fig. 61.2 

rj = 0,0161 Ns/m2 

co = 64,4 1/s 

<px + ß = 209° 

<P2 + ß= 109° 
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Fig. 61.1. Experimental Pressure Curve 

I'd O 360 60 300 

TI 

Fig. 61.2. Experimental Pressure Curve 



Experimental load capacity 

Pe = 6400 N/m 

6400 • 0 .00 825 2  

p = = g 
0 e  0,0161 • 0 ,0 5 • 64 ,4 

Experimental load angle 

ße = 69° 

From diagram 50.1 and 51.1 

e = 0,53 

ßt = 68° 

Theoretical load capacity from diagram 49.1 

Pot = 8,5 

Poe 8,4 
Ratio p = = 99 % 

ro t 

3) Fig. 63.1 

rj = 0,0161 Ns/m2 

co = 64,4 1/s  

+ ß = 263° 

<p2  + ß = 69° 

Experimental load capacity 

Pe = 6400 N/m 

^ = 8,4 

Experimental load angle 
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Fig. 63.1. Experimental Pressure Curve 

p 
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f 

Fig. 63.2. Experimental Pressure Curve 

From diagram 50.1 and 51.1 

e  =  0 , 6 9  

ßt = 43° 

Theoretical load capacity from diagram 49.1 

Pot = 8,5 

Poe 8,4 
Ratio 

Pr 8,5 
= 99 °/ 



6. The Optimum 360° Bearing 

6,1. General Considerations 

When dimensioning a bearing, the load P and the angular velocity 
co ar e normally known. It is also necessary to have values of the 
minimum permissible film thickness and the maximum permissible 
temperature rise. 

Values to be calculated are: 

Eccentricity ratio e 
Radial cleara nce Ar 
Radius r 
Absolute viscosity rj 

To determine these unknowns, we must have four conditions. 
These are chosen to be 

1. P is given 

2. / shall be a minimum 

3. Kin = Ar(l- e) 

4. V < Pmax and At < At max 

From 59.1 we see that the full bearing has the lowest relative 
power loss. 

Then 

2 (]/3 + 1) 
/min ^ * (I) ^min = ^ ® ^ M ^'min 

for 

I/3 — 1 
e = — = 0,3660 



Then becomes 

^min _ i _ + ^  
1 — £ ~ 3 

A -min if -, 

i _ o ' ^min 1,57 7 • /imin 

From 1 and 4, if the temperature condition is chosen: 

P ip 2  12  7 i  e  

V  U  (2 + e2) ]/l - e2 

r j  w  1 4 jr (1 -|- 2 £2) 
—V '  '  —, /  : — =  At  <  At m „ K  

V c  Q | / (1  — £ 2 ) 3  

or 

yj r 3  =  
P  Ar 2  (2 + £2) ]/l — £2  

12 TT £ CO 

\3 Ar* 1/(1 - ̂  

' 5' ~ÖT ' 4 7E ( 1 - \ -  2  E 2 )  •  A t  

This gives 

(2 + £2) (1 + 2 £2) 1 P 

oi-

and 

3 £ (1 — £2) C Q At  

2 (6 - 1/3) 1 P P  
r  = = 2,845 . 

3 c  q  A t  '  c  q  A t  

]/3 (101 + 59 ]/3) (c  q  At ) 3  

n = 3872 pn = CO 

(c Q At ) 3   

= 0,01554 • f2[<) -h2
mln 

6, 2 .  Load per Unit Projected Area 
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If 

c = 2000 Nm/kg °C 

q = 900 kg/m3 

M-^r) = 3 M - d « r c )  

6,3. The Ratio of Maximum Pressure to Load per Unit Projected Area 

If e = 

Pj, = v  ( 4 - e y   

Vv 2 TT (1 — £2) 

]/3- 1 

^ = = 1,397 
12 or 

6,4. Schedule for Calculation 

£ = 0,3660 

P 
r -- 2 , 845 

c q At 

{CQÄtfh^ 
V = 0 ,01554 — 

Zlr= 1,577 -Amin 

Zlr 
y = 

r 

f = 1,821  •  a>hmin 

, ^min 
fj. = 1,821 • 

E = fP 
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6 , 5 .  E x a m p l e  

Given is 

P = 50000 N/m 

co --- 100 rad/s 

c q = 18 • 105 Nm/m3 °C 

The journal ought to have a diameter of 50 mm from strength 
considerations. 

Minimum film thickness hmin = 0, 0 2 5  mm. 

£ - 0, 3 6 6  

2 , 8 4 5  • 50000 
0 , 0 2 5  =  —  

18 • 105 • At  

At  =  3 , 1 6 °  C 

0, 0 1 5 5 4  • (18 • 105 • 3 , 1 6 ) 3  • 0,0 0 0 0 2  5 2  

f j  
500002 • 100 

Tj = 0,0072 Ns/m2  

Ar = 1,577 • 0,025 = 0,039 mm 

0, 0 3 9  
w = — = 1, 5 8  ° /  
r  9_e ' l o o  25 

/ = 1,821 • 100 • 0,000025 = 0,00455 Nm/sN 

1, 8 2 1  • 0, 0 0 0 0 2 5  
U =  - 0 ,0018 
r 0, 0 2 5  

E = 0, 0 0 4 5 5  • 50000 = 228 Nm/sm = 228 W/m 

If this oil should seem to be too thin, hmin must be increased and 
then / increases. 



7. Bearings with Two Oil Grooves 

7,1. General Considerations 

Assume a bearing with given e and with the pressure equal 
zero at two given oil groove angles cp1 and cp2, see 68.1. 

The pressure derivative 

d p  
-jj = f («, 9*. <P) 

The pressure 

p  =  F  ( e ,  9 9 * ,  c p )  +  A  

Four different pressure curves exist: 

I. Boundary conditions 

Equations to determine the two constants cp* and Aj\ 

0 =  F  (e, c p f ,  q > x )  +  A A  

0  =  F  ( e ,  ( p f ,  < p 2 )  +  A j )  

II. V  =  0  \  P  =  V » )  

c p =  cp z ]  c p =  (p f j )  

p 

H I  

Fig. 68.1 
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O = F (e, 9ofj, <p2) + An) 
Pv — F (£> <Pn) + An j 

III. p = pv  

A straight horizontal line. 

IV. p = o 
<P = <P i 

Because of the continuity, cpfv  has the same value as cpfj. 

0 = F (e, cpfj, 9p2) + A IV  

The oil flows become: 

Uhf 
q< = ~~J~ 

Uh*r  

Vu Qui hv 2 

In 68.1 h J j > hf, which me ans that (qn — qx) is introduced at cp2, 
and the same quantity is removed at cp±. This oil quantity takes 
care of the generated friction power. 

7, 2 .  ten Bosch's Solution 

ten Bosch (1) assumes as boundary conditions 

p = 0 I p = 0 

I dp 

<P = <Pt= <pf 

ten Bosch has oil i nlet at g?1} and oil ou tlet at cp2 = 99*, see 70.1. 
The curves II and IV, however, have a greater h* than curve I, 
and therefore a greater oil flow. This gives oil i nlet at cp2, and oil 

Uh* 
outlet at (PX. ten Bosch gives the oil flow 57 = —2™~' whichisf°r 

a partial bearing; but the real oil change is the difference between 
Uh* Uh* 

the two flows q u and 37 equal to — . The »air expulsion 

pressure of t he oil» is just below atmospheric pressure, and therefore 
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p 

I V  

Fig. 70.1 

h * j is nearly equal to h f .  The oil change is thus very small compared 

with TEN BOSCH'S value. 
TEN BOSCH'S bearing is therefore only a partial bearing, and the 

theory may give dangerous conclusions if used for a 360° bearing. 

7,3. Example 

For the pressure curve in 70.2, the given values are: 

e  = 0 , 6  

<^2 = <P* = 30° 

If ( p f j  = 35°, the corresponding vapour pressure is = — 0 ,10. 
This means that the maximum pressure is about 50 times the 

vapour pressure. In practice this is a low value, because the vapour 
pressure is normally some hundredths of an atm. 

0 , 2 4 0 2  

0,0141 0 , 0 1 4 1  

Fig. 70.2 
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The oil flow between çpl and <p2 

q12 1 — 0, 6 cos 30c 

U A r  2 

and between <p2 and cpx 

q21 1 — 0,6 cos 35° 

U A r  2 

121 9l2 

U A r  

= 0,2402 

= 0,2543 

= 0,0141 

%If the temperature rise is calculated from the non-dimensional oil 

flow 0,0141, it will be 17 times higher than if the calculation is based 

upon the flow 0,2402. The load carrying capacity is very little 

influenced by the vapour pressure, but from the above we see that 

a temperature rise calculation based upon the circulating oil has no 

real background and might be dangerous. 



8. The 180° Bearing with Minimum Film Thickness 
at the Trailing Edge 

The maximum film thickness is chosen to be located at cp = — 71 
and the minimum at cp — 0. The boundary conditions then are 
V — 0 for cp = — TI and p — 0 for cp = 0, see 73.1. An infinite 
number of 180° bearings exists. 

The pressure in the oil film from 23.2 becomes 

6 e 

2T^ 'sin 9 L 1 — e cos cp (1 — e cos cp)2 

The load components from 3,2 

(2 + e2) J i _ e2 

r j U  (2 + e2) (1 - £2) 

Then 

P, 
6 £ j/ 7l2 — £2 (7t2 — 4) 

(2 + £2) (1 - £2) 

71 1 1 — £2 

tan ß = 

The circulating oil is the same as in 4,4. 

q 1 — £2 

q° U Ar 2 + £2 
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P cos 

X 

Fig. 73.1 

The non-dimensional value of friction force, friction torque, and 
power loss is half the value in 4,5 

F :  w  M , w  E w  2 jr ( 1 -f- 2 e2) 
F „a = -^r = Mm = = E -

j 0  r j U  j 0  r j U r  0 r i U 2 (2 + e2) ]/1 _ e2 

Temperature rise 

At ip2 2 7t (1 + 2 £2) 
At0 = C  Q  

ri w y (1 — e2)3 

For the coefficient of friction and the relative power loss, we then 

get 

/1 j T I  (1 + 2 e2) 1/ 1 - e2 

ip œ Ar 3 e j — £2 ^2 — 4) 

if ip, to and Ar are constant, and 

ju r f jr (1 + 2 e2) y 1 —£2 

H M ] N  co H M I N  ' 3  e ( 1  — e) Y  T I 2  —  e2 (712 — 4) 

if r, co and h • are constant. 
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Fig. 74.2. Coefficient of Friction and Relative Power Loss 
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This expression has minimum for 

2 (ji2 — 4) e5 + 4 (jt2 — 2) £4 — (iz2 -|- 4) e3 — (5 n2 — 8) e2 — n2 e n2 — 0 

which gives 

The decrease in power loss is thus very small, compared with the 
360° bearing (3 ,1  %) .  

Fig. 74.1 gives the load capacity, and the angle between the load 
line and the line of centres. The coefficient of friction and the 
relative power loss are shown in 74.2. 

The angle between the load and the trailing edge is ß, according 
to the chosen conditions. 

min 
75.1 

for 
e  =  0,3835  



9. The Optimum 180° Bearing with Minimum Film 
Thickness at the Trailing Edge 

9,1. General Considerations 

The case of chap. 8 is studied. 
The load P and the angular velocity co are assumed to be known. 
e ,  A r ,  r  and r j  are unknown. 
The four conditions are the same as in 6,1. 

1. P is given 
2. / shall be a minimum 
3-  Kin =  A r { l -  e )  
4 .  p  <  £ > m a x  a n d  A t  <  A  t ]  max  max  

From 2, according to 75.1 

/m in  1, 764 - f t )  ^ m j  'min  

for 

E = 0, 3 835  

If the temperature condition is chosen, 1 and 4 give 

P ip2 6 £ ]/tc2 — £2 (J I2 — 4) 

r\U (2 -)- e2) (1 — £2) 

Tj co 1  2 j t ( 1  +  2 £ 2 )  
—— • • . : — At < Atm..x 
w c Q y ( i — £2)3 

= At < At max  

or 

6 CO £ y 7l2 — £2 (TT2 — 4) 

rj r2 = c q • 
Ar2 y (1 - £2)3 

ft» 2 71 (1 + 2 £2) 



This gives 

(2 + £2) (1 + 2 £2) 71 1 P 

zï7 3 £ I 1 — £2 I 7T2 — £2 (7T2 — 4) C Q 

oi-

and 

or 

P 
r = 2 ,738  •  — 

C Q At 

9 £2 ]/(l — £2)5 \n2 — £2 (712 — 4)] (c Q At)3 

V ~ 2 TT3 ( 1 —I— 2 £2)3 (2 + £2)2 (1 - £)2 ' P2 CO 

(c £> Zlf)3 

V =  0 ,0  3401  •  — K1 
"mm O) 

9, 2 .  Schedule for Calculation 

£ =  0,3835  

P 
r = 2,738  •  — 

c £> 

(c £ Zl£)3 

T]  =  0,03401  •  •  A 2
m i n  

Zlr = 1 , 6 2 2  •  Ä m i n  

Zlr 
ip =  

r 
f = 1,764  •  C O h 

f i  =  1,764  •  

E = fP 

min 

^min  



10. Vogelpohl's Solution for an Infinitely Wide Partial 
Journal Bearing with Oil Inlet 90° before the Load Line 

In his paper »Zur Integration der Reynoldsschen Gleichung», 
VOGELPOHL (10) assumes oil inlet at çpx = — (90 + ß), and oil outlet 
at 9?2 = cp*, or if <p* > 90 — ß at cp2 = 90 — ß, see 78.1. These 
boundary conditions give the coefficient of friction and the relative 
power loss shown in 79.1. If a parabola is drawn through the three 
lowest points of the relative power loss curve, the minimum is 

min min 

min 

for 
£ = 0, 3 8 4 9  

y 

X 

Fig. 78.1 



79 

7 

6 

5 

4 

3 

2 

/ 

O 
0.8 0.9 0,o 0,4 Oj 7 0,5-

£ 
Fig. 79.1. Coefficient of Friction and Relative Power Loss 

The power loss is thus 18 % greater than the value 1,821 for the 
360° bearing, and 22 % greater than the value 1,7 64 for the 180° 
bearing with minimum film thickness at the trailing edge. 



11. Conclusion 

This treatise deals with the 360° infinite journal bearing, both 
theoretically and experimentally. The behaviour of vaporized regions 
is specially studied. 

It is shown that it is possible to have a bearing operating with 
positive pressure all around the circumference. This means no vapour 
region in the bearing and horizontal attitude-eccentricity curve. 
Experiments verify the reality of th is horizontal line, which is usually 
thought to be impossible. It is also shown that a bearing can operate 
with negative pressure all around the circumference. 

The experimental investigations show a very good agreement with 
the theory, and confirm REYNOLD'S e quation for the pressure in the 
oil film. 

A theory for vaporization is put forward, and for different loca
tions of the oil groove relative to the load line, diagrams are drawn 
on load capacity, oil flow, friction force, power loss, temperature 
rise, coefficient of friction, and relative power loss. Here is described 
how to design an optimum infinitely wide journal bearing which 
should have the eccentr ic i ty  0 , 3  7 .  

In this study the assumption of infinite width is rigorously followed; 
and there is no flow of e ither oil or air in axial direction. No arbitrary 
boundary conditions are used, but the continuity of flow at the 
boundaries of a vapour region is strictly treated. 

Calculations are also made for an 180° infinite journal bearing 
with maximum oil film thickness at the leading edge and minimum 
oil film thickness at the trailing edge. Here, too, the optimum power 
loss conditions are determined. The optimum value for the eccentri
ci ty  is  0 , 3  8 .  



12. Zusammenfassung 

Die vorliegende Arbeit gibt eine theoretische und experimentelle Be
handlung des 360° radialen Gleitlagers mit unendlicher Breite. Dabei 
wird das Auftreten negativer Drücke studiert und die Randbedingungen 
für die Druckentwicklung an den Grenzen einer Öldampfzone diskutiert. 

Es wird gezeigt, dass ein radiales Gleitlager mit positiven Drücken 
auf dem ganzen Umkreis arbeiten kann. Dann ist die Verlagerungs
kurve des Wellenmittelpunktes eine horizontale Linie. Diese Be
hauptung, hier mit Experimenten bestätigt, ist vielfach als falsch 
betrachtet worden. In seiner Arbeit »Berechnung von zylindrischen 
Gleitlagern» schreibt FRANKEL: »Da Sommerfeld seine Berechnungen 
unter Berücksichtigung dieser negativen Drücke durchführte, hat er 
Ergebnisse erhalten, welche mit der Wirklichkeit nicht übereinstimm
ten (z. B. horizontale Verlagerungskurve des Wellenmittelpunktes), 
und deshalb wenig beachtet wurden.» Die Experimente zeigen, dass 
die horizontale Verlagerungskurve sehr gut mit der Wirklichkeit 
übereinstimmt (Bild 40.2). REYNOLDS' Differentialgleichung für die 
Druckentwicklung im Ölfilm ist in den Bildern 39.1 und 39.2 be
stätigt, wo die Kurven die Theorie und die Punkte die experimen
tellen Werte vertreten. 

Diagramme für Tragkraft, Ölfluss, Reibungskraft, Verlustleistung, 
Temperatursteigerung, Reibungskoeffizient und relative Verlustleis
tung sind für verschiedene Winkel zwischen der Richtung der Trag
kraft und dem Ölspalte gegeben. Es wird gezeigt, wie ein ideelles 
360° radiales Gleitlager ausgelegt sein soll. 

In dieser Arbeit ist die Voraussetzung, dass man unendliche Breite 
hat, streng beachtet. Es gibt keinen Fluss von Öl oder Luft in 
achsialer Richtung. Man muss die Theorien für unendliche und end
liche Breite von einander trennen. Eine Vernachlässigung dieser 
Trennung ist ein gewöhnlicher Fehler. 

Berechnungen für ein 180° radiales Gleitlager mit unendlicher 
Breite und minimaler Filmdicke an dem Ende des Druckberges sind 
für optimale Bedingungen ausgeführt. 
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Preface 

In recent years, lubrication research has been carried out at the 
Institute of Machine Elements, Chalmers University of Technology, 
Gothenburg, Sweden. Since 1955, the sponsorship of Statens Tek
niska Forskningsråd has allowed me to keep Mr L. FLOBERG, M. SC. 

as full-time research assistant working on journal bearings. 
When starting my work I felt that the works by REYNOLDS a nd 

SOMMERFELD could be interpreted in a better way. I was not con
vinced that their equations were so far from right in practice as has 
hitherto been said. The apparent lack of agreement between theory 
and practice could be due to the lack of rigorous similarity in oil 
film boundary conditions. 

We have regarded constant pressure vapour zones and have satis
fied the equation of continuity rigorously for all of the bearing. Our 
theoretical results have been verified experimentally. 

In report No. 2 from the Institute, L. FLOBERG (6) has treated the 
infinite journal bearing with vaporization. 

In this report, journal bearings of finite width are discussed. 
Instead of vaporization some authors use the term cavitation. 
I am very glad to thank Mr L. FLOBERG f or very clever work on 

this treatise. 

I wish to express my sincere thanks to Statens Tekniska Forsk
ningsråd for their invaluable help. 

Bengt Jakobsson 

Professor, Dr.Sc. (Eng) 

Head of the Institute of 

Machine Elements 
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1. Introduction 

TOWER (11, 12) was the first to show that in a journal bearing the 
shaft is completely separated from the bearing by a thin carrying 
oil film. He measured an oil film pressure which was higher than the 
average pressure. This was at that time very important. His reports 
on these experiments were published in 1883 and 1885. 

These problems were treated theoretically by REYNOLDS (8) in his 
classical work published in 1886, in which he derived the well-known 
differential equation for the pressure in a thin oil film. This equation 
considers flow in axial direction. 

The first problem to be discussed was the infinitely wide bearing. 
REYNOLDS solved the equation exactly for the slider bearing and 
approximately for the journal bearing. The exact solution for the 
latter case was given by SOMMERFELD (10) in 1904. 

It was early emphasized that the vapour pressure of the lubricant 
represented a limit for the oil film pressure. The journal bearing 
with vaporization has been treated recently by FLOBERG (6), who 
has verified the theoretical analysis by experiments. 

The bearings of greatest interest, however, are those of finite 
width where axial oil flow occurs. In practice, there is usually side 
leakage; therefore the theory for infinite width cannot be used. 

The primary problem in the theory of lubrication is to solve 
REYNOLDS' partial differential equation. MICHELL (7) succeeded to 
give a solution for the plain bearing of finite width in 1905. The 
pressure for a point in the bearing is given as an infinite series. A 
numerical or graphical integration gives the load capacity. Another 
way to solve the differential equation is the relaxation method which 
gives only an approximate pressure distribution, but the pressure 
can be determined at a sufficient number of points to give satis
factory values for load capacity, oil flow, and power loss. 

The big problem, already stressed in 1904 by SOMMERFELD, has 
been the vaporization. Because the vapour pressure for oil i s usually 
close to the atmospheric pressure, there is no practical 360° journal 
bearing without oil vapour or air. Several authors have treated 



this case, but no satisfactory treatment has been given. The usual 
error is the lack of c orrect boundary conditions for the vapour region. 

Vaporization will be treated in this paper. The theory has strict 
boundary conditions. The locations of the vapour regions are not 
assumed, but are determined by calculation. There is a good agree
ment between theory and experiments. 

Other authors have assumed that the vapour pressure is zero, 
i. e. atmospheric pressure, and that the oil film pressure curve in 
a 360° bearing begins at maximum film thickness and ends with 
zero derivative. CAMERON-WOOD (3) have given a solution based 

upon these assumptions. 
In this treatise is shown that the condition with beginning oil film 

at the maximum film thickness is arbitrarily chosen. This is con
firmed by experiments. For a bearing with an axial oil groove at the 
maximum oil film thickness, however, CAMERON-WOOD give approxi
mately correct load capacity; but their assumption that a vapour 
region is filled with oil, could not give correct values for the power 
loss. In this paper a method for calculation of power loss in a vapour 
region is put forward; and it is shown how to design an optimum 
bearing in the different cases. 

Calculations are made for width-diameter ratios 1; 0, 5  and 0, 2 5  

for some 360° and some 180° partial bearings. All calculations are 

made for constant viscosity. 



2. Notation 

Bearing width 

Specific heat of oil 

Diameter of bearing 

Diameter of journal 

Power loss per unit width 

Total power loss 

Non-dimensional power loss per unit width 

Eccentricity of journal relative to bearing 

Friction force on bearing per unit width 

Friction force on journal per unit width 

Non-dimensional friction force on journal per 

unit width 

Relative power loss 

Non-dimensional film thickness 

Oil film thickness 

Oil supply pressure 

Friction torque on bearing per unit width 

Friction torque on journal per unit width 

Non-dimensional friction torque on journal per 

unit width 

Load capacity per unit width 

Total load capacity 

Non-dimensional load capacity per unit width 
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p = Pressure 

pv = Vapour pressure 

p ip2  

p0 = = Non-dimensional pressure 
7] CO 

Q — Oil flow 

Q 
On = —rr—— = Non-dimensional oil flow 

0 rU Ar 

q = Oil flow per unit width 

q 
qn  = y „— = Non-dimensional oil flow per unit width 
JU  U Ar 

E = Radius of bearing 

r — Radius of journal 

Ar — R — r = Radial clearance 

t  — Temperature 

At = Temperature rise 

A t ?/;2  

At0  = c o • — Non-dimensional temperature rise 
7] CO 

U, V = Surface velocities in the x- and ^/-directions 
respectively 

u, v, w = Velocities of a fluid particle in the x-, y- and in

directions respectively 

x, y, z = Rectangular coordinates 

ß — Angle between load line and line of centres 

y = Angle 

e 

Ar 

z 

Non-dimensional eccentricity 

I = —• = Non-dimensional coordinate 
r 

7] = Viscosity of the oil 

O — Angle measured from the load line in positive 
direction 

: f l 

^ jj 

b 
V  _  d 

Coefficient of friction 

Ratio width-diameter 
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g = Density of oil 

x = Shear stress 

x 
(p = •—- = Angular coordinate 

Ar 
i p —  — = Radial clearance/journal radius 

c» — Angular velocity 

Indices 

a — Average 

b = Bearing 

e — Experimental 

j = Journal 

t = Theoretical 

o = Non-dimensional 



3. Oil Film Theory 

3,1. The Differential Equation for the Pressure in the Oil Film 

To derive the differential equation for the pressure, the following 

assumptions are made: 
The oil film is considered so thin that there are no variations in 

pressure or temperature throughout its thickness. 
The viscosity is constant. 
The oil is incompressible. 
Inertia terms and hydrostatic pressure can be neglected. 
The flow is laminar. 
Consider an oil element with the sides dx ,  dy  and dz .  

The equilibrium gives 

ô p  Ö r x  

Ö X Ö y  

J)  ô t z  

Ô z  èy  

11.1 

where 

p = oil film pressure 
x x ,  r z  = shear stresses in the x-  and z-directions respectively 
x, y, z = rectangular coordinates 

Due to the continuity we have 

Ö V  Ö IV  
1  1  = 0  1 1 . 2  

ô  x  ô  y  è  z  

where 

u ,  v ,  i v  = velocities of a fluid particle in the x- ,  y -  and z-directions 
respectively 

The shear stresses are obtained from NEWTON'S law for laminar 
viscous flow. 
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u 

Fig. 12.1 

ô u 
T° = v^¥ 

è w 

T *  =  " ^ l  
where 

r j  =  oil viscosity 

Eq. 11.1 and 12.2 give 

ô2 u i èp 

ô y2  V ô X 

è2 iv i èp 

ô y2  
V ô z 

12.2 

12.3 

Since the viscosity is assumed to be constant, and there is no 
variation in the pressure over the oil film thickness, these two equa
tions can be integrated. With the boundary conditions from 12.1 

y = 0 

u = U l  

w = 0 

y = h 

u = U2   

w = 0 
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where h is the oil film thickness, the equations 12.3 give 

1  b p  ,  U %  -
•  (y 2  —  h y )  +  —  

2  7 ]  è x  K J  J >  h  

Ux 
y  +  u i  

w  —  
1 

2 7] 

ô  p  

Ö  z  
( y 2  —  h y )  

13.1 

Integrate the continuity equation 11.2 with respect to y  between 
y = 0 and y — h with the expressions for u and w from 13.1. The 
boundary conditions for v are 

y =  0  

v  =  0  

y  =  h  

v  =  V  +  U 2  

bh 

ô  x  

Then 

Ö  /  Ô  p \  Ô  /  Ö7 5  
A 3 — H  U 3 — L  

öx \ ôa: / Ö2 \ ô z 
2) 

ô A 

ô  x  
+ 12 r j  V  

This is the partial differential equation for the pressure in a 
bearing. 

Usually for a journal bearing 

U X = V  =  0  

U  2  =  I I  =  r œ  

where 

r  =  journal radius 

co = angular velocity 

The equation is then simplified to 

— (A3 — 
ö  x  \  è x  ô  z  

h* 
ö  p  

Ö 2 
6 ->] U 

ô h 

ô a; 
13.2 
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min 

Fig. 14.1 

The oil film thickness for a journal bearing with parallel journal 
and bearing axes is 

h — Ar — e cos cp = Ar (1 — e cos cp) 

where 

Ar — radial clearance 

e — eccentricity of journal relative to bearing 

e 
e = —:— — non-dimensional eccentricity 

Ar J  

Introduce now the non-dimensional expressions 

x 

z 
C = — 

r 

h 
H — —.— = 1 — e cos œ 

Ar r  
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Then eq. 13.2 becomes 

ô / èp 
tf3 —1 + 

Ô 99 Ö <p 

Ô /  ô  p  
—— tf3 — 

Ô C \ ö c 

V OJ Ô H 
Y -6 T~ ^ O 99 

where 

V 
zlr 

r 

With the non-dimensional expression for the pressure 

r v"2 

Vo 
p y '  

r] 0) 

eq. 13.2 can be simplified to 

ö 

ô 95 
IP -

à y 0  

Ô 99 

è  à p 0   
#3 _ ^ 

ÔC \ ôC 
= 6 

bH 

ô 9) 

15.1 

15.2 

3,2. Numerical Solution of the Differential Equation for the Pressure 

Distribution 

Hitherto, it has not been possible to give an exact solution for the 
equation 15.2. Hence, it is necessary to solve it by approximate 
methods. One suitable way is to use the relaxation method by which 
the pressure in a number of points over the bearing area is deter
mined. From the pressure values further calculations give the load, 
the oil flow, the power loss and related quantities. 

When using the relaxation method, the differential equation is 
transformed into a difference equation. For this purpose the unfolded 
bearing area is divided into a rectangular network with the panel 
sides Acp and AC, as in 15.3 where v = b/d = width/diameter ratio. 

Consider five neighbouring points of .15.3 as shown in 16.1. 

Fig. 15.3 



16 

X 
k,1 + 2 

åc --

3k-2,l 

A<p 

-X 

k , 1 k + 2 ,1 

N / 
A 

k,1-2 

Fig. 16.1 

The first two terms in 15.1 can be transformed in the following 
m a n n e r  f o r  t h e  p o i n t  ( J e ,  I )  

ô / ô v 
(  H z  —L  

o cp \ ô cp 

öV  \  I  è p  
I P  - 1  -  I / / 3  -  ;  - -

^ y / k+1, i \ v_(p jk _ 11 

Acp 

H3 
1 2  k+  1 , 1  

P k  +  2, 1  ~  P k , l  T , o  V k , l  ~  V k  — 2.1   
Hl-u  

Acp2, 

ô  /  ô  p   
//3 -

ÔC \ b e  

H 3 \ 
H  h ;  I  4* 1 

H 3 

/J992  

ô  p  

»,i-i 
/it 

„ 3  P k , l  +  2  ~  P k , l  / 7 3  ~ ~  P k , l - 2  

k ,  l  +  l  '  j £ 2  H k , l - l '  AC2 

For non-dimensional pressure, eq. 15.2, we get the same trans
formation. The right-hand term in 15.2 can be exactly calculated 
at every point. The difference equation then becomes 

m + 1 . i  » h - i  
^ ( p 2  ( P o ) k  +  2, 1  ^ £ 2  ( P o ) k , l - 2  

+ 

— 6 

m - 1 , 1  

A c p 2  

r # f + i ,  
zi(^2  

è H  

( P o )  k - 2 , 1  + 
^2.1 + 1  

zlC2 •  ( P o ) k ,  1 + 2 

K 1 - 1  , 

AC2 Acp2 

H3 
k , l  +  1  

AC2 ( P o ) k , l  -

Ö  < P  I k ,  
16.2 
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This equation shall be satisfied in all points. The number of eq ua
tions is equal to the number of unknowns. This gives a system of 
equations which is very tedious to solve exactly. An easier method 
is to guess a pressure distribution and then adjust the pressure values 
successively until all eqs. 16.2 are approximately satisfied. 

The calculations in this work are made with 

71 2 V 
Am = — and AÇ — — — 

9 5 

This division of the bearing area gives in chap. 5 a number of 
unknowns equal to 16. 

CHRISTOPHERSON (4) has derived a relaxation method in which 
he makes further approximations. Instead of using the H3-values 
between the pressure points, he uses an average value. His solution 
gives a result which is not as accurate as that of the above method. 
For a bearing of i nfinite width, it is possible to integrate 15.2. Thus 
the two approximate solutions can be compared with the exact 

71 
one. For example, with the eccentricity e = 0,9 and Acp = — .  

CHRISTOPHERSON'S method gives an error 4 times greater than the 
method described above. 

The solution of the equation system is advantageously performed 
by an electronic mathematical machine. In such a fast machine it 
is possible to use a larger number of unknowns, which gives greater 
accuracy. 

3,3 .  Load Capacity 

The load capacity P t o t  — Pb, where P is load per unit width 
and b the bearing width, is derived through integration of th e pressure 
over the bearing area. From 14.1 the load components become 

sa T a 
P xb — Pb sin ß — — f j  p sin <p r  dq? r  dÇ 

G 9?i 

Cü 9>. 
P yb — Pb cos ß — [ fp cos (p r  dep r  dÇ 

17.1 

2 
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Then the load and the load angle can be determined. 

p = y pi + pi 

px 
tan ß = 

-L 1! 

18.1 

Introduce now the non-dimensional expression for the pressure 

Vo 
z 

and b — 2 v r 

Then the load components are 

y U 1 

p yj 

Tj CO 

Pr = -

tp2 2 v 

V U 1 

c* 

v tp2 2 v 

or non-dimensionally 

p 
r  XO Tj 

7] U 

p0 s in cp dcp d£ 

cos cp dcp dÇ 

Y1 

1 

2 v 

C, <P* 

1/0 

PyW2 
= J 

t) U 2 v 

p0 sin cp dcp d£ 

p0 cos cp dcp d£ 

18.2 

The non-dimensional expressions for the load and the load angle 
are 

P w2  .  

P» = -^= ]/P2
x0  + Plo 

1] U 

P. 

tan 
2/0 

18.3 



19 

O , 6 v + v C O O , 2 v O  ,  6  v  O  , 2  v  

Fig. 19.1 

To solve the integrals 18.2, it is convenient to use two different 
methods in the cp- and t-directions respectively. As the pressure 
curves in the ^-direction are nearly parabolas, which is assumed by 
some authors when integrating the differential equation for the 
pressure, numerical integrations of polynoms through the calculated 
pressure values give very good results. Numerical integration has 
been treated by Bickley (1). As an example the method is described 
for five intervals in the t-direction. 

A third degree curve for £ > 0 g°ing through p x  and with zero 
derivative at £ = 0 gives for the average pressure in the ^-direction 
the value 

275 p1  + 200 p2   

Va ~~ 552 

In peripheral direction the numerical integration by polynoms 
cannot be recommended due to the variations in the derivative. 

Thus the best value seems to be obtained by a planimeter. 

3, 4 .  Oil Flow 

From 13.1 if U2 = U and U1 — 0 

1 ô v u  
u= nr <»* - *»> + T • » 

1 bp 
w =  —— • — — { i f  —  h y )  

2  Tj  0  2  U  J '  

19.2 

ô p bp 
Since —— and —— are independent of y, the two velocities can be 

èx èz 1  J  

integrated with respect to this variable. 
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The oil flows per unit width in the x-  and z-directions respectively are 

h 
q x = f u  dy  

or integrated 

q z= fwdy 

Uh h 3  è  p  

2 12 r j  

h 3  è  p  

12 7] ö  z  

Introduce the non-dimensional expressions 

H 

Vo 

h  

Ar  

p  xp 2  

r j  co  

x  

r  

1 — e cos c p 

20.1 

Then 

and 

^  r  

q x  = U Ar 

q z  — U Ar 

Çxo 

<lz 0 

Qx 

H IP ÔPo 

2 12 '  è  (p 

_ #3 àPo 

1 2  Ô C  

H H 3  è  p0  

UAr 2 12 ô 

q z  H 3  Ö p 0  

C/Zlr 12 
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To evaluate the non-dimensional oil flow, the derivatives are 
calculated by numerical methods. If a great number of pressure 
points are known, a good method is to draw a parabola through three 
points. 

For the curve in 19.1 the third degree polynome gives 

Numerical differentiation has been treated by BICKLEY (2). 

The oil flow entering the bearing must be equal to the flow 
leaving the bearing from the continuity condition. The oil flow can 
then be calculated either as the integral over the oil flow per unit 
width entering the bearing, or as the integral over the flow per unit 
width leaving the bearing. This oil flow Q is the changed oil quantity 
per unit time. 

The non-dimensional oil flow becomes 

where Q0 is equal to the integral over the non-dimensional oil flow 
per unit width in non-dimensional coordinates. 

3,5. Friction Force, Friction Torque, and Power Loss 

Newton's law gives the shear stress for an oil element 

ô u 

where 
ô u 

is derived from 19.2 and 

1 ô p 

2 è x 

U 
(2 y -  h) + r] • — 

and 
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The friction force is 

F jb  =  I /  ( r x ) y = A rd (p  rd£  =  

Ci 9>> G <Px 

where F} is friction force per unit width 

Non-dimensionally 

c2 v .  
F  j  v  1 Ç Ç „ 0 Po 1  

h  ô  p  U  

2 è  x  h  
r 2 d(pd£ 22.1 

G 

F :n  = =  H —— dyd ' -+  — .  .  
ô  cp  1  v  J  J  H 

Ci <Pi 
j 0  

V U 4  v  
Ci <Pi 

where H = 1 — £ cos cp  

The friction torque per unit width becomes 

r \  U  

dcp dÇ 

M }  = Fj  r  
V  

F j  Q r  

and 

Ma W 
= j -  =  Fj  o 

( J  r  

Then the power loss per unit width 

T/  U  r  
E  =  M,  

V  
Mj  o (o  

and 

E w 
F0 = = M 

r]  U*  j  o 

22.2 

Thus the non-dimensional expressions for friction force, friction 
torque and power loss are the same. 

F =  F ' V  

j ;  V  

M • w  
TIT = L 

, 0  r j U r  

E  w 
E0 = 

1] Ui 

In evaluating 22.2 it is suitable to transform the first integral. 
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ç2 <F«. 

I / Ö Po 
H —— dep 

o cp 
<Pi 

dC Hpo 

<Pi 

dC -

p0 e sin cp d ep d 'Q 

as 
b H 

ô cp 
= £ sin cp 

The last integral in 22.2 can be solved exactly. H is a function 
of cp onl y. 

C. 

Substitute 

H 
dep di, 

i! I I 

1 — £ COS 
dÇ 

Ci <Px 

cos cp 

dep 

cos y + £ 

1 + £ cos y 

V1  -
1 + £ c°s y 

dy 

23.1 

Then we get 

where 

dep y 2 7i 
1 — £ COS V» 

y = arccos 
COS Cp — £ 

1 — £ COS « 

Eq. 22.2 can now be written 

FjO M jQ K Q — 

i- f 
t v J 

C. 
f 

L f 
2 v J y i -

C2 9^2 

4 y 
2?0 si n cp de p dt , + 

Vi 

7i 
C 23.2 



If Cl — — v (pi — — n 

£2 = + V cp2 = + TI 

e 2 7t 

A V i  ï  '  | ,  7 7  2 4 1  

If Cl = — V <Pi = — n 

C2 = + V 9^2 = 0 

#0 = -y • Pxo + |/j _ g2 
242 

The power loss for the 180° bearing is half the value of the power 
loss for the 360° bearing. 

3,6. Temperature Rise 

The determination of the average temperature rise in the oil is 
based on the assumption that all the power loss heats the oil, i. e. 
no conduction exists. The energy equation gives 

Et0t = Eb = cqQ At 

where 

c = specific heat of oil 

q = density of oil 

t = temperature 

At — temperature rise 

From 22.2 and 21.1 

E 

Q 

r] U 2, 

V 
Er 

= r U Ar Qc 

Then 
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Non-dimensionally 

At 0  — c  Q 
A t rp 2  

t] OJ 

2  v  E0  

Qo 
25.1 

The equation 25.1 gives a value for the average temperature rise 
of the oil passing the bearing. In order to determine the temperature 
in every point in the bearing, consider a small oil element with the 
sides dx, dy and dz. The power transmitted to this element is 

dW tot = 
ö  ô  p  ô  p  

( x x u  + xzw) — u ——- — w 

ÙTX 

ö  y  

ô  x  

Ô U ÔTZ 
u + rx ——• + —— w -\- x. 

