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ABSTRACT 
 

Friction is the most fundamental phenomenon accompanying the sliding motion of solid 

bodies. Friction, vibration, and wear under conditions of contaminated water lubrication 

are extremely important in many engineering applications such as water-lubricated 

bearings, water pumps, and braking systems.  

 

The aim of this project is to investigate the factors that could lead to an improvement in the 

performance of water-lubricated bearings materials. 

 

Previous studies have revealed the main factors contributing to power loss are friction-

induced vibrations, and wear in water-lubricated bearings. Those factors are the result of 

contamination of the lubricant (sea water); bearing alignment (parallelism of the shaft and 

shell); material characteristics; and condition of the contact (sliding) surfaces. The contact 

mechanics of the water-lubricated bearings as well as the performance characteristics of 

the bearings components on which friction is exerted also have a substantial influence on 

the tribological characteristics of water-lubricated bearings materials.  

 

Thus, the focus of the present study is on the effect of water contamination on the friction 

coefficient, vibration, wear and the vibration–wear relationship under varying operational 

conditions. 

 

An experimental program was conducted to develop new methods and investigate the 

effect of water contamination on the tribological characteristics of pairs of materials under 

different operational conditions for water-lubricated bearings.  

 

A Pin-on-Disk test rig was designed and built to adopt the operational environment of a 

real water-lubricated bearing. This test rig was used to obtain experimental data regarding 

the effect of water contamination on the long-term behaviour of the bearing systems, and 

to investigate the friction, vibration, wear, and vibration-wear characteristics of the 

materials. The effect of various parameters, such as the friction conditions, damping, and 

operational environment on the behaviour of the bearing materials was also investigated.  
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The experiments demonstrated that all three factors, namely contamination, material 

properties and surface conditions, have a significant influence on the tribological 

characteristics of water-lubricated bearings. It was also demonstrated that when the 

operation of the water-lubricated bearing takes place in boundary and mixed regimes, the 

adhesive and abrasive mechanisms of friction are significant and contribute to the 

generation of excessive wear and vibration. This is contrary to what is claimed by many 

manufacturers. It was observed that the wear mechanism in the water-lubricated bearing 

materials was associated with low-frequency vibrations and severe contamination of the 

lubricant. Also, as expected, the vibration–wear relationship of the water-lubricated 

bearing materials was significantly affected by the contamination of the lubricant and can 

be changed by magnetic field damping.  

 

The present study identified the primary mechanism responsible for the high friction 

coefficient, vibration, and wear to be a three-body mechanism caused by the abrasive 

nature of the water contaminant. It was found that there was a significant increase in the 

friction coefficient, vibration, and specific wear rate at the slowest sliding speed of 0.393 

m/s. This is due to the boundary regime of lubrication, the adhesive-abrasive wear 

mechanism, and specific material properties of NF22 (Railko) material. It was also 

explored and reported that for a specific applied load of 8 N, at low and high sliding 

speeds, and water contamination levels, damping has a strong effect on the vibration–wear 

relationship which is also dependent on sliding speed and, as a result, on the lubrication 

regime. 

 

The significance of this experimental study is to improve the selection of water-lubricated 

bearings materials and as a result, improve their performances. The outcomes of this 

research project are:  

 

 Analysis of the existing types of materials, and experimental models and techniques 

for modelling and simulating the operational conditions of water-lubricated 

bearings 

 Identification of the existing problems associated with the contemporary 

technology of water-lubricated bearings materials 

 Development of an experimental methodology and technique for the application of 

a Pin-on-Disk test rig and determination of the main contributing factors 
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 Identification and analysis of various lubrication and operational conditions for 

water-lubricated bearing materials and systems and development of further 

recommendations for future work. 



Declaration 

v 

 

DECLARATION 
 

 

I, Yuriy Solomonov, certify that this work contains no material which has been accepted 

for the award of any other degree or diploma in any university or other tertiary institution 

and, to the best of my knowledge and belief, contains no material previously published or 

written by another person, except where due reference has been made in the text. 

