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ABSTRACT

Photoelasticity has been used to determine the
contact stresses in a glass disc, which is in rolling
contact with a steel disc. By postulating wvarious
polynomials for the pressure curve in different parts of
the contact it is possible, by knowing the position of
the principal stress difference, to find tae shape of' the
complete pressure curve. An alternative method has also
been developed, which calculates the pressure curve direct
from the isochromatics. At the moment this method is
restricted by the quality of the experimental stress field.
A method is foreseen however, of overcoming this difficulty.

Elastic deformations due to the pressure curves
have been produced, these have been compared with the film
shapes obtained from the inverse solution of Reynolds
equation. The film thickness was obtained by graphical
differentiation.

0il entrapment effects were demonstrated. The
stress patterns under these conditions indicated that
pressures higher than the ﬁertz maximum were being created.
0il starvation effects were also demonstrated. The shape
of the stress patterns under these conditions gradually
changed to the shape normally associated with dry rolling.

. Finally, a series of tests were performed to
investigate the effect of surface roughness on lubricated
contacts. It was observed thdat as the roughness increased
(all other conditions being equal) the shape of the stress
patterns changed to the shape normally associated with dry
rolling. These conditions of partial surface contact with
a lubricant, are probable causes of failure by pitting.



ACKNOWLEDGEMENTS

The author wishes to express his gratitude to
Dr. Cameron for suggesting this research project and for
his very helpful supervision.

Sincere thanks are also due to Dr. Gohar for
his very useful comments and continued interest in this

project.

Imperial College is fortunate in having friendly
and co-operative technician staff, making conditions easy
for research. The help rendered by Mr. E. Childs,

Mr. R. Dobson and Mr. S. Smart is greatly appreciated.
The library staff at West Ham College. under Mr. Chapman
have also been most helpful.

A special thankyou also to his wife for her
assistance in scanning and compiling the thesis.

Finally, the author is indebted to the Science
Research Council for financing the cost of some of the

equipment.



1.01
1.02

2.01
2.02
2.03%
2.04
2.05

5.04

3.02

5.03
5.04

5.05
%.06
3.07
5.08
3.09

%.10

CONTENTS

Titl e [ ] L ] [ ] - L ] - - L
Abstract - . . . . . .
Acknowledgements . . . . . .
Contents . . . . - . .
Index to Figures . . . . . .
Symbols . . . . . . .

CHAFTER 1 INTRODUCTION
Review of previous work . . . .
General notes on photoelasticity . .

CHAFTER 2 APPARATUS
Di Sc S * - - [ ] - - L ] *
LO ad L ] L J * [ ] - [ ] - -
Lubricant . o . . . . .
Dr ive [ ] - - [ ] » - - L ]
Optical 3Bench . .- . . . -

CHAFTER 3 ANALYSIS
Calibration of Isochromatics . . .
Contact pressure distribution . . .
Fressure distribution consisting of
concentrated loads . . . . .
Pressure distribution consisting of
parabolas . . . . . . .
Fressure distribution from isochromatics .
Accuracy of pressure curves S e . .
Elastic deflexion . . . . .

.

Film shape-Inverse solution of Reynolds equation

Magnification of fringes . . . .
Position of 'hairline' . . . .

~le

Page

.Y

W NN F oW

10
15

22
24
25
25
25

36
36

26
38
40
41
42
50
51



Contents (Cont.) ' Page

CHAPTER 4 'SMOOTH DISCS'-EXPLRIMENTAL
RESULTS AND COMPUTATIONS

4,01 Complete analysis . . . . . . 52
4,02 Pressure spike . . . . . . . 71
4,03 Dry and Lubricated rolling contact . . . 78
4,04 Oil entrapment . . . . . . . 80
4,05 O0il starvation . . . . . . . 84
CHAPTER 5 EXPERIMENTAL RESULTS
EFFECT OF ROUGHNESS
5.01 Object and reasons for tests . . . . 88
5.02 Details of surface finish . . . . . 89
5.0% 'D' Values . . . . . . . . 89
5.04 Results . . . . . . . . 91
5.05 Effect of large asperity contact on the static
stress pattern .« e . . . . . 96
CHAPTER 6 SUMMARY
6.01 Errors . . . . . . . . . o8
6.02 Discussion . . . . . . . . 102
6.0% Conclusions . . . . . . . . 103
CHAPTER 7 FUTURE WORK
7.01 Elimination of end effects . . . . . 104
7.02 Combination of optical methods . . . . 107
7.0% Sapphire insert . R . . . . . 109
APPENDICIES
I Calibration Chart . . . . . . 110
Flow chart 1 . . . . . . . 113
Programme 1 . . . . . . . . 14

Computer plot of Calibration Chart . . . 116



Appendicies (Cont.)

IT

IIT

Iv

VI

Contours - pressure curve
concentrated loads

Flow chart 2
Programme 2 .

Page

- - - * L 4 117
> L] L] - - 119
L . - L - 121

Contours - pressure curve based on

parabolic sections

Flow chart 3
Programme 3% .

. . . - 'o 125
. . . . 3 1 28
. . . - . 1 29

Solution of simultaneous quadratic equations . 131

Flow chart 4a.
Programme 4a
Flow chart 4b

. . . . . 134

. . . . . 135
. . . . . 140

Programme 4b . . . . . . . 144
Graph showing convergence of solution . . 143
Elastic deflexion . . . . . . 145

Flow chart 5
Programme 5 .

Programme check with Hertz
Deflexion computations

Graphical determination of

maximum pressure

Flow chart 6
Programme 6 .

REFERENCES

'Graphical differentiation

. - . . - 148
. . - - - 149

pressure curve . . 153
. e . . LA 154

film thickness at
E L ] L * [ ] 162

. . . . . 166
Ll Ld - Ll - 168
- . . . . 169

. . . . .- 176



Figure

=

0 ~3 O \\»n

11
12
13
14

15

16
17-21
22
23
24
25

26
27
28
29
20
3
32
35
g
35
36

Index to Figures

Comparison of experimental and theoretical
pressure curves.

Polarised wave components.

Schematic diagram - arrangement of elements

in a Mixed Circular Polariscope.

Methods of preventing oil blurring of fringe-

pattern.

Monochromatic light unit

White light unit

General view of apparatus.

Plan view of apparatus.

Front elevation of apparatus.

Optical Bench.

Co-ordinate system for stresses.
Co-ordinate system for deflexion integrals
Co-ordinate system.

Graphical solution of thé Inverse Reynolds
equation.

Graphical determination of positive root
and film shagpe.

Magnification of fringes.

Contours of principal stress difference.
Effect of speed on pressure distribution.
Comparison of deflexion curves.

Effebt of speed on film shape.

Theoretical and experimental relationship
between film thickness and surface speed.

Coloured fringes.

Contours of principal stress difference.
Dry and Lubricated rolling contact.

0il entrapment.

Surplus oil film.

Axial oil meniscus.

0il starvation.

Talysurf traces for steel discs.

Effect of roughness on static fringe patterns.

Effect of rougnness - discs rotating.
Effect of roughness - increased speed.

Page

15
17

21

23
26
27
29
31
32
33

35
4

43
4y

49
50
56-65
66
67
69

70
72
H=77
79
83
85
85
87
90
93
o4
95



Figure

57
38

39

40

44
42

45
i

45
46
&7
48
49
50
51
52
23
54
25
56

57
58
59

Isochromatics - very rough surface contact.

Contours of principal stress difference-
rough surface.

Possible source of error - required and
computed pressure curves.

Effect of pressure spike on stress
contours.

Optical layout.

Experiment to check clarity of photoelastic

contact stresses.
Blended steel disc.

Four disc machine, combination of optical
methods.

Sapphire insert.

Hertz pressure curve.

Distribution of concentrated loads.
Calibration Chart.

Co-ordinate system for contours.
Co-ordinate system for parabolas.
Co-ordinate system for concentrated loads.
Iteration of loads.

Modified deflexion diagram.

Hertz deflexion curve.

Graphical Differentiation.

Graphical Differentiation - application to
pressure curve.

Calibration Chart - lever arm.
Viscosity-Temperature Chart. BF 1065.
Calibration Chart - lamp voltage.

Page
96

o7

100

104
105

106
107

108
109
110
112
116
118
123
139
143
145

153
166

167
173
174
175



SYMBOLS

Symbols which only arise once, and are defined
on the spot, are not listed.

2B width of Hertzian contact zone
D Dawson number, defined on page 89
E elastic modulii for steel and glass discs
B effective elastic modulii, defined on page 110
G XE'
h lubricant film thickness
h film thickness at point of maximum pressure
h film thickness on line of centres
h h/hm

P pressure intensity

P,-Po principal stress difference

P normal line load per unit width of disc
PM maximum Hertz pressure
q reduced pressure, defined on page 45
s’Rg radii of steel and glass discs
R effective radius of disc pair, defined on page 110
S additional co-ordinate in x-direction

U,y surface velocity of solids in x-direction

u 2(u, +uy)

U 7%u/E‘R

v displacement in y-direction

w! total load per unit width of disc
W W'/E'R

X,y,2 co-ordinates

& pressure exponent of viscosity

? . viscosity

2’ viscosity at conditions of entry to contact

/PS’ g Poisson's ratio for steel and glass.
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CHAPTER 1 IKTRODUCTION

1.01 Review of previous work.

The aim of this work is to show how photoelasticity
can be used to determine <The pressure distribution and the
film shape, in lubricated line contact. This form , of
“lubrication, which involves elastic deformation of the
rolling elements, is generally known as Elastohydrodynamic
Lubrication. The developmernt of this subject has progressed
considerably within the last twenty years, both theoretically
and experimentally. One of the most recent reviews on this
topic was made by Dowson(qq) in 1967. This paper, together
with books by Dowson and Higginsonm3> and Cameron(4> form
a comprehensive survey of work covered up to mid 1967.
Reference to more recent work will appear later, where
appropriate. The. purpose oi this survey is to show only how
photoelasticity has been used to study the stresses in

elastic line contact.

In general, photoelasticity has been used as an
off-shoot of their main resszrch projects. A typical
example of this was Wway. This paper, published in 1935,
is often quoted for its valuable work on pitting, but a
very small section of the report is devoted to a photoelastic
experiment. This experiment compares the contours of the
principal stress difference,‘calculaﬁed from a Hertzian
pressure distribution, witrh tze photoelastic fringes in two
bakelite cylinders, which were pressed together. Good

agreement between theoretvticazl and experimental results was

obtained.
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Similarly, Liu(Bq) in 1950 produced some theoretical
work on intérnal stresses due to tangential and normal loads
on an elastic medium. Also included in the report were some
pictures of photoelastic stresses caused by two dylinders in
line contact subject to traction. Very good fringe patterns
were obtained showing a distinct tilt of +the inner fringes.
However, no information was given regarding the size of the
cylinders or of their material. Nor was any attempt made to

relate the theoretical and experimental work.

Later in ﬁ959 Ollerton(57) examined the contact
stresses, photoelastically, between curved surfaces under
radial loads. The surfaces remained stationary and very
good stress patterns were obtained. This was probaly due to
the fact that a frozen stress technique was used, this
enabled thin slices to be examined eliminating possible end

effects.

In 1961, BSternlicht, Lewis and Flynn(qg)
investigated the photoelastic stresses in the contact region

of two discs, for dry rolling contact and for lubricated
rollihg and sliding contact. One disc was made of steel

6 inches in diameter and %/8 inch thick. the other was made.
of a photoelastic material (not specified) also 6 inches in
diameter but 1/4 inch thick. Only the steel disc was driven,
which would account for slipping between the discs when
lubricated. The authors reported that the stress pattern
obtained under lubricated conditions was asymmetrical or
'tipped'. They conluded that this tipping was caused by the
tangential forces acting between the sliding discs. The
authors did not indicate how close to the contact region

they made the comparision of the lubricated and dry rolling
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stress patterns. Hardly any difference in the stress
patterns could be detected from the prints of the photographs
available. No attempt had been made to produce a contact

pressure curve.

In 1964, Munnich and Milton(55) examined
photoelastically, the distribution of load through a roller
bearing. They were able to show that the height of the chock
greatly influenced the distribution of load. The paper is
of interest since the photographs of the'stress distribution
in the rollers, showed severe blurring of the fringes.

There are a number of factors which may account for this,
these will be commented on later.

Remarkable photographs were obtained by Hamilton(25)
in 1964 when he investigated the rolling contact stresses
between a glass disc and a flat aluminium plate. Yielding
occurred in the aluminium plate. The photoelastic stress
pattern in the glass disc, indicated a distinct tilt of the
inner fringe in the rolling direction. Dr. Hamilton also
calculated the contact pressure distribution from the stress
pattern by a method similar tq that adopted later in this
report. Dr. Ollerton, in his communication on Hamiltons'
paper, had also noted a tilt of fringes in an Araldite

disc sujected to traction on a steel plate. Experimental
conditions were, however, completely different.

(28)

Also in 1964, Jones and Reason investigated,
by a photostress technique, the stress pattern at the end

faces of two steel discs in line contact. _A stress pattern

different from the one normally associated with line contact
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was observed, due mainly to the bulging effects of the ends.
Rolling contact stresses were to be investigated at a later
date, but a private communication with Mr. Reason revealed
that this experiment was abandoned due to failure of a disc
shaft. However, tilting of fringes had been observed

before failure.

Tn 1965, Jacek Stupnickil*3) published a
comprehensive report on the photoelastic stresses in dry
and lubricated line contact. In high load tests (maximum
Hertz pressure 3000 kg/cmS 42000 1b./in° or 290 MN/n° )
he used flint glass discs 120 mm in diameter, 30 mm thick.
In low load tests (400 kg/cm> 5800 1b./in® or 40 MV/m° )
he used composite discs also 120 mm in diameter, 30 mm thick.
Composite discs were used éo that the stress patterns in
the central region of the contact could be observed. The
inner region of the composite disc was made of Columbia
Resin 39 (CR-%9), while the outer parts were of organic
glass, made especially for the purpose. The author claimed
that the organic glass (a plastic) had an optical
sensitivity over 100 times smaller than CR-39, while the
elastic moduli for the two materials were similar. The
report stated that a tilt of the fringes was observed 1in
the lubricated case and no tilt when rolling dry. It was
however, very difficult to determine any tilt of the
fringes from the photographic prints available. From the
stress patterns, Stupnicki determined the pressure
distribution in the contact region, by the method of
Characteristics. The following conclusions were drawn by

Stupnicki:



.

