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ABSTRACT  

A four disc machine has been designed and con-

structed to measure elastohydrodynamic oil film thickness 

and traction in a line contact. A range of temperatures and 

loads were used together with varying amounts of sliding and 

rolling. In preliminary experiments, traction curves were 

obtained using an x-y plotter, but later this quantity was 

only monitored when film thicknesses were measured. The 

technique of optical interferometry was used to obtain oil 

film thickness. 

Comparison of traction curves with values obtained 

from other machines showed the agreement to be good, except 

for the lack of traction peak. It is suggested that this lack 

of a peak is due to the greater cooling effect in the contact 

due to submergence in oil. 

The optical measurements in the higher ranges showed 

good agreement of behavioural trends with those of other 

workers. However, for lower values of film thickness, anomalies 

were encountered. It is suggested that these anomalies can be 

attributed to surface roughness effects which result in an en-

hancement of film thickness at higher values. At lower values 

of film thickness the enhancement is reduced and this reduction 

is magnified by the presence of sliding. 
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GENERAL COMMENTS 

References will be found at the end of the Chapter 

in which they are mentioned. All Tables and Figures will 

also be at the end of their respective Chapters. 

S.I. units are used throughout the text, although 

other customary units are often additionally given for Chapters 

1 to 5. However the apparatus used instrumentation which was 

calibrated in British units, therefore some of the preliminary 

calibrations were also made in these units. For this reason 

three Figures in Chapter 4 utilise British instead of S.I. 

units. 



CHAPTER 1  

INTRODUCTION AND LITERATURE SURVEY 

1.1 	INTRODUCTION  

Basically the subject of lubrication stems from 

a practical study of the control of friction and the pre-

vention of failure in machine elements. In both these 

aspects, the film thickness of the hydrodynamic lubricant 

film formed between the bearing surfaces is a very important 

consideration. This is particularly true for elastohydro-

dynamic (EHD) conditions where film thickness and surface 

irregularities are often of the same order of magnitude. 

The present knowledge of EHD lubrication is such 

that the formation of an EHD film between smooth surfaces is 

understood more or less fully, and that in most cases the 

predicted values of film thickness from• theory agree well 

with experimental measurements. Moreover several semi-

empirical relationships have been propounded which further 

increase the accuracy with which film thicknesses can be 

estimated. However there is considerable doubt as to the 

validity of these predictions when the surfaces are rough, 

especially when the combined surface roughnesses are of the 

same magnitude as the EHD film thickness. This is further 

complicated by the presence of sliding when the thermal 

effects are more complex and difficult to assess. 

This combination of operating factors is experienced 

in the Kopp variator and the Perbury gear and other such 

devices which rely on traction transmitted through the lubri-

cant film. These EHD conditions already give rise to an 

anomalous behaviour in that the lubricant does not behave in 

• 
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a Newtonian manner at higher sliding speeds, i.e. traction 

force is not proportional to the amount of slip. It is not 

known if this also gives rise to an anomalous behaviour in 

film thickness, especially at low values. 

A test apparatus was designed and constructed to 

allow an EHD line contact to be viewed interferometrically 

whilst operating under typical traction conditions. In this 

way the film thickness could be measured and its behaviour 

noted. A line contact was chosen because, although it is more 

difficult to build the apparatus, it gives less complicated 

EHD conditions than point contact. 

The remainder of this chapter is concerned with 

describing the current "state of the art" in EHD lubrication 

and traction as well as a literature survey. Chapters 2 and 3 

describe the mechanical and optical design respectively whilst 

Chapters 4 and 5 deal with the experimental preliminaries and 

test procedure. The results are presented and briefly dis-

cussed in Chapter 6 with a more detailed analysis in Chapter 7. 

1.2 	ELASTOHYDRODYNAMIC LUBRICATION THEORY  

1.2.1 	The Hertz Equations  

The equations developed by HERTZ (1) were for a dry 

static curved body with elastic properties loaded against a 

semi-infinite flat rigid surface. The curved surface is 

either cylindrical for line contact or spherical for point 

contact. The pressure distribution is found to be semi-

elliptic over the contact area. 

Two elastic cylinders in nominal line contact can 

be represented by a single cylinder in contact with a rigid 

plane by making the following substitution:- 
I 
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1 
= R 
1 	1 	 (1.1) 
1 R2 

2 
1 	1 (1-v1 	1-v2

2 
 

E' 7 El  ' 
, 
 E2  (1.2) 

where R1 and R2 are the radii of curvature, E1 and E2 are the 

elastic moduli, and v1 and v2 are the Poisson's ratios of the 

two bodies. (The same treatment also applies to two spheres 

in contact). 

The half width of the line contact, a, and the maxi-

mum Hertzian pressure, -Hz' are given by the following rela-

tionships:- 

a =  (8WR )1/2 
 7LE' 

2W 
PHz = 7La 

(1.3) 

(1.4) 

where 	W = total load 

L = length of contact of the two surfaces. 

Although this treatment was derived for static 

surfaces its usage can be extended to moving surfaces with 

commendable accuracy. Thus when maximum Hertzian pressure and 

Hertzian half width are quoted for conditions when an EHD film 

is present the figures are those calculated for the equivalent 

static case. 

1.2.2 	Reynolds' Equation  

Reynolds' equation forms the basis of hydrodynamic 

lubrication theory and describes the pressure in a lubricating 

film between two moving surfaces. For an incompressible fluid 

in two dimensions the equation is:- 
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D (h3 	ap) + 	
(h3  9p 	ah - 

ax 	ax 	ay 	n ay = 12 - U ' (1.5) 

where U is the mean surface speed in the x-direction, p is 

the pressure generated in a film thickness h with viscosity 

n. The geometry is shown in Fig. 1.1. 

The derivation of this equation relies on several 

simplifying assumptions as explained by CAMERON (2) or PINKUS 

and STERNLICHT (3). The assumptions are:- 

1. No body forces. 

2. Pressure and viscosity constant through film 

thickness. 

3. No curvature of the oil film. 

4. No slip at the boundaries. 

5. The lubricant is Newtonian. 

6. The flow is laminar. 

7. Fluid inertia can be neglected. 

If the two moving surfaces can be considered infi-

nitely long (i.e. no side leakage) with no change in film 

thickness in the y-direction, all derivatives with respect 

to y disappear. By integrating with respect to x, Reynolds' 

equation becomes:- 

= 12 	( h-F) U n 7 dx  
h- 

(1.6) 

where h is the film thickness at the point of maximum pressure. 

The assumption of an infinitely long bearing comes quite close 

to practical applications in most cases. 

1.2.3 	Classical Hydrodynamic Theory  

In 1916 MARTIN (4) attempted to apply Reynolds' equa- 



5 

tion to the case of metal surfaces rolling over one another. 

Martin was trying to explain the lack of appreciable wear on 

gear teeth and approximated the situation to rigid cylinders 

lubricated by an isoviscous liquid to obtain the following 

expression:- 

.h. 	Uno — = 4.896 101/L (1.7) 

where ho is the film thickness on the line of centres of the 

cylinders. 

This equation gave film thicknesses which were 

smaller than the surface roughnesses known to exist on the 

gears, and consequently wear should have been apparent. Ob-

viously Martin's treatment contained some inherent inaccuracy 

or some other mechanism caused the lack of wear. 

The assumption of rigid cylinders was modified to 

include the effects of elastic distortion by PEPPLER in 

1936 (5) and 1938 (6) and MELDAHL in 1941 (7). A small in-

crease in film thickness was obtained but the absolute values 

predicted were still too low. 

The effect of pressure on viscosity was considered 

by GATCOMBE in 1945 (8) for his work on rigid cylinder lubri-

cation. Again the effect on film thickness was beneficial 

but still the values were too low. The use of alternative 

pressure/viscosity relationships brought no further. improve-

ment either. 

It was not until the effects of elastic deformation 

and pressure/viscosity dependence were combined that a more 

accurate value of film thickness could be predicted. 

I 



1.2.4 	The First Solution to the Elastohydrodynamic  
Problem 

The solution of the hydrodynamic equation involving 

elastic deformation and a viscosity dependence on pressure 

(these two conditions are now known as elastohydrodynamic 

conditions) is a very complex procedure. The first attempt 

to achieve any success was an approximation to the real situa-

tion. This major advance was made by ERTEL, whose work was 

published by GRUBIN (9) in 1949 and consequently has become 

known as Grubin's theory. The approximations that were made 

were largely justified and hence gave a quite good equation 

for film thickness in the line contact EHD problem. 

He assumed that the viscosity dependence on pres-

sure could be predicted by the following relationship:- 

ap 	
(1.8) 

where 	n = viscosity at pressure p 

a = pressure/viscosity coefficient 

no = viscosity at atmospheric pressure 

This exponential relationship is often known as 

the Barus relationship and is a good simple, representation 

for many lubricants. (A paper by CHU and CAMERON (10) discusses 

the accuracy of this equation). 

He also made the close approximation that the pres-

sure distribution and deformation of the lubricated rolling con-

tact could be assumed the same as that of the dry, static Hert-

zian contact. This can be justified by the fact that the re-

duced pressure term (see later) is fairly constant for large 

pressures thus giving rise to an almost constant film thickness 

over most of the contact, moreover the thickness of the lub- 
I 
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ricant film is significantly smaller than the elastic de-

formation. The shape of the contact is given in Fig. 1.2 

where the Hertzian deformation has been combined with a 

parallel film thickness ho. 

Hydrodynamic pressure can only be generated between 

converging surfaces, and as the surfaces in the contact (de-

formed) area are assumed parallel this pressure. generation 

must take place in the (converging) inlet region. The geo-

metry of this region is assumed to be known and so this 

facilitates solution of Reynolds' equation which, including 

the pressure/viscosity relation, is now:- 

e
—) 

-ap 
	= 12 u.n 

h-h 
o  dx 

A reduced pressure, q, was defined such that 

22 . e-aP 
dx 	dx 

(1.9) 

(1.10) 

thus equation (1.9) becomes 

22 	U. = 12 U dx 	o h3 

This is similar to the isoviscous Reynolds' equation 

(equation (1.6)) and may be solved relatively straightforwardly. 

By integration of equation (1.10) the following ex-

pression can be obtained 

) 
q = I (1 - e_ap  

a (1.12) 

By assuming that the pressure at the edge of the 

contact is large (which is true for heavily loaded contacts) 

the e aP term tends to zero and 
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q 1/a 

For a line contact Grubin's solution gives:- 

ho 	anoU)0.73 ) -0.091  
= 1.95 (-17- 	(LE'R 

(1.13) 

This equation gives film thicknesses which are one 

or two orders of magnitude greater than those predicted by 

the rigid cylinder, isoviscous theories and so at last it 

seemed possible to theoretically predict hydrodynamic films 

of a sufficient magnitude to avoid surface contact. 
-•* 

1.2.5 	More Refined Solutions to the Elastohydrodynamic  
Problem  

Ertel went on to discuss how the film shape and 

pressure distribution might be expected to differ in practice 

from that given by his simple model. He predicted that the 

pressure distribution in the inlet region builds up to approach 

the Hertzian pressure smoothly at the contact edge. This has 

the effect of slightly deforming the inlet surfaces which in 

turn assists the pressure generation and film formation. 

Moreover he predicted that the falling pressure dis-

tribution at the exit region implied the existence of a con-

striction. This restriction causes a pressure spike to be 

present at the exit region and has been the subject of much 

discussion. 

Ertel's predictions were verified theoretically by 

PETRUSEVICH (11) in 1951 who obtained numerical solutions to 

the governing equations. The main characteristics of these 

solutions, which are now recognised as general of most EHD 

contacts, were (a) an almost parallel oil film over the ma-

jority of the contact with a restriction near the outlet, 
p 



(b) a near Hertzian pressure curve over most of the contact 

and (c) a significant pressure spike near the outlet region. 

Unfortunately this solution must be viewed suspiciously as it 

predicts a rise in film thickness with load. 

WEBER and SAALFELD (12) showed how the film shape 

changed with increasing load using a numerical solution in 

• 1954, but unfortunately this work was restricted to small 

elastic deformations and so the features of fully developed 

EHD contacts did not emerge. 

In 1959 a new approach to elastohydrodynamic ana-

lysis was presented by DOWSON and HIGGINSON (13). Most 

computer solutions using an iterative procedure were very 

slow to converge for the contact zone and outlet region; 

the inlet region was less complicated. Dowson and Higginson 

overcame this by solving the inverse hydrodynamic problem. 

Normally a solution of Reynolds' equation attempts 

to predict the pressure distribution for a given film shape; 

in the inverse problem the film shape to give a required pres-

sure distribution is calculated. This is then compared against 

the film shape obtained from the elastic deformation of the 

surface due to the pressure. In the light of this comparison 

the pressure distribution is modified until good agreement is 

reached. This method converges quite rapidly but needs judge-

ment in the modification of the pressure curve. 

This early work of Dowson and Higginson did not show 

the presence of a pressure spike although the results were as 

expected in general. However in 1960 (14) they extended their 

work to include conditions of greater severity using a digital 

computer, the pressure spike was now clearly visible. The 

same authors later analysed their results (15) and came up 



h
min . 	. 	-0.13 = 1.6 G*C)6  U*C)7  W* R (1.14) 

- 10 - 

with a simple formula for minimum film thickness which can 

be written in a non-dimensional form as:- 

where 	G* = aE' 

LE 'R 

In 1962 DOWSON, HIGGINSON and WHITAKER (16) consid-

ered the effect of lubricant compressibility and found that 

it introduced a slight modification to the film shape just 

before the restriction, but only had a small effect on the 

restriction itself. They concluded that equation (1.14) 

could be applied to the compressible and incompressible lubri-

cant problems. 

ARCHARD, GAIR and HIRST (17) presented solutions, 

again using the inverse procedure of solving the hydrodynamic 

problem, in 1961 which illuminated the effect of speed, load, 

elasticity and pressure/viscosity coefficient in greater depth 

than before. They split the pressure zone into four parts 

and considered each one separately. Their results were in 

close agreement with those of Dowson and Higginson, although 

the height of the pressure peak was slightly smaller. 

Once the solution of the isothermal EHD problem had 

reached a reasonably satisfactory state attention was turned 

to the effect of heating in an EHD contact, especially that 

due to sliding. 



1.2.6 	Thermal Considerations  

A solution to the thermal elastohydrodynamic problem 

in which the energy equation is also satisfied, was first 

presented by STERNLICHT, LEWIS and FLYNN (18). They assumed 

that all the heat produced by viscous effects was convected 

away by the lubricant (the adiabatic solution). This form of 

solution is satisfactory for some hydrodynamic bearing pro-

blems but invalid for typical EHD conditions. In 1964 CHENG 

and STERNLICHT (19) included the conduction of heat to the 

surfaces. They showed that thermal effects in the film had 

little effect on its thickness under quite severe conditions 

of sliding, and that there was negligible effect in pure 

rolling. This agreed with experimental observations of CROOK 

(20) using varying amounts of sliding in a disc machine. Thus 

Dowson and Higginson's isothermal theory was considered to be 

still essentially correct, including the presence of a pres-

sure spike. The analysis of Cheng and Sternlicht employed ex-

pressions for the mean viscosity across the film, this res-

triction was later removed by CHENG (21) and DOWSON and 

WHITAKER (22)in 1965, but this did not significantly affect 

'the predicted behaviour and was only a refinement. 

The shape of the EHD film and the pressure distri-

bution are illustrated in Fig. 1.3 and compared with the situa-

tion. considered by Martin, together with the dry, static 

Hertzian condition. 

1.3 	ELASTOHYDRODYNAMIC LUBRICATION EXPERIMENT  

1.3.1 	Measurement of Film Thickness  

Techniques for measuring elastohydrodynamic film 

thickness can be subdivided into three basic categories:- 
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mechanical, electrical and optical. 

The mechanical methods, although tending to be 

relatively simple in concept, are often subject to gross 

limitations. Two typical examples of mechanical systems 

are those developed by MEYER and WILSON (23) and JOHNSON 

and ROBERTS (24). Meyer and Wilson used strain gauges on 

a bearing to measure strain variations as the balls rotated. 

By applying thin ring bending theory and the Hertz equations 

they were eventually able to deduce the mean film thickness. 

Some good results were obtained, however some equally bad 

results were also present. This approach was based on assump-

tions about uniformity of film thickness at all points on the 

bearing, and the applicability of thin ring bending theory - 

both are suspect. 

Johnson and Roberts' apparatus consisted of three 

equispaced balls nipped between two contrarotating steel plates. 

The load between these two plates was provided by a compressive 

spring dynamometer which had previously been calibrated for 

load against displacement. As the plates rotated and an EHD 

film built up, a change in load on the spring was detected 

and from this the film thickness- could be deduced. This 

method was subject to large scatter in the results, mainly 

due to inherent errors present in any system that tries to 

measure small gaps using mechanical components. 

Electrical methods of measuring EHD film thicknesses 

really started with LANE and HUGHES (25) in 1952. Although 

they did not measure the actual film thickness, they used 

electrical resistance methods to confirm that a substantial 

oil film was present in counterformal concentrated contacts 

when classical theory predicted little more than boundary lubri- 
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cation. The method consisted of measuring the electrical 

resistance between two moving surfaces; when there was con-

tact the resistance was low and when there was a film present 

the resistance was high. This work was later confirmed by 

CAMERON (26) in 1954, LEWICKI (27) in 1955, CROOK (28) in 

1957 and EL-SISI and SHAWKI (29) in 1958. Attempts to measure 

the film thickness itself by resistance methods were largely 

unsuccessful until El-SISI and SHAW' (30) in 1960. They 

lowered and stabilised the resistivity of the oil somewhat by 

adding sodium petroleum sulphonate, however this still did not_ 

give dependable results. Probably the main objection to this 

technique is the fact that no allowance was made for any 

effect of the pressure and temperature experienced in the con-

tact on the resistivity of the oil. Thus its main use nowa-

days is in lubrication of rough surfaces where the amount of 

asperity interaction is investigated. 

One interesting aspect of Lewicki's work in 1955 

was his attempt at measuring film thickness by capacitance 

methods. Although he did not meet with much success, he at 

least demonstrated the method was feasible. This approach 

was later taken up by CROOK (31) in 1958 who used pads riding 

on the surface films attached to the discs. These pads meas-

ured the film thicknesses on each of the discs after leaving 

the contact; 	from these the volume flow rate of oil through 

the contact could be deduced and hence the film thickness calcu-

lated. This method avoided the problem of having to assume 

the deformed shape of the specimens, which is necessary when 

interpreting capacitance measurements between the two moving 

surfaces themselves. This latter approach was used by ARCHARD 

and KIRK (32) in 1961 for point contacts. They showed that 
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their measurements of inter-specimen capacitance were con-

sistent with the assumption of the Hertzian shape forecast 

by EHD theory. In 1961 CROOK (20) showed that the values of 

film thickness obtained from the pad-disc and disc-disc 

capacitance measurements agreed well with each other. In 

this paper and later in 1963 CROOK (33) describes the first 

ever measurement of film thickness shape. This involved depo-

siting a chromium electrode on a glass disc and measuring the 

rate of change of capacitance as a steel disc rolled over it. 

He found an essentially flat region with a constriction at the 

exit region, thus confirming the basic characteristics predicted 

by theory. A similar technique was used by CHENG and ORCUTT 

(34) in 1965. 

The capacitance technique of measuring film thickness 

was also used by DYSON, NAYLOR and WILSON (35) who published 

an extensive series of tests in 1965, and by several workers 

since. 

In 1958 an attempt to measure film thickness was made 

by SIBLEY et al (36) by measuring the dielectric breakdown 

voltage. The results were largely dependent on the moisture 

content of the oil (as for the resistance method) and the 

technique was not followed up. 

However, an extension of this approach was found to 

have more success later in that year. SIRIPONGSE, ROGERS 

and CAMERON (37, 38) showed that if sufficient voltage was 

applied across an oil film to cause dielectric breakdown, 

the subsequent voltage drop at currents above half an ampere 

depended only on the thickness of the film. They used this 

method to measure film thickness in a four ball machine, and 

in 1960 MacCONOCHIE and CAMERON (39) applied this technique to 
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gear teeth. However this method later fell into disuse 

following doubts as to its validity and the introduction of 

better methods. The main grounds for criticism were that the 

relatively high currents used (up to five amperes) were sus-

pected of causing drastic changes in the contact region. These 

doubts prompted DYSON (40) in 1967 to examine the technique by 

making direct comparisons with capacitance measurements. He 

found the agreement was not good. 

In 1961, SIBLEY and ORCUTT (41) passed a collimated 

beam of X-rays through the elliptical contact between two lub-

ricated crowned discs in the direction of rolling. By measu-

ring the intensity of the transmitted radiation they were able 

to estimate the minimum film thickness in the contact. This 

method gave good agreement with theory although the calcula-

tion of film thickness from transmitted intensity data needed 

considerable manipulation. This method used a beam width of 

0.76 mm (0.030 in.). In 1965 KANNEL, BELL and ALLEN (42), 

using a beam width of 0.076 mm (0.003 in.), examined the 

contact from a direction perpendicular to the direction of 

rolling. By utilising collimation of this degree they were 

able to measure the shape of the contact and they observed 

the characteristic EHD shape. 

The relative merits of X-ray measurement of film 

thickness were argued by KANNEL and BELL (43) in 1971 and they 

concluded that the method was accurate. However, the results 

of PARKER and KANNEL (44), who used this technique showed a 

large load dependence of film thickness at the higher Hertzian 

pressures. GENTLE et al (45)have argued that this is due to 

mismeasurement of film thickness, and results from an X-ray 

shadow cast by the surface roughnesses on the disc. Moreover, 



- 16 - 

to ensure measurement of film thickness, it is extremely im-

portant that the beam of X-rays is perfectly aligned with the 

EHD film in the contact, this calls for considerable experi-

mental expertise. Thus some doubt must remain as to the vali-

dity of this technique when absolute values of film thickness 

are being measured. However, as the major source of any error 

is likely to result in a fixed discrepancy in film thickness 

at all values, this technique is very suitable for detecting 

small changes in film thickness. 

The optical technique of interferometry has been one 

of the most widely used to study the EHD lubrication regime in 

experimental research; most of which work has been concentrated 

on the point contact configuration. This technique provides 

detailed information about both film thickness and shape. The 

first application of this method was by KIRK (46) and ARCHARD 

and KIRK (47) who observed white light interference fringes be-

tween crossed cylinders of perspex. Owing to the use of perspex 

they were restricted to low contact pressures. Also the ex-

tremely low reflectivity of this material in oil meant that the 

interference colours produced with white light were very faint. 

Nevertheless, evidence of a constriction at each side of the 

contact was seen and the general feasibility of the interfero-

metric method demonstrated. 

Using more realistic bearing materials of glass and 

steel in a sliding contact, CAMERON and GOHAR (48) in 1966 

showed clearly the characteristic horse=shoe shaped constric-

tion along the rear and lateral edges of a point contact. A 

wide range of other material combinations such as sapphire/ 

steel and diamond/steel used by GOHAR and CAMERON (49) and 

rubber/glass used by ROBERTS and TABOR (50) also showed this 
I 
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characteristic horse-shoe shaped constriction. 

The results of GOHAR and CAMERON (49) were con-

cerned with sliding contacts, while FOORD et al (51), using 

an improved interferometric system, presented more elegant 

results for rolling contacts in 1969. The first measurements 

of line contact film thicknesses were made by GOHAR (52) in 

1967, although they were rather few in number and experimental 

difficulties were encountered. However this was remedied by 

WYMER (53) in 1972, who, using a tapered roller in contact 

with a circular flat plate, produced results for line contact 

for a large variety of operating parameters. 

The technique of interferometry has been refined 

over the years, mostly by Cameron and co-workers, and now 

enables the measurement of ultra-thin films (WESTLAKE and 

CAMERON (54)) and film thicknesses in a real bearing (PEM-

BERTON (55)). This technique has also been adapted by 

PAUL and CAMERON (56), who, using a gas laser and photo-

graphing the interference fringes due to oil trapped between• 

a fixed ball and a plate at successive time intervals, have 

deduced the viscosity of the oil at high pressures. 

Recently WILLIS and SETH (57, 58) have been deve-

loping a technique for measuring oil film thickness by laser-

beam diffraction methods. They have demonstrated the fea-

sibility of this approach but more work needs to be done, the 

main problem being that more powerful (more expensive) lasers 

are needed the lower the film thickness that is to be measured. 

It will be interesting to note any significant advantages of 

this technique over others when it is fully developed. 
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The results of DYSON et al (35) showed good agree-

ment between the theoretical predictions and experimental meas-

urements (Fig. 1.4). However they measured average values 

and compared them with a theoretical prediction for minimum 

film thickness; WYMER (53) has shown that these measured 

values should be 20% higher than the predicted values. Neverthe-

less it is interesting to note that their excellent agreement 

deteriorates at the higher film thicknesses and that the pre-

sence of sliding further aggravates the situation. These 

authors suggest that this effect is due to shear heating in 

the inlet region and that this heating will be more significant 

when sliding is present. A similar effect was noted by WYMER 

(53), WESTLAKE and CAMERON (54) and FOORD et al (51) for their 

optical studies of rolling point contact. These authors also 

suggest that the cause is probably shear-heating. 

For low to medium Hertzian pressures, most other ex-

perimental observations also appear to agree with theory, at 

least as far as the basic behaviour pattern is concerned. Un-

fortunately empirical formulas for predicting film thickness 

seem to vary considerably, possibly due to the difficulty in 

placing an accurate and universally accepted value on the 

pressure/viscosity coefficient (the exponential pressure/ 

viscosity relation is only an approximation and deviations 

are encountered); moreover any effect of surface roughness is 

ignored. 

