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ABSTRACT

A test rig has been designed to enable strobo-
scopic observation of the inner and outer contacts of
rolling element bearings, in a journal configurations.

Sapphire windows have been inserted into the inner and

iii

outer raceways of commercially available roller bearings.

The technique of optical interferometry has been applied
to measure the film thickness at the outer race contacts,
and the distribution of o0il around these contacts in the
loaded and unloaded regions of the bearing, has also been

studied.

At low speeds film thickness measurements, made
at the centre and exit regions of the contacts, are con-
sistent with theoretical isothermal solutions. However
at speeds above abouf 1000 R.P.M., accurate theoretical
predictions could only be made if the effects of viscous
heating in the inlet zone were considered. During these
tests, the position of the inlet boundary was observed, a
and at all speeds the contacts were effectively fully
flooded. The inlet boundary distance was found to be
proportional to viscosity and inversely proportional to
speed. Rolling element spacing had no effect on the

bbundary shape or position.

A study of the oil flow around a point contact

has revealed the mechanism whereby 0il can be entrained

nd



into the inlet regions from the track edges.

A brief examination of oil globules, that are
suspended in between contacts, reveals that oil can pass

through the bearing without wetting the surfaces.

Operation of the bearing under conditions of
acute Jubricant starvation has shown that the contacts can
be éupported on substantial oil films, when there are only
—minute quantities of 0il in the inlet regions. This

results in the removal of all film constrictions.
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CCHAPTER T+ -

INTRODUCTION

It-is sqmewhat suprising that gears and bearings
and other such sygtems, where contact stresses are very
large, operated for so long without an understanding of
the mechanism of their lubrication. The need for o0il was
realised, but not until recent]y_was its function fully
understood. Since 1949 developments have shown, both
theoretically and experimentally,that it is possible to
form substantial oil films at pressures for which classical
hydrodynamic theory wouid‘have predicted practically zero

film thickness.

Elastohydrodynamic lubrication takes place when
the pressure occurring at the lubricated contact is high
enough to cause elastic deformation. In gears or bearings,
where conformity is low, small loads cause pressures high
enough to deform the stee] surfacgs. When o0il enters this
type of contact its viscosity is dramatically increased.

I£ is for this reason that oil is capable of forming a

film at the pressures encountered in normal elasto-

_hydrodynamit situations. Before accurate predictions.df

film thickness could be made, classical hydrodynamic theory
had-to be extended to include the effects of surface

deformation, and the influence of the viscosity-pressure

characteristic of the lubricant. This was not successfully



achieved until 1949. Progress since then has been rapid,
and theoretical solutions have been verified experiment-

ally.

'The most decisive of all measurements have been
pfovided by using optica]Ainterferometry to measure film
thickness. The technique has proved to be extremely
versatile, for as well as providing an exact gontour map
of the surfaces actually within the contact, it also
immediately shows if there is suffjcient oil,within the
contact entry region,to ensure adequate distance for the

pressure build up essential for maintaining the oil film.

‘The demands placed on Bearings are becoming
increasingly severe,and failure can have disasterous
'consequencés. Ro1ling element bearings run in gaé turbines
at speeds up to 40,000 RPM, and transient loads can be
very high. At these speeds it is 1ikely that starvation
is dropping the film thickness substantially, even though
v]arge quantities of oil may be flowing through the bearings.
It has been shown that the viscosity-pressure character-
istic is time dependent (1) ,and thus at the very.short
transit times involved ,this could also cause a drop in
film thickness. These are just two of the factoré that
emphasise the need for the study of the mechanism of‘

Tubrication of real bearings.

Film thickness measurements have previously



A

-been made in actual bearings, but these have nearly all
been of an electrical nature,and the majority

have only given an average value of film thickness for
the whole bearing. Optical interferometry has success-
fully been used to obtain equations for film thickness

in point and line contact,and to investigate the star-
vation phenoﬁena. These investigations have been carried
out in a counter-rotating mode. That is the ball or
roller remains stationary in the field of view while fhe

races revolve in opposite directions.

The object of this project is to invegtigate,
using the optical technique, the lubrication of a
cylindrical roller bearing operating at speeds up to
'2,500 RPM ,under .elastohydrodynamic conditions. The cage
is free to rotate and the fringe patterns are studied
stroboscopically. The techniques developed in this
project, in which a pulsed laser is used for higher speed
tests, cqu]d be applied to bearings running at speeds up

to 100,000 RPM.



2.1

CHAPTER II

A REVIEW OF. THE LITERATURE

Early Work Leading to the Recognition of E.H.L.

The absence of substantial wear in gear teeth
contacts led to the belief that the surfaces may be
separated by a hydrodynamic oil film, and attempts were
made to verify this theoretica]]y. In‘1916 Martin (2)
represented the contact geometry\of gear teeth as equiva-
lent to a cylinder near a plane. (This is common practice
jn the analysis of E.H.D. contacts and the theory is well
explained in (31)). By solving Reynold's equation, assuming
rigid solids and an incompressible isoviscous fluid, he

obtained the following equation for film thickness:

ho = 4.896 UNg e 2.1
R W/
For typical values encountered in a lubricated,highly
loaded contact,Martin's equation gives film thickness
predictions of the order of Tuin. This is clearly insuff-
icient to separate all but the most highly pd]ished of
surfaces. Martin's equation demonstrated the inadequacy
of conventional hydrodynamics to explain this type of'
lubrication,and led to statements such as made in 1919 by
Lanchester (3): "There exists an entire world of

lubrication outside that which Reynold's conditions obtain".



In 1926 Schering and R. Vieweg (4) demonstrated
the existance of an oil film in a ball bearing by an
electrical capacity method. It was suggested in 1927 (Sl
that in roller bearings an oil wedge formation creates a
hydrodynamic pressure build up under the leading edge of
the rollers. This becomes great enough to 1ift them off
the races as the speed increases. An analysis undertaken
by Way (6) in 1935, investigatingpitting occurring at roller
line contacts came extremely close to a theoretical
prediction of the E.H.D. effect. To begin with he calcu-
lated the load capacity of a 200 uin.dil film, which was
just thick enough to separate the two discs used in his
experimenta] apparatus. Undeformed surfaces were assumed,
but the effect of pressure on viscosity was considered,
based on tables given by Hyde (7). By this analysis he
calculated that the maximum pressure generated in the
contact was 2150 p.s.i. Ignoring the pressure_viscoéity
effect, a pressure of 2030 p.s.i. was calculated. He
concluded that the pressure distribution was insufficient
to separate the surfaces, and confirmed by electrical
resistance measurements that the film was indeed broken.
By next assuming that the bulk of the load was carried by
metallic contact,and that there was elastic deformation
in accordance with Hertz's law (8), he calculated the
pressure distribution due to the o0il carried in between

asperity contacts.



However 1in this analysis he ignored the pressure-
viscosity effect, previously shown to be small. Had he
combined the two typés of analysis, and extended it to
include faster surface speeds and smoother surfaces, he
may have predicted the E.H.D. situation,in which the load

capacity of oil films is extremely large.

Peppler (1935 (9), 1938(10)) and Meldahl (1941
(11)) examined the lubrication of gear teeth,considering
elastic distortion, but assuming an isoviscous fluid. Their
solutions showed that taking into account elastic defor-
mation produced a benefical effect on film thickness

predictions.

In 1940 Needs (12) produced interesting experi-
mental evidence concerning the behaviour of o0il films
between two cylinders, loaded and rotated end on. The film
effectively showed infinite viscosity in the radial
direction under normal approach, but only small increases
in the circumferential direction, under rotating load.

Film thickness measurements were made by a technique
utilising optical interferometry, and resistance measure-
ments were also made. He concluded that the film rigidity
- builds up, as the close proximity of the metal surfaces
influences the molecular structure of the fluid. He'
explained the phenomena of directional rigidity in terms
of a critical shear rate,above which rigidity could not

increase. This critical value was exceeded in the



circumferential direction,but not in the radial direction.
In the 1ight of todaxb knowledge, it seems 1likely that in
fact he had produced a lubricant entrapment between the
surfaces. However this paper produced some lively |
discussion,which typifies the argument prevalant at that

time.

Rosenfeld (1944 (13)) recognised the role of
lubrication in preventing metal to metal contact in
bearings, and referring to work by Larson (1941 (14))
suggested that: "An o0il pressure of more than 100,000 p.s.i.
as occurring in roller bearings,can easily result in a ten
fold viscosity build up. This may explain the great

resistance of the oil film'.

A thebretica] approach to the problem considering
the influence of the pressure-viscosity charaéteristiq; was
made by Gatcombe (1945 (15)). Although he assumed rigid
cylinders, some of his results indicated a film thickness
of the same order as surface irregularities. Brix
(1947 (16)) showed evidence of film formation in a thrust
type of bearing. He applied a variable voltage across the
bearing, and measured the cgrrent flowing through the film.
As he obtained a smooth relation that decreased with
increasing load, he concluded that the film was thick
enough to prevent metallic éontact, which would have

resulted in random current surges.



The following references are relevant to
theoretical treatments of the problem considerirg rigid
cylinders,and a pressure-viscosity characteristic:
Hersey and Lowdenslager (1950 (17)), Blok (1950 (18)),
Lameron (1952 (19)) and McEwen (1952 (20)).

These analyses showed an improvement in ]oad'
carrying capacity by a factor of about 2.5 above the
Martin prediction. At about the same time an important
step forward was made by Lane and Hughes (1952 (21)), when
they applied electrical resistance techniques to gears in
motion. An oscilloscope was used to record the potential
difference across the insulated gears, and this indicated

the existence of separating oil films.

The first successful solution of the prob]em,
considering the combined effects of elastic distortion and
pressure dependent viscosity,was made by Ertel, and
subsequently published in 1949 by Grubin (22). He assumed
an exponential pressure-viscosity law, and that the surfaces
were deformed, in accordance with the theory of Hertz (8)

for dry static contact.

With the incorporation of the pressure-viscosity
Tlaw:

= n.e*P
n = nge



Reyno1d§ equation in line contact.with no side leakage

reduces to:

.-c:‘p - - -—
€ dp = 12 Un. [h - & vanee. {2.2)
: 3% 0[ h3 ]

The pressure distribution in the entry zone was then

wobtained by defining a 'reduced pressure' q such that:

%% = e~ =P %% | ) -' e (g.s)

which upon integration yields:

q=1 (1 -e=Py ... (2.4)
Equation 2.2 now becomes:
gﬂ =12 Uno[h - h ceeee. (2.5)
X h3 .

The assumption was made that at the edge of the contact

the pressure was high enough to put:

e” P » o

R

ie. Cgq= 1 eenee. (2.6)

Thus the film shape wasassumed to be constant throughout

the Hertzian region and:
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Solving equation (2.5) for the reduced pressure at the edge
©of the contact zone, substituting equation (2.6) and
rearranging gives the following expression for the film
thickness h,:

hy = 1.95 fan) 0-727 [y *}-0-091 (2.7)

- [+ (@)

Although this analysis only rigidly satisfies
the equations in the contact entry regidn, it predicts the
required separation of the bodies within the actual contact.
This equation gives good estimates of film thickness in
1ine contact,which were subsequently confirmed experi-
mentally. Ertel also qualitatively discussed the pressure
distribution throughout the contact zone and predicted

the existence of a pressure spike near the Hertzian zone

outlet.

Theoretical work by Petrousevich, (1951 (23))
confirmed the existence of the pressure spike,and predicted
an almost para1lei 0il film within the contact zone,

followed by a film constriction near the exit.

Further resistance measurements, carried out
using discs to simulate gear tooth contact, confirmed fhat
hydrodynamic films were produced (24, 25, 26). However
it was not possible to relate film thitkness to electrical
measurements until Lewicki (1955 (25)) demonstrated the

feasibility of using capacitance movements. He recorded



film thickness of the order of 40 pin. in between

Jubricated cylindrical rollers.

The most convincing of electrical resistance
measurements was made by Crook (1957 (27)). Using a disc
machine he showed that hydrodynamic lubrication was

possible,even at loads large enough to cause plastic

deformation. His measurements also illustrated the process

of 'running in', during which the resistance of the o0il film

gradually increased until a state of complete hydrodynamic

Jubrication was reached. This paper was responsible for

the removal of the last doubts concernihg the feasibility

of elast.ohydrodynamic lubrication.

11 -
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2.2 Development of the Theory

2.2.1 Line Contact,
" Ertels analysis of the inlet region had
developed the basic approach to the E.H.D. problem, but
-a complete solution was not producéd until ten years
1ater,when Dowson and Higginson used numerical techniques
to solve the ‘invers€e hydrodynamic lubrication problem.
This involved assuming a pressure distribution and using
it to calculate a film shape. Elastic theory was then
used to predict surface deformations, and the shape so
obtained compared with the first solution. Iteratijon
proceeded by successively modifying the pressure profile
until satisfactory agreement was reached. Initial results
(1959 (28)), obtained at a single speed over a range of
loads, failed to predict the secondry pressure spike.
Subsequent solutions (1960 (29)), covering a range of
spéeds, loads and material properties, clearly showed the
presence of the spike. Dowson and Higginson (1961 (30))
facilitated the calculation of minimum film thickness by

using the following non-dimensional parameters:

Film thickness pardmeter.

H*¥* = h
R
* = : ‘
U g"& | Spegd parameter.
W* = W Load parameter.
{E'R

G* = E'= Materials parameter.
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Their formula for the minimum film thickness occurring at
the exit constriction,then became:

.

Hy = 1.6 ux0:7 yxe0-23 6*0-6 ..., (2.8)

An extensive review of their solutions,and of the whole
subject of E.H.D. lubrication up to that time,is given by

Dowson and Higginson in (1966 (31)).

The effect of lubricant compressibility was
considered by Dowson, Higginson and Whitaker (1962 (32)).
Although this appkeciab]y modified the pressure distribution
the effect on film thickness was small. Film shapes and
corresponding pressure distributions, obtained considering
an incompressible Tubricant at constant load and various

speeds, are shown in figure 2.1 and figure 2.2.

The introduction of the energy and heat transfer
equations led to solutions of the problem that incorporated
thermal effects. Cheng and Sternlight (1965 (33))
considered heat conduction by the surfaces as well as
convection in the o0il. They also included the effect of
~various degrees of sliding, and found that the appreciable
temperatures generated under sliding, had only a small
effect upon film thickness. This had already been
confirmed experimentally by Crook (1961 (34)),who also
found that it was the inlet viscosity of the oil that
effected film thickness. Cheng (1965 (35, 36)) showed that
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Figure 2.1 Theoretical film shapes for an incompressible
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Figure 2.2 Theoretical pressure distributions for an
incompressible lubricant in E.H.D. line contact.
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viscous heating in the inlet zone could produce a
suybstantial reduction in film thickness. However the
dubricant properties considered in this investigation were
such that the effect was only manifested at very high
surface speeds. Greenwood and Kauzlarich (1973 (171))
derived an approximate method for correcting for thermal
effects in the inlet zone, assuming that the inlet pressure
distribution was unaffected by viscous heating. Their
analysis predicted significant film thickness reduction

at all but the lowest speeds and viscosities. In a recent
paper Murch and Wilson (1975 (172)’ applied a thermal
form of Reynold's equation, previously derived by Wilson
and Wong (1974 (173)), to a 'Grubin' type qna]ysis of the
-inlet zone. Their results were in good agreement with
those of Cheng, and with the experimental results of Dyson,
Naylor and Wilson (1966 (64)). They found that viscous
heating decreased the pressure gradient in the inlet zone,
which explained the discrepancy between their results and
those of Greenwood and Kauzlarich. They concluded that
the increased length of the inlet zone could accentuate
the effects of Tubricant starvation, under conditions of

high 'thermal loading'.

Surveys and refinements of solutions for the
line contact E.H.L. problem can be found in the following:

(37, 38, 39, 40).
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2.2.2 Point Contact,
Point contact theory was understandincly slower
to deve]op-than that for line contact because it introduced
a third dimension into the analysis. First attempts at
a.so]ution, again assuming rigid surfaces and an isoviscous
Jubricant, (1946 (41)), (1955 (42)), (1958 (43)), predicted

fi1m thicknesses in the region of 10-8in.

- However in 1961 Archard and Kirk (44) demonstrated
thdt E.H.D. films of up to 100uin, thickness could be
generated in the nominal point contact,created between

two crossed steel cylinders. It had been difficult for

'peop1e to accept the concept of E.H.L. in Tine contact,

“and it was widely believed that point contact could only
operate undér boundary .lubrication conditions. This was
indeed a remarkable demonstration that hydrodynamic
Tubrication existed under geometrically unfavourable

conditions.

A more realistic approach to solve the theoretical
problem, including the effect of surface deformation,
was adopted by Archard and Cowking (1965 (45)). They made
assumptions similar to those used by Ertel in the 1line.
contact analysis, and applied the two dimensional form of
Reynold's equation to a number of elemental strips in the
inlet region. Pressure reduction due to side leakage, was

taken into account with the use of an ellipticity factor.



2.3

2.3.1

They also obtained a solution using the Reynolds equation
in three dimensions, together with the 'Grubin' assumptions
of Hertzian shape and a reduced pressure equal to 1/« at
the edge of the Hertzian region. Cheng (1970 (46))
extended the analysis to elliptical contact, and Wedeven,
Evans and Cameron (1970 (47)) produced a refined solution
for circular point contact,which showed good agreement
with their experimental work and Cheng's solution. “Ranger
k1974 (48)) has recently produced a compiete solution for

the point contact situation.

Petrousevich et al. (1972 (49)) investigated

the effect that an oscillating load would have on film

" thickness. They found that normal approach velocity had

a significant effect on the hydrodynamic load capacity
of the contact zone,and an additional film constriction

was formed at the contact inlet.

Experimental Method and Measurements in E.H.L.

Film Thickness and Prdfi]e.

The convincing demonstration by Crook (27) left
no doubts as to the existance of E.H.L., and opened a whole
new field for experimentation. Research was quick to

follow.

17
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The early resistance measurements, although
clearly demonstrating the presence of the E.H.D. 0oil film,
failed as a means of measuring film thickness. Some
success was achieved by use of a ‘voltage discharge method'
(1958 (50)), (1958 (51)), (1960 (52)). However the results
had considerabie scatter,and the technique was later shown

"to be unreliable.

The use of capacitanée techniques has proved a
powerful technique in experimental E.H.L. The first
application of capacitance methods was achieved by Crook
(1957 (53)), using a disc machine;, Pads were 1ightly
loaded against the surface of each disc,and the capacitance
between pad and disc measured. This enabled the film
. thickness of 0il adhering to each disc, after contact, to
be calculated. The volumetric flow rate through the
contact, and hence the film thickness, was then a matter of
simple calculation. The advantage of this method was that
it avoided having to estimate the shape of the contact
surfaces and effects of high pressure on the.die1ectric
constant. Crook (1961 (54)) then went on.to make direct
capacitance measurements between the two discs, assuming
Hertzian deformation. Fair agreement with theory was
achieved ,when it was assumed that the inlet viscosity'Was

governed by the temperature of the disc surface.

The E.H.D. film shape predicted theoretically,
was then experimentally verified by Crook (1961 (55)).

A thin strip of chromium was vacuum deposited on the
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surface of a glass disc. AS this electrode passed through
the contact the rate of change of capacitance between

.it and the steel disc,was monitored on an oscilloscope.
The classic shape of an E.H.D. contact, that is of a near
parallel film followed by an exit constriction, was
immediately apparent. Thus with this electrode, Tocal film
thicknesses within the actual contact could be measured.
The use of vapour deposited strips was an important
“development in experimental technique and has subsequently
been successfully employed for pressure and temperature

measurements.

Archard and Kirk (1961 (44)) applied the capacit-
ance technique to the point contact occurring between
crossed steel cylinders. Additional assumptions regarding
geometry had to be made, but they mandged to produce
an empirical relationship from their results. Archard
and Cowking (1965 (45)) simulated ellipical contact with
a crossed cylinders machine,and obtained good agreement

with their theoretical predictions.

In 1960 a new technique of measuring film thick-
ness had been developed by Sibley et al. (56). A
collimated beam of X-rays was directed at the contact
between lubricated discs,and a geiger counter used to
measure the amount of radiation passing through the gap.
This could then be related to film thickness. The beam

was aimed in the direction of rolling,and thus their
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measurements were for the case of minimum film thickness
‘at the exit constriction. Although calibration proved

‘to0 be a complex task, they obtained an empirical formula
that,both fitted their results and exhibited good agree-

ment with theoretical predictions for line contact.

The introduction of optical interferometry as
a method of measuring film thickness in lubricated contacts,
-was first made by Kirk‘(57) in 1962 and again reported by‘
Archard and Kirk (1963 (58)). This was to herald a new
era in experimental technique which has led to a consider-
able advance in the understanding of the mechanism of
E.H.L. Kirk, using the crossed cylinders machine with
perspex rollers, produced coloured interference fringes
by using white light. However although these were very
faint, because of the low reflectivity of perspex in oil,
constrictions at each side of the point contact were seen.
Despite low contact pressures in this exberiment,
it was demonstrated that optical interferometry could
provide an extremely direct method of measuring film
thickness, involving the minimum of calibration and

assumptions.

* Gohar and Cameron (1963 (59)), (1965 (60)),
(1966 (61)), applied the technique to a steel ball sliding
on a high refractive index glass plate. Fringe visibility

was now sufficiently good to enable accurate measurement
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of film thickness. A typical film shape mapped by inter-
ferometry is shown in fig. 2.3. The pressures Jjenerated
in the glass/steel contact were sufficiently high to enéure
that the oil pressure-viscosity characteristic was signi-
ficant. Higher pressures still, were generated by using
sapphire or diamond as the transparent plate (1967 (62)).
Their results showed that the constrictions occurring at
the sides of the contact were of greater severity, and
\a1so far more sensitive to load, than that occurring at
the rear edge. Line contact was also briefly investigated
by replacing the ball with a roller, and here again the
side constrictions were observed. Film thickness measure--
ments in pure rolling,that were made by Gohar (1967 (63)),
showed agreement with the theory of Archard and Cowking

for point contact.

Meanwhile Dyson, Naylor and Wilson (1965 (64))
published results they had obtained from capacitance
measurements, conducted in a disc machine. Thesé results,
although obtained in the same way, showed much closer
agreement with theory, than the earlier measurements of

Crook.

A\

Foord et al. (1967 (65)), (1968 (66)), (1969 (67)),
significantly improved the interferometry technique by
depositing a thin semi-reflecting layer of c¢hromium on the
surface of the gliass plate thatwas in contact with the ball.

An anti-reflection coating of magnesium fluoride was
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deposited on the other surface. The plate was made of
crown glass, and the reflectivity of the chromiun coating
optimised to give fringes of the highest visibility for

two beam interference.

This type of system now formed the basis for
many studies of E.H.L., using optical interferometry. One
of .the great advantages of the optical technique is that
~the distribution of 0il in the contact is immediately
apparent. In particular it shows whether there is
sufficient o0il, in the contact entry region, to prevent oil

starvation, which can significantly drop the film thickness.

Optical studies of the effect of starvation were
first made by Wedeven and Cameron (1968 (68)), (1970
(47, 69)),and an expression for film thickness was
developed, including a starvation-parameter that could be
calculated from the position of the‘1ubricant inlet

boundary.

An interesting phenomena that was revealed by
optical interferometry was the formation of lubricant
entrapments during normal approach of a steel ball and
glass plate. Studies of this have been made by DowSoﬁ
and Jones (1967 (70,71)) and by Westlake and Cameron
(1967 (72, 73)), (1969 (74)).

One of the limitations of the early interfero-

metric studies was that, for monochromatic 1ight, the first
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bright fringe did not occur until a thickness of about .
1000 R was reached. Westlake and Cameron very elegantly
overcame this problem .py interposing a spacer layer of
silicon dioxide,between the ball and plate. As this layer
~has effectively the same refractive index as oil, the two
are optically identical, and the spacer layer forms an
artificial oil film, the thickness of which can be varied.
Thus the o0il1 film thickness, at which the first fringe
‘pccurs,can be chosen. In this way films as thin as 10013
can be measured. They also took the technique of optical
interferometry to its 1imits of precision, using multi-
Tayer dielectric semi-reflecting coatings, and a laser as
the 1ight source. Extremely sharp multiple beam fringes
were thus obtained. These techniques were then applied
to a rolling contact rig (1970 (75)), (1971 (76)), and
acute starvation investigated. 'The spacer layer technique
has demonstrated the feasibility of using optical inter-
ferometry for study of the change from pure E.H.L. to
boundary lubrication (1972 (77)).

Optical‘studies of lubricant entrapments led to
the development by Paul and Cameron (1972 (78)) of an
absolute high pressure viscometer. An entrapment is formed
by dropping a ball onto a sapphire plate. The rate of

0il leakage = away from the entrapment is then measured
by photographing interferograms of the contact at discreet

intervals. Reynold's equation can then be used to deter-
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mine the 0il viscosity at extremely high pressures such

as occur in E.H.D. contacts.

The effect of elastic modulus on film thickness
Has been investigated by Gohar (1970 (182)). He showed
that the empirical formulae for point contact ,derived
from'previous optical work,could be applied for all
material combinations investigated, except steel on
-perspex. Optical measurements in ellipticalcontacts,such
as occur in a ball race,have been made by Thorp and Gohar

(1971 (79)) using a ball sliding in a grooved glass plate.

Wymer (1972 (80)),and Wymer and Cameron (1974
(81)) have recently made an extensive study of the E.H.L.
of a rolling line contact,using a taper roller and glass
plate in a thrust bearing configuration. From optical
measurements, Wymer obtained the following empirical
formulae for film thickness at the contact centre and at

the exit constriction:

Ho* 44 Ux0-64  yx-0.17  gx0.58 (2.9)

Hp* 1.56 U*0-71  x-0.17  £40.57

Unblended rollers were seen to exhibit extremely severe
side constrictions, which where far more sensitive to
load than the exit constriction. Profiles measured

through the side constriction are shown in figure 2.4.
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Central film thickness was measured under starvation
conditions and the dependence upon inlet boundary distance
determined. Simultaneous interferometric and electrical
measurements were made by using the semi-reflecting meté]]ic
roating as an electrical conductor. Electrical resistance
measurements enabled asperity contact to be monitored

with an accurate knowledge of film thickness. Capacitance
measurements were also used, and the technique refined

" by using a silica insulating spacer layer to prevent

short circuits through the film. The results showed

excellent agreement with those obtained optically.

Jackson (1973 (82)),and Cameron and Jackson
(1974 (83)) have used optical interferometry to make a
study of the lubrication of rough surfaces. A smooth
glass plate was rotated over a static steel ball on which
artificial, two dimensional roughnesses had been created.
Placing the roughness lay parallel to the sliding direction
resulted in a substantial drop in film thickness. With
the lay transverse to the sliding direction,no appreciable
drop in film thickness occurred. However in this orient-
ation it was seen that cavitation;occurring behind a
predominant asperity,could cause starvation of the |
following contact. This is shown in figure 2.5. Of greaf
significance to the lubrication of real surfaces was the

demonstration that micro-E.H.L. of asperities is feasible.
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2.3.2 Pressure and Temperature Measurement,

Conventional methods of measurement by the use
of manometry and thermocouples, were hindered by the |
physical size of an E.H.D. contact. Early attempts over-
came this by using large radius discs under very heavy
1oads (1963 (84, 85)), (1964'(86)).v Results were in
basic agreement with theory but pressures were still not
high enough to be typical of an actual E.H.D. contact.
Longfield (1965 (87)) produced pressures as high as
30,000 p.s.j. and reported the existence of a small
pressure peak near the exit. This was also found by

Niemann and Gartner (1965 (88)).

Kannel, Bell and Allen (1965 (89)), who were
unsuccessful in predicting pressure curves from X-ray
film profile peasurements, introduced a technique similar
to that used by Crook for film thickness measurements.
A thin strip of manganin was evaporated across the surface
of one of the quartz discs. The resistance of manganin
is sensitive to pressure,and only slightly to temperature.
Monitoring the resistance of the strip as it passes through
the contact, enables a pressure curve to be obtained.
Initial results did not show the pressure peak, but iﬁis
may have been obscured by the finite width of the trans-

ducer.

Cheng and Orcutt (1965 (90, 91)) used a strip of

platinum, which is temperature sensitive, as well as a
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manganin strip. In this way they obtained simultaneous
profiles of pressure and temperature. In addition film
thickness profiles were obtained from capacitance measure-
,ments,usingoneof the strips. Figure 2.6 shows typical

oscilloscope traces.

The existence of the pressure peak was confirmed
by Kannel (1965 (92)), (1966 (93))’and later by Hamilton
-and Moore (1967 (94)). This wa§ as a result of using
narrower transducers’and higher pressures. The peak was
still considerably less than that predicted by theory.
However the technique is still limited by the physica]_

size of the transducer.

