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I I 

ABSTRACT 

The dynamic c h a r a c t e r i s t i c s of j o u r n a l bearings have been 

p r e d i c t e d by s o l v i n g Reynolds equation with a common c a v i t a t i o n 

model. A p e r t u r b a t i o n a n a l y s i s has been used to express the 

equations governing the f l u i d f i l m p r essure and c a v i t a t i o n region 

s t a t e i n terms of a dynamic j o u r n a l displacement vector. The use 

of these equations has been demonstrated on the long and short 

bearing approximations. The s t a b i l i t y performance has been 

p r e d i c t e d f o r both r i g i d and f l e x i b l e bearing systems. 

A perspex t e s t bearing has been used to observe c a v i t a t i o n 

under steady and dynamic loads, and a high speed t e s t apparatus 

was developed f o r the measurement of l u b r i c a t i n g f i l m performance 

at w h i r l onset c o n d i t i o n s . Although the t e s t r e s u l t s were 

c o n s i s t e n t and repeatable, the s t a b i l i t y performance of the 

bearings t e s t e d was s u b s t a n t i a l l y l e s s than the p r e d i c t i o n s of 

the simple bearing theory and other workers r e s u l t s . I t i s 

thought t h a t the poor performance was due to o i l s t a r v a t i o n . 
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- 1- MTRQDUCTIQH 

Ever sinoe Reynolds d i s c o v e r e d the p r i n c i p l e s governing 

hydrodynamio l u b r i o a t i o n , the development of a mathematical model 

fo r bearing behaviour has a t t r a o t e d the a t t e n t i o n of 

mathematicians and engineers a l i k e . Whilst the theory of l i q u i d 

l u b r i o a t e d bearings has s t i l l not reached an e n t i r e l y 

s a t i s f a c t o r y s t a t e , a more oomplete theory has been developed f o r 

both the steady s t a t e and dynamio performance of gas bearings. 

T h i s s i t u a t i o n has a r i s e n because gas bearings are simpler to 

anal y s e , even though the c o m p r e s s i b i l i t y of a gaseous l u b r i c a n t 

has t o be taken i n t o account. 

The major d i f f e r e n c e between the two types of hydrodynamic 

bearing i s t h a t l u b r i c a n t s i n the l i q u i d phase a r e prevented from 

extending throughout the olearanoe space by the formation of 

s u b s t a n t i a l bodies of f l u i d i n the gas phase, whereas a gas 

bearing's l u b r i c a n t i s present i n the gas phase throughout the 

c l e a r a n c e space. I n a d d i t i o n a gaseous l u b r i c a t i n g f i l m i s 

l a r g e l y i s o t h e r m a l , which c o n t r a s t s with the l a r g e thermal 

g r a d i e n t s found i n bearings running a t t y p i c a l d u t i e s f o r l i q u i d 

l u b r i o a n t s . Most problems have been encountered with the l i q u i d 

l u b r i o a t i o n of j o u r n a l bearings sinoe not only i s the load 

bearing f i l m not iso t h e r m a l but a region of c a v i t a t i o n i s 

expected to form i n par t of the clearanoe space. The mechanism 

governing the ao t i o n of the o a v i t i e s i s not f u l l y understood, and 
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a_univ_ersaX model -Qf_oav-itati. on behavxour__has y e t _ t o be accepted. 

A number of t h e o r i e s have been developed to d e s c r i b e the 

generation and behaviour of the o a v i t i e s that form i n a j o u r n a l 

bearing. The r e l a t i v e m e rits of these t h e o r i e s are s t i l l being 

debated i n the t e o h n i o a l press and at conferences. Indeed the 

f i r s t Leeds-Lyon Symposium on T r i b o l o g y ( l ) was devoted to 

c a v i t a t i o n i n bearings. The conference report e d i t e d by Dowson 

Godet and T a y l o r provides a wealth of information and r e f e r e n c e s . 

Although much a t t e n t i o n has been fooussed on the nature of the 

flow a t the l u b r i c a t i n g f i l m ' s rupture s u r f a c e , no wholly 

s a t i s f a c t o r y d e s c r i p t i o n of the phenomena has emerged. So f a r 

only a few of these c a v i t a t i o n models have proved s u f f i c i e n t l y 

amenable f o r general use i n p r e d i c t i n g bearing performance. 

A number of flow models have a l s o been p o s t u l a t e d for the 

formation s u r f a c e , where the l u b r i c a t i n g f i l m i s i n i t i a t e d . The 

l u b r i c a t i n g f i l m i n a t y p i c a l j o u r n a l bearing normally s t a r t s at 

an o i l supply groove, henoe t h i s aspect of f l u i d f i l m behaviour 

i s of more conoern to the l u b r i c a t i o n of non-oonformal s u r f a c e s . 

However when a j o u r n a l bearing i s running i n a s t a r v e d c o n d i t i o n 

the mechanism of f i l m formation beoomes important s i n c e the 

boundary surfaoe i s f r e e to f i n d an e q u i l i b r i u m p o s i t i o n which 

balanoes the flow of l u b r i c a n t aoross the f i l m formation boundary 

s u r f a c e . 
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— The f i r s t - s o l u t i o n s — t o — t h e _ l u b r l o a t i o n - e q u a t i o n s represented 

i n f i n i t e l y wide bearings operating a t steady s t a t e c o n d i t i o n s . 

These were followed by s i m i l a r s o l u t i o n s f o r f i n i t e width 

bearings u s i n g a v a r i e t y of mathematical techniques to overoome 

the a l g e b r a i c problems. L a t e r DuBois and Oovirk(2) brought i n t o 

g e n e r a l use a teohnique fo r a n a l y s i n g short bearings. The short 

bearing equations negleot the p r e s s u r e gradient term i n the 

c i r c u m f e r e n t i a l d l r e o t i o n , c r e a t i n g a v e r s i o n of Reynolds 

equation which has a comparatively simple s e t of s o l u t i o n s . One 

of the f e a t u r e s whioh makes t h i s type of s o l u t i o n so manageable 

i s t h a t boundary v a l u e s f o r f l u i d pressure a t the s i d e s of the 

bearing are s u f f i c i e n t to s p e c i f y the pressure d i s t r i b u t i o n 

throughout the load bearing f i l m . Consequently t h e r e a r e no 

remaining a r b i t r a r y oonstants with which to consider the e f f e c t s 

of c a v i t a t i o n . 

The u s u a l boundary oondition used to define the extent of the 

l u b r i c a t i n g f i l m i n the short bearing s o l u t i o n , i s that the 

bounding s u r f a c e i s at a uniform p r e s s u r e . The value of f l u i d 

p r e s s u r e a t the boundary i s o f t e n taken to be atmospheric, i n 

which oase the l u b r i c a t i n g f i l m extends throughout the p r e d i c t e d 

region of above ambient p r e s s u r e . Despite such a rudimentary 

treatment of c a v i t a t i o n phenomena, the r e s u l t i n g s o l u t i o n s give 

good steady s t a t e performance p r e d i c t i o n s f o r short bearings. 

The s i m p l i c i t y of the short bearing equations and the r e l a t i v e 

ease with which they oan be solved, combined with t h e i r 
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reasonable -^performance - predict ions —and-- immunity to the 
controversy over cavitation, has ensured the Oovirk solutions a 
seoure place i n l u b r i c a t i o n theory. 

With the advent of calculating machines and electronic 
computers, more emphasis has been placed i n reoent years on the 
solutions for f i n i t e width bearings. The rapid calculating 
a b i l i t y of these maohines has enabled the effect of viscous 
losses on the f l u i d temperature, and henoe v i s c o s i t y , to be taken 
into account. But usually the simpler forms of boundary 
conditions have been retained. 

For a long time journal bearings have been recognised as being 
susceptible to i n s t a b i l i t y a r i s i n g from the pressure d i s t r i b u t i o n 
i n the lubrioating film. In 1919 Harrison(3) presented a dynamic 
solution for the f u l l Sommerfeld form of Reynolds equation, and 
observation of half speed whirl was f i r s t reported by Newkirk(4) 
i n 1925. I t was during the f i r s t half of t h i s century, as the 
general l e v e l of shaft speeds rose, that consideration of a 
bearing's dynamio c h a r a c t e r i s t i c s became an important aspeot i n 
the design of most high speed machinery. 

The f i r s t attempts to model the unstable behaviour of 
lubri c a t i n g films considered only the film forces generated at 
steady operating conditions, neglecting the foroe components due 
to t r a n s l a t i o n a l journal velocity. These simple models of o i l 
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--film— -induced whirl have -been summarised-by—Gamer on (-6_).... Since 
these simple dynamic models do not exhibit a strong tendency to 
predict the half speed vi b r a t i o n a l frequency which i s normally 
observed, a more oomplete set of equations have to be used. 
Including the time dependent terms from Reynolds equation i n the 
a n a l y s i s has been shown by Morrison(6) and Holmes(7) to generate 
s i g n i f i o a n t l y different dynamic performance predictions. This 
demonstrates the importance of the t r a n s l a t i o n a l journal velocity 
on the generation of pressure i n the lubricating film. 

Modern numerioal solutions to the l u b r i c a t i o n equations are 
often used to generate dynamic performance predictions by 
notionally perturbing the journal. Once the steady state 
performance has been calculated, the l o c a l film s t i f f n e s s and 
damping are assessed. The l o c a l film s t i f f n e s s e s are usually 
determined by recalculating the l u b r i c a t i n g film pressure 
d i s t r i b u t i o n , and hence the film forces, after displacing the 
journal centre a small distance i n each of the coordinate 
directions. S i m i l a r l y the forces generated by t r a n s l a t i o n a l 
journal v e l o c i t i e s can be calculated by introducing small journal 
v e l o c i t i e s into the l u b r i c a t i o n equations. The technique assumes 
that the dynamic fi l m pressure d i s t r i b u t i o n i n a bearing oan be 
predioted by summing the calculated steady state and perturbed 
pressure f i e l d s . Hence a l l such analyses must be considered as 
q u a s i - s t a t i c . 
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Sinoe the teohnigue- described uses -small journal 
perturbations, the dynamio film c h a r a c t e r i s t i c s are determined by 
finding the difference between pairs of s i m i l a r l y sized 
quantities. A more appropriate technique i s to generate 
equations describing the difference between the steady and 
perturbed states, and then solve these new equations describing 
the difference. Thus the dangers associated with finding the 
difference between two quantities of the same order are avoided. 
In addition more attention can be devoted to finding the 
appropriate boundary equations for the dynamic system. The 
theoretioal content of t h i s t h e s i s i s devoted to deriving these 
equations and finding th e i r solutions using typioal simplifying 
assumptions and a simple oavity model. 

After determining the dynamic f l u i d film behaviour, the 
s t a b i l i t y of a r i g i d rotor supported by the film oan be assessed. 
However very few rotating maohines have such a simple analogue. 
Most machines possess f l e x i b i l i t y i n t h e i r shafts and often have 
f l e x i b i l i t y b u i l t into their mountings, both of whioh have a 
s i g n i f i c a n t affect on the s t a b i l i t y of the system. 

The dynamic modelling of systems comprising bearings and 
shafts i s normally performed by inoluding the oaloulated dynamic 
model of the l u b r i c a t i n g film with the usual spring and damper 
models for the machine structure. The prooess of vib r a t i o n a l 
analysis i s routinely performed by computers using the f u l l set 
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of eight s t i f f n e s s and-damping coefficients-describing t h e _ f l u i d -
film behaviour. 

A much simpler but very powerful teohnique makes use of the 
dynamio s t i f f n e s s parameter for the dynamio model of the 
lubrioating film, instead of the complete set of s t i f f n e s s and 
damping ooeffioients. The dynamio s t i f f n e s s parameter i s the 
value of the film s t i f f n e s s at whirl onset conditions when the 
film e xhibits no nett damping. Thus running speeds which lead to 
resonanoe i n the sim p l i f i e d system model w i l l indioate the 
operating conditions at which whirl onset w i l l occur. Henoe when 
t h i s teohnique i s used i n the design of rotating machinery, the 
prinoipal aim i s to ensure that o r i t i c a l running speeds at which 
the f i l m exhibits very l i t t l e damping do not e x i s t close to the 
normal running speed of the machine. 

Ever sinoe the emergence of hydrodynamio lub r i c a t i o n as a 
subjeot i n i t s own right, there have always been very few 
reported experimental investigations concerning bearing dynamics, 
i n comparison to the number of t h e o r e t i c a l studies that have been 
published. This i s largely due to the pa r t i c u l a r d i f f i c u l t y i n 
measuring the dynamic performance of a lubricating film. Typioal 
t e s t arrangements have oonsisted of a t e s t bearing loaded against 
a shaft which i s supported by other slave bearings. The 
prinoipal d i f f i c u l t y with t h i s type of arrangement i s evaluating 
the in t e r a c t i o n between the t e s t and support bearings. In 
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—addition, t e s t r e s u l t s are- influenced by - f l e x i b i l i t y — in-the 
structure of the apparatus, and occasionally the dynamic 
behaviour exhibited has been dominated by shaft whip. 

The p r i n c i p a l aim of experimental work reported i n t h i s t h e s i s 
has been to demonstrate with o i l lubricated bearings an 
experimental teohnique already used to study the whirl onset 
performance of gas bearings. The technique uses a single bearing 
system so that there i s no p o s s i b i l i t y of interaction between 
te s t and slave bearings. The rotor i s also designed so that i t 
i s e f f e c t i v e l y r i g i d , hence the r e s u l t s oan not be influenced by 
the phenomena of shaft whip. A feature of the teohnique i s that 
each t e s t bearing oan be made to go unstable over a wide range of 
operating conditions by varying the s t i f f n e s s of the struoture 
supporting the bearing assembly. Thus an e s s e n t i a l l y simple 
apparatus capable of c o l l e c t i n g data from a wide range of 
operating conditions has been used to generate experimental data, 
whilst avoiding some of the major problems associated with 
dynamic tes t i n g . 

Although speoial bearing geometries such as lemon bore and 
offset-halves have been demonstrated i n some circumstances to 
give better s t a b i l i t y and damping c h a r a c t e r i s t i c s than the plain 
journal bush, there i s no consistent rule indicating when the 
al t e r n a t i v e types are used to best advantage, or adequate 
guidelines to the degree of improvement to be expected. Thus an 
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experimental method— capable—of accurately- .measuring—the-dyn am i o_ 
properties of various bearing geometries i s of prime importance 
to the designers of high speed machinery. 
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2 DEVELOPMENT QF FLUID_£ILM_£gBASIQiiS 

Reynolds lu b r i c a t i o n equation i n one form or another has been 
at the heart of most bearing performance analyses for s l i g h t l y 
l e s s than a century. The longevity of Reynolds work i s 
confirmation that he isolated the primary meohanisms governing 
the generation of pressure within a continuous f l u i d film. But 
a l l the f l u i d i n a bearing does not neoessarily oomply with 
Reynolds assumptions. For a s e l f aoting gas bearing the working 
f l u i d i s present i n a continuous f i l m throughout the olearanoe 
space, and Reynolds equation i s applicable to a l l the f l u i d i n 
the lubrioating film. However with a l i q u i d lubrioant, 
ca v i t a t i o n i s normally expeoted to disturb the f l u i d film to 
create a region where Reynolds equation i s not normally applied. 
Therefore a system of cavitation equations i s required to 
describe the flow of lubrioant and oavity f l u i d through the 
cavit a t i o n region, i n the same manner that Reynolds equation i s a 
description of lubricant flow within a continuous load bearing 
film. 

Since these mathematical descriptions of f l u i d flow are 
d i f f e r e n t i a l equations, an additional set of boundary equations 
i s required before a solution can be attempted. One of the major 
d i f f i c u l t i e s i n solving the system of lubrication equations i s 
that the looations of the boundaries between the f u l l f ilm and 
cavitation regions are not known i n advance, consequently the 
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d i v i s i o n of the olearanoe space between the twotypes__Qf_.r_eg±Qn_ 
i s also a part of the solution. 

The following sections develop a system of equations to be 
solved for the f l u i d film pressures acting on a journal, whioh 
w i l l then be used i n the subsequent assessment of s t a b i l i t y . 
Isothermal and hence isovisoous solutions have been used i n order 
to generate simple algebraic expressions capable of manipulation 
during the dynamio analysis. Just as Reynolds equation 
incorporates the primary mechanisms of f l u i d flow i n a thin film, 
an isovisoous solution demonstrates the prin c i p a l performance 
features of bearings at t y p i c a l duty conditions. 

2.1 REXHQLD£_EQHA.T.IQM 

Modern derivations of Reynolds equation usually s t a r t from the 
Navier-Stokes equations whioh are a general statement of the laws 
of motion for a viscous f l u i d . The teohnique used for the 
derivation i s to apply continuity to an elemental volume i n the 
region of continuous f l u i d . The typioal two dimensional form of 
Reynolds equation i s found by integrating the f l u i d velooity 
components crossing the surfaces of an elemental volume spanning 
the clearance space. The net mass flow into the element i s then 
related to the rate at which the elemental volume i s ohanging. 
The following equation (2.1) i s a form of the Navier-Stokes 
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equaticns„wliloh_has_heen_der-i-ved £rem the—text by~LambC8)-. 

X - dP - 2. 6 Du or - 2 £)_ ( u / 
dx 3 dxl r \ u + a Dt 

(2.1) 

Similar equations oan be derived for orthogonal di r e c t i o n s 'y' 
and 'z' of a t y p i c a l f l u i d film system shown on figure 2.1. As 
with most hydrodynamio problems the f u l l Navier-Stokes equations 
are f a r too complicated for algebraio manipulation. Since the 
d e t a i l of the s i m p l i f i c a t i o n of these equations can be found i n 
most text books on hydrodynamics and lubrication, emphasis i s 
given i n the following paragraphs to the assumptions and 
techniques used rather than the d e t a i l of the algebra. 

F i r s t of a l l i t i s assumed that the body forces 'X.Y.Z' from 
whatever source are small compared to the shear stresses and 
pressure forces acting on the f l u i d . Thus surface tension, 
gravity, electromagnetic and atomic forces are neglected, 
eliminating the body force term from equation (2.1). The 
lubricant flow i s also assumed to be laminar, implying that the 
flow i s dominated by v i s c o s i t y rather than i n e r t i a . For journal 
bearings operating at a steady state condition Brand(9) has shown 
that i n e r t i a e f f e c t s oan be neglected provided that Re c < R/C . 
S i m i l a r l y Taylor(10) discovered that turbulenoe i n the form of 
vortex rings would develop for high Reynolds number flow between 
concentric cylinders. Taylor's oondition for laminar flow i s 
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&ec—<_41.1 J-RACl FJurAher^wQrk_hy_ColeX-ll-) has_ indicated that--
the c r i t i c a l value of Reynolds number for Taylor vortices r i s e s 
with increasing e c c e n t r i c i t y . Tests performed by Vohr(12) to 
repeat t h i s work indicate that the r i s e may only be marginal for 
t y p i o a l olearanoe r a t i o values. Thus for steady state operation 
that s a t i s f i e s both the above conditions, the i n e r t i a associated 
terms i n Reynolds equation oan be omitted. Provided that the 
v e l o c i t i e s and aooelerations associated with a t r a n s l a t i o n a l 
journal motion are small, the i n e r t i a terms oan also be neglected 
for a dynamic operating oondition. The o r b i t a l frequency of o i l 
film whirl i s normally expeoted to be about half the journal 
rot a t i o n a l frequency. Thus the f l u i d i n e r t i a terms can be 
neglected for the small amplitude motions of whirl onset, and 
henoe for s t a b i l i t y analyses. 

F i n a l l y assumptions oan be made based upon the geometry of 
t y p i c a l journal bearings. The f l u i d v e l o c i t y components 'u' and 
'w' along directions 'x' and 'z' i n the plane of a thin film 
normally change r e l a t i v e l y l i t t l e when compared to the 
substantial changes that take place i n the very short distances 
across the film thickness, the 'y' direction. Thus some s p a t i a l 
d e r i v a t i v e s of velooity oan be discarded. Implied i n the l a s t 
assumption i s that there are no s i g n i f i c a n t currents of lubricant 
at right angles to the plane of the film, thus the vel o c i t y 
components 'v' are s u f f i c i e n t l y small to be neglected. 
Implementing a l l these assumptions s i m p l i f i e s the Navier-Stokes 
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equations to the following reduced form. 

3P ox 
d_ ( u du N 
dy V dy J 

dy 
0 (2.2) 

oz 
a_ f u ^ 
dy \ by J 

This simple set of equations i s e a s i l y integrated across the 
olearanoe spaoe provided that a constant f l u i d visoosity i s 
assumed. Integrating twice gives general expressions for the 
v e l o c i t y p r o f i l e s , but boundary conditions are required to 
specify the solution. Except for some gas lubricated systems 
there i s no s l i p between the lubrioant and the bearing surfaoes, 
consequently the constants of integration can be evaluated for 
t y p i c a l bearing arrangements using the bounding journal and 
bearing surface v e l o c i t i e s . To obtain simple expressions from 
the integration, the y-axis i s usually defined as normal to the 
plane of the film with the surface v e l o c i t i e s along the x-axis. 
The r e s u l t i n g equations for the f l u i d v e l o c i t y components are as 
follows:-

u = yXx-h.1 &P + lU^-U^y + U, 
2u dx h 

v = 0 (2.3) 

w = yXy-hl &p 
2u bz 
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Reynolds equation i s oonfitruoted by applying the continuity of 
mass condition to a small elemental volume bridging the clearanoe 
spaoe. In cartesian coordinates Reynolds equation i s : -

dxll2;i dx^ dzll2;i dz / dxv 2 / dt 

Since journal bearings have a c y l i n d r i c a l form of olearance spaoe 
and the i n e r t i a terms associated with c i r c u l a r motion have been 
shown by Brand to be small, Reynolds equation i s e a s i l y 
transformed into the more convenient polar coordinate system 
shown on figure 2.2. At the same time non-dimensional quantities 
can be formed using the following definitions. 

p' = P / P a 0 = x / R 
e' = e / e„_ ^ = 2 / L (2.5) 
p' = p / p.^ h' = h / C 
H = 6p^0R / KC" U0 = (U,+U z)/ R 

Thus a non-dimensional form of Reynolds equation suitable for 
journal bearing work i s : -

(2.6) 
= H / di e ' h ' ) + 2 hLe'h') \ 

v dp coa dt J 

At t h i s stage i t should be noted that Reynolds equation has been 
derived for a thin continuous laminar film of l i q u i d or gaseous 
f l u i d that conforms to the assumptions described. This 
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derivation has been performed i n a fixed coordinate system, so 
a l l variables should be expressed in terms of the fixed 
coordinates ' a n d Consequently for the small clearance 
r a t i o s 'C/R' normally found i n journal bearings the film height 
i s adequately approximated by the equation (2.7). 

h = C ( 1 + e cos(0 - 0) ) (2.7) 

Reynolds equation has been derived from the equations of motion 
for a viscous f l u i d and desoribes the generation of pressure 
within a continuous film i n order to s a t i s f y continuity of mass. 
The equation presents a boundary value problem for whioh there 
are no general solutions. The boundary conditions necessary for 
the solution of the problem are normally a sophisticated set of 
expressions i n themselves. The simplest set of boundary 
conditions are for the s e l f - a c t i n g gas bearing with a plain bore. 
For t h i s type of configuration the bearing i s immersed i n 
lubricant, hence the boundary conditions are that the f l u i d at 
the sides of the clearance space w i l l be at ambient pressure, and 
Reynolds equation i s applicable throughout the annular clearance 
space. 

Liquid lubricated bearings are s u b s t a n t i a l l y different since 
cavitation i s usually expected to take place i n the divergent 
seotion of the olearanoe space. That i s the continuous film of 
lubricant ruptures forming c a v i t i e s i n the film. For such oases 
Reynolds equation i s d i r e c t l y applicable to the f u l l film region 
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of l i q u i d found i n the loaded part of a, bearing, but not the 
ca v i t a t i o n region. The boundary conditions for t h i s type of 
l i q u i d lubrication are again ambient pressure where the film 
reaches the sides of the bearing, but have yet to be determined 
for the i n t e r i o r boundaries where the film ruptures and reforms. 
For the case of ventilated c a v i t i e s one boundary oondition i s 
that of ambient pressure at the in t e r n a l boundary surfaoes. The 
c a v i t a t i o n region, being a volume containing two f l u i d s of 
differe n t phases, requires speoial consideration to determine an 
appropriate set of equations which describe the flow i n and 
around the c a v i t i e s . 

Reynolds equation as derived has been found s a t i s f a c t o r y for 
predicting the performance of t y p i c a l bearings of modest s i z e and 
duty, p a r t i c u l a r l y i n the f i e l d of t i l t i n g pad thrust bearings 
where simple boundary conditions apply. Journal bearing 
implementations are more d i f f i c u l t to create but even very simple 
models give fundamentally oorreot steady state performance 
predictions. In general the boundary conditions applied to the 
i n t e r n a l film boundaries have a l o c a l effect and the type of 
boundary oondition used i s not an overriding factor governing the 
predicted f l u i d pressure i n the bulk of the lubricating film. 



- 18 -

2.2 CAVITY EQUATIONS 

Cavitation i s a phenomenon that i s r e s t r i c t e d to l i q u i d s and 
i s not applicable to systems with gaseous working f l u i d s . Since 
t h i s t h e s i s i s oonoerned with the effeot of cavitation on bearing 
dynamics the lubrioant must be a l i q u i d . In these circumstances 
the r e l a t i v e f l u i d density ' e'' i s normally set to unity, to 
r e f l e c t the e f f e c t i v e inoompressibility of the working f l u i d . In 
order to maintain the general nature of the equations i n t h i s 
chapter the non-dimensional lubricating f l u i d density ' e' ' and 
v i s c o s i t y ' have been retained. For a l l subsequent chapters a 
l i q u i d lubrioant and isovisoous solutions have been assumed. 
Thus for the following ohapters the r e l a t i v e density and 
v i s c o s i t y parameters have been given a value of one, and have 
disappeared from the continuity expressions. 

Studies aimed at observing o i l film cavitation behaviour have 
usually considered steady state operation and have shown the 
formation of a f i n i t e number of c a v i t i e s separated by r e l a t i v e l y 
thin streamers of o i l such as those shown on figure 2.3. The 
nature of the c a v i t i e s i s such that i t i s easy to conceptually 
divide the clearance space into two d i s t i n c t regions, the f u l l 
film region and the cavitation region. Typically the film 
ruptures at i n t e r v a l s across most of the bearing width, but at 
one angular location. Thus the film rupture, or ca v i t a t i o n 
boundary between the two regions i s sensibly defined by the noses 
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of the o a v i t i e s . The oayj/tjj&s. .normally. extend to_ a well def ined 
position where the lubrioating film reforms. Whereas the 
o a v i t i e s usually form a substantial continuous film of oavity 
f l u i d , the streamers are for most of t h e i r length an order of 
magnitude narrower than the c a v i t i e s , and can not be considered 
as s i g n i f i c a n t expanses of continuous f l u i d . Later the 
ca v i t a t i o n region w i l l be shown to be e f f e c t i v e l y an area of 
constant pressure. 

Observations reported i n chapter 7 of t h i s t h e s i s show that 
during the dynamic motion of whirl onset, the oavities formed 
during the preceding steady state oondition oan be expected to 
maintain t h e i r basic steady state structure as they o s c i l l a t e at 
the frequency of the journal motion. Henoe a model of the 
cav i t a t i o n region with the a b i l i t y to allow for small boundary 
movements during dynamic conditions i s suitable for s t a b i l i t y 
analyses. Whereas the estimated steady state performance of a 
bearing i s r e l a t i v e l y i n s e n s i t i v e to the boundary conditions 
used, i n s t a b i l i t y i s a c l e a r l y defined condition which oan be 
expected to be s e n s i t i v e to the cavitation model. 

Surfaoe tension e f f e c t s have a s i g n i f i c a n t influenoe on the 
form of the cavity boundaries. F a l l ( 1 3 ) and others have shown 
correlations between the number of streamers, the film thickness 
and the parameter 'uU/T', where 'T' represents the surfaoe 
tension of the working f l u i d . Surfaoe tension phenomena are the 
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r e s u l t of an inbalanoe of cohesive and adhesive a t o m i c f-oroes-

Beoause these f o r c e s are very s h o r t range i n comparison to 

b e a r i n g c l e a r a n c e s there i s a balance of f o r c e throughout most of 

the load bearing f i l m . However t h e r e i s a very l a r g e inbalance 

of i n t e r m o l e o u l a r f o r c e s i n the f i r s t few l a y e r s of molecules 

near the s u r f a c e of the l u b r i c a n t . T h i s inbalanoe forms a 

dominant meohanism determining the shape of the c a v i t y 

boundaries. As a r e s u l t surfaoe t e n s i o n e f f e c t s a r e normally 

t r e a t e d as a boundary c o n d i t i o n , hence the surfaoe t e n s i o n 

parameter does not appear i n Reynolds equation. 

The streamers of o i l passing through the c a v i t a t i o n region 

being r e l a t i v e l y narrow are dominated by s u r f a c e t e n s i o n e f f e c t s 

which play an important r o l e i n maintaining the long s i d e 

s u r f a c e s . Observation shows t h a t surfaoe t e n s i o n a l s o causes 

s i g n i f i c a n t t u r n i n g of the f l u i d a t the nose of the c a v i t i e s , 

c h a n n e l l i n g f l u i d i n t o the streamers. S i m i l a r l y s urfaoe t e n s i o n 

i s s i g n i f i c a n t a t the reformation boundary where surfaoe t e n s i o n 

maintains the f i l m formation f r o n t inbetween the streamers. But 

these e f f e c t s a r e l o c a l and do not a f f e c t the bulk of the f i l m . 

Thus the body f o r c e s i n the Navier-Stokes equations which 

r e p r e s e n t surfaoe t e n s i o n e f f e c t s , a r e only s i g n i f i c a n t for f l u i d 

i n the streamers or adjaoent to the f i l m boundaries. 

Consequently Reynolds equation can not be expected to be a good 

model for the flow of l u b r i c a n t through the c a v i t a t i o n region. 
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I n c o n t r a s t the o a v l t i e s represent ^ s i g n i f i c a n t continuous 

volumes of low v i s c o s i t y gaseous f l u i d . As suoh, Reynolds 

equation i s a p p l i o a b l e to the flow and p r e s s u r e i n s i d e a c a v i t y , 

j u s t as Reynolds equation i s used f o r the p r e d i c t i o n of gas 

bearing performance. However a bearing designed to operate with 

a high v i s c o s i t y l u b r i c a n t i s u n l i k e l y to develop s i g n i f i c a n t 

p r e s s u r e s i n a region of low v i s c o s i t y gas. A bearing operating 

at steady s t a t e has s t a t i o n a r y c a v i t y boundaries and a constant 

c a v i t y volume. Observations reported i n chapter 7 show t h a t the 

process of r e l e a s i n g gas from s o l u t i o n i n the l u b r i o a n t i s 

r e l a t i v e l y slow, and the process of r e a b s o r p t i o n to be even 

slower. Henoe the c a v i t i e s tend to have a oonstant mass content 

and t h e r e must be a c i r c u l a t i o n of gas w i t h i n each o a v i t y as 

shown on f i g u r e 2.4. Applying c o n t i n u i t y i n the 'x' d i r e c t i o n 

f o r the 'x-y' plane g i v e s the f o l l o w i n g expressions f o r the 

v e l o c i t y p r o f i l e and p r e s s u r e gradient i n a one dimensional 

system. 

u = 3 (U, +U a) / y f - 2 (2U, + ) / y_ \ + U 
( I ) ( I ) 

IP = §u. (U, + ) (2.8) 

H 
00 

However s i n c e the gases of the c a v i t y f l u i d a r e normally orders 

of magnitude l e s s v i s c o u s than the l u b r i o a n t , the o a v i t y p r e s s u r e 

g r a d i e n t s w i l l be s m a l l compared to the g r a d i e n t s i n the f u l l 
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f i l m . T i l s _Jiypothesis i s .aupp.or-t.ed by r e s u l t s ^published by 
E t s i o n and Ludwig(14) whioh show very l i t t l e change i n pressure 

over the c a v i t a t i o n region. Experience with short bearing 

s o l u t i o n s f o r Reynolds equation a l s o show t h a t narrow streamers 

of f l u i d a r e incapable of supporting l a r g e p r e s s u r e s . Thus apart 

from the s t e p changes i n pressure due to s u r f a c e t e n s i o n e f f e o t s 

at the o a v i t y boundaries, the whole of the c a v i t a t i o n region i s 

l i k e l y to be olose to a uniform p r e s s u r e . 

The Reynolds number f o r the flow of c a v i t y f l u i d w i l l normally 
be s l i g h t l y g r e a t e r than t h a t f o r the l u b r i o a n t , hence i n e r t i a 
e f f e o t s w i l l appear i n the c a v i t y before the f u l l f i l m . Also 
f i g u r e 2.4 shows t h a t there w i l l be c o n s i d e r a b l e v e l o c i t y 
components and g r a d i e n t s a c r o s s the clearanoe spaoe near the 
c a v i t y boundaries. Consequently not a l l the c o n d i t i o n s f o r 
Reynolds equation are n e c e s s a r i l y s a t i s f i e d by the whole of each 
c a v i t y . 

Whilst i t i s p o s s i b l e to use Reynolds equation f o r a model of 

flow i n the c a v i t a t i o n region, d i f f i c u l t i e s w i l l be encountered 

i n d i v i d i n g the region between c a v i t i e s and streamers, and a 

numerical technique would be the only p r a o t i o a l method of 

s o l u t i o n . A much simpler approach i n c o r p o r a t i n g the e s s e n t i a l 

f e a t u r e s of the c a v i t a t i o n region i s r e q u i r e d so that the r e s u l t s 

are s u i t a b l e f o r an a l g e b r a i c treatment of s t a b i l i t y . 

http://aupp.or-t.ed
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E a r l y . _work_ by .Swift Cl 5) and SteiberC16) i d e n t i f i e d a 

o a v i t a t i o n boundary c o n d i t i o n t h a t provided for c o n t i n u i t y of 

l u b r i c a n t aoross the f i l m rupture s u r f a c e . More recent work by 

Jakobsson(17), Floberg(18) and 01seon(19) has l e a d to a s i n g l e 

equation f o r both the formation and o a v i t a t i o n boundaries, and 

i n c l u d e s a model for l u b r i o a n t flow through the o a v i t a t i o n 

region. For the r e s t of t h i s t h e s i s the t h e o r i e s presented by 

Jakobson, Floberg and Olsson w i l l be r e f e r e d to as the J.F.O. 

boundary c o n d i t i o n s . T h i s l a t e r work i s based upon the f o l l o w i n g 

assumptions. F i r s t t h a t where the f i l m ruptures a l l the 

l u b r i o a n t flow i s channeled i n t o the streamers, the whole of the 

c a v i t a t i o n region i s at a uniform p r e s s u r e and t h a t t h i s p r e s s u r e 

i s the lowest p r e s s u r e i n the olearanoe spaoe. The o a v i t y gas i s 

assumed to have n e g l i g i b l e mass, to be i n v i s c i d and p e r f e c t l y 

e l a s t i c , hence the p r o p e r t i e s of the c a v i t y gas are e l i m i n a t e d 

from the theory. T h i s streamer model of c a v i t a t i o n complies with 

observed streamer p a t t e r n s but does not p r e s o r i b e a l l the 

boundary c o n d i t i o n s . 

The c a v i t a t i o n normally experienced i n hydrodynamio machinery 

i s u s u a l l y the formation of voids i n the working f l u i d when the 

l o c a l f i l m p r essure drops below a o r i t i o a l value. Taking a 

simple view of the o a v i t a t i o n prooess, the c r i t i c a l p r e s s u r e i s 

the s a t u r a t e d vapour p r e s s u r e of the working f l u i d . T h i s type of 

c a v i t a t i o n c o n d i t i o n must normally be a s s o c i a t e d with the i n i t i a l 

formation of the o a v i t a t i o n region i n a l u b r i c a t i n g f i l m . The 
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t y p i c a l steady s t a t e s i t u a t i o n t o r a j o u r n a l bearing i s _ t h a t 

v o i d s are not continuously oreated but t h a t e x i s t i n g c a v i t i e s 

maintain t h e i r e q u i l i b r i u m p o s i t i o n i n the olearanoe space 

a g a i n s t the flow of l u b r i o a n t . Since the steady s t a t e o a v i t i e s 

i n a l u b r i o a t i n g f i l m u s u a l l y contain a i r r a t h e r than o i l vapour, 

the p r e s s u r e i n a olosed o a v i t y i s governed by the equation of 

s t a t e f o r a i r , not the s a t u r a t e d vapour pressure of o i l . 

A l t e r n a t i v e l y , i f the c a v i t a t i o n region i s v e n t i l a t e d the o a v i t y 

p r e s s u r e w i l l be the ambient value. 

There i s an a l t e r n a t i v e model a v a i l a b l e f o r p r e d i c t i n g the 

l o c a t i o n of the c a v i t a t i o n boundary which i s based upon the 

phenomenon of s e p a r a t i o n . This model does not p r e d i c t the 

formation of streamers but r e q u i r e s t h a t a l l the l u b r i c a n t be 

c a r r i e d away from the boundary on a moving s u r f a c e . The 

s e p a r a t i o n model p r e d i c t s that the boundary occurs with a 

p o s i t i v e p r e s s u r e gradient j u s t downstream of a small s u b - c a v i t y 

p r e s s u r e loop i n the load bearing f i l m . However the low pressure 

region tends to be very s m a l l . F a l l ( 1 3 ) i n h i s measurements of 

the c a v i t y p r e s s u r e s a l s o shows sub-oavity f i l m p r e s s u r e s 

e x i s t i n g before the rupture surfaoe. The b e t t e r performance 

p r e d i c t i o n of the s e p a r a t i o n model at some operating conditions, 

as shown by T a y l o r ( 2 0 ) , i s outweighed by i t s d i f f i c u l t y of use. 

The J.F.O. streamer model has been developed to an advanoed 

s t a t e so t h a t t h e r e i s a simple boundary equation f o r both types 
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of region i n t e r f a o e . snd_ an easy i n t e r p r e t a t i o n l e a d i n g to 
manageable e x p r e s s i o n s f o r the boundary equations. But i n order 
to make the theory workable the f l u i d f i l m i s assumed to rupture 
i n t o an i n f i n i t e number of i n f i n i t e s i m a l l y narrow streamers and 
o a v l t i e s . The s t a t e of the o a v i t a t i o n region i s desoribed by the 
streamer d e n s i t y funotion 'D' and the o a v i t y p r e s s u r e . The 
streamer d e n s i t y funotion i s defined as the proportion of an 
elemental o r o s s - s e o t i o n a l area, at r i g h t angles to the surfaoe 
motion, whioh i s oooupied by l u b r i o a n t . Sinoe t h e r e are no 
p r e s s u r e g r a d i e n t s i n the region the l u b r i o a n t v e l o o i t y p r o f i l e s 
are simply :-

u = (U^- D, ) (y.) + U, 

v = 0 (2.9) 
w = 0 

Following the d e r i v a t i o n of Reynolds equation, c o n t i n u i t y of 

l u b r i o a n t mass i s a p p l i e d to an elemental volume bridging the 

c l e a r a n c e between j o u r n a l and bearing s u r f a c e s . The mass of 

l u b r i c a n t contained i n the elemental volume a t any given time i s 

given by the f o l l o w i n g e x p r e s s i o n : -

e D h Rcfo Lck (2.10) 

Sinoe o a v i t y f l u i d i s assumed to have n e g l i g i b l e d e n s i t y and be 

i n f i n i t e l y oompressible, the mass of c a v i t y f l u i d i n the o o n t r o l 

volume oan be neglected. Since there a r e no pressure g r a d i e n t s 
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i n the f l u i d a s i g n i f i c a n t mass.flow can. not .exist, .at., r i g h t angle s. 

to the d i r e c t i o n of motion. Hence the mass flow r a t e through the 

o a v i t a t i o n r e g i o n i s given by the f o l l o w i n g e x p r e s s i o n f o r mass 

flow i n the phi d i r e c t i o n through an elemental s e c t i o n . 

Thus equating the r a t e of change of mass oontent, to the net mass 

flow of l u b r i o a n t i n t o the elemental volume, and r e a r r a n g i n g to 

make non-dimensional terms g i v e s the f o l l o w i n g e x p r e s s i o n f o r the 

streamer s t a t e i n the o a v i t a t i o n region. 

Again t h i s formula has been d e r i v e d i n a f i x e d coordinate system 

and the funotions 'D' and 'h'' must be expressed i n terms of the 

c o o r d i n a t e s ' 0' and The streamer model f o r the o a v i t a t i o n 

region i s very simple, e l i m i n a t i n g not only the f l u i d p r o p e r t i e s 

of the c a v i t y f l u i d but a l s o surfaoe t e n s i o n . As a consequence 

the only parameter used i n the o a v i t a t i o n equations t h a t does not 

appear i n Reynolds equation i s the streamer d e n s i t y function'D'. 