ô y  

ô  p  ô p  
u  — w  — — 

Ô X C) z 

ô  y  

dx  dy  d z  

Ô 2 

Ô W 

ô  y  

d x dy dz  =  

Now from 11.1 

ô p  

Ô X 

dxx 

ô y  

è  p  

Ô 2 

àxz 

ô  y  

The expression then becomes 

ô  u  
d»Etot 

ô y  
+ 

From 12.2 

ô  u  

ô y  

and 

^tot = 
ô w 

ö  y  

Ô 

ô y  
d x  dy  d z  

ô  w  

ô y  

Ô 

ô y  )1 
d x  d y  d z  

The derivatives are obtained from 19.2, and integration with 

respect to y gives 

tf^tot 
r i  U 2  h 3  

-V- + 
ö p  

1 2  q  \ è x  
+ 

Ä3 

12 >7 (S)1 dz  
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This power increases the temperature of the oil. Consider a small 
element with the sides dx, dz and the oil film thickness h. 

d*E to t  — c 
• i  

ö 

Ô X 

7 ]  U 2  

(ix t) -

h3 

+ 

ô 

Ö 2 

Ô ]) 

M dxdz = 

h 12 tj \  è x 

As from the continuity 

h3 

ô qx  
+ 

ö qz  
o, 

ô p 

12 rj \  ô z 
dx dz 

è x ' è z 

the equation for the temperature distribution in the oil film becomes 

Qx 
è t 

b x 
+ Qz 

b t 

b z 

1 

C Q 

rj U2  

h 

h3 

12 rj 

b p 

b x 

b p 

b z )•] 

3, 7 .  Coefficient of Friction and Relative Power Loss 

\ The coefficient of friction is the ratio of friction force to load 
capacity 

F 
jLt= ~~ 26.1 

The relative power loss is defined as power loss per unit load 

/ y 26.2 

With the non-dimensional expressions 

F j tp ^ E xp 
F j0  j j Fq '  rj U rj U 1 

Pw2 
P = •L n 

rj U 
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the expressions 26.1 and 26.2 can be written 

/< / Eo 
27.1 

yj œ Ar P0  

By introducing 

Ar 
V = " r 

Km = Ar (1 - e) 

eq. 27.1 becomes 

// r f E0  
_ — : - — 27.2 

7< min (l) ^min ^ 0 ( ^ £) 

When designing an optimum bearing, the relative power loss shall 
have a minimum. If we assume that the angular velocity to and the 
minimum oil film thickness have given constant values, the ex
pression 27.2 shall be a minimum. 



4. Theory for Vaporization 

4,1. Boundary Conditions for a Vapour Region 

Two assumptions are made: 

The lowest possible oil film pressure value is the vapour pressure. 
In a vapour region the pressure is constant and equal to this 

vapour pressure. 

The vapour pressure for an ideal oil is nearly absolute vacuum. 
In practical cases, however, there are air or gases dissolved in the 
oil, which are expelled at a higher pressure than the vapour pressure. 
The theory is still valid, but the vapour pressure must be replaced 
by the »air expulsion pressure» of the oil. 

Fig. 28.1 shows a strip in peripheral direction of the vapour region and 

The terms containing pressure derivatives may be called pressure 
flows: In the vapour region there is no pressure flow, since the pressure 
is constant. 

Az1  = A Z 2 = Az 

The flows per unit width for an oil region are from 20.1 

Uh h3 ö p 

2 12 y èx 

h3 ô p 

121] èz 

Ax 
2 

Oil and oi l vapou 

or gases 
2 

Fig. 28.1 
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Oil e nd 
oil vapour 

Fig. 29.1 

Consider now the beginning of the vapour region as in 29.1. 
The oil flow entering the vapour region over the small strip width 

A z is for the oil region 

I"  Uh h 3  b p 

2 12?/  b x  

and for the vapour region 

h3  bp 
Az î~ô~~ ' — Ax 

12 tj bz 

Uh 
0  - —— • Az  

where 0<<9<1, because it is not clear that the oil covers the 
complete width of the strip. 

The two flows must be equal. 
Thus 

Uh h 3  b p h3  b p 
( !  ~~ 6>) —5" '  dz  —— • —— Az —— • —— Ax — 0 

2 12 77 ô x  12 r] à  z  

Ax and Az are positive 
b p  c ) p  

—— and ——- must be negative or zero, because there is no pressure 
Ö X O 2  

below vapour pressure. 
Then the equation represents a sum equal to zero of t hree positive 

terms. The equation is satisfied only if all three terms are zero. 
Thus 

c)  p  bp 
0 = 1  =  —  = 0  

6 X O Z 

At the beginning of a vapour region there is oil over the whole 
width of the peripheral strips, and the boundary conditions are 

bp bp 
— 0 29.2 

bx bz  
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Vi 

Fig. 30.1 

ô p 
Since the pressure derivative ^ along the boundary is zero, it 

is only nessessary to control that one of the derivatives in 29.2 is 
zero. If the pressure derivative is zero in two different directions, 
it is zero in every direction. 

Consider now the end of the vapour region, see 30.1. 

Since there is no pressure flow in the vapour region, there is no 
flow over the lines AD and BC in 28.1. The oil flow entering the 
vapour region over AB is thus equal to the flow leaving over CD. 
This flow is 

Uh* 
—r— • Az 

where h* — oil f ilm thickness at the beginning of the vapour region. 

The flow leaving the strip is for the oil region 

T Uh h3 b "I h3 bp 

[_ 2 12rç ' ~öäTJ Az ~ 12rj ' ~b~z Ax 

These two expressions must be equal to fulfil the continuity. 

Uh* Uh h3 

—-— • Az — —— • Az — 
12 rj 

bp bp 
Az H — Ax 

b x bz J .  . . 30.' 

With non-dimensional expressions, the condition 30.2 can be 
transformed into 

H* H H3 

~2~ ' _ T ' ^ _ ~12 

b p0 b Po 
A C  +  A c p \  . . .  3 0 . 3  

b <p b Ç h 
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<p 

Fig. 31.1 

Now as Afp and AC are positive 

Afp dfp 
lim —— = —• 

d C-> o £ ^ 

and 30.3 is therefore transformed into 

H *  =H  
H3 ö p0 

6 ô 
1 — 

d Po 

ö C d 
ô p0 dC 

ô fp 

31.2 

The pressure flows over the rear boundary of a vapour region 
are shown in 31.1. The resultant of t he pressure flows per unit width 
in the fp- and ^-directions is directed perpendicularly to the boundary. 

From 31.1 

Afp 
lim —— 

JC^-0 ^ 

d fp 

d C 

à Po 

è C 
à Po 

Ô fp 

tg a 
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Then 31.2 can be written in three different ways: 

H3 ô VO 
II* = 11 — 

H* =11 + 

H* = H 

6 è (p 

H3 Ô PO 
6 

H3 

6 

ö C 

[ ' + ( t ) 1  

[ - 0 +  ] 

à Po 

ö 9? 

dPo 

ö C 

_ÔPo 

Ö 99 

32.1 

The expressions 32.1 are not convenient for control of the location 
of the boundary. For this purpose the following equations are more 
suitable 

AC H* H /Z3 

2 

II 

T 
• A C -

12 

H* H tf3 

2 ~ 

II 

T" 
• A C -

T2 

H* II //3 

2 

II 

IT 
•A C -

b cp 

^ P o  

cos2 a 

Acp 

b C cos2 ß 

or 

H* = H — 

H* = H 

H3 

T" 

i/3 

3 

à Po 

Ô 99 

_^Po 
Ô 99 

_ 
ô c ' sin 2 ß 

à Po 

BC 
/IC 

cos (X 

COS4 (X 

1 

H* = H  
IP 
6 

Ö ^ o \ 2
+  / Ö P o V 2  

ô cp ÖC cos a 

Each one of these three expressions corresponds to the continuity 
equation 31.2. In actual calculations the most suitable form is 
chosen. 
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The problem now to be solved is a very difficult one. REYNOLD'S 

equation which has no known exact solution shall be solved approxi
mately, satisfying some conditions on the known boundaries 90 = ±71, 
C = =b v; a nd satisfying on the vapour region boundary, the position 
of which is unknown, the conditions 

at the beginning and 

at the end of the vapour region. 

The solution can be obtained in the following manner: Guess a 
vapour region. Determine the pressure distribution by relaxation. 
Check the boundary conditions 33.1 and 33.2. From this check a 
better boundary can be »guesstimated». The new boundary gives 
a new pressure field. This gives a new check, and so on. The proce
dure is repeated until a satisfactory result is reached. At the sides 
of the vapour region a finer network is used for the relaxation. 

The two boundary conditions for the vapour region in connection 
with the boundary condition p0 = 0 for £ = d= v completely deter
mine the pressure distribution for the classical case of a finite 360° 
journal bearing with oil supply at the sides and without axial oil 
grooves. 

CAMERON-WOOD (3) have treated this case, but they have not 
given the boundary condition for the end of the vapour region. 
Their conditions are 

33.2 
à P o  

ô cp 

p = 0 

at maximum film thickness and 

p = 0 

ô p 
= 0 

ô cp 

at the end of the continuous oil film. 
3 
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The first of these two conditions is arbitrarily chosen. The zero 
isobar at the beginning of the oil film is always located in the con
vergent part of the bearing. The location is dependent on the ratio 
width/diameter, the non-dimensional eccentricity, and the non-
dimensional vapour pressure. 

CAMERON-WOOD wrote in reply to the discussion that they were 
dealing with the classical problem of a rotating circular shaft, in 
a circular bearing with no oil g rooves, which was surrounded entirely 
by a perfect Newtonian fluid. In the paper, however, they write: 
»In the finite bearing, air is sucked into this expanding part of the 
film from the sides to compensate for the side leakage, which itself 
precludes the continuous SOMMERFELD film.» There is a contradiction 
in these assumptions, because the first one says that the bearing is 
surrounded by a Newtonian fluid, and the second one that there is 
air surrounding the bearing. Furthermore, the leakage from the 
positive pressure region cannot be compensated by air, as it is 
impossible to have an oil flow from the bearing and an air flow into 
the bearing and still retain the oil in it. If we had a finite bearing 
without axial oil grooves working at a given eccentricity and the 
vapour pressure equal to zero, there would be an oil flow from the 
bearing as long as there is positive pressure in it; but there could not 
be any flow into the bearing, because there was no negative pressure. 
Thus stationary conditions would not be reached until the pressure 
were zero in all of the bearing. In this case the load would be zero, too. 

CAMERON-WOOD'S arbitrarily chosen boundary condition for the 
beginning of the complete oil film is correct if a n oil groove is located 
at the maximum oil film thickness. For actual oils the »air expulsion 
pressure» is not far below atmospheric pressure. For this case their 
solution gives very good values for the pressure and the load capacity. 
If the groove is not exactly at, but quite near to, the maximum film 
thickness, the change in load is very small because of the low pressure 
derivatives near this section. 

4,2. Friction Force, Friction Torque, and Power Loss for a Vapour 

Region 

The behaviour of the oil in a vapour region must be further dis
cussed. As the pressure is constant, there is no pressure flow. There 
exists no flow in axial direction; and the velocity distribution for the 
peripheral flow is a straight line. 
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u 

Oil 

A b  A b  

Fig. 35.1 

The left velocity distribution in 35.1 represents the beginning of 
a vapour region, and there is no oil vapour. It is clear that the right 
velocity distribution gives a greater oil flow per unit width than the 
left one. For the continuity to be fulfilled, there must be a decrease 
in the width of the strip. An infinite number of strips is assumed. 

From 35.1 

Uh* Uli 
•—-— • Ab* = ——- • Ab 

h* Ab* = h Ab 

Then the shear stress becomes 

Ab U h* U 
T _ Ab* ' v ' ~h ~ ~h ' v ' T 

rj U h* 
1 = Å2 35.2 
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C 

Fig. 36.1 

The appearance of a vapour region is shown in 36.1. Such regions 
are found on photos published in papers by VOGELPOHL (13) and 
COLE-HUGHES (5). In practice there is a finite number of strips 
because of the cohesive forces in the oil. 

The friction force for the vapour region is 

and with 35.2 

F j b  =  f  J  r  r  d e p  r  d c ,  

C2 9^2 
r r ?i uh* 

F j b= =  /  /  — h * — r d ( P r d Z  

or non-dimensionally 

F j V >  1 C C H *  
F» = -VV = 27 J  J  H * d r p i C  3 6  2  

Ci (Pi 

where H *  is the non-dimensional oil film thickness at the beginning 
of the vapour region. H* is thus a function of C for given values of 
the ratio width/diameter, the non-dimensional eccentricity, and the 
non-dimensional vapour pressure. 
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From chap. 3,5 

FA W MAW E W 771 _ > T If _ > T F i 
Y O  I ]  U  ^  I 0  I ]  U R  0  ? / £ / 2  

When the boundary for the vapour region is known, the integral 
36.2 can be exactly solved in peripheral direction. 

H* r H* 
1 = ' IP d(f = J (1 - e cos 9?)2 

Ç1! Ç'i 

The substitution from 23.1 is used. 

Then 

where 

TT„ (72 - 7i) + £ (sin y2 - sin Yl) 1  =  H *  •  ;  S L . L  
)/(l - £2)3 

COS 
y = arccos — 

£ COS 99 

In axial direction we must use numerical integration. 
When determining the power loss for a vapour region in a journal 

bearing, other authors often assume that there is only air or only 
oil in this region. The first assumption gives too small power loss, 
and the second one too high power loss. 

CAMERON-WOOD'S solution, discussed in 4,1, gives very good 
values for the load capacity if oil grooves are located at the maximum 
film thickness; but their power loss is too large, because of the assump
tion that the vapour or zero pressure region is filled with oil which has 
a linear velocity distribution. If the power loss were adjusted and a 
minimum analysis were made for the function 27.2, their calculations 
would be very suitable for practical design of journal bearings, as the 
vapour pressure is near the atmospheric pressure. This is further 
discussed in chap. 7. 

4,3. Temperature Rise 

The average temperature rise for a bearing with a vapour region 
is derived from 25.1. 

Now we will study the temperature distribution in a vapour region. 
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Fig. 38.1 

For the small element d x ,  d z  in 38.1 the power equation gives 

ô  t  

where 

T U  d x d z  =  c  g  q x  — —  d x  d z  
è x  

Î ]  U h *  

h 2  

Uh* 

Then we get 

è t  2 • ) ]  U  1  

È X  c  Q  h 2   

Integration with respect to x gives 
X 

2 t j  U  f  d x  
U  -  t *  

C  Q  f h 2  

The expression represents the temperature rise between the be
ginning of t he vapour region and the point x in 38.1. Introduce non-
dimensional quantities. 

c* - n  v8 _ 0 
x  o  f o  —  c  Q  '  M  

2  
d cp  

H2 



5. The 360° Bearing with No Oil Grooves 

5,1. The 360° Bearing with No Oil Grooves and without Vapour 

Regions 

5, 1 1 .  Pressure Distribution 

The bearing is thought to be completely submerged in oil. and 
the pressure at the bearing sides is a assumed to be zero, i. e. atmo
spheric pressure. This latter assumption means no limit to the 
theory, because if t he oil pressure at the bearing sides were increased 
to another constant value, the pressure in all of the bearing would 
be increased by the same amount. As the bearing shall have no 
vapour region, the vapour pressure pv must be lower than the lowest 
oil film pressure pmin . 

The unfolded thin oil film area from the bearing in 41.1 is shown 
in 39.1. The boundary condition is now 

]) = 0 for C = i v 

Vcp = - JC = Vcp = X 

The oil film thickness is symmetrical and the derivative for this 
is antisymmetrical with respect to cp = 0. Therefore the pressure 

C 

<p 

u 

-IT 0  + 71 

Fig. 39.1 
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- i t  O 
Fig. 40.1. Theoretical Pressure Distribution for v  = 1, e = 0, 4  and p v o  < pmin 0  

distribution from 16.2 is antisymmetrical with respect to the angle 
of minimum film thickness cp = 0. The pressure is positive in the 
convergent part and negative in the divergent part of the bearing. 
The pressure is symmetrical with respect to the 99-axis a nd therefore 
it is only necessary to calculate the pressure distribution for one 
fourth of the bearing area. 

The different cases which are numerically analysed in this treatise 
are tabulated in Appendix, chap. 13. 

Fig. 40.1 shows the theoretical pressure distribution for v = 1 and 
£ — 0 ,4. For 40.2 holds: v = 1, e = 0,6. The curves shown are 
isobars. The rotational direction is to the right. 

1 his solution is of theoretical interest only, because the vapour 
pressure in practice is very close to atmospheric. Bearings are not 

+1 

0 

- 1  

0 PO =1 
ZA 

0 N -1 
r a 
L ) \ k / 

- T( 0 + 7f 

Fig. 40.2. Theoretical Pressure Distribution for v = 1, e = 0,6 and pc0 < pmin 0 
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min 

Fig. 41.1 

used at such low pressures. If the oil had no air or gases dissolved 
in it, the minimum pressure would be close to absolute vacuum, and 
the maximum pressure 1 atm g, which would give some load capacity. 
But even if the oil holds gases, it takes some time before these are 
expelled. Therefore, when a lightly loaded bearing is started, the 
above described pressure distribution exists. This is verified by the 
experiments in chap. 5,17. But after a few minutes testing, the gases 
were expelled, the vapour pressure became higher, and a vapour 
region was formed. 

VOGELPOHL (13), in 1937, published photos of bearings operating 
with a full oil film all around the circumference. 

5,12. Load Capacity 

When the pressure is known at a number of points, the load can be 
numerically evalutated. 

Now the pressure is positive in the convergent part and negative 
in the divergent part of the bearing, but the absolute values are the 
same. Thus the load component in the ^/-direction is zero. 
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From 18.2 

Px ip2 1 

Pxo = ~i]ir = _ ^7 I I p°sin ^d(p 

+ v 0 

1 C f 
— I I Po si11 Ç9 d<p dÇ 

— V — TZ 

p — y  
2 / 0  

P„ -i/;2 

rj £/ 

Then 

P 
p — —_ = p 

^ U x0 

= 90° 

The attitude-eccentricity curve is thus a straight horizontal line. 

Fig. 43.1 shows the load capacity as a function of the eccentricity 
for different values of the ratio width/diameter. 

5,13. Oil Flow 

The bearing has no oil groove and therefore all the oil change 
occurs over the borders of the bearing as shown in 43.2. 

The oil is leaving the bearing in the convergent part with positive 
pressure and entering at the divergent part with negative pressure. 
These two flows are equal. The oil flow Q takes care of the generated 
heat. 

From 20.1 the side leakage per unit width becomes 

Ä3 / ô p \ 

q * 1 2  V \ Ö 2 / C  =  v  

and 

o 
C h3 / ô p \ 
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Fig. 44.1. Oil Flow 

r U Ar 

The non-dimensional expressions are 

& H3 ( à P o  
Qzo U Ar 12 \ ö C 

and 

Qo 
Q 

r  U Ar 

f  I P  U p A  

J Ti[TT)^ 

0,0 Oj! G\2 0j3 0,4 0,5 0j6 0,7 Oß Q* 4O 

Fig. 44.1 shows the changed oil quantity per unit time as a func
tion of the eccentricity for different values of the ratio width/dia
meter. 

5,14. Power Loss 

The power loss is from 24.1 
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When Px0 is known, the expression can be directly calculated. 

The non-dimensional power loss is drawn in 45.1. 

5,15. Average Temperature Rise 

The temperature rise is based upon the assumption that all the 
power generated in the oil film is taken up by the oil expelled over 
the bearing sides. 

From 25.1 

At ip2 2 v E0 

This function is drawn in 46.1. 
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5,16. Coefficient of Friction and Relative Power Loss 

The general expressions for the coefficient of friction and the 
relative power loss are from 27.1 and 27.2 

ÜL = t = 
E° 

\p to A r P0 

JtL. = -I— = . . 40.2 
K i n  ™ K i n  P0  i 1  ~  £ )  

where 

F; _ E 
p / p 

A bearing operates with a minimum power loss for a given load, 
angular velocity, and minimum oil film thickness, if the expression 
46.2 is a minimum. The function 46.2 is drawn in 47.1. The infinitely 
wide journal bearing has the lowest power loss for a given load. This 
is due to the fact that the load capacity decreases faster than the 
power loss when the bearing is shortened. 
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£ 
Fig. 47.1. Coefficient of Friction and Relative Power Loss 

5,17. Experimental Investigation 

The test apparatus consisted of a journal carried by two ball 
bearings and driven by an electric motor. Two different bearings 
were tested. 

A principle sketch of t he arrangement is shown in 47.2. The journal 
had a diameter of 100 mm and the data for the two bearings combined 
with the journal were: 

Motor 11 bearing 

V \ \ V ^ 

Fig. 47.2 
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Fig .  48 .1  

v — 

xp 

4 

3 

0, 00 291  V = 0, 00 364  

For the measurement of the pressure the bearing area was divided 
into 45 panels in the same way as in the calculations. There were 5 
panels over the bearing width and 9 panels around the periphery. 

The pressure was measured at 18 points by means of a mercury 
manometer with 18 glass tubes. The distribution of the points is 
shown in 48.1 ,where (9=0 represents the position of the load. The 
angle between the load line and the two points 1 and 10 was 10°. 
The pressure was thus measured with intervals of 40°. If the bearing 
was turned 20°, we got another 18 pressure values. Thus two tests 
gave 36 measured pressure values with intervals of 20°, which was 
the used relaxation interval. The bearings had no oil grooves and 
were submerged in oil. 

From the experiments it is found that a bearing can operate with 
a full oil film all around the circumference if the load is low and 
there is no air dissolved in the oil. When an experiment starts, a 
considerable low pressure can be reached; but gradually air is dissolved 
from the oil and a constant pressure region is formed. In 51.1 it is 
verified that the pressure distribution is antisymmetrical with respect 
to the minimum oil film thickness (9? = 0). This test, however, does 
not correspond to practice, because so lightly loaded bearings are 
hardly ever used. Further, normal oils have air dissolved in them, 
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which is expelled at a pressure just below atmospheric. It is, however, 

interesting that the curves do exist. The experiments give a check 

on the theory for an oil film region. It is also found that the attitude-

eccentricity curve is a straight horizontal line. 

Two experiments are analysed in detail: 

1) Fig. 50.1 and 51.1. 

4 , =  T  

y = 0, 0 0 2 9  1 

f] — 0 ,0153 Ns/m2 

co — 47,1 1/s 

The experimental load capacity 

Pe b = 680 N 

gives 

Pe  ip2  680 • 3 • 0,00 2912 

^0 e  y U 2 • 4 • 0, 0 5  • 0, 0 1 5 3  • 0, 0 5  • 47 , 1  

Poe = I,2 0  

From the theoretical calculations this load is found to correspond to 

e = 0,18 

The calculated pressure curves for this value of e are shown in 51.1. 

The agreement between theory and test is very good. 

2) Fig. 52.1 and 53.1. 

v = 1 

yj = 0, 0 0 3 6 4  

7j = 0,0164 Ns/m2 

co — 48, l 1/s 

Experimental load capacity 

Peb = 620 N 

Pe  yj2  6 2 0  •  0 . 0 0 3 6 4 2  

0 e  7 ]  U 2 • 0, 0 5  • 0, 0 1 6 4  • 0, 0 5  • 48, 1  

Poe = 2,08 

This corresponds to e =  0 , 4 0  which was aimed at. Here, too, the 

agreement is good. 
4  
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Fig. 51.1. Theoretical Curves for v 

+ Experimental Points 
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Fig. 53.1. Theoretical Curves for v = 1 and e = 0, 4  
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5, 2 .  The 360° Bearing with No Oil Grooves and with Vapour Regions 

5,21. Pressure Distribution 

Consider a bearing without oil grooves, and submerged in oil. 
This is the classical case which has not hitherto been solved. The 
solution requires a vapour pressure or »air e xpulsion pressure» lower 
than the pressure in the surrounding oil. If the vapour pressure were 
exactly the same as the pressure in the surrounding oil, no oil would 
be sucked into the bearing. Thus in the stationary case with a given 
eccentricity, the pressure would be zero in all of the bearing, giving 
no load capacity. 

Our tests have shown that it is possible to have a bearing operating 
without any oil grooves and with oil supply only at the bearing sides. 
A bearing with the width/diameter ratio 4/3 was tested under load 
for four hours and was completely self-supplying with oil. 

The working principle for bearings without oil grooves is as 
follows: The oil is flowing out from the bearing in the positive pressure 
region and into the bearing in the negative pressure region. Stream
lines are shown on photos by VOGELPOHL (13). The smaller the 
difference is between the pressure in the surrounding oil and the 
vapour pressure, the larger is the vapour region needed to make the 
bearing self-supporting with oil. (Spherical journal bearings after 
this principle are for the present produced by H. DESCH, Neheim-
Hüsten, C4ermany.) It is, however, somewhat uncertain to design 
journal bearings without axial grooves, as it is difficult to guarantee 
that the vapour pressure is low enough. Actual oils have gases 
dissolved in them which are expelled at a higher pressure than the 
vapour pressure. If there were no gases, the bearings would operate 
very well without grooves when supplied with oil at the sides. 

To determine the pressure in the oil region 15.2 is used. 

ô  /  ö  p 0  \  c> /  h P o \  ô  H  

G(p \ O (p J à L, \ O C / G (p 

The boundary conditions are (see 55.1): 

for the bearing sides 

p0 = 0 for C = ± v 

at the maximum film thickness 

(Po )<p=-/T = iVo)(p=it 



v 

O 

v 

Fig. 55.1 

for the beginning of the vapour region from 29.2 

»Po «Po _ = 0 or ——— = 0 
è cp ô C 

for the end of the vapour region from 33.2 

' d Vo \2 , ( àp0\2 

ö cp 
m = II 

H3 

6 

H 

dpo 

ö cp 

where H* is the oil film thickness at the beginning, and II the thick
ness at the end of the region. 

In 55.2 the calculated pressure distribution for a bearing with 
v = 1, e = 0,4 and pv0 = — 1 is shown. The curves represent isobars. 

+ 1 
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-i 

N 
0 Po = ots y 

— 
\ °( -1 

i I ( / y \ ) 
' 

V /> v —-S \ », 
V f 

- J X  0 + 7t 

Fig. 55.2. Theoretical Pressure Distribution for v = 1, e = 0,4 and pvo  = — 1 
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Fig. 56.1. Theoretical Pressure Distribution for v = 1, e = 0, 4  and pv o  = —0, 1  

Fig. 56.2. Theoretical Pressure Distribution for v = 1, e = 0,6 and p v0  

Fig. 56.3. Theoretical Pressure Distribution for v = 1, e = 0,6 and pv0  = — 0,1 
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Fig. 56.1 shows the same bearing operating with pv0 = — 0,1. It 
is obvious that the vapour region does not end at the maximum film 
thickness 90 — n. The higher the vapour pressure is, the more the 
region moves into the convergent part. Thus the area of the vapour 
region can vary between zero and the whole bearing area 4 71 v r2. 
The figs 56.2 and 56.3 show the same cases as described above, but 
with s — 0,6. 

5,22. Load Capacity 

The expression for the load capacity is not changed, even though 
there is a vapour region. Thus from 18.2 

+ V +7Z 

PxV 1  f  f  
p ' «  =  ^ c r = ~ ~ 2 7  J  J  Pos i n v<^ d ^  

— V — 7T 

P =  
I / O  

Pv V 
r j U  

p0 cos tp dcp d£ 

The resultant load and the angle between the load line and the 
line of centres are from 18.3 

P w2   

P«=*-̂ T = l/rlo+Plo 

tan ß = —— 
'  2 / 0  

The results obtained for pv0 — — 1 and pv0 = — 0,1 are found 
in 58.1 and 59.1. 

Attitude-eccentricity curves are usually drawn. For a bearing 
without vapour regions, this curve is the same for increasing load 
and increasing speed. For the bearings with a vapour region described 
above, we get two different curves for these two variations. 
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Fig. 58.1. Load Capacity 
P y)2  

Tj U 

1. Varying load 

For the non-dimensional vapour pressure we have 

1.2 

Vv 0 
'PvT 

Tj CO 

For constant pv, ip, t] and co, the value pv0 is constant. It is thus 
possible to draw attitude-eccentricity curves for constant non-
dimensional vapour pressure, which are valid for varying load. 

2. Varying angular velocity 

For the vapour pressure and the load we have 

.2 
Vv o 

P v V  

r\ a> 
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Fig. 59.1. Load Capacity P0 

P ip2 

rj U 

Then 

P o P 

V  V o P v r  

= const 

from which the attitude-eccentricity curves for varying speed can be 
determined. 

5,23. Oil Flow 

The oil quantity per unit time passing over the edges of t he bearing 
takes care of the generated heat. From the continuity condition, the 
flow leaving the bearing is equal to that entering the bearing. The 
best value for the changed oil is derived from the side leakage, because 
the pressure derivatives in the positive pressure region can be cal
culated with greater accuracy. This is due to the fact that the loca
tion of the vapour region is derived through approximate relaxation 
methods. 

The oil flow is shown in 60.1. When there is no vapour region, 
the isobars — 0 are located at 99 = 0 and 99 = ^ n. If a vapour 
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region exists, they are moved to the right. When the vapour 
pre s s ure has the limit value zero, both of them are located at cp = 0, 
and there is zero pressure all around the journal. 

The oil flow in 60.1 for a bearing with a vapour region is from 20.1 

0  =  2  /  ̂  =  -2  /  „r d v  

<Pi fi 2 = j 

or non-dimensionally 

Q  7  &  I  b  p o  \  

r U  A r  ~  2 J  ~ 1 2  \  J T ) r  =  v
d ( p  

<Px 

The calculated oil flow is given in 61.1 and 61.2. 

5,24 .  Power Loss 

The power loss for a bearing with a vapour region is rather com
plicated to evaluate, because there are two expressions for it, one 
for the oil region and one for the vapour region. The difference is 
due to the vapour or gas strips in the vapour region, as discussed in 
chap. 4,2. Another complication in evaluating the power loss is that 
the boundary of the vapour region cpx and cp2 are functions of 
which are numerically determined. 
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Fig. 62.1 

The unfolded bearing area in 62.1 shows the vapour zone. From 
23.2 the power loss in the oil region is 

* = 77 Hp, 

<Pi 

+ V 

dC -
e 

4 v 
p0 sin cp dcp d£ + 

-V (p, 

+ V 

1 r 

2 v J 1/T 

- y i 

V i 
de 

The power loss in the vapour region becomes from 36.2 and 37.1 

„ _ 1 f _ (yi - y2) + £ (sin n - sin y2) _ 
H/n I 11 * , (Xç, J 1/(1 -£2)3  

— v 

Thus the total poAver los s for the bearing is 

E xp 

^0 /72 •)] Ul 
= < + K 

which is shown in 63.1 and 63.2. 



63 

E 

/4 

12 

10 

8 

6 

4 

0 

// 
Pvo--- - - /  

/yf 

vV 

\ 

v= / 

V=0;5 

vV 

\ 

v= / 

V=0;5 
\ \>=0,25 

. ... 

0}û 0,1 0,2 0,3 0,4 0,5 Ojé 0,7 0,8 0,9 1,0 

Fig. 63.1. Power Loss E0 = 
E yj 

7] U2 

E, 

12 

10 

ô 

6 

4 

1 

/ 
Pvo -0,1 S 

v 

—-X 

\\ 
v= / 

V = 0,5 
\ V= 0,25 

0,0 0,1 0/ 0,3 0,4 0,5 0,6 0,7 0,8 0,9 /;0 

E 

Fig. 63.2. Power Loss E0 = 
E xp 

7 ]  U 2  



64 

5.25. Average Temperature Rise 

The average temperature rise is derived as in 3,6. 

At if2 2 v E0 
At0 — c Q • - — = —— 

7] CO Q0 

where Q 0 and E0 are known from chap. 5,2 3 and 5,24 respectively. 

5.26. Coefficient of Friction and Relative Power Loss 

As in 3,7 we have 

M __ f _ EQ 

xp co Ar P0 

or 

H r f E0 

7?min ^ ̂ min -̂ *0 

Curves over 64.1 are given in 65.1 and 65.2. 

64.1 

5,27. Experimental Investigation 

The test apparatus is described in 5,17. The bearings had no oil 
grooves and had oil supply only at the bearing sides, due to the 
surrounding oil. The tests were made at two different non-dimen
sional vapour pressures pvQ — — 1 and pv0 = — 0, l. The experi
ments show good agreement with the theory. It is obvious that the 
assumption that the positive oil film pressure begins at the maximum 
oil film thickness is wrong. When a bearing has a vapour region the 
positive pressure always starts in the convergent part. 

Two experiments are analysed in detail: 

1. Fig. 68.1 and 69.1 

4 

" =T 

xp — 0,00291 

Yj = 0,0127 Ns/m2 

co — 48 ,1 1/s 
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Experimental load capacity 

P e b = 2 250 N 
P e yj 2 2 250 • 3 • 0, 0 0 2 9 l2 

^ 0e ~ 1]U 2 • 4 • 0, 0 5  • 0, 0 1 2 7  • 0, 0 5  • 48, 1  

P 0 e = 4,68 

The aim was to test the bearing at e = 0,6 and pv0 = — 1. The 
angular velocity was varied until pv0 — — 1 was reached. Then the 
load 2 250 N was applied to get a non-dimensional load close to the 
theoretical value Pot = 4,4 6. The value of P0e corresponds to e ^ 0,61. 

The experimental pressure is shown in 68.1 and 69.1. In 69.1, 
the  tes t  po in ts  a re  co mpared  to  the  the ore t ica l  cur ves  f or  s  =  0 , 6 .  

2. Fig. 70.1 and 71.1. 

v = 1  pv0 = -  0, i  

yj ~ 0, 0 0 3 6 4  

=0,0153 Ns/m2 

co = 48,6 1/s 

Experimental load capacity 

P e b = 620 N 

P p w 2 620 • 0, 0 0 3 6 4 2  

p : —e-L— — 
0 e  oj  U  2  • 0, 0 5  • 0, 0 1 5 3  • 0, 0 5  • 48, 6  

Poe= 2 >21 

This is close to the calculated value P o t  = 2,26 at e  = 0,6. Curves 
are shown in 71.1. 

5 , 3 .  The Optimum 360° Bearing without Oil Grooves 

The three parameters, which determine all the non-dimensional 
quantities for a journal bearing, are 

V £ pv0 

The real quantities can be derived from the non-dimensional, if we 
know 

Ar r 1] 

In the above statements is assumed that the basic quantities, load 
capacity Ptot and angular velocity a>, are given. 
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The problem is now to determine the six unknowns, so that the 
power loss is as small as possible. This is reached when / is a minimum. , _ E 

_ . lo 

' P P 0 (  1  —  e )  '  M  m i n  6 / J  

From the expression 67.1 we see that hmin shall have the lowest 
permissible value. This value depends upon manufacture. Now we 
have to find minimum for the function 

/ E, 

cohmin P0( 1 — e) 

From 65.1 and 65.2 we can see that the relative power loss is 
lower for a wide bearing than for a narrow one. For every width/ 
d i a m e t e r  r a t i o  i t  i s  p o s s i b l e  t o  g e t  o p t i m u m  v a l u e s  f o r  e  a n d  p r 0 .  

T h i s  m i n i m u m  a n a l y s i s  g i v e s  t h r e e  o f  t h e  u n k n o wn s .  N o w  A r ,  r  

and rj remain to be determined. This requires three conditions. 
These are: 

1. A given load 

2. A given vapour pressure 

3. A minimum permissible oil film thickness 

These conditions give 

Pv i 

py, 2 pAr2 

r] U •)] co r3 

P v V 2  _  p v A r 2  

1] M 7/ co r2 

^min ^ ^ 1 

and from these equations 

Ar — 

r — 

h • min 

1 — e 

PPvO 

PoPv 

Pp Pj a >~2 

P p ^ r c o  
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crn 

- /8 O 60 -60 HO 180 
Q 

-10 

p 25 

Ve'm 20 

180 120 -180 

-10 
Wae ou m pump 

4 
Fig. 68.1. Experimental Curves for v — -—; e = 0,6 and = — 1 
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120 -120 -180 60 - 6 0  180 

Po 

4 
Fig. 69.1. Theoretical Curves for v = -—; e = 0,6 and pv0 = — 1 

-j- Exp erimental Points ^ 

1 1 + + 
Vacuum pump 
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/cm 

-120 120 -60 60 

P 16 
t m2/4 

120 f/50 -120 - 6 0  

Fig. 70.1. Experimental Curves for v = 1; s = 0,6 and p,vu = — 0,1 
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-/'80 -IZO - 6 0  60  IZO 180 

IZO - 6 0  180 60 -120 -180 

Fig. 7 1 . 1 .  Theoretical Curves for v = 1  ; e = 0,6 and pvo = — 0 , 1  

+ Experimental Points 
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Now the bearing is completely determined, but the result may be 
impossible to use. For instance, there must exist an incompressible 
medium with the derived viscosity. The radius r must be large 
enough from strength considerations. These two conditions can make 
it necessary to renounce the optimum condition of the lubrication 
theory. Sometimes an optimum bearing would have a lubricant 
viscosity lower than that of air. But if air were used, one must con
sider that the medium is compressible, and this theory does not 
hold. It should be pointed out that we must have the suggested 
vapour pressure if the bearing is to be self-supporting with oil. 



6. The 180° Bearing with Minimum Film Thickness 
at the Trailing Edge 

6,1. Pressure Distribution 

A partial bearing without vapour regions will now be discussed. 
If a 180° partial journal bearing shall have no vapour region for 
every e, it is necessary to have a convergent part only. This means 
that the oil film begins at maximum oil film thickness and ends at 
minimum oil film thickness. Such a bearing is not centrally loaded. 
The bearing must be turned relative to the load line according to 
73.1. 

The differential equation for the pressure in the oil film is from 3, l 

ö / àp0 \  ô / ô p0  \  è I I  
— + -rr U3-^r = 6 ~T " 
è (p \ o cp ] èÇ \ o C j o <P 

min 

Fig. 73.1 
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The boundary conditions are 

p0 = 0 for C = ± v 

p0 = 0 for cp = — ti and cp = 0 

The solution gives positive pressure in all of the bearing. Accord
ingly, the only boundary condition to be kept in practice is that 
sufficient oil at zero pressure is present at the beginning of the 
bearing, because there is no flow into the bearing at the sides. 

The pressure distributions in this case are exactly the same as 
in positive pressure parts of the bearings in chap. 5,1. 

6, 2 .  Load Capacity 

From 3,3 the load components are 

+ v 0 
px v2  i f r 

Pxo  =  =  ~ 27 J J Pos in99d(pd t>  

— V — 71 

+ V 0 
PyV2  1 f r 

P y0  ~ î] U ~ ~2v J Vo C0S 99 dcp 

— V —7: 

and the resultant load and the load angle become 

P ip-  
Po = -jfj- =  m . + pu 

tan ß = 
p a-0 

Curves of load capacity and load angle as functions of the eccen
tricity are drawn in 75.1 and 75.2. 

6,3. Oil Flow 

The oil flow is determined from 20.1. 
The oil entering the bearing at the leading edge leaves the bearing 

at the sides and at the trailing edge, see 76.1. 



7 

6 

V= oo 

4 

3 

2 

/ 

0 
0,0 Oj! 0,2 0,3 v ) 

Ç-

Fig. 75.1. Load Capacity P0 = 
T] U 

80 

AO 

30 

20 

Qo 0/ 0/ 0j3 0/ 0;5 0/ 0,7 0,8 0,<! 10 

£ 
Fig. 75.2. Load Angle 



Thus 

Fig. 76.1 

Q — Qi + Qi 

Q is the changed oil quantity per unit time, and for this we have 

+ 1 
Q — f (Çx)(p=-7t dz 

or with non-dimensional expressions 

Q 
+ V 

H H3  ô p o 

r U Ar I i  9 
— v 

For 

and thus 

Qo = 
Q 

(p — — 71 

— v (1 + e) 

12 b<p 

H = 1 + £ 

dC 

+ v 

(1 + e) 

r U Ar 

Q0  is given as a function of e in 77.1. 

iM 
12 J \ èq) 

d: 



77 

Q. 

'A 

O i\2 

lo 

0,6 

* 

0+ 

OA 

0,o± 

v>= /  

\>-0;5 

\>-0,l 5  

*r  
' 0,G .0,1 0,2 0,3 Os OjS 0,6 Oj7 0,8 0,9 1,0 

£ 
Fig. 77.1. Oil Flow 

r U Ar 

6.4. Power Loss 

The power loss for this bearing is already derived in chap. 3,5 
eq. 24.2. 

E°=ir ' p° s inß  +  ji=rj 

After the load component in the ^-direction is calculated, the 
power loss for a bearing without vapour regions can be determined 
without further approximations. 