Photoelastic techniques have also been applied
to measure pressure distribution by Klemz, Gohar and
Cameron (1971 (95)),and Cope and Hains (1969 (96)). Under
certain conditions Klemz et al. showed the existence of
a truncated pressure spike. Wymer (1972 (80)) has
computed pressure distributions, from optically measured
film pfofi]es, which show a marked pressure peak juét

before the exit constriction.

Turch%na, Sanborn and Winer (1973 (97)) have
recently made temperature measurements by using an
infra-red radiometric detector to measure the radiation
emitted by a ball sliding on a sapphire plate. The spot

size of 0.0014 in. enabled temperature to be determined
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at various points of the contact. Both the local steel
ball surface temperature,and the local Tubricart temper-
ature, averaged through the film, could be measured.
Ball temperatures as high as 115°C,and fluid temperatures
of 360°C were reported. Wymer and Macpherson (1974 (98))
fave applied the same technique to the measurement of gear
tooth surface temperature, immediately after mesh. With
the gears transmitting 275 hp., temperature rises of 500¢
iabove bulk were measured. A scoring/healing cycle was
also observed. The technique is not difficult to apply,
is instanteous in response, and does not interfere with
the surface under study. However the measured radiation

is extremely difficult to interpret in terms of actual

temperature.

Temperature measurements in lubricated E.H.D.
contacts confirm the theoretical approach, that it is the
contact inlet conditions that determine the film thickness

within the actual contact.

2.3.3 Traction and Non-Newtonian Behaviour in E.H.L.

It has been shown that the film thickness in
concentrated contacts can be accurately predicted_by
coupling the conventional Reyno]dg equation, and equations
for elasticity of the bounding surfaces, with the pressure-

viscosity characteristic of the fluid. However it is not



i

33

possib]e to predict traction behaviour, assuming a
conventional Newtonian lubricant. This again reflects
the fact that film thickness in E.H.D. contacts is |
dependent upon inlet conditions, whereas the traction
forces that can be transmitted by the Tubricant, depend

upon conditions within the contact itself.

If traction force is plojted against sliding speed,
a characteristic curve emerges.x This is shown in figure
2.7. Typical examples of this have been obtained by Crook
(1963 (99)),and Johnson and Cameron (1967 (100)). At low
sliding speeds, and thus small values of shear rate, the
curve is linear; as sliding is increased the curve becomes
increasingly non-linear,until a maximum traction force is
reached. Any further increase in sliding then results in

a fall in traction.

The traction characteristic is of great signif-
icance to the lubrication of rolling element bearings, in
particular to the case of 1lightly loaded high speed |
applications, where the bearing may be operating near the
peak of the traction curve. Skidding of the rolling
elements wi]1 occur if there is insufficient traction to
ﬁrive the cagé at epicyclic speed. High temperatures are
then produced as a result of the large shear rates within
the contacts,and the film thickness drops. In a rolling
element bearing,slip is most ]ikeiy to occur at the inner

race contacts. The lower cage speed will reduce the
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amount of o0il supplied to these contacts by the surfaces
of the rolling elements, and starvation may occur. If

the traction peak is exceeded,the cage speed may become
unstable,resulting in excessive skidding and ultimate
failure. Bearing tests demonstrating this have been

recently carried out by Ford and Foord (1975 (101)).

. Many theories have been put forward to try to
-explain the shape of the tractibn curve,and there has been
‘much speculation as to the nature of the fluid itself,
when subjected to extremely high pressures for a very short
time duration. The thermal approach to the problem,
assuming Newtonian lubricant (1961 (102)), (1965 (35, 37)),
predicts the general shape of the traction curve. However
Johnson and Cameron (100) have shown that,in addition to
thermal effects,non-Newtonian viscoelastic behaviour of

the lubricant mhst be considered.

In 1967 Fein (103) postulated that f]did in a
rolling contact would not reach its equilibrium viscosity,
owing to the very short duration of the application of
high pressure. This has now been confirméd experimentally
by Paul (1974 (1)).. Harrison and Trachmah (1972 (104))
used this approach, assumihg Newtonian response to small
shear rates, to obtain‘gpod correlation with measurements
of effective viscosity by Johnson and Cameron (100). However
Crook (1963 (105)),and Dyson (1970 (106)), have hypothesised

that the o0il was responding to small shear strains as an
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elastic solid. In order to try to ascertain the type of
fluid response to small strain rates, which is the region
where the traction curve is linear, Johnson and Roberts
(1974 (107)) divised a method of differentiating between
viscous (liquid) and elastic (solid) response, when small
amounts of sliding are imposed on a rolling contact. This
was achieved by tilting the axis of one of the discs in
their disc machine and so introducing 'spin' at the contact.
‘A Newtonian fluid will develop shear stresses in proportion
to shear rate, whereas an elastic solid develops sheaf
stresses in proportion to the total shear strain. During
rolling with spin,a viscous liquid will give zero

tractive force’while an e]astic‘solid produces a force at
right angles to the rolling direction. It was concluded

that the lubricant showed a transition from predominantly

viscous to predominantly elastic behaviour, with increasing

pressure at constant temperature. This transition which
also occurred with decreasing temperatUre,at constant
pressure,shows general agreement with predictions of a
simple viscoelastic model based on Maxwell theory. The
suggestion that time dependent viscosity significantly
effects E.H.D. traction measurements was found to be

inconsistent with their observations.

At high shear rates when the traction curve is
non-linear,Smith (1965 (108)), Dyson (106), Johnson and

Cameron (100) postulate the existence of a 1imfting shear
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stress, independant of shear rate, that can be sustained

by the film. This Timiting vé]ue is dependent upon

pressure and temperature. Trachman and Cheng (1972 (109))
have made good predictions of the whole of the traction
curve by assuming a hyperbolic relation between shear
stress and shear rate,based on a limiting shear stress.

They also took into account the effects of a delayed res-

ponse of viscosity to a pressure step.

Lubricant Starvation

The formation of an E.H.D. film in concentrated
contacts is dependent upon there being sufficient oil,
within the entry region, to provide a medium for pressure
build up to occur. If the inlet region is adequately
supplied with 1ubricant;the resulting film thickness is
unaffected by an increase of lubricant supply, and the
contact is 'fully flooded'. If the inlet is inadequately
filled, pressure build upis delayed, and the film thickness
becomes dependent upon the available lubricant supply.
This situation is defined as lubricant 'starvation'.
Conventional solutions to the E.H.D. problem assume that

the pressure build up starts at an'effective1y infinite

distance from the edge of the contact zone. However there

is now considerable experimental evidence to suggest that

this is not always the case in practical situations.
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Booser and Wilcock (1953 (110)) conducted
experiments with ball bearings lubricated with minute
quantjties of oil. Their results showed that bearing
1ife varied exponentially with the amount of 0il present.
They also found that 1ife was related to the rate at which
0il1 was lost from the bearing, this being dependent upon
viscosity and surface tension. This was a clear indication
that these bearings were running under starved conditions.
" Gyroscope bearings contain a minimum of Tubricant to
minimize both lubricant and rpto% ma;s shifts. Horsch
{1963 (111)) has shown that these bearings typically run
on a film thickness of the order of 10 pin. Small
quantities of 0i1 added to the bearing resulted in large
increases in film thickness, demonstrating that the

bearing was running starved.

Wymer (1974 (81)),who found great difficulty in
avoiding starvation while making optical measurements with
a single roller thrust bearing,states: 'it is very likely
that almost every commercial roller bearing must run

heavily starved'.

The theoretical approach to the problem initially
considered the effect of reduced inlet position (where
p = 0) on the load carrying capacity of rigid surfaées.
Such a solution is given by Floberg (1961 (112)), Dowson
and Whitaker (1965 (37)), Boness (1966 (113)), Dowson and
Whomes (1966 (114)). These results show that the
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iniet boundary position is not significant until 1£ is
very close to the line of centres. Fein and Kreutz

{1967 (115)) considered starved E.H.D. lubrication of a
hemispherical asperity model, and showed that the majority
of pressure build up occurred within a distance of the

#Hertzian flat,equal to:

2
3(Rhy)
al/s

Orcutt and Cheng (1966 (116) produced a solution for
starved E.H.D. 1ine contact. The effect of inlet boundary
on film thickness,was deduced for a particular load and

speed.

Lauder (1965 (117)) attempted to explain his low
experimental film thickness results by proposing that
p = o where the fluid velocity and velocity gradient are

zero ie. u = %g = 0. This is represented by a point in
z

mid-film ,upstream of which fluid flows backwards relative
to the Hertzian region. Wedeven (1970 (69)) calculates
that in pure rolling this point occurs when h/ho = 3. His
experimental results show that when the inlet bbundar}
reaches this point,the film thickness has already been
reduced by about 22%. Starvation was seen to occur for
inlet boundary locations downstream of the point at which
h/h0 = 9., Thus pressure build up, essential for estab-

lishment of flooded conditions, takes place over a region
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where there is fluid backflow.

Tipei (1968 (118)) suggests that counter-flow
in the inlet leads to formation of two bounded vortices
{see figure 2.8), and that a Tine drawn through the centre.
of these defines the location where p = 0. He calculates
this to occur at h/ho = 9. Wedeven, on the basis of his
experimental findings, chooses this as a criterion for the
-onset of starvation, but suggesfs that p = o at the point
where the fluid film completely fills the gap between the
bounding surfaces. The point at which h/ho = 9 was shown
to occur at a distance from the edge of the Hertzian
contact equal to:

2/3
.3.52 (Rhy )
 al/s

This is in very close agreement with the statement of Fein
and Kreutz. Wedeven, Evans and Cameron (1970 (47)) have
produced the following semi-empirical formula to represent

their results for starved point contact:

Ho*

3 0.714 -0.048
1.73Ks [—"Rﬂﬁ] [EﬂRz]

whgre.KS _ [é% [2 _-g%}]é



Figure 2.8 Flow spectrum in the inlet region

(after Tipei (118))
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S is the inlet boundary distance’and S¢g is the minimum
inlet distance necessary to obtain flooded concditions.

It was noted, from the optical experiments, that excess
Jubricant was frequently found at the sides of the track.
Hedeven et al. proposed that these areas were acting as
reservoirs, from which lubricant cou}d flow into the inlet
by the action of surface tenﬁion. They concluded that
~the consequences of starvation are not all detrimental,

as it also has the effect of reducing rolling friction and

increasing traction.

Wolveridge, Baglin and Archard (1970 (119)) have
produced ﬁ semi-aha]ytica] solution for the starved
lubrication of cylinders in line contact. \Under E.H.D.
conditions 'Grubin' type aSsumptions were made. Th}s
solution enables g, the ratio of actual film thickness
h to ff]m thickness under fully flooded conditions hw'. s

to be calculated from the value of vi, the inlet boundary

parameter defined as:

__b¥Xi
(2Rhe)"?

¥

. (2.10)

Excellent agreement was foupd with the earlier result of

Orcutt and Cheng.

Wymer (1974 (81)) has made optical measurements,
similar to those of Wedeven, of the effect of inlet

boundary position on film thickness in line contact. To
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represent his results he derived the following empirical

relation:

%ar; tan [1.37 [wg]z] . (2.12)

w
\

This relationship is shown by figure 2.9 together with the
theory of Wolveridge et al. 7There is excellent agreement,
except at low values of the inlet distance parameter. Wymer
“has shown that even at zero inlet distance,fiTm formation

is still possible.

A full solution to the problem of starved E.H.D.
line contact has been presented by Castle and Dowson
(1972 (120)). Figure 2.10 shows typical E.H.D. film
shapes and pressure distributions for starved lubrication
conditions. The variation of film thickness ratio g
against starvation parameter Y;, obtained for the full
solution ,were plotted for comparison with the results of
Wolveridge et al. The exceptionally good agreement
provided confirmation of the validity of the 'Grubin type'
approach. An important observation made in fhié paper is
that partial starvation of an E.H.D. contact can resu]t
in a significant‘decrease in ro]]ing friction, with onfy
a small reduction in film thickness. Archard and Baglin
(1974 (121)) have presented a broad semi-analytic treat-
ment of frictional tractions in starved E.H.D. 1ubrﬁcation.

They too find that mild starvation can markedly reduce
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rolling friction, with negligible influence upon film
thickness. However sliding friction, which is more
dependent upon film thickness, is only markedly affected

by severe starvation.

In order to explain the long ;erm decay in film
thickness that occurs in gyro bearings after an oil Jjog,
Kingsbury (1972 (122)) has proposed a flow model in which

_the o0il is gradually pumped out of the track,by cross flow
occurring within the high pressure Hertzian region.
Considering a particular gyro bearing funning with no
0il1 inflow, he calculates that it will take approximately
280 hours to pump all the oil out of a contact initially
20x1076 in. thick and under a load of 100,000 1bs/in.

He concludes that this type of calculation predicts

- bearing lifes of the same order as is eﬁperienced in

retainerless bearings, which have no provision for oil

recirculation.

Empirical and theoretica}lequations can accurately
predict the film thickness in starved contacts, if the
inlet boundary location is known. In a practical situation
this is unlikely to be the case. Chiu (1974 (123)) has
recently developed a theory to predict the occurrence, and
effect of starvation in point contact. This theory does
not rely on meniscus location as an input parameter, but
on a knowledge of the oii/éir surface tension and rolling

element spacing. Chiu proposes that in a rolling element
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bearing,the passage of a contact creates a depression in
the fluid layer on the track surface. 1In betwe=n contacts
0il is drawn in from the track edges due to the surface
tension gradient in the depression. The degree of oil
replenishment, which controls the upstream fluid layer
thickness and hence position of the inlet boundary, is
dependent upon the time between successive contacts, the
fluid viscosity and the surface tension of the liquid/air
interface. The graph obtained by Chiu, shown in Tfigure

2.11, illustrates the relation between plateau film thickness

speed, and a parameter dependent upon the oi]/air‘%urface

tension and rolling element spacing. Also shown are
experimental measurements of film thicknéss,made using a
simple optical rig. Good correlation with theory was
obtained. However the rig only allowed for operation

with one ball. Two o0ils were tested, only one of which
showed the drop in film thickness predicted by his theory.
vKingébury (124) has observed fringes in the oil film at
the track edges of a ball bearing. Since these are seen
to be unchanged by many ball passes he concluded that there
is no 0il rebound. Chiu's findings are not consisteﬁt
with those of Ziegler (1972 (125)l who has made film
4thicknes§ measurements in ball bearings, for various ball
comp]ements.' Ziegler's measurements showed that for a
given lubricant 1eve1’thicker films were generated with

a six ball complement than with a three ball complement,

although power stability was not so good.
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Of relevance to starvation is the quantity of
0il1 that can be carried by the bearing surfaces. Smart
and Ford (1974 (126)) have developed a fluorescence
-techniqué of measuring thin films adhering to the
surfaceg. A typical gas turbine lubricant applied to a
race spinning at 10,000 R.P.M., resulted in a mean equil-
ibrium'thickness of 40 win. This, they conclude, would
baﬁe]y supply enough lubricant to maintain a contact film

thickness sufficient to separate the surface roughnesses.

Recently Dowson (1974 (127)) has made capacitance
measurements of film thickness in-a disc maching running
under starved conditions. He suggests that, in circum-
stances where the initial supply of lubricant is not
supplemented during running, the inlet boundary adopts
the position of the 'zero reverse flow condition'. This
is the point where u = g% = 0, originally suggested by
Lauder (117) as the start of the inlet pressure build up.
Visual studies of the disposition and migration of the
lubricant within the inlet region, were made using a
photo-luminescence technique. This revealed that large
side bands of lubricant were formed at the track edges.

"It was proposed that these bands provide lubricant fof the
conjunction, or accept excess fluid in order to conform
wjth the 'zero reverse flow conditijon', under changing

conditions of load and speed.
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Wedeven (1975 (128)) has now made traction
measurements for a.point contact under starved E.H.D.
conditions. In all cases a starved film was observed to
produce greater traction, than the corresponding flooded
film, for the same slide roll ratio. Under conditions
of severe starvation and iow shear rate, traction was
lower than expected.. It was suggested that thé high shear
st}esses, produced by the large pressure gradient within
the inlet region, may influence the traction developed in

the Hertzian region.

The Lubrication of Rolling Element Bearings

0i1 Film Measurements.

The majority of measurements, made in actual
bearings, have been obtained using the electrical resist-
ance technique. -Although this does not allow actual film
thickness measurement, it immediately shows whether the
bearing is operating under conditions of hydrodynamic
Tubrication. Also the degree of metallic contact can be"

‘monitored.

Garnell and Higginson (1965 (129)) have made
electrical resistance measurements in a roller bearing.
Theoretical film thicknesses were calculated from E.H.L.
theory and compared to resistance values obtained at

various loads and speeds. This showed that as soon as
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the theoretical film thickness exceeded the combined
c.l.a. surface roughness values of roller and track, the
resistance rose sharply, indicating the start‘of hydro-
dynamic lubrication. When thé film thickness exceeds the
peak-to-valley roughnesses there is virtually complete
fluid film lubrication. Torque measurements were also
made,and it was shown that viscous rolling friction makes
a iarge contribution to the total torque. In a contin-
yation of this work,Garne11‘(1966 (130)) makes the
observation that zero resistance is never observed when
the theoretical film thickness exceeds about three-
quarters of the sum of the c.l.a. roughnesses. He
concludes that there can be Tittle actual metal-to-metal
contact,and asperities are in general separated by thin

films at least a few molecules thick.

Horsch (1963 (111)) made simultaneous measure-
ments of capacitance and electrical resistance between
the inner and outer faces of a gyro bearing. He also
measured the change in axial dimension between the loaded
faces, using a linear variable differential transformer,
as well as monitoring the torque. From these measuremenfs
vHorsch demonstrated that it was possible to run gyro |
bearings on a full film,with less than 0.1 milligrams of
lubricant.- Positional 1nstabi1itiés such as jogs were
seen to be caused by film thickness chénges. Important
observations concerning starvation were made (see section

2.4).
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The feasibility of using evaporated transducers
for film thickness measurements in an actual bearing, has
been demonstrated by Kannel, Bell, Walowit and Allen
(1968 (131)). Using a manganin transducer they made
pressure measurements in an 85 mm. angular contact ball
bearing. It was concluded that the pressure distribution

‘does not depend significantly upon the lubricant type.

A direct displacement technique,using a distance
transducen was applied to a taper roller thrust bearing
by Grafton (1968 (132)). However this was more success-
fully applied byAdones and Crease (1969 (133)) who
obtained good correlation with the theory of Dowson and
Higginson. Meyer and Wilson (1971 (134)) have developed
a method, using a strain gauge, to measure film thickness
in a preloaded bearing. The strain gauge was attached
to the outer race of a three ball preloaded instrument
bearing. The inifia] interference can be measured by
noting the change in strain, as the balls roll around the
raceway - in the absence of lubricant. Lubricant is then
added and strain readings taken, at the desired load and
- speed, to determine the new effective interference. The
‘results showed good agreement with theory for diester
Tubricants, but at high speeds the film thickness produced
by paraffinic lubricants was considefab]y lower than

predicted.
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Ziegler (1972 (125)) has made direct measurement
of axial displacement in gyro bearings. Film thickness
and torque stability were investigated for various ball
configurations and lubricants, at minute flow rate.

It was concluded that many instrument bearings must

actually operate under starved conditions,with films a

small fraction of that predicted by E.H.D. theory. Under
~ these conditions the film thickness is merely dependent

‘upon the amount of o0il in the bearing track.

The resistance technique has been applied by
0'Brien and Taylor (1973 (135)) to assess the contact
conditions during a study of cage s]%p in roller bearings.
An interesting observation was that, during a period of
six hours after cut off of lubricant supply, cage slip
decreased and percentage metallic contact also decreased.
This was explained in terms of a reduction in heat
generation, due to churning and shear, causing an increase

in lubricant viscosity.

The application of the optical interferometry
technique to measurement of o0il film thickness in actha]
‘bearings is not easy. One of the races, or part of a race
has to be optically transparent. Glass is usually used,
but is not suitable for high loads. Sapphire, which can
withstand very high pressures, is difficult to machine and
po]ish; To simulate the kinematics of an actual bearing,

it is necessary to allow the cage to rotate, therefore
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the interference fringes must be observed stroboscopically.

Wedeven (1970.(69)) has observed interference
fringes stroboscopically, for a thrust bearing assembly
§n which the upper race was made of glass. The effect
of ball spin, caused by gyroscopic forces, was noted. Taper
rollers were also used in the same rig, but loads were
low for a line contact situation. Severe constrictions

~at the roller ends were noted.

Bahadoran and Gohar (1974 (136, 137)) have made
optical film thickness measurements through the glass
outer race of a cylindrical roller bearing, containing
four rollers. However the bearing was operated in a
counter-rotation mode (the cage is held stationary while
inner and outer races rotate in opposite directions).
Speeds and loads were low in comparison to typical values
encountered in normal bearings. Starvation was seen to
occur when only a light o0il smear was applied to the
outer race. Except at very small inlet diétances the
relation between film thickness and the inlet boundary
position, was in extremely good agreement with the theory
of Wolveridge, Baglin and Archard (119). It was noted
‘that the inlet meniscus was often larger at the roller
ends, than at the contact centre. This was attributed
to an oil-replenishment action similar to that observed
by Chiu (123). Bahadoran (136) has made film thickness

measurements using crowned rollers to obtain elliptical
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contacts, and also has investigated the effect of edge

blending on the side constriction..

2.5.2 Effect of Film Thickness on Fatigue Life.

It has long been understood that lubricant films
can prevent metallic contact in highly stresseﬁ components,
suéh as gears and bearingss; however it was not until the

advent of E.H.D. theory that the actual film thickness

could be accurately calculated, and related to such factors

as fatigue life.

Dawson (1962 (138)) studied the effect of
metallic contact on the pitting of lubricated rolling
surfaces, using a disc machine. He plotted the number of
revolutions to pit, against the total initial surface
roughness, and obtained 'a straight line usingllbg—fog‘axeé.
This 1iné was seen to be of the same slope as that
obtained by p]otting revolutions to pit, against oil film
thickness, calculated from Crook's measurements. He
concluded that 1ncreésing the 0oil film thickness had the
same effect as reducing surface roughness. He therefqre‘
proposed the following dimensionless ratio to determine

pitting behaviour:

D = Total initial surface roughness of both discs

/ 0il fiTm thickness
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Dawson noted that when the calculated film thickness was
several times greater than the total surface roughness,
_pitting still occurred at the extreme track edges. This,
he suggested, was caused by side leakage from the contact
area causing a drop in film thickness at the edges. By
rounding the disc edges he was able to prevent

pitting. He concludes that, in the complete absence of

metallic contact, pitting does not occur at all.

Radio-isotope techniques haye been used by
Lawrence and Schmidt (1962 (139))Ato investigate surface
contact in rolling element bearings. They found that
regions of maximum material transfer occurred at the roller
ends. Under conditions of an uninterrupted film there

appeared to be no material removal.

Tallian et al. have carried out extensive research
concerning the failure of lubricated rolling contacts,
(1964 (140)), (1965 (141, 142)), (1967 (143, 144)). A
rolling four ball test configuration was used, and elect-
rical conductivity measurements made. Predictions of
contact time fractions énd contact frequencies, based on
ball surface profiles, agreed well with experimental
results. Wear rate was monitored by a radio tracer
technique and shown to be closely related to the'ambunt
of metallic contact. A dimensﬁon]ess ratio, similar to

that .used by Dawson, is defined as:
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Mean film thickness
Composite R.M.S. roughness of the surface

"This parameter was found to have great influence on the wear
rate and fatigue life of the balls. Figure 2.12 shows

the relation obtained between ¢ ,and 1ife to spalling
{sub-surface) fatigue failure. Tallian (143) describes

the transition from partial E.H.D. Tubrication to

bodndary lubrication,as occurring when ¢& 2. In this
‘region,substantial forces are transmitted through the
asperities. When ¢ >2,the majorify of the load is carried

by the E.H.D. film, asperity contact is isolated, and wear

is extremely small.

Harris (1966 (145)), Given'(1966 (146)),and

Danner (1970 (147)),have also published results re]at{ng
fatique 1ife,with the ratio of film thickness to composite
surface roughness. Enddrance tests have been made on
roller béarings by Skurka (1970 (148)). Surface finish,
shaft speed, 1ubricént viscosity and lubricant temperature,
were varied. The ratio of test Pife to calculated life,
was plotted against the ratio of E.H.D. ]ubricaﬁt film

thickness to the composite rolling contact surface finish.

The graph he obtained showed a dramatic increase in 1ife ‘

lubrication conditions.

Popinceanu et al. (1972 (149)) have made fatigue

tests,coupled with 'electrical resistance measurements on
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mineral oil lubricated ball bearings. It appeared from
these tests that there is an optimum viscosity that ensures
‘maximum rolling contact fatigue life. This optimum
viséosity increases with increasing load,and decreases
with increasing speed. It is shown that the optimum
viscosity is slightly higher than that required to produce:
a film, Suf%fciehtifdmjust separate the total roughnesses
~of ball and raceway, as calculated from E.H.D. theory.
Values of optimum viscosity obtained from the electrical
resistance tests,were consistent]& higher than those
obtained from the theoretical predictions, and 1ife tests.
This was attributed to a difference in temperature measure-
ment technique,between the two tests. It was concluded
that the reduction of fatigue life, when optimum viscosity
is exceeded, could be caused by starvation effects or by
thermal effects, both of which can lead to a drop in film
thickness below that necessary to separate the surface
roughness. Similar behaviour had been observed earlier
by Appeldoorn and Royle (1965 (150)), using a four ball
tester to fatigue test Ceramic balls, and also by McCool

(1971 (151)).

The effect of E.H.L. on pressure distribution
and maximum sub-surface shear stress,has beenvextensively
investigated by Kannel and co-workers. A review of this
work is given in (1967(152)) Iﬁ.pure rolling, the sub-surféce
stress level is shown to be not greatly different from that

occurring in a static condition. However Diaconescu
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(1975 (153)) has shown that, when sliding occurs, traction
forces and asperity contact can have a significent effect
on sub-surface stresses,which greatly alter fatique life.
He has made theoretical predictions of fatigue 1ife which
are in extremely good agreement with his experimental
results. | o

5

Partial E.H.L., asperity contact and the possib-
ilities of micro-E.H.L.,are extremely complex subjects
which, although re]evant‘to some bearing situations, are
considered to be beyond the-scope 60f this review. The
fheory of partial E.H.L. has been extensively reviewed by
Tallian (1972 (154)). Archard (1973 (155)) discusses the

application of E.H.L. theory to real surfaces.

Cage and Roller Motion in High Speed Roller Bearings.

In general,temperatures of high speed rolling
element bearings cen be kept to a minimum by jet feed of
large quantities of 0il. Provided there is adequate
scavenge arrangements on both sides of the bearing, the
temperature can be reduced by increasing the oil flow rate
This has been observed by investigators in references
(1952 (156, 157)), (1970 (158)). The number of o0il Jets
and the necessary location to ensure optimum cooling,is
discussed by Murteza (1958 (159)),and by Macks, Nemeth and
Anderson (157).
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Dowson and Higginson (1963 (160)) have shown
that the cage motion in bearings oberating in the E.H.D.
regime,will be essentially epicyclic, whereas large amounts
of s1ip can be expected in lightly loaded bearings. This
has been confirmed experimentally by Garnell and Higginson
(1965 (129)). However even with the cage turning at
epicyclic speed,there may be considerable variation of
roller speed around the track of a cylindrical roller
bearing. This is shown to be the case by Iida and Igarashi
(1959 (161)),particularily for large clearance bearings
running at slow speeds. These rapid accelerations, that
occur at the load zone.inlet can give fise to 'Skid mark
damage' (143). Tests conducted by Smith (1962 (162)) with
Tightly loaded high speed roller bearings, such as those in
an aircraft gas turbine, indicate that slip is often
considerable. Although this may not be detrimental, slip
can often result in unstable operation, and lead to excessive
wear. Boness (1969 (163)), (1970 (164)), has made an
extensive experimental and theoretical study of cage and
roller motion. The theoretical work covers the regime of
rigid bearing surfaces Tubricated by a compressible fluid,
~ having pressure-viscosity dependence. Predictions of cage
slip based on the assumption of an infinite inlet boundary,
were higher than experimental results. However by using
the boundary condition of Lauder (see Section 2.4) he was
able to accurately predict cage slip. Boness has shown

that oil supply can have a significant effect upon cage
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slip. He predicts theoretically that if the inlet boundary

is reduced to the minimum distance required to maintain

hydrodynamic conditions, an increase in cage speed of up

to 75% will result. This is consistent with his experi-
mental results using reduced oil supply, and with recent
experimental work by 0'Brien and Taylor (1975 (135)) and
Hargreaves and Higginson (1975 (165)).