The c a v i t a t i o n model r e q u i r e s uniform pressure over the region 

which i s a reasonable approximation to observed f i l m behaviour. 

The s u r f a c e t e n s i o n parameter has been neglected because i t s 

e f f e c t on the number of streamers i s of secondary importance, and 

t h e r e i s c u r r e n t l y no evidenoe a v a i l a b l e to i n d i c a t e t h a t surfaoe 

t e n s i o n has a s i g n i f i c a n t e f f e o t on f i l m p r e s s u r e s . 

e D ut R h L o ^ 
2 

(2.11) 

dlDh') = 
6*0 

-2 &lDh') 
DA dt 

(2.12) 
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Thus a simple d i f f e r e n t i a l equation has been d e r i v e d whioh 

r e f l e o t s the important o h a r a o t e r i s t i o s of the c a v i t a t i o n region. 

The combination of Reynolds equation (2.6) and the streamer 

equation (2.12) provide models of the l u b r i o a n t flow i n the f u l l 

f i l m and c a v i t a t i o n regions r e s p e c t i v e l y , which between them 

oover the whole of the olearance spaoe. 

2.3 1QUHDABY_EQUAIIQHS 

The s i m p l e s t boundary c o n d i t i o n to be a p p l i e d to the governing 

d i f f e r e n t i a l equations i s t h a t the l u b r i c a n t pressure should be 

the same as that of the ambient atmosphere where the f l u i d f i l m 

extends to the s i d e s of the bearing. S i m i l a r l y i f the bearing 

surfaoe oontains a l u b r i c a n t supply groove then f l u i d a t the edge 

of the groove must be at the pocket pressure. The i n t e r i o r 

boundaries not attached to a supply s l o t r e q u i r e a more d e t a i l e d 

approach. 

The equations f o r c o n t i n u i t y a t the boundary between the f u l l 

f i l m and c a v i t a t i o n regions can be developed from an approach 

s i m i l a r to that used by 01sson(19). The e f f e c t of boundary 

s u r f a c e curvature i n e l e v a t i o n i s assumed to be n e g l i g i b l e , so 

t h a t the boundary i n t e r f a c e i s perpendioular to the bearing 

s u r f a c e s , and oan be represented by a l i n e on a plan of the 

clearanoe spaoe as shown by f i g u r e 2.5. Since the c a v i t a t i o n 
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_r^gion_ As^^sumed_to _be--at a uniform pressure the film-boundaries 

must a l s o be constant pressure contours. The following r e l a t i o n 

f o r p r e s s u r e at the boundary s u r f a c e i s derived from the 

c o n d i t i o n t h a t the boundary pressure i s oonstant. 

(E) dp' = tan( B ) (2.13) 

Since the boundary surfaoe has no volume a boundary c o n d i t i o n 

must be t h a t the f u l l f i l m and c a v i t a t i o n region s o l u t i o n s 

prediot a c o n t i n u i t y of mass a c r o s s each part of the bounding 

surfaoe. The g e n e r a l e x p r e s s i o n f o r mass flow a c r o s s a surfaoe 

moving with a normal v e l o c i t y 'Vn ' at any pa r t of the c l e a r a n c e 

spaoe i s :-

^ f ̂  
g u dy (fs c o s ( B ) + e w dy 6B s i n ( B ) - V„ h os (2.14) 

Using the e x p r e s s i o n s (2.3) and (2.9) f o r the f l u i d v e l o c i t y 

components, the mass flow c r o s s i n g an element of the boundary 

surfaoe a t the f u l l f i l m s i d e i s :-

e^Bh / / l - h/£p' ( l + t a n ( B ) ) \ c o s ( B ) - 2_y.„ \ SB (2.15) 
2 V I p.' K 60 I ' DO R J 

The corresponding e x p r e s s i o n f o r the o a v i t y s i d e of the boundary 
i s : -

e^kEh D f c o s ( B ) - 2_Y.„ \ os (2.16) 
2 V ua R J 

The f o l l o w i n g boundary c o n d i t i o n i s found when the two 
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e x p r e s s i o n s above are c o n s t r a i n e d to have the same value. 

( l - D ) f o o s ( B ) - ^ - __ h ' d p ' ( l + t a n ( B ) ) oos(B) = 0 (2.17) 
^ r (je R J p! H do 

The p r e s s u r e gradient i n the boundary equation above i s always 

the p r e s s u r e gradient a t the f u l l f i l m s i d e of the boundary 

surfaoe, and s i m i l a r l y the streamer d e n s i t y i s the d e n s i t y of the 

streamers on the o a v i t y s i d e of the boundary. 

T h i s e x p r e s s i o n of the boundary c o n d i t i o n beoomes inadequate 

i f the boundary surfaoe t u r n s to beoome p a r a l l e l to the 

c i r c u m f e r e n t i a l d i r e c t i o n . For t h i s case the product of the 

p r e s s u r e gradient and the tr i g o n o m e t r i c e x p r e s s i o n i s 

indeterminate. A b e t t e r behaved v e r s i o n of the r e l a t i o n s h i p i s 

found u s i n g the pr e s s u r e gradient normal to the boundary surfaoe, 

as f o l l o w s : -

T h i s s i n g l e equation i s completely general i n that i t a p p l i e s to 

both the f i l m rupture where flow i s i n t o the c a v i t y , and the 

reformation boundary where the flow i s out of the c a v i t y i n t o the 

f u l l f i l m region. 01sson(19) has shown how t h i s equation oan be 

i n t e r p r e t e d so that d i f f e r e n t c o n s t r a i n t s are a p p l i e d to the two 

types of boundary. The key i s the assumption that the lowest 

p r e s s u r e i n the c l e a r a n c e space i s always the o a v i t y p r e s s u r e . 

The s i m p l i f i e d case of steady s t a t e i s best f o r demonstrating the 

h' S dp' ( l - D V c o s ( B ) 
H ii dn 

0 (2.18) 
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I n t e r p r e t a t i o n . The_ steady s t a t e v e r s i o n of the boundary-
oondition i s 

(1-D) COS(£) - b' E to' H p. 6n 
0 (2.19) 

Considering f i r s t the c a v i t a t i o n boundary, which i s the surfaoe 

t h a t generates streamers of o i l , the o a v i t a t i o n region must be 

downstream of the boundary. Consequently the lowest pressure 

c o n d i t i o n r e q u i r e s t h a t the pressure gradient i n the f l u i d f i l m 

approaching the o a v i t y must be negative or zero. To s a t i s f y 

equation (2.19) the streamer d e n s i t y f u n c t i o n at the boundary 

must have a value of one and the pressure g r a d i e n t be zero. Thus 

making each term i n the equation equal to zero, which corresponds 

to the w e l l known S w i f t - S t e i b e r oondition of no pressure gradient 

at the f i l m rupture boundary. At the f i l m reformation surfaoe 

the o a v i t i e s must be upstream of the boundary and the pressure 

g r a d i e n t i n the f u l l f i l m must be p o s i t i v e or zero. Then the 

streamer d e n s i t y f u n c t i o n a t the boundary s u r f a c e must have a 

p o s i t i v e value l e s s than one to balanoe the equation. Thus the 

boundary c o n d i t i o n i s i n t e r p r e t e d as g i v i n g a zero pressure 

g r a d i e n t and u n i t y streamer d e n s i t y f u n c t i o n a t a boundary t h a t 

generates streamers, and s p e c i f i e s a r e l a t i o n s h i p between the two 

v a r i a b l e s at a f i l m formation surfaoe. 

When a dynamic s i t u a t i o n i s s t u d i e d the e f f e c t of i n t e r n a l 

f i l m boundary v e l o c i t i e s must be taken i n t o account. I t i s 
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assumed t h a t the a a y i t y pressure remains, constant and uniform 

over the c a v i t a t i o n region, w h i l s t remaining the lowest pressure 

i n the olearanoe space for the whole of the motion. For modest 

motions with s m a l l v e l o c i t i e s the c o e f f i c i e n t of the streamer 

d e n s i t y funotion 'cos(^)-2V n /u>„R' i n equation (2.17) remains 

p o s i t i v e , and the above i n t e r p r e t a t i o n d e r i v e d f o r steady s t a t e 

i s s t i l l a p p l i c a b l e . However i f t h i s f a o t o r ohanges s i g n the 

i n t e r p r e t a t i o n must be r e v i s e d . For periods when the f i l m 

boundary s u r f a c e s have s u f f i c i e n t l y l a r g e forward v e l o c i t i e s for 

the e x p r e s s i o n 'cos(B)-2V n /oaR' to become negative, the 

r e l a t i o n s h i p s between streamer d e n s i t y and pr e s s u r e gradient 

f u n c t i o n s are r e v e r s e d . The p h y s i c a l l i m i t a t i o n s on the value of 

the streamer d e n s i t y funotion, and the r e s t r i c t i o n s imposed on 

the p r e s s u r e gradient by the minimum p r e s s u r e c o n d i t i o n , r e q u i r e 

t h a t the moving f i l m boundaries ohange type when a c r i t i o a l 

boundary v e l o c i t y i s reached. The o r i t i o a l v e l o c i t y i s given by 

the r a t e a t which the l u b r i c a n t can be t r a n s p o r t e d through the 

c a v i t a t i o n region. 

As shown above the mean v e l o c i t y at whioh the l u b r i c a n t i s 

p r e d i c t e d to t r a v e l through the o a v i t a t i o n region depends upon 

the o a v i t a t i o n model that i s used. The streamer model has a mean 

v e l o c i t y equal to h a l f the e f f e c t i v e surfaoe speed, whereas the 

s e p a r a t i o n model g i v e s a v e l o c i t y equal to the speed of the 

s u r f a c e t h a t t r a n s p o r t s the f l u i d away from the f u l l f i l m . A 

r e f i n e d boundary model may allow f o r t r a n s p o r t of l u b r i c a n t i n 
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streamers and as _a .surfaoe f i l m , in__whioh oase the c r i t i c a l _ 

boundary v e l o c i t y component w i l l be between the o r i t i o a l 

v e l o o i t i e s of the two meohanisms. 

2•4 FILM EQUATIONS IN THE RELATIVE COORDINATE SYSTEM 

So f a r the three b a s i o equations of c o n t i n u i t y have been 

expressed i n a f i x e d coordinate system. A u s e f u l a l t e r n a t i v e 

p r e s e n t a t i o n oan be generated by transformation i n t o a r e l a t i v e 

ooordinate system based upon the l i n e j o i n i n g the instantaneous 

j o u r n a l and bearing oentres. The r a d i a l and a x i a l coordinates 

a r e r e t a i n e d but a new angular coordinate ' 0 r ' as shown on 

f i g u r e 2.2, i s required. The two systems are l i n k e d by the 

r e l a t i o n s h i p :-

0 = 0r + 6 (2.20) 

Thus the appropriate G a l i l e a n t r a n s f o r m a t i o n s to be a p p l i e d to 

the c o n t i n u i t y equations a r e :-

<L ) = (d_ \ 
6V /,= t V d0r 11, t 

dt ^ 5 V dt \0t, dt V d 0 r J ̂  h 

Applying these transformations o r e a t e s three new ba s i o equations 

\ = ( d_ A - dg ( h. 
Id, r v dt k 
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f o r which a l l v a r i a b l e s should be expressed i n terms of the 
coordinates '0 r' and . 

) ! ' O0 r ; v i w o^v 

d0r V uw (4 dt h ( dle'n ' ) ( i -se^ + 2 ^ e ' n ' ) N i (2.22) 

l - g S ^ l D h ' ) = -2 &!Dh') 
aJ„ / 60K w0 dt 

(1-D) ( ( l-2.e^oos(B) -2._y.„A- b/sdp' = 0 
V V G>0 1 O o R J H u' on 

I n p a r t i c u l a r the f i l m t h i c k n e s s should be expressed as :-

h = C ( 1 + e, o o s ( 0 r ) ) (2.23) 

Comparing t h i s s e t of equations with the o r i g i n a l s ( 2 . 6 ) , ( 2 . 7 ) , 
(2.12) and (2.19) i t can be seen t h a t where the r o t a t i o n a l speed 
occurred, e i t h e r i n i t s own r i g h t or as a pa r t of the 
c o m p r e s s i b i l i t y number 'H', i t has been m u l t i p l i e d by the f a c t o r 
'l-29/<y 9'. Hence the f i x e d v e r s i o n of Reynolds and the streamer 
equations can be transformed i n t o the r e l a t i v e equations by 
r e p l a c i n g 'o0' by 'GJ (1-29/£»>„)' . Thus s e t t i n g '9' to zero i n the 
r e l a t i v e equation w i l l give e x a c t l y the same form of 
r e l a t i o n s h i p s as the f i x e d coordinate equations. Therefore the 
s e t of pressure f i e l d s and streamer d e n s i t y f u n c t i o n s that 
s a t i s f y the f i x e d equations f o r p l a i n j o u r n a l bearings, w i l l a l s o 
be the s o l u t i o n s e t f o r the system of r e l a t i v e equations. For 
steady s t a t e operating c o n d i t i o n s t h i s equivalence i s shown more 
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d e a r l y __in_. _ the next c h a p t e r . _ Unfortunately most l i q u i d 

l u b r i o a t e d j o u r n a l s are not p l a i n i n t h a t a x i a l s l o t s are 

maohined i n t o the bearing surfaoe to a i d the flow of l u b r i o a n t 

i n t o the working s e c t i o n . 

The c r u c i a l importance of the e x p r e s s i o n 'cja (l-2&/(o9)' i s 

shown by the e x p r e s s i o n of the o o n t i n u i t y equations i n r e l a t i v e 

c o o r d i n a t e s . I f e i t h e r i s zero, or '9' i s equal to 'w„/2' 

the steady s t a t e f i l m p r essure s o l u t i o n i s a oonstant value equal 

to atmospheric c o n d i t i o n s , and the bearing i s inoapable of 

supporting a load. The f i r s t c o n d i t i o n t y p i c a l l y r e p r e s e n t s a 

bearing under a f i x e d d i r e c t i o n load and no j o u r n a l or bearing 

r o t a t i o n , no hydrodynamio pressure i s generated and the j o u r n a l 

s i t s i n the bottom of the bearing. No damage r e s u l t s sinoe there 

i s no s l i d i n g t a k i n g plaoe. The second c o n d i t i o n can be 

represented by a r o t a t i n g load preoessing at h a l f the e f f e c t i v e 

surfaoe speed. Again no hydrodynamic p r e s s u r e i s generated t o 

support the load. Sinoe the j o u r n a l and bearing s u r f a c e s w i l l 

normally be i n r e l a t i v e motion, s l i d i n g contact w i l l take p l a c e 

generating e x c e s s i v e amounts of heat energy and cause damage to 

the bearing. 

I f the term 'l-20/u) o' has a small value during a l l or p a r t of 

a dynamic motion, the generation of hydrodynamio f i l m pressure i s 

l a r g e l y dependent upon the time d e r i v a t i v e terms i n Reynolds 

equation. The bearing can then be expeoted to e x h i b i t a 
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silf.fness_muoh_less than th.at__.at the steady s t a t e .condition. 
T h i s l a c k of s t i f f n e s s i s observed olose to the h a l f speed w h i r l 
c o n d i t i o n when motions with a s m a l l v a l u e f o r the angular 
v e l o c i t y expression, appear i n the absence of s i g n i f i c a n t 
e x o i t i n g foroes. 

The equations p r e d i c t t h a t any combination of j o u r n a l , bearing 

and load r o t a t i o n w i l l l e a d to the generation of hydrodynamic 

foroes, provided t h a t the two e x c e p t i o n a l oases are avoided. 

Thus experimental apparatus need not be r e s t r i c t e d to systems 

having f i x e d bearings and loads, with only the j o u r n a l r o t a t i n g . 

http://th.at__.at
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-3_ -STEADY—ST ATE^QLUTIONS 

The most important c l a s s of s o l u t i o n to Reynolds and the 

streamer equations represent the steady s t a t e e q u i l i b r i u m 

operating c o n d i t i o n . For these s o l u t i o n s a l l the v a r i a b l e s a r e 

independent of time, henoe a l l the time d e r i v a t i v e terms i n the 

c o n t i n u i t y equations a r e i d e n t i c a l l y equal to zero. Thus the 

s i m p l i f i e d Reynolds and streamer equations f o r a steady system 

a r e : -

0XDoho') = 0 
60 

and the equation f o r c o n t i n u i t y a c r o s s the o a v i t y boundary i s : -

A l l v a r i a b l e s r e p r e s e n t i n g steady s t a t e s o l u t i o n s have been given 

a s u b s c r i p t of zero. The same equations expressed i n the 

r e l a t i v e coordinate system defined at the end of the l a s t chapter 

are : -

d_fhc' d.p0'\ + (&)&_(h: 3p;\ H 
60 

(3.1) 

(1-DL ) OOS(£0 ) ho R dp; = o 
H dn 

(3.2) 

60J df I 
H ( I - 2.S \ din (3.3) 

4lD ehO = 0 
O0r 
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and f o r the boundary surfaoe:-

(1-D, ) cos(B D ) - h; R l b ; = 0 
H <3n 

(3.4) 

The s i m i l a r i t i e s between the equations f o r the f i x e d and r e l a t i v e 

ooordinate systems a r e now apparent. The steady s t a t e operating 

c o n d i t i o n i n the r e l a t i v e ooordinate system i s defined to be the 

j o u r n a l c e n t r e o r b i t i n g around the oentre of the bearing a t a 

constant e c c e n t r i c i t y and a steady angular v e l o c i t y . Thus a 

s i n g l e e x p r e s s i o n f o r each of the f i e l d v a r i a b l e s 'p„'' , 'D/ and 

'h/' w i l l s a t i s f y both s e t s of equations f o r bearings of the same 

geometry, provided t h a t the f o l l o w i n g c o n d i t i o n i s s a t i s f i e d : -

I n a l l the f o l l o w i n g work the f i x e d ooordinate system has been 

used i n pref e r e n c e to the r e l a t i v e system . The f i x e d d i r e c t i o n 

f o r the b a s i s of the coordinate system has always been chosen t o 

be the l i n e j o i n i n g the steady s t a t e l i n e of j o u r n a l and be a r i n g 

c e n t r e s , t h i s i s expressed mathematically as 'Q0 ' i d e n t i c a l l y 

equal to zero. T h i s choioe c o n s i d e r a b l y s i m p l i f i e s the a l g e b r a 

a s s o c i a t e d with the governing c o n t i n u i t y equations. For steady 

s t a t e operating c o n d i t i o n s '9' i s i d e n t i c a l l y equal to zero, 

which makes ' e q u a l to '0 r', thus under these c o n d i t i o n s the 

f i x e d and r e l a t i v e equations are e q u i v a l e n t . 

H 29 H (3.5) 
r e l a t i v e f i x e d 
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. 3 J CONGRUENT QPBSAIING-CQHDMQNg -

Normally the independent v a r i a b l e s 'sa ' and 'oja ' a r e 

considered as p o s i t i v e , but negative v a l u e s of both parameters 

r e p r e s e n t r e a l operating c o n d i t i o n s . I f a t y p i o a l j o u r n a l comes 

to r e s t and s t a r t s to r o t a t e i n the opposite d i r e c t i o n , the 

angular v e l o c i t y has ohanged s i g n . Any a l g e b r a i o e x p r e s s i o n f o r 

bearing performance ought to be able to o o r r e o t l y p r e d i c t the 

r e s u l t of suoh a change i n the d i r e c t i o n of motion. S i m i l a r l y 

the j o u r n a l e o o e n t r i o i t y need not be e x c l u s i v e l y p o s i t i v e . I f 

the a l g e b r a i o e x p r e s s i o n s d e r i v e d f o r the pressure and streamer 

d e n s i t y become i n v a l i d when e i t h e r independent v a r i a b l e i s 

negative, then the appropriate l i m i t should be plaoed on the 

all o w a b l e range f o r th a t v a r i a b l e . F i g u r e 3.1 shows the t y p i o a l 

steady s t a t e c o n d i t i o n and the congruent systems with negative 

e c c e n t r i c i t y and r o t a t i o n . By i n s p e c t i o n i t can be seen that the 

negative r o t a t i o n system i s a mirror image of the u s u a l operating 

c o n d i t i o n , about an a x i s defined by the l i n e of j o u r n a l and 

bearing c e n t r e s . Consequently an a l g e b r a i c s o l u t i o n to the 

steady s t a t e equations ought to s a t i s f y the fol l o w i n g c o n d i t i o n s . 

p/(0r,-H) = p/(2n--0r,H) 
(3.6) 

D, (<Z(.,-H) = D„ (2H-0r,H) 

S i m i l a r l y two systems of equal e c c e n t r i c i t y but of opposite s i g n 

have point symmetry about the bearing centre. Hence the 

appropriate c o n d i t i o n s f o r the complete s o l u t i o n to s a t i s f y a r e : -
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p;(0 r,-e o ) (3.7) 
D0 (0 r,-e o ) = D0 (v+0r,eo ) 

3.2 SHQEJ_S1^SIHG_SQLSIIQH 

The short bearing or Oovirk s o l u t i o n to the c o n t i n u i t y 
equations i s a p p l i c a b l e f o r oases where the bearing width i s 
sm a l l oompared to the r a d i u s 'R'. U s u a l l y good agreement between 
theory and experimental r e s u l t s are obtained f o r length to 
diameter r a t i o s of l e s s than one h a l f . For these c a s e s the r a t e 
of ohange of pr e s s u r e i n the c i r c u m f e r e n t i a l d i r e o t i o n must be 
i n s i g n i f i c a n t oompared with the corresponding r a t e of ohange i n 
the a x i a l d i r e o t i o n , beoause of the r e l a t i v e f l u i d f i l m extent i n 
these axes. Reynolds equation i s i n t e g r a t e d with ease once the 
c i r c u m f e r e n t i a l p ressure gradient term has been eliminated. But 
i t should be noted t h a t the modified equation only s a t i s f i e s 
c o n t i n u i t y i n the l i m i t i n g case of zero bearing width. The short 
bearing Reynolds equation and i t s general s o l u t i o n a r e : -

The constants of i n t e g r a t i o n 'C0,' and 'C0z_' must be evaluated 
using a s u i t a b l e s e t of boundary c o n d i t i o n s . Taking the u s u a l 

H 
60 (3.8) 

I R J V 2 h;3 s 
+ QoX + C 
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operating c o n d i t i o n that t h e r e should be ambient p r e s s u r e a t the 

s i d e s of the bearing, and d e f i n i n g 'p'' to be a non-dimensional 

gauge pr e s s u r e , the boundary c o n d i t i o n s a r e : -

p/ = 0 at X, = ±0.5 (3.9) 

T h i s c o n d i t i o n alone provides s u f f i c i e n t information to evaluat e 

both constants and f u l l y d e f i n e the pressure f i e l d without any 

f l e x i b i l i t y l e f t to apply the J.F.O. c a v i t y boundary c o n d i t i o n s . 

The r e s u l t i n g expression f o r f i l m pressure i s as f o l l o w s . 

p' = fh\ H e ^ s i n l g f l (1 - X Z \ (3.10) 
v R y 2 h„'3 V 4 J 

T h i s e x p r e s s i o n f o r pr e s s u r e i s a continuous f u n c t i o n i n the 

coo r d i n a t e s ' 0' and 'X' but the bearing surfaoes are only defined 

i n a s m a l l region of t h i s mathematical space. The area of 

i n t e r e s t i s always between z e t a equal to p l u s and minus one h a l f , 

but any continuous region of two p i ra d i a n s i n the phi d i r e c t i o n 

i s s u i t a b l e . Normally a region defined between pl u s and minus 

p i , or zero to two p i i s taken. Thus the e x p r e s s i o n f o r f l u i d 

p r e s s u r e outside the region between z e t a equal to plus and minus 

one h a l f i s defined to be i n v a l i d and p a r t s of the s o l u t i o n l y i n g 

outside a continuous region of two p i radians are chosen to be 

d i s c a r d e d . 

F u r t h e r s e l e c t i o n t a k e s place as the exp r e s s i o n p r e d i c t s 

sub-atmospheric p r e s s u r e s and even t e n s i l e s t a t e s which most 
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engineers are u n w i l l i n g to .aooe.pt, sinoe c a v i t a t i o n would 

normally be expected to intervene. I n order to allow c a v i t a t i o n 

to take plaoe the region of v a l i d i t y f o r the pressure e x p r e s s i o n 

has to be deolared as s m a l l e r than the a o t u a l region oooupied by 

the working s u r f a c e s . Sinoe the region of o a v i t a t i o n i s 

nominally at a uniform pressure, a constant pressure contour i s 

u s u a l l y chosen as the o a v i t y boundary. The lower pressure region 

bounded by the chosen oontour being defined as the c a v i t a t i o n 

region. Any sub-ambient pressure contour may be chosen as the 

c a v i t y boundary but the most e a s i l y managed contour i s that of 

ambient p r e s s u r e . I t i s important to note that the boundary 

c o n d i t i o n i s defined as f i l m rupture and formation taking p l a c e 

at a given value of f i l m p ressure. Sinoe c o n t i n u i t y w i t h i n the 

p r e s s u r e f i e l d i s not s a t i s f i e d t h e r e w i l l always be apparently 

more l u b r i c a n t flowing out of the c a v i t y than e n t e r i n g . Hence no 

p r o f i t can be gained from attempting to c a l c u l a t e the streamer 

d e n s i t y f u n c t i o n f o r the chosen c a v i t y region. 

The u s u a l short bearing steady s t a t e s o l u t i o n assumes a 

v e n t i l a t e d o a v i t y and atmospheric p r e s s u r e i n the c a v i t a t i o n 

region. The r e s u l t i n g boundary p o s i t i o n s are f i l m rupture at the 

minimum c l e a r a n c e height and f i l m formation at the maximum 

cl e a r a n c e . The corresponding v a l u e s of '0 r' are p i and two p i 

r e s p e c t i v e l y a c r o s s the whole of the bearing width. These 

boundary angles have been used i n subsequent chapters as the 

l i m i t s of the steady s t a t e l u b r i c a t i n g f i l m . 

http://aooe.pt
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The s o l u t i o n - f o r p r e s s u r e can be t e s t e d by the appropriate 

congruenoy oonditions. The e x p r e s s i o n (3.10) does s a t i s f y the 

c o n d i t i o n s , but a p r e s s u r e f i e l d s o l u t i o n t h a t inoludes a region 

of c a v i t a t i o n does not s a t i s f y e i t h e r of the oongruenoy 

c o n d i t i o n s . T h i s s i t u a t i o n a r i s e s because of the l o g i c a l 

s e l e o t i o n of the c a v i t a t i o n region. Thus e x p r e s s i o n s f o r Oovirk 

type s o l u t i o n s t h a t inolude a region of c a v i t a t i o n are only v a l i d 

f o r p o s i t i v e v a l u e s of 'e,' and 'Qa '. 

3.3 THE LONG BEARING SOLUTION 

The long bearing s o l u t i o n , often r e f e r r e d to as the Sommerfeld 

s o l u t i o n i s a p p l i c a b l e to bearings of width much gr e a t e r than the 

r a d i u s . I n the l i m i t t h a t the bearing i s i n f i n i t e l y long or t h a t 

a s e a l mechanism prevents the formation of s i d e e f f e o t s , t here 

w i l l be no ohange of f i e l d v a r i a b l e s i n the a x i a l d i r e c t i o n . 

Neglecting the d e r i v a t i v e s with r e s p e c t to s i m p l i f i e s the 

c o n t i n u i t y equations and again they beoome e a s i l y i n t e g r a b l e . 

The steady s t a t e Reynolds equation f o r a long bearing i s = -

Although a n a l y t i c e x p r e s s i o n s are a v a i l a b l e f o r the v a r i o u s 

i n t e g r a l s , the mass of algebra soon becomes unmanageable. The 

generation of pr e s s u r e i n the l u b r i c a t i n g f i l m can be expressed 

H to/) 
dp 

(3.11) 
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mor.e c o n c i s e l y by .using the n o t a t i o n shown below devised by 

Booker(21). Making use of symbols f o r the i n d e f i n i t e i n t e g r a l s , 

the g e n e r a l s o l u t i o n f o r the long bearing equation i s : -

P ; H ( eo i ' 1 + a, r; + cu ) 
(3.12) 

where I" r &i£L&l-QQ&L&l d0 

The streamer equation does not r e q u i r e numerical e v a l u a t i o n , and 

has the f o l l o w i n g general s o l u t i o n . 

D0 = CI. , (3.13) 

Again 'p/' i s i n t e r p r e t e d as a non-dimensional gauge pressure. 

The ch o i c e of d e f i n i t i o n i s p o s s i b l e s i n c e the pr e s s u r e v a r i a b l e 

i n Reynolds equation only appears d i f f e r e n t i a t e d . Once more the 

s o l u t i o n i s defined f o r an i n f i n i t e range of v a l u e s f o r '0', but 

the region of i n t e r e s t i s by d e f i n i t i o n the space between the 

formation and c a v i t a t i o n boundaries, and v a l u e s outside the 

assumed f u l l f i l m region are discarded. Because there i s no 

v a r i a t i o n i n the a x i a l d i r e c t i o n the c a v i t a t i o n boundaries are 

a l i g n e d with the a x i s . Hence the boundary angle 'B 9' i s 

i d e n t i c a l l y equal to zero, and the boundary equation s i m p l i f i e s 

t o : -

(1-D„) - h / dp/ = 0 (3.14) 
H 00 

I f the steady s t a t e c a v i t y boundaries are defined to e x i s t a t 
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angles of '0 e o ' fo r the. oav.it at i o n boundary and '0fe ' f o r the 

formation s u r f a c e , then the c a v i t a t i o n boundary c o n d i t i o n s 

d e r i v e d from equation (2.17) a r e : -

p; 
dp; 
d0 
D0 

P CM 

0 (3.15) 

and the c o n t i n u i t y c o n d i t i o n s f o r the formation surfaoe are 

P' I = P' 
( I - D o ) - h0' dp; 

H 00 
= 0 

(3.16) 

The f i r s t b a s i c c o n f i g u r a t i o n t h a t w i l l be developed i s f o r a 

plain bearing with no o i l supply s l o t s to d i s t u r b the bearing 

s u r f a c e s . T h i s c o n f i g u r a t i o n i s not very p r a c t i c a l but i s 

mathematically p o s s i b l e s i n c e t h e r e i s no s i d e leakage from a 

long bearing, but the r e s u l t s a r e r e l e v a n t to some r e a l two 

dimensional c a s e s with p o r t i o n s of the f i l m formation boundary 

not l o c a t e d a t an o i l supply groove. T h i s c o n f i g u r a t i o n can have 

only one f u l l f i l m and one c a v i t a t i o n region, hence the 

e x p r e s s i o n s f o r f i l m pressure and streamer d e n s i t y are bounded by 

s i n g l e p a i r of c a v i t a t i o n and formation boundaries. S u b s t i t u t i n g 

the g e n e r a l s o l u t i o n s f o r the f i e l d v a r i a b l e s 'p0' ' and 'D„ ' i n t o 

the boundary equations, g i v e s f i v e l i n e a r equations i n t h r e e 

undefined oonstants. 

http://oav.it
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0 
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0 

0 

0 

0 

0 

0 

o3 

- e 0 i ; 
VH 

-e„ oos(0) 

Pcftv 
H 

G 1°' X3 

(3.17) 

Even i f the unknown boundary angles a r e oonsidered to make the 

problem f i v e n o n - l i n e a r equations i n f i v e unknowns, a unique 

s o l u t i o n i s s t i l l not defined. The redundancy i s explained by 

the f a c t t h a t a l l f i v e equations a r e d e r i v e d from the con d i t i o n 

of c o n t i n u i t y . As a r e s u l t any pr e s s u r e f u n c t i o n t h a t s a t i s f i e s 

the o a v i t a t i o n boundary c o n d i t i o n s , the formation boundary 

pressure c o n d i t i o n and Reynolds equation w i l l d e f i n e the s o l u t i o n 

of the streamer d e n s i t y equation and a u t o m a t i c a l l y s a t i s f y the 

formation boundary r e l a t i o n s h i p between the pressure gradient and 

the streamer d e n s i t y f u n c t i o n . 

There i s a continuous sequence of p o s s i b l e s o l u t i o n s to the 

f i e l d and boundary equations that ranges from pressure f i l m s 

extending f o r an a r c of 0 r a d i a n s to aros of 2H ra d i a n s . The 

p o s s i b l e s e t of boundary angles i s shown on f i g u r e 3.2, and a 

sample s e t of pre s s u r e s o l u t i o n s f o r an operating e c c e n t r i c i t y 

r a t i o of 0.5 are presented on f i g u r e 3.3. Each s o l u t i o n to the 

equations r e p r e s e n t s a p o s s i b l e e q u i l i b r i u m c o n d i t i o n but not 
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n e c e s s a r i l y - a r e a l i s t i o l u b r i c a t i o n s i t u a t i o n . 

T r a d i t i o n a l l y the e q u i l i b r i u m s o l u t i o n f e a t u r i n g a f i l m 

formation boundary plaoed at the p o s i t i o n of maximum olearanoe 

height has been favoured beoauee i t has a property of minimising 

some p o t e n t i a l energy f u n c t i o n s and i s i n s e n s i t i v e t o s m a l l 

ohanges of the formation boundary p o s i t i o n . I t a l s o s i m p l i f i e s 

some of the algebra. These u s u a l s o l u t i o n s are marked on 

f i g u r e s 3.2 and 3.3. The w e l l known f u l l Sommerfeld s o l u t i o n i s 

a member of the s o l u t i o n s e t presented, but the h a l f Sommerfeld 

s o l u t i o n whioh has an allowance f o r c a v i t a t i o n i s not. T h i s i s 

beoause the h a l f Sommerfeld s o l u t i o n i s the long bearing 

e q u i v a l e n t of the Ocvirk s o l u t i o n with a very simple boundary 

c o n d i t i o n t h a t does not s a t i s f y the J.F.O. boundary c r i t e r i a . 

The second kind of bearing c o n f i g u r a t i o n s t u d i e d i n c l u d e s o i l 

supply pockets. These are normally used to ensure an adequate 

supply of f r e s h o i l to the c l e a r a n c e space f o r l u b r i c a t i o n and 

co o l i n g purposes. The l u b r i c a n t supply to the o i l pocket i s 

taken to be at the ambient p r e s s u r e , as t y p i c a l bearing designs 

have a low pressure feed oompared to the mean pressure on the 

loaded s u r f a c e . The p o s i t i o n of the load bearing f i l m i n 

r e l a t i o n to the supply pockets must be considered. The p o s s i b l e 

c a s e s whioh have a f i l m ending a t a supply s l o t are not 

considered s i n c e t h i s c o n d i t i o n w i l l normally s e v e r e l y l i m i t the 

load c a r r y i n g capaoity of a bearing and are avoided during 
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bearing d e s i g n — — 

T h i s l e a v e s two d i s t i n c t f i l m c o n f i g u r a t i o n s , the l u b r i c a t i n g 

f i l m s t a r t i n g a t the o i l supply s l o t and the f i l m forming 

downstream of the s l o t . Both of these c a s e s have the f i l m 

t e r m i n a t i n g at a c a v i t a t i o n boundary according to the boundary 

c o n t i n u i t y c o n d i t i o n ( 3 . 2 ) . The l a t t e r s i t u a t i o n i s most 

u n l i k e l y sinoe i t i s the purpose of the pooket to f l o o d the 

c l e a r a n c e space and g i v e a l o o a l streamer d e n s i t y funotion equal 

to one. 

The case of the o i l f i l m s t a r t i n g at a supply pooket i s a 

subset of the f i r s t oase sinoe the pooket pressure s a t i s f i e s the 

f i l m formation pressure c o n d i t i o n of the f i r s t c o n f i g u r a t i o n . I n 

f a c t the p o s s i b l e s e t of s o l u t i o n s i s equal to f i r s t s o l u t i o n 

s e t . But a proportion of the s o l u t i o n s with the o i l supply s l o t 

i n the divergent s e c t i o n of the clearanoe spaoe a r e normally 

regarded as being u n r e a l i s t i c . The subset of s o l u t i o n s t h a t 

r e p r e s e n t the t y p i o a l oase of a v e r t i o a l load and two o i l supply 

s l o t s on the h o r i z o n t a l c e n t r e l i n e are i n d i c a t e d on f i g u r e 3.2. 

When compared with the u s u a l s o l u t i o n s , the oases r e p r e s e n t i n g 

the t y p i c a l bearing geometry are seen to have s u b s t a n t i a l l y 

d i f f e r e n t f i l m formation boundary angles. The two types of 

s o l u t i o n diverge as the operating e o o e n t r i o i t y r a t i o i n o r e a s e s . 

The corresponding f i l m p r e s s u r e p r o f i l e s have been marked on 
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f i g u r e _3_.J3 which i s f_or__a medium e c c e n t r i c i t y r a t i o of 0.5. The 

d i f f e r e n c e i n f i l m boundary angles leads to a d i f f e r e n c e i n peak 

p r e s s u r e but does not s i g n i f i c a n t l y a l t e r the p r e s s u r e p r o f i l e of 

the ourves. 

A l l the above s o l u t i o n s oan be t e s t e d a g ainst the congruency 

c o n d i t i o n s , but only one s p e c i a l oase w i l l f u l f i l l the 

requirements. The one oase i s the f u l l Sommerfeld s o l u t i o n with 

the oonstant 'Coi' equal to zero, whioh w i l l s a t i s f y the t e s t f o r 

negative r o t a t i o n but not f o r negative e c c e n t r i c i t y . Again the 

presenoe of a c a v i t a t i o n region introduces an i r r e g u l a r f e a t u r e 

whioh prevents the s o l u t i o n s s a t i s f y i n g the congruency 

c o n d i t i o n s . Hence the f u l l s o l u t i o n w i l l i n most oases be v a l i d 

for only p o s i t i v e v a l u e s of 'e, ' and 'co„ ' . 

3.4 FINITEWIDTH BEARINGS 

F i n i t e width s o l u t i o n s to the c o n t i n u i t y equations o f f e r the 

opportunity of modelling t y p i o a l bearings i n d e t a i l . The u s u a l 

boundary c o n d i t i o n s are ambient pressure at the s i d e s of the 

bearing, o i l supply pockets and the c a v i t y boundaries. Since the 

flow of o i l out of the bearing s i d e s i s modelled, i t i s necessary 

to provide for o i l supply s l o t s so that the mass content of the 

f i l m oan be maintained. Various methods f o r s o l v i n g the 

equations of c o n t i n u i t y a r e a v a i l a b l e but a l l of them r e l y on 
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_nume.r.±.oal ^evaluation a t some stage. The major problem to be-

faced i s the l o c a t i o n of the c a v i t y boundaries. Since numerical 

techniques have to be used, a oommon s o l u t i o n method i s to use a 

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

With t h i s method t h e r e i s a simple means of l o c a t i n g the 

c a v i t a t i o n a r e a based upon s e t t i n g c a l c u l a t e d v a l u e s of f l u i d 

p r e s s u r e l e s s than the c a v i t a t i o n value, equal to t h a t value. 

T h i s c o n s t r a i n s the s o l u t i o n surfaoe for pressure to pass through 

a r i n g of c a l c u l a t i o n p o i n t s at the c a v i t y p r e s s u r e , and the 

boundary surfaoe i s normally assumed to be t h a t r i n g . The 

s o l u t i o n surfaoe normally e x h i b i t s a minimum type t u r n i n g point 

c l o s e to the nodes assumed to be the c a v i t a t i o n boundary, and 

consequently approximates to the S w i f t - S t e i b e r c o n d i t i o n . 

A f i n i t e d i f f e r e n c e method has been used to generate pressure 

f i e l d s f o r f i n i t e width bearings operating a t an e c c e n t r i c i t y 

r a t i o of 0.5. I n order that the d i f f e r e n t curves may be oompared 

with s i m i l a r Oovirk and long bearing s o l u t i o n s , f i l m formation at 

the maximum olearanoe height and c a v i t a t i o n at ambient pressure 

have been assumed. The c e n t r e l i n e values of the c a l c u l a t e d 

p r e s s u r e f i e l d s are presented on f i g u r e 3.4 a g a i n s t both the long 

and s h o r t bearing s o l u t i o n s . The r e s u l t s have been m u l t i p l i e d by 

a f u n c t i o n of aspect r a t i o , as shown on the f i g u r e , to prevent 

the p r e s s u r e ourves tending to zero as the l e n g t h to diameter 

r a t i o i s reduced to s m a l l v a l u e s . 
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The c a v i t a t i o n boundary has not been looated by the method 

d e s c r i b e d above because of the coarseness of the r e s u l t s t h a t the 

method produces. The technique used was to s o l v e the f i n i t e 

d i f f e r e n c e equations, but not to o o n s t r a i n the c a v i t a t i o n 

boundary to l i e at c a l c u l a t i o n nodes. S o l u t i o n s were generated 

over a f i x e d c a l c u l a t i o n g r i d , s i z e d to be s l i g h t l y l a r g e r than 

the expected f u l l f i l m region. Then, as has been d e s c r i b e d f o r 

the long and short bearing s o l u t i o n s , p a r t s of the s o l u t i o n that 

were deemed to l i e i n the c a v i t a t i o n region were discarded. 