However this happy state of affairs is not applicable 

to the region of higher Hertzian pressures (in the order of 

1.5 GN/m
2 

(218,000 p.s.i.)) where there is considerable dis-

agreement about the effect of load on film thickness. The 

results of PARKER and KANNEL (44) show that film thickness 
I 
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falls with increasing rapidity as load increases (Fig'. 1.5). 

As mentioned previously, the validity of these results has 

been questioned by GENTLE et al (45) who argued that this is 

a result of the use of X-rays as a method of determining 

film thickness. However work of LEE, SANBORN and WINER (59) 

using optical methods (albeit for a sliding contact) support 

the results of Parker and Kmnnel. Conversely work of SIBLEY 

and ORCUTT (41) using X-ray methods support the view of 

Gentle et al. This contradictory state of affairs has not 

been satisfactorily resolved as yet. 

1.3.2 	Measurement of Pressure and Temperature in the Contact  

The measurement of pressure and temperature in an 

elastohydrodynamic contact has always proved to be a difficult 

task because of the small size of the contact normally encoun-

tered. Two basic methods of overcoming this problem have 

emerged. The first is to scale up the size of the contact, 

and the second is to use miniature transducers in the form of 

evaporated metal strips. 

One method of scaling up the size of the contact is 

to use materials of a low elastic modulus. This method was 

used by HIGGINSON (60) in 1962 who measured pressure distri-

bution in a contact between a rubber pad and bronze disc using 

a 0.508 mm (0.020 in.) diameter pressure-tap. The results 

agreed with theoretical predictions although the pressures 

were low:- 0.207 MN/m
2 

(30 p.s.i.), and so the effect of 

the pressure viscosity coefficient was absent. 

Another method is to arrange for the contact to have 

a large effective radius, usually by having conforming (sliding) 

contacts. This approach was used by DOWSON and LONGFIELD (61, 

I 
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62, 63) who obtained pressures of up to 82.7 MN/m
2 

(12,000 p.s.i.) using a bronze/bronze contact configuration. 

In addition they also made temperature measurements using 

embedded thermocouples and showed a rise in temperature in 

the inlet zone, reaching a maximum just before the outlet. 

In 1965, LONGFIELD (64) attained pressures of over 0.207 

GN/m2 (30,000 p.s.i.) using a bronze/steel contact configura-

tion. The pressure spike was still not observed although he 

reported the appearance of a crude peak near the exit region 

under certain conditions. The pressure distribution in a 

counterformal contact was measured by NIEMANN and GARTNER 

(65) who used a pressure-tap of .0254 mm (0.001 in.) width, 

the results occasionally showed a maximum pressure in excess 

of the Hertzian value, but the relatively large size of the 

pressure-tap marred the readings. 

A new means of pressure measurement was introduced 

in 1965 by KANNEL,BELL and ALLEN (42). They used a minia-

ture manganin transducer which was evaporated onto one of 

two quartz discs in a disc machine. This transducer was 

aligned axially with the discs and the pressure was measured 

by its change in electrical resistance as it passed through 

the contact. This method gave pressure curves which were 

similar to those theoretically predicted although there was 

no pressure peak in the exit region, however its existence 

would probably have been masked by the finite width of the 

manganin strip. 

A manganin strip was also used by CHENG and ORCUTT 

(66, 34) in 1965 in a glass/steel disc machine; in addition 

they measured the temperature distribution by using a similar 

strip of platinum. This knowledge of the temperature distri- 



- 21 - 

bution enabled the measurement of pressure distribution to 

be corrected for temperature effects. (The electrical res-

istance of manganin varies with temperature as well as pres-

sure, thus an error was present in Kannel, Bell and Allen's 

uncorrected results). Again the pressure profile was similar 

to that predicted by theory although some discrepancies were 

still present, including the lack of a pressure spike; never-

theless some discontinuity was evident. The temperature meas-

urements gave absolute values which were significantly less 

than those predicted theoretically, although CHENG and ORCUTT 

(34) suggested that this could be improved by accounting for 

the viscoelastic properties of the lubricant. 

The first experimental verification of the existence 

of a secondary pressure peak was provided in 1965 by KANNEL (67). 

The quartz discs used in earlier experiments were replaced by 

steel ones, allowing higher pressures to be generated, and the 

manganin strip was insulated from the steel by a layer of silica. 

Under certain conditions a truncated spike was clearly visible 

on the oscilloscope traces (this truncation was to be expected 

due to the finite width of the manganin strip). 

In 1967 HAMILTON and MOORE (68) confirmed the exis-

tence of a secondary pressure peak. They also used a nickel 

gauge for temperature measurement and, utilising a technique 

of ORCUTT'S (66), made measurements of film thickness from 

the variation of capacitance between the gauges and another 

steel disc. Thus it was possible to interrelate all three 

parameters. 

A recent development by TURCHINA, SANBORN and WINER 

(69) has allowed measurement of contact temperatures using 

infra-red techniques. This method not only facilitates meas- 

r 
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urement of absolute values but also the distribution of 

temperature can be obtained. However some manipulation of 

the experimental results is needed to allow for variations 

due to pressure effects. Nevertheless this method should 

prove to be a powerful tool in EHD research. 

Another major measurement that is to be made in 

EHD contacts is that of traction due to relative motion 

between two surfaces. 

1.4 	TRACTION EXPERIMENTAL 

The first investigations into sliding friction 

(traction) were performed by CROOK (33) and SMITH (70, 71, 

72) and to a lesser extent by SASAKI, OKAMURA and ISOGAI (73) 

and ROUVEROL and TANNER (74). Crook's results were limited 

to pressures of 0.69 GN/m2 (100,000 p.s.i.) which is much 

less than the pressures usually encountered in practical 

situations. Smith achieved much higher pressures of up to 

2.76 GN/m2 (400,000 p.s.i.) but unfortunately this was for 

a point contact arrangement which is much harder to analyse 

theoretically than Crook's line contact. Sasaki, Okamura 

and Isogai concentrated their attention on rolling friction 

and only a minor investigation of sliding friction was 

attempted; while the work of Rouverol and Tanner was mainly 

confined to high rolling speeds and high pressures in point 

contacts. 

From these first few major investigations into 

sliding friction it was soon apparent that there was con-

siderable difference between the experimental results and 

the theoretical expectations. Many explanations were pro- 



- 23 - 

pounded and it soon became clear that further data was 

needed in order that objective conclusions could be drawn. 

This data was subsequently provided by persons such as 

PLINT (75,76), POON and HAINES (77), BELL, KANNEL and ALLEN 

(78), JEFFERIS and JOHNSON (79), DOWSON and WHOMES (80) and 

JOHNSON and CAMERON (81), and by many workers since. 

From the data which was then available it was soon 

apparent that there was a general behaviour pattern as demon-

strated by Fig. 1.6. If the coeffiCient of traction, defined 

as sliding friction/normal load is plotted against sliding 

speed, a family of curves is obtained which for high pressures 

and low rolling speeds rise to a peak and then fall to a plat-

eau region. These curves are bounded by what might be called 

a traction ceiling. For lower pressures and higher rolling 

speeds there tends to be no peak; the curve rises slowly 

to a plateau region which is bounded by the same traction 

ceiling. The dependence of this traction curve on rolling 

speed is of secondary importance when compared to pressure. • 

These curves also exhibit a temperature dependence; for 

higher temperatures the curve tends to be lowered and the 

appearance of the traction peak is delayed. However this 

effect is not as well defined as that of pressure and rolling 

speed. 

It has been suggested that a traction curve can be 

divided into three regions as shown in Fig. 1.7. 

The first region from the origin to point A exhibits 

a linear response of shear stress (traction) against shear 

rate (sliding). This is commonly called the Newtonian region 

although work by JOHNSON and ROBERTS (82) shows that this may 

not be a linear viscous region but a linear elastic region. 
• 
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They used the apparatus of POON and HAINES (77, 83) and 

examined the case of rolling with spin. If the lubricant 

response is viscous there should be no transverse force, but 

if the response is elastic there should be a force. Johnson 

and Roberts detected a force (in fact this was also noticed by 

Poon and Haines but without realising its significance) and 

they proceeded to demonstrate that the force, and its beha-

viour under varying conditions of temperature and pressure, 

was consistent with a viscoelastic behaviour pattern and that 

a transition from a viscous to an elastic response could be 

noticed. 

The second region from point A to point B exhibits 

a non-linear response of shear stress against shear rate. 

There are several theories to explain this behaviour, but 

these will be discussed later. 

Thethird region is commonly called the thermal 

region. It is generally accepted that the thermal effects 

from shear heating predominate here, although this does not 

preclude the fact that other phenomena may be contributive 

factors. 

Traction curves are often replotted with the 

slide/roll ratio, E, in place of sliding speed. 

2(11 - U2) E z 	
(U 1 + U.2) 

(1.15) 

where U 1, U 2 are the speeds of the two surfaces. Plotting 

in this manner tends to reduce the results for different 

rolling speeds (but otherwise identical conditions) to a 

single curve, especially at the origin. 

PLINT (76) attempted to demonstrate the nature of 



- 2S - 

the traction peak more clearly by using a semi-logarithmic 

plot (Fig. 1.8). At high pressures he has found that his 

results can be represented by two straight lines character-

ised by a sharp transition point. However it appears that 

this is not general as the results of JOHNSON and CAMERON 

(81), when tried on a similar plot, range from sharp to 

broad transitions. 

CROOK (33) and Johnson and Cameron have used their 

results to determine the effective viscosity of the fluid. 

This is defined as the viscosity which would be obtained from 

the values of traction, sliding speed and film thickness if 

they were considered invariant across the contact and that the 

fluid was Newtonian. Crook found that the effective viscosity 

fell with rolling speed but that the pressure/viscosity rela-

tionship was approximately exponential. Johnson and Cameron 

confirmed Crook's work but showed that at pressures greater 

than those used by Crook the effective viscosity tailed off 

(Fig. 1.9). BELL, KANNEL and ALLEN (78) have produced results 

which indicate that viscosity obtains a fairly constant value 

above a limiting pressure although their quantitative values 

have been questioned by Johnson in the discussion of their 

paper. 

More recent work by ADAMS and HIRST (84) has attemp-

ted to show that the shape of the traction curve can be attri-

buted to a non-Newtonian behaviour of the lubricant. Using 

the results of HAMILTON and MOORE (68) they hypothesize that 

the oil is non-Newtonian above a critical shear stress and 

that this modifies the pressure curve and hence the traction 

curve. Unfortunately the pressure profile results of Hamilton 

and Moore were made for a glass/steel disc combination, whereas 
• 
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the traction results of Adams and Hirst utilised a steel/ 

steel disc configuration, this limited the range over which 

comparisons could be made. Moreover Hamilton and Moore's 

results were made for pure rolling and yet have been applied 

to rolling plus sliding. This traction work has been further 

extended to include the effects of molecular size of the lub-

ricant by HIRST and MOORE (85). 

GENTLE (86) and GENTLE and CAMERON (87, 88) have 

produced traction data for a variety of lubricants for a 

point contact configuration. They also drew attention to 

the remarkable similarity of the traction curve to that 

obtained by shearing a granular bed, and show that by treating 

traction in a similar manner a good fit to the traction curve 

can be obtained. However they are unable to justify this 

comparison theoretically although they list some possible 

causes of granularity. 

1.5 	TRACTION THEORY  

1.5.1 	Newtonian  

The simplest approach to the problem of sliding fric-

tion (traction) is to consider that the lubricant behaves in a 

Newtonian manner i.e. for a small fluid element 

au 
T = n . az  (1.16) 

where T is the frictional resistance of the element, n is the 

viscosity, and 411 is the velocity gradient. The total friction 

force F can be obtained by integrating over the surface 

au Fo,h  :firrolh  dx.dy 7jrj7n(az)o,h • dx.dy (1.17) 
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It is now assumed that the viscosity is constant 

through the thickness of the oil film, this assumption is in-

correct as will be shown later, however 

au _ U 	1 	(z - h/2) 	 (1.18)  az h n ax 

can be used where u is the sliding velocity, h is the film 

thickness and 22  is the pressure gradient. The friction is ax 

now 

Foch 'ff(r1-g + 4F, (z - h/2) dx.dy 	(1.19) 

A line contact situation is now assumed and the pres-

sure curve is defined as extending from x = +a to x = -a, an 

assumption which is not exactly true as the pressure field 

extends into the inlet region. (The origin of the axes is at 

the centre of the Hertzian contact of width 2a). 

Hence 

F 	=L i 	
-4 dx  [In ±
.h 12.c h 

o,h _a  h dx.  (1.20) 

where L is the length in the y-direction. By assuming that 

the contact can be represented by two parallel surfaces sep-

arated by a distance ho, then 

+a 	Lho,f-+a 

dx  
F 	LU 
o,h ho -a 

n.dx 2 -a 
(1.21) 

The second integral is zero as, by definition, p is 

zero at +a and -a. Thus 

F = 
12111ta 	

dx 
o - h a 

(1.22) 

• 
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A function must now be inserted to represent the 

variation of n with x. The expression 

n = no ea 
	

(1.23) 

can be used to relate viscosity to the pressure, where no  is 

the viscosity at atmospheric pressure for a given temperature 

and a is the pressure/viscosity coefficient. If it is assumed 

that the pressure distribution is Hertzian i.e. 

2 2 ap(1-x /a ) 
n = no e "" 

where pRz  is the maximum Hertzian pressure; then an expression 

is obtained which needs to be evaluated numerically. However 

if the simplifying assumption is made that the pressure dis-

tribution is parabolic i.e. 

(1.24) 

"PHZ (1-x2/a2)  n ne 
o 

then an analytical solution can be obtained, as shown by 

CAMERON (2). At high pressures 

U.L.no  _ F   a  • PHZ 	rr  .7.; = 7 ho.W 
.e 
	. 

(a'PHZ), 

(1.25) 

(1.26) 

where p is the coefficient of friction and W is the normal 

load. 

By substituting typical values of the parameters 

into this expression, values of friction which are approx-

imately one hundred times too large are obtained. An error 

of this magnitude cannot be attributed to the simplifying 

assumption'of a parabolic pressure distribution, nor does an 

alternative pressure/viscosity relationship improve matters. 
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This problem can only be resolved by assuming the viscosity 

to vary across the film thickness. This behaviour is attri-

buted to a temperature variation across the film due to 

heating of the lubricant. 

1.5.2 	Newtonian Plus Heating  

The inclusion of thermal effects in Newtonian theory 

has been adopted by several authors such as CROOK (89), GRUBIN 

(90), HINGLEY (91), CHENG (21), and KANNEL and WALOWIT (92). 

The basic approach to the problem is to consider the dissi-

pation of energy inside the contact. It has been shown by 

ARCHARD (93) and CROOK (89) that heat transmission is mainly 

by conduction to the surfaces, hence 
■ 

8u 2 __n (u  = - k
dz

2 
	 (1.27) 

as explained by CAMERON (2), where T is the temperature of the 

oil and k is its thermal conductivity. It should be noted that 

in this expression terms involving compressibility have been 

neglected - this is a common asstxmption. 

Combining this equation with equation (1.16) gives 

d2T 
	

*
2
7E 
	

(1.28) 

If a suitable relationship between n and T can be 

found then this expression can be integrated twice to give T 

as a function of T(and k). The first integration of this ex-

pression was by GRUBIN (90) who used a specialisation of the 

Slotte viscosity equation 

—  	 (1.29) 
(t+c)m 
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where t is the temperature of the oil in any scale and s, c, 

m are constants. This specialisation limited Grubin's work 

to one type of oil. 

CROOK (89) used Reynolds' viscosity relation 

n = n0  e-aT 
	

(1.30) 

where a is a constant, but this has been shown to be very in-

accurate. Also, difficulty in the mathematical manipulation 

of the exponential term is encountered in the use of-the more 

accurate Vogel's equation 

n = k eb/t+9 
	

(1.31) 

where k, b, e are constants. 

On the other hand Slotte's equation is fairly 

accurate and its use has been justified by CAMERON (94) who 

showed it to be very suitable for problems dealing with tem-

perature variations across an oil film. 

As t can be in any scale it is possible to define 

one with an origin at -c degrees centigrade i.e. T = (t+c), 

then 

(1.32) 

and equation (1.28) becomes 

d2T 	T
2.Tm 

s dz2 	.k  (1.33) 

This can be integrated quite easily if T is constant 

with respect to z i.e. aTTE  = O. The basic relation for equi-

librium of an element is 

I 
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DT 
az 	ax 

(1.34) 

22. thus T is constant when 	= 0, this condition is satisfied 
ax 

at the point of maximum pressure. Strictly speaking equation 

(1.33) can only be integrated at this point, however 22  is ax 

the term which controls rolling friction and, as this is small 

compared with the sliding friction, it is argued that there is 

some justification to the approximation that T f(z). Never- 

theless it should be noted that typical values of --2  away ax 

from the centre of contact are in the order of 2.71 x 1012 N/m3 

(107  lbf./in3.), thus it seems hard to believe that T is in-

variant across the thickness of the film. 

In spite of the doubt surrounding the validity of 

the assumption this approach has been used by the authors 

mentioned at the beginning of this section. In addition, all 

have assumed that the temperatures of the two surfaces are 

equal (T1  = T2) and that the temperature distribution is sym-

metrical about the central plane of the oil film i.e. where 

= f (subscript c refers to conditions at the central plane, 

and subscripts 1, 2 refer to conditions at each of the two 

moving surfaces). The first estimate of the central plane 

temperature and viscosity was given by Grubin as 

T
c T

1 = (U2 	l 	
8k 	n1 

- U)2 (m+1)  + 
"c 

(1.35) 

Using the measured values of s, m, and k it is possible to cal-

culate Tc and nc from this equation since 

Tm . 1 
	

(1.36) 

The use of these values of T
c and nc 

enables a cal- 
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culation of an overall value for traction which includes 

thermal effects. It should be pointed out however that it 

is assumed that s, m, and k are constant. This may not be 

true for s and m, and is certainly not true for k as the 

pressure increases. (See reference to Naylor in JOHNSON and 

CAMERON (81)). This increase in k with pressure is of greater 

significance than the fall of k with temperature described by 

CRAGOE (95). Thus the effect of pressure decreases the tem-

perature rise and hence reduces the fall in viscosity predic-

ted by this method. 

However using the values obtained from this type of 

analysis it is possible to obtain a qualitative fit of theory 

with experiment. CROOK (89) managed to obtain a peak in the 

traction curve but the values obtained were too large compared 

with his later experiments (33). He concluded that the dis-

crepancy was due to the uncertainty in the values of the fluid 

properties at high pressures. Other workers have managed to 

obtain qualitative fits but quantitative fits have only been 

obtained by adjusting some of the values of the fluid pro-

perties. 

The predictions of HINGLEY (91) give a better fit 

with experiment than Crook's as they used a more accurate 

form of viscosity/temperature relation. However there is a 

lack of data at low slips (the results are confined to the 

falling part of the traction curve). Even the more sophis-

ticated techniques of CHENG (21) and KANNEL and WALOWIT (92) 

only give good quantitative fits if abnormal fluid properties 

are used (i.e. high pressure/viscosity coefficients). 

The point of greatest disagreement between a New-

tonian plus heating analysis and experimental results is on 
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the rising linear part of the traction curve, yet this is 

where agreement should be at its best. 

In this region the traction force, F, can be ex-

pressed in the empirical relation 

U1. 	U2 

U 
F cc  (1.37) 

U  where U1, U2 are the two surface velocities and U s the mean 

velocity. Newtonian theory gives 

U - U2  
2 F cc na  • 	

ho 
(1.38) 

where na  is the apparent viscosity of the whole contact and 

ho the gap. Using the close approximation 

- 7 ho cc U • (1.39) 

the following result is obtained by combining equations (1.37)0  

(1.38) and (1.39) 

n cca 	U 0.3 
	

(1..40) 

As the viscosity of a classical fluid is not affected 

by rolling speed it must be concluded that Newtonian theory, 

even including thermal effects, is not applicable in this 

region. This conclusion was reached by CROOK (33) and SMITH 

(71, 72) and later by JOHNSON and CAMERON (81) who treated 

the analysis more fully. 

Thus this approach is not feasible. However it is 

generally accepted that thermal effects do play an important 

part in the traction response of a lubricant especially in 

the high slip region (falling or plateau section of the 

traction curve - see Fig. 1.7). The major reason for the dis- 
I 
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crepancy appears to be the assumption of Newtonian behaviour. 

In the following section other theories for lubricant res-

ponse are outlined and their projected behaviour in terms of 

traction are described. 

1.5.3 	The Plastic Solid Hypothesis  

This behavioural model was first proposed by SMITH 

(71, 72) and later adopted by PLINT (75, 76). It adopts an 

approach different from that usually associated with liquid 

behaviour. Both Smith and Plint argued that, under the 

severe conditions encountered in an EHD contact, the fluid 

would behave more like a solid than a liquid. Instead of 

the shear stress being able to increase indefinitely with 

shear rate under equilibrium conditions, the (solid) lubri-

cant would exhibit a "yield stress" above which there would 

be plastic flow. This has been highlighted by Plint with 

his semi-logarithmic plotting of the traction curve, the 

transition point being the onset of plastic flow (Fig. 1.8)..  

The traction peak depends on rolling speed, tem-

perature and pressure, so the critical plastic shearing 

stress can be assumed to be dependent on shear rate, tem-

perature and pressure. Shear rate and temperature are 

related as an increase in shear rate obviously creates more 

frictional heating. Hence there is a choice of two models:- 

(a) Critical shear stress dependent on pressure and 

shear rate only. 

(b) Critical shear stress dependent on pressure and 

temperature only. 

These two models are considered in an excellent 
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review by JOHNSON and CAMERON (81) in which they also go on 

to compare the theory with experimental results. The first 

model is discarded as the maximum tractions observed at 

higher rolling speeds and disc temperatures lie appreciably 

below the traction ceiling. It is therefore concluded that 

traction must be limited by some other mechanism than that 

suggested by model (a). 

Model (b) was first proposed by Smith and is more 

in line with experimental results. For a given pressure the 

critical shear stress is assumed dependent on temperature, 

which will be highest at the central plane of the contact. 

Therefore the critical shear stress will first be reached at 

this plane and it is here that shearing will take place. 

Thus for constant pressure the stress should be only depen-

dent on the central plane temperature, no matter what combi-

nation of disc temperature, rolling speed, and sliding speed 

caused it. 

Johnson and Cameron used the work of ARCHARD (93) 

to calculate this temperature and compared it with their 

results. They obtained good correlation for all but the 

highest temperatures. Johnson and Cameron pointed out that 

at these temperatures the oil film is very thin and that the 

shear plane temperature is not very different from the disc 

temperature, however they were unable to explain the dis-

crepancy. Because of this and other variations from theory, 

they suggested that it would be wise to interpret with cau-

tion Smith's hypothesis that critical shear stress depends 

only on pressure and temperature. 

It must be noted that this hypothesis is only used 

to try and explain the results to the right of the peak in 
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the traction curve, and therefore offers no explanation of 

the fall in effective viscosity with rolling speed or the 

"plateau" viscosity at high pressure. 

More recent work by JOHNSON and ROBERTS (82) and 

DUCKWORTH (96) suggests that the linear part of the. traction 

curve is not necessarily a Newtonian liquid response but 

may be an elastic response, depending on conditions. They 

do not attempt to relate these findings to any other part of 

the traction curve, but it is tempting to assume that if the 

fluid can respond elastically at low shear rates, then a 

plastic response at higher shear rates seems quite plausible. 

As mentioned previously ADAMS and HIRST (84) and 

HIRST and MOORE (85) have also proposed a critical shear 

stress model to explain their results at low sliding speeds. 

However they do not assume that the lubricant behaves in a 

plastic manner, instead they suggest that the liquid is still 

viscous but that at high pressures its viscosity decreases 

with shear stress above a critical shear stress. Hirst and 

Moore attempted to relate this critical shear stress to the 

average molecular size of the lubricant. They concluded that 

this stress was approximately inversely proportional to the 

molecular volume and so tends to add support to the Ree-Eyring 

model for fluid behaviour. 

1.5.4 	The Ree-Eyring Model  

This model attempts to explain the fluid behaviour 

in terms of molecular behaviour. It is known as the signi-

ficant structures theory and was developed by EYRING et al 

(97, 98). For a lubricant this theory has the simplified 

form 
S 
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X 
T = 3  sinh

-1 (OA) (1.41) 

where 6 is the shear rate, 1/a is a shear modulus, x is the 

fraction of the liquid flowing in a non-Newtonian manner and 

a is a factor which is proportional tothe relaxation time of 

the fluid. 

In addition the following definitions are used 

Yip 
x = x • e 

 

Y2P 
= 

• e 

 

For a given fluid at constant temperature;a, xo, 

80, Yl  and y2  are all considered constant. It can be seen 

that for 0.6 << 1 (i.e. low shear rate) sinh-1  8 = 85, hence 

xa (y
• 1

+y
2
)p 

T = 	. A a (1.44) 

This represents Newtonian behaviour of a fluid whose 

viscosity dependence on pressure is governed by an exponential 

law i.e. 

T = n 

• 

e1P  . 6 

where n = x0ao and y = y141,2  a 

(1.45) 

Thus it can be seen that at low shear rates the Ree-

Eyring model predicts Newtonian behaviour in accordance with 

experimental findings. 

This model has been applied to EHD contacts by BELL 

(99), BELL, KANNEL and ALLEN (78), and BELL and KANNEL (100). 

They have achieved reasonable success in describing the film 

thickness using certain approximations but the fit with the 

I 
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traction curve is only qualitative. 8 

The main problems with the model can be summarised 

as follows:- 

There is a lack of information about the material 

parameters and these can only be obtained from 

continuous shear experiments under the appropriate 

conditions. However EHD conditions are virtually 

unique and as such it is almost impossible to simu-

late them elsewhere, therefore any quantitative 

fit is suspect. 

The model is very difficult to use mathematically, 

even in its simplified form. 

