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(ii)

The parameters affecting the tcmperatures and frictiocn
at lubricated rolling/sliding contacts of the Hertzian type are
investigated and examined in relation to the failure of contacts
by scuifing and their performance undeér traction conditions.

Based on the critical temperature criterion for scuffing,
an cexperinental technigue for the direct measurement of =a
lubricant's critical temperature is proposed and evaluated,

Blank temperature studies arc carried out and further
information concerning the heat transfer coefficients of machine
components made available,

On the question of heat generation at the contact; 2
thermal anclysis of the lubricant fil:: is developed, providing
complete distributions of tenperature, shear rate, viscosity, and
shear stress throughout the cuntact region. o marked dependence
of these characteristics upon the physical properties of the
lubricant is observed and the results assist not only in the
prediction of scuffing but also in understanding the frictiona’

behaviour of rolling/sliding contacts.

D

By conparison with friction measurements made 1 a
traction machine, the theory gives a rseasonable estinate of trho
friction-sliding characteristic provided the non-Newtonicn
bchaviour of the lubricant is represcnted by a suitable ~odel
in the calculations. The Maxwell fluid model is that odeoted
for the present investigation.

The results lor shear stress are considersd to oo of

further use in the study of failure by pitting.
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1.0  INTRODUCTION

Many machine components involve contact between surfaces

possessing relative motion and carrying high loads. In the operation
of gears for instance, torque is transmitted by contact between
the flanks of meshing gear teeth. The application of a lubricant
considerably increases the life of the gears but a limiting load
capacity is experienced at which failure of the mating surfaces
occurs. The conditions of load and speed and the nature of the
lubricant determine the type of failure.

Various empirical relationships for the failure of lubricated

rolling/sliding contacts have been derived from extensive testing

under controlled laboratory conditions from which certain failure
¢riteria have been proposed, particularly in the case of failure
by scuffing

Recently, considerable progress has been made in the study
of the lubrication mechanism at highly loaded contacts. The
existence of a substantial o0il film between the contacting surfaces
has been confirmed and both analytical and mumerical solutions

to the problem provide important information relating to the

pressures and the behaviour of the lubricant at the contact.

The resulis are not only relevant to the study of material
failure or lubricant breakdown but also extend to the operation
of machines known as friction drives, where the traction afforded
by the lubricated contact is the important factor in determining
the performance of the unit.

Further to this the surface shear distributions within the

contact are vital to the calculation of contact stresses amd to

the understanding of pitting failures occurring in roller bearings,
cams, and in the dedendum of gears.

The objects of the work presented in this thesis were to
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examine the parameters affecting the failure of lubricated contacts
in the light of the proposed scuffing criteria and to investigate
the extention of existing theoretical solutions to predict failure
by scuffing.

At the same time, the calculation of frictional traction would
be possible and by comparison with previous and further experimental
work, the accuracy of the solutions could be assessed.

The following chapters describe the experimental techniques
and apparatus employed in obtaining data relating to the temp-
erature and friction at lubricated contacts. Also, a thermal
solution of the contact is proposed that results in the prediction
of interesting characteristics of the lubricant's behaviour that
are found to have a marked influence on the magnitude of the

calculated temperatures and friction.
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2.0  FAILURES AT LUBRICATED ROLLING/SLIDING CONTACTS

2.1 Types of failure

At the contact between gear teeth in mesh, considerable

wear and power loss would occur if it were not for the low

friction provided by the applied lubricant. With the correct
design of gear form and right choice of lubricant, a sub-

stantial fluid film is built-up between the sliding surfaces.
The load transmitted by the gears is carried by a finite area
of contact between the teeth and high compressive stresses

are produced at the metal surfaces. The application of these
stresses is repeated every cycle of engagement and if at some

point in the contacting bodies, the fatigue strength of the

gear material is exceeded, then subsurface cracks or cracks at
the surface are initiated. The first of these failures
produces "flaking'", characterised by the removal of large

areas of material in the form of surface layers. Pitting is
the phenomenon occurring as a result of the second type of
failure and is characterised by the formation of small pits or
craters produced by the propogation of the surface cracks under

the action of the hydrodynamic pressures of the lubricant.

Pitting usually occurs in the dedendum of gears just below the
pitch line where the sliding speed is a minimum and the friction
force a maximum.

Roller bearings and cam followers also exhibit thé abeve
failures, the contact conditions being very similar toAthose at ™
the pitch line of gears. Various designs of friction drive
also involve the same type of contact but with a small amount

of slidingintroduced between the surfaces. This resembles the

contact between gear teeth at points a little removed from the

pitch line but whereas the sliding in the gear tooth contact
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-4 .
is fixed by the geometry of the inmvolute action, the sliding
in friction drives is determined by the shear rate adopted by
the fluid in transmitting the applied torgue. Material
failures are often encountered in friction drives, but the
major design problem results from the limiting frictional foxrce
attainable by the contact. Should the device be overloaded,
ngkidding" of the drive takes place accompanied by surface
damagd of the driving members. The damage resembleé that
occurring at the tips of gear teeth where the same conditions
of high surface sliding speed exist; this type of failure is
known as scuffing.

Scuffing occurs initially at the tip and root of a gear
tooth but may progress towards the pitch line. This type of
failure is associated with the breakdown of the lubricant film,
whereupon the metal surfaces make contact and under the high
local stresses form welds and tear material from the surfaces
On the next cycle of engagement the surfaces meic® further
contact with more severe welding and progressive deterioration
of the surface condition is observed. .L.Tum of wear known as
abrdsion occurs as a result of metallic particles carried by
the lubricant through the contact. With a low film thickness
however, abrasion may also occur as a result of suxrface asperities
penetrating the film and contacting the mating surface. More
adequate filtering of the lubricant supply will help remove
the particles whilst a more viscous lubricant increases the

£ilm thickness and prevents the contact of asperities.

Survey of investigations into scuffing failures
Many attempts have been made to relate material and
lubricant properties to failure by scuffing. The earliest was

that of Almen (1) who proposed the simple PVT factor which took
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into account the tooth surface pressure,; tooth velocity, and
length of tooth cont.ct path. A design limit of PVT = 1.5 x 100
was proposed (2) and has been widely used by gear designers,
particularly in the U.S.A.

However, Shipley (3) showed that the scuffing results
published by Borsoff (4) and those by Manhajm and Mansion (5)
on the I.A.E. 33" gear testing rig did not conform to the design
limit and many gears operated satisfactorily above the critical
PVI factor. Shipley further showed that the results could be
correlated by the "Temperature Flash" method proposed by Kelley
(6). This work was in fact based upon the original theoretical
work of Blok (7) who developed expressions for calculating the
momentary rise in temperature experienced by rubbing contacts
and who later suggested (8) that lubrication failed and
surfaces scuffed when the maximum temperature at the contact
exceeded a value characteristic of the lnbticani and smaterial
of the rubbing surfaees.

The Blok flash temperature equation is:-

5 v
T = 1.1 £ w (04R - 0%)

K(b)%
Kelley obtained an empirical equation based on his scuffing

results for case-carburised spur gears:-
Tt = [Tb + .00317 w (U{% - 32%) ] 55

(®/2) 55 -
where M is the surface finish after initial run in micro-inches
R.M.S.
With this equation Shipley was able to reduce his scuffing
results and those of Borsoff to a series of narrow bands or
straight lines representing a constant scuffing temperature

for any given lubricant.
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Since the introduction of the Blok equation several
research workers have been able to correlate their scuffing results.

Although no criterion or explanation for scuffing failure of

gear teeth hasnbeen found, scuffing témperatures remain the
only method by which results can be correlated. In gear tests
however, the coefficient of friction appearing in the flash

" temperature equation, cannot be measured and some estimate of
its value is required. In this respect, disc machines have
proved themselves extremely useful. Any gear tooth-tip contact
can be represented by two discs rolling together and geared to
have a predetermined sliding speed between them. Measurement of

frictional force is a relatively simple matter and owing to the

simplicity of the specimens, data can be rapidly accumlated.

Two such investigations have been carrigd out by O'Donoghue and
Cameron (9) and Benedict and Kelley (10) and provide the research
wo£ker‘wifh values of coefficient of friction for the gear
contact conditions exPerienced in his tests. The empirical
equations are easy to handles-

The O'Donoghue and Cameron expression is:-

4
f =u + 22 . 0.6
35 ng (U - 0y) 77 (Uy +7,) Ry
where ng is Centipoise at T
4
¢ = total initial surface roughness micro-inches CLA.

The Benedict and Kelley expression iss-

f = 0.0127 log1o[ 3.17 x 10° w

ns(Uy - Up) (Uy + Up)?

ng is centipoise at Tb.

In the absence of these expressions, Lane and Hughes (11)

carrying out scuffing tests on the IAE 3i-in gear rig derived
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an. empirical equation for scuffing load:-

2
v /3 (1400m - 40 1)

i

Scuffing load in 1b§

where n viscosity C.S. @ 140°F.

il

The relationship was derived from the Blok flash temperature
equation and applied to the IAE gear specimen only. .Blok (12)U
.-later. converted-these results- to-scuffing temperatures. by
-~ assuming upper .and lewer values- to- theunknown quantities.f...
~ - and K.in the flash temperature. equation and produced a.curve.
relgting seuffing. temperature.to viscosity, -with upperﬂandfioﬁei_

limits.

De Gruchy and Harrison (13) reported the develspment of
a disc machine for the study of scuffing. Although the disc |
machine had been widely used for examining meterial failures
such as pitting and surface fatigue, little had previously been
published concerning its use in scuffing tests. The load
capacity obtained by De Gruchy and Harrison gave good correlation
with the load capacity of the 3% inch centres gears of the IAE

rig by matching the sliding speeds. O'Donoghue (14) however

considered this to be quite fortunate as the results had been
compared on a load capacity basis, with no reference to the
blank temperature and apart from the sliding speed the discs
did not represent the tooth-tip conditions of the IAE gears.
O'Donoghue showed that the heat transfer coefficients of discs
and gears where totally different. Discs tended to run at

higher temperatures and therefore underestimated the load
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capacity. For a {true comparison between disc and gear machines
it 18 aecessary to calculate the scuffing temperature by
swmming the bulk operating temperature and the flash temperature
in accordance with Blok's hypothesis. 0'Donoghue converted the
disc results of De Gruchy and Harrison and illustrated the near
constancy of the scuffing temperature for a range of operating
conditions.

Other investigators reported scuffing results for disc
machines that supported the constant scuffing temperature
concept. Meng (15) gave an account of tests in which each disc
was of a different steel so that the contact acted as a thermo-
couple (the same method ﬁsed by Blok in 1937) and found that
over a whole range of speed, the contact temperature at which
scuffing occurred was constant.

Genkin, Kuzmin, and Misharin (16) found that by measuring
bulk temperature and friction and calculating the flash temp-
erature rise, the scuffing temperature tended to rise with
increasing rolling speed for one combination of steels and with
another pair to fall.

Leach and Kelley (17) and Ali and Thomas (18) reported
experimental results for scuffing of discs under varying con-
ditions of sliding speed and operating temperature, recording
the latter by thermocouples trailing on the dise surfaces.

The scuffing temperature again was constant for a given oil
for all conditions.

With so much evidence to suggest the constancy of scuffing
temperature it is interesting to see how ratings of lubricants
obtained from one machine and testing procedure compare with
another. If the scuffing temperature concept is to be at all
useful to the gear designer in predicting safe working loads,

then there must be correlation of scuffing temperatures




obtained under the controlled conditions of the laboratory
before the theory of scuffing can be extended to gears in
service.

A comparison between the various "standard" gear test
rigs has recently been reported by a sub-panel of the Institute
of Petroleum (19). Whilst the TAR 3" gear rig is in general
use in the United Kingdom, the Ryder gear rig is preferred by
research workers in the U.S.A. On the continent however the
FZG rig developed by Professor Niemann is in use by acadenic
and industrial organisations. The work of the IP/IAE Geax Rig
Tests Sub-Panel is primarily to develop the IAR geaxr rig and
standardise the testing procedure. To achieve this, it was
realised that the repeatability and reproducibility of the
results had to be exanined and = comparison nade with the results
obtained from other rigs. From the thirteen IAR gear rigs
enpioyed in the investigation (20) considerable scatter in the
scuffing loads for various operating conditions was observed.

A statistical analysis of the results showed poor repeatability
and reproducibilily of scuffing loads and indicated a significant
rig and test condition effect.

A further statistical analysis was employed to conmpare
the IAE scuffing loads with the Ryder scuffing loads (21).
Correlation coefficients were deternmined as ,007, <471, .685,
and .214 with the disappointing conclusion that there was no
significant correlation between the IAR and Ryder gear rig
results, It is noticeable that all the data is comparcd on
a scuffing load basis with little reference made to the operating
temperature of the gears in each nachine. Although the oil
inlet temperature is recorded in the TAR Tig precision tests,
and the IAL/Ryder correlation expériments, this need not be

representative of the bulk temperature as showh by O*Donoghue




(14) in his tests on the 6" centres disc machine. At low
load, the discs and shafts cool the oil supply but when the
load is increased, the blank temperature rises well above the
0il supply temperature. An example given by O'!'Donoghue is
reprqduced”in Figure 2.2 where the bulk temperature rises to
200°F prior to scﬁffingfcompared to a constant oil inlet temp-
erature of 95°F. One of the conclusions of the IP/IAE gear
rig sub-panel was the significant interaction of the test
conditions and machines on the results. This could possibly
result from the different operating temperatures encountered
in the various machines which would then produce a variation
in the flash temperature required to cause scuffing and give
rise to the apparent scatter in the scuffing loads. Regarding
the scatter in the IAE/Ryder correlation tests, Cameron in the
discussion to Reference 21 pointed out the differences in the
gear hgugings of the two machines. The Ryder gear was enclosed
in a smaller housing which would most certainly lower its heat
transfer coefficient and raise the operating temperature.

Fowle (22) realised the importance of blank temperature
andhtook this into account when comparing results obtained from
the TAE and FZG rigs for a range of HVI mineral oils. The
Nienonn and Ohlendorf formula for bulk tooth temperature (23)
was used although it was realised later that direct measurement
would have been more accurate. Scuffing temperatures were
obtained by adopting the same procedure as Hughes and Waight
(24) who found in their tests that at constant speed but
varying oil inlet temperature and load, the scuffing temperature
was constant if the coefficicnt of friction at scuffing was
assumed to be constant. With the same assumption Fowle applied
the flash temperature and blank temperature equations to

scuffing load tests on one o0il at the same speed but at two




different o0il inlet temperatures. The solution of the

simul taneous equation so formed provided the scuffing temp-
erature and the coefficient of friction. In this manner, the
results of the IAE and FZG rigs were reasonably well correlated
by the constant scuffing temperature concept.

The past thirty years has seen the production of a great
deal of scuffing data =and the development of different technique
to support the postulate of Blok that there is a constant
scuffing temperature for a given lubricant. Little effort
however has been directed towards providing an explanation of
why scuffing should occur at an apparently constant temperature.
If scuffing is associated with a lubricant failure then the
series of events leading to the failure of the contact when its
temperature reaches the critical scuffing value needs investig-
ation.

Even if an explanation is found and the need for
lengthy gear -and disc‘tests.ieduced, the assistance of this
lubricant rating to a gear desig?f/\'%ill be limited by his
ability to predict the temperatures occurring in the particular
application. The thermal behaviour of the oil film between
the mating surface will most certainly play an important role
in determining both the temperature rise in the contact and
the heat dissipated to the gear material. Heat transfer
coefficients have been shown to influence the bulk temperature
so the designer would require a knowledge of the heat transfer
characteristics of his installation and the resulting behaviour

of the bulk operating temperature.
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THE MEASUREMENT OF CRITICAL TEMPERATURE

The Critical Temperature Hypothesis

It is thirty years since Blok presented his critical -
temperature hypothesis on the failure of lubricated rubbing
surfaces. He defined the critical temperature as that temp-
erature at which a lubricant loses its ability to lubricate
the surfaces. The magnitude of load, speed, and coefficient of
friction determined the peak temperature attained by the
surfaces at the contact and if this temperature reached the
critical value, direct contact between the rubbing surfaces wag
not prevented and scuffing resulted. Although the hypothesis
referred to the boundary lubricated condition of rubbing
surfaces, that is, where the lubricant was present on the
surfaces but did not separate them by a hydrodynamic film much
evidence has been produced to support its application to the
seizure of surfaces separated by a lubricant film, as shown in
the previous section of this thesis.

The peak temperature attained by a lubricated rolling/
sliding contact will consist of the operating temperature of
the mechanical parts near to the contact zone, onto which is

superimposed the momentary temperature rise of the surfaces in

contact.
Simply,
Ty = Ty + Tp-
At Scuffing Ty = T,

Blok (7) developed a general equation for the flash temperature
at the contact between two surfaces moving at different
velocities, by treating the contact area as a heat souicey

the intensity being a function of the dissipated frictional
energy. The equation involves the mean coefficient of friction

in the contact and, since this cannot in many cases bg
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conveniently assessed, unknown degrees of error can be

introduced into the calculation. In most testing machines and
gear applications the flash temperature forms the major part of
the total contact temperature and there is a tendency to overlook
the inmportance of the operating temperature, henceforth called
the blank temperature. This has resulted in poor correlation
between the scuffing temperatures calculated from conventionsl
disc and gear machines (19 - 22),

Matveevsky (25) was the first to measure critical temp-
erature directly as a property of the lubricant. He achieved
this by operating a four ball machine at low load and speed,
thus reducing the flash temperature component to a negligible
part of the total contact temperature. The critical temperaturc
was taken as the temperature to which the surrounding lubricant
was heated to effect scuffing of the balls. A sketch of
Matveevsky's KI2 machine is given in fig. 3.1(a). The top ball
is rotated at 1 rev/min producing a sliding velocity of .4 mm/sec

t

O

and the load is kept constant at 2 Kg, equivalent to = conta
pressure of 200 Kg/mm2 and the frictional force of rotation
recorded. The technique consisted of bringing the apparatus
to the desired temperature, running the test for one mimute, and
then stopping the machine. The balls were turned about or
changed for new ones, the oil replaced, and the cycle repeated
at a higher oil bath temperature. After each test, the diameter
of the wear spots on the stationary lower balls were measured.
At the critical temperature there was a sharp rise in friction
acconpenied by increased wear of the balls. IExamples of the
results obtained by Matveevsky are shown in fig. 3.1(b).

With this machine, Matveevsky was able %o correlate most
of the scuffing data obtained on various other types of machine,

the only discrepancies occur?in: where low hardness
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specimens had been employed. This lead Matveevsky to investigate
the effect of specimen hardness on the measured critical temp-
erature. The standard KT2 test employed hardencd steel balls
(normally chromium steel) but an adaption of the machine ensbled
the top ball to run against a washer on which a rubbing track on
the inner rim hed been formed; the arrangement had been justified
carlicr by comparison of results for stecl. The materizl com-
binations tested and the critical temperatures obtained for these,
over a rangce of contact pressures are given in fig. 3.2,
Matveevsky concluded that heavy plastic deformation was
taking place at high loads in the relatively softer materials,
displacing the lubricant from the contact zone as the surfoce
metal was pushed aside in the deformation process and exposing
underlying layers not yet covered by the lubricant. The con-
dition wherc plastic deformation occurrcd at the asperitics of

o

the surfaces and failure of the lubricant was due to temperature

o
o+
jay
}.J .
0

effcets along, held for only a limited range of load. Beyon

)

there was a joint influence of temperature and plastic flow,
and the mecasured critical temperaturcs were lower. This work
showed that when determining criticel temperatures by rubbing
soft materials together, the pressurc at the contact had to Dbe
chosen so that plastic deformation was not present.

From the low contact pressure results where the lubricant
failure has been established as a thernmal effect only, the
critical tenperature is seen to be dependent upon the material
of the rubbing surfaces. The obscrvation is in general agrce-
nent with the work of Bowden and Tabor (27) on boundary lubrication.

Referring to the hardened steel results of Matveevsky
for a range of lubricants, Fein (28) pointed out the apparent
increase in criticel temperature with viscosity. Fein had

found the converse to be true, that critical temperature
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decreased with increased viscosity and from his extensive tests
on disc and high-speed four-ball machine (29) observed that
measurements tended to be a function of the investigator-machine
combination as well as the lubricant-metal combination.

Fein (30) subsequently investigated the operating procedure
effects on the measurement of critical temperatures and reported
that the results depended upon the entire history of the test
specimens and likened the effects to those experienced with
extreme pressure additives.  With extensive "running-in' the
discs acquired a varnish-like film on their surfaces, specially
prepared extracts of which indicated that they contained so-called
"friction polymer" and iron oxides. Fein was convinced that
these products of chemical reaction were responsible for the
variation in the measured critical temperatures and that the
procedure adopted by different investigators altered the specimen
history and therefore the degrece of interaction from the products

of chemical reaction.

Lubricant Surface Films

In their work on boundary lubrication, Bowden and Tabor
(27) show that when sliding metal surfaces are heated in the
presence of a lubricant, a temperature is reached at which the
adsorbed layer of lubricant softens. Areas of clean metal are
exposed and a marked rise in friction and stick-slip motion is
observed. The temperature at which this occurs depends on the
material composition and the nature of the lubricant.

For straight chain paraffins and saturated fatty acids
on steel surfaces, the coefficient of friction between sliding
steel surfaces on the Bowden - Leben machine (31) reduced with

increasing molecular chain length of lubricant. In this
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apparatus the sliding speed was low and the pressure high, to
ensure that conditions were well into the boundary lubrication

region where the load is carried by contact of surface asperities

and not by a hydrodynamic film. With increase in temperature
however the friction rose sharply at temperatures between 40
to BOOC for the pureparaffins; the temperatures corresponding
to their respective melting points.

The observations were explained on the basis of layers of
molecules of the polar compounds physically adsorbed onto the
surfaces. The transition temperature represented the melting

point of these films at which the lateral adhesion between the

molecules diminished. This then permitted increased metallic
contact between surface asperities leading to increased friction
and surface damage.

The behaviour of the fatty acids was however significantly
different. The transition temperature from low to high friction
occurred at temperatures very much higher than the bulk melting
point of the fatty acid. The results are reproduced in Fiz. 3.3.

It was discovered that with reactive metal surfaces, the

fatty acids were reacting to form metal soaps and lubrication

was effected not by the fatty acid itself but by adsorption of
the metallic soap formed as a result of chemical reaction.
Experiments with lauric acid showed that on unreactive surfaces
such as nickel; chromium, platinum, silver and glass, the fatty
acid was barely more effective as a boundary lubricant than
paraffin oll itself. Applied to reactive surfaces like copper,
cadmium, and zinc as a 1% solution of lauric acid in paraffin

0il, the fatty acid provided a reduction in room temperature

friction by 4 to 8 times. The metallic soap formed by

introducing lauric acid into the lubricant for the copper
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surfaces for instance, produced copper laurate as the metallic
soap. By depositing this onto copper surfaces and non-reactive

platinum surfaces, the same reduction in friction was obtained.

Transition temperatures were also identical, occurring at the
melting point of copper laurate.

There was, however, a marked difference between soap films
produced on the surfaces by reaction between the fatty acid and
the metal, and soap films deposited any other way. With soap
films deposited on metal surfaces, in the presence of excess
paraffin oil, breakdown could occur at a temperature lower than

the melting point due to increased solubility of the soap in the

liquid. On the other hand, soap films formed by chemical reaction
at the interface between metal and liquid were firmly linked to
the metal surface and even if covered in excess paraffin oil,
lubricated up to the saftening point.

Bowden and Tabor give an account of the examination of
lubricant layers by electron beam diffraction reported hy other
investigators. It is found that for paraffins exceeding a
certain chain length; the surface layers are arranged so that

the carbon chains are normal to the solid surface. The structure

remains unchanged whatever the thickness of the film. Fatty
acids however, exhibit a well oriented first layer of molecules
with layers on top of this monolayer taking the standard
crystalline form of the fatty acid, with hydrocarbon chains
inclined at an appreciable angle to the surface. The upper
layers may be disturbed by rubbing with a degreased cloth, but
the first monolayer remains unaffected, suggesting firm attach-

ment to the surface. It has been suggested that when the

orientation of the fatty acid on the metal substrate is very
well defined, then it is likely that the chemical reaction has

occurred at the surface with the formation of a soap.
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By raising the temperatures of films deposited on non-
reactive surfaces and viewins the diffradtion pattern, the tenp-
erature at which the orientation of the monolayer disappears
can be detected. Disorientation occurs at temperatures below
the melting point of the acid and on heating to a temperature
a little higher than the melting point, all the molecules are
removed by evaporation. The temperatures at which the films on
zinc, cadmium, and mild steel lose their orientation corresponds
approximately to the melting point of the metallic soap formed
by chemical reaction with the metal surface. This temperature
corresponds very closely to that at which lubrication ceases to
be effective, as will be seen by comparing the results shown in
fig. 3.3(a) with those in fig. 3.3(b). With these metals it
has been found very difficult to remove the molecules by
evaporation, indicating that the soap film remains well
adsorbed even after disorientation.

A further interesting result obtained by Tingle (32)
concerns the effects of oxide layers on the chemical reactions
between fatty acids and thc substrate metal. The Bowden - Leben
machine was ad@pted so that a cutting tool produced a smooth
shallow track on the lower metal surface immediately before its
passage under the loaded hemispherical slider. The cutting
operation was performed under the applied lubricant of 13
solution lauric acid in paraffin oils so that fresh metal
surfaces came into contact with the slidev. The result was the
complete absence of metal soap formation, detectable by the
high order of friction recorded. This substantiated an earlier
view that fatty acids would not react with an electropositive
metal if metal oxide and oxygen were completely excluded.

