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Abstract

A dual-piston type two-stroke spark-ignition free-piston engine prototype has been developed. A
comprehensive review on recent published researches and patent documents from academia and
industrial organizations on free-piston engine, especially the application of renewable fuels such as
hydrogen and ethanol, was conducted. Relevant parameters affecting the operating performance and
a number of challenges had been identified as the common denominator for this technology.
Modelling and simulations using one-dimensional tools were conducted in parallel with the
development activities. Three main simulation models for the crankshaft engines were developed,
validated and optimised before converted into the free-piston engine model. This was done by using
imposed-piston motion sub-model. The two-stroke free-piston engine model had undergone
parametric study for valve timing optimisation. By using similar methods, a two-stroke hydrogen
free-piston engine was developed from the prototype and it was validated by experimental data.
Emission performance, along with the relationship between equivalent ratio, in-cylinder
temperature and NOx emission on the hydrogen FPE was investigated. Series of ethanol-gasoline
blend free-piston engine were developed, essential parameters such as compression ratio, air/fuel
ratio and valve timing, etc., were amended for each model and both engine performance and
emission performance were analysed. Miller cycle has been applied on three types of free-piston
engine models: gasoline FPE, hydrogen FPE and ethanol FPE. Two types of Miller cycle (LIVC
and EIVC) were both applied and analysed, and different late/early intake valve closing angles (from
5°CA to 35°CA) have been converted to specific time to apply on the free-piston engine. Engine
performance and emission performance of Miller cycle free-piston engines have been obtained and
individually presented. It turns out that large late/early intake valve closing angles (time) are not

suitable in renewable free-piston engines due to the efficiency reduction.






Acknowledgements

I have been through a long journey, nineteen and a half years of study, and here, comes to the end.
I have been pursuing the dream, but failed; I have dreamt about being a poet, being the star that
flashing in the sombre sky, being someone who contributes the entire race, but failed. Fortunately,
I have never stopped. There’s a saying that all your experience is study. Say not the struggle nought
availeth, the labour and the wounds are vain, the enemy faints not, nor faileth, and as things have
been, things remain.

I was born in a small southern city in China, and my parents are just conscientious worker and
primary school teacher, but they tried to make me the luckiest boy in the world. They offered me a
better life and a better brain for the past twenty-five years but never asked any payment, which I
could never pay. No word is enough for presenting my gratitude, but only an indebted heart that
never die.

Thank to Durham University, this beautiful historical university offered me this opportunity to
complete my research and provided almost everything I need.

Three-and-a-half-year struggle in England, my supervisor, professor Tony Roskilly, has given me
great support on the research. And Dr Yaodong Wang, who has been providing me for any support
nor just in study but life always. For me, he is no longer a supervisor only, but also a kinsfolk, a
guide in life. I also have to thank Boru Jia, who was a member of our research group, were always
kind and helped me a lot.

I am also grateful for my girlfriend, Ying Zhong, who was a master student in Durham University
as well. Thank to her company, meticulous love and care, I have been always able to keep happy,
energetic and highly focus towards every-day tough research.

I must thank Shi Chen, another hard-working intelligent PhD student, my colleague, private driver,
accompanier on the road of research, and the best friend in England, who has brought me countless
happiness and meticulous care during the darkest moment.

I must thank my close friends, Yu Huang and Tinghao Mao. They brought me countless happiness
and meticulous care and made me feel like home in this far away-from-home place.

I am appreciating to every staff in the college of engineering, my every email was responded in



extremely short time, every problem was solved in time. This thesis would not be completed without
their help.

Sincere wish to everyone who has ever helped me.






Publication

Chenggqian, Yaodong, Boru, Application of Miller cycle with turbocharger and ethanol to reduce
NOx and particulates emissions from diesel engine — A numerical approach with model validations,
Applied Thermal Engineering 150(2019)904-911

Vi



Content

F N o1 Tt TP P PRSPPI I
ACKNOWIEAZEIMENTS ...t et 111
PUBLICALION ... s VI
(0710711153 o LU R PR UR PR PRRTRRPR VII

LSt OF fIZUIES 1.ttt bbb bbb e sb e sb et et e naeenbee s XII

5 S AT 21 o) (TR T TP TR TP PR URTOPRTN XX
Chapter 1. INEEOAUCTION ...ttt bbb bbb b e seeesneenneas 1
1.1 BaCKEIOUNA .....ooiiiiiiiiiiii e 1

1.2 The free-PiSton ©NEZINE. ... .civveiuieiiieriieitieiieesiee e st et e st e steesteesbeesbeesbeesbeesbeesbeesbeesbeesbeesbeesreens 2

1.3 MILLET CYCIE ...ttt 3

1.4 ReNeWabIe fUCLS ......ccveiiiiiiiieicie e e e 4

1.5 AIms and ObJECLIVES ....uiiviiiiiiiiiiiiiie i 4

1.6 Methodology and thesis OULIINE .......cc.veivieiieiieiieiee e nre e 5
Chapter 2. LItErature TEVIEW ..c.voiviiiieiiiiiiicsce s 7
2.1 The free-PiStOn ©NEZINE. .....civieitiertieiieeitieiteestee st et e ste et e steesbeesteesbeesbeesbeesbeesbeesbeesaeesbeesteenreens 7
2.1.1 History of the free-piston eNZINe..........coovvereiiiiiiiiis s 7

2.1.2 Recent advances and application of the FPE..........c.cccooiiiiiiiiini e, 9

2.1.2.1 Free-piston engine linear enerator...........coouvvreriiiisieiiin s 9

2.1.3 Different fuels on the FPE..........cocoiiiiiiiiie e 25

2.1.3. T FOSSILUCL. ..o e 25

2.1.3. 2 HYAIOZEN ....eoiiiiieie ettt e e 30

2.1.3.3 BIOTUCL.. ettt bbb e e 42

2.2 MILLEE CYCIE ..ttt bbb e bbb nas 47
2.2.1 AtKINSON CYCLE...c.viiiiiiiiiiiieeic e 47

2.2.2 MILET CYCLE ..ottt bbb s sr e nrenne s 50

2.3 SUITIMATY ... 59
Chapter 3. Single-cylinder gasoline FPE modelling and simulation ............c.ccoceevvninenieeninnne. 61

VI



RO B N 01T} (= 8 LoF: | B (a7 () TR 61

3.2 Modelling approach and Sub-models ...........ccccorirririciininiicc e 63
3.2.1 SUD-MOAEIS....c.viiiiiiiiiiecee e 64
3.2.1.1 Crank/slider piSton MOtION ........ccccerveeeeriririeieine e 65

3.2.1.2 Imposed piston SUb-MOdel ..........ccceeviviiiiiiiiiii e 66

3.2.1.3 FIICHOM .ttt e e 67

3.2.1.4 Woschni heat transfer ...........coovvvreeiiniicce e 68

3.2.1.5 ST Wiehe COMDBUSLION ....viveeuiiiiitiniieiesie sttt 68

3.3 Modelling and simulation implementation ............cccocerverieneenienie e 69
3.3.1 Baseline modelling, simulation and validations............c.cccocvrierieniinienese e 71
3.3.2 Crankshaft engine model optimiSation............ccvvvviruiriinienienie e 73
3.3.2.1 Four-stroke model up-scaling and validation............c.ccoovinciinininininnn, 73

3.3.3 Two-stroke model performance optimiSation..........cccocuvrververieniiesiiesiiesiesiesieenns 75
3.3.3.1 Parametric Study........ccvvirieiiiiiiiiic i 76

3.3.3.2 Final OptimiSation........cccveruieiieerieeiieeiieeiieesie ettt 80

3.3.4 Two-stroke optimization results and diSCUSSIONS ........ceevververiiriiesiise e 81
3.3.4.1 The effect of intake BOOSt PrESSUIE......ccveivieiieiieiieie e 81

3.3.4.2 The effect of intake and exhaust valves anchor..............ccoceeeiiiiiicininn, 84

3.3.4.3 The effect of intake and exhaust valves duration ............c.ccecervnvreninnnnnn, 85

3.3.5 SUMMATY ..ot s 87

3.4 The free-piston engine modelling and validations ...........ccccovvvriiiieniiesiesie e 88
3.4.1 Dynamic balance equation of MoOtion...........ccocovviiiiiiiiiicce e 88
3.4.1.1 Linear electrical Maching ..........cccocvviririeeienineniese e 90

3.4.1.2 COGGING TOTCR .. evveuviiriiriiieeie sttt s 91

3.4.1.3 Frictional fOTCE ......ccviiviiiiiiieie ittt 92

3.4.1.4 Compression-eXpansion PIOCESS .......uiirirrereerririresieesresreseseesresresreseesrennes 93

3.4.2 The imposed piston Motion MOAEIlING..........ccovvreririiiiriee e 93
3.4.3 Valve timing OPtiMISAtION .......cceveeriiiiiieieie e e 94

3.5 DISCUSSION 1.vteutetesteesee e st st e ettt et e b et e be e e b e bt e he e b e eb e eb e e st e e b e s bt eb e e e e nb e eb e e be e b e nbesbeene e b nnas 95



3.5.1 Effect of PiStON MOtION. ....cciuiiiiiiiiieiiesiie sttt 95

3.5.2 Valve tIMINGS.....ccoiiiiiiiiiiii i 98
3.5.3 IN-CYINAET PIESSUIEC ... veitieiietieitieitie sttt sttt sttt sb et et sbeesreenbee s 102

3.6 SIMUIATION TESUILS....c.viitiitieiiiite sttt sttt b e bbb e sbe e b sbe e e sbenre 104
TR 13411 10 1 A OO PR PR PTRT 106
Chapter 4. Single-cylinder hydrogen FPE modelling and simulation...........c.cecereiiereenienenne 108
4.1 ThEOTCtICAL TEVIBW....c.viviieeieeiesre et n e nr e nnennis 108
4.2 Hydrogen FPE modelling/validation and simulation implementation .............c.cc.ceeevenne. 110
4.2.1 Hydrogen FPE mModelling...........cccoiiiiiiiiiiiniiiiie e 110
4.2.2 Model performance optimiSation ..........c.cceceeriiininiiniiiesee s 117

4.3 Hydrogen free-piston engine model validation...........ccocvveiiiiniininninninneeneesee s 119
4.3.1 Indicated POWET ......coiiiiiiiiiiii i 119

4.4 Emission performance analySiS.......ccooceivereeieeieeiieneeneesieesieesieesiessiessseesseesieessesssessees 120
4.4.1 NOX @IMISSION ....eerveerteetiesteesteesteesteesteesteesteesteesbeesbeesbeesbeesbeesbeesseesbeesbeesneesneesnnennnes 120
4.4.2 Regulation between NOx emission and equivalent ratio ..........ccocceveverververnennnns 123

4.5 SUMIMATY ...viiiiiiiti e e bbb s 125
Chapter 5. Single-cylinder Ethanol FPE modelling and simulation ............ccoceeeenvneneennnnnns 127
5.1 ThEOTELICAL TEVIEW ......ieiiiii ettt 127
5.1.1 Ethanol effects of engine parameters ..........ccovvveveeiieiieiee e 129
5.1.1.1 Effect of compression ratio .........c.cocveiiiiiiniiiiiesee e 129

5.1.1.2 Effect of engine 10ad .........cccceeiiiiiiiiiiiiiic e 132

5.1.1.3 Effect of equivalence ratio ..........ccecveviiiiiniiiiiicee e 133

5.1.1.4 Effect of engine frequency (SPeed).......cccovvereriieiiieiiieiieeiie e 134

5.1.2 Ethanol-gasoline blend...........cc.coceiiiiiiiiiiiie e 135
5.1.3 FOrmation Of NOX ......ccveieiiiiiiieieie sttt 140
5.1.3.1 ThermMal NOX.....oiiiieierieiiesieeie ettt sttt st st sne e e 141

S5.1.3.2 PIOMPE NOX 1ot nneenne e 141

5.1.3.3 Intermediate NZ2O.........cccoooeeiiiiiiiiieie et 142

5. 1.3 4 FUCI NOX .ttt 143



5.2 Ethanol free-piston engine modelling and simulation implementation................ccceve.e. 143

5.2.1 Base parameters SEHNZ.........ccoviriiiiiiiiiiis i 143
5.2.2 Parametric StUAY .......eeiviiiiiriieiieiie ettt 147

5.3 Modelling reSults........ccoiiiiiiiiiiii 151
5.3.1 ENINe PerfOrmMANCE ......ccveeivieiiiiiiieiieiieeiiee sttt sttt nre e 151
5.3.2 Emission performance.........cccoviiiiiiiiiiiiin i 154

54 SUIMIMATY ..ttt b et s b e e s e e e rb e e e amn e e ss b e e sab e e ane e e nneeennneennneenns 157
Chapter 6. Miller cycle and its application on the FPE ..o 158
6.1 TheoretiCal TEVIBW ..o s 158
6.1.1 Concept of Miller CyCle.......cooiviiiiiiiiiii i 158

6.2 ENgINe MOAEIIING ....ccvviiiiiiiiiiieiie ettt sbeesaeenree s 164
6.2.1 Miller cycle on the free-piston engine...........ccocvvevviiiiiiiieii e, 164

6.3 SIMUIALION TESUILS......cviiiiciiii e s 165
6.3.1 Simulation results on the free-piston engine ...........ccocvvvveeiiiiiinccin e, 165
6.3.1.1 Engine performance ..........covvereerieeieenieeneesieesieesieesieesieesiessieesseessnsssessenas 166

6.3.1.1.1 Gasoline free-piston eNgINe..........cocevcevriiinieiniiiesee e 166

6.3.1.1.2 Hydrogen free-piston eNgine..........ccovcvevverveneeneeseenessnesensennens 170

6.3.1.1.3 Ethanol free-piston engine...........ccocvvveeiiiiiininiineseece e 173

6.3.2.1 EMiSSion PerfOrmMance...........cueiueieereeieeieeiiesieesieesiee e sieesseesseessneseeesenas 175

6.3.2.1.1 Gasoline free-piston eNgiNe..........c.ceeceeriiiieeiiiinesee e 175

6.3.2.1.2 Hydrogen free-piston eNgine..........ccovcververeereeneeneesessnesiesseensens 178

6.3.2.1.3 Ethanol free-piston engine...........ccocvveeeiiiiienininesee s 178

6.4 SUIMIMATY ....eeceveeiecieeee ettt r e r e e r e sr e sre e s re e sr e e nreenneenreenreenneenreens 181
Chapter 7. Conclusions and future research ..........c.ccoceviiiiiicii e 183
7.1 Summary of the fINdINGS ......ccevirieiiii e 183
7.2 Significant contributions and findiNgs ..........cocvvveiiiiiiiei 185
7.3 Recommendations for further reSearch ..........c.cvvveieiiiinieii e 185
7.3.1 PractiCe eXPEIiMENL......cccveviriirriieiiiirisieeee s 185
7.3.2 CO-SIMUILALION . ..c.eeeueiee sttt sr b e sr e nre e 186



7.3.3 Miller cycle valve tIMING ......c.coiieiieiieiieiie et

Reference

Appendix

Xl



List of figures

Figure 2.1 Schematic representation of free-piston gas compressor and free-piston gas
Fda3 11 110 ol 1 PP PP PT R PTRRT 9
Figure 2.2 Schematic representations of three typical structures of FPELG [6,17]................ 10

Figure 2.3 The piston operation characteristic and Linear generator performance from FPEC

Figure 2.5 FPELG performance in the SI-HCCI transition from Ulsan University [97] ........ 19
Figure 2.6 The performance of FPELG at Toyota Central R&D Labs Inc [100,101].............. 19
Figure 2.7 The performance of FPELG at National Taiwan University of Science & Technology
02 USSP PR R 20
Figure 2.8 P-V diagram and combustion process of FPELG from Chongqing Jiaotong
UNIVETISIEY [116,117] weeiviiiiiiiiiiiie et 22

Figure 2.9 The natural frequency characteristic of FPELG from Shanghai Jiaotong University

Figure 2.10 The combustion process of FPELG from Beijing Institute of Technology [42]..25

Figure 2.11 Predicated in-cylinder gas pressure [131]....cccoiiieiieiieiieiiieie e 26
Figure 2.12 Mean in-cylinder gas temperature [131].......cccoviniiiiiiiiiii 26
Figure 2.13 Exhaust gas emissions for FPE and TCE [131]...cccccooiiiiiiinnnene e 28
Figure 2.14 Concentration of nitrogen oxide (NO) in the in-cylinder gases [132]................. 29

Figure 2.15 Effects of reductions in in-cylinder heat transfer losses on engine indicated

efficiency and NO formation [132]......cccoceiiiiiiiiiiiiiiee e 30
Figure 2.16 NO concentrations of the engines [145] ......cccovviieiiiiieniei e 33
Figure 2.17 Combustion heat releases of the engines [145].......cccocvvvvviiiiiiniininecn 33
Figure 2.18 NO mass fractions [156].....cccoceririeiiiiniiieie e e e 35
Figure 2.19 NO mass fractions [157]...cceoiiiiiiiiiiiieeieeie e 36
Figure 2.20 Formation of NO [157] ..cceeiiiiiiiieieie e e 37
Figure 2.21 Soot mass fractions [157] ...ccccveiiiiiiiiiiieeee e 38



Figure 2.22 Pressure development in a mean two-stroke and four-stroke cycle [158] ........... 39
Figure 2.23 NOx emissions from FPEG [158].......cccccoiiiiiiiiiii e 40
Figure 2.24 Work output along asymmetric piston trajectories, indicated by two Qs (H2, AFR

=2, CR =22, (b) is the zoom-in view Of (2)) [159]....ccceeiiiiiiiiie e 41

Figure 2.25 NOx emission along asymmetric piston trajectories, indicated by two Qs (H2, AFR

=2, CR = 22) [159] ittt bbb bbb 41
Figure 2.26 U.S. production, consumption and trade of ethanol [165]........ccccccvviviiniininnnn 45
Figure 2.27 The internal configuration of the Atkinson engine [170]........ccccovirivvnieninnennnn. 48
Figure 2.28 Working comparison of the Atkinson cycle with the standard cycle ................... 48
Figure 2.29 P-V diagrams of the Miller cycle engine [181].......cccccviviiiiiiniiniic 52

Figure 2.30 NOx comparison between Diesel cycle, Miller cycle and T-Miller cycle [221]..55
Figure 2.31 (a) p—V diagram; (b) T-S diagram for the air standard Miller cycle [119].......... 56
Figure 2.32 (a) The heat leakage percentage affected by the maximum cycle temperature;(b)

the heat leakage percentage affected by the excess air coefficient [119].........ccoccveneennn 57

Figure 2.33 Comparison of optimal and conventional piston motion curves for the STD case

Figure 3.2 Three primary sub-programs in Ricardo WAVE programs suite employed in this

TESCATCHL vttt b et 63
Figure 3.3 Basic model variables and initial cONditions ...........ccevvverveieeiesnesieese e 64
Figure 3.4 Crank-slider mechanism schematic [225]........cccccoeiiiiiiniiniiiieee e 65
Figure 3.5 Profile editor for piston motion profile to model free-piston engine..................... 67
Figure 3.6 SI Wiebe combustion sub-model ............cocooceeiiiiiiiiiiic 69
Figure 3.7 Types of models developed for the research..........cccocovviiiieiiiiienic e 70
Figure 3.8 Baseline model of 31cc Stihl 4MIX engine in Ricardo WAVE. .............coceeinn 72

Figure 3.9 Power curves comparison from experimental result and as obtained from Ricardo

X1l



WAVE SIMUIALION.......oiiiiiiiiiii s 72
Figure 3.10 HC+NOx emissions comparison from experimental result and as obtained from
Ricardo WAVE SIMUIation ............cccvoiiiiiiiiiii s 73
Figure 3.11 Fitted power curve of the four-stroke 65cc engine as obtained from Ricardo WAVE
SIMUIALION ...ttt s 75
Figure 3.12 General timing diagram for two-stroke Cycle ...........ccovvvvriiineinininesene e 76
Figure 3.13 The experiments panel in Ricardo WAVE which was used during the parametric
investigations for Model tUNINEG........cccocvviriieiiiine s 77

Figure 3.14 The experiment analysis panel showed-up at the end of the experiments in Ricardo

WAVE ... ot b bbb bbb bbbt nbe b renre s 79
Figure 3.15 The sweep case generator panel used for refined optimizations............cc.cceevene. 80
Figure 3.16 Boost pressure effect on brake thermal efficiency(bte) ........ccovvvviiiiiiiininnnn 82
Figure 3.17 Boost pressure effect on brake POWET ........cccvveiieiieiieiieie e 83
Figure 3.18 Boost pressure effect on brake mean effective pressure(bmep).........ccocvvveerinnn 83
Figure 3.19 Valves anchor positions effect on brake thermal efficiency(bte) ..........cccccvvunnne. 84
Figure 3.20 Valves anchor positions effect on brake power...........cccvcveviiiiiiiiic 85
Figure 3.21 Valves anchor positions effect on brake mean effective pressure(bmep) ............ 85
Figure 3.22 Valves duration effect on brake thermal efficiency(bte) ..........ccocoeceeviiiiiinnnnn 86
Figure 3.23 Valves duration effect on brake pOWer........ccccevveviiiiiiiiesie e 86
Figure 3.24 Valves duration effect on brake mean effective pressure(bmep) ..........ccoeevrnnnne. 87
Figure 3.25 Final valves timings for the 65cc two-stroke crankshaft engine............c..ccceuveene. 88

Figure 3.26 Free-body diagram of the dual piston free-piston engine generator dynamic model

......................................................................................................................................... 89
Figure 3.27 Typical profile of cogging force vs. position of a linear motor ............cc.cceevenene. 92
Figure 3.28 The input panel for imposed piston sub-model...........ccocevveeiiiiiiiniininiesieiene 94

Figure 3.29 Piston position against crank angle comparison for free-piston engine (FPE) and
crankshaft engine (CSE)(a)At 50 Hz and (b) At 10HZ........ccocovieiiiiiinic e 96
Figure 3.30 Piston velocity against piston position comparison for FPE and CSE(a) At 50Hz

ANA (D) At TOHZ ..o e r e 98



Figure 3.31 Optimised intake and exhaust valves timing for FPE and CSE(a) Crank angle-
based(b) Piston position-Dased..........ccoiririiriiiiiieire s 99

Figure 3.32 Variation of valve opening and closing timing at different speeds for the free-piston

engine model(a) Exhaust valve(b) Intake valve.........c.ccooiiiinieiiiiisc e 101
Figure 3.33 Valve opening and closing positions for free-piston engine ...........c.ccevevereernenne 102
Figure 3.34 P-V diagram comparison between (a)FPE and (b)CSE at 80Hz...........c.cccee.ee. 103
Figure 3.35 Brake power comparison for both models..........c.ccoovviiiiiiinnininiiniienieneene 104
Figure 3.36 HC emission comparison for both models.............coocecvriinincininnenene 105
Figure 3.37 NOx emission comparison for both models...........cccocvviriiiiniinnnnncnenen, 105
Figure 4.1 Piston motion vs min time in Hydrogen FPE model ..............ccooviiiiiiniininn, 111
Figure 4.2 Pre-set piston motion data in Ricardo WAVE ..........ccccccviniiinnnnne e, 112
Figure 4.3 Fuel and air properties panel in Ricardo WAVE .............cccocoiiiiiin, 113
Figure 4.4 Fuel Property Tag Selector in Ricardo WAVE ..........ccccovviniiiinnninnnienien, 114
Figure 4.5 Cylinder panel in Ricardo WAVE ..........ccccoiiiiiiiiii e, 115
Figure 4.6 Air/fuel ratio pre-set in the injector panel............ccovvvviiiniiinnnn e, 117

Figure 4.7 The experiment analysis panel showed-up at the end of the experiments in Ricardo

Figure 4.8 Indicated power for four-stroke FPE ...........ccccooiiiiiiiiii, 119

Figure 4.9 Indicated power comparison between WAVE model and experimental data....... 120

Figure 4.10 NOx emission of two-stroke hydrogen free-piston engine model...................... 121
Figure 4.11 NOx emission comparison between three models ...........coccovvvriinniinninnnnnnn, 122
Figure 4.12 Highest in-cylinder temperature of Gasoline FPE and hydrogen FPE .............. 123
Figure 4.13 NOx emission with different equivalent ratio..........c.ccovevevvriinnenneenieeneeneenene 124
Figure 4.14 Highest mean in-cylinder temperature with equivalent ratio.............ccoeveevennrnne. 125

Figure 5.1 Relation between compression ratio accumulator pressure Pc, injection timing tinj
and the effective compression ratio € [247] ...cccveieeieeiieiieiieie e 130
Figure 5.2 The influences of the compression accumulator pressure and the start of fuel
TNJECHION [247] c.eeeieeitteetee ettt b e sb e bbb et sbe e sbe e nreenree s 131

Figure 5.3 Correlation of NOx and HC emission with ethanol percentage at 2000 rpm [265]

XV



Figure 5.4 Correlation of NOx and HC with the percentage of ethanol at 3500 rpm [258]..140

Figure 5.5 Fuel panel in Ricardo WAVE ..........cccooiiiiiiiiii e 144
Figure 5.6 Simulink model for the ethanol FPE model.............ccocccvvniniiiiiniciee, 145
Figure 5.7 Parameters in MATLAB ......ccccoiiiiiiiii e 146
Figure 5.8 Piston motion pre-set in Ricardo WAVE.............ccoccooiiiiiiin, 147

Figure 5.9 The experiments panel in Ricardo WAVE which was used during the parametric

investigations for Model tUNING.........ccocvvirreiiiiireee e 148
Figure 5.10 The experiment analysis panel simulation processes and results............c.c.c..... 150
Figure 5.11 Brake power of different ethanol-gasoline blend concentration ..............c........ 152
Figure 5.12 BSFC of different ethanol-gasoline blend concentration..........cccoceevvvvrvernennnn. 153

Figure 5.13 Brake thermal efficiency of different ethanol-gasoline blend concentration..... 153
Figure 5.14 In-cylinder temperature COMPATiSON ........cvvververrieerieerieeseeseesieesieesseesseesseeseeesenes 154
Figure 5.15 NOx emission of different ethanol-gasoline blend concentration and gasoline. 155
Figure 5.16 CO emission of different ethanol-gasoline blend concentration and gasoline...156

Figure 5.17 HC emission of different ethanol-gasoline blend concentration and gasoline...157

Figure 6.1 P-V diagram compared between LIVC Miller cycle and Diesel cycle................ 159
Figure 6.2 EIVC Miller cycle P-V Diagram ...........ccoceviiiiiiiciiinc e 161
Figure 6.3 Turbocharger fixed cOmpressor Panel..........ccovveveereeiieiieninnin e 162
Figure 6.4 Turbo shaft panel ..., 163
Figure 6.5 Turbocharger fixed turbing panel...........cccovvviieiiiiiniiiiiene s 164
Figure 6.6 Different Miller cycle intake valve timing on hydrogen FPE..............c..cccoein. 165
Figure 6.7 Indicated power comparison of different LIVC angles...........ccoovvveviiiineiennnnn. 166
Figure 6.8 BSFC of different turbo-charged LIVC compariSon ..........ccccovvviveiinineneeinnnn, 168
Figure 6.9 Indicated power of different turbo-charged EIVC comparison ...........cc.cceeeenenne. 169
Figure 6.10 Indicated power comparison of different types of Miller cycle............cccvennnn. 171
Figure 6.11 BSFC comparison of different types of Miller cycle........ccooovvvreeiiinnenienienne, 172
Figure 6.12 Indicated efficiency of different types of Miller cycle..........ccoovvvveviiiininccinnnn, 172
Figure 6.13 Indicated power comparison of different Miller cycle..........ccoovvvveviiiinincnnnn. 173

XVI



Figure 6.14 BSFC comparison of EIVC and LIVC ........cccociiiiiiiiiiiicnee e 174

Figure 6.15 Indicated efficiency comparison of EIVC and LIVC ..........ccccccvinivccninnnnnn, 175
Figure 6.16 NOx emission comparison of different EIVC and LIVC...........cccccoovvinininnns 176
Figure 6.17 HC emission comparison of different EIVC and LIVC.........c..ccoooiviciinnnnnn. 177
Figure 6.18 CO emission comparison of different EIVC and LIVC...........ccccooviiiiiniinnnn 177
Figure 6.19 NOx emission comparison of different LIVC angles ...........cccccoonivecvninennne. 178
Figure 6.20 NOx emission comparison of different EIVC and LIVC...........cccccooviviininnns 179
Figure 6.21 HC emission comparison of different EIVC and LIVC.........c..ccoooivvciinnnnnn. 180
Figure 6.22 CO emission comparison of different EIVC and LIVC..........cccccvvvvinnnnnnnn, 180

XVII



XVIII



XIX



List of Tables

Table 2.1 Advantages and disadvantages of different typical types of FPELG [6,17]............ 11
Table 2.2 The influence of the parameters on the performance of FPELG [11] ..........ccccuee.. 12
Table 2.3 Performance comparison of 2—4 stroke FPELG [80] .......ccccceveiininiieniiiseseiee, 15

Table 2.4 The performance of FPELG under SI and HCCI combustion mode respectively [88]

......................................................................................................................................... 16
Table 2.5 Measurement Data ZK02 SI-HCCI mode [89] ...ocovvvvvviiiiiiieeiec e vie e 17
Table 2.6 Comparison of the prototype and the simulation results of FPELG [120]............... 23

Table 3.1 Empirical design data for valve capacity and head design in relation to the actual

design for the 31cc and 65cc Stihl 4MIX engines........ccoceviiiiinciiiiiicc 74
Table 4.1 Hydrogen FPE prototype Specifications...........ccovvveieeieeieeiieeiee e e sieesiee e sieens 108
Table 4.2 Baseline model operating parameters........coceviiinieiiiiinisis e 109
Table 5.1 Comparison of gasoline and ethanol fuel properties [246].......cccccevvvvrieeiieeiienrienns 128
Table 5.2 Properties of different ethanol-gasoline blended fuels [246].........c.cccoveevieiienens 135
Table 6.1 Indicated power of different turbo-charged LIVC comparison............ccccevevvennenns 166
Table 6.2 BSFC of different turbo-charged LIVC comparison ...........ccoovvviieiieiiiisienninns 167
Table 6.3 Indicated power of different EIVC cOmpariSOn ..........cccvvveeerineseeienenreseeneennens 169

XX



Chapter 1. Introduction

1.1 Background

Under the current trend of serious shortage of electric energy and serious air pollution, basic
automobile engines with uneconomical scale and high emission can no longer meet the obvious
requirements of energy saving and consumption reduction [1,2]. The key to the operation of
traditional gas turbines is the ignition of hydrocarbons in the cylinder, and the incineration of
hydrocarbons will cause a lot of industrial waste gas, such as carbon monoxide (CO), carbon dioxide
(C0O2), nitrogen oxides, etc. (NOx), smoke and fine particulate matter (PM) and other harmful
metallic materials [3,4]. These unclean ignited substances create many environmental pollution
problems, thus posing a threat to the earth and people. In addition, the increase in the total number
of vehicles has accelerated the rate of fossil fuel consumption. Therefore, there is a strong
motivation to find a replacement for an environmentally friendly and energy-saving engine or a gas
turbine. A recent report by the New Energy Technology Institute (ETI) highlighted those light
vehicles contribute about 16% of France's CO2 consumption [5]. Some have suggested that a radical
way to reduce such emissions is to use new energy electric vehicles and phased out internal
combustion engines. The less risky route is by using a combination of different fuel types such as
bio-fuel and ethanol as well as increasing hybrid vehicle use on the road. And also, as a potential
renewable fuel, hydrogen has great advantages of ultra-low pollution and high efficiency for internal

combustion engine, as well as long-term availability [6-9].

