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Abstract

Journal bearings are found in a staggering variety of systems, from motorcycles to cruise
ships. As such, understanding their performance could have a substantial positive impact
in many industries. With increased understanding comes the ability to optimise systems,
leading to improved efficiencies and reduced emissions.

One key parameter in hydrodynamic journal bearings is the thickness of the lubricant layer
at the shaft-bearing interface. Due to the journal bearing’s enclosed geometry and the
minute thickness of the oil film, typically in the order of 1’s to 10’s microns, conventional
techniques often struggle to provide effective measurements. A promising alternative is
the ultrasonic method. Ultrasound has previously been shown to accurately measure thin
oil films and furthering this research will allow a greater understanding of the technology’s
potential.

The aim of this project is to develop new ultrasonic techniques for journal bearing lu-
bricant film thickness measurement under a wide range of operating conditions, including
variable load, speed, temperature, alignment and oil type.

To achieve this, two bespoke journal bearing platforms have been designed. The first is
a static loading test platform instrumented with ultrasonic transducers embedded within
the shaft. Testing under normal operating conditions demonstrated that the combined
application of multiple ultrasonic techniques enables accurate circumferential film mea-
surements when compared against a numerical solution. The test platform and ultrasonic
method were demonstrated to be highly repeatable, enabling a robust comparison between
different lubricant types.

How oil films behave under more severe conditions has also been investigated. Testing
under shaft misaligned and offset-loading conditions demonstrated the ability of ultra-
sound to measure misalignment angle. Results compared against numerical simulations
demonstrated the dramatic effect tiny changes in edge film thickness can have on peak
pressure. Run-down testing, in which rotation speed was steadily reduced, allowed the
system to clearly transition through lubrication regimes. The transition point between the
hydrodynamic and mixed regime was found to be viscosity-dependent. Starvation testing
showed that by observing changes in signal response at the thick film side of the bearing,
the onset of low lubricant supply could be identified earlier than via conventional methods.

The second system is a dynamic loading test platform, with both bearing and shaft
mounted ultrasonic transducers. This platform can apply a wide variety of complex loading
patterns via a hydraulic power-pack controlled by an electro-proportional programmable
valve. The effects of rotation speed and load pattern on oil film rupture and recovery have
been studied, with results in good agreement with numerical predictions.

i



Contents

Abstract i

Acknowledgements vi

1 Introduction 1
1.1 Statement of the Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Project Benefits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Lubricants & Lubrication 6
2.1 Physical Properties of Lubricants . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.1 Fluid Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Non-Newtonian Fluids . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Lubrication Regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 The Anatomy of a Journal Bearing . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Journal Bearing Characteristics and Configurations . . . . . . . . . 14
2.3.2 Oil Holes & Grooves . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Severe Conditions in Journal Bearings . . . . . . . . . . . . . . . . . . . . 17
2.4.1 Misalignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.2 Starvation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.3 Start-Stop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.4 Dynamic Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Ultrasonic Principles 22
3.1 Wave Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2 Acoustic Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Reflection Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4 Acoustic Attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 Near Field and Far Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 The Acoustoelastic Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.7 Measuring OFT via the Ultrasonic Technique . . . . . . . . . . . . . . . . 27

3.7.1 Time of Flight Method (f.h >> c0) . . . . . . . . . . . . . . . . . . 27
3.7.2 Thin Film Methods (f.h < 0.5c0) . . . . . . . . . . . . . . . . . . . 28

ii



CONTENTS iii

3.7.3 Resonant Dip Technique (f.h ≈ 0.5c0) . . . . . . . . . . . . . . . . 31
3.7.4 Measurement Limits of Ultrasonic Methods . . . . . . . . . . . . . 31

3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4 Literature Review 34
4.1 Current Film Thickness Modelling & Measurement Techniques . . . . . . . 34

4.1.1 Analytical Prediction Methods . . . . . . . . . . . . . . . . . . . . . 34
4.1.2 Numerical Prediction Methods . . . . . . . . . . . . . . . . . . . . . 36
4.1.3 Optical Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.1.4 Electrical Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1.5 Electromagnetic Induction Techniques . . . . . . . . . . . . . . . . 42

4.2 Previous Research using Ultrasound in Journal Bearing Analysis . . . . . . 44
4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5 Generic Ultrasonic Hardware and Method 48
5.1 Ultrasonic Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.1.1 Piezoelectric Transducers . . . . . . . . . . . . . . . . . . . . . . . . 49
5.1.2 Transducer Arrangement . . . . . . . . . . . . . . . . . . . . . . . . 51
5.1.3 Couplants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.1.4 Cabling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1.5 Ultrasonic Pulser-Receiver . . . . . . . . . . . . . . . . . . . . . . . 55
5.1.6 Digitiser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.1.7 Acquisition PC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2 Signal Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6 Statically Loaded Journal Rig Development 62
6.1 Overview of BAXTER Rig Design . . . . . . . . . . . . . . . . . . . . . . . 62
6.2 Developing Test Rig Specifications . . . . . . . . . . . . . . . . . . . . . . . 66

6.2.1 Matching via Shear Rate . . . . . . . . . . . . . . . . . . . . . . . . 66
6.2.2 Matching via Sommerfeld Number . . . . . . . . . . . . . . . . . . 68
6.2.3 Optimum Sensor Type and Frequency . . . . . . . . . . . . . . . . 69

6.3 Hollow Shaft Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.4 Validating Bearing Clearance . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7 Film Thickness Acquisition Methodology 77
7.1 Lubricant Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.1.1 Acoustic Velocity-Temperature Relationship . . . . . . . . . . . . . 77
7.1.2 Acoustic Velocity-Pressure Relationship . . . . . . . . . . . . . . . . 78
7.1.3 Accounting for Changes in Density . . . . . . . . . . . . . . . . . . 79
7.1.4 Viscosity Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 83

7.2 Amplitude & Phase Shift in a Rotating Shaft . . . . . . . . . . . . . . . . 83
7.3 Determination of Acoustic Impedance . . . . . . . . . . . . . . . . . . . . . 85
7.4 Calculating Film Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . 90



iv CONTENTS

7.5 Frequency Dependence of Thin Film Measurement . . . . . . . . . . . . . . 92
7.5.1 Observing Wave Patterns in a Simulation . . . . . . . . . . . . . . . 98

7.6 Thick Film Measurements via the Resonant Dip Technique . . . . . . . . . 99
7.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

8 Normal Operating Conditions 103
8.1 Results under Normal Operating Conditions . . . . . . . . . . . . . . . . . 103

8.1.1 Circumferential Film Measurements . . . . . . . . . . . . . . . . . . 103
8.1.2 Minimum Film Measurements . . . . . . . . . . . . . . . . . . . . . 109
8.1.3 Test Platform Repeatability . . . . . . . . . . . . . . . . . . . . . . 111
8.1.4 Comparison against Eddy Current Sensor Measurements . . . . . . 112
8.1.5 Comparison between Oil Types . . . . . . . . . . . . . . . . . . . . 114
8.1.6 Indirect Pressure Measurement . . . . . . . . . . . . . . . . . . . . 115
8.1.7 Detecting Evidence of Shear Thinning . . . . . . . . . . . . . . . . 116
8.1.8 Detecting Evidence of the Acoustoelastic Effect . . . . . . . . . . . 118

8.2 Inspection of Surface Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

9 Severe Operating Conditions 124
9.1 Misalignment Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.2 Offset Load Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
9.3 Run-down Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

9.3.1 Predicting Lubrication Regime Transition . . . . . . . . . . . . . . 131
9.3.2 Run-down under Offset Loading Conditions . . . . . . . . . . . . . 133

9.4 Starvation Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

10 Dynamic Loading Conditions 138
10.1 Overview of BETTY Rig Design . . . . . . . . . . . . . . . . . . . . . . . . 138

10.1.1 Dynamic Loading System . . . . . . . . . . . . . . . . . . . . . . . 143
10.1.2 Determination of Bearing Material Properties . . . . . . . . . . . . 144

10.2 Ultrasonic Sensor Instrumentation . . . . . . . . . . . . . . . . . . . . . . . 146
10.2.1 Optimum Frequency for Top Bearing Sensors . . . . . . . . . . . . 146
10.2.2 Optimum Frequency for Side Bearing Sensors . . . . . . . . . . . . 147
10.2.3 Shaft Mounted Ultrasonic Sensors . . . . . . . . . . . . . . . . . . . 148
10.2.4 Ultrasonic Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 149
10.2.5 Introducing the Snapshot Reference Technique . . . . . . . . . . . . 150

10.3 Dynamic Loading Rig Test Results . . . . . . . . . . . . . . . . . . . . . . 152
10.3.1 Shaft Sensor Film Thickness Measurements . . . . . . . . . . . . . 152
10.3.2 Bearing Sensor Film Measurements . . . . . . . . . . . . . . . . . . 156
10.3.3 Minimum Film Measurements . . . . . . . . . . . . . . . . . . . . . 158
10.3.4 Comparison against a Numerical Model . . . . . . . . . . . . . . . . 160
10.3.5 Comparison against Eddy Current Sensor Measurements . . . . . . 164

10.4 Revisiting Cavitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
10.4.1 Assessing scattering effects . . . . . . . . . . . . . . . . . . . . . . . 166



CONTENTS v

10.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

11 Conclusions 170
11.1 Contribution to Current Knowledge . . . . . . . . . . . . . . . . . . . . . . 170
11.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

11.2.1 Installation of Additional Hardware . . . . . . . . . . . . . . . . . . 172
11.2.2 Application to Real Systems . . . . . . . . . . . . . . . . . . . . . . 174

References 174

APPENDIX A. Publications 194

APPENDIX B. Bearing Assembly FE Analysis 195

APPENDIX C. Static Loading Rig Key Machine Drawings 202

APPENDIX D. Calculating Temperature & Pressure Relation to Density 207

APPENDIX E. Stage II Processing MATLAB Program 209



Acknowledgements

”The self-made man is a myth”. These words from bodybuilder turned Hollywood super-
star Arnold Schwarzenegger have resonated with me throughout my PhD journey. Without
the generosity, help and guidance of so many people, I could not have accomplished any-
thing close to what is presented in this thesis.

First, I would like to thank my supervisor Professor Rob Dwyer-Joyce for allowing me
the freedom to explore and to make my own mistakes whilst keeping me from straying
too far off the path. Also, to the Engineering and Physical Sciences Research Council for
funding this project.

Thank you to the RAs and my fellow PhD students within the Tribology group, par-
ticularly C4. Ben, Dave, Jack, John, Rasmus, Royce, Sam, Tom & Will, we did it together!

Also, a special mention to Andrew Hunter, LabVIEW wizard and Henry Brunskill, ul-
trasonic applications extraordinaire for their patience and expertise. My thanks to all the
departmental technical staff. In particular, Dave Butcher, master of rig design and Chris
Todd. Also thank you to Henry Dodson for his contribution to the development of the
dynamic loading test platform presented in this thesis.

My thanks to Anna for putting up with me through thick and thin, somehow surviv-
ing lock-down together. And last but certainly not least my parents, for their love and
support even though they still don’t quite know what Tribology is.

vi



List of Figures

1.1 Journal bearings at different scales. . . . . . . . . . . . . . . . . . . . . . 2
1.2 Proportion of oil entering the ocean by source. . . . . . . . . . . . . . . . 3
1.3 Thesis structure by chapters. . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Velocity profile of fluid between two plates in relative motion. . . . . . . . 7
2.2 Viscosity against shear rate for Newtonian, shear thinning and shear thick-

ening fluids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 A Stribeck curve highlighting the four primary lubrication regimes. . . . 10
2.4 A design chart to determine optimum shaft-bearing clearance. . . . . . . 13
2.5 Annotated diagram of journal bearing showing key parameters. . . . . . . 13
2.6 Schematic of bi-metal and tri-metal bearings with layers annotated. . . . 15
2.7 Photograph of a typical tilting pad and big end journal bearing . . . . . . 16
2.8 Common journal bearing groove designs. . . . . . . . . . . . . . . . . . . 17
2.9 Photograph of wear in a stern tube bearing due to wiping . . . . . . . . . 18
2.10 Schematics of traditional and integral squeeze film dampers . . . . . . . . 21

3.1 Diagram of longitudinal and shear wave propagation . . . . . . . . . . . . 23
3.2 Decrease in signal amplitude due to attenuation. . . . . . . . . . . . . . . 25
3.3 Wave propagation shape due to the Huygens principle. . . . . . . . . . . 26
3.4 Example pressure field highlighting the transition from near to far field. . 26
3.5 Schematic of the wave path in a three-layer system. . . . . . . . . . . . . 28
3.6 Schematic of the ultrasonic path within a three-layer system. . . . . . . . 31
3.7 Examples of resonant dips in the time-domain and frequency-domain. . . 31
3.8 Approximate film thickness measurement range for each ultrasonic tech-

nique, assuming a steel-oil-steel three-layer system. . . . . . . . . . . . . 32
3.9 Relationship between amplitude and phase against the product of fre-

quency and film thickness for both the spring model and the exact model. 32

4.1 Raimondi-Boyd chart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Schematic of optical interferometry system. . . . . . . . . . . . . . . . . . 41
4.3 Schematic of inductive sensor. . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4 Photograph of proximity probe embedded within shaft. . . . . . . . . . . 44
4.5 Schematics of previous bearing systems used to investigate film thickness

via ultrasound. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.6 Film thickness measured around the circumference of a journal bearing

by Kasolang et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

vii



viii LIST OF FIGURES

5.1 Schematic of the key hardware components in a generic ultrasonic system. 48
5.2 Signals with low mechanical quality factor and high mechanical quality

factor presented in the time-domain and frequency-domain. . . . . . . . . 50
5.3 Most common sensor configurations. . . . . . . . . . . . . . . . . . . . . . 52
5.4 Couplant selection diagram. . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.5 Photograph of a rigid PCB array coated with viscous epoxy before instal-

lation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.6 Common transducer cable types. . . . . . . . . . . . . . . . . . . . . . . . 54
5.7 Common waveforms used in ultrasonic signal generation. . . . . . . . . . 56
5.8 Amplitude against frequency for high-pass, low-pass, band-pass and band-

stop filters and a selection of common filter algorithms. . . . . . . . . . . 57
5.9 Flow diagram of signal processing method. . . . . . . . . . . . . . . . . . 60

6.1 Schematic of bearing geometry including the position of oil inlet. . . . . . 63
6.2 Schematic of BAXTER test platform. . . . . . . . . . . . . . . . . . . . . 64
6.3 Photograph of BAXTER test platform . . . . . . . . . . . . . . . . . . . 64
6.4 CAD renders of BAXTER test rig . . . . . . . . . . . . . . . . . . . . . . 65
6.5 Partial schematic of BAXTER test platform with gap sensor locations

indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.6 Measurement hardware flow diagram for BAXTER rig. . . . . . . . . . . 66
6.7 Shear rate range in common bearing systems and viscometers. . . . . . . 68
6.8 Relationship between film thickness, reflection coefficient and phase. . . . 71
6.9 Bearing platform film thickness measurement range with respect to fre-

quency for the ultrasonic amplitude, phase shift and resonant dip techniques. 72
6.10 Schematic of instrumented shaft showing pin layout. . . . . . . . . . . . . 73
6.11 Photograph and schematic of instrumented pin. . . . . . . . . . . . . . . 73
6.12 Photograph of shaft pin installation and shaft after grinding. . . . . . . . 74
6.13 Time and frequency domain reflected signal responses, captured at differ-

ent stages of the instrumentation process. . . . . . . . . . . . . . . . . . . 74
6.14 Photographs of experiment to validate bearing clearance with the use of

dial gauges and shims. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.1 Photograph of acoustic velocity-temperature calibration rig. . . . . . . . 78
7.2 Measured acoustic velocity with variable temperature. . . . . . . . . . . . 79
7.3 Schematic of acoustic velocity-pressure calibration rig. . . . . . . . . . . . 80
7.4 Annotated photograph of acoustic velocity-pressure calibration rig. . . . . 80
7.5 Reflected time-domain signal during acoustic velocity-pressure calibration

& Measured change in acoustic velocity with pressure. . . . . . . . . . . . 81
7.6 Lubricant acoustic velocity against pressure and temperature. . . . . . . 81
7.7 Lubricant density against pressure and temperature. . . . . . . . . . . . . 82
7.8 Photograph of SVM 3001 viscometer and lubricant viscosity against tem-

perature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.9 Comparison of reference and measurement signal responses in time-domain

and corresponding FFT amplitude and phase plots. . . . . . . . . . . . . 84
7.10 Change in reflection coefficient and phase over the bearing circumference. 84



LIST OF FIGURES ix

7.11 Acoustic impedance calculated by observing phase shift and reflection
coefficient within the minimum film region. . . . . . . . . . . . . . . . . . 87

7.12 Acoustic impedance against Sommerfeld number, rotation speed, temper-
ature and load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7.13 The sensitivity of ultrasonic film measurements to uncertainties in bearing
acoustic impedance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.14 Screenshot of LabVIEW processing software. . . . . . . . . . . . . . . . . 91
7.15 Flowchart describing the proposed iterative procedure to account for pres-

sure in ultrasonic film measurements. . . . . . . . . . . . . . . . . . . . . 91
7.16 Example pressure maps under aligned and misaligned operating conditions. 92
7.17 Demonstration of how film thickness measurements converge as successive

iterations of the pressure compensation process are applied. . . . . . . . . 92
7.18 Spectrogram of reflection coefficient amplitude and phase shift over a full

shaft rotation using different A-scan lengths. . . . . . . . . . . . . . . . . 95
7.19 Circumferential film thickness profiles obtained via the spring amplitude

model and phase shift model. Each profile applies a different frequency
and A-Scan window length to test for frequency independence. . . . . . . 96

7.20 A-scan and Hilbert envelope of reflected signal taken within the thin film
region, compared against an infinite film reference A-scan and Hilbert
envelope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7.21 Change in reflection coefficient and phase shift over the bearing circum-
ference using different A-Scan window lengths. . . . . . . . . . . . . . . . 97

7.22 A simulation of the reflected wave pattern detected across the sensor
length for different modelled geometries. . . . . . . . . . . . . . . . . . . 99

7.23 Example of a resonant dip observed in the resonance region. . . . . . . . 100
7.24 Film thickness calculated via the resonant dip technique for five full shaft

rotations under normal operating conditions. . . . . . . . . . . . . . . . . 101

8.1 Example circumferential film measurement - 200 rpm, 20 kN . . . . . . . 105
8.2 Example circumferential film measurement - 400 rpm, 20 kN . . . . . . . 105
8.3 Circumferential film measurements - variable load . . . . . . . . . . . . . 106
8.4 Circumferential film measurements - variable speed . . . . . . . . . . . . 107
8.5 Schematic of bearing bush, with cable ejection channels indicated. . . . . 107
8.6 Circumferential film measurement observing pressure effect . . . . . . . . 108
8.7 Minimum film thickness against Sommerfeld number via the amplitude,

phase shift and exact-complex ultrasonic methods . . . . . . . . . . . . . 111
8.8 Minimum film thickness via the phase shift technique for repeats 1 and 2. 112
8.9 Comparison of Conventional gap sensor and ultrasonic phase shift film

thickness measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.10 Normalised difference in film thickness between measurement and predic-

tion against load and rotation speed. . . . . . . . . . . . . . . . . . . . . 114
8.11 Minimum and circumferential film thickness comparison between two oils

of different viscosities at 40◦C. . . . . . . . . . . . . . . . . . . . . . . . . 115
8.12 Peak pressure measured indirectly using film thickness derived via the

ultrasonic phase shift model, compared against a Raimondi-Boyd prediction.116



x LIST OF FIGURES

8.13 Shear Rate against film thickness ratio for the oil used in this investigation.118
8.14 A-scans of reflected signals under different operating conditions but iden-

tical Sommerfeld numbers. . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.15 Photographs of the top and bottom bearing shells after normal operating

conditions testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
8.16 Bearing shell roughness measurements before and after normal operating

conditions testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.17 Images of top bearing shell before and after normal operating conditions

testing, taken using an Alicona InfiniteFocus SL. . . . . . . . . . . . . . . 122

9.1 Photograph of flexible linkage used in normal operating conditions testing
and rigid linkage used in misaligned and offset load testing. . . . . . . . . 125

9.2 Film thickness within the thin film region for three locations along the
bearing width under aligned and misaligned conditions. . . . . . . . . . . 125

9.3 Circumferential film thickness profiles for Pin C under a range of misalign-
ment angles, obtained via the phase change model. . . . . . . . . . . . . . 126

9.4 Photographs of Offset Load Linkage. . . . . . . . . . . . . . . . . . . . . 126
9.5 Film thickness along the axial plane under offset loading conditions. . . . 128
9.6 Measured film thickness across the axial plane for a range of applied loads,

with a load offset of 8 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . 129
9.7 Change in central pressure and maximum pressure with applied load under

offset loading conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
9.8 Pressure map of journal bearing under 4 kN and 20 kN applied load, with

a load offset of 8 mm and a shaft rotation speed of 300 rpm. . . . . . . . 130
9.9 Change in torque and film thickness during a run-down cycle with an

applied load of 20 kN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.10 Film thickness and shaft rotation speed at the torque inflection point for

different lubricant viscosities under aligned conditions. . . . . . . . . . . . 132
9.11 Film thickness and shaft rotation speed at the torque inflection point for

different lubricant viscosities under offset loading conditions. . . . . . . . 134
9.12 Change in minimum film thickness and bearing temperature during star-

vation testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
9.13 Change in circumferential phase shift profile and FFT amplitude during

starvation testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

10.1 Photograph of BETTY dynamic loading test rig in operation. . . . . . . 139
10.2 CAD render of BETTY test platform. . . . . . . . . . . . . . . . . . . . . 140
10.3 Dimensioned schematic of bearing in dynamic loading platform. . . . . . 140
10.4 Photograph of Betty rig acquisition hardware. . . . . . . . . . . . . . . . 141
10.5 Schematic of BETTY test platform. . . . . . . . . . . . . . . . . . . . . . 141
10.6 Measurement hardware flow diagram for BETTY test platform. . . . . . 142
10.7 Example load cycles from BETTY test platform. . . . . . . . . . . . . . . 144
10.8 Step by step process used to determine bearing material. . . . . . . . . . 145
10.9 Time-domain signal captured from a transducer bonded to the aluminium

bronze bearing used in the BETTY test rig. . . . . . . . . . . . . . . . . 146



LIST OF FIGURES xi

10.10 Position of bearing mounted sensors on BETTY rig. . . . . . . . . . . . . 147
10.11 Photographs of BETTY bearing and shaft instrumentation. . . . . . . . . 148
10.12 Dimensioned schematic of PCB used in BETTY test platform and pho-

tographs of shaft instrumentation process. . . . . . . . . . . . . . . . . . 149
10.13 Encoder and NI9401 digital module outputs used in OpMUX triggering. . 150
10.14 Flow diagram detailing the routine for applying the snapshot reference

technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
10.15 Phase shift and corresponding film thickness for different shaft sensors

and pulsing configurations in the BETTY rig. . . . . . . . . . . . . . . . 154
10.16 Deviation from Raimondi-Boyd prediction for minimum film measure-

ments measured via shaft mounted transducers with the Betty rig. . . . . 154
10.17 Simplified schematic showing the ultrasonic signal path for shaft mounted

transducer elements in the BETTY test platform. . . . . . . . . . . . . . 155
10.18 Circumferential film thickness under dynamic loading conditions, mea-

sured via shaft mounted ultrasonic transducers in the BETTY rig. . . . . 155
10.19 Comparison of film thickness at the top of the bearing for four different

dynamic loading cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
10.20 Comparison of film thickness at the top of the bearing for dynamic loading

cases with different bearing temperatures. . . . . . . . . . . . . . . . . . . 158
10.21 Comparison of minimum film thickness and attitude angle for four differ-

ent dynamic loading cases. . . . . . . . . . . . . . . . . . . . . . . . . . . 159
10.22 Comparison of minimum film thickness and torque for four different dy-

namic loading cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
10.23 The relationship between eccentricity ratio and dimensionless load capac-

ity for a full journal bearing at different length-diameter ratios (Λ). . . . 163
10.24 Comparison between experimental minimum film thickness measurements

and a numerical prediction under dynamic loading conditions. . . . . . . 163
10.25 Comparison between ultrasonic and eddy current sensor measurements on

BETTY rig. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
10.26 Film thickness and air volume fraction for two shaft rotation speeds,

60 rpm and 200 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
10.27 Film thickness and air volume fraction for two shaft rotation speeds,

60 rpm and 200 rpm, calculated using different index frequencies. . . . . 168

11.1 Photograph of worm gearbox and photograph of 2-pole motor. . . . . . . 173
11.2 Photograph of bearing shell for BAXTER rig instrumented with ultrasonic

transducers, along with corresponding A-scan. . . . . . . . . . . . . . . . 173
11.3 Photograph of bearing shell during array machining process. Surface pro-

file of ultrasonic array taken using an Alicona InfiniteFocus SL. . . . . . . 174
11.4 3D geometry of bearing assembly for finite element analysis. . . . . . . . 195
11.5 Von Mises stress with applied load. . . . . . . . . . . . . . . . . . . . . . 197
11.6 Total deformation with applied load. . . . . . . . . . . . . . . . . . . . . 198
11.7 Directional deformation with applied load. . . . . . . . . . . . . . . . . . 199
11.8 Finite element analysis of linkage with 50 kN applied load. . . . . . . . . 201
11.9 Machine drawing of bearing assembly top bush. . . . . . . . . . . . . . . 202



xii LIST OF FIGURES

11.10 Machine drawing of bearing assembly bottom bush. . . . . . . . . . . . . 203
11.11 Machine drawing of bearing assembly side ring. . . . . . . . . . . . . . . 204
11.12 Machine drawing of shaft, pre-ground. . . . . . . . . . . . . . . . . . . . . 205
11.13 Machine drawing of shaft, post-ground. . . . . . . . . . . . . . . . . . . . 206
11.14 Shaft-bearing geometry used in worked example. Geometry is intention-

ally not to scale for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . 221
11.15 Circumferential film thickness using approximation method and from true

geometry. Percentage error in approximation method around bearing cir-
cumference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221



List of Tables

5.1 Common piezoelectric materials and their physical properties. . . . . . . . 50
5.2 Advantages and limitations of common transducer cable types. . . . . . . . 55

6.1 BAXTER rig operating parameters. . . . . . . . . . . . . . . . . . . . . . . 66
6.2 Shear rate prediction in bearing platform using SAE 0W-8 lubricant. . . . 68
6.3 Sommerfeld numbers in common journal bearing systems . . . . . . . . . . 69

8.1 Operating conditions applied in oil type comparison study. . . . . . . . . . 114

11.1 Contact length and angle for each load case. . . . . . . . . . . . . . . . . . 196

xiii



Acronyms

EHL Elastohydrodynamic lubrication

FFT Fast Fourier transform

FPGA Field programmable gate array

LIF Laser induced fluorescence

LLS Limited lubricant supply

NDT Non destructive testing

PRF Pulse repetition frequency

PZT Lead zirconate titanate

SEM Standard error of the mean

SNR Signal-to-noise ratio

TCM Total capacitance method

TDC Top dead centre

TEHD Thermo-elastohydrodynamic

TGC Time gain compensation

ToF Time of flight

TRM Total resistance method

TTL Transistor-transistor logic

UPR Universal pulser receiver

xiv



Nomenclature

α Pressure-viscosity coefficient (Pa−1)

β Volume concentration (−)

γ̇ Shear rate (s−1)

κ Compessibility (Pa−1)

λ Lambda ratio (−)

µ Dynamic viscosity (Pas)

ν Poisson’s ratio (−)

ω Angular frequency (rads−1)

W Dimensionless load capacity (−)

Φ Phase shift (radians)

ρ Density (kgm−3)

σ Stress (Pa)

θ Attitude angle (◦)

ε Eccentricity ratio (−)

B Bulk modulus (Pa)

C Radial clearance (m)

c Speed of sound (ms−1)

D Diameter (m)

E Elastic modulus (Pa)

f Frequency (Hz)

h Film thickness (m)

k Stiffness (Nm−1)

L Length (m)

m Resonance mode (−)

N Rotation Speed (Hz)

P Pressure (Pa)

R Reflection coefficient (−)

r Radius (m)

Ra Arithmetic average roughness (m)

Rq Root mean squared roughness (m)

S Sommerfeld number (−)

T Temperature (◦C)

t Time (s)

U Relative surface velocity (ms−1)

V Approach velocity (ms−1)

W Applied load (N)

z Acoustic impedance (Rayl)

xv



Chapter 1

Introduction

In this chapter, the motivation for investigating film thickness in journal bearings is in-
troduced. This includes the industrial and environmental benefits to film measurements,
along with justifications highlighting why further research is required. The aim and ob-
jectives of the project are then outlined, followed by an overview of the thesis structure.

1.1 Statement of the Problem

Small improvements on a grand scale can reap tremendous benefits. This philosophy is
most famous in the world of sport, such as the concept of marginal gains developed in
pro-cycling. However, it is equally applicable in many areas of society including agricul-
ture [1], finance [2], healthcare [3] and, of course, engineering [4].

The specific case that this work tackles is that of journal bearings; a component so common
in systems, from bacteria to turbochargers to cruise ships (see Figure 1.1), that a single
percent improvement in efficiency, component life or oil consumption can significantly
reduce costs and environmental impact. For example, in 2019 Holmberg and Erdemir
calculated that passenger cars waste a third of their energy simply overcoming friction [5],
approximately 25% of which derives from the main and connecting rod bearings within
the engine [6, 7]. They estimate frictional losses can be reduced globally by around 18%
in the next 5-10 years, but even just a 1% decrease would save 40 million barrels of oil
and lower CO2 emissions by 16.1 million tonnes per year.

With emissions regulations ever-tightening, automotive manufacturers need to push the
efficiency of every component to its limit [8, 9]. This includes the big-end, main and
turbocharger bearings, for which optimising oil thickness is critical. Too thick and excess
lubricant is sheared unnecessarily, but too thin and the surfaces will not be sufficiently
separated, leading to high friction and wear due to surface contact. Thus, a goldilocks
zone exists where the film thickness is just right, resulting in optimum efficiency and com-
ponent life [10]. With improved machining processes and extending knowledge of these
systems, automotive manufacturers may carefully reduce film thickness further into the
mixed lubrication regime without risking damage and reap the rewards of improved effi-

1
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ciency.

That said, developing our knowledge of journal bearing systems can also enable trans-
formative changes. Public perception is that the primary dangers to the marine environ-
ment are plastic pollution, overfishing and oil spills [11, 12, 13]. However, other sources
of marine pollution are less prominent but should be equally concerning [14]. For ex-
ample, Etkin found that the majority of oil entering the oceans derives from intentional
day-to-day marine vessel operations [15]. As shown in Figure 1.2, Etkin calculated that
10.3% of all oil input in 2010 originated just from leaking stern tube bearings, up to
28.6 million litres per year. This figure may indeed be much higher as measurements were
only obtained in-port and the additional discharge during open-sea operations is unknown.

A potential solution to reduce the impact of stern tube leakage is switching to EALs
(Environmentally Acceptable Lubricants) which readily break down in seawater thus re-
ducing the impact on marine life [16]. However, early adopters are reporting that using
these lubricants leads to rapid wearing of the stern tube bearings, resulting in expensive
additional maintenance and downtime. A leading theory is that the oil layer between
the bearing and shaft breaks down under more severe operating conditions, such as sharp
turning at high speed. With no intermediate oil film as protection, the shaft and bearing
surfaces directly rub against one another, causing extreme levels of wear. The cause of
breakdown in EALs, if it happens at all, is currently disputed. This multibillion-pound
[15], environmentally critical problem may be solved in part by improving our understand-
ing of bearing behaviour; thereby diagnosing the primary cause and developing a solution
to maintain bearing performance using EALs.

Figure 1.1: Journal bearings at different scales. (a) E-coli locomotion is powered by
flagella, appendages which rotate up to 1000 rpm, with protein rings acting as

nanometre-scale bearings [17, 18]. (b) Cross section of turbocharger from Porsche 911
turbo (997), with 8 mm diameter copper sleeve bearings supporting radial load [19].
(c) Installation of 1.0 m diameter crankshaft bearings in a 108,920 hp marine diesel

engine [20].
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Figure 1.2: Proportion of oil entering the ocean by source. Stern tube lubricant leakage
highlighted, at 10.3%. Data taken from Etkin, 2010 [15].

Several conventional techniques capable of film thickness measurements have been de-
veloped over the last few decades, however, each has its critical limitations. The difficulty
of this task is due to the enclosed nature of the bearing contact, along with the minute
thickness of the film one is attempting to measure, typically in the order of 1’s to 10’s of
microns.

The ultrasonic method has been gaining momentum as an effective alternative for this
application, although to become attractive to a wider industrial market the extent of its
capabilities must be explored rigorously. In particular, investigating more extreme cases
such as misalignment, shut-down and dynamic loading conditions which are at the fore-
front of current challenges in tribology.

1.2 Aim and Objectives

The aim of this project is to develop the capabilities of the ultrasonic technique in the
analysis of oil films in the context of journal bearings. This will be achieved by completing
the following objectives:

• Design two bespoke journal bearing test platforms capable of ultrasonic film thick-
ness measurements; one designed to investigate films under static loading conditions
and one to study dynamic loading conditions.

• Perform tests under a range of static loading, dynamic loading and severe operating
conditions.

• Apply a range of new ultrasonic techniques to obtain film thickness measurements.
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• Understand the resulting film thickness profiles and features such as cavitation, shear
thinning and squeeze films.

1.2.1 Project Benefits

Findings could directly further the understanding of bearing behaviour, particularly under
more extreme operating conditions. The work may also demonstrate the capabilities of the
ultrasonic method on a wider scale, especially as the techniques discussed could readily be
applied to other tribological components, such as cylinder liners and thrust pad bearings.
Thus, there is wider value to this investigation. Additionally, the development of a robust
and adaptable test platform would enable future projects which can continue research into
new and exciting areas.

1.3 Thesis Layout

This thesis is divided into eleven chapters. The following provides a summary of the con-
tents within each chapter, with the structure shown graphically in Figure 1.3.

Chapter 2: Lubricants & Lubrication begins by introducing the concepts within
lubrication theory that are relevant to the project, thus providing the reader with suffi-
cient comprehension to understand and assess the work presented. This is followed by an
overview of how journal bearings operate, along with common bearing configurations and
materials.

Chapter 3: Ultrasonic Principles presents the fundamental concepts of ultrasound.
This includes how waves propagate through media and their behaviour at boundaries be-
tween dissimilar materials.

Chapter 4: Literature Review investigates the most popular and effective conven-
tional techniques used in bearing film thickness measurements, identifying their strengths
and limitations, then exploring how these gaps in capabilities constrain our current un-
derstanding of bearing behaviour. This is followed by the various ways ultrasound may
be used in film thickness measurements. The chapter concludes with a review of previ-
ous studies which have applied ultrasonic techniques to journal bearing film measurements.

Chapter 5: Generic Ultrasonic Hardware and Method details the ultrasonic hard-
ware and signal processing techniques used across a broad range of applications. Along
with providing the reader with sufficient understanding, this will be useful in subsequent
chapters which include justifications for certain design choices made, such as why partic-
ular transducer materials were selected or why a specific couplant was used, for example.

Chapter 6: Statically Loaded Journal Rig Development introduces the bearing
test platform, named BAXTER, designed for this investigation to study bearing behaviour
under both normal and severe operating conditions. The manufacturing process and de-
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sign choices for primary components are detailed and justified.

Chapter 7: Film Thickness Acquisition Methodology describes the procedure used
to calculate film thickness using ultrasonic methods, with novel processes applied to im-
prove the accuracy and capabilities of the technique. An investigation to determine the
acoustic impedance of the bearing is also presented, using a method new to this application.

Chapter 8: Normal Operating Conditions presents the results obtained from the
BAXTER rig under static loading, constant shaft rotation speed test parameters. This
includes full circumferential film thickness measurements obtained by combining multiple
ultrasonic techniques. The minimum film thickness results are compared against both a
numerical prediction and measurements taken via conventional eddy-current sensors. A
novel method for detecting evidence of shear thinning using this test platform is also pro-
posed.

Chapter 9: Severe Operating Conditions presents the results obtained from tests
performed using the BAXTER rig under more extreme situations. These are misalign-
ment, offset-load, starvation and shutdown testing.

Chapter 10: Dynamic Loading Conditions begins with an overview of the second
bearing test rig, named BETTY, developed for this project. The BETTY rig has been
designed to investigate bearing behaviour under dynamic loads. This is followed by the
results obtained by the BETTY rig under a range of dynamic loading events.

Chapter 11: Conclusions summarises the project and its findings. Suggestions for
future directions are proposed, with the details of preliminary work to evaluate feasibility
included.

Figure 1.3: Thesis structure by chapters.



