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Abstract

Even though there are many types of micro-electro-mechanical devices (MEMS), few
commercialized MEMS devices can achieve functions requiring rotation. This is a result of a
lack of methods providing efficient lubrication for the micro sliding contacts. Liquid
hydrodynamic bearings which are commonly used in the macro sliding contacts could still be
efficient in micro sliding contacts if appropriate bearing design and lubricants are applied. This
thesis reports on the research focused on miniaturizing liquid hydrodynamic bearings thereby

improving the performance of the micro sliding contacts in MEMS devices.

A finite volume model considering mass-conservation and cavitation has been developed to
investigate the performance of the micro pocketed parallel thrust bearings. Simulation results
show that the micro thrust bearing performance is largely affected by cavitation. It also shows
that micro pocketed parallel thrust bearings with appropriate pocket shapes can generate
sufficient load support and operate in the low friction coefficient full-film lubrication regime

when low viscosity lubricant is supplied (e.g. hexadecane).

Micro fabrication process has been developed to manufacture the micro pocketed parallel thrust
bearings. The manufactured micro bearings have been examined both on a MEMS tribometer
and on a prototype micro energy harvesting turbine. Test results show that low friction
coefficient, torque and power loss can be achieved in a wide rotational speed range from the
micro bearings with proper design and lubricated by low viscosity and low surface tension

liquid (e.g. hexadecane).

Effects of friction modifiers and partial surface textures on the micro liquid hydrodynamic
bearings performance have also been investigated. Results indicate that both methods are still

efficient in friction reduction.

As a conclusion, miniaturized liquid hydrodynamic bearings with appropriate bearing design
and lubricants are efficient to achieve low friction coefficient and wear rate for the micro

sliding contacts in a wide rotational speed range.



Acknowledgement

I would like to express my sincere gratitude to the following people:

e My supervisors, Dr. Tom Reddyhoff and Prof. Andrew Holmes. They not only always
guide and help me with great patience and enthusiasm during this research but also
encourages me when I felt upset in my Ph.D student life.

e Prof. Daniele Dini and Dr. Francisco Profito. They gave me help and lots of crucial
suggestions on the numeric model development.

e Dr. Guangbin Dou. He taught me how to design the masks for micro fabrication and
how to use the chemicals and equipment for micro fabrication.

e My parents. For my whole life, especially the tough Ph.D life period, they always
unconditionally give me their support and encourage me once and once again to bravely
chase my goals. They are the best parents over the world.

e My girlfriend. She accompanied me throughout my tough Ph.D life period and
encouraged me not to give up even in the most difficult time. Without her accompany,

my research would not be possible to be completed.



Declaration and Copyright

The author claims that the work reported in this thesis is his own and the work by other

researchers which is also shown in this thesis is appropriately referenced.

The copyright of this thesis belongs to the author and no quotation from it or information

derived from it may be published without the prior written consent of the author.



Table of Contents

AADSITACE ...ttt ettt h et a e bttt e a e e bttt eateshe et et e ebe e beeatesaten I
ACKNOWIEAZEMENL ......eiiiiiiiiieiieie ettt ettt e ettt et e sabe e aeeesbeessseensaenaneenne II
Declaration and COPYTIZNT......c.ceoiieiiiiiiieiieeie ettt ete et e eesaeesbeesseeebeesseeenseessseans I
TabIE Of CONLENLS ...ttt sttt ettt sb et et saee b ennes v
LSt OF FIGUIES ..ottt ettt ettt et s e et e esb e e saesabeesaeenbeenseesnseensnaans IX
LSt OF TADIES ..ottt ettt et sttt et seens XXIII
NOMENCIATUTE ...ttt sttt sttt e b e et e saeenees XXV
Chapter 1: INtrOQUCHION .......eeeiiiiieeiiecie ettt et be et e e b et eebeesaaeesseessaeensees 1
1.1 Research Background and ATMS ........cccccuieriieriienieeiieie e 1
1.2 ReESCAICH ODJECLIVES ..eoviieiiiiiiieiieeiie ettt ettt ettt e e sbeessaesseeseeesseensseenseas 5
1.3 THESIS LAYOUL ...eouiieiiieiiieiieciie ettt ettt ettt et eesbe et e e be e saeesseessseensees 6
Chapter 2:  Literature REVIEW .......ccuiiiiiiiiieiieeiieeieeiteeee ettt ettt esaeestaeesbeessaeennaas 8
2.1  Introduction on Micro-Electro-Mechanical Systems (MEMS).........cccceevvvvviiiinienns 8
2.1.1  Brief Development History of MEMS.........coooiiiiiiiiiieeeeeeee e 9
2.1.2  MEMS Devices Types and Operation Mechanisms .........cc.ccceceevverieenienneene. 10
2.1.3  Micro Energy Harvester........oooiiiieiiiieiiieeiieciee et 14
2.1.4  Summary of MEMS Development and Applications ...........ccccceeeeeuveerreeenneenns 16

2.2 Tribological Problems of MEMS .........coooiiiiiiiieeeeeeeeeee e 16
B T 1o 1§34V I PSPPSR 17
2.2.2  Origins of Adhesion and Frictional Forces in MEMS ... 18

2.3 Lubrication Methods for MEMS ... 20
2.3.1  Adhesion Reduction During Fabrication ............cccccceeevieeecieeeiieeniieeeiee e 20
2.3.2  Stiction Reduction by Surface Treatments............cccceeevvieecieeniieencieeeiee e 21

2.3.3  Dry Lubrication With COatINGS .......c.ceervrierieeeiiieeiieeeiieeeeeeeieeeereeesreeesaee e 25



2.3.4  Vapor Phase Lubrication ...........ccceeoiiieiiieeiiie et eee e 29
2.3.5  Liquid LUubriCation .......cceeeeiiieiiieeciee ettt et tee e eveeesaee e eiveeesenee e 32
2.3.6  Summary of Lubrication Methods for MEMES Devices .........ccccecvvvervieenneens 33
2.4 Introduction on Micro Fabrication Techniques............cccccveeeviieeciieecieecie e 33
2.4.1  Additive Micro Fabrication Methods............ccoooiiiiiiiiiiiiiiiiieeeeee 34
2.42  Patterning MethOdS .......c.oeeoiiiiiiie et sree e 36
2.43  Subtractive Micro Fabrication Methods ..........ccccoooeiiiiiiiiniiiiiiceee 37

Chapter 3: Development of the Finite Volume Pocketed Parallel Thrust Bearing Model ....40

3.1  Introduction on Hydrodynamic Thrust Bearings and Thrust Bearing Models.......... 40
3.2 Geometry of the Modelled Micro Pocketed Parallel Thrust Bearings...................... 43
3.3 Fluid Mechanics of the Modelled Thrust Bearing .............cccocceeviiiiiiniiniienieeene 46

3.3.1 Derivation of the Mass Flow Rates in Circumferential and Radial Directions .47

3.3.2  Cavitation Treatment and Mass-Conservation Guarantee of the Model............ 49
3.3.3  Nondimensionalization of the Parameters in the Model...............coccoerienenn. 50
3.4  Boundary Conditions...........cceeeiieiierieeniieeiieiie ettt sttt ettt esaee s ees 51
3.5 Bearing Performance Parameters ............ceecuieriieiiieniieeiieiie et 53
3.6 Numerical SOIUtion SEtUPS......cccuieiiiiiiieiieiie et 54
3.6.1  Finite Volume Discretization of the Reynolds Equation............c.ccccccecveneennennee. 54
3.6.2  Mesh Setup and Film DiSCONtINUILIES ....c..eevuveeiieriieiieeieeie e 56
3.6.3  Iterative Solution of the Discrete Reynolds Equation............ccccceceeveniinienenne. 56
3.7 Model Validation ...........cooiiiiiieiiieiieeieeieee ettt 59
Chapter 4: Simulation Results of the Micro Pocketed Parallel Thrust Bearing..................... 61
4.1  Overview of the Simulation ReSUILS ..........ccccociviiiiiiiniiiiiieee 61
4.2 Performance of Pocketed Parallel Thrust Bearing at Different Scales ..................... 63

4.2.1. Scaling Bearing Radius, Pocket Depth and Film Thickness Simultaneously....64
4.2.2.  Scaling Bearing Radius while Fixing Pocket Depth and Film Thickness ......... 67

4.2.3.  Scaling Pocket Depth while Fixing Bearing Radius and Film Thickness ......... 70



\

4.2.4. Summary of Bearing Feature Size Scaling Investigation ............ccccceevvveerneenns 72
4.3  Effects of Operational Conditions and Pocket Shape on Bearing Performance ....... 72
4.3.1. Effects of Minimum Film Thickness ..........cccccoooiiiiiniiiiiiiniiiieeeeeeeeeee 73
4.3.2. Effects of Rotational SPeed .........ccccuvieviiieiiieeiiecieeee e 81
4.3.3. Effects of Pocket Extent in Circumferential Direction............cccoeceeeiiieninnncnee. 84
4.3.4. Effects of Pocket Extent in Radial Direction...........cccceviieiiiniiiiiiiiieniceee 92
4.4  Geometric Optimization of the Micro Pocketed Parallel Thrust Bearing.................. 98
4.5  Thermal Effect INnVeStigation...........ccccuiieriieeiiieeiie et 101
4.5.1. Temperature Computation Model...........cccoeriiiiiiiiiiiiiniiiiee e 102

4.5.2. Results of the Thermal Effects on the Micro Thrust Bearing Performance ....103

4.0 CONCIUSIONS ..ottt ettt ettt ettt ettt et e st et e et e e bt e eabe e st e sabeeseeenbeesneeenseas 106
Chapter 5: Experimental Methodology .........cccuiiiiiiiiiiiiiiiee e 108
5.1  Fabrication Processes of the Micro Thrust Bearing...........cccceeveeeveeniiiiienieenienne. 108
5.1.1  Graphics of All the Fabricated Micro Thrust Bearings and the Masks............ 109
5.1.2  ALGNMENt MArKS ......oovuiiiiiiiieeiee e 112
5.1.3  Fabrication Procedures of the Micro Thrust Bearings ..........cccccecevevvenicnnnnne 113

5.2 Introduction of the MEMS TribOmeter ..........coceevieieriineniiiiiiniecienecneeeeeieceenee 126
5.2.1  Operation Mechanism of the MEMS Tribometer ...........cccccoeveeviiniienieeienne. 126
5.2.2  Calibration of the MEMS Tribometer..........ccceverieriinienieneiienicneeieeecienee 133
Chapter 6: Performance of Micro Thrust Bearings Tested on MEMS Tribometer ............. 137
6.1.  Brief Introduction of Liquid Thrust Bearings and the Lubrication Regimes.......... 137
6.2. Detailed Information on the Test SEtUP .......ceevveeviiriiieriieiieie e 139
6.3.  Results and DISCUSSION.........cceeirieiiiiiiiinieniertee ettt 142
6.3.1. Repeatability of the MEMS Tribometer Tests.........ccceeviriiiienireiiienieeiieeiee 142
6.3.2.  MEMS Thrust Bearing Lubricated with Different Liquids ...........cccceeeueennennne 143
6.3.3.  Effects of Friction Modifier on the MEMS Thrust Bearing Performance....... 146

L T O 4 161 1113 (o ) s TR 148



Vi

Chapter 7: Performance of the Micro Bearings on the Micro Energy Harvesting Turbine. 149

7.1.  Introduction of Micro Energy Harvesting Turbine Tests..........ccccceeveerciieencreeennnnn. 149
7.1.1.  Introduction of Flow-driven Energy Harvesting Turbine............cccccccvveeuneenne. 149
7.1.2.  Key Information of the Micro Turbine Used in the Tests .........ccceevevererreennne 151

7.2.  Introduction of the Micro Bearing Assembly and Tests Setup .........cccccuveevvveennenn. 154
7.2.1.  Micro Bearings Installed on the Miniature Turbine ............ccccceeevveenciirenneen. 154
7.2.2.  Assembly of the Micro Journal and Thrust Bearings ............ccccoeevvvevcvirennennn. 155
7.2.3.  Spin-Down Tests Setup and Tests Process .........cccveevvieeiiieeciieeiieeiie e 160

7.3. Detailed Information of Tested Micro Bearings and Tested Lubricants................. 162
7.3.1.  Parameters of the Tested Micro Journal Bearing...........cccccoceeveviiiniincnncnnne 162
7.3.2.  Parameters of the Tested Micro Thrust Bearing..........ccccceeeeevieiieenienieeneene 162
7.3.3.  Properties of Tested LubriCants ..........cccccccveeeviieeiiieeiiie e 164
7.3.4.  TeSt CONAITIONS ..uuvieiiiiiieiieete ettt ettt et ettt e bt eebeesbeesateesaeeens 164

7.4.  Spin-Down Test Results of Micro Bearings Operating in the Turbine................... 165
7.4.1. Repeatability of the Turbine Spin-Down Tests .........ccceecveriieniieiieniieiieeee 165
7.4.2. Bearing Operates in Different Conditions ..........cccceevueerieiiiienieeiienie e 166
7.4.3.  Effect of Lubricant VISCOSITY .......ccevuieriiiriieiiiiiiieriie ettt 180
7.4.4.  Effect of Friction MOdifier.........c.coiiiiiiiiiiiiiiiiiieeeeee e 183
7.4.5. Effect of Thrust Bearing Patterns ..........cccooieriiieiiiniiieniiiieeeeee e 186
7.4.6.  Validation of the Load Carrying Capacity and Pad Number of the Thrust Bearing

in Trend by the Numerical Model...........ccccooiiiiiiiiiiiiiinieeeeee e 190

7.5.  Comparison between the Performance of the Developed Micro Liquid Bearings and

the Performance of the Commercial V Bearings ...........ccoecueevieniiiiieniiieiieniecieeeee e 192
7.5.1.  Turbine Operates Vertically in the Vacuum Chamber ..............ccceevvreinenenne 192
7.5.2.  Turbine Operates Horizontally in the Vacuum Chamber ..............ccceeeueennnnn. 194
7.5.3.  Turbine Operates Vertically i Al ........ccccoeriiiiiiiiieniiienie et 194
7.5.4.  Turbine Operates Horizontally in Air........cccccoevieniiiiiiiniiiiiieieeeeee e 195



Vil

7.6, CONCIUSIONS ...ttt ettt ettt e bt e et e bt e ebeenaaeens 196
Chapter 8: Effects of Surface Texture on the Micro Thrust Bearing Performance ............. 197
8.1.  Brief Introduction of Surface TeXture...........ccoeieeriiiiiiiiiiiiiieeeeee e 197
8.2. Tests Setups of the Surface Texture on Micro Bearing Investigation..................... 198
8.2.1.  MEMS TTIDOMELET ......ccueeeieiiieiieiieie ettt nae e 199
8.2.2.  Graphic Parameters of Textured Thrust Bearings ..........cccceecvveevviencieenneeennee. 199
8.2.3.  Test CONAILIONS ...eeueieiiieiiieiie ettt ettt ettt sttt e st bee st e saeeenbeeee 203

8.3.  Results and DISCUSSION ......ccuuiiiiiiiiiiieeie ettt ettt et e 204
8.3.1.  Performance of the Thrust Bearings with Partial Surface Texture.................. 204
8.3.2.  Friction Reduction of the Friction Modifier and Partial Surface Texture ....... 207
8.3.3. Combining Usage of Friction Modifier and Partial Surface Texture .............. 209

84, SUMIMATY ...oeiiiiiiiiiiieie et ettt et neee 210
Chapter 9: Conclusions and Future Worki............coooiiiiiiiiiiiie e 212
9.1  Summary of Completed Tasks .......ccccoceriiniiiiiiiniee s 212
9.2 Summary of Key Findings and Achievements............cccoeceeviiiiieniieiiiienieeieeee 214
9.3 Future Work of the Research...........ccoccooiiiiiiiiiiniiicceees 215
RETETEICES ...ttt ettt ettt 217
List of Published WOTK ........cooiiiiiiiee e 232

Appendix A: Code of the FVM Model .........coiiiiiiiiiiiiiiniiiceceeceeeece e 233



List of Figures

Figure 1-1. Size comparison between a one-pound coin and the prototype micro energy

harvesting turbine

.................................................................................................................................................. 4
Figure 2-1. Spider mite on a MEMS mirror assembly [16]
.................................................................................................................................................. 9
Figure 2-2. Structure of one axis accelerometer [19]
................................................................................................................................................. 11
Figure 2-3. Structure of a Bimetallic Plates [21]
................................................................................................................................................. 13
Figure 2-4. Structure of a single layer thermal actuation beam [22]
................................................................................................................................................. 13

Figure 2-5 (a). Schematic of rotational flow-energy harvester; (b). Schematic of vibrational

flow-energy harvester [32,33]

................................................................................................................................................. 15
Figure 2-6. Relationships between some common forces and device size [37]
................................................................................................................................................. 18
Figure 2-7. Liquid condensation in MEMS contacting surfaces [40]
................................................................................................................................................. 19
Figure 2-8. Wafer surface after hydrogen termination [59]
................................................................................................................................................. 22

Figure 2-9 (a). SEM image of a single etched micro dimple; (b). SEM image of the regularly

dimpled silicon surface [61]



Figure 2-10. Micro-hemispherical bumps in micro rotor surface [62]

Figure 2-12. Self-assembled monolayer formation process of the alkyltrichlorosilane molecules

on the silicon dioxide layer surface [69]

Figure 2-13. Pictures of diamond like carbon-based coating films constructed from precursor
gases with four different hydrocarbon gas to hydrogen gas ratios. Ratios from figure (a) to (d)
are: 2%mol CH4 to 98%mol H2, 3%mol CH4 to 97%mol H2, 4%mol CH4 to 96%mol H2 and
8%mol CH4 to 92%mol H2 respectively [75]

................................................................................................................................................. 28
Figure 2-14. Structure of the vapour phase lubrication test system [80]
................................................................................................................................................. 30
Figure 2-15. Friction coefficient and lifetime of pentanol vapour lubricated surfaces [82]
................................................................................................................................................. 31
Figure 2-16. A processed silicon wafer with various designs of micro bearings
................................................................................................................................................. 34
Figure 2-17. Aligning the marks on the masks to the marks on the processed wafer
................................................................................................................................................. 37

Figure 3-1. (a) Parallel thrust bearing consisting of an evenly recessed pocket pattern on the

stator and flat rotor; (b) Shape and pocket parameters

Figure 3-2. Geometry of the bearing showing one sector. (a) 3D view. (b) 2D view showing

the boundaries of the one sector domain



Xi
Figure 3-3. Effects of the radius of the artificially placed tiny circle in the centre on the

simulation results from the developed model

Figure 3-4. (a) Meshed pocketed bearing illustrating the fine, coarse and transient mesh

regions; (b). Variables defined for each control volume

................................................................................................................................................. 54
Figure 3-5. Algorithm of the FVM bearing model
................................................................................................................................................. 58
Figure 3-6. Algorithm of the pressure and film fraction fields solver
................................................................................................................................................. 59

Figure 3-7. Model validation 1: reproduce pressure distribution of pivoted bearing with plain

surface [153,154]

Figure 3-8. Model validation 2: reproduce pressure distribution of pivoted bearing with

textured surface [153,154]

................................................................................................................................................. 60
Figure 4-1. Classification of the results in this chapter
................................................................................................................................................. 62
Figure 4-2. Graphic shape of the simulated micro pocketed parallel thrust bearing
................................................................................................................................................. 62

Figure 4-3. Pressure distribution and Film thickness distribution of the bearings in different

size scales (all dimensions scaled in same ratio, ®=942.5 rad - s™1)

Figure 4-4. Pressure distribution and Film thickness distribution contours of the bearings in

different size scales (all dimensions scaled in same ratio, ®=2827.4 rad - s~ 1)



Xl

Figure 4-5. Pressure distributions and Film thickness distributions for bearings at different size

scales (only bearing radius is scaled)

................................................................................................................................................. 68
Figure 4-6. Correlations between (a) normalized hydrodynamic force and (y) and (b)
frictional properties and (y) Only bearing radius is scaled

................................................................................................................................................. 69

Figure 4-7. Pressure distributions and Film thickness distributions for bearings with different

pocket depths
................................................................................................................................................. 71
Figure 4-8. Correlations between (a) normalized hydrodynamic force and hom (8) and (b)
normalised frictional torque and (8) (Only pocket depth is scaled)
................................................................................................................................................. 71

Figure 4-9. Variations of (a) load carrying capacity and (b) friction coefficient of pocketed
bearing with minimum film thickness at different speeds (50% TEg, 50% TE:)

Figure 4-10. Variations with minimum film thickness of (a) Couette frictional torque and (b)

Poiseuille frictional torque for pocketed bearing at different speeds (50% TEsg, 50% TE:)

Figure 4-11 (a). Film thickness distribution of pocketed bearing at different minimum film

thicknesses (942.5 rad - s~1, 50% TEp, 50% TE)

Figure 4-11 (b). Pressure distribution of pocketed bearing at different minimum film thickness

(942.5 rad - s71, 50% TEs, 50% TE;)

Figure 4-12. Pressure distribution in circumferential direction at mid-radius for different

minimum film thicknesses



Xl

Figure 4-13. Load carrying capacity of pocketed bearing vs. rotational speed for different film
thickness (50% TEs, 50% TE;)

Figure 4-14 (a). Film thickness distribution and pressure distribution of pocketed bearing at
different rotational speeds (1500 nm, 50% TEsg, 50% TE;)

Figure 4-14 (b). Film thickness distribution and pressure distribution of pocketed bearing at
different rotational speeds (200 nm, 50% TEg, 50% TE;)

Figure 4-15. Pressure distribution in circumferential direction at mid-radius for different
rotational speeds and for (a) 1500 nm film thickness (50% TEs, 50% TE:) and (b) 200 nm film
thickness (50% TEe, 50% TE)

Figure 4-16 (a). Load carrying capacity of pocketed bearing vs. circumferential extent of pocket
for different minimum film thicknesses (50% TE:, 942.5 rad - s~1). (b) Load carrying capacity
of pocketed bearing vs. minimum film thickness for different circumferential extent values

(50% TEr, 942.5 rad - s~%)

Figure 4-17. (a) Friction coefficient of pocketed bearing vs. circumferential extent of pocket
for different film thicknesses (50% TEr, 942.5 rad - s~1); (b) frictional torque of pocketed

bearing vs. circumferential extent of pocket (50% TEr, 942.5 rad - s™1)

Figure 4-18. (a) Film thickness distribution of pocketed bearing at different 7Ey (400 nm,
942.5 rad - s~ 1, 50% TE;)



XV

Figure 4-18. (b) Pressure distribution of pocketed bearing at different TE¢ (400 nm, 942.5 rad -
S_l , 50% TEr)

Figure 4-19. Variations with TEg of total load carrying capacity and contributions from central

pad, cavitation region and pressure active region 400 nm, 942.5 rad - s~1, 50% TE)

Figure 4-20. (a) Load carrying capacity of pocketed bearing vs. radial extent of pocket
(50% TEp, 942.5 rad * s~1); (b) Load carrying capacity of pocketed bearing vs. minimum film
thickness (50% TEq, 942.5 rad - s™1)

Figure 4-21. (a) frictional torque of pocketed bearing vs. radial extent of pocket (50% TEs,
942.5 rad - s~ 1); (b) Friction coefficient of pocketed bearing vs. radial extent of pocket for
different film thicknesses (50% TEo, 942.5 rad - s™1)

Figure 4-22. (a) Film thickness distribution of pocketed bearing at different TE; values
(400 nm, 942.5 rad - s~1, 50% TEy)

Figure 4-22. (b) Pressure distribution of pocketed bearing at different TE; values (400 nm,
942.5 rad - s, 50% TE)

Figure 4-23. Variations with TE; of total load carrying capacity and contributions from central

pad, cavitation region and pressure active region (400 nm, 942.5 rad - s~1, 50% TEg)

Figure 4-24. Load carrying capacity (left), frictional torque (centre) and friction coefficient
(right) of the pocketed parallel thrust bearing against circumferential and radial pocket extent

at film thicknesses of 400 nm (top), 800 nm (middle), and 1200 nm (bottom)



XV

Figure 4-25. (a) Film thickness distribution of the thrust bearing obtained from iso-thermal
model; (b) Film thickness distributions of the thrust bearing obtained from thermal effect

integrated model

Figure 4-26. (a) Pressure distribution contours of the thrust bearing obtained from the iso-
thermal model; (b) Pressure distribution contours of the thrust bearing obtained from the

thermal effect integrated model

................................................................................................................................................ 105
Figure 5-1. Distribution of All the Micro Thrust Bearings on a Single Wafer
................................................................................................................................................ 109
Figure 5-2. Graphic Features of 1-mm Diameter Bearing Stator Pads
................................................................................................................................................ 110
Figure 5-3. Graphic Features of 2-mm Diameter Bearing Stator Pads
................................................................................................................................................ 111
Figure 5-4. Graphic Features of 2-mm Diameter Bearing Rotor Pads
................................................................................................................................................ 112
Figure 5-5. Alignment Marks for the Micro Bearing Fabrication
................................................................................................................................................ 113
Figure 5-6. Aligning the Marks on the Masks to the Marks on the Processed Wafer
................................................................................................................................................ 113
Figure 5-7. Silicon Wafer Used for Fabrication
................................................................................................................................................ 114



XVI

Figure 5-9. (a) Front Side of the Bearing Stator Pad (b) Back Side of the Stator Pad

................................................................................................................................................ 127
Figure 5-10. 1-mm Diameter Bearing Stator Pad Installed and Fixed on Test Platform
................................................................................................................................................ 128
Figure 5-11. (a) Front Side of the Bearing Rotor Pad (b) Back Side of the Rotor Pad
................................................................................................................................................ 128
Figure 5-12. Cross-section View of the Rotating Shaft and Rotor Pad Assembly
................................................................................................................................................ 129
Figure 5-13. (a) Thrust Bearing before Loading; (b) Thrust Bearing after Loading
................................................................................................................................................ 129
Figure 5-14. Thrust Bearing Consisting of 1-mm Stator and 2-mm Rotor after Loading
................................................................................................................................................ 130
Figure 5-15. (a) Front Side of the Test Platform (b) Back Side of the Test Platform
................................................................................................................................................ 130
Figure 5-16. Mechanism of Load Control of the Tribometer
................................................................................................................................................ 131
Figure 5-17. Mechanism of Frictional Torque Measurement of MEMS Tribometer
................................................................................................................................................ 133
Figure 5-18. Orientation Adjustment of the Test Platform
................................................................................................................................................ 134
Figure 5-19. Orientation Adjustment of the Motor
................................................................................................................................................ 134

Figure 5-20. Load Calibration Curve of the Test Platform



XV

................................................................................................................................................ 135
Figure 5-21. Detector Calibration Curve of the Test Platform
................................................................................................................................................ 135
Figure 5-22. Test Platform with Torque Calibration Tool Installed
................................................................................................................................................ 136
Figure 5-23. Torque Calibration Curve of the of the Test Platform
................................................................................................................................................ 136
Figure 6-1. Typical Stribeck Curve of Liquid Thrust Bearing [157]
................................................................................................................................................ 139
Figure 6-2. Graphics of the Rotor Pad of the Thrust Bearing
................................................................................................................................................ 140
Figure 6-3. Graphics of the Stator Pad of the Thrust Bearing
................................................................................................................................................ 141
Figure 6-4. Side View of Thrust Bearing in Operation
................................................................................................................................................ 141
Figure 6-5. Chemical Structure of Octadecylamine
................................................................................................................................................ 142
Figure 6-6. Curves Showing the Repeatability of the MEMS Tribometer Tests
................................................................................................................................................ 143

Figure 6-7. Friction Coefficient versus Rotational Speed Curves of the MEMS Thrust Bearing
Lubricated by Different Liquids

Figure 6-8. Friction Coefficient versus Rotational Speed Curves of the MEMS Thrust Bearing
Lubricated by Pure Hexadecane and ODA added Hexadecane



XV

Figure 6-9. Power Loss versus Rotational Speed Curves of the MEMS Thrust Bearing
Lubricated by 0.1%wt ODA added Hexadecane

Figure 7-1. (a) Assembled Miniature Turbine and Size Comparison to a Coin; (b) Schematic

of the Cross Section of the Turbine [6]

Figure 7-2. (a) Turbine Rotor with Assembled Magnet Ring; (b) Stator Coil Printed Circuit
Board (PCB); (c) Cross-section View of the Rotor [6]

Figure 7-4. Correlations between Output Power and Rotational Speed of the Micro Energy
Harvesting Turbine at Different Wind Speeds [6]

................................................................................................................................................ 154
Figure 7-5. Assembly of the Micro Bearings and the Micro Turbine Rotor
................................................................................................................................................ 155
Figure 7-6. Length of the Bearing-Rotor Assembly in Axial Direction
................................................................................................................................................ 156

Figure 7-7. Assembly of the Turbine Rotor, Rotor Shaft and the Patterned Rotating Pads of the
Micro Thrust Bearing



XIX

Figure 7-10. Spin-down Test Setup

Figure 7-12: Graphics of the Stator Pads of the Micro Thrust Bearings with Different Recessed

Patterns

Figure 7-14. Frictional Torque Curves of Thrust Bearing with Pattern A and Journal Bearing

Lubricated with Pure Squalene, Turbine Placed Horizontally

Figure 7-15. Force Analysis Diagram of the Micro Journal Bearing when the Micro Turbine is

Placed Horizontally

Figure 7-16. (a) Correlation Curve between the Frictional Torque Caused by Windage and the
Rotational Speed when the Turbine Operates Horizontally; (b) Correlation Curve between the
Frictional Torque Caused by Windage and the Rotational Speed when the Turbine Operates
Vertically

Figure 7-17. Frictional Torque Curves of Thrust Bearing with Pattern A and Journal Bearing

Lubricated with Pure Squalene, Turbine Placed Vertically

Figure 7-18. (a) Correlation Curves between the Two Consisting Parts of Frictional Torque and
the Rotational Speed in Horizontal Operation; (b) Correlation Curves between the Two

Consisting Parts of Frictional Torque and the Rotational Speed in Vertical Operation



XX

Figure 7-19. Frictional Torque versus Rotational Speed Curves from Horizontal Direction Test

and Vertical Direction Test, Both Tests Being Conducted in the Vacuum Chamber (0.3 mbar)

Figure 7-20. (a) Load Analysis of the Thrust Bearing and the Journal Bearing for the Case that
the Turbine Operates in Vacuum in Vertical Direction; (b) Load Analysis of the Thrust Bearing
and the Journal Bearing for the Case that the Turbine Operates in Vacuum in Horizontal

Direction;

Figure 7-21. Frictional Torque versus Rotational Speed Curves from Horizontal Direction Test

and Vertical Direction Test, Both Tests Being Conducted in Atmosphere

Figure 7-22. Frictional Torque versus Rotational Speed Curves of the Turbine with Micro
Bearings Lubricated by Different Viscosity Lubricants Obtained under Four Different

Operation Conditions

Figure 7-23. Frictional Torque versus Rotational Speed Curves of the Turbine with Micro
Bearings Lubricated by Pure Hexadecane and by 0.1%wt ODA Added Hexadecane Obtained

under Four Different Operation Conditions

Figure 7-24: Graphics of the Stator Pads of the Micro Thrust Bearings with Different Recessed

Patterns

Figure 7-25 (a). Frictional Torque Curves of Turbine Installed with the Same Micro Journal
Bearing and Micro Thrust Bearings Recessed with Different Patterns Lubricated by 0.1%wt
ODA Added Hexadecane, Turbine Placed Vertically in the Vacuum Chamber



XXI

Figure 7-25 (b). Frictional Torque Curves of Turbine Installed with the Same Micro Journal
Bearing and Micro Thrust Bearings Recessed with Different Patterns Lubricated by 0.1%wt
ODA Added Hexadecane, Turbine Placed Vertically in Air

Figure 7-26 (a). Film thickness distribution Contours of Micro Pocketed Parallel Thrust

Bearings Recessed with Different Patterns

Figure 7-26 (b). Pressure Distribution Contours of Micro Pocketed Parallel Thrust Bearings

Recessed with Different Patterns

Figure 7-28. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Vertically in the Vacuum Chamber

Figure 7-29. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Horizontally in the Vacuum Chamber

Figure 7-30. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Vertically in Air

Figure 7-31. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Horizontally in Air

Figure 8-1. (a) Front Side of the Rotor Pad; (b) Back Side of the Rotor Pad; (c) 3D View of the
Rotor Pad



XXII

Figure 8-2: Graphics of the Rotor Pad of the Thrust Bearing

Figure 8-3. (a) Front Side of the Partially Textured Stator Pad A; (b) Back Side of the Partially
Textured Stator Pad A; (c) 3D View of the Partially Textured Stator Pad A

Figure 8-4. (a) Front Side of the Partially Textured Stator Pad B; (b) Back Side of the Partially
Textured Stator Pad B; (¢) 3D View of the Partially Textured Stator Pad B

................................................................................................................................................ 201
Figure 8-5: Graphics of the Untextured Stator Pad of the Thrust Bearing
................................................................................................................................................ 202
Figure 8-6. Chemical Structure of Octadecylamine
................................................................................................................................................ 204

Figure 8-7. Friction Coefficient versus Rotational Speed Curves of Partially Textured and Non-

textured Micro Pocketed Parallel Thrust Bearings Lubricated by Hexadecane

Figure 8-8. Friction Coefficient versus Rotational Speed Curves of Partially Textured and Non-
textured Micro Pocketed Parallel Thrust Bearings Lubricated by Hexadecane and the Curve of
the Non-textured Bearing Lubricated by ODA Added Hexadecane

Figure 8-9. Friction Coefficient versus Rotational Speed Curve of Partially Textured Micro
Pocketed Parallel Thrust Bearings Lubricated by ODA Added Hexadecane and the Curve of

the Non-textured Bearing Lubricated by Pure Hexadecane



XX

List of Tables

Table 2-1. Energy density by different actuation mechanisms [20]

................................................................................................................................................. 12
Table 2-2. Pull-off forces of micro contacts with different surface roughness [63]
................................................................................................................................................. 24
Table 2-3. Etchant gases and gaseous by-product of different materials [95]
................................................................................................................................................. 38
Table 3-1. Parameters of the pocketed bearing varied in the research
................................................................................................................................................. 45
Table 3-2. Properties of the lubricant in the simulation
................................................................................................................................................. 45
Table 3-3. Detailed parameters of the pivot bearing used in validation [153,154]
................................................................................................................................................. 60
Table 4-1. Parameters of the pocketed bearing varied in the research
................................................................................................................................................. 63
Table 4-2. Properties of the lubricant used in the simulation
................................................................................................................................................. 63
Table 4-3. Parameters of simulation cases for scale effect investigation
................................................................................................................................................. 64

Table 4-4. Performance of bearings in different dimension scales (all dimensions scaled in

same ratio, ® = 942.5 rad - s~1)



XXIV

Table 4-5. Performance of bearings in different dimension scales (all dimensions scaled in

same ratio, ® = 2827.4 rad - s71)

Table 4-6. Performance of bearings in different dimension scales: scale only r out, fix h_ min

and h_step, ® =942.5 rad - s71)

Table 4-7. Graphic parameters of the micro bearing and operation conditions in the thermal

effect investigation

................................................................................................................................................ 103
Table 5-1. Technical Parameters of the Silicon Wafer
................................................................................................................................................ 114
Table 6-1. Properties of Tested Base Lubricants
................................................................................................................................................ 141



XXV

Nomenclature

Tout
rpad
Trim
eland
epock
hmin

hstep

Outside radius of the bearing
Radius of the central flat region
Radius of the rim of the bearing
Angular width of un-recessed land
Angular width of recessed pocket
Minimum film thickness of bearing
Depth of the recessed pocket

Rotational speed of the bearing

Pressure value

Film fraction value

Density of the lubricant

Dynamic viscosity of the lubricant
Acceleration of gravity

Circumferential and radial flow
speed

Circumferential and radial mass
flow rate

T
T
u
W_h
W_a
W_n
LCC
g f
TE,

TE,

e,w,ns :

Frictional torque

Shear stress of the flow

Friction coefficient of the bearing
Integrated bearing hydro-force
Force from atmospheric pressure
Net supporting force of the bearing
Load support with unit: g - f

Unit defined as gram force

Circumferential direction pocket
extent

Radial direction pocket extent
Ratio defined as Rpin /T outer
Ratio defined as hpin/Rgiep

Ratio defined as Rgep /T outer
force,

Normalized  pressure,

frictional torque, film thickness

Indices denoting east, west, north
and south




Chapter 1: Introduction

The background introduction and the objectives of this research together with the layout of the

thesis are presented in this chapter

1.1 Research Background and Aims

Micro-electro-mechanical systems (MEMS) are micro machines/devices with the size ranging

from 1 to 1000 microns. Due to their nature of tiny size and ability to combine microprocessors,

micro actuators and sensors together, MEMS have many unique functions and a wide range of
applications (MEMS sensors including accelerometers, gyroscopes and tilt sensors, etc. MEMS

actuators including inkjet printers, micro switches, micro pumps and micro grippers). [1]

However, further development of MEMS has been hindered by the difficulties in lubricating

the micro contacts in MEMS. Difficulties in MEMS lubrication are mainly resulted from two

effects:

i.  As the overall dimensions of MEMS are in mm/um range, surface forces (usually function
as stiction or traction forces in MEMS) such as capillary force, van der Waals force and
viscous dragging force become dominant compared to body (inertia) forces such as
gravity, centrifugal force and electric/magnetic field force.

ii. The most commonly used material for MEMS fabrication, silicon, is very brittle.

Therefore, micro contacts in MEMS are vulnerable to the problems such as adhesion, high

friction and high wear rate, which hinders the invention of rotating or sliding MEMS devices.

Several lubricating methods such as applying diamond-like carbon or fluorinated organic
surface coatings (to reduce surface wettability) and building self-assembled mono lubricant
layers over the contact surfaces (to make the surface slippery) have been proposed in various
researches to solve the MEMS lubrication problems. These methods are effective in improving
lubrication performance for micro contacts with small amount of applied sliding, but they are
not endurable with prolonged sliding motion as both the hydrophobic coatings and the slippery

monolayers will be worn out when large amount of sliding is applied.



Liquid lubrication is a cheap, reliable and efficient approach used in the lubrication of macro-
scale rolling and sliding contacts. Due to the high surface to volume ratio in micro scale, liquid
lubrication was believed not to be feasible at first in micro scale applications as the viscous

drag force might dominate in micro systems and cause problems such as overdamping. [2]

However, Reddyhoff and Ku [3] found through lab experiments that liquid lubrication is still
effective in lubricating a millimetre-scale flat to flat contact with high applied sliding speed.
Low friction coefficient and low wear rate are achieved when the tested millimetre-scale
contact is lubricated with low viscosity liquid (hexadecane). Therefore, developing miniatured
liquid bearings with low friction coefficient and low wear rate could be a high-efficiency
solution to improve the performance and reliability for the potential MEMS devices with

sliding contacts.

Liquid bearings can be classified into two types which are hydrodynamic and hydrostatic thrust
bearings. Operation of both type of bearings relies on the pressurized liquid film which helps
to support the applied load. When the applied load is totally supported by the pressurized liquid
film, the contact surfaces of the bearings will be separated hence achieving low friction
coefficient and wear rate. The pressurized liquid film of hydrostatic bearings is formed by
external pressurization (pump) whereas the load-supporting pressure of the liquid film of
hydrodynamic bearings is developed when the liquid flowing through bearing surfaces with

convergent profiles at high speed. [4]

Compared to hydrostatic liquid thrust bearings, the hydrodynamic bearings are able to entrain
lubricants into the bearing and pressurize the entrained liquid automatically without any
external pressurization equipment and are more suitable for applications operating at high
speed. In addition, the design of liquid hydrodynamic thrust bearing is relatively simpler
compared to that of hydrostatic bearings as the operation of liquid hydrodynamic bearings does
not rely on external pumps to supply lubricant fluids, hence the cost of this type of bearing is
lower especially when the bearings are miniaturized. Therefore, hydrodynamic bearings are

more suitable to be miniaturized and used in MEMS devices.

One of the potential MEMS applications with high sliding contacts that might benefit from the
liquid lubrications is the turbine-type micro energy harvester. Micro energy harvesters are very

important applications of MEMS. They can capture energy from external sources such as solar



power, flow power and vibration power and store and generate electrical power for other micro
autonomous devices. While the large-scale energy generators use fuels as energy resources,
micro energy harvesters capture energy that exists in surrounding environments and cost free
(e.g. air flow, vibration energy). Micro energy harvesting turbine is essentially a micro air
flow-driven electrical generator. The rotor of the micro turbine is driven by the air flow and
rotates thereby capturing the energy from air flow and transferring it to mechanical energy of
the rotor. The mechanical energy is then used to generate electrical power by the integrated
micro generator and provide the generated electrical power for applications located in places
where usage and change of supplement batteries are challenging (e.g. wireless sensors in air
conditioning systems or remote gas pipelines) [5]. However, the efficiency of the micro-turbine
harvester is limited by the frictional torque generated in the sliding contact between the turbine
rotor and stator. Furthermore, the effect of frictional torque applied in surface would increase
with decreasing size of the device, which may even result in in-use stiction. In addition, the
range of the flow speed within which the micro energy harvesting turbine can operates

normally is also limited by high frictional torque.

The prototype micro energy harvesting turbine on which the efficiency of the developed micro
liquid hydrodynamic bearings will be installed and tested in this research was developed by
Howey and co-researchers [6]. The diameter of the miniature shrouded wind turbine is only 2
cm. The energy harvester can operate at air speeds in the range of 3-7 ms-1 and generate
electrical power between 80 uW and 2.5 mW. Currently, a pair of jewel V bearings are used to
bear the axial and radial load. However, the performance of the jewel V bearings is not
satisfactory especially at low speed (over 80% of the generated power is lost in the sliding
contacts). The efficiency of the sliding contacts of the prototype energy harvesting turbine is
expected to be improved by replacing the jewel V bearings with developed liquid
hydrodynamic bearings. A picture of the prototype energy harvesting turbine used in this

research is shown in figure 1-1.



Figure 1-1. Size comparison between a one-pound coin and the prototype micro energy

harvesting turbine

For each sliding contact of the micro energy harvesting turbine, a journal bearing to support
the radial direction load and a thrust bearing to support the axial direction load are needed. The
liquid hydrodynamic thrust bearing can be roughly divided into 3 categories: tapered land thrust
bearing, tilted thrust bearing and step thrust bearing based on the profiles of the bearing pad
surfaces [7]. Among all types of thrust bearings, step thrust bearings are more commonly used
due to its ability to generate sufficient load carrying capacity in wide dimension scales and the
low cost in design and manufacturer [7]. In addition, the fabrication difficulty for miniatured
step thrust bearing is much lower than that of other two types of bearings as it is extremely
difficult to accurately construct wedged surfaces in micro scale. As to the micro journal bearing
for the high sliding MEMS devices, micro ruby ring could be an appropriate choice as the
lubrication properties of ruby are good (low kinetic friction coefficient, long lifetime, high anti-

wear ability) [8, 9].

The correlations between the performance of the liquid lubricated bearings, especially the
micro step thrust bearings, and the bearing design and operational conditions are of great
importance as they are necessary for micro bearing development, usage and modification. This
could be achieved by developing a numeric model of the bearing that correctly describes the

liquid behaviours within the simulated micro bearings.

The overall aim of this project is to develop a pair of micro liquid hydrodynamic bearings with
low friction coefficient and wear rate based on the findings of liquid lubrication from the lab
tests [3] and install the developed micro bearings on a prototype energy harvesting turbine to

improve its efficiency and reliability. Understanding of the micro bearing behaviours and



bearing performance optimization are also achieved by developing a numeric bearing model.

Other methods to improve the micro liquid bearing performance are also investigated in this

research (including applying additives and surface texture with different lubricants).

1.2 Research Objectives

To achieve the aims set for this research which are described in the previous section, several

objectives are required to be completed.

ii.

iil.

1v.

Vi.

Developing a finite volume model based on the solution of the mass-conservation
considering Reynold’s equation to simulate the lubrication behaviours of the micro thrust

step bearings.

Using the developed numeric model to investigate the correlations between the micro
thrust step bearing performances and the bearing graphics and operational conditions, and

to modify the bearing design.

Developing micro fabrication recipes for the micro thrust step bearings and completing

manufacturing work of the micro thrust bearings with different graphic designs.

Testing the performance of the micro thrust bearings on a MEMS tribometer when they

are lubricated with different liquids.

Assembling the micro thrust bearing and journal bearings and testing the performance of
the micro bearings when they are installed on the prototype micro energy harvesting

turbine.

Investigating the effects of micro surface texture and friction modifier on the friction

reduction of the micro thrust bearings.



1.3 Thesis Layout

The thesis is composed of nine chapters, brief summary for each of the chapters is presented

as follows:

Chapter 1 demonstrates the background, aims and the objectives of this research, layout of the

thesis is also given in this chapter.

Chapter 2 presents a brief literature review on the MEMS development, lubrication problems

of MEMS devices and different types of lubrication methods of MEMS devices.

Chapter 3 describes the liquid mechanics and development process of the finite volume micro

thrust bearing model. Validation cases of the developed model are also shown in this chapter.

Chapter 4 presents the simulated results demonstrating the performance of micro thrust

bearings with different graphic parameters operating under different conditions.

Chapter 5 presents the fabrication processes of the micro thrust bearings. Detailed
experimental setups of the micro thrust bearing assessment on the MEMS tribometer including
the rig operation mechanism, rig calibration procedures, tested bearing parameters and the

tested lubricants details are also demonstrated in this chapter.

Chapter 6 demonstrates the performance of the micro thrust bearings lubricated with different

liquids obtained from tests on the MEMS tribometer.

Chapter 7 shows the performance of the micro thrust bearings and journal bearings when they
operate on the micro energy harvesting turbine. How the micro thrust bearings and journal
bearings are assembled and installed on the micro turbine is also presented in this chapter. In
addition, detailed introduction on the MEMS energy harvesting turbine and test methods of the

micro turbine are given in this chapter.

Chapter 8 shows the influence of micro surface texture on the lubrication behaviours of the

thrust bearing.

Chapter 9 summarizes the key findings of this research and possible future work.



References lists all the references used in the whole thesis.

The list of published work and an Appendix containing the code of the numeric model and

are given in the end of the thesis.



Chapter 2: Literature Review

A brief literature review of micro-electro-mechanical systems (MEMS) and the lubrication
implementation on MEMS contacts are presented in this chapter. The review can be divided
into four parts. The first part summarizes the developments and applications of MEMS, a
detailed review on MEMS energy harvesters and the advantages of energy harvester with
sliding or rotating contacts is also presented in this part. Problems in MEMS lubrication and
the causes of the problems are reviewed in the second part. In the third part, lubrication
methods for MEMS including dry lubrication, vapour phase lubrication and liquid lubrication
methods are briefly reviewed. The final part briefly summarizes the fabrication techniques of

MEMS devices.

2.1 Introduction on Micro-Electro-Mechanical Systems (MEMS)

Microelectromechanical systems (MEMS) are tiny devices consisting of small electrical and
mechanical components, the feature sizes of MEMS typically range from 1 pm to 1000 pm.
These devices are mostly fabricated from semiconductor materials by applying the processing
techniques that are similar to the fabrication techniques used in batch fabrication of integrated
circuits (IC). Because of their size, MEMS can accurately sense, actuate and control various
micro scale physical quantities. After being integrated into macro scale systems MEMS can
generate effects on macro scale devices hence achieving some high-accuracy functions in
different fields (e.g. accelerometers in automobiles, inkjet printer heads and high accuracy

micro spectrometers). [10-13]

With the development of semiconductor device manufacturing techniques such as dry etching,
wet etching and micromachining, more and more types of MEMS with different practical
functions have been developed and MEMS have already upgraded many types of consumer
products and have changed our lifestyles. The global market for commercialized micro-electro-
mechanical systems is also growing drastically. In 2012, the MEMS market totalled $12.6
billion and is estimated to rise to $24 billion in 2019. [14]



Many advantages could be drawn from the tiny size of MEMS. For example, because of the
low inertia, the MEMS accelerometers are able to measure much higher acceleration than their
macro scale counterparts; MEMS switches which function as parts of communication circuits
can achieve signal switching much faster than the switches with much larger size. Power saving

and low manufacture cost are also the advantages that can be gained from MEMS. [15]

However, problems attributed to the tiny size of MEMS also exist. In micro-scale, surface
forces such as capillary force, Vander Waals force, adhesion and friction may dominate over
inertia forces, which makes the design method of MEMS different from that of the macro
devices. High surface forces may also result in severe wear and fast failures of MEMS
especially the devices involving rotation and sliding. Figure 2-1 below demonstrates how tiny
the MEMS could be by comparing the size of a spider mite and the size of a MEMS mirror

assembly.

Figure 2-1. Spider mite on a MEMS mirror assembly [16]

2.1.1 Brief Development History of MEMS

Since 1950s, MEMS have been moving forward fast with more and more micro scale
fabrication techniques being developed and various of devices which are built in lab researches

being commercialized. A brief introduction on the development of MEMS is given below.

In 1959, Richard Feynman made a lecture: “There is plenty of room at the bottom” at California
Institute of Technology and encouraged the development of MEMS technology.
Micromachining, one of the most important fabrication methods, was invented in the 1960s. In
1970s, the first silicon accelerometer and inkjet head fabricated by micromachining was

demonstrated in public. During 1980s to 1990s, more advanced MEMS fabrication methods
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such as deep reactive ion etching (DRIE), and stencil lithography were developed, and an
increasing number of researches were focused on MEMS issues. In the first decade of twenty
first century, a lot of devices such as tri-axis accelerometers and MEMS gyros became
commercialized and were sold in the market. MEMS have also been applied to more fields
recently such as bioengineering, medical engineering and information & communication

engineering. Currently, MEMS have already become an important part in our daily life.
2.1.2 MEMS Devices Types and Operation Mechanisms

MEMS devices can be roughly categorized two types which are micro sensors and micro
actuators. Brief reviews on each type of MEMS devices and their mechanisms are presented

below.
Micro Sensors

An important type of applications of MEMS are the MEMS sensors. MEMS sensors have the

advantage of the small size that enables them to be easily integrated into associated systems.

Piezo-electric effect, piezo-resistive effect and capacitive effect are three most commonly used
mechanisms in micro sensor designs. [16-18] Piezoelectric micro sensors consist of micro
crystal structures which are able to generate electric voltage signal when they get pressurized.
Piezo-resistive micro sensors are made of highly piezo-resistive materials (some
semiconductor materials) whose resistivity changes when stresses are applied. The working
mechanism of capacitive micro sensors is that the capacity of the micro sensors changes when
stresses are applied (by changing the distance between the plates of the capacitor) or the
properties of the dielectric (e.g. humidity) of the capacitor is changed. The detected changes of
the properties of the MEMS sensors can be therefore used to quantify some physical input such

as accelerate forces, stresses, deformation and humidity.