Curves of E 0 are drawn in 78.1. 

6.5. Average Temperature Rise 

The temperature rise is from 3,6 

A t w 2  2 v E 0  
At0 = C Q '  

f ] 0 )  Q  o  

where Q0 and E0 are known from chap. 6,3 and 6,4 respectively. 
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7 

6 
Eo 

5 

4 

O 
0,0 0}l Oj2 0)3 Û4 0,5 0)6 0)7 

E y> 
Fig. 78.1. Power Loss E0 = 

v TJ -

6,(5. Coefficient of Friction and Relative Power Loss 

The equations are analogous to the equations of chap. 5,2 0 and the 
curves for the relative power loss are shown in 79.1. 

6,7. Optimum Analysis 

As we have no vapour region in this case, there are now two para
meters to determine the non-dimensional quantities, viz. 

V £ 

The real quantities are then derived from the values 

Ar r t] 

When dimensioning a journal bearing, we know the load capacity 
Ptot, the angular velocity to, and assume a minimum permissible 
value for the minimum film thickness hmin, which does not cause 

failure. 

0)0 0)9 10 

S 
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 ̂60 

20 

V> = oo 

0,0 0,1 0,2 0,3 0;A 0,5 0,6 0,7 0,8 0,9 ^0 

£ 
Fig. 79.1. Coefficient of Friction and Relative Power Loss 

From 79.1 it is clear that a wide bearing has always lower power 
loss than a narrow one for a given Ptot, co and hmin. For every v 
t h e r e  i s  a n  o p t i m u m  v a l u e  f o r  t h e  n o n - d i m e n s i o n a l  e c c e n t r i c i t y  E .  

Then minimum for the function 

_ f_ = E0  

C'^min Po (1 ~ e) 

determines v  and E .  NOW the determination of Ar ,  r  and r j  rem ains. 
For this we need three conditions: 

1. A given load capacity 
2. Strength considerations for the journal 
3. A minimum permissible oil f ilm thickness 

Condition 3 gives 

^min Ar  ( \  f) 
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From 2 we get a value for the shaft radius. The power loss is not 
dependent on the value of r. An increase in radius corresponds to a 
decrease in viscosity. From the first condition we have 

Pw2 
P = — 

o r r  
i ]  U  

or 

r j  

P  Ar 2  Ph 2 -± J. 'Cmm 

PqCO T 3  P 0  C O  (1 — e) 2 r  

If there is no oil with as low viscosity as the derived value, the 
optimum condition must be abandoned. Then the oil with the lowest 
existing viscosity is chosen, and the optimum condition for this oil 
is determined. This optimum is reached by increasing e at constant 
value of hmin. This oil can also be used for the same £ at a higher 
value of hmin; but the power loss is larger in this case. Sometimes, 
however, it is necessary to use the latter way, because e otherwise 
gets too high value. 

For the temperature rise we have 

but now 

or 

which gives 

At  

P  o = 

2 v  E 0  1 T j  co  

Q  0 c  Q V  

p w
2  

r j  U  

7]  CO F  

ip 2  P 0  r  

2 7' E n  1  P  
A t  =  

Q o Po c  Q r  

6,8. Schedule for Calculation 

v  is chosen as large as possible 

£ is chosen so that the function in diagram 79.1 is 
.  .  (J j f l r  

minimum mm 

r is derived from strength considerations 
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Ph2  • 

. min Ar = — 

V 

P0 10 (1 - ef r3 

h t  

1- £ 

Ar 

r 

E0  

f  p /1 \  
1 o  ( 1  —  e )  

111111 

^tot — /^tot 

ß is determined from 75.2. 

Q  =  Q 0 r U  A r  

2 i; #0 1 P 
zl£ = 

Ç0  
Po c Q r 

6 ,9 .  E x a m p l e s  

1. Design a 180° partial bearing with load capacity 5000 N, 
rotational speed 3000 r/m and minimum oil film thickness 0,025 mm. 
Because of strength considerations the shaft shall have a minimum 
diameter of 70 mm. Ratio width-diameter 1. 

From diagram 79.1 the eccentricity e = 0,5 

5000 • 0, 0 0 0 0  2  5 2  

7 / _ 2 • 0,035 • 1,6 • 314 • 0,52 . 0,0353 

i] = 0, 0 0  8 3  Ns/ m 2  

0.0 2 5  
Ar = — = 0, 0 5 0  m m  

0, 5  

0, 0 5 0  
V  = ~=  1 , 4 3 0 / 0 0  

4, 0  
/ = in a g • 314 • 0,0 0 0 0 2 5  = 0, 0 3 9  m/s 

I , 6  •  0 , 5  '  

6 
Etot = 0,03 9 • 5000 = 195 Nm/s = 195 W 



From diagram 75.2 

ß = 63° 

which represents the angle between the load line and the trailing edge. 

Q  =  1 , 3 3  •  0 , 0  3  5 2  •  314  •  0 , 0 0 0 0 5 0  

Q = 25,6 • 10~6 m 3/s 

If c = 2000 Nm/kg°C 

o = 900 kg/m3 

2 - 4 , 0  1 5000 
At = 

1, 3 3 -1, 6  2000-900 2 • 0 , 0  3 5 2   

At  =  4 , 3 °  C  

2. Design an optimum 180° bearing for a load capacity 10000 N, 
rotational speed 1500 r/m and minimum oil film thickness 0 ,03 mm. 
Shaf t  d iamete r  100  mm and  ra t io  wid th -d iamete r  0 , 5 .  

From diagram 79.1 the eccentricity is chosen to be e = 0 , 7 .  

10000 • 0,oooo32 

V 0, 0  5  • 1, 6  • 157 • 0, 3 2  • 0, 0 5 3   

— 0, 064 Ns/rn2  

0 , 0 3  
Ar — —— =0,io mm 

0 , 3  

0 , i o  
v =  5 0 ~  =  2 < V  0 0  

4 , 8  
f — — • 157 • 0,0 0 0 0 3  — 0, 0 4 7 1  m/s 
'1, 6 -0, 3  '  

E t o t  = 0,0471 • 10000 = 471 Nm/s = 471 W 

From diagram 75.2 

ß = 46° 

Q = 0,82 • 0 ,05O2 • 157 • 0 ,00010 

Q = 32 • 10" 6 m3/s 

4, 8  1 10000 
A f  =  .  .  

0,82-1,6 2000-900 0,0 5 o2  

At = 8,1° C 



7. The 360° Bearing with an Oil Groove at the 
Maximum Film Thickness, and a Vapour Region at 

Atmospheric Pressure 

7,1. General Considerations 

In their paper »The Full Journal Bearing», CAMERON-WOOD (3) 

treat the case of finite journal bearings without oil grooves and 
surrounded by oil, which is already discussed to some extent in chap. 
4,1. Their boundary condition for the beginning of the oil film, 
which states that the pressure curve starts at maximum oil film 
thickness is only correct if there is an oil groove with zero pressure 
at the maximum oil film thickness. The condition for the end of the 
oil film, which states that the oil film pressure would reach zero at 
zero derivative is not completely correct, because the vapour pressure 
is not exactly zero. This, however, can be regarded as a good approxi
mation if the maximum pressure is large in comparison with the 
vapour pressure, and there is a ir at the bearing sides. 

Their load capacities are, under the conditions described above, 
approximately right. In this case, approximate does not mean the 
numerical solution method. On this account, all solutions for finite 
bearing width are approximate. The values for the power loss given 
by CAMERON-WOOD ar e not correct. They assume that there is a full 
oil film with straight line velocity distribution in the vapour region, 
which is impossible, because the oil film thickness is increasing, and 
there is no oil flow in axial direction. Here a better expression for the 
power loss is derived. 

The connection between our symbols and those of Cameron-Wood is: 

e — c 

1 y = 

B 
P0 = A 

ß = V 

Q o  =  -j ' f  ( ö)  
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min 

Fig. 84.1 

The oil region begins at <p — — n and ends at cp = oc, see 84.1. 

The expression 23.2 gives the power loss for the oil region 

s y2 — );i 

K  =  ̂ - P o * i n ß +  

Now 

7i = — n and Ï2 = 7oc 

where 

cos a — £ 
cos 7 = 

a 1 — £ COS OC 

Thus 
e +71  

E 0  =  - r P 0 *mß+ r   
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The expression for the power loss in the vapour region is derived 
from 36.2 and 37.1 

K = H* 

where 

( y 2  —  Y l )  +  £  (s i n  Ï 2  —  s i n  f t )  

|/(1 — £ 2)3 

//* = 1 — e cos a. 

7i = y* 

7 2 = ™ 

and thus 

EQ = (1 — £ COS (X 
{n - ya) - s sin 

} (1 - £2)3 

The total power loss is the sum of the two above derived 

E w 

Curves of lo ad capacity, load angle, oil flow, power loss, and relative 
power loss are drawn in the diagrams 86.1 — 88.1. The calculations 
are based upon the values given by CAMERON-WOOD. The coefficient 
of friction from CAMERON-WOOD for v = 1; e = 0,8 is 1,72, and 
from the above equations 1,44. The difference is thus 19 %. For 
v = 0,2 5; E = 0,8 the values are 8,9 0 and 7,0 7 respectively. This 
difference is 26 %. 

Owing to the above discussion, the attitude-eccentricity curves 
drawn in fig. 3 in their paper are of limited value. From the diagram 
one can get values for the load angle, but the shaft centre does not 
follow these curves when the speed or the load is slowly varied. To 
get such curves at constant values of the angle between the load line 
and the oil groove, calculations must be made for various locations 
of the groove, and then the attitude-eccentricity curves can be 
drawn. 



86 

7 

5 

4 

3 

I 

O 
O, o 

ß 

90 

80 

70 

60 

SO 

40 

30 

20 

10 

0 
0,0 



87 

Fig. 87.1. Oil Flow 

Fig. 87.2. Power Loss 
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^ 60-

V- 0,25 

V •= oo 

£ 
Fig. 88.1. Coefficient of Friction and Relative Power Loss 

7, 2 .  Optimum Analysis 

The optimum conditions are analysed after the lines of chap. 6, 7 .  

The vapour pressure is now considered to be approximately zero. 
To get the optimum conditions for this zero vapour pressure, it would 
be necessary to vary the location of the oil groove. But with the 
material here presented, optimum conditions only for bearings with 
a groove at the maximum film thickness can be considered. 

For constant values of co an d Amin, the optimum bearing should 
have a minimum for the function 

/ E0 

^ ^min Po (1 *0 

From diagram 88.1 it is clear that even in this case the ratio 
width-diameter v should be as large as possible. For every v-value 
we get an optimum value for the eccentricity e. Now it remains to 
determine Ar, r a nd rj. These are derived from 

1. The load capacity 
2. Strength considerations for the shaft 
3. The minimum permissible oil film thickness 



From 1 and 3 we get 

Km = Ar (I - e) 

P XV2 
p = —— 
o TT 

Ï] U 

r 

4 min 
Ar 

1 — £ 

V 

Ph2 
r  min 

P0 to (1 — s)2 r3 

For the temperature rise we have 

2 vE0 1 t] o) 2 v E0 1 P 

Q o CQ V2 Qo Po c Q r 

,3 .  Schedule for Calculation 

v is chosen as large as possible 

£ is chosen so that the function —/— in 88.1 is minimum 
IOh^:„ 

r is derived from strength considerations 

Ph2 1 min 

P0 co (1 — £)2 r3 

h • 
A min 
Ar = 

1 — £ 

Ar 
yj =  

r 

1 P,( 1 — c) '"'h 
min 

^tot = fP tot 



90 

The oil groove shall be located at the angle (180 — ß) before the 
load line, where ß is derived from 86.2. 

Q — Qo r  U AT 

2 vE0  1 P 
A t  = -TTir •  — • — Q 0 0 C Q T 

7 ,4 .  Exam ples  

1. Design an optimum 360° journal bearing with an oil groove 
at the maximum oil film thickness and vapour pressure equal to 
zero. Load capacity 7000 N, rotational speed 750 r/m and minimum 
oil film thickness 0,02 mm. The shaft shall have a diameter of 80 
mm and the ratio width-diameter is 1. 

From diagram 88.1 e = 0,6 

7000 • 0,000022 

V  ~ 2 • 0 , 04  • 2 , 60 • 78 , 5  •  0,4 2  -~ 0 ,04 3  

r] = 0 ,0167  Ns/m2 

0,02 
Ar — t—- — 0,05 mm 

0 ,4  

0, 05  

To" V -  - M5%0 

7 ,2  
f  = • 78 ,5  •  0 ,0 0002  =  0 ,0109  m/s 
1  2 ,60  • 0, 4  1  

E t o t  0, 0109  • 7000 = 76 Nm/s = 76 W 

The location of t he oil groove is 130° before the load line. 

Q = 0,96  •  0 , 040 2  •  78 ,5  •  0 ,000 05  

Q = 0, 0000060  m3/s = 0, 0060  1/s 

2 - 7 , 2  1 7000 
At ~ 0, 9 6  • 2^ 60  ' 2000 • 900 ' 2 • 0, 040 2  

At = 7,0°  C 
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2. Design an optimum 360° journal bearing with an oil groove 
at the maximum oil film thickness and vapour pressure equal to zero. 
Load capacity 3000 N, rotational speed 1500 r/m, and minimum oil 
f i lm  th i cknes s  0 , 0 2  mm.  Sha f t  di ame te r  50  mm,  and  v  —  0 , 5 .  

e = 0,8 from diagram 88.1 

3000 • 0,oooo22  

V 0, 0 2 5  • 3, 4 4  • 157 • 0, 2 2  • 0, 0 2 5 3  

rj — 0,142 Ns/m2  

0 , 0 2  
Ar — —- = 0,io mm 

0,2  

0 , i o  

25 
V -  = 4 °/oo 

9,10 
/ = — — • 157 • 0,00 002 =  0,0415 m/s 
1 3, 4 4 -0, 2  '  1  

E t o t  = 0,0415 • 3000 = 125 Nm/s = 125 W 

The location of the oil groove is 148° before the load line. 

Q — 0, 7 4  •  0,0  2  5 2  • 157 • 0,0001 0 

Q = 0 , 0 0 0 0 0 7 3  m3/s = 0, 0 0 7 3  1/s 

9, 1 0  1 3000 
Al ~ 0, 7 4  • 3, 4 4  ' 2000 • 900 ' 0, 0 2  5 ^  

At - 9 , 5 °  C 



8. The 180° Centrally Loaded Bearing with a Vapour 
Region at Atmospheric Pressure 

8,1. General Considerations 

SASSENFELD-WALTHER (9) have made a solution for the 360° 

journal bearing, which corresponds to that by CAMERON-WOOD (3), 

but the calculations cover a larger range. 
They have also treated the centrally loaded 180° bearing, which 

will now be discussed here. 
Such a bearing has sometimes a vapour region before the trailing 

edge. They assumed the condition 

0 Vo 
£>o = 0 for —— = 0 

ô (p 

for the beginning of t he vapour region which is the same as CAMERON-

WOOD'S assumption. The vapour pressure is assumed to be zero, 
and therefore the load capacity is somewhat approximate. But 
SASSENFELD-WALTHER'S p ower losses are not correct, as they assume 
that there is only oil in a vapour region for the 360° bearing, and 
that there is only air in a vapour region for the 180° bearing. 

The oil film extent can be seen in 93.1 

<Pi = - (90 + ß) 

(p2 = 90 — ß 

The connections between the symbols used here and those of 
SASSENFELD-WALTHER are: 

e = X 

B 
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min 

Fig.  93.1 

The end of the oil region is here approximated to a straight line, 
which is also made by SASSENFELD-WALTHER. 

The power loss for the oil region is derived from expression 23.2 

K  

e p • a - (^2 - yà 
—  •  r  o Sin ß  +  

) 1 - £2 

where 

Thus 

7 z  =  7 3  

7 i  =  7 - i  9 0 +  ß)  

- E T> • O I ^ + ̂ '(90 + /»)] 
E v - j - P o  s m ß  +  

YI 
93.2 

The power loss for the vapour region is derived from 36.2 and 37.1 

^  „  b w - ß )  -  7 ô \  +  £  [ s i n  7 ( 90-/5) -  s i n  7 d . I  _  „  
An — (I — e cos o) , : 93.3 

1(1 — £2)3 
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Fig. 94.1. Load Capacity P0 = 
1] U 

The total power loss 

E0 = E'0 + El 

The coefficient of friction from SASSENFELD-WALTHER for v — 1; 

£ = 0,8 is l,n, and from the above equations 1,30. The difference 
is thus 15 %. For v — 0 ,25; e = 0,8 the values are 4,7 and 6,2 8 
respectively. The difference is here 25 %. 

Curves of load capacity, power loss, and relative power loss are 
shown in 94.1 — 95.2. 

8,2.  Optimum Analysis 

An optimum bearing is designed in the same way as in chap. 6,7 

after the schedule of chap. 6,8. 



Fig. 95.1. Power Loss 

Fig. 95.2. Coefficient of Friction and Relative Power Loss 



9. The 360° Bearing with an Oil Groove 90° before the 
Load Line, and a Vapour Region at 

Atmospheric Pressure 

9.1. General Considerations 

The calculations for the centrally loaded 180° bearing can easily 
be adjusted to represent a 360° bearing with an oil groove 90° before 
the load line if the beginning of the vapour region is located within 
the 180° bearing. Such a 360° bearing gets the same load as the 180° 
bearing, as the pressure is zero over the added angle. The power 
loss 93.2 for the oil region is the same, but in the expression 93.3 

for the vapour region 7 ( 9 0_ /9) must be changed to } \ 2 i o - ß ) -

A 360° bearing with an oil groove 90° before the load line has 
a lower power loss than the bearing with a groove at the maximum 
film thickness, see chap. 7; but the difference is only a few per cent. 

Curves of power loss and relative power loss are shown in 97.1 
and 97.2. 

9.2. Optimum Analysis 

The optimum problem is solved as in chap. 6,7 and 6,8. 



97 

Fig. 97.1. Power Loss 

-ç 60 

a 
Fig. 97.2 Coefficient of Friction and Relative Power Loss 

7 



10. Superposition of Solutions 

10,1. Superposition of Pressure Distributions 

A bearing without vaporized oil is assumed. Consider the differen
tial equation for the pressure in the oil film 

è  (  è p \  Ö  /  è p \  è  h  
h3  I  + "— l^3  ~—) — 6 r] U 

è x  \  è x  è z  \  è z  ]  è x  

If a bearing, for instance, has an oil groove, it would be very 
advantageous if a pressure distribution proportional to the supply 
pressure could be added to the hydrodynamic solution. This is 
possible if we can satisfy the differential equation and the boundary 

conditions. 
Try a solution p = p 1-\~ kp 2 , which is substituted in the differential 

equation. 

è h  è 

è x 

Ls è (Pi + frPa)" JL L è + kPz)~\ 
è  x  è  z  [ _  è z  

— 6 t i  U  -
ô x 

This is transformed to 

0 LliA + » L 
è x  \  è x  è z  \  è x  

i  -  /  ô  p 2  \  è  (  ô  p 2  Y I  è h  
+  H — + - S 7  k - j T  

This equation is satisfied if the following two equations are satis

fied 

ô  
+^-L^ii)  =  6 n U  

h h  

è x  \  è x  è z  \  è z  è x  

V "  [ h z +  T "  i h 3 " T ^ 1  =  0  
è x  \  è x  è z  \  è z  
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As the equations are written, p1 represents the hydrodynamic 
pressure  dis t r ibution for  zero  supply  pressure  and rota t ional  speed co .  

Let kp2 be the solution for the supply pressure k at zero rotational 
speed. The distribution p2 is conveniently calculated for the supply 
pressure equal to 1. In the term kp2, k is a non-dimensional scale 
factor. 

The differential equation is satisfied by 

V  =  P i  + k p  2  

which also fulfils the boundary conditions if p 1  and p 2  do this. 

10,2. Load Capacity 

The pressure distribution has the form p  =  p 1  -f- k p 2 .  Substitute 
this in the expressions 17.1 

C 2 <P2 
P x b  =  —  J  J  ( p x  +  k p 2 )  sin c p r d c p r  d Ç  

C. <Pi 

C» 
P y b  =  f  f  ( p 1  -f- k p 2 ) cos c p r  d ç p r d i ,  

si < P2 

Introduce the following notation 

P . «  b  =  —  f  j  p 1  sin ( p r d c p r d Ç  

P x z b  =  —  f  J  p 2  s in  c p  r  d e p  r  d Ç  

Pyx b — / f Pi cos cprdcpr d£ 

P y  2 b  — f  f  p 2  cos q > r  d c p r d Ç  

Thus 

P x  —  P x  1 + k P  x  2 

P y  =  P y i  k P y 2  

The equations 18.1 give 

p  =  V ( P , i  + k p x z f  +  ( p t l  + k p „ r  

P  x i  +  k P x  g  

ß  =  p  + k p  y l  ^  &  r  2/2 
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In the x- and ^-directions the components are algebraically 
summarized, and then the x- and ^-components are geometrically 

summarized. 

10,3. Oil Flow 

Substitution p = p1  + kp2  in 20.1 gives 

Uh h3  ö {Vi + kpi) 
<lx 2 12 r] bx 

h3  ö {Vx + Jcp2)  
z  12 r) è  z 

Introduce the notation 

U h h3  Ö p1  

q x i  

Qx2 

12 7] è  x 

h3  

12 Tj Ô X 

h3  bp1  

12 7] è  z 

h3  à p 2  

12 7j Ö z 
Q z2 = 

Then 

Çlx — Qxi kqx2 

qz = <izi + Mzi 

For the oil flow over a given boundary we have 

S 2  

Q = J q ds 

and thus 

Q — Qi ~ f~ & Q2 

To determine the oil flow for two superposed pressure distributions, 
the flows in the two cases are to be directly summarized. 



10,4. Power Loss 

The pressure p = px + kp2  is substituted as above in 22.1. 

C« <P* 

F j b  = 

Ci <P i 

^ S (Pi + ^2) 

2 ö x 

UI 
+ • — I r dcprdÇ 

If now 
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F  j i b  =  
h è px  U1 

i ' " ä 7  +  ' T  

C» 9?« 

^2 6 
h ö p 2  

2 öx 
rdcprdÇ 

Cl 9»! 

we have 

— i^-i  - f-  k  F j 2  

It is thus possible to summarize the power losses for the two 
superposed solutions. 



11. Conclusion 

This work treats journal bearings of finite width with due considera
tion to all boundary conditions and negative pressure vapour zones. It 
succeeds an earlier work by FLOBERG (6) on journal bearings of infinite 
width. A theory for vaporization is put forward where the conditions 
are strictly treated all around the periphery. The boundary conditions 
for the beginning and the end of a vapour region are derived from 
the continuity. The continuity is fulfilled in all of the bearing. It 
is described how to determine the power loss for a vapour region. 

The problem with vaporized regions in journal bearings is hitherto 
very unsatisfactorily treated in literature. Usually the boundary 
conditions are arbitrarily chosen, which gives approximate solutions 
for pressure distributions and load capacities. When calculating the 
power loss, wrong assumptions are made for the vapour regions. 

This work treats first the 360° journal bearing without vaporized 
oil. This case is of very little practical interest. Then solutions for 
finite journal bearings with vapour regions and without oil grooves 
are given. It is shown how these bearings operate if there is oil at 
the bearing sides. Tests have confirmed that this method of lubrica
tion is practically plausible. 

The solution by CAMERON-WOOD (3) with an oil groove at the 
maximum film thickness and zero vapour pressure is discussed, and 
a correction to their power loss values is made. 

Calculations are made for 180° partial journal bearings with maxi
mum film thickness at the leading edge, and minimum film thickness 
at the trailing edge. Such a bearing has no negative pressure, and 
therefore no vapour zone. Also treated are 180° centrally loaded 
bearings and 360° bearings with oil grooves 90° before the load line. 

For the different cases, optimum conditions are discussed. The 
optimum is reached when for a given load, angular velocity, and 
minimum permissible oil film thickness the power loss is a minimum. 

Diagrams show load capacity, load angle, oil flow, power loss, 
and relative power loss for three different width-diameter ratios as 
functions of the eccentricity. 

Experimental investigations show a very close agreement with the 
vaporization theory. 



12. Zusammenfassung 

Diese Arbeit behandelt das Auftreten von ( Hdampfzonen in radialen 
Gleitlagern von endlicher Breite. Gleitlager von unendlicher Breite 
sind schon von FLOBERG (6) behandelt worden. 

Die Randbedingungen für den Anfang und das Ende einer Öl-
dampfzone werden aufgestellt. Die Kontinuität des Olflusses liegt im 
ganzen Lager vor. Die Theorie ist durch Experimente bestätigt. 

Keine genügende Behandlung dieser Probleme ist bisher erfolgt. 
Manchmal sind beliebige Bedingungen für den positiven Druckberg 
gewählt worden. Die Verlustleistung einer Oldampfzone ist vorher 
nicht korrekt berechnet worden. Entweder rechnet man mit Ol allein 
oder mit Luft allein in einer solchen Zone. In der Praxis aber tritt 
eine Mischung von beiden auf. 

Die vorliegende Arbeit behandelt das 360° Gleitlager ohne achsiale 
Ölkanäle mit Ölzufuhr nur an den Seiten des Gleitlagers. Es wird 
gezeigt, wie sich ein solches Gleitlager mit Öl versieht. Das 180° 
partiale Gleitlager mit minimaler Filmdicke am Ende des Druck
berges wird auch behandelt. 

Die Arbeit »The Full Journal Bearing» von CAMERON-WOOD (3) 

wird diskutiert. Sie rechnen mit einer beliebig gewählten Rand
bedingung für den Anfang des Druckberges. Wenn das Lager mit 
einem Olkanal an dieser Stelle versehen ist, ist ihre Lösung approxi
mativ richtig. Ihre Werte für die Verlustleistung sind indessen zu 
gross. Sie rechnen mit einem ganzen Ölfilm in der Öldampfzone, 
aber dort ist eine Mischung von Öl und Luft. Korrigierte Werte für 
die Verlustleistung werden hier gegeben. 

SASSENFELD-WAHLTER (9) haben das 180° Partiallager mit zent
rischer Belastung behandelt. Sie rechnen in der Dampfzone nur mit 
Luft. Ihr Fall, sowie das 360° Lager mit einer Ölspalte 90° vor der 
Lastlinie, wird hier behandelt. 

Es wird gezeigt, wie für die verschiedenen Fälle optimale Gleitlager 
konstruiert werden sollen. Die optimalen Verhältnisse sind erreicht, wenn 
bei gegebener Last, gegebener Winkelgeschwindigkeit und gegebener 
mindestzulässiger Ölfilmdicke, die Verlustleistung am kleinsten ist. 

Für die oben beschriebenen Fälle sind Diagramme für Tragkraft, 
Ölfluss, Verlustleistung und relative Verlustleistung gegeben. 



13. Appendix: Tables of Calculated Values 

The following non-dimensional expressions are used: 

b 
V  ~  ~ d  

e  

e  

V v  o  

Pn = 

V  

A r  

PvV2 

7] CO 

P x p 2  

- U  

Q « 

E „  =  

A t n  —  C  

r  U  A r  

E  i p  

7] U2 

A t x p 2  

0 — C Q  •  7J CO 

f E0 

y j  c o  A r  P 0  

H r  f  E 0  

^min ^^'min -^O ( 1 
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360° Bearings with No Oil Grooves and without Vapour Regions (chap. 5,1) 

v = 1,0 

e 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,93 4 2,07 3,87 8,11 00 

ß 90 90 90 90 90 90 

Qo 0 0,299 0,601 0,899 1,20 -

E0 6,28 6,5 1 7,27 9,12 13,8 00 

At0 OD 43,5 24,2 20,3 27,0 oc 

t 

co Ar 
00 6,96 3,51 2,35 1,70 1 

f 

^^min 
00 8,70 5,84 5,88 8,50 00 

V = = 0 ,5 

s 0,o 0,2 0,4 0,6 0,8 1,0 

Po 0 0,301 0,704 1,4 7 3,77 00 

ß 90 90 90 90 90 90 

Qo 0 0,184 0,369 0,554 0,745 -

Eo 6,28 6,44 7,00 8,29 11,9 00 

At Q 00 35,1 19,0 15,0 16,0 00 

f 

(JO A r 
00 21,4 9,93 5,66 3,17 1 

f 

^^min 
00 26,7 16,6 14,2 15,7 00 
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V = 0,25 

£ 0, 0  0,2 0, 4  0 ,6  0 ,8  1, 0  

Po 0 0 ,08 11  0, 196  0, 435  1, 25  00  

ß 90 90 90 90 90 90 

Qo 0 0, 0 980  0, 196  0, 296  0, 392  -

E0 6 ,28  6, 42  6, 90  7, 9 8  11, 0  00  

At0 00  32, 8  17, 6  13, 5  14, 0  0C 

f 

a> Ar 
00  79, 1  35, 2  18, 4  8,78  00  

f 

^^min 
00  98, 8  58, 6  45, 9  43, 9  00  

360° Bearings with No Oil Grooves and with Vapour Regions at pv0 = — 1 (chap. 5,2) 

v = 1,0 

e 0,0 0,2 0,4 0,6 0,8 1,0 

P0 0 0,934 2,07 3,52 7,76 cc 

ß 90 90 90 71,4 46,6 0 

Qo 0 0,299 0,601 0,870 1,18 -

6,28 6,51 7,27 8,55 11,7 00 

At 0 00 43,5 24,2 19,7 19,8 OO 

f 

co Ar 
00 6,96 3,51 2,43 1,51 0 

f 

ß^min 
OO 8,70 5,84 6,07 7,54 00 
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V = 0, 5  

£ 0, 0  0,2 0, 4  0 , 6  0,8 1, 0  

P0 0 0, 301  0, 704  1, 43  3, 6 1  00  

ß 90 90 90 86, 9  51, 0  0 

Qo 0 0, 184  0, 369  0,5  5  5  0, 726  -

E0 6,28 6, 44  7 ,00  8, 2  7  10,8 00  

At0 00  35,1  19,o 14, 9  14, 9  00  

f 

OJ Ar 
00  21 ,4  9, 93  5 ,7  9  3, 01  0 

f 

cohmm 

00  26,7  16, 6  14, 5  15, 0  00  

V — 0,25 

e 0 ,0  0,2 0, 4  0 ,6  0 , 8  1, 0  

Po 0 0 ,0811  0, 196  0, 435  1, 25  GO 

ß 90 90 90 90 71, 4  0 

Qo 0 0, 0980  0, 196  0, 296  0, 392  -

Eo 6 ,28  6 ,45  7, 01  8 , 37  10, 8  00  

At0 00  32, 9  17, 9  14, 1  13, 7  GO 

f 

to  Ar 
00  79,4  35,8  19, 2  8 , 61  0  

f 

a)hmin 

00  99, 2  59 ,6  48 ,1  43, 1  00  
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360° Bearings with No Oil Grooves and with Vapour Regions at pvo = — 0,1 (chap. 5,2) 

v — 1,0 

£ 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,549 0,960 2,26 6,7 7 00 

p 90 62,9 47,0 39,8 30,9 0 

Qo 0 0,212 0,323 0,459 0,595 -

E0 6,28 6,22 6,21 6,94 9,61 00 

At Q 00 57,7 38,5 30,3 32,3 oo 

/ 
co Ar 

00 11,3 6,47 3,08 1,42 0 

f 

Cü/imin 
00 14,2 10,8 7,70 7,10 00 

v = = 0 ,5 

£ 0,0 0,2 0,4 0,6 0,8 1,0 

0 0,272 0,547 1,13 3,62 00 

ß 90 87,1 68,4 51,3 34,2 0 

Qo 0 0,183 0,343 0,502 0,637 -

Eo 6,28 6,44 6,73 7,38 9,89 00 

A to 00 35,1 19,7 14,7 15,5 00 

f 

co Ar 
00 23,7 12,3 6,50 2,73 0 

i 

min 
oo 29,6 20,5 16,1 13,7 00 
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V = 0 ,25  

e 0, 0  0 ,2  0, 4  0 ,6  0, 8  1, 0  

A 0 0 ,0811  0, 18 9  0, 362  1, 2 7  00 

ß 90 90 90 66, 6  37, 0  0 

Qo 0 0, 0980  0, 196  0, 294  0, 38 1  -

E0 6 ,28  6, 45  7, 0 1  7, 61  9, 85  00 

At0 00 32,9 17, 9  12, 9  12, 9  00 

f 

to Ar 
GO 79, 4  37, 2  21, 0  7, 75  0 

f 

^^min 
00 99, 2  62,0 52,5 38, 7  00 

180° Bearings with Minimum Film Thickness at the Trailing Edge (chap. 6) 

v = 00 

e 0, 0  0 ,2  0, 4  0 ,6  0 ,8  1, 0  

Po 0 1, 90  3, 9 5  6, 6 4  12, 5  00 

ß 90 82 ,6  74, 5  64, 5  49,7 0 

3, 14  3, 3 9  4, 19  5, 72  9, 04  00 

f 

w Ar 
GO 1, 79  1, 06  0 ,862  0, 724  0 

f 

"^min 
00 2, 2 3  1, 77  2, 15  3 ,62  00 
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v = 1 

£ 0,0 0,2 0,4 0,6 0,8 1,0 

^0 0 0,474 1,13 2,30 5,94 00 

ß 90 80,2 68,8 57,2 43,1 0 

Qo 1,00 1,14 1,27 1,39 1,50 -

Eo 3,14 3,25 3,64 4,56 6,89 CO 

At0 6,28 5,69 5,72 6,5 4 9,22 00 

f 

a> A r 
00 6,86 3,21 1,98 1,16 0 

f 

^^min 
00 8,57 5,35 4,95 5,80 00 

V = 0,5 

e 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,153 0,387 0,925 3,00 00 

ß 90 77,7 65,4 52,4 39,0 0 

Qo 0,500 0,591 0,683 0,774 0,865 -

3,14 3,22 3,50 4,1 5 5,97 00 

At Q 6,28 5,45 5,13 5,3 6 6,90 00 

f 

a> A r 
00 21,1 9,03 4,48 1,99 0 

t 

^^min 
00 26,3 15,1 11,2 9,96 00 
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V - 0,25 

£ 0,0 0,2  0,4  0,6 0,8  1,0 

Po 0 0,0417 0,no  0,284 1,04  00 

ß 90 76,8  62 ,8  50 ,0 37 ,0 0 

Qo 0,250 0 ,299 0,348 0,397 0,447 -

E0 3,14 3 ,21  3 ,45  3 ,99  5 ,48  00 

At0 6,28 5 ,3  7  4 ,95  5 ,03  6 ,14  00 

f 

w Ar 
00 77,1 31,3 14,0 5,28 0 

f 

^^min 

00 96,3 52 ,1 35 ,1 26,4  00 

360° Bearings with Oil Grooves at Maximum Film Thickness and Vapour Regions 

Pvo = 0 (chap. 7) 

v = 00 

£ 0,o 0,2130 0,3204 0,4289 0,5383 0,6479 0,8660 1 ,0  

p0 0 2,7  3  4 ,02  5 ,44  7 ,09  9 ,26  21 ,4  00 

ß 71,0  60,3  52 ,3  44 ,4  37, 1  29 ,9  15 ,7  0 

E0 6,28 6,37  6,65  7 ,07  7 ,68  8 ,52  12 ,7  00 

f 

co Ar 
00 2 ,33  1 ,66  1 ,30  1 ,08  0,920 0,593 0 

f 

cu^miu 
00 2 ,96  2 ,4  4  2 ,28  2 ,34  2 ,61  4 ,42  00 
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v = l,o 

e 0,0 0,2 0,5 0,8 1,0 

Po 0 0,507 1,78 7,05 00 

ß 85 74,5 56,5 36 0 

Qo 0 0,32 0,7 9 1,30 -

E0 6,28 6,01 6,60 10,1 00 

At0 co 37,6 16,7 15,6 oo 

t 

to Ar 
00 11,9 3,72 1,44 0 

t 

^^min 
00 14,8 7,44 7,18 00 

v = 0,5 

e 0,0 0,2 0,4 0,6 0,8 1,0 

0 0,156 0,405 0,997 3,44 00 

ß 88,5 75 62 48 33 0 

Qo 0 0,185 0,375 0,560 0,740 -

Eo 6,28 5,96 6,01 6,71 9,10 00 

At0 00 32,2 16,0 12,0 12,3 00 

f 

œ Ar 
00 38,2 14,8 6,7 3 2,65 0 

t 

ß^min 
OO 47,8 24,7 16,8 13,2 00 
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V = 0, 25  

£ 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,0419 0,112 0,295 1,20 CC 

ß 89,5 75 61 47 31 0 

Qo 0 0,ioo 0,198 0,295 0,393 -

E0 6,28 5,89 5,92 6,49 8,49 CO 

At0 oc 29,5 14,9 ] 1,0 10,8 CC 

f 

co Ar 
00 141 52,8 22,0 7,07 0 

f 

co/i,nin 

00 176 88,0 55,0 35,4 CO 

180 Centrally Loaded Bearings with Vapour Regions at pv0 = 0 (chap. S) 

v = so 

£ 0 ,0  0 ,2  0, 4  0 ,6  0,8 1, 0  

p0 0 1, 76  3, 5  4  6, 0  9  12, 6  GO 

ß 90 61 50 43 33 0 

E, 3, 14  3, 5  6  4, 57  6,38 10, 3  00 

f 

to  A r 
30 2,02 1, 29  1, 05  0,816 0 

f 

( ü ^min  
0O 2, 53  2,15 2, 6 3  4,08 00 

8 
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v = 1 

e 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,480 1,14 2,47 6,89 CC 

ß 90 68 56 45 32 0 

E0 3,14 3,41 4,14 5,60 8,99 00 

f 

co A r 
oo 7,io 3,63 2 2 7 1,30 0 

/ 
^min 

00 8,88 6,05 5,68 6,50 00 

v = 0 ,5 

£ 0,0 0, 2  0,4 0,6 0,8 1,0 

P0 0 0,15 5 0,400 0,989 3,42 00 

ß 90 71 58 45 31 0 

3,14 3,36 3,98 5,23 8,10 00 

f 

co A r 
00 21,7 9,95 5,29 2,37 0 

f 

co/<niin 
oo 27,1 16,6 13,2 11,9 CO 

v = 0,25 

e 0,0 0,2 0,4 0,6 0,8 1,0 

P0 0 0,0420 0,112 0,298 1,20 00 

ß 90 74 59 45 31 0 

Eo 3,14 3,32 3,91 5,06 7,53 CO 

f 

co Ar 
00 79,1 34,9 17,0 6,28 0 

f 

ß^min 
00 98,9 58,2 42,4 31,4 00 
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360° Bearings with Oil Grooves 90° before the Load and Vapour Regions at pv0 — 0 

(chap. 9) 

v — oo 

£ 0,0 0,4 0,6 0,8 1,0 

Po 0 3,54 6,09 12,6 00 

ß 71 50 43 33 0 

E0 6,2 8 6,41 7,55 10,6 00 

f 

œ Ar 
00 1,81 1,24 0,844 0 

f 

^^min 
00 3,02 3,10 4,22 00 

V = 1 

£ 0,0 0,4 0,6 0,8 1,0 

0 1,14 2,47 6,89 00 

ß 85 56 45 32 0 

E0 6,28 5,97 6,78 9,50 00 

f 

a) Ar 
00 5,23 2,74 1,38 0 

f 

iohmm 

oo 8,72 6,86 6,89 00 
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v = 0,5 

e 0,0 0,2 0,4 0,6 0,8 1,0 

P0 0 0,15 5 0,400 0,989 3,42 oc 

ß 89 71 58 45 31 0 

Eo 6,28 5,83 5,79 6,34 8,5 7 CO 

f 

to Ar 
oc 37,6 14,5 6,41 2,51 0 

f 

ct)Ämin 
OC 47,0 24,1 16,0 12,5 oc 

v = 0,25 

£ 0,0 0,2 0,4 0,6 0,8 1,0 

Po 0 0,0420 0,112 0,298 1,20 oc 

ß 90 74 59 45 31 0 

E0 6,28 5,81 5,58 6,13 7,97 oc 

i 

co A r 
oc 138 49,8 20,6 6,64 0 

i 

^''înin 
cc 173 83,0 51,4 33,2 00 
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Preface 

During lubrication research at the Institute of Machine Elements, 
Chalmers University of Technology, Gothenburg, Sweden, under the 
leadership of the head of the institute, professor B. JAKOBSSON, the 
basic theory of oil fi lms at constant viscosity has been studied. Earlier 
five reports, (1), (2), (3), (4), and (5), are published. For journal 
bearings cavitation was treated, and the performance for cavitation 
zone bearings was calculated. In the reports (I) and (2), tests have 
verified the accuracy of the present cavitation theory as far as pressure 
distribution and load capacity are concerned. 