At the same time, the free-piston engine (FPE) was born in such a situation [10]. The new engine
revolutionizes the crank and connecting mechanism of the traditional gas turbine, thereby reducing
friction damage, improving thermal efficiency, and exercising with a variable compression ratio,
giving a flexible scope of application of natural materials and the possibility of new cleaning and
ignition methods [11-13]. This potential advantage of FPE creates a broad range of primary uses. It

can not only be used as the propulsion system hardware of hybrid new energy electric vehicles or
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electric vehicles, but also can be used as auxiliary driving force for mechanical equipment [14].

1.2 The free-piston engine

A free-piston engine is an automobile engine that operates without an engine crankshaft or any other
rotating mechanism. As a common power system, tubular gas turbines with engine crankshaft
system hardware are widely used. However, this kind of engine crankshaft system hardware
automobile engine has the defects of complicated structure, long mechanical equipment
transmission chain, large friction damage, high heat transfer efficiency and inferior [15].
Consequently, scientific researchers are still diligently improving the characteristics of rotating gas
turbines containing engine crankshaft system hardware [16]. At the same time, they are also actively
promoting new power electronic devices [17]. For rotary table gas turbines, the engine crankshaft
system hardware significantly compromises the characteristics and high efficiency of the gear
transmission. High friction damage is caused by piston side forces caused by the engine crankshaft
system hardware. In addition to this, this automotive engine has an extremely complex configuration
caused by the engine crankshaft system hardware [18]. Therefore, in the search for a new powertrain,
the engine crankshaft system hardware was eliminated. For the new power system, the free-piston
engine is the classic means of linear power system [19]. The reciprocating motion of the FPE is
"free" because it is not limited by the engine crankshaft system hardware. Therefore, FPEs have the
advantages of simple structure, high heat transfer efficiency, extremely low friction damage, various
engine compression ratios, and feasibility analysis of various natural materials [6]. In addition, the
type of power can be changed by coupling the FPICE with different heat transfer equipment. For
example, electromagnetic energy [4], hydraulic function [20], or mechanical energy [15,21] is
generated when FPEs are individually coupled to linear generator sets, hydraulic transmission

systems, or specialized mechanical structures.

The definition of the free-piston engine has a long history, and its definition originated from the
Otto-Langen air free piston engine in 1867 [8,9]. These early prototypes of free-piston engines were
dedicated to the use of rack-and-pinion and transmission gear mechanisms to complete rotational
applications. One of the main problems with this type of equipment is the inability to keep the

circulatory system operational. Afterwards, this problem was solved by using the crank-slider
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mechanism for the actual operation of the circulation system and the gears as the energy storage
technical equipment to maintain the actual operation of the circulation system. This type of
equipment forms the basis for cranking automotive engines for engines used in gas turbine (IC)
applications. With increasing concern on global warming and sustainability, crankshaft IC engine
technology has been under intense scrutiny due to its relatively low efficiency and poor exhaust gas
emissions. The efficiency of modern internal combustion engines for HEV applications is reported
to be 30-37% SI and 40% CI [22]. Accordingly, there has been a search for a replacement prime
mover, especially one that can impart more efficiency and lower emissions for hybrid vehicle
applications; namely, a free-piston engine generator set. The allure of the free-piston engine depends
on its great advantages, such as high power-to-weight ratio, high working capacity, low cost of
manufacturing, low maintenance (because of few components and simplicity of mechanical
equipment) [6],[23]-[25]. When closely combined with linear generator sets and energy storage
systems, this technology can meet the main requirements of new energy electric vehicles or auxiliary
power systems [26]. In addition, the lack of a crankshaft and gears in the engine can result in higher
thermal efficiency and can operate at different engine compression ratios. In tests of rapidly scaled

centrifugal compressors, it has been reported that the stated thermal efficiency can reach 56% [27].

1.3 Miller cycle

Traditional reciprocating IC engines use four strokes, two of which can be considered powerful: the
compression stroke (the high-power flow from the engine crankshaft to the pump) and the power

stroke (the high-power flow from the ignition gas to the engine crankshaft).

In the Miller cycle, the intake valve is open longer or shorter than in the Otto cycle of a car engine.
In fact, the compression stroke is a cyclic system of two discrete variables: the original part when
the intake valve opens and the last part when the intake valve closes. These two-stage intake four-
strokes contributed to the introduction of the Miller Cycle into a "fifth" four-stroke. When the piston
initially moves up on the traditional compression stroke, part of the pumping is expelled through
the still-open bypass valve. Often, the loss of such pressure-increasing gas results in a loss of output
power. Nevertheless, in the Miller cycle, this can be compensated according to the application of

the supercharger. The supercharger usually has to be of the positive displacement (Roots or screw)
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type as it can cause increased pressure at relatively low car revs. Otherwise, the low-speed ratio
output power will be compromised. Or, if you don't need to operate at low rpm, or with a motor,

you can use a supercharger to improve work efficiency.

In a Miller cycle car engine, the piston gradually shrinks the gasoline-diesel-gas mixture only after
the intake valve is closed; and the bypass valve closes after the piston has moved a certain distance
above its bottom end: Probably 20% to 30% of the total piston travel that should go up the four-
stroke. Thus, in a Miller cycle automotive engine, the piston actually shrinks the gas-gas mixture
only during the last 70% to 80% of the compression stroke. At the beginning of the compression
stroke, the piston pushes a portion of the gas-fuel mixture through the still-open bypass valve, and

then back into the intake manifold.

1.4 Renewable fuels

Ethanol is a renewable natural material made from various plant raw materials, commonly known
as "biomass fuel". "More than 98% of American motor gasoline contains ethanol, usually E10 (10%
ethanol, 90% motor gasoline), which is used for air oxidation of the fuel to reduce environmental
pollution. hydrogen (H2) is an alternative fuel that can be produced from diverse renewable
resources. Although the sales market for hydrogen as a natural material is still in its infancy,
government departments and fields have made efforts to create hydrogen production for clean,
economic development and safety Manufacture and distribution for general use in hydrogen fuel
cell new energy electric vehicles (FCEVs). Light-duty FCEVs are currently in limited market
demand in China and parts of the world. Buses, raw material equipment handling (such as electric
forklifts), road support equipment, small and medium-sized and heavy trucks, boats and stationary
applications sales markets are also developing [28]. The use of renewable natural materials in FPE
has hardly been mentioned in past discussions. Therefore, in this thesis, ethanol and hydrogen are
considered as the replacement renewable natural materials introduced into FPE, and the

characteristics and exhaust characteristics of the automobile engine are described.

1.5 Aims and objectives

This research will focus on a spark-ignited dual piston type FPE, and aims to analyse the basic
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emission performance of the spark-ignited dual piston type FPE prototype developed in Durham
University, optimise the emission performance and identify the best emission performance condition.

The main objectives of the study are as follow:
® To develop a detailed numerical model for the engine;
® To calibrate and validate the model against test results from the prototype;

® To apply Miller cycle into the FPE and analyse the emission performance to identify factors

and variables that will influence the engine emission characteristics;
® To identify the best valve timing of the Miller-FPE that produce the least emission

® To utilise renewable fuel (ethanol and hydrogen) in both conventional FPE and Miller-FPE,

and to analyse their emission performance and identify the best operating condition

1.6 Methodology and thesis outline

The content of the thesis was organized according to the methodology of the research and comprised

of the following chapters:

Chapter 2 introduces the free-piston engine generator fundamental principles and then presents
literature review on the parameters and challenges in the area as reported by major research groups
worldwide. In addition, this chapter includes the introduction of Miller cycle, presents literature
review on previous work on Miller cycle research and achievements till now. Also presents literature
review on renewable fuel (ethanol and hydrogen) application in both conventional engines and the

FPE.

Chapter 3 describes the development of four main simulation models using one-dimensional
simulation tools. All models were a single cylinder engine. Both four-stroke crankshaft engine
models had been validated while the two-stroke crankshaft engine model was optimised for
performance through parametric investigations. The final optimised two-stroke crankshaft engine
model was converted into the two-stroke free-piston engine model by using the imposed-piston
motion (IPM) sub-model. The free-piston engine model was optimised for maximum performance

and the findings are discussed.



Chapter 4 describes a Ricardo WAVE hydrogen free-piston engine developed from the baseline
model. This chapter presents the whole process of modelling, validation, implementation and
simulation. The hydrogen free-piston engine model is validated by existing experimental data, and

both engine output performance and emission performance were analysed.

Chapter 5 presents series of ethanol-gasoline blend free-piston engine models developed from the
baseline model. Essential parameters such as compression ratio, equivalence ratio, etc., were
amended, and piston motion file was obtained from a MATLAB/Simulink model. Ethanol blends
from 5% to 100% were all simulated, and both engine performance and emission performance of

this ethanol-gasoline blend free-piston engine were analysed.

Chapter 6 describes the whole process of Miller cycle application on the conventional diesel engine
and free-piston engines that presented in the above chapters. Both possibilities of late intake valve
closure (LIVC) and early intake valve closure (EIVC) were tested and applied, and different
late/early intake valve closing angle from 5°CA to 35°CA were analysed. Miller cycle application
on different types of conventional engine and free-piston engine was investigated, and the
advantages and disadvantages were discussed on the basis of the engine performance and emission

performance results.

Chapter 7 summarised the main process, contributions and findings over the above six chapters, and

several recommendations and concerns for further researches were raised.



Chapter 2. Literature review

This chapter presents a literature review of the free-piston engine fundamental information and
recent research development on the free-piston engine (FPE). From the recent patents and
publications, the previous work on numerical modelling, prototype design and test, emission
performance analysis, as well as emission characteristic of different fuel are summarised and
presented in this chapter. This review aims to provide an overview of previous research in this area,

and identify the challenges to be acknowledged to the prototype development in Durham University.

2.1 The free-piston engine

The free-piston engine is a linear heat transfer system hardware, the technical term "free-piston" is
commonly used to distinguish its linear characteristics from traditional reciprocating automobile
engines [6]. Not limited by the engine crankshaft organization already known for conventional car
engines, the piston can sway freely in the middle of its dead centers. The piston component is the
only major moving component of the FPE, and its movement is due to the exhaust gas and load
forces acting on it [29]. In this section, the basic information of FPE is introduced in detail, and the
possible FPE loads and different FPE equipment are briefly described as well as the future

development of FPE by various international teams.

2.1.1 History of the free-piston engine

FPICE started with a free piston engine (FPE). In order to better get rid of the many pitfalls caused
by the engine crankshaft and crankshaft system hardware of automobile engines, FPE was
scientifically researched. Pescara [29] is generally credited as the inventor of the free piston engine,
and his exclusiveness dates to 1928, but other distributors, mainly Junkers in France, were also
researching free piston machinery at this time. Since then, many patents have been issued describing
or relating to the free-piston machinery. Pescara's original patent described a single-piston- flame-
fired air compressor, but the patent was dedicated to maintaining the standard of use for many
applications with free piston s. Pescara gradually researched free piston engines around 1922 and

developed prototypes with flame ignition (1925) and diesel ignition (1928). The latter has resulted



in the development trend of Pescara free piston air compressors [30]. Pescara again worked at the
level of free piston machinery and in 1941 patented a multi-level free piston air compressor for
automotive engines [31]. The prototype of the FPE was designed in 1925 as a spark ignition (SI)
FPE, and in 1928, the design was a reduced ignition FPE [32]. Various FPEs have been developed
since the 1930s. According to the main use, it can be divided into two types: free piston engine gas
compressors and free piston engine gas generators, as shown in Figure 2.1 below [25]. Free piston
air compressors are derived from Pescara's compression ignition FPE. Next, the four-stage free
piston engine gas compressor was developed by the French Junkers company in the middle and late
1930s and was used in German submarines during World War II [30]. After World War II, the
analytical staff in Worthington, England, carried out scientific research on the free piston gas
compressor of the opposed piston engine, and chose the compression ignition method. The test
results show that the engine compression ratio of the free piston engine gas compressor of the
opposed piston engine can reach 40 under the promotion of the air compression of the multi-

component reduction equipment.

Gradually the whole process. In addition, the volume of the opposed-piston free-piston air
compressor is about half of that of the traditional electric air compressor. Therefore, the opposed-
piston free-piston gas compressor is particularly suitable for submarine applications [33,34].
Nevertheless, the free piston air compressor has not been widely used because of its narrow scope
of use and the fact that it can use a lower motor to drive the refrigeration compressor [35]. Regarding
the free piston engine gas generator, the key principle is the same as that of the free piston engine
gas compressor. However, the principle is slightly different in that the compressed air of the free
piston engine gas generator does not work immediately. Free piston engine gas generators coupled
with gas turbines have high power [6]. The GS-34 free piston engine gas generator of the French
SIGMA design has been used in power plants for many years. The CS-75 free piston engine gas
generator was developed and designed by the British free piston engine company [36]. In addition,
General Electric Vehicles and Ford Motor Company developed and designed prototypes of free
piston engine gas generators [37,38]. Nevertheless, FPE (including free piston engine gas
compressors and free piston engine gas generators) were discontinued in the 1960s due to their

lower rationality and stability of gasoline and diesel compared to rotary disk gas turbines [6].
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Figure 2.1 Schematic representation of free-piston gas compressor and free-piston gas generator [25]

2.1.2 Recent advances and application of the FPE

Advances in machine building technology, control methods, and gas turbine characteristics in recent
decades have led to a new interest in FPICE, especially in new FPE categories: FPE Linear
Generator Sets (FPELG) and Hydraulic Press FPE (HFPE). In addition to this, free piston
centrifugal compressor linear generator sets (Linear Joule automotive engine generator sets) and
small FPICE have been scientifically researched on a global scale. Each class of FPICEs has

benefited from important research results over the past few decades [39].

2.1.2.1 Free-piston engine linear generator

FPELGs that combine FPICEs with linear generators instantly have been explored since the 1990s.
The specific principle of FPELG is as follows: The ultra-high pressure and high temperature gas
formed in the whole process of ignition in the FPICE cylinder pushes the mover (the piston part
rigidly connected with the moving rod of the parallel line generator set). Subsequently, the linear
generator set converts the kinetic energy of the mover into electromagnetic energy [6,40-42]. In
principle, FPELG has three typical models and specifications of double-cylinder single-piston, two-
cylinder double-piston and opposed piston, as shown in Figure 2.2 below. The specific rationale for
the specifications of the three models of FPELGs is the same, as previously described, although

there are some minor differences. Their advantages and disadvantages are shown in Table 2.1.
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Figure 2.2 Schematic representations of three typical structures of FPELG [6,17]

(1) Two-cylinder single-piston FPELG is composed of engine combustion chamber, linear generator
set and rebound force system hardware, and must get rid of the compression force of reactive power

four-stroke.

(2) The two-cylinder two-piston engine contains two engine combustion chambers and a linear
generator set. The whole process of ignition occurs alternately in each cylinder. When the car engine
is in the two-stroke thermodynamic cycle, the resilience device is deactivated in this configuration.
In contrast, for the automobile engine under the four-stroke thermal cycle, the working mode of the
linear generator set should be switched from the power generation mode to the electric mode during

the reactive power four-stroke period [6,17].

(3) The third type is composed of two opposing piston s with one engine combustion chamber, two
linear generator sets and two rebound force system hardware. The ultra-high pressure and high
temperature gas formed in the whole process of ignition drives two pistons to reciprocate
synchronously. Similar to the double-cylinder single-piston machine, the resilience device is
indispensable. Since FPELG was explicitly proposed, it has caused great interest in many scientific

research institutions. Nevertheless, until now, no FPELG variety has been successful in the industry.
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Fortunately, according to recent reports, FPELG has made a major breakthrough in technology.
Therefore, in the next section, a brief description of previous scientific findings on FPELG will be

detailed.

Table 2.1 Advantages and disadvantages of different typical types of FPELG [6,17]

FPELG type Advantage Disadvantage

Rebound device required;
Single-piston (Fig.2 a) Easy to control
Low power density

High working frequency;

compact structure;

Dual-cylinder dual-piston Relatively difficult to control;

. High power density;
(Fig.2 b) Unbalanced
Elimination of the rebound
device
Intrinsically balanced; Complex design;
Opposed-piston (Fig.2 c) Vibration free with equal Piston synchronization
piston masses required

Walters and his elite team at West Virginia colleges and universities have been working on the
practical operating characteristics and characteristics of the FPELG's piston since the 1990s [43-45].
For the SI FPELG, the results show that with the improvement of the mover quality, the maximum
working pressure of the master cylinder and the engine compression ratio are both improved. In turn,
the output power and piston peak velocity are reduced. Along with the increase in the type of
calorific value, the main parameters (including output power, master cylinder air pressure maximum
value, piston maximum value speed and engine compression ratio) are also improved. When this
primary parameter is reduced, the ignition delay time and load lift are shown in Table 2.2. Besides,
the test results show that the power and output power of the SI vehicle gasoline FPELG sample can

achieve 316 W and 23.1 Hz respectively [43,44]. Nevertheless, FPELG for automotive gasoline
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often catches fire due to the instability of the entire ignition process in the work process. They
applied a dimensionless solid model to analyze the influence of the main operating parameters
(including bore ratio, equivalence ratio, load, ignition delay time) on the characteristics of the
compression ignition FPELG [46]. The results show that the characteristics of this FPELG are high
when the ratio of cylinder diameter is 1.3 [47]. Recently, scientific studies have investigated ignition
engine timing and thermal damage with torsion spring-assisted FPELGs. Output power and power
increased with an increase in stiffness coefficient, while various reductions from circulatory system
to cycle [48]. It has been found that ignition timing of the engine has a significant effect on the
master cylinder air pressure [49]. In addition, when the multi-reciprocating motion control method
is selected, the conversion index of the engine compression ratio and the maximum working

pressure is controlled below 5% [50].

Table 2.2 The influence of the parameters on the performance of FPELG [11]

Combustion Frictional
Heat input Mover mass
duration force(load)
Frequency ) l ! !
Peak pressure i l l 1
Velocity i ! l l
Displacement T l l T

The Peter Van Blarigan working group at Sandia National Laboratories in the US, explored the
characteristics of the FPELG using the Homogeneous Pumped Ignition (HCCI) ignition method,
which uses a hydrogen-rich fuel cell. The engine compression ratio and equivalence ratio are 30 and
0.3, respectively. The simulation results show that the working characteristics of the piston of
FPELG are quite different from those of traditional rotary engines (TREs). For example, the FPELG
has a fast expansion four-stroke, a slower compression stroke and more instantaneous piston speed.
The NOx emission of FPELG was significantly smaller than that of TRE. In addition, the basic
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theory indicates that the high efficiency can be achieved by 65% (according to the research results
of rapidly shrinking-expanding equipment, the high efficiency is about 56%) [51-54]. In the whole
process of lifting and scavenging, it was found that compared with the scavenging method of the
circulating system and the scavenging method of the mixed circulating system, the scavenging
characteristics of the single-flow scavenging method were the best. In addition, according to the
application, the hierarchical scavenging equipment [55,56] can obtain a smooth ultra-low
temperature and low voltage intake air supply (300 K, 1.2 bar). Recent studies have shown that
under special conditions, the indicated thermal efficiency of the opposed piston hydrogen FPELG

can reach 55% [57].

The new Free Piston Energy Converter (FPEC) project has been supported by EU countries since
2002. The indicated automotive engine high efficiency of FPEC under HCCI ignition mode is about
51% [58]. In addition to this, the overall target power and power density are about 23 kW and 0.6
kW/kg respectively, and the environmental protection standard can reach Euro V. TRE, as shown in
Figure 2.3 [58] below. In addition to this, the results show that lower gasoline octane energy must
have more engine compression ratio, which will improve the output power, power and high
efficiency of FPEC [59]. And it was found that the transverse flux rare earth permanent magnet
linear generator set becomes a good candidate for FPEC because of its low moving quality [60-63].
The linear generator set with quasi-Halbach magnetized configuration has high power and high
efficiency, as shown in Figure 2.3 [64-67] below. In addition, it was found that the speed of the
linear generator set was the most important factor that endangered the FPEC in the whole process
of operation, and friction was the most important factor in the whole process of standby speed [68].
In addition to this, it can be seen that the fuel consumption of FPEC is reduced by 19% compared

to diesel generators [69-71].
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Figure 2.3 The piston operation characteristic and Linear generator performance from FPEC [68]

Analytical staff at the Swedish Institute of Technology applied MATLAB/Simulink and the dSSPACE
simulation service platform [72,73]. Based on the test results, they confirmed that the output power
of the prototype LCEO1 is about 27 Hz. In addition, the highest value power is only 650 W, and the
high efficiency is less than 10% [74,75]. For the control method of FPELG, the sine curve is used
as the overall target motion trajectory at first, and the current of the linear generator set and the
position of the piston are used as the adjustment variables. The results show that after applying this

control method, the FEPLG sample can complete the smooth and continuous operation [74,75].

The SI FPELG and the compression ignition FPLG were critically analyzed by Tony Roskilly's
research group at Newcastle University. The results show that the basic parameters of FPELG are
relatively highly coupled and optimally controlled. The high efficiency of FPELG is slightly higher
than that of TRE. Besides, the friction damage of FPELG is only half of that of conventional engine
crankshaft system hardware rotary engine, and its NOx emission is smaller than TREs [76-79].
Recently, Roskilly and Boru dissected the characteristics of 2-4-stroke and 4-stroke FPELG. The
results show that the characteristics of the 2 four-stroke FPELG are quite different from those of the
4 four-stroke FPELG, for example, in the reciprocating motion curve, output power, the maximum
working pressure of the master cylinder and the marked high efficiency level, as shown in Figure
2.4 below and Table 2.3. In addition, the control method of FPELG is designed, and the single-cycle
ignition advance angle is used as the adjustment variable. Bottom dead center (TDC) of the piston

is predicted from the piston velocity in the mid-section of the four-stroke. The results show that
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when the control method is applied to FPELG [81-85], the maximum value of the in-cylinder air

pressure is controllable. Recently, in order to better complete the smooth operation of SI FPELG, a

cascade control optimization algorithm was explicitly proposed [85].
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Figure 2.4 FPELG performance of 2-stroke and 4-stroke from Newcastle University [80].

Table 2.3 Performance comparison of 2—4 stroke FPELG [80]

Two-stroke engine Four-stroke engine

Mean equivalent crankshaft 2000 900
rotational speed(rpm)

Maximum piston velocity(m/s) 3.1 3.8
Peak cylinder pressure(bar) 47 76
Fuel consumption(kg/kW.h) 0.22 0.2

Thermodynamic efficiency (%) 34.5 44.9
Indicated power(W) 3900 1230
Electric power output(W) 3760 640
Maximum efficiency compression 7.36 16.2
ratio (-)
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Engine power/weight ratio(W/kg) 0.07 0.022

From 2002, the analytical staff of the French Aerospace Core became interested in the two-stroke
FPELG [86]. For the single-piston FPELG with a pneumatic spring device, the entire process of the
intake port and exhaust pipe is controlled by a variable magnetic induction cylinder organization.
During the whole scavenging process, the layout of 2 channel valves and one inlet and outlet valve
was confirmed to be the best choice for FPELG [87]. Regarding the characteristics of FPELG under
different ignition modes, it is noted that the indicated high efficiency of FPELG under HCCI ignition
mode is higher than that of SI ignition mode, as shown in Table 2.4. Moreover, it is found that
FPELG is particularly suitable for HCCI ignition due to the self-regulating effect of reciprocating
motion, and the high efficiency can reach 38%. The main parameters of FPELG are listed in Table
2.4 [86,88,89]. Recently, computational fluid dynamics (CFD) simulations and precise
measurements have shown that the two-stroke opposed- FPELG has a marked high efficiency of
38.8% and 27.3%, respectively, in the SI ignition mode. In addition to this, the successful transition

from the SI ignition mode to the HCCI ignition mode was confirmed [90,91].

Table 2.4 The performance of FPELG under SI and HCCI combustion mode respectively [88]

SI HCCI
Stroke(mm) 80 80
Inlet pressure(bar) 2 2
Compression ratio (-) 9 9
IMEP (bar) 40.1 17.1
Injected fuel mass(mg) 13.1 5.76
Indicated efficiency (%) 333 344
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Indicated power(kW) 11.3

5.0

Table 2.5 Measurement Data ZK02 SI-HCCI mode [89]

1 2 3 4 5

Stroke(mm) 80 80 80 80 80

Boost pressure(bar) 2.0 2.2 2.3 2.4 2.5
Compression ratio (-) 12.8 11.3 11.5 10.5 11.6

Efficiency compression ratio
9.5 8.8 8.7 7.9 8.6
)
Injected fuel mass(mg) 17.6 20.7 22.7 24.5 22.7
IMEP (bar) 6.7 7.7 8.2 8.7 8.4
Frequency (Hz) 18.1 18.9 19.6 19.5 19.9
Indicated power(kW) 38.1 37.3 36.3 35.6 37.4
Maximum pressure

10.0 12.9 18.8 17.2 16.7

gradient(bar/CAD)

Pempek System Company designed an FPELG in 2003 called the Free Piston Drive Group (FP3).
The FP3 contains eight two-stroke engines and a linear generator. The high-pressure gasoline and
diesel direct injection engine system is applied to FP3 with SI ignition mode. Output power, peak
power and power density are 30 Hz, 40 kW and 1 kW/kg respectively. The FP3 is extremely compact,
highly efficient, and has low discharge. Its power can be increased by adjusting the total amount

and size of FP3 control modules [92]. Unfortunately, there is very little coverage of FPE.
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The Ocktaeck Lim working group at Ulsan University in South Korea has studied two-stroke SI
FPELG based on butane [93,94]. The results show that FPELG can successfully switch from SI
ignition mode to HCCI combustion mode when operating under special conditions. The equivalence
ratio, external load, inlet temperature, inlet working pressure, ignition position and stiffness
coefficient index are 0.7, 180 Q, 400 K, 1.2 bar, 3 mm and 14.7 N/mm from the cylinder head,
respectively, as shown in Figure 2.5 [95]. Changing the ignition position in the SI ignition mode is
a beneficial strategy for the whole process of FPELG connection. For the whole scavenging process
of FPELG, it is found that when the best output power is 33 Hz, the maximum collection efficiency
is 83%. Moreover, with the improvement of the distance between the exhaust port and the reduction

of the working pressure of the intake port, the collection efficiency is improved [96].

Japan's Toyota Central R&D Labs Inc. has scientifically researched the twin-cylinder single-piston
FPELG. It consists of a twin-cylinder FPE, a linear generator set, and a vapor resilience device [98].
The results show that the power of FPELG for vehicle gasoline using the premixed charge
compressor ignition (PCCI) ignition method can produce more than 10 kW, and the thermal
efficiency is about 42%. However, compared with the SI ignition method, the ignition timing of the
FPELG cannot be controlled under the PCCI ignition method [99]. At the same time, when the
reciprocating motion graph is manipulated by the linear generator set, the bottom dead center,
bottom dead center (BDC) and output power of the piston are manipulated, as shown in Figure 2.6

below [100,101]. FPELG samples can continue to run for more than 4 hours.
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Figure 2.6 The performance of FPELG at Toyota Central R&D Labs Inc [100,101]

National Taiwan University of Science and Technology researchers have researched a two-cylinder,
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double-piston- FPELG based on isooctane. The characteristics of FPELG under three different
ignition modes were compared, namely SI ignition mode with an equivalence ratio of 1, lean SI
ignition mode and HCCI ignition mode [102]. When operating in the SI ignition mode, the FPELG
has high power, but also high fuel consumption, with an equivalence ratio of 1. FPELG has high
efficiency, increased stroke schedule, and low output power during operation under HCCI ignition
mode. In addition to this, FPELG can successfully transition from SI firing to HCCI firing. The
FPELG should operate with lean gas mixture and moderate load, as shown in Figure 2.7 below

[102].

1 2 3 4 5
g ~ 50 ; : 2 ) H Right cylinder
28 \ ! - = = Left cylinde
§ E . \L\‘:k\A‘“ ot = eft cylinder
o 0 50 100 150 200 250
3
= 2000
g 1000
Lh]
-
© .
E 500 » N
@ 400 :l
g 300 . - ;
= 0 50 100 150 200 250
w
e ! T
35 ol ALK Ny
g ] - Lo\l .
@ 0 50 100 150 200 250
g Y T . — -
£ 2 PR T T
< 0 i ] i i
0 50 100 150 200 250

Time (ms)

Figure 2.7 The performance of FPELG at National Taiwan University of Science & Technology [102].