Implications

Lubricant film thickness has been shown to be
an extremely important parameter regarding the life of
bearings. Although there is still much to be learnt
concerning the behaviour of o0il within the actual contact‘

area, film thickness can be accurately predicted from

. E.H.D. theory. That is provided the inlet is adequately

filled with o0il, or the position of the boundary is known.
In practical situations the inlet boundary position is
unknown, and there is evidence that many bearings may run

starved,even when adequate lubricant is present.

The use of optical techniques for experimental
measurements in E.H.L., not only produces a 'contour mab' of
film thickness at every point within the contact, but also
shows the distribution and movement of 01l outside the
contact area. The purpose of this research is firstly to

develop a means whereby the technique can be applied to an
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actual bearing, running under realistic loads and speeds.
Secondly it is to use the technique to gain a greater

understanding of the state of lubrication within the bearing.
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CHAPTER III

THE APPLICATION OF OPTICAL INTERFEROMETRY TO -
MEASUREMENTS IN A ROLLER BEARING

Introduction

The technique of optical intérferometry has, for
many years, been frequently used as a means of precise and
senﬁitive measurement. In 1933 Derjaguin (166) used the
princip]e to investigate the elastic properties of water

films between optically smooth, p1ane and curved glass

- surfaces. The thickness of the film was determined by

observing the Newtonian rings around the point of minimum

distance between the two surfaces.

However it was not until 1962 that interferometry
was used to examine E.H.D. films. Since then the technique
has been considerably refined ,and has provided a very
significant contribution to Tubrication research. Inter-

ferometric measurements are readily applicable to the E.H.D.

'<situation;inIWhich film thicknesses are of the same order

as the wavelength of 1ight. This chapter presents the
basics of optical E.H.L., and shows how the'technique has

been app]ied to make measurements within a roller bearing.
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The Principles of Interferometry

Interference by Division of Amplitude,

| The energy emitted by a point light source can

be considered to be propagated as a series of spherical
expanding wavefronts, the centre of which is the source.
Lines drawn normal to the wavefronts will pass through
'thé centre,and can be considered as rays along which there
is a periodic wave motion. However a 1ight source does
not emit a continuous train of anes, but a succession of
finite length wave trains. There is no fixed phase
relation between successive wave trains, the changes

being completely random. The average length of a wave
train is called the coherence length, and the time taken

by 1ight to travel this distance is the coherence time.
The best monochromatic thermal sources have coherence times
“in the order of 1078 seconds, whereas for a laser, it

can be as great as 1072 seconds.

If two beams from different sources are combined,
interference may take place. However it will be completely
random,éﬁd the intensity of the resulting beam will sjmp]y
be the sum of the two initial intensities. Interference,
that can be observed, will only occur if the two beams
originate from the same source and are coherent. That is
interference is always taking place between two sets of
waves that have originated from the same wavetrain. The

condition for this is that the path difference between
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the two beams should be less than the coherence length

of the source. Constructive interference will take place
when the combining wavetrains are in phase, and the
résu]ting intensity will be greater than that of the sum
of the two separate beams. If the wavetrains are out of
phase, destructive interference occurs, and the resulting
intensity is less than that of the sum of the two

separate beams.

Consider figure 3.1. A ray SA enters a trans-
parent medium of thickness h,and refractive index n. At
the points A, B, C, ... N,a proportion of the 1light is
reflected and the rest is refracted. The rays which
emerge at points A and C have only undergone one reflection,
and are consequently of similar intensity. Rays 3, ... N
| will at first be ignored. At point P, the rays 1 and 2 are
superposed by the lens L. The optical path difference

between the two is given by:
d = 2nh Co%r ... (3.1)

If d is.less than the coherence length of the source,
interference can take place. For very small values of d

the wave trains, meeting at P, will overlap almost over
their entire length. For values of d close to the coherence
length there will be only a small overlap.. Thus the inter-

ference effects become less distinct as d increases.
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The phase difference between the two beams, of

wavelength A, is given by:

where ¢ allows for any phése changes that may occur upon
reflection. Substituting in equation 3.1,fhe phase
difference is given by:

47n h Cos r + ¢

§ = T A, (3.3)

The combining waves will be in phase when 6 = 0, 27, 4w,.

Thus bright fringes are produced when:

4on h Cos r + ¢

2N7 =

where N = 0, 1,2 ...... The combining waves will be out
of phase when & = 7, 3w, 57 .... Thus dark fringes are

produced when:

2(N+3)m = 4mn hACos r + ¢

Wher‘e N = Og ],2
If x,Cos r, and ¢ are constant, the fringes will contour
points of equal thickness. The thickness corresponding

to the Nth bright fringe is therefore:

’

68
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- A N-¢
h 7n Cos r [ T"l ...... (3 4)

Simularly, the Nth dark fringe will occur at a thickness of:

h o= [‘(N + 3) -ZQWJ ceve.. (3.5)

Two Beam Interference,

If the intensity of beams 3 ..... N, (see figure
3.1) is very small compared to that of beahs 1 and 2, they
will have a negligible effect upon the interference
intensity distribution formed by beams 1 and 2. This is
then the situation of two beam interference. The intensity
distribution at point‘P is given by Fresnel's classical
formula:

aaaaa

I = I,+ 1.+ 2/T1 /T2 Cos (6 - ¢) ..... (3.6)

If beams 1 and 2 are of the same intensity then:

1 = 4I, Cos? [6 é ¢] vivi.. (3.7)

Fringe visibility is defined as:

V = Imax - Imin.

Imax + Imin. AR (3.8)
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This 1is really a measure of fringe contrast, and it can
be seen that by satisfying the condition of equal
intensities ensures a maximum fringe visibility of 1.

The resulting intensity distribution can take any value
between zero and 41I,. Thfs is illustrated by figure 3.2.
The condition can be achieved by controlling the surface

reflectivities.

!

3.2.2 Multiple Beam Interference,
If the surfaces 1 and 2 (see figure 3.1) both

have high reflectivity and lTow absorption, tﬁe beams
3 .... Nwill make a significant contribution to the inter-

- ference taking place at P. That is if the lens L is large
enough to collect the mu]tib]e beams. (This is not the
case in figure 3.1). The resulting fringe spacing is the
same as for the two beam situation, but the dark fringes
are considerably sharpened in a reflection system. (When

viewed in transmission the bright fringes are sharpened).

Suppose beams 1 and 2 are exactly out of phase. It follows .

that every beam will be exactly out of phase with its
predecessor,and there will be a dark fringe at P. If there
is now a very small variation of h, there Qi]] be a much
larger change in the phase relation between beams 1 and N,
than between beams 1 and 2. Hence the intensity at P will
rise rapidly for a very small variation in h. For higher

shrface reflectivities there will be more ihterfering
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beams, and the dark fringes will be correspondingly sharper.

The effect of reflectivity variation on intensity
distribution is shown in figure 3.3; Absorption that
occurs at the reflecting surfaces will not effect the
sharpness of the fringes, but will prevent the minimum
intensity from reaching zero,‘and seriously effect fringe
visibility. To achieve multiple beam interference, the
_surfaces should be coated with a highly reflecting film
of minimum absorption. A];o to ensure that the spacing
betwéen beams 1 and N does not become too large, the angle

of incidence should be near normal.

The use of multiple beam interferometry enables

" precise determination of the fringe position and is there-
fore desirable when high degrees of accuracy are required.
The theory of multiple beam interferometry is extensively

discussed by Tolansky (167).

3.2.4 White Light Interference,
A whife light source can be considered as a large
number of monochromatic sources, each of which contributes
" a system of fringes corresponding to its particular wave-
length. For each of these systems, the change in thickness

between successive maxima is given by equation 3.4:

-Ah

]
—
w
(L]
~

n OSr ......
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Thus if a thin wedge is observed, the red bands will be
wider than the blue bands _and colour blending will occur.
When a maximum from one set of fringés corresponds with
a minimum from another, it is Tikely that one colour will
predominate. The resulting fringe pattern is seen to
consist of a series of coloured bands following a definite
sequence. As the thickness is increased, the spacing of
the sequence is reduced until at an optical thickness of
“about 15,000 R it varies so rapid]yvthat only white 1light
is seen. This places an upper limit of about 40 uin. for
oil film thickness measurement, which is below that found
in many E.H.D. situations. (White of higher order can be

resolved by a spectroscope).

However there are several advantages to be gained
from the use of white 1ight. A small variation in thickness
h may nof be sufficient to produce a change from a dark
fringe to a light fringe, or vice-versa, wheh monochromatic
light is used. However, when using white 1ight, this small
variation can produce a marked colour change. Thus it is
possible to detect smaller changes in thickness and

hence film shape with the white light system.

‘Another important consideration is that of fringe
order. A monochromatic source will form a.sequence of
1ight and dark fringes. It is possible to calculate the
optical film thickness cdrresponding to a particular

fringe only if the wavelength and the fringe order is known.
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The sequence of coloured fringes, formed by a white 1light
source,are not equally spaced for a constantly *“arying
fi1lm thickness. Thus the various colours must be related

to the optical film thickness, by calibration. However,

once this has been performed, the optical film thickness

corresponding to a particular colour is immediately known.

Furthermore it is possible to determine whether the film

thickness is increasing or decreasing; this cannot be easily

resolved when a monochromatic source is used.

Technique of Optical Measurements in E.H.L.

Figure 3.4 illustrates the basic interferometric

"set up used for film thickness measurement in the E.H.D.

contact, formed by loading together a transparent race and
a steel ball or roller. The transparent race is usually

made of glass _as this is inexpensive and easy to polish.

However maximum pressures are limited to about 100,000 p.s.i.

The use of synthetic sapphire, which has a very high ‘
Young's modd1us, enables pressures of at least 250,000 p.s.1i.
to be generated. This is more typical of the ’ -
pressures encountered in an E.H.D. situation. The disad-
vantage of sapphire is that it is far more expensive, and

very much more difficult to polish, than QTass.

The diameter or width of the Hertzian contact
area,will typically be about .01 in. This necessitates

the use of a microscope to view the interference fringes.
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Figure 3.3 Variation of intensity with reflectivity for
multiple beam interference.
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Figure 3.4 Basic interferometric system for measurements
in E.H.D. contacts.
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" A magnification of about 50X will enable observation of
both the Hertzian region and the lubricant inlet boundary;
In order to obtain near normal incidence the axis of the
illuminating cone is arranged to be coincident with the
microscope axis. This 1is échieved by use of a semi-
reflecting mirror. The mirror is usually positioned
above the objective lens, to give maximum clearance between

the microscope and the transparent raceway.

To investigate E.H.D. films generated in pure
sliding, either the ball or raceway is held stationary,
whilst the other is rotated. Pﬁre rolling can be invest-
igated by allowing the glass plate to revolve in one

direction,whilst the race that supports the ball or roller,
-revolves in the opposite direction. In this way, the
rolling element can be kept continuously under the field

of view.

As the maximum angle of incidence is small, it
follows that Cos r = 1. Referring to equations 3.4 and

3.5,bright fringes will be formed when:

h ={H[N-éﬂ“] .. (3.10)

and dark fringes when:

h = }n[(ru%) - 29“] . (3.11)
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Since the film is illuminated by a cone of rays,
the effect of non-normal incidence will be a slight
broadening of the fringes either side of the fringe centre.
For a fringe directly undef the axis of illumination, the
fringe centre will be unchanged. Fringes either side of
the axis will be very slightly displaced to positions of
greater film thickness. This increase in thickness, for
varying angles of incidence,can\be calculated from equation
3.4. An angle of incidence of 8%, such as might occur at
the edge of the field of view, will result in an increase
of thickness of about .4%. This shift can therefore be

neglected.

Figure 3.4 shows a ray diagram for a point source
at S. Interference occurs at P, where the interfering
beams have been superposed by the objective lens L. There-
fore the fringes are not localized. However all sources
have a finite size,and each point in the source produces
fts own fringe system. A point at the edge of the source
will emit a cone of rays, the axis of which will now not
be coincident with the axis of the microscope. The effect
is that all the fringe systems will only coincide within
the film itself, and it is in this plane that the aggrégate
fringe system is localized. The microscope must therefore
be focused on this plane. The extended source will also
lead to a greater range of incidence angle. The integrated
effect of an extended source is a fringe broadening, and

a slight reduction in fringe visibility. For thickness
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- measurements of a normal E.H.D. film these effects are

insignificant.

far more 1mportant‘than the reduction of visibility
and fringe broadening,caused by an extended source and
non-normal incidence, is the consideration of intensity
of illumination. A very small source will not be of
sufficient intensity to provide adequate illumination.
It is also desirable to use non-normal incidence to concen-

trate the light over the microscope field of view.

The first successful use of interferometry for
meaéﬁrement of film thickness in E.H.D. contacts,was
reported by Gohar and Cameron (59, 60, 61). The system
shown in figure 3.4 was used with a steel ball sliding on
a high refractive index (1.93) glass disc. Since no
surface coatings were used the reflection coefficient at

.4the boundary of two non-absorbing isotropic media, such as

glass and oil, is given by:

2
_ I’l] - n2
R = [’ﬁT—T"—z] ..... . (3.12)

The refractive index of o0il under a pressure of 50,000 p.s.i.
is approximately 1.6, and the refiectivity-of the ball was
probably about 50%. Thus the intensity of the first two
interfering beams will be about .01 and .48 respectively.

Fringe visibility was therefore very low.
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Foord et al. (65, 66, 67) produced two beam
fringes of very high visibility, by vapour depositing a
semi-ref]écting layer of chromium on the lower surface
of the glass plate. The reflectivety of the coating is
dependent upon the thickness, and it was found that a
thickness of 1508 gave a reflectivity of about 15% at
glass/chromium/0il interface. The steel ball had a
reflectivity of about 58% in oil. Interferencé will only
"effectively occur between the ffrst two beams, as the high
absorption in the chromium film (30%) quickly suppresses
muitip]e reflections. Fof these values, the intensities
of the first two beams are .15 and .176 respectively.
The intensities of these two beams are nearly equal and
"~ the resulting fringe visibility is .996. The system was
"~ further improved by the épp]ication of a magnesium
flouride anti-reflection coating to the upper surface of
the glass race. Thus uneccessary reflection, that lowers

image intensity and fringe visibility, is reduced.

This is then the basis of the system as used by
Wedeven et al. (68,69),and Wymer (80, 81), for point and
line contact studies. A problem associated with the use of
metallic coatings, such as chromium, is that the phase
change upon reflection at the'coating,is unknown. There
are two metallic reflections in the interferometer, one
from the coating,and the other from the opaque steel
surface of the ball or roller. The phase change that

occurs at an opaque metal surface is very close to w.



However in a semi-reflecting film the phase change can
be critically dependent upon the conditions under which
the film was deposited. Thus set ups using a chromium

coating must be independently calibrated.

Westlake and Camgron (72-76) used quarter wave-
length die]ectric'coatings for the semi-reflecting layer.
For dielectric materials, reflection from a rare to dense
_médium produces a phase éhange of . From dense to rare

dielectrics, there is no phase change. Al1l the phase

changes were known,and therefore calibration unneccessary.

As thefe was no absorption in the dielectric coating,
multiple beam interference took place. When the ball is
in contact with the glass plate, all beams emerging from
"tﬁe coating after reflection at the steel surface,will be
exactly out of phase by even multiples of =, with the
beam initially reflected from the upper surface of the

coating. Thus the contact area will be black,when .

dielectric coatings are used and there is no spacer layer.

-From equations 3.10 and 3.11, the film thickness is now
given by the following simple relations:

For bright fringes, N = 1, 2, 3

o
ho= g (N REETRRRS (3.12)
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For dark fringes, N

ho= A N e (3.13)

Westlake and Cameron produced coatings with
reflectivities as high as 97%. This was achievéd by

using dielectric stacks of alternate-high and low

refractive indices. The two materials used,were titanium

dioxide (refractive index = 2.9), and magnesium fluoride
(refractive index = 1.38). The use of a laser gave an
intense monochromatic source,and very fine multiple beam
fringes were produced. An example of these is shown by

figure 3.5.

The Insertion of Sapphire Windows into the Bearing Races

Preliminary Considerations,

The technique of optical interferometry cannot
be directly applied to an actual bearingswithout a means
of optical access. Previous studies have either used a
g]ass or a small sapphire plate,in a thrust bearing
arrangement. A complete glass ring has also been used
(137) as the outer race of a cylindrical roller bearing.
Sapphire is preferable as it can withstand pressures
that are typical of a relatively highly loaded E.H.D.

system, and it is also extremely wear resistant. It is
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Figure 3.5 Multiple beam fringes in optical E.H.D.
(after Westlake and Cameron (77))
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therefore far more suitable for use in a real bearing,
where the frequency of rolling element passes over each
point of the racewa% will be far greater than that

encountered in the usual optical arrangement.

It is possible to manufacture a complete ring
of sapphire, but this is extremely expensive. A 4.7 in.
diameter ring of .9 in. width,would be required to make
»thé outer race of the bearing used in this study. The
cost of this would be prohibitive. It was therefdré
proposed to make interferometric heasurements through
sapphire windows,positioned in the bearing tracks. Once
developed, this window technique will extend the appli-
cation of optica] E.H.L. to far more realistic situations,

than have hitherto been examined.

The Bearings for Optical Study.

Two bearings were selected, both of the same
external dimensions (bore = 65 mm.). These were standard
bearings.supp1ied by Ransome, Hoffmann and Pollard. The
LRJ65 has a lipped inner race, a plane outer race, 16
rollers pf 9/16'1n. diameter, and a brass cage which is
located on the inner race. This bearing is shown in
figure 3.6,which illustrates the sapﬁhire window subse-
quently inserted in the outer race. The LLRJ65 has a
lipped outer race, a plane inner race, 17 rollers of %in.

diametenn and a brass cage which is located on the outer



Figue 3.6 Test bearing for optical study of the outer race.
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-Figure 3.7 Test bearing for optical study of the inner race.
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race. A sapphire window was inserted in the inner race of
this bearing. The bearing with the window in situ is illust-
rated in figure 3.7. Dimensions of the bearings are given

in Appendix I.

Simultaneous measurements at the inner and outer
race contacts are not possible unless two separate optical
set ups are used. Since this was out of the question,
different bearings were chosen for inner and outer race
investigations, in order that each window could be inserted

in a plane ring.

3.4.3 Design of the Window,
The design of the sapphire windows was based on the
following criterion:
(a) They must be large enough to allow a field of view
of at Teast ten Hertz widths,
(b) They must be capable of withstanding the applied load.
(c) There must be a smooth transition as the rollers roll

onto the sapphire.

Sapphire has a high compressive strength (300,000
p.s.i.),and a relatively low tensile strength (modulus of
rupture = 60,000 p.s.i.). Therefore for maximum load
carrying capacity, it is desirable to minimise tensile stresses.
This could be achieved by using windows as shown in figure

3.8. The size of this type of window could also be kept to
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a minimum to just satisfy the first criterion, (about ]/8
inch). It can be argued that the smaller the wirdow, the
more closely the system represents that of steel-to-steel
contact. However, there is a large difference in modulus
of elasticity between sapphire and steel (see Appendix 2),
-and the taper is in the wrong direction to satisfy criterion
(c). There will be a very sharp transition from the steel
to the sapphire, which will become increasingly severe with

increasing load.

1t was considered desirable to have a large
window the whole way across»the race, for several reasons.
Firstly the 1oéd distribution wf]] be uniform along the
length of the roller, and the contact can be considered as
one between sapphire and steel. With a small window, the
load will be unevenly distributed between the sapphire and
the steel. Also if it is slightly proud of the track surface,
moderately low loads will produce excessive stresses in the
sapphire/steel part of the contact, whilst stresses in the

steel/steel part of the contact will be very low.

Secondly a large window will allow any disturbance
created at the sapphire/steel interface, to 'die down before

measurements are made.

The third reason in favour of a large window,
which covers the whole width of the track,is that it allows
" both ends of the rollers to be examined. This is an important

consideration as it is at the ends that conditions of
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Jubrication are likely to be most severe. Also it is at
the track sides that any lubricant replenishment effects

are most likely to be observed.

The shock in the transition from the steel to
sapphire can be minimized by placing the insert in a 'dove-
tailed' slot. The load is thén progressively taken by the
sapphire as the roller rolls onto the window. This type of
window demands that the sapphire.is inserted from the side
of the track and necessitates a separate viewing slot. The
thickness of sapphire is therefore limited by the size of
slot that can be machined in the bearing race,without
affecting its overall rigidity. In this configuration
tensile stresses are produced in the sapphire when the insert
is loaded. As the insert:will be thin, its failure load

must be considered.

The windows designed in light of the above
considerations,are shown in figures 3.9 and 3.10. Simple
beam theory was used tocalculate approximately the maximum
permissible load. The window was assumed to be a beam
built in at both'ends, and the modulus of rupture for
sapphire was taken to be 55x103 p.s.i. (This is the lowest
value quoted by the manufacturer of synthetic sapphire).
This type of analysis predicts failure . at a roller load of
40001bs. Using a safety factor of two, the maximum hertz
width that can be permitted at the outer race contacts is

.015 in. This corresponds to a peak Hertz pressure of about
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Section on AA

Figure 3.9 Sapphire window inserted in the inner
race.

Figure 3.10 Sapphire window inserted in the outer
race.
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290,000 p.s.i. For the inner race, with the sapphire insert,
the maximum Hertz width permitted is .013 in. corresponding
to a peak Hertz pressure of 380,000 p.s.i. The Hertz width
can be measured optically, through the sapphire windows.

Thus it can be ensured that these limits are not exceeded.
The windows are therefore capable of withstanding loads far
greater than that required for operation within the E.H.D.

regime.

3.4.4 Preparing the Races,

Several methods of surface treatment were considered
as a means of matching the hardness, and modulus of elasticity
of the surface,with the corresponding values for sapphire.
(The physical properties of sapphire are given in Appendix 2).
I1f the hardness can be matched it is 1ikely that the two
materials will wear at an equal rate during polishing. If

- the modulii can be matched,there will be a smooth transition

as the rollers roll onto the sapphire.

Materials such as aluminium oxide, chromic oxide,
tungsten carbide, can be plasma sprayed to substantial
thickness. However the physical properties of these coatings
are very different to those of the pure material. None of
these coatings have a modulus,or hardness as high as that of
sapphire,and were not further investigated. Boronising
and Spark hardening are both techniques in which it is

claimed the surface is actually penetrated,as well as a layer
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of mater{a1 being built up on the surface. These techniques
were actually applied to a bearing surface. Boronizing

is analogous to carburising and nitriding, and is the
diffusion of boron into the surface of a metal. Spark
hardening is a technique by which tungsten carbide is
transfered to the substrate,in a spark discharge from a
tungsten carbide electrode. Micro-hardness tests, conducted
on the specimens at several depths, revealed that these

hardening techniques were not suitable for bearing steel.

It was therefore decided-to attempt to fit the
windows in standard untreated races. The bearing rings
used had unground tracks,giving an adequate allowance of
.01 in. for material removal during blending of the sapphire
to the track. Slots were spark eroded in the bearing races
using electrodes made of 'Elkonite'. This is a mixture of
tungsten and copper,and has good wear characteristics when
used for spark erosion. The electrodes were made very much
longer than the length of the slots. Tapers produced by
electrode wear, could then be minimized by moviné the whole
length of the electrode through the slot. The viewing slot
was the minimum size necessary to view a width, approximately

equal to ten Hertz widths, at a cone angle of 20 degrees.
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3.4.5 Fitting of the Windows,

Before the windows were fitted into the slots,
the Tower surfaces were coated with an anti-reflection
coating of magnesuim fluoride. Further details of this
coating are given in section 3.5.2. A small section of the
spark eroded surface, in line with the viewing slot, was
very slightly relieved to allow the window to be positioned

without scratching the coating.

In order that optical measurements can be made,
the sapphire surface must be polished to a surface finish
better than 1 pin. c.l.a. A1l the working of the sapphire,
and the blending of the windows into the raceways, was
conducted by an optical firm familiar with this type of
problem. The inserts were bonded into the slots with
cyanoacrylate cement. The raceways, with windows in situ,
were then ground with a diamondlwheel until about .003 in.
was left for removal during lapping. Semi-cifcu1ar solder
laps were used in conjunction with 15, 3 and 1 micron

diamond paste.

3.4.6 The Composite Races.

Satisfactory blending of the steel and sapphire
was achieved in the outer race. As the inner race was
unsatisfactory, the procedure was repeated using a race
coated with hard chrome p]ate; Hard Chrome has a hardness

of 1200 Vickers and a modulus of elasticity of 36x10° p.-s.i.
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This is a considerable increase above the corresponding
values for bearing steel (see Appendix 2). Before pfating
the race, it was ground to a size such that there would be
residual plating thickness of 0.015 in. However, during
grinding and lapping, there was considerable chipping of
the brittle chrome, at the edge of the sapphire. For this
reason this race has not been run, although the sapphire

is blended in well and it has good surface finish.

Figure 3.11 shows a 'Talyrond' trace made from
the composite outer race. Although there appears to be a
very sharp drop onto the sapphire, this is very much
exaggerated by the magnification of X2000 in the radial
direction. The sharp peaks shown on the trace are in fact
only gradual slopes. For example the slope of BD is «¢R@"h3
4.2 x ]0_5 in. per degree. The points I, G, H, J mark
points on the sapphire, as illustrated by the fiqure. Con-
sider a roller moving from right to Tleft. Aiong AC the
roller load will be‘progressive1y reduced (that is pro-
vided there is an adequate number of rollers in the bearing
~ to carry the extra load). As the roller nears I, the
sapphire will begin to carry a proportion of the now re-
duced roller 16ad. At I the roller moves onto the saﬁphire
surface, and along IE the Toad is progressively increased.
The viewing slot is in the centre of EF where the load is
effectively constant. Again as the roller moves off the
sapphire, the load is substantially reduced, and then in-

creased after the transition.
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Figure 3.11 "Talyrond" trace of the outer race
with sapphire window.
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The effect that the presence of the outer race
sapphire window has on the static load distribution within
the bearing, has been calculated for a particular situation.
That is when the sapphire is directly in the load Tine,
and there is a roller loaded against it such that the
Hertzian contact width is .008 in. This distribution was
then compared to that produced in a normal bearing, where
the top roller carries the same load as in the composite
race. The results are shown in figure 3.12. The centre
portion of the sapphire window is .0001 in. below the rest
of the track,and the bearing has a diametrical clearance

of .002 in.

The radial deflection at each angular position is
the sum of the approaches between the rolling element and
each raceway. Considering the composite race, the load
carried by the roller over the sapphire can be calculated
from Hertz theory. The deflection at this point can be
calculated using an eqﬁation given by Allan (168). The

radial deflection at other positions is given by:

O3
"

(8o + .0001) Cosn 22.5 = A ...... (3.14)

where n = 0, 1, 2 ...., and 8 1is the deflection in the

line of the load after the roller has touched the sapphire.
A is the clearance at the particular angular position, for
the case of an unloaded bearing in which the top roller is

just touching the surface of a perfectly round race. Roller



14381bs

(a) with the sapphire window

13671bs

(b) without the sapphire window

Figure 3.12 Load distribution in the test bearing
outer race.
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1oad can be related to deflection by graphical solution

of the equation given by Allan. The 1oéds at ea:h position
are then found for values of § given by equation 3.14.

The procedure wasthen repeated for a normal bearing of the
same dimensions and clearance. Equation 3.14 now simply

becomes:
8§ = &8, Cosn 22.5 - A

In both cases the load is carried by five rollers
and the load distributions are very similar. For the
composite race, the load that must be applied to the bearing,
to give a Hertz width of .008 in. at the sapphire window,
is 1438 1bs.and the roller load is 550 1bs. For the normal
"race to apply a load of 550 1bs. to the top roller requires
a bearing 1oad of 1367 1bs. Even though sapphire has a
considerably higher modulus than steel the effect of the
shallow insert is to increase slightly the l1oad on the other
four load bearing rollers. Had the sapphire been flush with
the surface or proud,the insert would have had a considerable

effect upon load distribution.

The change in film thickness due to the difference
in materials, in rolling from steel to sapphire at constant
load, can be calculated from equation 2.8, which gives the

following relation:

h(steel/steel) _
h(sapphire/steel) ~

.989



3.5

3.5.1

- 98

This is extremely small and can be neglected.

Film thickness in an E.H:D. contact is virtually
independent of load,and therefore any alteration in load
distribution will have an extremely small effect on film
thickness. It is therefore concluded that the presence of
@ sapphire window will not significantly effect the

conditions of lubrication within the bearing.