The present report compares the experimental power loss in a 
journal bearing with the theoretical value. In theory the power loss 
was calculated with consideration to cavitation regions. 

I wish to express my gratitude to the Swedish Technical Research 
Council for their sponsorship. I also thank Mr REIMER SIEBENFREUND, 

who has participated in the investigations. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

Hitherto 110 acceptable agreement between theory and experiments 
for power loss determination in journal bearings has been shown in 
literature. As late as in 1956, VOGELPOHL (7) published diagrams, in 
which the power loss values varied between boundaries with the 
ratio 1:2. His diagrams represent theoretical and experimental 
results from a large number of authors. 

When calculating the power loss in a bearing, the problem is how 
to determine the loss for the cavitation region. Some authors assume 
a full oil film, others that there is only air in this region. Neither 
method is correct, as there are oil and air strips in it. Due to the low 
viscosity of air, the air strips give negligible power loss. Therefore 
the extension of the oil strips in the cavitation region must be accu
rately considered. This has been done recently in ref. (2) and is men
tioned by WILCOCK-ROSENBLATT (8). 

Moreover, the bad agreement between experiments and theory 
often depends on differences between the cases compared. The 
boundary conditions must be the same in theory and test to give a 
correct comparison. 

In this work these conditions are rigorously followed and the tests 
show that then a good agreement with theory is reached. 



2. Notation 

a = Length of lever 
b = Bearing width 

D — Bearing diameter 
d = Journal diameter 
E = Power loss per unit width 
-E'tot = Total power loss 

E yj 
E0 — = Non-dimensional power loss per unit width 

e = Eccentricity of journal relative to bearing 

/ = "77 — — Relative power loss 
^ "tot 

g — Acceleration due to gravity 

h = Oil film thickness 

m — Weight 

P — Load capacity per unit width 

Ptot — Total load capacity 
P yj2  

Po = jj — Non-dimensional load capacity per unit width 

r = Journal radius 

Ar — Radial clearance 

t — Temperature 

U — Surface velocity 

ß — Angle between load and line of centres 
e 

£ — = Non-dimensional eccentricity 

t] = Viscosity of the oil 
b 

v — — = Ratio width-diameter 
a 

Ar 
V; = = Radial clearance/journal radius 

co = Angular velocity 



3. Experimental Investigation 

3,1. Theory Used 

The aim of this work is to give a comparison between theory and 
experiment for the 360° journal bearing with an oil groove 90° before 
the load line and a cavitation region at atmospheric pressure, see fig. 
7.1. The width-diameter ratio v = 1. In theory the viscosity is 
assumed to be constant and an attempt is made to fulfil this condition 
also in the experiments. Therefore the test bearing is designed to 

give a low temperature rise. 
The theoretical values given in table 8.1 are determined as in ref. 

(2), chap. 9, and based on values calculated for the centrally loaded 
180° journal bearing by SASSENFELD-WALTHER (6). If the pressure 
ends with zero derivative within this bearing, an 180° zero pressure 
zone may be added as an upper half of the bearing. This has no 
effect on load capacity; but the power loss increases. 

O i l  a n d  a i r  

/ Oil groove 

Fig. 7.1 
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Tab. 8.1. Theoretical Values for the 360° Journal Bearing with an Oil Groove 90c 

b e f o r e  t h e  L o a d  L i n e  a n d  v = l .  

£ 0,0 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 

P o  0 0,7 6 1,14 1,67 2,47 3,90 6,89 16,4 CO 

ß  - 62 56 50 45 38 32 25 o 

E 0  6,28 5,86 5,97 6,25 6,78 7,71 9,50 14,1 GO 

f  

w  A r  
00 7,71 5,23 3,74 2,74 1,98 1,38 0,857 

0 ; 

f  

w hm'm 
00 11,0 8,72 7,49 6,86 6,59 6,89 8,5 7 GO 

3,2 .  Test Method 

The power loss is derived as the product of journal torque and 
angular velocity. The torque cannot be measured at the bearing as 
this torque is not the same as that of the journal, due to the horisontal 
displacement of their centres. The test apparatus is shown in the figs 
8.2, 9.1, and 9.2. The motor, as well as the journal shaft ball bearings, 
are placed on a cradle. The cradle torque is the journal torque and it 
is balanced and measured by weights on a scale. The bearing is 
assumed to work at the temperature of t he oil leaving at the bearing 
sides. In the tests an attempt is made to keep the temperature rise 
low and the temperature as constant as possible to get the assumed 
condition o2 cunstant and known viscosity. The oil is introduced 
through two tubes into the axial oil groove which is drained by two 
other tubes, see fig. 8.3. By these means a large quantity of oil pa sses 
the groove and cools the bearing. 

—f • 

1 

Fig. 8.2 

I I! I 
Fig. 8.3 
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Fig. 9.1 

The applied load must not give any torque on the cradle. Therefore 
the shaft and the cradle must have the same centre line. To compensate 
for any error that may occur, every experiment was made in both 
directions of r otation and the average value of t he torques was used. 

In theory the oil groove has an infinitely small width. In the 
experiments the width of it must be finite and, to give minimum 
error, the groove is placed at the end of t he cavitation region, giving 
a 90° full oil f ilm before the load. The rotational speed was varied 
between 300 and 1000 r/m. 

Fig. 9.2 
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3,3. Comparison between Theory and Experiments 

Test bearing data: 

Journal diameter d 

Bearing diameter D 

Non-dimensional clearance xp 

d 

I) 

= 99,968 mm 

= 100,430 mm 
Ar 

= 4 |!2 °l 
r 100 

Bearing width b = 100 mm 

The oil quality was Vélocité Oil No. 6 and the relation between 

viscosity and temperature was determined. 

Measured quantities: 

Load capacity Ptot 

Angular speed co 

Oil temperature t 

Oil viscosity 7] 

Power loss Etot 

The power loss is derived from the identity 

Et0t = m g a CO 

m = weight on the scale 

g = acceleration due to gravity (9,81 m/s2) 

a = length of lever (here 0,2 5 m) 

To explain the test evaluation, two experiments are given in detail. 

!• Aot = 1960 N (kgm/s2) 
(o = 31,4 1/s 

t  = 2 3 , 8 °  C  

7] — 0,0617 Ns/m2  

m — 0,34 5 kg 

where 
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Now we have 

P w 2  1960-0, 0 0 4 6 2 2  
p —  I  :  —  4  3 2  

0  1] U 0, 1  • 0, 0 6 1 7  • 0, 0 5 0  • 31 ,4 

and 

E x p  0, 3 4 5  •  9 , 8 1  • 0, 2 5  • 31, 4  • 0, 0 0 4 6 2  

~~ 1-jU2 ~~ 0, 1  • 0, 0 6 1 7  • 0, 0 5 0 2  • 31, 4 2  

2. Ptot = 2940 N 

co = 62,8 1/s 

t = 24,2° C 

rj = 0,0604 Ns/m2  

m — 0 , 5  7 0  k g  

Now 

2940 • 0, 0 0 4  6 2 2  

Pn = = 3,31 
0 0,1 • 0, 0 6 0 4  • 0, 0 5 0  • 62, 8  

and 

0, 5 7 0  •  9 , 8 1  • 0, 2 5  • 62, 8  • 0, 0 0 4 6 2  

~ 0,1  •  0 , 0 6 0 4  •  0 , 0 5 0 2  •  62 ,  8 2  

The tables 12.1 and 13.1 give the test results. 

The figs 14.1 and 14.2 show the theoretical curve and the experi
mental points. In fig. 14.1 the journal speed is varied from 300 to 
600 r/m, giving low loads and low temperature rises. This series of 
tests shows a good agreement with theory and the viscosity is approxi
mately constant. In fig. 14.2 the speed is higher, 800—1000 r/m, 
which gives higher loads and higher temperature rises. This test 
series has a larger variation in viscosity, on account of which there is 
less agreement with theory. Thermoelements placed in the oil film 
within the bearing showed 2 —3° C higher temperature than that 
measured at the bearing sides, which gives a 10—15 % lower viscosity, 
explaining the low experimental points. 
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Table 12.1. Table of Experimental Values. Rotational speed 300—600 r/m. 

-^tot a> 4 V m P0 E0 

N 1/8 °C Ns/'m2 kg 

1230 31,4 24,1 0,0607 0,295 2,74 7,01 

1470 31,4 23,8 0,0617 0,320 3,24 7,48 

1960 31,4 23,8 0,0617 0,345 4,32 8,06 

2940 31,4 25,4 0,0565 0,365 7,08 9,32 

490 36,7 26,3 0,0538 0,285 1,06 6,55 

981 36,7 25,9 0,0550 0,285 2,08 6,41 

1960 36,7 24,2 0,0604 0,350 3,78 7,16 

2940 36,7 25,2 0,0571 0,390 6,00 8,44 

1960 41,9 24,0 0,0610 0,420 3,28 7,45 

2940 41,9 24,0 0,0610 0,465 4,92 8,25 

3920 41,9 24,4 0,0597 0,500 6,70 9,06 

245 47,1 27,6 0,0502 0,320 0,442 6,13 

490 47,1 27,6 0,0502 0,310 0,885 5,94 

736 47,1 26,5 0,0532 0,330 1,25 5,96 

981 47,1 26,3 0,0538 0,345 1,65 6,18 

1960 52,4 24,3 0,0600 0,465 2,67 6,71 

2940 52,4 24,7 0,0587 0,535 4,09 7,89 

3920 52,4 25,3 0,0568 0,5 75 5,63 8,76 

2940 57,6 27,5 0,0505 0,455 4,32 7,09 

3430 57,6 27,5 0,0505 0,525 5,04 8,18 

3920 57,6 27,6 0,0502 0,535 5,79 8,38 

4410 57,6 27,1 0,0515 0,595 6,35 9,09 

4900 57,6 27,4 0,0507 0,585 7,17 9,08 

1960 60,2 27,6 0,0502 0,445 2,77 6,67 

2450 60,2 27,5 0,0505 0,445 3,44 6,63 

2940 60,2 26,7 0,0526 0,505 3,97 7,22 

3430 60,2 27,1 0,0515 0,525 4,72 7,67 

3920 60,2 26,2 0,0541 0,600 5,14 8,34 

4410 60,2 26,7 0,0526 0,600 5,95 8,58 

245 62,8 29,5 0,0458 0,400 0,364 6,30 

490 62,8 29,2 0,0464 0,390 0,718 6,06 

736 62,8 27,3 0,0510 0,405 0,980 5,73 

981 62,8 27,3 0,0510 0,425 1,31 6,01 

1960 62,8 24,3 0,0600 0,530 2,22 6,37 

2940 62,8 24,2 0,0604 0,5 70 3,31 6,80 

3920 62,8 24,9 0,0581 0,595 4,59 7,38 

4900 62,8 25,1 0,0575 0,675 5,79 8,46 

5880 62,8 25,1 0,05 75 0,705 6,95 8,84 



•^tot 

N 

490 

736 

981 

1470 

1960 

2450 

2940 

3430 
3920 

4410 

490 

736 

981 

1470 

1960 

2450 

2940 

3430 
3920 

4410 

4900 

490 

736 

981 

1470 

1960 

2450 

2940 

3430 

3920 

4410 

4900 

3evei 
if t Y 
es a 
2, ai 
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Table of Experimental Values. Rotational speed 800—1000 r/m. 

CO t V m Po E0 

1/s °C Ns/m2 kg 1 

83,8 29,4 0,0460 0,495 0,543 5,82 

83,8 28,0 0,0492 0,520 0,762 5,72 

83,8 26,4 0,0535 0,560 0,934 5,66 

83,8 26,3 0,0538 0,560 1,39 5,63 

83,8 27,1 0,0515 0,5 75 1,94 6,04 

83,8 27,4 0,0507 0,585 2,46 6,24 

83,8 27,5 0,0505 0,605 2,97 6,48 

83,8 28,0 0,0492 0,615 3,55 6,76 

83,8 28,2 0,0488 0,640 4,10 7,09 

83,8 27,9 0,0495 0,670 4,54 7,32 

94,2 29,3 0,0462 0,510 0,480 5,31 

94,2 28,5 0,0480 0,545 0,694 5,46 

94,2 27,5 0,0505 0,57 5 0,880 5,47 

94,2 27,6 0,0502 0,595 1,33 5,70 

94,2 26,9 0,0521 0,620 1,71 5,72 

94,2 26,7 0,0526 0,625 2,11 5,71 

94,2 26,1 0,0544 0,660 2,45 5,83 

94,2 27,5 0,0505 0,685 3,08 6,52 

94,2 27,9 0,0495 0,700 3,59 6,80 

94,2 28,6 0,0478 0,710 4,18 7,14 

94,2 29,2 0,0464 0,720 4,79 7,46 

105 28,5 0,0480 0,550 0,416 4,96 

105 30,0 0,0447 0,550 0,671 5,32 

105 28,7 0,0476 0,590 0,840 5,36 

105 27,7 0,0500 0,635 1,20 5,49 

105 28,8 0,0474 0,630 1,69 5,75 

105 28,7 0,0476 0,650 2,10 0,91 

105 28,6 0,0478 0,675 2,51 6,11 

105 28,6 0,0478 0,690 2,93 6,25 

105 27,8 0,0497 0,745 3,22 6,49 

105 28,1 0,0490 0,760 3,67 6,71 

105 28,0 0,0492 0,765 4,06 6,73 

authors calculate the power loss for the cavitation region 
î were oil with a straight line velocity distribution. This 
wer loss of 20—30 % higher than that in the figs 14.1 and 
a comparison between such a theory and the present tests 
e led to wrong conclusions. 
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Fig. 14.2. Theoretical Power Loss Curve 
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4. Conclusion 

This work represents a test report on the power loss in a 360° journal 
bearing with an oil groove 90° before the load. It is discussed how to 
calculate the power loss in a cavitation region. 

The experiments show a very good agreement with theory when 
the temperature rise is low and they are made very close to the 
conditions that have been used in the theoretical deductions. To 
eliminate the power loss in ball bearings and thus keep the error 
in the measurements low, all the test apparatus are placed on a cradle 
and the loss is measured by mechanical means. 

From this report and the refs (1) and (2), pressure distribution, 
load capacity, and power loss for constant viscosity bearings are 
shown to give full agreement between theory and test. Therefore it 
may be stated that the cavitation theory, as well as the bearing 
performance given in the refs (1), (2), (3), (4), and (5) for lubrication 
oil of constant viscosity, are reliable for technical use. 

In practice, when the temperature rise cannot be neglected, an 
average value of the temperature may be used. A good average 
value is assumed to be had by adding the average temperature rise 
to the inlet oil temperature. 
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Preface 

At the Institute of Machine Elements, Chalmers University of 
Technology, lubrication has been treated under the leadership of the 
head of th e institute, Professor B. JAKOBSSON. The theory for hydro-
dynamic lubrication, considering cavitation in the oil film, has been 
studied, and experiments to verify the theory have been made. Six 
reports are published (1), (2), (4), (5), (6), and (7). 

In this work the contact between a cylinder and a plane surface 
is hydrodynamically treated. The surfaces are here rigid, and the 
viscosity of oil is assumed to be constant. 

I wish to express my gratitude to the Swedish Technical Research 
Council for their sponsorship. I also t hank Mr. BENGT HÅKANSSON, 

M. Sc., who has made the evaluations at the electronic computer 
ALWAC III E. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

The problem treated here has earlier been studied by KNESCHKE 
(8), in 1957. However, he uses wrong boundary conditions for the 
hydrodynamic oil film pressure, and gets no cavitation. At a contact 
such as that between a cylinder and a plane surface, there must 
always be a cavitation region due to the continuity condition. 
GATCOMBE (3) has studied a neighbouring problem, the contact between 
involute spur gears, and used an incorrect boundary condition at the 
end of the pressure build-up. Authors of lubrication papers often 
use arbitrarily chosen boundary conditions, neglecting the fact that 
these must satisfy the continuity condition. 

In this paper the continuity is satisfied in every section of the oil 
wedge, and the cavitation is considered. The continuity prescribes 
zero pressure derivative at the beginning of a cavitation region, see 
ref. (1). The boundary at the starting point of t he oil film is depend
ing on the oil quantity supplied. When calculating the power loss, 
the air strips in the cavitation region are taken into account. The 
width of the cylinder is assumed to be infinite. 

Ordinarily the circular surface is approximated to a parabolic 
surface. Here the original circle is used to get theoretically correct 
boundary conditions, which also in practice hold with very good 
accuracy. If a parabola is used, the two theoretical boundaries are 
located at infinity. The parabola method, however, is mathematic
ally easier to use and gives very good results. 
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2. Notation 

= Constant to be calculated 
= Constant of integration 
= Specific heat of oil 
= Power loss per unit width 

= Non-dimensional power loss per unit 
width 

= Shear force per unit width 

= Non-dimensional shear force per unit 
width 

= Relative power loss 

- Non-dimensional oil film thickness 

= Oil film thickness 
- Minimum oil film thickness 

= Velocity ratio 

= Load per unit width 

= Non-dimensional load per unit width 

= Oil film pressure 

= Non-dimensional oil film pressure 

= Oil flow per unit width 

= Non-dimensional oil flow per unit width 

= Radius of the cylinder 
= Temperature rise 

- Non-dimensional temperature rise 
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U-L — Velocity of the plane surface 
U2 = Velocity of the cylinder surface 
u = Velocity of a fluid particle 
x, y = Coordinates 
ß = Load angle 
y — Angle 

V e = —— = Ratio 
1 + ip 

r\ — Absolute viscosity 
g = Density of oil 
r = Shear stress 
fp — Angular coordinate 

r 
xp = — — Radius of cylinder / minimum oil film 

min thickness 



3. Lubrication of a Rotating Cylinder on a Plane 
Surface 

3,1. Hydrodynamic Pressure Distribution in the Oil Film 

When determining the pressure build-up in the oil film between 
the cylinder and the plane surface, REYNOLDS' continuity equation 
is used. This holds for laminar oil flow in thin oil films, so it is not 
fully correct to use in this case. Now the practically essential pressure 
build-up takes place where the oil film is thin and REYNOLDS' equa
tion holds with good accuracy; but in regions where the oil film is 
thicker, and the continuity equation is therefore less accurate, the 
pressure increase has practically negligible values. Therefore REY

NOLDS' equation is usually used in cases similar to that treated here. 
In this paper the following usual assumptions are made: 

The flow is laminar. 
The oil adheres to the surfaces. 
Weight and acceleration forces of the oil are negligible. 
The viscosity is constant. 
The surfaces are rigid. 
The width is infinite. 

The last assumption of infinite width holds very well also for 
rolling contacts occurring in practice. In journal bearings the side 
flow cannot be neglected. Here the minimum oil film thickness is 
only a fraction of that in a journal bearing, and as the oil flow is 
proportional to the cube of the oil f ilm thickness, the side flow has 
very low values. 

The problem is now the boundary conditions. Since REYNOLDS 

(9), in 1886, derived the continuity equation for the pressure determin
ation in an oil f ilm between two moving surfaces, the great problem 
has been the boundary conditions for the pressure curve and the 
behaviour of the oil i n cavitation regions. 

In the paper "Rollreibung auf spurbildender Fahrbahn" KNESCHKE 

(8) has treated the above problem. Referring to his fig. 1, also 



» 

"Abb. 1. Rollspalt" 

Fig. 9.1. From Kneschke 

shown here as 9.1, KNESCHKE writes: "Die im Aufriß durch den 
Grenzwinkelbogen a0 dargestellte obere Begrenzung des Rollspaltes 
ist durch die Eingrifftiefe h0 — festgelegt, die im Spalt veränder
liche Höhe h durch den Winkel This condition, with the pressure 
build-up beginning at the oil film thickness equal to the thickness 
of the oil layer at the plane surface, is not right, because it violates 
the oil flow continuity. The oil flow before the wedge is, using 
KNESCHKE'S notatio n, U h0. Within the wedge the flow is 0,5 U h*, 
where h* < h0. There is thus an error of more than 50 % in con
tinuity. 

Concerning the extension of the oil wedge KNESCHKE writes: "Der 
Rollspalt selbst soll sich in allen weiteren Betrachtungen entsprechend 
Abb. 1 über das Intervall h, 51 h0 erstrecken. Auch darin liegt 
eine die Rechnung vereinfachende Voraussetzung." Also this other 
boundary condition does not fulfil the continuity. The oil flow 
passing at the minimum space has the velocity distribution shown 
in fig. 10.1, as the pressure curve has a positive derivative at this 
point. At an infinitely small distance in the flow direction the 
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u 

Fig. 10.1 

U 

Fig. 10.2 

pressure derivative is zero, and we get the velocity distribution given 
in fig. 10.2. It is obvious that this boundary condition of th e pressure 
violates the continuity condition. 

Further KNESCHKE writes: "Um die Fließscheide festzulegen, be
nutzen wir die Tatsache, daß am Radeingriff h = h0 und am Radaus
lauf h = hr jeweils der Druck p — 0 herrscht. Wir setzen dabei 
voraus, daß die nicht durch den Rollspalt abströmende Restmasse 
der Schicht von der Dicke k0 am Radeingriff nach beiden Seiten der 
eingreifenden Radbreite abströmt, ohne daß ein nennenswerter 
Staudruck dabei entsteht." This is a very usual error in literature 
to consider a bearing to be of alternatingly infinite and finite width 
As it is easier to calculate with infinite width, this is often done; but 
when there is too much oil in a section, this is supposed to vanish 
in axial direction assuming finite width. KNESCHKE'S two arbitrarily 
chosen and incorrect boundary conditions, which have no real back
ground, give a pressure lower than the correct value. 

In the paper "Lubrication Characteristics of Involute Spur Gears" 
GATCOMBE (3) mathematically treats the lubricating-oil wedge separat
ing the surfaces of involute straight spur gears. He writes: 

"The wedging force, created by the pressure in the film which 
separates two rotating cylinders, is given by the integral of the 
pressure function p (x) (see Fig. 4), between the limits — oo and -j- oo. 

However, experiments show that lubricants are incapable of creating 
or sustaining the tension stresses indicated by that portion of the 
graph below the x-axis in Fig. 4. 

Thus, the absolute pressure will be atmospheric for any point in 
the interval — oo to zero. The wedging force will then be obtained 
by integrating the pressure function over the interval 0 = x = oo 

(see Fig. 5)." 
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"Fig. 4. Hypothetical Pressure-Distribu- "Fig. 5. Theoretical Pressure-Distribu

tion Graph for Single Phase of Mating tion Graph for Single Phase of Mating 

It is not correct to calculate as if negative pressure exists and 
then neglect the negative pressure zone and use a zero pressure zone, 
see fig. 11.1. Then the wrong condition is already used to get the positive 
pressure curve. The boundary condition is correct at the beginning of 
the wedge; but the pressure curve does not end at the minimum space, 
which does not fulfil the continuity, as shown above. 

REYNOLDS' equation for infinite width and two surface velocities 

has the following form, see fig. 12.1 

Period" Period" 

Fig. 11.1. From Gatcombe 

11.2 

where x — coordinate 

h = oil film thickness 

2) = oil film pressure 

rj  — absolute viscosity 

U x ,  U2  = surface velocities 

Integrated, the equation becomes 

h3  — — — 6 t]  (U 1  - j-  L 2)  h  -(-  C 

or 
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rnin 

Fig. 12.1 

where C is an integration constant. 
dp  

If = 0 corresponds to h  — h*  

C  =  -  6r]  (U x  + U 2 )h*  

and 

dp  h  — h*  
• f c  -  6 V (U,  +  U,)  ¥  12.2 

The oil film thickness is 

h  = Ämin + r (1 — COS cp)  

where hmin = minimum oil film thickness 

r — cylinder radius 

cp = angular coordinate 
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and the non-dimensional thickness 

h 
H = —— = 1 + y (1 — cos cp) 

^min 

where 

r 

'^min 

Transform the expression in the following manner 

H — 1 + V (1 — cos Ç>) — 

== 1 -f- ip — xp cos c p = 

= (i + w) h - Y+1^ 'cos f 

or 

H =  (1 -f- i p )  (1 — e cos cp) 

where 

V 
1 + y 

The connection between x and cp is 

x — r sin cp 

dx — r cos cp d cp 

Now 

dp dp dcp 1 dp 

dx dcp dx r cos cp dcp 

and eq. 12.2 may be written 

1  dp  r  H -H *  

r cos cp "~d^ ~ 6 v{Ll + Ui) IP h2
m[n 
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Using the notation 

V ^mi n 
Po " r, (Ut + U,) 

we get 

d p  o 

dcp 
6 xp 

H - H* 

H3 cos 14.1 

or 

dp0 6 ip T  cos cp ( 1  —  e  cos <p*) cos c p 

dep (1 -f- ip)2 L (1 — e cos cp)2 (1 — e cos (p) 3 

To integrate this equation the boundary conditions must be known. 
These are dependent upon the oil flow through the wedge, and the 
flow is represented by H* in eq. 14.1. If there is oil enough, and the 
weight of the oil is neglected, the pressure build-up begins at the 
beginning of the wedge, where cp — — 90°, and ends at cp = <p* w ith 
zero derivative, which is the only condition that fulfils the continuity 
of the oil flow. In practice the pressure build-up will begin later 
because of the weight of the oil; but when the weight influences the 
pressure curve, the hydrodynamic pressure is negligible, and this 
behaviour of the oil has no effect on the calculated values. The 
cavitation pressure is approximately zero or atmospheric. Thus the 
boundary conditions for full oil film are 

14.2 

p = 0 at cp = — 90° = y 

d p  
p> = 0 at cp = 99* where -3— = 0 

dtp 

If, now, the oil supply is less than above, the pressure curve begins 
later, and the value of 99* decreases. The general boundary condi
tions become 

p = 0 at cp — (p1 (negative angle) 

d p  
p = 0 at cp = ç92 = 92* where —— = 0 
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Tab. 15.1. Pressure Values at xp = 10000 

Curve 
No 

<Pi <Pi=<P* 9? Po 

-90 0 
-10 0,1442 

- 2 13,94  

I -90 0,3850 - 1 56,95  

— 0,3850 107,9 
0 53,93  

0,3850 0 

— 1,388 0 
-0, 8  45,27  

II — 1,388 0,35  — 0,35  82,35  

0 41,18  

0,35  0 

— 0,8705 0 
— 0,30  53,18  

III — 0,8705 0,30  0 26,59  

0,30  0 

— 0,6230 0 
— 0,25  31,47  

IV — 0,6230 0,25  0 15,74  

0,25  0 

The non-dimensional oil film pressure at the angle cp is 

* dp0 r o 1 

P° = J 
and using eq. 14.2 

6 ip r ? cos <p d cp ? cos cp dcp 
Po — TT-, TT J -p,. — — (1 —ecos cp*) I — — 15.2 

(! + v) Y<p\ (1 — e cos 9?)2 (1 — £ cos 99)3 J 

The solutions of the integrals are given in Appendix I, and thus 
we get 

6 T T T 1 
Po = 1 i — I 0 'i - h)  + (1 - e cos 99*) I ( j 2  -  j 3 )  15.3 

1 • v L <Pi fx J 
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100 

-5 -2 -1 

Fig. 16.1. Theoretical Pressure Curves at y) = 10000 
-10 

The table 15.1 gives theoretical pressure values for ip = 10000. 

The curves are drawn in fig. 16.1. The pressure is shown to be con

centrated to the closest approach. If the oil supply is enough to fill 

the wedge, we get curve I with the oil flow g0 = 0,6129 and the 

load capacity P0 = 24430. The other curves have smaller oil flows 

and smaller load capacities. If the oil flow is decreased to q0 = 

0,54 76, we get curve IV with the load P0 — 2661. A small decrease 

in the oil flow thus gives a large decrease in the load capacity at 

constant minimum oil film thickness. A starved bearing loses its 

load-carrying capacity. 

It has been mentioned above that REYNOLDS' e quation only holds 

for thin oil films and nearly parallel surfaces. As the equation is 

used here in all the space, this must be further analysed. In the 

interval —10° < cp < 10° the equation holds with good accuracy. 

In the converging space at cp < — 1 0°, the right hand term in eq. 

11.2 gets too high values, giving too large pressure derivatives and 

pressure build-up. The pressure at cp — —10° for the full solution 

is thus less than p0 — 0,14, and is negligible besides the maximum 

pressure p0 = 107,9. If thus REYNOLDS' e quation is assumed to hold 

in all the interval —90° < cp < cp*, this has very little influence on 

the calculated values. To give a further confirmation of this opinion, 

tab. 17.1 is calculated with the pressure build-up beginning at (p1 = 
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Tab. 17.1. Theoretical Values at y> = 10000 

V10 -90 -60 -30 -10 — 5 -3 -1 — 0,5 

(p* ° 0,3850 0,3850 0,3850 0,3848 0,3838 0,3800 0,3178 0,2151 

Pxo 444,9 443,7 434,8 391,2 326,4 248,4 47,85 4,829 

Pyo 24420 24420 24400 24070 22930 20680 7657 1416 

Po 24430 24430 24400 24070 22930 20680 7658 1416 

ß° 1,044 1,041 1,021 0,9313 0,8156 0,6884 0,3580 0,1954 

Po 0,6129 0,6129 0,6129 0,6128 0,6122 0,6099 0,5769 0,5352 

A 346,4 346,2 344,7 337,4 326,1 311,4 248,6 195,4 

= -90°, -60°, -30°, —10°, -5°, -1°, and —0,5°. In the first 

three cases 99* has the same value and when cp1 is changed from 
— 90° to —30°, the load is decreased only 1 °/00. A change in cp1 

from —90° to —10° decreases the load 1,5 %. An incorrectness in 

the continuity equation at the widening space has therefore very 

little influence. 

When cpx = —90° and 99 2 = 99* = 0,3 850°, the maximum pressure 

from tab. 15.1 is ?>omax 
= 107,9. If we use the boundary conditions 

p0 = 0 at (px = —90° 

PQ = 0 at (p2 = 0° 

when ip = 10000 as above 

POmax = 91'8 at = —0,467 8° 

The error in the last boundary condition gives 15 % decrease in 

maximum pressure. 

3,2 .  Load Capacity 

The load components from the pressure are per unit width 

7T 
~2~ 

Px = — J p sin 99 r dcp 
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Fig. 18.1. Load Components from Pressure and Shear Stress in the 

Py ~ \ V cos <P r d<P 
TZ 

~~ ~ 2~ 

P1 = J p cos 99 r dep — P 

when p is derived from eq. 15.2 at 9^ < 99 < 99*. 

p = 0 at 99 < 9?x and at 99 > 99*. 

Now we have for the load component in the ^-direction 

Px = — J p sin cp r dcp = — J 
V  ( U i  + ^2) 

• 2^0 sm 9e' r 
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Non-dimensional! y 

P- = , (Ul + P.) = = 

dp0 

=  —  V  I  P o  ( —  c o s  < P )  + V J (— cos 9>) ~ ^T d(P = 

dp0 

= — ip J —— cos cp dcp = 

6 i/j2 f~ ,?* cos2 99 ^99 ? cos2 99 6 ^99 

( 1 + v O 2  U  ( 1 — e c o s ç ) ) 2  e c o s 9 9 ) ^ /  ( 1  —  £  c o s  ç ? ) 3 J  

The solutions of the integrals are given in Appendix I and 

(f* cp* 

Pxo = — 6 I (93 - 2 h + h) + 6 (1 - £ cos 99*) I (j1 - 2 y2 + ?3) 

From eq. 15.3 with £>0 
= 0 at 99 = 

œ* 
(h — y2) + (1 — e cos 99*) I (/2 — j3) = 0 

<Pi 

and thus 

Pxo = — 6 I (<P — h) + 6 (1 — £ cos 99*) I (j1 — j2) 

<P 1 

The load component in the ^/-direction is 

„  r  ,  T r , ( ü l + ü t )  
Py — I p cos 99 r d(p — J 7 • Po cos 99 r dcp 

(f1 ^min 

or non-dimensionally 

P"°= n (U + 17,) = v cos ^ ̂  = 
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i . . dPo 
= ip I p 0 sin 93 — xp J sin 93 — —• dçp 

dPo 
= ~~ w Ï lup~sm 99 d<p = 

6 xp2 I" f sin cp cos cp d cp %* sin 99 cos cp dep | 

(1 + xp)2 (1 — £ cos cp)2 ^ £ C0S 7 ^ J (1 — £ cos cpf _ 

In the same manner 

p 1 
p'° , (Pt + U,) p"° 

Solving the integrals we get 

m* 
Pyo = P10 = 6 I In (1 — £ cos cp) + 

<PI 

95* 1 9" 1 
4- 6 I — (- 6 (1 — £ cos 03*) I — 

' 1 — £ COS 03 ' 1 ^ x o Y Ç), £ C0S Ç9 

r  1  
— 3 (1 — £ COS 93*) — — 

^ (i — e co s ç?) 

For the numerical evaluations the electronic computer ALWAC 
III E was used. The load is shown in fig. 21.1. 

When cpx — —90° and cp2 = cp* — 0, 3 8 5 0 °  at xp — 100 00, the load 
Py0 = 24420. 

If the boundaries are cpx = —90° and cp2 — 0°, which corresponds 
to KNESCHKE'S theory, Py0 = 20060. The decrease is 18 %. 

The total load capacity from the pressure per unit width of the 
cylinder and the load angle are 

P'M 7] (U1 + L\) ***° 1 *c 

t g ß  
P x 0 

PyO 
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Y= 1000 ~-

r — y =  5000 

r—-^=10000 

~ 20 000 
"~^^=100000 

1 jjj 
0 ,0 0 ,5 1 ,0 *0 1,5 

Fig. 21.1. Load Capacity 

The load components from the shear stress of the oil are per unit 
width 

7Z 

~2~ 
Fr = — j Ty=0 cos 9) r dcp 

7Z 

71  

~2~ 

F 2 =  \ *y=h cos 9o r dcp 

71 

~ ~2 

The component in the ^/-direction on the cylinder is negligible 
beside the pressure component. 
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In the oil region the velocity of a fluid particle is derived from 
Newton's equation for laminar flow 

d u  

T = " H  -

and the equilibrium equation 

d x  d p  

d y  d x  

where x  — shear stress 

u  —  velocity of a fluid particle 

y — coordinate 

With the boundary conditions 

y  = 0 y  =  h  

u  —  U 1  u  =  U 2  

we get 

and thus 

I  d p  U  2  —  TJ X  
u = T,, • & (2/! -hy) + ~~r~ •y + u> 

I  d p  U x - U  
x = v • i z  (2 y  - h)  -2 d x  v »  '  '  h  

The shear stresses at the two surfaces are 

h  d p  U 1  —  U 2  

Ty=0 2 d x  ^  h  

h  d p  T J y  —  U 2  
r y = h  -  —  •  - j -  -  >]  ^  

In the cavitation region there is a straight line velocity distribu
tion, and considering the oil and air strips in the region, the mean 
shear stress can be written, compare ref. (1), p. 54 
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h* U1 — U2 
T = - t ' i ' -~r~ 

71 
In the interval — — < cp  < ( f i ,  there is no oil contact between 

the surfaces. In the interval q)1 < cp < <p* there is an oil region, and 
7 1  .  .  . . .  

in the last interval, cp* < cp < —, there is a cavitation region with 

oil and air strips. 

Now the component at the plane surface is 

r h dv r u,-u2 
F1 = J — • -j— cos cp r dcp + J r) • 7 • cos cp r dcp + 

<p1 - dx (pi h 

7Z 

J h* Ul - U2 
+ I ~j~ ' 71 1 cos cp r dcp — 

f 1 V dv o 1 — k V cos cp d q: 

= V M + v2) IJ I H dtp + - + 7 • V / —JT~ + 

7T 

1 — k r cos œ dcp 1 
+  7+ * -

U2 
where k — 

Ui 

The first term may be transformed in the following manner 

dp 0  
J H — dcp = I H p0 — J p0 yj sin cp dcp 

The first term at the right hand side is zero, and the second term 
is equal to Px0. Thus 

cos cp dcp [ P x 0  I — k  y  T 
F 1  = V(U1+L\)[— + / -y 

— £ COS cp 

1 — k ip f cos cp dcp 
+ (1 — £ COS Cp*)  /  —  

1 -J— Je 1 —(— ip cp* (1 £ cos cp) 



Non-dimensionally with solved integrals 

fI  _ , i - k r v f 
% ( £ / , +  U J — T  +  T + i r  UH-

Calling the parenthesis A 

F X P X  O 1  -  H 
F^Tiü7Tü;r^+TTi-A 

After the same lines the component on the cylinder is found to 
be 

F 2 P X  O 1  — K 
°  "  I  (U L  + U, )  ~~  ~~2  t + T  ' A  

Control now the equilibrium of the oil film in fig. 18. 1 .  In the 
x- and ^/-directions respectively we have 

F 1  + F 2 - P X  = 0 
P I  -P ,  =  0  

If the expressions are introduced, we find that the two equations 
are exactly satisfied. 

3,3. Oil Flow 

As the width is infinite, there is no side flow, and the continuity 
gives constant oil flow in every section through the wedge. At 
cp — (p* and h = h*, there is a straight line velocity distribution, 
and the oil flow per unit width is 

(U, + U2) h* 

In fig. 25.1 the oil flow through the wedge is shown. The pressure 
build-up begins at cpj and ends at 99*, where the cavitation starts. 
The continuity is satisfied in every section. In practice the weight 
of the oil will probably influence the theoretical boundary condi
tions giving a shorter oil wedge, which, however, has very little 
influence on the calculated quantities. In theory an infinite number 
of strips is assumed. In practice the number will be finite. 
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The continuity gives, see fig. 25.1 

_ r I 1  _  d \  +  v 2 ) ^  =  T T  ,  
q — L y h i n  9  Ui ^out 

and 

1 £ 
^in = ^out = ^ 

If U1  — U2  giving k = 1, we get Ain = Äout = h*. A very thin 
oil film layer is thus needed to fill t he wedge. 
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Fig. 26.1. Oil Flow 

The non-dimensional oil flow per unit width is 

q H* 

1 0  00 — 
/ 

5 0 0 0  

¥ = 1 0 0 0 0  

¥ = 2 0 0 0 0  /  

^=100009/ 

<Zo (C7X -j- U 2) /^min 2 

where 

H* = 1 -f ^ (1 — cos (p*) = (1 -f- ip) (1 — £ cos cp*) 

V E = 
1 + V 

V  

The non-dimensional oil film thickness may be written as an 
infinite series 

* = 1 -j- ^ ~T~, l~ ~ 
2! 4! 6! 

Curves of t he oil flow are shown in fig. 26 .1.  



Fig. 27.1 

3,4. Power Loss 

The power loss in the oil per unit width is 

E = Fi  U 1  + F,  U 2  = v  (£7, + U,)  (F 1 0  ££ ,  +  F 2 0  U,)  =  

!  U r  U, \  
=  v ( U i  +  u , r  •  U i  +  Ü t  +  F »  •  V l  +  f / J  ~  

= n(u l  + u,y  (F 1 0  + k f m )  

U 2 
where k  — ~f f~-

Ui  

Non-dimensionally 

E° = ~V {U 1 + u2)2 _ 1 + k (Fw + k 

Substitution gives 

p x  o n - k v  
En = ~ + ——r ^ 

2 \ 1 + k 

In the power loss calculation it is assumed that the force F 2  is 
located at the point of closest approach, which gives an approxima-
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tion. As the pressure and the shear stress are closely concentrated 
around this point, this in practice has very little influence. 