Chapter 2

Lubricants & Lubrication

This chapter contains an overview of the lubrication theory related to the present work.
This includes the importance of lubricants within a sliding contact and how their physical
attributes, such as viscosity, can impact the efficacy of a tribological system. This is fol-
lowed by the introduction of journal bearing components, focussing on key design elements
such as geometry, material type and the inclusion of features such as oil ports. Finally,
the most common types of severe operating conditions found in hydrodynamic journal
bearings are presented, along with the current state of understanding for each condition.

2.1 Physical Properties of Lubricants

The function of a lubricant is to separate surfaces which are in relative motion. This
provides numerous benefits such as:

• Reduced friction

• Reduced wear

• Protecting surfaces from corrosion

• Maintaining optimum contact operating temperature

• Flushing of 3rd body particles [21]

Lubricants come in a wide variety of forms. Oils or greases probably first come to mind,
however, PTFE [22], graphite [23], water [24] and even air [25] are widely used in lubricat-
ing surfaces. The optimum lubricant composition heavily depends on system requirements,
such as the speed of the surfaces relative to each other, operating temperatures and the
magnitude of applied load [10].

2.1.1 Fluid Viscosity

Arguably the most critical physical property of a fluid-type lubricant is its viscosity, which
is a measure of the fluid’s resistance to flow [10]. In layman’s terms this may be thought

6



2.1. PHYSICAL PROPERTIES OF LUBRICANTS 7

of as the fluid ”thickness”, for example honey is ”thicker” (more viscous) than water. A
more viscous lubricant can generally maintain larger oil films in a contact, however, large
films require more energy to shear. As such, optimising viscosity for a given application
is critical [26].

It is common to use the parameter dynamic viscosity, also known as absolute viscos-
ity, which can be defined as the ratio of shearing stress and velocity gradient between the
two surfaces [27]. This is exemplified by Equation 2.1 and Figure 2.1.

τ = µ
du

dh
(2.1)

Where τ is shear stress, µ is dynamic viscosity and du/dh is relative velocity gradient.

Figure 2.1: Velocity profile of fluid between two plates in relative motion [27].

Dividing the dynamic viscosity by the lubricant density provides the kinematic viscos-
ity, ν. This alternative measure removes the external force terms and, as such, is preferred
in cases where fluid momentum is of primary interest [10].

The viscosity of a lubricant is strongly affected by its temperature and a range of both
theoretically derived and empirical techniques are available to model this relationship [10].
One of the most popular of these is the semi-empirical Vogel equation:

µ = aeb/(T−c) (2.2)

where µ is dynamic viscosity and T is absolute temperature in Kelvin. a, b and c are
constants. By measuring three viscosities at known temperatures this simple equation can
be applied to determine the viscosity at any temperature with high accuracy [28].

In many applications, the viscosity-temperature relationship for a particular oil is char-
acterised by its Viscosity Index (VI). This dimensionless scale was developed by Dean
and Davis in 1929 by comparing the viscosity-temperature relationship of lubricants avail-
able at the time [29]. Texas Gulf crudes were considered the least temperature stable
lubricants so were assigned a VI of 0. Pennsylvania crudes on the other hand, were very
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temperature stable and therefore given a VI of 100. Since then, major developments in
lubricant chemistry have been made. Particularly with the addition of viscosity modifiers
and advancements in synthetic oils, lubricants now regularly exceed 100, with silicone oils
even reaching VIs up to 400 [30].

Another parameter that may have a significant effect on fluid viscosity is pressure. This
positive relationship is most important in high pressure point contacts, such as in gears
and ball bearings where pressures are in the order of GPa. In such components viscosity
can increase so considerably that the fluid may behave more like a solid.

The pressures in components such as journal bearings are not so extreme (typically 1’s to
10’s MPa), however, its effect on viscosity should still be taken into account. The conse-
quence of increased viscosity with pressure in journal bearings is that the film thickness
and therefore load-carrying capacity (magnitude of the applied load the bearing can with-
stand) will be greater compared to a situation where the pressure-viscosity relationship
did not exist. As such, it is important to consider this effect to avoid overestimating the
required viscosity for a given application and to select the optimum lubricant, possibly
one with a higher pressure-viscosity coefficient. A popular formula used to link viscosity
and pressure is the Barus equation:

µp = µ0e
αp (2.3)

Where µp is viscosity at pressure p, µ0 is viscosity at atmospheric pressure, α is pressure-
viscosity coefficient and p is the pressure in question. This equation is suitable for pres-
sures up to around 500 MPa. Above this point, the equation quickly loses accuracy and
alternative techniques are required.

2.1.2 Non-Newtonian Fluids

Newton’s law of viscosity states that the viscosity of a fluid is independent of applied
stress. A non-Newtonian fluid breaks this law, exhibiting stress-viscosity dependence [10].
If stress is applied in the shear plane, the rate at which deformation progresses may be
quantified by the shear rate, γ̇. As seen in Figure 2.2(a), the viscosity of a non-Newtonian
fluid can either increase with shear rate (shear thicken) or decrease (shear thin).

Figure 2.2(b) shows that a non-Newtonian fluid typically produces two plateaus, one
found at low shear rates and the other initiating at a high shear rate. The curve for a
particular fluid can be described mathematically by the Carreau–Yasuda equation:

µ = µ∞ + (µ0 − µ∞)(1 + (Aγ̇)a)
n−1
a (2.4)

Where µ is the dynamic viscosity at shear rate γ̇, µ0 is the low shear rate viscosity, µ∞ is
the high shear viscosity. A, a and n are constants specific to the fluid.[28]
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Shear thinning behaviour is far more common than shear thickening in lubricants and
is often seen as a problem in tribology. It is easier to design systems without the addi-
tional complexity of viscosity changing with a wide range of parameters that affect shear
rate. Also, the low shear rate viscosity of such lubricants may need to be higher, thereby
reducing efficiency, to offer the same load carrying capacity at high shear rates compared
to their Newtonian counterparts [10]. Oils blended with additives such as viscosity mod-
ifiers are particularly susceptible to shear thinning, as the long polymer chains unravel
and extend with applied stress [31], although improved understanding of various additive
packages may lead to the mitigation of these effects [32].

It should be noted that a change in viscosity with stress is not instant. A fluid that
decreases in viscosity over time is referred to as thixotropic and one in which viscosity
increases over time is rheopexic [10]. This time-dependence relationship is frequently dis-
regarded, particularly in situations with constant or only gradually changing shear rates.

Figure 2.2: (a) Viscosity against shear rate for Newtonian, shear thinning and shear
thickening fluids [33]. (b) Typical viscosity-shear rate relationship for shear thinning

fluids, with plateaus at low and high shear rates indicated [34].

2.2 Lubrication Regimes

The performance of a lubricated contact heavily depends on the lubricant film thickness,
exemplified by the Stribeck curve in Figure 2.3. This behaviour can be classified into the
following four regimes:

Boundary lubrication: Sliding speed and viscosity are low relative to the applied load;
as such, there is insufficient hydrodynamic pressure to separate the surfaces. Asperity
contact leads to high levels of friction and wear dominated by solid surface interactions
[21].

Mixed lubrication: A transition regime in which hydrodynamic pressure partially sepa-
rates the surfaces, leading to moderate rates of friction and wear [21].
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Hydrodynamic lubrication: Generally considered the ideal regime in lubricated contacts.
Operating conditions allow total surface separation. Friction force depends primarily on
lubricant rheology. If the film thickness increases further, friction will also increase due to
additional forces required to shear the lubricant [21]. However, operating with a lubricant
film only just within the hydrodynamic region can be dangerous, as unexpected shock
loading or temperature spikes can push the system into the mixed lubrication regime. As
such, a factor of safety is usually implemented by targeting a slightly thicker film [35].

Elastohydrodynamic lubrication (EHL): High localised stresses, in the order of GPa, lead
to dramatic increases in lubricant viscosity. These stresses also lead to elastic deformation
of the surfaces. Principally found in systems with small contact areas, such as in rolling
element bearings, cam followers and gears [36].

Figure 2.3: A Stribeck curve highlighting the four primary lubrication regimes [37].
Hershey number directly relates to interfacial film thickness, thereby a change in Hershey

number is equal to a proportional change in film thickness.

As advances in machining processes and our understanding of tribology are made over
time, the required film thickness factor of safety can be reduced; thus allowing systems to
operate more closely to the mixed regime by using less viscous lubricants without risking
damage [35].

Theoretically predicting the precise inflection point on the Stribeck curve for any given
system has been a long-standing problem in tribology [36]. The primary challenge is
accounting for the roughness profile of each surface. Rougher surfaces would of course
require a thicker film for the asperities to adequately separate, however, a robust method
to predict regime transition is yet to be discovered.

Traditionally, the lambda ratio, λ, has been used to predict which regime a system may
be operating in by accounting for film thickness and the average surface roughness, Ra.
This parameter can be calculated by the following equation:
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λ =
hmin√

R2
a,1 +R2

a,2

(2.5)

Where hmin is minimum film thickness at the contact, Ra,1 and Ra,2 are the mean rough-
nesses of the two surfaces. Stolarski states that a lambda ratio exceeding three would
indicate a very low probability of surface contact, thus the system would be in the hydro-
dynamic regime [38]. Recently however, critics of this method have demonstrated that the
lambda ratio is a relatively poor predictor of lubrication regime. Not only are these pre-
diction bands too imprecise for many applications, even if correct, Cann et al. argue that
the surface chemistry and roughness direction also dictate the lubrication regime, which
are not accounted for in the lambda ratio [39]. In 2012, Zhu & Wang applied numerical
techniques to this problem and concluded that this may be difficult to verify with conven-
tional experimental techniques due to their fundamental limitations [40]. Further work
is required to draw more concrete conclusions, particularly by developing and applying a
more suitable experimental method.

2.3 The Anatomy of a Journal Bearing

In its most basic form, a journal bearing is simply a shaft (journal) within a solid block,
As journal bearings are so simple, with no rolling elements or magnets to speak of, they
are generally more compact, cheaper and lightweight compared to all other bearing types
[41]. Journal bearings also have a high load carrying capacity and offer damping from
undesirable vibrations. They are lubricated either with an external fluid such as oil or via
the bearing material itself (PTFE bushings for example) [42].

Fluid journal bearings are lubricated either hydrostatically or hydrodynamically. Hydro-
static bearings use an external pump to push high pressure oil into the contact, whereas
hydrodynamic bearings rely on the rotation of the shaft to generate pressure. Therefore,
at start-up there can be significant wear in hydrodynamic journal bearings when a fluid
pressure has not yet been developed. However, the requirement for ancillary equipment
means hydrostatic bearings are more complex and therefore expensive [36]. This investi-
gation will focus on hydrodynamic journal bearings.

The gap around the circumference between the shaft and bearing is known as the clear-
ance, C. This geometric parameter affects the hydrodynamic pressure generated at the
shaft-bearing interface and therefore the load carrying capacity of the bearing [43]. The
optimum clearance depends primarily on operating rotation speed and journal diameter.
An estimate can be calculated in several ways. For example, Chu provided the rule of
thumb that diametric clearance should be approximately 0.001 times the journal diameter
[44]. More accurate values may be obtained via design charts such as in Figure 2.4.

When the shaft in a hydrodynamic bearing rotates it also shifts radially in the direc-
tion of rotation. The angle between the applied load vector and the point of minimum
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film thickness is known as the attitude angle (denoted as θ in Figure 2.5). Attitude angle
is generally fixed under constant operating conditions, however, in high-speed systems oil
whirl can occur if the lubrication wedge becomes unstable [45].

Oil whirl instability is a generally undesirable phenomenon caused by dynamic forces,
excessive wear or changes in viscosity, temperature or damping. These events can create
a sudden shock, causing the bearing to rapidly change the attitude angle. This leads to
additional oil being pumped into the newly formed gap, increasing pressure. This pressure
increase drives the bearing into an orbital pattern, the frequency of which is 40% to 48%
of shaft rotation speed. If oil whirl matches the natural frequency of the system an even
more potentially devastating phenomenon can occur, oil whip. This can cause high levels
of vibration and even rapid catastrophic failures [46].

Both oil whirl and oil whip can be detected by condition monitoring tools designed to
measure film thickness at different points around the bearing. They may be solved tem-
porarily by adjusting operating conditions, such as lubricant temperature. However, a
more long-term and preferable solution is to optimise system damping, particularly dur-
ing the design stage [46]. A particular example of oil whip management is in 4-stroke
ICE’s, for which the firing frequency is often close to 50% of the engine’s natural fre-
quency. Thus, designers must optimise the stiffness of the engine to discourage the onset
of oil whip [47].

Another phenomenon that must be carefully considered is cavitation. As the bearing
and shaft surfaces diverge after the point of minimum film thickness, pressure in the lu-
bricant rapidly decreases. If flow pressure drops below ambient pressure, gasses dissolved
in the lubricant are released. This leads to gaseous cavitation [48]. Then, if the pressure
drops even lower, past the lubricant’s vapour pressure point, the lubricant will start to
evaporate rapidly, this is known as vaporous cavitation [48]. These gas bubbles result in
pockets of high pressure, which can erode the bearing surfaces if left unchecked [48].
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Figure 2.4: A design chart to determine optimum shaft-bearing clearance [49]. Optimum
clearance is driven by journal diameter and shaft rotation speed.

Figure 2.5: Annotated diagram of journal bearing showing key parameters [50].
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2.3.1 Journal Bearing Characteristics and Configurations

In most cases replacing the shaft in a system would be particularly complicated and expen-
sive. To give a rather specific example, as of the time of writing the cost of a replacement
crankshaft for a Volkswagen Golf Mk4 is around £500 (although with free shipping) [51]
compared to £18 for a replacement crankshaft bearing set for the same vehicle [52], both
not including the cost of fitting. As such, it is generally desirable for the bearing to be
the sacrificial component; designed to be low cost, easy to repair or replace and protect
the shaft from damage [53].

An ideal bearing running material is typically one which is softer than that of the shaft,
so if contact between the two surfaces does occur it is the bearing that wears, but not so
soft that it deforms excessively under the required load [54]. A further characteristic of
a good bearing is that it protects the shaft from damage if any 3rd body particles enter
the interface. To achieve this, the bearing’s goal is to capture the particle as quickly as
possible. The measure at which this is achieved is known as embeddability [55].

As described earlier, the simplest bearing would be a solid block of material. However, it
may be expensive and impractical to replace the full component each time. Also, the opti-
mum bearing running surface material may not have the desired structural properties. As
such, a coating is typically applied to the bulk material. When this coating wears signifi-
cantly the bearing may be extracted and re-coated. This maintenance process, sometimes
known as rebabbitting, is most common in larger systems such as turbines and stern tubes
[56]. The term babbitt is the general name given to the range of white-metal coatings ap-
plied to bearing surfaces [54].

In smaller systems, it is not worth the cost to extract the component and re-coat the
running surface. So instead the bearing is designed to be disposable [54]. These compo-
nents come in the form of thin bearing shells, an example of which is shown in Figure 2.7b.
Bearing shells fit into a solid housing which provides additional structural support. If dam-
aged the shells can be easily removed and replaced. Coated bearing shells are generally
either categorised as bi-metal or tri-metal, so-called due to the number of layers each
bearing type has (excluding the flash and bonding layers) [53]. The layers present in each
are shown in Figure 2.6. The following is a brief description of the purpose of each layer:

Flash Layer: A thin cosmetic top layer that also protects the bearing from corrosion
prior to installation. Typically made of 100% tin. Up to 1 µm thick [53].

Overlay: Considered the main coating layer in most cases. This layer should be softer
than the shaft material to reduce shaft wear. It should also exhibit low-friction properties,
and good embeddability [54]. A wide range of materials may be used in this layer. Leaded
bronze alloys are popular in larger-scale applications as they offer a high load carrying
capacity, however, there are environmental and health dangers due to their high lead con-
tent, thereby use is being phased out in some industries [57]. Tin-based alloys provide a
less toxic alternative, with excellent corrosion resistance. Layer thickness is around 20 µm
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in tri-metal bearings and 0.2 mm to 0.4 mm in bi-metal bearings [53].

Interlay: Structurally supports the overlay. Good conformability, thermal conductiv-
ity and fatigue strength characteristics are desirable [53]. In bi-metal bearings there is no
interlay and therefore the overlay is required to perform these additional functions. Often
this layer is plated with nickel to prevent diffusion between the interlay and overlay. This
plating is particularly necessary for high loading applications where the layers may be very
heavily compressed. Common interlay materials include leaded bronze or copper alloys.
Layer thickness is around 0.2 mm to 0.4 mm [53, 58].

Bonding Layer: Ensures good adhesion between the interlay and backing. Typically
made from pure aluminium or nickel. Approximately 25 µm to 50 µm in thickness [53].

Backing: Provides the overall strength of the bearing shell. Typically made of steel,
cast iron or bronze [54]. Thickness varies considerably depending on bearing size. Big-end
bearings in automotive applications are around 2 mm for example [59].

Figure 2.6: Schematic of bi-metal and tri-metal bearings with layers annotated.

More advanced hydrodynamic journal bearing variants are becoming ever more pop-
ular, offering improved performance and functionality. One of these is the tilting pad
bearing (see Figure 2.7a). This design usually consists of three to eight pads mounted
on pivots which move naturally as operating conditions change. Tilting pad bearings are
more dynamically stable at high speeds (with reduced oil whirl), less affected by misalign-
ment (due to its shorter length-diameter ratio) and can efficiently operate under a wide
range of rotation speeds and applied loads [60].
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Figure 2.7: (a) Photograph of a typical tilting pad journal bearing [61]. (b) Photograph
of a typical big end bearing [62].

2.3.2 Oil Holes & Grooves

As viscosity is the main driver of lubricant film thickness, which itself is incredibly sensi-
tive to temperature, it makes logical sense that bearing temperature is a key parameter,
if not the most important parameter, in the determination of bearing performance. Basri
& Yani stated that for high-speed bearings over 50 mm in diameter thermal convection
between the bearing and lubricant was the most significant contributor to temperature
control within the system [63]. Thus, to provide sufficient heating or cooling the oil must
be allowed to flow readily around the interface.

The most basic method to achieve this is to simply flood the system with lubricant.
No additional geometric features are required, however, this is only effective for short
bearings. For wider bearings, the oil is simply unable to overcome the squeeze forces and
can not make its way into the axial centre of the bearing.

A simple solution is to implement a hole in the unloaded region of the bearing. This
does not significantly disrupt the hydrodynamic flow but does rely on the rotating shaft
entraining lubricant into the contact. As such, this may still be insufficient for highly
loaded systems or bearings with a length-diameter ratio exceeding 0.5 [64]. Additionally,
the oil hole must always remain outside the loaded region, therefore restricting the allow-
able attitude angle and by extension variation in load, speed and directionality. As such,
oil holes are generally less suitable in dynamic loading systems [65].

To encourage yet more lubricant into the loaded region, one may apply a groove around
the bearing circumference; a by no means exhaustive set of common groove designs is
shown in Figure 2.8. However, the trade-off with grooves is that they reduce load carrying
capacity, interrupting the hydrodynamic flow and acting as pressure sinks [66]. Multiple
groove designs supply even greater levels of lubricant to the bearing, and groove layout can
be designed offset from the axial centre and away from the peak pressure region. However,
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an imbalance of flow rates between adjacent grooves is a common problem. New designs
in which oil supply pressures are adjusted with check valves have shown much promise,
although this does make the system more complex [66].

In summary, the challenge of bearing port design is to supply the bearing with enough oil
to provide sufficient cooling and inhibit starvation, whilst maintaining the required load
carrying capacity. This often transpires to be a difficult task and is highly dependent
on bearing geometry, loading requirements and application. It should also be noted that
alternative lubrication methods do exist. For example, many crankshaft systems use oil
ports found in the shaft itself, rather than in the connecting rod bearing [67].

Figure 2.8: Various common journal bearing groove designs. [64]

2.4 Severe Conditions in Journal Bearings

In an ideal scenario, bearings would operate under constant load and speed, be perfectly
aligned and have access to a generous supply of lubricating oil. Unfortunately, due to poor
management or simply the demands of the application, real systems commonly operate
under more severe conditions. The following presents severe conditions which currently
pose a challenge to industry and where oil film thickness measurements may be particularly
useful.

2.4.1 Misalignment

If the applied load on a bearing system is offset from its axial centre or there are poor
tolerances in manufacturing, the shaft may become misaligned relative to the bearing. A
misaligned system causes a localised minimum film at the bearing edge, which may lead
to significant increases in wear and maximum pressure. The temperature increase in this
localised region exacerbates the situation, reducing oil viscosity and further decreasing
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film thickness [68].

The importance of this issue was identified as far back as 1942, where Pigott demonstrated
a supposedly insignificant 0.2 milliradian misalignment angle can reduce load carrying ca-
pacity by as much as 40% [69]. In 2008 Nikolakopoulos & Papadopoulos found that once
wear had initiated, the friction in a misaligned bearing system will steadily increase as
wear depth progresses [70]. As such, a misaligned system will continuously reduce effi-
ciency until potentially catastrophic failure.

In many systems some level of misalignment is unavoidable and so must be carefully
managed. For example, in marine stern tubes a significant side load will be experienced
when the ship changes direction [71]. If this transient event is particularly severe it may
lead to ”wiping”, in which the white-metal overlay at the aft end of the bearing is removed.
An example of stern tube bearing wear due to wiping is shown in Figure 2.9. In 2019, Lee
et al. showed that the problem is most prevalent in modern stern tubes supported by a
single bearing [72], suggesting more traditional multi-bearing designs should be favoured
as they distribute the load more evenly. Also, EALs have recently been blamed for in-
creasing the severity of wiping events due to shear thinning, although this is currently
disputed [14, 16].

Figure 2.9: Photograph of wear in a stern tube bearing due to wiping [71].

2.4.2 Starvation

As discussed in Section 2.3.2, a sufficient supply of oil is required to maintain a well-
lubricated interface, else direct bearing-shaft contact will occur, leading to a rapid increase
in wear and heat generation. In extreme cases this temperature increase can be so signifi-
cant that the surfaces weld together, causing seizure [73]. Bearings operating with limited
lubricant supply (LLS) also have a capped top rotation speed, above which film thickness
will start to decrease as there is not enough oil to be entrained into the contact, this is
known as the critical speed [74].



2.4. SEVERE CONDITIONS IN JOURNAL BEARINGS 19

In contrast, designers of modern bearing systems are conscious of the environmental impact
of petroleum-based lubricants and as such aim to minimise the quantity of oil supplied.
Additionally, oversupply of lubricant increases viscous drag within the system, lowering
bearing efficiency [74]. All these considerations result in a challenging balancing act, par-
ticularly as calculating the exact quantity of oil to supply must account for side-leakage
and how this may change with different loads and speeds [10, 75].

To make the situation even more complex, many causes of starvation occur well within the
life-cycle of the components. This includes insufficient oil in the reservoir, blocked filters,
incorrect oil grade used, worn seals, and kinked or blocked oil feed pipes. Also, in some
components such as turbochargers, insufficient lubricant supply can cause catastrophic
damage within seconds [76]. Current monitoring techniques which measure temperature,
friction or vibration only detect a change when solid contact is occurring [73], at which
point it is too late and the system is already damaged. Consequently, a continuous, fast-
reacting condition monitoring technique that detects precursors to starvation would be
highly advantageous. He et al. highlighted in 2005 that observing the oil film away from
the minimum film region may indicate early signs of starvation [75], which was reinforced
by Velasquez in 2014 [77]. Also, in 2019 Liu et al. demonstrated that lubricant supply
volume was sensitive to film thickness [74].

2.4.3 Start-Stop

Start-stop technology is becoming an ever-more popular strategy used by the automotive
industry to reduce fuel consumption and noise pollution. Start-stop systems automati-
cally shut off the engine when idling is detected and restart once the accelerator pedal is
depressed. This strategy is particularly effective in urban driving, with a study by Sander
et al. finding that effective implementation of start-stop can reduce fuel consumption by
as much as 10% [78, 79].

However, this frequent start-up and shut-down of the engine causes the crank bearings
to transition through the boundary and mixed lubrication regimes many times in a sin-
gle journey, rather than just once, significantly accelerating wear rates. The increase in
temperatures as the engine heats up compounds the problem, with a reduced oil viscosity
leading to greater metal-metal contact each cycle [80]. In addition, drivers do not want to
be embarrassed by being slow off the mark at traffic lights, so restarts are often designed
to be more rapid and aggressive [78].

Increased bearing wear leads to reduced component life. Traditional bearings have been
shown to withstand only 100,000 start-stop cycles, falling short of the 250,000 cycles re-
quired by manufacturers using start-stop systems [81]. As such, new bearing material
types are being developed, with particular interest in Polyamide-Imide (PAI) coatings
[82]. The dimension changes from wear can also cause misalignment and vibrations [83].

A simple solution would be to increase the oil viscosity grade used, however, this goes
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against the current trends within the automotive industry. As previously discussed, a
more viscous lubricant would decrease efficiency during the majority of engine operation
due to viscous drag [10]. The capability to monitor film thickness either in a real system
or a controlled test platform could instead highlight the conditions in which start-stop is
most severe and optimise the system to reduce its impacts.

2.4.4 Dynamic Loading

Due to their large contact area, journal bearings offer excellent protection against rapid
dynamic loads compared to other bearing types such as ball bearings [84]. However, even
journal bearings have their limits and, as they are pushed to operate under ever more
demanding conditions, the mechanics of dynamic loading must be well understood.

Shock loading is a generally undesirable sudden spike in applied load, commonly experi-
enced in many dynamic applications; for example in suspension systems when a car hits a
bump or marine stern tubes when the propeller crashes into a wave in stormy weather [85].
This sharp increase in load reduces film thickness and can cause shaft-bearing contact if
not properly controlled. However, predicting minimum film thickness is not as simple as
considering a static load of the same magnitude. This is because the oil cannot exit the
contact instantly, no matter how hard it is squeezed. The effect is known as a squeeze
film and the delay period is referred to as squeeze time. This squeeze time is related to
the magnitude of the applied load, bearing geometry and oil viscosity [86].

Squeeze films can be inherently useful as they offer a level of cushioning against extreme
loads, although only for a short window of time. In many applications, it is critical to
correctly predict the squeeze film effect. An underestimation will mean an unnecessarily
high viscosity oil is used, thus reducing efficiency, whereas an overestimation will lead to
instability, vibrations and wear due to shaft-bearing contact [87]. How the film recovers
after load removal is equally important, as the oil layer must be sufficiently thick to protect
the system from the next load instance.

Connecting rod bearings within automotive applications serve as some of the most pop-
ular examples of bearings subjected to dynamic loading. Converting linear reciprocating
motion to cyclic rotation, understanding their behaviour is particularly challenging. Not
only does the magnitude of the load change but also its radial direction [88]. This varia-
tion rapidly changes both minimum film thickness and attitude angle significantly. Also,
connecting rod bearing failure can have catastrophic effects, potentially causing the con-
necting rod to snap (known colloquially as ”throwing a rod”) and driving it through the
crankcase, thereby destroying the engine. Thus, engine manufactures have a vested inter-
est in optimising efficiency by minimising film thickness, whilst mitigating the possibility
of bearing failure.

Along with an increasing understanding of dynamic loading in traditional bearings, new
bearing designs to mitigate dynamic loading effects have also been developed [61]. Appli-
cations that require even more protection against shock loading can implement a squeeze
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film damping system between the bearing and housing, two examples of which is shown
in Figure 2.10. However, these are not suitable for lower cost or compact systems as the
feature requires additional thickness around the bearing circumference.

Figure 2.10: A schematic of a traditional squeeze film damper (left) and an integral
squeeze film damper (right) [61].

2.5 Conclusions

This chapter has provided an introduction to the relevant lubrication theory related to
this project, including:

• Fundamental physical properties of lubricants, with particular regard to viscosity.
Also, how temperature, pressure and shear rate can affect film thickness.

• The different regimes of lubrication within a contact, highlighting the importance of
optimising film thickness.

• A detailed description of the main components in a journal bearing, including the
function of each layer in bearing shells and different oil inlet configurations available.

• A review of the types of severe operating conditions that a journal bearing might
experience. Specifically, misalignment, starvation, start-stop and dynamic loading.



Chapter 3

Ultrasonic Principles

This chapter gives an overview of the ultrasonic principles relevant to the current work,
providing the reader with a sufficient understanding of the techniques used in the mea-
surement of oil films.

3.1 Wave Propagation

A sound wave travels through a host medium as a mechanical pressure wave, in which
particles are held together in the host medium by elastic forces. As such, the oscillation
of one particle transmits energy to its neighbours, causing them to also oscillate, resulting
in wave motion through the medium. An ultrasonic wave is simply a sound wave with a
frequency exceeding the threshold of human hearing, generally taken as a frequency above
20kHz [89].

There are two major wave types, categorised by how the particles oscillate in relation
to wave direction, these are longitudinal and shear waves.

For longitudinal waves, each particle oscillates in parallel to the direction of wave propa-
gation. The resulting compressions and rarefactions are shown in Figure 3.1. In this, λ
denotes the wavelength, which may be defined as the distance between repeating sections
of the wave [90].

For shear waves (also known as transverse waves), particles oscillate perpendicular to
the direction of wave propagation. This is shown in Figure 3.1. Unlike longitudinal waves,
shear waves can only travel effectively through solid media as they require a restoring force
to transmit energy from one particle to another [89].

22
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Figure 3.1: Diagram of longitudinal (left) and shear (right) wave propagation [90].

3.2 Acoustic Velocity

Acoustic velocity, or how quickly the sound travels through a medium, is dictated by the
stiffness of the elastic bonds holding particles together. This stiffness is determined by
host material properties and type of wave propagation. In longitudinal waves, acoustic
velocity, cl, may be defined by:

cl =

√
E

ρ(1 + ν)(1− 2ν)
(3.1)

For which E is the elastic modulus, υ is Poisson’s ratio and ρ is density.

Whereas the acoustic velocity for shear waves is equal to:

cs =

√
E

ρ(1 + ν)
(3.2)

By evaluating Equations 3.1 and Equation 3.2, it can be seen that increasing elastic mod-
ulus leads to an increase in acoustic velocity, whereas an increase in either density or
Poisson’s ratio leads to an acoustic velocity decrease. Also, the Poisson’s ratio of most
real materials is below 0.5, and as such longitudinal wave propagation is typically faster
than shear wave propagation in the same medium.

As these material properties vary with temperature, so does acoustic velocity. For ex-
ample, at atmospheric pressure, the acoustic velocity of water at 20°C is 1482.2 ms -1,
whereas at 50°C acoustic velocity increases to 1542.4 ms -1 [91]. This temperature effect
must be considered in ultrasonic measurements for which high accuracy is required.

It should be noted that acoustic velocity is distinct from particle velocity, which is the
speed at which the individual particles move. Particle velocity is generally many orders
of magnitude slower than acoustic velocity [90].

3.3 Reflection Coefficient

At the interface between two dissimilar materials, a proportion of the sound wave energy
is reflected and the rest transmits into the second material. The proportion of energy
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reflected may be quantified by the reflection coefficient, R [92].

This reflection coefficient is related to the difference in specific acoustic impedances be-
tween the two materials, with a greater difference leading to increased energy reflected.
Acoustic impedance is the resistance to acoustic flow within the material, determined by:

z = ρc (3.3)

If wave direction is perpendicular to the interface, the reflection coefficient may be calcu-
lated via the following relationship:

R =
z2 − z1
z2 + z1

(3.4)

3.4 Acoustic Attenuation

As a sound wave propagates through a material, its acoustic energy reduces. This is the
result of two main physical effects, scattering and absorption:

Scattering: when a wave interacts with particles of dissimilar elastic properties relative to
the host material, a proportion of the wave energy is reflected along a secondary plane.
Scattering is dominant in crystalline materials or media with suspended particles [93].

Absorption: mechanical energy due to particle motion is converted into heat energy, caused
by stresses from viscous effects. Absorption becomes increasingly important over larger
distances [94].

The rate of attenuation is related to the square of the wave frequency. As such, a high-
frequency wave decays more quickly than an equivalent low-frequency wave.

It should also be noted that even in ideal media there will be an apparent reduction
in signal amplitude received by a sensor due to spreading of the acoustic wave.
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Figure 3.2: Decrease in signal amplitude due to attenuation [89].

3.5 Near Field and Far Field

The Huygens principle states that a wavefront is made of many discrete wavelets, each
producing its own spherical wave [89]. This is shown in Figure 3.3. Close to the transducer
face these wavelets constructively and destructively interfere with each other, causing the
overall wave pattern to become complex. Therefore, it is extremely difficult to obtain
accurate measurements in this area, known as the near field region.

However, at a certain distance from the transducer, the overall waveform becomes more
uniform. This region is known as the far field and is more suitable for acquiring measure-
ments. An example pressure field showing a clear difference and transition between the
near and far fields is shown in Figure 3.4. The transition point between regions can be
approximated by the following:

N =
D2f

4c
(3.5)

Where N is near field length, D is transducer diameter, f is transducer frequency and c
is acoustic velocity of the host medium.
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Figure 3.3: Wave propagation shape due to the Huygens principle [89].

Figure 3.4: Example pressure field highlighting the transition from near to far field at an
axial distance of 50 mm [95].
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3.6 The Acoustoelastic Effect

Subjecting a material to a stress field changes its acoustic velocity. Known as the acous-
toelastic effect, this phenomenon is due to a resultant change in strain state within the
material, which in turn affects its elasticity characteristics [96]. Generally, the applica-
tion of a tensile stress decreases acoustic velocity, whereas a compressive stress increases
acoustic velocity. Schneider defined this relationship mathematically by the following set
of equations:

cii − cl
cl

=
A

C
σi +

B

C
(σj + σk) (3.6)

cij − cs
cs

=
D

K
σi +

H

K
σj +

F

K
σk (3.7)

cik − cs
cs

=
D

K
σi +

H

K
σk +

F

K
σj (3.8)

Where i, j and k are axes in a three-dimensional Cartesian coordinate system, σ is stress,
c is acoustic velocity and A,B,C,D, F,H and K are elasticity constants. cl and cs are
the longitudinal and shear acoustic velocities when no stress is applied respectively. This
model assumes the axes of the stress field, strain state and wave propagation are aligned.

Equations 3.6 to 3.8 highlight that acoustic velocity is affected in all directions by an
applied stress, although by different magnitudes. This includes velocities orthogonal to a
stress applied in a single direction.

The acoustoelastic effect has been used previously to calculate stress in components by
recording acoustic velocity. For example, in 2020 Stepanova et al. used changes in acous-
tic velocity to find longitudinal stresses in railway rails to an accuracy within ±2% [97].
It is also important to consider acoustoelastic effects in highly stressed systems such as
ball bearings when measuring film thickness via ultrasonic techniques [98]. As will be
discussed in Section 3.7, practically all ultrasonic film thickness techniques require an
accurate acoustic velocity value for reliable measurements.

3.7 Measuring OFT via the Ultrasonic Technique

The following section explores the techniques currently used to link acoustic response to
thickness in lubricated contacts, along with their respective strengths and limitations.

3.7.1 Time of Flight Method (f.h >> c0)

Be it counting the seconds between lightning and thunder to calculate how far away a
storm is or shouting down a well and listening for the echo to estimate its depth, even the
average layperson knows how to apply the time of flight technique. Due to its simplicity,
it has also become the most established technique for calculating the thickness of layers
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via ultrasound. In practice, the time-of-flight technique is implemented by sending a pulse
through the layer and timing how long it takes for each reflection to return. By applying
the following equation thickness may be calculated:

boundary thickness =
1

2
× speed× time of flight (3.9)

Unfortunately, the standard time-of-flight technique is unsuitable for the measurement of
thin films (generally less than 200 µm). With thick films the two reflections are discrete;
however, as film thickness decreases these reflections overlap and become indistinguish-
able. This is often the case in all but the largest journal bearings.

To overcome this, new time-domain based methods have been developed which compare
the reflected signal against a numerical simulation of the waveform, allowing the individ-
ual wave components to be distinguished and separated. In 2017, Praher and Steinbichler
presented such a method which they proposed could be applied to components such as
journal bearings [99]. Fluid film thicknesses between 30 µm and 200 µm were successfully
measured. However, many internal reflections within the contact are required for accurate
measurements, leading to a very long time-domain signal, as shown in Figure 3.5. This
could be problematic in real systems as the path length between the transducer and con-
tact is often reasonably small. Thus, the first and second full reflections may also merge,
making the wave components more difficult or even impossible to separate. Additionally,
even 20 µm is too thick for many journal bearing applications. For this reason, the focus
of most research has been on alternative techniques for micron-scale film measurements.

Figure 3.5: Schematic of the wave path in a three-layer system, with multiple reflections
within the liquid layer indicated (left). Example of time-domain signal used in work by

Praher and Steinbichler, 2017 (right) [99].