At the moment the theory can only be applied to 

isothermal conditions as most, if not all, of the 

material parameters are temperature dependent. 

The theory suggests a much weaker influence of 

rolling speed on film thickness and traction than 

that observed experimentally, especially at high 

shear rates. 

1.5.5 	Shear Viscoelasticity  

One possible explanation of the non-Newtonian be-

haviour of a lubricant is shear viscoelasticity i.e. the oil 

deforms in an elastic manner as well as the more usual New-

tonian (viscous) manner. Hence the apparent viscosity of the 

oil is reduced due to this additional deformation although its 

true viscosity is unimpaired. Examples of viscoelastic mater-

ials are pitch, glass and plastic which over short periods 

of time appear elastic solids but over (much) longer periods 

flow in a liquid manner. 

• 
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The simplest model to represent this kind of be-

haviour is the Maxwell model which supposes the lubricant 

response to be represented by an elastic response and vis-

cous response in series. This leads to an expression of 

the form 

	

= T 	1 dT 

	

n 	G ' dt (1.46) 

where y is the shear -rate, T is the shear stress, n is the vis-

cosity (for low shear rates), G is the shear modulus (for high 

shear rates) and t is the time. 

It has been shown by BARLOW and LAMB (101), using a 

piezoelectric crystal, that this expression does give a fair 

representation of a viscous oil under their, laboratory condi-

tions. However these involved very small strains and very 

high frequencies, the complete opposite of the EHD condition 

of steady shear and very large strains. 

If equation (1.46) is applied in a system of refer-

ence axes which maintains its orientation relative to the 

planes of shear, viscoelastic effects become important when 

the transit time of the oil through the contact (2a/U) is of 

the order of the relaxation time (n/G) - where a is the Hert-

zian half width of the contact and U the velocity - as found 

by MILNE (102) and CROUCH and CAMERON (103). Unfortunately 

the conditions necessary to achieve such a state are very 

rarely found in an EHD contact. 

DYSON (104) has shown that equation (1.46) cannot 

be applied to a system of axes as described above as rota-

tion of the shear planes has to be considered. This was 

pointed out by OLDROYD (105) and other workers and later 

I 
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followed up by TANNER (106). However even taking this shear 

plane rotation into account was still unsatisfactory and 

Dyson went on to show that this model has serious objections 

when trying to relate oscillatory shear results to EHD con-

ditions. 

In 1970 DYSON (107) suggested that the Barlow-Lamb 

model for viscoelastic behaviour would be better. This model 

is similar to the Maxwell model but it combines the admittances 

of the viscous and elastic components instead of the compli-

ances. The justification for this is based on the fact that 

for a liquid to behave as a Maxwell fluid the viscosity should 

show an Arrhenuis relation to temperature 

n = A + — 
T (1.47) 

where T is the absolute temperature and A, B are constants. 

This is rarely true for liquids having viscosities above 

0.01 Ns/m2 (0.1 poise). However it has been shown by BARLOW, 

ERGINSAV and LAMB (108) that liquids above 0.01 Ns/m
2 
can be 

described by the Doolittle free volume equation, and that 

liquids obeying this relation should also obey the Barlow-Lamb 

model. If it is assumed that density is a linear function of 

temperature then the Doolittle free volume equation can be 

written 

Ln n = c + 

 

(1.48) T-T
o 

where C, D are constants, n is the viscosity at temperature T, 

and To is a fundamental reference temperature. HUTTON (109) 

has produced some evidence to show that mineral oils can be 

described quite accurately by the Barlow-Lamb model. 
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DYSON (107) used this model, with the simplifying 

assumption of constant pressure instantaneously applied over 

the contact, to try and explain the general shape of the 

traction curve. He showed that the Barlow-Lamb model gave 

better agreement with experimental results than the Maxwell 

model,but the quantitative fit was dubious due to the lack 

of data and the constant pressure assumption. Moreover the 

fit was poor for the linear part of the traction curve. 

1.5.6 	Compressional Viscoelasticity  

It was suggested by FEIN (110) that the reason for 

the low values of effective viscosity which are observed could 

be the inability of the lubricant to respond to the rapid pres-

sure changes involved in passing through the contact. His 

analysis shows that, under certain conditions, the passage 

time of the lubricant through could be short compared with the 

time necessary for the fluid to reach its equilibrium viscosity 

after an applied pressure step. 

A compressional viscoelastic model can be represented 

by the spring and dashpot system shown in Fig. 1.10. It is 

assumed that the response of a liquid to a rapid change in 

pressure consists of an instantaneous volume change (repres-

ented by Kw) followed by a time dependent volume change (rep-

resented by Kf  with damping rif).. The instantaneous change is 

attributed to compression of the crystal "lattice", while the 

time dependent response is attributed to molecular rearrange-

ments. 

This type of model was used by Fein and also by 

HARRISON and TRACHMAN (111), TRACHMAN (112), and TRACHMAN and 

CHENG (113). Fein's analysis only showed compressional visco- 
I 



- 42 - 

elasticity could be significant and no attempt was made to 

demonstrate an accurate correlation. He used an exponential 

dependence of viscosity variations from the equilibrium to 

density variations from the equilibrium and assumed values of 

the liquid parameters crudely approximated from oscillatory 

shear experiments. 

HARRISON and TRACHMAN (111) obtained a qualitative 

fit of theory with experiment using the Doolittle free 

volume equation and a shear model which consists of a visco-

elastic liquid and a limiting shear stress. They also attemp-

ted to obtain more accurate estimates of the liquid parameters 

from oscillatory shear experiments. This work was continued 

by TRACHMAN and CHENG (112, 113) who used a hyperbolic liquid 

model to obtain a smooth transition from shear viscoelasticity 

to a limiting shear stress. They concluded that compressional 

viscoelasticity is only significant at low sliding speeds and 

that at high sliding speeds it is suppressed by the limiting 

shear stress. 

One interesting feature of Harrison and Trachman's 

work is that they suggest that the "levelling off" of effec-

tive viscosity with pressure (as found by JOHNSON and CAM-

ERON (81) is not a liquid property, but is in fact a conse-

quence of the false extrapolation of effective viscosity to 

its value at zero rolling speed. 

1.5.7 	Granular Theory  

This theory was first outlined by GENTLE and 

CAMERON (86, 87) after noticing some remarkable similarities 

between shearing a bed of sand and an EHD traction curve. 

Loose packed granules (which predominate at low pressure) 



- 43 - 

give an arrangement which is broken down gradually by shear 

until a steady traction force is produced by randomly colli-

ding granules (see Fig. 1.11). At high pressures, the 

granules are hexagonally packed and offer more resistance 

to shear owing to the more rigid configuration. However once 

the order is broken down by shearing, this force is once 

again caused by collisions of random granules. 

Gentle and Cameron suggest that one possible cause 

of granularity is that the region of constant viscosity of 

lubricants at high pressures corresponds to solidification or 

glassing of the fluids. In a sliding contact the nucleation 

centers (around which molecular aggregates grow) are prevented 

from uniting to form a continuous medium by shearing. The 

result is that the lubricant would behave as a granular solid 

if the temperature in the contact was below the pour point 

corresponding to the pressure of the Hertzian region. Unfor-

tunately there is little data on the raising of pour point 

with pressure and so this concept must remain pure supposi-

tion. Nevertheless it is an interesting hypothesis. 

1.6 	SUMMARY  

There is considerable argument over the behaviour 

of film thickness at high Hertzian pressures under rolling 

conditions and mostly centres around the choice of experi-

mental technique. As yet measurement of film thicknesses 

in EHD line contact at these pressures has not been made 

using optical interferometric methods. However this technique 

has been used for the point contact configuration where a 

normal load dependence of film thickness was observed (86). 

Conversely an X-ray method of measuring film thickness in 
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line contact has produced results which show a greater load 

dependence than expected (44). 

Otherwise the behaviour of film thickness in the 

EHD contacts appears to be as predicted for the more common 

lubricating oils although some anomalous trends are sometimes 

exhibited for the specialist fluids (e.g. DYSON et al (35)). 

There is however a discrepancy which is occasionally apparent 

even for mineral,  oils. This occurs at the higher film thick-

nesses where the measured film thickness falls below the pre-

dicted value, a trend which is further aggravated by the pre-

sence of sliding (35, 51, 53, 54). All these authors attri-

bute this effect to shear heating but their justification is 

vague. 

There are many theories which have been proposed 

to explain the shape of the traction curve, most of which 

are more concerned with the low slip region. In the high slip 

region it is generally recognised that thermal effects pre-

dominate although this does not preclude other effects also 

being present. Most of these theories are concerned with 

the contact itself and so should not affect film thickness as 

this is considered to be determined by the inlet conditions. 

The only possibilities appear to be a viscosity dependence on 

shear stress modifying the film build up in the inlet region 

or significant heat flow back out of the contact lowering 

the oil viscosity. The experimental work to date does not 

show any unusual trends in film thickness under traction 

conditions which are not present in pure rolling. However the 

(more) accurate technique of optical interferometry has not 

been applied to EHD line contact as yet, only to the point 

contact configuration which is more complex. 
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FIG. 1.2. THE ASSUMED CONTACT CONDITIONS 

IN GRUBIN'S THEORY 
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FIG. 1.7. THE THREE REGIONS OF A TYPICAL 

TRACTION CURVE 
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FIG. 1.10. SPRING AND DASHPOT REPRESENTATION 
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FIG. 1.11. SHEARING OF A BED OF SAND ( TAKEN 

FROM GENTLE AND CAMERON (87)) 
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' CHAPTER 2 

THE MECHANICAL SYSTEM 

	

2.1 	INTRODUCTION  

The basic design criterion of the apparatus was 

the application of the technique of optical interferometry 

in a study of the lubrication of an EHD line contact under 

traction conditions. It was decided that a four roller con-

figuration should be used in order to give a stable three-

point loading system (Fig. 2.1). 

The central roller was chosen as the optical 

member of the system, the transparent material being sapphire. 

This was selected in order to achieve realistically high 

loads (and hence Hertzian pressures) as the compressive str-

ength of sapphie at 2 GN/m2  (290,000 p.s.i.) is approximately 

three times that of glass. For certain preliminary traction 

tests this central sapphire roller was replaced by one made 

from steel. The shaft that was attached to the central roller 

will often be referred to as the output shaft. 

Means were provided to control the temperature of 

the oil, the load on the rollers and also the amount of sliding 

between the outer rollers and the sapphire roller, together 

with the resulting traction force. To obtain accurate measure-

ment of traction, strain gauges were mounted on a coupling con-

nected to the central roller via two universal joints. 

	

2.2 	ADVANTAGES OF A FOUR ROLLER HYDROSTATIC SYSTEM  

The advantages of such a system can 	most easily 

be shown by outlining the problems associated with other pos-

sible systems. 
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2.2.1 	The Two Roller System  

In a two roller system it is difficult to ensure 

that full alignment is maintained i.e. that the rollers are 

square to each other. They must not skew, nor run at an angle 

(Fig. 2.2). These restrictions are critical as a small mis-

alignment can invalidate the results. Case (a) would give 

an elliptical contact with oil shear perpendicular to the 

direction of rolling; whereas case (b) would give an uneven 

pressure loading in the EHD contact, thus making it impossible 

to draw any conclusions about the effect of load (and hence 

Hertzian pressure) on the film thickness under traction con-

ditions. 

No mechanical two roller system yet advanced has 

completely overcome the alignment problems. The most succes-

sful rig to date is the Caterpillar device (1) which uses 

crowned rollers. Unfortunately a crowned sapphire roller 

would not be suitable for optical interferometry, as the lens 

effect from looking through the sapphire would be extremely • 

difficult to correct; this gives an overriding disadvantage. 

Moreover this system would give an elongated elliptical con-

tact and not a line contact, though an ellipse of about 10 : 1 

major : minor axis ratio can be treated as a line with accep-

table accuracy. 

There is also the problem of high shear forces on 

the shafts which are attached to the rollers. As it must be 

possible to view through the sapphire the shaft cannot pro-

ject into the sapphire but must be attached to one of the flat 

faces. In a conventional disc machine the rollers are loaded 

together via their shafts, giving rise to high shear stresses 

at the interface between roller and shaft (Fig. 2.3). No 
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known method of bonding sapphire to steel (or any other sui 

table material) can withstand stresses of this magnitude and 

it would be prohibitively expensive to make the whole assembly 

out of sapphire itself. 

This problem of shear stress could be eliminated 

by using back-up rollers (Fig. 2.4). However these would 

tend to obstruct the optical path through the sapphire roller, 

and they would each have to be accurately aligned with the 

working rollers. 

2.2.2 	The Three Roller System  

The three roller system (Fig. 2.5) has two. major 

disadvantages: the first is that the central roller would 

tend to be squeezed sideways when the load was applied and 

secondly the optical path through the central (sapphire) roller 

is completely obstructed. (If one of the outer rollers was 

the transparent member of the system the problem of bonding 

the sapphire to the shaft would then be present, as for the 

two roller system). 

These problems would be extremely difficult, if not 

impossible, to overcome. 

The four roller system perfectly locates and sup-

ports the central roller, so eliminating high shear stresses at 

the interface between the sapphire roller and its shaft. It 

also permits a clear optical path. 

An increase in the number of rollers over four does 

not give any added advantage and only tends to restrict the 

working area. Thus the four roller system is the optimum 

choice. 
• 
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Having adopted the four roller system, it was 

decided that a self-aligning system of supporting the three 

outer rollers was needed. Rolling element bearings were 

considered but necessitated a complex system with very tight 

manufacturing tolerances. Hydrostatic bearings were chosen 

because their basic configuration is simple, they are suffic-

iently self-aligning, and, by proper design, they can be made 

to act as'"i loading system as well. 

2.3 	THE HYDROSTATIC BEARINGS AND LOADING SYSTEM 

The hydrostatic bearings consisted of hard steel 

rings mounted on steel spigots onto which were shrunk phosphor 

bronze sleeves (Figs. 2.6 and 2.7). These rings acted as the 

outer (driven) discs and will often be referred to as such. 

Phosphor bronze sleeves were chosen as this mater-

ial has good nembedability" (i.e. any hard foreign matter can 

embed itself into the surface rather than cause scoring) and 

being relatively soft the risk of damage to the steel rings 

in case of malfunction of the apparatus is reduced. 

High pressure oil was fed to the hydrostatic recess 

via internal drillings. This pressure gradually decays as the 

oil spreads outwards from the hydrostatic recess until it 

eventually reaches ambient pressure at the edges of the bearing 

surface. Hence by machining pressure relieving sides in the 

sleeve it was arranged that the oil pressure acted on just 

under half the ring circumference and so gave a nett thrust in 

one direction. This thrust constituted the applied load be-

tween the discs and it was ensured that its resultant direc-

tion acted through the centre of the sapphire disc. The 

pressure relieving sides did not significantly affect the 
I 
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stability of the bearing and consequently the ring was 

accurately.supported and located. 

In order to keep the oil flow rate through the 

hydrostatic bearing down to a reasonable level-the radial 

clearance between the ring and the sleeve was designed to 

be 0.0254 mm -:.(.001 in.). This was thought to be the lowest 

practicable value as a smaller clearance would make the mach-

ining of the components unnecessarily difficult. However 

this clearance would undoubtedly lead toa large hydrodynamic 

effect at the spigot face opposite the hydrostatic recess. 

To avoid this unwanted effect the surface of the phosphor 

bronze sleeve was machined at the back such that its radius 

was reduced by approximately 0.254 mm (.010 in.) i.e. the gap 

was increased by 0.254 mm , a figure which was found to be 

suitable by il'OhERSON (2). 

In addition a small annular undercut was machined 

in the phosphor bronze sleeve,, this allowed low pressure oil 

at the exit from the main bearing area to leak between the 

sleeve and the inner face of the ring. This gave a slight 

hydrostatic thrust bearing effect at this point which reduced 

the risk of metal to metal contact and hence surface damage. 

Each ring was made of an EN3OB steel and had a 

Vickers Hardness of 330. It had dimensions of 50.8 mm (2.0 

in.) outside diameter, 34.9 mm (1.375 in.) inside diameter, 

and a face width of 20.6 mm (0.812 in.). This face was cham-

fered to give an offset track width of 9.5 mm (0.375 in.). 

As the ring overhung the spigot by 1.6 mm (0.062 in.) for 

clearance purposes, this offset track was arranged to be 

exactly in line with the hydrostatic bearing recess and hence 

give an even loading. The central sapphire disc had a dia- 
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meter of 25.4 mm (1.0 in.) and a face width of 12.7 mm 

(0.5 in.). By making the face width of the sapphire disc 

greater than the track width of the outer rings it was en-

sured that the edge conditions of the elastohydrodynamic 

contact would be visible. 

The spigots were then mounted in a faceplate (Fig. 

2.7) which was accurately bored so that the spigots were 

square to this plate. At this point the sapphire disc had 

not been ordered as_it had been realised that it would be 

extremely difficult to ensure that the correct clearance was 

achieved between the steel rings and the spigot. (This clear-

ance depended on the sizes of the steel rings, the sapphire 

disc and the location of the spigot centres). Instead the 

spigot centres were located such that a disc of approximately 

25 mm (1.0 in.) diameter would just fit between the rings 

when the unit was assembled. The actual diameter of the 

disc that just fitted was then measured and found to be 

25.44 mm (1.0015 in.). As a clearance of 0.0254 mm (0.001 

in.) was required between each steel ring and the working 

face of the spigot, a sapphire disc of 25.39 mm (0.9995 in.) 

diameter was ordered. This method of ensuring the correct 

clearance was much easier than trying to accurately locate the 

spigot centres. 

The basic choice of dimensions of the rings and 

disc was not critical but was influenced by the following 

factors:- 

(1) 
	

A Hertzian pressure of approximately 1.38 GN/m2 

(200,000 p.s.i.) was required. This gives a safety 

factor of about 1.5 on the compressive strength of 

sapphire at approximately 2.0 GN/m2  (290,000 p.s.i.). 
I 
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(2) 	The hydrostatic oil pressure should preferably 

not exceed 20.7 MN/m
2 (3,000 p.s.i.) so that 

hydraulic equipment would be readily available. 

(3 )• 	There must be sufficient room to allow the close 

approach of:a microscope. 

(4) 
	

The diameter of the sapphire should not be too 

large as this increases the working distance 

requirements of the microscope, and also costs a 

lot. 

These conditions have been fulfilled in the present 

system. Using the Hertz equations 

PHz = iTLa 

a= 1-v1
2 1-v2

2) 
4 W.R

) 1/2 

((  E1 	L  

(2.1) 

(2.2) 

where PHz = maximum Hertzian pressure, 

W = load, 

L = contact length 

a = half contact width 

v = Poisson's ratio, 

E = Young's Modulus, 

R = reduced radius = R1
R2 

R1+R
2 

(subscripts 1, 2 denote the two contact materials) 

and a manual on hydrostatic bearings (3) it was calculated 

that 1.38 GN/m2 (200,000 p.s.i.) maximum Hertz pressure could 

be obtained with a hydrostatic bearing pressure of approxi-

mately 8.62 MN/m2 (1250 p.s.i.). Moreover 25.4 mm (1.0 in.) 

sapphire is optically equivalent to approximately 14.2 mm 

(0.56 in.) in air which meant that commercially available 



- 73 - 

microscope objectives' (which can operate with working dis-

tances in excess of this figure) could be utilised. 

The hydraulic system is shown schematically in 

Fig.'2.8. The oil supply to each bearing was part of a re-

circulating system capable of giving approximately 2.27 x 

10-4 m3/s,(3.0 gall./min.) at a maximum pressure of 20.7 

MN/m2.(3,000 p.s.i.). Initial calculations for the expected 

• 
flow rate of a 0.01 Ns/m2 (0.1 poise) viscosity oil had pro- 

duced a figure of 7.57 x 10-5 m3/s (1.0 gall./min.) at 

10.3 MN/m2 (1500 p.s.i.) for the whole system. This meant 

that the majority of the oil flow would be directed via a 

pressure relief valve through an oil cooler and back to the 

oil reservoir. The pressure of the oil supply to the hydro-

static bearings was regulated by an in-line pressure control 

valve immediately after the pressure relief valve. 

The bearing oil supply then passed through an oil 

filter with a 5 pm ( 197 pin.) mesh and into a manifold 

from which were taken three separate lines to flow control 

valves and finally to the hydrostatic bearings themselves. 

Flow control valves were the most convenient form of restric-

tors for the bearings as they could be adjusted to suit the 

different operating conditions which would arise when the 

hydrostatic bearing pressure was changed, (the load was varied 

by altering this pressure); they also allowed for an actual 

performance different from that predicted due to construction 

tolerances. For a discussion on the need for and usage of 

restrictors see reference (3). 

After the oil had passed through the bearings it 

collected in the working chamber and by suitably arranging the 

level of an overflow pipe it was ensured that the central disc 
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would remain fully flooded with lubricant. This oil then 

passed into a header tank which constituted the suction 

reservoir for the pump. The tank was located a sufficient 

height above the pump inlet to ensure that a positive pres-

sure was maintained on the inlet, thus avoiding cavitation 

problems in the pump. 

When this system was operational it was discovered 

that the pump was not able to supply more than about 11.0 

MN/m2 (1600 p.s.i.) at the higher temperatures used in the 

experiment. This was attributed to two factors. The first 

*was that the rings tended to run in and after a short time 

the gap between the hydrostatic bearings and the rings had 

increased to approximately 0.0381 mm. (0.0015 in.); the 

second was that there was considerable "slippage" in the gear 

pump for the lower viscosity (higher temperature) fluid thus 

decreasing its efficiency. These two factors meant that the 

maximum pressure of the pump of 20.7 MN/m2 (3,000 p.s.i.) 

could not be utilised. It was thought that this problem 

could be alleviated by decreasing the clearance between the 

bearings and the rings, but this would mean new rings or a 

new sapphire disc, both of which would have been costly and 

time consuming. Therefore, as calculations had shown that a 

maximum Hertzian pressure of 1.5 GN/m
2 

(217,000 p.s.i.) 

could be obtained with 10.3 MN/m2 (1,500 p.s.i.) oil pres-

sure from the pump, this modification was not attempted. 

2.4 	THE BRAKE AND DRIVE SYSTEM  

"Dynadrive" motors were chosen for both the drive 

and brake. The "Dynadrive" system consisted of an A.C. motor 

continuously running at full speed which provided drive to the 
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output via an induction coupling device. The selected speed 

was stabilised by an electronic tachometer feedback circuit 

which controlled the induction coupling and provided a torque 

sufficient to maintain the speed desired. Hence if the speed 

was below that selected, a torque was provided to increase it 

to the required value. However if the speed was above that 

selected, no torque was applied and the speed dropped only 

from frictional losses. 

This mode of operation was correct for the drive 

motor but was obviously unsuitable for the brake motor. 

Fortunately it was found that a relatively simple modifica-

tion enabled the motor to act as a brake. The signal from 

the tachometer feedback was altered such that the torque 

would only be provided if the speed was above that selected. 

Obviously this required the rotation of the A.C. motor to 

oppose the rotation of the brake shaft, otherwise the brake 

section would try to run at full speed in the direction of 

rotation of the brake shaft. This was easily achieved by 

interchanging two of the 3-phase supply lines. 

The mode of operation was such that if the speed 

was above that selected, a torque was provided to decrease it 

to the desired value; whereas if the speed was below that 

selected no torque was applied, i.e. there was no braking 

until the output shaft was driven at the "braking" speed. 

By using this type of system the slip between the 

outer rings and the central disc, and the rolling speed could 

be set to desired values which would remain steady under 

varying conditions. In practice there was a slight variation 

when the load was altered by a large amount,but this was 

easily corrected. Also there was some drift of the speed 
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settings as the rig got hotter. This increase in temperature 

affected many of the electronic components in the motor con-

troller and it was for this reason that the settings needed 

occasional readjustment. 

However this method of braking was preferable to 

other possible systems as can be seen in Fig. 2.9. For gear 

braking the slip between the driving and driven members is 

maintained constant, the value depending on the gear ratios 

chosen. (The two sets of discs are both driven by the same 

motor but their speeds are altered by changing the gear ratio 

between the motor and each set). This method has the dis-

advantage that the slip speeds are not easily changed and in 

practice are usually limited in choice. This was not con-

sidered desirable for this experiment as it was anticipated 

that the rig would need to be as flexible in its settings as 

possible. 

Another method is to use a friction disc brake. 

Unfortunately this has two distinct drawbacks, the first 

being that the brake would tend to suffer from fade and hence 

would be difficult to keep constant. The second drawback is 

that at certain points on a typical traction slip speed curve 

this method of braking would be unstable. This can be seen 

by considering operationg point B in Fig. 2.9. If the slip 

speed increases the driving traction decreases. As the 

braking force is now greater than the driving force the slip 

speed continues to increase and eventually the system stalls 

(i.e. the driven disc stops completely). On the other hand, 

if the slip speed falls the driving traction increases, and 

so the slip speed falls even more until the stable operating 

point A is reached. Therefore it is impossible to investigate 
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the falling part of the traction curve using this method of 

braking. 

The system that was chosen for the current appara-

tus suffered from neither of these faults. The speed range 

was zero to 2,200 r.p.m. (giving a maximum disc velocity of 

2.93 m/s (115 in./s.) for the present configuration) and 

the rated maximum torque (which was available at all speeds) 

16.3 Nm (12.0 ft. lbf.). This torque could be exceeded for 

short periods but care had to be taken to avoid overheating 

in the motor/induction coupling device. 

As the outer (driving) discs were twice the dia-

meter of the central (driven) disc, this central disc rotated 

at twice the angular velocity of the outer discs. To compen-

sate for this the drive motor was geared down by a factor of 

two. This was done using a toothed flexible timing belt and 

matching pulleys to drive a separate lay shaft at half the 

motor speed. This shaft carried three timing belt pulleys 

which in turn drove the three input shafts of the machine, 

again via suitable flexible belts. (Figs. 2.10 and 2.11). 