The extent of the f l u i d f i l m i s governed on three s i d e s by the 

o i l supply groove and the s i d e s of the bearing. Three s i d e s of 

the c a l c u l a t i o n g r i d were placed on the boundaries governed by 

the above bearing geometry, and the f o u r t h s i d e placed downstream 

of the expected c a v i t a t i o n boundary p o s i t i o n . The teohnique used 

to f i n d the r e q u i r e d s o l u t i o n to Reynolds equation can be 

envisaged as f i n d i n g v a l u e s f o r the f l u i d pressure on the fourth 

s i d e of the c a l c u l a t i o n g r i d t h a t generate the r e q u i r e d 

coincidence of zero pressure and p r e s s u r e gradient a c r o s s the 

width of the c a l c u l a t i o n g r i d . The f i l m boundary was then 

assumed to e x i s t where the oorrect c a v i t a t i o n boundary co n d i t i o n s 

appeared. 

The r e q u i r e d p r e s s u r e f i e l d was found by breaking the problem 

i n t o p a r t s and summing two types of s o l u t i o n f o r Reynolds 

equation. The f i r s t s o l u t i o n was found by s o l v i n g Reynolds 
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equation with a boundary value of zero around the whole of the 

c a l c u l a t i o n g r i d perimeter. T h i s f i r s t s o l u t i o n formed the 

fundamental p r e s s u r e f i e l d to which m u l t i p l e s of the second s e t 

of s o l u t i o n f i e l d s were added, to form the f i l m pressure f i e l d . 

Each of the second s e t of boundary v a l u e s were for zeros around 

the c a l c u l a t i o n g r i d except f o r one perimeter node which was s e t 

to u n i t y . A s o l u t i o n f o r Reynolds equation was then generated 

when each of the boundary nodes on the fourth s i d e of the 

c a l c u l a t i o n g r i d was s e t i n t u r n to u n i t y . Examination of the 

f i n i t e d i f f e r e n c e equations shows t h a t a sum of the fundamental 

p r e s s u r e f i e l d and m u l t i p l e s of the seoond s e r i e s of f i e l d s 

s a t i s f i e s Reynolds equation, and the v a l u e s of the m u l t i p l i e r s 

g i v e s the nodal p r e s s u r e s along the fourth s i d e of the 

c a l c u l a t i o n g r i d . 

The o a v i t a t i o n boundary c o n d i t i o n s were l o c a t e d by using curve 

f i t s to generate p r e s s u r e v a l u e s inbetween the c a l c u l a t i o n points 

i n the region where the o a v i t a t i o n boundary was expected to l i e . 

Then the proportions of the second s e t of s o l u t i o n s i n the 

summation were a d j u s t e d u n t i l a zero pressure gradient was 

c a l c u l a t e d t o c o i n c i d e with zero p r e s s u r e . The o a v i t a t i o n 

boundary was then assumed to be a t the p o i n t s of zero pressure, 

and c a l c u l a t e d f i l m p r e s s u r e v a l u e s beyond the o a v i t a t i o n 

boundary were d i s c a r d e d . The c a l c u l a t e d o a v i t a t i o n boundaries 

f o r the f i l m p r e s s u r e curves shown on f i g u r e 3.4 are presented on 

f i g u r e 3.5. A smooth v a r i a t i o n i n the l o c a t i o n of the o a v i t a t i o n 
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boundary i s demonstrated as the- length to diameter rat>i© i s 
changed, and the two dimensional solutions are seen to tend 
towards the l i m i t i n g long and short bearing values. 

The soaling factor used on figure 3.4 has hidden the wide 
range of peak pressures presented, but serves to hi g h l i g h t the 
fact that very l i t t l e change takes plaoe i n the p r o f i l e of the 
pressure curves as the length to diameter r a t i o changes. Thus 
some of the f i l m c h aracteristics f o r the usual and t y p i o a l long 
bearing solutions, and f i n i t e width solutions with comparable 
boundary conditions can be expected to exhi b i t broadly simil a r 
properties. 
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4 ^XHM-ie_SQI»UH^S^Q^E_EIiM_EQUA-TIQHfr 

The solutions to the steady state equations presented i n the 
previous ohapter serve only to define equilibrium conditions, a 
further dynamio analysis i s required to determine whether the 
equilibrium position i s a stable state or an unattainable 
unstable s i t u a t i o n . The assessment of s t a b i l i t y requires a 
general dynamic solution to the f u l l o o n t i n u i t i y equations. I f 
large amplitude dynamic displacements from the equilibrium 
positions are considered, the non-linear behaviour of the load 
bearing f i l m i s such that the dynamic solution cannot be related 
to the associated steady equilibrium condition. To analyse such 
large amplitude dynamic operating states the usual time marohing 
techniques have to be used. For very large dynamic o r b i t s 
approaching a c i r c u l a r path about the oentre of a p l a i n journal 
bearing, the dynamic state can be approximated by a steady state 
oondition i n the r o t a t i n g coordinate system. Since w h i r l i s 
normally expected at about h a l f the running speed, the expression 
'1-20/CL>o' i s l i k e l y t o have a small value. Thus very l i t t l e 
hydrodynamic pressure w i l l be generated to support the journal, 
henoe the large amplitude of f u l l y developed w h i r l o r b i t s . 

Motions involving small dynamic displacements can be analysed 
using perturbation techniques to give f i r s t order approximations 
for the l u b r i c a t i n g f i l m behaviour as deviations from the 
equilibrium state. The evaluation of s t a b i l i t y i s normally based 
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on the estimation of a system's dynamic behaviour a f t e r being 
displaoed by a small amount from i t s equilibrium state. Thus a 
perturbation analysis i s a suitable teohnique to use i n 
determining the dynamic characteristics of a l u b r i c a t i n g f i l m 
with respeot to s t a b i l i t y . 

The small soale dynamio o r b i t s of t y p i c a l journals have been 
observed t o be approximately e l l i p t i c a l i n shape and centred upon 
the steady state equilibrium position. A f i r s t order 
approximation t o an e l l i p t i c a l o r b i t can be achieved i n the f i x e d 
polar coordinate system by using the following equations. 

e = ec + Real(e. e x t ) where e, < < e0 

0 = 0O + Real(e, e ) and eQ 0, < < e„ 

The complex variables 'e,' , '0 ?' and 'X' allow the e l l i p t i o a l 
o r b i t to have an undefined growth time constant, o r b i t a l time 
period and phase angle between motions i n the two coordinate 
directions. This technique has been used by Marsh(22) to predict 
the s t a b i l i t y performance of gas bearings. 

The steady state solutions developed i n chapter 3 have already 
demonstrated that the f i l m pressure and streamer density f i e l d s 
depend upon the journal position, but the time derivative terms 
i n the f i e l d equations d i c t a t e that the solutions w i l l also be a 
function of t r a n s l a t i o n a l journal v e l o o i t y . Therefore the 
pressure generated i n the l u b r i c a t i n g f i l m can be expressed as 
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two Taylor s e r i e s — i n - each-coordinate direction- one series i n 
journal displacement about the equilibrium position, and the 
other i n terms of vel o c i t y . The exponential description of the 
journal displacement i m p l i c i t l y oarries with i t the velo o i t y 
information i n an aooessible form. As a result the dynamic 
pressure f i e l d can be expressed as a single Taylor series 
expansion i n terms of the complex displacement variables 'e,eXt ' 
and 'e o0 (e x t ' m u l t i p l i e d by complex c o e f f i c i e n t s . Each term i n 
the series i s composed of the complex displacement vector raised 
to a power and a complex variable representing the pressure f i e l d 
derivatives. 

I f the analysis i s r e s t r i c t e d to small displacements and 
v e l o c i t i e s the Taylor series oan be trunoated to the f i r s t two 
terms leaving a f i r s t order approximation to the dynamio pressure 
f i e l d . The streamer density f i e l d can also be treated i n the 
same way to give the following equations, expressed f i r s t i n 
series form then i n vector notation. 

p' = p; + ReaK p/e, e x t + p^6c9, e x t ) 
D = D0 + ReaK D, e, e x t + D̂ e,,©, e X b ) 

p' = p0' + ReaK [ p; , p i ] . [ e, , e oe, ] e A ) 
D = D0 + ReaK [ D, .Djt3.Ee, , e0 0, ] e X t ) 

where pf , p^ , D( and are complex 

The journal displacement expressions can be substituted i n t o the 

http://Djt3.Ee
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formula fo r film-thiekness to obtain- an -equation i n terms of the 
complex dynamic displacement variables. Neglecting second order 
terms the result i s : -

h' = 1 + e0 oos(0-0 o ) (4.3) 
+ Real( e, e x tcos(0-0 o ) + e0 0, e%t sin(0-0 o ) ) 

A useful s i m p l i f i c a t i o n to the following algebra oan be achieved 
i f at t h i s stage the fixed coordinate axes are ohosen to be 
aligned with the equilibrium state journal and bearing oentres, 
as i n the steady state solutions already desoribed. Then the 
value of '0„' i s zero and the expression f o r f i l m thickness 
reduoes t o : -

h' = 1 + €D cos(0) 
+ Real( e, exfc cos(0) + ca 0, e x t sin(0) ) (4.4) 

h' = h0' + Real( [ cos(0) , sin(0) ] . [ e, , e0 O, ] e x t ) 

Now that expressions have been derived for a l l the independent 
variables i n terms of the dynamic displacement vector, they oan 
be substituted i n t o the f i e l d equations. Considering Reynolds 
equation f i r s t the d i f f e r e n t i a l equation becomes:-
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Real(~4_fh/ dp/\ + hfh} d_( t p,', pa' ] . [ e, , e0 0, ] e X t )A 
00V d0 / d0V djaf / 

+ 3a; [ ooe(0) , sin(0) ] . [ e, , e0 9, ] e X t dp0' 

Xt x ( 4 - 5 ) 

+ 3h; [ oos(0) , sin(0) ] . [ e, , e0 G, ] e A dp; 

Real [~ H / + 6L[ oos(0) , sin(0) ] . [ e, , e0 0, ] e x t ) 
V 60 00 

+ gA [ oos(0) , sin(0) ] . [ e, , Go0, ] e X k' 

Since the variables dependent on the operating condition should 
s a t i s f y t h i s equation f o r a l l 'e,' , '0 t' and 't' , the equation 
can be divided i n t o three independent parts which must be 
s a t i s f i e d simultaneously. The three parts are:-

( i ) hfhj dp/) + (&) <L( K d P;\ = H hh: 
djzA 60 i \L) d^v dl J d0 

( i i ) <Wh/ dp,' + 3h/ oos(0) d P;\ d̂ rv 60 d0 J 

+ [R-] fiLfh/ dp,' + 3h/ cos(0) dp,' viJ <K\ 
d_< d0 

H /• d_cos(0) + 2.X COS(0")\ 
I d0 6J. J 

( i i i ) d_/ho'3 dp; + zh;xs±n(0) d P;\ 
d0\ 00 60 J 

+ (E) d_/h;36p' + 3h^ sin(0) dp.'\ 

H f d _ s i n ( 0 ) + 22 s i n ( 0 ) \ 
V 60 D0 J 

(4.6) 
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The_ f i r s t equation oan be seen to be -identioal to the- steady 
state equation (3.1), f o r which solutions have already been 
found. The remaining two equations oan be combined i n t o a single 
equation using the convenient complex notation below. 

where p̂ . = p(' + i 
and cr = 2 \ / LJ0 

I t must be noted that the complex notation has been used twioe 
and that these two uses are s t r i c t l y independent. The f i r s t use 
was to describe the motion of the journal and provides 
information about time periods and phase relationships. The 
second use i s simply a convenient method of si m p l i f y i n g the 
presentation of the problem by combining two similar equations, 
and conveys no information concerning time. The two d i f f e r e n t 
uses must not be confused and mixed during solution of the 
equation. 

The streamer density f i e l d equation oan also be transformed by 
the same techniques to give the following steady state and 
dynamic equations. 

4_fh e' to + 3h/eL'4pM + (R\* <W h / t o + 3h'e' &o'D 

t 

= H ( i e t ( * + .tr e10 ) (4.7) 
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£_(D0h.; ) = 0 
00 
a_(D 0e L' + h0'DT ) = - cr ( D„e'^ + he'DT ) (4.8) 
60 

where DT = D, + i Bz 

So f a r the mathematical description of the boundary surfaoes 
between the f u l l f i l m and ca v i t a t i o n regions has been very basic 
because of the simple requirements of steady state. The dynamic 
state requires a much more detailed description of the boundary 
p o s i t i o n and i t s movements. Sinoe the mathematical 
representation of the boundary surface i s a l i n e i n a plane, the 
instantaneous position of the boundary oan be expressed as a 
single equation. This equation oan then be parameterised to give 
an expression for the boundary position i n each coordinate 
d i r e c t i o n . Because the boundary w i l l o s o i l l a t e i n time with 
small o r b i t a l journal motions, the surface position can be 
expressed as a function of the complex journal displacement 
vector. 

The remaining t h e o r e t i c a l work on c a v i t a t i o n i n t h i s thesis 
considers only the special case of both the formation and 
ca v i t a t i o n boundaries extending from one side of the bearing to 
the other, and the boundary slope angle 'B' does not approach a 
value of ±n72 radians. Under such conditions the boundary 
p o s i t i o n i s adequately described by the circumferential 
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coordinate of the boundary sn-rfaee-as a-funetion existing^ across 
the whole of the bearing width. Thus a f i r s t order expression 
fo r the boundary location during a small o r b i t a l motion of the 
journal i s :-

0B = 0 6 P + ReaK [ 00l , 06J_ ] . [ e, , e0 0, ] e*c ) (4.9) 

The subsoript 'B' has been used t o indicate a boundary of 
a r b i t r a r y type sinoe the equation i s applicable to both formation 
and c a v i t a t i o n boundaries. The r e a l funotion ' 0ao' describes the 
steady state boundary position f o r the underlying equilibrium 
condition, and the variables '06, ' and '062/ are oomplex functions 
i n d i c a t i n g the dynamic motion of the boundary. A l l the boundary 
angle variables are expressed i n the f i x e d coordinate system. 

This f i r s t order representation has been used to derive f i r s t 
order expressions t o describe the boundary surfaoe geometry and 
motion. These expressions when substituted i n t o the boundary 
continuity equation (2.17) give the following boundary equation 
i n terms of the complex journal displacement vector and must be 
s a t i s f i e d at the instantaneous boundary position. 

( 1 - D ) ( l - <x [ 06l , 0 6 i 3 . t e, , e0 0, ] e* ) 
p' £ 1 + tan (B f l) 

H 
(4.10) 

2/BYtan(^,) [ 61 > xt MB2. ] • [ e, , e0 ©. ] e 0 

Sinoe the calculation of the boundary movement i s a part of the 
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dynamic solution, the instantaneous boundary position i s not 
known, hence the boundary values of the f i e l d variables 'p'', 'D' 
and 'h'' must be translated i n t o values at the steady equilibrium 
boundary position as below. 

P'l. = P'l, + [ K , 081 3 • I e, , 6 0 9, ] e X t 

'¥>a '^60 60 

D I = D I + r " - 1 r - - " 1 ~ X t [ 061 , 0 6 1 ] . [ e, , eD 9, ] e x t (4.11) 

h' I = h'j - € o s i n ( 0 ) l [ 0e) , 0 6 2 ] . [ e, , 6,0,] e X t 

' i % r&° 'Poo 

Substituting these expressions i n t o the boundary equation and 
expressing the r e s u l t i n the complex notation gives the following 
s t a t i c and dynamic equations to be solved at the steady state 
boundary position. 

( i ) ( 1 - DD ) - h/dp 0' ( 1 + tan" (B, ) ) = 0 
H 60 

( i i ) / t r ( 1 - D0 ) + da A06T + DT - hi dp0' 2fE\tan(B, ) 
v 60 J H d0 VL/ <k 

+ h/ ( 1 + tan (B 0 ) ) ^_/-p' + &p„' 0^6T\ (4.12) 
H d0\ 60 J 

+ 2 h; dp; ( 1 + tan*(B s)) ( - e0 sin(0) 0^ ) H d0 
0 

where 0fir = + i 0 6 i 

The dynamic equation oan be s i m p l i f i e d s l i g h t l y by making use of 
the steady state streamer and boundary equations to give :-
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+ D T 

£0 D0 ) + ( 1 
v v i J r i + t S l f l J ( 1 + tah^CB, ) ) 6T (4.13) 

|0V d0 V d0 
+ 2. ( e - ec ein(0) 0^ ) 0 

The simple i n t e r p r e t a t i o n of the boundary equation shown i n 
chapter 2 t o distinguish between the ca v i t a t i o n and formation 
boundaries has been obscured by the mass of algebra but i s s t i l l 
v a l i d . The boundary conditions found f o r the f i l m rupture 
surface are that there should be a f i l m pressure equal t o the 
cavit y pressure, zero pressure gradient and a streamer density 
function of one. The three corresponding boundary equations for 
the dynamio components of the solutions oan be deduced from the 
above equations and s i m p l i f i e d by using the steady state boundary 
conditions t o give the following three equations i n terms of the 
parameter values at the steady state c a v i t a t i o n boundary 
position. 

4P; d0 
+ dip; 0 ^ = 0 

A n t * 

0 
(4.14) 

+ 6.2_fiinl01 0 CT 0 

The formation boundary i s again described by equations 
representing two conditions. The f i r s t i s the boundary 
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c o n t i n u i t y equation (-4--1-3-)-, -which cannot —be s i m p l i f i e d ^ The 
other condition i s that the f i l m pressure should have the 
prescribed c a v i t a t i o n value at the instantaneous boundary 
pos i t i o n . This second condition oan be transposed to the steady 
state boundary looation to give to the following equation:-

PT' + dp0' 0iT = 0 (4.15) 

In the remaining sections of t h i s chapter the long and short 
bearing solutions to these equations are presented, but numerical 
solutions f o r f i n i t e length bearings have not been attempted. 

4.1 SHQSI_BEARIlJG_SQLniIQH 

The short bearing solution to the dynamic part of Reynolds 
equation follows the oourse of the steady state s o l u t i o n method 
described i n the previous chapter. Neglecting the pressure 
derivatives i n the circumferential d i r e c t i o n reduces Reynolds 
equation f o r the dynamic pressure f i e l d s to the following form. 

( B { <Lf h/ dp; + 3 h e V dp.'\ = H ( i e ^ + cr el* ) (4.16) 

V l J d%\ d? ot J 

Integrating twice gives:-

p; = ( L\ H ( i e ^ + tf e ^ ) J l \ + c, I + Cz - 3 ^ (4.17) 
VR; 2h^3 h;3 h„' 

where C( and Cx are constants of i n t e g r a t i o n 
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Substituting the usual boundary oonditions of ambient pressure at 
the sides of the bearing i s s u f f i c i e n t to evaluate both constants 
of i n t e g r a t i o n t o give the following general solution. 

PT' = -fh\ H_ J i e ^ + <f + 3f&, s i n l a m ( 1 -t?\ (4.18) 
T VR; 2h;H h; )U / 

Again there i s no f l e x i b i l i t y l e f t to consider the application of 
ca v i t a t i o n boundary oonditions, as a result the J.F.O. 
relationships oan not be used. The steady state boundary 
condition f o r i n t e r n a l oavity boundaries as stated i n the 
previous chapter i s applicable to both the s t a t i c and dynamic 
states. The steady state oavity pressure of ambient has been 
used i n the following oaloulation of the dynamio pressure f i e l d s , 
but exactly the same s t a t i c and dynamic analyses can be applied 
using other cavity pressure values. 

The oavities have been assumed to be bodies of a i r at ambient 
pressure because of the r e l a t i v e l y free access the surrounding 
atmosphere has to the ca v i t a t i o n region i n t y p i c a l bearing 
i n s t a l l a t i o n s . Thus the boundary condition for dynamic motions 
i s f i l m rupture and formation at ambient pressure. The values of 
the boundary movement parameters ' 0CT' and ' fyT' are found by 
su b s t i t u t i n g the steady and dynamic pressure f i e l d 
solutions (3.10) and (4.18) i n t o the f i r s t order approximation 
for the boundary pressure given by equations (4.11). The single 
expression r e l a t i n g to both c a v i t a t i o n and formation boundaries 
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i s a feature of only the ease—of c a v i t a t i o n at ambient pressure. 

06 = 0M + Real( o-€, e x t + 

Hence the short bearing sol u t i o n with c a v i t a t i o n at ambient 
pressure, prediots that i n general the c a v i t a t i o n and formation 
boundaries w i l l o s c i l l a t e with a f i n i t e amplitude i n response to 
journal motions. As could be expected, problems w i l l arise when 
the steady state operating e c c e n t r i c i t y i s very small and the 
presence of the e c c e n t r i c i t y parameter i n the denominator of one 
term w i l l predict large amplitude boundary motions i n response to 
small journal motions. However the perturbation solution i s only 
v a l i d f o r small values of the r a t i o '€,/ e 0', thus a f i n i t e 
boundary motion i s predioted f o r a l l small amplitude journal 
motions that w i l l s a t i s f y the l i m i t s of v a l i d i t y f or the 
analysis. 

1 

q e xt 
(4.19) 

4.2 THE_LQNG_BEARING SOLUTION 

The long bearing type of solut i o n results from assuming that 
the f i l m and cavity characteristics remain unchanged along the 
axis of a bearing. Thus a l l d i f f e r e n t i a l s with respect to 
and the boundary slope angle 'p' i n the governing equations f o r 
t h i s type of bearing are i d e n t i c a l l y equal t o zero. The long 
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bearing equation f o r ^ f i l m pressure and streamer density, and. 
t h e i r general solutions are given below. 

c__(h0' to + 3h;eL* to ^ = H (ieL<* + e r e 0 ) 

&L D ee^+ h/DT ) = - cr ( D.e^+ h0'Dr ) dp 

p' = H ( ( I . " + i i ; ) ( 1 - Icr ) (4.20) 
- 3 c e, c i " + 1 1 : ) + o„ c n + 1 1 ? ) ) 

+ CTI I2 + C T i 

DT = CT3 g'^ - D„g^ 

A l l the general c a v i t a t i o n boundary equations (4.14), and the 
formation boundary pressure value condition (4.15) remain 
unaltered by the assumption of invarianoe i n the a x i a l d i r e c t i o n . 
But the relationship between the pressure gradient and streamer 
density function (4.13) s i m p l i f i e s t o the following equation. 

^ ( 1 - D„ ) cr + ai.fc_s4n.liQ j + D r 

+ ( 1 - D. ) ( + to' 0y|/__P.' (4.21) 

+ 2 ( - e o s i n ( 0 ) ) \ = 0 
^0 ^ 

Thus there are three c a v i t a t i o n and two formation boundary 
equations to describe the boundary values of the dynamic pressure 
and streamer density f i e l d s , representing the same f i v e boundary 

http://ai.fc_s4n.liQ
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conditions-governing-the steady s t a ^ e ^ o l u t i o n s . Sinoe^bhe above 
equations have already been transformed from the instantaneous 
boundary positions they must be evaluated at the steady state 
boundary locations. 

The steady state solutions presented i n the previous chapter 
considered three d i f f e r e n t arrangements of the f u l l f i l m and 
c a v i t a t i o n regions. The f i r s t arrangement analysed had no o i l 
supply pocket to constrain the position of ei t h e r the c a v i t a t i o n 
or formation boundaries. Hence the dynamic solution f o r t h i s 
type of geometry must evaluate the motion of both boundary 
surfaoes. Sinoe there was only one f u l l f i l m region and one 
c a v i t a t i o n region the equations to be solved are found by 
s u b s t i t u t i n g the general long bearing f i e l d equations (4.20) i n t o 
the f i v e boundary conditions. The f i v e unknowns i n the set of 
equations are complex variables, two of which describe the 
dynamic pressure f i e l d s and the remaining three describe the 
streamer density, formation and c a v i t a t i o n boundaries. The set 
of equations are presented below i n matrix form where a zero 
represents an element having a value of zero, a '+' sign 
represents a non-zero constant and a '*' sign represents a 
function of '<f' . 



+ + 0 

+ 0 0 

0 0 * 

+ + 0 

+ 0 * 

The solution of these equations during a s t a b i l i t y analysis i s 
complicated by the faot that the value of ' ' i s unknown at the 
time the solution i s required. The arrangement of the various 
functions of ' ' within the set of equations implies that the 
f i v e unknowns w i l l also be functions of ' '. working through the 
matrix solution shows that the streamer density function must 
have the following relationship with . 

JL±JHz£+ZvL ^ _ ( 4 . 2 3 ) 
F e'°^ + ( G + Her ) e " ^ 0 

The remaining four variables have the following more complicated 
form of functional relationship with , where the c a p i t a l 
l e t t e r s represent constants to be evaluated for each variable. 

_ l _ A _ ± _ B c r Y_ er±_±_l_Q_±_D o i ± E ; ^ L _ l _ s l ^ r ( 4. 24 ) 
F e"^° + ( G + Kcr ) Q-rf» 

The form of the solutions show that at any given operating 
condition the constants i n the dynamic s t i f f n e s s matrix are 
functions of the r a t i o between o r b i t a l and rotational 
frequencies. The non-linear nature of these r e s u l t s makes t h i s 
bearing arrangement more d i f f i o u l t to analyse than the Ocvirk 
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0 0 = * 

+ 0 * 

+ 0 C T 3 + 

0 + 0 C T 
* 

0 * * 

( 4 . 2 2 ) 
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-solution, and no further work has been performed on t h i s type of 
bearing model. 

The second type of bearing arrangement considered i n chapter 3 
was for the film formation boundary fixed at an o i l supply s l o t . 
This arrangement i s simpler than the above solution because the 
most complicated boundary condition has been removed from the set 
of equations which have to be solved. There i s no ohange to the 
film rupture mechanisms so the same three cavitation boundary 
equations have to be solved. There i s only one formation 
boundary condition whioh i s that the dynamio pressure f i e l d s must 
have zero values at the steady state boundary position. Thus the 
dynamic pressure f i e l d i s oonstrained to be zero at both the 
steady state formation and cavitation boundaries. These two 
conditions are s u f f i c i e n t to determine the values for the 
constants of integration i n the general solutions (4.20). The 
zero pressure gradient condition serves to define the cavitation 
boundary movement variable '0 CT'. and the remaining cavitation 
boundary equation serves to f i x the streamer density function. 

Since the dynamic pressure f i e l d s are now constrained to be 
zero at both the steady state film boundary locations, the 
dynamic performance predictions w i l l be equivalent to the r e s u l t s 
obtained from analyses that have neglected the p o s s i b i l i t y of 
boundary movement. 
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The- -solution— of the- two—boundary pressure equations i s -
straight forward sinoe none of the elements i n the matrix of 
ooeffioients are functions of 'o". However the right hand side 
of these two equations are linear functions of 'f' so the 
constants i n the general equation for the dynamic pressure f i e l d s 
w i l l also be the expeoted l i n e a r functions of '<f'. 

The constants of integration in the dynamic pressure f i e l d 
equation have been solved for two sets of boundary conditions. 
F i r s t for the usual long bearing solution that assumes there i s 
an o i l supply s l o t at the steady state maximum clearance 
position, and also for the more t y p i c a l case of an o i l supply at 
the horizontal bearing centreline. The resulting dynamic 
pressure f i e l d s are presented on figure 4.1 against the Oovirk 
solutions. The Ocvirk r e s u l t s show the predicted oentreline 
pressure values for a bearing of width to diameter r a t i o equal to 
one h a l f . 

As for the steady state pressure f i e l d s , the usual long 
bearing solutions are s i m i l a r i n shape to the Oovirk predictions. 
However there i s a s i g n i f i c a n t difference i n the peak pressure 
values between the long and short bearing solutions. Because the 
pressure p r o f i l e s are broadly similar, comparable predictions for 
bearing dynamio performance can be expeoted. The cavitation 
boundary movement parameter ' h a s also been calculated for 
each of the three solutions. Sinoe '0cr' i s not only a complex 
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number but also a function of the - journal motion-, only the 
component parts of the parameter oan be evaluated and presented. 
The boundary movement parameter has been s p l i t up into component 
parts as shown i n the following equations. 

0cr = 0c i + 1 0cx 

0C, = A + W B (4.25) 
0cz = C + (f D 

For both the long and short bearing solutions 'D' i s equal to 
zero for a l l values of operating e c c e n t r i c i t y r a t i o . In addition 
the short bearing solution gives 'A' equal to zero, and 'B' equal 
to 'C. The r e s u l t s are presented on figure 4.2 and show sim i l a r 
values for the parameter components despite t h e i r different 
origins. 

The curves presented on figures 4.1 and 4.2 have been derived 
from the Ocvirk solutions which demonstrate a floating formation 
boundary position based upon u n r e a l i s t i c boundary conditions, and 
the long bearing solutions with a fixed film formation boundary 
position. Despite the fundamental differences i n the governing 
d i f f e r e n t i a l and boundary equations the curves have b a s i c a l l y the 
same shape. Since the calculated dynamic pressure f i e l d s for 
f i n i t e width bearings oan be expected to tend to the long and 
short bearing solution f i e l d s for extreme values of the length to 
diameter r a t i o , the f i n i t e width solutions can be expected to 
exhibit broadly s i m i l a r r e s u l t s for the dynamio fi l m behaviour. 
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The—dyaamie equat-±ons—(-4--22-)- f or a long ijeariiig with a—film 
formation boundary free to find i t s equilibrium position have 
been shown to generate non-linear expressions for the dynamio 
pressure f i e l d s . Sinoe short and medium f i n i t e width bearings 
are heavily influenced by the a x i a l flow of lubricant, the 
dynamio solutions for t y p i c a l short and medium width bearings oan 
be expeoted to produce r e s u l t s similar to the predictions 
generated by the Oovirk solutions. 



- 73 -

5 _ iQUEHAi^DYHAMXGS — -— -

The dynamic motion considered i n the previous chapter i s the 
r e s u l t of the journal moving i n response to the foroes aoting 
upon i t s mass. These foroes belong to either of two categories, 
the pressure force generated by the lubrioating film, or the 
applied load. Whereas the applied load i s usually known i n 
advance of the bearing design, the film force i s normally 
calculated by integrating the pressure f i e l d around the clearance 
space. I f the journal motion i s defined, the ohanging pressure 
f i e l d can be calculated. But for s t a b i l i t y analysis the small 
o r b i t a l motion i s undefined, consequently the film force 
components must be evaluated i n terms of the dynamic displacement 
veotor. 

The resultant force exerted on the journal i s found by 
integrating the f l u i d pressure around the whole of the bearing. 
Since the direction i n which the pressure force acts i s always at 
right angles to the l o c a l surface, the integration must also 
define the direction i n which the resultant force acts. The 
usual way of finding both the direction and s i z e of the net force 
i s to integrate the components of the l o c a l pressure forces i n 
convenient coordinate directions, and find the resultant by 
vector addition of the force components. 
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Because the f l u i d pressure is. exerted on a continuous surface 
e n c i r c l i n g the shaft, any hydrostatic component of the pressure 
d i s t r i b u t i o n w i l l not contribute to the net force on the journal. 
Hence the lu b r i c a t i n g film forces oan be calculated by 
integrating the difference between the pressure f i e l d and any 
arb i t r a r y value. Sinoe the cavitation region has been defined to 
be a region of constant pressure, the integration oan be 
sim p l i f i e d by summing the difference between film and cavity 
pressures. Then the integrand i s i d e n t i c a l l y equal to zero over 
the whole of the cavitation region. Hence a l l that i s required 
i s to integrate the funotion 'P - PcW ' over the f u l l film region. 

A fixed oartesian coordinate system has been used for the 
analysis of journal dynamics, with ' r ' and 's' axes along and at 
right angles to the steady state l i n e of centres shown on 
figure 5.1. Dimensional and non-dimensional film foroe 
components acting i n the fixed oartesian system are defined by 
the following equations. 

V p -* CSV/ 
( P - P CM 

) COS(GO dA 

) sin( 0 ) dA 

i < P'- P<« CflV 

i ( P'- p<< CflV 

) cos(0) dA 
) sin( 0 ) dA 

(5.1) 

where f = F / Po. RL 
and A = f u l l film region 
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Sinoe^ the— cavity boundaries haxe- been allowed to o s c i l l a t e i n 
time with the journal motion, the integration must be evaluated 
between the instantaneous boundary positions. I f the symbol 'A,' 
i s used to represent the steady state f u l l film region and ' ĉ A' 
the instantaneous difference between the dynamio and steady state 
regions, the integration can be subdivided into two parts as 
follows. 

( P ' - PC'AV ) f C 0 ) dA = F ( p'- pc;, ) f ( 0 ) dA 
J u no 

+ J^C P ' " P c ^ ) f ( « * ) dA ( 5 - 2 ) 

where f ( 0 ) represents the sine and cosine functions 

When small boundary motions are considered, the difference 
between the instantaneous f i e l d and the cavity pressures at the 
steady state boundary, i s a f i r s t order sized term. Thus the 
in t e g r a l over the area 'dA' w i l l be a second order term which can 
be neglected. Substituting the f i r s t order expression for film 
pressure into the remaining i n t e g r a l gives the following general 
approximation for the film foroes using the steady state boundary 
positions. 

1 ( P ' ~ P ^ ) f(eO dA 
+ ReaK 
J f l ° v , ( 5 . 3 ) 

[ P,'> P . ' ] . [ e, - £ 8 0 , 1 e X t f ( 0 ) dA ) 

Thus for the small scale motions expected during whirl onset, i t 
i s s u f f i c i e n t to integrate the expression for film pressure over 
the steady state f u l l f ilm region, and neglect the boundary 
motion. To simplify the following algebra i t i s convenient to 



- 76 -

juse_symb_ols_representing the pressure f i e l d i n t e grals, _fco give 
the following f i r s t order expressions for the film force 
components. 

f r f 4, + t f re , f r V ] • t €., , € 0 0, ] G ̂  
\t ( 5 - 4 ) 

5.1 EQUATIONS OF MOTION FOR THE JOURNAL 

The equations of journal motion have been derived from 
Newton's second law expressed i n the ' r - s ' cartesian coordinate 
system. Previously the journal position has been expressed i n 
polar coordinates, but i s e a s i l y transformed into the cartesian 
system by the usual set of transformation equations. The 
expressions describing the journal position, and t h e i r f i r s t 
order approximations for small journal motions are:-

r = Real( C e cos( 9 - eo ) ) 
s = Real( C e sin( 9 - 0O ) ) 

(5.5) 
r = Real( G ( €, + e, e x t ) ) 
s = Real( C e.e, e x f c ) 

Hence Newton's second law of motion for the journal i s as 
follows, where the subscript 'A' indicates force components of 
the applied load. 



- 77 -

P aRL ( ffl'r + f; ) = ReaK MCX'e, e x t ) 
P^RL ( f' + f' ) fls ReaK MG X̂ e, 9, e x t ) 

(5.6) 

Substituting the f i r s t order expressions (5.4) for the film 
forces into the equations of motion, and expressing the resulting 
equation i n matrix form gives:-

f' + f' + f' 
•'•re. 

f' 
±r9-

f' + f ' f ' 

where = _M and 

xt 

6 0 

(5.7) 
4PoRL 0, 

When the bearing i s operating under a steady load the sum of the 
applied load and the steady film foroe components i s i d e n t i c a l l y 
equal to zero. Thus the l e f t hand matrix of t h i s l a s t equation 
vanishes to leave an eigenvalue problem. 

Chapter 4 has shown that the Ocvirk and the common long 
bearing dynamic pressure f i e l d solutions to Reynolds equation are 
li n e a r functions of '<f . Hence the re s u l t of integrating these 
pressure f i e l d s i s to generate dynamic film force components that 
are also l i n e a r functions of '<*". The co e f f i c i e n t s of '<*"' i n 
these f i r s t order expressions are equivalent to s t i f f n e s s and 
damping parameters i n an ordinary mass spring damper system. I t 
should be noted that the mathematical concept of s t i f f n e s s has 
been used for these c o e f f i c i e n t s which i s equal to minus one 
times the normal engineering d e f i n i t i o n of s t i f f n e s s . Because of 
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the s i m i l a r i t y be_t.w_e.en_ the film _equations and. spring- damper-
systems, the matrix of film force components expressed as 
functions of as set out below, i s often c a l l e d the 
s t i f f n e s s matrix of a bearing. 

f' 
re 

f' A„ + cr B„ 
f ' An + if Bz, A 2.2, + y B 2 I 

(5.8) 

[ A(<r)] 

Substituting the dynamic s t i f f n e s s matrix for the film force 
components into the matrix equation of motion, gives the 
following equation for unforoed journal motion. 

+ cr B„ A/2. + cr Bii. 
A 2/ + tf B;zj A 2.2. + Bz2-

= u 

« , © I 

(5.9) 

Sinoe the parameter 'cr' appears i n both the expression for the 
eigenvalue and the dynamic s t i f f n e s s matrix, the common solution 
techniques for finding eigenvalues are not appropriate. The 
unknown variables i n t h i s equation are '£' and '<*" , hence the 
solution requires pairs of these parameters that s a t i s f y the 
equation. The condition for solving the eigenvalue problem and 
hence the equations of motion i s : -

Det ' i a. + if B (5.10) 
A2I + c r Bi, A 2 i + cr B 2 i -

This determinant forms the c h a r a c t e r i s t i c equation for the 

http://be_t.w_e.en_
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dynamic system comprising—the jr.otor mass and the- lubrioating-
film. I n general there are two modes of dynamic motion since the 
system has two degrees of freedom. Eaoh mode shape i s defined by 
the eigenvector and i t s relationship with time i s defined by the 
non-dimensional time constant 'cf' . The particular solution of 
most i n t e r e s t i s the oase when '<f' i s wholly imaginary, as t h i s 
condition defines a neutrally stable state that normally e x i s t s 
at the s t a b i l i t y boundary between stable and unstable operating 
regions. By substituting a wholly imaginary variable for '<*' i n 
the equations of motion, forces the c h a r a c t e r i s t i c equation to 
y i e l d the mode of vibration r e l a t i n g to the s t a b i l i t y boundary. 

The solutions derived by t h i s method define only one mode of 
vibration whilst the second mode remains unknown. Since there i s 
normally no simple algebraic l i n k between the c o e f f i c i e n t s of the 
c h a r a c t e r i s t i c equation and the res u l t i n g non-dimensional time 
constants, numerical techniques must be used to find time 
constants for a l l the modes of vibration at each operating 
oondition. For a simple assessment of journal s t a b i l i t y i t i s 
not neoessary to check a l l the modes of vibration, since Routh's 
c r i t e r i o n l i n k s the c o e f f i c i e n t s of the c h a r a c t e r i s t i c equation 
with the system s t a b i l i t y . 

I n the equation below 'ik' has been substituted for the 
variable '<f' . The parameter 'k' w i l l be referred to as the 
non-dimensional frequency r a t i o since i t i s equal to the o r b i t a l 
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frequency divided byJhalf- the rotational frequenoy_, 

Det 

where 

+ i kB„ + % k* 
AZ) + i kB XI 

k = 
Do 

A , + i kB ( i 

A2L + i kB^ + # k 
0 (5.11) 

Sinoe the solutions to t h i s equation describe important atributes 
of the lubricating film r e l a t i n g to the c r i t i c a l condition of 
whirl onset, the set of values s a t i s f y i n g the equation have been 
given the symbols '8 C' and 'kc'. Expanding the determinant gives 
two equations of r e a l variables to be solved simultaneously. 

A M A^ji A,i An k ( B|, B2a_ — B,̂  B̂ , ) 

+ *k*( A„ + A^ ) + ( Xk^f 

k ( ( A„ B2Z + A 2 iB„ - A r i Bal - AAL Bia. ) 
- V\t ( B„ + BZ2_ ) ) 

0 

0 

(5.12) 

The general solution to these equations can be expeoted to give a 
value of about one for 'k', sinoe the usual behaviour of a 
bearing on the s t a b i l i t y boundary i s to exhibit a small o r b i t a l 
motion at half the journal running speed. There i s also the 
t r i v i a l solution which requires that 'k' i s equal to zero and the 
s t i f f n e s s c o e f f i c i e n t s of the dynamic s t i f f n e s s matrix form a 
matrix with a zero determinant. 

k = 0 and A u A 5 | 0 (5.13) 
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5 .^ SIGHJF-ICANCE-J3F—THE-DYNAMXC STIFFNESS MATRIX EIGENVALUES ._ 

The eigenvalues of the dynamic s t i f f n e s s matrix represent the 
l u b r i c a t i n g film's resistance to motion as the journal performs 
an orbit defined by the associated eigenvector. For the 
p a r t i c u l a r case of a r e a l eigenvalue, the equations desoribe a 
simple mechanical system consisting of springs but not dampers. 
Thus as the journal performs the prescribed orbit at the 
prescribed frequency r a t i o 'k c' the film acts i n the same manner 
as two springs acting at right angles to each other, each with a 
non-dimensional s t i f f n e s s equal to minus one times the r e a l 
eigenvalue. The previous section has shown that when a journal 
i s operating at the s t a b i l i t y boundary, i t s non-dimensional 
dynamic s t i f f n e s s matrix does have a r e a l eigenvalue which i s 
equal to '-&k*'. Hence at t h i s whirl onset condition the dynamic 
performance of the film can be completely represented by an 
axisymmetric spring with a s t i f f n e s s equal to P aRL 4 k c / C . 