It is interesting to see that here is further evidence
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to support the findings of Matveovsky (26) regarding the lower
oritical ftoemporatures measured when plastic flow of the metal

surface ia prosent. The remarks concarning the exposure of

frash metal surfaces within the contact are confirmed by the

faot that the [resh metal will not have been in contact with

al reaction with the lubricant to teke place. A lower

oritical tempersture is therefore detected.
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tacts increases. At the tips of these asperities the
lubrication is of the boundary type described in the foregoing
paragraphs, so that the amount of boundary lubrication increases
whilst the hydrodynamic lubrication decreases. Whilst gears

and discs seldom operate in the boundary lubrication region but

develop a load carrying film of lubricant separating the
surfaces, the conditions of Matw:evsky's tests of low load and
speed would certainly result in asperity coatact. The critical
temperatures measured by Matveevsky can be considered therefore
to comply with the transition temperatures of the adsorbed
layers of metal soaps on the surfaces, provided surface active
compounds are present in the oils tested. Under fluid film

conditions however the situation is not so clear. O'Donoghue

(14) has put forward the suggestion that scuffing is a runaway

process whereby chance contact occurs by debris passing through
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the fluid film and bridging the distance between asperities.
At the transition temperature of the surface films, there will

be seizure between the surfaces which on subsequent passes of

the damaged areas will cause further metallic contact, progressing

eventually to severe welding and tearing of the surfaces.

Measurements of film thickness in gears by Ibrahim and
Cameron (33) and later by O'Donoghue (14) have shown that a
substantial film thickness is maintained up to the point of
incipient scuffing where the blank temperature rises abruptly
with a consequent reduction in film thickness. The failure of
contacts separated by a fluid would therefore seem to depend
upon the breakdown of the metal soap layer when the surfaces
attain the transition temperature of the layer. The surfaces
then continue their operation with a disoriented layer until
such time as there is chance contact between asperities or with
debris passing through the contact. The increase in friction
then gives rise to a higher blank temperature which reduces the
film thickness anl increcses the.contact betiveen:icsperitiecs whit
are then at tenperatures well in excess of the transition
temperature. Failure by increased friction and scuffing then
follows.

Jork by Askwith, Cameron, and Crouch (34) showed that
better lubrication was obtained by matching the chain length
of the fatty acid to the carrier fluid. The results were
obtained by recording scuffing load on the slow-running four-
ball machine and the dwell-time on the disc and rider machine
(i.e. the time to reach given value of friction).

Confirmation of the findings was later achieved on a
Bowden-Leben machine (35) using stainless steel Specimens,

where a higher transition temperature was obtained by matching

"\
Iy
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the chain length of the fatty acid to the chain length of the
paraffin oil to which it had been added.

Askwith, Cameron and Crouch (34) noticed a significant
influence of boundary additive on the film thickness in the
four ball tests. The method of measurement was by the voltage
discharge technique (36) but calibration was not possible and
the recordings were only comparative. The effect was further
investigated by adopting the postulate that the molecules
attached to the surfaces presented a surface film of much
larger viscosity than the bulk fluid. Then, by setting up a
simp.e squeeze film apparatus, it was possible to determine
the viscosity distribution as the film thickness reduced.
Details of the experimental method are given in the reference
but briefly, it consisted of allowing an upper steel plate to
fall a given distance onto a fixed bottom plate over which had
been flooded the test fluid. By measuring the time taken for
the plate to move successive 10—4 inch steps, the Stefan-Reynoclds
equation (37) could be used to derive the effective viscosity
over that distance.

The equation is:-

4
po - drEn (1-1)

A h h

where A t is the time taken for the plate of radius R and

weight w to move from film thickness ho to film thickness hq.
The viscosity distribution so obtained for different

acids in hexadecane are reproduccd in fig. 3.4(a). The increase

in surface viscosity is greatest when the additive and carrier

are matched in chain length but the final separation of

3.5 x 1074 inches was common to all fluids.

A more intcnsive study of these surface film effects is
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given by Fuks (38). Using apparatus consisting primarily of
two plane parallel discs, it was possible to measure the

"thinning resistance" and the shear resistance of a liquid film.

In the thinning tests, Fuks found that a residual layer
existed for each fluid-acid combination and that the layer
could be further reduced by increasing the load between the
discs. The results are shown in figure 3.4(b). The resistance
to thinning however rose rapidly as the thickness diminished
and the action was partially reversible. The loading - unloading
curves suggested to Fuks that the thickness of the residual

film was fixed by a combination of equilibrium and non~equilibrium

forces. The first of these could be identified with the dis-
joining pressure between the molecules at the surface and the
second was probably & plasticity effect. Fuks summarised his
results as on Fig. 3.5(a).

The shear tests confirmed the results reported by Bowden
and Tabor, that the shear resistance {or frictional force)
reduced with increased chain length of fatty acid for a given
contact load Fig. 3.5(b). Fukscthinning resistance results

had however shown that at constant load, the residual layer

increased with acid molecule chainlength. Consequently by
adjusting the load to give constant residual film thickness
throughout the test, the shear resistance was found to be
constant for all fatty acids Fig. 3.5(c). This lead directly
to the Eonclusion that the increased lubricating action of
fatty acids with higher molecular chainlength at constant
contact load is due to the accompanying rise in the disjoining

pressure and the increased gap between the rubbing surfaces.

A further conclusion was drawr fron the results of Fig. 3.5(0)

which showed that although the shear resistance was not
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affected by the length of the fatty acid molecule when the
residual layer was kept constant, the effect of the base fluid
became quite significant. The only explanation Fuks could
offer was that the solvent molecules were located between the
ends of the molocules‘oricnted at the surface and reduced the
interaction between them. The interaction was greater with
benzene than with iso-octane, for instance, as shown in

fig. 3.5(d).

It is intercsting to compare the findings of Fuks with
the theory of boundary lubrication proposed by Bowden and Tabor.
Bowden and Tabor report a mono layer of molecules of the fatty
acid at a surface, or if the surface is reactive, a layer of
metal soap molecules. Now, stearic acid has a molecular length
of 21.4 A® (= .00214 microns) and so one would expect the
thickness of the film to be of this order. Fuks shows that
the surface films are considerably larger than this,; suggesting
multi-molecular residual layers with the solvent molecules
interfering in the orientation of the outer-attached acid
molecules. The residual film thickness is dependent on the
load applied and the nature of the solvent-acid combination.
Reference to the residual film results of Fuks shows how
stearic acid performs in different fluids at different contact
loads. The residual film varying in thickness from .11 to
.36 microns compared to the molecular length of .00214 microns.

Figure 3.4(b) may be replotted to compare with the
similar results given by Askwith, Cameron and Crouch. Fuks

rcecduced the Stefan-Reynolds equation to
c

h2

T

where ¢ is a constant; by abandoning thc postulate of variable
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viscosity. Taking ho to be much greater than hq and therefore

1
—5 to be negligible, and R, W, and . n to be constant for any

ho
test, the results could be plotted according to this reduced
form of the equation as in fig. 3.4(b).

Reading oif values of h at small increments in time, we
may resubstitute into the original equation together with the
values of R and W and obtain the variation in viscosity with
film thickness. The results for two of Fuks examples are
shown in fig. 3.6, It is scen that the results of Askwith
et al do not go far enough. For some reason, possibly due to
the presence of extraneous matter or aligmment difficulties.
(The apparatus was very simple and parallel approach of the
plates relied on simultaneous removal of two strips on which
the plate was supported.) the film thickness stops et 3.4 x
. 10“4 inches, without the infinite rise in viscosity that must
be present to establish a residual film. Although reference
has been made to the "plastic" layer of Fuks, the thickness is
well above that determined by Fuks.

As a final note it is worth mentioning the cffect of
temperature on residual films observed by Fuks. A softening of
the layer was experienced at about 10°C beluw the respective
melting points but the layer could not be removed altogether
below 100°C. Thiz would seem to be in agreement with the
observations made by electron diffraction on platinum surfaces,
where disorientation of the mono molecular layer occurred at
10°C below the melting point of the acid. It required heating
to 40°C above the melting point to remove the molecules com-
pletely. It is conceivable therefore that the residual films
persisting on the surfaces at temperature of 100°C are layers

of metal soap molecules some 50 - 200 rows decp and will
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require heating to the melting point of the metal soap before

removal.

The mechanism of Scuffing

With the vast amount of evidence to suggest that the
critical temperature at which gears and discs scuff is a similar
mechanism to the transition temperature of fatty acids adsorbed
to metal surfaces, the question is to first determine whether
such polar compounds cxist in mineral-oils and whether the
transition temperatures caon be as high as is suggested by the
critical temperature tests, usually in the region 150 - 200°¢.

Bowden and Tabor give transition temperatures for pure
paraffins in the region of 40 - 50°C and with stecric acid on
steel, the transition temperature of 14ODC *has been obtained.
However Frewing (39) has shown that solutions of 1% stearic
acid in white oil exhibit stick-slip motion at 55°C.

Working on the Bowden-Leben machine, Frewing found that
transition temperatures of white oil containing different
additives could be correlated on the Von't Hoff isochore. This
consisted of pletting log concentration against the reciprocal
of the absolute temperature and straight lines were obtained,
the slope of which gave the heat of adsorption. He found the
heat of adsorption for the straight chain acids to be constant
and equal to 13500 cal/mole.

O'Donoghue and Cameron (40) extended the concept to
consider the findings of Groszek and Palmer (41). The basic
thermodynamic equations were as derived in standard text books
on physical chemistry (42).

The Gibbs free energy equation is:-

beg = bH.-ras

where O G is the change in the Gibbs free energy,
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A H the change in enthalpy, A4S the change in entropy,
and T the absolute temperature.
Tor equilibrium between the adsorption of polar molecules

onto the surface and back again, the equilibrium constant is:-

(covered surface sites)

K =

(clean sites) x (polor molecules in solution)

For a system obeying a Langnair isotherm

where * /1—w is the ratio of covered sites to clean sites.
C denotes the concentration. The standard free energy change

is 5 G° = -RT log, K

- A +a 30 = R(log® - log C)
o e

T 1.

Following Frewing's assumption that transition occurred when

a definite fraction « { of sites are covered and also that

A 3% ana & H° are not greatly influenced by temperature,
O!'Denoghue and Cameron put « = L from the results of referenced

work.,

Substituting Frewing's values for heat of adsorption of
acids (- 13,500 cal/mole, the minus sign indicating the process
to be exothermic), it was possible to find the standard entropy
change & s°. The gas constant R is 2 cal/mole and T is the
absolute temperature of transition. The concentration C is

given as (10% wt/wt) per mol.wt, taking the standard state
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for the free solute as 1 mole per 1000 gram of solvent.

The results are given telow.
©

Acid Wol. Wt. - 45° cal/mole
Capric Cqg 172 43.3
Myristic 014 228 37.6
Stezric Cqg 284 34.5

Groszek and Palmer found thot nominally neutral mineral
0ils had a much larger fraction of active material than

A

commonly supposed. Averaged over eight samples of SAE 50 oil,
0.4 per cent wt/wt of acidic material was detected of com-
paratively high molecular weight (about 1000).

O'Donoghue and Cameron showed that assuming the compounds
to have the same heats of adsorption as the other acids, a

value for - 0 8% of 22,2 cal/mole was required to give a

transition temperature of ‘!5OOC° By plotting -~ A s® against
molecular weight for the acids already tabulated, the value of
22 cal/mole fell quite reasonably on an extrapolation of the
graph, at the molecular weight of the active material.

Grew and Cameron (35) recently reported that they
had dissolved the surface active material isolated by Groszek
and Palmer into three solvents and plotted the logyy concentr-
ation - reciprocal transition temperature curves and obtained
transition temperatures in the range 120 - 18000y Fig. 3.7.

These results give support to the suggestion that the
critical temperatures expcrienced by lubricated systems such
as gears are identifiable with the transition temperatures of
the adsorbed layers of polar compounds. The knowledge that

now exists about the action of these molecular layers will




- 28 -~

assist in the further investigation of failure by scuffing of

lubricated rolling/sliding contacts.

3.4  The development of o disc machine for direct measurement

of critical temperatures of lubricants

This section presents details of the construction and
development of a machine for direct measurcment of critical
tcmperatures. The basic principles of operation are the same
as those of Matveevsky's four ball machine but replace the
point contact by the line contact of two discs.

Much greater accuracy in the determination of critical

temperatures can be achieved by maintaining a small flash
temperature and providing an accurate method of controlling
the blank temperature. The error involved in calculating the
flash temperature, arising from the assumptions concerning the
contact conditions, is reduced to a small percentage of the
total contact temperature.

Fi

g. 3.8 shows the two-disc machine, in which thesc

conditions have been obtained. The 2.5 inch diameter discs

were arranged to rotate totelly immersed in a bath of the .
lubricant to be tested. They were lightly loaded through the
lever mechanism shown in more detail in fig. 3.9 and gearcd to
rotate at low speed in the same direction. This produced one
hundred per cent sliding at the contact with a negligible amount
of hydrodynamic effect. The temperaturc of the oil bath was
controlled by the power supply to a 1 KW emersion heater and
recorded continuously by a copper-constantan thermocouple.

L stirrerensured even distribution of temperature during the

heating cycle, and so the recorded oil temperature could be

taken as the blank temperature of the discs.
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The driving torque from a % HP, 3-phase motor fitted
with a Kopp variator and through a 2 : 1 reduction belt drive
was measured by a torque tube that had been previously calibrated.
The amplified signal from the torgue tube was displayed on the
same chart as the temperature trace so that the friction at any
temperature in the heating cycle could be read directly. The
true contact temperature at any instant was obtained by
calculating the flash temperature for the known load, speed, and
friction and adding this to the recorded blank temperature.

This was scldom more than a few degrees and in effect represented
a correction term to the measured temperature. With this
apparatus it would be possible to detect a sudden rise in
friction when the critical temperature of the lubricant was
reached.

Preliminary tests showed that with hardened steel S.106
discs, no increase in friction could be obtained with temperatures
up to 230009 the maximum attainable by the apparatus. At this
time, Grew and Cameron (35) reported a similar experience with
their four-ball machine and pointed-out the need to use stainless
steel specimens in this type of test. It was also noted that
Matveevsky had used chromium steel in his investigations. On
changing to stainless steel discs (18% Cr. 8% Ni) a sudden
increase in coefficient of friction from about .18 to .50 was
detected at temperatures between 180 and ZOOOCy depending on
the lubricant. Typical traces are given in figs. 3.10, 3.11,
and 3.12. It may be reasoned that at the sustained high
temperatures experienced by this machine, chemical reactions
may have .10dified the S106 disc surfaces. Inspection’of
the discs showed a discolouration to be present with a lacquer-
like texture. Similar effects were later observed by Fein (28)

as stated earlicr, and his findings give support to this
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explanation for the absence of transition with hardened steel
discs. Using stoinless steel specimens the chemical reactions
presumably do not occur. With conventional gear test machines,
and in practical applications the peak temperature is reached
only for the instant of time the surfaces pass through the
contact and this is insufficient for the chemical reactions to
take place. Thus, when the lubricant film breaks down and
metal to metal contact occurs there is no protective film on
the surfaces to prevent scuffing.

The mean traces for the S.106 and the stainless steel
discs are compared in fig. 3.13. In all subsequent tests,
stainless steel discs were used and replaced after each test by
new ones that had been previously washed in benzene. The
surface finish of the discs was approximately 1§/L—inches CLA.
A running-in procedure was adopted at 5 rev/min at 2 1bf load
for 15 minutes to remove high spots and flashes after machining.
The tests were then conducted at a speed of 26 rev/min and 5 1bf
load. These conditions werc determined as the most suitoble
for obtaining a clear friction trace but the effects of running
at other combinations of load and speed are shown on fig. 3.14
where the repeatability of the critical temperature reading is
quite evident, once the necessary correction for flash temp-
erature has been made. A sample calculation of the critical
temperature is given in Appendix II.

At the onset of friction rise, the scuffing was quite
audible and it was found that the friction rise could be
arrested at any point by maintaining a particular temperature.
Further heating resulted in a continuation of the friction rise
to the maximum after which, on cooling, the process could be

reversed., The blank temperature at which the decrease in
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friction commcnced was lower than the corresponding increasing
friction temperature. This sequence is shown in the sketch on

fig. 3.15.

Critical temperature results for a:gygy;;%iggm@pg}ly

plain mineral oils
A ronge of plain mineral oils were rated on the critical

temperature machine described above and there emerged an apparcnt

W

(

dependence of critical tempcrature on viscosity. The viscosities
of the four lubriconts are given in Appendix I, and the mean
cribical temperature traces in fig. 3.76. On ths I.A.E. geor
machine Blok (12) obtained confidence limits for critical tenp-
crature which increcsed with viscosity. Redrawing this chart and
ndding the results of de Gruchy and Harrison (13), O!'Donoghue

and Comeron (40), Shipley (3), Matvesvsky (26), Fein (29),

Leach and Zelley (17), Meng (15), Ghenkin ot al {(16), Ali ond
Thomas (18), and the results of thesc tests, the general rise

is still evident but the limits require to be increcsed;

Yige 3,17,
The result is that, as pointed out by Fein (28), critical temp-
crature may reduce with viscosity for one range of oils but
increcse with viscosity for another. It is much more convenient

to consider critical temperature as an additional property of

the lubricant depending upon the nature of the surface active
compounds, the surface in contact with the lubricant, and the

base fluid itself. This is for less nmisleading than attempting

to relate critical temperature to the viscous properties of

the lubricant.

ot 4t el e .
Critical temperaturcs measurcd for oils used '

by Ali and Thomes (18)

Hoving established the characteristics of the two-disc
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machine in measuring critical temperatures, it is important to
determine the accuracy of the results in predicting scuffing.
For the purposes of this investigation, Ali and Thomas wecre
able to supply samples of oils 'B' and 'C!' used in their
cxtensive disc machine tests. The results are replotted in
fig. 3.18, superimposed with the two critical temperatures
measured on the two-disc critical temperature machine. Good

agreement with the calculated scuffing temperaturcs is achieved.

Ihe gear machine

The Thornton gear tester used in this work was that used
by Torehim and Cameron (33) and later by O!'Donoghue (14). 4
photograph of the mochine and a schematic layout of the loading
system are given in figs. 3.19 and 3.20 respectively.

The drive is supplied by a 5 HP, 3 phase,; sSynchronous
motor running at 1470 rov/min and fitted with 2 Kopp variator
to give a speed range of 200 - 1800 rev/mina The output sheft
is couplcd to one shaft of the slave gear box that houses the
power-return gears. The slave gear box 1s suprorted in the
lever arm and suspends between two support blocks which are
bolted to the frame of the machine. This allows the complete
assembly of slave gear box, lever arm, O - 600 1bf spring

alance, and balance weight, to pivot about the drive shaft.
An extension of the drive shaft couples with one of the shafts
of the sccond gear box, this onc housing the test geors and
being firmly bolted to the machine frame. The remaining two
gears are connected by ~ Hardy Spicer telescopic shoft with
universal joints. Thesc joints permit the lever arm and the
power roturn gearbox to rotate about the main shaft pivot in

the support blocks. The machine is loaded by applying a lead
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to the end of the lever arm by means of the handwheel connccted
to the springbalance. This tends to rotate the power return
gear box, but the test gears restrain the slave gears from any
motion other than teking up the backlash and tooth deflection.
The two shafts therefore carry a torque that is supplied by
the lever arm and not by the drive shaft. When the gears are
rotated, the "locked-in" torque causes the test gears to
effecctively carry a load, but the power transmitted by them is
returned by the power-return gears, so that the motor has only
to supply the friction losses. The machine is therefore capable
of simulating very high loading conditions, but only requires a
relatively small driving motor.

Replacement of the test gears is a lengthy procedure owing
to the necessity for dismantling the circulating shafts. In
scuffing tests this can occupy a considerable amount of the
total testing time. The test gears are consequently manufactured
with the working faces divided into two by a ceatral groove.
Four tests are then possible from the same set of gears. The
face width of each gear is C.437 inches whilst that of the slave
gears is 2 inches. The test gears are subjected therefore to a
higher load per inch width than the slave gears and may be
subjected to failure loads without risk to the permanently
installed slave gears. The slave gears arc supplied with E.P.
90 transmission oil applied by splash and jet. The test gears
were separately lubricated with the test lubricants applied by
a jet directed towards the entry zone of the meshing gears.

The oil inlet and outlet temperatures were measured by
mercury-in-glass thermometers. The test gear blank temperature
was measured by the method to be described in section 3.9 of

this thesis.




The test gears were made from EN 32 plain free cutting
carbon steel case hardened to a depth of .025 inches (750 VoPgN.>.
The gear forms conform to BS. 436 : 1940 with a tip relief of

0.6 x 10"3 inches the surface finish was about 15y inches CLA.

Full details of the gears are given in Appendix IIT.

3.8 The Disc Machine

In reviewing the published work on scuffing, attention
was drawn to the fact that disc machines could be used to
simulate the contact conditions of gear teeth. Reference to
fig. 3.271 will show how the kinematic conditions of the rolling

and sliding of gear teceth in mesh can be represented by two

discs. A different pair of discs are required for simulation
of each point along the contact path of the gears. The
advantages of using a disc machine are:-
(i) The disc specimens can be manufactured accurately,
using standard equipment. With gears the precision
required to eliminate profile and spacing errTors

make testing a costly and timely procedure.

(ii) Instrumentation is aided considerably, with any
instant of engagement along the contact path
easily studied under steady-state conditions.
Unfortunately, the dynemic ecffects encountered in gear
teeth where the radii of contact are continually changing and
the Sliding/rolling speeds are varying are not reproduced.
With the differences in heat transfer and energy dissipation
between discs and gears it is important to take account of

the blank temperatures when measuring scuffing loads.

Several types of disc machine have been constructed by



the 0il Industry and Gear Manufacturers, details of which are
given in the literature on scuffing.

The disc machine used in this investigation was the
standard Amsler Wear Machine with a fixed 10% difference in
speed of rotation between the two shafts. With discs of equal
diameter, the slide/roll ratio is fixed at this, and so com-
binations of differing diamcters have to be selected to give
other sliding speeds. A photograph of the machine and a
schemotic layout of the discs are given in figs. 3.22 and 3.23
regspectively.

The machine is driven by a i HP two speed motor equipped
with a variator giving a speed range of 60 to 500 rev/min°
The lower disc is driven by an epicyclic gear train and the
friction torgue obtained by obserwing the deflection of a
pendulum attached to the planet gear shaft. Torques of

0 - 100 Kg

e

cm could be read from a graduated scale or recorded
on a rotating drum. The upper disc was driven through a back-
shaft geared to rotate at the reduced speed. There is also
provision for reversing the direction of rotation of the upper
disc. A load of O - 200 Kg is applied to the discs by a
calibrated spring attachable to the loading bracket carrying
the upper disc.

The machine is designed principally for wear studies and
the loads and speeds are insufficient for conducting scuffing
tests., The machine was consequently operated with the reverse
gear engaged to produce a higher flash temperature component.
The oil tank was modified by attaching a heating element
beneath the o0il container. The discs rotate with one lower
half dipping into the lubricant. The blank temperature could

consequently be adjusted to any desirable value and the test



- 3.9

- 36 -

carried out at increasing load and speed until scuffing
occurred. lMeasurement of blank temperature was achieved by
the method described in the following section. The disc

specimens were 5,71 cms in diameter and 1 cm wide.

surface Thermocouples

In both the Thornton gear tester and the Amsler Wear
Mechine the total temperature of contact was derived by
addition of the calculated flash temperature to the measured
blank temperature.

Two methods of blank temperature measurement are available
for the disc machine. These consist of either thermocouples
trailing on the working surfaces of the discs or a thermocouple
cmbedded in one of the surfaces. Blank temperature measurement
in gears necessitates the use of an embedded thermocouple or

some thermocouple attached to the surface and rotating with the

gear; the output being transmitted via a slip-ring assembly.

2

The Fmbedded Thermocouple

The embedded thermocouple used in the gear tests was of
the type used by O!'Donoghue and Cameron (40). With extreme care
in the assembly of these thermocouples, high response times are
possiple and measurement of rapid changes in temperatures, such
as the flash temperature at the contact between gear teeth can
be detected. In this instance however very high response times
were not required as it was the intention to record operating
blank temperatures only. The thermocouples could be located
at the working faces of the gear teeth without interfering with
the engagement of the tooth flanks.

The finish ground gear is electro-spark machined to give
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a hole .012 inches in diameter, penetrating from the side of
the gear to the desired position on the surfaoe; The positions

chosen vere at the tooth tip, the pitch point, and in the root

of the gear. Into the hole is inserted a 0.010 inch external
diameter steinless éteel tube, the end of which is shaped to
the contour of the tooth face. It was found in practice that
the needle must be insulated from the gear by epoxy resin in
order to prevent noise pick up on the thermocouple output. An
cnamelled constantan wire is next placed into the tube and
secured by epoxy resin. The protuding wire is then smoothed
down to conform to the surface profile. At this stage the

thermocouple appears as shown in fig. 3.24(a).

The next part of the procedure has been developed by
Davies and Forrester (44) from experience in a number of
applications. The thermocouple tip and a smell surrounding
area of the surface are lightly recessed with a very localiscd
sand blast. The roughened surface is then etched for 5 seconds
in a solution of concentrated nitric acid (20 ml), ferric
chloride (5 gm), concentrated hydrochloric acid (200 ml), cuprous

chloride (5 gn) and water (200 ml). To assist subsequent

plating, a copper rod, cleaned in a solution of 35¢5 ammonia
(50 cc) and 100 volumes of hydrogen peroxide (200 cc), is
rubbed over the rough surface. The surface is then rapidly
rinsed with acetone and a Smail etectroplating cell is formed
by placing a short length of soft 4" bore plastic tube filled
with commercial cyanide plating solution on the surface. A
plating current of 30 mA/cm? is then passed and the solution

agitated by an air stream blown through a very thin glass

capillary to prevent the evolved gas surrounding the plating

electrode. This produces copper plating 0.001 inch in thickness
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which may then be reduced in thickness by smoothing down with
emery to blend into the surface and so increase the time
response of the thermocouple junction. Leads from the constantan
wire and the stainless steel tube were then taken to an IIM slip
ring assembly, consisting of silver rings with silver brushes.
Figure 3.24(b) shows the general arrangement of the coaxial

thernocouple described above.

