-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Universiti Putra Malaysia Institutional Repository

UNIVERSITI PUTRA MALAYSIA

COMPARATIVE STUDY BETWEEN ANALYTICAL METHOD AND
FINITE ELEMENT METHOD OF A CYLINDRICAL BORE JOURNAL
BEARING BEHAVIOUR

DEWAN MUHAMMAD NURUZZAMAN

FK 1998 13


https://core.ac.uk/display/43000213?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

COMPARATIVE STUDY BETWEEN ANALYTICAL METHOD AND
FINITE ELEMENT METHOD OF A CYLINDRICAL BORE JOURNAL
BEARING BEHAVIOUR

By

DEWAN MUHAMMAD NURUZZAMAN

Thesis Submitted in Fulfilment of the Requirements for the
Degree of Master of Science in the Faculty of Engineering
Universiti Putra Malaysia

November 1998



Dedicated to
My Parents



ACKNOWLEDGEMENTS

The author wishes to express his profound appreciation and gratitude to the
chairman of the supervisory committee, Assoc. Prof. Ir. Dr. ShahNor Basri for his
excellent supervision, invaluable guidance, continuous encouragement, constructive

suggestions and comments throughout the duration of this research study.

The author is indebted to the members of the supervisory committee, Dr.
Waqar Asrar and Dr. Mohammed Abdul Wasay Usmani for their comments and
suggestions. The author also expresses his sincere gratitude to Dr. David T. Gethin

and Dr. Sapuan Salit for their many valuable discussions and suggestions.

The author would like to thank the staff of the Computer Aided Engineering
Laboratory for their technical support, in particular to Mrs. Rufina Rouf. Thanks are

also extended to my friends for their encouragement and help.

The author acknowledges the assistance rendered by lecturers, staff of the

Graduate School and staff of Universiti Putra Malaysia, too numerous to mention

individually, in many direct and indirect ways.

Finally, the financial support from the European Commission and Ministry of

Science, Malaysia for this research work is gratefully acknowledged.

iii



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ...t i
LIST OF FIGURES ...t vi
LIST OF ABBREVIATIONS ...t xi
ABSTRACT ...ttt ettt e e te e et e e et eennaeenneeeas Xiil
ABSTRAK ...ttt ettt Xiv
CHAPTER
I INTRODUCTION ...ttt e e e eieen e 1
Objective of Study .......ceevviiiiiiii e 4
Structure of the Thesis ..............ooooieiiiiiiiiiiiieee e 4
a LITERATURE REVIEW .............cciiiiiiiiiiieeieeeen. 6
INtroduCtion ...........ccoiiiiiiiie e 6
Background ................cooooi oo 7
Experimental Studies ..............ccccoooiiiiiiiiiiiiiie 8
Development of Modern Bearings..... .............cccoooeeeineenn 11
Theoretical Studies .................coooeiiiiiiiiiiiiie e 12
CLOSUTE ... e e et eeeeee e 16
1 THEORETICAL BACKGROUND ............cccoviviieeeiienn. 17
INtroduCtion ............ooiiiiiiiiiiiiiieeecee e e e 17
Hydrodynamic Lubrication Theory .................cccooocoiiiii. 17
Simplifying Assumptions ...............cccoiiiiiiiiiiii e 18
Infinitely Long Bearing Approximation ........................... 20
Narrow Bearing Approximation ...............cccccccevvueenennnnne. 22
Journal Bearing ..............cccoooioimiiiiiiiiee e 24
Film GEeOmMEtry ........ooooivimiiiiiiiee et e e e 24
Pressure Distribution ...............ccoviiiiieiiiiiiiiiiiee e 25
Load Capacity ...........cccccuuummimmmiieneiieeeeeee e 26
Lubricant Flow Rate .................cccoiiiiiiiiiiiiiieie 27
POWET LOSS ..ot 27
CLOSUIE .....oviiiiiiie e e e e et e ae e 28
v NUMERICAL COMPUTATION .......ccccooviieiiiiiieiiieee, 30
Introduction .............cooocoiiiiiiiiiiiii e e 30
Finite Element Method .......................cccocoiiiiiiiiii 30
Formulation of Governing Equation ............c.cccccoceeiencnne. 31
Shape Function Calculation ..................cccoeeiiiiiiiiiee. 33
Jacobian Calculation .............ccccooveeiiiiiieeiiee e 37
ClLOSUTE ...t e e e 40