The power loss may be derived in another manner. In fig. 27.1 
the plane surface is at rest and the cylinder axis is moving with the 
speed U1. The power required to keep the wheel moving is 

U  2  
E  =  ( P x  -  F 2 )  U .  +  F . r - —  = F 1 U 1  +  F 2  U 2  

which gives the same result as above. The approximation mentioned 
above corresponds to the approximation in REYNOLDS' equation. 

3.5. Temperature Rise 

If all the power generated heats the oil, the energy equation gives 

E  —  c  Q q  A t  

and 

At = = l ( u i  +  V»>' 
c s q  c  o  (6'i -r f/j) AmiI1 < jf„ 

Non-dimensionally 

A ^ ̂min E o  
A  t 0  —  C  Q  T T  

n  ( u i  +  u % )  q 0  

3.6. Relative Power Loss 

The relative power loss defined as power loss per unit load is 

,  E  V  ( ^ 7 i  +  U 2 ) 2  E 0  

f ~  P y ~  V ( U 1 + U 2 ) P y 0  

or 

/ = E0 

U i  +  U  2  P y 0  



4. Some Applications 

4,1. Torqueless Cylinder 

Consider a rotating cylinder at zero torque moved by the viscous 
stresses from the plane surface, which is moving at the speed U1. 
The shear force F2 in fig. 18.1 vanishes and 

Px0 1 — k 
F 2° =  ~2 r+T 'A  =  0 

Solving this equation we get 

A -
k = 

PxO 

P xO 
A + ~r 

For full oil film, i. e. cpx = —90°, the following table gives k. 

V k 

1000 0,245 

5000 0,223 

10000 0,218 

20000 0,214 

100000 0,209 

For different values of 99* at ip — 10000 the following table gives 
the ^-values. 

(p* k 

0,3850 0,218 

0,35 0,694 

0,30 0,871 

0,25 0,949 

0,20 0,983 

0,15 0,996 
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4,2. The Plane Surface without Shear Force 

Consider the case where the plane surface is moving without shear 
force. Thus the force Fx in fig. 18.1 vanishes and we get 

P.ro 1 - k 
'» = "I" + TTï '4 -0 

which gives 

k  =  

P x 0 

2 

. P.o 
—r 

The fc-values from th is equation are the reciprocals of t he previous 
^-values. 

4,3. One Cylinder Driving Another One 

Two wheels a re rolling on a wet surface, which is at rest see fig. 
31.1. The right wheel has an applied torque, which gives the driving 
action. The left wheel is driven and has zero torque. 

The radii of the wheels, the applied loads, the velocity U1, and 
the oil viscosity is known. A full oil film is assumed. 

The unknowns are ip ' ,  i p" ,  k ' ,  and k" .  

As t he left wheel is torqueless we h ave 

K (v'> k') = 0 

The equilibrium gives 

K -  K -  K = o 

or 

w,  k ' )  =  F;  W ,  v)  

The upward pressure resultant must be equal to the applied load and 

p; (y', v) = p' 

p- y  { W " , k " )  =  p"  

From these four equations the four unknowns can be determined. 
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.H 

(neg. )  

Fig. 31.1 

4,4. Determination of the Minimum Space 

In this case the load, the radius, the viscosity, the velocities, and 
the oil flow are given. Then the value of hmin has to be determined. 
The unknowns are ip and 99* using the definition 

r 

The continuity gives 

(U,  +  U 2 )  h*  

where h*  is a function of i p  an d (p* .  

The equilibrium gives 

P y  = V +  U t )  Py 0  

where P y 0  too is a function of i p  and <p*. We now have two equa
tions to determine the two unknowns. 

It must be considered that 99* at every i p  has an upper limit, see 
fig. 26.1, giving the condition 

(V ,  +  U,)  h~  ' = q " <  î o » m  ( ~ 0 , 6 1 3 )  
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If we have a full oil fi lm, 99* — / ( x p )  and the only unknown is y ,  
which is given by the equation 

P y  =  V  ( ^ 1  +  ̂ 2 )  P y  0  

where Py0  is a function of % p. 

4,5. Numerical Example 

Determine the different quantities of a torqueless cylinder if 

Py --- 10 N/cm 

r = 10 mm 

U1 =2 m/s 

Km — 0,ooi mm 

We have 

r 10 
w = — = — — = 10000 

hmiQ 0,ooi 

As there is no torque applied at the cylinder k = 0,218, see chap. 
4,1.  

Now 

P y  —  V  ( ^ 1  +  U 2 )  P  y0 

and the viscosity 

P v  1000 
n  =  P ^ i U . +  U , )  =  2 4 4 2 0  •  2  •  1 , 2 1 8  =  0 , 0 1 6 8  N s / m 2  

The component from the pressure in the x-direction is equal to 
the shear force and 

Px 
= -̂ 1 — V (^1 4~ ^2) Pxo — 

= 0,0168 • 2 • 1,21 8 • 444,9 =  18,2  N/m = 0,182 N/cm 
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The maximum pressure 

rj ( £7i + U2) _ 0,0168  •  2  •  1 ,218  

^max ^min ^°max 0,000001 

= 4,42 • 106 N/m2 = 4,42 N/mm2 

The oil f low 

q = (TJX + U2) hmin q 0 =  2  •  1,218 • 0 , 0 00 00 1  • 0,6129 = 

= 0,oooooi49 m3/s m = 0,000894 1/min cm 

The non-dimensional power loss 

Pxo Il~k\2 444,9 /0,7 8 2\2 

E0 = —— + ;  ,4 = — h 346,4 = 365 
0 2 \1 + k) 2 y 1,218 y 

The power loss 

E = r\ {U 1 + U2)2 E0 = 0,0168 • 22 • 1,2182 • 365 = 36,4 Nm/s m = 

= 0,3 64 W/cm 

The temperature rise 

1 7] (U1 + U2) E0 1 0,0168-2-1,218 365 
At = 

c Q hmin q0 2000-900 0,000001 0,6129 

= 13,5° c 

3 



5. Conclusion 

In this work the hydrodynamic theory for the contact between a 
cylinder and a plane surface is studied. The boundary conditions of 
the pressure curves are discussed. The surfaces are assumed to be 
rigid and the calculations thus hold for light loads. The viscosity 
of the oil is constant. Due consideration is taken to cavitation in 
the oil film. The pressure build-up is found to take place in a narrow 
band around the point of closest approach. The width is assumed 
to be infinite. As in practice the oil film thickness is very thin, this 
represents a good approximation. When studying journal bearings 
on the other hand, calculations made for infinite width must not 
be used in the cases of f inite width. 

Values of load capacity, oil flow, and power loss are calculated 
and given in Appendix II. It is studied how these quantities are 
influenced when the oil supply is varied. 



ii — J j  

h = J 

6. Appendix I: Solution of Integrals 

dcp y 

e c os cp j/i _ e2 

dcp y + e sin y 

(1 — e cos cpf j/(i _ £2)3 

h — J 
yl +-Çjy + 2esmy + ̂ -Sin2y 

(1 — £ COS 9?)3 ]/(l — E2Y 

where 

cos cp — e 
cos y — 

1 — e cos <z 

sin 99 CZ99 1 
f — = — • In ( 1 — e cos cp) 

1 — £ cos we 

J 

£ COS Cp £ 

sin cp dcp 1 1 cos y 

(1 — £ COS 9?)2 £ 1 — £ COS cp 1 — £2 

£ 
7 , , COS 7 + — • cos 2 y 

sm cp dcp 1 1 4 

(1 — £ cos cpy 2 £ (1 — £ cos Ç>)2 (1 — £2)2 

cos cd dcp 1 1 dcp 1 
J 1 = J dcp - f J — = — — (cp — /j) 

1 — £ COS 99 £ £ 1 — £ COS 99 £ 

COS 09 C?Q9 1 dcp 1 dcp 
C i—_— = f r 1_ _ f_ — = 

(1 — £ COS cp)2 £ 1 — £ COS 99 £ (1 — £ COS Ç>)2 

1 
- Ol ii) 
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cos cp dep 1 dep 1 dep 
f = f - h — f  
(1 — e cos cp)3 e (1 — e cos cp)2 e (1 — s cos cp)3 

1 
7 0*2 y'3) 

sin cp cos cp dep \ 1 sin cp dep 
f — = J sin cp d(p + — J  

1 — e cos cp s e 1 — e cos cp 

1 1 
= — • cos cp H — • In (1 — e cos cp) 

sin cp cos cp dep l 11 
J ~7ï _ X2 = • In (1 — e cos cp) — 
(1 — e cos cp)2 e2 e2 1 — e cos cp 

sin cp cos cp dep \ 1 1 1 

(1 — e cos cp)3 e2 1 — e cos cp 2 e2 (1 — e cos cp)2 

cos2 cp dep \ 1 cos cp dep 
J 1 J cos cp dep H J = 

1 — e cos cp £ e 1 — e cos cp 

1 1 
= • sin cp — {cp — jx) 

cos2 cp dep 111 
J (1 — e cos <p)2 =-?(<P-h)--jrlh-h)=-j(<P-2h + h) 

cos2 cp dep 1 1 1 

1 (1 - S COS <pf = "7 01 ~ ̂  ~ <?'2 ~ ,s) = T (?1 ~ 2 + j,) 



7. Appendix II: Tables of Calculated Values 

The following non-dimensional expressions are used: 

r 
W = h " "'min 

V ^min 
v" ~ v Wi + vt) 

P 
P "  =  V ( U ,  +  Ut )  

= 
q 

q" (V\ + Ut) hmla 

y> = 1000 

(p*° 1, 2 1 6  1, 2 0  1, 1 0  1, 0 0  0 , 8 0  0 , 6 0  

<P1° — 90, 0 0  — 9, 2 9 9  — 4, 2 7 7  — 3, 1 2 4  —  2 , 0 0 8  — 1, 3 4 3  

Pxa 130, 7  77, 1 0  29, 3 3  14, 6 4  3, 7 5 0  0, 7 7 6 4  

Pyo 2411 2041 1193 748, 6  289, 0  84,55 

Po 2414 2043 1194 748, 8  289, 0  84, 5 6  

ß° 3, 1 0 4  2, 1 6 3  1, 4 0 8  1, 1 2 0  0, 7 4 3 4  0, 5 2 6 1  

lo 0 , 6 1 2 6  0, 6 0 97  0, 5 9 2 4  0, 5 76 2  0, 5 4 8 7  0, 5 2 7 4  

A 107, 8  98, 1 0  85, 4 6  78, 2 8  67, 3  7  58, 2 3  



38 

y = 5000 

(p* 0 ,5444  0 ,50  0 ,45  0 ,39  0, 35  0 ,30  

<P1° -90 , 00  — 2 ,062  — 1, 420  — 1 ,040  — 0 ,8673  — 0 ,6943  

Pxo 310, 2  75,67 34,12 13, 83  7, 387  3, 146  

Pyo 12190 6512 3853 2027 1275 669,2 

Po 12190 6513 3853 2027 1275 669, 2  

ß° 1, 458  0, 6657  0, 5074  0, 3911  0, 3320  0 ,2694  

lo 0,6129 0 ,5953  0, 5772  0, 5580  0 ,5467  0 ,5344  

A 244,2 197, 3  176,0 158, 8  148, 8  137,2 

tf> — 10000 

(p* 0 0, 3850  0, 35  0, 30  0, 25  0, 20  0, 15  

<Pi° — 90, 00  — 1, 389  — 0 ,8705  -^0 ,6230  — 0, 4541  — 0, 3206  

Px o 444, 9  98, 12  32, 83  11,11 3, 274  0, 73 64  

Pyo 24420 12340 5880 2661 1049 324, 3  

P0 24430 12340 5881 2661 1049 324, 3  

ß° 1, 044  0 ,4557  0 ,3199  0 ,2391  0 ,1788  0 ,1301  

lo 0 ,6129  0 ,5933  0, 5685  0 ,5476  0 ,5305  0 ,5171  

A 346,4 272, 1  237, 9  211,7 188,7 167, 6  
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y> = 20000 

<f>*° 0 ,2723  0 ,25  0 ,23  0 ,19  0, 1  5  

<PI° — 90, 00  — 1, 030  — 0, 7542  — 0 ,49 64  — 0 ,34 70  

P% 0  635, 3  151, 1  79, 28  23, 79  6, 248  

Py o  48890 22420 16380 7238 2672 

Po 48900 22420 16380 7238 2672 

ß° 0 ,7489  0 ,3861  0 ,27 74  0, 1883  0 ,1338  

Qo 0 ,6129  0 ,5952  0, 5806  0, 5550  0 ,5343  

A 491, 0  389, 3  358, 5  312, 5  274, 4  

y) = 100000 

cp*° 0 ,1  2  1 8  0 ,11  0 ,10  0, 08  0, 06  

<Px° — 90,00 — 0, 4264  — 0, 3118  — 0, 2005  — 0, 1340  

Px 0 1439 293,1 145,4 37, 02  7, 375  

Py o 244600 119100 74650 27860 8371 

Po 244700 119100 74650 27860 8371 

ß° 0, 3372  0,1 41 0  0,1116 0, 07614  0, 05048  

Qo 0, 6130  0, 5922  0, 5  762 0, 5487  0, 52 74  

A 1101 854,4 789, 8  673, 7  582,2 
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Boundary Conditions of Cavitation 

Regions in Journal Bearings 

By Leif Floberg* 

The behaviour of the oil in a cavitation 
region is studied. Boundary conditions of the 
pressure distribution at the inlet and at the out
let border of such a region are given. Calcula
tion of the power loss in a cavitated zone is 
demonstrated. 

Introduction 

For a long time there has been some confusion in the hydro-
dynamic theory regarding the cavitation occurring in divergent parts of 
the bearings. Often arbitrary boundary conditions are used to give the 
pressure build-up. However, it is not enough to have the continuity 
equation satisfied in the oil region. The continuity of flow must also be 
satisfied within the cavitation region and at the boundaries between the 
two regions. As cavitation influences the pressure build-up, it is not 
reasonable to do calculations in cases where cavitation occurs, before 
the behaviour of the oil in such a region is studied. Some authors treat 
the ruptured region as an oil region, others as an air region. None of 
these assumptions can be accepted, as they violate the continuity con
dition. The cavitation problem must be solved, before charts and tables 
for bearing design can be made. 

In the chapter "Application" two partial journal bearing 
cases are numerically treated. These have the bearing angle 120° and 
diverging parts of 40° and 30° resp. at the leading edge. 

«Research Assistant, Institute of Machine Elements, 
Chalmers University of Technology, Gothenburg, 
Sweden 
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Nomenclature 

h Oil film thickness 

P Load per unit width 

Non-dimensional load per unit width 
O p,U 

p Pressure 

_ Non-dimensional pressure 
O n w 

U,V Surface velocities 

x, z Coordinates 

a Angle between leading edge and load line 

ß Bearing angle 

4 Non-dimensional eccentricity 

Angular coordinate of the leading edge 

p. Absolute viscosity 

v "Width-diameter ratio 

T Shear stress 

a — Radial clearance / journal radius 

to Angular velocity 

Oil Film Theory 

The hydrodynamic pressure in a bearing is derived from the 
well-known Reynolds' equation. In its original form from 1886, ref. (11), 
it is written 

i<häS>+-L(hät> -6»«w> 2V'> <l> 
If this equation gives positive pressure all over the bearing, 

the solution is the correct one. If, however, the solution gives sub-
atmospheric pressures over parts of the bearing area, this means that 
the oil film will rupture and the solution must be rejected. Then further 
considerations are needed. 
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Cavitation Theory 

Bearing teste show that film rupture produces cavitation 
zones of essentially constant pressure. The oil film can withstand 
sub-atmospheric pressures to some extent. When a bearing starts 
rotating, it is possible to measure 50 - 70% vacuum in a cavitated 
region. However, this condition is not stationary, as air is continu
ously expelled from the oil making the ruptured zone larger and in
creasing the pressure. After a quarter of an hour the vacuum may 
be 10 - 30%, and after some hours it is only about 2 - 4%. For prac
tical bearing cases, it is thus correct to assume atmospheric pres
sure in the cavitation region. 

To solve a bearing case where cavitation occurs it is neces
sary to have a theory for the behaviour of the oil at the boundaries of 
and within such a region. The location of the boundaries is also to be 
determined, which is another complication of the problem. 

At the beginning of the ruptured oil film the continuity 
condition requires zero pressure derivative in the direction of motion, 
if the oil adheres to the surfaces and there are no pressures lower 
than the atmospheric pressure, and thus 

p » JE = ° (2) 

where zero is the atmospheric pressure. 

This condition at the end of the pressure build-up is now
adays widely accepted. In the ruptured region the oil flow is divided 
into strips and between the strips is air, which is stationary. The 
appearance of a cavitation region is shown in fig. 1. The oil adheres 
to the surfaces and the section of the strips is approximately rectangular.-
This behaviour can be experimentally verified by using transparent 
bearing material. In theory an infinite number of strips is assumed; 
but in practice there will be a finite number of them giving insignificant 
deviation from the present theory. The oil and sir strips have been 
shown in experiments by Cole-Hughes (2). However, they used an oil 
hole for the lubricant supply, which is unsuitable, as the corresponding 
case has not been theoretically tabulated. 



Fig. 1. Oil Strips in a Cavitation Region 

In front of the cavitation region there is sometimes part 
of the pressure curve below the constant cavitation pressure. This part 
decreases with time and it may be assumed that eventually it vanishes. 
The appearance of a cavitation region, when we have such a slope of the 
pressure curve, is shown in fig. 2. Because of the very small sub-
atmospheric pressures, the pressure build-up will be very slightly in
fluenced and the difference between the areas of the air strips in the 
two cases is fully negligible. The location of the zero pressure deriva
tive is in both cases approximately the same. 

Fig. 2. The Form of the Air Strips 
in a Cavitation Region 
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In order to determine the location of the boundary at the 

end of the ruptured region, we must study the continuity of flow through 
this one. As the pressure is constant, there are no pressure flows 
and there is only flow in the x-direction, see fig. 3. The oil quantity 
entering the region over the width Az at the inlet boundary must there
fore leave over the same width at the outlet boundary. Thus the follow
ing equation must be satisfied 

"IT ' Az = T • Az " TziT ë Az Ax] (3) 

where h* is the oil film thickness at the inlet boundary of the ruptured 
region. The above equation determines the location of the outlet bound
ary of this region. 

*Xx dx 
As here lim —— = - ——, i. e. the derivative of the border 

As -0 Az dz 

line, the equation becomes 

•Hè* « r iE _ Ü£ . u\ 
2 2 I2|x 8x 0z dz^ 

x 

Fig. 3. Oil Continuity through a Cavitation Region 



As eq. 1 is usually solved by the relaxation method, a 
probable boundary of the cavitation region is assumed and then adjusted 
until the eqs. 2 and 4 are satisfied everywhere along the border. Now 
the continuity of flow is satisfied both in the oil and in the cavitation 
region and also at the boundaries between the two regions and the solu
tion is thus the desired one. 

At the end of film rupture there is a jump in the pressure 
derivatives, as the viscosity value is changed from that of air to that 
of oil. This is the same sort of jump, as that in the derivative in 
vertical direction of the hydrostatic pressure at a water surface. 

Power Loss at Cavitation 

Several authors, among them Cameron-Wood (1), Sassenfeld-
Walther (12), and Radmondi-Boyd (9), assume that there is a full oil 
film with a straight line velocity distribution in the cavitated region. 
This does not agree -with t he continuity condition, as the oil film thick
ness varies and the oil film is divided into strips. Thus they give too 
high values of the power loss in this region. The air strips must be 
taken into account. As the width of the strips is inversely proportional 
to the oil film thickness, the mean shear stress can be written 

h* U 
T = h  *  h  

Strip flow in the cavitation region has earlier been treated 
by Wilcock-Rosenblatt (13). However, when calculating the reduced 
power loss, they assume that cavitation starts at the minimum space, 
and in the oil region they neglect the pressure flow term, which makes 
two approximations. 

Application 

In many journal bearing cases the oil groove will be located 
at the maximum space or in the converging part of the bearing. Then 
the pressure build-up will start at the groove and end with zero deriva
tive. This case is widely used and needs no further discussion as long 
as pressure distribution and load capacity are concerned. However, 
there is still some confusion in literature due to the power loss calcula
tion as treated above and also in the refs. (3), (4), (5), and (8). 
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Now a case with a cavitation region after the groove will 
be studied. The groove is then located in the diverging space. This 
case haa recently been treated by Raimondi (10), However, he uses 
the boundary condition 2, which holds for the end of the pressure 
build-up, also at the inlet boundary of the pressure. This violates 
the continuity condition 4 and gives erroneous pressure distributions. 
As there is a straight line velocity distribution both at the inlet and out
let borders of the cavitation region, and the oil film thickness is not 
the same, it is obvious that the continuity is not satisfied. 

Fig. 4 shows the pressure distribution derived by Raimondi 
for a 120° partial journal bearing at the eccentricity 0,8 and with a 
diverging part of 40° length at the leading edge. The width of the 
bearing is equal to its diameter. Fig. 5 shows the same case calcu
lated after the above theory (eq.4). There is an obvious deviation 
between the two pressure distributions. Raimondi gives the load 
number PQ a 0, 134 and the load location a/ (3 = 0 ,676. The above 
theory gives PQ = 0 , 108 and a/ ß = 0 ,711. 

Raimondi !  s pressure distribution for the same case, but 
with a diverging part of 30° length at the leading edge is shown in fig. 6. 
The pressure distribution for the last case using the above theory is 
given in fig. 7. Also here there is a considerable move of the bound
ary. Raimondi gives PQ = 0 , 208 and a/ ß • 0,655. The above theory 
gives 0, 200 and 0,652 resp. The diversity in bearing width is due to 
the fact that Raimondi uses different scales in the two directions. 

The relaxation is here made with the network 5x12 shown 
in the figures, and therefore the solutions are somewhat approximate. 

The two cases treated above are unpractical and the bearing 
quantities calculated by Raimondi are slightly affected by the above 
cavitation theory. Therefore the above discussion influences very 
little on Raimondi1 s extremely good work. 



v.n -i t c) TvDical pressure distribution for divcrginR-converging 
film shape (« - 0.8, 6a = - 40", «/,? - 0.676). 

Fig. 4. Prom Raimondi 

Fig. 5. Pressure Distribution (ß=1 

v=1, e=0,8, and ©^=-40°) 
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0.28 

I* 
Fie. 3(d). Illustration of small nrea of film rupture at entrance 

(<r "• 0.8, 0/1 »? — 30°). 

Fig. 6. From Raimondi 
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Preface 

At the Institute of Machine Elements, Chalmers University of 
Technology, Sweden, hydrodynamic lubrication has been treated 
under the leadership of the head of the institute, Professor 
B. JAKOBSSON. The main problem has been cavitation in journal 
bearings and problems connected with it. Earlier seven reports, 
(1) —(3) and (5) —(8), have been published. 

This work is an extension of an earlier work ref. (7) on plane pad 
bearings. It treats optimum conditions of a thrust bearing consisting 

of a number of pads. 
I wish to express my thanks to the Swedish Technical Research 

Council for their sponsorship. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

The hydrodynamic theory for the pressure build-up in the thin oil 
film of a bearing was given by REYNOLDS (10), in 1886. He derived 
the differential equation for the pressure and gave the solution for 
the infinitely wide pad bearing. 

The solution method for the pad bearing of f inite width was given 
by MICHELL (9), in 1905. He gave the pressure at a point in the 
bearing as an infinite series and solutions for some special bearing 

cases. 
A more brief calculation was made in an earlier work by JAKOBSSON-

FLOBERG (7), in 1958, on the digital computer BESK in Stockholm, 
using the difference equation method. The calculations were made 
for six different width-length ratios and eight oil film thickness ratios. 
A similar calculation was published at the same time by HAYS (4), 

who used Bessel functions for the solution. The agreement of the 
results of these two solution methods is very good. 

The single rectangular pad bearing is under the normally used 
assumptions of laminar flow, constant viscosity, etc. treated well 
enough; but there is still a shortage of works treating the design of 
a thrust tilting-pad bearing consisting of a number of pads. In this 
work it is shown how to design a thrust bearing with a minimum 
power loss and how to choose the optimum number of pads. 



2. Notation 

Width of the pads 

Specific heat of oil 

Power loss per unit width for one pad 

Non-dimensional power loss per unit width for 
one pad 

Total power loss for one pad 

Relative power loss, i. e. power loss per unit load 

Maximum oil film thickness 

Minimum oil film thickness 

Slope coefficient 

Mean length of one of the pads 

Number of pads 

Load per unit width for one pad 

Non-dimensional load per unit width for one pad 

Total load for one pad 

Oil flow for one pad 

Non-dimensional oil flow for one pad 

Oil flow per unit width for one pad 

Non-dimensional oil flow per unit width for one 
pad 

Radius of rotation 

Average temperature rise 

Mean velocity 

Load capacity of the thrust bearing 



Load location 

Absolute viscosity 

Scale factor 

Width-length ratio 

Density of the oil 

Non-dimensional load location 

Angular velocity 



3. Optimum Analysis 

3,1. General Considerations 

The problem is how to design an optimum thrust tilting-pad 
bearing. Optimum means here minimum power loss. The radius of 
rotation, the width-length ratio of th e pads, and the number of th em 
are to be taken into account. Quantities assumed to be given are 
total load W, angular velocity co, an d minimum permissible oil fi lm 
thickness hmin. The calculation is based on the values determined 
for rectangular plane pads in ref. (7), also given here in the appendix. 
The rotational velocity U at the mean radius r is used as an average 
velocity, and the length I of the pads in rotational direction is also 
measured at this radius, see fig. 8.1. This makes an approximation, 
which, however, is insignificant for the practical design. 

In the following it is assumed that the pads will fill 5 r  of the total 
peripheral length 2 n r, and the rest consist of spaces between the 
pads. Thus the pads will fill 80 % of t he periphery. 

Fig. 8.1 
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3,2. Influence of a Scale Factor 

Study the influence of a scale factor on the bearing quantities, if 
load capacity, angular velocity, and minimum permissible oil film 
thickness are constant. Using the schedule for design calculation 
given in ref. (7) page 33, the bearing quantities become 

w <!„ 
n b P0r co 1 2  

, w ^min 
h = r 

n E tot1  = fi W  

Q\ — Qo r  0 J  ^min ^ 

vE0  1 W 

^ 1  C Q  i i b l  

where 

V 
= viscosity 

n = number of pads 

?o 

P h2  • 1 '^min . T . = rT — = load number 
7] U t2  

P — load j)er unit width 

f  = power loss per unit load 

Eo 

E  Km 1  ,  = rTO = power loss number 
T] U2  t  

E — power loss per unit width 

Etot = total power loss for one pad 

Q = oil flow for one pad 

Qo 

Q 
= - - = oil flow number 

U hmin  I  

At = average temperature rise 

V — width-length ratio 

c = specific heat of oil 

q = density of oil 
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If now the width, the length, and the mean radins of rotation are 
multiplied by a scale factor A >1, the new bearing quantities become 

Wh'M I, I 

^11 n Ab P0 A r co / 212 A4 

_ E0 Ar co hmin  

hl P0 ' AI h 

n ̂ totu 
= fu W = n Etotl 

Qll — Qo '>r co ^min ~ 1~ Qi 

v E0 1 W _ 1 

Q0 P 0 ' 77 ' ^nTbU ~ ~~W ' Atl 

The power loss is thus unchanged when the bearing area is increased. 
The viscosity decreases, the oil flow increases, and the average tem
perature rise is less. 

3,3. Influence of Width-Length Ratio and Number of Pads 

Consider now a thrust tilting-pad bearing with a given radius of 
rotation. The load, the mean surface velocity, and the minimum 
permissible oil f ilm thickness are known. Study the influence of the 
number of pads and the width-length ratio on the power loss. 

The power loss per unit load is 

E0 U Ämin / = 
P 0 I 

Thus the power loss for the thrust bearing is 

E0 r co hmi 
T~i v, mill ~WTT 

71 tot = 1— ' 

This expression shall be minimum. As W, co, a nd hmin are given 
constant values, the minimum for the function 
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shall be determined. E0  and P0  are functions of v and k, r is constant 
and I is a function of n. v is the ratio b/l and 1 + & is the oil fil m 
thickness ratio. 

Thus there are three parameters to be determined, viz. 

v k n 

If optimum values of k are chosen, the minimum of E0 /P0  as a 
function of v can be separately determined. These values are given 
in the following table. 

V 0 0,5 0,75 1 1,5 2 oo 

En 

P0 

oo 18,7 11,9 9,18 7,08 6,29 4,62 

Now the 0-values as function of v and n for optimum ^-values 
are calculated for the ratio b/r — 1; 0,8; 0,6 and 0,4. They are given 
in table 11.1. Curves of O are given in fig. 12.1 as function of v and n, 
and curves for the 6/r-values are drawn in the same figure. 

For a given width-radius ratio b/r the number of pads n and the 
width-length ratio v shall be chosen to give the minimum of the 

Table 11.1 

bjr 

n 2 3 4 6 8 12 16 

bjr 

Mr 2, 5 0  1, 6 7  1, 2 5  0, 8 3 3  0, 6 25  0, 4 1 7  0, 3 1 3  

1 

V 

EJPo 
0 

0, 4 0  

24 

9 , 6  

0, 6 0  

15 , 1  

9 , 0  

0, 8 0  

11 , 1  

8, 9  

1,20 

8,0 

9 , 6  

1, 6 0  

6 , 9  

11 , 0  

2, 4 0  

6 , 0  

14 , 4  

3 , 2 0  

5 , 6  

17 , 9  

0 , 8  

V 

Eo/Po 
0 

— 0, 4 8  

19,5 
11 , 7  

0, 6 4  

14,1 

11 , 3  

0 , 9 6  

9 , 5  

11 , 4  

1, 2 8  

7,7 

12 , 3  

1,92 

6,4 

15,4 

2, 5 6  

5 , 9  

18 , 9  

0, 6  

V 

EJPo 
0 

— 0, 3 6  

28 

16 , 8  

0, 4 8  

19. 5  

15.6 

0 , 7 2  

12,4 

14 , 9  

0, 9 6  

9 , 5  

15 , 2  

1, 4 4  

7 , 2  

17 , 3  

1, 9 2  

6 , 4  

20 , 4  

0, 4  

V 

EJPo 
0 

- - : 
0, 4 8  

19 , 5  

23 , 4  

0, 6 4  

14 , 1  

22,6 

0, 9 6  

9,5 

22,8 

1, 2 8  

7 , 7  

24 , 6  
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0-value, which represents the power loss. It is interesting to note 

that for every b/r ratio, O is minimum at about v = 3/4. This gives 

a very simple design rule. Convenient oil film thickness ratios are 

3 or 4, that means k — 2 or 3. Convenient number of pads at the 

different bfr ratios are as follows 

b / r  1,0 0,8 0,6 0,4 

n  3-4 4-6 6-8 8-10 
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The non-dimensional bearing quantities for the optimum values 
v = 3/4 and k = 2 are 

Po S P  lo E0 
f l  

Po S P  lo E0 U ^min 

0,0498 0,636 1,25 0,599 12,0 

where = load location. 

q  
q0 = —— = non-dimensional oil flow per unit width 

min 

q = oil flow per unit width 

Now we can outline the procedure for design calculation. 
Known quantities are the load W, the angular velocity co, and the 

minimum permissible oil film thickness ^min. The radius of rotation 
does not influence the power loss as shown above; but the width 
of the pads shall be chosen as large as possible for design considerations. 

From fig. 12.1 the optimum case is chosen. Then the geometri 
is known. The viscosity becomes 

n b P0 U I2 

This viscosity is needed for the hydrodynamic lubrication. It 
must also be considered whether this viscosity compared with the 
surface roughness gives negligible wear at starts and stops of the 
machine. If the minimum oil film thickness is chosen large enough, 
this condition is automatically satisfied. 

The maximum oil film thickness is 

^max (1 ^min 

The power loss per unit load is 

E0 r 
f  p £ ' M ^min ^ CO Ämjn 
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The power loss becomes 

nE t o t  = fW = 0co hm i nW 

The load location is 

OCp — 1 

The oil flow becomes 

n Q  =  n Q 0 U  hm i u  I  =  n b  q 0  U  hm i n  

The average temperature rise is 

E0  1 W (n E t o t)  
At  = 

Ç q P q  c  Q  n b  I  c q  { n  Q )  

If the width-length ratio is approximately 3/4, the non-dimensional 
values given above may be used. If v is chosen differently from 3/4, 
those values could be taken from the charts in chap. 4 or from the 
tables in the appendix. 

3,4.  Schedule for Calculation 

The width b is chosen as large as is suitable for the design. 
The optimum case of fig. 12.1 is chosen, i.e. when 0 has the 

minimum. 

V 
w '»min 

n b P0  U I2  

^max = k) h min 

E o 

P 0  ' 7  
f 7> 7 ( , )  h luiu 0 CO hm \n  

n E tot  — f W = 0 a> hm i n  W 

Xp = I Çp 

nQ = n b q0  U hT  nun 
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3,5.  Example 

Design an optimum thrust tilting-pad bearing for the load 30000 N, 
the rotational speed 1500 r/min, and the minimum permissible oil film 
thickness 0,050 mm. The radius of rotation is 100 mm and the pad 
width 60 mm. c = 2000 Nm/kg° C, Q = 900 kg/m3. 

b 60 
— = = 0,6 
r 100 

From fig. 12.1 the optimum condition gives v — 0,75 and n — 6.  

Thus 

b 60 
I = — = = 80 mm 

v 0,75 

and 

Eo r 100 
0 = = 12, 0  = 15, 0  

Pn  I ' 80 

The mean space between the pads is 

2 TI 100 — 6 • 8 0 

6 

30000 • 0,0 0 0 0 5 o 2  

= 25 mm 

= 0, 0 4 2  Ns/ni2 
Ti 6 • 0, 0 6 0  • 0, 0 4 9 8  • 0, 1 0 0  • 157 • 0, 0 8 0 2  

Ä m a x  = (1 + 2) 0, 0 5 0  = 0, 1 5 0  mm 

/  = 15,0 • 157 • 0,000050 = 0,118 m/s 

n Etot = 0,118 • 30000 = 3540 Nm/s = 3,54 kW 

xP — 8 0 • 0, 636 = 51 mm 

nQ = 6 •  0 , 0 6 0  •  1 , 2 5  •  0 , 1 0 0  • 157 • 0,0 0 0 0 5 0  =  0 , 0 0 0 3 5 3  m3/s 

= 21 1/min 

3540 
A t  = -  = 5 , 6 °  C 

2000 • 900 • 0, 0 0 0 3 5 3  



4 .  Charts of Bearing Quantities 

Po V = oo 
0,12 

0,08 

0,06 

0,75 

0,02 

0,0 0 

1 3  2 5  0 A 

Chart 16.1. Load Capacity P0 = 
rj V 12 

0.75 

V =0 ,5 

V =0 ,75 

V=1 
0,65 

V =  1 ,5 
0,60 

0,50 
2 3  1 A 0 5  

Chart 16.2. Load Location 



1 2 

Chart 17.1. Oil Flow q0 = — 
U K 

0  1  2  3  4 , 5  
K 

Chart 17.2. Coefficient of Friction and Relative Power Loss 



5. Appendix: Tables of Bearing Quantities 

The following non-dimensional values are used: 

b 
v = —r 

T)  
'"max /e/min 

^min 

p =  

0 

{/ 
TT J, 
V Kin 

Q0 = 
^min ^ 

„ E Km 
Ji 0 >7 U

2 Z 

i^Q C £ 
min 

77 £7 I 

/* * __ fl _ 
^min ^ ^'min "f n 
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v=  oo 

k  0 0,5 1  1,5 o  3  4 5  

Po  0 0,131 0,159 0,158 0,148 0,124 0,104 0,0872 

sP 0,500 0,540 0,569 0,590 0,607 0,634 0,654 0,669 

l o  0,500 0,600 0,667 0,714 0,750 0,800 0,833 0,857 

E 0  1,00 0,844 0,773 0,729 0,697 0,648 0,609 0,576 

At 0  2,00 1,41 1,16 1,02 0 ,930 0,811 0,731 0,672 

f l  
oo 6,43 4,86 4,62 4,71 5,22 5,89 6,61 

U "rain 
oo 6,43 4,86 4,62 4,71 5,22 5,89 6,61 

v  =  2  

k  0 0,5 1 1,5  2  3  4 5  

Po  0 0,0900 0,110 0,110 0,103 0,0872 0,0729 0,0613 

sP 0,500 0,543 0,573 0,596 0,613 0,640 0,659 0,673 

Q o 0,500 0,644 0,766 0,876 0,980 1,18 1,36 1,54 

Eo 1,00 0,833 0,748 0,693 0,653 0,593 0,548 0,512 

At 0  2,00 1,30 0,977 0,791 0,666 0,505 0,402 0,331 

i i  
oo 9 ,27 6,82 6,33 6,32 6,80 7,52 8,35 

U ^min 
oo 9 ,27 6,82 6,33 6,32 6,80 7,52 8,35 
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V =  1,5  

k  0 0,5  1 1,5  2  3  4  5  

P 0  0 0,0772 0,0946 0 ,0950 0 ,0900 0 ,0769 0 ,0649 0 ,0551 

£p  0,500 0 ,545 0,576 0,599 0,61  7  0 ,645 0 ,665 0 ,680 

l o  0,500 0 , (557 0,796 0,925 1,05  1,28  1,51 1,73  

E o  1,00 0,830 0,740 0 ,682 0,639 0 ,577 0 ,532 0 ,496 

A t 0  2,00 1,26  0,930 0,737 0 ,610 0 ,450 0 ,352 0 ,286 

f l  
oo 10,8  7 ,83  7 ,1  8  7 ,10  7 ,51  8 ,20  9 ,01  

U  ^min 
oo 10,8  7 ,83  7 ,1  8  7 ,10  7 ,51  8 ,20  9 ,01  

v =  1  

k  0 0,5  1 1,5  2  3  4  5  

P o  0 0,0558 0,0689 0,0700 0,0670 0 ,0584 0,0501 0,0432 

0,500 0,548 0,582 0,607 0,627 0 ,657 0 ,678 0 ,695 

<7o 0,500 0,680 0,84  7  1,01  1,17  1,47  1 ,77  2 ,06  

E 0  1,00  0,825 0,728 0,663 0,616 0,550 0,503 0,466 

A t o  2,00 1,21  0,859 0,658 0,529 0,374 0,284 0 ,226 

f l  
o o  14,8  10,6  9,48  9,20  9 ,42  10,0  10 ,8  

U  'lmin 
o o  14,8  10,6  9,48  9,20  9 ,42  10,0  10 ,8  
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V  = 0 , 7  5  

k  0 0,5  1 1,5  2  3 4 5 

P o  0 0,0404 0,0504 0,0516 0,0498 0,0441 0,0384 0,0335 

£p 0,500 0,552 0,588 0,615 0,636 0 ,668 0,691 0,708 

<?0 0,500 0,696 0,884 1,07  1,25  1,61  1,96  2,31  

E 0  1,00  0 ,821 0,718 0,650 0,599 0,528 0,479 0,442 

A t 0  2,00 1,18  0 ,812 0,608 0,480 0,329 0,244 0,191 

f l  
oo 20,3  14,3  12,6  12,0 12,0 12,5  13,2  

U  ^min 
oo 20,3  14,3  12,6  12,0 12,0 12,5  13,2  

V =  0,5  

l e  0 0,5  1 1,5  2  3  4  5  

P o  0 0,0229 0,0289 0 ,0301 0 ,0295 0,0268 0,0238 0 ,0212 

0 ,500 0 ,560 0 ,601 0,631 0 ,654 0 ,689 0,713 0,731 

l o  0,500 0 ,715 0 ,927 1,14  1,35  1,76  2 ,17  2 ,59  

1,00  0,817 0 ,708 0,633 0,579 0,502 0,450 0,411 

A t 0  2,00 1,14  0 ,763 0,557 0,430 0,285 0 ,207 0,159 

f l  

U  ^min 
oo 35 ,7  24 ,5  21 ,1  19,7  18, 8  18,9  19,4  



6. Conclusion 

Phis paper treats optimum conditions for thrust tilting-pad bearings. 
Optimum means here minimum power loss. It is discussed how to 
choose the number of pads and the width-length ratio when the load 
capacity, the angular velocity and the minimum permissible oil film 
thickness are given. A schedule for design calculation is made. The 
viscosity is constant and the determination is based on values calcu
lated for rectangular plane pads. Tables and charts of the bearing 
quantities are given. 
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Preface 

Since 1955, lubrication research has been carried out at the Institute 
of Machine Elements, Chalmers University of Technology, Sweden, 
under the leadership of the head of the Institute, Professor 
B. JAKOBSSON. Hydrodynamic lubrication and cavitation have been 
the main subjects. Regarding earlier works see ref. (1) —(8). 