Each of these input shafts was connected to a corresponding 

outer ring by a form of Oldham coupling which incorporated . 

shear pins (Figs. 2.12 and 2.13). This coupling served the 

dual purpose of allowing for any small misalignment of the 

shaft and the centre of its corresponding ring, and protec-

ting the apparatus in case of sudden seizure. The shear pins 

were made from 1.59 mm (0.063 ins.) diameter sintered bronze 

welding rods. Simple shear tests had shown that these pins 

should shear at approximately twice the rated torque of the 

apparatus. 

The central driven disc, which was bonded to a steel 
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shaft with adhesive (see Chapter 4), was connected to a 

separate lay shaft via two Hooke's joints and a torque 

measuring device (Fig. 2.14). 

These joints allowed for any axial and angular 

misalignment of the driven shaft and its lay-shaft. This lay-

shaft was then connected to the brake motor using a flexible 

timing belt and pulleys as before, however unlike the drive 

section there was no gearing effect present. 

2.5' 	TORQUE MEASUREMENT  

The torque on the central disc was measured by the 

device mentioned in the previous section. This consisted of 

a blade held in a boss which mated with slots in a cup-like 

receptacle (Fig. 2.15). The torque transmitted from the boss 

to the cup-like receptacle caused the blade to deflect. Under 

normal operating conditions this deflection would be small and 

insufficient to cause damage to the blade, however in the case 

of a possible seizing of the apparatus whilst running this 

might not have been the case. To avoid any damage to this 

blade the boss was machined such that stops prevented excess 

movement. 

A matched set of four strain gauges of 120 ohms 

resistance were mounted on the blade to form a resistance 

bridge (Fig. 2.16). Any applied torque to the device caused 

a strain in the blade. This strain could be detected in the 

form of a change in potential difference across two opposite 

corners of this bridge if -a voltage was applied to the other 

two corners. By suitably calibrating this change in potential 

difference the torque could be calculated. It was confirmed 

that temperature effects on this calibration were negligible 
• 
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for the range covered in the experiments. 

The voltage applied to the strain gauge bridge was 

4 volts which was supplied by a stabilised power pack, and 

the output from the bridge was monitored on either a milli-

voltmeter or one channel of an x-y plotter. Facility was 

provided for balancing this resistance bridge before operation. 

2.6 	SPEED MEASUREMENT  

The speeds of both the' driving and driven shafts 

were measured using a digital counter. A small spur gear with 

one hundred teeth was mounted on one of the three main input 

shafts, whilst a similar gear was mounted on the layshaft which 

held the torque measuring device. A magnetic transducer was 

mounted near each gear with its tip as close to the circum-

ferential tooth crests as possible. As the shaft plus the 

gear rotated, small voltage pulses were produced in the trans-

ducer as the gear tooth crests passed. These voltage pulses 

were fed into a digital counter. By selecting a suitable 

time base for the pulse count it was possible to obtain a 

direct read-out of speed. The same digital counter was used 

for both the driving and driven shafts thus it was not possible 

to obtain both speeds at exactly the same instant. However it 

required only a few seconds to select and read one channel 

after the first had been read, and so it was thought that no 

appreciable change in speed would have occurred in this time 

and that the values obtained would be valid. 

The magnitude of these pulses was proportional to 

the rotational speed of the toothed gear wheel, hence at low 

speeds the signal from the transducer was insufficient to 

trigger the digital counter. For the model of digital 
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counter used for the experiment the minimum voltage was 

quoted as 100 millivolts. By tracing the voltage pulses on 

an oscilloscope this threshold voltage was found to be reached 

at a speed of approximately 65 r .p.m. for the input shaft. It 

was confirmed that a steady reading on the digital counter was 

obtained at this speed. The lowest speed used in the experi-

ment was well above this value and so the reading on the digi-

tal counter could be taken with confidence for all the test 

conditions. 

A secondary form of speed measurement was used for 

the output (driven) shaft. A tacho-generator giving a D.C. 

voltage output of 7v/1,000 r.p.m. was driven by a gear which 

meshed with the gear used for the magnetic transducer. Thus 

a D.C. voltage was obtained which was directly proportional 

to the output speed of the apparatus. By feeding this vol-

tage signal into one channel of an x-y plotter and the output 

from the torque measuring device into the other channel, a 

direct plot of torque versus output speed could be obtained..  

2.7 	TEMPERATURE CONTROL AND MEASUREMENT  

It was not possible to effect a great deal of con-

trol over the temperature, it was necessary to wait until the 

required temperature was attained. Some slight control could 

be obtained, however, by varying the water supply to the oil 

cooler. There was a large amount of heat injected into the 

oil from the oil pump and this caused the oil temperature to 

rise steadily. However, for the majority of the operating con-

ditions the larger proportion of the flow was by-passed back 

to the oil reservoir through the pressure relief valve. This 

flow, which was at a low pressure, was passed through an oil 
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cooler; the cooling medium being water. The bulk temper-

ature of the oil in the reservoir could thus be controlled 

by varying the supply of water to this oil cooler. (Addi-

tional cooling was also obtained froM natural convection 

currents). The temperature of the oil in the reservoir was 

monitored using a thermocouple. 

The remainder of the oil flow from the pump (which 

passed through the hydrostatic bearings) had not passed through 

an oil cooler and thus was at a higher temperature than the 

oil reservoir. This meant that the working area enclosing 

the discs was always slightly hotter than the bulk of the oil. 

The skin temperature on the surface of the discs is the impor-

tant value in determining EHD film thickness, and so the tem-

perature of the sapphire disc and one of the steel rings was 

monitored using trailing thermocouples. The thermocouples were 

placed such that the beads were as close as possible to the 

inlet of the contact being viewed optically. The trailing 

thermocouple has been shown to be capable of giving accurate. 

readings of inlet temperature by O'DONOGHUE and CAMERON (4), 

however it must be ensured that no frictional heating is pre-

sent between the bead of the thermocouple and the moving sur-

face. In the case of the thermocouple on the sapphire this 

was achieved by moving the thermocouple very gradually to-

wards the sapphire whilst the rig was running in the pure 

rolling mode, until a temperature rise was detected. As the 

temperature of the disc was similar to the temperature of the 

oil in the working area,this temperature rise could only be 

due to frictional heating. The thermocouple was then backed 

off slightly and the rig speed was varied. Any further fric-

tional heating would have caused a temperature change as this 
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heating is proportional to speed; it was ensured that no 

temperature change was present. 

In the case of the thermocouple on the steel disc 

a slightly different method was employed. As the steel ring 

was electrically conducting an Avo-meter was connected between 

the steel ring (via the main bulk of the apparatus) and the 

thermocouple. The thermocouple was moved towards the ring 

until electrical contact was just made. The speed of the 

rig was again varied to check for frictional heating; no 

temperature change was detected. 
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FIG. 2.1. THE FOUR DISC CONFIGURATION 
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(b) EXAGGERATED 
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FIG. 2.2. POSSIBLE ALIGNMENT PROBLEMS 
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CHAPTER 3  

THE OPTICAL SYSTEM 

3.1 	INTRODUCTION  

The use of optical interferometry as a method of 

evaluating film thickness has been developed to a fine art 

in recent years. The pioneering work of CAMERON and GOHAR 

(1) has been improved and refined to a point where there are 

several specialised systems available to suit a wide range 

of measurements required. These techniques are described 

fully by FOORD, WEDEVEN, WESTLAKE and CAMERON (2) and range 

from some sophistications of the original method to the use 

of spacer layers and of stroboscopic illumination. 

In the present work the requirements were for a 

system capable of measuring EHD lubricant film thicknesses 

from 0.1 pm to 0.75 pm (3.94 pin. to 29.5 pin.), approx-

imately equivalent to optical film thicknesses of 0.15 pm 

to 1.1 pm (5.91 pin. to 43.3 pin.). This system had to be 

capable of being illuminated by an extermally triggered stro-

boscopic system. (This is also an essential requirement in 

order to take photomicrographs). As a high sensitivity of 

film thickness measurement was required a "white light" or 

chromatic interferometric system was designed and used. 

For the loads and slip speeds envisaged for the 

experiment it was necessary to use a transparent material of 

high strength and an optical coating of good durability. 

Sapphire was chosen as the transparent material even though 

it had the undesirable optical property of birefringence 

(sapphire has a slightly different refractive index along one 

axis, the c-axis,compared with an axis at right angles to the 
I 
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first); however this problem was circumvented quite easily 

in the event. The technique of sputtering was used to deposit 

a thin semi-reflecting optical coating onto the surface. This 

gives a good bond strength between the coating and substrate, 

with corresponding long life when compared against the more 

conventional vacuum deposition method. 

3.2 	THE BASIC INTERFEROMETRIC SYSTEM  

A detailed account of the principles of interfero-

metry may be found in many optical textbooks; TOLANSKY (3) 

is a very good example. In the present arrangement the sit-

uation is similar to that depicted in Fig. 3.1, although this 

has been simplified to a large extent. 

A beam of light incident upon the contact between 

two lubricated elements is split into two parts by the semi-

reflecting optical layer deposited on the sapphire. One part 

is reflected from this layer while the other passes through 

this and the oil to be reflected at the surface of the disc, 

and hence to re-enter the sapphire. These two parts of the 

beam then recombine in the sapphire and can be observed using 

a microscope. 

As light has a waveform these two light beams inter-

fere with each other and the resultant is determined by their 

relative amplitudes and phase angles. If the two beams are 

in phase they reinforce each other, whereas if they are of 

equal magnitude but opposite phase they can completely cancel 

each other out. This gives the familiar fringe pattern assoc-

iated with interferometry. 

The amplitudes are determined by the relative ref-

lectivities, absorptivities and transmissivities of the semi- 
I 
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reflecting layer, the oil and the steel surface. The phase 

angle is determined by the difference in the optical path 

lengths of the two beams and the phase changes experienced 

by the beams. (There is a phase change of 180 degrees when 

a beam passing from one medium to a denser medium is ref-

lected at the interface; this includes the reflection at the 

oil/steel interface). 

The difference in optical path lengths is propor-

tional to the separation between the sapphire and the steel. 

Thus, knowing the phase changes and the refractive index of 

the oil, the film thickness can be calculated for a given 

interferometric fringe. 

This is a very simple example, actual systems are 

more complicated than is suggested here. 

3.3 	THE CHOICE OF A CHROMATIC SYSTEM 

For monochromatic light of wavelength A there is 

constructive interference (i.e. the two rays reinforce each 

other) if the optical path difference between the beam ref-

lected from the semi-reflecting layer and the beam reflected 

from the steel is some integral multiple of A, i.e. NA where 

N is an integer. The optical path difference includes the 

effect of any phase change on reflection. There is destruc-

tive interference (i.e. the two rays tend to cancel each other 

out) if the path difference is equal to (N + IDA. This integer 

N is known as the "order" of interference. 

White light can be approximated by a large number 

of wavelengths each corresponding to a different colour. For 

each of these wavelengths the interference process just des-

cribed is valid. Hence the fringe patterns of each colour are 
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superimposed giving a pattern of varying coloured fringes 

but no dark ones. 

Although the number of coloured fringe patterns 

is actually unlimited, in practice it is only possible to 

identify a few fixed shades; namely yellow, red, blue and 

green. These appear alternatively as the optical path dif-

ference is increased i.e. as the film thickness increases. 

This sequence repeats itself and corresponds to an increase 

in the order of interference. Hence, for a nominal change 

of one fringe order in a monochromatic system, a series of 

distinct shades can be obtained,in the chromatic (white light) 

system. Thus the chromatic system is more accurate, especially 

when the range of film thicknesses is small. 

The second reason for the choice of a chromatic 

system was to avoid any possible problems with the visi- 

bility of the fringes. 	If a monochromatic system were used 

in the experimental situation the visibility of the fringes 

would not be high even in the ideal case; and with the random 

scattering of the light that is bound to occur the visibility 

of the fringes will be reduced even further. This meant that 

difficulty might be experienced in clearly distinguishing 

light and dark fringes. However the overall high background 

light level would not significantly affect the ability to dis-

tinguish coloured fringes. 

3.4 	THE OPTICAL SEMI-REFLECTING COATING  

The semi-reflecting coating that was used for the 

experimental interferometric system was Chromic Oxide (Cr203), 

a dielectric material. This is a tough transparent substance 

which absorbs very little light i.e. all light associated with 
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this material can be accounted for in terms of transmissi-

vity and reflectivity. 

The coating was deposited onto the sapphire by a 

techniqud known as sputtering. A full description of this 

method of attaching thin coatings to materials can be found 

in several publications (for example (4), (5)) and a section 

of a thesis by LEATHER (6) draws special attention to its use 

in optical interferometry. 

3.4.1 	The Sputtering Process 

A simplified explanation of the process is as 

follows:- 

The system consists of two plates known as the 

target and the substrate (or more usually the substrate table). 

The target is a metal base plate onto which is attached the 

material that is being sputtered (i.e. the coating material 

that is to be deposited), and the substrate is the object that 

is to be coated. The substrate table or the substrate itself 

is connected to earth (see Fig. 3.2). 

The target and substrate are enclosed in an air 

tight chamber and the whole volume is evacuated to a pressure 

of approximately 4 x 10-4 N/m2 (3 x 10-6 torr.). A gas is 

then introduced (usually an inert gas such as Argon) giving a 

controlled atmosphere for the process. 

In D.C. sputtering, a high direct voltage is applied 

to the target and the intervening space becomes ionised. Par-

ticles of the target are carried into this ionised region and 

begin to deposit themselves on the earthed substrate. This 

works quite well if the target material is a conductor but not 

so well if it is an insulator (such as Chromic Oxide). When 
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this is the case there is a large potential drop across this 

material and the gas in the intervening space does not be-

come ionised sufficiently, hence very low deposition rates 

result. 

This- problem can be circumvented if the target is 

excited by a high voltage radio frequency (approximately 13 

MHz.) instead of a direct voltage. Any potential difference 

which tries to build up across the target material in one half 

of the radio frequency cycle is quickly neutralised in the 

other half. However the gas in the intervening space is still 

ionised, so particles of the target will still get carried, over 

and deposited on the substrate. 

A reversal of this technique is called "sputter 

etching" and is often used as a preliminary to sputtering. In 

this case the table is excited by the radio frequency, and con-

sequently any surface film is driven off the substrate leaving 

a very clean surface ready to be coated in the normal manner. 

(To avoid contamination of the target, a grounded plate is 

interposed between the table and the target during this process). 

This combination of sputtering and sputter etching 

produces a very good bond between the substrate and the coating. 

Consequently it gives a longer life under the severe operating 

conditions encountered in a rolling/sliding EHD contact than 

the more conventional vacuum deposition method. 

3.4.2 	The Coating  

The actual interferometric process is not as simple 

as previously described; multiple reflections are taking 

place, and consequently multiple interference of the light 

beams also. Fig. 3.3 shows a diagramatic representation of 
I 
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the major components of this process although the actual com-

ponents are theoretically limitless. 

It is desirable that beams (1) and (2) are as much 

in phase with each other as possible so that any interference 

in the system is mainly due to the oil film thickness, and is 

not unduly affected by the interaction between these two beams. 

For this reason. the semi-reflecting coating thickness is arran-

ged to be one quarter the wave length of green light (A/4). 

Thus the path difference between the beams (1) and (2) is twice 

this value (X/2) and, for green light, is equivalent to the 

phase change experienced by beam (1) at the sapphire/chromic 

oxide interface. 

Although the two beams are only in phase for one 

specific wavelength of light, the selection of green light as 

the reference wavelength tends to make most of the other major 

colours in phase to a certain extent, and has been found to be 

the best choice in practice. 

The selection of the thickness of the semi-reflec-

ting film is not critical to the basic operation of the system 

(although it will have an effect), but is made in an attempt 

to improve the quality of the interference fringes. It is not 

necessary to know this film thickness as its effect can be 

accounted for when the system is calibrated (Chapter 4). 

3.5 	THE EXPERIMENTAL OPTICAL ARRANGEMENT  

Most optical interferometric studies of an EHD con-

tact have involved the use of a flat plate as the transparent 

body and consequently have had a relatively unobstructed view. 

In the present arrangement the transparent body was not flat 

as a line contact was wanted between the discs. This meant 
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that it was necessary to look through the curved portion 

of the disc to view the contact. 

One consequence of this was that only half the 

circumference of the sapphire disc could be optically coated, 

otherwise a major part of the incident light ray would be 

reflected before it reached the EHD contact. It was intended 

that the contact would be viewed using a stroboscopic device. 

This would be triggered externally such that a clear optical 

path would be assured; however it liter proved unnecessary to 

use this device. A further consequence was that a lens effect 

would be experienced by the light passing through the curved 

surface. 

Moreover the four disc configuration gave a rather 

congested working area for the optical study. Thus a custom 

built optical system had to be designed and used. The selected 

experimental arrangement is shown both schematically and pic-

torially in Figs. 3.4 and 3.5. 

A correction lens was used to counteract the dis-

tortion of the optical path due to the sapphire. This dis-

tortion is high as there is a large difference in the refrac-

tive indices of the sapphire (R.I. = 1.77) and the surrounding 

medium (oil, of R.I. = 1.5), also the curvature of the sapphire 

is quite large. If the central disc had been made of crown 

glass (R.I. = 1.5) the lens effect would have been greatly re-

duced and the necessary optical correction could have been 

relatively easily applied. Unfortunately crown glass does 

not have the required mechanical properties and hence could 

not be used. 

As the correction lens was not to be loaded in any 

manner, the mechanical properties of the lens material were un- 
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important. Thus, although sapphire was preferred for the lens, 

it was not in fact chosen due to its high cost and the dif-

ficulty in machining it. Two possibilities presented them-

selves; either to use a common optical glass and machine the 

surface to a sufficiently small radius of curvature to give 

the desired lens effect; or to try and match the refractive 

index of the sapphire with another glass and machine the sur-

face to the same radius of curvature as that of the sapphire. 

The latter solution was chosen as this had the added advan-

tages of (a) reducing the possibility of cavitation of the 

oil between the correction lens and the sapphire disc (as the 

gap between these two was to be small a hydrodynamic effect 

would be unavoidable) and so minimising the distortion of 

the optical path, and (b) enabling the two surfaces to be more 

easily aligned. 

The correction lens was made of double extra dense 

flint glass (R.I. = 1.73) and had an anti-reflection coating 

of magnesium fluoride deposited on its upper (flat) surface 

(see Fig. 3.6). The outer edges of the lens were ground flat 

in an attempt to ensure the build-up of a uniform hydrodynamic 

film between the lens and sapphire disc (these edges were 

outside the optical path). As the refractive indices were 

not exactly matched there was a small magnification effect. 

Using simple optical theory a magnification factor of 1.022 

was calculated (see Chapter 4). This factor only applies to 

the circumferential direction, there is no magnification in 

the axial direction. There is also no effect on the optical 

film thickness measurements. 

With the lens in situ on the rig and resting on the 

sapphire disc, a rectangular tube (made from brass sheet) was 
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pushed through a machined slot in the outer casing and par-

tially over the lens. This was then firmly attached to the 

lens using packing pieces and "Araldite". Hence the lens was 

in line with the sapphire disc and only needed to be raised 

slightly to give a suitable clearance. The lens and tube 

assembly was then made leak proof to keep out the oil when 

the working area was flooded, and hence acted as an inspec-

tion tube. This meant that the objective lens of the micro-

scope could be brought closer to the sapphire disc, thus 

reducing the working distance requirement of the microscope 

and the amount of oil distorting the optical path. 

It was physically impossible to bring a standard, 

commercially available microscope plus side illuminator close 

to the correction lens, nor was a sufficiently long working 

distance objective lens available for the microscope. The 

problem was solved by re-mounting the objective lens in an ex-

tension tube (Fig. 3.7); this was easily done and involved 

minimal machining. 

The modification allowed the objective lens just 

to touch the correction lens if required, and only reduced 

the working distance by approximately 15% (a figure which was 

acceptable). An increase in magnification of approximately 

50% was obtained. No noticeable deterioration in viewing 

quality was observed. 

The light source was either a continuous tungsten 

filament lamp or a high voltage Xenon discharge lamp triggered 

by an external source. This external trigger consisted of a 

mirror attached to the output shaft which reflected a small 

light source onto a phototransistor pick-up once per revolution. 

Collimation was achieved simply using adjustable diaphragm 
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irises in the side illuminator. Otherwise the experimental 

arrangement was similar to that used by many previous workers 

(2). 

Early experiments showed that, using a continuous 

light source, the central film thickness colour could be 

easily distinguished even though for half the revolution the 

semi-reflecting coating was in the wrong position. For this 

reason the Xenon discharge lamp was only used for photomicro-

graphs. 

It was also noticed that there was a slight "double 

image" effect which varied with the relative rotation of the 

disc. This did not detract from the observation of the central 

fringe colour, but gave an unwanted superimposition of the fringe 

patterns for the photomicrographs. This phenomenon was attri-

buted to the birefringence of the sapphire. It was found 

that, by inserting a piece of "POLAROID" plastic between the 

light source and the microscope side illuminatort this unwanted 

effect could be eliminated. 
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CHAPTER 4  

EXPERIMENTAL ' PRELIMINARIES 

4.1 	SURFACE PREPARATION OF THE DISCS  

The surface finish of the discs is an important 

factor in optical interferometrical studies of EHD contacts. 

If the surfaces are too rough the quality of the interference 

fringes will suffer and it will be difficult to measure the 

film thicknesses. Ideally the surfaces should be perfectly 

smooth, but this is impossible to achieve. The problem in 

getting an acceptable finish is that the polishing is always 

in the same circumferential direction and clogging of the 

polishing pads tends to occur, especially for steel surfaces. 

Also to ensure an even contact the discs should be 

uniform in shape, with the outer surface being concentric with 

the inner surface and parallel to it. Any irregularities in 

form can produce local areas of higher Hertzian pressure and 

invalidate the results. 

4.1.1 	The Outer Discs  

A mandrel was made to hold the discs firmly and 

accurately in place both for the initial machining operations 

and the final polishing. The main shaft of the mandrel was 

located by centre points at each end and its diameter was 

ground and lapped to 34.9 mm (1.375 in.). A cylindrical 

block of steel was then bored and honed to such a diameter 

that it just fitted the main shaft of the mandrel. This block 

of metal was then parted on a lathe to give three rings whose 

bores were all accurately fitted to the mandrel and whose side 

faces were perpendicular to their bores. 
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Using the same centre points as were used to 

grind the shaft of the mandrel, the outer surfaces of the 

rings were ground to a diameter of just over 50.8 mm (2.0 

in.). Thus the inner bores and outer surfaces of the rings 

were concentric. The chamfer was then ground onto the rings 

(again using the mandrel) and the outer surfaces were fine 

lapped to 50.8 mm (2.0 in.). 

The sharp edge between the track and the chamfer 

was blended using fine emery paper and hand lapping. This 

avoided any edge conditions which could give rise to above 

normal Hertzian pressures in the contact, as shown by WYMER 

(1). 

Finally the outer track was polished using varying 

grades of diamond paste until a good reflective surface was 

obtained. 

Surface profile traces of the rings showed good 

uniformity of shape and gave centre line average (C.L.A.) 

roughness values of 0.039, 0.042, and 0.043 pm (1.54, 1.65,.  

and 1.69 pin.). (Samples of the traces are given in Fig. 7.23, 

Chapter 7). 

A general assembly photograph and drawing of the 

ring and mandrel arrangement is shown in Fig. 4.1. 

4.1.2 	The Central Sapphire Disc  

A rough machined sapphire disc with an outside 

diameter of 28.6 mm (1.125 in.), a width of 12.7 mm (0.5 

in.) and a projecting "tongue" from one face was supplied by 

a manufacturer. This was attached to a steel shaft with a 

corresponding groove in it using an adhesive (see Fig. 4.2). 

This adhesive was one of the cyanoacrylate variety 
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which combines a high shear strength with a certain amount 

of flexibility (it is often used as a strain gauge cement). 

This is superior to other adhesives such as "Araldite" which 

have little or no flexibility and which can shatter under an 

impulse load. 

The shaft and sapphire were then returned to the 

manufacturer for final machining and polishing. By holding 

the assembly by the steel_shaft it was possible to ensure that 

the sapphire was machined concentric with the shaft. The dia.- 

meter of the sapphire was nominally 25.4 mm (1.0 in.). However 

the actual value was determined by assembling the steel discs 

on their spigots and measuring the size of the central disc 

necessary to give a tight fit and then subtracting 0.0508 mm 

(0.002 in.) from this value. This gave a nominal clearance 

of 0.0254 mm (0.001 in.) between the spigot and the ring 

when the hydrostatic bearing was in operation. 

As sapphire is harder than steel it is easier to 

obtain a good, highly polished surface finish. This fact plus 

the professional, but unfortunately expensive, techniques em-

ployed by the supplier produced a uniform surface with a C.L.A. 

roughness value of 0.002 um (0.079 uin.). 

The disc was then sputtered with the optical coating 

as described in Chapter 3. 

4.1.3 	The Central Steel Disc  

The disc and shaft were machined from one solid piece 

of steel and the surfaces of both were ground with the assembly 

held between centres, thus ensuring that the shaft and the disc 

were concentric. The surface of the disc was then lapped and 

polished in a similar manner to that used for the steel rings 
I 



and to the same diameter as for the sapphire disc. 

The disc surface had a uniform shape and a C.L.A. 

surface roughness value of 0.034 pm (1.34 pin.). 

4.2 	CALIBRATION OF THE TORQUE MEASURING SYSTEM  

The system of torque measurement utilised strain 

gauges mounted on a flexing metal blade as described in 

Chapter 2. Several commercial Wheatstone bridge systems are 

available to measure strain and from this, knowing the geometry 

and material of the strain gauge blade, the stress and hence 

the torque can be calculated. Unfortunately this method is 

susceptible to inaccuracies, especially when a small, non-

uniform strain gauge blade is used, as local effects on the 

strain characteristic of the blade will be significant. 