 

I give consent to this copy of my thesis, when deposited in the University Library, being 

made available for loan and photocopying, subject to the provisions of the Copyright Act 

1968. 

 

I also give permission for the digital version of my thesis to be made available on the web, 

via the University’s digital research repository, the Library catalogue and also through web 

search engines, unless permission has been granted by the University to restrict access for 

a period of time. 

 

 

 

 

 

Yuriy Solomonov 

 

 



Acknowledgements 

vi 

 

ACKNOWLEDGEMENTS 
 

The following work presented in this thesis would have not been possible without the help 

and invaluable support of my family, university staff, and my friends and colleagues from 

ASC. 

 

I am truly thankful to my Principal Supervisor, Mr Ian Brown, for his support, assistance 

and effort in the planning, experimentation and guidance throughout this entire project. Mr 

Brown, despite a heavy workload and looming deadlines, was most helpful and would 

never hesitate to take the time to answer questions and responsively sort through various 

ideas and problems.  

 

Tatiana, my wife, has been extremely supportive in many ways and deserves a special 

mention. Thank you for being patient with me when it counted most and encouraging me 

to complete my thesis, especially during the most difficult period of my candidature. 

 

The effort of my co-supervisor A/Prof. Reza Ghomashchi, throughout the final stage of my 

project is also greatly appreciated. 

 

The support of many people within the School of Mechanical Engineering, including 

academic staff, mechanical and electronic workshop staff, postgraduate students, and 

technical and administrative support staff, is also acknowledged.  

 

I would also like to thank my friends and colleagues from ASC who have contributed in 

one way or another throughout my candidature. 

 



Table of contents 

vii 

 

TABLE OF CONTENTS 
 

ABSTRACT ......................................................................................................................... II 

DECLARATION ................................................................................................................ V 

ACKNOWLEDGEMENTS ............................................................................................. VI 

TABLE OF CONTENTS ................................................................................................ VII 

LIST OF FIGURES .......................................................................................................... XI 

LIST OF TABLES ........................................................................................................... XV 

CHAPTER 1 INTRODUCTION .................................................................................. 1 

1.1 Overview .......................................................................................................................... 1 

1.2 Scope and objectives ........................................................................................................ 5 

1.3 Thesis outline ................................................................................................................... 7 

CHAPTER 2 BACKGROUND AND LITERATURE REVIEW .............................. 9 

2.1 Historical overview of friction ......................................................................................... 9 

2.2 Fundamentals of friction ................................................................................................ 14 

2.2.1 Dry regime of friction ......................................................................................... 14 

2.2.2 Hydrodynamic regime ........................................................................................ 17 

2.2.3 Boundary and mixed regimes ............................................................................. 19 

2.3 Friction in water-lubricated bearings ............................................................................. 20 

2.3.1 Lubrication regimes ............................................................................................ 21 

2.3.2 Friction-induced vibrations ................................................................................. 24 

2.4 Numerical models of friction in water-lubricated bearings ........................................... 25 

2.4.1 Linear models ..................................................................................................... 27 

2.4.2 Non-linear models............................................................................................... 29 

2.5 Vibration–wear relationship in dynamic systems .......................................................... 30 

2.5.1 Problem of vibration–wear dependency ............................................................. 31 

2.5.2 Effect of damping on vibration and wear ........................................................... 32 

2.6 Concepts of experimental apparatus and experimental technique ................................. 34 

2.6.1 Pin-on-Disk system ............................................................................................. 34 



Table of contents 

viii 

 

2.6.2 Effect of lubricant contamination ....................................................................... 35 

2.7 Summary and research gaps .......................................................................................... 36 

CHAPTER 3 PREVIOUS EXPERIMENTAL STUDIES OF TRIBOLOGICAL 

CHARACTERISTICS IN WATER-LUBRICATED BEARINGS ............................... 38 

3.1 Introduction .................................................................................................................... 38 