3.7.2 Thin Film Methods (f.h < 0.5c0)

If an oil layer is thin the reflection coefficient amplitude or phase shift of the signal can
be used to determine film thickness. The following describes how the solutions are derived.
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Exact model – amplitude and phase
As previously discussed, for a single interface the reflection coefficient can be found by the
acoustic impedance mismatch between media:

R =
z2 − z1
z2 + z1

(3.10)

For a three-layer system, as in Figure 3.6, the total reflected signal is a combination of the
reflection at both boundaries. However, one cannot simply apply Equation 3.10 for the
two boundaries independently and then find the sum. This is due to a phase difference
between the reflections, which leads to some level of interference affecting the amplitude
and phase of the total reflected wave. Instead, the reflection coefficient in a three-layer
system may be calculated by:

R =
R01 +R20e

(−2πfi 2h
c0

)

1 +R01R20e
(−2πfi 2h

c0
)

(3.11)

From this, the reflection coefficient amplitude and phase shift can be derived: This re-
flection coefficient is a complex number, having both a magnitude and phase component.
These components can be separated, leading to the following equations:

|R| =

[
R02 +R10e

(−2βd)2 − 4R10R02e
(−2βd)2sin2(2πfd/C2)

1 +R10R02e(−2βd)
2 − 4R10R02e(−2βd)

2
sin2(2πfd/C2)

]0.5
(3.12)

Φ = tan−1
[

R10e
−2βd(1−R2

02)sin(4πfd/C2)

R02 +R10e−2βd(1 +R2
02)cos(4πfd/C2) +R02R2

10e
−4βd

]
(3.13)

These solutions are known as the exact amplitude and phase models; however they are
rarely applied in practice [100]. The equations are clearly unwieldy and do not have a
unique solution, thus requiring either approximations or numerical techniques to solve.
Often, the exact models can be simplified if the acoustic impedance of medium 1 and 2
can be assumed equal, however, this would still require a numerical technique to solve.

Spring model
One such method of approximation is to treat the oil layer as a series of springs with a
defined stiffness. This can be derived by returning to Equation 3.11 and applying a Taylor
expansion to the exponential terms:

e−2πfi
2h
c0 = 1 +

4iπfh

c0
+O2 + ... (3.14)

The higher-order terms may be discarded as their effect is negligible. Thus, applying
Equation 3.14 to Equation 3.11 leads to:

Re ≈ Rs =
(z1 − z2) + z1z2

k
2πfi

(z1 + z2) + z1z2
k

2πfi
(3.15)
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Where k is oil film stiffness and is equal to:

k =
ρ0c

2
0

h
(3.16)

Equation 3.15 can then be rearranged and expressed in terms of amplitude:

h =
ρc2

2πfz1z2

√(
|R|2(z1 + z2)2 − (z1 − z2)2

1− |R|2

)
(3.17)

or in terms of phase shift:

h =
ρc2(tanΦR)(z21 − z22)

ωz1z2 ±
√

(ωz1z22)2 − (tanΦR)2(z21 − z22)(ωz1z2)2
(3.18)

These are known as the spring model amplitude and phase shift equations respectively and
are the leading techniques in thin film measurements, particularly the amplitude model
[101, 102].

Exact model - complex
In 2020, Yu et al. presented another method to directly calculate film thickness in thin
films [103]. In this, they applied Euler’s notation to Equation 3.11, rearranged the result
and made practical assumptions regarding amplitude and phase. The full derivation has
been omitted for brevity. With this method, referred to as the “exact model – complex”,
film thickness can be found by the following:

h =
−c0
4πf

atan

(
|Re|sin(ΦRe)(1−R2

01)

R01 + |Re|2R01 + |Re|cos((ΦRe) + |Re|cos(ΦRe)R
2
01

)
(3.19)

This new solution holds great promise, particularly as acoustic impedance values for either
media are not required. However, the authors note that measurement uncertainty may
be increased as it is a combination of the uncertainties in both the amplitude and phase
shift measurements. Also, this work is the first and only instance of the technique being
used. Additionally, the experimental setup was a simple static system, with an oil layer
between two flat plates of the same material (glass-oil-glass and steel-oil-steel). As such,
independent comparative studies using the method in more advanced applications would
be valuable in assessing its effectiveness.
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Figure 3.6: Schematic of the ultrasonic path within a three-layer system.

3.7.3 Resonant Dip Technique (f.h ≈ 0.5c0)

When the thickness of an oil film matches the frequency of the incident wave, constructive
and destructive interference between successive reflections occurs. This manifests as dips
in the frequency-domain of the reflected signal, hence the name of the technique [89]. This
can be observed in Figure 3.7. The film thickness and resonant frequency may be related
by the following equation:

fm =
cm

2h
(3.20)

For which fm is the dip frequency and m is the resonance mode. The frequency of the
sensor element determines the measurement range of this method.

Figure 3.7: Examples of resonant dips in the time-domain (left) and frequency-domain
(right) [89].

3.7.4 Measurement Limits of Ultrasonic Methods

As shown in Figure 3.8 and Figure 3.9, the most suitable ultrasonic technique is heavily
influenced by the expected film thickness range experienced in a particular system. The
specific measurement range of each method is dictated by system parameters, such as
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transducer centre frequency, host material type and lubricant properties.

There is not a hard limit to these boundaries. Figure 3.9 highlights how values for the
spring amplitude and phase models tend towards a constant value (R → 1 and Φ → 0
respectively), restricting their upper measurement range. An appropriate cut-off point
is primarily dependent on signal quality and the number of repeat measurements. This
figure also shows that sharp changes in amplitude and phase occur around the resonant
film thickness, considered in the exact model but not the spring models.

Figure 3.8: Approximate film thickness measurement range for each ultrasonic technique,
assuming a steel-oil-steel three-layer system.

Figure 3.9: Relationship between amplitude (left) and phase (right) against the product
of frequency and film thickness for both the spring model and the exact model. The

example shown is for a steel-oil-steel three-layer system [103].
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3.8 Conclusions

This chapter has introduced the fundamental principles of ultrasound relevant to this
project. This includes:

• How waves propagate through a medium, specifically the differences between longi-
tudinal and shear wave types, the mechanisms driving acoustic attenuation and the
transition between the near and far field regions.

• Acoustic velocity and how it is affected by material properties such as density and
elasticity.

• The behaviour of ultrasonic waves incident on a boundary between dissimilar mate-
rials.

• The acoustoelastic effect, detailing how applied stresses can affect the acoustic ve-
locity within a material.

• The various methods developed to determine film thickness from ultrasonic signals.
The primary drawback of each method is its limited measurement range, dictated
in part by sensor frequency. The film thickness around a bearing’s circumference
can vary by two orders of magnitude. By combining multiple techniques it may be
possible to measure across this full range with a single sensor frequency.



Chapter 4

Literature Review

This chapter details the techniques currently applied in the determination of lubricant
film thickness in journal bearings. Following this, a review of previous research using the
ultrasonic method to study bearing behaviour is presented, to highlight gaps in current
knowledge.

4.1 Current Film Thickness Modelling & Measure-

ment Techniques

This section details the most common techniques applied to predict or measure film thick-
ness in journal bearing systems under normal, severe and dynamic loading conditions.

4.1.1 Analytical Prediction Methods

The foundation of analytical techniques to predict film thickness in hydrodynamic con-
tacts, including journal bearings, is the Reynolds equation; the full three-dimensional form
of which is:
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∂y

)
= 6

(
U
∂h

∂x
+ V

∂h

∂y

)
+ 12

∂h
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(4.1)

Where h is film thickness, µ is viscosity, p is pressure, U and V are relative velocity com-
ponents, and x and y are spatial components. In this case, the equation is expressed in
Cartesian co-ordinates, although it is also common to use polar co-ordinates when applied
to cylindrical components such as journal bearings.

This equation may be derived in multiple ways, most commonly either from the Navier-
Stokes equation (for which the Reynolds equation is a simplification) or by applying the
principles of equilibrium of forces and continuity of flow to an infinitesimally small el-
ement. The full form assumes there is no velocity discontinuity between the fluid and
sliding surfaces, flow is laminar, there is no pressure gradient across the film thickness and
that density is constant [10].

34
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Derivation of the full Reynolds equation has been omitted for brevity, with plenty of good
examples available elsewhere [10, 104]. What is more important here is that the equation
in its full form is thought to be unsolvable analytically without applying boundary condi-
tions. This is because the second-order components are elliptic. In fact, $1 million is on
offer for anyone who can provide proof of a unique solution to the Navier-stokes equation
(and by extension the Reynolds equation) [105]. Thus, assumptions have to be made to
simplify the equation.

Unidirectional velocity approximation
First, the axes may be aligned so that one velocity component is equal to zero. Thus,
Equation 4.1 simplifies to:
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This is not applicable if the two velocity components cannot be decoupled. For example,
if a bearing slides along a rotating shaft, which is indeed rare.

Steady film thickness approximation

In many cases, film thickness does not change with time. Therefore, the Reynolds equation
may be simplified further to:
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This assumption cannot be made if film thickness does change significantly with time, for
example in dynamic loading conditions or if there is significant bearing vibration.

Isoviscous approximation
If viscosity may be assumed constant around the length and circumference of the bearing,
Reynolds equation becomes:
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Viscosity cannot be assumed constant if there is a significant temperature gradient around
the bearing, particularly common in larger bearings. Also, if the fluid is non-Newtonian
this assumption cannot be made if bearing pressures are high.

Long bearing approximation (L/D > 3):
Even with the above simplifications, numerical methods would still be required to obtain
a solution. Two further approximations can be applied: either assume the bearing is in-
finitely long or assume it is infinitely short. First, for infinitely long bearings, pressure
around the bearing diameter (in this case the y dimension) is assumed constant, therefore
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the equation simplifies to:
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This approximation quickly loses accuracy as bearing length decreases. As such, it is
generally considered that bearings with a length-diameter ratio over three may use this
assumption [10]. Such long bearings are rare in practical applications as they are highly
susceptible to shaft-bearing contact with the slightest shaft bending or misalignment.

Short bearing approximation (L/D < 0.33)
Conversely, if the bearing is narrow relative to its diameter, one may assume pressure
across the bearing length is constant:
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This is also commonly referred to as Ocvirk’s approximation. As many real bearings have
a low length-diameter ratio, it is a much more popular assumption.

In many cases, analytical solutions are perfectly acceptable; however, they are often not
appropriate for more complex cases, such as for highly loaded or high precision applications
[106, 107, 108]. Phenomena such as deformation effects in elastic bearings or lubricant
shear thinning can add significant uncertainty to results from analytical techniques.

Recent efforts focus on reducing the number of required assumptions so that accurate
predictions can be made in more advanced applications without resorting to more ex-
pensive numerical techniques or experimental testing. For example, in 2011, Vignolo et
al. presented an approximate analytical solution to the Reynolds equation applicable to
bearings of finite-length [109]. Similarly, in 2015 Gong et al. presented an analytical solu-
tion that applies to dynamic loading operating conditions, also derived using the regular
perturbation method [110].

4.1.2 Numerical Prediction Methods

Numerical prediction techniques promise more accurate results than analytical methods,
particularly for more complex geometries and operating conditions [111]. Such prediction
methods also have an advantage over experimental techniques in that operating parame-
ters are often simple and quick to adjust, leading to greater potential for iterative system
optimisation [112].

One of the first numerical techniques to be introduced is the Raimondi-Boyd method,
first presented in 1958 [113]. This solution has stood the test of time due to its ease of use
and accuracy. However, it should be noted that the following assumptions are made:

• Lubricant viscosity is constant.
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• Independence of viscosity on pressure.

• Temperature of the lubricant remains constant as it passes through the bearing.

• Perfectly rigid bearing and shaft.

• Oil inlet is located at the angle of maximum film thickness.

Film thickness is generally found graphically via the Raimondi-Boyd technique, as seen
in Figure 4.1. The bearing characteristic number (also known as the Sommerfeld number)
shown on the x-axis, is a non-dimensional parameter related to the system’s geometry as
well as rotation speed, applied load and lubricant viscosity. Each solid black curved line
on the graph indicates a specific bearing length-diameter ratio. The Sommerfeld number
is a particularly convenient parameter as it enables comparisons between bearings of any
geometry. Sommerfeld number can be found by the following relationship:

S =
( r
C

)2 µN
P

(4.7)

Where r is bearing radius, C is radial clearance, µ is dynamic viscosity, N is rotation
speed and P is projected pressure. Projected pressure is equal to the radial load over the
bearing projected area and can be calculated via:

P =
F

LD
(4.8)

Where F is radial load, L is bearing length and D is bearing diameter.

The main disadvantage of the Raimondi-Boyd technique is that, along with the assump-
tions listed above, it is limited to static loading cases. As such, the hunt for more so-
phisticated models continued. The mobility method, introduced by Booker [114] in 1965,
provides a numerical solution to dynamically loaded bearings. Although this method is
decades old, it is still frequently used and being built upon. A good example is Park et al.,
who in 2020 adapted the mobility method to investigate journal bearings under dynamic
loads using non-Newtonian fluids, with con-rod bearings as the intended application [115].

In 2012, Benasciutti et al. applied an iterative approach, coupling a finite-element struc-
tural model with the Reynolds equation [116]. This method could therefore account for
deformation effects. However, the work only evaluated results against a rigid model with
no comparison against experimental measurements.

Others take a more unconventional approach by attempting to approximate the Reynolds
equation using exotic mathematical techniques. For example, in 2020, Pasini et al. pre-
sented a numerical approximation of the isoviscous finite-bearing solution, Equation 4.4,
by applying spectral methods to solve the differential equations [117]. Although promis-
ing, the solution still makes some key assumptions, such as constant viscosity, laminar
flow and constant lubricant density.
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Commercial solutions are available which allow non-experts to confidently predict complex
bearing behaviour via numerical techniques with easy to use tools. For example, AIES Ltd
offers a suite of solutions for different journal bearing conditions, such as TEHD (Thermo
Elasto Hydrodynamic) modelling [118]. However, the methods used in such products are
generally either patented or commercial secrets, meaning the method cannot be scruti-
nised in detail or applied independently.

So far, all of these methods are rooted in the Reynolds equation. A completely differ-
ent approach is the application of neural networks by Kumar et al. in 2020 [119]. In this,
the radial load is set as an input and minimum film thickness as an output. Literature
data from a previous investigation was used as training data and a genetic algorithm was
executed to develop the neural network. This process highlights the primary disadvantage
of neural network techniques. The accuracy of any neural network is limited by the quality
of the training data. In this case, training data was obtained numerically. So, although
Kumar et al. present a framework that may be useful in future, the work presented cannot
exceed the accuracy of the Reynolds based numerical model used. Also, the inner work-
ings of neural network techniques by their nature cannot be easily understood by humans;
in fact, these are even called ”hidden layers” [120]. Therefore, it is difficult to predict
whether the network would be accurate if applied to different operating conditions or a
new bearing system.

Overall, numerical methods need to balance complexity with the number of assumptions
made. To account for effects such as temperature and deformation, all component geome-
tries and material types need to be modelled accurately. As such, the results are only as
good as the model. Often it is difficult to obtain all parameters and these are subject to
change over time due to effects such as wear [121]. Where possible, simulations should
always be validated with experiments, particularly under more complex conditions such
as when operating in the mixed lubrication regime. This not only increases confidence in
the results but also allows refinement of the numerical technique to simulate real-world
system more accurately in future situations.
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Figure 4.1: Raimondi-Boyd chart allowing the prediction of minimum film thickness in
bearings when given the bearing characteristic number (Sommerfeld number) [122].

4.1.3 Optical Techniques

Both analytical and numerical methods have an innate disadvantage in that they can only
predict bearing behaviour under the conditions simulated. This means they provide no
condition monitoring abilities if something goes wrong, such as sudden shaft misalignment
or bearing wear. This is where experimental methods can provide a solution, particularly
if they can be directly applied to real-world components.

Optical interferometry is one of the most popular techniques available for the precision
measurements of thin oil films. Individual product configurations may vary; however, the
general principles of operation remain the same. In optical interferometry, a white light
beam is aimed at the contact. When this beam reaches the interface, some of the light is
reflected, and some passes through the lubricant layer. The transmitted portion of light
then reflects off the opaque surface on the opposite side of the contact. Both beams travel
back to an optical sensor. As the beams now have different path lengths, there is a differ-
ence between the arrival time of each beam. This results in an interference pattern due
to superposition. The wavelengths of light found in this pattern indicate the lubricant
film thickness, which can be inspected visually or processed by a spectrometer for more
accurate measurements [123]. A schematic showing this process is shown in Figure 4.2.

The popularity of the technique is principally due to its accuracy. Optical interferom-
etry offers high precision measurements down to films as thin as 1nm [123]. Also, systems



40 CHAPTER 4. LITERATURE REVIEW

are available which require minimal training or technical knowledge to operate.

Higginson and Reed first applied this technique to journal bearings in 1967, although
at the time they suggested the technique required further development before it could be
applied to films with rapidly changing thickness [124]. This was later achieved in 1997
by Taplin et al., in which they successfully measured film thickness in a journal bearing
under dynamic loading conditions to an accuracy of ±0.1µm [125].

Laser-induced florescence (LIF) is a similar optical technique, although this uses a flo-
rescent dye mixed into the lubricant. By shining laser light of a particular frequency at
the contact, the dye will emit light at a different frequency. The intensity of the emitted
radiation is a function of oil film thickness. LIF does not need the opposite face within
the contact to be highly reflective, which is required by optical interferometry. However,
as emitted intensity is also a function of input intensity, dye characteristics and dye con-
centration, LIF requires careful calibration for effective thickness measurements. Despite
these challenges, Nakayama et al. applied the technique to connecting rod bearings in
2003, for which they were able to distinguish differences in film thickness across the axial
profile of the bearing [126]. However, introducing dye to the lubricant can affect its per-
formance, making it less attractive as a condition monitoring tool in real systems.

The primary disadvantage of both these optical methods is that they require at least
one of the surfaces to be transparent or translucent, typically coated glass, quartz or sap-
phire [127]. Real bearing materials are almost exclusively opaque, and as such, there will
always be inherent uncertainty in the measurement as characteristics of different materi-
als, such as elasticity or roughness, have a considerable effect on the operation of a journal
bearing. Because of these limitations, although they remain popular in the study of other
components, such as EHL contacts in roller bearings and seals [128, 129], there has been
a shift away from optical techniques in journal bearings as more competitive methods
emerge.
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Figure 4.2: Schematic of optical interferometry system [123].

4.1.4 Electrical Techniques

The two primary electrical techniques are the total resistance method (TRM) and the
total capacitance method (TCM). As their names suggest, TRM measures film thickness
by observing the resistance across the interface, whereas TCM observes the capacitance
of the lubricant layer. Unlike optical methods, they do not require a transparent window,
and as such, they can be more readily applied to real engineering components. [130]

In TRM, the interface acts to connect the two surfaces to complete an electrical circuit. As
film thickness decreases, asperity contact increases which makes it easier for the electrical
current to travel across the interface. This leads to a reduction in electrical resistance.

However, if the film is too thick, asperity contact does not occur, and resistance tends
to infinity. This restricts the technique to boundary and mixed lubrication regime testing
unless a conductive lubricant is used. Additionally, the two surfaces must be electrically
isolated to ensure a potential difference across the surfaces. [131]

TCM solves this fundamental issue by observing the change in capacitance, which al-
lows measurements even in the hydrodynamic regime. A comparison between the two
techniques in the context of journal bearings was performed by Spearot and Murphy in
1988 [132]. This study concluded that TCM is a superior technique for bearing film thick-
ness measurements because the dialectic constant of oil is more consistent and can be
measured more precisely than its electrical resistance. Consequently, the use of TRM to-
day is uncommon.

In 2000, Paranjpe et al. applied TCM to the crankshaft bearings of an operating en-
gine [112]. This system was able to track the change in film thickness under dynamic
loading; however, there was some disagreement between measurement and prediction dur-
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ing decreasing loads. The authors theorised that this was due to cavitation. Air bubbles
in oil decrease the dielectric constant at local points around the bearing as pressure re-
duces. They attempted to compensate for this by using analytical techniques to predict
the expected amount of cavitation that would occur. Therefore, they could estimate the
concentration of air in the lubricant and adjust the dialectic constant accordingly. With
this correction factor, film thickness measurements shifted by approximately 20%. How-
ever, assessing the accuracy of this correction factor is difficult, and results were only
compared against a theoretical model.

The application of TCM was continued by Kataoka et al. in 2011, in which they also
applied the technique to a crankshaft bearing in an operating engine [133]. This study
agreed with the conclusions made by Paranjpe et al., noting that TCM does not take into
account deformation in the bearing or crankshaft.

The simplicity of TRM and TCM techniques is also their downfall, as they only provide
a measurement of the minimum film thickness and no information is gathered regarding
the circumferential film thickness profile, cavitation effects or deformation of the journal
bearing [131]. Alternative technologies such as the ultrasonic technique allow localised
film thickness measurements, enabling more complex phenomena to be explored such as
misalignment.

4.1.5 Electromagnetic Induction Techniques

Inductive sensors, also known as eddy current sensors or proximity probes, operate by
passing an alternating current through a coil wrapped around a magnet. By Faraday’s
law of induction, this generates a constantly changing magnetic field. The introduction
of a conductor, such as a steel shaft, will result in the formation of eddy currents that
oppose the primary magnetic field. The strength of these eddy currents is inversely pro-
portional to the distance between the sensor and conductor, with an increase in frequency
and magnitude of the oscillations as the gap decreases. This change can be detected by the
inductive sensors. Implementing a shield around the coil decreases the size of the primary
field but directs flow towards the target, improving accuracy. A schematic of an inductive
sensor is shown in Figure 4.3.

In 2002, Moreau et al. [134] implemented inductive sensors into a con-rod bearing test
platform to study dynamic loading conditions and compare measurements against a the-
oretical model. Four sensors were embedded in the bearing at different locations around
its circumference. This allowed a direct measurement of film thickness at distinct points,
however, accuracy was limited to ±1 µm and the presence of a sensor within the contact
may have affected bearing operation.

Navhar et al. took a different approach in 2011, mounting inductive sensors outside of
the contact on a static loading journal test platform [135]. A stepper motor then changed
the relative angle of the inductive sensor with respect to the bearing. This enabled a
circumferential film measurement with only one sensor on the bearing side. Results were
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compared against a theoretical model. Although minimum film thickness results agreed
reasonably well, circumferential measurements differed substantially. The authors con-
cluded this difference was at least partly due to deflection in the shaft and bearing.

An experimental study by Chatterton et al. in 2017 studied film thickness in a journal
bearing under high load, slow speed conditions. This was achieved via inductive sensors
embedded into both the shaft and bearing [136]. Surfaces were reground after installation
to reduce the influence of the sensor on bearing operation. A photograph of the inductive
sensor embedded in the shaft is shown in Figure 4.4. This shaft-side sensor enabled film
thickness measurements around the full circumference of the bearing, allowing deforma-
tion effects to be examined.

Bouyer et al. in 2017 [137], 2019 [138] and again in 2021 [139] used inductive sensors
to study the effects of shaft scratches on bearing performance. In these investigations,
each proximity sensor embedded in the shaft was front filled with a non-conductive epoxy,
followed by shaft grinding. The 2017 study successfully demonstrated scratches on a shaft
significantly impacts film thickness and pressure distribution. The 2019 study compared
experimental results against a numerical simulation, which showed good agreement. The
2021 study investigated shaft scratches in even finer detail, with scratch depths ranging
between 50 µm and 300 µm. They found that a multi-scratched shaft surface leads to
elevated operating temperatures due to a reduced film thickness. The limitation of this
implementation is that the epoxy has a different stiffness than the steel shaft; this is
particularly important under high pressures. Also, the steel and epoxy will almost cer-
tainly have different wear rates and again film thickness uncertainty was relatively high,
at ±1 µm.

As shown by these examples, the technology is becoming increasingly popular for journal
bearing test platforms due to its wide measurement range and ease of installation. How-
ever, the probes must be positioned within the contact for a direct measurement, which
interferes with the fluid film [48]. Mounting sensors away from the contact negates these
effects, although factors such as deformation in the components introduce significant mea-
surement uncertainties. Therefore, the technique is either invasive if probes are positioned
within the contact or loses accuracy if positioned outside the contact. Additionally, eddy
current sensors are restricted to conductive materials, require precise calibration and are
susceptible to noise from external sources [48, 140].
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Figure 4.3: Schematic of an inductive sensor, adapted from Oladapo et al. [141].

Figure 4.4: Photograph of proximity probe embedded within shaft [136].

4.2 Previous Research using Ultrasound in Journal

Bearing Analysis

Ultrasound has been used to study interfacial contacts for some time. Work published by
Tattersall is one of the earliest examples, applying the pulse-echo technique to study ad-
hesive bonds in 1973 [142]. However, using the ultrasonic method to study journal bearing
behaviour only began to emerge in the early 2000s. Harper in 2003 and Dwyer-Joyce in
2004 both demonstrated the technique’s capabilities in a journal test rig using bearing
mounted transducers with promising results [143, 101]. From here, efforts focussed on
improving accuracy across a wider measurement range, demonstrating that the method
can be used to analyse tribological features such as cavitation [144], and applying the
technique in more specific applications.

A push to obtain a more robust referencing technique has also been made. Tradition-
ally, references were taken before testing, often by calibrating the components in an oven
at a range of temperatures. However, it was found that signal amplitude and phase
were highly sensitive to the temperature gradient in the materials [145]. The gradient
found in bearing operation is not easily replicated in an oven, which leads to significant



4.2. PREVIOUS RESEARCHUSING ULTRASOUND IN JOURNAL BEARING ANALYSIS45

measurement uncertainty. In 2008, Reddyhoff et al. proposed a method of within-test
auto-calibration, in which the amplitude and phase change responses are related via the
following equation:

A = A0cos(φ− φ0) (4.9)

Where A is amplitude, A0 is reference amplitude, φ is phase and φ0 is reference phase
[145]. This method was then applied in 2011 by Geng et al. to a bearing test rig using
a 10 MHz bearing mounted transducer [146]. This was found to be reasonably accurate,
although the auto-calibration method requires the shaft and bearing surfaces to be the
same material.

As the ultrasonic method developed, such as with improved hardware and processing
techniques, the use of shaft mounted transducers emerged. This enabled more complete
circumferential measurements. In 2008, Kasolang et al. used shaft mounted transducers
to obtain circumferential measurements under normal operating conditions via the spring
amplitude technique [144]. In this work, signs of cavitation in the diverging region could
be clearly identified. However, due to the limited range of the amplitude technique, mea-
sured film thickness ranged only between 10 µm and 40 µm in this study.

In 2020, Ouyang et al. extended the versatility of shaft mounted ultrasound by applying
the spring amplitude and resonant dip techniques simultaneously [147]. This enabled a
wider range of oil films to be measured. However, a gap in the measurable range between
thin film measurements via the amplitude method and thick film measurements via the
resonant dip method still existed. It is possible that applying the phase shift method could
fill this intermediate film region.

Previous research has generally assumed the effect of pressure on acoustic velocity and
density of the lubricant to be negligible. Past work has also concentrated only on normal
operating conditions, in which operational parameters such as rotation speed and applied
load are constant. As discussed previously, more severe operating conditions have been
investigated via conventional techniques.
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Figure 4.5: Schematics of previous bearing systems used to investigate film thickness via
ultrasound. A system with a single bearing mounted ultrasonic transducer used by

Reddyhoff et al. (left) [102]. A system with a shaft mounted ultrasonic array used by
Ouyang et al. (right) [147].

Figure 4.6: Film thickness measured around the circumference of a journal bearing by
Kasolang et al. [144]. The film rupture region, where cavitation occurs, is indicated.
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4.3 Conclusions

This chapter has covered the following:

• A review of current film thickness measurement techniques, including an evaluation
of the strengths and weaknesses of each method. This highlighted the need for a
non-invasive, high accuracy technique that can be readily applied to real bearing
systems, for which ultrasonic methods may be a potential solution.

• Previous studies that have applied ultrasonic methods in journal bearing film mea-
surements. These focus only on aligned bearings operating under ”normal” operating
conditions, with a constant applied load and rotation speed.

In general, findings from this review give clear justification for the project. It has been
observed that although good progress has been made in journal bearing film measurements
via ultrasound, there are still multiple potential areas of optimisation and study. This
includes improving measurement accuracy, combining multiple ultrasonic techniques to
develop a more complete method and investigating a broader range of bearing operating
conditions, such as misalignment and dynamic loading, which are yet to be investigated
via ultrasonic methods.



Chapter 5

Generic Ultrasonic Hardware and
Method

This chapter details the hardware found in a wide range of active ultrasonic systems,
including those applied to medical diagnosis, wear detection and oil film thickness mea-
surement. The purpose of this chapter is to inform the reader as to what hardware is
available, particularly so that decisions for component selection later in this study can be
justified with context. Additionally, the reader may understand how components within
the system interact to enable ultrasonic measurements.

5.1 Ultrasonic Hardware

The five primary components in any ultrasonic system are the transducer, coupling, ca-
bling, acquisition hardware and of course the object being investigated. A simple schematic
demonstrating how the components interact is shown in Figure 5.1. Although this study
focusses on active ultrasonics, in which the transducer both generates and detects an
acoustic wave, the following is equally applicable to passive ultrasonic techniques in which
the system exclusively detects incoming acoustic waves from external sources.

Figure 5.1: Schematic of the key hardware components in a generic ultrasonic system.
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5.1.1 Piezoelectric Transducers

The piezoelectric transducer is the heart of an ultrasonic system. This component con-
verts an applied electric field into mechanical motion, thus generating an acoustic wave
that travels through the material. A transducer is also responsible for converting the in-
coming acoustic wave back into an electric signal to be analysed.

Selecting the right transducer is critical for success, particularly the piezoelectric element
sitting at (or near) the transducer’s front face. However, there is no perfect piezoelectric
material that fits every situation. With dozens of mechanical properties dictating the
performance of these materials, it is usually a compromise to meet the requirements of a
given application. The following highlights the most important material properties one
must consider when selecting a piezoelectric element.

Curie temperature, tc: To understand this parameter it is helpful to introduce the
process of how a piezoelectric material is made. Such elements are most commonly man-
ufactured by passing a strong DC electric field through the material at an elevated tem-
perature. This aligns the dipoles in the direction of the electric field, thus polarising the
material. Cooling the element locks these dipoles into place and polarisation is maintained
even when the electric field is removed [148]. The Curie temperature is the point at which
the dipoles are again free to move and the permanence of polarisation is lost. Thereby,
this parameter is strongly linked to, and generally slightly higher than, the maximum
operating temperature of the material [148, 149].

Electromechanical coupling factor, k: Put simply, this can be thought of as the
sensitivity of a piezoelectric element, quantifying its effectiveness in converting electrical
energy into mechanical motion and vice versa [150]. This parameter is typically direction-
dependant, for example, a particular element may be more effective, and therefore have a
greater coupling factor in a shear plane in comparison to a longitudinal plane. As such,
the coupling factor direction is commonly indicated by subscripts.

Dielectric constant temperature stability, ε/◦C: This parameter quantifies the
variation in energy output for a given piezoelectric element as temperature changes, with
a lower value indicating better temperature stability [151]. Generally, more temperature
stable elements have a lower coupling factor and as such each must be balanced depending
on the application and available hardware [152].

Mechanical quality factor, Q: This parameter may be related to the sharpness of
the resonant frequency [153]. The effect of quality factor in both the time and frequency
domains are shown in Figure 5.2. This figure demonstrates that a high quality factor will
lead to a less damped time-domain signal, which may be undesirable in thin layer systems
as the successive reflections are more likely to overlap and will not be distinct. Also, en-
ergy is concentrated closer to the resonant frequency, with a narrower bandwidth in the
frequency-domain. Methods such as the resonant dip technique use the frequency value in
its calculation, and as such a narrow band signal has a more limited measurement range.
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Thus, it is generally preferable to have a low mechanical quality factor, providing sharper
time-domain signals and greater bandwidth. One exception is in high power applications
where a lot of energy around the resonant frequency is required without excessive heating
of the components, for example in ultrasonic cleaning which of course is outside the scope
of sensing applications [154, 155].
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Figure 5.2: Signals with low mechanical quality factor (top) and high mechanical quality
factor (bottom) presented in the time-domain and frequency-domain.

Some of the most popular piezoelectric materials are listed in Table 5.1, along with
approximate values for each material property.

Table 5.1: Common piezoelectric materials and their physical properties [152].

Parameter BiT Pb(Nb03)2 Hard PZT Soft PZT PMN-PT

Curie temperature, ◦C 650 280 to 480 215 to 340 150 to 360 140
Coupling factor, - 0.22 0.35 to 0.43 0.46 to 0.51 0.48 to 0.53 0.55
Temperature stability, ◦C−1 1 1.6 to 2.2 4 to 9 5 to 25 -
Quality factor, - 350 15 to 650 150 to 800 10 to 35 80

Although the primary component of a transducer is its piezoelectric element, there
are other features that may improve its performance. For example, quality factor may
be reduced further by introducing backing material to damp oscillations, a popular com-
position of which is epoxy resin doped with tungsten powder [156]. A backing material
also protects the cable-transducer element from corrosion and physical damage, along with
providing strain relief to the cable.

Wear plates are commonly found on the front face of commercial transducers designed
for temporary acoustic measurements. These wear plates protect the transducer from
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scratching or cracking from the physical environment as well as from elevated tempera-
tures [157].

A matching layer may also be found on the front face of the active element. This compo-
nent improves the efficiency of acoustic energy transmission by the principle of superpo-
sition. By making the matching layer thickness equal to one-quarter of the wavelength of
the resonant frequency, reflections within the matching layer constructively interfere, mul-
tiplying the signal energy. The thickness must be accurate, as an incorrect thickness can
disrupt the wavefront. Also, to maximise transmission the matching layer material should
have an acoustic impedance approximately halfway between the transducer material and
the material being measured. [158].

5.1.2 Transducer Arrangement

Just as important as transducer type is how they are positioned within the system. The
most basic arrangements use either a single element or pair of elements in one of the three
following layouts, also shown in Figure 5.3:

Pulse-echo: A single transducer both generates and receives the acoustic wave. The
most frequently used method, pulse-echo has low system complexity and does not require
access to the rear face of the component.

Pitch-catch: One transducer generates an ultrasonic wave and a nearby transducer
receives the signal. This allows a combination of piezoelectric element material types. For
example, it may be preferable to use a hard PZT to transmit the ultrasonic wave as it can
handle greater driving voltages and a soft PZT as the receiver due to its greater sensitivity.

Through-Transmission: Often considered a sub-category of the pitch-catch arrange-
ment, in which the transmitter is positioned opposite the receiver. This approach does
not rely on a signal to be reflected, although it does require access to both sides of the
host material. Through-transmission is commonly used in thickness gauging and simple
flaw detection applications.

As acquisition hardware improves and applications become more demanding, the use of
transducer arrays is becoming ever more popular. Instead of measuring at a single point
as done by one sensor, a row of elements can capture a two-dimensional image with each
pulse and a grid of elements can capture a full 3-dimensional volume.

Transducer arrays also enable techniques such as beam shaping and steering. By ex-
citing particular elements at different times in a dense ultrasonic array, the wavefront may
be directed and shaped to allow greater dimensional accuracy without physically sweeping
the transducer. The downside of this technique is its complexity. Not only does it require
more sophisticated pulsing hardware, the system is often more difficult to operate and
thus technicians require more extensive training [159].
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Another unlocked method is full matrix capture. In this, a single element generates a
sound wave and all other elements in the array capture its reflected signal. This is re-
peated for every element in the array. Full matrix capture provides the same potential
benefits as phased arrays, although with greater flexibility. However, pulsing every sensor
in turn takes time and as such the method is less suitable for dynamic systems [160].

Figure 5.3: Most common sensor configurations, with transmitters and receivers denoted
T and R respectively.

5.1.3 Couplants

With transducer type and arrangement decided, a method to bond the transducer onto
the host component must then be selected. Again, the optimum solution depends on the
requirements of the application. Figure 5.4 provides a flow diagram that may be used as
a coupling selection guide.

Transducers may be either temporarily or permanently bonded to a surface. Temporary
bonds, arguably the more conventional method, allow the user to rapidly adjust transducer
position to measure over a wide area. This is ideal for NDT applications where the surface
of multiple large components can be investigated. The position of permanent bonds on
the other hand have to be selected with care as they cannot be adjusted once installed.
However, permanently bonded transducers have the advantage that they can be installed
for years without maintenance and experience no significant degradation in performance.
Also, without the need for additional components such as wear plates, permanent elements
are far more compact and are therefore more easily embedded within components [161].
For these reasons permanent bonds are the most popular choice for recent ultrasonic film
thickness measurements and as such will be the focus of this section.

Temperature is another major consideration in selecting the right coupling. Cyanoacry-
lates allow rapid installation, however at even moderately elevated temperatures, typically
around 65◦C, the bond weakens and is permanently degraded. Also, the bond stiffness
is lower than other competing adhesives [162]. As such, cyanoacrylates are most suited
to quick trials in which the instrumentation process can be performed in minutes, rather
than hours. Although the resulting bond line is less stiff, the reduced instrumentation
time sometimes outweighs a slightly worse signal response.
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Epoxy-phenolic adhesives can withstand temperatures between -269◦C to 260◦C; the vast
majority of bearing applications fit comfortably within this range [86]. However, epoxy-
phenolic adhesives require an elevated temperature curing process which must exceed the
expected operating temperature by around 30◦C [163]. Not only does this add time to the
instrumentation process, it also adds an extra layer of complexity, particularly with larger
components that may not fit inside a standard oven for example.