The purpose of this work is to give tables and charts for practical 
design of ring- or pressure-lubricated journal bearings. 

I wish to express my gratitude to the Swedish Technical Research 

Council for their kind sponsorship. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

There is a lack of works giving tables and charts for the design 
of journal bearings in which consideration of the influence of cavita
tion on load capacity and power loss is taken. This work is intended 
to give a contribution to this field. 

In an earlier work ref. (8) the centrally loaded 180° journal bearing 
has been treated with regard to the air and oil strips in cavitation 
regions. That work was based on very accurate calculations by 
RAIMONDI-BOYD (9). Now an upper zero-pressure bearing half is 
added to give tables and charts for the design of ring- and pressure-
lubricated 360° journal bearings. There are two axial oil grooves, 
90° before and after the load, to permit rotation in both directions. 
It has been found convenient to refer the position of the oil grooves 
to the load direction and not to the varying location of t he maximum 
oil film thickness. The viscosity is assumed to be constant. 

An optimum analysis is made for the design of bearings with a 
minimum of power loss at given values of load capacity, angular 
velocity, and minimum permissible oil film thickness. 



2. Notation 

A = Area of the bearing housing 

b = Bearing width 

c = Specific heat of oil 

E = Power loss per unit width 

Etot — Total power loss 

E ip 
— —77T = Non-dimensional power loss per unit width 

rj U 2 

e = Eccentricity of journal relative to bearing 

f = Relative power loss, i. e. power loss per unit load 

h 
H = —-—• = Non-dimensional oil film thickness 

Ar 

h Oil film thickness 

P = Load per unit width 

Ptot = Total load capacity 

P  i f 2  

P0 = —~ = Load number 
7] U 

Q — Oil flow 

Q' = Side flow 

q = Oil flow per unit width 

q' = Side flow per unit bearing width 

q 
, = Non-dimensional oil flow per unit width 

U Ar 

q' 
q'0 = - ^ = Non-dimensional side flow per unit bearing width 

r = Journal radius 

Ar — Radial clearance 

ta — Average operation temperature of the bearing 

tr = Temperature of the oil in the reservoir 



Temperature of the surroundings 

Average temperature rise 

Non-dimensional temperature rise 

Surface velocity 

Coefficient of thermal transmittance by convec

tion 

Angle between load line and line of centres 

Angle 

Eccentricity/radial clearance 

Absolute viscosity 

Coefficient of friction 

Ratio width-diameter 

Density of oil 

Shear stress 

Angular coordinate 

Radial clearance/journal radius 

Angular velocity 



3. The Ring-lubricated Journal Bearing 

3,1. Pressure Distribution and Load Capacity 

A 360° journal bearing of f inite width is considered. The bearing 
has one oil groove 90° before the load line, and another 90° after 
the load. The oil is supplied by one or more suspended rings rotated 
by the shaft. The rings are wetted by oil in an oil reservoir below 
the shaft. Then the groove at the angle see fig. 8.1, is filled with 
oil. The pressure in the groove is zero, i. e. atmospheric. It is assumed 

Oil  g roove 

90 - (i 

90+ß 

min 

Fig. 8.1 
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Load line 

/ n min 
Oil /Gas 

/ / / / 
y y / /-

/ / / / 

^ 0 *P % % 

Lower half Upper half 

Fig. 9.1 

Y>+2 7T 

that the oil supply is enough or more than what is needed for the 
intended operation of the bearing. There is no oil supply from the 
ring to the groove at the angle (p2. Sometimes, however, the groove 
is filled with oil from the lower half of t he bearing. In the calculations 
the grooves are assumed to have negligible extension in peripheral 
direction. 

The pressure build-up begins at the angle q\. It ends at the angle 
9?2 when the eccentricity is low, and within the lower half of the 
bearing with zero pressure derivative at higher eccentricities, see 
fig. 9.1. In the remaining part of the bearing there is a ruptured oil 
film with the pressure approximately zero. Thus the solution can be 
derived by adding a solution of an upper half with zero pressure to 
the centrally loaded 180° bearing solution. The latter case has already 
been treated in an earlier work, ref. (8), based on values calculated 
by Raimondi-Boyd (9). As they assume a full oil film in the cavitated 
region, they get somewhat too high power loss values at higher 
eccentricities. The case has also been treated by Sassenfeld-

Walther (10). Unfortunately, there is a lack of oil flow values in 
their paper, and their power loss values are too low, as they assume 
that there is only air in the cavitated region. In ref. (8) the oil and 
air strips in the cavitation region are taken into account when 
calculating the power loss. The agreement of the load capacity values 
determined by Raimondi-Boyd with those of S assenfeld-Walther 

is very good. The difference between them is about 1 % or less. 
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The load capacity number used is 

Pw2 
P = —-0 7"T 7] U 

where P = load per unit width 

Ar 
y — = radial clearance/journal radius 

rj — absolut viscosity 

U = surface velocity 

The angle between the load line and the minimum oil film thick
ness is called ß. 

The calculated values are given in chap. 3,5 and charts in chap. 
3,6. The relative eccentricity s is the ratio eccentricity/radial clearance 
and v is the width—diameter ratio. 

3, 2 .  Oil Flow 

The oil is supplied to the groove located at cpx by the rings. This 
oil flow is equal to the side leakage. If more oil is supplied, it will 
go back to the reservoir without having been within the lubricating 
film. The side leakage from the lower half of t he bearing thus attends 
to the cooling effect of the bearing. Oil flow values are taken from 
the very accurate calculations by Raimondi-Boyd (9), for the 
centrally loaded bearing case. The oil flow number used here is 

q° U Ar 

where q' — side leakage per unit bearing width. 

At large bearing width the side leakage becomes small compared 
with the power loss, and the bearing will be very hot. It is advisable 
to control the temperature rise. 

The total side flow is 

Q' - b q ', 

which is equally divided on the two sides. 
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3,3. Power Loss and Average Temperature Rise 

The power loss per unit width of the lower half of the bearing E1 
is taken from ref. (8), where due consideration is taken of the cavita
tion at the trailing edge. 

In the whole upper half there is a cavitation region with oil and 
air strips. The mean shear stress is from ref. (1) 

h* U 
r = T ' '' ' T~ 

where h — oil film thickness 

h* = oil film thickness at beginning of fil m rupture. (In this 
case located in the lower half or at the lower eccentricities 
at the angle <p2)-

The power loss per unit width of the upper half of the bearing is 

<Pi + 2 7T 9?!+ 2;: JJ 

E2 = I x U r dtp — J • tj • • U r dcp 

Using the non-dimensional expressions 

h H = ~r Ar 

E w En r] U2 

the non-dimensional power loss per unit width for the upper bearing 
half is 

^1 + 2* H* ^ + 27r dcp 
E20 = I IP ^ = H* J IT - £ COS <pf = 

(ïi + 2 71 — y2) + e [sin (7l + 2 n) — sin y2] 
=  / / •  ,  

j/(l - £2)3 
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where H* =1 — e cos 99* 

cos cp — £ 
y = arccos — 

1 — £ cos (f 

The values of E20 are given in table 12.1. 

Table 12.1. Values of E20 

e 

V 
0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

00 3,14 2,78 2,41 1,87 1,20 0,518 0,217 0 

1 3,14 2,80 2,46 1,82 1,15 0,492 0,208 0 

0,5 3,14 2,81 2,49 1,79 1,09 0,456 0,192 0 

0,25 3,14 2,82 2,48 1,78 1,06 0,427 0,178 0 

Now it will be assumed that the effective width of the upper half 
is 2/3 of the bearing width because of the grooves for the oil rings. 
Thus the non-dimensional number of th e power loss per unit width is 

E w 2 
= r] U2 = ̂ 10 ^ IT ' ̂ 20 

The total power loss is 

From the continuity condition follows that the strips will go through 
the groove at q:2. However, the groove will to some extent break the 
strips just after the groove, as the oil looses its grip to the bearing 
surface. The strips will then start later. This gives a small decrease 
of the power loss. The above described behaviour only takes place 
in the middle of the bearing. At the sides the oil is sucked into the 
bearing and there the strips are somewhat broader than the theoretical 
ones, which can be assumed to compensate the above decrease in 
power loss. The behaviour described above does only take place at 
higher eccentricities when cavitation starts in the lower half of the 
bearing, and the influence of this must be negligible. When the 
values of E20 are the same in the tables 12.1 and 24.1 there is no 
cavitation in the lower half of t he bearing. 
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If all of the power loss heats the oil, the energy equation becomes 

E = c Q q' At 

where c = specific heat of oil 

Q = density of oil 

and the average temperature rise becomes 

E 7] U2 E0 
At 

c Q q' y} c Q U Ar q0  

or non-dimensionally 

Atxp* E0 
At0 = c Q • 

n « q0 

The temperature calculation is based on the side leakage, which 
represents the oil circulation. 

3,4. Coefficient of Friction and Relative Power Loss 

The coefficient of friction fi i s friction force per unit load, and the 
relative power loss / is defined as power loss per unit load. These 
two quantities written in the non-dimensional way are 

or 

_ / __ EQ 

xp w Ar P0 

f i r  _ /  =  E 0   

^min M ^min -^O ( ̂  
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3,5. Tables of Calculated Values at Ring-lubrication 

V  —  CO 

£ 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,917 1,78 3,55 6,09 12,6 24,9 00 

ß 90,0 72,9 61,3 50,0 43,2 33,4 25,6 0 

% 0 0 0 0 0 0 0 0 

E0 5,23 5,11 5,18 5,82 7,17 10,6 15,6 00 

At0 00 00 00 00 00 00 00 00 

f 
00 5,57 2,91 1,64 1,18 0,841 0,627 0 

a> Ar 
2,91 1,64 0,841 0,627 

f 
00 6,19 3,64 2,73 2,95 4,21 6,27 00 

40 ̂ min 
6,19 3,64 2,95 4,21 

V —  1  

s 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,227 0,475 1,15 2,49 6,87 16,5 00 

ß 90,0 78,5 68,9 55,9 44,7 32,3 24,1 0 

% 0 0,0739 0,139 0,236 0,296 0,302 0,279 -

Eo 5,23 5,08 5,04 5,38 6,36 9,25 13,3 00 

At0 00 68,7 36,3 22,8 21,5 30,6 47,7 00 

/ 
00 22,4 10,6 4,68 2,55 1,35 0,806 0 

co Ar 
22,4 10,6 4,68 2,55 

i 
00 24,9 13,3 7,80 6,38 6,75 8,06 00 

œ hmin 

13,3 7,80 6,75 8,06 
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V=0,5 

e 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,0727 0,155 0,401 0,992 3,46 10,1 OO 

ß 90,0 80,0 72,1 58,0 45,0 31,3 22,8 0 

% 0 0,0906 0,175 0,317 0,416 0,457 0,447 -

E0 5,23 5,07 5,00 5,17 5,95 8,38 12,3 oo 

A t0 oo 56,0 28,6 16,3 14,3 18,3 27,5 oo 

t 
oo 69,7 32,3 12,9 6,00 2,42 1,22 0 

ca A r 
oo 69,7 32,3 12,9 6,00 2,42 1,22 0 

t 
oo 77,4 40,4 21,5 15,0 12,1 12,2 oo 

CO ^mjn 

oo 77,4 40,4 21,5 15,0 12,1 12,2 oo 

V =0,2 5 

€ 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,0195 0,0419 0,112 0,295 1,21 4,32 OO 

ß 90,0 81,4 73,7 59,0 45,0 30,4 21,4 0 

% 0 0,0963 0,189 0,349 0,472 0,542 0,536 -

Eo 5,23 5,06 4,98 5,10 5,75 7,80 11,1 oo 

At Q oo 52,5 26,3 14,6 12,2 14,4 20,7 oo 

f 
oo 259 119 45,5 19,5 6,45 2,57 0 

co A r 
45,5 19,5 6,45 

t 
oo 288 149 75,8 48,8 32,3 25,7 oo 

œ ̂ min 
48,8 32,3 25,7 
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3,6. Charts of Bearing Quantities at Ring-lubrication 

7 / 
= oo 

V> = 1 / 

v> = 0 5 / 

= 0,2 5 J 

Chart 16.1. Load Capacity Pn = 
P xp2 

7] U 

0,0 0,1 0,2 0,3 0.« 0,5 0,6 0,7 0,8 0,9 1,0 
O 

V> = 0.25 

V — OO 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 

Chart 16.2. Oil Flow % = 

V Ar 
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Chart 17.1. Power Loss 

Chart 17.2. Coefficient of Friction and Relative Power Loss 
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3,7. Design of Ring-lubricated Journal Bearings 

When designing an optimum 360° two-groove journal bearing, the 
following quantities must be known: 

Load capacity Ptot 

Angular velocity to 

Minimum permissible oil film thickness kmin 

Journal radius r 

There are now two non-dimensional quantities to be determined, viz. 

V  £  

and two dimensional 

i] Ar 

The first two quantities are determined from the optimum condi
tion that the power loss should be at a minimum. The total power 
loss is 

_ E
° 

^tot / ^tot p ^ M ^min -^tot 

As Ptot, co, a nd Amin are given quantities, the expression 

/ = EQ  

wÄmin Po(l— S) ' 

which is a function of v and E  only, shall be a minimum. This condi
tion determines v and E, see chart 17.2. The width—length ratio v 
shall be chosen as large as is suitable for the design, and the 
eccentricity £ gets at every value of v a certain optimum value. 

The two dimensional quantities r) an d Ar are determined from the 
four known quantities P tot, co, h min, and r. 

From the expressions 

P xp2 

^ m i n  =  (̂ l  - « )  
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we get 

^ b P0  (o (1 — E ) 2 r 3  

> 

tot "min 

^min Jr = 
1 — e 

Study now the temperature conditions in the bearing. The oil 
chosen shall have the above calculated viscosity at the mean operation 
temperature of the bearing. A good value of this temperature is 
assumed to be the average temperature ta of the side flow. The 
bearing thus operates at the temperature of the outlet oil. The 
temperature of the reservoir oil, which is supplied to the bearing, 
is called tr, and the temperature of the surroundings is ts. The heat 
equilibrium now gives 

E to t  — c q Q (ta  t r) — <x A (tr  tg) 

where x = coefficient of thermal transmittance by convection 

A = area of the bearing housing 

The average temperature rise in the bearing based on the side 

flow becomes 

, At — 
a C Q Q' 

and the difference between the reservoir temperature and that of 

the surroundings is 

Thus 

^tot , ^tot = ^  ,  
c q Q '  < X A  
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3 ,8. Schedule  for  Calculat ion 

v is chosen in agreement with the design 

£ is chosen so that —[ is minimum 
w ^min 

P h2 
-^tot '''min 

' b P0 co (1 — e)2 r 3 

Ar 

V 

1 -£ 

Ar 

r 

En 

nun ^  > o ( l — £ )  ' w Ä m i  

^tot ~ f P tot 

Ç' = b q' = b q'0 U Ar 

Etat , ^t 
t'a ^s r\i • j 

C Q OC A 

3,9 .  Example  

Design an optimum ring-lubricated two-groove journal bearing for 
the load capacity 5000 N, the rotational speed 1000 r/min, the mini
mum permissible oil film thickness 0,030 mm, and the shaft radius 
5 cm. Suitable width is 10 cm. c = 2000 Nm/kg° C, q = 900 kg/m3, 
and oc = 10 Nm/m2s° C. The area against the surroundings is 
A = 0,25 m2. 

v = 1  

£ = 0, 6 

5000 • 0,000030 2  

0, 1  • 2,4 9  • 105 • 0,4 2  •  0,0 5 3  
= 0,0086 Ns/m2 

0,030 
Ar — — = 0,075 mm 

0,4  
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0 , 0 7 5  
v  = l , « ° / o o  

/ = 6, 3 8  • 10 5 • 0,0 0 0 0 3 0  = 0, 0 2 0 1  m/s 

E tot  = 0,0201 • 5000 = 100 Nm/s = 100 W = 0,100 kW 

Q' = 0,1 • 0, 2 9 6  • 0, 0 5  • 105 • 0,0 0 0 0 7 5  =  0,0 0 0 0  1 1 7  m3/s = 

= 0,70 1/min 

100 100 _ _ 

~ ~~ 200 0  •  9 0 0  •  0 , 0 0 0 0 1 1 7  1 0 - 0 , 2 5  5  

4- 40 = 45° C 

If the air temperature is 25° C, the bearing operates at a tempera

ture of 25 + 45 = 70° C. Thus the oil shall have the above cal

culated viscosity at the temperature 70° C. 
A ring-lubricated bearing must have limited values of iJ

tot, co, and 

hm[n, if the bearing shall not get too hot. 



4. The Pressure-lubricated Journal Bearing 

4.1. Pressure Distribution and Load Capacity 

Consider a 360° journal bearing of fin ite width with one oil groove 
90° before, and another 90° after the load line. The lubricant is 
supplied to the two grooves by a pump, and it is assumed that the 
grooves are filled with oil of atmospheric pressure, or negligible 
pressure compared to the hydrodynamic pressures in the oil film, 
see fig. 8.1 and 23.1. The pressure distribution and the load capacity 
a r e  t h e  s a m e  a s  t h o s e  o f  t h e  r i n g - l u b r i c a t e d  b e a r i n g ,  s e e  c h a p .  3 , 1 .  

The calculated values of the pressure-lubricated bearing are given 
in chap. 4,5 and charts are given in chap. 4,6. 

4.2. Oil Flow 

In this case both grooves are filled with oil of at mospheric pressure 
and it is assumed that the groove oil is always kept cold through 
circulation. The oil flow per unit width entering the lower half of 
the bearing is called qx and given in tab. 23.2, and the flow entering 
the upper half is g2 

an(l given in tab. 23.3. For the lower half qx is 
calculated from the tables of Raimondi-Boyd (9). The flow in the 
upper half is 

U h2 U Ar (1 — £ cos cp2) 

or non-dimensionally 

q2 1 — e cos ç?2 H2  

(ho ~ U Ar = 2 = 2 

as there is a straight line velocity distribution of full width at the 
inlet oil groove. 

The oil flow per unit width of t he bearing is thus 

1 = <h + <72 
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and the non-dimensional group 

q 
?o <?10 ^20 U Ar 

Table 23.2. Values of q10 

V 
0 0,1 0,2 0,4  0 ,6  0,8  0,9  1,0  

00 0,500 0,484 0,446 0,350 0,242 0,122 0,0605 0 

1 0,500 0,532 0,551 0,555 0,517 0,419 0,341 -

0,5 0,500 0,543 0,579 0,626 0,626 0,567 0,505 -

0,25 0,500 0,547 0,590 0,654 0,676 0,648 0,592 -

Table 23.3. Values of q20 

£ 

V \ 
0 0,1 0,2 0,4  0 ,6  0,8  0,9  1,0  

OO 0 ,500 0,452 0,412 0,347 0,295 0,280 0,306 -

1 0,500 0,451 0,407 0,334 0,289 0,286 0,316 -

0,5 0,500 0,451 0,405 0,330 0,288 0,292 0,326 -

0,25 0,500 0,451 0,404 0,329 0,288 0,297 0,336 -
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4,3. Power Loss and Average Temperature Rise 

The power loss values of the lower loaded bearing half is already 
calculated in ref. (8). In the upper half there is a cavitation region 
with straight-line velocity distribution over part of the width. All 
the width is filled with oil at the leading edge; thus the power loss 
per unit width of the upper half is 

^ + 27r h2 U 
B , -  J l  - j - ' V - j - ' U r d v  

where h2 is located at the angle cp2. 

N on-dimensionally 

__ v (^1 + 2 TT — y2) + e  [sin { y \  + 2 n )  —  sin y 2 ]  

20 7-79 2 •» / 7]U2 ]/(l — £ 2)3 

where H2 is the non-dimensional oil film thickness at the angle cp2 .  
Values of E20 are given in table 24.1. 

Now the non-dimensional power loss per unit width is 

E  w  

T72 ^10 ^20 
t )  U £  

Table 24.1. Values of E20 

e 

v 
0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

oo 3,14 2,78 2,41 1,87 1,50 1,22 1,14 -

1 3,14 2,80 2,46 1,91 1,50 1,22 1,13 -

0,5 3,14 2,81 2,49 1,93 1,51 1,22 1,13 - -

0,25 3,14 2,82 2,50 1,94 1,51 1,22 1,14 -

The power loss of a two-groove pressure-lubricated bearing has also 
been treated by WILCOCK-ROSENBLATT (11). However, they assume 
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that the oil film will rupture at the minimum space, and they neglect 
the influence of the pressure flow term in the oil region. 

The average temperature rise calculation is based on the total oil 
flow entering the bearing halves from the grooves, assuming that all 
the oil entering the bearing is cold. The average temperature rise 

thus becomes 

E 
At — — 

c q q 

or non-dimensionally 

At y2 E0 

If the oil is not changed fully in the grooves, the temperature rise 
becomes higher than the above value. Is there no change at all in 
the grooves, but the oil is only supplied, the temperature rise must 
be based 011 the side leakage q', which then represents the circulation 
of oil and is given in chap. 3. 

If there is an oil pressure in the grooves, the load, the oil flow, 
and the power loss will be somewhat influenced; but for practical 
cases the above given values still may be used. 

4,4. Coefficient of Friction and Relative Power Loss 

As in chap. 3,4 

JL — / eq 
xp co Ar P0 

or 

Ii r f E0 

^min w ^'min ^0 ( ̂  ^ ) 
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4,5. Tables of C alculated Values at Pressure-lubrication 

V —  OO 

e 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

P0 0 0,917 1,78 3,55 6,09 12,6 24,9 OO 

ß 90,0 72,9 61,3 50,0 43,2 33,4 25,6 0 

Q0 1,00 0,936 0,858 0,697 0,537 0,402 0,367 -

E0 6,28 6,04 5,98 6,44 7,87 11,5 16,6 OO 

At0 6,28 6,45 6,97 9,24 14,7 28,6 45,2 OO 

f 
OO 6,59 3,36 1,81 1,29 0,913 0,667 0 

w Ar 
6,59 3,36 1,81 1,29 0,913 

f 
OO 7,32 4,20 3,02 3.23 4,57 6,67 OO 

^min 
7,32 4,20 3,02 6,67 

V =  1  

£ 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,227 0,475 1,15 2,49 6,87 16,5 OO 

ß 90,0 78,5 68,9 55,9 44,7 32,3 24,1 0 

1,00 0,983 0,958 0,889 0,806 0,705 0,657 -

E0 6,28 6,01 5,86 6,08 7,09 10,1 14,3 OO 

At0 6,28 6,11 6,17 6,84 8,80 14,3 21,8 OO 

f 
OO 26,5 12,3 5,29 2,85 1,47 0,867 0 

co Ar 
OO 26,5 12,3 5,29 2,85 1,47 0,867 0 

f 
OO 29,4 15,4 8,82 7,13 7,35 8,67 OO 

10 ^min 
OO 29,4 15,4 8,82 7,13 7,35 8,67 OO 
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v = 0,5 

£ 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

Po 0 0,0727 0,155 0,401 0,992 3,46 10,1 OO 

ß 90,0 80,0 72,1 58,0 45,0 31,3 22,8 0 

lo 1,00 0,994 0,984 0,956 0,914 0,859 0,831 -

En 6,28 6,01 5,83 5,91 6,73 9,30 13,3 oo 

At0 6,28 6,05 5,92 6,18 7,36 10,8 16,0 oo 

f 
oo 82,7 37,6 14,7 6,78 2,69 1,31 0 

o) Ar 
37,6 

1 
oo 91,9 47,0 36,7 17,0 13,5 13,1 oo 

0) /'min 
47,0 36,7 17,0 13,5 13,1 

J> = 0,25 

£ 0 0,1 0,2 0,4 0,6 0,8 0,9 1,0 

P0 0 0,0195 0,0419 0,112 0,295 1,21 4,32 oo 

ß 90,0 81,4 73,7 59,0 45,0 30,4 21,4 0 

lo 1,00 0,998 0,994 0,983 0,964 0,945 0,928 -

Eo 6,28 6,00 5,83 5,85 6,55 8,74 12,1 oo 

At0 6,28 6,01 5,87 5,95 6,79 9,25 13,0 oo 

f 
oo 308 139 52,2 22,2 7,22 2,80 0 

(o Ar 
52,2 22,2 7,22 2,80 

i 
oo 342 174 87,0 55,5 36,1 28,0 oo 

f0 ^min 
87,0 28,0 
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4,6. Charts of Bearing Quantities at Pressure-lubrication 

7 

5 

5 

3 

= 0,5 
2 

V = 0 25 

0 
0,1 0, 2  0,4 0,5 0,9 0,6 0,7 0, 8  »,3 

P w2 

Chart 28.1. Load Capacity P0 = 
t] U 

Chart 28.2. Oil Flow 
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' // 
\)= oo 

v>= 1 \ \  
V= 0,5 

V> = 0,25 

\ V 

\ y 

// 

0,0 0,1 0,2 0,3 0, A 0,5 0,6 0,7 0,8 „ 0,9 1,0 
£ 

E w 
Chart 29.1. Power Loss Ea — 

7] Ü2 

35 
V=0,25 

25 

20 

^=0.5 
15 

10 
V> = 1 

^=00 
5 

0 
0,0 0,3 0,6 0,7 0,9 

Chart 29.2. Coefficient of Friction and Relative Power Loss 
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4,7. Design of Pressure-lubricated Journal Bearings 

In the same way as in chap. 3,7 we get 

r j  
P  h 2  

tot ''min 
b P 0  m (1 — e)2 r 3 

and 

. ^min 
Ar — 

1 -  e 

where v  and e  are chosen as to give the minimum of the function 

/ E0 

M ^'min ^0 (1 £ ) 

The oil shall have the above calculated viscosity at the temperature 
h — tr At, where tr is the temperature of the oil entering the 
bearing. 

4,8. Schedule for Calculation 

v  is chosen in agreement with the design 

e is chosen so that —(• is a minimum 
CO mm 

P h 2  
•'tot '''min 

b P 0  (o  (1  — e) 2  r 3  

^min 
Ar 

1 — £ 

Ar 

r  

E n _ 

,  -  £ )  

Etot  = / -^tot 

Q =  b q  =  b q0  U Ar 

Vt  

c  q Q 

V 

f p  ( i  M  ^min 

^ J.  A± ' t 0 t  
t„  — t .— At  — 
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4 , 9 .  E x a m p l e  

Design an optimum pressure-lubricated two-groove journal bearing 
for the load capacity 25000 N, the rotational speed 1500 r/min, the 
minimum permissible oil film thickness 0,040 mm, and the shaft 
radius 75 mm. The width is 75 mm. c = 2000 Nm/kg °C, q = 900 

kg/m3. 

v = 0 , 5  

= 0,058 Ns/m2 

£ = 0,8 is chosen 

25000 • 0, 0 0 0 0 4 0 2  

>] _ 0,075 •  3, 46 •  157  •  0 , 2 2  •  0 ,0 7  5 3  

0, 0 4 0  
Ar — = 0,200 mm 

0,2 

0,200  
V = ^ 2, 6  7  ° / 0 0  

/ = 13, 5  • 157 • 0 , 0 0 0 0 4 0  =  0 , 0 8 4 8  m/s 

Etot = 0,0848 • 250 00 = 2120 Nm/s = 2, 1 2  kW 

Q  =  0 , 0 7 5  •  0 , 8 5 9  •  0 , 0 7 5  • 157 • 0 , 0 0 0 2 0 0  =  

= 0,000152 m3/s =9,11/min 

2120 
j. i  ^  fj ° Q  
a r 2000 • 900 • 0, o o o i 5 2  

If the reservoir temperature tr is 15° C higher than the temperature 
of the surroundings, which is ts = 25° C, the oil shall have the above 
calculated viscosity at the temperature ta = 25 + 15 + 8 = 48° C. 

If there is no circulation of oil in the grooves and only the side 
leakage  sha l l  t ake  care  of  t he  power  genera ted ,  the  va lue  of  q 0  — 0 , 8 5 9  

shall be changed to q'0 = 0,45 7 from chap. 3,5. Then 

Q =4,81/min 

ta-tr= 14,5° C 

and the viscosity shall be chosen at the temperature t a  = 2 5 + 1 5  +  
+ 15 = 55° C. 



5 .  Conclusion 

This work treats the 360° two-groove journal bearing with ring- or 
pressure-lubrication. It gives tables and charts for bearing design and 
schedules for calculation of the bearing quantities. Consideration is 
taken of cavitation of the oil when calculating the power loss. The 
viscosity is assumed to be constant. It is shown how to design bearings 
with a minimum of power loss at certain given conditions. Two 
optimum design examples are given. 
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Preface 

Since 1955 lubrication research has been carried out at the Institute 
of Machine Elements, Chalmers University of Technology, Göteborg, 
Sweden, under the leadership of the head of the Institute, Professor 
B. JAKOBSSON. Theoretical and experimental investigations have been 
made to study hydrodynamic lubrication and cavitation in journal 
bearings and rolling contacts. Nine reports have earlier been published, 
( 1 ) — (5) and (8) — (11). 

This work treats hydrodynamic lubrication of two rotating rigid 
cylinders. These are lightly loaded and the lubricant viscosity is 
constant. 

I wish to express my sincere thanks to the Swedish Technical 
Research Council for their kind sponsorship. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

This report is an extension of an earlier report, ref. (3), which 
treated the hydrodynamic oil film between a cylinder and a plane. 
In ref. (3) the behaviour of the oil with variable oil supply was discussed 
and the theoretical configurations of the oil strips in the cavitated 
region were shown. Infinite width was assumed. The same case has 
also been treated by KNESCHKE (12) and GATCOMBE (6). Their 
boundary condition with film break at the minimum space is, however, 
not correct as it violates the continuity condition, and the authors 
neglect the strips of oil in the ruptured zone. Their papers are discussed 
more in detail in ref. (3). 

Here the circular cylinders are approximated to parabolic cylinder 
surfaces, which gives a more general calculation, as one parameter 
vanishes. In ref. (3) the exact circular cylinder was used. The parabola 
method represents a very good approximation. The calculation is 
made for rigid surfaces and constant viscosity, which holds for lightly 
loaded cylinders. The width is assumed to be infinite. 

The problem treated here has also been studied by GRUBIN (7). He 
gives the pressure curve which holds for full oil supply, but does not 
show the influence of variable oil flow on the pressure build-up. 
GRUBIN neglects the oil strips in the cavitation region when calculating 
the friction forces, and he neglects the horizontal load components 
from pressure, which are necessary to give equilibrium of the oil. 



Notation 

^4 = Constant 
c = Specific heat of oil 
fl = Power loss per unit width 

E Vhmin 
Ea = — Non-dimensional power loss per unit 

V + U2)2 \ r width 
F = Shear force per unit width 

F = ï———-= = Non-dimensional shear force per unit 
V ( f  \ + U2) ]fr width 

E 
f — = Relative power loss 

Py 

H — = Non-dimensional oil film th ickness 
^min 

Ji — Oil film thickness 
h . — Minimum oil film thic kness 
' m i n  

U 2 k = - = Velocity ratio 

p = Force component from pressure in the 
x-direction per unit width 

p — n—-= = Non-dimensional force component from 
V (U, + u2) ]ir pressure in the x-direction per unit 

width 
p = Load capacity per unit width 

p h . 
p = y min = Non-dimensional load capacity per unit 
' V ( V i + V , ) r  w.dth 

P = Oil film pressure 

v ]/h3 • 
' min — - Non-dimensional oil film pressure 

i0  r, {Ux + 17.) Vr 
« == Oil flow per unit width 
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q 0  — T T  T J  . — Non-dimensional oil flow per unit width 
( ^ 1  i  ^  2 )  " - m i n  
r, r i ' 2 

Equivalent curvature radius 
+ r2 

rj r2 — Cylinder radii 
At = Temperature rise 

zl£n = c p • p= = Non-dimensional temperature rise 
y (Ui+ u, )  ]/r 

U 1 ,  U 2  = Surface velocities 
x, y  — Coordinates 

x  
x0 = , = Non-dimensional x-coordinate 

rj = Absolute viscosity 
Q — Density of oil 
r = Shear stress 
fyCx 95a — Angular coordinates 



3. Lubrication of Two Cylindrical Surfaces 

3,1. Hydrodynamic Pressure Distribution in the Oil Film 

Study the behaviour of a thin lubricating oil film between two 
rotating cylinders. The radii of the cylinders are rx and r2, the rota
tional velocities U1 and U2, see fig. 9.1. The surfaces are assumed to be 
rigid and thus the theory holds for light loads. The calculations are 
made with the usual assumptions of l aminar flow, constant viscosity, 
and negligible weight and acceleration forces. In theory the width is 
assumed to be infinite. This holds very well in most of t he practical 
cases as the oil film thicknesses are so very small. For the pressure 
determination REYNOLDS' eq uation is used. The validity of this was 
discussed in an earlier report (3) where a rotating cylinder on a plane 
surface was treated. The pressure build-up is concentrated to the line 
of closest approach where REYNOLDS' equation, derived for a thin oil 
film, holds with good accuracy. 

REYNOLDS' equation gives 

where x = coordinate 

Ji = oil film thickness 

j) = oil film pressure 

rj = absolute viscosity 

Integration gives 

h -  h* 
—  =  6V ( U 1 +  U , )  8.1 

if 
dp 

—— = 0 at h = h*, 
ax 

The oil film thickness is 



Fig. 9.1 

h  =  K m  +  V i  + V i  =  Ämin + rl (! — C0S < P l )  +  ̂ 2 ( 1 —  COS ( p 2 )  

Using the two first terms in the series 

we get 

c p 2 ^  
cos = 1 — -f- — 

Ä  =  K i n  + *1 • — + r2 
<?2 

At small angles, where the pressure build-up occurs, we have 

x  =  r x  (f x  —  r 2  9? 2  

and then 

x 2  x 2  l / l l  
h = Ämln + — + — = Äml„ + - I — + -
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Introducing the notation 

1 1 1 

rx r2 r 

or 

rx r 2 
r = : 

*i + r 2 

we get 

x2 

^ ^min 2 r 

The radius r is called equivalent radius of curvature, as it represents 

the radius of a cylinder rotating on a plane surface. 

The two circular cylinders are thus approximated to two parabolic 

cylinders. 

Make a comparison between the exact circle and the approximate 

r sin2 cp 
parabola. Then r (1 — cos 99) shall be compared to x2/2 r = — . 

The following table gives the quantities as functions of cp. 

<p° 1 2 3 5 10 

1 —cos <p 0,0001523 0,0006092 0,001371 0,003805 0,01519 

sin2 cp 

2 
0,0001523 0,0006090 0,001370 0,003798 0,01508 

At small angles, where the pressure has considerable values, the 

accuracy is quite good. At higher angles the accuracy is lost; but there 

the pressure has low values and the influence of the approximate height 

function 011 the calculated quantities can be neglected. 

The non-dimensional oil film thickness 

h x2 

Introduce the notation 

x 
/y 2  

r  Kin 
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or 

xn  = 

Y^k 

which gives 

H = 1 + -

By introduction of t he non-dimensional coordinate x0 and the non-
dimensional oil film thickness H eq. 8.1 becomes 

dp 1 

dx0  yV h ]  
6 rj {U 1  + U2) 

H -  H" 

JP 

where H* — 1 + 
( * o ) 2  

Introduce the non-dimensional pressure 

V l^m in 
Vo 

v (u t  + u2) Y 

Then from eq. 11.1 

dp o H -  H* 
- = 6 

i?3 

1 + 
r 2  \2  

The non-dimensional pressure 

h2  
/e/min 

6 H* 

1 + 
r 2  \ 3  ^0 

11.1 

Vo = 
6 dXn 6 H* dxn 

1 + 
r 2  \ 2  ''O 1 + 

r 2  \ 3  "0 
= 6 + 

1 + 

+ Warotg w. 

+ 

— 6 H* 
x, 

«01 
i  +  f 8  

+ 

X,  

1 + 

_ + aretg ^ 11.2 



12 

Tab. 12.1. Theoretical Pressure Values 

Curve 

No 
*01 *02 = *0 X0  Po 

— oo 0 

— 10 0,00770 

— 5 0,0552 

— 4 0,0996 

I — oo 0,6719 -3 0,201 

-2 0,458 

— 1 0,983 

— 0,6719 1,075 

0 0,538 

0,6719 0 

— 2,245 0 

-2,0 0,0887 

II — 2,245 0,6 -1,0 0,648 

-0,6 0,783 

0 0,391 

0,6 0 

— 1,380 0 

-1,0 0,263 

III — 1,380 0,5 — 0,5 0,466 

0 0,233 

0,5 0 

— 0,9542 0 

IV — 0,9542 0,4 -0,4 0,245 

0 0,122 

0,4 0 

If the oil adheres to the surfaces, the continuity of flow gives zero 
pressure derivative at the end of t he pressure build-up. The start of 
the oil film is dependent upon the oil quantity supplied per unit time. 
If the oil flow is above a certain required amount and the gravity 
forces are neglected, the pressure build-up will start where the wedge 
between the two cylinders starts. With the approximate oil film 
thickness used that is at x01 — — oo. It will end at £02 = x* with zero 
pressure derivative. If the oil flow is lower than that certain amount 
the oil wedge becomes shorter as x* decreases and the value of x01 

increases, see tab. 12.1 and fig. 13.1. One of t he boundaries is chosen 
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-10 -5 -U -3 2 0 x 

Fig. 13.1. Theoretical Pressure Curves 

and the other one is determined by numerical calculation to get the 
pressure and the pressure derivative zero at the film break. Curve I 
represents full oil supply and the curves II—IV less oil supply. 

3,2. Load Capacity 

The load components from the pressure and from the shear stress 
in the oil are determined separately. The component in the y-direction 
of t he shear stress can be neglected in comparison with the load com
ponent of the pressure in the same direction, see fig. 14.1. It is assumed 
that the pressure is constant across the oil film. 

The load is 

x* X* ** flp 
P1V = P2U = Py = J V dx = J p X - J — X dx = 

xl XL xx 
ax 

h — h* 
= — J 6 7] {U1 -f U2) •—— • xdx = 

y (U1 + U2) r 1 *:H-H* 

L ^ J /-/3 ' dx0 
'^min v . .  

The non-dimensional load becomes 
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2X 

Fig. 14.1. Load Components from Pressure and Shear Stress in the Oil 

P i  y o 

6 H" 

P = i<n 

P h 
-*• y "'min 

22/0 -2/0 r i { ü 1 + U 2 ) r  

X *  X *  

f* XQ dx0 

= — 6 
XQ dx0 

2 \ 2 
0 \ 
+ 

1 + 
r2 \3 ''O 

= 6 

~ 1 "j-
•^Ol 

G H *  

2 1 + -
2 \2 
0 1 

Calculated values are given in tab. 20.1. The curve of Py0 as 
function of x* is shown in fig. 15.1. 

