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V 

Summary 

The prediction of the performance of a dynamically 
loaded journal hearing i s usually based on the assumption 
that the lubricant f i l m behaves s i m i l a r l y to that i n a 
s t e a d i l y loaded bearing. Experimental evidence has been 
co l l e c t e d which questions t h i s assumption. White (2) 
c a r r i e d out work on a squeeze f i l m bearing which suggested 
that the present t h e o r e t i c a l approach to the prediction 
of the load carrying capacity of dynamically loaded 
bearings may be in c o r r e c t , and that the load carrying 
capacity of such bearings may be over estimated by a 
f a c t o r of at l e a s t four. 

This d i s s e r t a t i o n describes an investigation into 
the load carrying capacity of a dynamically loaded bearing 
comprising a v e r t i c a l rotating shaft supporting a non-
rotating bearing which was subjected to a constant 
rotating load. 

Reynolds' equation i s derived for the bearing 
subjected to a constant rotating load, assuming the o i l 
f i l m to be s i m i l a r to that i n a s t e a d i l y loaded bearing. 
The experimental r e s u l t s are compared with the t h e o r e t i c a l 
predictions, which were obtained using conventional 
boundary conditions. I n a l l cases the experimental 
r e s u l t s showed good agreement with the t h e o r e t i c a l 
predictions. 



V 

Nomenclature 

r a d i a l c l e a r a n c e . 

S t o k e s i a n operator. 

6>c ox. 6 ^ 
C- e c c e n t r i c i t y . 

D t 

f non-dimensional f i l m f o r c e 

F r r a d i a l component of f i l m f o r c e . 

F s t a n g e n t i a l component of f i l m f o r c e , 

h l o c a l c l e a r a n c e , c ( \ + £,co&Cfo-Y 
H non-dimensional l o c a l c l e a r a n c e , V i 

L b e a r i n g l e n g t h . 

M v a r i a b l e used i n numerical a n a l y s i s ^ 

N u load speed, r.p.m. 

Ns s h a f t speed, r.p.m. 

p gauge p r e s s u r e , P - Pa. 

p c a v c a v i t a t i o n p r e s s u r e . 

Pend supply p r e s s u r e . 

p non-dimensional p r e s s u r e , fiC* 

P absolute p r e s s u r e . ' 

Pa atmospheric p r e s s u r e . 

R b e a r i n g r a d i u s . 

time. 

x, y and z components of v e l o c i t y , 

U, s u r f a c e v e l o c i t y of s h a f t . 

U A s u r f a c e v e l o c i t y of b e a r i n g . 

e f f e c t i v e v e l o c i t y . 

W b e a r i n g load, f i l m f o r c e . 
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non-dimensional f i l m f o r c e used by 
White, Wc 3; 

co-ordinate system. 

c c - o r d i n a t e system f o r r e l a t i v e 

( r o t a t i n g ) c o - o r d i n a t e s . 

e x t e r n a l body f o r c e s i n x, y, z 

d i r e c t i o n s . 

non-dimensional co-ordinate;, 

r a t i o , 

time increment. 

e c c e n t r i c i t y r a t i o , g ^ . 
C 

angle between f i x e d datum and l i n e 
of c e n t r e s . 
angular v e l o c i t y of loa d , AS 

dfc 
absolute v i s c o s i t y , 

d e n s i t y . 

angular co-ordinate i n f i x e d c o-ordinate 

system. 

angular co-ordinate i n r e l a t i v e 

( r o t a t i n g ) c o-ordinate system, 

angular v e l o c i t y of s h a f t , 

angular v e l o c i t y of b e a r i n g , 

e f f e c t i v e angular v e l o c i t y L O ^ - X ^ . 
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CHAPTER 1 

Introduction 

There has been a great deal of research into the 
st e a d i l y loaded hearing, i n which the shaft alone r o t a t e s . 
Extensive experimental work has been c a r r i e d out on the 
performance of such bearings, and several authors have 
photographed the lubricant f i l m . The photographs have 
shown that the o i l f i l m ruptures i n the low pressure 
region of the bearing to form long c a v i t i e s separated 
by o i l filaments. The research has concentrated on the 
boundary conditions at f i l m breakdown and reformation, 
which determine the region of f i l m rupture, the cavitated 
region. The performance of such a system can now be 
predicted accurately. 

By comparison very l i t t l e work has been reported on 
the performance of dynamically loaded bearings. The 
majority of bearings i n serv i c e come under the general 
description of dynamically loaded, yet there i s very 
l i t t l e information on the design and operation of these 
bearings. The prediction of the performance of 
dynamically loaded journal bearings i s usually based on 
the assumption that the o i l f i l m has a s i m i l a r behaviour 
to that i n a s t e a d i l y loaded bearing. However, 
experimental work has been c a r r i e d out which indicat e s 
that t h i s assumption may not be v a l i d . 

Some ea r l y experiments were c a r r i e d out by Cole 
and Hughes (1), who photographed the c a v i t a t i o n region 
i n a glass bearing subjected to a constant rotating load. 

\ 
11 / 
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The v i s u a l techniques used led them to the conclusion 
that the c a v i t a t i o n region moved around the bearing 
synchronously with the load and was s i m i l a r to that 
observed i n a s t e a d i l y loaded bearing. This suggested 
that the behaviour of a dynamically loaded bearing may 
be predicted by applying conventional, s t e a d i l y loaded 
boundary conditions. Quantitative r e s u l t s were not 
taken i n t h i s i n v e s t i g a t i o n . 

More recent work by White (2) with a squeeze f i l m 
bearing ca s t doubt on Cole and Hughes' conclusions. 
White's apparatus was a r i g i d , v e r t i c a l , non-rotating 
shaft supporting a bearing which was subjected to a 
constant rotating load. When operating at low 
e c c e n t r i c i t i e s the load carrying capacity of the bearing 
was i n good agreement with conventional, t h e o r e t i c a l 
predictions, but at high e c c e n t r i c i t y r a t i o s the load 
carrying capacity was only between s i x and twenty-five 
per cent of the predicted value. White also photographed 
the c a v i t a t i o n region and found that i t exhibited a very 
d i f f e r e n t appearance from that i n a s t e a d i l y loaded 
bearing. 

The r e s u l t s of the investigations c a r r i e d out by 
Cole and Hughes (1) and White (2) may appear contradictory, 
but when the two sets of photographic evidence are 
compared great s i m i l a r i t y can be seen i n the state of 
the o i l f i l m . 

I f White's quantitative r e s u l t s are t y p i c a l of the 
dynamically loaded bearing i t i s c l e a r that the operation 
of an o i l lubricated bearing under dynamic loading i s not 



3 

f u l l y understood. I f the load capacity can drop to 
between s i x and twenty-five per cent of the predicted 
value there i s need to re-examine the method of design 
for dynamically loaded bearings. 

The simplest form of dynamic loading i s the 
constant rotating load, as investigated by Cole and 
Hughes (1) and White (2). Before complex loading 
regimes, such as those encountered i n i n t e r n a l combustion 
engines, can be tackled with confidence, i t i s necessary 
to understand the simple loading forms. This work w i l l 
d e t a i l the design of an experimental r i g i n which a 
v e r t i c a l , r otating shaft supports a non-rotating bearing 
which may be subjected to a constant, rotating load. 
The performance of the bearing w i l l be compared with 
conventional t h e o r e t i c a l predictions. 
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CHAPTER 2 

Previous Work 

Harrison ( 3 ) i n 1919 was probably the f i r s t person 
to discuss dynamic loading and bearing i n s t a b i l i t y . 
Reynolds' equation was modified for the case of an 
i n f i n i t e l y long bearing supporting a steady load together 
with a small dynamic load. Hummel (2*>) examined the onset 
of whirl i n a r i g i d shaft by considering the s t a b i l i t y 
of the journal equilibrium position. S t a b i l i t y was 
tested by considering the equations of motion for small 
displacements about the s t e a d i l y loaded equilibrium 
point. This approach was not a true dynamic a n a l y s i s 
of the system, but was a ' q u a s i - s t a t i c ' method. 

In 1937 Swift ( 4 ) solved Reynolds 1 equation for 
an i n f i n i t e l y long bearing to produce a n a l y t i c a l 
expressions for the response of the bearing to simple 
forms of dynamic loading. Burwell ( 5 ) , ( b ) and (l) 
repeated and extended the work of Swift. The f i r s t two 
papers (5") and ( b ) deal with the i n f i n i t e l y long and 
i n f i n i t e l y short bearing r e s p e c t i v e l y and indicate the 
numerical c a l c u l a t i o n of the response of a bearing to 
dynamic loading. The second paper also describes the 
application of the theory to the problem of an engine 
bearing. The t h i r d paper (1) considers the short bearing 
subjected to various simple c y c l i c loading forms and 
serves as an i l l u s t r a t i o n of the techniques used i n ( 6 ) . 

The papers mentioned previously did not take account 
of the e f f e c t of c a v i t a t i o n within the lubricant f i l m . 
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A complete f i l m had normally been assumed, possibly 
on the grounds that i t was d i f f i c u l t to envisage c y c l i c 
rupture and reformation of the o i l f i l m . I n s t e a d i l y 
loaded bearings the c a v i t a t i o n region had normally 
been assumed to coincide with the region of predicted 
negative pressures. A representation of the c a v i t a t i o n 
region had been achieved by assuming that negative gauge 
pressures could not occur without causing f i l m rupture. 
The c a v i t a t i o n region was modelled by assuming that 
pressures below atmospheric pressure could not occur 
within a bearing, and a l l predicted negative pressures 
were set to a constant value, normally atmospheric 
pressure. 

I n 1948 Ott (8) included the e f f e c t of c a v i t a t i o n 
i n an a n a l y s i s of a dynamically loaded, i n f i n i t e l y long 
bearing by s e t t i n g predicted negative pressures to 
atmospheric, as i n the s t e a d i l y loaded bearing. The 
predicted lubricant f i l m , therefore, spread over only 
h a l f of the circumference of the bearing. Journal l o c i 
were found for f l u c t u a t i n g loads of small amplitude. The 
a n a l y s i s was v a l i d for small e c c e n t r i c i t y r a t i o s only. 

Cavitation within a bearing produces a two phase 
region of a i r and l u b r i c a n t . Reynolds' equation i s a 
statement of the continuity of flow within the bearing 
and i s v i o l a t e d i n the region of c a v i t a t i o n . Previously 
the c a v i t a t i o n region had been modelled by assuming that 
the f i l m could not s u s t a i n negative gauge pressures. 
The predicted negative pressures were set to atmospheric 
pressure. The region of c a v i t a t i o n also imposes boundary 
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conditions on the region of complete lubricant f i l m . 
These boundary conditions had not been extensively 
investigated u n t i l Jakobsson and Floberg (10) c a r r i e d 
out experimental and t h e o r e t i c a l work on the c a v i t a t i o n 
region within a s t e a d i l y loaded bearing. They showed 
that f o r such a bearing the pressure gradient at the 
o i l f i l m breakdown boundary was zero, and was f i n i t e at 
the reformation boundary. These boundary conditions are 
now widely accepted as a f i r s t approximation, and are 
used together with the assumption of constant pressure 
within the c a v i t a t i o n region to predict the performance 
of the s t e a d i l y loaded bearing. 

Hahn ) c a r r i e d out a numerical solution of the 
f u l l Reynolds' equation f o r dynamic loading. Reynolds 
equation was solved f o r a rotating shaft alone, and 
also f o r motion of the shaft centre alone. Any proportion 
of the two pressure d i s t r i b u t i o n s could be added, and 
c a v i t a t i o n could be included by s e t t i n g the predicted 
negative pressures to atmospheric. Hahn showed how these 
r e s u l t s could be used to obtain the polar load diagram 
from a given journal locus, and conversely the locus 
form from a given load diagram. 

Horsnell and McCallion (11 ) applied the Jakobsson 
and Floberg boundary conditions for a s t e a d i l y loaded 
bearing to obtain a r e l a x a t i o n solution for a f i n i t e , 
dynamically loaded, bearing. 

The papers described above have been concerned with 
the t h e o r e t i c a l a n a l y s i s of a dynamically loaded journal 
bearing. Only a small amount of experimental work has 
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been c a r r i e d out, however, perhaps due to the complexities 
of the apparatus required. 

Stone and Underwood (12) described the theory for 
a bearing subjected to a constant, rotating load. The 
performance of such a bearing was sai d to vary with an 
e f f e c t i v e speed, Ns - 2NU, where Ns was the shaft speed 
and N L the load speed. The e f f e c t i v e speed could be 
substituted into Reynolds' equation to predict the 
performance of the bearing. 

Stone and Underwood also c a r r i e d out some experimental 
work on an apparatus comprising a rotating shaft subjected 
to a constant rotating load, which was supported within 
a stationary bearing. They observed the e f f e c t of the 
value of the e f f e c t i v e v e l o c i t y on the load carrying capacity 
of the bearing by measuring the change i n e c c e n t r i c i t y 
r a t i o caused by varying the load speed, N L, while 
maintaining a constant shaft speed Ns, and a constant 
load. The load speed was increased from r e s t i n the same 
di r e c t i o n as the s h a ft. As the e f f e c t i v e v e l o c i t y 
decreased the e c c e n t r i c i t y r a t i o increased, showing a 
f a l l i n load carrying capacity. When the e f f e c t i v e 
v e l o c i t y was zero, the e c c e n t r i c i t y r a t i o was 1 . 0 , showing 
the complete lo s s of load carrying capacity predicted by 
Reynolds' equation. Further increase i n load speed 
caused the e f f e c t i v e v e l o c i t y to go negative, i . e . an 
increase i n iNs - 2 N l _ | , and the load capacity was restored 
as the e c c e n t r i c i t y r a t i o decreased. The work was mainly 
q u a l i t a t i v e and a detailed description of the performance 
of the bearing was not given. Measurement of load angle 
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did not come within the scope of t h e i r work. 
Simons (13) c a r r i e d out work on an apparatus which 

investigated the performance of a bearing which supported 
a shaft which could be subjected to a constant rotating 
load. I t was found that with a constant rotating load 
the shaft described a c i r c u l a r o r b i t . An inv e s t i g a t i o n 
s i m i l a r to that undertaken by Stone and Underwood (1X) 
was c a r r i e d out. Simons' work confirmed that of Stone 
and Underwood and showed that when the load speed was 
one half of the shaft speed a dramatic l o s s of load 
carrying capacity occurred. Again detailed work on the 
load capacity of the bearing was not c a r r i e d out, and the 
load angle was not investigated. 

Shawki and Freeman (14) developed an apparatus to 
investigate the motion of the journal centre of a bearing 
subjected to unidirectional, sinusoidal loading, and showed 
that at a c y c l i c frequency of one h a l f of the shaft speed 
the load carrying capacity of the bearing disappeared. 

Cole and Hughes (1) were int e r e s t e d i n determining 
the form and extent of the c a v i t a t i o n region i n a 
dynamically loaded journal bearing. The t h e o r e t i c a l 
analyses of the dynamically loaded, complete journal 
bearing had normally assumed a long bearing and a 360° 
o i l f i l m . Cole and Hughes c a r r i e d out a v i s u a l study 
of the o i l f i l m i n a system composed of a shaft r o t a t i n g 
inside a glass bearing, which was subjected to a constant 
rotating load. The c a v i t a t i o n region was photographed 
and i t was concluded that the f i l m rupture i n a 
dynamically loaded bearing was s i m i l a r to that i n a 

\ 
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s t e a d i l y loaded bearing, and r o t a t e d synchronously w i t h 

the l o a d as the low p r e s s u r e r e g i o n t r a v e l l e d around the 

h e a r i n g . At any point i n the l u b r i c a n t f i l m the l u b r i c a n t 

ruptured and reformed a t the frequency of the r o t a t i n g 

l o a d . A more d e t a i l e d d e s c r i p t i o n of t h e i r r e s u l t s i s 

given i n Chapter 4. 

White ( 2 ) c a r r i e d out experimental work on a 

squeeze f i l m b e a r i n g supporting a constant r o t a t i n g l o a d . 

White's experiments are the s t a r t i n g p o i n t f o r the work 

d e s c r i b e d i n t h i s t h e s i s and h i s i n v e s t i g a t i o n w i l l be 

d e t a i l e d i n the f o l l o w i n g s e c t i o n . 

2 . 1 . The r e s u l t s of P.O. White ( 2 ) 

White c o n s t r u c t e d an apparatus f o r i n v e s t i g a t i n g 

squeeze f i l m b e a r i n g s , as used i n aero engines. The 

apparatus comprised a v e r t i c a l , r i g i d , n o n - r o t a t i n g s h a f t 

supporting a n o n - r o t a t i n g b e a r i n g which could be s u b j e c t e d 

to a c o n s t a n t r o t a t i n g l o a d . The b e a r i n g s used v a r i e d i n 

l e n g t h between 12.7 mm and 58.1 mm to allow the 

i n v e s t i g a t i o n of b e a r i n g s w i t h l e n g t h to diameter r a t i o s 

of 0 .125 to 0 . 5 7 5 « The b e a r i n g s were loaded by two 

h y d r a u l i c e x c i t e r s mounted a t r i g h t angles, and producing 

equal, s i n u s o i d a l l y v a r y i n g loads to give a r e s u l t a n t 

which was a constant r o t a t i n g l o a d . The frequency of the 

a p p l i e d l o a d was between 5Hst and 50H*.. 

F i g u r e s 2 .1 to 2 . 3 show t y p i c a l examples of White's 

r e s u l t s compared w i t h the c o n v e n t i o n a l l y p r e d i c t e d 

performance of the b e a r i n g , based on the e q u i v a l e n t 

v e l o c i t y method d e s c r i b e d by Stone and Underwood, and 
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g e n e r a l l y accepted as a p p l i c a b l e to a b e a r i n g s u b j e c t e d 

to a constant r o t a t i n g l o a d . The performance i s shown 

as a graph of non-dimensional f i l m f o r c e V a g a i n s t 

e c c e n t r i c i t y r a t i o s , where 

W being the b e a r i n g l o a d and 0 the angular v e l o c i t y 

of the l o a d . 

I n each example shown the behaviour of the b e a r i n g 

i s c l o s e l y p r e d i c t e d by theory up to an e c c e n t r i c i t y 

r a t i o of 0.3» but a t h i g h e r e c c e n t r i c i t y r a t i o s the f i l m 

f o r c e i s f a r l e s s than t h a t p r e d i c t e d by c o n v e n t i o n a l 

theory. F i g u r e 2.1 shows r e s u l t s taken f o r a l e n g t h 

to diameter r a t i o of 0.125, and i t can be seen t h a t a t 

high e c c e n t r i c i t y r a t i o s the r e s u l t s f o l l o w a l i n e which 

corresponds to one q u a r t e r of the p r e d i c t e d load c a r r y i n g 

c a p a c i t y of the b e a r i n g . F i g u r e 2.2 shows the r e s u l t s 

taken f o r a l e n g t h to diameter r a t i o s of 0.375 which 

shows experimental r e s u l t s approximately one e i g h t h of 

the p r e d i c t e d v a l u e s . F i g u r e 2.3 show r e s u l t s taken f o r 

a l e n g t h to diameter r a t i o of 0.375 which are approximately 

one f i f t e e n t h of the p r e d i c t e d v a l u e s a t h i g h e c c e n t r i c i t y 

r a t i o s . 

White measured the load angle i n h i s experiments 

and s u r p r i s i n g l y found good agreement w i t h theory. A 

perspex b e a r i n g was then s u b s t i t u t e d f o r the t e s t b e a r i n g 

and the c a v i t a t i o n r e g i o n was f i l m e d w i t h a high speed 

c i n e camera. White r e p o r t e d the e x i s t e n c e of a 

c a v i t a t i o n r e g i o n v e r y d i f f e r e n t from t h a t seen i n a 
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s t e a d i l y loaded b e a r i n g , and i t was f e l t t h a t the change 

i n c a v i t a t i o n may have been r e s p o n s i b l e f o r the dramatic 

l o s s i n load c a r r y i n g c a p a c i t y which had been observed. 

The o b s e r v a t i o n s of the c a v i t a t i o n r e g i o n are d e s c r i b e d 

a t l e n g t h i n Chapter 4. 

I f White's r e s u l t s are t y p i c a l f o r a b e a r i n g 

s u b j e c t e d to a constant r o t a t i n g load, i t i s c l e a r t h a t 

the c o n v e n t i o n a l p r e d i c t i o n of .;he l o a d c a r r y i n g c a p a c i t y 

of such b e a r i n g s i s g r o s s l y i n e r r o r . The v a l i d i t y of 

White's r e s u l t s must be confirmed, and a v a l u a b l e e x t e n s i o n 

of the work would be to c o n s i d e r a b e a r i n g system s u b j e c t e d 

to a constant r o t a t i n g l o a d , i n which the s h a f t may a l s o 

r o t a t e . 
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CHAPTER 3 

Conventional Theory 

I n 1919 H a r r i s o n ( 3 ) extended Reynolds' equation 

to i n c l u d e the case of dynamic l o a d i n g . Reynolds* 

equation w i l l be d e r i v e d here f o r a j o u r n a l b e a r i n g 

s u p p l i e d w i t h a compressible l u b r i c a n t and s u b j e c t e d to 

dynamic l o a d i n g . The r e s u l t i n g equation w i l l then be 

modified to give the i n c o m p r e s s i b l e form of Reynolds 1 

equation f o r a b e a r i n g s u b j e c t e d to a constant r o t a t i n g 

l o a d . 

3.1. Reynolds' equation i n a f i x e d c o-ordinate system 

Reynolds' equation w i l l f i r s t be d e r i v e d f o r a 

co-ordinate system which i s f i x e d i n space. 