Micro accelerometer is a typical example of the MEMS sensors, explanation of the mechanism
of a capacitive effect based one-axis accelerometer is given here. Figure 2-2 demonstrates the
structure of the one-axis accelerometer. It consists of a proof mass (m) which is connected with
an elastic suspension system and a capacity plate. Applied acceleration (a) would result in the

deflection of the suspension system (x).[19]
m-a=F=k-x (2-1)

The deflection x would result in the change of the capacitance (AC)
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x=d— (2-2)

where d is the distance between the moveable plate and the fixed plate of the capacitor and C,
is the original capacitance value. The resulted capacitance change can be measured from the

voltage output of the connecting electric circuits:

AC

Vout = V" =
out o CO

(2-3)

Substituting equation (2) and (3) into equation (1), the applied acceleration can be obtained

using the following equation:

__ kdVour

2-4
m-V, ( )
base (substrate)
motion, x I fixed outer
A . plates
O E——— e ——
\‘2i a ’+ movable plates —————1
.:g%l  —
TN— @ —
I
o ————— E—
i s,
R S— —
— p—
@ | poofmax '
movable
® microstructure e
| e—
@ —
-
base (substrate) O el 4

Figure 2-2 Structure of one axis accelerometer [19]

Micro accelerometers are widely used in electronic systems and devices such as airbags of the

automotive and smartphones.
Actuation Systems

It 1s challenging but necessary to achieve actuation functions in MEMS. The commonly used
actuation mechanisms in macro scale applications such as hydraulics, combustion engine and
electric motor are not feasible in micro scale applications because the fabrication process would
be extremely complicated and expensive and the performance would be low (resulting from

the scale effect). The actuation mechanisms which suits for MEMS actuators are thermal
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driving, electrostatic driving, piezoelectric driving and magnetic driving [20]. Table 2-1 below

demonstrates the approximate driving energy density values with the actuation mechanisms

above.
Table 2-1. Energy density by different actuation mechanisms [20]
Actuation Max. Energy  Physical and Estimated Approximate
Density Material Parameters Conditions Order ([fent’)
Electrostatic Vs g, E E = electric field 5 Vium ~0.1
g, = dielectric permittivity
Thermal 15 Y (¢ AT)" @ = cocfficient of expansion 3 x 10°/°C  ~§
AT = temperature rise 100°C
Y = Young’s modulus 100 GPa
Magnetic Vs B, B = magnetic field 01T ~4
ity = magnetic permeability
Piezoelectric 15 Y (dy; F)’ E = clectric field 30 Vigm ~0.2
Y = Young’s modulus 100 GPa

. . -12 —~
dy; = piezoelectric constant 2 x 107~ C/N

Detailed reviews on different actuation mechanisms are given in the following sections.
i  Thermal Actuation

An important property of materials is the thermal expansion coefficient, materials would
deform when temperature change occurs. The resultant deformation is proportional to the
thermal expansion coefficient. Several methods are applied in MEMS to amplify the deflection

hence achieving actuation functions.

The first method is to bond two layers of different materials together. The two bonded layers
should have largely different thermal expansion coefficients. When temperature change occurs,
the layer with higher thermal expansion coefficient would expand more than the other layer
hence leading to bending deflection to achieve actuation function. The amount of deflection
depends on the difference between thermal expansion coefficients of the two bonded layers
and the temperature change. This method might be limited to be used only in a certain
temperature range, the fabrication processes for this type of MEMS actuators are also
complicated and the bonded layers might get separated during usage. Figure 2-3 below

demonstrates the structure of a bimetallic plates. [21-23]
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Bending direction

Layer with higher thermal expansion coefficient

Figure 2-3. Structure of a bimetallic plates [21]

Thermal actuation can also be achieved by a specially designed single-layer beam made from
single material. The beam is structured with a thinner arm and a thicker arm. The beam can be
heated with current and temperature difference would be generated when the applied current
passes the thinner and thicker arms of the beam. The temperature difference between the two
arms would result in bending motion at the free end. Figure 2-4 below illustrates the structure

of this kind of beam. [22, 23]

Bending direction
Hotter

u
. Colder

Figure 2-4. Structure of a single layer thermal actuation beam [22]

]

Another thermal actuation method is achieved by filling a sealed cavity with liquid. When the
liquid-containing cavity is heated, forces against cavity wall would be generated from the rise
of the liquid pressure hence making the compliant wall deflect. MEMES valves normally apply
this kind of method.

ii Electrostatic Actuation

The electrostatic force between two charges is inversely proportional to the square of the
distance between the charges. This force is negligible in macro scale. However, electrostatic
force can be used to generate mechanical motions for MEMS devices as the gaps in these micro
devices are very small. For example, the simplest electrostatic actuator consists of a movable

electrode plate which is connected to a micro spring and a fixed electrode plate. When voltage
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difference is applied on the structure, electrostatic force would pull the moveable plates

towards the fixed plate. This application only requires little power supply [24].
ili Piezoelectric Actuation

Certain materials can generate electric charges when mechanical stress is applied, this
phenomenon is defined as the piezoelectric effect. This process can be reversible for some
materials, which means when electrical field is applied, accurate mechanical strains/stress can
be generated. The reversal piezoelectric effect can then be used in MEMS actuators. For
example, commercialized piezoceramic cylinders are able to generate force of a few newtons

when voltage of a few hundred volts is applied. This actuation method also requires little power

supply [25].

2.1.3 Micro Energy Harvester

The micro energy harvesters are devices which collect energy from ambient environment,
generate electrical power using the captured energy and supply electrical power to the other
low-power consumption devices. Normally, the devices powered by MEMS energy harvesters
are not appropriate to be powered by batteries such as the implantable sensors and actuators
and sensors located in pipes, tubes and ducts [26-28]. Recently, the development of micro
energy harvesters has received more and more attention because of the advantages of energy

renewable and environment friendly.

The energy sources that can be captured in nature are flow energy, thermal energy and solar
energy [29]. For micro scale energy harvesters, solar energy is not preferable as the efficiency
of solar energy harvesting is highly dependent on surface area of the harvester cells. In addition,
solar energy might not be available in pipes and ducts. Thermal energy can be harvested
through temperature difference between two different materials (e.g. thermal couple), the
gained energy can also be used to generate electrical power [30]. However, the power obtained
from thermal energy cannot reach a high value as big temperature difference is not feasible for

micro scale devices [31].

Energy within flows especially the air flows is another energy source. One of the advantages
of the flow energy source is that it is easily accessible from ambient environment (such as wind
in nature/ liquid flow in tubes/ air flow in ducts). In addition, the power density of flow energy

source is normally much higher than that of the thermal energy source (e.g. power density from
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wind with 4.47 m/s speed can reach 10.4 mW/cm?) [5]. Therefore, energy from flow (if

accessible) is the preferable source for micro energy harvesters.

Based on the mechanism of the energy harvesting process, micro flow-energy harvesters can
be divided into two types. The first type is the rotational energy harvesters, this kind of
harvesters can harvester the energy from the flow and transfer the captured energy into
mechanical energy of the rotor rotation. As shown in figure 2-5 (a), the rotor of the micro
energy harvester turbine is rotated by the flow, the rotational speed of the rotor which
determines the generated electrical power is dependent on the flow speed. The second type of
micro flow-energy harvesters capture the energy within flow through vibration. As shown in
figure 2-5 (b), when a mechanical resonator is immersed in the fluid flow, vortex would appear
around the resonator and cause vibration of the resonator, the energy from the flow can be then

harvested [6, 32, 33].
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Figure 2-5 (a). Schematic of rotational flow-energy harvester; (b). Schematic of

vibrational flow-energy harvester [32, 33]

Comparing the application range of the flow-energy harvesters with different energy capturing
mechanisms it can be indicated that the rotational energy harvester can efficiently capture the
energy from the flow in almost all directions whereas the vibrational flow-energy harvesters

can only operate effectively when the flow direction is perpendicular to the resonator. [5]

For the rotational micro flow-energy harvesters (micro energy harvesting turbine), there are
different options to transfer the harvestered flow energy to the electrical energy, which are
piezoelectric method, electromagnetic method and electrostatic method. Priya and co-
researchers [34] developed a piezoelectric micro energy harvesting turbine that could produce
10.2 mW-electrical power when the turbine rotational frequency is 6 Hz. Howey and co-
researchers [6] developed an electromagnetic energy harvesting turbine with 2 cm outer

diameter, it can generate 80 uW to 3.2 mW electrical power when it operates in the air flow
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with 3-7 m/s flow speed. Recently, Perez et al [35] developed a 4 cm-diameter electrostatic
energy harvesting turbine that could operate in the air flow with 1.5-10 m/s flow speed

generat8ing 95 uW to 1.8mW electrical power.

Despite lots of development work by many researchers, there is no commercialized energy
harvesting turbine yet. One of the main causes is that the cut-in flow speed at which the turbine
can overcome the static friction and starts to operate is very high, the turbine would get stuck
when the air speed is decreased to lower values. Howey [6] and co-researchers also reported
the relationship between the efficiency of the bearing in the micro energy harvesting turbine
and the air flow speed. They found that over 70% of the harvested energy is wasted on the
micro sliding contacts when the flow speed is lower than 4m/s. That suggests that the efficiency
improvement for the micro sliding contact is of great importance, it can further increase the

efficiency of the micro energy harvesters and decrease the cut-in speed.

2.1.4 Summary of MEMS Development and Applications

As discussed above, MEMS technology has been improved drastically over the last few
decades. A lot of commercialized MEMS applications have been used in various domains such
as the micro devices in automobiles, smart phones and medical treatments. However, few
commercialized applications are designed with sliding contacts which can enable rotational
movements of MEMS devices to be achieved as adhesion and stiction might occur during
operation and cause failure of the devices. One of the most promising MEMS that can benefit
from designs with sliding contacts is the energy harvesting turbine which could be used to
continuously supply electric power for applications located in places where usage of batteries
is challenging (such as pipes and ducts). However, further development of energy harvesting
turbine is limited by the low transmission efficiency and stiction problems of the micro sliding

contacts between the rotors and stators. Solutions tackling this problem are investigated.

2.2 Tribological Problems of MEMS

The market of Micro-Electro-Mechanical Systems has already totalled millions of dollars with
various kinds of successfully commercialized applications such as the accelerometers in the
autos, inkjet printer heads, micromirrors in the display devices and gyroscopes in the mobile

phones. However, a common feature of these successful commercialized MEMS applications



17

is that they involve no or few contacts with sliding. Excluding designs with sliding contacts
limits the diversity of MEMS and restricts the development of MEMS with the functions based
on surface interactions such as the micro motors and micro energy harvesting turbines. The
main obstacles to the development of MEMS with sliding contacts are various tribological
problems in the micro sliding contacts such as stiction, high friction, severe wear, short lifetime
and in-use stuck. These problems are resulted from high surface forces. Surface forces such as
capillary force, electrostatic force and Van der Waals force can be comparable to or even larger
than the actuation forces in micro scale. The origins of the tribological problems are briefly

explained in this part.

2.2.1 Scaling Law

In micro scale, the forces that we ignore in macro scale such as electrostatic forces and capillary
forces might become dominant. The relationship between the physical parameters of an object

and its size is the so-called scaling law. [36]

When the characteristic dimension of a device, L, decreases, the surface area of the device
decreases in proportion to L? whereas the volume of the device decreases in proportion to L3.
The ratio between the surface area to the volume of the device increases with decreasing device
size. Therefore, the force applied on the surfaces such as friction/ stiction force gradually
become dominant with decreasing dimension of the device whereas the effects of body forces

such as inertia force gradually become weaker.

Besides, some forces themselves are affected by the dimension scale; examples of such kind
of forces are given as follows. The surface tension is proportional to L, the fluidic and
electrostatic forces are proportional to L?, the weight, inertia and electromagnetic forces are
proportional to L3. Therefore, in MEMS devices, the resistant forces such as surface tension
and electrostatic forces might outweigh actuation forces, which would cause in-use stick or
high friction, the devices might not operate in the way intended and the device lifetime might
be very short. Figure 2-6 below demonstrates correlations between some common forces

applied in MEMS and the MEMS device size.
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Figure 2-6. Relationships between some common forces and device size [37]

2.2.2 Origins of Adhesion and Frictional Forces in MEMS

Forces on the micro devices which might result in high resistance and adhesion on the micro

sliding contacts are briefly reviewed in this section.

Capillary Force

One of the strongest forces causing adhesion and stiction in micro contacts is the capillary
force. The water vapour would get condensed in the small gaps between the contacting surfaces
and forms a thin water film, this phenomenon is the so-called capillary condensation. If the
contact angle between the condensed liquid film layer and the solid surface 6, is smaller than
90°, the pressure inside the liquid film is smaller than that outside the film. Therefore, for micro
devices, the pressure difference results in adhesive force between the contacting plates hence
holding the contacting surfaces together and causing adhesion and in-use stiction [38]. This

pressure difference could be calculated using Laplace equation [38]:

Ap = 27’1+059c (2-5)

Therefore, the external force required to separate the surfaces is:

2AY(q CcOS B,

F = ApA = m

(2-6)

Where the y;, is the surface tension of liquid and air interface, d is the distance between the
contacting surfaces and 4 is the wetted area. Therefore, the capillary force which holds the
contacting surfaces in stiction F' could be reduced by decreasing the liquid condensed area

(wetting area) [39] (essentially, adhesion energy).
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De Boer and co-researchers showed the dependency of adhesion energy on relative humidity
by using a one end anchored micro-cantilever, the adhesion energy is quantified by the length
of the part that is not stuck [40]. Deng and co-researchers also found that the maximum static
friction of micro sliding contact is also strongly dependent on the relative humidity [41]. For a
silicon against silicon contact with the roughness of 3nm, the adhesion energy which is resulted

from water condensation could reach 0.14 Jm under 100% relative humidity [42].

Figure 2-7 below demonstrates the liquid condensation when two surfaces are in contact under

humid conditions.

|- liquid condensate

Figure 2-7. Liquid condensation in MEMS contacting surfaces [40]

Van der Walls Force

Van der Waals force between two contacting surfaces is a result of mutual electric interaction
of the induced dipoles in the contacting surfaces [43]. The adhesion energy density caused by

Van der Waals force can be calculated using the equation below:

A
Evaw = 2 (2-7)

12md?

Where Ay is the Hamaker constant which normally ranges from 0.4-14x10" J for polar
molecules. d is the distance between the contacting bodies. In practice, the Van der Waals force
drops much faster with increasing contact surfaces distance than it is predicted by equation
above when the distance is larger than 20 nm [39]. The effect of Van der Waals force on
adhesion almost disappear when the distance is larger than 20 nm. Normally, Van der Waals
adhesion is much smaller than the capillary condensation adhesion and it is only dominant
when the relative humidity is very low (<30%) or the contacting surfaces is water-repellent

[38, 39]. The Van der Walls adhesion is mostly affected by the surface roughness.

Electrostatic Force

The differences in contact potential, the tribo-charging of sliding surfaces and the electrons

trapped in the oxide layer of MEMS surfaces would together result in electrostatic forces within
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the MEMS contact [44]. Theoretically, the electrostatic force obeys Coulomb’s law and
decreases with increasing distance between the contact surfaces. However, the charges often
redistribute themselves according to the field [38, 39]. Normally, the stiction caused by

electrostatic force is temporary as the non-equilibrium charging will relax with time.
Sliding

When sliding is applied within the contact, the high adhesion forces would lead to high friction
and when the actuation force cannot overcome the in-use stiction occurs. In addition, silicon is
a very brittle material, which means severe wear happens when large amount of sliding is

applied especially when the friction is very high.

2.3 Lubrication Methods for MEMS

Currently, there are several different methods to reduce the adhesion and friction in MEMS
devices, they could be roughly categorized into two categories based on the working
mechanism. The first type of methods is to make the surfaces of MEMS devices more
hydrophobic. The other type of methods is to separate the contact surfaces of MEMS devices

by medium (solid, vapour or liquid) with which low adhesion and friction can be achieved.

2.3.1 Adhesion Reduction During Fabrication

As discussed above, liquid condensation and its resulting capillary force are the main causes
of adhesion and stiction in MEMS devices. Liquid condensation is almost not avoidable as
rinsing and drying processes are necessary for the fabrication of most MEMS devices.
However, it has been found by researchers that the surface energy could be reduced by choosing
appropriate low-surface-tension rinsing and drying liquid. Scheepers and co-researchers [45]
found that the surface energy of a silicon nitride surface rinsed and dried using n-hexane (19
mJ m) is much lower than the one which is rinsed and dried in DI water (73 mJ m™). Low
surface energy of silicon wafers could also be achieved by using Fluorinert in rinsing and

drying processes.

Mulhern and co-researchers [46] prevented liquid condensation by using a supercritical drying
process where the liquid is transferred to vapor through the supercritical phase and no liquid-

air interface exists during drying. Therefore, the liquid condensation is prevented.
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There are other methods applied in micro fabrication processes to reduce the surface energy
such as drying the MEMS devices under elevated temperature [47] and using sacrificial dioxide

layers [48].

2.3.2 Stiction Reduction by Surface Treatments

As discussed in the previous section, capillary condensation is the main cause of the stiction of
MEMS contact and it is determined by the environment humidity and the wetting area of the
contact. Therefore, treatments changing the properties of the surfaces of MEMS devices to
either make the surface more hydrophobic or reduce the real contact area are options to reduce
the in-use stiction. The two commonly used methods are increasing the surface roughness and

making the surface hydrophobic. [38, 39]

Hydrogen Termination on Silicon Surfaces

As most of the MEMS devices are made from silicon, lots of research has been conducted to
investigate treatment on silicon surfaces to make the surface more hydrophobic. Hydrogen
termination treatment on the silicon surfaces by passivating the surfaces by using chemicals
such as the ammonium fluoride (NH4F) or the hydrofluoric acid (HF) is an effective way to

make the silicon surfaces hydrophobic. [49]

The bare silicon surface with almost no chemical termination is not hydrophilic, Arkles [50]
and co-researchers measured the contact angle of a water droplet on a newly etched silicon
surface, results show that the contact angle can reach 88 °. That is because water molecules

cannot form hydrogen bond with the bare silicon atoms [51].

However, the bare silicon surface is very reactive because of the dangling bond terminated on
the bare silicon surface, a thin layer of silicon dioxide (thickness lower than 1 nm) covering
the silicon surface would form fast when the bare silicon is exposed to air [52, 53]. The silicon
dioxides are vulnerable to hydroxyl group termination, the silicon surface in this case becomes
very hydrophilic as hydrogen bonds forms between the hydroxyl groups terminated on the
silicon surfaces and the water molecules. The contact angle in this case ranges from 35 ° to 48 °

[54].

Hydrofluoric acid (HF) and ammonium fluoride (NH4F) can etch the thin silicon dioxide layer
formed on the silicon surfaces together with the terminated hydroxyl groups. After the etching

process, it can be found that the silicon surface is terminated with hydrogen [55-57]. Since the
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dangling bond of bare silicon is terminated by hydrogens, the silicon surface is not passivated.
The passivated silicon surfaces can be chemically stable for a few days when exposed to air
[58]. Due to the low polarity of the silicon-hydrogen (Si-H) bond, hydrogen bond cannot be
formed when water molecules are dropped on the passivated silicon surfaces. Figure 2-8 below

demonstrates the hydrogen-terminated silicon surface

H H H H

[ T N
Si_ Si Si Si

Figure 2-8 Wafer surface after hydrogen termination [59]

The properties of polycrystalline silicon surfaces after hydrogen termination treatment were
tested by Houston and co-researchers through a series of investigations, and they validated that
hydrogen termination treatment can make the silicon surfaces hydrophobic. They found that
the contact angle between the water droplet and the hydrogen terminated silicon surface (by
HF etching) is 61.0 °. The contact angle between the water droplet and the hydrogen terminated
silicon surface (by NH4F etching) can reach up to 85.5 °. [58-60]

However, as mentioned, the effect of passivation by hydrogen termination gradually vanishes
with time and totally disappears in a few days. The silicon surfaces would be covered with
hydrophilic silicon dioxide layer. That indicates that this method is not suitable for MEMS

devices which are expected to be used for a long time.

Surface Roughening and Skewing

As discussed above, smaller wetting area can be achieved by reducing the real contact area.
The adhesion forces including capillary force and Van der Waals force could be considerably
decreased when the surface roughness is increased as the height of the gaps between two
surfaces in contact, which can be indicated from equation (2-6) and equation (2-7). Two types
of methods can be used to reduce the real contact area of the micro contacts, the first type is to
fabricate micro bumps or holes over the surfaces and the second type is to roughen the surfaces

directly. [39]
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i  Micro Dimples

Zhang and co-researchers [61] compared the friction coefficient of silicon samples with smooth
surface and the silicon samples etched with micro dimples and confirmed that micro dimples
are capable of friction reduction for micro sliding contacts through experiments. The micro
dimples are etched regularly on the 4 mm X 4 mm silicon samples using lithography processes.
The diameter of the dimple is 8.5 um, the depth of the dimple is 60 nm, the distance between
two neighbouring micro dimples is 6 um. SEM images of a single micro dimple and the

regularly dimpled silicon sample surface is demonstrated in figure 2-9 below.

(a) Dimensions of a micro

dimple, depth = 60 nm, (b) Distribution of

diameter = 8.5 pm micro dimples

Figure 2-9 (a). SEM image of a single etched micro dimple; (b). SEM image of the

regularly dimpled silicon surface [61]

Friction coefficient of the smooth silicon samples and the dimpled samples are measured under
the test conditions of 314 uN load, 2.7 pm/s sliding speed and 85% relative humidity. The
friction coefficient of the smooth samples is 0.4 whereas the friction coefficient of the dimpled

samples is reduced to 0.3. [61]

ii Micro Bumps

Corresponding to micro dimples which are etched to a certain depth below the original surface,
micro bumps are tiny features which are extruded to a certain height above the original surface.
Therefore, the distance between the contact surfaces can be increased by the micro bumps
hence reducing the capillary force and Van der Walls force. In addition, the shape of the micro
bumps applied on MEMS device surfaces are normally hemispherical, so the real contact area

can be reduced hence resulting in smaller stiction force.

Fan and co-researchers applied micro bumps to the parts surfaces of a micro electrostatic motor.
[62] As shown in figure 2-10 below, the hemispherical micro bumps are fabricated on the

bushing of the rotor which is fabricated from polycrystalline silicon. No in-use stuck happened
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during the operation of the micro motor, which confirms that micro bumps are effective in
stiction prevention [62].

POLYSILICON SILICON NITRIDE

HEMISPHERICAL
BUSHING

N N D

T-: SILICON NITRIDE  SILICON DIOXIDE

Figure 2-10. Micro-hemispherical bumps in micro rotor surface [62]

iii Direct Surface Roughening

The stiction problems of the micro contact can also be tackled by directly roughening the surfaces of
the MEMS devices. Allison, Ando and co-researchers have investigated the pull-off force
(adhesion force) of silicon-gold interfaces with four different combined surface roughness
values (o) through both experiments and numeric modelling [63, 64]. Combined surface
roughness values and the measured pull-off forces are illustrated in table 2-2, the area of the

micro contacts is all equal to 1000 pm?.

Table 2-2. Pull-off forces of micro contacts with different surface roughness [63]

A. Rough | B. Intermediate | C. Smooth | D. Super Smooth

Combined Surfaces (c=15.8nm) (c=6.8nm) (o=1.4nm) (c=0.42 nm)

F'(or F/ A,E) 235x107 | 3.5x10°® 58x 107 2.42x 107

F (pN)
(4, = 1000 ) 0.12 1.7 2800 11813

(1 )max F
(k" <3 for contact) 30 4.9 23 1.7

It can be seen from table 2-2 that the adhesion force can be negligible when the surface
roughness of the contact is 15.8 nm whereas the adhesion force is dominant when the surfaces

of the contact are super smooth (0.42 nm combined surface roughness).

Even though the adhesion and high friction problems can be improved by changing the
topography of the surfaces of micro devices by adding micro dimples, micromachining micro

bumps and directly roughening the surfaces, problem of severe wear might occur on the surface
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roughened micro contacts especially when large amount of sliding is applied. In addition, the

structural parts of the micro devices might be too thin if surface roughening is overdone.

2.3.3 Dry Lubrication with Coatings

Coatings has been used to solve stiction problems of contacting surfaces since 1950s. Bowden
and co-researchers [39] solved the stiction of a smooth substrate against indium ball contact by
using molecular coating. From 1990s, coating was found to be useful in solving stiction
problems resulted from capillary condensation in MEMS contacts. There are several methods
to form coating films over the surfaces, but their working mechanisms are similar. The coating
films cover the MEMS surfaces with long-chain molecules (typically hydrocarbon or
fluorocarbon chains). Therefore, the surfaces of the micro contacts are not in direct contact, the
coating films over the surfaces are hydrophobic, slippery and capable of protecting the contact

surfaces. Two common lubricious coating films are briefly introduced below.

Self-Assembled Monolayer Coating (SAM)

Self-assembled monolayers are thin films of organic molecules which are formed on substrate
surfaces in order through molecule adsorption [65, 66]. As most of MEMS devices are
fabricated from silicon, deposition of SAM films on silicon (to be more precise, silicon dioxide)
surfaces are briefly introduced in this section. A more detailed introduction on SAM issues can
be found in the reference [67]. The structure of the self-assembled monolayer on the silicon

substrate is demonstrated in figure 2-11.

Metal-layer

Surface group

Alkyl chain

Chemisorption
at the surface

Head group

Si-Substrate

Figure 2-11. SAM structure on the silicon substrate surface [67]

It can be seen from figure 2-11 that the molecules which forms the SAM film consists of three
parts: (i) The head group which is used to form chemical bond with the atoms on the silicon

surface; (ii) The straight alkyl chain, Van der Walls interactions between the alkyl chains of
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neighbouring molecules help the formation of the orderly and tightly packed structure of the
SAM film; (iii) The terminal group at the tail end of the self-assembled monolayer molecules,

the group can be replaced with different groups to achieve different functions [67].

To form SAM film on silicon device surfaces, thin silicon dioxide layer would be grown on
the silicon surface first for the purpose of forming stronger interactions between the monolayer
molecules and the device surfaces. Head groups that can be absorbed on the silicon dioxide
surface are trichlorosilane group (-SiCl3), trimethoxysilane group (-Si(OCH3)3) and
triethoxysilane group (-Si(OCH2CH3)3). However, the first head group is much more active
than the other two head groups, which means the SAM formation process of the molecules
with trichlorosilane is much shorter than that of the molecules with other two groups (hours

compared to days). [67, 68]

To generate SAM film which is expected to reduce the stiction and protect the MEMS device
surfaces, octadecyltricholorosilan (OTS) and perfluorodecyltrichlorosilane (FDTS) are
commonly selected as the monolayer molecules. Their molecular formulas are: CH3-(CHz2)17-

Si-Cl3 (OTS) and CF3-(CF2)7-(CH2)2-Si-Cls (FDTS).

Figure 2-12 demonstrates the formation process of the formation processes of molecules with
trichlorosilane group head (-SiCl3). As demonstrated in figure 2-12, the molecules with
trichlorosilane group head (-SiCl3) contact with the hydroxyl group terminated silicon dioxide
surface forming Si-O-Si bonds through hydrolysis reactions with the presence of water
molecules. That enables the alkyltrichlorosilane molecules to be attached on the silicon dioxide
layer surface. A condensation reaction would then happen among the hydroxyl attached silane
parts of the molecules, covalent attachments and interactions bonding neighbouring molecules

tightly together are achieved by the condensation reaction. [69-71]

R
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Figure 2-12. Self-assembled monolayer formation process of the alkyltrichlorosilane

molecules on the silicon dioxide layer surface [69]

Boer and co-workers measured that the adhesion energy of OTS coated MEMS surface is about
30 pJ/m? and the adhesion energy of FDTS coated MEMS surface is around 8 pJ/m?, the
adhesion energy is significantly reduced compared to that of an untreated MEMS surface
(around 56 mJ/m?) [72]. Researchers have also compared the contact angles and friction
coefficients of SAM coated MEMS devices and the uncoated silicon surfaces. Results show
that water contact angle of a SAM coated MEMS surface is greater than 110° whereas the
contact angle of an uncoated surfaces is smaller than 30°. The friction coefficient of the MEMS
contacts is also reduced from bigger than unit to smaller than 0.1 (0.073) after OTS coating.
[68, 72]

The disadvantages of this methods including that: firstly, the coating process requires strict
control and there are other competing reactions happened simultaneously with the SAM film
formation reaction. However, only one reaction is correct to form the coating film, the
repeatability of the process is low [72]. Secondly, the molecules of the SAM coating film would
degrade when ambient temperature is higher than 100°C, which may cause difficulties in
packaging process. The coating molecules with fluorocarbon chain could withstand a higher

temperature but it will degrade as well when it operates in humid conditions [39, 72].

Diamond Like Carbon Coating Films

Carbon-based solid film is widely used to coat the silicon MEMS devices surfaces. It can make
the coated surface become highly hydrophobic. There are several different carbon-based solid
films with different coating structures including: polymer like, graphite like and diamond like.
The diamond like carbon-based film has the advantage of high hardness, which indicates that
this type of coating film is able to resist wear under applied sliding [73]. The DLC film can be
coated on the silicon surfaces with different methods including sputter coating, ion plating, etc.
However, DLC coating film with the highest uniformity is conducted using the plasma

enhanced chemical vapour deposition method (PECVD) [74].

In the PECVD process, the precursor gases molecules which are the sources of the carbon-
based film would be activated by plasma, the plasma-activated precursor gases molecules,
which typically consists of methane (CH4) (other hydrocarbon gases are could also be used)

and hydrogen gas (Hz), would be deposited on the silicon surfaces at high temperatures and



28

gradually forming the DLC coating layer. The temperature which is preferable for the growth
of the carbon-based film ranges from 600 °C to 1000 °C. By controlling the ratio between the
hydrocarbon gas and the hydrogen gas which are supplied to the coating chamber, the surface
roughness of the coated DLC film can then be manipulated in the range between 0.1 nm and 2
nm [75]. As illustrated in figure 2-13, the surface topography of the diamond like carbon-based

coating film alters drastically with different precursor gases.

Figure 2-13 Pictures of diamond like carbon-based coating films constructed from
precursor gases with four different hydrocarbon gas to hydrogen gas ratios. Ratios from
figure (a) to (d) are: 2% mol CH4 to 98% mol Hz, 3% mol CH4 to 97%mol Hz, 4% mol CH4
to 96%mol H2 and 8% mol CH4 to 92% mol H: respectively [75]

The surface energy of DLC coating is very low so the DLC coated surface is very hydrophobic.
The water contact angle of a very finely deposited DLC coating could reach greater than 130°
[76]. Stiction problem seldom occurs on the MEMS device surfaces with DLC coating film as
the liquid droplet is much more confined to itself rather than to the MEMS device surface.
Because the surface is very smooth and lubricious, the friction coefficient and the wear rate of
DLC film coated surfaces are also very low. The friction coefficient of the DLC surface that is

deposited with the gas of a 25:75 methane to hydrogen ratio could be as low as 0.003 [77].

The disadvantage of DLC is that even though the friction coefficient and wear rate is low, the
coating cannot get replenished and will be totally worn out after large amount of sliding is
applied. Besides, the friction properties of the DLC is largely affected by the environmental
conditions including ambient air constituents, humidity. [74] When the humidity of the

environment is high, the friction coefficient of the DLC film would ascend drastically. [78]
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2.3.4 Vapor Phase Lubrication

Vapor phase lubrication is another effective lubrication method for MEMS devices. The
working mechanism is similar to that of coating films on the surfaces to some extent.
Lubricious films consisting of molecules from the supplied vapour form over the contacting
surfaces either by chemical reaction or by surface absorption. Surface protection and low
friction coefficient can then be achieved by the deposited films consisting of the molecules
from the supplied vapour. The biggest difference from the film coating methods such as SAM
coating and DLC coating to vapour phase lubrication methods is that the deposited film
consisting of the molecules from the vapour can be self-replenished as the molecules of the
vapour are continuously supplied; whereas the SAM or DLC coating films would be gradually

worn out after large amount of sliding is applied.

Another advantage of vapour phase lubrication is that the vapour flow rate can be controlled
so that the speed of film reformation equals the speed of film consumption, no excess lubricant
is provided and the friction coefficient and wear rate can be continuously kept at a low level.

Examples of micro silicon surfaces applied with vapour phase lubrication are given as follows.

Water Vapour on OTS Coated Surface

Patton and co-researchers [79] investigated the lubrication performance of the film consisting
of water molecules from the water vapour deposited on the micro silicon surface which is
previously coated with the OTS self-assembled monolayer. The researchers firstly developed
an environment in which humidity can be controlled (water vapour is controlled this way) and
tested the lifetime of a micro motor device whose sliding contacts were coated with OTS-SAM
film. It was found that, comparing the lifetime of the motor operating in dry air where no water
vapour is supplied, the lifetime of the micro motor became much larger when the humidity of
the environment was kept between 30% to 50%. However, when the humidity is set over 50%,
water condensation occurred hence causing stiction, in this case, the water molecules are no
longer in vapour phase but in liquid phase. It was also found that water vapour lubrication is
more effective when the rotation speed is lower as high rotation speed results in high water

film wear rate.
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Short-Chain Fatty Alcohols Vapour Lubrication

Several researchers investigated the performance of the vapour phase lubrication using alcohol
molecules with short carbon chain length. Strawhecker and co-researchers [80] developed a
test platform based on a gas handling machine that are able to control the supply rate of vapour.
As demonstrated in figure 2-14 below, the test platform is composed of a gas supply source to
provide inert gas or clean and dry air, bubblers with heating functions (two of them) and
condensers (two of them) which are filled with alcohol molecules with short chain length are
inserted into the bubblers. The supplied gas would firstly pass the bubblers (which are heated)
at around 20 °C temperature so that the gas flow would be mixed with the alcohol molecules.
The gas would then flow through condensers which are filled with the alcohol molecules to
avoid supersaturation and liquid condensation issues that might happen when the flow reaches
tested surfaces. The flow consists of dry air and alcohol vapour would finally enters a well-
sealed chamber where the tests are conducted. Alcohol vapour partial pressure inside the sealed

chamber is adjustable during tests. [79, 80]

carrier gas (Ar or dry clean air)
condenser

thermo-
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Figure 2-14. Structure of the vapour phase lubrication test system [80]

Strawhecker and coresearchers [80] investigated the lubrication performance of the propanol
vapour and found that the friction coefficient of the lubricated sample surfaces (measured using
the AFM pull-off force) was reduced from larger than 1 to around 0.4 when 50% propanol
partial pressure was reached. However, when the propanol vapour pressure was further
increased, no obvious further reduction in friction coefficient was observed, which indicates
that only a few amounts of propanol molecules are required to form a complete lubricating

layer over the surfaces.

Asay and co-researchers [81, 82] investigated the lubrication performance of pentanol vapour

on MEMS contact by testing the friction coefficient and lifetime in the vapour phase lubrication
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test system which is introduced in last paragraph. The silicon surfaces were firstly coated with
hydrophobic film, pentanol vapour was supplied after that. The friction coefficient and lifetime
results are demonstrated in figure 2-15 below. As shown in figure 2-15, the pentanol vapour is
even capable of making the jammed micro contacts of which the previously coated lubricious
coating film has already been worn out to rotate again. In addition, the previous failed contact
could retain low level friction and could operate millions of cycles [82]. However, when the

supply of pentanol vapour was stopped, the contacts got stuck again.
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Figure 2-15. Friction coefficient and lifetime of pentanol vapour lubricated surfaces [82]

As demonstrated in figure 2-15, the hydrophobic film coated on the MEMS device surfaces
before totally fails after approximately 3000 cycles when no vapour phase lubricant is supplied.
When the MEMS contact was lubricated with pentanol (partial pressure reaches 95%), the
friction coefficient stays stably at low level and the lifetime was increased by up to 4 orders of
magnitude [81-84], no obvious wear occur. However, by-product from the reaction from the
MEMS surface and pentanol molecules is generated during sliding and would accumulate

hence resulting in possible overdamping and mechanical interference [85].

Challenges in Vapour Phase Lubrication

As discussed above, vapour phase lubrication behaves well under lab conditions where the test
chamber is sealed, and constant vapour partial pressure can be precisely controlled. However,
filling a sealed volume with certain amount of these kinds of lubricants with high vapour
pressure in an actual MEMS device can be extremely challenging and expensive. In addition,
the operation temperature range for vapour phase lubrication is limited to be small. Because
temperature is important to keep a full protecting film consisting of the vapour molecules over

the protected surfaces so that the wore part of the vapour molecule protection film can be
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immediately replenished by adsorbing molecules in the environment. [85] For example, a
contact lubricated with pentanol (partial pressure 10%) can only well operate at temperature

ranging from 0 °C to 20 °C.

2.3.5 Liquid Lubrication

Liquid lubrication is a prevalent lubrication method in macro scale devices. The liquid is
entrained between the contacting surfaces and pressurized. The pressurized liquid would
completely separate the contacting surfaces when sufficiently high speed is applied hence
reducing the friction of the contact. Few early researchers have conducted investigations on the
possibility of implementing liquid lubrication in micro-scale devices. Mehregany and co-
researchers found that the frictional torque of micro motor lubricated with low di-electric
constant is reduced [86]. Deng and co-researchers measured that the frictional torque of a micro
motor using silicone oil as lubricant is one magnitude lower than that of the unlubricated case
(0.1 pNm to 1 pNm) [2]. However, researchers found that the maximum rotation speed of the
micro motor lubricated with liquid is restricted to a low value as viscous drag force would
dominate when the speed is high, hence causing overdamping. Therefore, liquid lubrication is
concluded to be inappropriate for micro lubrication by some researchers and not sufficient

researches have been conducted.

However, Reddyhoff and co-researchers [3] have recently conducted frictional measurements
of micro scale silicon surfaces lubricated with several liquids with very low viscosities
(hexadecane, toluene silicone oil and water) on a custom-developed tribometer. It has been
found that the friction coefficient of low viscosity liquid lubricated silicon surfaces could also
be reduced to lower than 0.1 at high rotation speeds (524 rad - s~1), which indicates that low
viscosity liquid lubrication is feasible for micro devices operating at high speeds. One problem
of liquid lubrication is that liquid lubrication suffers from high friction when the speed is low
and insufficient fluid is entrained within the contact to completely separate the surfaces.
Reddyhoff and co-researchers [87] found that this problem can be solved by adding amine
additives into the lubricant with low viscosity. The amine additives could form a solid like film
over the contacting surfaces hence reducing friction and wear. This successful idea of solving
the high friction at low speeds is similar to that of friction reduction in boundary lubrication

for macro scale devices.
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2.3.6 Summary of Lubrication Methods for MEMES Devices

As discussed above, most of the investigations on lubrication methods used in MEMS devices
to reduce stiction and friction coefficient of the micro contacts are focused on modifying the
properties of the surfaces, but they all have some disadvantages. For dry lubrication methods,
the MEMS device surfaces are in direct contact so the coated protecting films like SAM or
DLC would shear against each other and gradually degrade and fail after large amount of
sliding is applied. In vapour phase lubrication, certain vapour molecules could get attached on
the surfaces providing surface protection and low friction coefficient. When the protecting film
is worn off, the film gets replenished from more vapour molecules in the environment.
However, complex and expensive seal design is required as the friction increases fast when

there is not sufficient vapour phase lubricant in the environment.

Liquid lubrication, the most effective and commonly used lubrication method in macro scale,
has been ignored in small scale lubrication for a long time as researchers are concerned about
the over viscous drag at high speeds and the stiction problems at low speeds. However,
Reddyhoff and co-researchers [3] found that a 2-mm-diameter contacts could operate at high
speeds (above 500 rad - s~1) with a low level of friction coefficient when lubricated with low
viscosity lubricant in lab tests. That indicates the possibility of the development of a pair of
hydrodynamic bearings used in micro contacts. With appropriate designed parameters, the
friction coefficient of the bearings is possible to be minimized to a small value. The high
friction problem at low operation speed might be solved by investigation appropriate additives

surfaces.

2.4 Introduction on Micro Fabrication Techniques

Considering that the size of the micro bearings which are going to be fabricated and installed
on the MEMS energy harvesting turbine in this research is only 1 millimetre or 2 millimetres
and complicate pad shapes and textures with the feature size down to 1 micron are required to
be patterned on the bearing surfaces, micro-fabrication techniques are selected as the method
to fabricate the micro bearings. Micro fabrication techniques offer a way to achieve batch
processing for the micro bearings with complicate and small features, design flexibility is also
enabled by micro fabrication techniques so that micro bearings with different patterns can be

produced in the same batch. Figure 2-16 below demonstrates a wafer that is being processed.
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Figure 2-16. A processed silicon wafer with various designs of micro bearings

Micro fabrication techniques can be roughly divided into three categories: additive micro

fabrication techniques, patterning and subtractive micro fabrication techniques.

2.4.1 Additive Micro Fabrication Methods

Additive Microfabrication is to deposit specific material layers or grow specific layers on the
substrates to achieve certain purposes. Some commonly used additive microfabrication

techniques are given as follows:

Thermal Oxidation

Thermal oxidation is technique to generate thin oxide layers (usually silicon dioxide) on the
silicon substrate, it enables oxidizing agents to diffuse into the substrates and react with the

substrates at high temperatures.

Depending on the type of oxidation agents, thermal oxidation techniques can be categorized as

dry oxidation (use oxygen as the oxidant) or wet oxidation (use water vapour as the oxidant).

Si + 0, - Si0,
Si + 2H,0 > Si0, + 2H,

Dry oxidation is used to grow thin layer of oxide with high density, but the low growth rate

makes it impractical to grow thick oxide layers. The oxide growth rate of wet oxidation is high
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but the fast oxidation results in more dangling bonds at the silicon interface and the oxide

density is also lower. [88, 89]

Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a technique to produce high quality, high performance and solid
material thin layers (particularly useful for atomic layer deposition) on the substrates, the
coating layers by CVD can be sufficiently uniform. Number of different types of thin films can
be coated on the wafer surfaces for different usages. One practical application is that special
nitrides and carbides layers deposited by CVD can help to achieve high wear-resistance;
another application is that polymerization layers coated by CVD can make the wafer surfaces

lubricious and hydrophobic.

Chemical vapor deposition is conducted by exposing the substrates to one or more volatile
precursors under vacuum conditions, the volatile precursors will react with and decompose the

surfaces of the substrates thereby generating the deposit layers. [90, 91]

Physical Vapor Deposition (PVD)

Corresponding to chemical vapor deposition, physical vapor deposition is another type of
technique to create thin film layers and coatings on substrates surfaces under vacuum
conditions. It is characterised by a process in which the materials of the thin film layers
(coatings) transfers from condensed phase to vapor phase then deposits on the substrate
surfaces and turns back to condensed phase again (thin film layers are created this way).

Evaporation deposition and sputter deposition are the two most common method of PVD.

For sputter deposition, atoms of the materials to be coated on the substrates are sputtered off
from a ‘target’ (normally a large block of the coating materials) by ions or atoms (the source
of the ions or atoms which are so called ‘sputtering gas’ is usually an inert gas) bombardment.
The sputtered atoms travel and reach the substrates surface then condensed on the substrate

surfaces, a thin layer of the coated materials thereby growing on the substrate surface.

For evaporation deposition, the source materials are evaporated under vacuum conditions and
the vapor material particles travel directly to the substrate surfaces and grows a thin film

deposition layer.

Sputter deposited thin film layers normally have a stronger adhesion on the substrates than the

film layers by the evaporation deposition, it is also more suitable to deposit materials with very
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high melting points (e.g. chromium, copper, gold, etc.). However, the deposition rate of

evaporation is higher than that of sputter deposition. [92]

2.4.2 Patterning Methods

In micro fabrication, distinct features (size of the features are on micrometre or nanometre
scales) are required to be patterned on the pre-designed region of the substrates with certain
depth (material removed from substrates) or height (material added to the substrates). In
addition, different features are often desired to be patterned in different regions in different
layers. Patterning technology is what archives these precisely patterned micro features and is
what defines micro fabrication. ‘Masks’ is the tool commonly to define the patterned shape
where apertures in the same shape of the desired patterned features are applied.
Photolithography and stencil (shadow mask) lithography are the two patterning techniques

which are commonly used in micro fabrication. [93, 94]

Photolithography

Photolithography (also known as UV lithography) is the patterning method used in most micro
fabrication processes. This technique is able to transfer the designed patterns which are printed
on the optical masks to the light-sensitive chemical photoresists which are uniformly spin
coated on the substrates by using ultraviolet light. After some special treatments (mainly
photoresists chemical developing and wafer cleaning), the region of the substrates surfaces
which are precisely in the same shape with the designed patterns will be exposed (previously
whole surface is covered with photoresist). The patterned and exposed substrates surfaces are
then prepared for following subtractive or additive micro fabrication processes. [93] Figure 2-
17 below demonstrates the mask aligning process to achieve patterning on the processed silicon

wafer using on the mask aligner.
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Figure 2-17. Aligning the marks on the masks to the marks on the processed wafer

Stencil lithography

Stencil lithography (also known as shadow mask lithography) is a relatively simple patterning
method compared to photolithography. It does not require to apply photoresist, chemical
treatment, liquid rinsing and substrates cleaning processes. The designed patterns are
completely etched through a thin sheet of metal to construct the shadow masks. The specially
made shadow masks will then be placed into intimate contact with the substrate surfaces,
additive or subtractive fabrication processes can be conducted in the intended region of the

wafer through the patterned apertures of the shadow masks.

However, the resolution of this patterning method might not be as high as of photolithography
and the edges and corners of the constructed feature on the substrates are more ragged than

those constructed using photolithography. [94]

2.4.3 Subtractive Micro Fabrication Methods

Subtractive microfabrication, or more commonly known as etching, is the process to remove
the materials from the selected region (the exposed region which is formed through patterning
processes) of the substrates. Etching techniques can be classified into two categories which are

dry etching and wet etching.
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Dry Etching

In dry etching process (which are also known as plasma etching process), the substrates will
be placed in environments where plasma of reactive gases is generated (some commonly used
reactive gases are: oxygen, fluorocarbons and sulphur hexafluoride), some portions of the
materials in the region where the substrates surfaces are exposed to the surrounding
environments (formed through patterning processes) will be removed by the bombardments of

ions from the plasma of reactive gases. [95, 96]

Reactive Ion Etching (RIE)

Reactive ion etching is one of the commonly used dry etching technique. The substrates are
placed in a vacuum chamber. The chemically reactive plasma of the reactive etchant gases is
generated under low pressure by an electromagnetic field. Some portion of the materials in the
exposed area of the substrates will be removed by the attacks of the high energy ions. A table

of some commonly processed materials and the corresponding etchants are given below. [95]

Table 2-3 Etchant gases and gaseous by-product of different materials [95]

Solid Etch Gas | Etch Product
Silicon CF,.Cl,.SF,  |SiF,, SiCl,, SiCl,
Si0,, SiN, | CF,, C,F,, SiF,, CO, O,, N,,
CHF-, SF, FCN
Al BCl,/Cl, AL,Cl,, AICI,
Ti, TiN Cl,, CF, TiCl,, TiF,
Organic Solids [ O,, O,/CF CO, CO,,
GaAs &TII-V | ClL/Ar, BCl,  |Ga,Cl, AsCI,
Cr Cl,/0, CrO,Cl,

Deep Reactive Ion Etching (DRIE)

In MEMS fabrication, features with deep penetrations, steep walls are required to be
constructed. These features cannot be constructed through typical RIE processes since the
chemical reactive etching is isotropic whereas anisotropic etching is needed to fabricate these

features.

Deep reactive ion etching is the technique that can achieve etching process with very high

anisotropy, the angle of the etched walls can reach 90°.
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There are two types of etching coexists in the DRIE process. Reactive etching and ion etching.
Reactive etching is an isotropic process, but its etching selectivity and etching rate is high
whereas ion etching is an anisotropic process (ions only bombard upward facing surfaces do
not attack side walls) with low etching selectivity and etching rate. By using a combined
reactive and ion etching together with a side wall passivation process, etching with very high

anisotropy can be achieved and that is how DRIE functions.

The etching in DRIE process is not conducted continuously but in cycles. Each etching cycle
consists of two stages: one standard reactive ion etching process and a sidewall passivation

process.

Sidewall deposition and passivation: carbon polymer gases (e.g. C4Fs) is introduced into the
chamber and yields a thin passivation layer which deposits on the substrate surfaces. The

passivation layer prevents the substrates materials from being reactive etched.

Standard reactive ion etching process: a standard reactive ion etching with which the

anisotropy of the constructed features is not very high.

In a single DRIE cycle, the exposed substrates will be deposited with passivation substances
on both upward-facing surfaces and side walls in the sidewall deposition and passivation stage
first. Then in the etching stage, the low etching selectivity ions only attacks the passivation
substance layer in the upward-facing direction and sputter the layer off. The materials of the
substrates at upward-facing surfaces are thus exposed to the reactive etchant and removed.
Deep etched side walls can be constructed by applying hundreds of such short (only a few
seconds) cycles. [96, 97]

For both RIE and DRIE process, the etching quality and speeds are affected by many
parameters including etching cycle time, etching temperature, chamber pressure, RF power and

etchant flow rate.

Wet Etching

Corresponding to dry etching. Wet etching is the process to remove the materials of the exposed
region of the substrates by immersing the substrates into liquid phase etchants. For example,
different acids can be used for the removal of metal materials; buffered hydrofluoric acid can
be used for the removal of silicon dioxide. Wet etching is normally isotropic, and it is not

suitable for deep etched features. [98]
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Chapter 3: Development of the Finite
Volume Micro Pocketed Parallel Thrust
Bearing Model

As mentioned in the first chapter, a micro pocketed parallel thrust bearing is to be fabricated
in this research. To systematically investigate the lubrication behaviours of the micro parallel
thrust bearings operating in hydrodynamic lubrication regime, a mass-conservation
considering finite volume-based model in polar coordinates is developed. Details of the
graphic shape of the modelled micro thrust bearing, fluid mechanics of the modelled micro
bearing, boundary condition setups and the discretization of the FVM micro bearing model are
reported in this chapter. Two validation cases which are used to confirm that the developed

model can describe the bearing behaviours correctly are also shown in this chapter.

3.1 Background Introduction on Hydrodynamic Thrust Bearings and

Thrust Bearing Models

Fluid film thrust bearings are components commonly used to support applied axial loads.
Lubricant entrained in these bearings becomes pressurised and thereby separates surfaces to
achieve low friction and high transmission efficiency. Thrust bearing geometry normally
consists of a flat rotating runner and a stator containing several sector-shaped pads surrounding
the shaft. The configuration of the stator pads classifies bearings as being either a tilted,

Rayleigh step, tapered land thrust bearing, etc. [99-101]

The most important performance parameters for thrust bearings are load carrying capacity,
friction coefficient, power loss and lubricant temperature rise. [102-105] Understanding,
predicting and improving these has been the subject of much research. Anant Singh et al [106]
for instance solved the Reynolds equation using a finite difference method to investigate the
optimum parameters of tilting bearings including the ratio between inner and outer radius of

the stator pad and the inclination angle under different operating velocities. Thermal effects
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were also considered in this study by assuming the lubricant temperature rise due to the

frictional heating.

A potential way to optimise thrust bearings is to apply surface texture to the stator pads with
appropriate texturing parameters (texture shape, density, texture extent in radial and
circumferential directions, texture depth, etc.) in order to increase the load capacity and reduce
the frictional torque. [107-111] The benefits have been demonstrated experimentally by Wang
et al [112] who characterised the effects of circular dimples on the performance of'a SiC parallel
thrust bearing under water lubrication. It was shown that of all texture parameters evaluated
(dimple diameter, texture density, dimple depth), it is texture density that plays the most
important role in determining load capacity, which can be increased to three times greater than
that of an untextured bearing. However, when the texture density is higher than 15%, the load
capacity of the bearing is reduced. Interestingly, both large dimples and small dimples are

equally effective in reducing friction.