Singapore scientific researchers’ critical simulation SI FPELG. Note that the reciprocating motion
graph is non-sinusoidal [103,105]. As the input energy increases, the piston speed increases and the
four-stroke length decreases. Subsequently, the control method of FPELG in the whole process of
operation is clearly proposed. When Hengli lifts during the whole process of operation, the
frequency of the circulation system decreases [106]. In addition, the characteristics of FPELG and
different DC servo motors are compared [107]. It was found that with the increase of the total

number of rechargeable batteries, the maximum speed of the mover increased, and the working
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pressure of the master cylinder also increased [108]. In addition, the results show that the highest
value of the working pressure of the cylinder is achieved when the distance between the position of

injection and the TDC of the hydrogen FPELG is 25 mm [109].

The Zhang Chi working group of the Chinese Academy of Sciences uses FPELG as a range extender
for hybrid new energy electric vehicles [110]. FPELG chose a decoupled design approach for
powers of 10 kW, 15 kW, 20 kW, and 25 kW, with an overall high efficiency exceeding 35% [111].
Apart from that, the reasonable power, peak power and total high efficiency of FPELG are about 5
kW, 47.5 kW and 38.2% respectively [112]. In addition to this, the control method (including
running, smooth operation, common fault repair, and termination) is effective, and the delay time
for unstable conditions is less than 20 ms when common fault repair countermeasures are applied

[113,114].

Yuan from Chongqing Jiaotong University has researched a hydrogen-based FPELG [115].
Compared with the long four-stroke FPELG fueled by hydrogen, the short four-stroke FPELG
mainly exhibits many advantages, such as the marked thermal efficiency, the maximum air pressure
of the master cylinder and the output power, as shown in Figure 2.8(a) below [116]. In addition to
this, increasing the hydrogen plus fraction is sufficiently detrimental to the ignition and exhaust
characteristics of the FPELG, such as master cylinder air pressure peaks, temperature, and NOx
exhaust. Compared with the pure diesel FPELG, the ignition rate of each ignition link decreases

with the increase of hydrogen gas, as shown in Figure 2.8(b) below [117].
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Figure 2.8 P-V diagram and combustion process of FPELG from Chongqing Jiaotong University

[116,117]

The research group of Jin Xiao of Shanghai Jiaotong University has scientifically researched the
dual-cylinder dual-piston FPELG. FPELG is simplified as a single playable discrete system with
variable damping and strength. It is particularly noted that the natural output power of FPELG
increases with the increase of the inlet working pressure, and decreases with the increase of the four-
stroke length, as shown in Figure 2.9 below [118]. The characteristics and characteristics of the
piston in the working of FPELG under the main parameters such as mover quality, automobile
engine cylinder diameter, ignition timing, air inlet working pressure and equivalence ratio are
analyzed. In addition, it was found that ignition timing was the main factor that compromised the
characteristics of FPELG, and the subsequent circulation system was greatly affected by the

previous cycle [118].
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Figure 2.9 The natural frequency characteristic of FPELG from Shanghai Jiaotong University [118]

Xu Zhaoping of Nanjing University of Science and Technology has scientifically studied the twin-
cylinder four-stroke FPELG under the SI ignition mode. The test results show a power of 2.2 kW
and a thermal efficiency of 32%, as shown in Table 2.6 [119,120]. In addition, when the FPELG
operates in the short-port 4-stroke and the full-expansion 4-stroke, the high efficiency of the
generator set can be achieved 33.4%, and the power is improved [119]. For the control method of
FPELG, the linear generator set is used as the control board to adjust the movement trajectory of
the piston, and the parameters detected by the sensor are used to estimate the operation of the FPELG
in the whole process of power generation. Then, the FPELG operation is adjusted according to the
current flow of the linear generator set [121]. More recently, opposed-piston- four-stroke FPELGs
have been scientifically studied. The study found a number of advantages for an opposed-piston
four-stroke FPELG compared to a single-piston- four-stroke FPELG. For example, it has more

power, less oscillation and stronger equalization [122].

Table 2.6 Comparison of the prototype and the simulation results of FPELG [120]

Items Prototype Simulation
Intake stroke 7-45 4-45
Compression ratio (-) 6.4 11.2
Expansion stroke(mm) 7-74 4-74
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Expansion ratio (-) 10.6 18.5

Peak pressure(bar) 28 53
Output power (kW) 2.2 3.6
Generating efficiency (-) 32% 42%

Zhengxing Zuo and Huihua Feng of BIT developed and designed several types of FPELG, including
SI FPELG based on gasoline for vehicles and compression-ignition FPELG based on gasoline. In
the whole process of FPELG simulation, the coupling method of zero-dimensional dynamic solid
model and 3D CFD ignition solid model and iterative program flow is used. The simulation results
show that the afterburning condition is more severe than the corresponding TRE, as shown in Figure
2.10 below [42,123,125]. NOx emissions from FPELG are less than TRE [42,126]. At the same
time, the test results of the vehicle gasoline FPELG show that the output power, the maximum value
of the master cylinder air pressure, the maximum value of the piston speed is 24 Hz, 40 bar and
about 4.5 m/s. According to the test results, for diesel engine FPELG, the best timing of gasoline
and diesel injection engine is 7 mm from the cylinder head [127]. During the whole process of
operation, the maximum air pressure of the master cylinder and the compression ratio of the engine
increase with the increase of the thrust of the linear motor. When the electric motor pushing force is
125 N, the gasoline FPE for vehicles reaches the ignition standard after four cycles [128,129].
During the whole conversion process, no matter which control method is used (“asymptotic
conversion strategy” or “immediate conversion strategy”), the operation characteristics of FPELG
after the whole conversion process are the same, and the operating parameters are lower than the
whole process before the conversion. Nevertheless, FPELG operates more smoothly in the whole
process of transition according to the application of “progressive transition” control method [41].
During the whole process of power generation, when the FPELG oscillates or fluctuates regularly,
the magnetic field force of the linear generator set will change [130]. The control method of the

whole process of running and converting was successfully applied to the FPELG samples.
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Figure 2.10 The combustion process of FPELG from Beijing Institute of Technology [42]

2.1.3 Different fuels on the FPE

2.1.3.1 Fossil fuel

Scientific research has been carried out on the discharge characteristics of FPE, and some studies
have shown that FPE has the advantages of variable compression ratio, wide adaptability to
materials, and less nitric oxide (NO) emissions, but some disadvantages have also been seen, such
as high dust emissions [131]. Yuan et al., devoted themselves to the finite element analysis and
scientific research on the ignition characteristics of free piston diesel generators. In the discussions
of many people, an iterative finite element analysis method using zero-dimensional dynamic model,
multi-dimensional scavenging and ignition coupled solid model is clearly proposed. According to
the main parameters of the coupling in this mode, compared with the corresponding traditional gear
automobile engine, the harm of the reciprocating motion to the whole ignition process is
scientifically studied. The results show that, compared with the traditional automobile engine, the

average speed of the piston in the ignition link of the free piston engine generator set is faster, and
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the ignition delay time is longer. The exothermic reaction before the bottom dead center, the constant
volume exothermic reaction, and the exothermic reaction in the premixed ignition period are all
smaller than those of the traditional automobile engine. They also determined the master cylinder

operating pressure, temperature of the FPE and crankshaft automotive engines, as shown in Figure

2.11 and Figure 2.12 below.
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Figure 2.13 shows the predicted analytical master cylinder air pressure for a free piston engine and
a conventional gear car engine at the same ejection site. The study found that the maximum ignition
working pressure of the free piston engine is lower than that of the gear automobile engine, and the
maximum working pressure of the free piston engine occurs later and the delay time is shorter. The

positive pressure increase of the free piston engine in the combustion process is smaller than that of
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the engine crankshaft automobile engine, but the negative pressure increase is slightly higher than
that of the traditional automobile engine. Therefore, compared with the traditional automobile
engine, the free piston engine has a slight disadvantage of high efficiency under the same working
conditions. Figure 2.12 shows the transition of the mean master cylinder gas temperature for two
automotive engines. It is obvious that the temperature of the main cylinder gas in the two car engines
is similar throughout the downsizing process. However, in the burning process, there is a significant
difference in the main cylinder gas temperature of the two automobile engines. The maximum
ignition temperature of the free piston engine is significantly lower than that of the traditional
automobile engine, and the maximum temperature difference is significant. is 97K. When the
expansion process is gradual, the mean gas temperature of the master cylinder of the free piston
engine is also lower than that of the gear automobile engine. Nevertheless, the free piston engine
has a higher gas temperature in the final link of the expansion process. For diesel engines, the key
industrial exhaust gases are nitrogen oxides and fine particulate matter, among which nitrogen
oxides are generally considered to be the most important exhaust gases in automotive engines.
Figure 2.13(a) shows the predicted analytical concentrations of in-cylinder nitrogen oxides NO for
a free piston engine and a basic automobile engine with the same engine compression ratio and
injection site. It clearly shows that the free piston engine has a significant development potential for
NO emission reduction compared to the geared car engine. Nevertheless, the free piston engine has
no advantage in the level of fine particulate matter discharge, as shown in Figure 2.13(b) below,
from which it can be seen that the predicted analytical concentration value of fine particulate matter

discharge in the free piston engine exceeds that of the traditional gear car engine [131].
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Figure 2.13 Exhaust gas emissions for FPE and TCE [131]

Prof. Tony and Mikalsen conducted experiments in 2009 on the fuel efficiency and industrial
exhaust gas of a low heat dissipation free piston diesel engine [132]. Based on their scientific
research, some major exhaust characteristics and heat transfer adjustments were clearly proposed.
The production of nitrogen oxides in the combustion chamber of an engine depends to a large extent
on the residence time at the vapor temperature and high temperature. Both suffer from the
characteristics of free piston engine operation: increased master cylinder air fitness will increase the
mixing of natural, gas and ignition substances, which in turn will reduce the total number of master
cylinder high temperatures, while faster power stroke expansion will reduce time available for NOx
generation. Typically, more than 90% of the nitrogen oxides in car engine ignitions and organic
exhaust gases are present in the form of nitric oxide (NO), so their scientific studies only consider
this exotic species. The key generation reflection of NO, the extended Zeldovich principle, is
included in the organic chemistry solver, so it is possible to study the hazards of nitric oxide emission
caused by the actual operating characteristics of the free piston. Figure 2.14 shows the predicted
analytical NO concentration values in the master cylinder. The obvious advantage of the free piston
engine can be seen, the NO concentration value in the cylinder body when the exhaust valve is
opened is about 17% lower than that of the traditional car engine. This is also because of high-
quality reverse extrusion, improved material-gas mixing in the middle and late stages of ignition,
and its temperature reduction due to expansion, both of which are arbitrary - the instantaneous speed

of the piston shortly after BDC higher result. Piston engine.
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Figure 2.14 Concentration of nitrogen oxide (NO) in the in-cylinder gases [132]

Figure 2.15 shows the detrimental effects of reducing thermal convection damage in the master
cylinder on vehicle engine performance and nitric oxide emissions in many discussions. They found
that the low-radiation engine combustion chamber design improved the fuel efficiency of free piston
engines and conventional car engines, the latter results consistent with those reported by other
authors. The study found that free piston engines benefited slightly less from thermal insulation of
the engine's combustion chamber than conventional car engines due to their inherently lower heat
transfer damage. Nevertheless, some people feel that because the NO emission levels in free piston
engines are lower, they can tolerate higher levels of engine combustion chamber insulation, so this
type of automotive engine should be particularly suitable for low exhaust heat design. It was found
that even with a 30% reduction in master cylinder heat transfer, the NO consumption of a free-piston
engine would still be less than that of a conventional car engine originally equipped. It is predicted
that this level of engine combustion chamber insulation will increase the stated efficiency by about
3%. In addition, the implementation and application of ceramic ceramics in the surface region of
the engine combustion chamber in free piston engines should be easier because of the lower side

forces on the piston.
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It is not too difficult to find that in most of the scientific research in the past, most people's attention
has been focused on the scientific research carried out by FPE in the fields of ignition characteristics,
control measures and high efficiency, but less attention is paid to the discharge industry, other
emission characteristics scientific studies have highlighted its advantages at the level of NOx

reduction and its disadvantages for soot particles.

2.1.3.2 Hydrogen

Hydrogen (H2) is a lighter element with extreme characteristics such as high heat transfer, rapid
ignition rate, and very high gasoline octane [133]. As a natural material, H2 has the largest kinetic
energy component per enterprise product quality, about 120 Ml/kg, and causes zero carbon
emissions. In addition to this, because H2 is the most abundant element on earth, it is also considered
as one of the boundless sources of electricity. At this stage, widespread analysis has already been
carried out to scientifically produce hydrogen gas from biomass immediately. This overall process
is usually divided into 2 groups: thermochemical transformation and biochemical transformation
[134]. The former approach involves a series of thermochemical changes, such as steam reforming,
thermal cracking, and biomass fuel vaporization. The latter one includes hydrogen production from
alcohol, the whole process of plant photosynthesis, and the reaction of microbial blast furnace gas
conversion [135]. Although biochemical conversion is more environmentally friendly and consumes

less energy, biochemical conversion still needs to further improve the conversion efficiency and
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reduce the associated costs [136]. In addition, if renewable resources such as solar power, wind
turbines and wind power plants are used, hydrogen gas can also be produced from water electrolysis,
which will be more sustainable. There are a number of obstacles preventing the large-scale use of
hydrogen. The most obvious concern is the safety of hydrogen gas storage and delivery. Because of
its small size of molecular structure and low ignition kinetic energy, H2 is very easy to disperse into
the air and be ignited [137]. Although the sales market of hydrogen as a transport material is still in
its infancy, government departments and fields have made efforts to create clean, economic
development and safe hydrogen production and distribution for widespread use in hydrogen fuel
cell new energy electric vehicles (FCEV) [138]. Lightweight FCEVs are currently in limited market
demand in China and parts of the world. The sales market for buses, raw material equipment
handling (such as electric forklifts), road supporting machinery and equipment, small and medium-

sized and heavy trucks, boats and stationary applications is also developing.

Although hydrogen fuel cells used in traditional automobile engines have many of the above
advantages, the further improvement of their characteristics and flexible control is limited by their
mechanical equipment system. For these reasons, the fusion of FPE and hydrogen is increasingly of
concern. Woo et al. of the Korea Electric Power Research Institute experimented with the
characteristics of flame-ignited FPEG to ignite hydrogen fuel cells and compressed natural gas
[139,140]. Their findings found that the non-traditional hydrogen car engine operates at 13 Hz and
exhibits a somewhat higher peak exothermic response rate than under CNG conditions, but requires
more accurate ignition control. This result is similar to that of conventional hydrogen car engines.
Nevertheless, their experiments show that the scavenging efficiency of hydrogen FPEG is low, and
it will produce a high intake dilution, which in turn causes the hydrogen fuel cell in the car engine

to ignite at a slower rate.

Blarigan et al. performed experiments at Sandia National Laboratories on the HCCI characteristics
of hydrogen fuel cells in a free piston shrinking and expanding linear generator set [141,142]. They
found that under the low equivalence ratio of 0.319 and the high engine compression ratio of 37.1,
the ignition delay time was only 20 ms, the thermal efficiency of the car engine was 54%, and the
NO level was lower than 10 PPMM. The primary factor for such high conversion efficiency is the

nearly stable volume ignition at high engine compression ratios. The test clearly demonstrates the
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efficiency and potential of hydrogen fuel cell FPEG, including the development of clean energy, but

it must be complicated to use.

Sun et al. from the University of Minnesota have scientifically investigated HCCI ignition
manipulation according to the motion trajectory of renewable energy in FPEG [143,144]. Their
simulations show that the minimum engine compression ratio to ignite a hydrogen fuel cell in this
car engine is 22. Because of its perfect fuel operation flexibility, large tolerance of fuel residue and
controllable piston motion trajectory, the thermal efficiency of non-traditional hydrogen vehicle
engines can be improved according to the collaborative improvement of hydrogen fuel cells and
vehicle engine operating motion trajectories to 48%. In addition, it can also improve the NO
emission of the hydrogen vehicle engine according to the maneuvering trajectory. But they show

that there is some disagreement between igniting high efficiency and low emissions.

Yuan et al. from Chongqing Jiaotong University studied the properties of flame-fired hydrogen fuel
cell FPEG [145]. Their results showed that compared with the corresponding conventional hydrogen
car engine, the hydrogen car engine exercised with better efficiency and instantaneous speed around
the top dead center (TDC), because the available time was reduced, which would cause more Low
heat conduction damage and less NO caused. They also found that compared with traditional car
engines, the ignition rate of the hydrogen fuel cell in the new engine is slower and the ignition delay
time is longer, resulting in more obvious afterburning and lower isovolumic exothermic reaction
levels. They stress that the thermal efficiency of the new hydrogen car engine is very negative, and
it must be properly ignited to incorporate its unique reciprocating motion. Figure 2.16 and Figure
2.17 show the comparative values of NO concentration and combustion heat release for a free piston

hydrogen car engine, a free piston gasoline engine and a hydrogen conventional IC engine.

32



0.010

0.008

0.006

0.004 -

NO mass fraction

0.002

0.000

160

—— FPEG-hydrogen
— FPEG-gasoline
— TCE -hydrogen

220

1 s . | L L
200 240 260

L
180

280

Equivalent crank angle / degree

Figure 2.16 NO concentrations of the engines [145]

25 500
Lo ]
——FPEG-hydrogen 2
20 FPEG-gasoline § 40 —FPEG-hydrogen
| ——TCE -hydrogen = ——FPEG-gasoline
15 3 300 |- ——TCE -hydrogen
| 3
10 - E 200
=
g I
5F g 100 -
I < I
0 0
1 1 . 1 1 ! " 1 1 1 ! 1 ] ]
60 90 120 150 180 210 240 270 60 90 120 150 180 210 240 270

Equivalent crank angle / degree

(a) Heat release rate

Equivalent crank angle / degree

(b) Accumulated heat release

Figure 2.17 Combustion heat releases of the engines [145]

thermal efficiency.

This result has also been extended to other natural FPEGs. Feng et al. of Beijing Institute of
Technology compared the characteristics of FPEG and traditional gasoline engines based on the
gasoline used for conventional gasoline engine [146]. It was found that, compared with the
traditional automobile engine, the automobile gasoline ignited in FPEG reacted slowly, and the
maximum exothermic reaction rate was lower. Thermal efficiency is lower due to less heat being
released around the TDC. In addition, Yuan et al. conducted experiments on the ignition of diesel
fuel in FPEG [147,148]. The characteristics of diesel FPEG are close to those of hydrogen. Diesel

FPEG also has problems such as slow exothermic reaction, obvious secondary ignition, and poor

Worldwide, several investigations have reported ignition and rate deficiencies in hydrogen FPEGs.
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Therefore, how to reasonably prevent this defect is a crucial issue to promote the progress of
hydrogen FPEG technology. As a technology commonly used in gas engines to improve natural gas
combustion, Diesel Engine Ignition (DPI) technology promises to accomplish the goal of
accelerating ignition based on the use of "a little more ignition" [149,150]. A car engine with gas as
the key fuel and diesel engine as the small fuel is called a diesel-ignited gas engine. In the intake
four-stroke, a well-proportioned mixture of gas and atmosphere enters the cylinder; while in the
compression stroke, when the piston is close to the bottom dead center, the injector sprays a small
amount to ignite the diesel engine. The spontaneous ignition of a pilot diesel engine produces
millions of ignition sources that ignite a homogeneous mixture of vapor and atmosphere [151,152].
The flame then spreads through the entire premixed gas and gas mixture. With a sufficient ignition
diesel engine, the total number of ignition sources will be very considerable, which makes the whole
ignition process close to the homogeneous charge reduction ignition [153]. Thus, dual-fuel operation
with gas fuel can result in high thermal efficiency that is almost comparable to the same automotive

engine operating with diesel fuel at higher loads [154].

Diesel engine ignition of automobile engines has been widely used to utilize various fossil fuel
resources, and at the same time, compared with traditional diesel engines, it can minimize industrial
exhaust gas without increasing the cost of automobile engines too much [155]. Combining the
defects of hydrogen FPEG and the technical characteristics of DPI, it can be estimated that DPI not
only alleviates the ignition of hydrogen FPEG, but also further completes the leaner ignition and
reduces NO emission. Thus, DPI may be a potential ideal technology for igniting hydrogen FPEG.
However, before applying it to a new hydrogen vehicle engine, a basic assessment of this technology

must be carried out.

In order to better explore the new application of DPI technology in hydrogen FPEG and evaluate its
application scope, Yuan et al. developed and designed a full cycle system operation model of two-
stroke hydrogen FPEG [156], and applied a professional iterative simulation method to measure the
hazard of DPI to hydrogen FPEG. At the same time, the results are compared with the corresponding
traditional flame ignition (TSI) conditions, revealing the technical advantages and disadvantages of

DPI. Figure 2.18 shows the NO mass concentrations in their study.

34



10
0.15"
(LIZ =  F iceessSianaistiaiiesenadi
- L
2
5 0.09 -
= e [ - L
= L
2 0.06 - Pilot-ignition
g T [ e Spark-ignition
% R Spark-ignition with
0.03 cquivalent ratio of 0.44
000 L l'/‘l‘ | L | L | . | L |

340 360 380 400 420 440 460 480

Equivalent crank angle / degree

Figure 2.18 NO mass fractions [156]

They found that 1. Compared to TSI, DPI made hydrogen FPEG work faster, reducing circulatory
system delay time, and at the same time resulting in higher reciprocation. As a result, the power
generation of FPEG was significantly enhanced. 2. DPI can accelerate the ignition of the hydrogen
fuel cell, causing a large number of exothermic reactions around the TDC, further improving the
isovolumetric exothermic level of FPEG. Therefore, it produces a lot of nominal work and more
nominal thermal efficiency for the car engine. 3. Using DPI, hydrogen vehicle engine has longer
ignition delay time and shorter rapid ignition cycle time than TSI condition. Nevertheless, the
calorific value released during the rapid ignition period is significantly large. At the same time,
because of the greater rate of increase in the capacity of the engine's combustion chamber, the rapid
spread of the flame becomes slower and the time period after ignition is slightly longer. 4. When the
hydrogen vehicle engine using DPI technology is running, the maximum working pressure and
temperature are relatively large, the maximum value occurs earlier than TSI, and the delay time is
shorter. Higher ignition temperatures also produce more severe NO emissions. 5. Compared with
TSI, DPI has slightly lower scavenging efficiency for hydrogen vehicle engines. However, due to
the fact that the total gas quality of the main cylinder is slightly larger [156], the specific fresh air
quality is almost the same as that under the TSI condition [156]. Besides, Yuan et al. In 2018, they
tried to add different proportions of hydrogen to the FPE according to the air inlet, and obtained

different piston offsets and initial conditions according to multiple iterations [157]. On the one hand,
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hydrogen gas can accelerate the ignition rate of the mixture in the cylinder. On the other hand, the
engine compression ratio, exercise frequency and residual organic waste gas index with the change
of hydrogen gas composition also change the whole process of mixing and ignition. This element
has different hazards to the ignition and discharge of FPE. Adding some hydrogen gas to the diesel
engine FPE will cause harm to the whole process of diesel engine volatilization, crushing, impact
and boundary layer interaction, and then change the whole process of ignition in the hydraulic
cylinder. In addition, due to the ignition of hydrogen gas, the working pressure, temperature and
oxygen concentration will have corresponding changes, and finally the exhaust characteristics under
the variable RH2 standard are different from those under the pure diesel engine standard. In a diesel
engine, the consumption of CO and HC is very small. In addition, due to the high diffusion of the
hydrogen fuel cell, the agitation of the diesel engine and the atmosphere will be more uniform, and
the combustion conditions in the cylinder will be further improved. As a result, the emissions of CO

and HC are further reduced. So, the main emission would be NO and soot production only. Figure

2.19 and Figure 2.20 show the mass fraction and formation of NO emission.
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Figure 2.20 Formation of NO [157]

Figure 2.21 shows the hazard of RH2 on FPE soot formation. It can be seen that RH2 has an adverse
effect on the dust of FPE. When RH2 is 0.4, the dust of FPE is 24 times lower than that of steel
diesel engine. In addition, the whole process of the establishment of soot in Fig. 21 shows that under
a large RH2 standard, ash is produced earlier and oxidized to a lower level. Factors leading to this
may be some of the following levels. First of all, hydrogen has the advantages of faster ignition
speed and good spreading characteristics. Therefore, adding hydrogen fuel cells to FPE can promote
diesel engine ignition more comprehensively, and finally reduce soot. Secondly, in order to ensure
that the total calorific value in the cylinder remains stable, with the increase of RH2, the quality of
the diesel engine is correspondingly reduced, which in turn results in a reduction in the hydrocarbon
content. Third, after adding hydrogen gas to FPE, because of the high temperature, nitrogen oxides
are very easily oxidized, so the final ash is reduced. In addition, as mentioned above, when RH2 is
increased, the frequency of FPE activity is also increased, which promotes a more homogeneous
mixture. In addition, the increase of the engine compression ratio causes the main cylinder gas
temperature and working pressure to increase, which is also beneficial to the mixing of natural

materials and atmosphere.
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They found that, compared with the operation of pure diesel engine, the addition of hydrogen can
increase the NO emission slowly. When the RH2 reaches 0.4, the amount of NO produced is larger.
Nevertheless, soot consumption is inversely proportional to the hydrogen addition rate. When RH2

is 0.4, the dust of FPE is 24 times lower than that of steel diesel engine.

For the first time, Ugochukwu Ngwaka and an elite scientific research team have carried out a
comprehensive test in the world: a pilot scientific study of the innovative hydrogen fuel cell dual

piston FPEG in two-stroke and four-stroke thermal cycle systems [158]. It was found that compared

38



with the two-stroke cycle system, the four-stroke cycle system mainly showed a slightly higher
maximum working pressure of the master cylinder and a higher overall master cylinder working
pressure from the peak working pressure position to BDC. It can be seen that the ignition time of
the four-stroke cycle system is longer than that of the two-stroke cycle, and the factor that the
cylinder ignition working pressure is higher and the ignition time is longer in the four-stroke cycle
system is because of charge mixing work capacity and longer ignition time. The high efficiency of
scavenging is inherited from the whole process of the four-stroke cycle system. In the four-stroke
mode, the indicated high efficiency due to FPEG is enhanced by 13% compared to the actual
operation mode of the two-stroke, as shown in Figure 2.22 below. The NOx emission profile of
FPEG at an actual operating frequency and equivalence ratio of 0.4365 at 5 Hz is shown in Figure
2.23 below for the emission fraction. The two-stroke mode of FPEG resulted in 44 ppm of NOx
emissions and less than 84 ppm of NOx emissions for the four-stroke mode. This is mainly because

of master cylinder temperature, a four-stroke cycle system has more cycles than a two-stroke cycle.

Pressure-Time Cycle

1 ; s :
1; | 1 |—Two-stroke cycle
_ E £ —Four-stroke cycle
=12 il
1t 2 %
o 10}
W
S o Ea
a 7
5 6
£ 5
34
£ 3
- 2
1F
0 0.05 0.1 0.15 0.2

Time [s]

Figure 2.22 Pressure development in a mean two-stroke and four-stroke cycle [158]
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Zhang and Sun created a trajectory-based ignition control measure to study the ignition
characteristics and emissions of FPE. Their simulations took into account seven different types of
renewable natural materials, including hydrogen gas, biogas slurry, syngas, and ethanol, dimethyl
ether (DME), biodiesel and Fischer-Tropsch fuel. The scientific research takes into account the
hazard of the engine compression ratio (CR) and the reciprocating motion mode between the two
dead centers on the whole ignition process, confirming the extreme flexibility of fuel operation and
the large tolerance of fuel residues of FPE. In addition, the simulation results show that under a
fixed CR, the thermal efficiency of the FPE can still be improved by only changing the reciprocating
motion (5% in the DME condition). In addition to this, a corresponding asymmetrical piston
movement profile is generated to further increase the thermal efficiency of the car engine (8% in
hydrogen conditions) and at the same time reduce NOx emissions (about 70% in hydrogen
conditions). Due to its ultimate fuel flexibility, large tolerance of fuel impurity, and controllable
piston trajectory, the FPE, with the trajectory-based combustion control, enables a co-optimization

of renewable fuels and engine operation [159].
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Figure 2.25 shows the corresponding NOx emissions after the same settings as in Figure 2.24. It can
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be seen that NOx emissions are in the range of 30-140 ppm for all simulated examples, significantly
less than the typical range of NOx emissions, 100-500 ppm, in conventional automotive engines
(almost 70% reduction) [160][161]. In general, the least Nox expulsion is based on the least {2,
that can be done. This motion profile gives faster expansion, thus immediately reducing the master
cylinder temperature and freezing NOx causing the reaction [162]. In the research of many people,
it is found that the ignition control according to the motion trajectory performed by the FPE with
the virtual engine crankshaft organization is applied to renewable materials. Seven renewable fuels,
such as hydrogen, biogas slurry, syngas, ethanol, DME, biodiesel, and F-T fuels, are fully considered
in the paper. The results show that FPE has the ultimate raw material operation flexibility. In addition,
a suitable CR can also be selected, which can not only ensure ignition, but also expand the tolerance
of poor components in renewable natural materials. In addition, a moderate reciprocation pattern
between the 2 dead centers can be defined to reduce the CR required for each renewable material
and further improve the high efficiency of the car engine (up to 5% in DME conditions). Ultimately,
the best asymmetrically densified piston trajectory for a given renewable fuel design can
significantly reduce NOx emissions (70% at H2 conditions) while increasing thermal efficiency (at
H2 conditions) 8% increase). The ignition operation according to the motion trajectory realizes the
cooperative improvement of the fuel and the operation of the automobile engine. Under such
circumstances, both renewable and traditional natural materials can improve their production in
terms of their own physicochemical and organic chemical characteristics, environmental hazards
and marginal benefits. It is then also possible to improve car engine operation by maintaining the
best possible piston trajectory in the FPE, which is generated according to the special characteristics
of common materials, variable load regulations and stringent emission regulations, which may be

the only scientific study of ethanol presently used in FPE [162].