3.2 Review of wear study .................................................................................................... 38 

3.3 Review of the aft bearing study ..................................................................................... 40 

3.3.1 Experimental apparatus....................................................................................... 40 

3.3.2 Experimental results of the friction coefficient measurements .......................... 42 

3.3.3 Experimental results of the wear tests ................................................................ 44 

3.3.4 Discussions and conclusions of the experimental tests ...................................... 44 

3.4 Conclusions .................................................................................................................... 45 

CHAPTER 4 EXPERIMENTAL APPARATUS ...................................................... 48 

4.1 Introduction .................................................................................................................... 48 

4.2 Design requirements ...................................................................................................... 48 

4.3 Variable sliding speed and applied load ........................................................................ 51 

4.3.1 Variable sliding speed ......................................................................................... 51 

4.3.2 Variable applied load .......................................................................................... 53 

4.4 Bending arm ................................................................................................................... 54 

4.5 Load cell ........................................................................................................................ 58 

4.6 Data acquisition system ................................................................................................. 60 

4.7 Water supply system ...................................................................................................... 61 

4.8 Experimental test rig ...................................................................................................... 62 

4.9 Experimental methods ................................................................................................... 64 

4.9.1 Experimental programs ....................................................................................... 64 

4.9.2 Samples preparation ............................................................................................ 64 

4.9.3 Validation study .................................................................................................. 65 

4.9.4 Investigation of friction ...................................................................................... 66 

4.9.5 Wear experiments ............................................................................................... 66 

4.9.6 Vibration-wear relationship study ...................................................................... 67 

4.10 Microscopy examination .............................................................................................. 68 



Table of contents 

ix 

 

4.11 Conclusions .................................................................................................................. 68 

CHAPTER 5 MATERIALS ........................................................................................ 69 

5.1 Introduction .................................................................................................................... 69 

5.2 Effect of water contamination on bearing materials ...................................................... 71 

5.3 Materials for water-lubricated bearings ......................................................................... 72 

5.3.1 Polymer-based thermoplastic materials .............................................................. 73 

5.3.2 Carbon - fibre reinforced materials based on thermosetting materials ............... 75 

5.3.3 Shaft materials .................................................................................................... 77 

5.4 Conclusions .................................................................................................................... 79 

CHAPTER 6 VALIDATION STUDY ........................................................................ 80 

6.1 Introduction .................................................................................................................... 80 

6.2 Test plan and procedure ................................................................................................. 80 

6.3 Results and discussions .................................................................................................. 81 

6.4 Conclusions .................................................................................................................... 83 

CHAPTER 7 EXPERIMENTAL INVESTIGATION OF FRICTION 

CHARACTERISTICS....................................................................................................... 85 

7.1 Introduction .................................................................................................................... 85 

7.2 Experimental study of the effect of contamination on friction: experimental plan and 

procedure ............................................................................................................................. 85 

7.3 Experimental study of the effect of contamination on friction: results and discussions 87 

7.3.1 Investigation of friction under water lubrication ................................................ 87 

7.3.2 Investigation of the friction coefficient and the effect of contamination ........... 92 

7.4 Conclusions .................................................................................................................... 96 

CHAPTER 8 EXPERIMENTAL INVESTIGATION OF WEAR .......................... 99 

8.1 Introduction .................................................................................................................... 99 

8.2 Experimental study of wear: experimental plan and procedure .................................... 99 

8.3 Experimental study of wear: results and discussions ................................................... 101 

8.3.1 Wear tests .......................................................................................................... 101 

8.3.2 Specific wear rate calculations ......................................................................... 108 

8.4 Conclusions .................................................................................................................. 112 



Table of contents 

x 

 

CHAPTER 9 EXPERIMENTAL INVESTIGATION OF VIBRATION–WEAR 

RELATIONSHIP ............................................................................................................. 114 