(1) The presence of an oil film between two rotating
discs reduces the maximum pressure by an average amount
of 20% relative to the maximum Hertz value.

(2) The degree of reduction of pressure is effected by
the initial viscosity of the oil.

n-

(3) A pressure spike could not be detected.

Cope(6) 1968, developed an optical method of
defermining not only the principal stress difference, but
also the principal stress sum, in the contact region of
two discs in rolling line contact. The contact pressure
distribution was obtained directly from the principal
stress sum at the contact edge. His experiments were
conducted in the elastohydrodynamic region with high
surface speeds. The theoretical pressure curve as shown -
in Figure 1, predicted by Dowson, Higginson and Whitaker(16)
was more or less confirmed by Cope. He produced experimental
points from the inlet region to the spike which followed
the theoretical curve. Points beyond this region were
however, unreliable. Fortunately, the area under his inlet
sweep of the curve was slightly less than the applied load.
Cope fherefore reasonably assumed that there would be a
sudden drop in pressure, so that the total area under the
pressure curve would equal the applied load.

Q

3
) in 1969,

Finally Khayyat and Lancaster(ao
examined photoelastically the effect of rolling a lead
strip. The lead was rolled between two discs made from
Columbia Resin 3%39. The load was large enough to cause the

lead to yield when passing between the discs. The contact
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length was about 10 mm., consequently very clear stress
patterns were obtained. The normal and shear stress

distributions at the surface were obtained by a Shear

Difference method.

Ao

Dowson, Higginson
|~ and Whitaker.

Fig. 1. Comparison of experimental and theoretical
pressure curves.

1.02 General notes on thotoelasticity.

Photoelasticity, is the study of the internal
stresses in an elastic transparent material by observing
the effects of the passage of polarised light through it.
The theory of photoelasticity‘has'been described many
times. Textbooks by Frocht(zq) and also Jessop and Harris(27)
are two examples. Cnly a brief summary therefore, will be

given here.
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Fringe patterns

When plane polarised light passes through a piece
of stressed glass, the incident ray is split into two
components in the directions of the two principal stresses.
One component 1s retarded relative the other by an amcunt
proportional to the thickness of the glass and to the'
difference of the principal stresses, at that point. The
two components, on leaving the glass, are resolved at the
analyser. A resultant ray is formed from which, the

stresses at a point in the glass can be determined.

Interference

Suppose the light wave emerging from the

polariser can be considered as a vibration of the form:

V=oa Sin.§§l(ct—z), occuring in the plane OP
as shown in Figure 2.

Where V the displacement perpendicular to the axis of

the polariscope measured in the direction of
polarisation at a time t.

'a = amplitude of vibration

[¢)
I

velocity of lightwave
N = the wavelength of the light
z = constant distance along the axis of the

polariscope.

As this polarised wave passes into the stressed
material it is resolved into the planes of principal

stress Ox and Oy with components x = V Cos¢ and y =V Sin¢_
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l?’

|

Fig. 2. Polarised wave components.

During the passage through the stressed glass
the waves will be retarded relative to one another by an

amount r, given by

r=2C (Pq“Pz) d
Where P4=Po is the difference in principal stresses,
d is the thickness of the glass and

C is the constant of proportionality, called the

Stress Optical Coefficient.

The two waves emerging from the stressed plate will be
expressed as

a Cos¢ Sin %g—(ct—z-r) and

%4

. . 2%
Y4 a Sin ¢ Sin —xf(ct—z).

In order to observe the interference caused by
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the phase difference, the two waves are now resolved
perpendicular to OP by the analyser, giving components

Vo = ¥4 Cos @ and v, = %, Sing.

Therefore,

\

I
W]

2—V,] 3in @ Cos ¢ Sln (ct )

- a Cos@Sing Sin%\l- (ct-z-1)

- a Sin 2¢ Sinl:\—r Co s—}\—(ct 2-5).

This is a vibration whose amplitude is

a Sin 2¢ Sln';?'
The intensity of light is proportional to the square of
the amplitude. Therefore, the observed intensity will
be zero, at the point considered,

when either =L - nT,

Y
or 2¢ =
Isochromatics
The first condition I%; = nl, can be rewritten

as; r =0 (py-pp) d = nN\.

At all points where the relative retardation is
zero dark spots will occur, forming.a dark line. Similar
dark lines (if monochromatic light is used) will appear
forming the locus of points where the relative retardation
is one wavelength, and similarly for n wavelengths.

These dark lines are called Isochromatics (lines of constant

colour), or simply, fringes. 1In the case of monochromatic

light, complete extinction will occur producing black lines.
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White light, however, has a continuous spectrum with a
range of wavelengths from about 3900 i (Violet), to
7200 2 (Red). 1In this case separate colours will be
extinguished at slightly differing stresses. Complete
extinction will not occur. Furthermore, the higher the

order of fringe, the less clearly defined the stress .,

becomes.
Isoclinics
The second condition for zero intensity was
g = %;; This is the condition that the directions of

the principal stresses should be along the axes of the
polariser and analyser. At every point in the glass where
the principal stresses are parallel to the polariser and
analyser axes, a dark spot will appear. These spdts will,
in general, form a dark line across the model, called an

isoclinic line.

If the glass disc is viewed in plane polarised
light, isoclinic lines will appear passing through the
contact region. This obscures the isochromatics in that
region. The isoclinics can be eliminated, without
affecting the isochromatics, by using quarter-wave (M /4)

plates, to give circular polarised light.

Circular polarised light

Consider the case of two plane polarised beams

from the same source, of equal amplitude, emerging from a

birefringent material out of phase by €.
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That 1s:
X = a Sin wt and y = a Sin (wt-¢€)

Eliminating +t, gilves

vy = a (Sin wt Cos & - Cos wt Sin& )
= x Cos& - a2 - x2 Sin&
(a® - x°) sin® - P - 2xy Cosé + 2 coslE
2 2 2 2

i.e. a“ Sin‘e X< - 2xy Cos& + ¥

1

which is an equation of an ellipse.

Suppose & = g the equation then becomes x2 + ¥y = a

which is that of a circle.

As t increases from O to W/2w, x increases

from O to a, while ¥y increases from -a to zero.

The light produced by the two waves out of phase
by a quarter wavelength, is represented by a point rotating
in a circular path in an anti-clockwise direction. A plate
which introduces this amount of retardation in order to
produce circular polarised light, is célled a quarter-wave
plate. It should be noted that a given quarter-wave plate
matches only one particular wavelength and that it is not
possible to produce a quarter-wave plate which suits white

light.

There are many kinds of polariscopes 1n existance.
The type chosen was a Mixed (light field) Circular
Polariscope. A schematic layout of the polériscope is shown

in Figure 3%.
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Light
source

polariser ’

quarter-wave plate

‘optic axis

circular
polarised light

cuzrter-wave plate

Analser optic axis

Fig. 3. Schematic diagram - arrangement of elements
in a Mixed Circular Polariscope. Polariser
and anzlyser are crossed, quarter-wave plates
are parallel. Lightlpasses through the
analyser giving a light background.
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CHAPTER 2 APPARATUS

The apparatus consisted of a modified David Brown
Two-Disc lMachine. A general view of the apparatus with

sketches 1is shown in Figures 7 to -10.

2.01 Discs

One disc was made from plate glass. Glass was
chosen because 1t is photoelastic, and because it is
capable of withstanding the very high stresses encountered
in elastohydrodynamic lubrication without yielding. The
glass disc was 6 inches in diameter and 1 inch thick. The
other disc was made from steel also © inches in diameter
but only 7/8 of an inch thick. The glass disc was made
wider than the steel disc for two reasons:-

(1) The Hertz pressure distribution increases at the ends
of the contact region, and it was thought that this increase
in pressure might cause failure at the glass edge.
(Hamilton(25) reported small chips breaking éway from his
glass disc.) By making the glass disc wider than the steel,
the hiéh concentration of stress at the edge would be
avoided.

(2) Some of the oil passiné through the contact region
is squeezed out axially. The glass disc being widexr than
the steel would prevent the o0il from overlapping the glass )
edge and blurring the fringe pattern. The o0il could be
prevented from obscuring the fringe pattern by other
methods, for example by the use of air Jjets blowing the oil

away from the glass edge, as shown in Figure 4(a); or by

the use of thin stationary glass plates at either side of
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pattern within 0.001 inches from the contact surface would
have to be analysed. This means that end effects would
“have to be completely eliminated. A method of achieving

this 1s proposed on the section on Future Work, page 104,

The glass and steel discs were specially
manufactured by Optical Works, Ealing Broadway, Londén.
The. steel disc had a surféce finish of approximately 2.5
micro-inches C.L.A. (Centre Line Average). Fage 90.
While the glass disc had a finish so smooth that it was

not measurable on the Talysurf.

An additional steel disc was machined in the
College Workshop in order to investigate the effect of
roughness on the fringe pattern. The dimensions of this
disc were similar to the other steel disc apart from the
surface roughness. The disc surface was initially
ground giving a C.L.A..value of approximately twenty.
By using grades '2.5' and '5' emery cloth, a range of
surface roughnesses were obtained. The Tally Surf traces

are shown in Figure 3%3.

2.02 Load

The steel disc was mounted on fixed roller
bearings. The glass disc, which was mounted on self-
aligning bearings, was free to swing on two rocker arms
as shown in Figure 9. The radial load to the two.discs
was achieved by independent lever arms on either side of
the glass disc shaft. The calibration chart for the loads

is shown in TFigure 57.
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2.0% ZLubricant

The lubricating oil used was BP 1065. This oil
was used because of its high pressure exponent of viscosity.
(A= 2.1 x 1079 cmg/dyne: 2.1 x 1078 m2/N). This was
necessary in order to make up for the low value, due to the
glass, of the equivalent elastic modulus (E').

Dowson and Higginson(qs) have produced theoretical results
for values of ®KE' equal to 2500 and 5000. Using BP 1065
as a lubricant gives an XE' value of 2300 A Kinematic

viscosity-temperature chart is shown in Figure 58.

2.04 Drive

The steel disc was driven, via a Vee belt, by =a

1/4 horse power D.C. shunt wound NECO geared motor. The
motor speed was adjusted by means of a 'Servo-Tek' NECO
speed controller. A 'Leindrive' flexible cable was con-
nected from the shaft of the steel disc to the shaft of
the steel disc so that the two discs would rotate at the
same speed in opposite directions. Experiments were
carriéd out within a speed range of 5 to 80 revolutions

per minute.

2.05 Optical Bench

The layout of the optical bench is shown in
Figure 10.

The monochromatic light unit is shown in Tig. 5.
An Osram, 250 W, compact source mercury vapour lamp was

used to produce monochromatic light.
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was obtained by placing a collecting lens at a distance
from the light source, slightly greater than the focal
length of the lens. A Beck microscope, with a telescope
objective, was used to observe the fringes through another

lens, placed at its focal length from the model.

Photographs were taken with a %5 mm. Pentax
camera. For black and white fringes, HP4 film was used.
The developer was liicrophen used for 5.5 minutes. The
fixer was Amphix, used for 3 minutes. For coloured
fringes, Anscochrome 500 was used, the films were developed

by the makers.
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CHAFPTER 3 ANALYSIS

%3.01 Calibration of Isochromatics

The isochromatic fringes, represent lines of
constant principal stress difference. As the contact
pressure distribution changes, so does the shape of the
fringes. +Their values however, remain constant. In order
to obtain a pressure curve from a known fringe pattern, the
value for each fringe must first be asertained. This was
acheived by assuming a Hertz pressure distribution existed
between the two discs in static contact. Comparing the
computed values of the principal stress difference with the

experimental fringes, enabled the calibration to be made.

It has been shown by Ford(zz) that the radial
stress at the point F, as shown in Figure 11, due to a
normal line load P can be expressed in polar co-ordinates
as:

2P Cos6,

Pr =~ "1

Pg = 0 and Prg = 0.

It is more convenient in the present problem to use

cartesian co-ordinates. That is;

_ —2I’xzy

Ox © 2 _2\2
T(x%+5%) where G; and U} are the

normal stress components

5
-2P
Oy = N(x§+y2)2 in the x and y directions
and q:xy the shear
- _gfﬁil? stress in the plane xy.
,c’xy -

K(x2+y2)2
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— Y

Fig. 11. Co-ordinate system for stresses.

(40) snowed that the stresses at a

Radzimovsky
point, due to a pressure distribution, can be obtained by
assuming the pressure to consist of a number of concentrated
loads. The summation of the stresses due to each of the
concentrated loads would represent the stress for the

pressure curve. Hence, the principal stress difference

at a point, due to a distributed load, is:

Sow Se) (S

Pq "P2

or Pq = P

(2 (G - 03,))2 . 4(2 Q,xy)?

For programming details of Calibration Chart see

Appendix 1I.
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3,02 Contact pressure distribution

One way of obtaining a pressure distribution from
a pattern of isochromatics, would be by a trial and error
method. That is, to assume a pressure curve equivalent to
the applied load, and to obtain from this curve a map of
contours representing the lines of principal sfress
difference. Comparision of these contours with the experi-
mental isochromatics will enable a modification to the
assumed pressure to be made. Eventually, after several
iterations, a pressure curve can be obtained which conforms

to the experimental stress pattern.

3.03 Pressure distribution consisting of concentrated loads

One method of calculation was to assume the
pressure distribution to be formed out of several concen-

trated loads. (Usually about two to three hundred.)

