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The dynamic characteristics of journal bearings have been
predicted by solving Reynolds equation with a common cavitation
model. A perturbation analysis bhas been used to express the
equations governing the fluid film pressure and cavitation region
state in terms of a dynamic journal displacement vector. The use
of these equations has been demonstrated on the 1long and short
bearing approximations. The stability performance has been

predicted for both rigid and flexible bearing systems.

A perspex test bearing has been used to observe cavitation
under steady and dynamic loads, and a high speed test apparatus
was developed for the measurement of lubricating film performance
at whirl onset conditions. Although the test results were
consistent and repeatable, the stability performance of the
bearings tested was substantially less than the predictions of
the simple bearing theory and other workers results. It is

thought that the poor performance was due to oil starvation.
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—- - ---1-—INTRODUGTION - -~ - -

Ever since Reynolds discovered the principles governing
hydrodynamic lubrication, the development of a mathematical model
for bearing behaviour has attracted the attention of
mathematicians and engineers alike. Whilst the theory of liquid
lubricated bearings has still not reached an entirely
satisfactory state, a more complete theory has been developed for
both the steady state and dynamic performance of gas bearings.
This situation has arisen because gas bearings are simpler to
analyse, even though the compressibility of a gaseous lubricant

has to be taken into account.

The major difference between the two types of hydrodynamic
bearing is that lubricants in the liquid phase are prevented from
extending throughout the oclearance space by the formation of
substantial bodies of fluid in the gas phase, whereas a gas
bearing’s 1lubricant is present in the gas phase throughout the
clearance space. In addition a gaseous lubricating film is
largely isothermal, which contrasts with the large thermal
gradients found in bearings running at typical duties for 1liquid
lubricants. Most problems have been encountered with the liquid
lubrication of jourmnal bearings since not only is the 1load
bearing film not isothermal but a region of cavitation is
expected to form in part of the clearance space. The mechanism

governing the action of the cavities is not fully understood, and




~a_universal model of cavitation behaviour has yet to be accepted.

A number of theories have Dbeen developed to describe the
generation and behaviour of the cavities that form in a journal
bearing. The relative merits of these theories are still being
debated in the technical press and at conferences. Indeed the
first Leeds-Lyon Symposium on Tribology(l) was devoted to
cavitation in bearings. The conference report edited by Dowson
Godet and Taylor provides a wealth of information and references.
Although much attention has been focussed on the nature of the
flow at the lubricating film’s rupture surface, no wholly
satisfactory description of the phenomena has emerged. So far
only a few of these cavitation models have proved sufficiently

amenable for general use in predicting bearing performance.

A number of flow models have also been postulated for the
formation surface, where the lubricating film is initiated. The
lubricating film in a typical journal bearing normally starts at
an 0il supply groove, hence this aspect of fluid film behaviour
is of more concern to the lubrication of non-conformal surfaces.
However when a journal bearing is running in a starved condition
the mechanism of film formation becomes important since the
boundary surface is free to find an equilibrium position which
balances the flow of lubricant across the film formation boundary

surface.




. —. The first solutions to the lubrication equations represented
infinitely wide bearings operating at steady state conditions.
These were followed by similar solutions for finite width
bearings using a variety of mathematical techniques to overcome
the algebraic problems. Later DuBois and Ocvirk(2) brought into
general use a technique for analysing short bearings. The short
bearing equations neglect the pressure gradient term in the
circumferential direction, creating a version of Reynolds
equation which has a comparatively simple set of solutions. One
of the features which makes this type of solution so manageable
is that boundary values for fluid pressure at the sides of the
bearing are sufficient to specify the pressure distribution
throughout the load bearing film. Consequently there are no
remaining arbitrary constants with which to consider the effects

of cavitation.

The usual boundary condition used to define the extent of the
lubricating film in the short bearing solution, is that the
bounding surface is at a uniform pressure. The value of fluid
pressure at the boundary is often taken to be atmospheric, in
which case the lubricating film extends throughout the predicted
region of above ambient pressure. Despite such a rudimentary
treatment of cavitation phenomena, the resulting solutions give
good steady state performance predictions for short bearings.
The simplicity of the short bearing equations and the relative

ease with which they can be solved, ocombined with their




Teasonable - performance - predictions- -—and - immunity - to. the
controversy over cavitation, has ensured the Ocvirk solutions a

secure place in lubrication theory.

With the advent of calculating machines and electronic
computers, more emphasis has been placed in recent years on the
solutions for finite width bearings. The rapid caloculating
ability of these machines has enabled the effect of viscous
losses on the fluid temperature, and hence viscosity, to be taken
into account. But wusually the simpler forms of boundary

conditions have been retained.

For a long time journal bearings have been recognised as being
susceptible to instability arising from the pressure distribution
in the lubricating film. In 1919 Harrison(3) presented a dynamic
solution for the full Sommerfeld form of Reynolds equation, and
observation of half speed whirl was first reported by Newkirk(4)
in 1925. It was during the first half of this century, as the
general level of shaft speeds rose, that consideration of a
bearing’s dynamic characteristics became an important aspect in

the design of most high speed machinery.

The first attempts +to model the unstable behaviour of
lubricating films considered only the film forces generated at
steady operating conditions, neglecting the force components due

to translational journal velocity. These simple models of o0il




... film induced whirl have _been summarised by Cameron(5). Since

these simple dynamic models do not exhibit a strong tendency to
predict the half speed vibrational frequency which is normally
observed, a more complete set of equations have to be used.
Including the time dependent terms from Reynolds equation in the
analysis has been shown by Morrison(6) and Holmes(?7) to generate
significantly different dynamic performance predictions. This
demonstrates the importance of the translational journal velocity

on the generation of pressure in the lubricating film.

Modern numerical solutions to the lubrication equations are
often used to ¢generate dynamic performance predictions by
notionally perturbing the journal. Once the steady state
performance has been calculated, the local film stiffness and
damping are assessed. The local film stiffnesses are usually
determined by recalculating the 1lubricating film pressure
distribution, and hence the film forces, after displacing the
journal centre a small distance in each of the coordinate
directions. Similarly the forces generated by translational
journal velocities can be calculated by introducing small journal
velocities into the lubrication equations. The technique assumes
that the dynamic film pressure distribution in a bearing can be
predicted by summing the caloulated steady state and perturbed
pressure fields. Hence all such analyses must be considered as

quasi-static.




Since__ _the technique  described _uses _small  journal

perturbations, the dynamic film characteristics are determined by
finding the difference between pairs of similarly sized
quantities. A more appropriate technique is to generate
equations desoribing the difference between the steady and
perturbed states, and then solve these new equations describing
the difference. Thus the dangers assocliated 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
theoretical content of this thesis is devoted to deriving these
equations and finding their solutions using typical simplifying

assumptions and a simple cavity model.

After determining +the dynamic fluid film behaviour, the
stability of a rigid rotor supported by the film can be assessed.
However very few rotating machines have such a simple analogue.
Most machines possess flexibility in their shafts and often have
flexibility built into their mountings, both of which have a

significant affect on the stability of the system.

The dynamic modelling of systems comprising bearings and
shafts is normally performed by including the calculated dynamic
model of the lubricating film with the usual spring and damper
models for the machine structure. The process of vibrational

analysis is routinely performed by computers using the full set




— . of eight stiffness and damping coefficients describing the fluid - —
film behaviour.

A much simpler but very powerful technique makes use of the
dynamic stiffness parameter for the dynamic model of the
lubricating film, instead of the complete set of stiffness and
damping coefficients. The dynamic stiffness parameter is the
value of +the film stiffness at whirl onset conditions when the
film exhibits no nett damping. Thus running speeds which lead to
resonance in the simplified system model will indicate the
operating conditions at which whirl omnset will occur. Hence when
this technique is used in the design of rotating machinery, the
principal aim is to ensure that critical running speeds at which
the film exhibits very little damping do not exist close to the

normal running speed of the machine.

Ever since the emergence of hydrodynamic lubrication as a
subject in its own right, there have always been very few
reported experimental investigations concerning bearing dynamics,
in comparison to the number of theoretical studies that have been
published. This 1is largely due to the particular difficulty in
measuring the dynamic performance of a lubricating film. Typical
test arrangements have consisted of a test bearing loaded against
& shaft which is supported by other slave bearings. The
principal difficulty with this type of arrangement is evaluating

the interaction Dbetween the test and support bearings. In




— .. ._addition, test _results. are influenced by flexibility in the . __
structure of the apparatus, and occasionally the dynamic

behaviour exhibited has been dominated by shaft whip.

The principal aim of experimental work reported in this thesis
has been to demonstrate with o0il lubricated bearings an
experimental technique already used to study the whirl onset
performance of gas bearings. The technique uses a single bearing
system so that there is no possibility of interaction between
test and slave bearings. The rotor is also designed so that it
is effectively rigid, hence the results can not be influenced by
the phenomena of shaft whip. A feature of the technique is that
each test bearing can be made to go unstable over a wide range of
operating oconditions by varying the stiffness of the structure
supporting the bearing assembly. Thus an essentially simple
apparatus capable of collecting 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 testing.

Although special bearing geometries such as lemon bore and
offset-halves have been demonstrated in some ocircumstances to
give Dbetter stability and damping characteristics than the plain
journal bush, there is no consistent rule indicating when the
alternative types are used to best advantage, or adequate

guidelines to the degree of improvement to be expected. Thus an




experimental method capable of accurately measuring the dynamic
properties of various bearing geometries is of prime importance

to the designers of high speed machinery.
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2  DEVELOPMENT OF FLUID FILM EQUATIONS = —_—

Reynolds lubrication equation in one form or another has been
at the heart of most bearing performance analyses for slightly
less than a ocentury. The longevity of Reynolds work is
confirmation +that he 1isolated the primary mechanisms governing
the generation of pressure within a continuous fluid film. But
all the fluid in a bearing does not necessarily ocomply with
Reynolds assumptions. For a self acting gas bearing the working
fluid 1is present in a continuous film throughout the clearance
space, and Reynolds equation is appliocable to all the fluid in
the lubricating film. However with & 1liquid Jlubricant,
cavitation is normally expected to disturb the fluid film to
create a region where Reynolds equation is not normally applied.
Therefore a system of ocavitation equations is required to
describe the flow of 1lubricant and cavity fluid through the
cavitation region, in the same manner that Reynolds equation is a
description of 1lubricant flow within & continuous load bearing

film.

Since these mathematical descriptions of fluid flow are
differential equations, an additional set of boundary equations
is required before & solution can be attempted. One of the major
difficulties in solving the system of lubrication equations is
that the 1loocations of the boundaries between the full film and

cavitation regions are not known in advance, consequently the
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division of the clearance space between the two types of region .

is also a part of the solution.

The following sections develop a system of equations to be
solved for the fluid film pressures acting on a journal, which
will +then be used in the subsequent assessment of stability.
Isothermal and hence isoviscous solutions have been used in order
to generate simple algebraic expressions capable of manipulation
during the dynamic analysis. Just as Reynolds equation
incorporates the primary mechanisms of fluid flow in a thin film,
an isoviscous solution demonstrates the principal performance

features of bearings at typical duty conditioms.

2.1 REYNOLDS EQUATION

Modern derivations of Reynolds equation usually start from the
Navier-Stokes equations which are a general statement of the laws
of motion for a viscous fluid. The technique used for the
derivation is to apply continuity to an elemental volume in the
region of continuous fluid. The typical two dimensional form of
Reynolds equation is found by integrating the fluid wvelocity
components crossing the surfaces of an elemental volume spanning
the clearance space. The net mass flow into the element is then
related to the rate at which the elemental volume is changing.

The following equation (2.1) is a form of +the Navier-Stokes
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. .equations which has been derived from the text by Lamb(8). .

e Dy -X-gR-2g (p(Quedueguy) 2L ()
TR E) v L(R(pEryE) @Y

Similar equations can be derived for orthogonal directions ‘y’
and ‘z’ of a typical fluid film system shown on figure 2.1. As
with most hydrodynamic problems the full Navier-Stokes equations
are far too complicated for algebraic manipulation. Since the
detail of the simplification of these equations can be found in
most text books on hydrodynamics and lubrication, emphasis is
given in the following paragraphs to the assumptions and

techniques used rather than the detail of the algebra.

First of all it is assumed that the body forces ‘X,Y,Z’ from

whatever source are small ocompared to the shear stresses and

pressure forces acting on the fluid. Thus surface tension,
gravity, electromagnetic and atomic forces are neglected,
eliminating the body force term from equation (2.1). The

lubricant flow is also assumed to be laminar, implying that the
flow is dominated by viscosity rather than inertia. For journal
bearings operating at a steady state condition Brand(8) has shown
that inertia effects can be neglected provided that Re_ < R/C

Similarly Taylor(1l0) discovered that turbulence in the form of
vortex rings would develop for high Reynolds number flow between

concentric o¢ylinders. Taylor’s condition for laminar flow is
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. Re_ <« 41.1 /R/C_._ _Further work by Cole(1ll) has indicated that . _
the critical value of Reynolds number for Taylor vortices rises
with inoreasing eccentricity. Tests performed by Vohr(l2) to
repeat this work indicate that the rise may only be marginal for
typical oiearanoe ratio values. Thus for steady state operation
that satisfies both the above conditions, the inertia associated
terms in Reynolds equation can be omitted. Provided that the
velocities and acocelerations associated with & translational
journal motion are small, the inertia terms can also be neglected
for a dynamic operating condition. The orbital frequency of o0il
film whirl is normally expected to be about half the journal
rotational frequenocy. Thus the fluid inertia terms can be
neglected for the small amplitude motions of whirl onset, and

hence for stability analyses.

Finally assumptions can be made based upon the geometry of
typical journal bearings. The fluid velocity components ‘u’ and
‘w’ along directions ‘x’ and ‘z’ in the plane of & thin film
normally change relatively little when compared to the
substantial changes that take place in the very short distances
across the film thickness, the 'y’ direction. Thus some spatial
derivatives of velocity can be discarded. Implied in the 1last
assumption is that there are no significant currents of lubricant
at right angles to the plane of the film, thus the velocity
components ‘v’ are sufficiently small to Dbe neglected.

Implementing all these assumptions simplifies +the Navier-Stokes
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equations to the following reduced form.

QP = d(p@)

ox dy oy

QP = O (2.2)
oy

QP = O ow

oz by('p dy )

This simple set of equations is easily integrated across the
clearance space provided that a constant fluid viscosity 1is
assumed. Integrating twice gives general expressions for the
velocity profiles, but boundary oconditions are required to
specify +the solution. Except for some gas lubricated systems
there is no slip between the lubricant and the bearing surfaces,
consequently the constants of integration can be evaluated for
typical bearing arrangements using +the bounding journal and
bearing surface velocities. To obtain simple expressions from
the integration, the y-axis is usually defined as normal to the
plane of +the film with the surface velocities along the x-axis.

The resulting equations for the fluid velocity components are as

follows: -
u = y(y-h) 0P + (U.-U, )y + U,
2 ox h
v= 0 (2.3)
w = y(y-h) ¢

P
21 0z
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Reynolds equation is constructed by applying the continuity of
mass condition to a small elemental volume bridging the clearance
space. In cartesian coordinates Reynolds equation is:-

g (1%_ %B) + (12 g£> = % (eiﬂniﬂalh ggeh) (2.4)

1 OX z <

Since journal bearings have a cylindrical form of clearance space
and the 1l1nertia terms associated with circular motion have been
shown by Brand to be small, Reynolds equation is easily
transformed into the more oconvenient 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, g = x /R

e’ = e/ e, - 2 /L (2.5)
no= n/ a, h = h/C

H - 6pwR / PC w, = (U +U,)/ R

Thus a non-dimensional form of Reynolds equation suitable for

journal bearing work is:-

5 3 ) (2.6)
— H Lelh/) + a _(elh/

og w, 0t )

At this stage it should be noted that Reynolds equation has been

derived for a thin continuous laminar film of liquid or gaseous

fluid that conforms to the assumptions described. This
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derivation has been performed in a fixed coordinate system, so
all variables should be expressed in terms of the fixed
coordinates ‘g’ and ‘¥’. Consequently for the small clearance
ratios ‘C/R’ normally found in journal bearings the film bheight

is adequately approximated by the equation (2.7).
h = C(1+¢€ cos(g -©)) (2.7)

Reynolds equation has been derived from the equations of motion
for a viscous fluid and desoribes the generation of pressure
within a continuous film in order to satisfy continuity of mass.
The equation presents a boundary value problem for which there
are no general solutions. The boundary conditions necessary for
the solution of the problem are normally a sophisticated set of
expressions in themselves. The simplest set of boundary
conditions are for the self-acting gas bearing with a plain bore.
For this type of configuration the bearing 1is immersed in
lubricant, hence the boundary conditions are that the fluid at
the sides of the clearance space will be at‘ambient pressure, and
Reynolds equation is applicable throughout the annular clearance

space.

Liquid 1lubricated bearings are substantially different since
cavitation is usually expected to take place in the divergent
section of +the clearance space. That is the continuous film of
lubricant ruptures forming cavities in the film. For such cases

Reynolds equation is directly applicable to the full film region
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of liquid found in the 1loaded part of a bearing, but not the

cavitation region. The boundary c¢onditions for this type of
liquid lubrication are again ambient pressure where the film
reaches the sides of the bearing, but have yet to be determined
for the interior boundaries where the film ruptures and reforms.
For the case of ventilated cavities one boundary condition is
that of ambient pressure at the internal boundary surfaces. The
cavitation region, being a volume ocontaining two fluids of
different phases, requires special consideration to determine an
appropriate set of equations which describe the flow in and

around the cavities.

Reynolds equation as derived has been found satisfactory for
predicting the performance of typical bearings of modest size and
duty, particularly in the field of tilting pad thrust bearings
where simple boundary conditions apply. Journal bearing
implementations are more difficult to create but even very simple
models give fundamentally correct steady state performance
predictions. In general the boundary conditiomns applied to the
internal film boundaries have a local effect and the type of
boundary condition used is not an overriding factor governing the

predicted fluid pressure in the bulk of the lubricating film.
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2.2  CAVITY EQUATIONS

Cavitation is a phenomenon that is restricted to 1liquids and
is not applicable to systems with gaseous working fluids. Since
this thesis is concerned with the effect of cavitation on bearing
dynamics the lubricant must be a liquid. In these circumstances
the relative fluid density 'e’’ is normally set to unity, to
reflect the effective incompressibility of the working fluid. Im
order to maintain the general nature of the equations in this
chapter the non-dimensional Ilubricating fluid density ‘¢’ and
viscosity ‘n’’ have been retained. For all subsequent chapters a
liquid lubricant and isoviscous solutions have been assumed.
Thus for the following ochapters the relative density and
viscosity parameters have been given a value of one, and have

disappeared from the continuity expressions.

Studies aimed at observing oil film cavitation behaviour have
usually considered steady state operation and have shown the
formation of a finite number of cavities separated by relatively
thin streamers of 0il such as those shown on figure 2.3. The
nature of the cavities is such that it is easy to conceptually
divide the clearance space into two distinct regiomns, the full
film region and the ocavitation region. Typically the film
ruptures at intervals across most of the bearing width, but at
one angular location. Thus the film rupture, or cavitation

boundary between the two regions is sensibly defined by the noses
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of the cavities. The cavities normally extend to a well defined

position where the lubricating film reforms. Whereas the
cavities nusually form a substantial continuous film of cavity
fluid, the streamers are for most of their length an order of
magnitude narrower than the cavities, and can not be considered
a8 significant expanses of continuous fluid. Later the
cavitation region will be shown to be effectively an area of

constant pressure.

Observations reported imn chapter 7 of this thesis show that
during the dynamic motion of whirl onset, the ocavities formed
during the preceding steady state condition can be expected to
maintain their basic steady state structure as they oscillate at
the frequency of the journal motion. Hence a model of the
cavitation region with the ability to allow for small boundary
movements during dynamic conditions 1is suitable for stability
analyses. Whereas the estimated steady state performance of a
bearing 1is relatively insensitive to the boundary conditions
used, instability is a clearly defined condition which ocan be

expected to be sensitive to the cavitation model.

Surface tension effects have a significant influence on the
form of the cavity boundaries. Fall(1l3) and others have shown
correlations between the number of streamers, the film thickness
and the parameter 'nU/T’, where ‘T’ represents the surface

tension of the working fluid. Surface tension phenomena are the
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result of an inbalance of cohesive and adhesive atomic forces..

Because these forces are very short range in comparison to
bearing clearances there is a balance of force throughout most of
the load bearing film. However there is a very large imbalance
of intermolecular forces in the first few layers of molecules
near the surface of the lubricant. This inbalance forms a
dominant mechanism determining the shape of the ocavity
boundaries. As a result surface tension effects are normally
treated as a Dboundary condition, hence the surface tension

parameter does not appear in Reynolds equation.

The streamers of o0il passing through the cavitation region
being relatively narrow are dominated by surface tension effects
which play an important role in maintaining the 1long side
surfaces. Observation shows that surface tension also causes
significant turning of the fluid at the nose of the cavities,
channelling fluid into the streamers. Similarly surface temnsion
is significant at the reformation boundary where surface tension
maintains the film formation front inbetween the streamers. But
these effects are local and do not affect the bulk of the film.
Thus the body forces in the Navier-Stokes equations which
represent surface tension effects, are only significant for fluid
in the streamers or adjacent to the film boundaries.
Consequently Reynolds equation can not be expected to be a good

model for the flow of lubricant through the cavitation region.
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In contrast the ocavities represent significant continuous

volumes of 1low viscosity gaseous fluid. As such, Reynolds
equation is applicable to the flow and pressure inside a cavity,
Just as Reynolds equation is used for the prediction of gas
bearing performance. However a bearing designed to operate with
a high viscosity lubricant is unlikely to develop significant
pressures 1in a region of low viscosity gas. A bearing operating
at steady state has stationary cavity boundaries and> a oconstant
cavity volume. Observations reported in chapter 7 show that the
process of releasing gas from solution 4in the 1lubricant is
relatively slow, and the process of reabsorption to be even
slower. Hence the cavities tend to have a constant mass content
and there must be & ocirculation of gas within each cavity as
shown on figure 2.4. Applying continuity in the ’'x’ direction
for the ’'x-y’ plane gives the following expressions for the

velocity profile and pressure gradient in & one dimensional

system.
u = 3 (U +U,) (y)i - 2 (32U + T,) (y) + U,
h h
gz = 6éun (U, + U,) (2.8)
X h*
dp/ = H s
og ’uh'“

However since the gases of the cavity fluid are normally orders
of magnitude less viscous than the lubricant, the cavity pressure

- gradients will be small compared to the gradients in the full
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film.  This _hypothesis is supported by results published by
Etsion and Ludwig(1l4) which show very little change in pressure
over the cavitation region. Experience with short bearing
solutions for Reynolds equation also show that narrow streamers
of fluid are incapable of supporting large pressures. Thus apart
from the step changes in pressure due to surface tension effeocts
at the ocavity boundaries, the whole of the cavitation regiom is

likely to be close to a uniform pressure.

The Reynolds number for the flow of cavity fluid will normally
be slightly greater than that for the lubricant, hence inertia
effects will appear in the cavity before the full film. Also
figure 2.4 shows +that there will be considerable velocity
components and gradients across the clearance space near the
cavity boundaries. Consequently mnot all the conditions for
Reynolds equation are necessarily satisfied by the whole of each

cavity.

¥hilst it is possible to use Reynolds equation for a model of
flow in the cavitation region, difficulties will be encountered
in dividing the region ‘between ocavities and streamers, and a
numerical technique would be the only practical method of
solution. A much simpler approach incorporating the essential
features of the cavitation region is required so that the results

are suitable for an algebraic treatment of stability.
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_Early work by Swift(15) and Steiber(16) identified a

cavitation boundary ocondition that provided for continuity of
lubricant across the film rupture surface. More recent work by
Jakobsson(17), Floberg(1l8) and Olsson(19) has lead to a single
equation for both the formation and cavitation boundaries, and
includes a model for 1lubricant flow through the cavitation
region. For the rest of this thesis the theories presented by
Jakobson, Floberg and Olsson will be refered to as the J.F.O.
boundary oconditions. This later work is based upon the following
assumptions. First that where the film ruptures all the
lubricant flow is channeled into the streamers, the whole of the
cavitation region is at a uniform pressure and that this pressure
is the lowest pressure in the clearance space. The cavity gas is
assumed to have negligible mass, to be inviscid and perfectly
elastic, hence the properties of the cavity gas are eliminated
from the theory. This streamer model of cavitation complies with
observed streamer patterns but does not presoribe all the

boundary conditions.

The cavitation normally experienced in hydrodynamic machinery
is usually the formation of voids in the working fluid when the
local film pressure drops below a ocritical value. Taking a
simple view of the cavitation process, the critical pressure is
the saturated vapour pressure of the working fluid. This type of
cavitation condition must normally be associated with the initial

formation of the cavitation region in a 1lubricating film. The
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typical steady state situation for a journal bearing is that

voids are not continuously created but that existing cavities
maintain their equilibrium position in the olearance space
against the flow of lubricant. Since the steady state ocavities
in a lubricating film usually contain air rather than o0il vapour,
the pressure in a closed cavity is governed by the equation of
state for air, not the saturated vapour pressure of oil.
Alternatively, if the cavitation region is ventilated the cavity

pressure will be the ambient value.

There is an alternative model available for predicting the
location of the cavitation boundary which is based upon the
phenomenon of separation. This model does mnot predict the
formation of streamers but requires that all the lubricant be
carried away from the boundary on a moving surface. The
separation model predicts that the boundary occurs with a
positive pressure gradient just downstream of a small sub-cavity
pressure loop in the load bearing film. However the low pressure
region tends to be very small. Fall(l3) in his measurements of
the cavity pressures also shows sub-cavity film pressures
existing before the rupture surface. The Dbetter performance
prediction of the separation model at some operating conditions,

as shown by Taylor(20), is outweighed by its difficulty of use.