In general, there are relatively few scientific studies on the discharge characteristics of FPE from
renewable natural materials, so this study is devoted to a detailed and comprehensive report on the

discharge results of FPE.

2.1.3.3 Biofuel

biofuel, is defined as any fuel that is derived from biomass—that is, plant or algae material or animal
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waste. Because these raw materials can be replenished relatively easily, biomass is considered a
renewable resource, as opposed to non-renewable resources such as crude oil, coal, and gas.
Biomass is often seen as a cost-effective and green alternative to crude oil and other non-renewable
resources, especially in light of rising crude oil prices and growing concerns about the contribution
of non-renewable resources to global warming. Many critics have expressed concern about the
expansion of some biomass, due to the socioeconomic and natural environment costs associated
with the refining process and its potential to remove large areas of agricultural land from agricultural

production [163].

The two most common biomasses are bioethanol and biodiesel.

1. Microbial ethanol is a kind of ethanol made from ethanol, which mainly comes from sugars
and carbohydrates formed in glycogen or tapioca starch crops such as corn, sweet sorghum or
sweet sorghum. Cellulosic biomass fuels derived from non-food sources such as flowers, trees
and grasses have also been developed and designed as raw materials for ethanol production.
Ethanol can be used as a car fuel in its pure form (E100), but is often used as a gasoline additive
to raise gasoline octane and improve vehicle emissions. Microbial ethanol is widely used

abroad and in Mexico.

2. Biodiesel is produced by transesterification of vegetable oils and fats, and is the most common
biomass in Europe. It is available as a pure form (B100) vehicle feedstock, but is often used as
a diesel additive to reduce fine particulate matter, carbon monoxide and nitrogen oxides in

diesel powered vehicles.

In 2019, the world biomass production reached 161 billion liters (43 billion gallons in the UK), an
increase of 6% over 2018 [164]. Biomass provides 3% of the world's road freight. The International
Energy Agency expects that by 2050, biomass can address more than a quarter of the world's
transportation demand, reducing dependence on crude oil [164]. Nevertheless, the manufacturing
and trading of biomass has not stepped into the track of the IEA's concept of sustainable
development. From 2020 to 2030, the world's biomass production must increase by 10% every year
to achieve the overall goal of the IEA. It is expected to increase by only 3% each year for the next

5 years [164].
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The high practical operational flexibility of the free-piston engine can give a significant probability
of surprise. High automotive engine characteristics can be achieved with a variety of fuels, which
allows operators to select fuels based on current fuel prices, overall emission goals, or other reasons.
For example, ethanol-vehicle gasoline mixtures are becoming more widespread and widely used in
many gasses filling stations in my country. Using modern engine technologies such as variable
compression ratio and its electronic control, variable flame engine timing and precise knock sensors,
it is possible to enhance car engine operation according to the characteristics of natural materials.
However, the most important characteristics of the material are flame rate, engine knock limit and
thermal composition. For example, ethanol has a flame rate that is about 30% higher than that of
typical motor gasoline, in addition to having more engine knock limits. The fire rate of hydrogen

gas is an order of magnitude higher than this natural gas [76].

Ethanol is a renewable natural material made from various plant raw materials commonly known as
"biomass fuels". More than 98% of US motor gasoline contains ethanol, usually E10 (10% ethanol,
90% motor gasoline), which is used to air-oxidise the fuel and thereby reduce environmental
pollution [165]. Ethanol has a slightly higher-octane number than motor gasoline, giving high-
quality stirring characteristics. Minimum gasoline octane rating for motor gasoline to avoid engine
knock and ensure safe driving characteristics. Low gasoline octane motor gasoline was blended with

10% ethanol to achieve a specification of 87 gasoline octane [165].

Ethanol contains less power per gallon than motor gasoline, and the level is different, the actual
volume percentage of ethanol in the mixture. Denatured ethanol (98% ethanol) has about 30% less
power per gallon of motor gasoline. The hazard of ethanol to the rationality of gasoline and diesel
is whether the ethanol content in gasoline and diesel and whether the automobile engine is operated
with automobile gasoline or ethanol through upgrading [165]. Figure 2.26 shows the manufacturing,

trading and trading of ethanol in the US.
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Figure 2.26 U.S. production, consumption and trade of ethanol [165]

Ethanol is mainly produced by renewable biomass fuel according to the whole process of alcohol
production. Even before the advent of motor gasoline, it was accepted as a natural ingredient for
ICE [166]. At this stage, ethanol is still a promising alternative due to its compatibility with current
gas turbines. In addition, ethanol has more gasoline octane, which allows ICE to operate at more
CR [167]. The use of ethanol in ICE also reduces emissions such as CO, unignited HC, SOx and
NOx due to its higher oxygen content, almost zero sulfur content and lower calorific value (LHV)
[166]. It is also known as ethanol, cereal ethanol and EtOH. Ethanol has the same chemical formula,
whether it is produced from tapioca starch or sugar chain raw materials, such as corn (the key is
abroad), sugarcane (the key in Mexico), or from fibrous raw materials such as wood residue or crop

residues.

The production of ethanol is drastically increased from 4.5 billion gallons to 23.4 billion gallons in
2010 globally [168]. Conventionally, ethanol is produced from the food crops, which are easily
transformed to simple sugar through milling, liquefaction, and saccharification. Then, the simple
sugar is further fermented to ethanol via specific microorganisms. The corresponding chemical

process is represented as follow:
(C¢H1905)p(sugar, cellulose) + nH,0 — nCyH;,04 (2.1
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CoHy204 = 2CH5CH,OH (ethanol) + 2CO, (2.2)

Concerns are raised for this approach due to the food supply issues worldwide. Therefore,
conversion of ethanol from the non-food lignocellulosic plant, or so-called “second generation
feedstock”, is extensively explored [169]. Consequently, besides reactions (6), (7), the conversion

process of second-generation feedstock is also affected by following reactions:
(CsHg0,), (hemicellulose) + nH,0 — nCsHy(05 (2.3)

3CsH,,05 - 5CH;CH,0H (ethanol) + 5C0, (2.4)

To date, how to extract simple sugar from these lignocellulosic materials in a cost-effective way, is
still a bottleneck for this technology. Usually, such feedstock has been treated through acid
hydrolysis and/or enzymatic hydrolysis before the fermentation process [169], which are very
energy- and cost-intensive. Other conversion methods, e.g., thermochemical transformation of
lignocellulosic materials and ethanol production from microalgae and seaweeds, are also proposed,

which have not entered into practice yet.

Chen Zhang et al. studied the properties of different materials (such as hydrogen, biogas, syngas,
ethanol, DME, biodiesel, and FT materials) used in free-piston engines using ignition control based
on motion trajectories. He found that the results showed that FPE had greater flexibility in material
handling. In addition, a suitable CR (engine compression ratio) can also be selected, which not only
ensures ignition, but also expands the tolerance of poor components in renewable natural materials.
In addition, a moderate reciprocation pattern between the 2 dead centers can be defined to reduce
the CR required for each renewable material and further improve the high efficiency of the car
engine (up to 5% in DME conditions). Ultimately, the best asymmetrical piston trajectory can be
designed for special renewable fuels, which can significantly reduce NOx emissions (up to 70% in

H2 conditions) while increasing thermal efficiency (in H2 conditions) 8% increase) [143].

Other than this, very few researches on biofuel of the free-piston has been carried out. In this thesis,
both engine performance and emission performance of the ethanol-gasoline blend free-piston engine

have been investigated.
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2.2 Miller cycle

2.2.1 Atkinson cycle

There are many elements that are closely related to the characteristics of a car engine. Evaluating
the characteristics of an automobile engine represents evaluating such different elements, in which
dynamic characteristics and economic development characteristics are the two most important
aspects. In order to better improve the driving force and economic development characteristics of
automobile engines, the most common and traditional way or view is to increase the engine
compression ratio [169]. Nevertheless, in all car engines, there is no limit to increase the engine
compression ratio. With the increase in the engine compression ratio, some negative conditions
occur. For example, the condition most associated with high engine compression ratios is "engine
knock" [170]. Thus, in the early 19th century, scientific researchers gradually shifted their focus
from engine compression ratios to expansion ratios. However, due to the technical limitations at that
time, scientific research could not achieve a stronger increase in the expansion ratio, so it was
difficult to improve the high efficiency of automobile engines. In 1882, French technical engineer
LeBron James Atkinson based on the diesel cycle system automobile engine, based on a series of
complicated crankshafts, the expansion of the four-stroke exceeds the four-stroke expression of the
automobile engine. This kind of proper formulation can not only improve the high efficiency of the
air intake of the car engine, but also make the expansion ratio exceed the expression ratio, and at
the same time improve the high efficiency of the car engine. Thus, the basic principle of this type
of automotive engine is hereafter referred to as the Atkinson cycle. Figure 2.27 shows the
configuration and trajectories of the engine crankshaft system hardware within the Atkinson

automotive engine.
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Figure 2.27 The internal configuration of the Atkinson engine [170]

Depending on the engine structure, a longer, expanded four-stroke can more reasonably utilize the
high fuel pressure. Therefore, the fuel consumption and output power of the Atkinson cycle car
engine are better than the standard cycle car engine of the same generation. Figure 2.28 shows the
working comparison of the Atkinson cycle car engine with the standard cycle car engine.
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Figure 2.28 Working comparison of the Atkinson cycle with the standard cycle

At the same time, the Atkinson cycle also improves the discharge characteristics. Even so, because
of the complicated internal linkage equipment, the volume of the car engine is usually larger than

that of the standard car engine. In addition, the failure rate of mechanical equipment is high, which
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means that the car engine is not stable. Therefore, the implementation of the Atkinson cycle
automotive engine in the automotive industry is difficult. Nevertheless, at the beginning of the 20th
century, many scientific studies on large and medium-sized diesel engines such as marine engines
and first-generation automobile engines introduced the definition of the Atkinson cycle. All in all,
the discussion and development of the Atkinson cycle has been going on since the early 19th century
to the present day. In 1988, Ma and Rajabu created a solid model of the Atkinson cycle vehicle
engine based on measured and simulated simulations [171]. This scientific study is about applying
the Atkinson cycle to a diesel cycle car engine. The simulation data shows that different
characteristic variable values show that, in a multi-inlet vehicle engine, different intake port engine
timings match different engine compression ratios. In 1991, Blakey created the diesel Atkinson car
engine in the laboratory. In the engine, there is a variable valve timing (VVT) automatic control
system [172]. The control system can complete the delayed closing of the intake valve and obtain a
variable compression ratio. However, the limitations of automatic control systems depend on the
fact that the engine compression ratio cannot be precisely controlled, only within a rough range. In
1995, Boggs and Schechter's scientific research focused on gasoline and diesel rationality and
exhaust pipe characteristics [173]. In the test, the Atkinson cycle automobile engine can achieve the
higher power of the diesel engine cycle system automobile engine under the overload working
condition under the partial load working condition. The results show that the fuel consumption of
the Atkinson cycle car engine accounts for 85% of the value of the diesel cycle system car engine.
At the same time, the NOx and CO consumption of Atkinson cycle automotive engines is only 50%

of that of diesel cycle systems.

In 2006, Ge Yanlin deduced the relationship between the engine characteristics and the engine
compression ratio in the gas specification Atkinson cycle automobile engine based on the finite
element analysis [174]. In the analysis, both thermal conduction and internal friction damage are
taken into account. In the following year, Ge Yanlin further scientifically researched the heat
conduction of working fluid, frictional damage and its variable specific heat capacity on the
operating characteristics of the Atkinson cycle automobile engine and gas specification that cannot
pass through the regenerated Atkinson cycle automobile engine [175]. In the same year, Shuhn-

Shyurng Hou addressed the comparison of the practical characteristics of the Atkinson cycle and

49



diesel cycle systems [176]. In the test, many main parameters are involved, such as engine
compression ratio, inlet temperature and net output power derivation. The results show that, under
the same working conditions, although the engine compression ratio of the diesel cycle system
automobile engine is higher than that of the Atkinson cycle automobile engine. The thermal
efficiency and power output of the Atkinson cycle are higher than those of the diesel cycle system.
In 2009, J. Benajes [177] explicitly proposed the harm of the Atkinson cycle to super heavy duty
diesel engines. In the study, the Atkinson cycle was used on an HD diesel engine and interacted with
the EGR system hardware. Statistics show that, compared with traditional diesel engines, the
thermal efficiency of the Atkinson cycle under low-load operating conditions (25%) is mainly
manifested. At the same time, scientific research has also found that the concentration of oxygen in
the intake of an Atkinson cycle vehicle engine is reduced, which in turn results in a reduction in

NOx consumption.

In 2013, a new approach was explicitly proposed, fusing responsive neural system fuzzy inference
system hardware and a variable intelligent bee optimization algorithm, the classic Atkinson cycle
improved by Mozaffari Ahmad and Alireza Fathi [178]. As a comment on the new approach,
practical improvements are clearly proposed. In the same year, Zhao Uranus and Xu Min used
evolutionary algorithms to improve the fuel efficiency of Atkinson cycle automobile engines [179].
According to the scientific research of the ancestors, the optimal geometry engine compression ratio
of the Atkinson cycle automobile engine is 12.5 under overloaded working conditions. The core of
Zhao's analysis is part of the workload. The engine compression ratio is changed after the upgrade,
and the fuel consumption is reduced by 7.67% under some load conditions. In 2014 Pietro Capaldi

[180] designed and established a 10 KW microgenerator according to the Atkinson cycle.

2.2.2 Miller cycle

Since the invention of the Atkinson cycle, the definition of discrete variables of engine compression
ratio and expansion ratio has gradually attracted the attention of scientific researchers. And clearly
put forward the definition of overexpansion circulatory system. In the 1940s, the scientific study of
the circulatory system of hyperinflation made great strides. The original Miller cycle was explicitly

proposed by Ralph Steiger. Compared with the Atkinson cycle automobile engine, the Miller cycle
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automobile engine eliminates the more complicated crankshaft system hardware, and can achieve
the actual effect of over-expansion according to the adjustment of the air distribution opportunity.
Some references claim that the Atkinson cycle also refers to Intake Delay Time Closure (LIVC)

countermeasures. However, there is no established direct evidence to support this view.

In 1947, "High Output Supercharging and Internal Cooling Cycle" was published. In this article, the
definition of the Miller cycle is explicitly proposed by Ralph Steiger, and the Miller cycle is
understood as an intercooling circulatory system [181]. For a four-stroke engine, the original design
was to close the intake valve before bottom dead center (BDC) and the end of the intake port. This
countermeasure can reduce the gas output and its reasonable engine compression ratio. At the same
time, tailpipe engine timing must not be compromised. In other words, the expansion ratio is
consistent with the expansion ratio of the standard cycle system automobile engine. Therefore, the
final practical effect of the Miller cycle is that the reasonable expansion ratio is likely to be higher
than the reasonable engine compression ratio, thereby improving the high efficiency of the

automobile engine.

In the early stage, the marketing promotion of the Miller cycle was obviously limited because the
energy export damage of the Miller cycle automobile engine was mainly caused by the reduction of
the input gas and its high fuel consumption and soot emission. at the level of automobile
manufacturing. Since the 1970s and 1980s, with the development trend of turbocharging technology,
the major problem of the air intake seems to have been solved, and then the concept of Miller cycle
has been re-understood by scholars, and it has received more and more attention from us. According
to the current scientific research, the integration of the two-stage turbocharger intercooling system
hardware can achieve the intake port quality under the standard of early closing of the intake valve.
In addition, according to the whole process of the intermediate cooling tower, the air temperature of
the gas can be further reduced, which can reasonably result in a lower original ignition temperature.
Finally, under the same gasoline and diesel injection standards, the maximum ignition temperature
in the cylinder can be lower, and the NOx emission can be limited to a certain level. At this stage,
there are two key ways to complete the Miller cycle. One is to close the intake valve early (EIVC).
The other is the Bypass Valve Delay Time Off (LIVC). Figure 2.29 shows the P-V plots of the EIVC

and LIVC Miller cycles.
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Figure 2.29 P-V diagrams of the Miller cycle engine [181]

At the 1957 Congress of the International Gas Turbine Consortium (CIMAC), Ralph Steiger further
demonstrated the operation of the Miller cycle in diesel and natural gas engines. In the initial Miller
cycle, the closing engine timing of the intake valve is retarded at the end of the intake four-stroke,
which represents a portion of the intake port being expelled out of the cylinder. After closing the
intake valve, the whole process is gradually and truly reduced. Therefore, a reasonable compression
stroke is shorter than an expansion four-stroke [182]. In the 1960s, the invention of the variable
valve timing automatic control system made the completion of the Miller cycle more convenient
[183]. In 1978, Bradford Bates and D. H. Smith created a variable displacement car engine based
on adjusting intake and exhaust valves. The engine has excellent gasoline-diesel rationality and
exhaust pipe characteristics [184]. In 1982 Tommy released various VVT solutions for gasoline
engines. W. Asmus. In the analysis, a comparison of different solutions for different car engines is

also pointed out [185].

In 2009, more than 6 papers were published, all of which were related to the application of new
technologies to Miller cycle automobile engines. In this graduation thesis, very professional valve
engine timing, high pressure common rail injection system hardware, new increased pressure
equipment, fully variable cylinder organization and new air inlets are all involved. This new
composition is close to the active performance of the Miller cycle car engine. At the same time,
relative statistical analysis methods are also clearly proposed to detect or apply new independent
innovations. In addition, the use of Miller cycle involves many new automobile engines [186-189].

Lin Zhu applied the Miller cycle to a 12-cylinder medium speed car engine [190]. Federico Millo
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applied the Miller cycle to a medium speed marine engine and evaluated the correlation of EGR
ratio with Steiger engine timing [191]. In the analysis, NOx consumption was reduced by 90%,
along with a magnitude increase in fuel usage. Since then, in the discussion of Li Zongfu, the
function of different two-stage superchargers in the marine Miller cycle automobile engine has been

analyzed [192].

The new J920 gas engine developed by Klaus Payrhuber is a fast and efficient Miller cycle
automotive engine. The most obvious characteristic of this engine is that it operates very well in
highland conditions [193]. The exhaust pipe characteristics of Jeffrey Blair's Rotax ACE Miller
cycle car engine is better than BAT specifications because of the use of an excellent catalytic
converter [194]. At the same stage, Stober-Schmidt also pointed to the Miller cycle for medium-
speed automobile engines. There is an EGR system hardware in the engine [195]. The calorific value
of the Scuderi split-cycle automotive engine has been significantly improved according to the use
of the Miller cycle [196]. In the same year, Michael Riess studied the use of the Miller cycle in the
creation of seepage [197]. In 2012, the new increased pressure system hardware - Power2 and VCM
(Gate Valve Operation Management Method) - was developed and designed by ABB LLC. The
system hardware is aimed at a larger-scale Miller cycle diesel engine [198]. With the development
of scientific research, the harm of Miller cycle to various detailed characteristic elements of
automobile engine has been clearly put forward. A study by L Miklanek found a correlation between
intake air temperature and Miller cycle automotive engines [199]. Rahim Ebrahimi discovered the
effects of air-fuel ratio and four-stroke length on the characteristics of Miller-cycle automobile
engines [200][201]. In addition to internal reasons, external factors also aroused the concern of

scientific research staff.

In 2011, a Miller cycle diesel engine applying hydrocracking to address edible oil (HVO) to replace
diesel achieved a substantial reduction in PM emissions [202]. Tests have shown that NOx
consumption is also reduced by 50%. In 2012, the application of HVO to high pressure common
rail Miller cycle automotive engines also reduced NOx consumption by 50% [203]. In the same year,
Juha Heikkila discussed the overall characteristics of HVO Miller cycle automotive engines under
different loads. According to the analysis, the most significant reduction in the displacement of

substituted hydrocarbons is at the moderate velocity level [204]. The core of Wang Chongming's
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analysis is the comparison of the characteristics of gasoline and DMF in the Miller cycle automobile
engine. The results show that the thermal efficiency and exhaust pipe characteristics of DMF are

better than those of motor gasoline [205].

In 2013, Wolfram Gottschalk [206] further improved the working ability to avoid the engine knock
problem in the incineration chain of the Miller cycle gasoline engine. At the same time, the analysis
of the Miller cycle combined with the leaner ignition technique conforms to the US National Park
Service (NPS) Best Available Technical (BAT) specification [207]. Based on CFD simulations,
Guven Gonca and Carlo Alberto [208][210] each produced characteristic maps of the double Miller
cycle in a fast direct injection (HSDI) automotive engine. In 2014, the application of ultra-low
temperature ignition technology was closely combined with the hybrid automatic control system,
and the NOx and PM emissions of ultra-heavy Miller cycle automobile engines were reduced to a
certain extent [211,212]. In the analysis, the hazards of closing the intake valve delay time and
closing the intake valve early in the Miller cycle are analyzed. The results show that EIVC has
stronger characteristics under long-term load working conditions, and the fuel consumption is
reduced by 12%, and LIVC has no improvement on the car engine. However, under low load
operating conditions, the gasoline and diesel consumption of the LIVC Miller cycle vehicle engine
is reduced by 7.8%, and the EIVC Miller cycle value is 6.8% [213]. Based on the introduction of
the dominant gasoline and diesel injection system hardware into the Miller cycle automobile engine,
Clemens Briickner further studied the hazards of the Miller cycle on the exhaust pipe characteristics
of'a 3.9-liter low-speed light-load diesel engine [214]. Based on the Apparent Exothermic Reaction
Rate Analysis (AHRR), the EGR-checked hazards of NOx emissions from medium-speed heavy-
duty Miller-cycle automotive engines were obtained [215]. Incorporating steam injection
technology, the direct injection engine Miller cycle diesel engine reduces NOx emissions by 48%
and HC emissions by 46% [216,217]. In 2015, Audi clearly proposed a new 2.0L flame ignition car
engine. The use of the Miller cycle enables the maximum torque-speed derivation to be 320N.M,

and the maximum speed ratio of the automobile engine is 4400 rpm [218].

Through 70 years of development trends, from the perspective of experiments and analysis, the
analytical level of the basic theory of Miller's cycle has long been perfected [219]. With the

increasing attention to the natural environment and the diversification of the automobile
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manufacturing industry, the Miller cycle automobile engine will be widely promoted in the engine
sales market [220]. Chenggian created a zero-dimensional simulation solid model in 2019 to study
the exhaust characteristics of a Miller-cycle automobile engine using gasoline and ethanol as raw
materials [221]. In this scientific study, the effects of the Miller cycle on NOx and other particulate
emissions on diesel engines, and the use of ethanol as a substitute for NOx and other particulate
emissions characteristics were investigated. The high temperature in ignition drives the formation
of NOx, and the Miller cycle belongs to the ultra-low temperature cycle system in the automobile
engine, so it is a reasonable way to reduce the NOx emission. And the reduction range of NOx was
between 8.5% and 12.9% comparing with what produced by conventional Diesel cycle as shown in
Figure 2.30. And the effectiveness gained by the combination of Miller cycle and ethanol was
relatively prominent. To summarise the whole consequences, applying Miller cycle into diesel
engine could effectively reduce NOx and other particulates emissions, and ethanol could bring a

larger improvement to the emission performance as long as the demand of output power can be met.
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Figure 2.30 NOx comparison between Diesel cycle, Miller cycle and T-Miller cycle [221]

Lin et al. applied comparative finite-time thermal analysis to characterize the irreversible canonical
Miller cycle in a four-stroke free piston engine [119]. In the solid model, the internal reversibility
of the efficient description of shrinkage and expansion, the specific heat capacity of the substance
in operation at its temperature, the heat conduction damage as a percentage of the kinetic energy of
the natural material, and the friction damage based on the mean value of the interrelationships take
into account the piston rate. In addition, according to the detailed calibration example, the damage

of other engine compression ratios corresponding to excess air coefficient, original temperature,
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engine compression ratio and expansion level to Miller cycle is analyzed. The results show that the
high efficiency is enhanced with the reduction of the specific heat capacity of the steam parameter.
Thermal conduction damage and frictional damage adversely affect properties. The comparison of
Miller cycle and Otto cycle shows that Miller cycle has more high efficiency according to the
additional expansion work. The results of this analysis have key practical implications for the

evaluation and refinement of specific Steiger automotive engine characteristics.
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Figure 2.31 (a) p—V diagram; (b) T—S diagram for the air standard Miller cycle [119]

The working pressure-volume (pV) and temperature-entropy (TS) of a non-reversible four-stroke
free piston are shown in Figure 2.31 above: Thermodynamic cycle 1-2s-3'-4'-5-1 shows ideal the
reversible Miller cycle with no heat leakage, the thermodynamic cycle 1-2s-3-4s-5-1 shows the
reversible Miller cycle with heat leakage, and the cycle system 1-2-3-4-5-1 Indicates an irreversible
Miller cycle with thermal leakage. The internal reversibility originates from the heat transfer
contraction and expansion process. Processes 1-2s are isentropic (reversible heat transfer)
reductions, while overall processes 1-2 are irreversible adiabatic processes with internal reversibility
taken into account in the specific reduction overall. Warming occurs in the overall process 2-3,
which is also isovolumic. The general process of isentropic expansion 3-4s is a reversible heat
transfer schedule, and the whole process 3-4 takes into account the reversibility generated during
the specific expansion operation. This cycle is carried out by the adiabatic process 4-5 and the
isobaric 5-1 heat dissipation process. In this analysis, the heat leakage in the ignition link is fully

considered, and the temperature (T3) at which the titrant is ignited in the past depends on the thermal
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input at the time of ignition and the heat leakage according to the cylinder wall. Heat leakage is
considered as a percentage of the kinetic energy of the transport material [222]. If all heat leakage

occurs, the maximum circulating system temperature T3 is still lower than the case of no heat

leakage.
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Figure 2.32 (a) The heat leakage percentage affected by the maximum cycle temperature;(b) the heat

leakage percentage affected by the excess air coefficient [119]

The transformation of the heat leakage percentage o relative to the larger circulation system
temperature T3, the excess air coefficient A and the engine compression ratio yc is shown in Figure
2.32(a). In the same year, Lin et al. used the basic theory of adaptive control to simulate the adaptive
control trajectory of a four-stroke Miller cycle FPE, derived from the Internet under different
conditions of profit maximization. Figure 2.33 shows the reciprocating motion graph for the best
STD condition compared to the conventional STD condition, and Figure 2.34 shows the working
pressure and temperature graphs for the best STD condition compared to the conventional STD
condition Graph. Figure 2.34 also shows that the thermal conduction damage is lower compared to

the conventional condition. Combining the above observations, the heat conduction key appears in
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the expansion stroke arrangement, and the expansion time t,, after the lift is significantly reduced,

so the contact time between the high-temperature mixture and the cylinder wall is also reduced.
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Figure 2.33 Comparison of optimal and conventional piston motion curves for the STD case [119]
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Figure 2.34 Comparison of optimal and conventional thermodynamic curves for the STD case [119]

The results show that optimizing the piston motion has the potential of improving the free-piston
engine efficiency by more than 10%, which is primarily due to the increase of average pressure and
reduction of the heat transfer losses on the power stroke. By optimizing the piston motion around
the TDC, the in-cylinder gas pressure and temperature have a remarkable increment while the heat
transfer losses have a remarkable descent. In addition to improving the network output there are
other advantages that may result from optimizing the piston motion. The cooling demands are
greatly reduced, because of the reduction of the heat transfer losses. Although the above researches
have not studied the emission characteristics of Miller cycle free-piston engine, but the combustion

characteristics and piston motion results are still helpful for the investigation in this paper.

2.3 Summary

This chapter covered the history, advanced findings and recent applications on the free-piston engine,
along with a review of Miller cycle. These literatures gave me significant guidance towards this

dissertation.

It could be found that there are relatively limited researches on the emission performance of no

matter gasoline, diesel or hydrogen fueled free-piston engine and most of results existing are not
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comprehensive, and ethanol has barely been applied on the free-piston engine. Moreover, there’s
only one example existing on the combination of the free-piston engine and Miller cycle; however,
emission was not taken into account in that research. Therefore, this dissertation will complete the
emission study on the conventional gasoline/hydrogen free-piston engine and Miller cycle free-

piston engine as well as the best valve timing of Miller cycle.
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Chapter 3.Single-cylinder gasoline FPE modelling

and simulation

For the purpose of developing a free-piston engine, it is necessary to build up a simulation model.
The model should be able to represent every detail including geometric and combustion properties
and assist the design and development. Moreover, the model should be capable of pushing the
boundaries in predicting the performance of the prototype without making any changes of the

systems’ hardware.

This chapter presented the whole process of modelling, validation, implementation and simulation
of a two-stroke 65cc free-piston engine using Ricardo WAVE. Section 3.3 presented the prototype
(a validated four-stroke crankshaft engine) of this two-stroke free-piston engine. Simulation results
were used for different fuel free-piston engine prototype development in Chapter 4, Chapter 5 and

Chapter 6.

3.1 Theoretical review

A one-dimensional (1D) model of a gas turbine is a step beyond standard automotive engine thermal
profiling. The numbers contain basic thermal equations and work experience correlations that can
adequately simulate the overall individual behavior of a car engine to give the basic characteristics

and exhaust characteristics of a car engine that has been developed and designed.

1D models and simulation tools are used by key automotive groups in automotive engine
development to aid in prototyping designs because it can quickly produce real-world results. In
addition to this, it must have less direct cost and accounting cost than 3D Design Aided Design
(CAD) design of the car engine. Therefore, in order to better the above advantages, one-dimensional

special tools are selected to assist the prototype development and design.

WAVE is a design-aided engineering project package developed by Ricardo that dissects the
dynamic models of automotive engine piping, increased operating pressure waves, mass flow and
kinetic energy losses in the pressure chambers and intake manifolds. It guarantees date-dependent

solutions to one-dimensional equations of fluid mechanics and heat. The hardware features
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sophisticated subbody models to simulate friction, heat transfer, scavenging, ignition, engine knock

and industrial exhaust.

The terminology and definitions used in this section are based on the composition of the engine
crankshaft vehicle engine information content obtained by Heywood [22], Blair [223] and Pulkrabek

[224].