More significant improvement in terms of load support and friction reduction may be obtained
from partial surface texturing so that the textured region can function as a step bearing. [113-
117] For instance, Henry et al. [118] tested the pressure distribution, load support and friction
coefficient of a partially textured thrust bearing. Using a rectangular pattern, with a texture
extent of 70% pad length and 75% pad width, they showed that, under low applied load, a 56%
friction reduction and 32% load support increase could be achieved for a texture density of
56%. However, no benefit from texture was observed for high applied loads. Furthermore,
worse performance compared to the smooth surface thrust bearing was found for low texture

densities.

Given the vast range of possible texture designs, which may function differently depending on
the contact configuration and working conditions [111,119,120], it is valuable to have reliable
simulation methodologies and tools [121-132] to provide a better understanding of the
underlying lubrication mechanisms of textured interfaces. These in turn can be used, in
conjunction with experimental investigations [133-139], to give insights and guidance for the

design of components with optimum texturing parameters [7,140].

Most modelling studies into textured thrust bearings are based on solving the Reynolds
equation. Factors including liquid compressibility, thermal effects and complex rheology may
be considered in the simulation in different ways. Particularly with respect to fluid cavitation,

in early studies the so-called half-Sommerfeld and Reynolds (or Swift-Steiber) boundary
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conditions for cavitation were extensively applied. However, as already consolidated in the
literature, such cavitation boundary conditions do not fully guarantee the mass conservation of
the lubricant flow, especially in the presence of textures, thus resulting in inaccuracies and
unrealistically large load carrying capacity predictions.[111] In order to improve the accuracy
of numerical analysis of lubricated contact in the presence of texture, the JFO (Jakobsson,
Floberg and Olsson) mass-conserving boundary conditions, which correctly describe the fluid
film rupture and reformation and distinguish the boundary between cavitated and active
regions, have been introduced and are widely used. [141-143] Modified versions of the
Reynolds equation based either on the switch function (g) or on the p-6 Elrod-Adams model
are effectively adopted in many numerical works [121,127,144]. The solution these equations
obtained using adequate discretization methods and specific algorithms simultaneously ensure
the JFO boundary conditions and hence the mass conservation of the lubricant flow throughout

the lubrication domain.

Numerous simulation studies have been conducted based on the Elrod-Adams model or its
modified version. [144-146] Zhang et al. [147] used the modified Elrod-Adams algorithm to
develop a finite difference solution to study the hydrodynamic lubrication behaviour of thrust
bearings with transverse grooves distributed evenly in the circumferential direction.
Experiments were also conducted to measure the friction coefficient, cavitation area ratio and
minimum film thickness. This demonstrated that when the cavitation pressure is set properly,
the performance values for the grooved thrust bearings predicted from the model agree with

experimental results.

Meng et al. [148] adapted the governing equation of the modified Elrod-Adams algorithm by
applying the Streamline-Upwind-Petrov-Galerkin [149] technique and developed a finite
element model. This was used to investigate the effect of different texture shapes on the leakage
and load carrying capacity of mechanical seal faces. It was found that the orientation of the
surface texture can control the liquid flow within the mechanical seal. Yin Song et al. [150]
used a 3D Navier-Stokes model together with the Rayleigh-Plesset equation for cavitation to
predict the pressure distribution in a tapered land bearing with no oil grooves. Their predictions
were validated by measuring the pressure profile in the bearing using a pressure sensor. The
reader is referred to Gropper et al. [111] for a more comprehensive review on textured

conformal bearing systems.
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It can be concluded that much research has been carried out on textured thrust bearings.
However, there are aspects which have been overlooked. Specific topics that require further
studies are the role of the cavitated area in determining load support and the effect of boundary
conditions at the external and internal boundaries of the bearing on the performance of
pocketed parallel thrust bearings. Another important aspect is the effect of dimensional scales
on the performance of pocketed parallel bearings especially when they are miniaturised. This
is of particular importance when considering bearings for MEMS (micro-electro-mechanical

systems) applications. [3,151]

In this chapter, details of the development of the finite volume method based numeric model
in cylindrical polar coordinates considering mass conservation which is used to predict the
lubrication performance of the micro pocketed parallel thrust bearing are reported. The model
developed reported in this chapter are also able to predict the lubrication behaviours of other
thrust bearings in different size scales and are particularly useful for the bearings in which

cavitation occurs.

3.2 Geometry of the Modelled Micro Pocketed Parallel Thrust Bearings

The thrust bearing studied in this work consists of two circular pads as shown in Figure 3-1.
The lower stator pad is textured with recessed pockets and the upper rotor pad is flat. The two
pads are aligned parallel with each other. The minimum film thickness h,,;, is defined as the

distance between the upper runner and the untextured surface of the lower stator.

The pattern textured on the stator pad is shown in Figure 3-1 (a). It consists of several sector-
shaped pockets distributed equally in circumferential direction. The inner radius edges of the
pockets are linked by a recessed circular region with a uniform depth that can be varied. As the
pocketed bearing is rotationally symmetric and can be viewed as a combination of identical
sectors, only one sector of the whole bearing is sufficient for the model development as
depicted in Figure 3-2. Detailed parameters of the bearing are listed in Table 3-1. Properties of

the lubricants used in the bearing simulation is given in Table 3-2.
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Figure 3-1. (a) Parallel thrust bearing consisting of an evenly recessed pocket pattern on

the stator and flat rotor. (b) Shape and pocket parameters.
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Figure 3-2. Geometry of the bearing showing one sector. (a) 3D view. (b) 2D view showing

the boundaries of the one sector domain.
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Table 3-1: Parameters of the pocketed bearing varied in the research

Graphic & Operational Parameters Symbols Range

Bearing radius Tout 0.1 mm, 1 mm, 10 mm

Rim point radius Trim 0.095mm, 0.95 mm, 9.5 mm
Central circular region radius Tpad Depending on TE, and 7,,¢er
Angular width of un-recessed pad region Biana 2_7; 2”_0

Angular width of recessed pocket region Hpock :_0 o 2_’;

Pocket extent in radial direction TE, 20% to 80%

Pocket extent in circumferential direction TEy 10% to 90%

Minimum film thickness Ronin -

Pocket depth/ Step height hgtep -

Rotational Speed ) 733-1571rad - s~ 1
Lubricant Temperature Outside the Bearing Temp, 25°C
N. B.

The pocket extents in radial and circumferential directions are the most important parameters

of the investigated bearing, the definitions of the two parameters are given below:

length of the step  Tvim — Tpaa
"~ bearing radius Tout

r

TE. — angular width of the pocket _ Opock
o~ angular width modelled bearing region Opock + Orana

Table 3-2: Properties of the lubricant in the simulation

Lubricant Properties Symbols Value

Lubricant Name - Hexadecane
Lubricant Density p 077 g-cm™3
Dynamic viscosity at 25 °C N2s 3.02cP

Dynamic viscosity at 30 °C N30 2.38cP

Dynamic viscosity at 40 °C M40 1.92 cP

Specific heat cp 2000.7 - (kg - K)™ 1
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3.3 Reynolds Equation in Cylindrical Polar Coordinates and Fluid
Mechanics of the Modelled Thrust Bearing

The performance of the pocketed parallel thrust bearing is analysed by solving the steady and
isothermal Reynolds equation in its normalized form with p — 68 Elrod-Adams mass-
conserving cavitation model, which can be written in cylindrical polar coordinates in its
dimensionless form as:

o (FpH3OP 19 (pH3dP _10
o7 (o 5r) T 735 (Gare) =32 PS@TH) (3-1)

with complementary conditions for cavitation:

{ S=1 and P > P.,,, (pressure active zone) (3-2)

0<S<1 and P =P,,, (cavitation zone)

In the above equations, 7 and 0 are the radial and circumferential coordinates, 77 and p the
respective dynamic viscosity and density of the lubricant, H(7, 8) the lubricant film thickness,
@ the rotational speed of the upper running surface, P (i, 6) the fluid pressure and S(, 8) the
film fraction associated with cavitation. According to the bearing configuration illustrate in

Figure 3-2b, the lubricant film thickness can be expressed as:

H(7,6) = {H Hp,in, (outside the pocket) (33)

min + Hstep ,» (inside the pocket) ~
where Hpy;p, 18 the minimum oil film thickness and Hg,), is the pocket depth. It is important to
remark that all variables in the above equations are normalized according to the main bearing
parameters (see nomenclature list). The detailed derivation of Eq. (3-1) from Navier-Stokes
and mass conservation equations, the normalization process of the bearing model and the mass
flow rates in circumferential direction and radial direction within the modelled bearing are

summarized in the following sections.

N.B.

Several assumptions are made in the micro thrust bearing model developed in this research.

Brief descriptions and explanations of these assumptions are given as follows.

e The lubricant is Newtonian in the model
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The liquid used in the current model is n-hexadecane, the shear rate at which obvious shear
thinning occurs is around 1 X 102 s™1. The maximum shear rate (reached when rotational
speed is 1500 rad - s™1) studied with the presented micro thrust bearing model is below
3 x 107 s~! which is far below the hexadecane shear thinning point. This assumption is also
valid for various liquids. However, this assumption is not valid when studying polymeric or

high molecular weight liquids [152].
e The viscosity and density of the lubricant is constant with pressure

The practical applied load on the micro thrust bearing is very low (below 0.1 N) so the contact
pressure within the thrust bearing is low as well (below 5 MPa). Therefore, the effect of
pressure on the variation of liquid viscosity and density is almost negligible under such a low

contact pressure condition.

® Bearing surface deformation is negligible in this model

o [nertia forces including centrifugal force are negligible in this model

This assumption is adopted initially because the size of the micro bearing is small, the radius
of the bearing is 1 mm. However, this assumption can be dubious when the rotational speed is
very high. The effects of centrifugal force are considered but not fully investigated in this

research, and it is worthy investigating in the future.

o The bearing operates in steady state

e No slip occurs at the bearing surface-lubricant interfaces
This assumption is dubious, but the effects of slip is not studied in the current research.
o Thermal effects are not considered initially

An isothermal model is developed initially to investigate the micro thrust bearing performance.
A simple thermal model is integrated into the initially developed isothermal model by adding
a thermal balance loop later in this research (presented in Chapter 4). Thermal effects on the
micro thrust bearing performance is discussed by comparing the results from the thermal and

isothermal models (presented in Chapter 4).
3.3.1 Derivation of the Mass Flow Rates in Circumferential and Radial Directions

The performance of the pocketed parallel bearing under hydrodynamic lubrication conditions

is analyzed by obtaining the pressure and fluid film fraction fields between the surfaces. The
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model is developed using finite volume method (a unitary control volume cell with surrounding
cells is demonstrated in figure 3-4 (a) in page 54). The model is therefore based on the mass
conservation of each control volume and the mass flux passing each boundary needs to be

derived.

The mass flux in radial and circumferential directions are obtained from simplified Navier-
Stokes equations (Equ (3-4). and Equ (3-5).) for a steady state isothermal incompressible fluid.
Fluid compressibility and thermal effects are neglected as the applied load for the thrust bearing
is low (below 0.1 N). The momentum in the z direction (axial direction) is not considered as

there is no movement or flow applied in this direction.

Radial direction momentum equation

ou, |, ugou, ‘LLQU@) _dp ( u, 2 dug azur)
p(ur or + r 96 r - or 0 rZ  r2 96 + 0z2 (3-4)
Circumferential direction momentum equation
dug | ugdug ugur) _ _1dp (_ ug , 2 Juy Ozug)
p(ur 6r+r 39+ r - r89+n r2+r269+622 (3-3)

Time dependent terms and terms including velocity in axial direction can be ignored as the
pocketed thrust bearings operate in steady state and the properties of the lubricant are constant

across the film thickness.

The N-S equations can be further simplified by making the flowing assumptions: 1) Inertia
forces including centrifugal force are negligible compared to viscous force of the thrust
bearings studied in this contribution; ii) Thin film assumptions hold, i.e. velocity gradients in
film thickness direction are much larger than velocity gradients in radial and circumferential

directions; ii1) The liquid within the bearing is in equilibrium state.

Radial direction:

0%u, _10p

dz2  naor (3-6)
Circumferential direction:

Q%ug _ 1 0p (3-7)

dz2 ~ nrod

Mass flow rates in radial and circumferential directions can be derived from Equ (3-6). and

Equ (3-7).
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Mass flow rates in radial and circumferential directions are given as follows:

my = ~ 127 96 —+- pa)rh (3-8)
ho— _Pop
My = 12n or (3_9)

3.3.2 Cavitation Treatment and Mass-Conservation Guarantee of the Model

Cavitation may occur in the pocketed region especially when the pocket depth is high. Mass
conservation must be guaranteed in the whole simulated domain and is achieved by
incorporating Jakobsson-Floberg-Olsson (JFO) boundary conditions. [141-143] which are
applied using a modified Elrod-Adams algorithm proposed by Ausas. [144]

A variable S, defined as the ratio between local density and the density at the boundary of film
rupture (where cavitation just occurs), is introduced to account for the cavitation and guarantee
mass conservation.

! ;
§=2 (3-10)

In the pressure active region, no cavitation exists, so that S is constant and equal to one. In this
region as the liquid is incompressible (liquid density stays unchanged and equals to the density
value p. at the location where cavitation just occurs) whereas pressure varies above cavitation
pressure. In the cavitation region, pressure drops to a certain value then cavity occurs and
results in a reduction of equivalent density of the liquid (as bubbles are mixed with liquid in
this region), and S varies between zero and one. Pressure is constant in the cavitation region
and 1s equal to cavitation pressure. We set the cavitation pressure to equal the vapour pressure
of the lubricant as the cavitation is assumed to occur when the liquid pressure drops to the

vapour pressure so that the vapour phase of the lubricant exists and forms cavities in the liquid.

After incorporating JFO cavitation boundary conditions, the modified mass flow rates in

circumferential and radial directions are given by:

. pchPop

Mo = — 576 +- pcSwrh (3-11)
o= _pciop
My = 12n or (3-12)

In the pressurized region
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{s =1 | o1 = pc
p = active pressure value

In the cavitation region

PL

{S =—|p <pc

Pc
P = Pcav

The variable S should also be integrated into the Poiseuille terms of the mass flow rates.

However, when the pressure gradient is nonzero, S must be equal to one, and when § varies

between zero and one, the pressure gradient must equal to zero as it is in the cavitation region.

Therefore, S can be omitted from the Poiseuille terms. [144]

3.3.3 Nondimensionalization of the Parameters in the Model

Nondimensionalization is conducted for all the parameters involved in the model using the

following equations:

e Normalized Radius: 7

r

r =

Touter
¢ Normalized Film thickness: H
H=2"
hmin
e Normalized Rotational speed: w
— w
w=-
w
e Normalized Dynamic viscosity: 7
7=1
=3
¢ Normalized Hydrodynamic Pressure: P
2
p = 14 , where — NWTrouter
Dref pref hminz
e Normalized Liquid Density: p
p= , where prer = F

Pref Whmin
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3.4 Boundary Conditions

As illustrated in Figure 3-2 (b), four boundaries are defined in the one sector bearing domain:
(B1) leading edge of the modelled sector; (B2) trailing edge of the modelled sector; (B3) outer
radius edge of the bearing; and (B4) central point of the bearing. Applying proper boundary
conditions, which correctly represent the actual physical conditions at the four boundaries, is
crucial to improve the accuracy of fluid pressure and film fraction predictions. In this sense,
the following set of boundary conditions was applied at the four boundaries of the one sector

domain;:

Boundary Conditions on B1 & B2

As the shape of the pocketed bearing is rotationally symmetric, the pressure distribution should
be periodic in the circumferential direction, i.e. pressure and film fraction distribution should
be the same for any sector of the bearing. Therefore, periodic boundary conditions should be

applied at the leading and trailing edges of the modelled sector.

Plpr=Plpz and VP g =VP |p; (3-13)

Boundary Conditions on B3

Lubricant is supplied into the bearing through the outer radius edge of the bearing with a certain

supply pressure. Therefore, the boundary condition at this boundary is:

Plps =P (3-14)

supply

Boundary Conditions on B4

Boundary B4 is special as physically it is the central point of the bearing. This type of boundary
is rarely discussed, since for most thrust bearings there is a circular hole in the center which is
open to the outside environment so the pressure in the inner boundary is set to a certain value.
However, the boundary condition for the thrust bearings in this research is special as there is
no hole located in the central region, which indicates that this region is enclosed and only the

outer radius edge of the bearing is open to the surrounding environment.

In order to take into account this peculiar characteristic of the bearing, the radius at B4 was set

to a small positive value R, = 5 X 1078 m rather than zero to avoid the singularity problem
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resulting from a zero-radius value of the central point. This tiny circle is assumed to be isolated
in the central region so that the Couette flow can be neglected at this boundary and the bearing
operates hydrodynamically in steady state regime. The value of the radius of this artificially
placed tiny central circle has been varied and examined during the model development. It
shows that the bearing pressure distribution and film distribution results generated by the model
would barely vary with the radius of the tiny circle in the centre if the radius value reaches a
sufficiently small value. Therefore, bearing performance parameters including load carrying
capacity, frictional torque and friction coefficient, etc. would also reach the stable and
converged values when sufficiently small radius is taken for the tiny circle in centre (which is
B4).Under these conditions no pressure variation occurs inside the circle and no mass flow
should be passing in or out of the circle in radial direction. Mathematically, this is equivalent

to the condition that the radial pressure gradient along boundary B4 should be zero:

aP
a7 lpa =0 (3-15)
Figure 3-3 below demonstrates the pressure distribution contours of a thrust bearing from the
model under same operational conditions, the radius of the tiny circle in the centre are set with
different values. It can be seen that the pressure distribution barely changes when the radius of

the tiny circle is smaller than 5 X 107¢ m.

; <10 MPaDs Mpa05
o .0 KPa s .0 KPa dis
08 0.4 0.4
07 0.35 035
0.6 03 03
0.5 0.25 025
04 0.2 0.2
0.3 0.15 0.15
0.2 0.1 0.1
0.1 ws p 0.05
o
] 0.2 04 08 0.8 1 0.2 04 06 o8 1

10 x10% %102

R=5x10°m R=5x107m R=5x10%m

0 02 04 0.6 08 1

Figure 3-3. Effects of the radius of the artificially placed tiny circle in the centre on the

simulation results from the developed model.
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3.5 Bearing Performance Parameters

The normalized pressure field, P(7, 8), and the film fraction field, S(¥,0) can be computed
from the model and transferred to the original pressure field, p(r, 8) and film fraction field,
S(r,0). The bearing performance parameters can then be computed using the following
equations.

Load Carrying Capacity

The load carrying capacity (LCC) is defined as the net lift hydrodynamic force due to the fluid

pressure minus the atmospheric force acting on the pad:
LCC = N-[ff p(r,0) - rdOdr — Darm * Apaa] (3-16)

where, pgsm the atmospheric pressure, Apq4 the area of the thrust bearing and N the number of

the sectors of the bearing.

Frictional Torque

The frictional torque is defined by integrating the lubricant shear stress over the pad domain.

Accordingly,
1 hd
T=N-{[[ (W%S)rzdedr+ I (;ﬁ)rzdé?dr (3-17)
Couette Flow Poiseuille Flow

Note that the film fraction S is included in the calculation of shear stress in the Couette flow
term since the gap between the surfaces is not completely filled with liquid lubricant when

cavitation occurs (mixture of liquid lubricant and gas/vapour phase).

Friction Coefficient

The friction coefficient, which represents the frictional efficiency of the bearing as a
normalized parameter is defined as the ratio between the normalized torque and the normalized

hydrodynamic force in rotating systems:

T T
h=g= (3-18)

W-rout

Where T is the normalized frictional torque and W is the normalized hydrodynamic force.
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3.6 Numerical Solution Setups

3.6.1 Finite Volume Discretization of the Reynolds Equation

The Reynolds equation in cylindrical polar coordinates (Eq. (3-1)) is solved numerically using
the finite volume method (FVM), which ensures conservation of mass flow rate in each control
volume. Therefore, the net mass flow rate through the boundaries of every control volume

equals zero (see Figure 3-4 (b)). Mathematically,

Mo, + M, —Mp,, — =0 (3-19)

Tout

where M, and My are the normalized mass flow rates in the radial and circumferential

directions, respectively:

. pH3 P 1 __._ _

Mg = — fzw% +-pSwrH (3-20)
. pH3 oP

M, = ‘iﬁ% (3-21)

Fine mesh region Hijer s Pijers Sijen

Transient region

Coarse mesh region
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(a) (b)
Figure 3-4. (a) Meshed pocketed bearing illustrating the fine, coarse and transient mesh

regions; (b). Variables defined for each control volume.

Variables and Parameters of a Single Control Volume

As shown in Figure 3-4 (b), a control volume consists of four boundaries and a nodal point
which is located at the centre of the cell. Pressure (P; ;), film fraction (S; ;) and film thickness

(H; ;) are defined in the central nodal point of the control volume. Film thickness is also
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required to be defined at the boundaries of the cell (HWi,j’ Hel.’]., 5i Hni,j) as it is necessary to
compute the inward and outward mass flows through the control volume boundaries. The film
thickness values at the boundaries are calculated by linear approximations of the film thickness
from the two neighbouring central nodal points. For instance, the east side boundary film
thickness (He,,) is computed as follows:

Oe; ;=01 Hiss, Oi+1,j=0e; ;

ej,j -

H; ; (3-22)

Bi41,j=01) Oi+1,j=0ij

A similar process is used to compute the film thickness values and other variables at the other
boundaries. This setup approximates the film discontinuity as a very steep slope. (when the

mesh is fine enough, this approximation can be ignored)

Mass Flow Rates in Discrete Form

After discretization, the mass flow rates passing through the boundaries of a given control
volume can be obtained by substituting the discrete variables into Eq. (3-23) to Eq. (3-26).
Accordingly,

. . Hy. .3 P;::—P; i ((7))
Myg. =M, =p|——= ol —Ti—1jHw, Si—1i|" (f =T, ) 3-23
Oin w=P 1277,j \0,j=0i-1,j o T di-1, Nij o USij ( )

12074,; \Oi+1,j=0i 5

. . He; > [Py, i—P; (@)
_ = ij i+1,j7Fi,j — = = _
Mg, , =M, =p [— ( ) + 2 He Sy (B — o)) (3-24)

y y _ Hg, ? Pij—Pjij- _
My =Ms =p l_ 12117 ( = 1)] Tsi, (Hei_j - HWi.j) (3-25)

Rij=Rij-1

y y - H”i,'3 Pij+1~Pij _
Mrpue = Mn =P [_ 12% ( ” U)l Ty g (Hei.j - HWi,j) (3-26)

Rij+1—Ryj

In the above equations, the pressure gradient in the Poiseuille terms are computed using central
differencing approximation. The Couette mass flow passing through the boundaries of the cells
are using the values from upstream nodal points (up-wind scheme). Finally, by substituting Eq.
(3-23) to Eq. (3-26) into Eq. (3-19), the discrete form of the Reynolds equation for each control

volume can be written in the compact form as:
a; ;P j + Yup(AnpPrp) = by j0; j + Xnp(bnpOnp) + By (3-27)

where the subscript ‘nb’ denotes the neighbour cells around the control volume (i,j).
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3.6.2 Mesh Setup and Film Discontinuities

The simulated domain is divided into numbers of control volume cells and an unequal mesh
setup is adopted to achieve a good compromise between computation accuracy and speed. As
demonstrated in Figure 3-4 (b), the mesh is generated by placing grid lines, which are the
boundary faces of the control volumes, in radial and circumferential directions. An important
issue is that there must be grid lines corresponding to the film discontinuities and boundaries
of the whole simulated region. The simulated domain is divided into three types of meshed
regions according to the interval value of the control volumes in radial and circumferential
directions: fine mesh region, coarse mesh region and mesh size transition region. The fine mesh
is implemented in the area around the film discontinuities as abrupt pressure variation might
occur. Coarse mesh is implemented in regions far from the film discontinuities to reduce
computation time. The mesh interval within each fine or coarse mesh region is uniform. [152,
153] Computation inaccuracy or even computation error might occur if the coarse and fine
regions are linked directly. Therefore, transition regions where the control volume size
gradually varies are implemented between fine mesh regions and coarse mesh regions. The

unequal mesh set up of the simulated region can be viewed clearly in Figure 3-4 (a).

3.6.3 Iterative Solution of the Discrete Reynolds Equation

The discrete form of governing equation (Eq. (3-27)) corresponds to a linear system of
equations that can be solved for both pressure (P;;) and film fraction (S;;) using the
complementary conditions for cavitation. In the cavitation regions, the film fraction can be
computed using the discrete equation with the pressure being set to P.,,,. In the active region,
the pressure value can be computed using the same discrete equation with the film fraction
being set to one. A Gauss-Seidel iterative process with successive relaxation (SOR) is used to
obtain the converged solution for the pressure and film fraction for all nodal points [151].
Accordingly, the values of pressure and film fraction for the nodal point (i,j) in the k-th SOR

iteration are computed as:

Pj* = wy P+ (1—wp) Py (3-28)

Sif¥ = wg S+ (1 —wg)- S (3-29)

The convergence of the solver is checked by considering the local error criterion:
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[Py =Py 7| s =87

ooy = max (DL B ) <o e [LATLj € [LNRD (330)

Further details about the algorithm used for the pressure-film fraction solver can be found in

Refs. [127,144,151]

The algorithm of the developed model is demonstrated in figure 3-5 and the algorithm of the

pressure and film fraction fields solver are shown in figure 3-6.



Input all the physics/ graphic/ code parameters

Give a fixed minimum film thickness value

Do the mesh and place grid of points over the
modelled region

Compute film thickness for each grid point based
on the shape of the thrust bearing and the
minimum film thickness value

Normalize all the values

Give initial values for pressure P and film fraction
S at all grid points; Set P everywhere to be P,
and S everywhere to be 1

58

Compute P and S values for the grid points at the
boundaries according to boundary conditions

Conduct iterative algorithm (shown in figure 3-5)
to compute the P and S values for all grid points
except for the ones at boundaries

[Change >Tolerance]
&&
[K< K_Max]

Output the Converged P and S distribution for
this fixed h

Figure 3-5. Algorithm of the FVM bearing model
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DO (i=2,...,nt-1; j=2,...,nr-1)
If (PSS >P cav | |5/ 21)
Compute Pi'fj using governing equation
Pi"‘j = (I-relax1) Pi'_"‘j_1+ (relax1) Pi’fj

If (Pi’fj >=P_cav)

ko
Sii=1
Else
Pl-’fj =P_cav
End if
End if

If (P[5! <P_cav | S/ <1)
Compute Sfcj using governing equation
Sf‘j = (I-relax2) Sikj_l+ (reIaXZ)Sikj

If(Sf; <1)

Pi]fj =P cav
Else
Sk =1
End if
End if
Compute Change value

End DO

Figure 3-6. Algorithm of the pressure and film fraction fields solver

3.7 Model Validation

The model is validated by reproducing the pressure distribution results of a pivoted thrust
bearing with plain contact surface and textured surfaces which are generated by published CFD

models.

The results produced from model developed in this research agree well with those generated
by CFD codes which were published previously. The film profile of the pivot bearing with
plain surfaces and the pressure distributions from the previous publication and current
contribution are displayed in figure 3-7. The film profile of the pivot bearing with textured
surfaces and the pressure distributions from the previous publication and current contribution
are displayed in figure 3-8. Detailed parameters of the validation case are given in table 3-3.

[153,154]
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Table 3-3. Detailed parameters of the pivot bearing used in validation [153,154]

Graphic & Operational Parameters Value Graphic & Operational Parameters Value
Angular width of single pad: 8,4 5_Tr Pivot pitch angel: a, 0.4 rad
18

Outer pad radius: R, 114.3mm Pivot roll angel: ag —0.185 rad

Inner pad radius: R; 57.15mm Texture extent in circumferential direction: 70%
TEg

Pivot position coordinates: (6, Rp) (%‘ 85.725 mm) Texture extent in radial direction: TE,. 70%

Rotational speed: w 314.16 rad - s~ 1 Texture density in circumferential direction: 63.25%
TE,

Lubricant density: p 855 Kg -m™ Texture density in radial direction: TD,. 63.25%

Viscosity at 40°C: v, 42.65 ¢St Texture depth: H; 15 um

Viscosity at 100°C: vgq 6.50 ¢St Is pocket at bearing inlet open? Yes

Lubricant temperature set in study: T 70°C

Film Thickness at pivot point: Hp 50 um

«— Rotating pad

Pressure (MPa)

05 - S

| — —
—Pivot Bearing
Current Model
~ —~Gropper, D. etal. (2017)| |

70 s

e

Film Thickness (um}

20 25

Angle (degree)

30

a5

—

Figure 3-7. Validation 1: reproduce circumferential direction pressure distribution of

the pivoted bearing with plain surface (at r = 85.725 mm, i.e. midradius) [153,154]

Pressure (MPa)
i

L
25

Angle (degree)

20

— Textured Bearing
Current Model
- - -Gropper, D. et al. (2017)

<70

/
Film Thickness (um)

Figure 3-8. Validation 2: reproduce circumferential direction pressure distribution of

the pivoted bearing with textured surface (at r = 85.725 mm, i.e. midradius) [153,154]



61

Chapter 4: Simulation Results of the
Micro Pocketed Parallel Thrust Bearing

In this chapter, effects from factors including bearing size, bearing designs and bearing
operation conditions on the performance of the micro pocketed parallel thrust bearings are
investigated by using the mass-conservation considered FVM model. The simulation results

are classified and reported in this chapter.

First, the effect of scaling is considered with geometries varied from metre/centimetre down to
millimetre/micrometre in order to understand differences in lubrication mechanism between
macro-scale bearings and those in micro-electro-mechanical systems (MEMS) devices. Then,
effects of operation conditions including the minimum film thickness and the rotational speed
on the micro pocketed parallel thrust bearing performance are systematically studied.
Optimization work is conducted by varying the geometric parameters of the sector pockets to

achieve high load capacity and low friction coefficient.

The simulated results show that cavitation would occur in the micro pocketed parallel thrust
bearings and affects the bearing pressure distribution and film thickness distribution
significantly. Simulated results indicate that the performance of this type of bearing is
dependent on the interplay between the magnitude of the load support in the high-pressure

region and the size of the negative pressure cavitated region.

4.1 Overview of the Simulation Results

Various sets of simulations have been conducted to systematically investigate the lubrication
behaviours of a pocketed parallel thrust bearing and its performance (including load carrying
capacity, frictional torque, friction coefficient, etc.) as a function of different parameters.
Results showing how the bearing can be optimised under different conditions have also been

obtained.

Figure 4-1 shows how the simulation results are divided into three sections. The first set of

results shows how the performances of bearings with the same pocket pattern vary with overall
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bearing size. The second set shows how the performance of a relatively small scale (1mm-
radius) bearing is affected by operational conditions and pocket shape. The third set shows how

the optimum design of the bearing performs under different operating conditions.

Results Generated by the
Model in This Research

Investigation of effects of
the scale of bearing
dimensions

Investigation of effects of
operational conditions
and pocket graphics

Optimization of pocketed
parallel thrust bearing

Figure 4-1. Classification of the results in this chapter

To show the results clearly, graphic shape of the simulated micro pocketed parallel thrust
bearing which would also be fabricated and tested in this research is shown in Figure 4-2.
Detailed graphic parameters of the bearing which are varied in the simulation investigation are
given in Table 4-1 below. Properties of the lubricant used in the simulation (hexadecane) is

shown in Table 4-2 below.

Touter
- 1 h,ni"
hstep

: : Top view Side! view
(@) E (b)
Figure 4-2. Graphic shape of the simulated micro pocketed parallel thrust bearing
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Table 4-1. Parameters of the pocketed bearing varied in the research

Graphic & Operational Parameters Symbols Range

Bearing radius Tout 0.1 mm, 1 mm, 10 mm

Rim point radius Trim 0.095mm, 0.95 mm, 9.5 mm
Central circular region radius Tpad Depending on TE, and 7,,¢er
Angular width of un-recessed pad region Biana 2_7; 2”_0

Angular width of recessed pocket region Hpock :_0 o 2_’;

Pocket extent in radial direction TE, 20% to 80%

Pocket extent in circumferential direction TEy 10% to 90%

Minimum film thickness Ronin -

Pocket depth/ Step height hgtep -

Rotational Speed ) 733-1571rad - s~ 1
Lubricant Temperature Outside the Bearing Temp, 25°C
N. B.

The definitions of two important graphic parameters of the bearing, pocket extent in radial and

circumferential directions are given below:

length of the step  Tvim — Tpaa
"~ bearing radius Tout

r

angular width of the pocket _ Opock
angular width modelled bearing region Opock + Orana

TEQ =

Table 4-2. Properties of the lubricant used in the simulation

Lubricant Properties Symbols Value

Lubricant Name - Hexadecane
Lubricant Density p 077 g-cm™3
Dynamic viscosity at 25 °C N2s 3.02cp

Dynamic viscosity at 30 °C N30 2.38¢cp

Dynamic viscosity at 40 °C M40 1.92 cp

Specific heat cp 2000.7 - (kg - K)™ 1

4.2 Performance of Pocketed Parallel Thrust Bearing at Different Scales

Here we investigate the influence of bearing size scaling on the performance of a parallel thrust

bearing with uniformly shaped pocket pattern (i.e. same TR% and 76% ratios). The bearing
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outside diameter, pocket depth and minimum film thickness are scaled in different ways. The
simulation cases in the scaling investigation can be divided into three groups. The
characteristics of each group are described in the following sections, and the detailed

information for each simulation case is summarized in Table 4-3.

Table 4-3. Parameters of simulation cases for scale effect investigation

Case No. T oue/ MM h,in/ um hgtep/ um TE, TE, w/rad-s!
1 1 0.4 1 50% 50% 942.5

2 10 4 10 50% 50% 942.5

3 10 0.4 1 50% 50% 942.5

4 0.1 0.4 1 50% 50% 942.5

5 1 0.4 1 50% 50% 2827.4

6 10 4 10 50% 50% 2827.4

7 1 0.4 0.5 50% 50% 942.5

8 1 0.4 1.5 50% 50% 942.5

9 1 0.4 2 50% 50% 9425

In addition to the performance parameters including max pressure Pyq, , generated
hydrodynamic force W, friction coefficient x and frictional torque T, special attention is also
paid to the normalized performance parameters (normalized hydrodynamic force W and

normalized frictional torque T') to compare bearing performances at different scales properly.

2
( hmin )
i Touter

W - an Touter? (4_1)
hmin
T 1 \router
r= Tn_u #2
1 hmin 2
P=ry () @)

4.2.1.Scaling Bearing Radius, Depth of the Recessed Pocket Pattern and Minimum Film

Thickness Simultaneously

The first set of comparisons (cases 1 and 2 in Appendix Table 2) shows what happens when
the bearing radius, the pocket geometry and the minimum film thickness are all scaled by a
factor of 10 whereas the pocket shape stays unchanged (same TEy% and TE,-%). As all bearing

dimensions are scaled by the same ratio, the ratio between minimum film thickness and pocket
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depth (o) of the two bearings stays the same. Similarly, the ratio between minimum film
thickness and bearing radius (y) and the ratio between the pocket depth and the bearing radius

(e) of the two bearings remain unchanged.

According to the simulation results, the normalized hydrodynamic force values for the two
bearings are equal (1.76 X 1072). The normalized frictional torque and friction coefficient of
the two bearings also have the same value (T: 1.04, u: 3.56 X 1072). It can therefore be
concluded that when all the bearing dimensions are scaled, and the key ratios of the geometric

parameters (TEg%, TE,%, v, d, €) stay constant, the normalized bearing performance does not
change. Also, the hydrodynamic force generated by the 1-mm-radius bearing is Hlo of the force
generated by the 10-mm-radius bearing (0.331N to 33.1N) whereas the frictional torque of the
I-mm-radius bearing is ﬁ of that of the 10-mm-radius bearing (7.86 uNm to 7860 uNm). It

can be further concluded from the simulation results together with equations (3-1) and (3-1)
that when the dimensions of all the bearing geometric features are scaled up linearly, the load
carrying capacity increases quadratically and the frictional torque increases cubically. Detailed

performance values of the two bearings studied in this group can be found in Table 4-4.

Table 4-4. Performance of bearings in different dimension scales (all dimensions scaled

in same ratio, w = 942.5 rad - s71)

Case | w/ h_min/ h_step/ | homin | r_out/ h min | p_max/ | p_central/ | W_h/ W_a/ W n/ Lec/ W_h W n T/ T f_coeff
No. rad-s~ ! | um um h_step [ mm r_out KPa KPa N N N mN uNm /i)
/1(8) 1
1 942.5 0.4 1 0.4 1 4.00E-04f 662.93 67.47| 3.31E-01] 3.14E-01) 1.73E-02| 1.73E+01| 1.76E-02| 9.18E-04] 7.86E+00| 1.04E+00| 0.0356)
2 942.5) 4 10] 0.4 10| 4.00E-04] 662.93 67.47| 3.31E+01] 3.14E+01|1.73E+00] 1.73E+03| 1.76E-02| 9.18E-04] 7.86E+03]| 1.04E+00| 0.0356)
Variables | Meaning Variables | Meaning
W_h Hydrodynamic force TE Pocket extent in circumferential direction
W_a Atmospheric force RE Pocket extent in radial direction
W_n Net supporting force W_h Normalized hydrodynamic force
LcC Load carrying capacity in unit of gram W_n Normalized net supporting force
T Frictional torque T Normalized frictional torque
f_coeff Friction coefficient

The pressure distribution and film thickness distribution of the two bearings in this comparison

are uniform and can be found in Figure 4-3.
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All dimensions scaled up by 10

Figure 4-3. Pressure distribution and Film thickness distribution of the bearings in

different size scales (all dimensions scaled in same ratio, w=942.5 rad - s~ 1)

A comparison was also made between two bearings with the same geometry (cases 5 and 6) at
higher rotational speed (2827.4 rad - s~1). Similar conclusions were obtained, as shown by the

simulation results in Table 4-5 and Figure 4-4.

Table 4-5. Performance of bearings in different dimension scales (all dimensions scaled

in same ratio, w =2827.4 rad - s™1)

Case | w/ h_min/ h_step/ | homin | r_out/ | h_min | p_max/ | p_central/ | W_h/ W_a/ W_n/ | LCC/ W h W n T T f_coeff
No. rad-s ' | um um h_step | mm rout | KPa KPa N N N mN HNm /(u)
/18) /v
5 2827.4) 0.4 1 0.4 1| 4.00E-04)  904.20 54.53| 3.45E-01 3.14E-01)3.04E-02] 3.04E+01| 6.09E-03| 5.37E-04 2.26E+01] 9.99E-01] 0.0984)
6| 2827.4) 4 10] 0.4 10| 4.00E-04]  904.20) 54.53| 3.45E+01| 3.14E+01|3.04E+00| 3.04E+03| 6.09E-03| 5.37E-04] 2.26E+04] 9.99E-01] 0.0984|
Variables | Meaning Variables | Meaning
W_h Hydrodynamic force TE Pocket extent in circumferential direction
W_a Atmospheric force RE Pocket extent in radial direction
W_n Net supporting force W_h Normalized hydrodynamic force
Lcc Load carrying capacity in unit of gram W_n Normalized net supporting force
T Frictional torque T Normalized frictional torque
f_coeff Friction coefficient
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Figure 4-4. Pressure distribution and Film thickness distribution contours of the bearings

in different size scales (all dimensions scaled in same ratio, w =2827.4 rad - s™1)

4.2.2.Scaling Bearing Radius while Fixing Pocket Depth and Minimum Film Thickness

The second set of comparisons (cases 1, 3 and 4 in Table 4-3 shows what happens when only
the bearing radius is scaled up by a factor of 10 or 100 (case 4: 1, = 0.1 mm, case 1: 1, =
1 mm, case 3: 1r,,; = 10 mm). All other features including textured pocket pattern (T Ey% and

TE,%), the depth of the pocket (hgtep) and the minimum film thickness (hp,;,) of all the

bearings in this group are kept constant.

Pressure distribution and film thickness distribution contours of the 0.1-mm, 1-mm and 10-mm
bearings are shown in Figure 4-5. It can be seen that the film thickness distribution varies
drastically when only the bearing radius is scaled up. No cavitation occurs within the 0.1-mm-
radius bearing. However, when the bearing radius is scaled up to 1 mm, cavitation occurs in
the downstream region of the trailing step of the pocket and the full film reforms at the upstream
region close to the leading step of the pocket. The cavitation region is a combination of cavity

and liquid. In this case, 8 (ratio of Ay, OVer hgp) is kept constant whereas v (ratio of Ay,

over R,,;) and € (ratio of hgtpp, OVer Ryy,) are reduced to 1/10 of the previous values. When the
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bearing radius is further scaled up by 10 times to 10 mm, the cavitation region expands and
almost covers the whole pocket region. The pressure distribution also varies drastically when
only the radius of the bearing is scaled up. The maximum pressure generated by the 0.1 mm-
radius bearing in case 4 is 115.7 kPa. This increases to 662.93 kPa for the 1 mm-radius bearing
in case 1, and to 1859.2 kPa for the 10 mm-radius bearing in case 3. However, the maximum
normalized pressure P, of the bearings investigated in this group decreases when the radius
is scaled up. The P4, of 0.1 mm bearing is 6.14 X 1071, the P,,4, dropsto 3.52 X 10~2 when
the bearing radius is scaled up to 1 mm and to 9.86 X 10~* when the bearing radius is scaled

up to 10 mm.
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Figure 4-5. Pressure distributions and Film thickness distributions for bearings at

different size scales (only bearing radius is scaled)

The correlation between the normalized hydrodynamic force and the ratio y (ratio of h,,;,, over
R,,¢) obtained by scaling up the just bearing radius is shown in Figure 4-6 (a). When the
bearing radius is scaled up by 10 times, the normalized hydrodynamic force is increased almost
by 100 times. This indicates that the load support efficiency for this parallel pocketed bearing
increases when the bearing is scaled down, which suggests that it is a suitable configuration for
micro to millimetre scale components. For example, a 1 mm-radius pocketed parallel bearing

can bear load above 2 grams whereas the mass of the bearing itself is just around 9 micro grams.
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As displayed in Figure 4-6 (b), the normalized frictional torque rises slightly from 0.97 to 1.30

when the bearing radius is scaled down from 10 mm to 0.1 mm. The friction coefficient,

however, declines sharply from 0.34 to 0.0046 when only the bearing radius is scaled down as

the normalized load capacity increases drastically. That indicates the transmission efficiency is

also improved when this type of bearing is miniaturised.

It can be concluded from that when only the bearing radius is scaled and the other geometric

feature parameters are fixed, the pressure distribution and film thickness distribution changes

dramatically. Therefore, the normalized bearing performance varies and the performance

(normalized load carrying capacity and transmission efficiency) is better when this type of

bearing is used in micro scales.
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Figure 4-6. Correlations between (a) normalized hydrodynamic force and l];‘—l;i:: (y) and

(b) frictional properties and =
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out

More detailed simulation results from this section be found in Table 4-6.

Friction Coefficient/ p
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Table 4-6: Performance of bearings in different dimension scales: scale only r_out, fix

h_min and h_step, w =942.5rad - s™1)

Case | w/ h_min/ h_step/ | homin | r_out/ h min | p_max/ | p_central/ | W_h/ W_a/ W n/ Lec/ W_h Won T/ T f_coeff
No. rad-s~ ! | um um h_step | mm r out KPa KPa N N N mN uNm /i)
/1(8) /v

4 942.5) 0.4] 1 0.4] 0.1{ 4.00E-03 115.70] 101.29( 3.19E-03) 3.14E-03|4.42E-05| 4.42E-02| 1.69E+00] 2.35E-02| S.79E-04] 1.30E+00| 0.0046f
1 942.5) 0.4] 1 0.4] 1| 4.00E-04) 662.93 67.47| 3.31E-01) 3.14E-01 1.73E-02| 1.73E+01] 1.76E-02| 9.18E-04) 7.86E+00| 1.04E+00{ 0.0356)
3 942.5) 0.4] 1 0.4] 10| 4.00E-05( 1859.15) 33.84| 3.25E+01) 3.14E+01|1.11E+00] 1.11E+03| 1.73E-04] 5.90E-06| 7.29E+04] 9.67E-01] 0.3363

Variables | Meaning Variables | Meaning

W_h Hydrodynamic force TE Pocket extent in circumferential direction

W_a Atmospheric force RE Pocket extent in radial direction

W_n Net supporting force W_h Normalized hydrodynamic force

Lcc Load carrying capacity in unit of gram W_n Normalized net supporting force

T Frictional torque T Normalized frictional torque

f_coeff Friction coefficient

4.2.3.Scaling Pocket Depth and Fixing Bearing Radius and Minimum Film Thickness

The third set of comparisons (cases 1, 7, 8 and 9 in Appendix Table 2) shows how the
performance of the bearing varies when only the pocket depth is gradually scaled up with a
fixed interval (0.5 pum) from 0.5 pm to 2 um. The pocket pattern, minimum film thickness and
bearing radius are kept constant (TE¢% = 50%, TE,% = 50%, hyyi = 1 pm, R,y = 1 mm).

The pressure distributions and film thickness distributions for different pocket depths are
illustrated in Figure 4-7, showing that the cavitation region shrinks towards the trailing step of
the bearing when the pocket depth is increased from 0.5 um to 2 um. Correspondingly, the
pressure active region expands when the pocket depth is increased from 0.5 pm to 2 pm.
However, the maximum hydrodynamic pressure drops when the pocket depth increases, (the
maximum pressure generated by the 0.5 pm-pocket depth bearing is 770.73 kPa whereas that
of the 2 um-pocket depth bearing is 485.43 kPa). The ratio between the minimum film
thickness and pocket depth, o, decreases from 0.8 to 0.2 when the pocket depth is increases

from 0.5 um to 2 pm.
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Figure 4-7. Pressure distributions and Film thickness distributions for bearings with

different pocket depths

The correlation between the normalized hydrodynamic force and the ratio of minimum film
thickness to pocket depth (8) obtained by varying the pocket depth and fixing all other
geometric parameters is shown in Figure 4-8 (a). Here, the normalized hydrodynamic force
increases with increasing o, which indicates that the load capacity increases when the pocket
depth is reduced (Figure 4-8 (b)). The normalized frictional torque increases with increasing 6.
However, the friction coefficient first decreases and reaches minimum value when 6 = 0.4 and

almost levels out when 6 is increased to 0.8.
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4.2.4.Summary of Bearing Feature Size Scaling Investigation
It can be concluded from the results in this section that:

1. When all the geometric parameters of the pocketed parallel bearing are scaled
simultaneously, the normalized bearing performance (including normalized load
carrying capacity, normalized frictional torque and friction coefficient) remain
unchanged. The film thickness distribution and the pressure distribution are uniform at

all studied scales.

2. When only bearing radius is scaled while pocket depth and shape are fixed, the film
thickness distribution and pressure distribution vary drastically. The normalized load
capacity increases by 2 orders when the radius of the bearing is scaled down by 1 order,
which indicates that parallel pocketed thrust bearing is more efficient in load capacity
when this type of bearing is miniaturized. The friction coefficient and normalized
frictional torque also decreases when only the bearing radius is scaled down. These
characteristics make pocketed parallel thrust bearing an appropriate option to bear load

and achieve high transmission efficiency in MEMS applications.

3. The maximum hydrodynamic pressure decreases when only the pocket depth is scaled
up but the area of pressure active region where positive load capacity is generated
expands. For the bearings studied, an increase in pocket depth results in a decrease of

load carrying capacity.

4.3 Effects of Operational Parameters and Shape of the Recessed Pocket on

Bearing Performance

The results in the following sections systematically characterise the effects of operational
conditions (minimum film thickness and rotational speed) and geometric parameters (pocket
extent in radial and circumferential directions) on bearing performance, is the latter being
assessed in terms of load capacity, frictional torque and friction coefficient. To demonstrate a
clear correlation between each parameter and bearing performance, the numeric tests are

conducted by varying each of the parameters individually and fixing other parameters.
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4.3.1.Effects of Minimum Film Thickness

A range of minimum film thickness values from 80 to 2000 nm are studied, which represents

all normal bearing operating conditions. Speeds are varied from 733.0 rad - s~ to 1570.8

rad + s~1, which covers all practical operational speeds for bearings used in MEMS. The shape
and depth of the textured pattern in this group of bearings is fixed (texture extent in 6 direction,

TEy, is 50%; texture extent in r direction, TE;, is 50%).
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Figure 4-9. Variations of (a) load carrying capacity and (b) friction coefficient of pocketed

bearing with minimum film thickness at different speeds (50% TEe, 50% TEr)

Load Carrying Capacity

The relationships between load carrying capacity and minimum film thickness are shown in
Figure 4-9 (a). It 1s well known that parallel flat surfaces should not be capable of any load
support. However, as Figure 4-9 (a) shows, circular thrust bearings can generate load support
when textured pockets are added. The 1-mm radius thrust bearing can support load above 9.8

mN which is typical in MEMS devices.

For all of the curves in Figure 4-9 (a), the load support tends to zero when the minimum film
thickness is higher than 2000 nm. For all simulated speeds, the load support increases when
the film thickness drops from 2000 nm to 900 nm, which is a normal behaviour for a
hydrodynamic bearing. For most hydrodynamic bearings, the load carrying capacity increases
monotonically with decreasing minimum film thickness. However, the correlation between
load carrying capacity and minimum film thickness of these pocketed bearings appears
anomalous when the film thickness is further decreased below 900 nm. Take the curve at

1570.8 rad - s~! as an example. Here, the load support of the bearing falls from 12.34 mN to
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6.52 mN when the film thickness is reduced from 900 to 100 nm. If the film thickness is further

decreased below 100 nm, the load carrying capacity will rise again.

The trends of the load carrying capacity vs. minimum film thickness curves are the same for
all speeds, i.e. load carrying capacity first rises with decreasing film thickness, then declines
and rises again when the film is very thin (below 100 nm). However, the width of the region
where the load support is positively correlated with film thickness varies with speed. Moreover,
the two dashed lines (one crosses all max LCC points and the other crosses all min LCC points
of all the curves) show that the width of the region increases with speeds. The turning points
of the 1570.8 rad - s~! curve are at 900 nm and 100 nm, whereas the turning points of the

733.0 rad - s~ curve are at 800 nm and 200 nm.

This abnormal correlation with minimum film thickness is related to the cavitation that occurs
during the pocketed bearing operation and will be discussed in detail in the pressure and film

thickness distribution results part of this section.

Frictional Torque and Friction Coefficient

The correlations between friction coefficient and minimum film thickness are presented in
Figure 4-9 (b). The friction coefficient of the pocketed bearing (50%TEs, 50%TE;) decreases
with increasing minimum film thickness for all simulated speeds, which is similar to most
hydrodynamic bearings as both Couette and Poiseuille shear stresses reduce as the minimum
film thickness increases. Take the curve of 942.5 rad - s~! curve as example: the friction
coefficient exceeds 0.16 when the bearing operates at 100 nm minimum film thickness whereas

it is below 0.013 when the film thickness is increased to 2000 nm.