By constructinga fine grid (80 by 40) in the
contact region, the principal stress difference at the
mesh points can be computed. Using a contour sub-routine
developed by Monroe(54) enabled a plot of stress contours
to be interpolated from the mesh points.

For programming details see Appendix II.

3,04 Pressure distribution consisting of parabolas

There are several disadvantages 1n this. method
of contour plotting based on concentrated loads, they are:

(i) In order to obtain a smooth pressure

curve at least two hundred concentrated



That is;

(ii)

(iii)

loads are required, in some cases nearly
three hundred were used. This meant a
considerable amount of time being used in

the preperation of data cards.

The principal stress difference very
near the contact region would be influenced
by the concentrated load near that point;
the resulting value would not conform to
the true value based on a 'smooth' pressure

curve.

Computation time was from about two to
three minutes, which was considered
excessive when one takes into account thav
up to ten attempts may be required before

obtaining the correct pressure curve.

These objections were overcome by adopting the

method suggested by Dowson, Higginson and Whitaker:

(17)

They showed how the stresses at a point could be calculated
by formal integration, when the pressure consisted of
parabolic blocks. Although the expressions are cumbersome

they can be evaluated on a digital computer.

This method was tried and it was found that all

(1)

the disadvantages of the previous method were overcome.

Only about six parabolas were required
to represent a pressure curve. The number
of data points being reduced by a factor

greater than twenty.
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(ii) The principal stress difference could
be computed up to the contact edge without

distortion.

(iii) Computation time had been reduced to
about one minute. That is, over one
hundred per cent saving in computer time.

For programming details see Appendix ITI.

3.05 Pressure distribution from isochromatics

The trial and error method of obtéining the
pressure distribution, requires up to about ten attempts
before a satisfactory solution is obtained. The number of
_ tries, depends to a certain extent, upon the skill and
experience of the investigator. It was decided, therefore,
to investigate the possibility of obtaining the pressure

curve, direct from the isochromatics.

It has already been shown that the isochromatics,
which represent lines of constant principal stress

difference (PDIFT), can be expressed in the form:

2 2
PDIFF = j[z (o - O'y)] + 4’(‘_‘Xy

2 2
i,e. [z(o—x- O“y_)] s 4T = PDIFF® ——(3.1)

It has also been shown that ¢%, 0% and ’[*_’Xy
are functions of P (the load/unit length) so that

equation (%.1) becomes:
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2 2
E 213 Py 7 E Pig ¥ ¢ —(5.2)

This expression represents a set of SINMULTANEOUS

)

QUADRATIC EQUATIONS. -

Where Pj are the loads (to be found) representing a.
pressure distribution. The qltimate aim was
one hundred loads.

a. . and bi' are coefficients, which can be calculated,

1J J

and c; are the experimental values, obtained from the

isochromatics.

A digital computer was used to solve equétion (3.2)
using a Newton-Raphson method. The method depended on a
first approximation to the values of Pj being supplied. The
programme was checked using 'experimental' points based on
a Hertzian pressure curve. It was decided, as a first
approximation, to assume a uniform pressure curve of value
about half the maximum Hertz pressure. ©Such a wild guess
was thought to be a severe but just check on the programme.
It was found that the uniform pressure rapidly converged to
the Hertzian curve in about three iterations, as shown in
Figure 52,

For programming details see Appendix IV.

The programme solved’T@elve eéuations and there
was no reason why it coﬁld not be extended to solve one
hundred equations. Unfortunately a serious setback was
encountered in the development of the programme. As the
number of equations increased, so the experimental values

had to be taken nearer the contact region in order for
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convergence to occur. For example; for seven equations,
the experimental points must be within 0.25B of the
contact surface. For twelve equations, this distance had
been reduced to 0.05B. Clearly, for the solution of one
hundred equations the experimental points would have to be
so close to the contact region as to make their accurate

reading a practical impossibility.

It is possible, however, that Jjust as the trial
and error method had been modified from concentrated loads
to parabolas; so the quadratic equations, which were based
on concentrated loads, could also be reformed on the basis
of parabolas. If this is possible then the number of
equations reguired for a smooth pressure curve would be

drastically reduced.

5.06 Accuracy of pressure curves

It is now possible to obtain pressure curves
from the isochromatics. It was found, however, that the
accuracy of these curves depends to a large extent, on the
ability to obtain clear fringes very close to the contact.
This is in accordance with de Saint Venant's principle,
which states as follows: '"A change in the stress distri-
bution, caused by a change in the pressure distribution at
the point of contact, is réstpicted to an area with
dimensions of the same order‘as tﬁe width of the field of

contact."

It was thought that a method of checking the

accuracy of the pressure curves, apart from comparing with
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other research workers, would be to compare the elastic
deflexion with the film shape, both being calculated from

the same pressure curve.

3.07 FElastic deflexion

Dowson and Higginsonﬁqg) expressed the elaétic

equation in the form:

So

v = ﬁ?%. p(s) log(x-s) ds + Constant

/s
1
for the configuration shown in Figure 12.

| v
p(s)

pressure curve

p(s)

Fig. 12. Co-ordinate system for deflexion integrals.
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(4)

Cameron noted that since the constant could

be ignored as only the differences in deflexion is
required, the equation reduces to:
52
v = =5 () log(x-s) ds (5.3)
nE! 1Y e
91

Difficulty is encountered in the numerical
integration of this equation, at the point x=s. Archard,
Gair and Hirst(g) overcame this difficulty by considering
the pressure distribution to be uniform for a small region,
abounding the point at x=s. The integral at that point was
then solved formally, by Parts. Weber§47) avoided this
problem by integrating his pressure curve formally.

Dowson and Higginson(qz) also solved the integral formally

by using their established technique of dividing the pressure

curve into parabolic blocks and evaluating the integrals.
The writer has also adopted this method, in a slightly
modified form.

For programming details see Appendix V.

3.08 Film shape - Inverse solution of Reynolds equation

For the configuration shown in Figure 13,
Reynolds equation for one dimensional flow can be expressed

as

= ,]211(—1'2 (504‘)

where u = %(u1+u2)
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h +ve

=X +ve

Fig. 1%3. Co-ordinate system.

. Integrating Reynolds equation w.r.t. x and

substituting the boundary conditions %E = O, when h=h

gives
h-h

dp _ m

= = 12u? 3 (3.5)
Réarranging gives,

0 -

Kh -h+1=20 (3.6)
where K = 3B h2/12u and T = h/h

T dx m 4 B m

This equation can be solved for a given pressure
curve providing hm 1s known. Dowson and Higginson(qg)
have shown how hm could be estimated fo; a constant viscosity
condition. The method deécribed here extends their

reasoning to the case where ?7: 7be¢P

Differentiating the L.E.S. of equation (3.4) gives,



Ul

p®af | mPana _ ¥ azap 12, 4B

B ax % dx dx »72dXdX = U gx
i, dn|z®ap _ o ¥ 8% _ 1w a
cTe @X 3 dx + > 452 - % dx dx =

%%% = o(%% then,
2 3 2. 2
an|zm®ap _ 2’| o% ap\®| _
el3e - w) L P w@] -

2
d dp,2
;1—};8 - O((dx) = 0 (3.7)

S ,
dh | 2h™ dp _ -
ax [ 7 dx ’12u:l - 0
then, either 3= = O (Minimum film thickness)
or 2270 | gy
? ax

. ' I
l.Ce h = ﬁl—d% (3'8)
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Clearly dp/dx must be positive, which implies inlet sweep

of pressure curve for a solution.

Equation (3.8) gives the film thickness at the

point where

The film thickness hm can be obtained by combining equations

(3.8) and (3.5).

h<h
. dp _ 4u 3z _ m
i.e. o - —;2—- = 12u} ha
h 2
3 = h—hm hence hm = 3 h.

Procedure for finding hm is as follows. From
the pressure curve obtain the point where equation (3.7)

is satisfied.

2
and then hm = 3 h.

Dowson and Higginson in their textbook on

Elastohydrodynamic Lubrication, noted that the condition

1 4
-é%(? dx) = O is satisfied at the points of
inflexion of the reduced pressure curve. (This is defined
as the pressure curve which would be generated in an

isovicous lubricant of viscosity 70).

Let q equal the reduced pressure, then
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h-h_

a9 _ S -&p dp
dx "121176 h5 - € dx
. . a (49
Points of inflexion when I dx = 0 (3.9)
. -%Xp c12 do\2
i.e. e ——g - (X(5§ = O which, of course,
dx ’

agrees with equation (3.7).

A graphical method of differéntiation(q) was
used to solve equations {%.7) and (3.9). 4 complete
solution is given in Appendix VI.

5

Solution of cubic equation ———— XK h -h +1 = O

It is now poscsible to estimate K for any point
in the contact region. The solution of the equation yields,
in general, three values of h for each value of K. A
practical solution suggests that h must be real and
positive. The choice between two possible positive roots
can be determined by considering how the grarvhical solution
of the cubic equation, is effected by changes in the value

of K.

Rearranging ecuation (3.6) gives h = T - %

The solution of B would be the graphical intersection of
two curves:

and y =

il
K

= lag |

as shown in Figure 14.
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Note y = % - % represents a family of straight lines

passing through the point h =1, ¥y = O.

‘ /
{
X +ve roots /

~
S
1
=1
W

///
™~
e
|
=il
I

X '/’
X.
~N
o P

K +ve K;;;%§§¢9\\
//Q§§§:::;:; 0
0

Two positive real roots if K is positive (and small).

One positive real root if K is negative.

FPig. 14. Graphical solution of the Inverse Reynolds

equation.
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Selection of positive root.

It has been shown in Figure 14 that when K is
positive, two positive real roots may occur. The roots
converge as K increases. Clearly, in the inlet region
the film thickness must decrease. Hence choice of root
is obvious. By continuing the analysis, a complete
picture of the film shape can be obtained, as shown in

Figure 15.

It is possible to show by this method, that for
a pressure curve with a spike, the film thickness
increases just before the final restriction. This has
been shown experimentally, using optical interferometry

with point contact, by Westlake§49>

For the programming details of the Inverse

solution of Reynolds equation see Appendix VII.
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Fig. 15. Graphical determination of positive root.
and film shape.
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3.10 Position of 'hzirline'.

Photographs of the fringes were taken without
a 'hairline' in the eyepiece. The hairline (1line of
centres) was afterwards superimposed on the prints. 1I%
was possible to do this because the position of the line
of centres relavive to the exposed film is constant for
each frame. This was because the axes of the discs, the
optical bench ard the camera remained pigid throughout
the experiment. The line of centres is easily determined
from the static stress pattern, Hence 1t's relative

position for otner stress patterns is known.
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CHAPTER & 'SMOOTH DISCS' - EXPERIMENTAL RESULTS
AND COMFUTATIONS.

4,01 Complete analysis of the stress patterns to obtain

the contact pressure distribution and film shape.

Conditions of experiment.

Monochromatic light source.

Steel disc roughness approximately 2.5/uin. C.L.A.
0il temperature ou.,2°¢ |

Radial load 265 lbf/in. (46.5 KN/m)

Maximum Hertz pressure 21,200 lbf/in2 (146 HN/mg)

Photographs of the fringes were taken for the.
following discs speeds:

0.0, 5.82, 17.5, %6.0 and 58.2 rev/min.

Analysis of results.

The fringes were calibrated from a photograph of
the static stress pattern using the Calibration Chart,
Figure 48. This calibration enabled the pressure curves to
be computed from the remaining pictures. The ¢comparision of
experimental with theoretical contours, together with the
computed pressure distributions, are shown in Figures 17 to

21.

Figure 17 compares the theoretical contours
computed from a Hertz pressure distribution, with the
isochromatics. Agreement is poor near the contact edge at
1.5, This is probably due to the actual pressure curve
being distributed over a wider range (due to surface

roughness) than the Hertzian curve.
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Figure 18 compares the theoretical contours
computed from a guessed pressure curve (fourth attempt),
with the lsochromatics obtained when the discs were
rotating at 5.82 revolutions per minute. Fairly good
agreement has been achieved so that the 'guessed' pressure
curve represents the actual pressure distribution between
the discs. For this particular test only, use was made of
Programme 42to compute the pressure distribution direct
from the isochromatics. Seven simultaneous quadratic
equations were solved. The experimental points were
interpolated from a photograph of the fringes at a distance
of 0.2B from the contact edge and 0.4B apart. The computed
values of P(J) represent the concentrated loads.

P(J)
The equivalent pressure ratio

area x PM

P(J)

reduces to —_—
PM 68

I

The pressure curve, obtained from only seven

experimental points is shown in Figure 18(Db).

Figure 19 compares the theoretical contours
computed from a guessed pressure curve (eigth attempt),
with the isochromatics obtained when the discs were
.rotating at 17.5 revolutions per minute. Good agreement
has been achieved except in the region (1.5, 0.5). This
could be corrected by extending the pressure curve very

slightly in the outlet region.
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Figures 20 and 21 compare the theoretical
contours computed from guessed pressure curves (third and
sixth attemut), with the isochromatics obtained when discs
were rotating at 36.0 and 5%£.2 revolutions per minute

respectively. Very good agreement was achieved.

It can be seen that as the speed increases, so
the pressure distribution spreads over a wider contact
region, with a consequent reduction in maximum pressure.

This has been illustrated in Figure 22.

It was suggested in Chapter %.06 that one method
of checking the accuracy of a pressure curve would be to
compare the elastic deflexion with the film shape; both
being calculated from the sazme pressure curve. Figure 23
makes this comparision for a pressure curve obtained when
the discs were r&tating at 5.62 revolutions per minute.
Agreement is poor at the inlef and outlet regions. This is
to be expected since the solution of Reynolds equation
suggésts that when dp/dx is zero, the film thickness 1is
either infinite or equal to hm. This has been illustrated

in Figure 15.