The Reflecting Surfaces

The Semi-Reflecting Coating,

The sapphire surface thét forms part of the
bearing track,was coated with a semi-reflecting layer of
chromic oxide. The coating was deposited in a sputtering
plant. In this process, the specimen to be coatéd is placed
on an earthed plate, positioned below a target disc made
of the coating material. The plant is then evacuated and
a small quantity of argon gas introduced. A large potential
is applied to the target disc,creating a plasma of highly
excited argon ions, between the target and earth plate.
Molecules of the target material are released under the
resulting ion bombardment. These molecules aré a1so in a
state of high excitation, and any that hit the specimen will

from an extremely strong bond with the surface.
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This type of coating is extremely adhesive and
therefore ideal for use under E.H.D. conditions. Chromic
oxide is particularily suitable, for not only is it easily
sputtered, but also it has a high refractive index (2.55)
and is very hard. This coating has been used in exceptional
circumstances without being damaged. Hedley (169) has
successfully used this coating in a disc machine, in which
high degrees of sliding occur at the heavily Toaded contacts
between a central sapphire disc and three steel discs. In
this situation conventional vacuum deposited coatings would

have been stripped immediately.

In order to achieve maximum adhesion of the
coating the surface must be absolutely clean. The track
surface was first cleaned with toluene and acetone, before
the bearing ring waé placed in the sputtering plant. After
evacuation had been completed the surface was sputter-etched.
This is the reverse of the sputtéring process, in which the
surface now acts as the target, from which molecules are
released, when bombarded with argon ions. In this way a
layer of molecules is removed from the sapphire surface,
which as it is stil] under high vacuum, remains chemically

clean. The surface is now prepared for sputtering.

Chromic oxide is a dielectric meduim,and therefore
there is a phase change of n when 1ight is reflected at the
0i1/Crp05 interface. The Crp03/sapphire interface is a

dense to rare reflection and there is no phase change.
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It can be seen from figure 3.13 that if the optical thick-
ness of the coating fs_x/& beams 1 and 2 will both be out
of phase by =w, relative to the initial beam. Constructive
interference therefore occurs and this is the condition

for optimum reflectivity. For the;e conditions the reflect-

ivity can be calculated from equations 3.6 and 3.12 and is

22% when the surface is in contact with oil.

. During sputtering it ig not possible to monitor
the coating thickness. A test run was therefore conducted
with a glass slide to calculate the deposition rate, which
was assumed to be linear. The test coating thickness was
measured by multiple beam interferometry. The deposition
rate varies with distance of the substrate from the target.
Lack of clearance inside the sputtering plant necessitated
horizontally placing the race,s0 the surface of the window
was at right angles to the target. In order to obtain an
even coating, the race was turned over halfway through
deposition. A coatihg of thickness 540 + 30 R was applied.
This corresponds to an optical thickness of 1375 R, which
is a quarter of the wavelength of green 1light. Green was
chosen,as photographic emulsion is most sensitive to this
’wave1ength,and the strongest 1ine of the laser, used fo}

this study, was green.

On observing a roller in contact with the sapphire,
the Hertzian region was black, indicating the coating to be

of correct thickness. Although the coating is of compara-
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Figure 3.13 The semi-reflecting coating.
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tively low reflectivity, there is no absorption in the Crp03
layer. Multiple beam interference takes place as more than
two beams provide a significant contribution to the inter-
ference pattern. The polished rollers have a reflectivity
of about 55% in o0il. The combined reflectivity is therefore
/55X22 which is equal to 36% Figure 3.3 shows the intensity
distribution for multiple beam interference,and it can be
seen that at 30% reflectivity thg dark fringes are slightly

narrower than the light fringes.

3.5.2 Anti-Reflection Coatings,

Supression of reflections occurring at the sapphire/
air interface is extremely important in order to avoid image
degradation. Also when using a laser, which has a long
coherence length, these reflections will give rise to

spurious interference patterns.

Figure 3.14 shows the mechanism of the anti-
réf]ection cbating. Magnesium fluoride was used, which is
a dielectric having a refractive index of 1.38. »The air/
MgFo and the MgFp/sapphire interfaces are both rare to
dense reflections,and therefore both produce a phase 6hénge
of =. éonsequent]y, if the coating thickness is */4, the
two beams 1 and 2 will be out of phase and destructively
interfere. This results in an increase in transmission
through the sapphire. Magnesium flouride is an ideal

coating on sapphire. A single A/4 coating reduces the
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Figure 3.14 The anti-reflection coating.
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Figure 3.15 The variation of reflectivity with wavelength for the
anti-reflection coating.
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reflectivity of the air/sapphire interface from 7% to .15%.
The anti-reflection coating had a thickness of 950 R, which
is equivalent to an optical thickness equal to a quarter

of the wavelength of the strongest green line produced by
the xenon laser (A = 526 R). Using equations 3.6 and 3.12,
the variation in reflected intensity with wavelength has
been ca}cu]ated for a coating of this thickness. This is
shown in figure 3.15 and it can be seen that the coating is

extremely effective over nearly the complete visible spectrum.

There are many air/glass interfaces in the rest

of the obtica] system. If these are not coated the reflections

. will Tead to a reduction in image intensity. A1l the micro-

scope lenses were therefore also 'bloomed' with a quarter-

wavelength coating of magnesium flouride.

The Rollers,

The standard rollers have a surface finish of
about 3 uin. c.1.a. Fiéure 3.16 shows a 'Talysurf' trace
of surface irreqularities along one line of the roller
surface. Also shown is a static interferogram of a standard
roller Toaded against the sapphire window. The fringe
quality is poor, and this makes measurement of film thickness
difficult. Figure 3.17 shows a static interferogram
produced using a super-finished roller. These rollers,
which have been honed, have a surface finish of about 2 uin.

c.l.a. The fringe visibility is considerably improved and

.
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Figure 3.17 Interferogram of a super-finished
roller.
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is satisfactory for interferometric measurements. However
it is possible, by polishing with diamond paste, to improve
the surface finish of either the standard,or super finished
rollers to about 1 win. c.1.a. Figure 3.18 shows a
‘Talysurf' trace and an interferogram,takén after polishing
with 3 micron diamond paste. It is evident from the trace
that the polishing has removed the asperity tips. The

frihge visibility is extremely good.

Rollers were polished in the following manner:

Three rollers were aligned in a 'vee' block and bonded
together using cyanoacrylate cement. The rollers were then
inserted in a collet chuck, such that the centre one was
gripped. The protuding roller was then lapped by hand,
using a simi-circular wooden lap covered with polishing
cloth. When polishing of this one was complete, the outer
rollers were reversed. It was found that super-finished
rollers could be polished to a 1 yin. finish in approxi-
mately one minute. The standard rollers took slightly
longer. A negligible amount of material is removed durind
this process. Superfinished rollers were used in preference
to standard rollers, as the polishing procesé is shortén‘and
there is less Tikelihood of introducing geometrical
inaccuracies. A]sb,when using super-finished rollers it

is unnecessary to polish every roller that is selected for
viewing. It can be seen from figure 3.18 that the fringes

are straight and parallel, and the Hertz width is approxi-

mately constant along the length of the roller. This
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indicates the polishing process was satisfactory.

During running, the po]ished rollers quickly
became scratched. In order to maintain good fringe quality
it was necessary to repolish the rollers after approximately
five runs. Figure 3.19 shows a 'Ta]ysurf' trace taken from
the surface of a polished roller that had been ruﬁ several
times. The scratches are only superficial and can be |

removed extremely quickly with diamond paste.

The Microscope and Illuminator

The Microscope,

In order to observe inner and outer race contacts,
a micrbsc0pe of 23 in. working distance was required, at a
magnification of about X80. The ﬁicroscope designed is
similar in principle to that used by Wymer (80). This was
a long working distance microscope which incorporated two

additional lenses to reduce the required tube length, that

otherwise would have been excessive.

To obtain the necessary working distance a new

objective lens had to be manufactured. The design for this

was based on a lens of i in. working distance and X10
magnification, produced by Ealing Beck Ltd. By scaling up
the dimensions of this lens five times,a 1 in. diameter

lens having a nominal working of 2} in., was produced.
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The new lens was found to have a magnification of X6.66.
The numerical aperature (the sine of the half-angle sub-
tended at the object by the objective aperature is equal to
.18. The size of the objective is critical for multiple
beam interferometry as ‘it controls the number of interfering
beams collected by the microscope. It can be shown that a
. numerical aperature of .18 is sufficient to collect 30
reflected beams,when a thin wedge, angled to produce 100
fringes per centimeter, is observed. (Further details of
this type of calculation can be found in ref. (170)). The
new objective was therefore perfectly adequate for use in

the interferometric system,

The two auxiliary lens (see figure 3.20) one
positive and one negative, act as a telephoto lens combin-
ation. These have no effect upon the image,but serve only
to reduce the required tube length from 31 in. to
9.7 in. The overall magnification is simply the product of
the objective magnification and that of the eyepiece. A
commercial eyepiece may be selected to give an overall
magnification of up to approximately X150. This is the
Timit of useful magnification,determined by the numerical

aperature of the objective.
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The Incident I1luminator,

A drawing of the microscope and illuminator is
shown in figure 3.20.__The'111umihator was designed for use
with a xenon flash lamp. As interferograms have to be
photdgraphéd with a single pulse of extremely short
duration,it is essential that the illuminator should
provide maximum possible 1ight intensity. To achieve this,
the microscope field of view must be illuminated by an
image of the source. In a system such as shown in figure
3.20,the source is imaged by the objective lens. The
maximum intensity is then limited by the diameter of the

objective.

A semi-reflecting mirror is used to inject light
in a cone, such that the axis is coincident with the micro-
scope axis. This mirror must be positioned above the
objective to provide clearance for the i]]u;inator. In
order to avoid absorption losses, the reflecting side of
the mirror was coated with titanium dioxide, which is a
dielectric material. This gives a ref]ectivity of about
40%, which is only slightly lower than the optimum value
of 50%. The upper surface of the mirror was 'bloomed'
with an anti-reflection coating of magnesium f]uoride; " The
mirror, which has a projected diameter equal to that of the
objective lens, was positioned inside a cylinder and located
by two thin sleeves. These sleeves were produced by'slicing

a thin walled cylinder at exactly 45°. The outer cylinder

was held in the microscope body by two sets of three grub
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screws spaced at 1200, thereby providing adjustment 1in
three dimensions. A small handle attached to the mirror
holder, enabled the mirror to be rotated. The mirror was
therefore fully adjustable in order that alignment with
the microscope and illuminator axes could be carried out

after assembly.

The dimensions of the xenon lamp and housing
necéssitated that it was positioned about 6 in. from the
microscope body. To satisfy this requirement lens 1 was
mounted in an extension tube, such fhat the distance from
the centre of the source to the lens, was equal to twice
its focal length. The source is then focused at an
equi-distant point the other side of the lens. An Iris
diaphragm (Iris 1) placed at this point acts as a field
stop. This controls the effective source size and hence
the area of illumination. The position of lens 2 is such
that an image of Iris 1 is formed at the microscope object
plane. Therefore the distance of this lens from the iris
is approximately equal to its focal length. Iris 2 is an
aperture stop,and controls the area of the objective that
is illuminated. This therefore limits the angle of
illumination at the object plane,and hence the intensity.
Maximum intensity was obtained by fully opening the iris
and thus i]]uminatingvthe whole area of the objective. To
ensure even illumination, the aperture stop was positiqned
at the focal plane of the objective. The image of the iris,

formed by the objective, was then at infinity.
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To set up the illuminator, the lamp was positionedq
and iris 1 closed to give a point source. The mirror was
then adjusted until the field of view was illuminated by
a central spot of Tight. The tube containing lens 1 and
iris 1 was made a:s]iding fit within that containing lens 2
and iris 2. This was adjusted until the leaves of iris 1
were brought into sharp focus. Iris 1 was then opened
until the field of view was jugt completely illuminated.
ihe required intensity was produced by adjustment of Iris 2.
At full aperture the i]]uminating'cone has a semi-angle of
10°. However after refraction at the afr/sapphira and
sapphire/oil interfaces,the maximum angle of incidence is
about 7°. This has only a very small effect upon fringe

visibility,and a negligible effect upon fringe position.

The Light Sources “a

As the beafing was not run in a counter-rotating
mode, it was necessary to observe the fringes strob--
oscopically. To freeze the motion of the fringes required
a 1ight source of extremely short pulse duration, capable
of repetitive firing. A single flash of the source also

had to be of sufficient intensity for photomicrography.

For measurement of the central film thickness a
roller movement of approximately half the contact width can
be tolerated, as the colour of the central band can still

be recognised. It was proposed to run at a maximum shaft
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-speed of 3000 R.P.M. This corresponds to a contact speed,
relative to the wihdow, of approximately 280 in./sec. For
a contact width of .01 in. the pulse duration must be
limited to about 17 usec. However if the film thickness

is to be measufed at the exit constriction, the pulse
duration must be considerably 1owerf, At this pofnt of the
oil film, the separation between dark and bright fringes
will typically be about .0003 in: Therefore to ayoid
complete blurring of fringe detail, the pulse duration should
be less than 1 u sec. Conventional flash lamps can be made
to operate with pulse durations of this order but the
intensity is not sufffcient for satisfactory photomicro-

graphy. 3000 R.P.M. is a relatively low speed for a roller

bearing,and it was therefore proposed to develop a laser

-that could be used for future high speed tests, as well as

for measurements at the higher speeds used in this study.

For the initial lTow speed tests' a xenon flash lamp was used.

The Xenon Flash Lamp.

The lamp together with the housing is shown in
figure 3.21. This is a Thorn lighting type FA5 xenon
discharge tube,which consists essentially of a compact arc
(arc length : 012 in.) burning between tungsten electrodes,

in. a xenon atmosphere contained in a glass envelope. The

spectral intensity distribution is very similar to that of

daylight, and therefore this type of lamp is particularily



Figure 3.21

The xenon flash lamp and housing.
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suitable for white light intefferométry. To obtain
monochromatic light,a narrow band filter was inserted in
the illuminator. A Balzers B40, 5430 R interference filter
was found to be most suitable,as the narrow band width

{100 R) gave fringes of high visibility, and photographic

emulsion is most sensitive to green light.

This type of lamp can be used td¢ give short
duration light pu]ses,by discharéing a capacitor connected
across the electrodes. The electrical energy dissipated

in the flash is given by:

E = 3cv2

where C is the capacitance and V the applied voltage. The
actual 1ight energy produced is proportional to this value.
.The time duration of the flash is proportional to the
product of the spark gap resistance, and the capacitance
across the electrodes. To initiate the discharge, the gas
is ionised by applying a very high voltage pulse (25 KV) to

the trigger electrode.

A commercially available power supply and triggering
unit (Dawe Strobosun type 1203B) was modified to drive the
lamp. This unit was designed for use with a small xenon
lamp requiring a far smaller trigger pulse than the FAS.

To obtain a 25 KV. trigger pulse required the application of
- a 300V. pulse to the primary side of the pulse transformer.

It was therefore necessary to replace part of the transist-
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orised friggering circuit with a relay valve, which was
capable of switching this voltage. Details conccrning the
use of this valve are given by Wedeven (69). The FA5S

could then be triggered from the existing variable frequency
transistor multivibrator, or from an external signal. Use

of the internal oscillator was required when setting up the
optical system. Externa]-triggerjng requires a 10V negative

goihg signal.

The flash repétifion rate can be varied over three
ranges up to a maximum of 250 f]éshes per second. The
capacitance across the lamp is altered for each rangs with
a corresponding effect upon the flash duration. The
capacitors are always charged to 1000V. The pulse duration
(defined as the interval between points of 1/3 maximum
intensity) was approximately measured on an oscilliscope,
using a phototransistor. -These values, together with the
energy dissipated,are given in figure 3.22. With the lamp
externally synchronised,it is therefore possible to vary

the pulse duration by switching ranges.

The Tamp was enclosed within a Tufnol cylinder, and
located at each end by thick Ebonite discs. This housing
then provided adequate insulating protection. The discs
were made a sliding fit within the cylinder, and the lamp
electrode ends held in blind holes,drilled slightly off
centre in the disc faces. A brass insert,bonded into the

.Ebonite housihg,enab]ed the assembly to be directly mounted



RANGE FREQUENCY CAPACITANCE POWER DURATION
(Hz) (u FARADS) (1 JOULES) (uS)
1 0- 25 3.35 1.675 50
2 0- 83 1.1 .55 25
3 0 - 250 .35 175 15

Figure 3.22 Pulse duration and energy

flash lamp.

dissipated by the xenon
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on the ii]uminator. When in place, the position of the

lamp could be adjusted by rotation, and by vertical movement
of the end discs. When the arc was brought into Tine with
the illuminator axis,6 the lower disc was locked by a grub
screw. The upper disc was left free,to allow for expansion

of the lamp.

High Speed Photomicrography with\the Xenon Lamp,

Kodak high speed Extachrome reversal film was used
for colour photography: Good exposure could be obtained
from a single flash in range 1,by rating the film at
400 A.S.A. and using maximum aperture of Iris 2. For
monochromatic work,the 1ight intensity is greatly reduced
by the filter. It was necessary to use Kodak 2475 recording
film,and to rate this at 4000 A.S.A. With this fi]m;
adequate exposure could Le obtained from a range 1 flash,

using 2/3 maximum aperture of Iris 2. Range 2 required the

use of full aperture,and range 3 resulted in under exposure.

The Xenon Laser,

Techniques of modulating (shuttering) a continuous
working laser by electro-optic devices were investigated.
These were found to be unsuitable as complete extinction of
the beam is not possible. For photomicrography an infinite

extinction ratio is essential. The best modulators
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currently available will give a 1000:1 extinction ratio.
For satisfactory exposure, using a laser, | ﬁjou‘e of energy
is required. For a 1 usec. pulse width, the minimum
continuous working power required fis 1 watt. Therefore even

with the modulator on (reducing the intensity) 1 wjoule will

be produced in ]/]000 sec., and the image will be completely

obliterated during the time the camera shutter is open.

. No commercially avai]ébTe pulsed laser in standard
form,would fulfil the requirements of the interferometric
system. A‘prototype laser was therefore developed by the
Physics department of Imperial College,in collaboration
with Chelsea Instruments Ltd. This was a pulsed xenon ion
laser of the following specification: |

Variable pulse rate: 0 - 50 p.p.s.

Pulse half width: | | 150 nanoseconds.

Peak power per pu]se,approx:. 100 Watts (all wavelengths)

Wavelengths: . 431, 495, 501, 519, 526,

535, 540, 596 nanometres.

The laser, shown in figure3.23, is sfmi1ar in many
‘respects to the xenon flash lamp. Two electrodes are
situated at either end of the tube, about 1 metre apart.

A 10kV' discharge is initiated along the tube, by ionisation
of the gas nearone of the electrodes. This is achiéved by
applying a high voltage pulse, from a ﬁu]se transformer, to
a coil wrapped around the quartz electrode casing. The

passage of the discharge causes the gas in the tube to



Figure 3.23 The pulsed xenon jon laser.
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ionise, and when a certain ionisation threshold i§ exceeded,
1asing begins. A semi-reflecting and a fully rerlecting
mirror are positioned outside either end of the tube. When
the ions begin to lase,multiple reflections are directed by
these mirrors up and down the tube. This further stimulates
the ions, causing a rapid increase in lasing. As the discharge
terminates, the ionisation level drops below the threshold
and_lasing ceases. The 1light pulse emerges from the semi-

reflecting mirror.

There were two major problems involved in
producing this laser. Firstly, thé lasing action is critic-
ally dependent upon the gas pressure. This pressure must
be extremely Tow, and it was found that during operation
gas was removed by the electrodes. This gettering action
altered the pressure sufficiently to prevent lasing. To
overcome this problem,a separate gas reservoir was connected
by two valves to the tube. The xenon gas in this reservoir
was at a slightly higher pressure than that in the tube.
To increase the pressure in the tube,the valve nearest the
reservoir was opened, thereby releasing a small quantity of
gas into fhe small tube separating the two valves. Thi§
valve was then shut, and the qther‘opened,thereby releasing
the gas into the tube. The tube pressure could be decrea;ed
by pouring liquid nitrogen into a flask surrounding the
xenon reservoir. Both valves were then opened, and the tube

pressure reduced to effectively zero. The valves were then
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shut, and the liquid nitrogen left to boil away. The tube

could then be refilled as already described. In this way

the tube pressure could be optimised.

The second problem was caused by contamination of
the gas, preventing lasing. This was overcome by fixing a
getter pump to the tube. This type of pump will remove all
but the rare gases. It operates continuously but the action
can be considerably accelerated by passing a current of

about 0,5 Amps through a heater element in the pump.

The Taser could be fired repetitively at variable
frequency, or triggered from an external source. This

requires a 10V. positive going pulse.

ITlumination with the Laser,

The majority of the energy is radiated in the
following lines: 4950 R, 5260 %, 5350 R, 5400 R. Individual
lines were separated by reflection of the beam at a .
diffraction grating. 'The first order beams were then
directed towards the microscope. 1t was found to be most
satisfactory to direct the light into the bearing by
reflection at a small fully reflecting mirror positioned
below the objective. Use of the semi-reflecting
mirror inside the microscope, caused the beam to be focused
by the objective lens. This resulted in a spot size smaller

than the field of view. Also half the available intensity
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was lost at the mirror. The small mirror and the mounting
drrangement are shown in figure 3.24. The‘mirror,'which
was -about }in. square, was mounted on a shaft the end of
which was located by a small steel ball. This ball could
be moved up and down the slot drilled in the perspex block.
Movement of the mirror was therefore completely three
dimensional. The whole arrangement was held to the rig by

the magnet.

When the laser beam was directed at near normal
incidence, spurious fringe patterns were produced. These
are thought to be caused by interference between beams
reflected from the two sapphire surfaces. This is possible
because of the long coherence length of the laser. However
these patterns could be eliminated by adjusting the mirror
to give non-normal incidence. This adjustment was extremely
crifica]. The maximum angle of incidence used, never
exceeded 10° and therefore had a negligible effect upon

fringe position.

This small mirror, which has only a small effect
upon image contrast, can only be used below the objective
for viewing the outer race contacts. No tests were carried
out using the inner race. But in this situation, when the
objective lens has to be positioned slightly inside fhe
shaft, it was proposed to use the small fully reflecting
mirror behind the objective, in place of the large semi-

reflecting mirror.
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Figure 3.24 Small mirror for reflecting the laser
beam.
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3.7.5 High Speed Photomicrography with the Xenon Laser,

3.7.6

The two lines most frequently used were 4950R
(blue) and 52608 (green). The extremely short flash
duration necessitated using Kodak 2475 recording film.
Good exposure was obtained, from a single flash, by rating

this film at 4000 A.S.A.

éombined ITlumination,

The fringeg resulting froh laser illumination were
extremely sharp and of high visibility. However the
position of the inlet boundary was far more distinct underl
flash Tamp illumination. When using the laser and the small
mirror below the objective, it is unnecessary to disturb
the flash lamp set up. During a run it was possible to
switch from the Taser to the flash lamp, and thus revealing
the position of the inlet boundary, and 0il distribution on

the track surface.

Under laser illumination, the fringe system is
not localized. The microscope was therefore initially
focused on the sapphire track surface, using the xenon

flash lamp.
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CHAPTER IV

EXPERIMENTAL SET UP

4.1 Mechanical Arrangement

4.1.1 Design Criterion,
The design of the bearing rig was based upon the
fo]Towing criterion:

(a) The capability of applying loads of up to 8000 1bs.
to the test bearing, and the incorporation of load
cells. |

(b) Shaft speed infinitely variable between 0 and 3000
R.P.M.

(c) A rigid housing and mounting arrangement to minimise
deflection and vibration.

(d) Optical access to all positions of the test bearing.

(e) Easy to dismantle for roller changes.

(f) A separate oil jet supply to the test bearing,
isolated from supplies to the other bearings.

(g9) Cdntro] of the oil flow rate to the test bearing from
0 to about 10 gallons per hour.

(h) Provision for oil temperature variation and adequate
filtration.

(i) Provision for transducers for shaft and cage speed
measurement and for flash synchronisation.

(j) Provision for thermocouples for temperature measure-
ment of the o0il jet and the surface of the sapphire

window.
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4.1.2 The Basic Test Bearing Rig.
The drawing shown in figure 4.1 illust: ates
front and side elevations of the basic rig. The housing
~ (part A) was cast in 'Meehanite'. This satisfies criterion
{(C), and enabled the housing to be produced, in one piece

with the minimum of machining.

The shaft was manufactured from EN24T, which is
a semi-hardened steel of exce]Jeﬁt mechanical properties.
It was mounted between two bearings, one of which is a ball
journal providing axial location. The other is the test
roller bearing, which was positioned at the end of the
shaft in order to minimize the optical path length required.
The third bearing is a roller journal through which the
load is applied. This is as close as possible to the test
bearing in order to reduce misalignment caused by shaft
deflection. |

The outer race of the test bearing is seated
within a mild steel Co]]ar (part C). This collar, which
contains a 459 mirror (see figure 4.3) placed above the
sapphire window, can be rotated within the housing, such
that the window may be fixed at any point around the
circumference of the bearing. It is locked in positionvby
a clamping ring (part B). O0il that has flowed through the
bearing,drains through one of the 12 o0il outTets drilled
radially through the collar, and thence out of the housing.

The o0il supply to the test bearing is isolated from other
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pa}ts of the rig by a2 'v-ring' seal rubbing against a lip on
the collar. The bearing is enclosed by a perspex cover
(part ‘F), upon which are mounted fhe oil jet and transducers
for flash synchronisation and speed measurement. This cover
can be rotated and locked in place by a clamping ring (part
E). The 'v-ring' seal acts'upon a steel insert in the perspex
cover.

| The loading collar (part D) is free to move in a
radial direction, in the line df the applied load, and is
prevented from rotating by lugs on bart G. The ball journal
and the floating roller journal are locked onto the shaft
by a nut (part H), which formé a labyrinth seal within the
cover plate (part I). These two bearings are supplied by
separate oil jets and have a common outlet situated between
the two.

The outer races of all three bearings are a
sliding fit within their respective housings. A1l the inner
races are a light interference fit upon the shaft (about
0.0001 in.). Preliminary tests were carried out with a
shaft ground so that the test bearing inner races were a
sliding fit. Although this facilitated interchanging
the test bearings, it led to considerable fretting of the
shaft and a f]uctuéting load distribution. This problem
was eliminated by manufacturing a new shaft in order that
these races would also be a light interference fit.

The complete shaft assembly, except the outer race

of the test bearing, can be withdrawn from the front of the
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housing, after removal of the screws securing part G. Test
bearing rollers can therefore be easily changed, with a
minimum of disturbance to the experimental set up. The
outer race can be removed, with the shaft in position, by

extracting part C from the rear of the housing.

4.1.3 The Loading System,

Load-is applied hydrau]jcally by means of a piston
in cylinder arrangement. The diameter of the loading piston
is 3 in. and therefore a load of 12,000 1bs. requires an oil
pressure of 1700 p.s.i. An 'o' ring together with an anti-
extrusion ring were used for sealing.

The loading cylinder is supported upon three load
cells spaced at 120° intervals.  The cells were designed to
give 1,000 micro-strain at a load of 12,000 1bs., and have
a wall thickness of 0.0225 in. Each cell carries four strain
gauges, two dummy gauges and two active gauges. The gauges
are wired in the form of a 'bridge', each of the four 'arms'
consisting of—three gauges in series and having a resistance
of 360 ohms.

A 24V-stabilized power supply was built to supply
the bridge, together with a facility for balancing. The
output voltage was measured by a micre-voltmeter. The
complete loading set up was independently calibrated in a
testing machine up to a load of 12,000 1bs, and was found

to have a sensitivity of 7.1 uy. per 1b.
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Initially the load was applied by means of a
small hand pump fitted with a non-return valve. This was

unsatisfactory as the load was not held constant, there

Abefng some oil leakage either from the loading cylinder or

at the non-return valve. The problem was overcome by using
a 10 cubic in. 'hydro-pneumatic' accumulator in conjunction
with a bottle of compressed nitrogen. The acculumator
essentially consists of a cast shell containing a separator
bag. The bag was directly connected to the nitrogen bottle
via an extremely fine needle valve. A similar valve
provided an outlet to atmosphere. The acculumator shell was

filled with o0il and connected to the loading cylinder.

" The 0il could be pressurised by inflating the acculumator

bag with nitrogen, and the pressure monitored on a gauge
fitted below the acculumator fluid port. A small leakage of
oil from the loading cylinder results in a negligible
reduction of load, because of the high compressibility of
the gas. The arrangement can be seen in figure 4.1 and in

figure 4.10.