In general increasing the steady component of the applied load 
generates a journal movement which has a component at right 
angles to the direction of the applied load. The shape of 
t y p i c a l steady state operating curves show that there i s always 
one p a r t i c u l a r operating e c c e n t r i c i t y at which increasing the 
magnitude of the applied load causes a journal displacement i n 
the direction of the load l i n e . This condition w i l l be c a l l e d 
the nose of the steady state running curve and i s an example of 
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an operating condition with a principal direction of loading. 
The incremental s t a t i c s t i f f n e s s of the lubricating film at the 
nose of the steady state curve can be described by the following 
matrix equation.The displacements 'x„' and 'xH ' are i n directions 
along and at right angles to the applied load, and the terms 'S'' 
represent the s t i f f n e s s of the lubricating film to incremental 
loads 'f ; ' and ' ± 7 ' . 

f' 
V 

= 
" 

f' 0 S H H 

The d e f i n i t i o n of a p r i n c i p a l direction of loading has been taken 
to be any direction for which the journal displacement i s along 
the l i n e of action of the incremental load producing the 
displacement. The s i t u a t i o n i s characterised by an incremental 
s t a t i c s t i f f n e s s matrix with a zero on the minor diagonal. Such 
a matrix has two r e a l eigenvalues ' Sv'v ' and 'Srt'H By d e f i n i t i o n 
the above matrix of s t a t i c s t i f f n e s s terms i s equal to the 
dynamic s t i f f n e s s matrix for a motion with zero time constant and 
o r b i t a l frequency 'kc ' , transformed by rotation through an angle 
equal to the attitude angle. The occurrence of a r e a l eigenvalue 
for the dynamic s t i f f n e s s matrix has been shown to be associated 
with a neutrally stable operating condition. Thus the nose of 
the steady state operating curve may exhibit some special dynamic 
c h a r a c t e r i s t i c s , p a r t i c u l a r l y as most s t a b i l i t y r e s u l t s have been 
obtained for operating e c c e n t r i c i t i e s l e s s than the value at 
which the nose occurs. 
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I f the steady _state s t i f f n e s s c h a r a c t e r i s t i c s of journal 
bearing systems can be shown to have p r i n c i p a l directions of 
loading over a wide range of operating e c o e n t r i o i t i e s , the nose 
of the steady state curve w i l l only be a par t i c u l a r example of a 
more general phenomenon. Since t h i s phenomenon i s determined by 
only the s t i f f n e s s elements of the dynamic s t i f f n e s s matrix, and 
i s independent of the damping c o e f f i c i e n t s , the fact that 
p r i n c i p a l directions of motion exist i s unli k e l y to imply any 
s p e c i a l dynamic c h a r a c t e r i s t i c s . 

I f a prinoipal d i r e c t i o n of loading e x i s t s there must be a 
rotat i o n a l transformation of the dynamic s t i f f n e s s matrix which 
produoes a zero s t i f f n e s s term on the minor diagonal. I f 'oc' 

represents the angle through which the dynamic s t i f f n e s s matrix 
i s transformed, the condition for a p r i n c i p a l direction of 
loading i s : -

( AIZ + A2( ) cos(2<*) - ( A„ - A^ ) sin(2o0 
(5.15) 

± ( A,* - A A L ) = 0 

The general solution to t h i s equation i s : -
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o< = _ L ( n n ± c £ - B ) 
2 

where n i s an a r b i t r a r y i n t e g e r 
C 0 8(oc) = A't - A*i 

/ ( A „ + A „ T~+ TA^ - A 1 L )* (5.16) 
cos(B) = A,*. + At. , 

/ ( A1JL + A 2 , f + ( A„ - Aja X" 
sin(B) = A„ - A»* 

r yc A a + Aai y + ( A„ - A „ r ' 

The nose of the steady s t a t e operating curve i s known t o s a t i s f y 
t h i s c o n d i t i o n when the t r a n s f o r m a t i o n angle 'oc' i s equal t o the 
a t t i t u d e angle. But f o r small operating e c c e n t r i c i t i e s the 
j o u r n a l displacement i s always approximately at r i g h t angles t o 
the d i r e c t i o n of the a p p l i e d load, thus a p r i n c i p a l d i r e c t i o n 
does not e x i s t f o r l i g h t l y loaded operating c o n d i t i o n s . 

Figure 5.2 shows the p r i n c i p a l d i r e c t i o n s of loading when the 
Ocvirk s o l u t i o n values are s u b s t i t u t e d f o r the elements of the 
dynamic s t i f f n e s s matrix. The curves show t h a t there are no 
p r i n c i p a l d i r e c t i o n s of loading f o r operating e c c e n t r i c i t y r a t i o s 
of l e s s than about 0.6. The nose of the steady s t a t e operating 
curve i s p r e d i c t e d t o occur at an e c c e n t r i c i t y r a t i o of 
approximately 0.663, which i s w i t h i n the operating range t h a t 
e x h i b i t s p r i n c i p a l d i r e c t i o n s of loading. I n the next s e c t i o n 
t h i s e c c e n t r i c i t y value i s compared w i t h the operating 
e c o e n t r i o i t y f o r which the short bearing theory p r e d i c t s a 
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c r i t i c a l frequency r a t i o equal t o zero. Thus the Ocvirk s o l u t i o n 
demonstrates t h a t the nose of the steady s t a t e curve i s not a 
s i n g u l a r i t y but p a r t of a continuous s e r i e s of p r i n c i p a l 
d i r e c t i o n s of lo a d i n g . 

Further the c o n d i t i o n f o r the angle '$' t o e x i s t i s also the 
c o n d i t i o n f o r th e r e t o be r e a l eigenvalues f o r the incremental 
s t a t i c s t i f f n e s s m a t r i x . Thus i f an operating c o n d i t i o n e x i s t s 
f o r which the o r b i t a l frequency on the s t a b i l i t y boundary i s 
zero, there must be a p r i n c i p a l d i r e c t i o n of loading at t h a t 
c o n d i t i o n , but the converse i s not neoessarily t r u e . 

5.3 £HQRT_BEABING_ST£BILITY 

The previous ohapters have developed simple a l g e b r a i c 
expressions f o r the short bearing steady s t a t e and dynamic 
pressure f i e l d s o l u t i o n s t o Reynolds equation. I n t e g r a t i n g t he 
pressure f i e l d s between the steady s t a t e f i l m boundaries, as 
shown above, gives the f o l l o w i n g expressions f o r the steady s t a t e 
and dynamic forc e components. 
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z 

VRjl2 ( 1 -6/ ) 

fs'0 = fL\_E feu H. 
\RJl2 2 ( 1 -e* ) 3 / i 

U J l 2 \ ( 1 -e^ ) 3 2 ( 1 -e^ )S/*J (5.17) 
f r; = A L { _ H f -xr + tr 

U J 1 2 I 2 ( 1 -€."• ( 1 -e* )* 

I R A 2 V 2 ( 1 -ei ( 1 -et )" 

b J l 2 I ( 1 -e.a T 2 ( 1 ) 3 4 

The congruent operating c o n d i t i o n s shown on f i g u r e 3.1 suggest 
t h a t both the steady s t a t e force components should be odd 
f u n c t i o n s of e c c e n t r i c i t y , and t h a t the r a d i a l and t a n g e n t i a l 
components should be r e s p e c t i v e l y even and odd f u n c t i o n s of the 
c o m p r e s s i b i l i t y number 'H'. However since the steady s t a t e 
pressure f i e l d s have been shown t o be v a l i d f o r only p o s i t i v e 
values of both e c c e n t r i c i t y and c o m p r e s s i b i l i t y number, the 
steady s t a t e foroe components w i l l only be v a l i d over the same 
ranges. Hence the a l g e b r a i c expressions need not e x h i b i t the 
f u n c t i o n r e l a t i o n s h i p s described. 

S u b s t i t u t i n g the expressions f o r the dynamic f o r c e components 
i n t o the equations f o r the s t a b i l i t y boundary, and s o l v i n g f o r 
the c r i t i c a l values of the s t a b i l i t y parameter and 
non-dimensional frequency r a t i o , gives the f o l l o w i n g r e s u l t s . 

file:///RJl2
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_H 
12 

^!2±fcLll2±£LJLiir!Xi±2£Ll_=lfi£Ll 
(l-e„z ) (n2 (4+8eS -36^ -7e.6 -2ef ) -16e* ( l+8e: + 3<C )) 
lsll^±a&L-2£l-2£L-2£Ll_-ie£Lli±S£L±3^_ii (2+e: y ci-er xn 3 ( i+2t: ) -lee) 

(5.18) 

12 
2fcsJL2±£Ll_ 

These r e s u l t s are equivalent t o the expressions derived by 
Holmes(7), who used a d i f f e r e n t s o l u t i o n technique. The values 
of these f u n c t i o n s and the associated c r i t i c a l eigenvalues are 
p l o t t e d on f i g u r e 5.3. 

There i s a p a r t i c u l a r value of operating e c o e n t r i o i t y f o r 
which the frequency of the n e u t r a l l y s t a b l e o r b i t has tended t o 
zero. At t h i s operating o o n d i t i o n the c r i t i c a l eigenvalue has 
remained non-zero since the c r i t i c a l s t a b i l i t y parameter has 
tended t o i n f i n i t y . ^Because the eigenvalue has remained f i n i t e 
the s o l u t i o n i s not the t r i v i a l s o l u t i o n r e f e r r e d t o at the end 
of s e c t i o n 5.1, but the c r i t i c a l eigenvalue i s equal t o one of 
the eigenvalues of the s t a t i c s t i f f n e s s m a t r i x . Whereas the 
s t a b i l i t y boundary comes t o an end at an e c c e n t r i c i t y r a t i o of 
about 0.756, the nose of the Ocvirk steady s t a t e running curve 
occurs at an e c c e n t r i c i t y of about 0.663, emphasising the 
d i f f e r e n c e between the two c o n d i t i o n s . 
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Experience with, the s o l u t i o n s j t o the c h a r a c t e r i s t i c equation 
has shown t h a t i f one mode of v i b r a t i o n has a wholly imaginary 
non-dimensional time constant, the other mode of v i b r a t i o n has a 
time constant w i t h a negative r e a l p a r t . This i n d i c a t e s t h a t the 
second mode i s s t a b l e and t h a t the s t a b i l i t y boundary f o r the 
f i r s t mode can be observed. I n the operating region f o r 
e c c e n t r i c i t i e s greater than 0.756 experience shows t h a t the 
equations p r e d i o t both modes of v i b r a t i o n w i l l always be s t a b l e . 

Adding together the steady s t a t e f o r c e components gives the 
f o l l o w i n g expressions f o r the a p p l i e d load and a t t i t u d e angle 
p r e d i c t e d by the short bearing theory. 

f / = f L V H v/si_±_l_ 16_-_nll_£.»' 
VRA2 2 ( 1 - fc* T (5.19) 

o< = tan*' f - ff C 1 - e.a \ 

Since the s o l u t i o n s t o the governing equations f o r incompressible 
l u b r i c a n t s p r e d i o t the pressure f i e l d s and force components t o be 
p r o p o r t i o n a l t o the s h a f t speed, a simple design chart can be 
constructed t o show the steady s t a t e running r e l a t i o n s h i p and the 
st a b l e running l i m i t of a bearing. Using the Ocvirk s o l u t i o n s 
the f o l l o w i n g simple expressions can be derived f o r the operating 
speed and w h i r l onset speed i n terms of the bearing geometry, o i l 
v i s c o s i t y and known f u n c t i o n s of e c c e n t r i c i t y . 
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0Jo = ( LQAD 2.G* \ 1 
I ^iRL J f s s ( £ j ) (5.20) 

= f SuRL* \ f U, ) 

The f u n o t i o n s of e o o e n t r i o i t y ' f s 5 ' and ' f D ' are defined by the 
Oovirk s o l u t i o n s (5.18) and (5.19). Thus curves f o r various 
values of the parameters 'LOAD 2C*/ pRL ' and '2jiRL3 / MRC3' can 
be drawn against axes of e o c e n t r i o i t y and r o t a t i o n a l speed. 
Figure 5.4 shows the r e s u l t i n g design c h a r t . The steady s t a t e 
o p e r a t i n g curve f o r a p a r t i c u l a r i n s t a l l a t i o n can be found by 
i n t e r p o l a t i o n , and fo l l o w e d from low speed h i g h e c c e n t r i c i t y up 
t o the s t a b i l i t y l i m i t p r e d i c t e d by the Ocvirk s o l u t i o n s . The 
chart has been drawn f o r low r o t a t i o n a l speeds, but can be 
extended t o higher values by successively adding one t o the 
v e r t i c a l scale values and m u l t i p l y i n g the curve l a b e l s by t e n . 

5.4 LQM2_BEARIHG_£TABILITY 

The previous chapter has shown t h a t the expressions f o r the 
dynamic pressure f i e l d s generated by a long bearing w i t h a f i x e d 
f i l m f o r m a t i o n boundary are als o l i n e a r f u n c t i o n s of . Hence 
i n t e g r a t i n g these pressure f i e l d s w i l l produce constants f o r the 
s t i f f n e s s and damping c o e f f i c i e n t s i n the bearing's dynamic 
s t i f f n e s s m a t r i x . Thus the a n a l y s i s of bearing s t a b i l i t y w i t h 
these c o e f f i c i e n t s w i l l f o l l o w the equations set out at the 
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beginning of t h i s chapter., and demonstrated on the _ short _ bearing 
s o l u t i o n . However the f l o a t i n g f i l m f o r m a t i o n boundary case 
i d e n t i f i e d , but not pursued, would produce f u n c t i o n s of 'ff' f o r 
the s t i f f n e s s and damping c o e f f i c i e n t s . 

The long bearing pressure f i e l d s presented i n t h e l a s t chapter 
were generated using numerical techniques, consequently numerioal 
i n t e g r a t i o n has been used t o evaluate the long bearing s t i f f n e s s 
and damping c o e f f i c i e n t s . The s t a b i l i t y parameters r e s u l t i n g 
from s u b s t i t u t i n g the s t i f f n e s s and damping c o e f f i c i e n t s i n t o the 
s t a b i l i t y equations, are shown on f i g u r e 5.5. The general shape 
of the curves are s i m i l a r t o the short bearing r e s u l t s , w i t h the 
c r i t i c a l s t a b i l i t y parameter tending t o i n f i n i t y f o r 
e c c e n t r i c i t i e s i n the range 0.7 t o 0.8, but a s i g n i f i c a n t 
v a r i a t i o n i n the o r i t i o a l frequency r a t i o i s shown. The long 
bearing r e s u l t s are not d i r e c t l y comparable w i t h the Oovirk 
s o l u t i o n s beoause of the l e n g t h t o diameter r a t i o e f f e c t , but 
when compared on the same basis as the steady s t a t e pressure 
f i e l d s shown on f i g u r e 3.4, the long bearing s t a b i l i t y parameters 
take values s i g n i f i c a n t l y l e s s than the Ocvirk s o l u t i o n s . 

The e f f e c t s of changing the f i l m f o r m a t i o n boundary p o s i t i o n 
on the f i l m ' s o r i t i o a l s t a b i l i t y parameters are shown f o r an 
operating e c c e n t r i c i t y r a t i o of 0.5, on f i g u r e 5.6. Generally 
the c r i t i c a l s t a b i l i t y parameter values are seen t o f a l l as the 
l u b r i c a t i n g f i l m l e n g t h i s decreased, i n d i c a t i n g a r e d u c t i o n i n 
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the __st_able operating range... The c r i t i c a l frequency r a t i o 
parameter i s seen t o r i s e s t e a d i l y t o values t h a t are not 
normally observed, but t h i s may be because a j o u r n a l operating 
w i t h such short l u b r i c a t i n g f i l m s have not been t e s t e d . Thus 
ope r a t i n g a severely s t a r v e d bearing or decreasing the working 
surface i n the loaded arc of a bearing can be expected t o have a 
d e s t a b i l i s i n g e f f e c t . 
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6 _ JOURNAL AND BEARING DYNAMICS 

The equations of motion f o r a bearing mounted on a f l e x i b l e 
support s t r u c t u r e are a simple extension t o the system of 
equations d e s c r i b i n g j o u r n a l motion. The equations which w i l l be 
de r i v e d have a wide range of a p p l i c a t i o n sinoe they are s i m i l a r 
t o those representing a f l e x i b l e s h a f t supported by j o u r n a l 
bearings on f i r m foundations. Thus the equations of j o u r n a l and 
bearing dynamics describe s i m p l i f i e d forms of two common s h a f t 
and bearing arrangements. 

The coordinate system t h a t has been used f o r the an a l y s i s of 
j o u r n a l dynamics has i t s o r i g i n at the geometric oentre of the 
bearing. Thus the f i l m f o r c e expressions d e r i v e d i n the l a s t 
ohapter are a p p l i c a b l e t o the study of j o u r n a l and bearing 
dynamics, provided t h a t displacements i n the 'e-Q' po l a r 
coordinate system are recognised as j o u r n a l displacements 
r e l a t i v e t o the bearing, and are not assumed t o be absolute 
j o u r n a l displacements. Thus the absolute j o u r n a l p o s i t i o n i s the 
vector sum of the bearing displacement, and the r e l a t i v e j o u r n a l 
p o s i t i o n i n 'e-9' coordinates. I f the symbols 'Rc' and 'S&' are 
used t o represent the bearing p o s i t i o n i n the f i x e d ' r ' and 's' 
axes, as shown by f i g u r e 5.1, the equations f o r j o u r n a l and 
bearing motions are as f o l l o w s . 
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C€ + P a R L f ' + f ; 
C<̂ 0 + + 

R e 
= - Pa_ R L Srfr Rfi - Re 

Se CM5 S6 

where 
= Rotor mass 
= Bearing mass 

s M r 
= Mounting s t i f f n e s s i n the ' r ' d i r e c t i o n 
= Mounting s t i f f n e s s i n the 's' d i r e c t i o n 
= Mounting damping i n the 'r ' d i r e c t i o n 

CMS = Mounting damping i n the 's ' d i r e c t i o n 

Since the bearing and j o u r n a l displacements w i l l normally have 
the same f u n c t i o n a l r e l a t i o n s h i p w i t h time, the bearing p o s i t i o n 
oan be expressed as f o l l o w s . 

R 6 = R 6 o + R E A L ( C Rg, e X f c ) 
vt ( 6 - 2 ) 

S6 = Sea + R E A L ( C e x c ) 

For unforced motions of the system, the steady component of the 
f i l m f o r c e w i l l be equal and opposite t o the a p p l i e d load and the 
steady oomponent of the mounting r e a c t i o n . Thus the dynamic 
c h a r a c t e r i s t i c s of the system are described by the f o l l o w i n g set 
of equations. 
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R E A L 

R E A L 

+ Re' 
ea 9, + 8' 

R E A L Po R L f ' 
f/e f=,6 39- e„ 9, 

— '— - —' 

Rb'i e x t" = R E A L "Pa R L f ' 
(6 

f ' fs£ 

- C R f i' - c x Rgi 

C S6'| c x Sfl'i _ 

These two equations can be made non-dimensional and combined t o 
form the f o l l o w i n g m a t r i x equation. 

0 0 
0 \ar 0 \& 
0 0 0 Roi 
0 0 0 

where 

f ' 
x re f ' 
-f ' 
-f ' x5e 

f/fr 

-f ' 

4P„ R L 

(6.4) 

0 0 
0 0 e0 e, 

0 Rg' 
o -s;s 

P „ R L PA. RL2 

This equation i s too general f o r s i g n i f i c a n t s i m p l i f i c a t i o n s t o 
be made by a l g e b r a i c manipulation. However the matrix 
r e p r e s e n t i n g an axisymmetric mounting can be expressed i n a more 
convenient form making use of the dynamic s t i f f n e s s m a t r i x . 
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0 
(6.5) 

The c h a r a c t e r i s t i c equation f o r the system i s deri v e d from the 
determinant of the m a t r i x of c o e f f i c i e n t s . The general s o l u t i o n 
gives up t o four o r b i t a l modes of v i b r a t i o n w i t h t h e i r associated 
values of non-dimensional time constant 'cs" . 

There are three basic s t a b i l i t y c o n d i t i o n s t h a t can be 
observed. I f a l l the fo u r values of 'C' have negative r e a l 
p a r t s , the equations represent a s t a b l e operating c o n d i t i o n , and 
small disturbances t o the system w i l l r e s u l t i n a decaying 
o r b i t a l motion as the system r e t u r n s t o i t s e q u i l i b r i u m p o s i t i o n . 
I f t h r e e values have negative r e a l p a r t s and the f o u r t h i s wholly 
imaginary the system w i l l be operating at the s t a b i l i t y boundary. 
I n t h i s s t a t e a small random disturbance w i l l i n i t i a t e an o r b i t a l 
motion t h a t p e r s i s t s i n d e f i n i t e l y . The t h i r d c o n d i t i o n i s f o r 
one or more of the r e a l p a r t s t o have a p o s i t i v e value, i n which 
case the system w i l l be unstable. Upon reaching t h i s f i n a l type 
of o p e r a t i n g c o n d i t i o n the system w i l l r a p i d l y develop l a r g e 
amplitude motions and s e t t l e a t a new c o n d i t i o n of f u l l y 
developed w h i r l . Due t o the non-linear nature of l u b r i c a t i n g 
f i l m behaviour, the c h a r a c t e r i s t i c equation i s only a p p l i c a b l e 
f o r small amplitude motions about the steady e q u i l i b r i u m 
p o s i t i o n . The system response t o a l a r g e disturbance cannot be 

[ A ] 

c;cr+ s^) i 
€, 

Set 
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p r e d i c t e d by these equations, nor the growth of small w h i r l 
o r b i t s i n t o f u l l y developed w h i r l . 

As i n the case of j o u r n a l dynamics, s u b s t i t u t i n g the v a r i a b l e 
' i k ' f o r the non-dimensional time constant '6' w i l l f o r c e the 
equation (6.5) t o y i e l d the modes of v i b r a t i o n whioh d e f i n e the 
s t a b i l i t y boundary. Further dramatic s i m p l i f i c a t i o n r e s u l t s from 
examination of a system w i t h no mounting damping. The 
c h a r a c t e r i s t i c equation f o r an undamped system can be expressed 
as: -

( s; - y R 6k^) Det [ A ( i k ) ] + \ k f £ii_-_̂ L_k/ 
S' - **6 k 

•x. = 0 (6.6) 

The c o e f f i c i e n t of the u n i t m a t r i x ' I ' i n t h i s equation i s 
composed of r e a l v a r i a b l e s , hence the c o e f f i c i e n t i t s e l f i s a 
r e a l number. Comparing t h i s equation w i t h the corresponding 
equation (5.11) f o r j o u r n a l motion, shows t h a t the mathematical 
problem has already been presented and solved. The r e a l 
c o e f f i c i e n t must have the same value as the r e a l eigenvalues of 
the dynamic s t i f f n e s s m atrix. I n p a r t i c u l a r the value of the 
frequency r a t i o parameter f o r a n e u t r a l l y s t a b l e o r b i t i s equal 
t o t h e f i l m ' s c r i t i c a l frequency r a t i o at the same e c c e n t r i c i t y 
r a t i o . Thus a s t a b i l i t y boundary e x i s t s at operating c o n d i t i o n s 
t h a t s a t i s f y the f o l l o w i n g equations. 

k = k e and X. k* = \ ( *a ko - ^ (6.7) 
&e k c - Sr'i 
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Since a l l the v a r i a b l e s , i n t h i s equation, w i t h - t h e exception of 
the mounting s t i f f n e s s parameter 'SA ', are predefined f u n c t i o n s 
of the operating c o n d i t i o n , the equation i s best presented t o 
d e f i n e the o r i t i o a l mounting s t i f f n e s s at which the s t a b i l i t y 
boundaries l i e . 

Thus the r i g h t hand side of t h i s equation can be evaluated f o r a 
range of e o c e n t r i c i t y r a t i o s t o f i n d the c r i t i c a l mounting 
s t i f f n e s s e s f o r various operating c o n d i t i o n s . Examining 
equation (6.8) shows t h a t the c r i t i c a l mounting s t i f f n e s s values 
w i l l be negative i f the operating s t a b i l i t y parameter ' l i e s 
i n the range ' #c< XR < ( # c / #6 ) ' . The upper and lower l i m i t s 
represent a zero s t i f f n e s s and an i n f i n i t e l y s t i f f mounting 
r e s p e c t i v e l y . Thus there i s an operating region f o r which the 
theory p r e d i c t s t h a t there are no c r i t i c a l mounting s t i f f n e s s 
values. 

The r i g i d mounting case l i e s at the lower side of t h i s region 
f o r which no n e u t r a l l y s t a b l e operating c o n d i t i o n s are p r e d i c t e d 
t o e x i s t . Hence p r o g r e s s i v e l y reducing the mounting s t i f f n e s s 
can not make the system more s t a b l e . Both the long and short 
bearing s t a b i l i t y s o l u t i o n s which have been presented, show the 
l u b r i c a t i n g f i l m ' s c r i t i c a l s t a b i l i t y parameter tending t o 
i n f i n i t y a t a c e r t a i n e c c e n t r i c i t y r a t i o , w h i l s t the dynamic 

+ (6.8) 
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s t i f f n e s s , remains f i n i t e . . S u b s t i t u t i n g an i n f i n i t e c r i t i c a l 
s t a b i l i t y parameter ' ' and a f i n i t e value f o r the dynamic 
s t i f f n e s s ' ^ k ^ ' i n t o equation ( 6 . 8 ) , shows t h a t t h i s c o n d i t i o n 
i s associated w i t h a zero c r i t i c a l mounting s t i f f n e s s . These two 
l i m i t i n g oases form the operating c o n d i t i o n s at the extremes of 
the lower w h i r l onset boundary shown on f i g u r e 6.1. 

The upper boundary of the r e g i o n which does not e x h i b i t a 
s t a b i l i t y boundary i s marked by a zero mounting s t i f f n e s s 
c o n d i t i o n . Therefore the s t a b i l i t y boundary curve o r i g i n a t i n g 
from t h i s p o i n t must r i s e w i t h i n c r e a s i n g mounting s t i f f n e s s . 
This second o r i t i c a l o perating c o n d i t i o n has been marked on 
f i g u r e 6.1 as the second w h i r l onset boundary. I f t h i s were the 
r e a l s i t u a t i o n then the second c r i t i c a l c o n d i t i o n could never be 
observed, as the theory does not p r e d i c t a s t a b l e operating 
r e g i o n immediately below the second w h i r l onset boundary. 

The sketch 6.1 can be compared w i t h f i g u r e 6.2 which de p i c t s 
the t y p i c a l observed behaviour f o r s e l f a c t i n g p l a i n gas bearings 
r e p o r t e d by Marsh(23) and Simmons(24). The f a c t t h a t the f i r s t 
onset boundary does not extend t o the zero mounting s t i f f n e s s 
case i s explained l a t e r . Results presented i n chapter 8 of t h i s 
t h e s i s show t h a t o i l l u b r i c a t e d bearings also e x h i b i t the type of 
behaviour shown on f i g u r e 6.2. C l e a r l y the theory i n i t s present 
s t a t e i s not complete as i t does not p r e d i c t the presence of a 
t h i r d boundary between the f i r s t and seoond onset boundaries. 
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But-the. t h e o r y — d o e s p r e d i c t the t w o — w h i r l onset operating 
c o n d i t i o n s . 

Since the second boundary i s a t t a i n a b l e , a system supported on 
a very s o f t suspension w i l l have a greater s t a b l e operating range 
than i f i t were r i g i d l y mounted on i t s foundations. A measure of 
the improvement i n performance i s given by the f a c t t h a t the 
j o u r n a l a c t s as i f i t possessed a mass equal t o '(Mc+ M K)/M 6' 
times i t s a c t u a l value. 

Figure 6.2 demonstrates t h a t the c r i t i c a l running speed a t 
which a bearing goes unstable can be changed by vary i n g the 
mounting s t i f f n e s s . This f e a t u r e of a f l e x i b l y mounted bearing 
oan be used t o c o n t r o l the operating c o n d i t i o n a t whioh w h i r l 
onset occurs. Hence a bearing can be made t o give c r i t i c a l 
s t a b i l i t y parameter i n f o r m a t i o n covering a range of e c c e n t r i c i t y 
r a t i o s . When a bearing i s supported upon an axisymmetric s p r i n g 
i t w i l l normally go unstable before the operating s t a b i l i t y 
parameter ' ̂ ' reaches the r i g i d c r i t i c a l value ' ¥>J . However 
the s t a b i l i t y boundary equation (6.7) can be rearranged t o show 
the r e l a t i o n s h i p between the operating s t a b i l i t y parameter ' ' 
at which w h i r l onset i s encountered, and the c r i t i c a l s t a b i l i t y 
parameter ' %c ' which i s a l u b r i c a t i n g f i l m property. The 
r e l a t i o n s h i p i s : -
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*c = * R ( ^ (6.9) 
^ 1 - ( co, / CJ,6 T J 

The symbols ' cJRa' and ' CJB ' r e s p e c t i v e l y represent the n a t u r a l 

f r e q u e n c i e s of the r o t o r and bearing supported on the mounting 

s p r i n g s and the bearing only on the mounting. Consequently, i f a 

s t a b i l i t y boundary i s encountered with a bearing system that i s 

supported on an f l e x i b l e axisymmetric mounting, the value of the 

l u b r i c a t i n g f i l m property '&c' c a l l e d the c r i t i c a l s t a b i l i t y 

parameter, can be c a l c u l a t e d from the operating s t a b i l i t y 

parameter value ' # R '. The n a t u r a l f r e q u e n c i e s of the mounting 

system ' <^ B' and '^V must be known, and the frequency of the 

w h i r l o r b i t '&),' has to be measured. 

Thus a bearing mounted on a symmetrical f l e x i b l e mounting can 

be made to go unstable over a range of operating c o n d i t i o n s 

simply by changing the s t i f f n e s s of the mounting. Further a few 

simple measurements enables the operating s t a b i l i t y parameter at 

which w h i r l onset occurs, to be converted i n t o the c r i t i c a l 

s t a b i l i t y parameter of the l u b r i c a t i n g f i l m . The r e s u l t i n g 

i nformation can then be used as design data f o r s i m i l a r bearing 

systems with or without f l e x i b i l i t y i n the mounting or s h a f t . 
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6.1 - 1HISL_C1SSA2IQS 

The equations of motion above have been i n t e r p r e t e d to show 

two s t a b i l i t y boundaries f o r a f l e x i b l y mounted bearing. The 

shape of the p r e d i c t e d s t a b i l i t y curves shown on f i g u r e 6.1, can 

be compared with the type of a i r bearing behaviour shown on 

f i g u r e 6.2 observed by Marsh and Simmons ( 2 4 ) . These sketches 

show t h a t the l i n e a r theory tends to p r e d i c t w h i r l onset 

boundaries i n the appropriate p l a c e s but does not give the w h i r l 

c e s s a t i o n boundary. Based on a l i m i t e d number of w h i r l c e s s a t i o n 

observations, Marsh and Simmons found the f o l l o w i n g e x p r e s s i o n to 

p r e d i c t the w h i r l c e s s a t i o n speeds reasonably a c c u r a t e l y . 

coo = W c / k c 

(6.10) 
or co, = CJRB 

T h i s c o n d i t i o n has some t h e o r e t i c a l j u s t i f i c a t i o n i n 

equation ( 6 . 7 ) , s i n c e the denominator's value changes s i g n 

through zero as the r o t o r speed passes through the c r i t i c a l 

v a lue. However t h i s support i s based on the assumption t h a t the 

non-dimensional frequency r a t i o and the running speed a r e 

independent parameters. The system's c h a r a c t e r i s t i c equation i s 

an e i g h t h order polynomial i n the complex time constant '0" . 

Thus f o r each operating c o n d i t i o n there are up to four p e r i o d i c 

modes of v i b r a t i o n , each with i t s a s s o c i a t e d complex time 

constant. S i n c e the c o e f f i c i e n t s of the polynomial r e p r e s e n t i n g 

the c h a r a c t e r i s t i c equation are f u n c t i o n s of the operating 
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c o n d i t i o n , the r o t o r speed and the non-dimensional frequency 

r a t i o 'k' are not independent. Numerical s o l u t i o n s generated f o r 

the modes of v i b r a t i o n on the proposed w h i r l c e s s a t i o n boundary 

show t h a t none of the modes are p r e d i c t e d to be n e u t r a l l y s t a b l e . 

Thus a l l the c o n d i t i o n s for the proposed w h i r l c e s s a t i o n boundary 

are never simultaneously s a t i s f i e d . Consequently the w h i r l 

c e s s a t i o n c o n d i t i o n proposed i s not supported by the l i n e a r 

theory of bearing performance. 

Experimental observations from both the a i r bearings t e s t e d by 

Marsh and Simmons, and the o i l bearings t e s t e d during the work 

performed f o r t h i s t h e s i s showed t h a t the c h a r a c t e r i s t i c s of the 

w h i r l c e s s a t i o n boundary, the lower boundary of the upper s t a b l e 

operating region, a r e q u i t e d i f f e r e n t to those of the f i r s t and 

second w h i r l onset boundaries. The onset boundaries are 

c h a r a c t e r i s e d by a very sharp r i s e i n w h i r l amplitude as the 

boundary i s t r a v e r s e d from the s t a b l e operating region i n t o the 

u n s t a b l e a r e a . The onset of i n s t a b i l i t y generates s m a l l o r b i t a l 

motions of the centrebody, which remain modest even a f t e r f u l l y 

developed w h i r l i n g has commenoed. 

I n c o n t r a s t , i f the w h i r l c e s s a t i o n boundary i s crossed with 

d e c r e a s i n g speed, a gradual r i s e i n o r b i t a l amplitude i s observed 

as the u n s t a b l e operating region i s penetrated, a r a p i d unstable 

r i s e i n o r b i t amplitude i s not g e n e r a l l y observed. I n a d d i t i o n , 

comparatively l a r g e and strong v i b r a t o r y motion of the centrebody 
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i s experienced. Thus--the two types.of— stability:-boundary tend to 

e x h i b i t s i g n i f i c a n t l y d i f f e r e n t c h a r a c t e r i s t i c s . The w h i r l onset 

boundaries tend to show t r u e u n s t a b l e behaviour whereas the w h i r l 

o e s s a t i o n boundary tends to show f e a t u r e s a s s o c i a t e d with 

resonance. 

6.2 ALTEEMT_IY.I_S2ST_1M_MQDELS 

Some of the assumptions used to s i m p l i f y the dynamic a n a l y s i s 

may have caused the above form of s o l u t i o n which i s p l a i n l y at 

odds w i t h observed bearing performance. One such s i m p l i f i c a t i o n 

was to n e g l e c t the e f f e c t s of damping i n the mounting system. 

Reintroducing the damping term i n t o the c h a r a c t e r i s t i c equation 

d e s t r o y s the simple r e l a t i o n s h i p (6.7) between the f l e x i b l e and 

r i g i d l y supported arrangements. T y p i o a l curves for the 

c a l c u l a t e d c r i t i c a l s t i f f n e s s f o r a damped system are shown on 

f i g u r e 6.3. These curves have been drawn from oomputed s o l u t i o n s 

u s i n g a constant value f o r the damping c o e f f i c i e n t at a l l 

operating c o n d i t i o n s and v a l u e s of the mounting s t i f f n e s s . 

F i g u r e s 6.1 and 6.3 show t h a t the major e f f e c t of the mounting 

damping i s to cause the f i r s t c r i t i c a l speed at low mounting 

s t i f f n e s s e s to tend to i n f i n i t y , otherwise the damping has very 

l i t t l e e f f e c t on the s t a b i l i t y boundary c o n d i t i o n . The most 

important aspeot of t h i s r e s u l t i s that part of the s t a b l e 
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running a r e a now extends up-to tlie second w h i r l onset boundary,, 

enabling b e a r i n g performance at t h i s c r i t i c a l c o n d i t i o n to be 

observed. Thus i t appears that a d d i t i o n a l damping i n the system 

e x t e r n a l to the l u b r i c a t i n g f i l m prevents the lower u n s t a b l e 

operating r e gion from extending to very low mounting s t i f f n e s s 

v a l u e s . I f the damping c o e f f i c i e n t used i n the numerioal 

s o l u t i o n s i s v a r i e d with both mounting s t i f f n e s s and operating 

c o n d i t i o n then a s t a b i l i t y map more i n l i n e with current r e s u l t s 

can be produced. 

The long bearing s o l u t i o n t h a t allowed the f i l m formation 

boundary p o s i t i o n to be determined by the J.F.O. boundary 

c o n d i t i o n s , produoed non-linear e x p r e s s i o n s f o r the f i l m 

s t i f f n e s s and damping c o e f f i c i e n t s . Since the c o e f f i c i e n t s 

generated by t h i s s o l u t i o n are f u n c t i o n s of the non-dimensional 

time constant, the r e s u l t i n g dynamic f i l m c h a r a c t e r i s t i c s can be 

expected to be s i g n i f i c a n t l y d i f f e r e n t . The corresponding 

dynamic equations f o r s e l f a c t i n g a i r bearings a l s o give 

f u n c t i o n s of the o r b i t a l frequency f o r the s t i f f n e s s and damping 

c o e f f i c i e n t s . The s o l u t i o n s to these equations f o r gas bearings 

show a s t a b l e operating region below the second w h i r l onset 

boundary. Thus pursuing the more d i f f i c u l t t h e o r e t i c a l long 

bearing s o l u t i o n may l e a d to a more r e p r e s e n t a t i v e p r e d i c t i o n of 

dynamic performance. But more d e t a i l e d experimental data 

obtained from w h i r l c e s s a t i o n c o n d i t i o n s i s req u i r e d before the 

performance p r e d i c t i o n s of these models can be ass e s s e d . 
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7 GA¥ITAIIQH_QBSEB¥AIIQH_IXPERIMEHTS 

7.1 TIS2_APPABATUS_DISIGH 

An experimental apparatus was designed so that the behaviour 

of t y p i c a l l u b r i c a t i n g f i l m s could be observed under c o n t r o l l e d 

c o n d i t i o n s r e p r e s e n t i n g a v a r i e t y of operating regimes. The main 

o b j e c t i v e was to study the nature of the l u b r i c a t i n g f i l m and 

c a v i t a t i o n region at steady s t a t e c o n d i t i o n s , and note t h e i r 

behaviour as dynamic s i t u a t i o n s were introduced. A requirement 

was t h a t the t e s t bed should be s u f f i c i e n t l y f l e x i b l e to not only 

model the u s u a l bearing i n s t a l l a t i o n of a r o t a t i n g j o u r n a l 

operating under a f i x e d load i n a s t a t i o n a r y bearing, but a l s o 

a l t e r n a t i v e s i t u a t i o n s with a r o t a t i n g bearing outer member and 

r o t a t i n g loads. 

I n order to achieve the primary goal of being able to view the 

phenomena o c c u r r i n g i n s i d e the c l e a r a n c e space, the t e s t bearings 

were made of c l e a r perspex to run i n conjunction with aluminium 

j o u r n a l s . The f l e x i b i l i t y of operation was achieved i n two ways, 

f i r s t by mounting both the j o u r n a l and bearing on s h a f t s capable 

of being d r i v e n independently, and a l s o by providing two 

d i f f e r e n t mechanisms f o r loading the t e s t bearing. The two types 

of load generated by the r i g were a load aoting i n a constant 
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d i r e c t i o n , and a load r o t a t i n g a t a steady angular v e l o c i t y about 

the a x i s of the bearing. As with normal bearing i n s t a l l a t i o n s 

the j o u r n a l was allowed to take up the operating e c c e n t r i c i t y 

t h a t balanced the a p p l i e d load and r e s u l t i n g f i l m f o r c e s . 

Two s e t s of t e s t bearing p a r t s were b u i l t to g i v e d i f f e r i n g 

boundary c o n d i t i o n s at the s i d e s of the c l e a r a n c e space. The 

f i r s t s e t was designed f o r flooded operation, that i s the j o u r n a l 

f u l l y submerged i n l u b r i c a n t . Thus l u b r i c a n t oould enter the 

clearanoe spaoe from both s i d e s of the bearing. The excess f l u i d 

provided a b a r r i e r between the c l e a r a n c e space and the ambient 

atmosphere, denying a i r f r e e a c c e s s to the c a v i t a t i o n region. 

The a l t e r n a t i v e p a r t s were shaped so t h a t o i l l e a v i n g the bearing 

would d r a i n away from the s i d e s of the clearanoe spaoe a l l o w i n g 

the surrounding atmosphere r e l a t i v e l y f r e e a c c e s s to the working 

s e c t i o n , as i s often the case f o r t y p i c a l i n s t a l l a t i o n s . T h i s 

second arrangement i s r e f e r r e d to as the drained c o n f i g u r a t i o n . 