Figure 24 shows bow the film thickness and shape
changes with the speed for a constant load. The centre
line and minimum film thiciness values have been compared

with the theoretical film thickness based on formulae

(33) (12)

produced by Martin and also by Dowson and Higginson.
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The Martin formula gives =2 -
R W'
for ?% = 35 poise (3.5 kg/m.s., 0.07% Slug/ft.s.)
W' = 265 lbf/in. (46.5 kN/m.)
hO 4.9 x 0.07%" a
then — = X 5 Note wu in inches/sec.
R 265 x 12
h
ice. 2 - 9.4u x 107°
R

The Dowson and Higginson formula for minimum

film thickness is

h 1.6 «® (pu)? (8')°9?
R - (Wv>-15 R-57
; \ 6 .2 :
or E' = 15.9 x 10 lbf/ln and R = 1.5 in.
h
then - = 27.2 u‘7 p's 10—6
R

The relationship between these theoretical

curves and the experimental points is shown in Figure 25.
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PRESSURE AND ELASTIC DEFLEXION CURVES

PRESSURE
DISTRIBUTIGN

P/PM

-5.00  -u.00 -3.00

ELASTIC
ODEFLEXIGN

INLET

FPig. 23. Comparison of

d.

00 2.00

H/R

-

deflexion curves.

(a) Elastic.
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Maximum Hertz Pressure = 21,200 lbf/in2

1. Static load only

2. Speed = 5,82 rev/min. u = 1.8% in/s.
3. 17.5 rev/min 5.5 in/s

4. 36.0 rev/min 11.%2in/s

5. 5&.2 rev/min 18.3 in/s [ h/R

69—

X/B

Fig. 24. Effect of speed on film shape.

Y
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=2
| I 10
h
Martin -2 = 9.4u x 10~°
R
h
‘D& H' — = 27.2u"’ x 107°
R
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x minimum film thickness h/R
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u in/s.

Fig. 25. Theoretical and experimental relationship
between film thickness and surface speed.
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4,02 Pressure spike

Conditions of experiment.

White light source.

Steel disc roughness approximately 2.5‘/uin. C.L.A.
0il temperature 25°C.

Radial load 388 1bf/in. (68.0 KN/m.)

Maximum Hertz pressure 25,800 1bf/in2. (177 MN/m2)
Photographs, shown in Figurev26, were taken when

the discs were (a) stationary

(b) rotating at 5.1 revolutions
per minute,

With these experimental conditions; the values

of the Load, Speed and Material parameters become:

W'

W = — = 1.63 x 1072
E'R .
u
g . Y 3.4 x 10~ 1
E'R
G = XE' = 2300

A chart has been devised by Dowson and Whitaker(gq)
which enables a particular problem to be located in the
'rigid', 'intermediate' or 'elastic' zones. Use of this
chart indicated that elastic conditions probably existed

for this experiment.
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Three pressure curves (similar in shape except
for the outlet region) together with their corresponding
stress contours are compared with the experimental stress

pattern, in Figures 27 (a) to (4).

It would appear that the second pressure curve
(Fig. 27(b) ) gives the best fit to the experimental
pattern. The choice of curve, however, is dependent on
the shape of part of the inner stress line. Although
aware that the experimental evidence is not absolutely
conclusive, it is nevertheless gratifying to record that
other experimenters, such as Orcutt(58) and KanneléZg)
have obtained experimental pressure curves with a slight

pressure rise in the exit region.
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4,03 Dry and Lubricated Rolling Contact

The series of pictures shown in Figure 28 shows
the effect on the stress pattern of dry and lubricated
rolling contact. TFigure 28(a) shows the stress pattern
obtained when the two discs are in static contact. The
pattern is typical of the shape associated with a Heftzian
contact pressure distribution. The sixth (inner) fringe
is just appearing as a dark patch. Picture (b) shows the
effect of rotating the discs without a lubricant. The
shape of the fringes remains basically unchanged although
it is noted that the sixth fringe has now become clearly
defined. This could be due to the surface asperities
becoming less pronounced due to wear. The effect of this
would be to reduce the contact area and so increase the
pressure intensity. The increase in pressure intensity
would tend to increase the number of fringes.

Pictures (c), (d) and (e) show the effect of stopping,
rotating and stopping again, the discs without a lubricant.
The shape remains basically unchanged. The final pilcture
(f) shows the dramatic change in the stress pattern when
the discs rotate with a lubricant. The number of fringes
has been reduced to three, indicating that the pressure

distribution has been spread over a wider contact area.






4,04 0il Entrapment

0il entrapment can occur when two lubricated
surfaces are 1impacted together. It 1is thought by the

writer, that one of the first persons to comment on this

phenomenon was Rabinowicz 29) in 1652. Rabinowicz observed
that th? transfer of metal occurred when a sphere was
impacted against a steel plate, both for dry and lubricated
conditions. However, in tkhe lubricated case a small region
in the centre of the indentation was free of metal transfer.
Rabinowicz concluded from this, that a small amount of oil
must have been trapped between the two ilmpacting surfaces.

(5)

Ten years later, Christensen analysed the
effect of two elastic cylinders approaching each other in
lubricated line contact. Ke showed that oil could be
trapped between the two cylinders at a pressure higher than
the maximum Hertz pressure. &Since then, several experi-
menters have shown by optical interferometry the existence
of o0il trapred between two impacting surfaces.

Dowson and Jones(18) found it waen dropping a steel ball on
to a glass plate. ‘Westlake and Cameron(50) also found it
by dropping a steel ball on to a glass plate, and by using
high speed photograrhy and multiple beam interferometry

the formation and dispersion of traprped oil was observed.
Finally Roberts and Taborc4q} using a rubber hemisphere

and hemicylinder agailnst glass, also observed the entrap-

ment effects.

It has been shown that there is no change in the

stress pattern when stopping and starting dry discs (Fig.28)
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However, if the discs are lubricated the number of fringes
increases considerably when the rotating discs are
suddenly stopped. Several minutes then elapse before the
fringes gradually revert to the form normally associated with
static contact. This phenomenon may be due to the oil
being trapped between the two surfaces; A series of .
pictures showing the possible entrapment and dispersion of
0il is shown in Figure 29. Pictures (a) and (b) show the
stress patterns for lubricated static and rolling contact
respectively. Iight fringes are visible for the static
contact, reducing td six fringes for the rolling contact.
The stress pattern, three seconds after the discs were
stopped, is shown in picture (¢). It can be seen that the
number of fringes has increaged over the static case by
about fifty per cent. This would suggest that the maximum
pressure i5 greater than the Hertz maximum. Unfortunately
it is not possible %o calculate the pressure distribution
due to the entrapment, because of the dark patch which
obscures the fringe pattern in the contact region. As the
trapped o0il gradually leaks awéy, so the pressure is
reduced and the stress pattern changes, as sﬁown in
pictures (d) and (e), until the normal Hertz contact is
obtained. This can be seen by comparing pictures (e) and
(a). It was also observed that the dark patch gradually
disappeared. The cause of this dark patch may be the
uneven axial film shape and pressure caused by the
entrapment of the oil. A similar occurrence has been

commented on in the section on 0il Starvation.
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The design of rolling elements subjected to
starting and stopping conditions, should allow for the
fact that pressures greater than the Hertz maximum can
occur if the rolling surfaces are lubricated. In some
cases, perhaps dry operating conditions may be

appropriate.
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4,05 0il Starvation

The series of pictures shown in Figure 32 shows
the effect on the stress pattern of cutting off the oil
supply. Pictures (a) and (b) show the stress patterns
for dry static contact and lubricated rolling contact
respectively. With the removal of the lubricant, the
stress patterns gradually changed to the shape normally
associated with dry rolling contact, as shown in pictures
(¢) and (4). After running for about ﬁB minutes without
additional oil being added, the discs were stopped.
Continuation of the test seemed unnecessary since it was
noted that after a time the shape of the stress pattern
remained more or less constant. The noise caused by the
experiment was also a governing factor which decided the
stopping of the test. The sound was similar to that
experienced when unrolling rapidly; a strip of self-
adhesive tape. It was feared that permament damage to
the discs would result if the test continued for too long

a time.

It might appear from the pictures that a rough
estimation of the amount of o0il on the discs could be
obtained by direct measurement. This however, was not
possible as the glass was wider than the steel disc.
This meant that the oil thickness observed on the
photographs was really theléhickhess of the o0il on the
glass edge and not on the contact surface. This is

illustrated in Figure 30.
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/

<

glass disc /% glass

v

Surplus

steel disc 0l

steel

Fig. 30. Surplus oil film.

The surplus film of o0il gradually disappears so
that either it spreads over the sides of the steel disc,
or it acts as a reservior of o0il which partially helps to

lubricate the contact zone.

Another interesting feature that can be observed
from these pictures is that the stress pattern is even
more blurred than usual in the contact region. This may
be due to the oil meniscus being curved at entry so
causing a variable axial pressure distribution, as shown

in Figure

0oil meniscus

- Fig. 31. Axial o0il meniscus.
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In 1958, Crook(7) carried out an experiment on
a Two-Disc machine in which he measured the film thickness
and the oil inlet temperature, during the period when +the
oil sgpply was cut off., This period lasted about 25 minutes,
and he found that while the o0il film thickness decreased,
the oil temperature increased. This increase in temperature
with the resulting decrease in viscosity was sufficent to

account for the reduced film thickness.

Wedeven(48) has recently investigated, for rolling
point contact, the effect of oil starvation on film thick-
ness. Optical interferometry was used-to observe, not only
the film shape, but also the amount of oil in fhe outlet
region. It was noted that the starvation of oil did not
effect the film thickness, until the amount of o0il in the
inlet region fell below a certain value, after which the
film thickness decreased. It was not thought possible, as
in Crooks' experiment, for the reduced film thickness to be
accounted for by the increase in the oil inlet temperature,
since the rolling speed was about one tenth of the value
used by Crook. However, the point to remember is that any
reduction in film thickness, whether due to the oil
starvation or the temperature rise, may result in asperity

contact with the subsequent risk of wear.
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CHAPTER 5 EXPERIMENTAL RESULTS - EFFECT of ROUGHNESS.

5.01 Object and reasons for tests

The object of these tests, was to observe the
change in the contact stress patterns with the change in
the roughness of the discs. It was thought that some
evidence might be forthcoming on the effect of film

thickness and asperity heights on pitting.

lMost of the initial work on pitting was carried
out by Way546> who demonstrated that pitting was a surface
fatigue phenomenon that could only occur if a lubricant
was used. He also showed that rough discs were more likely
to fail due to pitting than smooth discs. In a later paper
entitled 'How to Reduce Surface Failure', Way(45> suggested
that a very high alternating shearing stress below the
contact surface, is not necessarily dangerous as far as
fatigue is concerned. This wés verified by Dawson(9 )(10)
who produced evidence that even for a high load, (maximum
Hertz pressure 175 x ’IO5 1bf/in2) in the complete absence
of metallic contact pitting does not occur. It would
therefore appear that surface contact must exist if pitting
is to start. It was suggested by Cameron in a discussion
of the paper by Beeching and I\Iicholls,(3> that the higher
local stresses at asperity contact may'account for the
increased pitting with roughness. These higher local
stresses have been shown, theoretically to exist, by

(23)

Fowles.

Dawson(9 ) noted that increasing the oil film
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thickness has the same effect as reducing the surface

roughness. A dimensionless ratio was defined as:

The total initial surface roughness of the two
- mating discs. (Peak to Valley)

Elastohydrodynamic o0il-film thickness
the discs.

between

The Dawson experiments indicated that pitting

did not occur when D < 0.1 so that a range of tests

were conducted for 0.025 £ D < 7.0

5.02 Details of surface finish

The Talysurf trace for each disc is shown in

Figure 33.
Surface finish C.L.A. P toV
lapped 2.5 5.0
ground 20.0 60.0
grade '21' emery paper 90.0 250.0
grade '5' emery paper 125.0 %350.0
5.0%3 'D' Values
'D' Values
surface| film lapped ground
speed |thickness 23! '51
in/s x 107°
1.83 54.3% .09% 1.128 4.6 6.46
11.32 194.0 .026 . 308 1.286 1.8
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'Lapped

2.5 in. C.L.A.

'Ground’

20 in. C.L.A.

'21' grade
emery paper
90

in. C.L.A.

'5' grade
emery paper
125

in. C.L.A.

Talysurf traces for steel discs.
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5.04 Results

Figure %4 shows the change in the static stress
pattern as the surface roughness increases, as in pictures
(a) to (4). As the roughness increases, the apparent
contact width increases and the number of fringes decreases.
This is to be expected since the rough surface would '’
distribute the applied load over a wider area, reducing the

maximum pressure and hence the number of fringes.

The corresponding stress patterns are shown in
Figure 25 for the same load and degrees of roughness, as in
the previous case, but with the discs rotating with a
surface speed of 1.83 in/s. These pictures indicate that
as the roughness increases, so the stress pattern reverts
to the shape normally associated with its equivalent static
shape. This is clearly seen by comparing Figure 35(c)
with 34(¢) and also Figure 2§(d) with 34(4). The
similarity between the static and dynamic stress patterns
is to be expected, since increasing the roughness increases
the possibility of surface contact. It has been shown in
Chapter 4.03 that the stress patterns remain unchanged from
static to dry rolling contact. Thus two conditions ideal
for pitting are present, namely, a lubricant and surface

contact.

Increasing the speed of the discs ilncreases the
film thickness, which delays the tendency for surface
contact to be made. This has been illustrated in pictures

(a) to (d) of Figure %6 where the speed of the discs has
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been increased to 11.%2 in/s. Picture (a) shows the stress
pattern when a fully developed oil film exists. Fictures
(b),(c¢) and(d) show how the stress pattern gradually
changes to the shape normally associated with dry rolling.
The change, of course, is not so noticable as in Figure 35

due to the higher disc speed.