The J.F.O0. streamer model has been developed to an advanced

state so that there is a simple boundary equation for both types
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of region interface, and  an easy interpretation leading to

manageable expressions for the boundary equations. But in order
to make the theory workable the fluid film is assumed to rupture
into an infinite number of infinitesimally narrow streamers and
cavities. The state of the cavitation region is described by the
streamer density function ‘D’ and the cavity pressure. The
streamer density function is defined as the proportion of an
elemental cross-sectional area, at right angles to the surface
motion, which is ooccupied by 1lubricant. Since there are no
pressure gradients in the region the lubricant velocity profiles

are simply :-

e
[

= (U, - U')(ﬁ) + U,

v =0 (2.9)

w =20

Following the derivation of Reynolds equation, continuity of
lubricant mass is applied to an elemental volume bridging the
clearance between Jjournal and bearing surfaces. The mass of
lubricant contained in the elemental volume at any given time is

given by the following expression:-
e D h Rég LdT (2.10)

Since cavity fluid is assumed to have negligible density and be
infinitely compressible, the mass of cavity fluid in the control

volume can be neglected. Since there are no pressure gradients
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in the fluid a significant mass. flow can not exist at rightangles.
to the direction of motion. Hence the mass flow rate through the
cavitation region 1is given by the following expression for mass

flow in the phi direction through an elemental section.

e Do, Rh LAT (2.11)

V)

Thus equating the rate of change of mass content, to the net mass
flow of lubricant into the elemental volume, and rearranging to
make non-dimensional terms gives the following expression for the
streamer state in the cavitation region.

o(Dh’) = -2 9(DPh’) (2.12)

og ©, 0t
Again this formula has been derived in a fixed coordinate system
and the functions ‘D’ and ‘h’’ must be expressed in terms of the
coordinates ‘g’ and ‘T’. The streamer model for the cavitation
region is very simple, eliminating not only the fluid properties
of the cavity fluid but also surface tension. As a consequence
the only parameter used in the cavitation equations that does not
appear in Reynolds equation is the streamer density function’D’.
The cavitation model requires uniform pressure over the region
which 1s a reasonable approximation to observed film behaviour.
The surface tension parameter has been neglected because its
effect on the number of streamers is of secondary importance, and
there is currently no evidence available to indicate that surface

tension has a significant effeot on film pressures.
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Thus a simple differential equation bhas been derived which

reflects the important characteristics of the cavitation region.
The combination of Reynolds equation (2.6) and the streamer
equation (2.12) provide models of the lubricant flow in the full
film and cavitation regions respectively, which between them

cover the whole of the clearance space.

2.3  BOUNDARY EQUATIONS

The simplest boundary condition to be applied to the governing
differential equations is that the lubricant pressure should be
the same as that of the ambient atmosphere where the fluid film
extends to the sides of the bearing. Similarly if the bearing
surface contains a lubricant supply groove then fluid at the edge
of the groove must be at the pocket pressure. The interior
boundaries not attached to a supply slot require a more detailed

approach.

The equations for continuity at the boundary between the full
film and cavitation regions can be developed from an approach
similar to that wused by Olsson(1l9). The effect of boundary
surface curvature in elevation is assumed to be negligible, so
that the boundary interface 1is perpendicular to the bearing
surfaces, and can be represented by a line on a plan of the

clearance space as shown by figure 2.5. §Since the cavitation
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. region is assumed to be at a uniform pressure the film boundaries
must also be constant pressure contours. The following relation
for pressure at the boundary surface is derived from the

condition that the boundary pressure is constant.

(%> %%' = gg' tan(p) (2.13)

Since the boundary surface has no volume a boundary condition
must be that the full film and ocavitation region solutiops
predict a ocontinuity of mass across each part of the bounding
surface. The general expression for mass flow across a surface
moving with a normal velocity 'V,’ at any part of the clearance
space is :-
h h
e J‘u dy ds cos(B) + ¢ f w dy ds sin(B) - e V,h §s (2.14)
° o
Using the expressions (2.3) and (2.9) for the fluid velocity
components, the mass flow crossing an element of +the boundary

surface at the full film side is :-

WoRh 1 - __h”dp’(1+tan(B))\cos(B) - 2 _Va Js (2.15)
¢ (( P’Hag P ) P w R >

(4

The corresponding expression for the cavity side of the boundary

is:-

eW.Rh D(’oos(p) - 2_¥n> 8s (2.16)
2 ), R

The following boundary condition is found  when the two
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expressions above are constrained to have the same value.

2 2

(1—D)(oos(p) - a_yn) - __h’gp’(1+tan(p)) cos(B) = 0 (2.17)
w, R n H do

The pressure gradient in the boundary equation above is always

the pressure gradient at the full film side of the boundary

surface, and similarly the streamer density is the density of the

streamers on the cavity side of the boundary.

This expression of the boundary condition becomes inadequate
if the boundary surface turns to become parallel to the
circumferential direction. For +this case the product of the
pressure gradient and the trigonometric expression is
indeterminate. A Dbetter behaved version of the relationship is
found using the pressure gradient normal to the boundary surface,
as follows:-

A
(l—D)(oos(ﬁ) - 5_§n) - %

(]

dp’ = 0O (2.18)
on

/

e o

This single equation is completely general in that it applies to
both the film rupture where flow is into the cavity, and the
reformation boundary where the flow is out of the cavity into the
full film region. Olsson(19) has shown how this equation can be
interpreted so that different constraints are applied to the two
types of boundary. The key is the assumption that the lowest
pressure in the clearance space is always the cavity pressure.

The simplified case of steady state is best for demonstrating the
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interpretation. The _steady state version of the boundary

condition is :-

(1-D) cos(B) - h’ R Qp’ = 0 (2.19)
H on
Considering first the cavitation boundary, which is the surface
that generates streamers of o0il, the ocavitation region must be
downstream of the boundary. Consequently the lowest pressure
condition requires that the pressure gradient in the fluid film
approaching the cavity must be negative or zero. To satisfy
equation (2.19) the streamer density function at the boundary
must have a value of one and the pressure gradient be zero. Thus
making each term in the equation equal to zero, which corresponds
to the well known Swift-Steiber condition of no pressure gradient
at the film rupture boundary. At the film reformation surface
the cavities must be upstream of the boundary and the pressure
gradient in the full film must be positive or zero. Then the
streamer density function at the boundary surface must have a
positive value 1less than one to balance the equation. Thus the
boundary condition is interpreted as giving a zero pressure
gradient and nunity streamer density function at a boundary that
generates streamers, and specifies a relationship between the two

variables at a film formation surface.

WVhen a dynamic situation is studied the effect of internal

film boundary velocities must be taken into account. It is
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assumed that the cavity pressure remains constant and uniform

over the cavitation region, whilst remaining the lowest pressure
in the clearance space for the whole of the motion. For modest
motions with small velocities the coefficient of the streamer
density function ’oos(p)—zw,/w,R’ in equation (2.17) remains
positive, and the above interpretation derived for steady state
is still applicable. However if this faoctor ohanges sign the
interpretation must be revised. For periods when the film
boundary surfaces have sufficiently large forward velocities for
the expression ‘cos(B)-2V, /w,R’ to become negative, the
relationships between streamer density and pressure gradient
functions are reversed. The physical limitations on the value of
the streamer density function, and the restrictions imposed on
the pressure gradient by the minimum pressure condition, require
that the moving film boundaries ochange +type when a critiocal
boundary velocity is reached. The critical velocity is given by
the rate at which the lubricant can be transported +through the

cavitation region.

As shown above the mean velocity at which the 1lubricant is
predicted to travel through the cavitation region depends upon
the cavitation model that is used. The streamer model has a mean
velocity equal to half the effective surface speed, whereas the
separation model gives a velocity equal to the speed of the
surface that transports the fluid away from the full film. A

refined boundary model may allow for transport of 1lubricant in
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streamers and as a _surface film, in which case the critical-
boundary velocity ocomponent will be between the oritical

velocities of the two mechanisms.

2.4 FILM EQUATIONS IN THE RELATIVE COORDINATE SYSTEM

So far the three basic equations of continuity have been
expressed in a fixed coordinate system. A useful alternative
presentation ocan be generated by transformation into a relative
coordinate system based upon the line joining the instantaneous
journal and bearing ocentres. The radial and axial coordinates

are retained but a new angular coordinate ’‘¢g,’ as shown on

figure 2.2, is required. The +two systems are linked by the
relationship :-
g = &, + © (2.20)

Thus the appropriate Galilean transformations to be applied to

the continuity equations are :-

(&), = (%)
(%E )45 ) ( gf )¢56 (2.21)
(). = (%), B(&%).,

Applying these transformations creates three new basic equations
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for which all variables should be expressed in terms of _the
coordinates ‘¢g,’ and 'Y¥’.

O (em’ Q BY d_(eh Q

‘7 - "t ,
wl& 58 (B el &0 &%)
= H ( %éf’h’)(l—%?) + <§ g%e’h’)) (2.22)
(1—39)2:@11') = -2 Q(bh")
w, / 0@, w, 0t
(1—D)( (1—%%)oos(p) j§:§n> - %’ %’ ﬁ' = 0

In particular the film thickness

h C (1 + e cos(g,))

Comparing this set of equatioms
(2.12) and (2.19) it can be seen
either in its

occurred, own

compressibility number ‘H’, it ha
’l—zé/w,’. Hence the fixed vers

equations can be transformed in
replacing ‘w,’ by ‘w (1-20/w,)".
relative equation will give

relationships as the fixed coor

set of pressure fields and st
satisfy the fixed equations for p
be the solution set for the syste

steady state operating condition

should be expressed as

(2.23)

with the originals (2.6), (2.7),
that where the rotational speed
right or as a part of the
s been multiplied by the factor

ion of Reynolds and the streamer

to the relative equations

by
Thus setting ‘6’ to zero in the

exactly the same form of

dinate equations. Therefore the

reamer density functions that

lain jourmal bearings, will also
relative For

m of equations.

s this equivalence is shown more
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clearly in the next chapter. _ Unfortunately  most  liquid _

lubricated journals are not plain in that axial slots are
machined into the bearing surface to aid the flow of Ilubricant

into the working section.

The crucial importance of +the expression ‘W (1-20,)"  1is
shown by the expression of the continuity equations in relative
coordinates. 1If either ‘w,’ is zero, or ‘9’ is equal to ‘w,/2’
the steady state film pressure solution is a constant value equal
to atmospheric conditions, and the bearing is incapable of
supporting a load. The first condition typically represents a
bearing under a fixed direction load and no Jjournal or bearing
rotation, no hydrodynamic pressure is generated and the journal
sits in the bottom of the bearing. No damage results since there
is no sliding taking place. The second condition can be
represented by a rotating load precessing at half the effective
surface speed. Again no hydrodynamic pressure is generated to
support the load. §Since the journal and bearing surfaces will
normally be in relative motion, sliding contact will take place
generating excessive amounts of heat energy and cause damage to

the bearing.

If the term ‘1-20/w,’ has a small value during all or part of
a dynamic motion, the generation of hydrodynamic film pressure is
largely dependent upon the time derivative terms in Reynolds

equation. The bearing can then be expected to exhibit a
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stiffness much less than that _at the steady state condition.
This lack of stiffness is observed close to the half speed whirl
condition when motions with & small value for the angular
veloocity expression, appear 1in the absence of significant

exciting foroes.

The equations predict that any combination of journal, bearing
and load rotation will lead to the generation of hydrodynamic
forces, provided that the two exceptional cases are avoided.
Thus experimental apparatus need not be restricted to systems

having fixed bearings and loads, with only the journal rotating.
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-3 _STEADY STATE SOLUTIONS = _

The most important class of solution to Reynolds and the
streamer equations represent the steady state equilibrium
operating condition. For these solutions all the variables are
1ndependenf of time, hence all the time derivative terms in the
continuity equations are identically equal to 2zero. Thus the
simplified Reynolds and streamer equations for a steady system
are: -

3 2 3
Q_(h; st) + (B) b_(h; Qg) = H g(n/)
0% og L/ ag d 3¢
(3.1)
(D, h;) = O
g

and the equation for continuity across the cavity boundary is:-

(1-D,) cos(B,) - hiRQp/ = O (3.2)
H on

All variables representing steady state solutions have been given
a subscript of =zero. The same equations expressed in the
relative coordinate system defined at the end of the last chapter
are :-

gg(bi gp2) + (B & (b 8pe)

r

o(D,h;) = O
g,
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" and for the boundary surface:-

(1-D,) ocos(B.) - n. R fo) o4 = 0 (3.4)
H dn

The similarities between the equations for the fixed and relative
coordinate systems are now apparent. The steady state operating
condition in the relative coordinate system is defined to be the
journal centre orbiting around the centre of the bearing at a
constant eccentricity and a steady angular velocity. Thus a
single expression for each of the field variables ‘p/’ , ‘D’ and
‘h) " will satisfy both sets of equations for bearings of the same

geometry, provided that the following condition is satisfied:-

H (1.— aé)

W,

- 1§ (3.5)
relative fixed

In all the following work the fixed coordinate system has been
used 1in preference to the relative system . The fixed direction
for the basis of the coordinate system has always been chosen to
be the line joining the steady state line of journal and bearing
centres, this is expressed mathematically as ’'©,’ identically
equal to zero. This choice considerably simplifies the algebra
agssociated with the governing continuity equations. For steady
state operating conditions '§’  is identically equal to zero,
which makes ‘¢’ equal to ‘¢g,’, thus under these conditions the

fixed and relative equations are equivalent.
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8.1  CONGRUENT QPERATING CONDITIONS e

Normally the independent variables ‘e,’ and ‘w,’ are
considered as positive, but negative values of both parameters
represent real operating conditions. If a typical journal comes
to rest and starts to rotate in the opposite direction, the
angular velocity has changed sign. Any algebraic expression for
bearing performance ought to be able to correctly predict the
result of such a change in the direction of motion. Similarly
the journal eccentricity need not be exolusively positive. If
the algebraic expressions derived for the pressure and streamer
density become invalid when either independent variable is
negative, then the appropriate 1limit should be placed on the
allowable range for that variable. Figure 3.1 shows the typical
steady state condition and the congruent systems with negative
eccentricity and rotation. By inspection it can be seen that the
negative rotation system is a mirror image of the usual operating
condition, about an axis defined by the 1line of journal and
bearing centres. Consequently an algebraic solution to the

steady state equations ought to satisfy the following conditions.

I

po/ (g:" _H)
D, (g,-H)

Po/ (zn_q’ H)
Do (zn_g,n H)

(3.8)

Similarly two systems of equal eccentricity but of opposite sign
have point symmetry about the bearing centre. Hence the

appropriate conditions for the complete solution to satisfy are:-
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1

- P (7€) p,/ (m+g,€,)

Dv (q,9 _ea )

i

D, (n+g,€, )

3.2  SHORT BEARING SOLUTION

The short bearing or Ocvirk solution to the continuity
equations is applicable for cases where the bearing width 'L’ is
small compared to the radius ‘R’. Usually good agreement between
theory and experimental results are obtained for 1length to
diameter ratios of less than one half. For these cases the rate
of change of pressure in the circumferential direction must be
insignificant compared with the corresponding rate of change in
the axial direction, because of the relative fluid film extent in
these axes. Reynolds equation is integrated with ease once the
circumferential pressure gradient term has been eliminated. But
it should be noted that the modified equation only satisfies
continuity in the limiting case of zero bearing width. The short

bearing Reynolds equation and its general solution are:-

2 3
’ d o’ - o;
(%) %i<hq ot ) ! %{zih ) (3.8)
po, = (%)2 H ( o ¥ SL%_;(BQ.). < + %‘Zt + Coz )

The constants of integration ‘C,’ and ’C..” must be evaluated

using a suitable set of boundary conditions. Taking the usual
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operating condition that there should be ambient pressure at the
sides of the bearing, and defining 'p’’ to be a non-dimensional

gauge pressure, the boundary conditions are:-
p = O at ¢ = 20.5 (3.9)

This condition alone provides sufficient information to evaluate
both constants and fully define the pressure field without any
flexibility 1left to apply the J.F.0. cavity boundary conditiomns.

The resulting expression for film pressure is as follows.

p’ = (%)g' H ﬁ;ﬁ%‘%ml (% —Kl> (3.10)
This expression for pressure is a continuous function in the
coordinates ‘g’ and ‘¥’ but the bearing surfaces are only defined
in a small region of +this mathematical space. The area of
interest is always between zeta equal to plus and minus one half,
but any continuous region of two pi radians in the phi direction
is suitable. Normally a region defined between plus and minus
pi, or zero to two pi is taken. Thus the expression for fluid
pressure outside the region between zeta equal to plus and minus
one half is defined to be invalid and parts of the solution lying
outside a continuous region of two pi radians are chosen to be

discarded.

Further selection takes place as the expression predicts

sub-atmospheric pressures and even tensile states which most
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engineers are unwilling to accept, since ocavitation ~would
normally be expected to intervene. In order to allow cavitation
to take place the region of validity for the pressure expression
has to be declared as smaller than the actual region ococupied by
the working surfaces. Since the region of cavitation is
nominally at a uniform pressure, a constant pressure contour is
usually chosen as the cavity boundary. The lower pressure region
bounded by the chosen contour being defined as the cavitation
region. Any sub-ambient pressure contour may be chosen as the
cavity boundary but the most easily managed contour is that of
ambient pressure. It is important to note that the boundary
condition is defined as film rupture and formation taking place
at a given value of film pressure. Since continuity within the
pressure field is not satisfied there will always be apparently
more lubricant flowing out of the cavity than entering. Hence no
profit can be gained from attempting to calculate the streamer

density function for the chosen cavity region.

The usual short bearing steady state solution assumes a
ventilated cavity and atmospheric pressure in the cavitation
region. The resulting boundary positions are film rupture at the
minimum clearance height and film formation at the maximum
clearance. The corresponding values of '¢g,’ are pi and two pi
respectively across the whole of the bearing width. These
boundary angles have been used in subsequent chapters as the

limits of the steady state lubricating film.
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The solution for pressure can be tested by the appropriate
congruency oconditions. The expression (3.10) does satisfy the
conditions, but a pressure field solution that includes a region
of cavitation does not satisfy either of the congruency
conditions. This situation arises because of the logical
selection of the cavitation region. Thus expressions for Ocvirk
type solutions that include & region of cavitation are only valid

for positive values of ‘e,’ and ‘w,’.

3.3  THE LONG BEARING SOLUTION

The long bearing solution, often referred to as the Sommerfeld
solution is applicable to bearings of width much greater than the
radius. In the limit that the bearing is infinitely long or that
a seal mechanism prevents the formation of side effects, there
will Dbe no change of field variables in the axial direction.
Neglecting the derivatives with respect to ‘¥’ simplifies the
continuity equations and again they become easily integrable.

The steady state Reynolds equation for a long bearing is:-
3
d_(h; Qp;) = H o(h/) (3.11)
og op og
Although analytic expressions are available for the various

integrals, the mass of algebra soon becomes unmanageable. The

generation of pressure in the lubricating film can be expressed
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more concisely by using the notation shown below devised by
Booker(21). Making use of symbols for the indefinite integrals,
the general solution for the long bearing equation is:-
Po/ = H ( €o I;l + Cg[ I;D + Caz )
(3.12)
where I;" = jslﬁi@)iggs"m) dg
The streamer equation does not require numerical evaluation, and

has the following gemeral solution.

D, = GC. (3.13)

Again ‘p’’ 1is 1interpreted as a non-dimensional gauge pressure.
The choice of definition is possible since the pressure variable
in Reynolds equation only appears differentiated. Once more the
solution is defined for an infinite range of values for ‘g’, but
the region of interest is by definition the space between the
formation and cavitation boundaries, and values outside the
assumed full film region are discarded. Because there is no
variation in the axial direction the cavitation boundaries are
aligned with the axis. Hence the boundary angle ’‘B,’ is
identically equal to zero, and the boundary equation simplifies

to:-

(1-p,) - nf%p; - 0 (3.14)

If the steady state ocavity boundaries are defined to exist at
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angles of ’'¢g., ' for the cavitation boundary and ‘g, ° £for the

formation surface, then the ocavitation boundary conditions

derived from equation (2.17) are:-

P, 4 = P

op. - 0 (3.15)
02 g4,

D, Beo - 1

and the continuity conditions for the formation surface are:-

P, = Pl
o . (3.18)
(1-D,) - bJ Qps - 0
H dg bgo

The first basic configuration that will be developed is for a
plain  bearing with no o0il supply slots to disturb the bearing
surfaces. This configuration 1is not very practical but is
mathematically possible since there is no side leakage from a
long bearing, but the results are relevant to some real two
dimensional cases with portions of the film formation boundary
not located at an oil supply groove. This configuration can have
only one full {film and one cavitation region, hence the
expressions for film pressure and streamer density are bounded by
single pair of cavitation and formation boundaries. Substituting
the general solutions for the field variables ‘p/’ and ‘D, ’ into
the boundary equations, gives five 1linear equations in three

undefined constants.
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R o | 0 C, - | (pf - €I E
$eo ° e ° 3
(H ) o
1 0 0 Cos. —eooos(ci)(¢
0 0 1 | G, | X (3.17)
I"" 1 0 pclﬂv - €, Io'
3 ¢§0 (H 3) d}p
1 0 1l 1

Even if the unknown boundary angles are considered to make the
problem five non-linear equations in five unknowns, a unique
gsolution 1is still not defined. The redundancy is explained by
the fact that all five equations are derived from the condition
of continuity. As a result any pressure function that satisfies
the cavitation boundary conditions, +the formation  boundary
pressure condition and Reynolds equation will define the solution
of the streamer density equation and automatically satisfy the
formation boundary relationship between the pressure gradient and

the streamer density function.

There 1is a continuous sequence of possible solutions to the
field and boundary equations that ranges from pressure films
extending for an arc of O radians to arcs of 2 radians. The
possible set of boundary angles is shown on figure 3.2, and a
sample set of pressure solutions for an operating eccentricity
ratio of 0.5 are presented on figure 3.3. Each solution to the

equations represents a possible equilibrium condition but not
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necessarily a realistio lubrioation situation.

Traditionally the equilibrium solution featuring a film
formation boundary placed at the position of maximum o©learance
height has been favoured because it has a property of minimising
some potential energy functions and is insensitive to small
changes of the formation boundary position. It also simplifies
some of the algebra. These usual solutions are marked on
figures 3.2 and 3.3. The well known full Sommerfeld solution is
a member of the solution set presented, but the half Sommerfeld
solution which has an allowance for cavitation is not. This is
because the half Sommerfeld solution is +the 1long bearing
equivalent of the Ocvirk solution with a very simple boundary

condition that does not satisfy the J.F.O. boundary criteria.

The second kind of bearing configuration studied includes o0il
supply pockets. These are normally used to ensure an adequate
supply of fresh o0il to the clearance space for lubrication and
cooling purposes. The lubricant supply to the o0il pocket is
taken to Dbe at the ambient pressure, as typical bearing designs
have a low pressure feed compared to the mean pressure on the
loaded surfaoce. The ©position of the 1load bearing film in
relation to the supply pockets must be considered. The possible
cases which have a film ending at a supply slot are not
considered since this condition will normally severely limit the

load carrying capacity of a bearing and are avoided during
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bearing design. . . S

This leaves two distinot film configurations, the lubricating
film starting at the o0il supply slot and the film forming
downstream of the slot. Both of these cases have the film
terminating at a cavitation boundary according to the boundary
continuity condition (3.2). The latter situation is most
unlikely since it is the purpose of the pocket to flood the
clearance space and give a local streamer demnsity function equal

to ome.

The case of the o0il film starting at a supply pocket is a
subset of the first case since the pocket pressure satisfies the
film formation pressure condition of the first configuration. 1In
fact the possible set of solutions is equal to first solution
set. But a proportion of the solutions with the oil supply slot
in the divergent section of the clearance space are normally
regarded as being unrealistic. The subset of solutions that
represent the typical case of a vertical load and two oil supply

slots on the horizontal centreline are indicated on figure 3.2.

When compared with the usual solutions, the cases representing
the +typical bearing geometry are seen to have substantially
different film formation boundary angles. The two +types of
gsolution diverge as the operating eccentricity ratio increases.

The corresponding film pressure profiles have been marked on
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. figure 3.3 whioh is for a medium eccentricity ratio of 0.5. The
difference in film boundary angles leads to a difference in peak
pressure but does not significantly alter the pressure profile of

the ocurves.

All the above solutions can be tested against the congruency
conditions, but only one special case will fulfill the
requirements. The one case is the full Sommerfeld solution with
the constant ‘C,’ equal to zero, which will satisfy the test for
negative rotation but not for negative eccentricity. Again the
presence of a cavitation region introduces an irregular feature
which prevents the solutions satisfying the congruency
conditions. Hence the full solution will in most cases be valid

for only positive values of ‘e,’ and ‘©,’.

3.4  FINITE WIDTH BEARINGS

Finite width solutions to the continuity equations offer the
opportunity of modelling typical bearings in detail. The usual
boundary conditions are ambient pressure at the sides of the
bearing, oil supply pockets and the cavity boundaries. Since the
flow of o0il out of the bearing sides is modelled, it is necessary
to provide for oil supply slots so that the mass content of the
film can be maintained. Various methods for solving the

equations of continuity are available but all of them rely on
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__numerical _evaluation. _at some stage. The major problem to be. -
faced is the location of the cavity boundaries. Since numerical
techniques have to be used, a common solution method is to use a
finite difference representation of the differential equations.
With this method there 1s a simple means of locating the
cavitation area based upon setting calculated values of fluid
pressure less than the cavitation value, equal to that value.
This constrains the solution surface for pressure to pass through
a ring of calculation points at the cavity pressure, and the
boundary surface is normally assumed to be that ring. The
solution surface normally exhibits a minimum type turning point
close to the nodes assumed to be the cavitation boundary, and

consequently approximates to the Swift-Steiber condition.