The Trailing Thermocouple

For simplicity in the Amsler disc mochine tests; a thermo-
couple of the trailing type was used. The thermocouple junction
is mounted on the end of a leaf spring fixed to the frame of the
machine and is loaded against the disc surface. This type of
thermocouple is reported elsewhere (17) (14). Leach and Kelley
(17) found that recorded temperatures were lower than the actual
surface temperature when cil surply temperatures were below
180°F. This was attributed to the influence of the thermal
separation of the thermocouple probe and the disc at the higher
viscosities and large temperature gradients throughout the
thermocouple junction. The relationship reproduced in fig.
3.25(a) was not affected by speed.

O'Donoghue (14) further demonstrated the influence of
Spring load on the recorded temperatures. Higher loads produced
frictional heating at the junction and correct thermocouple
readings were only obtained when the tendency to read lower
than the surface temperature was counteracted by the frictional
heat.

A comparison between the findings of O!'Donoghue and
Leach and Kelley shows that the position of the thermocouple

relative to the oil supply affects the recorded temperature.
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The disc experiments of O'Donoghue were carried out with the
thermocouple making contact with the upper disc of the Amsler
machine near the inlet to the contact. From the experience in
running the same machine during the work for this thesis it
was observed that in placing the thermocouple in this position
only a thin film of lubricant was present on the surface in
contact with the thermocouple junction, once the discs had
completed a few revolutions. The o0il was being carried to the
contact zone by the lower disc from the oil bath into which it
was dipping and only part of the oil passing through the contact
was being carried away by the upper disc. This oil would attain
the surface temperature of the disc before passing the thermo-
couple and re-entering the contact.

In reference (17) however the thermocouples were placed
at the inlet to the contact but the surfaces had already been
coated by the fresh lubricant from the supply jet at the outlet
of the contact zone. The thermocouples were consequently flooded
in fresh oil and when the oil supply temperature was considerably
lower than the disc surface temperatures, the trailing thermo-
couples would register a mean value of the two temperatures.
Only a small percentage of the oil enters the contact and this
will consist of the oil adjacent to the metal surface. It is
therefore essential to record the true surface temperature and
the thermocouple arrangement proposed by O!Donoghue is to be

preferred.

Scuffing results on the gear and disc machine

Scuffing tests to assess the accuracy of the critical
temperature machine were conducted on the Thornton gear tester

and the modified Amsler machine. Since time would not allow



extensive scuffing tests on the full range of oils under a

range of various operating conditions, it was decided to obtain
as many results as possible for the SAE 30 plain mineral oil,

The results are shown in fig. 3.26 together with the test

details.

Both gear and disc results exhibit the scatter usually
associated with these conventional scuffing tests. The Amsler
test gives a direct reading of the coefficient of friction at
the contact whereas theBened®ct and Kelley forxrmula had to be
used to give the coefficient of friction at the tip of the 5"
gears. The low order of flash temperature in the Amsler machine

necessitated higher than normal blank temperatures which although

attaining 120°C in one case did not produce the same modification
of the metal surfaces as had been experienced in the critical
temperature machine.

The scuffing temperatures so obtained agree with the
directly measured critical temperatures using stainless steel
specimens, which would consequently provide a reasonable value
on which to base design against scuffing. Within the limits
of experimental accuracy it is a further observation that there

ig little wvariation of critical temperature with steel

specification (details given in Appendix IV).

:f3.11 Discussion of Critical Temperature results

From the comparison of the scuffing temperatures obtained
on the conventional disc and gear machine with critical temp-
eratures measured on the two~disc machine; the use of stainless

gteel specimens appears to be justified.

In view of the findings of Bowden and Tabor concerning

the importance of the metal surfaces as well as the lubricant
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in determining the transition temperatures of adsorbed films,
the chromium content of the metal might be expected to interact
in the chemical reactions between the surface active compounds
and the steel. The experimental results however do not
indicate that any significant interaction is occurring.

One consideration however is the effect of plastic
deformation of softer materials on the critical temperatures
measured, as shown by Matveevsky. The stainless steel from
which the discs were manufactured for the critical temperature
machine is considerably softer than the hardened steels used
in the gear and disc tests. The loads and speeds are however
quite low. A contact pressure of only 90 Kg/om2 is produced
between the discs. This compares favourably with the maximum
allowable stress of125OOKg/cm2 for mild steel on mild steels
250 Kg/om2 for hard steel on copper: and 40 Kg/cm2 for copper
on copper. These figures were determined by Matveevsky as the
stress below which there would be little plastic deformation
of the contacting surfaces. The measured critical temperatures
would consequently not be affected by the hardness of the
material. With the agreement between the stainless steel and
hardened steel results and the low order of the contact pressure,
the method appears to produce valid results of critical temp-
eratures of lubricants.

The time taken for each test is about one hour, which is
somewhat longer than a four-ball test but much shorter than a
conventional gear or disc machine test. The simplicity of the
apparatus, the test specimens, and the procedure make the
proposed technique ideal for the industrial rating of oils.

If scuffing is to be taken as a function of the critical
temperature of the lubricant in contact with the materials of

the contacting surfaces, the lubricant should be rated on
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this temperature rather than on load capacity for a partidular
application. Providing an engineer 1is able to agsess the
temperatures attained at the contact between the surfaces of
the machine element,then design against scuffing should be
possible provided critical temperature ratings of pils are
available. Calculation of the temperature generated in a
contact will depend on a knowledge of the heat generation in
the lubricant film separating the contacting surfaces and the
way in which this heat is dissipated to the surroundings from

the machine surfaces.
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BLANK TEMPERATURES
Iemperatures due to heat sources moving through

It is well known that in the operation of gzzars and discs,
there is heat input from the zone of contact betweea sliding
surfaces and that this heat has to be dissipated by conduction
and coanvection. In so doing,the blank temperature of the

surfaces rises o an equilibrium value above that of the

sursoundings so that convection tekes place according to the

expression:;-
Ty = & ' | ceeee (401)
g
vhere 4 is the heat injected into the metal and he the con-

vection heat transfer coefficient from the surface.

The problem of determining the hect injected into the
metal at the contact has concerned resexrch workers for some

time. Blok (43) move the first solution by solving the ecuations
for = band source moving along the surface of o semi~infinite
conducting mediun and injecting heat into it. The surface
outside the heat source was considerad to be inéulated. A

later development of this solution by Jaeger is reported by

Carslew and Jaeger [45).

The starting point is the solution to the equation for

D)

conduction of heat in a2 fixed medium,

U

a1+ T n = 1g0T
2 2 2
2 X 3y 3z kK3t
of the form
e e 1
T o= Ql. e~ LAX=X )< (Y-Y1) + (g z ) ’/fKt
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Gﬂ being the source strength, i.e. the temperature to which
volvme i . / .
unit seee would be heated by the instanteneous heat €pc

121y,

1
(x' ¥
By copsifering i heat source passing through the fixed
medium and injecting ¢ units of heat per unit time, the temp--
ercture at time t ot a point ?, due %o the (gdt1) heat units
e aas 1 .
emitted 2t time t , will be

@ = ga! exp [l = U (5811 2 4 2 + 22 )

R AR R - e J

One <1T K<t~*1)> 3/2 . 4ic (t“t1)

Point P has coordinates (x, y, z) referred to the heat source
and moving with it.

.« The total temperature at point P at time t due to the

heat emitied by the heat source O is obtzined by integration

from time zero to t. At t =« ; & stecdy thernmal regine is

established and

.1 i

o L2 2
e-y__[(xg.—y+z ) - !
o P 2«
br k(x5 4 @+ z9)*

]
N

It is recuired to know surface temperatures only and s
is put egual to zero. Also for a line source along the ¥
axis where ¢ 1is noiw; in heat units/unit time/unit length the
tenperature at point P becomes:

P o= g e Kol Bx] ceoes (4.2)

wig

2Tk

U . e e e -
where B= -— and.Ko[ﬁzc} ig the Modified Bessel function
oK |

of the 2nd kind of order zero.



e

Ly .

W [px]= 1 (J

2+y2 )

/

dy

N

ﬂx
2 (x

Equation 4.2 is roensnised as

problen, tabular values of Ko(gB

A

British Association Mathemati

Ceuneron, Gowdon. and Symm
consider
due to the

from x =

al Tables Vol.

friction between then.

Qﬁ(x-§) Kékﬁ(x-é )1/

the standard solution of this

x) bein; obtained from the

VI.

(45) extended this work to

UJ..«

the coatvact of two bodies with heat flow into both

ror & band of heav sources

e \
2 ’1: C o0 % 00 (493/
However this solution is for - band of heat source nassins
. - g
through o fixed infinite medium. For two movinz media, however,

nassing in contact

the heust partition

and surface velocities (i.e. 8 ).

following relationships:-

1

foea [ s
T (k']“"l{_j_) G
1
S

The intro

oraer to satisfy the condition T

the temperature could vary outsi

would arise if there ne cohe

HES

the conditions of lubrication wver

The solution of these equations

with a band of

will denend on

£ (£) e 57<X ¢ ) g <[ﬁ 1 (x=¢
‘(’1

- £(¢ )]
%

- L i /o
duction of the heat source £( ¢)/kq was

sources ¢ per unit length,
the relative conductivities

Cameron et cl produced the

)]

D] ﬁg(x“ ¢)
| e Ko(fp 2(x-¢ )]y 2

necessary in

1 = Tz at the contact, although
de the contact. This condition
rent hydrodynamic film i.e.
re in the "boundary’ rerion.

e

723 achieved by numerical

)

&

¢
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analysis for Ky = X, = K, g/27 )k taken as 10; f = 10; and

8 1 varying from -10 to 10 in steps of 1. he results were

represented s non-dimensionzl temperatures defined as
T (7 :0/2k3) and ore reproduced in fiz. 4.1.

Purther results were piven by Cameron et al for the

£

simnle case of egual partition of heat between two medic

purce. This involved the

.

noving &t the same 3need past the

w

numerical solution of equation (4.3) for a ronve of values of
B L from 2 to 1000 ¥alues of e® Ko(u) are not pletted for

u” 20. Therefore, the asympt@tic expansion was used:-

z 1 a2 41 3
&u 2. (8ua) 3.(8u)”

where u = 8 (x -¢) veees (4.5)

For u< C e® wo(ful) @ = -/he_u Xo(u) au

Noting that ™~ Ko(u) du » O for z,> 29> 20 ..... (4.6)

Cemeron et al celculated the temperatures at the
extended ronge of speeds by numerically solving the above
equations and oomparing them with the asympietic solution
derived analyticelly. Lol

The asymptatic solutions for B~ o .re

T = 0 for x< O
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S
T X - | x -1 for 0 <x <1
A /\\
1 1
Te g [kl Fg + C for x >1
A
x Wy 1
This agrees with the asymptetic solution »redicted by Blow

)

or the nesk temnerature T ot the rear of a band source of
1 . s e s . .
strengzth ¢ moving over a semi-infinite plane and injecting

all the heot into the one body.

r 1
‘ L‘ = 29-, - \ K “
X L)

1
where x = 1 =t rear edge of heat source and ¢ =

o)

N

The shape of the temperature profile is given in fig. 4.2(a).

A further case to be studied in the same woxrlk was that
where the surfaces were no lonzer insulated. Tne heat vwics
lost by convection to the surroundings according to

Newton's law of cooling.

This imposed the condition at the surface that:

- AT ,
k@:)z=o = ho T

&

o give a fully insulated

<l

Previously hc was put equal to zero

surface. The reqguired solution was found to be

)

’ r £
T = _a eﬁ X Ko (ﬁ X) Y e—-V KO{ﬁ»\]‘:’:Z'ALV‘z} W
G

]

where A = he and reduced to the former exvression (4.2)

when A = 0.
By subsecuent trensformation and solving for ths steady

! A

state temperature after an infinite number of reneated contact

1
2
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distance L apart the following integrzl was obtained:-

T(steady state) = - jw P LV NP 4oy av

2R 0 I 2oy

where « = A/
B

This could then be used to represent the contact between discs
or gears where the band heat source moved over the entire
surface once coch revelution.: The integral was evaluated
over a large range of « and g L and found for aii practipal
purposes to equal 7 43 L .

dence T = g T = g

omx B 2Lhg
which agreed with the well known expression (4.1). Here g
is the heat per unit band width shared equally between the
two surfaces.

Figures for the build-up of temperazture to the steady
state as the number of contacis increased were tabulcted, with
temperature expressed in the ncn-dimensional foxrm I = 2r KT

g
The computed results for temperature are nlotted against Ny
the number of contacts in fig. 4.3. It is seen that clmost
up to the equilibrium value, the heat transfer coefficient has

very little effect on the build-up of temperature and the

Y

temperature increases with n®, once = few hundred contacts

have been made.

& simplified theoxy for predicting blank temperatures
The following simplified version of the theory derived

in reference (46) was supplied by Gordon and Cameron (47);—



- 49 -

When a point on the surface of 2 rotating disc nmckes its
> . /
first contuot with the other disc, its temperature is T{0).

After one revolution the same >oint is about to come into

contact for the second time with its temverature now reduced

to P(L). The quantity of heat associated with this critical
contact may be considered to decay in the manner indicated in
fig. 4.2(b). The seoond contact, however, produces an additional
temperature rise of T(0) and after %he second revolution this

temperature has also reduced to T(L) so that after the second

revolution, the tcigerature of that part of theé surface const dered

¥
s T(L) + T(2L), where T(2L) is the teaperciure corresnonding
to the initial coantact after two mevolutions. This process is

~

reneated Tor subsequent revolutions so thot

.
of

ver o revolutions
prior to the (n + 1)th contact, the temperature Tn at the
surface is

Tn = T(L) + 7(2L) + T(3L) + vvvev.. T(al)

In Ref. (45) this sum was considered when the source of

heat wos hoth conducted and convected cwey and that after an

infinite number of contacts T w = ¢/2Lh,. From the plotted

computer velues of Tn(fig. 4.3 and 4.4) it is seen thct over

5

)
o : . . - \
the ranze 107 <n <107 they are to a large degree indeyendent

of the convection. If convection can be ommitted, the deter.-
mination of Tn, the surface temperature after n revolutions
is obtained from the followinz simplified version of the theory
derived in Ref. (46) and Xindly provided by Gordon and
\
Camezon (47).
a7

Restating equation 4.2) as

BT xo(B1)

where g = U/ 2y
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and L = distance between heat source and point at which T
is required to be known.

For large values of g L i.eg L, 10, E

T:.ﬂ_ eﬁL ( T )-'J?:_ e-ﬁL

2Tk 28 L
from equation (4.4)

For n repeated sources,

TS (I gF (=L (TR

2 Tk B L 2 2L 2 fnL

If n is large it is sufficient to replace

n
1 + 1 + 1 + creee 1 by/ dx

1 L 1 1 1
(12 (2= (3)* (n)? T (x)®
1
= 2 (n)®
Hence ™Tn = g (—& )%
k 2 mL
= 4 (X3 ( oLy
(£ (o
kL U
Now U, the surface speed = NL where N = rev/sec, L = 7 D,
(/N = +, time in seconds and %/L is the strength of the

heat source per unit area of the disc surface to be shared

equally between the two bodies).

Hence Tn = g_ (_ﬁ)% ceees (4.6)

kL T

The asymptotic temperature derived in Eq. (4.6) is plotted in

fig. 4.3 and 4.4 in the form:-



(1

4.3

which can be compared directly with the computed values. The
temperature calculated from the simple theory of course goes
on increasing with the rumber of contacts whereas the actual
temperature approaches the steady state. Here there is
equilibrium between the heat injected into the medium and the
heat lost by convection from the surfaces. The simple theory
already stated ignores the heat convection.

Agreement between the full computed values and the two
asymptotic lines is very good. The two lines meet when

™’n = Toewi.e.

_q__("‘;b)z = _q

kL T 2Lhc
7 F
or hC = _ls ( — ) R X (4-7)
2 b

Hence according to this equation it should be possible
to obtain the heat transfer coefficient by plotting the increase
in temperature and determining where the two asymptotic lines

intersect.

Measurement of blank temperature in gears and discs

Experiments to record the behaviour of blank temperatures
of actual gears and discs were conducted on the gear machine
described in section 3.7 and the Amsler disc machine, section
3.8. In the case of the disc machine, surface temperatures of
the discs were recorded by a trailing thermocouple of the type
detailed in scction 3.9.2. The disc material was case hardened

EN 34 steel with a thermal conductivity of 25 Btu/ft°Fhr and a
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diffusity of .5 ftz/hr. Simultaneous measurement of the friction
torque was possible on the disc machiﬁé as previously mentioned.

A surface thermocouple of the typé detailed in section
3.9.1 was used to measure the blank temperature of the gears.
Although the transmitted torque in the geaf machine was known
this was not representative of the friction force at the
sliding teeth in mesh and so an estimation of coefficient of
friction was made using one of the empirical equations quoted
in section 2.2 of this thesis.

By displaying all the temperatures on a timed chart
recorder, the behaviour of the blank temperature with time
could be examined., A typical trace, for the disc machine is
shown in fig. 4.5 with the frictional torque superimposed upon
it.

A rapid rise in blank temperature is observed in the
first few minutes f>llowed by a gradual increase after two or
three hours of running. With this variation in blank temperature,
it would be reasonable to expect a set of gears that may have
been running satisfactorily for up to one hour, to scuff after
prolonged operation at the same load and speed. O'Donoghue (14)
reported the scuffing results of Fowle, where a noticeable
dependence of scuffing load with time of test was noticed.

The measurement of blank temperature is often overlooked

- but its importance is once more indicated. With the blank

temperature increasing with testing time, a lower flash temp-
erature is required to raise the total contact temperature to

equal the critical temperature of the lubricant.

Application of theory to the blank temperature results

Replotting the temperature rise against time on a log-

log scale in fig. 4.6 for the disc machine and in fig. 4.7 for
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the gear machine, produces curves resembling those predicted
by Cameron, Gordon, and Symm (46). Temperature rise above
ambient is plotted in preference to actual surface temperature,
so that a comparison may be made with theory, where the non-
dimensional temperature referred to that above ambient.

From Eq. (4.6) an asymptote having a gradient of % may be
drawn to the curves and made to intersect with the asymptote
representing the steady state temperature previously described.

By substituting in Eq. (4.6) for the temperature rise in
a given time along the asymptote, a value for the heat injected
into one body per unit area (i.e. 2% ) is determined. This is
half the energy dissipated at the contact since equal partition
of heat is assumed.

Substituting the values of time t at the points of
intersection of the asymptotes into Eq. (4.7) produces values
of the heat transfer coefficient, hc.

It is interesting to note that Eq. (4.6) suggests that
T/f% is constant for the asymptote and that by plotting the
temperature against the square root of time, the position of
the asymptete would be determined by that part of the curve
having a constant sldpe. Redrawing the temperature curves to
the base of V% produces a series of curves fig. 4.8 and 4.9,
each with three linear portions. It is difficult to decide
which straight portion relates to the asymptote given by Eg.
(4.6). The asymptate to the initial slope of the curve, where
the convection has little or no effect on the build-up of
temperature, passes through the origin. The theoretical
asymptotes however show maximum agreement with the full theory
at points removed from the origin.

If the second slope is chosen, the agreement between the
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curve and the asymptote is obtained almost up to the steady
state condition, where the convection plays an active role in
the temperature behaviour and Eq. (4.6) cannot apply. The
advantage, therefore, in viewing the results on a log - log
scale is that the curves bear a resemblence to the theoretical
curves and only one straight line satisfies Eq. (4.6).

The results so obtained for the disc machine can be
checked directly from the measured torque and sliding velocity.
The value of 4/2L is calculated from the expression:-

g = (FPriction torgue) (Sliding velocity)

2L 2 7(disc diam.)2 (disc width)

The sliding speed between the discs is built-in as 10% of the
lower disc speed.

The heat transfer coefficient corresponding to both
the heat input and the measured steady operating temperature
of the disc is obtained by applying Newton's law of cooling
Eq. (4.1). The results so obtained are listed in Table 4.1
where they compare well with the corresponding values from the

experiments.
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Experimental fesults for the disc machine

N tn T/ he 4/21

(rev/min) (secs) (OC/sed%) (Btu/r42, hr, OF) (Btu/r2, hr.)

500 600 .596 76.9 (55)* 2020 (1850)
325 1600 155 43 (39) 525 (545)
250 2500 104 39 (35) 352 (400)

* Values in brackets are those calculated from frictional
“torque readings.
The gear results fig. 4.7 show that whilst following the same
trend as the disc results fig. 4.6 there is a slight deviation
from the slope of the theoretical temperature - time curves.
The theory cannot really be expected to hold for gears as the
source strength is in no way constant over one tooth, due to
variations in sliding speeds, and also the path of the heat
flow is interrupted from tooth to tooth.

In the absence of a measure of the frictional force at
the contact of gear teeth, it is not possible to perform the
simple calculation to estimate the heat generated at the
contact and the surface heat transfer coefficients, as it
is for discs. The values obtained from the temperature -
time curves may however be compared with approximate calculations
based on the O'Donoghue and Cameron (9) expression for friction.
The estimated coefficient of friction is then used to calculate
the heat generation in a similer way to that with the discs.
Subsequently, by further approximating the gear to a disc of
outside diameter equal to the pitch circle diameter of the

gear, an estimate of the heat transfer coefficient can be
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obtained. The values are listed in Table 4.II for comparison

with the experimental values.

Table 4.IT
Experimental results for gear machine
N Load tn £ T/ﬁ% a/2L
(vev/min) (1bf/in) (secs) (0¢/seck) (Btu/et?.%F.hr) (B¥/et% hr)
500 2338 110 .026 .58 1,960 (2,310)* 180 (200)
1000 2338 65 .019 .94 3,180 (3,250) 232 (210)
500 4676 37 .026 1.47 5,000 (4,620) 308 (230)
750 4676 25 .022 2.45 8,460 (5,760) 376 (215)

% YValues in brackets are those calculated from assumed
coefficient of friction f.

The difference in the values of heat transfer may be attributed
to the assumptions on which the calculations are based and also
to the fact that one gear tooth face never comes into contact
with the mating gear.

4 further consideration which applies to both gears and
discs; but does not affect the comparison between theory and
experiment, is the reference of the heat transfer coefficient
to the rubbing surface of gear or disc. Included in this
coefficient is the contribution to the overall heat loss, of
the convection from the side faces of the gears or discs and
the conduction of heat to other surfaces from which there is
also convection.

No measure of the contributions of the respective heat
transfer coefficients to the temperature of the surface

entering the contact is indicated.
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In conclusion, the thermal theory advanced in reference
(46) may be used to predict the blank temperatures of discs
and to some extent gears, provided the heat generation at the
contact and the overall heat transfer coefficient referred to
the rubbing surfaces are known. The approximate theory
reported in this thesis shows that the converse is also true,
that having a record of the blank temperature behaviour, the
heat generation and the heat transfer coefficient may be

determined.
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HEAT TRANSFER COEFFICIENTS

For the seizure of loaded machine elements having
relative motion in the presence of a lubricant, it has been
shown that the combination of load and speed to cause failure
by scuffing is such that a critical temperature is attained at
the contact. This temperature is the combined effect of the
steady operating temperature of the machine components,; referred
to as the blank temperature, and the instantaneous rise within
the contact, referred to as the flash temperature. If either
of these temperatures can be reduced, the total contact temp-
erature will be below the critical value and selzure prevented.
Alternatively, since the flash temperature is dependent upon
load and speed, a reduction in the blank temperature will enable
a higher flosh temperature to be endured before seizure occurs.
This in turn means that the machine elements may carry greater
loads or operate at higher speeds.

The blank temperature has been shown to depend on the

heat injected into the contacting surfaces and also upon the

heat transfer coefficient from the surfaces of the machine

component. In the case of gears and discs the surfaces consist
primarily of discs and cylinders, very often enclosed in o
casing and either immersed in or sprayed with a lubricant.

In order to assess the blank temperature of a gear or disc
it is necessary to know the heat transfer coefficient pertaining
to the particular operational conditions.

A considerable amount of well esteblished heat transfer
expressions for discs and cylinders are available although the
overall problem of heat injection, conduction, and convection

is not yet solved for the particular case of lubricated gears

or discs.
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Heat Transfer Coefficients from Isolated Cylinders

For a stationary cylinder in an infinite environment of
homogeneous fluid, the relationship between Nusselt Number and
the product of Grashof and Prandtl Numbers is given as

Nu = 0.53 (Gr. Pr)o'25
after McAdams (43) where Nusselt MNumber represents the convective
heat transfer coefficient referred to the diameter of the cylinder
and the Grashof and Prandtl Numbers are calculated from the
properties of the fluid taken at the mean temperature of the
cylinder surface and the surrounding fluid. A further relation-
ship was later given by Etemad (49) as

Nu = 0.456 (Gr. pr)°*??

For a rotating cylinder, Anderson and Saunders (50) show

that there is little change in the heat transfer coefficient as

the rotational Reynolds Mumber of the cylinder is increased to
a value of 103u At this value a2 transition occurs whereupon
a further increase in Reynolds Number produces an increase in
Nusselt number according to the expression:-
M = 0.1 Re"®7

This result is reproduced in fig. 5.1(a) Etemad produced
a similar relationship,

Nu = 0.076 Reo’7 and also illustrated how the

Grashof Number influenced the nature of the transition from the
free convection to the second regime of continuous boundary
layer around the cylinder. Although transition commenced at
about Re = 103 for all Grashaf Numbers, it was not complete
until a Reynolds Number of about 104 had been reached. The
resulting expression, taking into account the Grashof Number

is as follows:-

Mo = 0.1 {(-Q-Rez + Gr) Pr7 0.35

J
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for Re >103. The results of Etemad are summarised in fig.
5.1(b).