Te=n-S (4-4)
— lhap ;
Tp= 3-8 (4-5)

The trends of the friction coefficient vs. film thickness curves of all speeds are almost the same

and show a similar trend to curve: y = %mnt . This indicates that the friction is dominated

by the shear stress from Couette flow. This is validated by plotting the frictional torque
components, i.e. Couette frictional torque (Figure 4-10. (a)) and Poiseuille frictional torque
(Figure 4-10. (b)), versus minimum film thickness separately and comparing them against each

other. The trend of the frictional torque curves is similar to that of the frictional coefficient
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curves and the Poiseuille contribution is smaller than the Couette. For example, the Couette
frictional torque of the bearing operating at 942.5 rad - s~! and 100 nm minimum film

thickness is 34 pNm whereas the Poiseuille contribution is 0.44 puNm. This is because the

maximum pressure of the bearing is below 1 MPa and the pressure gradient is very low.
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Figure 4-10. Variations with minimum film thickness of (a) Couette frictional torque and
(b) Poiseuille frictional torque for pocketed bearing at different speeds (50% TEo,
50% TEr)

Pressure Distribution and Film Thickness Distribution Contours

A series of film thickness distribution and pressure distribution contours for a bearing
(50%TEsg, 50%TE;) operating at a fixed rotational speed (942.5 rad-s~!) and different
minimum film thickness are presented in Figures 4-11 (a) and 4-11 (b) respectively. When the
minimum film thickness is 2000 nm, cavitation does not occur, and fluid fills the entire bearing

area. This shows that cavitation will not occur if the film is sufficiently thick.
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Figure 4-11 (a). Film thickness distribution of pocketed bearing at different minimum
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As the minimum film thickness is reduced to 1500 nm, cavitation occurs along the trailing edge
of the pocketed region, where the gap between the surfaces is filled with the mixture of gaseous
cavity and liquid. It can be concluded that cavitation occurs exactly in the location where there
is a divergence of the bearing surfaces and the cavity expands downstream. Furthermore, the
starting point of the cavitation area in the radial direction is not the initial point of the step
(marked A in the figure) but a point located at a larger radius of the step (marked B) where that
speed is slightly higher. This indicates that cavitation occurs only when the fluid flow speed
reaches a threshold value. The cavity size in the circumferential direction becomes larger as
the radius increases. However, the location of maximum cavity size in the radial direction is
not at the end point of the step where the speed is a maximum. The cavity size increases and
then decreases along the trailing step, and there is no cavitation in the area around the end point
of the step. This phenomenon results from two conflicting effects. On one hand, higher speed
boosts cavity development so cavity size first increases with rising radius. On the other hand,

the circumferential region where the radius is greatest (flow speed higher) is also closer to the
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outer edge of the bearing where fluid is supplied and the pressure at the edge is equal to 1.015e5
Pa (which is higher than the 1 Pa cavitation pressure), so that the supplied inward flow assists

film reformation in radial direction and reduce the cavity size along the step inwards.

Similar film thickness distributions can be found when the film thickness is reduced from 1500
to 1000 nm, but here the cavitated area expands both in the circumferential and radial directions
and covers almost half of the recessed region so that the film reformation boundary is pushed
towards the leading step of the bearing. This indicates that the cavitated area increases and

expands along the fluid flow direction as the minimum film thickness is decreased.

The cavitation area expands steadily in both circumferential and radial directions as the film

thickness is reduced from 1000 to 200 nm. When the bearing operates at 200 nm, the
neighbouring downstream region of the whole trailing step is cavitated and g of the whole

recessed channel area is cavitated so that the film reformation boundary is close to the leading
step. There is almost no increase in the cavitation area when the film thickness is further

decreased from 200 nm to 80 nm.

For all the film thickness values, the cavitation area does not expand to the central flat area of

the bearing as there is no diverging gap in this area.

A series of pressure distribution contours are also obtained from the same operating conditions
and displayed in figure 4-11 (b). When the film thickness is 2000 nm, the maximum pressure
is 180 kPa, and the load supporting pressure is generated around the leading step of the bearing.
Even though cavitation does not occur in this case, a low-pressure area (p << pam) still forms
around the diverging step of the bearing. A clear pressure gradient can be observed in both
directions in the area where r>1,44 (the area where the steps are located). In the area where the
radius is slightly lower than 1,4, a clear pressure gradient is only observed in the radial
direction. In the area close to the central point, there is no evidence of a pressure gradient. This

is because the bearing surfaces within the area where r<r,,

q are totally flat and parallel to each
other, so no supporting pressure is generated (inertia and thermal effect neglected) and the

pressure in the central area is almost equal to the boundary pressure at the outer edge.

When the film thickness is reduced from 2000 to 1500 nm, cavitation occurs as discussed in
the film fraction results section and the bearing separates into two regions: a pressurized region
where supporting liquid pressure varies and a cavitation region where the liquid pressure stays

constant (equal to cavitation pressure: 1 Pa). The cavitation area is larger than the low-pressure
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area seen at 2000 nm film thickness, but the pressure in the pressurized area is larger than in
the 2000 nm case. This agrees with fluid mechanics that when the film thickness is reduced the

cavitation area expands and the generated pressure around the converging step rises.

When the film thickness is reduced from 1500 to 800 nm, the cavitation area gradually
increases, and the maximum pressure increases from 250 to 480 kPa. When the film thickness
is reduced further from 800 to 200 nm, the cavitation region is still expanding rapidly, which
results in the drastic shrinking of the pressurized area (only a ninth of the area where r> 1,44

is pressurized) and the maximum pressure increases from 480 to 790 kPa.

The size of the pressurized region and cavitation region remain almost unchanged when the
film thickness further reduces from 200 to 80 nm. The maximum pressure, however, keeps

increasing from 790 to 860 kPa.

As mentioned in the load carrying capacity section, the correlation between the load support
and film thickness is abnormal, since the load support increases and then decreases before
finally increasing again when the film thickness is continuously reduced from 2000 to 80 nm.
This correlation is different from most other hydrodynamic bearings where the load capacity
decreases monotonically with increasing film thickness. This abnormal variation in load
support with minimum film thickness is a result of two well-known aspects of fluid behaviour,
which in this case oppose each other. These two effects can be observed from the pressure
distribution in the circumferential direction which is displayed in Figure 4-12. On one hand,
the cavitation area, where the pressure has a constant low value, expands with decreasing film
thickness. Consequently, the area where hydro pressure higher than the atmospheric pressure
is reduced. In addition to this, when the film thickness is decreased, the expansion of the low-
pressure cavitation area also results in the reduction of the pressure in the central flat region,
(Figure 4-11 (b), where the pressure in the central flat region is reduced from 100 kPa to 52
kPa). These two effects induced by the film thickness reduction can undermine the load
carrying capacity of the bearing. On the other hand, the maximum pressure generated along the
diverging step rises with decreasing film thickness; this can be seen in Figure 4-11 (b) where

the pressure over the un-recessed pad area is increased when the film thickness is reduced. This

can also be observed from figure 4-12, where the pressure distributed from 8 = 0to 6 = % and

the pressure distributed from 6 = 3%Tto 0= gincrease when the film thickness is decreased.

This results in an increase in load support in the un-recessed area of the bearing.
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minimum film thicknesses

Summary of Effects of Minimum Film Thickness on Micro Bearing Performance

A decrease in film thickness simultaneously results in i) a reduction in load supporting area
and a reduction of pressure in the central pad area due to the expansion of the cavitated area,
and ii) an increase in pressure and load support in the un-recessed pad area. The overall load
carrying capacity of the bearing therefore changes with film thickness depending on which of
these opposing effects is stronger. For example, when the film thickness of a 50%TEg, S0%TE,
bearing, operating at 942.5 rad - s, is decreased from 2000 to 800 nm, the generated pressure
around the converging step increases rapidly. Even though the cavity size also increases in this
range, there is no drastic change of the pressure in the central region (from 100 to 90 kPa).
Therefore, the increase of load support from pressure rise is larger than the reduction due to
cavitation expansion and bearing load capacity therefore increases with decreasing film
thickness. Conversely, when the film thickness is decreased from 800 to 200 nm, the generated
pressure around the converging step still increases. However, the cavity size also increases
rapidly and the pressure in the central region falls significantly (from 90 to 58 kPa). Therefore,
the increase in load carrying capacity due to pressure rise is smaller than the reduction of load
carrying capacity from cavity expansion so that bearing load capacity decreases with
decreasing film thickness. When the film thickness is decreased from 200 to 80 nm, the
generated pressure around the converging step still increases. Here, the cavity size remains

almost unchanged and the pressure in the central region falls only slightly (from 58 to 53 kPa).



81

Therefore, the increase in load carrying capacity from pressure rise is larger than the reduction
of load carrying capacity from cavitation expansion so that bearing load capacity increases with

decreasing film thickness again.

The correlation between the two opposing effects on the load carrying capacity from film
thickness reduction does not depend on film thickness alone; it is also affected by rotational
speed. Effects from cavitation are stronger at higher rotational speed, therefore the film
thickness where load support reaches minimum value for the 1570.8 rad - s~ ! case is higher
than for the 733.0 rad - s~* case. Moreover, the film thickness where load support begins to

rise with decreasing film thickness at 1570.8 rad - s~1 is lower than at 733.0 rad - s 1.

4.3.2.Effect of Rotational Speed

Effects of rotational speed on bearing performance are demonstrated in this section. The

1 which is a

investigated rotational speed ranges from 733.0 rad - s™! to 1570.8 rad - s~
typical speed range over which micro bearings operate in the hydrodynamic regime. The
correlation between rotational speed and thrust bearing performance is also studied at different
minimum film thickness values. For this, the shape and the depth of the textured pattern of the
bearing are fixed (texture extent in 0 direction, TEy, is 50%; texture extent in r direction, 7E,,

is 50%).

Load Support

The correlations between load support and rotational speed under different minimum film
thickness are displayed in Figure 4-13. For all film thickness values greater than 2000 nm, load
support increases with rotational speed in accordance with hydrodynamic theory. When the
bearing operates at 2000 nm film thickness, no load support is generated for rotational speeds

below 1151.9 rad - s~ 1.

A notable feature of Figure 4-13 is that the load support vs. rotational speed curves obtained at
different film thickness have different behaviours in terms of curvature. For the curve obtained
at 2000 nm, the gradient increases with rotational speed (i.e the curve is concave). For the 1500
nm curve, the gradient still increases with rotational speed but the rate at which the gradient
increases is smaller than that of the 2000 nm curve, so the curve tends to a straight line. The
curve becomes convex when the film thickness is decreased to 1000 nm, which indicates the

gradient decreases with rotational speed. Moreover, the load support vs. rotational speed curve



82

becomes increasingly convex when the minimum film thickness is further reduced from 1000
to 80 nm. This phenomenon is also related to the cavitation in the bearing and will be explained

in detail with the pressure and film thickness distribution results.
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Figure 4-13. Load carrying capacity of pocketed bearing vs. rotational speed for different

film thickness (50% TEe, 50% TEr)

Pressure Distribution and Film Thickness Distribution

Effects of rotational speed on the film thickness distribution, pressure distribution and
cavitation development for a bearing with fixed geometric design (50%TEe, 50%TE:) are

demonstrated in this section.

It can be seen from Figure 4-14 (a) that, when the film is thick (1500 nm), cavitation occurs
for all investigated speeds and the cavity expands with increasing rotational speed. Similar to
the case of decreasing film thickness, the cavity expands both in radial and circumferential
directions, but the expansion speed in the circumferential direction is much greater than in the
radial direction. Comparing the film thickness and pressure distribution results for a series of
different rotational speeds (Figure 4-14) to those of a series of different film thicknesses (Figure
4-11), it can be noticed that the latter has the greatest effect for the parameter ranges
investigated. The pressure generated around the leading step rises with increasing rotational

speed, which agrees with hydrodynamic theory.
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Figure 4-14 (a). Film thickness and pressure distribution of pocketed bearing at different

rotational speeds (1500 nm, 50% TEe, 50% TE:)
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Figure 4-14 (b). Film thickness and pressure distribution of pocketed bearing at different
rotational speeds (200 nm, 50% TEe, 50% TEr)

Comparing Figures 4-14 (a) and 4-14 (b), it is evident that the effect of rotational speed on the
cavity size is different when the bearing operates at different film thicknesses. When the film
is thin and most area of the pocketed region is covered by the cavity, an increase in rotational
speed has little effect on the cavity expansion. This is exemplified by Figure 4-15, which shows
that when the film thickness 200 nm (figure 4-15 b), the cavitation region only expands by 3°
in circumferential direction when rotational speed is increased from 942.5 rad - s~* to 1570.8
rad + s~1. Conversely, when the film thickness is 1500 nm (figure 4-15 a), the cavitation region

expands by 12° when the film thickness is increased from 942.5 rad - s™* to 1570.8 rad - s~ L.

s
1570. Brad/s '
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Figure 4-15. Pressure distribution in circumferential direction at mid-radius for different
rotational speeds and for (a) 1500 nm film thickness (50% TEe, 50% TEr) and (b) 200 nm
film thickness (50% TEo, 50% TEr)

Load support increases monotonically with rotational speed, in contrast to its fluctuating
behaviour as a function of film thickness. This indicates that, as the rotational speed is
increased, the load support increase from the pressure rise overwhelms the load support
reduction due to cavity expansion and the pressure reduction in the central region. It can be
seen from the pressure distribution in Figure 4-14 that, when the rotational speed rises from
733.0 to 1570.8 rad - s™1, the pressure in the central flat region falls by just 2.5 kPa for 1500
nm and by 7 kPa for 200 nm. This pressure reduction (and hence load support reduction) is
much smaller compared to the reduction caused by decreasing film thickness, which explains
why the load support increasing factors outweigh the load support decreasing factors as
rotational speed increases. As the area of pressurized region shrinks, the increase of the
pressure generated around the leading step results in an increasingly smaller load support
increase when the film thickness is reduced from 1500 to 200 nm. In addition, the load support
in the central flat pad reduces more rapidly for 200 nm as the pressure reduces faster. Therefore,
the rate at which load support increases with rotational speed reduces with decreasing film

thickness, which is observed in the load carrying capacity vs. rotational speed curves.

4.3.3. Effect of Pocket Extent in Circumferential Direction

Results showing the effects of varying pocket extent in the circumferential direction are shown
in this section. The circumferential pocket extents studied range from 20% to 90% with a fine
interpolation between neighbouring data points, which enables an accurate optimum

circumferential pocket extent to be obtained in terms of load carrying capacity and friction

90
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coefficient (frictional torque) and also aids the analysis of the mechanism relating 6-direction
pocket extent to bearing performance. The investigation is conducted under fixed rotational
speed (942.5 rad - s~1) while the minimum film thickness is systematically varied from 400
to 2000 nm. This is done since minimum film thickness has a much stronger effect on pressure
build-up and cavitation and hence determines bearing performance (as demonstrated in the
previous two sections). The pocket depth and radial extent are also fixed to distinguish the

effects of circumferential pocket extent (/sp=1 pm, TE,=50%).

Load Carrying Capacity

The correlation between load carrying capacity and pocket size in the circumferential direction
(TEp) under different minimum film thickness is shown in Figure 4-16 (a). For all minimum
film thickness values investigated, the variation of load support with TEs has a single
maximum, falling away at low and high values of TEs. An optimum circumferential pocket
extent exists for all minimum film thickness values. Load carrying capacity is also significantly
affected by TEy. When film thickness is equal to 400 nm, load support of bearings with TEy
below 40% or above 90% is negative, which indicates that the generated hydrodynamic force
is smaller than the force applied by the atmospheric pressure on the bearing surface. The
bearing surfaces will not separate for these cases (which agrees with the phenomena observed
from some researches that badly designed surface texture undermines the smooth-surface
hydrodynamic bearings). In contrast, a bearing with 70% TEs can support a load of 19.6
millinewton (which is large for a 2-mm diameter thrust bearing) when the minimum film
thickness is 400 nm. Another phenomenon illustrated in Figure 4-16 (a) is that the load support

improvement achieved by optimizing TEjy increases as the film becomes thinner.
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Figure 4-16. (a) Load carrying capacity of pocketed bearing vs. circumferential extent of
pocket for different minimum film thicknesses (50% TE:, 942.5 rad - s~1); (b) Load
carrying capacity of pocketed bearing vs. minimum film thickness for different

circumferential extent values (50% TE:, 942.5 rad - s~ 1)

It can also be observed from Figure 4-16 (a) that the optimum TEj is negatively correlated with
minimum film thickness. The optimum 7Ey gradually rises from 62% to 68% when the film
thickness is reduced from 1500 to 400 nm. Even though the optimum TEj varies under different
minimum film thicknesses, the range within which the optimum varies is small and any TEy

with this range can achieve good load support for all film thicknesses.

Curves showing the correlation between load support and minimum film thickness for pockets
with different TEy values are shown in Figure 4-16 (b). The load carrying capacity and Zuin
curves distinguish between different 7Ey. For the bearings with TEy near to the optimum value
(TEp from 60% to 75%), the load support increases monotonically with decreasing film
thickness whereas for bearings with 7Eybelow 40% or above 80%, the load support decreases
monotonically with reducing film thickness. This can also be explained by the simultaneous

pressure build-up and cavity expansion theory described in previous sections.

Frictional Torque and Friction Coefficient

The correlation between friction coefficient (n) and pocket extent in the circumferential
direction (TEp) is shown in Figure 4-17 (a). The friction coefficient decreases with increasing
TEy for all film thickness cases. The frictional torque versus 7TFEy curve for the 0.4 pum minimum
film thickness case in Figure 4-17 (b) shows Poiseuille and Couette terms plotted against 7Ej.

The Couette friction torque decreases rapidly with TEs whereas the Poiseuille friction torque
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increases with TFEs. As the circumferential pocket extent is increased, the region with larger
film thickness (i.e. the pocketed region) expands, which result in a decrease of shear stress and
hence Couette friction. The pressure gradient upstream of the converging step, however,
increases with larger TEs and therefore the Poiseuille friction also increases. As shown in
Figure 4-17 (b), Couette friction is much larger than Poiseuille friction and consequently the

total frictional torque decreases with increasing TFEj.
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Figure 4-17. (a) Friction coefficient of pocketed bearing vs. circumferential extent of
pocket for different film thicknesses (50% TEr, 942.5 rad - s~ 1); (b) frictional torque of
pocketed bearing vs. circumferential extent of pocket (50% TEr, 942.5 rad - s~ 1)

Pressure Distribution and Film Thickness Distribution

The effects of circumferential pocket extent (7Ey) on the film thickness distribution and
pressure distribution are displayed in Figure 4-18 (942.5 rad-s ' w, 400 nm h,,;, ).
Cavitation occurs in all bearing configurations and the angular width of the cavity increases
with circumferential pocket extent (Figure 4-18 (a)). However, the angular width of the film
reformation region (the region between the locus of film reformation and the leading step of
the pocket) also expands with TEy. Pressure distributions for different TEs are displayed in
Figure 4-18 (b). Corresponding to the film thickness distributions, the low-pressure cavitation
region expands with increasing circumferential pocket extent. The maximum pressure
generated at the leading edge of the pocket increases with TEy. For example, the maximum
pressure generated by the bearing with 20% TEjp is 426 kPa whereas the maximum pressure
generated by the bearing with 90% TFEjy is increased to 1005 kPa. The pressure in the pressure
active region rises when circumferential pocket extent increases, and the pressure in the central

flat region also rises with increasing 7Ey. When TEj is 20%, the pressure in the central flat
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region is 64 kPa, and this is increased to 83 kPa when the circumferential direction pocket
extent is increased to 90%. In the previous minimum film thickness and rotational speed
investigations, the central flat region pressure drops as the cavitation region grows, which
contrasts with the phenomenon observed when TEjs is increased. This is because the pressure
in the central flat region is determined by the surrounding pressure in the pocket region and
this increases significantly (faster than the increase caused by reducing minimum film
thickness or increasing rotational speed) in the pressure active region around the leading step
of the pocket. Therefore, the pressure in the central flat region increases when the pocket extent

in circumferential direction is increased.
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Mechanism of Load Support Variation with TE,

The mechanism underlying the variation in load support as a function of circumferential pocket

extent is analysed in this section. As described above, several effects occur simultaneously

when the circumferential pocket extent increases:

1. The low-pressure cavitation region expands. Correspondingly, the pressure active region
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where positive load support is generated shrinks, which acts to reduce load support.

2. The average pressure in the pressure active region increases steeply, which acts to

increase load support.

3. The pressure in the central flat region increases, which acts to the increase of load

support.
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Figure 4-19. Variations with TEoe of total load carrying capacity and contributions from
central pad, cavitation region and pressure active region (400 nm, 942.5 rad s~ 1,

50% TEx)

As demonstrated in Figure 4-19, the total load capacity has three contributions: the load
supported by the central flat region (LCC_pad), the load supported by the pressure active region
(LCC _p) and load supported by the cavitation region (LCC cav). The load supported by the
pressure active region (LCC_p) increases monotonically with circumferential pocket extent for
TEp values in the range 20% to 80%; this trend is dominated bythe average pressure in the
active region which increases with rising 7Ey. However, the gradient of the LCC p curve
gradually decreases due to contraction of the pressure active region. LCC p passes through a
maximum when TEy ~ 80%, then decreases with any further increase in TEy >80%. In this
region, even though the pressure in the active region still increases, the area of this region is

too small and still decreasing so that the overall load capacity decreases. The load supported
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by cavitation region is negative as the pressure in the cavitation region is constant and lower
than the atmospheric pressure. The area of this region of constant low pressure increases with
increasing TEp and this results in continually decreasing load support. As demonstrated in
Figure 18 (b), the pressure in the central flat region keeps increasing with rising TEy, and

consequently the load supported by the central flat region increases with increasing TEy.

The total load support first increases with 7Ey as the contribution from the pressure active
region and central flat region outweigh the load support decrease from cavity expansion. As
the load support in the pressure active region rises increasingly slowly while the load support
in the cavitation region falls at almost a constant rate, the load support increase equals the load
support decrease in the cavitation region when TEy is 68%. Therefore, the total load support

peaks when TEy is 68% and then decreases as TEjy is further increased.

4.3.4.Effect of Pocket Extent in Radial Direction

This section investigates the effect on bearing performance of varying the radial pocket extent
(TE,) from 20% to 80% with minimum film thickness values from 400 nm to 2000 nm under a
fixed rotational speed (942.5 rad - s~1). The pocket step height and circumferential pocket

extent also remain unchanged (/sep=1 pm, TE=50%).

Load Carrying Capacity

Curves showing load carrying capacity as a function radial pocket extent (7E,) for different
minimum film thicknesses are shown in Figure 4-20. For all minimum film thicknesses less
than 2 pm, the load capacity increases monotonically with increasing radial pocket extent. The
gradients of the load capacity versus curves are small in the range where TE, rises from 20%
to 30%. The gradients of the curves jump to high values when TE; is increased from 30% to
40% and then gradually decrease as TFE; is further increased from 40% to 90%. Comparing
Figures 4-16 and 4-20 it can be seen that a much larger load capacity improvement can be
achieved by increasing 7E, than by setting 7Fjy to the optimum value. For example, as the radial
pocket extent increases from 50% to 90%, the load capacity of the 0.4 um bearing curve
increases from 18.6 mN to 44.1 mN. Similar to the phenomenon observed in TEy optimization,
the load support improvement achieved by increasing 7E, is lager when minimum film

thickness is lower.
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Figure 4-20. (a) Load carrying capacity of pocketed bearing vs. radial extent of pocket
(50% TEo, 942.5 rad - s 1); (b) Load carrying capacity of pocketed bearing vs. minimum
film thickness (50% TEs, 942.5 rad - s™1)

Load capacity versus minimum film thickness curves for different TE, values are demonstrated
in Figure 4-20 (b). When the radial pocket extent is less than 40%, the load capacity decreases
as the film thickness is reduced. This indicates that, for pockets with small extent in radial
direction, the load capacity loss due to cavity expansion overweighs the load capacity increase
due to pressure increase in the active region when minimum film thickness is reduced. The
load capacity for the pocketed parallel bearing with 50% TE, first rises when minimum film
thickness is reduced from 2000 to 1000 nm then decreases as film thickness 1s further reduced.
This phenomenon has been explained in the previous film thickness variation section. When
radial pocket extent is greater than 50%, the load capacity keeps increasing with decreasing
minimum film thickness and the slope of the curves increases with increasing 7TE,. This
indicates that, for large values of radial pocket extent, the load capacity loss resulting from
cavity expansion is outweighed by the load capacity gain from pressure increase in the active

region as film thickness is reduced.

Frictional Torque and Friction Coefficient

The variations in total frictional torque, Couette friction and Poiseuille friction as a function of
radial pocket extent at fixed operational conditions (942.5 rad - s~1, 400 nm) are displayed in
figure 4-21 (a). Here, the total frictional torque increases slightly with TE; (e.g. when the pocket
extent is 20%, the frictional torque is 1.7 uNm and this rises to 2 uNm when the radial pocket
extent reaches 90%). Both the Couette and Poiseuille friction increase with increasing radial

pocket extent. As the radial extent increases, the area with thicker film (h = hyin + hgep)
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shrinks. Correspondingly, the thin film region increases causing an increase in shear rate
Therefore, Couette frictional torque increases with increasing radial pocket extent. When TE;
increases, the length of the leading edge of the pocket where hydrodynamic pressure is
generated increases and causes the expansion of the high pressure region. Therefore, the
Poiseuille friction torque increases with rising 7E,. The rate at which the frictional torque rises
with TE, gradually reduces towards zero when TE, approaches 100%. This is because the
pocket expands towards the inner part of the bearing where the radius is smaller. Therefore,
the rate at which the area of the high pressure region increases with 7E, becomes smaller as

TE, approaches 100%.
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Figure 4-21. (a) frictional torque of pocketed bearing vs. radial extent of pocket
(50% TEo, 942.5 rad - s~1); (b) Friction coefficient of pocketed bearing vs. radial extent
of pocket for different film thicknesses (50% TEo, 942.5 rad - s™1)

Curves of friction coefficient versus 7E; are displayed in figure 4-21 (b). For all minimum film
thickness values below 1000 nm, the friction coefficient increases slightly when TE, is
increased from 20% to 30%. This is because the frictional torque rises rapidly whereas the load
support increases slowly in this range. As TE, rises from 30% to 70%, the load capacity
increases rapidly whereas the frictional torque increases more slowly, and consequently the
friction coefficient decreases with TE,. When TE, is further increased, both the load capacity
and frictional torque become stable so that the friction coefficient versus TE, curves levels out

when TE, is greater than 70%.

Pressure Distribution and Film Thickness Distribution

Film thickness distribution and pressure distribution contours obtained under fixed operational

90%



95

conditions (50% TE,, 942.5 rad - s~* w, 400 nm h,y,;,,) for bearings with a series of different

radial pocket extent values are shown in Figures 4-22 (a) and (b).
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Figure 4-22 (a). Film thickness distribution of pocketed bearing at different TE: values
(400 nm, 942.5 rad - s~1, 50% TEs)
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Figure 4-22 (b). Pressure distribution of pocketed bearing at different TE: values
(400 nm, 942.5 rad - s, 50% TEs)

TR=70%

Figure 4-22 (a) shows that cavitation occurs for all TE; values, and the area of the cavity
enlarges in the radial direction with increasing radial pocket extent. In the radial extent range
from 20% to 70%, cavitation starts to occur when liquid initially passes the diverging step. It
can also be seen for the bearing with 80% TE; that cavitation does not occur in areas where the
radius is smaller than a threshold value, not even in the trailing step of the pocket. This is
because, when the pocket extent is increased to 80%, the radius at the inner end of the pocket’s

leading step is very small (r = 0.15 mm) and therefore liquid speed is low so that cavitation is
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less favourable or does not occur at all. Also, as the pocket is gradually extended towards the
centre, the angular width of the pressurised region becomes larger whereas the angular width
of the cavity becomes smaller. This indicates that, when TE; is increased, the increase in
pressurised area is larger than the expansion of the cavity. For all TE; values, cavitation does

not occur in the central flat region where liquid experiences no divergence.

The low-pressure cavity expands in radial direction with increasing radial pocket extent as a
result of the increase in length of the trailing step. The pressure active region also expands with
increasing radial pocket extent as the length of leading step is extended. The maximum pressure
generated around the leading step is relatively constant with TE,, (e.g. the maximum pressure
generated by 20% TE; is 700 kPa and this declines only slightly to 660 kPa when the radial
extent is increased to 80%). The pressure in the central region decreases from 87 kPa when TE;
1s 20% to 56 kPa when TE; is increased to 80%. The pressure reduction in the central flat region
results from the inwards expansion of the cavitation region. However, the area of the central
flat region where the pressure is below ambient also decreases as the pocket is extended

inwards.

Mechanism of Load Support Variation with TE

The mechanism underlying the variation in load capacity as a function of radial pocket extent
is analysed in this section. Similar to the case when circumferential pocket extent is varied,

several effects occur simultaneously:

1. The low-pressure cavitation region expands. As the pressure in this region is much lower

than ambient, this acts to decrease load support.

2. The pressure active region also expands with increasing TE,, which can result in an
increase in load support. In addition, the angular width of the pressurised region increases
whereas the angular width of the cavity decreases as the pocket is extended towards the
bearing centre, which indicates that the area expansion rate of the pressurised region is

greater than that of the cavitation region.

3. The pressure in the central flat region decreases when TE, is increased. The area of the

central flat region also decreases when 7E; is increased.
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Figure 4-23. Variations with TE: of total load carrying capacity and contributions from
central pad, cavitation region and pressure active region (400 nm, 942.5 rad - st

50% TEs)

Figure 4-23 shows the total load capacity, LCC, divided into three parts: LCC p, LCC cav

and LCC_pad. This shows that the load supported by the pressure active region (LCC_p) keeps
increasing with 7E,, which agrees with the effect described in bullet point no. 2 of the previous
paragraph. The rate at which the LCC _p increases with ascending radial extent approaches zero
when TE, reaches 90%. It indicates that increasingly smaller increase of LCC p is achieved
when pocket radial extent gets gradually larger. That is resulted from an increasingly smaller

rate at which the area of the pressure active region expands.

As the pressure in the cavity is constant and lower than ambient, the load support from this
region is negative. The area of the cavitation region increases with 7E, and this results in an

increasingly negative contribution to load support.

Figure 4-23 shows that the load supported by the central flat region is also negative as the

pressure here is also below ambient. Moreover, the negative LCC_pad declines when 7E; is
increases from 20% to 30%. This results from the pressure reduction in this region. Conversely,
LCC pad increases with TE, above 30%, as a result of the area of the central flat pad region

decreasing rapidly when the pocket extent in radial direction is extended beyond 30%.
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The total load support increases monotonically with 7E, as the contribution from the
pressurised region outweighs the negative contribution due to cavity expansion. When TE,
reaches 30% and keeps increasing, the load capacity in the central flat pad region also increases
with TE, and the pressurised region expands faster than the cavitation region. Therefore, the
load capacity increase due to the pressure active region and central flat pad region outweighs
the load capacity decrease from the cavitation region for the whole TE, range. It is reasonable

to predict that higher load capacity can always be achieved using pockets with larger TE,.

4.4 Geometric Optimization of the Micro Pocketed Parallel Thrust Bearing

In terms of load support, it can be concluded that there is an optimum value of circumferential
pocket extent (between 62% and 68% depending on the minimum film thickness) whereas load
support keeps increasing with increasing radial pocket extent (at least for all investigated
minimum film thickness values). Friction coefficient (i.e. transmission efficiency), improves
with increasing radial extent, and only fluctuates slightly when the radial pocket extent is
varied. However, these conclusions are approximate since they are arrived at by fixing the
pocket extent in one direction while varying it in the other. This approach can be improved by
varying the pocket extent in both directions simultaneously to obtain the optimum pocket shape
for the pocketed parallel thrust bearing under different operating conditions. To achieve this,
the pocket extent in the radial direction was varied from 20% to 80% while the pocket extent
in the circumferential direction was varied from 20% to 90%. Fine interpolation between data
points were used to precisely obtain the optimum pocket shape and resulting friction and load

support performance values. The results are shown in Figure 4-24.
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coefficient (right) of the pocketed parallel thrust bearing against circumferential and
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Load Carrying Capacity

Figure 4-24 shows that, for all minimum film thicknesss (loading conditions), the load support

is positively correlated with radial pocket extent for all values of circumferential pocket extent.

Load capacity increases with circumferential extent (7E») first and peaks at an optimum value
before reducing as TEjy is further increased. This trend holds for all values of radial extent (7E))
and all minim film thicknesses. The optimum TEjy value is not only affected by the operating
condition (minimum film thickness), which has been discussed in the previous section but also
varies with different 7E, values. When the minimum film thickness is 400 nm, the optimum

TEp is 60% for a bearing with 80% TE, and the load support reaches 47.53 mN. However, it is
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obvious from the load carrying capacity map that the optimum 7Ej increases with decreasing
radial pocket extent in direction. When TE, equals 20%, the optimum 7FEjy reaches 75%. A

similar trend can be observed when minimum film thickness is increased to 800 and 1200 nm.

When the minimum film thickness is increased to 1200 nm, the optimum 7Ey and TE,
combination is 80% TE, and 65% TEs (15.7 mN LCC is achieved), which is slightly different
from the value when minimum film thickness is 400 nm (80% TE, and 60% TEy). However,
the pocketed parallel thrust bearing with 80% TE, and 60% TEjy can still achieve good LCC

performance under this operational condition (15.58 mN LCC is achieved).

It can be concluded that for pocketed parallel thrust bearings, the largest load carrying capacity
can be achieved by manufacturing pockets with a large radial pocket extent combined with a

circumferential pocket extent of around 65%.

Frictional Torque and Friction Coefficient

Figure 4-24 shows that, for all minimum film thickness, the frictional torque decreases with
increasing circumferential pocket extent whereas it increases with increasing radial pocket
extent. As discussed above, the total frictional torque results mainly from the Couette flow
friction whereas the Poiseuille friction accounts for only a small percentage. Therefore, the
frictional torque reduces when the area of the region with high film thickness is increased (i.e.

pocket size is increased) and this can be achieved by increasing 7Ey or reducing TE;.

Figure 4-24 also show that friction coefficients are negatively correlated with circumferential
pocket extent whereas it fluctuates slightly with radial pocket extent. The pocket shape giving
lowest friction coefficient is: TEy = 90%, TE, = 80% (i.e. the maximum values of pocket extent
in both directions). The minimum friction coefficient for this optimised shape varies from
0.0231 to 0.0160 to 0.0130 as the film thickness is varied from 400 to 800 to 1200 nm.
However, the load capacity (7Es = 90% and TE, = 80%) is greatly reduced compared to that of
the 7Ey = 65% and TE, = 80% bearing. The friction coefficients for the bearing with optimum
load support (TEg = 65% and TE, = 80%) are 0.0271, 0.0179 and 0.0141 for film thickness
values of 400, 800 and 1200 nm, which constitutes increases above the optimum friction values
of 17.3%, 11.9% and 8.5% respectively. Therefore, the friction coefficient of the bearing shape

giving maximum load support is only slightly higher than the friction optimised shape.
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Optimization Guide of the Pocketed Parallel Thrust Bearing

For this type of pocketed parallel thrust bearing, large load carrying capacity can be achieved
by designing radial pocket extent to be high (80% or higher) and the circumferential pocket
extent to be around 65%. Minimized friction coefficient can be achieved by manufacturing the
bearing with larger pocket extent in both radial and circumferential directions but the load
carrying capacity efficiency would be unacceptably low. On the other hand, the friction
coefficient of the bearing generating the maximum load carrying capacity is only slightly
higher than the minimum value. Therefore, the pocket with high TE, value and TEy to be around
65% can be considered optimum in terms maximum load carrying capacity and acceptably low

friction coefficient.

4.5 Thermal Effect Investigation

All the simulated bearing performance results demonstrated in the previous sections of this
chapter are generated by the iso-thermal model in which the thermal effect is neglected. The
thermal effect on the bearing performance is neglected initially as the temperature increase of
the lubricant within the micro thrust bearing are assumed to be low. That assumption is made
based on the fact that the size of the simulated bearing and the applied load on the bearing are
both tiny. However, this assumption might not be appropriate for all cases as the rotational
speeds of the micro thrust bearing in the simulation are quite high (higher than 730 rad - s~ 1).
Therefore, the heat generated from the high sliding speed shearing might still be high enough
to cause large increase of lubricant temperature. The temperature rise will lead to reduction of
the lubricant viscosity thereby affecting the performance of the micro thrust bearing (including

load carrying capacity and frictional torque, etc.).

A relatively simple thermal model with which the approximated effective temperature of the
lubricant (Temp,sr) and the maximum lubricant temperature rise (6Tempyq,) can be
computed is integrated into the current micro thrust bearing model. [153] Results from this
method is approximate and are not able to show temperature distribution over the thrust
bearing. A more precise thermal model with which temperature distribution can be generated

will be built in the future (after this research).
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4.5.1. Temperature Computation Model

After obtaining the converged pressure distribution (P; ;) and film fraction distribution (S; ;),
the frictional torque of the bearing, 7, and the power loss caused by the frictional torque, PL,
can be calculated. The power lead to the heat generation within the thrust bearing. Some
amount of (y) the generated heat is removed by the convection through the lubricant flow,
which results in the temperature rise of the lubricant within the micro thrust bearing. The

effective temperature of the lubricant can be then calculated with Eq. (4-6) below.

PL
Tempé‘ff =Tempy, +y— (4-6)

CpMin

Tempé‘ff is the effective temperature of the lubricant from k' temperature computation

iteration. Temp;, is the lubricant temperature at the inlet where the lubricant is entrained into

the bearing - in this simulation, it is equal to 25 °C.

y is the amount of heat transferred away by lubricant flow convection, some literatures show
that the amount of heat transferred away by lubricant flow convection usually ranges from 50%
to nearly 100% [155]. The y value is assumed to be 70% in this research, this assumption value
could be dubious but it lies in the reasonable range and the results can still roughly show how

the bearing performance is affected by the thermal effects.

Cp 1s the specific heat of the lubricant (hexadecane), which has been given in Table 4-2 of this

chapter. M, is the mass flow rate entrained into the thrust bearing.

The lubricant flow is automatically entrained into the thrust bearing through the outer boundary
of the thrust bearing, B3. Along the outer boundary of the thrust bearing, at the parts where the
radial direction pressure gradient is negative, the lubricant will be sucked into the bearing by

the negative liquid pressure gradient.

Min = [ [~ 2+ (%) - oue] - 0 (47)

127
. ap . .
Integral only conducted in parts where § 1s negative.

The viscosity of the lubricant is determined by the effective temperature:

loglog(v + 0.7) = b — clog(Temp,ys) (4-8)

The variation of the lubricant viscosity will in turn affect the pressure and film thickness
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distribution of the thrust bearing. With the converged P; j and §; ; computed from (k + 1)th

iteration, Tempgfrfl can be computed. The thermal computation loop is conducted for several

loops until the effective temperature reach converged status.

4.5.2.Results Showing the Thermal Effects on the Micro Thrust Bearing Performance

The thermal effects on the micro thrust bearing performance are investigated by comparing
simulation results obtained from the iso-thermal numeric model and the simulation results
obtained from the thermal effected-integrated numeric model. Detailed graphic parameters of

the simulated bearing and its operational conditions are given in Table 4-7 below.

Table 4-7. Graphic parameters of the micro bearing and operation conditions in the

thermal effect investigation

Graphic & Operational Parameters Symbols Value

Lubricant used in simulation - Hexadecane

Simulated bearing number of pads Np 4

Pocket extent in radial direction TE, 50%

Pocket extent in circumferential direction TE, 50%

Minimum film thickness Ronin 400 nm/ 800 nm/ 120 nm
Pocket depth/ Step height hstep 1pm

Rotational Speed w 942.5rad - s
Lubricant Temperature Outside the Bearing Temp, 25°C

Temperature Rise

There is no temperature increase in the results from the iso-thermal simulation model —i.e. the
temperature of the lubricant within the micro bearing is equal to the temperature of the lubricant
outside the bearing (25 °C). However, results from the thermal-effect considering model shows
that, when the bearing operates at 942.5 rad - s~! speed with 400 nm-thick minimum film
thickness, the effective temperature of the lubricant entrained in the bearing climbs up by
around 52 °C from 25 °C to 77 °C. For the case that the bearing operates with 800 nm-thick
minimum film thickness, the increase of the effective temperature is approximately 13 °C, from
25 °C to 38 °C. When the minimum film thickness is increased to 1200 nm, the lubricant

temperature within the thrust bearing ascends from 25 °C to 29 °C.

The increase of the lubricant effective temperature decreases drastically with increasing

minimum film thickness. This is because when the minimum film thickness increases, the shear
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stress of the entrained lubricant becomes smaller as the shear rate is reduced, which results in
less generated heat from the thrust bearing. In addition, it is indicated from equation (27) that
the flow rate at which the lubricant is entrained into the thrust bearing increases with ascending
minimum film thickness. Therefore, more heat can be taken away from the bearing by the
lubricant convection when the minimum film thickness is larger hence resulting in lower

temperature rise.

Thermal Effects on the Bearing Pressure Distribution and Film Thickness Distribution

Film thickness distribution contours of the micro thrust bearing operating at 942.5 rad - s ™1

rotational speed with different minimum film thickness values obtained from iso-thermal
model are demonstrated in figure 4-25 (a). The film thickness distribution contours of the micro
thrust bearing operating at the same conditions obtained from thermal effect-considered model
are illustrated in figure 4-25 (b). The temperature rise results in the reduction of the dynamic
viscosity of the lubricant thereby affecting the film thickness distribution of the micro thrust
bearing. It can be seen from figure 4-25 that, after considering the thermal effect, the predicted
cavity size becomes smaller. That is because when all other operation conditions are fixed, the

cavity size shrinks with decreasing liquid viscosity.
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Figure 4-25. (a) Film thickness distribution of the thrust bearing obtained from iso-
thermal model; (b) Film thickness distributions of the thrust bearing obtained from

thermal effect integrated model
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1 rotational

Pressure distribution contours of the thrust bearing operating at 942.5 rad - s~
speed with different minimum film thickness values obtained from iso-thermal model are
demonstrated in figure 4-26 (a). The pressure distribution contours of the micro thrust bearing
operating at the same conditions obtained from thermal effect-considered model are illustrated
in figure 4-26 (b). Comparing figure 4-26 (a) and figure 4-26 (b) it can be seen that the
predicted maximum pressure generated around the leading step of the thrust bearing decreases
after considering thermal effect. That is caused by the reductions in the liquid lubricant after

considering the liquid temperature climb-up. The pressure in the central flat area increases for

all simulated cases, which is resulted from the shrink of the cavitation area.
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Figure 4-26. (a) Pressure distribution contours of the thrust bearing obtained from the
iso-thermal model; (b) Pressure distribution contours of the thrust bearing obtained from

the thermal effect integrated model

Thermal Effects on the Bearing Load Carrying Capacity and Frictional Torque

An increase in lubricant temperature would lead to the reduction of the load carrying capacity
as the viscosity of the lubricant descends with increasing lubricant temperature. Reduction of
the liquid lubricant would also result in the reduction of the frictional torque as both the Couette

shear stress and the Poiseuille shear stress decreases with declining liquid viscosity.

The thermal effect on the bearing performance becomes increasingly smaller when the
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minimum film thickness ascends as the increase of the lubricant effective temperature drops

sharply when the minimum film thickness is increased.

4.6 Conclusions

This research has presented a mass-conserving, finite volume model and the use of this model

to investigate the performance of pocketed parallel thrust bearings operating in the steady state

hydrodynamic lubrication regime. Cavitation is properly treated with JFO boundary conditions

so that cavities exist when the lubricant pressure drops to the vapour pressure. The effect of the

dimensional scales of the bearing geometry, operational conditions (rotational speed and

minimum film thickness) and pocket shape (circumferential and radial extent) on performance

(pressure distribution, film thickness distribution, load carrying capacity and frictional torque)

have been studied. Optimization of pocket geometry to achieve high load capacity and

transmission efficiency under different operational conditions has also been achieved.

The key findings are:

Normalized bearing performance is determined by the key ratios representing
bearing geometry (TEy, TE,, 8,7y, €). When all dimensions are scaled simultaneously, all
the normalized performance values including pressure distribution, film thickness
distribution, load carrying capacity and friction coefficient remain unchanged. The actual
load capacity increases quadratically and the frictional torque increases cubically with the

bearing size.

The pocketed parallel thrust bearing is suitable for small scale applications (MEMS).
This is because the transmission efficiency and normalized load capacity increase
significantly when the bearing radius is reduced to um-mm scales (while keeping pocket

shape constant).

Lubrication behaviors (cavitation development and pressure generation) are strongly
affected by operating conditions (minimum film thickness and rotational speed). Low
film thickness and high rotational speed act to increase the pressure within the active region;
however, this is counteracted by a simultaneous contraction of this region accompanied by

an expansion of the cavitation region.
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The dependence of load support on operational conditions is largely affected by the
cavitation development. As cavitation expands, due to an increase in speed or decrease in
film thickness, two antagonistic effects occur simultaneously: i) cavitation area increase
which acts to decrease load support and ii) pressure increase in the active region which acts
to increase load support. The overall load support behavior is therefore determined by

which effect outweighs the other.

Pocket extent in radial and circumferential directions also affect the load carrying
capacity and transmission efficiency by determining cavitation development and
pressure generation. Large circumferential pocket extent expands the cavitation region
and increases the pressure in the active region. Large radial pocket extent expands both the

pressure active and cavitation region.

High load support and relatively low friction coefficient can be achieved by designing
the bearing with a circumferential pocket extent of 65% and radial pocket extent of
80%. Load capacity increases monotonically with radial pocket extent; however, it
increases and then decreases as the circumferential pocket extent is increased (with max
value at TEg = 65%). Friction coefficient decreases with higher TEg and fluctuates slightly
with TE..

Effective temperature rise of the entrained lubricant can be higher than 50 °C when
the minimum film thickness of the thrust bearing is lower than 400 nm but it declines
drastically to lower than 5 °C when the minimum film thickness is increased to
1200 nm. The load carrying capacity, frictional torque, maximum generated hydrodynamic
pressure and the cavitation area decrease, which is caused by the thermal effect. The
thermal effect can be severe for the cases in which the minimum film thickness is low
because of the high shear (more heat is generated) and the low income lubricant flow rate
(less heat is taken away by the convection); whereas the thermal effect becomes negligible
when the minimum film thickness is higher than 1200 nm because of the low shear rate
(less heat is generated) and the high entrained lubricant flow rate (more heat is taken away

by the convection).
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Chapter 5: Experimental Methodology

Fabrication process of the 500 um-radius micro pocketed parallel thrust bearings is developed
in this research. The micro pocketed parallel thrust bearings are manufactured with micro
fabrication techniques and tested on a specially designed MEMS tribometer. Following the lab
tests of the bearing performance, the micro bearings are then installed on the prototype energy

harvesting turbine together with ruby journal bearings.

This chapter can be divided into two parts. In the first part the detailed fabrication processes
for the micro thrust bearing are reported. Introduction of the operation mechanism and
calibration procedures of the MEMS tribometer on which Stribeck curves of the micro thrust

bearings can be obtained are presented in the second part.

5.1 Fabrication Processes of the Micro Thrust Bearing

As mentioned in the literature review chapter, micro fabrication techniques have many unique
advantages including high fabrication accuracy, ability to construct micro and complicated
features and ability to manufacture parts with different designs simultaneously. Therefore,
micro fabrication techniques are selected as the methods to manufacture the micro thrust

bearing in this research.

Detailed procedures and parameters of the fabrication processes of the micro thrust bearings
are presented in this section. As stated, micro fabrication process enables bearings with
different graphics to be manufactured simultaneously from one single wafer. Figure 5-1 below
demonstrates the overview of the distribution of all the thrust bearings on a single wafer which

are fabricated simultaneously.
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Figure 5-1. Distribution of All the Micro Thrust Bearings on a Single Wafer
5.1.1 Graphics of All the Fabricated Micro Thrust Bearings and the Masks with
Different Features for the Bearing Fabrication

As introduced before, one of the most important principles of micro fabrication is that the
graphic features of the fabricated parts are accomplished layer by layer. The graphic features
of all the fabricated micro bearing parts are demonstrated in this section. Brief introduction of

fabrication process for all the graphic features are also given in this section.

Five layers of fabrication processes in total are conducted to complete the manufacture for all

the thrust bearing parts within a single wafer, which are:

Layer 1: Shallow etching process 1 on the front side of the wafer;
Layer 2: Shallow etching process 2 on the front side of the wafer;
Layer 3: Deep etching process 1 on the front side of the wafer;
Layer 4: Metal deposition process on the back side of the wafer;

Layer 5: Deep etching process 2 on the back side of the wafer.

Graphic Features of All Types of Bearings and How the Features Are Fabricated
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i. 1-mm Diameter Patterned Thrust Bearing Stator Pad

Graphic features of the 1-mm diameter thrust bearing stator pad with three different patterns

are demonstrated in figure 5-2.

Shallow Etched Pocket Pattern

Deep Etched Bearing Side Wall

Materials Etched away on the Wafer Back Side

Pin Used for Bearing Assembly

500 pm
|

Figure 5-2. Graphic Features of 1-mm Diameter Bearing Stator Pads

It can be seen from figure 5-2 that, for the 1-mm diameter thrust bearing stator pad, pocket
patterns with low depth are etched on the front surface (which is the surface in contact with the

rotor pad surface), this feature is completed through layer 2 process.
The side walls of the stator pads are fabricated by deep etching through layer 3 process.
A circular pin which is used for bearing assembly is fabricated by etching away all the materials
surrounding this circular pin. This is conducted through layer 5 process.
ii. 2-mm Diameter Patterned Thrust Bearing Stator pad

Graphic features of the 2-mm diameter thrust bearing stator pad with three different patterns

are demonstrated in figure 5-3.
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Shallow Etched Pocket Pattern

Shallow Etched Pocket Pattern

Deep Etched Bearing Side Wall

Materials Etched away on the Wafer Back Side

Pin Used for Bearing Assembly

Figure 5-3. Graphic Features of 2-mm Diameter Bearing Stator Pads

It can be seen from figure 5-3 that, for the 2-mm diameter thrust bearing stator pad, micro
dimples with 25 pm diameter are firstly etched on the front surface with designed etching depth,
this is conducted through layer 1 process. Then the pocket patterns are etched on the front

surface with another designed etching depth, which is completed through layer 2 process.
The side walls of the stator pads are fabricated by deep etching through layer 3 process.

Four circular pins which are used for bearing assembly are fabricated by etching away all the

materials surrounding the circular pins. This is conducted through layer 5 process.
iii. 2-mm diameter flat thrust bearing rotor pad

Graphic features of the 2-mm diameter thrust bearing rotor pad with smooth contact surface is

demonstrated in figure 5-4.
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Flat and Smooth Contact Surface

Deep Etched Bearing Side Wall

Coated Nickel Layer

Hole Used for Bearing Assembly

Deep Etched Bearing Side Wall

1mm
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Figure 5-4. Graphic Features of 2-mm Diameter Bearing Rotor Pads

It can be seen from figure 5-4 that, for the 2-mm diameter thrust bearing rotor pad, the contact

surface is the unprocessed flat and smooth wafer surface.
The side walls of the stator pads are fabricated by deep etching through layer 3 process.

A thin nickel layer is coated on the back side of the rotor pad, which is used to hold the rotor
pad on a magnetic ring when installing the rotor pad on the micro turbine or on the test rig.

This is accomplished through layer 4 process.

There are two square holes and one circular hole on the back side of the rotor pad which is
conducted by deep etching in the layer 5 process.