A finite difference method has been used to generate pressure
fields for finite width bearings operating at an eccentricity
ratio of 0.5. 1In order that the different curves may be compared
with similar Ocvirk and long bearing solutions, film formation at
the maximum clearance height and cavitation at ambient pressure
have been assumed. The centreline values of the calculated
pressure fields are presented on figure 3.4 against both the long
and short bearing solutions. The results have been multiplied by
a function of aspect ratio, as shown on the figure, to prevent
the pressure ourves tending to zero as the length to diameter

ratio is reduced to small values.
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The cavitation boundary has not been located by the method
described above because of the coarseness of the results that the
method produces. The technique used was to solve the finite
difference equations, but not to oconstrain the cavitation
boundary to 1lie at calculation nodes. Solutions were generated
over a fixed calculation grid, sized to be slightly larger than
the expected full film region. Then, as has been described for
the long and short bearing solutions, parts of the solution that

were deemed to lie in the cavitation region were discarded.

The extent of the fluid film is governed on three sides by the
0il supply groove and the sides of the bearing. Three sides of
the calculation grid were placed on the boundaries governed by
the above bearing geometry, and the fourth side placed downstream
of the expected cavitation boundary position. The technique used
te find the required solution to Reynolds equation can be
envisaged as finding values for the fluid pressure on the fourth
side of the calculation grid that generate the required
coincidence of zero pressure and pressure gradient across the
width of the ocalculation grid. The film boundary was then
assumed to exist where the correct cavitation boundary conditions

appeared.

The required pressure field was found by breaking the problem
into parts and summing two types of solution for Reynolds

equation. The first solution was found by solving Reynolds
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equation with a Dboundary value of -zero around the-whole of the
calculation grid perimeter. This first solution formed the
fundamental ©pressure field to which multiples of the second set
of solution fields were added, to form the film pressure field.
Each of +the second set of boundary values were for zeros around
the calculation grid except for one perimeter node which was set
to unity. A solution for Reynolds equation was then generated
when each of the boundary nodes on the fourth side of the
caloulation grid was set in turn to unity. Examination of the
finite difference equations shows that a sum of the fundamental
pressure field and multiples of the second series of fields
satisfies Reynolds equation, and the values of the multipliers
gives the nodal pressures along the fourth side of the

calculation grid.

The cavitation boundary conditions were located by using curve
fits to generate pressure values inbetween the calculation points
in the region where the cavitation boundary was expected to lie.
Then the proportions of +the second set of solutions in the
summation were adjusted until a zero pressure gradient was
calculated to coincide with 2ero pressure. The cavitation
boundary was then assumed to be at the points of zero pressure,
and calculated film pressure values beyond the cavitation
boundary were discarded. The calculated cavitation boundaries
for the film pressure curves shown on figure 3.4 are presented on

figure 3.5. A smooth variation in the location of the cavitation
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boundary is demonstrated as the- length to diameter ratio is-
changed, and the two dimensional solutions are seen to tend

towards the limiting long and short bearing values.

The scaling factor used on figure 3.4 has hidden the wide
range of peak pressures presented, but serves to highlight the
fact that very 1little change takes place in the profile of the
pressure curves as the length to diameter ratio changes. Thus
some of the film characteristics for the usual and typical long
bearing solutions, and finite width solutions with comparable
boundary conditions can be expected to exhibit broadly similar

properties.
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4  DYNAMIC SQLUTIONS-TO-THE FILM: EQUATIONS -

The solutions to the steady state equations presented in the
previous chapter serve only to define equilibrium conditions, a
further dynamic analysis 1is required to determine whether the
equilibrium position is a stable state or an unattainable
unstable situation. The assessment of stability requires a
general dynamic solution to the full continuitiy equations. If
large amplitude dynamic displacements from the equilibrium
positions are considered, the non-linear behaviour of the load
bearing film is 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 marching
techniques have to be used. For very large dynamic orbits
approaching a circular path about the ocentre of a plain journal
bearing, the dynamic state can be approximated by a steady state
condition in the rotating coordinate system. Since whirl is
normally expected at about half the running speed, the expression
'1-28/w, *  is likely to have a small value. Thus very little
hydrodynamic pressure will be generated to support the journal,

hence the large amplitude of fully developed whirl orbits.

Motions involving small dynamic displacements can be analysed
using perturbation techniques to give first order approximations
for the 1lubricating film behaviour as deviations from the

equilibrium state. The evaluation of stability is normally based
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--on the-estimation -of a system’s dynamic behaviour after being
displaced by a small amount from its equilibrium state. Thus a
perturbation analysis 1s & suitable technique to use in
determining the dynamic ocharacteristics of a lubricating film

with respect to stability.

The small scale dynamic orbits of typical journals have been
observed to be approximately elliptical in shape and centred upon
the steady state equilibrium position. A first order
approximation to an elliptical orbit can be achieved in the fixed

polar coordinate system by using the following equations.

€ = € + Real(e,eXt) where € << €,
e (4.1)
© = o + Real(9,e™) and €6, << ¢,
The complex variables ‘e,’” , ’‘©,’ and ‘A’ allow the elliptical

orbit to have an undefined growth time constant, orbital time
period and phase angle between motions 1in the two ocoordinate
directions. This technique has been used by Marsh(22) to predict

the stability performance of gas bearings.

The steady state solutions developed in chapter 3 have already
demonstrated that the film pressure and streamer density fields
depend upon the journal position, but the time derivative terms
in the field equations dictate that the solutions will also be a
function of +tramnslational journal velocity. Therefore the

pressure generated in the lubricating film can be expressed as
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two Taylor -series--in- -each-coordinate direction, one series in
journal displacement about the equilibrium position, and the
other in terms of velocity. The exponential description of the
journal displacement implicitly ocarries with it the veloocity
information in an accessible form. As a result the dynamic
pressure field can be expressed as a single Taylor series
expanslon in terms of the complex displacement variables ’e,en"
and ’eoe,e*t’ multiplied by complex coefficients. Each term in
the series is composed of the complex displacement vector raised

to a power and a complex variable representing the pressure field

derivatives.

If the analysis 1is restricted to small displacements and
velocities the Taylor series can be truncated to the first two
terms leaving a first order approximation to the dynamic pressure
field. The streamer density field can also be treated in the
same way to give the following equations, expressed first in

series form then in vector notation.

p’ = p., + Real( p,’c-;,e)‘t + pl’es‘,(a,e%t )
= D, + Real( D,e,eﬂl + Die,,e,e)‘t )
AL (4.2)
p’" = p/ + Real( [ p/ , p; 1.l e , €0 1 e )

- D, + Real( [ D, ,D,1.le ,e€0 1 & )

where p’ , p, , D, and D, are complex

The journal displacement expressions can be substituted into the
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formula for film—thickness to -obtain an -equation in terms of the
complex dynamic displacement variables. Neglecting second order

terms the result is:-

h = 1 + ¢, cos(@g-0,) (4.3)

+ Real( e‘extcos(¢—9°) + eae,extsin(¢—a,) )

A useful simplification to the following algebra can be achieved
if at +this stage the fixed coordinate axes are chosen to be
aligned with the equilibrium state journal and bearing ocentres,
ags in the steady state solutions already described. Then the
value of '9,’ is zero and the expression for film thickness

reduces to:-

h = 1 + ¢ cos(g)
+ Real( €, & cos(p) + €, 0 " sin(g) ) (4.4)
h = h,; + Real( [ cos(g) , sin(g) 1.l €, , €0, 1 e )

Now that expressions have been derived for all the independent
variables in terms of the dynamic displacement vector, they can
be substituted into the field equations. Considering Reynolds

equation first the differential equation becomes:-
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S 3 o T 3 NE

Real| O _(h/ Op/) + O (h/ d ([ p’, p/l.l €, €06 1e° )

S B e , )

+ Shf [ cos(g) , sin(g) 1.0l ¢ , ¢, 06, 1 e ggg

2 3 3 AE

+ (RY(Q_(h/ 9p’\ + QO_h/ 9 ([ p’, p/l.l e, ., €0 1e )
() (5=(™ &%) " ™ & 2 F ()] )
4.5

+ 3hf'[ cos(g) , sin(g) 1.l €,, €,0, ] e M %%;

- Real[:H (gg; + gi[ cos(g) , sin(g) 1.0 €, €,0, 1 )
o v/

+ %% [ cos(g) , sin(g) 1.0l €,, €,0, ] extﬂ

Since the variables dependent on the operating condition should
satisfy this equation for all ‘¢,’ , ‘O, and ‘t’ , the equation
can be divided into three independent parts which must be

satisfied simultaneously. The three parts are:-

SR CE DI TS SIS
(ii) gﬁ(h; %g; + snf oos(q) %g;)

* ? , ? /

+ (%) % (ha %g, + 3h/ cos(g) %go)

<
(4.8)
= H(é_oos(;a) + 2\ cos(d))
og 6o

3 8
(iii) 9_(h/ dp;, + 3h! sin(g) QJp.
dg( p 6% )
2
+ 32 + 3h; sin(d) Qp;
L gp 6% )

f
= 9_sin(g) + 2X sin(g)
180 )

4
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The first equation ocan be seen to be _identical to the. steady
state equation (3.1), for which solutions have already been
found. The remaining two equations can be combined into a single
equation using the convenient complex notation below.
(v gt e ) (3 G (> g W g
- BE(ie” + o &%) (4.7)

where p’ P, + 1ip;

2N/,

and o

It must be noted that the complex notation has been used twice
and that these two uses are strictly independent. The first use
was to describe the motion of the jourmal and provides
information about time periods and phase relationships. The
second use is simply a convenient method of simplifying the
presentation of the problem by combining two similar equations,
and conveys no information concerning time. The two different
uses must not be confused and mixed during solution of the

equation.

The streamer density field equation can also be transformed by
the same techniques to give the following steady state and

dynamic equations.
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9 _(D,h; ) = O

og

%_(Doe'”¢ + B/D, ) = - (De? + nD ) (4.8)
]

where D, = D, + 10D

So far the mathematical description of the boundary surfaces
between the full film and cavitation 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
position and its movements. Since the mathematical
representation of the boundary surface is a line in a plane, the
instantaneous position of the boundary can be expressed as a
single equation. This equation can then be parameterised to give
an expression for the boundary position in each coordinate
direction. Because the boundary will oscillate in time with
small orbital journal motions, the surface position can be
expressed as a function of the complex journal displacement

vector.

The remaining theoretical work on cavitation in this thesis
considers only the special ocase of both the formation and
cavitation boundaries extending from one side of the bearing to
the other, and the boundary slope angle ‘B’ does not approach a
value of in/2 radians. Under such conditions the boundary

position is adequately described by the circumferential
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coordinate of the boundary surface-as a funotion existing across
the whole of the bearing width. Thus a first order expression
for the boundary location during a small orbital motion of the

journal is :-
g, = @B, + Real( [ g, , ¢, 1.0 €, €06 1e* ) (4.9)

The subscript ‘B’ has been used to indicate a boundary of
arbitrary type since the equation is applicable to both formation
and cavitation boundaries. The real function '@y’ desocribes the
steady state boundary position for the underlying equilibrium
condition, and the variables ‘g, ’ and ’‘¢g,,’ are complex functions
indicating the dynamic motion of the boundary. All the boundary

angle variables are expressed in the fixed coordinate system.

This first order representation has been used to derive first
order expressions to describe the boundary surface geometry and
motion. These expressions when substituted into the boundary
continuity equation (2.17) give the following boundary equation
in terms of the complex journal displacement vector and must be

satisfied at the instantaneous boundary position.

(1-D)C1-0ldy, #l.l g, ¢01e")
- gf' ‘11 + tan® (B,) (4.10)
55 ( P
~ 2(R\tan(B,) [ 08y , 98, 1.l €, 6,81 &y = 0
(T)FemtPe) b §a -+ Sl ! )

Since the ocalculation of the boundary movement is a part of the
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-dynamic-solution, the instantaneous boundary positien is -not
known, hence the boundary values of the field variables 'p’’, ‘D’
and ‘'h’’ must be translated into values at the steady equilibrium

boundary position as below.

P' = P' + QP"/ [ ¢e; s ¢Bz 1.1 € , € 91] eM:
¢B (é&o d¢ ¢Bo

D| = D, + | [8 . .0:1.01¢.¢0)] e™  (4.11)
: 02 |y,

? 7 ] At

h |¢6 = h lm - €, 8in(g) o [ B . Fex 1.0l €, €,6 1 e

Substituting these expressions into the boundary equation and
expressing the result in the complex notation gives the following
static and dynamic equations to be solved at the steady state

boundary position.

(1) (1-D) - b/ 9p, (1+tan*(B)) = O
H og
(11) o(1-D,) + 9D, D, - h/ dp. 2(R\tan(B,) g
R Sy )%t Pr T e §Be B(R)tentp) Sw
+ B (1 + tan" (B,) ) O /p’ + dp! & (4.12)
H P d¢<pT a‘}‘i 6T>
+ 2 h; dp;, (1 + tang(}Bo)) ( e? - €, 8in(g) ¢ )
H OJg
- 0
where ¢, = B, + 1 84

The dynamic equation can be simplified slightly by making use of

the steady state streamer and boundary equations to give :-
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(( 1-D, )o + DogLs%gLQ)) @y + Dy

+(1-D)/ - 2/R tan(B, ) 9 (4.13)
( (L>( 1 + tan™(B.) ) d%m

COS T )/
+2(eL¢-eosin(¢) ;z{m.)) = 0
h;

The simple interpretation of <the boundary equation shown in
chapter 2 to distinguish between the cavitation and formation
boundaries has been obscured by the mass of algebra but is still
valid. The boundary conditions found for the film rupture
surface are that there should be a film pressure equal to the
cavity pressure, zero pressure gradient and a streamer density
function of one. The three corresponding boundary equations for
the dynamic components of the solutions can be deduced from the
above equations and simplified by using the steady state boundary
conditions to give the following three equations in terms of the

parameter values at the steady state cavitation boundary

position.
P, - 0
dp;, + dp’ @, = O (4.14)
og 0g*
D, + gLs%giﬁl g =0

0

The formation boundary is again desoribed by equations

representing two conditions. The first is the boundary
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—gontinuity equation (4-13), which cannot be simplified-- The
other condition is that the film pressure should have the
prescribed cavitation value at the instantaneous boundary
position. This second condition can be transposed to the steady
state boundary location to give to the following equation:-

P’ + ggo ¢, = O (4.15)
In the remaining sections of this chapter the long and short
bearing solutions to these equations are presented, but numerical

solutions for finite length bearings have not been attempted.

4.1  SHORT BEARING SOLUTION

The short bearing solution to the dynamic part of Reynolds
equation follows the course of the steady state solution method
described in the previous chapter. Neglecting the pressure
derivatives in the cirocumferential direction reduces Reynolds

equation for the dynamic pressure fields to the following form.

(%)2 gg( h; g%; + 3h/ e g%g,:) - H(ie? + o e ) (4.18)

Integrating twice gives:-
p/ = (L;'H (iec¢ + U‘eid)_§f3 + ¢ £ ,* C, - ggfb; (4.17)
R 2h; h/ h,

where C, and C, are constants of integration
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Substituting the usual boundary conditioms of ambient pressure at
the sides of the bearing is sufficient to evaluate both constants

of integration to give the following general solution.

2

B = (L) E (ie‘¢+ o e - *

B + §e_§?s_i_gu§)> (i -z ) (4.18)

Again there is no flexibility left to consider the application of
cavitation boundary conditions, as a result the J.F.O.
relationships can not be wused. The steady state boundary
condition for internal ocavity boundaries as stated in the
previous chapter is applicable to both the static and dynamic
states. The steady state cavity pressure of ambient has been
used in the following calculation of the dynamic pressure fields,
but exactly the same static and dynamic analyses can be applied

using other cavity pressure values.

The cavities have been assumed to be bodies of air at ambient
pressure Dbecause of the relatively free access the surrounding
atmosphere has to the cavitation region in typical bearing
installations. Thus the boundary condition for dynamic motions
is film rupture and formation at ambient pressure. The values of
the boundary movement parameters ‘g’ and ‘g;’ are found by
substituting the steady and dynamic pressure field
solutions (3.10) and (4.18) into the first order approximation

for the boundary pressure given by equations (4.11). The single

expression relating to both cavitation and formation boundaries
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is—a feature-of only the case—of cavitation at ambient pressure.

= p /9p;, = ¢ + i
T/em €, €, (4.19)
g = &, + Real( g’e,ekt+ (o] ext )

|
€,

¢BT

Hence the short bearing solution with cavitation at ambient
pressure, predicts that in general the cavitation and formation
boundaries will oscillate with a finite amplitude in response to
Journal motions. As could be expected, problems will arise when
the steady state operating eccentricity is very small and the
presence of the eccentricity parameter in the denominator of one
term will predict large amplitude boundary motions in response to
small journal motions. However the perturbation solution is omnly
valid for small values of the ratio ‘e€,/ €¢,’, thus a finite
boundary motion is predicted for all small amplitude journal
motions that will satisfy the 1limits of wvalidity for the

analysis.

4.2 THE LONG BEARING SOLUTION

The long bearing type of solution results from assuming that
the film and cavity characteristics remain unchanged along the
axis of a bearing. Thus all differentials with respect to ’¢’,
and the boundary slope angle ‘B’ in the governing equations for

this type of bearing are identically equal to zero. The long
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_bearing equation for film pressure and streamer density, and.

their general solutions are given below.

3 2 . R )
d_(h, dp; + 3n/e” Qp; Y= H (1e” + o &%)
(B g e )

dg @
3 D+ /D, ) = - o (D e+ h/D, )
og
p’ = H((I;' +41 I (1 -4io0 ) (4.20)
- 3(e (I +411I), Y+0C, (I¥ + i1} )))
+ Gy I;o + Cryg
o .
DT = Crg e - Doe g
h; h;

All the general cavitation boundary equations (4.14), and the
formation boundary pressure value condition (4.15) remain
unaltered by the assumption of invariance in the axial direction.
But the relationship between the pressure gradient and streamer

density function (4.13) simplifies to the following equation.

(( 1-D, Jo +Do§o_§%!’l_(Ql)¢;r + Dy

+(1-D, ) ( g’_a(p; + gg ¢’°T>/%§°, (4.21)
+ 121'( e? - ¢, sin(g) der ) ) = 0

[}

Thus there are three cavitation and two formation boundary
equations to describe the boundary values of the dynamic pressure

and streamer density fields, representing the same five boundary
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conditions-governing-the steady state solutions. BHince the 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 in the previous chapter
considered three different arrangements of the full film and
cavitation regiomns. The first arrangement analysed had no oil
supply pocket to constrain the position of either the cavitation
or formation boundaries. Hence the dynamic solution for this
type of geometry must evaluate the motion of both boundary
surfaces. Since there was only one full film region and one
cavitation region the equations to be solved are found by
substituting the general long bearing field equations (4.20) into
the five boundary conditions. The five unknowns in the set of
equations are complex variables, two of which describe the
dynamic pressure fields and the remaining three describe the
streamer density, formation and cavitation boundaries. The set
of equations are presented below in matrix form where a 3zero
represents an element having a value of 2zero, a ’+’ sign
represents a non-zero constant and a ‘*’ sign represents a

function of 'o’.
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T + 0 0 0 Cr, = * | (4.22)
+ 0 0 + 0 Cr, *
0 0 * + 0 Crs +
+ + 0 0 + Ber *

B + 0] * 0] * | ;_¢ﬁ i B * .

The solution of these equations during & stability analyseis is
complicated by the fact that the value of ' ’ is unknown at the
time the solution is required. The arrangement of the various
functions of ' ’ within the set of equations implies that the
five unknowns will also be functions of ' ‘. Working through the
matrix solution shows that the streamer density function must
have the following relationship with ‘o™.

C + Do +Ed (4.23)
Fe“Ps + (G + Ho ) e %

The remaining four variables have the following more complicated
form of functional relationship with ‘o’, where the capital

letters represent constants to be evaluated for each variable.

-O’¢co

(A+Bo) e 4+ (0 + Dor+Ec” ) e

(4.24)
Fe“% + (G + Her ) e 7%

The form of the solutions show that at any given operating
condition the constants in the dynamic stiffness matrix are
functions of the ratio between orbital and rotational
frequencies. The non-linear nature of these results makes this

bearing arrangement more difficult to analyse than the Ocvirk
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— -solution,; and-no further-work has been performed on this-type of

bearing model.

The second type of bearing arrangement considered in chapter 3
was for the film formation boundary fixed at an o0il supply slot.
This arrangement 1is 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 is no change to the
film rupture mechanisms so the same three cavitation boundary
equations have to be solved. There 1is only one formation
boundary condition which is that the dynamic pressure fields must
have zero values at the steady state boundary position. Thus the
dynamic pressure field is constrained to be zero at both the
steady state formation and cavitation boundaries. These two
conditions are sufficient to determine the values for the
constants of integration in the general solutions (4.20). The
zero pressure gradient condition serves to define the cavitation
boundary movement variable ‘¢@.,’, and the remaining cavitation

boundary equation serves to fix the streamer density function.

Since the dynamic pressure fields are now constrained to be
zero at both the steady state film boundary locations, the
dynamic performance predictions will be equivalent to the results
obtained from analyses that have neglected the possibility of

boundary movement.
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--—--The- —solution- -of the two —Dboundary pressure equations is-
straight forward since none of the elements in the matrix of
coefficients are functions of ‘v’. However the right hand side
of these two equations are linear functions of ‘0’ so the
constants in the general equation for the dynamic pressure fields

will also be the expected linear functions of ‘v ’.

The constants of integration in the dynamic pressure field
equation have been solved for two sets of boundary conditions.
First for the usual long bearing solution that assumes there is
an o0il supply slot at the steady state maximum clearance
position, and also for the more typical case of an 0il supply at
the horizontal bearing centreline. The resulting dynamic
pressure fields are presented on figure 4.1 against the Oocvirk
solutions. The Ocvirk results show the predicted centreline
pressure values for a bearing of width to diameter ratio equal to

one half.

As for the steady state pressure fields, the usual 1long
bearing solutions are similar in shape to the Ocvirk predictions.
However there is a significant difference in the peak pressure
values between the long and short bearing solutions. Because the
pressure profiles are broadly similar, comparable predictions for
bearing dynamic performance can be expected. The cavitation
boundary movement parameter ‘d,’ has also been calculated for

each of the three solutions. Since ‘¢, is not only a complex
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--number but—also a function of +the  jourmal motion, only the
component parts of the parameter can be evaluated and presented.
The boundary movement parameter has been split up into component

parts as shown in the following equations.

¢cr = B, + 1 ¢C:L
¢, - A + o B (4.25)
¢c1 = C + 0’ D

For both the long and short bearing solutions ‘D’ is equal to
zero for all values of operating eccentricity ratio. In addition
the short bearing solution gives ‘A’ equal to zero, and ‘B’ equal
to ‘C’. The results are presented on figure 4.2 and show similar
values for +the parameter components despite their 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 unrealistic boundary conditions, and
the 1long bearing solutions with a fixed film formation boundary
position. Despite the fundamental differences in the governing
differential and boundary equations the curves have basically the
same shape. Since the calculated dynamic pressure fields for
finite width bearings can be expected to tend to the long and
short bearing solution fields for extreme values of the length to
diameter ratio, the finite width solutions can be expected to

exhibit broadly similar results for the dynamic film behaviour.
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—— - -‘The—dynamic equations—(4:22) -for-& long bearing with a—film
formation boundary free to find its equilibrium position have
been shown to generate non-linear expressions for the dynamic
pressure fields. Since short and medium finite width bearings
are heavily influenced by the axial flow of lubricant, the
dynamic solutions for typical short and medium width bearings can
be expeocted to produce results similar to the predictiomns

generated by the Ocvirk solutions.
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5  JOURNAL DYNAMICS = : - - - -

The dynamic motion considered in the previous chapter is the
result of the journal moving in response to the forces aoting
upon its mass. These forces belong to either of two categories,
the pressure force generated by the lubricating film, or the
applied 1load. Whereas the applied 1load is usually known in
advance of the bearing design, the £film force is mnormally
calculated by integrating the pressure field around the clearance
space. If the journal motion is defined, the changing pressure
field can be caloulated. But for stability analysis the small
orbital motion is undefined, consequently the film force
components must be evaluated in terms of the dynamic displacement

vector.

The resultant force exerted on the journal is found by
integrating the fluid pressure around the whole of the bearing.
Since the direction in which the pressure force acts is always at
right angles to the local surface, the integration must also
define the direction in which the resultant force acts. The
usual way of finding both the direction and size of the net force
is to 1integrate the components of the local pressure forces in
convenient coordinate directions, and find +the resultant by

vector addition of the force components.
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Because the fluid pressure is exerted on a continuous _surface.

encircling the shaft, any hydrostatic component of the pressure
distribution will not contribute to the net force on the journal.
Hence the lubricating film forces ocan be calculated by
integrating the difference between the pressure field and any
arbitrary value. Since the cavitation region has been defined to
be a region of constant pressure, the integration can be
simplified by summing the difference between film and cavity
pressures. Then the integrand is identically equal to zero over
the whole of the cavitation region. Hence all that is required

is to integrate the function 'P - P, ' over the full film regionm.

A fixed ocartesian 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 1line of centres shown on
figure 5.1. Dimensional and non-dimensional film force
components acting 1in the fixed cartesian system are defined by

the following equations.

F. = h( P - P, ) cos(¢g) dA

F, = | (P - Py ) sin(g) da

£ = [ Cp'- pi ) cos(e) aa (5.1)
£, = | Cp'- p, ) sin(g) da

where f' = F / P RL

and A = full film region
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Since. the . cavity _boundaries have been allowed to oscillate in
time with the journal motion, the integration must be evaluated
between the instantaneous boundary positions. If the symbol ‘A,’
is used to represent the steady state full film region and ‘Sa
the instantaneous difference between the dynamic and steady state
regions, the integration can be subdivided into two parts as

follows.

L( P'- P, ) £(#) aA - La( P'- P, ) f(8) dA
+ [ (- Pl ) £(8) da (5.2)

where f(¢) represents the sine and cosine functions

W¥hen small boundary motions are considered, the difference
between the instantaneous field and the cavity pressures at the
steady state boundary, is a first order sized term. Thus the
integral over the area ‘dA’ will be a second order term which can
be neglected. Substituting the first order expression for film
pressure 1into the remaining integral gives the following general
approximation for the film forces using the steady state boundary
positions.