iv



\" ANALYTICAL METHOD .........cccooiiiiiiiiiiieiie e 41

Introduction ...........ccooooiiiiiiiii e 41
Formulation of Governing Equation ................................ 41
Evaluation of the Main Parameters..................................... 43
Pressure Distribution ...............cccceeciiiieeiiiiiiieeeeeeeee, 43
L0oad Capacity ........cccccceeeiiiieeeiieieeie e e 45
Lubricant Flow Rate ...............cccocoeiiiiieeeciiieceieeeee. 48
POWEr LOSS ...oooiiiiiiii e 49
CLOSUTE ..o e 50
VI RESULTS AND DISCUSSION .......cooovmiieiiieiieeiiceeiennn 51
Introduction ..............coooiiiiiiiie e 51
Comparison of Analytical Results with
Published Results ..................ccooooiiiiiiiiiiiei e e 52
Comparison of Finite Element Results with
Published Results .....................cooooiiiiiiiiecceeeee e 55
Comparison of Analytical and FEM Results ......................... 57
Comparison of Analytical and FEM Results with
Published Results ...................cccooooiiiiiieee 61
Comparison of FEM and Analytical Results with
Experimental Results ................cccccocooiiiiiiiiiiie 63
ClOSUTE ..o 68
VI CONCLUSIONS AND RECOMMENDATIONS ............... 96
CONCIUSIONS .......oevviiiiiiiceiieeeee e 96
Recommendations .................cccccoooiiieiiiie e 98
REFERENCES ... e 99
APPENDICES
A  REYNOLDS EQUATION .........ccooovt eiiieieeee 103
B TABLES OF SAMPLE RESULTS .......................... 120
VT A o e et 127



Figure

10

11

12

13

14

15

16

LIST OF FIGURES

Pressure distribution in the long bearing approximation ......

Pressure distribution in the narrow bearing

APPIOXIMALION ......oiiiuiiieiiiieeeeiiieecaieeeeteeeeeie e e e seneeeaanees
Geometry of the journal bearing ..................cc.ooooiiiininn. .

Flow chart for FEM solution procedure .............................

Eight-node quadratic isoparametric element of

serendipity family ...t
Quadratic shape function ...............ccccovieiiiiniiiiieeee e,
Mesh of 4-node rectangular elements .................................

Flow chart for analytical solution ...................cccccoeeeinennnnn.

Load components and pressure field acting in

journal bearing .............ccoooeeeiiiieiiiiieeee e e
Unwrapped journal bearing ................ccccccoevviiieieniiieieee e,

Unwrapped oil film in a journal bearing ..............................

Variation of dimensionless pressure with angular position

(L/R = 1.0, C/R =0.004, Re = 500, €=0.8 ).......cocc...........

Variation of dimensionless load with eccentricity
ratio (R=50 mm, L/R=1.0, C/

Variation of load capacity with rpm ( R=50 mm, L/R=1.0,

C/R=0.004, €20.7 ) oo

Variation of dimensionless side leakage with eccentricity

ratio ( R=50 mm, L/R=1.0, C/R=0.004, Re=1000 ) ............

Variation of side leakage with rpm ( R=50 mm, L/R=1.0,

C/R=0.004, €=0.7 ) ..o

vi

Page

22
24

32

34
36
42

44

46

46

69

70

70

71

71



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Variation of dimensionless power loss with ecentricity
ratio (R=50 mm, L/R=1.0, C/R=0.004, Re=1000) .............

Variation of power loss with rpm ( R=50 mm, L/
C/R=0.004, €=0.7 ) ..ooueeeeeeeieeiiieeee et
Variation of dimensionless pressure with angular
position ( L/R=1.0, C/R=0.004, Re=500,e=08) ...............
Variation of dimensionless load with eccentricity

ratio (R=50 mm, L/R=1.0, C/R=0.004, Re=1000) .............