5.1.2 Alignment Marks

Alignment marks on the masks for each layer fabrication process are used to guarantee the
features fabricated through different layers of processes can be aligned correctly together.

Figure 5-5 below demonstrates all the alignment marks for the bearing fabrication.
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Figure 5-6. Aligning the Marks on the Masks to the Marks on the Processed Wafer

5.1.3 Fabrication Procedures of the Micro Thrust Bearings

Detailed procedures of the micro fabrication processes for the micro thrust bearings are given

below in chronological order.
Silicon Wafer Used for Bearing Fabrication

All the micro thrust bearing pads are produced from a BSOI silicon wafer. As demonstrated in

figure 5-7, the silicon wafer consists of three layers which are: a 380 um-thick handle layer, a
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300 um-thick device layer and a 1 pum-thick silicon dioxide layer buried inside, between the

device layer and handle layer.

——— Handle Layer

I~ Buried Silicon Dioxide Layer

——  Device Layer

Figure 5-7. Silicon Wafer Used for Fabrication

Both sides of the silicon wafer are polished, the surface roughness for both sides, R, is lower

than 2 nm.

The features on the front side of the bearing pads (side which is in contact) are fabricated on
the handle layer of the wafer whereas the features on the back side of the bearing pads are
fabricated on the device layer of the wafer. Therefore, the fabrication process of the silicon
bearing pads are conducted firstly on the handle layer then on the device layer of the wafer.
The thin buried silicon dioxide layer between the handle layer and the device layer are used to
prevent the processing conduct on one side of the wafer from affecting the other side of the

wafer.
Other detailed Technical parameters of the wafer are listed in table 5-1 below.

Table 5-1. Technical Parameters of the Silicon Wafer

Technical Parameter Value
Handle Layer Thickness 380 pm
Device Layer Thickness 300 pm
Buried Silicon Dioxide Layer Thickness 1 pm

Surface Roughness of Handle Layer Side R; <2nm

Surface Roughness of Handle Layer Side R; <2Znm

Resistivity 1 KQ-m'to2 KQ-m!

Doping Type P type, Boron using as the dopant
Silicon Wafer Orientation <10 0>

Silicon Wafer 100 mm

Handle Layer Fabrication Processes

As mentioned, the etched patterns of the bearing pads and the side walls of the bearing pads
are fabricated on the handle layer of the wafer, which is completed through layer 1, layer 2 and

layer 3 fabrication processes.
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i. Layer 1 Fabrication Process: Shallow Etching Process of the Micro Dimples on
the Bearing Stator Pads

In this layer of fabrication process, the shallow micro dimples are etched on the contact

surface of the bearing stator pads.

a. Using compressed air to blow both sides of the wafer to blow away any possible dusts

on the wafer surfaces.

b. Growing 100 nm-thick silicon dioxide layer over the wafer surfaces to provide
additional protect for the photoresist covered area of the handle and device layer

surfaces during etching processes. This is conducted in the oxidation furnace.
e Oxidation Temperature: 1100 °C

e Temperature ramp up rate: 20 °C-min’!

e Oxidation temperature dwelling time: 20 min

e Oxygen flow supply rate: 1 L-min’!

c. Measure the grown silicon dioxide layer thickness by using ellipsometer.

d. Clean the wafer surfaces using oxygen plasma, this is conducted in the Plasma System

80.

e Plasma gas supply rate: 60 sccm O2 and 2 sccm O2
e Plasma cleaning temperature: 20 °C

e Plasma cleaning ambient pressure: 50 mTorr

e Plasma power: 200 W

e (leaning time: 10 min
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Shallow etching step 1: photoresist spin coating. In this step, the photoresist is spin
coated over the handle layer surface of the wafer, a baking process is conducted after
the spin coating process to harden the photoresist. That is to prevent possible

deformation of the photoresist in the fabrication processes afterwards.
e Photoresist: AZ9260

e Spinning conditions: first, 500 (rpm'min-1) sec-1 acceleration/ 500 rpm-min-1
terminate speed/ 10 sec dwell time; then, 2000 (rpm-min-1) -sec-1 acceleration/

5000 rpm-'min-1 terminate speed/ 40 sec dwell time;

e Baking photoresist on the hot plate after spin coating: 100 °C for 2 min.

Shallow etching step 2: photolithography of the photoresist to form the patterned
mask for etching process afterwards. Three procedures are conducted in chronological
order in this step which are: UV light exposing, photoresist mask developing and

residual photoresist descum.

e UV light exposing. In this procedure, designed mask for layer 1 fabrication
process is placed over the wafer on the mask aligner. The mask lefts the pattern
area which will be shallowly etched later exposed to the UV light and covers all
other area of the photoresist covered wafer. UV light power density for the

exposure: 6.32 mW -cm-2; exposing time: 80 sec.

UV Light
Photoresist ¢ LIRS SR R | vy
exposed to X — Designed Mask
UV light

Il

e Photoresist mask developing. In this step, the wafer is rinsed into developer liquid,
the photoresist which has been exposed to the UV light will get released from the

wafer and dissolve in the developer liquid whereas the photoresist which has not
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been exposed to the UV light will not be affected by the developer liquid. The
patterns on the designed mask are then formed on the photoresist. The developer
liquid consisting of 20 ml AZ400K developer and 80 ml DI water. The
temperature of the developing liquid is 26 °C. The time for the photoresist mask

developing is 4 min 5 sec.

Photoresist .
R |
vask Il - i1

Photoresist

e Photoresist descum. After photoresist developing procedure, some residual
photoresist still exists. That tiny portion of residual photoresist needs to be totally
cleared. This is achieved by low power oxygen plasma cleaning. The conditions of

the plasma cleaning are given as follows:

Plasma gas supply rate: 60 sccm Oz and 2 sccm Oz. Plasma cleaning temperature:
20 °C. Plasma cleaning ambient pressure: 30 mTorr. Plasma power: 100 W.
Cleaning time: 3 min.

Photoresist
Mask

g. Shallow etching step 3: Silicon dioxide layer etching. Reactive ion etching (RIE) is
used to remove the silicon dioxide protecting layer at open area of the photoresist
mask. The etching gas is CHF3. The etching process is not conducted continuously as
the surface temperature might become too hot, hence affecting the etching rate. A
Cooling procedure is conducted between two etching procedures to cool down the
surface temperature. Detailed parameters of the silicon dioxide etching step are given

as follows:

e Etching procedure. Etching gas supply rate: 25 sccm CHF3, 25 scem Ar and 2
sccm O2. Etching temperature: 10 °C. Etching ambient pressure: 30 mTorr.
Plasma power: 200 W. Etching time: 2 min.
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Etchant Plasma

e (Cooling procedure. Cold inert gas flow is used to cool down the hot wafer surface
after etching. Cooling gas supply rate: 2 sccm Oz and 50 sccm Ar. Cooling

temperature: 10 °C. Cooling ambient pressure: 50 mTorr. Cooling time: 10 min.

Cooling gas flow

TYy
ryY vy
\AAJ

e One etching procedure and one cooling procedure consists one etching loop. After
testing, 40 nm-thick silicon dioxides can be etched away. Therefore, 3 etching

loops are required to completely etch the 100 nm-thick silicon dioxide layer.

h. Shallow etching step 4: Shallow Silicon etching to form the patterns on the bearing
pads surfaces. Reactive ion etching (RIE) is used to etch the pattern to 1 um depth.
The etching gas is SFe. The Si etching process is not conducted continuously neither
as the surface temperature will also become hot, hence affecting the etching rate. A
Cooling procedure is conducted between two etching procedures to cool down the

surface temperature. Detailed parameters of the Si etching step are given as follows:

e Etching procedure. Etching gas supply rate: 30 sccm SFs and 10 sccm O;. Etching
temperature: 20 °C. Etching ambient pressure: 30 mTorr. Plasma power: 200 W.

Etching time: 55 sec.

e Cooling procedure. Cold inert gas flow is used to cool down the hot wafer surface
after etching. Cooling gas supply rate: 2 sccm O and 50 sccm Ar. Cooling

temperature: 10 °C. Cooling ambient pressure: 50 mTorr. Cooling time: 10 min.



1.

119

One etching procedure and one cooling procedure consists one etching loop. After
testing, 500 nm-thick silicon can be etched away. Therefore, 2 etching loops are

required to completely etch the 1 um-thick pattern.

Shallow etching step 5: Post processing of RIE process for the shallow patterns. After

the shallow pattern etching, the photoresist has to be stripped off for the following

fabrication processes. Photoresist stripping consists of three procedures, the first

procedure is to rinse the wafer into organic solvents, the second procedure is to rinse

the wafer into chemical liquids the final procedure is the residual photoresist descum.

Organic solvents rinsing. The photoresist can get dissolved in the organic solvent,
the solvent used here is acetone. The wafer is rinsed into acetone for 24 hours,

most of the photoresist can be stripped off in this procedure.

Chemical liquid rinsing. Some photoresist is still left on the wafer soft after
solvent rinsing as the photoresist is strongly baked on the surface. 1165 is selected
as the chemical liquid to react with the left photoresist. The wafer is rinsed into
100 ml 1165 with the liquid to be heated up to 70 °C. This rinsing procedure takes

90 min.

Photoresist descum. After chemical liquid rinsing, tiny portion of residual
photoresist might still exist. That is totally cleaned by oxygen plasma cleaning.

The conditions of the plasma cleaning are given as follows:

Plasma gas supply rate: 60 sccm Oz and 2 sccm Oz. Plasma cleaning temperature:
20 °C. Plasma cleaning ambient pressure: 100 mTorr. Plasma power: 250 W.

Cleaning time: 10 min.
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ii. Layer 2 Fabrication Process: Shallow etching process of the pocket patterns on

the bearing stator pads

In this layer of fabrication process, the shallow pocket patterns are etched on the contact

surface of the bearing stator pads.

Fabrication step d to step i of layer 1 fabrication process are repeated here to complete the
layer 2 fabrication. However, one additional step is required to conduct before photoresist
spin coating (step e). That is to place the wafer into a sealed pot which is filled with HMDS

molecules (in gas state) for 6 min before conducting photoresist spin coating.

HMDS stands for hexamethyldisilazane, the molecular formula for HMDS is
[(CH3)3Si]oNH. It is used as the adhesion promoter for the photoresist. As micro dimples
are etched on the wafer surface in layer 1 fabrication process. Direct Spin coating the
photoresist on the wafer will lead to the formation of micro gas bubbles around the etched
micro dimples. That could be solved by strengthening the adhesion between the photoresist

and the wafer surface.

iii. Layer 3 Fabrication Process: Deep reactive ion etching process of the side walls

of the bearing pads

In this layer of fabrication process, the side walls of all the bearing pads are constructed by
deep reactive ion etching. The silicon handle layer has to be completely etched through to

the buried 1 pm-thick silicon dioxide layer to form the bearing pads side wall.

Fabrication step d to fabrication step g are repeated before conducting the deep reactive ion

etching step.

Deep reactive ion etching step. Operation mechanism of deep reactive ion etching has been
introduced in detail in the previous section. Steep side walls are constructed through the

anisotropic deep etching.
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As mentioned before, the etching is not continuously conducted during DRIE process, the

etching process and the passivation process are conducted alternatively during DRIE.

Technical details of deep reactive ion etching are given as follows. For one etching process
and passivation process loop, the passivation process is firstly conducted for 8 sec, the

etching process is then conducted for 3 sec. The total DRIE process lasts for 165 min.

To make sure the exposed area of the handle layer has been thoroughly etched to the buried
silicon dioxide layer, the wafer has to be checked under microscope. The smooth blue

silicon dioxide layer should be observed if the handle layer has been thoroughly etched.

After deep reactive ion etching of handle layer is cleared, step i of layer 1 fabrication
process is repeated here to strip off the photoresist and thoroughly clean both sides of the
wafer. The processing of the handle layer side is completed after finishing this step, the

device layer is then conducted.
1 BN I i
I —
I ——

Device Layer Fabrication Processes

As mentioned, features including the thin nickel layer and the deep holes used for bearing
installation on the back side of the rotor pads together with the pins which is also used for
installation on the back side of the stator pads are fabricated on the device layer of the wafer.

That is completed through layer 4 and layer 5 fabrication processes.

iv. Layer 4 Fabrication Process: Nickel deposition on the back side of the thrust

bearing rotor pads

In this layer of fabrication process, a 10 pum-thick nickel layer is coated on the back side of
the thrust bearing rotor pads. The nickel layer is coated on the rotor pads using
electroplating. However, seed layer consisting of cropper and copper layers has to be
sputter coated on the silicon wafer surface before nickel electroplating. The metal seed
layer functions as an electrode in the electroplating process, the nickel layer grows on the

metal seed layer surface.
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a. Completely remove the 100 nm-thick silicon dioxide layer which is previously grown

C.

on the device layer surface of the wafer. This is also conducted using reactive ion
etching method. Step g of layer 1 fabrication process is repeated here to complete

silicon dioxide removing.

Nickel layer electroplating step 1: seed layer deposition. In this step, chromium is first
deposited on the wafer device layer surface, the copper layer which is used as the
electrode in the nickel electroplating process is then deposited on the chromium layer.

Both layers are deposited on the wafer device layer by sputter coating.

e Chromium sputter coating. This is conducted in the sputter coater, the sputter

coating power is 400 W, the coating time is 4 min.

e Copper sputter coating. The sputter coating power is 400 W, the coating time is 10

min.

e After seed layer deposition, procedures in step i of layer 1 fabrication process are
conducted to strip off the photoresist and thoroughly clean the device layer surface

of the wafer.
I I A
]

Nickle layer electroplating step 2: photoresist spin coating. This spin coating step are
required to be conducted immediately after copper deposition as oxidation of copper
will form very quickly when the copper is exposed in air. Therefore, the copper has to

be covered with photoresist to prevent copper oxidation.

e Photoresist: AZ9260

e Spinning conditions: first, 500 (rpm'min’') -sec! acceleration/ 500 rpm-min’!

terminate speed/ 10 sec dwell time; then, 2000 (rpm'min™') -sec’! acceleration/

5000 rpm-min’! terminate speed/ 40 sec dwell time;
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e Baking photoresist on the hot plate after spin coating: 100 °C for 2 min.

d. Nickel layer electroplating step 3: photolithography of the photoresist to form the

patterned mask for nickel electroplating process afterwards.

e UV light exposing. In this procedure, designed mask for layer 3 fabrication
process is placed over the wafer on the mask aligner. The mask lefts the pattern
area which will be deposited with nickel layer later exposed to the UV light and
covers all other area of the photoresist covered wafer. Mask alignment has to be
conducted to make sure the features which are to be fabricated from the wafer
device layer are accurately aligned with the features which have been fabricated
from the wafer handle layer. Infrared radiation is used to here to view the

alignment marks which are etched on the handle layer side.

UV light power density for the exposure: 6.32 mW -cm™; exposing time: 80 sec.

Photoresist m——

exposed to Designed Mask
UV |Ight A A A A A A A A A &

UV Light

e Photoresist mask developing.

The developer liquid consisting of 20 ml AZ400K developer and 80 ml DI water.
The temperature of the developing liquid is 26 °C. The time for the photoresist mask

developing is 4 min 5 sec.

Residual

Photoresist = -
| i
Mask Al "El” Photoresist
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e Photoresist descum.

Plasma gas supply rate: 60 sccm Oz and 2 sccm O,. Plasma cleaning temperature:
20 °C. Plasma cleaning ambient pressure: 30 mTorr. Plasma power: 100 W.

Cleaning time: 3 min.

e. Nickel layer electroplating step 4: deposit nickel layer on the exposed seed layer. In
this step, nickel is electroplated on the pre-deposited seed layer surface. In this
process, copper layer is connected to a nickel plate, they are then rinsed into
electrolyte together. Electric current is applied to force the nickel cations dissolved in
the electrolyte form a coherent nickel coating layer on the copper layer surface (which
functions as the electrode in the electroplating process). Before electroplating process,
dioxides of copper formed on the copper layer surface are required to be removed,

otherwise, the electroplating circuit would be open.

¢ Dioxides of copper removement. This is conducted by rinsing the wafer into 100

ml 10% sulfuric acid for 10 sec.

e The current applied in the electroplating process is 50 mA, the electroplating

process 1s 52 min to grow a 10 um-thick nickel layer over the copper seed layer.

e photoresist stripping and wafer cleaning. step i of layer 1 fabrication process is
repeated here to strip off the photoresist and thoroughly clean both sides of the

wafer.

f. Nickle layer electroplating step 5: Removing unwanted copper and chromium. Before

the final deep etching of the silicon wafer device layer, the unwanted copper and
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chromium layers are quired to be cleared off the silicon wafer surface. Otherwise, the

silicon deep etching will be prevented.
e Rinse the wafer into the copper selective etchant for 20 sec

e Rinse the wafer into the chromium selective etchant for 40 sec

v. Layer 5 Fabrication Process: Deep reactive ion etching process of the pins on the

stator pads and the holes on the rotor pads

In this layer of fabrication process, the pins on the stator pads and the holes on the rotor
pads are constructed by deep reactive ion etching on the silicon wafer device layer. The
silicon device layer has to be completely etched through to the buried 1 pm-thick silicon

dioxide layer.

Fabrication step d to fabrication step g are repeated before conducting the deep reactive ion

etching step.

Within each DRIE loop, the passivation process lasts for 8 sec, the etching process lasts for

3 sec. The total time for the DRIE process for the device layer thorough etching is 131 min.

vi. Finalization of the Micro Fabrication Processes

step i of layer 1 fabrication process is conducted here to strip off the photoresist and
thoroughly clean both sides of the wafer. The processing of the device layer side is

completed after this step.
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To finalize the fabrication process, silicon dioxide left on the handle layer surface are
required to be removed as silicon dioxide is very hydrophilic and it might result in severe
adhesion when the bearing pads are loaded in contact. The excessive buried silicon dioxide
layer should also be removed, and it can be easily broken and blown away by compressed

air.

5.2 Introduction of the MEMS Tribometer

The fabricated micro pocketed parallel thrust bearings with 500 pm radius are tested on a
MEMS tribometer which is designed to mimic the bearing operation conditions in MEMS
devices (tiny applied load but high rotational speed). This device is capable of accurately
measuring the low frictional torque (in the scale of micro Newton meter) of the millimetre scale
MEMS bearings under different load and rotational speed. The operation mechanism of the

MEMS tribometer and calibration procedures of this rig are given in this section.

5.2.1 Operation Mechanism of the MEMS Tribometer

Figure 5-8 below demonstrates the MEMS tribometer with key components labelled. In the
following sections, brief explanations for the mechanism of the key functions of this MEMS
tribometer are given in the following paragraphs. Details of the tribometer development can be

found in this reference [156]
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Reflect Signal Camera Piezo-electric Rotating Test Laser Laser-Displacement
Mirror Detector Actuator Motor Platform Source Measurement

Figure 5-8. MEMS Tribometer with Key Components Labelled

Installation of the MEMS Bearing Samples and Self-Alignment Mechanism

As reported previously in this chapter, both the stator pad and the rotor pad of the MEMS thrust
bearing are fabricated from silicon wafers with deep reactive ion etching techniques (DRIE).
Figure 5-9 displays both sides of the 1-mm diameter thrust bearing stator pad. The stator pad
is installed at the centre of the test platform by fitting the 0.38 mm-diameter central pin at the
back side of the stator into the 0.39 mm-diameter hole located at the centre of the test platform.
The stator bearing pad is rigidly fixed on the test platform by using transparent extra thin super

glue, which 1s displayed in figure 5-10.

() (b) (c)

Figure 5-9. (a) Front Side of the Bearing Stator Pad (b) Back Side of the Stator Pad
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Lubricant drop

1-mm stator pad

Test platform

Figure 5-10. 1-mm Diameter Bearing Stator Pad Installed and Fixed on Test Platform

Figure 5-11 shows both the front and back side of the rotor pad of the thrust bearing. The
contact surface of the rotor pad is flat and smooth. On the back side of the bearing rotor pad,
two square holes that are symmetrically located about the centre axis of the rotor pad and one
0.2 mm-diameter circular hole located at the centre of the rotor pad. The backside of the rotor
pad of the MEMS thrust bearing is uniformly coated with a 100 nm-thick nickel layer with
which the rotor pad can be held by magnets.

Coated
Ni Layer

(@) (b) (c)

Figure 5-11. (a) Front Side of the Bearing Rotor Pad (b) Back Side of the Rotor Pad

The rotor pad of the thrust bearing is installed on the rotating shaft (shaft is directly attached to
a high-speed step motor) as shown in figure 5-12 below. As shown in the cross-section view
of the rotating shaft-rotor pad assembly displayed in figure 5-12, there are two square pins at
the end surface of the shaft which are fitted into the corresponding pin holes on the backside
of the bearing rotor pad and are used to drive the rotor pad to rotate in the same axis with the
rotating shaft. A hollow cylinder-shaped magnet is fitted to the rotating shaft which is used to

hold the downward facing rotor pad in position (from dropping).
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A 0.3 mm-diameter ruby sphere is fixed in the tapered hole which is located at the centre of
the rotating shaft end surface. When the rotor pad is installed onto the rotating shaft, the 0.2
mm-diameter circular hole at the backside of the pad will sit on the 0.3 mm-diameter ruby
sphere. Considering the sphere is larger than the circular hole of the rotor pad and the surface
of the ruby sphere is smooth and slippery, the rotor pad of the thrust bearing can swing freely
about the sphere (which is at the centre of the rotating shaft) hence overcoming the possible
misalignment when the rotor pad is loaded on the stator pad of the thrust bearing. Figure 5-13
demonstrates the rotor pad and the stator pad of the MEMS thrust bearing before and after
loading, in this figure, 2 mm-diameter stator pad is used for clearer demonstration of the self-
aligning mechanism of the thrust bearing. Figure 5-14 shows how the 2 mm-diameter rotor pad

is loaded onto the 1 mm-diameter stator pad.

Uy

\_____/
Figure 5-12. Cross-section View of the Rotating Shaft and Rotor Pad Assembly

(a) (b)

Figure 5-13. (a) Thrust Bearing before Loading; (b) Thrust Bearing after Loading
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Figure 5-14. Thrust Bearing Consisting of 1-mm Stator and 2-mm Rotor after Loading

Test Platform, Applied Load Control

As mentioned before, a specially designed platform is installed on the MEMS tribometer to
conduct the tests. The stator pad of the tested bearing is installed and fixed on the centre of the

platform. Figure 5-15 below clearly demonstrates both sides of the test platform.

Load

Supporting
g. Beams
y N :
T &
il % : S Reflection
|| ' "\\» Pad "
bl // &\5 Mirror
) //lJ_\B'
. '

Deflection

Beams

Figure 5-15. (a) Front Side of the Test Platform (b) Back Side of the Test Platform

As demonstrated in figure 5-15, there are four load supporting beams which is used to support
the load applied on the thrust bearing. When the rotor pad of the thrust bearing is loaded onto
the stator pad of the thrust bearing which is installed on the test platform, the load supporting
beams of the platform will deform elastically hence resulting a vertical displacement of the
centre of the test platform (where the thrust bearing is installed) in the same direction of the
load applied on the thrust bearing. The correlation between the applied load and the

displacement at the platform centre is described in equation (5-1):

W = Kgirr 6y (5-1)
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where W is the load applied on the thrust bearing, §,, is the vertical displacement and K¢ f is

the elastic stiffness of the load supporting beams.

The displacement of the centre of the platform which is caused by the applied load on the
MEMS thrust bearing can be measured by the reflecting mirror attached beneath the stator pad
(shown in figure 5-15 (b)) together with the laser displacement measurement device installed
below the test platform (shown in figure 5-8). Conversely, the load applied on the thrust bearing
can be controlled by varying the displacement of the test platform centre. A simplified diagram

showing the mechanism of load control of this MEMS tribometer is given in figure 5-16 below.

<« High speed step rotor

Load supporting Beam l

Stator and rotor pads
of thrust bearing

N

\ Prism

A Reflection mirror

"~ Laser displacement

measurement device

Figure 5-16. Mechanism of Load Control of the Tribometer

Frictional Torque Measurement

When the thrust bearing is tested in this tribometer, the stator pad of the thrust bearing is fixed
on the platform, the rotor pad is loaded into contact with the stator pad of the thrust bearing.
The rotor pad of the thrust bearing is driven by a DC step motor (the DC step motor is able
operate in the speed range from 1 rad - s™* to 2100 rad - s~ the rotating speed is monitored
via an attached encoder) and rotates against the stator pad resulting in a frictional torque which

is applied to the deflection beams of the test platform.

As displaced in figure 5-15, the deflection beams of the test platform can deform elastically
when frictional torque is applied hence leading to a rotational displacement of the central part
of the test platform. The correlation between the frictional torque from the thrust bearing and

rotational displacement of the central part of test platform is described in equation (5-2).

T = kyotate * 6r (5-2)
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where, T is the frictional torque from the thrust bearing, k,,¢q¢e 1S the rotational stiffness of the
deflection beams and &, is the resulting rotational displacement of the central part of the

platform.

Since the rotational displacement, §,., is tiny, an optical lever is used to exaggerate §,-, which
is displayed in figure 5-17 below. It can be seen from figure 5-17 that a prism is attached to the
test platform beneath the stator pad of the thrust bearing. Laser signal from the laser source is
shot towards the prism in the direction that is adjacent to one-right angle side of the prism. The
laser signal is then reflected to the reflection mirror which is controlled by a piezoelectric
actuator. The laser signal finally shot to the signal detector before being reflected by four fixed
reflection mirrors. Therefore, the small rotational displacement of the central part of the
platform resulted from frictional torque can result in a large movement of the signal in the place

of the signal detector, &;.

8;=L-6, (5-3)

where, L is the length of the optical path.

In the test, a close control loop is built between the piezoelectric actuator and the signal
detector. The piezo voltage applied on the piezoelectric actuator is adjusted according to the
rotational displacement of the prism (attached to the central part of the platform) to drive the
controlled reflection mirror to guarantee the laser signal always shot directly to the centre of
the signal detector. The correlation between the piezo voltage, V, and the signal movement in

the place of the signal detector is described with equation (5-4)

V = K'getector * Os (5-4)
Therefore, the correlation between the piezo voltage and the rotational displacement of the

central part of the platform is:

V = K'getector " L * r = K getector * Or (5-5)
Another calibration is required to link the torque applied on the platform and the piezo voltage

of actuator.

T = Ktorque -V (5-6)

Therefore, the correlation between the frictional torque and the rotational displacement of the

central part of the platform can be derived:

T = Ktorque K getector * Or (5-7)
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In each test, the correlation between the piezo voltage and the rotational displacement of the
central part of the platform might change as each component of the MEMS tribometer might

be moved slightly. Therefore, this correlation must be built before each test:

V =K yariabie * Or (5-8)
In each test, the direct result we measured is the piezo voltage of the actuator. Therefore, the

measured frictional torque is calculated with equation (5-9):

T — Ktorque'K detector . V (5‘9)

K variable

Reflection Mirror ——

Piezoelectric Actuator —» (’ —— Prism

A

Feedback loop

Signal Detector ——» i—

Figure 5-17. Mechanism of Frictional Torque Measurement of MEMS Tribometer

5.2.2 Calibration of the MEMS Tribometer

As described in the previous section, several calibrations are required to obtain the calibration

constants which are necessary to control the applied load and measure the frictional torque:

Kstiffo Ktorquev K detector and K variable-

Alignment of the Stator and Rotor Pad of the Thrust Bearing

The stator pad and rotor pad of the thrust bearing must be appropriately aligned with each other
so that the centre axis of the stator pad and the centre axis of the rotor pad (which is also the
rotating axis of the rotor pad) should be collinear. This is achieved by two cameras the shooting

directions of which are adjacent to each other.

The axis of the stator and rotor pad of the thrust bearing should also be in the same direction

of the loading direction to avoid any tilting of the thrust bearing (that significantly affects the
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results). That is achieved by adjusting the test platform to be horizontal and the rotor shaft to
be vertical. Gradienter is initially considered to be used for the platform and rotor shaft

adjustment. But that is hard to achieve as the accuracy is not enough.

The problem is solved by using a slippery smooth sphere. The sphere is placed on the platform
and the end surface of the motor. The position adjustments of the platform and motor shaft are

complete once the sphere stays stably.

Figure 5-19. Orientation Adjustment of the Motor

Load Control Calibration

The correlation between the applied load and the vertical displacement is described with
equation (5-1). The K ¢f is obtained by placing several known weights on the centre of the
platform (1g, 2g, 3g, 5g, 6g, 7g and 10g) and recording the vertical displacements of the test
platform. The load calibration curve of the test platform is displayed in figure 5-20 below.
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Figure 5-20. Load Calibration Curve of the Test Platform

After calibration, Kg;5f is 0.344 N/um.

Detector and Variable Calibrations

These calibrations are to obtain Kjetector and Kygriapie- The calibration process for these two
calibration constants obtainment is the same. That calibration is achieved by manually move
the detector and record the piezo voltage values for every 5 pm movement of the detector

position. The detector calibration curve of the test platform is displayed in figure 5-21.
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Figure 5-21. Detector Calibration Curve of the Test Platform

After calibration, Kjorecror 15 1299.5 V- rad™.
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Torque calibration

The correlation between the frictional torque and the piezo voltage is described with equation
(5-6). A specially designed tool on the platform which allows controlled torque (through a
torque meter) to be applied on the test platform. Kiyyqq is obtained by recoding the applied

torque values read from the torque meter and corresponding piezo voltage values.

L

Figure 5-22. Test Platform with Torque Calibration Tool Installed

The torque calibration curve of the test plat form is displayed in figure 5-23.
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Figure 5-23. Torque Calibration Curve of the of the Test Platform

After calibration, Kiorqye i 32.23 pNm- V.

By substituting the obtained Kiorques K detector and K yariapie into equation (5-9), correlation
can be then established between the frictional torque which is the data we want and the actually

measured piezo voltage of the mirror which is driven by the piezo-actuator.
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Chapter 6: Performance of Micro Thrust

Bearings Tested on MEMS Tribometer

Results demonstrating the performance of a micro pocketed parallel thrust bearing are
presented in this chapter. The diameter of the micro thrust bearing is 1 mm and the pocket
pattern which is designed to generate hydrodynamic pressure within the entrained lubricant is
accurately etched on the stator pad to 1 um. The micro bearing is tested on a specially designed
MEMS tribometer which is able to control the applied load and rotational speed and
characterize the frictional torque and friction coefficient of the micro bearing. The load applied
on the micro bearing in the tests is equal to the force which will be supported by the micro
thrust bearing when it is installed and functions on the practical MEMS device (a mems energy
harvesting turbine in this research) and the bearing rotational speed in the testes ranges from
Irad-s~tto 680 rad-s~1, which covers all lubrication regimes. Effect of the lubricant
viscosity and additives on the bearing performance are investigated and discussed in this

chapter.

6.1. Brief Introduction of Liquid Thrust Bearings and the Bearing

Lubrication Regimes

Liquid thrust bearings are machine elements which are applied to support the load acted along
the axial direction of the shaft of the rotating part, liquid phase lubricants are selected and used
to lubricate this type of bearing. Fluid thrust bearings are characterized with the pressurized
thin layer of fluid film which separates the stator pad surface and rotor pad surface of the thrust
bearings from direct contact hence allows very low friction coefficient, low wear rate and

vibration for this type of bearing. [4]

One of the most important performance values of the thrust bearing is the friction coefficient.
However, the friction coefficient of the bearing might be determined by different factors as the
liquid thrust bearings might operate in different lubrication regimes. The lubrication regime of

the bearing under certain conditions is mainly determined by the applied load, rotational speed
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and viscosity of the lubricant and can be judged by the so called (A) value which is the ratio

between the fluid film thickness and the surface roughness of the bearing. [157]

Boundary Lubrication Regime

When the rotational speed of the thrust bearing is very low or the applied load is too heavy, the
fluid film is too thin to separate the thrust bearing surfaces. In this lubrication regime, majority
of the total applied load (over 90%) is supported by the peaks of the surface, the asperities of
the bearing surfaces directly are in direct contact and shear against each other when the two
surfaces moves relatively. A majority of high friction coefficient and wear rate problems are
caused in this lubrication regime and they are largely affected by the roughness of the bearing
surfaces and shear strength of the asperities of the bearing surfaces (i.e. properties of the

bearing materials).

Mixed Lubrication Regime

As rotational speed increases, the lubrication regime transfers from boundary lubrication
regime to mixed lubrication regime. In this lubrication regime, thicker lubrication film is
generated among the contact asperities of the bearing surfaces, the extent of asperity contact is
reduced, and the load is partly supported by the lubricant film and partly supported by the direct
surface contact. Friction coefficient and wear rate declines fast with increasing rotational speed

in this case as lubricant film becomes increasingly thicker.

Hydrodynamic Lubrication Regime (Full film lubrication regime)

When the rotational speed and the viscosity of the lubricant are sufficiently high, the fluid film
would be higher than the surface roughness of the thrust bearings. Therefore, the bearing
surfaces are completely separated by the lubricant. The friction coefficient of the bearing in
this lubrication regime can be very low and almost determined by the properties of the liquid
lubricant alone (viscosity, density, specific heat, etc.). The friction coefficient in this regime is
computed based on the pressure distribution of the thrust bearing which is described by the
Reynold’s equation:

2 (Hap), 0 (1 dp) _ (urwp)on  on

ox (1217 6x) + dy (127; ay) o 2 dx + at (6-1)
where, h is the fluid film thickness, 7 is the dynamic viscosity of the liquid, u, and u, are the

speeds of the top and bottom surfaces of the thrust bearing respectively.
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Figure 6-1 below presents the friction coefficient versus the speed curve of a typical thrust

bearing which is the so-called stribeck curve.

— U : fd -

11y Mixed
lubrication

11ly Hydrodynamic

1) Boundar
) ? lubrication

lubrication

Film Thickness (h)

Friction coefficient (p)

Velocity x Viscosity
Load

Figure 6-1. Typical Stribeck Curve of Liquid Thrust Bearing [157]

The work conducted in this chapter investigates the friction behaviours of the 1 mm-diameter
micro liquid thrust bearing and how the friction behaviours are affected by the viscosity of
applied liquid and the selected friction modifier. The tests presented in this chapter are
conducted in a wide speed range of the thrust bearing, the rotational speed of the micro thrust
bearing is increased from 1 rad * s~ to above 680 rad - s~ for each test, which ensures that
all the lubrication regimes the micro thrust bearing might experience are investigated. All the
results shown in this chapter are obtained from tests conducted on the MEMS tribometer which

has been introduced in Chapter 5 of the thesis.

6.2. Detailed Information on the Test Setup

The experiments conducted in this chapter are aimed to investigate the friction behaviours of a
I-mm diameter pocketed parallel thrust bearing over a speed range which covers all lubrication
regimes. Effects of the lubricant viscosity and effects from a friction modifier on the 1-mm

bearing performance are also studied.

In this section, detailed information on the test setup including test conditions, parameters of
the tested thrust bearing, properties of the tested lubricants and properties of the tested friction

modifier.

Test Conditions
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e Temperature
This series of tests are all conducted in room temperature: 25 °C.

e Applied Load
Applied load for all the tests conducted in this series of investigation is 39.2 mN. That is
equal to the load that the MEMS thrust bearing supports in practical applications.

e Rotational Speed
In this series of tests, the speed ranges from 1.0 rad - s~ to 680.7 rad - s~1. Therefore,
the performance of the 1-mm diameter MEMS thrust bearing in all lubrication regimes
(boundary regime/ mixed regime/ hydrodynamic regime) can be investigated.

e Ambient Pressure
This series of tests are all conducted under atmosphere pressure which is 1.01x 10> Pa.

Parameters of Tested Thrust Bearing

The graphics of the rotor pad, stator pad and the side view of the thrust bearing in operation

are demonstrated in figure 6-2, figure 6-3 and figure 6-4 respectively.

e Thrust Bearing Rotor Pad

rJ'U[OT

Figure 6-2: Graphics of the Rotor Pad of the Thrust Bearing

The material of the rotor pad of the thrust bearing is silicon. The surface of the rotor pad
is flat and smooth, the surface roughness is: R, = 5 nm. The diameter of the rotor pad,
Trotor 18 1 mm.

e Thrust Bearing Stator Pad
The material of the stator pad of the thrust bearing is also silicon. The surface of the stator

pad is etched with a pocket pattern using deep reactive ion etching technique. The surface
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roughness of the land region (the region where etching is not conducted) is also: R, = 5
nm, the surface roughness of the etched pocket region is R, = 7 nm.

The diameter of the stator pad, 7540, 18 0.5 mm, the inner radius of the etched pocket,
Tinner 18 0.25 mm, the rim radius of the etched pocket, 7., is 0.475 mm. The angular

Vi

width of the etched pocket, 0,,cke; 18 > the angular width of the land region, 6;4,4 1s
also % The depth of the etched pocket, hypcker 18 1 um.
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Figure 6-4: Side View of Thrust Bearing in Operation

Properties of Tested Lubricants
Detailed properties of the tested base lubricants are listed in table 6-1 below.

Table 6-1: Properties of Tested Base Lubricants at 25 °C

Lubricant | Dynamic Viscosity (cP) | Density (g-cm) Surface Tension (N/cm)
DI Water 0.89 1.00 72
Hexadecane 3.02 0.77 27
Squalane 28.0 0.81 32
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As demonstrated in figure 6-4, the supply of the lubricant for the MEMS thrust bearing in this
series of test is achieved by delivering a drop of lubricants on the stator pad of the bearing, the
added lubricant should be sufficient to cover the whole stator pad of the bearing. The meniscus

effect helps to sustain the added lubricant in place.

Properties of Tested Friction Modifier

The friction modifier selected for the investigation of this research is octadecylamine
(C1sH39N). It consists of an 18-carbon straight chain and an amine group at the end of the
carbon chain. The molecular weight of this additive is 269.5 g'mol!. The chemical structure of

it is demonstrated in figure 6-5.

Figure 6-5. Chemical Structure of Octadecylamine

The amine group of the ODA molecule enables the molecule with straight chain to attach to
the silicon surfaces and form a slippery thin film which helps friction reduction in boundary

lubrication regime and mixed lubrication regime.

6.3. Results and Discussion

6.3.1.Repeatability of the MEMS Tribometer Tests

Good repeatability is shown in the friction coefficient versus rotational speed curves from the
MEMS tribometer tests. Figure 6-6 shows the three repeated friction coefficient versus

rotational speed curves under same conditions (applied load: 39.2 mN, speed range: 1.0
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rad - s~ to 680.7 rad - s~1, lubricants: pure hexadecane). It can be seen that the repeated

curves approximately coincide.
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Figure 6-6. Curves Showing the Repeatability of the MEMS Tribometer Tests

6.3.2. Performance of the 1-mm Diameter MEMS Thrust Bearing Lubricated with
Different Liquids

MEMS tribometer tests are conducted to investigate the performance of the 1-mm diameter
micro thrust bearing when it is lubricated with different liquid lubricants (DI water, hexadecane
and squalane). As demonstrated in table 6-1, the three tested liquids are very different in
viscosity value which is one of the most important properties determining the liquid lubrication
behaviours in macro scale. At 25 °C temperature and atmospheric pressure, the viscosity of
hexadecane is more than three times as high as that of DI water whereas the viscosity of
squalane is more than nine times as high as that of hexadecane. It can also be noticed from
table 6-1 that the tested liquids are different in terms of surface tension value. Surface tension
is often ignored in the analysis of macro scale liquid lubrication behaviours. However, surface
tension of the liquid might affect the performance of the micro thrust bearings as the meniscus
force is no longer neglectable in microscale devices. Hexadecane and squalane have roughly
the same surface tension value at 25 °C temperature whereas the surface tension of DI water is

more than twice as high as that of hexadecane or squalane.
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The friction coefficient versus rotational speed curves of the 1-mm diameter thrust bearing
under different liquids lubrication are demonstrated in figure 6-7 below. It can be seen that all
curves of different lubricants displayed in figure 6-7 are in the shape of a typical Stribeck curve.
That is, the friction coefficient slightly fluctuates around a certain value at low rotational speed
range (boundary lubrication regime), then the friction coefficient declines with increasing
rotational speed (mixed lubrication regime) and rises again when the rotational speed is further

increased from a threshold value (hydrodynamic lubrication regime).
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Figure 6-7. Friction Coefficient versus Rotational Speed Curves of the MEMS Thrust
Bearing Lubricated by Different Liquids

It can be seen from figure 6-7 that, when the MEMS thrust bearing is lubricated with the
thickest oil of this series of tests, squalene (28.0 cP at 25 °C), the friction coefficient of the
bearing at rotational speed lower than 4 rad - s~ fluctuates around 0.19, the lubrication
regime in this case is boundary lubrication regime. When the rotational speed is increased from
5 4 rad - s™1 above, the thrust bearing lubricated with squalane enters mixed lubrication
regime and the friction coefficient declines. When the rotational speed is increased to around
157 rad - s™1, the friction coefficient reaches the bottom value at about 0.08. The surfaces of
the thrust bearing are just separated by the formed lubrication film at this speed. The friction
coefficient ascends with rising rotational speed when the speed is higher than 157 rad - s~ as

the shear stress increases with rotational speed in hydrodynamic lubrication regime. When the

speed reaches 680 rad - s™1, the friction coefficient reaches the peak value at 0.13.
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When the MEMS thrust bearing is lubricated with hexadecane (3.02 cP at 25 °C), the friction
coefficient when the rotational speed ranges from 1 rad - s™! to 4 rad - s~ fluctuates around
0.21. When the rotational speed is increased from 4 rad - s~to 220 rad - s~1, the friction
coefficient descends from 0.21 to 0.03. The friction coefficient rises when the rotational speed

is further increased from 220 rad - s~! and reaches about 0.07 at 680 rad - s~ 1.

When the 1-mm diameter MEMS thrust bearing is lubricated with DI water (0.89 cP at 25 °C),
the friction coefficient at low speed is range varies around 0.24, the friction coefficient keeps
decreasing with increasing rotational speed. When the speed is higher than 210 rad - s™1, the

friction coefficient curve is very noisy.

Compared to the Stribeck curves of the macro scale thrust bearings, there are several
phenomena which need to be noticed in the Stribeck curves of the micro thrust bearings

obtained in this research.

The first phenomenon is that when the rotational speed is low and the bearing operates in
boundary lubrication regime, the boundary friction coefficients of the MEMS thrust bearings
lubricated with liquids of different viscosities are equal to different constant values rather than
a fixed constant value. It can be summarized from figure 6-7 that the boundary friction
coefficient for the I-mm MEMS bearing increases with decreasing lubricant viscosity. It is
reasonable to hypothesize that the interaction between the liquid molecules and the bearing
surfaces plays an important role in determining the frictional torque of the micro thrust bearing
when it operates at low speed boundary lubrication regime. Additional drag force (possibly
from meniscus force or Van der Walls force) or considerable load support is the possible factor
resulted from the liquid molecules and micro bearing surfaces interactions that affects the value
of the constant boundary lubrication friction coefficient. However, this hypothesis needs to be
further investigated in future work by testing a group of liquids (more than three) with almost
the same viscosity value but very different surface tension values and by testing another group
of liquids (more than three) with almost the same surface tension value but very different

viscosity values.

Another strange phenomenon is that, in mixed lubrication regime, the friction coefficient of
hexadecane is lower than that of squalane. That could be accounted by the hypothesis that the
friction resulted from lubricant shearing accounts for a large proportion of the total friction for
small scale bearings. Therefore, the total frictional torque in mixed lubrication regime for small

scale bearings is also largely affected by the viscosity of the lubricant, especially when the
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viscosity of the comparing lubricants greatly differs (viscosity of sugalane is more than 8 times
higher than that of hexadecane). The shear stress of squalane is much larger compared to that

of hexadecane.

One phenomenon observed in Stribeck curves of the 1-mm diameter bearing that obeys the
lubrication theory of large-scale bearings is that the bearing reaches full film lubrication at

lower speed when lubricated with liquid of higher viscosity.

The third special phenomenon is that, the friction coefficient of MEMS thrust bearing when
lubricated by DI water is higher than that of the cases when the bearing is lubricated by the
other two lubricants almost in the whole speed range. However, the viscosity of the water is
much lower than that of hexadecane and squalane. A possible hypothesis explaining this
anomaly water molecules have strong polarity and tend to form concave meniscus on the deep
reactive ion etched side walls of the MEMS thrust bearing pads which are very hydrophilic.
Therefore, the MEMS thrust bearing lubricated by DI water suffers severe adhesion which

leads to a high friction coefficient value.

6.3.3.Effect of Friction Modifier on the Performance of the 1-mm Diameter MEMS
Thrust Bearing

Figure 6-8 below demonstrate the friction coefficient versus rotational speed curves of the 1-
mm diameter thrust bearing lubricated by pure hexadecane and by octadecyl-amine added
hexadecane. The weight concentration of the added octadecyl-amine is 0.1%. Therefore, the

viscosity, density and specific heat of the bulk lubricant is not affected.

It can be seen from figure 6-8 that, the friction modifier used in the MEMS thrust bearing
functions in the same way of the friction modifier function in macro scale bearing lubrication.
When 0.1%wt of octadecyl-amine is added in the hexadecane and used as the lubricant if the
MEMS thrust bearing, the friction coefficient in the mixed lubrication regime is reduced from
around 0.21 to approximately 0.07. In mixed lubrication regime, the octadecyl-amine is still
efficient in friction reduction, but the effect gradually vanishes when the rotational speed
increases. When the rotational speed is increased to 220 rad - s~! and the lubrication regime
of the MEMS thrust bearing reaches hydrodynamic regime (surfaces of the bearing totally
separated by the lubricant film), the stribeck curve of pure hexadecane coincides with the

stribeck curve of the 0.1%wt octadecyl-amine added hexadecane.
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Figure 6-8. Friction Coefficient versus Rotational Speed Curves of the MEMS Thrust
Bearing Lubricated by Pure Hexadecane and ODA added Hexadecane

The correlation between the power loss of the MEMS thrust bearing and the rotational speed
under optimized lubrication (0.1%0ODA added Hexadecane) and 39.2 mN applied load (which
is equal to the gravity of 4-gram mass, a typical load value for MEMS devices) is demonstrated

in figure 6-9 below.
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Figure 6-9. Power Loss versus Rotational Speed Curves of the MEMS Thrust Bearing
Lubricated by 0.1%wt ODA added Hexadecane
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It can be seen that when the rotational speed is increased to 50 rad - s~1, the power loss of the
MEMS thrust bearing developed in this research is slightly smaller than 0.05 mW (50 uW);
when the bearing operates at 210 rad - s~! rotational speed, the power consumed in the
bearing is around 0.15 mW; when the speed reaches 420 rad - s~ 1, the power loss ascends to
0.32 mW. The low power loss at high rotational speed makes the MEMS thrust bearing
developed in this research suitable for MEMS devices with high sliding contacts, e.g. micro

flow energy harvesters.

6.4. Conclusions

A series of experiments are conducted in this chapter to investigate the friction behaviours of
the 1-mm diameter pocketed parallel thrust bearing developed in research over a speed range

which covers all lubrication regimes.

It can be concluded from the results in this chapter that, the lubrication behaviours of the 1-
mm diameter thrust bearing still follows some of the lubrication theories of macro scale liquid
hydrodynamic bearings. When the rotational speed is increased from 1.0 rad - s~ to 680.7
rad - s~1, the lubrication regime of the 1-mm diameter thrust bearing also transfers from

boundary lubrication to mixed lubrication finally to full film hydrodynamic lubrication regime.

However, some phenomena arise possibly due to the tiny size of the MEMS bearing: (i).
friction coefficient of the MEMS thrust bearing in boundary lubrication regime is also affected
by the lubricant viscosity, it declines with increasing lubricant viscosity; (ii). friction resulted
from liquid shearing in mixed lubrication regime accounts for larger percentage of the total
friction, so the friction coefficient in mixed lubrication regime is not necessarily negatively
correlated with lubricant viscosity; (iii). when the MEMS bearing is lubricated with DI water,
severe meniscus adhesion resulted from the strong polarity of the water molecules and

hydrophilic bearing pad side walls leads to high friction coefficient in the whole speed range.

For MEMS thrust bearings, friction modifier is still efficient in friction reduction in boundary
lubrication and mixed lubrication regimes. The effect of the friction modifier vanishes when
the bearing operates in full film regime. When lubricated 0.1%wt ODA added hexadecane, the
power loss of the 1-mm diameter pocketed parallel thrust bearing developed in this research is
low in both low and high rotational speeds. Therefore, it is suitable to be used in MEMS devices

with high sliding contacts.
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Chapter 7: Performance of the Micro
Bearings Installed on the Micro Energy

Harvesting Turbine

In this chapter, results demonstrating how the micro parallel thrust bearings with three
different recessed patterns perform when they are installed and operate on a centimetre scale
micro energy harvesting turbine are reported. The performance is assessed by conducting
turbine spin-down tests. The correlations between the total frictional torque and turbine
operating speed under different conditions can be derived through the spin-down curves which
are obtained from the spin-down tests. Lubricants with different viscosities are supplied to the
bearings operating in the micro turbine and the performance of these lubricants incorporating
with the micro bearings are examined. A surface active additive is also added to the bearings
and tested to investigate the feasibility of further reducing frictional torque through lubricant
optimisation and quantify the friction reduction caused Previously, commercial V bearings
were used in the contacts of this micro turbine, comparison between the performance of the
previously used V bearings and the thrust bearings fabricated in this project is also presented

in this chapter.

7.1. Introduction of Micro Energy Harvesting Turbine Tests

7.1.1.Introduction of Flow-driven Energy Harvesting Turbine and Its Miniaturization

Flow-driven energy harvesting turbines are devices that are able to extract the energy from air
(liquid) flows and convert the extracted fluid flow power (which is the mechanical power in
the rotor shaft of the turbine) to electric power (typically, a three phase electricity generator is
implemented in the energy harvesting turbine). They are useful devices to provide power to
many types of wireless sensors and actuators located in pipes and ducts (e.g. air conditioning

systems and remote gas pipelines). [6]

The electrical power supplied by this type of energy harvester located at a free steam can be

calculated with the following equation (7-1):
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Pout = (3PAUf10* ) - G Ce (7-1)
where P,,; is the electrical power delivered out to the applied load, p is the density of the
stream fluid, A is the area of the cross section which the stream flows through, Uy, is the
speed of the flow, C,,is the efficiency coefficient with which the harvester converts the stream
flow power to the mechanical power of the harvester and C, is the efficiency coefficient with
which the harvester converts the mechanical power extracted from flow to the electrical power

supplied to the applied load.

. . . . 16 . 4 .
For flow-driven energy harvesters, C,,, has a limited maximum theoretical value, pys which is

so called Betz limit [ 158]. Large scale flow-driven energy harvesters can extract larger fraction
of power from fluid flow with C,, approaching the Betz limit value. However, miniaturization
of the energy harvester could lead to drastic reduction of C,, value, that is largely caused by
high viscous losses at low Reynold’s numbers. A simple down-scaling analysis for a rotating

energy harvesting turbine is given in the following paragraph.

Value of C,,, can be computed with equation (7-2) below,

_ Pshagt _ Pshart _ £ )
Cm = Pflow B (mpUf10w>D?/8) o f{]’Re’D} (7-2)

where, Pgp,,r; 1s the turbine shaft power before loss in rotor contacts, D is the diameter of the
turbine rotor, J is the tip speed ratio, i.e. the ratio of the rotor blade tip to flow speed, Re is the
rotational Reynold’s number, % is the relative blade surface roughness (& is the surface
roughness of the rotor blade). It can be seen from equation (7-2) that coefficient C,, is a

. & . & . .
function of /, Re and > decrease of Re or increase of > results in decrease of coefficient C,,.