9.1 Introduction .................................................................................................................. 114 

9.2 Operational conditions and experimental methods ...................................................... 115 

9.3 Experimental study of effect of water contamination on vibration–wear relationship: 

results and discussions ....................................................................................................... 119 

9.3.1 Friction force–time analysis.............................................................................. 119 

9.3.2 Power spectral density analysis ........................................................................ 125 

9.3.3 Vibration–wear analysis ................................................................................... 132 

9.4 Conclusions .................................................................................................................. 140 

CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS ........................... 144 

10.1 Summary .................................................................................................................... 144 

10.2 Conclusions ................................................................................................................ 147 

10.3 Recommendations for future work ............................................................................ 149 

REFERENCES ................................................................................................................. 150 

APPENDIX A: PIN-ON-DISK ASSEMBLY DRAWINGS ......................................... 158 



List of figures 

xi 

 

LIST OF FIGURES 
 

Figure 1.1 Diagram showing a simple tribological system ................................................... 1 

Figure 1.2 Diagram showing the complicity and complexity of tribological processes 

(Materials Tribology laboratory, 2008) ................................................................................. 2 

Figure 1.3 An example of an aft bearing system (Solomonov et al., 2010) .......................... 4 

 

Figure 2.1 Friction experiments suggested by Leonardo da Vinci. (Krim, 2002) ............... 10 

Figure 2.2 The original “Stribeck” curves obtained by Martens in 1888 (Martens, 1888-

1889) .................................................................................................................................... 13 

Figure 2.3 Elastic deformation of crystal lattices during dry sliding (Holinski, 2001) ....... 15 

Figure 2.4 Tribological changes during initial sliding of two solid bodies (Holinski, 2001)

 ............................................................................................................................................. 16 

Figure 2.5 Hydrodynamic lubrication .................................................................................. 18 

Figure 2.6 The three lubrication regimes in the “Stribeck” curve ....................................... 19 

Figure 2.7 Lubrication regimes in water-lubricated bearings, reproduced from Kotousov 

(2009), p. 7, Figure 2.2.1 ..................................................................................................... 22 

Figure 2.8 Boundary and hydrodynamic regimes of lubrication, reproduced from Kotousov 

(2009), p. 7, Figure 2.2.2 ..................................................................................................... 23 

Figure 2.9 Typical baseline friction–speed curve (Pan et al., 1971) ................................... 28 

Figure 2.10 Analytical two-degree model representing a submarine aft water-lubricated 

bearing, as displayed in Simpson and Ibrahim (1996), p. 90, Figure 2 ............................... 30 

 

Figure 3.1 Experimental wear rates for water-lubricated bearing materials (Biswell, 2007, 

Cumberlidge, 2009, WÄRTSILÄ, 6/09/2007) .................................................................... 40 

Figure 3.2 Scaled test rig and major components, as displayed in Kotousov (2009), p. 13, 

Figure 3.2.1 .......................................................................................................................... 41 

Figure 3.3 Friction curves vs. sliding speed, m/s (rotation speed, rpm), reproduced from 

Kotousov (2009, p.18) ......................................................................................................... 43 

 

Figure 4.1 Schematic diagram of a Pin-on-Disk experimental apparatus ........................... 50 

Figure 4.2 Variable drive system: a) 3-phase BALDOR: MM3550C-57 motor with b) 

GENESIS: NEMA-4X/IP-65 adjustable frequency drive ................................................... 52 

Figure 4.3 Calibration data for disk rpm versus sliding speed for the POD test rig ............ 53 



Table of figures 

xii 

 

Figure 4.4 Load cell with one additional weight block (applied force 17.5 N) ................... 54 

Figure 4.5 Bending arm with attached strain gauges ........................................................... 57 

Figure 4.6 Calibration data friction force versus voltage output for bending arm 1 ........... 58 