I f a co-ordinate system c o n s i s t i n g of three 

orthogonal axes x, y, z i s c o n s i d e r e d , and the v e l o c i t i e s 

i n the three d i r e c t i o n s x, y, z are u, v, w r e s p e c t i v e l y , 

then the Navier-Stokes' equations f o r a compressible 

f l u i d are given by 

/ t i t 

(3-1) 
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v;here X, Y, Z are the x, y, z components of the e x t e r n a l 

f o r c e s . These equations are too complex to solve f o r 

the problem of b e a r i n g l u b r i c a t i o n and may be s i m p l i f i e d 

by employing various assumptions. 

The flow w i t h i n the b e a r i n g i s assumed to be f u l l y 

laminar, and i f the e x t e r n a l body f o r c e s are s m a l l 

compared to the v i s c o u s s h e a r i n g f o r c e s , equation 3.1 

reduces to 

(3-2) 

Applying the equations to the geometry of a 

b e a r i n g , x i s taken along the f i l m c i r c u m f e r e n c e , y i s 

taken i n the r a d i a l d i r e c t i o n , and z i s taken i n the 

a x i a l d i r e c t i o n , as shown i n f i g u r e 5.1. F o r a t h i n 

f i l m the component of v e l o c i t y i n the y d i r e c t i o n i s 

s m a l l compared w i t h t h a t i n the x and z d i r e c t i o n s , and 

the v a r i a t i o n of v e l o c i t y i n the x and z d i r e c t i o n s i s 

s m a l l compared w i t h t h a t i n the y d i r e c t i o n . On t h i s 



b a s i s equation ^.2 may be approximated to 

0 3C 

E " " ° (3-3) 

t h i r d equati i t 
The f i r s t and t h i r d equations have boundary c o n d i t i o n s 

r e q u i r i n g t h a t t h e r e i s no s l i p a t the b e a r i n g and j o u r n a l 

s u r f a c e s . These two equations may be i n t e g r a t e d to give 

the c i r c u m f e r e n t i a l and a x i a l v e l o c i t y p r o f i l e s , 

assuming no v a r i a t i o n i n v i s c o s i t y a c r o s s the o i l f i l m , 

where and are the s u r f a c e v e l o c i t i e s of the s h a f t 

and b e a r i n g r e s p e c t i v e l y . 

Reynolds' equation may now be obtained by a p p l y i n g 

the equation of c o n t i n u i t y to the b e a r i n g shown i n 

f i g u r e 3.1, which i l l u s t r a t e s the b e a r i n g n o t a t i o n . The 

c e n t r e of the s h a f t i s d i s p l a c e d from the c e n t r e of the 

b e a r i n g under load by a d i s t a n c e 9., the e c c e n t r i c i t y . 

The p o s i t i o n of an element i s d e f i n e d by an angle 0 

from a r a d i a l , f i x e d a x i s and the c i r c u m f e r e n t i a l d i s t a n c e x 

i s given by x. = R^. The l o c a l f i l m h e i g h t , h, i s 

approximated by h = c ( 1 - V t C o S ^ r ) , where £, i s the 

e c c e n t r i c i t y r a t i o - ~ , and i s the r e l a t i v e angle 

measured between the instantaneous l i n e of c e n t r e s and 

the element. The angle ^ r i s a r e l a t i v e angle s i n c e 

the l i n e of c e n t r e s does not remain f i x e d i n space,and 

the r e l a t i v e c i r c u m f e r e n t i a l d i s t a n c e i s given by 
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The equation of mass c o n t i n u i t y f o r the elemental 

volume, Vv&uSt , i s given "by 

i J t r t l ^ R r t ^ M ^ O 0-5) 
I t i s important to note t h a t equation 3.5 c o n t a i n s 

both f i x e d and r e l a t i v e co-ordinate terms, the f i l m 

h e i g h t , h, b e i n g d e f i n e d i n terms of $ r and the 

c i r c u m f e r e n t i a l d i s t a n c e , x, being d e f i n e d i n terms of 

I f there i s no v i s c o s i t y v a r i a t i o n a c r o s s the 

b e a r i n g c l e a r a n c e , then by s u b s t i t u t i n g equation 3.4 

i n t o equation 3.5, the c o n t i n u i t y equation becomes 

which may be r e w r i t t e n as > 

Equation 3.6 i s the Reynolds' equation f o r a 

compressible f l u i d d e r i v e d i n terms of a f i x e d co-ordinate 

system. The equation c o n t a i n s the f i x e d co-ordinate term 

x ( ^ ) ) , and a l s o the r e l a t i v e c o-ordinate term x ( $ r ) used 

i n the d e f i n i t i o n of l o c a l c l e a r a n c e . 

The equation may be expressed wholly i n terms of 

the r e l a t i v e c o-ordinate system. 

3.2. Reynolds' equation i n a r e l a t i v e c o - o r d i n a t e system 

The f i x e d c o-ordinate system may be r e l a t e d to 

the r e l a t i v e co-ordinate system by the e x p r e s s i o n s 

0 ft- + 6 ia 
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where i s the instantaneous displacement of the l i n e 

of c e n t r e s from the f i x e d r a d i a l a x i s , (see f i g u r e 3 . 1 ) 

The r e q u i r e d t r a n s f o r m a t i o n s from the f i x e d 

c o -ordinate system to the r e l a t i v e c o-ordinate system 

31* •© n s j - I * A 
x 

[ X I =1X1 (3-7) 

S u b s t i t u t i n g equations 3 . 7 i n t o equation 3 . 6 g i v e s 

which gives,upon r e - a r r a n g i n g and dropping t r a n s f o r m a t i o n 

s u b s c r i p t s 

(3-8) 
Equation 3 . 8 i s the Reynolds' equation f o r a 

b e a r i n g s u p p l i e d w i t h a compressible f l u i d expressed 

wholly i n terms of a r o t a t i n g c o - o r d i n a t e system. 

For the case of an o i l l u b r i c a t e d j o u r n a l b e a r i n g 

i t i s assumed t h a t the l u b r i c a n t i s i n c o m p r e s s i b l e and 

t h a t the l u b r i c a n t f i l m i s i s o t h e r m a l , hence J) = c o n s t a n t 

and-|£ = 0 . 

I f the b e a r i n g i s s u b j e c t e d to a constant r o t a t i n g 

l o a d the j o u r n a l c e n t r e w i l l perform a c i r c u l a r o r b i t , 

hence^W = 0, and the i n c o m p r e s s i b l e form of Reynolds' 

equation f o r a b e a r i n g s u b j e c t e d to a c o n s t a n t r o t a t i n g 

load becomes 
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Equation 3.9 i s the same as Reynolds' equation f o r 
a s t e a d i l y loaded h e a r i n g w i t h the r i g h t hand s i d e of the 
equation modified by an e q u i v a l e n t v e l o c i t y V l ^ - V\.V\̂ £-XR& 
I t would, t h e r e f o r e , appear t h a t the b e a r i n g s u b j e c t e d 
to a co n s t a n t , r o t a t i n g l o a d may be r e p r e s e n t e d by an 
eq u i v a l e n t s t e a d i l y loaded j o u r n a l b e a r i n g having j o u r n a l 
v e l o c i t y V I , i e . angular v e l o c i t y (0*^ - Cdv-+CJ^-XQ 

3«3. Imposed v e l o c i t y method 

The e f f e c t i v e v e l o c i t y f o r a b e a r i n g s u b j e c t e d to 

a con s t a n t r o t a t i n g load may be d e r i v e d more simply 

by the f o l l o w i n g method. 

I f the b e a r i n g system of f i g u r e 3.2 i s con s i d e r e d , 

the c o n s t a n t , r o t a t i n g l o a d may be brought to r e s t by 
4 

imposing an angular v e l o c i t y of - (5 upon the complete 

system, thus forming the e q u i v a l e n t b e a r i n g system, 

shown i n f i g u r e 3.3, which i s s t e a d i l y loaded. The l o a d 

i s s t a t i o n a r y , the s h a f t r o t a t e s a t an angular v e l o c i t y , 

, and the bush r o t a t e s a t an angular v e l o c i t y of 

COj- 0 . The s t e a d i l y loaded b e a r i n g of f i g u r e 3.3 may 

be f u r t h e r s i m p l i f i e d . The s h a f t drags l u b r i c a n t i n t o 

the convergent c l e a r a n c e a t a r a t e dependent on , 

and the bush drags l u b r i c a n t i n t o the convergent c l e a r a n c e 

a t a r a t e dependent onQ^-Q. The t o t a l entrainment 

e f f e c t i s , t h e r e f o r e , dependent on the sum of the s h a f t 

and bush v e l o c i t i e s , and the system of f i g u r e 3.3 can be 

reduced to the system of f i g u r e 3.4, where a s t e a d i l y 
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loaded s h a f t r o t a t e s a t an angular v e l o c i t y O^ + Ox"^-^ 
i n a f i x e d hush, i e . - G6 x+(jaa,-X§ 

3.4-. A p p l i c a t i o n of theory to White's squeeze f i l m 

White's apparatus was a v e r t i c a l , n o n - r o t a t i n g , 

r i g i d s h a f t surrounded by a n o n - r o t a t i n g b e a r i n g . The 

b e a r i n g was s u b j e c t e d to a c o n s t a n t , r o t a t i n g load, hence 

U,. = B 0, or Gi, = O ^ b 0 and the Reynolds' equation 

f o r a b e a r i n g w i t h an in c o m p r e s s i b l e f l u i d s u b j e c t e d 

to a c o n s t a n t , r o t a t i n g load i s 

3»5» L i m i t a t i o n s of Reynolds' equation 

Reynolds' equation i s a statement of the c o n t i n u i t y 

of the f l u i d w i t h i n the c l e a r a n c e of a b e a r i n g . The 

equation i s , t h e r e f o r e , a p p l i c a b l e only to those r e g i o n s 

where the l u b r i c a n t i s s i n g l e phase. Reynolds' equation 

can be a p p l i e d to the convergent r e g i o n of the b e a r i n g 

c l e a r a n c e , but i n the d i v e r g e n t c l e a r a n c e the c o n d i t i o n s 

may be such t h a t the l u b r i c a n t f i l m r u p t u r e s to form gas-

f i l l e d c a v i t i e s , and Reynolds' equation i s i n v a l i d a t e d . 

The s o l u t i o n of Reynolds• equation to c a l c u l a t e the l o a d 

c a r r y i n g c a p a c i t y of a b e a r i n g r e q u i r e s a s e t of boundary 

c o n d i t i o n s which are governed by the e f f e c t of the 

c a v i t a t i o n r e g i o n on the continuous r e g i o n . 

3.6. S o l u t i o n of Reynolds' equation 

Reynolds' equation may be s o l v e d u s i n g numerical 
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r e l a x a t i o n to o b t a i n the p r e s s u r e d i s t r i b u t i o n over a 

b e a r i n g . 

Equation 3 . 8 i s non-dimensionalised u s i n g the 

f o l l o w i n g r e l a t i o n s h i p s 

(3-11) 

where p i s the gauge p r e s s u r e P-Pa, Pa b e i n g atmospheric 

p r e s s u r e . 

S u b s t i t u t i n g equations 3 .11 i n t o equation 3 . 8 g i v e s 

(3-12) 

where i s the r a t i o of r a d i u s to l e n g t h , R 
L 

The v a r i a b l e p may now be r e p l a c e d by the v a r i a b l e 

M s pH , which changes l e s s r a p i d l y w i t h $ r than p, so 

improving the numerical accuracy of the s o l u t i o n , and 

a l s o i n c r e a s i n g the r a t e of convergence. Equation 3 . 1 2 

becomes 

where F ( ^ ) - 3 ^ t G O S ^ - V g f a f i t i r t > g - C O S ^ r ^ 

and G ( 0 r ) = 7 SuN.^r 

The b e a r i n g i s now c h a r a c t e r i s e d by a g r i d . Each 

p o i n t on the g r i d i s a s s i g n e d an i n i t i a l e s timate of the 

val u e of M. Fo r each p o i n t on the g r i d the d e r i v a t i v e s 

of the v a r i a b l e M w i t h r e s p e c t to <j)r and z are r e p r e s e n t e d 

by f i n i t e d i f f e r e n c e forms, i n t h i s case by u s i n g a three 

p o i n t f i n i t e d i f f e r e n c e scheme i n each d i r e c t i o n . 

I n s e r t i n g the f i n i t e d i f f e r e n c e approximations i n t o 
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Reynolds' equation makes i t p o s s i b l e to f i n d a r e l a x e d 
(modified) value of M a t a g r i d p o i n t . I f the modified 
value of M i s equal to the o r i g i n a l v a l u e , Reynolds' 
equation i s l o c a l l y s a t i s f i e d , but t h e r e i s u s u a l l y a 
d i f f e r e n c e , and the b a s i s of the s o l u t i o n i s t h a t the 
modified v a l u e i s a b e t t e r approximation than the o r i g i n a l 
v a l u e . By r e p e a t e d l y r e l a x i n g a l l the p o i n t s on the g r i d 
a f i n a l converged s o l u t i o n may be reached. 

The convergence of the i t e r a t i v e procedure may 

be i n c r e a s e d u s i n g o v e r - r e l a x a t i o n , i n which the d i f f e r e n c e 

between the o r i g i n a l g r i d v a l u e and the f i n a l g r i d v a l u e 

i s m u l t i p l i e d by a f a c t o r and added to the o r i g i n a l . T h i s 

f a c t o r , i f g r e a t e r than 2, w i l l cause a numerical 

i n s t a b i l i t y , but between 1 and 2 w i l l g r e a t l y a c c e l e r a t e 

the r a t e of convergence. The optimum value f o r over-

r e l a x a t i o n has been d e r i v e d by Gnanadoss and Osborne ( 1 5 ) 5 

and the d e r i v a t i o n has been d e s c r i b e d by L l o y d and 

McCallion ( 1 6 ) . 

The optimum over r e l a x a t i o n f a c t o r m a y be 

expressed as \- U - T V-
where T 

I and J are the number of c i r c u m f e r e n t i a l and a x i a l g r i d 

p o i n t s r e s p e c t i v e l y . 

The i t e r a t e d s o l u t i o n w i l l y i e l d a r e g i o n of $ r 

and z where the v a l u e s of M are such t h a t n e g a t i v e gauge 

p r e s s u r e s are o c c u r r i n g . O i l cannot s u s t a i n p r e s s u r e s 



21 
below i t s vapour p r e s s u r e and, t h e r e f o r e , c a v i t i e s w i l l 
be formed i n the low p r e s s u r e r e g i o n . F l o b e r g ( 1 7 ) 
r e p o r t e d t h a t i n h i s experiments w i t h a flooded, s t e a d i l y 
loaded j o u r n a l b e a r i n g a i r came out of s o l u t i o n from the 
o i l , r a i s i n g the p r e s s u r e i n the c a v i t a t i o n r e g i o n to 
atmospheric a f t e r prolonged running. I n the a n a l y s i s 
used here the p r e s s u r e w i t h i n the c a v i t a t i o n r e g i o n has 
been taken as atmospheric,and a l l p r e s s u r e s below 
atmospheric have been excluded. 

The supply p r e s s u r e to the b e a r i n g a l s o a f f e c t s 

the p r e d i c t e d p r e s s u r e p r o f i l e of the b e a r i n g . The 

b e a r i n g s used i n the experimental work were end-fed, thus 

one end of the b e a r i n g was s u b j e c t e d to the supply 

p r e s s u r e , Pend, w h i l e the p r e s s u r e a t the other end of 

the b e a r i n g was atmospheric. The e f f e c t of the supply 

p r e s s u r e has been i n c l u d e d i n a l l the c a l c u l a t i o n s . 

The l o a d c a r r y i n g c a p a c i t y of the b e a r i n g can be 

c a l c u l a t e d by c o n v e r t i n g the v a l u e s of M to give p r e s s u r e s ^ 

and i n t e g r a t i n g the p r e s s u r e f i e l d over the b e a r i n g to 

g i v e the r a d i a l and t a n g e n t i a l components of the f i l m 

f o r c e , F r and F s , as shown i n f i g u r e 3.5. The t o t a l l o a d 

c a p a c i t y i s given by \j f * F5*. 

The l o a d angle \^ i s the angular displacement of 

the l i n e of c e n t r e s from the l i n e of a c t i o n of the l o a d , 

and i t s va l u e i s g i v e n by t a n \^ * F ° r ^ e c a s e o f 

a dynamically loaded j o u r n a l bearingjwhose e f f e c t i v e 

v e l o c i t y , O x (^-XQ, i s g r e a t e r than zero, the l i n e of 

c e n t r e s l e a d s the l i n e of a c t i o n of the l o a d , as i n 

f i g u r e 3 . 6 ( a ) , and the l o a d angle w i l l be d e s c r i b e d as 
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p o s i t i v e , or l e a d i n g . When the e f f e c t i v e v e l o c i t y i s 

l e s s than zero the l i n e of c e n t r e s w i l l l a g the l i n e of 

a c t i o n of the lo a d , and the load angle w i l l he d e s c r i b e d 

as n e g a t i v e , or lag g i n g , as i n 3 . 6 ( b ) . 

F i g u r e s 3 . 7 to 3 .10 are examples of the t h e o r e t i c a l 

b e a r i n g performance. F i g u r e s 3 . 7 and 3 . 8 show the e f f e c t 

of v a r y i n g e i t h e r v i s c o s i t y or r o t a t i o n a l speed on the 

loa d c a r r y i n g c a p a c i t y of the b e a r i n g used i n the 

experimental work. F i g u r e 3 . 7 shows the e f f e c t of 

v a r i a t i o n of v i s c o s i t y a t constant r o t a t i o n a l speed, 

w h i l e f i g u r e 3 . 8 shows the e f f e c t of v a r y i n g r o t a t i o n a l 

speed w i t h the v i s c o s i t y c o n s t a n t . The graphs are shown 

i n the form of lo g (f) a g a i n s t e c c e n t r i c i t y r a t i o , where 

f i s the non-dimensional f i l m f o r c e g i v e n by 

W i s the lo a d c a r r y i n g capacity of the b e a r i n g . 

The e f f e c t of v a r y i n g the c a v i t a t i o n p r e s s u r e i s 

a l s o shown, the upper curves being f o r c a v i t a t i o n a t the 

vapour p r e s s u r e of o i l , approximately zero b ar absolut e 

(-1.0 bar gauge), and the lower curves being f o r 

c a v i t a t i o n a t ambient p r e s s u r e (0.0 b a r gauge). The end 

supply p r e s s u r e used i n the c a l c u l a t i o n s was lOKN/mx, 

the value used i n the experimental work. 

The v a r i a t i o n of v i s c o s i t y i n the range 20cP to 

60cP, which i s the range of v i s c o s i t y v a r i a t i o n noted 

e x p e r i m e n t a l l y , can be seen to have v e r y l i t t l e e f f e c t 

on the p r e d i c t e d performance of the b e a r i n g . The same 

comments apply to the case of v a r i a t i o n of r o t a t i o n a l 
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speed, where the c a s e s shown are w i t h i n the range 
normally used during experimentation. 

F i g u r e s 3.9 and 3.^0 show the v a r i a t i o n of l o a d 

angle w i t h e c c e n t r i c i t y f o r v a r y i n g v i s c o s i t y and 

v a r y i n g speed. The convention of l e a d i n g l o a d angle 

f o r e f f e c t i v e v e l o c i t i e s g r e a t e r than zero, and l a g g i n g 

load angles f o r e f f e c t i v e v e l o c i t i e s l e s s than zero i s 

assumed. Again the v a r i a t i o n s of v i s c o s i t y and speed 

w i t h i n the experimental v a l u e s have only a s l i g h t e f f e c t 

on the p r e d i c t e d c u r v e s . 



CHAPTER 4 

2 U 

C a v i t a t i o n 

C a v i t a t i o n can occur w i t h i n a l i q u i d when the 

p r e s s u r e i s reduced towards the s a t u r a t e d vapour p r e s s u r e . 

Two forms of c a v i t a t i o n may occur, the f i r s t b e ing t r u e 

or vaporous c a v i t a t i o n , which takes p l a c e when the 

p r e s s u r e drops to the s a t u r a t e d vapour p r e s s u r e , c a u s i n g 

b o i l i n g and the formation of vapour c a v i t i e s . The 

second type of c a v i t a t i o n i s gaseous c a v i t a t i o n which i s 

caused by the r e l e a s e of d i s s o l v e d gases (normally a i r ) 

from the l i q u i d as the p r e s s u r e i s reduced towards the 

vapour p r e s s u r e . 

Both forms of c a v i t a t i o n may occur i n the o p e r a t i o n 

of a j o u r n a l b e a r i n g , but gaseous c a v i t a t i o n has normally 

been observed. The measured p r e s s u r e w i t h i n the 

c a v i t a t i o n r e g i o n of a s t e a d i l y loaded j o u r n a l b e a r i n g 

has been found to be c l o s e to atmospheric p r e s s u r e 

( s e e F l o b e r g ( 1 7 ) ) » whereas a c a v i t a t i o n p r e s s u r e of 

abs o l u t e zero, the approximate vapour p r e s s u r e of o i l , 

would have been observed had vaporous c a v i t a t i o n been 

predominant. 