Computation equations for / and Re are given below:

wD
] = 20 10m (7-3)
Re = @2 7-4
e =L (7-4)

In practice, the surface roughness ¢ of the blade is dependent on the fabrication methods and
not necessarily correlated with the turbine size. Therefore, the relative blade surface roughness

normally rises when the turbine is scaled down.



151

In practical operation, the tip speed ratio J is kept constant for a fixed flow speed, i.e. wD is
kept constant. Therefore, the rotational Reynolds number Re is proportional to the turbine rotor

diameter D and decreases when the turbine is scaled down.

Both of the above two factors result in an unavoidable decrease of the coefficient C,,The C,,
value drops to around 0.1 when the turbine is scaled down to the order of 0.1 m. [159] Therefore,
it is crucial to achieve a high coefficient C,, (ratio between the output electrical power P,,; to
the turbine rotor shaft before power loss in rotor contacts Pspqf:) to guarantee the overall
energy harvesting efficiency coefficient, C,, - C,, at a reasonable value (~1% to 10%). Some
part of the power will be dissipated in the rotor contacts and some part of the power will be
dissipated in the resistance of the electric generator before the shaft power is finally delivered
out to the applied load. Therefore, the coefficient C, can be computed using equation (7-5)

below.

C,=0C.Cy (7-5)
where, C, is the electricity generator efficiency coefficient and C, is the rotating contacts

efficiency coefficient.

For miniaturized devices, the power loss in the rotating contacts can be very high and the wear
at the contacts after long periods of operation further increases the power dissipated in the small
rotating contacts. The power lost in the micro sliding contacts, P.,pntacts €an be computed with

equation (7-6).

Peontacts = Teontacts = @ (7-6)

where, Tooneacts 1 the frictional torque in the small contacts.

The aim of the tests shown in this chapter is to quantify the frictional torque and the power
loss of the micro bearings designed and fabricated in this research when they are installed and
operate on the micro energy harvesting turbine, and to find the optimum bearing and lubricants

combination with which highest bearing efficiency is achieved.

7.1.2.Key Information of the Micro Turbine Used in the Tests

This section outlines the practical aspects of micro turbine test setup. The miniaturized flow-
driven energy harvesting turbine used in the testes is a centimetre scale shrouded wind turbine.
The outside radius of the turbine is only 16 mm hence the area of the cross section, 4 is only 8

mm?. This MEMS turbine can be easily fitted into a 1 ft diameter duct and only negligible
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influence will be caused to the stream flow passing the duct as it only covers 1% of the cross-
section area of the duct. The outside radius of the rotor of the turbine is 10 mm. Figure 7-1(a)
below displays the assembled miniature turbine next to a one-pound coin. Figure 7-1 (b)

demonstrates the cross section of the assembled turbine.

® 32 mm

Figure 7-1. (a) Assembled Miniature Turbine and Size Comparison to a Coin; (b)

Schematic of the Cross Section of the Turbine [6]

The miniature wind turbine can efficiently operate at air flow with flow speed ranging from
3 ms™ to 8 ms! and output electric power ranging from 80 uW to 3.5 mW. The electrical power
is generated by a three phase AFPM generator built within the micro turbine [6]. The magnetic
rings of the generator consists of 16 pairs (16 pole pairs) of 2-mm diameter, I-mm long NdFeB
(neodymium—iron—boron) permanent magnets, the small cylindrical magnets are placed and
glued into two machined aluminium formers. The assembled two magnetic rings are tightly
fitted (attached) to the rim of the 3D printed rotor facing each other in parallel and will rotate
when the rotor is driven by the air flow. The coils of the electric generator which is the stator
are installed as a four layer flexible PCB (flexible printed circuit board). The stator coil PCB
is placed between the two magnetic rings which are attached to the turbine rotor. Figure 7-2 (a)
below demonstrates the turbine rotor with one of the magnetic rings attached to the rotor rim;
figure 7-2 (b) displays the stator coil PCB; schematics showing how the generator stator and

rotor are placed together on the turbine are illustrated in figure 7-2 (c).
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Figure 7-2. (a) Turbine Rotor with Assembled Magnet Ring; (b) Stator Coil Printed
Circuit Board (PCB); (c¢) Cross-section View of the Rotor and Stator Arrangement [6]

An exploded view of all the parts of the miniature turbine are given in figure 7-3.

Rotator magnetic rings

Casting

Endplate

Inlet shroud

Figure 7-3. Exploded View of All the Parts of the Micro Energy Harvester [6]
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7.2. Introduction of the Micro Bearing Assembly and Tests Setup

7.2.1.Micro Bearings Installed on the Miniature Turbine

As demonstrated in figure 7-3, there are two contacts where the two ends of the rotor shaft
rotate against. Loading in both axial direction (e.g. wind thrust force) and radial direction (e.g.
centrifugal force generated from the rotor imbalance) are generated when the turbine operates
and results in frictional torque which dissipates extracted energy. The micro bearings designed
and fabricated in this project are to be installed on these two contacts to support load in both
axial and radial directions and achieve low frictional torque when the turbine is rotating thereby
achieving low bearing power loss and low start-up speed which is the minimum speed of the

air flow to enable the rotation of the turbine.

In each contact, there is one journal bearing which supports the radial load and one thrust
bearing which supports the axial load. Details of the two types of bearings installed on the
turbine are given in the following section. The bearings operate with the speed ranging from
100 rpm to 6000 rpm (10.5 rad - s~ to 628.3 rad - s™1) as this is the speed range with which
the generator can output electric power efficiently. The correlations between generator output

power and rotor rotational speed are demonstrated in figure 7-4 below.
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Figure 7-4. Correlations between Output Power and Rotational Speed of the Micro

Energy Harvesting Turbine at Different Wind Speeds [6]



155

7.2.2. Assembly of the Micro Journal and Thrust Bearings
Assembly of the Turbine Rotor, Shaft and the Bearings

The turbine device itself had been designed in previous research, however it ran on unlubricated

V bearings. In this section, details of the installed hydrodynamic bearings are explained.

Figure 7-5 below demonstrates clearly how the turbine rotor, turbine shaft and the bearings at
the two ends of the turbine shaft are assembled together (note: the bearing housings were

manufactured as part of this project, while the turbine rotor was pre-existing).

» Turbine rotor

Thrust bearing Self-alignment

contact mechanism
4
«

Gap separated Journal bearing
by spring contact
»
L3

Figure 7-5. Assembly of the Micro Bearings and the Micro Turbine Rotor

The turbine shaft is inserted into the central hole of the turbine rotor. The turbine rotor should
be located at the midpoint of the turbine shaft to make sure the weight of the rotor is equally
supported by the journal bearings at two shaft ends. The turbine shaft and turbine rotor are

tightly fitted with each other, so that no relative sliding or rotating happens at this contact.

Bearing housing, within which the stator pad of the thrust baring and the sleeves of the journal
bearing are assembled, is installed by screwing it into the threaded hole in the centre of the
casting. Lock nuts are used to ensure no axial movements of the bearing housings occur when

the turbine operates especially at high speeds.

The distance between the end surfaces of the two bearing housings (L ggem in figure 7-5) can

be adjusted using the thread to ensure that the rotor pads of the micro thrust bearings attached
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to the end surfaces of the rotor shaft are just in contact and properly aligned with the two stator
pads of the thrust bearings which are installed inside the bearing housings. The shaft is inserted
into and aligned properly with the sleeve of the journal bearings and functions as the journal

of the journal bearing.

The distance between the end surfaces of the two bearing housings at which the micro thrust
bearing rotor pads contact and properly aligned with the micro thrust bearing stator pads
without any applied force in axial direction can be measured before installing the bearings to
the micro turbine. As demonstrated in figure 7-6, the two assembled bearing housings and the
shaft inserted rotor are aligned together on a specially designed platform, the distance between

the two bearing housings Ly, can then be accurately measured with a calliper (measuring

accuracy: <0.02 mm).

Figure 7-6. Length of the Bearing-Rotor Assembly in Axial Direction

When installing the shaft inserted turbine rotor and the assembled bearing housings on the
turbine, Lqssem can be adjusted to be equal to Ly, to achieve proper alignments of the journal
and thrust bearings without any load applied in axial direction. L., can also be adjusted to

be smaller than L, as there is a small gap (Lgqp) in each of the assembled bearing housings

gap
which are separated by a low stiffness compression spring (shown in figure 7-5). When L,s5em
is adjusted to the value smaller than Ly,.., the spring will be compressed and pre-load (W)

in axial direction will be applied on the two micro thrust bearings.

VVpre = kspring ' (Lpre - Lassem) (7'7)
The preserved small gap also guarantees the stator and rotor surfaces of the micro thrust

bearings can be separated by the lubricant film when the turbine operates.
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Rotor Shaft and Micro Thrust Bearing Rotor Pads

The assembly of turbine rotor, rotor shaft and the rotor pads of two thrust bearings is

demonstrated in figure 7-7 below.

The turbine rotor is formed by using high resolution 3D printing process (resolution is around

2 um), the material is polylactic acid.

The rotor shaft is fabricated using micro machining, the material is tool steel. The length of the
shaft is 8 mm, the diameter of the shaft is 1.585 mm. The surface roughness of the cylindrical
surface of the shaft is (Ra = 20 nm). Two 0.4 mm- diameter cylindrical hole is drilled in the
centres of the two end surfaces of the shaft which is used for the instalment of the stator pads

of micro thrust bearings.

The radius of the micro fabricated stator pads of the bearing is 500 pm, the roughness of the
pad surface is below 7 nm. A cylindrical pin of 0.39 mm diameter, 0.38 mm length is fabricated
at the centre of the back side of the stator pads, which is used for the assembly of rotor shaft

and stator pad.

As stated in the previous section, the turbine rotor is tightly fitted with the shaft and located at
the midpoint of the rotor shaft. The 0.39 mm diameter pin of the stator pad is installed to the
0.40 mm diameter hole at the end surface of the turbine shaft. The pad is sited and fixed on the

end surfaces of the turbine shaft by extra thin super glue.

_» Pocketed Pad of Thrust Bearing

v Rotor Shaft/ Journal of the Journal Bearing
-

i
i

v Turbine Rotor

Figure 7-7. Assembly of the Turbine Rotor, Rotor Shaft and the Patterned Rotating Pads
of the Micro Thrust Bearing
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The bearing housing is the part which is installed and fixed on the casing of the turbine, it

contains the sleeve of the shaft bearing, the flat stator pad of the thrust bearing and other parts

assisting the operation of the micro thrust and journal bearings.

Bearing House Casing

Pad holder

X journal Bearing
Magnet Ring o \ <
G Ruby Ring Holder
Spring

Flat Pad of
Thrust Bearing

Ruby Ring of

Ruby
Ball

Figure 7-8. Exploded View of the Bearing Housing Assembly

An exploded view of the bearing Cage assembly is shown in figure 7-8 above. The consisting

parts of the bearing housing, which were designed and manufactured are listed below:

from rotating.

assembly. The thread of the casing is M5x0.5.

bearing and hold the stator pad.

Brass copper bearing housing cage. It is used to contain all the parts of bearing housing

Stainless steel (stainless 302 ASTM A313) compression spring. It is used to ensure the
micro thrust bearing pads can be aligned together and operate appropriately and it
controls the pre-axial direction load on the thrust bearings. The elastic stiffness of the
spring is 0.59 N/mm, the maximum applied load is 1.58 N.

Magnetic ring is used to provide magnetic force to the flat stator pad of the micro thrust

The stainless steel pad holder is used to install the stator pad; there are to square pins

which are inserted to the holes on the backside of the stator pad and stops the stator pad



159

A 0.3 mm-diameter ruby sphere is glued on the fitting taper hole on the pad holder,
this could be viewed clearer from the cross section view of the assembled bearing
housing which is displayed in figure 7-9. This the key part for the self-alignment setup
for the micro thrust bearing. There is a 0.2 mm-diameter hole in the centre of the back
side of the stator pad of the thrust bearing which will be sited on the 0.3 mm-diameter
ruby sphere. Since the diameter of the ruby ball is larger than the hole on the stator pad,
the stator pad can swing freely around the ruby ball to correct any misalignment between
the stator and rotor surfaces of the thrust bearing. The stator pad of the thrust bearing is
always in full contact with the rotor pad of the thrust bearing.

The stator pad of the thrust bearing which sits on the stator pad holder is made from
silicon by micro fabrication methods. The radius of the pad is only 1000 um, the surface
roughness Ra of the pad is below 5 nm. A thin nickel layer is uniformly coated on the
back side of the bearing enables the stator pad to be held on the pad holder by the
magnetic ring.

The sleeve of the journal bearing is a 1.605 mm-diameter ruby ring bearing, the width
of the bearing is 0.9 mm.

The ruby ring bearing is tightly fitted with the ruby ring holder, the ruby ring bearing
together with the ruby ring holder is fitted to a 0.5 mm-depth stepped bore and glued on
the step surface of the stepped bore.

Figure 7-9. Cross-section View of the Assembled Bearing Housing
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As shown in figure 7-9. The bearing housing also functions as a chamber for lubricant storage,
the lubricant can be added to the bearing housing through the hole of the ruby ring. The
chamber will be fulfilled with lubricants and the capillary meniscus helps to stop the lubricant
flowing away. Both the ruby ring and stator pad is fully immersed to the lubricants, which

ensures sufficient lubricant is supplied for thrust and journal bearing lubrication.

7.2.3.Spin-Down Tests Setup and Tests Process

Introduction on the Spin-Down

The correlation between the frictional torque from both journal and thrust bearings and the
rotational speed and the correlation between the power loss from the bearings and the rotational

speed is obtained through spin-down tests.

In spin-down tests, the miniature energy harvesting turbine is placed in a vacuum chamber and
driven up to a high rotational speed, then the turbine is cut off from the circuit and freely spins
down until the rotational speed reaches zero. Rotational speed versus spin-down time curves
are obtained directly from the spin-down tests. Turbine rotor angular acceleration («,-) versus
the rotational speed curves can be obtained by differentiating the rotational speed versus spin-

down time curves:

. d
Wy == (7-8)

The frictional torque (75) versus speed curves and power loss (P5) versus speed curves can also

be obtained:
Ty =1, - &, (7-9)
Pb = Tb * Wy (7-10)
When the tests are conducted in vacuum chamber, all the torque that reduces the rotational
speed is from the bearings. I, is the moment of inertia of the whole rotor (turbine rotor, rotor

shaft, magnetic rings and the rotor pads of the thrust bearing) around the rotating axis of the

turbine shaft:

Ir = Irotor + Ishaft +2Xx Imagnets +2 X Ipads (10)

Spin-Down Tests Setup

Figure 7-10 below demonstrates the setup of the spin-down tests. The generator implemented

in the energy harvesting turbine is connected to the circuit, and a drive voltage is supplied and
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drive the generator as a synchronous motor to the maximum speed from which the spin-down
starts. The drive voltage is then cut off, the turbine functions as a generator again and outputs
a generated voltage, but the circuit is open now. The open-circuit voltage generated by the
turbine over spin down time can be recorded to LabVIEW, and the rotational speed of the

turbine can be computed using the frequency of the generated voltage:

__ 2XTXfy
= —
Np

(7-11)

where, f, is the recorded voltage frequency and N,, is the number of pole pairs installed on the

generator.
Pressure Control Power Pressure Sealing Test
Gauge Circuit Unit Valve Lid Chamber

Figure 7-10. Spin-down Test Setup

The spin-down tests can be conducted both in a vacuum chamber where the pressure can be
reduced below 0.3 mbar and conducted in atmosphere. The turbine can both be placed
horizontally and vertically in spin down tests so that the bearing performance under different

loading conditions can be obtained.

Four operating conditions can be applied for the spin-down tests which are:
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e Horizontal direction test in vacuum chamber. Under this condition, the turbine is placed
with its rotating axis to be placed horizontally, the turbine operates in the vacuum
chamber with pressure lower than 0.3 mbar.

e Horizontal direction test in atmosphere. Under this condition, the turbine is placed with
its rotating axis to be placed horizontally, the turbine operates in the atmosphere.

e Vertical direction test in Vacuum Chamber. Under this condition, the turbine is placed
with its rotating axis to be placed vertically, the turbine operates in the vacuum chamber
with pressure lower than 0.3 mbar.

e Vertical direction test in atmosphere. Under this condition, the turbine is placed with its
rotating axis to be placed vertically, the turbine operates in the atmosphere.

The horizontal or vertical direction placement of the turbine can be guaranteed using a bubble

level in all the tests presented in this chapter.

7.3. Detailed Information of Tested Micro Bearings and Tested Lubricants

7.3.1. Parameters of the Tested Micro Journal Bearing
Two micro journal bearings are installed on the micro energy harvesting turbine to support the
load in radial direction of the two sliding contacts. The journal bearing consist of the turbine

shaft and a ruby ring. Detailed parameters of the micro journal bearing are given as follows.
Turbine Shaft

The diameter of the shaft is 1.585 mm, the roughness of the shaft surface is below 30 nm (Ra).
The shaft is made from stainless steel.

Ruby Ring

The diameter of the ruby ring is 1.605 mm, the roughness of the ruby ring (inner) surface is
below 50 nm (Ra). The width of the ruby ring is 0.9 mm, which means the width of the journal
bearing is 0.9 mm. [160]

7.3.2.Parameters of the Tested Micro Thrust Bearing
The micro pocketed parallel thrust bearing which has been instigated both numerically and

experimentally in the previous chapters is installed on the micro turbine to bear the axial
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direction load of the sliding contact. Detailed parameters of the micro journal bearing are given

as follows.

Rotor Pad Parameters

rotor

Figure 7-11: Graphics of the Rotor Pad of the Micro Thrust Bearing

The material of the rotor pad of the thrust bearing is silicon. The surface of the rotor pad is flat
and smooth, the surface roughness is: R, = 5 nm. The diameter of the rotor pad, 7;o¢or 1S 1

mm.

Stator Pad Parameters

The material of the stator pad of the thrust bearing is also silicon. The surface of the stator pad
is etched with a pocket pattern using deep reactive ion etching technique. The surface
roughness of the land region (the region where etching is not conducted) is also: R, = 5 nm,

the surface roughness of the etched pocket region is R, = 7 nm.

The diameter of the stator pad, 7540, 18 0.5 mm, the inner radius of the etched pocket, i, ner

is 0.25 mm, the rim radius of the etched pocket, 7., is 0.475 mm.

In the turbine tests, we tested three stator pads with different pocket patterns: Pattern A, Pattern
B and Pattern C. The different stator pads distinguish from each other with the number of pads.

For the Pattern A, the bearing can be divided into 4 pad regions, for each pad region, the angular

width of the etched pocket, 0, ket 18 %, the angular width of the land region, 8,,,4 is also %.

The depth of the etched pocket, hypcxer is 1 pum.
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For the Pattern B, the bearing can be divided into 6 pad regions, for each pad region, the angular

width of the etched pocket, Opocker 18 %, the angular width of the land region, 8,,,4 is also g.

The depth of the etched pocket, hyocger 18 1 pm.

For the Pattern C, the bearing can be divided into 8 pad regions, for each pad region, the angular

width of the etched pocket, 0,4cket 18 g, the angular width of the land region, 8,,,4 is also g.

The depth of the etched pocket, hyocger 18 1 pm.

Npad =4 Npﬂd =6 Npad =8

Figure 7-12: Graphics of the Stator Pads of the Micro Thrust Bearings with Different

Recessed Patterns

7.3.3.Properties of Tested Lubricants
Detailed properties of the tested base lubricants are listed table 7-1 below.

Table 7-1: Properties of Tested Base Lubricants.

Lubricant Dynamic Viscosity at 25 °C (cP) Density at 25 °C (g-cm™)
DI Water 0.89 1.00
Hexadecane 3.02 0.77
Squalane 28.0 0.81

7.3.4. Test Conditions

Detailed test conditions of this series of tests are given as follows.

Temperature

This series of tests are all conducted in room temperature: 25 °C.
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Ambient Pressure

This series of tests are conducted either under atmosphere pressure which is 1.01x 10° Pa or

conducted in the vacuum chamber, the pressure within the vacuum chamber is 30 Pa.

Rotational Speed

In this series of tests, the speed ranges from 1 rad -s~! to 680 rad - s~1. Therefore, the
performance of the micro bearings in all lubrication regimes (boundary regime/ mixed regime/

hydrodynamic regime) can be investigated.

Applied Load

There is no preload applied in on the micro bearings. When the turbine is in static state, the

only load applied on the micro bearings is the gravity of the rotor which is 3.92x 1072 N.

7.4. Spin-Down Test Results of Micro Bearings Operating in the Turbine

7.4.1.Repeatability of the Turbine Spin-Down Tests

All the spin-down tests conducted in this research to obtain the frictional torque versus
rotational speed curves are repeated at least 3 times for each group of the tests. Good
repeatability of the obtained frictional torque versus rotational speed curves is shown in all
groups of tests. Figure 7-13 shows all the repeated curves for one test group: thrust bearings

with Pattern A on the stator pad lubricated by pure squalene.
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Figure 7-13. Curves Showing the Repeatability of the Spin-down Tests

7.4.2.Bearing Operates in Different Conditions
As introduced in the spin-down test setup section, the turbine spin-down tests are conducted in

four different conditions which are:

e Condition HA: Turbine placed horizontally in atmosphere;
e Condition HV: Turbine placed horizontally in the vacuum chamber;
e Condition VA: Turbine placed vertically in atmosphere;
e Condition VV: Turbine placed vertically in the vacuum chamber.
There are several loads applied on the micro thrust bearing and micro journal from different

factors which lowers the rotational speed of the turbine including:

e Weight of the rotor (W,.);

e Centrifugal force in radial direction from the rotation of the imbalance of the rotor (W );

e Thrust force in axial direction from the windage force (W,);

e Resistance torque directly from the windage on the turbine blade (T,);
The loading conditions of the micro thrust bearing and micro journal bearing vary under
different spin-down test conditions. Comparisons of the correlations between frictional torque
and rotational speed under different conditions are conducted to investigate the effects from

different factors on the overall frictional torque and power loss from thrust and journal bearings.
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The thrust bearing used in this group of investigation is recessed with Pattern A, the lubricant

used is pure squalene.

Comparisons of Turbine Performance Operating in Atmosphere and in Vacuum

When the turbine spin-down tests are conducted in the vacuum chamber, the frictional torque
decelerating the turbine is almost purely generated from the micro bearings. However, when
the turbine spin-down tests are conducted in the atmosphere, additional frictional torque
decelerating the turbine, which is caused by windage, is introduced. The windage is caused
mainly by two factors: (7). the resistance directly from the relative movement between the rotor
blades and the air which slows the rotational speed of the rotor; (ii) A thrust force in the axial
direction which is generated when the rotor moves relative to the air (as there is an angle
between the shaft axis and the rotor blade, when rotor moves relative to the air, an axial
direction component force is generated from the resistance) can cause additional load on the

thrust bearing hence additional decelerating frictional torque from thrust bearing.

In this section, the effects from windage on the frictional torque when the turbine operates in

different orientations are analysed.

Figure 7-14 below demonstrates the frictional torque versus rotational speed curves when the
turbine shaft is aligned in the horizontal direction. One of the curves is obtained when the
turbine operates in atmosphere whereas the other is when the turbine operates in a vacuum

chamber.

It can be seen that when the turbine is tested horizontally in the vacuum chamber (P.pgmper =
0.3 mbar), the frictional torque when the rotational speed is close to zero (6.8 uNm), andthe
frictional torque increases with rotor rotational speed in the whole speed range. The curve is
best fitted by a polynomial equation with order higher than 2. When the rotor speed is 200
rad-s’!, the frictional torque is 11.3 puNm; when the rotational speed reaches 400 rad-s™!, the
frictional torque is increased to 21.5 uNm; when the rotational speed is increased to 600 rad-s

!, the frictional torque rises to 36.9 pNm.

For the curve obtained from spin-down test in atmosphere (P, = 1000 mbar), the starting
frictional torque is 7.0 uNm. The frictional torque also increases with rotational speed in the
whole speed range, when the rotational speed reaches 600 rad-s™', the frictional torque is
increased to 47.7 uNm. The in air frictional torque versus rotational speed curve is also best

fitted by a polynomial equation with order higher than 2.
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The in-air frictional torque versus rotational speed curve almost coincides with the vacuum
frictional torque versus rotational speed curve when the rotational speed is below 60 rad-s™!. At
60 rad-s™!, the frictional torque from vacuum chamber test is 7.2 pNm whereas the frictional
torque from in air test is 8.1 uNm. The two curves diverge from each other when the rotational
speed is increased to 100 rad-s™!, and the gap between the two curves gradually widens with

increasing rotational speed.
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Figure 7-14. Frictional Torque Curves of Thrust Bearing with Pattern A and Journal

Bearing Lubricated with Pure Squalene, Turbine Placed Horizontally

When the turbine spins down in the horizontal direction, one component of the load applied on
the journal bearing is the constant weight of the rotor (W, = constant); another component
of the load applied on the journal bearing is the centrifugal force resulted from the rotation of
the imbalance of the rotor which is proportional to the square of the rotational speed (W, «
w?). Therefore, the load applied on the journal bearing (W) is the resultant force of W, and

w..

The force analysis diagram of the journal bearing when the turbine operates in the horizontal
direction is shown in figure 7-15 below. The rotor is rotating around the axis of the rotor shaft
O. The centre of the balance of the rotor O’ is away from the shaft axis and also rotates around
the shaft axis O. The gravity force of the rotor W, is constant and the force direction is fixed in

vertical direction. The centrifugal force increases quadratically with rotational speed and the
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direction of the force is not fixed but rotates around the shaft axis O. Therefore, the load applied

on journal bearing is dynamic and increases with rotational speed.

Figure 7-15. Force Analysis Diagram of the Micro Journal Bearing when the Micro

Turbine is Placed Horizontally

When the bearing operates in the horizontal direction and placed in the vacuum chamber (the
pressure in the vacuum chamber is 0.3 mbar), the load applied on the thrust bearing is negligible.
The gravity force and centrifugal force analysed in the previous paragraph are the only loads
and they are all applied on the micro journal bearing. When the turbine is placed horizontally
and spins down in the vacuum chamber, almost all the measured frictional torque is generated
in the journal bearings. As discussed before, the combined total load applied on the journal
bearing is dynamic and the centrifugal force component of the total load increases quadratically
with rotational speed, which explains the observation that frictional torque increases with
rotational speed and the observation that the frictional torque versus rotational speed curve

obtained in vacuum horizontal test is best fitted with polynomial equation with order higher

than 2.

The applied load on the journal bearing does not change whether the turbine is tested in the
vacuum chamber or in the atmosphere as long as the orientation of the turbine is not changed
(turbine shaft axis in horizontal direction). Therefore, the correlation between the frictional
torque and rotational speed from horizontal spin-down tests conducted in atmosphere is the

same with the correlation obtained from vacuum chamber tests. Therefore, the total frictional
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torque measured in atmosphere also increases with rotational speed and the best fitted curve is

also polynomial and the order is higher than 2.

When the turbine is placed horizontally in atmosphere and spins down, thrust force in the axial
direction is generated from windage which is supported by the thrust bearing. That thrust force
will generate frictional torque on the micro thrust bearing. In addition, a resistance torque from
the relative motion between air and rotor blades also functions as a frictional torque and
decelerates the rotational speed of the turbine. However, the frictional torque resulting from
windage is dominated by the rotational speed of the rotor and is negligible when the rotational
speed is low. This explains the phenomenon that the frictional torque curves obtained from in
air test and in vacuum chamber tests almost coincide with each other in low speed range (w <
30 rad - s~1). The wind thrust force increases rapidly with rotational speed and result in the
drastic increase of frictional torque when rotational speed gets larger. This is the cause of the

divergence of two frictional torque versus rotational speed curves.

The correlation between the frictional torque caused by windage and the rotational speed when
the turbine operates horizontally can be obtained by subtracting the frictional torque curve
measured from vacuum chamber test from the curve measured from in air test. The curve is
displayed in figure 7-16 (a) below. It can be seen that when the rotational speed is close to zero,
the windage induced frictional torque is below 0.5 pNm and can be ignored. It surges to 13.7

uNm when the rotational speed approaches 700 rad-s™.
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Figure 7-16. (a) Correlation Curve between the Frictional Torque Caused by Windage
and the Rotational Speed when the Turbine Operates Horizontally; (b) Correlation
Curve between the Frictional Torque Caused by Windage and the Rotational Speed when

the Turbine Operates Vertically
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Figure 7-17 below also demonstrates two frictional torque versus rotational speed curves
obtained from spin-down tests conducted in the vacuum chamber and in atmosphere - both the

vacuum chamber and in air tests are conducted by placing the turbine vertically.
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Figure 7-17. Frictional Torque Curves of Thrust Bearing with Pattern A and Journal

Bearing Lubricated with Pure Squalene, Turbine Placed Vertically

It can be noticed in the curve obtained from vertical direction vacuum spin-down test that when
the rotational speed is close to zero, the frictional torque is 3.75 uNm. The frictional torque
ascends quickly with rising rotational speed. When the speed is increased to 200 rad-s™, the
frictional torque rises to 10.92 uNm; when the speed is increased to 400 rad-s™!, the frictional
torque reaches 23.14 uNm; when the rotational speed is increased to 600 rad-s™!, the frictional

torque surges to 37.95 uNm. The best fitted curve for the results is a polynomial.

As for the curve obtained in the vertical alignment in air, it almost coincides with the curve
obtained from vertical direction vacuum spin-down test when the rotational speed is lower than
20 rad-s™!. For the curve obtained from spin-down test in atmosphere, the starting frictional
torque is 4.19 uNm; when the speed is increased to 200 rad-s’!, the frictional torque rises to
14.42 uNm; when the speed is increased to 400 rad-s!, the frictional torque rises to 27.83 pNm;
when the speed reaches 600 rad-s™!, the frictional torque ascends drastically to 48.39 uNm.

Similar to the result curves from horizontal direction spin-down test, the frictional torque
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versus rotational speed curve obtained from vacuum test diverges from the curve obtained from

in air test and the gap widens with increasing rotational speed.

When the turbine spins down vertically (turbine rotor axis aligned in vertical direction), the
gravity force of the rotor is applied on the thrust bearing in the axial direction of the rotor, and
the value of this load is constant. As analysed before, the centrifugal force is applied on the
journal bearing in radial direction of the rotor, and this load increases quadratically with

increasing rotational speed.

When the vertical direction spin-down test is conducted in the vacuum chamber, the windage
is negligible. The only load applied on the thrust bearing is the constant gravity force, and when
the rotational speed increases from low to high, the lubrication regime of the thrust bearing
immersed fully in lubricant (pure squalene in this case) transfers from boundary lubrication to
mixed lubrication to full film hydrodynamic lubrication. The frictional torque from the thrust
bearing is therefore expected to descend then ascend when the rotational speed is increased.
The only load applied on the journal bearing in this case is the centrifugal force which increases
quadratically with rising rotational speed. Therefore, the frictional torque from the journal
bearing surges with rising rotational speed. This explains the observation that the total frictional

torque increases with rotational speed.

When the vertical direction spin-down test is conducted in atmosphere, the load applied on the
journal bearing stay unchanged compared to the case when the test is conducted in the vacuum
chamber. As for the load conditions of the thrust bearing; except for the gravity force, an
additional thrust force induced by the windage is also applied on the thrust bearing and this
thrust force increases drastically with rising rotational speed. Additional frictional torque from
the thrust bearing resulted from the windage thrust force leads to the divergence of the two

curves.

The correlation between the frictional torque caused by windage and the rotational speed when
the turbine operates vertically can also be obtained by subtracting the frictional torque curve
measured from vacuum chamber test from the curve measured from in air test. The curve is
displayed in figure 7-16 (b) above. It can be seen that when the rotational speed is close to zero,
the windage induced frictional torque is below 0.4 uNm. The windage induced frictional
increases with rising rotational speed, and when the rotational speed reaches 700 rad-s™!, the

windage frictional torque is increased to 11.83 pNm.
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Comparing figure 7-16 (a) and figure 7-16 (b), it can be noticed that when the rotational speed
is below 100 rad-s’', the windage induced frictional torque when the turbine operates
horizontally (at 100 rad-s™, frictional torque is 1.33 pNm) is slightly lower than the torque
when turbine operates vertically (at 100 rad-s™, frictional torque is 1.33 uNm). When the
rotational speed reaches 190 rad - s™1, the windage induced frictional torques under two
turbine operation orientations are almost equal (horizontal: 2.46 uNm, vertical: 2.44 uNm). At
rotational speeds above 300 rad-s™', the windage on the turbine results in higher frictional

torque when the turbine operates horizontally compared to when the turbine operates vertically.

In practice, the energy harvesting turbine operates in an air flow. Based on the analysis in this
chapter, the overall frictional torque from the bearings on the turbine can be divided into two
parts: (i) frictional torque resulted from the gravity force and the centrifugal force applied on
the micro bearings; (ii) frictional torque from the windage induced thrust force applied on the

thrust bearing and the direct resistance torque from the air-rotor blade interface.

Figure 7-18 (a) demonstrates the correlation curves between the two consisting parts of
frictional torque and the rotational speed in horizontal operation; Figure 7-18 (b) demonstrates
the correlation curves between the two consisting parts of frictional torque and the rotational
speed in vertical operation. It can be seen that under both cases, the torque resulting from the
windage consists a smaller percentage of the total frictional torque in the complete test speed
range, and the overall frictional torque is mainly resulting from the gravity force and the
centrifugal force applied on the bearings. When the rotational speed is close to zero, over 90%
of the frictional torque is caused by the gravity and the centrifugal force; when the rotational
speed is increased to 200 rad-s™', over 80% of the frictional torque is caused by the gravity and
the centrifugal force; when the rotational speed reaches 600 rad-s™, over 70% of the frictional

torque is caused by the gravity and the centrifugal force.
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Figure 7-18. (a) Correlation Curves between the Two Consisting Parts of Frictional
Torque and the Rotational Speed in Horizontal Operation; (b) Correlation Curves
between the Two Consisting Parts of Frictional Torque and the Rotational Speed in

Vertical Operation

Comparisons of Turbine Performance Operating in Horizontal and Vertical Directions

Comparisons of the turbine spin-down results obtained from horizontal direction and vertical
direction tests are presented in this section. As discussed before, the loading conditions of the
turbine bearings are different when the turbine orientation varies. Therefore, the correlation

between the frictional torque and the rotational speed also changes with turbine orientation.

Figure 7-19 below demonstrates the frictional torque versus rotational speed curves from
horizontal direction test and vertical direction test, with both tests being conducted in the

vacuum chamber.

800
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Figure 7-19. Frictional Torque versus Rotational Speed Curves from Horizontal
Direction Test and Vertical Direction Test, Both Tests Being Conducted in the Vacuum

Chamber (0.3 mbar)

e Low Speed Range
It can be seen from figure 7-19 that, when the rotational speed is close to zero, the frictional
torque measured in the horizontal test is 6.58 uNm, while the frictional torque measured in
vertical test is 3.72 uNm. When the turbine operates in the horizontal direction with low
rotational speed (close to zero), the weight of the rotor is supported by the journal bearing
(which is the only load applied on journal bearing) and no load is applied on the thrust bearing.
The coefficient of the journal bearing at low speed can be computed using the equation 7-12

below,

T.
Hjp = = (7-12)

Wr'Rjp
where ), is the friction coefficient of the journal bearing, Tj;, is the frictional torque from the

Journal bearing, W, is the gravity of the rotor and Rjj, is the radius of the journal bearing.

As stated, the weight of the rotor is 4 gram (gravity: 0.0392 N) and the radius of the journal
bearing is 0.8 mm. The calculated friction coefficient of the ruby journal bearing at low

rotational speed (boundary lubrication friction coefficient) is 0.21.
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Similarly, when the turbine operates in the vertical direction with low rotational speed, the
weight of the rotor is supported by the thrust bearing (which is the only load applied on thrust
bearing), the load applied on the journal bearing, the centrifugal force, is almost negligible at
low rotational speed. The coefficient of the thrust bearing at low rotational speed can also be

calculated:

T
o = e (7-13)

where p;, is the friction coefficient of the thrust bearing, Ty, is the frictional torque from the

thrust bearing and Ry is the radius of the thrust bearing.

The radius of the thrust bearing is 0.5 mm. The calculated friction coefficient of the thrust

bearing at low speed (boundary lubrication friction coefficient) is 0.19.

When the turbine operates in low rotational speed range (w < 20 rad - s~ 1), either the thrust
bearing or the journal bearing (depending on the turbine operation orientation) bears all the
load in this stage (the gravity of the rotor itself) and operates in boundary lubrication regime.
As the boundary friction coefficient of the micro thrust bearing is smaller than that of the
journal bearing, in the speed range from 0 rad - s~ to 20 rad - s~ ! the frictional torque when
the turbine operates horizontally is larger than the frictional torque when the turbine operates

vertically. That can also be observed clearly from figure 7-19.

e Medium Speed Range
It can be seen from figure 7-19 that, when the rotating speed increases from 20 rad - s~ to
100 rad * s™1, the frictional torque increases in both horizontal and vertical direction tests. For
the vertical operation case, the frictional torque rises from 3.72 uNm to 6.45 uNm when the
speed rises from 20 rad - s™! to 100 rad - s~1, whereas for the horizontal operation case, the

frictional torque goes up from 6.58 pNm to 8.51 pNm.

In this turbine speed range, for the case when the turbine operates in vertical direction, the load
applied on the thrust bearing is still the gravity of the rotor, and the load applied on the journal
bearing is the centrifugal force from the rotation of the rotor imbalance. For the case when the
turbine operates in horizontal direction, no applied load is applied on the thrust bearing, and
the dynamic force which is the combined force of the rotor gravity and the centrifugal force is

applied on the journal bearing.
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The increase of the centrifugal force (centrifugal force increases quadratically with rotational
speed) leads to the frictional torque increase for both cases. As the rotational speed is not high
in this stage, the gravity load is still the main applied load on the thrust bearing or the journal

bearing.

The thrust bearing and the journal bearing operates in the mixed lubrication regime when the
turbine rotates in the medium speed range. The friction coefficient of the thrust bearing in
mixed lubrication regime is lower than that of the journal bearing in mixed lubrication regime.
Therefore, the frictional torque generated in the thrust bearing would be higher than the
frictional torque generated in the journal bearing in this speed range when similar load is
applied. So, it is clearly shown in figure 7-19 that the frictional torque when the turbine operates
horizontally is higher than the frictional torque when the turbine operates vertically in the
rotational speed range from 20 rad - s~ to 100 rad - s™1.
e High Speed Range

It can be seen from figure 7-19 that when the turbine operates with rotating speed higher than
100 rad - s~1, the rate with which frictional torque rises with rotational speed for the case
turbine operates in vertical direction is higher than that for the case turbine operates in
horizontal direction. The frictional torque when the turbine operates horizontally exceeds the

frictional torque when the turbine operates vertically at 230 rad - s~ 1

rotational speed.
However, that does not necessarily mean the friction coefficient of the thrust bearing (p;) is
higher than that of the journal bearing (1;;,) when the turbine rotational speed is higher than

230 rad - s~ 1.
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(a) (b)

Figure 7-20. (a) Load Analysis of the Thrust Bearing and the Journal Bearing for the
Case that the Turbine Operates in Vacuum in Vertical Direction; (b) Load Analysis of
the Thrust Bearing and the Journal Bearing for the Case that the Turbine Operates in

Vacuum in Horizontal Direction;

Detailed load analysis of the thrust bearing and the journal bearing for the case that the turbine
operates in vertical direction is demonstrated in figure 7-20 a. The total frictional torque when
the turbine operates vertically, T, , can be computed with the equations below (equation 7-14

to equation 7-16).

Tep = Uep " Rep " Weep = Uep * Rep * Wi (7-14)
Tip = Ujp " Rjp - Wsjp = Wjp " Rjp - W, (7-15)
Ty =T +Tjp = e " Rep - Wr + tjp " Rjp - We. (7-16)

where Wy, is the total supporting load from the thrust bearing, when the turbine operates
vertically it is equal to the gravity of the rotor W,.; Wy, is the total supporting load from the
journal bearing, when the turbine operates vertically it is equal to the centrifugal force of the

rotor W,.

Detailed load analysis of the thrust bearing and the journal bearing for the case that the turbine

operates in horizontal direction is displayed in figure 7-20 b. The total frictional torque when
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the turbine operates horizontally, T}, , can be computed with the equations below (equation 7-

17 to equation 7-19).

Tep = tep * Rep " Wsep = 0 (7-17)
Tip = Wjp * Rjp - Wijp (7-18)
Th =T +Tjp = Wjp ~ Rjp " Wyjp (7-19)

The total supporting load from the thrust bearing, Wy, is equal to zero when the turbine
operates horizontally in the vacuum chamber (no load is applied on the thrust bearing); while
the total supporting load from the journal bearing, W, is equal to the combined load of the
gravity of the rotor W, and the centrifugal force of the rotor W... In this case, the direction and
the module of the gravity W, is fixed whereas the direction of the centrifugal force W, rotates
around the rotating centre of the rotor, O. Therefore, the direction and the module of the total

supporting load from the journal bearing W j;,, (which is equal to the combined load of W, and

W,.) also changes continuously as the turbine rotates.

When the turbine operates with a certain rotational speed w, the supporting force of the journal

bearing in its vector form W, is given in equation (7-20):

Wy,p = W, cos(wt) - T+ [W, sin(wt) + W, ]j (7-20)

where 1 is the unite force vector in horizontal direction, j is the unite force vector in vertical

direction.

The magnitude of the force vector Wy, can be simply derived as shown in equation (7-21):

[Wo| = [W2 + W2 + 2W, W, sin(wt)] " (7-21)

It can be seen from equation (7-21) that the magnitude of W, varies periodically and the

average (equivalent) module value of the vector m, which is the so defined Wy;;, can be
computed with equation (7-22):
Wi = (W +W,2)" (22)
Therefore, the total frictional torque when the turbine operates horizontally, T}, is:
Tw = jn* Rip - Wajp = i~ Ry - (We + W,?)° (7-23)

By comparing the equation of the total frictional torque when turbine operates vertically

(equation 7-16) and the equation of the total frictional torque when turbine operates
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horizontally (equation 7-23), it can be deduced easily that, when the centrifugal force exceeds

a certain value, the T, is bound to outweigh the T}, .

This is the mechanism behind the observed phenomenon that the vertically measured frictional
torque exceeds the horizontally measured frictional torque once the turbine is rotating speed is

higher than 230 rad - s 1.

Figure 7-21 below demonstrates the frictional torque versus rotational speed curves from
horizontal and vertical tests conducted in atmosphere. The trends of these curves are similar to
the curves obtained from the vacuum chamber tests, just the frictional torque is higher since an
additional windage load is induced when the turbine operates in atmosphere. The total frictional
torque when the turbine operates vertically is lower than the total frictional torque when the
turbine operates horizontally when the rotational speed is lower than 205 rad : s™1. The T,

outweighs T}, once the rotating speed exceeds 205 rad - s~ 1.
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Figure 7-21. Frictional Torque versus Rotational Speed Curves from Horizontal

Direction Test and Vertical Direction Test, Both Tests Being Conducted in Atmosphere

7.4.3.Effect of Lubricant Viscosity
In this section, the effect of the lubricant viscosity on the performance of the turbine bearings

is investigated.
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Three lubricants with different viscosity are tested which are (i) water, (ii) hexadecane and (7ii)
squalene. All the tests reported in this section are conducted in room temperature which is
25 °C. At this temperature the dynamic viscosity of water is 0.89 cP, the dynamic viscosity of
hexadecane is 3.02 cP, the dynamic viscosity of squalene is 28.33 cP. The thrust bearing used
in this group of investigation is etched with Pattern A. No extra pre-load is applied on the thrust

and journal bearings on the turbine in this group of tests.

80 - - 80
+ 4xPads_Water_Vacuum Verticall + axPads Water In Air Verticall
70 |« 4xPads_Hexadecane_Vacuum Verticall 70 | 4xpads_Hexadecane_in Air Verticall
5 60 | « 4xPads_Squalane_Vacuum Verticall g 60 | - aspads_Squalane_in Air Vertical1 L
E
= 3 .
g s0 f e 2 50
g g
5 + 5 e
e a0 . E a0 |
= gedest  laas = att
5 LA 5 N
2 30t 2
7] oast aaks ]
= YA .t =
[ N =
20 | gt
e ‘.‘,.w‘“"‘ “
L,
’ %
0 L L L . . L . L
o 100 200 300 400 500 600 700 800 500 600 700
Rotational Speed/ rad-s? Rotational Speed/ rad-s*
(a) (b)
80
80 £ 4xPads_Water_Vacuum Horizontall + 4xPads_Water_In Air Horizontall
70 |+ 4xPads_Hexadecane_Vacuum Horizontall 70 | . axPads_Hexadecane_In Air Horizontall
= 4xPads_Squalane_Vacuum Horizontall = 4xPads_Squalane_In Air Horizontall ¢
Eeo | £t ~Saualane. R
= 3 =
~ o £
g 50 [ E
g . T
5 . 5
F 40 | . " %
o . - & <
S IR 2
g 30 r . - b
= » -‘M -
= -0" pu s =
20 G PR .
I i, e
X Lo
10 e
0 . . 0 L L . . L
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700
Rotational Speed/ rad-s* Rotational Speed/ rad-s*
(c) (d)

Figure 7-22. Frictional Torque versus Rotational Speed Curves of the Turbine with Micro
Bearings Lubricated by Different Viscosity Lubricants Obtained under Four Different

Operation Conditions

Figure 7-22 above demonstrates the frictional torque versus rotational speed curves of the
turbine lubricated with different viscosity lubricants measured under four different operation

conditions:

e Figure 7-22 (a) displayed the curves obtained from vertical direction spin down tests

conducted in the vacuum chamber (Top Left);
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e Figure 7-22 (b) displayed the curves obtained from vertical direction spin down tests
conducted in the atmosphere (Top Right);
e Figure 7-22 (c) displayed the curves obtained from horizontal direction spin down
tests conducted in the vacuum chamber (Bottom Left);
e Figure 7-22 (d) displayed the curves obtained from horizontal direction spin down
tests conducted in the atmosphere (Bottom Right).
It can be seen from figure 7-22 (a) and figure 7-22 (b) that when the turbine rotational speed is
close to zero, the total frictional torque is almost equal to the same value, 3.72 uNm, when the
bearings are lubricated with lubricants with different viscosities. That is because when the
turbine operates vertically with rotational speed close to zero, the only applied load is the
gravity of the rotor and it is supported by the thrust bearing. The thrust bearing operates in the
boundary lubrication regime in this case (i.e. speed close to zero) and its friction coefficient is
determined by the thrust bearing surface properties and is independent of the lubricant viscosity

hence frictional torque with same the value is generated in this case.

It can also be found from figure 7-22 (a) and figure 7-22 (b) that when the turbine operates
vertically and the rotational speed of the bearing is higher than 100 rad -s™?1, the total
frictional torque of the bearings lubricated with hexadecane is lower than that of the bearings
lubricated with squalene. That is because the thrust bearing operates in hydrodynamic
lubrication regime at high rotational speed, the friction coefficient of the bearing in this case is
negatively correlated to the viscosity of the lubricant. The viscosity of hexadecane is much
lower than that of squalene, hence the frictional torque of the bearings when lubricated with

hexadecane under high rotational speed is lower.

The frictional behaviour of the turbine bearings when the turbine operates horizontally is
displayed figure 7-22 (c) and 7-22 (d). It can be seen from figure 7-22 (c) that the frictional
torque versus rotational speed curves of the bearings lubricated with hexadecane and squalene
almost coincide with each other in whole speed range when the turbine operates horizontally
in the vacuum chamber. Under this operational condition, all the applied loads (gravity of the
rotor and rotor centrifugal force) are supported by the journal bearing and they are all
independent of the lubricant viscosity. That indicates the friction coefficient of the journal
bearing stays unchanged when it is lubricated with lubricants with different viscosity in the
whole speed range. The reasonable hypothesis for this phenomenon is that the journal bearing
currently used in the turbine does not function appropriately and it can only operate in the

boundary lubrication regime in which case the friction coefficient is independent of the
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viscosity of the lubricant. This hypothesis is highly possible as no lubricant flow supply design
is applied to the journal bearing (it is just immersed to the lubricant bath), so the journal bearing

is not able to operate properly.

From figure 7-22 (d), when the turbine operates horizontally in atmosphere, the frictional
torque curves of the turbine with micro bearings lubricated with hexadecane and squalene also
coincide with each other at speed range from 0 to 270 rad - s~1. The curves diverge from each
other when the rotational speed exceeds 300 rad - s~1. The frictional torque of the turbine with
bearings lubricated with hexadecane is obviously lower than that of the turbine with bearings
lubricated with squalene when the speed is further increased. In this test condition, the frictional
torque from the micro journal bearing is almost the same when the bearing is lubricated with
different lubricants. However, extra load from windage is applied on the thrust bearing in this
case and it increases rapidly with rotational speed. As explained in the previous paragraph,
when the thrust bearing operates at high speed and in the hydrodynamic lubrication regime,
lower friction coefficient can be achieved using lower viscosity lubricant. Therefore, when the
rotational speed is high and the windage load applied on the thrust bearing is comparable to the
gravity load and centrifugal force load, and the frictional torque generated from the thrust

bearing will be lower if lower lubricant (hexadecane) is used.

Another phenomenon that can be noticed from figure 7-22 is that under all operational
conditions, the frictional torque of the turbine with the bearings lubricated with water (which
has the lowest viscosity) is always the highest in the whole rotational speed range. That could
be attributed to the high evaporation rate of water and is confirmed by the observation that the
added water is almost dried after the turbine is tested so insufficient lubricant must have been
supplied to the bearings. The starvation of water might cause severe stiction of the bearing

surfaces hence resulting in high friction coefficient.

7.4.4. Effect of Friction Modifier

In this section, results showing the effects of the friction modifier additive on the performance
of the MEMS bearings that operate on the micro energy harvesting turbine is presented. The
friction modifier applied in this series of testes is octadecylamine (C1sH39N) which consists of
an 18-carbon straight chain and an amine group at the end of the carbon chain. The amine group
enables the molecules to get attached to the silicon surfaces and form a thin low shear strength
film which helps friction reduction of the bearing surfaces in boundary and mixed regime

lubrication.
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Hexadecane is selected as the base liquid of the lubricant tested in this series of experiments as
the lowest frictional torque of the the micro energy harvesting turbine is achieved especially in
the high speed range when the bearings are lubricated with this lubricant. 0.1%wt of
octadecylamine is added into the hexadecane which enables slippery film form over the bearing

surfaces and leaves the bulk viscosity of the lubricant almost equal to that of pure hexadecane

(3.02 cp at 25 °C).