Brazing is an emerging bonding technique designed for the most extreme high-temperature
environments, such as monitoring steels in power plants or in-situ testing of graphite-epoxy
composites during curing [164]. In this, the transducer and host medium are heated and
a hot filler material flows into the interface. Gold and silver-copper alloy foils have been
demonstrated as ideal filler materials for brazing, capable of maintaining a good bond-line
up to 800◦C [165]. At these high temperatures more specialised piezoelectric elements,
such as lithium niobate, are also required.

Generally, to get an optimum signal the bond line should be as thin as possible, resulting
in a stiffer transducer-component interface. However, in some instances, a more viscous
epoxy is preferred. One such application is in rigid PCB arrays for which some flexibility
in the bond is required. An example is the PCB array transducer installed in the test
platform described in Chapter 10, a photograph of which is shown in Figure 5.5

Figure 5.4: Couplant selection diagram.
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Figure 5.5: Photograph of a rigid PCB array coated with viscous epoxy before
installation.

5.1.4 Cabling

The obvious consideration when selecting a cable is its maximum operating temperature,
generally dictated by the insulation material. However, other environmental factors may
also lead to unexpected failure if a poor choice is made. For example, if the cable assembly
is in contact with lubricants then PFA rather than PVC insulation is superior as it is more
resistant to chemical degradation.

Generally, a thicker cable offers more mechanical strength and more shielding from noise
than an equivalent thinner cable. However, geometric constraints, such as narrow cable
ejection channels, may limit the thickness of each cable. As such, thin cables should be
as short as possible, with a junction box converting to a thicker cable if the acquisition
hardware is some distance away.

Most single element transducers use coaxial cables due to their simplicity and excellent
shielding from external sources or adjacent cables (known as crosstalk). However, with
high-density arrays, wiring each transducer individually can quickly become impractical
and require a large cross-sectional area. In this case, certain ribbon cables are often a
more suitable alternative, reducing cable size while still minimising crosstalk [166]. Fur-
ther advantages and disadvantages of cable types in transducer applications are outlined
in Table 5.2, with photographs of each shown in Figure 5.6.

Figure 5.6: Common transducer cable types. Coaxial (left) [167], ribbon (centre) [168]
and multicore (right) [169].
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Table 5.2: Advantages and limitations of common transducer cable types.

Advantages Limitations

Coaxial cable Braided shield protects electrical
signal from external noise. Avail-
able in a variety of sizes and ma-
terial types. Can be terminated
with standard connectors.

One cable per sensor, therefore
good cable management required
for high-density arrays.

Ribbon cable Suitable for high-density arrays. Cannot be terminated directly
with many standard connector
types.

Multicore cable Cheap. Easy to work with. Cores not individually shielded,
can lead to cross-talk.

5.1.5 Ultrasonic Pulser-Receiver

As its name suggests, the UPR (Ultrasonic Pulser-Receiver) has two main functions: gen-
erate an electric signal to excite the transducer element and receive the reflected signal,
including filtering and amplifying the response. Below are some of the most popular wave-
forms used in signal generation, with corresponding examples shown in Figure 5.7:

Impulse/spike: The most straightforward way to excite a sensor is to hit it with a
quick burst of energy. This is often achieved by rapidly discharging a capacitor [170], thus
the simple circuitry leads to this being a low-cost option. In reality, the shape is not a
simple vertical spike, instead, there is a sharp non-linear rise in voltage before reaching
its peak, see Figure 5.7. Because of this rise shape, the frequency spectrum is broadened,
although the phase spectrum is not so distinct [171]. Also, because the energy is only sup-
plied over such a short time, impulse waves have a high peak-average power ratio (PAPR).
As such, higher voltages are required to obtain a good SNR which can overheat the sensor
element [172].

Square wave: Requiring slightly more complex hardware than an impulse, square waves
maintain a constant voltage over a set pulse length, with very rapid rise and fall times.
This pulse length can be adjusted to match the centre frequency of the element to opti-
mise signal quality. As the voltage is sustained longer than for an impulse it has a lower
PAPR. Square waves used in ultrasonic applications are generally uni-polar [173, 174],
with the waveform taking a ’top-hat’ or inverted ’top-hat’ shape, although UPRs capable
of bi-polar square waves are emerging in popularity [175].

Sine wave: This waveform fits more in line with the natural expansion and contrac-
tion pattern that a piezoelectric element experiences, which can improve signal response
amplitude. That said, this is somewhat counteracted by a higher PAPR than square
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waves, so the maximum allowable voltage is reduced [176]. As with square waves, a train
of multiple sine waves can be sent to improve SNR. However, this leads to a longer signal
response, thus there is a danger of individual reflections merging when path length is low.

Chirp wave: This waveform excites all frequencies within a range in turn. Chirp waves
usually sweep through frequencies at a linear rate, f(t) = c(t) + f0, or an exponential
rate, f(t) = f0k

t, where f is frequency, t is time and c and k are rate-of-change vari-
ables. Because of their constant frequency gradients, linear sweeps produce more uniform
amplitude-frequency responses. Conversely, exponential sweeps can be controlled to spend
more time at higher frequencies, thus improving SNR within the range of interest [177].
The main downside of chirp waves is that they have a far longer pulse length than all
other waveforms presented, meaning unless the path length is large, individual reflections
will no longer be distinct. For this reason, they are only very recently being applied to
film thickness measurements and so far only to surface films [178].

Figure 5.7: Common waveforms used in ultrasonic signal generation.

It should be noted that some advanced UPRs can be programmed to generate more than
one of these waveforms, whereas more low-cost solutions are often limited to one type.
Another aspect to consider is pulse repetition frequency (PRF), which is the rate at which
individual pulses are sent. Depending on UPR hardware, this can range from less than
1 Hz to 100 kHz and greater [170, 174]. PRF is important in rapid dynamic conditions so
that the event is captured with a sufficient number of measurements.

When the signal returns, gain settings on a UPR can create a uniform increase or de-
crease in amplitude across the full length of the signal. Increasing gain also amplifies any
noise by the same proportion, meaning SNR will remain the same. A sufficient amplitude
is required so that a good vertical resolution is obtained in digitisation, although peaks
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will be cut off if the gain is set too high. Therefore a balance must be struck, includ-
ing accounting for any potential increase or decrease in signal amplitude during the test
program. For example, temperature variations may affect the electromechanical coupling
factor, thereby changing signal response amplitude. More advanced systems, most com-
monly within the medical industry, have a time gain compensation (TGC) feature. This
increases the gain proportionally at each time-step, counteracting the reduction in am-
plitude with distance due to attenuation, scattering and wave dispersion [179]. However,
this is not required in most film thickness applications as the depth of interest is narrow,
as such gain can be optimised just for this small region.

Signal noise occurs most often at frequencies higher or lower than the frequency band-
width of interest. For example, slow rotating machinery may produce a substantial level
of low-frequency noise. As such, filters designed to remove unwanted frequencies can sig-
nificantly improve SNR. The four primary filter types are low-pass, high-pass, band-pass
and band-stop filters, as shown in Figure 5.8. Low-pass filters attenuate high-frequency
content and high-pass filters attenuate low-frequency-content. Band-pass filters attenuate
both low and high frequencies, leaving intermediate frequencies, whereas band-stop filters
do the opposite, removing only intermediate frequencies. In film thickness applications
a band-pass filter is most popular as frequencies outside the transducer bandwidth are
generally undesirable and would only originate from external sources.

A sharp cut-off frequency is not usually the best option as it can lead to a ”ringing”
effect, where frequencies close to the cut-off overshoot [180]. Therefore, a gradient is
usually applied. There are numerous algorithms to define this slope, each with its own
benefits. For example, the Butterworth algorithm eliminates the ringing effect with a
smooth transition and no ripples [180]. Figure 5.8 shows a selection of the most common
filtering algorithms.

High-pass Low-pass Band-pass Band-stop

Butterworth Chebyshev  I Chebyshev II Elliptic

Figure 5.8: Amplitude against frequency for high-pass, low-pass, band-pass and
band-stop filters (top row). A selection of common filter algorithms (bottom row).
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5.1.6 Digitiser

In preparation for saving the received signal and performing further processing, the ana-
logue signal must be discretised. This is the job of the digitiser. One of the key parameters
when selecting digitiser hardware is the sampling rate. This is defined as the number of
data-points per unit of time. The Nyquist theorem states that the sampling rate must be
at least twice that of the highest frequency present in the signal. If the sampling rate is too
low then aliasing will occur, causing different frequencies to become indistinguishable [181].

In practice, it is advised to use a much higher sampling rate, typically at least ten times
greater than the centre frequency [174, 182]. So for example a transducer with a 5 MHz
centre frequency would require a 50 MHz digitiser.

5.1.7 Acquisition PC

Of course, there must be a way to control this hardware, adjust settings and record data.
This is achieved in most cases by a PC. It is common for the components of the acquisition
hardware (UPR, digitiser and PC) to be integrated into one device. Integrated systems
might also have reduced electrical noise as all hardware is shielded in one unit.

Via the PC, time-domain signals can be windowed to capture the section of interest.
This is particularly important in high-speed applications where gigabytes of data can be
recorded in a matter of seconds, rapidly filling hard drives. Saving massive amounts of
unnecessary data is wasteful and increases the computational load, which is particularly
critical if real-time film thickness measurements are required. The PC may also be re-
sponsible for handling and recording other sensor measurements, such as temperature or
torque data.

5.2 Signal Processing

Figure 5.9 shows the steps performed to obtain film thickness measurements, starting with
a raw ultrasonic signal. As previously discussed, the UPR handles filtering and amplifica-
tion of the analogue signal, followed by digitisation by the digitiser. Depending on PRF
and the capabilities of the acquisition PC, real-time processing can range from simply sav-
ing the digital signal for future analysis to outputting a live film thickness measurement.
In this example, the acquisition PC zero-pads the time-domain signal and performs an
FFT ready for further analysis.

Zero padding is a simple process in which the time-domain signal is extended by adding
zeros at its end. This is performed because many FFT algorithms are far more efficient
when the length of the time-domain signal is a power of two [183]. So for example, if the
time-domain length is 900 samples, 124 zero values can be added to decrease processing
time. Also, zero-padding can result in a smoother frequency curve by interpolation. Note
that this increase in spectral density is not strictly the same as increasing resolution in
the frequency-domain, which can only be achieved by sampling more data [183].
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An FFT is then applied to the padded time-domain signal. This outputs both frequency
amplitude and phase information, which can be separated. The amplitude and phase
spectra may then be used to calculate film thickness using several ultrasonic models. In
this example, three of the most popular techniques are presented, the spring amplitude,
phase shaft and resonant dip techniques.

Reflection coefficient, R, is found by dividing the amplitude of the signal by the amplitude
of an air or thick film reference. This can be performed over the full frequency spectrum
or by selecting an index frequency, which is more computationally efficient. Similarly,
phase shift is obtained by subtracting the phase of the signal by the phase of a reference,
again this can be performed over the full spectrum or at an index frequency. Finding
the resonant dip frequency is slightly different, and is achieved by locating the minimum
reflection coefficient within a frequency range. When each of these values has been cal-
culated they may be applied to the corresponding equations in Section 3.7 to determine
film thickness. The exact complex method can also be applied similarly, although film
thickness is a function of both reflection coefficient and phase.

From Figure 5.9 we can see an advantage in ultrasonic film thickness measurements, in
that data capture and much of the processing is identical when using multiple techniques.
Therefore not only can new models be applied to old data, it also simplifies signal pro-
cessing, reducing computational load.
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Figure 5.9: Flow diagram of signal processing method, with the role of the UPR,
digitiser and acquisition PC indicated. The functions relating film thickness to R, Φ and

resonant dip frequency are shown in Equations 3.17, 3.18 and 3.20 respectively.
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5.3 Conclusions

This chapter has introduced the primary ultrasonic hardware components and how they
are used in measurements, including:

• Key properties of piezoelectric transducers.

• Description and benefits of different transducer arrangements.

• Considerations for selecting coupling and cabling types depending on the application.

• The role of the UPR, Digitiser and PC in generating and acquiring ultrasonic data.

• How ultrasonic signals can be processed to obtain film thickness measurements.



Chapter 6

Statically Loaded Journal Rig
Development

The following chapter starts with an overview of the design of the journal bearing platform,
named BAXTER (BeAmish TEst Rig), used in static loading conditions. This includes the
various iterations of the system during the development stages. This section is followed by
a description of how the specifications such as load range and operating temperatures were
selected. The author was responsible for leading the design and implementation of the
system as part of this project. This includes conceptualisation, specification development,
component design and manufacture, assembly, preliminary testing, troubleshooting and
processing software development.

6.1 Overview of BAXTER Rig Design

A bespoke journal bearing test platform, named the BAXTER test rig, has been designed
and commissioned with the capabilities of circumferential film thickness measurements via
ultrasonic transducers embedded in the shaft. A schematic and photograph of the bearing
platform are shown in Figures 6.2 and 6.3 respectively.

In this design, two spherical rolling element bearings support a rotating shaft in a fixed
axial position. One of these support bearings is allowed to move axially slightly so that
any thermal expansion does not result in beam bending.

A journal bearing located between these support bearings is loaded using a hydraulic
cylinder via a flexible linkage. This linkage is free to articulate in multiple degrees of
freedom; such that when load is applied via a hydraulic actuator the floating bearing
assembly may find its natural position. This ensures the shaft and bearing are aligned
during operation. The journal bearing assembly is flooded with lubricant, which is contin-
uously circulating. Flooding the assembly ensures starvation will not occur during testing.
Lubricant is stored in a heated circulation bath, which allows accurate lubricant inlet tem-
perature control. A schematic of the journal bearing, including oil inlet position at 27°, is
shown in Figure 6.1, with θ denoting attitude angle.
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Along with ultrasonic sensors, conventional measurement hardware is also installed on
the test platform. K-type thermocouples monitor temperature within the bearing assem-
bly, oil bath and oil inlet. A load cell monitors applied load, an encoder records rotation
angle and a torque transducer enables friction measurements. Four eddy current gap sen-
sors are located on the outside of the bearing assembly to enable indirect film thickness
measurements. The locations of these gap sensors are shown in Figure 6.5. This gap sen-
sor configuration was inspired by Plantegenet et al., in which they mounted gap sensors
in the same manner to investigate thermal unbalance effects [184].

A flow diagram showing the connections between each measurement hardware item is
displayed in Figure 6.6. The test platform specifications and operating parameters used
in the present investigation are shown in Table 6.1.

Figure 6.3 also highlights the iterative nature of the test rig design process. Three ma-
jor versions were implemented, with each successive iteration increasing functionality as
well as improving ease of assembly and operation. Version 1 was designed as a proof of
concept, with no ultrasonic sensors installed, to understand the key bearing design con-
siderations. Version 2 implemented a new shaft instrumented with ultrasonic transducers,
high-performance twin rolling support bearings and an HRC coupling. Version 3 intro-
duced a torque transducer rated up to 250 Nm, an improved bearing housing designed for
rapid bearing replacement and a high-performance backlash-free bellows coupling.

Figure 6.1: Schematic of bearing geometry including the position of oil inlet, with θ
denoting attitude angle.



64 CHAPTER 6. STATICALLY LOADED JOURNAL RIG DEVELOPMENT

Figure 6.2: Schematic of BAXTER test platform.

Figure 6.3: Photograph of BAXTER test platform, taken during each of the three major
design iterations.
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Figure 6.4: CAD renders of BAXTER test rig. a) Dimetric projection of full assembly.
b) Exploded view of bearing assembly. c) Side view of loading system.

Figure 6.5: Partial schematic of BAXTER test platform with gap sensor locations
indicated.
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Figure 6.6: Measurement hardware flow diagram for BAXTER rig.

Table 6.1: BAXTER rig operating parameters.

Parameter Value

Bearing radial clearance, C 50 µm (+0− 5 µm)
Bearing internal diameter, D 112.08 mm
Bearing length, L 50.55 mm
Load range, W 1-25 kN
Rotation speed, N 100-1500 rpm
Ultrasonic acquisition rate 80 kHz

6.2 Developing Test Rig Specifications

A primary requirement of this test platform is that it can accurately simulate conditions
found in a variety of real-world components. This is particularly useful for large-scale
applications such as marine stern-tubes, in which the bearings often exceed 1 metre in
diameter. Using such a large real system for a variety of test cases would be prohibitively
expensive, let alone time-consuming. However, just like using Reynolds number to relate
a scale model in a wind tunnel to an aircraft, a relationship between the journal bearing
test platform and the system it is emulating must be made.

6.2.1 Matching via Shear Rate

The first parameter one may use to relate two systems is shear rate. As described in
Chapter 2, the shear rate is simply a measure of how quickly particles are moving with
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respect to their neighbours. For example, an oil layer between two plates in relative mo-
tion can be considered as a stack of infinitely thin layers, with shear rate as the speed at
which each layer is moving compared to the layer on either side of it. As such matching
systems via shear rate is particularly useful for investigating lubricants that are potentially
non-Newtonian.

To determine a suitable shear rate range for which the system should be capable of op-
erating over, the shear rates found in real bearing systems were researched. Figure 6.7
shows typical shear rates found in industrial gas turbine bearings, automotive connect-
ing rod bearings and marine stern tube bearings. These are systems that industry has
a particular interest in furthering understanding. Also shown are the quoted shear rates
from a selection of popular viscometers. This highlights that many of these viscometers
suffer from a low shear rate measurement range compared to those found in real bearing
systems. Therefore, any effects due to shear thinning would not be represented. VROC
(Viscometer/Rheometer-on-a-Chip) and TBS (Tapered Bearing Simulator) viscometers do
have a higher shear rate range, however, operating conditions may still be less realistic
than a scaled bearing system. For example, these viscometers typically operate under a
different pressure range than in real journal bearings.

Using this information, the design applied load, shaft rotation speed and bearing tem-
perature ranges were selected. From these, the expected film thicknesses and therefore
shear rates could be calculated. An example using a standard SAE 0W-8 oil and applying
parameters at the extremes within test platform specifications is provided in Table 6.2.
In this table, the film thickness is predicted via the Raimondi-Boyd technique. The shear
rate range calculated in this example is also shown in Figure 6.7.

As with most conventional viscometers, the potential shear rate range in this test platform
also varies depending on the viscosity of the particular oil being investigated. A more vis-
cous oil, such as a standard SAE 60 lubricant would have an increased film thickness under
the same conditions and therefore a reduced maximum measurable shear rate. Conversely,
using a lower viscosity oil, for example PAO-4, would result in thinner oil films, leading
to a higher maximum measurable shear rate. However, the test platform is designed to
be adaptable, with room to install a gearbox if a future project demands the exploration
of a different shear rate range. Also, the bearing assembly may be reconfigured to allow
misaligned or offset-load testing. Uneven loading across the axial plane induces a localised
film thickness reduction close to the bearing edge, thus increasing shear rate within this
region. Misalignment testing is explored further in Section 9.1.
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Table 6.2: Shear rate prediction in bearing platform using SAE 0W-8 lubricant.

Parameter Minimise shear rate Maximise shear rate

Bearing temperature, ◦C 15 110
Applied load, kN 1 25
Rotation speed, rpm 50 1500
Predicted film thickness, µm 16.4 3.4
Shear rate, s−1 18,000 2,580,000
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Figure 6.7: Approximate range of shear rates found in common bearing systems and the
measurable shear rates in a range of popular viscometers

[46, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194].

6.2.2 Matching via Sommerfeld Number

An alternative measure to relate bearing systems is the Sommerfeld number, introduced
in Section 4.1.2. This non-dimensional parameter allows direct comparisons between bear-
ings of different geometries. The range of Sommerfeld numbers typical in common bearing
applications is presented in Table 6.3, along with the range predicted for the Baxter test
rig. This prediction is calculated using SAE 0W-8 lubricant. In a similar manner to shear
rate, different lubricant viscosities alter the potential Sommerfeld number range, with
higher viscosity shifting the range up and reduced viscosity shifting the range down.

Also shown in Table 6.3 is projected pressure. Even though the loads in very large systems
such as marine stern tubes and gas generators are much greater, the projected area is also
larger. As such, with the right balance, the same bearing pressures can be achieved using
a much smaller bearing.

Although the test platform has the goal of simulating a variety of bearing types, it would
be extremely difficult to design a single test platform that can adapt to simulate every
bearing application. For example, turbocharger bearings have such a high Sommerfeld
number due to their low loading and incredibly high rotation speeds, typically in the or-
der of 100,000 rpm [195]. As such, it was decided that this was not the range of interest,
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particularly as there is more value in simulating larger bearings which are more difficult
to work with on real systems. In smaller-scale applications, it is often more efficient to
use the real system, either with the components isolated in a test cell or as part of the
full assembly during normal operation. That said, the test platform could be redesigned
to enable high speed, low load operating conditions if required for a future project.

Table 6.3: Sommerfeld numbers in common journal bearing systems, *proposed test rig
boundaries are calculated using SAE 0W-8. [196, 197, 195, 198, 199]

Automotive Automotive Marine Proposed
big end turbocharger stern tube test rig*

Bearing diameter, mm 40 to 100 5 to 10 400 to 800 112
Bearing length, mm 25 to 50 4 300 to 1600 50.55
Radial clearance, µm 25 to 50 15 400 to 1200 45
Film thickness, µm 2 to 50 - 60 to 200 1.2 to 30
Projected pressure, MPa 5 to 27 0.025 0.5 to 2 0.15 to 4.4
Sommerfeld number 0.004 to 1.5 >5 0.025 to 0.07 0.001 to 4

6.2.3 Optimum Sensor Type and Frequency

Using the criteria detailed in Section 5.1, a variety of transducer materials were compared
to identify which was most suitable for the shaft embedded ultrasound sensors. A soft
PZT, specifically Pz27 (lead zirconate titanate), was selected due to its low mechanical
quality factor [200, 201] as a broadband signal may be necessary to measure the wide
range of film thicknesses this bearing system may experience. In addition, Pz27 has good
sensitivity, which is key as the sensors need to have a small diameter to meet geometric
constraints. Also, the signal must overcome electrical noise from rotating components and
noise introduced as the signal passes through the slip ring.

Pz27 also has a high working range, at 250◦C, due to its high curie temperature of 360◦C
[152, 201]. This is critical as localised contact temperatures may exceed the maximum
system temperature of 110◦C for short periods. As such, it is wise to include a large
safety factor. The amplitude of acoustic waves generated by Pz27 is reasonably tempera-
ture dependent [201], however, the live referencing technique presented later in Section 7.4
mitigates related uncertainties.

As discussed in Section 3.7, the transducer frequency is a primary factor driving mea-
surable film thickness range and thus selecting the correct transducer centre frequency is
of utmost importance. As this test platform aims to measure film thickness around a full
circumference, the measurement range may span two orders of magnitude and is therefore
too wide for a single ultrasonic model. As such, a combination of techniques is required.
Although the exact complex model will be investigated later, the sensor frequency specifi-
cations will be defined by the more established resonant dip, spring amplitude and spring
phase shift models.
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The practical range of the spring amplitude and phase shift models are dictated not only
by frequency but also by the amount of noise in the signal. In this investigation, a limit
of R = 0.99 and Φ = 0.025 will be applied. The measurable range of the resonant dip
technique is defined by the transducer’s centre frequency and bandwidth. The soft PZT
used in this investigation has a usable frequency range of approximately 30% on either
side of the centre frequency; as seen in Figure 7.23, for which usable frequency is defined
by a 12 dB bandwidth. Using these limits the measurable film thickness boundaries with
respect to frequency for each model are shown in Figure 6.9.

Conveniently, Figure 6.9 demonstrates that the amplitude and phase shift models al-
ways overlap for this given system, irrespective of frequency. However, when considering
a single frequency there is a small gap between the phase model and minimum resonant
dip model. That said, this gap can be eliminated by processing results over multiple fre-
quencies, provided the transducer bandwidth is sufficiently broad. For this test platform,
the gap can be eliminated between 1 MHz and 10 MHz given that the 12 dB fractional
bandwidth is ±11%, which is rather conservative. As such, the total upper limit is simply
defined by considering the resonant dip technique and the lower limit is defined by the
amplitude model.

Calculating the upper limit for circumferential lubricant film thickness is trivial as, unless
something has gone wrong, it cannot significantly exceed the shaft-bearing diametric clear-
ance. In this particular test platform, the design diametric clearance is 100 µm (+0 µm,
-10 µm). Using a lubricant acoustic velocity value of 1350 m/s, which is typical for mineral
oils under such conditions [202], Figure 6.9 shows that to achieve 100 µm the minimum
usable frequency must be 9.0 MHz or lower.

During the design stage, it is difficult to exactly predict what the thinnest expected film
will be, particularly as the test platform is designed to operate using a wide range of
lubricants. Table 6.3 shows that, under aligned conditions with SAE 0W-8 grade lubri-
cant and within test platform capabilities, the thinnest expected film is 1.2 µm. However,
the test platform is also designed to operate under more severe conditions such as with
misaligned-shaft and run-down conditions, in which these films may be significantly lower.
Also, although SAE 0W-8 is a reasonably thin lubricant grade, even lower viscosity lu-
bricants may be of interest in future. As such, 0.8 µm was considered an appropriate
lower bound. With this value, Figure 6.9 shows that transducer frequency must be no
lower than 6.4 MHz to satisfy this criterion. With an upper and lower frequency bound
now defined, an appropriate transducer centre frequency may be selected. In this investi-
gation, 7 MHz was proposed as transducers with this centre frequency are readily available.

Another aspect to consider is whether the acoustic signal would enter the far field re-
gion before it reaches the interface. The near field formula in Equation 3.5 shows that
transducer frequency and diameter affect the transition point from near to far field. Given
a proposed transducer diameter of 3.5 mm, transducer frequency of 7 MHz and that steel
shaft acoustic velocity is 5800 ms−1, the minimum distance is calculated as follows:
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N =
D2F

4c
=

(3.5× 10−3)2 × 7× 106

4× 5800
= 3.70 mm (6.1)

As the design distance between transducer and interface is 11 mm, it is therefore
comfortably within the far field region, thus a clean signal reflection can be expected at
the interface.
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Figure 6.9: Film thickness measurement range with respect to frequency for the
ultrasonic amplitude, phase shift and resonant dip techniques. Ranges are calculated

using the proposed bearing platform system parameters. Optimum frequency region is
indicted, with the upper bound dictated by the resonant dip model and the lower bound

by the spring amplitude model.

6.3 Hollow Shaft Instrumentation

A key advantage of ultrasonic sensors in film measurements is that they can be mounted
away from the interface of interest, thus offering a direct non-invasive measurement. As
such, the method in which the sensors are embedded is critical to ensure the transducer
assembly does not interfere with the hydrodynamic flow whilst maintaining good measure-
ment accuracy.

For this test platform, the shaft has been instrumented with six ultrasonic transducers
using a pin design, with locations indicated in Figure 6.10. In this design, the transducer
element is mounted on top of a barrel-shaped steel pin using epoxy-phenolic adhesive and
protected with epoxy resin, as shown in Figure 6.11. Cables are ejected out the end of the
shaft and connect to the acquisition hardware via a brushless slip ring.

The pin is manufactured using the same material as the shaft (EN24 Steel). As such
the stiffness of both pin and shaft are the same, meaning stresses due to thermal expan-
sion are minimised. This is in contrast to inductive probes, which are generally constructed
using dissimilar materials.

Once the pin is installed and fixed in place with thread sealant, the shaft is cylindrically
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ground to its final diameter. This ensures that the pins do not influence the operation of
the test platform. A photograph of the shaft after grinding is presented in Figure 6.12, in
which evidence the pins cannot be observed on the shaft running face.

The integrity and quality of the sensor signals were monitored at each stage of shaft
instrumentation. Figure 6.13 shows the reflected signal for Pin A in both the time and
frequency domains before the epoxy resin was applied, after the epoxy resin was applied
and after the shaft had been ground to its final dimensions. There is a clear increase in
damping once the epoxy is applied, as evident by the sharper signal in the time-domain
and wider bandwidth response in the frequency-domain. After grinding, time-of-flight is
reduced, due to the reduction in path length. Also, the frequency response distribution
changes. This is likely because the pin face has changed from flat to curved, matching the
profile of the shaft running surface. This effect is explored in more detail in Section 7.5.1.

Figure 6.10: Schematic of instrumented shaft showing pin layout.

Figure 6.11: Photograph (left) and schematic (right) of instrumented pin.
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Figure 6.12: Photograph of shaft pin installation (left) and shaft after grinding (right).
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6.4 Validating Bearing Clearance

One of the most important measures dictating bearing performance is the clearance be-
tween the bearing and shaft. This can significantly affect hydrodynamic pressure distri-
bution and magnitude, meaning a high accuracy value is required to reliably predict film
thickness. For example, the Sommerfeld number is related to radial clearance squared.
Therefore, a small uncertainty in clearance may lead to a much larger error in film thick-
ness predicted via the Raimondi-Boyd technique.

Measuring clearance before assembly can be challenging, particularly due to bearing crush.
Before installation, bearing shells are not perfect semi-circles and only take the form of
the bearing housing once seated. As such, in this investigation clearance was measured
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after bearing installation. This was achieved in two ways.

The first method used dial gauges to measure the displacement of the bearing housing
when loaded and unloaded. This process is photographed in Figure 6.14. Dial gauges
were positioned on either side of the housing and zeroed with the bearing assembly un-
loaded, thus pulled down onto the shaft only by its own weight. The bearing assembly
was then lightly loaded upwards and the change in displacement was observed. Using this
technique, diametric clearance was found to be between 95 µm and 105 µm.

The second method was an equally simple approach. The bearing assembly was lightly
loaded and shims of known thickness were inserted in turn into the gap between bearing
and shaft. This process is photographed in Figure 6.14. Shim thickness increased by 5 µm
intervals until the shim would no longer fit in the gap. This gave a diametric clearance
value between 100 µm and 105 µm.

Both studies were performed with the bearing assembly drained of any lubricant, else
a static squeeze film may introduce an error in the measurements. These results are close
to the design diametric clearance, 100 µm (+0 -10 µm), checked by measuring the shaft
geometry with a micrometer during the manufacturing process. The clearance values ob-
tained from this study will also be useful later in determining the accuracy of the resonant
dip technique presented in Section 8.1.1.

Figure 6.14: Photographs of experiment to validate bearing clearance with the use of
dial gauges (left) and shims (right).
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6.5 Conclusions

This chapter has covered the design of the bearing platform used in static and anomalous
operating conditions testing presented in subsequent chapters, with particular focus on
the development process and justifications for design decisions. This includes:

• An overview of the bearing platform, including installed sensor hardware and key
operating parameters.

• The process to calculate optimum test platform specifications so that it may ac-
curately simulate conditions in real systems. This has been achieved by matching
shear rate and Sommerfeld number.

• The method applied to instrument the shaft with ultrasonic transducers.

• How radial clearance of the bearing-shaft interface was validated.



Chapter 7

Film Thickness Acquisition
Methodology

This chapter describes the steps that were developed to obtain film thickness measure-
ments using the journal bearing test rig presented in Chapter 6. Accurate values for the
lubricant acoustic velocity and density are required before film thickness calculations can
be made and as such the method to obtain these values will be discussed first. This is
followed by an observation of how signal reflection coefficient and phase varies as the shaft
rotates. Reflection coefficient and phase shift measurements are then applied to determine
bearing acoustic impedance via a novel technique.

The method for determining film thickness in the thin film region is then discussed, in-
cluding a study into the frequency dependence of these measurements. Finally, the process
for obtaining thick film measurements via the resonant dip technique is presented.

7.1 Lubricant Characterisation

As referenced in Section 3.7, it is evident that all ultrasonic methods discussed require
an accurate lubricant acoustic velocity value to calculate film thickness effectively. The
acoustic velocity of oil is sensitive to changes in temperature and pressure. As such, the
relationship may be expressed as the sum of functions:

c = f(T ) + g(p) + h(T, p) (7.1)

Where c is acoustic velocity, T is lubricant temperature and p is pressure. The contribution
of function h(T, p) is typically an order of magnitude lower than that of f(T ) and g(p)
[203, 204]; therefore it has been considered negligible in the following work for experimental
simplicity.

7.1.1 Acoustic Velocity-Temperature Relationship

In practically all bearing applications temperature may vary significantly with changing
operating conditions. Thus, it is standard practice to characterise the lubricant acoustic

77
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velocity with respect to temperature before or after testing when applying ultrasonic tech-
niques.

Such a characterisation has been performed in the present study via a bespoke speed
of sound test rig, photographed in Figure 7.1. The bath is manufactured using Invar to
reduce measurement uncertainty from thermal expansion. Invar is a nickel-iron alloy that
has a particularly low thermal expansion coefficient (hence its name, a contraction of ’in-
variable’). The chamber length was also calibrated using distilled water, which has a well
defined acoustic velocity-temperature relationship. An embedded 10 MHz longitudinal
transducer measures the acoustic velocity of the lubricant.

The bath chamber was filled with the test lubricant (Shell Melina S 30, a marine diesel
engine mineral oil) and placed in a programmable oven. The temperature was steadily
raised to 130◦C over 7 hours, held at 130°C for 1 hour, then cooled to 20°C over a period
of 7 hours. ToF measurements were recorded every 20 seconds. Results from this test are
shown in Figure 7.2. A second-order fit yields the following acoustic velocity-temperature
relationship:

c(T, p = 0) = 0.0039T 2 − 3.39T + 1555.2 (7.2)

Figure 7.1: Photograph of acoustic velocity-temperature calibration rig.

7.1.2 Acoustic Velocity-Pressure Relationship

Previous journal bearing studies that apply ultrasonic techniques often account for changes
in acoustic velocity with temperature. However, no instances in which the effect of pres-
sure is considered could be found in the available literature. In this investigation, the
relationship has been measured via a pressure rig. A schematic and photograph of the
setup are shown in Figure 7.3 and Figure 7.4 respectively. This equipment has been
modified to enable lubricant acoustic velocity measurements with changing pressure up to
50 MPa using an embedded longitudinal ultrasonic transducer. By measuring ToF over
a known path length at 5 MPa increments and applying a linear fit to the results, see
Figure 7.5, the acoustic velocity-pressure relationship at a constant temperature of 20◦C
was obtained:
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Figure 7.2: Measured acoustic velocity with variable temperature for Shell Melina S 30.
Results from a 7-hour linear heating ramp and a 7-hour linear cooling ramp are

presented. A second-order fit and corresponding equation of the combined results are
also presented.

c(T = 20◦C, p) = 4.13× 10−6p+ 1488.8 (7.3)

To combine Equations 7.2 and 7.3, the y-intercept, 1555.2 m/s, is taken from Equation
7.2. This is the point at which temperature and pressure are both equal to zero. The
variable terms from Equation 7.2 and Equation 7.3 are summed along with this constant,
yielding:

c(T, p) = 0.0039T 2 − 3.39T + 4.13× 10−6p+ 1555.2 (7.4)

This result is shown graphically in Figure 7.6.

7.1.3 Accounting for Changes in Density

In addition to acoustic velocity, the spring models and exact complex model also require
an accurate lubricant density value. Again, this is related to the temperature and pressure
of the system. Conveniently, lubricant density may be calculated without any additional
testing by combining the following analytical equations:

B = ρ
dp

dρ
(7.5)

B = ρc2 (7.6)
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Figure 7.3: Schematic of acoustic velocity-pressure calibration rig.

Figure 7.4: Annotated photograph of acoustic velocity-pressure calibration rig.

Where B is bulk modulus and ρ is density. The full step by step derivation is included
in Appendix D. Via this method, the formulated relationship for the lubricant was found
to be:

ρ(T, p) = 162.85 +
888

1 + 0.0007(T − 20)
− 5.88× 1010

p+ 3.61× 108
(7.7)

This is shown graphically in Figure 7.7.
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Figure 7.5: Reflected time-domain signal during acoustic velocity-pressure calibration,
highlighting the shift in ToF with variable pressure (left). Measured change in acoustic

velocity with pressure. A linear fit and corresponding equation are also presented (right).

Figure 7.6: Lubricant acoustic velocity against pressure and temperature for Shell
Melina S 30. Acquired by combining results from lubricant temperature and pressure

characterisations.
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Figure 7.7: Lubricant density against pressure and temperature for Shell Melina S 30.
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7.1.4 Viscosity Measurement

A benefit of the ultrasonic technique is that it does not require a lubricant viscosity
value. However, viscosity is used in Raimondi-Boyd predictions, which will be used as a
comparison in this study. Although data-sheet values were available for Shell Melina S 30,
only measurements at 40◦C and 100◦C were given. This can result in a small uncertainty
even when interpolating using a standard VI formula. Also, minor differences between
batches can occur. As such, a sample of test oil was taken and viscosity was measured
using an SVM 3001 viscometer. The setup is photographed in Figure 7.8. Viscosity against
temperature results presented in Figure 7.8 agreed well with data-sheet values, while also
providing a more complete characterisation curve.
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Figure 7.8: Photograph of SVM 3001 viscometer (left). Lubricant viscosity against
temperature for Shell Melina S 30 (right).