The Rig Mounting,

The rig was mounted on & discarded lathe bed.
This provided an extremely rigid mounting for the rig,
associated optical equipment, the drive motor and pump, and
ancillaries. The headstock was removed and a plate machined
to fit over the slides. The bearing rig was bolted to this

plate, which can be moved along the slides and clamped in
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any desired position. The whole bed was placed upon four
anti-vibration rubber pads, which helped consideribly to
reduce vibration. The mounting afrangement can be seen in

figure 4.5 and figure 4.10.

The Drive System,

The rig is driven by a 3 h.p. variable speed d.c.
motoﬁ and electronically controlled by a Fenner }Speed
Rénger'. This gives a speed holding capability of better
than 2% of top speed, for any change'of load within the motor
rating. The drive is transmitted by a timing belt fitted
over 'taper lock' toothed pulleys. As the specified maxi-
mum motor speed is 2000 R.P.M., the number of teeth on each
pu11ey are in thé ratio 2:3, giving a theoretical maximum
shaft speed of 3000 R.P.M. The motor is secured by rubber

mountings to a steel plate which is located below the slides,

and bolted to a lip above the bed sump. The belt is guided

through the slides by an idler pulley, which also serves as

a tensioner.

The Pumping System. ,

Figure 4.2 shows a schematic diagram of the flow
circuit. The pump, which is capable of delivering 1.5
gallons per minute at 500 p.s.i., was mounted below the drive
motor in the bed sump. The 3 gallon tank contains a 1.5 kV .
immersion heater, which is thermostatically controlled. The

main filter has a 25 micron element of sintered bronze.
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The relief valve can be adjusted to give a manifold pressure
-between 0 and 100 p.s.i. The oil flow rate to ea.h bearing
is cbntro]]ed by Norgen miniature‘pressure regu]ator% adjust-
able from 0 to 50 p.s.i. These regulators are designed to
work with gases, but were found to work equai]y well with oil.
‘The regulators together with pressure gauges and the relief
valve, can be seen mounted on the rig in figure 4.10.

_ In initial tests the oil supplied to the test
béaring was only filtered through the main 25 micron filter.
Khen quite severe scratching of the‘sapphire surface occurred,
the pressure regulator for the test bearing oil supply was
replaced with a miniature filter regulator containing a 5
micron sintered bronze element. This modification virtually
eliminated any f&rther deterioration df the sapphire surface.

With this secondary filter in place, the maximum |
flow rate that could be delivered to the test bearing, using
the thicker of the two test oils (lubricant 1), was about
5 gallons per hour. The test bearing jet has a diameter of
1/16 in. and is directed at the cage pilot area when the
LRJ 65 bearing is in place. 0il flows out of the rig and

is returned to the tank under the action of gravity.

4.1.7 Speed Meésurement
Shaft speed was measured using a sub-miniature
'Skanner' (Skan-A-Matic type S-351SR) to detect reflective
marks on the drive pulley. Thi§ '‘Skanner' consists of a

light source and a photo-transistor spaced close together
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in a single unit. It was mounted upon the front cover
plate of the bearing rig and directed at the rear face of
tﬁe drive pulley. The positioning is illustrated in figure
4.1. Sixteen strips of silver tape were stuck to the back
face of the pulley. The circuitry to drive this 'Skanner'
was incorporated with that for f]ash synchronisation and is
shown in figure 4.9. The output from the photo transistor
is fed directly into a digital tachometer, and the time base
set to 3.75 seconds in order to give speed readings in R.P.M.

The cage speed was measured by means of a magnetic
transducer, with the probe p]aéed as close as possible to the
~roller surfaces. The positioning of the transducer is shown
in figure 4.3. At.]ow'speeds the signal from this transducer
is not large enough to.trigger thé counter. It was therefore
fed first into an operational amp]ifer and thence to the
counter., This circuitry was again incorporated with that
for flash synchronisation and is shown in figure 4.9. The
LRJ65 (this bearing was used for all tests) has 16 rollers,
and therefore both shaft speed and cage speed are measured
in R.P.M. The counter has the facility to display the ratio
of the two inputs, and therefore direct measurements of slip
can be made. |

The accuracy of speed measurement depends upon
the number of signals per revolution, which in this case is
16. In the mid-speed range this gives an accuracy of about

.5% for the gate time of 3.75 seconds.
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Temperature Measurement,

Nickel-chromium/nickel-aluminium thermo:ouples, in
conjunction with a Comark electronic thermometer (type 1604)
were used for temperature measurement. This type of thermo-
meter can be read to 0-1°C.. Two thermocouples were used,
one positioned in the test bearing o0il jet and the second
upon the sapphire window at the o0il exit side of the test
bearing. This thermocouple is sheathed in steel and was
ciamped so as to be sprung loaded against the sapphire
surface. The bead was insulated from the steel sheath with
silicone rubber. The plug connecting the leads to the

thermocouple is visible in figure 4.7.

Optical Arrangement
The Fully Reflecting Mirrors,

Figure 4.3 illustrates the basic optical arrange-
ment for viewing.the outer and inner race contacts (the
incident i]]uminator illustrated does not correspond to‘that
actually used). The fully reflecting mirrors have a pro-
jected diameter sufficient to allow all parts of an area
equal to the length of the roller X a distance of ten Hertz

widths, to be viewed at a total cone angle of 209, The

sizes of all the viewing slots were also based upon this

condition.
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The mirror faces were coated with aluminium and
have a protective coating of silicon dioxide. Theo mounts
were made from brass and have a féce machined flat and at
45°, The mirrors were bonded to these mounts upon three
pads of 'Silocet' spaced at 120°. 'Silocet' is a rubber
based cement which, when set, allows slight movement; it
was used to ensure that there would be negligible distortion
of tHe mirror surfaces.

’ The mirror for outer race viewing is enclosed in
a brass slieve located, above the sépphire window, in collar
C. The slieve contains three adjusting screws spaced at

120°. A 1ip at the back of the mirror mount is pressed
| against these screws by a spring and thus the mirror is
fully adjustable. It is shown in position in figure 4.4.

Rotation of the collar enables the outer race contacts to
be viewed at.any position around the bearing.

| The rotating mirror for inner race viewing is
similarily enclosed within a brass slieve, to which the
mirror mount is fixed. The slieve is located in the centre
of the shaft, so that the mirror is correctly positioned in
line with the shaft viewing slot and sapphire window. It
is fixed.byitwo sets of three grub screws, again spaced at
120%, to enable the mirror to be adjusted. These screws
locate in slots, machined along the slieve, to ensure no
rotation of the mirror relative to the shaft. The mirror

can be seen in position in figure 4.4.




142

Figure 4.4 The fully reflecting mirrors positioned in the rig.



4.2.2

The Microscope Mounting,
The microscope mounting was bolted to ti.e original
lathe cross slide. The slides then performed the same

function as those on an optical bench. Movement of the

isadd]é enabled the microscope to be moved up to, or away

from the rig, whilst a]ways keeping it aligned. There is
sufficient movement of the cross slide to allow the micro-
sc0pe'to be positioned to view through the outer race, at
aﬁy angle around the circumference.

The mounting arrangement can be seen in figure
4.5. The microscope was mounted upon a commercially avail-
able three way movement which was used for fine adjustment
in the horizontal and vertical directions. This whole
assembly was supported by a bracket from a vertical pillay
bolted in the place of the original tool post. The bracket
can be s1id up and down the pillar and clamped in any
position; this provided a means of coarse height adjustment.
In order that the microscope may be aligned with the rig,
the pillar can be revolved in the horizontal plane, and
also one section of the bracket can be revolved in the
vertical plane. The bottom of the bearing can be viewed
through the outer race by moving the bracket to the top of.
the pillar and mounting the whole assembly 'up-side down'.

The method of mounting the microscope upon the

lathe bed formed a rigid fixing,giving optical access to

all parts of the bearing, and allowing full 3-dimensional

adjustment.

143



144

4.2.3 Arrangement for Laser Illumination,

The laser was mounted on a ledge alongside the
rig and the beam deflected using a diffraction grating.
The set up is shown in figure 4.5. The small fully-
reflecting mirror, uéed to reflect the beam in front of
the microscope objective for outer race illumination, is
shown in position in figure 4.7. Further details con-
cerning illumination with the 1as§r are given in

section 3.7.4.

4.2.4 Arrangement for Viewing and Image Recording,
The images could be viewed‘by eye or on a tele-
vision monitor. Recording could be made on 35 mm. film or
on videotape. Figure 4.5 and figure 4.10 illustrate the
set up. A Sony television camera attachment, tyﬁe MVA-1,
was placed in the end of the microscope in;tead of the
conventional eye-piece. This attachment contains a fully
reflecting mirror, which enables the optical path to be swit-
ched from ocular to-a-video camera or to a still camera. The
use of this attachment gave the following approximate over-
all magnifications,when used in conjunction with the X6.66

23 in. working distance objecfive:

Ocular e « « .« . X 80
35 mm. Still camera . . . . . X 18

Television Monitor . . . . . X 140



Figure 4.5 Optical arrangement.
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These magnifications enabled a distance of about five
Hertz widths to be viewed either side of a contac: placed
in the centre of the field of view.

The television camera was supported upon a
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bracket bolted to the cross slide. Once this was in position

the microscope could only be moved horizontally by movement
of the saddle or cross slide; however the support it gave
to the end of the microscope considerably increased the

overall rigidity of the microscope mounting.

Photomicrography.
A motor driven Nikon F 35 mm. camera was used
for still photomicrography. The automatic wind on facility
enabled photographs to be taken in quick succession with- |
out disturbing the optical set up. The shutter.speed con-
trol was set at 'Bulb' and the motor drive at single shot.
When a photograph was required the optical path
was switched to the camera, and the flash synchronisation
circuit connected through the contactor that is operated
by the camera shutter. The remote shutter button was then
pressed and held down. This action opened the shutter and
closed the points of the contractor. A triggering pulse
from an appropriate roller passing over the sapphire window
could then initiate a single flash of the lamp or laser.
After the flash, the shutter was closed by releasing the
button, which also caused the film to be wound on. Another

flash could not be initiated until the flash synchronisation



147

circuit had been re-set. There was therefore no possibility
of multiple exposure. Details concerning flash s/nchroni-

sation are given in section 4.3.

4.2.6 The Television and Video Recording System.

The use of closed circuit television was a con-
siderable aid to viewing, and the video-recorder enabled
every image to be recorded. While the rig is actually
rﬁnning,it is sometimes difficult to monitor the colour of.
the cen£ra1 Hertzian region, and thé position of the inlet
boundary may be quite erratic. Upon playback every frame
can be studied individually, the fringe order followed,
and any change in conditions observed étep by step. The
use of the recorder is essential for viewing through the
inner race window,as it is not possible to échieve a strobo-
scopic effect with the window at exactly the same orientation
every revolution of the shaft. '

Because of the very short duratfon of the flash
and the use of monochromatic 1ight it was necessary to use
a vidicon camera tube of high sensitivity. An E.M.I. tube
type 9677B was found to give an extremely good image.
Maximum contrast was obtained by adjustihg the beam current
and the target voltage with controls situated on the camera
control unit. Because of the stroboscopic nature of the
‘light source,it was necessary to override the automatic
gain controls on the camera control unit and on the video-

recorder. The scanning of the photocathode was not
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synchronised with the flash lamp. This was found to.be
ynneccessary as there is sufficient capitance to cvnable an
image to be formed after the f]ash has occurred. The
effect of this was to cause some frames to be of lower con-
trast than those produced when the scanning and flash were
simultaneous. To prevent overlap of the images, and sub-
sequent lack of contrast, it was found desirable to Timit
the f]ash repetition rate to a maximum frequency of about
15 flashes per second. A facility to enable the maximum
flash repetition rate to be adjusted was incorporated with
the flash synchronisation circuitry, and details are given
in section 4.3.4.

The sound-track on the tape Was used to record a

commentary detailing the running conditions during a test.

Flash Synchronisation

Introduction,

It was proposed to synchronise the flash using
an integrated circuit timer, which would enable the timing
of the flash to be adjusted to view a substantial distance
before and after the actual contact area. At the maximum
roller speed of approximately 350 in. per second a delay of
140 u. seconds is required to allow viewing 0.05 in. in

front of the contact. The repeat accuracy of the timer is

+ 3% and a repeatability of the roller position to within
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+ 0.002 in. was required. Assuming no jitter in the
initiation of the actual flash discharge, this reyquirement
demanded that the position of the roller could be sensed to
within + 0.0015 in.

The following methods for sensing roller position
were attempted and found to be unsatisfactory. Firstly
a fiber opfic ‘Skanner', having a coaxial 1ight source and
senso}, was used to detect the polished ends of the cage
bérs that interspace the rollers. Because of the large
reflecting area (about 0.1 in.) any‘variation in the inten-
sity of the reflected 1ight reaching the sensor, which could
Be caused by oil 6r movement of the cage towards the
'‘Skanner', altered the point at which the flash was trig-
gered.v Also there is a certain amount of movement of the
rollers within the cage pockets.

Secondly a simi]ar 'Skanner' was positioned bet-
ween the cage and outer race and used to detect the roller
edges. This too was unsatisfactory for similar reasons.

Thirdly a magnetic transducer was placed with
the probe between ﬁhe cage and outer race and close to the
roller faces. To avoid variation in the signal amplitude,
caused by axial movement of the rollers, the signal was
differentiated before being fed into the triggering circuit.
The advantage of this method was that it was unaffected by
‘the presence of oil; However repeatability of object
position was still unsatisfactory, and at shaft speeds below

about 50 R.P.M. the amplitude of the signal was not
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sufficient for accurate triggering.
The method that was successfully used iv out-

lined below.

Synchronisation of the Outer Race Contacts.

A fiber optic 'Skanner' was used to detect
needles located in the qentre of four rollers equi-spaced
around the bearing. A schematic drawing of the 'Skanner’
(Skan-A-Matic type S2005-3) is given in figure 4.6(a).
The semi-rigid snout, that contains the coaxial fiber
bundle can be bent to any desired shape. At the optimum
distance of 0.01 in. from the target, the field of view is
0.02 in. Figure 4.3 illustrates the positioning of - this
‘Skanner! and figure 4.7 shows the 'Skanner' in place on
the rig. Thé needles have a diameter of 0.03 in. and,
since the curved surface is viewed, the reflected 1ight
pulses are extremely sharp.

Ordinary sewing needles were used,hs‘t;;se are
exceptionly stiff and have a surface finish of high re-
flectivity. They were inserted into the rollers in the
following manner: A hole of 1/8 in. diameter was spark
eroded approximately through the centre of the rollers,and

a soft plug of mild steel inserted. A 0.03 in. diameter

hole was then drilled through the plug while the rollers

‘were rotated in a collet chuck. Before insertion, the

needles were graund such that 1/4 in. would protrude from

the end of the rollers. A drop of cyanoacrylate cement
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(b) “Skanner" to detect cage mark.

Figure 4.6 Schematic drawings of the fiber optic "Skanners"
“for flash synchronisation.
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ensured that they were bonded in position.

In order that an individual roller could be
se]ectéd for viewing, a second fibér optic 'Skanner' (Skan-
A-Matic type S322-3) was positioned so as to detect a mark
on the cage, when that particular roller was over fhé
sapphire window. This 'Skanner' is illustrated in figure
4.6(b),aﬁd can be seen in position in figure 4.7. The

reflective mark on the cage was made by polishing and

' lacquering this portion of the brass cage. This was then

masked and the rest of the cage sidé sprayed matt black.
This arrangement gave consistantly good f]ésh
synchronisation. 'Both with the xenon flash lamb and the
laser, there was found to be an inherent delay of aboﬁt
500 y seconds between the time of the app]icatioh of the
triggering signal to the discharge unit, and the initiation
of the actual flash. Therefore to achieve synchronisation
at the highest speed it was necessary to place the 'Skanner’
about 0.125 in. in front of the centre of the field of view.
A small variation in this inherent deldy could have been
responsible for the inaccuracy of about + 0.003 in. in
repeatability of roller position. The circuitry for this

system of synchronisation is outlined in Section 4.3.4.

Synchronisation of the Inner Race Corntacts,
No work was attempted with the inner race fitted
with the sapphire window. However it was proposed to

synchronise_ either by sputtering a 0.001 in. manganin strip
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Figure 4.7 Positioning of the transducers and mirrors for viewing the outer
race contacts.
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(similar to that used in (89)) across the race Upon the
sapphire surface, or by using a fiber optic 'Skanner'
rotating within the shaft and detecting needles as for the
outer race. Manganin is pressure sensitive and therefore
triggering could only take place in the loaded region. For
this reason the lattermethod is regarded as more suitable.

| Figure 4.3'111ustrates the proposed set up and
showe the position of the 'Skanner' Within the shaft. Slip
rings are required for the 'Skanner' connections. A second
‘Skanner' is mounted to detect a ref]ecting mark on the
inner race 1ocking ring. This 'Skanner' can then be esed
to position the window, so that the flash will occur at a‘
desired orientation. At a particular shaft speeﬂ,the flash
frequency will be inversily dependent upon the positioning
accuracy required. For the LLRT65 bearing, a reflecting
mark that covers an arc of 359 will ensure a flash every
revolution of the inner race, if all the ro]1ers;are fitted
with needles. The circuitry for this synchronisation
arrangement is identical to that used for the outer race

tests, and is described below.

Circuitry for Flash Synchronisation,

The circuit was designed to fulfill the following
requirements:
(a) Trigger either the flash lamp or the lasen after a
time delay continuously variable from O to 100 milli-

seconds.
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(b) The capability of only triggering the 1ight source
when a particular roller is over in the window.

{(For inner race viewing thié infers the capability
of only triggering when the window is at a certain
orientation).

(c) Synchronisation of the flash with the camera shutter,
such that a s{ngle triggering pulse is produced when
the camera shutter is open and an appropriate roller
is over the window. :

(d) When desired to 1imit the flash repetition rate.

(e) Amplify the signal from the magnetic transducer in
order to trigger the digital counter at Tow speedg.

(f) Provide the power required to drive the 'Skanners'
and integrated circuits.

Figure 4.8 illustrates a logic diagram of the
electronic set up and displays the signal shapes at various
points of the circuit. The complete circuit diagram is\
shown in figure 4.9.

The power supply gives a stabilized supply of
+ 12V. to the operational émp]ifiers, + 12V. to the inte-
grated circuit timers and + 24V. to suppiy the 'Skanner'
phototransistors and refereﬁce voltages. The 'Skanner' 5V.
‘1amps are supplied direct]y from the rectifiey through
dropping resistors. The operational amplifiers are con-
nected to operate as level detectors. MWhen the reference
level is connected to the negative input, the output swings

from - 12V. to + 12V. as soon as the signal exceeds the
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reference level, or vice-versa if the reference is tonnected
to the positive input. The timers are connected to operate
on a one shot (monostable) basis.

Two timers are used and connected in series, the
first of which controls the flash time delay. A linear ten
turn 5k. ohm potentiometer provides a coarse controi,giving.
a delay range adjustable from 0 to 55 milli-seconds The
1ineaf ten turn 100 ohm potentiometer acts as a fine delay
control one turn of which alters the delay by 110 p seconds.
The additional 5k. ohm resistor can'be switched in to add
a further 55 mi]]i-seconds delay. The second timer controls
~the maximum flash repetition rate and is used when photo-
graphing to produce a single trigger pulse and then block
all following pulses. '

- The passage of a needle under the field of view
of 'Skaﬁner' A causes the application of a positive pulse
to the negative input of the amplifier, and when the
reference level (this is adjustable) is exceeded, the output
swings from + 12V. to - 12V. 1If the mechanical switch 1 is
closed, this negative goingsignal triggers the first timer.
If the mechanical switch is open, this signal can only reach
the timer input if the transistor is conducting. This will
be the case only when 'Skanner' B is detecting the cage mark,
during which time a positive signal is applied to the
transistor base.

As soon as the timer is triggered, the output

swings from 0 to + 12V. At the end of the timing period the
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output drops back to zero V., and if the mechanical switch

2 is closed, this negative going signal tr{ggers ~he second
timer. If this switch is opened, the signal can only pass
when the transistor is conducting. This only occurs when
the camera shutter is open. As soon as this second timer
is triggered the output rises to + 12V., and remains up
during the timing period set by the timing resistance.
While the output is high the timer cannot be re-triggered.

; For normal stroboscopic application, the 25k. ohm
variable resistor is connected and controls the maximum
flash repetition rate,-which can be limited to 4 flashes
per second. At all times it is necéssary to set this re-
sistor, such that the timing period of the second timer is
larger than that of the first. This is necessary to prevent
voltage spikes,induced by the firing of the lamp or laser,
re-triggering the firing circuit and producing unstable
operation.

For the purpose of photography, switch 2 is opened
and the 10 mega-ohm timing resistor connected by switch 3
(switch 3 is double pole and connected so that this action
disconnects the 25k. ohm resistor). When the camera shutter
is opened,timer 2 is triggered by the next pulse from timer 1.
Any further pulses are then blocked for a period of two
minutes, unless the timer is reset by switching back to the
smaller 25k. ohm resistor. The positive edge of the output
pulse from timer 2, produces a 12V. positive spike upon

passing through the capacitor. This spike is used to trigger
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the laser. The second timer does not therefore increase
the firing delay. The flash lamp is triggered by inverting
this pulse, and so producing a negative going spike (12V to

zero V.).

The Complete Arrangement

The complete experimental arrangement and layout
of all the associated equipment is shown in figure 4.10.
The position of the speed control and the delay control
is such that they can be adjusted simultaneously, enabling
the contact to be‘continuous1y held in the centre of the

field of view.

Experimental Procedure

Setting Up the Rig.
The following procedure was adopted for assembly,
and setting up the rig for outer race viewing:

(a) Thoroughly clean the test bearing components and
insert the appropriate rollers.

(b) Position the outer race, align the viewing slot with
the slot in the race housing and clamp in position
with the end cover.

(c) Position the shaft assembly within the main housing
and slide the test bearing inner race and rollers

into the outer race.

160
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Figure 4.10 Complete experimental arrangement.
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Align the microscope with the rig.‘

Apply a small load, bring a rb]]er over the window
and focus the}microscope oﬁ the fringes.

Adjust the incident illuminator and position of the
lamp to obtain maximum illumination intensity.

Close the aperture stop to obtain the Qesired
intensity.

Adjust the fu]]y-ref]eqting mirror to give an even
number of fringes eithef side of the contact and so
that the fringes are in focué along the length of
the contact.

If the laser is to be used position the small mirror
and diffraction grating to give a clear fringe system
at the chosen wavelength.

Position the television camera.

With the lamp or laser firing at a moderate rate,
adjust the beam current and target voltage to obtain
optimum contrast.

Focus the picture by moving the vidicon tube within
the camera. |

Adjust the position of the needle detecting 'Skanner'
relative to the centre of the window, to allow syn-
chronisation at maximum speed,and place so as to
obtain maximum signal. |

Flush the test bearing with filtered o0il for several

minutes before running.
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" 4.5.2 Test Procedure. |

The following test procedure was adopted for film
thickness measurement:

(a) Set the thermostat for the desired oil temperature,
or switch on the 0il cooler. Run 0il through the
bearings for several minutes before start up to allow

7 the temperature to stabilize.

(b) Apply the Toad.

(c) Bring the roller selected for photography over the
window and photograph.

(d) Adjust the o0il flow to the test bearing.

(e) Set the delay to maximum and start the tape.

(f) Start the rig and adjust the speed to synchronise
the flash. Record the fringe order or colour, speeds
and temperatures. Photograph the contact.

(g) Increase the speéd,whi]e decreasing the delay, until
the next fringe order or colour is observed. Record
the conditions and photograph.

(h) Repeat (g) until the maximum speed of the rig is
reached.

As the speed is increased, viewing is aided by
switching the delay unit to trigger only when the selected
roller is over the window. Near maximum speed, the flash
frequency must be Timited. When the run is complete the
tape can be replayed for a detailed examination of the state

of Tubrication at each step.
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CHAPTER V

FILM THICKNESS MEASUREMENTS

Preliminary Experimental Work

Colour Calibration for White Light,

Chromic oxide is a dielectric coating and it is
therefore possible, when using monochromatic light, to
calculate directly the film thickness corresponding to each
fringe position.  However no colour calibration for this

type of coating had previously been conducted.

vThe calibration procedure was similar to that
used by Wymer (80). The curved side of a 60 ft. radius
plano-convex glass lens had been sputtered with chromic
oxide at the same time as the sapphire track surface. The
lens was placed in a loading collar (the weight of the
collar provided the load of about 51bs.), and the curved
surface rested against an optically polished steel flat.
The gap between the glass and steel was filled with a small
quantity of 0il. Figure 5.1 shows the calibration set up.
Owing to the large radius of curvature of the lens, the
fringe system could be viewed by eye,and was photographéd
using a 35 mm. camera fitted with a 135 mm. lens on a
bellows attachment. The xenon flash lamp was used as the

light source.
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Figure 5.1 Arrangement for the white light calibration.
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The white light interference patterns were
photographed using Kodak high speed Extachrome film,
developed in a identical manner to that used in the actual
‘tests. In order that the gap shape cou]d.be determined a
narrow band interference filter was placed in front of the
‘lamp,and the monochromatic interference fringes photographed.
Figure 5.2 shows a photograph obtained in this manner.

These two photographs represented‘an identical situation,

as it was only necessary to place a filter in the system.
The photographs were then projected onto polar graph paper,
such that the centre of the contact corresponded with the
centre of the paper. The photographs were arranged to be
coincident by noting the position of two marks on the loading
collar. The fringe radii for the monochromatic and the
coloured systems were noted for 8 different angles and the
means taken. The gap shapevwas calculated from equation
3.13 and thus the optical thickness,corresponding to the
position of each coloured band,could be directly determined.
The results are shown in figure 5.3. The only errors afe
those produced during measurement of fringe radii,and extfa-
polation between the monochromatic fringe positibns. It is
estimated that the calibrated fringes provide the correct
optical thickness to within about 6% for the centre of the
first yellow band, and about 2% for the centre of fhe 4th

green band.
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Figure 5.2 Monochromatic fringes that illustrate
the gap shape for the white 1ight calibration.
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Measurement of Lubricant Properties.

Two lubricants were used for the basic film thick-
ness measurements. Lubricant 1, designated Shell A, was a |
high viscosity index mineral oil as used inlreference (64),
and known to exhibit Newtonian behaviour. Lubricant 2,
designated Mobil B, was a mineral o0il containing a commercial

phosphorus/sulphur additive package.

To evaluate the film thickness measurements, it was
necessary to know the viscosities, dgnsities,and refractive
indices of the Tubricants, and their variation with temperature
and pressure. Viscosity and density data for Lubricant 1 was
given by the suppliers. Values of refractive index and the
pressure-viscosity coefficient (measured in a rolling contact
rig) for this oil, are given by Wymer (80). No data was

available for Lubricant 2 and direct measurements were made.

Viscosity‘was measured ét several temperatures
using a suspended level viscometer, enclosed in a temperature
controlled bath. Density was measured with a specific
gravity bottle, and refractive index with an Abbé refractor-

meter that could be temperature controlled.

The pressure-viscosity coefficient (a) of Lubricant
2 was determined by a method similar to that used by Foord
et al (66). Lubricant 1, of known o value, was used as a
reference fluid. The two 0ils were run in a small point
contact rig, and central film thickness measured as a function

of speed at constant load. The results were then plotted in
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dimensionless terms. At any value of the speed parameter
U*, the separation of the lines is entirely depencent upon
the difference in o values of the two oils. MWestlake (75)
has found HO* to be proportional to a'és. Therefore the a

value of the test oil can be related to that of the

reference fluid, by the following relation:

o =a . |ho
ref (ho)
ref

Values of the lubricant properties are given in

Appendix 3.

Determination of Dimensionless Parameters

To obtain correlation with other experimental
and theoretical studies, the results were expressed in terms
of the non-dimensional parameters as used by Dowson and

Higginson (30).

Film Thickness Parameter,

This is defined as:

H* =

x| =

To determine the absolute film thickness h, the
measured optical film thickness must be divided by the
refractive index of the 0il within the contact. The re-

fractive index at the o0il inlet temperature (for pure



rolling the temperature rise within the contact is small
{(90)) was corrected for pressure assuming a Hertz.an pres-
sure distribution. The following procedure was used: the
variation of refractive index with density was found from
the Lorenz-Lorentz (174) relation.

% [E;—i—%] = constant

The refractive index n,,and density o, ,at atmospheric pres-

sure are known, therefore:
2
N o= 1 + 2A)2
T A

n2 -1
where: A= £ [—1——5-—J

This relation predicts refractive indices within about
1.5% of measured values (175) at pressures between 0 and

200,000 p.s.i.