The engine combustion chamber and cylinder geometry are defined as shown in Figure 3.1 below.
The bore of the cylinder is bore (B). Four stroke (S) is defined as the distance of the piston from
(bottom dead center) BDC to (bottom dead center) TDC, the volume within the four stroke is called
the stroke volume (V). For free piston engines, a standard four-stroke (S,,5,,) would be defined as
a four-stroke length that is not stable. When the piston is at BDC, the remaining space between the
top of the piston and the cylinder head is called the void volume (1}), and it is included in the

clearance distance (c).

Clearance
Distance = ¢

,rf— TDC

Bore=8

ES
k4

i Stroke = §

[l 0l
N7

Figure 3.1 Cylinder geometry definitions for an engine with a flat top piston (Without the bowl)
Further parameters and definitions are given by following equations:

e  Swept volume, V;:

3 (tB2S)
ST 4

[m?] (3.1

For a known clearance volume (V) above the piston at TDC:
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e  Geometric Compression Ratio, (CR) is defined as:

i+

(CR)¢ = -] (3.2)

=~

3.2 Modelling approach and sub-models

Modelling and simulation in the Ricardo WAVE program flow module are carried out using three
program segments, as shown in Figure 3.2 below. WaveBuild is a key preparatory handler flow used
to simulate the original settings. The program uses its graphical interface design to define the
geometric properties and initial conditions of the solid model, which is then transformed into a key-
in file format suitable for the solver. WAVE is the solver used in this analysis to obtain all one-
dimensional dynamics and thermodynamics time-dependent equations. Finally, after applying
WavePost, the CPU can query and express the results in the form of 2D or 3D graphics, photos, text

reports or other news media.

Pre-processor Solver Post-processor

N

WaveBuild WavePost

Figure 3.2 Three primary sub-programs in Ricardo WAVE programs suite employed in this research.

The first step in creating an accurate solid model is to gather geometric data information. An
automobile engine can be decomposed into key subsystems, namely intake spiral, intake valve
passage, cylinder, exhaust valve passage, and exhaust spiral. Specifications and characteristics
related to the desired automotive engine are cylinder bore, four stroke, crankshaft length, engine
compression ratio, cylinder diameter, cylinder variable valve timing, and cylinder engine timing.

The main parameters of automobile engine operation state variables must be defined as automobile
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engine operation rate, fuel type, air-fuel ratio and environmental standards (i.e. temperature and

working pressure).

The solid model is built in the WaveBuild special tool, and its arguments are shown in Figure 3.3
below. In this basic solid model, the intake side and exhaust pipe side are immediately exposed to
the natural environment. As shown in Section 3.3.2, the electronic throttle, intake and exhaust

manifold specifications are added to the lift segment of the simulation.

Intake side Exhaustside
+ & »
Initial conditions: Initial conditions:
Pressure=Py Initial conditions:  Initial conditions: Pressure=p,
Temp=T, Pressure=P, Pressure=P, Temp=T,
Wall Temp=T,4 Temp=T, Temp=T, Wall Temp=T,,
L, Wall Temp=T,, Wall Temp=T,,. (’/l-;/a,

s

L, = pipe length
2, = pipe diameter

Tei= Wall Temperature

Cylinder

i=index; 0, 1, 2, 3...

Figure 3.3 Basic model variables and initial conditions

The initial conditions of pressure and temperature were set appropriately and these are recalculated
frequently during the simulation. The pipe lengths were centerline lengths. Wall temperature was
set appropriately to reflect the actual engine condition based on the correct model building practice

guide in the WAVE Help file [225].

3.2.1 Sub-models

The sub-model descriptions presented in this section were obtained from the help file in Ricardo
WAVE [225]. Only the relevant sub-models are presented here. By understanding the sub-model,

the model can be tuned and optimised by varying the relevant variables. Further, the results can be
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efficiently interpreted by understanding the sub-model’s capability and limitations thoroughly.

3.2.1.1 Crank/slider piston motion

The crank/slider sub-model represents the relationship between the linear motion of the piston and

the rotational motion of the crankshaft as shown in Figure 3.4.

Piston

Crankshaft centerline .|

[~ Piston pin centerline

Crankshatt \

Figure 3.4 Crank-slider mechanism schematic [225]

The formula for this relationship is given by:

s = \/(a +b)% — Porr® — acosd — \[12 — (asind + Py )2 (3.3)
piston position calculated from the sub-model is used to calculate the volume of the combustion

chamber.

The displacement volume of each cylinder is calculated using the same formula given in Equation

3.4.

For a multi-cylinder engine, the total engine displacement volume will be the sum of this

individual displacement values.
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Next, the clearance volume of each cylinder can be estimated from the geometric compression

ratio (CR) value input:

Vs
V,=—"" 3.4
¢ = TR =1 (3.4)
Then, the in instantaneous volume in the cylinder at each time step can be calculated:
I
V=V+ ZBZS (3.5)

In WAVE, although the clearance distance (c¢) must be inserted in the geometrical definitions, it

is used only for the calculation of heat transfer.

3.2.1.2 Imposed piston sub-model

The reciprocating sub-entity model imposed on is used to cover the gear/roller sub-entity model to
simulate automotive engines with novel reciprocating motion profiles, such as rotary, opposed or in
this case free piston engines. After being defined, this piston part is used to measure the volume of
the combustion chamber of the engine. To apply this sub-entity model in this way, it is important to
define a set of gear angle values with corresponding piston parts in the configuration file editor

shown in Figure 3.5.
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Figure 3.5 Profile editor for piston motion profile to model free-piston engine

The applied gear angle value must encompass the full cycle system of the car engine, while taking
care not to exceed the large scale allowed (721 points) and not exceed the four-stroke defined for
the car engine to make the results more meaningful. The implication of this limitation is that the
number of values that can be entered determines the linearity of the piston velocity graph, which

will be discussed in the relevant section later in the text.

3.2.1.3 Friction

The friction solid model in WAVE applies a modification of the Chen-Flynn correlation [226], as
shown in Equation 3.6, where the first term indicates the friction of accessories (e.g., centrifugal
pumps, alternators and coolers) and the second term Shifting with the maximum working pressure
of the cylinder, the third term means dynamic friction and the fourth term means air resistance
damage. In this analysis, the initial values proposed in WAVE are used for all frictional resistance

in all solid models.

ncyl
1 2
fmep = Achc + Fyl Z [Bcf(Pmax)i + Ccf * (Sfact)l- + ch(Sfact)i ] (3-6)
i=1
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With:

S
Sfact = Nrpm (E) (3.7)

3.2.1.4 Woschni heat transfer

To better measure the heat transfer into and out of the cylinder, WAVE uses the Woschni heat transfer
sub-entity model. In this model, the intake port is assumed to have a uniform distribution of hot gas

index and velocity over the entire surface of the hydraulic cylinder.
hy = 0..128B702p08T 053y 08¢, . (3.8)

The characteristic rates are the sum of the mean piston velocity and the additional firing-related
rates in the difference between firings and the driving working pressure. Extensive details on the
combination of characteristic velocities and their Woschni correlations can be found in the WAVE

help document [225].

3.2.1.5 SI Wiebe combustion

In order to better simulate the ignition generated in the simulated cylinder, the ST Wiebe function
formulation was used to analyze the natural material ignition rate observed in all premixed and SI

ignitions obtained experimentally.
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Figure 3.6 SI Wiebe combustion sub-model

The cumulative mass fraction burned ((MFB),.), is given as a function of crank angle by:

gdur

(Wexp+1)
(MFB), = 1.0 — exp (—KAW, (L) ’ ) (3.9)

With reference to Figure 3.6, the impact of varying 50% burn point will shift the entire curve forward
or backward while varying the 10%-90% duration will increase the total combustion duration. Also,

varying the Wiebe exponent will change the burn rate profile.

3.3 Modelling and simulation implementation

In order to better reduce the time and cost of development and design, commercial vehicle engines
were selected as the basis for prototype development and design. Select a pair of Stihl 4-MIX

automotive engines as transmissions to meet the following specifications:
1. Improve emissions and high efficiency of gasoline and diesel

2. Two-stroke lubrication method
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3. Equipped with straight-through exhaust pipe raising valve for gas exchange
4. Ease of use of accessories

The car engine is specially designed for the use of garden portable machinery and equipment, which
can achieve high power and torque, low exhaust and low noise, and is light in weight and easy to
maintain [227]. It operates on a four-stroke cycle car engine using two-stroke lubrication and intake
crankcase reduction. In this section, the model and simulation of the selected car engine are

presented.

Using Ricardo WAVE to get the final solid model of the free piston engine requires three steps, as
shown in Figure 3.7 below. Initially, a baseline mock-up of a 31cc four-stroke engine was certified
for the findings reported by Knaus et al [230]. Since there is no baseline characteristic curve for a

65cc engine crankshaft car engine, this certification is essential before a 65cc physical model is

developed and designed.

Baseline model Optimization Optimization
verification model model
(crankshaft) (crankshatft) (free-piston)

65cc
lee L (four-stroke) ‘
(four-stroke) 65cc 65cc
(two-stroke) (two-stroke)

Figure 3.7 Types of models developed for the research

Changes to the baseline mockup allowed the development and design of a mockup of a 65cc engine
crankshaft car engine. Since the 65cc version numbers usually have a similar design, it is assumed
that the car engine mockup can be resized appropriately from the 31cc car engine version number.
In order to better ensure that this assumption is reasonable, the maximum power of the car engine
in the manufacturer's specification model is compared with the output power curve shown in Figure

3.9, which is obtained from simulation research. of. Maximum power and corresponding efficiency
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are found to be closely paired with the manufacturer-spec model (2.3kW at 7200rpm).

This kind of 65cc automobile engine four-stroke engine crankshaft solid model is converted to the

two-stroke cycle system version number according to the following method:

1. Simply change the 4 strokes to 2 for each circulatory system in the WAVE equipment

(indicating a 2-stroke circulatory system)
2. Change and adjust intake and exhaust engine timing
3. Lift crankcase and scavenging sub-entity models

The mock-up was then tuned to achieve the highest braking system thermal efficiency and power
output in the lower vehicle speed range (i.e., from 600 to 3600rpm). This particular speed range was
chosen because the standby speed of the free piston engine is estimated to be 10Hz (equivalent to
600rpm), while the maximum power generation capacity is estimated to be around 50~60Hz
(equivalent to 3000~3600rpm). The choice of this operating rate lies in the motor design reported

by Arshad [229]. Therefore, it was rated as the basic policy of this scientific research.

Finally, the lifted 65cc two-stroke engine crankshaft car engine solid model was transformed into a
free piston engine operation based on the mandatory piston sprout model described above in Section
3.2.1.2. The next section is devoted to detailing the engine crankshaft car engine model and
simulation along with the results and discussion, while the free piston engine model will be

presented in Section 3.4.

3.3.1 Baseline modelling, simulation and validations

The baseline model was developed from the information obtained in the paper by Knaus, et al. [230]
for a 31cc version of the Stihl 4-MIX engine which inherit similar design to the 65cc version selected
for the prototype. The engine specifications are shown in Table A-1 in Appendix A.

shows the model developed in Ricardo WAVE which includes the Figure 3.8 crankcase element
(labelled as cyl2). The engine uses a carburetor while in the model a proportional fuel injector was
used instead, enabling air-fuel ratio control to be implemented. A proportional injector will always

inject sufficient fuel to the intake air stream to match a targeted air-fuel ratio and similar to the
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carburettor principle.

duett du ductd ducts I ducts
- 5
[ fEg
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Figure 3.8 Baseline model of 31cc Stihl 4MIX engine in Ricardo WAVE.
The model was validated using the reported power curve by Knaus, et al. [230] and the results are
shown in Figure 3.9 which shows excellent correlation between the simulation and experimental for

the engine speed from 5000 to 8000 rpm.
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35 : . .
-¢ =31cc baseline simulation -2.00%
g model
< 3
g —&— Experimental(from paper by s
5 25 Knaus,et al.) -4.00% §
% firw
_rfu 2 —% error
o
-6.00%
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1 et e
- o -t e r————
ﬂ_____.—--.:‘-——-—"”"-_ -8.00%
0.5
0 -10.00%

5000 5500 6000 6500 7000 7500 8000 8499 9000
Engine Speed(rpm)
Figure 3.9 Power curves comparison from experimental result and as obtained from Ricardo WAVE
simulation
The error between the reported experimental results and the simulation using WAVE was less than
2% for engine speeds below 9000rpm while at the speeds beyond 8500rpm the error increased

sharply to 8 %.
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The HC+NOx emission between the 31cc baseline WAVE model and the experimental data from
Knaus, et al. [230] is illustrated in Figure 3.10. The errors are constantly less than 5%, and emission
result is a vital factor in this research, therefore, this baseline model could be considered suitable

and reliable.
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e I 1 > i model
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1.00%
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0 0.00%

5000 5500 6000 6500 7000 7500 8000 8500
ENGINE SPEED(RPM)

Figure 3.10 HC+NOx emissions comparison from experimental result and as obtained from Ricardo

WAVE simulation

3.3.2 Crankshaft engine model optimisation

The optimized model contains a 65cc Stihl 4MIX car engine developed and designed from a
standard solid model. As shown in Table A-2 in Appendix A, a similar camshaft-based cylinder
variable valve timing curve was selected to modify the variable valve timing for automotive engines
and other automotive engine specifications. The entire lifting process can be divided into four-stroke

and two-stroke, as shown in the following sections.

3.3.2.1 Four-stroke model up-scaling and validation

Generally speaking, the 31cc solid model becomes larger to the 65cc solid model, due to the similar
design of the car engine in these two categories. In addition, the ratio of the total cylinder area of

the two engines is in line with the data information of the design scheme based on the work
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experience of Taylor [231] for the flat cylinder head. The experience with the cylinder geometry
values for the two engine types is given in Table 3.1 for a small to medium sized four-stroke engine

with 2 cylinders and a flat head design.

Table 3.1 Empirical design data for valve capacity and head design in relation to the actual design for the

31cc and 65cc Stihl 4MIX engines

Empirical
Parameter 3lce 65cc
design data

Inlet valve outside diameter/bore 0.44 0.36* 0.40%
Exhaust valve outside diameter/bore 0.38 0.36* 0.36
Inlet valve nominal area/Piston area 0.19 0.13 0.16

*Similar valve diameter was chosen by the manufacturer due to limited space and for ease of service

as mentioned in the paper by Knaus, et al. [230]

The work experience data information is the result of the 31cc car engine obtained in the basic
section 3.3.1 of the 65cc version number of the mock-up enlargement and the characteristic
investigation certification. In addition to this, the initial 65cc Stihl 4MIX has a peak output of 2.3kW
at 7200rpm from the manufacturer's data information, which can be used to certify the physical
model. The output power curve of a 65cc car engine obtained from the simulation is shown in Figure
3.11 below, which outlines a typical output power curve outline. In addition to this, the maximum
power is 2.4kW, which occurs around 6500rpm, which is almost consistent with the manufacturer's

data.
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Figure 3.11 Fitted power curve of the four-stroke 65cc engine as obtained from Ricardo WAVE

simulation

3.3.3 Two-stroke model performance optimisation

The proven four-stroke mock-up was transformed into a two-stroke mock-up, and further mock-up
enhancements were made in terms of intake and exhaust valve engine timing and its intake port
increase pressure working pressure. This process is especially important because the prototype's
selected car engine was formulated for a four-stroke cycle, while the prototype was run on a two-

stroke cycle.

The general gate valve state diagram of the two-stroke solid model is shown in Figure 3.12 below.
In the cylinder engine timing improvement process, there are four independent variables that must
be improved, namely the exhaust valve opening angle (65y ), the exhaust valve closing angle (6gy¢),
the intake valve opening angle (6;,), and the intake valve opening angle (6;,,). Door closing angle
(B1v¢)- Important criteria are profit maximizing output power derivation, improved gas exchange

characteristics (according to lift gate valve engine timing) and reduced compression work.
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EVO=Exhaust valve open

EVO " [y0o=Intake valve open
EVC=Exhaust valve close

IVC=Intake valve close

BDC

Figure 3.12 General timing diagram for two-stroke cycle

3.3.3.1 Parametric study

In the two-stroke version of the 65cc automotive engine, the program flow for cylinder engine
timing boost is based on a scientific study of the main parameters using the test control panel shown
in Figure 3.13. Carrying out the experiment will give an export drainage matrix that can be used to
indicate how changing one or several key parameters will harm one or several of WAVE's predictive
analysis exports. In this way, the harm of each independent variable to the characteristics of the
automobile engine can be quickly observed without realizing the specific automobile engine

performance indicators.
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Figure 3.13 The experiments panel in Ricardo WAVE which was used during the parametric

investigations for model tuning

The test results are shown in Figure 3.14 below. Several overall objectives in WAVE were made,

namely braking power (bpowkw), torque (torgsi), maximum cylinder pressure (pmaxsil) and

capacity high efficiency (volefd) for evaluation. Then, the elements of Figure 3.14(b) are defined

by setting the appropriate overall target in the Fitting Curve dialog box, namely the best exhaust

pipe valve ps pen position (Exhg,cnor), €Xhaust pipe delay time (Exhp,,;), intake air The gate ps

pen location (Intyy,cnorr) and intake valve delay time (Intp,,) are shown in Figure 3.14 (c). For

example, if the maximum torque speed is set in the operating vehicle speed range from 600rpm to

8,000rpm, the corresponding value of the gate valve setting is automatically adjusted to reflect this

overall goal.
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Figure 3.14 The experiment analysis panel showed-up at the end of the experiments in Ricardo WAVE

In Ricardo WAVE, the anchor position (for intake and exhaust valves) is defined as the crank angle
(°) position where the lift is at its maximum value while the valve duration (for intake and exhaust
valves) is how long (in crank angle degree) the valve will remain open. The relationship between

WAVE’s valves parameters and the valves timing variables is summarised in the following equations:

For exhaust valve:

Oevo = Exhanchor — @ (3.10)
Oeve = Ogvo + Exhpyy (3.11)
For intake valve:
Ovo = Mtanchor — Int% (3.12)
Oe = O + Intpy, (3.13)

79



3.3.3.2 Final optimisation

The limitations of the experimental control panel depend on final precision; it only gives a rough
idea of how the independent variables compromise the technical parameters. Therefore, as shown
in Figure 3.15 below, a detailed investigation was carried out based on the secondary primary
parameter investigation of the scanner generator control panel application. In the final boost, 5
height instances were run at each car speed. Gate valve settings are added as arguments with default
and final values are set and then linearly interpolated to create sub-instances. Boost sub-instances
at more car RPMs to improve the accuracy of the effect. This simulation has to run for a longer
period of time, so it is used for the final part of the improvement when the original settings have

been clarified from Section 3.3.3.1.
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Figure 3.15 The sweep case generator panel used for refined optimizations
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3.3.4 Two-stroke optimization results and discussions

The two-stroke engine characterization results are derived from a scientific study of the main
parameters detailed in Section 3.3.3. The hazards of the following independent variables on the

characteristics of automobile engines are investigated:
1. Increased supply

When the solid model was converted to a two-stroke cycle system, the first observation was that the
scavenging characteristics were poor, resulting in no ignition. Therefore, it is necessary to consider
the harm of the increased pressure working pressure of the intake port to the characteristics of the

automobile engine.
2. Intake and exhaust door rebar anchorages

In the four-stroke cycle system, each four-stroke is completely different, and the intake and exhaust
pipes are separate for the four-stroke, so the ps pens of the intake and exhaust valves are far apart.
The Stihl 4MIX is designed for the practical operation of a four-stroke cycle system with the
required intake and exhaust valve layouts. Therefore, for the two-stroke conversion, it is particularly

important to clarify the best cylinder ps fountain pen for the characteristics of the automobile engine.
3. Intake and exhaust valve delay times

The delay time of the intake and exhaust pipes of a two-stroke cycle vehicle engine is very short.
The longer the delay time, the worse the collection rate because the gas-fuel mixture short-circuits
into the exhaust spinner. In turn, a shorter delay time results in a weaker scavenging efficiency due
to residual organic exhaust gas remaining in the cylinder. In both cases, car engine characteristics

are severely affected.

3.3.4.1 The effect of intake boost pressure

The boost pressure investigation involved 13 variations, linearly interpolated from 1.1 bar to 2.0 bar,
at various vehicle speeds from 600 to 3000 rpm, the anchor values and delay times for the intake
and exhaust valves were all numerical value. Figure 3.16 shows the detriment to brake system

thermal efficiency (bte) of increased working pressure. At lower car speeds, increasing the pressure
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working pressure is not harmful to the bte. Significant damage to bte occurs after 2500rpm until
6000rpm. At speeds above 4000rpm, weaker bte (i.e., less than 10%) was observed for lower

incremental pressure working pressures.
The goal is to minimize the increase in pressure gas pressure while obtaining high braking system
thermal efficiency and adequate scavenging.
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Figure 3.16 Boost pressure effect on brake thermal efficiency(bte)

Figure 3.17 shows how increasing the working pressure immediately compromises the braking
power derivation; higher working pressure increases the working pressure causing higher braking
power, with a significant detriment to vehicle speeds from 2000rpm to 5500rpm. When the car speed

exceeds 4000rpm, the pressure must be increased more.
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Figure 3.17 Boost pressure effect on brake power

Figure 3.18 shows the brake system mean reasonable working pressure (bmep) response to
increasing pressure working pressure. Higher bmep occurs at lower car speeds and is immediately
compromised by increased stress working pressure. This hazard is lessened when the car revs above

3000rpm, and the bmep no longer increases due to increased pressure working pressure.
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Figure 3.18 Boost pressure effect on brake mean effective pressure(bmep)
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3.3.4.2 The effect of intake and exhaust valves anchor

In the main parameter scientific study detailed in Section 3.3.3, various compositions of intake and
exhaust valve anchors were studied, depending on where the anchors were changed (defined in
Section 3.3.3). Each transition includes several rate data messages, while the intake and exhaust
delay times are fixed at 100° CA. There are 25 permutations generated through the combinations of

intake anchor from 160°CA to 200°CA and exhaust anchor from 140°CA to 180°CA.

Figure 3.18 shows the optimum valves anchor during which high bte region is observed. For the
best bte output, the optimum anchor lies along imaginary diagonal line connecting 140/160° CA

(exhaust anchor/intake anchor) to 180/200° CA.
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Figure 3.19 Valves anchor positions effect on brake thermal efficiency(bte)

Similar response is observed for brake power as shown in Figure 3.20 and bmep as shown

in Figure 3.21.
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Figure 3.20 Valves anchor positions effect on brake power
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Figure 3.21 Valves anchor positions effect on brake mean effective pressure(bmep)

3.3.4.3 The effect of intake and exhaust valves duration

After getting the best settings for the inlet and exhaust pipe anchors, it is necessary to further
increase how long each gate valve should be open (delay time). A similar approach was chosen
based on setting the value of the cylinder anchor and changing the delay times of the intake and

exhaust at different car engine speeds.
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From Figure 3.22 to Figure 3.24, it can be seen that the gate valve delay time is not as sensitive to
the hazards of technical parameters (i.e. bte, braking power and bmep) as previously observed gate
valve anchors. However, as shown in the figure below, a longer intake valve delay time will result
in poor characteristics. The specification of the opening delay time must be further considered, such
as driving the organization's formulation and selection of design preferences that increase stress

working pressure.
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Figure 3.22 Valves duration effect on brake thermal efficiency(bte)
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Figure 3.23 Valves duration effect on brake power
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Figure 3.24 Valves duration effect on brake mean effective pressure(bmep)

3.3.5 Summary

Three crankshaft engine models were developed: two models using a four-stroke cycle and the last
model being a two-stroke cycle. The first model was a 31cc version and was used for verification
purposes since there was no experimental data available for the 65cc engine. The second model was
for a 65cc four-stroke engine used as a baseline before converting this model into a two-stroke cycle.
The third model was for a 65cc engine using a two-stroke cycle and was used as a baseline for the
free-piston engine simulation. The performance parameters for this model are presented and the
final valves anchors of the optimized model are shown in Figure 3.25. At optimized valves anchor,
the exhaust valve is open at 80°CA before BDC followed by intake valve 25°CA later. Shortly after

BDC, i.e., at 20° CA after BDC, the exhaust valve is closed followed by intake valve 15°CA later.
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65cc two-stroke valve timing results:
EV0=80*bBDC

IVO=55"bBDC
EVC=20°aBDC
IVC=35"aBDC

Legend:

EVD
EVO=Exhaust valve open

IVO=Intake valve open
EVC=Exhaust valve close
IVC=Intake valve close
aBDC=After Bottom Dead Center
bBDC=Eefore Bottom Dead Center

BDC

Figure 3.25 Final valves timings for the 65cc two-stroke crankshaft engine

3.4 The free-piston engine modelling and validations

The fitness motion profile of a free-piston engine is governed by a stable balance of forces acting
on the individual fitness motion components (i.e., mover components). For an engine crankshaft car
engine, the fitness motion graph depends on the engine crankshaft, with known equations and
distinctive features based on the design of the car engine geometry. This section details the

mathematical model of the free piston engine dynamics model.

The purpose of the dynamic model is to give the 1D solid model in Ricardo WAVE the values of the
piston position during driving to allow gas exchange and ignition simulation simulations for the
scientific study of free piston engine characteristics. The results are used for cylinder lift and

predictive analysis of the characteristics of a prototype of a free piston engine.

3.4.1 Dynamic balance equation of motion

The novelty of free-piston engine generator lies in the piston dynamics where only one moving
translator assembly converts the chemical energy via the combustion process into kinetic energy of

the moving mass and finally into electrical energy through the generator.
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In order to obtain the motion profiles, each of the forces which contribute to the equation of motion
must be identified and its mathematical formulation used in the dynamic model. This allows a close

form solution to be found thus enabling the motion trajectory to be obtained.

The free-body diagram of the forces acting on a dual-piston type free-piston engine generator is

shown in Figure 3.26 and comprises of the following forces:

1. in-cylinder pressure forces acting on both cylinders, F,jand Fy,

2. frictional forces due to contact surfaces on the moving part of the engine, Fr
3. cogging force acting on the permanent magnet assembly of the generator, F,4
4. motoring force, which is energised during starting, Fy,,;

5. net force or inertial load of the moving mass, mi

Permanent Magnet Assembly Stator Coil

|
J

Cylinder

P2

Figure 3.26 Free-body diagram of the dual piston free-piston engine generator dynamic model

Because the motion of the moving mass is related with the longitudinal axis only, and in order to
simplify this analysis, the vector treatment of the dynamics analysis has been deleted. By convention,
the right-side motion is positive while the left-side motion is negative. Equation 3.14 is a

summarised form of Newton second law of motion of net forces:

Z F = Fpop + Fy = Fy — Frpg = mi (3.14)

Where X is the acceleration of the piston in the direction of motion and m is the moving mass
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which mainly comprises the piston assembly set and linear generator shaft (with the permanent
magnet assembly). F, is the resulting in-cylinder pressure forces acting on the translator and can
be expressed as in Equation 3.15:

2

nB
E, =Fy — Fpp = (p1 — p2) X =+ (3.15)

Generally speaking, there are three basic principles for the operation of free piston engine generator
sets, namely electric type, standby speed and power generation. In the electric mode caused during

operation, the electric driving force is the most important force. When ignition occurs, the ignition

force (Fp)c becomes primary. In this manner, the driving force should be slowly reduced until a

sustainable repetitive motion is achieved.

These modes are important during the transient phase of the free-piston engine generator operation
and the forces can be modelled differently as demonstrated by several researchers; i.e.,
Goldsborough and Blarigan [142] considered the magnetic force as resisting the motion during
combustion proportionally to the translator speed. Mao, et al. [232] included electromagnetic force
which depends on motor constants for the motion during electrical power generation. In the

following subsection these forces will be discussed thoroughly.

3.4.1.1 Linear electrical machine

In the free-piston linear generator, the linear generator can be operated as linear motor by supplying
an electrical current to its driver using a dedicated commutation method to produce the reciprocation
motion. During this process, the switching between each coil is determined from the linear position
reading and must occur at precise timing and position to produce a smooth motoring force during

starting.

Saiful Azrin [298] simulated and tested several commutation methods to energize the linear motor
during the starting mode of the free-piston engine generator. It was shown through simulation that,
in order to obtain maximum amplitude (and thus, compression ratio) for combustion to occur, the
generator could be reciprocated with gradual increasing amplitude until it reaches its resonant

frequency [106]. The simulation had successfully demonstrated full stroke motoring during starting
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by applying low motoring force using this method [298].

Similarly, Mikalsen [299] suggested this starting method with the concern around control strategy
and motor capacity. Mao, et al. [232] proposed a similar reciprocation technique for starting, namely

to utilize the air-spring behavior in the cylinder to achieve the required compression ratio.

The motoring force is determined from the linear motor force constant (Ky) which inherit on the

stator coil and depends on the winding type. There are three main types of linear generator [58]:

e  Moving coil- The coils move to create the power thus requires flexible coils which are prone

to wear and tear.

e  Moving magnet- Large magnetic field leakage and air gap issue with prolong vibrations and

risk of demagnetisation.
e  Moving iron- This is the most rugged but relatively the heaviest configuration.

Based on Lorentz law, the motoring force generated for delta (4) and wye (Y) winding respectively

can be evaluated as follows [298]:
Frnot = Iphase X Kf—A (3.16)
Fot = \/Elphase X Kr_y (3.17)

This required motoring force is determined from the desired compression ratio [299] as well as
cyclic speed [106]. Both of these requirements must be met to achieve sufficient compression
pressure. It has been estimated via experimental testing that the minimum compression pressure
must be around 5-7 bar to produce significant combustion pressure [298]. This is difficult to achieve
at slower cyclic speed due to air leakage through piston rings during compression stroke is higher
hence reducing the compression pressure. Faster cyclic speed requires higher motoring force that

draws uneconomically high electrical power during starting.

3.4.1.2 Cogging force

Cogging forces are generated in linear motors with moving magnet designs and cause wear,
vibration and noise [233]. This force is the result of the interaction between the electromagnetic

field of the linear motor and the back iron, and the force is usually transformed along the linear part
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of the mover, as shown in Figure 3.27 below.
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Figure 3.27 Typical profile of cogging force vs. position of a linear motor

Some scientific researchers have ignored the alveolar force because it is relatively ineffective
compared to another force on exercise quality. Arshad et al. [235] proposed to introduce a high
amount of current during driving to counteract the cogging force effect, assuming that this force can
be ignored at ignition. For the entity model developed and designed, the cogging force from the
specific linear motor and the sliding friction force of the linear motion bearing are concentrated

together and used as a constant standard value.

3.4.1.3 Frictional force

The frictional force in a free-piston engine generator is often simplified in models and is claimed to
be very low due to the absence of the crank mechanism. The frictional force is assumed to be
constant throughout the cycle by most researchers but a more accurate model has been provided by

Atkinson, et al. [11] from an empirical formula provided by Blair [236] which can express as:
Fr=3150-V; - f (3.18)

From this equation, the frictional force is seemed to be small and thus can be combined as retardation

force together with the linear motor cogging and linear bearing.
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3.4.1.4 Compression-expansion process

In this calculation, the compression process was considered to be governed by a thermodynamic
equation for a polytropic process with a constant index. The pressure and temperature at the
beginning of the compression have the same values as the corresponding parameters at the end of
the scavenging process or ambient conditions. In the two-stroke engine model, the intake valve
closes last during compression whereas its exhaust valve opens first during expansion. The pressure,

p, during the compression process is given as a function of piston position, x.

The pressure in cylinder 1 at any time t during compression, py(t), is:

_ o (Kier)
p1(t) = pg (xl(t)> (3.19)

Similarly, the pressure in cylinder 2 at any time during compression, p,(t), is:

L— Xivc1 )Yc (3 20)

X2 (t) — Xivc2

p2(t) =pa-(

3.4.2 The imposed piston motion modelling

According to the obtained motion equation, a set of pistons offset values according to time period
are obtained. Such trajectories are characteristic of the operation of free piston engine gensets and

are unique to the prototype.

The final optimized model of the 65cc two-stroke engine crankshaft car engine obtained in Section
3.3.4 was transformed into a free piston engine by applying the mandatory piston sprout model in
Ricardo WAVE. This sub-entity model is used to cover the reciprocating motion of the crank slider
with the default settings and to measure the volume of the engine combustion chamber. The WAVE

operation panel of the sub-entity model is shown in the following Figure 3.28:
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Figure 3.28 The input panel for imposed piston sub-model

Free piston revision numbers for the same automotive engine were modeled based on the application

of the mandatory piston sprout model to the improved 65cc two-stroke engine crankshaft solid

model obtained from Section 3.3.4. It can be predicted that the gas exchange individual behavior of

the free piston solid model is not the same as that of the corresponding engine crankshaft solid

model. Therefore, the close cylinder engine timing boost detailed in Section 3.3.3 is implemented

to optimize its gas exchange characteristics as shown above.

3.4.3 Valve timing optimisation

The 65cc two-stroke free-piston engine model was subjected to further valve timing optimisation

with similar parametric study as presented in Section 3.3.3. The following parameters were varied:

1. Vary intake valve anchor from 160°CA to 200°CA

2. Vary exhaust valve anchor from 140°CA to 180°CA

3. Vary valve duration from 90°CA to 120°CA

The purpose of this optimisation was to finalise the model before comparison with 65cc two-stroke
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crankshaft engine model was made.

3.5 Discussion

While developing the models and simulations, several key findings were observed. This discovery
has the benefit of accelerating the prototyping design and experimental science detailed in Chapters
4 and 5. In addition, the twin-cylinder 65cc two-stroke gasoline engine mock-up will be used to
develop and design a 65cc two-stroke hydrogen free-piston engine mock-up, an ethanol car engine

and a baseline mock-up for the Miller cycle.

3.5.1 Effect of piston motion

It has been observed that when a lifted two-stroke engine crankshaft car engine mock-up is
immediately transformed into a two-stroke free piston engine mock-up (without optimisation), the

characteristics are degraded.

The key factor is that; although similar gate valve engine timing is achieved in the 2 modes, the
solid model of the piston imposed on it inherits a different fitness motion curve, as shown in Figure
3.29 below from the piston part and gear angle curve as seen in the picture. Because cylinder engine
timing is set by the gear angle (°CA), the same gear angle results in a different piston location in
most cases when approaching or avoiding BDC (i.e., from £90 to £180 ©) There is a large difference
of almost 5 mm in California). Thus, a similar major parameter science study was carried out on
cylinder engine timing improvements to improve the gas exchange characteristics of a solid model

of a free piston engine.
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Cylinder Piston Position vs. Engine Crankangle
Engine Crankangle [deg]

-180 -90 0 90 180
40 , .

a5 ] : e e
30 4 f é ' e

25

20 ] e,

151

| — csE@ioHz
| — FPE@10Hz

104

Cylinder Fiston Position [mm)]

(@

Engine Crankangle |deg)
=180 -80 4] g0 180
40 ‘

£ )y,
.E. ............. ; B
| =}
c ........................
B
=]
i
20 J e N g
2
o
[ - U SO SUPURRRSSE P ST
5 CSE@S50HZ
B it S A — FPE@SOHz
)

u ||||||||||||||||

mo TR B O h ] EHPAN DO [ ==]

(b)
Figure 3.29 Piston position against crank angle comparison for free-piston engine (FPE) and crankshaft

engine (CSE)(a)At 50 Hz and (b) At 10Hz

The piston velocity profiles shown in Figure 3.30 demonstrated typical free-piston engine velocity
which is symmetrical along horizontal axis as opposed to oval-shaped profile for crankshaft engine.

The crankshaft engine demonstrated higher maximum piston speed although operated at similar
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engine speeds. The velocity profile for the free-piston engine was noisy due to data resolution issues
highlighted in Section 3.4.2, the piston motion of the free-piston engine was controlled by the
imposed piston motion sub-model. The IPM assumed that the motion control had been performed
by regulating the piston position around TDC and BDC using linear motor current control whenever
the combustion pressure has changed the piston dynamics. In addition, with the IPM, the model was
unable to illustrate the impact of knock on the piston trajectory since the motion profile was
unchanged during the simulation. This could be improved with an advanced co-simulation, having
the plant model and the controller model exchanging information in real-time during the simulation

period.

Piston Velocity vs. Piston Position
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5 Piston Velocity vs. Piston Position
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Figure 3.30 Piston velocity against piston position comparison for FPE and CSE(a) At 50Hz and (b) At

10Hz

3.5.2 Valve timings

Figure 3.31 shows the lift-cylinder engine timing for two solid models, fabricated in relation to
variable valve timing and gear angle. It was found that for the two model specifications, the EVO

parts are the same, while the IVO parts of the optional piston engine are separated by about 10° CA.

This correlates to the reciprocating motion profile described in Section 3.5.1. The error of the piston
part of the fitness line of the free piston engine is not large when it is lower than 90°CA (that is,
when the EVO is generated), so it is beneficial to the same EVO part. This can be verified when it
is produced according to the diagram of the piston part is shown in Figure 3.31 During the 90° CA
to 180° CA period, the error was large enough to indicate different IVO sites. In fact, the IVO of a
free piston engine is earlier than that of a crankshaft car engine, although its gear corners are later,
when made from the piston part. Cylinder engine timing is the primary parameter independent of

speed; thus, this discussion applies to other automotive engine speeds.
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Lift vs. Crank Angle
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Figure 3.31 Optimised intake and exhaust valves timing for FPE and CSE(a) Crank angle-based(b)
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Figure 3.32 shows the variation valve timing for the free-piston engine for different free-piston
engine operating speed. At lower free-piston engine speed, the valve opening occurred later in the
cycle and the opening duration was longer while at higher free-piston engine speed both valves

opened earlier with shorter duration.
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Figure 3.32 Variation of valve opening and closing timing at different speeds for the free-piston engine

model(a) Exhaust valve(b) Intake valve

Because in a free piston engine, the cylinder push data signal is based on position, not gear angle, it
is interesting to develop an optimization algorithm for cylinder engine timing manipulation. Figure
3.33 shows valve engine timing according to location mode. The exhaust valve closing (EVC) part

is 35.7mm after the BDC, nevertheless, in each cycle, the piston will be in this part 2 times; When
exercising to TDC Fitness.
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4 Lift vs. Piston Posilion
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Figure 3.33 Valve opening and closing positions for free-piston engine

Therefore, the practical valve actuation algorithm must be based on the position value and the

direction of motion.

3.5.3 In-cylinder pressure
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Figure 3.34 P-V diagram comparison between (a)FPE and (b)CSE at 80Hz

Figure 3.34 (a) and (b) show the P-V diagram comparison between the FPE and the CSE at 10 Hz
and 80Hz. For both frequencies, the maximum pressure of the conventional engine is higher than

the free-piston engine, and as the engine frequency increases, the maximum pressure decreases.

Lower pressure versus volume profile translated into lower power output as shown in Figure 3.35
where the brake power versus engine cyclic speed (presented in Hz) was plotted. Free-piston engine
produced significantly lower power output from 20 to 60 Hz then increased higher than crankshaft
engine from 65 to90Hz. The peak power produced by the free-piston engine model was shifted into
higher speed. The free-piston engine produced 2.43kW at 50Hz while the crankshaft engine

produced 2.42kW at 8OHz.
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Figure 3.35 Brake power comparison for both models

3.6 Simulation results

The most vital component in Ricardo WAVE for this research is its NOx analysis simulation sub
model, and by using which, the NOx emission results along with HC emission results for both 65cc
2stroke FPE model and 65cc 2stroke CSE model have been obtained and the comparisons are

illustrated as Figure 3.36 and Figure 3.37.
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Figure 3.37 NOx emission comparison for both models

It could be concluded that for HC emission, under the same engine condition, there’s only slight
difference between a free-piston engine and a same scale conventional engine. Due to the formation

reason of HC emission is incomplete combustion, together with the brake power varying trend as
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showed in figure 3.36, it is not difficult to explain why the HC emission decreases with the increase

of engine frequency for both models.

From figure 3.37, there’s a significant reduction of NOx emission in the FPE comparing with the
CSE, and the highest reduction range is 72.02% which occurs at 10Hz. For the free-piston engine,
the average in-cylinder combustion temperature increases from the frequency of 10Hz to 30Hz and
decreases afterwards, while the average in-cylinder temperature gradually decreases from 10Hz to
90Hz for the conventional engine. Therefore, the free-piston engine has remarkable ability on NOx

reducing.

3.7 Summary

This chapter describes the development and design of the one-dimensional solid model of two
versions of the four-stroke flame ignition engine crankshaft automobile engine (31cc and 65cc), and
the virtual transformation of the 65cc version number into a two-stroke engine. A four-stroke engine
crankshaft mock-up was certified based on torque curve graphs and manufacturer data analysis

sheets derived from published studies on the same automotive engine.

This proven mock-up was transformed into a mock-up of a 65cc two-stroke that had to lift the intake
and cylinder valves. This type of lifted 65cc two-stroke mockup is transformed into a free-piston
engine mockup based on the application of the Forced Reciprocating Motion (IPM) sub-model. The
IPM assumes that the motion control of the free piston engine is already in time, resulting in

consistent trajectories around the TDC and BDC.

The reciprocating motion graph of the IPM sub model is converted from the equations of motion of
the free piston engine dynamics model. This dynamic equation is derived from a mathematical

model of the forces that contributes to the exercise of a free piston engine.

It was found that the IPM sub-entity model caused the valve engine timing to be different for the
free piston engine mock-up, even though the mock-up is a lift engine crankshaft car engine mock-
up and operates at a similar cycle rate. Because of the lack of gear perspective reference, it is

recommended that the original valve engine timing must be referenced according to the piston
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position and its orientation (house facing TDC or facing BDC). In addition to this, the IPM solid
model will be improved in the area of data points, as it was found to be insufficient when applying
the kinetic equations to transform into and must be certified before adequate characterization

investigations can be carried out.

In conclusion, this chapter has produced a two-stroke free-piston engine model from validated four-
stroke crankshaft engine model as explained in Section 3.3. Simulations in following sections were

all on the basis of the two-stroke gasoline free-piston engine model.
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Chapter 4.Single-cylinder hydrogen FPE modelling

and simulation

Emissions of the free-piston engine, especially the hydrogen and renewable fuel free-piston engines
has not been widely investigated, and this will be presented chapter 4 and chapter 5 as the most
important part and novelty. In order to simulate the operation and exhaust performance of the

hydrogen free-piston engine, one single-cylinder hydrogen FPE model is indispensable.

On the basis of chapter 3, a hydrogen free-piston engine WAVE model was developed, and for the
purpose of validation, two simulation and calculation models were built by MATLAB and

MATLAB/Simulink.

This chapter describes the whole process of emission research including modelling and the theory

presents in section 4.1, validation work and simulation presents in section 4.2.

4.1 Theoretical review

An experiment targets on the performance of a hydrogen dual piston 2-stroke and 4-stroke free-
piston engine generator was presented by Dr. Smallbone and Ngwaka, et al. [158], which reveals
the relationship between equivalence ratio, engine speed and engine operation characteristics, and
the scale of his experimental set is the same of this research, therefore, the experimental experience

of his could be considered as a perfect comparison to instruct the modelling and validation process.

The specifications of the free-piston engine generator are given in Table 4.1. A conservative
approach was adopted in the selection of the prototype piston stroke and engine speed, this was done
to minimise the risk of impact between valves, the piston head and the cylinder end and to support
the improved control strategy adopted. The linear electric machine was used as an active controller

to control the piston movement according to a pre-set sinusoidal displacement profile.

Table 4.1 Hydrogen FPE prototype specifications

Parameters [Unit] Value
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Moving mass [kg] 7.0

Maximum stroke [mm] 40.0
Actual stroke [mm] 34.0
Effective bore [mm] 50.0

Intake valve diameter [mm] 20.0
Exhaust valve diameter [mm] 18.0
Valve lift [mm] 4.0

Number of cylinders [-] 2
Nominal target compression ratio 3.7

The target piston displacement profile is a sinusoidal wave function with amplitudes of 17.0 mm
and -17.0 mm. The pre-set piston stroke is 34.0 mm, the clearance from the cylinder head yielded a
corresponding compression ratio of 3.7. An operating speed of 5 Hz was selected for the testing,
which corresponds to 300 cycles per minute. The FPEG prototype was operated according to both
two-stroke and four-stroke thermodynamic cycle; the valve timings and spark ignition initiation
were controlled based on piston displacement and velocity feedback. During a series of engine tests,
data were collected over 30-60 consecutive sequential combustion cycles and postprocessed. The

baseline operating parameters are set out in Table 4.2.

Table 4.2 Baseline model operating parameters

Parameters [Unit] Value

Operational speed [Hz] 5.0
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Reference Position (Ref) [mm] 15.0

Two-stroke Four-stroke

Top Dead Center (TDC) [s aRef] 0.059 0.064
Bottom Dead Centre (BDC) [s aRef] 0.160 0.163
Spark Timing [s aTDC] -0.014 -0.021

Inlet Valve Open (IVO) [s aTDC] -0.034 -0.017
Inlet Valve Close (IVC) [s aTDC] 0.006 0.114
Exhaust Valve Open (EVO) [s aBDC] 0.039 -0.009
Exhaust Valve Close (EVC) [s aBDC] 0.077 0.112

Thus, a one-cylinder two-stroke hydrogen free-piston engine WAVE model could be developed from
the one-cylinder two-stroke gasoline free-piston engine which has been described in section 3 along
with the above theoretical basis, and it’s not difficult to restore the experiment done by Dr. smallbone
perfectly. Once the modelling process completes, the experimental results from Dr. smallbone could
be used as control groups for validation work, and the emission performance of the hydrogen FPE

model could be investigated.

4.2 Hydrogen FPE modelling/validation and simulation

implementation

4.2.1 Hydrogen FPE modelling

There are several kinds of parameters and boundary conditions which differ from gasoline free-
piston engine and hydrogen free-piston engine require amendments, such as pre-set piston motion,

compression ratio, equivalent air/fuel ratio and valve timing, etc. Figure 4.1 is the diagram of mean
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piston motion varies with min time which obtained from experiment, and in the free-piston engine,
the crank mechanism is eliminated. Thus, in order to make further comparison of the FPE with CE,

an equivalent crank angle (ECA) is adopted for the FPE to describe one operation cycle:
t o
ECA = T 360 (4.1)

The total time of one complete cycle for the two-stroke free-piston engine is 0.2s, while the
corresponding crank angle is 360°. As a consequence, the pre-set piston motion applies in Ricardo

WAVE engine panel is converted as shown in Figure 4.2.

20

Mean Pogiton (mm)

Figure 4.1 Piston motion vs min time in Hydrogen FPE model
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Figure 4.2 Pre-set piston motion data in Ricardo WAVE

The Fuel and Air Properties Panel as shown in Figure 4.3 allows the user to create fuel and air
properties files for use in WAVE. It runs the property pre-processor to generate lookup tables of the
chemical properties of the fuel-air mixture. It can generate properties for a single fuel, for a blended

fuel, and for multiple fuels. Currently up to three fuels are supported in multiple fuels mode [225].
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Figure 4.3 Fuel and air properties panel in Ricardo WAVE

And the Fuel Property Tag selector as shown in Figure 4.4 allows the user to choose base fuels that

needed. Base fuels are used to build the composition of the fuel to be mapped in a WAVE fuel file.

113



In this section, a new type of fuel, hydrogen, would be applied to take the place of gasoline, which

is set as fuel in the previous free-piston engine model.
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JP-5 Cl13H26 Liquid, LVH=4.28E+07 J\ki,,
Ok Cancel Help
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|__| Fresemne Fassive ocalars Across CELD Boundaries

Figure 4.4 Fuel Property Tag Selector in Ricardo WAVE

According to the FPEG prototype specifications in Dr. smallbone’s experiment, the compression

ratio should be amended from the previous 9.5 to 3.7 as shown in Figure 4.5.
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Figure 4.5 Cylinder panel in Ricardo WAVE

The stoichiometric composition of fuel and air is that which provides the chemically precise amount
of oxidant to completely burn all the fuel. For hydrogen and oxygen, the stoichiometric combustion
equation expressed per mole of fuel and the calculation of the volumetric composition and mass
stoichiometric air/fuel ratio (o), is given below. The actual mass ratio of air to fuel, m,/mg, can be
expressed as where is called the air excess ratio — the relative amount of mass of air over that

required for stoichiometric combustion.
(ma/mf)actual = l(ma/mf)s =A-0 (4.2)
Another commonly used term is the equivalent ratio, denoted ¢:

=211 (4.3)

The equivalent ratio is the relative amount of mass of fuel over that required for stoichiometric

combustion:

(M /M40) e = 20/ M) =207 (4.4)

actual

Atmospheric air contains 20.95% 0, and 79.05% atmospheric nitrogen N, by Volume. On a molar
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basis, since 1 kmol of any perfect gas occupies the same volume (22.4m3) this corresponds to
79.05/20.95=3.773 moles of N, per mole of O, in atmospheric air. Thus, the stoichiometric

combustion equation for hydrogen and atmospheric air is:

1
Hy +5 (0, +3.773N; - H;0 + 1.887N,

1
1+ > (1+3.773>1+1.8870r1+2.387 - 1+ 1.887

Thus 2.387 moles of air per mole of H, are required to completely burn all the fuel. This

corresponds to a stoichiometric volume percent of hydrogen in air of:
100/3.387=29.52%

For the mass stoichiometric air/fuel ratio ¢, express the above equation in terms of relative mass,
by multiplying by the molecular weight of the species — for atmospheric air, water and atmospheric
nitrogen, the molecular weights M, are 28.96 kg/kmol, 18.02 kg/kmol and 28.16kg/kmol

respectively giving:
(1-2.01) +(2.38-28.96) - (1-18.02) + (1.88-28.16)
Per kilogram of fuel divide through by 2.016
1+ 34.3 - 8.94 + 26.35

The stoichiometric air/fuel ratio is thus ¢@g, = 34.3kg air per kg fuel. On the basis of this theory, it
can be similarly deduced that for gasoline, the stoichiometric volume percent of fuel in air is 1.76%,

and Opepror = 14.6.

Equation (4.5) shows the relationship between the equivalent ratio, stoichiometric air/fuel ratio and

the actual air/fuel ratio:

C . air .
stoichiometric — ratio
fuel

equivalent ratio = (4.5)

actual ar ratio

fuel
Thus, on the basis of the experiment done by Dr. smallbone, which expressed several different tests
with varies equivalent ratio, and for two-stroke hydrogen FPE, when the frequency was set to be

SHz-11Hz, the equivalent ratio was 0.4365 (at 11 STL/min hydrogen flowrate and 60 STL/min air
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flowrate). Therefore, the actual air/fuel ratio that should be pre-set in the Ricardo WAVE model is

78.58 as shown in Figure 4.6.

& Case #1: Proportional Injector Panel X

Template Mame

|Default Proportional |

Name Duct Name
di |1njectorl | |duct2 |
Operating Point | Position  Properties  Fluid Composition ctd

Fuel/Air Ratio |{1/&_F} |

m Constants

Constants Table  Sweep Constants Dependent Constants  External Constants

Status

Case 3 Case 4 Case 5

|78.5s 115.55 |78.58 | 78.58 | 78.58 | 78.58 | 78.58

Figure 4.6 Air/fuel ratio pre-set in the injector panel

4.2.2 Model performance optimisation

By utilising the same method which has been described in section 3.3.3, the performance (which
especially is the valve timing) of the two-stroke hydrogen free-piston engine model is optimised.
As it has been adequately presented in above paragraphs, there’s no need to repeat the whole process
in details. Optimum exhaust valve anchor position (Exhy,cnor), €xhaust duration (Exhp,,,), intake
valve anchor position (Ints,.no) and intake valve duration (Intp,,.) were determined by setting

the appropriate target in curve fits window in Figure 4.7.
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Figure 4.7 The experiment analysis panel showed-up at the end of the experiments in Ricardo WAVE

At optimised valves anchor, the exhaust valve is opened at 116°CA before BDC followed by intake
valve 19°CA later. And after BDC, i.e., at 65°CA after BDC, the exhaust valve is closed followed

by intake valve 10°CA later. Which means in the free-piston engine model, crank angle has to be

converted into particular time:

65cc two-stroke hydrogen FPE model valve timing results:

e EVO=116°bBDC (0.0644s)

e [VO=105°bBDC (0.0583s)
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e EVC=65°aBDC (0.13615s)
e [VC=75°aBDC (0.1416s)

Here, the two-stroke hydrogen free-piston engine modelling process is completed, the model has
been converted from a two-stroke gasoline free-piston engine model, and factors such as piston

motion, compression ratio, equivalent air/fuel ratio and valve timing have been amended.

4.3 Hydrogen free-piston engine model validation

4.3.1 Indicated power

The effects of operational frequency on peak pressure, peak pressure timing, indicated work,
indicated power and indicated efficiency at equivalence ratio of 0.4365 (at 11 STL/min hydrogen
flowrate and 60 STL/min air flowrate) are all investigated separately in Dr. smallbone’s experiment,
and this research will take the indicated power results, as shown in Figure 4.8, as control data to

validate the WAVE model.
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Figure 4.8 Indicated power for four-stroke FPE

As the indicated power result from Dr. smallbone is obtained on a four-stroke cycle mode, an
amendment of the two-stroke free-piston engine WAVE model to a four-stroke one is inevitable.
And once the model is perfectly changed into a four-stroke model, the indicated power results in

WAVEpost can be used for validation, and through the validation work done between two four-
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stroke engine data, the two-stroke FPE engine WAVE model is also validated on the indicated power
aspect. The comparison between the indicated power result from the experiment of Dr. smallbone
and the WAVE model is shown in Figure 4.9. The indicated power increased with increase in
operational frequency for both sources, and the error between which is constantly lower than 5%
(the biggest error 4.85% accurses at the operational frequency of 8Hz). So far, the indicated power
obtained from WAVE is highly consistent with which from the experiment of Dr. smallbone, and

this is an important part of the validation process.
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Figure 4.9 Indicated power comparison between WAVE model and experimental data

4.4 Emission performance analysis

4.4.1 NOX emission

Thanks to the fuel speciality of hydrogen (which contains H only), the only one type of emission
that require concern is NOx. Figure 4.14 illuminates NOx emission from the two-stroke and four
stroke hydrogen free-piston engine WAVE model under the equivalence ratio of 0.4365 and

compression ratio of 3.7, and the engine frequency from 5Hz to 11Hz.
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Figure 4.10 NOx emission of two-stroke hydrogen free-piston engine model
As NOx is a type of high temperature emission, and the formation of NOx emission increases with
the increase of the combustion temperature when the in-cylinder temperature is higher than 1800K.
Therefore when the engine speed (frequency) increases, the value of NOx emission increases
simultaneously. NOx emission of the four-stroke FPE model is nearly doubled comparing to the
two-stroke FPE model, and this result is slightly lower than what has obtained by Dr. smallbone. A
comparison between NOx emission of this two-stroke hydrogen FPE model, the baseline two-stroke
gasoline FPE model and the baseline two-stroke gasoline conventional engine model is presented

in Figure 4.15.
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Figure 4.11 NOx emission comparison between three models

Equivalent ratio of the engines shown in Figure 4.15 are pre-set as 1.0, as the stoichiometric air/fuel
ratio of gasoline is 14.7 and which of hydrogen is 34.3, so the air/fuel ratio that pre-set in Ricardo
WAVE: AFRpetror = 14.7,AF Rpyarogen = 34.3. It is obvious in Figure 4.15 that conventional
spark-ignition gasoline engine produces the largest amount of NOx, and NOx emission produced
from gasoline free-piston engine and hydrogen free-piston engine is quite similar. Comparing with
conventional spark-ignition gasoline engine and free-piston engine, the NOx reduction potential is
remarkable for the FPE, the reduction ranges are all higher than 51% from the engine frequency of
5Hz to 11Hz, and the largest reduction is 57.37% occurs at 6Hz. It is worth mentioning that in the
free-piston engine, gasoline produces less NOx emission comparing with hydrogen but the
difference is relatively small. The difference of NOx emission of gasoline and hydrogen FPE
increases with the increasing engine frequency, and the figure reaches 10.97% at 11Hz.

The reason that NOx emission from hydrogen free-piston engine is higher than gasoline free-piston
engine could be known in Figure 4.16. As shown in Figure 4.16 is the highest in-cylinder
temperature in the gasoline FPE and Hydrogen FPE under the air/fuel ratio of AFRpetro; =
14.7,AFRpyarogen = 34.3. For each engine frequency, the highest in-cylinder temperature of

hydrogen FPE is slightly higher than what of the gasoline FPE, and the temperatures are all higher
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than 2000K which has been mentioned above, NOx emission is strongly affected by temperature.
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Figure 4.12 Highest in-cylinder temperature of Gasoline FPE and hydrogen FPE

4.4.2 Regulation between NOx emission and equivalent ratio

Figure 4.17 shows the relationship between NOx emission and equivalent ratio (¢) when the
ignition advance angle (time) is fixed at 10°CA (0.00583s). As shown: when ¢ < 0.5, NOx
increases with the increase of ¢, but the range is relatively small and the contribution rate of ¢ is
small as well; when 0.5 < ¢ < 0.88, NOx increases with the increase of ¢, but the range is large
and the contribution rate of ¢ is relatively large as well; when ¢ > 0.88, NOx sharply decreases
with the increase of ¢. NOx emission reaches the highest point at ¢ = 0.88, and this regulation
has highly agreement with what has been mentioned by Safari H, etc. [294-296].

Thermal NOXx is the staple NOx emission category in hydrogen internal combustion engine, and the
formation of NOx is mainly determined by three factors: high temperature, oxygen enrichment and
duration of high temperature, while temperature affects the most. The stagnation temperature of the
formation of thermal NOx is 1800K, when temperature is higher than 1800K, the formation of NOx
increases exponentially with increasing temperature. When in-cylinder temperature is higher than
2000K, the contribution rate of temperature will become extremely obvious. The highest mean in-

cylinder temperature in this thesis was calculated by Ricardo WAVE.
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Figure 4.13 NOx emission with different equivalent ratio

Figure 4.18 illustrates the highest mean in-cylinder temperature under different equivalent ratio. It
could be seen that: when ¢ is between the range of 0.33-0.5, the highest mean in-cylinder
temperature increases from 1412K to 1972K and reaches the stagnation temperature of the
formation of NOx, moreover, part of in-cylinder temperature could be higher than 1800K, therefore,
NOx emission slightly increases with the increase of temperature, but generally, the effect of ¢ on
NOx formation is small; when ¢ = 0.52, the highest in-cylinder temperature is 2109K, which is
obviously higher than the stagnation temperature of NOx formation, and temperature contribution
rate become extremely high; when ¢ increases from 0.48 to 0.52, NOx increases with temperature
from 10.76ppm to 31.82ppm.

In the range of ¢ from 0.52 to 1.2, the highest mean in-cylinder temperature increases with the
increase of ¢, but NOx does not constantly increase, but reaches the highest point at ¢ = 0.88 and
decreases with the increase of ¢ afterwards. The reason of this phenomenon is at the range of ¢
from 0.52 to 0.88, there’s sufficient oxygen in the mixture, which makes temperature the most
important factor that affects NOx formation, the higher in-cylinder temperature is, more NOX is

produced and high temperature causes the formation of large amount of NOx. When ¢ > 0.88, with
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the increase of ¢, the highest mean in-cylinder temperature increases continuously, but the amount
of air in the cylinder is becoming less and less, and there's less and less oxygen to bond with nitrogen.
Moreover, due to the higher burning speed of hydrogen, the retention time of high temperature gas
in the cylinder is shortened, less oxygen and shorter retention time restricted the formation of NOx
together. When ¢ > 1, excess hydrogen will not only reduce some of NO, but also absorbs heat in
the cylinder and decreases the in-cylinder temperature, lower in-cylinder temperature and

insufficient oxygen restricts the formation of NOx simultaneously.
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Figure 4.14 Highest mean in-cylinder temperature with equivalent ratio

4.5 Summary

This section presented a two-stroke and a four-stroke hydrogen free-piston engine WAVE model
which were developed from two models that described in section 3, and one heat release analysis
model was also built by MATLAB. The hydrogen FPE model was validated through four aspects:
indicated power, NOx emission, heat release rate and cumulative heat release.

Through the analysis of NOx emission performance of each engine model, it could be concluded
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that the free-piston engine possesses remarkable NOx reduction potential comparing with
conventional spark-ignition engine. After calculation, the highest NOx reduction could reach 57.37%
at the engine frequency of 6Hz. However, hydrogen, which is considered as a high-functioning
environmental-friendly renewable fuel, produces more NOx than gasoline in the free-piston engine,
though the range is relatively small especially at low engine frequency stage (1.4% at SHz and 10.97%
at 11Hz). Above all, thanks to the fuel speciality of hydrogen, NOx is only emission that require
consideration in hydrogen engines, though hydrogen produces more NOx than gasoline, the range
is not considerable, in addition the engine characteristics of hydrogen free-piston engine are as good
as those of gasoline free-piston engine.

NOx emission in hydrogen free-piston engine has been deeply investigated. The relationship
between NOx formation and equivalent ratio obtained by simulation is: ¢ = 0.5 is the obvious
demarcation point of the formation of NOx; when ¢ < 0.5, it doesn’t affect NOx much; when
0.5 < ¢ < 0.88, NOx increases with the increase of ¢ and reaches the highest point at ¢ = 0.88;

when 0.88 < ¢ < 1.2, NOx sharply decreases with the increasing ¢.
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Chapter 5. Single-cylinder Ethanol FPE modelling

and simulation

The free-piston engine is known to be a type of non-crankshaft engine, which provides it the ability
to adapt different fuel types. And it is already a common sense that applying biofuel such as ethanol
and methanol on a free-piston engine has countless advantages facing this changing society and

environmental requirements, however, no one has really done it practically yet.

An ethanol free-piston engine model built by Ricardo WAVE is presented in this chapter, and engine

performance, efficiency and especially emission performance are investigated for the first time.

5.1 Theoretical review

Physical and organic chemistry characteristics indicate the quality of the fuel ignited in a car engine.
Car engine ignition qualities, characteristics and emissions are characterized by them. Some
characteristics related to diesel and ethanol combustion are compared in Table 5.1. The comparative

characteristics of ethanol and motor gasoline are as follows [237,245]:

1. The heat of ethanol is about 1/3 times lower than that of motor gasoline. Therefore, in order to

better achieve the same engine output power export, more and more ethanol must be used.

2. The oxygen content in ethanol is 34.7wt%, the ignition efficiency is high, and the ignition

temperature is high. 3.

The heat of vaporization of ethanol is higher than that of motor gasoline. Therefore, more and more
heat energy must be volatilized for pumping, and this heat is digested and absorbed in the natural

environment of the main tank. This in turn increases the capacity and efficiency of the car engine.

4. The density of ethanol is slightly lower than that of automotive gasoline, so the quality of ethanol

ejected by the volumetric high-pressure fuel pump is lower than that of automotive gasoline.
5. Ethanol has no nonaliphatic or polyaromatic hydrocarbons.

6. Lower ethanol C/H molecular ratio reduces heat transfer flame temperature.
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7. The gasoline octane number (ON) of ethanol is higher than that of motor gasoline. The higher the

octane rating of the gasoline, the more shrinkage it can afford before it hits. Too early gasoline and

diesel ignition can damage the car engine, which is also a common condition for lower ON gasoline

and diesel.

8. Ethanol has a higher layer than automotive gasoline. The flame spreads quickly, so that the entire

ignition process is completed earlier, thereby improving the thermal efficiency of the car engine.

9. The use of ethanol and motor gasoline can reduce the cost of smelters because they can produce

low-end motor gasoline with low fuel consumption.

Table 5.1 Comparison of gasoline and ethanol fuel properties [246]

Property Unit Gasoline Ethanol
Chemical formula - Cs — Cyy C,H;O0H
Molecular weight kg/kmol 114.15 46.07

C-fraction Mass% 87.4 52.2
O-fraction Mass% 0 34.7
H-fraction Mass% 12.6 13.0
Stoichiometric W/W 14.2-15.1 8.97

air/fuel ratio
Higher heating M]/kg 47.3 29.7
value
Lower heating value M]/kg 44.0 26.9
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Vapor flammability Vol% 0.6-8 3.5-15

limits

5.1.1 Ethanol effects of engine parameters

5.1.1.1 Effect of compression ratio

In the free-piston engines, the position of the piston in the TDC is not determined by the fixed
dimensions of a kinematic system. This means that the compression ratio can be varied. By means
of the variation of this ratio, exhaust gas emissions can be reduced and the fuel consumption can be
lowered. Furthermore, the variable compression ratio can be used in starting the engine under cold
circumstances. These advantages however can only be gained if it is possible to control the
compression ratio very precisely. In a free-piston engine, which has no geometrically defined
compression ratio, this means that the compression energy (the energy that is delivered by the

hydraulic system to the combustion gases during the compression stroke) has to be controlled.

Measurement data information from free piston engine tests show that the shrinking kinetic energy
can be converted precisely with a deviation of 2% for positive and negative [247]. In this way, high
labeling efficiency (50% or more) can be tightly coupled with low Nox emissions and low ash
emissions. Manipulation of the engine compression ratio is also essential to reduce ignition noise.
A high engine compression ratio results in a large increase in the working pressure in the engine's
combustion chamber (i.e., a high rate of heat release). In addition to the high noise caused by a large
increase in working pressure, it will continue to cause knocking and corrosion of the engine that
ignites the piston, which in turn has a negative impact on the service life of the car engine or

maintenance costs.

The reduction of kinetic energy lies in reducing the working pressure level in the accumulator,
reducing the area of the plunger pump, the four-stroke of the piston and the time when the ignition
or material is ejected. In a free piston engine, the total area of the piston four-stroke and plunger
pump is constant and cannot be changed. This leaves two main parameters, namely reducing the

working pressure of the accumulator and the injection time of gasoline and diesel, so as to clarify
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the engine compression ratio. Figure 5.1 [247] shows the hazards of such primary parameters as
they are precisely measured for free piston engines. It can be seen from the figure that the injection
engine timing (gasoline and diesel injection gradually) does little harm to the engine compression

ratio, while the harm to the working pressure in the accumulator is very obvious.
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Figure 5.1 Relation between compression ratio accumulator pressure P, injection timing t;,; and the

effective compression ratio € [247]

A reasonable engine compression ratio is defined relative to the cylinder capacity when the outlet is
closed. The injection engine timing is the injection gradually with respect to TDC moment by
moment. The graph is constructed based on data detected on a free piston engine, where the
hydraulic load remains stable (19.5Mpa). Figure 5.2 shows the detriment of reducing accumulator
operating pressure and jetting engine timing to marked high efficiency and its Nox and soot
emissions. The graph shows that high efficiency and low discharge can only be achieved by precise
manipulation of accumulator working pressure and injection engine timing. Precision is increasingly

critical as high efficiency and emission standards become more stringent (e.g., Figure 5.2 from Zone
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[ to Zone II).

16.0
'
15.07
=
0o
=
a
14.04
13.0 T T ™ T
-1.2 -1.0 -0.8 0.6 0.4 0.2

bylms] —

Figure 5.2 The influences of the compression accumulator pressure and the start of fuel injection [247]

A high engine compression ratio (CR) is available because it allows the car engine to extract a lot
of kinetic energy from a given quality gas-fuel mixture because it is more thermally efficient. Higher
CR allows the same ignition temperature to be achieved with less and less fuel, while giving longer
expansion cycles. Engine knock is increased when low gasoline octane numbers are expected to be
used in high engine compression ratio automotive engines [248]. The gasoline octane number of
ethanol is 108.6, which is higher than that of motor gasoline. The high-octane number of gasolines
gives a high engine compression ratio that is less prone to engine knock and improves knock
resistance. It was also found that high CR can enhance the high efficiency of ethanol fuel blends,
and thus, the gasoline and diesel plausibility impairments associated with the lower kinetic
components of E85 can be reduced by about 20% [249]. Higher ignition temperatures result in
higher NOx emissions, so forced air intakes can result in more NOx production. Especially at high

vehicle engine loads, NOx emissions are boosted with an increase in CR. The relatively high ignition

131



speed and high temperature natural environment of the overall rich mixture ignition cause the NOx
emission to increase with the increase of the CR of the automobile engine under long-term load

[250].

To better boost engine output, Al-Baghdadi [251] applied a High Effective Engine Compression
Ratio (HUCR), a variable compression ratio that is positively related to the percentage of ethanol in
the mixture. The engine compression ratio was shifted from 8 to 9.25 as the percentage of ethanol
increased from 0% to 30%. Although CR increased, NOx emissions decreased with increased
ethanol. It was also observed that the thermal efficiency, power output, HC and CO emissions of
ethanol with HUCR were better than motor gasoline with a stable CR of 8:1. Celik et al. [252] based
on adding 50% ethanol to motor gasoline to increase engine compression ratio from 6:1 to 10:1.
When operating with ES0 at a high engine compression ratio (10:1), there is a 19% reduction in
NOx compared to the EO fuel with an engine compression ratio of 6:1. Since the calorific value of
ethanol is lower than that of motor gasoline, NOx emissions are reduced here. Kirk et al. [253] using
0%, 50% and 85% ethanol to motor gasoline, engine compression ratios were 10:1 and 11:1. NOx
consumption decreased with increasing ethanol usage. Motor gasoline with a CR of 10:1 also has
higher NOx emissions than ethanol-motor gasoline blends with a CR of 11:1. The high latent heat
of ethanol reduces the flame temperature, which in turn reduces NOx emissions. However, NOx
emissions are likely to vary depending on the percentage of ethanol in the mix and the actual
operating standards. Oxygen concentration, ignition temperature and ignition delay time are the
basic parameters that endanger NOx emission. Nevertheless, for the same mixture, the NOx with

higher CR is higher.

5.1.1.2 Effect of engine load

Automotive engine load plays a particularly critical role in NOx production. More and more fuel or
a thicker mixture must be used to increase vehicle engine load, which results in higher master
cylinder temperatures and higher NOx production. However, the flame rate of the feed is a major

factor in complete ignition under rich mix conditions and high vehicle engine loads.

Melo et al. used a 1.4 L dexterity to feed an automotive engine [254] tested 0-100% water content

ethanol and motor gasoline under 2 different loads. At low load (60 Nm), NOx emissions decreased
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with the addition of ethanol. However, at the same efficiency and more load (105 Nm), NOx
increases with the addition of ethanol. They stated that the higher ignition rate of ethanol compared
to fuel oil was due to the increase in NOx emissions when ethanol was used under prolonged loads.
A higher flame rate favors complete ignition. It can also be seen that the CO energy saving and
emission reduction of adding ethanol under long-term load is higher than that under low load.
Keskin and Guru [255] also found that the addition of ethanol resulted in more NOx excretion under
prolonged loads. They did experiment with 0%, 4%, 8%, 12%, 16% and 20% ethanol in motor
gasoline at different loads (800, 1600, 2400 kW). At lower loads, the NOx consumption is the same

for all mixtures. However, the NOx consumption of the ethanol blend was higher at higher loads.

Gomez et al. [256] worked on the practical operation of ethanol blends up to E100 at prolonged
loads up to 30 bar IMEP. At relatively low loads, the NOx consumption of the high ethanol content
mixture was lower. They stated that ethanol slightly lowered the maximum temperature, which in
turn lowered NOx at lower loads. However, at relatively higher loads, NOx emissions are the same
for all blends, with similar valley temperatures due to the high ignition rate of the ethanol fuel. Pang
et al. did not observe significant shifts in NOx emissions at different vehicle engine loads (3-161
Nm torque) [256], when they compared motor gasoline with 10% ethanol blended with motor

gasoline. Nevertheless, for lower calorific value, the fuel consumption of ethanol mixture is higher.

5.1.1.3 Effect of equivalence ratio

The organic stoichiometric air-fuel ratio of motor gasoline is 1.6 times that of ethanol. Because the
amount of air intake and supply is constant under a certain electronic throttle opening degree and a
certain vehicle speed Base car gasoline for skew utility is higher. However, the skew in the feed/gas
ratio results in a sufficiently low flame temperature to reduce NOx and other exhaust emissions
[258]. Theoretically, the most flammable flames come from the gas/gas mixtures verified by organic
stoichiometry; nevertheless, NOx reaches the highest value when the gas/gas ratio is slightly lower.
The skew in the fuel/gas ratio results in a sufficiently low flame temperature to reduce NOx and

other exhaust emissions.

Najafi et al. [258] reported that the oxygen content of ethanol could lead to a more dilute practical

effect under the premise that the material was rich and colorful. The actual effect of this leaner shifts
133



the air-fuel ratio to an organic stoichiometric calibration standard and facilitates ignition, which in
turn increases NOx emissions. Xie et al. [259] also found higher NOx consumption for organic
stoichiometric air-fuel ratios due to high ignition temperatures due to full ignition. However, when
the equivalence ratio is less than 1.0, the direct effect of adding ethanol on NOx emission is
negligible. The rationale they got was that NOx emissions were due to car engine operating criteria
rather than ethanol components. Using six cylinders to examine a car engine, Al-Farayedhi [260]
found that applying car gasoline, E10, E15 and E20 as energy sources resulted in a larger NOx
emission at an equivalence ratio of 0.9. NOx emissions increased with increasing ethanol
concentration in the mixture, except when the equivalence ratio was 0.8. The ease of use and high
ignition temperature of the 02 are the reasons for this NOx emission. However, for very dilute mixed

substances, the NOx concentration value decreases with the increase of ethanol content.

Ze CBM et al. [262] studied the hazard of industrial waste gas with different equivalence ratios
(A=0.83—1.25). They found that differences in equivalence ratios were less likely to result in
relatively large shifts in NOx consumption. NOx varies from 15% to 30% for different A values.
Reduced CO consumption at organic stoichiometry and leaner standards. Plus oxygenates are more
critical than the percentage of 02 in the feed, which means less carbon dioxide emissions due to
higher oxygen concentrations. Nevertheless, for the E5S material, HC emission is almost irrelevant
to A. For E20, there are two regions: 9-28% reduction in HC consumption at lean standards and 46-

48% reduction in HC consumption at organic stoichiometric and rich standards.

Different engine compression ratios and their hazards to free piston engines have been analyzed and

described in detail in the following sections.

5.1.1.4 Effect of engine frequency (speed)

Vehicle speed can also harm NOx emissions. Some authors [261,259] reported that with the ignition
of a large amount of fuel, NOx will increase with the increase of the car speed, resulting in high
master cylinder temperature at fast speeds. Very few creators [253,264] also report low NOx

emissions due to less available time for fast ignition.

At higher velocities, shorter ignition times can be used to ignite larger quantities of fuel compared
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to lower velocities. Flame rate is a major factor in igniting in a short period of time. Because ethanol
has a higher ignition rate than motor gasoline, it favours fast ignition, resulting in higher nitrogen
oxide consumption in ethanol. Costa and Sodré [263] found that 100% water content ethanol had
higher NOx emissions under fast conditions than E22 because of its higher ethanol content than E22.
Nevertheless, in low gears (2500—3000 rpm), there is no significant shift in this material. Koch et
al. [252] The mixed results of ethanol were found to be different at a rapid rate. They found that in
the speed range of 1500-5000 rpm, the EO, ES0 and E85 increased NOx by 42%, 41% and 11%
respectively. Compared with EO, the increase in NOx emission with rate is relatively lower for ESS5.
The lower calorific value coupled with the shorter ignition time may be the reason for the lower

NOx of ethanol under fast conditions [246].

This scientific study defines the car engine load in frequency, picking the 5-11Hz range. The

investigation of ethanol fuel frequency for each vehicle engine is detailed in Section 5.2.

5.1.2 Ethanol-gasoline blend

Scientific researchers have already tested ethanol-vehicle gasoline blends from 5 vol% up to 100
vol% in SI car engines, i.e. pure ethanol. Table 5.2 summarizes the physical properties of different
ethanol-motor gasoline compositions. The results presented are based on different test standards
performed by scientific researchers. As can be seen from Table 5.2, the addition of ethanol to motor
gasoline simultaneously increases gasoline octane number, relative density, and latent heat, and
reduces the calorific value of the ethanol-motor gasoline composition. Numerous scientific studies
have long been carried out to clarify the harm of this change to the emission characteristics,

especially because of the conversion of the ethanol composition to the harm of NOx emission [246].

Table 5.2 Properties of different ethanol-gasoline blended fuels [246]

Property EO ES E10 E15 E20 E25 E30 E40 ES50 | E60 | E85
Density 789.

757.5 | 759.1 | 760.8 | 776 | 764.5 | 775 | 768.2 | 780.6 | 751
(kg/m?) 5
RVP (kPa) 53.7 59.3 59.6 58.8 58.3 56.8 63 453 | 574 | 37.85
RON 954 | 96.7 | 98.1 98.5 | 100.7 | 100 | 1024 | 909 | 101.2 | 92.7 | 101.7

135



0.006 | 0.005 | 0.005 | 0.006 | 0.004 | 0.024 | 0.004 <0.00 | 0.03 | <0.00
Sulfur(wt%) 0.026
1 9 5 3 9 6 5 1 2 1
Distillation
temperature
0)
(@) Initial | 355 36.7- 372
boiling 36.5 37.8 37.9 39.6 | 3283
point 38.8 38.6 39.5
54.5— 50.8— 51.3- 52.1-
(b) 10vol% 49.7 51.7 58.1 53.4 73.9
56.1 52.9 52.8 54.8
94.4— 71.1- 70.3— 72.4—
(c) 50vol% 88 72.6 71.7 72.5 521 78.0
109.6 95.8 73.8 74.6
167.3 154.6
157—- 165.2
(d) 90vol% - 167.7 165.3 - 152.7 547 78.7
166.4 -163
206.3 159.3
197.5 198.6 198.3
(e) Endpoint | 197.0 | 202.5 - 198.1 - 177.9 - 204.1 79.9
208.4 203.6 205.1
40.55
Heating value | 42.58 39.79 38.98 36.32 | 33.34 26.7
— 41.61 38.2 33.34 29.2
(MJ/kg) —42.7 —41 -39.5 -37.8 | -36.2 4
41.78

where RVP is the Reid vapor pressure and RON is the scientific research gasoline octane number.

Table 5.2 is regarded as a guideline for the ethanol-motor gasoline blend settings in Ricardo WAVE.

Much literature shows that NOx consumption decreases with increasing ethanol content. Turner et

al. [245] A scientific study investigated the NOx emissions from an ethanol-motor gasoline

composition applied to an ethanol-motor gasoline combination from a vehicle engine with

immediate flame ignition (DISI) at 1500 rpm and 3.4 bar indicated mean reasonable working

pressure (IMEP). When the ethanol fraction in the mixture was raised to 85%, NOx emissions
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decreased. They attribute this reduction to a reduction in flame temperature, which is confirmed by
a reduction in exhaust pipe temperature. The NOx level of pure ethanol then increased slightly, due
to earlier ignition, the master cylinder operating pressure and temperature were higher compared to
85% ethanol. Here, the larger master tank working pressure was reduced by applying ethanol blends
up to 85%, and pure ethanol was subsequently boosted. Bielaczyc et al. [241] NOx reductions were
also found for 10-85% ethanol mixtures. They assessed the probability of using a gasoline-ethanol
blend in a contemporary Euro 4 car without much modification to the car's engine. A good linear fit
between the NOx emissions from the automotive engine and the ethanol content of the mixed
material was found in the range of 10-85%. Scientific studies have investigated DISI automotive
engines with 25%, 50%, and 85% ethanol-motor gasoline compositions. They found that HC
consumption increased and NOx consumption decreased with an increase in the percentage of
ethanol in the mix due to a decrease in the master tank maximum temperature due to ignition delay

time [244].

Joann Molt et al. [265] The NOx emissions of different mixtures were studied for a speed ratio of
2000 rpm at electronic full throttle (WOT). As can be seen from Figure 5.3, NOx emissions
decreased with increasing ethanol concentration. Because the heat of vaporization of ethanol is
higher than that of fuel oil, the ignition temperature of the mixture decreases. In the case of HC
discharge, a certain concentration value is achieved. In ethanol, the HC expulsion decreased,
reflecting a trend towards complete ignition due to the oxygen content in the ethanol. Nevertheless,
the higher concentration of ethanol in motor gasoline will reduce the flame temperature, thereby
increasing the HC emission. It can be seen that E40 is a better choice for reducing HC emission,

and E80 is suitable for reducing NOx emission.
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Figure 5.3 Correlation of NOx and HC emission with ethanol percentage at 2000 rpm [265]

In a four-cylinder multi-port number injection system hardware car engine, Canakci et al. [238]
found that NOx consumption decreased with an increase in the percentage of ethanol in the mixture.
With the use of alcohol in automotive gasoline, because the heat of vaporization is high, the calorific
value is low, the ignition temperature is reduced, and NOx emissions are reduced. When comparing
industrial exhaust gas from motor gasoline to pure ethanol, Balki et al. [265] found that the NOx
consumption of ethanol was lower than that of motor gasoline. They attribute this reduction to the
higher heat of vaporization of ethanol, which in turn reduces ignition temperature. Nevertheless, the
oxygen content ethanol fuel improves the combustion efficiency. Compared with the fuel oil, the
CO2 consumption of ethanol is lower, and the HC and CO emissions are higher. Yao et al. applied
a lower percentage of ethanol [262] found similar results. They attribute this to the lower flame

temperature due to the higher heat of vaporization of ethanol.

With full consideration of the DISI module, Storey et al. [266] analyzed the hazard of ethanol
addition and concluded that NOx emissions decreased with increasing ethanol concentration
because of the lower power density of the ethanol mixture. Lin et al. [267] Experiments were carried
out on a small engine generator set to observe the hazards of ethanol-motor gasoline blends on
industrial exhaust gases and rates. The ethanol-motor gasoline blend significantly reduced the
average NOx consumption of E3, E6 and E9 feedstocks by approximately 35%, 86% and 77%,
respectively. The best results were obtained with E6 at the exhaust emission level and E9 at the

automotive engine characteristic level.

Wu et al. [241] stated that NOx emissions decreased with an increase in the H/C molecular ratio in
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the feed. It can be seen from Table 5.2 that the H/C molecular ratio of ethanol is higher than that of
motor gasoline. In his findings, the NOx consumption of ethanol was lower than that of motor
gasoline. Brewster et al. [268] found a slight reduction in NOx with ethanol and motor gasoline

compared to pure motor gasoline.

Applied Motorcycle Engine designed by Chen et al. [248], a scientific study investigated the hazard
to emissions from ethanol-motor gasoline blends (E3, ES, E10, E15, E20, E25, and E30). With the
increase of ethanol concentration, the particle size of the accumulation mode decreased. The
atmospheric aerosol number concentration value decreased with the increase of ethanol
concentration, resulting in more and more complete ignition. Thus, CO and NOx production
decreased with increasing ethanol concentration. Compared with the high ethanol concentration
mixture (>E20), the low ethanol concentration mixture (<E15) has a higher energy saving and
emission reduction rate. Applying E3 data, Yang et al. [269] also found a 5.22% increase in NOx

compared to fuel.

In turn, some scientific researchers have found an increase in NOx emissions. Schifter et al. applied
a two-cylinder SI automotive engine [270]. A scientific study investigated the effects of the
application of automotive gasoline-ethanol primary blends (0-20% ethanol) on automotive engine
characteristics and industrial exhaust gas hazards. It can be seen that the addition of ethanol to motor
gasoline increases NOx emissions compared to fuel. After adding ethanol, compared with fuel oil,
the calorific value released by ethanol is higher, so the NOx consumption is higher. However, when
ethanol is added to the mixture, the HC consumption will increase due to the shorter ignition delay
time compared to pure motor gasoline. Najafi et al. studied the service performance and pollutant
emissions of four-stroke SI automotive engines operating with 0%, 5%, 10%, 15%, and 20%
ethanol-motor gasoline blends [258]. They also found that as the percentage of ethanol increased,
the NOx concentration values were higher, as shown in Figure 5.4 below. Another key factor for
this type of improvement is that the oxygen content in the ethanol blend energy increases the
oxygen-to-fuel ratio in the rich and colorful regions of the natural material. The most important
basic parameter that affects the NOx concentration value is the relative air-fuel ratio. With the
improvement of the ethanol content in the mixed energy, the specific air-fuel ratio is close to the

organic stoichiometric verification ratio, so the ignition is more and more thorough. This type of
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outright ignition increases master cylinder temperature and its NOx emissions, while HC emissions

decrease.
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Figure 5.4 Correlation of NOx and HC with the percentage of ethanol at 3500 rpm [258]

Zhuang et al. [271] Changed the ethanol/motor gasoline power ratio from 0% to 60.1%. NOx
emissions increased with the addition of ethanol to motor gasoline up to 24.3%, and then decreased
with an increase in the percentage of ethanol. With regard to raising NOx, they reported that ethanol
improved ignition in the hydraulic cylinder, causing the temperature inside the cylinder to rise. In
the case of NOx reduction, they stated that the higher percentage of ethanol in motor gasoline
reduces master cylinder temperature. They attribute this reduction to two factors. One is the high
latent heat of ethanol fuel, which reduces the master cylinder temperature during gasification.
Another factor is that there are more triatomic molecules in the ethanol fuel ignited material than in
motor gasoline. The more triatomic molecules are created, the higher the thermal conductivity of
the vapor and the lower the temperature of the ignited vapor. Nevertheless, low master cylinder

temperatures can also cause unignited combustion substances to rise.

5.1.3 Formation of NOx

NOx is a mixture of such compounds: nitric oxide (NO), nitrogen dioxide (NO,), nitrous oxide
(N,0), dinitrogen trioxide (N,053), dinitrogen tetroxide (N,0,), and dinitrogen pentoxide (N,0s)
[272]. Among them, nitric oxide (NO) and nitrogen dioxide (NO,) are most prominent [273]. The
other five nitrogen oxides are known to exist, but in very small quantities. Nitric oxide is a colorless,

odorless gas. Its ambient concentration is usually far less than 0.5 ppm. Nitrogen dioxide is a
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corrosive, toxic, and reddish-brown gas. It is quite visible in sufficient amounts [274][275].
Oxidation of nitrogen molecules at high temperature inside the cylinder is the cause of NOx
formation as a product [276]. The pathways of formation of oxides of nitrogen such as Thermal,

Prompt, Fuel NOx and N,0 intermediate mechanisms are discussed here [248].

5.1.3.1 Thermal NOx

During combustion, at temperatures above 1800 K, atmospheric nitrogen reacts with oxygen
through a series of chemical steps known as the Zeldovich mechanism [277]. This mechanism of
thermal NOx formation is believed to be the predominant contributor of total NOx [278]. The

equations 3.21 to 3.23 are the basic kinetic equations for thermal NOx formation.
O+ N, & NO+N
N+0, o NO+O0
N+ OH < NO+H

The first step determines the NOx formation as it requires high temperatures to proceed due to its
high activation energy (314 KJ/mole). NO production by thermal mechanism proceeds at a slower
rate than the oxidation of hydrocarbons. The NO formation rate can be written using equation (5.1)

[279].

d[NO]
dt

= ke-KIT[N,][0,]2t "2 (5.1)
2 2 .

Where k and K is reaction constants, t is time and T is absolute temperature [280]. Equation (5.1)
represents a strong dependence of NO formation rate on temperature. High temperatures, high

oxygen concentrations, and longer residence time results in high NO formation rate.

5.1.3.2 Prompt NOx

Fenimore [281] was the first to identify the existence of a second regime responsible for NOx
production and called it "rapid NOx". In the ignition stage of nitrogen compound oil, in the laminar-
flow premixed flame zone, some NOx is produced rapidly before the thermal NOx is generated,

which is called prompt NOx [282]. There is ample evidence that prompt NOx production is
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substantial in some ignition environments; for example, at ultra-low temperatures, rich oil levels
and short dwell times. Alert NOx is more widespread in heavy fires. The specific production
involves a series of intricate reactions and many possible intermediate chemicals. Generally, at ultra-
low temperature (below 750°C) and oil-rich standard, nitrogen molecules react with hydrocarbon
radicals to convert into amine or sulfonic acid-based chemicals. Later, this nitrogen highlight reacts
with nitrogen in the air and converts it into NO. Prompt NOx is generally generated by the following

reactions (5.2) - (5.6).

CH+ N, & HCN + N (5.2)
CH, + N, < HCN + NH (5.3)
N+0, & NO+0 (54)
HCN + OH & CN + H,0 (5.5)
CN + 0, & NO + CO (5.6)

Here, CH and CH2 are key enablers for timely NOx generation. Prompt NOX is more sensitive to
natural organic chemistry than heat capacity NOx because of its dependence on NOx debris. The
amount of HCN increases with the increase of the concentration of hydrocarbon oxygen radicals,
and increases with the increase of the dosage ratio. With the increase of the equivalence ratio, the
rapid NOx production increased, then reached the highest value and decreased due to hypoxia. In
contrast to thermal NOx production, prompt NOx contributes less to the overall ignition system
hardware. Nevertheless, in the scientific research of ignition model, the total NOx is underestimated

without considering the principle of rapid NOx [283].

5.1.3.3 Intermediate N,O

The NOx formation by this pathway is another essential mechanism in a combustion process under
high pressure and lean air—fuel ratio or low temperature condition compared to Fenimore NO, and
a minor contribution to the formation of NOx related to the thermal NO mechanism [284]. Three

steps of this NOx formation mechanism are shown in Equations (5.7) (5.8) (5.9).
O+N,+M o N,O+M (5.7)

142



H+ N,0 & NO + NH (5.8)
0+ N,O0 & NO+ NO (5.9)

Here, M is a general third body that is required to complete this reaction [276]. Reaction rates
strongly depend on O, OH and H radial concentrations, which makes the mechanism favored for

oxygen-rich conditions or lean condition [285].