Variation of load capacity with rpm (R=50 mm, L/R=1.0,
C/R=0.004, €=0.7 ) ..o ereseenees

Variation of dimensionless side leakage with eccentricity
ratio ( R=50 mm, L/R=1.0, C/R=0.00

Variation of side leakage with rpm ( R=50 mm, L/R=1.0,
C/R=0.004, €=0.7 ) ...veeeeeeoeeeeeeeeeeeeeeeeeeeeeeee oo,

Variation of dimensionless power loss with eccentricity
ratio ( R=50 mm, L/R=1.0, C/R=0.004,

Variation of power loss with rpm ( R=50 mm, L/R=1.0,
C/R=

Variation of pressure with angular position ( N=5000 rpm,
L/R=1.0,

Variation of pressure with angular position ( N=10000 rpm,
L/R=1.0,

Variation of pressure with angular position ( N=5000 rpm,
L/R=1.0,

Variation of pressure with angular position ( N=10000 rpm,
L/

Variation of load capacity with eccentricity ratio
(N=5000 rpm, L/R=1.0, C/R=0.004, R=50 mm )

Variation of load capacity with eccentricity ratio
(N=10000 rpm, L/R=1.0, C/R=0.004, R=S0 mm ) .............

vii

72

72

73

74

74

75

75

76

76

77

77

78

78

79

79



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Variation of load capacity with rpm

(L/R=1.0, C/R=0.004, R=50mm, €=0.5) .......ccc0rerrrru.......

Variation of load capacity with rpm

(L/R=1.0, C/R=0.004, R=50mm, €=0.6 ) ......cc.eecuvrerrruerr...

Variation of side leakage with eccentricity ratio

( N=5000 rpm, R=50mm, L/R=1.0, C/R=0.004 ) ...............

Variation of side leakage with eccentricity ratio

( N=10000 rpm, R=50mm, L/R=1.0, C/R=0.004) ..............

Variation of side leakage with rpm
(R=50mm, L/R=1.0, C/R=0.004, e=0.5)

Variation of side leakage with rpm

(R=50mm, L/R=1.0, C/R=0.004, €=0.6 ) ........eveerererrrrrn....

Variation of power loss with eccentricity ratio

( N=5000 rpm, R=50mm, L/R=1.0, C/R=0.004) ..............

Variation of power loss with eccentricity ratio

(N=10000 rpm, R=50mm, L/R=1.0, C/R=0.004 ) .............

Variation of power loss with rpm

(R=50mm, L/R=1.0, C/R=0.004, €=0.5) ....roorocrerrrrer...

Variation of power loss with rpm
(R=50mm, L/R=1.0, C/R=0.004, =0.6 )

Variation of dimensionless pressure with angular

position ( L/R = 1.0, C/R =0.004, Re =500, e=0.8 )..........

Variation of dimensionless load with eccentricity

ratio ( R=50mm, L/R=1.0, C/R=0.004, Re=1000) .............

Variation of load capacity with rpm

(R=50mm, L/R=1.0, C/R=0.004, €=0.7 ) ...crvverrerrrrerrer.....

Variation of dimensionless side leakage with eccentricity

ratio ( R=50mm, L/R=1.0, C/R=0.004, Re=1000) .............

Variation of side leakage with rpm

(R=50mm, L/R=1.0, C/R=0.004, €=0.7 ) .....orrvrrrrerverreer....

Variation of dimensionless power loss with eccentricity

ratio ( R=50mm, L/R=1.0, C/R=0.004, Re=1000) .............

viii

80

80

81

81

82

82

83

83

84

84

85

86

86

87



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Variation of power loss with rpm
(R=50mm, L/R=1.0, C/R=0.004, €=0.7 ) .....cc..ooevvreerrrn.....
Circumferential pressure distribution with angular position

( R=40mm, L/R=1.27, C/R=0.008, N=1000rpm, e=0.87).....