A far simpler and more accurate method is to 

calibrate the output from the strain gauge bridge against a 

known torque. This calibration was performed using a torque 

loading arm as shown in Fig. 4.3. The strain gauge assembly 

was left in position on the rig and one end of the torque 

shaft was clamped into this assembly using the grub screws al-

ready present for the output shaft (when in position). The 

other end of the torque shaft was supported in a block of 

metal into which a PTFE bush had been inserted, hence the 

friction offered by this support was minimal. 

As the torque shaft was symmetrical about its 

centre it did not contribute any torque due to its weight, 

the only dead weight torque was produced by the torque arm. 

Knowing the weight of this arm and the dimensions of the 

arm and torque shaft, the deadweight torque could be easily 

calculated by assuming the centre of gravity of the arm to be 
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at its geometric centre. This was the minimum torque that 

could be produced. Further increases in torque were obtained 

by hanging known weights at a known distance from the centre 

of the torque shaft. Hence the total torque produced could 

easily be calculated and plotted against the measured output 

from the strain gauge bridge. It was confirmed by a simple 

test that, by having the strain gauge blade in a horizontal 

position, vertical loads on the torque shaft itself did not 

affect the output from the bridge. Hence, even though the 

strain gauge assembly also acted as a support in this configura-

tion, the calibration was not invalidated. 

The plots of torque against output voltage gave a 

straight line which, when extrapolated from the minimum torque 

value, passed through the origin, thus showing that there were 

no measurable spurious frictional torques in the system. 

Readings obtained when the torque arm was systematically un-

loaded also lay on this line, thus showing that there was no 

hysteresis effect. 

This method of calibration was very quick and simple 

and it was quite easy to check the system periodically through-

out the tests. When this was done, no variation from the 

initial calibration was found. 

4.3 	LOAD CALIBRATION  

The loading produced by each hydrostatic bearing 

can be calculated by one of two methods. The first expresses 

the load as 

Pr W = a .p + r r (4.1) 
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where W = load 

a
r 

= projected recess area 

a2, = projected land area 

pr  = recess pressure 

See Fig. 4.4 

  

This method assumes that, due to the symmetry of 

the bearing, the surface integral of the pressure in the y-

direction is zero, leaving a nett force in the x-direction, 

i.e. the pressure can be considered to act over the projected 

area of the bearing. It also assumes that full recess pres-

sure is maintained over the recess area and that an average 

pressure of pr/2 exists over the land area (i.e. the pressure 

drops to ambient at the edges in a linear manner from full 

pressure at the recess). 

From this can be obtained the relation 

W = 3.74 x 10-4 pr 
	 (4.2) 

for the bearing geometry of the experimental apparatus where 

W is in N and pr is in N/m
2
, or alternatively 

W = 0.58 pr 	 (4.3) 

if W is in lbf. and pr  is in p.s.i. 

The second method is to use information found in 

the CAST BRONZE BEARING DESIGN MANUAL (2) which expresses the 

load as 

W = a
f.Ap.pr 
	 (4.4) 

where 
	

A = total projected area of the bearing 

of = load coefficient. 
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The load coefficients are found using an electric 

analogue technique and for the geometry used here a value of 

of  = 0.60 is obtained, this gives a load/pressure relation of 

(S.I. Units 	W = 3.61 x 10-4 p
r (4.5) 

(British Units) 	W = 0.56 pr  (4.6) 

Both these methods give very similar results. How- 

ever it was felt that the second method was more accurate and 

hence this relationship was adopted in the preliminary design 

calculations. 

Prior to usage the three pressure gauges (one for 

each hydrostatic bearing) were checked using a deadweight 

pressure tester and found to be accurate. 

The loads predicted by the preferred method were 

checked by comparing the calculated Hertzian contact width 

using these loads against the measured value for static con-

ditions. 

Hertzian theory for line contact gives 

8WR a _ - 7717-E  r (4.7) 

where 

hence 

a = Hertzian half width 

R = Reduced radius 

E' = Reduced Young's Modulus 

W = Load 

L = Length of contact 

W - 71
.LE' a 

8R 

2 
(4.8) 

E4, L, R are known and a can be measured, hence 

the load can be calculated. 
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To measure "a" the microscope system employed on 

the apparatus was fitted with a micrometer eyepiece. This 

consisted of a fine cross wire which was moved across the 

field of view by turning a calibrated dial. The microscope 

was focussed on a fine graticule in air which had a 1.0 mm 

(0.0394 in.) length in 100 divisions accurately etched upon 

'it. The cross wire was traversed- across this length and 

the difference in readings on the micrometer scale noted. 

Hence,by focussing on the Hertzian contact and traversing 

the cross wire from one edge of the contact to the opposite 

edge,it was possible to calculate this distance by noting the 

difference in micrometer readings and comparing it against 

the value for the graticule. However to obtain the real 

value of the Hertzian width (2a) it is necessary to apply 

a correction factor due to the distortion produced by the 

correction lens, oil film, and sapphire. 

Referring to Fig. 4.5, for the first part of the 

light ray path simple optical theory gives 

n
3 --r- 

n2 n3  n2 - U RB  (4.9) 

If the oil gap is small, then the second part of 

the light ray path can be approximated by 

n2 n1 n2 - n 1 
-v,  v RA 

(4.10) 

Combining (4.9} and (4.10) and using RA  = RB  = R 

gives 

n3 	ni 	n3  - 	
(4.11) 
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(i.e. the same as for a curved surface with a sapphire/flint 

glass interface). The magnification is given as 

M 
	 (4.12) 

Using n3  = 1.765, n2  = 1.728, u = 25.4 mm (1.0 in.) and R = 

12.7 mm (0.5 in.), a value of m of 1.022 is obtained. 

Thus the real Hertzian width equals the apparent 

value divided by 1.022. 

The Hertzian width was measured at five pressures 

and it was confirmed that these values did not change with 

temperature. The comparison of the values of load from hydro-

static bearing considerations and Hertzian width calculations 

is given in Fig. 4.6. It can be seen that the agreement be-

tween the two methods is not good, the value calculated from 

Hertzian width measurements being less than predicted. 

It was clear that the hydrostatic bearings were 

not performing as predicted and that they would need to be 

calibrated directly against the oil supply pressure. However 

the experimental method of determining load just described 

is very sensitive to the half contact width (a), and so it 

was considered that this method of calibrating the hydro-

static bearing was not the most satisfactory. Therefore it 

was decided to construct a purpose-built load cell to measure 

the performance of the hydrostatic bearings. 

This load cell was designed to replace the central 

disc and is shown in Figs. 4.7 and 4.8. As it was decided 

that the loads produced by the hydrostatic bearings were only 

to be measured for the static condition, (the practicalities 

of a rotating calibration were considered too complex and 

the performance of a hydrostatic bearing is the same for both 
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motion and no motion in any case) it was not necessary to 

design this load cell to close tolerances. Instead the fit 

between the bearings was obtained using various thicknesses 

of steel shims. Two "active" strain gauges were bonded to 

the load tube and two "dummy" strain gauges to the semi-

cylindrical platform. These gauges were then wired up to 

form a resistance bridge. 

In a similar manner to the torque measuring system 

this load cell was calibrated against a known compressive 

load in a "Denison" testing machine. The response was closely 

linear and the curves of voltage output against load were the 

same for loading and unloading. 

The load cell was then located in the experimental 

apparatus such that the line of action of the resultant force 

produced by the hydrostatic bearing passed along the centre 

line of the load tube. The output from the load cell was noted 

for six hydrostatic bearing pressures and it Was confirmed that 

this was consistent for all temperatures. From this the load 

could be calculated; the results are shown in Fig. 4.9. 

It can be seen that the bearings are producing a 

load less than expected. The reasons for this are not clear 

but may be due to the presence of some scoring on the bearing 

faces. (Although the bearings were initially operated without 

the steel rings during construction to drive out any swarf 

etc., some metal debris must have still been present to cause 

this minor damage at a later date). 

4.4 	REFRACTIVE INDEX OF THE OIL  

The calibration of film thickness in terms of 

fringe order or interference fringe colour is a measure of 
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the optical film thickness, not necessarily the actual 

film thickness. The two thicknesses are related as follows:- 

h
optical = hactual x 
	

(4.13) 

where nip,T} is the refractive index of the intervening med-

ium which is a function of pressure and temperature; thus 

they are only the same if nip, T} = 1 and for oil this is not 

the case. 

Therefore to interpret the measured film thickness 

in terms of the real EHD film thickness it is necessary to know 

the refractive index of the oil at the contact pressures and 

temperatures. It is not possible to measure refractive 

indices at the pressures experienced in the contact of this 

apparatus and so they must be calculated. 

The pressure and temperature chosen at which to 

determine the refractive index were the inlet temperature and 

the maximum Hertzian pressure. The refractive index does not 

change very rapidly with temperature so the assumption that 

the contact temperature is uniform and equal to the inlet tem-

perature is adequate in this case. (To produce a 5% change 

in refractive index temperature rises in the order of 200°C 

are needed). The reason for choosing the maximum Hertzian 

pressure is that the film thickness is measured in this area 

(i.e. the centre of the contact) and so this pressure is the 

most applicable. 

4.4.1 	Refractive Index Measurements at Inlet Temperatures  

Measurements of refractive index were performed 

for the lubricant at ambient pressure using an Abbe Refrac-

tometer. The temperature was controlled by circulating water 
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through the refractometer from a thermostatically regulated 

bath. The working area was allowed to reach a steady tem-

perature over a period of one hour before the lubricant was 

applied to the working surface. A measurement of refrac-

tive index was then taken. The thermostatic water bath was 

set to a new temperature and the procedure was repeated. 

A graph was plotted of refractive index against 

temperature; it was found that, for the range of temperatures 

used, there was a linear relationship between the two para-

meters. 

4.4.2 	Calculation of Refractive Index at Contact Pressures  

Once the refractive index of the lubricant had been 

deduced for the required value of inlet temperature, it could 

be recalculated for the pressures at the centre of the contact 

using the Lorentz-Lorenz equation:- 

n (1 + 2A)  1/2  
(1 - A) (4.14) 

where 	n = refractive index 

p 	- 1) 
A = 	° 	

2 

p 	2 o (n
o 

+ 2) 

p = density 

subscripts p and o refer to pressure p 

and ambient pressure respectively. 

The behaviour of density with pressure and tem- 

perature is given later in this chapter. 

4.5 	OPTICAL FILM THICKNESS CALIBRATION  

It is impracticable to try and interpret the vis-

ual observations of fringe order and colour in terms of 
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optical film thickness by theoretical means. The reasons 

are threefold: firstly the coloured fringes which can be 

identified in the contact are largely the subjective im-

pressions of the observer; for example, what may seem a 

"true green" to one person may seem a slightly "blue-green" 

to another. Secondly, there is a phase change when the beam 

is reflected from the steel surface; the value of this 

change cannot be accurately predicted. Thirdly, the semi-

reflecting layer used in the present optical system is a 

dielectric material. This means that light is reflected from 

both the sapphire/chromic oxide interface and the chromic oxide/ 

oil interface, and that the light reflected from the steel will 

interfere with both these beams. The relative phase of the 

beams will be dependent on the thickness of the chromic oxide 

layer which was optimised at approximately 4 wavelength of 

green light. This thickness is not exact and cannot be easily 

measured thus causing more uncertainty. 

The only way of accurately calibrating the optical 

film thickness is to match the observer's subjective opinion 

of fringe colour against a known film thickness. The cali-

bration method adopted was similar to that used by WEDEVEN (3) 

and involved the use of a simple "Newton's Rings" type of 

interference pattern. 

A small piece of optically flat crown glass was 

sputtered with chromic oxide at the same time as the sapphire 

disc was sputtered. It was ensured that this piece of glass 

was placed next to the sapphire and at the same distance from 

the target, thus it would have been coated with the same thick-

ness of chromic oxide as the sapphire. In the optical inter-

ferometric system the material of the clear substrate does not 
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affect the measurements as long as it has a refractive 

index below that for the coating, as is the case for the 

sapphire. (The refractive indices for sapphire, crown glass 

and chromic oxide are approximately 1.8, 1.5 and 2.4 respec-

tively). 

This piece of glass was then lightly pressed against 

a piece of steel that had a convex surface of 9.144 m. (30.0 

ft.) radius and which had been polished to a high optical 

finish. Oil was present between the glass and the steel. On 

releasing the pressure on the glass the two surfaces were held 

together such that they were just touching by the surface 

tension of the oil. This combination of light pressure then 

no pressure did two things. It firstly ensured that there were 

no dust particles etc. present between the two surfaces which 

could artificially raise the film thickness (Fig. 4.10), and 

secondly prevented any Hertzian distortion of the two surfaces 

i.e. although in contact they maintained their original shapes. 

At any given distance r from the point of contact 

of the two surfaces the separation h can easily be calculated 

from geometric considerations (see Fig. 4.11). Assuming that 

the radius of the steel equals R then from the chordal rule 

for a circle 

r2 = (2R - h)h 	 (4.15) 

or for small h 

rR 

2 
h = 2 	 (4.16) 

Thus by measuring the diameter of the coloured 

fringe under observation,the separation that it corresponds 

to can be easily calculated using the above relation. By 
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multiplying this value of separation by the refractive 

index of the oil, the optical film thickness for a given 

fringe can be found. 

The calibration obtained is given in Table 4.1. 

It can be seen that the blue fringe was only clearly dis-

tinguishable at the first order and the yellow fringe only 

to the third order. 

4.6 	 TEMPERATURE CORRECTION TO THE MEASURED VALUES OF  
FILM THICKNESS WHEN SLIDING IS PRESENT  

As mentioned in Chapter 2 the inlet temperature 

was measured by a trailing thermocouple on the steel disc 

which comprised one surface of the EHD contact being viewed 

through the microscope. Under conditions of pure rolling 

this measured temperature is the same as that of the sapphire, 

and hence can be assumed to represent the inlet temperature of 

the contact. 

When sliding is introduced there is heat generated 

between the moving surfaces in each of the three contacts. 

Ignoring any differences in thermal conductivity and thermal 

diffusivity of the sapphire and steel (which are very small), 

it can be seen that three times as much heat is being injected 

into the sapphire as into the steel. (There are three heat 

generating contacts on the sapphire compared to one on each 

of the steel discs). Thus under sliding conditions the tem-

perature of the sapphire disc will be higher than that of the 

steel discs, and hence the measured temperature of the steel 

disc cannot be equated to the inlet temperature. 

Due to the relatively rapid change of temperature 

when sliding was introduced, it was found difficult to monitor 

p 
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both the sapphire and steel temperatures as other readings 

also needed to be taken at the same time. As the inlet tem-

perature is generally assumed to be the mean of the two disc 

temperatures a simple experiment was performed to see if, by 

joining the output of each thermocouple in parallel, the mean 

voltage and hence mean temperature could be obtained. Unfor-

tunately this did not prove to be practicable and some large 

errors in measurement were found to occur using this tech-

nique. For this reason another method was used to determine 

the central disc temperature and thus the mean inlet temper-

ature. 

4.6.1. 	Prediction of the Sapphire Temperature  

A series of tests were performed to find the varia-

tion of the temperature differential between the sapphire and 

steel discs with changes in speed, slide/roll ratio, temper-

ature and hydrostatic bearing pressure (i.e. load). 

As sliding was introduced the temperature differen-

tial rose sharply and, after a period of a few seconds, levelled 

off to a steady value. This steady value appeared to be inde-

pendent of the temperature itself (as measured for the steel 

disc ). The results of this preliminary experiment are pre-

sented in Fig. 4.12 and are valid for all temperatures, as 

long as sufficient time is allowed for the temperature differ-

ential to stabilise. 

From theoretical considerations it is expected 

that the heat generated in each contact would be linearly 

proportional to load (or hydrostatic bearing pressure) and 

sliding speed (which can be expressed as a linear function 

of mean speed and slide/roll ratio) 
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i.e. 	Q « Vm . E . p 
	

(4.17) 

where 	Q = rate of heat generation 

Vm 
= mean velocity of the discs 

E = slide/roll ratio 

p = hydrostatic bearing pressure. 

Equation (4.17) assumes that coefficient of traction 

is a constant, this is not always true. However at the higher 

values of slide/roll ratio and Hertzian pressure, it is a good 

approximation and greatly simplifies the following analysis. 

Experimental work in heat dissipation from rota-

ting bodies in a fluid gives relationships of the form:- 

For the rim of a disc (4) 

Nu.  = 0.18 (0.5 Re2 . Pr)0.315 
	

(4.18) 

For the side of a disc (5) 

Nu = 0.62048 (Pr
1/3) (Re1/2) 
	

(4.19) 

where N
u 

= Nusselt Number = a.D 

Pr = Prandtl Number = Cp.p.  
k 

Re = Reynolds Number - 
p.V.D 

 

a = heat transfer coefficient 

D = diameter 

k = thermal conductivity of disc 

p = density 

V = velocity of the individual disc 

n = dynamic viscosity 

C = specific heat. 



AT I  = (AT) SAPPHIRE 	-(AT) mmm 
DISC 	 DISC 

A
2.Vm.E.p 

A2.Vm.E.p\  
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It can be seen that for both the rim and the 

sides that the heat transfer coefficient, a, is a function 

of the velocity and several other physical quantities. Of 

these latter quantities a change can only be brought about by 

a change of pressure or temperature of the bulk fluid. As 

the pressure in the experimental system used here remained 

at ambient there can be no change due to pressure. Thus: 

a cc VA1  . 	 (4.20) 

where Al is a constant, f4T* is a function of temperature. 

But 
Q cc a,. 	AT 	 (4.21) 

where AT is the temperature differential between the disc and 

the surrounding fluid. 

combining equations (4.17), (4.20) and (4.21) 

A
1 V 	. f4T* . AT cc V

m . E . p 

V
m 1  . E . p . . AT = A2 .  A 
V . fiT} 

(4.22) 

(4:23) 

where A2 is a constant. 

Thus the difference in temperature between the sapphire disc 

and the steel discs, AT', can be defined as:- 

(4.24) 

Al 	1 V .fiT isgmun 	.fiT* 
DISC 

As there are three heat generating contacts on the 

sapphire disc, the constant A2  is different for the sapphire 

STEEL 
DISC 
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and steel discs. If it is assumed that both VsApplaRE  and 
DISC 

Vmum  
DISC 

can be reasonably replaced by Vm  then 

SAPPHIRE 
. fiTt SAPPHIRE — ?T 

A

T7 STEEL 
(4.25) 

) 
DISC 	 DISC 

A
3 AT = AA  ' 	, 	

4 

DISC  

where A3  (= A2 	/ A 	) and A
4 (= 1-A are •-con - STEEL 	2  sAPPHrRE 

DISC 
stants. -Ealm  

However the experimental results show no dependence 

of the temperature difference on the temperature itself, so 

the effect of fiT} appears to be negligible. Thus an expres-

sion of the form 

OTC = C. VB. E . p 	 (4.26) 

should fit the experimental results. 

By trial and error the best fit was found to be 

AT '= 2.35x10-4 xpxExV0.78 	
(4.27) 

where 	AT' is in °C 

p is in p.s.i. 

E E (U
1
-U2)/(k(U1+U2)) 

V E k(Ul+U2) 

U U2 are the respective disc speeds in terms of in-

put r.p.m. 

Thus knowing the operating conditions and the steel 

disc temperature the sapphire temperature can be predicted by 

the above relationship. The inlet temperature is then assumed 

to be the mean of these two temperatures. 

The maximum error between the measured value and the 

predicted value of temperature differential is approximately 
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2°C, giving a possible inlet temperature error of not more 

than 1°C. This prediction was found to be valid over the 

complete range of experimental conditions used, even for 

those conditions under which film thickness anomalies were 

later found to occur. 

4.6.2 	Modification to Film Thickness Measurements  

Knowing the temperature correction which needed 

to be applied to the measured (steel disc) temperature to 

obtain the inlet temperature, two possible apprOaches pre- 

sented themselves. Either the film thickness measurements 

could be related to this new temperature or, using a suitable 

film thickness/ temperature relation, the results could be modi- 

fied to allow for this "mismeasurement" of temperature. 

The second course was chosen as this enabled a 

direct comparison to be drawn against the rolling results 

for the same temperature. The disadvantage of this method 

is that it is assumed the behaviour of the film thickness is 

known in order to predict the modified film thickness; how- 

ever any error will be small and certainly will not affect the 

qualitative picture of the results. 

It was decided to use a film thickness/temperature 

relation based on experimental work carried out by WYMER (1) 

to modify the results. He investigated the behaviour of central 

film thickness to changes in various parameters and produced 

the following expression:- 

ho* = 0.44 U*()
.64 

W*-0.17 G*().58 
	

(4.28) 

where h
o

* h 
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u . n 
u* — 

E'.R 

W* = 	" W  
L.Er .R 

G* = 

h = central film thickness under rolling conditions 

R = reduced radius 

U = speed 

no = inlet dynamic viscosity 

E' = reduced Young's Modulus 

W = load 

L = contact length 

a = pressure/viscosity coefficient..  

In Chapter 7 it is shown that for the present pur- 

poses the experimental results agree very well with this rela- 

tionship. 

It can be seen that the only parameters on the 

right hand side of the relation that are affected by temper- 

ature are no  and a. Thus 

ho m 
no 	a0.58 
	

(4.29) 

The variation of no  with temperature was found by 

using the Walther-A.S.T.M. formula for kinematic viscosity 

loge  (loge  (v + 0.6)) = K - C.loge  T 	(4.30) 

where 	v = kinematic viscosity in centistokes 

C,K = constants to be determined 

T = absolute temperature (°F or °C).  

The density of the lubricant and the pressure vis-

cosity coefficient were calculated from information supplied by 

The British Petroleum Company Ltd. (further details are given 



- 135 - 

in Section 4.7). 

Knowing the change in a and no  with temperature 

the modification to.the film thickness was easily calculated. 

4.7 	PHYSICAL VALUES FOR THE OIL, STEEL AND SAPPHIRE  

4.7.1 	The Steel  

Young's Modulus 	= 207 GN/m
2 

Poisson's Ratio 	= 0.3 

Thermal conductivity = 46.1 J/sec.m.°C .  

Thermal diffusivity = 0.12 x 10
-4 m2/sec 

The thermal information was taken from CARSLAW 

and JAEGER (6). 

4.7.2 	The Sapphire 

Young's Modulus 	= 432 GN/m
2 

Poisson's Ratio 	= 0.265 

004T- Thermal conductivity = 42 x e . 	J/sec.m.°C 	T in 
- 	 ° Thermal diffusivity = 1.4 x 10-5 x e .004T m2 /sec  C  

Refractive index 	= 1.765 (average). 

The thermal data was extracted from a paper by 

FOORD et al (7) and the remaining data was obtained from the 

manufacturer - Industrie de Pierres Scientifiques Hrand 

Djevahirdjian S.A. of Switzerland. 

4.7.3 	The Oil  

The oil that was used throughout the tests was a 

paraffinic type supplied by British Petroleum (Ref. L74/1113). 

The data given in Table 4.2 plus the following was also pro-

vided:- 
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P = Po (1 + C3  .17. loge  (p+p0)) 
where 	p = density in kg/m3  

T = temperature in °C 

p = pressure in MN/m2  

C1  = -0.00098, C2  = 8 x 10-8, C3  = -0.00344, po = 130, 

pc.  = 876. 

+ 	. T. + .C2  .. . ...
.
... 

(4.31) 

From this data the constants in the Walther-A.S.T.M. 

formula for viscosity could be calculated. Moreover for each 

temperature the pressure/viscosity coefficient a was computed 

for the pressure range of ambient to 6=9MN/m (10,000 

An empirical relation was then derived which gave 

a = (2.710 - 0.0111T) x 10-8 (N/m2)-1 	(4.32)  

where T is in °C. 

The results of the refractive index measurements 

(taken using the Abbe refractometer) were as follows:- 

Temperature 

(oc)  

Refractive Index 

22 1.487 

42 1.480 

64 1.473 

79 1.467 

giving 

n T = 1.495 (1 - 0.000235 T) 
	

(4.33) 

where n T  = refractive index at temperature 

T C. 
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TABLE 4.1 CALIBRATION OF OPTICAL FILM THICKNESS  

Fringe 
(Order and Colour) 

Optical Film Thickness 
(Um) 

1st Yellow 0.165 

1st Red 0.260 

1st Blue 0.340 

1st Green 0.400 

2nd Yellow - 	0.455 

2nd Red 0.525 

2nd Green 0.650 

3rd Yellow 0.740 

3rd Red 0.820 

3rd Green 0.955 

4th Red 1.100 

4th Green 1.260 
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TABLE 4.2 	PRESSURE/VISCOSITY DATA SUPPLIED BY THE 
BRITISH PETROLEUM CO .' LTD FOR THE TEST  

"OIL .L7'4/1113  

Pressure 

(kg/cm2 ) 
Viscosity 

(Centipoise) 
Temperature 

(°F) 

1 320.0 59 
149.9 495.0 n 

600.1 1444 n 

981.7 3508 ti 

1367.7 9870 II 

1 79.23 100 
244.5 142.6 vi 

569.7 282.0 n 

992.6 653.5 " 
1655.3 2158 	 ' “ 

1954.2 3399 n 

2219.6 5228 n 

2643.5 10310 11 

1 8.49 210 
133.3 10.69 " 
603.0 22.22 If 

820.5 30.26 ti 

1698.5 94.5 II 

2224.7 180.9 II 

2806.6 349.0 " 
3492.2 717.2 II 

4414.8 1835 II 

5512.4 5162 II 

6390.7 11250 " 
7279.6 24390 Il 

8425.9 60220 II 
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FIG . 4.2. THE CENTRAL DISC PLUS SHAFT 
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CHAPTER 5  

'EXPERIMENTAL • METHOD  

5.1 	 TRACTION MEASUREMENTS  

Prior to the optical investigation of EHD film 

thickness under varying conditions of rolling and sliding, 

a series of tests were carried out to determine the beha-

viour of the lubricant under traction conditions. For this 

test programme the central sapphire disc was replaced by one 

made of steel. This was done so that the optical coating on 

the sapphire was not subject to any premature wear before the 

measurement of the EHD film thickness was started, and to 

avoid damage in case of any malfunction of the test apparatus. 