4.1. S t e a d i l y loaded j o u r n a l b e a r i n g 

The r o t a t i o n of the s h a f t i n a s t e a d i l y loaded 

j o u r n a l b e a r i n g produces a h i g h p r e s s u r e r e g i o n w i t h i n 

the l u b r i c a n t i n the convergent c l e a r a n c e , and a low 

p r e s s u r e r e g i o n w i t h i n the d i v e r g e n t c l e a r a n c e . I f the 

p r e s s u r e w i t h i n the divergent; c l e a r a n c e f a l l s low enough 
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for c a v i t a t i o n to occur, the f l u i d f i l m ruptures to 
form a two phase region. Reynolds' equation i s 
applicable only to a continuous f l u i d and can apply 
only to the lubricant i n the convergent clearance, but 
the boundary conditions which must be applied to Reynolds' 
equation are determined by the cavitated region. 
Extensive t h e o r e t i c a l and experimental work has been 
ca r r i e d out to determine the c a v i t a t i o n boundary conditions. 
The work ca r r i e d out by Jakobsson and Floberg (10) has 
led to the wide acceptance of the boundary conditions 

p s 0 at the reformation boundary. 
Floberg (18) has also c a r r i e d out work with a 

glass bearing which allowed observation of the c a v i t a t i o n 
region. The photographic evidence obtained showed an 
ordered, symmetrical c a v i t a t i o n region composed of a i r 
fingers separated by o i l filaments. Similar work has 
been c a r r i e d out by S i r G.I. Taylor (19), while Cole and 
Hughes (20) have worked with bearings with o i l feeds 
through e i t h e r a single hole or a circumferential groove. 

4.2. Dynamically loaded bearing 
Lubrication theory suggests that the prediction of 

the load carrying capacity of a dynamically loaded bearing 
subjected to a constant rotating load, as shown i n 
figure 3.2, may be c a r r i e d out using the equivalent, 
s t e a d i l y loaded bearing shown i n figure 3.4. Experiments 
have been c a r r i e d out by Marsh (21) with a s e l f - a c t i n g 
a i r bearing subjected to a synchronous rotating load,which 

P = s 0 at the f i l m breakdown boundary 
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indicate that performance prediction with the equivalent 
bearing i s possible. Marsh's work, however, was c a r r i e d 
out with a i r , which i s a single phase l u b r i c a n t . 
Cavitation could not occur and Reynolds * equation was 
applicable throughout the f i l m . 

4.2.1. O i l lubricated .journal bearing 
Reynolds• equation applies to the continuous region 

of a lubricant f i l m , while the ca v i t a t i o n region determines 
the boundary conditions applied to that continuous region. 
The equivalence of the bearing systems of figures 3.2 
and 3.4 depends not only upon the sum of v e l o c i t i e s but 
also upon the mode of c a v i t a t i o n and, therefore, the 
boundary conditions. The s t e a d i l y loaded journal bearing 
boundary conditions are used i n the prediction of the 
load carrying capacity of the dynamically loaded bearing, 
and i f the c a v i t a t i o n modes are di f f e r e n t i t i s possible 
that the load carrying capacity of the dynamically loaded 
bearing may be predicted i n c o r r e c t l y , as indicated by 
White's r e s u l t s ( 2 ) . 

4.2.2. Experimental evidence 
(a) Cole and Hughes 

Cole and Hughes (1) made a q u a l i t a t i v e study of 
an o i l f i l m with the dynamically loaded bearing r i g 
shown i n figure 4.1. The apparatus consisted of a s t e e l 
shaft r o t a t i n g i n a 25 x 25 mm, non-rotating glass bush, 
which could be subjected to a constant rotating load 
by a loading eccentric and springs. The loading system 
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produced two equal, sinu s o i d a l l y varying forces which 
were 90° out of phase, thus producing a resultant which 
was a constant rotating load. The cavitated region was 
photographed through the wall of the glass "bush. 

Cole and Hughes reported that the ca v i t a t i o n zone 
rotated synchronously with the load,and that i t s appearance 
was d i f f e r e n t from the c a v i t a t i o n zone observed i n a 
st e a d i l y loaded bearing. Close inspection of t h e i r 
photographs shows that for a constant rotating load with 
no shaft rotation,the c a v i t a t i o n zone was composed of 
many i r r e g u l a r , f e r n - l i k e c a v i t i e s , very unlike the 
ordered c a v i t a t i o n zone seen i n a st e a d i l y loaded bearing. 
With the load rotating at constant speed, the shaft speed 
was increased from r e s t i n the di r e c t i o n of the load. 
As the e f f e c t i v e v e l o c i t y , GÔ -XQ , was increased from 

« 

-%Q to 0 the extent of the f e r n - l i k e c a v i t a t i o n zone 
decreased, u n t i l at COj- the ca v i t a t i o n zone 

r 

appeared to have disappeared completely. When = 0» 
the theory predicts zero gauge pressures throughout the 
fi l m , and, hence, no load carrying capacity and no 
ca v i t a t i o n region, as i n Cole and Hughes* photographs. 
When the shaft speed was increased further, such that 
<A-^>0, i e . when the shaft rotation dominated the 
ef f e c t i v e v e l o c i t y , the ca v i t a t i o n region became of the 
type normally seen i n s t e a d i l y loaded bearings. Long a i r 
fingers separated by o i l filaments were seen i n the 
ca v i t a t i o n region. 

The photographs show that when the rotating load 
i s dominant a di f f e r e n t form of c a v i t a t i o n e x i s t s from 
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when shaft rotation i s dominant. Cole and Hughes, however, 
were unable to comment on the ef f e c t of the change of 
mode of ca v i t a t i o n on the load carrying capacity of the 
bearing, as the o r b i t a l motion of the bearing was not 
recorded. 
(b) P.O. White 

White (2) c a r r i e d out work on an apparatus designed 
to t e s t the performance of squeeze f i l m journal bearings. 
A v e r t i c a l , r i g i d , non-rotating shaft was surrounded by 
a non-rotating bearing which was subjected to a constant, 
ro t a t i n g load. The load was produced by two hydraulic 
e x c i t e r s producing equal, s i n u s o i d a l l y varying forces 
and mounted at an angular displacement of 90° from each 
other. The res u l t a n t was a constant r o t a t i n g load. 
White's r e s u l t s showed that at e c c e n t r i c i t y r a t i o s greater 
than 0.3 the load carrying capacity of the bearing 
dropped to between one quarter and one f i f t e e n t h of the 
predicted load carrying capacity. White also c a r r i e d out 
a v i s u a l study of the o i l f i l m which pointed to the mode 
of c a v i t a t i o n as a possible cause of the lo s s of load 
capacity. 

White replaced h i s t e s t bearing with a perspex 
bearing and recorded the behaviour of the o i l f i l m with 
a high speed cine camera. At low e c c e n t r i c i t y r a t i o s 
the o i l f i l m could be seen to be f e r n - l i k e and i r r e g u l a r , 
as i n the photographs of Cole and Hughes ( 1 ) . As the 
high pressure region swept past the camera the c a v i t i e s 
could be seen to disappear, and would reappear as the 
low pressure region passed. I t was observed that the o i l 
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f i l m i n the bearing was almost stationary. At any point 
i n the f i l m , the lubricant o s c i l l a t e d about a mean 
position as the minimum clearance rotated. The c a v i t a t i o n 
region t r a v e l l e d through the almost stationary f i l m as 
l o c a l c a v i t i e s formed i n the low pressure region, and 
disappeared as the t.igh pressure region passed. 

At e c c e n t r i c i t y r a t i o s greater than 0.3 the o i l 
f i l m had a crazed appearance. Unlike the ca v i t a t i o n 
region at low e c c e n t r i c i t y ratios,the c a v i t i e s did not 
form and disappear, but were present throughout a complete 
load cycle, and simply expanded and contracted as the 
low pressure and high pressure regions passed. The 
lubricant f i l m was almost stationary r e l a t i v e to the 
bearing surfaces and the c a v i t i e s were, therefore, 
stationary r e l a t i v e to both surfaces and the lubr i c a n t . 
White believed that the mode of c a v i t a t i o n may have been 
the cause of the discrepancy between h i s experimental 
r e s u l t s and the t h e o r e t i c a l predictions. 

4.3. Oavitation i n a system with a rotating shaft and 
rotating bush 

The author has c a r r i e d out work with a bearing r i g 
designed by Smith (22) at Leeds University, i n which a 
horizontal shaft rotates inside a rotating perspex bush. 
The bearing was subjected to a constant u n i d i r e c t i o n a l 
load by moving the bush i n r e l a t i o n to the shaft to give 
a required e c c e n t r i c i t y . The observation of the low 
pressure region i n t h i s system, the equivalent system 
of figure 3.3, allowed an i n t e r e s t i n g comparison between 
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the c a v i t a t i o n region of White's squeeze f i l m and the 
cav i t a t i o n region i n a system comprising a rotating shaft 
and rotating bush, the equivalent system of figure 3.3. 

4.3.1. Description of apparatus 
Smith's apparatus was composed of a horizontal, 

rotating shaft surrounded by a rotating bush made of 
perspex. The shaft could be rotated i n one d i r e c t i o n 
only, but the bush could be rotated i n the same d i r e c t i o n 
as the shaft and also i n opposition to i t . O i l was fed 
by gravity to the bearing ends. The bush could be 
displaced r e l a t i v e to the shaft to allow v a r i a t i o n of 
the e c c e n t r i c i t y r a t i o . The load could not be measured 
and a l l the r e s u l t s described are purely q u a l i t a t i v e . 

4.3.2. Observations 
The bush was f i r s t displaced to give an e c c e n t r i c i t y 

r a t i o of 0.8. The ef f e c t s of various combinations of 
shaft and bush speed upon the low pressure region were 
noted. 
(a) Shaft rotation only 

A i r was entrained immediately from the ends of the 
bearing when the shaft was star t e d . The low pressure 
region exhibited a i r - f i n g e r c a v i t a t i o n as observed by 
Floberg (1 8 ) . 
(b) Shaft and bush rotating i n the same d i r e c t i o n 

When the shaft was started stable a i r fingers could 
be seen. The bush was then rotated i n the same d i r e c t i o n 
as the shaft, which caused the a i r fingers i n the low 
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pressure region to become unstable. The fil m reformation 
boundary was stable, but the breakdown boundary was unstable. 
Figure 4.2 i s a diagrammatic representation of the 
process which was observed. At time t the a i r fingers 
were branched as i n figure 4.2(a) with the branches 
A't , A a, A a, A^ i n the positions shown. As the shaft and 
bush rotated the branches passed backwards along the 
a i r finger i n the dire c t i o n of rotation,while more branches 
formed at the t i p of the a i r finger, so that at time 
t + dt the branches were A 4, A v, A^, A t as shown i n 
figure 4.2(b). The appearance of the low pressure region 
was the same at a l l combinations of shaft and bush speed. 
(c ) Shaft and bush rotating i n opposite directions 

The shaft was started and normal finger type 
c a v i t a t i o n was observed. As the bush speed was increased 
with the shaft speed held constant, the width of the a i r 
fingers decreased and the number increased. There was 
no sign of branching and the a i r fingers remained stable 
u n t i l the shaft and bush speeds were almost equal. At 
t h i s speed the e f f e c t i v e v e l o c i t y i s approximately zero. 
The c a v i t a t i o n region was i n the position shown i n 
figure 4.3(a), ie.C^+^g^O and shaft rotation dominates. 

When the bush speed was increased so t h a t ' i t was 
greater than the shaft speed the low pressure region was 
seen to move from the position shown i n figure 4.3(a) 
to that i n 4.3(b) where bush rotation dominates. 
(d) Bush rotation only 

In t h i s case a i r fingers were again observed as i n 
the case of rotation of the shaft alone. The f i l m 
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breakdown boundary was unstable but there was no sign 
of branching. 

The observations quoted above occurred at a l l 
e c c e n t r i c i t y r a t i o s used and i n each case a small region 
of a i r bubbles could be seen behind the low pressure 
zone on the centre l i n e , apparently trapped within a 
reverse flow region at the f i l m reformation boundary. 

4.3.5. Comments 
An important difference between White's observations 

and those on Smith's apparatus i s that the c a v i t a t i o n zone 
i n White's apparatus moves through a stationary o i l f i l m , 
while Smith's r i g exhibited a stationary low pressure 
region i n a circumferentially moving o i l f i l m . The 
observations of the low pressure region i n White's, 
Cole and Hughes and Smith's apparatus do, however, show 
that the systems of figures 3.2 and 3-3 may undergo a 
d i f f e r e n t form of c a v i t a t i o n from the s t e a d i l y loaded 
system i n figure 3.4. The differences i n c a v i t a t i o n 
from the s t e a d i l y loaded bearing may be due to the 
c a v i t i e s being unable to attach themselves to a surface. 
The changes i n the form of the c a v i t a t i o n may be 
responsible for the drop i n load carrying compared to 
the predicted values which was noted by White. 

4.4. V a l i d i t y of the equivalent systems 
I t i s normally assumed that the in d i v i d u a l surface 

v e l o c i t i e s of the shaft and bearing have no e f f e c t on 
the c a v i t a t i o n within the lubricant f i l m . The experimental 
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observations quoted previously suggest that t h i s assumption 
may not be v a l i d . 

I n the dynamically loaded bearing of figure 3.2 the 
low pressure region moves with angular v e l o c i t y © t the 
ve l o c i t y of the load, and i f c a v i t a t i o n occurs within the 
low pressure region the v e l o c i t y of the c a v i t a t i o n zone i s 

H'(G-(d, ) r e l a t i v e to the shaft 
and R( 8 -Cj^bJ r e l a t i v e to the bearing 

where R i s the radius of the bearing. 
I n figure 3.3, an equivalent bearing with rotating 

shaft, rotating bearing and constant u n i d i r e c t i o n a l load, 
the c a v i t a t i o n region i s stationary and the v e l o c i t i e s 
of the c a v i t a t i o n region are again 

« 
R(O-tC^) r e l a t i v e to the shaft 

and R(^-(j>j_) r e l a t i v e to the bearing. 
The bearing systems of figures 3.2 and 3.3 have the 

same r e l a t i v e v e l o c i t i e s between the low pressure region 
and the two surfaces. 

I f the system of figure 3.4 i s now considered i t 
can be seen that the low pressure region i s stationary 
and that the ca v i t a t i o n zone w i l l have v e l o c i t i e s 

RCfcfi-CO,-^) r e l a t i v e to the shaft 
and 0 r e l a t i v e to the bearing. 

I t i s c l e a r that the bearing system of figure 3.4 
has not maintained the v e l o c i t y of the c a v i t a t i o n zone 
r e l a t i v e to the two surfaces, and i t i s possible that t h i s 
discrepancy may cause the difference i n the c a v i t a t i o n 
zones which has been described. 

The ca v i t a t i o n zone i n a bearing subjected to a 
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constant rotating load has normally been considered to 
be s i m i l a r to that i n a s t e a d i l y loaded bearing, and i t 
has been assumed that i t orb i t s the bearing synchronously 
with the load. The load carrying capacity of the 
dynamically loaded bearing i s predicted using the boundary 
conditions found i n a s t e a d i l y loaded bearing. I t has, 
however, been shown that the bearing systems of figures 
3.2, the dynamically loaded bearing, and 3.4, the s t e a d i l y 
loaded bearing, do not have the same r e l a t i v e v e l o c i t i e s 
for the c a v i t a t i o n zone. I t may, therefore, be incor r e c t 
to apply the standard s t e a d i l y loaded boundary conditions 
to the dynamically loaded bearing. The possible i n v a l i d i t y 
of the boundary conditions may be the cause of the 
differences between White's r e s u l t s and conventional 
theory. 



CHAPTER 5 

Planning of apparatus 

The experimental r e s u l t s , which White obtained with 
a squeeze f i l m r i g ^ indicate a large discrepancy between 
the predicted load capacity and the actual load carrying 
capacity of a bearing subjected to a constant, rotating 
load. I f White's r e s u l t s were true generally, the load 
carrying capacity of a dynamically loaded system may be 
over-estimated by a factor of at l e a s t four. Further 
r e s u l t s were required to compare p r a c t i c a l r e s u l t s with 
t h e o r e t i c a l predictions. An apparatus was designed to 
provide experimental data on the load carrying capacity 
of a dynamically loaded journal bearing. 

5.1. Design options 
Conventional theory assumes the equivalence of the 

dynamically loaded system, figure 3.2^ and the s t e a d i l y 
loaded system, figure 3.4,to allow the prediction of the 
load carrying capacity of the dynamically loaded bearing. 
The s t e a d i l y loaded boundary conditions would be used i n 
the c a l c u l a t i o n of load carrying capacity. I t has been 
shown i n Chapter 4 that the r e l a t i v e v e l o c i t i e s of the 
c a v i t a t i o n zone with respect to the shaft and bearing are 
not maintained i n the t r a n s i t i o n from the dynamically 
loaded bearing to the s t e a d i l y loaded bearing. The 
r e l a t i v e v e l o c i t i e s are maintained i n the step from the 
dynamically loaded bearing to the system of a rotating 
shaft with a rotating bearing, which i s shown i n figure 3. 
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I t should he possible to use a dynamically loaded system, 
as i n figure 3.2, or a system composed of a rotating 
shaft i n a rotating bush with a constant load, as i n 
figure 3.3, to determine the e f f e c t of the r e l a t i v e 
v e l o c i t i e s on the prediction of load carrying capacity. 

5.1.1. Rotating shaft with rotating bush 
The f i r s t design considered was that of a machine 

si m i l a r to that used l a t e r by Smith (22). A diagrammatic 
cross-section i s shown i n figure 5.1. 

A horizontal bush was to be supported on a p a i r 
of r a d i a l b a l l bearings. The bush would be driven by 
an e l e c t r i c motor through a b e l t and pulley. Two phosphor-
bronze t e s t bearings would be f i t t e d into the bush. The 
use of two bearings would give the bearing angular 
s t i f f n e s s . A horizontal shaft, driven by b e l t and pulley 
from an e l e c t r i c motor^would pass through the t e s t 
bearings, and a loading yoke would transmit a u n i d i r e c t i o n a l , 
constant load to the shaft through a p a i r of b a l l bearings. 

5.1.2. Rotating load with r o t a t i n g shaft 
The second design to be considered was that of a 

rotating shaft supporting a non-rotating bearing which 
was subjected to a constant rotating load. Three options 
were a v a i l a b l e , the f i r s t being an apparatus s i m i l a r 
to that used by Cole and Hughes (1) and i l l u s t r a t e d i n 
figure 4.1. A horizontal bush was surrounded by a non-
rotating bearing. The t e s t bearing was subjected to a 
constant rotating load produced by a mechanical system 
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which subjected the bearing to two equal, s i n u s o i d a l l y 
varying forces at rig h t angles to each other. 

The second option was an apparatus s i m i l a r to that 
used by White (2). A v e r t i c a l , rotating shaft would 
support a non-rotating bearing, which would be subjected 
to a constant rotating load. The load would be produced 
by two hydraulic e x c i t e r s generating equal, s i n u s o i d a l l y 
varying forces at rig h t angles to each other. 

The t h i r d option i s shown i n figure 5.2. A v e r t i c a l 
shaft would be driven by b e l t and pulley from an e l e c t r i c 
motor. A bearing housing containing two t e s t bearings 
would be mounted around the shaft. Two t e s t bearings 
would be used to give the assembly angular s t i f f n e s s . 
The bearing housing would be restrained from rotation, 
but would, be free to orbit the shaft. A pa i r of b a l l 
bearings and a loading c o l l a r would be mounted on the 
bearing housing. The bearing load would be transmitted 
from an outer loading ring, which would be mounted 
con c e n t r i c a l l y with the shaft. The load would be 
transmitted through the b a l l bearings to the t e s t bearings. 
The loading r i n g would be free to rotate on a set of 
bearings, and rotation of the loading ri n g would cause 
the bearing to be subjected to a constant rotating load. 

5."1.3. Comparison of the designs 
The disadvantage of the system comprising a rotating 

shaft and rotating bush was that i t would not have been 
possible to make r e l i a b l e comparisons between White's 
data and the r e s u l t s from the apparatus. The system of 



38 
a rotating shaft with a rotating load was chosen, as 
d i r e c t comparison between White's r e s u l t s and the 
experimental data was possible. Such an apparatus could 
be run as a conventional s t e a d i l y loaded rotating shaft 
and the r e s u l t s compared with the experimental r e s u l t s 
of Dubois and Ocvirk (23). Squeeze f i l m r e s u l t s could 
be taken to check White's experimental r e s u l t s by 
rotating the load with the shaft stationary. Further 
r e s u l t s could be taken with both shaft and load rotating 
to determine the e f f e c t of proportional v a r i a t i o n of 
shaft and load speed on the load carrying capacity. 

The option shown i n figure 5»2 was chosen for i t s 
inherent s i m p l i c i t y and the ease with which the apparatus 
could be modified to accept a combination of a steady 
and a r o t a t i n g load to allow further work to be c a r r i e d 
out. A constant u n i d i r e c t i o n a l load could be transmitted 
to the bearing housing through a yoke mounted outside the 
loading r i n g . 

The f i n a l design of the apparatus and instrumentation 
i s d etailed i n the following chapter. 
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Apparatus and Instrumentation 

6.1. General description of apparatus 
The f i n a l design was as ishown i n the general 

arrangement drawing of figure 6.1 and i n plates 6.1 and 
6.2. The l e t t e r s used i n the text r e f e r to the parts 
i l l u s t r a t e d i n the general arrangement drawing. 

6.1.1. Shaft (A) 
The shaft was turned from EN8 s t e e l to produce 

a working section of two inches nominal diameter. The 
diameter of the working section was measured accurately 
using Solex a i r gauging equipment, and the r e s u l t s 
obtained are given i n table 1 of appendix I . 