The density ratio was obtained from Hartung's
empirical formula for hydrocarbons (see Chu and Cameron
(176)):

-6
, 32.8 x 10 x p°7®

)'0385

=]

Po (Vvigo

where v,,, is the viscosity in centi-Stokes at 100°F.

and p is the pressure in pounds per square inch. This
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expression has been shown to predict densities within 2%
of experimental values (177). The error involved in
obtaining the actual film thickness, using these expressions

refractive index, is therefore about 3%.

R is the reduced radius of the contact, and is used
to represent the contact geometry as mathematically equiva-
lent to that of a cylinder of radius R near a plane. For
an outer race contact, the reducedfradius is defined by the

relation:

The value of R was calculated from the bearing

dimensions given in Appendix I.

Materials Parameteh

This is defined as:

E' is the reduced elastic modulus, and represents
the elastic properties of the equivalent cylinder near a
rigid plane. It is defined by the relation:

1 _ ] 1-012 1 - g,°
7 | E11 + ‘"f;‘i
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In this case the material combination is sapphire and steel,

the elastic properties of which are given in Appendix 2.

The values used for the pressure-viscosity co-

efficients of the two 0ils are given in Appendix 3.

5.2.3 Speed Parameter,
This is defined as:
Un
* - ZNg
U* = ¢
U is the mean of the surface velocities relative to the
éontact. In all tests the cage speed was epicylic and it
was therefore assumed that, in the loaded region of thé
bearing, no slip was occurring at either the outer of inner

race contacts. For the outer race contacts the mean velocity

is given by:

c
!

_'Ro w:.c

or
. wc (Ri + 2r)
2 (1 + r/Ri)

The dynamic viscosity of the oil at the inlet .
temperature n,, is difficult to access accurately, as the
temperature within the actual contact in]ets could noi be
directly measured. Thermocouples were used to measure the

- jet temperature,and the temperature of the sapphire surface

at the edge of the track. 1In one instance, at the top of
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the speed range, these readings differed by as much as ]0°C,
which corresponds to a 60% variation in viscosity at those
particular conditions. The kinematic viscosity at both
temperatures,was computed from the Walter-ASTM formula

{(given in ref. (178)) which can be expressed as follows:
log log (v + 0.6) = K- Clog T  ...... 5.1

where v is the viécosity in centi-Stokes, T is the absolute
témperature in degrees Kelvin and K and C are constants.
The constants were evaluated by substitution of two known
viscosities vy and vy at temperatures Ty and T, (see

Appendix 3) into the following equations:

C = Tog log (v + 0.6) - log log (vo + 0.6)

Tog Ty, - log T,

K =1 []og 1og(vy+0.6) + Tog Tog(v,+0.6) + C(]ogT]+1ogT2)]

This formula was found to give adequately accurate pre-
dictions of the viscosity-temperature characteristic. The
dynamic viscosity n,, expressed in Imperial units (Reynolds),
was found by mu]tip{ying the kinematic viscosity v(centi-
Stokes) by the specific gravityl(corrected for temperatufe)

and a conversion factor of 1.4503 x 10'7.

For each test result, two values of the speed para-
meter were computed corresponding to the two temperature

readings.
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5.2.4 Load Parameter,

This is defined as:

The roller load could have been indirectly
eﬁfimated from the know]edgé of the load applied to the
shaft (measured by the calibrated load cells) and of the
1oad-distribution around the test bearing (seérsection
3:4.6). However any variation in roller size would produce
a large change in the load distribufion,and it was considered
to be far more accurate to calculate the load per unit length
. of the contact, at the particular point under the microscope

field of view, by measuring the static contact width and
using Hertz (8) theory. This states that:

W _ b2rE'

L~ "8R
Although this theory can only be rigorously applied to the
case of perfectly smooth surfaces, Greenwood and Tripp (179)
have shown thaj:, for real surfaces, the departure from the Hertzian
pressure distribution will only be small at high loads. The
surfaces in question are polished to a surface finish of
1 u in. c.l.a., and are under relatively high load. It is
estimated that the error in calculating the load in this

manner is not more than 5%.

The contact width was measured in the following

manner: load was applied to the shaft and the particular
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roller selected for vfewing, positioned over the window,
A photograph was taken of the contact and project:d onto a
large piece of graph paper, and the width of the projected
image marked. To determine the magnification,a photograph
was taken under identical conditions of a graticule ruled
with 100 lines per millimetre, and this was projected onto

the graph paper in exactly the same manner.

Experimental Results

Results were computed for five of the film thick-

ness tests.

- Two test runs, A and B, were conducted with a jet
feed of lubricant 2, and a test bearing load of 875 1bs. The
0oil flow rate of 9 gallons pef hour was sufficient to
immerse completely the lowest roller in the bearing. High
speed black and white photographs of the interferograms were
taken of test A,using the laser as the light source. A
series of these photographs, that illustrate the film
building up as the speed increases, are shown in figure 5.4.
Test B was carried out under similar conditions using the
Xenon flash lamp as the Tight source. Six of the photo;
graphs taken during this run are presented in figure 5.5,
five of these clearly illustrate the position of the inlet

boundary.
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TEST A, Pmax = 149,400 p.s.i., Laser (A= 4950 A)

(a) 91 R.P.M.
hg = 9.0 u in. (2nd bright fringe)
hy = 6.1 uin. (1st dark fringe )
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(c) 233 R.P.M. (d) 331 R.P.M.
he = 13.5 u in. (3rd bright/ o = 16.6 u in. (3rd dark/
, 2nd dark fringe) 3rd bright fringe)
hy = 10.6 u in. (2nd bright/ hy = 13.7 u in. (2nd dark/
2nd dark fringe) 3rd bright fringe)

.Figure 5.4 Photomicrographs, taken under

laser illumination, illustrating
film build-up in Test A.
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Jet feed lubricant 2, Hertz width (static) = 0.008 in.

(e) 503 R.P.M. (f) 643 R.P.M.
ho = 21.1 py in. (4th bright fringe) ho = 24.1 yin. (4th dark fringe)
h; = 15.2 u in. (3rd bright fringe) h; = 18.3 uin. (3rd dark fringe)

il

@
b ;;‘gfu
e

(g) 1105 R.P.M. (h) 2155 R.P.M.
hy = 27.2 pin. (5th bright fringe) ho = 30.2 u in. (5th dark fringe)
h; = 21.3 pin. (4th bright fringe) h; = 24.4 ypin. (4th dark fringe)

Figure 5.4



(3rd bright fringe)
(2nd dark fringe )

19.9 py in. (3rd dark fringe)
15.1 p in. (3rd bright/2nd dark fringe)
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(¢) 405 R.P.M., hg = 23.2 u in. (4th bright fringe)
h; = 16.7 p in. (3rd bright fringe)

Figure 5.5 Photomicrographs, taken under flash lamp
illumination, during test B.



Jet feed lubricant 2, Hertz width (static) = 0.008 in.

(d) 532 R.P.M., ho = 26.5 u in. (4th dark fringe)
h: = 20.1 u in. (3rd dark fringe)

I

= 29.9 u in. (5th bright fringe)
hi1 = 23.5 ¢ in. (4th bright fringe)

(f) 1542 R.P.M., ho = 30.0 u in. (5th bright fringe)

hi1 = 23.5 U in. (4th bright fringe)

Figure 5.5
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Test C was conducted with a jet feed of lubricant
1, and a test bearing load of 875 lbs. The 0il flow rate
of 5 gallons per hour was again sufficient to completely
imherse the lowest roller in the bearing. Four of the
photographs taken during this run _using the laser as the
light source, are presented in figure 5.6. Test D was
carried out with zero 0il flow and a test bearing load of
875 1bs. A duantity of lubricant 1 (about.8 cubic in.),
sufficient to cover the outer race track at the bottom of
the bearing, was placed in the race housing. Three of the
photographs, taken during this run using the flash lamp as
the light source, are présented in figure 5.7. Test E was
" conducted under similar conditions to test C,but with a jet
feed of 5 gallons per hour of Tubricant 1,supplied at 50°¢.
Thi§ test was carried out in order to determine the
variation of the pressure-viscosity coefficient o with

temperature.

The basic experimental film thickness results are
plotted against shaft speed in figures 5.8, 5.12, 5.16,5.20,
and 5.24. Also shown in these figures is the variation of
sapphire temperature, 0il temperature and the inlet bodndary
distance (measured when visible). The inlet boundary dist-
ance, taken from the edge of the Hertz zone, was measured
from the photographs in the same manner as used for obtaining
the.Hertz width (see section 5.2.4). 1In some cases it was
measured directly from the television monitor. (The magni-

fication was found by recording an image of the graticule,
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o)

TEST C, Pmax = 149,400 p.s.i., laser (A= 5350 A)
Jet feed lubricant 1, Hertz width (static)
= 0.008 in.

(a) 207 R.P.M,
= 26.0 p in. (4th dark fringe)
19.7 u in. (3rd dark fringe)

=2
)

|
=
)

|

= 35.8 u in. (6th bright fringe)
= 29.7 p in. (5th bright fringe)

=
I

=
|

(¢) 1678 R.P.M. (d) 2022 R.P.M.

ho = 37.5 p in. (6th dark/ ho = 36.0 u in. (6th bright fringe)
6th bright fringe) h; = 29.8 y in. (5th bright fringe)

h; = 29.7 pin. (5th bright fringe )

Figure 5.6 Photomicrographs, taken under laser illumination,
during test C.



TEST D, Pmax = 149,400 p.s.i. flash lamp ( A= 5460 A),
lubricant 1, Hertz width (static) = 0.008 in.

4 .

i
i

o g ey

(a) 250 R.P.M., hg = 46.1 p in. (7th dark fringe )
h, = 36.6 y in. (6th bringe fringe)

Il

52.8 pin. (8th dark fringe)

(b) 417 R.P.M., Iy
41.6 pin. (6th dark/7th bright fringe)

=
|

49.5 p in. (8th bright fringe)
40.0 p in. (6th dark fringe )

(c) 532 R.P.M., hy
h,

Figure 5.7 Photomicrographs, taken under flash lamp
illumination, during test D.
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ruled with 100 lines per millimeter). As the position of
the inlet is sometimes highly erratic, the inlet distance
was measured for several revolutions, at a particular shaft

speed, and the minimum value plotted.

The experimental resu]ts, expressed in terms of
the dimensionless parameters H* and U*, are plotted in
figures 5.9, 5.13, 5.17, 5.21, and 5.25. The value of the
viscosity n,, used to calculate the parameter U* was deter-
mined at the temperature measured by the thermocouple
positioned on the edge of the sapphire surface. For the

purpose of comparison values of U*, based on viscosities

~calculated at the jet temperature, have also been plotted

in figure 5.17.

Comparison with Other Experimental and Theoretical Studies

Comparison with Isothermal solutions,

Lines representing Wymer's (81) empirical
solutions for H,* and H,*, equations 2.9 and 2.10; the Grubin
(22) solution for H, *, equation 2.7; and Dowson and
Higginson's (30) theoretical solution for H, *, equation 2.8,
have been plotted for comparison with the experimental results in
figures 5.9, 5.13, 5.17 and 5.21. These so]utio;s were
p]ofted aﬁsuming no variation of the pressure-viscosity co-

efficient a,with temperature.
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5.4.2 Comparison with Thermal Solutions,
' "Film thickness predictions were also made using
a thermal solution developed by Murch and Wilson (172).
In this analysis a modified Reynolds equation, that takes
into account the effects of viscous heating, is used in
» place of the conventional Reynold's equation,in a Grubin
type analysis of the E.H.D. inlet zone. A viscosity model

of the following form is used:

n =nee “PTYTTS) . 5.2

where: nis the viscosity at temperature T and pressure p. .
nois the viscosity at zero pressure and surface
temperature Ts.
vy is a tgmperature coefficient of viscosity.

The equation they obtained is expressed as follows:

-1

H=37 (304 +T%%) " L 5.3

H, S and T are non-dimensional parameters obtained as

follows:
H = E%hégl Film thickness parameter.
2 2rt2
e ‘75U1h%bL mt Speed parameter.
I »PEE =Ler
L = —4%11 Thermal loading parameter.

The.thermal conductivity k of lubricant 1 is given in

ref.(171) as 0.117 watt/m%. at 40°C. No data on the thermal
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conductivity of 1ubricént 2 was available and, as it is
unlikely that there is a significant difference, “he same
value was used for both oils. The temperature coefficient
of viscosity was calculated for each oil qsing equation 5.2,

and the data given in Appendix 3.

When the thermal loading parameter L = 0, equation

5.3 can be written as follows:

H=0.254%73 ... 5.4

This relationship is equivalent to the usual isothermal
Grubin result given'by equation 2.7. In order that pre-

- dictions of the minimum film thickness could be made from
the Dowson and Higginson solution, taking into account the
effects of viscous heating, the effective viscosity of the
.0il at entry n,' was calculated from the Murch and Wilson
approach. Values of n ' were obtained by calculating from
equation 5.4 the values of S' required to give the same film
thickness as pfedicted by equation 5.3. The effective

viscosity is then given by:

....... 5.5

Using the Dowson and Higginson solution the minimum film
thickness is influenced by viscosity according to equation

2.8 i.e.,

H*, ! 1
H—;i = [ﬂﬂ_) ....... 5.5
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Where H*; ' is the dimensionless minimum film thickness
taking account of the effects of viscous heating. Substi-
tuting equation 5.5 gives the following relation which was

used to obtain predictions of minimum film thickness:

I3 e 5.6

e

To obtain the inlet temperature rise, predicted
by the Murch and Wilson theory, thé temperature corres-
ponding to the 0il viscosity of n ' was calculated from
equation 5.1. The measured surface temperature was then
subtracted from this value. In calculating the oil inlet
temperature from the effective inlet viscosity, no account
was taken of the variation of density with temperature. As
the temperature rise is relatively small the error intro-

duced is negligible.

The thermal predictions, expressed in terms of the
usual dimensionless parameters, are plotted for comparison
with the experimental values of qgntra] and minimum film
thickness in fiqures 5.10, 5.14, 5.18 and 5.22. In figures
5.11, 5.15, 5.19 and 5.23 the theoretical film thickness
predictions and experimental results are plotted against’
shaft speed. Also shown in these figures is the predicted
inlet temperature rise.

The predictions obtained for lubricant 2 from the
Murch and Wilson analysis and the corrected Dowson and

Higginson equation (figures 5.10, 5.11, 5.14, 5.15), have
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been calculated assuming a constant value of the pressure-
viscosity coefficient a. The film thickness predictions

for lubricant 1, shown in figures 5.18, 5.19, 5.22 and 5.23,
also allow for the variation in o value with temperature.
The relationship was found by comparing the experimental
results obtained for central film thickness in tests D and
E. These results are plotted together in figure 5.25. For
both of these tests, at values of U* below 9 x 10711 there

is negligible reduction in film thickness due to viscous
heating, as predicted by the Murch énd'wilson analysis.
Therefore for any value of U* less than 9 x 1071 the
separation between the curves can be solely attributed to
the difference in o value. The reference value of a is

1.46 x 10™% in.%/1b. at 20.59C. Values of o were calculated
relative to this reference value for three points, on thé
line representing test E, corresponding to surface tempera-
tures of 36°C, 42°C, and 49.5°C. The same reference value
of o was used for all three points since, in this range, the
surface temperature intest D only varies from 18°C. to 20.5°C.
and such a small temperature variation is assumed to have a
negligible effect on the reference value. MWymer (81) has
found experimentally that the central film thickness is
influenced by the a« value according to equation 2.9 ie.,

.58

H* . &
H*o ref. " la ref.
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Figure 5.8 Experimental results plotted against shaft
speed.
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Figure 5.9 Experimental results, expressed in

dimensionless terms, plotted for
comparison with isothermal theory.
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A: Murch & Wilson's sol'n for H*
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Figure 5.10 Experimental results, expressed in dimensionless
terms, plotted for comparison with thermal theory.
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Figure 5.11 Experimental values of dimensionless film
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Figure 5.13 Experimental results, expressed in

dimensionless terms, plotted for
comparison with isothermal theory.
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Figure 5.15 Experimental values of dimensionless film
thickness plotted against shaft speed for
comparison with thermal theory.
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comparison with isothermal theory.
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terms, plotted for comparison with thermal theory, allowing for

the variation of « value.
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2010~

nm O N DWW o

.
w

-y

W
Temperature Rise (°c)

.
N

L A: Grubin's sol'n for Hp* /A/-\—-
B: Murch & Wilson's sol'n for Hp* _ —~— B P
C: Dowson & Higginson's sol'n /{r‘f%
. A
+ thermal correction for Hy* VA«
D: Inlet temperature rise /&K Dc Db
predicted by Murch & Wilson ﬁ/ D’ /
/\: Ho* Experimental A 0 Jn . |
[ [J: H1* Experimental P 7 {j/ : /
i ALY /
» %X e
7 4 /-
s / _
7 rd /
A .
: - / i
7 7 /
_ A 7 O —
Py /
N /
- N / -
1 | n/ I B I | |
2 3 4 5 6 78 10 20 30 40 50x10

Shaft speed (R.P.M.)

196

Figure 5.23 Experimental values of dimensionless film thickness plotted against -
shaft speed for comparison with thermal theory allowing for « value variation.
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Figure 5.26 Variation of the pressure - viscosity coefficient
of lubricant 1 with temperature. ‘
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Therefore for a particular value of U*:

| 1.724
H*, ] 7

H¥ ref.

@ =1.46 x 10°% [

This equation, where H¥ is taken fromtest E,and H¥,..r.
fromtest D,within the specified ranges of U* and temperature,
was used to obtain the variation of o value with temperature
for 1ﬁbricant 1. The results are plotted in figure 5.26.
For the purposes of computation these results were repre-
sented by the following re]ationshib, which closely fits

the experimental curve:

471 x 107%

a4 =
-39
TS

-

Where Tg is the surface temperature measured in oc.

Discussion

A study of the interferograms presented in fﬁgures
5.4 to 5.7 reveals the typical film shape of an E.H.D.
contact, in which the central region of constant film thick-
ness is followed by an exit constriction along the rear ‘

edge of the contact.

The absence of a constriction at the contact
inlet suggests the smooth transition of the roller onto the

sapphire insert. If there was a normal approach velocity,
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caused by an uneven transfer from the steel surface to
the sapphire, it is likely that a slight additional con-
striction would be formed at the front edge of the contact

(49).

At the contact ends the exit consfriction broadens
to form side constrictions. At the load used in these tests,
the reduction in film thickness occurring at'the side con-
strictions was no greater than that occurring at the exit
constriction. The rollers, of standard commercial type,
have been carefully blended to alleviate these side con-
strictions. As the film thickness increases, the deviation
- from the Hertzian shape becomes more pronounced and the exit

constriction occupies a greater area of the contact.

Upon leaving the contact it can be seen that the
0il tavitates, and is left on the sapphire surface in the
form of streamers. The oil remains on the track in this
form,until the streamers are swamped by an inflow of oil or
by 0il in the inlet region of the following contact. 1In
figure 5.5 the cavitation streamers, left from a preceeding
contact, are clearly visible in the contact entry region.

As the film thickness increases the point at which cavitation
Aoccurs moves further away from the rear edge of the contact.
This again indicates the departure from the Hertzian pressure

curve,as the film thickness increases with speed.
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It is evident from figures 5.8 and 5.24 that the
film thickness is directly influenced by the surface
temperature and not by the jet temperature. In figure 5.8
it can be seen that the irregular shape of the film thick-
- ness curves reflects the variations in the shape of the
.5urface temperature curve. 'Figure 5.24 illustrates that a
sharp drop in the jet temperature has no effect upon the
shape of the film thickness curves. In figure 5.17 the
experimental results for H* have been plotted against
values of U* based on an oil inlet viscoéity calculated at
the jet temperature. This results in points that show an
inconsistent relationship between film thickness and speed.
" This behaviour is obviously expected as the temperature of
the o0il at the contact inlet will be directly influenced by
any change in surface temperature. Convincing evidence that
the inlet viscosity is governed by the surface temperature

has also been given by Crook (34).

A comparison of figures 5.16 and 5.20 reveals that
considerably larger film thicknesses were obtained with zero
flow to the bearing than with jet feed. Although the higher
value of 0jl temperature, responsible for the low film
thickness, is caused by o0il churn, it is 1ikely that had the
bearing been left to run with no supply,the surface temper-
ature would eventually have risen over and above the

temheratures resulting from jet feed.

At low values of the dimensionless speed parameter
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U* (below 6 x 10-11) the experimental values of film thick-

" ness are accurately predicted by the isothermal treories of
Grubin and Dowson and Higginson (see figures 5.9, 5.13,

5.17, 5.21). Measurements of central film thickness fall
~consistently below the curve representing the empiricaf
solution of Wymer, and the siope of a line joining the experi-
mental points, at low values of U*, is greater than that of
Wymers solution. The measured values of minimum film thick-
ness fall consistently above Wymers' empirical curve, although
the dependence on U* is the same. The average value of the
ratio of minimum film thickness to central film thickness,
obtained from the experimental results, is equal to .78.

This is extremely close to the value of .75 quoted by

Dowson and Higginson (31).

At values of U* above 6 x 107 the slope of the
experimental results begins to decrease and in some cases
even becomes negative, as is the case in test C (figure
5.17). At the maximum value of U* reached in this test the
experimental values of central and minimum film thickness
are 39% Tower than those predicted by the isothermal theories
of Grubin and Dowson and Higginson. This considerable
reduction in film thickness, which is occurring at re]a?
tively low speed of 2020 R.P.M., is not caused by starvation.
At_this'speed, although the position of the inlet boundary
was.extreme]y unstable, there appeared to be no variation

in film thickness. If the contact was starved,small fluctu-

ations in the position of the inlet boundary would cause



a large change in film thickness. Figure 5.5(f) shows a

- photograph taken at a shaft speed of 2060 R.P.M. Curing
test B. Although the position of the inlet boundary varies
from a minimum of 0.012 in. to over 0.06 in. along the
-1ength of the contact visible in the'photograph, it can be
seen there is no change of fringe order. For these con-
ditions, at the minimum boundéry distance, the theory.of
Wolveridge, Baglin and Archard (1f9) predicts a 5% drop 1in
film thickness from the fully flooded value. This is con-
siderably less than a drop of 30%, which is the discrepancy
between the film thickness predicted by isothermal theory
and the experimental result. A 5% drop in film thickness
‘would not be sufficient to cause a change in fringe order,

which confirms the experimental observations.

The thermal analysis of Murch and Wilson (172)
(equation 5.3)’and the corrected Dowson and Higginson
equation (equation 5.6), give extremely accurate predictions
of film thickness at the higher values of U*. The thermal
predictions for tests C and D (figures 5.18, 5.19, 5.22,
5.23) have also allowed for the variation of o value with
temperature, and this results in almost exact predictions

of central and minimum film thickness over the whole range

203

of the speed parameter U*. In figure 5.19 curve A represents

the isothermal so]ution-of Grubin for central film thickneés

at constant o value. Curve B is Grubin's solution allowing

for the variation in o, and curve C is the Murch and Wilson
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solution allowing for a.value variation. At a shaft speed
of 2022 R.P.M. the drop in o value accounts for a 24% drop
in film thickness and thermal effects cause a further 20%

drop. No account of the variation of o value has been made
*in the theoretical predictions for the tests with lubricant
2'(figures 5.10, 5.11, 5.14, 5.15). This would explain the

remaining discrepancy in tests A and B, at the higher speeds

and cbrresponding]y higher temperatures.

It is evident from a comparison of figures 5.19
and 5.23 that the higher the viscosity of the oil, the lower
the speed at which thermal effects make a significant
- reduction in fi]mvthickness. In test C thermal effeéts are
not significant until speeds are over 650 R.P.M., whereas
in test D they begin to effect film thickness at speeds
_above 200 R.P.M. The drop in film thickness that occurs
above speeds of 1000 R.P.M. in test C,is solely caused by
thermal effects. Any further increase in speed merely has
a detrimental effect on film thickness. Al1 the experi-
mental results show that the film thickness ceasés to in-
crease with speed at comparatively low values of shaft speed.
This is caused by a combination of increasing surface
temperature and viscous heating,which drop the inlet vis;
cosity, and a decreasing o value. A similar effect has
been found by Dyson and Wilson (180) who comment "There is
a tendency for the experimental values to stop increasing

with increasing theoretical film thickness".
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In figures 5.11, 5.15, 5.19 and 5.23 the inlet
temperature rise as predicted by the thermal appriach, has
also been plotted égainst shaft speed. These values are
in good agreement with those obtained experimentally by
Orcutt (91). Wilson and Murch (172) have found that as the
thermal loading parameter was increased, the pressure
gradient in the inlet zone decreases. This results in the
effecfive length of the inlet zone increasing from about
2.5 Hertz widths, under isothermal conditions, to around 15
Hertz widths, under conditions of hfgh thermal loading,
which they predict could lead to premature starvation.

However the experimental results do not show this effect.
An explanation of why this is not evident is that as the
edge of the parallel section is approached, the velocity
distribution becomes almost constant. It would therefore
be expected that as starvation becomes increasingly severe,
the temperature rise in the inlet, due to viscous heating,
would become correspondingly lower. Thus the two effects

balance each other.
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CHAPTER VI

FURTHER INVESTIGATIONS INTO THE LUBRICATION
OF THE OUTER RACE CONTACTS

Introduction

Recent theoretical studies (119, 120, 123), and
experimental work (47, 69, 81, 127, 137) in which Tow values
of film thickness have been attributed to lubricant star-
vation, have caused considerable speculation as to whether
rolling element bearings operate fréquent]y under starved-
conditions. It is evident from the results of the film
thickness tests, that starvation was not causing a drop in
film thickness. ~This is surprising when the difficulty
encountered by other workers in avoiding starvation (81), is
considered. Also as the oils wused in this study were of
comparatively high viscosity, the early onset of Starvation
was expected. Efforts to bring about starvation by shutting
off the 011 supply, only resulted in a stabilizing effect
on the position of the inlet boundary. Even leaving the
bearing to run with no additioné] supply, had no further

effect on the boundary position.

Recently considerable attention has been focused
on the question of lubricant starvation. Prediction of
film thickness, under starved conditions, can be accurately
made if the position of the inlet boundary is known. How-

ever in practice this is not the case, and interest is now
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centred on predicting where the air/liquid interface will
form for a given set of operating conditions (123, 127).
In order to try to resolve the way by which oil that is
continually being lost from the bearing surfaces, is re-
p]acéd, several tests were conducted to elucidate the

mechanisms involved.

Position of the Inlet Boundary

Measurements of the inlet boundary distance, made
during the film thickness tests, are plotted against shaft
speed in figures 5.12, 5.20, 5.24. Only the minimum dis-
tance is plotted, this being measured from the edge of the
parallel contact zone, midway across the length of the con-
tact. The highly erratic behaviour of the boundary, which
occurred at the higher speeds when 0il was being supplied,
was caused by drops of o0il, flung onto the outer race by
centrifugal force, some of which wet the surface. A com-
parison of figure 6.1(a) and 6.1(b) shows the effect of
switching off the oil supply. The photograph illustrated
in figure 6.1(a), which wa$ taken when the 0il jet was on,
shows an unstable inlet boundary position. When the jet
was switched off, the boundary assumed a steady position,
as illustrated in figure 6.1(b). However the minimum
distance was virtually unaffected by chanrges in the oil
flow rate, and by plotting this distance the effects of o0il

flinging can be discounted.

207
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(
Fﬁgure 6.1 The effect of lubricant supply on the inlet
boundary.
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The reduction in the inlet boundary position

- with increasing speed, is consistent with the behaviour

observed by other workers (47, 123, 137). Provided the
inner race contacts are running at the same film thickness
as the outer contacts; this will be the case as long as the
surfact temperatures are the same, there is no starvation,
and no oil is lost from the roller surfaces; the only way
that bi] can be lost from the outer.contacts is by leakage
afound the sides in the inlet zone, or by side leakage
within the actual contact. Side 1eékage within the high
pressure contact zone can be neglected in comparison wifh
that lost around the contact edges in the inlet region (this
'has been shown experimentally, to be considerable in section
6.43). At a constant speed, the rate at which lubricant is
lost will be proportional to the boundary distance. The
boundary will form in such a position that an equilibrium
is established between 0il in-flows to the contacts, and
the out-flow around the edges. The out-flow is proportional
to speed and therefore, provided the in-flows are less
dependent upon speed (if at all), the boundary distance will

decrease with increasing speed.

It was noted from the experimental results that
the inlet boundary distance tended to be larger for higher
viscosity o1l {(compare figdres 5.20 and 5.24). . This result
was totally unexpected as it is contary to other experi-

mental findings (47, 123), and to the generally accepted
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theory that increased o0il viscosity will lower the rate

of o0il replenishment.

In order to determine whether there was any
definite relationship between inlet distance, speed, and
viscosity, the measurements of the boundary position, made
in tests B, D, and E, were plotted against n,/U. Figure
6.2, in which the majority of the_experimental points are
c1ose1y reﬁresented by the solid line, confirms that the
'behaviour of the boundary can be described by a relation-
ship in which the inlet distance is proportional to the

viscosity, and inversely proportional to the speed.