These tests were considered part of the commissioning pro-

cedure for the rig. 

5.1.1 	Experimental Procedure  

Water was circulated through the oil cooler, the 

pressure controller was set to limit the oil supply to the 

hydrostatic bearings to approximately 1.72 MN/m2. (250 p.s.i.) 

and the oil pump was switched on. At times some hydraulic 

hammer was apparent but this was eliminated by increasing the 

setting of the pressure relief valve until the hammering stopped, 

and then backing off to a position corresponding to approxi-

mately 17.2 MN/m2. (2500 p.s.i.). (As the pressure relief 

valve was spring loaded a simple resonance had been set up 

when the pump was first started). 

The oil circulated through the hydrostatic bearings 

and collected in the disc chamber. Thus the oil level in the 

chamber rose until the oil flowed back to the reservoir via the 

p 
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overflow pipe. This ensured that all three EHD contacts were 

completely submerged in oil, hence eliminating any problems 

due to starvation of the contacts. 

The brake motor was switched on and the controller 

was set to apply a braking torque when the central disc had 

reached the maximum design speed i.e. under all conditions ex-

cept that of maximum speed the brake motor was inoperative. 

The drive motor was then started and its controller adjusted 

to give the required speed for the outer discs for the parti-

cular test. It was very important that the brake motor was 

switched on before the drive motor because,due to the design 

of the motor controller circuit, the brake motor effectively 

'locked solid for a fraction of a second when first started. 

If the outer discs were being driven and consequently driving 

the central disc, severe damage may have resulted from this 

instantaneous stoppage. 

The system was allowed to settle down until the 

inlet temperature, as measured by the trailing thermocouple . 

on one of the outer steel discs, had reached a reasonably 

steady value and the rig could be considered warmed up. The 

drive motor was then stopped and the inputs to the x-y plotter 

(from the strain gauges on the torque measuring device and 

the tachogenerator on the output shaft) were both zeroed. 

As a check for residual "locked in" torque in the system, the 

output shaft was rotated back and forth by hand to see if the 

zero point altered. 

The drive motor was then switched on again and the 

input (driving) speed was read from the digital counter. The 

sensitivity of the ordinate of the x-y plotter was adjusted 

so that the signal from the tachogenerator gave a deflection 
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of the marker pen as close to full scale deflection as pos-

sible. The input speed was then marked opposite this point, 

thus effectively scaling the ordinate. (The output from the 

tachogenerator was linear and the zero point had also been 

marked). The abscissa was scaled by noting the sensitivity 

range of that channel (in my/cm.); and hence, at a later 

date, the deflection could be measured, interpreted in terms 

of a voltage, and converted to a torque using the strain gauge 

calibration curve previously prepared. 

The brake motor controller was then slowly adjusted 

until braking was just about to start for the selected driving 

speed. The pressure controller was set to give the required 

hydrostatic bearing pressure and hence load. By increasing 

the oil pressure the flow through the hydrostatic bearing 

was also increased and, as this oil was hotter than the pre-

viously stable rig temperature, the disc temperature started 

to rise - the oil gained heat from work done by the oil pump. 

Braking was then initiated to bring the output speed 

down by approximately 30% in about three to four seconds. This 

braking rate was found to be the best by trial and error. If 

the braking was too rapid there might be some rotational inertia 

effects which would tend to give a temporarily high torque 

reading and hence a false traction peak. On the other hand, if 

the braking was too slow the temperature would have risen sig-

nificantly over that time due to the hot oil through the hydro-

static bearings and the heat generated in the sliding contacts. 

Over three to four seconds the measured temperature of the 

steel disc never rose more than 6°C. However for the highest 

loads, when the temperature of the central disc was measured 

rises of 15°C were recorded. As mentioned in Chapter 4 this 
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was due to more heat being injected into the central disc 

than the outer discs. This temperature differential between 

the discs increased even more with time but eventually levelled 

off to a steady value. 

This meant that, at worst, a mean temperature rise 

of approximately 11°C was experienced, however this did not 

appear to affect the traction results significantly. A simple 

test was performed to check this fact. For one run the braking 

was held at'a steady value when the output speed had dropped 

by approximately 10% 1.1 second time). After a further few . 

seconds only a very small fall in traction had taken place al-

though the outer disc temperature had risen about 4°C and the 

central disc temperature by about 14°C. 

Several points were taken from the output trace 

from the x-y plotter and replotted on a different scale so 

that comparison could be made against other results. This 

method was chosen in preference to obtaining discrete measure-

ments and then drawing the traction curve for two reasons. 

Firstly it was possible to ensure that the operating condi-

tions were maintained the same for the whole traction curve 

(except for the relatively small temperature rise). This 

meant that the load, input speed and temperature did not 

have to be re-set for each individual point. Secondly, any 

traction peak was easily detectable and its shape could be 

redrawn from the x-y plotter trace. 

Traction was also monitored when the optical in-

vestigation was being undertaken, but in this case the res-

ults were taken as discrete points for differing values of 

temperature, load, speed and slide/roll ratio. 
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5.2 	ROLLING FILM THICKNESS MEASUREMENTS  

A series of tests were carried out to determine 

the behaviour of the EHD film thickness under pure rolling 

conditions only. The reason for this was twofold; firstly 

the results could be plotted and compared against previous 

workers' results to make sure that there were no obvious 

anomalies in the behaviour of the experimental rig. Secondly, 

a set of measurements were then available against which the 

results for the rolling plus sliding situation could be com-

pared. This._is preferable to comparing these results against 

a theoretical prediction. 

Unfortunately it was not possible to obtain condi-

tions of pure rolling as there was a certain amount•of fric-

tion in the output section. This friction was mainly due to 

the bearings on the pulley shaft, to which the torque measu-

ring device and the slip ring pick-up were attached, the 

timing belt drive, and the brake motor itself. The magnitude 

of the braking effect due to these factors was small, but at 

low loads and hence low driving torques there was a differ-

ence of approximately 3% between the input (driving) speed 

and the output (driven) speed. At higher loads this difference 

fell to less than 0.5%. 

To obtain pure rolling, both the input and the out-

put shafts would have had to be driven by their respective 

motors. In this way the friction losses would have been elimi-

nated. However to do this would have required modifications 

to the motor system; this would have raised doubts about the 

stability of such a configuration as the major driving torque 

would be alternating between one motor and the other. For 

these reasons, and the fact that it was thought that the small 
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speed differences would not significantly affect the validity 

of the results, this modification was not attempted. Thus 

the results obtained by the following experimental method 

were assumed to represent pure rolling. 

5.2.1 	Experimental Procedure  

The start up procedure was the same as for the 

traction experiments with the'exception that the brake motor 

was left switched off. The braking system was thus inoperative 

and free to rotate. Before the main series of tests a very 

crude test was carried out to get a "feel" for the results. 

For a given hydrostatic bearing pressure the input 

speed was gradually increased until the first yellow fringe 

was visible through the microscope; the speed and the disc 

temperature were noted. This was repeated for all the col-

oured fringes up to the third green fringe. 

In this way when a particular coloured fringe was 

seen during the main test (for example a red fringe) it was 

possible to know whether this was the first, second, or third 

red fringe by reference to this crude table, and not have to 

count the fringes from zero speed up to the measured speed. 

For the main series of tests the procedure was as follows. 

It was always ensured that the steady state tem-

perature of the rig before a measurement was taken was at 

least 10°C below the temperature at which the measurement was 

wanted. This was done so that there was sufficient time to 

prepare to take a measurement after the controls were set -

the influx of hot oil caused the temperature to rise. The 

input speed was adjusted to the desired value and the oil 

pressure controller set to give the required load. The tem- 
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perature was watched until it had reached the value at which 

the result was wanted. At this point the interference fringe 

was examined and its colour noted as well as the output speed 

and the small amount of torque due to friction losses on the 

output side. The last two readings were only taken as a check 

that the speeds were close to pure rolling. The interference 

fringe was not classed purely as one colour but was subjectively 

described as one colour with a proportion of another e.g. 75% 

of first blue with 25% of first red. A simple linear inter-

polation was then used to assign a film thickness to this 

measurement. In this way it was possible to give a more 

accurate description of film thickness. 

The reason for this method, rather than the more 

usual practice of altering the test conditions (normally the 

speed) until a true colour is obtained for the interference 

fringe, was that future rolling plus sliding results could 

be directly compared against the pure rolling results for 

similar conditions of speed, load, and temperature. Hence 

a more accurate impression of the effect of sliding could be 

obtained by this method than by comparing the parameters nec-

essary to produce the same interference fringe. 

5.3 	ROLLING PLUS SLIDING FILM THICKNESS MEASUREMENTS  

It was decided to adopt three different slide/roll 

ratios for the rolling plus sliding measurements. For any 

given slide/roll ratio the input and output speeds were chosen 

such that their mean speed corresponded with one of the speeds 

used in the pure rolling experiments. 

The outer disc temperatures that were used were the 

same as for the pure rolling case. However in this case the 
S 
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mean inlet temperatures were not exactly the same, as the 

central sapphire disc was now hotter than the outer discs. 

5.3.1 	Experimental Procedure  

The experimental method was the same as for the 

pure rolling measurements except that,as for the traction 

results, the brake motor was switched on before the drive 

motor. Now, however, before the hydrostatic bearing pres-

sure was increased, the input and output speeds were set to 

the required value. This procedure was adopted because it 

took a finite time to set the motor controllers and, if the 

oil pressure was high, the combination of hot incoming oil 

and frictional heating would probably cause the temperature 

to overshoot the required value. When the speeds had been 

set the oil pressure was quickly increased. 

As before it was ensured that initially the temper-

ature was well below the required temperature for the measure-

ment. In this case it was doubly important as sufficient time 

had to be allowed for the temperature differential between the 

central and outer discs to reach a steady value, otherwise the 

previously derived empirical relationship describing this dif-

ferential would not be valid. The film thickness was then 

measured. 

The input and output speeds were then re-checked 

as a change in the load (and hence torque) affected these 

settings slightly and they drifted from their original values. 

The torque was noted and was examined to ensure that there 

had been no rapid rise that might be associated with surface 

to surface contact. 

• 
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5:4 	TEST PROGRAMME  

The aim of the investigation was to compare the 

EHD film thicknesses under pure rolling and rolling plus 

sliding for a broad spectrum of loads, speeds, slide/roll 

ratios and temperatures. Most analyses of the traction phen-

omenon have assumed that the EHD film thickness can be pre-

dicted by the same formulae as used for the pure rolling case. 

However there is a. lack of accurate experimental evidence to 

back this assumption, especially at low film thicknesses. 

The investigation was limited to one oil in order 

that most of the operating conditions encountered by other 

workers could be covered, albeit for different fluids. The 

oil used was a paraffinic oil as described in Chapter 4. 

Accordingly tests were performed at four input 

speeds of 150 r.p.m., 250 r.p.m., 375 r.p.m., 500 r.p.m., six 

loads corresponding to hydrostatic bearing pressures of 1.72, 

3.45, 5.17, 6.09, 8.62 and 10.3 MN/m2 (250, 500, 750, 1000, 

1250 and 1500 p.s.i.), three slide/roll ratios of 0.2, 0.4, 

0.6 and generally thirteen temperatures ranging between 30°C 

and 60°C in 21/2°C steps, although this varied occasionally. 

The limiting factors placed on the tests were either 

EHD film thicknesses which were too low to be measured (corres-

ponding to high temperature or low speed or both), or a tendency 

for the oil film between the correction lens and the sapphire 

disC to break up (this sometimes occurred as the viscosity de-

creased and the speed increased) hence obliterating the view 

of the interference fringe. 

The whole test programme was a comprehensive one. In 

all some 1300 results were taken. 
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CHAPTER 6  

RESULTS  

The results are presented in two sections, the 

first contains traction data of which the majority refers to 

a steel/steel contact (i.e. the central sapphire disc was re-

placed by one made of steel). The second section contains the 

film thickness data for both the pure rolling and rolling plus 

sliding cases. In all cases the film thickness presented is 

the central film thickness. 

6.1 	TRACTION DATA  

In general the rolling speeds used for the steel/ 

steel disc configuration were higher than those used for the 

sapphire/steel disc configuration. The steel/steel tests were 

the first part of the investigation and at that time no data 

on the film thickness behaviour had been obtained other than 

theoretical predictions. For this reason the rolling speeds 

were kept high in order to ensure that a thick EHD film was 

present and hence to minimise the risk of damage to the sur-

faces. Although EHD theory predicts that the presence of 

sliding should not affect film thickness for the same values of 

mean speed, temperature and load as used for pure rolling, it 

was thought that the use of these higher speeds was a worth-

while precaution. 

As mentioned previously, the traction data was 

taken from the output trace of an x-y plotter where one axis 

represented the torque and the other axis represented the speed 

of the central (braked) disc. A copy of a typical trace from 

the x-y plotter for a maximum Hertzian pressure of 1.117 GN/m2 
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is shown in Fig. 6.1 and it can be seen that, although there 

are small signal oscillations present, the shape of the 

traction curve is easily discernible, and that a mean line 

representing traction can be drawn quite accurately. Point 

B represents a disc speed of approximately 60% of the initial 

speed at point A. This trace shows no sign of a traction 

peak and all the other traces that were obtained showed a simi-

lar lack of traction peak. 

In Figs. 6.2 to 6.9 the traces from the x-y plotter 

have been redrawn on common axes of slide/roll ratio 

_ sliding speed 	(U1-U2)  
mean rolling speed 	(1J1+U2) 

(where U U2 are the speeds of the outer and inner discs 

traction force  respectively) and coefficient of traction f = normal force • 

This enables an easier comparison of the effects of differing 

values of load, temperature and rolling speed. 

When the central steel disc was replaced by one made 

of sapphire a similar lack of a traction peak was noticed and, 

rather than risk damage to the optical coating, a full series 

of traction tests was not attempted. Instead the traction 

data for the sapphire/steel disc configuration was taken as 

discrete points at predetermined values of slide/roll ratio 

in the course of the optical investigation. These discrete 

point readings were not taken on the rising part of the traction 

curve but were taken at slide/roll ratios which corresponded 

to what might be called the "plateau" region. 

During early tests which were performed as a pre-

liminary part of the optical investigation,it was realised that 

an anomalous behaviour in the EHD film thickness seemed to be 

• 
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apparent at lower values of film thickness (Figs. 6.17 to 

6.19), and so the majority of the optical investigation was 

concentrated in'this region. A consequence of this is that 

the rolling speeds employed were of a lower value than those 

for the previous traction tests, this meant that only at one 

speed was traction data available for both the steel/steel and 

steel/sapphire disc configurations. A comparison of the two 

sets of data is given in Fig. 6.10 for a load of 2046 N (equi-

valent to a maximum Hertzian pressure of 0.956 GN/m2 for the 

all steel configuration). 

Although the mean speed stayed constant for the 

sapphire/steel disc configuration (as the central disc was 

braked the outer discs were speeded up), it was not constant 

for the all steel configuration. In this case the outer discs 

were maintained at the same speed while the central disc was 

braked, and so the mean speed dropped. Also, due to the dif-

ference in Young's Modulus between steel and sapphire the 

Hertzian pressures were approximately 15% higher for the 

sapphire/steel situation even though the loads were the same. 

These factors meant that the steel/steel and sap-

phire/steel disc configurations did not experience exactly 

the same conditions for similar loads and nominally similar 

mean speeds. However it is thought that these differences do 

not significantly affect the results and that they may be com-

pared against each other. 

A plot of traction results for the sapphire/steel 

disc configuration is given in Fig. 6.11. It can be seen that, 

even for the conditions of a lower speed (0.399 m/sec ) and a 

higher load (2780 N) which would help to promote a traction 

peak, one is not apparent. 
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Although traction data was available for a large 

range of operating conditions it is not all plotted here as 

the primary purpose of this investigation was to examine EHD 

film thickness behaviour. 

In all cases the temperature that is quoted on the 

graphs is the temperature of the outer discs (and central disc) 

at the start of the test run. No allowance has been made for 

frictional heating and consequent increase in temperature. 

6.2 	FILM THICKNESS MEASUREMENTS  

Prior to the optical investigation of film thick-

ness under rolling and sliding conditions, measurements were 

taken for the "pure" rolling case. (This was not in fact pure' 

rolling, but involved up to 3% slip for the lower loads but 

less than 0.5% slip for the 'higher loads due to bearing fric-

tion, as is explained in Chapter 5). A selection of photo-

micrographs can be seen in Fig. 6.12 and the full interpreted 

results are given in Figs. 6.13 to 6.16. These take the form 

of a double logarithmic plot of central film thickness against 

load for the four basic speeds and several temperatures. This 

method of plotting was chosen so that comparison could be made 

with the work of KANNEL and BELL (1) and PARKER and KANNEL (2). 

Kannel and Bell showed a greater dependence of film thickness 

on load than suggested previously for a mineral oil at Hertzian 

pressures between 0.55 GN/m2 and 1.21 GN/m2 and speeds up to 

46.2 m/sec ; 	whereas Parker and Kannel showed that this 

greater load dependence was only apparent at pressures above 

approximately 1.5 GN/m2 for a synthetic paraffinic oil at 

speeds up to 37.6 m/sec. 

A selection of the experimental results is also 
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plotted in two other common forms. Figs. 6.17 and 6.18 

show a double logarithmic plot of central film thickness 

against the parameter U.no  where U = disc surface velocity 

and no  = inlet viscosity, this has been done for loads of 

512 N and 2046 N respectively. Fig. 6.19 shows a double 

logarithmic plot of central film thickness against the para-

meter U.a.no  (where a = pressure/viscosity coefficient) for 

a load of 2046 N. 

After having taken these initial measurements for 

rolling, the procedure was repeated for values of slide/roll 

ratio of 0.2, 0.4, and 0.6; the mean rolling speed remaining 

constant. A selection of these results is presented in Figs. 

6.20 to 6.23,again in the form of a double logarithmic plot 

of film thickness against load. These results are a represen-

tative selection but due to the large number of results avail-

able (nearly 1300) it was thought superfluous and possibly 

confusing to present them all in this form, although they are 

all used in the plots presented in Chapter 7. 

In Chapter 4 it was mentioned that, knowing the tem-

perature of the sapphire disc to be greater than that of the 

steel discs, a correction could be applied to the measured 

film thickness using a relationship given by WYMER (3). This 

has been done for all the results obtained in these experi-

ments. Hence a theoretical allowance has been made for the 

fact that the mean temperature of the discs is greater than 

that measured for the steel discs alone. This enables a com7 

parison to be made between the rolling results (also presented 

in Figs. 6.20 to 6.23) and the sliding results for a given set 

of conditions. 

A double logarithmic plot of central film thickness 
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against the parameter U.no  is presented for two specific 

cases:- 

(a) 0.665 m/sec. mean rolling speed and 2046 N load. 

(b) 0.399 m/sec mean rolling speed and 2402 N load. 

Figs. 6.24 and 6.25 show plots of these results for pure 

rolling and slide/roll ratios of 0.2 and 0.6. For the sliding 

results a plot of film thickness against the parameter U.a.no  

is not shown as this method does not appear to give any further 

insight than does the plot of film thickness against the para-

meter U.no. 

It is clear from these measurements of optical film 

thickness, especially those presented in Figs. 6.17, 6.18 

and 6.19, that some sort of anomalous behaviour is taking place 

at low values of central film thickness. This will be discussed 

in the next chapter where an explanation for both the fall in 

film thickness at the lower values under pure rolling, and also 

the discrepancy between the rolling and rolling plus sliding 

results will be proposed. 
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•.CHAPTER • 7  

DISCUSSION  

7.1 	TRACTION MEASUREMENTS  

The behaviour of lubricants under traction con-

ditions has been well documented by several workers (1, 2, 3, 

4, 5) and certain behaviour patterns have been found to be 

true in most cases. Usually the coefficients of traction are 

higher for the lower temperatures, lower speeds, and higher 

loads. The measured results appear to agree with this pattern 

although in general the temperature effect is not very pro-

nounced especially at the higher values of load (Hertzian 

pressure). Moreover there appears to be little variance 

of coefficient of traction with mean rolling speed. However 

the speed range was very narrow and hence any effect would 

probably be small and consequently not easily detectable. 

The most striking feature of these results is the 

lack of a traction peak, especially as the Hertzian pressures 

are quite high (up to 1.117 GN/m2 ). The rate of increase of 

traction does fall off rapidly with increasing sliding but the 

coefficient of traction does not show a drop, instead a steady 

plateau region is reached. This type of behaviour is usually 

associated with the lower Hertzian pressures and not the higher 

ones. Moreover the absolute value of coefficient of traction 

is slightly lower than might have been expected; previous 

workers have experienced values in the range 0.05 to 0.09. 

It was decided to check these results by testing 

the oil used in the experiment on other traction machines. 

This was thought to be important as these initial traction 

tests were considered part of the commissioning procedure for 
w 
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the apparatus; consequently any apparent abnormality in 

behaviour had to be investigated to ensure that the major 

part of the experiment (measurement of EHD film thickness) 

was not invalidated. 

Two other machines were used. The first was a two 

disc machine at Reading University; these tests were carried 

out by A.D. MOORE (6). The second was a point contact (ball 

on plate) apparatus at Imperial College, London; these results 

were provided by R.R. DUCKWORTH (7). A comparison of these two 

sets of results against some of the experimental results is 

given in Fig. 7.1 and the respective operating conditions are 

given in Table 7.1. 

The results from Reading University (A.D. Moore) 

were taken for operating conditions quite close to those for 

the present experimental results. It can be seen that, al-

though the traction values are very similar, Moore's results 

show a slight peak. On closer inspection it would appear that, 

rather than considering the present results to show a lack of 

a traction peak, the possible explanation may be found by con-

sidering the alternate approach i.e. no fall off in traction 

at large slide/roll ratios. 

The traction machine at Reading University was com-

pletely open with a small oil feed to the EHD contact, whereas 

the present traction machine was enclosed, with the whole 

working area completely flooded with oil. It would seem rea-

sonable to assume that the completely flooded EHD contact is 

able to convect away the heat generated by sliding more easily 

than a non-flooded contact. This would tend to reduce the 

thermal effects, which are generally considered to dominate 

the traction response at high slide/roll ratios, and hence 
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the fall off in traction. This could explain the difference 

in behaviour especially as Moore's results do fall to a fairly 

low traction value. 

An extension of this thermal argument can be applied 

to the point contact traction case. There the heat generating 

source is small and yet there is a relatively large thermal 

sink in the plate and the ball to conduct away the heat. Again 

this would probably tend to moderate the thermal effect on 

traction. 

Unfortunately the traction results from Imperial 

College (R.R. Duckworth) did not go to high enough slide/roll 

ratios to test this hypothesis. However the few results avail-

able do seem to suggest that any traction peak, if present at 

all, would not be large. 

It can be seen that the absolute values of coeffic-

ient of traction are higher for the point contact case. This 

can be attributed to the fact that the speeds, but perhaps more 

important, the temperatures were lower. As mentioned pre-

viously this generally leads to higher tractions. 

Thus it would appear that the present four disc 

machine was functioning properly as the agreement between 

the various sources of traction data is good. 

From the comparison of traction behaviour for the 

steel/steel and sapphire/steel disc configurations given in 

Fig. 6.10, it can be seen that by replacing the central steel 

disc by one made of sapphire there is no discernible differ-

ence in response, even though this gives rise to Hertzian 

pressures which are approximately 15% higher for the same 

load and involved the use of a slightly different test pro-

cedure. (The outer discs were now speeded up as the central 
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disc was slowed down). This confirms the relative insensiti-

vity of traction to speed, but more important it suggests 

that the coefficient of traction is not so much dependent 

on Hertzian pressure but on the load itself. 

This latter suggestion is partially confirmed by 

Fig. 6.11 which shows traction values similar to those in 

Fig. 6.5, the slightly higher values in Fig. 6.11 are attri-

buted to the much lower speed. For these measurements it was 

possible to use lower speeds as the film thickness was now 

being monitored and the risk of surface damage could be mini-

mised by ensuring that the film thickness did not go too low. 

Also in Fig. 6.11 can be seen the continuing lack of sugges-

tion of a traction peak, as was found for the other traction 

results. 

7.2 	ROLLING FILM THICKNESS MEASUREMENTS  

The relationship between film thickness and the 

other varying parameters in EHD lubrication can be expressed 

in the form 

R = h* = A (U*)b . (0) c  . (G*)d 

where 	A, b, c, d are constants 

(7.1) 

U* = U'  no 

E' .R 

  

w* — 	 

   

   

L.E'.R 

= E' .a 

U = rolling speed 

no = inlet viscosity 
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W = load 

L = contact length 

= pressure/viscosity coefficient 

R1 R2 R = reduced radius = R1 + R2 

R
1,2 = radius of curvature of contacting surface 

( E

l . 	) 
E'= reduced Young's Modulus E IT . 	

E 
 for Grubin's analysis 
E
1  + E2 

2 (il ' i2) for other analyses. 
E
1 + E2 

E1,2  
E1,2 	2 (1 - v

12) 

v1,2 = Poisson's ratio 

E
1,2 = Young's Modulus 

(The subscripts 1 and 2 refer to the two different surfaces). 