Variation of load capacity with eccentricity ratio
(R=36.7mm, L/R=1.0, C/R=0.002, N=20000rpm) ..............

Variation of load capacity with rpm
(R=36.7mm, L/R=1.0, C/R=0.002, €=0.7) .......cc0eeevereee.....

Variation of side leakage with eccentricity ratio
(R=36.7mm, L/R=1.0, C/R=0.002, N=20000rpm) .............
Variation of side leakage with rpm

(R=36.7mm, L/R=1.0, C/R=0.002, N=20000rpm) .............
Variation of power loss with eccentricity ratio
(R=55.0mm, L/R=1.4, C/R=0.0017, N=4000rpm) .............

Variation of power loss with rpm
(R=55.0mm, L/R=1.4, C/R=0.0017, €=0.7) ......c.cocuvre.......

Variation of power loss and load capacity with eccentricity
ratio and shaft speed ( R=50mm, L/R=1.0, C/R=0.004) .....

Variation of side leakage and load capacity with
eccentricity ratio and shaft speed
(R=50mm, L/R=1.0, C/R=0.004 ) .......ooroerorerrerrerrerers
Variation of power loss and load capacity with eccentricity
ratio and shaft speed ( R=50mm, L/R=0.5, C/R=0.002) .....

Variation of side leakage and load capacity with
eccentricity ratio and shaft speed
(R=50mm, L/R=0.5, C/R=0.002 ) .....cc0eerrrerrrrraerrrrerernns
Variation of power loss and load capacity with eccentricity
ratio and shaft speed ( R=50mm, L/R=1.5, C/R=0.002) .....

Variation of side leakage and load capacity with
eccentricity ratio and shaft speed
(R=50mm, L/R=1.5, C/R=0.002 ) .....c.cccc0rrerrrrercrrrnerrnns .

Equilibrium of an element of fluid from a
hydrodynamic film

93

95

95



63

65

66

67

68

69

Velocity profiles in hydrodynamic films ..............................
Continuity of flow ina column .............cccooooiiiiiiiin

Pressure distribution in the secant wedge ............................
Pressure distribution with the Full-Sommerfeld

boundary condition .............cccoieiiiiiineiii e
Pressure distribution with the Half-Sommerfeld

boundary condition ..............ccccoeeeiiii i
Pressure distribution with Reynolds boundary

CONAILION ...t
Pressure fields for Full-Sommerfeld, Half~Sommerfeld

and Reynolds boundary condition

113

114

116



LIST OF ABBREVIATIONS

FDM : Finite Difference Method

FEM : Finite Element Method

ESDU : Engineering Sciences Data Unit
p . Film pressure

p : Dimensionless film pressure

h . Film thickness

h : Dimensionless film thickness

h, : Minimum film thickness

U . Surface speed of shaft

N . Rotational speed (rpm)

Re : Reynolds number

X : Coordinate in circumferential direction
y : Coordinate in axial direction

L : Bearing axial length

B : Circumferential length of bearing
R : Journal radius

C : Radial clearance

e : Eccentricity

€ . Eccentricity ratio

0 . Angular position of shaft

B . Attitude angle

xi



I

N v Q0§

Wy - o) =

: Load capacity of bearing

: Dimensionless load capacity

. Side leakage

: Dimensionless side leakage

: Power loss

: Dimensionless power loss

. Residual

: Domain of calculation

: Weighting function

: An isoparametric element coordinate direction
. An isoparametric element coordinate direction
: Shape function

: Stiffness matrix term at 7, j

: Load matrix term

: Jacobian matrix

: Lubricant viscosity

. Shear stress

xii



Abstract of thesis submitted to the Senate of Universiti Putra Malaysia in
fulfilment of the requirements for the degree of Master of Science.

COMPARATIVE STUDY BETWEEN ANALYTICAL METHOD AND
FINITE ELEMENT METHOD OF A CYLINDRICAL BORE JOURNAL
BEARING BEHAVIOUR
By
DEWAN MUHAMMAD NURUZZAMAN
November 1998
Chairman: Assoc. Prof. ShahNor Basri, Ph.D., P.Eng.