The experimental results bear no relation to the
starvation theory recently put forward by Chiu (123), (see
section 2.4). Although his analysis does not include line
contacts, it does predict that at a shaft speed of 2000
R.P.M. there will be no refilling of the rolling track from
the edges. The theory in fact suggests that the 'delay
time' is larger than the contact time interval. This
infers that oil is still being drawn out of the contact
during the whole time interval. If the mechanism of o0il
replenishment suggested by Chiu is applied here, then
severe starvation would be expected. This is clearly not

the case.

A current hypothesis, put forward by Dowson (127),

($ee section 2.4), is that under conditions of little or no
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lubricant supply, the boundary will form at the position

of 'zero reverse flow'. In pure rolling this would cause
a reduction in film $E£§§§§§;éof 29%. At a central film

thickness of 30 pin. thehposition of 'zero reverse flow'

is approximately 0.003 in. from the edge of the contact.

Even when the o0il supply was cut off, the boundary was

never formed at a distance of less than 0.012 in., and

Dowsdn's suggestion is not upheld.

In order to confirm the surprising finding that
the inlet distance is greater at higher viscosities, the
bearing was run at speeds up to 2000 R.P.M. using a small
quantity of o0il with a viscosity of 8500 ¢S at 20°C. At
all speeds,the position of the inlet boundary was out of
the field of view of the microscope, confirming the original
findings. Two photographs of this test, taken from the
video monitor, are illustrated in fiqure 6.3. Although
interference fringes are hardly visible, becéuse of the
extremely thick film, it can be seen from the shape and
starting position of the cavitation fingers, that the film
thickness is larger at 86 R.P.M., than at ]986 R.P.M. The
shape of the cavitation fingers, shown in figure 6.3(a),
is very similar to those that occur in journal bearings
(compare with those shown in ref. (181)), and the large gap
between the edge of the contact and the start of cavitation,
suggésts that the state of lubrication has become completely

hydrodynamic. At the higher speed (figure 6.3(b)), cavi-
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(a) 86 R.P.M.

(b) 1982 R.P.M.

Figure 6.3 Appearance of the contact, when

running with 8500 ¢S oil.
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tation starts closer to the contact, and the fingers are

smaller. This is more characteristic of an E.H.D. contact.

The density, o va]ue,.and the variation of
viscosity with temperature were not measured, and therefore
to estimate the theoretical film thickness, values of these
quantities were assumed to be the same as for lubricant 1.
The thermal theory of Murch and Wilson (172) predicts a
central film thickness of 210 pin. at a speed of 86 R.P.M.
and at a surface temperature of 23°C. At 1982 R.P.M., and
a temperature of 49°C, the theory predicts a central film

thickness of 160 pin. This is inspite of an overall in-

_crease in the product of viscosity and speed.

The Effects of Starvation

Experimental Results.

Severe starvation was induced by limiting the
quéntity of oil in the bearing to one drop per roller,
which is a total volume of approximately 0.01 cubic-in.
White 1ight was used to enable small changes in film thick-
ness to be measured, and the position of the inlet boundary
was obtained in the same way as described in section 5.2;4.
Four photographs, that illustrate the reduction in inlet
distance with increasing.speed and film thickness, are
shown in figure 6.4. The effect of an addition of oil, at
constant speed, is shown by the photographs presented in

figure 6.5.
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Hertz width (static) = 0.008in.
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(&) 31 R.P.M. (b) 70 R.P.M.

Ist Red, Xi = .027in. 1st Green, Xi = .0049in.
h; = 6.3 uin. hy = 9.7 pin.

(c) 293 R.P.M. (d) 576 R.P.M.

2nd Red, Xi = .0014in.,he=12.7 uin. 2nd Green, Xi = .0015in.,hy=15.8 uin.

2nd Yellow, Xi = .0009in.,ho=11.0 uin. 2nd Red, Xi = .0006in.,ho=12.8 pin.
2nd Yellow, Xi = .0002in.,he=11.1 uin.

Figure 6.4 Photomicrographs, taken with white light,
illustrating the effect of increasing speed
under starved operating conditions.
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Shaft speed = 322 R.P.M., Hertz width (static) = 0.008in.

Initially one drop of lubricant 2 per roller,
0.3 cubic in. added during test.

(a) 2nd Red (b) 3rd Red
Xi = .001 in., hy = 12.7 yin. Xi = .0045 in., hg = 19.9 uin.

(c¢) 3rd Green/3rd Red (d) 3rd Green
Xi = .006 in., hy = 21.5 uin. Xi==w, hy = 23.2 uin.

Figure 6.5 Photomicrographs, taken with white light,illustrating
the effect of an addition of o0il under starved
operating conditions.
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In figure 6.6 the experimental results are
compared w{th the semi-analytical solution of Wolveridge,
Baglin and Archard (119), and with Wymer's (81) empirical
solution (equation 2.12). The following non-dimensional

parameters have been used:

Film thickness parameter: B %l

1
Inlet distance parameter: VY = (%ﬁém)z/s X;
where: heo is the fully flooded centfa] film thickness.
Xi is the inlet distance, measured from the edge of the
Hertzian contact area. The value of h, was obtained from
the Grubin solution and, as the speeds were relatively low,
no thermal correction was used. It can be seen from the

fiim thickness results presented in Chapter V that, at Tlow

speeds, agreement with the Grubin solution is good.

Discussion,
The scatter in the experimental results reflects

uncertainty in the prediction of h.,, and in assessing the
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exact location of the boundary at very small inlet distances.

Over the whole range of ?i, the drop in film thickness is
less than that predicted by Wolveridge et al, (119), althoug
it is only at values of ¥;below 0.4 that the discrepancy
becomes large. When the inlet boundary approaches the edge
of the Hertzian region, the thebry predicts a far greater

drop off in film thickness than was found expérimenta]]y.

h
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Wymer (81) has found the same behaviour and his
empirical formula predicts a finite film thickness (0.21 hg)
at zero inlet distance. However his results were obtained
in conditions such that only small regions of the contact
were severely starved. Thus the load carried by these areas
was considerably reduced, ana supported by the surrounding
fully flooded contact. The local reduction in contact width
in the starved regions, gave the appearance that the boundary
had actually entered the Hertz%an contact,zone. It can be
seen from the photographs presented in figure 6.4 that the
inlet boundary never quite reaches the edge of the parallel
‘region, and there is always a region of convergence that is
résponsible for the film formation. The theory of Wolveridge
et al. (119) assumes a Hertzian shape, and this is not truly
representative of the actual shape close to the boundary of
the Hertzian flat. Castle and Dowson (120) have produced a
complete numerical solution for starved conditions, but were

unable to obtain convergence at values of ¥, less than 0.5.

N

The dependence of film thickness on the position
of the inlet boundary (Xi) at constant speed, is illustrated
by the photographs presented in figure 6.5. AAcomparison of
(a) and (b) demonstrates that in a severely starved situation
a small increase in Xi will cause a large increase in film
thickness. However when the boundary is about one Hertz
'width away from the edge of the contact, any further in-

crease has only a very small effect upon film thickness.
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This is evident from a comparison of photographs (c) and

{d) of figure 6.5.

Figures 6.4 and 6.5 also show the effect of
starvation on the exit constriction. As starvation becomes
increasingly severe, the constriction becomes narrower and
less pronounced, until it disappears and there is uniform
Tilm thickness across the whole contact (see figure 6.4(d)).
In figure 6.7 the ratio h;/h, has Been plotted against the
inlet distance parameter Y,. Again there is considerable
scatter, but the results consistently show that the ratio
tends to unity as ¥; becomes small. This effect has been
‘predictéd theoretically by Castle and Dowson (120) for a
constant value of H:, and the ratios calculated from their
results are represented by the solid line in figure 6.7.
These values are higher than those obtained experimentally,
as their analysis is based on a 16w value of H;, for which
the ratio of minimum to central film thickness, under fully
flooded conditions, is equal to 0.87 (an average value of
0.79 was obtained from film thickness measurements under
fully flooded conditions). Wedeven (47, 69) has observed the

same behaviour in a point contact situation.

It is also evident from a comparison of the. two
photographs presented in figure 6.8 that starvation alle-
viates . the side constriction. Although the central film
thickness has remained the same, the exit and side con-

strictions have almost completely disappeared. Increasing
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Hertz width (static) 0.008in.

(a) 106 R.P.M.
1st Blue, hy = 8.2 uin.
1st Red, h; = 6.3 uin.

(b) 187 R.P.M.
1st Blue, hy
1st Blue, h;

Figure 6.8 Interograms, produced using
white light, illustrating the effect of acute
starvation on the side and exit constrictions.
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the speed, and hence the degree of starvation, has had the
beneficial effect of removing the constrictions, even though
the contact is supported by a substantial oil film (8 uin.).
Under conditions of acute starvation the film thickness is
Timited by the amount of o0il brought into the contact region
by the bearing surfaces. As there isAeffectively no inlet
region, oil that is on the edge of the track surfaces on
the roller and the race, is carried straight into the high
préssure contact zone, and cannot be lost around the roller
edges. Therefore there is no pressuke drop off in the entry
region, at the contact edges, and no side constriction is
produced. These observations again emphasise that the inlet

conditions control the film thickness and contact shape.

In these experiments, where the supply of lubri-
cant was inadequate for fully flooded operation, the
limiting film thickness was determined by the amount of o0il
available. As this 1im1tin§ film thickness is approached,
the quantity of oil available in the inlet regions is de-
creased, and the degree of starvation becomes increasingly
severe. Thus the film thickness becomes less and less sen-
sitive to changes in speed, and the other parameters thét
control film thickness in E.H.D. contacts. Under these éon-
ditions the film thickness is extremely sensitive to any
additional supply of oil. Figure 6.9 (taken from the tele-
visibn monitor) shows the effect of a small quantity of oil
reaching the inlet of an extremely starved contact. The

fringe pattern, which is approximately symmetrical, reflects
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165 R.P.M. (3000 cS mineral oil)

Figure 6.9 Interferogram illustrating the
effect of a drop of 0il reaching

the inlet of a starved contact.



6.4

6.4.

1

225

the shape of the in]et'boundary, and illustrates the contact
ﬁdjusting to the new inlet conditions.. The shape of the
fringes shows that the film thickness is not constant across
the normally parallel region of the contact, and this is an
indication of the highly transient conditions. A drop of
0il, entering the inlet region of an acutely starved contact
causes a rapid change in film thickness, and a torque jog.
1t 15Afor this reason that torque jogs are associated with

positional instabilities in gyro bearings.

Additional Experimental Observations

The Effect of Uneven Roller Spacing.

Chiu's starvation theory (123) for point contact
is based on the hypothesis that the position of the inlet
boundary and hence the degree of starvation, is controlled

by the rate at which oil, from the track sides, replenishes

~the depleted area immediately after the passage of a contact.

He proposes that the degree of fluid replenishment is depen-
dent upon the contact time interval, the oil/air surface
tension and the 0il viscosity. If Chiu's theory is correct,
greater boundary distances would be expected at the contact
edges, than in the centre. At low shafts speeds this was
frequently the case (see figure 6.10(a)). At constant speed,
the time between contacts is dependent upon the roller spacing

and therefore, in order to ascertain whether this mechanism
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of lubricant replenishment was causing the increased
boundary distance at the edges, two diametrically opposite
rollers were removed from the bearing. Under constant
running conditions. the time delay of the flash could be
adjusted to view, either a roller preceded by a normal

spacing, or a roller preceded by a double spacing.

Throughout the speed range there was no consistent
difference between the shape, or pésition of the boundary,
across the whole contact length of these two rollers. To
determine whether this type of replenishment action was being

masked by the copious supply of lubricant, the bearing, with

the two missing rollers, was run under starvation conditions.

Again the roller spacing was observed to have no effect on

the inlet boundary.

These findings suggest that the mechanism of
lubricant replenishment is independent of the roller spacing,
and that the make-up flow, required to replenish the oil that
was being continually lost around the contact sides, was

provided by the rollers.

The Effect of the Roller Edgés on Lubricant Supply,

It was noted that if the bearing was run with oil
supply at low speeds, the inlet boundary would adopt a shape
that curved away from the contact ends. This concave shape
indicates that replenishment is taking place from the contact

edges. If the o0il supply was switched off, the boundary
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would reverse to a convex shape, in which the ends of the
contact were depleted of oil. The two photographs presented
in figure 6.10 illustrate this effect. As the speed was.
.1ncreased,a concave boundary would tend to straighten, and
evehtua]]y reverse to a convex shape. The higher the vis-
cosity of the oil, the lower: the speed at which this change

in shape occurred.

The concave boundary at the roller edges is
similar in shape to that which occurs, in the inlet region,
at either side of a point contact. Therefore, to elucidate
the mechanism of 0il replenishment that appeared to be
occurring atthe contact edges, the television camera was
arranged to view directly the rolling contact, formed between
a rotating glass plate and steel ball, in a counter-rotating
rig. This rig comprised of a single ball loaded against the
lower sidé of a driven flat glass plate, in a thrust bearing
arrangement. The ball was supported on cones that contacted
the ball far enough apart so as not to effect the lubricant
films, left on the ball surface from the contact at the plate.
The arrangement is shown in figure 6.11. .The magnification
on the video monitor of approximately X20, enabled the com-
plete 0il distribution around the contact to be viewed. The
lubricant used for this study was a phosphate ester (Reolube
L752) and was aerated, using an emulsifier, to allow flow
visualisation. This lubricant, of moderately high viscosity
(3600 cS at 25°C), was used because of its stabilising effect

upon the foam. About 0.25 cubic in. was applied to the disc
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348 R.P.M. (lubricant 2)

(b) O0il jet off

Figure 6.10 Photomicrographs illustrating the effect of
oil supply on the boundary shape at the edge of the contact.
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Figure 6.11 Experimental arrangement for visualisation of
the flow around a point contact.
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surface. Optimum reflectivity from the bubbles was obtained
by illumination at oblique incidence, and when the rig was

set in motion the passage of the bubbles around the contact
region gave the appearance of the streamlines. A photograph
taken from the video monitor, is presented in figure 6.12.
Although the streamlines, revealed by the path of the bubbles,
are not well defined (to illustrate this effect the tape must
‘be ruﬁ continuously), the shape of the 0il boundaries around
the contact region is clearly visible. The 'butterfly' shape
is characteristic of the oil distribhtion around this type of

contact, and is stable at all but the lowest speeds.

At extremely low speeds the two bands of oil, that
have passed around the contact region, merge and form a
meniscus around the rear of the contact. This meniscus
encloses the wake, and ensures that the track is completely
replenished with oil. If the speed is increased this system
becomes unstable, and turbulent effects cause the o0il to
split into two distincﬁ side bands. The speed at which this
occurs is principally dependent upon the viscosity of the oil.
Once the meniscus has split, the side bands of lubricant do
not merge until the following inlet region. The 0il that has
passed through the contact is left on the surface of the ball
and race in the form of streamers, which are interspaced by
air. Figure 6.14 illustrates the appearance of the cavi-
tation streamers, just before the inlet boundary, at the

edge of one of the contacts in the test roller bearing.
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+Figure 6.12 Photograph taken from the video moniter, illustrating
the distribution of oil around a point contact.

WAKE

CONTACT

e o

INLET

DISTANCE
+

__SIDE
BANDS

Figure 6.13 Shape of the streamlines, as traced by the bubble
movement around a point contact.
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419 R.P.M. (Lubricant 1)

Figure 6.14 Photomicrograph illustrating the appearance of

the cavitation streamers just before the inlet boundary.



There is no interconnection of the streamers, and therefore
no path by which the track can be replenished from the side
bands during the contact time interval, which is the

mechanism that has been suggested by Chiu (123).

The form of the streamlines, as traced by the
movement of the bubbles, as well as the position of the con-

tact and appearance of the wake, are shown in figure 6.13.
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No bubbles were visible in the immediate vicinity of the con-

tact, where it is presumed the gap was smaller than the
bubble diameter. At constant conditions the positions of
the boundaries are stable, which indicates that flows to
;and from the system are in equilibrium. The combined thick-
ness of the lubricant side bands, held on the surfaces of
the ball and race, is greater than the gap at either edge

of the contact. Therefore when this fluid enters the con-
verging region it is forced to spread laterally, causing

the side bands to merge with oil in the inlet region. The
majority of the flow passes around the edges of the contact
area, and the remainder is entrained in the inlet to replace

that lost, from this region, by side leakage. It was ob-

served that the air bubbles, that were drawn into the contact

entry region, moved close to the inlet boundary and followed
the boundary curve until they were in line with the contact.
At this point the direction of motion reversed and the
bubbles appeared to vanish, This indicated that the fluid

was being caught up in one of the vortices that exist in
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this region where reverse flow occurs (see figure 2.8).

To the rear of the contact the surfaces diverge,
and the lubricant is drawn together by surface tension to
form two thin webs, that straddle the gap between the ball
and the race. The o0il that has passed close to the sides of
thé contact area, where the gap is correspondingly smd]]er,
cavitates and is split into large streamers, that are left
on the surfaces at either side of‘fhe wake produced by the
0il that has been through the actual contact. The rearmost
boundaries mark the end of the webs, beyond which the oil is
completely divided between the ball and plate, and is moved

~at the surface speed.

At a steady film thickness the amount of o0il
leaving the contact area is equal to the amount supplied to
the contact by the track surfaces, provided there is no loss
and it is assumed that there is negligible fluid replenish-
ment, from the track sides, during the contact time interval,
The re-appearance of the cavitation streamers in the entry
region indicates this to be the case, and therefore the
position of the inlet boundary is determined solely by the
requirement that a balance must be maintained between the
rate at which 0i1 is lost from the entry region, and the

rate at which it is entrained.

It was observed that, for otherwise constant con-
ditions, an increase in speed caused a decrease in the inlet

boundary distance. This is not thought to be caused by a
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change in E.H.D. film thickness. The side bands of fluid
act as reservoirs, that remove or supply o0il to the track
surfaces, if changing conditions alter the film thickness.
This process, which only takes place around the contact
region, requires removal or supply of a volume of o0jl that
is extremely small, and will result in a negligible change
in the volume of o0il contained in the side bands. The flow
rate 6f oil approaching the contact, in the side bands, is
di}ectly proportional to the speed, and therefore, if the
filling of the entry region was only controlled by the
spreading of these bands, as they pass into the convergent
region, an increase in speed would not be expected to
effect the boundary position, The rate at which oil is
lost from the entry region is proportional to speed and
boundary distance. It is proposed that the rate of entrqin-
ment is less dependent upon speed, and therefore as the
speed is increased, the inlet boundary must form closer to
the contact to maintain equilibrium. Surface tension forces
may be partially responsible for the entrainment phenomena,
and these will only depend upon the boundary shape. This
mechanism of fluid replenishment would explain why star-
vation can occur even though considerable quantities of o0il

are still contained in the side bands.

The contact at the edges of a blended roller is
similar to a point contact, and a concave inlet boundary
indicates that the edges are supplying oil to the entry

region in the manner as described above, To examine
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whether oil was being held by the blend on the roller edges,
the television camera was mounted to view the side of the
bearing through the perspex cover, and stroboscbpic illu-
mination was provided. Large side bands were observed on
the outer race, at either side of the‘track, and when oil
was continuously supplied to the bearing at a flow rate of
about 5 gallons per hour, these bands occupied the whole

of thé gap between the outer race and the cage. Also imme-
diately apparent, at either side of the track in the exit
region, were the webs of 1ubricant,vformed between the
roller and the outer race. A photograph, taken from the
~video monitor, illustrating these webs is presented in
figure 6.15. The webs, identical to those formed in the
point contact situation, show that 0il was being carried on

the roller blend.

To determine whether the curved edge wa§ influ-
encing the inlet boundary, the blend was removed from one
edge of a roller by grinding. A central region of ]/4 in.
diameter was left to locate on the side of the cage. As
the rollers were already slightly barrelled (as well as
blended), the effective length of the contact was not
shortened, so a severe edge constriction was avoided. The
removal of the blend was found to have a consistent effect
on the boundary shape at the contact end. The tﬁo photo -
graphs presented in figure 6.16(a) and (b) were taken under

identical conditions, and show that no oil was being en-
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Figure 6.15 The appearance of the lubricant webs at the roller

edges.
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403 R.P.M. (Lubricant 2)

(b) unblended

Figure 6.16 The effect of blending on the shape of the

inlet boundary.
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trained by the edge of the unblended roller,

'Under starvation conditions it was noticed that
a r011ér having a shorter contact width, ran more acutely
starved. This was caused because the short contact was un-
able to be supplied from the side bands, Two photographs,
taken from the video monitor, illustrating this effect are

shown»fn figures 6.17(a) and (b).

The function of the edgés in supplying o0il to the
contacts was demonstrated by running the bearing under
severely starved conditions, and placing a small quantity of
oil (about 0.03 cubic in.) near the edge of the track.
‘Simultaneous observations were made, under stroboscopic
i]]umihation, of the rollers through fhe perspex cover, and
of the contact edges through the sapphire window. The oil
was observed to fjow gradually towards the roller edges, and
as soon as pick up occurred,characterized by the formation
of the webs, the inlet boundary and the film thickness were
seen to build up from the contact sides. Once 0il was
brought into the entry region, the inlet pressure build up
assisted in moving it along the Tength of the contact, until
an even film thickness was obtained. The photograph pre-
sented in figure 6.18 illustrates the end of a contact
running at a film thickness 80 pin, larger than that at the
centre. At constant speed the rate at which oil moved along
the contact was found to be extremely dependent on viscosity.

An oil, having a viscosity of 400 ¢S at 100°F, took several
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178 R.P.M. (Lubricant 2)

=
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(a) long contact

(b) short contact

Figure 6.17 The effect of a short contact on lubricant
supply to the inlet region, under starved operating

conditions.
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160 R.P.M. (0il : polyphenyl ether, S5P4E)

Figure 6.18 Photomicrograph illustrating pick up
by the roller edges causing oil to be supplied to

the contact inlet region.
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minutes before an even film thickness was formed, whereas

lubricant 2 (75 ¢S. at 100°F) took only a few seccnds.

Iso]atién of the Central Contact Region from the Edges,

To determine the effect of isolating the central
contéct région from the'roller edges, two circumferential
slots were ground at either side of a roller, as i]]ustkated
in figure 6.19. The slots were ground 3/32 in. wide, ]/8 in.
deép, and 3/32 in. from the roller ends. The edges of the

slots were slightly chamfered, to remove burns,

Although there was no means by which o0il, en-

.trained by the roller edges, could reach the inlet zone of

the central contact region, fully flooded conditions were
still maintained at the centre of this roller. There was

no consistent difference in boundary distance for the iso-
lated contact, and the other contacts in the bearing; this
still being the case when the oil supply Qas switched off.
The contact at one edge of the central region is illustrated
by the photograph presented in figure 6.20(a). The severe
constriction is caused by the unblended edge. The inlet
boundary, at either end of the isolated central contact, was
always a convex shape, indicating that no fluid rep]enishment
action was taking place from the edges. However there was
frequently a small discontinuity in the shape of the
boundary, that always occurred in line with the edge. This
is evident in figure 6.20(a), and was most 1ikely caused by

a small quantity of the oil that was lost by side leakage,
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Figure 6.19 The roller with circumferential
slots.
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Figure 6.20 Photomicrographs illustrating the effect

of a circumferential slot.
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being returned to the entry zone by the edge of the slot.

Use of this special roller clearly demonstrated
tﬁaf considerable losses occur, from the entry region,
around the sides of a contact. The o1l that waé lost around
the four contact edges, created by the two slots, was left
on the track surface in the form of slicks, as shown by
figure 6.20(b). These slicks increased considerably the
volume of oil contained in the enffy region of the following
contact. Figure 6.20(c) illustrates one such slick supplying
0i1 to the following entry region. The rate of o0il loss
through the slots, as shown by the dégree of excess filling
“of the following entry region, was proportional to the inlet
‘boundary distance, éhd under starvation conditions no slicks

were visible on the track surface.

When the bearing was run with only a small initial
supply of Tubricant (about 0.3 cubic in.), the boundary
distance, at the central contact 6f the special roller, was
considerably smaller than that at other contacts. This is
illustrated by a comparison of the two photographs presented
in figure 6.21. The situation is similar to that shown by

figure 6.17.

When ample Tubricant was évailab]e, large
quantities of o0il were continually being lost around the
edges of this isolated contact, without causing a drop in
boundary distance, This indicated that oil was being sup-

plied by mechanisms other than edge entrainment,.
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(b) isolated central contact

Figure 6.21 Photomicrographs illustrating the effect of
isolating the central contact region under conditions of

minimal oil supply.
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6.4.4 Isolation of the Roller Surface from the Cage,

This experiment was carried out to determine
whether the additional o0il, that was obviously supplying
the central isolated contact (as described in section 6.4.3),
was transferred to the roller surfaces by the cage. The
roller surfaces were isolated from the cage by enlarging
the-cage pocket, and positioning the rb]ler with an axle.
This éx]e was insérted through the roller centre, and the
protruding ends were located in two slots, machined in brass
inserts, bonded to either side of tﬁe cage., The arrangement

is shown in figure 6.22.

There was no consistent difference in the inlet
boundary distance for a roller mounted in this manner, and
for other rollers in the beafing. To confirm that the cage
was not responsible for the supply of o0il to the central
region of the 'slotted' roller, this roller was positioned
in the modified cage. These experiments demonstrated that
the cage was not significantly influencing the supply of oil

to the contacts.

6.4.5 Lubrication of the Unloaded Region, ‘

To investigate the lubrication of the unloaded
region, the microscope and sapphire window were positioned
so the lowest point of the bearing could be viewed. In this
section, the only loading at the outer race contacts is

caused by the roller weight, and by centrifugal force. In
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Figure 6.22 Arrangement to isolate a roller from the
cage spacing bars.
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this configuration, the centrifugal force would not be
great enough to cause E.H.D. lubrication, until speeds of
about 10,000 R.P.M. are reached (see equation 6,1, section
6.5). The absence of a parallel contact area, and the very
thick films developed in this region, prevented measurement
of film thickness; however the cavitation streamers, and

the inlet boundary could be observed.

- The two photographs, pfésented in figure 6.23,
Awere taken at a shaft speed of 1950 R.P.M. and illustrate
the change in conditions when the oil supply was switched
off. When 01 was supplied (figure 6.23(a)), only a few
~cavitation bubbles were produced in the contact exit region
and no inlet boundary or fringes were visible. Soon after
the 0il supply was stopped, well defined cavitation streamers,
that extended to the inlet boundary of the following contact,
were left on the track surface, and faint fringes just
became visible (figure 6.23(b)). At this speed centrifugal
force causes a roller load of 1.5 1bs. and, for these con-
ditions, the classical theory of Martin (eduation 2.1) pre-
dicts a film thickness of 700 puin. The bearing has a dia-
metrical clearance of .0 02 in., and a film thickness of this
magnitude could be accommodated at both the inner and outer
contacts, without causing any additional loading. The ab-
sence of any visible frings, when oil was being supplied,
suggésts that the film thickness was greater than 250 pin.
At these very large film thicknesses, the position of the

inlet boundary begins to have a substantial effect upon the
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1952 R.P.M. (Lubricant 1)

(a) o0il jet on

(b) o0il jet off

Figure 6.23 Photomicrographs illustrating the appearance of the

cavitation streamers in the unloaded section.



film thickness at much larger values of Xi, than for normal
E.H.D. conditions. Although it is not possible tu measure
accurately the inlet boundary distance for the system por-
trayed in figure 6.23, it is estimated, from the theory of
Wolveridge, Baglin, and Archard (119) for classical con-
ditions, that starvation is causing a 70% drop in film
thickness, assuming the boundary distance to be constant
along the contact length, If the fully flooded film thick-
néss is assumed to be 700 pin., then an actual film thick-
ness of 210 pin. is predicted. Thié would be consistent

with the observation of faint fringes,

Unlike the cavitation streamers formed under
E.H.D. conditions, the large streamers, observed in the
unloaded region, when the contacts were running fully
flooded appeared to reform into a continuous layer of o0il,
soon after the contact exit. The photograph presented in
figure 6.24 illustrates this effect. Although this part of
the bearing was usually completely immersed in o0il, the wake
appeared to reform at a constant rate across the width of
the track. This would suggest that the reforming process wa
caused by surface tension effects, and not by o0il flowing
through the bearing. This flow could not be observed, aﬁd
may have been obscured by the continuous layer of oil on the
track surface. A comparison of figures'6.23(a) and (b)
shows that the oil supply was having a considerable influenc
on the amount of oil contained in the contact inlets, in thi

part of the bearing.
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328 R.P.M. (Lubricant 2)

Figure 6.24 Photomicrograph illustrating reforming of the

cavitation streamers in the unloaded section.
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The Targe o1l films that are formed on the roller

surfaces during their passage through the unloaded section,
will supply oil to the contact entry regions in the E.H.D.
zone at the top of the bearing. This effect is further

discussed in section 6.4

The Effect of a Small Roller.