The first theoretical analysis of EHD lubrication 

in these terms was performed by GRUBIN (8). This work gives 

the following expression for film thickness 

110* = 1.95 u*8/11 	w*-1/11 . G*8/11 	
(7.2) 

For Grubin's work the assumption of a parallel 

film for the whole contact was made, thus this film thickness 

would be more representative of the central film thickness in 

a real EHD contact. 

Later work by Dowson, Higginson, and co-workers led 

to the classical expression for dimensionless minimum film 

thickness (DOWSON, HIGGINSON and WHITAKER (9)) 

h*. = 1.6 U*().7 W*-0.13 G*°'6 min (7.3) 
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Finally an experimental investigation into EHD 

line contact by WYMER (10), who used optical interferometry 

to measure film thickness, has produced the following rela-

tion for dimensionless central film thickness 

h* = 0.44 U*°'64 /0-0.17 G*0.58 c   (7.4) 

The rolling film thickness results obtained in the 

present set of experiments will be analysed so that comparison 

may be drawn against each of these three relations. However, 

before doing so it is worthwhile noting some general points 

about the experimental results first. 

7.2.1 	General Comments on the Results  

Looking at Figs. 6.13 to 6.16 it can be seen that, 

as expected, the film thickness is higher for higher speeds, 

drops with increasing load, and also with increasing temper-

ature (this is due to the fact that both viscosity and the 

pressure/viscosity coefficient fall as temperature rises). 

However on closer examination of the results for 

0.399 m/sec (Fig. 6.13) it can be seen that the reasonably 

consistent pattern of the film thickness plots is disturbed 

in the region of 0.1 pm to 0.2 pm. This effect does not appear 

to be related to temperature as the same temperatures at dif-

ferent speeds do not produce the same response; similarly it 

does not appear to be a load effect. As the film thickness 

drops even further this anomalous behaviour seems to disappear 

and the plots tend to revert to their previous pattern. 

This discrepancy in behaviour can be seen more 

clearly in the plots of film thickness against U.710  and 

U.a.no in Figs. 6.17 to 6.19. The majority of the results all 
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seem to lie on a common line until the film thickness drops 

below 0.2 pm. At this point a change in response is apparent, 

the film thickness now falls more rapidly with U.no  and U.a.no  

than previously. However, as the film thickness falls even 

further its response to changes in the parameters u.no  and 

U..a.no  reverts to one similar to that noted before. The nett 

result is that there seems to have been a permanent "loss" in 

film thickness as it passes through the range 0.1 pm to 0.2 

pm., but that on either side of this range the response to 

U.no  and U.a.no  is consistent and the same. 

Another point of interest is the response of film 

thickness to changes in load. It can be seen from Figs. 6.13 

to 6.16 that, at higher loads, the film thickness appears to 

fall more rapidly with load than at lower loads. This beha-

viour is confirmed when power coefficients for the response 

of film thickness against load are calculated for (a) loads 

up to 2046 N (b) all loads. The response at all times is 

greater for case (b) than case (a), (see next section). 

Thus it would appear that the film thickness is 

beginning to show a behaviour similar to that noted by PARKER 

and KANNEL (11) and at approximately the same Hertzian pres-

sure. Unfortunately the limitations of the experimental appa-

ratus precluded tests at higher Hertzian pressures; this was 

due to the hydraulic system being unable to supply a higher 

oil pressure (as discussed in Chapter 2), but even if this 

were possible there would still be the danger of cracking the 

sapphire from too high compressive stresses. 

Although these rolling results do seem to suggest 

the same behaviour as that observed by Parker and Kannel, this 

is by no means conclusive as the experimental response can 
• 
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still be adequately approximated by a straight line drawn on 

a double` logarithmic plot. Thus it is not possible to refute 

the work of GENTLE, DUCKWORTH and CAMERON (12) for EHD point 

contact which showed no unusual response of film thickness to 

changes in load for Hertzian pressures up to 2.0 GN/m2. 

7.2.2 	Comparison Against Other Workers' Predictions  

As has been pointed out, there appears to be some 

anomalous behaviour for film thickness in the range 0.1 pm 

to 0.2 pm. For this reason, in the comparison against other 

workers' predictions, the film thickness results below 0.2 

pm will be ignored for the present time. However they will 

be considered later in this chapter. 

The first comparison will be the predicted power 

coefficients for the U* term against the ones deduced from 

the experimental measurements i.e. "b" where 

h* cc (U*)b 
	

(7.5) 

for h* = h/R and U* = U.no/E'.R. As R and E' are constant for 

this experimental apparatus, "b" can be obtained by calculating 

the response of h to U.no. 

Considering Figs. 6.17 and 6.18, the best fit 

straight line in each case gives values offt b'of 0.648 and 0.669 

respectively. However for these results the viscosity, no, 

was varied by varying temperature. Unfortunately the temper-

ature also affects the pressure/viscosity coefficient, a, 

which in turn also affects film thickness. Thus these calcu-

lated values forib4 will contain some error due to neglecting 

this effect. 

An allowance for the effect of a can be approximated 
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by taking the power coefficient of the response of h against 

U.a.no  to represent the response of h against u.no. This is 

based on the fact that the values of power coefficients for 

U* and G* are close (both 8/11 for Grubin; 0.7 and 0.6 for 

Dawson, Higginson and Whitaker; and 0.64 and 0.58 for Wymer). 

Making this approximation and using the results in Fig. 6.19 

gives a value for "b" of 0.606. 

However the only way to eliminate the influence of 

a is to keep the temperature constant (and hence the viscosity) 

and to vary only the speed. As only four speeds were used 

throughout these experiments, the accuracy of the calcula-

tions for the coefficient "b" must be somewhat suspect for 

each individual group due to the small number of points. 	How- 

ever it is thought that the arithmetic mean of these many val-

ues of "b" should represent the response well. 

Using a least squares regression method to obtain 

the best fit, all the rolling results were analysed in this 

manner (except those with a film thickness below 0.2 pm ). The 

results are given in Table 7.2 for the six loads. The mean 

value of "b" for all the results is 0.615 with a standard 

deviation of 0.049. 

This value compares reasonably well with Grubin's 

value of 0.72 for a parallel film and Dowson, Higginson, and 

Whitaker's value of 0.7 for the minimum film thickness. It 

agrees very well with Wymer's experimental value of 0.64 for 

central film thickness which is the film thickness measured 

in the present experiments. 

Thus it would appear that, for film thickness above 

0.2 pm the calculated values for "b" show no unusual trends. 

Comparison with predicted values will now be made 
r 
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for the power coefficients of the W* term i.e. "c" where 

h* cc (W*)c 	 (7.6) 

Similarly to before, this is obtained from the response of h 

to W. This can be seen in Figs. 6.13 to 6.16. 

The coefficient "c" was calculated for the four 

different rolling speeds. For each of these speeds a number 

of different values of "c" were obtained for each temperature 

using (a) the four loads up to and including 2046 N (b) all six 

loads used in the experiments. For all combinations of speed 

and load range the simple arithmetic mean of these values was 

calculated. These results, together with the standard devia-

tions, are presented in Table 7.3. 

It can be seen that at all speeds the response for 

the first four loads is less severe than for all six loads; 

it is this behaviour that suggests agreement with the work of 

Parker and Kannel as discussed previously. 

It is also interesting to note that the response of 

film thickness to load appears to be more sensitive at the 

lower rolling speeds, this effect is very apparent for 0.399 

m/sec. The reason for this is not clear but it may be due to 

the same effect that causes the erratic response of film 

thickness below 0.2 pm. (The film thickness values are lower 

at lower speeds). 

The values of "c" obtained by Grubin; Dowson, 

Higginson and Whitaker; and Wymer are -0.09, -0.13, and -0.17 

respectively. It can be seen that the values of "c" deduced 

from the present experimental results are of the right order 

of magnitude, but that the good agreement with Wymer's work 

found for the coefficient "b" has not been repeated (except 
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for the 0.399 m/sec and all six loads result which is itself 

different from the rest). The experimental results show the 

best comparison against Grubin's load prediction for parallel 

film thickness in most cases, especially for lower loads. 

Nevertheless in general there does not appear to be any grossly 

different behaviour of film thickness to changes in load from 

that found or predicted by these other workers, and the values 

certainly do not approach 0.5 as suggested by the results of 

KANNEL and BELL (14). 

As only one oil was used in the experiment it was 

not feasible to test for the power coefficient of G* as the 

only way of altering a (E' being fixed) was to alter temper-

ature. As mentioned before this also alters viscosity which 

in turn affects film thickness. 

Of the three predictions for film thickness only 

Wymer's directly relates to central film thickness, the value 

measured in the present experiments. It was decided to com-

pare the absolute values predicted by Wymer's relation against 

the experimental results. These are presented in Table 7.4 for 

a load of 2046 N and (as the results at 0.399 m/sec are sub-

ject to some doubt) only for the higher rolling speeds. 

It can be seen that the predicted values are slightly 

higher than the experimental values. This was also found by 

PEMBERTON (13) who reported that Wymer's empirical relationship 

over-predicted his observed values consistently. Although it 

is possible that Wymer's relationship may contain some error, 

these inconsistencies can be accounted for by alternative 

reasoning. The first reason lies in the value of the pressure/ 

viscosity coefficient a. For the oil used in the experiments 

this was deduced from viscosity data at various pressures sup- 
6 
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plied by The British Petroleum Company Ltd. 	It was assumed 

that a was the mean value for the range 0 to 69 MN/m2 

(10,000 p.s.i.). This choice was fairly arbitrary and dif-

fering values of a could be obtained by choosing alternative 

pressure ranges, nevertheless this range was thought to be 

representative. The deviation of Wymer's value of pressure/ 

viscosity coefficient may not have corresponded to this choice 

and so would not be strictly applicable, thus giving subse-

quent differences in film thickness predictions. 

Secondly, the suggested values of power coeffic-

ients in Wymer's experimental relationship are quoted with an 

error band. This error band can give variations in predicted 

film thickness between approximately one-fifth and five times 

the mean value. 

7.2.3 	Summary  

For the rolling film thickness measurements there 

are five main comments on their behaviour:- 

(a) For the most part the film thickness responds in 

a regular and consistent manner to changes in 

load, temperature, and speed until its value falls 

below approximately 0.2 pm. At this point the film 

thickness drops more rapidly with a change in para-

meters than for higher film thicknesses. As the 

film thickness falls even further its response 

appears to revert to one similar to that observed 

at values above 0.2 pm, but with a permanent "addi-

tional" fall. As the film thickness rises again, 

this "additional" fall is recovered. 

(b) In general the response of film thickness to changes 
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in load can be adequately represented by a 

straight line on a double logarithmic plot. 

However at the higher Hertzian pressures there 

is a tendency for the film thickness to be more 

sensitive to load changes than at lower values. 

This would tend to support the observations of 

PARKER and KANNEL (11) who show a rapid decline 

in EHD film thickness at high Hertzian pressures. 

(c) The absolute values of power coefficient for load 

response are nowhere near as high as those observed 

by KANNEL and BELL (14). 

(d) For the lowest rolling speed the load dependence of 

film thickness appears greater than at higher speeds. 

This may be linked to the anomalous behaviour of 

film thickness below 0.2 um. 

(e) Otherwise the film thickness behaves more or less 

as expected and gives power coefficients for the 

non-dimensional groups W* and U* similar to those 

obtained by most other workers. 

It is interesting to note that both WYMER (10) and 

WESTLAKE and CAMERON (15) also detected unusual behaviour of 

film thickness at its lower values, and in a similar manner to 

that observed here. However they did not show the apparent 

recovery in response, albeit with a permanent film thickness 

loss, as the film thickness drops even further. These authors 

offered no explanation of the behaviour but commented that the 

values of film thickness at which this effect was first appa-

rent were of the same order as the surface roughness. It will 

be proposed later in this chapter that it is in fact a surface 
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roughness mechanism which causes the anomalous behaviour in 

rolling film thickness below 0.2 pm , and that this mechanism 

also explains the fall in film thickness which is sometimes 

noted when sliding is introduced. This latter behaviour is 

commented on in the next section. 

7.3 	ROLLING PLUS SLIDING FILM THICKNESS MEASUREMENTS  

Classical elastohydrodynamic theory does not dif-

ferentiate between rolling and sliding. If the mean surface 

speed is the same for each case then, as long as the load, 

temperature and other variables do not alter, the film thick-

nesses should be the same. Thus the rolling and rolling plus 

sliding film thickness results should coincide with their res-

pective alternates. 

7.3.1 	General Comments on the Results  

It can be seen from Figs. 6.20 to 6.23 that the 

rolling and rolling plus sliding results coincide quite 

reasonably for most cases, but at certain times there are 

differences. The first of these, and the minor of the two, 

occurs at film thicknesses above approximately 0.5 pm. This 

region also corresponds to the lower temperatures and in this 

range the effect of a small temperature change on film thick-

ness is significant. It will be shown later that temperature 

"mismeasurements" of less than 4°C in general can account for 

this difference. It is thought therefore that this behaviour 

can be attributed to thermal effects. This will be discussed 

briefly later in the chapter. 

A more significant discrepancy is noted Fiat the 

lower film thicknesses. By comparing the results for dif- 
a 
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ferent speeds it is found that this does not seem to be 

linked to temperature as the effect is first noticed at 

1,35 C for 0.399 m/sec , 1,50 C for 0.665 m/sec , 1,60 C for 

0.998 m/sec , and 1,67.5°C for 1.330 m/sec. 	Similarly 

neither rolling speed nor load appear to control the phenome-

non directly. 

On closer inspection it can be seen that this effect 

is only noticed for film thicknesses below approximately 0.25 

pm. Thus it appears that this anomalous behaviour is linked 

to the film thicknes's itself, in a similar manner to the 

anomalous behaviour noted for rolling film thicknesses below 

0.2 pm. 

A further important trend is that once this dis-

crepancy has become apparent the amount of sliding does not 

seem to have a large effect. This can be seen by reference 

to Figs. 6.20 to 6.23 where increases in sliding of two and 

three times produce only a small further fall in film thick-

ness. This latter statement must be qualified however as an 

increase in sliding can occasionally precipitate a fall. Com-

parison of the various degrees of sliding for the 60°C case in 

Fig. 6.22 where the film thickness seems to be at a particu-

larly sensitive value demonstrates this fact very well. 

The load has a large effect on the fall in film 

thickness. Again reference to Figs. 6.20 to 6.23 shows that 

for even the very low film thicknesses no fall is apparent 

until the load starts to increase (see the 45°C and 55°C 

cases in Fig. 6.20). Moreover as for sliding, if the film 

thickness is at a particularly sensitive value, an increase 

in load can precipitate a fall. For the 60°C case in Fig. 

6.22 the higher loads cause a fall first for a slide/roll 
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ratio of 0.6 and later for a slide/roll ratio of 0.4 as well. 

The relative effects of pure rolling and rolling 

plus sliding are shown very clearly in Figs. 6.24 and 6.25. 

For the former it can be seen that the pure rolling film 

thickness falls quite uniformly with U.10  but that the rolling 

plus sliding film thickness shows an anomalous behaviour at 

approximately 0.25 pm. and begins to fall more rapidly. How-

ever, when Fig. 6.25 is examined, it can be seen that at 

even lower values of Ii.no  (or film thickness itself) that the 

pure rolling film thickness also begins to fall. The most 

interesting point is that the two sets of results begin to 

apprbach each other again. This suggests that the same mech-

anism is controlling the film thickness fall for pure rolling 

and rolling plus sliding but that the introduction of sliding 

causes the onset of the fall much sooner. 

To test the apparent misbehaviour of rolling plus 

sliding film thickness below approximately 0.25 pm the dis-

crepancy (defined as the measured pure rolling film thickness 

minus the film thickness for whichever one of the three 

corresponding rolling plus sliding cases is being considered) 

and percentage discrepancy (defined as discrepancy divided by 

the pure rolling film thickness x 100%) are both plotted 

against pure rolling and rolling plus sliding film thickness 

respectively. The corresponding cases were defined to be 

those cases which had the same temperature, load, and mean 

speed. For these plots all the available results were used 

instead of just a selection as in Figs. 6.20 - 6.23. 

For this reason a computer plotting program was used 

to save time; the results are shown in Figs. 7.2 to 7.17. 

It should be mentioned that this method of plotting 
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only gives an indication of which film thickness the anomalous 

behaviour is first noted at.. As these discrepancies are only 

apparent at the higher loads, utilising all the film thickness 

results (including those at low loads) means that some of the 

plots may be well below the "critical" value but not show any 

unusual response; this leads to a masking of the behaviour 

pattern. Nevertheless the trends are still easily visible 

using this method. 

Reference to Figs. 7.2 to 7.17 shows that, allowing 

for this masking effect, the rolling plus.sliding film thick-

ness does seem to fall with respect to the pure rolling value 

below 0.25 pm to 0.3 pm , and that this is true for all four 

mean rolling speeds. 

For values above 0.3 pm the agreement between the 

rolling and rolling plus sliding cases is good at first but, 

as commented on earlier, this deteriorates for the higher 

film thicknesses. The absolute values of these latter dis-

crepancies are similar to those for the lower film thicknesses, 

but when looked at in percentage terms do not appear as sig-

nificant. 

7.3.2 	Summary  

For the rolling plus sliding results there are four 

main comments on their behaviour:- 

(a) 
	

The onset of the film thickness discrepancy between 

the rolling and rolling plus sliding cases that is 

noted at certain times for the lower film thick-

nesses is not directly controlled by load, temper-

ature, rolling speed, nor amount of sliding. In-

stead it seems to depend on whether the film thick-

ness is above or below a "critical" value; this 
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appears to be in the range 0.25 pm to 0.3 pm. 

(b) 
	

Once the film thickness has fallen in the manner 

described in (a), a further increase in sliding 

seems to have only a small effect. However if the 

film thickness is in the "critical" region an in-

crease in sliding might precipitate a fall. 

( c ) 
	

If the film thickness is above 0.3 pm the intro- 

duction of sliding does not cause a fall until 

larger film thicknesses are reached. This latter 

behaviour is possibly a thermal effect. 

(d) 
	

The discrepancy noted at the lower values of film 

thickness decreases with decreasing load and, for 

the lowest load, shows an insignificant fall even 

though the film thickness may be well inside the 

"critical" region. 

7.4 	FURTHER DISCUSSION OF THE DISCREPANCY BETWEEN THE  
ROLLING AND ROLLING' PLUS SLIDING RESULTS  

According to classical elastohydrodynamic theory 

the film thickness is determined by the inlet conditions and, 

as mentioned earlier, may be expressed as a function of U*, 

W* and G*. The only variables in this relationship are h,u, 

no, W, a (the other properties remaining constant). Thus in 

trying to explain the film thickness discrepancy between the 

rolling and the rolling plus sliding cases, attention should 

first be turned to the behaviour of these parameters. 

As U is a measured value direct from a digital 

counter it is unlikely that any error would be found here. 

Similarly W is found knowing the pressure on the hydrostatic 

bearings and should not vary when sliding is introduced. To 

• 
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test this assumption the Hertzian width was measured for the 

static case, the pure rolling case and the rolling plus sliding 

case. The Hertz equations give 

a cc AFT 	 (7.7) 

where 	a = Hertzian half width. 

WYMER (9) gives 

0.58 h cc vu. 

therefore h cc a1.-16 

(7.8) 

(7.9) 

If the variation in film thickness is due to a var-

iation in load when sliding is introduced then this increase 

in load would be detected by an increase in the Hertzian half 

width, a. The measurements of this parameter, a, were taken 

using the same technique described in Chapter 4 for the load 

calibration. No noticeable differences were detected for the 

three different operating modes previously mentioned. 

It was estimated that these measurements could have 

a - 5% error, this would give a - 6% difference in film thick-

ness. However the percentage discrepancies measured were as 

high as 40% and the change in Hertzian width due to the load 

necessary to cause this would be approximately 36%. This is 

far higher than the estimated possible error and would have 

been instantly detectable. It can be concluded therefore, 

that a change in load due to the operating characteristics of 

the system when sliding is introduced is not occurring, at 

least to any significant extent. 

Hence any variation in film thickness must be 

attempted to be explained in terms of a and noif classical EHD 
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theory is applied. 

7.4.1 	Temperature Effects  

The first approach is based on the fact that both 

a and no  are dependent on temperature. From the experimental 

results for rollihg shown in Figs. 6.13 to 6.16 an empirical 

relation was derived which gives 

h cc T-1467 
	

(7.10) 

where 	T.is the temperature in °C. 

This was achieved by taking logarithms of the film 

thickness and its corresponding temperature for a given load 

and rolling speed. A best straight line fit of these para-

meters was then found by a least squares regression method. 

This was repeated for all combinations of load and rolling 

speed and from these a simple arithmetic average slope was cal-

culated. 

This expression was used to calculate the required 

error in measurement of inlet temperature which would be nec-

essary to explain the film thickness discrepancy. Graphs were 

then plotted using the computer of the value of the temperature 

increase necessary to bring the rolling and rolling plus sliding 

cases into agreement, versus rolling film thickness (Figs. 7.18 

to 7.21). 

This method of plotting tends to exaggerate the 

"discontinuity" point where the film thickness discrepancy 

first becomes apparent. 

A typical value of the temperature rise necessary to 

explain this discrepancy may be as high as 25°C, whereas for 

only marginally different conditions of load and temperature 
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(for a particular speed and slide/roll ratio) this figure 

drops to less than 5°C. Although such a behaviour is un-

likely, the conditions for temperature mismeasurement of 

this magnitude to be possible will be examined. 

There is a physical limit as to how close to the 

EHD contact the trailing thermocouple can be placed; in 

the experimental situation it is approximately 10 mm. How-

ever the point where the inlet conditions that control the 

film thickness are determined is much closer to the contact 

than this, a value of half a Hertzian contact width in front 

of the contact is a generally accepted figure. 

One possible "mismeasurement" of temperature could 

be caused by a rise in oil film temperature after the trailing 

thermocouple, and the main source of such a temperature rise 

would be heat flowing back from the EHD contact into the inlet 

region. Higher temperatures are known to exist in the contact 

but no method of predicting them has yet been shown to be 

accurate. However, using a procedure outlined by CAMERON (16), 

theoretically expected contact temperatures are calculated and 

predictions made for the temperature rise in front of the con-

tact. This procedure is also used in reverse with the contact 

temperatures necessary to explain the temperature "mismeasure-

ment" in the inlet being calculated. In each case the inlet 

temperatures are calculated for a point one tenth of a Hertzian 

contact width in front of the contact, this should exaggerate 

any influence of contact temperature. 

Treating each of the three contacts as independent 

of each other, the peak temperature rise which can be expected 

in the contact region (Ta) is given by 
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. 2 .... . .. (7) 
T - 	 
C  

(1 + B1 B2  

 

(7.11) 

  

where 
p .(U1 -  U2) q  _ 	

. L . k 

 

1 K B = K — (—U) 

E 2a = 2 x (8RW-1773fTE  

R = reduced radius 

W. = load 

= reduced Young's Modulus 

L = length of contact 

U = speed of the surface 

K = thermal diffusivity 

K = thermal conductivity 

3.= mechanical equivalent of heat 

p = coefficient of friction (traction) 

where applicable the suffix 1 will denote the sapphire surface 

and the suffix 2 will denote the steel surface. 

The following physical values were used:- 

R = 8.47 mm 	W = 2780 N (equivalent to 1.294 GN/m2  max- 

imum Hertzian pressure and the highest load used), 

E' = 305 GN/m2 , L = 9.53 mm , 1.11  = .865 m/sec , U2  = .465 

m/sec , (giving a slide/roll ratio of approximately 0.6 and 

mean speed = 0.665 m/sec.), K1  = 0.12 x 10-4  m2/sec , K2  = 

0.12 x 10-4 m
2
/sec , K1  = 35.6 J/sec.m oC., K2  = 46.1 

J/sec.m °C, p = 0.055. 

Therefore 

= 0.3409 mm 
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B1  = 1.12 x 10
-4 m

1.5
.sec.

oC/J 

B2'= 1.01 x 10
-4 

m
1.5

.sec.
oC/J 

q = 22.36 x 10
8 
J/m

2
.sec 

giving 	Tc = 20.9 °C. 

However this analysis is only valid for the situa-

tion where both the moving surfaces are at the same initial 

temperature. In the experimental situation the temperatures 

of the two surfaces are not the same and, for the parameters 

used in the previous calculation have a temperature difference 

of approximately 14.5°C. Thus the division of heat generated 

in the contact cannot be expected to behave in the same manner 

assumed for the analysis, and so the predicted temperature has 

an inherent inaccuracy. However this effect, although signifi-

cant, is not overwhelmingly large. 

Unfortunately two other factors also cast some 

doubt as to the validity of this analysis. The first is that 

Cameron's treatment of the problem assumes a steady state has 

been reached, whereas transient thermal conditions are to be '  

expected here. Secondly the oil film is considered to offer 

no thermal resistance to heat flow to the surfaces. ARCHARD 

(17) has suggested that this effect is not negligible and can 

in fact give higher temperature rises than previously calculated. 

It would therefore appear that the temperatures in 

the contact region may well be higher than first expected, es-

pecially as the sapphire disc has to attain a temperature of 

14.5°C higher than the steel disc (68% of the total predicted 

rise using Cameron's procedure). 

However for the present time it will be assumed that 

the predicted value is representative. Later it will be shown 

that these temperatures are an order of magnitude too low to 
0 
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explain the experimental results. 

Continuing with the analysis, a speed factor 

Uk b = 2K is now calculated for each surface, and the following 

values are obtained. 

b1 = 12.3 

b2 = 6.6 

From Fig. 7.22 it can be seen that the temperature 

rise one tenth of a Hertzian contact width in front of the 

contact is approximately 0.05 of the peak temperature rise, 

i.e. approximately 1°C. This value is nowhere near the 25°C 

that is required to explain the results. 

Conversely, if it is. assumed that the proportiona-

lity of temperature one tenth of a contact width in front of 

the contact to peak temperature still holds for other temper-

atures, the contact temperature rise necessary to give a 25°C 

rise in the inlet region is approximately 500°C. 