Faculty: Engineering

This thesis describes a comparative study between analytical method and
finite element method of a cylindrical bore journal bearing behaviour. In calculating
the performance characteristics of a journal bearing such as pressure distribution,
load capacity, flow requirement and power loss, isothermal analysis was carried
out. Using both analytical method and finite element method, the effects of
variations in operating variables such as eccentricity ratio and shaft speed on the
bearing design parameters were calculated. With regard to CPU time, analytical
method performs better than finite element method ; but in terms of obtained
results, finite element method shows better performance than analytical method.
The analytical results and finite element results are compared . In order to check
the validity, when these results are compared with the available published results,

on the whole, finite element results show better agreement than analytical results.

xiii



Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia
sebagai memenuhi keperluan untuk Ijazah Master Sains.

KAJIAN PERBANDINGAN ANTARA KAEDAH BERANALISIS DAN
KAEDAH UNSUR TERHINGGA YANG DIJALANKAN KEATAS
KELAKUAN GALAS JURNAL BERGEREK SILINDER
Oleh
DEWAN MUHAMMAD NURUZZAMAN
November 1998
Pengerusi : Professor Madya ShahNor Basri, Ph.D., P.Eng.

Fakulti : Kejuruteraan
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dan kaedah unsur terhingga yang dijalankan dalam kajian kelakuan galas jurnal
bergerek silinder. Dalam pengiraan ciri ciri prestasi galas jurnal seperti pengagihan
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keseluruhannya, didapati keputusan dari kaedah unsur terhingga mempunyai
persamaan yang lebih baik dengan keputusan yang telah diterbitkan, berbandingkan

dengan kaedah beranalisis.



CHAPTER1

INTRODUCTION

Wear is the major cause of material wastage and loss of mechanical
performance of machine elements, and any reduction in wear can result in
considerable savings. The savings can be made by improved friction control.
Lubrication is an effective means of controlling wear and reducing friction, and it
has wide applications in the operation of machine elements such as bearings.
Lubrication problems appear often in engineering design, and it is the mechanism
that separates two surfaces moving relative to each other by a fluid film which can

be sheared with low resistance without causing any damage to the surfaces

(Czichos, 1978).

The lubricant film carries part of the total load on the bearing. The
mechanism which does this is varied. In some cases, the mating parts are specially
designed to ensure it, as in journal bearings. The full load may not be carried by
the oil film, but it relieves the material by carrying most of it. Pressure in the
lubricant film is generated by ‘wedge action’, the relative movement of the
surfaces dragging the lubricant into a decreasing space (Summers-Smith,1994).
When the surfaces in relative motion are so oriented that the motion causes the
fluid pressure to support the load without metal-to-metal contact, the lubrication

phenomenon is known as hydrodynamic lubrication. A common engineering



component which exploits this principle is the cylindrical bore journal bearing in
which a loaded shaft (or journal) rotates in a metallic bush that is fed continuously
by a lubricating fluid. Under ideal operating conditions the longitudinal axes of
both shaft and bush are parallel, although displaced eccentrically. This gives rise to
a thin converging fluid film which generates a pressure field and forms the load

carrying portion of the bearing .

In hydrodynamic lubrication, several simplifying assumptions are made
before a mathematical description of the fundamental underlying mechanisms can
be derived. The principles of hydrodynamic lubrication were first established by a
well known scientist Osborne Reynolds in 1886 (Welsh,1983). Reynolds explains
the mechanism of hydrodynamic lubrication through the generation of a viscous
liquid film between the moving surfaces. Reynolds equation is derived from the full
Navier-Stokes equation. More often it is derived by simply applying a typical
engineering approach and considering the equilibrium of an element of liquid
subjected to viscous shear and applying the continuity of flow principle. It is
assumed that the lubricant is incompressible and that the viscosity is constant
throughout the film. This approach is known as isoviscous model where the
thermal effects in hydrodynamic film are neglected. From a practical point of view,
Reynolds most important conclusions were that the formation of an oil wedge was
essential, a thin oil film could carry a greater load than a thick film, the load
carrying capacity of an oil film increased directly in proportion to its dynamic
viscosity, and under most normal conditions, it also increased directly in proportion

to the relative velocity between the two opposing surfaces (Welsh,1983). The



entire process of hydrodynamic pressure generation can be described
mathematically to enable accurate prediction of bearing characteristics. The journal
bearing design parameters such as load carrying ability, flow requirement and
power loss are determined from Reynolds equation both analytically and

numerically.