‘ During a test, in which the contacts in the
10§ded region of the bearing were being studied, it was
noted that one of the rollers was virtually unloaded. This

contact was supported by a hydrodynamic oil film, and the

large cavitation streamers, left on the track surface, had

increased considerably the volume of o0il contained in the
inlet of the following contact. The photograph presented

in figure 6.25(a) illustrates the lightly loaded contact.

The fringes are quite distinct, and it is estimated that the

film thickness was of the order of 100 pin. The concave

boundary shape suggests that the edges were supplying oil.

When the speed was increased,the boundary distance decreased

and in some instances the wake, from the previous contact,
broke through the contact area. This effect is illustrated
iﬁ figure 6.25(b). The area in which this occurs is un-.
supported by a fluid film, but as there is effective]y‘no

elastic deformation, there is no change in film thickness.

The rig was run to a maximum sbeed of 600 R.P.M.
with this roller in the bearing. At this speed, although

the boundary position was more unstable, the 1ightly loaded
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(a) 310 R.P.M.

(b) 354 R.P.M.

Figure 6.25 Photomicrograph illustrating a lightly loaded

roller.
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contact was still running on a substantial hydrodynamic oil
film, and filling the inlet of the following contact, Upon
completion of the test, the roller was removed and found to

be 0.0005 in. undersize.

0i1 Globules In Between Rollers.

Further information, concerning the movement of
oil w%thin the bearing, was obtained using stroboscopic
illumination to 'freeze the motion of the rollers, and yiewing

through the perspex end cover,

When 0il was being continuously supplied to the

"bearing, the gaps between the rollers were completely ob-

scured by the large side bands, that were formed at eijther
edge of the outer race track. When the supply was cut off,
the side bands gradually diminished in size, and large
globules of 011 could be observed in the roller gaps. The
appearance of these globules is shown by the photograph
presented in figure 6.26(a). When there was still a large
quantity of o0il contained in the side bands, the globules
extended the whole length of the contact, and occupied about
]/3 of the gap between the rollers. At low speeds (around
300 R.P.M.), in the side of the bearing where the rollers
move downwards, gravity caused the globules to drop out of
the entry regions into the exit regions.of the preceding
rollers. (This is illustrated in figure 6,26(a)j, the
direction of motion is from right to left). This observation

indicates that the oil contained in these g]obules was not
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500 R.P.M, (Lubricant 1)

Figure 6.26 The appearance of o0il globules in between rollers.
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contacting the bearing surfaces; in which case shear forces
would have'been expected to hold the globules in the entry
regions. At higher speeds the globules were flattened by
centrifugal force, and remained in the roller entry regions
during a complete revolution. 1In this situation it is pro-

- bable that the shear forces, induced by the velocity gradient
across the air films, are greater than the weight of 0il
contained in the globule. It was observed that; when the
side bands were sufficiently large, some of the oil that had
been.picked up by the roller edges was scraped off by the
cage spacing bars. This oil accumulated on the top surface
_of the spacing bars, until it was flung off by centrifugal
force. Usually this was captured by the globules, as is
i1lustrated by figure 6.26(b), (taken from the video monitor).
Any o0il that was thrown off, and not engulfed by the globules,
was observed to bounce off the track surface, and was lost
out of the sides. If the bearing was left to run with no
further supply of oil, this process diminished the size of
the side bands, and thus the‘rate at which 011 was supplied
to the globules. Since oil Qas being lost from the globules
out of the sides of the bearing, they too diminished in size,
and several minutes after the oil supply had been cut off,
only a few droplets were left, These appeared to move at

random along the length of the rollers,

Although these globules could not be seen, when

viewing the contacts through the sapphire window, simul-
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taneous observation through the sapphire and the perspex
cover, confirmed that they were not wetting the track sur-
face. Even though a globule extended far in front of the
inlet boundary, the cavitation streamers left on the track
surface from the preceding contact, weré not effected by
it's presence. A space could also be seen behind the
globules, and therefore there could be no connection with

the inlet boundary.

6.4.8 The Effect of Scratchs, Pits, and Debris.
Scratchs, pits, and debris, passing through the

- contact were observed to cause a decrease in film thickness.
The photograph presented in figure 6.27 illustrates a scratch
on the roller surface passing through the contact. The
central film thickness is 24 pin., and the minimum film
thickness in the constrictions at either side of the scratch,
is 13 pin. The constrictions are similar in shape to those
occurring at the contact edges of an unblended roller, and are
produced for similar reasons. In the entry region the
scratch inhibits the pressure build up, as it acts as an
escape path. This combined with the pressure relaxation,
produced by the pressure of the scratch in contact zone,
causes constrictions to form at-efther side of the scratch.
Wymer (81) has observed a similar effect proddced by a

scratch in a glass plate,

In figure 6.28 a debris particle can be seen

entering a contact region, causing the central film thickness
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719 R.P.M. (Lubricant 2)

Figure 6.27 Photomicrograph illustrating
a scratch passing through the contact.



260

520 R.P.M. (Lubricant 2)

Figure 6.28 Photomicrograph illustrating debris entering

the contact region.
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to reduce from 26 pin to 23 pin. This reduction {s produced
because the debris particle is carrying a proportion of the
load, and causing a relaxation of pressure in the contact

zone.

Figure 6.29 shows a pit, which is approximately
0.002 in. in diameter, and of unknown depth, entering the
contact region and causing a reduction in film thickness
from 27 pyin. to 21 pin, It appeafé from this photograph
(taken from the video monitor), that the pit is draining o0i1l
when it interconnects the high pressure contact area and the
inlet region. The shaft speed was 115 R.P.M. and, for this
to be the case, the drainage would have to take place during
a time period of 80 u seconds. An approximate calculation
was carried out to determine whether this would be a feasible
static mechanism, using the following form of Reynold's

equation in one dimension:
3
¢ - 1 2

where: n is the lubricant dynamic viscosity at the average

contact pressure.

Q is the flow rate per unit length, o
For the case represented by figure 6.29, the volume of oil
that appears to have been lost from the contact region, is
approximately equal to 1,6 x 10-10 cubic in,; and the central
film thickness, ho, is 27 uin, At the average contact

pressure of 115,000 p,s,i., the dynamic viscosity of the o0il
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115 R.P.M. (Synthetic paraffin)

Figure 6.29 Photomicrograph illustrating

a pit entering the contact region.
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‘ 5
would be in the region of 10 Poise (the lubricant was a
synthetic paraffin, details of which are given by Westlake
(73)). The pressure gradient, required to force this

volume of o0il out of the contact region in the available

11 Tn;wx,ﬁ;

“The drop 1n‘f11m thickness must be caused by the
sudden pressure relaxation occurringaround the pit as it
enters the contact zone. The same pit is also visible in
figures 5.5(a, b, ¢, d). In figure S.S(b) it can be seen
that the pit has had a small influence on the film thickness,
before it has reached the edge of the contact.area; indi-~

cating that it is inhibiting the inlet pressure build up.

‘Scratchs and pits reduce the film thickness over
an area considerably greater than that occupied by the defect,

and thus increase the 1ikelihood of further damage occurring

in this surrounding area.

Discussion

The experiments described in section 6.4 show
that the additional oil, required to prevent starvation of
the contacts in the loaded section, when oil was being lost
from the inlets at a greater rate than it was being supplied
by the edges, could only have been supplied by the roller
surfaces, and by o0il carried over in the inlets from the

unloaded region. The film thickness in the unloaded section
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was observed to be of the order of several hundred micro-
inches, and therefore the excess 0il on the roller surfaces
will be supplied to the inner and outer contact inlets as

the rollers come under load., At a bearing load of 875 lbs,,
as used in the film thickness tests, three rollers are

loaded (when one roller is over the window at the top of

the bearing). The roller spacing is 22.5% and, if it is
assumed that the film thickness is constant throughout the
loéded region, each roller will supply oil to the inner and
outer contacts for half a revolution, which corresponds to
24° movement around the bearing. .The'rpiJers begin to come
under load at about 30° from the point of maximum loading,
.and the surfaces would therefore have just finished supplying
0il when the rollers come over the sapphire Window, positioned
at the top of the bearing. If the film thickness at the un-
loaded and loaded contacts is 200 pin. and 30 pin. respec-
.tively, and assuming that at the contact exits the film
divides equally between the track surface and roller surface,
then excess 0il to a depth of 85 pin. will be carried by

the roller surface into the loaded region. 1In this case a
volume of 7.5 x 10—5 cubic in. per unit length of the roller
surface, 1s supplied to both the inner and outer contacts.
This volume is sufficient to fill an empty inlet region to

a distance of 0.05 in, from the edée of the Hertzian contact

zZone,

In the unloaded section the rollers are supported

on hydrodynamic oil films, and in this region classical



theory applies. At all but the lowest speeds the weight of
the roller can be neglected in comparison with the loading
produced by centrifugal force. As this loading force is
proportional to the square of the cage speed, the film
thickness is proportional to viscosity, andi%nversély pro-
portional to speed (see equation 2.1). AImmediate1y after a
contact,}oil is left on the roller surface in the form of
cavitétion streamers which, in the unloaded section, are
se&era] hundred micro-inches thick. Centrifugal force will
tend to increase the height of the étreamers, and whether or
not oil will be lost from these streamers, during the roller
contact time interval (time fdr a half a revolution of the
roller, if there is an oil film between the inner race and
roller), will depend upon the balance between centrifugal
force, viscous forces, and surface tension. Smart and Ford
(126) have measured the mean equilibrium surface film thick-
. ness, formed on a 73 mm. spinning steel cylinder, using a
diester gas turbine 1ubricant.. In the test bearing con-
figuration, centrifugal forces are caused by the rotation

of the rollers, and by the rotation of the cage. These
forces will act in the same direction on the fluid, held

on the roller surface, that is about to enter an outer race
contact. To simulate these combined centrifugal forces at

a shaft speed of 2000 R.,P.M., a 73 mm., cy]indef would be
required to rotate at 2400 R.P.M. At this speed Smart and
Ford measured an equilibrium fiim thickness of 200 pin., and

the fluid bubbles that were formed on the surface, without

265
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being flung off, must have been considerably longer than
this mean value. It therefore seems unlikely that any oil
would have been lost from the large streamers, formed on the
roller surface in the unloaded region, during the short con-

tact time interval.

In the loaded section, it was observed that the
position of the inlet boundary, at the centre of the contact,
was virtually unaffected whether tﬁe 0oil supply was on or
off. This suggests fhat the amount of oil, that is already
contained in the inlets as the rollers ehter the loaded
area, is also unaffected by the supply. At the bottom of
“the bearing, which is immersed in oil when there is con-
tinuous supply, the boundary was affected if the supply was
switched off. Some of the supply was therefore being en-
trained in the inlet regions during the passage through this
part of the bearing. However at large inlet distances, oil
is rapidly lost around the contact ;ides, and the same
equilibrium boundary distance, as in the case when.there
was nd supply, would be quickly formed. Also very large
1n1ef distances may be unstable _and the oil engulfed in the
globules. For otherwise constant conditjons, the highef the
viscosity of the oil, the greater the film thickness in the
unloaded section, and the greater the volume of oil that is
carried by the roller surfaces into the loaded region. This
is consistent with the experimental finding that the boundary

distance was proportional to viscosity. If the speed is in-
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creased, for otherwise constant conditions, the film thick-
ness is the unloaded section decreases, and less ¢il is
brought into the loaded region by the rollers. This too is
consistent with the experimental finding that the boundary
distance decreases with increasing speed. Entrainment of
0il, into the inlets, by the roller edges has been neglected;
as whether or not this was occurringwas observed to have
litt]é influence on the position of the inlet boundary, in

_ the loaded region, at the centre of the contact. The effect
of entrainment on the boundary posifion,'was being masked

by the large amounts of oil supplied by the surfaces.

The manner by which the contact inlets are
replenished in the unloaded section, when there is no oil
supply, was not investigated. However as oil tends to
accumulate in this region, because of gravitational forces,
it is 1ikely the side bands are larger, and replenishment
by the edges.will be more effective than in the loaded
section. A]so'because.of the very large cavitation streamers,
which sometimes reform before the next contact, there may be
a small amount of track refilling in the manner suggested
by Chiu (123). Because of the large clearance in fhe
bearing, it is unlikely that any fluid film can be formea
between the inner race and the rollers in the unloaded
region, and no additional o1l would have been supplied, by

the inner race, to the contacts in the loaded section.
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If the curve drawn in figure 6.2 could be Qsed

" to describe the position of the inlet boundary at lower
“values of My/U, an inlet boundary position of 0.006 in.
would be predicted for a shaft speed of 5.000 R.P.M., and

a lubricant viscosity of 9 cS. (this would be a typical vis-
cosity for a diester Tubricant in a gas turbine application.)
Assuming a contact width of 0.008 in., and a « value of

1.2 xblo_% in?/]b., Grubin's isothermal theory predicts a
central film thickness of 19.7 pin. under fully flooded
conditions. The thermal theory of Murch and Wilson predicts
a 19% drop in film thickness to 16 puin., and at the boundary
~distance of 0.006 in. starvation will only cause a further
8% drop to 14.8 puin. However at higher speeds, centrifugal

- force will become significant, and cause E.H.D. lubrication
in the unloaded region. ‘The centrifugal force Fc, for each

roller in the test bearing (assuming no cage slip), is given

by:
' 2 -6
Fc = 0.398 N x 10 1bs. el 6.1

where: N is the shaft speed in R.P.M. Shaft speeds in gas
turbines are frequently as high as 30,000 R.P.M. and at this
speed centrigugal force creates a roller loading of 358 1bs.

at the outer race, and the film th{ckness is effectively con-
stant. Assuming that there is no oil film between the inner
race and the rollers in the unloaded section, no additional oil

would ° be supplied by the roller surfaces, and starvation

effects must be significant. This is likely to be the
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casé even though there is copious lubricant supply, as the
majority of oil that passes through the bearing does so in
the form of globules, which neither wet the surfaces, nor
supply oil to the inlets. Such globules have also been
observed in the contact by Crook (53), and by Dowson (127).
They have been seen in point contact by Kingsbury (124).
Crook does not comment on the implications of the globules;
Dowsoﬁ suggests they transport lubricant to and from the
inlet region in order that, under changing conditions, the
inlet boundary position always confdrms with the position
of zero reverse flow; Kingsbury suggests that the globules
~are supported on a hydrodynamic air film, that prevents them
entering the inlet region. It was evident from the experi-
mental work described in section 6.4.7 that these globules
are supported by an air film. They are prevented from
merging with oil contained in the inlet region, because of
the air pressure build up that occurs in the gap between
the globule and oil inlet boundary. The formation of these
globules emphasises the difficulty in effectively supplying
0il to the contact inlets. The most effective method of
directly replenishing the in]et.regions is to ensure that
the oil wets either the race, or roller surfaces in between
loaded contacts. It is for this reason that large quantities
of oil were supplied to the following entry region by the
undersize roller (see section 6.4.6). However at high speeds
centrifugal forces would cause the contact between this

roller and the outer race to operate in the E.H.D. regime,
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and there would be no further benefit to the following con-
tact. In a high speed bearing an arrangement such as shown
.Ain figure 6.30 would be a possible means of ensuring fully
flooded lubrication. The cage is manufactured so that the
top surface of the bars, that interspace the rollers, is

a hemispherical shape, and is positioned extremely close to
the outer race surface (not contacting). If these bars

were made slightly longer than the rollers, oil would be en-
tréined from the side bands into the convergent entry region,
between the cage and the race, and a'hydrodynamic film

would occur that supplied oil to the following contacf in

the same manner as the undersize roller.

In a standard bearing, such as used for this
study, at all speeds there will be clearance between the
inner race and the rollers, in the unloaded section. At
high speeds this gap will not be normally filled by an oil
film, and the surface film thickness on the inner race will
Be approximately equal to half the film thickness occurring
in the loaded region. If several high velocity oil jets
were spaced around the unloaded region,and directed at this
gap, it is likely that some of the oil would fill the inlets.
Once- 0il1 was contained in the inlets of the inner race cdn-
tacts, it would be trapped between the race and roller, and
could not be thrown out by centrifugal force. Thus large
hydrodynamic oil films would be created that supplied oil to

roller and race surfaces. Provided the inlets could be
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Figure 6.30 A cage for applying
0il to the race surface.
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filled in the unloaded section, and the films retained on
the surfaces, this would ensure fully flooded operation of

the bearing.

With the usual methods of o0il supply (Jjet dfrected
at the cage pilot area, oil bath), as soon as the outer race
contacts enter the E.H.D. regime at all positions around the
bearing, entrainment of o0il by the edges becomes the primary
mechanism by which the inlets are fep]enished. In a ball
journal this will occur at relatively low speeds, and fis
always the case in preloaded bearings, or bearings that run
under axial or thrust loading. If there is only a small
“initial supply it is the only mechnaism of inlet replenish-
ment. Meyer and Wilson (134) have measured film thickness
in a small preloaded instrument ball bearing, using an oil
of similar viscosity to lubricant 1; the film thickness at
4000 R.P.M. was 50% lower than that predicted by isothermal
theory. Although they were unable to measure the position
of the inlet boundary, starvation would have been causing

a significant drop in film thickness.

Not only is a blend on a roller edge important
for alleviating the side constriction, it also is essential
for retaining the side bands, and providing a convergent
region for spreading the bands at either side of the con-
tact. The presence of the side bands is essential if oil is
to be entrained by the roller edges, the mechanism of which

has been elucidated in section 6.4.2, Horsch (111), Wedeven
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(47), and Dowson (127), have also observed similar bands
and suggest that they function as reservoirs, that supply
0il to the inlets. In roller bearings, guiding lips will
interfere with the formation of these bands and should be
relieved to provide a space at the edges of the track.

In the case of a roller journal, relieved 1lips on the inner
race would prevent the side bands from being flung off by
centrifuga] force. However this recommendation does not
apply if oil can be supplied directly to the inlets, since
their presence will have the benefical effect of reducing
the rate at which oil is lost around the contact ends.

On the rolling elements, centrifugal force will cause o0il,
'that is picked up by the roller ends, to flow radially and
merge with 0il already contained on the blend. 1In ball
bearings, spin will assist 0il replenishment as the o011
that is picked up from the race side bands, and left on

the ball surface at either side of the wake, will period-
ically be brought across the direction of rolling. 'However
in a starved situation this would lead to a fluctuating film

thickness.

When no other 0il reaches the inlet regions,
other than that entrained by the éides, the position of £he
inlet boundary is controlled solely by the equilibrium bet-
ween the rate at which 0il is lost around the contact edges,
and the rate at which this can be repTeniéhed. Provided
there is sufficient oil to fill the side bands, and to fil}

the inlets to the equilibrium position, and to provfde the
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the surface films, the spacing or number of the rolling
elements has no effect on formation of the boundary. Also
because oil is only lost afound the contact ends, the
]ength.of the contact has no influence on the boundary
position. High surface tension lubricants are likely to

enhance fluid replenishment from the side bands.

Under conditions of severe starvation, when only
"a few drops of oil are initia]]& supplied to the bearing,
the film thickness is limited by the amount of oil avai1¥
able in the rolling track. It is evident from the experi-
mental work described in section 6.3 that, in line contact,
substantial oil films can still be formed when the inlet
boundary has effectively reached the edge of the contact
region. In some Tine contact systems it may be an advant-
age to run under severely starved conditions, as rolling
friction is substantially reduced, traction increased (128,
165), and the side and edge constrictions removed. During
starved operation of the test bearing, there was negligible
‘loss from the entry regions, and the film thickness remained
steady at constant running speed. However it was not pos-
sible to allow the rig to run for long periods to ascertain
whether film decay would occur, as running time had to be
kept to a minimum to preserve the sapphire surface. Under
these conditions, side leakage from fhe high pressure con-
tact zone may be a major source of loss, in the manner

suggested by Kingsbury (122). In 1lightly loaded bearings,
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slip often occurs at the inner race contacts (162), in
particular with bearings having large diametriccl clearance
(126). Under starved operating conditions this could

lead to a serious reduction in film thickness at the inner
race contacts, as the rate at which 0il is brought into

these contacts by the roller surfaces, is reduced.
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CHAPTER VII

CONCLUSION

7.1 Summary of the Main Conclusions

(a)

Optical access to the contacts of a commercially
available cylindrical roller bearing, was achieved

by the insertion of a sahphire window across the

‘whole width of the outer race track. This bearing

has been run for many hours, at loads and speeds
representative of an actual bearing, with minimal
deterioration of the sapphire surface. The fea-
sibility of inserting windows for optical studies
of-bearing Tubrication has therefore been demon-
strated. An inner race with a sapphire window was
also prepared, but not run.

The rig, capable of applying loads of up to 4 tons
to the test bearing, and running at speeds up to
2200 R.P.M., has proved to be ideal for optical
studies of this nature. The associated optics
enables the inner and outer race contacts to be
viewed at all angles around the bearing. The |
images can be vyiewed by eye, or on a teleyision

monitor, and can be recorded on 35 mm. film or on

. videotape. A method of flash synchronisation has

been devised that is consistently accurate and
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which, for the outer race, enables either one, or
several selected contacts to be viewed every time

they pass over the window. For the inner race,

it enables contacts to be viewed wherever one of

the selected rollers is over the window, or only
when the race is in a particular orientation; and

a selected roller is over the window. In both
cases any position in between contacts can be
studied.

A prototype pulsed xenon ion laser, designed by the
Physics department of Imperial College, has been
shown to be a light source jdea] for this type of
application, in which a short pulse is required to
‘freeze' the motion of the contact.

Using pulsed light sources, the technique of
optical interferometry has been successfully ap-
plied to measure the film thickness at the outer
race contacts. Also the distribution and movement
of 0i1 within the bearing, has been studied by
viewing the track surface through the sapphire
window, and viewing one side of the bearing through

the perspex end cover.

At low speeds the measured values of central and

minimum film thickness can be accurately predicted
by the isothermal theories of Grubin and of Dowson
and Higginson. However as the speed i$ increased,

the film thickness increases at a progressively
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slower rate, and becomes substantially lower than
isothermal predictions. The speed at wh.ch the
drop off begins to occur, decreases with increasing
viscosity. The reduction in film thickness was

not caused by starvation which, at the highest
speeds, would only account for a 3% drop. Accurate
pfedictions were made over the whole range of speed
and viscosity, using an equation developed by Murch
and Wilson that allows for the effects of viscous
heating in the inlet zone,Aand taking into account
the reduction in o value with increasing overall
bulk temperature. At all speeds switching off the
0i1 supply had no effect on film thickness, and
only a stabilisinginfluence on the position of the
inlet boundary.

Thick hydrodynamic films, that are formed in the
unloaded region, cause considerable quantities of
0il to be carried by the ro]ler surfaces into the
loaded region and supplied to the contact inlets.
At higher speeds, 0il supplied in this fashion pre-
vents starvation of the loaded contacts. The film
thickness in the unloaded region, and hence the
volume of 0il supplied to loaded contacts and the
length of the inlet boundary, is proportional to
viscosity and inversely proportional to speed.
Rolling element spacing has no effect on the inlet

boundary shape or position. Running an undersize
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roller caused hydrodynamic film formation in the
loaded region, and flooding of the folloving con-
tact.

Besides alleviating the side constrictions, the
blends on the roller edges are essential for reten-
tion of the side bands. In the vicinity of the
inlet region the combined height of the side bands,
contained on the rollers and the race, is less than
the available gap. Therefore when the bands heet,
they are spread laterally and merge with the oil

in the contact inlet region, causing a boundary
which isllonger at the edges than in the centre.
Entrainment of 0il into the inlets is aided by
surface tension forces, and takes place along the
edge of the boundary. In a sparsely lubricated
bearing, in which all the contacts are operating

in the E.H.D. regime, this entrainment mechanism

is the only way in which the inlets can be re-
plenished. The inlet boundary then forms in a
position such that an equilibrium is maintained
between the oi] that is being lost around the con-
tact edges, and that which is entrained from the
side bands. There is no replenishment action_in
between contacts in the manner that has been sug-
gested by Chiu, and neither the rolling element
spacing, nor the contact length, influence the

boundary position.
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When there is a copious supply of oil to the
bearing, the majority of the oil flows ir between
the contacts in the form of globules. These glo-
bules are supported on hydrodynamic air films, and
are prevented from entering the inlet region by
air pressure build up. They do not wet the sur-
faces and have no influence on the bearing
lubrication.

In high speed rolling element bearings, such as
operate in aircraft gas turbines, all the outer
contacts operate in the E.H.D. regime, and it is
thereforé likely that starvation causes a sub-
stantial drop in film thickness.

Severe starvation of the test bearing could only
be induced by limiting the initial supply of oil
to one drop per roller. The reduction in film
thicknesé, caused by an inadequate volume of oil
in the inlet region, is accurately predicted by
theoretical solutions, except at very small inlet
distances. Substantial oil films can still be
maintained even when the boundary fs effectively
at the edge of the Hertzian zone, and this results
in alleviation of both the edge and side con-
strictions. |
Scratchs and pits cause a reduction of film thick-
ness over an area considerably greater than that
occupied by the defect, and can therefore lead to

increased wear rates.
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.2

Suggestions for Future Work.

(a)

(b)

(c)

()

(e)

(9)

(h)

Investigate the lubrication of the bearing using
greases.

Investigate the lubrication of the inner race con-
tacts, in both the loaded and unloaded regions.
Determine whether the inlets can be filled, in the
unloaded region, using an oil jet.

Investigate the effect of guide 1ips on lubricant
supply, and loss in the inlet region.

Experiment with cage design to simulate the effect
of an unloaded roller.

Investigate the edge entrainment phenomena in a

~line contact wusing a counter-rotating thrust

bearing, with the bubble technique to trace the
streamlines. Determine the influence of surface
tension and edge blending, on entrainment flow and
inlet bouhdary position.

Run the outer race with the sapphire window in con-

junction with oversize rollers, or an oversize
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inner race, so that all contacts are equally loaded.

Examine the effect of speed, viscosity, and supply
rate, on the -inlet boundary position.

Invéstigate the lubrication of an angular contact
bearing through an outer race window. Determine
the influence of spin on lubricant supply.

Using the pulsed laser, study the lubrication of a
rolling element bearing at speeds up to 50,000
R.P.M.



(1)

(3)

Investigate experimenta1]y and theoretically, the
effect of pits of various dimensions.

Investigate the reasons for the discrepancy bet-

ween theoretical predictions and measured values

of film thickness in line contact, at very small

inlet boundary distances.
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APPENDIX 1 : BEARING DIMENSIONS (in inches)

(a) LRJ 65 with outer race window.
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(b) LLRJ 65 with inner race window.
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APPENDIX 2 : MATERIAL PROPERTIES OF SAPPHIRE AND BEARING STEEL.

Young's modulus :

Compressive strength :

Modulus of rupture :
Hardness :

Coefficient of linear
expansion (per °C) :

Refractive Index :

STEEL
33.4 x 10%p.s.i.

810 Vickers

_6
11 x 10

SAPPHIRE(A1,03)
50 X 10°p.s.i.
300 x 10%p.s.1i.

55 x 10%p.s.1.

2100 Knoop

8.4 x 107
1.768
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APPENDIX 3 : LUBRICANT PROPERTIES.

{a) Lubricant 1.

Type : High viscosity Index mineral oil

Source : Shell 011 Co.
Viscosity : 177.3*cs  at 100°F

15.4*cS at 210°F
Viscosity index = 95%
Density : 0.895* gm/cc at 60°F
Refractive Index : 1.4897 gm/cc at 20.5°C
1.4830 gm/cc at 39.0°C

Pressure-Viscosity

Coefficient ( « ) : 1.46 x 107*in?/1b at 20.5°C
Thermal
Conductivity ( k ) : J117% watt/m°C at  40°C

(b) Lubricant 2.

Type : Mineral oil containing a commerial
Phosphorus/Sulphur additive package

Source : Mobil 0il Co.

Viscosity : 75.0 ¢S at 100°F

9.6 ¢S at 210°F
36.1 ¢S at 130°F
Density : 0.892 gm/cc at 22.5°C
0.875 gm/cc at 46.8°C
0.856 gm/cc at 78.0°C
Refractive Index : 1.4850 at 22.2°C
1.4785 at 40.5°C
1.4650 at 78.4°C

Pressure-viscosity .
Coefficient ( « ) : 1.05 x 107*in?/1b at 21°C

* Supplier's data
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