The apparatus was designed with a v e r t i c a l a x i s , p r i m a r i l y to 

avoid the n e c e s s i t y f o r o i l s e a l s , but a l s o to allow reasonable 

a l l round viewing. I f standard o i l s e a l s had been used to keep 

the l u b r i c a n t i n s i d e the apparatus, the n a t u r a l j o u r n a l motion 

would have been r e s t r i c t e d by the s t i f f n e s s of the s e a l i n g r i n g s . 

The perspex bearing outer members were mounted on s h a f t s from 

below w h i l s t the j o u r n a l s were suspended i n s i d e the bearings from 

above, as shown on f i g u r e 7.1. Thus the perspex bearings and the 
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s t e e l dises-upon which they were mounted n a t u r a l l y formed- a 

v e s s e l s u i t a b l e for containing the l u b r i c a n t . Access to the t e s t 

s e c t i o n f o r feeding a d d i t i o n a l l u b r i c a n t to the system and 

removing used o i l was gained through the s h a f t supporting the 

bearing outer member. 

A reasonably l a r g e working s e c t i o n was produced by having a 

bearing of width and diameter equal to 100.0 mm. Hence 

d i f f i c u l t i e s i n observation r e s u l t e d from the r a p i d random motion 

of the boundary s u r f a c e s w i t h i n the c l e a r a n c e space r a t h e r than 

the s i z e of the image. The f o r c e s r e q u i r e d to produce l a r g e 

operating e c c e n t r i c i t i e s with the intended s h a f t speeds of about 

100 rpm were kept w i t h i n reasonable bounds by u s i n g a t h i n o i l of 

7.0 mPas (7.0 cP) at 20"C and a r e l a t i v e l y l a r g e c l e a r a n c e r a t i o 

of 0.01. Table 7.1 g i v e s d e t a i l s of the b a s i c parameters of the 

t e s t bed. 

The height of the t e s t stand was such that i t was convenient 

and s a f e to use a compressed a i r r e a c t i o n d r i v e to t u r n the 

j o u r n a l . Allowing the j o u r n a l to f l o a t i n the bearing i n e v i t a b l y 

r e s u l t e d i n the o c c a s i o n a l periods of s u r f a c e contact under high 

loads and low s l i d i n g speeds. S l i d i n g contact caused s c u f f i n g 

and s c o r i n g damage to the bearing s u rfaoes. The s c o r e s i n the 

s u r f a c e generated l o c a l areas of l a r g e f i l m t h i c k n e s s which 

d i s t u r b e d the c a v i t y boundary shapes. The response of a D.C. 

motor d r i v e to the onset of s c u f f i n g would have been to generate 
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jmore driving- torque -and keep— the shaf t t u r n ing a t a reduced 

speed. The r e s u l t i n g periods of s c u f f i n g could have been 

prolonged and would have caused e x c e s s i v e damage to the bearing. 

The main advantage of the r e a o t i o n d r i v e was th a t the d r i v i n g 

torque generated was e f f e c t i v e l y constant throughout the working 

speed range, even i f the tu r b i n e was being d r i v e n baokwards. 

Thus f o r the r e a c t i o n d r i v e , the period of s c u f f i n g was governed 

by the j o u r n a l s h a f t ' s moment of i n e r t i a . I n p r a c t i o e the moment 

of i n e r t i a was low and the l a r g e i n c r e a s e i n drag a t the onset of 

s l i d i n g contact was s u f f i c i e n t to q u i c k l y b r i n g the j o u r n a l s h a f t 

to r e s t . Thus the tu r b i n e d r i v e was a s a f e t y f e a t u r e designed to 

minimise s c u f f i n g damage to the bearing s u r f a c e s . 

The t u r b i n e c o n s i s t e d of a p a i r of noz z l e s f i x e d to the ends 

of arms 0.7 m long attached to the top of the j o u r n a l s h a f t . The 

d r i v e proved s u f f i c i e n t to gi v e j o u r n a l speeds of s e v e r a l hundred 

rpm but had a long time p e r i o d f o r s e t t l i n g to steady s t a t e , and 

was very s e n s i t i v e to changes i n load. The outer member of the 

bearing was driven by a conventional b e l t d r i v e from an e l e c t r i c 

motor. 

Because of the need f o r f l e x i b i l i t y , a l l round v i s i b i l i t y and 

the l a r g e r than t y p i o a l c l e a r a n c e r a t i o , the equipment was 

designed f o r q u a l i t a t i v e observation r a t h e r than a q u a n t i t a t i v e 

assessment of performance. 
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7.1.1 Flooded Test Bear-lag- Assembly - ___ _ 

The f i r s t t e s t p a r t s were f o r a p l a i n bearing with no o i l 

supply f a c i l i t i e s . The j o u r n a l was designed to be submerged i n 

l u b r i o a n t , allowing o i l to e nter the c l e a r a n c e spaoe from above 

and below. The perspex outer member was machined w h i l s t mounted 

on i t s s h a f t and supporting p l a t e to give a p l a i n c y l i n d r i c a l 

bore. S i m i l a r l y the j o u r n a l was a l s o machined to a p l a i n 

c y l i n d r i c a l shape a f t e r mounting on i t s s h a f t . The upper j o u r n a l 

s h a f t was designed to swing f r e e l y from a s p h e r i c a l r o l l e r 

bearing f i x e d ten j o u r n a l widths above the t e s t bearing. 

Consequently the t e s t j o u r n a l performed a c o n i c a l r a t h e r than 

t r a n s l a t i o n a l motion as i t found i t s e q u i l i b r i u m p o s i t i o n . The 

r e s u l t i n g misalignment caused severe d i s t o r t i o n of the c a v i t a t i o n 

p a t t e r n s , as the c a v i t i e s tended to take on a s i z e and appearance 

corresponding to the l o c a l e c c e n t r i c i t y . But f o r steady s t a t e 

c o n d i t i o n s with the f i x e d d i r e c t i o n load, i t was p o s s i b l e to 

e l i m i n a t e c a v i t a t i o n region d i s t o r t i o n by o f f s e t t i n g the 

s p h e r i c a l support bearing an appropriate amount. 

7.1.2 D£ained_Te_s_t_Be_&r ing_A.sse.mblx 

Because of the c o n i c a l misalignment problem with the f i r s t s e t 

of p a r t s , a d i f f e r e n t suspension was devised f o r the drained 

bearing. A s p e c i a l double t h r u s t bearing, as shown on 

http://ing_A.sse.mblx
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f igure 7.2, was-made f o r ^supporting _the j ournal, by turning the 

t h r u s t r a c e s from two standard b a l l bearings i n s i d e out. The 

r e s u l t i n g f l a t s u r f a oes allowed the s h a f t to move a t r i g h t angles 

to i t s a x i s , enabling the j o u r n a l to have r o t a r y and 

t r a n s l a t i o n a l motion w h i l s t preventing c o n i c a l misalignment. 

The second j o u r n a l to be manufactured was mounted on a muoh 

sh o r t e r s h a f t with the s p e c i a l t h r u s t bearing l o c a t e d between the 

t e s t j o u r n a l and the load i n s e r t i o n bearings. Drive to the 

j o u r n a l was provided by the r e a c t i o n t u r b i n e d e s c r i b e d above, 

with the torque t r a n s m i t t e d by a f l e x i b l e coupling j o i n i n g the 

tur b i n e and j o u r n a l s h a f t s . The upper and lower j o u r n a l f a c e s 

were machined conoave to encourage l u b r i c a n t e x p e l l e d from the 

bearing to d r a i n away, i n s t e a d of remaining at the si d e of the 

cle a r a n c e space to be drawn back i n t o the l u b r i c a t i n g f i l m . The 

base p l a t e supporting the perspex bearing outer member was a l s o 

machined concave and s e v e r a l holes d r i l l e d r i g h t through i t s 

t h i c k n e s s to allow used o i l to be removed from the t e s t s e c t i o n . 

Grooves were out along the length of the bearing support s h a f t to 

house the o i l supply and r e t u r n pipes, enabling a l i m i t e d amount 

of bearing r o t a t i o n . 

The supply of f r e s h l u b r i c a n t was introduced to the c l e a r a n c e 

space through a 4.0 mm hole i n the bearing w a l l , to c r e a t e a 

minimum of distu r b a n c e to the c y l i n d r i c a l bore. T h i s p a r t i c u l a r 

arrangement was chosen to model the bearing geometry used f o r the 
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s t a b i l i t y experiments d e s c r i b e d i n the next- chapter . L u b r i c a n t 
was s u p p l i e d to the c l e a r a n c e space from a r e s e r v o i r mounted 
1.0m above the t e s t s e c t i o n . 

7.1.3 Applied Loads 

Both the a p p l i e d loads were t r a n s m i t t e d to the j o u r n a l through 

b a l l r a c e s on the j o u r n a l s h a f t , mounted as c l o s e as p o s s i b l e to 

the t e s t bearing. The f i x e d d i r e c t i o n load, which w i l l be 

referred to as j u s t the ' f i x e d load', was d e r i v e d from the weight 

of masses placed on a s o a l e pan. A cable attached to the outer 

race of the lower load i n s e r t i o n bearing was passed over a p u l l e y 

a l l o w i n g the s c a l e pan to be suspended adjacent to the lower 

s h a f t . Since the p u l l e y was mounted on a minature b a l l race and 

the t y p i c a l f i x e d load a p p l i e d to the s h a f t was 10 to 20 kgf, the 

f r i c t i o n a l r e s i s t a n c e a s s o c i a t e d with the p u l l e y could be 

neglected. 

The other type of load which w i l l be d e s c r i b e d as the 

' r o t a t i n g load' was d e r i v e d from a h e l i c a l c o i l s p r i n g s t r e t c h e d 

between the upper load i n s e r t i o n bearing and a w i n d l a s s . The 

windlass was mounted on a r o t a t i n g t a b l e so t h a t i t could perform 

a c i r c u l a r o r b i t around the a x i s of the t e s t bearing. Thus the 

t a b l e could be turned to produce a steady load a c t i n g i n a 

v a r i a b l e d i r e c t i o n , or the t a b l e could be d r i v e n at constant 
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speeds to -pxoduoe. the d e s i r e d r o t a t i n g load c a p a b i l i t y . An 

e l e c t r i c motor and b e l t d r i v e were capable of t u r n i n g the 

r o t a t i n g t a b l e at speeds of up to 200 rpm. 

7 • 2 MQD1S_QE_QPEEATIQ1} 

Reynolds equation has been shown to p r e d i c t the generation of 

a steady p r e s s u r e f i e l d and c a v i t a t i o n region f o r any s e t of 

steady bearing s u r f a c e speeds and a steady load, provided t h a t 

the combined s u r f a c e motion r e l a t i v e to the load l i n e i s 

non-zero. T y p i c a l j o u r n a l bearing a p p l i c a t i o n s are f o r a steady 

u n i d i r e c t i o n a l load and motion of only the j o u r n a l s u r f a c e . T h i s 

was the mode of operation normally used f o r observing the steady 

s t a t e f i l m behaviour. But f o r operation at high e c c e n t r i c i t i e s 

the u s u a l p r a c t i c e was to d r i v e the bearing outer member and 

a l l o w the j o u r n a l to run at the same speed. T h i s avoided 

s c u f f i n g damage to the bearing s u r f a c e s . A l l the p o s s i b l e modes 

of oombined j o u r n a l and bearing r o t a t i o n with a f i x e d load were 

s u c c e s s f u l l y t r i e d . 

The l o s s of load c a r r y i n g c a p a c i t y w h i l s t the bearing s u r f a c e s 

moved with equal v e l o c i t i e s i n opposite d i r e c t i o n s was e a s i l y 

demonstrated. As the c o n d i t i o n was approached, s u r f a c e contact 

would oause the j o u r n a l t o be brought to r e s t , and then d r i v e n i n 

the same d i r e c t i o n as the bearing. Hence the s i n g u l a r c o n d i t i o n 
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could be approached but not observed i n t h i s type of apparatus 

with a f l o a t i n g j o u r n a l . 

Steady conditions under the a c t i o n of the f i x e d load were 

r e l a t i v e l y easy to study, because the c a v i t a t i o n regions were 

s t a t i o n a r y r e l a t i v e to the f i x e d observer. When generating 

steady conditions with the r o t a t i n g load, the us u a l mode of 

operation was f o r the j o u r n a l and bearing surfaoes to be 

s t a t i o n a r y . Since t h i s s i t u a t i o n generated a c a v i t a t i o n region 

t h a t preoessed around the olearanoe spaoe, sweeping past a f i x e d 

observer, i n t e r p r e t i n g the image was much more d i f f i c u l t . High 

speed photography was re q u i r e d to r e v e a l the d e t a i l of the c a v i t y 

shapes and motions. 

Dynamic c o n d i t i o n s were generated by simultaneously applying 

f i x e d and r o t a t i n g loads to any combination of j o u r n a l and 

bearing r o t a t i o n . The u s u a l procedure f o r generating a dynamic 

s t a t e was to s t a r t from any steady c o n d i t i o n and then to apply 

the d i s t u r b i n g dynamic load, otherwise a confused operating s t a t e 

o ften r e s u l t e d . Because of the d i f f i c u l t y i n observing a 

r o t a t i n g c a v i t a t i o n region, the u s u a l experimental method was to 

obtain a f i x e d load steady s t a t e operating c o n d i t i o n and then 

apply a smaller r o t a t i n g load. 

The r e l a t i v e magnitude of the ap p l i e d loads had a marked 
e f f e c t on the dynamio behaviour. I f the f i x e d load was dominant, 
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a steady, s t a t e l i k e c a v i t y was formed, and-the sma l l e r r o t a t i n g 

load caused a c y c l i c d isturbance t o the c a v i t y ' s shape and 

p o s i t i o n . S i m i l a r l y i f the r o t a t i n g l oad was dominant, the f i x e d 

l o ad could be expected to produce a c y c l i c v a r i a t i o n to the 

preo e s s i o n of the c a v i t a t i o n region around the bearing. But t h i s 

seoond o r b i t i n g c a v i t y behaviour i s not e a s i l y detected by a 

f i x e d observer. I f the two loads were of a comparable s i z e no 

such simple c h a r a c t e r i s a t i o n was p o s s i b l e and a much more 

complicated s i t u a t i o n e x i s t e d . 

The r e l a t i v e v e l o c i t y of the two load l i n e s compared to the 

e f f e c t i v e s l i d i n g speed was a l s o important. A very low o r b i t a l 

frequency r e s u l t e d i n e f f e c t i v e l y a c y c l e of steady s t a t e 

c o n d i t i o n s , whereas a high r e l a t i v e speed generated l a r g e squeeze 

f i l m f o r c e s opposing the j o u r n a l motion. R e l a t i v e load l i n e 

v e l o c i t i e s g i v i n g o r b i t a l f r e q u e n c i e s i n the region of h a l f the 

e f f e c t i v e s u r f a c e r o t a t i o n a l value, were expected to gi v e 

r e l a t i v e l y l a r g e o r b i t s i z e s about the steady s t a t e e q u i l i b r i u m 

p o s i t i o n . T h i s i s because of the c h a r a c t e r i s t i c s of Reynolds 

equation noted i n chapter two. For periods when the angular 

v e l o c i t y of the j o u r n a l about the bearing oentre, i s i n the 

region of h a l f the e f f e c t i v e s u r f a c e angular v e l o c i t y , there i s 

very l i t t l e s u r f a c e motion to draw f l u i d i n t o the convergent 

hydrodynamic wedge. Consequently the generation of f i l m p r essure 

during such periods was mainly dependent on the squeeze f i l m 

a c t i o n of the bearing. 
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7. 3 STEADY-STATE FLOODED, OBSERVATIONS _. _ 

The f i r s t s e r i e s of experiments were performed with the 

flooded l u b r i o a t i o n p a r t s . At a l l times the j o u r n a l was f u l l y 

immersed with a s u f f i c i e n t b a r r i e r of o i l to prevent the d i r e c t 

e n t r y of a i r i n t o the cl e a r a n c e space. The t y p i c a l operating 

procedure was to s e t the j o u r n a l t u r n i n g and then introduce some 

f i x e d load. At f i r s t there would be no c a v i t a t i o n apparent but 

a f t e r a minute or so, c a r e f u l i n s p e c t i o n about the region of the 

load l i n e would r e v e a l three or four very small narrow c a v i t i e s . 

The c a v i t a t i o n would normally s t a r t i n a region of l o c a l l y very 

t h i n f i l m t h i c k n e s s due to misalignment of the j o u r n a l . 

T y p i c a l l y over a period of about ten minutes the c a v i t a t i o n 

region would grow to a l i m i t i n g s i z e . F i r s t of a l l the number of 

c a v i t i e s but not t h e i r s i z e would i n c r e a s e as the region spread 

a c r o s s the width of the bearing. Then the s i z e of the c a v i t i e s 

would i n c r e a s e and t h e i r number d i m i n i s h as the c i r c u m f e r e n t i a l 

extent of the region grew. 

Upon stopping the j o u r n a l r o t a t i o n , the c a v i t i e s would r a p i d l y 

change shape to form a smoother boundary s u r f a c e , and s l o w l y r i s e 

through the clearanoe space to the f r e e s u r f a c e . T h i s behaviour 

i n d i c a t e s t h a t gases at about ambient pressure f i l l e d the voids 

i n the l u b r i o a n t f i l m . Since the d i r e c t entry of a i r to the 

c a v i t a t i o n region was prevented, the gases must have been 

r e l e a s e d from the l u b r i c a n t as i t passed through the low pressure 



- 116 -

r e g i o n downstream of-the minimum f i l m c l e a r a n c e . - — 

Once the c a v i t i e s had become e s t a b l i s h e d , changing the 

operating c o n d i t i o n would normally i n v o l v e a change of c a v i t y 

volume. An i n c r e a s e i n volume would be accommodated by a 

lowering of the c a v i t y p r essure and the r e l e a s e of f u r t h e r a i r 

from s o l u t i o n . I f a decrease i n volume was r e q u i r e d then the 

change of mass content appeared to be accomplished not by 

r e a b s o r p t i o n back i n t o the o i l but by the generation of s m a l l 

bubbles at the f i l m reformation boundary. These bubbles would 

then be swept away downstream to be c a s t out of the clearanoe 

space at the s i d e s of the bearing. 

The b a s i c appearance of an e s t a b l i s h e d c a v i t a t i o n region i s as 

shown on f i g u r e 2.3. T h i s f i g u r e shows c a v i t i e s with smooth 

s i d e s , but t y p i c a l gaseous c a v i t i e s i n mineral o i l normally had a 

c e r t a i n amount of random s u r f a c e r i p p l i n g and branching of the 

c a v i t i e s superimposed on t h i s b a s i c shape. Streamers were 

generated at the c a v i t a t i o n boundary and became narrower towards 

the f i l m formation s u r f a c e , where they normally occupied a very 

s m a l l proportion of the c r o s s - s e c t i o n a l area. The s e c t i o n s of 

formation boundary inbetween the streamers u s u a l l y appeared to be 

disconnected segments of a smooth curve, hence i t i s very easy to 

v i s u a l i s e a continuous l i n e along the segments of formation 

s u r f a c e c u t t i n g through the streamers. T h i s l i n e can reasonably 

be taken as the demarcation between the c a v i t a t i o n and f u l l f i l m 
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regions-. — . _ 

As shown, the flooded c o n f i g u r a t i o n had the f i l m formation 

boundary t u r n i n g round to become p a r a l l e l to the s i d e s of the 

bearing and continuing to form the nose of the outermost 

c a v i t i e s . More d i f f i c u l t y was u s u a l l y found i n d e f i n i n g a 

p r e c i s e l o c a t i o n for the c a v i t a t i o n boundary. The streamers 

r a p i d l y narrowed i n a short d i s t a n c e about the nose of the 

c a v i t i e s , from oooupying the whole of the bearing width to a much 

sm a l l e r proportion. Because t h i s area of f i l m rupture and 

i n d u c t i o n i n t o the streamers had a f i n i t e length, c a v i t a t i o n 

could be s a i d to have occurred over an area r a t h e r than at a 

p o s i t i o n . However the noses of the c a v i t i e s tended to form a 

s t r a i g h t l i n e a c r o s s the f i l m , which has been taken to represent 

the c a v i t a t i o n boundary. 

Superimposed on top of the b a s i c streamer s t r u c t u r e there was 

normally a random d e n d r i t i c p a t t e r n . T h i s was the r e s u l t of the 

formation of secondary noses at the s i d e s of the main c a v i t i e s , 

and produced the ragged appearance of t y p i c a l streamers. The 

secondary noses would push forward against the s u r f a c e motion and 

sideways away from the parent c a v i t y but u s u a l l y f o r only a s m a l l 

d i s t a n c e . T h i s a c t i o n of forming secondary noses appeared to be 

an important mechanism concerning the number and p o s i t i o n of the 

o i l streamers and c a v i t i e s . The b a s i c s t r u c t u r e of the 

c a v i t a t i o n region shown on f i g u r e 2.3, i s s i m i l a r to the 
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photographs presented by Cole and Hughes(25), and E t s i o n and 

Ludwig(14) i n s i m i l a r s t u d i e s with j o u r n a l bearings. S e v e r a l of 

the papers presented at the f i r s t Leeds-Lyon symposium(l) a l s o 

present a s i m i l a r p i c t u r e of c a v i t y forms. However the shapes of 

the c a v i t i e s observed during the present study were r a r e l y so 

smooth, nor were they as steady as the above photographic records 

would suggest. Figure 8 of Cole and Hughes' p r e s e n t a t i o n , shows 

a few c a v i t i e s with s i d e noses t h a t form a d e n d r i t i c p a t t e r n . 

T h i s type of appearance was more t y p i o a l of the s t r u c t u r e s found 

i n the present t e s t bearings. 

The g e n e r a l appearance of a t y p i c a l c a v i t a t i o n region i s shown 

by f i g u r e 7.3 which shows observations f o r the usual steady s t a t e 

mode of j o u r n a l bearing operation. The sequence of images s t a r t s 

with a high e o o e n t r i c i t y operating c o n d i t i o n when th e r e was a 

very narrow band of s m a l l t h i n c a v i t i e s c l o s e to the load l i n e . 

The c a v i t i e s and streamers were numerous with a l i m i t e d amount of 

d i s t o r t i o n due to s i d e e f f e c t s . As the operating speed was 

i n c r e a s e d the length of the c a v i t a t i o n region i n c r e a s e d , the 

c a v i t i e s moved downstream away from the load l i n e , and the number 

of c a v i t i e s decreased. At high speeds the number of c a v i t i e s and 

the s o a l e of the d e n d r i t i c a c t i o n decreased u n t i l one primary 

c a v i t y w i t h r e l a t i v e l y smooth s i d e s was flanked by much s m a l l e r 

c a v i t i e s . A f u r t h e r i n c r e a s e i n speed would cause the c a v i t i e s 

to be swept away downstream to break i n t o s m a l l e r pockets of gas 

which were q u i c k l y e x p e l l e d at the s i d e s of the bearing. T h i s 
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a c t i o n i s caused by the l o c a l - pressure -gradients being 

i n s u f f i c i e n t to propel the c a v i t y a g a i n s t the surfaoe motion and 

the flow of l u b r i c a n t . 

The movement of the c a v i t a t i o n boundary away from the load 

l i n e as e c c e n t r i c i t y was deoreased i s p r e d i c t e d by the u s u a l long 

and short bearing s o l u t i o n s f o r Reynolds equation. But the 

observed c a v i t i e s always subtended an angle of l e s s than 45" 

which i s much s m a l l e r than the 90° to 180" of the u s u a l 

s o l u t i o n s . 

As the operating e c c e n t r i c i t y r a t i o was deoreased the number 

of c a v i t i e s and streamers decreased, concentrating the c a v i t y 

f l u i d i n t o fewer l a r g e r c a v i t i e s , consequently a mechanism f o r 

reducing the number of streamers was aoting. The converse was 

a l s o t r u e i n that as the e c c e n t r i c i t y r a t i o was i n c r e a s e d 

a d d i t i o n a l streamers and c a v i t i e s were generated. The d e n d r i t i c 

a c t i o n of c r e a t i n g secondary c a v i t y noses appeared to enable the 

change i n the number of streamers to take p l a c e . The meohanism 

for generating a new c a v i t y streamer p a i r seemed to be the 

appearance of a secondary nose s u f f i c i e n t l y strong to develop 

i n t o a c a v i t y i n i t s own r i g h t . The new nose would have to make 

a s i g n i f i c a n t p e n e t r a t i o n towards the f u l l f i l m region i n order 

to c r e a t e a new streamer between i t s e l f and i t s parent c a v i t y . 

Thus c a v i t y f l u i d of the parent would be d i v i d e d between the two 

new s m a l l c a v i t i e s . T h i s behaviour i s i l l u s t r a t e d on f i g u r e 7.4, 
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alon g s i d e two other r e l a t e d behaviour p a t t e r n s observed. 

A development of t h i s mechanism was observed when the 

secondary nose broke through i n t o an adjacent c a v i t y . Then i n 

a d d i t i o n to a streamer being oreated, another i s l o s t . The 

r e s u l t i s that a po r t i o n of c a v i t y f l u i d i s t r a n s f e r r e d from one 

streamer to the next. T h i s t r a n s f e r of f l u i d was much more 

common than the simple generation of an e x t r a c a v i t y , and often 

i n v o l v e d a 'knock on' e f f e c t causing a chain r e a c t i o n of s i m i l a r 

events along the l i n e of c a v i t i e s . 

I n a t h i r d v a r i a t i o n of t h i s theme a streamer could be l o s t by 

a secondary nose breaking through i n t o an adjaoent c a v i t y but not 

forming a new streamer between i t s e l f and i t s parent. Henoe the 

a c t i o n of secondary o a v i t y nose formation can e x p l a i n the means 

by which a c a v i t a t i o n region maintains i t s e q u i l i b r i u m during 

fundamental changes such as a v a r i a t i o n i n the number of 

c a v i t i e s . 

The flow of o i l i n the l u b r i o a t i n g f i l m was normally i n v i s i b l e 

but o c c a s i o n a l l y an accumulation of f l u f f would be swept i n t o the 

c l e a r a n c e space to b r i e f l y i n d i c a t e the c u r r e n t s of o i l before 

being swept out again. A more c o n s i s t e n t mechanism f o r 

i n d i c a t i n g the flow p a t t e r n occurred at high j o u r n a l speeds, when 

th e r e tended to be a p l e n t i f u l supply of small gas bubbles being 

swept through the c l e a r a n c e space. 
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The most s i g n i f i c a n t path taken^by- these bubbles was along a 

strong j e t of f l u i d e n t e r i n g the clearanoe space j u s t downstream 

of the f i l m formation boundary. Bubbles e n t r a i n e d i n these j e t s 

penetrated to the c e n t r e of the bearing, then t r a v e l l e d with the 

surfaoe motion along the o e n t r e l i n e . On approaching the 

c a v i t a t i o n boundary, they would be swept out of the l u b r i c a t i n g 

f i l m at the s i d e of the bearing. T h i s path i s shown on 

f i g u r e 7.5 along with the r e s t of the f a m i l y of routes taken by 

f l u i d e n t e r i n g the s i d e of the clearanoe spaoe. The bubbles 

would tend to maintain a constant v e l o c i t y of about h a l f the 

j o u r n a l surfaoe speed along each of the three segments comprising 

the route described. The f a c t t h a t bubbles were swept i n t o the 

c e n t r e of the bearing i n d i c a t e s t h a t not only i s there a 

s i g n i f i c a n t sub-ambient pressure region downstream of the 

c a v i t a t i o n region, but a l s o t h a t most of the o i l flow through the 

f i l m was bypassing the c a v i t a t i o n region, r a t h e r than pass along 

the streamers or r i d e as a f i l m on the j o u r n a l s u r f a c e . 

A secondary c i r c u l a t i o n was a l s o observed when bubbles 

followed the f i r s t l e g of the path a l r e a d y described, but then 

slowed down r a p i d l y as they approached the bearing o e n t r e l i n e . 

Having l o s t a l l t h e i r a x i a l v e l o c i t y they would creep a g a i n s t the 

surfaoe motion and j o i n a c l u s t e r of s i m i l a r s m a l l bubbles near 

the f i l m formation boundary. The movement of these bubbles 

a g a i n s t the s u r f a c e and f l u i d motion could be due to the p o s i t i v e 

p r e s s u r e gradient away from the f i l m formation boundary which 
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would normally—be expected i n t h i s a rea. O c c a s i o n a l l y one of the 
c l u s t e r of bubbles would be drawn away from the r e s t and 
a o o e l e r a t e r a p i d l y away from the c a v i t a t i o n region to follow the 
f i n a l two l e g s of the path d e s c r i b e d above. Thus bubbles tended 
to migrate i n both d i r e c t i o n s through the body of f l u i d 
immediately downstream of the f i l m formation boundary. 

Since the bubbles tended to have a diameter approaching the 

l o c a l f i l m t h i c k n e s s , i t i s u n l i k e l y t h a t they t r a v e l l e d upstream 

i n the flow of o i l adjacent to the s t a t i o n a r y bearing s u r f a c e to 

be swept away by t r a n s f e r r i n g to the flow next to the j o u r n a l . 

An a l t e r n a t i v e e x planation i s that the bubbles were swept away 

from the f i l m formation boundary i n the current generated by a 

streamer e n t e r i n g the f u l l f i l m , and i t s progress a g a i n s t the 

surfaoe motion was between two such c u r r e n t s . However suoh an 

alignment of the bubble paths with the streamers was not noted 

when the experiments were performed, and does not appear to be a 

more p l a u s i b l e explanation. 

D r i v i n g the bearing i n a d d i t i o n to, or i n s t e a d of the j o u r n a l 

d i d not r e v e a l any obvious performance phenomena r e l a t e d to these 

a l t e r n a t i v e modes of operation. R o t a t i n g steady s t a t e c a v i t a t i o n 

r egions were generated by using the r o t a t i n g load and they 

appeared to have the g e n e r a l c h a r a c t e r i s t i c s a l r e a d y described. 

As noted above d e t a i l e d observation was not easy, but a l i m i t e d 

amount of high speed cinematography d i d not show any f e a t u r e s 
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that-could-not be generated with the f i x e d load. _ 

7.4 DXHAMIC_ELQQDED_OPIEATIQli_QBSEEYAIlQSS 

As d e s c r i b e d above dynamic s t a t e s were produced by the 

combined use of f i x e d and r o t a t i n g loads. As was expected, when 

a s m a l l r o t a t i n g load was introduced to a f i x e d l o a d steady s t a t e 

c o n d i t i o n , there was no dramatic change to the b a s i c s t r u c t u r e of 

the c a v i t a t i o n region, but a small o s c i l l a t o r y motion i n time 

with the d i s t u r b i n g f o r c e was observed. The general s i z e , shape 

and the number of o a v i t i e s d i d not change but the d e n d r i t i c 

a c t i o n appeared to be more prominent as the boundaries moved 

a g a i n s t the s u r f a c e motion. 

For moderate dynamic loads the amplitude of the f i l m boundary 

motion decreased as the angular v e l o c i t y of the r o t a t i n g load was 

i n c r e a s e d from speeds comparable to the s u r f a c e motion to higher 

v a l u e s . N o n - l i n e a r i t i e s i n the motion became apparent for l a r g e 

boundary movements when the boundary s u r f a o e s moved more r a p i d l y 

a g a i n s t the s u r f a c e motion than with i t . But any phase 

d i f f e r e n c e between the motion of the c a v i t a t i o n and formation 

boundaries was not pronounced. 

I n extreme oases the c a v i t a t i o n region could be made to 

perform very l a r g e o s c i l l a t i o n s with an amplitude of more than 
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180*. Under such l a r g e amplitude --xnotion-and c e r t a i n combinations 

of r e l a t i v e speeds, the boundary s u r f a c e s appeared to change type 

as d e s c r i b e d i n chapter 2. The boundaries could be seen to 

change t h e i r appearance i n a manner t h a t suggested t h a t the 

c r i t i c a l boundary speed had been reached and that the s u r f a c e s 

were f o r a short period changing t h e i r nature from formation to 

c a v i t a t i o n and v i c e v e r s a . 

I f the dynamic load was i n c r e a s e d to become comparable to the 

load producing the steady condition, the amplitude of boundary 

motion i n c r e a s e d u n t i l the steady s t a t e type c a v i t a t i o n region 

broke down. The breakdown mechanism can be des c r i b e d as part of 

the c a v i t y c l o s e to the f i l m formation boundary s w i t c h i n g from an 

o s c i l l a t o r y motion about a steady s t a t e p o s i t i o n to a r o t a t i o n a l 

motion o r b i t i n g around the bearing, but the part of the c a v i t y 

c l o s e to the f i l m rupture boundary remaining i n an o s c i l l a t o r y 

mode of motion. U s u a l l y t h i s breakdown occurred when the 

c a v i t a t i o n region reached an extremity of i t s o s c i l l a t o r y motion. 

Thus during the period of the breakdown the c a v i t a t i o n boundary 

would be swept around the bearing with the s u r f a c e motion, to an 

extremity of i t s o s c i l l a t i o n , perform the u s u a l about t u r n and 

proceed to move a g a i n s t the s u r f a c e motion. As the c a v i t a t i o n 

boundary reached the extremity of i t s c y c l i c motion, the f i l m 

formation boundary would not be able to perform the usual 

r e v e r s a l , but would continue to move with the j o u r n a l s u r f a c e . 

Thus f o r a short period the c a v i t y boundaries would be moving 
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apart, causing a l a r g e i n c r e a s e i n the cav.it at i on region extent. 

T h i s process of s t r e t c h i n g the c a v i t a t i o n region r e s u l t e d i n 

the c a v i t i e s being d i v i d e d i n t o a l a r g e number of s m a l l e r 

c a v i t i e s and bubbles d i s p e r s e d around the bearing. Immediately 

a f t e r the s t a r t of the c a v i t y region breakdown, the i n c r e a s e i n 

l o o a l f i l m t h i c k n e s s due to the passing of the minimum f i l m 

p o s i t i o n , would draw l u b r i c a n t i n t o the clearanoe, f o r c i n g the 

c a v i t i e s towards the c e n t r e l i n e of the bearing. Under these 

c o n d i t i o n s the bubbles of gas were not e x p e l l e d at the s i d e s of 

the c l e a r a n c e space, as was observed f o r the breakdown of steady 

s t a t e c a v i t a t i o n at high operating speeds, but remained 

d i s t r i b u t e d through the f i l m . T h i s behaviour appears to be the 

same as observed by White(26) for squeeze f i l m bearings. 

7. 5 DRAIHED_£TEADY_STATE_QBSER¥A.TIQ1IS_ 

The s m a l l o i l supply hole and the low supply p r e s s u r e of the 

dr a i n e d j o u r n a l p a r t s meant that only a r e l a t i v e l y low r a t e of 

o i l flow could be supplied to maintain the o i l f i l m , henoe the 

bearing could be expected to run i n a s t a r v e d c o n d i t i o n . As the 

mass content of a steady s t a t e f i l m i s constant, the flow of 

l u b r i c a n t at the supply pocket can be expected to determine the 

c i r c u m f e r e n t i a l length of the f i l m . Since the u s u a l o i l supply 

arrangement i s to have supply s l o t s a c r o s s most of the bearing 

http://cav.it
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width, to -give—an ample supply -o-f- l u b r i c a n t , the t e s t — b e a r i n g c a n — 
not be considered as r e p r e s e n t a t i v e of t y p i c a l bearing 
i n s t a l l a t i o n s . 

The t y p i c a l steady s t a t e f l u i d f i l m appearanoe f o r the drained 

t e s t bearing i s shown on f i g u r e 7.6. The most s t r i k i n g f e a ture 

of the r e s u l t s i s the short length of the f u l l f i l m region which 

was always l e s s than 100*. The u s u a l s o l u t i o n s to Reynolds 

equation p r e d i c t f i l m s about twice as long, but these s o l u t i o n s 

assume a more appropriate supply of l u b r i o a n t . The high 

e c c e n t r i c i t y , short f i l m length observations show t h a t the load 

l i n e was b i a s e d towards the formation boundary r a t h e r than the 

c a v i t a t i o n boundary, t h i s i s probably a f a l s e i n d i c a t i o n . As 

expected reducing the head a v a i l a b l e to d r i v e l u b r i o a n t i n t o the 

bearing r e s u l t e d i n the load bearing f i l m becoming s h o r t e r . 

The c a v i t a t i o n boundary had a s i m i l a r appearance to the 

s u r f a c e s observed i n the flooded t e s t s , but tended to produoe 

fewer streamers. A l l the streamers were a f f e c t e d by g r a v i t y 

which caused them to descend through the clearanoe spaoe as the 

d i s t a n c e from t h e i r source i n c r e a s e d . Only some of the streamers 

extended r i g h t through the c a v i t a t i o n region to r e t u r n l u b r i o a n t 

to the load bearing f i l m through the formation boundary. Beoause 

of g r a v i t y a few of the streamers generated near the lower 

s u r f a c e of the j o u r n a l terminated at the lower edge of the 

c l e a r a n c e spaoe, but f a r more appeared to end part way a c r o s s the 
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c a v i t a t i o n region^- Due to the i n c r e a s e _ i n c l e a r a n c e space height 

and l o s s of f l u i d over the bearing surfaoes, most of the 

streamers reached a stage where they could no longer continue to 

span the bearing c l e a r a n c e . At t h i s point the J.F.O. type of 

streamer ended and the f l u i d formed t h i n f i l m s on each of the 

bearing and j o u r n a l s u r f a c e s . 

As with the flooded r e s u l t s the formation boundary formed a 

very smooth ourve a c r o s s the bearing width, punctuated at 

i n t e r v a l s by streamers e n t e r i n g the f i l m . The usual behaviour of 

the supply pocket was to form a streamer of o i l r a t h e r than 

i n i t i a t e the load bearing f i l m . Consequently sweeping the supply 

hole through the c a v i t a t i o n region had no n o t i c e a b l e e f f e c t on 

the system. I t was only a t very low j o u r n a l speeds that the o i l 

supply system was able to develop s u f f i c i e n t pressure at the 

pocket, to generate a region of h y d r o s t a t i c f i l m which would then 

form the l e a d i n g edge of the f u l l f i l m region. 

7.6 DYNAMIC DRAINED OBSERVATIONS 

Again the a d d i t i o n of a small dynamic load to d i s t u r b the 

steady s t a t e c o n d i t i o n d i d not cause a fundamental change to the 

f i l m s t r u c t u r e , the only s i g n i f i c a n t development being the 

o s c i l l a t i o n of the f i l m i n time with the d i s t u r b i n g f o r c e . 

Whereas p l a c i n g the o i l supply hole i n s i d e the steady s t a t e f i l m 
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region caused a r e d u c t i o n i n - t h e f i l m region s i z e , the dynamic 

f i l m could pass over the o i l supply hole without any untoward 

e f f e c t s . Modest r o t a t i n g loads were s u f f i c i e n t to oause l a r g e 

amplitude o s c i l l a t i o n of the f i l m region, and continuous 

operation with the f i l m boundaries sweeping through angles of 

g r e a t e r than 180" was p o s s i b l e . 

I f the two a p p l i e d loads became comparable, the working f i l m 

would breakdown and become d i s t r i b u t e d around the bearing. Since 

the volume of l u b r i c a n t i n the steady s t a t e load bearing f i l m was 

s m a l l compared to the c l e a r a n c e spaoe volume, the d i s p e r s a l of 

the working f l u i d around the bearing r e s u l t e d i n the formation of 

l u b r i c a n t f i l a m e n t s spanning the c l e a r a n c e space. Because of the 

c o m p r e s s i b i l i t y of a i r there was very l i t t l e tendency fo r the 

l u b r i c a n t to be e x p e l l e d from the clearanoe space as the j o u r n a l 

o r b i t e d under the a c t i o n of the a p p l i e d loads. As f o r the steady 

s t a t e o i l streamers, the narrow f i l a m e n t s would not be able to 

generate any s i g n i f i c a n t f l u i d p r e s s u r e s . Hence l a r g e amplitude 

j o u r n a l o r b i t s were observed s i n c e there were no s i g n i f i c a n t 

hydrodynamic f o r c e s generated to oppose the motion. 

A l t e r n a t i v e l y with a r a p i d t r a n s i t i o n to a dominant r o t a t i n g 

load, i t was p o s s i b l e to r e t a i n the same load bearing f i l m , and 

maintain the f i l m p r e c e s s i n g around the bearing. 
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7.7 SEMX-JLOOPED QPERATIQM-

I n t e r p r e t a t i o n of the images generated by the u s u a l bearing 

c o n f i g u r a t i o n s was helped by observing the f i l m behaviour at 

unusual c o n d i t i o n s . One of these conditions was generated by 

al l o w i n g the atmosphere a l i m i t e d amount of acoess to the 

c l e a r a n c e space. I f the b a r r i e r of l u b r i o a n t above the j o u r n a l 

was reduoed to about 2.0 mm then t h e r e would be i n s u f f i c i e n t head 

a v a i l a b l e to t r a n s p o r t o i l a c r o s s the top of the j o u r n a l and 

maintain the flow i n t o the f l u i d f i l m . The r e s u l t was t h a t the 

f r e e s u r f a c e would be drawn i n t o the cl e a r a n c e space, forming a 

tongue of a i r a s shown on f i g u r e 7.7. Whilst t h i s p e n e t r a t i o n of 

a i r i n t o part of the cl e a r a n c e spaoe e x i s t e d , the formation of 

c a v i t i e s as d e s c r i b e d f o r the flooded operation would s t i l l take 

p l a c e . 