Figure 4.7 Load cell with pin and displacement sensor ....................................................... 59 

Figure 4.8 Calibration data friction force vs. voltage output for load cell .......................... 59 

Figure 4.9 Schematic diagram of the data acquisition system used for the measurements of 

pin displacement and arm forces on the POD test rig .......................................................... 60 

Figure 4.10 Schematic diagram of the water supply system used on the POD test rig ....... 61 

Figure 4.11 Design sketch of the test rig identifying the major components ...................... 62 

Figure 4.12 Fully-equipped Pin-on-Disk test rig ................................................................. 63 

 

Figure 5.1 Typical baseline of viscosity of water vs. temperature T, 
0
C, reproduced from 

Ginzburg et al. (2006, p.696), Figure 2 ............................................................................... 71 

Figure 5.2 Water-lubricated bearing damage (subjected to long-lasting operation which 

resulted in significant wastage and associated ovalisation of the bush), where Do=initial 

dimension, Dp=actual dimension and Dw=wear due to water contamination as displayed in 

Litwin (2009, p.44, Figure 6 and p.48, Figure 21) .............................................................. 72 

Figure 5.3 PTFE test sample used during the validation study ........................................... 74 

Figure 5.4 NF22 (Railko) sample used in the experimental study ...................................... 77 

Figure 5.5 AISI 440C stainless steel test disk fitted on the POD test rig ............................ 78 

 

Figure 6.1 Coefficient of friction of the PTFE pin against a stainless steel disk for a sliding 

speed of 0.32 m/s ................................................................................................................. 82 

 

Figure 7.1 Coefficient of friction of NF22 (Railko) material against stainless steel versus 

normal applied load under dry conditions ........................................................................... 88 

Figure 7.2 Coefficient of friction of NF22 (Railko) material against stainless steel versus 

sliding speed under dry conditions ...................................................................................... 89 

Figure 7.3 Coefficient of friction of NF22 (Railko) material against stainless steel versus 

normal load under clean water-lubricated conditions .......................................................... 90 

Figure 7.4 Coefficient of friction of NF22 (Railko) material against stainless steel versus 

sliding speed under clean water-lubricated conditions ........................................................ 91 

Figure 7.5 Coefficient of friction of NF22 (Railko) against stainless steel for 1% 

contaminated water lubrication ............................................................................................ 93 



Table of figures 

xiii 

 

Figure 7.6 Coefficient of friction of NF22 (Railko) against stainless steel for 2% 

contaminated water lubrication ............................................................................................ 93 

Figure 7.7 Coefficient of friction of NF22 (Railko) against stainless steel for 4% 

contaminated water lubrication ............................................................................................ 94 

Figure 7.8 Coefficient of friction of NF22 (Railko) against stainless steel for 6% 

contaminated water lubrication ............................................................................................ 94 

Figure 7.9 Coefficient of friction vs. water contamination of NF22 (Railko) material 

(sliding speed=0.393 m/s) .................................................................................................... 95 

 

Figure 8.1 Mass loss for NF22 (Railko) material at different load and speed values under 

1% water contamination .................................................................................................... 102 

Figure 8.2 Mass loss for NF22 (Railko) material at different load and speed values under 

2% water contamination .................................................................................................... 102 

Figure 8.3 Mass loss for NF22 (Railko) material at different load and speed values under 

4% water contamination .................................................................................................... 103 

Figure 8.4 Mass loss for NF22 (Railko) material at different load and speed values under 

6% water contamination .................................................................................................... 103 

Figure 8.5 Mass loss versus degree of water contamination for NF22 (Railko) material at a 

sliding speed of 0.393 m/s ................................................................................................. 104 

Figure 8.6 Micrograph of pin’s worn surface before/after a full cycle of experiments, at a 

magnification of X500 ....................................................................................................... 105 

Figure 8.7 Micrograph of pin’s worn surface after a full cycle of experiments, at a 

magnification of X100 ....................................................................................................... 106 