7.2 Amplitude & Phase Shift in a Rotating Shaft

With the shaft rotating, the signal response from each embedded ultrasonic transducer
will change as it progresses around the bearing circumference. This change is evident in
the time, frequency amplitude and frequency phase domains, an example snapshot of each
is shown in Figure 7.9.

The pattern of this change in reflection coefficient and phase at the centre frequency
is shown by a representative example in Figure 7.10. The reflection coefficient is derived
from frequency amplitude by taking a modal reference. In this example three distinct
regions are indicated, these are:

Thin film region: As the sensor enters the thin film region of the bearing, reflection
coefficient amplitude steadily decreases and phase increases, both in line with decreasing
film thickness. On the diverging side, the reverse happens, with amplitude increasing and
phase decreasing as the film thickens. It should be noted that in this context ”thin film”
is relative to the thickness around the circumference of the bearing. In some texts the
term is reserved for oil films in EHL contacts such as ball bearings, where minimum oil
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films can be in the order of 10’s to 100’s of nanometres [205].

Infinite film region: As discussed previously, the reflection coefficient and phase tend
towards constant values as film thickness increases. This manifests as a flat region in the
reflection coefficient and phase profiles. This ’infinite film’ region is useful as it enables an
online reference to be taken each rotation.

Resonance region: Within this section of the bearing circumference, film thickness
momentarily coincides with the resonant frequency of the transducer. This creating sharp
peaks and troughs in the signal response when observing a single frequency.
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7.3 Determination of Acoustic Impedance

As shown in Equations 3.17 and 3.18, accurate values of acoustic impedance for both sides
of the interface are required for good film thickness measurements when using either the
amplitude or phase change models. Obtaining the acoustic impedance of the steel pin, z1,
can simply be found in literature, with sources quoting 46 MRayls for AISI 4340 (EN24)
steel [206].

However, the acoustic impedance of the bearing surface, z2, is more difficult to acquire.
Not only is the phosphor bronze layer a more unusual composition and thus is not found
in the available literature, but the layer is also a thin sputtered coating. Therefore, it
is unlikely z2 would match the acoustic impedance for the bulk material even if it were
available. As such, a more complex measurement approach is required.

Reddyhoff et al. successfully calculated acoustic impedance in a static system by compar-
ing the reflection coefficient and phase change [207]. This was achieved via the following
equation:

z2 = z1
R2 − 2RcosφR + 1

1−R2
(7.8)

It is proposed that the same process can be applied in this scenario by comparing the
reflection coefficient and phase change within the converging region of the shaft-bearing
interface during operation.

Figure 7.11 demonstrates that z2 remains consistent within the full converging region.
As expected the signal-noise ratio improves towards minimum film thickness. This is due
to the non-linear relationship between film thickness and amplitude or phase; such that
for very thin films a large change in amplitude or phase corresponds to a small change in
thickness, whereas for thicker films a small change in either value corresponds to a large
change in thickness.

Acoustic impedance measurements within the diverging region are inconsistent, sharply
decreasing as the surfaces diverge. It is expected that this is due to cavitation, with
emerging air bubbles disturbing the reflected signal. Thus, the diverging region can be
ignored and should not be used to determine acoustic impedance.

Theoretically, any data point within the converging region can be used, and for any test
condition (such as speed, load or bearing temperature). However, a more rigorous ap-
proach has been applied to demonstrate the z2 value is consistent throughout by testing
under a range of operating conditions. For simplicity, the investigation will take only the
acoustic impedance value at each minimum film point.

A total of 80 tests under a range of loads, rotations speeds and temperatures were per-
formed. The calculated mean acoustic impedance was 24.36 MRayls, with a standard er-
ror of 0.23 MRayls (±1% of the mean). Figure 7.12 shows calculated acoustic impedance
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compared against different variables: Sommerfeld number, temperature, load and speed.
Results were analysed for normality and found to be normally distributed. A parametric
Pearson correlation analysis was performed to determine whether any significance between
any test conditions and acoustic impedance were present. None was found for Sommerfeld
number, rotation speed or load (P=0.5692, P=0.2608, P=0.4723). This is also demon-
strated by the low R2 values obtained via a linear regression, also presented in Figure 7.12.

A statistically significant link between z2 and temperature is shown (P=0.0143), indicating
that the observed positive correlation is not due to random sampling. With regards to the
strength and magnitude of this association, the gradient and shared variance, quantified
by R2 (in this case 0.0745), are both low. The correlation observed could be explained
by changes in material properties, in particular, either a minor change in acoustic ve-
locity, density or both. Therefore, it is suggested this is not a measurement error but a
true variation in acoustic impedance. For simplicity, as the change in z2 is low over the
operating temperature range in this study, a constant value for acoustic impedance can
be used. Although this may need consideration if testing systems over a wider range of
temperatures.

Figure 7.12 does display a rather substantial spread in measured acoustic impedance.
This suggests the accuracy of the technique is poor if only one test condition is applied.
This variation is higher than that observed by Reddyhoff under static conditions [207],
so a higher uncertainty may be due to the dynamic nature of the system. However, the
narrow confidence bands indicate that a greatly improved measurement accuracy can still
be obtained by performing multiple tests.

Future investigations can be optimised by identifying individual test conditions which
produce more accurate results. Narrower confidence bands indicate that decreasing Som-
merfeld number, rpm and increasing load does decreases variance in results. The reason
for this improvement is that it corresponds to thinner oil film conditions, where the signal
to noise ratio is greatest. Therefore, similar tests in future may benefit from operating
within this region so fewer tests are needed. It should be noted that fewer tests were
performed at 65◦C, leading to reduced confidence and wider confidence bands.

The logical question which follows is if the uncertainty in acoustic impedance is accept-
able. This is explored in Figure 7.13, for which film thickness is plotted against acoustic
impedance for a range of reflection coefficient and phase shift values. This figure shows
the gradient is very low, particularly for the phase shift technique. Within the uncertainty
range of acoustic impedance, the maximum error in the amplitude model is 2.5% and
0.13% for the phase shift model. This may be considered reasonable given the variability
in other test parameters.

An advantage of this method is that the test to obtain acoustic impedance does not have
to be exclusive, in fact, the data used in this case was obtained during the normal operat-
ing conditions testing presented in Chapter 8. Also, a potential benefit of this technique
could be in condition monitoring. By continuously evaluating the acoustic impedance
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of the wearing surface, variations may suggest a material change. For example, in this
test platform, a sharp increase in acoustic impedance may indicate that the bearing has
worn through the white metal layer completely and to the steel backing. This detection
may even occur before other symptoms appear, such as temperature or friction (torque)
increase. If so, the platform can be shut down and the bearing replaced, thus protecting
the system from damage. Of course, a rigorous investigation would be required to confirm
this hypothesis.

Figure 7.11: Acoustic impedance calculated by observing phase change and reflection
coefficient within the minimum film region for an example test case (20 kN, 100 rpm at

65◦C). Vertical dashed line represents the location of minimum film thickness.
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Figure 7.12: Acoustic impedance against Sommerfeld number (top-left), rotation speed
(top-right), temperature (bottom-left) and load (bottom-right). Linear regression curve

fits, along with corresponding R2 values are also presented.
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Figure 7.13: The sensitivity of ultrasonic film measurements to uncertainties in bearing
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7.4 Calculating Film Thickness

Now that the key parameter values have been obtained, we can now progress to the meat
of the matter and calculate film thickness. The following uses a representative sample
of test data from the static loading test rig under normal operation conditions, the full
extent of which will be presented in Chapter 8.

A two-stage approach to data processing was created. The first stage is performed in
a LabVIEW environment to convert raw A-scan data into reflection coefficient amplitude
and phase shift values. The amplitude and phase shift values at the index frequency, 7
MHz, were then saved. LabVIEW is ideal as it allows easy dynamic visualisation of data,
so one can check that files have been saved correctly and for obvious mistakes with data
acquisition, such as if cables have been unplugged for example. Also, data is captured in
.tdms file format during testing, which is native to LabVIEW. A screenshot of the first
stage processing software is shown in Figure 7.14.

The second stage uses these values to compute film thickness. A MATLAB environment
was used in this stage as it is designed for efficiently manipulating large datasets and can
output graphs for reporting. The MATLAB code used to calculate film thickness can be
found in APPENDIX E. Stage II Processing MATLAB Program.

One of the key effects not considered in common practice is the relationship of pres-
sure with acoustic velocity, c, and density, ρ. The challenge is that to calculate pressure,
one must know the thickness of the oil layer in the bearing. To overcome this, an itera-
tive approach was developed, which is outlined in Figure 7.15. First, the film thickness
is calculated via the phase change technique (Equation 3.18) using acoustic velocity and
density values which assume pressure in the bearing is zero. This film thickness is then
used as an input, along with bearing geometry and operating parameters, into a numerical
model to output a three-dimensional pressure map. Example pressure maps under and
aligned and misaligned conditions are shown in Figure 7.16.

The minimum film thickness is then recalculated using acoustic velocity and density val-
ues compensated by the maximum pressure at the same axial location as the transducer.
This is repeated until a convergence criterion is met. The criterion used was that hmin,n
must be within 0.1% of hmin,n−1 . Convergence was found to be surprisingly rapid and
was satisfied within three iterations in most cases. To ensure accuracy a condition that
five iterations minimum must be completed was also implemented. Examples of how min-
imum film thickness converged are presented in Figure 7.17. It can be seen that the film
thickness converges equally well for various speeds and loads.

Once the convergence criterion was satisfied, a slice around the bearing circumference
was taken from the pressure map. The location of this slice corresponds to the axial posi-
tion of the transducer. Film thickness can then be calculated using acoustic velocity and
density values accounting for pressure at every point around the circumference.
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For simplicity, only the film thickness calculated via the phase shift method was iter-
ated, with the amplitude model calculated afterwards using the pressure compensated
acoustic velocity and density values. The reverse was attempted for a few cases, with film
thickness from the amplitude model iterated and results were near-identical.

Figure 7.14: Screenshot of LabVIEW processing software.

Figure 7.15: Flowchart describing the proposed iterative procedure to account for
pressure in ultrasonic film measurements.
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Figure 7.16: Example pressure maps within the bearing contact under aligned (left) and
misaligned (right) operating conditions.
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Figure 7.17: Demonstration of how film thickness measurements converge as successive
iterations of the pressure compensation process are applied. Film measurements are

found using the ultrasonic phase shift technique. A zoomed view of one example (left)
and of multiple examples (right) are presented.

7.5 Frequency Dependence of Thin Film Measure-

ment

It has been well established for some time that film thickness measurements should pro-
duce the same results no matter what frequency in the spectrum is used. Of course, there
may be small discrepancies due to electrical noise. The primary reason centre frequency is
most commonly used is that it has the highest amplitude and therefore provides the opti-
mum SNR. However, previous validation tests only used simple plate geometries [208, 102]
and even studies using different arrangements still work on this assumption. Thus, it is
worthwhile to test whether frequency independence holds for the more complex curved
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pin geometry used in this work.

To investigate frequency dependence, the reflected A-scan signal was windowed at differ-
ent time lengths, then both reflection coefficient amplitude and phase shift spectrograms
over the full bearing circumference were calculated. These spectrograms are presented
in Figure 7.18. This figure shows that an interference pattern emergences as the A-scan
length increases. This interference pattern is clear in both the thin film region (0◦ to 120◦)
and resonance region (200◦ to 300◦). The fact that this occurs in both regions may be a
clue to its cause.

Theory states that in the thin film region reflection coefficient should increase with in-
creasing frequency [102], leading to a smooth positive gradient; so that when applied to
the thin film equations the resulting film thickness value would be consistent. This is only
observed at 0.4 µs, suggesting that there is a secondary effect affecting the latter section
of the signal response.

Conversely, a smooth negative gradient is expected within the thin film region of the
phase shift spectrogram. This is observed between 0.4 µs and 1 µs, suggesting that the
phase shift is more weakly affected by this interference effect.

These spectrograms were then used to produce circumferential film thickness profiles,
shown in Figure 7.19. For amplitude measurements, it appears that results are frequency-
dependent for any A-scan length. However, there are indications that the results at 0.4 µs
are due to low SNR rather than interference effects. First, the difference in film thickness
profiles on the converging region reduces as film thickness decreases. For the spring am-
plitude model, SNR is dependent on film thickness, worsening as it tends towards infinity.
This has been discussed previously in Section 3.7. A low SNR would be expected at 0.4µs
because the amount of signal energy sampled is lower, particularly for frequencies further
from the centre frequency. Also, the profiles in the diverging region match very well.

Also shown in Figure 7.19 is a profile derived from the change in Hilbert envelope ampli-
tude. This is an alternative method of acquiring the reflection coefficient. By applying a
Hilbert envelope around the time-domain signal and dividing the amplitude by the ampli-
tude of an infinite file reference envelope, one can calculate a frequency-independent value
for reflection coefficient. Example measurement and reference A-scans with corresponding
envelopes are presented in Figure 7.20 to serve as a typical example. Across all A-scan
lengths it appears film thicknesses derived via the Hilbert envelope method are very sim-
ilar to measurements using the centre frequency, 7 MHz.

Figure 7.21 takes a closer look at the centre frequency, comparing reflection coefficient
amplitude and phase over the bearing circumference using window lengths from 0.4 µs
to 1.2 µs. Also shown is the reflection coefficient amplitude plot attained via the Hilbert
envelope method. For amplitude measurements, film profiles are near identical within
the thin film region across all window lengths and the Hilbert profile. This suggests that
window length is not critical when applying the spring amplitude method in this system
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provided the centre frequency is used.

For phase measurements, film profiles converge on frequency independence as A-scan win-
dow length increases. This improvement may be due to the improved SNR as a larger
proportion of the signal is sampled. Although, at 1.2µs the film profiles become less simi-
lar. This may be due to secondary reflections affecting the result. As such, window length
is important in this system when applying the phase shift method. A balance must be
struck between windowing enough of the signal to optimise SNR, but not so long that
secondary reflections are included.

These findings imply that one should not assume frequency independence, otherwise there
is a danger of getting a consistently inaccurate result. Thus, it is important to be rigor-
ous when applying ultrasonic techniques where high accuracy is essential, testing for both
frequency and A-scan length independence. It appears in this case that A-scan window
length does not have a substantial effect when using the centre frequency, although sam-
pling more of the A-Scan will improve SNR as there is more signal energy. The fact that
phase measurements are more consistently frequency-independent may either be true only
in this test platform or a universal finding. Further research in other systems would be
required to determine this.

It should be noted that although only results at 65◦C bearing temperature are presented,
other test conditions were also investigated and showed similar patterns. Also, changing
the material or lubricant properties (these being acoustic impedance, density and acoustic
velocity) did not greatly affect the relative differences between film thickness profiles, so
it can be assumed the difference is not due to inaccurate material values.



7.5. FREQUENCY DEPENDENCE OF THIN FILM MEASUREMENT 95

Figure 7.18: Reference A-scan and corresponding FFT amplitude plot, with centre
frequency and bandwidth limits indicated (top). Spectrogram of reflection coefficient
amplitude (middle) and phase shift (bottom) over a full shaft rotation using different

A-scan lengths. Data taken from testing at 200 rpm, 20 kN and 65◦C bearing
temperature.
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and A-Scan window length in its calculation to test for frequency independence. Also

shown is the film thickness profile derived from the Hilbert method.



7.5. FREQUENCY DEPENDENCE OF THIN FILM MEASUREMENT 97

0 0.2 0.4 0.6 0.8 1 1.2

Time, 7s

-1500

-1000

-500

0

500

1000

1500

A
m

pl
itu

de
, b

its

Reference A-scan
Measurement A-scan
Reference Hilbert Env.
Measurement Hilbert Env.

Figure 7.20: A-scan and Hilbert envelope of reflected signal taken within the thin film
region, compared against an infinite film reference A-scan and Hilbert envelope.

0 45 90 135 180 225 270 315 360

Rotation Angle, °

0.8

0.85

0.9

0.95

1

1.05

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t A

m
pl

itu
de

, -

0 45 90 135 180 225 270 315 360

Rotation Angle, °

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

P
ha

se
 S

hi
ft,

 R
ad

ia
ns

0.47s
0.67s
0.87s
1.07s
1.27s
Hilbert
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7.5.1 Observing Wave Patterns in a Simulation

The question which now arises is why does an interference pattern emerge? One hypoth-
esis is that the patterns observed in Figure 7.18 are caused by the geometry of the pin.
Specifically, either the internal reflections at the pin sides or because the pin face is curved.

To explore this, waveforms were simulated using k-Wave, an open-source acoustics toolbox
for MATLAB. Figure 7.22 shows the simulation with four arrangements. These are:

• Case (a): No side reflections and flat pin face.

• Case (b): No side reflections and curved pin face.

• Case (c): Side reflections and flat pin face.

• Case (d): Side reflections and curved pin face.

For case (a) the reflected wave pattern is as expected, with smooth, consistent peaks
and valleys along the sensor width. The response in case (b) is very similar, although the
concave shape causes slightly more of the wave energy to bounce towards the centre. This
manifests as increased signal amplitude, but again no interference pattern is present.

The response of case (c) is markedly different, with a clear interference pattern observed,
which becomes more pronounced as time progresses. The same pattern is also seen in case
(d). This interference pattern arises from internal reflections within the pin. Also, waves
that reflect off of the sides of the pin have a longer path length and therefore arrive later
than waves that travel perpendicular to the sensor. As such, side reflections only affect
the latter part of the signal.

It is thought that this interference pattern is also present in the real system, which would
account for the trends observed in Section 7.5. Even though the shaft and pin are con-
structed of the same material (EN24 steel), there may still exist a gap between them. The
pin-shaft clearance is designed to be a transition fit and the pin is secured with thread-lock
adhesive. Therefore, an adhesive layer in the order of 0.1 µm to 1 µm may exist between
the pin and shaft. This layer would have a lower acoustic impedance than steel, meaning
some internal reflections are expected.
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Figure 7.22: A simulation of the reflected wave pattern detected across the sensor length
for different modelled geometries. (a) no side reflections and flat pin face, (b) no side

reflections and curved pin face, (c) side reflections and flat pin face, (d) side reflections
and curved pin face.

7.6 Thick Film Measurements via the Resonant Dip

Technique

To measure oil films in the thickest region of the bearing, the resonant dip technique was
applied. First, boundaries governing the frequency range in which to search for resonances
were drawn. The usable area was defined by observing the frequency amplitude spectrum
from a reference signal and finding the points -12 dB below peak amplitude. This is shown
in Figure 7.23, with boundaries defined as 4.9 MHz and 9.5 MHz. Given a lubricant tem-
perature of 65◦C, leading to an acoustic velocity of 1330 ms−1 with Shell Melina S 30, this
corresponds to film thickness limits of 70 µm to 136 µm using the resonant dip technique
(Equation 3.20). It is possible to use data outside of this frequency range, however, noise
would be substantial, making false positives more likely.

A reflection coefficient threshold of 0.85 was also set, along with the condition that shaft
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rotation angle must be between 180◦ and 360◦. This angle range corresponds to the thick
film region of the bearing. For each FFT, provided these conditions were met, the fre-
quency with the lowest FFT amplitude within the useable bandwidth was then taken as
the resonant dip frequency. An example resonant dip is shown in Figure 7.23. Equa-
tion 3.20 could then be applied to convert resonant dip frequency to film thickness. Thick
film measurements taken during a typical test cycle are presented in Figure 7.24 to serve
as an example.
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Figure 7.23: Example of a resonant dip observed in the resonance region. The useable
bandwidth, -12 dB, is also indicated.
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Figure 7.24: Film thickness calculated via the resonant dip technique for five full shaft
rotations under normal operating conditions (200 rpm shaft rotation speed, 20 kN

applied load).
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7.7 Conclusions

This chapter has covered the complete process developed in this study to acquire film
thickness measurements via ultrasound in the BAXTER test platform. This includes:

• Preliminary steps performed prior to testing. The density and acoustic velocity of
the lubricant were found experimentally over a range of temperatures and pressures
typically experienced in a bearing contact. Acoustic velocity and density are required
values for most ultrasonic methods. Although the method is only shown for one
lubricant, this characterisation has been applied to all oils used in this work.

• The general reflection coefficient amplitude and phase patterns observed around the
bearing circumference are presented. Three major regions have been identified: the
thin film region, infinite film region and resonance region.

• A method to determine bearing acoustic impedance using reflection coefficient and
phase is presented. Acoustic impedance is a required value for the spring amplitude
and phase shift techniques.

• The step-by-step process for calculating film thickness via the spring amplitude and
phase shift techniques has been presented. This process accounts for the hydrody-
namic pressure profile around the bearing circumference using a numerical model and
iterative approach. Also, a reference method using measurements from the infinite
film region has been introduced.

• Spectrograms of reflection coefficient amplitude and phase shift around the bearing
circumference showed the emergence of an interference pattern as time-domain win-
dow length is increased. Reflection coefficient amplitude and phase shift at the centre
frequency were generally unaffected by this interference pattern, however other fre-
quencies can only be used for film thickness measurements when the time-domain
window is narrow.

• An acoustic wave simulation performed in k-wave indicated this interference pattern
is due to internal reflections in the pin.

• The process for calculating thick films via the resonant dip technique has been pre-
sented.



Chapter 8

Normal Operating Conditions

This chapter details the experiments performed using the BAXTER static loading test
platform described in Chapter 6 under normal operating conditions. This refers to tests
with constant rotation speed, load and temperature, sufficient lubricant supply and zero
misalignment. First, film thickness measurements around the bearing circumference for
individual tests are presented. Minimum film thickness measurements from each ultrasonic
method are then compared against a theoretical prediction and eddy current sensors.
This is followed by an inspection of the shaft and bearing surfaces to understand wear
characteristics.

8.1 Results under Normal Operating Conditions

In this study, a matrix of individual tests was performed to understand the behaviour of
the bearing system under normal operating conditions. For each test case, the platform
was run until equilibrium was achieved, with a particular focus on bearing temperature.
Once this had been achieved data was recorded for 5 seconds. By careful control of the oil
bath temperature, the bearing temperature could remain consistent. Tests were performed
at two bearing temperatures, 40◦C and 65◦C. Rotation speeds ranged between 100 rpm
and 800 rpm at 100 rpm intervals and applied loads from 2 kN to 20 kN at 2 kN intervals.
The lubricant used is Shell Melina S 30, a high-performance marine diesel engine mineral
oil, characterised in Section 7.1.

Film thickness was calculated from ultrasonic measurements via the process outlined in
Section 7.4. This includes accounting for hydrodynamic pressure effects. Additional ac-
quisition hardware measured load, speed, bath temperature, bearing temperature and film
thickness via conventional eddy current sensors.

8.1.1 Circumferential Film Measurements

By combining multiple ultrasonic models it is possible to obtain film thickness measure-
ments over a wider range. Figure 8.1 and Figure 8.2 show film thickness around the
circumference of the bearing using a combination of the amplitude, phase shift and reso-
nant dip techniques at 200 rpm and 400 rpm respectively. Results are an average of all

103
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cycles captured over the 5 second period. For clarity, the profile is repeated in Figure
Figure 8.1 and Figure 8.2, showing two full rotations.

Results are compared against a theoretical Raimondi-Boyd prediction. The boundaries of
this prediction are formed by the uncertainty in bearing clearance (-5 µm to +0 µm). It is
observed that this uncertainty has a large effect on film thickness in the thick film region
of the bearing but a negligible effect within the thin film region.

There is good agreement between the amplitude model, phase shift model and Raimondi-
Boyd prediction within the converging thin film region. However, the bearing is slightly
tapered and is therefore not perfectly concentric. This is observed in the ultrasonic mea-
surements but not considered in the Raimondi-Boyd prediction.

In the diverging region, film thickness measured via the phase shift model increases more
sharply than makes geometric sense and deviates rapidly from the Raimondi-Boyd pre-
diction. It is thought that this is due to cavitation. A similar pattern was observed by
Kasolang et al. [144], for which they also concluded was due to cavitation. Pressure re-
duces as the two surfaces separate, leading to the formation of air bubbles. The interface
becomes what is effectively a steel-air boundary and as such, there is a near-total reflection
of the acoustic wave. This interferes with the measurement, causing substantial errors. As
such, these ultrasonic models are unable to measure film thickness within the diverging
region in this case. However, cavitation may be reduced or eliminated by using different
operating conditions or oil types, allowing film measurements in this region. Also, an in-
dication that cavitation is occurring is useful in itself. If left unchecked, severe cavitation
can incur substantial wear on the bearing surface [36].

The resonant dip profiles in Figure 8.1 and Figure 8.2 lie within the bounds of the
Raimondi-Boyd prediction, although both sit closer to the minimum boundary. By com-
bining the minimum and maximum film measurements around the bearing circumference
it is possible to obtain a measurement for bearing clearance. In this case, results suggest
radial clearance is around 46 µm, which is within the range previously determined (45 µm
to 50 µm).

Figure 8.3 presents a comparison of film thickness profiles with loads ranging from
2 kN to 20 kN at 400 rpm and 65◦C. In line with theory, an increase in load reduces
film thickness as the surfaces are compressed together with greater force. A decrease in
attitude angle is also observed as the applied load becomes more significant compared
to rotational forces, pulling the minimum film point closer in line with the applied load
vector at the top of the bearing.

A sharp valley is observed at the top of the bearing for all load profiles. It is theo-
rised this may be due to the thermocouple cable ejection channel in the bush behind the
thin bearing shell located at the top of the bearing. It is possible that the bearing shell
deformation is significant as the bearing shell area is unsupported. The position of this
cable ejection channel is shown in Figure 8.5.
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Figure 8.1: Circumferential film measurements via the amplitude, phase shift and
resonant dip techniques for an example test case, (20 kN, 200 rpm, 65◦C). This is

compared against the Raimondi-Boyd solution, for which the minimum and maximum
range is defined by uncertainty in radial clearance, −5 µm to +0 µm .
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Figure 8.2: Circumferential film measurements via the amplitude, phase shift and
resonant dip techniques for an example test case, (20 kN, 400 rpm, 65◦C). This is

compared against the Raimondi-Boyd solution, for which the minimum and maximum
range is defined by uncertainty in radial clearance, −5 µm to +0 µm .
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A comparison of profiles at different rotation speeds is shown in Figure 8.4. All tests
are at 10 kN and 65◦C. Converse to the effect of applied load presented in Figure 8.3, an
increase in speed leads to an increase in film thickness. This is due to the increased hydro-
dynamic pressure pushing the surfaces apart. Similarly, by observing the angle between
minimum film thickness against the top of the bearing, it is clear that a faster rotation
speed also leads to an increase in attitude angle.
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Figure 8.3: Circumferential film measurements via the ultrasonic phase shift technique
for loads ranging from 2 kN to 20 kN, all at 400 rpm and 65◦C. The top of the bearing

(labelled TOP) is also indicated.

A novel aspect of this work is accounting for pressure effects in the circumferential film
measurement. A comparison between profiles accounting for pressure and not accounting
for pressure are shown in Figure 8.6. As expected, the difference between profiles increases
with pressure. This is highlighted by the divergence of profiles as they tend to the point
of minimum film thickness. Also, the difference between profiles is much smaller for the
2 kN test case in comparison to the 20 kN test case. As such, accounting for pressure in
ultrasonic film thickness measurements may be critical in high-pressure journal bearing
applications such as in automotive big-end bearings but unnecessary in turbochargers for
example.



8.1. RESULTS UNDER NORMAL OPERATING CONDITIONS 107

45 90 135 180 225 270 315

Shaft Rotation Angle, °

0

10

20

30

40

50

60

F
ilm

 T
hi

ck
ne

ss
, 
7

m

T
O

P

100rpm
200rpm
400rpm
600rpm
800rpm
TOP

Figure 8.4: Circumferential film measurements via the ultrasonic phase shift technique
for loads ranging from 100 rpm to 800 rpm, all at 10 kN and 65◦C. The top of the

bearing (labelled TOP) is also indicated.

Figure 8.5: Schematic of bearing bush, with cable ejection channels indicated.
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Figure 8.6: Film thickness measurement around the bearing circumference obtained via
the ultrasonic phase shift technique for two example test cases (2 kN and 20 kN, both at
100 rpm and 65◦C). Pressure compensated and non-pressure compensated film thickness
measurements are presented, along with the corresponding pressure profile around the

bearing axial plane.
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8.1.2 Minimum Film Measurements

Taking the minimum film thickness value from each circumferential profile and collaps-
ing these results onto a Sommerfeld graph enables a simple comparison between ultrasonic
techniques. This has been performed in Figure 8.7, which shows minimum film thicknesses
calculated via the amplitude, phase and exact-complex method, along with a Raimondi-
Boyd theoretical prediction.

Generally, all methods are in good agreement for operating conditions which lead to thin
oil films; as indicated by confidence bands overlapping up to around 8 µm. At thicker
films, the models slightly diverge. The amplitude model loses accuracy with increasing
film thickness as the reflection coefficient tends to unity, with a hard limit defined at 14 µm.

As previously discussed, the exact-complex method has an advantage in that it does
not require an acoustic impedance value for either the shaft or bearing. With the exact
complex and phase shift measurements so similar, this provides further evidence the value
for bearing acoustic impedance derived in Section 7.3 is accurate. An inaccurate value for
bearing acoustic impedance would instead lead to a significant difference between methods
across the full film thickness range.

It is uncertain why a small difference between phase and exact-complex models arises
with thicker films. This could simply be due to the reduced signal-noise ratio increasing
measurement uncertainty. However, another cause may be that the R component of the
exact-complex technique begins to lose accuracy as R tends towards unity. Although Yu
et al. state that the measurement range of the exact complex method should be similar
to the phase shift technique, their testing was done in a less complex static system under
carefully controlled, ideal conditions. Also, Yu et al. found that the lower bound mea-
surement uncertainty is much larger than the upper bound for the exact-complex method.
Thus, one may expect the exact complex method to underpredict film thickness, which is
indeed observed in Figure 8.7.

A similar divergence pattern emerges when comparing each ultrasonic measurement against
the Raimondi-Boyd prediction. Again this may be due to the decrease in SNR as film
thickness decreases. However, it should be stated that the Raimondi-Boyd prediction is
of course not the true film thickness value, and does make some potentially significant
assumptions (as listed in Section 4.1.2). One particular aspect to consider is that the
Raimondi-Boyd prediction does not account for effects due to inlet pressure. All tests
were conducted with an oil inlet pressure of 600 kPa. Given that the oil port diameter is
8 mm, this leads to a normal force of 30 N in addition to the measured force applied via
the hydraulic cylinder. However, as shown in Figure 6.1, the oil port angled is 63◦ from
vertical, shifting the total load vector. With a magnitude of 30 N, oil port effects may be
significant at low loading, although its contribution may be negligible under higher load
conditions.

The Raimondi-Boyd prediction also assumes the oil inlet is located at the position of



110 CHAPTER 8. NORMAL OPERATING CONDITIONS

maximum film thickness. However, the effects of this assumption are expected to be mini-
mal as the true oil inlet position is approximately within this range, as shown in Figure 6.1.

The reflection coefficient amplitudes used to calculate film thickness via the amplitude
and exact methods ignore any thermal effects due to the mismatch of the thermal con-
ductivity, and specific heats, between steel and oil. Theoretically, a mismatch in thermal
properties can affect the magnitude of the reflected wave [209]. This effect is expected to
be small, particularly as results are in good agreement with the phase-shift model, but a
detailed investigation has not yet been carried out.

Error bars in Figure 8.7 indicate the SEM (standard error of the mean) for each test
case. As previously discussed, each ultrasonic method is generally more accurate when
measuring thinner films within this system. However, with measurements taken over a
five-second period, high rotation speed tests, for which oil films are thicker, will record
more minimum film measurements as more rotations are completed. For example, only 8.3
rotation cycles will occur over five seconds at 100rpm, compared to 66.6 cycles at 800 rpm.
As such, high rotation speed tests have more sample measurements, counteracting their
inherent higher measurement uncertainty.

The R2 values shown in Figure 8.7 indicate variation from test to test is low for all
measurement techniques, although variation is lowest for the phase shift model. This
demonstrates the phase change technique is the most consistent across the full spectrum
of thicknesses explored. Variation in both the amplitude and exact-complex methods
slightly increase for thicker film tests as SNR decreases.
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Figure 8.7: Minimum film thickness against Sommerfeld number for bearing testing
under normal operating conditions. Theoretical prediction curve is obtained via the

Raimondi-Boyd solution, measurements are obtained via the ultrasonic spring amplitude,
spring phase shift and exact-complex methods. Error bars indicate variations in film

measurement within each test case to ±1 SEM. Log-log nonlinear regression fits for each
method are presented, along with dashed lines representing 95% confidence bands.

8.1.3 Test Platform Repeatability

If one wants to compare oils or bearing materials it is important that the test platform
produces repeatable measurements, else differences observed could be attributed to vari-
ability in the test platform. To explore this, a test set was repeated using the same oil,
separated by three days and with the top bearing shell replaced.

A comparison between repeats 1 and 2 is shown in Figure 8.8. Minimum film thick-
nesses derived via the phase shift method are presented. It should be noted that the test
matrices of repeats 1 and 2 differ slightly, with repeat 1 focussing more on thinner film
operating conditions and vice-versa. However, there is a substantial overlap between re-
peats so a good comparison can still be made.

Repeats were compared for similarity via an extra-sum-of-squares F test, with no sig-
nificant difference between repeats found (P = 0.280). As such, a shared curve for both
datasets is the preferred model. Narrow 95% confidence bands also indicate low measure-
ment uncertainty. Overall this suggests the test platform produces consistent results, even
when separated by long periods of time and the bearing shells have been replaced.
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Figure 8.8: Minimum film thickness obtained via the phase shift technique against
Sommerfeld number for repeats 1 and 2. A shared log-log regression fit with 95%

confidence bands is also presented.

8.1.4 Comparison against Eddy Current Sensor Measurements

During 65◦C bearing temperature testing between 100 rpm and 400 rpm, film thickness
measurements were also obtained using conventional eddy current sensors mounted on the
bearing assembly. Details of this setup, including sensor positions, have been previously
described in Section 6.1. The purpose of this experiment is to compare the effectiveness
of the ultrasonic technique against a more conventional method.

Figure 8.9 shows minimum film thickness against Sommerfeld number obtained via the
phase shift method and using eddy current sensors, along with a Raimondi-Boyd predic-
tion.

First, it is clear that variability is greater for eddy current measurements compared to
the ultrasonic phase shift method, as indicated by their R2 values, 0.8492 and 0.9917 re-
spectively. This suggests phase shift measurements are more consistent. Also, the phase
shift measurements fit more closely to the Raimondi-Boyd prediction, with eddy current
sensors reporting thicker films in the majority of cases, particularly as Sommerfeld number
increases.

To explore this further, the differences between measured and predicted film thickness
with respect to the two control variables, load and rotation speed, were analysed. Fig-
ure 8.10 shows the normalised difference between measured film thickness and Raimondi-
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Boyd prediction plotted against speed and load separately. The R2 value for the phase
change measurements is similar for load and speed, suggesting that both have an effect on
the difference between measurement and prediction. This is consistent with the findings
in Section 8.1.2, for which differences were attributed to either reduced accuracy as film
thickness increases or due to an assumption made by the Raimondi-Boyd prediction.

However, for the eddy current measurements, there is only a significant correlation with
respect to load and not with rotation speed. By deduction, because the difference magni-
tude is only related to load, this divergence is not simply due to an under or over-prediction
by the Raimondi-Boyd technique. Instead, some effect is directly introducing error when
load is changed. It is expected that this is due to shaft bending or deformation. The eddy
current sensors are mounted on the sides of the bearing housing away from the contact,
so any differences in deformation magnitude between the two locations would introduce
uncertainty. This highlights one of the primary advantages of ultrasonic techniques, in
that they can provide direct measurements whilst still positioned away from the contact
so as not to interfere with bearing operation.
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Figure 8.9: Minimum film thickness against Sommerfeld number measured by both the
ultrasonic phase shift technique and by conventional eddy current sensors. Log-log

nonlinear regression fits, along with corresponding R2 values are presented. A
Raimondi-Boyd prediction is also shown.
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Figure 8.10: Normalised difference in film thickness between measurement and prediction
against load (left) and rotation speed (right). Ultrasonic phase shift and conventional

eddy current sensor measurements are presented, along with corresponding linear
regression fits.

8.1.5 Comparison between Oil Types

A key function of this test platform is to enable the comparison of bearing lubricants in a
more realistic experimental setup than simple tribometers. Such an example is presented
in Figure 8.11, with the conditions tested shown in Table 8.1. In this study, two oils of
different base viscosities were tested at 40◦C, with loads ranging from 2 kN to 20 kN and
shaft rotation speeds of 200 rpm and 300 rpm. The first oil selected was Shell Melina S 30,
with a viscosity of 104 cSt at 40◦C and 11.6 cSt at 100◦C. The second oil was Chevron Neu-
tral Oil 220R, a paraffinic base oil with a viscosity of 43.7 cSt at 40◦C and 6.3 cSt at 100◦C.