For many years, attempts were made to solve the differential equations
which arose from the theories of Reynolds using specialized mathematical
functions. But this analytical solution process was very tedious and the range of
solutions was very limited. Discrepancy always existed between what was required
in the engineering solutions to hydrodynamic problems and the solutions available.
For quick engineering analysis, nowadays the application of analytical method
determines two types of journal bearing solutions (i) Long bearing solution (side

leakage neglected) and (ii) Narrow bearing solution (Hamrock, 1994).

Numerical analysis has allowed models of hydrodynamic lubrication to
describe the characteristics of real bearings. To analyse the bearing design
parameters, various approximate numerical methods have evolved over the years
such as the finite difference method (FDM), finite element method (FEM) etc. It is
very difficult to use the finite difference method when irregular geometries are
encountered because it only approximates the region of interest with a grid of
uniformly spaced nodes (Nicholas,1977). Conversely, one of the latest and most
popular numerical technique, the finite element method is attractive in the

situations when curved or abnormally shaped boundaries are encountered. In the



finite element method the solution region is divided into elements giving a
piecewise approximation to the governing equations. Since these elements can be
assembled in a variety of ways, they can be used to represent complex geometries
or irregular boundaries. Use of elements and interpolation functions ensure
continuity of pressure and mass flow rate across inter-element boundaries
(Nicholas,1977). The finite element method now has a wide range of applications
particularly in engineering. It was first used in the structural engineering. More

recently however, it has been developed for solution of viscous flow and plasticity

problems.

Objective of Study

Currently, there is very little information about the comparison between the
analytical method and the finite element method of a journal bearing behaviour.
Thus to understand this issue more clearly, a research study has been carried out
to compare analytical method and finite element method in the design parameters
of a journal bearing. The analytical method and finite element method solution
procedures, the results of these analyses, and their comparisons with published

results form the major part of this thesis.

Structure of the Thesis

In this thesis a review of pertinent literature is presented in chapter II.

Chapter III discusses all the related theories that account for the design parameters



in hydrodynamic lubrication for a cylindrical bore journal bearing. Chapter IV
outlines the numerical computation procedure. In this chapter, the related theories
for the finite element method are described for solving the design parameters of a
journal bearing. Chapter V describes the most pertinent theories for the analytical

method for solving the design parameters of a journal bearing.

The results of this research work i.e. the effects of operating variables such
as eccentricity ratio and shaft speed on the various design parameters are outlined
in chapter VI. The FEM results are compared with analytical results. These results
are also compared with the published results to verify the present study. Chapter
VII concludes the work described in preceding chapters. It also includes

recommendations for further work.



CHAPTER II

LITERATURE REVIEW

Introduction

Although the study of friction and wear attracted the attention of many
scientists during the past few centuries, the scientific investigation into friction and
wear is a relatively recent phenomenon. Much of the tribological research is
commercially oriented and a wide range of wear resistant or friction resisting
materials have already been developed. Lubrication is an effective means of
controlling wear and reducing friction in bearings. This chapter presents a review
of the most pertinent background work, experimental and theoretical studies in the
fluid film lubrication. To establish a comprehensive background literature, the
review firstly focuses on some of the general research carried out in the field of
friction, wear and lubrication. Subsequent sections review the experimental and
theoretical work carried out in hydrodynamic bearings, particularly the cylindrical
bore journal bearing. The review covers aspects associated with Newtonian fluids

and isothermal effects.