H( P'- pLy ) £(g) dA

“ (5.3)

+  Real( [ p, p,1.1 €, €01 e £(g)da)

Ao

Thus for the small scale motions expected during whirl omnset, it
is sufficient to integrate the expression for film pressure over
the steady state full film region, and neglect the boundary

motion. To simplify the following algebra it is convenient to
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. _use symbols representing the pressure field integrals, to_ _give

the following first order expressions for the film force

components.
£, = £, 9+ [ £, , £ 1.le, €0 1e
st (5.4)
£f;, = £, + [ £, , f5 l.le , €06 1le

5.1  EQUATIONS OF MOTION FOR _THE JOURNAL

The equations of journal motion have been derived from
Newton’s second law expressed in the ’'r-s’ cartesian coordinate
system. Previously the jourmnal position has been expressed in
polar coordinates, but is easily transformed into the cartesian
system by the usual set of transformation equations. The
expressions describing the journal position, and their first

order approximations for small journal motions are:-

r = Real( Ce cos( © -6, ) )
8 = Real( Ce sin( ® -9 ) )
(5.5)
r - Real( C (e, + €, e ))
s = Real( C epg,ext )

Hence Newton’s second 1law of motion for +the journal is as
follows, where the subscript ‘A’ indicates force components of

the applied load.
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"P,RL ( £/ + £/ ) Real( MCX e, ™)

[

(5.6)

[

P.RL ( £/ + £/ ) Real( MC Ng, ©, & )

Substituting the first order expressions (5.4) for the film
forces into the equations of motion, and expressing the resulting

equation in matrix form gives:-

t
£, 0+ £, + | £ £ e, | e = €, e
£, + £ £ £ €, © €, O

(5.7)

where ¥ = _M:Co: and o = 2)

4P, RL )

WVhen the bearing is operating under a steady load the sum of the
applied load and the steady film force components is identically
equal to zero. Thus the left hand matrix of this last equation

vanishes to leave an eigenvalue problem.

Chapter 4 has shown that the Ocvirk and the common long
bearing dynamic pressure field solutions to Reynolds equation are
linear functions of ‘¢’. Hence the result of integrating these
pressure fields is to generate dynamic film force components that
are also linear functions of '¢’. The coefficients of ‘o~ in
these first order expressions are equivalent to stiffness and
damping parameters in an ordinary mass spring damper system. It
should be noted that the mathematical concept of stiffness has
been used for these coefficients which is equal to minus one

times the normal engineering definition of stiffness. Because of
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the similarity between the film _equations and spring damper
systems, the matrix of film force components expressed as
functions of ‘v’, as set out below, is often called the dynamic

stiffness matrix of a bearing.

f,_'e frlg = A” + o By A, + ¢ By
(5.8)
fs; fSIQ, A1| + (f Bz, AQ:L + (r BQ_L
= [ A(o0)]

Substituting the dynamic stiffness matrix for the film force
components into the matrix equation of motion, gives the

following equation for unforced journal motion.

A, + o B, A, + o By €, - ¥F| e, (5.9)

A, + u By Ay + & Bp €, O, €, 6,

Since the parameter ‘o’ appears in both the expression for the
eigenvalue and the dynamic stiffness matrix, the common solution
techniques for finding eigenvalues are mnot appropriate. The
unknown variables in this equation are ‘¥’ and ‘0”’, hence the
solution requires ﬁairs of these parameters that satisfy the
equation. The condition for solving the eigenvalue problem and

hence the equations of motion is:-

Det| A, + o B, - 8o A, + ©B, | = 0 (5.10)
A, + o B, A, +ov B, - XagJ

This determinant forms the characteristic equation for the
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____dynamic system comprising the rotor mass and the_ lubricating
film. In general there are two modes of dynamic motion since the
system has two degrees of freedom. Each mode shape is defined by
the eigenvector and its relationship with time is defined by the
non-dimensional time constant ‘¢‘. The particular solution of
most interest 1is the case when ‘o’ is wholly imaginary, as this
condition defines a neutrally stable state that normally exists
at the stability boundary between stable and unstable operating
regions. By substituting a wholly imaginary variable for ‘¢’ in
the equations of motion, forces the characteristic equation to

Yield the mode of vibration relating to the stability boundary.

The solutions derived by this method define only one mode of
vibration whilst the second mode remains unknown. Since there is
normally no simple algebraic link between the coefficients of the
characteristic equation and the resulting non-dimensional time
constants, numerical techniques must be used to find time
constants for all the modes of vibration at each operating
condition. For a simple assessment of journal stability it is
not necessary to check all the modes of vibration, since Routh’s
criterion links the coefficients of the characteristic equation

with the system stability.

In the equation below ‘ik’ has been substituted for the
variable ‘v"’. The parameter 'k’ will be referred to as the

non-dimensional frequency ratio since it is equal to the orbital
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- ... frequency divided by half the rotational frequency. .= .

Det | A, + i kB, + Jk" A, + i kB, = 0 (5.11)
A, + i kB, A,, +1ikB, +J¥k
where k = 2w,
Wa

Since the solutions to this equation describe important atributes
of the lubricating film relating to the ocritical condition of
whirl onset, the set of values satisfying the equation have been
given the symbols ‘¥.’ and ‘k.’. Expanding the determinant gives

two equations of real variables to be solved simultaneously.

2
Au Azz - A|1 A’ll - k ( B,, BZL - B,:L le )
2 2. 2
+ ¥k (A, + A, ) + (¥ ) = 0
(5.12)
k ( ( A B, +A,B, -A,B, -A, B, )
- Bkﬂ_( B,, + Bzz ) ) = 0

The general solution to these equations can be expected to give a
value of about one for ‘k’, since the wusual behaviour of a
bearing on the stability boundary is to exhibit a small orbital
motion at half the journal running speed. There is also the
trivial solution which requires that ‘k’ is equal to zero and the
stiffness coefficients of the dynamic stiffness matrix form a

matrix with a zero determinant.

k=0 and A, A, - A, A, = 0 (5.13)
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5.2  SIGNIFICANCE _QF THE _DYNAMIC STIFFNESS MATRIX EIGENVALUES —

The eigenvalues of the dynamic stiffness matrix represent the
lubricating film’s resistance to motion as the journal performs
an orbit defined by the associated eigenvector. For the
particular case of a real eigenvalue, the equations describe a
simple mechanical system consisting of springs but not dampers.
Thus as the journal performs the prescribed orbit at the
prescribed frequency ratio ‘k.,’ the film acts in the same manner
as two springs acting at right angles to each other, each with a
non-dimensional stiffness equal to minus one times the real
eigenvalue. The previous section has shown that when a journal
is operating at the stability boundary, its non-dimensional
dynamic stiffness matrix does have a real eigenvalue which is
equal to ’—&kt’. Hence at this whirl onset condition the dynamic
performance of the film can be ocompletely represented by an

axisymmetric spring with a stiffness equal to P,RL éki/ 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 1load. The shape of
typical steady state operating curves show that there is always
one particular operating eccentricity at which increasing the
magnitude of the applied load causes a journal displacement in
the direction of the load line. This condition will be called

the nose of the steady state running curve and is an example of
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an operating condition with a principal direction of 1loading..
The incremental static stiffness of the lubricating film at the
nose of the steady state curve can be described by the following
matrix equation.The displacements 'x,’ and ’‘x,’ are in directions
along and at right angles to the applied load, and the terms ‘S’°
represent the stiffness of the lubricating film to incremental

loads ‘f)’ and ‘£, .

£/ = Sv/v Svlu x; (5.14)

£/ 0 S, X,

The definition of a principal direction of loading has been taken
to be any direction for which the jourmnal displacement is along
the 1line of action of the incremental 1load producing the
displacement. The situation is characterised by an incremental
static stiffness matrix with a zero on the minor diagonal. Such
a matrix has two real eigenvalues ‘S, ' and 'S, ‘. By definition
the above matrix of static stiffness terms is equal to the
dynamic stiffness matrix for a motion with zero time constant and
orbital frequency ‘k.’, transformed by rotation through an angle
equal to the attitude angle. The occurrence of a real eigenvalue
for +the dynamic stiffness 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
characteristics, particularly as most stability results have been
obtained for operating eccentricities less than the value at

which the nose occurs.
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If the steady _state stiffness characteristics of journal
bearing systems can be shown to have principal directions of
loading over a wide range of operating eccentricities, the nose
of the steady state curve will only be a particular example of a
more general phenomenon. Since this phenomenon is determined by
only the stiffness elements of the dynamic stiffness matrix, and
is independent of the damping coefficients, the fact that
principal directions of motion exist is nunlikely to imply any

special dynamic characteristiocs.

If a principal direction of loading exists there must be a
rotational transformation of the dynamic stiffness matrix which
produces a zero stiffness term on the minor diagonal. If ‘o<’
represents the angle through which the dynamic stiffness matrix
is transformed, the condition for a principal direction of
loading is:-

(A, +A, )cos(2e) - (A, - A, ) sin(2x)

(5.18)
*( A, - Ay) = 0

The general solution to this equation is:-
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o= 1(nm x4§ - B )
2
wvhere n is an arbitrary integer
cos(e) = Ae__ -~ Aa '
‘/( AIL + Aiq )2 + ( A i - AzL )q (5 . 16)
cos(B) = As__+ As _
\/( A:L + Azr ) + ( A,, - A;.L )
sin(B) = Ay — An I
P \/( Arz + Azl )’l + ( Au - Azz )2

The nose of the steady state operating curve is known to satisfy
this condition when the transformation angle ‘o’ is equal to the
attitude angle. But for small operating eccentricities thé
Jjournal displacement is always approximately at right angles to
the direction of the applied load, thus a principal direction

does not exist for lightly loaded operating conditions.

Figure 5.2 shows the principal directions of loading when the
Ocvirk solution values are substituted for the elements of the
dynamic stiffness matrix. The curves show that +there are no
principal directions of loading for operating eccentricity ratios
of less than about 0.6. The nose of the steady state operating
curve is predicted to occur at an eccentricity ratio of
approximately 0.663, which is within +the operating range that
exhibits ©principal directions of loading. In the next section
this eccentricity value is compared with the operating

eccentricity for which +the short bearing theory predicts a
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critical frequency ratio equal to zero. Thus the Ocvirk solution
demonstrates that the nose of the steady state curve is not a
singularity but part of a continuous series of principal

directions of loading.

Further the condition for the angle ‘§’ to exist is also the
condition for there +to be real eigenvalues for the incremental
static stiffness matrix. Thus if an operating condition exists
for which the orbital frequency on the stability boundary is
zero, there must be a principal direction of 1loading at that

condition, but the converse is not necessarily true.

5.3  SHORT BEARING STABILITY

The previous chapters have developed simple algebraic
expressions for the short bearing steady state and dynamic
pressure field solutions to Reynolds equation. Integrating the
pressure fields between the steady state film Dboundaries, as
shown above, gives the following expressions for the steady state

and dynamic force components.
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£/ = "(Li_ﬁ e, _(-8€.)
R/12 (1 -e} )
. 2
ot (B S T ey
£, = (ij 46, (1 + e ) -o w( 1+ 26 )
R/12 (1 -€e; ) 2 (1 -e: )™/ (5.17)
’ — 2 - °
e @f)ig ( 2 ( 1n—e§ ) i f_%gi&“? )
’ = & i 5 R
TR v T ey )
BT Rn( Ty T deie )

The congruent operating conditions shown on figure 3.1 suggest
that both the steady state force components should be odd
functions of eccentricity, and that the radial and tangential
components should be respectively even and odd functions of the
compressibility number ‘H’. However since the steady state
pressure fields have been shown to be valid for only positive
values of Dboth eccentricity and compressibility number, the
steady state force components will only be valid over the same
ranges. Hence +the algebraic expressions need not exhibit the

function relationships described.

Subgtituting the expressions for the dynamic force components
into the equations for the stability boundary, and solving for
the critical values of the stability parameter and

non-dimensional frequency ratio, gives the following results.
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8. =
(LS _H 2e. (2+er ) (B+er )(m" (1+2€5) -16€ )
R/ 12 (1l-e2)(m*(4+8€> -3ef-7es —2€’) -16€’ (1+8¢, +3€.))

2 4 2 2 (5.18)
kK, = (m’(4+8e: —Be. —e: -2’ ) _-16¢; (1+8¢€; +3€r ))
(2+€; )* (1-€2)(m*(1+2e2 ) -16€))

) S (Lj _H  __2e.(3ver)_

R/ 12  (1-€2)(2+€})
These results are equivalent to the expressions derived by
Holmes(7), who used a different solution technique. The values
of these functions and the associated critical eigenvalues are

plotted on figure 5.3.

There is a particular value of operating eccentricity for
which the frequency of the neutrally stable orbit has tended to
zero. At this operating condition the critical eigenvalue has
remained non-zero since the critical stability parameter has
tended to infinity. c<Because the eigenvalue has remained finite
the solution is not the trivial solution referred to at the end
of section 5.1, but the critical eigenvalue is equal to omne of
the eigenvalues of the static stiffness matrix. Whereas the
stability boundary comes to an end at an eccentricity ratio of
about 0.756, the nose of the Ocvirk steady state running curve
occurs at an eccentricity of about 0.663, emphasising the

difference between the two conditions.




Experience with the solutions to the characteristic egquation
has shown that if one mode of vibration has a wholly imaginary
non-dimensional time constant, the other mode of vibration has a
time constant with a negative real part. This indicates that the
second mode is stable and that the stability Dboundary for the
first mode can be observed. In the operating region for
eccentricities greater than 0.756 experience shows that the

equations predict both modes of vibration will always be stable.

Adding together the steady state force components gives the
following expressions for the applied load and attitude angle

predicted by the short bearing theory.

2

£/ = (L)_g e, vn* + (16 - n*) €5
R/12 2 (1 - er) (5.19)
=< = tan“(—ﬂ(l—e?)”)
4 e,

Since the solutions to the governing equations for incompressible
lubricants predict the pressure fields and force components to be
proportional to the shaft speed, a simple design chart can be
constructed to show the steady state running relationship and the
stable running 1limit of a bearing. Using the Ocvirk solutions
the following simple expressions can be derived for the operating
speed and whirl onset speed in terms of the bearing geometry, oil

viscosity and known functions of eccentricity.
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( LOAD__2G" ) S -
JRL £, () (5.20)

() =

£
i

£
It

The funotions of eccentricity 'f,’ and 'f,’ are defined by the
Ocvirk solutions (5.18) and (5.19). Thus curves for various
values of +the parameters ’'LOAD 2C  / MRL ’ and ’ZPRLS/ Mgcg’ can
be drawn against axes of eocentricity and rotational speed.
Figure 5.4 shows the resulting design chart. The steady state
operating curve for a particular installation can be found by
interpolation, and followed from low speed high eccentricity up
to the stability limit predicted by the Ocvirk solutions. The
chart has Dbeen drawn for low rotational speeds, but can be
extended to higher values by successively adding one to the

vertical scale values and multiplying the curve labels by ten.

5.4  LONG BEARING STABILITY

The previous chapter has shown that the expressions for the
dynamic pressure fields generated by a long bearing with a fixed
film formation boundary are also linear functions of ‘¢"’. Hence
integrating these pressure fields will produce constants for the
stiffness and damping coefficients in the bearing’s dynamic
stiffness matrix. Thus the analysis of bearing stability with

these coefficients will follow +the equations set out at the
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beginning of this chapter, and demonstrated on the_short . bearing
solution. However the floating film formation boundary case
identified, but not pursued, would produce functions of ‘¢’ for

the stiffness and damping coefficients.

The long bearing pressure fields presented in the last chapter
were generated using numerical techniques, consequently numerical
integration has been used to evaluate the long bearing stiffness
and damping ocoefficients. The stability parameters resulting
from substituting the stiffness and damping coefficients into the
stability equations, are shown on figure 5.5. The general shape
of the curves are similar to the short bearing results, with the
critical stability parameter tending to infinity for
eccentricities 1in the range 0.7 to 0.8, but a significant
variation in the c¢critical frequency ratio is shown. The long
bearing results are not directly comparable with the Ocvirk
solutions because of the length to diameter ratio effect, but
when compared on the same basis as the steady state pressure
fields shown on figure 3.4, the long bearing stability parameters

take values significantly less than the Ocvirk solutions.

The effects of changing the film formation boundary position
on the film’s critical stability parameters are shown for an
operating eccentricity ratio of 0.5, on figure 5.6. Generally
the critical stability parameter values are seen to fall as the

lubricating film length is decreased, indicating a reduction in




- 91 -

the _stable operating range. The critical frequency ratio .
parameter is seen to rise steadily to values that are not
normally observed, but this may be because a journal operating
with such short lubricating films have not been tested. Thus
operating a severely starved bearing or decreasing the working
surface 1in the loaded arc of a bearing can be expected to have a

destabilising effect.
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6 _ JOURNAL_AND BEARING DYNAMICS . ) -

The equations of motion for a bearing mounted on a flexible
support structure are a simple extension to the system of
equations describing journal motion. The equations which will be
derived have a wide range of application since they are similar
to those representing a flexible shaft supported by journal
bearings on firm foundations. Thus the equations of journal and
bearing dynamics describe simplified forms of two common shaft

and bearing arrangements.

The coordinate system that has been used for the analysis of
journal dynamics has its origin at the geometric ocentre of the
bearing. Thus the film force expressions derived in the last
chapter are applicable to the study of journal and bearing
dynamics, provided that displacements in the ’€-6’ polar
coordinate system are recognised as journal displacements
relative to the bearing, and are not assumed to be absolute
journal displacements. Thus the absolute journal position is the
vector sum of the bearing displacement, and the relative jourmal
position in ‘e-©’ coordinates. If the symbols ‘R’ and 'S,’ are
used to represent the bearing position in the fixed ‘r’ and ‘s’
axes, a8 shown by figure 5.1, the equations for journal and

bearing motions are as follows.
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M, | C¢ + R, | =  P.RL| £, + £’
Ced + S, £+ f!
. r ' .
M, R, = - P,RL|f.| - |8, Rs| - | Cu Rg (6.1)
e £ Sus S, Cus 85
where
M, = Rotor mass
M, = Bearing mass
S,. = Mounting stiffness in the ‘'r’ directionmn
Sus = Mounting stiffness in the ‘s’ direction
Cy. = Mounting damping in the ‘'r’ direction
Cvs = Mounting damping in the ‘s’ direction

Since +the bearing and journal displacements will normally have
the same functional relationship with time, the bearing position
can be expressed as follows.
, ok

R, = R, + REAL( C R} e )
NE (6.2)

S¢ = S, + REAL( C Sj e )
For unforced motions of the system, the steady component of the
film force will be equal and opposite to the applied load and the
steady component of the mounting reaction. Thus the dynamic
characteristics of the system are described by the following set

of equations.
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. REAL |M.CN'| e + R, | €| - REAL| P.RL | £, £4|| ¢ |&°
L €, 9| + SG,! f”/e 0 €, 6,
REAL |[M,CcX [R; | |- REAL[[-B,RL [ £. £ €,
(6.3)
L SB’I fjé 5?} 60 91
S,., C R{ [c.. ©x R, M
- Mr 81 - M 8l e
SHS C Sel| {70[45 CA SB’l

These two equations can be made non-dimensional and combined to

form the following matrix equation.

(v 0 % o | e | =
0 %5 0 %o €, 0,
0 0 ¥, O R;
0 0 0 5,0 S, (6.4)
i £ o 0 0 11 e,_—
foe o5 0 0] €, 6
—f’ ~£, -8, -Cho 0 R/
£, —£, 0 -S.. -G, S,
wheré ¥ = _MxCuwi , Six = SmGC_ , me = Cmx C o
4P, RL P, RL P.RL2

This equation 1is too general for significant simplifications to
be made Dby algebraic manipulation. However the matrix
representing an axisymmetric mounting can be expressed in a more

convenient form making use of the dynamic stiffness matrix.
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[A] - %o I Yol | | e - 0
2 2 eu 91 (6.5)
- %0 I ~(YgU + Clom+ 84) I Ry,
S,

The characteristic equation for the system is derived from the
determinant of the matrix of coefficients. The general solution
gives up to four orbital modes of vibration with their associated

values of non-dimensional time constant ‘o™’ .

There are three basic stability conditions that can be
observed. If all the four values of O’ have negative real
parts, the equations represent a stable operating condition, and
small disturbances to the system will result in a decaying
orbital motion as the system returns to its equilibrium position.
If three values have negative real parts and the fourth is wholly
imaginary the system will be operating at the stability boundary.
In this state a small random disturbance will initiate an orbital
motion that persists indefinitely. The third condition is for
one or more of the real parts to have a positive value, in which
case the system will be unstable. Upon reaching this final type
of operating condition the system will rapidly develop large
amplitude motions and settle at a new condition of fully
developed whirl. Due to the non-linear nature of lubricating
film behaviour, the characteristic equation 1is only applicable
for small amplitude motions about the steady equilibrium

position. The system response to a large disturbance cannot be
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predicted by these equations, nor the ¢growth of small whirl

orbits into fully developed whirl.

As 1in the case of journal dynamics, substituting the variable
ik’ for the non-dimensional time constant ‘¢’ will force the
equation (6.5) to vyield the modes of vibration which define the
stability boundary. Further dramatic simplification results from
examination of a system with no mounting damping. The
characteristic equation for am undamped system can be expressed

as: —

( 8 - %X ) Det[[A(ik)] + ¥, kz( g@__—_xls__%i) IJ - 0 (6.8)
- R3

The coefficient of the wunit matrix ‘I’ in this equation is
composed of real variables, hence the coefficient itself is a
real number. Comparing this equation with the corresponding
equation (5.11) for journal motion, shows that the mathematical
problem has already been presented and solved. The real
coefficient must have the same value as the real eigenvalues of
the dynamic stiffness matrix. In particular the value of the
frequency ratio parameter for a neutrally stable orbit is equal
to the film’s critical frequency ratio at the same eccentricity
ratio. Thus a stability boundary exists at operating conditions

that satisfy the following equatiomns.

k = k. and Y. ko = ¥ kf( % ke - gg) (6.7)
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Since all the variables in this equation, with_ the exception of
the mounting stiffness parameter 'S/ ', are predefined functions
of the operating condition, the equation is best presented to
define the critical mounting stiffness at which the stability

boundaries lie.

Sh. = Xﬁkf(& + ¥ ) (6.8)

Thus the right hand side of this equation can be evaluated for a
range of eccentricity ratios to find the c¢ritical mounting
stiffnesses for various operating conditions. Examining
equation (6.8) shows that the critical mounting stiffness values
will be negative if the operating stability parameter ’ 3’ lies
in the range ' ¥.< ¥oe< (¥ %s / 8 )’. The upper and lower limits
represent a 2zero stiffness and an infinitely stiff mounting
respectively. Thus there is an operating region for which the
theory predicts that there are no critical mounting stiffness

values.

The rigid mounting case lies at the lower side of this region
for which no neutrally stable operating conditions are predicted
to exist. Hence progressively reducing the mounting stiffness
can not make the system more stable. Both the long and short
bearing stability solutions which have been presented, show the
lubricating film’s critical stability parameter tending to

infinity at a certain eccentricity ratio, whilst the dynamic
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stiffness remains finite. Substituting an infinite critical
stability parameter '3’ and a finite value for the dynamic
stiffness ‘J.k.”’ into equation (6.8), shows that this condition
is associated with a zero critical mounting stiffness. These two
limiting cases form the operating conditions at the extremes of

the lower whirl onset boundary shown on figure 6.1.

The upper boundary of the region which does mnot exhibit a
stability boundary is marked by a 2zero mounting stiffness
condition. Therefore the stability boundary curve originating
from this point must rise with increasing mounting stiffness.
This second critical operating condition has been marked on
figure 6.1 as the second whirl onset boundary. If this were the
real situation then the second critical condition could never be
observed, as the theory does mnot predict a stable operating

region immediately below the second whirl onset boundary.

The sketch 6.1 can be compared with figure 6.2 which depicts
the typical observed behaviour for self acting plain gas bearings
reported by Marsh(23) and Simmons(24). The fact that the first
onset boundary does not extend to the gzero mounting stiffness
case 1s explained later. Results presented in chapter 8 of this
thesis show that oil lubricated bearings also exhibit the type of
behaviour shown on figure 6.2. Clearly the theory in its present
state is not complete as it does not predict the presence of a

third Dboundary between the first and second onset boundaries.
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But _the theory  does predict the +two whirl onset operating

conditions.

Since the second boundary is attainable, a system supported on
a very soft suspension will have a greater stable operating range
than if it were rigidly mounted on its foundations. A measure of
the improvement in performance is given by the fact that the
journal acts as if it possessed a mass equal to ‘(Mg+ M;)/Mg’

times its actual wvalue.

Figure 6.2 demonstrates that the critical running speed at
which a Dbearing goes unstable can be changed by varying the
mounting stiffness. This feature of a flexibly mounted bearing
can be wused to control the operating condition at which whirl
onset occurs. Hence a bearing can be made to give critical
stability parameter information covering a range of eccentricity
ratios. When a bearing is supported upon an axisymmetric spring
it will normally ¢go unstable before the operating stability
parameter ’¥.’ reaches the rigid critical value ’ 3.’. However
the stability boundary equation (6.7) can be rearranged to show
the relationship between the operating stability parameter ¥’
at which whirl omset is encountered, and the critical stability
parameter 5.’ which is & lubricating film property. The

relationship is:-
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The symbols ‘4%’ and ’'4&)’ respectively represent the natural
frequencies of the rotor and bearing supported on the mounting
springs and the bearing only on the mounting. Consequently, if a
stability boundary is encountered with a bearing system that is
supported on an flexible axisymmetric mounting, the value of the
lubricating film property ’'3¥.’ called the critical stability
parameter, can be calculated from the operating stability
parameter value ‘' 3:’. The natural frequencies of the mounting
system ' %’ and ‘&g’ must be known, and the frequency of the

whirl orbit 'w,’ has to be measured.