As expected, the more viscous oil (Shell Melina S 30) consistently generated thicker films
under the same operating conditions. This is evident in both the minimum film thickness
measurements and observing the more complete circumferential profiles. Both oils show
a positive film thickness relationship with rotation speed and a negative relationship with
applied load. This agrees with lubrication theory.

Table 8.1: Operating conditions applied in oil type comparison study.

Oil Type Temperature Viscosity Speed Load

Shell Melina S 30

40◦C

104 cSt
200 rpm

2-20 kN (2 kN steps)
300 rpm

Chevron Neutral 220R 43.7 cSt
200 rpm

2-20 kN (2 kN steps)
300 rpm
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Figure 8.11: Minimum (left) and circumferential (right) film thickness comparison
between two oils of different viscosities at 40◦C, obtained via the ultrasonic phase shift
technique. One-term power series fits for minimum film measurements are presented,
along with corresponding R2 values. Oil A (Shell Melina S 30) and Oil B (Chevron

Neutral Oil 220R) viscosities at 40◦C are 104 cSt and 43.7 cSt respectively.

8.1.6 Indirect Pressure Measurement

Returning to the procedure for determining film thickness in Figure 7.15 we see that hy-
drodynamic pressure is calculated as an intermediate step. This parameter is useful within
itself. For example, pressure dictates the load carrying capacity of the bearing [36], so if
it can be measured then designers can optimise bearing geometry, operating conditions or
oil viscosity more effectively.

Peak pressures calculated from the phase model film thickness data presented in Fig-
ure 8.7 are shown in Figure 8.12. This is compared against pressures predicted by the
Raimondi-Boyd technique. At low loads, the agreement between measurement and pre-
diction is good, with peak pressure increasing with load and decreasing with rotation
speed. However, as pressure rises measurement uncertainty increases rapidly. This is
because a small change in film thickness leads to a much larger change in pressure, par-
ticularly for thinner films. This is evident by comparing the magnitude of film thickness
error bars in Figure 8.7 with pressure error bars in Figure 8.12, where the pressure error
bars are clearly much larger proportionally.

Unfortunately, these results indicate this technique seems only suitable for approximate
measurements of bearing pressure, although comparative measurements over different op-
erating conditions appear to be robust. If the accuracy of the method could be improved,
this may mean separate conventional pressure transducers are not required. Future bear-
ing systems could use embedded ultrasonic transducers instead of conventional pressure
transducers. Ultrasonic transducers are of similar complexity to implement and have the
added capability of film thickness measurements.
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Figure 8.12: Peak pressure measured indirectly using film thickness derived via the
ultrasonic phase shift model, compared against a Raimondi-Boyd prediction. Error bars

indicate SEM.

8.1.7 Detecting Evidence of Shear Thinning

Due to the operating conditions selected, the ultrasonic film measurements also provide
an opportunity to investigate whether signs of shear thinning in this lubricant are present.
Referring back to the Sommerfeld number equation:

S =
( r
C

)2 µLDN
F

(8.1)

It can be observed that different input variables can result in the same Sommerfeld number
and therefore lubricant film thickness. However, shear rate is linked to rotation speed and
film thickness by:

γ =
U

h
(8.2)

Where γ is shear rate, and U is relative surface velocity.

As a result, it is possible for two operating conditions to have the same Sommerfeld num-
ber and film thickness but different shear rates. For example, a bearing system operating
at 100 rpm and 4 kN should expect the same film thickness as if it operated at 200 rpm
and 8 kN, provided all other variables remain consistent. Yet, as the second condition has
double the rotation speed its shear rate is also doubled. If shear thinning does occur then
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viscosity would decrease and these statements would no longer hold true, with a relative
reduction in film thickness occurring.

The test program was structured so that sets of tests with the same Sommerfeld number
but different shear rates were performed. Also, a dimensionless film thickness ratio pa-
rameter was defined.

Film Thickness Ratio =
hmin

h(min,γ≈0)
(8.3)

Where hmin is the minimum film thickness within a particular test and h(min,γ≈0) is the
minimum film thickness of the test case that has the lowest shear rate within a set. If
the lubricant is shear stable this ratio should equal approximately one across all tests in
the set. Conversely, if shear thinning effects were present, one would expect a negative
correlation between shear rate and film thickness ratio.

Figure 8.13 shows the film thickness ratio against shear rate for all test cases. In this
study, film thicknesses were calculated via the ultrasonic phase shift method and the oil
used is Shell Melina S 30. It was found that there was no significant deviation from the
gradient, with no strong correlation between the two variables. Therefore, it can be con-
cluded that shear thinning does not occur in this lubricant, at least up to a shear rate of
3× 107 s−1. This is in line with expectations.

It would be interesting to repeat this test procedure with a lubricant that should shear
thin over this range. Although evidence of shear thinning was not identified, the methods
described provide a framework to test shear thinning in other oils.
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Figure 8.13: Shear Rate against film thickness ratio for the oil used in this investigation.

8.1.8 Detecting Evidence of the Acoustoelastic Effect

Introduced in Section 3.6, the acoustoelastic effect is where the application of stress causes
a change in acoustic velocity and therefore also acoustic impedance. Thus, if pressures
on the shaft or bearing are of sufficient magnitude a shift in ToF (time-of-flight) would
be observed. This ToF shift would lead to errors in the ultrasonic phase shift method
because the apparent phase shift would be the sum of the phase shift due to changing film
thickness plus the ToF shift due to the acoustoelastic effect. These components are diffi-
cult to decouple, hence it is important to determine if the acoustoelastic effect is significant.

To detect signs of the acoustoelastic effect, A-scans from tests with the same Sommerfeld
number but different applied loads were selected. This criterion is achieved by balancing
load with shaft rotation speed. If acoustoelasticity is negligible then these A-scans should
all have the same phase shift, in fact, the entire A-scans should be identical. However, if
the acoustoelastic effect is significant then ToF will reduce with increasing load.

Figure 8.14 shows A-scans for tests with different loads but an identical Sommerfeld num-
ber. A-scans within the thick film, unloaded region and minimum film, loaded region are
shown. Zoomed views of the first A-scan zero-crossings are also presented. To identify
the point of zero-crossing more clearly, the temporal resolution of each A-scan has been
increased via a windowed sinc interpolation. This method of interpolation was selected as
Dou et al. identified in 2020 that it is the optimum model for ultrasonic waves, providing
much greater accuracy than linear or cubic spline interpolation [210].
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As expected, changes in zero-crossing between the thick film and minimum film A-scans
are observed due to a phase shift caused by reduced thickness. By taking the difference
in zero crossings between thick film and minimum film A-scans, there was no significant
difference between tests. This strongly suggests that the acoustoelastic effect is negligible
in this investigation.
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Figure 8.14: A-scans of reflected signals under different operating conditions but
identical Sommerfeld numbers. A-scans at the point of minimum film thickness (top)

and within the thick film region (bottom) are presented.

8.2 Inspection of Surface Wear

A surface wear analysis of the bearing shells was performed to further understand the
system behaviour during operation and to identify any unusual features.

The photographs presented in Figure 8.15 were taken after normal operating conditions
testing. These show that the flash layer has been removed in some areas of the bearing
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shell. Removal of the flash layer is expected during normal operation as its function is
for aesthetics and to protect the bearing from corrosion prior to installation. In fact, it
is unusual to maintain so much of this flash material as the layer is so soft that it may
be easily removed by lightly rubbing the surface with a cloth. The flash layer pattern
provides an opportunity to observe where wear is most substantial and if the wear pattern
lines up with expectations. Features of particular interest have been identified in these
photographs.

First, wear is clearly more significant on the top bearing. This is expected as the bearing
is pulled down onto the shaft and as such the thin film region is found on the top bear-
ing. Similarly, annotation A indicates wear is greater on the right side of the top bearing
than the left side. Shaft rotation causes the location of minimum film thickness to shift
away from the top of the bearing, creating an attitude angle. In this case minimum film
thickness shifts to the right, which agrees with the wear pattern observed.

Another observation is that wear appears symmetrical along the axial direction, high-
lighted by annotation B. This indicates that the system is axially aligned. Wear in the
bearing axial centre is marginally greater, suggesting a thicker film at the bearing edges.
This is explored in more detail later in Section 9.1.

To identify changes in roughness due to wear, the bearing shells were profiled before
and after testing using an Alicona InfiniteFocus SL optical surface measurement system.
Significant changes in roughness may affect hydrodynamic flow of the lubricant, introduc-
ing uncertainty when comparing different lubricants. Also, a sharp increase in roughness
could suggest severe wear has occurred. Figure 8.16 presents the change in Ra (arithmetic
mean) and Rq (root mean square) roughness for the top bearing shell.

Prior to testing, axial and radial roughnesses are near identical, by both Ra and Rq

measures. This is expected as the sputtering process used in depositing the overlay during
bearing manufacture should create an isotropic surface profile. After testing, a small but
significant decrease in Ra and Rq is observed along the radial direction. It is thought that
this is because the peaks of the asperities are removed by adhesion due to the relative
motion between the bearing and shaft surfaces along the radial direction. As roughness
slightly decreases it can be concluded that mild wear has occurred.

In the axial direction, however, both Ra and Rq slightly increase. To investigate this
further, zoomed photographs of the top bearing shell were taken before and after testing
via the Alicona InfiniteFocus SL. These are presented in Figure 8.17. The used bearing
shell image clearly shows thin wear scars along the radial plane, most likely formed due
to abrasive wear. The peaks and troughs of these scars would contribute to the overall
roughness measurement in the axial direction but not the radial direction.

Under the operating conditions investigated in this chapter, the oil film is sufficiently
thick that the bearing is still conformably within the hydrodynamic lubrication regime,
even with the slightly elevated axial roughness. In support of this, the repeatability study
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previously discussed in Section 8.1.3 found that once the bearing shells had run-in film
thickness measurements remained consistent. However, under more severe conditions this
variation in roughness could affect the point at which the system transitions into the mixed
regime.

Figure 8.17 also shows that wear is generally consistent across the bearing surface. How-
ever, annotation C indicates a small wear pocket in the surface. As the oil used in normal
operating conditions testing is new and the lubricant circulation system includes an oil
filter, it is most likely the wear scar is caused by a broken asperity from either the bearing
or shaft, although it is still possible this scar is caused by a third body contaminant. The
feature appears similar to one observed by Liu et al., in which they attributed their wear
scar to micro-ploughing [211]. Feature C is offset from the axial centre and thus is not
detected by the circumferential ultrasonic film measurements in this study.

The shaft was also inspected visually before and after testing. Previous research has
shown that even small scratches can upset the hydrodynamic flow, modifying the pressure
field and maximum pressures experienced in the bearing system [139]. No scratches or
other wear scars were observed. This is expected due to the greater hardness of the shaft
in comparison to the bearing shells.

Figure 8.15: Photographs of the top and bottom bearing shells after normal operating
conditions testing. Areas of interest A, B and C are annotated.
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Figure 8.16: Bearing shell roughness measurements before and after normal operating
conditions testing. Measurements are taken along the axial and radial directions.

Figure 8.17: Images of top bearing shell before and after normal operating conditions
testing, taken using an Alicona InfiniteFocus SL. Feature of interest C is indicated.
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8.3 Conclusions

This chapter has covered the results and analysis from tests performed on the BAXTER
static loading test rig under normal operating conditions. This includes:

• The capture of near-complete circumferential film thickness measurements around
the bearing circumference for a range of rotation speeds and applied loads. These
were obtained via a combination of ultrasonic methods, namely the amplitude, phase
shift and resonant dip techniques. Hydrodynamic pressure has also been accounted
for, although the resultant improvement in film thickness measurement is minor. As
such, pressure effects can be ignored in lightly to moderately loaded bearings in the
calculation of film thickness via ultrasound unless high accuracy is required. Circum-
ferential film thickness profiles were compared against a Raimondi-Boyd prediction
and were in good agreement.

• Minimum film measurements via the amplitude, phase shift, exact-complex and
Raimondi-Boyd prediction have been shown to agree well, particularly for thinner
films. This is also the first instance in which the exact-complex technique has been
verified by a third party or applied to a dynamic system.

• Duplicate testing has demonstrated excellent platform repeatability. This is essen-
tial if the test platform and ultrasonic methods are to be used for comparative
measurements, such as investigating different oil types or bearing materials.

• Two oils of different viscosity have been evaluated. As expected, a consistently
thinner minimum film thickness was observed with the low viscosity oil.

• Evidence of either shear thinning or acoustoelastic effects were not found. A frame-
work for applying the test platform to measure shear thinning in lubricants up to
3× 107s−1 has been developed.

• Wear analysis found bearing roughness changes during operation and thus a run-in
period is required. Also, wear is evenly distributed across the axial direction of the
bearing, suggesting good alignment.



Chapter 9

Severe Operating Conditions

This chapter details findings from testing performed using the BAXTER rig, introduced in
Chapter 6, under more severe operating conditions. This includes inclined shaft misalign-
ment, offset load, starvation and run-down testing. These conditions are often considered
undesirable and are generally not as well understood compared to normal operating con-
ditions due to their increased complexity.

9.1 Misalignment Testing

In this investigation, the shaft was inclined incrementally so that the effect of misalign-
ment on film thickness across the bearing length could be observed. This was achieved by
inserting metal shims of known thickness under one roller bearing support block, raising it
by set amounts. Also, to stop the bearing assembly from self-aligning, the flexible linkage
which transfers the applied load was replaced by a rigid linkage, both photographed in
Figure 9.1 for comparison. This rigid linkage restricts any tilting motion by the bearing
assembly.

For misaligned testing three transducer pins along the shaft’s axial plane were used, these
are Pins A, B and C (see Figure 9.2); thus allowing a comparison of the film thickness
profile in this plane. To ease comparison, the profile of Pin B has been shifted 90◦ to align
with Pins A and C. The lubricant used in this investigation is Shell Melina S 30.

Figure 9.2 demonstrates that inducing misalignment has a significant effect on circum-
ferential film thickness profiles. In this figure, a comparison between an aligned and
misaligned case is shown. For the aligned case each film thickness profile is very similar,
whereas for the misaligned case film thickness profiles vary substantially along the axis
of the shaft. In the aligned case there is a small difference between the central pin, Pin
B, and the offset pins, Pin A and C. It is expected that this is due to deformation of the
bearing shell. This deformation is symmetrical along the bearing width, hence Pin A and
Pin C showing near-identical film thickness profiles.

Focusing on Pin C, for which film thickness is lowest along the axial direction, one can

124
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observe how this changes with misalignment angle. In Figure 9.3, it can be seen that
an increase in inclination leads to a reduction in film thickness across the entire circum-
ference. However, as misalignment increases further, the film thickness reduction is not
as substantial due to the non-linear relationship between pressure and film thickness, as
demonstrated by both the Raimondi-Boyd prediction [113] and the Reynolds equation
[212]. At 130◦ rotation angle, a small but sharp peak in film thickness is observed in
Figure 9.3. This feature is consistent across all profiles. It is thought that this is either
due to a scratch or an embedded 3rd body particle in the bearing surface.

Figure 9.1: Photograph of flexible linkage used in normal operating conditions testing
(left) and rigid linkage used in misaligned and offset load testing (right).
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Figure 9.2: Film thickness within the thin film region for three locations along the
bearing width under aligned (left) and 0.085◦ misaligned (right) conditions.

Measurements are obtained via the phase shift model.
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9.2 Offset Load Testing

An alternative method to induce misalignment in a bearing system is to offset the applied
load in the axial plane. Even if a system is perfectly aligned it may be required to with-
stand offset loads. For example, stern tubes in marine applications experience significant
lateral loads during turning manoeuvres [213].

In this study, misalignment was achieved by including an offset of 8 mm in the loading
arm using a redesigned linkage component, photographed in Figure 9.4.

Figure 9.4: Photograph of bearing assembly with offset load linkage fitted (left). Zoomed
view photograph of offset load linkage (right).
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Minimum film thickness along the axial plane for various speeds and loads is shown
in Figure 9.5. In a similar manner to angled misalignment testing in the previous sec-
tion, film thickness is measured at three locations along the axial direction via Pins A,
B and C. A linear fit of these results is also applied. The goodness of fit of this linear
approximation appears to be most accurate for lower loads, as indicated by their greater
R2 values. As load increases, the axial profile appears to become more non-linear. It is
thought that this is due to shaft bending, bearing deformation or a combination of the two.

Measurements in Figure 9.5 are also compared against numerical predictions. The nu-
merical model applied follows the routine described by Stachowiak and Batchelor for
misaligned bearings [10]. Measured and predicted results are similar in magnitude and
gradient, although generally, the numerical model predicts a thinner film. This may be
because the model makes the following assumptions:

• The fluid is isoviscous.

• The fluid is Newtonian.

• Bearing and shaft deflection is negligible.

• Geometric features such as oil ports are ignored.

• Zero bearing and shaft roughness.

Additional measurements under offset loading conditions are presented in Figure 9.6.
This demonstrates more clearly the trend towards a non-linear axial profile as Sommerfeld
number decreases (due to higher load or slower rotation speed). Furthermore, the gradient
of the axial profile decreases with increasing load. This may be due to elevated lubricant
viscosity at the thin film side due to the greater hydrodynamic pressure.

Following the same procedure outlined in Section 8.1.6, the measured film thickness may
be used to approximate hydrodynamic pressure in the bearing contact. Results under
offset loading conditions for rotation speeds of 100 rpm and 300 rpm at loads between
4 kN and 20 kN are presented in Figure 9.7.

Both pressure at the axial centre of the bearing and peak pressure are shown, along with
comparisons against numerical predictions. Also, full pressure distribution maps for two
test cases are shown in Figure 9.8. The measured and predicted pressures at the bearing
axial centre are in good agreement. However, predicted peak pressures are much greater
than calculated from experimental results, on average 107% higher. This highlights the
strong relationship between film thickness and hydrodynamic pressure, particularly under
thin film conditions. Thus, there is great value in improving the measurement accuracy
of ultrasonic methods, such as more robust referencing techniques or accounting for the
effect of pressure on density and acoustic velocity in calculations.

Differences may also be due to the assumptions made by the numerical model, such as
a lack of consideration for shaft bending or viscosity dependence on pressure. Also, as
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this model is isoviscous it does not account for the temperature variation across the axial
plane. In a misaligned system the highest temperatures are around the peak pressure re-
gion, which leads to a local reduction in lubricant viscosity, increasing misalignment further
[214, 68]. As such it may be worthwhile to compare results against a more sophisticated
thermohydrodynamic (THD) model in future.
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Figure 9.5: Film thickness along the axial plane under offset loading conditions.
Measured via three shaft-mounted ultrasonic transducers, with linear fits applied.

Predictions from a numerical model are also presented.
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9.3 Run-down Testing

As shaft rotation speed decreases hydrodynamic pressure also drops. Therefore, during
a run-down cycle, such as when an internal combustion engine is stopped, film thickness
steadily decreases and the system transitions through each lubrication regime.

In this study, the BAXTER rig operates at a constant speed of 300 rpm with an ap-
plied load of 20 kN. Then, when equilibrium is reached, the rotation speed is reduced at a
constant rate to 0 rpm over 90 seconds. Film thickness via the phase shift technique and
torque are recorded during the cycle. The same oil as characterised in Section 7.1 (Shell
Melina S 30) is used in this investigation.

The change in torque and film thickness during two run-down cycles are shown in Fig-
ure 9.9, one at 40◦C bearing temperature and one at 60◦C. This shows that, as expected,
film thickness decreases steadily throughout each cycle. Also, torque gradually reduces
then sharply increases as the system enters the mixed lubrication regime. Due to reduced
viscosity, this transition occurs earlier for the 60◦C bearing temperature cycle (88.3 rpm)
compared to the 40◦C bearing temperature cycle (79.3 rpm).

Film thickness and rotation speed at the inflection point for a wider test set is presented
in Figure 9.10. In this, oil viscosity is controlled by varying bearing temperature. An
extra-sum-of-squares F test identified a linear fit was preferred to model the relationship
between film thickness at inflection point and viscosity, whereas the relationship between
rotation speed at inflection point and viscosity was best modelled by a logarithmic fit.

As expected, a greater viscosity allows the system to remain within the hydrodynamic
regime at slower rotation speeds. Also, film thickness at the inflection point appears to be
dependant on viscosity. A statistically significant positive correlation (P=0.0002) between
viscosity and oil thickness at inflection is observed.

9.3.1 Predicting Lubrication Regime Transition

As discussed in Section 2.2, the thickness at which a system transitions between lubrication
regimes is strongly linked to the roughness of the shaft and bearing surfaces. This thick-
ness may be predicted via the lambda ratio (Equation 2.5). It is commonly stated that a
lambda ratio above 3 is sufficient for there to be no significant interaction between asper-
ities [40, 215], at which point the system is operating within the hydrodynamic regime.

Using the lambda ratio, along with the roughnesses of the shaft and bearing surfaces,
a prediction for the film thickness at which the system should transition to the mixed
lubrication regime may be calculated:

hmin = λ
√
R2
b +R2

s = 3×
√

0.5062 + 0.12 = 1.54 µm± 0.26 µm. (9.1)

This calculation uses the bearing roughness along the radial direction after running in, as
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Figure 9.9: Change in torque and film thickness during a run-down cycle with an applied
load of 20 kN at 40◦C and 60◦C bearing temperature.
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Figure 9.10: Film thickness (left) and shaft rotation speed (right) at the torque inflection
point for different lubricant viscosities under aligned conditions.

found in Section 8.2. The radial direction was selected as this is the direction of relative
motion between surfaces. An uncertainty of ±0.26 µm exists due to uncertainty in bear-
ing roughness measurements. It was also observed that as the bearing roughness is much
greater than that of the shaft this dominates the calculated transition film thickness value.
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Returning to Figure 9.10, it is clear that a value of 1.54 µm is significantly lower than
any case measured in this study. Alternatively, if one uses the bearing axial roughness
(0.85 µm), predicted transition film thickness is 2.57 µm ±0.40 µm, which is within the
range of thicknesses observed. This highlights that a one-dimensional arithmetic mean
roughness value is too simple for an accurate prediction, particularly when roughness is
anisotropic. Furthermore, other sources argue that a lambda ratio of 3 is too low, such as
Yan et al. suggesting full film lubrication is reached when the lambda ratio equals 5 or
above [216].

Also, these predictions still assume that transition thickness is independent of operat-
ing conditions. One potential explanation for the observed correlation in Figure 9.10 is
an occurrence of significant asperity deformation during operation. Flattening asperi-
ties due to hydrodynamic pressure would result in reduced roughness during operation.
Raimondi and Boyd showed that decreased viscosity leads to an increased peak pressure
given the same applied load [113]. This leads to greater asperity deformation, thus creat-
ing a smoother surface, which in turn causes transition film thickness to be reduced. This
trend is evident in Figure 9.10, shown by the positive correlation between transition film
thickness and viscosity. Peak pressure in this study is approximately within 10 MPa and
20 MPa. Such pressures would lead to some level of deformation, although not so high
that plastic deformation would be expected [217].

9.3.2 Run-down under Offset Loading Conditions

To encourage the earlier transition to mixed lubrication, run-down tests were repeated
using the offset loading setup described in Section 9.2. It was expected that due to the
localised high pressure and therefore thinner oil film at the bearing edge, solid-solid con-
tact should occur more readily under the same operating conditions.

Figure 9.11 presents film thickness at the axial centre and the thin film edge of the bearing
at the point of torque inflection plotted against lubricant viscosity. As with the aligned
case, a linear fit was preferred for the relationship between these variables.

A strong positive correlation between minimum film thickness at the axial centre of the
bearing and viscosity was found. The positive correlation with film thickness at the bearing
edge is weaker but still statistically significant (P=0.0037). This agrees with the findings
from run-down testing performed under aligned conditions, again demonstrating the tran-
sition between lubrication regimes is more complex than simple lambda ratio models.

Also shown in Figure 9.11 is the shaft rotation speed at this inflection point plotted against
viscosity. In this case, a logarithmic fit was preferred. As expected, the rotation speed
at inflection is greater under the offset-load configuration. This highlights the importance
of good shaft alignment, showing a misaligned bearing may experience significant wear
even when operating within design parameters if undiagnosed. Also, the same negative
correlation between rotation speed at inflection and viscosity as seen in aligned conditions
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is observed, with the system able to operate within the hydrodynamic regime under slower
rotation speeds with increased lubricant viscosity.
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Figure 9.11: Film thickness (left) and shaft rotation speed (right) at the torque inflection
point for different lubricant viscosities under offset loading conditions.

9.4 Starvation Testing

As discussed in Section 2.3.2, journal bearings must receive a sufficient supply of lubricant.
If for some reason oil supply is restricted, such as a blocked inlet or cold weather causing
slow circulation of oil due to increased viscosity, then solid-solid contact will occur. This
starvation can be catastrophic, leading to very rapid wear rates, high temperatures or
even seizure. The ability to detect starvation early may be incredibly useful so that the
system can be stopped or adjusted to avoid any significant damage.

To investigate what happens at the onset of starvation, the test platform was run with
the oil circulation pump turned off. An outlet hole was also opened at the bottom of the
bearing assembly to allow oil to escape. A shaft rotation speed of 400 rpm and applied
load of 10 kN were maintained throughout. Over time the bearing chamber drained of oil
until starvation occurred. It should be noted that the platform was stopped reasonably
quickly once signs of starvation appeared so as not to permanently damage the test plat-
form. In future, more aggressive tests could be performed which allow the contact to be
starved for a longer period.

Figure 9.12 shows the change in bearing temperature and minimum film thickness over
the test cycle. It appears some mild form of starvation takes place between 10 and 20
seconds, in which film thickness decreases and bearing temperature increases. As metal-
metal contact occurs the surfaces heat up due to friction. A reduction in film thickness
is likely the result of elevated temperatures decreasing oil viscosity. The magnitudes of
these changes are reasonably small, often starvation leads to a more dramatic increase in
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temperature. This may be due to some residual oil still left in the contact. Running the
test for a longer period may lead to a sharper increase in temperature.

The advantage of shaft mounted sensors is that they can measure signal response around
the full circumference of every rotation. Indications that oil supply is reduced may be
found outside of the minimum film region. Figure 9.12 shows the circumferential phase
shift profile towards the start of the test (20th rotation) and near the end of the test (410th

rotation). Even though the profiles are very similar within the thin film region, there
is a clear difference within the resonance region. Initially, the bearing is fully flooded,
meaning a solid-oil-solid interface is present around the full circumference. This results in
resonance when film thickness matches the resonant frequency of the sensor. However, as
oil availability reduces, the interface away from the thin film region becomes a solid-air-
solid interface. This means near full ultrasonic reflection occurs and resonance no longer
happens. It is thought changes in signal response are less present in the thin film region
as shaft rotation entrains even the small amount of remaining oil into the contact.

Figure 9.12 also shows the corresponding frequency-domain signals taken within the reso-
nance region at rotations 20 and 410. Again, there is a clear difference observed between
the start and end of testing. A resonant dip is initially observed but disappears as oil
availability reduces. Using an FFT amplitude profile to detect significant changes in sig-
nal response may be a simpler and more robust approach if starvation detection is to be
automated in a bearing system. The maximum allowable amplitude can be defined at a
particular rotation angle where resonance occurs. Then, an alarm can be triggered if the
amplitude exceeds this threshold at that same angle during operation.

Unfortunately, these tests were performed before the installation of the torque trans-
ducer. However, it is expected that there would be not have been a significant increase
in torque. Not only was the temperature change marginal, but the film thickness was
also well within the hydrodynamic regime. Of course, under more aggressive starvation
conditions one may expect a substantial torque increase.

In summary, monitoring minimum film thickness, temperature or torque may be the wrong
approach. By the time significant changes are observed it is probably too late and the
bearing is already being damaged. Instead, observing the thick film side can identify a
drop in oil supply before severe starvation occurs. This is something one may not detect
with bearing mounted ultrasonic transducers unless transducers are positioned around the
full bearing circumference. This can be more expensive, requires more processing power
and more space for transducers and cabling. Conversely, a single sensor mounted within
the shaft provides a measurement around the full circumference, often at lower cost and
complexity.
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Figure 9.12: Change in minimum film thickness and bearing temperature during
starvation testing. 400 rpm shaft rotation speed and 10 kN applied load were maintained

throughout. A LOWESS regression curve fit of film thickness is also presented.
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9.5 Conclusions

This chapter has covered the results and analysis from tests performed on the BAXTER
static loading test rig under a range of severe operating conditions. This includes:

• Shaft misalignment: by elevating one roller support bearing and using a rigid load-
ing linkage, shaft misalignment could be induced. Misalignment angle could be
calculated by measuring oil film thickness across the axial plane via three ultrasonic
transducers embedded in the shaft.

• Offset loading: using a modified loading linkage, the applied load was offset by
8 mm from the bearing axial centre. Film thicknesses measured across the axial
plane under a range of loads and speeds were compared against a numerical model,
with good agreement observed. However, small differences between film thickness at
the bearing edge led to significant differences in peak pressure, with the numerical
model predicting much greater pressures. This may be due to the assumptions made
by the model, for example, neither deformation nor pressure effects on viscosity are
not considered.

• Run-down: by steadily reducing rotation speed, the bearing system transitioned
through the different lubrication regimes. It was demonstrated that the point of
torque inflection could be used to identify the point between the hydrodynamic and
mixed regimes. Film thickness at this transition point was found to be viscosity-
dependent. Additional tests performed with an 8 mm offset load showed the same
trends, although the transition to mixed lubrication occurred more rapidly.

• Starvation: by draining the bearing assembly of oil during operation, early signs of
starvation were observed. Monitoring ultrasonic signal response in the thick film
region provided a clear sign that lubricant supply had reduced. This is a superior
solution to the conventional methods of monitoring temperature or torque as the
onset of starvation can be identified much earlier.



Chapter 10

Dynamic Loading Conditions

This chapter introduces the second test platform developed for this work. Known as
BETTY (BEamish Test rig Two), this system is designed to investigate fluid film be-
haviour in bearings under dynamic loads. Ultrasonic transducers are instrumented on the
top and side surfaces of the bearing and embedded in the shaft to measure film thick-
ness. The main design features, ultrasonic sensor hardware and instrumentation process
are presented. This is followed by results under a range of operating conditions, with a
particular focus on the effect of dynamic loads on film thickness, including comparisons
against a numerical model.

As with the BAXTER static loading test platform presented in Chapter 6, the author
was responsible for leading the design and implementation of the BETTY system as part
of this project. This includes conceptualisation, specification development, component
design and manufacture, software, assembly, preliminary testing and troubleshooting.

10.1 Overview of BETTY Rig Design

A photograph of the BETTY rig in operation is provided in Figure 10.1. The bearing
assembly consists of a solid bronze bush instrumented with twelve longitudinal ultrasonic
sensors. Running inside this is an EN24T steel shaft instrumented with an array of eight
longitudinal sensors. Ultrasonic hardware and implementation will be discussed in more
detail in Section 10.2.

Dimensions of the bronze bush are provided in Figure 10.3. This geometry includes a
single circumferential groove running around the axial centre of the bearing. As discussed
in Section 2.3.2, the inclusion of a circumferential groove is suitable for bearings subject
to dynamic loads due to the wide range of attitude angles they experience. The groove
allows oil to reach the changing minimum film region more easily, reducing the chance of
starvation.

The shaft is also supported by two needle roller bearings (SKF RNA 6914) on either
side of the bronze bush, along with needle thrust bearings (SKF AXK 5578) at each end

138
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of the shaft. These thrust bearings prohibit the shaft from rubbing directly onto the sides
of the housing in the event of axial movement. A section view of the housing assembly is
shown in Figure 10.2.

Along with ultrasonic transducers to measure film thickness, the test platform also in-
cludes conventional measurement hardware. Thermocouples are located within the heater
manifold, annotated in Figure 10.5, to measure oil inlet temperature. Thermocouples
are also positioned at the edges of the bearing, touching the running face of the shaft to
record bearing operating temperature. A Futek TRS605 transducer measures torque as
well as providing a TTL (transistor-transistor logic) pulse once per degree of shaft rota-
tion. This is used in conjunction with a Cherry GS1001 hall effect sensor which provides
a TTL pulse each full revolution. Additionally, a Honeywell PX3 pressure transducer
monitors oil inlet pressure and a Parker ASIC pressure transducer indirectly measures ap-
plied bearing load. The loading system design is discussed in more detail in Section 10.1.1.

The analogue measurement devices are controlled by a National Instruments cRIO-9035
controller linked to an acquisition PC. The cRIO-9035 features an FPGA (field-programmable
gate array), enabling the system to run efficiently with very high capture rates, up to
10 MHz. The acquisition hardware is photographed in Figure 10.5 and a measurement
hardware flow diagram describing how each component is linked is provided in Figure 10.6.

Figure 10.1: Photograph of BETTY dynamic loading test rig in operation.
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Figure 10.2: CAD render of BETTY test platform. a) Dimetric projection of full
assembly. b) Section view of bearing housing. Cabling and hydraulic hose circuit

omitted for clarity.

Figure 10.3: Dimensioned schematic of bearing in BETTY test platform. Curved arrow
indicates the direction of shaft rotation.
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Figure 10.4: Photograph of Betty rig acquisition hardware.

Figure 10.5: Schematic of BETTY test platform.
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Figure 10.6: Measurement hardware flow diagram for BETTY test platform.
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10.1.1 Dynamic Loading System

The primary advantage of the BETTY rig over the previously introduced BAXTER rig is
its dynamic loading capabilities. This is achieved via a hydraulic power pack which applies
pressure to the bottom face of the bearing, pushing it upwards like a piston. The applied
pressure can then be varied by controlling an electro-proportional valve (Sun Hydraulics
RBAPXWN). Opening the valve allows fluid to flow more freely through the circuit, re-
lieving pressure, whereas closing the valve blocks flow, thereby increasing pressure. The
magnitude of applied pressure is controlled by adjusting the voltage output to the valve
via a National Instruments cRIO-9035 controller and NI-9263 voltage output module.

Pressure in the hydraulic circuit can be easily converted to applied load by multiply-
ing by the area of the bearing bottom face (7854 mm2). A nitrile seal fitted between
the bearing and bore prevents cross-contamination between the lubrication circuit and
hydraulic loading circuit; however, as some leakage may occur the same oil is used in both
circuits as a precaution.

A sample of the load cycles trialled is presented in Figure 10.7. These are constant load,
sine wave and square wave loading patterns. In this case, loading patterns are synchro-
nised to shaft rotation angle via an encoder, with the sine wave pattern repeating every
360◦ and the square wave every 720◦. Load is only applied for one-quarter of the square
wave cycle to simulate real four-stroke engine loading more closely. Examples with a shaft
rotation speed of 100 rpm and 700 rpm are presented.

At 100 rpm both the sine and square wave loading patterns closely follow the desired
input. However, at 700 rpm there is a significant rise-time for the square wave loading
pattern. This is because the valve does not close instantly and also because the oil is not
perfectly incompressible. Although acceptable for this work, rise time could be mitigated
in future by reducing the hose length between the power-pack and journal assembly, thus
reducing the volume of the working fluid, or by using a faster acting valve.
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Figure 10.7: Example load cycles from BETTY test platform (constant load, sine wave
and square wave) at 100 rpm and 700 rpm.

10.1.2 Determination of Bearing Material Properties

As previously discussed, accurate ultrasonic measurements rely on good knowledge of
material properties, specifically acoustic impedance, density and acoustic velocity. A well-
defined material is also useful when building equivalent numerical models, for which elastic
properties such as Young’s modulus are required. The bearing used in the BETTY test
platform is solid aluminium bronze, however, the exact alloy was unknown. Thus, a study
to determine bearing composition was performed. This involved imaging a sample of the
material using an SEM (scanning electron microscope) and evaluating the proportions of
each element within the alloy via EDS (energy-dispersive X-ray spectroscopy). The step-
by-step process is outlined graphically in Figure 10.8.

First, shavings of the material were taken directly from the bearing outer surface us-
ing a new file to reduce any chance of contamination. These shavings were then imaged
using an SEM. Multiple EDS spectra were taken from these images and the proportions of
each element by weight were averaged across tests. Next, these proportions were compared
against a range of common aluminium bronze alloys to find the best fit.

This study identified the bearing material as C95400 (CuAl11Fe4). Not only does it
agree with the proportions measured via EDS, but C95400 is one of the most popular
alloys used in aluminium bronze bearings. Material properties of C95400 are generally
well documented in the literature, including a known density of 7450 kgm−3 [218, 219].

The acoustic velocity and acoustic impedance of C95400 however could not be found
in the literature. As such, these values were obtained by applying the time of flight tech-
nique to a time-domain signal taken from a bearing mounted sensor during testing. This
time-domain signal is presented in Figure 10.9. The figure shows time-of-flight between
the first and second reflections is 7.815 µs. As path length is 40 mm, acoustic velocity is
found simply by applying Equation 3.9:
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c =
d

t
=

0.04

7.185× 10−6
= 5118.36 ms−1 (10.1)

With density already known, Equation 3.3 can now be applied to calculate acoustic
impedance:

z = ρc = 7450× 5118.36 = 38.13× 106 Rayls (10.2)

This more direct approach also reduces sources of uncertainty. For example, acoustic
velocity, and by extension acoustic impedance, are subject to change with temperature.
This would be particularly difficult to account for with standard values found in the
literature due to the complex temperature gradient between the ultrasonic transducer and
shaft-bearing interface.