The shaft was mounted v e r t i c a l l y i n the centre of 
a 1^-inches thick, mild s t e e l base plate ( B ) . The use 
of such a massive base plate was considered necessary 
to damp out vibration, which could have affected the 
experimental readings. The lower end of the shaft was 
supported i n a single row, deep groove, r a d i a l b a l l 
bearing mounted i n a bearing holder ( C ) . The holder 
passed through a hole bored c e n t r a l l y i n the base plate 
and was secured by bolts through a flange. The upper 
end of the shaft was located by a single row, r a d i a l , 
deep groove b a l l bearing mounted i n a housing (D). The 
housing was at the centre of three r a d i a l arms which were 
clamped to supporting p i l l a r s ( E ) . The height of the 
p i l l a r s could be e f f e c t i v e l y r a i s e d or lowered by placing 
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shims (F) between the p i l l a r s and the r a d i a l arms. The 
height could, therefore, be adjusted so that a reasonable 
preload was placed on the shaft bearirgs when the arms 
were clamped to the support p i l l a r s . The preload 
removed a x i a l play from the shaft bearings and increased 
t h e i r r a d i a l s t i f f n e s s . The t o t a l r a d i a l run-out of 
the shaft, including the n o n - c i r c u l a r i t y of the shaft, 
was 1.5x 10-4- inches (3.8 x 10"5 mm.). 

The shaft was connected to a -J H.P. D.C. e l e c t r i c 
motor by b e l t and pulley. The shaft speed was variable 
between 0 and 850 r.p.m. using a Zenith SC2-E-R el e c t r o n i c 
speed c o n t r o l l e r . 

6.1.2. Bearing assembly 
Two phosphor bronze t e s t bearings (G), one inch 

long, were interference f i t t e d into a bearing housing (H). 
Two bearings were used to give the t e s t assembly angular 
s t i f f n e s s . The bearings were separated by on o i l supply 
chamber, which was radiused to prevent a i r being trapped 
within the bearing assembly. O i l was fed to the supply 
chamber through d r i l l i n g s , the bearings being end-fed 
as i n the apparatus used by White ( 2 ) . A shallow chamber • 
was provided at the outer ends of the bearings to c o l l e c t 
the o i l flow, which was piped back to the o i l tank. 
Sealing between the shaft and the bearing housing was 
effected by l i p seals mounted at the extreme ends of the 
bearing housing. 

Two large, single row r a d i a l b a l l bearings were 
mounted between the outer diameter of the bearing housing (H) 
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and the inner diameter of a loading c o l l a r ( J ) . The 
outer surface of the loading c o l l a r had two di a m e t r i c a l l y 
opposite f l a t s machined on i t . One was used to carry a 
target f o r a load speed transducer, while the other 
supported the loading system. 

The bearing housing and loading c o l l a r were f u l l y 
assembled before the phosphor bronze bushes were machined, 
so ensuring that deformation did not occur during assembly. 
The bushes were bored to a nominal diameter of 2.004 inches 
to give a nominal diametral clearance of 0.004 inches. 
When the machining had been completed the diameter of the 
bearings was measured using Solex a i r gauging equipment, 
and the r e s u l t s are given i n table 2 of appendix I . 

The bearing end plates (K), which were bolted to 
the ends of the bearing housing, held the clamping rings 
(L) f o r the b a l l bearings and compressed the l i p seals 
a x i a l l y . The upper bearing end plate d i f f e r e d from the 
lower bearing end plate i n that i t had three lugs,which 
could be used to support the bearing assembly. The 
mounting points f o r the e c c e n t r i c i t y transducers and load 
speed transducer were also situated on the end p l a t e . 

The complete bearing assembly was suspended about 
the v e r t i c a l shaft on the end of a long so f t spring. The 
spring terminated i n three lengths of Bowden cable (M), 
which were f i t t e d w i t h eyebolts which passed through the 
support lugs on the upper end pl a t e . The bearing housing 
was wired to prevent r o t a t i o n of the t e s t bearings. 
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6.1.3* Loading system 

The loading r i n g (N) was mounted concentric to the 
shaft and "bearing system. The outer face of the loading 
r i n g was grooved to accept the six supporting bearings } 

which were mounted on adjustable p i l l a r s (P). The 
co n c e n t r i c i t y of the loading r i n g was ensured by c a r e f u l 
adjustment of the support p i l l a r s . A d i a l gauge was 
mounted on the loading r i n g and set to measure the 
distance between the shaft and the r i n g . Rotation of 
the loading r i n g allowed measurement of the e c c e n t r i c i t y , 
which could be adjusted by moving the support p i l l a r s . 
The loading r i n g was set to give a maximum e c c e n t r i c i t y 
of i 0.006 inches, most of which was probably due to 
n o n - c i r c u l a r i t y of the loading r i n g . 

A p u l l e y was bolted to the loading r i n g and connected 
to a -J H.P. B.C. mo\;or by a b e l t . The speed of the loading 
r i n g could be varied i n the range 0 - 250 r.p.m. by a 
Zenith SC2-E-R electronic speed c o n t r o l l e r . 

The spring loading mechanism was mounted between 
the loading r i n g and loading c o l l a r . Two springs (60 
were set over screwed adjusters which were mounted i n a 
reaction plate (R). The reaction plate was bolted to 
the loading r i n g . Mild steel caps f i t t e d over the ends 
of the springs were located i n a plate which was bolted 
to the loading c o l l a r . A d r i v i n g rod (S) could be f i t t e d 
to transmit the d r i v i n g torque from the loading r i n g to 
the loading c o l l a r . Rotation of the loading r i n g (N) 
caused r o t a t i o n of the spring load, and thus the bearing 
housing was subjected to a constant r o t a t i n g load. 
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I n practice i t was found that the springs were capable 
of t r a n s m i t t i n g the d r i v i n g torque to the loading 
c o l l a r , and the d r i v i n g rod was omitted. 

6.1.4. O i l supply 
O i l was supplied to the central supply chamber 

by a Monopump type SB15. This pump provides a pulseless 
o i l flow without an accumulator. An A.C. Delco paper 
element f i l t e r was used i n the supply l i n e to ensure the 
cleanliness of the o i l supply. 

6.2. Instrumentation 

6.2.1. E c c e n t r i c i t y neasurement 
Ec c e n t r i c i t y was measured using Distec non-contact 

displacement transducers, which operate on an eddy current 
p r i n c i p l e , and are unaffected by the presence of a 
d i e l e c t r i c between the probe t i p and the t a r g e t . These 
transducers were id e a l f o r the s i t u a t i o n where o i l was 
present between the shaft and the probe. The transducers 
were f i r s t set to give an output voltage of approximately 
-8vD.C. The output signal was l i n e a r about -8vD.C. 
f o r a change in displacement, going more negative f o r 
an increased gap and more p o s i t i v e f o r a reduced gap. 

Two probes were mounted on each end of the bearing 
i n the holders f i x e d to the bearing end plates (K). The 
probes were set at r i g h t angles to each other, and the 
output voltages were led to oscilloscopes operating i n 
X - Y mode to display the l o c i of the ends of the bearing. 



The output from the probes was of the order -8v±Av 
where Av was the maximum v a r i a t i o n i n output voltage 
from the D.C. level.Av was i n the range 0 - 0,3v. 
When the load was r o t a t i n g the speed was low enough to 
require the use of the oscillcscopes i n D.G. mode, 
which made i t impossible to display the bearing l o c i 
d i r e c t l y on the oscilloscopes at the required a m p l i f i e r 
gain of O.lv/cui. The base l e v e l of -8vD.C. was too 
high, and i t was necessary to reduce the base l e v e l to 
approximately Ov. The D.C. l e v e l was reduced using the 
c i r c u i t of f i g u r e 6.2. 

The e c c e n t r i c i t y transducers and level-reduction 
c i r c u i t were cali b r a t e d using a small c a l i b r a t i o n j i g . 
The probe was mounted i n a holder and the output of the 
electronic system compared w i t h the displacement of a 
two inch diameter specimen of EN8 steel mounted on a 
micrometer b a r r e l . The gain of the transducers was 
altered so that a l l the channels would have the same 
output/displacement c h a r a c t e r i s t i c . The transducers 
were rec a l i b r a t e d frequently during the t e s t i n g to ensure 
that the o r i g i n a l output/displacement c h a r a c t e r i s t i c was 
maintained. The v a r i a t i o n of output w i t h displacement 
was 14'imv/o.oo'i inch. 

The output of the transducer c i r c u i t s was fed 
to two oscilloscopes operating i n X - Y mode i n order 
to display the bearing l o c i . E c c e n t r i c i t y measurement 
was taken from the oscilloscopes. Accuracy was maintained 
by frequently checking the c a l i b r a t i o n of the oscilloscopes. 
Oscilloscope accuracy was £. 5% and readings were taken 
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to w i t h i n 0.01v on the gain s e t t i n g of O.^v/cm. 

6.2.2. Force measurement 
The compression of the loading springs was measured 

using i n t e r n a l calipers, which were compared w i t h a 
vernier gauge. The spring forces were then found using 
a load-compression calibration^which had been c a r r i e d 
out on an E-type tensometer. The compression of the 
springs was measured to an accuracy of i 0." mm. to give 
an accuracy of :fc ION. The t o t a l bearing force was given 
by the sum of the spring forces, while the i n d i v i d u a l 
bearing load was given by the average spring load. 

6.2.3. Speed measurement 
(a) Shaft 

A six-toothed wheel was mounted at the upper end 
of the shaft. The wheel rotated passed the t i p on an 
eddy current proximity transducer to produce a periodic 
square wave form. The signal was fed to an A.M.F. Venner 
7735 d i g i t a l timer counter to give the shaft frequency. 
(b) Load 

A target was attached to the loading c o l l a r ( J ) . 
An eddy current proximity transducer was mounted on the 
upper bearing end plate and a periodic signal was 
produced as the target passed the probe. The signal was 
fed to an A.M.F. Venner 7735 timer counter, which 
measured the periodic time. 

An advantage of the eddy current transducers used 
i n the work was an output which was in v a r i a n t w i t h 



46 
r o t a t i o n a l speed. The transducers were, therefore, 
suitable f o r the low speeds of load r o t a t i o n used i n 
the experiments. 

6.2.4. Load angle measurement 
The load speed transducer was mounted opposite one 

of the e c c e n t r i c i t y transducers, as shown i n f i g u r e 6.3. 
The s i t u a t i o n shown i s that of shaft and load r o t a t i n g 
i n the same d i r e c t i o n . The output of the e c c e n t r i c i t y 
transducer was sinusoidal, as shown i n f i g u r e 6.4(a) 
and o s c i l l a t e d about a base D.C. l e v e l of approximately 
- 8v. The output of the load speed transducer was a step 
function as shown i n f i g u r e 6.4(b). 

The load speed target was mounted opposite the 
loading system, so that the step i n the load speed 
transducer output coincided w i t h the load passing the 
displacement transducer. The minimum clearance i s given 
by the minimum on the sinusoidal e c c e n t r i c i t y transducer 
output, and i f the load rotates at constant angular 
v e l o c i t y 0, then the load angle If can be given by the 

where At i s the time i n t e r v a l between the minimum d i s ­
placement and the load, and t 0 i s the periodic time 

« 

corresponding to the angular v e l o c i t y of the load,§. 
Unfortunately At could not be determined d i r e c t l y . 

An electronic c i r c u i t was designed which would 
determine the value of the load angle i n d i r e c t l y . 
Figure 6.5 shows the f i n a l c i r c u i t . The output of the 

J- V J L 1 1 1 U J . U 



e c c e n t r i c i t y transducer, which was o s c i l l a t i n g about a 
mean l e v e l of approximately -SvD.C, was passed 
through a large capacitance to reduce the mean l e v e l 
to O.Ov, as shown i n f i g u r e 6.6(a). The signal was then 
passed through an operational a m p l i f i e r i n t o a 'nand' 
gate to produce the output shown i n f i g u r e 6.6(b). As 
the sinusoidal input voltage to the amp l i f i e r went 
s l i g h t l y p o s i t i v e , the output of the 'nand' gate dropped 
to OvD.C, and when the sinusoidal input went s l i g h t l y 
negative the output of the 'nand1 gate went 
p o s i t i v e . The load speed signal was conditioned to give 
the signal shown i n f i g u r e 6.6(c). 

The outputs of the e c c e n t r i c i t y shaping c i r c u i t 
and the modified load speed were fed to the 'time B - C* 
inputs of an A.M.F. Venner 7735 d i g i t a l timer-counter. 
The counter was started on the f i r s t negative going 
signal on the B- input and stopped on the f i r s t negative 
going signal on the C- input. The counter was started by 
the shaped e c c e n t r i c i t y signal at the p o s i t i o n shown i n 
figu r e 6.6(b), and was stopped a f t e r time t», , as shown 
i n f i g u r e 6.6(c)^for the shaft and bush r o t a t i n g i n the 
same d i r e c t i o n . 

I f the counter started at an angle of 0°, then the 
minimum clearance would have occurred at an angle of 
270°. The periodic time of the load was t e . The load 
angle Tjf could be represented by the time between the 
passing of the minimum clearance and the passing of the 
load at "tj.The load angle ^ was given by the fo l l o w i n g 
expression 
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The expression above was v a l i d only when the load and 
shaft were r o t a t i n g i n the same d i r e c t i o n . When the 
load and shaft were r o t a t i n g i n opposite d i r e c t i o n s the 
load angle was given by 

The po s i t i v e and negative values of load angle, 
which designated whether the minimum clearance was 
leading or lagging the load, were given automatically by 
the formulae above. 

The operation of the system described above 
depended on constant r o t a t i o n of the load, but did not 
depend on the speed of r o t a t i o n . 

6.2.5. O i l temperature and v i s c o s i t y 
(a) O i l temperature 

The o i l temperature was measured w i t h copper-nickel 
thermocouples at i n l e t to the supply chamber, and at 
the two bearing ends. An e f f e c t i v e temperature, given by 
Cameron (24, 25), was then used to determine an e f f e c t i v e 
v i s c o s i t y . The e f f e c t i v e temperature, Teff, was given by 

Teff 8 Tin + 0.8 (Tout - Tin) 
where Tin i s the bearing i n l e t temperature 

Tout i s the bearing o u t l e t temperature. 
The i n l e t and o u t l e t temperatures were determined 

to an accuracy of £ 0.3°C. 
(b) Viscosity measurement 

The o i l used was Shell Tellus 27, a mineral based 
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hydraulic o i l that was also used by White (2) i n his 
experiments. The v i s c o s i t y v a r i a t i o n of the o i l w i t h 
changing temperature was found using standard, c a l i b r a t e d 
U-tube viscometers i n a thermostatically c o n t r o l l e d 
water bath. The v i s c o s i t y c a l i b r a t i o n curve i a shown 
i n f i g u r e 6.7. 

6.2.6. I n l e t pressure measurement 
The o i l supply pressure to the bearing was measured 

using a bourdon gauge supplied by the Budenberg gauge 
company. 

6.3. Preliminary t e s t i n g 
The completed apparatus has been described i n the 

preceding paragraphs. Only a f t e r extensive t e s t i n g was 
the f i n a l configuration reached. The main problems 
encountered during the commissioning of the apparatus 
were connected w i t h the support of the bearing system. 

O r i g i n a l l y the bearing system was supported on 
two r a d i a l arms mounted at one end i n the loading r i n g , 
and at the other end i n Rotolin l i n e a r b a l l bushings 
inserted i n the loading c o l l a r . The weight of the 
bearing assembly proved too great f o r the supports, and 
t h i s system was abandoned i n favour of four short wires 
mounted i n screwed adjusters which passed through the 
upper bearing holder (D). The ends of the wires were 
located at the upper bearing end plate (K). The o r b i t s 
at the two ends of the bearing, as shown on the 
oscilloscopes, were 180° out of phase with the bearing 
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assembly supported i n t h i s way. The motion of the 
bearing was conical and not purely t r a n s l a t i o n a l , as 
required. The support mechanism was changed to a system 
i n which the bearing assembly was held between two sets 
of compressed springs, as shown diagrammatically i n 
f i g u r e 6.8. The downward loading of the springs and the 
bearing assembly was balanced by the upward force of the 
lower set of springs. I t was found that w i t h such a 
system the motion of the bearing assembly was conical, 
and no adjustment of the loading springs could produce 
the required t r a n s l a t i o n a l motion. Analysis showed that 
such a system disobeyed the law of minimum p o t e n t i a l 
energy, and the complete assembly was, therefore, unstable 

The bearing was f i n a l l y supported by a long, s o f t 
spring at the end of the three cables, a method which 
proved extremely successful. The bearing l o c i could be 
adjusted u n t i l they were equal and i n phase by adjusting 
the load springs. The motion of the bearing assembly was, 
therefore, purely t r a n s l a t i o n a l and the r e s u l t s detailed 
i n Chapter 7 were subsequently taken w i t h t h i s supporting 
mechanism. 

An i n t e r e s t i n g point to note i s that when conical 
motion existed, there appeared to be a large loss of 
load carrying capacity at high e c c e n t r i c i t y r a t i o s . 
Quantitative data was not recorded, but t h i s r e s u l t i s 
s i m i l a r to that obtained by White ( 2 ) . 



CHAPTER 7 

Experimental Method and Results 
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When the apparatus had "been f u l l y developed a set 
of experimental procedures was designed to measure the 
performance of the t e s t bearings. 

7.^. Experimental method 
White's experiments were car r i e d out on a bearing 

which was supplied w i t h o i l by flooding one end of the 
bearing. I n order to maintain s i m i l a r conditions to those 
encountered i n White's experiments., the o i l supply pressure 
was kept to the low value of 10KN/m . White c a r r i e d out 
one set of r e s u l t s w i t h an i n l e t pressure of "iC-lbf/in* 
and one set of re s u l t s was carried out l a t e r at lOOKN/m3" 
(approximately 14-lbf/in*") to allow comparison. 

The experimental methods f o r the various configurations 
possible were as described below. 
(a) Steadily loaded bearing 

A r o t a t i n g shaft subjected to a constant, u n i d i r e c t i o n a l 
load, the st e a d i l y loaded bearing, was taken as the con t r o l 
case. The performance of ste a d i l y loaded bearings i s 
we l l documented and agrees closely w i t h theory, thus 
allowing the r e s u l t s taken from the apparatus to be 
compared w i t h e x i s t i n g r e s u l t s , t o ensure the correct per­
formance of the bearing. 

The o i l pump was started to f i l l the bearing and 
the supply pressure was set to lOKN/m2". The shaft speed 
was set to a constant value and the apparatus was allowed 
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to s e t t l e to i t s stable operating temperature at that 
shaft speed. The o i l i n the bearing clearance was subjected 
to high viscous shearing,which caused a large temperature 
r i s e w i t h i n the f i l m . The temperature r i s e was dependent 
on the shaft speed. Because of the length of time 
required f o r the apparatus to reach a steady operating 
temperature at a given shaft speed, the most e f f i c i e n t 
way of carrying out the t e s t i n g was to set the shaft to 
a constant speedy and take readings as the load was varied, 
w i t h the shaft speed maintained at i t s preset value to 
ensure a constant operating temperature. When the o i l 
temperatures at i n l e t to and o u t l e t from the bearing were 
constant, a t e s t was ca r r i e d out at the preset shaft speed. 

The bearing was loaded by compressing the two 
loading springs equally. The load was then rotated very 
slowly while the e c c e n t r i c i t i e s of both ends of the 
bearing were observed on the oscilloscopes. I f the two 
l o c i were of unequal amplitude, small adjustments were 
made to the loading springs u n t i l the e c c e n t r i c i t i e s at 
each end of the bearing were equal, thus ensuring that 
the motion of the bearing was purely t r a n s l a t i o n a l . When 
equal o r b i t s were achieved a set of r e s u l t s was taken. 

The readings of e c c e n t r i c i t y and load angle were 
obtained by allowing the load to rot a t e very slowly. 
E c c e n t r i c i t y readings were then taken from the oscilloscopes 
and the load angle r e s u l t s noted. At a l l times great care 
was taken to ensure that the load speed was kept to such 
a value that i t would have no s i g n i f i c a n t e f f e c t on the 
performance of the bearing^or the mode of c a v i t a t i o n . 
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The maximum error i n the non-dimensional f i l m force, 

, due to load rotation ?was approximately 
+8 percent at the minimum shaft speed used of 300 r.p.m., 
and dropped to + 3 percent at the maximum shaft speed 
used, 800 r.p.m. The load was then altered to obtain 
another set of readings, g i v i n g the cha r a c t e r i s t i c s of 
v a r i a t i o n of load angle and e c c e n t r i c i t y w i t h varying 
l o a d j f o r constant shaft speed. 

When the te s t had been completed, the shaft speed 
was reset to allow another set of r e s u l t s to be taken. 
The shaft speeds used ranged between 300 r.p.m. and 
800 r.p.m. i n increments of ^00 r.p.m. 
(b) Rotating load only 

The shaft was held stationary and the bearing 
subjected to a constant r o t a t i n g load, to produce a 
s i t u a t i o n s i m i l a r to that i n White's squeeze f i l m bearing. 

The bearing was f i r s t f i l l e d and the supply pressure 
was set to lOKN/m*. The load was applied by compressing 
the two loading springs equally, and then rotated at 
speeds i n the range between 0 r.p.m. and 250 r.p.m. 
Small adjustments were made to the load springs at each 
value of speed to ensure th a t the bearing was undergoing 
pure t r a n s l a t i o n a l motion. Readings of load angle and 
e c c e n t r i c i t y were taken when the o r b i t s at both ends of 
the bearing were equal. 

I t was possible to take a set of r e s u l t s immediately 
a f t e r changing the load speed, because i t was found that 
the pure r o t a t i n g load did not cause a temperature r i s e 
w i t h i n the o i l f i l m . The shaft centre orbited at constant 
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e c c e n t r i c i t y through an almost stationary o i l f i l m 
(see Chapter 4 ) . There was l i t t l e viscous shearing 
w i t h i n the o i l f i l m . At any given point the o i l i n the 
f i l m o s c i l l a t e d about a mean p o s i t i o n as the minimum 
clearance rotated. The net work done on the f l u i d was 

sma\\, and there should, t h e o r e t i c a l l y , have been n(L̂ \\<yb\«-
temperature r i s e . During t e s t i n g no detectable temperature 
increase was noted. 

The c h a r a c t e r i s t i c determined f o r the bearing 
operating as a squeeze f i l m was the v a r i a t i o n of 
e c c e n t r i c i t y and load angle f o r v a r y i n g load speedjWith 

the load held constant. 
When a complete set of readings had been taken f o r 

a p a r t i c u l a r load, the load w^s changed.,and the procedure 
repeated. 
(c) Rotating load w i t h r o t a t i n g shaft 

The bearing was f i l l e d w i t h o i l and the supply 
a, 

pressure set to 10KN/m * 
As w i t h the experiments f o r the st e a d i l y loaded 

bearing, the most e f f i c i e n t way of carrying out the 
t e s t i n g f o r a r o t a t i n g shaft w i t h a r o t a t i n g load was 
to maintain a constant shaft speed,to allow the apparatus 
to reach i t s equilibrium temperature at that shaft speed. 
When equilibrium had been reached load speed could be 
alt e r e d , and re s u l t s taken f o r the operation of the 
bearing at the preset shaft speed. The shaft speed could 
then be altered to allow another set of readings to be 
taken. 

When the o i l e x i t temperatures were stable t e s t i n g 
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could "begin. The bearing load was applied by compressing 
the two loading springs equally. The load speed was then 
varied i n the range 0 r.p.m. to 250 r.p.m. both i n the 
same d i r e c t i o n as, and i n opposition to the shaft. 

The load was then changed and the procedure described 
above repeated. When the t e s t had been completed the 
shaft speed was altered and the r e s u l t s repeated at the 
new shaft speed. 

The shaft speeds used were between 100 r.p.m. and 
800 r.p.m. i n increments of 100 r.p.m. The load speed 
was varied between 0 r.p.m. and 250 r.p.m. i n increments 
of 50 r.p.m., both i n the same d i r e c t i o n and i n opposition 
to the shaft. The ranges of effective v e l o c i t y , 
which were examined, are d e t a i l e d i n the table below. 

Shaft speed 
range (r.p.m.) 

• 
Effect 

100 - 800 shaft r o t a t i o n 
dominates 
load angle leads 

100 - 500 u)-A.9=0 load capacity zero at 0,-x6-0 

100 - 400 load r o t a t i o n 
dominates 
load angle lags 

100 - 800 load rotates i n 
opposite d i r e c t i o n 
to shaft and 
reinforces load 
carrying capacity 
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7.2. Presentation of Results 
(a) Load carrying capacity 

The load carrying capacity of the bearing i s shown 
i n figures 7.3, 7.5 and 7.7 to 7.14. The logarithm 
of the non-dimensional f i l m force, f , i s p l o t t e d against 
e c c e n t r i c i t y r a t i o , where 

W being the i n d i v i d u a l bearing load. 
On each f i g u r e the s o l i d l i n e indicates the 

conventionally predicted load carrying capacity, assuming 
constant c a v i t a t i o n pressures of eith e r atmospheric, 
Pcav = 0.0, or absolute zero, p c a v = "'•O. 
(b) Load angle 

Figures 7.4, 7.6 and 7-15 to 7.22 show the v a r i a t i o n 
of load angle w i t h e c c e n t r i c i t y r a t i o i n polar co-ordinate 
form. On each f i g u r e the boundaries given by the 
th e o r e t i c a l values of load angle f o r c a v i t a t i o n pressures 
of atmospheric, p c a v = 0.0, and absolute zero, p c a v = 1.0 
are shown. 
(c) Var i a t i o n of e c c e n t r i c i t y r a t i o w ith Q at constant 
load 

For the combination of a r o t a t i n g shaft w i t h a 
r o t a t i n g loadjthe r e s u l t s f o r load carrying capacity may 
be redrawn to show the v a r i a t i o n of e c c e n t r i c i t y r a t i o 

Q 
w i t h the r a t i o of load speed to shaft speed, _ 

^ 1 

These r e s u l t s are shown i n figures 7-23 to 7.30 and are 
intended to demonstrate the loss of load carrying capacity 
as the e f f e c t i v e v e l o c i t y , (*\-"3i4 , tends to zero, 
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e 

i e . v;hen — tends to 0.5-
(d) Tabulated r e s u l t s 

The r e s u l t s p l o t t e d i n figures 7.3 to 7-30 are 
tabulated i n appendix I I , tables A1 to A20. 

7.3. Discussion of r e s u l t s 
Dubois and Ccvirk (23) have carried out experimental 

work i n a steadily loaded bearing which yielded the r e s u l t s 
shown i n figures 7.̂  and 7.2. Their r e s u l t s are compared 
w i t h conventional theory, assuming a c a v i t a t i o n pressure 
of atmospheric^and an end-pressure, p e n d i °^ atmospheric. 
I n t h e i r apparatus o i l was supplied to the bearing through 
a ce n t r a l hole. Figure 7-"1 shows the v a r i a t i o n of non-
dimensional f i l m force with e c c e n t r i c i t y r a t i o , while 
f i g u r e 7*2 shows the v a r i a t i o n of load angle w i t h 
e c c e n t r i c i t y r a t i o . I n both cases the r e s u l t s agree 
closely w i t h the conventional theory, which i s shown as 
s o l i d l i n e s . The r e s u l t s of Dubois and Ocvirk represent 
a data set w i t h which the r e s u l t s taken from the 
apparatus described i n t h i s thesis may be compared. 

7.3.""'. Steadily loaded bearing 
The r e s u l t s f o r the s t e a d i l y loaded bearing are 

tabulated i n appendix I I , tables A1 and A2. 
(a) Load carrying capacity 

The v a r i a t i o n of f i l m force w i t h e c c e n t r i c i t y r a t i o 
i s shown i n f i g u r e 7*3. The tests were car r i e d out at 
various shaft speeds, thus each i n d i v i d u a l t e s t was run 
at a d i f f e r e n t o i l temperature. The t h e o r e t i c a l curve 
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corresponds to an average v i s c o s i t y of 23cP. The 
performance of the bearing can be seen to agree closely 
w i t h ":he theory, and also with the re s u l t s of Dubois 
and Ccvirk (23), f o r a steadily loaded bearing. Results 
were obtained between e c c e n t r i c i t y r a t i o s of 0.6 and 
0.9- Lower e c c e n t r i c i t y r a t i o s were not possible due 
to the bearing becoming unstable. I t can be seen tha t 
the bearing i s performing as predicted at high e c c e n t r i c i t i e s . 
(b) Load angle 

Figure 7 c o m p a r e s the experimental load angle 
res u l t s with the envelope produced by the t h e o r e t i c a l 
predictions of load angle f o r c a v i t a t i o n pressures of 
atmospheric and absolute zero. The curves are shown f o r 
v i s c o s i t i e s of 28cP and 17.6cP to cover the range of 
v i s c o s i t i e s encountered during the experimentation. 
The experimental r e s u l t s can be seen to be i n close 
agreement v/ith theory. 

7.3.2. Rotating load r e s u l t s 
The r e s u l t s f o r a r o t a t i n g load without shaft 

r o t a t i o n are given i n tables A 3 and A4 of appendix I I . 
The r e s u l t s investigate the performance of the end-fed 
squeeze f i l m bearing, as investigated by White ( 2 ) . 
The r e s u l t s shown i n figures 7.5 and 7.6 may be compared 
wi t h White's experimental r e s u l t s . 
(a) Load carrying capacity 

The v a r i a t i o n of non-dimensional f i l m force with 
e c c e n t r i c i t y r a t i o i s shown i n fig u r e 7*5. The r e s u l t s 
are shown f o r e c c e n t r i c i t y r a t i o s greater than 0.45. 
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Lower e c c e n t r i c i t y r a t i o s could not be achieved due to 
the i n s t a b i l i t y of the bearing, but these higher 
e c c e n t r i c i t y r a t i o s are most important f o r comparison 
wi t h White's r e s u l t s . Figure 7.5 shows tha t the 
performance of the bearing i s closely predicted by 
theory. There i s no i n d i c a t i o n of the drop i n load 
carrying capacity shown i n White's i n v e s t i g a t i o n s . 
(b) Load angle 

Figure 7-6 shows that the load angle of the 
bearing i s i n close agreement w i t h the theory f o r a 
c a v i t a t i o n pressure of absolute zero, p C a V » -1 .0 . 

7 .3.5. Rotating load w i t h r o t a t i n g shaft 
The r e s u l t s f o r a r o t a t i n g load with a r o t a t i n g 

shaft are tabulated i n appendix I I , tables A 5 - A20. 

The behaviour of the bearing i s shown i n graphical form 
i n figures 7.7 to 7.30. 

(a) Load carrying capacity 
Figures 7-7 to 7.'|4 show the v a r i a t i o n of non-

dimensional f i l m force w i t h e c c e n t r i c i t y r a t i o f o r 
varying load speed, while shaft speed and load were 
maintained constant. Each f i g u r e shows the r e s u l t s taken 
at a constant shaft speed. For a l l values of shaft 
speed and load there i s good agreement between the 
performance of the bearing and theory. There i s no 
i n d i c a t i o n of the drop i n load capacity which White's 
re s u l t s suggest. 
(b) Load angle 

The v a r i a t i o n of load angle w i t h e c c e n t r i c i t y 
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r a t i o i s shown i n figures 7.̂ 5 to 7.22. 
( i ) Ns = *0Q r.p.m. to Ns = 400 r.p.m. 

Figures 7.'i5 to 7-18 show the r e s u l t s obtained 
f o r shaft speeds which allowed a change i n value of 
ef f e c t i v e v e l o c i t y from (Or2lQ-'0 to CDrA®<-0 a s fche l o a d 

speed was increased i n the d i r e c t i o n of the shaft. 
Theory indicates a p o s i t i v e (leading) load angle f o r 
tOv-^Q^O , and a negative (lagging) load angle f o r 
LS\-\§<0 . I t can be seen tha t there i s good agreement 
w i t h the conventional theory. As the e f f e c t i v e v e l o c i t y , 

» tends towards zero, the load angle decreases 
towards 0°, u n t i l at an e f f e c t i v e v e l o c i t y of zero, the 
e c c e n t r i c i t y r a t i o i s one^ and the load angle i s 0.0°. 
The r e s u l t s can be seen to be i n good agreement w i t h 
theory. As Ot-9l6 goes negative the e c c e n t r i c i t y should 
decrease and the load angle should go negative. The 
res u l t s continue to agree w i t h theory i n the region of 
negative load angle. 
( i i ) Ns , 500 r.p.m. to Ns = 800 r.p.m. 

Figures 7«"'9 to 7.22 show those r e s u l t s f o r which 
the e f f e c t i v e v e l o c i t y was always greater than or equal 
to zero. Theory predicts a leading load angle and 
p r a c t i c a l r e s u l t s were i n good agreement. 
(c) Variation of eccent-ricity r a t i o w i t h the r a t i o 0 

to, 
at constant load 1 

Figures 7-23 to 7-30 i l l u s t r a t e the v a r i a t i o n of 
ec c e n t r i c i t y r a t i o w i t h the r a t i o of load speed to 
shaft speed,— , to show the reduction i n the load 
carrying capacity of the bearing as V»iv-3L© tends to zero, 
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6 i e . at -ae- = 0.5. 
As i n the work of Stone and Underwood (12), the 

re s u l t s show that reduction of the e f f e c t i v e v e l o c i t y , 
<uarXO , by increasing the load speed i n the same 
d i r e c t i o n of r o t a t i o n as the s h a f t ^ w i l l cause a decrease 
i n the load carrying capacity of the bearing and an 
increase i n e c c e n t r i c i t y r a t i o as lOk-3U& decreases from 
tO» to zero, i e . ®_ increases from 0 to 0 . 5 . Theory 
predicts zero load carrying capacity and an e c c e n t r i c i t y 
r a t i o of 1.0 at vOr^0 = 0,= 0-5 . As the load speed 
i s increased f u r t h e r i n the d i r e c t i o n of shaft r o t a t i o n 

• 

the e f f e c t i v e v e l o c i t y decreases from zero as © 
increases from O.5.! V J ^ - ^ © | increases and the load 
carrying capacity increases, thus reducing the 
e c c e n t r i c i t y r a t i o . When the load i s rotated i n 
opposition to the shaft the e f f e c t i v e v e l o c i t y increases^ 
and the load carrying capacity should increase, causing 
a decrease i n e c c e n t r i c i t y r a t i o f o r - < . 0 . 
( i ) Ns - 100 r.p.m. to Ns = 400 r.p.m. 

Figures 7.23 to 7.26 show the r e s u l t s obtained f o r 
shaft speeds which allowed i n v e s t i g a t i o n of speed r a t i o s 
both greater than and less than 0 . 5 . As the load speed 
was increased from rest i n the d i r e c t i o n of the shaft, 
i e . - ^ r was increased from 0, the e c c e n t r i c i t y r a t i o 
could be seen to increase, showing the reduction i n load 
carrying capacity predicted by theory. At the c r i t i c a l 
speed r a t i o , ^ = 0«o , the load carrying capacity i s zero 
and the e c c e n t r i c i t y r a t i o 1.0, as predicted by theory. 
As § increases from 0 .5 , |uVl©| increases, and the load 
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carrying capacity increases as the e c c e n t r i c i t y r a t i o 
decreases. Rotation of the load i n opposition to the 
shaft causes a decrease i n e c c e n t r i c i t y r a t i o and an 
increase i n load carrying capacity, as shown by Q. <-0 
( i i ) Ns = 500 r.p.m. to Ns = 800 r.p.m. 

Figures 7-27 to 7.50 show those r e s u l t s taken f o r 
shaft speeds such that co,-'XG*'Q As the load speed i s 
increased i n the d i r e c t i o n of the shaft, increases from 
0 towards 0.5, and the predicted increase i n e c c e n t r i c i t y 
r a t i o and decrease i n load capacity occurs. As the load 
speed i s increased from rest i n opposition to the shaft, 
causing & to decrease from 0.0, the load carrying CO, 
capacity increases as the e c c e n t r i c i t y r a t i o decreases, 
which i s predicted by the theory. 

7.3.4. Pressurised delivery 
White conducted a single t e s t w i t h an o i l delivery 

pressure of ^O l b f / i n * . With an unpressurised delivery 
the load carrying capacity of the bearing had been one 
eighth of the predicted value. With the pressurised 
delivery i t was found that the load carrying capacity 
was one quarter of the predicted value. A single t e s t 
was, therefore, c a r r i e d out to determine whether an 
increase i n the o i l supply pressure wou-ld a l t e r the 
accuracy of p r e d i c t i o n of load carrying capacity. The test 
was car r i e d out w i t h both the shaft and load r o t a t i n g . 

Shaft speed was set to 300 r.p.m. and supply 
pressure v/as set to lOOKN/m^. The r e s u l t s are tabulated 
i n appendix I I , tables A21 and A22, and are p l o t t e d i n 
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figures; 7.3' to 7.33. Although the r e s u l t s f o r load 
carrying capacity are less i n agreement w i t h theory than 
the r e s u l t s quoted previously, the discrepancy between 
theory and experiment remains f a r smaller than that 
shown by White. The load angle r e s u l t s shown i n f i g u r e 
7.32 are i n good agreement w i t h the theory. Figure 7-33 

shows the v a r i a t i o n of e c c e n t r i c i t y r a t i o w i t h 0. and the 
re s u l t s can be seen to be s i m i l a r to those shown 
previously^ apart from an unexpected drop i n e c c e n t r i c i t y 
r a t i o as Q. goes negative f o r a load of 228.N. A loss of 
load carrying capacity at © 0*C i s again shown. 

CO, 
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CHAPTER 8 

F i n a l Discussion and Conclusions 

8.1. Discussion 
A d e r i v a t i o n of Reynolds' equation f o r a bearing 

subjected to a constant r o t a t i n g load has been described. 
The equation has been solved numerically to determine the 
load carrying capacity of a bearing by assuming the 
c a v i t a t i o n region to be w e l l defined, as i n a steadily 
loaded bearing. The r e s u l t s obtained from t h i s form of 
analysis are at variance w i t h the experiments of White ( 2 ) , 

which indicated that a squeeze f i l m bearing could support 
only between 6 percent and 25 percent of i t s predicted 
load carrying capacity at e c c e n t r i c i t y r a t i o s greater than 
0.35. At lower e c c e n t r i c i t y r a t i o s White reported good 
agreement w i t h conventional theory. 

The experimental work carried out on the t e s t 
bearing described i n Chapter 6 has investigated three 
operating modes; the steadily loaded bearing, the squeeze 
f i l m bearing, and a combination of a constant, r o t a t i n g 
load upon a r o t a t i n g shaft. The r e s u l t s f o r the st e a d i l y 
loaded bearing agree closely with theory, and also w i t h 
the experimental r e s u l t s of Dubois and Ocvirk (23). When 
the bearing was operated as a squeeze f i l m subjected to 
a constant r o t a t i n g load, the s i t u a t i o n investigated by 
White (2 ) , theory and experiment were found to be i n good 
agreement f o r the e c c e n t r i c i t y r a t i o s measured, which 
were greater than 0.45. The loss of load carrying capacity, 
which was found i n White's i n v e s t i g a t i o n , d id not occur. 
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The work was extended to include the case of a r o t a t i n g 
shaft which supported a non-rotating hearing, which was 
subjected to a constant, r o t a t i n g load, and theory and 
experiment were again found to be i n good agreement. 

The major query which arises i s concerned w i t h 
the difference between White's r e s u l t s and the r e s u l t s 
described i n t h i s thesis. The te s t bearing d i d not lose 
i t s load carrying capacity w i t h respect to conventional 
theory at high e c c e n t r i c i t y r a t i o s . I t i s possible that 
the differences may be a r e s u l t of the experimental 
methods used. Throughout the work described here, great 
care was taken to ensure that the motion of the t e s t 
bearing was purely t r a n s l a t i o n a l . The bearing housing 
was equipped w i t h two pairs of proximity transducers, 
which allowed the observation of the motion of the extreme 
ends of the bearing housing. Pure t r a n s l a t i o n a l motion 
was ensured by monitoring the o r b i t s of both ends of the 
bearing on the oscilloscope screens, and making small 
adjustments of the loading springs u n t i l the o r b i t s were 
equal and i n phase. The gain of the amplif.iers, which 
were used to power the proximity transducers, showed very 
l i t t l e tendency to d r i f t , but frequent checks were made 
on the four channels to ensure that the gain of the four 
transducers remained equal. I n comparison, White's r e s u l t s 
were taken from a single p a i r of transducers positioned 
to measure the motion of the centre of the bearing. I t 
i s possible that the bearing may have undergone conical 
motion, even though the measured o r b i t was c i r c u l a r . 
Such motion could have caused the discrepancy between 
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White's experimental r e s u l t s and conventional theory. 
During the commissioning of the t e s t r i g described i n 
t h i s t h e s i s , problems w i t h the suspension system f o r the 
bearing housing caused conical motion to occur, and an 
apparent loss of load carrying capacity was detected, as 
i n White's work. 

The performance of a dynamically loaded bearing 
subjected to a constant, r o t a t i n g load has been based on 
an equivalent steadily loaded bearing. The c a v i t a t i o n 
region has been modelled as well defined and s i m i l a r to 
th a t i n the st e a d i l y loaded bearing. Visual evidence, 
however, has been collected by Cole and Hughes (1) and 
White ( 2 ) , which shows that the c a v i t a t i o n region i s 
composed of a crazed pattern of a i r bubbles and o i l . 
Conventionally, the v e l o c i t y of the low pressure region 
w i t h respect to the bearing surfaces has been assumed 
to have no e f f e c t on the mode of c a v i t a t i o n w i t h i n a 
bearing, but the observations of Cole and Hughes (1) and 
White (2) show that t h i s i s not tr u e . I t appeared probable 
tha t the discrepancy between White's experimental r e s u l t s 
and the conventional theory may have been due to the 
inadequacy of the boundary conditions used. 

I t has been shown tha t i n the transformation from 
the bearing subjected to a constant r o t a t i n g load to the 
equivalent steadily loaded bearing, the r e l a t i v e v e l o c i t i e s 
between the low pressure region and the bearing surfaces 
are not maintained. I t was thought that the loss of 
equivalence may have caused the differences between 
White's r e s u l t s and the theory. The c a v i t a t i o n region 
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i n the st e a d i l y loaded hearing has zero r e l a t i v e v e l o c i t y 
w i t h respect to the bearing, while i n the dynamically 
loaded bearing i t i s given by the term R(20-xorlj^). The 
addi t i o n a l r e l a t i v e motion of the c a v i t a t i o n region may 
cause the physical difference i n the c a v i t a t i o n form 
between the two loading regimes. 

Despite the differences i n the modes of c a v i t a t i o n , 
the work described here has shown that the performance 
of a bearing under a constant r o t a t i n g load may be 
predicted accurately using conventional methods. The 
c a v i t a t i o n region i n the steadily loaded bearing i s w e l l 
defined and may be adequately modelled by replacing any 
predicted negative gauge pressures w i t h atmospheric 
pressure. The dynamically loaded bearing contains an 
i l l - d e f i n e d c a v i t a t i o n region composed of a crazed 
mixture of o i l and a i r , yet the r e s u l t s described i n t h i s 
thesis show tha t the boundary conditions f o r the st e a d i l y 
loaded bearing may be applied to the theory to give 
reasonable performance p r e d i c t i o n . 

The c a v i t a t i o n region i n the dynamically loaded 
bearing i s a crazed mixture of o i l and a i r bubbles. I f 
the a i r comes out of s o l u t i o n at a pressure close to 
atmospheric, as i s normally assumed, then i t i s very 
probable that the o i l regions w i t h i n the o v e r a l l 
c a v i t a t i o n zone w i l l also be close to t h i s pressure. 
The region of c a v i t a t i o n could then be modelled by 
assuming that negative pressures could not e x i s t without 
the occurence of some form of c a v i t a t i o n . Predicted 
negative pressures would be replaced by atmospheric pressure. 
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The boundary conditions f o r the dynamically loaded bearing 
would then, as a f i r s t approximation, be i d e n t i c a l to 
those of the stea d i l y loaded bearing and the agreement 
between theory and experiment shown i n Chapter 7 would 
be expected. 

8.2. Proposals f o r f u r t h e r work 
Very l i t t l e experimental data on the performance 

of dynamically loaded bearings has been collected 
previously. This thesis has extended the available 
information, but f u r t h e r work i s required i n t h i s 
important f i e l d - few bearings undergo steady loading 
alone. I t i s important to understand the behaviour of 
a bearing under simple loading forms before going on to 
tackle the complicated loading patterns normally found 
i n working machinery. A valuable addition to such work 
could be made by observing the performance of a bearing 
subjected to a combination of steady load and constant 
r o t a t i n g load. The apparatus described here could be 
modified simply f o r such work. Useful work might also 
be carried out on a dynamically loaded bearing i n which 
c a v i t a t i o n i s suppressed by a high o i l d elivery pressure. 

Apart from performance in v e s t i g a t i o n s , i t i s 
important that the mode of c a v i t a t i o n i n the dynamically 
loaded bearing be be t t e r understood. Further i n v e s t i g a t i o n 
of the c a v i t a t i o n region i n such a bearing i s required i n 
an attempt to determine the boundary conditions. 
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8.3. Conclusions 

This report has given an account i n t o the performance 
of a dynamically loaded journal "bearing. Reynolds' 
equation has "been solved to pr e d i c t the performance of 
a bearing subjected to a constant r o t a t i n g load, and good 
agreement has been found between the theory and the 
experimental data f o r the high e c c e n t r i c i t i e s investigated. 
The work has shown that conventional theory, assuming 
stea d i l y loaded boundary conditions, can be used to 
predict the performance of the bearing subjected to 
constant r o t a t i n g load to s u f f i c i e n t accuracy f o r the 
designer. 

The c a v i t a t i o n region i n the dynamically loaded 
bearing has been shown by Cole and Hughes (1) and White (2) 
to be very d i f f e r e n t from that i n the s t e a d i l y loaded 
bearing. Even though the photographs show that the two 
loading forms promote very d i f f e r e n t forms of c a v i t a t i o n , 
i t i s probable that the boundary conditions imposed by 
the c a v i t a t i o n regions are s i m i l a r , and may be modelled, 
as a f i r s t approximation, by p c a v • constant B atmospheric. 
The v a l i d i t y of the boundary conditions has not been 
confirmed, but u n t i l the c a v i t a t i o n region i n the 
dynamically loaded bearing i s be t t e r understood the work 
described i n t h i s thesis should give the designer more 
confidence i n the p r e d i c t i o n methods available to him. 
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APPENDIX I 

Metrology 

Table 1 Dimensions of s h a f t 

Table 2 Dimensions of b e a r i n g s 



Table 1 Dimensions of s h a f t 
75 

S h a f t measurements were taken a t the b e a r i n g 

p o s i t i o n s on the s h a f t . Readings were taken i n three 

p o s i t i o n s : top end of be a r i n g , c e n t r e and bottom end. 

Maximum and minimum readings were taken a t each p o i n t . 

( a ) Upper b e a r i n g 

P o s i t i o n Maximum Diameter 
( I n c h e s ) 

Minimum Diameter 
( I n c h e s ) 

Top 1 .99977 1 . 9 9 9 8 5 

Centre ' ' . 9 9 9 7 5 1 .99988 

Bottom 1 . 9 9 9 7 7 1 . 9 9 9 8 5 

Average = 1 .99981 Inches 

(b) Lower b e a r i n g 

P o s i t i o n Maximum Diameter 
( I n c h e s ) 

Minimum Diameter 
( I n c h e s ) 

Top 1 . 9 9 9 6 7 1 . 9 9 9 7 5 

Centre 1 . 9 9 9 7 2 1 . 9 9 9 8 0 F 

Bottom 1 .99977 1 . 9 9 9 8 3 

Average = 1 . 9 9 9 7 5 Inches 

O v e r a l l average diameter = 1 . 9 9 9 7 8 Inches 

Accuracy 2 x 10""^ Inches 
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Table 2 Dimensions of b e a r i n g s 

The b e a r i n g measurements were c a r r i e d out i n a 

s i m i l a r manner to the s h a f t measurements. 

( a ) Upper b e a r i n g 

P o s i t i o n Maximum Diameter 
( I n c h e s ) 

Minimum Diameter 
( I n c h e s ) 

Top 2.004-10 2.00408 

Centre 2.00405 2.00400 

Bottom 2.00402 2.00398 

Average = 2.004-04 

(b) Lower b e a r i n g 

P o s i t i o n Maximum Diameter 
( I n c h e s ) 

Minimum Diameter 
( I n c h e s ) 

Top 2.00408 2.00406 

Centre 2.00400 2.00396 

Bottom 2.00398 2.00389 

Average = 2.00400 

Average over both b e a r i n g s = 2.00402 

Average d i a m e t r a l c l e a r a n c e = 4 . 2 5 x 10^5 Inches 

Accuracy of readings = 2 x 10 w5 Inches 
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APPENDIX I I 

Tabulated Results 

Contents Table numbers 
Rotating shaft only A1 - A2 

(pend = lOKN/m1) 

Rotating load only A3 - A4 
(Pend = lOKN/nr) 

Rotating load with 
rotating shaft A5 - A20 
(Pend = lOKN/m*) 

Rotating load with 
rotating shaft 
(pend r lOOKN/nT) 

A21 - A22 
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n 
lA ITS \D lA co CO 

CO 
as 



80 

IA 

o 

a 

O 

•d 
CD 
o 

H 
to 
ti •rl +» 
cC 
•P o 

i . 

CO 
co 
o j 

P4 o 

A. 

rA 

II 

o 
o 

i 

LA 
OJ 

CN 
0 ^ 

lA 

LA 
OJ 
I 

LA 
OJ 

CO 

o 
L A 

v 
lA 
I 

O 
LA 

LO 
CO 

CN 
LA 

O 

I 

O 
LA 

CN 
I N 

rA 
IA 

LA 
I 

L A 
CN 

L>-
CN 

00 
(A. 

lA 
I 

LA 
CN 

v 
CN 

LA 
OJ 

CO 
LA 
I 

O 
o 

OJ 
CN 

CO 
OJ 

LA 
I 

O 
O 

4" 

CN| 
v 

LO 
I 

O 
LA 

co 
vO 

0 > 

CN 
LA 
I 

o 
LA 

o ^ 
LI-\ 

IA 

CN 
I 

O 
o 
OJ 

rA 

co 

I 

o 
o 
OJ 

LA 

rA 

I 

O 
LA 
OJ 

CO 
LA 

0 > 
LA 
I 

O 
LA 
OJ 



81 

O 

II 

i 

o 
CO o 

H 

bO 
fl 

•H 
-P 
CO 
-P 
O 

« 

o 

II 

*1 

£5 
CO 
OJ 

0^ 
00 

i 

LA 
OJ 

I N 
LN 

O 

rA 
LA 
I 

O 
LA 

I N 

(.0 
OJ 

O 

I 

LA 
LN 

O 
CM 

O 
o 

00 
LA 

rA 

LA 
LN 
I 

O 
LA 

LA 

vO 

oo 
•IN 
I 

O 
o 
OJ 

LX> 

00 
o 

OJ 
co 
I 

o 
LA 
OJ 



82 

LA 

O 
v 

a) 
Pi 

-P 

CO 

bO 3 
•H 

CO 
-P 
O 
U 

si -p 
•H 

o 

a 
•H 
-P 
CO 

• P 
O 

« 

o 
o 

LN 
CO ( N 

OJ 
LN <D 00 

•3-
L N (£> 

rA 
VD LA 

V" 

0 

S2i 
CO 
co 
OJ 

8 
«— 

LN 
LA 
fA CM 

CO v -
LA 
rA 

CO CM 
L N 

S2i 
CO 
co 
OJ 

II 

• 
s • 
• 

C-l 

(\J 
• 

*t 
rA 

1 

rA 
rA 

1 

KD 
rA 

1 
3 

1 

\D 
LA 

CM 
LJD VD 

O 
r N . • 

CO 
rA 

O 
o 

II 
co 

izj 

J 
Z O 

LA 
O 
O 
\ ~ 

O 
LA 

O 
O 
CM 

O 
LA 
CM 

O 
LA 

1 

O 
O 

1 

O 
LA 

1 

o 
o 
CM 

1 

O 
LA 
CM 

1 • 

O 

O 
o 

II 
co 

izj 

« 
O 

II 

O 
^-

LA 
0^ 

a> 
CO 

L N 
L N 

L£» 
L N 

0^ 
\D s 0> 

LA 
• t f 

a 

1 8 CO 
I N 

CT> 
rA 

H) 
CM 

o 
CM rA 

<£> 
CM 

O 
CM V 

rA 
V 

co 
L N 

II 
• 

?
.p

.m
. • CO GO 

1 

CN 
OJ 

1 

CO 
CM 

1 

i t 
rA 

1 

O 
LA 

LA 
LA 

V 
LA 

rA 
LA 

CM O 
LA 

r-i 
o o 
T" 

II 
CO 
& 

J 
Z o 

LA 
O 
o 

o 
LA 
\ ~ 

O 
o 
CM 

o 
LA 
CM 

O 
LA 

1 

O 
O 
s~ 

1 

O 
LA 
\ -

1 

O 
O 
CM 

1 

O 
LA 
CM 

1 
O 



83 

o 

-a a 
CD 
Pi 

P 

. d 
CO 

bO . a 
•H 
P 
CO 
p 
O 
f-4 

. d 
p 
•H 

CO 
o 

bO 
•H 
p 
CO 
p 
o w 

ft 
c 
3-

CO o LN 
3" 
\D C0 

lA 
rA 
lA 

lA CO 
LA CO 

1 ^ -

s 
^— 

- 8 OJ \~ 
OJ •3- V 

OJ V 
OJ 

II 

• 
S 
• 

P 

V LA 
1 

CO 
<0 

1 
co 
i 

CO 
1 

LN 
(A 
CP- s 

N
s 

- 
10

0 

J 
2 

o 
iA 

O 
O 
V 

o 
lA 

o 
o 
OJ 

o 
LA 
OJ 

O 
LA 

1 

O 
O 

1 
o 

PH 
o s CO O co 

OJ 
tN 

VJD s~ 
LN CD lA 

(A 
lA 

co 
CO 

1 1 

22
8N

 

8 IN 
lA 

0 ^ 
OJ 

o> CT» 
OJ V O 

r~ 
LN 
LA 

22
8N

 

II 

> • 

• 
s 
• 
p 

• rA 
rA 

1 

rA 

1 

0 ^ 

1 

CO 
1 

O 
LN CN 

o 
CO 

rA 
CO 

IA 
IN 3 

O O 

II 
CO 
Szs 

J 
Z O 

LA 
O O O 

LPS 
V -

o o 
OJ 

O 
LA 
OJ 

O 
lA 

1 

o o 
V" 

1 

O 
1A 
<r-

1 -2
00

 O 
LA 
OJ 

1 

O 



8 

CN 

<4 

O 

ri 
Pi 

•P 
CO 
CO 

ri 
•H 
-P 
CO 
-P 
O 

.ri 
•P 
•H 

cO 
o 

bO 
fl 
•H 
-P 
cO 
•P 
o 

« 

o 
CO 

o CN i t co CO i t 
CO CO CO CO co CN LD <£> LA LA CO 
rA • 

LD <£> 

II 

CN o CN co <£> LO CT» LA rA CO 
LN IN o CN rA OJ OJ v • T rA 
LA 
CM 
II 

• 
• LTN CN OJ co LA ON rA ON «£> LA 
a (A rA rA LA LA LA LA i t i t 
• 1 1 1 1 

Pi 
1 

o 
o 
OJ J O O o O 

II 
o O O O o O O LA O LA 

II o LA o LA LA \ — OJ OJ O 
OJ OJ 1 1 1 1 1 

CO 
1 1 

Sz; 

o t»J i t i t i t OJ IN s~ i t 
CO 
rA cr> o ON CO CO (N LN 3) cr̂  

II 
J 

-

rA Q rA CN rA vO rA [N 
CN O CT> i t rA rA OJ V V i t 

• 
rA 
II 

• 

• 
• rA OJ o> <r rA LA H> LA i t 

El O^ rA LA LA LA <x> LO L A 
• 1 1 1 

P. • 
H 

O 
o 
OJ j O O o o 

2 o O O o O O O LA o LA 
II LA o lA o LA LA V <c~ OJ OJ O 

OJ OJ 1 1 1 i 1 
CO 

1 



85 

CO 

H 

0} 
ft 

-p 

CO 

bO 

•H 

+3 
CO 
•P 
O 

•H 

cO 
o 

bO 
a 

•H 
-P 
as 
-p 
o 

« 

(1 
c 

vC 
re 

a : 

IT 

s 
• 

p 
o o 
CM 

CQ 
S3 

Pi 
O 
vD 
rA 

II 

izi 
co 

II 

t 
ft 

o o 
CM 

CO CO 

rA 
vD 

lA 

O 

CO CM 
CO 

CM 
VO 

FA 
LA 

O 
LA 

O 

CM 

O 
O 

o 

8 

o o 

CM 
co 

rA 
vD 

LA it 
I 

O 
1A. 

CM 
CO 

CM 
vD 

VO 
CM 
I 

O 
LA 

vD 
CN 

(A 

3" 
lA 
I 

O 
O 
CM 

CM 
tN 

rA 

0 ^ 
rA 
I 

O 
O 
CM 

co 
VD 

OJ 

lA 
I 

O 
LA 
CM 

VD 
VO 

CM 

o> 
rA 
I 

O 
lA 
CM 

VO 
VO 

CM 

tN 

O 
LA 
I 

O-

v 
rA 

0 > 
LA 

vD 
vD 

CM 

CN 
CN 

O 
lA 
I 

VD 

vO 

vO 
CO 

O 
O 
I 

CO 
lA 

CM 

tN 
CN 

O 
LA 
<r 
I 

vO 
LA 

O 

CO 
CO 

O 
O 
CM 
I 

vD 
lA 

0> 
O 

i t 
CO 

o 
LA 
CM 
I 

VD 
CN 

rA 

CM 
vD 



86 

o 
CO CN CN CM 0"> VD i t CM i t 
CM CO CN C0 o co CN r>. vD vD vD vD CN 

1 

•< 

CO O O Q o O c O CN lA O 
CO VO CM O CM vO rA CM CM 
CM • • • • • • • • • • <c~ 
D 

:* 
• 

s 
• 

CM CO O rA CM CO CA rA LA vD 
9 lA CM CM rA rA LA lA vD vO LA 

ft 1 1 1 

J U 
r% B o 
\ o 

rA 
EH J o O O O 
o U Z O O O O O O o lA p LA 
-̂ cA O LA O LA LA V" OJ CM O 

CO <r CM CM 1 1 1 1 1 
u 

PH ft PH 
vD ft o l>- o O vO CN vD CT> vD CM 

o 
r»Tv 

CO 00. O <r> CO O- O- VD vD vD CO 
-P V 

n 
w 
(Q —. 

bO 
M 
•H s vO CM Q CM VD rA vD CM ON CN i t 
-P vO rA O rA VD rA CM CM 
(0 rA • • • • • 0 t • • • 
-P 
O r . II 
H 

& 
-P 
•H 

• • CM O LA CO rA vD VD co 
a 3~ rA rA CM (A rA tc\ rA rA rA rc\ 
• 1 1 

CO ft 
o • rH u 
faO o 
a o •H rA 
•P O O o O 
a) 1 ~z o O O O O O O LA o lA 
-P LA O lA o LA LA v~ CM OJ O 
o (0 CM CM 1 1 1 1 1 

« 



87 

o 

o 

a 
Pi 

-P 
«H 
CO 

CO 

hO 

$ 
p 
CO 
p 
o 
fH 

.C 
P 
•H 
* 

CO 
o 

bO 
ti 

•H 
P 
CO 
P 
O 

PH 

Pi 
O 
LA 
rA 

II 

3fc 

CO 
CD 

a 
Pi 

U 
o o 
rA 

co £5 
PH o 
CO 
CM 

is; 
co 
CM 
CM 

Pi 

U 
O 

o 
rA 

CO 

CO CN 

CO 
CM 

CO 

O 
lA 

CO 
CM 
CO 

CN 
4-

LA 

CO 

A 

ON 
4" 

O 
O 

LA 
CO 

LA 
ON 

r* 

O 
LA 

O 
O 

O 

rA 

O 
lA 

o 
v 

CO 
I 

o 
lA 

o^ 
LN 

LA 

v 
rA 
I 

O 
O 
CM 

LN 
CO 

lA 
ON 

4-
CM 

1 

O 
o 
CM 

<D 
IN 

CO 
CM 

CN 
rA 
I 

O 
lA 
OJ 

CM 
CO 

(N 
4" 

vD 
IA 
I 

O 
lA 
OJ 

CO 
VD 

4-

4 
rA 

O 
LA 
I 

4 

CO 

O 

o 
I 

»D 
LN 

4" 
OJ 

O 
LA 
I 

OJ 
LN 

CA 
v 

lA 
CN 

O 
O 

I 

CD 

ON 
o 

3-
CO 

O 
LA 
sr 
I 

ON 
LA 

CO 
O 

r A 

O 
o 
CM 
I 

ON 
CD 

cD 

LA 
CD 

o 
lA 
I 

CD 
CD 

•4 

ON 
IN 

o o 
CM 
I 

o 
1A 
OJ 
I 

OJ 

4" 
IN 

O 
LA 
CM 
I 

4 
O -

ON 

OJ 
IN 

ON 
LN 

OJ 
rA 

O 
CO 



88 

o 
rA 
OJ 

II 

CO 4-
CO 

0> 
CO 

4" 4-
O-

0> L£ rA o-

CO 
CO 
OJ 

co 
4-

OJ 
O-

• 
4" 

0> 
OJ 

4-
OJ 

o 
OJ 

co 
rA 

a 

o 

a 
Pi 

u 
o o 

CO 

co 
lA 

O 
LA 

LA 
4" 

O 
o 
v 

O 
rA 3" 

I 

O 
LA 

O 
O 
OJ 

LD 
OJ 
I 

o 
LA 
OJ 

LA 
LA 

O 
LA 
I 

OJ 

O 
O 

I 

o 

O 
LA 
I 

OJ 

O 
O 
OJ 
I 

o 
vO 

o 
LA 
OJ 
I 

OJ 
LA 

a 
Pi 

-P 
<H 
CO 

^ ! 
CO 

bO 

.g 
-p 
CO 
-p 
o 
u 

•p 
•H 

co 
o 

rH 

•H 

CO 
•p 
O 

o 
rA 
OJ 

u 
it-

rA 

II 

a 
ft 
t 

o o 
4-

co 

O-
LA 

o 
LA 

o 
LA 

4-

co 

co 
rA 

O 
O 

LA 
o 

o- 8 

CO 
OJ T " 

I 

o 
LA 

O 
O 
OJ 

LA 
ON 

O-

o 
LA 
OJ 

o-o-

3-
rA 

4" 
4" 

O 
LA 
I 

OJ 
o-

0> 
OJ 

o o 

3 

LA 

O 
LA 

I 

*.0 

v 
CVJ 

O 
LA 

O 
O 
OJ 
I 

v 

LA 
LA 

O 
LA 
OJ 
I 

O-
co 

OJ 
•3-

v 
LA 



89 

A. 