This series of tests are conducted under room pressure and temperature (1.01x 10° Pa, 25 °C).
The thrust bearing used here is etched with Pattern A. No extra pre-load is applied on the thrust

and journal bearings on the turbine in this group of tests.
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Figure 7-23. Frictional Torque versus Rotational Speed Curves of the Turbine with Micro
Bearings Lubricated by Pure Hexadecane and by 0.1%wt ODA Added Hexadecane

Obtained under Four Different Operation Conditions

Figure 7-23 above shows the frictional torque versus rotational speed curves of the turbine
lubricated with pure hexadecane and hexadecane with octadecylamine which are measured

under four different operation conditions:

1000
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e Figure 7-23 (a) displayed the curves obtained from vertical direction spin down tests
conducted in the vacuum chamber (Top Left);
e Figure 7-23 (b) displayed the curves obtained from vertical direction spin down tests
conducted in the atmosphere (Top Right);
e Figure 7-23 (c¢) displayed the curves obtained from horizontal direction spin down
tests conducted in the vacuum chamber (Bottom Left);
e Figure 7-23 (d) displayed the curves obtained from horizontal direction spin down
tests conducted in the atmosphere (Bottom Right).
It can be seen from figure 7-23 (a) that when the turbine operates vertically in the vacuum with
low rotational speed (close to zero), the total frictional torque of the turbine is reduced from
3.72 uNm to 1.91 uNm after adding 0.1%wt of octadecylamine into hexadecane. In this case,
the total frictional torque is almost purely resulting from the 1-mm thrust bearing which
operates in boundary lubrication regime, and the applied load on the thrust bearing is the gravity
of the rotor (W,.). The slippery ODA film which consists of ODA molecules attaching to the
silicon surfaces of the thrust bearings archives a 49% frictional torque reduction (power loss
reduction) in low speed range. It reduces the boundary friction coefficient of the silicon thrust
bearing from 0.19 to 0.098. It can also be observed from figure 7-23 (a) that when the rotational
speed of the turbine increases, the friction reduction effect of the added friction modifier
gradually vanishes. The friction modifier becomes non-effective on friction reduction when the
turbine speed reaches 40 rad-s™' and above because under this condition, the film thickness of
the thrust bearing surfaces are separated far enough by the lubrication film and the friction

mainly results from the shear of the bulk lubricant film.

Effective frictional torque reduction is even more obvious when the turbine operates vertically
in air in the low rotational speed range. As demonstrated in figure 7-23 (b), the rotational speed
range within which the octadecylamine is effective in friction reduction is wider when the
turbine operates in atmosphere. When the speed reaches 40 rad-s™!, the frictional torque when
the bearings are lubricated by pure hexadecane is 4.41 uNm, it is reduced to 3.10 uNm when
0.1%wt of ODA is added, i.e., 29.7% friction reduction is achieved in this case. The ODA
losses friction reduction ability when the rotational speed reaches 110 rad-s™ in the case that
the turbine operates in air. That threshold speed is higher than that of the case that the turbine
operates in the vacuum. This is because the applied load on the thrust bearing in this case is the

sum load of gravity of the rotor and the windage thrust force, the thrust bearing transfers from
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boundary and mixed lubrication regimes and enters full film lubrication regime at higher

rotational speed.

When the turbine operates horizontally in the vacuum chamber, all the load is supported by the
micro journal bearing. In this case, octadecylamine is effective in friction reduction in the
whole tested speed range, which can be observed from figure 7-23 (c). It can also be then
inferred that, the journal bearing functions in the boundary and mixed lubrication regimes in
the complete speed range in the experiments and does not enters full film lubrication regime.
However, the friction reduction by the friction modifier is limited to a small extent in this case.
When the turbine rotational speed is 100 rad-s™, the frictional torque is reduced from 8.15 uNm
to 7.27 uNm (11.1% friction reduction) after 0.1%wt of ODA is added; when the speed is 400
rad - s~1, the frictional torque is reduced from 21.02 uNm to 18.58 uNm (11.6% friction
reduction). The friction reduction capability of octadecylamine becomes much less effective
when the additive functions on the journal bearing than that functions on the silicon bearing.
That is because the basic amine group gets attached to the acidic silicon surfaces much easier
than it gets attached to the stainless steel or ruby surfaces. Therefore, the slippery boundary
lubrication film consisting of ODA molecules forms more stably on the silicon bearing surfaces

hence resulting in larger friction reduction percentage.

7.4.5.Effect of Thrust Bearing Patterns
Three thrust bearings with different pocket patterns are assembled on the micro energy
harvesting turbine and their performance are assessed by spin-down tests. The graphics of the

tested thrust bearings are demonstrated in figure 7-24 below again.

Npad =4 Npad =6 Npad =8
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Figure 7-24: Graphics of the Stator Pads of the Micro Thrust Bearings with Different

Recessed Patterns

The three thrust bearings distinguish form each other by the number of pads. The thrust bearing
(a) consists of 4 pad regions, the angular width of each pad is 90°; the thrust bearing (b) consists
of 6 pad regions, the angular width of each pad is 60°; the thrust bearing (c) consists of 8 pad
regions, the angular width of each pad is 45°. The total angular width of the etched pocket
regions for all three thrust bearings is equal to 180°. Correspondingly, the total angular width

of the land regions for all three thrust bearings is also equal to 180°.

For the four pads bearing, there are four leading steps (convergence) around which
hydrodynamic pressure builds up and there are four trailing steps (divergence) where cavitation
develops. For the six pads bearing, there are six leading steps and six trailing steps; for the

eight pads bearing, there are eight leading steps and eight trailing steps.

The frictional torque versus rotational speed curves of the micro turbine which is installed with
three different thrust bearings (the journal bearing installed on the turbine stays unchanged)
and operates vertically in the vacuum chamber and are demonstrated in figure 7-25 (a). The
frictional torque versus rotational speed curves of the micro turbine when the turbine operates

vertically in the atmosphere are displayed in figure 7-25 (b).

The lubricant used in this series of tests is hexadecane mixed with 0.1%wt of octadecylamine.
As the micro journal bearing and the loading conditions on the micro journal bearing remained
unchanged in this series of tests, so the variation of the frictional torque versus rotational speed
curves are caused by the different performance of the differently patterned micro thrust

bearings.
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As demonstrated in figure 7-25 (a), when the speed of the turbine is lower than 40 rad-s™!, larger
frictional torque is generated from thrust bearing consisting of more pads. At 20 rad-s™! speed,
the frictional torque of the turbine installed with 8 pads thrust bearing is 4.91 uNm, the
frictional torque of the 6 pads thrust bearing is 4.09 uNm and the frictional torque of the 4 pads
thrust bearing is 2.31 uNm. However, as the rotational speed rises from 40 rad-s!, the frictional
torque versus rotational speed curves of the turbine installed with different thrust bearings
gradually diverge and finally intersect with each other. When the turbine rotational speed
reaches 400 rad-s™!, smaller frictional torque is generated from thrust bearing consisting of
more pads. At 400 rad-s™!, the frictional torque of the turbine installed with 8 pads thrust bearing
is 12.89 uNm, the frictional torque of the 6 pads thrust bearing is 14.59 uNm and the frictional
torque of the 4 pads thrust bearing is 17.82 pNm.

Similar trend can be observed from the frictional torque versus rotational speed curves of micro
turbine installed with different thrust bearings which are obtained from the vertical-in air spin
down tests. At 20 rad-s! rotational speed, the frictional torque of the turbine installed with 4
pads thrust bearing is 2.68 uNm; the frictional torque rises up to 4.32 uNm when 6 pads thrust
bearing is used on the turbine; the frictional torque ascends further to 4.75 uNm when 8 pads
thrust bearing is installed on the turbine. At 400 rad-s' rotational speed, however, the
correlation between the frictional torque and the pad number of the thrust bearings installed on
the micro energy harvesting turbine is reversed. The measured frictional torque when the
turbine is installed with 4 pads thrust bearing is 22.94 uNm; it declines to 19.95 uNm when
replacing the 4 pads bearing with the 6 pads bearing; the frictional torque can be further reduced
to 17.35 uNm when 8 pads bearing is used.

From figure 7-25 (a) and figure 7-25 (b) it can be concluded that when the turbine operates in
low speed range within which the lubrication of the thrust bearing is in boundary or mixed
regime, the frictional torque increases with the increasing pad number of the thrust bearing.
Based on this observations, it can be deduced that the load carrying capacity of the 4 pads thrust
bearing is the highest among the three thrust bearings tested on the micro turbine whereas the
load carrying capacity of the 8 pads thrust bearing is the lowest. That is because the frictional
torque decreases with increasing load carrying capacity in the boundary and mixed lubrication

regimes.

As the load carrying capacity of the 4 pads bearing is the highest, it would enter full film

hydrodynamic lubrication regime at lower rotational speed. On the contrary, the 8 pads thrust
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bearing which has the lowest load carrying capacity would operate in the low-friction
coefficient mixed lubrication regime for a wider speed range, it would start to operate in the
full film hydrodynamic lubrication regime at larger rotational speed. For micro scale thrust
bearings, the friction coefficient would increase drastically with ascending rotational speed
once the bearing enters full-film hydrodynamic lubrication regime as the viscous drag becomes
dominant for small scale bearings at high rotational speed. The friction coefficient of the
hydrodynamic lubrication regime at high rotational speed would even be higher than the
friction coefficient of the mixed lubrication regime. Therefore, lower frictional torque results
from micro thrust bearing with lower load capacity at high rotational speeds as the friction
coefficient of the thrust bearing starts to increase drastically at larger rotational speed. So, the

frictional torque is negatively correlated with the pad number of the thrust bearing.

7.4.6.Validation of the Load Carrying Capacity and Pad Number of the Thrust Bearing
in Trend by the Numerical Model

As deduced from the experimental results demonstrated in section 7.4.5, the 4 pads thrust

bearing has the highest load carrying capacity among the three tested thrust bearings whereas

the 8 pads thrust bearing has the lowest load carrying capacity. That can be validated through

simulation using the model developed in this research.

When the three thrust bearings operates under same conditions (942.5 rad - s~* speed/ 400 nm
minimum film thickness), the integrated hydrodynamic force of the 4 pads thrust bearing is
0.3257 N, the load carrying capacity of the 6 pads thrust bearing is 0.3141 N and the load
carrying capacity of the 8 pads thrust bearing is 0.3047 N. That agrees with the experimental
obtained results that the load carrying capacity decreases with increasing pad number of the

thrust bearing.

The film thickness distribution contours of three thrust bearings are demonstrated in figure 7-
26 (a) and the pressure distribution contours of the three thrust bearings are demonstrated in

figure 7-26 (b).
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Bearings Recessed with Different Patterns

It can be seen from figure 7-26 (a) that the percentages that the cavitation area occupies the

total bearing area of the 4 pads, 6 pads and 8 pads thrust bearings are in similar values which

are 28.21%, 27.50% and 26.80% respectively. Therefore, the area of the pressurized regions of

three thrust bearings are almost equal. It can be observed from figure 7-26 (b), the

hydrodynamic pressure generated around the leading step of the thrust bearing drops with

increasing pad number of the thrust bearing. In addition, the pressure in the central flat region

also declines with increasing pad number of the thrust bearing. Therefore, the load carrying

capacity drops with increasing pad number of the bearing for the micro parallel pocketed thrust

bearing, which agrees with the experimental results.
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7.5. Comparison between the Performance of the Developed Micro Liquid

Bearings and the Performance of the Commercial V Bearings

Previously, two commercial V bearings (pivot bearings) were used in the sliding contacts of
the prototype micro turbine [1]. As discussed in Chapter 1, one of the most important objectives
of this research is to reduce the power loss of the sliding contacts by replacing the V bearings
with liquid journal bearings and thrust bearings. In addition, the wear rate of the pivot bearing
is high as the contact of the pivot bearing is just a tip (contact pressure is high) and no lubricant
is used for the surface protection, the high wear rate results in increasingly higher friction
coefficient with sliding being continually applied; whereas the wear rate of the liquid bearings
is much smaller since the bearing surfaces are separated by the pressurized liquid and the
bearing contact is conformal (contact pressure is small). Therefore, the liquid bearings are more
reliable after large amount of sliding is applied compared to the dry contact pivot bearings. A

simplified diagram of the V bearing and tipped shaft setup is demonstrated in figure 7-27 below.

V Bearing with
58° to 60° cone

. Shaft with 45° tipped end

Figure 7-27. Setup of the Commercial V Bearing and the Tipped Rotor Shaft

Comparisons of the frictional torque and power loss of the dry contact pivot bearings and liquid
bearings are demonstrated in figures 7-28 to 7-31 below. The thrust bearing selected for the
comparison in this section is the eight pad thrust bearing and the lubricant used in the liquid

bearings is 0.1%wt ODA mixed hexadecane.

7.5.1. Turbine Operates Vertically in the Vacuum Chamber
Figure 7-28 below demonstrates the frictional torque and power loss comparisons of the two

types of bearings operating vertically in the vacuum chamber.
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Figure 7-28. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Vertically in the Vacuum Chamber

It can be seen that the when the speed is close to zero, the frictional torque of the turbine
installed with liquid bearings is 3.5 uNm which is slightly higher than that of the dry contact
V bearings. That is because the radius of the liquid bearings is much larger than that of the V
bearings (the contact is just a tip, so the radius is tiny). Therefore, the frictional torque from the
V bearings would be smaller when the friction coefficient of the liquid bearings is not lower

enough compared to that of the V bearings.

When the rotational speed exceeds 100 rad-s™', the frictional torque of the turbine installed with
liquid bearings is smaller than that of the V bearings. At 200 rad-s" rotational speed, the
frictional torque of the liquid bearings is 7.40 uNm, the frictional torque of the V bearing is
8.83 uNm. At 400 rad-s! rotational speed, the frictional torque of the liquid bearings is 13.11
uNm, the frictional torque of the V bearing is 15.19 uNm. When the rotational speed reaches
500 rad-s™! rotational speed, the frictional torque of the liquid bearings is 16.67 uNm, the
frictional torque of the V bearing is 18.66 pNm.

As demonstrated in figure 7-28, even though the frictional torque of the turbine installed with
liquid bearings is smaller than that of the V bearings at low rotational speeds, the power loss
curves of the two types of bearing in low speed range almost coincide with each other.
Considerable power loss reduction is achieved by replacing the V bearings with liquid bearings
when the speed is higher than 200 rad-s™'. At 200 rad-s™! speed, the power loss of the V bearings
is 1.75 mW, the power loss of the liquid bearings is 1.48 mW, 15.4% power loss reduction is
achieved. At 400 rad-s™! speed, the power loss of the V bearings is 5.09 mW, the power loss of
the liquid bearings is 6.08 mW, 16.3% power loss reduction is achieved. When the speed

500
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reaches 500 rad-s™!, the power loss of the V bearings is 9.30 mW, the power loss of the liquid

bearings is 8.30 mW, 10.8% power loss reduction is achieved.

7.5.2. Turbine Operates Horizontally in the Vacuum Chamber

The frictional torque and power loss comparisons of the two types of bearings operating
horizontally in the vacuum chamber are presented in figure 7-29. The speed range within which
the frictional torque of the turbine installed with liquid bearings is larger than that of the V
bearings is much wider in this case. However, considerable power loss reduction is still achived

when the rotaional speed is higher than 400 rad-s.
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Figure 7-29. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Horizontally in the Vacuum Chamber

7.5.3. Turbine Operates Vertically in Air
Figure 7-30 below demonstrates the frictional torque and power loss comparisons of the two
types of bearings operating vertically in air. This group of comparison is more important as

pratically, the turbine must operates in air to harvester energy from air flow.

It can be seen from figure 7-30 that, the frictional torque versus rotational speed curves of the
two types of bearings almost coincides with each other when the rotational speed is lower than
100 rad-s'. When the rotational speed of the turbine exceeds 200 rad-s™!, the frictional torque
of the turbine installed with liquid bearings are smaller than that of the V bearings hence
resulting in less power loss. The power loss of the liquid bearings at 400 rad-s™ is 7.30 mW
whereas the power loss of the V bearings is 9.37 mW, 22.1% power loss reduction is achieved

by using liquid bearings. At 500 rad-s™ speed, the power loss reduction is 22.7%.

500
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Figure 7-30. Frictional Torque and Power Loss Comparisons of the Two Types of Micro

Bearings Operating Vertically in Air

7.5.4. Turbine Operates Horizontally in Air

Figure 7-31 below shows the frictional torque and power loss comparisons of the two types of
bearings operating horizontally in air. Similarly, the power loss of two different types of
bearings are almost equal to the same value when the turbine rotational speed is lower than 220

rad-s™.

The power loss of the liquid bearings at 300 rad-s™! is 3.94 mW whereas the power loss of the
V bearings is 5.04 mW, 21.8% power loss reduction is achieved by using liquid bearings. At
400 rad-s! speed, the power loss of the liquid bearings is 6.98 mW whereas the power loss of
the V bearings is 9.40 mW, 25.8% power loss reduction is achieved. When the rotational speed
reaches 500 rad-s! speed, 29.3% less power is consumed at the sliding contact when liquid

bearings are used.
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7.6. Conclusions

The performance of the liquid bearings developed in this research operating on the micro
energy harvesting turbine is assessed through turbine spin-down tests under different operation

conditions.

It can be concluded from the tests results that the developed silicon micro thrust bearing
operates in the mixed and boundary lubrication regimes when the rotational speed is lower than
200 rad-s™! and it operates in full film hydrodynamic lubrication regime when the speed exceeds
200 rad-s’'. However, the micro journal bearing which consists of a ruby ring and stainless-
steel rotor shaft operates in boundary and mixed lubrication regime in the whole tested speed

range. Therefore, further modification for the micro journal bearing is required in the future.

Lower frictional torque at high rotational speed can be achieved by using liquid with lower
dynamic viscosity, whereas adding friction modifier (ODA) helps to reduce frictional torque

at low turbine rotational speeds.

Thrust bearings with lower load capacity has higher friction coefficient at low rotational speeds
and lower friction coefficient at higher rotational speeds. Correspondingly, thrust bearings with
higher load capacity has lower friction coefficient at low rotational speeds and higher friction
coefficient at higher rotational speeds. It has also been found that the load carrying capacity of

the micro thrust bearing is negatively correlated to the number of pads of the thrust bearing.

Over 20% power loss at the sliding contact is reduced by replacing the dry contact V bearings
with the liquid bearings developed in this research when the turbine operates with speed higher
than 200 rad-s"'. Therefore, more mechanical power from the rotor can be delivered to the
generator implicated within the turbine hence outputting more electrical power in high turbine

rotation speed range (200 rad-s™ to 400 rad-s™).
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Chapter 8: Effects of Surface Texture on

the Micro Thrust Bearing Performance

The results presented in this chapter demonstrate the effects of the surface texture on the micro
pocketed parallel thrust bearing performance are presented. The stator pads of the micro thrust
bearing are partially textured with circular dimples by reactive ion etching different regions.
Stribeck curves of the partially textured thrust bearings are obtained on the MEMS tribometer,
with speeds ranging from 1 rad-s™' to 1000 rad-s”, which covers boundary, mixed and
hydrodynamic lubrication regimes. A preliminary investigation into the feasibility of reducing
frictional coefficient of the micro thrust bearing using partial surface texture is conducted by
comparing the Stribeck curves for the textured and untextured micro thrust bearing. Pure
hexadecane and hexadecane with 0.1%wt Octadecylamine added are selected as the lubricants
in this series of tests because lowest friction coefficient of the micro thrust bearing is achieved

by using these two lubricants, as presented in previous chapters.

8.1. Brief Introduction of Surface Texture

Surface texture comprises small features (dimples, bumps, grooves, shaped pockets, etc.) with
pre-designed geometric parameters which are intentionally introduced on the surfaces of
mechanical parts. The size scale of surface texture discussed here is much larger than that of
surface roughness. Texturing surfaces to achieve some special functions is not a new idea, for
example, it has been used to increase surface adhesion in some cases, and to reduce the air drag

of the surfaces in other cases [111].

In the tribology field, surface texture has been introduced on the surfaces of mechanical parts
that are used in contacts with relative motion to improve their performance since 1966 [161].
It has been shown in many studies that surface textures are able to improve the tribological
performance of rotating shaft seals, thrust bearings, journal bearings, piston rings and piston

liners by increasing the load carrying capacity or reducing the friction coefficient [162-164].
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It has been found in many experimental and modelling investigations that surface texture is
able to provide additional load support when the contact operates in mixed or hydrodynamic
lubrication regimes. The expansion of the hydrodynamic lubrication speed range might lead to
friction coefficient reduction. However, the mechanism behind the load support increase by
texturing the surfaces is still not fully understood and the effects of a certain surface texture
design on the tribological performances of the contacts (load carrying capacity, friction
coefficient, etc.) could be either positive or negative depending on the operation conditions

[165].

Depending the extent of the textured area, surface texture can be divided into two categories
which are full texture and partial texture [111]. The surfaces would be uniformly and completed
textured for full texture cases whereas only selected areas (e.g. regions close to inlet or outlet)
would be textured for partial texture cases. It has been found in many studies that partial surface
texture is much more efficient in load support improvement and friction reduction compared
to full surface texture especially when surface textures are applied on parallel contacts

[166,167].

A very good literature review of surface texture used in tribology field within which the key
findings of the effects of surface texture over decades are summarized has been conducted by

Gropper and Wang [111].

In this project, two different partial surface texture layouts have been introduced on the micro
parallel pocketed thrust bearing to investigate the effects of partial surface texture on micro
parallel bearing performance and the feasibility of using surface texture is an efficient method
to reduce micro bearings. The friction reduction ability of surface texture and friction modifier
are also compared in this series of investigation. Friction reduction achieved by the
combination of friction modifier and surface texture has also been assessed in this contribution

of work.

8.2. Tests Setups of the Surface Texture on Micro Bearing Investigation

Detailed information on the test conditions, graphic parameters of the partially textured micro
pocketed parallel thrust bearings, properties of the lubricants and friction modifier are given in

the following sections.
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8.2.1.MEMS Tribometer

This series of tests investigating the effect of partial surface texture on the micro pocketed
parallel thrust bearing performance are conducted on the MEMS tribometer which has been
introduced with all details in Chapter 5. Stribeck curves under fixed applied load can be
obtained from the MEMS tribometer. The frictional torque is obtained by knowing the
rotational stiffness of the test platform (by calibration) and measuring the rotational
displacements (by light lever). The load is controlled by knowing the vertical deformation
stiffness of the test placement (by calibration) and controlling the vertical displacement of the
test platform (by using laser displacement measurement). The partially textured pad of the
micro parallel bearing is fixed stationary on the test platform whereas the smooth flat pad of
the bearing is driven by the high-speed step motor to rotate against the stationary textured pad

in parallel.

8.2.2.Graphic Parameters of Textured Thrust Bearings
Smooth and Flat Rotor Pad of the Micro Pocketed Parallel Thrust Bearing

The contact surface of the rotor pad of the micro pocketed parallel thrust bearing is smooth and
flat, holes which are used to assemble the rotating shaft are deeply etched on the backside of
the rotor pad. A thin nickel layer is uniformly coated on the backside of the rotor pad, it is used
to hold the rotor pad on the shaft in the tests. Drawings of the front side, back side and the 3D
views of the rotor pad are demonstrated in figure 8-1 (a), figure 8-1 (b) and figure 8-1 (c)

respectively.

Coated

Ni Layer - -
He N <>

Figure 8-1. (a) Front Side of the Rotor Pad; (b) Back Side of the Rotor Pad; (c) 3D View
of the Rotor Pad

Drawing that is labelled with key dimensions of the rotor pad is demonstrated in figure 8-2
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Figure 8-2: Graphics of the Rotor Pad of the Thrust Bearing

The material of the rotor pad of the thrust bearing is silicon. The surface of the rotor pad is flat
and smooth, the surface roughness is: R, = 5 nm. The diameter of the thrust bearing rotor pad,

Trotor 1S 1 mm.

Partially Textured Stator Pads of the Micro Pocketed Parallel Thrust Bearings

There are two different types of partially textured stator pads which are demonstrated in figure
8-3 and figure 8-4 below. As shown in figure 8-3 and figure 8-4, the contact surfaces of the
stator pads of the micro pocketed parallel thrust bearings are etched with pocket patterns and
textures by reactive ion etching technique. It can be seen that the shape of the surface textures
are circular dimples with vertical cylindrical side walls and flat smooth bottom surfaces. The
texture patterns etched on the two types of bearing stator pads are the same but the regions of
the micro thrust bearing stator pads where the partial surface textures are applied are different.
For the stator pad A, the partial surface texture patterns are applied in the downstream region
of the leading steps of the thrust bearing stator pad, which is shown in figure 8-3 (c). For the
stator pad B, the partial surface texture patterns are applied in the upstream region of the trailing
steps of the thrust bearing stator pad, which is displayed in figure 8-4 (c). These types of texture
were selected in an attempted to utilize a specific friction reduction mechanism associated with
surface texture known as “Inlet Suction”. As described by Olver and co-workers, inlet suction
occurs when pocket at the inlet of a contact cause cavitation due to the expansion of fluid into
the increasing gap [168]. This locally reduces the pressure which acts to suck addition fluid
into the contact, and this has an overall effect of increasing entrainment so as to increase film

thickness for a given load hence friction is reduced. The effectiveness of this method in
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reducing friction will depend on the location of the location of the pockets in relation inlet of

the contact and hence the choice of the two pad configurations use in this study.

The blue arrows on figure 8-3 (c¢) and figure 8-4 (c) shows the directions in which the lubricant
travels within the thrust bearings. There are four pins on the back side of the stator pads which
are used to install the stator pads on the test platform and to fix the stator pads on the platform

from any movement in the tests.

Figure 8-3. (a) Front Side of the Partially Textured Stator Pad A; (b) Back Side of the
Partially Textured Stator Pad A; (c) 3D View of the Partially Textured Stator Pad A

Figure 8-4. (a) Front Side of the Partially Textured Stator Pad B; (b) Back Side of the
Partially Textured Stator Pad B; (c) 3D View of the Partially Textured Stator Pad B

Drawing that is labelled with key dimensions of the untextured stator pad is demonstrated in

figure 8-5 below.
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Figure 8-5: Graphics of the Untextured Stator Pad of the Thrust Bearing
The material of the stator pad of the thrust bearing is also silicon. The surface of the stator pad
is etched with a pocket pattern using deep reactive ion etching technique. The surface
roughness of the land region (the region where etching is not conducted) is also: R, = 5 nm,

the surface roughness of the etched pocket region is R, = 7 nm.

The diameter of the stator pad, 7stqt0r 1S 1 mm, the inner radius of the etched pocket, 7;,5er 1S

0.5 mm, the rim radius of the etched pocket, 7., is 0.95 mm. The angular width of the etched

pocket, Opocker 18 %, the angular width of the land region, ;4,4 1s also % The depth of the

etched pocket, hy,pcker is 1 um.

For the partially textured stator pad A, the textures are applied in the downstream region of the
leading steps of the pocketed stator pad. As shown in figure 8-3, the texture pattern is a circular
dimple matrix consisting of 8 rows and 3 columns. The angular distance between the leading
step of stator pad and the first column of textured dimples is 3.2 °, the radial distance between
the central circular step and the first row of the textured dimples is 40 um. The angular width
of the textured region is 10 °, the angular interval between each columns of dimples is 5 °. The
radial width of the texture region is 320 pm, the distance in radial direction between each rows
of dimples is 40 um. The diameter of each single circular dimple is 25 pm, the depth of the
dimple is also 1 um, which is the same with the etched pocket pattern. The surface roughness

of the bottoms surfaces of the dimples constructed by reactive ion etching is: R; < 10 nm.

For the partially textured stator pad B, the textures are applied in the upstream region of the
trailing steps of the pocketed stator pad. As shown in figure 8-4, the texture pattern of textured
pad B is the same with that of the stator pad A. The angular distance between the trailing step

of stator pad and the first column of textured dimples is also 3.2 °, the radial distance between
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the central circular step and the first row of the textured dimples is 40 um as well. The angular
width of the textured region is 10 °, the angular interval between each columns of dimples is
5 °. The radial width of the texture region is 320 um, the distance in radial direction between
each rows of dimples is 40 um. The parameters of each single circular dimple on stator pad B
are the same with those of the stator pad A.

8.2.3. Test Conditions

Temperature

This series of tests are all conducted in room temperature: 25 °C.

Ambient Pressure

This series of tests are all conducted under atmosphere pressure which is 1.01x 10° Pa.

Rotational Speed

In this series of tests, the speed ranges from 1 rad-s” to 1000 rad-s”. Therefore, the
performance of the 1-mm diameter MEMS thrust bearing in all lubrication regimes (boundary

regime/ mixed regime/ hydrodynamic regime) can be investigated.

Applied Load

Applied load for all the tests conducted in this series of investigation is 9.80x 1072 N. That is

equal to the weight of 10 gram mass.

Properties of Tested Lubricant

The base oil used in this series of tests is hexadecane. The density of hexadecane under room
temperature (25 °C) and low pressure (below 1 MPa) is 0.77 g-cm™, the viscosity of hexadecane

under room temperature (25 °C) and low pressure (below 1MPa) is 3.02 cP.

The friction modifier selected for the investigation of this research is octadecylamine
(CisH39N). It consists of an 18-carbon straight chain and an amine group at the end of the
carbon chain. The molecular weight of this additive is 269.5 g'mol™'. The chemical structure of

this molecule is demonstrated in figure 8-6.
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Figure 8-6. Chemical Structure of Octadecylamine
The amine group of the ODA molecule enables the molecule with straight chain attach to the
silicon surfaces and form a slippery thin film which helps friction reduction in boundary and

mixed lubrication regimes.

8.3. Results and Discussion

8.3.1.Performance of the Thrust Bearings with Partial Surface Texture on Different

Regions

The friction coefficient versus rotational speed curves of the 2-mm diameter pocketed parallel
thrust bearing with no surface texture, the bearing with partial surface texture in the
downstream region of the leading steps where hydrodynamic pressure develops and the bearing
with partial surface texture in the upstream region of the trailing steps where cavitation occurs
are shown in figure 8-7 below. All the bearings are lubricated with pure hexadecane in this

group of tests.

It can be indicated from the shapes of the stribeck curves illustrated in figure 8-7 that all three
types of bearings experience boundary, mixed and full-film hydrodynamic lubrication regimes
when the rotational speed of the rotor pad is increased from 1 rad-s™ to 1000 rad-s™. The
Stribeck curves of all three types of thrust bearings fluctuate slightly with increasing rotational

speed in the low speed range (boundary lubrication regime), then declines with rising rotational
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speed (mixed lubrication regime) and eventually climbs with increasing speed in the high speed

range (hydrodynamic lubrication regime).
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Figure 8-7. Friction Coefficient versus Rotational Speed Curves of Partially Textured and

Non-textured Micro Pocketed Parallel Thrust Bearings Lubricated by Hexadecane

It can be concluded by comparing the Stribeck curves of the two micro pocketed parallel thrust
bearings with partial surface texture located in different regions to the Stribeck curve with the
untextured pocketed parallel thrust bearing that the effects of the partial surface texture on the
bearing performance are totally different when the same surface texture pattern is located in

different regions of the micro thrust bearing.

It can be seen from figure 8-7 that, when the rotational speed of the rotor pad is lower than 5
rad-s”', all three types of micro thrust bearings operate in boundary lubrication regime. The
friction coefficient of all three bearings are in the same value, 0.15. This is because the lubricant,

material and surface roughness of all three bearings are the same.

When the rotational speed is increased from 5 rad-s”, all three bearings enters mixed
lubrication regime within which the friction coefficient decreases with rising rotational speed.

However, the speeds at which the lubrication regime transfers to full-film hydrodynamic
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lubrication regime are different for the three different thrust bearings. The bearings with partial
surface texture located in the upstream region of the trailing steps of the micro pocketed parallel
thrust bearing enters the full-film lubrication regime at the lowest speed, around 32.6 rad-s™.
The bearing with no surface texture enters hydrodynamic lubrication regime at around 102.3
rad-s”' speed. The bearing with partial surface texture located in the downstream region of the
leading steps of the bearing enters hydrodynamic lubrication regime at the highest speed, 200
rad-s”'. Therefore, it is reasonable to deduce that load carrying capacity of the micro pocketed
parallel thrust bearing can be improved by adding surface texture in the upstream region of the
trailing steps of the pocketed parallel thrust bearing. This improvement may be explained by
the inlet suction mechanisms described above. An alternative hypothesis that could explain the
load carrying capacity is proposed as follows. For the untextured pocketed parallel thrust
bearing, the pressure in the upstream region of the trailing steps are close to the low cavitation
pressure of the hexadecane as cavitation occurs in the downstream region of the trailing steps.
Adding partial surface texture in this region could be viewed as constructing another leading
step around which high hydrodynamic pressure develops. Therefore, the load carrying capacity

is improved.

It is also reasonable to deduce that load carrying capacity of the thrust bearing would be
weakened by adding surface texture in the downstream region of the leading steps of the
pocketed parallel thrust bearing. For the untextured pocketed parallel thrust bearing, the
pressure in the downstream region of the leading steps of the bearing is high as hydrodynamic
pressure develops around this step (see modelling chapter). When the partial surface texture is
added in the down stream region of the leading steps, additional cavitation might develop in
this region hence damaging the load carrying capacity. However, for micro-scale thrust
bearings, improvement of load carrying capacity does not necessarily means that the friction
coefficient of the bearing would be reduced as the friction coefficient would increase drastically
once the micro bearing enters hydrodynamic lubrication regime. This is shown clearly in figure
8-7. When the rotational speed is high (400 rad-s™"), the friction coefficient of the bearing with
the highest load carrying capacity (surface texture in the upstream region of the trailing step)
is about 0.51 which is highest. The friction coefficient of the bearing with the lowest load
carrying capacity (surface texture in the downstream region of the leading step) is around 0.07
which is the lowest. The friction coefficient of the non-textured bearing at 400 rad-s™ rotational
speed is approximately 0.12. Therefore, friction coefficient reduction of the micro pocketed

parallel thrust bearing in the speed range within which the speed is higher than 100 rad-s! can
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be achieved by adding partial surface texture in the downstream region of the leading steps of
micro bearing. It can be seen from figure 8-7 that, when the non-textured bearing enters full
film lubrication region and its friction coefficient reaches the minimum value (0.06), the
bearing with surface texture in the downstream region of the leading steps still operates in
mixed lubrication regime, the friction coefficient of the partially textured bearing still decreases
with increasing rotational speed and reaches the lowest value (0.048) at 200 rad-s”’. However,
when both bearings operate in the mixed lubrication regime in the speed range [6 rad-s”, 100
rad-s'], the friction coefficient of the non-textured bearing is slightly lower than that of the
textured bearing as more load is supported by the pressurized film hence reducing the load

supported by the asperity contact which resulting in high friction.

8.3.2.Comparing the Friction Reduction Abilities of the Friction Modifier and Partial

Surface Texture

Friction reduction abilities of the friction modifier and the partial surface texture are compared
in this section. The friction coefficient versus rotational speed curve of the non-textured micro
thrust bearing lubricated by pure hexadecane, the curve of the micro thrust bearing with surface
textured in the downstream region of the leading steps lubricated by pure hexadecane and the
curve of the non-textured bearing lubricated by the 0.1%wt octadecylamine added hexadecane

are demonstrated in figure 8-8 below.
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Figure 8-8. Friction Coefficient versus Rotational Speed Curves of Partially Textured and
Non-textured Micro Pocketed Parallel Thrust Bearings Lubricated by Hexadecane and
the Curve of the Non-textured Bearing Lubricated by ODA Added Hexadecane

It can be observed clearly that when the rotational speed is lower than 5 rad-s”' and the micro
pocketed parallel thrust bearing operates in the boundary lubrication regime, and the curves of
the non-textured bearing and the partially textured bearing lubricated both by pure hexadecane
coincide with each other. However, the friction coefficient of the non-textured bearing can be
reduced in this speed range by adding friction modifier, and the friction coefficient is reduced
from 0.15 to 0.07. Over 55% friction reduction is achieved by adding friction modifier in the
low speed range whereas no friction reduction can be achieved by adding texture in the bearing

surface in this speed range.

When the rotational speed is higher than 200 rad-s™/, the friction reduction ability of the friction
modifier totally disappears and the friction coefficient versus rotational speed curves of the
non-textured micro bearing lubricated by pure hexadecane and lubricated by the 0.1%wt ODA
added hexadecane coincide with other. However, friction reduction can be achieved by adding
partial surface texture on the micro pocketed parallel thrust bearing in this speed range. At 200
rad-s™ speed, the friction coefficient of the non-textured thrust bearing is 0.08 whereas the

friction coefficient of the partially textured thrust bearing is 0.048, over 42% friction reduction
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is reduced at this speed. At 400 rad-s” speed, the friction coefficient of the non-textured thrust
bearing is 0.11 whereas the friction coefficient of the partially textured thrust bearing is 0.06,
over 43% friction reduction is reduced at this speed. It can be then be concluded that in the
high speed range within which the rotational speed is higher than 200 rad-s™’, over 42% friction
reduction can be achieved by adding surface texture whereas no friction reduction can be

achieved in this speed range.

8.3.3.Further Friction Reduction by Combining Usage of Friction Modifier and Partial

Surface Texture

In this section, the friction reduction ability of the partial surface texture when using friction
modifier simultaneously is investigated. The Stribeck curve of the non-textured micro pocketed
parallel thrust bearing lubricated by pure hexadecane and the Stribeck curve of the partially
textured micro pocketed parallel thrust bearing lubricated by 0.1%wt ODA added hexadecane

is demonstrated in figure 8-9 below.
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Figure 8-9. Friction Coefficient versus Rotational Speed Curve of Partially Textured
Micro Pocketed Parallel Thrust Bearings Lubricated by ODA Added Hexadecane and

the Curve of the Non-textured Bearing Lubricated by Pure Hexadecane
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It can be seen from figure 8-9 that friction reduction can be achieved in the whole speed range
when using partial surface texture and friction modifier simultaneously. This is because the
friction reduction mechanisms of the friction modifier and partial surface texture are
independent of each other. The friction modifier reduces the friction coefficient of the micro
bearing in the low speed boundary and mixed lubrication region by forming a slippery
monolayer on the silicon-made bearing surfaces. The partial surface texture reduces the friction
coefficient of the micro bearing in the high speed hydrodynamic lubrication region by
increasing the load carrying capacity of the bearing. As the load capacity is reduced, the speed
range within which the micro thrust bearing operates in low friction coefficient mixed
lubrication regime would be extended to higher speed. In addition, as the partially textured
bearing enters the hydrodynamic lubrication regime at higher speed, the high viscous drag

effect which results in high friction coefficient also occurs at higher rotational speed.

Another phenomenon which requires attention is that the boundary friction coefficient of the
partially textured micro bearing lubricated by ODA added hexadecane at low speed is slightly
lower than 0.04 (from figure 8-9), which is even lower than the boundary friction coefficient
of the non-textured micro bearing lubricated by ODA added hexadecane which is slightly
higher than 0.06 (from figure 8-8). Therefore, it is reasonable to deduce that partial surface
texture could boost the friction reduction ability of the friction modifier in the boundary and
lubrication regime. As suggested by Hamilton and Wakuda [169], the micro dimples which
consisting the surface texture pattern might function as liquid reservoirs. Therefore, more
friction modifier molecules together with the base lubricant might be provided to the contact

from the micro dimples hence resulting in higher friction reduction.

8.4. Summary

Experiments results showing the effects of partial surface texture on the micro pocketed parallel
thrust bearing performances are presented in this section. Three types of bearings: non-textured
pocketed bearing, pocketed bearing with partial surface texture in the downstream region of
the leading steps, pocketed bearing with partial surface texture in the upstream region of the
trailing steps are tested on the MEMS tribometer to obtain their Stribeck curves that covers all

lubrication regimes. The pocket patterns for all three bearings are the same; the partial texture
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pattern for the two types of textured bearings are the same as well. The key findings are listed

as follows:

e Adding surface texture in the upstream region of the trailing steps can improve the load
carrying capacity of the micro pocketed parallel thrust bearing.

e Adding surface texture in the downstream region of the leading steps can reduce the load
carrying capacity of the micro pocketed parallel thrust bearing.

e The friction coefficient of the micro bearing with higher load carrying capacity could be
high especially when the rotational speed is high. The bearing would operate in the full-film
hydrodynamic lubrication region at a low speed from which the viscous drag increases
drastically with increasing speed.

¢ Friction reduction can be achieved at high rotational speeds by adding surface texture in the
downstream region of the leading steps. The friction reduction is suggested to result from
the load carrying capacity reduction. As the load capacity is reduced, the speed range within
which the micro thrust bearing operates in low friction coefficient mixed lubrication regime
would be extended to higher speed. In addition, as the partially textured bearing enters the
hydrodynamic lubrication regime at higher speed, the high viscous drag effect which results
in high friction coefficient also occurs at higher rotational speed.

o Partial surface texturing seems to boost the friction reduction ability of the friction modifier
in the low speed boundary lubrication regime. Results show that the boundary friction
coefficient of the bearing with partial texture located close to the leading steps (lower than
0.04) is slightly lower than that of the bearing with no texture (higher than 0.06) when both
of them are lubricated with 0.1%wt ODA added hexadecane. A possible explanation is that
micro dimples can function as liquid reservoirs. More friction modifier molecules together
with the base lubricant would be provided to the contact from the micro dimples hence
resulting in greater friction reduction. [169]

e Friction reduction can be achieved in the whole speed range by using the friction modifier

and partial surface texture simultaneously.
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Chapter 9: Conclusions and Future Work

A brief summary of the achievements of this work, which focuses on implementing liquid
lubrication on micro-electro-mechanical devices (MEMS) with high sliding contacts, is given
in the first part of the chapter. Important findings obtained in this research are reported in the
second part of this chapter. In the third part of this chapter, suggestions on the future work are

proposed.

9.1 Summary of Completed Tasks

As stated in the Chapter 1 of this thesis, the overall aims of this research are to conduct
miniaturization of liquid hydrodynamic bearings and investigations of the appropriate
geometry and liquid phase lubricants for the micro hydrodynamic bearings. Eventually, the
developed micro bearings with appropriate geometric design and lubricating fluid are expected
to be implemented on the micro scale contacts with high sliding to achieve low friction
coefficient and wear rate, thereby improving the performance of MEMS devices encouraging

the commercialization of this kind of MEMS devices.

It can be concluded from this thesis that the proposed overall aims of this research have been

achieved successfully by completing the following tasks.

1. A literature review has been conducted and presented in the second chapter of this
thesis. It shows the advantages of MEMS devices with rotating or sliding contacts. It
also illustrates that micro liquid bearings have some advantages that cannot be achieved
by coatings and vapour phase lubrication which are: (7) liquid bearings are capable of
providing stable and reliable lubrication and surface protection for the micro contacts
with large amount of applied sliding; (i7) it is viable, relatively simple and inexpensive
to miniaturize the liquid bearings and to adapt the micro liquid bearings to be practically
installed on MEMS devices. In addition, the details of a wide range of commonly used

micro fabrication techniques are summarized in the final part of the literature review.

ii. A finite volume model based on the solution of the mass-conservation considering

Reynold’s equation has been successfully developed. Understanding of the lubrication
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behaviours of the micro thrust bearings — in particular the unexpected role of cavitation -
has been gained through simulations using this model. In addition, geometry optimization
of the micro thrust bearing aiming to achieve higher bearing load carrying capacity and

higher bearing transmission efficiency has also been achieved with this model.

Fabrication recipes for the micro thrust bearings have been successfully developed. Micro
thrust bearings with 500 pm-radius have been manufactured using the developed recipe.
Bearing features with dimensions below 1 um have all been constructed and the surface

finish of the micro thrust bearing is below 7 nm.

The performance of the 500 pm-radius micro thrust bearing lubricated by liquids with
different viscosities has been tested on a MEMS tribometer. Results show that the shape
of the stribeck curve of the micro thrust bearing is similar to that of a typical stribeck curve
of macro hydrodynamic bearing. As rotational speed rises from 0 rad - s~ to over 733.0
rad - s, the lubrication regime experiences boundary lubrication, mixed lubrication and
full film hydrodynamic lubrication in order. The friction coefficient of the micro thrust
bearing decreases with decreasing viscosity of the lubricant. It has been found through
tests on the tribometer that, the friction coefficient of the micro thrust bearing can reach
below 0.04 at very high rotational speed (over 314.2 rad - s~1) when the micro thrust

bearing is lubricated by liquids with low polarity and low viscosity (pure hexadecane).

After designing and fabricating some assisting parts, the micro hydrodynamic thrust
bearing and micro journal bearing are assembled together into one bearing housing which
can be easily installed on the small-scale micro contacts of a prototype micro energy
harvesting turbine. The practical performance of the developed hydrodynamic liquid
bearings when they operate on the micro turbine is assessed. Results demonstrates the
efficiency of the micro energy harvesting turbine has been significantly improved by using
the micro hydrodynamic liquid bearings developed in this research as much less power is
consumed on the micro sliding contacts especially when the turbine operates at high

speeds. The power loss on the micro sliding contacts have been reduced by over 20%.

The effects of micro surface texture and friction modifier additives — i.e. commonly used
methods for further friction reduction of the macro-scale hydrodynamic liquid bearings —
have also been examined when they are applied on the micro liquid bearings developed in
this research. Results illustrate that both methods are still effective in friction reduction for

the micro liquid bearings.
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9.2 Summary of Key Findings and Achievements

Important knowledge on the miniaturization the liquid bearings and on the implementation of

micro liquid bearings on micro-scale sliding contacts has been obtained in this research and the

summary of the key findings are summarized as follows.

ii.

1il.

1v.

The pocketed parallel thrust bearing is suitable for small scale applications (MEMS),
but it is necessary to design the thrust bearing with appropriate pocket patterns.
Simulation results show that if the circumferential direction pocket extent is below 40%
or above 80%, or the radial direction pocket extent is below 40%, no load support can be
generated by the micro thrust bearing even at high rotational speeds. Experimental results
show that if the micro bearing is lubricated by liquid with viscosity that is not sufficiently
low (e.g. squalane), the friction coefficient of the micro bearing at high rotational speed

can be very high (higher than 0.2) as viscous drag dominates.

Liquids such as squalane and water are not appropriate to be selected as the lubricant
for micro-scale liquid bearings. Experimental results show that if the micro bearing is
lubricated by squalane, the friction coefficient of the micro bearing at high rotational speed
can be very high (higher than 0.2) as viscous drag resulted from the high viscosity of
squalane dominates. Test results indicates that friction coefficient of the micro bearings
lubricated with water is even much higher than that of the bearing lubricated by high
viscosity lubricants especially when the bearing operates in the boundary or mixed

lubrication regimes at low speeds.

Hexadecane is appropriate to be selected as the lubricant for micro-scale liquid
bearings. Results from both tests on the MEMS tribometer and tests on the micro energy
harvesting turbine indicate that the friction coefficient and power loss of the micro bearings

are pretty low when the micro bearings are lubricated by hexadecane.

Cavitation can occur within the micro pocketed parallel thrust bearing when the
rotational speed is high, or the minimum film thickness is low and largely affects the
bearing performance (load carrying capacity and frictional torque). Expansion of the
cavitation leads to two phenomena which generate different effects on the load carrying
capacity: (i) cavitation area increase which acts to decrease load support and (i7) pressure

increase in the pressure active region which acts to increase load support. The overall load
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support behaviour of the micro pocketed parallel thrust bearing is therefore determined by

which effect outweighs the other.

Implementing partial surface texture in the downstream region of the leading steps
where high hydrodynamic pressure is developed can significantly reduce the friction
coefficient of the micro thrust bearings at high speed range (in the hydrodynamic
lubrication regime). A possible hypothesis explaining the friction reduction at high
speeds is that the load carrying capacity of the micro thrust bearings is reduced by
implementing partial surface texture in the bearing region where hydrodynamic pressure
develops as additional cavitation is introduced in this region hence reducing the bearing

load carrying capacity.

Fabrication recipe for the micro bearings has been successfully developed. With the
developed recipe, features with dimensions as small as 1 micron can be precisely

implemented on the micro bearings.

Methods to assemble the micro bearings and to install the micro bearings in the micro

energy harvesting turbine has been successfully developed.

9.3 Future Work of the Research

The following tasks are suggested as part of future work.

11.

1il.

Add load balance loop in the developed model.

Upgrade the model by integrating an energy equation-based thermal model into the bearing
model so that temperature contour of the bearing can be generated by the model and the

thermal effects can be further investigated.

Conduct experiments on the MEMS tribometer, measurements of the contact angel of the
liquids on bearing surface and observations of the meniscus shape at the bearing-liquid
interface to further assess the effects of the lubricant viscosity and the effects of the

lubricant surface tension on the micro bearing performance.
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Install the partially surface textured bearings on the micro turbine and use octadecylamine
added hexadecane as the micro bearing lubricants and test the turbine performance in this

case to see whether further energy harvesting efficiency improvement can be achieved.

In the current research, attention is mainly focused on the development and modification
of the micro thrust bearing whereas little attention has been paid on the modification of the
micro journal bearing. In the future, the micro journal bearings are required to be modified
as centrifugal force of the rotor which is supported by the micro journal bearing is much

bigger than the gravity of the rotor and the windage thrust force.

Investigate the feasibility of combining liquid lubrication with self-assembled monolayers
or solid film coatings to achieve superlubricity of micro bearings in a wide speed range.
Theoretically, this might be viable as the micro bearing developed in the current research
is silicon, techniques to coat SAM films or solid films on this material are relatively

mature.