Kays and Bjoxrklund (51) derived an empirical relationship
for the case of an isolated cylinder rotating in a cross-flow.
At low rotational Reynolds Numbers the results agreed with the
expression given by McAdams for a crossflow on a stationary
cylinder, i.e. Nu = 0.24 Reco’6 for 1dﬁ< Re, < 5 x 10%.
Tfansition from the free convection regime again commenced at

Re 103 and extended to somewhere between Re = 104 and

Re 5 % 104, depending upon the crossflow Reynolds Number.

it

The transition zone terminated and the continuous boundary
layer formed at a rotational Reynolds Number of about twice
the crossflow Reynolds Number. This coincided with the
potential flow solution. for circulation, for the point where
the circulation was sufficiently strong for the two stagnation
points to meet and become detached from the cylinder. The

curves are reproduced in fig. 5.2 where the results are

+ Gr) Pr }1/3

correclated by

Mu = 0.135 {(%-Rez + Re2C

Heat Transfer Coefficients from Isolated Discs

f'or a stationary disc with its axis in the horizontal

position McAdams (52) gives the following relationship:-

-

Mu = 0.59 (Gr. Pr)
for 10% <@r. Pr< 10°
where the convection flow is laminar, and
fu = 0.13 (Gr. Pr)1/3
for tubulent flow 109 <Gr. Pr < 1012

The Grashof Number is based on the diameter of the disc and

transition from laminar convection to turbulent flow occurs
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at Gr = 4 x 108.

Richardson and Saunders (53) give the expression
Mu = 0.4 (Gr. + Rez)%
to represent the heat transfer from a rotating disc for the
range 10 < (Gr. + Rez) < 109, the laminar region. Cobb and
Saunders (54) derived the following empirical relationship
for the turbulent region:-
N = 0.015 ReO*®

which agrees quite well with the Von Karmann analogy between

_temperature and tangential velocity within the boundary layer

(55). These results are given in fig. 5.3.

The Effect of Nearby Stationary Plates and Enclosures

Richardson and Saﬁnders (53) investigated the effect of
a nearby stationary plate on the heat transfer from the side
of a disc. It was found that a stationary plate of diameter
smaller than that of the disc had no significant effect upon
the heat transfer, merely affecting the axial inflow towards
the disc. Measurements on a disc rotating near a stationary
plate having a diameter equal to or greater than that of the
disc showed that the heat transfer was affected only when the
distance of separation was reduced to less than one disc
diameter.

As the stationary plate was brought from infinity towards
the rotating disc, the flow required for continuity of flow
over the disc surface had to enter via a progressively narrowing
gap. Eventually, the resulting reduction in pressure in the
space between the disc and plate caused the disc outflow to

attach itself to the plate and produce a recirculatory pattern.

~This is illustrated in fig. 5.4(a).
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Richardson and Saunders observed that the heat transfer
coefficient from the disc-plate combination was reduced by a
reduction in the separation distance, fig. 5.4(b). This
represented the overall heat transfer dependent upon the heat
transfer from the disc to the air flowing over its surface and
also upon the heat transfer from the recirculating flow to the
stationary plate followed by convection to the surroundings
from the other side of the plate. It was observed that the
temperature of the éxial inflow to the disc was higher in the
presence of a stationary plate and just as Cobb and Saunders'
results (54) were corrected by taking account of the temperature
within the large enclosure rather than the room temperature (53),
the inflow temperature to the disc may be used to estimate the
heat transfer from the disc.

The actual temperaturcs are not published but the effect
of including this factor would be to produce a relationship
between the disc heat transfer and the separation lying above
the curve on fig. 5.4(b) and possibly showing an increase in
heat transfer with separation distance.

A very important point emerges from these considerations
in that the two heat transfer coefficients may be considered
separately in order to assess the effect of any change in the
physical conditions bf either the disc or the plate.

O'Donoghue (14) in his heat transfer of gears studies
observed a higher heat transfer coefficient for a cylindrical
surface rotating in an enclosure.

At low rotational Reynolds Numbers, the expression

Nu = 10.8 Reo'25

gave greater heat transfer
coefficients than the McAdams expression for an isolated

3 - r
stationary cylinder but above Re = 10), the behaviour agreed
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with the Anderson and Saunders reldtionships for the continuous
boundary layer regime of a rotating cylinder.

The cylinder diameter was 5" and enclosed in an 8" sided
box. By varying the box size a dependence of heat transfer
coefficient on box size was detected and by flow visualisation
techniques, a flow pattern within the enclosure was observed.
varying with the rotational Reynolds Number .All heat transfer
coefficients were calculated for the cylindrical surfaces by
reference to the mean air flow temperatures within the box.

O'Donoghue (14) also produced an expression for the
heat transfer from a gear surface. The surface represented
a 5" P.C.D. 6 DP gear in an enclosure and exhibited higher
.heat transfer coefficients than the equivalent diameter disc.

3

A
Nu = 12 Re® for 2.5 x 10° < Re < 4.5 x 104

Above.Re = 4.5 x 1037 Mu = 0.145 R92/3°
The results are summarised in fig. 5.5.

The higher coefficients for the gears were explained on
the grounds of increased turbulence in the tooth spaces.

The one inch face-width specimens used by C!Donoghue
were flanked by asbestos plates either side. Whilst this
confined the convection to the "cylindrical' surfaces of the
specimens, distortions of the temperature profiles in the air
were experienced due to the air flow over the asbestos side
plates. A further comment made by O'Donoghue was that whilst
the heat transfer coefficient was increasing with reduction in
box size, the surface temperatures werec increasing. This
implied that the overall heat transfer coefficient was
reducing, so a reduction in the box temperatures was necessary

in order to gain an overall heat transfer improvement. This

could possibly be effected by forced cooling to the outside of
the box,
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A further implication of the rising air temperatures
however is made apparent by reference to fig. 5.1(b) where
Ete:;:g showed an increase in heat transfer for higher Grashof
Numbers. With the higher surface temperatures it is likely
that the Grashaf Number is varying and affecting the flow of
air inside the box, and consequently the heat transfer coefficient
from the cylinder.

If an experiment is aimed at producing information for
the idealised infinite cylinder then a large length to diameter
ratio specimen is necessary so that temperature measurements
are uniform in the axial direction. Secondly if the Nusselt
Number - Reynolds Number characteristic is to be investigated
for the effect of different enclosure sizes, then all other
parameters such as Grashof Number and Prandtl Number should

be maintained at a constant value.

The Heat Transfer Apparatus

The apparatus shown in fig. 5.6 consists of a 1.5 inch
diameter shaft passing through a perspex enclosure such that
the shaft can be rotated within the enclosure whilst supported
a8 shown. The length of the shaft inside the perspex box is
maintained at 9 inches for each box size of 15 inches, 6 inches
and 2 inches. A micrometer head and a setting screw mounted on
sliding panels in the perspex walls enabled thermocouples to be
adjusted to any position inside the enclosure. Two thermocouples
embedded in the surface of the shaft, fig. 5.7 gave readings of
surface temperature via a slinring assembly of the silver
contact type and mounted at the driven end of the shaft.

The belt drive from a % HP motor and Kopp variator via a

séﬁies of pulleys gave a speed range of 50 - 1,000 rev/min
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representing a maximum Reynolds Number of 6,000, Details of
the shaft are given in fig. 5.8 where the construction of the
heater between the asbestos insulating pieces is shown. The
power to the heater was supplied via copper slip-rings built

into an araldite end on the brass shaft.

Preliminary Measurements of temperatures

With the 15 inch enclosure mounted onto the shaft,
preliminary temperature measurements were made for a heat input
of 18.8 watts. It was found necessary to allow one or two hours
for conditions to stabilise after setting up the required con-
ditions, particularly at the higher speeds where initial
fluctuations in the cir temperatures were experienced. The air
temperatures around the cylindrical surface were uniform in the
axial direction, except for a slight temperature gradient thought
to be due to variations in the coil spacing of the internal
heater and a certain amount of "end-effect" near and owing to
the side-walls. Figs. 5.9(a), (b), (c), and (d) give the
boundary layer temperatures extending up to 1.5 inches oway from
the top and sides of the cylinder at various speeds.

For free convection, the air temperatures at the sides
of the cylinder resemble the typical boundary layer temperature
distribution of air acceclerated over a surface by the buoyancy
forces produced as a result of the change in density on
heating. At the top surface, there is separation of the
boundary layers and the formation of a convection chimney.

This is indicated by the temperature measurements, fig. 5.9(a).
Rotation of the cylinder aids the upwerd flow of air at the
upward moving side of the cylinder and decreases the rate of

gfg!%h of the boundary layer there. The resistance to heat
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flow is thereby reduced and the temperature gradient increased.
On the downward-moving side, the peripheral speed of the
cylinder is opposing the free convection flow and producing

an increase in the boundary layer thickness. Here there is

an increase in the heat flow resistance and a reduction in the
temperature gradient. These features are confirmed by com-
paring fig. 5.9(a) with fig. 5.9(b) and are in agreement with
the findings of Anderson and Saunders (5).

A further consequence of the changes in velocities of
the two boundary layers is that the stagnation points and
hence the convection chimney or wake is moved in the direction
of rotation so that the top side temperature traverse does not
detect a convection chimney. At increased rotational speeds,
the convection chimney is carried further round the cylinder
until a speed is reached at which it becomes coincident with
the side of the cylinder. Meanwhile, the top of the cylinder
has shown the same reduction in boundary layer with subsequently
higher temperoture gradients fig. 5.9(c). Above this critical
speed, the stagnation point is moved away from the cylinder
and a continuous boundary layer is formed around the cylinder
Whiéh although increasing in thickness, experiences a reduction
in the thickness of the laminar sub layer with increase in
speed and hence reduces the resistance to heat flow.

Various authors (49, 50, 51) have observed the same
behaviour and of particular interest are the conclusions drawn
by Kays and Bjorklund (51) for the case of cylinder rotation
in a crossflow., Under these conditions separation of the
boundary layer occurred nearer the sides of the cylinder than
in the free convection case. Two equal vortices were produced,

ond¥r which was strengthened by rotation of the cylinder
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whilst the other weakened. At a rotational speed producing

a péripheral cylinder velocity equal to about twice the
crossflow velocity, the weaker vortex disappeared completely
and the stagnation point reached the 90 degree position to

the direction of cross-flow. Further increase in rotational
speed produced a continuous boundary layer around the cylinder
with resulting increases in heat transfer due to reductions in
thickness of the laminar sub-layer.

Having thus established the behaviour of the air temp-
eratures around the cylinder within the enclosure; the
equipment was used to assess heat transfer coefficients from
the cylinder for various conditions of rotational speed;

cylinder surface temperature, and box size.

Discussion of Heat Transfer Results

Fig. 5.10 gives the variation of Nusselt Number with
Reynolds Mumber for different Grashof Numbers. The Grashof
Number is varied by adjusting the heat input to the shaft,
thereby varying the surface temperature of the shaft and the

local properties of the air. Upon rotation of the cylinder

there is eventually an increase in the heat transfer coefficient

which lowers the Grashof Number slightly, as shown in the
sample results given in Appendix V. Henceforth, Grashof
Number will refer to the zero or low-rotational value.

For each Grashof Number the curves follow the same
trend, at first showing a slight reduction in Nusselt Number,
as the Reynolds Number is increased up to 1,000, followed by
an increase in Nullelt Number proportional to Reynolds
Number to the power of one quarter. For higher Grashof

Numbers, the curves lie above those for lower Grashof Numbers
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but indicate that eventually they meet the Anderson and
Saunders line shown in the figure. This line is the relation-
ship between Nusselt Mumber and Reynolds Number for a cylinder
possessing a continuous boundary layer. The Nusselt Number
increases as Reynolds Number to the power of two thirds and
whatever the Grashof Number, the cylinder exhibits the same
Nusselt Number once the transition from free convection to a
continuous boundary layer is complete.

The higher Nusselt Numbers resulting from increased
Grashof Numbers at low Reynolds Numbers are however to be
expected when the nature of the convection is considered. With
increased Grashof Number, there will be an increased rate of
flow past the cylinder which although increasing the turbulent
boundary layer thickness reduces the thickness of the laminar
sublayer and hence the thermal resistance. This problem has
been investigated by McAdams (48) and Etemad (49) who have
produced empirical relationships between Nusselt Number and
the product of Grashof and Prandtl Numbers. A comparison of
the free convection results in the 15 inch enclosure and the
expressions for isolated cylinders is given in fig; 5.11.

The points lie above the B/D = o line and further free con-
vection results for B/D = 4 and B/D = 4/3 are also
included. A family of curves are produced that show an
increase in Nusselt Number with (Gr x Pr) for each B/D ratio,
with lower B/D ratios producing higher Nusselt Numbers at

the same Grashof Number.

Figs. 5.12 and 5.13 give the Nusselt Number versus
Reynolds Number relationship for different B/D ratios at
approximately the same Grashof Number, There emerges a

marked dependence upon the enclosure size which suggests the
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formation of a self-induced flow pattern whereby part of the
kinetic energy imparted to the convection chimney leaving the
cylinder is retained. Whereas the kinetic energy of the con-
vection flow from a cylinder in an infinite environment will
be dissipated to the atmosphere, an enclosure will conserve
part of the velocity by deflecting the upward convection flow
into two streams passing down the enclosure walls to the bottom
wall. The flow is then deflected upwards to the cylinder with
a retained velocity. This produces an effective crossflow to
the cylinder, with a velocity depending upon the buoyancy
forces at the cylinder, the buoyancy forces at the enclosure
walls énd the skin friction of the walls.

For larger Grashof Numbers the acceleration of the con-
vection flow is greater, resulting in an increase in the
retained velocity of effective crossflow. Stable conditions
are attained when the acceleration of the flow due to buoyancy
forces equalises the deceleration due to skin friction. A
reduction in enclosure size has the effect of reducing the
émpUnt;of skin friction by reducing the length of the flow
péth at the enclosure walls. The retained kinetic energy is
thus much greater and hence a larger crossflow velocity is
experienced. This in turn re-establishes a higher skin-~
friction and retains equilibrium. The reduced area of the
enclosure also has the effect of reducing the heat transfer to
the atmosphere, with a consequent increase in cylinder and air
temperatures within the enclosure. This affects the mean
properties of the enclosed air and the Grashof Number reduces
thereby reducing the extent of the increase in crossflow velocity.

The proposed flow pattern of reference 14 is reproduced

in fig. 5.14, where the convection flow is developed into fully
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rotational flow.

At one side of the cylinder, where the surface is moving
upwards, the natural velocity is increased by the surface
velocity, whilst on the other side, where the surface is
moving downwards, the natural velocity is decreased so that
the total flow pattern is distorted. The . 7
distortion increases with surface velocity until the stagnation
point moves to the downward side of the cylinder, after which
Couette type motion occurs. In this condition, a continuous
boundary layer at the cylinder is formed and the enclosure
size will have little or no effect on the heat transfer from
the cylinder. Moreover, the heat transfer would be expected
to be the same as for the isolated cylinder and hence agree
with the Anderson and Saunders relationship. The enclosure
size does however affect the nature of the flow in the
intermediate transitional zone where the heat transfer

3

coefficient has reached a minimum at Re = 10” and increases
with Reynolds Number to the power of one quarter up to the
point of formation of a continuous boundary layer.

If the hypothesis that there exists an effective cross-
flow to the cylinder due to the cuonvection flow and the
enclosure walls is to be accepted, then it should be possible
to estimate the crossflhw velocity from the Nu vs. Re curves.
The present curves resemble those of Kays and Bjorklund where
the crossflow Reynolds Number was raised at known Grashof
Numbers. At the point where the transitional zone met the
Anderson and Saunders line, the rotational Reynolds Number
equalled about twice the crossflow Reynolds Number (referred

to the cylinder diameter). Reading off the points from the

present curves, the free convection Nusselt numbers are
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plotted against the estimated crossflow Reynolds_Number and
agreement obtained with the McAdams equation for crqssflow
fig. 5.15. All the experimental points above the critical
Reynolds number, including the transitional zone, are included

in the Kays and Bjorklund relationship

}1/3

2
Nu = 0.135 {(-;}Rez + Re,” + Gr) P
. -~
There is good agreement over the entire range of results,
Fig. 5.16 and an indication that considerable crossflow is

present as a result of the enclosure, thus confirming the

hypothesis of 0'Donoghue.

Application of heat transfer expressions to lubxicated

gears and discs

The existing expressions for the heat transfer from

discs and cylindershave been extended to include the special

case of cylinders rotating in enclosures.

The heat transfer coefficient from a disc or gear is
seen to depend upon the fluid properties surrounding the disc,
the rotational speed of the disc, and the amount of crossflow
whether forced or self-induced by an enclosure.

A disc or gear consists of a cylindrical surface (in the
case of a gear this may be considered to be corrygated) and
two disc surfaces. The overall heat transfer problem consists
of determining the amount of heat injected into the contact of
each disc and then solving for the heat conduction to the disc
and cylindrical surface. The heat flow to the respective

surfaces will depend on the heat transfer coefficients at the

-various points on the surfaces and the solution for the surface

temperatures appears to be complex. FElsewhere in this thesis

a solution for the surface temveratures and heat flow into



- 72 -

the contacting surfaces is presented. Combining this with

the heat transfer coefficients at the cylindrical and disc
surfaces determined by the parameters listed above, it should
be possible to obtain a temperature distribution for the whole
disc. The temperature of the surface as it just enters the
contact could then be obtained.

It should be noted that the heat transfer ceefficients
derived by the experiments detailed in. this seetion hawe ‘been
‘pbtained with air as the surrounding fluid. The results are
.presented as non-dimensional quantities which enable the
prediction of heat transfer coefficients for discs and cylinders
surrounded by other homogeneous fluids such as lubricating oils.

The results are valid for discs rotating fully immersed
in a lubricant. Very often discs or gears rotate in casings in
which the lubricant is drip-fed or sprayed onto the surfaces.
The heat transfer from the surfaces then consists of the heat
carried away by the oil flow and the heat convected from the
surfaces to the surrounding air. The blank temperature results
obtained on the gear machine were used to estimate the heat
transfer coefficients of gears which were lubricated by drip-
feed. It is interesting to compare these results with the
heat transfer coefficients due to air only, as given in this
section of the thesis.

Appendix VI provides the calculation of coefficients
from the heat transfer equations, with the result that the
air convection coefficient referred to the working surface of
the gear is 6.8 Btu/ft°.hr.°F compared tolthe fich larger measured
value of 230 - 308 Btu/ftz.hr.oF. The difference arises from the
heat carried away by the oil flow over the surface, effectively
inereasing the heat transfer coefficient.

This particular test was repeated with a known oil flow
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and the oil inlet and outlet temperatures measured (there

was a difference of about 2.5°F with the oil leaving at the
same temperature as the gear surface). A heat balance shows
that of the 227.5 Btu/hr, 14.7 Btu/hr is convected to the air
whilst the remainder is carried away by the oil flow. In this
drip~-feed arrangement therefore, the 0il flow (1.26 in3/sec)
provides the most important means of heat transfer.

Heat transfer coefficients, whether measured directly or
by the blank temperature method, are a useful method by which
to assess different methods of lubrication, including perhaps
the recently introduced method of aerosol lubrication, and give
a direct eossessnént of any means for reducing the operating

temperature of machine components.
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TEMPERATURES AT LUBRICATED ROLLING/SLIDING CONTACTS

Approximate Solutions

Solutions for the temperature distribution produced by
a héat source passing through an infinite medium are given in
Section 4.1. In these derivations, Blok (7), Carslaw (45), and
Cameron et al (46) assumed the contact between discs to represent
s heat source of finite length and the discs themselves to
represent two semi-infinite solids. i/ith the discs rotating at
the same speed, the asymptotic solution for a heat source passing
through an infinite medium applied. If the discs possessed
different speeds, however, Cameron et al (46) modified the
amount of heat injected into each solid, in order to maintain
equal surface temperatures of the two discs throughout the
contact.

Blok (43) in his original analysis showed that the
solution for the peak temperature reached at the rear of a

heat source passing over a semi-infinite solid
k mU

could be employed Where.the surface velocities, U were different.

Letting a fraction <x1 of the total heat q generated by the

friction at the contact, flow into one body and (1 -cx1) into
the other, then
T, = Do i
1 2= 9 ( £k )

A
k TU
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Using the condition of equal surface temperatures throughout

the contact T4 = To, the ratio « | could be determined and
consequently the peak contact temperature. This solution

was subsequently transformed into the well known Blok Flash

Temperature equation for the contact between discs;

1 R
= 1.11 £ ow (U4 - Uy7)

1

Kb2

The above solutions are based on the assumption that surface
temperatures are equal. This implies that the lubrication
conditions are boundary in nature and that no fluid film
exists between the discs.

Recent developments in the theory of lubrication of
discs and rollers have confirmed the formation of substantial
0il-films between the contacting surfaces. The metal surfaces
are consequently not indirect contact and need not experience
the same temperature rise. The above equations should therefore
only be used in cases wherec the amount of heat flowing into
each surface is known. In many tests however, this is not
readily assessed and an approximate calculation of the peak
temperature using the Blok equation is accepted. With the
information now available concerning the mechanism of fluid
film formation betwsen highly loaded rolling/sliding contacts,

it should be possible to investigate the heat generation within

_the film, its dissipation to the metal surfaces and their

resulting temperature rise.

Theories for the lubrication of rollers

For many years the possibility of fluid film lubrication

in "highly loaded contacts has attracted much attention.

Operating experience has shown that very often there is little
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evidence of metallic contact between the sliding surfaces and

the original grinding marks are still présent after prolonged
operation at serviée conditions.

An carly solution to the lubrication problem was given
by Martin (56) who applied the standard Reynold's equation (57)
to the case of a oylinder near a plane. As shown in fig. 3.21
this arrangement may be used to represent the contact between
discs, which may further be considered to represent the contact
between gear teeth at a given point on the contact path. The
radius of the cylinder is chosen to give distances of separation
from the plane equal to those between the two discs. In
Martin's analysis, the boundaries were considered to be rigid
and the lubricant to be incompressible and isoviscous. The
predicted loads were however much lower than those actually
carried by gears and the oil film thicknesses quite insignificant
compared with the surface irregularities.

This theory was later extended by Peppler (58) and then
Mendahl (59) who both considered the elastic distortions of
the contacting bodies, but the increase in the predicted load
capacity was still below that required to support the argument
that a continuous fluid film existed between loaded gear teeth.

Gatcombe (60) obtained predicted film thicknesses of the
same order as the surface irregularities. He achieved this by
solving the Reynolds equation for a lubricant having pressure-
dependent viscosity and situated between rigid boundaries, but
the load capacities were still inadequate. Further extensions
of this approach were carried out by Cameron (61) and McEwen
(62) where increases in load capacity by factors of 2.8 above

the Martin prediction were obtained.

About this time, Grubin (63) presented a study of the
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contact between lubricated machine components. The effects of
both the elastic distortions and the increases in viscosity due

to pressure were taken into account and although no complete
solution of the elasticity and lubrication equations was given,
the results indicated the nature of the full solution to be
achieved in later investigations. An outline of Grubin's anmilysis
is presented here as the results will be used in the development
of a thermal theory.

Grubin first assumed that the shape of the surfaces would
be similar to those given by Hertzian theory for dry contacts.
The generation of pressure in the inlet region could then be
examined and the required separation of the surfaces within the
Hertzian zone determined.

Reynolds equation is:

dp = 6 (U; +Uy) n h-=ho

dx n

here hg is thickness of film at dp = O.

dx
Assumptions are p is constant in y direction (i.e. no side

leakage).

Taking the pressure viscosity relationship as:-

&
n = noe ”
for constant n = 74, denote pressure by po and,
d-PO = 127”0 Ue (h"‘ho) dx €0 a0 6-1
h3
where U, = Uq + Up

2
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If viscosity varies then,

-6
dpe” ¥ = 12TUenyp (!L;:‘Qo) ax
h3
-6
. dpe P s dpo
Integrating between O and p
-5
1"-e p = po
§
6y .
for large p, € 0
) veees 6.2
e P = 1 6
8
Resubstitution in equation 6.1
1 &e®P) = 12Uen, hohg ceeer 6.3
8 dx h3

The Hertzian pressure distribution is elliptic given by:-

PH = PH(M.A_X) (1 - (:E: )2 )2
2

/

Grubin showed that over the range -.98 < x <.98
(5/,)

-VSZPH . . .

e varied only slightly for typical values of

Pmpx = 1-5 %0 5 x 107 1bf/in” and § = .00016 in’/1bf.

Hence dge—a PH) - 0

dx

This implied from Eq. (6.3) that h - hy -0 and consequently

for -.98 <x < .98

(57,)

the film thickness is constant. The

net result is s Hertzian-type contact with the surfaces
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separated by an oil film of constant thickness hg and a semi-

elliptic pressure distribution.

Grubin further showed how the value of hgy could be
calculated together with the pressure distribution at the

inlet to the contact zone. -

Outside the contact zone, the Hertzian expression for the

shape of the surfaces is

A ——— o Sa—
}W

2

1 ( 2 \L x2 | 1
= X . 2{__ - -109 P 3 - -
o 2{0’/2) Iy =T N e N

\\’\
/.-

N e

The Grubin contact therefore gives:
‘h = 6§ (R) +hy = 8 (R)

1 1
Letting Ho = o B = 8§ '(R) + ho

W/E1 W/E1
. dpy = 12 M Ue 8 (R) veves 6.4
ax ( &'(R) + ho)?
outside the contact zone.
By integrating this expression from x = - o to a point on

the inlet side of the contact (x < - b/2), the reduced pressure
Po at that point was calculated. GmHin found it necessary to
solve the integrand numerically and results are shown in
fig. 6.1 for Po and corresponding pressures as a ratio of
PHMAX for different assumed values of Ho.