Thus a bearing mounted on a symmetrical flexible mounting can
be made to go unstable over a range of operating conditions
simply by changing the stiffness of the mounting. Further a few
simple measurements enables the operating stability parameter at
which whirl omnset occurs, to be converted into the critical
stability parameter of +the 1lubricating film. The resulting
information can then be used as design data for similar bearing

systems with or without flexibility in the mounting or shaft.
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6.1 _ WHIRL CESSATION - - — -

The equations of motion above have been interpreted to show
two stability boundaries for a flexibly mounted bearing. The
shape of the predicted stability curves shown on figure 6.1, can
be compared with the type of air bearing behaviour shown on
figure 6.2 observed by Marsh and Simmons (24). These sketches
show that the 1linear theory tends to predict whirl onset
boundaries in the appropriate places but does not give the whirl
cessation boundary. Based on a limited number of whirl cessation
observations, Marsh and Simmons found the following expression to

predict the whirl cessation speeds reasonably accurately.

Dy = g / kc
(6.10)
or W, = (g
This condition has some theoretical justification in
equation (6.7), since the denominator’s value changes sign

through zero as the rotor speed passes through the critical
value. However this support is based on the assumption that the
non-dimensional frequency ratio and the running speed are
independent parameters. The system’s characteristic equation is
an eighth order polynomial in the complex time constant ‘o’.
Thus for each operating condition there are up to four periodic
modes of vibration, each with its associated complex time
constant. Since the coefficients of the polynomial representing

the characteristic equation are functions of the operating
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... condition, the rotor speed and the non-dimensional frequency

ratio 'k’ are not independent. Numerical solutions generated for
the modes of vibration on the proposed whirl cessation boundary
show that none of the modes are predicted to be neutrally stable.
Thus all the conditions for the proposed whirl cessation boundary
are never simultaneously satisfied. Consequently the whirl
cessation condition proposed 1is not supported by the linear

theory of bearing performance.

Experimental observations from both the air bearings tested by
Marsh and Simmons, and the o0il bearings tested during the work
performed for this thesis showed that the characteristiocs of the
whirl cessation boundary, the lower boundary of the upper stable
operating region, are quite different to those of the first and
second whirl omnset boundaries. The onset boundaries are
characterised by a very sharp rise in whirl amplitude as the
boundary is traversed from the stable operating region into the
unstable area. The onset of instability generates small orbital
motions of the centrebody, which remain modest even after fully

developed whirling has commenced.

In contrast, if the whirl cessation boundary is crossed with
decreasing speed, a gradual rise in orbital amplitude is observed
as the unstable operating region is penetrated, a rapid unstable
rise 1in orbit amplitude is not generally observed. In addition,

comparatively large and strong vibratory motion of the centrebody
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is experienced. Thus the two types_of _stability boundary tend to.
exhibit significantly different characteristics. The whirl onset
boundaries tend to show true unstable behaviour whereas the whirl
cessation boundary tends to show features associated with

resonance.

6.2  ALTERNATIVE SYSTEM MODELS

Some of the assumptions used to simplify the dynamic analysis
may have caused the above form of solution which is plainly at
odds with observed bearing performance. One such simplification
was to neglect the effects of damping in the mounting system.
Reintroducing the damping term into the characteristic equation
destroys the simple relationship (6.7) between the flexible and
rigidly supported arrangements. Typical curves for the
calculated coritical stiffness for a damped system are shown on
figure 6.3. These curves have been drawn from computed solutions
using a constant value for the damping coefficient at all

operating conditions and values of the mounting stiffness.

Figures 6.1 and 6.3 show that the major effect of the mounting
damping 1is to cause the first critical speed at low mounting
stiffnesses to tend to infinity, otherwise the damping has very
little effect on the stability boundary condition. The most

important aspect of this result is that part of the stable
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running area now extends up to the second whirl onset boundary,._
enabling bearing performance at this critical condition to Dbe
observed. Thus it appears that additional damping in the system
external to the lubricating film prevents the lower nunstable
operating region from extending to very low mounting stiffness
values. If the damping coefficient used 1in the numerical
solutions is varied with both mounting stiffness and operating
condition then a stability map more in line with current results

can be produced.

The long bearing solution that allowed the film formation
boundary position to be determined by the J.F.0. boundary
conditions, produced non-linear expressions for the film
stiffness and damping coefficients. Since the coefficients
generated by this solution are functions of the non-dimensional
time constant, the resulting dynamic film characteristics can be
expected to be significantly different. The corresponding
dynamic equations for self acting air bearings also give
functions of the orbital frequency for the stiffness and damping
coefficients. The solutions to these equations for gas bearings
show a stable operating region below the second whirl onset
boundary. Thus pursuing the more difficult theoretical long
bearing sclution may lead to a more representative prediction of
dynamic performance. But more detailed experimental data
obtained from whirl cessation conditions is required before the

performance predictions of these models can be assessed.
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7  CAVITATION OBSERVATION EXPERIMENTS - -

7.1  TEST APPARATUS DESIGN

An experimental apparatus was designed so that the behaviour
of typical lubricating films could be observed under controlled
conditions representing a variety of operating regimes. The main
objective was to study the nature of the lubricating film and
cavitation region at steady state conditions, and note their
behaviour as dynamic situations were introduced. A requirement
wvas that the test bed should be sufficiently flexible to not only
model the usual bearing installation of a rotating Jjournal
operating under a fixed load in a stationary bearing, but also
alternative situations with a rotating bearing outer member and

rotating loads.

In order to achieve the primary goal of being able to view the
phenomena occurring inside the clearance space, the test bearings
were made of clear perspex to run in conjunction with aluminium
journals. The flexibility of operation was achieved in two ways,
first by mounting both the journal and bearing on shafts ocapable
of being driven independently, and also by providing two
different mechanisms for loading the test bearing. The two types

of load generated by the rig were a load acting in a constant
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direction, and a load rotating at a steady angular velocity about
the axis of +the bearing. As with normal bearing installations
the journal was allowed to take up the operating eccentricity

that balanced the applied load and resulting film forces.

Two sets of test bearing parts were built to give differing
boundary conditions at the sides of the clearance space. The
first set was designed for flooded operation, that is the journal
fully submerged in lubricant. Thus lubricant could enter the
clearance space from both sides of the bearing. The excess fluid
provided a barrier between the clearance space and the ambient
atmosphere, denying air free access to the cavitation region.
The alternative parts were shaped so that oil leaving the bearing
would drain away from the sides of the clearance space allowing
the surrounding atmosphere relatively free access to the working
section, as is often the case for typical installations. This

second arrangement is referred to as the drained configuration.

The apparatus was designed with a vertical axis, primarily to
avoid the necessity for oil seals, but also to allow reasonable
all round viewing. If standard oil seals had been used to keep
the lubricant inside the apparatus, the natural journal motion
would have been restricted by the stiffness of the sealing rings.
The perspex Dbearing outer members were mounted on shafts from
below whilst the journals were suspended inside the bearings from

above, as shown on figure 7.1. Thus the perspex bearings and the
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steel disces--upon which +they were mounted naturally formed- a
vessel suitable for containing the lubricant. Access to the test
section for feeding additional lubricant to the system and
removing used o0il was gained through the shaft supporting the

bearing outer member.

A reasonably large working section was produced by having a
bearing of width and diameter equal to 100.0 mm. Hence
difficulties in observation resulted from the rapid random motion
of the boundary surfaces within the clearance space rather than
the size of the image. The forces required to produce large
operating eccentricities with the intended shaft speeds of about
100 rpm were kept within reasonable bounds by using a thin oil of
7.0 mPas (7.0 cP) at 20°C and a relatively large clearance ratio
of 0.01. Table 7.1 gives details of the basic parameters of the

test bed.

The height of the test stand was such that it was convenient
and safe to use a compressed air reaction drive to turn the
journal. Allowing the journal to float in the bearing inevitably
resulted in the occasional periods of surface contact under high
loads and 1low sliding speeds. Sliding contact caused scuffing
and scoring damage to the bearing surfaces. The scores 1in the
surface generated local areas of 1large film thickness which
disturbed the cavity boundary shapes. The response of a D.C.

motor drive to the onset of scuffing would have been to generate
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more driving torque and keep the shaft turning at a reduced
speed. The resulting periods of scuffing could have been
prolonged and would have caused excessive damage to the bearing.
The main advantage of the reaction drive was that the driving
torque generated was effectively constant throughout the working
speed range, even if the turbine was being driven backwards.
Thus for the reaction drive, the period of scuffing was governed
by the journal shaft’s moment of inertia. In practice the moment
of inertia was low and the large increase in drag at the onset of
sliding contact was sufficient to quickly bring the journal shaft
to rest. Thus the turbine drive was a safety feature designed to

minimise scuffing damage to the bearing surfaces.

The turbine consisted of a pair of nozzles fixed to the ends
of arms 0.7 m long attached to the top of the journal shaft. The
drive proved sufficient to give journal speeds of several hundred
rpm Dbut had a long time period for settling to steady state, and
was very sensitive to changes in load. The outer member of the
bearing was driven by a conventional belt drive from an electric

motor.

Because of the need for flexibility, all round visibility and
the larger than typical c¢learance ratio, the equipment was
designed for qualitative observation rather than a quantitative

agssessment of performance.
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7-1.1  Flooded Test Bearing. Asgembly - - - -

The first test parts were for a plain bearing with no oil
supply facilities. The journal was designed to be submerged in
lubricant, allowing oil to enter the clearance space from above
and Dbelow. The perspex outer member was machined whilst mounted
on its shaft and supporting plate to give a plain cylindrical
bore. Similarly the journal was also machined to a plain
cylindrical shape after mounting on its shaft. The upper journal
shaft was designed to swing freely from a spherical roller
bearing fixed +ten journal widths above the test bearing.
Consequently the test journal performed a conical rather than
translational motion as it found its equilibrium position. The
resulting misalignment caused severe distortion of the cavitation
patterns, as the cavities tended to take on a size and appearance
corresponding to the local eccentricity. But for steady state
conditions with the fixed direction 1load, it was possible to
eliminate cavitation region distortion by offsetting the

spherical support bearing an appropriate amount.

7.1.2 Drained Test Bearing Asgsembly

Because of the conical misalignment problem with the first set

of parts, a different suspension was devised for the drained

bearing. A special double thrust bearing, as shown on
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figure 7.2, was made for supporting the journal, by _turning the
thrust races from two standard ball bearings inside out. The
resulting flat surfaces allowed the shaft to move at right angles
to its axis, enabling the journal to have rotary and

translational motion whilst preventing conical misalignment.

The second journal to be manufactured was mounted on a much
shorter shaft with the special thrust bearing located between the
test journal and the 1load insertion bearings. Drive to the
journal was provided by the reaction turbine described above,
with the torque transmitted by a flexible coupling joining the
turbine and journal shafts. The upper and lower Jjournal faces
were machined concave to encourage lubricant expelled from the
bearing to drain away, instead of remaining at the side of the
clearance space to be drawn back into the lubricating film. The
base plate supporting the perspex bearing outer member was also
machined concave and several holes drilled right through its
thickness to allow used 0il to be removed from the test section.
Grooves were cut along the length of the bearing support shaft to
house the o0il supply and return pipes, enabling a limited amount

of bearing rotation.

The supply of fresh lubricant was introduced to the clearance
space through a 4.0 mm hole in the bearing wall, to create a
minimum of disturbance to the cylindrical bore. This particular

arrangement was chosen to model the bearing geometry used for the
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stability experiments described in the -next- chapter. Lubricant
was supplied to the clearance space from a reservoir mounted

1.0 m above the test section.

7.1.3  Applied Loads

Both the applied loads were transmitted to the journal through
ball races on the journal shaft, mounted as close as possible to
the test Dbearing. The fixed direction 1load, which will be
refered to as just the 'fixed load’, was derived from the weight
of masses ©placed on a scale pan. A cable attached to the outer
race of the lower load insertion bearing was passed over a pulley
allowing the scale pan to be suspended adjacent to the lower
shaft. Since the pulley was mounted on a minature ball race and
the typical fixed load applied to the shaft was 10 to 20 kgf, the
frictional resistance associated with the pulley could be

neglected.

The other type of load which will be described as the
‘rotating load’ was derived from a helical co0il spring stretched
between the upper load insertion bearing and a windlass. The
windlass was mounted on a rotating table so that it could perform
a circular orbit around the axis of the test bearing. Thus the
table could be turned to produce a steady load acting in a

variable direction, or the table could be driven at constant
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speeds to._ produce. .the desired .rotating load capability. An
electric motor and belt drive were capable of turning the

rotating table at speeds of up to 200 rpm.

7.2  MODES OF OPERATION

Reynolds equation has been shown to predict the generation of
a steady pressure field and cavitation region for any set of
steady bearing surface speeds and a steady load, provided that
the o©ombined surface motion relative to the 1load 1l1line is
non-zero. Typical journal bearing applications are for a steady
unidirectional load and motion of only the jourmnal surface. This
wvas the mode of operation normally used for observing the steady
state film behaviour. But for operation at high eccentricities
the wusual practice was to drive the bearing outer member and
allow the journal to rTun at the same speed. »This avoided
scuffing damage to the bearing surfaces. All the possible modes
of combined journal and bearing rotation with a fixed load were

successfully tried.

The loss of load carrying capacity whilst the bearing surfaces
moved with equal velocities in opposite directions was easily
demonstrated. As the condition was approached, surface contact
would cause the journal to be brought to rest, and then driven in

the same direction as the bearing. Hence the singular condition
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could be approached but.not observed in this type of apparatus

with a floating journal.

Steady oconditions under the action of the fixed load were
relatively easy to study, because the cavitation regions were
stationary relative to the fixed observer. ¥hen generating
steady conditions with the rotating load, the wusual mode of
operation was for the journal and bearing surfaces to be
stationary. Since this situation generated a cavitation region
that precessed around the clearance space, sweeping past a fixed
observer, interpreting the image was much more difficult. High
speed photography was required to reveal the detail of the cavity

shapes and motions.

Dynamic conditions were generated by simultaneously applying
fixed and rotating loads to any combination of journal and
bearing rotation. The usual procedure for generating a dynamic
state was to start from any steady condition and then +to apply
the disturbing dynamic load, otherwise a confused operating state
often resulted. Because of the difficulty in observing a
rotating cavitation region, the usual experimental method was to
obtain a fixed load steady state operating condition and +then

apply a smaller rotating load.

The relative magnitude of +the applied loads had a marked

effect on the dynamic behaviour. If the fixed load was dominant,
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a steady state .like cavity was formed, and the smaller rotating
load caused a cyclic disturbance to the cavity’s shape and
position. Similarly if the rotating load was dominant, the fixed
load could be expected to produce a cyclic variation to the
precession of the cavitation region around the bearing. But this
second orbiting cavity behaviour is not easily detected by a
fixed observer. If the two loads were of a comparable size no
such simple characterisation was possible and a much more

complicated situation existed.

The relative velocity of the two load lines compared to the
effective sliding speed was also important. A very 1low orbital
frequency resulted in effectively a c¢ycle of steady state
conditions, whereas a high relative speed generated large squeeze
film forces opposing the Jjournal motion. Relative load line
velocities giving orbital frequencies in the region of half the
effective surface rotational value, were expected to give
relatively large orbit sizes about the steady state equilibrium
position. This 1is because of the characteristics of Reynolds
equation noted in chapter two. For periods when the angular
velocity of the journal about the bearing centre, is in the
region of half the effective surface angular velocity, there is
very little surface motion to draw fluid into the convergent
hydrodynamic wedge. Consequently the generation of film pressure
during such periods was mainly dependent on the squeeze film

action of the bearing.
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7.3 STEADY STATE FLOQDED OBSERVAIIONS _

The first series of experiments were performed with the
flooded 1lubrication parts. At all times the journal was fully
immersed with a sufficient barrier of oil to prevent the direct
entry of air into the clearance space. The typical operating
procedure was to set the journal turning and then introduce some
fixed load. At first there would be no cavitation apparent but
after a minute or so, careful inspection about the region of the
load 1line would reveal three or four very small narrow cavities.
The cavitation would normally start in a region of 1locally very
thin film thickness due to misalignment of +the journal.
Typically over a period of about ten minutes the cavitation
region would grow to a limiting size. First of all the number of
cavities but not their size would increase as the region spread
across the width of the bearing. Then the size of the cavities
would increase and their number diminish as the circumferential

extent of the region grew.

Upon stopping the journal rotation, the cavities would rapidly
change shape to form a smoother boundary surface, and slowly rise
through the clearance space to the free surface. This behaviour
indicates that gases at about ambient pressure filled the voids
in the lubricant film. Since the direct entry of air to the
cavitation region was prevented, the gases must have been

released from the lubricant as it passed through the low pressure
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region downstream of the minimum film clearance. . R

Once the ocavities had become established, changing the
operating condition would normally involve a change of cavity
volume. An increase in volume would be accommodated by a
lowering of the cavity pressure and the release of further air
from solution. If a decrease in volume was required +then the
change of mass content appeared to be accomplished not by
reabsorption back into the o0il but by the generation of small
bubbles at the film reformation boundary. These bubbles would
then be swept away downstream to be cast out of the clearance

space at the sides of the bearing.

The basic appearance of an established cavitation region is as
shown on figure 2.3. This figure shows cavities with smooth
sides, but typical gaseous cavities in mineral o0il normally had a
certain amount of random surface rippling and branching of the
cavities superimposed on this basic shape. Streamers were
generated at the cavitation boundary and became narrower towards
the film formation surface, where they normally occupied a very
small proportion of the cross-sectional area. The sections of
formation boundary inbetween the streamers usually appeared to be
disconnected segments of a smooth curve, hence it is very easy to
visualise a continuous line along the segments of formation
surface cutting through the streamers. This line can reasonably

be taken as the demarcation between the cavitation and full film
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regions. — — - -

As shown, the flooded configuration had the film formation
boundary turning round to become parallel to the sides of the
bearing and continuing to form the nose of the outermost
cavities. More difficulty was usually found in defining a
precise location for the cavitation boundary. The streamers
rapidly narrowed in a short distance about the nose of the
cavities, from occupying the whole of the bearing width to a much
smaller proportion. Because this area of film rupture and
induction into the streamers had a finite 1length, cavitation
could be said to bhave occurred over an area rather than at a
position. However the noses of the cavities tended to form a
straight line across the film, which has been taken to represent

the cavitation boundary.

Superimposed on top of the basic streamer structure there was
normally & random dendritic pattern. This was the result of the
formation of secondary noses at the sides of the main cavities,
and produced the ragged appearance of +typical streamers. The
secondary noses would push forward against the surface motion and
sideways away from the parent cavity but usually for only a small
distance. This action of forming secondary noses appeared to be
an important mechanism concerning the number and position of the
oil streamers and cavities. The basic structure of the

cavitation region shown on figure 2.3, is similar to the
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photographs presented Dby Cole and Hughes(25), and Etsion and
Ludwig(14) in similar studies with journal bearings. Several of
the papers presented at the first Leeds-Lyon symposium(1l) also
present a similar picture of cavity forms. However the shapes of
the cavities observed during the present study were rarely so
smooth, nor were they as steady as the above photographic records
would suggest. Figure 8 of Cole and Hughes’ presentation, shows
a few cavities with side noses that form a dendritic pattern.
This type of appearance was more typical of the structures found

in the present test bearings.

The general appearance of a typical cavitation region is shown
by figure 7.3 which shows observations for the usual steady state
mode of journal bearing operation. The sequence of images starts
with a high eccentricity operating condition when there was a
very narrow band of small thin cavities close to the load line.
The cavities and streamers were numerous with a limited amount of
distortion due to side effects. As the operating speed was
increased the length of the ocavitation region increased, the
cavities moved downstream away from the load line, and the number
of cavities decreased. At high speeds the number of cavities and
the scale of the dendritic action decreased until one primary
cavity with relatively smooth sides was flanked by much smaller
cavities. A further increase in speed would cause the cavities
to be swept away downstream to break into smaller pockets of gas

which were quickly expelled at the sides of the bearing. This
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action is caused by the 1local pressure _gradients being
insufficient to propel the cavity against the surface motion and

the flow of lubricant.

The movement of the cavitation boundary away from the load
line as eccentricity was decreased is predicted by the usual long
and short bearing solutions for Reynolds equation. But the
observed cavities always subtended an angle of 1less than 45°
which is much smaller than the ©90° to 180° of the usual

solutions.

As the operating eccentricity ratio was decreased the number
of cavities and streamers decreased, concentrating the cavity
fluid into fewer larger cavities, consequently a mechanism for
reducing the number of streamers was acting. The converse was
also true in that as the eccentricity ratio was increased
additional streamers and cavities were generated. The dendritic
action of creating secondary cavity noses appeared to enable the
change in the number of streamers to take place. The mechanism
for generating a new ocavity streamer pair seemed to be the
appearance of a secondary nose sufficiently strong to develop
into a cavity in its own right. The new nose would have to make
a significant penetration towards the full film region in order
to create a new streamer between itself and its parent cavity.
Thus cavity fluid of the parent would be divided between the two

newv small cavities. This behaviour is illustrated on figure 7.4,
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alongside two other related behaviour patterns observed.

A development of this mechanism was observed when the
secondary nose broke through into an adjacent cavity. Then in
addition to a streamer being oreated, another is lost. The
result is that a portion of cavity fluid is transferred from one
streamer to the next. This transfer of fluid was much more
common than the simple generation of an extra cavity, and often
involved a ‘knock on’ effect causing a chain reaction of similar

events along the line of cavities.

In a third variation of this theme a streamer could be lost by
a secondary nose breaking through into an adjacent cavity but not
forming a new streamer between itself and its parent. Hence the
action of secondary cavity nose formation can explain the means
by which a cavitation region maintains its equilibrium during
fundamental changes such as a variation in +the number of

cavities.

The flow of o0il in the lubricating film was normally invisible
but occasionally an accumulation of fluff would be swept into the
clearance space to briefly indicate the currents of o0il before
being swept out again. A more consistent mechanism for
indicating the flow pattern occurred at high journal speeds, when
there tended to be a plentiful supply of small gas bubbles being

swept through the clearance space.
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The most significant path taken by these bubbles was along a
strong jet of fluid entering the clearance space just downstream
of the film formation boundary. Bubbles entrained in these jets
penetrated to the centre of the bearing, then travelled with the
surface motion along the ocentreline. On approaching the
cavitation boundary, they would be swept out of the Ilubricating
film at the side of the Dbearing. This path 1is shown on
figure 7.5 along with the rest of the family of routes taken by
fluid entering the side of the clearance space. The bubbles
would tend to maintain a constant velocity of about half the
journal surface speed along each of the three segments comprising
the route described. The fact that bubbles were swept into the
centre of the bearing indicates that not only is there a
significant sub-ambient pressure region downstream of the
cavitation region, but also that most of the o0il flow through the
film was bypassing the cavitation region, rather than pass along

the streamers or ride as a film on the journal surface.

A secondary circulation was also observed when bubbles
followed the first 1leg of the path already described, but then
slowed down rapidly as they approached the bearing centreline.
Having lost all their axial velocity they would creep against the
surface motion and join a cluster of similar small bubbles near
the film formation boundary. The movement of these bubbles
against the surface and fluid motion could be due to the positive

pressure gradient away from the film formation boundary which
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would normally be expected-in this area. Occasionally one of the
cluster of bubbles would be drawn away from +the rest and
accelerate rapidly away from the cavitation region to follow the
final two legs of the path described above. Thus bubbles tended
to migrate in Dboth directions +through the body of fluid

immediately downstream of the film formation boundary.

Since the bubbles tended to have a diameter approaching the
local film thickness, it is unlikely that they travelled upstream
in the flow of o0il adjacent to the stationary bearing surface to
be swept away by transferring to the flow next to the journal.
An alternative explanation is that the bubbles were swept away
from the film formation boundary in the current generated by a
streamer entering the full film, and its progress against the
surface motion was Dbetween two such currents. However such 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 plausible explanation.

Driving the bearing in addition to, or instead of the jourmal
did not reveal any obvious performance phenomena related to these
alternative modes of operation. Rotating steady state cavitation
regions were generated Dby using the rotating load and they
appeared to have the general characteristics already described.
As noted above detailed observation was not easy, but a limited

amount of high speed cinematography did not show any features
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that could-not be generated with the fixed load. — -

7.4  DYNAMIC FLOODED QOPERATION OBSERVATIONS

As described above dynamic states were produced by the
combined use of fixed and rotating loads. As was expected, when
a small rotating load was introduced to a fixed load steady state
condition, there was no dramatic change to the basic structure of
the cavitation region, but a small oscillatory motion in time
with the disturbing force was observed. The general size, shape
and the number of cavities did not change but the dendritic
action appeared to be more prominent as the boundaries moved

against the surface motion.

For moderate dynamic loads the amplitude of the film boundary
motion decreased as the angular velocity of the rotating load was
increased from speeds comparable to the surface motion to higher
values. Non-linearities in the motion became apparent for large
boundary movements when the boundary surfaces moved more rapidly
against the surface motion than with it. But any phase
difference between the motion of the cavitation and formation

boundaries was not pronounced.

In extreme cases the cavitation region could be made to

perform very large oscillations with an amplitude of more than
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180°. Under such large amplitude motion .and certain combinations
of relative speeds, the boundary surfaces appeared to change type
a8 described in chapter 2. The Dboundaries could be seen to
change their appearance in a manner that suggested that the
critical Dboundary speed had been reached and that the surfaces
were for a short period changing their nature from formation to

cavitation and viceversa.

If the dynamic load was increased to become comparable to the
load producing the steady condition, the amplitude of boundary
motion increased until the steady state type cavitation region
broke down. The breakdown mechanism can be described as part of
the cavity close to the film formation boundary switching from an
oscillatory motion about a steady state position to a rotational
motion orbiting around the bearing, but the part of the cavity
close to the film rupture boundary remaining in an oscillatory
mode of motion. Usually this breakdown occurred when the
cavitation region reached an extremity of its oscillatory motion.
Thus during the period of the breakdown the cavitation boundary
would be swept around the bearing with the surface motion, to an
extremity of its oscillation, perform the usual about turn and
proceed to move against the surface motion. As the cavitation
boundary reached the extremity of its c¢yclic motion, the film
formation boundary would not be able to perform the usual
reversal, but would continue to move with the journal surface.

Thus for a short period the cavity boundaries would be moving
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.apart causing a large increase in the cavitation region extent.