I f s u f f i c i e n t o i l had been removed and the tongue of gas 

penetrated about a t h i r d of the way a c r o s s the c l e a r a n c e space. 

The upstream surfaoe of tongues of t h i s s i z e were l i k e l y t o form 

r i p p l e s as shown on f i g u r e 7.7. O c c a s i o n a l l y such a r i p p l e would 

develop a f i n g e r of a i r extending f a r i n advance of the o r i g i n a l 

surfaoe p o s i t i o n , and the o i l f i l m c l o s e i n on the base of t h i s 

f i n g e r to form a detached pocket of a i r . Sometimes the r e s u l t i n g 

c l o s e d pocket would then migrate a g a i n s t the s u r f a c e motion to 

augment the c a v i t i e s t h a t had a l r e a d y developed. The r e s u l t 

would be the c r e a t i o n of c a v i t i e s l a r g e r than those observed f o r 
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the flooded t e s t s . I t i s .assumed^ that the bubble, of a i r __was_ 
d r i v e n towards the c a v i t a t i o n region by the p r e v a i l i n g p ressure 
gradient, i n d i c a t i n g t hat the c a v i t i e s were at a sub-ambient 
p r e s s u r e . But t h i s can not be considered as an exact model of 
the flooded case because of the dist u r b a n c e due to the loop of 
atmosphere pen e t r a t i n g the cl e a r a n c e space. 

The r e s u l t s of g r a d u a l l y reducing the volume of o i l i n the 

t e s t s e c t i o n are shown on f i g u r e s 7.8 to 7.11. The f i r s t change 

to the l u b r i c a t i o n system would be the tongue of a i r extending 

from the upper s i d e of the c l e a r a n c e space. As soon as t h i s 

tongue extended by about a t h i r d of the d i s t a n c e a c r o s s the 

bearing, boosting of the c a v i t a t i o n r e g i on would take place. As 

d e s c r i b e d above the boosting took the form of q u a n t i t i e s of a i r 

breaking f r e e from the tongue and migrating i n t o the c a v i t a t i o n 

region. At t h i s stage the j e t of l u b r i c a n t e n t e r i n g the bearing 

from above took the form of a broad streamer of o i l , but much 

weaker than the j e t s observed during the flooded t e s t s . 

As the l u b r i c a n t l e v e l was f u r t h e r reduced t h i s broad streamer 

marking the upper boundary of the c a v i t a t i o n region, became 

t h i n n e r and weaker, u n t i l e v e n t u a l l y no more than a t y p i c a l 

streamer o r i g i n a t i n g from the c a v i t a t i o n boundary. As the 

standing o i l l e v e l approached the lower s i d e of the j o u r n a l , the 

l u b r i c a t i n g system appearance began to resemble the drained 

bearing arrangement. During the t r a n s i t i o n from f u l l y flooded to 
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the drained type of condition, the f u l l f i l m region g r a d u a l l y 

ohanged from occupying most of the j o u r n a l circumference to only 

a s m a l l p a r t . At the same time the c a v i t y p r e s s u r e obviously 

rose from a sub-ambient value to atmospheric pressure. 

I n i t i a l l y the d e n d r i t i c a c t i o n became more pronounced as the 

c a v i t y was boosted by a d d i t i o n a l a i r from the atmosphere, with 

c o n s i d e r a b l e secondary noses forming at the s i d e s of the main 

c a v i t y noses. Photographs presented by Jacobson and Hamrock(27) 

of c a v i t i e s i n a dynamically loaded bearing, show c a v i t y p a t t e r n s 

t y p i c a l of those i n the present bearing operating with an 

i n f l a t e d c a v i t a t i o n region. Observation of the c a v i t a t i o n region 

w h i l s t the bearing was running i n the u s u a l f i x e d load steady 

s t a t e mode showed that although the region remained s t a t i o n a r y 

p a t t e r n s w i t h i n the region t r a v e l l e d i n the d i r e c t i o n of the 

moving s u r f a c e . High speed cinematography of t h i s c o n d i t i o n 

generated by a r o t a t i n g load r e v e a l e d more d e t a i l of the 

d e n d r i t i c behaviour. 

As the r o t a t i n g c a v i t a t i o n region swept around the bearing, 

the p a t t e r n s formed by the c a v i t y boundaries and o i l f i l a m e n t s 

remained s t a t i o n a r y . Once a secondary nose had formed i t 

advanced with the c a v i t a t i o n boundary and away from i t s parent 

c a v i t y , l e a v i n g i n i t s t r a c k a f i n g e r of c a v i t y f l u i d . T h i s long 

f i n g e r of c a v i t y remained at the place i t was formed s i n c e only 

the nose of the c a v i t y advanced as the c a v i t a t i o n region swept 
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by-. At- f i r s t oavit-Y f l u i d flowed i n t o the f i n g e r , causing- i t to_ 

expand a t r i g h t angles to i t s length, f i n a l l y the approach of the 

f i l m formation boundary would cause the s i d e c a v i t y to c o l l a p s e . 

The f l u i d d r i v e n out of the c o l l a p s i n g c a v i t y passed back through 

the root of the s i d e c a v i t y and forward along the parent c a v i t y 

to feed f r e s h l y formed and developing s i d e c a v i t i e s . T h i s 

behaviour i s i l l u s t r a t e d on f i g u r e 7.12 whioh has been s i m p l i f i e d 

to show primary c a v i t i e s with smooth s i d e s and only one or two 

s i d e c a v i t i e s . The u s u a l p a t t e r n s formed by i n f l a t e d c a v i t i e s 

normally d i s p l a y e d many more s i d e c a v i t i e s than are shown on the 

f i g u r e . 

The t y p i c a l ragged appearanoe of streamers i s e x p l a i n e d by the 

random formation of the secondary noses. As the c a v i t a t i o n 

boundary advanced the noses of secondary s i d e o a v i t i e s from 

adjaoent parent c a v i t i e s would approach each other. Since t h e i r 

formation was due to random events they would not be 

s y m m e t r i c a l l y d i s p l a c e d e i t h e r s i d e of the streamer between 

adjacent parent c a v i t i e s . E v e n t u a l l y the s i d e c a v i t i e s would 

overlap s l i g h t l y to produce a s m a l l kink i n the streamer, thus 

producing the curved streamer s i d e s and c e n t r e l i n e . 
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.7.8 QB£EBMTIQH£_IITH_C0M1IHAI^ 

P a r t i c l e s of f o r e i g n matter and bubbles of a i r i n the flooded 

experiments demonstrated ways of i n d i c a t i n g the flow of l u b r i c a n t 

through the load bearing f i l m . Since the i n t r u s i o n of f o r e i g n 

matter i n the form of b a l l s of f l u f f were infrequent, and the a i r 

bubbles were only generated at high s h a f t speeds, a more 

controllable means of providing flow v i s u a l i s a t i o n was d e s i r e a b l e . 

Because of the t h i n f i l m t h i o k n e s s e s near the c a v i t a t i o n 

boundary, flow v i s u a l i s a t i o n was attempted by the i n t r o d u c t i o n of 

an immiscible f l u i d i n t o the c l e a r a n c e spaoe. Hence the 

requirement was f o r a p a i r of immiscible f l u i d s of s i m i l a r 

d e n s i t y that could be made v i s i b l y d i s t i n g u i s h a b l e . 

Various combinations of f l u i d s i n c l u d i n g water, methylated 

s p i r i t s , o i l and g l y c e r i n e were t r i e d with the f o l l o w i n g general 

r e s u l t . I f a s m a l l amount of more v i s c o u s f l u i d was added to the 

system, the i n d i c a t o r f l u i d d i d form sm a l l bubbles but they were 

not s u f f i c i e n t l y mobile i n the c l e a r a n c e spaoe to follow the 

l o c a l flow of the l u b r i c a t i n g f l u i d , and often became attached to 

one of the bearing s u r f a c e s . For a small amount of l e s s v i s c o u s 

f l u i d added to the l u b r i o a n t , small bubbles would be formed i n 

the more tu r b u l e n t a r e a s at the s i d e of the bearing but the 

i n d i c a t o r would c o l l e c t i n the c a v i t a t i o n region and behave l i k e 

c a v i t y f l u i d . Thus i t was p o s s i b l e to have o i l as the l u b r i c a n t 

and have both a i r and water i n the c a v i t i e s . 
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A w_orkable„GQmbi nation, of - f l u i d s .proved to be g l y c e r i n e and a 

l i g h t mineral o i l . The g l y c e r i n e was used i n bulk as the 

l u b r i c a n t and s m a l l amounts of o i l were introduced as the 

i n d i c a t o r . The p a i r proved to a c t l i k e o i l and a i r exoept that 

because of t h e i r higher v i s c o s i t i e s and the lower s u r f a c e speeds 

used, there was muoh l e s s d e n d r i t i c a c t i o n and t r a n s i e n t random 

motion took plaoe a t a much slower pace. Thus observation of the 

d e n d r i t i c a c t i o n was made much more e a s i l y when t h i s combination 

of f l u i d s was used. The general appearance of the l i q u i d f i l l e d 

c a v i t i e s were much c l o s e r t o the smooth s i d e d s t r u c t u r e s observed 

by Cole and Hughes(25), than those normally obtained with gaseous 

c a v i t i e s . 

Sinoe the two working f l u i d s were immiscible the normal c a v i t y 

formation mechanism was not a v a i l a b l e and the region of 

c a v i t a t i o n was oft e n i n i t i a t e d by f o r c i n g a small volume of o i l 

i n t o the clearanoe space. As before i n c r e a s i n g the operating 

e c c e n t r i c i t y caused a reduc t i o n i n the e q u i l i b r i u m volume of the 

c a v i t y , which r e s u l t e d i n the shedding of sma l l bubbles of c a v i t y 

f l u i d from the formation boundary. Very slow c a v i t y growth was 

p o s s i b l e by absorption of s m a l l o i l bubbles c i r c u l a t i n g i n the 

g l y c e r i n e , but t h i s mechanism was l i m i t e d by the s o a r o i t y of 

smal l o i l bubbles. The d e s c r i p t i o n of d e n d r i t i c a c t i o n i n the 

s e c t i o n on flooded observations i s mainly due to the observations 

made with t h i s unusual combination of f l u i d s . 
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Unfortunately no combination of f l u i d s was found to be__ 

s u i t a b l e f o r the intended purpose of flow v i s u a l i s a t i o n i n the 

f l u i d f i l m . I n general c o n s i s t e n t l y good performance was not 

obtained. 

7.9 ESTIMATED FILM PERFORMANCE AT WHIRL ONSET 

The experiments performed with the perspex bearings have 

enabled the f i l m behaviour to be observed f o r a medium length 

device. As found by other workers the c l e a r a n c e space i s d i v i d e d 

between the f u l l f i l m and c a v i t a t i o n regions. The f u l l f i l m 

region tends to be very u n i n t e r e s t i n g u n t i l the flow of l u b r i c a n t 

through the f i l m can be studied. I n c o n t r a s t the c a v i t a t i o n 

region i s a dynamic area of random motion which immediately 

a t t r a c t s the eye. 

The fundamental s t r u c t u r e of c a v i t i e s d i v i d e d by streamers was 

present f o r a l l the t e s t s performed, g i v i n g confidence i n the 

J.F.O. streamer model of the c a v i t a t i o n region. There was no 

evidence to suggest t h a t there was a t h i n f i l m of l u b r i c a n t on 

the r o t a t i n g j o u r n a l which would support the a l t e r n a t i v e 

s e p a r a t i o n theory of c a v i t a t i o n . However t h i s i s not proof that 

s e p a r a t i o n was not t a k i n g place a t the c a v i t a t i o n boundary. 
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One. obvious c o n c l u s i o n of the .s_t.udy_is t h at the extent_of jthe 

f u l l f i l m region i s dependent upon the volume of o i l passing 

through the f i l m , whether i t e n t e r s through the formation 

boundary or at the s i d e s of the c l e a r a n c e space. Thus the u s u a l 

simple s o l u t i o n s to the one dimensional Reynolds equations may 

not be the most appropriate f o r t y p i c a l bearing geometries. 

The t e s t s with a dynamic operating c o n d i t i o n demonstrated that 

moderate d i s t u r b a n c e s d i d not change the fundamental s t r u c t u r e of 

e i t h e r f u l l f i l m or c a v i t a t i o n regions. By the use of a small 

r o t a t i n g load i n a d d i t i o n to a l a r g e r steady load, the j o u r n a l 

was made to perform s m a l l o r b i t s around i t s steady e q u i l i b r i u m 

p o s i t i o n i n a manner s i m i l a r to the type of motion t h a t occurs 

during w h i r l onset. The r e s u l t i n g behaviour suggests that at 

w h i r l onset a j o u r n a l i s most l i k e l y to be supported on a f i l m 

e s s e n t i a l l y the same as the steady s t a t e f i l m but performing a 

s t e a d i l y i n c r e a s i n g o s c i l l a t i o n i n the c i r c u m f e r e n t i a l d i r e o t i o n . 

As the w h i r l c o n d i t i o n develops the system can be expected to 

suddenly switch to a r o t a t i n g f i e l d system to support the 

j o u r n a l . Thus the theory of dynamic l u b r i c a t i o n based upon the 

J.F.O. model which has been developed i n the previous chapters 

r e p r e s e n t s the major f e a t u r e s observed. 
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8- STABILITY EXPERIMENTS- -

The primary o b j e c t i v e s f o r the work reported i n t h i s t h e s i s 

were to develop an apparatus oapable of i n d i c a t i n g the s t a b i l i t y 

c h a r a c t e r i s t i c s of j o u r n a l bearings and to t e s t a number of 

d i f f e r e n t bearing geometries. The u l t i m a t e o b j e c t i v e for the 

experimental i n v e s t i g a t i o n of bearing dynamics must be to 

eval u a t e the e i g h t c o e f f i c i e n t s of the dynamic s t i f f n e s s matrix 

over a wide range of bearing operating conditions. But 

determining a l l e i g h t c o e f f i c i e n t s i s a d i f f i c u l t t a s k r e q u i r i n g 

the use of d i f f e r e n t techniques to f i n d f i r s t the s t i f f n e s s and 

then the damping terms. The scope of the experimental work 

reported was l i m i t e d to i n v e s t i g a t e performance at the s t a b i l i t y 

boundary, and to c a l c u l a t e the most s i g n i f i c a n t eigenvalue of the 

dynamic s t i f f n e s s matrix, from measurements taken at w h i r l onset. 

The fundamental requirement was t h e r e f o r e to design and b u i l d 

an apparatus capable of d r i v i n g bearings i n t o unstable operating 

c o n d i t i o n s . However when a bearing i s operating c l o s e to i t s 

s t a b i l i t y boundary, the hydrodynamic f i l m tends to have v e r y 

l i t t l e dynamic s t i f f n e s s i n comparison to i t s s t a t i c value. Thus 

sma l l d i s t u r b a n c e s to the t e s t bearing w h i l s t i t i s running a t 

the r e q u i r e d operating condition, w i l l l e a d to s i g n i f i c a n t 

j o u r n a l o r b i t s and even i n s t a b i l i t y . S i m i l a r l y damping i n the 

system e x t e r n a l to the t e s t bearing w i l l have a s i g n i f i c a n t 

s t a b i l i s i n g i n f l u e n c e and cause e r r o r s i n l o o a t i n g the s t a b i l i t y 
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boundary- Consequently minimising the e x t e r n a l — i n t e r f e r e n c e s 
a c t i n g on the moving p a r t s i s an important aspect of the t e s t 

apparatus design. Normally two j o u r n a l and two t h r u s t bearings 

are n e c e s s a r y to adequately support a s h a f t , but Holmes(28) has 

shown t h a t the i n t e r a c t i o n between the two j o u r n a l s i n suoh an 

arrangement i s l i k e l y to produce a s t a b i l i s i n g i n f l u e n c e . Hence 

there are advantages f o r a t e s t c o n f i g u r a t i o n t h a t has only one 

j o u r n a l bearing. 

The s i n g l e bearing type of system has severe disadvantages i n 

th a t the load on the l>earing and the d r i v i n g torque have to be 

d e r i v e d from f o r c e s a o t i n g a t a d i s t a n c e . Consequently t y p i c a l 

means of loading and d r i v i n g s h a f t s can not be used. The most 

convenient and r e l i a b l e means of loading a s i n g l e bearing system 

i s to use the for c e of g r a v i t y . T h i s i m p l i e s t h a t the load on a 

bearing w i l l be constant, which i n tur n i m p l i e s i n s t a b i l i t y w i l l 

always occur at one running speed. Such a system would be of 

l i m i t e d use as i t y i e l d s a s t r i o t l y l i m i t e d amount of 

information. But Chapter 6 has shown t h a t the c r i t i o a l running 

speed of any bearing can be changed by va r y i n g the s t i f f n e s s of 

i t s supporting s t r u c t u r e . Since the r e s u l t s gained from a 

bearing mounted on an axisymmetric s p r i n g have been shown to 

y i e l d the r e q u i r e d c r i t i c a l eigenvalue of the dynamic s t i f f n e s s 

matrix, a t e s t bed was designed based upon a s i n g l e j o u r n a l 

bearing supported on a mounting s t r u o t u r e of v a r i a b l e s t i f f n e s s . 
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There a r e a number of advantages to-be gained from- t u r n i n g a 

s i n g l e bearing system i n s i d e out, to have a r o t o r running on a 

s t a t i o n a r y oentrebody as shown on f i g u r e 8.1, r a t h e r than a 

j o u r n a l l o c a t e d i n s i d e a bearing. Marsh(22) has shown that a 

bearing r o t o r w i l l be gy r o s o o p i o a l l y s t a b i l i s e d , and oonioal 

w h i r l at low speeds w i l l be suppressed, i f i t s t r a n s v e r s e moment 

of i n e r t i a i s l e s s than twioe the polar moment. T h i s c o n d i t i o n 

e f f e c t i v e l y l i m i t s the length of a s h a f t or r o t o r i f t r a n s v e r s e 

w h i r l i s to be studied. Sinoe the loading on the bearing w i l l be 

r e s t r i c t e d by the value of g r a v i t y , t y p i c a l bearing p r e s s u r e s of 

one or two megaPasoals a r e not normally p o s s i b l e f o r bearings of 

a s e n s i b l e s m a l l l a b o r a t o r y s c a l e . Because a ro t o r i s capable of 

pos s e s s i n g s e v e r a l times more mass than a s h a f t of eq u i v a l e n t 

s i z e , a r o t o r on oentrebody c o n f i g u r a t i o n w i l l give bearing 

loadings c l o s e r to t y p i c a l v a l u e s found i n p r a c t i c e . 

Marsh and Simmons(23) have s u c c e s s f u l l y used the s i n g l e 

bearing layout sketched on f i g u r e 8.1 f o r t h e i r s t a b i l i t y 

experiments with a i r bearings. The present work has developed 

the s i n g l e bearing layout f o r studying the s t a b i l i t y of o i l 

l u b r i c a t e d bearings. S e c t i o n s through the t e s t assembly used i n 

t h i s study of h a l f speed w h i r l a r e d e t a i l e d on f i g u r e s 8.2 and 

8.3. The design of the v a r i o u s p a r t s of the t e s t arrangement are 

d i s c u s s e d i n the fol l o w i n g s e c t i o n s . 



- 140 -

8-. 0.1 Te s t Rotor - . _ _ 

The primary f u n c t i o n of the r o t o r i s to provide the r o t a t i n g 

s u r f a c e of the t e s t bearing. Thus the i n t e r n a l s u r f a c e of the 

r o t o r as shown on f i g u r e 8.4 was bored and ground to a c l o s e 

t o l e r a n c e c y l i n d r i c a l shape. Keeping the bore constant r i g h t 

through the rotor had two advantages. A wide range of bearing 

geometries could be t e s t e d with the one r o t o r because both the 

bearing width and clearanoe r a t i o could be changed by a v a r i a t i o n 

i n the s i z e and shape of the oentrebody. The c y l i n d r i c a l bore 

a l s o provided a s u i t a b l e t a r g e t surfaoe f o r the displacement 

measuring instrumentation. The major disadvantage was the 

comparatively long d i s t a n c e the o i l squeezed out of the c l e a r a n c e 

space had to t r a v e l before escaping from the system. But the 

high r o t a t i o n a l speed ensured an even d i s t r i b u t i o n of the 

escaping o i l i n a t h i n f i l m around the bore. 

As shown on f i g u r e 8.4, the s i d e s of the rotor were machined 

to form o i l f l i n g e r s to d i r e o t the flow of waste o i l , and t h r u s t 

f a c e s so t h a t the r o t o r ' s centre of mass could be kept over the 

c e n t r e l i n e of the bearing. The a x i a l l o c a t i o n f u n c t i o n was 

performed by a e r o s t a t i c t h r u s t bearings which were designed with 

l a r g e working c l e a r a n c e s to minimise t h e i r i n f l u e n c e on the 

r o t o r ' s dynamic behaviour. The torque needed to a c o e l e r a t e the 

r o t o r up to and maintain the working speed was generated by an 

impulse turbine c o n s i s t i n g of t h i r t y s l o t s m i l l e d i n t o the 
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outside diameter of -the—-rotor- F i n a l l y twelve machine screws 
were f i t t e d to the periphery of the r o t o r to f a c i l i t a t e 
b a lancing. The b a s i c d e t a i l s of the ro t o r geometry are given on 
t a b l e 8.1. 

8.0.2 Test_Centrgbodies 

The centrebodies not only provided the s t a t i o n a r y bearing 
s u r f a c e and the means of supplying o i l to the bearing, but the 
d e t a i l of t h e i r shape a l s o defined the t e s t bearing geometry. 
The oentrebody maximum diameter, as shown on f i g u r e 8.5, governed 
the bearing c l e a r a n c e , and the a x i a l l e n g t h of t h i s s u r f a c e 
defined the bearing width. Table 8.1 l i s t s the b a s i c oentrebody 
d e t a i l s f o r a l l the bearing geometries t e s t e d . 

Since i t was the purpose of the t e s t bed to d r i v e bearings 
i n t o h a l f speed w h i r l , subsequent periods of running with very 
l a r g e amplitude o r b i t a l motions were expected. Hence the 
oentrebodies were designed to ensure that the f u l l y developed 
w h i r l d i d not cause e x c e s s i v e wear to the bearing s u r f a c e s . The 
most favourable circumstances f o r maintaining a hydrodynamic f i l m 
to support the ro t o r are achieved by having a maximum of 
continuous centrebody bearing surfaoe. To minimise the 
dist u r b a n c e to the c y l i n d r i c a l bearing shape, the o i l supply was 
implemented by d r i l l i n g a s i n g l e small hole on the bearing 
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o e n t r e l i n & of- eaoh_oentr.ebody:. As an a d d i t i o n a l precaution the. 

oentrebodies were made from phosphor bronze to minimise damage to 

the s t e e l r o t o r . 

The l a r g e centrebody and r o t o r masses, combined with the wide 

range of mounting s t i f f n e s s e s , produced l a r g e v a r i a t i o n s i n the 

s t a t i c and dynamic displacements of the oentrebody. Thus i t was 

much more convenient f o r a l l the instrumentation and s e r v i c e s to 

be mounted on the oentrebody r a t h e r than f i x e d to the bed p l a t e . 

The d i s t a n c e probe mountings were machined as shown on f i g u r e 8.5 

on both s i d e s of the r a i s e d bearing s u r f a c e . The oombined o i l 

oatohers and t h r u s t bearings were made to be secured to the ends 

of the centrebody as shown on f i g u r e 8.2, and the turbine nozzles 

were mounted with the tachometer probe on rods secured to the o i l 

c a t c h e r s . 

A s p e c i a l centrebody with two a e r o s t a t i c bearings, as shown on 

f i g u r e 8.5, was made f o r the t a s k of balancing the r o t o r . The 

u n i t was designed to r e p l a c e the normal centrebodies so balancing 

could be performed using the standard t e s t bed equipment. 

8.0.3 Ele.xib_le_Mou.nt in.g 

The f l e x i b l e support s t r u c t u r e r e q u i r e d to vary the c r i t i c a l 

w h i r l onset speeds was implemented using two hollow s t a i n l e s s 

http://Ele.xib_le_Mou.nt
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s t e e l tubes^ one screwed-into-eaoh end of the centrebody. The 

tubes were designed to be bolt e d down onto movable support 

p i l l a r s , so that the a c t i v e length of the beams could be v a r i e d . 

I n c r e a s i n g the d i s t a n c e between the supporting p i l l a r s , which are 

shown s c h e m a t i c a l l y on f i g u r e 8.1, decreased the e f f e o t i v e 

s t i f f n e s s of the tubular supports and hence the n a t u r a l 

f r e q u e n c i e s of the f l e x i b l e mounting system. 

The r e l a t i v e v a l u e s f o r the mounting system's f i r s t two 

n a t u r a l f r e q u e n c i e s are important, s i n c e t r a n s l a t i o n a l w h i r l i s 

a s s o c i a t e d with the f i r s t mode of v i b r a t i o n , and the second mode 

i s e x c i t e d by o o n i c a l w h i r l . Even though the r o t o r was 

s u f f i c i e n t l y short to be g r y o s c o p i c a l l y s t a b i l i s e d , a high 

n a t u r a l frequency f o r the second mode of v i b r a t i o n was d e s i r e a b l e 

to keep the o o n i c a l w h i r l onset speed as high as p o s s i b l e . The 

simple mass and beam system used d i d not have a great s e p a r a t i o n 

between the f i r s t two n a t u r a l f r e q u e n c i e s , but c o n i c a l w h i r l was 

only experienced f o r one t e s t bearing. The presence of c o n i c a l 

w h i r l d i d not prevent the a c q u i s i t i o n of t r a n s l a t i o n a l w h i r l data 

s i n c e the r o t o r was al r e a d y running above the l i m i t i n g speed of 

the data gathering e l e c t r o n i c s . 

The t u b u l a r suspension gave a working range of n a t u r a l 

f r e q u e n c i e s , ' CJM ' , from 10 to 100Hz. I n a d d i t i o n the support 

p i l l a r s could be brought r i g h t up to the ends of the oentrebody 

s t r u c t u r e to provide a r i g i d mounting. 
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8 .1 - SERVICES TO-THE- TEST- BEARING- - ._ 

A pumped o i l supply was used to provide l u b r i c a n t a t about 

20°C and a pressure of 0.35 bar to the t e s t bearing. For a l l 

experiments a l i g h t mineral o i l was used having the v i s c o s i t y 

r e l a t i o n s h i p p l o t t e d on f i g u r e 8.6. The o i l was assumed to have 

a nominal v i s c o s i t y of 7.0 mPas, (7.0 oP), f o r a l l c a l c u l a t i o n s . 

The p r e s s u r e of 0.35 bar was found to be the minimum necessary to 

give smooth running at s t a b l e operating c o n d i t i o n s . S e t t i n g the 

centrebody with the o i l supply hole f a c i n g d i r e c t l y downwards, 

then t u r n i n g i t through 15" to 20* a g a i n s t the d i r e c t i o n of r o t o r 

r o t a t i o n , was found to be the best o r i e n t a t i o n f o r c o n s i s t e n t l y 

smooth running. I n c r e a s i n g the supply pressure by modest amounts 

was found not to a f f e c t the w h i r l onset speeds. The used o i l 

escaping from the t e s t bearing was allowed to d r a i n i n t o a sump 

before being f i l t e r e d and r e c y c l e d . 

The t e s t bed's high pressure a i r requirements were a l l 

provided by the l a b o r a t o r y compressed a i r supply. A f i l t e r e d and 

r e g u l a t e d supply was used f o r the a e r o s t a t i c t h r u s t bearings and 

the centrebody used f o r balancing. A separate r e g u l a t e d supply 

was used to feed one p a i r of forward f a c i n g d r i v e n o z z l e s . F i n e 

c o n t r o l of the rotor speed was achieved by a d j u s t i n g the p r e s s u r e 

r a t i o a c r o s s these n o z z l e s , and hence the q u a n t i t y of a i r 

e n t e r i n g the d r i v e t u r b i n e . Unregulated s u p p l i e s were connected 

to the remaining d r i v e n o z z l e s , one p a i r forward f a c i n g and a 
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s i m i l a r p a i r f a c i n g backwards, to -provide - r a p i d a o c e l e r a t i o n -

through unstable operating regions and r a p i d d e c e l e r a t i o n to 

b r i n g the r o t o r out of the f u l l y developed w h i r l c o n d i t i o n . 

Both the o i l and the compressed a i r were fed d i r e c t l y to the 

oentrebody through lengths of PVC tubing, which allowed the the 

t e s t assembly u n r e s t r i c t e d movement on i t s f l e x i b l e mounting. 

8.2 INSTRUMENTATION 

The a n a l y s i s of the t e s t bearing behaviour has been shown to 

r e q u i r e the measurement of the r o t o r speed and o r b i t a l frequency 

at w h i r l onset, along with two n a t u r a l f r equencies of the 

mounting system. As i s normal p r a c t i o e , instrumentation was a l s o 

provided to i n d i c a t e the j o u r n a l p o s i t i o n w i t h i n the c l e a r a n c e 

c i r c l e . However the e c c e n t r i c i t y and a t t i t u d e angle which d e f i n e 

the r o t o r p o s i t i o n are two of the most d i f f i c u l t parameters to 

measure. T h i s i s due to the s m a l l displacements involved, the 

l a c k of a f i x e d datum, the r e l a t i v e motion between components and 

t h e r m o - e l a s t i c d i s t o r t i o n of both s u r f a c e s . Not only must 

non-contacting measuring d e v i c e s be used but they are s u b j e c t e d 

to a comparatively harsh environment. 

T r a d i t i o n a l l y e i t h e r c a p a c i t i v e or i n d u c t i v e techniques have 
been used to sense j o u r n a l p o s i t i o n , and both types of equipment 
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w e r e ^ a v a i l a b l e f o r — u s e - i n t h i s pro j e c t . ^ h e - c a p a c i t i v e equipment 

w h i l s t being a much more mature technology i s more d i f f i c u l t to 

use. The sensors have to be plaoed very c l o s e to the t a r g e t 

s u r f a c e , which should be earthed, and are s e n s i t i v e to the 

d i e l e c t r i c constant of the medium i n the olearanoe. The 

a l t e r n a t i v e eddy current type of probe has severe problems i n 

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

and the ambient temperature, but have compensating advantages 

with l a r g e operating c l e a r a n c e s , i n s e n s i t i v i t y to the f l u i d i n 

the c l e a r a n c e , and small s i z e . These advantages meant t h a t the 

eddy c u r r e n t probes could be s a f e l y mounted on the oentrebody 

using the rotor bore as a t a r g e t . The eddy c u r r e n t sensors were 

so v e r s a t i l e that they were used fo r the source of a l l e l e c t r i o a l 

s i g n a l s to come from the t e s t assembly. Sinoe the standard eddy 

cu r r e n t t r a n s d u c e r s tend to be very bulky, compared to the s i z e 

of the r a d i a t i n g c o i l , s p e c i a l probes were developed and 

manufactured by the U n i v e r s i t y s t a f f to f i t i n the confined space 

between the r o t o r and centrebody. 

Two probes were mounted on the centrebody, 90° apart and to 

one s i d e of the bearing s u r f a c e , so t h a t t h e i r readings gave the 

r o t o r p o s i t i o n i n c a r t e s i a n coordinates. Thus d i s p l a y i n g the 

s i g n a l s on an X-Y o s c i l l o s c o p e r e c r e a t e d the j o u r n a l motion. 

Sinoe the probes e f f e c t i v e l y scanned a traok i n the rotor bore, a 

c y c l i c a l v a r i a t i o n i n the output s i g n a l arose due to the s p a t i a l 

v a r i a t i o n of the r o t o r ' s s u r f a c e p r o p e r t i e s . The unwanted s i g n a l 
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component could o r i g i n a t e from two types of s u r f a c e f e a t u r e , the 

geometric shape of the s u r f a c e , and the electro-magnetic 

p r o p e r t i e s of the m a t e r i a l . Both the shape of the s i g n a t u r e and 

i t s r e l a t i v e i n v a r i a n o e along the r o t o r bore, oombined with 

experiments on v a r i o u s t e s t p i e c e s , i n d i c a t e d t h a t the s i g n a l 

d i s t u r b a n c e was l a r g e l y due to the electro-magnetic p r o p e r t i e s of 

the t a r g e t s u r f a c e . 

T y p i c a l f a l s e d i s t a n c e readings were of the order of 15 um, 

which i s s i g n i f i c a n t compared to the 50 to 100 range of 

d i a m e t r a l c l e a r a n c e s t e s t e d . Both probes used f o r measuring the 

j o u r n a l p o s i t i o n were a f f e c t e d by the v a r i a t i o n of s u r f a c e 

p r o p e r t i e s , but t h e i r r e l a t i v e p o s i t i o n on the centrebody 

generated a phase d i f f e r e n c e between the two s u r f a c e s i g n a l 

components. T h i s caused a c h a r a c t e r i s t i c olosed loop f i g u r e to 

be presented on the o s c i l l o s c o p e d i s p l a y . Beoause the f i g u r e was 

very d i s t i n c t i v e and constant f o r each bearing b u i l d , i t was 

o a l l e d the r o t o r s i g n a t u r e . Although the presence of t h i s 

s i g n a t u r e obscured the exact r o t o r p o s i t i o n , i t d i d not prevent 

the d e t e c t i o n of w h i r l onset. Since the o r b i t a l frequency i s 

t y p i o a l l y about h a l f of the r o t a t i o n a l value, w h i r l onset was 

i n d i c a t e d on the o s c i l l o s c o p e d i s p l a y as the formation of a 

double image. The two component p a r t s of the double image would 

continue to separate as the o r b i t grew i n s i z e . 
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-A__ -third d i s t a n c e - sensing probe was- always mounted on the -

oentrebody i n l i n e with one of the p r e v i o u s l y mentioned p a i r , but 

a t the other s i d e of the r a i s e d bearing s u r f a c e . The a d d i t i o n a l 

s i g n a l was used to c a t e g o r i s e the mode of w h i r l as e i t h e r 

t r a n s l a t i o n a l or c o n i c a l . T e s t s with v a r i o u s specimens showed 

the r o t o r s i g n a t u r e remained comparatively constant i n the a x i a l 

d i r e c t i o n w h i l s t changing markedly i n the c i r c u m f e r e n t i a l 

d i r e c t i o n . Thus d i s p l a y i n g the s i g n a l s from the two probes a t 

opposite s i d e s of the bearing s u r f a c e and a x i a l l y i n l i n e , on an 

o s c i l l o s c o p e s e t at high gain i n X-Y mode, produced a s t r a i g h t 

l i n e a t 45" to the h o r i z o n t a l . T r a n s l a t i o n a l w h i r l onset oaused 

an e l o n g a t i o n of t h i s l i n e . I n c o n t r a s t c o n i c a l w h i r l produoed a 

t h i c k e n i n g of the l i n e which degenerated i n t o a confusion of 

t r a c e s covering the whole scr e e n . The e f f e c t i v e n e s s of t h i s 

technique was demonstrated during one s e r i e s of t e s t s , when a 

c o n i c a l w h i r l c o n d i t i o n i n t e r v e n e d before the second 

t r a n s l a t i o n a l w h i r l onset boundary could be reached. 

Once a l a r g e amplitude t r a n s l a t i o n a l w h i r l c o n d i t i o n had been 

e s t a b l i s h e d the f i r s t o s c i l l o s c o p e d i s p l a y showed a roughly 

c i r c u l a r t r a c e . Superimposed on the general c i r c u l a r shape was a 

c h a r a c t e r i s t i c p a t t e r n o c c u r r i n g t w i c e i n one c i r c u i t of the 

o i r c l e . T h i s p a t t e r n was due to the r o t o r s i g n a t u r e and the f a c t 

t h a t i t appeared twice per o r b i t i n d i c a t e d that l a r g e amplitude 

w h i r l was a l s o performed at about h a l f the r o t o r speed. The 

b a s i c c i r c u l a r shape was apparent beoause the bearing c l e a r a n c e s 
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t e s t e d were always- l a r g e r than the f a l s e displacement s i g n a l s --Of 

the s i g n a t u r e . Measurement of the t r a c e showed that the c i r c u l a r 

o r b i t amplitude was approximately equal to the c l e a r a n c e o i r c l e 

diameter, suggesting t h a t during f u l l y developed w h i r l the r o t o r 

was performing an o r b i t almost equal to the c l e a r a n c e o i r o l e 

supported by a very t h i n l u b r i c a t i n g f i l m . 

The r o t o r speed was determined by measuring the frequency at 

which the buckets of the t u r b i n e d r i v e passed a f i x e d point. An 

e l e o t r i o a l s i g n a l was generated by plaoing an eddy cu r r e n t probe 

adjacent to the t u r b i n e . The probe's output s i g n a l was fed 

d i r e c t l y to a timer oounter which provided a continuous d i s p l a y 

of the bucket passing frequency. A one second counting period 

proved s u f f i c i e n t to give the r e q u i r e d accuracy and a r a p i d 

updating of the r o t o r speed. 

The n a t u r a l f r e q u e n c i e s of the mounting system were found by 

inducing resonance with an electro-mechanioal v i b r a t o r . Again 

eddy c u r r e n t probes were used to monitor the oentrebody response. 

Since the system's n a t u r a l f r e q u e n c i e s were of the order of 10Hz, 

a phase locked loop type of low frequency meter was used to give 

readings to an aoouracy of 0.01Hz with a c y c l e time of only one 

second. 
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8.3 DATA - RECORDING -AND REDUCTION- — 

The major s i g n a l p r o c e s s i n g problems to be overcome were the 

i s o l a t i o n of the w h i r l frequency s i g n a l components and to r e l a t e 

the displacement information they oontain to the bearing's 

clearanoe c i r c l e . F inding the o r b i t a l frequency a l s o presented 

d i f f i c u l t i e s s i n c e the s m a l l amplitude w h i r l s i g n a l was always 

h e a v i l y masked by the l a r g e r synchronous s u r f a c e property 

s i g n a l s . Separation of these two s i g n a l components using 

analogue equipment would not have been easy, s i n c e they were 

t y p i c a l l y only one octave a p a r t . 

I f analogue instrumentation i s used to measure the bearing 

performance, two d i f f e r e n t s i g n a l processing techniques are 

neces s a r y to d e r i v e the p o s i t i o n a l and frequency information. 

Marsh and Simmons used analogue instrumentation f o r t h e i r a i r 

bearing experiments to process the output s i g n a l s from the 

c a p a c i t i v e transducers they used. The p o s i t i o n a l information was 

de r i v e d from the time averaged values of the source s i g n a l s . The 

f a c t t h a t they were using symmetrical centrebodies helped them 

f i n d the centre of t h e i r bearings. The transformation from 

average s i g n a l l e v e l s to steady s t a t e j o u r n a l p o s i t i o n was e a s i l y 

determined and checked by s u c c e s s i v e l y r o t a t i n g the oentrebody 

through 90" and taking readings, w h i l s t the bearing was operating 

at a steady s t a t e constant speed condition. When measuring the 

o r b i t a l frequency they attenuated the synchronous s i g n a l 
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component u s i n g - -a v a r i a b l e frequency notch f i l t e r , to leave the-

s i g n a l from the w h i r l motion as the dominant component. Since a 

timer counter was used for the frequency measurement, the s m a l l 

s o a l e w h i r l o r b i t had to be held f o r s e v e r a l seconds w h i l s t the 

reading was taken. 

The oentrebodies used f o r t h i s study of o i l l u b r i c a t e d 

bearings were not a x i a l l y symmetric beoause of the o i l supply 

arrangement, and turning the oentrebody through reasonable angles 

was found to cause s i g n i f i c a n t changes to the operating 

e c c e n t r i c i t y . Thus the teohnique used by Marsh and Simmons f o r 

d e f i n i n g the c e n t r e of the c l e a r a n c e o i r c l e could not be used f o r 

t h i s type of o i l bearing. To overcome c a l i b r a t i o n problems and 

perform a more d e t a i l e d a n a l y s i s of the displacement s i g n a l s , the 

work reported i n t h i s t h e s i s used d i g i t a l equipment to perform a 

numerical a n a l y s i s . 