The component from the pressure in the x-direction on cylinder 1 

V • dx 



PyO 

2,0 

0,5 

O.o 
0,0 0,2 0,6 0,7 

Fig. 15.1. Load Capacity 

I x2 . dp x2 
p . _|_ I . — ÙX = 

2 rx 
J dx 2 

7? T) T»2 
=  f  S v W i  +  U, ) — ^ — 1 7 l

i x  =  

=  v ( p , + p . )  j/n^Tf. 3 r d;c 

r, I h mln Vy^ + rJ \{ W x"dx" 

Non-dimensionally 

p Pix y^min 
110 ~ n (U, + u,) ft ' 

x* x* 

ro r r *2 dxn /* dj 

In the same way 
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P 9 rft 

P 2x 1  ̂ min 

v  (^i + u 2)  y; 

*1 +  *2 

a?o d x0  

1 + 
r2 \2 
0 

3 H* 
x 2  dx0  

1 + 
r 2  \3  
(/0 

The parenthesis is thus equal to {P l x0  + P2xo) aRd we can wfite 

Pixo 
r- ,  +  r9  

{PlxO + P 2 

P
"°  n  + rs 

Solving the integrals we get 

P1X0 P 2X0 — ^  

{Plxo + P^xo)  

X* 

T  

H o 

X2   , . x0 ± 1 H  
%01 r 2 

I 1/— 0 

+ f2 arctg -7= 

-3 H* 
2 1 

.2  \2  
0 4 1 

iyrarctg f2 

If in eq. 11.2 the condition p0  = 0 at x0 2  = x* is used, the expression 

is simplified to 

P\xo P2xo — 6 j/2 arctg ^ -

( X n  1  X 0  \  

2(1 + |) + FarctgW7J uu 

The curve of (P l x0  + P2a;o) is shown in fig. 17.1. 
It should be pointed out that the non-dimensional groups for Px  and 

Py are not the same. 
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P  + P  
' 1 X 0  ' 2 X 0  

A 

3 

2 

1 

O 
O O 0,1 0,2 0,3 0,4 0,5 0,6 0,7 I  I  I  I  I  I  I  v  I  

Xo 
Fig. 17.1 

In the oil region the shear stresses at the two surfaces are 

,  h dp TJj — U 2 
%x 2 dx ^ h 

,  h dp U1  — £7 a 

Ta 2 dx ^ h 

and in the cavitated region 

„ _ „ _ _ Ui - u* 
T l  T a  h '  r /  '  h 

The shear forces are 
+ 00 

F1  = — J x1dx 
X y  

+ 00 
F2 = J r2 d x 

«i 

The shear force acting on cylinder 1 from the shear stress in the oil 
region is 

T h dp f U1  - L\ Fl = J T"dldx + J —h—dx 



18 

Transform the first integral as follows 

x
r* h dj) y h 1 r dh 

/ T ' & r t o  =  l¥ ' p " T  J  p l ^ d x  
x x  

1  r  ( d y  1 dy2  

=  ~  T  • '  p  f a + " ï U l  

2 (P^ P2«) 

The shear force acting on cylinder 1 from the shear stress 
cavitation region is 

. 18.1 

in the 

r  U t-  U2  

J  — ' V  1  d x  

+ 00 f r* 

Ti  

Thus the total shear force on cylinder 1 is 

F\ = F i  + F[ =  (P ix + P 2x) + 

V ( Ux  + U2)  ] /r  1 — k / dx„ 

% 1 + k 
1 + 

+ H* 

+ O 

./• 

dx. 

1 + 

(Ut + U,) ) ' r  I  1 

Pmi. 

2 ("f 1-rO + P 2zo) + 

1 -  k 

1 + k 
j/2 arctg -=-+#* 

X01 

C7 2 

^T' 
where £ 

N on-dimensionally 

= Ko + K 

- ^ • 2 ( 1  +  
+ yFarctgyF 

W'„i 1 -  k 

rj  { U 
;; ir = -T (^ixo + p%xo) + txt * 

i + U2) Vr 2 1 + ̂  
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where A — A' 4- A" 

and A' — j/2 arctg -
P 

A" = H* 

2 I 1 i -r-

1 xo 
+ i/r arctg -= 

Curves of A, A' and A" are shown in fig. 19.1. If the oil is still in 
contact with both the surfaces under no-load condition, x1 = x2 = 

71 
= = 0, the value of A = A" — — = 1, 1 1 1 .  If the oil has lost 

2 J/2 
its contact with one of t he surfaces, this value is zero. 

In the same way we get 
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^20 = 
F 2 y A, 

y  (U i + U 2 )  ] r  

1  1  — k  
{PlXQ + Pixo)  j _|_ '  A  

Using eq. 18.1 (P l x  + P 2 x)  can be determined in another way. 

T d P 
Pix  +  12x  J  h  dx  — 

(U,  ±  u , )  f> 

t ^inin 

dx  n 

- //* 

dXn 

1 + -
.2 \2 
0 \ 

or non-dimensionally with solved integrals 

P ixo  +  P 2x0 — ® |/2 arctg — H 

i + fj 1/2 + ^arctgy?J 

which is the same as the simplified expression 16.1 and thus represents 
a control. 

Equilibrium of the oil film in fig. 14.1 gives 

\P i v  = Ply  

ix  +  Pix  =  Pi  +  P 2 

These two equations are satisfied by the expressions determined 
above. 

Tab. 20.1. Calculated Values 

X* p y  o PlXO ~l~ ^2X0 A' A" A ?o 

0 ,6719 2 ,447 4 ,601 2 ,849 0 ,641 3 ,490 0 ,6129 

0 ,65  1 ,777 1,824 2 ,317 0 ,651 2 ,968 0 ,6056 

0 ,60  1,124 0 ,8473 1,994 0 ,676 2 ,670 0 ,5900 

0 ,55  0 ,7367 0 ,4530 1,768 0 ,702 2 ,470 0 ,57  5  6  

0 ,50  0 ,4791 0 ,2465 1,574 0 ,729 2 ,303 0 ,5625 

0 ,45  0 ,3035 0 ,1322 1,397 0 ,758 2 ,155 0 ,5506 

0 ,40  0 ,1847 0 ,06822 1,229 0 ,789 2 ,018 0 ,5400 
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# O x 

Fig. 21.1 

3,3. Oil Flow 

The oil flow is constant in every section of the wedge as the width is 
infinite. At x = and h = h* there is a straight line velocity distribu
tion and thus the flow per unit width is 

(? i + U2) h* 



Fig. 22.1. Oil Flow 

or non-dimensionally 

(*si 
q H* 2 

q° = '( U, + üt) hmin 
= = ~2 

The oil flow values are given in tab. 20.1 and the curve is shown in 
fig. 22.1. 

The oil film starts at x = x1 }  see fig. 21.1. At x = x* the film will 
break into streamlets. It is assumed that these strips end where the 
wedge ends when calculating the friction forces. In practice they 
break earlier due to gravity forces and surface tension. However, the 
adhesion and cohesion forces in the oil are dominating in this case, so 
this has little influence on the calculated values. 

The straight line velocity distribution is located close t o the mini
mum space and thus the oil quantity per unit time needed for full film 
lubrication is very small. 
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3,4. Power Loss 

The power loss per unit width is 

E — Fl U1 -f- F 2 U 2 — 

V  i  +  U 2 )  1 1 '  

1 ̂ niin 

r j  ( U 1  +  U 2 f  }V 

/ 1  

(^10 f 1 + ̂ 20 U i )  

M " ' ^in + , , 7 * F i  
y  h  .  1  +  k  1 0  1  +  k  \ '^min L 

or non-dimensionally 

F 1 

'o ~~ 
E  I  h „  K  1  1 1 - k V  

>1 (U 

3,5. Temperature Rise 

If it is assumed that all the power heats the oil, the energy equation 
becomes 

E = c q q At 

where c = specific heat of oil 

q = density of oil 

At — temperature rise 

The temperature rise becomes 

E  v ( Ü ! +  U 2 f  ] r  E 0  
A t  =  

c C V y^min c e (Ui + U 2 )  h m i n  q 0  

or non-dimensionally 

A t }  A f n i n  E 0  
At0 — c q • -= = 

r , ( U  1 + U 2) ]/r go 
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3.6. Relative Power Loss 

The relative power loss is 

_E V (^1 + V' r  Amln 

In non-dimensional groups 

/F g» 

(^1 + ^2) lAnin ^ 

3.7.  Example 

Study the forces acting and the movement of a roller in an unloaded 
roller bearing with a given radial clearance. The outer ring is sta
tionary and the inner ring is rotating with the angular speed co3 — 100 
1/s. The radii are r1 — 25 mm, r2 = 5 mm and r3 = 15 mm. The 
width of a roller is 10 mm and the radial clearance 10 jum. Calculate for 
the viscosities 0,1 and 1 Ns/m2. Determine A,'uin, ^mm> ( oc, co2, the 
forces acting on the roller, and the friction force on the inner ring. 
The notation is given in fig. 24.1. 

min 

min. 

Fig.  24.1 
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Fig. 25.1 

In fig. 25.1 a rotation of coc is added to the system to get the speeds 
at the contact points. 

The different forces acting on the three cylinder surfaces are shown 
in fig. 26.1. There are four unknown quantities: h"nin, coc and co2. 
To determine these we need four equations. The geometry gives 

^min ~ t~ ^ min ^ 

where C = radial clearance. 
The three equilibrium equations of the roller become 

K + K - P'L -f'* = O 

Kj - P2y = m (r2 + r3) Oil 

K r2 + Fl r2 = 0 

where m = n r\ g — mass of the roller per unit width. 

The expressions of the forces are 

V l ri (, )c + r2 ((»2 + o>,) 1 "I j 

I Kùn ' 
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1X P3X 

2y 

2X 2X 

2y 

Fig. 26.1 

P" - 1  %x 

P' = P 
2 y y o 

P" — P 
2 y 2/0 

{P1X0  + P 2x0)  

V  [ r 2  ( m 2  + M c )  +  r 3  ( °h  — «« • ) ]  

y^mir 

V  l r l  W C  + r2 (ft>2 + ft)c)] 

^TVii n 

r, rq 

— fl + T, 

V [r*  (co 2  + C0c) + r3 (co3 — co c ) ]  r 2  r 3  

K r  2 + 

[4 -^2 I o ( P  1*0 + P 2.To) 

— r 2  (W2 + 

fi co, + r2 (o)2 + tuc) 

V  l r l  « c  +  ̂K  +  0 > c ) ]  

K», 
rn r, 

ri + r  2 

r, r. 

r2 + ̂ 3 
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- F2 = 0,120 N 

=\23,Û N 

« - 1,23 N 

Fig. 27.1 

r = [— I P  + P  1+ K + mc) - f3 (»>3 - <oc) 1 
2 o Ixo + * 2.ro) ' „ / I \ \ „ / \ ^ I L w 2 (W2 + Wc) + 3 ( M 3  —  O c )  J 

_ V [r2 (ft>2 + ft>c) + r3 (co3 — <op)] ]/ r2 r3 

r2 + r3 

The four equations are solved and the results are given in the follow
ing table. 

Case 1 o 

V Ns/m2 0,1 1,0 
h' . 

mm /um 4,52 4,60 

h" . 
nun /um 5,48 5,40 

coc 1/8 20,8 21,1 

co2 1/8 11,9 11,8 

P' 2x N/m 14,6 147 

P" 2x N/m 12,2 123 

P' 2y N/m 231 2300 

N/m 226 2290 

K N/m 1,22 12,0 

F" 2 N/m — 1,22 -12,0 

F3 N/m 17,5 175 

The forces acting on the roller are shown in fig. 27.1 for case 2. 



4. On the Accuracy of the Approximate Solution 
Method 

In this paper the circular cylinders have been approximated to 
parabolic cylinders. It is possible to check the accuracy by comparison 
of the values calculated here with the calculations made in ref. (3) 
which concerned the special case of a cylinder rotating on a plane 
surface, where an exact circular cylinder surface was used. In ref. 
(3) t\ — oo and thus r = r2. The comparison is made in the non-
dimensional groups used i n this treatise. Only the case with full oil 
supply is studied. 

The comparison is made in tab. 28.1, where yj = r/hmin .  The 
accuracy in Py0  and q 0  is very good. The values of (P l x0  + P2X 0) 
and A have satisfactory accuracy for practical use. 

The non-dimensional groups for Py  and Px  are not the same so Py  

in practice is much larger than Px .  

Tab. 28.1 

Case 
r  

v = — 

"•min 

* 
X  

0  
P  

y o  120  P^ X O  A ?o  

1 000 0 ,67 11  2 ,411  4 ,1 33  3, 409  0 ,61 26  

Circular 

cylinder 

5 000 

10 000 

20 000 

0, 6719  

0 , 6720  

0 , 6721  

2 ,438  

2 ,442  

2 ,445  

4 ,387  

4 ,449  

4 ,49 2  

3, 454  

3 , 464  

3 , 472  

0, 6129  

0 , 6129  

0 , 6129  

100 000 0, 6722  2 ,446  4 ,551  3, 482  0, 61 30  

Parabolic 

cylinder 0 ,671 9  2 ,447  4 ,601  3, 490  0, 6129  



5. Experimental Investigation 

In the papers by KNESCHKE (12), GATCOMBE (6) and GRUBIN (7) 
no consideration is taken to the oil s trips in the ruptured part of the 
wedge. In ref. (3) by the present author the strips, derived from the 
continuity condition under the assumption that the oil adheres to both 
surfaces, were taken into account. The aim of the tests here was to 
confirm, if t here were oil strips in the cavitated region or if the oil film 
ended with a straight line in axial direction. 

The test apparatus consisted of a box in which a cylinder was 
mounted in ball bearings. The lid of t he box was transparent, see fig. 
29.1. The clearance between the cylinders and the plate was adjustable 
and the cylinder, rotated by a motor via a variator, was wetted by oil 
in the box. 

Fig. 29.1. The Test Apparatus 



Fig. 30.1. Clearance 0,6 mm, rotational speed 25 r/m 

Fig. 30.2. Clearance 0,6 mm, rotational speed 100 r/m 



Fig. 31.1. Clearance 0, 4  mm, rotational speed 25 r/m 

Fig. 31.2. Clearance 0, 4  mm, rotational speed 100 r/m 



Fig. 32.1. Clearance 0,2 mm, rotational speed 25 r/m 

ÜSÜI 

Fig. 32.2. Clearance 0,2 mm, rotational speed 100 r/m 



Fig. 33.1. Clearance 0,1 mm, rotational speed 25 r/m 

3 

Fig. 33.2. Clearance 0,1 mm, rotational speed 100 r/m 
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The diameter of the cylinder was 80 mm and the width of it was 
equal to its diameter. Mobil Oil Vactra Extra Heavy lubricating oil 
was used. The temperature during the tests was 22° C. 

The tests were made with different clearences and different speeds, 
see figs. 30.1 — 33.2. The first test, fig. 30.1, had a clearance 0,6 
mm and the rotational speed 25 r/m. Here we have few oil tongues. 
In the last test, fig. 33.2, the clearance was 0, l mm and the speed 100 
r/m, which gave a large number of oil tongues. Their lengths in the 
peripheral direction are about the same. Large clearances and low 
speeds give few oil strips, small clearances and high speeds give a 
large number of strips. 

In the tests the cavitation starts at a straight line in the axial 
direction. This confirms that the assumption of infinite width is 
correct. 

With a clearance of 0, l mm and a rotational speed of 200 r/m the 
distance between the minimum space and the start of cavitation is 
measured to 1,5 mm. The theoretical value is 1,3 mm and the agree
ment is thus good. At lower speeds the experimental x* are somewhat 
higher than the theoretical values. Theoretically x* is only dependent 
on r and Amin, not on the speed. The fact that the speed will in
fluence can be explained by a slope in the pressure curve of small 
negative pressures just before the commencement of c avitation, which 
will exert influence at very low loads. In practical cases the maximum 
pressure is considerably higher than these small negative pressures and 
their influence on the pressure curve is completely negligible. 

From the tests it is obvious that the film will not break at the 
minimum space, which is a usual assumption; but at a position which 
corresponds quite well with the continuity condition of zero pressure 
derivative. 



6. Conclusion 

In this paper the hydrodynamic theory of lubrication of t he contact 
between two cylindrical surfaces has been treated. Tests have been 
made to study the oil film between a rotating cylinder and a stationary 
plane surface. There is a good agreement between theory and tests. 

The treatise holds for light loads as the surfaces are assumed to be 
rigid and the viscosity to be constant. The calculations are made for 
variable oil supply and the different pressure curves are shown. Con
sideration is taken to the oil strips in the cavitation or air region. The 
width is assumed to be infinite. 

( calculations are made for load capacity, oil flow, and friction forces. 
Curves of these quantities are given. 

Photos of the oil film and the oil strips in the cavitation region are 
shown. 
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Preface 

This report has been carried out during lubrication research at the 
Institute of Machine Elements, Chalmers University of Technology, 
Göteborg, Sweden, under the leadership of the head of the Institute, 
Professor B. JAKOBSSON. Hydrodynamic lubrication and cavitation 
in bearings have been studied theoretically and experimentally. Ten 
reports have earlier been published, refs. (1) —(10). 

This paper is an extension of an earlier report ref. (1), which treated 
the oil flow continuity of the infinite journal bearing. Here the 
stability condition is treated. 

I wish to express my sincere thanks to the Swedish Technical 
Research Council for their kind sponsorship. I also wish to thank 
Mr BENGT HÅKANSSON, M. Sc, who has made the program for the 
evaluations in the digital computer, Alwac III E. 

Leif Floberg 
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1. Introduction 

Boundary conditions and attitude-eccentricity curves of the 360° 
infinite journal bearing with one axial oil groove are hitherto not 
fully solved and accepted in the bearing literature. In an earlier 
report (1) this problem was treated; but calculations were not made 
for the highest eccentricities, and it contained few experiments. Here 
the problem is discussed in more detail and several tests are made. 

In the tests of ref. (1) the location of t he shaft centre was evaluated 
from the shape of the measured pressure curve. Only the vertical 
location of the centre was controlled by measurement at the full 
SOMMERFELD conditions (12) and coincided with the horizontal 
attitude-eccentricity line. Here the location is measured mechanically 
in horizontal and vertical directions. It is assumed that the pressure 
curve will start or end at the groove. This holds, if the groove pressure 
is infinitesimally higher than the cavitation pressure. As the cavita
tion pressure is just below atmospheric the groove pressure then 
ought to be atmospheric in the tests. 

The case studied in this paper has been theoretically treated by 
STIEBER (13) as early as 1933. He makes a very good and correct 
treatment of the infinite journal bearing. However, he does not 
check the stability of the derived attitude-eccentricity curves. His 
work seems to be forgotten as it is seldom referred to in literature, 
which perhaps is due to the lack of tests in his investigation. Today 
the full SOMMERFELD conditions are often assumed to be impossible 
in the bearing literature. 

The infinite journal bearing has also been treated by SWIFT (14) 

in 1932. His paper is accepted in the literature notwithstanding the 
fact that he starts with an incorrect stability condition, which says 
that the shaft shall have as low location as possible choosing the 
pressure curves arbitrarily. By chance he gets the pressure curves, 
which end with zero pressure derivative and are the only curves 
satisfying the continuity of flow, and his calculation was made for 
the centrally loaded half-bearing, where all derived attitude-eccentri-
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city curves are stable and the stability therefore need not be discussed. 
If the same condition of zero pressure derivative at the end of the 
pressure build-up is used for the 360° bearing, curves, which are not 
in accordance with the stability condition, are sometimes derived. 

In theory the bearing quantities are determined for given positions 
of the shaft and the groove, and the continuity condition must be 
satisfied, when this calculation is made. In practice a certain load 
is applied at a certain angle and the calculated shaft centre position 
is only obtained, if i t is stable. If it is not stable, the shaft will whirl 
or under certain conditions find another stable position. 

As this work is an extension of ref. (1) the equations are not re
written; but the basic conditions, upon which the equations are built, 
are discussed in detail. 



2. Notation 

b = Bearing width 
C = Diametral clearance 
c = Specific heat of oil 
D = Bearing diameter 
d = Shaft diameter 
E = Power loss per unit width 

E xp 
E0 = = Non-dimensional power loss per unit width 

e = Eccentricity of the shaft relative to the bearing 
E 

f = — = Relative power loss 

hmin = Minimum oil film thickness 
m = Weight on the load scale 
n = Rotational speed 
P = Load per unit width 
Ptot = Total load 

P  i f 2  

P0 — TT = Load number 
?] U 

q = Oil flow per unit width 
q 

qn — TT . = Non-dimensional oil flow per unit width 
u Ar r 

r — Radius of the shaft 
Ar = Radial clearance 
t = Temperature 
At = Temperature rise 

At xp2 

At0 = c p • = Non-dimensional temperature rise 
f] OJ 

U = ra> = Velocity of the shaft surface 
x, y = Coordinates of the shaft centre 
ß — Angle between load line and line of centres 

e 
e — ——- = Eccentricity/radial clearance 
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r> = Viscosity of oil 
Q = Density of oil 
cp — Angular coordinate 
(ç,i  ß) = Angle between load line and start of oil film 
(çp2 -\- ß) = Angle between load line and end of oil film 

C Ar 
w = — = = Relative clearance 
w d 

Angular speed 



3. Theoretical Investigation 

3,1. Continuity and Boundary Conditions 

For a long time REYNOLDS' e quation (11) for the pressure build-up 
in a thin lubricating oil film has been known and accepted. This 
continuity equation has got exact solutions for infinite bearing width, 
and for finite width exact solutions with infinite series and approxi
mate solutions solving large systems of equations. However, there is 
still a discussion in literature about the boundary conditions and the 
continuity conditions when cavitation occurs; and cavitation practic
ally always occurs in plain journal bearings. 

If REYNOLDS' equation is solved for the boundary condition of 
zero pressure at the bearing boundaries both j^ositive and negative 
pressures can be derived. If only positive pressures are derived, the 
solution is the correct one; but if there are negative pressure regions 
in the field, the solution must be rejected. As the oil cannot with
stand tensile forces without ca vitating, we then get cavitated constant 
pressure zones, the boundary conditions of which are given in ref. 
(1) for infinite width and in ref. (7) for finite width. 

The cavitation pressure is negligibly lower than atmospheric. 
Theoretically it can be approximated to atmospheric pressure or to 
that reservoir or side pressure, where the oil is in contact with air. 
To confirm this behaviour some experiments where made with oil 
and air under pressure in a test-tube. The pressure in the tube was 
put at about 5 atm g during a long time to get the air dissolved in 
the oil. When then the pressure suddenly was dropped to atmospheric, 
cavitation started with small bubbles moving up to the surface. If 
then the pressure was increased to 4 atm g, the cavitation still went 
on. The aim with the rapid pressure drop was to start cavitation, 
when the oil is not moving. Photos of the test-tube with cavitating 
oil a t atmospheric and at 3 atm g pressure are shown in fig. 11.1 and 
11.2 respectively. The initial pressure was here 6 atm g. It is thus 
evident that the cavitation pressure is not tied to atmospheric; but 
to that pressure at which the air or the gases are dissolved in the 
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-180 
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ß 0 % "P, +180° 

Fig. 12.1. Pressure Curve 

oil, i. e. the pressure where we have air saturation. Pressure decreases 
from the pressure where we have oil-air contact will thus give cavita
tion. This pressure is mostly equal to atmospheric. 

The continuity condition at the start of cavitation gives zero 
pressure derivative at the end of the pressure curve. This condition 
gives a multitude of curves for every eccentricity value as shown 
in ref. (1). One condition of a given pressure at a given angle deter
mines which curve is derived. The notation is shown in fig. 12.1, 
where a pressure curve is drawn. The pressure build-up starts at 
(p1 and ends at cp2. These angles are prescribed to be positive, i. e. 
they are measured in the positive direction when drawing the diagrams. 
The angle between load line and minimum space is ß. 

The calculations are made for different values of the eccentricity e 

and of the angle cp2 = 99*. cp1 is determined from the condition that 
the pressure shall be zero at cp1 and cp2. The load capacity per unit 
width P and the load angle ß are determined. 

3,2 .  Attitude-Eccentricity Curves 

The attitude-eccentricity curves represent the location of the shaft 
centre relative to the load direction and the bearing centre. The 
location is given by the load angle ß and the eccentricity e. 

In the calculations cp:, P and ß were determined as functions of £ 
and (p2 — 99*. 

As the cavitation pressure is negligibly smaller than the atmospheric 
groove pressure, the pressure build-up will either start or end at the 
groove. In order to get the shaft centre curves for different groove 
locations, the angles between the load line and the groove {cp1 -f- ß), and 
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Fig. 13.1. Section of the Bearing 

(<p2 ß ) }  see fig. 13.1. are plotted against e  and ß .  Then curves for con
stant values of (<px + ß) and (<p2 + ß) are drawn, see figs. 14.1 and 15.1. 
In the same way a diagram to determine the non-dimensional load 
capacity P0 as function of t he shaft centre locus is made, see fig. 16.1. 
The non-dimensional group for the load number is 

P ip9 

In ref. (1) diagrams corresponding to 14.1, 15.1, and 16.1 were 
given. However, the calculations in that work were made only up 
to the eccentricity 0,8, why the curves for {cp1 + ß) < 90 in diagram 
14.1 were not obtained. There was also an error in the calculation at 
e = 0,8 in the same diagram, which is corrected here. 

3,3. Stability Conditions 

In theory the load capacity and the angle between the load and 
the groove (90 -[- ß) are calculated for given positions of the shaft 
centre. In practice a given load is applied at a given angle and the 
corresponding position of the shaft centre is only reached, if that 



14 

(Pi*ß 

Fig. 14.1. Attitude-Eccentricity Curves for Different Groove Locations 
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Fig. 15.1. Attitude-Eccentricity Curves for Different Groove Locations 
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Fig. 16.1. Load Capacity 
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point is stable. If th e point is not stable, the shaft will whirl or under 
certain conditions find another stable point. Thus stable solutions 
do not always exist. 

The attitude-eccentricity curves derived here have also been 
derived by STIEBER (13). He has the continuity condition fully 
satisfied; but does not check that the curves are stable. 

SWIFT (14) has treated a similar case of an infinitely wide centrally 
loaded half-bearing. He does n ot satisfy the continuity of flow and 
uses a n incorrect stability condition. 

To check if a point is stab le or not small displacements are made 
in different directions. If the resultant force tends to bring the shaft 
centre closer to the equilibrium point after disturbances in all direc
tions, the point is stable; but if it will remove the centre from the 
equilibrium point after a disturbance in one direction the point is 
unstable. 

The stability condition can also be expressed thus: If work is needed 
to move the shaft a small distance in all directions the point is stable; 
but if the work is negative for a disturbance in one direction the 
point is unstable. 

Thirdly, the equations of motion can be stu died. If the solutions 
of these are periodical functions the position is stable, if not it is 
unstable. 

The equations of motion are 

In the vicinity of a certain point the force components can be 
written linearized 

P x  =  k ^ x  +  k 2 y  

P y  =  k 3 x  +  h x y  

17.1 

where 

m = mass 

P x  = force component in the x-direction 

Py = force component in the /./-direction 

2 
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and the solution of eqs. 17.1 is then 

x = C1  ea t   

y = C2  ea t  

where 

CX2 = [&1 H ~~ ^4 dz } k\ H~ ^4 H~ 4 &2&3 2 

If the position shall be stable, a cannot have a positive real part, 
which means that a2 must be real and negative. Curves for constant 
values of the load components Px and P as functions of the eccentricity 
and the attitude relative to the groove are shown in fig. 19.1, where 
the groove is located at x = r. From this diagram the values of the 
coefficients k1, k2, k3, and ki can be obtained. 

Such an investigation shows that curves sloping down for increasing 
load capacity are stable and curves sloping upwards at increasing 
load are not stable. Thus the regions to the right of the dotted lines 
in the figs. 14.1 and 15.1 are unstable. 

Consider a point in fig. 15.1 at an arbitrary curve to the right of 
the dotted line. If we get a disturbance to the right upwards the 
curve, we get a resultant force upwards and the shaft centre will 
move out from the equilibrium position. If we get a disturbance to 
the left down the curve, the resultant is directed down and the centre 
will also here move out from the point. Those points to the right of 
the dotted lines in figs. 14.1 and 15.1 can thus in a very simple way 
be established as unstable. 

SWIFT does not satisfy the continuity condition of zero pressure 
derivative at the end of the pressure build-up. Here SWIFT must 
build upon an assumption that the oil will lose its grip to one of the 
surfaces, which is the only interpretation giving continuity of flow. 
The fact that SWIFT neglects the power loss in the cavitation region 
also speaks in favour of t his supposed assumption of SWIFT'S. AS the 
oil does not behave in that way his solution method is not correct; 
but his results are true as his method only chooses curves with zero 
pressure derivative at the film rupture, and all the curves derived 
are stable. 

SWIFT makes a discussion of SOMMERFELD'S attitude-eccentricity 
curve derived for the centrally-loaded half bearing, see fig. 20.1, and 
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Fig. 19.1. Diagram of the Force Components with Groove Location on the x-axis 

at  x = r. (The unbroken lines r epresent f 'xo and the dotted lines Py0) 



B O 

C 
Fig. 20.1. Polar Diagram after SOMMERFELD 

writes: "There are two serious objections to SOMMERFELD'S dia gram. 
In the first place it involves, over approximately the portion PQRB, 
the assumption that negative pressures may exist in the film. This 
is, of course, a physical impossibility, as was pointed out by GÜMBEL 

in 1914. In the second place it gives over the rising portion QRB 
a condition which is palpably unstable. Let the shaft centre be 
imagined running in a position such as R with the applied load exactly 
balanced by the resultant film pressure. Then any displacement 
upwards along the arc RB would produce an upward film pressure in 
excess of th e applied load , while a downward displacement a long RQ 
would produce a deficit; and in either direction the equilibrium is 
unstable. The whole of t he rising portion of t he locus from Q to B 
must therefore be rejected as impossible. These two objections are, 
of course, entirely independent of one another, so that the mere 
omission of negative pressures cannot by itself provide a remedy. 
The boundary and impressed conditions require fresh examination 
from the physical standpoint." The fact that negative pressures do 
not exist was pointed out by SOMMERFELD himself, when he gave 
the limit for his theory. After SWIFT has shown that part of SOM MER

FELD'S attitude-eccentricity curve of the half-bearing does not exist 
as the curve is not stable, he looks for new conditions to get a stable 
curve. Here, however, it is shown that if the continuity and boundary 
conditions are satisfied and the curve to some extent is unstable, 
stable solutions do not sometimes exist. However, the shaft will, 
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under certain conditions, find another stable position. The curve 
P0 = 50 crosses the curve cp -\- ß — 90° at three points of which only 
the lowest one is stable. 

About the stability SWIFT wri tes: "If, now, another eccentricity be 
chosen, then a similar range of corresponding values of 0 and P can 
be found, and ultimately a series of overlapping ranges of this kind 
will be developed and it will be found that the resultant pressure, 
attitude, and eccentricity are connected by some surface relationship 
which might, in theory be expressed in the form P = f (e, 0). It is 
not possible to find a value of P for every value of e and 0, owing 
to the fact that the pressure must fall to zero before the "off" point 
is reached, but in general there will b e an infinity of combinations of 
e, and 0 which will produce a given value of P. If, then, a certain 
load W were applied to the journal in the prescribed direction, the 
bearing would be able just to balance this load in any of a range 
of positions for which P — W; and clearly, from the physical nature 
of the problem, these positions lie on a continuous locus. The shaft 
will be in stable equilibrium only when it lies on that point on the 
locus which is farthest in the direction of action of the load W, and 
it is therefore this point which determines the running position of 
the journal under the load W. The displacement of the journal at 
a n y  t i m e  i n  t h e  d i r e c t i o n  o f  t h e  l o a d  i s  g i v e n  b y  y  —  —  r e  c o s  0 .  
Hence, of all its possible positions, that giving stable equilibrium for 
a given load W is the one for which e cos 0 has its greatest negative 
value." As pointed out above by the present author, SWIFT doe s not 
satisfy the continuity condition when he derives an infinity of positions 
carrying the same load in the same direction. Moreover the point, 
which is farthest in the direction of action of the load, on a locus 
with constant load carrying capacity is not stable, as all positions on 
such a curve are indifferent referring to motions along the curve. 
They may also be unstable depending on the conditions in other 
directions. If a certain position of the shaft centre shall exist, the 
continuity condition as well as the stability condition must be satisfied. 



4. Experimental Investigation 

4,1. Test Apparatus 

The aim of the test apparatus was to determine the loci of the 
shaft centre at different loads and groove locations, and to determine 
where the shaft was stable and where it was not stable. The rig con
sisted of a stationary bearing and a shaft, mounted in spherical ball 
bearings and driven by a motor-variator. The bearing was tightened 
at the sides by two plates fastened to the shaft with a clearance of 
about 10 /<m between the plates and the bearing. The bearing was 
covered inside and at the sides with bearing metal, and had an axial 
oil groove with oil in let at one end and oil o utlet at the other end for 
the cooling of the bearing. The location of the groove could be varied 
in peripheral direction. To supply the bearing with fresh oil a reservoir 
with oil-pump, oil-filter, and a cooling-system to keep the oil at 
desired temperature were used. A sketch of t he test bearing is shown 
in fig. 22.1 and two photos in figs. 23.1 and 23.2. 

The location of the bearing relative to the shaft was given in hori
zontal and vertical directions by two indicators graduated in microns. 
The bearing was loaded from above. The pressure in the groove was 

Bearing 

Side  sea l  

Shaf t  

Fig. 22.1. The Principle of the Test Bearing 



Fig. 23.2. The Test Bearing 
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measured by an oil manometer and adjusted to atmospheric. The 

temperature of the bearing was measured by a contact-thermometer 

and this temperature is very ci ose to the oil temperature in the 
bearing. 

Data of the test bearing: 

Shaft diameter d = 49, 9 9 9  mm 

Bearing diameter D = 50, 4 3  9  mm 

Bearing width b =75,0 mm 

Diametral clearance C -- 440 jum 

G  
Relative clearance xp — -j = 8,80 °/00 

Cl; 

The weight of the bearing is 3,2 6 kg, which is thus the lowest 

jjossible load. If m is the mass put on the load-scale, we get 5 times 

as high load on the bearing and the total load is 

Ptot = (5 m + 3,26) 9,81 N 

4, 2 .  Test Results 

Tests are made to control the theoretical curves for constant values 

of (cp1 -f- ß), (ç?2 + ß), and P0. The angle (ç>x -f- ß) exists between the 
boundaries 0° and 360° and tests are made for 270°, 180°, 120°, 90°, 

and 60°. The angle of (cp2 + ß) exists between the boundaries 0° and 

180° and tests are made for 120°, 90°, and 60°. A number of tests is 

also made with values of P0 of 4, 10, and 20. 

Tables of the test results are given in Appendix II, 

where n = rotational speed 

t = temperature of the bearing 

x = horizontal eccentricity 

y m vertical eccentricity 

o = angular velocity. 

The figs. 26.1 — 29.2 show the comparisons between the theoretical 

curves and the experimental points. The agreement is quite satis
factory. 



25 

In theory the groove has infinitely small width in a peripheral 
direction. In the test apparatus its width is about 10°. As most of 
the tests are made for {cpx -f ß) and it is only possible to test the 
(cp2 -f- /?)-curves to some small extent, the angle of (99 + ß) given in 
the test tables represents the angle between the load line and the 
beginning of the bearing surface to give somewhat higher accuracy. 

The side seals give a torque on the bearing. This torque is taken 
up by a couple in order to get a correct loading of a single force in 
a well defined direction. 

The relative eccentricity is determined from 

] 'X 2  -f - iß  
e  — 

Ar  

and the angle ß from 

t g ß  

The tests coincide with the stability theory which says that the 
vertical eccentricity cannot decrease when the load is increased. 

At lower eccentricities the shaft will v ibrate even though the curves 
are stable, as the stiffness of the oil film there is very low. 

For the groove location 120° the test points coincide with the 
horizontal attitude-eccentricity curve at lower eccentricities. This 
behaviour seems to be caused by small negative pressures giving full 
SOMMERFELD conditions at those low loads. At higher loads which 
correspond to higher speeds the small negative pressures will not 
influence and we get vibrations as predicted by the theory, see tab. 
39.1. 

When the groove is located 90° after the load, (cp  ß )  — 90°, the 
attitude-eccentricity curve does exist at low and high eccentricities 
but between those two curves there is an unstable region. This 
behaviour is verified by the tests, see tab. 39.2. 
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Fig. 26.1. Theoretical Curve and Test Points for = 270° 

++ 

Fig. 26.2. Theoretical Curve and Test Points for cp + ß = 180° 
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Fig. 27.1. Theoretical Curve and Test Points for cp-\-ß = 120' 

Fig. 27.2. Theoretical Curve and Test Points for (p-'rß = 90° 
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Fig. 28.1. Theoretical Curve and Test Points for <p + /3 = 60c 

++ 

Fig. 28.2. Theoretical Curve and Test Points for P0 = 4 
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Po = 10 

Fig. 29.1. Theoretical Curve and Test Points for i3
0=10 

P0 =20 

Fig. 29.2. Theoretical Curve and Test Points for P0—20 



5. Conclusion 

This paper treats continuity and stability conditions of the 360° 
infinitely wide journal bearing with one oil groove. It is shown that 
it is necessary to control the validity of the results derived by using 
the continuity condition. Some solutions are stable and do exist; but 
others are not stable and those solutions do not exist, when in practice 
a certain load is applied at a certain angle. 

In theory the shaft centre is fixed at a certain position and the 
corresponding pressure curve, load and load direction are determined. 
This solution does exist under the above assumption of a fixed shaft 
position. In practice, however, the load is applied at a given angle 
and it is not certain that the corresponding shaft position determined 
from the continuity condition is derived. If the location is stable, the 
solution is true; but if th e point is unstable, the shaft will either vibrate 
or find another stable position. In the attitude-eccentricity diagrams 
the regions to the right of the dotted lines are unstable and ought to be 
avoided. 

A test has been made to investigate if the cavitation pressure is 
tied to atmospheric or not. It is found that cavitation can very well 
take place at higher pressure than atmospheric and that cavitation 
occurs as soon as the pressure is lower than that pressure where the 
oil is in contact with air or gases. 

A large number of bearing tests is made. The agreement between 
theory and tests is satisfactory. Tables of ca lculated and experimental 
values are given. Diagrams with theoretical curves and experimental 
points are shown. 



6. Appendix I: Tables of Calculated Values 

The following non-dimensional groups are used: 

e 
e = 

~AW 

Pw2  

P — 
V U  

5 I  

q ° ~ ~  U  A r  

E w 
E

°
= ^T2 

A t  i p 2  

A t n  —  e g   
7] CO 

f  = K  

m A r  P 0  

f  E o   

M  K m  ~  P o  ( 1  -  B )  

Tab. 31.1. Bearing Quantities at 360° Oil Film 

£ 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 

< P l = ( P 2 = ( P *  90 81,42 72,90 64,49 56,25 48,19 40,30 32,50 24,62 16,09 0 

P o  0 1,885 3,772 5,673 7,617 9,674 11,98 14,84 19,04 27,70 OO 

ß  90 90 90 90 90 90 90 90 90 90 90 

<7o 0,5000 0,4925 0,4706 0,4354 0,3889 0,3333 0,2712 0,2048 0,1364 0,06762 0 

E 0  6,283 6,409 6,790 7,437 8,379 9,674 11,45 13,99 18,09 26,88 oo 

J  t0  12,57 13,01 14,43 17,08 21,55 29,02 42,22 68,32 132,6 397,5 oo 

f  
oo 3,400 1,800 1,311 1,100 1,000 0,9556 0,9429 0,9500 0,9704 1 

oj A r  
1,311 0,9556 0,9429 

f  
oo 3,7 78 2,250 1,873 1,833 2,000 2,389 3,1 43 4,750 9,704 oo 

( O  / ' ' l ujn  
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Tab. 32.1. Bearing Quantities at e  = 0, 2  

<p* 70 65 60 50 40 

<Pi 121, 01  158, 24  -172, 83  -127, 31  -92 ,70  

Po 3, 58 6  3, 032  2 ,407  1, 302  0, 5  707  

ß 83, 77  73, 69  64 ,5  7  48 ,99  36, 33  

lo 0, 4658  0, 4577  0, 4500  0, 4357  0, 4234  

E0 6, 698  6, 503  6, 302  5 ,952  5 ,702  

At0 14, 38  14 ,21  14,00  13, 66  13, 47  

/ 
m A r 

1, 868  2 ,145  2 ,618  4 ,572  9 ,990  

f 

œ ^min 
2 ,335  2 ,681  3, 272  5 ,715  12, 49  

Tab. 32.2. Bearing Quantities at £=0, 4  

cp2=cp* 54 50  40  20  

<P1 99 ,74  144, 49  -124, 81  -43, 57  

p0 7, 317  6, 235  2 ,915  0 ,1848  

ß 83,81  71, 77  45,33 17, 21  

Qo 0 ,3824  0 ,3714  0 ,34 68  0 ,312 1  

E0 8,1 82  7, 642  6, 213  5 ,108  

At0 21, 39  20, 5  7  17, 92  16, 3  7  

f 

co  Ar 
1, 118  1, 226  2 ,131  27, 64  

f 

co  hmm 

1, 864  2, 043  3, 552  46 ,06  
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Tab. 33.1. Bearing Quantities at e = 0,6 

?
 