Ibrahim (82) computed the values of Po at x = -1.2 (%),
- 1.4 (%) and -1.6 (%) thus enabling the inlet pressure curve
to be traced as in fig. 6.1. Over the range - o <x < - b/2,

the numerical results were correlated by the expression,

Po = .0986 Ho '*37T0 12 (°/2) ceees 6.5
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1
Purther at x = —b/é, Po is known to equal g-from Equa. 6.2.

: 8/

11

o.o hO = 1.95(7‘]0Ue(§) cee o 606
1 4
way /11 1T/
5 —

" T ()

The film thicknesses given by this equation are several orders
of magnitude greater than the corresponding predictions of the
Martin theory and the pressure distributions are consistent with
the loads carried.

Grubin was also able to make further conclusions regarding
the pressure profile. In the inlet region, the actual pressures
would lie beneath the Herfzian, to balance the added load
carried by the hydrodynamic pressure in the inlet sweep. At the
outlet, it was observed that large pressure gradients would be

:required to reduce the pressure to zero at the end of the con-
tact zone and that a consequent local reduction in film thick-
ness would be required for continuity of flow. (%ﬁ = p = O
at outlet).

An outstanding contribution to the study of elasto-
hydrodynamic lubrication was made by Crook (64) who reported
the direct measurement of film thickness by a capacitance
method. The disc machine results supported the Martin theory
at low loads but at high loads indicated film thicknesses of
about 40 u~ inches, supporting the theory for continuous fluid
films.

Further results over a range of conditions showed that
the viscosity of the oil at the temperature of the disc surfaces
was the viscosity which determined the o0il film thickness (65).
The introduction of sliding between the discs did not significantly

affect the film thickness despite the accompanying rise in

frictional heating. The magnitudes of the film thicknesses
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compared favourably with those predicted by the Grubin equation

¢

but there was a discrepancy in the dependence of film thickness

. U, +T .
on the product of rolling velocity ( = 1 _ "2 ) and inlet
2

viscosity. Theory predicted a relationship to the power of 0.7
whereas experiment gave an exponent of about 0.5. In order to
gseek an explanation for this discrepancy, Crook conducted

further investigations into the behaviour of the fluid film.

Crook's solution for oil film temperatures

In order to determine the physical conditions met by an
0oil film in its passage through the contact between discs, Crook
(66) developed an analytical solution for the temperatures
generated within the oil film.

The starting point for the solution was the simplified
form of the Nesviar Stokes equation:-

-2p = 8.2l

2 x A7 22z
For viscosity independent of 2z this reduced to the familiar
Reynold's equation in one dimension but in contacts where temp-
eratures existed across the oil-film, viscosity had to be
treated as a function of x and z (x is direction of sliding and
z is direction across film).
By successive integrations with the appropriate boundary

conditions (taking z = O at the surface with velocity Us) Crook

further reduced this equation to

-LII. = -.1-i—e(z_.k_1>+.w<.u-1-U2> v 0000 6.7
9z no 9% m n h

where N is the viscosity at position z = h/m at which
oy = U -

0, "
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In order to solve the above equations for & Crook con-
sidered the viscosity at the boundaries. If 6 g was the
surface temperature on the entry side, the viscosity of the oil
as it entered the contact was n 4. Within the contact it was
assumed that the surface temperatures remained constant at 6 s
and that the oil viscosity at the surfaces (n x) which differed
from ng because of the rise in pressure was given by 1= T7Ng ©
Away from the surfaces of the discs, because of the heating in
the oil, the temperature exceeded fs. The excess was denoted
by 6 rising to 0, on the med:an plane of the film. The local
viscosity was therefore given by:-

Y @

-

x €

ne o §p XX 6)

Crook was only able to provide a solution for 6 if n was

expressed as

&
no= 7 g e( P-Y9)

which resulted in overestimates of €.

The second term on the right hand side of Eq. 6.7 disappears
when pure rolling is considered (Up = U4). The first term
wés therefore taken as the velocity profile in pure rolling and
the second in sliding.

REach of these terms were introduced into the energy

balance given by:-

pCU 06 + k 82 6 = - q

ox 3z 2
The heat generated per unit volume q was given by the product
of stress and rate of strain.

Q@ = U
1 )P
0z

8p
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The first term related to the transport of heat by the oil
(convection) and the second to conduction of heat across the oil
£ilm. Conduction in the x direction was ignored by considering
the film thickness to be very small compared to the length of the
contact and consequently temperature gradients across the film
were much larger than those in the x direction.

Crook showed that in pure rolling, the temperatures arising
from friciion were confined to the entry side of the contact
region and that for the rénge of conditions considered, the
temperatures were too low to influence the inlet viscosity and
film thickness.

With the introduction of sliding Eq. 6.7 reduced to:

au = gm (U1 - U2)
oz n h

which by integration across the film produced a definition for

Pn
77mAterms of local viscosity 7 .
h
1 =1 / 3z ceen. 6.3
Tm h 0 n

Assuming conduction across the oil film to be dominant, the

energy balance became,

2 2
k T - _nn (U1-02)°
2
oz 7 hz

By subsequent integration and use of the relationship

n=mnxexp (~Y6 )

00 A %
-~ = + 2w (1 - —=- exp (Y6 ):} veees 6.9
oz - Yw

where A N e (U1 - U?)2

]

k T x h2



and w = 8mm ¢ ( ¢+ 1)
2
2 2
nx h b
2
where = 1y Y (U1 - U2)

8k

Maximum 6 occurred on the medium plane where

2
exp (Y 6 ) = 3w =(nXY(U1—U2) +1

A 8 k

Integration of equation 6.9 with respect to z with the boundary

conditions 2z = o, & = 0 gave

1n I: 1 - \f( 1 -~ exp (Y 6 )/exp (Y6 ) ]

J 1 - exp (v 6 )/ exp (Y6,)

+

-1}1 [1 -\fm - exp (=¥ 2) ]YJT

1 +\j(‘l - exp (Y6 )

With the condition that 6 = 6 5 at 2 = 3$h this reduced

to an expression for

el

h™ Y 1 4-\](1 + exp (~Y6 )

Hence

(-] 1w ]

1 + Nj1 - TN /n <

o —

=1nr1_\L_7M21]

1 + 1+’70/

which gives the temperatures expressed in terms of the viscosities
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The numerical results obtained by Crook for temperature
and viscosity distribution are reproduced in fig. 6.2 where
sliding is seen to generate temperatures of up to 200°C in the
pressure zone but not significantly affect the temperatures in
the inlet region.

The analysis so far had considered constant temperatures
at the disc surfaces which clearly, by virtue of the heat con-
ducted to them would experience a temperature rise. Crook took
this into account by including a heat flow equation of the type
mentioned in section 6.1. The strength of the heat source was

taken as

Q= nm (U - Tp)°
2h

The results showed that even when the rise in surface
temperature was as high as SOOC, the maximum temperatures in the
oil film w;re unchanged.

The results of the analysis were to prove very useful to
Crook in interpreting his frictional traction results between
discs on the basis of effective viscosities in the contact. This
will be dealt with later.

A direct application of the above solution was made by
" Dowson and Longfield (67). Measurements of pressure and temp-
erature were made over the surface of a phosphor bronze shoe
running against a steel disc in the bresence of a lubricant. By
assuming the disc surface to maintain constant temperature
throughout the contact zone, Lowson and Ioagfield were able to
predict the variation of temperature and viscosity throughout

the whole o0il film.

Because the shoe temperature was not constant, a slight
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modification to Equa. 6.10 was necessary. The equation became:-

In 1 - \L explL? )ﬁxp X 6.) :I

L1 {1 - exp(Y 8)/exp (Y &)

B «j (Y 04) Jaxep (¥ 6.) _tYYZo
1 ' [exp

— ln _‘L —_ - eXp
I
1 + \/1

where 2z was the distance from the shoe. Owing to the differences

S (¥ By)fexp (Y 0)

in the surface temperatures of the disc and shoe the temperature
profile could no longer be assumed symmetrical as in the examples
given by Crook. A similar expression for & was therefore given
in terms of distance from the disc surface at 2 = 0 for
locations in the oil film between the disc and the point of
maximum temperature 9(,

By solving the equations for w in a similar way to Crook,
Dowson and Longfield were able to determine 6 ¢ and hence the
distribution of 6 at any point through the contact. An example
of the temperatures and corresponding viscosities calculated by

Towson and Longfield is given in fig. 6.3.

The full elasto-hydrodynamic solution

A complete solution to the elasticity and lubrication
quations was given by Dowson and Higginson (68). Initial
cal¢ulations were obtained for lightly loaded contact between
bronze discs that related to the geometry of the apparatus
reported by Dowson and Longfield (67). The notable differences

between the pressure profiles calculated and those predicted by

previous workers was the absence of a second bPressure peak

By extension of the method of Solution to cover a range
IS

of loads, speeds, and material properties, a pressure peak was
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detected together with a local constriction in the film shape
(69). The existence and form of the pressure peak‘was found to
be a function of the variables and the initial calculations were
in fact related to conditions not conducive to its formation.

The method of solution involved an iterative process whereby
a pressure profile was found that produced agreement in the
predicted film shapes from both the Reynolds equation and the
elastic surface displacement equation. An inverse form of the
Reynolds equation speeded up the process and solutions were
obtained after only a small number of cycles.

The standard Reynolds equation,

_d-:_P. = 12 T]Ue (h—hm)

dx h3

may be written,

KR2+h,-1 = 0
3
where K = hy 9P
1270, 9x

o nd
Il
<
BD‘

At any point in the contact therefore, for a given pressure
profile, the above equation could be solved for h. The viscosity
was adjusted for pressure effects according to the pressure-
viscosity characteristics of an actual lubricant.

In the calculation, Dowson and Higginson divided the
pressure curve into four regions as shown in fig, 6.4(a). The
pressure at the boundary between (1) and (2) was fixed at the

start of the calculation by integrating Reynolds equation

ssuming s . .
assuming a value for hy, and an isoviscous Iubricant. The
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VThe boundary was determined as the point at which the pressure

effect on viscosity could no longer be ignored. By initially
assuming & Hertzian pressure distribution in regions (2), (3);
and (4), Dowson and Higginson calculated the corresponding
elastic displacements by suitable equations derived from the
Boussinesqg function for stresses in a semi-infinite solid due %o
a normal line load on the surface. The pressure profile was
divided into small blocks and represented by a geries of poly-
nominal expressions for substitution in the displacement
equations.

In region (2) the pressure curve was then recalculated by
integration of the Reynolds equation for values of h derived
from the elastic displacements. At the point of inflexion in
the pressure profile, a new value for hp was determined, which
would be used in the next cycle.

In region (3), the film shapes calculated by the elastic
and the inverse hydrodynamic equations were compared and the
differences taken as a measure of the error in the pressure
curve. Adjustment of the pressure curve before commencing the
next cycle in the process was a question of experience in the
manipulation of the technique.

The tip of the pressure spike formed the boundary between
regions (3) and (4). The pressure gradient was recognised as
being equal to zero at the tip of the spike and was determined
by interpolation. In region (4) the Reynolds equation was
integrated to find the pressure curve.

A useful assessment of the relative importance of the
'pressure dependence of viscosity and the elastic distortion of
the rollers was also provided in reference (68). TFig. 6.4(b)

reproduces these results and demonstrates the very significant
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influence of these two additions to the simple Martin theory of

isoviscous lubricant and rigid rollers. Separately the two

factors have only a modest effect on the pressurc distribution,
but combined they explain the load capacity of elastohydrodynamic
contacts.

ypical results obtained by Dowson and Higginson (69) and
taking into account the combined effect of pressure—viscosity and
elastioity are reproduced in fig. 6,5. The film thicknesses of
10 - 20 ﬁ&inohes are comparsble with the surface irregularities
normally obtained in practice. Whilst load was found to have
very little effect on the film thickness, the film thickness
increased considerably with increased rolling speed or inlet
viscosity. Hodifications to the pressure curves were also
experienced, fig. 6.6. At high speeds, the film thickness was
shown to approach the claimed Martin theory owing to the
relatively lower pressures in the actual contect zone (70).

The prediction of film thickness is an important feature

in assessing the performance of rolling contacts and Dowson and
Higginson (71) from a survey of their solutions produced a

convenient dimensionless formula for minimum film thickness.

*
meo= 1.6 600 g7
w13
where HE*¥ = hmin
R
G¥ = o E1
Up = ng Uy




W = W
B'R
Also, v = N (U1 - U2) (sce later)
E1R

A comparison of this formula with that obtained by Grubin,
expressed in the same dimensionless group, has shown that the
discrepancy between the two does not exceed 20 per cent.

From Equa. 6.6, the Grubin equation is:

H = 1.95 (é'UD)O°73

'WO'O91

where H = h

R

With the agreement between the theoretical film thicknesses
and the experimental results of Crook (65) and Sibley and Orcutt
(72), obtained in reference (70), film thicknesses can now be
predicted with confidence for pure rolling elements, where the
isothermal conditions assumed in the theory may be considered to
apbly (fig. 6.7). The results were also in agreement with the
findings of Archard, Gair, and Hirst (73) who confirmed the
ovefall shape of the film and pressure profiles.

The theory was subsequently applied to the analysis of
real contacts, Dowson and Higginson (74) carried out an analysis
of roller bearing performance and later, an analysis of gear
lubrication (75). This provided designers with charts from
which to assess the variation of film thickness through the

meshing cycle of a gear pair. In this work it was assumed that

Sliding did not affect the film thickness, g reasonable inference

from the results of Crooks experiments, Nevertheless, the effect



- 9l -

of 8liding and other aspects of the problem, such as the

rheological behaviour of the fluid and the frictional behaviour

of the contact were to come under close examination. These

considerations are the subject of the following sections.

Thermal-Elastohydrodynamic Solutions for rolling/sliding

contacts

The introduction of the energy equation into the elasto-
hydrodynamic solution, considerably complicates the numerical
method. Sternlicht, Lewis, and Flyn (76) assumed that all the
heét produced by viscous dissipation was carried away by the
lubricant and produced excessively high film temperatures.
Cheng and Sternlicht (77) however, produced a re-iterative
method for the simultaneous solution of the Reynolds,elasticity,
and energy equations. At the metal surfaces the boundary con-
ditions for temperature were taken as the temperatures given by
the Carslaw and Jaeger (45) expression with the injected heat
calculated as a function of the temperature gradient in the
0il adjacent to the surface. The lubricant was assumed to be
Newtonian as in the previous solutions, and exponential
relationships for viscosity with pressure and temperature were
adopted. The method involved locating the position of the
secondary pressure peak and then relaxing the solution to give
the corresponding rolling speed with a predetermined sliding/
rolling speed ratio.

The results indicated that the basic features of the
elasto-hydrodynamic contact given by isothermal theory also
applied to contacts possessing sliding.

Of particular interest

was the result that film thickness remained avpreciably unaffected

by the oil film temperatures generated in sliding (fig. 6.7)
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A comparison of the film thickness predictions from the various

thermal and isothermal theories and also the experimental data
of Sibley and Crcutt and Crook is given in fig. 6.7

A typical temperature profile produced by Cheng and
Sternlicht is reproduced in fig. 6.8 where the oil temperatures
are expressed as mean values across the film. This is a direct

consequence of an initial approximation in the theory that a
mean viscosity existed across the film. This regstriction was
later removed by Cheng (78). In order to assess the validity

of his theory, Cheng compared his calculated frictional forces
with those measured by Crook (91) on the disc machine. The

0il film temperatures were found to have a major influence upon
the friction force, and the general behaviour of the friction
with sliding specd observed experimentally was confirmed by

the results of the analysis, fig. 6.10(a). Cheng at that time
remarked on the absence of experimentally measured pressure
profiles with which to compare his predicted pressures, and
later (79) reported the measurement of pressure profiles using
platinum transducers on glass discs. Agreement between theory
and experiment was considered to be fair but the second pressure
peak was not detected. An excellent review of the developments
in experimental techniques for the measurement of film thickness,
film shape, temperature distribution, and frictional traction
was given by Archard (80), which included the work of Crook and
Sibley and Orcutt.

An alternative numerical procedure for the thermal elasto-
hydrodynamic problem was developed by Dowson and Whitaker (81)
as an extension of the earlier work on isothermal conditions.

A Newtonian fluid was once more assumed ang pressure profiles,

film shapes, and temperature distribution obtained for a range
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of sliding/rolling speeds fig. 6.9,

The results were in qualitative agreement with the
features of'Cheng and Sternlicht's analysis. Film thickness
reduced by about 1% for o change in Sliding/rolling speed ratio
from O to 50%. The height of the pressure spike was reduced by
sliding and its location moved towards the centre of the contact
zone. With higher film temperatures, the spike became more
rounded. This differed from the results of Cheng and Sternlicht
where the height increased with Siiding. A further discrepancy
may be observed between the two solutions by comparing the
magnitudes of the film temperatures. Dowson and Whitaker
produce maximum film temperature rises of between 1 and 14OC
whereas Cheng and Sternlicht's temperature rises are in the
region of 10 - 50°C. This may be a result of the slight
differences in numerical procedure or simply the different
range of conditions considered and pressure viscosity relation-
ships employed.

The frictional force variation with sliding speed given
by Dowson and hitaker however,does not agree with the general
behaviour of Crook's experimental results. The disc machine
tests showed that a maximum frictional force is reached at o
sliding/rolling speed ratio of 5 to 15% beyond which the
friction falls continuously with increasing sliding. Cheng
supported his method of solution by obtaining similar behaviour
of his predicted frictional forces. In Dowson and Thitakeor! s
solution, the frictional force-continued to rise, even at
a sliding/rolling speed ratio of 50%, fig. 6.10(b).

More support is therefore given to the higher temperatures

obtained by Cheng and Sternlicht and it is interesting at this

point, to recall the temperatures calculated by Crook in his

analysis outlined in section 6.3. Although film thicknesses



- 9k -

and pressure profiles were assumed from the Grubin theory,
the calculated temperatures were in the order of 100 to 200°C.

Clearly, if the failure of rolling/sliding contacts 1s
to be examined in the light of the critical temperature theory,
then it is important to be able to assess the temperatures
generated in the oil film and particularly the temperature rises
at the metal surfaces. Whilst the heat generation does not
appear to significantly affect the main features of the elasto-
hydrodynamic solution, it will be responsible for the peak temp-
eratures atteined by the metal surfaces in their passage through
the contact.

In the present investigation, a numerical procedure for
the application'%? the energy equation to an elastohydrodynemic
contact of given shape and pressure profile is developed. The
thermal diffusivity of the metal surfaces is considered and the
usual approximations to semi-infinite solids are dispensed with.
A method of calculating the temperature distribution in the
contact zone is provided and interesting and useful characteristics

of the heat flow are discovered.

The Energy Egquation

The full energy equation for an arbitrarily chosen

elemental volume of fluid is given by (83):-

) T .
09 + % (Ui Tij) - 9 (Bt.p . UG)

ot 3% 3 xj
+9 (kT )-EB4p = O (6.11)
9%j 3 xJ ot

where 3Q is the rate of heat produced per unit volume by

ot
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external agencies and Lt is the total energy of the systen per
anit mass, i.e. By = % Ui Ui + Pe + e (6.12). Pe is the
potential energy, and # UL Ui is the kinetic energy per unit
mass. e is the internal energy.

The first term involving the total energy represents the
energy loss by convection and the last term gives the rate of
change of total energy with time.

The seccond term is the rate at which heat is produced by

viscous stresses, Tij representing the components of viscous

2% ox]

stress and Ul the i-th component of velocity. The © (k2 7)

ternm gives the energy loss by heat conduction from the volume.
The symbols i and j assume the values 1, 2, and 3.

The two total energy terms may be combined to give:-

oEtog U + 8Bt.p = By ( 8o + _CUjp)

Bej D4 By B 4
+ 5 B+ + Uj  aot = DBt
p (et J oot ) 1%
° % axj Dt
Since gp + P o Uj) = O by continuity of flow vevees (6.13)
ot 0 xJ

From Bq. (6.12), p DEt = p (Ui DMi + Uj 3Pe + DBe)

Dt Dt oxj Dt

Since aPe = O es oo 0 (6.14)

ot

Mso, 9(Ui r34) = vi 0 rsj+ 7ij oUL

2 xj d xj 9xJ
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From Newton's second law of motion the total force acting
on a compressible fluid mass enclosed in an arbitrary volume

fixed in space is equal to the time rate of change of momentum
- g

i.e.
p DUi = X +3gTij e (6.15)
Dt o XJ

where X is the i-th component of the body forces per unit volume

and equal to - p 9Pe

[e}}

xi

It is found that a convenient approximation for the stress -

strain relationships of a viscous fluid (84) is,

Tij=—>p+?\(8UL\+2n8_:_i_
Jd xk o xi
when i = j and k = 1,2, 3
and T 1j =T2(8 1+8U])
% oxi
vhen i £ j veeeee (6.16)

N may be identified with the experimentally determined

coefficient of shear viscosity, termed the ifirst coefficient of
viscosity" (84). The quantity A is in the nature of a viscosity
and termed by various writers as the "second", the "dilational

0r the "volume" coefficient of viscosity.

For an incompressible fluid the dilation (0_1115 ) is zero

3 Xk
from equation (6.13) and  drops out of the equations and does

. . . e]_‘i'-‘rlced-
R0t enter into the hydrodynamic phenomena generally eXperic

. . -t
However, if the compressibility of the fluid is no

X has to be
“8hored, then the term remains and some relevant value
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found. This is discussed later.

substituting Bgs. (6.12), (6.14) and (6.15) into m. (6.11)
produces

g +T13%Ui+ B (kT =p M

~

ot a Xj aXJ c X1 Dt

which may be rewritten from Eq. (6.16) as:-

2 -
8__@+kv T+¢ =9{DEe+p(o_E+a__V+a£>}
v 0

QO

Q£

5t Dt y Z
ceons (6.17)
y 2 2 )
where V2 = aZ + 0 + 2 if x = x
2
) XZ ay2 oz J = X2
z = X
1 o 2 2
o Q -I—J—\ (‘ 'a“'l +/g}z\ -}(
/ ' / \ }J
ay oz
2
(e 5] o[y (2]
9z 531) 0x ¢z
2
TAA
Ais the dilation = 09U + 9V + 3w

ax ay az

1
Also;<§£+ oV + 8w>=_p;]‘_]2£ =+p.pD!{'e)

9x 3y 02z p Dt Dt

In most texts, the ,@_J_B_I‘_s_e term is usually written
f QLCE)* but as pointed out in reference (81) this is nov

Dt

correct for liquids., Instead, the internal eneT&y may be

derived from enthalpy considerations.




I, = Be+pV
1,7 1 i hV _wv
and ar, = Cdl +LV -r (%) QJ dp  from ref. (g85)
( aT)
P
give ditg, = Cal - T ( ov X dp - pdv

Hence £q. (6.17) tokes the formi-

6C DI - €7 Dg =5 Q + WD + ¢
Dt Dt 7%

with k assumed conistant throughout the volume of fluid.

In considering the flow of oil between discs, the problen
is simplified by taking the discs to be infinitely wide and
running steadily. This implies that variations in the y direction
can be neglected if the x direction is taken as that of the
surface velocities of the discs, that V=w =0, and conditions

are steady with time.

Hence¢, = n{g(@__)2+<@g)2} T)‘(a_TLI)Z

o X 02 0%
2. .2
g 21 - (KR4 (%)
2]
0 x" 0%

o x

are not
The 39 term is omitted as external heot sources are o
a b

9

1y, E N - > ere.
WSuelly present in the type of problem considered h
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In rolling contacts, the oil film is very thin compereq

, S " the contact As n 3 pa- .
to the length of t Ct zohe. As g first approximation

therefore a solution to the above equation may be obtained for

2 3 2
s 22
D) 2
oz 0 X
The energy cquation is thuss-
2 0y .2 21
m — 1 + 7T A o . \ o U \2
p CU 8%t k~._a__£. e Wap +q( )+(2774M(~-)
p 02 ox G Z 0 b
To obtain o first solution to the energy equation, the fluid wil:
be considered incompresible; in which case the cempressibility
terms (€ T8 p ) and (271 +X) ( 8y ) disappear.
o % 5x
The latter term is associated with compressibility in that gU
imslies a change of velocity in the x direction.
The simplified energy cquetion therefore becomes:-
< o)
pCUQL = kOTD 4+, 202 veros (6.18)
5} b o] 22 dz

These vrestrictions nre removed ot a later stage vo study

the effects of compressibility.

Janerical Solution of the Bnergy Fouation

- PR S £
The method of solution involves the application oI the

energy equation to the contact of lubricated gear teeth and

i A N . - 2 it =t is where
dises, where the conditions are "Near - Hertzian' that 18,

v 21 ac AN ] vy
the full solutions for the pressure profiles approach VEL)

closely the Hertzian pressure profiles for dry contacts.

. . PR n a full
The object of the present work is not to perform
. . ws this is
therma analysis ol the elastohydrodynamic problem, &
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presented elsewhere (77, 78, 81), but to prorite & nethod by
which t0 calculate the temperatures at lubricated rolling/
3liding contacts.

In most cases,; full pressure profiles and film sha

apes are
not available and in order to assess the possibility of failure
of the contact, the Grubin contact model has to be adopted.
Under near - lertzion conditions the film thickness given by
the Grubin formula is in good agreement with the full solution
of Dowson et al.

In the examples given here, a Grubin type contact is
assumed but the method con be applied to o contact for which
the full pressure vrofile and film shape is known. The method
of solution presented here is one of utilising the results of
the isothernul elastohydrodynamic solution and epplying the
energy equation to elements in the contact rather than providing
simultaneous solution of the elasticity, lubrication, and energy
equations. Such solutions have shown that the introduction of
sliding and consequent temperature rise does not significantly
alter the overall results for pressure and film thickness.