The high analogue to d i g i t a l conversion r a t e s the t e s t 

apparatus r e q u i r e d were achieved by d e d i c a t i n g a microprocessor 

to d r i v i n g a oonverter chip. The recorded information was then 

down-loaded to a microcomputer system f o r ease of performing the 

numerical a n a l y s i s . I n order to obtain s u f f i c i e n t information to 

make the numerical a n a l y s i s a reasonable p r o p o s i t i o n , a sampling 

r a t e of a t l e a s t ten coordinate p a i r s was r e q u i r e d for each time 

around the w h i r l o r b i t . Since the w h i r l frequency was expected 

to be about h a l f of the running speed, only f i v e coordinate data 
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p a i r s were r e q u i r e d — f o r each t u r n of the r o t o r . A standard 

t r i g g e r c i r o u i t was used to generate a data conversion timing 

s i g n a l from the ro t o r speed sensor. Thus t h i r t y samples per 

r e v o l u t i o n were obtained and the sampling r a t e a u t o m a t i c a l l y 

a d j u s t e d i t s e l f t o s u i t the o r b i t a l frequency. Using the bucket 

passing s i g n a l a l s o had the b e n e f i t t h a t the f a l s e s i g n a l 

components apparent i n the ro t o r s i g n a t u r e appeared as repeating 

sequences of f i x e d v a l u e s throughout each data s e t . 

The analogue t o d i g i t a l conversion o y c l e time l i m i t e d the 

maximum working r o t o r speed to about 13,000 rpm. At t h i s speed 

the i n t e r v a l between timing s i g n a l s was approximately equal to 

two conversion periods. As each timing s i g n a l was received the 

s i g n a l l e v e l s were frozen by 'sample and hold' c i r c u i t s i n order 

not to generate e r r o r s due to the conversion d e l a y s . The r e s u l t 

of each conversion was st o r e d i n the memory attached to the 

microprocessor. The f i n i t e s i z e of the prooessor memory meant 

th a t data could be reoorded f o r a period of up to 17 r e v o l u t i o n s . 

The e l e c t r o n i o s a s s o c i a t e d with the data conversion and storage 

were designed and assembled by the Durham U n i v e r s i t y 

Microprocessor Centre. For a l l the experiments reported, the 

s i g n a l s from two displacement sensors were recorded and data was 

acquired i n a continuous period of 17 r e v o l u t i o n s . Once the 

microprocessor memory was f u l l the data was then down-loaded to 

the microcomputer f o r s i g n a l a n a l y s i s . 
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The microcomputer had s e v e r a l d i f f e r e n t signal- -processing 

f u n c t i o n s to perform. For each t e s t s e s s i o n images of the r o t o r 

s i g n a t u r e and the c l e a r a n c e c i r c l e had to be generated before the 

steady s t a t e and dynamic peformance could be analysed. The 

teohnique used to a n a l y s e w h i r l onset data was to f i t the the 

g e n e r a l i s e d j o u r n a l motion given by equations (4.1) to the r o t o r 

p o s i t i o n a l information contained i n the data s e t . Thus 

information was gained not only f o r the steady s t a t e p o s i t i o n and 

the w h i r l frequency but a l s o the o r b i t s i z e , shape and growth 

oonstant. D e t a i l s of the numerical algorithms used to analyse 

the w h i r l o r b i t data a r e given i n appendix one. 

A d i s c r e t e f o u r i e r transformation was performed on a l i m i t e d 

number of data s e t s by a mainframe computer. Since the frequency 

information i s contained i n the data s e t s from both probes, the 

s i g n a l v a lues i n the two coordinate d i r e c t i o n s were oombined to 

form a s e r i e s of complex numbers. The s e r i e s of complex numbers 

was then transformed i n t o a s e t of complex f o u r i e r c o e f f i c i e n t s . 

The moduli of the r e s u l t i n g c o e f f i c i e n t s are presented on 

f i g u r e s 8.7 and 8.8 f o r a t y p i c a l s e t of t e s t r e s u l t s . The f i r s t 

f i g u r e i s for the data as recorded and shows the dominance of the 

synchronous s i g n a l component. The second f i g u r e i s the r e s u l t of 

performing the a n a l y s i s a f t e r s u b t r a c t i o n of the r o t o r s i g n a t u r e . 

The f o u r i e r a n a l y s i s has drawbacks s i n c e i t r e q u i r e s s u b s t a n t i a l 

oomputing power and can only produce frequency v a l u e s to a 

l i m i t e d accuracy. 
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i L 4 Q£EEAIING_EEQGEDHSE _ _ .._ 

Before running on an o i l f i l m , the r o t o r was balanced to 

minimise synchronous e x c i t a t i o n s due to out of balanoe. The 

prooesss must be performed with care s i n c e synchronous v i b r a t i o n s 

a r e thought to have a s t a b i l i s i n g a f f e o t on the o i l f i l m . 

B alancing was performed with the a e r o s t a t i c oentrebody f i t t e d to 

the suspension system, and the r o t o r running a t speeds which 

e x c i t e d the f i r s t and second modes of v i b r a t i o n . The p o s i t i o n 

and magnitude of the out of balanoe masses was judged from t r a o e s 

of the r o t o r signature and oentrebody motion d i s p l a y e d on an 

o s c i l l o s c o p e . The machine screws s e t i n t o the rot o r were 

ad j u s t e d so that the c e n t r e of mass l a y on the bearing 

c e n t r e l i n e , and the a x i s g i v i n g the maximum moment of i n e r t i a l a y 

along the a x i s of the rotor bore. 

Once the rot o r had been balanced, the f i r s t t e s t bearing was 

assembled and the r e l a t i o n s h i p between the mounting fr e q u e n c i e s 

' and ' to6' determined. T h e o r e t i c a l l y the r a t i o should be 

equal to the following f u n c t i o n of the rotor and bearing masses. 

S u b s t i t u t i n g the weights of the t e s t assembly p a r t s i n t o the 

formula i n d i c a t e d that the frequency r a t i o should have been about 

0.744. By using a mechanical v i b r a t o r to f i n d the system's 

CO 

M CO KB 
(8.1) 
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resonant frequencies, t h e - r a t i o was iound to remain constant a t a 

value of 0.746 over the working range of the suspension. 

A f t e r these p r e l i m i n a r y experiments were completed, the 

measurement of bearing performance could begin. At the beginning 

of each t e s t s e s s i o n the suspension was s e t to a r e l a t i v e l y s o f t 

v a lue, so that the r o t o r could be run up to and l e f t to warm 

through a t a speed of seven or eight thousand rpm. Afte r about 

ten minutes the s i g n a l a m p l i f i e r s a s s o c i a t e d with the data 

r e c o r d i n g equipment were s e t so th a t the whole of the cl e a r a n c e 

c i r c l e l a y w i t h i n the operating range of the analogue to d i g i t a l 

c onverter. The gain was then a d j u s t e d to make the diameter 

e q u i v a l e n t to approximately three thousand d i g i t s . 

The f i r s t f i v e s e t s of readings were recorded w h i l s t the t e s t 

bearing was running a t a steady operating condition. The 

s i g n a t u r e image was d e r i v e d from these data s e t s as d e t a i l e d i n 

the appendix. T e s t s showed that the s i g n a t u r e image remained 

constant throughout the working speed range of apparatus. Having 

determined the s i g n a t u r e , three data s e t s were taken from f u l l y 

developed w h i r l c o n d i t i o n s . The clearanoe c i r c l e centre and 

diameter were c a l c u l a t e d from these c i r c u l a r o r b i t s , using the 

assumption that the r o t o r was w h i r l i n g on a n e g l i g i b l e 

l u b r i c a t i n g f i l m t h i c k n e s s . A l l subsequent data s e t s were 

transformed i n t o j o u r n a l displacements by s u b t r a c t i n g the 

s i g n a t u r e image and mapping the r e s u l t i n g data onto the clearanoe 
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„cirde _ _ _ _ _ _ _ 

Having performed the system s e t t i n g up and c a l i b r a t i o n 

procedure, measurement of the bearing performance could commence. 

The bearing's steady s t a t e behaviour was determined by t a k i n g 

readings at a s e r i e s of s t a b l e s t a t e s , from very low r o t o r speeds 

up to the range of w h i r l onset speeds. F i n a l l y t e s t s at the 

w h i r l onset boundaries were performed. 

For eaoh w h i r l onset experiment the distanoe between the 

suspension supports was s e t to the d e s i r e d length, and the 

n a t u r a l frequency ' 6J«B ' measured. The r o t o r was then a c c e l e r a t e d 

to a s t a b l e operating oondition below a w h i r l onset boundary. 

The w h i r l onset boundary was approached s l o w l y by al l o w i n g the 

ro t o r speed to r i s e by about two rpm per second. When c l o s e to 

the s t a b i l i t y boundary, random i n f l u e n c e s would i n i t i a t e s m a l l 

j o u r n a l motions which would s l o w l y decay. The c r i t i c a l running 

speed was judged to have been reached when such random 

d i s t u r b a n c e s produced a strong o r b i t t h a t showed no s i g n s of 

decaying. O c c a s i o n a l l y the s t a b l e system would be d i s t u r b e d by a 

l a r g e i n f l u e n c e which would cause premature w h i r l onset and 

i n s t a b i l i t y a t an otherwise nominally s t a b l e operating c o n d i t i o n . 

Some p a r t s of the second w h i r l onset boundary could only be 

reached by passing through the lower unstable operating region. 

As a l r e a d y d e s c r i b e d a p a i r of unregulated d r i v e n o z z l e s were 
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u s e d — t o give r a p i d a c c e l e r a t i o n through the unstable operating 

region. To a i d passage through these c o n d i t i o n s the f i r s t w h i r l 

onset boundary could be temporarily d i s p l a c e d to l a r g e r values of 

the operating s t a b i l i t y parameter. The system c h a r a c t e r i s t i c s 

were changed by grasping one end of the oentrebody, i n c r e a s i n g 

both the mounting s t i f f n e s s and damping. However i n the region 

of the w h i r l c e s s a t i o n boundary the v i b r a t i o n s were always very 

strong, and could not be suppressed by such simple means. As a 

r e s u l t the unstable operating region was always t r a v e r s e d as 

q u i c k l y as p o s s i b l e . 

For the s t i f f e r s e t t i n g s of the suspension, and p a r t i c u l a r l y 

at the second w h i r l onset boundary, the s m a l l w h i r l o r b i t would 

very q u i c k l y grow i n t o f u l l y developed w h i r l . The extent to 

which the upper s t a b i l i t y boundary could be followed w h i l s t 

i n c r e a s i n g the mounting s t i f f n e s s , was often l i m i t e d by the 

a b i l i t y to i n i t i a t e the data reoording before the small amplitude 

o r b i t had become f u l l y developed w h i r l . At the other end of the 

mounting s t i f f n e s s range and p a r t i c u l a r l y f o r the f i r s t w h i r l 

onset boundary, the t e s t bearing o f t e n demonstrated a great 

r e l u c t a n c e to go unstable, e x h i b i t i n g small steady o r b i t a l 

motions over a wide speed range. For most oases the data 

a n a l y s i s showed t h a t the o r b i t recorded had an amplitude of 

between 1 and 5 percent of the clearanoe c i r c l e r a d i u s . 
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U s u a l l y the w h i r i o r b i t would h a v e — - t u r n e d — i n t o a f u l l y 

developed w h i r l c o n d i t i o n before the ro t o r speed could be reduced 

to l e s s than the c r i t i c a l v alue. Then the r o t o r speed had to be 

deoreased by about a thousand rpm before the bearing would r e t u r n 

to a steady operating c o n d i t i o n . Henoe the u s u a l operating 

prooedure was to c y c l e around a h y s t e r e s i s loop, but very c a r e f u l 

c o n t r o l of the operating speed could prevent the o r b i t developing 

i n t o a l a r g e amplitude motion. I f the ro t o r speed was h e l d 

constant a t a value very c l o s e to the s t a b i l i t y boundary, an 

o c c a s i o n a l random i n f l u e n c e would cause the formation of a s m a l l 

s t a b l e o r b i t which could be maintained for an extended period of 

time. A s l i g h t reduction of the r o t o r speed would then cause the 

o r b i t to decay and r e t u r n the system to a steady s t a b l e s t a t e . 

However when operating a t these c o n d i t i o n s the system could 

always be made to go unstable by d i s t u r b i n g the oentrebody with a 

s u f f i c i e n t l y l a r g e impulsive force. 

I n g e n e r a l when running i n the s t a b l e region immediately below 

a w h i r l onset boundary, the c l o s e r the running speed was to the 

c r i t i c a l value, the s m a l l e r the disturbance r e q u i r e d to send the 

system unstable. T h i s suggests that f o r some operating 

c o n d i t i o n s there are l i m i t i n g v a l u e s for the j o u r n a l 

displacement, below which the system w i l l remain s t a b l e . Since 

f u l l y developed w h i r l i s a s s o c i a t e d with a r o t a t i n g pressure 

f i e l d system, and s t a b l e s t a t e s are a s s o c i a t e d with o s c i l l a t i o n 

of the pressure f i e l d , the distu r b a n c e l i m i t s might be a s s o c i a t e d 
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with the t r a n s i t i o n o f _ t h e _ _ o s c i l l a t o r Y mode of c a v i t y , motion to_a 
r o t a t i n g c o n d i t i o n . 

8.5 RISHLT.S 

The experimental r e s u l t s have been grouped i n t o three 
s e o t i o n s . The f i r s t d e a l s with the steady e q u i l i b r i u m operating 
p o s i t i o n s found from both the steady and dynamic t e s t s . These 
are followed by p l o t s of the w h i r l onset performance i n d i c a t e d by 
the microcomputer. The f i n a l group o o n s i s t s of the dynamio 
l u b r i c a t i n g f i l m c h a r a c t e r i s t i c s c a l c u l a t e d from the w h i r l data. 
The r e s u l t s f o r each s e c t i o n a r e presented and i n t e r p r e t e d i n 
t u r n . 

8.5.1 Steady_Equilibrium_PQgitiong 

A l l the steady s t a t e r o t o r p o s i t i o n s and w h i r l o r b i t c e n t r e s 
have been c o l l e o t e d onto f i g u r e s 8.9 to 8.23, one for each t e s t 
s e s s i o n . The l e f t hand graph of each f i g u r e shows the recorded 
r o t o r p o s i t i o n marked on the l a r g e amplitude w h i r l o r b i t which 
has been assumed to i n d i c a t e the c l e a r a n c e c i r c l e . The 
h o r i z o n t a l and v e r t i c a l axes represent the coordinate d i r e c t i o n s 
of the two d i s t a n c e measuring probes used f o r each t e s t . The 
d i r e o t i o n i n which g r a v i t y was a c t i n g on each of these f i g u r e s , 
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i s _ .always, d i s p l a c e d from the v e r t i o a l a x i s by about_20- i n an 

a n t i c l o c k w i s e d i r e c t i o n . T h i s i s because one of the d i s t a n c e 
probes was always placed i n l i n e with the o i l supply hole. As 
d e s c r i b e d above, the hole was always d i s p l a c e d from the bearing's 
v e r t i c a l a x i s . The r i g h t hand p l o t on each f i g u r e shows the 
i n d i c a t e d e o o e n t r i c i t y a g a i n s t running speed. 

A l l the t e s t s e s s i o n s show a tendency for the i n d i c a t e d 

e c c e n t r i c i t y r a t i o to become l a r g e r than a value of one at low 

speed running c o n d i t i o n s . Figure 8.21 shows the worst set of 

r e s u l t s i n t h i s r e s p e c t , and a l l the t e s t s e s s i o n s with the 

s m a l l e s t clearanoe on the 20.0 mm wide bearing a r e poor. The 

f a c t t h a t f i g u r e s 8.21 to 8.23, which a r e f o r the same bearing 

geometry, e x h i b i t t h i s e f f e c t to d i f f e r e n t degrees, oombined with 

observations made during f u l l y developed w h i r l , i n d i c a t e that the 

i n i t i a l f u l l y developed w h i r l could be supported by a l u b r i c a t i n g 

f i l m of s i g n i f i c a n t t h i c k n e s s . Thus the l a r g e amplitude w h i r l 

o r b i t used to represent the c l e a r a n c e c i r o l e was always s l i g h t l y 

l e s s than the a c t u a l c l e a r a n c e c i r c l e diameter. However other 

instrumentation e r r o r s have probably combined with t h i s e f f e c t to 

produoe the observations shown on f i g u r e 8.21. 

The bearing geometries of s m a l l e r c l e a r a n c e and g r e a t e r width 

can be expected to develop r e l a t i v e l y more hydrodynamic a c t i o n 

and g e n e r a l l y operate at lower v a l u e s of e c c e n t r i c i t y r a t i o . 

T y p i c a l l y t h e i r steady s t a t e curves approaoh the assumed oentre 
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of— the- - c l e a r a n c e c i r c l e — a s the rotor speed i n c r e a s e s , but then 

pass beyond the centre. The curves on f i g u r e s 8.17 and 8.18, f o r 

the bearing of 30.0 mm width, c l e a r l y demonstrate t h i s a c t i o n . 

The i n d i c a t e d behaviour i s not r e a l i s t i c , and i s probably due to 

inadequacies of the instrumentation and a n a l y s i s techniques. 

Some inaccu r a c y can be explained by c o n s i d e r i n g the 

t h e r m o - e l a s t i c d i s t o r t i o n of the bearing members. S u b s t i t u t i n g 

the r o t o r geometry i n t o Lame's equations f o r a r o t a t i n g d i s o 
-10 

g i v e s a value of 1.41x10 (Ja f o r the s t r a i n i n the m a t e r i a l at 

the r o t o r bore. For the s m a l l e s t c l e a r a n c e r a t i o s t e s t e d , the 

bearing c l e a r a n c e i s p r e d i c t e d to have i n c r e a s e d by about 8% due 

to expansion of the r o t o r bore a f t e r a c c e l e r a t i o n from 0 to 

10,000 rpm. Since the numerical d e s c r i p t i o n of the c l e a r a n c e 

space was gained from t e s t s performed a t w h i r l onset speeds, the 

e l a s t i c r o t o r d i s t o r t i o n should not have s i g n i f i c a n t l y a f f e c t e d 

the mapping of w h i r l o r b i t data onto the assumed clearanoe 

c i r c l e . However the e l a s t i c d i s t o r t i o n of the r o t o r bore w i l l 

have had a much g r e a t e r a f f e c t on the i n d i c a t e d low speed steady 

s t a t e running e c c e n t r i c i t y and a t t i t u d e angle. 

Since the shear r a t e i n the l u b r i c a t i n g f i l m i s p r o p o r t i o n a l 

to the r o t a t i o n a l speed, both the power l o s s e s and the bearing 

temperature can be expected to r i s e as the operating speed i s 

i n c r e a s e d . Again fo r the s m a l l e s t c l e a r a n c e s t e s t e d , the r a t e of 

change of c l e a r a n c e r a t i o with operating temperature i s about 
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-1.0% per degree centigrade due to the expansion of the 

centrebody, and +0.6% per degree f o r the rotor. Experience 

operating the t e s t bearings showed that prolonged running at very 

high speeds could cause the centrebody temperature to r i s e to 

about 40"C. The f i g u r e s above show t h a t a r i s e of 20"C i n both 

members of the bearing produces i n the worst case about a -8.0% 

change i n the c l e a r a n c e r a t i o . 

F u r t h e r work on i n d u c t i v e displacement probes s i m i l a r to those 

used i n these t e s t s , has suggested t h a t the transducer 

s e n s i t i v i t y probably decreased markedly with i n c r e a s i n g 

temperature. Thus the l a r g e e r r o r s i n the i n d i o a t e d r o t o r 

p o s i t i o n shown by f i g u r e 8.17 are probably due to an accumulation 

of t h e r m o - e l a s t i c d i s t o r t i o n , change i n transducer 

c h a r a c t e r i s t i c s and l a c k of p r e c i s i o n i n determining the 

c l e a r a n c e c i r c l e . The s c a l e of these e f f e c t s was not appreciated 

when the experiments were performed, otherwise the a d d i t i o n a l 

instrumentation necessary to a s s e s s the ohanges would have been 

f i t t e d . By p l a c i n g an a d d i t i o n a l p a i r of displacement 

t r a n s d u c e r s d i a m e t r i c a l l y opposite those used i n the t e s t s , the 

speed and temperature e f f e c t s could have been estimated and the 

r e s u l t s c o r r e c t e d during the numerical a n a l y s i s . 

F i g u r e s 8.14 and 8.19 show a l a r g e amount of s o a t t e r f o r the 

ro t o r l o c a t i o n w i t h i n the c l e a r a n c e c i r c l e , but g e n e r a l l y t h e r e 

i s much b e t t e r r e p e a t a b i l i t y for the r e l a t i o n s h i p between speed 



- 163 -

and. e c c e n t r i c i t y - . F i g u r e 8.11 demonstrates a dua l behaviour that 
the t e s t bearings often e x h i b i t e d . The ro t o r sometimes appeared 
to be able t o operate on e i t h e r of two steady s t a t e operating 
curves, but g e n e r a l l y t h i s was not apparent i n the curves of 
running speed a g a i n s t e c c e n t r i c i t y . 

The 10.0 mm wide bearing performed w e l l with a olearanoe r a t i o 

of two thousandths but could not be made to run s t e a d i l y when the 

c l e a r a n c e r a t i o was inoreased to three thousandths, and no 

measurements were taken a t t h i s l a r g e r c l e a r a n c e . S i m i l a r l y the 

20.0 mm wide bearing ran u n s t e a d i l y when i t s olearanoe r a t i o was 

i n c r e a s e d to four thousandths. Although no s e n s i b l e steady s t a t e 

readings could be taken, some dynamic r e s u l t s were recorded. 

Hence the l i m i t e d number of points f o r t h i s bearing geometry. 

Upon r e f l e c t i o n these two bearings were probably running s e v e r e l y 

s t a r v e d of l u b r i c a n t , and i n c r e a s i n g the supply hole diameter 

would probably have enabled them to run i n a s a t i s f a c t o r y manner. 

The i n d i c a t e d e c c e n t r i c i t y v a l u e s from a l l the t e s t s e s s i o n s 

have been c o r r e c t e d to give a r e a l i s t i c i n t e r p r e t a t i o n of the 

bearing performance. A l l the e c c e n t r i c i t y v a l u e s from each t e s t 

s e s s i o n have been m u l t i p l i e d by a constant s c a l i n g f a c t o r so that 

the c o r r e c t e d e c c e n t r i c i t i e s tend to a value of one as the r o t o r 

speed tends to zero. The steady s t a t e r e l a t i o n s h i p s showing a 

tendency towards the assumed c e n t r e of the c l e a r a n c e c i r c l e have 

been oorrected a second time to make the high speed e c c e n t r i c i t y 
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v a l u e s approach- zero. ^he oorreGted r e e u l t e - f or eaeh b e a r i n g 
geometry are presented on f i g u r e s 8.24 to 8.31. I n general the 
oorreotion of the i n d i c a t e d e o o e n t r i o i t y v a l u e s g i v e s a more 
acceptable i n d i o a t i o n of the bearing performance. 

The graphs to the r i g h t hand s i d e of f i g u r e s 8.24 to 8.31 have 

been marked with the Ocvirk steady s t a t e performance p r e d i c t i o n s . 

These curves of t h e o r e t i c a l behaviour have been c a l c u l a t e d using 

the nominal v a l u e s of l u b r i c a n t v i s c o s i t y and bearing geometry. 

Since the bearing operating temperature oan be expected to 

i n c r e a s e with r o t o r speed, the e f f e o t i v e o i l v i s c o s i t y w i l l 

become p r o g r e s s i v e l y l e s s as the r o t a t i o n a l speed r i s e s . Thus 

the Oovirk steady s t a t e performance p r e d i c t i o n s can be expected 

to over estimate the load c a r r y i n g c a p a c i t y of the t e s t bearings 

at high operating speeds. T h i s type of behaviour would appear as 

a divergence between the t e s t r e s u l t s and the p r e d i c t e d steady 

s t a t e performance with i n c r e a s i n g operating speed. However the 

t e s t r e s u l t s demonstrate a c l e a r t r e n d opposed to t h a t expected 

from such a change i n v i s c o s i t y . 

The same t r e n d of developing l e s s l oad c a r r y i n g c a p a c i t y than 

expected a t low operating speeds, was a l s o noted by White(26). 

Based upon h i s observations of c a v i t a t i o n i n squeeze f i l m 

bearings, White suggested t h a t t h i s might be due to the formation 

of a low pr e s s u r e region a t the mid-section of h i s t e s t bearings. 

A l t e r n a t i v e l y the observed trend may be explained by o i l 
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s t a r v a t i o n . -There are two f e a t u r e s common to-the^ bearing designs^ 

t e s t e d during the present work and by White. One i s that the 

formation boundaries of the l u b r i c a t i n g f i l m s were f r e e to f i n d 

t h e i r e q u i l i b r i u m p o s i t i o n s . The other i s that the supply of 

l u b r i c a n t to the c l e a r a n c e space was s e v e r e l y r e s t r i c t e d i n both 

designs, when compared to t y p i c a l j o u r n a l bearing geometries 

whioh have o i l supply grooves. 

The r a t i o of o i l e x p e l l e d at the s i d e s of a bearing, to t h a t 

e n t e r i n g the l u b r i c a t i n g f i l m a t the formation boundary, w i l l 

i n o r e a s e as the operating e c c e n t r i c i t y r a t i o r i s e s . Thus f o r the 

bearings t e s t e d i n the present work and those used by White, the 

f i l m formation boundary probably r e t r e a t e d as the operating 

e c c e n t r i c i t y i n c r e a s e d . Therefore s t a r v a t i o n of the l u b r i c a t i n g 

f i l m i n the t e s t bearings oan be expected to i n c r e a s e 

p r o g r e s s i v e l y with e c c e n t r i c i t y r a t i o . As a r e s u l t the steady 

s t a t e e c c e n t r i c i t y w i l l r i s e more r a p i d l y with f a l l i n g r o t o r 

speed, than p r e d i c t e d by the Ocvirk s o l u t i o n . I t i s t h i s type of 

trend t h a t i s shown by the t e s t r e s u l t s . 

8.5.2 Whirl Onset Performance 

F i g u r e s 8.33 to 8.40 show the running speeds at which w h i r l 

onset occurred, and the non-dimensional frequency r a t i o s f o r the 

o r b i t s analysed. A l l r e s u l t s obtained with a r i g i d mounting 
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se t t i n g - - h a v e been marked on the upper p l o t of each f i g u r e as 

having a mounting s t i f f n e s s of 1.0xl07N/m. I n general two w h i r l 

onset boundaries were found over a range of mounting s t i f f n e s s e s . 

F i n d i n g both the f i r s t and second w h i r l onset c o n d i t i o n s was 

expeoted, sinoe both boundaries have been observed f o r s i m i l a r 

experiments with a i r bearings. A f t e r some i n i t i a l e x p l o r a t o r y 

t e s t s no f u r t h e r attempts were made to l o c a t e the w h i r l o e s s a t i o n 

boundaries. Thus only the w h i r l onset boundaries have been 

p l o t t e d , and the upper boundary of the lower unstable operating 

region has not been marked. 

C o n s i s t e n t l y repeatable r e s u l t s were obtained f o r the f i r s t 

w h i r l onset boundary, and as expected the mounting damping 

l i m i t e d the extent of the low speed unstable operating region. 

The second w h i r l onset boundary was not so c l e a r l y defined and 

some s c a t t e r was experienced on a few t e s t s . F i g u r e 8.35 shows a 

marked d i f f e r e n c e between two s e t s of readings taken a t low 

v a l u e s of the mounting s t i f f n e s s . The reason why the f i r s t t e s t 

s e s s i o n with t h i s bearing geometry produced such an unusual s e t 

of r e s u l t s i s not known. 

The 10.0 mm wide bearing gave a very s c a t t e r e d s e t of r e s u l t s 

with w h i r l onset o c c u r r i n g at operating e c c e n t r i c i t i e s l a r g e r 

than the Ocvirk theory p r e d i c t s . Since the be a r i n g was probably 

running p a r t i a l l y s t a r v e d , due to the s m a l l diameter of the o i l 

supply hole, r e s u l t s i n l i n e with the Ocvirk p r e d i c t i o n s cannot 
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be expeeted. As already-described- the 20^0 mm wide bearing ran 

very u n s t e a d i l y with the l a r g e s t c l e a r a n c e r a t i o of 

4 thousandths, but the l i m i t e d number of r e s u l t s do show a c l e a r 

second w h i r l onset boundary p o s i t i o n . The r e s u l t s f o r the 

bearing with a 40.0 mm width show only the f i r s t w h i r l onset 

boundary. The s t a b l e operating region at low v a l u e s of the 

mounting s t i f f n e s s was l i m i t e d f o r t h i s bearing by the onset of 

c o n i c a l w h i r l . The c o n i c a l w h i r l was encountered at running 

speeds of about 13,000 rpm. 

A number of the bearing geometries show w h i r l onset c o n d i tions 

about the nose of the steady s t a t e operating curve. But 

f i g u r e 8.30 has some w h i r l onset p o i n t s which can arguably be 

taken to be beyond the nose of the steady s t a t e ourve. These 

p o i n t s demonstrate t h a t the extent of the s t a b i l i t y boundary i s 

not l i m i t e d by the nose of the steady s t a t e operating 

r e l a t i o n s h i p , as d i s c u s s e d i n chapter 5. 

The non-dimensional frequency r a t i o r e s u l t s g e n e r a l l y show 

c o n s i s t e n t trends i n l i n e with the p r e d i c t i o n s of the Ocvirk 

s o l u t i o n . Most bearings e x h i b i t e d a r a t i o of s l i g h t l y g r e a t e r 

than u n i t y f o r w h i r l onset at low e c c e n t r i c i t y v a l u e s , but the 

r e s u l t s do not r i s e to v a l u e s as great as 1.05 that the Ocvirk 

s o l u t i o n p r e d i c t s . The t e s t r e s u l t s a l s o show a r a p i d f a l l i n 

the parameter value at e c c e n t r i c i t i e s of about 0.6, i n good 

agreement with Ocvirk. Values of the non-dimensional growth time 
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constant, which were- c a l c u l a t e d from the w h i r l data, are 

g e n e r a l l y about 0.001, normally p o s i t i v e but o c c a s i o n a l l y 

negative. Thus the growth time constants f o r the o r b i t a l w h i r l 

onset motion were g e n e r a l l y g r e a t e r than 2 seconds. 

The non-dimensional frequency r e s u l t s from each t e s t bearing 

have been c o l l e c t e d onto f i g u r e 8.41 to show the general 

agreement with the Oovirk p r e d i c t i o n . Although v a l u e s do not 

r i s e s u b s t a n t i a l l y above un i t y , t h i s l e v e l i s maintained up to 

moderately high e c c e n t r i c i t y r a t i o s . For higher e c c e n t r i c i t i e s 

both the Oovirk p r e d i c t i o n and the observed v a l u e s f a l l r a p i d l y . 

The only exception i s the set of r e s u l t s gained from the 30.0 mm 

wide bearing running with a c l e a r a n c e r a t i o of 3 thousandths. 

For t h i s one geometry the non-dimensional frequency r a t i o f a l l s 

markedly throughout the range of e c c e n t r i c i t i e s a t which the 

bearing beoame unstable. 

F i g u r e 5.5 has shown t h a t a steady f a l l i n the value of the 

non-dimensional frequency parameter i s a f e a t u r e of the usual 

long bearing s o l u t i o n . The long bearing p r e d i c t i o n s presented on 

f i g u r e s 5.5 and 5.6 show that maintaining a non-dimensional 

frequenoy r a t i o of about one through the range of s m a l l and 

moderate e c c e n t r i c i t i e s i s a f e a t u r e of s h o r t e r f i l m a r c s down to 

about 90'. T h i s tends to i n d i o a t e that most of the bearings were 

operating at a p a r t i a l l y s t a r v e d c o n d i t i o n . The extent to which 

the r e s u l t s were i n f l u e n c e d by the freedom of the f i l m formation 
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boundary -to—o-soi-llated i n time -w-i-th—ta-e—©-r-bitai j ournal motion ±s 

u n c e r t a i n . 

The r e a l and imaginary p a r t s of the complex number 'e, / e 0 9 t ' 

d e s c r i b i n g the shape of the w h i r l o r b i t are compared with the 

Ocvirk p r e d i c t i o n s on f i g u r e s 8.42 to 8.49. I n general most of 

the r e s u l t s are i n good agreement with the t h e o r e t i c a l v a l u e s , an 

e x c e p t i o n a l l y good c o r r e l a t i o n being demonstrated on f i g u r e 8.48 

f o r the 30.0 mm wide bearing at a c l e a r a n c e r a t i o of 4 

thousandths. Again the r e s u l t s f o r the t e s t bearing having a 

width of 10.0 mm a r e a t odds with the short bearing p r e d i c t i o n s . 

8.5.3 L u b r i c a t i n g F i l m C h a r a c t e r i s t i c s 

The c r i t i c a l s t a b i l i t y parameter and the dynamic f i l m 

s t i f f n e s s d e r i v e d from the t e s t r e s u l t s have been p l o t t e d with 

the O c v i r k p r e d i c t i o n s on f i g u r e s 8.50 to 8.57. I t should be 

noted t h a t the l u b r i c a n t v i s c o s i t y i s not r e q u i r e d e i t h e r f o r the 

c a l c u l a t i o n of the r e s u l t s from the t e s t readings, or f o r the 

p r e d i c t e d Ocvirk v a l u e s . J o u r n a l bearing performance p r e d i c t i o n 

and the i n t e r p r e t a t i o n of experimental r e s u l t s are often 

s e n s i t i v e to the value used fo r the bearing c l e a r a n c e , s i n c e t h i s 

parameter often appears i n formulae r a i s e d to a power of two or 

more. The c l e a r a n c e i n a bearing has u s u a l l y to be determined by 

c a l c u l a t i n g the d i f f e r e n c e between measurements of the j o u r n a l 
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diameter and bearing bore-, which leads to i n a c c u r a c y • Thus 

e r r o r s i n the determination of the c l e a r a n c e oan l e a d to l a r g e 

d i f f e r e n c e s between the observed and predioted bearing 

performance. However for the c r i t i c a l s t a b i l i t y parameter t h i s 

i s not the case, beoause the expressions used to generate the 

p r e d i c t e d performance and c a l c u l a t e the t e s t r e s u l t s are both 

l i n e a r f u n c t i o n s of the bearing olearance. 

The c r i t i c a l s t a b i l i t y parameter r e s u l t s g e n e r a l l y hold a 

reasonably constant value f o r low e c c e n t r i c i t i e s , and show s i g n s 

of r i s i n g s h a r p l y at an e c c e n t r i c i t y r a t i o s of about 0.6, as do 

the Ocvirk p r e d i c t i o n s . However the Ocvirk p r e d i c t i o n s are up to 

s i x times g r e a t e r than the t e s t r e s u l t s . T h i s f a c t o r of s i x i s 

too l a r g e to be a t t r i b u t e d to measurement e r r o r s . The r e s u l t s 

from the 10.0 mm wide bearing are of dubious value sinoe they 

show an unexpected behaviour over the l i m i t e d range of 

e c c e n t r i c i t y r a t i o s f o r which r e s u l t s could be obtained. The 

other occurrence of note i s the f a l l i n g s t a b i l i t y parameter value 

shown on f i g u r e 8.57 for the 40.0 mm wide bearing. The same 

f e a t u r e can be seen to a l e s s e r extent on f i g u r e 8.54 for the 

30.0 mm wide bearing, t h i s seems to be a s s o c i a t e d with the low 

e c c e n t r i c i t y r e s u l t s produced by the low c l e a r a n c e r a t i o 

geometries t e s t e d . This d e v i a t i o n from the trends e x h i b i t e d by 

the other t e s t bearings can not be explained. 
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~ The dynamic s t i f f n e s s r e s u l t s are a l s o up to a f a c t o r of s i x 
times l e s s than the short bearing p r e d i c t i o n s . But where the 
Oovirk p r e d i c t i o n maintains a f i n i t e value w h i l s t the c r i t i o a l 
s t a b i l i t y parameter tends to i n f i n i t y , the t e s t r e s u l t s show the 
dynamic s t i f f n e s s r i s i n g with the o r i t i c a l s t a b i l i t y parameter. 
Although the non-dimensional frequency r a t i o readings f a l l as the 
c r i t i c a l s t a b i l i t y parameter r i s e s , the deorease i s not 
s u f f i c i e n t to prevent the c a l c u l a t e d dynamic s t i f f n e s s value 
r i s i n g . 

On most of the f i g u r e s the s e t s of data obtained from the two 
d i f f e r e n t boundaries, the f i r s t w h i r l onset boundary at low speed 
high e c c e n t r i c i t y , and the seoond boundary at low e c c e n t r i c i t y , 
appear to form two segments of a continuous curve. T h i s suggests 
t h a t the behaviour at the two boundaries i s due to the same 
phenomena, even though the observed c h a r a c t e r i s t i c s are not f u l l y 
supported by the theory. 

The values of the s t a b i l i t y and s t i f f n e s s parameters a r e 

i n f l u e n c e d by the b a s i c bearing geometry, consequently they can 

not be presented d i r e c t l y on a s i n g l e graph as a unique curve. 

However the short bearing theory suggests t h a t when these 

parameters are d i v i d e d by the c o m p r e s s i b i l i t y number 'H' and the 

square of the width to diameter r a t i o , a unique curve should be 

formed. But bearings of l a r g e to medium width to diameter r a t i o 

are not expected to f o l l o w the trends p r e d i c t e d by the short 
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bearing s o l u t i o n . 

The dynamio f i l m performance parameters from a l l the bearing 

geometries t e s t e d have been c o l l e c t e d onto f i g u r e s 8.58 and 8.59. 

The v e r t i c a l axes of these graphs have been formed by d i v i d i n g 

the f i l m parameters by the c o m p r e s s i b i l i t y number 'H', and 

m u l t i p l y i n g by a fu n c t i o n of the width to diameter r a t i o 'L/D'. 

The f i g u r e s show th a t s c a l i n g the v e r t i c a l a x i s has brought the 

r e s u l t s from a l l the bearing geometries i n t o a narrow band. 

Apart from choosing width to diameter r a t i o i n s t e a d of the width 

to r a d i u s r a t i o , and using the c o m p r e s s i b i l i t y number i n 

preference to the non-dimensional steady load value, no attempt 

has been made to f i t these f u n c t i o n s to the t e s t r e s u l t s . 

F i g u r e s 8.58 and 8.59 show that i n ge n e r a l the soaled 

performance r e s u l t s are about a f a c t o r of t e n times l e s s than the 

short bearing p r e d i c t i o n s . Since the previous s e t of f i g u r e s 

showed b e t t e r agreement, the s c a l i n g by c o m p r e s s i b i l i t y number 

and length to diameter r a t i o f u n c t i o n has i n c r e a s e d d i f f e r e n c e 

between the short bearing theory and t e s t r e s u l t s . T h i s i s 

l a r g e l y due to the t e s t bearings running a t g r e a t e r values of 

c o m p r e s s i b i l i t y number than the sh o r t bearing s o l u t i o n p r e d i c t s . 

Again the one exception i s the s e t of r e s u l t s obtained from 

the bearing having a width of 30.0 mm and a clearanoe r a t i o of 

3 thousandths. The r e s u l t s from t h i s b e a r ing are c l o s e to the 
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Qcvirk p r e d i c t i o n , but t h e r e was no known change in- the 

manufacture or operating procedures which would e x p l a i n why t h i s 

p a r t i c u l a r bearing should have e x h i b i t e d a s t a b i l i t y performance 

s i g n i f i c a n t l y b e t t e r than a l l the other bearings t e s t e d . 

8.6 COMPARISON WITH OTHER PUBLISHED WORK 

The present r e s u l t s have been compared on f i g u r e 8.60 with 

r e c e n t l y published work by Mori, Okada and Mori(29), and Akkok 

and E t t l e s ( 3 0 ) . The Japanese t e s t s were performed u s i n g a two 

bearing t e s t apparatus with bearings s i m i l a r to those used i n the 

present work. The bearings were p l a i n bore c y l i n d r i c a l 

geometries with a s i n g l e o i l supply hole placed d i a m e t r i c a l l y 

opposite to the load l i n e . The Japanese work allowed f o r more 

o i l to be fed i n t o the c l e a r a n c e s i n c e t h e i r supply hole covered 

40 percent of the bearing width, compared to the much smaller 

v a l u e s used f o r the work reported i n t h i s t h e s i s . The l i m i t e d 

amount of w h i r l onset data presented by the Japanese g e n e r a l l y 

show g r e a t e r s t a b i l i t y than the Ocvirk s o l u t i o n p r e d i c t s . I t 

should be noted t h a t no i n d i c a t i o n has been given i n t h e i r report 

t h a t the w h i r l behaviour observed was always purely 

t r a n s l a t i o n a l . Experience with a slow speed apparatus designed 

by Brown(31) has shown t h a t great care has to be taken to 

e l i m i n a t e c o n i c a l components from the dynamic motion of a s h a f t 

supported by two j o u r n a l bearings. 
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Only the c r i t i c a l s t a b i l i t y parameter has been presented- i n 

the paper by Mori, Okada and Mori, hence i t i s not p o s s i b l e to 

oompare t h e i r non-dimensional frequency r a t i o s or f i l m dynamic 

s t i f f n e s s e s . Since the Japanese and the present t e s t bearings 

are e s s e n t i a l l y s i m i l a r , the r e s u l t s ought to be oomparable, but 

the Japanese show a much more s t a b l e behaviour. Since t h e i r 

r e s u l t s show t h a t moving the supply hole p o s i t i o n towards the 

load l i n e has a d e s t a b i l i s i n g e f f e c t , t h e i r g r e a t e r s t a b i l i t y i s 

probably due i n part to l a r g e r l u b r i c a t i n g f i l m a r c s . 