The results suggest that almost complete surface

contact is obtained for 'D' values greater than two.
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CHAFPTER 6 SUMMARY
6.01 Errors

The errors arising from the project can be
classified into two groups; namely, errors in the physical

measurements and errors in the theoretical computations.

Errors in the physical measurements

Load

A simple lever using standard welghts, was used
to apply the load to the discs. The error in the standard
weights can be considered negligible. The length of the
shortest arm of the lever was 1.5 inches. If the maximum
error in measuring this length was* 0.015 inches. Then

the possible error in measuring the load was *1.0%

Speed
The range of speed covered in the tests was from

about C.1 to 1.0 rev/s. For this range, it was considered
that the most economical method of measuring the speed
(without sacrifice of accuracy) was by simply noting the
time taken ‘to count a set number of revolutioné. This
method produces errors less than 1.0%. Unfortunately a
certain amount of slip occurred at the fastest speed,

due probably to the flexible cable. A more realistic

estimation of the error would be X 3.0%.

Temperature

The temperature of the oil entering the contact

region was recorded. This value would be slightly less
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than the disc surface temperature required for estimating
the o0il inlet viscosity. Since however, very low speeds
and only moderate 1ldads were used, the difference in
temperature was thought to be less than one degree. The
effect of this error on the o0il viscosity reading was

estimated to be * 4.09%.

Surface roughness

The specification of the surface roughness was
not a straightforward matter. Several Talysurf readings
were taken in order to obtain a representative value.

Readings deviated by as much as 12.0%.

Film thickness and 'D' values

The effect of these errors on the calculation of
the film thickness and 'D' values was estimated to be

*5.0% and *£17.0% respectively.

Errors in the theoretical computations

Calibration Chart

The validity of this chart is based on the fact
that the magnitude and position of the maximum shearing

stress, corresponds with the values obtained by other
writers.(44)( 5)

Contour plot - parabolas

- Stress values on the centre line of the contour
plot, based on a Hertz pressure curve, correspond to the

values on the Calibration Chart. On this basis, the
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programme was considered reliable for other pressure curves.
Extreme care must be taken however when splitting the
pressure curve into parabolic blocks. It is possible that
the shape of the computed parabola, based on three points,
would be different from the shape required. This has been
illustrated in Figure 39. The possibility of this happening
undetected was ovércome by instructing the computer to plot
the pressure curve so that a visible check on its shape

could be made.

Three selected points
Required pressure curve

Computed parabola which
fits the three selected
points but is not of
the required shape.

Fig. %9. Possible source of error - required and

computed pressure curves.
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Elastic deflexion

The elastic deflexion programme was used to
compute and plot the deformed surface, caused by a Hertz
pressure distribution effect.: The result, shown in
Figure 54 shows the flat deformed surface justifying'the
use of the programme. The programme would have to be
modified however, if extremely narrow parabolic sections
were to be used. This is because small differences would
then be involved in the calculations of the deflexions.
The. method of modifying the programme under these
circumstances has been admiracly explained by Dowson and

(13)

Higginson.

Inverse solution of Reynolds ecuation

The accuracy of this programme depends mainly
on the accuracy of the computed pressure gradients. The
pressure profiles is made up of several parabolic curves
so that discontinuities in the pressure gradients are
inevitable. The differences in the Elastic deflexion
curve and Reynolds curve shown in Figure 23(a) and (D)
are thought to be due to errors in calculating the

pressure gradient.
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©.02 Discussion

Some of the experimental pressure curves and
film shapes found by Dowson and Longfield,(qg)(go)
Longfield(ag) and Niemann and Gartner,(56) show a
marked similarity with those obtained in this report.
Absolute agreement is, of course impossible, because of
the difficulty of ensuring the similarity of the various

parameters.

The slight pressure rise in the outlet zone of
the pressure curve (shown in Figure 27(b)) is of interest,
since it is an experimentai indication of a pressure spike.
However, too much reliance should not be placed on this
section, because the prediction of the pressure rise
depended on the observation of part of an isochromatic
fringe. One of the experimental difficulties of obtaining
clear isochromatic fringes, is that their observations
are required over a very small area and through a very
long line of contact. The line of contact could be reduced
considerably to give sharp fringes, if the method of

reducing end effects suggested in Chapter 7.01 is successful.

The effect of the tangential surface stresses on
the contours was considered negligible, since pure rolling
was assumed to exist. Even if a small amount of sliding
was present, the tangential stresses would be small in
comparison with the direct stresses. Calculations of the
tangentiél stresses for pure rolling and sliding contacts

(12)

have been given by Dowson and Higginson.
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6.03 Conclusions

The photoelastic technique has been shown to be
suitable for investigating the pressure distribution and

film shape in rolling line contact.

The Trial and Error method of determining the
pressure distribution is simple in concept but may be
lenghtly in application, derending on the 'turn around'’
time of the computer. The other method of computing the
pressure curve direct from the Isochromatics requires
very careful measurement of the experimental stresses.
This method, which has yet to be developed to its full
potential, is capable of producing a result in a fraction

of the time taken by the Trial and Error method.
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CHAPTER 7 FUTURE WORK

It should be pointed out that the suggestions
listed below for future work are not entirely those of the
writer. They are the result of general discussions with
staff and students of the Lubrication Laboratory and

visiting research workers.

7.01 Elimination of end effects

A sketch of a stress pattern coffesponding to
a pressure with a spike is shown in Figure 40 reproduced

from a paper from Dowson and Higginson§15)

C) .023

Fig. 40. Effect of pressure spike on stress

contours.
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Another way in
which 'end effects' may
be eliminated would be glass disc
by blending the ends of

the steel disc, shown in

Figure 4%. The object of
blending the steel disc “steel disc
is to ensure that when

it 1s loaded against the VAAXV//A\
glass the axial pressure

distribution between them

Fig. 43. Blended steel
disc.

remains uniform.

7.02 Combination of optical methods

The optical interferometry method of determining
the film shape in point and line contact has_been,developed
to a fine art; particularly in the Lubrication Laboratory
at Imperial College. An experiment which combines the
interference film shape with its photoelastic stress
pattern would be worth developing. The suggested apparatus
shown in Figure 44 would be basically a four-disc machine

the inner disc being made of glass.

Hamilton and Moore(26) combined Crook's(g) method
for obtaining the film shape, with Kannel's(ag) method for
obtaining the pressure distribution in line contact, into
one gauge. The gauge consisted of a thin manganin strip

vapour-deposited on to the rolling surface of a glass disc.
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If a similar metallic strip was vapour-deposited on to
the glass at A, as shown in Figure 44, then the effect
of its presence as it passed through the contact region,

could be observed optically.

Observe optical
interference
fringes

Observe
isochromatics

air pads

Part view in direction
-of arrow B.

Fig. 44. Four disc machine, combination of optical methods.



-109-

.03 Sapphire insert

Another way in which the two optical methods
could be combined is by using a sapphire insert as shown
in Figure 45. Sapphire has the advantage of having a
much higher elastic modulus than glass. It would therefore

be able to withstand a much higher contact stress.

s teel disc steel disc

‘.‘.._ el

reflecting
surface

sapphire
insert

_-sapphire insert

e
i 7.y
reflecting-x '
surface rw
Observe opticq}/,» ~.Observe
interference isochromatics
fringes

Fig. 45. Sapphire insert.
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APPENDIX I

Calibration Chart

This chart calibrates the Isochromatics due to
a Hertz pressure distribution. The chart has been devised
in nondimensional form to enable one curve to cover the

whole range of experimental conditions.

The programme computes and then plots the ratio
of Frincipal stress difference to maximum Hertz pressure;
against the ratio, radial distance from contact, to half
the Hertzian contact width.

According to Hertzgqq) the pressure distribution
on the surface of two compressed elastic bodies, as in

Figure 46, is defined by the expression:

2
X W'R
p=PlVI ']—gé‘ and B =2 ﬁ_'
2 2
1 - 1 -
where %. = E}é + E}é -%
g s
1 _ 1 1
and ﬁ = E +§'
g s
A
PM
g-glass 19
\\\ /
)
_ =]
s-steel _
B B

Fig. 46. Hertz pressure curve.
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Notation and method of computation

The distribution of concentrated loads within
the Hertz pressure curve, together with the positions in
which the values of the principal stress difference have

to be calculated, are shown in Figure 47.

From this Figure it can be seen that

P = p d(X/B) - PMJ 1 - (x/B)° ;3‘%
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. PM 2 2y
l.€. P=56J(B~X)

which, in Fortran, becomes

P=26.2*SQRT(( .O00H9* W) * * 2_X *X*1)

X/B

-

N

160(J) points
\

At each point

PRR is computed.
PRR - Principal stress difference

maximum Hertz pressure

|

Y/B

Fig. 47. Distribution of concentrated loads.



Flow chart 1

\ Read in WY/

Calculate PM B
|

Call subroutines to plot
scales & title etc

|
[ Puc Gx= --075]

50

-

[ Gx=GX++1 ]

Y=GX*%¥B

[ Put X=—1-02¢B

SIGMX=0, SIGMY=0, TAUZ=0, |

==

I=1+1 |

1=]+1

|
[ x=X+8B/50_ |
|

Calculate og, oy & Twy
& add to SIGMX(v) etc

no

yes

l Calculate PRR ]———- —-

see Fig.47

l Plot GX, PRR |
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. Programme 1

// JOB WwHOOL T 1
/7 FOR o

#10CS(PLOTTER,TYPEWRI TER) ;gzg égﬂ Coll

#L1ST SOURCE PROGRAM , m College

* % B KLEMZ. MECH DEPT.
C  CALIBRATION CHART
C INSTRUCT OPERATOR TO SET PLOTTER AT CENTRE
WRITE(1999)
PAUSE 3
99 FORMAT{1H,'PLEASE LOCATE PLOTTER IN CENTRAL POSITION!')
PI =3414159
TH=P1/240
W=388,
B=+00049%SQRT (W)
PM=1310%SQRT (W)
C====TO FIX SCALES AND ORIGIN v
CALL SCALF(140910e09=1o090e4)
C===«DRAW GRID
C====PLOT +X AXIS
CALL FGRID (0904030409140 916)
C====PLOT +Y AXIS
CALL FGRID(130e030¢090e196)
Cme==TITLE
CALL FCHAR(6.0’0-7!002’002’0.0)»
WRITE(7+200)
200 FORMAT(17HCALIBRATION CHART)
CALk FCHAR(608’0067’0!1’001’000)
WRITE(7+201)
201 FORMAT(17H(NON-DIMENSJONAL))
C--~TO TABULATE X SCALE
XN==0,1
I1X=0
DO 20 I=1,17
_CALL FCHAR{XAN#+=0e¢0390e29029040)
WRITE(74+202)1X
202 FORMAT(1Z2)
XN =XN+1a0
IX=1X+1
20 CONTINUE
CALL FCHAR(5403=0609904290429040)
WRITE(7+203)
203 FORMAT(16HDEPTH RATIO Y/B)
CALL FCHAR{10409=0¢0990615900159040])
WRITE(79204)
204 FORMAT(29HB=HALF HERTZ!AN CONTACT WIDTH)
C-=TO TABULATE Y SCALE
YN=040
YA=040
DO 21 I=1+7
CALL FCHAR(=0Ces43YN3Cels0el90,0)
WRITE(7+205)YAU
205. FORMAT(F3.1)
YN=zYN+Del
YA=YA+0sl
YAU=YA+0s01
21 CONTINUE
CALL FCHAR(=0s73041904190alsTH)
WRITE(7+206)
206 FORMAT(SOHPRINCIPAL STRESS DIFFERENCE/MAXIMUM HERTZ PRESSURE)
GX==04075
DO 50 J=14160



N

e w'h

B KLEMZ, MECH DEPT. .
GX=GX+0e1
Y=0GX*B
X==1,02%8
SIGMX=Q,
SIGMY=0.

. TAUZ=0,
DO 51 1=1s100
X=X+(B/5040)
Pz=26¢2%SQRT{{ s000645%#W ) #x2=X %X 2} )

. Cs(=2exYRP)/(PIX((XXR24+YHR2 ) %22 ) )

SIGMX=SIGMX+C# (Y*Y)
. SIGMY=3S1GMY+C* (X*%X)
TAUZ=TAUZ+Cx( X*Y)
51 CONTINVE , .. :
PDIFF=SQRT( (SIGMX=SIGMY ) #%2+4 ¢ *TAUZ%%2)
. PRR=PDIFF/PM
CALL FPLOT(=2+GXsPRR)
.50 CONTINUE
CALL EXIT
END
~
FEATURES SUPPORTED
10CS
CORE REQUIREMENTS FOR
COMMON 0 VARIABLES 50 PROGRAM

END OF COMPILATION

616
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APPENDIX TI

Contours - pressure curve based on concentrated loads

Data fed into the computer was magnitude and

position of each load.

The programme plots the pressure curve and from
this curve computes and then plots, the contours of

principal stress difference/maximum Hertz pressure.

Provision'was made in the programme to:
(1) move the pressure curve either to the left or right
of the line of centres, .
(1ii) check and modify the area under the pressure curve

to agree with the applied load.

Notation and method of computation

The distribution of concentrated loads within
the pressure curve, together with the mesh points in
which the values of the principal stress difference have

to be calculated, are shown in Figure 49.
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2B
A
pressure curve
D(I)
: !
”t“ l‘lhg})n Loads v -
| | ' \ '“H*‘DX(I) ' Y
1 ] | | [}
' 4
I LY
[ IY points: S
////' 2B
. +
' y, Co-ordinates at the
~—IA points —— point S relative to
D(I) is a-X(I),Y.
r

Fig. 49. Co-ordinate system for contours.

Mesh details.

Number of mesh points 40 x 80 = 3,200

Mesh constructed from 0.1 inch sguares to

give a contour plot 4 inches by 8 inches.
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Flow chart 2

it

Read in W', KOUNT
X, DX(1) , D(1)
{
rCalcuIate PM BI
|

[A= 2:05 x B |

)
[ A=A—-05x B |
I

[y=—025 x B ]

Y =1

2

10 .

| yY=y+ -05x8B
|
[ siIGMX =0O,SIGMY=0, TAUZ=O. |

18

TEF

Calculate o3, 05 & ¢y
& add to SIGMX ) etc




Force = O,

I
I =1
T

Y

" Cal.

conc. load & add to Force

Write

Call subroutines to
plot scales & title etc

Y

Plot pressure curve

“do loop 88~

Plot Contours

| =l+1

=120~
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APPENDIX TIIT

Contours - pressure curve based on parabolic sections

Data fed into computer was position and magnitude
of three ordinates for eéch parabola. The pressure curve
is divided into sections of differing size, according to
the shape of the curve. ZEach section is represented by a
parabola with respect to an origin at the céntre of the

base of the section, as shown in Figure 50.

\P

¢
N
,"’-A\\pressure
curve N

2

/ )
/! / N
Pi "P2 1B N
, ~
/ // ™ ™~ ~
/] —~ -
51 So vs3 | X
__..yl_h__ ¥
x L
B X
- A

Fig. 50. Co-ordinate system for parabelas.
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By modifying the equations shown on page 34 it
1s possible to show that the stresses at the point S
(Figure 50 ) due to a pressure curve, 1is given by the

following integrals.

S3
(A-x)° ¥ p(x)
2
ox = - = 5 —(A3.1)
* ’n’ [(A—X)Z + Y2]
S9
85 5
Y7 p(x)
o5 - -2 =T ax ———(33.2)
[(A—X)2 + YZ]
59
85 ,
(A-x) Y% p(x)
2
T; - - < > —(43.3)
7 Lt [(A—x)2 + Y2]
59

The general equation of the parabola is

p(x) = a+ bY+ cyg

the boundary conditions required to calculate the

coefficients a, b and ¢ are:

p(x) =p, at ¥ =-1¢
p(x) =p, at ¥ = 0
and p(x) = pz at v/ = +4
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oo a = Py in Fortran IV this becomes
SA=P(I+1)
b = =— this becomes
274

SB=(P(I+2)-P(I))/(2*3L(I))

Pz + Pq - 2Pp

and c
20°

i.e. SC=(P(I+2)+P(I)-2*P(I+1))/2*SL(I)**2)

From Figure 49 it can be seen that ’lf: X=S,

and d110= dx therefore equation (43.1) becomes:

+f .
(a=55-%)% (ardip+cp?)

[(A-s2-1/)2+ Y2]2 i

2
X r

(A3.4)
-7

therefore, if a+b‘f +cC 175/2 = X+ ﬁ(X—\/J)+ X(X—ip)z

then X =a + bX + cX2 in Fortran IV this becomes

ALPA=SA+3B*BX+3C*BX*BX

ﬁ = - (2c¥+b) this becomes
BETA=-(2.0*3C*BX+SB)

and ¥ =c i.e. GAMA=SC



~ equation (A%.4) becomes

4
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[0(+ﬁ(x- )+ W(X- ?)2] (X-d{z)z Y

Fliro

-2

[(X— ’\}')2 + YZ:I2

ay

The solution of this integral has been noted

by Dowson, Higginson and Whitaker(

17) to be:

0 - %_(0(12,+ YT, + et°1,)
1 2
0§ = ﬁ_(OLI0+ ﬁYI,] + cY 12)
9, 2
Ty = ,ﬁ,(oc[,] + PYI, + Y 13)
_ + 2
-1 X-v¥ (X-¥) Y
where I = tan e . .
0 ] Y + (X"'V/>2 + Yd]_ﬁ
- +€
I, = -1°
1 _(X—#OZ + Y2 . ) T
_ £
-1 X-4 X-4¥) ¥
12 = tan T (qugg)4_yg} e e e
L 2
s 2 +/ﬂ
2 2 Y
I, = |1 X- Y9 .
5 og((X-Y)°~ + + (x_yoe - Yd] .
+2
4 (X-¥) ¥ -1 X-/
qu_?+|i(><-¢>2 L2

Fortran
BIO

BI1

BIZ2

BI3

BI4
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2

let €1 = | tan~] §§lg
_0

i.e. C1=ATAN((Z¥-SL)/Y-ATAN((BX+SL)/Y)

+A

let C2 = (Xzfq 5
(X—",V) + Y

2
i.e. C2=(BX-SL)/((BX~-SL)**2+Y*Y)~(BX+SL)/((BX+SL)**2+Y*Y)
0
2
(X—’lf/)2 + Y

let C3 = 5

-4
i.e. C3=Y*Y/((BX-SL)**2+Y*Y)-Y*Y/((BX+SL)**2+Y*Y)

+ 7
let C4 = |Llog((X-9)° + Y°)
= f

iee. C4=ATOG(((BX-SL)**2+Y*Y)/((BX+SL)**2+Y*Y))

Therefore
BIO=C1+C2*Y
BI1=-C3
BI2=C1-C2*Y
BI3=C4+C3%
BI4=(-4.0*SL/Y)+C2*Y-3%.0*C1

It 1is therefore possible to write a programme

which will comgute U%, 0}, and T;y at a point in a

elastic mediun due to a parabolic load distribution. By
repeating the procedure for other parabolas a summation

of 0;, 0&

principal stress difference.

and 't;y can be obtained. Hence the



Flow chart 3

Start

Read in KOUNT
S0 P} SEM

i
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ie.contact edge

SIGMX- 0. SIGMY= 0. TAUZ = 0. |

area under =
pressure curve _— == —l AREA=0. l

['kou = KOUNT - 2 |

99

[cal. ab.c, lanecc |

1
[ AREA = AREA + [, b&)4¥

I's

f= Koy >
Write lAREA Jes
Plot scales j
& title etc. S no
1Y=40
yes
Plot pressure curve
Do loops (&2
Is
no
|A=80
Plot CONTOURS
yes
End

|=|+1___—.
Y =Y +1
A =|A +1
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AFPENDIX IV

Solution of Simultaneous Quadratic Equations

It was shown in Chapter %.05 that a pressure
curve could be obtained from the isochromatics by solving
a set of simultaneous quadratic equations. The set of

equations to be solved are:

n = n

za. . P. + zb- R P2. = C.
ld  Jd 13 7 J i

3= 3=

i=1%ton

where n is the number of equations

Method of solution.
2
2

Expanding to the linear term of Taylor's series gives

1
o

, | D(E(P
£(P) = £(P') + [SFS ( ”}ej

P=p’

where P' 1is the guessed value of P.

. D(£(R)) _ .
o [an Jéj = - £
. P=P'



Let

and
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This represents a set of simultaneous linear

equations. Solution of éij is obtained by the Gauss-

Jordan method. The new value of Pj becomes P! = P! + & ..

J J

Procedure is repeated until éEj is considered

sufficiently small.

Fortran>symbols:

AA(IT) = Aj 5
BB(I) = B;
BB(J) = éﬁ
P(J = P.
() p
DX = distance between P(J) loads
DXX = distance between experimental stress
points
YY = distance of stress points from contact

surface
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L = n (the number of equations)
K = number of iterations
ro(I) =

experimental stress values

See Flow Chart 4& and Programme 4&.

Programme 4dcheck.

A set of experimental values of the principal
stress difference were required in order to test
Programme 4@&. However, the use of experimental values
waé not suitable a£ this stage, since an accurate know-
ledge of the pressure curve producing the values would
be unknown. It was therefore decided to compute
'expe;imental values' from a known pressure curve.

Hence Programme 4b

In this programme swelve 'experimental values'
were calculated from twelve concentrated loads. The loads
were distributed in order to approximate to a Hertzian

curve as shown in Figure 51.



Flow chart 4a

( Srart )

Read in W, L, DXX, OX,YY

GUESSED P(J) ol
[} ve
Exp PDIFF SIM. LIN, EqS
i
K=t !
1 leo TR '
! IK—K*'l | :
A=1+3%B l
|
|
[ 1=14 !
1
150
SIGMX=0. SIGMY=0. TAUZ=C,
A= A + DXX
|
P() = PG) +BBY)
[ x=-13x8_ | |_Pa)-P6)+BBY) |
(o] o
- 140
A1 ves
X=X +DX
1 Write
-PO),BB)
Cal 0'2, 0; &'tn) I
& add to SIGMX® J
etc
' no
E= SIGMX~SIGMY | '
’ yes




Programme 4a 7094 IBM Imperial College -135-

C—==SOLJIIDN 2F 12 SIMULTANESUS QUALDRATIC EDQUATIONS
DIMENSIONAALL12412),88(12),P(12),PD(12),AAA(12,12)
- WRITE(6422)
2EZDFIKMATIION s SZHIEXPERIMENTALY VALUES OF PRINCIPAL STRESS ClfcEs
1)
W=400.
TB= 000495 SIRT (W)
DXX=.2%0
DX=.2%3
YY=.35%8
L=1i2
PI=3.14:59
RE&ED SezT)(PLY)ed=1yL)
27 FORMAT(12F6.2)
READ (S5425)M(PDII)+I=1,L1)
25 FIRVLT(6FR.Z)
WRITE (6y2ed(PD(1)sI=1,4L1)
26 FORFATU{Z2Xs6F10.24/20X46F17.2)
WR1Tz(5,21)
21 FORMATIIOX30HINITIAL GUESSED VALUES OF PLJ))
WRITE(6sZa)(PLJ)Ygd=1yL)
DD 162 «=1y6
A==1.,3%Q
DJ 150 I=1,L
Sigrnx=D.
SIG‘1Y=':'.
TEJL=3.
A=p4DXX
X‘—'"'l 03*8
D2 142 J=1,L
C THIS (&aLS. E FOR P J
X=X+DX
Cal—ca=xYY=P{J))/{PIx{{2-K)==2+YYeYY)2=2)
SIGMX=SIGMX4Cx(A=X)={L4=-X)
STLVMY=SIGHMY+CnYYarYY
TAUZL=TLUZ+T={A-XK)=YY
E=51GMX=-816MY
140 CONTINUJE
X==1,3%R
DO 130 J=1i,L
C TO CaL THe PARILL 2IFF TERME
X=X+0X
Chl==2/{PI=((A-X)=(3=X)+YY2YY)==2)
OAL( T4 J)=c.8Co=((A—XK)a(A-K)aYY-YY&re3)sc+3,2P(J)
1 (({Canll=X))esl)rYYand
130 CONTINUE
C CabL OF 23 SPC-SEPO
' BE(I)=(FL(I)exs2)—(Ex22)—{b.,2({TLUZ==2))
150 ConTiINuE '
PO 170 I=1.L
0O 170 J=1.1L
170 cAnld,y11=24(1,4J)
WRITE (6,20)
30 FORYATI(I0OX,20HSOLYUTION O3F SIMQE 1S,)
CALL SI¥O(aLe,5RyLyJU)
IFJUY L2yl
1 w172 (6,31}
2 WRITE (6432)(88(JYyd=14L)
¢ FOKMAT(O6(2XsE106.841)

e

v e Togel
—LNGo



OO0

(e NaNe)

e NeNel

[aNeNe

31

20

26
160

30

35

=~
(&

50

~136-
FORMAT(1D0Xs11HND SOLUTION,)

DO 1zZv J=1.L

Pli)=P{J)+3B(J)
IF(P(J)125124520

PlJ)=0.D :

CONTINUE

WRITE(6y2D)

FIRYAT(1IX, 18HNEN VLLUES QF P(J))
WRITE (6,24)(0(J)yJ=1,L)

FORMATIO(ZAsEL1048)3/10X+06{2X3E16.8)4/7/)
CONTINUE

STuP

END

SUBRIJTINE SIMDILA,3,N,KS)
DIMENSION al(l&as),2012)

FIRAARD SIOLJUTION
TOL=2.v

K5=0
Jd==1i

DD 65 J=is

JY=J+1
Jd=JJd+u+l
Eloa=C
IT=04-Jd

D3 33 i=daN

SELRTH FIR MaxXIvuM COEFFICIEMT IN COLUNMN

IJ=17T+1
IF(AZS{BISA)I-4a2S(A(TY))) 20430430
e1Ga=t(14)
ITMaX=1
ConTINJE
TEST FIR PIVOT LESS THaN TOLERANZE {(SINGUL2R MATRIX)
CIF{A3SUBIGAY-TIL) 33425440
KS=1
RETJIR
TNTERCHANGE ROWS IF NECESSARY
Il=Jd+Ns(y-2)
IT=IMEA~y
DO 50 K=J4
T1=31+\N
12=11+17
SAVE=A(T])
Aily=20:2)
Ali12)=SAVE
DIVIDE EQUATION BY LEADING COEFFICIENT
ACI1)=AaC11)/7231IGA

SAVE=Z{I%4X)



BOIMAX)I=B(J)
BlJ)=SAVE/BIGA

ELIMINATE NEXT VORTABLE

IF(J-N) 55,70,55
55 105=N=(J-1)
03 65 IX=JY,N
IXJd=105+1X
IT=J-1IX
DD 60 JX=JY 4N
IXIX=N®(JX=1)+1X
JIA=IXIXHIT
60 2C01XJIK)=20IXIXI=(A(TIXI)=Aa(JIX))
65 B(1X)=3{IX)I-{E(JI=A(IXJ))

BACK SJLUTION

70 NY=M-1
IT=N=\
DO 8D J=1,4nY
1A=1IT-4J
IB=N=-4
IC=N
DO 83 K=lyd
BliBl=a(18)-A(IA)=5(IC)
IA=7a-N

80 1C=1C-1
PETURN
ENU
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®##0 s ExXelUTION
PEXPRERIMENTALY VALUES OF PRIINCIPAL STRESS
3286435 L1759,00 37302.14 50520.38 54466.6
57894.61 54466.60 5£52C.348
INIVIAL GUESSEDR vaLUES CF P(J)