This process of stretching the cavitation region resulted in
the cavities being divided into a large number of smaller
cavities and bubbles dispersed around the bearing. Immediately
after the start of the cavity region breakdown, the increase 1in
local film thickness due to the passing of the minimum film
position, would draw lubricant into the clearance, forcing the
cavities towards the centreline of the bearing. Under these
conditions the bubbles of gas were not expelled at the sides of
the c¢learance space, as was observed for the breakdown of steady
state cavitation at high operating speeds, but remained
distributed through the film. This behaviour appears to be the

same as observed by White(26) for squeeze film bearings.

7.5  DRAINED STEADY STATE OBSERVATIONS

The small o0il supply hole and the low supply pressure of the
drained Jjournal parts meant that only a relatively low rate of
0il flow could be supplied to maintain the oil film, hence the
bearing could be expected to run in a starved condition. As the
mass content of a steady state film is oconstant, the flow of
lubricant at the supply pocket can be expected to determine the
circumferential length of the film. Since the usual o0il supply

arrangement is to have supply slots across most of the bearing
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width, to give-an ample supply of lubricant, the test-bearing can—-
not be considered as representative of typical Dbearing

installations.

The typical steady state fluid film appearance for the drained
test bearing is shown on figure 7.6. The most striking feature
of the results is the short length of the full film region which
was always less than 100°. The wusual solutions to Reynolds
equation predict films about twice as long, but these solutions
assume a more appropriate supply of lubricant. The high
eccentricity, short film length observations show that the load
line was biased towards the formation boundary rather +than the
cavitation boundary. this is probably a false indication. As
expected reducing the head available to drive lubricant into the

bearing resulted in the load bearing film becoming shorter.

The cavitation boundary had a similar appearance to the
surfaces observed in the flooded tests, but tended to produce
fewer streamers. All the streamers were affected by gravity
which caused them to descend through the clearance space as the
distance from their source increased. Only some of the streamers
extended right through the cavitation region to return lubricant
to the load bearing film through the formation boundary. Beoause
of gravity a few of the streamers generated near the lower
surface of the journal terminated at the lower edge of the

clearance space, but far more appeared to end part way across the
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cavitation region. Due to the increase_in clearance space_height
and loss of fluid over the bearing surfaces, most of the
streamers reached a stage where they could no longer continue to
span the bearing clearance. At this point the J.F.O. type of
streamer ended and the fluid formed thin films on each of the

bearing and journal surfaces.

As with the flooded results the formation boundary formed a
very smooth curve across the bearing width, punctuated at
intervals by streamers entering the film. The usual behaviour of
the supply pocket was to form a streamer of oil rather than
initiate the load bearing film. Consequently sweeping the supply
hole through the cavitation region had no noticeable effect on
the system. It was only at very low journal speeds that the o0il
supply system was able to develop sufficient pressure at the
pocket, to generate a region of hydrostatic film which would then

form the leading edge of the full film region.

7.6  DYNAMIC DRAINED OBSERVATIQNS

Again the addition of a small dynamic load to disturb the
steady state condition d4id not cause a fundamental change to the
film structure, the only significant development being the
oscillation of the film in time with the disturbing force.

Vhereas placing the oil supply hole inside the steady state film




~ 128 -

-region caused a reduction in the film region size, the dynamic
film could pass over the oil supply hole without any untoward
effects. Modest rotating loads were sufficient to cause large
amplitude oscillation of the film region, and continuous
operation with the film boundaries sweeping through angles of

greater than 180° was possible.

If the two applied loads became comparable, the working film
would breakdown and become distributed around the bearing. Since
the volume of lubricant in the steady state load bearing film was
small compared to the clearance space volume, the dispersal of
the working fluid around the bearing resulted in the formation of
lubricant filaments spanning the clearance space. Because of the
compressibility of air there was very little tendency for the
lubricant to be expelled from the clearance space as the journal
orbited under the action of the applied loads. As for the steady
state o0il streamers, the narrow filaments would not be able to
generate any significant fluid pressures. Hence large amplitude
journal orbits were observed since there were no significant

hydrodynamic forces generated to oppose the motion.

Alternatively with a rapid tramnsition to a dominant rotating
load, it was possible to retain the same load bearing film, and

maintain the film precessing around the bearing.
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7.7 SEMI-FLOODED OPERATION- - -

Interpretation of the images generated by the usual bearing
configurations was helped by observing the film behaviour at
unusual conditions. One of these conditions was generated by
allowing the atmosphere a limited amount of access to the
clearance space. If the barrier of lubricant above the journal
was reduced to about 2.0 mm then there would be insufficient head
available to transport o0il across the top of the journal and
maintain the flow into the fluid film. The result was that the
free surface would be drawn into the clearance space, forming a
tongue of air as shown on figure 7.7. Whilst this pemnetration of
air 1into part of the clearance space existed, the formation of
cavities as described for the flooded operation would still take

place.

If sufficient oil had been removed and the tongue of gas
penetrated about a third of the way across the clearance space.
The upstream surface of tongues of this size were likely to form
ripples as shown on figure 7.7. Occasionally such a ripple would
develop a finger of air extending far in advance of the original
surface position, and the o0il film close in on the base of this
finger to form a detached pocket of air. Sometimes the resulting
closed pocket would then migrate against the surface motion to
augment the cavities that had already developed. The result

would be the creation of cavities larger than those observed for
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_was
driven towards the cavitation region by the prevailing pressure
gradient, indicating that the cavities were at a sub-ambient
pressure. But this can not be considered as an exact model of
the flooded case because of the disturbance due to the 1loop of

atmosphere penetrating the clearance space.

The results of gradually reducing the volume of 0il in the
test section are shown on figures 7.8 to 7.11. The first change
to the lubrication system would be the tongue of air extending
from the upper side of the clearance space. As soon as this
tongue extended by about a third of the distance across the
bearing, boosting of the cavitation regiomn would take place. As
described above the boosting took the form of quantities of air
breaking free from the tongue and migrating into the cavitation
region. At this stage the jet of lubricant entering the bearing
from above took +the form of a broad streamer of oil, but much

weaker than the jets observed during the flooded tests.

As the lubricant level was further reduced this broad streamer
marking the upper boundary of the cavitation region, becane
thinner and weaker, until eventually no more than a typical
streamer originating from the cavitation boundary. As the
standing o0il level approached the lower side of the journal, the
lubricating system appearance began to resemble the drained

bearing arrangement. During the transition from fully flooded to
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the drained type of condition, the full film egion.

changed from occupying most of the journal circumference to only
a small part. At the same time the cavity pressure obviously

rose from a sub-ambient value to atmospheric pressure.

Initially the dendritic action became more pronounced as the
cavity was Dboosted by additional air from the atmosphere, with
considerable secondary noses forming at the sides of +the main
cavity noses. Photographs presented by Jacobson and Hamrock(27)
of cavities in a dynamically loaded bearing, show cavity pattérns
typical of those in the present bearing operating with an
inflated cavitation region. Observation of the cavitation region
whilst the Dbearing was running in the usual fixed load steady
state mode showed that although the region remained stationary
patterns within the region travelled in the direction of the
moving surface. High speed cinematography of +this condition
generated by a rotating load revealed more detail of the

dendritic behaviour.

As the rotating ocavitation region swept around the bearing,
the patterns formed by the cavity boundaries and o0il filaments
remained stationary. Once a secondary nose had formed it
advanced with the cavitation boundary and away from its parent
cavity, leaving in its track a finger of cavity fluid. This long
finger of cavity remained at the place it was formed since only

the mnose of the cavity advanced as the cavitation region swept
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by. At first cavity fluid flowed into the finger, causing it to_
expand at right angles to its length, finally the approach of the
film formation boundary would cause the side cavity to collapse.
The fluid driven out of the collapsing cavity passed back through
the root of the side cavity and forward along the parent cavity
to feed freshly formed and developing side ocavities. This
behaviour is illustrated on figure 7.12 which has been simplified
to show primary cavities with smooth sides and only one or two
side cavities. The usual patterns formed by inflated cavities
normally displayed many more side cavities than are shown on the

figure.

The typical ragged appearance of streamers is explained by the
random formation of +the secondary noses. As the cavitation
boundary advanced the noses of secondary side cavities from
adjacent parent cavities would approach each other. Since their
formation was due to random events they would not be
symmetrically displaced either side of the streamer between
adjacent parent cavities. Eventually the side cavities would
overlap slightly to produce a small kink in the streamer, thus

producing the curved streamer sides and centreline.
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- 7.8  QBSERVATIQNS. WITH COMBINATIONS OF IMMISCIBLE FLUIDS

Particles of foreign matter and bubbles of air in the flooded
experiments demonstrated ways of indicating the flow of lubricant
through the 1load bearing film. Since the intrusion of foreign
matter in the form of balls of fluff were infrequent, and the air
bubbles were only generated at high shaft speeds, a more
controllable means of providing flow visualisation was desireable.
Because of the +thin film thicknesses near the cavitation
boundary, flow visualisation was attempted by the introduction of
an immiscible fluid into +the clearance space. Hence the
requirement was for a pair of immiscible fluids of similar

density that could be made visibly distinguishable.

Various combinations of fluids including water, methylated
spirits, o0il and glycerine were tried with the following general
result. If a small amount of more viscous fluid was added to the
system, the indicator fluid did form small bubbles but they were
not sufficiently mobile in the clearance space to follow the
lccal flow of the lubricating fluid, and often became attached to
one of the bearing surfaces. For a small amount of less viscous
fluid added to the lubricant, small bubbles would be formed in
the more turbulent areas at the side of +the bearing but the
indicator would collect in the cavitation region and behave like
cavity fluid. Thus it was possible to have o0il as the lubricant

and have both air and water in the cavities.
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A workable combination of fluids proved to be glycerine and a
light mineral oil. The ¢glycerine was used in bulk as the
lubricant and small amounts of 0il were introduced as the
indicator. The pair proved to act like oil and air except that
because of their higher viscosities and the lower surface speeds
used, there was much less dendritic action and transient random
motion took place at a much slower pace. Thus observation of the
dendritic action was made much more easiiy when this combination
of fluids was used. The general appearance of the liquid filled
cavities were much closer to the smooth sided structures observed
by Cole and Hughes(25), than those normally obtained with gaseous

cavities.

Since the two working fluids were immiscible the normal cavity
formation mechanism was not available and the region of
cavitation was often initiated by forcing a small volume of o0il
into the clearance space. As before increasing the operating
eccentricity caused a reduction in the equilibrium volume of the
cavity, which resulted in the shedding of small bubbles of cavity
fluid from the formation boundary. Very slow cavity growth was
possible by absorption of small oil bubbles circulating in the
glycerine, but this mechanism was limited by the scarcity of
small o0il Dbubbles. The description of dendritic action in the
section on flooded observations is mainly due to the observations

made with this unusual combination of fluids.
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Unfortunately no combination of fluids was found to be ..
suitable for the intended purpose of flow visualisation in the
fluid film. In general consistently good performance was not

obtained.

7.9  ESTIMATED FILM PERFORMANCE AT WHIRL ONSET

The experiments performed with the perspex bearings have
enabled the film behaviour to be observed for a medium length
device. As found by other workers the clearance space is divided
between the full film and cavitation regions. The full film
region tends to be very uninteresting until the flow of lubricant
through the film can be studied. In contrast the cavitation
region is a dynamic area of random motion which immediately

attracts the eye.

The fundamental structure of cavities divided by streamers was
present for all the tests performed, giving confidence 1in the
J.F.0. streamer model of the cavitation region. There was no
evidence to suggest that there was a thin film of lubricant on
the rotating journal which would support the alternative
separation theory of cavitation. However this is not proof that

separation was not taking place at the cavitation boundary.
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One. obvious conclusion of the study is that the extent of the
full film region 1is dependent upon the volume of 0il passing
through the film, whether it enters through the formation
boundary or at the sides of the clearance space. Thus the usual
simple solutions to the one dimensional Reynolds equations may

not be the most appropriate for typical bearing geometries.

The tests with a dynamic operating condition demonstrated that
moderate disturbances did not change the fundamental structure of
either full film or cavitation regions. By the use of a small
rotating load in addition to a larger steady load, the journal
vas made to perform small orbits around its steady equilibrium
position in @& manner similar to the type of motion that occurs
during whirl onset. The resulting behaviour suggests that at
whirl onset a journal is most likely to be supported on a film
essentially the same as the steady state film but performing a
steadily increasing oscillation in the circumferential direction.
As the whirl condition develops the system can be expected to
suddenly switch to a rotating field system to support the
journal. Thus the theory of dynamic lubrication based wupon the
J.F.O0. model which has been developed in the previous chapters

represents the major features observed.
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8.  STABILITY EXPERIMENTS - - - - —

The primary objectives for the work reported in this thesis
were to develop an apparatus capable of indicating the stability
characteristics of journal bearings and to test a number of
different bearing geometries. The ultimate objective for the
experimental investigation of bearing dynamics must be to
evaluate the eight ooéfficients of the dynamic stiffness matrix
over & wide range of bearing operating conditions. But
determining all eight coefficients is a difficult task requiring
the use of different techniques to find first the stiffness and
then the damping terms. The scope of the exzperimental work
reported was limited to investigate performance at the stability
boundary, and to calculate the most significant eigenvalue of the

dynamic stiffness matrix, from measurements taken at whirl onset.

The fundamental requirement was therefore to design and build
an apparatus oapableiof driving bearings into unstable operating
conditions. However-Wﬁen a bearing is operating c¢close to its
stability boundary, the hydrodynamic film tends to have very
little dynamic stiffness in comparison to its static value. Thus
small disturbances to the test bearing whilst it is running at
the required operating ocondition, will 1lead to significant
journal orbits and even instability. Similarly damping in the
system external to the +test bearing will have a significant

stabilising influence and cause errors in locating the stability
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boundary. Consequently minimising the external-—interferences
acting on the moving parts is an important aspect of the test
apparatus design. Normally two journal and two thrust bearings
are necessary to adequately support a shaft, but Holmes(28) has
shown that the interaction between the two journals in such an
arrangement is likely to produce a stabilising influence. Hence
there are advantages for a test configuration that has only one

journal bearing.

The single bearing type of system has severe disadvantages in
that the load on the bearing and the driving torque have to be
derived from forces acting at a distance. Consequently typical
means of loading and driving shafts can not be used. The most
convenient and reliable means of loading a single bearing system
is +to use the force of gravity. This implies that the load on a
bearing will be constant, which in turn implies instability will
always occur at one running speed. Such a system would be of
limited use as 1t vyields a strictly limited amount of
information. But Chapter 6 has shown that the critical running
speed of any bearing can be changed by varying the stiffness of
its supporting structure. Since the results gained from a
bearing mounted on én axisymmetric spring have Dbeen shown to
yield the required critical eigenvalue of the dynamic stiffness
matrix, a test bed was designed based upon a single journal

bearing supported on a mounting structure of variable stiffness.
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There are a number of advantages to_ be gained from - turning a
single Dbearing system inside out, to have a rotor running on a
stationary centrebody as shown on figure 8.1, rather than a
journal located inside a bearing. Marsh(22) has shown that a
bearing rotor will be gyroscopically stabilised, and oonical
whirl at low speeds will be suppressed, if its transverse moment
of inertia is less than twice the polar moment. This condition
effectively 1limits +the length of a shaft or rotor if tramsverse
whirl is to be studied. Since the loading on the bearing will be
restricted by the value of gravity, typical bearing pressures of
one or two megaPascals are not normally possible for bearings of
a sensible small laboratory scale. Because a rotor is capable of
possessing several times more mass than a shaft of equivalent
size, a vrotor on oentrebédy configuration will give bearing

loadings closer to typical values found in practice.

Marsh and Simmons(23) have successfully used the single
bearing layout sketched on figure 8.1 for their stability
experiments with air bearings. The present work has developed
the single bearing layout for studying the stability of oil
lubricated bearings. Sections through the test assembly used in
this study of half speed whirl are detailed on figures 8.2 and
8.3. The design of the various parts of the test arrangement are

discussed in the following sections.
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8.0.1 Test Rotor - C— — = - —

The primary function of the rotor is to provide the rotating
surface of the +test bearing. Thus the internal surface of the
rotor as shown on figure 8.4 was bored and ground to a close
tolerance c¢ylindrical shape. Keeping the bore constant right
through the rotor had two advantages. A wide range of Dbearing
geometries could be tested with the one rotor because both the
bearing width and clearance ratio could be changed by a variation
in the size and shape of the centrebody. The cylindrical bore
also provided a suitable target surface for the displacement
measuring instrumentation. The major disadvantage was the
comparatively long distance the oil squeezed out of the clearance
space had to travel before escaping from the system. But the
high rotational speed ensured an even distribution of the

escaping oil in a thin film around the bore.

As shown on figure 8.4, the sides of the rotor were machined
to form o0il flingers to direot the flow of waste oil, and thrust
faces so that the rotor’s oentfe of mass could be kept over the
centreline of the Dbearing. The axial 1location function was
performed by aerostatic thrust bearings which were designed with
large working clearances to minimise their influence on the
rotor’s dynamic behaviour. The torque needed to accelerate the
rotor up to and maintain the working speed was generated by an

impulse turbine consisting of +thirty slots milled into the
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outside diameter of _the -rotor. . Finally twelve machine sorews-- - —
were fitted +to the periphery of the rotor to facilitate
balancing. The basic detalls of the rotor geometry are given on

table 8.1.

8.0.2 Test Centrebodies

The centrebodies not only provided the stationary bearing
surface and the means of supplying oil to the bearing, but the
detail of their shape also defined +the test Dbearing geometry.
The centrebody maximum diameter, as shown on figu;e 8.5, governed
the bearing clearance, and the axial 1length of this surface
defined the bearing width. Table 8.1 lists the basic centrebody

details for all the bearing geometries tested.

Since it was the purposeiﬁf the test bed to drive bearings
into half speed whirl, subsequent periods of running with very
large amplitude orbital motions were expected. Hence the
centrebodies were designed to ensure that the fully developed
whirl did not cause excessive wear to the bearing surfaces. The
most favourable circumstances for maintaining a hydrodynamic film
to support the rotor are achieved by having a maximum of
continuous centrebody bearing surface. To minimise the
disturbance to the cylindrical bearing shape, the o0il supply was

implemented by drilling a single small hole on the bearing
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centreline of each ocentrebody. As an additional precaution the.
centrebodies were made from phosphor bronze to minimise damage to

the steel rotor.

The large centrebody and rotor masses, combined with the wide
range of mounting stiffnesses, produced large variations in the
static and dynamic displacements of the centrebody. Thus it was
much more convenient for all the instrumentation and services to
be mounted on the centrebody rather than fixed to the bed plate.
The distance probe mountings were machined as shown on figure 8.5
on both sides of the raised bearing surface. The combined o0il
catchers and thrust bearings were made to be secured to the ends
of the centrebody as shown on figure 8.2, and the turbine nozzles
wvere mounted with the tachometer probe on rods secured to the oil

catchers.

A special centrebody with two aerostatic bearings, as shown on
figure 8.5, was made for the task of balancing the rotor. The
unit was designed to replace the normal centrebodies so balancing

could be performed using the standard test bed equipment.

8.0.3 Flexible Mounting

The flexible support structure required to vary the critical

whirl onset speeds was implemented using two hollow stainless
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steel tubes, one screwed into each end of the centrebody. The
tubes were designed to be bolted down onto movable support
pillars, so that the active length of the beams could be varied.
Increasing the distance between the supporting pillars, which are
shown schematically on figure 8.1, decreased the effective
stiffness of the tubular supports and hence the natural

frequencies of the flexible mounting system.

The relative values for +the mounting system’s first two
natural frequencies are important, since translational whirl is
associated with the first mode of vibration, and the second mode
is excited by conical whirl. Even though the rotor was
sufficiently short to be ¢gryoscopically stabilised, a high
natural frequency for the second mode of vibration was desireable
to keep the conical whirl onset speed as high as possible. The
simple mass and beam system used did not have a great separation
between the first two natural frequencies, but conical whirl was
only experienced for one test bearing. The presence of conical
whirl did not prevent the acquisition of translational whirl data
since the rotor was already running above the limiting speed of

the data gathering electronics.

The tubular suspension gave a working range of mnatural
frequencies, ‘Wy ', from 10 to 100Hz. 1In addition the support
pillars could be brought right up to the ends of the centrebody

structure to provide a rigid mounting.
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8.1 . SERVICES TO THE TEST BEARING - - : _ —

A pumped o0il supply was used to provide lubricant at about
20°C and a pressure of 0.35 bar to the test bearing. For all
experiments a light mineral oil was used having the viscosity
relationship plotted on figure 8.6. The 0il was assumed to have
a nominal viscosity of 7.0 mPas, (7.0 c¢P), for all calculations.
The pressure of 0.35 bar was found to be the minimum necessary to
give smooth running at stable operating conditions. Setting the
centrebody with the oil supply hole facing directly downwards,
then turning it through 15° to 20° against the direction of rotor
rotation, was found to be the best orientation for consistently
smooth running. Increasing the supply pressure by modest amounts
was found not to affect the whirl onset speeds. The used o0il
escaping from the test bearing was allowed to drain into a sump

before being filtered and recycled.

The test bed’s high pressure air requirements were all
provided by the laboratory compressed air supply. A filtered and
regulated supply was used for the aerostatic thrust bearings and
the centrebody used for balancing. A separate regulated supply
was used to feed one pair of forward facing drive nozzles. Fine
control of the rotor speed was achieved by adjusting the pressure
ratio across these nozzles, and hence the quantity of air
entering the drive turbine. Unregulated supplies were connected

to the remaining drive nozzles, one pair forward facing and a
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similar pair facing _backwards, to . _provide -rapid acceleration-
through unstable operating regions and rapid deceleration to

bring the rotor out of the fully developed whirl condition.

Both the o0il and the compressed air were fed directly to the
centrebody through lengths of PVC tubing, which allowed the the

test assembly unrestricted movement on its flexible mounting.

8.2  INSTRUMENTATION

The analysis of the test bearing behaviour has been shown to
require the measurement of the rotor speed and orbital frequency
at whirl onset, along with two natural frequencies of the
mounting system. As is normal practice, instrumentation was also
provided to indicate the journal position within the clearance
circle. However the eccentricity and attitude angle which define
the rotor position are two of the most difficult parameters to
measure. This is due to the small displacements involved, the
lack of a fixed datum, the relative motion between components and
thermo-elastic distortion of both surfaces. Not only must
non-contacting measuring devices be used but they are subjected

to a comparatively harsh environment.

Traditionally either capacitive or inductive techniques have

been used to sense journal position, and both types of equipment
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were available for use-in this project. - The-capacitive equipment
whilst being a much more mature technology is more difficult to
use. The sensors have to Dbe placed very close to the target
surface, which should be earthed, and are sensitive to the
dielectric constant of the medium in the clearance. The
alternative eddy current type of probe has severe problems in
sensitivity to the electrical propertiés of the target surface
and the ambient temperature, but have compensating advantages
with large operating clearances, insénsitivity to the fluid in
the clearance, and small size. These advantages meant that the
eddy ocurrent probes could be safely mounted on the centrebody
using the rotor bore as a target. The eddy current sensors were
so versatile that they were used for the source of all electrical
signals to come from the test assembly. Since the standard eddy
current transducers tend to be very bulky, compared to the size
of the radiating o©co0il, special probés were developed and
manufactured by the University staff to*fit in the confined space

between the rotor and centrebody.

Two probes were mounted on the centiébody, 90° apart and to
one side of the bearing surface, so that their readings gave the
rotor position in cartesian coordinates. Thus displaying the
gsignals on an X-Y oscilloscope recreated the journal motion.
Since the probes effectively scanned a track in the rotor bore, a
cyclical variation in the output signal arose due to the spatial

variation of the rotor‘s surface propert@es. The unwanted signal




- 147 -

component could originate from two types of surface feature, the
geometric shape of the surface, and the electro-magnetic
properties of the material. Both the shape of the signature and
its relative invariance along the rotor bore, combined with
experiments on various test pieces, indicated that the signal
disturbance was largely due to the electro-magnetic properties of

the target surface.

Typical false distance readings were of the order of 15 jam,
which is significant compared to the 50 to 100 pym range of
diametral oclearances tested. Both probes used for measuring the
journal position were affected by the variation of surface
properties, but their relative position on the centrebody
generated a phase difference between the two surface signal
components. This caused a characteristic closed loop figure to
be presented on the oscilloscope display. Because the figure was
very distinctive and constant for each bearing build, it was
called the rotor signature. Although the presence of this
signature obscured +the exact rotor position, it did not prevent
the detection of whirl onset. Since the orbital frequency is
typically about half of the rotational value, whirl onset was
indicated on the oscilloscope display as the formation of a
double image. The two component parts of the double image would

continue to separate as the orbit grew in size.
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A__third distance sensing probe was- always mounted on the- -
centrebody in line with one of the previously mentioned pair, but
at the other side of the raised bearing surface. The additiomal
signal was used to categorise the mode of whirl as either
translational or oconical. Tests with various specimens showed
the rotor signature remained comparatively constant in the axial
direction whilst changing markedly in the circumferential
direction. Thus displaying the signals from the two probes at
opposite sides of the bearing surface and axially in line, on an
oscilloscope set at high gain in X-Y mode, produced a straight
line at 45° to the horizontal. Translational whirl onset caused
an elongation of this line. In contrast conical whirl produced a
thickening of the 1line which degenerated into a confusion of
traces covering the whole screen. The effectiveness of +this
technique was demonstrated during one series of tests, when a
conical whirl condition intervened before the second

translational whirl omset boundary could be reached.

Once a large amplitude translational whirl condition had been
established the first oscilloscope display showed a roughly
circular trace. Superimposed on the gemeral circular shape was a
characteristic pattern occurring twice in one circuit of the
circle. This pattern was due to the rotor signature and the fact
that it appeared twice per orbit indicated that large amplitude
whirl was also performed at about half the rotor speed. The

basic circular shape was apparent because the bearing clearances
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tested were always- larger than the false displacement signals ._of
the signature. Measurement of the trace showed that the circular
orbit amplitude was approximately equal to the clearance ocircle
diameter, suggesting that during fully developed whirl the rotor
vas performing an orbit almost equal to the clearance c¢ircle

supported by a very thin lubricating film.