Figure 10.8: Step by step process used to determine bearing material.
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Figure 10.9: Time-domain signal captured from a transducer bonded to the aluminium
bronze bearing used in the BETTY test rig. The time-of-flight between the first and

second reflections is indicated.

10.2 Ultrasonic Sensor Instrumentation

The BETTY rig is instrumented with ultrasonic transducers on both the shaft and bear-
ing to provide film thickness measurements. The positions and dimensions of each sensor
element is shown in Figure 10.10 and components photographed in Figure 10.11.

A total of twelve elements are instrumented on the bronze bush, four on each side and four
on the top face. As the film thickness is expected to be greater at the top of the bearing
in comparison to each side, the optimum sensor frequency is different.

10.2.1 Optimum Frequency for Top Bearing Sensors

As the bearing is pushed upwards onto the shaft, the minimum film thickness will oc-
cur towards the bottom of the bush, although with some attitude angle present. Thus,the
maximum film thickness will occur on the opposite side, near where the top bearing sensors
are located. Given that design diametric clearance is 95 µm, the expected measurement
range can be easily calculated geometrically.

The maximum expected film thickness at the top of the bearing is equal to the diametric
clearance. This would occur when very high loads are applied and rotation speed is low.
Conversely, the minimum expected film thickness at the top of the bearing would be half
the diametric clearance. Theoretically, this would occur when no load is applied, with
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Figure 10.10: Positions and dimensions of bearing mounted ultrasound sensors on
BETTY rig. Position of eddy current gap sensors also indicated. Thermocouples are also

located alongside each gap sensor.

shaft and bearing perfectly concentric.

As such, the expected range is between 47.5 µm and 95 µm. It was decided that the
resonant dip technique would be most suitable as it does not require a reference measure-
ment and piezoceramic elements of a suitable frequency were readily available.

Referring back to Equation 3.20, the acoustic velocity of the lubricant is required for
converting resonant dip frequency to film thickness. The same lubricant is used in this in-
vestigation as with the BAXTER rig, which at 50◦C has an acoustic velocity of 1495 ms−1.
Therefore applying Equation 3.20, resonant dip frequency will range between 7 MHz and
14.6 MHz. As such, soft PZT 10 MHz centre frequency elements were selected. The low
quality factor of soft PZT leads to a wider bandwidth, ensuring sufficient energy across
the required frequency range.

10.2.2 Optimum Frequency for Side Bearing Sensors

The expected film thickness at each side of the bearing is lower than that of the top,
estimated to be between 20 µm and 60 µm depending on operating conditions. A film
thickness of 20 µm corresponds to a frequency of 35 MHz if applying the resonant dip
technique. Given the significant path length, it is likely such a high frequency wave would
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Figure 10.11: (a) Photograph of BETTY test platform bearing during sensor
instrumentation. (b) Photograph of PCB with ultrasonic sensor elements, before shaft

installation. (c) Photograph of slip ring.

be too attenuative, leading to poor signal quality. Therefore, it was decided that frequency
should be optimised for the phase shift technique.

For these reasons, 5 MHz sensor elements were selected. At this frequency, a phase shift
of 0.025 corresponds to a film thickness of 97.35 µm, and maximum phase shift of 0.98
corresponds to 0.92 µm.

10.2.3 Shaft Mounted Ultrasonic Sensors

Unlike the pin design used in the BAXTER rig, sensors within the shaft of the BETTY
rig employ a PCB design, photographed in Figure 10.11. The dimensions and positions
of each element in the array are shown in Figure 10.12, along with photographs taken at
each stage of the instrumentation process.

Wraparound longitudinal elements with a centre frequency of 10 MHz were selected as
circumferential film thickness profiles were expected to be similar to those observed in the
BAXTER rig (which used 7 MHz elements). Each sensor was bonded to the pads of the
PCB with MG Chemicals 8331 liquid conductive adhesive, which cures at room tempera-
ture. Elements were then coated with Duralco 4525-IP epoxy adhesive, then the PCB was
immediately inserted and clamped into the square bore of the hollow shaft. The shaft was
then placed into a programmable oven to allow the epoxy to cure at a high temperature
overnight. Once installed in the BETTY rig, the cables from the PCB were connected to
the pulsing hardware via a slip ring, photographed in Figure 10.11.
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This PCB design has practical advantages over the previously used pin design, as well
as more conventional shaft embedded eddy current sensors (see Figure 4.4). First the
array can be installed in any hollow shaft without having to machine into the shaft’s run-
ning face and regrinding the surface, provided at least one of the internal faces is flat. In
this case, a square bore was machined via wire erosion. Arrays are also easier to replace
if the sensors fail. The PCB can either be removed and replaced or even remain in the
shaft and a new array bonded onto one of the remaining internal surfaces. Additionally,
the mass of the PCB is very low and is positioned close to the radial centre. Therefore in
low to medium rotation speed applications any shaft imbalance introduced is negligible,
even with large arrays. If the application involves very high rotation speeds, for which a
balancing process is already typical, then a counterweight can be easily installed in the
bore.

Figure 10.12: (a) Dimensioned schematic of PCB used in BETTY test platform,
units in mm. (b) Piezoelectric elements positioned before silver epoxy deposition.

(c) Piezoelectric elements after curing of silver epoxy. (d) Elements on PCB coated with
Duralco 4525-IP adhesive before shaft installation and curing.

10.2.4 Ultrasonic Acquisition

In the BETTY rig system, ultrasonic transducers are excited sequentially by an Optel Op-
MUX Multiplexer. The signal response is then captured by a Picotech Picoscope 5444B.
Both devices are photographed in Figure 10.4.

Excitation pulses are triggered by the rotation of the shaft. This is in contrast to the
BAXTER rig, for which pulsing was controlled by the UPR’s internal clock. For the
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BETTY rig a TTL signal is produced per single degree rotation by a shaft encoder inte-
grated into the torque transducer.

This signal feeds into an NI9401 digital output module, which is programmed to out-
put eight TTL signals in quick succession (at 24 µs intervals). These eight signals are
sent to the OpMUX and Picoscope to trigger ultrasonic signal generation and capture.
Sketch outputs from the encoder and NI9401 are shown in Figure 10.13. Multiplying one
TTL signal to an eight signal pulse train in this manner allows the system to capture an
ultrasound response on all eight channels at essentially the same shaft position.

0 200 400 600 800 1000 1200

Time 7s

Encoder Output
NI9401 Output

Figure 10.13: Encoder and NI9401 digital module outputs used in OpMUX triggering.

10.2.5 Introducing the Snapshot Reference Technique

As previously discussed, the top bearing sensors employ the resonant dip technique for
film thickness measurements, which does not require a reference measurement. Also, the
shaft mounted sensors using the phase shift method obtain an infinite film reference in the
same manner as the shaft mounted sensors in the BAXTER test rig.

However, the side mounted bearing sensors remain within the phase shift measurement
range at all times during operation. As a result, either a conventional pre-test reference or
an alternative method is required. Unfortunately, due to the sensitivity of the phase shift
technique to effects such as changes in temperature gradient through the bearing material,
a pre-test reference was found to be inadequate. As such, an alternative technique was
created.

The following new referencing method proposed will henceforth be referred to as the
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’snapshot’ reference technique in this work, as it takes the film thickness information from
other sensors at a single moment in time and uses geometry to infer a reference phase for
the sensor in question. The step-by-step process for this technique is shown in Figure 10.14.

To model the system geometrically, the shaft and bearing surfaces can be treated as
two concentric circles. Assuming the distance between circles (i.e. film thickness) is small
compared to their radii, the distance between circles around the circumference can be
approximated via the following:

f(φ) = A sin(φ+ k) + b (10.3)

Where φ is bearing angle and A, b and k are constants unique to a particular geometry.
These constants can be calculated via the following three equations given that minimum
film thickness, attitude angle and film thickness at the top of the bearing are known:

A =
htop − hmin

sin
(
φtop + (2n+1)π

2
− θ
)
− sin

(
(2n+1)π

2

) (10.4)

b = hmin − A sin

(
(2n+ 1)π

2

)
(10.5)

k =
(2n+ 1)π

2
− θ (10.6)

Where htop is film thickness at the top of the bearing, hmin is minimum film thickness, φtop
is the angle at the top of the bearing (in this work defined as 0◦) and θ is attitude angle.
Film thickness at the position of each side sensor can then be calculated via Equation 10.3,
in this work defined as 90◦ and 270◦.

The phase equation (Equation 3.18) can be rearranged to make Φ the subject:

Φ = atan

(
2z1z

2
2(ω/K)

(z21 − z22) + z21z
2
2(ω/K)2

)
(10.7)

For which:

K =
ρc2

h
(10.8)

Where K is stiffness. Also note the distinction between bearing angle φ, ultrasonic wave
phase angle ϕ and ultrasonic wave phase shift Φ.

Applying side film thickness found geometrically to Equation 10.7 and Equation 10.8
thus allows phase shift to be calculated. Subtracting the phase measured from the side
sensor from this phase shift then provides a reference phase value. This reference phase,
in theory, would be equal to a phase measurement taken at a solid-air or solid-infinitely
thick oil film boundary.

The full derivation of these equations, along with a worked example, is presented in AP-
PENDIX F. Derivation of Oil Film Gap Equations.
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Figure 10.14: Flow diagram detailing the routine for applying the snapshot reference
technique.

10.3 Dynamic Loading Rig Test Results

The following covers results obtained via the BETTY test platform under a range of static
and dynamic loading conditions. First, measurements from shaft mounted transducers are
presented, including a comparison between different pulse configurations and sensor loca-
tions. This is followed by bearing mounted sensor measurements which enable continuous
monitoring of minimum film thickness and attitude angle. Results are then compared
against predictions from a numerical model and measurements from bearing mounted gap
sensors.

10.3.1 Shaft Sensor Film Thickness Measurements

Shaft mounted ultrasonic transducers enable monitoring of film thickness around the bear-
ing circumference as the shaft rotates. The transducer array on the BETTY rig, previously
introduced in Figure 10.12, can operate in both pulse-echo (PE) and pitch-catch (PC) con-
figurations. For pulse-echo the same transducer generates and receives the signal, whereas
for pitch-catch one transducer generates and a different transducer receives the reflected
signal. In this study the reference transducer elements (denoted ”Ref” in Figure 10.12)
generate the signal in pitch-catch mode.

It was anticipated that different pulsing configurations might produce different results.
Figure 10.15 shows circumferential phase shift and corresponding film thickness profiles
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measured by various transducers in the array using both pulse-echo and pitch-catch con-
figurations. In this test, a constant load of 50 kN was applied, with a shaft rotation speed
of 60 rpm and bearing temperature of 50◦C. Measurements over five full shaft rotations
are presented. Film thickness is calculated via the phase shift method.

The profiles for all sensors and configurations appear to be reasonably consistent across
multiple rotations, indicating good system stability and no significant oil whirl. Results
are compared against a Raimondi-Boyd numerical prediction, with the profile shape and
minimum film thickness in good agreement. However, the attitude angle appears to be
significantly different. It is thought this may be because the piston style loading system
restricts horizontal movement of the bearing.

To investigate differences between transducer locations and pulsing configurations in a
more rigorous manner, a test program with a wide range of static loading conditions and
rotation speeds was performed. Figure 10.16 shows the average difference between mea-
sured minimum film thickness for each configuration and predicted film thickness obtained
via a Raimondi-Boyd model.

From Figure 10.16, it is clear that all configurations consistently measure thinner min-
imum films than predicted by the numerical model. This may be due to the assump-
tions made by the Raimondi-Boyd model, such as assuming constant viscosity and zero
deformation. Also, there was no significant difference between sensor locations. This
uniformity across sensor locations indicate the system is sufficiently aligned in the axial
plane. However, there was a significant difference observed between pulse-echo and pitch-
catch configurations for the same receiving sensors, with pulse-echo reporting thicker films.

It is hypothesized that in this system the pulse-echo configuration is not actually measur-
ing the true minimum film location because the transducer elements are radially offset.
A simplified schematic of the required wave path for measurement is presented in Fig-
ure 10.17. This highlights that the receiving sensor in pitch-catch detects the proportion
of wave energy which reflects centrally around the minimum film location, whereas in
pulse-echo the centre of the measured area is slightly to the side of the minimum film
location. As such, subsequent results use the average film thickness of element 2 and
element 3 in the pitch-catch configuration.

Figure 10.18 shows two examples of partial circumferential film thickness profiles under
square-wave loading conditions, one at 50 kN peak load with a rotation speed of 60 rpm
and one at 100 kN peak load with a rotation speed of 600 rpm. In both cases, load is
applied for 180◦ and removed for 540◦. As expected, the minimum film is thinner for the
60 rpm case due to its lower Sommerfeld number. In both cases there is a substantial
reduction in film thickness when the bearing is loaded compared to when it is unloaded.
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Figure 10.15: Phase shift (left) and corresponding film thickness(right) for different shaft
sensors and pulsing configurations in the BETTY rig. Operating conditions are 50 kN

constant applied load, 60 rpm shaft rotation speed and 50◦C bearing temperature.
Vertical dashed lines represent rotation angle when shaft sensors are at the bearing top.
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Figure 10.17: Simplified schematic showing the ultrasonic signal path for shaft mounted
transducer elements in the BETTY test platform. Rotation angle corresponds to the
instant of minimum film thickness measured around the bearing circumference. Both

pulse-echo and pitch-catch configurations are shown. Some dimensions are intentionally
not to scale for clarity.

0 360 720 1080 1440

Shaft Rotation Angle,°

0

10

20

30

40

F
ilm

 T
hi

ck
ne

ss
, 7

m

0

20

40

60

80

100

120

A
pp

lie
d 

Lo
ad

, k
N

60 rpm, 50 kN, 50°C

US Measurement
Applied Load

0 360 720 1080 1440

Shaft Rotation Angle,°

0

10

20

30

40

F
ilm

 T
hi

ck
ne

ss
, 7

m

0

20

40

60

80

100

120

A
pp

lie
d 

Lo
ad

, k
N

600 rpm, 100 kN, 50°C

US Measurement
Applied Load

Figure 10.18: Circumferential film thickness under dynamic loading conditions, measured
via shaft mounted ultrasonic transducers in the BETTY rig.
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10.3.2 Bearing Sensor Film Measurements

The limitation with using shaft mounted sensors exclusively is that they struggle to provide
continuous minimum film measurements when operating conditions are rapidly changing.
For example, if the load increases sharply when the shaft sensor is in the diverging region,
then cavitation effects will inhibit the shaft sensors from detecting a quantifiable change.
Thus, additional sensing hardware is required. For the BETTY test platform, this is
achieved with bearing mounted ultrasonic transducers.

In this study, only the bearing sensors on the top face and one side face were used. This
side face corresponded to the converging region of the bearing. Outputs on the diverging
side were deemed ineffectual due to cavitation effects. However, these unused sensors may
be useful in future, particularly if the rotation direction is reversed.

Figure 10.19 shows four examples of film thicknesses measured under dynamic loading
conditions as captured by the top mounted bearing sensors. These thicknesses were calcu-
lated via the resonant dip technique. Square wave and sine wave loading patterns across
four full rotations at two different rotation speeds (60 rpm and 600 rpm) are presented.

Examining these results, an increase in applied load leads to an increase in film thickness.
This is because the top bearing sensors are located at the opposite side to the minimum
film thickness region. Also, tests at higher rotation speeds demonstrate a consistently
thinner film for the same reason. It should be noted that this measurement changes with
load due to both a change in minimum film thickness and attitude angle.

For the square wave loading results, it is evident that film thickness takes time to reach
equilibrium when the load is changed. This is due to the squeeze film effect, which means
the required volume of lubricant is unable to completely enter or exit the contact instantly.
This effect is observed when the load is applied and removed. Squeeze film effects are less
obvious for sine wave loading patterns due to their more gradual changes in load; however,
a slight lag is still observed.

Comparing the squeeze time for square wave cases in Figure 10.19, it appears the film
takes longer to recover when the load is reduced for the 60 rpm case than for the 600 rpm.
Although the 60 rpm and 600 rpm cases take similar degrees of rotation to recover, on
average 223◦ and 232◦ respectively, this corresponds to a recovery time of 0.621 seconds
and 0.065 seconds respectively. It is thought this difference is because a faster rotation
speed may draw more lubricant into the contact, allowing the oil film to recover faster.

Figure 10.20 shows bearing film measurements for tests under the same square wave dy-
namic load but with different bearing temperatures, 50◦C and 70◦C. As expected, a higher
temperature leads to a thicker measured film, which suggests a thinner minimum film on
the opposite side of the bearing. Also, for the 100 rpm case, squeeze time is longer when
the bearing temperature is at 50◦C than at 70◦C when the load is increased. On average,
the loaded squeeze times are 0.28 seconds and 0.23 seconds respectively. This trend is also
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observed when the load is removed, with a recovery time of 0.38 seconds and 0.22 seconds
for 50◦C and 70◦C respectively. This is because a lower viscosity oil can enter and exit
the contact more quickly when load conditions change.

For the 700 rpm tests shown in Figure 10.20, the loaded squeeze time is also signifi-
cantly longer for the 50◦C case, at 0.031 seconds, compared to 0.023 seconds at 70◦C.
However, the average recovery times are very similar, at 0.055 seconds and 0.056 seconds
respectively. This could be due to the variable nature of the real system or at higher
speeds lubricant viscosity is less important in oil film recovery after a loading event.
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Figure 10.19: Comparison of film thickness at the top of the bearing for four different
dynamic loading cases, with variable load shape and rotation speed. Film measurements
were taken via ultrasonic transducers mounted on the bearing top surface. Applied load

measurements for each case are also shown.
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Figure 10.20: Comparison of film thickness at the top of the bearing for dynamic loading
cases with different bearing temperatures, 50◦C and 70◦C. Low rotation speed (100 rpm)
and high rotation speed (700 rpm) examples are provided. Film measurements are taken

via ultrasonic transducers mounted on the bearing top surface. Applied load
measurements for each case are also shown.

10.3.3 Minimum Film Measurements

By applying the snapshot reference technique introduced in Section 10.2.5, shaft and top
bearing sensor measurements can be combined to obtain a reference for the side bear-
ing sensors, thus enabling continuous minimum film and attitude angle measurements.
Figure 10.21 presents minimum film thickness and attitude angle measurements for four
dynamic loading test cases; two square wave and two sine wave loading patterns, each at
60 rpm and 600 rpm. These measurements are plotted against applied load.

In Figure 10.21, both minimum film thickness and attitude angle are consistently higher
for the 600 rpm tests. As previously discussed, this is in line with lubrication theory which
states that the resultant increased hydrodynamic pressure pushes the shaft and bearing
surfaces apart with greater force.

A consistent decrease in film thickness is observed when applied load increases, with an
obvious squeeze film effect causing the oil film to take time to change. The same can be
seen for the attitude angle measurements, which tend towards equilibrium at the same rate.

Figure 10.22 shows the same film thickness and attitude angle data, although plotted
against torque instead of the applied load. As expected, an increase in load leads to an
increase in torque. Each test appears to be operating within the hydrodynamic regime,
except the square wave 60 rpm test case when a load is applied. Torque is substantially
higher for this test case compared to its 600 rpm counterpart. By considering the Stribeck
curve in Figure 2.3, a lower rotation speed would only result in a higher torque if the
system is operating within the mixed regime. In contrast, the 60 rpm and 600 rpm sine
wave tests are operating within the hydrodynamic regime, evidenced by the higher torque
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for the 600 rpm test.
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Figure 10.21: Comparison of minimum film thickness and attitude angle for four
different dynamic loading cases, with variable load shape and rotation speed. Film

measurements are taken via ultrasonic transducers mounted on the top and side of the
bearing. Applied load measurements for each case are also shown.
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Figure 10.22: Comparison of minimum film thickness and torque for four different
dynamic loading cases, with variable load shape and rotation speed. Film measurements
are taken via ultrasonic transducers mounted on the top and side of the bearing. Applied

load measurements for each case are also shown.

10.3.4 Comparison against a Numerical Model

Minimum film thickness measurements have been compared against predictions calculated
via a numerical model. As previously discussed, even if a change in operating parameters,
such as applied load, can be assumed to be instant, the change in film thickness is not.
This is due to the squeeze film effect and can substantially increase complexity when at-
tempting to model film behaviour.

For simplicity, only square-wave loading patterns were modelled in this study as these pro-
vide a region in which the film may reach equilibrium before the next loading or unloading
instance. Minimum film thickness within each load state at equilibrium was calculated
using the Raimondi Boyd technique, and the change in film thickness between load states
was predicted using a numerical technique presented by Khonsari & Jang [86]. The re-
sults could then be combined to produce a continuous film thickness profile over multiple
load cycles. Two examples are presented in Figure 10.24, along with the corresponding
experimental results.
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The following describes the predictive method in more detail. The squeeze-film numerical
technique presented by Khonsari & Jang requires the initial and final eccentricity ratios.
These are calculated in this study via the Raimondi-Boyd technique. Then, small intervals
between the initial and final eccentricity ratio values are created. In this case, steps of
∆ε = 0.01 were found to be appropriate. At each interval, the corresponding dimensionless
load capacity W is calculated. This was achieved using a relationship shown graphically
in Figure 10.23. As the length-diameter ratio, Λ, in the BETTY rig is 1.25, the values for
dimensionless load capacity were found by linear interpolation between curves Λ=1 and
Λ=1.5. The value for W is then applied to the following equation to obtain the speed at
which film thickness is changing, known as the approach velocity:

V =
WC3

µrLW
(10.9)

Where W is applied load, C is radial clearance, µ is dynamic viscosity, r is bearing
radius, L is bearing length and W is the dimensionless load capacity.

Consequently, time duration can then be calculated via the following:

∆t =
2C(ε2 − ε1)
V1 + V2

(10.10)

Where ε1 and ε2 are the initial and final eccentricity ratios within that interval re-
spectively. V1 and V2 are the initial and final approach velocities within that interval
respectively.

This process is repeated at every interval. The sum of all time duration values pro-
vides the total squeeze time. With a known eccentricity ratio, and therefore minimum
film thickness, at each time interval, the change in thickness between load states can be
graphed, as in Figure 10.24.

As with all numerical models, this method requires assumptions to be made. In this
case, these are:

• The film thickness is small compared to other dimensions in the system, such as
bearing diameter and length.

• The fluid is incompressible.

• The fluid is Newtonian.

• Fluid flow is laminar.

• Shaft and bearing deformation are negligible.

Assessing Figure 10.24, the experimental and predicted results are in good agreement
when the applied load is high. However, the difference between measured and predicted
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film thickness is generally greater when the bearing is unloaded. It is thought that this
is due to the non-linear relationship between operating conditions and film thickness. For
example, it takes a far greater load increase to reduce film thickness from 3 µm to 2 µm
than it does to reduce from 20 µm to 19 µm. The same is also true for rotation speed.
Additionally, the phase shift technique is most accurate for thinner films.

Also, in many cases, when the load is removed, the measured film thickness peaks then
settles down to a lower constant value. This was unexpected and was not predicted by
the numerical model. There may be some sort of bouncing effect as the load is quickly
removed, although more work is required to confirm this.

For the 60 rpm test, a small delay between the load applied and the change in film
thickness is present. This is also observed in a limited number of other test cases. The
cause of this is uncertain. It could be due to a synchronisation error between data streams
either during acquisition or processing; however, the change in film thickness when the
load is removed initiates immediately.

The measured and predicted film thickness gradient profiles between load states appear
to be in good agreement, although the predicted total squeeze time appears to be slightly
shorter. This is true for both the loading and unloading events. Small differences may be
due to the complex nature of a bearing experiencing dynamic loads. For example, even a
small change in bearing temperature results in a substantial change in viscosity, which, as
Equation 10.9 shows, would substantially affect approach velocity. Thus, the temperature
profile around the entire bearing would be required for an optimum prediction. To achieve
this, ambient temperature, how the fluid flows within the bearing and effects due to oil
ports must be known, to name a few. This would also require a much more advanced nu-
merical model than the one used in this study. This highlights the advantage of a robust
measurement technique, which does not require such detailed knowledge of the system.
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Figure 10.23: The relationship between eccentricity ratio and dimensionless load
capacity for a full journal bearing at different length-diameter ratios (Λ).
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Figure 10.24: Comparison between experimental minimum film thickness measurements
and a numerical prediction for two test cases under dynamic loading conditions.

Measurements over four full rotations are presented. Operating conditions include a
shaft rotation speed of 60 rpm (left) and 200 rpm (right), an applied square-wave loading

pattern with 100 kN peak load and bearing temperature of 50◦C.
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10.3.5 Comparison against Eddy Current Sensor Measurements

As with the BAXTER rig, film measurements via the ultrasonic technique were also com-
pared against conventional eddy current (gap) sensor measurements during BETTY rig
testing. These gap sensors were positioned at either side of the bearing in line with the
top ultrasonic sensors, as shown in Figure 10.10.

Figure 10.25 compares film thickness measurements obtained by eddy current gap sen-
sors against ultrasonic measurements taken during a square wave loading cycle. In this
test, the shaft rotation speed is 150 rpm, and load varies between 5 kN and 25 kN. Loading
frequency is 2.5 Hz, synchronised with the acquisition software’s internal clock rather than
the encoder as done in previous experiments.

Gap sensors A and B both exhibit film thickness profiles similar to that of the ultra-
sonic measurements, although generally reporting a slightly thicker film. Also, gap sensor
A and B measurements are somewhat inconsistent, even though previous experiments
indicated that the shaft-bearing system was aligned, so results should be identical. As
previously discussed, inaccuracies may be caused by shaft or bearing deformation. This is
not accounted for due to the indirect nature of the eddy current sensor measurement tech-
nique. Additionally, the voltage output of an eddy current sensor is sensitive to changes
in temperature. Although thermocouples were mounted in close proximity to the sensors
and a careful pre-test calibration was performed, uncertainties in temperature may still
lead to reduced measurement accuracy.
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Figure 10.25: Comparison between ultrasonic and eddy current gap sensor measurements
on BETTY rig. Gap sensor A located on motor side of bearing, gap sensor B located on

slip-ring side.
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10.4 Revisiting Cavitation

For the BAXTER rig, cavitation appeared to be so significant that phase shift would
almost instantly tend towards zero in the diverging region. However, for tests using the
BETTY test platform, phase shift increased less sharply, indicating that cavitation was
less severe. With a finite gradient available, as evident in Figure 10.18, it was deemed
worthwhile to examine cavitation in more detail using results from the BETTY rig.

Theoretically, within the high pressure region, all air is dissolved in the lubricant; thus,
the proportion of air in the suspension (known as the air volume fraction, β) is zero. How-
ever, within the diverging region, air escapes as pressure reduces, thereby increasing the
volume fraction of air in the suspension. In journal bearings this peak in volume fraction
is typically in the range of around 8% [144].

The acoustic velocity of an oil-air mixture is lower than that of oil with no suspended
air. In fact, acoustic velocity can be used to calculate volume fraction via the Urick
equation [220]:

β = −±
√
a2 + 4abγ2 − 2ab+ b2 + a+ b2

2ab
(10.11)

a =
ρair − ρoil

ρoil
(10.12)

b =
κair − κoil

κoil
(10.13)

γ =
coil

csuspension
(10.14)

Where β is the air volume fraction, and κair and κoil are the compressibilities of air
and oil respectively. The Urick equation assumes air bubbles are evenly distributed across
the thickness of the layer and have a negligible diameter. This will be considered in more
detail in Section 10.4.1.

To obtain a value for acoustic velocity in the diverging region, one can use the expected
film thickness by assuming the converging and diverging regions are identical, mirrored
around the point of minimum film thickness. This value of film thickness can then be
applied to a rearranged form of the phase shift equation, in which acoustic velocity is the
subject:

c =

√
h
ωz1z2 ±

√
ωz1z22 − tan2Φ(z21 − z22)(ωz1z2)2

tanΦ(z21 − z22)
(10.15)

This equation provides the speed of sound of the suspension, which can then be applied
to the Urick equation (Equation 10.11) to provide volume fraction at that rotation angle.

Two examples of this are shown in Figure 10.26, with rotation speeds of 60 rpm and
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200 rpm. Both are operating under a 50 kN static load. Also shown is the pressure profile
around the bearing circumference at the same axial location as the transducer. This profile
is calculated the same numerical model previously used to compensate for pressure effects
in Section 7.4.

Both cases in Figure 10.26 show that cavitation initiates at the point at which the simu-
lation predicts pressure to reach zero. This agrees with theory as the air dissolved in the
lubricant only escapes when the pressure drops below its vapour pressure, which is similar
in magnitude to the ambient pressure. The peak magnitude of air volume fraction is in
the order of 1% to 10%, this is within the range one would expect in a journal bearing of
this size [144].

No significant relationship between air volume fraction and rotation speed or applied load
was detected. However, this study only intends to explore whether ultrasonic methods
can provide air volume fraction measurements at least within the correct order of magni-
tude and whether cavitation is detected within the expected region. A future investigation
could develop the process, thereby enabling circumferential volume fraction measurements
to higher accuracy. From this, links between air volume fraction and operating conditions
could be explored in more detail.

Figure 10.26: Film thickness and air volume fraction for two shaft rotation speeds,
60 rpm (left) and 200 rpm (right). Both tests use a static applied load of 50 kN. These
are compared against hydrodynamic pressure profiles calculated via a numerical model.
Also shown is a sine curve fit of the film thickness measurements within the converging

region, reflected at the attitude angle.

10.4.1 Assessing scattering effects

The results presented so far have assumed that the magnitude of cavitation effects are
purely due to the air volume fraction. However, Kasolang et al. posited that the cavi-
tation patterns observed are a function of both air volume fraction and wave scattering
off individual air bubbles [144]. That said, Urick stated that scattering is negligible when
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bubble size is infinitesimally small compared to the wavelength of the ultrasonic wave, in
the order of 100 times smaller. Although it is difficult to determine the exact size of the
bubbles in the contact, their diameter cannot exceed the thickness of the interface at that
bearing angle. This upper limit ranges from 8 µm to 40 µm in the area of interest for this
system. Given a lubricant acoustic velocity of 1400 ms−1 and index frequency of 5 MHz,
the wavelength is:

λ =
coil
f

=
1400

5× 106
= 280 µm (10.16)

Where λ is the wavelength. Thus, the maximum possible bubble size is not negligible
compared to the wavelength, at approximately 10% of the scale. However, the actual
bubble size may be much smaller than this, causing scattering to be negligible.

As scattering is wavelength dependent, it follows that if scattering is significant then
calculated air volume fraction should change with index frequency, with more scattering
for higher frequencies. Figure 10.27 shows partial circumferential film thickness profiles
and corresponding volume fractions calculated using different index frequencies. In both
the 60 rpm and 200 rpm cases, the measured volume fraction is inversely proportional to
index frequency. This agrees with theoretical expectations, as scattering causes the wave
to be dispersed, causing less of the energy to be returned, reducing the apparent reflection
coefficient.

Volume fraction profiles between index frequencies are more similar for the 60 rpm case.
The agreement is most evident towards the start of the diverging region, where the maxi-
mum possible bubble size is lower due to the smaller gap between surfaces. The similarity
in profiles suggests that bubbles in the 60 rpm case may be smaller on average than in the
200 rpm case, leading to less scattering.

In all, this study serves as a starting point in attempting to quantify cavitation in journal
bearings using ultrasound. To reduce the effect of scattering it may be beneficial in future
to embed a transducer with a much lower centre frequency, possibly around 500 kHz, so
that bubble size would certainly be negligible to wavelength.

As an aside, Figure 10.27 shows film thickness is consistent in the converging region
particularly around minimum film thickness, with slight variations attributed to different
SNRs. This indicates the measurements are frequency independent.
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Figure 10.27: Film thickness and air volume fraction for two shaft rotation speeds,
60 rpm (top) and 200 rpm (bottom), calculated using different index frequencies. Both

tests use a static applied load of 50 kN. Also shown is a sine curve fit of the film
thickness measurements within the converging region, reflected at the attitude angle.
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10.5 Conclusions

This chapter has covered the development and application of the BETTY dynamic loading
test rig. The following has been achieved:

• A journal bearing test platform capable of dynamic loading has been developed.

• This test platform has been instrumented with bearing and shaft mounted ultrasonic
transducers, along with conventional measurement hardware such as thermocouples
and a torque transducer.

• A new referencing method, the snapshot technique, has been created. This is suitable
for transducers with oil films which constantly sit within the spring model measure-
ment range during operation. The method uses bearing geometry and film thickness
measurements from other sensors to provide a reference. This eliminates the need
for a separate pre-installation reference.

• Minimum film thickness and attitude angle have been measured for a range of dy-
namic loading conditions. This includes different lubricant temperatures, rotation
speed and loading profiles.

• Minimum film thickness results have been compared against a numerical model, with
good agreement between predictions and ultrasonic measurements. Results were
also compared against conventional eddy current sensor measurements. Although
there was reasonable agreement, shaft and bearing deformation introduced some
uncertainty to the eddy current sensor measurements.

• Bearing cavitation was revisited. The air volume fraction around the bearing cir-
cumference was quantified using a method based on the Urick equation. The peak
magnitude of air volume fraction was in the order of 1% to 10%, which is similar to
previous findings.



Chapter 11

Conclusions

11.1 Contribution to Current Knowledge

The aim of this project was to develop the capabilities of the ultrasonic technique in the
analysis of oil films within journal bearings. This was achieved by the design and imple-
mentation of two bespoke bearing test platforms, the first to understand static loading
and severe operating conditions, the second to investigate dynamic loading.

Via these test platforms, several advancements in applying ultrasonic techniques to tri-
bological components were made. First, a more complete and rigorous approach in de-
termining film thickness from reflected ultrasonic waves was developed. This included a
new method to determine material acoustic impedance by using the changing reflection
coefficient amplitude and phase during operation. This method could readily be applied to
many three layer systems where the acoustic impedance is uncertain or subject to change
during operation.

Additionally, pressure effects around the bearing circumference were accounted for us-
ing a novel iterative technique. It was determined that pressures in the order of 1 MPa
to 10 MPa, typical for journal bearings, have a significant effect on lubricant density
and acoustic velocity. Therefore, pressure should be considered when calculating journal
bearing film thickness via ultrasonic methods, something not accounted for in previous
investigations.

Also, this study has demonstrated that by combining the amplitude, phase and reso-
nant dip techniques, one can obtain a near-complete film thickness profile around the
bearing circumference with a single transducer, even if film thickness spans three orders
of magnitude. Uncertainty in the diverging region arose from cavitation effects; however,
film thickness could be assumed to be symmetrical around the minimum point in most
cases.

The quantification of air volume in the film rupture region was attempted, with reasonable
values calculated. However, actual bubble size was unknown, thus scattering effects may
reduce the accuracy of this method. That said, simply detecting cavitation and the angle

170
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at which it occurs is useful within itself, enabling predictions of where cavitation wear is
most likely to occur under certain conditions.

By raising the support bearings on the BAXTER rig, it was demonstrated that ultrasonic
techniques could be used to detect and quantify shaft misalignment. This was extended by
offsetting load axially by 8 mm to the bearing assembly. By comparing experimental re-
sults against a numerical model, it was found that even minute differences in film thickness
at the bearing edge had a substantial effect on the peak pressure. The numerical model
did not consider deformation or pressure effects on viscosity, which may explain why pre-
dicted peak pressures were greater than when measured experimentally. This highlighted
the danger of making assumptions with predictive numerical models, showing that a rigid
model is generally unsuitable for misaligned bearings.

Run-down operating conditions were simulated by steadily reducing rotation speed. By
monitoring torque, a spike in friction signified a transition into the mixed lubrication
regime. The film thickness at this point was dependent on lubricant viscosity.

Oil starvation can lead to rapid and severe damage to bearing systems if it is not de-
tected and resolved. Starvation on the BAXTER test platform was induced by draining
the bearing assembly of oil during operation. Early signs of starvation could be detected
by monitoring the thick film region of the bearing. As there was only a marginal change
in both minimum film thickness and bearing temperature, it was unlikely that torque
significantly increased. Thus, circumferential film measurements may allow the onset of
starvation to be identified far earlier than with conventional methods.

Finally, the capabilities of ultrasonic film measurements in dynamically loaded bearings
were explored. The minimum film thickness and attitude angle could be reliably mea-
sured across a range of shaft rotation speeds, lubricant temperatures and loading profiles.
This study made use of a new referencing technique, the snapshot method. This method
enabled the side bearing sensors to be referenced during operation even though film thick-
ness at their locations never left the measurable region. This would not be possible using
previous in-situ referencing techniques and would have required a pre-test reference, which
can be both cumbersome and lose accuracy over time.