The geometry of the contact is therefore taken as
represented by the Grubin model given in fig. 6.11.

L
- ] )
The Hertzian solution (57) gives the width of the contact

b = 3.1 9 3 '\].7.-'.’ RN
1

i
and a maximum contact pressure of 2~
Po = 0.399 [1:1 W
N
Ry
With g pressure distribution of -

1

PX:PO(’]_(']_X )2)2

(®/2)




~ 101 -

The Grubin model (63) gives a constant film thickness of

8
h = 1.95 (770 Ue §) /11

(W/E'])1/11 ( 1 )4/11

Alternatively, the Dowson and Higginson (71) equation may be
used although this applies to the minimum film thickness

occurring at the constriction near the exit of the contact.

0.6 ,
i.e. h = 1.6F6 (n . Us )o 7 (E1)O'O3 RN0.43 0,13

w

The difference between the two expressions is about 10 to 205,
U4 and Uy, the surface velocities are determined by the
angular velocities of the contacting members and their respective

radii of contact. The slip between the two surfaces is defined

a5~
S o= Uq - Uo
U1
Finally, by assuming - inlet surface temperatures and the

viscosity characteristics of the lubricant, the starting conditions
for the solution are complete.

The contact zone is divided by a grid into a number of
®lements at which the energy equation (Eq. 6.18) is applied in
turn Fig, 6,12, Starting at the inlet, the first row of
elements across the film and into the metal are set at the inlet
temperatures and the 0il viscosities determined from the relevan®
718081ty - temperature characteristic for the lubricant.

In the results given later for a series of plain mineral
0ils, the following equations from the Vogel viscosity relation-
*hip (57) were used. -

Tg = .0088 e165O/T+170 micro Reyns for SAE 10
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2100/T+170 .,
.0073 e / 7 micro Reyns for SAE 30

2700/T+170
ns = +0015 e /11T micro Reyns for SAE 50

it

ns

I

The dissipation term is first calculated using this Viscosity
and assuming the shear stress to be transmitteq through each
element across the film.

3
In this case, T = Uj(-gj
v

where J is location across film

h
) L
0
n
d
= Uy - Ty
= S U»]
h
', T,E = SU»] _1_
pn ozl © nj
h
hence (QH)J = T = 30U 1
dz n 0
J ny b2 "

which gives the dissipation ’cerm‘z':(awt-I )i and the velocity Uj.
9 z
The temperatures across the film are then set at the

values equivalent to this heat dissipation given by the equation:-

pCU; AL] =7 j
A x Z
SXpressed in finite difference form.
Before progressing to the next position on the grid, 1t
ls hecessary to calculate the heat conducted to the metal by
Virtue of the temperature gradients so obtained.

Thus,
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aneré bz, ks Py C have the relevant values for the lubricant
or metal depending whether the element J is in the o1i1 or in the
metal.

The above diffusion equation may be used explicitly or
implicitly (86). Used explicitly, the equation produces new
values of Tj from the known values of T3+1 and T35.1 and requires
a stability criterion to be satisfied.

The equation applies to the transient state, but a condition
exists where Tj = T5+1 + T5-1 at which the steady state is

2
reached and the above equation does not apply. There is con-

sequently a limiting wvalue

2k px = 1 (ref. 87)
p CUj Az

at which Tj assumes the steady state solution. A grid size
bz and 8 x has to be chosen so that 2kA x < 1

2

p CUj Az
If this condition is not met, then Tj exceeds Tj+1 + Tj-1 and
2

an instability in the calculation of Tj follows at subsequent
grid positions., This criterion has to be satisfiéd for elements

in both the 0il and the metal. At the interface, the following

diffusion equation applies as described in Appendix VIL.

AZo+AZm
Ax p m CnA z'*-m — T

Uj a1j = 2___ T =Ty o+ D51 - 75 ‘]
( b_zn
2ko 2km km
In this cage j and j-1 are elements in the metal and (j+1) is
0 the 0il, A similar stability criterion applies to this

*Wation, but it was found that if the previous criterion 18

““islied in both the oil and metal, then the interface equation




- 104 -

is also stable.,

An implicit solution of the above diffusion equations does
not involve the consideration of stability. Tj has to be
calculated from the final calculated values of T5.1 and T34
which are initially unknown. A re-iteration over the grid is
therefore required in order to find values of T3 satisfying the
equations. It was considered that there would be 1little saving

in computing time by adopting an implicit method of solution,

although a smaller number of grid points would be needed.

Having determined the temperatures across the film and
into the metal at the first row of elements in the contact, the
elements are {ollowed through into the next row of grid positions
in the direction of sliding. This represents the convection
term in the energy equation, which has now been solved for the
preceding rov of element grid positions. The heat convected
from the grid position wes provided by the viscous dissipation
ninus the net heat conducted to adjacent elements.

At the new position, the elements have acquired a new
viscosity due to the new temperature and this is calculated by
the equations used previously. There is also a local pressure
rise at the new grid vosition, as the elements pass through the
Hertzian pressure profile. In the examples given later, the
cts

Cameron and Chu (88) relationship for pressure - viscosity effe

15 used where

16
n = ng (1 + C1,p) -4‘*’_’1_'_92
~0.62 , ~=( 400)
¢y = .C62 ng 10
P = pressure in 1of/in x 10

ng in cp
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The whole process of dissipation using the new viscosity
followed by diffusion is then repeated to produce a further
temperature distribution that is then carried over to the next
row of grid positions at a new local pressure and so on through
the contact zone to the exit.

The numerical procedure was programmed for the Bl1liot 803
computer using AUTOCODE 803 language. A block diagram
representing the main functions of the programme is given in
Appendix VIIT, end o copy of one of the progrommes is included
in Appendix IX.

Discussion of Results

The results given in the present work are for the case
of 5" PCD 20° pressure ungle gears, operating at speeds of
500 to 1500 rev/min and subjected to 1174 to 4676 1bf/inch
wvidth loading. These geers are those used in the Thornton gear
tester for the scuflfing tests and deiails of the tooth profile
are ¢iven in Appendix III. The effective contact radius at the
tip of the gear teeth is 0.330 inches and this contact model 1is
used to investigate a range of slide ratios, although a slip of
64 applies to the actual case. Throughout the calculations,
the 0il properties of thermal conductivity, density, and

specific heat are assumed constant except where stated othervise.

The following constant properties have been assumed

,000178 in~/S

i

Thermal diffusivity of oil

.0168 in°/s

Thermal difrusivity of metal (steel)

Specific Gravity of oil = .07

.288 1b/in3

H

Density of metal

i

1bOF
Specific heat of oil .5 BTU/

.115 BTU/1bOF

i

Specific heat of metal
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The mid-0il and metal surface temperature

Ln assumption in the theory, that heat conduction in the
girection of sliding is negligible compared to that across the
film, enabled an explicit diffusion equation to be used, The
assumption appears to be valid when the isotherms over the
contact zone are examined (fig. 6.13), Remembering that the oil
film thickness 13 drawn to a scale 50 times that of the contact
width, the temperature gradients across the film are much larger
than those in the sliding direction. Bven in the inlet region
the temperature gradient across the film is two orders higher
than that in the negative sliding direction. A re-iteration of
the numerical calculation, this time taking into account the heat
conduction in the direction of motion, would result in little
change in the temperature distribution, the main differences
occurring o% inlet and outlet. The pealk temperatures would be
only slightly affected, nd these temperatures are the important
ones when investigating the failure of elasto-hydrodynamic

1.

contac

Pizs, 6.14, 6,15, 6.16, 5.19, 6.20 show the variation of
temperatures for a range of entraining velocities, slip, load
and viscosity. The oil film temperatures are much higher than
the metal surface temperatures but at exit there 1s approximotely

3 uniform temperature distribution., The maximum temperature

ansit

]

PO SR - Py o g
“vtalned by @ metal surface depends upon the time of tr

through the contuct, consequently the slower speed surface

atta e .. - ~faces., It follows
attaing the highest temperature of the twoO surface

. I surface
that at increased entraining velocities, the metal surie

L 3 NG
el c0 £ Y peratures increased.
temperatures ope reduced and the oil filam temperat

A . . . peratures is
n overall increase in both oil and metol tempe

. - ] c..].
chieved by a greater slip,the difference between the meta
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surface temperatures increasing. The combined effects are
spown in fig. 6.17.

In all these results, the temperature at inlet 4o the
contact has been taken as uniform across the oil film ang inte
the metal, implying that the two metal surfaces are able to
attain the same blank temperature before re-engaging. No account
has been token of the small temperature rise due to the heat of
compression in the oil film at entry or the heat conducted
upstream of the oil flow from the contact zone. The theory
therefore assumes that the temperatures at inlet, taking into
account these factors, are known and thet these are the starting

or the calculation. The controlling factor over the

By

points
blank temperatures will be the ability of the machine elements

to dissipate the heat to the surroundings snd this will depend

on the heat transfer coefficient of the particular component.

i steady operating condition will be reached at which the blank
temperatures will be known. The effect of differing blank

temperatures betiieen the two surfoces, owing to different heat

flows and heat trensfer coefficients, i7ill be examined later.

Por uniform blank temperatures varying by twenty to thirty per

cent, fig. 6.18 shows thot the mid-oil temperature profile

differs in the inlet and outlet regions only and that the temp-

eTature rise of the metal surfoces differ by not more than eight '

ber cent.,

Mfect of Viscosity

: ned Wit lubricant
The results so far have been concernea with a

N . . icant this
Of SAL 10 vating, a relatively low viscosity lubricant for

_ ‘ iy SAR 30
type of contact. By increasing the viscosity grades to

and S e 1as be modified. At low
HUBAL 50, the temperature profiles become
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s1ip, the SAE 30 oil results in a slightly higher mid-film temy.

erature and lowver surface temperatures, The SAR 50 again

produces lover surface temperatures but the nid-filn temperature
does not rise to as high & value as the lower viscosity lubricints
and produces a hicher exit oil temperature. The same behaviour i.
observed for the SAE 370 lubricant vhen the slip is incrensed 4o

0.3 and a marked increase in the difference between the surface
temperctures becomes apparent. This increase in surface temperotios

differences 1is more when viscosity and slide rotio are incre.n-’

P

ihereas the peak 01l temperature for the SAE 10 oil always occurs
at or necr the mid-plane of the oil-film, the more viscous
lubricants produce peck temperatures offset from the mid plone
and under the conditions given, nearer the slower surface. This
is illustrated nore clearly by considering the transverse film
temperature profiles in fig. 6.21. The velocity profiles of the
fluid at three positiors through the contact are shown in fig.
6.22, for each of %he lubricants, the central profile in each
case corresponding to the position of the temperature profiles
in fig., 6.21(b). Lt any section across the oil film, the shecr
stress is constant anl proportional to the product of viscosifty
and strain rate at any element in that section. The elements
nearer the slower surface are consequently at a higher temperature

and have lower viscosities than the corresponding elements on tis .

Other side of the mid-plane and necrer the faster surface. For

-
ao

the lower viscosity lubricant, the temperature differences

. . . ioher
1ot produce as grect a variation in viscosity as for the highe

Viscosity oils. Consequently, the strain rate is symmetrically

distributeq cbout the mid-plane of the film. With the larger

¢ 5 iconts
Percentage change in viscosity of the more viscous lubric 5

- . . e viscosi.
there i1 be an increase in the strain rate wherever th S
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is reduced due to higher temperatures on the slover side of
pid plane. In the energy equation, the viscous dissipation 4e
is given as the product of viscosity and the Square of the strain
rote. The heat generation on the slower side is therefore o ot
lerger than that on the faster and lower temperature side, with
the result that the temperatures near the slower surfrce are
further increased. The overall effect is to move the heat soursc
due to viscous dissipation nearer the slower surfoce, which co- .

scquently experiences n larger temperature rise than the other

surface.

The heat partition ratio

From the foregoinz analysis, it is possible to calcuisote
the rotios of heat conducted to the metal surfaces. This con
be computed by determining the thermal gradients at the oil-
netal interface or more accurately, by a summation of the temp.
erature rises of all elerents in the metal after passing through
vhe contact. The actual values are readily available from the
conputed temperature distributions of the contact. The results
are shown in fig. 6.23 where the rotio of heat conducted to the
slover surface over that to the fast surface increases with
Viscosity and slip, never being less than unity. Here, unity
7ill represent equal partition of the heat dissipated at the
contact,

A comparison may be made with the heat partition derived

by Blok from the flash temperature concept.

1 ps Lok
Now, T1 EEU (12 )fv’ (__ff )2 where k = XK
C
k m U4 p
2 kX

k L4 Uo
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partitions estimated from the above theory are shown as crosses

“ai a rati : g
Once ogain the heat avtlo approaches unity at low viscosity.

Results are ziven later, where the heat partition ~ttains valves

pE]

less than unity under certain conditions,

s.8.4 Bxperinental disc results reported by ilerritt

Herritt (89) has reported some experimental work aimed ot

actually measuring the heat partition of two discs rotating under

Al

2

elactohydrodynamic conditions. It was found that the faster disc
carried away more hect than the slower one and this was exiblained
by a consideration of the tempcrature gradients within the oil
filw. A hypothetical curve, reprodocued in fig. 5.24 of the

te. neroture distribution across the oil film was constructed on

the assumption that there existed a uniform rate of heat generation
per unit volume of the oil film. The resulting curve was there-
fore parabolic, and with the knowledge that more heat was to be
conducted to the faster surface, the apex was displaced to a

plane neever the slovr surface, so that the temperature of the
sloier surface was the higher although it received less heat than
the other surface, by virtue of the temperature gradients av the
boundaries. In fact, the faster surface was operating at a
higher +otna] contact temperature, with the conclusion that the
obening assumptions were invalid and that some asymmetry in
the mechanism of heat ceneration was present.

. a + +
Such an asymmetry has been observed in the results of the

e , . . . nt zeneration
Precent cnalysis, As suggested by Merritt, the heat gener

i s : At th Faces do
° ASymnetric but the temperature gradients at the surf

0%+ A . At S
0% ~orcespond to those of a parabolaj they are inverted, SO

that ¢ cceives the greater part

i .
2 higher temperature surface T

o the hent genernted, The results so far have assumed that the
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inlet temperatures are uniform, If the temperature of the faster

netal gurface i1s set higher than the other surface, to represent
the conditions in Merritt's experiments, the effect on the heat
partition 1is shown In fig. 6.25, is the tempercture of the
faster metal surface increases, the peak oil temperature moves
nearer that side and increases the heat flow into it. The heat
parti.ion ratio then becomes less than one (fig. 6.25(b) ) and
the condition waere the faster surface is the hotter and receives
more 1exy is satisfied. It may seem from this that the situatior
becomes unstable, with the hotter surface beconing still hotter
after successive passes through the contact. It has to be
remembe e however that in an actual apnlication vhere all the
heat is lost by surface convection outside the contoct Z0he

stecdy opurating conditions have been established and the surface

vili re-2nter the contact at the same blank temperature.

Jiscosity variation through the contact and tangentisl stresses

Merritt also predicted the variation of viscosity in the
direction of sliding at the mid plane of the oil film and at the
o sucfaces. the latter opcrating at differing temperatures.

The distributions obtained in the present work fig. (6.26 and
. J oA f +
6.27) confirm the predictions of Merritt, with the added eiiec?t

£ 4 i di ;] ssure
of the much higher o0il film temperatures overriding the pressu

Ny
£ : 3 i ity. Jith
eifects apg producing a large reduction 1n viscosity. 1

e

. . ise in
higher viscosity lubricants the presence of a sharp ri

Viscosity at entry to the contact is associated with the pressure

ah

] ) . s ad r high enow
Tise before the temperature has risen sufficiently hig

0 o ] : C . are shown in
o cancsl thig effect. The tangential stresses &

o - stress
18, 6.26 yhero again there is agreement with the

dstr: py tions predicted by Merritt.
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mhe heat of compression

e

The theory has neglected the heat of compression terms
(e TUJ dp ) and (2 n+ ) ( 2y )29 the latter occurring as the
dx 09X
second term in the dissipation function, The first term is
readil:” considered by taking the appropriate value for the

thermal expansion coefficient, € and including the term in the

step hy £tep numerical procedure. (1"«. typical relationshiv is (57\

B -4 0
€ =1 5.5 = 10810n ¢p i{ x 10 7 per °F) In the first half of
the contact the heat of compression is positive, zince
dn is positive and slightly higher oil film temperatures result.
dx

- PR ap & .
In the second haif of the contact == is negative and a cooling

ax
sffect is produced. This behaviour is followed by esach plane
across the oil film, but is more pronounced where the velocity
is higher at points in the oil film nearer the fast surfacc. The
results chow that although the magnitudes of the temperature
incrcaents due to the heat of compression term are small, the
differences in negnitude across the film are sufficient to

render more symmesrical a temperature distribution which would

Slew er
oOthervwise have its peak markedly nearer the Zaekes surface than
fosten
the sdesge.

vhen considering the second term in the dissipation functicn,
the valu: of the second coefficient of viscosity is uncertain.
In mest standard texts, A is replaced by —% , (57) according
%o tue classical theory, but for liquids it has been found that

A may have g positive value., Taskoprulu, Barlow and Lamb (90)

€ : : . SRR ; ermined a
have carried out measurements of A for oil, and det -

Yatue or % : the range of validity of this result is however

values 1s

10t Kiown,  The effect of including these different

. ond
Showy 4 : - ‘ represents a sec
Show in fig, 84'63'} vhere theA = _21? case b

6. 29
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term of the dissipation function equal to zero, The change in

the asymmetry of the temperature profile ig again apparent, t
£, 9

1,2
JENRS

_ .. . U
tige due to the variation in ( --) across the film, Ag

Q2

previously determined, the peak oil temperature occurs at the

a -

plane where - 18 a maximum with the effect of increasing the
o

0il Tilm velocities of elements nearer the fast surface ang

rzducing the velocities nearer the slow surface. The net cffect
is o larger change in velocities nearer the fast surface as
pregress is made through the oil filp (Reference o fig, 6.22
clarifies this observaticn). Any change in the asymmetry of o
temperature profile will result in a change in the surface tenp~
erature rises and censequently the heat parcition,; as indicated
by fig, 6.29(a) ard (b). The computed results showed that
besiles the heat partition being reduced, the total heat
dissipated at the contact reduced by a< ruch as 10% due to the
increzsed temperstures and reduced viscosities in the first half
of contact.

then cor.oression is beinz considered, the variation ia
iensity of the lubricant should be taken into account. The
relationships used were those given in Ref, 81 for the effects

07 pressure ‘.e.

P= pg (1 + .'_CV._..E )

P+ .02

fe]

Here oo = p on (1~ € (7-60%) ) fvon (57)

14.7 lbf/in2

T X . A . im crtant in
"¢ Second coefficient of viscosity is seen to be imporw

] - ; g eat
the letermination of the surface temperature risSes and h

Qi L .o . c17 1 ible when more
PRI tion apna further analysis will be poSSi
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definite information is available refarding the value of A fo
- T

lubricants.

Variable lubwicant properties

[
co
—3a

Ixcept in the analysis involving the effect of hect of
compression, the lubricant properties of themal conductivity,
depsity, and specific heat have been assumed constant Tor all
temperatures and pressures.

#hilst expressions exist for the effect of pressure and
temperature on. p  there is Jittle data available that relates
thermal conductivity and specific heat to pressure changes.
Relationships for the effect of temperature on these properties,
determined at atmospheric pressure are hovever generslly available.

These are quoted in ref. 57 and given below,

k = L3813 { 1 - .0003 (T°F - 32) { BThU
sp gr hr. ££2%F /in

These cxpressions were written into the computer programmne SO

that the numerical procedure adjusted the values of density,

o 5 .. o O TES 304
thermal conductivity, and snecific heat as the elenent progressed

through the cont act.

Fxanples of the effect of variable lubricant properties

OTC ~ivan 4 s ot i ion tern
¢ siven in figs., .30 and 6.31. The heat of compression L

1S o, . . . t} enov-
1S ignored in both cases. Only slight adjustments to the tenr
HLIEYEN

eraty; . .. 3 i rations. L
Tobure profiles occur as o result of these consideratl

i £ of
Md-plang bemperature profiles differ over the second hal
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the contacf where the temperatures are highest and the ther=al
diffusivities low. The net result is g reduction in the anount
of heat conducted across the filw to the metal surfaces, which
consequentl; experience temperature rises about 1 to 3°F beloy
e originel predictions.

Although only smell changes in temperature profile have
been obtair:d by the above considerction, the lubricant properties
of thermal conductivity, coefficient of thermal expansion, density,
specific heat, and the second coefficient of viscosity, should he
included in the thermal analysis wherever the relevant values at
the local temperatures and pressures have been established. The
mmerical method presented here is readily adaptable to include

these quentities as and when they become available.

Comparisor oi present method of solution with others

The 0il film temperatures obtained in the present solution
cre of the some order as those obtained by Crook (66) but greater
than those produced by the thermal elastohydrodynamic solutions of
“heng (7%) nd Dowson nnd Jhitaker (81).

The reatment of the ensrgy cquation presented in this

thesis differs from the nrevious solutions in that the energy

*quation is applied %o both metal and lubricant and no asswaption

18 nade regerding the tomperature vise of the netal surfaces.

R . - ar i 1 a
iact heat conduction and coavection equations are employed i

, . it f
the neval-lubricant interface and the ratios of heat partition o

he contacting bodies obtained directly.

- sartition
Secause of this, the results show that the heat parti

¢’leulations of Blok (43) based upon the assumption of zero

o ) . - s nodified.
be peratupe gradients ..t the conjunction nced to be n

. e T g, shear rates,
Although Crook produced oil film temperatures, Sl
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and viscosities having the same basic characteristics as those
obtained here, the method relieq upon either prior knowledge of
the surface temperatures or an approximation by the Blok flash
temperature equation. Consequently, Crook's method is useful in
predicting phenomena that rely upon the lubricant filp behaviour,
such as sliding friction, but offers no additional or alternative
method of calculating the surface temperature rise, which is the
important factor in the prediction of scuffing. The main
objection to the use of the Blok flash temperature equation is
that calculated temperature rises depend so much upon the
assumptions regarding the heat injected into the surfaces. The
present solution has shown that the simple expression given by
Blok is invalid and the zctual heat partition ratio is determined
by the lubricant properties and by the surface temnperatures
themselves.,

The temperature profiles obtained in the thermal solutions
of the elastohydrodynamic problen were also dependent upon the
approximcte heat flow equation but with the quantity of
injected heat given by the thermal gradients at the edge of the
0il film. The introduction of the energy equation into the
elastohydrodynamic solution has shown conclusively that the major
charccteristics of the presusure profile and film shape are
changed very 1ittle by thermal effects. Although the resulting
temperature distributions assist in the further understanding of
elaStOhB’drOdynamic lubrication, the method of calculating the

. . r ~rear designers.
Surface temperatures is not a convenient one ior gea &

\ . y investigation
The thermal solution proposed in the present 1 =

. .y aratures at
Provides a method for cstimating the surface tempe atures o
. : di rfaces and 1n
the contret between lubricated rolllmg/slldlng su

, R iour. It
2ddition cnables o closer study of the oil film behaviour
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nes been found that the magnitudes of the tenperetures and the
a

neat sharing between the surfaces depend to o large extent upon

the physical properties of the lubricant. The Step-by-step method

is hovever completely adaptable to take account of any specified

veriztion of these properties through the contact ang nay be

. extended to consider the behaviour ol Hon-Newtonian liquids. To
the anthors knowledge, all published literature on theraal solutions
of the elastohydrodynamic contact have been confined o the
assumption of a Newtonian fluid, a theory which has proved

incdequate in explaining the observed frictional behaviour of

lubricant films.
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pRICTION AT LUBRICATIED ROLLING/SLIDING GONTACTS
The preceding sections have bheen concerned with the

determination of the temperctures generateq gt lubricated rolling/
g

sliding contacts and relating these 1o the Scuffing failure of
gears and discs. IFrom the calculations of tenperature distribution

however, additional information concerning the behaviour of the

lubricant betwcen the contacting surfaoces has been obtained. Of

perticular interest are the viscosity ang velocity distributions
- y

froa which may be calculated the shear stresses and overall
"coefficients of friction',

Since the pitting of cams and gecrs is a faoilure associated
with metal fatiguce, the surface loading conditions at the contact
are important in determining the life 1o pitting and will include
shecr stresses as well as the normal Hertzian pressures,

The total tangential force due to the shear stresses in
the contact muy be represented by a coefficient of friction. In
gears, this friction apnears as a resistance to sliding, with the
vork done against the friction dissipated aos heat into the oil.

In friction-drives however, the friction is used to transmit
torque from one disc to another and the slip between the discs is
adjusted to provide the required shear rate in the lubricant in
order to tronsmit the shear stress. In general, for a given
ontoct; there is o limit to the cmount of torque that can be
transmitteq and the optimu: is found to depend upon the contact
conditions and the lubricant properties.

The thermal analysis of the oil film presented in this
thesis g oxtended to predict shoar stresses and coefficients of
friction, The results are then used in an examination of the

¢} e . \ ol a .
lmldCtel‘lstics of traction at clastohydrodynamic contacts
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Cans T on the traction o c
.P.f,@_‘f_l_gu—ﬁ"—i@}:K* L ‘”t——el-il-—mStOb:Yir.Q Jnanic contacts

crook (91) in his classical Wwork on the lubrication of

rollers used a two disc machine to mneasure frictional traction ag
G o

) . ding sneed - -
a function of sliding speed for a range of 1loads and entraining

. M - - ’ﬂ' I S o - Fali n . )
speeds. The machine consisted of 5 3 dicmeter disc griven by a

veriable speed motor and a second 3" diameter dise Supported in
self-aligning bearings and loaded onto the first disc by two
cables. A disc brake on the shaft of the Second disc determineg
the torque transmitted and the friction was neasured by a
calibrated sprin; mechanism so designed that becring friction was
not included in the reading.