If
 

"S
 *
 

38 35 30 20 

<pl 84,21 136,99 -  121,44 -49,38 

P« 11,42 9,749 5,484 0,9795 

ß 80,79 65,06 40,25 18,99 

0,2636 0,2543 0,2402 0,2181 

E0 10,98 9,776 7,31 2 5,480 

At0 41,64 38,45 30,4 4 25, ] 3 

t 

co Ar 
0,9616 1,003 1,333 5,595 

/ 
to ^min 

2,404 2,507 3,334 13,99 

Tab. 33.2. Bearing Quantities at e—0,8 

fp2 — <f>* 22 20 15 10 

(Pi 76,22 -164,24 — 43,35 -22,73 

Po 17,90 14,51 3,580 0,6507 

ß 67,91 39,71 15,96 8,89 

% 0,1 291 0,1241 0,1 136 0,1061 

E0 16,36 12,17 7,136 6,225 

At0 126,7 98,02 62,80 58,68 

/ 
o) Ar 

0,9138 0,8383 1,993 9,567 

/ 
œ /tmin  

4,569 4,191 9,967 47,83 



Tab. 34.1. Bearing Angles and Load Capacity at e = 0,85 

(f>2= (p* 20 18 16 14 10 8 5 

<P1 32,85 73,05 — 93,00 — 47,65 — 24,29 — 17,93 -  10,42 

P0 22 22 21,47 14,60 7,316 1,682 0,6698 0,09980 

ß 86,03 61,54 25,93 16,63 9,3 7 7,04 4,14 

Tab. 34.2. Bearing Angles and Load Capacity at £ = 0,90 

(pz=<p* 15 14 13 12 10 8 5 o 

91! 36,02 60,93 — 119,39 -51,74 -28,97 — 19,51 — 10,69 — 4,04 

P0 27,47 28,20 25,19 15,46 6,459 2,475 0,3600 0,009048 

ß 75,47 55,95 25,91 16,45 10,65 7,51 4,23 1,62 

Tab. 34.3. Bearing Angles and Load Capacity at e = 0,95 

Q92= Cp* 10,5 10,0 9,5 9,0 8,0 7,0 5,0 2,0 

<Pl 19,41 27,11 39,95 135,74 — 31,04 -20,73 -11,69 — 4,09 

P0 39,55 41,00 45,24 52,79 25,16 13,29 3,146 0,07669 

ß 80,64 66,07 49,21 25,88 10,29 7,5 7 4,54 1,63 

Tab. 34.4. Bearing Angles and Load Capacity at e = 0,98 

Ç92=9?* 6,20 5,90 5,70 5,60 5,58 5,56 5,54 5,53 5,52 5,50 4,00 

'PI 15,95 22,57 32,69 48,83 57,21 73,9 7 135,92 — 139,26 -93,75 — 64,44 -10.81 

Po 70,34 86,33 103,9 117,0 119,6 123,0 125,8 124,9 122,1 116,8 22,09 

ß 58,70 40,49 29,18 22,53 21,17 19,18 15,82 14,05 12,76 11,48 4,05 



7. Appendix II: Tables of Experimental Values 

Tab. 35.1. Test Values at (p-\~ß = 210° 

m n t X y ^tot OJ £ 

kg r/m °C /um /im N 1/s 

20,0 310 25,3 62 214 1010 32,5 1,01 16 

9,0 312 27,2 75 204 473 32,7 0,99 20 

7,0 311 27,0 82 200 375 32,6 0,98 22 

3,5 304 27,4 90 175 204 31,8 0,89 27 

3,0 302 27,(i 91 170 179 31,6 0,88 28 
2,5 302 27,9 93 163 155 31,6 0,85 30 
2,0 302 27,0 95 155 130 31,6 0,83 32 

1,5 303 27,8 97 141 106 31,7 0,7 8 35 
1,0 303 28,2 96 122 81 31,7 0,70 38 

0,8 303 28,4 94 115 71 31,7 0,67 39 

0,0 303 28,4 94 96 61 31,7 0,6 1 44 
0,5 303 28,4 91 80 57 31,7 0,55 49 

Tab. 35.2. Test Values at (p-\-ß=210° 

m n 1 X y PM  eu e ß 

kg r/m °C /um /um N 1/s 

ß 

8 599 23,2 86 172 424 62,7 0,87 27 

7 600 23,7 88 168 375 62,8 0,86 28 

6 599 24,2 91 162 326 62,7 0,84 29 

5 599 24,3 93 154 277 62,7 0,82 31 

4 600 24,4 95 142 228 62,8 0,78 34 

3 600 25,2 96 124 179 62,8 0,71 38 

2 600 25,2 91 96 130 62,8 0,60 43 

l 600 25,8 Vibr. Vibr. 81 62,8 Vibr. Vibr. 
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Tab. 36.1. Test Values at <p-\-ß— 270° 

m n t X V P  t o t  OJ £ 

k g  r/m °C /fin jum N 1 1/s i 

15 899 27,2 85 193 768 94,1 0,9<> 24 
14 898 27, 3  86 190 719 94, 0  0,95 24 
13 898 27,« 87 187 670 94, 0  0,94 25 
12 898 28,1 89 184 621 94, 0  0, 9 3  26 
11 898 28,2 91 181 572 94, 0  0,92 27 
10 898 28,2 92 177 522 94, 0  0,91 27 
9 900 28,6 93 173 473 94,2 0, 8 9  28 
8 898 28,7 96 167 424 94, 0  0,88 30 
7 900 28,8 97 160 375 94,2 0,85 31 
6 900 28,4 98 152 326 94,2 0,82 33 
5 900 28, 7  99 139 277 94,2 0, 7 7  35 
4 900 28, 8  98 122 228 94,2 0,71 39 
3 900 28,0 94 102 179 94,2 0, 6 3  43 
2  898 29,2 Vibr. Vibr. 130 94,0 Vibr. Vibr. i 

Tab. 36.2. Test Values at cp-\-ß= 180° 

m n t X y ^tot (o e ß 

kg r/m °C fx m /im N 1/s 

20,0 312 28,0 66 214 1010 32,7 1,02 17 
10,0 312 27,0 96 198 522 32,7 1,00 26 

3,5 310 28,1 146 139 204 32,5 0,92 46 
3,0 313 28,2 152 123 179 32,8 0,89 51 
2,5 313 28,7 157 102 155 32,8 0,85 57 
2,2 315 28,8 157 78 140 33,0 0,80 64 
2,0 312 29,0 156 55 130 32,7 0,75 71 
1, 8  313 29,1 149 32 120 32, 8  0, 6 9  78 
1, 6  313 29,2 137 17 110 32, 8  0, 6 3  83 
1,0 312 29,3 103 7 81 32,7 0,47 86 
0,5 313 29,4 73 2 57 32, 8  0,33 88 
0 312 29,4 42 1 32 32,7 0,19 89 
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Tab. 37.1. Test Values at 99/5 = 180° 

m n t X y Pt ot to e  ß 

kg r / m  °C /um //m N 1/s 

12 600 24,2  132 165 621 62,8 0, 9 6  39 

11 600 25,3  132 158 572 62,8 0, 9 4  40 

10 600 25,0  142 151 522 62,8 0, 9  4  43 

9 600 24,8  148 142 473 62,8 0, 9 3  46 

8 600 25,0  153 132 424 62,8 0, 9 2  49 

7 600 25,0  157 115 375 62,8 0,88 54 

6 600 25,2  159 86 326 62,8 0,82 62 

5 600 25,4  157 57 277 62,8 0, 7 6  70 

4 600 26,2 138 1 0  228 62,8 0, 6 3  86 

3 600 26,2 1 1 1  2 179 62,8 0, 5 0  90 

2  600 26, 3  84 - 1  130 62,8 0, 3 8  90 

1  600 26, 4  56 -3 81 62,8 0, 2 5  93 

0 600 26,6 27 -6 32 62,8 0,13 102 

Tab. 37.2. Test Values at <p-\-ß= 180° 

m n t X y - ^ t o t  (O e  ß 

k g  r/m °C /um //m N 1/ s  

18 900 26,8 125 174 915 94, 2  0, 9 8  35 

16 903 26,7 135 165 817 94,5 0, 9 7  39 

14 899 26, 7  145 153 719 94, 1  0, 9 6  43 

12 899 26, 6  155 136 621 94, 1  0, 9 4  49 

10 901 26, 9  162 113 522 94, 3  0, 9 0  55 

8 902 27,2 161 86 424 94, 4  0, 8 3  62 

7 898 27,6 156 63 375 94, 0  0, 7 6  68 

6 900 28,2 145 32 326 94,2 0, 6 7  78 

5 900 28,2 Vibr. Vibr. 277 94,2 Vibr. Vibr. 

4 900 28,2 Vibr. Vibr. 228 94,2 Vibr. Vibr. 

3 900 28,2 Vibr. Vibr. 179 94,2 Vibr. Vibr. 

2 900 28,2 Vibr. Vibr. 130 94,2 Vibr. Vibr. 

1 900 28,2 Vibr. Vibr. 81 94,2 Vibr. Vibr. 
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Tab. 38.1. Test Values at (p-\-ß= 120° 

m n t X y ^tot tu e ß 

kg r/m °C [im /um N 1/s 

20,0 312 27,7 73 206 1010 32,7 0,99 20 
12,0 312 27,8 100 192 621 32,7 0,98 27 
7,0 310 25,2 125 165 375 32,5 0,94 37 
6,0 310 25,2 133 153 326 32,5 0,92 41 
5,5 311 25,2 140 145 302 32, 6  0,92 44 
5,0 312 25,4 145 140 277 32,7 0,92 46 
4,5 311 25,4 152 125 253 32, 6  0,89 51 
4,0 312 25,5 159 105 228 32,7 0,87 57 
3,5 312 26,0 167 68 204 32,7 0,82 68 
3,3 312 25, 6  174 57 193 32,7 0,83 72 
3,1 312 25,8 175 32 184 32,7 0,81 80 
2,5 312 26,2 159 4 155 32,7 0,72 88 

Tab. 38.2. Test Values at qj-\-ß= 120° 

m n t X y Aot C O  £ ß 

k g  r/m °C jim /um N 1/s 

13 602 26, 9  125 172 670 63, 0  0, 9 7  36 
12 602 26, 7  131 165 621 63,0 0, 9 6  38 
11 602 27,0 137 158 572 63,0 0, 9 5  41 
10 602 26,7 144 147 522 63, 0  0, 9 3  44 

9 602 26, 8  152 134 473 63, 0  0, 9 2  49 
8 601 26,8 160 117 424 62, 9  0, 9 0  54 
7 602 26, 8  171 85 375 63, 0  0,87 64 
6 602 27, 3  176 37 326 63, 0  0, 8 2  78 
5 602 27, 3  160 9 277 63, 0  0, 7 3  87 

4 602 27,4 137 1 228 63, 0  0 , 6 2  90 
3 602 27,6 111 -2 179 63, 0  0, 5 0  91 
2 603 27, 6  82 -5 130 63,1 0, 3 7  94 
1 603 27, 5  54 — 5 81 63,1 0, 2 5  95 
0 603 27, 6  22 — 6 32 63,1 0,10 105 
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Tab. 39.1. The Values at ß—l'20° 

m n t X y Ptot to £ ß 

kg r/m °C /um ium N 1/s 

19 901 27,0 129 173 964 94,3 0,98 37 

17 900 27,2 140 163 866 94,2 0,97 41 

15 901 27,7 148 151 768 94,3 0,96 45 

13 901 27, (i 158 133 670 94,3 0,94 50 

12 900 28,0 163 121 621 94,2 0,92 53 

11 901 28,1 170 106 572 94,3 0,91 58 

10 902 28,3 175 85 522 94,4 0,89 64 

9 901 28,7 177 58 473 94,3 0,85 72 

8,5 902 28,9 177 43 449 94,4 0,83 76 

8 901 29,0 175 18 424 94,3 0,80 84 

7 902 29,9 Vibr. Vibr. 375 94,4 Vibr. Vibr. 

6 903 29,2 Vibr. Vibr. 326 94,5 Vibr. Vibr. 

5 903 29,2 Vibr. Vibr. 277 94,5 Vibr. Vibr. 

0 903 29,2 Vibr. Vibr. 32 94,5 Vibr. Vibr. 

Tab. 39.2. Test Values at <p-\-ß=VQ° 

m n t X y -̂ tot œ 1 R e i ß 

kg r/m °C [XTCY /um N 1/s 1 
1 

30 602 26,7 95 198 1500 63,0 1,00 26 
20 602 26,6 125 180 1010 63,0 1,00 35 

16 602 28,0 152 156 817 63,0 0,99 44 
15 602 28,5 159 149 768 63,0 0,99 47 

14 602 28,6 167 141 719 63,0 0,99 50 

13 603 28,8 174 131 670 63,1 0,99 53 

12 602 28,9 181 121 621 63,0 0,99 56 

11 602 29,1 109 105 572 63,0 0,99 61 

10 603 29,2 198 88 522 63,1 0,98 66 

9 603 29,7 Vibr. Vibr. 473 63,1 Vibr. Vibr. 

8 603 29,7 Vibr. Vibr. 424 63,1 Vibr. Vibr. 

7 603 29,7 Vibr. Vibr. 375 63,1 Vibr. Vibr. 
6 603 29,7 182 71 326 63,1 0,89 69 

5 603 29,7 172 66 277 63,1 0,84 69 

4 603 29,7 158 58 228 63,1 0,76 70 

3 603 29,7 138 42 179 63,1 0,66 73 

2 603 29,8 116 38 130 63,1 0,5 6 72 

1 603 29,8 91 30 81 63,1 0,44 72 
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Tab. 40.1. Test Values at cp-\-ß = ßO° 

m n t X y o
 CO £ ß 

k g  r/m °C  //m [X m N 1/8 

30, 0  311 26,0 74 212 1500 32,0 1,02 19 
25,0 311 26,0 83 210 1260 32, 6  1,02 22 
15, 0  312 26,0 108 198 768 32,7 1,02 29 
10,0 312 26,0 127 183 522 32,7 1, 0 1  35 
7,0 311 27, 6  150 161 375 32, 6  1,00 43 
6 ,0  311 27, 5  151 156 326 32, 6  0,99 44 
5, 0  311 27,4 151 150 277 32, 6  0,9 7 45 
4, 0  311 27,4 149 143 228 32, 6  0,94 46 
3, 0  312 27,4 145 137 179 32,7 0,91 47 
2, 5  311 26,9 140 133 155 32, 6  0,88 46 
2 ,0  311 27,0 136 127 130 32, 6  0, 85  47 
1, 5  312 26,7 131 122 106 32,7 0,81 47 
1,0 312 26,4 126 114 81 32,7 0,77 48 
0,4 312 26,4 122 102 52 32,7 0,72 50 

Tab. 40.2. Test Values at P0=4 

m n t X y tPi + ß tot eu  V e ß 

kg r/m °C /«n /um N 1/8 Ns/m2 

1 672 28,2 47 172 330 81 70, 4  0,011 9  0,81 15 
1 666 28,0 50 174 330 81 69, 7  0,01 20 0,82 16 
1 666 28,0 92 87 300 81 69, 7  0,0120 0, 5 8  47 
1 649 27, 5  98 88 300 81 68,0 0, 0123  0,60 48 
1 664 28,0 99 80 300 81 69, 5  0,0120 0, 5 8  51 
1 665 28, 0  57 8 270 81 69,6 0,0120 0,26 82 
1 650 27,5 50 2 240 81 68,1 0, 0123  0, 23  89 
1 639 27,0 60 2 210 81 66, 9  0,0125 0, 2  7  89 
1 613 26,0 52 6 180 81 64,2 0, 01 30  0, 2 4  85 
1 588 24,8 50 6 180 81 61, 6  0, 0 136  0,23 85 
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Tab. 41.1. Test Values at P0=10 

m n t X V <Pi+ ß Ptot CO >1 e ß 

kg r /m °C /xm ft in  N 1/s Ns/m 2  

3 582 27,6 17 200 330 179 60,9  0,0122 0,91  5 

3 592 28,0 94 156 300 179 62,0 0,0120 0,83  31 

3 546 26,0 91 145 300 179 57,1  0,0130 0,78 32 

3 526 25,0  95 130 270 179 55,1 0,0135 0,73  36 

3 555 26,5 98 131 270 179 58,1 0,0128 0,74  37 

3 542 25,8  121 93 240 179 56,7 0,0131 0,69 52 

3 542 25,8  117 10 210 179 56,7 0,0131 0,53  85 

3 547 26,0 112 4 180 179 57,3  0 ,0130 0,51 88 

3 564 26,9  114 5 180 179 59,1 0,0126 0,52 87 

Tab. 41.2. Test Values at P0 = 20 

m n t X y (Pi + ß Ptot OJ Tj e ß 

kg r/m °C /<ra ju m N 1/ s  Ns/m 2  

6 480 25,2  84 191 300 326 50, 2  0,0134 0,95  24 
6 491 25,8  84 191 300 326 51,4  0,0131 0,95  24 
6 487 25,0 91 178 270 326 51,0  0,01  32  0,91 27 
6 495 26,0 92 178 270 326 51,8 0,0130 0,91 27 
6 498 26,2 95 159 240 326 52, 2  0,0129 0,84  31 
6 502 26,5  94 159 240 326 52,6 0,0128 0,84  31 
6 498 26,2 124 149 210 326 52,2  0,0129 0,88 40 
6 502 26,5  123 149 210 326 52,6 0,0128 0,88 40 
6 495 26,0 153 132 180 326 51,8  0,0130 0,92 49 
6 495 26,0 149 137 180 326 51,8  0,0130 0,92 47 
6 502 26,4  165 108 150 326 52,6 0,0128 0,90  57 
6 441 23,4  164 107 150 326 46,2  0,0145 0,89 57 
6 455 24,0  186 33 120 326 47,6 0,0141 0,86 80 
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Preface 

Since 1955 lubrication research has been carried out at the Institute 
of Machine Elements, Chalmers University of T echnology, Göteborg, 
Sweden, under the leadership of the head of the Institute, Professor 
B. JAKOBSSON. Theoretical and exjDerimental investigations have 
been made to study hydrodynamic lubrication and cavitation in 
journal bearings and rolling contacts. Eleven reports have been 
published earlier, (4) —(10) and (13) —(16). 

Here an experimental investigation is made to show cavitation 
regions in transparent bearings. The classical case of the grooveless 
journal bearing with oil a t the bearing sides and the bearing with an 
axial oil groove 90° before the load are studied. 

I wish to express my sincere thanks to the Swedish Technical 
Research Council for their kind sponsorship. 

Leif Floberg 

Tekn. lie. 
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1. Introduction 

Since REYNOLDS (19) 1886 gave the basic equation for hydro-
dynamic lubrication the cavitation problem has been discussed in 
literature; but not until recent years does this problem seem to have 
been solved. REYNOLDS' equation itself is difficult to solve and the 
boundary conditions are even more difficult. 

SOMMERFELD (21) mentions the problem in his work of 1904 when 
he discusses the validity of his theory. He writes: "Sehr bedenklich 
muss für die Stickhaltichkeit unserer Theorie das Auftreten negativen 
Druckes erscheinen. Eine Flüssigkeit kann keinen nennenswerten 
negativen Druck (d. h. Zug) ertragen; sie würde unter dessen Einfluss 
zerreissen. Wenn wir nun auch annehmen wollen, dass der mittlere 
Druck pa, der bei uns unbestimmt blieb, für jeden bestimmten Quer
schnitt des Lagers einen gewissen positiven Wert besitzt (wobei der
selbe übrigens von Querschnitt zu Querschnitt veränderlich sein 
wird), so gibt es nach Fig. 15 jedenfalls eine untere Grenze für die 
Geschwindigkeit, nach deren Unterschreitung der variable Bestand
teil jh de s Druckes in der Nähe der Stelle N den positiven Druck £>0 

im negativen Sinne überwiegen würde. Unsere Theorie reicht dann 
nur bis an diese untere Geschwindigkeitsgrenze heran, nicht bis über 
dieselbe hinaus. Zerreisst nämlich die Ölschicht an der Stelle begin
nenden negativen Druckes, so werden die Voraussetzungen hinfällig, 
aus denen wir die Gleichgewichtslage des Zapfens, die Grösse des 
Reibungsmomentes usw. früher bestimmten." SOMMERFELD thus gives 
a very clear limitation of his theory considering the appearance of 
negative pressures which cause film rupture. Authors often criticize 
SOMMERFELD'S theory and results without noticing the limitation, 
cited above. 

GÜMBEL (12) showed in 1925 experimentally that negative pressures 
do not appear in a journal bearing and that the tests appear to be 
in favour of the boundary condition of ze ro pressure and zero pressure 
derivative at the end of the pressure build-up. 

In 1932 an experimental investigation was made by NÜCKER (17) 

to study the pressure build-up in a journal bearing. His tests show 
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small negative pressures in the unloaded half. However, most of the 
interest is paid to the loaded half and very few pressure measurements 
are made in the unloaded half of the bearing. 

VOGELPOHL (22) studied the cavitation problem in 1937. He showed 
that there were gases dissolved in the oil, which were released when 
the oil was submitted to tensile forces. VOGELPOHL also shows photo
graphs of cavitation regions. He makes no theoretical treatise of the 
behaviour of the oil in connection with cavitation; but assumes that 
the film will start at the maximum space and break at the minimum 
space. 

FRÄNKEL (11) treats the journal bearing in a work of 1944. He 
writes: "Für endlich breite Lager lassen sich die negativen Drücke, 
wie sie die Rechnung fordert, nicht erzielen, weil Luft eintritt und 
das Öl verdampft, wodurch das Ölband zerreisst. Deshalb ist die 
gesperrt angeführte SOMMERFELD sehe Voraussetzung nicht erfüllt 
und damit fallen seine Folgerungen dahin. Da SOMMERFELD seine 
Berechnungen unter Berücksichtigung dieser negativen Drücke durch
führte, hat er Ergebnisse erhalten, welche mit der Wirklichkeit nicht 
übereinstimmten (z. B. horizontale Verlagerungskurve des Wellen
mittelpunktes), und deshalb wenig beachtet wurden." As oil has air 
or gases dissolved in it, the oil will cavitate not vaporize. FRÄNKEL 

has not understood SOMMERFELD's solution when he thinks that it 
needs negative pressures, and he has not noticed SOMMERFELD's 
limiting criterion for the validity of the theory. FRÄNKEL writes that 
SOMMERFELD 'S solution is not true. However, it is theoretically possible 
to get the full SOMMERFELD conditions for an infinitely wide journal 
bearing with an oil groove at the lowest pressure, which also was 
shown experimentally in ref. (4). As the behaviour of the oil is so 
different in a bearing of finite width compared to an infinitely wide 
bearing, it is suitable to differentiate those two cases from one another. 
FRÄNKEL writes further: "Gümbel hat bekanntlich als Randbedin
gungen 23=0 für 99=0 (also im weitesten Spaltquerschnitt) und p= 0 

d p  
f ü r  d i e  S t e l l e ,  w o  — —  =  0 ,  a n g e n o m m e n .  S e i n e  Ü b e r l e g u n g  e r s c h e i n t  

zwar physikalisch nicht unbedingt zwingend, da nicht einzusehen ist, 
warum der Druck mit stetiger Tangente in den drucklosen Teil über
gehen sollte, wenn es sich um ein plötzliches Abreissen des Ölfilms 
handelt." The condition of zero pressure derivative at the end of the 
pressure build-up is the only condition which satisfies the continuity 
of flow, if there are no pressures lower than the cavitation pressure. 
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FRANKEL thinks that the film break is so sudden that the pressure 
derivative should not be zero. However, the gases are continuously 
expelled from the oil until a cavitation pressure of a bout atmospheric 
is reached and the gas is not rotating with the shaft; but it collects in 
bubbles at the sides passed by streamlets of oil. FRÄNKEL assumes 
in his calculations that the film starts at the maximum space and 
ends at the minimum space. 

CAMERON and WOOD (I), made a calculation in 1949 on the full 
journal bearing of finit e width assuming film start at maximum space 
and with zero pressure derivative at the film break. They assume a 
full oil film in the cavitated part of th e bearing when calculating the 
power loss. 

In 1956 COLE and HUGHES (2) showed photos of oil strips in a 
cavitation region. However, they use an oil hole for the lubricant 
supply, which case has not been treated hitherto in theory and there
fore a comparison between theory and test cannot be made; but the 
photos give a good view of the behaviour of the oil in a cavitation 
region. 

DOWSON (3) has in 1957 studied cavitation between a lens and 
a plane surface. He shows photos of t he bubbles and gives measured 
pressure fields and finds that cavitation does not start where the 
pressure derivative is zero but further on downstream. At very low 
loads it is possible to do experiments for the full SOMMERFELD case 
with positive pressure in the convergent part and negative pressure 
in the divergent part of th e bearing, if the negative pressure does not 
reach that level where cavitation starts. As the cavitation pressure 
is some hundredths of an atm this case represents very low loads and 
is very far from practical bearings. Before a cavitation zone there is 
a slope of negative pressures lower than the cavitation pressure. This 
slope will inf luence the shape of the pressure curve in cases close t o 
the full SOMMERFELD condition and with low loads; but when the 
slope pressure is small compared with the maximum pressure the 
influence is fully negligible. That was shown experimentally in ref. 
(9), where the oil film between a transparent plate and a rotating 
cylinder was studied. At higher speeds, which give higher loads, the 
agreement is quite good; but at lower speeds the slope will influen ce 
and cause commencement of c avitation further on downstream. This 
behaviour is a lso shown by DOWSON's own experiments. His highest 
loaded test gives the best agreement with theory; but even there the 
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load is very low and if he had gone further on, the agreement would 
have been still better. 

RAIMONDI and BOYD (18) published in 1958 tables and charts of 
journal bearing quantities based on zero pressure derivative at the 
end of the pressure build-up. They assume a full oil film in the cavita
tion region when calculating power loss, to be on the safe side. 

In 1957 the continuity condition at the downstream boundary of 
a cavitation region was given by JAKOBSSON-FLOBERG (13). This 
condition makes it possible to determine the location of the cavitation 
region in a bearing under given conditions at the bearing boundaries. 
When this location is known the bearing quantities can be determined. 



2. Notation 

h Bearing width 

c Specific heat of oil 

D Bearing diameter 

d Journal diameter 

Ad Diametral clearance 

e Eccentricity 

g Acceleration due to gravity 

H Height of oil column 

h Oil film thickness 

n Rotational speed 

P Load capacity per unit width 

Ptot Total load 
P yj2  

PQ Non-dimensional load capacity per unit width 

p Oil film pressure 

P yj2 

Po — Non-dimensional oil film pressure 
F] OJ L 

pc Cavitation pressure 

Pc V2 
Pc°— w Non-dimensional cavitation pressure 

r Journal radius 

A r Radial clearance 

t Temperature 

U Surface velocity 

x, z Coordinates 

ß Angle between load line and minimum space 
e 

8 = Rétive eccentricity 



Absolute viscosity 

Width-diameter ratio 

Density of oil 

Angle between minimum space and film rupture 

Ad 
——- Relative clearance 
a 

Angular speed 



3. Theory of Hydrodynamic Lubrication 
and Cavitation 

The pressure build-up in the full oil film is determined by REYNOLDS' 
equation 

d  (  d p  \  d  i  d p \  d h  

^ ( A 3 F E J + ^ R S I R )  =  6 " C 7 ^  

In a cavitation region the pressure is constant and approximately 
equal to that pressure where the oil is in contact with air or gases. 
The oil within the region will divide into streamlets. 

The continuity condition at the upstream boundary of a cavitation 
region is 

d p  

~ d x  = ° 

The continuity condition at the downstream boundary of th e region 
is, see fig. 11.1 

Z 

Gas 

X 

F i g .  1 1 . 1  



where 7?a = oil film thickness at the upstream boundary 

h2=oil film thickness at the downstream boundary 

In the cavitation region there is only oil flow in the ^-direction. 
The continuity conditions were treated more in detail in ref. (13). 



4. Test Apparatus 

The test bearings are made from transparent material. The shaft 
is made of steel and it is mounted in two bearings. The shaft is driven 
by a motor via a variator and a universal joint shaft. 

The tests are made to get photos of the cavitation regions and to 
compare the theoretical and experimental boundaries of them. To 
give good photos of the behaviour of the oil at cavitation the trans
parent bearing ought to be thin in order not to give light refraction. 
However, a thin plastic bearing will deform, so that it is then not 
possible to carry out correct measurements of the boundary locations. 
For boundary location measurements the bearing ought to be thick. 
Because of this every test is made with two different bearings, a thin 
bearing with a wall thickness of about 4 mm for the photos and a 
thicker bearing of about 14 mm for the measurements of the locations 
of the regions. A photo of the test rig is given in fig. 13.1. 

Fig. 13.1. Photo of the Test Rig 



5. Test Results 

5,1. Journal Bearing without Oil Grooves 

In this case the bearing was submerged in oil which means two 
peripheral grooves filled with oil at the bearing sides. The bearing 
surface had no grooves. This case corresponds to that treated in ref. 
(13), chap. 5. The oil is sucked into the bearing where the pressure 
is lower than the side pressure, and there is oil flow out from the 
bearing where the pressure is higher than the oil pressure at the 
bearing sides. The bearing operates quite well if t here is a difference 
large enough between the side pressure and the cavitation pressure. 
In practice, however, i t is difficult to guarantee this difference, w hy 
it is safer to use one or more grooves for the oil supply. 

In the test apparatus the pressure was measured at the bearing side 
and in the cavitation region with oil manometers. Due to the air 
volume in the manometer, the cavitation pressure was at once very 
close to atmospheric and remained at that value during the test. The 
groove pressure could thus easily be put to that value giving the 
desired pressure difference. 

The bearing load was applied from beneath to give cavitation in 
the upper part of the bearing. 

The torque from the side seals was balanced by a couple i n order 
to give a correct loading. 

The load number is 

Pw2 

P — — — -0 T  J  
i ]  U  

from which the desired speed under certain given conditions is 

Pt o t V  

w = Td  
b  r 0  7]  r  

The non-dimensional group for the pressure is 
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p y r  

P o  = •  
) ]  ( O  

and the pressure measured by an oil manometer is 

J )  = H o g  

where //=height of the oil column 

o=density of the oil 

(/=acceleration due to gravity 

Thus 

j j  Po  > 1 ( 0  P o  P t o t  

y j 2  g  g  b  P 0  r g  g  

Tests were made at the eccentricities e —0,4 and 0,6 with a non-
dimensional cavitation pressure of pco= —0,1. The eccentricities were 
not measured, but the theoretical load corresponding to a certain 
eccentricity was applied. 

Data of the thin test bearing: 

Diameter of the shaft d =50,99 2 mm 

Diameter of the bearing D—51,3 90 mm 

Diametral clearance Ad—398 //m 

A d  

Relative clearance 7,80 °/00 
(X 

Bearing width 6 = 51,0 mm 

Mobil Vactra Oil Heavy was used. The density of the oil was 
£ = 910 kg/m3. 

Data of the tests with the thin bearing are given in tab. 18.1 and 
the photos of the cavitation regions are shown in figs. 16.1, 16.2, 
17.1 and 17.2. 

Data of the thick test bearing: 

Diameter of the shaft d =50,992 mm 

Diameter of the bearing /)=51,156 mm 
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Fig. 16.1. Upstream Part of the Cavitation Region 
(v= 1, e = 0,4 and pco=—0,1) 

Fig. 16.2. Downstream Part of the Cavitation Region 
(v = 1, £ = 0,4 and pco=—-0,1) 
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Fig. 17.1. Upstream Part of the Cavitation Region 
(v=l, £ = 0,6 and pCo=—0,1) 

Fig. 17.2. Downstream Part of the Cavitation Region 
(v=l, e = 0,6 and pco= —0,1) 
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Tab. 18.1. Data of the Thin-bearing Tests 

Test No 2 15 

£ 0,4  0,6 

P0 0,960 2,26 

I'tot N 196 392 

t °C 34 32 

V Ns/m 2  0,095 0;io« 

OJ 1/3 101 75,1  

H m 1,76 1,49 

Diametral clearance A d = 164 ju m 

Ad 
Relative clearance y=—= 3,22 °/00 

Bearing width 6=51,0 mm 

Mobil Vactra Oil Light was used. The density of the oil was 
o = 900 kg/m3. 

Tab. 18.2. Data of the Thick-bearing Tests 

Test No 111 112 

e 0,4  0 ,6  

Po 0,960 2,26 

Plot N 392 687 

t °C 31 28 

>1 Ns/m2  0,040 0,046 

(1) 1/8 81,6 52,9 

H m 3,5  2 2 ,62 
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Fig. 19.1. Theoretical Cavitation Region for 
v=l, £ = 0,4 and pc0=—0,1 

The dotted line represents the experimental boundary 

Load l ine 

Data of the tests with the thick bearing are given in table 18.2 
and comparisons between the theoretical and experimental boundaries 
of the cavitation region are given in the figs. 19.1 and 19.2. The 
agreement between theory and test is quite satisfactory. 

Load l ine 

Fig. 19.2. Theoretical Cavitation Region for 
j>=1, e = 0,6 and pco=—0,1 

The dotted line represents the experimental boundary 
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5,2. Journal Bearing with an Oil Groove 90° 

before the Load 

The test rig was the same as in chap. 5,1; but another bearing-
case was studied. The bearing had an oil groove 90° before the load 
which, in the tests, was supplied with oil at atmospheric pressure, 
and the pressure at the bearing sides was also atmospheric. This case 
corresponds to that treated in ref. (13), chap. 9. 

The pressure build-up and the load capacity for the 360° bearing 
with an oil groove 90° before the load are the same as those for the 
centrally loaded half-bearing, if the pressure build-up ends within 
that bearing. The latter case has been treated by SASSENFELD-WAL-

THER (20) and RAIMONDI-BOYD (18), whose values are given in the 
following tables, where (cp2~\~ß) is the angle between the load and the 
start of film rupture, which is approximated to a straight line. 

Values by Sassenfeld-Walther 

e 0,4 0,5 0,6 0,7 0,8 

Po 1,14 1,67 2,47 3,90 
j 

6,89 

2
?

 

82 76 69 61 .51 

Values by Raimondi-Boyd 

s 0,4 0,6 0,8 

Po 1,15 2,49 6,87 

(<P2Jrß) 80,8 66,8 48,5 

The agreement is thus very good. The values by RAIMONDI-BOYD 

are used for the thin-bearing tests. For the thick-bearing tests the 
values by SASSENFELD-WALTHER are used, as the calculations by 
R A I M O N D I - B O Y D  d o  n o t  c o n t a i n  t h e  ec c e n t r i c i t i e s  0 , 5  a n d  0 , 7 .  

In the tests the pressure was measured in the groove and in the 
cavitation region with oil manometers and it was held to atmospheric. 
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Tab. 21.1. Data of the Thin-bearing Tests 

Test No 18 23 

s 0,4 0,(5 

Po 1,15 2,4!) 

Aot N 245 441 

t °C 32 33 

>1 Ns/m2 0,108 0,101 

LO 1/8 90,2 80,1 

Data of the thin test bearing: 

Shaft diameter d — 50,992 mm 

Bearing diameter D— 51,385 mm 

Diametral clearance Zlc?=393/<m 

A d  
Relative clearance xp~~= 7,71 °/00 

(AJ 

Bearing width 6 = 51,0 mm 

Mobil Vactra Oil Heavy was nsed. The density of the oil was 
o = 910 kg/m3. 

Data of the tests with the thin bearing are given in tab. 21.1 and 
photos of the cavitation regions are shown in figs. 22.1, 22.2, 23.1 
and 23.2. 

Data of the thick test bearing: 

Shaft diameter d =  50,992 mm 

Bearing diameter D=51,156 mm 

Diametral clearance Zldï=164/<m 

Relative clearance ip= 3,22 °/00 

Bearing width 6 = 51,0 mm 

Mobil Vactra Oil Light was used. The density of the oil was 
£ = 900 kg/m3. 



Fig. 22.1. Upstream Part of the Cavitation Region 
(j> = 1 and e=0,4) 

Fig. 22.2. Downstream Part of the Cavitation Region 
(i>=l and e = 0,4) 
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Fig. 23.1. Upstream Part of the Cavitation Region 
(v= 1 and e = 0,6) 

Fig. 23.2. Downstream Part of the Cavitation Region 
(I>=1 and e = 0,6) 
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Oil groove 

/ / 
Oil gr oove 

/ 

Fig. 24.1. Theoretical Cavitation Region for 
v=l and e=0,5 

The dotted line represents the experimental boundary 

Oil groove 

/  

Oil groove Load l ine 

/  

Fig. 24.2. Theoretical Cavitation Region for 
v= 1 and £ = 0,6 

The dotted line represents the experimental boundary 

Oil groove Load l ine Oil gro ove 

/ / / 

Fig. 24.3. Theoretical Cavitation Region for 
v=l and £ = 0,7 

The dotted line represents the experimental boundary 
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Tab. 25.1. Data of the Thick-bearing Tests 

Test No 103 101 104 

£ 0,5 0,6 0, 7  

Po 1,67 2, 4 7  3, 9 0  

Ft at N 540 736 1180 

t °C 30 29 29 

V Ns/ m 2  0, 0 4 2  0, 0 4 4  0, 0 4  4  

10 1/8 61, 3  54, 0  54, 7  

Data of the tests with the thick bearing are given in tab. 25.1 and 
comparisons between the theoretical and experimental areas of the 
cavitation regions are given in figs. 24.1, 24.2, and 24.3. The eccentri
cities are £ = 0,5; 0,6 and 0,7. The figs. 24.2 and 24.3 show a very good 
agreement between theory and tests. In the test, fig. 24.1, the bearing 
was vibrating and the result is not fully satisfactory. 

In theory the cavitation boundary is approximated to a straight 
line. A correct calculation gives a curved boundary, when the agree
ment between theory and tests may be even better. 



6. Conclusion 

This report represents an experimental investigation of the be
haviour of the oil in a cavitation region. Photos show how the oil 
flows in streamlets through the region. Comparisons between theory 
and tests are made and the agreement is satisfactory. Bearings without 
and with oil grooves are tested. 

Boundary conditions of cavitation regions are discussed and the 
experiments show that a theory assuming a constant cavitation 
pressure zone with the continuity of flow satisfied all around the 
boundary is quite satisfactory. The continuity conditions of a cavita
tion region say that the pressure derivative should be zero at the 
upstream boundary and that the oil flow entering the region at the 
upstream boundary must leave at the downstream boundary. 

In fig. 16.1 the strips are rounded at the upstream boundary of 
the cavitation region. This is due to a slope of subcavity pressures 
upstream from that boundary, which will exert influence at low loads. 
The average oil film pressure was here 0,8 atm g. In fig. 17.1 the 
average pressure is 1,6 atm g and the strips are here sharper. For 
practical bearings the influence of the subcavity pressure slope is 
fully negligible, which is shown by the very good agreement between 
theory and tests. The number of streamlets will not influence the 
results. However, it was shown in ref. (9) that higher speed and 
smaller clearance give a larger number of strips. 
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