Figure 8.8 Micrograph of pin’s worn surface after a full cycle of experiments ................ 107 

Figure 8.9 Micrograph of stainless steel disk’s worn surface after a full cycle of 

experiments, at a magnification of X100 ........................................................................... 107 

Figure 8.10 Specific wear rate for NF22 (Railko) material at different load and speed 

values with 1% water contamination ................................................................................. 109 

Figure 8.11 Specific wear rate for NF22 (Railko) material at different load and speed 

values with 2% water contamination ................................................................................. 109 

Figure 8.12 Specific wear rate for NF22 (Railko) material at different load and speed 

values with 4% water contamination ................................................................................. 110 

Figure 8.13 Specific wear rate for NF22 (Railko) material at different load and speed 

values with 6% water contamination ................................................................................. 110 



Table of figures 

xiv 

 

Figure 8.14 Specific wear rate versus degree of water contamination of NF22 (Railko) 

material for a sliding speed of 0.393 m/s ........................................................................... 111 

 

Figure 9.1 POD test rig equipped with a magnet ............................................................... 116 

Figure 9.2 Calculated friction force (N) versus time for undamped and damped conditions 

under load 8 N and sliding speed 0.393 m/s ...................................................................... 121 

Figure 9.3 Calculated friction force (N) versus time for undamped and damped conditions 

under load 8 N and sliding speed 1.557 m/s ...................................................................... 124 

Figure 9.4 Welch power spectral densities for damped and undamped conditions under 

load 8 N and 0.393 m/s, sliding speed ............................................................................... 128 

Figure 9.5 Welch power spectral densities for undamped and damped conditions under 

load 8 N and 1.557 m/s, sliding speed ............................................................................... 131 

Figure 9.6 Calculated RMS values for NF22 (Railko) material at normal and damped load 

(8 N) ................................................................................................................................... 134 

Figure 9.7 Specific wear rate for NF22 (Railko) material for undamped and damped 

conditions ........................................................................................................................... 137 

Figure 9.8 Microscopy of the pin’s worn surface before and after a full cycle of 

experiments at a high sliding speed of 1.557 m/s, at a magnification of X30 ................... 139 



List of tables 

xv 

 

LIST OF TABLES 
 

Table 3.1 Basic parameters for the Wärtsilä wear tests (Biswell, 2007) ............................. 39 

Table 3.2 Basic parameters of the bearing system (Kotousov, 2009, Solomonov et al., 

2010) .................................................................................................................................... 42 

 

Table 4.1 Design requirements for the Pin-on-Disk test rig ................................................ 51 

Table 4.2 Design requirements for the bending arms used on the POD test rig .................. 55 

Table 4.3 Technical characteristics of bending arms ........................................................... 57 

 

Table 5.1 Physical properties of PTFE material .................................................................. 74 

Table 5.2 Physical properties of NF22 (Railko) material (WÄRTSILÄ, 6/09/2007) ......... 76 

 

Table 6.1 Technical parameters adopted for the validation study ....................................... 81 

 

Table 7.1 Operational parameters adopted for experimental study ..................................... 86 

 

Table 8.1 Parameters for wear test ..................................................................................... 100 

 

Table 9.1 Technical parameters adopted for the vibration–wear experiments .................. 117 

Table 9.2 Calculated RMS acceleration values at different sliding speeds, lubrication, and 

contamination conditions, under an 8 N load .................................................................... 133 

Table 9.3 Average mass loss (g) at different sliding speeds, lubrication, and contamination 

conditions, under an 8 N load ............................................................................................ 136 

 


	TITLE: EXPERIMENTAL INVESTIGATION OF TRIBOLOGICAL CHARACTERISTICS OF WATER-LUBRICATED BEARINGS MATERIALS ON A PIN-ON-DISK TEST RIG
	ABSTRACT
	DECLARATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES




