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Abstract

International environmental concern led to the control and phase out of
traditional chlorofluorocarbon refrigerants (CFCs) under the terms of the
Montreal protocol. CFCs used in domestic applications were initially replaced
with hydrofluorocarbons (HFCs) such as R134a which has a zero ozone
depletion potential (ODP). The use of HFCs has also come under scrutiny as
they have high global warming potential (GWP) and inferior thermodynamic
and lubricating properties and have been replaced by hydrocarbon (HC)
refrigerants such as R600a in much of the domestic European and Asian
markets. Despite this, there has been little research into the long-term
environmental consequences of their application.

Domestic refrigeration compressors were analysed to ascertain the tribological
contact conditions for both R600a and R134a systems. A novel pressurised
micro-friction test machine was developed to simulate the tribological
conditions of the critical components using aluminium on steel samples.
Refrigerant charges of R600a with mineral o1l (MO) and poly-ol-ester (POE)
lubricant and R134a with POE were tested for their tribological performance
within the test rig. Experimental tribological information 1s presented from the
physical test procedures to establish wear mechanisms and friction coefficients
within the critical components. The tribological performance 1s used to predict
deterioration 1n energy consumption and system durability.

Results indicate that for higher contact stresses R600a MO charges provide a
lower wear regime than R600a and R134a POE charges. At lower contact
stresses the R600a and R134a POE charges provide a very low wear, very low
friction regime. Despite this, the R134a compressors critical component
contact conditions lead to a faster deterioration 1n durability, hence increase 1n

energy consumption compared to the R600a system.

111



Publications resulting from thesis

Nigel P. Garland and Mark Hadfield, “Tribological Analysis of Hydrocarbon
Refngerants Applied to the Hermetic Compressor’” In Press, Tribology

International, Journal.

Nigel P. Garland and Mark Hadfield, “Environmental Implications of

Hydrocarbon Refrigerants Applied to the Hermetic Compressor”, In Press,

International Journal of Materals and Design.

Nigel P. Garland and Mark Hadfield “Tribological Analysis of Hydrocarbon

Refrigerants Applied to the Hermetic Compressor”, December 2003, Mission
of Tribology Research 12, Institution of Mechanical Engineers.

Nigel P. Garland and Mark Hadfield “In-use Tribological Analysis of
Hydrocarbon Refrigerants Applied to the Hermetic Compressor”, Tribology 1n

Environmental Design 2003, Professional Engineering Publishing Ltd, London,

pp. 193-203, 2003. ISBN: 1-86058-415-2

M. Hutchings, S. Lewamne, K. Norman, N. Garland, M. Hadfield and G
Howard "Educational challenges of web-based studies 1n sustainable
development” Design and Manufacturing for Sustainable Development 1st

International Conterence, Liverpool, June 2002, PEP Publications, ISBN 1
86058-396-2

1V



Publications resulting from thesis

Nigel P. Garland and Mark Hadfield, “Tribological Analysis of Hydrocarbon
Refrigerants Applied to the Hermetic Compressor’” In Press, Tribology

International, Journal.

Nigel P. Garland and Mark Hadfield, “Environmental Implications ot
Hydrocarbon Refrigerants Applied to the Hermetic Compressor”, In Press,

International Journal of Materials and Design.

Nigel P. Garland and Mark Hadfield “Tribological Analysis of Hydrocarbon
Refrigerants Applied to the Hermetic Compressor”’, December 2003, Mission
of Tribology Research 12, Institution of Mechanical Engineers.

Nigel P. Garland and Mark Hadfield “In-use Tribological Analysis of
Hydrocarbon Refrigerants Applied to the Hermetic Compressor”, Tribology 1n

Environmental Design 2003, Professional Engineering Publishing Ltd, London,

pp. 193-203, 2003. ISBN: 1-86058-415-2

M. Hutchings, S. Lewarne, K. Norman, N. Garland, M. Hadfield and G
Howard "Educational challenges of web-based studies 1n sustainable
development” Design and Manufacturing for Sustainable Development 1st

International Conference, Liverpool, June 2002, PEP Publications, ISBN 1
86058-396-2

v



List of Contents

1 INTRODUCTION ..oocuiiiuiiniiiniienieeiiesecrrooseossssssossrorsssessssssssssssssssssssssssssasasssanss ceeeses 1
1.1  BACKGROUND TO RESEARCH.....cuuuutteurerennmeesnmeseessessesssssesesssessessossssssssssosssssssns 1
1.1.1 HYDROCARBON REFRIGERANTS ...tuiiniiiiitiiieeieeiieeieeeanseineeneenetnneraeinenaneen: 1

1.1.2 THE HERMETIC COMPRESSOR .....ittiiiiiiiiieriieeeieeeineeeiiestineeeneeinseeneninesanens 2
[.1.3 AIMS OF THE INVESTIGATION ....itttiittiiieeiiie it ee e etieetisesieeeeeneenaereaeeaneaanens 2
1.1.4 OBJECTIVES OF THE INVESTIGATION .....iitiiiiieiiiiiieeie e eenineenieeeeieesenesnannens 3
1.1.5 SCOPE OF THE INVESTIGATION .....uuuuuuttuuruurueeransrnssannnsnsnesnnsnnsnsnensnnennnaaesens. 4
1.2 LITERATURE REVIEW ..uuturienecenccroecisoconscessocsssscsssssssssssssssssssssssssssssssasssssasess 4
1.2.1 TRIBOLOGICAL CONSIDERATIONS . ...uuuuuuuiuuuuutreetanrunsernreeranennsnnnnnnsnnnnnnsnnnnnns: 4
[.2.2 HYDROCARBON REFRIGERANTS ...uuiitiiiieiieeiieeeieerieetineeineeineeeineeiseenesenns 16
[.2.3 SUSTAINABLE DEVELOPMENT ....ccvuiittunieineeeieeiineenineenineesnenenreeneeenaerennees 19
1.2.4 ENVIRONMENTAL INDICATORS .. oottt eieeie e e eieeaeeine s een e, 21

1.2.5 ECONOMIC VALUATION ....oooiiiiiiiiiiiiiii oot eaeea e 22
1.2.6 COST BENEFIT ANALY SIS . uiiiiiiiiitiiiiet et eie et et e et eane s erneseaenesanesnnnn, 23

1.2.7 STATE OF THE ART ...oiiieittetteetieetteeaeteeeeeeeeeeeeeeeteeseeseeseeeeseeseesanrassnenens 25

2 COMPRESSOR OPERATIONAL ANALYSIS ...aoieiiiiiiiieieieeeieenenennenens 26
2.1  BACKGROUND.....ccceetteeeereeeeeecesccssessssssssssssssesssssssssssasssssssssssssssssssssssssssssassossssens 26
2.2 REFRIGERANTS ..ccvctttittietrecesssessecssecssscsssssssssasssnssessssssssnscssssssssssssosssnssssessssosses 26
2.3 LLUBRICANTS ceucteccruccencessocsscessecssecssssssscssssssssssssssessssssssnsesassasesssssssonsessssssssssssnoes 26
2.4 COMPRESSOR PHYSICAL ATTRIBUTES «ccccteectecceeccreccrccseccsscsssessesascsssassossosssons 27
2.4.] DISMANTLING PROCEDURE .......ocoiiiiiiiiiieeeeeeee e, 27
2.4.2 MANUFACTURING DATA ...t 27
2.4.3 MECHANICAL DATA ....oooiiieeeieeeeeeeeeeeeeeeeeeeeeeeeee . 28
2.5  THEORETICAL ATTRIBUTES ...ctuceetcetercerencersecessecsssecssecssseassossssssssssssssssssssssesse 29
2.5.1 REFRIGERATION CYCLE ....iiiiiiiiiiiiiiieeiiiieeeeeeeereereteeeeeeesesteneeeneeeeeeeeeaeaes, 29
2.5.2 GUDGEON PIN SURFACE VELOCITY ovttiiiiiiiiie ettt e st van e 30
2.5.3 COMPRESSOR OPERATING PRESSURES .....oiviiiiiiiiiiiieeieeei et ee e e 32
2.54 GUDGEON PIN LOAD c.ttuieeeiiiiee ettt e e e e 33
2.5.5 GUDGEON PIN CONTACT STRESS ...oeiiiiiiiiiieeieeeeeeeeee ettt 34
2.5.6 LUBRICATION FILM THICKNESS .....ottitiiiiiiiiiiii et eeeeee e, 35
2.6 COMPRESSOR LONGEVITY cuucttunereeenieereeceerssssrsssesessscssessssssssosssssesssssssnssssssnnns 37
2.6.1 COMPRESSOR PUMPING RATE ......ooiiiiiiiiiiiiieeeeeeeeeee e, 37



2.6.2 COMPRESSOR PUMPING CY CLE it iieetteseeaeeeratsteetarirtentiisissenarsaeseassonsns 37

2.6.3 EFFECTS OF WEAR ON COMPRESSOR PERFORMANCE .......ccoooiiiiniiiiniinninnnn, 39
3 TEST RIG DESIGN .....ceeuuuiieeeeeneerevossorsrssseersssssssssssssssssssossssssssssssssssssssssssssesssass .42
3.1 CONCEPTUAL DESIGN.uutuueeuceeecreeerncsescscesssssssssssasscssssssrssssssssssssssesssassssosssssass .42
3.2 DESIGN QUTLINE...ccttcteeeeerrreerreeseseccsrsseseessssocsssssssssssressssssssssssssssssssssssarssssssssons 42
3.3 DESIGN CONCEPTS cuueveetereerereresereosssossscssseosssossssssssssssssssnsssssssssssssssssssssssosssssssss 43
3.3.1 MOTION AND FORCE TRANSFER ...couiiiiiiiiiiieiie et eeieein et etieeneeeeneeeanans 43
3.3.2 TRANSFER MECHANISM SEALING .vuutiiiiiiiieiiiiieee et e et aeeeaieeaaaaieeeennnees 44
3.4 PROTOTYPE DESIGN .euureureeneeeecercerecerscsscssscssscsssssssssssssssssssssssssssssassssssssssssnsesnes 46
3.5 PROTOTYPE EVALUATION ..ccttuiiuieeccenceeceercsecssccsssssssessesssosssssssssssesssssessossesssons 48
3.6 PROTOTYPE DESIGN MODIFICATIONS...cccccetrccennccseccssossrossoscrsssressassssssssssnses .49
3.6.1 LUBRICANT CHARGE BATH ... cuiiuiiiiiiiiiiiieeteeieeee et eeae e e e ee e e e e esaenans 49
3.6.2 CONTACT POTENTIAL MEASUREMENT ....ouuiiiiiiitiiineeieeieeiierieinenneeenaanennns 49
3.7 INVESTIGATION OF UNEVEN CONTACT LOADING..ccccettessereesceccessesssessossosseane 50
3.7.1 RESULTS OF THE INVESTIGATION ...ttt it eeeeereeennereaneanesnesnanannenns 50
3.7.2 MODIFICATIONS RESULTING FROM THE INVESTIGATION .....ccovvvienenennnenn. 51
3.8 PRESSURE CHAMBER CHARGING EQUIPMENT ..cuetecececrcecrcrcnsecsencssescsesossees .52
3.9 PRESSURE CHAMBER COOLING EQUIPMENT ..ceceeeececscorssesesesesescssassssssssososes 54
3.9.1 CONCEPTUAL DESIGN . ittt ittt e ee e et se s e s te e e anerneeneens 34
3.9.2 SYSTEM DESIGN OVERVIEW ..ottt ettt et e e ee e 54
3.10 TEST RIG BENCHMARKING .ceuceeecercencerecrscrseseressscssessscsscssessssssassessassssssasesss 58
3.10.1 PRESSURE VARIATION BENCHMARKING .....ccuviviiiniiiiniiniiiiniiieieieennenne. 58
4 EXPERIMENTAL METHODOLOGY ...coccucceirrernnnreersressoeeraressosssssssossosssassssssse 62
4.1 MECHANICAL DESIGN ..utuiieieeccecieccaccrccsecssssscsscssssssssssscssssssssssssssassssessesssssssass 62
4.1.1 SMALL END BEARING CONTACT PARAMETERS ...ttt 62
4.1.2 CONTACT PARAMETER OVERVIEW ..ottt e, 62
4.2  TEST SPECIMENS ceeuucteeeeerecererssscessssoscsssssssssssssssssssssssssssassssessssssssessssssssssssasssse 63
4.2.1 TEST SPECIMEN CONTACT PARAMETERS.....iiuiiiii e, 63
4.2 ACCELERATED WEAR TEST PARAMETERS ... oouuiiiiitiiiieiieeeeieeeeeeeineeneneeen. 63
4.2.3 MATERIAL COMPOSITION . ...ttt e e e e e e aaeaneaee, 64
1.2.4 TEST PIECE MANUFACTURING ..ottt e e, 65
4.2.5 TESTPIECE BENCHMARKING .......ooitiiiiii e, 66
4.3 EXPERIMENTAL TEST CONDITIONS cctucetttteeeueereerieresessrssscrsescesncssssssssssssnsssnnens 66

Vi



431 OPERATION AL EN VIR ONMENT oottt ts et teeae et aertetastertstestasentasareansasanens 66

4.3.2 EXTENDED TESTING ..niiititiiie it eeveeetieeesissen e et et et e s eeteesieesasaaiesenaess 63
4.4 TEST REGIME ...cuituerueesccseosesrsssescssssssssssssssesssssssssssssssssnsssassssssssssssssssanssassssssssses 70
4.5  TEST PROGRAMME ...cuuciteueeeeeeccreecrssessssescsssssssssssssssssasssssssossssssserssanssssssssssssans 72
4.5.1 SAMPLE HEIGHT CALIBRATION. .....eiitiiiiiiiiiieeeieaieeraeeseaaesenaaaeseeeseaesaenanaennanns 72
4.5.2 PRE-TEST PREPARATION PROCEDURE.....ccvuuiiiiiiiiiieiicciiciii e 72
4.5.3 CHARGING PROCEDURE .....cititiiitiiiieiiieeeee et et s ete e e e eai st ssa s saasannees 73
4.5.4 TESTPROCEDURE ....cceieeeeeeeee oottt e et e et 73
4.5.5 DE-CHARGING PROCEDURE ......ciuuiitiiiieirieenieieeeeteetinennienneiisieriessnssiasnans 74
S TEST RESULTS ...ceueeuieeieeeereecreceeseececssssossssssssosesssssssssssssssssssssssssssssssssassssssssssssasse 75
5.1 INITIAL TESTS cueeetteceeeceecreecesecsessoocssscsssssssssscrsssrsssssssssssessssssssssavsssssnsssasssssssssss 73
5.1.1 REDUCED TEMPERATURE SATURATED TESTS....cutiiiiiiiiiieiiciiniin i 76
5.1.2 REDUCED PRESSURE START-UP TEST....ttiitiiiiiiiiieiieeiieeeeeeeeeneeeeeeneeeeeeeenenenns 77
5.1.3 IN USE TEST eieeeeeeeeeee ettt ettt e s e e e e eeeaaaeaaaaaaaaaaaaaaaeeaaaaeeneeeeeneneesees 80
5.1.4 EXTREME IN USE TEST ..iuiiitiiiiiteetieeteerineeietinetneriesanesaesinsineiiesisaneeieenns 82
5.2 EXTENDED DURATION TESTS cecuctecteesceecsescsscssecarsaresssscsssssssssassssssasssssssrsonsessses 83
5.2.1 LAAO0S TESTS euniitiiintiinietteii et ee it erteeateerteeanera et eenarn et rteetaeentanaenaeaaenasee, 34
5.2.2 BOA00S TESTS .eniiiiiiiiieei et e et e et eea s aaa e e e s ae et eansensaaaeensenennnanaennns 33
5.3 REDUCED LOAD TESTS .cceeceecceccteeccncccsscsssscsssssssssssssssssssssssssssssssssssssssassssssassssss 38
5.3.1 BOADOS TESTS ontintiuiiii ittt ettt et terra et e et saeaaesnetnrtnatnaeastnanrensanennenns 38
5.3.2 R A o101 R N 2y USRI 90
6 CHARACTERISATION AND INTERPRETATION.....ccccoccieuienniencoecenconcsensss 92
6.1  POST TEST OBSERVATIONS uuuucveeeeeeeeeeeeeeeeeecesesssssssessssssassssssssssssssssssssasssnsssasens 92
6.2 SURFACE CHARACTERISATION. .ccucttecteeceeecsecsescsescossssessssssssereosssarsssssssssssssess .92
6.2.] INITIAL EXPERIMENTAL SAMPLES ....oooiiiiiiiiiieiieeieec e 92
6.2.2 EXTENDED DURATION TESTS.. .ottt 94
6.2.3 REDUCED LOAD TESTS .utttutiuiirieiieiiiiiieeiieeeeeeeeeeeeeeeeeeeseesessesesneeeesesseseeesaenns. 96
6.3 ELECTRON PROBE EXAMINATION OF WEAR SURFACES....ccccccittecrnnerrrecennnen 98
6.3.1 ELECTRON PROBE SURFACE CONDITION .......oovuiiiiiiiieiiieeiieeecee e, 98
6.3.2 INTERPRETATION OF RESULTS FROM ELECTRON PROBE EXAMINATION... 102
6.4  TRIBOLOGICAL INTERPRETATION..cc.ccttuierrenreerenreeranccesenccssessesssesesssssasssosnes 103
6.4.1 TRIBOLOGICAL RESULTS OVERVIEW L.oiuiiiiiiiiiiieciiee e, 103
6.4.2 KEY FACTORS L.ttt e e e e e 103

V1l



6.4.3 EFFECTIVE WEAR AND FRICTION COEFFICIENTS ot [0

CHARGE CONDITION o1eeeeteseeccosscscscscssssossssesssssssssssssssssssssssssssssssessssssesssssssssasesossesossss .109
CHARGE CONDITION cvereeevercesesossssesssssscsssssssssessesssssscsssssasessssssesssssssssessessassnsssssssssassss 110
6.5 TRIBOLOGICAL EFFECTS ON THE ACTUAL COMPRESSOR ..cuecveetecersercsseseees 110
6.5.1 RO600A ADDITISED MO COMPRESSO R ..uiiiititteeeeees e et eaeaaeeaaaean s, 111
6.5.2 R134A ADDITISED POE COMPRESSOR .ouvinit it e, 116
6.6 COMPRESSOR ENERGY REQUIREMENT SUMMARY cututeeaceecncseresscssesnsecseseones 119
7T CONCLUSIONS AND FUTURE WORK ....otcvteteteiecsosseacarerscsssscscssossosssssesevssss 120
7.1 CONCLUSIONS ottt teececeosecesessscsssssssssssssessssessssssssessssssesssssssssssssssssssssssssssesssssssases 120
7.2 FUTURE WORK cetcteeeccecccccsscoscesssscssssssessoscsssssssssssssssessossesssssssssssssssssssssssssssssses 121
REFERENUQCES o aeeeiittieeeecerecscesssecsossssencsssossssssssessssssasssesssssssssssssssssessssssssesesssssssssssn 123
APPENDICLES uoiiiiiitieecerecerssescoresssssesesesessasssesesesessssssesesessssssssssessssssssessssssessssnssssas 127
APPENDIX A REFRIGERANT DIATA «.oecttetetecceccecesscssssscsscssssssssssssossossessssssossscssssssssss 127
A.l RO A ..o, 127
A.2 R I B A o 128

APPENDIX D RESULTS . ctuttteetceecercencrereeesesereessesssessssssssssssesssssesssssssssssssesssssessssssssses 132
D.1 INITIAL 72008 A-TYPE PLATES, 1-10..ucioiiiiiiee e, 132
D.2 EXTENDED DURATION, B-TYPE PLATES ... ie ettt et e e e e eeeaan, 141
D.3 REDUCED LOAD, BT YPE PLATES . .ettttet ittt e 145
D.4 EFFECTIVE WEAR COEFFICIENT .uuiiiiiiiie ittt e e e e e e eeee e e ne e aa e, 148
APPENDIX E  EMISSIONS OF KEY INDICATORS «eeuuirteeietreecorseeccensescssescssssessssessssnnes 150
E. ] EMISSIONS FROM ELECTRICITY GENERATION. .. couiiiitiieei e, 150
E.2 EMISSIONS FROM MATERIAL FEEDSTOCK SUPPLY ..ovevieieeeie e 150
|3 EMISSIONS FROM MATERIAL PROCESSING ...cvuteite e eecee e see e, 151
APPENDIX F  LIFE CYCLE ASSESSMENT tuttueterterecrcecsrescascossossssassssssscssesssssssssssssnns 152
F. 1 (GOAL AND SCOPE .. .couuiiiiii et 152
F.2 SYSTEM AND SYSTEM BOUNDARIES ... eeitttee et eee e oo 153
F.3 DATA SOURCES ..ot e e |54
F.4 M ATERIAL INVENTOR Y Lo 154



E.S5 LI E C Y CLE SCEN A RIS oot e e e e e, 155

F.6 LCA EMISSION RESULTS ... eeitetieeettee et s teeetieeetinesebaesseaneesnaesennessnnsssnnesens 156
APPENDIX G ECONOMIC VALUATION .ceucrereeecrecraecencroscrscssscsscsesssssssscssossessessessacsass 162
G.l] VALUATION OF EMISSIONS 2002 AND 2020 FUEL CYCLES ....evviveieiieinnnn, 162
G.2 VALUATION OF AVOIDED EMISSIONS ..ottt ene 163
G.3 VALUATION OF CORRECTED EMISSIONS ...cutiiniiitiie et eee et evaeaan, 163
G.4 S ENSITIVITY AN ALY SIS oottt ettt ettt ettt et e eeeae st e eneeraenanss 164
G.5 EXTENDED LIFECYCLE ..ouiintiintiiiiet ittt ettt e e e ee et e et e e eeeneneensenenans 166
G.6 TRUE COST OF OWNERSHIP......ivuiittiiiniiiiiiirie et eti et ereeeenesneesnesaaeennen, 167
APPENDIX H TECHNOLOGICAL ADVANCEMENT ..ccceeetetreereceecreessenssescesessssssssessssns 170
H.] IMPROVEMENTS IN ENERGY REQUIREMENTS ...coivniiiiieeieiee e eeeanee, 170
H.2 ENERGY EFFICIENT REFRIGERATION ....ouiiiiiiiiiieieiei et eeeeeeeeeeeeeneens. 172
H.3 APPLICATION OF TECHNOLOGICAL ADVANCEMENT ....ouvvviveiiieereeeneennene. 173
H.4 TECHNICAL ADVANCEMENT, SUMMARY OF IMPLICATIONS ...oovvvieevevnannn.. 177

1X



List of Tables

Table 1.1 Refrigerant ODP & GWP......oovmiiiiiiiicee 2
Table 1.2 Categorisation of boundary lubrication mechanisms.......................... 13
Table 1.3 Emissions valuation, key mdicators .........cccccoeeeeeiiiiiiiiiiininiiii, 25
Table 2.1 Material Inventory SUMMATY .......cooveeiiioreeieimiiiiieniiiiii e, 28
Table 2.2 Compressor component parameters ..........oooeviiiiiriiiiiiiiiiiiiieaineaeeeeeens 28
Table 2.3 Mechanical operating charaCteristiCs .........c.cocovvviiiiiiiniiiiiiiiiiiinneenenne, 29
Table 2.4 Refrigeration cycle parameters...........oooeevveveiiiiiiiii, 29
Table 2.5 Refrigeration cycle operational conditions................ooo 30
Table 2.6 Derived mechanical values, R134a ..o 31
Table 2.7 Derived mechanical values, R600a ..........cccooviiiiiiiiiee, 31
Table 2.8 Revised pressure and load, set to data point 2.................iiii, 32
Table 2.9 Gudgeon pin contact area and PreSSUre.. .o veveeiieiiieieiieeciiecian, 34
Table 2.10 Lubricant film thickness and specific film thickness ratio................ 36
Table 2.11 Effects of component wear on compressor duty rate ........................ 40
Table 3.1 Pressure variation benchmark parameters.........oooooeviviiiiiiiiiiiiiinnnnnn. 59
Table 3.2 Pressure steps corresponding to significant friction changes.............. 60
Table 4.1 Parameter SCIECHION.........ccovvniiiiiiie e e e e 64
Table 4.2 Plate sample material composttion................ccoooiiiiiiii i, 64
Table 4.3 Pin sample material compoSItion .........ccoovvveeiiiieiiiiieeiiieeeeeeee e, 65
Table 4.4 Compressor operating envIroNmMeENt .........coeeevvueeeeiuneereiieeeriieerenneernnnnss. 66
Table 4.5 R134a test enVITONMENT........oovuiiiiiiiiiieiieeee e 67
Table 4.6 R600a test enVIFONMENT.........ovuiiiiieiiiiee e 68
Table 4.7 Extended testing parameterS........covuueiieneiiiieiiiie e, 69
Table 4.8 Reduced load extended test parameters.........oooovviieiiiiiiiiiiiiiiieeenn. 69
Table 4.9 Initial accelerated wear tests (A plates, 20N)......ccoooiieiiiiiiiiiniinn 70
Table 4.10 Extended test conditions, (B type plates, 20N) ......cooviiiiiiniiininan. 71
Table 4.11 Reduced load test conditions, (B type plates, 15N) ......cocooeeiiiel 71
Table 6.1 Tribological summary for in-use temperature range......................... 104
Table 6.2 Effect of changes to key parameters, R600a MO.............................. 105
Table 6.3 Effect of changes to key parameters, R600a additised MO .............. 106
Table 6.4 Effect of changes to key parameters, R600a additised POE ............. 107
Table 6.5 Etfect of changes to key parameters, R134a additised POE.............. 107

X



Table 6.6 Effective friction and wear coeffiC1ents .......covvvvveviiiiiiiiiiiiiiiennns, 109
Table 6.7 Real CONLACE SIIESS TATIOS «nvvrineeeet et ee e eeeeeeeeeneaeneneaeenensneeanneenens, 110

Table 6.8 R600a additised MO gudgeon pin contact geometry during use ...... 111

Table 6.9 Duration to achieve wear thresholds R600a additised MO .............. 113
Table 6.10 Useful and dissipated power, R600a additised MO ........................ | 14
Table 6.11 Duty cycle and energy consumption, R600a additised MO............ 115
Table 6.12 Energy lost due to friction, R600a additised MO............................ 115
Table 6.13 R134a additised POE gudgeon pin contact geometry during use ... 116
Table 6.14 Duration to achieve wear thresholds, R134a additised POE........... 117
Table 6.15 Useful and dissipated power, R134a additised POE........................ 118
Table 6.16 Duty cycle and energy consumption, R134a additised POE........... [18
Table 6.17 Energy lost due to friction, R134a additised POE........................... 119
Table 6.18 Summary of compressor’s energy consumption..........cceeeeeeeneeennn... 119
Table B.1 Lubricant properti€s... ..o 129
Table C.1 R134a compressor material composition ...........ceeevvvveeiivineiviinnnnnne. 130
Table D.1 Wear coetficient, initial 7200s, A-plate tests ......cocovvviiviiviiiniinnnnnn, 132
Table D.2 Wear coefficients, extended duration, B-plate tests..........cco.eee..... 141
Table D.3 Wear coetficients, reduced load, B-plate tests .........ccoevvvvevivnnnnnnn.e. 145
Table E.1 Emissions from generation of electricity, by type ......coooveeeiiinnnenn.n... 150
Table. E.2 Emissions from matenal feedstock, by material type...................... 150
Table E.3 Emissions from material processing, by material type..................... 151
Table F.1 LCA Data SOUICES ......covvviiiiieeeeiiiiiee et 154
Table F.2 Compressor COMPOSITION. .........uuuiiiiiiiie e e eeaea. 155
Table F.3 Compressor lifecycle SCenarios..........coevvvvveeiiiineiiiie e 155
Table F.4 UK tuel mix for 2002 and 2020 .........cooomeeeeiiiiieeiee e, 156
Table F.5 2002 UK ftuel cycle, emissions attributable to friction and wear...... 157
Table F.6 2002 UK tuel cycle, operational and avoided emissions.................. 158
Table F.7 2020 UK tuel cycle, emissions attributable to friction and wear...... 159
Table F.8 2020 UK fuel cycle, change in emissions from 2002 ....................... 159
Table F.9 2020 UK fuel cycle, operational and avoided emissions.................. 160
Table F.10 Additional emissions from coal cycle, R134a......ccccooeeviveeieii. 161
Table G.1 Emissions valuation, key indicators .........oovoeeevomoeeieoe L 162
Table G.2 2002, 2020 UK fuel cycle, emission costs, euroS.........ooovvvveeeei . 163