The rotor speed was determined by measuring the frequency at
which the buckets of the turbine drive passed a fixed point. An
electrical signal was generated by placing an eddy current probe
adjacent to the turbine. The probe’s output signal was fed
directly to a timer counter which provided a continuous display
of the bucket passing frequency. A one second counting period
proved sufficient to give the required accuracy and a rapid

updating of the rotor speed.

The natural frequencies of the mounting system were found by
inducing resonance with an electro-mechanical vibrator. Again
eddy current probes were used to monitor the centrebody response.
Since the system’s natural frequencies were of the order of 10Hz,
a phase locked loop type of low frequency meter was used to give
readings to an accuracy of O0.0lHz with a cycle time of only one

second.
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The major signal processing problems to be overcome were the
isolation of the whirl frequency signal components and to relate
the displacement information they ocontain to the bearing’s
clearance circle. Finding the orbital frequency also presented
difficulties since the small amplitude whirl signal was always
heavily masked by the larger synchronous surface property
signals. Separation of these two signal components using
analogue edquipment would not have been easy, since they were

typically only one octave apart.

If analogue instrumentation is used to measure the bearing
performance, two different signal processing techniques are
necessary to derive the positional and frequency information.
Marsh and Simmons used analogue instrumentation for their air
bearing experiments to process the output signals from the
capacitive transducers they used. The positional information was
derived from the time averaged values of the source signals. The
fact that they were using symmetrical centrebodies helped them
find the centre of their bearings. The transformation from
average signal levels to steady state journal position was easily
determined and checked by successively rotating the centrebody
through 90° and taking readings, whilst the bearing was operating
at a steady state constant speed condition. When measuring the

orbital frequency they attenuated the synchronous signal
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component using  -a - variable frequency notch filter, to-leave the-
signal from the whirl motion as the dominant component. Since a
timer counter was used for the frequency measurement, the small
scale whirl orbit had to be held for several seconds whilst the

reading was taken.

The oentrebodies used for +this study of o0il lubricated
bearings were not axially symmetric because of the oil supply
arrangement, and turning the centrebody through reasonable angles
was found to cause significant changes to the operating
eccentricity. Thus the technique used by Marsh and Simmons for
defining the centre of the clearance circle could not be used for
this type of o0il bearing. To overcome calibration problems and
perform a more detailed analysis of the displacement signals, the
work reported in this thesis used digital equipment to perform a

numerical analysis.

The high analogue to digital conversion rates the test
apparatus required were achieved by dedicating a microprocessor
to driving a converter chip. The recorded information was then
down-loaded +to a microcomputer system for ease of performing the
numerical analysis. In order to obtain sufficient information to
make the numerical analysis a reasonable proposition, a sampling
rate of at least ten coordinate pairs was required for each time
around the whirl orbit. Since the whirl frequency was expected

to be about half of the running speed, only five coordinate data
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pairs  were required- for each turmn of the-rotor. A standard
trigger cirocuit was used to generate a data conversion timing
signal from the rotor speed sensor. Thus thirty samples per
revolution were obtained and the sampling rate automatically
adjusted itself to suit the orbital frequency. Using the bucket
passing signal also had the Dbenefit that the false signal
components apparent in the rotor signature appeared as repeating

sequences of fixed values throughout each data set.

The analogue to digital conversion c¢cycle time limited the
maximum working rotor speed to about 13,000 rpm. At this speed
the interval between timing signals was approximately equal to
two conversion periods. As each timing signal was received the
signal levels were frozen by ’‘sample and hold’ circuits in order
not to generate errors due to the conversion delays. The result
of each oconversion was stored in the memory attached to the
microprocessor. The finite size of the processor memory meant
that data could be recorded for a period of up to 17 revolutions.
The electronics associated with the data conversion and storage
were designed and assembled by the Durham University
Microprocessor Centre. For all the experiments reported, the
signals from two displacement sensors were recorded and data was
acquired in & continuous period of 17 revolutioms. Once the
microprocessor memory was full the data was then down-loaded to

the microcomputer for signal analysis.
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The microcomputer had several different -signal prooessing-
functions to perform. For each test session images of the rotor
signature and the clearance circle had to be generated before the
steady state and dynamic peformance oc¢ould be analysed. The
technique used to analyse whirl onset data was to fit the the
generalised journal motion given by equations (4.1) to the rotor
positional information contained in the data set. Thus
information was gained not only for the steady state position and
the whirl frequency but also the orbit size, shape and growth
constant. Details of the numerical algorithms used to analyse

the whirl orbit data are given in appendix one.

A discrete fourier transformation was performed on a limited
number of data sets by a mainframe computer. Since the frequency
information is contained in the data sets from both probes, the
signal +values 1in the two coordinate directions were combined to
form a series of complex numbers. The series of complex numbers
wvas then transformed into a set of complex fourier coefficients.
The moduli of the resulting coefficients are presented on
figures 8.7 and 8.8 for a typical set of test results. The first
figure is for the data as recorded and shows the dominance of the
synchronous signal component. The second figure is the result of
rerforming the analysis after subtraction of the rotor signature.
The fourier analysis has drawbacks since it requires substantial
computing power and can only produce frequency values to a

limited accuracy.
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8.4  OPERATING PROCEDURE : — - S

Before running on an o0il film, the rotor was balanced to
minimise synchronous excitations due to out of balance. The
processs must be performed with care since synchronous vibrations
are thought to have a stabilising affect on the o0il film.
Balancing was performed with the aerostatic centrebody fitted to
the suspension system, and the rotor running at speeds which
excited the first and second modes of vibration. The position
and magnitude of the out of balance masses was judged from traces
of the rotor signature and ocentrebody motion displayed on an
,0oscilloscope. The machine screws set into the rotor were
ad justed so that the centre of mass lay on the Dbearing
centreline, and the axis giving the maximum moment of inertia lay

along the axis of the rotor bore.

Once the rotor had been balanced, the first test bearing was
assembled and the relationship between the mounting frequencies
‘e’ and ‘W3’ determined. Theoretically the ratio should be

equal to the following function of the rotor and bearing masses.

W = /Ma_+ Mgy (8.1)
(Jgp Mg

Substituting the weights of the test assembly parts into the
formula indicated that the frequency ratio should have been about

0.744. By using a mechanical vibrator to find the system’s
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resonant frequencies, the ratio was found to remain constant at a

value of 0.746 over the working range of the suspension.

After these preliminary experiments were completed, the
measurement of bearing performance could begin. At the beginning
of each test session the suspension was set to a relatively soft
value, so0 that the rotor could be run up to and left to warm
through at a speed of seven or eight thousand rpm. After about
ten minutes the signal amplifiers associated with the data
recording equipment were set so that the whole of the clearance
circle lay within the operating range of the analogue to digital
converter. The gain was then adjusted to make the diameter

equivalent to approximately three thousand digits.

The first five sets of readings were recorded whilst the test
bearing was running at a steady operating condition. The
signature image was derived from these data sets as detailed in
the appendix. Tests showed that the signature image remained
constant throughout the working speed range of apparatus. Having
determined the signature, three data sets were taken from fully
developed whirl conditions. The clearance circle ocentre and
diameter were calculated from these circular orbits, using the
agsumption that the rotor was whirling on a negligible
lubricating film thickness. All subsequent data sets were
transformed into journal displacements by subtracting the

signature image and mapping the resulting data onto the clearance
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_eircle. B _ _ _ _

Having performed the system setting up and calibration
procedure, measurement of the bearing performance could commence.
The bearing’s steady state behaviour was determined by taking
readings at a series of stable states, from very low rotor speeds
up to the range of whirl onset speeds. Finally tests at the

whirl onset boundaries were performed.

For each whirl onset experiment +the distance between the
suspension supports was set to the desired 1length, and the
natural frequency ’rs’ measured. The rotor was then accelerated
to a stable operating condition below & whirl onset boundary.
The whirl onset boundary was approached slowly by allowing the
rotor speed to rise by about two rpm per second. When close to
the stability boundary, random influences would initiate small
journal motions which would slowly decay. The critical running
speed was judged to have been reached when such random
disturbances produced a strong orbit that showed no signs of
decaying. Occasionally the stable system would be disturbed by a
large influence which would cause premature whirl onset and

instability at an otherwise nominally stable operating condition.

Some parts of the second whirl onset boundary could only be
reached by passing through the lower unstable operating region.

As already described a pair of unregulated drive nozzles were
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used to give -rapid acceleration through-the unstable--operating - -

region. To aid passage through these conditions the first whirl
onset boundary could be temporarily displaced to larger values of
the operating stability parameter. The system characteristics
were ochanged by ¢grasping one end of the centrebody, increasing
both the mounting stiffness and damping. However in the region
of the whirl cessation boundary the vibrations were always very
strong, and could not be suppressed by such simple means. As a
result the unstable operating regioh was always traversed as

quickly as possible.

For the stiffer settings of the suspension, and particularly
at the second whirl omset boundary, the small whirl orbit would
very quickly ¢grow into fully developed whirl. The extent to
which the upper stability boundary could be followed whilst
increasing the mounting stiffness, waé often 1limited by the
ability to initiate the data recording before the small amplitude
orbit had become fully developed whirl. At the other end of the
mounting stiffness range and particularly for the first whirl
onset Dboundary, the test bearing often demonstrated a great
reluctance to go unstable, exhibiting small steady orbital
motions over a wide speed range. For most cases the data
analysis showed that the orbit recorded had an amplitude of

between 1 and 5 percent of the clearance circle radius.
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- Usually the whirl orbit would have—%£u¥ned-—into a fully
developed whirl condition before the rotor sfeed could be reduced
to less than the critical value. Then the rotor speed had to Dbe
decreased by about a thousand rpm before the bearing would return
to a steady operating condition. Hence the wusual operating
procedure was to cycle around a hysteresis loop, but very careful
control of the operating speed could prevent the orbit developing
into a large amplitude motion. If the rotor speed was held
constant at a value very close to the stability boundary, an
occasional random influence would cause the formation of a small
stable orbit which could be maintained for an extended period of
time. A slight reduction of the rotor speed would then cause the
orbit to decay and return the system to a steady stable state.
However when operating at these conditions the system could
always be made to go unstable by disturbing the centrebody with a

sufficiently large impulsive force.

In general when running in the stable region immediately below
a whirl omnset boundary, the closer the running speed was to the
critical value, the smaller the disturbanceirequired to send the
system unstable. This suggests that for some operating
conditions there are limiting values for the journal
displacement, below which the system will remain stable. Since
fully developed whirl is associated with a rotating pressure
field system, and stable states are associated with oscillation

of the pressure field, the disturbance limits might be associated
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with the transition of the oscillatory mode of cavity motion to a

rotating condition.

8.5  RESULTS

The experimental results have been grouped into three
sections. The first deals with the steady equilibrium operating
positions found from both the steady and dynamic tests. These
are followed by plots of the whirl onset performance indicated by
the microcomputer. The final group oconsists of the dynamioc
lubricating film characteristics calculated from the whirl data.
The results for each section are presented and interpreted in

turn.

8.5.1 Steady Eqguilibrium Pogitions

All the steady state rotor positions and whirl orbit centres
have been collected onto figures 8.9 to 8.23, one for each test
session. The left hand graph of each figure shows the recorded
rotor position marked on the large amplitude whirl orbit which
has been assumed to indicate the clearance c¢ircle. The
horizontal and vertical axes represent the coordinate directions
of the two distance measuring probes used for each test. The

direction in which gravity was acting on each of these figures,
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is alwvays displaced from the vertical axis by about_20° in an-
anticlockwise direction. This is because one of the distance
probes was always placed in line with the 0il supply hole. As
described above, the hole was always displaced from the bearing’s
vertical axis. The right hand plot on each figure shows the

indicated eccentricity against running speed.

All the test sessions show a tendency for the indicated
eccentricity ratio to become larger than a value of one at 1low
speed running conditions. Figure 8.21 shows the worst set of
results in this respect, and all the test sessions with the
smallest clearance on the 20.0 mm wide bearing are poor. The
fact that figures 8.21 to 8.23, which are for the same bearing
geometry, exhibit this effect to different degrees, combined with
observations made during fully developed whirl, indicate that the
initial fully developed whirl could be supported by a lubricating
film of significant thickness. Thus the large amplitude whirl
orbit used to represent the clearance cirole was always slightly
less than-the actual clearance circle diameter. However other
instrumentation errors have probably combined with this effect to

produce the observations shown on figure 8.21.

The bearing geometries of smaller clearance and greater width
can be expected to develop relatively more hydrodynamic action
and generally operate at lower values of eccentricity ratio.

Typically their steady state curves approach the assumed centre
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of . the--clearance circle -as the rotor speed increases, but then
rass beyond the centre. The curves on figures 8.17 and 8.18, for
the bearing of 30.0 mm width, clearly demonstrate this action.
The indicated behaviour is not realistic, and is probably due to

inadequacies of the instrumentation and analysis techniques.

Some 1inaccuracy can be explained Dby considering the
thermo-elastic distortion of the bearing members. Substituting
the rotor geometry into Lamé’s equations for a rotating disoc
gives a value of 1.41xld-")<;)o for the strain in the material at
the rotor bore. For the smallest clearance ratios tested, the
bearing clearance is predicted to have increased by about 8% due
to expansion of the rotor bore after acceleration from O to
10,000 rpm. Since the numerical description of the clearance
space was gained from tests performed at whirl onset speeds, the
elastic rotor distortion should not have significantly affected
the mapping of whirl orbit data onto the assumed clearance
circle. However the elastic distortion of the rotor bore will
have had a much greater affect on the indicated low speed steady

state running eccentricity and attitude angle.

Since the shear rate in the lubricating film is proportional
to the rotational speed, both the power losses and the bearing
temperature can be expected to rise as the operating speed is
increased. Again for the smallest clearances tested, the rate of

change of clearance ratio with operating temperature is about
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~1.0% _ _per degree centigrade due to the expansion  -of- -the- -

centrebody, and +0.6% per degree for the rotor. Experience
operating the test bearings showed that prolonged running at very
high speeds could cause the centrebody temperature to rise to
about 40°C. The figures above show that a rise of 20°C in both
members of the bearing produces in the worst case about a -8.0%

change in the clearance ratio.

Further work on inductive displacement probes similar to those
used in these tests, has suggested that the transducer
sensitivity probably decreased markedly with increasing
temperature. Thus the large errors 1in the indicated rotor
position shown by figure 8.17 are probably due to an accumulation
of thermo-elastic distortion, change in transducer
characteristics and lack of precision in determining the
clearance circle. The scale of these effects was not appreciated
when the experiments were performed, otherwise +the additional
instrumentation necessary to assess the changes would have been
fitted. By placing an additional pair of displacement
transducers diametrically opposite those used in the tests, the
speed and temperature effects could have been estimated and the

results corrected during the numerical analysis.

Figures 8.14 and 8.19 show a large amount of scatter for the
rotor 1location within the clearance circle, but generally there

is much better repeatability for the relationship between speed
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and eccentricity. -Eigure 8.11 demonstrates a dual behaviour that
the test bearings often exhibited. The rotor sometimes appeared
to be able to operate on either of two steady state operating
curves, but generally this was not apparent in the curves of

running speed against eccentricity.

The 10.0 mm wide bearing performed well with a oclearance ratio
of two thousandths but could not be made to run steadily when the
clearance ratio was inoreased to three thousandths, and no
measurements were taken at this larger clearance. Similarly the
20.0 mm wide bearing ran unsteadily when its clearance ratio was
increased to four thousandths. Although no sensible steady state
readings could be taken, some dynamic results were recorded.
Hence +the 1limited number of points for this bearing geometry.
Upon reflection these two bearings were probably running severely
starved of Jlubricant, and increasing the supply hole diameter

would probably have enabled them to run in a satisfactory manner.

The indicated eccentricity values from all the test sessions
have been corrected to give a realistic interpretation of the
bearing performance. All the eccentricity values from each test
session have been multiplied by a constant scaling factor so that
the corrected eccentricities tend to a value of one as the rotor
speed tends to zero. The steady state relationships showing a
tendency towards the assumed centre of the clearance circle have

been corrected a second time to make the high speed eccentricity
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values approach- zero. The ocorrected results—for each bearing
geometry are presented on figures 8.24 to 8.31. In general the
correction of +the indicated eccentricity values gives a more

acceptable indication of the bearing performance.

The graphs to the right hand side of figures 8.24 to 8.31 have
been marked with the Ocvirk steady state performance predictions.
These curves of theoretical behaviour have been calculated using
the nominal values of lubricant viscosity and bearing geometry.
Since the bearing operating temperature can be expected to
increase wilth rotor speed, the effective o0il viscosity will
become progressively less as the rotational speed rises. Thus
the Ocvirk steady state performance predictions can be expected
to over estimate the load carrying capacity of the test bearings
at high operating speeds. This type of behaviour would appear as
a divergence between the test results and the predicted steady
state performance with inoreasing operating speed. However the
test results demonstrate a clear trend opposed to that expected

from such a change in viscosity.

The same trend of developing less load carrying capacity than
expected at low operating speeds, was also noted by White(26).
Based upon his observations of cavitation in squeeze film
bearings, White suggested that this might be due to the formation
of a low pressure region at the mid-section of his test bearings.

Alternatively the observed trend may be explained by oil
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starvation. There are two features common to the bearing designs
tested during the present work and by White. One is that the
formation boundaries of the lubricating films were free to find
their equilibrium positions. The other is that the supply of
lubricant to the clearance space was severely restricted in both
designs, when compared to typical Jjournal bearing geometries

which have 0il supply grooves.

The ratio of oil expelled at the sides of a bearing, +to that
entering the 1lubricating film at the formation boundary, will
increase as the operating eccentricity ratio rises. Thus for the
bearings tested in the present work and those used by White, the
film formation boundary probably retreated as the operating
eccentricity increased. Therefore starvation of the lubricating
film in the +test bearings ocan be expected to increase
progressively with eccentricity ratio. As a result the steady
state eccentricity will rise more rapidly with falling rotor
speed, than predicted by the Ocvirk solution. It is this type of

trend that is shown by the test results.

8.5.2 ¥Yhirl Onset Performance

Figures 8.33 to 8.40 show the running speeds at which whirl

onset occurred, and the non-dimensional frequency ratios for the

orbits analysed. All results obtained with a rigid mounting
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setting - -have Dbeen marked on the upper plot of -each figure as
having a mounting stiffness of 1.Ox107N/m. In general two whirl
onset boundaries were found over a range of mounting stiffnesses.
Finding both the first and second whirl onset conditions was
expected, since both boundaries have been observed for similar
experiments with air bearings. After some initial exploratory
tests no further attempts were made to locate the whirl cessation
boundaries. Thus only the whirl onset boundaries have been
plotted, and the upper boundary of the lower unstable operating

region has not been marked.

Consistently repeatable results were obtained for the first
whirl onset boundary, and as expected the mounting damping
limited +the extent of the low speed unstable operating region.
The second whirl omset boundary was not so clearly defined and
some scatter was experienced on a few tests. Figure 8.35 shows a
marked difference between two sets of readings taken at 1low
values of the mounting stiffness. The reason why the first test
session with this bearing geometry produced such an unusual set

of results is not known.

The 10.0 mm wide bearing gave a very scattered set of results
with whirl onset occurring at operating eccentricities larger
than the Ocvirk theory predicts. Since the bearing was probably
running partially starved, due to the small diameter of the oil

supply hole, results in line with the Ocvirk predictions cannot
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be- expeeted. As already-described the 20:0 mm wide bearing ran
very unsteadily with the largest clearance ratio of
4 thousandths, but the limited number of results do show a clear
second whirl onset boundary position. The results for the
bearing with a 40.0 mm width show only the first whirl onset
boundary. The stable operating region at low values of the
mounting stiffness was limited for this bearing by the onset of
conical whirl. The comical whirl was encountered at running

speeds of about 13,000 rpm.

A number of the bearing geometries show whirl onset conditions
about the nose of the steady state operating curve. But
figure 8.30 has some whirl onset points which c¢an arguably be
taken to Dbe Dbeyond the nose of the steady state curve. These
points demonstrate that the extent of the stability boundary is
not limited by the nose of the steady state operating

relationship, as discussed in chapter 5.

The non-dimensional frequency ratio results generally show
consistent trends in line with the predictions of the Ocvirk
solution. Most bearings exhibited a ratio of slightly greater
than unity for whirl onset at low ecocentricity values, but the
results do mnot rise to values as great as 1.05 that the Ocvirk
solution predicts. The test results also show a rapid fall in
the parameter value at eccentricities of about 0.6, in good

agreement with Ocvirk. Values of the non-dimensional growth time
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constant, which were- calculated from the whirl data, -are
generally about 0.001, normally positive but occasionally
negative. Thus the growth time constants for the orbital whirl

onset motion were generally greater than 2 seconds.

The non-dimensional frequency results from each test bearing
have been collected onto figure 8.41 to show the general
agreement with the Ocvirk prediction. Although values do not
rise substantially above unity, this level is maintained up to
moderately high eccentricity ratios. For higher eccentricities
both the Ocvirk prediction and the observed values fall rapidly.
The only exception is the set of results gained from the 30.0 mm
wide bearing running with a clearance ratio of 3 thousandths.
For this one geometry the non-dimensional frequency ratio falls
markedly throughout the range of eccentricities at which the

bearing became unstable.

Figure 5.5 has shown that a steady fall in the value of the
non-dimensional frequency parameter is a feature of the usual
long bearing solution. The long bearing predictions presented on
figures 5.5 and 5.6 show that maintaining a non-dimensional
frequenocy ratio of about one through the range of small and
moderate eccentricities is a feature of shorter film arcs down to
about 90’. This tends to indicate that most of the bearings were
operating at a partially starved condition. The extent to which

the results were influenced by the freedom of the film formation
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boundary to oscillated in time with-the—orbital journal motion is

uncertain.

The real and imaginary parts of the complex number ‘€, / €,0, '
describing the shape of the whirl orbit are compared with the
Ocvirk predictions on figures 8.42 to 8.49. In general most of
the results are in good agreement with the theoretical values, an
exceptionally good correlation being demonstrated on figure 8.48
for the 30.0 mm wide bearing at a clearance ratio of 4
thousandths. Again the results for the test bearing having a

width of 10.0 mm are at odds with the short bearing predictions.

8.5.3 Lubricating Film Characterigtics

The critical stability parameter and the dynamic film
stiffness derived from the test results have been plotted with
the Ocvirk predictions on figures 8.50 to 8.57. It should be
noted that the lubricant viscosity is not required either for the
calculation of the results from the test readings, or for the
predicted Ocvirk values. Journal bearing performance prediction
and the interpretation of experimental results are often
sensitive to the value used for the bearing clearance, since this
parameter often appears in formulae raised to a power of two or
more. The clearance in a bearing has usually to be determined by

caloulating the difference between measurements of the jourmnal
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diameter and - bearing bore, whioch leads to inaccuraey. Thus
errors in the determination of the clearance can lead to large
differences between the observed and predicted Dbearing
performance. However for the critical stability parameter this
is not the case, because the expressions used to generate the
predicted performance and calculate the test results are both

linear functions of the bearing clearance.

The critical stability parameter results generally hold a
reasonably constant value for low ecocentricities, and show signs
of rising sharply at an eccentricity ratios of about 0.6, as do
the Ocvirk predictions. However the Ocvirk predictions are up to
six times greater than the test results. This factor of six is
too large to Dbe attributed to measurement errors. The results
from the 10.0 mm wide bearing are of dubious value since they
show an unexpected behaviour over the Ilimited range of
eccentricity ratios for which results could be obtained. The
other occurrence of note is the falling stability parameter value
shown on figure 8.57 for the 40.0 mm wide Dbearing. The same
feature can be seen to a lesser extent on figure 8.54 for the
30.0 mm wide bearing, this seems to be associated with the 1low
eccentricity results produced by the 1low clearance ratio
geometries tested. This deviation from the trends exhibited by

the other test bearings can not be explained.
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— The.dynamic-stiffness results are also up to a factor of six
times less than the short bearing predictions. But where the
Ocvirk prediction maintains a finite value whilst the critical
stability parameter tends to infinity, the test results show the
dynamic stiffness rising with the critical stability parameter.
Although the non-dimensional frequency ratio readings fall as the
critical stability parameter rises, the decrease is not
sufficient to prevent the calculated dynamic stiffness value

rising.

On most of the figures the sets of data obtained from the two
different boundaries, the first whirl onset boundary at low speed
high eccentricity, and the second boundary at low eccentricity,
appear to form two segments of a continuous curve. This suggests
that the behaviour at the +two boundaries is due to the same
phenomena, even though the observed characteristics are not fully

supported by the theory.

The values of the stability and stiffness parameters are
influenced by the basic bearing geometry, consequently they can
not be presented directly on a single graph as a unique curve.
However the short bearing theory suggests that when these
parameters are divided by the compressibility number ‘H’ and the
square of the width to diameter ratio, a unique curve should be
formed. But bearings of large to medium width to diameter ratio

are not expected to follow the trends predicted by the short
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The dynamic film performance parameters from all the bearing
geometries tested have been collected onto figures 8.58 and 8.59.
The vertical axes of these graphs have been formed by dividing
the film parameters by the compressibility number ‘H’, and
multiplying by a function of the width to diameter ratio 'L/D’.
The figures show that scaling the vertical axis has brought the
results from all the bearing geometries into a narrow band.
Apart from choosing width to diameter ratio instead of the width
to radius ratio, and using the compressibility number in
preference to the non-dimensional steady load value, no attempt

has been made to fit these functions to the test results.

Figures 8.58 and 8.59 show that in general the scaled
performance results are about a factor of ten times less than the
short bearing predictions. Since the previous set of figures
showed Dbetter agreement, the scaling by compressibility number
and length to diameter ratio function has increased difference
between the short bearing theory and test results. This is
largely due to the test bearings running at greater values of

compressibility number than the short bearing solution predicts.

Again the one exception is the set of results obtained from
the bearing having a width of 30.0 mm and a clearance ratio of

3 thousandths. The results from this bearing are c¢lose to the
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Ocvirk prediction, - -but there was no known -change in- the
manufacture or operating procedures which would explain why this
particular Dbearing should have exhibited a stability performance

significantly better than all the other bearings tested.