The paper by Akkok and E t t l e s a l s o presents information on a 

r i g i d bearing w h i r l onset s t a b i l i t y parameter, but not frequency 

r a t i o or dynamic s t i f f n e s s . I n t h e i r paper Akkok and E t t l e s 

r e p o r t very good agreement between t e s t r e s u l t s and t h e i r f i n i t e 

width performance p r e d i c t i o n s . T h e i r f i n d i n g s f o r two a x i a l 

groove bearings have been p l o t t e d on f i g u r e 8.60. These r e s u l t s 

a l s o i n d i c a t e t h a t bearings with t y p i c a l o i l feed arrangements 

e x h i b i t s t a b i l i t y performance comparable with the Ocvirk 

p r e d i c t i o n s . T e s t s performed on a bearing with l a r g e o i l supply 

grooves, and hence a s h o r t e r l u b r i c a t i n g f i l m , show a reduced 

s t a b i l i t y performance a t about the same l e v e l as the ma j o r i t y the 

t e s t s performed i n the current work. T h i s again suggests t h a t 

the low s t a b i l i t y performance of the bearings t e s t e d i s l a r g e l y 

due to the u n i t s running i n a p a r t i a l l y s t a r v e d condition. 
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—9. CONCLUSION- _ 

The foundations f o r Reynolds equation i n i t s present form were 
produced i n the l a s t century from the study of l u b r i c a t i o n by 
l i q u i d s . Although c e r t a i n steady s t a t e j o u r n a l bearing s o l u t i o n s 
have come i n t o common use, the c o r r e c t s o l u t i o n methods are s t i l l 
s u b j e c t to debate. 

The a p p l i c a t i o n of l u b r i c a t i o n theory to gas bearings has 

shown a way to f i n d dynamic s o l u t i o n s to Reynolds equation based 

on a p e r t u r b a t i o n a n a l y s i s . By t h i s technique a f i r s t order 

model of the l u b r i c a t i n g f i l m ' s dynamic behaviour i s generated i n 

terms of the j o u r n a l motion. I n the f i r s t p a r t of t h i s t h e s i s 

the p e r t u r b a t i o n technique has been a p p l i e d to the v e r s i o n of 

Reynolds equation used f o r incompressible l u b r i o a n t s . The r e s u l t 

i s one equation d e s c r i b i n g the generation of f l u i d pressure at 

steady operating c o n d i t i o n s , and a second equation f o r the 

d i f f e r e n c e between the steady and dynamic p r e s s u r e d i s t r i b u t i o n s . 

The development of l i q u i d l u b r i c a t i o n theory has been hel d 

back by the d i f f i c u l t y i n modelling the behaviour of the gaseous 

c a v i t i e s t h at form i n the c l e a r a n c e space. The model of 

c a v i t a t i o n made popular by Jakobsson, Floberg and Olsson has been 

used i n the work presented to d e s c r i b e the l u b r i c a n t flow through 

the c a v i t a t i o n region, and the boundary c o n d i t i o n s between the 

c a v i t a t i o n and f u l l f i l m regions. Eaoh of the parameters 
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d e s c r i b i n g the pressure generated— -in—the- l u b r i c a n t , the f l u i d 
f i l m boundary p o s i t i o n and the s t a t e of the c a v i t a t i o n region 
have been approximated by u s i n g a p e r t u r b a t i o n s e r i e s . The 
p e r t u r b a t i o n s e r i e s are i n terms of the j o u r n a l displacement, and 
are t r u n c a t e d to leave the f i r s t two terms of the progression. 
S u b s t i t u t i n g these r e l a t i o n s h i p s i n t o the l u b r i o a t i o n equations 
generates l i n e a r i s e d e x p r e s s i o n s d e s c r i b i n g the f u l l f i l m and 
c a v i t a t i o n region s t a t e s , and the boundary co n d i t i o n s f o r the 
f l u i d f i l m . 

Although the present theory has been developed u s i n g the 

assumption t h a t the l u b r i c a n t v i s c o s i t y i s constant throughout 

the system, the work can be e a s i l y extended to allow f o r the 

v a r i a t i o n of v i s c o s i t y with f l u i d temperature. By c o n s i d e r a t i o n 

of the v i s c o u s l o s s e s i n the l u b r i c a t i n g f i l m and the mechanisms 

by which the heat energy i s d i s s i p a t e d , both steady s t a t e 

temperature and v i s c o s i t y d i s t r i b u t i o n s can be c a l c u l a t e d . To 

extend the same a n a l y s i s to dynamic c o n d i t i o n s i n order to f i n d 

the temporal v a r i a t i o n of the v i s c o s i t y d i s t r i b u t i o n during w h i r l 

onset would c o n s i d e r a b l y complicate the s t a b i l i t y a n a l y s i s . 

The development of gas bearing theory has demonstrated that 

the temporal v a r i a t i o n of the f l u i d d e n s i t y has to be inoluded i n 

the mathematical model of the system. The d e n s i t y and p r e s s u r e 

of a gas a r e l i n k e d by the equation of s t a t e , and i t i s t h i s l i n k 

t h a t makes the temporal v a r i a t i o n of d e n s i t y an important f a c t o r 
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i n gas l u b r i c a t i o n . Sinoe the l u b r i c a n t v i s c o s i t y does not 
appear i n the equation of s t a t e for gases or l i q u i d s , the 

temporal v a r i a t i o n of v i s c o s i t y i s u n l i k e l y to have a s i g n i f i c a n t 

e f f e c t on the dynamic performance of e i t h e r gas or l i q u i d 

l u b r i c a t e d bearings. Thus keeping the c a l c u l a t e d steady s t a t e 

v i s c o s i t y d i s t r i b u t i o n constant w h i l s t s o l v i n g f o r the dynamic 

performance of the bearing, w i l l probably be s u f f i c i e n t to extend 

the theory beyond i t s present i s o v i s c o u s s t a t e . 

A l a r g e low speed t e s t bearing was manufactured with a 

t r a n s p a r e n t outer member so that the b a s i c nature of c a v i t a t i o n 

and i t s behaviour under under dynamic loading could be observed. 

Experiments performed a t steady s t a t e c o n d i t i o n s demonstrated the 

strong i n f l u e n c e t h a t the p r e v a i l i n g boundary c o n d i t i o n s have on 

the extent of the f u l l f i l m region. Having the bearing f u l l y 

submerged i n o i l r e s u l t e d i n the f u l l f i l m extending through a r c s 

of about 300 degrees. However allow i n g the l u b r i c a n t to d r a i n 

away at the s i d e s of the clearanoe space and feeding only a 

l i m i t e d amount of o i l i n t o the bearing, r e s u l t e d i n the formation 

of load bearing f i l m s occupying about 60 degrees of a r c . The 

dynamic c h a r a c t e r i s t i c s of these two modes of operation can be 

expected to be s u b s t a n t i a l l y d i f f e r e n t . Thus the boundary 

c o n d i t i o n s used i n the l u b r i c a t i o n equations must r e f l e c t the 

c o n d i t i o n s p r e v a i l i n g i n the type of bearing being studied, i f an 

appropriate f u l l f i l m region extent i s to be p r e d i c t e d . 
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Experiments-were perf ormed—on—the l a r g e low speed- t e s t bearing 

to s i m u l a t e w h i r l onset c o n d i t i o n s by i n t r o d u c i n g a small 

r o t a t i n g load to d i s t u r b the steady s t a t e condition. Under these 

c o n d i t i o n s the o r b i t a l motion of the j o u r n a l and the c y c l i c 

c a v i t y movements could be seen c l e a r l y . The e f f e c t of 

i n t r o d u c i n g a dynamic load t o the system can be viewed at a 

simple l e v e l as causing the c a v i t a t i o n region to perform an 

o s c i l l a t o r y motion, s i n c e the b a s i c s t r u c t u r e of the steady s t a t e 

c a v i t i e s was u n a f f e c t e d by the j o u r n a l movement. Consequently 

the p r i n c i p a l f e a t u r e the c a v i t a t i o n region can be expected to 

e x h i b i t during w h i r l onset, i s a c y c l i c motion i n time with the 

o r b i t a l j o u r n a l movement. 

Fur t h e r experiments were performed with two immiscible l i q u i d s 

occupying the clearanoe space. These t e s t s showed t h a t i f small 

amounts of the l e s s v i s c o u s f l u i d were introduced i n t o the 

bearing, the t h i n n e r f l u i d would tend to c o l l e c t i n t h a t part of 

the c l e a r a n c e space where gaseous c a v i t a t i o n would be expected to 

form. I n most r e s p e c t s the bodies of l e s s v i s c o u s f l u i d aoted i n 

the same manner as a gaseous c a v i t y . T h i s suggests that some 

c h a r a c t e r i s t i c s of c a v i t a t i o n i n bearings can be s t u d i e d using 

immiscible l i q u i d s i n s t e a d of the u s u a l combination of l i q u i d and 

gas. The advantage of u s i n g a c a v i t y f l u i d much more v i s c o u s 

than a i r , i s t h a t the random motion of the o a v i t y s i d e s u r f a c e s 

take p l a c e at a more e a s i l y observable pace. 
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The s i m p l e s t c l a s s o f — s o l u t i o n to -the l u b r i c a t i o n equations 

a r i s e s when the short bearing s i m p l i f i c a t i o n to Reynolds equation 

i s used. The elementary treatment of the c a v i t y boundaries has 

been shown to p r e d i c t c y o l i c motions f o r both the f i l m formation 

and rupture boundaries i n response t o o r b i t a l j o u r n a l motions. 

I n c o n t r a s t , the i n f i n i t e l y long s o l u t i o n s to the governing 

equations r e q u i r e the use of the boundary c o n d i t i o n s d e r i v e d i n 

chapter 2, to d e s c r i b e the s t a t e of the boundary. As a r e s u l t 

the p o s s i b i l i t y can be considered that the extent of the f u l l 

f i l m r e g i o n i s a f f e c t e d by the l o c a t i o n of o i l supply grooves. 

Using the f u l l f i l m boundary c o n d i t i o n s which have been derived, 

has been shown to l e a d to e i t h e r of two s o l u t i o n types. The 

f i r s t type i s c h a r a c t e r i s e d by the formation boundary p o s i t i o n 

being f r e e to f i n d i t s e q u i l i b r i u m p o s i t i o n i n the c l e a r a n c e 

space. T h i s type of s o l u t i o n i s s i m i l a r to the short bearing 

s o l u t i o n i n t h a t both the f i l m rupture and formation boundaries 

are f r e e to o s c i l l a t e i n response to t r a n s l a t i o n a l j o u r n a l 

motion, but has been shown to l e a d to a much more complicated 

general s o l u t i o n f o r the pre s s u r e d i s t r i b u t i o n around the 

bearing. 

The second type of s o l u t i o n f o r the i n f i n i t e l y long bearing 

assumes t h a t the f i l m formation boundary i s held at a f i x e d 

p o s i t i o n by an o i l supply groove. Thus only the f i l m rupture 

boundary i s f r e e to move i n response to j o u r n a l motions. T h i s 
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type- of model i s r e p r e s e n t a t i v e of t y p i o a l - bearing designs—which 
have a x i a l s l o t s out i n t o the bearing s u r f a c e a t which the o i l 
f i l m i s i n i t i a t e d . 

These three types of s o l u t i o n produce two d i f f e r e n t t y p e s of 
e x p r e s s i o n f o r the dynamic f o r c e s generated by the l u b r i c a n t 
f i l m . The short and the seoond type of long bearing s o l u t i o n s 
produce l i n e a r e x p r e s s i o n s i n terms of the j o u r n a l motion f o r the 
elements of the f i l m ' s dynamic s t i f f n e s s matrix. The f i r s t type 
of long bearing s o l u t i o n which allowed the f i l m formation 
boundary to f i n d i t s e q u i l i b r i u m p o s i t i o n , r e s u l t s i n more 
complicated non-linear e x p r e s s i o n s i n the dynamic s t i f f n e s s 
matrix. 

The s i m i l a r i t y between the s o l u t i o n s for the long and short 

bearing pressure d i s t r i b u t i o n s and s t a b i l i t y performance, suggest 

t h a t the r e s u l t s to be obtained f o r f i n i t e width bearings w i l l be 

broadly s i m i l a r to the e a s i e r one dimensional s o l u t i o n s . The 

steady s t a t e f i n i t e width s o l u t i o n s presented i n chapter 3 have 

a l r e a d y demonstrated that the major e f f e c t of bearing width i s 

upon the magnitude of the p r e s s u r e d i s t r i b u t i o n , not i t s shape. 

Since t y p i c a l j o u r n a l bearings have modest length to diameter 

r a t i o s , the d i s t r i b u t i o n of p r e s s u r e i n the c l e a r a n c e spaoe w i l l 

be h e a v i l y i n f l u e n c e d by the s i d e leakage flow of l u b r i c a n t . 

Consequently the performance of t y p i c a l bearings w i l l show a 

tendency towards the Ocvirk p r e d i c t i o n s . 
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- Chapter -5-has shown how t h e — l i n e a r expressions -f or the dynamic 

f i l m f o r c e s are used to f i n d the s t a b i l i t y performance of the 

l u b r i c a t i n g f i l m . Three dynamic performance s o l u t i o n s have been 

generated. The us u a l t h e o r e t i c a l long bearing s o l u t i o n , which 

f e a t u r e s f i l m formation a t the p o s i t i o n of maximum cle a r a n c e , 

g i v e s the g r e a t e s t a r c lengths f o r the f u l l f i l m extent. The 

sho r t bearing s o l u t i o n g i v e s f i l m aros of 180 degrees. F i n a l l y 

the long bearing s o l u t i o n with the f i l m forming a t the h o r i z o n t a l 

c e n t r e l i n e , which i s more t y p i c a l of normal bearing designs, 

g i v e s the s h o r t e s t a r c lengths f o r the f u l l f i l m . When due 

account i s taken of the e f f e c t of bearing length to diameter 

r a t i o , these three types of s o l u t i o n demonstrate t h a t decreasing 

the c i r c u m f e r e n t i a l length of the l u b r i c a t i n g f i l m , over the 

range f o r which the s o l u t i o n s have been found, degrades the 

s t a b i l i t y performance of the f i l m . 

A nalysing the equations of motion r e p r e s e n t i n g a bearing 

mounted on an axisymmetric s p r i n g , r e v e a l s that the s o l u t i o n has 

f e a t u r e s i n common with the corresponding s o l u t i o n f o r a r i g i d 

r o t o r running i n a r i g i d l y mounted bearing. The equations can be 

made to show how w h i r l onset data gathered from a bearing mounted 

on an axisymmetric s p r i n g can be r e l a t e d to the dynamic 

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

t h a t the c r i t i c a l running speeds of such a f l e x i b l e system can be 

changed by v a r y i n g the s t i f f n e s s of the mounting. Thus 

f l e x i b i l i t y i n the bearing support s t r u c t u r e can be used as a 
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-means for Gontrolli-ng the running s p e e d — a t whiGh w h i r l onset 
occurs, thereby gaining bearing performance data over a range of 
operating c o n d i t i o n s . 

The s o l u t i o n s for the equations of motion r e p r e s e n t i n g a 

f l e x i b l y mounted system, i n d i c a t e that t h ere are always two 

c r i t i c a l running speeds. At eaoh c r i t i c a l speed a mode of 

v i b r a t i o n i s predioted to change, as the running speed i s 

in c r e a s e d , from being s t a b l e to being unstable. Since t h e r e are 

two w h i r l onset speeds but no corresponding w h i r l o e s s a t i o n 

c o n d i t i o n , the present model p r e d i c t s that a l l running speeds 

above the f i r s t c r i t i c a l c o n d i t i o n w i l l be unstable. Experience 

with gas bearings and the experimental work reported i n t h i s 

t h e s i s , both show that a s t a b l e operating region does e x i s t 

immediately below the second c r i t i c a l oondition. Hence the 

simple theory i s incomplete. M o d i f i c a t i o n s to the equations of 

motion which allow f o r damping i n the bearing mounting, and 

non - l i n e a r f i l m behaviour, can be made to give a performance 

p r e d i c t i o n i n l i n e with observed t e s t bearing performance. But 

f u r t h e r study i s necessary to determine i f these modified 

equations c o r r e o t l y p r e d i c t the resonanoe type of behaviour 

observed a t the upper boundary of the lower unstable operating 

region. 

S t a b i l i t y data has been c a l c u l a t e d from experiments performed 

with bearings on a high speed t e s t apparatus designed f o r the 
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study of- w h i r l onset. The t e s t --arrangement- featured a s i n g l e 

bearing system supported on axisymmetrio s p r i n g s . For most of 

the bearings t e s t e d , two o r i t i o a l w h i r l onset speeds were 

experienced over a range of mounting s t i f f n e s s e s . T h i s type of 

behaviour was expected from s i m i l a r experiments performed with 

gas bearings but i s not f u l l y supported by the present 

t h e o r e t i c a l a n a l y s i s . The c a l c u l a t e d dynamic performance of the 

l u b r i c a t i n g f i l m d e r i v e d from the t e s t r e s u l t s , i n d i c a t e that i t 

i s the same phenomena t h a t i s being observed at the two c r i t i c a l 

operating speeds. But f u r t h e r work i s necessary to c a t e g o r i s e 

the w h i r l o e s s a t i o n behaviour observed a t operating c o n d i t i o n s 

inbetween the two w h i r l onset speeds. 

The steady s t a t e performance readings obtained from the t e s t 

arrangement have shown the inadequacies of the type of 

displacement sensors used. But s u f f i c i e n t data was gathered to 

enable a reasonable c o r r e c t i o n to be made to the r e s u l t s . The 

c o r r e c t e d steady s t a t e performance i n d i o a t e s that at most running 

speeds the t e s t bearings were operating at l a r g e r operating 

e c c e n t r i c i t i e s than would be p r e d i c t e d by the Ocvirk s o l u t i o n . 

C l o s e r agreement between theory and r e s u l t s was g e n e r a l l y 

apparent for high speed low e c c e n t r i c i t y running c o n d i t i o n s , a 

behaviour a l s o observed by White. T h i s c h a r a c t e r i s t i c i s 

c o n s i s t e n t with the p r o p o s i t i o n that the bearings were running at 

v a r i o u s degrees of a s t a r v e d c o n d i t i o n . 
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T-he f i l m properties-derived.-f-rom readings taken at whirl- onset 

c o n d i t i o n s , show that the t e s t bearings demonstrated a poorer 

s t a b i l i t y performance than both the Ocvirk performance 

p r e d i c t i o n s and recent t e s t r e s u l t s published by other workers. 

T h i s behaviour i s a l s o c o n s i s t e n t with the p r o p o s i t i o n that the 

bearings were normally running i n a p a r t i a l l y s t a r v e d oondition. 

There was one exception to t h i s trend f o r a bearing i n the middle 

of the range of those t e s t e d . T h i s one p a r t i c u l a r bearing 

demonstrated both steady s t a t e and dynamic behaviour muoh c l o s e r 

to the Ocvirk p r e d i c t i o n s than any of the other u n i t s t e s t e d . 

The r e s u l t s for t h i s bearing were a l l obtained at low operating 

e c c e n t r i c i t y v a l u e s , but the behaviour observed must be due to a 

fundamentally d i f f e r e n t f i l m extent r a t h e r than being a f e a t u r e 

of low e c c e n t r i c i t y operation. 

I n g e n e r a l both the c r i t i c a l s t a b i l i t y parameters and the f i l m 

dynamic s t i f f n e s s e s c a l c u l a t e d from the t e s t r e s u l t s are up to a 

f a c t o r of s i x times l e s s than the Ocvirk p r e d i c t i o n s . Both 

parameter values show a r a p i d r i s e as e c o e n t r i c i t i e s a t the high 

end of the operating range a r e reaohed. Although t h i s p a t t e r n i s 

p r e d i c t e d f o r the c r i t i c a l s t a b i l i t y parameter, both the Ocvirk 

and long bearing s o l u t i o n s show that the f i l m ' s dynamic s t i f f n e s s 

should not e x h i b i t such a i n c r e a s e . T h i s discrepancy might be 

due to i n a c c u r a c i e s i n measuring the n a t u r a l and o r b i t a l 

f r e q u e n c i e s of the system, s i n c e the equations used to c a l c u l a t e 

the f i l m p r o p e r t i e s become i l l - o o n d i t i o n e d f o r the high 
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e c c e n t r i c i t y - t e s t r e s u l t s . Since the c a l c u l a t i o n s performed 

during the a n a l y s i s of the readings did not show sig n s of 

becoming s i g n i f i c a n t l y i l l - c o n d i t i o n e d , the r i s e i n the 

c a l c u l a t e d value f o r the dynamic s t i f f n e s s may be another e f f e c t 

of damping i n the mounting s t r u c t u r e . 

I n general the o r b i t a l frequency r e s u l t s a l s o e x h i b i t trends 

i n keeping with both the long and short bearing performance 

p r e d i c t i o n s . S i m i l a r l y the complex numbers d e s c r i b i n g the w h i r l 

o r b i t s recorded a l s o demonstrate trends p r e d i c t e d by the Ocvirk 

s o l u t i o n s . 

D i v i d i n g the c a l c u l a t e d f i l m p r o p e r t i e s by the c o m p r e s s i b i l i t y 

number, and m u l t i p l y i n g by a f u n c t i o n of length to diameter r a t i o 

produces a band of r e s u l t s a t a l e v e l of about ten times l e s s 

than the Ocvirk p r e d i c t i o n . The f i l m parameter v a l u e s on these 

p l o t s show s i g n s of r i s i n g a t the low e c c e n t r i c i t y end of each 

bearing's operating w h i r l onset range. This may be due to the 

f i l m being l e s s s t a r v e d of o i l at higher operating speeds, which 

i s a l s o i n d i c a t e d by the form of the steady s t a t e r e s u l t s . 

Two c o n c l u s i o n s can be drawn from comparing the Oovirk 

performance p r e d i c t i o n s with the r e s u l t s obtained by Akkok and 

E t t l e s , and the present s e r i e s of t e s t s . The f i r s t c o n c l u s i o n i s 

t h a t the present work used bearings operating i n a p a r t i a l l y 

s t a r v e d c o n d i t i o n which caused the poor observed s t a b i l i t y 
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performance. The—second Gonclus-i-on i s that the ©ev-i-rk 
p r e d i c t i o n s modified to take i n t o account the e f f e c t s of length 
to diameter r a t i o , give a quick and reasonably accurate 
i n d i c a t i o n of s t a b i l i t y performance f o r t y p i c a l p l a i n j o u r n a l 
bushes, d e s p i t e c e r t a i n a s p e c t s of the theory being fundamentally 
i n c o r r e c t . 

The eddy current type of probe used i n the work reported was 

chosen beoause i t enabled a simpler t e s t apparatus to be designed 

and t e s t i n g to s t a r t sooner than i f capacitance probes had been 

used. Some of the drawbacks of the i n d u c t i v e d e v i c e s were 

overcome by the use of a data-logger, and a micro-computer to 

analy s e the readings. As the r e s u l t s have indioated, more 

sensors were r e q u i r e d i n order to provide adequate compensation 

of temperature and e l a s t i c i t y e f f e c t s . F u r t h e r work using b e t t e r 

d i s t a n o e measuring d e v i c e s , such as capacitance types of sensor, 

w i l l undoubtedly give more accurate p o s i t i o n a l information. But 

at the same time, i n t e r p r e t a t i o n of the r e s u l t s would b e n e f i t 

from u s i n g a d i f f e r e n t o i l feed arrangement t h a t more c l o s e l y 

c o n t r o l s the extent of the l u b r i c a t i n g f i l m . T h i s would enable a 

d i r e c t comparison to be made between experimental r e s u l t s and the 

performance p r e d i c t e d by current t h e o r i e s . Such a s u c c e s s f u l 

comparison would give g r e a t e r confidence i n the r e s u l t s obtained 

from t e s t bearings r e p r e s e n t i n g t y p i c a l bearing geometries. 
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_TABLE__£_.1_ 

C a v i t a t i o n Test Bearing D e t a i l s 

Bea_ing_difflensi__BB 

Diameter 100 mm 

Width 100 mm 

Clearance r a t i o 0.01 

J o u r n a l 

m a t e r i a l 

speed 

loads - f i x e d 

r o t a t i n g 

aluminium 

0 - 200 rpm 

- 0 - 2 0 kgf 

- 0 - 7 kgf at 0 - 100 rpm 

Bearing 

m a t e r i a l - perspex 

geometry - flooded p a r t s 

d r a i n e d p a r t s 
p l a i n c y l i n d e r 

p l a i n c y l i n d e r with 

4.0 mm d i a o i l supply hole 
speed - 0 - 5 0 rpm 



StabilitY_Test_BeaEing_RQtQr 

m a t e r i a l - EN 58 
bore - 50.95 mm 
a x i a l length - 90.0 mm 
outside diameter - 100.0 mm 
mass - 7.336 kg 

Sta b i i i ^ _ T e s t _ B e a r i n g _ c e n t r e b Q d i f i 6 

m a t e r i a l - bronze 

width 
nominal 

c l e a r a n c e 
r a t i o 

c l e a r a n c e 
feed 
hole 
d i a 

mm - mm mm 
10.0 0.002 0 11 1.0 
10.0 0.003 0 16 1.0 
20.0 0.002 0 10 2.0 
20.0 0.003 0 15 2.0 
20.0 0.004 0 20 2.0 
30.0 0.002 0 11 3.0 

30.0 0.003 0 15 3.0 
30.0 0.004 0 21 3.0 
40.0 0.002 0 11 3.0 
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Appgndix_A 

NUMERICAL_ALGQRITHMS 

SYMBOLS 

A recorded data values 
S signature image values 
D c a l c u l a t e d c a r t e s i a n displacements 
E mapped r a d i a l p o s i t i o n 
G mapped a t t i t u d e angle 
C olearanoe c i r c l e oentre 
R clearanoe c i r c l e radius 
£ e r r o r f u n c t i o n 
€ e c c e n t r i c i t y r a t i o 
O f non-dimensional time constant 

non-dimensional frequency 
phase angle 
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A - l . 1 RubRnrlptR 

i ooordinate d i r e o t i o n value 1 or 2 
j j ' t h data p a i r value 1 t o 510 
k k ' t h r o t o r angular p o s i t i o n value 1 t o 30 
r r ' t h r o t a t i o n of r o t o r value 1 t o 17 
0 steady s t a t e value 
x parameter d e s c r i b i n g the dynamic motion 

A-l.2 Superscripts 

c u r r e n t parameter value d u r i n g i t e r a t i o n 

A-2 PURPOSE OF THE ALGORITHMS 

The primary duty of the data processing algorithms was t o 
produce parameters d e s c r i b i n g the dynamics of the observed events 
from the measurements of the j o u r n a l p o s i t i o n . The e l e c t r o n i c 
data g a t h e r i n g equipment was designed t o gather readings from the 
t e s t apparatus i n a short time i n t e r v a l a f t e r w h i r l onset had 
been deemed t o oommenoe. Beoause of the type of probes used, 
algorithms had t o be developed t o e l i m i n a t e the very strong 
synchronous components present i n the data sets. The synchronous 
s i g n a l s also d i c t a t e d t h a t the probes had t o be c a l i b r a t e d w h i l s t 
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injpl.a.o_e—and at t y p i o a l _ o perating c o n d i t i o n s . . The f o l l o w i n g 
a l gorithms were developed t o s a t i s f y these r o l e s . 

A-3 £QURCI_DA.TA_£EI. 

The set of readings f o r each t e s t i s given the symbol:-

Eaoh data set oomprlsed 1020 i n d i v i d u a l readings i n 510 p a i r s . A 
p a i r consisted of two readings g i v i n g the instantaneous r o t o r 
p o s i t i o n i n mutually perpendioular d i r e c t i o n s r e l a t i v e t o the 
centrebody. The readings were taken at time i n t e r v a l s equal t o 
one t h i r t i e t h of the p e r i o d of a r o t o r r e v o l u t i o n over a 
continuous period of 17 complete t u r n s . Hence every t h i r t i e t h 
data p a i r was taken w i t h the r o t o r i n the same angular p o s i t i o n . 

I n general the dominant s i g n a l component i n each data set was 
the synchronous s i g n a l a r i s i n g from the surface p r o p e r t i e s of the 
r o t o r bore. The t r a n s l a t i o n a l r o t o r motion generated a lesser 
component at the o r b i t a l frequency. The surface property s i g n a l 
was undesirable since the j o u r n a l p o s i t i o n and motion were 
r e q u i r e d from the s i g n a l a n a l y s i s . Thus the surface s i g n a l , or 
s i g n a t u r e , had t o be i d e n t i f i e d and subtracted from the source 
data as the f i r s t p a r t of the s i g n a l analysis. 
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A-4 EVAHyATIOW-iffi-lgE^SJGWABBB 

The s i g n a l p a t t e r n observed at steady s t a t e operating 
o o n d i t i o n s was due t o the r o t o r signature. Henoe the numerioal 
image of the signature was derived from data sets oaptured at 
steady operating c o n d i t i o n s . The data processing consisted of 
t a k i n g the average f o r a l l readings at each angular p o s i t i o n of 
the r o t o r , and then s u b t r a c t i n g the mean of the averages t o give 
a signature v a r i a t i o n about zero. Thus the f o l l o w i n g formula 
defines the s i x t y values of the signature image. 

A-5 SIGNATURE SUBTRACTION 

I n order t o su b t r a c t the signature from each set of readings, 
the stored signature image had t o be synchronised w i t h the 
signa t u r e component i n the data. I f a s t r o b i n g s i g n a l had been 
a v a i l a b l e from the t e s t bed t o i n d i c a t e when the r o t o r was i n a 
p a r t i c u l a r angular p o s i t i o n , a l l the data sets could have been 
s t a r t e d a t the same pa r t of the signat u r e , but no such s i g n a l was 
a v a i l a b l e . The technique used t o synchronise the data and the 
image was t o c a l c u l a t e a sum of change f u n c t i o n f o r each of the 
t h i r t y possible alignments between the data and the signature. 

16 510 

y A Lf\tiOr'j 

17 510 
( A . l ) 
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The f u n o t i o n value was cal c u l a t e d , using a shortened data set from 
two r o t o r r e v o l u t i o n s , as shown below. 

IP 3Q 

^ ^ ~ ( A L 5 f 3 0 r j - Sik ) - (Ai.ft-i+50ra - SiXfe-a ) (A. 2) 

Sinoe the j o u r n a l signature had very l a r g e f i r s t d i f f e r e n c e terms 
compared t o the s i g n a l components due t o the j o u r n a l motion, one 
alignment produced a sum of change f u n c t i o n much smaller than any 
of the others. The oorreot alignment was assumed t o be the one 
whioh gave the l e a s t value f o r the change f u n c t i o n . This 
technique worked even f o r f u l l y developed w h i r l c o n d i t i o n s sinoe 
some of the f i r s t d i f f e r e n c e s i n the signature image were always 
greater than the f i r s t d i f f e r e n c e s due t o the transverse j o u r n a l 
motion. Having found the c o r r e c t signature alignment, the whole 
of the i n i t i a l data sample was converted i n t o the data set ' D i j ' 
r e p r e s e n t i n g the j o u r n a l p o s i t i o n i n c a r t e s i a n coordinates. 

A-6 QL1MMGE_QIBCLE_IMAGE 

The mathematical parameters describing the clearance c i r c l e 
were der i v e d from data recorded w h i l s t the bearing was performing 
f u l l y developed w h i r l o r b i t s . Sinoe the s i g n a l a m p l i f i e r s i n 
each data ohannel were adjusted i n d i v i d u a l l y , the image of the 
j o u r n a l motion was s l i g h t l y e l l i p t i c a l . Hence the f o l l o w i n g 
general equation f o r an e l l i p s e was f i t t e d t o the data set. 
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1 = f + fDij r_Ca (A. 3) 
V R| / v R.̂  / 

The parameters 'R L' and 'Cu' represent the h a l f lengths of the 
e l l i p s e axes and the coordinates of the e l l i p s e centre. The 
values c a l c u l a t e d f o r these parameters define the t r a n s f o r m a t i o n 
from c a r t e s i a n readings 'DLJ ' t o polar a t t i t u d e angle '6j ' and 
e c o e n t r i o i t y r a t i o ' E j ' . 

For ease of s o l u t i o n the non-linear problem was d i v i d e d i n t o 
two p a r t s which were solved i t e r a t i v e l y . The i n i t i a l values f o r 
the e l l i p s e centre 'CL' and the major dimensions 'Ru' were found 
from the extreme values of each data set. Then the f o l l o w i n g 
non-dimensional radius 'Xj ' was c a l c u l a t e d f o r each of the data 
coordinate p a i r s 'Dij ' . 

Xj = AD4__=_C,^ + f Dij ^_Gi\~ (A. 4) 
^ Rj / \ R^ / 

Comparing equations (A.3) and (A.4) shows t h a t the value of ' X j ' 
i s always approximately equal t o one. This non-dimensional 
ra d i u s was then used i n the f o l l o w i n g formula t o oorreot the 
centre coordinates. 

CL - C L = _ l _ ^ f f D t j - CL U l i - 1\ (A.5) 
510 4— ' M X; / 

j = l J 

The i t e r a t i v e s o l u t i o n f o r the e l l i p s e dimensions 'RL' was based 
on minimising an e r r o r f u n c t i o n '£j' derived from the 
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non-dimensional r a d i u s . 

6j - ( X j - l ) (A. 6) 

Since eaoh 'Xj' i s approximately equal to one, the fo l l o w i n g 
f i r s t order approximation to the e r r o r f u n c t i o n was used i n the 
a n a l y s i s . 

S u b s t i t u t i n g the non-dimensional r a d i u s ' X j ' i n t o the e r r o r 

fu n c t i o n , generates an equation which i s s u i t a b l e f o r l e a s t 

squares a n a l y s i s . The r e s u l t i n g matrix equation i s : -

2. 

) ( 5. D 
R 

2. 
(A.8) D 

'J J 

2 > 
j 

The two s e t s of equations d e f i n i n g new v a l u e s f o r 'Ri' and ' C j / , 

were solved simultaneously during each i t e r a t i o n to avoid 

c a l c u l a t i n g the non-dimensional r a d i u s more often than neoessary. 

Experience showed t h a t four i t e r a t i o n s were s u f f i c i e n t to give 

reasonable values f o r a l l four parameters. 
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A-7 TRANKFQRMATTQN INTO BEARING COORDINATES 

Once the rot o r s i g n a t u r e and c l e a r a n c e c i r c l e images had been 

generated, a l l w h i r l onset data s e t s 'DLj ' were oonverted i n t o 

e o o e n t r i c i t y ' E j ' and a t t i t u d e angle 'Oj ' v a l u e s using the 

fo l l o w i n g transformations. 

2_ E + I U 
R R 

Tan( 0; ) 
VRjVD.j 

(A.9) 

A-8 SHIRL_ANALYSI£ 

The object of the w h i r l onset a n a l y s i s was not only to f i n d 

the o r b i t a l frequenoy and the mean rotor p o s i t i o n but to take 

f u l l advantage of the numerical a n a l y s i s to f i n d the o r b i t shape 

and decay constant. As with the c l e a r a n c e c i r c l e determination, 

the o r b i t a n a l y s i s i s a non-linear problem. The s o l u t i o n 

technique employed was to f i t r e a l counterparts of the general 

e x p r e s s i o n s of j o u r n a l motion (4.1) to the data s e t s . The 

fo l l o w i n g equations demonstrate the method using the s e r i e s of 

data v a l u e s r e p r e s e n t i n g the e c c e n t r i c i t y r a t i o ' E j ' . E x a c t l y 

the same a n a l y s i s was performed simultaneously on the a t t i t u d e 

angle data to generate the f u l l d e s c r i p t i o n of the o r b i t a l 
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motion. 

I f the following p a i r of equations are considered as 
r e s p e c t i v e l y the best f i t to the data and the cur r e n t 
approximation, a l e a s t squares a n a l y s i s was performed to minimise 
the e r r o r term ' £j ' i n the second equation. 

Ej = e 0 + e x e*j Cos( c ^ J - r 6 ) (A.10) 

Ej + Ej = e 0 + € x e"J Cos( £ x j - \ ) 

From these two equations, a f i r s t order expression f o r the e r r o r s 

' £j ' can be derived i n terms of the re q u i r e d c o r r e c t i o n s to the 

cur r e n t v a l u e s of the parameters d e s c r i b i n g the o r b i t a l motion. 

£j = ( € s - €„ ) (A. 11) 

+ - e, ) + ( 5 - « ) J ̂  € x e"J Gos( wx j - T?e ) 

+ - ^ e ) + - < ° x ) J ) e K e"J S i n ( w x j - % ) 

I f t h i s equation i s i n t e g r a t e d over a whole number of w h i r l 

o r b i t s , the second and t h i r d terms on the r i g h t hand s i d e w i l l 

make an i n s i g n i f i c a n t c o n t r i b u t i o n to the i n t e g r a l , provided t h a t 

the time constant ' <* ' i s not l a r g e . Thus f i n d i n g the simple 

mean of the data s e t r e s u l t s i n the fol l o w i n g c o r r e c t i o n term f o r 

the e q u i l i b r i u m e c c e n t r i c i t y value. 
L 

(6, - 60 ) = 1 Y" E j (A. 12) 
L ^ 

The o r b i t amplitude and time constant were c o r r e c t e d by 
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performing a- l e a s t squares curve f i t to a .modification of the 
e r r o r funotion. I f the mean value e r r o r i s assumed to be small, 
the f i r s t term i n equation (A.11) can be ignored. Then for a l l 
v a l u e s of ' j ' which give a value f o r the c o s i n e funotion l a r g e r 
than the s i n e funotion, the t h i r d term can a l s o be ignored. 
Rearranging the r e s u l t i n g approximation l e a v e s the following 
l i n e a r r e l a t i o n s h i p between the modified e r r o r v a l u e s and the 
parameter ' J ' . 

§1 = (e* - + (« - oO j (A. 13) 
€ x e ^ CosCwJ -r s) e* 
f o r a l l j where Cos(G3„j - % ) > S i n ( w x j - re ) 

Performing a l e a s t squares curve f i t upon t h i s r e l a t i o n s h i p 
produces the oorreotions t o the o r b i t amplitude and time 
oonstant. 

S i m i l a r l y the f o l l o w i n g r e l a t i o n s h i p a p p l i e s f o r the s e t of 

e r r o r f u n c t i o n v a l u e s which do not s a t i s f y the c o n d i t i o n above. 

?J ^ _ = - ( r € - r e ) + ( w ^ - w x ) j (A. 14) 
e"J Sin( w„j - ^ e ) 

f o r a l l j where Cos(o3 xj - % ) < Sin(£>*j - Ve) 

A l e a s t squares a n a l y s i s of t h i s s e r i e s provides the c o r r e c t i o n 

to the phase angle and time period parameters. 

The s e t of a t t i t u d e angles was a l s o analysed i n the same 

manner. Since the time oonstant parameters ' °* ' and 'o) x' are 
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common to-both the 'Ej ' and 'Qj ' data, s e t s , the equations fox 

each coordinate a x i s were oombined and solved simultaneously. 

The combination was achieved by summing the squared e r r o r s from 

both s e r i e s , and t h i s sum of squares was minimised. 

I n i t i a l v a l u e s for the i t e r a t i v e s o l u t i o n were c a l c u l a t e d by 

s e a r c h i n g through the data s e t s f o r turning points. The times at 

whioh the the turning p o i n t s occurred were used to f i n d the time 

period and phase angles by a l e a s t squares a n a l y s i s . The v a l u e s 

of the t u r n i n g points were s i m i l a r l y analysed to give the mean 

value, i n i t i a l o r b i t s i z e and growth constant. 

Three i t e r a t i o n s proved s u f f i c i e n t to give reasonably accurate 

i n t e r p r e t a t i o n of the data w i t h i n an acceptable time period. To 

minimise computing time, i n t e g e r a r i t h m e t i c and data storage was 

used whenever p o s s i b l e . Unnecessary e v a l u a t i o n of trigonometric 

and exponential functions was a l s o avoided. By these methods the 

time r e q u i r e d f o r each i t e r a t i o n was reduced by more than h a l f to 

about twenty seconds. A f t e r three i t e r a t i o n s the r e a l parameters 

r e p r e s e n t i n g o r b i t s i z e and phase angle were turned i n t o the 

complex c o e f f i c i e n t s of equations ( 4 . 1 ) , and a value found fo r 

the complex r a t i o '6,9, / e, '. The f u l l d e s c r i p t i o n of the w h i r l 

o r b i t , as used i n the t h e o r e t i c a l study, was then d i s p l a y e d on 

the computer screen. 