It is highly unlikely that contact temperatures of 

this magnitude could be present for the conditions used in 

this series of experiments, and virtually impossible that these 

temperatures are present for one set of conditions and not 

present for a marginally different set of conditions. A gain 

of heat to the inlet region from the contact is therefore 

thought to be an unlikely mechanism to explain the film thick-

ness discrepancies that have been found to exist. 

However some doubt remains as to the accuracy of 

the trailing thermocouple, especially for measuring skin 

temperatures. It is possible that a thin layer of hotter oil 

is carried from the exit of one contact into the inlet of 

another, and that the temperature of this layer is not measured. 

• 
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This could arise because the bead of the thermocouple is 

large compared with the thickness of this hotter oil layer, 

and hence detects only the bulk surface temperature. On 

entry into the contact this thin layer of hotter oil would be 

the dominating influence on film thickness. 

This line of reasoning can be eliminated as an 

explanation of the film thickness behaviour by a simple exami-

nation of the thermal situation in relation to the experimental 

conditions. As mentioned previously it is unlikely that small 

change in operating conditions could allow A thermal effect to 

become suddenly dominant, especially as a threefold increase 

in sliding (and hence heating) will not cause a fall in film 

thickness unless the film thickness is very close to the 

critical value of approximately 0.25 pm. An increase in sli-

ding of this magnitude would cause a significant rise in the 

skin temperature and hence should have precipitated a fall in 

the EHD film thickness. The fact that the film thickness is 

usually insensitive to the proportion of sliding present sug-

gests that the trailing thermocouple gives a fairly accurate 

measurement of the inlet temperature, and that a skin of hotter 

oil, which is too thin to be detected, is not the explanation 

for the discrepancy. It appears therefore that an attempt to 

explain the film thickness behaviour at low values when sli-

ding is introduced is not feasible in terms of temperature 

effects. However before looking at other possible influences 

on a and 	it it is worthwhile considering temperature effects 

as a possible reason for the discrepancies at the higher values 

of film thickness. 

Figs. 7.18 to 7.21 show that errors in temperature 

measurement of 4°C would bring most of the results back into 
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agreement. The previous analysis for heat flowing back out 

of the contact gives rises of 1°C,and as mentioned, this might 

actually be higher due to the fact that the transient nature 

of the thermal situation and the thermal resistance of the oil 

film (especially at the larger film thicknesses) are neglected 

in the analysis. 

In addition it is not impossible that the trailing 

thermocouple may be unable to detect a very small layer of 

slightly hotter oil, sufficient to account for 1°C or 2°C dif-

ference in measurement...of inlet temperature. 

It can be seen that the combination of these two 

factors is probably sufficient to give an error in measurement 

of 4°C. It is therefore proposed that this is the explana-

tion for the fall in film thickness with sliding at the higher 

values, but not at lower values. 

Attention is now turned to analysing other condi-

tions which may affect the pressure/viscosity coefficient, a, 

and the inlet viscosity, no. 

7.4.2 	Shear Effects  

JONES, JOHNSON, WINER and SANBORN (18) have shown 

that, in general, a falls with increasing shear stress. Also 

ADAMS and HIRST (19) propose that viscosity has a non-Newton-

ian response above a critical shear stress. Nevertheless, 

although both a and no  appear to be dependent on shear stress 

it is unlikely that this parameter controls the fall in film 

thickness. The shear stress levels in the inlet region are 

predominantly due to the film squeeze action of the two 

moving surfaces and the contribution to shear stress by the 

introduction of sliding is very small. Hence any fall in 
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film thickness due to shear stress effects should be apparent 

in the pure rolling situation and not be unduly affected by 

the presence of sliding. 

This argument can be confirmed by an examination 

of the results. The film thickness drop only seems to be 

dependent on whether or not the actual film thickness is above 

or below a critical value. For the case where the film thick-

ness is above this critical value, a fall in film thickness 

will not occur when sliding is first introduced, nor when 

sliding is increased threefold. __However by decreasing the 

speed (and hence decreasing the shear stress) so that the 

film thickness-is below the critical value, the introduction 

of sliding now causes a fall in film thickness. Thus at a 

higher shear stress level due to a higher rolling speed the 

introduction of sliding (and extra shear stress) does not 

cause a fall in film thickness, whereas at a lower shear 

stress level due to a lower rolling speed the introduction 

of sliding does 	cause a fall. This behaviour is not com- 

patible with the effect of shear stress on a and no  being 

the mechanism to explain the results. 

In a similar manner a viscosity dependence on 

shear rate or a shear thinning effect seem an unlikely expla-

nation. A large amount of shear comes from the rolling con-

tribution to motion and yet by doubling the speed and hence 

greatly increasing the shear rate the film thickness does not 

fall, but increases. In fact where sliding is present and a 

film thickness discrepancy is noted, an increase in the rolling 

speed will increase the film thickness and eliminate the dis-

crepancy at the same time. 

4 
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7.4.3 ' ' ' Other Effects  

All the attempted explanations of the results 

have so far concentrated on the rheological behaviour of the 

lubricant, and have assumed that classical EHD theory is 

valid. However classical EHD theory assumes that the two 

surfaces are smooth and that there are no surface irregulari-

ties. This is not true for the discs used in this experiment. 

(The surface profile traces are given in Fig. 7.23). It will 

be noted that, although the C.L.A. values for the steel discs 

are-,all approximately 0.04 pm , a typical'value of peak to 

valley height taken from the trace is approximately 4 mm 

which, for the scaling factor of 20,000, represents 0.2 pm , 

i.e. of the same order of magnitude, and close to the value 

of film thickness at which anomalous effects are noticed. On 

closer examination of the traces it can be seen that, for a 

mean separation of the sapphire and steel surfaces of 0.25 pm , 

some of the larger peaks of the steel surface will intermesh 

with the (relatively) smooth sapphire surface. However this 

is only true if both the discs are stationary. When the discs 

are moving the situation is very different; high pressures 

are generated in the contact, high enough to deform small 

surface asperities significantly. 

Thus, although surface roughness may possibly play 

some part in the mechanism of the film thickness fall, it is 

unlikely that actual surface to surface contact takes place. 

This view is supported by the fact that no noticeable increase 

in traction was detected when the film thickness fall was first 

apparent. It is assumed that any significant contact under 

sliding conditions would be accompanied by a rise in traction. 
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Unfortunately it was not possible to test this 

assumption of no asperity contact using an electrical method 

as both sapphire and the coating sputtered onto it (Cr203) 

are electrically non-conducting. 

Thus it seems likely that some form of micro-elasto-

hydrodynamic lubrication is taking place, as demonstrated by 

JACKSON and CAMERON (20), where the surface asperities all act 

as miniature EHD contacts and as such deform elastically, 

thus avoiding any surface to surface contact. In Jackson and 

Cameron's work.the "asperities".were artificially formed and of 

large size, in the present work the areas of micro-EHD contact 

would be much smaller and not discernible. Hence it was not 

possible to view this phenomenon directly. 

7.5 	A POSSIBLE MECHANISM TO EXPLAIN THE ANOMALOUS  
BEHAVIOUR OF FILM THICKNESS  

7.5.1 	 The Effect of EHD Conditions on Asperities  

Recent work by CHOW and CHENG(21) has predicted 

the pressure perturbations due to a single ellipsoidal as-

perity in an EHD contact, this is somewhat similar to the 

present case in that one surface was relatively rough while 

the other surface was relatively smooth. Chow and Cheng's 

work was carried out for a rigid asperity whereas in reality 

there is some elasticity of the asperity. However, if it is 

assumed that the general behaviour pattern for a rigid asperity 

still holds here, some interesting comparisons can be drawn 

between these predictions and the experimental results. 

One particularly interesting feature of Chow and 

Cheng's work is reproduced in Fig. 7.24(a). This plot shows 

the effect of slide/roll ratio on the perturbed pressure para- 
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meter As (defined as perturbed pressure/maximum Hertzian 

pressure) for two values of G (defined as pressure viscosity 

coefficient x reduced Young's Modulus). It can be seen that 

As is greatly dependent on the slide/roll ratio when As is 

small, and relatively insensitive when As is large. The two 

plots are for G = 100 and G = 500 whereas the value of G here 

is 6,000. Chow and Cheng propose that these lower values of 

G are more accurate than those calculated assuming a static 

configuration, although their justification for this is vague. 

They do admit however that, for higher values of G, the point 

of minimum As approaches s = 0. They also mention that this 

work agrees very well with studies by LEE and CHENG (22) which 

predict As a minimum for zero sliding (s = 0) at a value of 

G = 3180. If it is assumed that G does approximately equal 

6,000, then it can be said that the magnitude of the perturbed 

pressure increases sharply at first with the introduction of 

sliding and then responds much more slowly for larger values 

of sliding. 

Another prediction of this analysis is shown in 

Fig. 7.24(b). As the film thickness parameter h*/R (defined 

as central film thickness/reduced radius) falls,the magnitude 

of the perturbed pressure parameter As increases for the rigid 

asperity but remains reasonably constant for an elastic asperity 

(predicted from work by CHENG (23)). This difference in behaviour 

for the elastic asperity is due to the fact that the asperity 

deforms and hence its influence is reduced. Chow and Cheng 

state that the rigid asperity analysis can only be considered 

valid for h*/R >10- 5' PHz/Et  < 0.003, and G < 500 (PHz 

maximum Hertzian pressure, E' = reduced Young's Modulus) whereas 

here typical values are h*/R = 3 x 10-5 pHz/E' = 0.005, and 
V 
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S 
G = 6,000. For these qualit-les this rigid asperity analysis 

can only predict general trends as local yield effects are 

then taking place. 

Thus the elastic theory of Cheng indicates that 

the magnitude of the perturbed pressure stays constant as 

film thickness falls, because the asperity deforms, and the 

rigid asperity theory of Chow and Cheng suggests that the per-

turbed pressure increases as the film thickness falls; how-

ever in practice local yield effects' must be taking place. 

Both these approaches suggest that in reality deformation of 

the asperity must occur under certain operating conditions. 

Finally Figs. 7.24(c) and 7.24(d) show that as 

Hertzian pressure (i.e. load) increasesi the magnitude of As 

increases for a rigid asperity, and remains roughly constant 

for an elastic asperity i.e. the perturbed pressure (defined 

as As x Hertzian Pressure) increase in both cases, although 

one case is more rapid. Some interpolation of the plot is 

needed as Fig. 7.24(c) represents h*/R = 10-5  and Fig. 7.24(d) 

represents h*/R = 10-6 whereas a typical experimental value 

is h*/R = 3 x 10-5. 

In the real case the asperities on a typical surface 

are not rigid but behave in an elastic manner and as such will 

respond to changes in pressure. Therefore it seems likely that 

the pressure perturbations predicted by rigid asperity theory 

will deform the actual asperity. However this deformation 

will modify the pressure perturbation itself, so in fact some 

sort of equilibrium situation will be reached. 

Nevertheless, assuming that the general behaviour 

pattern predicted for a rigid asperity is still valid for the 

real, more elastic type of asperity and in particular, that 
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the pressure perturb'at'ion terids to 'flatten'si'gnifi'can'tly  

the peak,  of the asperityi then it can be said that:- 

(1) As the film thickness falls the flattening effect 

on the asperities increases. However under con-

ditions of pure rolling this effect is not signifi-

cant until low film thickness are reached. 

(2) The flattening effect on the asperities is greatly 

increased by the presence of sliding (however the 

film thicknesses still have to be fairly low for 

this effect to be noticeable). Thus it is possible 

to have a film thickness at which the asperity de-

formation is low for pure rolling but much greater 

for rolling plus sliding. 

(3) It only requires a small amount of sliding to in-

crease the flattening effect, after this further 

increases in sliding have a diminishing influence. 

(4) As the load is increased the flattening of the 

asperities increases; this is true for both rolling 

and rolling plus sliding. 

It must be remembered that this flattening effect is 

not limitless; the absolute maximum deformation can only equal 

the original height of the asperity. 

This predicted flattening effect has a similar be-

haviour pattern to that noted for film thickness discrepancy 

(see Section 7.3.2). Thus if a link can be established between 

the two phenomena, then a possible explanation of the anomalous 

behaviour of film thickness may exist. 

7.5.2. 	The Effect' 'of Asperity Behaviour on Film Thickness 

The work of LEE and CHENG (22) and more recent work 
• 
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by CHOW and CHENG (24) has predicted that surface roughnesses 

can give a significantly higher film thickness than for a 

smooth surface. This film thickness is defined as the sepa-

ration of the mean lines through the surface roughnesses, and 

will be almost exactly the same as the measured optical film 

thickness which is also related to the separation of the mean 

lines. 

An alternative way of visualising the situation is 

to consider that the mean line through the asperities is not 

the effective boundary for determining film thickness. In 

other words the contact can be treated the same as for a 

smooth surface, but now the equivalent smooth surface boundary 

passes much closer to the asperity peaks (more like an enve-

lope boundary) - see Fig. 7.25(a). This means that the 

measured film thickness is greater than the smooth surface 

"operating" value by an amount which is dependent on the 

height of the asperities. 

A mechanism to explain the observed film thickness 

behaviour can now be suggested, based on the fact that any 

flattening of the asperities will reduce the amount by which 

the film thickness is enhanced over the smooth surface value. 

Consequently if the asperities were totally flattened the 

measured value would equal the smooth surface value. 

Assuming that this "equivalent smooth surface" 

film thickness behaves in a regular manner to changes in 

load, temperature, rolling speed etc. as predicted by EHD 

theory, it is still possible to detect a fall in measured film 

thickness. This fall is really a reduction in the enhancing 

effect of the surface roughness over the smooth surface value 

as the asperities flatten. 



- 224 - 

Combining this hypothesis with the predictions 

of CHOW and CHENG (21) for single asperities leads to the 

following description of measured film thickness behaviour:- 

When the film thicknesses are large the deforma-

tions of the asperities for both the rolling and rolling plus 

sliding cases are very small. Consequently they are both 

enhanced over the smooth surface values by the same amount, 

and as the smooth surface values are not affected by the 

presence of sliding, neither are the measured values. 

As the film thickness falls the deformation of the 

asperities under pure rolling is still small but the intro-

duction of sliding significantly increases this flattening 

effect. Thus, although as before the equivalent smooth 

surface value is unaffected by the presence of sliding, the 

enhanced (measured) film thickness is reduced due to the 

flattening of the asperities - see Figs. 7.25(b) and 7.25(c). 

If the film thickness falls even further the flat-

tening effect now becomes significant for pure rolling as 

well, and so a plot of measured film thickness shows a more 

rapid fall off than before as it moves into the "critical" 

region. 

However, as mentioned previously, the asperities 

cannot be flattened by more than their original height, and so 

a hypothetical curve of flattening effect against film thickness 

would look something like Fig. 7.26 for any given rolling/ 

sliding combination. At high values of film thickness the 

flattening effect is small but rapidly increases as film thick-

ness falls. Eventually there is an inflection in the curve and, 

at near zero values of film thickness, it asymptotes to a value 

equivalent to the asperity height. 
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Thus the deformation of the asperities and hence 

fall in measured film thickness are limited. This means 

that there must be some recovery in the rate of increase in 

film thickness discrepancy, and that this discrepancy should 

eventually approach a constant value. 

The rolling plus sliding experiments did not pro-

ceed far enough to test this hypothesis, as there was concern 

that the optical coating would be damaged at low film thickness. 

However under pure rolling some low film thicknesses were reached 

and in Figs. 6.17 to 6.19 it can be seen that.a recovery in res-

ponse is apparent. Moreover in Fig. 6.25 it can be seen that 

the loss of enhancement for both pure rolling and rolling plus 

sliding appears to be approaching the same value. 

It is clear that this mechanism describes the experi-

mental behaviour very well in a qualitative manner, but it is 

much more difficult to assign any quantitative values to the 

effect; however one approach will be outlined in the following 

section. 

7.5.3 	Correction to Some of the Rolling Film Thickness  
Measurements  

If the flattening effect on the asperities or con-

versely the enhancement in film thickness were known with res-

pect to film thickness for any given set of conditions, then 

it would be possible to re-plot Figs. 6.17 to 6.19 so that 

they showed the response of equivalent smooth surface film 

thickness against the parameters U.no  and U.a.no. 

It is not possible to describe the shape of the film thickness 

enhancement/film thickness curve accurately, but an estimate 

can be made of the maximum value and related to asperity height. 
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As mentioned previously the C.L.A. values for sur-

face roughness are all approximately 0.04 pm where typical 

peak to valley heights from the trace are 0.2 pm. If it is 

assumed that the equivalent smooth surface boundary passes 

close to the peaks, then the maximum enhancement will be 

approaching half the peak to valley height i.e. 0.1 pm. How-

ever as the film thickness drops this enhancement goes to zero. 

Thus the proposed curve will be very similar to the inverse 

of the curve in Fig. 7.26. (The greater the flattening effect, 

the less the film thickness enhancement). 

In Fig. 7.27 a curve of film thickness enhancement 

versus measured film thickness has been constructed. This 

curve satisfies the end conditions above, although the maximum 

enhancement, 0.09 pm , is slightly less than half the typical 

peak to valley height of the asperities to allow for the equi-

valent smooth surface boundary not quite being an envelope 

boundary. 

If this curve is used to correct the results of 

Fig. 6.18 then a plot of equivalent smooth surface film thick-

ness is obtained which shows very little irregularity in be-

haviour (Fig. 7.28). Using these results it is possible to cal-

culate the response of film thickness to u.no  although as before 

no allowance has been made for the effect of the pressure vis-

cosity coefficient, a. Nevertheless a relationship of the form 

h a (U.1-
1o
)0.71 
	

(7.12) 

is obtained compared with 

h a (u.no)0.66 
	

(7.13) 

obtained previously. 
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It can be seen that this value for the power co-

efficient of film thickness response to U.110, "b", is slightly 

higher than before. It suggests that the value for "b", ob-

tained by the more accurate method of comparing the response 

of film thickness to speed only, will also be higher than its 

previous value of 0.615, thus improving the already good agree-

ment with other workers' predictions. 

The effect of this correction on "c", the power 

coefficient of film thickness response to load, is more dif-

ficult to quantify, but it appears to increase the value of 

this coefficient by approximately 25% on average. This im-

proves the comparison against other workers' values but still 

leaves the experimental values well short of Wymer's value of 

-0.17. 

7.6 	CONCLUSIONS 

It would appear therefore, that a surface asperity 

deformation mechanism adequately explains the behaviour pat-

tern of film thicknesses measured under rolling and rolling 

plus sliding conditions. The important aspects of this type 

of mechanism are as summarised below:- 

(1) For film thicknesses significantly above the 

average peak to valley height of a rough surface, 

the mean separation of the two surfaces (i.e. the 

separation measured by optical interferometry) is 

greater for rough surfaces than for equivalent 

smooth surfaces. 

(2) As the film thickness falls the local pressure 

variations around the asperities increase in mag-

nitude and cause significant deformation of the as- 
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perities themselves. As this happens the film 

thickness enhancement of rough surfaces over 

smooth surfaces decreases. This appears to occur 

at values close to the typical peak to valley 

height of the asperities. 

(3) Although significant pressure variations with con-

sequent flattening of the asperities can occur 

under conditions of pure rolling only, the intro-

duction of sliding greatly magnifies this effect. 

(4) Only relatively small amounts of sliding are nec-

essary to increase this flattening effect, further 

increases have a reduced influence. 

(5) The local pressure variations (and hence flattening 

effect) increase in magnitude with increasing load. 

Support for this projected behaviour of gross de-

formation has recently been found at Imperial College, London 

(25). Experiments have been carried out using a transparent 

disc onto which are sputtered controlled asperities. Optical 

measurements of the film thickness between these asperities 

and a rolling or sliding ball have shown large deformations, 

these deformations were greater for sliding than for rolling. 

Unfortunately this work is only preliminary and the results 

have not been published as yet, however the trends agree very 

well with the proposed mechanism for explaining the present 

results. 

Finally, although further work is needed to more 

fully understand this behaviour and be able to predict the 

film thickness enhancement for different surface roughnesses, 

the following is suggested from the results obtained here:- 

For a given peak to valley height of surface rough- 
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ness, 6, the central film thickness, 110  is enhanced over the 

equivalent smooth surface value by up to 0.58 for 110  greater 

than 2S. As lower film thicknesses are encountered this en-

hancement falls but is still significant above ho = S for pure 

rolling, and 110  =-1.255 for slide/roll ratios greater than 

about 0.05. For values of ho below 0.56 this enhancement has 

almost completely disappeared in both cases. 

7.7 	SUGGESTIONS FOR FURTHER WORK  

Two sections of further experimental work must be 

carried out. The first is to repeat the present series of 

tests using different oils - at least two oils. One should 

have a similar viscosity to the present test oil but diff-

erent pressure/viscosity coefficient, the other should have a 

similar pressure/viscosity coefficient but different viscosity. 

In this way it will be possible to study the effects of vis-

cosity and pressure/viscosity coefficient independently. For 

a single oil this was not possible as the only way of altering 

either of these parameters was by changing temperature and hence 

both were affected simultaneously. From this it will be pos-

sible to discern the effect of lubricant properties on the 

film thickness behaviour noted in these experiments. 

The second section, and perhaps the most important, 

is to change the surface roughness of the steel discs. If the 

steel discs were made rougher the quality of the optical inter-

ferometric pattern would deteriorate, and so the only possi-

bility is to make them smoother. This requires an improvement 

in the polishing technique and may well necessitate specialist 

work as a good finish from continual polishing in the same 

(circumferential) direction is difficult to achieve. 
S 
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Two things should be apparent from the use of 

smoother steel discs; the magnitude of the observed film 

thickness drop should be reduced as the asperity heights 

will be smaller and hence cannot be physically flattened by 

the same amount as before, and secondly the onset of the film 

thickness drop should occur at a lower value of film thickness. 

Unfortunately this lower value of film thickness may be too 

low to be measured by the present optical system. This could 

possibly be remedied by utilising optical spacer layers as 

used by WESTLAKE and CAMERON (15) which enables ultra-thin 

EHD films to be measured. 

An improvement could be made in temperature meas-

urement. Ideally it would be preferable to get a direct 

read-out of mean temperature under rolling plus sliding con-

ditions. It may be possible to do this by linearising the 

output from the thermocouples, and then simply averaging the 

signals. Manufacturers of electronic systems to read directly 

temperature using thermocouples (similar to those used in this 

series of experiments) have achieved this and it would seem 

likely that this circuitry could be utilised. If this did not 

prove feasible the problem could possibly be circumvented by 

altering the experimental procedure. The outputs from the 

thermocouples on the steel and sapphire discs could be fed 

into a pen recorder with an event marker. This marker would 

be operated when the reading of film thickness was taken. 

Knowing the two instantaneous temperatures, the mean temper-

ature could be calculated, (It is assumed that the mean tem-

perature is the simple arithmetic mean). The corresponding 

rolling film thickness could then be measured at this mean 

temperature. This could easily be done as both the thermo- 
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couples would read exactly the same, thus making it possible 

to decide when the test temperature had been reached. This 

latter method has the disadvantage of making it very difficult 

to arrange for a set of rolling plus sliding results at the 

same mean temperature but different slide/roll ratios and/or 

loads, and in fact may still necessitate some form of temper-

ature correction term. 

Finally the use of infra-red techniques for meas-

uring contact and inlet temperatures would enable the effect 

of temperature to be studied much more intensively than has 

been possible here. 
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Table '7.1—  OPERATING CONDITIONS FOR TRACTION DATA 

• COMPARED' IN FIG.' 7'..1 

Symbol in 
Fig. 	7.1 

Source 	- 
Maximum 
.Hertz.Press. 
(GN/m2) 

Mean Speed 
(m/s) 

Temperature 
( u C) 

0 A.D.Moore "0.775 2.20 41.5 

a A.D.Moore 0.940 2.20 41.5 

X R.R.Duckworth 0.960 0.20 20.0 

. R.R.Duckworth 1.120 0.20 20.0 

Present 4 
disc machine 

0.707 1.330 30.0 

Present 4 
disc machine 

1.117 -1.330 30.0 
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TabIe'.7.2.: ARITHMETIC MEANS AND STANDARD DEVIATIONS FOR THE  

'POWER COEFFICIENTS OF FILM THICKNESS RESPONSE TO  

*SPEED 

Load 
(N)  

Mean Standard Deviation 

512 0.587 0.030 

1112 0.607 0.031 

1601 0.646 0.053 

2046 0.637 0.032 

2402 0.608 0.058 

2780 0.614 0.072 

Table 7.3 ARITHMETIC MEANS AND STANDARD DEVIATIONS FOR THE 

POWER COEFFICIENTS OF FILM THICKNESS RESPONSE TO 

LOAD 

Speed 
(m/sec) 

First Four Loads All Loads 

Mean S. Dev. Mean S. 	Dev. 

0.399 0.102 0.010 0.155 0.014 

0.665 0.070 0.019 0.124 0.031 

0.977 0.067 0.016 0.109 0.019 

1.330 0.061 0.018 0.097 0.034 
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Table 7.4 COMPARISON OF EXPERIMENTAL RESULTS AGAINST THOSE 

PREDICTED USING WYMER'S RELATIONSHIP  

Rolling 
Speed 

(m/sec) 

Temperature 

( 
o 
 C) 

Experimental Film 
Thickness 

(pm) 

Predicted Film 
Thickness 

(11111) 

0.665 30 0.50 0.59 

0.665 40 0.33 0.40 

0.665 50 0.23 0.29 

0.665 60 0.19 0.21 

0.998 30 0.62 0.76 

0.998 40 0.41 0.52 

0.998 50 0.29 0.37 

0.998 60 0.23 0.27 

1.330 40 0.55 0.63 

1.330 50 0.38 0.45 

1.330 60 0.28 0.33 
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