<5 

o 

a 
CD 

Pi 

-P 
<H 
aJ 
X! 
CO 
faO 
a 
•H 
•P 
CD 

-P 
O 

-P 
•H 

CO 

o 

b0 
a 
•H 
-P 
KS 
-P 
O « 

O 
rA CO 

CO 
v 

S 

o o 51-

0} 

o 
rA 
OJ 

5 t 
CN 

co 
OJ 

CO 
VJD 

o 
LA 

CO tN 

oo 
OJ 
OJ 
u 

ft 
u 
o o 
5 t 

CO 
Sz; 

CO 

5* 
L A 

O 
LPS 

CN 

OJ 5* 

LA 

o 
O 

OJ 
CO 

L A 

CN 

O 
O 

ON 
co 

cO 

5* 
rA 

O 
LA 

V" 

o 
LA 

O 

O 
o 
OJ 

o 

8 

I 

o o 
OJ 

ON 
co 

5* 
CO 

CN 
5 t 
I 

o 
L A 
OJ 

V" 

o 
co 

o 
LA 
I 

5 t 

LA 

O 
O 

ON 
CO 

LA 

I 

O 
LA 
OJ 

( A 
OJ 

CN 
LA 

O 
LA 
I 

CO 
LA 

0 > 
V 

CN 

O 
O 
\ ~ 

5* 
LA 

LA 5* CN 

rA CO 
OJ 

LA 
CN 
CN 

V0 O 
lA 

O 
lA 
<r 
I 

O 
O 
OJ 
I 

o 
LA 
OJ 
I 



90 

rA 

o 
II 

a 
CD 

PH 

•P 
«H 
CO 
CO 
60 
fl 
•H 
P 
CO 
•P 
O 
f-T 

-P 
•H 

CO 
o 

a 
•H 
-P 
CO 
•P 
O 
« 

PH 
o 
CM O J 

CM 
CN 

O -
O-

CM 
CO 

O -
CT> 

CO 
CO 4 CM 

vO LA lA 0 ^ 
CD 

II 

d d 

2
8
8
N

 

3-rA • 
vD 

• 
CD 

• 

o 
• 

y 

8 rA 
CM 

• • 
LN 

• 
LA 

• 
rA 

• 
CO 
CM 

• 

li 

o 
• 

y 

• 
S 
• 

P 

• 
V 
i£ 

rA 
LA 

CT̂  CJN 
CM ^~ LA s LA 

CO 
CD CD $ 

u 
O 
o 
LA 
II 

CO 
iz; 

J 
Z O 

LA 
O 
O 
<r 

O 
LA 
vr 

O 
O 
CM 

o 
lA 
CM 

O 
LA 
1 

o o 
\ — 

1 

O 
LA 
1 

O 
O 
CM 
1 

O 
LA 
CM 
1 

O 

PH 
o 

LA 
CM 

to 
t̂ -

co 
^ 
CO 

c - O-
cr> 

CM 
[>-

ON 
vD 

CD 
CD s rA 

CD 
^~ 

U 

rA 
cr> 
rA 

• 

CM 
LA 

• 

CO 
L>-

• 

CD 
LA 

• 
8 CD 

CM 
• 

CM 
CM 

• 

<T> 
• • 

LD 

• 
V 
rA 

• 
II 

• 

« 
S 

O 
? CM 

3- rA CM CT> 
O CT* rA CO 

3- s CD 

P< 

U 

O 
O 
LA 
l i 

CO 
S3 

J 
z 

LA 
O 
O 
*~ 

O 
LA 

O 
O 
CM 

O 
LA 
CM 

o 
LA 
1 

o 
o 
1 

O 
LA 
1 

o o 
CM 
1 

O 
LA 
CM 
1 

O 



91 

O 

II 

•d 
CD 

•p 
CIS 
& 
CO 
bO 

• r l 
•P 
CO 
•P 
O 

-P 
•H 
> 

aS 
o 

bO 
•H 
•P 
cO 
P 
o 

o 
CM. 
II 

s 
II 

CO 

u 
o o 
lA 
II 

(0 
£3 

IN 

OJ 

O 
LA 

o 
rA 
OJ 
II 

CO 

3 -

00 
CM 
OJ 

u 
o o 
II 

CO 

CM 

co 
CO 

o 
LA 

4 -
CN 

CO C\J 

LA 

O 
O 

co 

co 
t-A 

O 
O 

IN 

CM 
4 -

O 
LA 

CN 
co 

00 
LA 

CN hA 

O 
LA 

CO 
CO 

4 -
CO 

LN 
rA 

O 
O 
CM 

LA 

4 " CM 

O 
O 
CM 

O 
<c~ 
I 

O 
LA 
CM 

O 
LA 
I 

O 
o 
I 

o 
LA 
v -

I 

O 
o 
CM 
I 

o 
LA 
CM 
I 

s LA 
rA 
LA 

V" 
LA CN 

8 LA rA 
v 

rA 
CM 

L0 
co CO 

CN 
CN 

o 
LA 
CM 

O 
LA 
I 

O 
o 
I 

o 
LA 
I 

O 
o 
CM 
I 

o 
LA 
CM 
I 



9 2 

O 

II 

a 
a) 

- P 

OS 
.d 
CO 
bO 
a 
•p 
-p 
O 
U 

XI 
•P 
•H 
> 

CD 
O 

bO 

•H 
- P 
CO 
+3 
O 

O 
o 
CM 
II 

CO 
CO 
CM 

0 
t 

Pi 
U 

O 

o 
10 
CO 

Pi 
o 
o 
CM 

II 

s 

II 

s 
ft 

o 
o 
vD 

CO 

3" 
IN 

LA 
rA 

CM 
3" 

O 

IN 

rA 

o 
LA 

LN 
(N 

rA 

v 

O 
O 

OJ 
co 

co 

rA 

O 
O 

co 

CO 
LA 

CO 
CM 

CO 

LN 
CO 

CM 

O 
LA 

LN 
CO 

LA 

CO 
rA 

O 
LA 

O 
O 
CM 

CM 

co 

rA 
rA 

O 
O 
CM 

IN 

CM 
CM 

O 
LA 
CM 

LA 

CO 

o 
L A 
CM 

(N 

LA 
CM 

LA 

O 
LA 
I 

CO 

CM 
CM 

s 

O 
o 
I 

IN 

CO 
CM 

CM 

O 
LA 
I 

•3" 
LN 

CM 

LA 
CN 
I 

CJN 

O 
IN 

O 
LA 

5 

LN 

CM 
IN 

rA 

LD 

tN 

o 
o 
CM 
I 

CM 
tN 

CM 
CM 

tN 

O 
LA 

V 
tN 

O 
CM 

CM 
IN 

O 
O 
CM 

I 

O 
LA 
CM 
I 

LD 

CO 
v 

LN 

O 
LA 
CM 

LD 
LN 

CM 

LA 

tN 
tN 

CM 
rA 

<C" 



93 

4 

13 

+5 

cd 
0] 
bO 
a 
•H 
-P 
CCl 
P 
O 
fH 
.C 
P 
•H 
£ 

(1$ 
o 

bO 
a 
•H 
-P 
Ctf 
P 
o 

o 
OJ CO LA 

s 
II 

s 
p< 

O 
o 

10 

co 

CN 

O 
LA 

o 
OJ 
OJ 

II 

CO 
OJ 
OJ 

CO 
CN 
CN 

1̂" OJ 

0 
Pw 

U 
o o 
ID 

CO 

CN 
lA 

•J 
Z | o 

LA 

V 
tN 

3" 
CN CO co 

LA 

OJ 
OJ 

O 
rA 

LA 
4 -

v LA 

CO 
LA LA 

rA 
LA 

CN 
rA 00 

CN 

O 
O 

CN 

O 
L A 
T 

OJ 
00 

o o 
OJ 

CN 
00 

O 
LA 
OJ 

OJ 
IN CN 

CN 
LN CN 

O 
rA 

O 
it 

O CN vO CN 
OJ 

O 
OJ 

LA 
LA 
LA 

OJ 
LA rA O LA 

LA 
CN 

O 
O 

O 
lA 

O o 
OJ 

o 
LA 
OJ 

O 
LA 
I 

LA 
LN 
I 

LA 
CN 



94 

PH 
o 

ON 
V" 

CN 

CO 
OJ 

II 
:* 

• 
t 

Pi • 

U 

\ 8 
g » 
v- CO 

CO CN 
ON 
CN 

OJ 
CO 

LA 
CO 

v 
ON 

ON 
U> 

<£> 
<£> 

rA 
v£> 

O N LA 
co 
LA 

OJ 
CN 

PH 
o 

ON 
V" 

CN 

CO 
OJ 

II 
:* 

• 
t 

Pi • 

U 

\ 8 
g » 
v- CO 

O 
rA rA 

LA 
it 

ON 
LA 

ON 
CO 

OJ 
OJ 

O 
OJ 

CO v£> LA LA 
OJ 

PH 
o 

ON 
V" 

CN 

CO 
OJ 

II 
:* 

• 
t 

Pi • 

U 

\ 8 
g » 
v- CO 

• 
=>- O L£> 

<t 
~̂ 

LA ON 
rA CN 

rA 
LN 
<£> s LA 

O 
CN 

rA 
y£> 

LA 
LA 

PH 
o 

ON 
V" 

CN 

CO 
OJ 

II 
:* 

• 
t 

Pi • 

U 

\ 8 
g » 
v- CO 

J 

z o 
LPs 

O 
o 

O 
LA 
V" 

O 
O 
OJ 

O 
LA 
OJ 

O 
LA 
1 

o 
o 
1 

O 
LA 
1 

O 
O 
OJ 
1 

O 
LA 
OJ 
1 

O 

a) 

ON 

•p 
<H || 
CO 

co 
bO 
•H i t 
£ i t 
co rA 
-P 

8 
•P 
•H ; 
T3 * 
CD P. 
O • 

hp O 
q o 
•H CN -P 
« || 
o co 
« ft 

CO ON 
CN 

OJ 
co 

v£> 
CO 

ON 
CO 

\" 
ON 

OJ 
CN 

ON 
<D 

co 
<D 

LX> 
I D 

i t 
vD 

vO 
CN 

a) 

ON 

•p 
<H || 
CO 

co 
bO 
•H i t 
£ i t 
co rA 
-P 

8 
•P 
•H ; 
T3 * 
CD P. 
O • 

hp O 
q o 
•H CN -P 
« || 
o co 
« ft 

vD 
rA 

rA 
•=* 

rA 
LA CN O 

CN 
OJ 

i t 
OJ 

\ — 

OJ ON 
T" 

co 
\ O 

rA 

a) 

ON 

•p 
<H || 
CO 

co 
bO 
•H i t 
£ i t 
co rA 
-P 

8 
•P 
•H ; 
T3 * 
CD P. 
O • 

hp O 
q o 
•H CN -P 
« || 
o co 
« ft 

• 
3 - i t 

OJ 
i t 

LA 
rA rA 

ON 
OJ 

OJ 
i t 

LA 
LA 

O N 
LA ft 

ON 
LA LA 

i t 

a) 

ON 

•p 
<H || 
CO 

co 
bO 
•H i t 
£ i t 
co rA 
-P 

8 
•P 
•H ; 
T3 * 
CD P. 
O • 

hp O 
q o 
•H CN -P 
« || 
o co 
« ft 

j 
o 
LA 

o 
o 

o 
LA 
V 

O 
O 
OJ 

o 
LA 
OJ 

o 
LA 
1 

O 
O 
V 
1 

O 
LA 
<C'~ 
1 

o 
o 
OJ 
1 

o 
LA 
OJ O 



95 

co 

O 

T 

II 

a 
CD 

ft 

-P 
«M 
CO 
.d 
ca 
bD 
a 
•H 
-P 
CO 
-P 
O 
,d 
-p 
•H 

cO 
o 

bO a 
•H 
•p 
CO 
-P 
O 

« 

Pi 
o 
CO <̂  

1! 

d 

w 
CO 
»D IN 

LD 
IN 

OJ 
CO 

tN 
CO 

0> 
LA 

OJ 
LA 

ON 3 
Pi 
o 
CO <̂  

1! 

d 

Pi 
o 
CO <̂  

1! 

d 

II 

vD 
OJ rA rA 

OJ 
LA 

CO 
tN 

O 
OJ 

IN 
V 

<D 
V 

OJ 
OJ 

t 
a • 
p 

• 
LA 
vD 

vD 
LA 

rA 
LA 

LD 
rA 

rA 
LN 

OJ 
co 

VD 
tN 

^J-
IN 

N
s 

-
 7

00
 

J 
Z O 

LfN 
O 
O 
<r 

O 
LA 

O 
O 
OJ 

O 
LA 
OJ 

O 
LA 
1 

O 
O 
V 
1 

O 
LA 
<̂  
1 

o 

Pi o 
GO 
V -

~̂ tN vD 
tN co 

LD 
co 

ON 
CO 

rA 
vO 

o> 
LA 

co 
LA L * 

CO 
tf> 

II 

CVJ 
OJ 

<T> 
OJ rA 

CO 
<»• 

OJ 
tN 

CO 
f -

\D 
v~ 

rA 
OJ 

CVJ 

H 

• 
9 

• co 
LA 

Oj 
LA 

OJ 
rA 

LD 
rA 

co 
LA 

O sr 
<D IN 

tN 
LD 

ft 

o 
o 
IN 
II 

CO 

j 
z 

LPS O 
O 

O 
LA 
<c-

O 
O 
OJ 

O 
LA 
OJ 

O 
LA 
1 

o 
o 
1 

O 
LA 
V" 
1 

O 
O 
OJ 
1 

O 



96 

«4 

II 

a 
CD 

Pi 

+3 
<H 
CO 

CO 
bO 
d 
•H 
• P 
a) 
-p 
o 
U 

- P 
• r l 

CO 
o 

bO 
d 
•H 
- P 
CO 

• P 
o 

Pi 
o 

LN 
IN 
LN 

cr> 
IN. co 00 

LD 
CO 

i t 
CN 

OJ 
CN 

V" 
£N KD 

Ll> 
vD 

LD 
LN 

u 
2
8
8
N

 

OJ 
rA 
rA 

o 
i t 

O 
LA 

IN 
KD 

OJ 
OJ 

O 
OJ 

CO 
V ' 

IN 
\ — 

LA LA 
OJ 

II 

• 
• 

P. 

• 
OJ 
LA 

i t 
LA 

co 
3-

IN 
OJ 

OJ 
rA 

O 
VO 

O 
CO CO CO 

OJ 
CO 

1N 
<£> 

• 
u 

N
s 

-
 
8
0
0

 

•J 
Z O 

LA 
O 
O 

o 
LA 

O 
o 
OJ 

O 
LA 
OJ 

O 
LA 
1 

o 
o 
^~ 
1 

O 
LA 
^ ~ 

1 -2
0
0
 

o 
LA 
OJ 
1 

O 

Pi 
o 

CN 
^ 

O J 
(N 
IN LN oo 

i t 
00 

IN 
CO 

OJ 
IN 

0^ 
L0 

CO 
\0 

LD 
LJD $ [N 

Pi 
o 

CN 
^ 
II 

d 

iz; 
-4-

i t 
rA 

O 
i t 

CN 
i t 

o O 
CO 

IN 
OJ 

i t 
OJ 

OJ 
OJ 

O 
OJ 

oo 
\"~ O 

rA 

rA 
H 

B 
a 

• tN OJ 00 
rA 

i t rA i t 
OJ 

CO 
i t 

OJ 
LA 

OJ 
LA s rA 

<D 

• 
Pi 
f fH 

o 
o 
00 
u 

ca 

z O 
lA o 

o 
O 
LA 

O 
O 
OJ 

o 
LA 
OJ 

O 
LA 
1 

o 
o 
1 

O 
LA 
V 
1 -2

0
0
 

O 
LA 
OJ 
1 

o 



97 

o 
C\J 

o 

II 

a 
CD 

Pi 

-P 
fH 
CO 
w 
bO 
a 
•H 
•P 
CO 
-P 
O 
fH 
.a 
•p 
•H 
IS 

CO 
o 

bD 
3 
-P 
CO 
p 
o 
« 

o 
\ ~ CO 

vD 
CN 

CN 
CN co 

LN 
00 LA 

LD 
LA 

rA 
LA 

0 > 
i t 

vD 
CN 

II 

CN 
\ ' 

O 
OJ 

it 
OJ 

O 
rA 

rA OJ 
s ~ 

C" 
\ 

o LA 
V -

u 

p
.m

. • 
3 - m 

vD 
0 ^ 
LA 

rA 
LA 

•v-

LA rA 
CN 

rA 
00 co 

O 
0 > 

vD 
CN 

• 

O 
o 
co 
II 

CO 

J 
Z o 

LA 
O 
o 

O lA 
V" 

O 
o 
CM 

O 
LA 
1 

o 
o 
\ ' ~ 

1 

o 
LA 

O 
O 
OJ 
1 

O 

o 
LN 
v~ 

CO 
vD 
CN 

CN 
CN 

*~ 
co 

i t 
oo 

vD 
CO CN vo 3 rA 

<D 
0 > 
LA 

i t 
CN 

II 

CM 
OJ 

rA 
OJ 

vD 
OJ 

CM 
rA 

O 
i t 

CM 
LA 

00 vD rA CM O 
CM 

II II 
• 

• 
a 

• CO LA ON 
i t 

OJ 
4 " 

rA 
i t 

i t 
rA 

4 " 
CN <D 

CO 
O LN 

C0 
CM 
CJN 

v~ 
CN 

• 
• 

N
s 

=
 
8
0
0

 

z O 
LA 

O 
o 

O 
LA 
*~ 

O 
O 
CM 

O 
LA 
CM 

O 
LA 
1 

o 
o . 
1 

o 
LA 
1 

O 
O 
CM 
1 

O 
LA 
CM 
1 

O 



98 

PH 
o 
O 
rA 

™ II 

• - f 

CM 
0s 

LA 
O N O 

4 
ON 

O N 
CO 

O -
tN 

ON 
LD 5 00 

lA 
tN 
co 

& 
CO 
CO 
CM 

II 

• 
a 
• 

P. • 
u 

JS o 
\ o 
5 rA 
O , y 
O 

LA 
LA 

• 
o 
1 8 o 

• 
LA 
LA 

• 

LN 
CM 

• 
CM 
CM 

• 

CO 

• 
MO 

t 
4 " <r t 

tN 
rA 

• 

& 
CO 
CO 
CM 

II 

• 
a 
• 

P. • 
u 

JS o 
\ o 
5 rA 
O , y 
O 

• 
co 
rA 

CM o 
4 " 
1 

CM 
LA 
1 

IN 
vO 

O N 
tN 

IN 
tN 

LA 
00 

V" 
tN 

rA 
tN 

& 
CO 
CO 
CM 

II 

• 
a 
• 

P. • 
u 

JS o 
\ o 
5 rA 
O , y 
O 

I ^ 
O 
o 

O 
LA 
\ ~ 

o 
o 
CM 

o 
LA 
CM 

O 
LA 
1 

o 
o 
1 

O 
LA 
<>-
1 

O 
o 
CM 
1 

O 
LA 
CM 
1 

O 

d 
CD 

Pi pu, 
O 

CM 
rA 

bO 
d 
-P 5 
co 3-
-P rA 
o 
FH II 

Jd ; * 
-p 
•H 

5 ft .d • 
co in 
bp O 
d O 
•H rA 
-P 
* II 
O CO 

« 5Z! 

CO 
O 
CO 

4 -
ON O 

CM 
ON 

O N 
CO 

CM 
CO 

tN 
tN 

ON 
1 0 

\D 
VO 

KQ 
00 

d 
CD 

Pi pu, 
O 

CM 
rA 

bO 
d 
-P 5 
co 3-
-P rA 
o 
FH II 

Jd ; * 
-p 
•H 

5 ft .d • 
co in 
bp O 
d O 
•H rA 
-P 
* II 
O CO 

« 5Z! 

CM 
VD 

• 

LA 
CM • 8 LA 

CM • 
V 

CM 

» 
rA 

• 
LA 
CM 

• 
CM 

• 

CO 

• 
\D 

• 
CM 
4 " • 

d 
CD 

Pi pu, 
O 

CM 
rA 

bO 
d 
-P 5 
co 3-
-P rA 
o 
FH II 

Jd ; * 
-p 
•H 

5 ft .d • 
co in 
bp O 
d O 
•H rA 
-P 
* II 
O CO 

« 5Z! 

• ON <M 
rA o 

\ " O 
rA 
1 

CM 
LA 

CM 
<D 

CM 
<D 

rA 
t>-

o 
ON 

O 
IN 

d 
CD 

Pi pu, 
O 

CM 
rA 

bO 
d 
-P 5 
co 3-
-P rA 
o 
FH II 

Jd ; * 
-p 
•H 

5 ft .d • 
co in 
bp O 
d O 
•H rA 
-P 
* II 
O CO 

« 5Z! 

Z LA O 
O 
<r 

o 
LA 

O 
o 
CM 

O 
LA 
CM 

O 
LA 
1 

O 
O 
~̂ 
1 

O 
LA 
T~ 
1 

O 
O 
CM 
1 

o 
LA 
CM 
1 

O 



99 

CM 
CM 

O 
o 

II 

a 
CD 

ft 

•P 
<H 
CtJ 

Jd 
CO 

•9 
•H 
•P 
CO 

-P 
O 
u 
A 
•P 
•H 

cc) 
o 
r-i 
hO 

•H 
•P 
a) 

•P 
o 
M 

PH 
o 
o 
f A 

II 

*1 

CO 
VO 

s 
ft 

o 
O 
r A 

II 
CO 

PH 
o 

OJ 
r A 

II 

CO 
OJ 
OJ 

s 
P. 

8 
r A 

CO 

vO 
CO 

OJ 
r A 

s 

O 
L A 

CO vo 
co 

vD 
vD 

O 
LA 

OJ 
ON 

i t 

o 
o 

OJ 
CJN 

r A 
00 

i t 

O 
O 

8 

o 
LA 

O 

OJ 
I 

o 
L A 

ON 

i t 
vO 

L A 
r A 
I 

O 
o 
O J 

ON 

r A 
CO 

CO 
r A 
I 

O 
o 
CM 

CM 
r A 

ON 
i t 
I 

O 
LA 
CM 

i t 

VO 

vO 

O 
L A 
I 

VO 
CO 

i t 

OJ 

I 

O 
L A 
O J 

r A 
vO 

O J 

o 
LA 

vD 

r A 

i t 
CO 

O 
O 

I 

vO 
i t 

CN 

O 
ON 

o 
o 
v -

I 

ON 
L A 

CO 

O 
L A 
V 

I 

i t 

i t 

O 
ON 

o 
L A 
V 

I 

ON 
o 

O 
ON 

O 
O 
OJ 
I 

CO 
r A 

CM 

O 
ON 

8 
CM 
I 

LA 

CO 
O 

o 
ON 

o 
L A 
O J 
I 

r A 
r A 

O 

O 
ON 

o 
LA 
OJ 
I 

OJ 
CO 

CM 

i t 

CM 
CO 

L A 

CM 

tN-



Figures and Plates 



101 
White's Experimental Results 

(See Reference ( 2 ) ) 

Symbol 

X 

+ 

D 

0 
A 

V 

X 

+ 

Frequency of 
Rotation 

(HO 
10 

15 

20 

25 

50 

35 

4 0 

45 

50 

f • - -



10-0 

04 06 0 8 
ECCENTRICITY RATIO 

L=2Hmm,R = 50-8mmic = 0O-Sfc" mm. OIL:TELLUS 27 
ONE END FLOODED.THE OTHER O P E N 

EXAMPLE OF WHITF'S 

10 

F I G 2-1 



103 
10-00 

oo 0-2 0-4 0-6 0 8 
ECCENTRICITY RATIO 

L=38-1mm.R=50-8mmc=0-09Umm.OIL: TELLUS 27 
ONE END FLOODED,THE OTHER SEALED 

EXAMPLE OF W H I T E ' S R E S U L T S 

FIG 2-2 



10-00 t 

0-4 06 0 8 10 
ECCENTRICITY RATIO 

L=38-1 mm# R = 50-8mm, c rO-OSIAmm.OILiTELLUS 27 

ONE END FLOODED. THE OTHER END OPEN 
EXAMPLE OF WHITE'S R E S U L T S 

FIG 2-3 



105 

FIXED AXIS 

0C$ 

LINE OF 
C E N T R E S 

PLAIN JOtIRNAI RFARINIft NOTATION 

F I G 3-1 



6 

LOAD 

BEARING WITH ROTATING LOAD 

F I G 3-2 



T LOAD 

EQUIVALENT STEADILY LOADED BEARING 

F I G 3-3 



t LOAD 

STEADILY LOADED BEARING 

F I G 3-4 



109 

' LINE OF C E N T R E S 

W 

QRTHQQQNAL LOADS 

F I G 3-5 



n o 

La 

Full 
film 

LINE OF C E N T R E S 

LOAD 
g ) D Y N A Ml C A LLY LOADED B E A R I N G (LEADING) 

.i 

Full film U 3 i 

t LINE OF 
C E N T R E 

LOAD 
b)DYNAMICALLY LOADED B E A R I N G 

(LAGGING) 

D I F F E R E N C E IN LOAD A N G L E 

F I G 3-6 



1-0 

E F F E C T OF VISCOSITY VARIATION 
ON THE PREDICTION OF LOAD CAPACITY 

=200 rpm 

|- L= 25-Amm, R =25-A mm, c =0-054 mm. 
p rlOkN/nrf 

0-1 

I i 1 r T 1 r 

"end 
60cPs. . • 
4 0 c P > T N / / ' 
20cPCS:: 

:av -V0 

i 

/ 
^ Q V = C K ) 

7 

111 
1 1 1 r 

J 

F I G 3-7 

O011 ' i I i i i 
0-2 0-3 0-A 0-5 0-6 0-7 0-8 0-9 

ECCENTRICITY RATIO 



1-0 
112 

Id 
U 
cr 
e 

g 
(/•> 

o 
z 
o 

0-01 

E F F E C T OF VARIATION OF S P E E D ON 
THE P R F m m O N OF IOAH CAPACITY 

fi=2QcP 

L = 25-4 mm, R = 25-4mm, c = 0-054 mm 

e n d 600 rpm 
400 rpm 
200rp 

p =-vo 

p =0-0 cav 

-600 rpm 
'400rpm 
'200 rpm 

F I G 3-8 

1 1 
0-2 0-3 0-4 05 0-6 07 0 * 0-9 

•ECCENTRIC ITY RATIO 



113 

c = 0-054 mm 
L=25'4 mm, R =25-4 mm 

P e n d = l 0 k N / n r f 
0-0 

cav 
L J =200 rpm 

1-0 
cav 

E C C E N T R I C I T Y RATIO 

90" 9(7 

8 0 e 80° OcP 
OcP 

70° 70° 60 c 

60° 
40 c 
60c 

50° 50° 

40* 40° 

-30" - 2 0 8 -10° 0° 10' 20* 30° 
LAGGING ATTITUDE ANGLE LEADING 

E F F E C T OF VARYING V ISCOSITY ON LOAD ANGLE 
PREDICTION 

F I G 3-9 



I K 

1*0 0-8 
9cr 

c = 0-054 m m 
L=25-4 m m , R =25-4 mm 

^ n d = 1 0 k N / m * 

" W O ? ^ « 2 0 C P 

T C I V E C C E N T R I C I T Y RATIO 
0-6 0-4 30-2 0-0 0-2 0-4 

400rpm 
bOOrpm 600 rpm 

-30° - 20 ° 
LAGGING 

-10° OCT 10° 
LOAD ANGLE 

20° 30° 
LEADING 

E F F E C T OF VARYING S P F F D ON LOAD 
ANGLE PRFDICTION 

F I G 3-1Q 



115 

OADING ECCENTRIC 

SPRING 

LOADING 
G L A S S BUSH C A B L E S 

JOURNAL 

W E I G H T S 

APPARATUS USED BY COLE 

F I G 4-1 

AND HUGHES 



116 

V 
Cavity 

M i n i m u m 
c e a r a n c e 

Shaft Bush 
• A 

a) Cavity fingers at time t 

V 
Cavity 

Shaft Bush 
A 

5 

Minimum 

h)Cavity fingers at time t*dt 

MOVEMENT IN AIR FINGERS IN CAVITATION 
REGION 

F I G 4-2 



117 

C a v i t i e s 

Shaft 

Minimum 
c l e a r a n c e 

Bush 

a) Ca,+ 

Shaft 

Minimum 
c l e a r a n c e 

T 
Bush 

1 r—f r—t r 

EFFECT OF COMPARATIVE VARIATION OF 
SHAFT AND BUSH SPEED ON CAVITATION 

F I O V 3 



118 

DC 

- J bz 

n if 
in 

0/ 
GO 

0) 

CJ 
LLI 

if 0 
(J 

CJ 

CO 

in 



119 

Shaft 
Z ^ B e a n n g 

Loading collar Support 

Test bear ings 

7 

7. 

Loading 
r ing 

Bearing housing 

DIAGRAMMATIC C R O S S - S E C T I O N OF ROTATING SHAFT-
ROTATING LOAD DESIGN 

F I G 5-2 



HALF SECTION OF RESEARCH APPARATUS 

FUN S17F 

A« SHAFT K BEARING END PLATE 
B BASE u CLAMPING RING 
C LOWER BEARING HOLDER M BOWDEN CABLE 
D UPPER BEARING HOLDER N LOADING RING 
E SUPPORT PILLAR P SUPPORT PILLAR 
F SHIMS Q_ LOAD SPRING 
G TEST BEARINGS R REACTION PLATE 
H BEARING HOUSING S DRIVING ROD 
J LOADING COLLAR 

F I G 6*1 



121 

INPUT 
FROM 0 — 
ECCENTRICITY 
TRANSDUCER 

10 kJ 

LI kZ 

o-v 

w w -
LlkSl 

-o*15v 

-15v 

•OUTPUT 

CIRCUIT FOR REDUCTION OF D.C. L E V E L 

FIG 6-2 



1 22 

LOAD S P E E D 
T RAN^QUCER 

LOAD 

LOAD S P E E D TRANSDUCEI 
TARGET 

rtl ECCENTRICITY 
TRANSDUCER 

RELATIVE POSITIONS OF T R A N s n u m y ; n<;rn 

FOR LOAD ANfilF OFTFRMFNATION 

FIG 6-3 



123 

v 
volts 

OUTPUT OF ECCENTRICITY PROBE 
I 

8v approx 
40O-0-3)v 

At 
^ 

Ov 

b) OUTPUT OF SPEED TRANSDUCER 

time 

SIGNALS USED FOR DETERMINATION OF 
LOAD ANGLE 

F IG 6-4 



124 

i n 

UJ 

8 00 

cri 
ft 

CO 55 



12 5 

t 
v 

volts 

a) 

counter 
starts 

b) 

c ) 

O-Ov 
< 0 - 0 - f » / 

INPUT SIGNAL TO OPERATIONAL AMPLIFIER 

r 5v 

Ov 

OUTPUT SIGNAL FROM SHAPING C IRCUIT 

5v 

counter 
stops 

Ov 

t, 

MODIFIED LOAD TRANSDUCER SIGNAL 

MODIFIED S IGNALS USED FOR DETERMINATION 
OF LOAD ANGLE 

•— •t ime 

F I G 6-6 



55 

50 

45 SHELL T E L L U S 27 

>- AO 
ft 

( j 

35 • 

30 

25 

20 

15 

20 25 30 35 AO 45 50 55 
TEMPERATURE °C 

VISCOSITY CALIBRATION 

FIG 67 



127 

Support spring 
Bearing housing forces 

M 

7 

Bearing 
assembly 

Loading ring 

T 

Load spring 
forces 

Base 1 
Shaft 

Support spring 
forces 

USE OF COMPRESSED SPRINGS AS 
SUPPORT SYSTEM 



128 

VO 

COMPARISON OF RESULTS OF 
DUBOIS AND OCVIRK WITH / THEORETICAL PREDICTIONS 

/ 
or / 

in 
UJ 
?0«1 DUBOIS & OCVIRK / CQV 

CQV 

0 0 pencf 

F I G 7-1 

0-01 1 I I I I I I 
02 03 04 0-5 0-6 0-7 06 0-9 

ECCENTRICITY RATIO 



0 2 

ECCENTRICITY RATIO 
00 0-2 04 0-6 0-8 1-0 

SO* 

80 8 

70* 

60* 0-6 

0-8 
50* 

1-0 QV 

4<T 

0 \ 10° 20° 30° 
LOAD ANGLE 
(LEADING) 

LOAD ANGLE RESULTS FROM DUBOIS 
AND OCVIRK. 

F I G 7-2 



130 

Experimental Results 

Rotating shaft only ( s t e a d i l y loaded bearing) 

Symbols Shaft speed 
(r.p.m.) 

500 

E] 400 

X 500 

V 600 

® 800 



131 
1-0 

f 
ROTATING SHAFT ONLY 
FILM FORCE AGAINST 
ECCENTRICITY 

• 

Id 0-1 

1-0 ?a5 

gjlOkN/rf 

F»G 7-3 

0-01 
0-2 0-3 0-4 0-5 0-6 0-8 0-9 

ECCENTRIC ITY RATIO 



=10kN/rrr 

E C C E N T R I C I T Y RATIO 
(X); 0-2 04 06 08 VP 

40* 

10# 20* 30 # 

LOAD ANGLE (LEADING) 

LOAD ANGLE RESM1TS FOR ROTATING 

SHAFT ONIY 

F I G l.L 



Experimental Results 

Rotating load only, rotating shaft with rotating load 

Symbols 
Individual hearing 

load, W (N). 

344 

0 

288 

228 

. 168 

A 

0 

f 3 1 7 

Figs 6.8, 
6.16 < 

and 6.24 
only 

257 

1'98 

154 



134 

1-0 

ROTATING LOAD ONLY 
FILM FORCE AGAINST 
E C C E N T R I C I T Y 

UJ 

or p e n ( f l 0 k N / n * 
t 

QV 

t/i 
LLI 

Q0-1 0- • 

F I G 7»5 

0-01 
0-2 0-5 0-6 0-7 0-8 0-9 f>3 

ECCENTRIC ITY RATIO 



p 
1 35 

%av= 0 ' 0 P e n c f 1 0 k N / m X 

p =-1'0 
xav 

ECCENTRICITY RATIO 
10 0-8 0-6 0-4 0«2 0-0 

- 3 0 * -20° -10° 0* 
LOAD ANGLE(LAGGING) 

LOAD ANGLE RESULTS FOR ROTATING 
LOAD ONLY 

FIG 7-6 



136 

1-0 

ROTATING LOADoHAFT 

p j=l0kN/m end 
N s =100 rpm 

*4 

f 4 

av 
LxJ 

° 0 - 1 

i 

F I G 7-7 

0-01 
0-6 0-7 0-9 0-2 0-5 0-8 0-3 

ECCENTRICITY RATIO 



137 

a 
ROTATING LQAH^HAFT 
FILM FORCE AGAINST 

E C C E N T R I C I T Y 

f2 plO kN/rrf AX 
end" 

0 0 N s = 200 rpm 

no 

C> =0-0 
cav 2 0-1 

F I G 7-8 

0-01 
0-2 0-3 CK 0-5 0-6 0-7 0 8 0-9 

ECCENTRIC ITY RATIO 



1-0 138 
T T 1 1 1 

ROTATING LOAD+SHAFT 

FILM FORCE AGAINST E C C E N T R I C I T Y ^ + 

N s = 30Orpm * 

p =10 kN/nt / 1 
fend 7 T 

p =0-0 xav 

r 

* • 

• 
i 

FIG 7.9 

001I 1 1 I I I I I 
0-2 0-3 0 4 0-5 0-6 0-7 0 8 0-9 

E C C E N T R I C I T Y RATIO 



139 
1-0 

ROTATING LOAD+SHAFT 
FILM FORCE AGAINST FP.f EIMTRIC ITV 

N s =400 rpm 
UJ 

p =10kN/rrf cc end 

CQV 

UJ 

ZO-I 

P = 0 0 
cav 

F IG 7-IQ 

0-01 I 1 I I I I I 1 
0-2 0-3 0-A 0-5 0-6 0 7 0-8 0-9 

ECCENTRICITY RATO 



140 
1-0 

ROTATING LOAD+SHAFT 
FILM FORCE AGAINST ECCENTRICITY 

10 kN/mi 
end 

N 500rpm 

cav 
9 0-1 

t 

F I G 7-11 

0-01 
0-2 03 0-4 0-5 0-6 0-7 0-8 0-9 

ECCENTRICITY RATIO 



1-0 T T T T 
141 

ROTATING LOAH^HAFT 

LOAD AGAINST ECCENTRICITY 

P e n d =10kN/m l 

N s = 600rpm. 
f t 

0 

< 
z 
o 
if) 

LU 

10-1 
Q I 

p =0-0 

i 
t 4 

F IG 7-1? 

0'01 I | | I I I I 
0-2 0-3 0-4 0-5 0<6 0-7 0-8 0-9 

ECCENTRICITY RATIO 



1 U2 
1-0 

ROTATING LOAD.SHAFT 
FILM FORCE AGAINST ECCENTRICITY 

lOkN/nrT 

N s=700rpm 

UJ 
t 

t 
1-0 C Q V 

0-0 
cav 

2 0-1 

F I G 7-13 

0-01 
0-2 0-3 (M 0-5 0-6 0-7 0-8 0-9 

ECCENTRICfTY RATIO 



143 

1-0 

ROTATING LOAD •SHAFT 
FILM FORCE AGAINST ECCENTRICITY 

D =10 kN/rrf en of 

Nc =800rpm 

cr 

F> =0'0 
cav 

z.0-1 
Lu 

O 

FIG 7-U 

0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 
ECCENTRIC ITY RATIO 



1 

P cov = 0 ° i n c f 1 0 k N / ™ 
Ns=100rpm 

d =-l»0 

ECCENTRICITY RATIO 
10 0-8 0-6 0-4 0-2 0 0 02 0-4 0-6 0-8 10 

90° 90° 

80° 80 ' 

70° 70° 

60° 60° 

5 0 - 50° 

40° 40" 

-30" -20° -10° 0* 10° 20° 30° 
LAGGING LEADING 

LOAD A N G L E 

ROTATING L O A n . S H A F T 

LOAD ANGLE RESULTS 

FIG 7-15 



K 5 

- 5 0 ° 

- A O 8 

N s=200rpm 

Pcav= 0 ' 0 P-end =10kN/m 

1-0 0«8 

p = -1 • 0 
^av 

ECCENTRICITY RATIO 
0-6 0-4 0«2 0-0 0-2 0-A 0-6 0*8 

30° -20° -10° 
LAGGING 

0* 10° 

LOAD ANGLE 

20° 30° 
LEADING 

ROTATING I PAD •SHAFT 
LOAD ANGLE RESULTS 

FIG 7-16 



U 6 

1-0 

N = 300 rpm 

p =0-0 
cav 

p =-l-0 
tav 

p = 10kN/ r r 
end 

E C C E N T R I C I T Y RATIO 
0-8 0-6 0«4i 0-2 0O 02 OA 0-6 0-8 10 

30 9 -20° 
LAGGING 

•10' 0° 10° 

LOAD A N G L E 

20° 30° 
LEADING 

ROTATING LOAD+SHAFT 
LOAD ANGLE R E S U L T S 

F I G 7-17 



147 

N s =400 r pm 

P =00 10 kN/rtf end cav 

1-0 
av 

E C C E N T R I C I TY RATIO 
1«0 0-8 0-6 0-4 0-2 0-0 0-2 0-4 0-6 0-8 10 90° 90° 

80° 80° 

70° 70° 

60° 60° 

50° 50° 

40° 40° 

-30° -20° -10° 0° 10° 20° 30' 
LAGGING LEAD TNG 

LOAD ANGLE 

ROTATING LOAD* SHAFT 
LOAD ANGLE RESULTS 

FIG 7-18 



U 8 

N s= 500 rpm 

p . = 0 0 p ?10kN/m end cav 

1-0 
cav 

E C C E N T R I C I T Y RATIO 
10 0-4 0-6 0-8 0-0 0-2 

90° 

80° 

70° 

60° 0-6 

0-8 
50* 

1-0 

A O 

0° 10° 20° 30° 
LOAD ANGLE(LEADING) 

R O T A T I N G I PAD . S H A F T 

LOAD ANGLE R E S U L T S 

F IG 7-19 



U 9 

N s=600 rpm 

% a v = 0 * 0 P e n d = 1 0 k N / m 

1-0 
cav 

ECCENTRICITY RATIO 
0O 0-2 0-4 0.6 0-8 1-0 

90° 

80° 

0-4 70° 

60° 0-6 

0-8 
50° 

1>0 

40° 

0° 10° 20* 30° 

LOAD ANGLE ( L E A D I N G ) 

ROTATING 1 P A D • S H A F T 
LOAD A N G 1 F R F S U I T ^ 

F I G 7-20 



^=700 rpm 

— Pcav= 0 ' 0 P e r x f l 0 k N / m l 

1-0 
cav 

ECCENTRICITY RATIO 
00 0-2 0-6 0-8 1-0 

90 e 

80 • 0-2 

70° 0 4 

60* 0-6 

0-8 5 0 e 

1-0 

40° 

0° 10° 20° 30° 
LOAD ANGLE(LEADING) 

ROTATING LOAD+SHAFT 
LOAD ANGLE RESULTS 

F IG 7-21 



1^=800 rpm 
P. =0-0 D 10 kN/nri end cav 

1-0 
cav 

ECCENTRIC ITY RATIO 
0O 0»2 0-4 0-6 0-8 1-0 

90 9 

80* 

70° 

60° 

0-8 
50 e 

1-0 

4 0 ' 

0° 10° 2 0 e 30° 
LOAD ANGLE(LEADING) 

ROTATING LOAD* SHAFT 
LOAD ANGLE RESULTS 

FIG 7*22 



152 
I 

L 
CM 

L 
CM 

L CO 

03 

CM 

L oo 

L 

00 

L CM 

L CO 

f 

L 
CM 

L 
CM 

1 
CO CO CO 

0I1VU Al lDlblN30D3 



153 
• 

L CM 

L 

L CO 
CD CD 

1 

L 

CM 

CM \ o C J Q:I UJ 

L CM 

L CD 

00 

CM 
I I 

L 

CD CD CO CO 

OllVd AJLDIH1N3003 



154 

l 1 1 r 

L OD 
CD 

in 

L 10 
1̂ ^ 

IT) 
L CM 

ex CO 

L CM 

era 

L 

L 
I E 

L ID 

GO 

J I I I I I I I P 
o <y> co iD ir> >y coT 
— o o o o o o o 

OllVd AJL I3IU1N3DD3 



155 

00 

L CO 

1/1 

ecu 
en L CM 

03 

L CM 

L E 

L ^ CD 
I t 

CO 
CO CO u> CO 

OllVti AilDldiN3DD3 



156 

• 

in 

L 

if) CO 

CM 
CM 

Q: 

L < UJ 

L 

L CM 
• 

L CD 

L * 
II 

L in 

i 1 
ao in 

OllVU Ai IDIH1N3DD3 



157 

IT) CD 

ft 

L 
CO < 

CO 

CCH 
CM 

L 
I—I u 

L 

L 

L CD CM I I 

CO 

L 

CO LO CO CO 

OllVd AUDIcJ lN3333 



158 

if) 

if)UD 

CO 

CM 

L UJ 

cr UJ 

L 
t 

L ° CM 

CO 

L 

L in 

i oo 
• 

CD CD in CO 

OllVd All3miN3D33 



159 i t i 
10 
CM 

CM 
CM 

> 3 
00 

coi L O rr 
Z O 

L a i d 10 

CM 

CM 

C0 

00 
I I 

GO 

CM 
CM 

CM oo in <0 CO 
I 

0I1VH A1I3IU1N33D3 



160 
1-0 

ROTATING LOAD+SHAFT 
FILM FORCE AGAINST ECCENTRICITY 

N 300 rpm 

100 kN/m 
end 

cav 

Lu 

9 0 0 

p =00 
cav 

FIG 7-31 

0-01 I I I I I I 1 I 
0-2 0-3 ( K 0-5 0-6 07 0-8 0 

ECCENTRICITY RATIO 
•9 



161 

N s =300 rpm 

P =0"0 p =100 kN/m 1 

cav end 

10 0-8 0-6 

p -. i .Q 
cav 

ECCENTRICITY RATIO 
0.4 0-2 0-0 0-2 0-4 0-6 0-8 

30° -20° 
LAGGING 

-10° 0° 10° 

LOAD A N G L E 

ROTATING LOAD+SHAFT 
IQAP ANGIE RESULTS 

20' 309 

LEADING 

F IG 7-32 



162 

o 

L CO 

L CD 
L7) O 

co 
13 CE 

L <NI < LU 
h-i m 
cri I±J 

L CM 

L 

L £ CD 

co L CO II 

CO cn CD CO in 

OIIVH AHDIU1N3303 



163 

r 

^^^^^ 

1 I 

... 

J i 
i 

PLATE 1 



164 

1 

.1. 

•v'T 

1 

• 

3 m 
i 

P. 
— 

< i. I 

I 
! 
i 

• 

it 