Upgrade the MEMS tribometer used in this research by adding functions of observing the
film thickness distributions of the micro thrust bearings. Simulation results indicate that
the size of the cavitation occurs within the micro parallel thrust bearing is relatively large,
so it would be interesting to observe the actual film thickness distributions of the micro
bearings to validate or improve the mass-conserved numeric model for the micro parallel

thrust bearings.
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Appendix A: Code of the FVM Model

t_input =298.15; % input initial temperature (Unit K)

T _tolerance = 5e-3; % tolerance value of temperature loop

T error = 1; % input initial temperature loop error value

ti=0; % set temperature loop initial counting number

% p_inital = zeros(Np_r,Np_xta);

% S_initial = ones(Np_r,Np_xta);

gama = 0.7; % fraction of the heat transfered by convection;

cp = 2187, % set pressure specific heat for hexadecane (2087 J/(kg K))

while (T_error >=T_tolerance)
ti = ti+1;
t_eff(ti,1) = t_input;

% clear
% clc

% % Bearing geometry and mesh (patterned thrust bearing)
% % Geometry Parameters in r direction

% rad1 = 5e-7; % fictional radius of centre circle [m]

% rad2 = 3.5e-4; % radius of inner recessed circle [m]
% rad3 =9.5e-4; % radius of rim [m]

% rad=1e-3; % outter radius of thrust bearing [m]

%
% % Geometry Parameters in xita direction

% xital = (pi*3/40); % angle of pad region_1 [rad]
% xita2 = (pi*14/40); % angle of recessed region [rad]
% xita3 = (pi*3/40); % angle of pad region_2 [rad]

% xita = xital+xita2+xita3; % angle of the whole modelled region [rad]
%
% % Geometry Parameters in z direction

% h_step = 1e-6; % step height of the parallel bearing [m]
%Position of pivot point
rad_p =0; % radial position of pivot [m]
xita_p = 0; % tangential position of pivot [rad]

%Film thickness/ pitch angle/ roll angle of pivot

h_p=0; % film thickness at pivot point [m]
Alpha_r = 0; % pitch angle [rad]
Alpha_x = 0; % roll angle [rad]
%Suraface textures Parameters

TE_x=0; % Texture extend in xita dirextion
TE r=0; % Texture extend in radial direction
D x=0; % Texture density in xita direction

D r=0; % Texture density in radial direction
h_ t=0; % Texture depth [m]

n_tx =0; % Number of texture in xita direction
n_tr=0; % Number of texture in radial direction

% R_ts =rad1+(rad2-rad1)*((1-TE_r)/2); % Starting point of texture in radial direction
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R_tw = ((rad2-rad1)*TE_r)/((n_tr-1)+D_r); % Texture width in radial direction

Xita_ts = 0; % Starting point of texture in xira direction
Xita_tw = (xita*TE_x)/((n_tx-1)+D_x); % Texture width in xita direction

% Mesh generation

% Macro discontinuity mesh preparation in radial direction
R_ds = zeros(1,2);

Dis_r = zeros(1,3);

R_ds(1,1) = rad2;

R_ds(1,2) = rad3;

Dis_r(1,1) = 1/20;

Dis_r(1,2) = 1/20;

Dis_r(1,3) = 1/20;

% Macro discontinuity mesh preparation in xita direction
Xita_ds = zeros(1,2);

Dis_x = zeros(1,2);

Xita_ds(1,1) = xita1;

Xita_ds(1,2) = xita1 + xita2;

Dis_x(1,1) = 1/8;

Dis_x(1,2) = 1/8;

% Texture discontinuity mesh preparation in radial direction

R_ts = zeros(1,n_tr);

R_te = zeros(1,n_tr);

R_tw = ((rad2-rad1)*TE_r)/((n_tr-1)+D_r); % Texture width in radial direction

R_pw =R_tw*D_r; % Pocket width in radial direction
R_ts(1,1) = rad1+(rad-rad1)*((1-TE_r)/2);

fori=2:1:n_tr
R_ts(1,i) = R_ts(1,i-1)+R_tw;

end

clear i

fori=1:1:n_tr
R_te(1,i) = R_ts(1,i)+R_pw;

end

clear i

% Texture discontinuity mesh preparation in xita direction

Xita_ts = zeros(1,n_tx);

Xita_te = zeros(1,n_tx);

Xita_tw = (xita*TE_x)/((n_tx-1)+D_x); % Texture width in xita direction
Xita_pw = Xita_tw*D_x; % Pocket width in xita direction

% Xita_ts(1,1) = 0;
fori=2:1:n_tx
Xita_ts(1,i) = Xita_ts(1,i-1)+Xita_tw;
end
clear i

fori=1:1:n_tx

Xita_te(1,i) = Xita_ts(1,i)+Xita_pw;
end
clear i
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% NVX_utl = 21;
% NVX_ut2 = 18;
% NVX_ut3 = 42;
% NVX_utd = 42;
% NVX_ut5 = 18;
% NVX_ut6 = 42;
% NVX_ut7 = 18;
% NVX_ut8 = 42;
% NVX_ut9 = 42;
% NVX_ut10 = 18;
% NVX_ut11 = 21;

NVX_ut =1;

NVX_t=0;

NVX ta =0;
% NVR_ut1 = 16; %fine
% NVR_ ut2 =13; Y%varing
% NVR_ ut3 =12; Y%coarse
% NVR_ut4 =13; Y%varying
% NVR_utb = 8; %fine
% NVR_ut6 = 8; %fine
% NVR_ut7 =13; Y%varying
% NVR ut8 = 40; Y%coarse
% NVR_ut9=13; Y%varying
% NVR_ut10 = 8; Y%fine
% NVR_ut11 = 16; %fine

NVR_t = 0;

NVR_ta = 0;

NVX = NVX_ut1 + NVX_ut2 + NVX_ut3 + NVX_utd + NVX_ut5 + NVX_uté + NVX_ut7 + NVX_ut8
+ NVX_ut9 + NVX_ut10 + NVX_ut11 + NVX_t * (n_tx) + NVX_ta * (n_tx-1);

NVR = NVR_ut1 + NVR_ut2 + NVR_ut3 + NVR_ut4 + NVR_ut5 + NVR_ut6 + NVR_ut7 + NVR_ut8
+NVR_ut9 + NVR_ut10 + NVR_ut11 + NVR_t * (n_tr) + NVX_ta * (n_tr-1);

NVX_s = zeros(NVR,NVX);
NVX_e = zeros(NVR,NVX);

NVR_s = zeros(NVR,NVX);
NVR_e = zeros(NVR,NVX);

% % Mesh ratio values in xita direction
% Ratio1 =100/112;
% Ratio2 =112/100;

% Unequal Mesh setup in Xita direction

%Region1 in Xita Direction: Coarse Mesh
dt = (xita*(Dis_x(1,1)/2)/NVX_ut3)*Coe_t1;
aa=1,
bb = aa+NVX_ut1-1;
fori=aa:1:bb

NVX_s(1,i) = (i-aa)*dt;

NVX_e(1,i) = NVX_s(1,i) + dt;
end
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clearndtaabbi

%Region2 in Xita Direction: Gradually Finner Mesh
aa = NVX_ut1+1;
bb = aa+NVX_ut2-1;
n =0;
fori=aa:1:bb
dt = ((xita*(Dis_x(1,1)/2)/NVX_ut3)*Coe_t12) * (Ratio1”n);
NVX_s(1,i) = NVX_e(1,NVX_ut1+n);
NVX_e(1,i) = NVX_s(1,i) + dt;
n=n+1;
end
clearndtaabbi

%Region3 in Xita Direction: Fine Mesh

aa = NVX_ut1+NVX_ut2+1;

bb = aa+NVX_ut3-1;

fori=aa:1:bb
dt = (Xita_ds(1,1) - NVX_e(1,NVX_ut1+NVX_ut2))/NVX_ut3;
NVX_s(1,i) = NVX_e(1,NVX_ut1+NVX_ut2) +(i-aa)*dt;
NVX_e(1,aa+bb-i) = (Xita_ds(1,1))-(i-aa)*dt;

end

clearndtaabbi

%Region4 in Xita Direction: Fine Mesh

aa = NVX_ut1+NVX_ut2+NVX_ut3+1;

bb = aa+NVX ut4-1;

fori=aa:1:bb
dt = (Xita_ds(1,1) - NVX_e(1,NVX_ut1+NVX_ut2))/NVX_ut3;
NVX_s(1,i) = Xita_ds(1,1) + (i-aa)*dt;
NVX_e(1,i) = NVX_s(1,i) + dt;

end

clearndtaabbi

%Region5 in Xita Direction: Gradually Coarser Mesh

aa = NVX_ut1+NVX_ut2+NVX_ut3+NVX_ ut4+1;

bb = aa+NVX_ut5-1;

n =0;

fori=aa:1:bb
dt = (NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4)-

NVX_s(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4)) * (Ratio2*n);

NVX_s(1,i) = NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4+n);
NVX_e(1,i) = NVX_s(1,i) + dt;
n=n+1;

end

clearndtaabbi

%Region6 in Xita Direction: Coarse Mesh

dt = ((xita/2)-NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4+NVX_ut5)) / (NVX_ut6/2);

aa = NVX_ut1+NVX_ut2+NVX_ut3+NVX_ ut4d+NVX ut5+1;

bb = aa+NVX_ ut6-1;

fori=aa:1:bb
NVX_s(1,i) = NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4d+NVX_ut5) + (i-aa)*dt;
NVX_e(1,i) = NVX_s(1,i) + dt;

end

clearndtaabb i

%Region7 in Xita Direction: Gradually Finner Mesh
aa = NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4+NVX_uts+NVX_ut6+1;
bb = aa+NVX_ut7-1;
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n =0;

fori=aa:1:bb
dt = (NVX_e(1,NVX_ut1+NVX_ut2+NVX ut3+NVX ut4)-

NVX_s(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX ut4)) * (Ratio2*(NVX_ut5-1)) * (Ratio1*n);

NVX_s(1,i) = NVX_e(1,NVX_ut1+NVX_ ut2+NVX_ ut3+NVX_ut4+NVX_ ut5+NVX ut6+n);
NVX_e(1,i) = NVX_s(1,i) + dt;
n=n+1;

end

clearndtaa bbi

%Region8 in Xita Direction: Fine Mesh
aa = NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_ut5+NVX_ut6+NVX_ut7+1;
bb = aa+NVX ut8-1;
fori=aa:1:bb
dt = (Xita_ds(1,2) -
NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_ut5+NVX_ut6+NVX_ut7))/NVX_ut8;
NVX_s(1,i) = NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4d+NVX_uts+NVX_ut6+NVX_ut7)
+(i-aa)*dt;
NVX_e(1,aa+bb-i) = (Xita_ds(1,2))-(i-aa)*dt;
end
clearndtaabbi

%Region9 in Xita Direction: Fine Mesh
aa = NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_utS+NVX_ut6+NVX_ut7+NVX_ut8+1;
bb = aa+NVX_ut9-1;
fori=aa:1:bb
dt = (Xita_ds(1,2) -
NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_ut5+NVX_ut6+NVX_ut7))/NVX_ut8;
NVX_s(1,i) = Xita_ds(1,2) + (i-aa)*dt;
NVX_e(1,i) = NVX_s(1,i) + dt;
end
clearndtaabbi

%Region10 in Xita Direction: Gradually Coarser Mesh
aa=
NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_uts+NVX_ ut6+NVX ut7+NVX_ ut8+NVX_ ut9+1;
bb = aa+NVX_ut10-1;
n =0;
fori=aa:1:bb
dt = ((xita*(Dis_x(1,1)/2)/NVX_ut3)*Coe_12) * (Ratio1"(NVX_ut2-1)) * (Ratio2*n);
NVX_s(1,i) =
NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_ut5+NVX_ut6+NVX_ut7+NVX_ut8+NVX_ut9
+n);
NVX_e(1,i) = NVX_s(1,i) + dt;
n=n+1;
end
clearndtaabbi

%Region11 in Xita Direction: Coarse Mesh

dt = (xita-
NVX_e(1,NVX_ut1+NVX_ut2+NVX_ut3+NVX_ut4d+NVX_utS+NVX_ut6+NVX_ut7+NVX_ut8+NVX_ut9
+NVX_ut10))/(NVX_ut11);

aa=
NVX_ut1+NVX_ut2+NVX_ut3+NVX_utd+NVX_utS+NVX_ut6+NVX_ut7+NVX_ut8+NVX_ut9+NVX_ut
10+1;

bb = aa+NVX_ut11-1;

fori=aa:1:bb

NVX_s(1,i) =

NVX_e(1,NVX_ut1+NVX_ut2+NVX_ ut3+NVX_ ut4+NVX_ut5+NVX_ ut6+NVX ut7+NVX ut8+NVX_ ut9
+NVX _ut10) + (i-aa)*dt;
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NVX_e(1,aa+bb-i) = xita-(i-aa)*dt;
end
clearndtaabbi

% Mesh setup in xita direction when surface texture applies
forn=1:1:n_tx
dt = (Xita_te(1,n)-Xita_ts(1,n))/NVX_t;
aa = (n-1)*(NVX_t+NVX_ta)+1;
bb = aa+NVX t-1;
for i=aa:1:aa+(NVX_t-1)
NVX_s(1,i) = Xita_ts(1,n) + (i-aa)*dt;
NVX_e(1,aa+bb-i) = Xita_te(1,n) - (i-aa)*dt;
end
end
clearndtaabbi
forn=1:1:n_tx-1
dt = (Xita_ts(1,n+1)-Xita_te(1,n))/NVX ta;
aa = (n-1)*(NVX_t+NVX_ta)+NVX_t+1;
bb = aa+NVX ta-1;
for i=aa:1:aa+(NVX_ta-1)
NVX_s(1,i) = Xita_te(1,n) + (i-aa)*dt;
NVX_e(1,aa+bb-i) = Xita_ts(1,n+1) - (i-aa)*dt;
end
end
clearndtaabbi
fori= 1+(n_tx-1)*(NVX_t+NVX_ta)+NVX_t:1:NVX
dt = (xita-Xita_te(1,n_tx))/NVX_ut;
aa = 1+(n_tx-1)*(NVX_t+NVX ta)+NVX_t;
NVX_s(1,i) = Xita_te(1,n_tx)+(i-aa)*dt;
NVX_e(1,NVX+aa-i) = xita-(i-aa)*dt;
end
clearndtaabbi
Coe_a =0.5;
niter = 0;
fori=1:1:NVX
niter = niter+1;
aa = niter;
forn=1:1:2

if NVX_s(1,i)==Xita_ds(1,n)
A_dt=Coe_a * ( min( (NVX_s(1,i+1)-NVX_s(1,i)), (NVX_s(1,i)-NVX_s(1,i-1)) ) );
temp_xs(1,niter) = NVX_s(1,i)-A_dt;
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i);
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i)+A_dt;

end

end

if niter == aa
temp_xs(1,niter) = NVX_s(1,i);
end
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end
clear m n dt aa bb i niter

niter=0;
fori=1:1:NVX
niter = niter+1;
aa = niter;
forn=1:1:2
if NVX_e(1,i)==Xita_ds(1,n)
A _dt=Coe_a* ( min( (NVX_e(1,i+1)-NVX_e(1,i)), (NVX_e(1,i)-NVX_e(1,i-1)) ) );
temp_xe(1,niter) = NVX_e(1,i)-A_dt;
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i);
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i)+A_dt;

end
end
if niter == aa

temp_xe(1,niter) = NVX_e(1,i);
end

end
clear m n dt aa bb i niter

Y%Additional points adding when surface texture is applied
niter = 0;
fori=1:1:NVX
niter = niter+1;
aa = niter;
forn=2:1:n_tx
if NVX_s(1,i)==Xita_ts(1,n)
A _dt=Coe_a* ( min( (NVX_s(1,i+1)-NVX_s(1,i)), (NVX_s(1,i)-NVX_s(1,i-1)) ) );
temp_xs(1,niter) = NVX_s(1,i)-A_dt;
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i);
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i)+A_dt;
end
end

form=1:1:n_tx
if NVX_s(1,i)==Xita_te(1,m)
A_dt=Coe_a * ( min( (NVX_s(1,i+1)-NVX_s(1,i)), (NVX_s(1,i)-NVX_s(1,i-1)) ) );
temp_xs(1,niter) = NVX_s(1,i)-A_dt;
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i);
niter = niter+1;
temp_xs(1,niter) = NVX_s(1,i)+A_dt;

end
end
if niter == aa
temp_xs(1,niter) = NVX_s(1,i);
end
end

clear m n dt aa bb i niter
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niter=0;
fori=1:1:NVX
niter = niter+1;
aa = niter;
forn=2:1:n_tx
if NVX_e(1,i)==Xita_ts(1,n)
A_dt=Coe_a * ( min( (NVX_e(1,i+1)-NVX_e(1,i)), (NVX_e(1,i))-NVX_e(1,i-1)) ) );
temp_xe(1,niter) = NVX_e(1,i)-A_dt;
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i);
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i)+A_dt;
end
end

form=1:1:n_tx
if NVX_e(1,i)==Xita_te(1,m)
A_dt=Coe_a * ( min( (NVX_e(1,i+1)-NVX_e(1,i)), (NVX_e(1,i)-NVX_e(1,i-1)) ) );
temp_xe(1,niter) = NVX_e(1,i)-A_dt;
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i);
niter = niter+1;
temp_xe(1,niter) = NVX_e(1,i)+A_dt;

end
end
if niter == aa
temp_xe(1,niter) = NVX_e(1,i);
end
end

clear m n dt aa bb i niter

% Mesh ratio values in radial direction
clear Ratio1 Ratio2

Ratio1 = 100/110;

Ratio2 = 110/100;

% Unequal Mesh setup in Radial direction

% Region 1 mesh (Fine mesh)

dr = (rad*Dis_r(1,1))/NVR _ut1;

aa=1;

bb = aa+NVR_ut1-1;

fori=aa:1:bb
NVR_s(i,1) = rad1+(i-aa)*dr;
NVR_e(i,1) = NVR_s(i,1)+dr;

end

clear ndraabb i

% Region 2 mesh (Varying mesh)

aa = NVR_ut1+1;

bb = aa+NVR_ut2-1;

n=0;

fori=aa:1:bb
dr = ((rad*Dis_r(1,1))/NVR_ut1)*(Ratio4*n);
NVR_s(i,1) = NVR_e(NVR_ut1+n,1);
NVR_e(i,1) = NVR_s(i,1) + dr;
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n=n+1;
end
clearndraabbi

% Region 5 mesh (Fine mesh)
aa = NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+1;
bb = aa+NVR_ut5-1;
dr = (rad*(Dis_r(1,2)/2))/NVR _ut5;
fori=aa:1:bb
NVR_e(aa+bb-i,1) = R_ds(1,1) - (i-aa)*dr;
NVR_s(aa+bb-i,1) = NVR_e(aa+bb-i,1) - dr;
end
clear ndraabbi

% Region 4 mesh (Varying mesh)

aa = NVR_ut1+NVR_ut2+NVR_ut3+1;

bb = aa+NVR_ut4-1;

n=0;

fori=aa:1:bb
dr = ((rad*(Dis_r(1,2)/2))/NVR_ut5)*(Ratio4”n);
NVR_e(aa+bb-i,1) = NVR_s(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+1-n,1);
NVR_s(aa+bb-i,1) = NVR_e(aa+bb-i,1) - dr;
n=n+1;

end

clear ndraabbi

% Region 3 mesh (Coarse mesh)
dr = (NVR_s(NVR_ut1+NVR_ut2+NVR_ut3+1) - NVR_e(NVR_ut1+NVR_ut2))/NVR_ut3;
aa = NVR_ut1+NVR_ut2+1;
bb = aa+NVR_ut3-1;
fori=aa:1:bb
NVR_s(i,1) = NVR_e(NVR_ut1+NVR_ut2)+(i-aa)*dr;
NVR_e(i,1) = NVR_s(i,1)+dr;
end
clearndraabbi

% Region 6 mesh (Fine mesh)
dr = (rad*(Dis_r(1,2)/2))/NVR_ut6;
aa = NVR_ut1+NVR_ut2+NVR_ut3+NVR _ut4+NVR_ut5+1;
bb = aa+NVR_ut6-1;
fori=aa:1:bb
NVR_s(i,1) = R_ds(1,1)+(i-aa)*dr;
NVR_e(i,1) = NVR_s(i,1)+dr;
end
clearndraabbi

% Region 7 mesh (Varying mesh)
aa = NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+1;
bb = aa+NVR_ut7-1;
n=0;
fori=aa:1:bb
dr = ((rad*(Dis_r(1,2)/2))/NVR_ut6)*(Ratio4"n);
NVR_s(i,1) = NVR_e(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+n,1);
NVR_e(i,1) = NVR_s(i,1) + dr;
n=n+1;
end
clearndraabbi

% Region 10 mesh (Fine mesh)
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aa=
NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7+NVR_ut8+NVR_ut9+1;
bb = aa+NVR_ut10-1;
dr = (rad*(Dis_r(1,3)/2))/NVR_ut10;
fori=aa:1:bb
NVR_e(aa+bb-i,1) = R_ds(1,2) - (i-aa)*dr;
NVR_s(aa+bb-i,1) = NVR_e(aa+bb-i,1) - dr;
end
clear ndraabbi

% Region 9 mesh (Varying mesh)

aa = NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7+NVR_ut8+1;
bb = aa+NVR_ut9-1;

n=0;

fori=aa:1:bb

dr = ((rad*(Dis_r(1,3)/2))/NVR_ut10)*(Ratio4*n);

NVR_e(aa+bb-i,1) =
NVR_s(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7+NVR_ut8+NVR_ut9
+1-n,1);

NVR_s(aa+bb-i,1) = NVR_e(aa+bb-i,1) - dr;

n=n+1;

end
clear ndraabbi

% Region 8 mesh (Coarse mesh)
dr = (NVR_s(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7+NVR_ut8+1)
- NVR_e(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7))/NVR_ut8;
aa = NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR_ut7+1;
bb = aa+NVR_ut8-1;
fori=aa:1:bb
NVR_s(i,1) =
NVR_e(NVR_ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR _ut7)+(i-aa)*dr;
NVR_e(i,1) = NVR_s(i,1)+dr;
end
clear ndraabbi

% Region 11 mesh (Fine mesh)
aa=
NVR _ut1+NVR_ut2+NVR_ut3+NVR_ut4+NVR_ut5+NVR_ut6+NVR _ut7+NVR_ut8+NVR_ut9+NVR u
t10+1;
bb = aa+NVR_ut11-1;
dr = (rad-R_ds(1,2))/NVR_ut11;
fori=aa:1:bb
NVR_s(i,1) = R_ds(1,2) + (i-aa)*dr;
NVR_e(i,1) = NVR_s(i,1) + dr;
end
clearndraabbi

% % Mesh setup in radial direction when surface texture applies
% forn=1:1:n_tr

% dr = (R_te(1,n)-R_ts(1,n))/NVR_t;

% aa = (n-1)*(NVR_t+NVR _ta)+NVR_ut1+1;

% bb = aa+NVR_t-1;

% for i=aa:1 :aa+(NVR 1)

% NVR_s(i,1) = R_ts(1,n) + (i-aa)*dr;

% NVR_e(aa+bb-i 1) =R _te(1,n) - (i-aa)*dr;
% end

% end

% clearndraabbi
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forn=1:1:n_tr-1
dr = (R_ts(1,n+1)-R_te(1,n))/NVR ta;
aa = (n-1)*(NVR_t+NVR_ta)+NVR_t+NVR _ut1+1;
bb = aa+NVR_ta-1;
for i=aa:1:aa+(NVR _ta-1)
NVR _s(i,1) = R_te(1,n) + (i-aa)*dr;
NVR_e(aa+bb-i,1) = R_ts(1,n+1) - (i-aa)*dr;
end
end
clearndraabbi

fori=1+NVR_ut1+(n_tr-1)*(NVR_t+NVR_ta)+NVR t:1:NVR
dr = (rad2-R_te(1,n_tr))/NVR_ut2;
aa = 1+NVR _ut1+(n_tr-1)*(NVR_t+NVR ta)+NVR t;
NVR_s(i,1) = R_te(1,n_tr)+(i-aa)*dr;
NVR_e(NVR+aa-i,1) = rad2-(i-aa)*dr;

end

clearndraabbi

fori=1:1:NVR _ut1

dr = (R_ts(1,1)-rad1)/NVR_ut1;

aa=1,

NVR_s(i,1) = rad1+(i-aa)*dr;

NVR_e(NVR ut1+aa-i,1) = R_ts(1,1)-(i-aa)*dr;
end
clearndraabbi

Coe_a =0.5;

niter = 0;
fori=1:1:NVR
niter = niter+1;
aa = niter;
forn=1:1:2
if NVR_s(i,1)==R_ds(1,n)
A_dr=Coe_a * ( min( (NVR_s(i+1,1)-NVR_s(i,1)), (NVR_s(i,1)-NVR_s(i-1,1)) ) );
temp_rs(niter,1) = NVR_s(i,1)-A_dr;
niter = niter+1;
temp_rs(niter,1) = NVR_s(i,1);
niter = niter+1;
temp_rs(niter,1) = NVR_s(i,1)+A_dr;
end
end

if niter == aa
temp_rs(niter,1) = NVR_s(i,1);
end

end
clear m n dr aa bb i niter

niter = 0;
fori=1:1:NVR
niter = niter+1;
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aa = niter;
forn=1:1:2
if NVR_e(i,1)==R_ds(1,n)
A_dr=Coe_a * ( min( (NVR_e(i+1,1)-NVR_e(i,1)), (NVR_e(i,1)-NVR_e(i-1,1)) ) );
temp_re(niter,1) = NVR_e(i,1)-A_dr;
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1);
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1)+A_dr;

end
end
if niter == aa

temp_re(niter,1) = NVR_e(i,1);
end

end
clear m n dr aa bb i niter

%  %Additional points adding when surface texture is applied
%  niter = 0;
% fori=1:1:NVR

% niter = niter+1;

% aa = niter;

% forn=1:1:n_tr

% if NVR_s(i,1)==R_ts(1,n)

% A_dr =Coe_a * ( min( (NVR_s(i+1,1)-NVR_s(i,1)), (NVR_s(i,1)-NVR_s(i-1,1)) ) );
% temp_rs(niter,1) = NVR_s(i,1)-A_dr;
% niter = niter+1;

% temp_rs(niter,1) = NVR_s(i,1);

% niter = niter+1;

% temp_rs(niter,1) = NVR_s(i,1)+A_dr;
% end

% end

%

% form=1:1:n_tr

% if NVR_s(i,1)==R_te(1,m)

% A_dr =Coe_a * ( min( (NVR_s(i+1,1)-NVR_s(i,1)), (NVR_s(i,1)-NVR_s(i-1,1)) ) );
% temp_rs(niter,1) = NVR_s(i,1)-A_dr;
% niter = niter+1;

% temp_rs(niter,1) = NVR_s(i,1);

% niter = niter+1;

% temp_rs(niter,1) = NVR_s(i,1)+A_dr;
% end

% end

%

% if niter == aa

% temp_rs(niter,1) = NVR_s(i,1);

% end

%

% end

% clear m ndraa bbiniter

%

%

% niter=0;

% fori=1:1:NVR

% niter = niter+1;

% aa = niter;

% forn=1:1:n_tr
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if NVR_e(i,1)==R_ts(1,n)
A_dr=Coe_a * ( min( (NVR_e(i+1,1)-NVR_e(i,1)), (NVR_e(i,1)-NVR_e(i-1,1)) ) );
temp_re(niter,1) = NVR_e(i,1)-A_dr;
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1);
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1)+A_dr;

end

end

form=1:1:n_tr
if NVR_e(i,1)==R_te(1,m)
A _dr =Coe_a * ( min( (NVR_e(i+1,1)-NVR_eg(i,1)), (NVR_e(i,1)-NVR_e(i-1,1)) ) );
temp_re(niter,1) = NVR_e(i,1)-A_dr;
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1);
niter = niter+1;
temp_re(niter,1) = NVR_e(i,1)+A_dr;

end
end
if niter == aa
temp_re(niter,1) = NVR_e(i,1);
end
end

clear m n dr aa bb i niter

temp_pr = (temp_re+temp_rs)/2;
temp_px = (temp_xe+temp_xs)/2;

Np_r = 2+|ength(temp_pr);
Np_x = 2+length(temp_px);

Xta = zeros(Np_r,Np_x);
R = zeros(Np_r,Np_x);

Xta(1,1)=0;

Xta(1,end)=xita;

Xta(1,2:end-1)=temp_px;

fori=2:1:Np_r
Xta(i,:)=Xta(1,:);

end

clear i

R(1,1)=rad1;

R(end,1)=rad;

R(2:end-1,1)=temp_pr;

fori=2:1:Np_x
R(:,i)=R(:,1);

end

clear i

R _n = zeros(Np_r,Np_x);

for i=2:1:Np_r-1
R_n(i,2)=temp_re(i-1,1);

end

for j=3:1:Np_x-1
R_n(:,))=R_n(:,2);
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end
clearij

R_s = zeros(Np_r,Np_x);

for i=2:1:Np_r-1
R_s(i,2)=temp_rs(i-1,1);

end

for j=3:1:Np_x-1
R_s(:,j)=R_s(:,2);

end

clearij

Xta_e = zeros(Np_r,Np_x);

for i=2:1:Np_x-1
Xta_e(2,i)=temp_xe(1,i-1);
end

for j=3:1:Np_r-1
Xta_e(j,:)=Xta_e(2,:);

end

clearij

Xta_w = zeros(Np_r,Np_x);

for i=2:1:Np_x-1
Xta_w(2,i)=temp_xs(1,i-1);
end

for j=3:1:Np_r-1
Xta_w(j,:)=Xta_w(2,:);

end

clearij

% % Z direction values for nodal points of the tilting bearing without pockets
% Z_ut=zeros(Np_r,Np_x);

% fori=1:1:Np_r

% forj=1:1:Np_x

% Z_ut(i,j) = R(i,j)-*sin(xita_p-Xta(i,j)).*sin(Alpha_r) + (rad_p-(R(i,j).*cos(xita_p-
Xta(i,j)))).*sin(Alpha_x);

% end

% end

% clearij

% Z direction values for nodal points of the tilting bearing without pockets
Z_ut = zeros(Np_r,Np_x);
fori=1:1:Np_r
for j=1:1:Np_x
if ((R(i,j)<R_ds(1,1)) || (Xta(i,j)>Xita_ds(1,1) && Xta(i,j)<Xita_ds(1,2) && R(i,j)<R_ds(1,2)))
Z_ut(i,j) = h_step;
end
end
end

% % Z direction values for nodal points of the pockets distribution and depth
%  Texture = zeros(Np_r,Np_x);

%  fori=1:1:Np_r

% for j=1:1:Np_x

% for m=1:1:n_tr

% for n=1:1:n_tx
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% if (R(i,j)>=R_ts(1,m)&&R(i,j)<=R_te(1,m)) &&
(Xta(i,j)>=Xita_ts(1,n)&&Xta(i,j)<=Xita_te(1,n))

% Texture(i,j) = h_t;

% end

% end

% end

% end

% end

%
% % Z direction values for nodal points of the bearing with pockets
% Z t=Z ut+Texture;
Z=27_ut;
clearij
% Operational conditions, S| units
% Operational conditions, S| units
rho =770; % density of lubricant [Kg/m3]
T sup = 298.15;
T_eff = t_eff(ti,1);

ki = 10°(10%(10.2177-4.201*1og10(T_eff))) - 0.7;

mi = ki*(rho/1000)*(1e-3); % dynamic viscosity of lubricant [Pa.s]

ome_t = (15000*2*pi)/60; % top surface rotational speed [rad/s]

ome_b = (0*2*pi)/60; % bottom suface rotational speed [rad/s]

ome =ome_t+ ome_b; % total rotational speed of both syrfaces  [rad/s]

ps =1.015€5; % boundary pressure on the side edge [Pa]

pcav = 1; % cavitation pressure [Pa] This setup is doubious
% h_min = 0.5e-6; % minimum film thickness [m]

% Parameters for SOR algorithm

w_p =1.8; % over-relaxation parameter (1 <= w_p <= 2), depend on the mesh size (w_p =1.7
is a good educated guess)
ws =1;

w_ t =0.4; % under-relaxation parameter (0.2<=w_t <= 0.6)

tol =5e-9; % tolerance error for convergence
maxlter = 600000000; % maximum number of iterations

% Calculate local lubricant film thickness
h = (h_min+2);

% % Calculate squeeze velocity (IGNORED for now)
% dt =0;

%  dhdt =0;

% theta_prev = (0*h)+1;

% Dimensionless parameters
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Ro =rad;

Ho = h_min;

Mlo = mi;

Rho = rho;

Omeo =ome;

Po = (Omeo*(Ro*2)*Mlo) / (Ho"2);
% To =Lo/Vo;

% Calculate dimensionless values
R _dim = (R/Ro);
R _ndim = (R_n/Ro);
R_sdim = (R_s/Ro);
Xta_dim = Xta;
Xta_wdim = Xta_w;
Xta_edim = Xta_e;
H_dim = (h/Ho);
ps_dim = (ps/Po);
pcav_dim = (pcav/Po);
Mi_dim = (mi/Mlo);
Ome_dim = (ome/Omeo);
Rho_dim = ((Rho*Omeo*(Ho"2))/(Mlo));  %Here is the Modified Reynolds Number
% dt dim = (dt/HOTo);
% dhdt_dim = (dhdt/(Ho/To));

% % Calculate CFD coefficient matrices
% [AXTA, AR, AC, B, C, D] = FVM_Matrix(Np_x, Np_r, Xta_wdim, Xta_edim, Xta_dim, R_dim,
R_ndim, R_sdim, H_dim, Ome_dim, Mi_dim, Rho_dim);

% FVM_Matrix: Function for coefficient matrices
% Calculate coefficients matrix in the FVM governing equations for p and s computation for solver

% Initialize FVM coefficients matrices
AXTA = zeros(Np_r,Np_x,3);
AR = zeros(Np_r,Np_x,3);
AC = zeros(Np_r,Np_x,3);
B =zeros(Np_r,Np_x,3);

C =zeros(Np_r,Np_x);

D =zeros(Np_r,Np_x);
ZERO = zeros(Np_r,Np_x);
Hw_dim = zeros(Np_r,Np_x);
He_dim =zeros(Np_r,Np_x);
Hs_dim =zeros(Np_r,Np_x);
Hn_dim =zeros(Np_r,Np_x);

fori=2:1:Np_r-1

Hw_dim(i,2) = H_dim(i,1);

for j =3:1:Np_x-1

Hw_dim(i,j) = ((Xta_dim(i,j)-Xta_wdim(i,j))/(Xta_dim(i,j)-Xta_dim(i,j-1)))*H_dim(i,j-1)...
+((Xta_wdim(i,j)-Xta_dim(i,j-1))/(Xta_dim(i,j)-Xta_dim(i,j-1)))*H_dim(i,j);

end
end
clearij
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fori=2:1:Np_r-1

He_dim(i,Np_x-1) = H_dim(i,Np_x);

for j =2:1:Np_x-2

He_dim(i,j) = ((Xta_dim(i,j+1)-Xta_edim(i,j))/(Xta_dim(i,j+1)-Xta_dim(i,j)))*H_dim(,j)...
+((Xta_edim(i,j)-Xta_dim(i,j))/(Xta_dim(i,j+1)-Xta_dim(i,j)))*H_dim(i,j+1);

end
end
clearij

forj=2:1:Np_x-1

Hs_dim(2,j) = H_dim(1,));

fori=3:1:Np_r-1

Hs_dim(i,j) = ((R_dim(i,j)-R_sdim(i,j))/(R_dim(i,j)-R_dim(i-1,j)))*H_dim(i-1,j)...
+((R_sdim(i,j)-R_dim(i-1,j))/(R_dim(i,j)-R_dim(i-1,j)))*H_dim(i,j);

end
end
clearij

forj=2:1:Np_x-1

Hn_dim(Np_r-1,j) = H_dim(Np_r,j);

fori=2:1:Np_r-2

Hn_dim(i,j) = ((R_dim(i+1,j)-R_ndim(i,j))/(R_dim(i+1,j)-R_dim(i,j)))*H_dim(i,j)...
+((R_ndim(i,j)-R_dim(i,j))/(R_dim(i+1,j)-R_dim(i,j)))*H_dim(i+1,j);

end
end
clearij

% Coefficients of the Reynolds equation
GAMA_dimensionless = (H_dim.A3)/(12*Mi_dim);
GAMA_dimensionless_w = (Hw_dim.*3)/(12*Mi_dim);
GAMA_dimensionless_e = (He_dim.*3)/(12*Mi_dim);
GAMA_dimensionless_s = (Hs_dim.*3)/(12*Mi_dim);
GAMA_dimensionless_n = (Hn_dim.*3)/(12*Mi_dim);
PHI_dimensionless = (Ome_dim/2).*(R_dim);
H_dimensionless = ((H_dim));

Hw_dimensionless = ((Hw_dim));

He_dimensionless = ((He_dim));

Cenf_dimensionless = zeros(Np_r,Np_x);
Cenf_dimensionless(1:Np_r,1:Np_x) = ((3/10)*((Ome_dim)*2)*(Rho_dim));

% Calculate [AXTA] - Diffusive term in xita direction (simple averaging approach)

% Coefficients Aw

AXTA(2:(Np_r-1),2:(Np_x-1),1) = ( ((GAMA_dimensionless_w(2:(Np_r-1),2:(Np_x-1)))) ./
((Xta_dim(2:(Np_r-1),2:(Np_x-1))-Xta_dim(2:(Np_r-1),1:(Np_x-2))) .* (R_dim(2:(Np_r-1),2:(Np_x-
DN)) -* (R_ndim(2:(Np_r-1),2:(Np_x-1))-R_sdim(2:(Np_r-1),2:(Np_x-1)))));

% Coefficients Ae

AXTA(2:(Np_r-1),2:(Np_x-1),3) = ( (((GAMA_dimensionless_e(2:(Np_r-1),2:(Np_x-1)))) ./
((Xta_dim(2:(Np_r-1),3:(Np_x))-Xta_dim(2:(Np_r-1),2:(Np_x-1))) .* (R_dim(2:(Np_r-1),2:(Np_x-1))))) .*
((R_ndim(2:(Np_r-1),2:(Np_x-1))-R_sdim(2:(Np_r-1),2:(Np_x-1)))));

% Coefficients Ap
AXTA(2:(Np_r-1),2:(Np_x-1),2) = -(AXTA(2:(Np_r-1),2:(Np_x-1),1) + AXTA(2:(Np_r-1),2:(Np_x-
1).3));

% Calculate [AR] - Diffusive term in r direction (simple averaging approach)
% Coefficients As
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AR(2:(Np_r-1),2:(Np_x-1),1) = ( (((GAMA_dimensionless_s(2:(Np_r-1),2:(Np_x-1)))) ./
((R_dim(2:(Np_r-1),2:(Np_x-1))-R_dim(1:(Np_r-2),2:(Np_x-1))))) .* ((((R_sdim(2:(Np_r-1),2:(Np_x-
M))).* ((Xta_edim(2:(Np_r-1),2:(Np_x-1))-Xta_wdim(2:(Np_r-1),2:(Np_x-1))))));

% Coefficients An

AR(2:(Np_r-1),2:(Np_x-1),3) = ( (((GAMA_dimensionless_n(2:(Np_r-1),2:(Np_x-1)))) ./
((R_dim(3:(Np_r),2:(Np_x-1))-R_dim(2:(Np_r-1),2:(Np_x-1))))) .* (((R_ndim(2:(Np_r-1),2:(Np_x-
M))).* ((Xta_edim(2:(Np_r-1),2:(Np_x-1))-Xta_wdim(2:(Np_r-1),2:(Np_x-1))))));

% Coefficients Ap
AR(2:(Np_r-1),2:(Np_x-1),2) = -(AR(2:(Np_r-1),2:(Np_x-1),1) + AR(2:(Np_r-1),2:(Np_x-1),3));

% Calculate [B] - Convective term in x direction (currently only apply speed in x direction)

% Coefficients Bw

B(2:(Np_r-1),2:(Np_x-1),1) = ((-max(PHI_dimensionless(2:(Np_r-1),1:(Np_x-2)),ZERO(2:(Np_r-
1),1:(Np_x-2)))).*Hw_dimensionless(2:(Np_r-1),2:(Np_x-1)).*(((R_ndim(2:(Np_r-1),2:(Np_x-1))-
R_sdim(2:(Np_r-1),2:(Np_x-1))))));

% Coefficients Be

B(2:(Np_r-1),2:(Np_x-1),3) = ((min(PHI_dimensionless(2:(Np_r-1),3:(Np_x)),ZERO(2:(Np_r-
1),3:(Np_x)))).*He_dimensionless(2:(Np_r-1),2:(Np_x-1)).*(((R_ndim(2:(Np_r-1),2:(Np_x-1))-
R_sdim(2:(Np_r-1),2:(Np_x-1))))));

% Coefficients Bp

B(2:(Np_r-1),2:(Np_x-1),2) = ((abs(PHI_dimensionless(2:(Np_r-1),2:(Np_x-
1)))).*He_dimensionless(2:(Np_r-1),2:(Np_x-1)).*(((R_ndim(2:(Np_r-1),2:(Np_x-1))-R_sdim(2:(Np_r-
1),2:(Np_x-1))))));

% Calculate [AC] - Diffusive term in r direction (simple averaging approach)

% Coefficients As

AC(2:(Np_r-1),2:(Np_x-1),1) = 0.*(((-1*GAMA _dimensionless(1:(Np_r-2),2:(Np_x-
1))).*Cenf_dimensionless(1:(Np_r-2),2:(Np_x-1)).*R_dim(1:(Np_r-2),2:(Np_x-1)) .* (((R_dim(2:(Np_r-
1),2:(Np_x-1))+R_dim(1:(Np_r-2),2:(Np_x-1)))/2).*((Xta_dim(2:(Np_r-1),3:(Np_x))-Xta_dim(2:(Np_r-
1):1:(Np_x-2)))/2))) / 2);

% Coefficients An

AC(2:(Np_r-1),2:(Np_x-1),3) = 0.*(((GAMA_dimensionless(3:(Np_r),2:(Np_x-
1))).*Cenf_dimensionless(3:(Np_r),2:(Np_x-1)).*R_dim(3:(Np_r),2:(Np_x-1)) .* (((R_dim(2:(Np_r-
1),2:(Np_x-1))+R_dim(3:(Np_r),2:(Np_x-1)))/2).*((Xta_dim(2:(Np_r-1),3:(Np_x))-Xta_dim(2:(Np_r-
1),1:(Np_x-2)))/2))) / 2);

% Coefficients Ap
AC(2:(Np_r-1),2:(Np_x-1),2) = 0.*( (((-1*GAMA_dimensionless(2:(Np_r-1),2:(Np_x-
1))).*Cenf_dimensionless(2:(Np_r-1),2:(Np_x-1)).*R_dim(2:(Np_r-1),2:(Np_x-1)) .* (((R_dim(2:(Np_r-
1),2:(Np_x-1))+R_dim(1:(Np_r-2),2:(Np_x-1)))/2).*((Xta_dim(2:(Np_r-1),3:(Np_x))-Xta_dim(2:(Np_r-
1),1:(Np_x-2)))/2))) / 2)...
+ (((GAMA_dimensionless(2:(Np_r-1),2:(Np_x-

1))).*Cenf_dimensionless(2:(Np_r-1),2:(Np_x-1)).*R_dim(2:(Np_r-1),2:(Np_x-1)) .* (((R_dim(2:(Np_r-
1),2:(Np_x-1))+R_dim(3:(Np_r),2:(Np_x-1)))/2).*((Xta_dim(2:(Np_r-1),3:(Np_x))-Xta_dim(2:(Np_r-
1),1:(Np_x-2)))/2))) / 2) );

% Calculate [C] - Matrix store the coefficients multiplied with the pressure at the centre:P(i,j)
C(1:Np_r,1:Np_x) = (AXTA(1:Np_r,1:Np_x,2) + AR(1:Np_r,1:Np_x,2));

% Calculate [D] - Matrix store the coefficients multiplied with the film fraction at the centre:S(i,j)
D(1:Np_r,1:Np_x) = 0.*AC(1:Np_r,1:Np_x,2);
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% Calculate temporal term

% cpl1= ((1/2)*(X_dim(1,3:(Np))-X_dim(1,1:(Np-2))).*(dhdt_dim + (h_dim(1,2:(Np-
1))*((dt_dim)/(((1e-30)+dt_dim)"2)))));

% cp2=-((1/2)*(X_dim(1,3:(Np))-X_dim(1,1:(Np-2))).*(h_dim(1,2:(Np-1))*((dt_dim)/(((1e-
30)+dt_dim)"2))));

% B(2,2:(Np-1)) = B(2,2:(Np-1)) + cp1;

%  b(1,2:(Np-1)) = cp2.*theta_prev(1,2:(Np-1));

% Impose boundary conditions
% First pressure condition

% A(2,1)=1;

% B(2,1)=1;

% b(1,1) = p1_dim-1;
% Second pressure condition

% A(2,Np) = 1;

% B(2,Np) = 1;

% b(1,Np) = p2_dim-1;

% Calculate fluid pressure and film fraction fields
Np_xta = Np_x;

if ti ==
p_initial = zeros(Np_r,Np_xta);
S_initial = ones(Np_r,Np_xta);
end

P_initial = p_initial./Po;
P = P_initial;
S = S _initial;

% Initialization
epsilon = 1e-30;
convFlag = false;
numlter = 0;
SZ = size(P);
num_R_nodes = SZ(1,1);
num_XTA_nodes = SZ(1,2);
P_OLD =FPF;
S_OLD = S;

% Boundary Condition definition (According to P_side and it is always full film)
P(num_R_nodes,:) = ps_dim;
P(:,1) = ((P(:,2)+P(:;,num_XTA_nodes-1))/2);
P(:,num_XTA_nodes) = P(:,1);
% aa=mean(P(2,:));
P(1,:) = P(2,:); %This place there might be a centrifugal term and the pressure gradient term
balances the centrifugal term rather than the pressure gradient is zero

S(num_R_nodes;,:) = 1;
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S(:,1) = ((S(:,2)+S(:;,num_XTA_nodes-1))/2);
S(:,num_XTA_nodes) = S(:,1);
S(1,))=1;

P OLD =P;
S OLD=S;

maxError = 1;
numliter = 1;

% Start iterations
while (max(maxError) >= tol)
foror=1:2
fori=(or+1):2:(num_R_nodes-1)
for oxta = 1:2
for j = (oxta+1) : 2 : (num_XTA nodes-1)
% CALCULATIONS FOR HYDRODYNAMIC PRESSURE in full film region

if (P(i,j) > pcav_dim) || (S(i,j) >= 1)
% Calculate hydrodynamic pressure residue
pH_res = ((B(i,j,1)*S(i,j-1) + B(i,j,2)"S(i,j) + B(i,j,3)*S(i,j+1) + AC(i,j,1)*((S(i-1.)))*2)
+ D(i.j)"((S(i.)))"2) + AC(i,j,3)"((S(i+1,)))"2) - AXTA(i,j,1)"P(i,j-1) - AXTA(i,j,3)"P(i,j+1) -AR(i.j,1)*P(i-1,j) -
AR(i,j,3)"P(i+1,))) / (C(i.j)));
% Update hydrodynamic pressure
P(i.j) = (w_p)"pH_res + (1-w_p)*P(i.j));
% Cavitation checks
if (P(i,j) >= pcav_dim)

S(ij) = 1;
else
P(i,j) = pcav_dim;
end
end

% CALCULATION FOR FILM FRACTION in cavitation region
if (P(i,j) <= pcav_dim) || (S(i.j) < 1)

% % Calculate factor a for the second order equation as?2 + bs + c =0
% ea = D(i,j);

% % Calculate factor b for the second order equation as?2 + bs +c =0
% eb = B(i,j,2);

% % Calculate factor ¢ for the second order equation as?2 +bs +¢c =0
% ec = B(i,j,1)*S(i,j-1) + B(i,j,3)*S(i,j+1) + AC(i,j,1)*((S(i-1,j))*2) +

AC(i,j,3)*((S(i+1,j))*2) - AXTA(i,j,1)*P(i,j-1) - AXTA(,j,3)*P(i,j+1) -AR(i,j,1)*P(i-1,j) - AR(i,j,3)*P(i+1,j) -
C(i.j)*P(i.j);
% Calculate film fraction residue
s_res = ((AXTA(i,j,1)*P(i,j-1) + AXTA(i,j,3)*P(i,j+1) + AR(i,j,1)*P(i-1,j) +
AR(i,j,3)"P(i+1,j) + C(i,j)"P(i,j) - B(i,j,1)*S(i,j-1) - B(i,j,3)*S(i,j+1)) / (B(i.},2)));
% Update film fraction
S(i,j)) = ((w_s)*s_res + (1-w_s)*S(i,j)));
% Cavitation checks
if (S(i,j) < 1)
P(i,j) = pcav_dim;
else
S(ij) = 1;
end
end
end
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end
end
end

% Update P and S values at perimeter boundaries
P(num_R_nodes,:) = ps_dim;
P(:,1) = ((P(:,2)+P(;,num_XTA_ nodes-1))/2);
P(:,num_XTA_nodes) = P(;,1);

P(1,:) = P(2,);

S(num_R_nodes;,:) = 1;

S(:,1) = ((S(:,2)+S(:;,num_XTA_nodes-1))/2);
S(:,num_XTA_nodes) = S(:,1);

S(1,))=1;

% Compute error (relative error 1, more accurate and slower)
Error_p = max(abs((P-P_OLD).*((P)./((P+epsilon).A2))));
Error_s = max(abs((S-S_OLD).*((S)./((S+epsilon).A2))));
maxError = Error_p + Error_s;

Residual(numlter,1) = max(maxError);
Sum_P(numlter,1) = sum(sum(P));

% Compute error (relative error 2, less accurate and faster)
Error_ p = ((norm(p-p_OLD)) *((norm(p)) /((norm(p)+epsilon) 2)));
Error_theta = ((norm(theta-theta_OLD))*((norm(theta))/((norm(theta)+epsilon)"2)));
maxError = Error_p + Error_theta;

% Check error
if (max(maxError) <= tol)
convFlag = true;

return
else
P_OLD =P;
S OLD =§S;
end

if (numlter >maxlter)
conFlag = false;
return

end

numliter = numlter+1;
end

clearij

p = (P*Po);

% record p and S as initial values
p_initial = p;
S _initial = S;

% compute torque
dpdt = zeros(Np_r,Np_x);
for i=2:1:Np_r-1
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for j=2:1:Np_x-1
<(i]||0dt(i,J')=(p(i,J'+1 )-p(i.j-1))/(Xta(i,j+1)-Xta(i,j-1));
en
dpdt(i,1)= (p(i,2)-p(i,Np_x))/(Xta(i,2)+2*pi-Xta(i,Np_x));
dpdt(i,Np_x)= (p(i,1)-p(i,Np_x-1))/(Xta(i,1)+2*pi-Xta(i,Np_x-1));
end
tau=zeros(Np_r,Np_x);
tau_c=zeros(Np_r,Np_x);
tau_p=zeros(Np_r,Np_x);
for i=2:1:Np_r-1
for j=1:1:Np_x
tau(i,j)=(0.5*h(i,j)*dpdt(i,j)/R(i,j)+rome*mi*R(i,j)/h(i,j))*S(i,j);
tau_c(i,j)=(ome*mi*R(i,j)/h(i,j))*S(i,j);
tau_p(i,j)=(0.5"h(i,j)*dpdt(i,j)/R(i.j))*S(i.j);
end
end
sumt=0;
sumt_c=0;
sumt_p=0;
for i=2:1:Np_r-1
for j=1:1:Np_x
sumt = sumt +tau(i, j)* (R(i, j)*2)*(Xta_e(i,j)-Xta_w(i,j))*(R_n(i,j)-R_s(i,j)) ;
sumt_c = sumt_c +tau_c(i, j)* (R(i, j)*2)*(Xta_e(i,j)-Xta_w(i,j))*(R_n(i,j)-R_s(i,j)) ;
sumt_p =sumt_p +tau_p(i, j)* (R(i, j)*2)*(Xta_e(i,j)-Xta_w(i,j))*(R_n(i,j)-R_s(i,j)) ;
end
end
torque=4*sumt*1e6;
torque_c=4*sumt_c*1e6;
torque_p=4*sumt_p*1e6;

clearij

% compute power loss
PL = torque*(1e-6)*ome;

% compute boundary flow rate

Q_boundary = zeros(1,Np_x);

Q_boundary(1,2:1:Np_x-1) = (((h(end,2:1:Np_x-1)).*3)./(12*mi)) .* ((p(end,2:1:Np_x-1)-p(end-
1,2:1:Np_x-1)) ./ (R_n(end-1,2:1:Np_x-1)- R(end-1,2:1:Np_x-1))) .* (rad.*(Xta_e(end-1,2:1:Np_x-1) -
Xta_w(end-1,2:1:Np_x-1)));

% compute supply and leakage flow rate
Q_supply = 0;
Q_leakage = 0;

fori=1:1:Np_x
if Q_boundary(1,i) >= 0
Q_supply = Q_supply + Q_boundary(1,i);
end

if Q_boundary(1,i) <0
Q_leakage = Q_leakage + Q_boundary(1,i);
end
end
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cleari]j
Q_supply = 4*Q_supply;

Q_leakage = 4*Q_leakage;
Q_net = Q_supply+Q_leakage;

% compute effective temperature

t temp = T_sup + (gama*PL)/(Q_supply*rho*cp);
% relaxation and error computation

T old =T _eff;

T_effective = T_old + w_t*(t_temp-T_old);

T _error = (abs(T_effective-T_old))/T_effective;

t input = T_effective;

end