0+300733GNE 02 0.30000000

J2.35302000c 22 E
0.35000000E 02 o

Ce30030000E LZ

SOLYUTION OF SIMQe IS
-0.13529630 07 -0.730R2966E 01
0430363503E 22 0.25256684E 02z
MEW VALUES OF PLJ) .
Jel64a70369 J7 0.226917T03E Q2 0.350L8725¢
UeHIZHZIRIBE 02 0.552G06684E (2 U

0.50487256C
0.19117R17E

SOLJTION DF SIMJE IS
=D.72149490 C] ~J.c2328070E 01
-0 76728934 01 =0.59138932E 01

NEw VLLUES IF R(J)

—0.97547764%
-0.39724196¢

U.2D39338G6E 02 0.34069243

0.92554203¢ 01 £
N.4G382790E D2 c

veD20689814E U2

SOLUGTION DF SIwae 1S
-0.301563372¢ D1 0435407245601
=J0.65384145 30 -0.355535%8% 00

NeEw vALUES OF FJ)

0.623933520& 01l Je2J343a353E 02 034147954
CeD2036073E {2 C.490272558 02 v

N.78707150=
-0411725955¢

SOLUTION OF ST42E IS
-J.11723273: 21 ~0e93029448E-0] -0.25713715¢%
D¢28157345-02 3.20545859E-01 0.43042124¢
NEW vALUES OF F(J)
0.50667552c 31 Ce233346063E 02 0«34122235%
Je 520388690 U2 4304774632 (2 <

SOLUTION OF SIMJYE IS
~Je2535205H31 1) =~ e5436T627TE-01
-JaT73233549¢-272 ~J«694GD161E~02

NEW VALUES OF PLJ)

Je4813z347c J1 JezJe796G6E 02 D.34100181¢c
Ve520U31559E 02 04323337602 02 o

SOLUTION DF
Jalt62431010e-02 —Je11T717720E-21
~0e33255251:-52 =0.452455512-02
NeEw VALUES OF P(J)
0.481785306c U1 DezdzoT7978E 02 0.34094388¢
VedcU2B233E D2 0.49024236z 02 9]

SIvQe IS

-0.7339431385E

- -0.18872291c GO

-N.220535042-01
-0.13007886:-01

—0.5792707232-02
=02

DIFFEYENCE

') 578q/¥-61

373052.14 21769.00 3286.35

e Ce20020000E 02 0.30000200E 02 0.30070G00E 02
«3G000GN00E 02 0.30000000E 02 0.3C0O00DN0O0CE 02 =0

(.1936R161E 02

21 C.254280348E 02 0.30406721E 02
02 Ce#6962469E 01 =0.77426587E 01 -0.96065071E-01L
G2 Ue49368162E (2 D.55428047E 02 0.60406721E 02

«4Q9117816E 02 0.34696246E G2 D28257341E Q2 0.

0o -(.41047435E 01 -0.59866317E 01 -0.769”1138E 01
o1 -0.35110035E 00 =0.24344534E (1 0.30047763E G1
0z («45263417E 02 0.49441416E 02 0.527TH8607E 02
s4516453¢7E 02 0e33R45145E (@2 J.19822878= 02 G.30047763E

-0.35243329E 00 -0.66554630E 00

19 UezD333540E 09 2.364937436E 00 0.47322825E 01
02 (+«65075194E 02 D.490489R6E 02 0.520642660E 02
«4502€127E 02 0.34C48481E 02 0.20172252E 02 0.7737058B8E

=01 -0.95%90304190E-02 -0.384044239E-02 -0.45013002E-02
=21 i «BG037614E-D1 0423011906E 00 -0.20713965E 01
02 U.865065631E 02 C.49045146E 02 0.52038159E 02

0.56656623E

0.34137568E 02 0.20402370E 02

«&5071173% 07

-0.72157821E-02
-0.75918503E 920

-2.84719004c-02
=3.95382296E-01

-:1.12125096E-21
~{.27122314E-01

0.52020943E 02
0.490647T72E

D.49036673E 02
0.20306988E 0°?

32 L .45053566E 02
« 45052171k 02 0.34110446E 02

-0.23420763E-02
-0.955R5232E-01

=J.287637422-32
-0.349350183€E£-01

=L «3T0T3638E-02
- «143111336E-01

0.52028101E 02
0.48106891GE

0.49033797E 02
0.20271993E 02

g2 L .45049858E 02
450573318 04 6,34056333E (2

See fig. 52.
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4;_ +*5 1bf
5%)‘/ N34
/ X \
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7

AR L

'experimental ' A
values' o o

Fig. 51. Co-ordinate system for concentrated loads.

The values of the principal stress difference
(pége 142 ) computed from Programme 4b was used to check
Programme 4d4. The guessed pressure curve was assumed to
be uniform and approximately half its known maximum value.
This curve converged to the correct shape within three

L 4

iterations as shown in Figure 52.



Flow chart 4b

( Start )

\ Read in LE W, P, P(J)/
L
[ Cal B & PM |

Y=-05*B & A=—|-3+B

]
-

4

A= A+ 3/5

X ~1-3«B

n

SIGMX=0. SIGMY=0. TAUZ= O.

J

I
-

T .12

X=X+B/S5

Cal 011 O’.; & t-l.j &
add to SIGMX® etc
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Programme 4b 7094 IBM Imperial College

c---C

11
100
101
132
133
134
135
105
107

#u0er

D

ALCULATION JF PDIFF FOR 12 CONCENTRATED LOADS.
DIMENSION P(12) '

WRITE(641062)

LE=12

W=4030.

PI =3.14159

B=.00049#SGURT(w)

PM=1310.%SQRT( W)

READ (54100M(P(Jd)sd=1,yLE)

WRRiTE (645101)(PLJ)YsI=1,yLE)
WRITE(6,105)

WRITE(GL,y106)

WRITE(6,107) .

Y=vaedbut

A=-1.3%8 -

WRITE(6,103)

00 11 I=1,12

A=ia+3/5.

A==1.3%8

SIG¥X=

S1GMY =0, ’ 4
TAUZ=D.

DO 12 J4=1,LE

X=A+,223
C=(-Z2.aY=2PJ))/(PIa{(X~-2)2u2+YrY)x2?)
STOMA=STGMX4TwyY =y
STEGMY=STGMY+T#(X~-A)=({X=-4)
TAUZ=TAUL+Cn(X=2) %Y

CORTINUE
PDIFF=SORTIISIGYX-STIGMY ) #2244, 2 TAUL%%2)
E=4a/R

hRLIP(byLOQ)L,HLIFF

CONTINUE

FORMAT(1ZFO.2)
FORMATULIOX 612Xy F6a2)4/77)

FORMAT( 10Xy 29HDATA-=CONCENTRATER L3ADS P2())
FORMAT(23Xy3HA/ Ry Z X4 BHPDIFF)
FORKMAT (1 7XyF2Da34154,F13.7)

FORMAT 10X, 11IHZALCULATINN)
FORMATI 20X, 30HA/8~ SPAN R2TIO ACRISS ZONTACT)

~141-

FORMAT{20Xy 34HPDIFF~ PRINCIPAL STRESS DIFFERENCE,/Z/)
STupP

END

EXECUTION

ATA--COMNCENTRATED LOADS P(J)

Ue 20.6G0 34.00 45,00 49.00 52.00

43400 45.00 34,00 20.00 0.

e~



#Eden

CALCULATION
fd

p

EXETUTION

/E-= SPAN RATID ACRDOSS CONMTACT
PRINCIPAL STRESS CIFFERENCE

DIFF-

L/B
=1.10G
-0 e300
=0. 70D
=-J.530
=J3.300
-3.10¢

0.100
Ue30¢
U.500
J0.700
0.900
14,3100

TeERVI

.

MATED BY S73P ---

PDIFF
3286435
21769.00
37802.14
50520.38
54466.60
57894, 61
5789461
54466 .60

.50520.38

R780z.14

121769.00

3286.35

AT OCTAL 60537
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Solution of Twelve Simultaneous Egquations

12 2
aij Pj +

[}
Q

12

2
Zbia' F %
=1

J=1 J

RPN ST

L e P ST —

1

 Por computations sco page 138, |

Fig. 52. Iteration of Loads.
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8

%0 k% EXECUTICN
YEXPERTMENTAL?
106wdeul 1BES5C. UL 20140.00
INITIAL GUESSED VALLES CF P(J)
3.0y 30.GO 36.00
SGLUTIGH GF SIMIE IS
=0.42159767E 4l C.1479G261E U2

51C0.00 BRI P ¢ 3

30.0vu 30430

0.55583594F (2

MEW VALUES OF P(J)
. 2507& {1'4]-79 .5.5 GE.2H 40073
_ SCLUTICN GF SIMQE 1S ’
z =0.1561547LE u& -G, 15S61717E 42 =0 1S1ZETLE 02

NEW VALUES OF F(J)
33.83 t6e4E
SCLUTIGN OF SIMQE IS
Ce4 EGE2413E 2 =G, 74713586 GO
NEW VALUES OF P(J)
33.GE €GeS
SOQLUTICN OF SIMQE IS
=Ue2Z1454€32E 42 L.GBG4122E U1
NEw VALUES CF P(J)
42457 €2.067
SOLUTION OF SIMQE 1S
- =Cal0449027E G2 =U.1152E311E 41
NEW VALUZS JF pP(J)

72465

10.17 24.21

58.22 €3.37 25.82

},1G8513C1F C1
3€.77

35.0¢ €445

GelE025011 75 41

24 .63 4152 63458 £6e63 35.65
SCLUTICH CF SIMQE 1S
—0.4€25429¢F Gl =uU.l162685388 01 =Gl 76850258F &
NEW VALUES 3F P(J)
20 .00 GGolS 62461 65.85 34,37

SULUTIOCN OF SIMGE IS
-0e«8L{0C1LT791E —1jE2iiOET4E Ui
Ntw VALUES OF P(J])
19.24 3C.317 E2.24
_ SCLUTION OF SIMQOE IS
Ue33155195E Uu —-Js1218E478BE LU
B NEW VALULS OF P(J)

R . 19.53 3G.25 £2.05 £5.14 °
SOLUTION UF SIMQE IS
Cal2728C14F (i Ge 1id144221F G

NEw VALUES QF P (J)

=3.5£58)1388 014
£5.33 33,89
-5.15C4€508E 03
'33.82

3.11210426F=51

15.67 36, 3¢ €2.C7 £5.15 23.5¢
SOLUTION OF SIMQE IS .
G+3(53787SE-y2 G.4€541028E~31 9.43E64541E=)1
NEW VALUES UF P(J)
15.€7 35444 €z.11 €5.25 34.713

SOLUTION UF SIMQE IS
~)e2€13940L8-Ul ~ti.145%5T7S3€E5E~(i2
NEW VALUES OF P(J)
1G.¢5 3¢, 40 £2.12
SULUTION UF SIMAE IS
-G.178594180-(1 ~1' e 14GE154TE~¢C1
] NEwW VALULDS OF P(J)
ie 19.62 3S.3¢ £2.11
SULUTION OF SIMQE 1S
—C.519S3E45E~(3% -~ E16T1686E-02
NEW VALUES OF P(J)

0.14€23130G5~31
£€5.23 34 ,12¢

—-0.,9%7122328-)2
£5.22 34.C1

-0.18784C16F~31

e

Z 19.62 36,37 £z. 18 £5.29 - 33.97
~ SCLUTION OF SIMQE IS
: U«8G233523E~(2 Ue 200497635 E-1;2 -1, L£75C457F=-02
NEw VALUES OF P(J)
16.¢4 3G.3¢€ €216 £5.16 33,97
) SCLUTION OF SIMQF IS
- Ue4E188309FE=-y2 Ge45G2GS14E-G2 Ga41768980F~(;2
) NEW VALUES DOF P(J)
B 1G .64 3GC,3¢ é2.11 £5.20 33,566

VALUES CGF PRINCIPAL STRESS OI

—~{.63F81426F 01

15442

FFERENCE
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AFPENDIX V

Elastic Deflexion

The deflexion diagram shown in Figure 12 has

been modified to incorporate the use of the parabolas,

as shown in Figure 53.

p,v4 2 [/

N

-— w—

— -~
- \
pressure curve

p(Y) = a+b1ﬂ+c‘t[/2

|

ANy
K
| . :\
i

\
N\
AN
N

~

~—

Sq Sp 53  deflected 1V
| surface ’

! X

Fig. 53. Modified deflexion diagram.

Equation (%.%) then becomes:

+ 2
v = -5y [ (asbPecy¥?) log(x-9) ay
&

. 2
l1.€. v = - EET [11+I2+15] (A5.1)'
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+0
Where I, = a log(X-¥) ¥
' 2
+0
I, = b'\// log(X-v) av
&,
£
1, =/cm{/210g;(x—4{/) ay
L0

These integrals can be solved by Parts, giving:
I, =4 [(hx) log|X+&| - (X-£) loglx-2| - 29]
in Fortran IV, this becomes BI1

b [,u2 42 Xl . .
I, =3 [(X -9 logliffl— gxﬂ] i.e BI2

T, = % [(x3+a5) Log|x+2|- (x°-07) log|x-4] - £¢° - 2QX2}

which becomes, in Fortran BI?

Substituting into equation (A5.1) gives the
elastic deflexion from a flat surface. If it is assumed
that similar deflexions would occur on a curved surface,
then the total deflexion would equal'v+(A2/R) where

R equals the effective radius of the two discs.



The programme was tested by fitting eleven
parabolas  to a Hertz pressure curve. The computed
deflexion curve became flat in the contact region, so
Justifying the use of the programme for other pressure

curves. A print of this computer plot is shown in

Figure 54.
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Flow chart 5

( Starc )
READ in SO PYSLI
W  KOUNT
]

| KOU=KOUNT -2 |

CALCULATE B FPM

l PLOT scales tite eth

PLOT pressure curwa

DO LOOPS 1&2

A=—2-55 & K=4100

f (AL®)

|
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Fig. 54. Eertz defllexion curve.
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APPENDIX VI

Graphical determination of film thickness at maximum

pressure

It was shown in Chapter 3%.08 that the film

thickness could be obtained at the section which was

satisfied by equation (3.7).