8.6  COMPARISON VWITH OTHER PUBLISHED WORK

The present results have been compared on figure 8.60 with
recently published work by Mori, Okada and Mori(29), and Akkok
and Ettles(30). The Japanese tests were performed using a two
bearing test apparatus with bearings similar to those used in the
present work. The bearings were plain bore cylindrical
geometries with a single o0il supply hole placed diametrically
opposite to the load line. The Japanese work allowed for more
0il to be fed into the clearance since their supply hole covered
40 percent of the bearing width, compared to the much smaller
values wused for the work reported in this thesis. The limited
amount of whirl onset data presented by the Japanese generally
show greater stability than the Ocvirk solution predicts. It
should be noted that no indication has been given in their report
that the whirl behaviour observed was always purely
translational. Experience with a slow speed apparatus designed
by Brown(31) has shown that great care has to be taken to
eliminate conical components from the dynamic motion of a shaft

supported by two journal bearings.
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Only the critical stability parameter has been presented in -
the paper by Mori, Okads and Mori, hence it is not possible to
compare their non-dimensional frequency ratios or film dynamic
stiffnesses. Since +the Japanese and the present test bearings
are essentially similar, the results ought to be comparable, but
the Japanese show a much more stable behaviour. Since their
results show that moving the supply hole position towards the
load line has a destabilising effect, their greater stability is

probably due in part to larger lubricating film arcs.

The paper by Akkok and Ettles also presents information on a
rigid bearing whirl onset stability parameter, but not frequency
ratio or dynamic stiffness. In their paper Akkok and Ettles
report very good agreement between test results and their finite
width performance predictions. Their findings for two axial
groove bearings have been plotted on figure 8.60. These results
also indicate that bearings with typical o0il feed arrangements
exhibit stability performance comparable with the Ocvirk
predictions. Tests performed on a bearing with large oil supply
grooves, and hence a shorter lubricating film, show a reduced
stability performance at about the same level as the majority the
tests performed in the current work. This Again suggests that
the 1low stability performance of the bearings tested is largely

due to the units running in a partially starved condition.




- 1785 -

The foundations for Reynolds equation in its present form were
produced in the last century from the study of lubrication by
liquids. Although certain steady state journal bearing solutions
have come info common use, the correct solution methods are still

subject to debate.

The application of lubrication theory to gas bearings has
shown a way to find dynamic solutions to Reynolds equation based
on a perturbation analysis. By this technique a first order
model of the lubricating film’s dynamic behaviour is generated in
terms of the journal motion. In the first part of +this thesis
the perturbation technique has been applied to the version of
Reynolds equation used for incompressible lubricants. The result
is one equation describing the gemneration of fluid pressure at
steady operating conditions, and a second equation for the

difference bétween the steady and dynamic pressure distributions.

The deveprment of liquid lubrication theory has been held
back by the difficulty in modelling the behaviour of the gaseous
cavities that form in the clearance space. The model of
cavitation made popular by Jakobsson, Floberg and Olsson has been
used in the work presented to describe the lubricant flow through
the ocavitation region, and the boundary conditions between the

cavitation - and full film regions. Each of the parameters
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describing the- -pressure generated -in the lubricant, the fluid
film boundary position and the state of +the cavitation region
have been approximated by using a perturbation series. The
perturbation series are in terms of the journal displacement, and
are truncated to leave the first two terms of the progression.
Substituting these relationships into the 1lubrication equations
generates linearised expressions describing the full film and
cavitation region states, and the boundary conditions for the

fluid film.

Although the present theory has been developed using the
assumption that the lubricant viscosity is constant throughout
the system, the work can be easily extended to allow for the
variation of viscosity with fluid temperature. By consideration
of the viscous losses in the lubricating film and the mechanisms
by which the heat energy is dissipated, both steady state
temperature and viscosity distributions can be calculated. To
extend the same analysis to dynamic conditions in order to find
the temporal variation of the viscosity distribution during whirl

onset would considerably complicate the stability analysis.

The development of gas bearing theory has demonstrated that
the temporal variation of the fluid density has to be included in
the mathematical model of the system. The density and pressure
of a gas are linked by the equation of state, and it is this link

that makes the temporal variation of density an important factor
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in _gas lubrication. Since the lubricant viscosity does not-
appear in the equation of state for gases or liquids, the
temporal variation of viscosity is unlikely to have a significant
effect on the dynamic performance of either gas or liquid
lubricated bearings. Thus keeping the calculated steady state
viscosity distribution constant whilst solving for the dynamic
performance of the bearing, will probably be sufficient to extend

the theory beyond its present isoviscous state.

A large low speed test bearing was manufactured with a
transparent outer member so that the basic nature of cavitation
and 1its behaviour under under dynamic loading could be observed.
Experiments performed at steady state conditions demonstrated the
strong influence that the prevailing boundary conditions have on
the extent of the full film region. Having the Dbearing fully
submerged in oil resulted in the full film extending through arcs
of about 300 degrees. However allowing the lubricant to drain
away at the sides of +the clearance space and feeding only a
limited amount of o0il into the bearing, resulted in the formation
of load bearing films occupying about 60 degrees of arc. The
dynamic characteristics of these two modes of operation can be
expected to be substantially different. Thus the Dboundary
conditions used in the lubrication equations must reflect the
conditions prevailing in the type of bearing being studied, if an

appropriate full film region extent is to be predicted.
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Experiments were performed-on-the large low speed- test bearing-
to simulate whirl onset conditions by introducing a small
rotating load to disturb the steady state condition. Under these
conditions the orbital motion of +the journal and the cyclic
cavity movements could be seen clearly. The effect of
introducing a dynamic load to the system can be viewed at a
simple 1level as causing the ocavitation region to perform an
oscilllatory motion, since the basic structure of the steady state
cavities was unaffected by the journal movement. Consequently
the principal feature the cavitation region can be expected to
exhibit during whirl onset, is a cyclic motion in time with the

orbital journal movement.

Further experiments were performed with two immiscible liquids
occupying the clearance space. These tests showed that if small
amounts of the 1less viscous fluid were introduced into the
bearing, the thinner fluid would tend to collect in that part of
the clearance space where gaseous cavitation would be expected to
form. In most respects the bodies of less viscous fluid acted in
the same manner as a gaseous cavity. This suggests that some
characteristics of cavitation in bearings can be studied using
immiscible liquids instead of the usual combination of liquid and
gas. The advantage of using a cavity fluid much more viscous
than air, is that the random motion of the cavity side surfaces

take place at a more easily observable pace.
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The simplest class of _solution to the lubrication. equations
arises when the short bearing simplification to Reynolds equation
is used. The elementary treatment of the cavity boundaries has
been shown to predict cyclic motions for both the film formation

and rupture boundaries in response to orbital journal motions.

In contrast, the infinitely long solutions to the governing
equations require the use of the boundary conditions derived in
chapter 2, to describe the state of the boundary. As a result
the possibility can be considered that the extent of the full
film region is affected by the location of o0il supply grooves.
Using +the full film boundary conditions which have been derived,
has been shown to lead to either of +two solution types. The
first type 1is characterised by the formation boundary position
being free to find its equilibrium position in the clearance
space. This type of solution is similar to the short bearing
solution in that both the film rupture and formation boundaries
are free +to oscillate in response to translational journmal
motion, but has been shown to lead to a much more complicated
general solution for the pressure distribution around the

bearing.

The second type of solution for the infinitely long bearing
assumes that the film formation boundary is held at a fixed
position by an o0il supply groove. Thus only the film rupture

boundary is free to move in response to Jjournal motions. This
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type of model is representative of typical bearing designs which
have axial slots cut into the bearing surface at which the o0il

film is initiated.

These three types of solution produce two different types of
expression for the dynamic forces generated by the lubricant
film. The short and the second type of long bearing solutions
produce linear expressions in terms of the journal motion for the
elements of the film’s dynamic stiffmness matrix. The first type
of long Dbearing solution which allowed the film formation
boundary to find its equilibrium position, results in more
complicated non-linear expressions in the dynamic stiffness

matrix.

The similarity between the solutions for the long and short
bearing pressure distributions and stability performance, suggest
that the results to be obtained for finite width bearings will be
broadly similar to the easier one dimensional solutions. The
steady state finite width solutions presented in chapter 3 have
already demonstrated that the major effect of bearing width is
upon the magnitude of the pressure distribution, not its shape.
Since typical journal bearings have modest length to diameter
ratios, the distribution of pressure in the clearance space will
be heavily influenced by the side leakage flow of lubricant.
Consequently the performance of +typical bearings will show a

tendency towards the Ocvirk predictiomns.
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-Chapter -5-has shown -how the-linear expressions for the dynamic
film forces are used to find the stability performance of the
lubricating film. Three dynamic performance solutions have been
generated. The usual theoretical long bearing solution, which
features film formation at +the position of maximum clearance,
gives the greatest arc lengths for the full film extent. The
short bearing solution gives film arcs of 180 degrees. Finally
the long bearing solution with the film forming at the horizontal
centreline, which 1is more +typical of normal bearing designs,
gives the shortest arc lengths for +the full film. When due
account 1is taken of the effect of bearing length to diameter
ratio, these three types of solution demonstrate that decreasing
the circumferential 1length of the lubricating film, over the
range for which the solutions have been found, degrades the

stability performance of the film.

Analysing the equations of motion representing a bearing
mounted on an axisymmetric spring, reveals that the solution has
features in common with the corresponding solution for a rigid
rotor running in a rigidly mounted bearing. The equations can be
made to show how whirl onset data gathered from a bearing mounted
on an axisymmetric spring can be related to the dynamic
properties of the lubricating film. The equations also predict
that the critical running speeds of such a flexible system can be
changed by varying the stiffness of the mounting. Thus

flexibility in the bearing support structure can be used as a
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-means for controlling the running speed —at which whirl onset
occurs, thereby gaining bearing performance data over a range of

operating conditions.

The solutions for the equations of motion representing a
flexibly mounted system, indicate +that there are always two
critical running speeds. At each critical speed a mode of
vibration is predicted to ochange, as the running speed is
increased, from being stable to being unstable. Since there are
two whirl onset speeds but no corresponding whirl cessation
condition, the present model predicts that all running speeds
above the first critical condition will be unstable. Experience
with gas bearings and the experimental work reported in this
thesis, both show that a stable operating region does exist
immediately below the second critical condition. Hence the
simple theory is incomplete. Modifications to the equations of
motion which allow for damping in the bearing mounting, and
non-linear film behaviour, can be made to give a performance
prediction in 1line with observed test bearing performance. But
further study is necessary to determine if +these modified
equations correctly predict the resonance type of behaviour
observed at the upper boundary of the lower unstable operating

region.

Stability data has been calculated from experiments performed

with bearings on a high speed test apparatus designed for the




- 183 -

study of whirl onset. . The test -.arrangement featured a single
bearing system supported on axisymmetric springs. For most of
the bearings tested, two oritical whirl onset speeds were
experienced over a range of mounting stiffnesses. This type of
behaviour was expected from similar experiments performed with
gas bearings but 1is not fully supported by the present
theoretical analysis. The calculated dynamic performance of the
lubricating film derived from the test results, indicate that it
is the same phenomena that is being observed at the two critical
operating speeds. But further work is necessary to categorise
the whirl cessation behaviour observed at operating oconditions

inbetween the two whirl onset speeds.

The steady state performance readings obtained from the test
arrangement have shown the inadequacies of the type of
displacement sensors used. But sufficient data was gathered to
enable a reasonable correction to be made to the results. The
corrected steady state performance indicafes that at most running
speeds the test bearings were operating at larger operating
eccentricities than would be predicted by the Ocvirk solution.
Closer agreement between theory and results was generally
apparent for high speed low eccentricity running conditioms, a
behaviour also observed by VWhite. This characteristic is
consistent with the proposition that the bearings were running at

various degrees of a starved condition.
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The film properties—derived-from readings taken-at whirl onset
conditions, show that the test bearings demonstrated a poorer
stability performance than both the Ocvirk performance
predictions and recent test results published by other workers.
This behaviour is also consistent with the proposition that the
bearings were normally running in a partially starved condition.
There was one exception to this trend for a bearing in the middle
of the range of those tested. This one particular bearing
demonstrated both steady state and dynamic behaviour much closer
to the Ocvirk predictions than any of the other units tested.
The results for this bearing were all obtained at 1low operating
eccentricity values, but the behaviour observed must be due to a
fundamentally different film extent rather than being a feature

of low eccentricity operation.

In general both the critical stability parameters and the film
dynamic stiffnesses calculated from the test results are up to a
factor of six times 1less than the Ocvirk predictions. Both
parameter values show a rapid rise as eccentricities at the high
end of the operating range are reached. Although this pattern is
predicted for the critical stability parameter, both the Ocvirk
and long bearing solutions show that the film’s dynamic stiffness
should mnot exhibit such a increase. This discrepancy might be
due to inaccuracies in measuring the natural and orbital
frequencies of the system, since the equations used to calculate

the film properties become ill-conditioned for the high
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eccentricity.- test -results. Since the ocalculations performed
during the analysis of the readings did not show signs of
becoming significantly ill-conditioned, the rise in the
calculated value for the dynamic stiffness may be another effect

of damping in the mounting structure.

In general the orbital frequency results also exhibit trends
in keeping with both the long and short bearing performance
predictions. Similarly the complex numbers describing the whirl
orbits recorded also demonstrate trends predicted by the Ocvirk

solutions.

Dividing the calculated film properties by the compressibility
number, and multiplying by a function of length to diameter ratio
produces a band of results at a level of about ten times less
than the Ocvirk prediction. The film parameter values on these
plots show signs of rising at the low eccentricity end of each
bearing’'s operating whirl onset range. This may be due to the
film Dbeing less starved of 0il at higher operating speeds, which

is also indicated by the form of the steady state results.

Two conclusions can be drawn from comparing the Ocvirk
performance predictions with the results obtained by Akkok and
Ettles, and the present series of tests. The first conclusion is
that the present work used bearings operating in a partially

starved condition which caused +the poor observed stability
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performance. The—second conclusion is  that the -Oevirk
predictions modified +to take into account the effects of length
to diameter ratio, give a quick and reasonably accurate
indication of stability performance for typical plain jourmnal
bushes, despite certain aspects of the theory being fundamentally

incorrect.

The eddy current type of probe used in the work reported was
chosen because it enabled a simpler test apparatus to be desigmned
and testing to start sooner than if capacitance probes had been
used. Some of the drawbacks of the inductive devices were
overcome by the use of a data-logger, and a micro-computer to
analyse the readings. As the results have indicated, more
sensors were required in order to provide adequate compensation
of temperature and elasticity effects. Further work using better
distance measuring devices, such as capacitance types of sensor,
will undoubtedly give more accurate positional information. But
at the same time, interpretation of the results would benefit
from using a different o0il feed arrangement that more closely
controls the extent of the lubricating film. This would enable a
direct comparison to be made between experimental results and the
performance predicted by current theories. Such a successful
comparison would give greater confidence in the results obtained

from test bearings representing typical bearing geometries.
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TABLE. 7.1

Cavitation Test Bearing Details

Bearing dimengiong

Diameter 100 mm
vidth 100 mm

Clearance ratio 0.01

dJournal
material - aluminium
speed - 0O - 200 rpm
loads - fixed - 0 - 20 kgf
rotating - 0 - 7 kgf at O - 100 rpm
Bearing
material - perspex
geometry - flooded parts - plain cylinder
- drained parts - plain cylinder with

4.0 mm dia o0il supply hole
speed ~ 0 - 50 rpm




width

mnm
10.
10.
20.
20.
20.
30.
30.
30.
40.

Stability Te

. IABLE 8.1

material

bore

axial length -

outside diameter

mass

1

EN 58
50.95 mm
90.0 mim
00.0 mm

7.336 kg

Stability Test Bearing Centrebodies

o O 0o O 0O O o o o

material - Dbronze
nominal
clearance clearance
ratio
- mm
0.002 0.11
0.003 0.186
0.002 0.10
0.003 0.15
0.004 0.20
0.002 0.11
0.003 0.15
0.004 0.21
0.002 0.11
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Appendix A

NUMERICAL ALGORITHMS

A-1  SYMBOLS

o ™ Q O ®|m u wmn »

m

recorded data values
signature image values
calculated cartesian displacements
mapped radial position
mapped attitude angle
clearance circle centre
clearance circle radius

error function

eccentricity ratio
non-dimensional time constant
non-dimensional frequency

phase angle




A-1.1  Subsgripts

i coordinate direction value 1 or 2

J j’th data pair value 1 to 510
k k’th rotor angular position value 1 to 30
T r’'th rotation of rotor value 1 to 17

0 steady state value

P4 parameter describing the dynamic motion

A-1.2 Superscripts

- current parameter value during iteration

A-2  PURPOSE QF THE ALGORITHMS

The primary duty of the data processing algorithms was to
produce parameters describing the dynamics of the observed events
from the measurements of the journal position. The electronic
data gatheriﬁg equipment was designed to gather readings from the
test apparatus in a short time interval after whirl onset had
been deemed to commence. Because of the type of probes used,
algorithms had to be developed ¢to eliminate the very strong
synchronous components present in the data sets. The synchronous

signals also dictated that the probes had to be calibrated whilst




in place and at +typical operating oconditions. . The following

algorithms were developed to satisfy these roles.

A-3  SQURCE DATA_ SET

The set of readings for each test is given the symbol:-
Aij

Each data set comprised 1020 individual readings in 510 pairs. A
pair consisted of +two readings giving the instantaneous rotor
position in mutually perpendicular directions relative to the
centrebody. The readings were taken at time intervals equal to
one thirtieth of the period of a rotor revolution over a
continuous period of 17 complete turns. Hence every thirtieth

data pair was taken with the rotor in the same angular position.

In general the dominant signal component in each data set was
the synchronous signal arising from the surface properties of the
rotor Dbore. The translational rotor motion generated a lesser
component at the orbital frequency. The surface property signal
was undesirable since the journal position and motion were
required from the signal analysis. Thus the surface signal, or
signature, had to be identified and subtracted from the source

data as the first part of the signal analysis.




A-4  EVALUATION QF THE_SIGNATURE

The signal pattern observed at steady state operating
conditions was due to the rotor signature. Hence the numerical
image of the signature was derived from data sets ocaptured at
steady operating conditioms. The data processing consisted of
taking the average for all readings at each angular position of
the rotor, and then subtracting the mean of the averages to give
a silgnature variation about zero. Thus the following formula

defines the sixty values of the signature image.

6 510

Sik = _1 Z{:Atﬁwm] - 1 ;zzﬁaj (A.1)
17 L, 510 -
- =

A-5  SIGNATURE SUBTRACTION

In order to subtract the signature from each set of readings,
the stored signature image had to be synchronised with the
signature component in the data. If a strobing signal had been
available from -the test bed to indicate when the rotor was in a
particular angular position, all the data sets could have been
started at the same part of the signature, but no such signal was
available. The technique used to synchronise the data and the
image was to calculate a sum of change function for each of the

thirty possible alignments between the data and the signature.




The function value was calculated using a shortened data set from

two rotor revolutions, as shown below.

X4 30

> >

r=9 k=1

( Aagwmj - Stk ) - (AL&JHWJ - Sukd ) (A.2)

Since the journal signature had very large first difference terms
compared to the signal components due to the journal motion, one
alignment produced a sum of change function much smaller than any
of the others. The correct alignment was assumed to be the one
wvhich gave +the least value for the change function. This
technique worked even for fully developed whirl conditions sinoce
some of the first differences in the signature image were always
greater than the first differences due to the transverse journal
motion. Having found the correct signature alignment, the whole
of the initial data sample was converted into the data set ‘D;;’

t)
representing the journal position in cartesian coordinates.

A-6  CLEARANCE CIRCLE IMAGE

The mathematical parameters describing the clearance circle
were derived from data recorded whilst the bearing was performing
fully developed whirl orbits. Since the signal amplifiers in
each data channel were adjusted individually, the image of the
journal motion was slightly elliptical. Hence the following

general equation for an ellipse was fitted to the data set.




2

1 - (gg__ﬁng’ "t (P (A.3)

The parameters ‘R’ and ‘Cy’ represent the half 1lengths of the
ellipse axes and the coordinates of the ellipse centre. The
values calculated for these parameters define the transformation
from cartesian readings ‘Dij * to polar attitude angle ‘9; " and

eccentrioity ratio 'Ej’.

For ease of solution the non-linear problem was divided into
two parts which were solved iteratively. The initial values for
the ellipse centre ‘C.’ and the major dimensions '‘R{’ were found
from the extreme values of each data set. Then the following
non-dimensional radius ‘X;’ was oalculated for each of the data

coordinate pairs ‘Dij ‘.

2 2 3
X: = D‘.___:_QI + Dzl__:_gi (A . 4)
) (P5%) (P—%)
Comparing equations (A.3) and (A.4) shows that the value of 'X;j’
is always approximately equal to omne. This non-dimensional
radius was then used in the following formula to ocorrect the
centre coordinates.
—_ Sto -
C. - Gy = _1_ Z{: D - Ci\ (X =1 (A.5)
L - 516 2 (09 7 ) ()
J—’ J
The iterative solution for the ellipse dimensions 'R{’ was based

on minimising an error function ’gj’ derived from the




non-dimensional radius.
& - (%, - 1) (A.6)
Since each ‘X;’ 1is approximately equal to one, the following

first order approximation to the error function was used in the

analysis.
£, = X, - 1 (A.7)
J (F5)

Substituting the non-dimensional radius 'X;’ into the error
function, generates an equation which is suitable for least

squares analysis. The resulting matrix equation is:-
S (p -a) o S(n; -¢)(ny -
> (o -a)(es -8 ey - &) ||

) (A.8)

I
M
—~
U
|

c)

> (pg - &)

The two sets of equations defining mnew values for 'Ry’ and 'C.’,
were solved simultaneously during each iteration to avoid
calculating the non-dimensional radius more often than necessary.
Experience showed that four iterations were sufficient to give

reasonable values for all four parameters.




A-7  TRANSFORMATION INTO BEARING. COQORDINATES

Once the rotor signature and clearance circle images had been
generated, all whirl onset data sets ’'D;; ° were oconverted into
eccentricity ‘E;’ and attitude angle ‘©;’ values using the

following transformations.

- = T =L * 2y = L *
& (Po—5C) * (P59 (A.9)

Tan( ;) = <1%;)<1%,ijj_f_%>

A-8  WHIRL ANALYSIS

The object of the whirl onset analysis was not only to find
the orbital frequency and the mean rotor position but to take
full advantage of the numerical analysis to find the orbit shape
and decay constant. As with the clearance circle determination,
the orbit analysis 1is & non-linear problem. The solution
technique employed was to fit real counterparts of +the general
expressions of journal motion (4.1) to the data sets. The
following equations demonstrate the method using the series of
data values representing +the eccentricity ratio 'E;’. Exactly
the same analysis was performed simultaneously on the attitude

angle data to generate the full description of the orbital




If the following pair of equations are oconsidered as
respectively the best fit to the data and the current
approximation, a least squares analysis was performed to minimise

the error term ’'€;’ in the second equation.

E; = €, + exeﬁ Cos( wyj - = ) (A.10)

e

Ej +¢§ = € +¢€e€e’Cos(5,d-7 )

From these two equations, a first order expression for the errors
"&’ can be derived in terms of the required corrections to the

current values of the parameters describing the orbital motion.

& - (& -¢€ ) (A.11)
+((€x —€)+ (x - e ) j ) EXeRjCos(ﬂk j- T )
€y

H(% - B v (B- @) §) &, el sin(®y, j - T )

If this equation 1is integrated over a whole number of whirl
orbits, the second and third terms on the right hand side will
make an insignificant contribution to the integral, provided that
the time constant ‘=’ is not large. Thus finding the simple
mean of the data set results in the following correction term for

the equilibrium eccentricity value.

(e_o - € )

M

1 Ej (A.12)
L

.
o

The orbit amplitude and time oconstant were corrected by
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performing a. least squares ocurve fit to a .modification of the
error function. If the mean value error is assumed to be small,
the first term in equation (A.11) can be ignored. Then for all
values of ‘j’ which give a value for the cosine function larger
than the sine function, the third term can also be ignored.
Rearranging the resulting approximation 1leaves +the following
linear relationship between the modified error values and the
parameter ‘j’.

£j = (€ - ex) + (& - <) j (A.13)

€ eV Cos(,j —-%.) €x

for all j where Cos(iyj - T.) > Sin(axj - %)

Performing a least squares curve fit upon this relationship
produces the ocorrections to the orbit amplitude and time

constant.
Similarly the following relationship applies for the set of
error function values which do not satisfy the condition above.

= 2 .-i = "(%e_’te) + (‘T)x_wx) J (A.14)
€.e™ 8in(a,j - %)

for all j where Cos(wy) - % ) < Sin(anj - %)
A least squares analysis of this series provides the correction

to the phase angle and time period parameters.

The set of attitude angles was also analysed in the same

manner. Since the time constant parameters ‘o<’ and ‘wy’ are
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common.-to-both the ‘E;’ .and ‘©; * data. sets, the equations for
each coordinate axis were ocombined and solved simultaneously.
The combination was achieved by summing the squared errors from

both series, and this sum of squares was minimised.

Initial values for the iterative solution were calculated by
searching through the data sets for turning points. The times at
which the the turning points occurred were used to find the time
period and phase angles by a least squares analysis. The values
of the turning points were similarly analysed to give +the mean

value, initial orbit size and growth constant.

Three iterations proved sufficient to give reasonably accurate
interpretation of the data within an acceptable time period. To
minimise computing time, integer arithmetic and data storage was
used whenever possible. Unnecessary evaluation of trigonometric
and exponential functions was also avoided. By these methods the
time required for each iteration was reduced by more than half to
about twenty seconds. After three iterations the real parameters
representing orbit size and phase angle were turned into the
complex coeffieieﬁts of equations (4.1), and a value found for
the complex ratio ‘€,0, / € ‘. The full description of the whirl
orbit, as used in the theoretical study, was then displayed on

the computer screen.