The results are summarised in fig. 7.1 where the frictional
traction is seen to incrcase es the load is increased and at
constant load rises, reaches a maximum and then falls. The
sliding speed ot which the maxinum traction occurs increases as
the load is reduced. .t constant load, cliding speed and inlet
viscosity, the frictional trection falls as the entraining speed
is increased. If the inlet viscosity is increased, the friction
rises more rapidly with sliding speed, reaches a maximum at a
lover sliding speed and then falls more rapidly with sliding speed
then did the 1ower viscosity case.

Crook wns able to interpret the characteristics of the
CULvVes by considering the effective viscosity at the contact,
defined as that constant viscosity throughout the zone which

. . . ai { '
Yould give the same frictional traction as the system actually

cxhibitg,
7 - 1 .o '1
L-¢. Torque = 7 " (U1 - Ll%) b e (7 )
h
b
and, illSO ‘l‘orquo - _”1 _ UI(:_ [ n m ax



Hences, n 4 @~ 1 nm 4 (7.2)

i he elfcctive viscoss+ .
where 1n g is the elfe 1Scosity

By expressing n g, in terms of ¢ fron the theoretical

thermal anclysis outlined in Section 6.3 of thig thesis,

ms able to caiculate n by asswilng a Hertzian pressure

Crook

distribution. The results are reproduced in fig, 7.2, By
a1s -

roximating the expression for p in terms of
approsLis

¢ 5 & simple
gsion for n ; was evolved that aveided the need for numericel
CXPIesSs10: i

. .
integration of Eg. 7.2.

1 6F + bln. (U1 - W)

i1.€. Nnn = :41_:.
D 2 1.
/2y (U4-05) 2

+ P_ in <T] i-—_)“ 20 e (7-3)
2 2k -

Substitution of this expression into the traction Eq. (7.1)
broduced o relztionship between tractive force and sliding speed
(U1-U2). The curves shown in fig. 7.3 also involved the assumption
speecd and hence film thickness was constant for

constant inlet viscosity.

o

¢S in
incd the shape of the calculated curv
Crook (66) explaincd the shap

; ittle
B re was 1itt
s . . t ot small Sllp ther
t18. 7.3 by considering that ot sme

the
. c Lo Onsequently vl
. . L. . o - Slt'y aﬂd c

frictional heating to affect viscosit;

1i vhile at high slip
. . (i SL1P, hd
traction inereasod proportionately ith

.
L. heotinz could

oy nal hea 1)
the reduction in viscosity dus to frictio

if ion would
! raction wou:

| i C nd eventually the tre

beeone the dominant iafluence and

fall -4 8lip increcascd. "
reemen
. ws the agreex
Comparing fig. 7.3 with fig. 7.1 shoy
ST G litetive with the
, iU S~V
betiean thoory and exporiment to he only &
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, d tractions well in excess :
calculate S 0f the experimenta] values.

(ro0K (91) observed hovever that the lubricant properties used in
the calculation were drawn from aveilable resyltg of experiments
and might not therefore agrec
at the condition of the disc tests, particularly with the
variations in temperature occurring within the film,

Calculatiors of effective viscosity from the experiments
were nade from Eq. 7.1, employing the values of filg thickness
deduced from the measurements of disc capacitance. By vesub-
stitution of these values of effective viscosity into Hg, 7.3,
suitable velues of k/Y and § werc determined and the corresponding
theoretical curves of —;I.m replotted.,

The agreement between theory and experinent was of course
much closer than in the traction experiments but the same
departure of the theoreticzal from the experinental curves at
low values of sliding speed 7as observed as noted earlier when
the calculated peaks in friction were much higher and sharper
than the cctual ones. By teking velues of k/Y both impiausibly
large and snall, Crook established that the sharp fall in 7p
vith sliding speed exhibited by the experimental curves at low
Speeds could not be explained in teras of temperature. It ves
concluded that in addition to temperature effects there had to
be an effect of shear rate upon the viscosity of the oil. The
theory of the hent balance within the oil film accounted for the
larger phenonena.

Recently, further studies of the shear behaviour of rolling,
%liding contacts have been carried out at the University of
Jefferis and Johnson (92)

Cambriqge fngineering Laboratory.

Teported the design and development of a pover circulating

i ; ;as mechonically
rolllﬂg contact disc machine in which each disc was i
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coupled to a separately cxcited d.c, electrical machine whos
t ; e

g v onncesed electrical b
ma_tureu Wwere ¢ icalls < s .
i v ‘1th the discs transmi'bting

torque, pover circulated from one machine acting as a motor t
1 0

the other acting as a generator, In this way it Was possible t
e to

control traction with a stepless vVariction of sliding speed
between the discs.

In 2 companion paper, Johnson and Cameron (93) presented
the results of a series of experiments conducted on the same
disc machine in which contact pressures of up to 280,000 lbf/in2
vere investigated. The highest pressure used by Crook was
100,000 1bf/ in2 and Johnson and Cameron found that shove this
pressure, the oil film showed a marked change in its shear
behaviour from that at the lower pressures.

Up to contact pressures of 175,000 lbf/im2 the traction
results showed the sane general festures as Crook's results;
the coefficient of friction increased vith contact pressure and
reduced with entraining speed. At higher contact pressures
however, there appeared to be a ceiling to the friction
coefficient which could not be exceeded and to which all the
curves approached. This same phenomenon had been observed by
Plint (94) in experiments conducted with a very different oil.

Provided therefore, that contact pressures were
Sufficiently high and rolling speeds and temperatures sufficiently
Low, the traction ceiling would be reached and a relationship
betieen friction nnd sliding speed not dependent upon load
speed or temperature was applicable., This conclusion is in
dccordance with the cormonly used values for coefficients of
friction of .05 - .08 which are often quoted in practical
*hgincering texts, as for example in reference 95. There 1s

SHIL ¢ 10t if maxisum friction at

¢ provision however, tl



- Ll -

pinirum slip 18 the requirement, as ip friction drives then
, , R

[

. essure and 7 rolling s . .
high contact pres and Lov rolling speed ang disc temperature

i 1 re E .
are necessary. (rook was unable to explain the megnitude of the

traction peak in terns of thermal effects alone and the same
14 odlil

thermal analysis when applied to Johnson angd Cameron's results

also produced theoretical tractions far in exces 8 of the
experimentally determined ceiling.

Closer agreement between theory and experinment was obtained
by introducing into the calculatiors a higher value of thermal
conductivity given by the extrapolation of experinental data to
the pressurcs occurring in the contact. Ailso required in the
calculation vere values of the viscosity n n through the contcct,

From the initial slopes of their curves Johnson and Cameron
caleulated the effcetive viscosities and by manipulation of
the equetions given in the earlier part of this section, prouduced
curves of apparent viscosity T;m as a function of contact pressure
and disc temperature, fig. 7.4, which referred to zero entraining
speeds  The effective viscosity was found to reduce vith increase
In entraining speed, an observation that Crook had also made,
fig. 7.5. The contact nressures used by Crook however did not
teke the effective viscosity into the zone detected by Johnson
and Cameron where o mariked change in the variation of viscosity
"ith pressure occurred. The change appeared to take effect when
the Viscosity reached o value between 104 and 105 Poise.

&ven with these directly measured viscosities taken into
account, theory produced values of friction for in excess of
those recorded, with the conclusion that the asswmption of @

. , b
fewtonian f1uid ves probably invalid. Several proposals Lor

|
o ) nade and
alternative mechanisms of oil film shear have becn

these ayq the subject of the following sections.




7.2.1

on-Newtonian Effects in Lubricants
."*‘-""‘""""' >

The plastic shear plane hypothesis

It was Smith (96) in 1965 who introduced the concept of
o lubricant behaving in a similar manner to a plastic solid,
shen subjected to the extreme pressures of elastohydrodynanic
contaects. At these pressures oils hag viscosities in the ordep
of 105 Poise, something between butter and plasticine in con-
sistence., The hypothesis was that shear traction is limiteq by
the oil reaching o limiting critical shear strength and
plastically shearing at the central plane of the oil filn.

From the traction experiments on a point contact machine,
Smith found that the maximum coefficient of traction ard hence
the critical shear siress increased /ith pressure and reduced
vith temperature. The dccrease with teaperature was in accordance
iwith the assumption that nlastic shear occurred on the central
plane of the 0il film, where the temneratures &7oﬁld be highest.

The hypothesis therefore suggests that in traction the
shear stress at the contact can be increased up to the critical
value given by the contoct pressure and the oil temperature,
Plastic shear then occurs in the film at the plane with the
highest temperature. Snith and others have assumed this to be
the central plane but the temnerature distributions determined
10 this thesis show that this need not be the case. With
lnereased sliding, the lubricant can no longer be assumed a
Newrtonian fluid, as the total slip is made up 0 Viscous shear
ed plastic shear at the contral plane. Calculations based on

. : i i ¢ i i1l produce
the total 8lip, and assuming a Newtonian fluid wili [

i i vitioal value and hence
PIear stresses well in excess of the critical value &

tho

SCmeasured,

ther work by Plint

s . . . . “ur
e principle has been supported 1nd

T i the )
(94) Pt probably a nore significant contribution to | .
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hypotheSiS is made by Johnson and Cameron (93) on their line

ntact machine. IFrom the traction.

sliding c
o0 ding speed curves, out-

lined in the previous section, and frop which energed an apparent

traction ceiling, they were able to proguce an expression for
the critical shear stress dependent upon pressure and temperature
- 2 % £

only, fig. 7.6. The reduction in critical shear stress with
temperature was in agreement with the observed reduction in
coefficient of friction with increased shear rate for sliding

speeds in excess of that giving the maximun friction., In this

region, the oil film temperatures increase with sliding speed and

2

U

the critical shear stress recduces.

Up to the peak friction, the lubricant behaves as a
Newrtonian fluid with the traction increasing proportionally
with sliding speed until the critical shear stress in the oil is
reached when plastic shear takes place. Although this hypothesis
has proved useful in the instances given, it is not generally
accepted os the reason for non-Newtonian effects in lubricants
under extreme nressure.

Viscoelasticity has for a long time been the preferred
¢Xplanation and several rheological models have been introduced.
In the discussion %o references (93) and (94), Dyson commented on
the unacceptable nature of the sharp transition point identifiable
th the proposeq discontinuity in the behaviour of the lubricant
film.  Dyson arsued that the change in behaviour occurred over a
larrow transition zone and thot the change in the sign of the

3 to
dependence of troction on sliding speed could be attributed

idered
o . . Dyson consider
the thernal mechanism already proposed by Crook. Iy

that the Viscoelastic analogy, which he had long preferred,

N imental facts.
of ‘ereq an cxplanation in principle of the experimentd

1 Ce o information
Tt . crier nnalvsis was info
That g required for o move quantitive analy

ase vere

S ok jcants but th o
Fe8urding the physical properties of lubricanv -



7,2.2

- 127 ~

not yet aveilable,

In the study of viscoelasticity, mechanical models have

proved extremely valuable (97). Fig, 7.7 shows how these various

models can be used to represent any physical phenomenon, In this
figure the elastic components are Tepresented by a Hookean spring
and the viscous components by a Newtonian dashpot. When these

two are placed in series, the Maxwell model ig obtained. When
these are placed in parallel the Kelvin model is obtained. However
several combinations of these basic elements are often employed in
an attempt to represent more complex phenomena.

The Kelvin nodel is particularly valuable for representing
creep-relaxation phenomena, as shown in fig. 7.7 where for a
given applied stress, the strain increases with time., The
Maxwell model is useful in representing stress relaxation
phenomena, where for a given strain the stress will gradually
reduce with time. It is this model that has been employed
extensively in representing viscoelasticity in lubricants. A
small element of fluid is considered to be subjected to a shear
stress T that varies with time. This will be the condition
occurring in elastohydrodynamic lubrication where the element of
fluid as it passes through the contact experiences a change in
shear stress, being zero at entry and exit and reaching a
Daximum somewhere inside the contact.

i ill
Under the action of this varying shear stress there wi

. < del., If
be viscous and elastic shear according to the Maxwell mo

; ic shear
the shear stress did not vary with time then the elastic

ntributed
would remain a constant value and the rate of shear co

by elasticity would be zero.
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Hence if the viscous shear = 2 (881 ) = r
rate 91 3 7 n
and the elastic shear = 0 (892 ) = ar
rate 04 9, Gat

then the total shear rate U = T + 37

2t  ox 0t  ox

The effect of these considerations on the shear stresses and
hence the total traction at a rolling/sliding contact is most
clearly demonstrated by considering a certain shear rate between
the contacting surfaces. If elasticity effects are negligible
then the expression is purely Newtonian.

i.e. T = _a_q

n
oz

If the elasticity term in the Maxwell equation is significant
then the shear stress willbe given by

ou U Oor
n (— - -~ )

oz G 9x

i efficient of
vhich results in lower values of shear stress and co

friction at the contact.

i ; luid to a
Crouch and Cameron (98) applied the Maxwell flui

i the
{ i ional analysis of
Hertzian pressure profile and by non-dimensi o
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Maxwell fluid equation and graphical integration Tound that

viscoelasticity is onl
H

v sionifs ,
J Significant when the Quantity 7 ysx/c
b2y

The

relaxation number is simply the ratio of peak relaxation time

defined as the relaxation number ig greater than unity

of the lubricant to half the transit time of the fiuig through
the acontact zone.

The calculations relied upon assumed values for the
lubricant properties, in particular the shear modulus G.
Unfortunately, direct experimental measurement of these properties
at the conditions of pressure and temperature corresponding to
those in rolling/sliding contacts is very difficult. Practically
the only source of information independent of actual elasto-
hydrodynamic tests, is that obtained from studies of lubricants
under oscillatory shear. Here the stress cycle times are so
small that viscoelasticity is very predominant. Recent research
by Lamb (99) and his co-workers have shown that viscoelasticity
can be detected in certain lubricants with this type of test.

For alternating shear stresses of the form exp (jyt) the
time differential is replaced by (jw) and the Maxwell fluid

equation becomes

T+ jwY) = junde cores (7.4)
32
vhere Y = /G, defined as the relaxation tiue.

sponse
At low frequencieswY<<1 and T= 30T 0e and the resp

Og

18 entirely viscous.
and the response

]

r=’1_a

t

At high frequencies w.{ >>1

@

Y Z

18 entirely elastic. S
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n is therefore a shear modulus,

terned the limiting high
Y

frequency shear rigidity modulus, @
<}

At any other frequency of stress alternation, the ratio of

shear stress to shear strain ig represented by the complex shear
- S

nodulus
G* = G1 + (;1‘l
Hence, _G_1_ = w-2 Y2 91_1_ = oY
from iq. G o 1 + @2 YZ Gw 1 +w’2 Y2
1.4
and the dynamic viscosity 771 = n - G11

1+w2Y2 ]

In practice the quantities G1, GH, and Tl1 are not measured but

calcu.ated from the components Ry and X[, of the shear mpedence

2], which are determined experimentally.

I ~

Z;, = Ry + XL = -

Q)
[©)

|

@D
ct+

Applying Newton's law of motion to an elementaryvolume of the

fluid gives:~

from vhich, equating real and imaginary parts of each side,

1

The predicted behaviour for a Maxwell model having a single

n : { 3la
Telaxation time Y = /G is reproduced from (99) in fig. T 8 )

. i hion.
Where the impedences have been plotted in a normalised fashi

_ enc
The viscosity ratio ”1/n falls from 0.9 to 0.1 as the frequency

. . to W .
increases, G1 /G increases proportionally
(e 0]

; inc chloride
Lamb showed that certain fluids such as molten 21
: o faxiell model
exhibited relaxation behaviour conforming to the Hax
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rate at these planes must be used in tpe calculation of sheap

a Mhe s Y 1 ~ » .
stress. The valuc given by Dyson is therefore reduced frop

/. 2 N
1,500,000 1bf/in" to about 150,000 lbf/inz. A further modification

is the variation of G e with temperature ang pressure. Taking
. 4 a

valuc one decade lower than 1010 dyn/cm2 which falls in the con

figurational regime determined by Crook, the shear stress reduces
to 15,000 lbf/in2 a value within the range determined experiment-
ally.

It is the aim of the work presented in this section of the
thesis, to calculate shear tractions for g Maxwellian fluid and

compare these with experimentally measured tractions on a disc

machine.

fztension of the thermal sclution to calculate friction

The thermal solution of the elastohydrodynamic contact
developed in section 6.7 may be extended to predict coefficients
of friction. Other thermal solutions, for example those of Crook
(91) ana Cheng and Sternlicht (79) have bcen limited by the
assumption of a Newtonian fluid and corrclation with empirical
coefficients of friction is pocr. ith the increased support for
non-Newtonian behaviour in the form of a Maxwellian fluid, the
Maxwell fluiq equation is introduced into the thermal solution for
friction. Both Wewtonian and Maxwellian coefficients of friction

Will be calculated by suitable modification of the thermal solution

- . : i across and
From scetion 6.7, variations of viscosity both ac

through the contact were obtained in the process of calculating

: ' e e he viscous
the 011 temperature rises., These were due to t

C o ing of the oil
dls.‘:‘:lpation of energy resulting from the shearing O

\ he
£i . rates across th
film between the contacting surfaces. The shear re

film were algoe obtained; these were S1ven by -

/ —h
(_@_q \ = T S.U1q / \ -
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U = 135 in/s

(o)
i
—
U

e 3 1 . ‘2
% 107 1bf/in" from Barlow and Lamb (101)

SA5 30 L% 270,000 1bi/in”

P TavNIY

= 0.5 .0 107" Aerma (zlp'

i1, 5

Un tais ousis, Ghe elfficte of inelu’ing the irxsellion fluid

ecusion into the calculotion for friction would re‘uce tha . 1cke
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in section 6.4, the
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lever protruding from the back of the machine and pivoting about
& point vertically below the point of contact between the discs
The moment was transmitied vig the loading-pin arrangement shown
in fig. 7.25, to the self-aligning blocks supporting the second
disc. ‘he drive from the second disc was transmitted to the
generator via the second flexible covpling.

Blank temperatures were measured with trailing thermocouples
of the type described in section 3.9,2 lightly loaded onto each
of the dises. (Further evidence of the accuracy of these thermo-
couples has been presented recently in reference 93)

The discs were 3 inches in diameter and 3/16 inch wide, and
lubricated by an oil supply fed from a reservoir below ithe disc
compartuent, fig, 7.26. The surface speeds of the discs could
be calculated from the rotationzl speeds of the shafts, These
vere nmeasured by the magnetic transducer method; whereby pulses
vere received from a toothed-wheel mounied on each shaft and
displayed by a digital counter. The counter had the facility
for displaying the individual speeds of the shafts or expressing
the speeds as @ ratio of one another. The toothed-wheel con-
sisted of 60 teeth, so that by counting the pulses on one wheel
for a period of 10 seconds, the speed could be expressed as
rev/min to the first decimal plece. For a speed ratio display
the counter w.s triggered by taking the pulses from shaft 2 for
instance, and counting the number of pulses received from shaft
1 for 10,000 pulses from shaft 2. The ratio was then displayed
to one part in 10,000. The ratio could be inverted by taking
10,000 pulses from shaft 1 and counting the number of pulses
from shaft 2., For example, if 9,975 pulses were received from

shaft 2 for 10,000 pulses from shaft 1, then the slin was given

by (10,000 - 9,975)/10,000 = ,0025.
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feesureaents in rev/min of the two
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Discussion of experimental results and comparison with theory

The friction results for the test lubricant specified in
section 7.5.3 are given in fig. 7.32 and accompanied by blank
temperature readings in figs. 7.33(a) and (b). The conditions
of load and speed were those stated in the figures, all other
conditions being identical to those given in section T:5.1,

The points are observed to fall very closely upon one
curve and agree with the traction ceiling reported by Johnson
and Cameron (93)., The preliminary friction results from the
traction machine also exhibited the same phenomenon, fig. T7.29
but the peak friction vas 055 compared to 072 for the test
lubricant. Reference (93) quoted maximum coefficients of friction
between .06 and .07, reducing to .04 at high sliding speeds.

It was unfortunate that in the present investigation, slip
was limited to .05. This was quite adequate for the purposes of
identifying the maximum friction but did not include the high
slip regions of the characteristics.

This limitation arose from the inadequate cooling «fforded
by the closed-loop oil flow system. Rapid increases in the oil
inlet and blank temperatures were experienced, as indicated by
fig 7.38 and in some instances resulted in scuffing of the disc
Specimens.

However, the main purpose of the investigation was to
examine the low slip region and the rheological behaviour of the
lubricant so that the above restrictions were considered not to
be a serious disadvantage.

Subsequent modifications to the traction machine involving
the installation of a water-cooler on the 01l supply demonstrated
that the o0il inlet temperature could be controlled.

The theoretical predictions of friction and their comparison
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with experiment are presented in figs, T.34 - 7.39.

The values of G, 1in the Maxwell model were varied to give
the best fit to the experimental curves whilst retaining the
expressions for the physical properties of the lubricant as
detailed in section 7.5.3.

The thermal solution was made to produce quite reasonable
estimates of the friction-slip characteristics for the range of
conditions considered in the present investigation. A compromise
however had to be reached at which the difference between the
theoretical and experimental curves was negative in the very low
slip region and positive at high slip. Adjustments to the value
of Go , as in fig. 7.35 to obtain better agreement in the very
low slip region resulted in overcstimates of the friction at
higher slip.

The effect is attributable to the assumption of the simple
Maxwell fluid element representing the non-Newtonian behrviour
of the lubricant. From the results, it is clear that the
behaviour of the lubricant is more complex and a more accurate
model of the fluid element is required for closer agreement
between theory and experiment.

Nevertheless the solutions produce better predictions of
the friction characteristics than the Newtonian fluid theory and
the values of G, necessary to achieve this are within the range
of values juoted elsewhere (99,100).

In agreement with the findings of Crook (91) fig. 7.9(b),
the values of G, are below the often quoted value of 1010 dyn/cm2
but the dependence upon pressure is the inverse of that predicted
by Crook. The solutions presented here involve a reduction in
Go with increase in contact pressure which upon extrapolation

to low pressure indicates a high value of G. .
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with experiment are presented in figs. 7.34 - 7.39.

The values of G, in the Maxwell model were varied to give
the best fit to the experimental curves whilst retaining the
expressions for the physical properties of the lubricant as
detailed in section 7.5.3.

The thermal solution was made to produce quite reasonable
estimates of the friction-slip characteristics for the range of
conditions considered in the present investigation. A compromise
however had tc be reached at which the difference between the
theoretical and experimental curves was negative in the very low
slip region and positive at high slip. Adjustments to the value
of G , as in fig. T7.35 to obtain better agreement in the very
low slip region resulted in overcstimates of the friction at
highexr slip.

The effect is attributable to the assumption of the simple
Maxwell fluid element representing the non-Newtonian beh~viour
of the lubricant. From the results, it is clear that the
behaviour of the lubricant is more complex and a more accurate
model of the fluid element is required for closer agreement
between theory and experiment.

Nevertheless the solutions produce better predictions of
the friction characteristics than the Newtonian fluid theory and
the values of G_ necessary to achieve this are within the range
of values juoted elsewhere (999100),

In agreement with the findings of Crook (91) fig. 7.9(b),
the values of G, are below the often quoted value of 1010 dyn/cm2
but the dependence upon pressure is the inverse of that predicted
by Crook. The solutions presented here involve a reduction in
Ge With increase in contact pressure which upon extrapolation
to low pressure indicates a high value of G .

Mhia anorasta a condition of pure viscous shear at low
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pressures which is in agreement with the generally accepted
principles of lubrication..

The variation of Go with the lubricant temperature is
indicated by the comparison of results for the different speed
conditions in figs. 7.34 - 7.39. At inoréased entraining specd,
the 0il film temperaturcs are higher and reductions in the
value of Go, are experienced.

Further work will be necessary to establish an accurate
relationship between G, and pressure and temperature. The
theoretical predictions presented in this thesis for instance,
may be Iurther modified by varying G., as the slip is increased
for any given load and speced. This could possibly overcome the
discrepancies occurring in the shape of the curves by enabling
higher values of G, to be assumed for the initial part of the
characteristic and reduced valucs in the high slip region where
0oil film temperatures are incrcased.

Only by sceking correlation over a complete range of
operating conditions may relationships for the dependence of G

upon pressure and temperature be established.

A note on pitting

The shear stress results obtained in the present investigation
may be of some importance to the study of pitting.

Pitting is o phenomeron associated with the fatigue failure
of the contacting todies in areas of high stress alternation.
Failurc is promoted by local stress concentrations in the form of
inclusions or micro-cracks in the material end the initiation of
pits may be attributed to either surface or sub-surface origins,

Inspection of the stress ield at the contoct shows thnt

the maximum shear stress occurs some distance below the surface
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of the material (106) but its location and magnitude varies with
the surface loading conditions. Early solutions considered only
the Hertzian contact pressures (107, 108) but tangential forces
were later introduced (109, 110) by adopting a uniform coefficient
of friction through the contact zone. The tangential strecsses
were therefore represented by a parabolic or semi-elliptic
distribution, the ratio between tangential and normal stress at
any point being the coefficient of friction.

The full elastohydrodynamic pressure distribution has
recently been introduced (111, 112) but no further information
relating to the tangential stress distribution has been made
available and the parabolic distribution is retained (112).

The effect of the tangential stresses is to incrcase the
maximum sub-surface shear stresses but above a friction coefficient
of about %, the shear stresses at the surface rise to a greater
magnitude than the sub-surface values (113). Consequently for
increased friction at the contact, the life to pitting is reduced
and initiation of the failure is transferred from below the
surface to the surface of the metal.

In fluid film lubrication however, coefficients of friction
rarely exceed 0.1 to 0.15 and it becomes increasingly difficuls
to explain the occurrence of the surface initiation of pitting.
The alternative frictional force distributions provided in this
thesis may assist in developing the analysis still further as
the shapc and magnitudes of the tangential forces will affect the
stress field pattern.