The pressure curves are available in non-
dimensional form, so that equation (3%.7) could be

expressed as

-162-

2
L. 2
S ORI VR S ) _ 6
2 a®? P |ad
a%p_ ap_ 2
i.e. ——j - u' (ﬁ—) = 0 (A6./|)
dx r :
r
= £
where P = W
X
XI‘ = ':-B-
X = XEM

The graphical method of differentiation(q) is

shown in Figure 55. The application of this method in
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solving equations (3.7) and (3.9) is shown in Figure 56.
The solution of both equations are of course, identical.
That this is bourne out in practice indicates, to a certain

extent, the degree of accuracy of the graphical method.

The intersection of the curves at point E
satisfies equation (A6.1). Similarly, equation (3.9) is

satisfied at the point F.
Scales (with reference to Figure 55)

m(B)

It can be shown that n(c) = N.0, B(Z

Calculation of hm

Figure 56 shows the ‘actual application of
graphical differentiztion to the pressure curve shown in

Figure 18(a).

Points E and F occur when Py = 0.19
dpr
and -d?- = 0.45

r

Relevant information:

load W'

265.0 1b,/in.
speed N = 5.82 rev/min.
disc radius r = 3.0 in.
B = .000485[ "
PM = 131047 = 21,300 1b./in?
8 = 2.1 x 10™2 cn?/ dyne

1}

0.0079 in.
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and also ?% = 3550 centi-poise
[Note: 1 1bf/in2 - 6.88 x 10% dynes/cmZ]
u < 2krN 2% x 3 x 5.82
- o0 - 60

i.e. u = 4083 in/S.

—4 =0 A 4
_ *xp _ 35 x 10 (2.1 x 107 7x213%00%x.19%6.88x10 ")
?" 7%° = “6.88 e
. )
i.e. ;} = 0.00091 1be s in
ap _ %P 21300 4
&x T Boax, - 0079 "
. a - .
ice. SR - 1,215,000 1b,/in’
Substituting into equation (3.8)
4q
le€Co h = m
gives h = | 4x1.85x0.00091
1215000
i.e. h = 74.5 x 107° in.

h = 49.6 x 10_6 inches.

Te

oy

1]
AN




~165-

It is now possible to solve the cubic equation

5

K -h+1=0

at any section within the pressure curve, since K at any

point can now be computed.

Subroutine CALL POLRT was used to solve the

cubic equation in the form

i + Bx + Cx° + Dx2 = O.

Where A

=1 ' in Fortran XCOF(1)=1.0
B = -1/h XCOF(2) == .0/HM
c-o0o XCOF(3)=0.0
D = K/b) " XCOF(4)=C/HM**3



scale
M= m(B) units

NOT TO SCaALE
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scale 1= h(A) units X,
&by
dx
r
scale
1'= n(c) units
I\I,.I - X,
a
ax~ .
scale
1= o(D) units =0
N
—_ x,

Fig. 55. Graphical Differentiation.
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pr
scale
M=}
p,=0.19
scale M= 1 Xp
ar,
dxr
scale
/lll_ _%_ .
| “
' 2" x
T
5
dxr ,
/
P Y A
scale - ‘i_-;/
- _:?L // E ‘
/,, /
- F
//./ RS el -
]
| " X
2 T

Fig. 56. Graphical Differentiation - application

to pressure curve.
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Plow chart 6

READ in KOUNT SPEED HM
JoiSGY, POY, SLY W

Cal B PM

\ READ in XCOF#)23 /
|

KOU=KOUNT —2

t 101

Cal Pressure & Slope

Cal XCOF{4)

|
{  CALLPOLRT > y
|

WRITE ROOTS
real & imag

I=1#1

|

I=1+14




L RS IPSY N

//

. // FO
. %10Cs

#LIST
* %

C~-~TE

19

21

20
99
22

53

. Programme 6 . 1130 IBM . West Ham Cc _
FSETAMR oy - 1120 IEM West Ham College -

R

(CARD»1132 PRINTERsTYPEWRITER) .

SOURCE PROGRAM .
BeKLEMZ, MECHe DEPT.,

U C==FILM THICKNESS FROM REYNOLDS EQUATION.

DIMENSION S({25)sP(25)95L(25) 9sXCOF(4) sCOF(4)sROOTR(3)sROOTI (3)

ST &4A S
KOUNT=17 _

 READ (2420){S(I)sP(I)sSL(I)sI=19sKOUNT)

WRITE(3,19) o Ce

FORMAT (10X 19HPRESSURE CURVE DATAs/)
WRITE(32,21) , . - :
FORMAT{2(12Xs'S"s5Xs Pt s5Xy'SL'2X))

WRITE(3999)(SII)sPlI)eSLII)»I=19KOUNT)

FORMAT(3(3F6e3s2X))
FORMAT(2(10Xs3F6e3))
WRITE(34,22)

FORMAT(//»10Xs29HCALCULATION OF FILM THICKNESSs/)

WRITE(3553)

FORMAT (22X» 'REAL PART!,12Xs' IMAGINARY PART')

W=265.0

. B=0.00049%SQRT(¥)

 XCOF(1)=1.0

. U=P1/120.0%SPEED

PM=131040%SQRT (W)
PI=3,14159
AL=3.06 ,
HM=0,0000496 e
XCOF(2)==1s0/HM

XCCF{31=040 o
ZETA=0.095%3545745.0 __
SPEED=5.82

CONST=(HMx%2 ) #PM/ (B*U*ZETA)

 C==CALCULATION OF PARABOLA

C=~CA

KOU=KOUNT=2

X==242 R
DO 100 I=1sK0OU,2
SA=P(I+1) e
S8=(P(I+2)V=P(1))/(20%#SL{T})

SC=(P{I+2)4P (1 )1=20%P(I+1))/7(2s0%SLIT)%*%2)

DO 101 J=1950
LCULATION OFPRESSURESLOPE AND C
R=SA+58%# (X=S (141 ) 14SCH{X=S(I+1))%x%2

SLOPE=SB+2e0%5C*(X=S(1+1)) L

C=CONST*SLOPE#EXP{=AL*R)

 XCOF(4)=C/HM#%#3

51

49
52

101
190

CALL POLRT(XCOFsCOF939sRCOTRYROOTIsIER)
IF{IERI2s12
WRITZ(3,51) 1ER
FORMAT(10Xs13)
WRITE(3949)X L
FORMAT{10Xs4HX/B=FT743)

FORMAT (20X1E164895X%X9E16,48)
WRITE(3,52)(ROOTR(J)RO0TI(J)s J=113)
X=X+0,.1 L . . o
IF(X=5(1+21)101+100+100.. .
CONTINUE
CONTINUE
CALL EXIT
_END



N

At

[RU I N SRR DN

e =90
I / /. XEQ S e
— e PRESSURE CURVE DATA _ . ,
R e S P . sL . ... S P SL
—— _ . =2¢200 04000 043C0 . =1e900 0.068 04300 } o
. =1e¢600 04180 0300 _ ___ .. =14300 04330 04300
_ =1.0C0 01550 Ce3CO . .. -00700 008‘00 0.300
S . =0e#400 14072 04100 . _.____ _ =0e300 14145 04100
=0e20C 14192 Cel20 =0.080 14220 06120
. 0el40 14152 04040 04080 1,095 04040
.0el120 14242 04200 0e320 0,500 04200
- 0e520 04260 0e280 . .. . 0eBCO 0065 04280
14080 Ce0CC CeGOQ . . _._. I

__CALCULATICN OF FILM THICKNESS

 =0e18766563E=03
 0455855234E-04
0e13180973E=03

X/B= =2.,09¢9
_.=0s16976057E=~03
_ .. 0+58642348E~04
... 0e11111820E=03

 X/B= =14999

~0e15892827E=03
0.61951752E=04

L DeS6976T42E=U4
. X/B=<“1-89Q_nwvv”W"W,_M“ o
~0e15242151E=03

 0e66076216E=04
0e66076216E=04

X/3= =14795 .

_ =0.14896612E=-03
 0e71055197E=04
.. 0s71055197E=04

. X/B= =1.699

~Cel4735170E=03
Ce73241171E=04
o , 0e73241171E=04
 X/B= =1.595
 =0e16241180E=03
. Ce60629281E=04
_0e10178203E=03

. X/B= =14459 ) )

. =0s155G2121E=03
... 0e63458836E-04
. .. ....0e63458836E=04

_X/B= =139 o
- =0e15417562E=03
. 0e64598643E=04
. ... ...0eB9607740E=04

eeieiei_=0015618040E~C3
.. 0e&23CST22E~04
. 0e463309722E=04
-1el1%99

X/8=

o REAL PART
I X/B= =2.200

_=0416157981E=03 .

'IMAGINARY PART

' 0.0000C000E 00
0.0000C000E GO
0e0000Q000E 00

0.00000000E 0O
0.00000GC00E QO
. 0«00000000E 0O

0.00000000E 0O
0+ 0GCO0CO0E 00
 0+000CULOUOE 00

 0.00000000E 00
~0438753803E~07
0e38753803E=0T

0.000000COE 0O
=061293497CE-05
0e¢12934970E~05

0+0000000CE 00
~0.30861042E=05
0¢30861042E-05

0. 00U000GOE 00
0.000C0000E 00
0«00000000E 00

0e000CQGCOCE 00
0e775C9430E~08
~0+77509430E-08

0+0000C000E 00
0.0C000000E 00
0.000000CCOE 00

0« 00000000k 00
0e74215957E~08
=0.743215957E=08

. 0e0000000CE 00 . _. __._ ...



e 0e60915117E=04
e .. .. 0s10066415E-03
. X/B= =14099 . . .. ..
 =0417039975E~03

T x/B= =0e999 ...

[ e e e e

0058503486E~04
0.11189626E~03

. =0.17343059E-03

o 0e57898156E-04

. 0e11553245E-03

. X/B= =04899 o ,
~0420375943E-03
. 0e54429037E~04

0¢14933012E-03

L X/B=. =04799 R
~0.23838720E-03

 De52713883E~U4
0e18567292E-03

o  X/B= =04699

- 0s51713839E=04
0e¢22597672E=03

X/B= =04599

. =0432205070E~03
- 0e51083166E=~04
Ce27096748E=03

 X/B= =0e499

. =0437185603E=-03

0e50666065E=04
0.32118993E=03

. X/B= =0e399

 =0.38600387E~03

. 0e50580070E=04

0«33542380E=~03

" X/B= =0e299

—0.50955824E~03

Ce50132497E~04

Ced594256TE=~03

L  X/B= =0e199

- X/B=

. X/Bs=

[ —————— e e o e

.. XxsB=

L X/B=

~0¢54961117E=03
 0e50052585E=G4
0e49955863E~03

X/B= =0.099 o
 0449596215E=04
. =0e24798118E=04

~0e24798118E-04
C.000
0¢49161608E=04

. =0e24580807E=04

, ~0s2458C807E~04
C.100

0e4B8266629E~04

 =0e24133318E~04
~0e24133318E=04
04200

T =0422183874E-04

Cebt36TTLIE~0H

0300 |
“0421204243E=04

.. .=0e27769064E=03

 -0.22183874E-04

. =0s21204243E=04 _ . . _

- 0400000000E 0O

0«00000000E 00

0.00000000E 00

C.00000000E 0O
0.00000000E 0O

0.0000000CE 00

0.00000000E 0O
Ce00000000E 00

0+.00000000E 00

0«000000C0E 0O0.

0.,00000000E O0OC

0.00000000E 00

0«00000000E 00
0.00000000E 0O

C.0Q000000E 00
0+00000000E 0©O
0+00000C0Q0E 0O

0.00000000E 00
C«.00000000OE 00
0«.00000000E €O

0.00000000E 00
0e00U0Q0000E 00
0e00GO0V00E 00

0+.00000000E 00
C«0C0CC00Q00E 0O
0«0000G00Q0E 00

0+00000000E 0O
0«0000000Q0E 0O
0.00000000E QO

0+.00000000E 00
0«000CO0O00E QO
0.0CQ000000E 00

0«00C00000E 0O
=0456747067E~02
0eS56747067E=-02

0«0CO00000E 0C

- =052233762E-03

0¢52233762E-03

0.00000000E 00
-0¢29339140E=03
0e29335140E=03

~0e13479C78E=03
0el13479078E~03
0+0000CO0CE CO

~0+10933657E~03

0el10933657E=03 .
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Tereey

_ X/B=

X/B=

X/B=

. 0e4240B8435E=04 _

.. =0e21337702E-04
.. =0e21337702E=04
S . 0s42675565E=04
0500 ,
~022041327E=04
-0422041327E=04
.. De44085289E=04
1.000 ,
_=0423261593E=~04
.. =0e23261593E=04
0e¢46523135E-04

0.400
... =0s20998661E=04
 =0e20998661E~04
. De41996587E~04
0500 , _
. +=0e22148844E=04
. =0e22148844E=04
. Det42976BBE=04 _
0600 o _
. =0420969644E=04
 =0e20969644E~04
. 0e41938692E=04
04700 L o
.. . =0e21007792E=04
,,,,,  =0621007792E=04
. De42014864E=04
0+800

- =172-

0e00000000E 00

~0e10518764E=03

0.10518764E=03
0«0000C000E 0O

~0e13366167E=-03
0613366167E-03

C«0000QCOQE 00

=0+10462934E-03
0010462934E=03

0.0000C000E 00,

~0.10536510E-03

0e10536510E=03

0.00000000E 00

~0e11220497E=-03
Cell220497E=-03
0.00000000E 00

-0.13036371E~03
0e12036371E-03
0«000000CCE 00

-0e18533665E~03
0.185330665E-03
C«000000CQOE 00
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Fig. 58. Viscosity-Temperature Chart. BP 1065,
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