Background

Lubrication is the mechanism that reduces friction between two surfaces in
relative motion. Power loss, excessive temperature rise and consequent wear are
the problems associated with friction. The study of the nature of friction was
undertaken by Leonardo da Vinci in the late 15th century (Stachowiac and
Batchelor,1993). He concluded that the static and low speed frictional resistance of
two surfaces was proportional to their weights and independent of the area of
contact, and that smoothing or lubricating the surfaces reduced the frictional drag
(Ezzat,1971). However, the understanding of friction and wear languished for
several centuries with only fancy concepts. For example, it was proposed by
Amonton in 1699 that when surfaces were covered by small spheres, and the
friction coefficient was a result of the angle of contact between spheres of
contacting surfaces then a value of friction coefficient close to 0.3 was found

(Stachowiac and Batchelor,1993).

At the end of the eighteenth century, Coulomb observed that kinetic
friction was less than static friction and that frictional resistance is proportional to
the load and unaffected by area or speed (Ezzat,1971). Although these early
studies were on plane surfaces, the longest history of scientific study of contact
surfaces is concerned with the journal bearing (Ezzat,1971). In 1848, Von Pauli
investigated the effect of bearing metals on the frictional behaviour of oil lubricated
journal bearings. He was able to achieve a coefficient of friction of 0.0033. The

frictional resistance increased tenfold when he applied the same load to a smaller



bearing increasing the specific load by 36% (Cameron,1966) Hirn was the first
to report the importance of the lubricant viscosity in friction in 1854 (Ezzat,1971)

He reported that the frictional resistance in a journal bearing was proportional to
the load, speed and lubricant viscosity. Later, his work, which lacked theoretical
backing, was used by Petroff as a foundation for the hydrodynamic theory of
friction (Cameron,1966). Goodman explained the theory of fricston in lubricated
surfaces by the interference of surface asperities (Cameron,1966). During that
time, Petroff worked on the analysis of the existing information and devoted
himself in finding the frictional resistance of lubricated bearings. In 1883, Petroff
gave the results of experimental work on viscous friction in a hydrodynamic
bearing. He correlated friction with the lubricant viscosity. He concluded that
between two coaxial cylinders i.e. for the ‘ideal’ case of no eccentricity between
bearing and journal, there was no ‘wedging action’ and hence no ability of the oil
film to support a load , and no lubricant flowed in the axial direction (Juvinall and

Marshek,1991).

Experimental Studies

The serious appreciation of hydrodynamic lubrication started towards the
end of the 19th century. Among all the early investigations in lubrication,
Beauchamp Tower’s experiments represented a breakthrough that led to the
development of lubrication theory. In 1883, Tower reported the results of a series
of experiments which investigated the friction between solid bodies at high

velocities (Cameron,1966). Tower observed that oil in a journal bearing always



leaked out of a hole beneath the load. He tried to block this flow by pounding cork
and wooden stoppers into the hole, but the hydrodynamic pressure forced them
out. Tower connected a pressure gauge to the oil hole, and subsequently made
experimental measurements of the oil film pressures at various locations. He then
discovered that the summation of local hydrodynamic pressure times differential
projected bearing area was equal to the load supported by the bearing (Stachowiac
and Batchelor,1993). The analysis of this work carried out by Stokes and later
Reynolds led to a theoretical explanation of Tower’s results and on this the theory

of fluid film lubrication has been based.

In 1886, with the publication of classical paper on hydrodynamic
lubrication, Reynolds proved that hydrodynamic pressure of liquid entrained
between sliding surfaces was sufficient to prevent contact between surfaces even at
very low sliding speeds (Stachowiac and Batchelor,1993). His research findings
had immediate practical application and led to the removal of an oil hole from the
load line of railway axle bearings. The oil, instead of being drained away by the
hole, was able to generate a hydrodynamic film and much lower friction resulted
(Stachowiac and Batchelor,1993). The work of Reynolds initiated many other
research efforts aimed at improving the interaction between two contacting
surfaces, and which continue up till today. As a result, journal bearings are now

designed to high levels of sophistication (Stachowiac and Batchelor,1993).