The design of the BAXTER and BETTY rigs can also be useful for inspiring the next
generation of test platforms. For example, the BAXTER rig is currently being used as
a template for a new tilting pad bearing platform in development at the University of
Sheffield.
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11.2 Future Work

11.2.1 Installation of Additional Hardware

Even though the BAXTER test platform has a wide band of operating conditions, there is
potential to extend this further. For example, the shaft rotation speed under steady-state
conditions is limited by the motor to 75 rpm. Below this, the motor fan does not spin
fast enough to provide adequate cooling. Also, the rotation speed is less consistent, with
some levels of stuttering observed below 50 rpm. Although entering the mixed lubrication
regime was achieved during shut-down in Chapter 9, slower constant rotation speeds would
be required for the system to stay in this regime for sustained periods. One solution would
be to install a reduction gearbox such as the 10:1 ratio worm-gearbox photographed in
Figure 11.1. Mixed lubrication is currently undergoing intense study in the automotive
industry as they work to meet emissions regulations by minimising viscous losses. As such,
adapting the test platform to investigate such conditions could be beneficial. Conversely,
replacing the current 4-pole motor with a 2-pole motor would increase maximum rotation
speed from 1500 rpm to 3000 rpm, enabling higher shear rate and high Sommerfeld number
conditions to be investigated. An example 2-pole motor of the appropriate specifications
is shown in Figure 11.1.

The BAXTER rig also only currently features shaft-mounted ultrasonic sensors. The
addition of bearing mounted sensors would allow consistent film thickness measurements
to be taken at precise locations in a similar manner to the BETTY rig. A comparison
between bearing and shaft mounted measurements would act as a further validation tool
to assess the accuracy of the ultrasonic technique. Bearing mounted sensors would also
serve as an example to industrial partners looking for a condition monitoring tool and
who may prefer the shaft to be unmodified. Instrumenting sensors on the rear of a bear-
ing shell is generally a more simple and less intrusive process than for shaft-embedded
sensors. To assess the feasibility of this, a bearing shell was instrumented with an array
of piezo-ceramic elements, photographed in Figure 11.2. Despite their small size and the
low thickness of the bearing shell, clear and distinct reflections were observed. Also, the
bearing housing used in the BAXTER rig already has cable ejection channels suitable for
bearing mounted sensors, so no further machining or new components would be required.

Another useful addition could be ultrasonic shear transducers to assess viscosity. Un-
like the reflection coefficient in longitudinal waves, which varies with film thickness, the
reflection coefficient in shear waves can be related to lubricant viscosity. This has been at-
tempted previously in journal bearings under normal operating conditions, although with
significant variability in the results, particularly for low viscosity oils [221, 222]. Shear
transducers were successfully instrumented on a BAXTER bearing rig as a trial, shown in
Figure 11.2. The shear sensors can be identified in this photograph by their darker colour.

Further to this, the use of micro arrays in ultrasonics is increasing in popularity. High
density arrays of sub-millimetre piezoceramic elements enable the techniques previously
discussed in Section 5.1, such as beam steering and full matrix capture. However, man-
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ufacturing these arrays at a reasonable cost can be challenging, particularly for bespoke
systems that require unusual array patterns. Through a collaboration with the École
nationale d’ingénieurs de Saint-Étienne (ENISE), early trials of machining bulk piezoce-
ramic elements using a milling machine was performed. This technique used a 100 µm
thick diamond tipped slitting saw. The process is photographed in Figure 11.3. After
optimising machining parameters such as feed rate, tool rpm and depth of cut, 5 MHz
shear piezoceramic elements could be cut consistently to a size of 90 µm before debonding.
A surface profile of an ultrasonic transducer array with decreasing element sizes is shown
in Figure 11.3.

Figure 11.1: Photograph of worm gearbox (left) [223]. Photograph of 2-pole motor
(right) [224].

Figure 11.2: Photograph of bearing shell for BAXTER rig instrumented with
longitudinal and shear ultrasonic transducers (left). Corresponding A-scan from a

longitudinal bearing mounted sensor (right).
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Figure 11.3: Photograph of bearing shell during array machining process (left). Surface
profile of ultrasonic array taken using an Alicona InfiniteFocus SL (right).

11.2.2 Application to Real Systems

Although the use of ultrasound in test platforms to measure film thickness has been proven
to be a useful tool in understanding lubricant and bearing behaviour, the potential of this
technology is not confined to laboratory environments. As the ultrasonic method matures
it can be more readily applied to real engineering systems.

The outcomes of this work should stay relevant for some time, particularly as journal
bearings aren’t going anywhere. Even though the phase-out of internal combustion en-
gines in passenger cars is in full swing, it is predicted that the majority of off-highway
heavy duty vehicles and marine vessels will still be powered by ICEs for decades [225, 226].
Therefore, there is plenty of time and value in optimising bearing efficiency in ICEs while
the transition to electrification or other alternative technologies continues.

Also, journal bearings are being trialled in new applications. For example, the current
roller bearings in wind turbines are susceptible to significant wear due to their extreme
contact pressures. This leads to considerable maintenance costs and downtime. As wind
turbines are growing in both size and popularity, research into whether journal bearings are
a viable alternative is a trending area of interest [227, 228]. Ultrasonic methods could play
a big part in understanding journal bearing behaviour in this new application, including
as a monitoring tool.
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APPENDIX B. Bearing Assembly
FE Analysis

The purpose of this study is to determine the expected mechanical response of the test
bearing in the journal rig under the range of loads expected during testing. These loads
range from 2 kN to 25 kN. Von Mises stress, total deformation and directional deformation
have been investigated.

Problem Setup

Figure 11.4 displays the 3D geometry used in this investigation. Note that the front-facing
side plate has been hidden in the results to allow the bearing surface to be viewed more
clearly. A bearing load was applied to the top bearing and a cylindrical support fixture
applied to the cylinder hook. EN24 Steel material properties were used in this study.

The load contact area was calculated using Hertzian contact mechanics. The contact
area for each case is shown in Table 11.1.

Figure 11.4: 3D geometry of bearing assembly for finite element analysis.
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Table 11.1: Contact length and angle for each load case.

Load, kN Contact Length, mm Contact angle ◦

2 10.1 5.2
10 22.7 11.4
25 35.8 17.7

Stress Analysis

The purpose of this stress analysis was to determine the structural strength of the system
and confirm that it can withstand the range of applied loads during testing. Simulations
with applied loads of 2 kN and 25 kN loads are shown in Figure 11.5.

Deformation Analysis

As with the stress analysis, the deformation study was performed from 2 kN to 25 kN. Both
total deformation and directional deformation were investigated. Directional deformation
is measured on the axial plane perpendicular to the direction of loading. The directional
deformation study aims to highlight the extent at which the bearing is ”squeezed” by the
applied load, increasing ovality. Total deformation results for 2 kN and 25 kN applied
loads are shown in Figure 11.6. Directional deformation results for 2 kN and 25 kN ap-
plied loads are shown in Figure 11.7.

Note that the point of zero deformation is at the cylinder hook. As such, deformation
in the bearing may be calculated by subtracting the value at the point of interest from the
maximum deformation. The following results display the deformation at the top of the
bearing and at 53° (the highest minimum film thickness angle expected during testing).
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Figure 11.5: Von Mises stress with applied load of 2 kN, top and 25 kN, bottom.
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Figure 11.6: Total deformation with applied load of 2 kN, top and 25 kN, bottom.
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Figure 11.7: Directional deformation with applied load of 2 kN, top and 25 kN, bottom.
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Bearing FE Analysis Conclusions

This FEA study indicates that the maximum stress expected during testing is 51 MPa.
This is far lower than the yield stress of the material (750 MPa) and as such no plastic
deformation or failure would be expected.

As designed, maximum stress occurs in the cylinder hook for all cases. As such, if failure
was to occur, for example due to unintentional overloading, the system will fail at this
point rather than at more critical components such as the bushes. However, the load
required to cause such failure far exceeds the loading capabilities of the system.

The total and directional deformation is greatly dependent on bearing position. For all
cases minimum deformation occurs near TDC, close to where minimum film thickness
would be expected, as it is supported by the bearing-shaft interface. The maximum de-
flection on the bearing surface is 12 µm at 25 kN, however the maximum deformation
within the range of minimum OFT is approximately 8 µm at 25 kN. Deformation of this
magnitude may be considered reasonable.

Linkage FE Analysis

The linkage allows the bearing assembly to move freely when loaded. This is more repre-
sentative of real journal bearing systems compared to rigs which fully constrain both shaft
and bearing.

A study was performed to evaluate the strength of the linkage design shows the stress
and deformation experienced by the linkage system when 50 kN is applied, which is twice
the magnitude of the maximum applied load during testing. Note that the deformation
output image is exaggerated for clarity.

It was found that for this case the maximum von Mises stress was 102.1 MPa, less than
50% of the material’s yield strength and as such the design was deemed acceptable.
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Figure 11.8: Finite element analysis of linkage with 50 kN applied load. Von Mises stress
output, left. Deformation output, right.



APPENDIX C. Static Loading Rig
Key Machine Drawings

Figure 11.9: Machine drawing of bearing assembly top bush.
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Figure 11.10: Machine drawing of bearing assembly bottom bush.
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Figure 11.11: Machine drawing of bearing assembly side ring.
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Figure 11.12: Machine drawing of shaft, pre-ground.
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Figure 11.13: Machine drawing of shaft, post-ground.



APPENDIX D. Calculating
Temperature & Pressure Relation to
Density

The following is a step by step procedure used to calculate density as a function of tem-
perature and pressure for the lubricant discussed in Section 7.1.3.

The bulk modulus of a liquid can be described mathematically by the following two equa-
tions:

B = ρ
dp

dρ
(11.1)

B = ρc2 (11.2)

These are then equated:

ρ
dp

dρ
= ρc2 (11.3)

Note that the density terms cancel out. The equation is then rearranged and both sides
integrated: ∫

1dp =

∫
1

c2
dp (11.4)

In Section 7.1.1 it was found that acoustic velocity in the lubricant under constant pressure
can be expressed as:

c(T = 20◦C, p) = 4.13× 10−6p+ 1.49× 103 (11.5)

Substituting Equation 11.5 into Equation 11.4 gives:

ρ(T = 20◦C, p) =

∫
1

4.13× 10−6p+ 1.49× 103
dp (11.6)

ρ(T = 20◦C, p) =
−5.88× 1010

p+ 3.61× 108
+ A (11.7)

Note that A is an unknown constant at this point. A can be found by substituting a known
value of density for a specific temperature and pressure. For this particular lubricant, when
pressure is equal to 0 MPa and temperature is 20◦C, density is 888 kg/m3. As such:
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A = ρ(T = 20◦C, p = 0) +
5.88× 1010

p+ 3.61× 108
(11.8)

A = 888 +
5.88× 1010

0 + 3.61× 108
(11.9)

A = 1050.84 (11.10)

Substituting this value of A into Equation 11.7 gives:

ρ(T = 20◦C, p) =
5.88× 1010

p+ 3.61× 108
+ 1050.84 (11.11)

Next, a relationship between density and temperature can be obtained via the following
theoretical formula which may be found in literature:

ρ1 =
ρ0

1 + β(T1 − T2)
(11.12)

The relevant material properties for this lubricant are:

β = 0.0007
1
◦C

ρ0 = 888kgm−3 at 20◦C, 0MPa

Therefore:

ρ(T, p = 0) =
888

1 + 0.0007(T − 20)
(11.13)

Equations 11.11 and 11.13 are then combined:

ρ(T, p) = a+
888

1 + 0.0007(T − 20)
− 5.88× 1010

p+ 3.61× 108
(11.14)

Note that a is an unknown constant. As before, this constant is found by substituting in
a known value for density for a specific temperature and pressure:

ρ(T = 20◦C, p = 0) = a+
888

1 + 0.0007(20− 20)
− −5.88× 1010

0 + 3.61× 108
= 888 (11.15)

a =
−5.88× 1010

3.61× 108
(11.16)

a = 162.85 (11.17)

Substituting a into Equation 11.14 gives the final equation:

ρ(T, p) = 162.85 +
888

1 + 0.0007(T − 20)
− 5.88× 1010

p+ 3.61× 108
(11.18)



APPENDIX E. Stage II Processing
MATLAB Program

Primary Function

%% Batch Iterative OFT Finder. The 2nd stage processing software to
% calculate film thickness via the spring amplitude and phase models.
% Required input is .TDMS file type processed using
% "TDMS FMS Data Read and Analyse v1.1.1- One Rev".

tic %Start timer
[baseName, folder] = uigetfile('*.tdms','Select TDMS File to process');
fullFileName = fullfile(folder, baseName);
TDMSFile=TDMS readTDMSFile(fullFileName);

%Extract phase and amplitude data from .TDMS files
for i=1:(length(TDMSFile.data)-1)/6

PhaseUnsampled(1:length(TDMSFile.data{1, i*6}),i)...
= TDMSFile.data{1, i*6} ;

end
for i=1:(length(TDMSFile.data)-1)/6

SpringUnsampled(1:length(TDMSFile.data{1, (i*6)-1}),i)...
= TDMSFile.data{1, (i*6)-1} ;

end
fileNames=TDMSFile.groupNames

%Recommended number of iteration is around 5 for Baxter Rig under
%Normal conditons.
NumberOfIterations=5; %Iterations to account for pressure
counter=1;
WidthOfArray=size(PhaseUnsampled,2);

%Spike remove attempts to get rid of false positives from resonances.
%1=yes, 0=no
spikeRemove=1;

%Generate Figures? 1=yes, 0=no
GenerateFigures=1;

%System Properties
z1=46000000; %Pin acoustic impedance (Rayls)
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z2=24360000; %Bearing acoustic impedance (Rayls)
w=2*pi*7e6; %Sensor Angular Frequency (rad/s)
R=0.112/2; %Bearing Radius (m)
L=50.55/(1000);%Bearing Length (m)
loverd=L/(R*2); %Length over diamter
C = 45; %Radial clearance (microns)

%M is the proprtion of the cycle either side of the minimum value to ignore
%(intended to ignore "fake" min oft measurements from resonance peaks)
IgnoreProportion=0.1;

%Read file names to get test parameters
for ii= 1:length (fileNames)

c=char(fileNames(ii));

c=split(c,string('-'));
rpm(ii)= str2double(c(5));
Load(ii) = str2double(c(4));
T(ii) = str2double(c(2));

end
%Test Parameters (Load not required)
U=(rpm*R*3.141)/(60); %Entraining Velocity
hminPhaseIterative=zeros(NumberOfIterations,WidthOfArray);
PMaxIterative=zeros(NumberOfIterations,WidthOfArray);
C2=0;
type='CN220';%Oil Type

%Make all columns in Phase change array the same length (sampling)
%Add zeros to end of array (because longest one needs a zero to detect)
PhaseUnsampled=[PhaseUnsampled;zeros(WidthOfArray)];
usPhase=zeros(length(PhaseUnsampled),WidthOfArray);

for n=1:WidthOfArray
X=PhaseUnsampled(:,n);
idx=find(X==0,1,'first');
X=X(1:idx-1);
X=resample(X,length(PhaseUnsampled),length(X));
usPhase(:,n)=X;
end

%Make all columns in Spring model array the same length (sampling)
SpringUnsampled=[SpringUnsampled;zeros(WidthOfArray)];

usSpring=zeros(length(PhaseUnsampled),WidthOfArray);
for n=1:WidthOfArray
X=SpringUnsampled(:,n);
idx=find(X==0,1,'first');
X=X(1:idx-1);
X=resample(X,length(SpringUnsampled),length(X));
usSpring(:,n)=X;
end

%Define size of arrays to be written into
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density=zeros(length(usPhase),WidthOfArray);
c=zeros(length(usPhase),WidthOfArray);
densityNoPressure=zeros(1,WidthOfArray);
cNoPresssure=zeros(1,WidthOfArray);
hPhase=zeros(length(usPhase),WidthOfArray);
hSpring=zeros(length(usPhase),WidthOfArray);
hNoPressurePhase=zeros(length(usPhase),WidthOfArray);
hNoPressureSpring=zeros(length(usPhase),WidthOfArray);
nu=zeros(WidthOfArray,1);
pCentreAll=zeros(length(usPhase),WidthOfArray);

for a=1:WidthOfArray
%Get rid of spikes in phase data caused by resonance (otherwise will
%be mistaken for min phase oft). Done by identifying a sudden dip
%(caused by resonance and removing some data either side of it).
if spikeRemove==1

[MinPhase,imin]=min(usPhase(:,a));
usPhase(:,a)=circshift(usPhase(:,a),round((length(usPhase)/2))-imin);
usSpring(:,a)=circshift(usSpring(:,a),round((length(usPhase)/2))-imin);
[MinPhase,imin2]=min(usPhase(:,a));
M=round(IgnoreProportion*length(usPhase(:,a)));
usPhase(imin2-M:imin2+M,a)=0.01;

end
usphasemax=max(usPhase(:,a));
PMax=0;

% Find Oil Viscosity
Tav = T(a)*1.8+32;
cTemp=0.0039*T(a)*T(a)-3.6869*T(a)+1555.2+4.13*PMax;%speed of sound
densityTemp=162.85+867/(1+0.0007*(T(a)-20))-(5.88e10)./...

((PMax*1e6)+(3.61e8));
nu(a)=find oil viscosity(type,Tav,densityTemp)/1000;% in Pas

% Find h when considering P
for ii=1:NumberOfIterations-1
c(ii,a)=-3.203*T(a)+1568.2;%speed of sound
density(ii,a)=162.85+867/(1+0.0007*(T(a)-20))-(5.88e10)./...

((PMax*1e6)+(3.61e8));
nu(a)=find oil viscosity(type,Tav,density(ii,a))/1000;% in Pas

%Calculate Min OFT using Phase Change Method
htop=(density(ii,a)*c(ii,a)*c(ii,a)*(z1*z1-z2*z2))*tan(usphasemax);
hbottom1=w*z1*z2*z2;
hbottom2=(w*z1*z2*z2)ˆ2;
hbottom3=(z1*z1-z2*z2)*((w*z1*z2)ˆ2)*tan(usphasemax)*tan(usphasemax);

hmin=htop/(hbottom1-sqrt(hbottom2-hbottom3));
hminPhaseIterative(ii,a)=hmin;

%Find Max Pressure
[PMax]=Max Pressure Calculator(C,hmin,U(a),nu(a),loverd,R);
PMaxIterative(ii+1,a)=PMax;
end
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PMaxIterative=PMaxIterative(1:length(PMaxIterative)-1);

% Use new hmin to work out pressure in axial centre of bearing
[pCentre]=Pressure Distribution Calculator(C,hmin,U(a),nu(a),loverd,R);

% rescale to length of usphase array
pCentre=resample(pCentre,length(usPhase),length(pCentre));
pCentreAll(:,a)=pCentre;

%find index for max phase and max pressures
[PMax,IPMax]=max(pCentre);
[usphasemax,IPhaseMax]=max(usPhase(:,a));

%use circshift to align max phase and min spring with max p
%(by shifting phase & spring)
usPhase(:,a)=circshift(usPhase(:,a),(IPMax-IPhaseMax));
usSpring(:,a)=circshift(usSpring(:,a),(IPMax-IPhaseMax));

%Set threshold for OFT values
threshold=C*(1e-6)*3;

%Calculate Min OFT using Phase Change Method

%First, accounting for pressure around bearing
for n=1:length(pCentre)

c(n,a)=0.0039*T(a)*T(a)-3.6869*T(a)+1555.2+4.13*pCentre(n);
density (n,a)=162.85+867/(1+0.0007*(T(a)-20))-(5.88e10)./...

((pCentre(n)*1e6)+(3.61e8));

htop=(density(n,a)*c(n,a)*c(n,a)*(z1*z1-z2*z2))*tan(usPhase(n,a));
hbottom1=w*z1*z2*z2;
hbottom2=(w*z1*z2*z2)ˆ2;
hbottom3=(z1*z1-z2*z2)*((w*z1*z2)ˆ2)*tan(usPhase(n,a))...

*tan(usPhase(n,a));

%If statement filters out obvious wrong values
%(3 time radial clearance and negative values)

if htop/(hbottom1-sqrt(hbottom2-hbottom3))<threshold && htop/...
(hbottom1-sqrt(hbottom2-hbottom3))> 0

hPhase(n,a)=htop/(hbottom1-sqrt(hbottom2-hbottom3));
else

hPhase(n,a)=threshold;
end

end

%Second, NOT accounting for pressure (i.e p=0, which means c and
%density are conastant throughout)
cNoPresssure(a)=0.0039*T(a)*T(a)-3.6869*T(a)+1555.2+4.13*0;
densityNoPressure(a)=162.85+867/(1+0.0007*(T(a)-20))-(5.88e10)./...

((0*1e6)+(3.61e8));
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for n=1:length(pCentre)
%Phase model equation split up to make error checking easier
htop=(densityNoPressure(a)*cNoPresssure(a)*cNoPresssure(a)*...

(z1*z1-z2*z2))*tan(usPhase(n,a));
hbottom1=w*z1*z2*z2;
hbottom2=(w*z1*z2*z2)ˆ2;
hbottom3=(z1*z1-z2*z2)*((w*z1*z2)ˆ2)*tan(usPhase(n,a))*...

tan(usPhase(n,a));

%If statement filters out obvious wrong values
if htop/(hbottom1-sqrt(hbottom2-hbottom3))<threshold && htop/...

(hbottom1-sqrt(hbottom2-hbottom3))> 0
hNoPressurePhase(n,a)=htop/(hbottom1-sqrt(hbottom2-hbottom3));

else
hNoPressurePhase(n,a)=threshold;

end
end

%Calculate OFT using Spring Model
%First, accounting for pressure (note that c and density arrays have
%already been made in phase loop)
for n=1:length(pCentre)

%Spring model equation split up to make error checking easier
ha=(density(n,a)*c(n,a)*c(n,a))/(w*z1*z2);
hb=(usSpring(n,a)*((z1+z2)ˆ2)-((z1-z2)ˆ2));
hc=1-(usSpring(n,a)*usSpring(n,a));

%If statement filters out obvious wrong values
if ha*sqrt(hb/hc) <threshold && ha*sqrt(hb/hc) > 0

hSpring(n,a)=ha*sqrt(hb/hc);
else

hSpring(n,a)=threshold;
end

end

%Second, NOT accountign for pressure
for n=1:length(pCentre)

%Spring model equation split up to make error checking easier
ha=(densityNoPressure(a)*cNoPresssure(a)*cNoPresssure(a))/(w*z1*z2);
hb=(usSpring(n,a)*((z1+z2)ˆ2)-((z1-z2)ˆ2));
hc=1-(usSpring(n,a)*usSpring(n,a));

%If statement filters out obvious wrong values
if ha*sqrt(hb/hc) <threshold && ha*sqrt(hb/hc) > 0

hNoPressureSpring(n,a)=ha*sqrt(hb/hc);
else

hNoPressureSpring(n,a)=threshold;
end

end
% Display information about processing progress
fprintf('Just finished Processing Test #%d\n', counter);
fprintf('Tests Remaining #%d\n', WidthOfArray-counter);
toc
fprintf('\n')
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counter = counter + 1;
end

%Get minimum OFT values
[hminPhase,ihminPhase]=min(hPhase(:,:));
hminSpring=min(hSpring(ihminPhase-(round(length(hSpring)/20)):ihminPhase...

+(round(length(hSpring)/20)),:));

%Find Sommerfeld Number
N=(rpm/60)';
ProjectedPressure=((Load*1000)/(L*2*R))';
CR=(R)/(C*10ˆ-6);
SO = (CRˆ2).*nu.*N./ProjectedPressure;

%Raimondi Boyd Calculator
LD = L/(R*2);
RBFilm thickness=zeros(1,WidthOfArray);
for n=1:length(SO)

Film thickness ratio = find film thickness ratio(SO(n),LD);
hminRB (n)= (Film thickness ratio.*C)/(1000*1000);

end

%Calculate Angle Intervals
Angle=[0:(360/length(hPhase)):360];
Angle=Angle(1:length(hPhase));
Generate FiguresB(SO,hminSpring,hminPhase,hminRB,hminPhaseIterative,Load,...

rpm,T,hPhase,hNoPressurePhase,Angle,pCentreAll,NumberOfIterations);

Pressure Distribution Calculator

%%A Subfunction of Batch Iterative OFT Finder. This function is derived
%%from Engineering Tribology by A. W Batchelor and G. W. Stachowiak.

function [PCentre] = Pressure Distribution Calculator(C,hmin,U,nu,loverd,R)

% BEGIN OF INPUT DATA
% -------------------
%Bearing angle (360 degrees)
alpha = 360*pi/180;
%t is misalignment
t=0;
% SET MESH CONSTANTS
hmin=hmin*(1000*1000);
epsilon=1-(hmin/C);

inode=120;
jnode=120;
reslim1 = 0.0000001;
reslim2 = 0.000001;
factor1 =1.2;
factor2 =1;
nlim1 =1000;
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nlim2 = 1000;

% END OF INPUT DATA
% -----------------
slender = 0.5/loverd; deltax = alpha/(inode-1); deltay = 1/(jnode-1);
% DIFFERENTIAL QUANTITIES FOR STABILITy CALCULATIONS
% INITIALIZE VALUES OF M(I,J), SWITCH(I,J) AND P(I,J)
M = zeros(inode,jnode); P = zeros(inode,jnode);
% SET INITIAL VALUE OF OFFSET ANGLE
beta = 0;
% ENTER ATTITUDE ANGLE ITERATION CYCLE, CALCULATE H, F AND G VALUES
n2 = 0; betas = 0; residb = reslim2 + 10;
while (residb > reslim2) & (n2 < nlim2),

n2 = n2 + 1;
for i = 1:inode,

xaux = (i-1)*deltax + pi - 0.5*alpha; theta = xaux - beta;
for j = 1:jnode,

y = (j-1)*deltay - 0.5; h0 = y*t*cos(xaux) + ...
epsilon*cos(theta) + 1;

dhdx0 = -y*t*sin(xaux) - epsilon*sin(theta);
d2hdx20 = -y*t*cos(xaux) - epsilon*cos(theta);
dhdy0 = t*cos(xaux); d2hdy20 = 0;
H(i,j) = h0; G(i,j) = dhdx0/h0ˆ1.5;
F(i,j) = 0.75*(dhdx0ˆ2 + (slender*dhdy0)ˆ2)/h0ˆ2 + 1.5*...

(d2hdx20 + d2hdy20*slenderˆ2)/h0;
end;

end;
coeff1 = 1/deltaxˆ2; coeff2 = (slender/deltay)ˆ2;

% ------------------------------------------
% SUBROUTINE TO SOLVE THE VOGELPOHL EQUATION

sum2 = 0; n1 = 0; residp = reslim1 + 10;
while (residp > reslim1) & (n1 < nlim1),

n1 = n1 + 1; summ = 0;
for i = 2:inode-1,

for j = 2:jnode-1,
store = ((M(i+1,j) + M(i-1,j))*coeff1 + (M(i,j+1)...

+ M(i,j-1))*coeff2 -G(i,j))/...
(2*coeff1 + 2*coeff2 + F(i,j));

M(i,j) = M(i,j) + factor1*(store-M(i,j));
if M(i,j) < 0, M(i,j) = 0; end;
summ = summ + M(i,j);

end;
end;
residp = abs((summ-sum2)/summ); sum2 = summ;

end;
% ----------------------------------------
% FIND PRESSURE FIELD FROM VOGELPOHL PARAMETER

for i = 2:inode-1,
for j = 2:jnode-1,

P(i,j) = M(i,j)/H(i,j)ˆ1.5;
end;

end;
% ITERATION RESIDUAL ON ATTITUDE ANGLE ITERATION
% CALCULATE TRANSVERSE AND AXIAL LOADS
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% -----------------------------------
% SUBROUTINE TO INTERGRATE FOR FORCES

for i = 1:inode,
SUMY(i) = 0;
for j = 2:jnode, SUMY(i) = SUMY(i) + P(i,j) + P(i,j-1); end;
SUMY(i) = SUMY(i)*0.5*deltay;

end;
axialw = 0; transw = 0;
for i = 2:inode,

x = (i-1)*deltax + pi - 0.5*alpha; x2 = (i-2)*deltax...
+ pi - 0.5*alpha;

axialw = axialw - cos(x)*SUMY(i) - cos(x2)*SUMY(i-1);
transw = transw + sin(x)*SUMY(i) + sin(x2)*SUMY(i-1);

end;
axialw = axialw*deltax*0.5; transw = transw*deltax*0.5;

% -------------------------
loadw = sqrt(axialwˆ2 + transwˆ2); attang = atan(transw/axialw);
if axialw > 0, attang1 = attang; end;
if axialw < 0, attang1 = -attang; end;
beta = beta + factor2*attang1; residb = abs((beta-betas)/beta);
betas = beta;

end;
% ------------------------------------------
% SUBROUTINE TO CALCULATE PETROFF MULTIPLIER
for j = 1:jnode, ICAV(j) = 1000; end;
for j = 2:jnode-1,

for i = 2:inode,
if (M(i,j) == 0) & (ICAV(j) == 1000), ICAV(j) = i; end;

end;
end;
% EXTRAPOLATED VALUES OF ICAV(J) AT EDGES OF BEARING
ICAV(1) = 2*ICAV(2) - ICAV(3); if ICAV(1) < 1, ICAV(1) = 1; end;
if ICAV(1) > inode, ICAV(1) = inode; end;
ICAV(jnode) = 2*ICAV(jnode-1) - ICAV(jnode-2);
if ICAV(jnode) < 1, ICAV(jnode) = 1; end;
if ICAV(jnode) > inode, ICAV(jnode) = inode; end;
% CALCULATE FRICTION COEFFICIENT
% FIND VALUES OF DIMENSIONLESS SHEAR STRESS
for i = 1:inode,

for j = 1:jnode,
% CALCULATE dpdx FROM DOWNSTREAM VALUES
if i > 1, dpdx = (P(i,j) - P(i-1,j))/deltax; end;
% VALUE OF dpdx FOR i = 1
if i == 1, dpdx = P(2,j)/deltax; end;
if i < ICAV(j), TORR(i,j) = 1/H(i,j) + 3*dpdx*H(i,j); end;
if i == ICAV(j), TORR(i,j) = 1/H(i,j); end; i10 = ICAV(j);
if i > ICAV(j), TORR(i,j) = H(i10,j)/H(i,j)ˆ2; end;

end;
end;

% INTEGRATE FOR TORR(i,j) OVER X AND Y
for i = 1:inode,

% LINE INTEGRAL IN Y-SENSE
SUMY(i) = 0;
for j = 2:jnode, SUMY(i) = SUMY(i) + TORR(i,j) + TORR(i,j-1); end;
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SUMY(i) = SUMY(i)*0.5*deltay;
end;
friction = 0;
for i = 2:inode, friction = friction + SUMY(i) + SUMY(i-1); end;
friction = friction*0.5*deltax;
% ----------------------------
% CALCULATE DIMENSIONLESS FRICTION COEFFICIENT
myu = friction/loadw;
% SEARCH FOR MAXIMUM PRESSURE
pmax = 0;
for i = 2:inode-1,

for j = 2:jnode-1,
if P(i,j) > pmax, pmax = P(i,j); end;

end;
end;
DimensionlessPMax=pmax;
% CALCULATE PRESSURE IN MPa
C2=C/(1000*1000);

p=(P*6*U*nu*R/(C2*C2))/(1000*1000);

%Find Max Pressure (MPa)
pmax2 = 0;
for i = 2:inode-1,

for j = 2:jnode-1,
if p(i,j) > pmax2, pmax2 = p(i,j); end;

end;
end;
PMax=pmax2;

a=round(size(p)/2);
PCentre=p(:,a(1,2));
end



APPENDIX F. Derivation of Oil
Film Gap Equations

The following is the full derivation method for the equations presented in Section 10.2.5.
These equations allow the calculation of film thickness at any point around a bearing cir-
cumference given only minimum film thickness, attitude angle and film thickness at any
another known angle. Note that values for clearance, bearing radius or shaft radius are
not required. Also, this method assumes the geometries are perfectly circular, with no
out-of-roundness due to deformation or machining tolerances

First, the distance between two eccentric circles at a given angle around the circumference
may be approximated by the following sine function:

f(φ) = A sin(φ+ k) + b (11.19)

Where A is amplitude, φ is angle, k is x-offset and b is y-offset. This approximation is
only applicable when Rshaft >> C, which is the case in practically all journal bearings.
The accuracy of this approximation will be evaluated later in a worked example.

At this point A, k and b are unknown, therefore boundary conditions are required to
obtain a solution. In this derivation minimum film thickness, attitude angle and film
thickness at bearing top will be defined as known, which matches the directly measur-
able values from the BETTY test platform. These boundary conditions can be expressed
mathematically as:

f(θ) = hmin = A sin(θ + k) + b (11.20)

f(φtop) = htop = A sin(φtop + k) + b (11.21)

Where θ is attitude angle, hmin is minimum film thickness and htop is film thickness at
the top of the bearing.

The gradient at the point of minimum film is zero. Thus, taking the derivative of Equa-
tion 11.19 provides an additional boundary condition:

f ′(θ) = 0 = A cos(θ + k) (11.22)

Equation 11.22 may be rearranged to make k the subject:
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0 = A cos(θ + k) = cos(θ + k)

(2n+ 1)π

2
= θ + k

k =
(2n+ 1)π

2
− θ (11.23)

This shows k has multiple solutions, with two solutions per complete revolution. This
corresponds to one solution at minimum film and one at maximum film. The correct n
value for a given case depends on how the axes are defined.

For journal bearings rotating in one direction, the attitude angle would not change by
any more than π/2 radians. Thus, defining 0 radians as opposite to the loading vector
and increasing in a clockwise direction means the minimum film will always occur at a
greater angle than maximum film if the shaft is rotating clockwise, so n should equal
1. Conversely, if the shaft is rotating anti-clockwise minimum film angle will always be
smaller than maximum film angle, so n should equal 0. Besides, using the incorrect value
for n would result in a nonsensical result, making the mistake obvious.

Equation 11.23 can be substituted into Equation 11.20 to obtain:

hmin = A sin

(
θ +

(2n+ 1)π

2
− θ
)

+ b

hmin = A sin

(
(2n+ 1)π

2

)
+ b (11.24)

Which can be rearranged to make b the subject:

b = hmin − A sin

(
(2n+ 1)π

2

)
(11.25)

Similarly, Equation 11.23 can be substituted into Equation 11.21 to obtain:

htop = A sin

(
φtop +

(2n+ 1)π

2
− θ
)

+ b (11.26)

Substituting 11.25 into 11.26 gives:

htop = A sin

(
φtop +

(2n+ 1)π

2
− θ
)

+ hmin − A sin

(
(2n+ 1)π

2

)
(11.27)

This can be rearranged to make A the subject:

A =
htop − hmin

sin
(
φtop + (2n+1)π

2
− θ
)
− sin

(
(2n+1)π

2

) (11.28)
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Worked Example

The following worked example is supplied to support understanding of the method and to
demonstrate its accuracy. This example uses values typical to the BETTY test platform
presented in Chapter 10.

The system geometry, along with values for minimum film thickness, attitude angle and
film thickness at the top of the bearing, is shown in Figure 11.14. These values can be
applied to Equations 11.23, 11.25 and 11.28 to obtain coefficients k, b and A respectively:

k =
(2× 1 + 1)π

2
+

5π

4
= 0.7854

b = 5× 10−6 − 4.511× 10−5sin

(
(2× 1 + 1)π

2

)
= 5.011× 10−5

A =
82× 10−6 − 5× 10−6

sin
(

0 + (2×1+1)π
2

− 5π
4

)
− sin

(
(2×1+1)π

2

) = 4.511× 10−5 (11.29)

Note that in this example minimum film occurs after the point of maximum film,
therefore n is equal to 1, rather than 0. Coefficients k, b and A can now be applied to
Equation 11.19:

f(φ) = 4.511× 10−5sin(φ+ 0.7854) + 5.011× 10−5 (11.30)

This equation can now be used to find the film thickness at any angle around the bear-
ing circumference. This is shown graphically in Figure 11.15. As previously discussed this
method only provides an approximation, albeit a very accurate one. For comparison, the
true circumferential film thickness is also plotted, along with the percentage error of the
method. The reason for this difference is because Equation 11.19 is actually calculating
the length of the line between the shaft and bearing which is normal to the bearing at a
given angle, not the shortest distance between the bearing and the shaft at that angle.
However, when Rshaft >> C these values are practically identical.

These results can also be used to calculate radial clearance by averaging the minimum
and maximum film thickness located on opposing sides of the bearing. In this example
radial clearance is:

C =
hmin + hmax

2
=

5 + 95.211...

2
= 50.1055...µm (11.31)

As true clearance is 50.1 µm, the error is 5.50 nm (0.011%) which can generally be
considered negligible.
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Figure 11.14: Shaft-bearing geometry used in worked example. Geometry is intentionally
not to scale for clarity.
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Figure 11.15: Circumferential film thickness using approximation method and from true
geometry (left). Percentage error in approximation method around bearing

circumference (right).