Once crack initiation at the surface has been explained
then it is quite possible that the hydraulic theory of iay (114)
for the propagation of cracks mey be applied. The sharp peak in

tangential stress predicted in the present work would assist in
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gpening the surface cracks before entry into the contact Zone,
" ghereupon they would become pressurised with o0il and undergo

propagat i 0.,
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GRNERAL DISCUSSION

rm .
l (B 2 C | Fa¥a .
he various barameters alfecting the thermal and frictional

characteristics of lubricateqd rOlling/Sliding contacts have been

i - ‘ﬁ i £aT ¢ 7;1 N - %) T - ) . .
investigated. From ap “halysis of the behaviour of the lubricant

~ g = T I ) . N
entrained between the contacting bodies, a complete description of

the vemperature, viscosity and sheap Stress field has becn made
available against which the cxperimental data relating to the
failure of these contacts may be comnared.,

Once the contact conditions have been established, it has
been shown that the physical properties of the lubricant play an
important role in the magnitude of the temperatures reached within
the contact. The nmumerical treatment is quite suitable for the
introduction of any known relationships between the properties of
the lubricant and these should be included wherever possible. It
12 also advisable to employ the full pressure profiles and film
shapes of the contact if these are lmown, Generally they are
not and the expressions quoted in this thesis are quite adequate,
particularly for heavily-loaded conditions where the full elasto-
hydrodynnmic profiles have been shown to approach very closely
those of dry contacts.

Thus by sclecting the parameters describing the conditions
and jeometry of the contact and collecting as much infornation
about the lubricant as possible, the gear designer is provided

13

i latine 1 erinerature in a particular
with a method of calculating the temperature in a r u

bt

. . ] £ ihe o+ nidue
applicaticn There is a limitation to the use of the technique,
i ik < - Jidl e .

s "0 ~q vledge of the inlet temperature .
and this is the need for prior knowledg

of the suvfnces to the contact. This temperature is given Dy
E e Butaces Rote

ine ts, and has
vine te ~ature of the machine components, a
the operaiing temperature of 1 a

ig as the t Wk temperature.
been dofined in this thesis as the blant temy

b geomatry of the
rature depends upon the geomatry o
“he blank temperatura depends up
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installation and such factors as whether or not the gears are
mounted in an enclosure or lubricated by splash~jet. Chapter
five gathered together a range of empirical expressions for the
heat transfer coefficients from cylinders and discs that may be
relevant to the problem and extended these to consider the effect
of enclosures. The results were ccrrelated 1n terms of a self-
induced crossflow but further work will be necessary to relate
the crossflov velocity to the enclosure size, so that the
established expressions for heat transfer with crossflow may be
used in these instances.

hActual measurements of blank temperature showed that for
gears lubricated by splash~jet, most of the heat was carried away
by the 0il flowing over the surfaces. Subsequent analysis of
the results indicated a methoad by which the effective heat transfer
coefficients under these condit-ons might be assessed and provided
as design data.

The limitation in the use of the thermal theory may con-
sequently be overcome, if the effective heat transfer coefficient
is known. It is necessary to carry out a re-iterative process of
calculation whereby blank temperatures are initially assumed for
each of the contacting bodies. The theory then not only calculates
the resulting total temperatures in the contact but also the heat
conduction to each of the bodies. No results for actual heat
flow into the surfaces are given in this thesis but are simply
obtained by the product of the thermal capacities of the elements
in the metal and their respectitve temperature rises from the
computer print-out sheet. At this point, it is important to
recall the asymmetry of the tempsrature profiles across the film
and their dependence upon the plLysical properties of the lubricant.

The heat sharing Dbetween the metal bodies will be significantly
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inf renced bs his Y the ce
Na }hlﬁ asymmetr and h need ior accurate expr 1

of the lubricant Properties must pe emphasised

The next sta '
next stage of the mumerical process involves the

calculation of new blan temperatures, These are derived directly

] c ho R L A
from the heat 1njecved into the metal component and the effective

heat transfer coefficie S
ent losing the heat to the surroundings.

M newr 5 ] S AT :
The new values of inlet temperature are thop re-introduced into

i

the calculation of total contact temperature ang the process

repeated until cventually a consistent value for blank temperature

1s obtained.

v

The result will apply to the conditions of steady operation,
where the heat lost to the Surroundings equals the heat injected

at the contact. The transient condition in which the heat input

1 1

is greater than that lost, and the blank temperature is rising
should also be possible but is of little practical significance
except vhere short periods of operation are envisaged.

Hith the full temperature distribution at the contact so
obtained, the possibility of failure by scuffing of a pair of
gears for example, may be assessed, It has for some time been
indicated that gears scuff when a particular temperature is

attained within the contect. Most of the evidence has been

. ) o
obtained by larpe scale gear and disc tests but the work on

+ . e transition
boundary lubrication hos lead to a theory based upon the nsitio

acl ¢ metal surfaces
temperatures at which metal soaps attached to the met

A ots eneath.
are softened and removed to expose the clean metal be

1 zears 11 are
is the loads and speeds of operation of gears and discs ar
P W g | o p . £

) - rfaces in
increased, the maximum temperature reached by the surta

- nperature also

the contact, defined as the total contact tempere a

as 1 ansition temp-
increases when this tcmperature reaches the trar
. [CIARSICESIN WIlC

. 1
. rption of the

eraturc of the metal soaps formed by the adsoxp
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naturally rring surf
naturally OCCurring surfactant compounds foung
com, tound to exist i,
| in
mineral oils, cn de 1
c 5; then desorption op "softeningt of 4] +
Ning ne protective
surface layer occurs. Conte
SeLontact between the metallic surfaces i
e LaCes 13

then possible, either T .
b » elther by chance contact with debris carried 1
- - arrie Dy

] ] 1 A PR A
the oil and blldblné the £

piercing the oil £ilm. The wpne ]
Crogressive welds j ; i £
S1ve welding and tearing of the
surfaces then results ip failure by scuffin
- L1008,

where the original

3

surface profiles are destron and
p Are destroyed and a severe increase in friction

ig obscrved.
M ATy f -+ ish] 3
The temperature at which scuffing is initiated has been

defined as a property of the lubricant an

a,

calied the criticel

temperature. The experiments in Chapter three o

this thesisg

=

have shown that critical temperatures cannot be related o viscosity
as this is no direct indication of the nature of the surface

ective compounds present in the oil. A short and simple technique

nas been developed in the present work for the direct measurenent

m

of critical temneratures. The equipment nccessitated the use of

stainless steel specimens to avoid the chemical reaction cffects

+
U

sustained high temperatures of

(@]

observed with other steels at th

the machine., The results gave good agreement with a series of
t

gear and disc tests. A worthwhile excercisec however would be to

reducc the "soak time of the apparatus, by reducing the volume

- h)
of lubricant to be heated or to arrange for removal of the

- ,_‘_Y,',’l <o
deposited layer by mechanical means. Further experiments could

then be attempted using a range of gear steels.

The proposed technique is idees
PYOJ

. . °5 oy f merit by
of oils, .»nd provides the designer with a figure of me J
vhich to nssess the lubricant.

Against this additional data for the lubricant, may be
. 13 © gear teeth
compared the total temperature reached by a pail of gea
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"n me;‘;hu T 'T‘VO'- y ¥R 1 p alalt]
i +0 avoid failure by scuffing, the total contact temp-
>

ature would ha he Tave
ers L have to be lover than the quoted critical temperature
of the lubricant to

b ‘e -
© used or conversely a lubricant would have

- he aple Ve e ¥ e C .
to be selected that possesseq 3 critical temperature greater than

the predicted total temperature of the contact,

It is conceivable, that when lubricant provertics are

established and heat transfer coefficients more thoroughly

&,
documented thfin the above trial and error process could b2

programmned onto a computer to provide a repid selection procedure
for gear lubricants.

The discussion has so far concentrated on the lubricated
rolling/sliding contacts occurring in gear teeth. A further
example of these contacts is found between the discs and rollers
of friction drives. Various designs are commercially av. ilable,
but all rely on the transmission of torque from one cylindricel
or spherical mcmber to another in the presence of a lubricant.

Tt h~s been possible by extending the thermal theory developed
in this thesis, to study the frictional characteristics of
lubricated contacts. The predicted relationships between traction

(or friction coefficient) and sliding speed (or slip) agree in

. . Tt e 1utions and exhibit the same
general with previous analytical soluvions @

. . S At 7 slip. All
overestimation of the coefficients of friction at low sliy

aumpti ¢ e lubricant
theories to date are based upon the assumption that oh

-+
. . t evi e te suggest
. . PR i+h the recent evidenc 5
behaves as a Newtonian fluid. ith

- ] teristics tha®t in
tonian characteristic
that lubricants possess non-Newtonls a

i -y fluid, it is important
some instances resemble the Maxwellian fluid,
> -t ol (= Lo iL
5> thi fe in the solutions
that an attempt be made to include this effect 1
< d < Ny > M

of the traction problem.

oo ici are
1 lus of elasticity &
Measured values of the shear modulus

e : 1

i applicability to the
ilable from oscillatory tests but thell appli
availa e fron a
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continuous shear situation ig

not clear., The exact viscoelastic

Y cl of i i LCi }

mod(\] ) l\ibrlCc.nt lS aﬂthlpa bd to b\., .110.._\: Com’JleX L/h n h“
t 3 e 1 Llck t_ S

g mp e ]\!jf‘]}(_‘\,ﬂ;ll F}l@,_(.Ac,flt but ais

[SI3)

. first approximation the latter

hasg been introduced int e i i
0 the numerical analysis of traction

presented in Chapter seven.

. R . ..
The solution was applied to the contact conditions obtained

by an experimental rig specially constructed to measure the trans-
mission provided by & lubricant of known physical properties,
These included the thermal conductivity of the o0il over a range

of pressurcs and temperatures, which in a preliminary analysis

had been found o significant parameter in determining the nagnitude
of the traction. By comparing the predicted and actual friction-

slip relationships, the value of the shear modulus was adjusted

o

to providc the best correlation. The values of G, so obtained

were within the range quoted by other authors from different
expcriments.

When further details of the viscoelastic properties of
lubricants become available and more exact models of the fluid
clenent are developed then the present solution may be adapted to

. s icti rive performance
include these. More accurate analysis of friction d p 3

g \ in ansmissio
will then be possible, pointing the way to improved transmission

R 3 hea issipation.
filuids with higher torque transmission and reduced heat dissipatlol

For the present however, solutions of the type given in this thesis

. . i changes to
assist the engineer in assessing suitable design &

o o unit.
improve the performance of the friction drive unl

jon analysis 18 the shear stress

A by-product of the frict

m 5 Newtonian
distribution through the contact zone. The results for nev
uti

ably but both provided

and Maxwellian fluids giffered consider

. ined.
. . cviously determi
surface shear loading distributions not prev
" . (vl = [

nqt »f‘ ] j‘ 1 Y 8 h< ) Loy < 0]
[ s » o0N ' ac lS e l’ e C
¢ ature 0 t e sur <"LCe O‘-rld ILbl C e 0
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CONCLUSIONS o

i
LTORM A series pf
3 scuffing tests On gears and discs
9
asreencnt hogs been obtained bet,

Ween the caleulateq scuffing

-

tenperat

ct
<
=
0]
[
3
s}

1d the critica)
I itical tem £
al temperature 0L the lubricant

neasured directly on the nran
J VR UIC proposcd two-dise machine. The

simplicity of the apparatus )
SN - ePPeLatus and short period of
= 1104 o1 Oach te(?‘t ':'lE} T
* = i P o
the technique suitable nr of 1u
12 0ol lubricants
2 Lo 09

1t having been siown that other

lubricant, such

a8 the viscosity, do not necess sarily give an indication of the

(>

critical tonperature.

e, A A4 : N A A
The relationship between blenk temperature and hect

tronsfer coefl

(',

Ticient has been investigated t by temperature meosurc-

ments on actual gears and discs. This has resulied in the
proposal of o method for assessing the heat transfer coefficients

o

of porticular nachine installations whatever +the method of

Tuarther to this, the well

1

sions for convective heat transfer to surrounding

honogencous fluids have been extended to examine th

D

fect of

[0}
(o)
=

n

and the presence of a self-induced cro

51iding contocts presented in

: - i e £ e bricant .
inportant roles played by the physical properties of the lubrica: L B
. - ~faces and
in determining the heat sharing betwcen the metal surinc

" N CR : c :
Lo o netal-oil inter- o
naximun contact temperatures attained at the ne i

ce o
+ generation across the oil-film

faces., in asymmetry in the hea® g
. T4 = relative blank temp-
has been discovered and attributed o the rel

s affected by
i served to be affected
craturcs of the two surfaces and 18 obse

PRI . o . . A. ,
the second coefficicent of viscositys
act temperature; which ore

Prodictions of total contd
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more accuratbte the hos Sad
C han those obtained by the Ble 54 }
3 =210< equation, therefore
require o preceise knowlede ’
k 18€ knowledge of the lubricants physical T
2l al properties,
He same anmlocs
ac same onalysis hag been used 1o calculate the
) [anns o

effective cocfficicnts of fricts
24 » | r“o B .ok . . .
tetion at rolling/sliding contacts

Previous analyvhi i
Previous annlytical and numerical Solutions have all assumed
e a ABSUNEC

NT s yor 3 a bohnvs - C ) - .

Newtonian behaviour of the fluid as 1% passes through the contact
sl ot 2 i UCE

but hy the introduction of the

T~

foxirel]l fluid nodel into the

analysis, the prese ha ;
analysis,; the present work has shown that the agreement between

+ o g [ala¥d Fae A @A . . . "
theoretical ond neasured friction is far bebter than previously

-

obtained.

oshear stress distributions within the contact have

been obtained for both Newtonian and Maxwellian fluids and differ

considerably fron the usual assumptions of & semi-elliptic or

parcbolic distribution. .. double-rise profile is found, the firs
rise producing a sharp "peak in shear stress at inlet to the
contact with a Nowtonian fluid. The latter results are of

particular relevance to the study of confact stresses and their

2

relation to pitting.

E
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jlu)_erldlx L

yiscosities of lubricants
-LCANTs

e

“ e, -

Viscosi tyy e T

i "b~~-'-~----- N
. 21°¢ On
iN i 60°C ;
¥S4E 10 plain minercl oil ! 90 T t
%C"E” 30 | i g
FoLL 400 45 l;
#SAE 90 |
1100 f ‘
| 80 |
*¥50 Brightstock 5 |
© 12500 l 160
o _ % ‘
Ali & Thomas 'B! '335 3 ! 3
: 309
|
11 & Thomas 'C! 158 L g |
| 0
|
0IL T  ploin mineral oil 1743 L 1
|
]
{
.
100°F 210°F |
]
* : :
OIL II MVT mincral oil: 133.52 w11
i —

" Supplied by Shell Petroleunm Ltd

X
Thornton Research Centre
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Appendix LT

The CﬂlCulé‘ii.%_mQL_C_{iiiﬁal tempes ature frop the fy
T o “““"“-«-««....;_;h~ oL

iction- temperatyre
trace of the t\:JQ__._d_;ﬁpﬁ_c‘ritig_ql temperat

= CUTC machine
——=wLE Machine

For the SAD 30 plain minernl oi] . 1owi
For the SAl 30 plain minera] oil  Fig, 13, the following applies:.
On trece, time scale = 2 minutes per division

and 1 mV represented by 1 large division

(equal to 10 small divisions),

.. lMcan torque before rise = <90 mV
Colibration of torque tube is 8.75 1bf.in per mV.

. . torquc = 7,86 1bf.in.

friction force at 1,25 in radius = 6,28 1bf,

[aus}

2l

je

y between discs.

shared eq

5 1bf.

il

Load on machine arm
Load at discs = 3.5 x = 17.5 1bf,
. « Coeff. of friction = ,18
Blok flash temperature equation is:-

% £ 0.
Tf o= 1,11 £, w (U1E 2 U22) F
1

Da)

X b*

vhen K = 42,2 1bf.in.s. units

b = Hertzian width contact

B

v = load/unit width

3.5%5 1bf. /in
3/
16

- 94 1bf /in




gith ¥ = 26 rev/min, Uy

i
S
no
li

60

Rewriting the Blolk flash temperatyuy

(]

equation in the form;

o= 1,11 1, M_{_U1

L

L N 1
{ b= (U "+ U,7)

h

w
w

urfoces of the two dise > at the «
surlaces ol the two discs move at the same velocities past tre contact

[

zonc, but in oppositc directions, This implies that the heat input tc the

discs duc to the friction at the contact will be ¢ cqually shared ns well
as the flash temperature being equs

The (U1 - Ug) term enters the above 2quation as the fricti

L')
jin}
jas]
i

ro
i

entrgy dissipated.  Henco the difference will be algebraic and Uy -0
The (U4% + Uo”) term however is derived as a result of sumring tae

1

heat input angd will be the numerical sum of the square root velocities.
1

(Uf]"“ﬁ + UQ

These conclusions are drawn from ref. 43,

from troce ang thermocouple calibration,
m = 180°C

i8]
+ - Te = 180 + 8,5 = 188.5¢C

A . . -~ 4
Othor results are given in fig. 10
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Test gears - specificats . : .
At puale = Shecificati ons and dimensio ns
e Cnsions

H ) 7
5" P.C. D, 20% pressure angle 30 toeth

ladius of Addendun Circle 2

ON

665 inche

6]

'?;r“.:m’-‘a 10 1ralsae
fadius for tip relies %0 commence 2.5296 inchos
PRy Vet 125

me . .
Tip relief -3
P 0.6 x 1077 inches

Radius of piten circle 2.5000 inches
o oo

Radius of lowest notive o ) _
] S wChive point 2:)912 inches

Radivs of base circle 2.3492 inches
Base pitch 0.4920 inches

At tip-root contact pointe-

Ry Instanteneous radius of curvature at tip = 1.,2614 inches
Ry, i " " i " root = ,4487 inchos
dLN = R1 'L2 = 0-330
R,' + 1{2
Uqs  Instantancous surfoce speed at tip = 132 in/sec
Uz, g " "M yopt = 47 in/s
4% 1,000 rev/min, Sliding speed = Uy - Uo = 85 in/s
4t 1,000 rev/min, Rolling speed = U1_+ U = 89.5 in/s
2

U
4 pitch point:-
Ry = .8551 inches Ry 428

U = U, = 89.5 in/s per 1,000 rev/min

.3551 inches 1 2

Nl
1
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appendix TV

Specifications

Composition per cent

(Bn 31)

KE 961 High duty die stcel

K& 839 Direct Hardening

steel

3.106 60 ton steel

(suitable for nitrogen

hardening)

S.110 Austenite stainless

steel

e et et e

i

' Hardness V.pen.
| k

100

8]

700 ~ 8

'S
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Appendix ¥

le results and calcul
Sam -ations of heat transfer quant bic

! Measured , T B
e Calculateg g
e s e S
o W 1s 13 o ; |
| } | | PO UBIE®c) ar | Re ! M| o |opp |
] Wat'ts i TGV/mlﬂf fﬂV PV i OC : | 5 ! !
’ | ' : ° : | x107 | i
§ mean i i
N s o N
18.8 | 0 81, .08 24, T Coe g i ’
| ( 45 45 O 2.8 3.06 700 3
l18.8 50 ,1.61 1 25 145 1222 28| 3060 700
! ‘ i 1 ) ' i
118.8 | 75 i1.81 20000 ' s
| & 3.8 1 45.7) 334 | 22,41 3.11.700
e ! s i " i | : i
9.8 , 100 11 811 .14 1 238 §46a2 445 | 22,20 3141 700
| | | , : 4
1€ I ' 1.4 oo ; ; {
8.8 160 11,881 .19 1 23,8 14T 1 710 1 2108 ] 3,19 699
118.8 ; 215 £1.86 | .20 23.8 1 46.7) 955 | 21.9 3.17 |, 700
', _ ! i :
18.8 i 280 11.82 1 .21 24 145 1240 | 228 3.06].700 |
l18.8 | 310 !H 731 .25 | 25 42801370 | 23.9 2.91|.703 |
| « !
l18.8 400 11,711 .25 1 25 42 11780 | 24.4% 2.86|.704
i i i 1
; t % !
18.8 | 452 11,67 | .25 25 41.312020 ¢ 24,8 2,80 .704
| : {
! ' ?
18.8 | 535 §1 52 25 25 140 {2380 25,71 2.72 1.704
18.8 | 570 |1.59 | .25 | 25 539.5‘2540 26,0, 2.68 | .705
f ; i i £ 4 &
i18.8 595 11.57 § .25 25 ; 38.8{2640 26,4 1 2,64 | . 705 f
i H ] ! : !
| 6 i : o =AQ 7 N~4 i
i']S.B 69* f1 54 ; 025 25 2: 30 3080 i 27-O| 2 Pl {OO 5
18.8 870 ;1’51 i .25 25 137 9 38 27‘5 3 7 :
_ " . D
GI‘ - € t’A ,I p3 2 Nll . A———— -
Am7mDL k
'’ 1
Re = B_,J.’.._QEE
Pr = Cpu
P
k

o
jemperature
1 the mean ter
Al propertics are those of air calculated at
» | i e osure.
temperature inside the encl

Of the surface temperature and oir
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ABQ2E¥E£~Y£
talculation of heat transfer 0ol ficients ¢ -
T T==lS Tor gears

From the blank temperaturez@"ultc
S IS

1n sectj 4
ection 4,0 the hent transfer

™

min with 4676 1bf/in Load hag

230 by approximate calculation)

coefficient for 5" PCD gears ot 500 rey

peen determined as 308 (

M0 ) S 4800 Ba ey

a
/é = /4,800 x L4375 x 7 4 5
1 z',i-r"'?r ( i

= 227.5 BtU/hr

il

Faate a) / wA a o
where .4375 width of one row of gear teeth to

which hc has been referred.

. ) o .
From the heat transfer in air results of 0'Donoghue,

A 2 A
Na = 12 Re* for 2.5 x 10% Re < 4.5 x 10°

J
In this casc Re = UD = 7 D2 x 1\‘{6_(2
y .00022 x 144 inz/s
4
= 2 x 10°

°, Nu = 142

142 x .000058 x 12 X 2519

he = _Nu.k =

D 5

2 0
5 BtU/ft.hr T

i

19,8 °F

i

Now, lB“Tambient

X 19.8 BtU/hr

“. q = w

144




when g 18 the heat lost by conveetion fygy the

From the heat transfey in air resy]tg of Cobp

. 0.8
Mo = <015 Re
. " _ B s @ o
-« he = 1,8 BtU/£t°, hr, Op

m m
s e At T - 1

temperature at side of discs a

s at work
, 2
q = 1,48 x 775:{“2___)(19.8
/r 1’1’;’

= z:.. B ‘tU/hI‘

he referred 4o cylindrical surface

5 x (10.7 + 4)

10.7

]

6.5 BtU/ct° hr. OF

i

cylindrica

and Saunderr

, _ 0 . .
ambient = 19.8°F, assuming same sy«

ing surf ace,

ace
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Dex;i_vation of interface heat conducti
De2 b llon

Cquation

Consider an clement bongeq by the intors
i

ace of dissimilay

N | mate ials
and subjected to o tempera c adi
perature gradient across ifs.
Temp |
i
i
|
o hza A
t
Qoyy = Xob_ (1 -To) = ki (D4 - )
Axo A}‘l
. 2
( AX-9‘) ( éﬂ)
l.cC. < T,] - TO ) = qout( 2 ’ ——2—-
l\ ) 1 k
5y ‘{o 1
. - Ty - To )
Yout —(o——i—”““’“‘
(ﬂ_x_o_ +ax ]
2k0 2k
. ~mont 1 pr““uoes
B a o into elemen
From time ¢+ = 0 to Ot, the net heat £

& temperature rise ATT




The heat associateq v+

~ 175

With thj
this temperature Tise isp
1

01 4.[: AX] lA‘.\g
A
X
1 l\l’ = k iy ~
1 ( Td ~ T1 )
M
A
X1
= A0,
M"M
[{}ﬁi + Oy ]
2ko 2k1
._J.__ (Tz—T1)+(T0_J_1)
p 1018 % b %, By Ay ] -
k, %k, 2




- L/ -

sppendix VITT

E;OCK diagren for computer rogramme o

L_themal soluy;op

to lubriceted rolling/sligine
= u/sliding contaoty

15} r
“max’ To

and viscosity

r -
| CALCULATE o
| n -
j 2 o
s 2 &
| o
V 30 8
i LCULATE &

CLLCULATE

AT i
R
v " m——

i
! CALCULLTE

L ONEW Tj &

L e —

. e o PRINT §
|

ST | B 7

| f

! L—:.i. — [ .

: T3 U % T _—L' 0 g through ¥ 5 r at end

| J MOVE TO | o
. o ks

x and ; i contact; ] of con oor

—_— T NEXT GRID e —

| POSITION

et e ot = e -

A

i
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Lis t of papers

m Fapne
The following papers were

2 G

course of the work Presented

"The heat transfer op 2L

temperature"

"An cxperimental determinati
scuffing'

O'Donoghue J.P., Manton S.I.

T

I.Mech.Z. Tribology Conventi

"Goor lubricant testing mach
Manton 5.8, and 0'Dono:hue J
m

Vol.

-

1 W, Py
ribology, No, 3 ‘ug. 1

"femporatures ot lubricated
Manton, S.i.; 0'Doncghue J.P

“ g /g 1
Proc. I.Mcch.E., 1968-68, Vol

21t and Iubricateq contact

Publisheq by the author cluring

in this thesis,

175.

n of the temperature at

and Askwith P.C,

n; Pitlochry 1968, Paper

nes - are they useful?
P,
58 p.146. ‘

olling/sliding contacts”

and Cameron A.

182 part 1 No. 41.
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