X1



Table G.4 Value of corrected avoided emiSSIONS........cccooevviveeeeeeeeeeiiiiiiiiiiinenee, 164
Table G.5 Energy use for alternative wear-coefficients, sensitivity ................. 164
Table G.6 2020 avoidable emiSS10N COSES ....viiiiiiiiiiiieeiiciiieeee e, 165
Table G.7 Energy consumption, extended 11fe ..........cccooeiiiiiiiiiiiiiiii, 166
Table G.8 Avoidable emission costs 2002 2020, extended duration ................ 167
Table G.9 Direct cost of ownership, 1nitial and extended use........................... 168
Table G.10 Total costs, direct and indirect, 2002 fuel cycle, per annum.......... 169
Table H.1 Comparison of 2001 and 2004 energy requirements........................ 171
Table H.2 Comparison of the most efficient models, 2001 & 2004.................. 172
Table H.3 Environmental savings, alternative compressor replacement .......... 174
Table H.4 Savings, alternative appliance replacement scenarios...................... 176

X11



List of Figures

Figure 1.1 Flow chart encompassing theses scheme............cccooooviviiiiiiiiiiiininnnnnee, 3
Figure 1.2 Adhesive wear particle formation............cccoooeeiiiiiii e, d
F1gure 1.3 StribeCK CUIVE ..ooiviiiiii e 10
Figure 1.4 Friction coefficient relative to specific film thickness....................... 12
Figure 1.5 Fractional film defect at asperity contact.............cccooeeeereeriiiiiineeeeennne, [5
Figure 1.6 Comparison of COP, R134 and R600a 160W compressors .............. 17
Figure 2.1 Typical refrigeration CycCle........ccooeeeiiiiiiiiiiiii e, 30
Figure 2.2 R134a and R600a gudgeon pin surface speeds.........ooovveiiiieniiiiill 32
Figure 2.3 Revised piston pressure difterential ..., 33
Figure 2.4 Revised load on gudgeon pin..........oooveeiiiiiiiiiiiiin e, 33
Figure 2.5 Gudgeon pin contact StrESS .....uvvivveiviieiiiieeeeee e e 35
Figure 2.6 Film thickness and lubrication regime...........ccccooeeiiviiiieiiiieniii, 36
Figure 2.7 Pressure volume diagram, R134a compressor.......oooovveeeevveevvnnnennnn... 38
Figure 2.8 Pressure volume diagram, R600a compressor.........c.coovviveveivneeennn... 33
Figure 2.9 small end bush weardepth.........coooooiiiiiiii e 39
Figure 2.10 Eftects of wear on R134a compressor operating cycle.................... 40
Figure 2.11 Eftects of wear on R600a compressor operating cycle.................... 41
Figure 2.12 Eftects of wear on compressor duty cycle over time....................... 41]
Figure 3.1 Pressurised micro-friction machine .................ccccoovioiieiiiiie 477
Figure 3.2 Pressure Chamber Detailed View ... 47
Figure 3.3 Force transter mechaniSm .............cooooeeeiiiiiiiiiiii e, 43
Figure 3.4 Uneven contact wear at pin sample.............covveiiiieeeieeeeeeeeeeeeeeeanann 50
Figure 3.5 Chamber charging apparatus...........cooovvvviiiieeeeiiiee e 53
Figure 3.6 Indirect clip-on cooling hood................ooooooii., 55
Figure 3.7 Direct cooling heatsink (left: HS2; right: HS3) .oovvemmieeee 55
Figure 3.8 Change 1n temperature for alternative cooling solutions ................... 56
Figure 3.9 Indirect heatSinK ..o 57
Figure 3.10 Final schematicC OVEIVIEW. ........uuuuieeiiieieeeeee e 57
Figure 3.11 Effect of change in pressure on machine performance.................... 59
Figure 3.12 Focussed pressure reSponse teSt.......oovvemeeeemmeeeeeeee e 60
Figure 3.13 Change 1n pressure v change 1n friction............ooooovveeeeivvee, 60
Figure 5.1 Saturated test friction coetticient, 7200s, 20N, A plates ................. 76

X111



Figure 5.2 Saturated test contact potential, 7200s, 20N. A plates..........c............ 76

Figure 5.3 Saturated test wear coefficient (k), 7200s, 20N, A plates.................. 77
Figure 5.4 reduced pressure friction coefficient, 7200s, 20N, A plates.............. 78
Figure 5.5 Reduced pressure contact potential, 7200s, 20N, A plates................ 78
Figure 5.6 Reduced pressure wear coefficient, 7200s, 20N, A plates................. 78
Figure 5.7 In-use test, friction coefficient 7200s, 20N, A plates..........cc......oeen.. 80
Figure 5.8 In-use test, contact potential 7200s, 20N, A plates...........c.ccooeeeinenn... 80
Figure 5.9 In-use test, wear coefficient 7200s 20N, A plates.........c.cooeeiiinnnenn..., 81
Figure 5.10 Extreme 1n-use test, friction coefficient 7200s, 20N, A plates......... 82
Figure 5.11 Extreme 1n-use test, contact potential 7200s, 20N, A plates............ 32
Figure 5.12 Extreme in-use test, wear coettficient, 7200s, 20N, A plates ........... 83

Figure 5.13 Extended 1n-use test, friction coefficient 14400s, 20N, B plates..... 84
Figure 5.14 Extended in-use test, contact potential 14400s, 20N, B plates ........ 34
Figure 5.15 Extended in-use test, wear coefficient 14400s, 20N, B plates......... 84
Figure 5.16 Extended 1n-use test, friction coefficient 86400s, 20N, B plates..... 86
Figure 5.17 Extended 1n-use test, contact potential 86400s, 20N, B plates ........ 86
Figure 5.18 Extended 1n-use test, wear coefficient 86400s, 20N, B plates......... 87
Figure 5.19 Reduced load test, friction coefficient 86400s, 15N, B plates......... 38

Figure 5.20 Reduced load test, contact potential 86400s, 15N, B plates ............ 89
Figure 5.21 Reduced load test, wear coefficient 86400s, 15N, B plates............. 89
Figure 5.22 Reduced load test, friction coefficient 237600s, 15N, B plates....... 90
Figure 5.23 Reduced load test, contact potential 237600s, 15N, B plates........... 90
Figure 5.24 Reduced load test, wear coefficient 237600s, 15N, B plates........... 91
Figure 6.1 Gel type deposition, pin and plate samples.........cccoooevvvvvviiinii] 92
Figure 6.2 Comparison of initial test samples, saturated test. ...........coevveeeennnn.. 93
Figure 6.3 Comparison of initial test samples, iIn-use test........ccocvvveveeeeeereeenenn.. 94
Figure 6.4 Comparison of extended test samples, 14400s tests. .......oovvvevevvvnnn... 95
Figure 6.5 Comparison of extended test samples, 86400s tests. .......ovvvveeeeeeen.... 96

Figure 6.6 Comparison of reduced load samples, 86400s and 237600s tests. ....97

Figure 6.7 Comparison of plate samples, edge of wear scar. ........occooooovvvvii... 98
Figure 6.8 SEM 1mages of pin and plate contacts..........coooeeeeeiiieieeii . 99
Figure 6.9 SEM 1mages of pin and plate wear areas..............ccccovveeeeeeeeennniii . 100
Figure 6.10 EDX spectra, worn area of pin and plate samples ....................... 100
Frgure 6.11 SEM 1mages, areas adjacent to wear SCar..........cccoeeevveeeeeeeeeeeiini . 101

X1V



Figure 6.12 EDX spectra, unworn area of pin and plate samples ..................... 101

Figure 6.13 Small end bush contact width ....................o 112
Figure 6.14 Film thickness relative to small end wear, R600a additised MO... 112
Figure 6.15 Projected duty cycle, R600a additised MO...................ooiiine 113
Figure 6.16 Film thickness relative to wear, R134a additised POE.................. 116
Figure 6.17 Projected duty cycle, R134a additised POE.....................ccccoee | 17
Figure A.1 R600a molecular Structure .............cccooivrviiiiiiiiie i, 127
Figure A.2 R600a cycle plotted to pressure enthalpy chart............................... 127
Figure A.3 R134a molecular Structure ..........ccooooiivviiiiiiiie e, 128
Figure A.4 R134a cycle plotted to pressure enthalpy chart............................... 128
Figure B.1 Typical naphthenic structure ... 129
Figure B.2 Typical POE structure (pentaerythritol tetra-pentanoate) ............... 129
Figure C.1 hermetic compressor assembly (casing separated).............c............ 131
Figure C.2 pump and motor sub-assembly...........ccoooeiiiiiiiiiiiiiiie, 131
Figure C.3 motor winding assembly ..........cooooiiiiiii e 131
Figure C.4 pump body assembly ..........oooiiimiiiiiie e, 131
Figure C.5 crankshaft ... 131
Figure C.6 relative size of connecting rod (2 pence coin)..........coueeveevueeeeennnn.. 131
Figure D.1 Friction coefficient, test 1, R600a, MO, 05°C .....coovvivevieeinaannn..., 133
Figure D.2 Contact potential, test 1, R600a, MO, 05°C.....cooeimeviireeieeeeneinnn, 133
Figure D.3 Friction coefficient, test 2, R600a, MO+, 05°C ......coovvvveeeeeiii, 133
Figure D.4 Contact potential, test 2, R600a, MO+, 05°C ...ooovvveeeeiiieiieaeae, 133
Figure D.5 Friction coefficient, test 3, R600a, POE+, 05°C ....oovvvvvveiiiein . 134
Figure D.6 Contact potential, test 3, R600a, POE+, 05°C .......oeeiiivviieaeei. 134
Figure D.7 Friction coefficient, test 4, R134a, POE+, 05°C ..o 134
Figure D.8 Contact potential, test 4, R134a, POE+, 05°C ...oovviiveeiio . 134
Figure D.9 Friction coefficient, test 5, R600a, MO, 25°C ...ooveiiniieei . 135
Figure D.10 Contact potential, test 5, R600a, MO, 25°C..........coceveeeovnn.. 135
Figure D.11 Friction coefficient, test 6, R600a, MO+, 25°C ...........coovvvinn... 135
Figure D.12 Contact potential, test 6, R600a, MO+, 25°C ....oooveiiimieii 135
Figure D.13 Friction coetticient, test 7, R600a, POE+, 25°C ........c.ccoovvvnii... 136
Figure D.14 Contact potential, test 7, R600a, POE+, 25°C .....ccoooiiivieeeeeee . 136

XV



Figure D.15 Friction coefficient, test 8, R134a, POE+, 25°C ...l 136

Figure D.16 Contact potential, test 8, R134a, POE+, 25°C .....cc.coooivieeiiiinnn, 136
Figure D.17 Friction coefficient, test 9, R600a, MO, 57°C ......cccooovevivniinnnn.... [37
Figure D.18 Contact potential, test 9, R600a, MO, S7°C.......ccoooveviiiiiieiiiinnnn.. |37
Figure D.19 Friction coefficient, test 10, R600a, MO+, 57°C........ccccoevneiani.. 137
Figure D.20 Contact potential, test 10, R600a, MO+, 57°C ........eeeiiiieinnnnnn. 137
Figure D.21 Friction coetficient, test 11, R600a, POE+, 57°C..............cceo.o.el. 138
Figure D.22 Contact potential, test 11, R600a, POE+, 57°C ............ccccceooonnni.l. 138
Figure D.23 Friction coefficient, test 12, R134a, POE+, 68°C......................... 138
Figure D.24 Contact potential, test 12, R134a, POE+, 68°C ..........ccooeeeennn 138
Figure D.25 Friction coefficient, test 13, R600a, MO, 110°C .......................... 139
Figure D.26 Contact potential, test 13, R600a, MO, 110°C..............cceeoenni...e. 139
Figure D.27 Friction coefficient, test 14, R600a, MO+, 110°C........................ 139
Figure D.28 Contact potential, test 14, R600a, MO+, 110°C .........cooeveereennn. 139
Figure D.29 Friction coefficient, test 15, R600a, POE+, 110°C....................... 140
Figure D.30 Contact potential, test 15, R600a, POE+, 110°C .........covvvvvnnnnn.. 140
Figure D.31 Friction coetficient, test 16, R134a, POE+, 110°C......covvvvennnnn.. 140
Figure D.32 Contact potential, test 16, R134a, POE+, 110°C .....ccovvnevivnneinnn .. 140

Figure D.33 Friction coetficient, test 17, R600a, MO, 14400s, 20N, B plates . 141
Figure D.34 Contact potential, test 17, R600a, MO, 14400s, 20N, B plates .... 141
Figure D.35 Friction coefficient, test 18, R600a, MO+, 14400s, 20N, B plates142
Figure D.36 Contact potential, test 18, R600a, MO+, 14400s, 20N, B plates .. 142
Figure D.37 Friction coefficient, test 19, R600a, POE, 14400s, 20N, B plates 142
Figure D.38 Contact potential, test 19, R600a, POE, 14400s, 20N, B plates ... 143
Figure D.39 Friction coefficient, test 20, R134a, POE, 14400s, 20N, B plates 143
Figure D.40 Contact potential, test 20, R134a, POE, 14400s, 20N, B plates ... 143
Figure D.41 Friction coefficient, test 21, R600a, MO, 86400s, 20N, B plates . 143
Figure D.42 Contact potential, test 21, R600a, MO, 86400s, 20N, B plates .... 144
Figure D.43 Friction coefficient, test 22, R600a, MO+, 86400s, 20N, B plates144
Figure D.44 Contact potential, test 22, R600a, MO+, 86400s, 20N. B plates .. 144
Figure D.45 Friction coetticient, test 23, R600a, POE, 86400s, 20N, B plates 144
Figure D.46 Contact potential. test 23, R600a, POE. 86400s, 20N, B plates ... 145

X V1



Figure D.47 Friction coefficient, test 24, R134a, POE, 86400s, 20N, B plates 145
Figure D.48 Contact potential, test 24, R134a, POE, 86400s, 20N, B plates ... 145
Figure D.49 Friction coefficient, test 25, R600a, MO+, 86400s, 15N. B plates146
Figure D.50 Contact potential, test 25, R600a, MO+, 86400s, 15N, B plates .. 146
Figure D.51 Friction coefficient, test 26, R134a, POE, 86400s, 15N, B plates 146
Figure D.52 Contact potential, test 26, R134a, POE, 86400s, 15N, B plates ... 146
Figure D.53 Friction coefficient, test 27, R600a, MO+, 237600s, 15N, B plates147
Figure D.54 Contact potential, test 27, R600a, MO+, 237600s, 15N, B plates 147
Figure D.55 Friction coefficient, test 28 R134a, POE, 237600s, 15N, B plates147
Figure D.56 Contact potential, test 28, R134a, POE, 237600s, 15N, B plates . 147

Figure D.57 Short wear duration ..., 148
Figure D.58 Long wear duration ................ooeiiiiiiiii i 148
Figure D.59 Effective wear duration...........cooeevvveiiiiieiiieeeeee e 149
Figure F.1 LCA system schematiC ...........coooooiiiiiiiiii e, 154
Figure F.2 Manufacturing emissions for R134a and R600a compressors......... 156
Figure F.3 LCA lifecycle emissions for R134a and R600a compressors.......... 157
Figure F.4 2002 emissions attributable to friction and wear............................. 157
Figure F.5 2020 emissions tor R134a and R600a compressors .........coceevuneeeen.. 158
Figure F.6 2020 emissions attributable to friction and wear.............c.ccoeco........ 159
Figure F.7 Corrected emissions, 2002 and 2020 UK fuel cycles...................... 161
Figure G.1 Lifecycle cost of compressor 2002 and 2020 UK fuel mix ............ 162
Figure Q.2 Corrected emissions valuation, 2002 and 2020 fuel cycles ............ 164
Figure 5.3 Corrected emissions valuation, sensitivity..........cccovvveneeeeeeeeninnnnn... 165
Figure G.4 Valuation of corrected emissions, extended duration ..................... 166
Figure G.5 True cost of ownership, 2002 fuel cycle, per annum...................... 169
Figure H.1 Comparison of 2001 and 2004 fridge freezers............ooovvvvemenenn. 170
Figure H.2 Comparison of 2001 and 2004 refrigerators ...........ceveveevveeeeenneenn... 171
Figure H.3 Comparison of compressor replacement scenarios, R600a............. 173
Figure H.4 Comparison of compressor replacement scenarios, R134a............. 173
Figure H.5 Comparison ot appliance replacement scenarios, R600a................ 175
Figure H.6 Comparison of appliance replacement scenarios, R134a................ 175
Figure H.7 Apphance replacement, cost to consumer, R600a .......................... 177
Figure H.8 Apphance replacement, cost to consumer, R134a.......................... 177

XV11



X V111



List of Equations

Equation 1.1 Original Archard wear equation...................ccccoeeei e, 5
Equation 1.2 Archard wear eqUation ................oooiveiiiiiiiiiiie e 6
Equation 1.3 Dimensional wear coefficient ...............cccooooiiiiiiiiiiii 6
Equation 1.4 Real area of CONtact..........ccoooveiiiiiii e 8
Equation 1.5 Fr1ict1on fOrCe... e, 8
Equation 1.6 Friction coetfiCIent . ... 9
Equation 1.7 Friction coefficient from material properties...........cccccveeeeeiivnnnnn..... 9
Equation 1.8 Simple elasto-hydrodynamic film thickness..............cc.....ooool. 10
Equation 1.9 Relative radius...........oooiiiiiiii e, 10
Equation 1.10 Elasto-hydrodynamic lubrication.............ccccoooooiiiiiiiiiiiniiinnnnee, 11
Equation 1.11 Effective elastic modulus..............coooiiiiii e, g
Equation 1.12 Specific film thickness rat10.........ccoooovviiiiiiii 11
Equation 1.13 Fractional film defect. ... 14
Equation 1.14 Total wear volume in acontact..........ccooooovviviiiiiiiiiiiieeeeiine, 15
Equation 1.15 Metallic contact wear fraction...............ooooeeiiiiiiiiiineiiiieeee e, 15
Equation 1.16 Boundary film wear fraction.............ooovveeiiiiiioieiiee el 15
Equation 1.17 Wear volume relationsShip ...........oeiiiiiiieiiiiee e, 15
Equation 1.18 Simplified wear volume relationship ............coovveviieeeiiieiiiinn 16
Equation 1.19 friction coefficient relationship.........oooveeeeeeeiiiiiiiieeriieeee, 16
EQuation 2.1 COontact StIESS .........ooiiiiiiiiiiiii e e e 34
Equation 2.2 Contact Width ........ccoooeiiiiiiiiiiiiieeeeeee e, 34
Equation 2.3 Refrigerant discharge rate ............ccccoeveviiiiiiiiii 37
Equation 2.4 Refrigerant pressure during discharge stroke.............cccocoeviiii. 38
Equation 2.5 Refrigerant pressure during suction Stroke .........cccccovvvvvveiiiiiiiil.. 38
Equation 2.6 Change in volume at top of piston Stroke ........cccovvveveeeveeeeeeeeennn., 39
Equation 2.7 Wear depth at small end bush ...........cccooooiiiiiinie 40
Equation 2.8 Material removed from small end bush ...........oovvveviioiiiiee . 40
Equation 4.1 Shim thiCKNess ..., 72
Equation 6.1 Real contact Stress..........ooeiiiiiiiiiiii e 109
Equation 6.2 Real contact Stress ratlo...........oooouviveiieeiiieiee e 109
Equation 6.3 Volume of material removed from small end bush...................... [12
Equation 6.4 Depth of material removed from small end bush......................... 112

Equation 6.5 Compressor power consumption

X1X



Equation 6.6 Compressor USeful POWET.........oovvvuiiiiiii e, 114

Equation 6.7 Power used, compression StroKe .............ccoceeeeeiiiiiiiiiiieeeeiiiiiiiinnnn. 114
Equation 6.8 Power recovered, suction StrokKe ..........c..ooovveiiiiiiiiiiiiiiieeiiin, 114
Equation D.1 Material removed from pin .........ccoooeeiiiiiiiii e, 132
Equation D.2 effective wear volume...................cooii 148

XX



Acknowledgement

[ would like to acknowledge the help and guidance provided throughout the
course of this thesis by my academic supervisor. Professor Mark Hadfield has

provided both whilst remaining detached enough for me to make my own

judgements and, occasionally, my own mistakes.

[ also acknowledge the financial support provided by the Engineering and
Physical Sciences Research Council (EPSRC) through their Design forr Whole

Lifecycle Programme.

I would also like to express my gratitude toward George Plint of Phoenix
Tribology Ltd for the manufacture and supply of the test equipment without
which this project would not have been possible. Thanks also go to F.J.
Engineering Ltd for the manufacture and supply of the physical test samples
used throughout this project. I would like to thank Daniel Colbourne ot Calor
Gas Refrigeration Ltd for supplying the refrigerants and providing satfety

training for the handling of hydrocarbon refrigerants.

[ also acknowledge the help of Dr Robert Bulpett of the Experimental
Techniques Centre, Brunel University for the SEM imaging and EDX analysis.
Thanks also go to the staft of Tolpuddle House for all the help with equipment

fabrication and modification.

A special thanks goes to Mrs Jacqui Holmes for answering the how, who,

when, can you? type questions.

Finally, a big thank you goes to Anna, who was my girlfriend at the start of this
project and wife before the end. Her support throughout the past three years has
been invaluable, greatly appreciated and very thoughtful.

XX1



Nomenclature

a Radius of contact (unit)

A, Apparent area of contact (mz)

Ap Axial cross section area, small end/gudgeon pin bearing (mm°)
A¢ Area of contact separated by boundary film (m”)
An Area of metal to metal contact (mz)

Ay Piston area (mm’)

A, Real area of contact (m°)

0 Lubricant pressure-viscosity coefficient (m*/N)

b Contact width (m)

by, Half the contact width (m)

d Wear depth at small end bush (mm)

3 Fractional film defect

E’ Effective elastic modulus (Pa)

E, and E; Elastic modulus of the contacting surfaces (Pa)

F Frictional force (N)

fer Friction coetficient when boundary film separation 1s complete
f ¢ Friction coetticient for unlubricated contacts

f Total friction coetficient

H Flow hardness of the softer surface, material hardness (Pa)
h Wear depth at small end bush (m)

h, Minimum film thickness (m)

k Dimensional wear coefficient (mm” N' m™)

K Probability factor (dimensional wear coefficient)

| Sliding distance, gudgeon pin sliding distance (m)
I Contact length (m)
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I, Half the contact length (m)

L, Length ot pin sample wear scar (mm)

| Shding distance during suction (m)

A Specific film thickness ratio

LL Friction coetficient

M, Material removed from pin sample (mm")
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Pressure at beginning of cycle (Bar)
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Pressure within the compression chamber (Bar)
Real contact stress Ratio

Relative radius of the contact surtaces (m)
Radius of contacting surfaces (m)

R.M.S. of the surface roughness’ (m)
Duration during compression (s)

Duration during suction (s)

Shear strength of the softer material (Pa)
Surface velocity (ms™)

Pouisons ratio tor the small end bearing
Pouisons ratio for the gudgeon pin
Wear volume (mm>)

Volume within the compression chamber (mm°)
Effective wear volume (mm3 )

Volume of refrigerant discharged (mm°)

Wear volume, area of contact separated by boundary film (mm")

Wear volume when boundary film separation is complete (mm")

Long wear volume (mm")

Wear volume, area of metallic contact (mm’)
Wear volume for unlubricated contacts (mm")
Volume of material removed (m’)

Short wear volume (mm°)

Total wear volume (mm”)
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Volume at bottom of piston stroke (crank angle 0°) (mm’ )
Volume at top of piston stroke (crank angle 180°) (mm>)

Change 1n volume at top of piston stroke (mm°)
Contact load (N)
Load per unit width (N)

Piston load during compression (N)
Load on piston (N)

Piston load during suction (N)

Wear rate, material removed per unit sliding distance ([length]*)

Yield strength of the softer material (Pa)
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1 Introduction

1.1  Background to Research

1.1.1 Hydrocarbon Refrigerants

The traditional refrigerants for use in domestic refrigeration applications have,
until the mid 1990s, been chlorofluorocarbons (CFCs). The use of these
compounds was the primary cause of ozone depletion in the upper atmosphere
and were controlled, limited and finally phased out under the terms of the
Montreal protocol. CFCs used 1n domestic applications were mitially
superseded by hydrotluorocarbon (HFC) refrigerants such as R134a. The
replacement refrigerant was selected for the similarity of its thermodynamic
performance and its zero ozone depletion potential. The refrigerants zero ODP
and lower global warming potential provided, what seemed, an 1deal solution
with apparently reduced environmental burden. The reality was that the
thermodynamic performance was inferior to 1ts predecessor, whilst the
refrigerant charge failed to lubricate as effectively as the CFC charge. This 1n
turn led to a higher environmental burden with increased energy consumption
negating any direct environmental benefit in replacing the CFC refrigerant. As
a solution, European domestic refrigeration has moved increasingly to
hydrocarbon (HC) refrigerant R600a and 1s now the dominant technology
(Meyer 1996).

The use of HC's as refrigerants 1s not new, Ammonia was used long before the
advent of CFC compounds for the refrigeration industry. What 1s relatively
new 1S the use of flammable HC compounds such as Butane, [sobutane,
Propane and their blends as a zero ODP, low GWP alternative to CFCs and
HFCs (Granryd 2000). The ODP of a refrigerant 1s an index number (by weight
of product) with the CFC refrigerant R11 (CFC11) rated at 1, whilst the GWP

relates (again by weight) to CO, and are classified under the Kyoto agreement

as greenhouse gasses (Cranvey 1997) (Table 1.1).



| Refrigerant | Technology | ODP GWP
. RIl | (CFO) | 1 4000
R12 - (CFO) | 1 | 8500 |
l’ R134a | (MHFC) | 0 | 1300 |
R717 (Ammonia) | (HC) | 0 | 0 |
|T600a (isobutane) (HC) | 0 | 3
R290 (Propane) (HC) | 0 3
R600a/R290 Blend HC) | o0 | 3

Table 1.1 Refrigerant ODP & GWP

1.1.2 The Hermetic Compressor

The most commonly used type of compressor used 1n the domestic
refrigeration market 1s of the hermetic reciprocating compressor design
originally introduced by General Electric 1n 1927. The basic design has
changed little over the years and varies only slightly between manutacturers.
The unit consists of a simple reciprocating piston in cylinder design, coupled
via a connecting rod to a crankshaft. The inlet/outlet valves are of the reed type
mounted 1n a simple cylinder head. The crank 1s driven directly by a single-
phase electric motor. To prevent refrigerant leakage over time (service life ot
10-20 years 1s typical) the whole 1s sealed 1n a hermetic chamber containing the
refrigerant and lubricant charge. In this configuration, no external dynamic
seals are required therefore little likelihood of a refrigerant leakage occurring

during normal operation.

1.1.3 Aims of the Investigation

The environmental impact of a hermetic refrigerator compressor employing
hydrocarbon refrigerant and compatible lubricant combinations was assessed
from a tribological viewpoint. This included testing under
pressurised/depressurised conditions using a novel micro-friction test ng.
Sustainable development of the hermetic compressor was evaluated using Life
Cycle Analysis (LCA) tools in terms of the friction and durability of the
mechanical system for a number of scenarios. These included alternative
operational timeframes for the products in-use phase (hence electricity fuel mix

and subsequent emissions profile) and alternative lubricants (hence wear



regime, durability and product longevity). The overall scheme for the thesis

Investigation can be encompassed within a flow-chart (Figure 1.1).

Compressor Analysis
Component dimensions
Material Composition

Refrigerant Charge
Refrigerant Properties

- Lubricant Properties

Operational Conditions Experimental
Contact Load Test Machine
Temperature ey Friction

Pressure Wear

Sliding Distance & Speed Surface condition

Interpretation
Wear Regime
Compressor Durability
Energy Demand

Life Cycle Analysis
Global Warming
m,& NOx
N SOx
—> Particulates

Emissions

. | Enviromental ( Consumer
Valuation i

Costs Costs

Figure 1.1 Flow chart encompassing theses scheme

1.1.4 QObjectives of the Investigation

. Design, development and manufacture of a novel pressurised micro-triction
machine.

» Quantify and assess the tribological performance of hydrocarbon
refrigerant/lubricant combinations under simulated operational conditions
(lhquid/vapour phases) using the micro-friction machine.

 Ascertain the compressors long-term durability and performance
characteristics from tribological data.

 Perform Life Cycle Analysis of a hermetic compressor to quantity the

important m-use environmental impacts of hydrocarbon refrigerants.
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»  Monetarisation of environmental impacts to assess the total economic,

health and environmental cost of the product.

1.1.5 Scope of the Investigation

The Investigation for this project will be limited to the environmental and
economic aspects of sustainable development; 1t 1s not anticipated that the
social 1ssues arising from the use of hydrocarbon refrigerants will be addressed.
Hydrocarbon refrigerant R600a will be compared with HFC refrigerant R134a
using a nove<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>