5.1.3.4 Fuel NOx

When nitrogen-based chemicals are oxidized to NOx during the incineration process, NOXx is
generated [286]. Fuel NOx increases with the increase of nitrogen content in the fuel. Among other
things, it is related to air oxidation of nitrogen oxides as well as chemical kinetics. Nevertheless, the
nitrogen content in gasoline or ethanol fuel is extremely low; therefore, the production of NOx can

be ignored.

5.2 Ethanol free-piston engine modelling and simulation

implementation

5.2.1 Base parameters setting

On the basis of Chapter 3 and Chapter 4, the whole modelling process of one-dimensional
simulation WAVE model of the FPE has been fully described, and it is similar that applying ethanol
as fuel taking the place of gasoline with applying hydrogen as fuel. Parameters such as compression
ratio, air/fuel ratio (equivalence ratio), valve timing, piston motion, etc., were amended on the basis

of the gasoline FPE model in Chapter 3.

Similar as the method of changing fuel from gasoline to hydrogen, ethanol is chosen as the

substitution fuel running in this free-piston engine model as shown in Figure 5.5.
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Figure 5.5 Fuel panel in Ricardo WAVE

The simulation of the free-piston engine heat release in combustion process is one of the factors
with the highest degree of uncertainty in this model. The piston motion of the free-piston engines
differs significantly from that of conventional engines, and very little research results has been
reported on how this influences the combustion process [124]. According to previous research, the
energy released in the combustion is modelled using a modified Wiebe function. Generally, the
Wiebe function is related to the crankshaft angle, however this is not suitable for a linear engine.
Therefore, a time-based Wiebe function is used to express the mass fraction burned in the

combustion process as:

t— to\PH
A=1-— - 5.10
ol o
0. di®)
a - Y g (511)

Where A is the fuel mass fraction burned; a and b are shape factors in Wiebe function, with the
fitting value of 5 and 2 respectively; C, is the combustion duration with a constant value of 5 ms;

ts is the time at which the combustion process starts. Q;,, is the overall heat input for each cylinder
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in one running cycle. Combing Equations (5.10) and (5.11)., we have:

_ b+1(t—t? (t—ts)b“
=a c, c, exp| —a . Qin

aqQ.
dt

(5.12)

Eq. is used to predict the thermal energy delivered to the gas and the resulting pressure in the cylinder.

Figure 5.6 and Figure 5.7 show a MATLAB/Simulink simulation model that used to obtain the

suitable piston motion data for the Ethanol free-piston engine model.
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Figure 5.6 Simulink model for the ethanol FPE model
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Parametersm | + |
F|= F=287: YGaz constant I/ (kg *K)
9 — LEV=26900000; %Low heat walue T/ kg
10 — P0=101000; %Amhient pressure Pa
11 — T0=300; %imbient temperature K
12 — AFR=10.55; %A4ir/Fuel ratio -
13 — Cp=1010; %
14 — t_in=300; %Intake temperature K
15 — t_out=400; %Exit temperature K
16 — h_in=Cp*(t_in-270); %Enthalpy
17 — h_out=Cp#* (t_out-270) ; YEnthalpy
13 — F=35; %Running speed Hz
il)|= Ff=35;
20 Hhhhhehhhhh b b hPrototype parametershhhhhhhhhhhhh%h% %% %% %N
21 — E=0. 050; %Cylinder bore m
22 — D=0. 0530
23 — 5=0.040; %3troke m
24 — m=7.0; %Moving mass kg
25 — CR=11; %Conpression ratio -
26 — td=5e-3; %Combustion duration = §
27 - a=5; %Conztant in Wibe Function -
28 — b=2; %Constant in Wibe Function -
29 HhhhhehhhhE M b NN Valve parameter=hhhhhhh%hH%h %% %% M %% % b % %% %% %% N
30 — ExhaustOpen=0. 005; %Exhaust valve open timing for left side
3 - IntakeOpen=0. 0008 ; %Intake valve open timing for left =ide
32 - ExhaustClose=0.011; %Exhaust wvalwve close timing for left side
33 - IntakeClose=0.014; %Intake wvalve Close timg for left side
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35 — Ev=T0.5; %Back EMF constant V/(n/s)
36 — Induct=8. 8e-3; %Winding inductance H
37 — Rs=0.8; %Winding resistance Ohm
38 — R1=5; %Load resistance Ohm $
39 - Ef=528.6; %Force sensitivity N/A
40
41 Hhh%hehhh %% R % b %% Sinple Calculation®hhhhhhhhhh%% %% %% %% %% %% %% h% %
42 — A=pi#*B*B/4; YPiston area m 2
43 — L=5/2: %Half stroke m
44 — C=5/CR; %Combustion starting Positon m
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Figure 5.7 Parameters in MATLAB

According to the above theories, the compression ratio and equivalence ratio were determined, and
the lower heating value is also amended in Table 5.1. Figure 5.8 shows the piston motion data

obtained from this Simulink model applied into the Ricardo WAVE model.
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With the amendment of the compression ratio, equivalence ratio (air/fuel ratio in Ricardo WAVE)

and piston motion, the basic scheme of this two-stroke ethanol-gasoline blend simulation model has

been successfully built. And the final target await is the valve timing optimisation.

5.2.2 Parametric study

The procedure for valves timing optimisation in the two-stroke ethanol-gasoline blend free-piston

engine was done via parametric study using experiments panel shown in Figure 5.9 and this

experimental setting was implemented under the fuel choose of pure ethanol. Performing an

experiment delivers a matrix of outputs that can be used to show what effect one or more input

parameters will have on one or more of WAVE’s predicted outputs. Same with the method used and

described in section 3, the impact of each variable on the engine performance can be observed

quickly without the need of actual engine performance testing.
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Figure 5.9 The experiments panel in Ricardo WAVE which was used during the parametric

investigations for model tuning

The results of the experiments are shown in Figure 5.10. Several targets in Figure 5.10 (a) were
plotted, i.e., brake power (bpowkw), torque (torgsi), maximum cylinder pressure (pmaxsil) and
brake specific fuel consumption (bsfcsi) for assessment. Then the factors Figure 5.10 (b), i.e.,
optimum exhaust valve anchor position (exh gy, chor), €Xhaust duration (exhgyration), intake valve
anchor position (int ,cnor) and intake valve duration (intzyqtion) Were determined by setting the
appropriate target in curve fits window in Figure 5.10 (c). For example, maximum torque was set
across the operating engine speed from 300rpm to 660rpm the corresponding values of valves

settings were automatically adjusted to reflect this target.
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Figure 5.10 The experiment analysis panel simulation processes and results

As described in section 3, in Ricardo WAVE, the anchor position (for intake and exhaust valves) is
defined as the crank angle (°) position where the lift is at its maximum value while the valve duration
(for intake and exhaust valves) is how long (in crank angle degree) the valve will remain open. The
relationship between WAVE’s valves parameters and the valves timing variables is summarised in

the following equations:

For exhaust valve:

Exhp
Orvo = Exhanchor — Tur

Orvc = Opyo + Exhpy,

150



For intake valve:

Intpy,
Owo = Itanchor — 2

Owe = Oc + Intpy,

According to the above, at optimised valves anchor, the exhaust valve is opened at 110°CA before
BDC followed by intake valve 15°CA later. And after BDC, i.e., at 57°CA after BDC, the exhaust
valve is closed followed by intake valve 10°CA later. Which means in this pure ethanol free-piston

engine model, crank angle has to be converted into particular time:

Two-stroke ethanol free-piston engine valve timing results:
e EVO=110°bBDC (0.0611s)

e IVO=95°bBDC (0.0527s)

e EV(C=57°aBDC (0.1317s)

e [V(C=67°aBDC (0.1372s)

Base on the above modelling process description, a two-stroke ethanol-gasoline free-piston engine
model has been developed from the previous gasoline FPE model. For investigations in follow
sections, parameters such specific ethanol-gasoline blend concentration (ES, E10, E15, E20, E25,
E30, E35, E40, E50, E60, E70, E80, E90, E100 (pure ethanol)), corresponding compression ratio,

equivalence ratio, etc, are all suitably amended respectively.

5.3 Modelling results

5.3.1 Engine performance

Figure 5.11 illustrates varied brake power with corresponding ethanol-gasoline blend concentrations
at different engine frequency. In general, for each engine frequency, the brake power increases with
the decrease of the ethanol concentration and also with the increase of engine frequency, and ES
generates the highest brake power while which of E100 is the lowest. It is worthy to mention that
the increase range of brake power from 5Hz to 11Hz also increases with the engine frequency, for

instant, for the comparison between E100 and E50, the former generates 0.1372kW while the later
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generates 0.1456kW at the frequency of 5Hz, however, the brake power generates by E100 is
0.4245kW while which of E50 is 0.5242kW at 11Hz. The increase range is 5.72% at SHz and 19.02%
at 11Hz, which means the concentration of ethanol-gasoline blend could affect brake power more
heavily at higher engine frequency. Figure 5.12 shows BSFC (brake specific fuel consumption) with
corresponding ethanol-gasoline blend concentrations at different engine frequency. The fuel
consumption decreases with the increase of engine frequency at a low frequency condition.
Likewise, fuel consumption increases with the increase of ethanol concentration and E100 consumes
the highest fuel amount. Figure 5.13 shows the brake thermal efficiency with corresponding ethanol-
gasoline blend concentrations at different engine frequency. No doubt that ethanol-gasoline blend
fuel shows a significant thermal efficiency increase for all concentrations, ES achieved a 0.72%

efficiency increase to 35.6% at peak.
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Figure 5.11 Brake power of different ethanol-gasoline blend concentration
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Figure 5.13 Brake thermal efficiency of different ethanol-gasoline blend concentration
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5.3.2 Emission performance

Emissions that concerned in this ethanol free-piston engine research are NOx, CO and HC. Since
NOx is a type of high-temperature emission, higher temperature is the most important reason of its
formation. As presented in Figure 5.14 is the in-cylinder combustion temperature comparison
between gasoline, E50 and E100, and it is obvious that burning pure ethanol produce the lowest in-
cylinder temperature which is even 21% lower than gasoline and E50. Consequently, it is not

difficult to explain the extremely low NOx emission produced by E100 burning.
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Figure 5.14 In-cylinder temperature comparison

Figure 5.15 illustrates NOx emission of this ethanol-gasoline blend free-piston engine model.
Apparently, comparing with taking gasoline as fuel, NOx has been reduced by ethanol, and the
reduction range increases with the increase of ethanol blend concentration. But comparing with the
performance of hydrogen fueled, the condition of NOx emission reduction brough by ethanol is not
that significant. However, E100 still reduces NOx to a range of 28.72% compared with gasoline,

and the highest reduction occurs at the engine frequency of 8Hz. As shown in Figure 5.16, CO
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emission also increases with the increase of engine frequency and decrease with ethanol blend
concentration. Simultaneously, the highest reduction between gasoline and E100, occurs at the
engine frequency of 11Hz, where the error is 75.14%. Figure 5.17 is the HC emissions comparison
of different ethanol blend and gasoline. Differ from NOx and CO, the main reason of the formation
of hydrocarbon emission is incomplete combustion and further, the main reason of incomplete
combustion is lower combustion temperature and insufficient oxygen, and because of the unique
characteristic of the free-piston engine, the engine is operated and simulated in a relatively low
speed condition, incomplete burning is inevitable. Therefore, hydrocarbon emission decrease with
the increase of engine frequency and there seems no regulars between each ethanol blend. E40
produces the highest HC from 5Hz-8Hz while E30 produces the highest HC from 8Hz-11Hz, and
still, E100 produces the lowest HC of all engine frequencies and the reduction range between E100

and gasoline is 17.89%
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Figure 5.15 NOx emission of different ethanol-gasoline blend concentration and gasoline
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Figure 5.16 CO emission of different ethanol-gasoline blend concentration and gasoline
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Figure 5.17 HC emission of different ethanol-gasoline blend concentration and gasoline

5.4 Summary

Series of ethanol-gasoline blend free-piston engine models have been developed from the baseline

model and presented in this chapter. A MATLAB/Simulink model was used for obtaining the piston

motion of these WAVE ethanol-gasoline blend free-piston engine models, and after the amendments

of air/fuel ratio (equivalence ratio), compression ratio valve timing, etc., large amount of simulation

results towards emission performance was gained. Comparing with gasoline fuel, pure ethanol

(E100) presented impressive ability in emission reducing: NOx emission was reduced by 28.72% at

the engine frequency of 8Hz, CO emission was significantly reduced by 75.14% at the engine

frequency of 11Hz and HC emission was also reduced by 17.89% at the engine frequency of SHz.
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Chapter 6. Miller cycle and its application on the FPE

The effective compression ratio of Miller cycle is smaller than its expansion ratio, which invests
Miller cycle numbers of advantages such as lower exhaust emission and higher thermal efficiency,

and Miller cycle is always known as an environmental-friendly evolved thermal cycle today.

Applying Miller cycle in the free-piston engine is a novel task in this research which has not been
raised in other researches before. More than ten one-dimensional simulation model built by Ricardo
WAVE are presented in this chapter, which contains Late Intake Valve Closure (LIVC) Miller cycle
FPE models and Early Intake Valve Closure (EIVC) Miller cycle FPE model. Engine performance
and emission performance of each model have been investigated, and the suitable late/early intake
valve timing for the gasoline free-piston engine and hydrogen free-piston engine has been found,

which provides valuable advices to the application of Miller cycle in the future.

In 2019, a one-cylinder conventional diesel engine model was built for investigating the application
of Miller cycle on diesel engines. At that moment, Late Intake Valve Closure (LIVC) was applied

and it turned out that emission performance under the application of Miller cycle was impressive.

Theories is presented in Section 6.1 while section 6.2 illustrated the whole modelling process of the

previous diesel engine model and several free-piston engine models.

6.1 Theoretical review

6.1.1 Concept of Miller cycle

As mentioned above, the Miller cycle can be regarded as a relatively developed automotive engine
cycle system because of its unique intake valve engine timing. Miller cycles can be divided into two
different categories: Bypass Valve Delay Time Closure (LIVC) Miller Cycle FPE Mock-ups and
Bypass Valve Early Closure (EIVC). The former one is compared with all normal automobile engine
cycle systems. The intake valve closes the engine timing delay time, which means that there is less
mixed gas entering the cylinder. Compared with the enlarged four-stroke, the reasonable
compression stroke is shorter; conversely, the latter increase the intake valve to close the engine

timing to facilitate the discharge of a portion of the mixture during the compression stroke, and
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result in a reasonably shorter compression stroke compared to the expanded four-stroke. Figure 6.1
shows the P-V plot compared to the LIVC Miller cycle and the diesel cycle system. On this PV
diagram, the black bar circulation system (0-1-2-3-3'-4-1-0) means the basic diesel circulation
system, the blue line circulation system (0-1-1a-2a-3a- 3 'a-4a-1-0) means Miller cycle. The straight
line 1-1a means the uniqueness of the Miller cycle, that is, during the closing phase of the intake
valve delay time, the piston is gradually compressed stroke after rising from BDC, during this time
the intake valve is still open for a certain period of engine crankshaft corners time (1-1a). Thus, the
air volume decreases while the cylinder pressure does not change during this time. Since a portion
of the intake port that goes into the cylinder is expelled into the intake port during the compression
stroke. The subsequent intake air supply to the cylinder is relatively lower than the diesel cycle
system, which reduces the reasonable engine compression ratio. At the end of the compression
stroke, the master cylinder working pressure and temperature are less than the standard Otto cycle;
then during the ignition four-stroke, the ignition temperature is lower, which may result in less NOx

production in the cylinder; finally, in the exhaust four-stroke, it can reduce NOx emissions [288].
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Figure 6.1 P-V diagram compared between LIVC Miller cycle and Diesel cycle.

Compared with the traditional automobile engine, according to the Miller cycle, the engine
crankshaft angle usually has a large intake valve closed in the middle and late stages, and part of the
mixed gas can be discharged, thereby delaying the time to turn off the engine timing and increasing
the working time. Four strokes, which in turn increase the engine compression ratio. lower than the

expansion ratio. In addition, discussions on energy issues and air pollution have been under
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consideration in recent years. Technical engineers have been focusing on finding new
countermeasures that can simultaneously increase the efficiency of gasoline and diesel and improve
the emission characteristics. In such a case, the Miller cycle is concerned again. The Miller Cycle,
despite its many salient advantages, has been less successful in promotional marketing. There are
not many car engines today that can really be considered Miller cycle car engines, and the role of
the Miller cycle has not been fully utilized. It can be deduced from the above factors that the driving
experience of the customer and the driving characteristics of the Miller cycle automobile engine
itself are far from being achieved. In general, under the condition of low and medium working
conditions in the whole process of operation, the Miller cycle causes the gas mixture at the intake
port to decrease. Therefore, regardless of whether the thermal efficiency of the Miller cycle car
engine can be improved, the total torque output will be reduced. Under relatively stable and fast
working conditions, the harm of this problem can be ignored to a certain level. Based on this factor,
engine companies have little interest in the Miller cycle. Nevertheless, with the continuous
development of automobile engines, various new technology applications and methods have been
clearly proposed. In particular, some new car engines that are completely different from traditional
car engines have been derived. For new automobile engines, the difference between them and
traditional automobile engines is not only limited to the key point level, but also exists in the overall
design method. The development trend of self-innovating automotive engines has brought numerous
opportunities for the use of the Miller cycle [221]. Figure 6.2 shows the PV diagram of the EIVC
Miller cycle. It is remarkable that from point 5 to point 1, no large amount of gas-fuel mixture is
sucked into the cylinder, and no work is performed according to the reduction during this time,

shrink to decrease.
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Figure 6.2 EIVC Miller cycle P-V Diagram

In summary, Miller cycle possesses impressive ability on emission reduction, however, due to less
air-fuel mixture is burned (no meter less intake or part of intake air-fuel mixture is rejected), Miller
cycle application would inevitably cause lower brake torque and output brake power. In order to
solve this, turbocharger was considered as the most suitable method to bring back both brake torque
and output brake power to the initial level. As shown in Figure 6.3, Figure 6.4 and Figure 6.5 are
turbocharger fixed compressor panel, turboshaft panel and turbocharger fixed turbine panel. All kind

parameters that required for the whole turbocharger system could be amended in these three panels.
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[Z] case #1: Turbocharger Fixed Compressor Panel ht
Template Name
|Defau1t Fized Compressor |
Mame
|m:if4 |
Compressor Setings  Compressor Model  Friction Losses & Mechanical Efficiency  Stall Control
Configuration
Bypass Mechanical Efficiency [1.0 |
Bypass Open Area (0.0 mm#2
Multipliers Compressor Efficiency
Diameter |1.0 | (® Use Map Data
Mass Flow |1 .0 | () Use Constant Efficiency
Efficiency |l-0 | Constant Efficiency (0.0
Compressor Map
Inlet Pressure | Taotal Cutlet Fressure | Total
File Name |220tcmap | VT Edit Map
OK Apply Cancel Help
Y

Figure 6.3 Turbocharger fixed compressor panel
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(1] Case #1: Turbo Shaft Panel et
Template Mame
Default Turkbo Shaft
y
Mame
turkboshaftl
Inertia
® Moment of Inertia 1.1e-005 kg*mn? w
{JDimensionless Balance Parameter 1.0
Driver
Speed Option | Fixed Speed v|
{Crpm} rpm v|
Maximurm Speed (0.0 rpm e
1.0
] Cancel Help
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Figure 6.4 Turbo shaft panel




[Z] Case #1: Turbocharger Fixed Turbine Panel *

Template Mame

|Defau1t Fixed Turbine |

Mame

|Drif6 |

Turbine Settinds  Friction Losses & Mechanical Efficiency Inlet Mass Flow Fractions
Configuration

Wastegate Mechanical Efficiency |1.0 |

mm*"2

Multipliers Turbine Efficiency

Diameter |.L.0 | (® Use Map Data
Mass Flow |.L .0 | () Use Constant Efficiency

Efficiency | 1.0 |

Turbine Map

Total Static

File Name |220tcmap | ‘{B‘ Edit Map

QK Apply Cancel Help

Figure 6.5 Turbocharger fixed turbine panel

6.2 Engine modelling

6.2.1 Miller cycle on the free-piston engine

The two-stroke gasoline and hydrogen free-piston engine model which have been described in
Section 3 is taken as baseline models in this Section, and due to the baseline models have been
validated before, there’s no need to repeat another validation work.

In this section, three types of the free-piston engine (four-stroke gasoline free-piston engine, four-
stroke hydrogen free-piston engine and four-stroke ethanol-gasoline blend free-piston engine) that
described in previous chapters were amended with the application of Miller cycle. Figure 6.6 shows
different intake valve timing of all types of Miller cycle that have been tested on the hydrogen free-
piston engine model, following sections will describe the reason of choosing these early or late
crank angles. For gasoline and ethanol-gasoline blend free-piston engines, Miller cycle was applied

by similar methods. Due to the unique non-crank characteristic of the free-piston engine, all
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early/late intake valve closing angles that used in following sections are converted from specific
time in the engine cycle correspondingly. For instance, the total time of one cycle in this two-stroke
free-piston engine is 2s, therefore, 5°CA equal to 0.00278s and 30°CA equal to 0.1667s, etc. Using
crank angle instead to represent the extent of Miller cycle that applied is for Ricardo WAVE

amendment only.
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Figure 6.6 Different Miller cycle intake valve timing on hydrogen FPE

6.3 Simulation results

6.3.1 Simulation results on the free-piston engine

Both LIVC and EIVC have been applied into the free-piston engine in order to find out their
regulation, but consequences did not always meet the experiments due to the difference between
pushing out part of air-fuel mixture and indrawing insufficient air-fuel mixture at the beginning.

Details are presented in the following section.
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6.3.1.1 Engine performance

6.3.1.1.1 Gasoline free-piston engine

Figure 6.7 shows the comparison of indicated power of different late intake valve closing angles.
This is the situation simulated without turbocharger, indicated power of each engine frequency has
been significantly decreased, the value decreased from near 1.6kW to under 1.2kW at the engine
frequency of SHz and from near 2.5kW decreased to near 1.9kW. As mentioned above, the reduction

of output power is something unacceptable, therefore, the application of turbocharger is inescapable.
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Figure 6.7 Indicated power comparison of different LIVC angles

Table 6.1 Indicated power of different turbo-charged LIVC comparison

Indicated power (kW)
Engine

Initial

Frequency 5°T- 10°T- 15°T- 20°T- 25°T- 30°T-
engine

(Hz) LIVC LIVC LIVC LIVC LIVC LIVC

cycle
5 1.58 1.622 1.570 1.513 1.529 1.502 1.505
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6 1.75 1.791 1.734 1.671 1.700 1.672 1.673

7 1.92 1.955 1.891 1.822 1.867 1.833 1.838

8 2.08 2.114 2.058 1.970 2.038 2.002 2.008

9 2.24 2.266 2.210 2.135 2.186 2.169 2.179

10 2.40 2.411 2.358 2.278 2.359 2.328 2.326

Table 6.2 BSFC of different turbo-charged LIVC comparison
BSFC (kg/kWh)
Engine

Initial

Frequency 5°T- 10°T- 15°T- 20°T- 25°T- 30°T-
engine

(Hz) LIVC LIVC LIVC LIVC LIVC LIVC

cycle

5 5 3.458 4.150 4.323 4.496 4.669 4.842

6 6 1.516 1.879 1.955 2.031 2.107 2.183

7 7 1.044 1.336 1.388 1.440 1.493 1.545

8 8 0.862 1.138 1.181 1.224 1.267 1.310

9 9 0.728 0.990 1.027 1.063 1.099 1.136

10 10 0.658 0.921 0.954 0.987 1.020 1.053
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Figure 6.8 BSFC of different turbo-charged LIVC comparison
Figure 6.8 shows the comparison of indicated power of different LIVC late intake valve closing
angles on this gasoline free-piston engine model after turbo-charged. It is obvious that thanks to the
application of turbocharger, indicated power of each late closing angles has been increased back to
a similar value of what produced by the initial engine cycle, and errors of each data is all below 5%.
In this case, different parameters such as fixed drive speed of the compressor and turbine have been
pre-set for different engine model. Table 6.2 and Figure 6.8 both illustrated the comparison of BSFC
of different LIVC late intake valve closing angles on this gasoline free-piston engine model after
turbo-charged. Same with predicted above, brake specific fuel consumption was risen inevitably
due to the less air-fuel mixture for combustion stroke. However, the extent of the increase of BSFC
is still acceptable. 65% more gasoline was consumed at the engine frequency of SHz which was the
largest extent, and the value of BSFC has still decreased under 2.5kg/kWh, fuel consumption could

still be maintained around a relatively low level after 6Hz.
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Table 6.3 Indicated power of different EIVC comparison

Indicated power (kW)
Engine

Initial

Frequency 5°T- 10°T- 15°T- 20°T- 25°T- 30°T-
engine

(Hz) EIVC EIVC EIVC EIVC EIVC EIVC
cycle

5 1.58 1.49 1.29 1.29 1.24 1.09 1.09

6 1.75 1.68 1.47 1.40 1.40 1.26 1.17

7 1.92 1.87 1.66 1.52 1.55 1.44 1.28

8 2.08 2.05 1.85 1.65 1.67 1.61 1.43

9 2.24 222 2.04 1.80 1.77 1.75 1.60

10 2.40 2.40 2.23 1.96 1.86 1.87 1.76

The comparison of indicated power of different EIVC early intake valve closing angles is shown in
Table 6.3. From which it could be seem that EIVC strongly affected the indicated power and the
extent was even larger than what of LIVC, and it was reduced by 33.14% at the engine frequency

of 6Hz. As always, turbocharger was necessary to be applied in order to rise the value.
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Figure 6.9 Indicated power of different turbo-charged EIVC comparison
Figure 6.9 shows the comparison of indicated power of different turbo-charged EIVC early intake
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valve closing angles. Situation is different from LIVC, only the indicated power of 5°CA and 10°CA
EIVC could be increased to an equal level as the initial engine cycle. Once the early intake valve
closing angle is larger than 10°CA, the indicated power was no longer able to be increased as
expected, especially at lower engine frequency period, no matter how the parameters of compressor
or turbine were set. Therefore, for the research of EIVC on the gasoline free-piston engine, early

intake valve closing angle larger than 10°CA will be taken into consideration no more.

6.3.1.1.2 Hydrogen free-piston engine

For hydrogen free-piston engine, modelling process and Miller cycle application process are similar
with what has been implemented on the gasoline free-piston engine model and have been described
in above sections. As explained in section 6.4.2.1.1, Miller cycle (no matter EIVC or LIVC) will
always causes a unignorable reduction of the indicated power and increases brake specific fuel
consumption simultaneously, and turbocharger is a vital opponent that used to increase the indicated
power. Therefore, same theory that has been applied on the hydrogen free-piston engine model. For
EIVC, turbocharger could only increase the indicated power of 5°CA EIVC back to an equal level
of the initial engine cycle, and for cases of the early intake valve closing angle, the indicated power
is constantly hugely lower than the initial data. For LIVC, all the models from 5°CA LIVC to 35°CA
LIVC could be run as expected. Illustration of indicated power that produced without turbocharger

will no longer presented here and in following sections.

170



0.7 T T T T ' T T T
—— Initial engine cycle Y
O - 5EIVC(turbo-charged)
—A—5LIVC
0.6 —7— 10LIVC(turbo-charged) 4l |
15 IVC(turbo-charged)
— 20LIVC(turbo-charged)
= 259 IVC(turbo-charged)
<05 - —&— 30LIVC(turbo-charged)
5 —¢— 35LIVC(turbo-charged) ]
=
(=}
o
- 0.4
]
= _
L
o
c
— 0.3+
0.2 4 G
T T T T T T T
4 6 8 10 12

Engine frequency (Hz)

Figure 6.10 Indicated power comparison of different types of Miller cycle
Figure 6.10 shows the comparison of indicated power of both EIVC and LIVC. As shown, for 5°CA
EIVC, even after turbo-charged, the indicated power (at low engine frequency from SHz to 8Hz) is
still relatively low with a minimum error of 8.45%. For LIVC, all types of early intake valve closing
angle could be run as expected. Therefore, EIVC would no longer be taken into consideration for
the research on the hydrogen free-piston engine. Figure 6.11 and Figure 6.12 show the comparisons
of BSFC and indicated efficiency of different early intake valve closing angles. LIVC Miller cycle
has brought a certain extent of increase to fuel consumption and decrease to the indicated efficiency,

and indicated efficiency at the engine frequency of 11Hz has been reduced 29.7%.

171



Indicated efficiency (%)

11 T T T T T
10 ] —&— initial engine cycle
T —©—51IVC
] —A— 10LIVC(turbo-charged)
9 - —7— 159 IVC(turbo-charged) T
1 20L1VC(turbo-charged)
8 - 25 1VC(turbo-charged)
= —>— 30LIVC(turbo-charged)
; —&— 35LIVC(turbo-charged) -
= 7
~
[@)) J
X~
N 6 -
O
% 1 .
m 0
4
3
2
T T T T
4 6 8 10

Engine frequency (Hz)

Figure 6.11 BSFC comparison of different types of Miller cycle
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Figure 6.12 Indicated efficiency of different types of Miller cycle
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6.3.1.1.3 Ethanol free-piston engine

Different ethanol-gasoline blend engine models have been presented in Chapter 5, however,
comparing all kinds of ethanol-blend free-piston engines’ engine performance and emission
performance under the application of Miller cycle will not only make the research results
miscellaneous but also have no occasion to do so. Therefore, only E100 (pure ethanol) has been
taken into consideration in this section to discover the effect of Miller cycle and ethanol combination
applied on a free-piston engine.

Figure 6.13 shows the comparison of indicated power of EIVC and LIVC. Similar with gasoline
free-piston engine, for cases of the early intake valve closing angle smaller than 10°CA EIVC, the

indicated power could be increased to an equal level as the initial engine cycle.
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Figure 6.13 Indicated power comparison of different Miller cycle
Figure 6.14 shows the comparison of BSFC of different EIVC and LIVC angles. As previous, both
EIVC and LIVC brought a certain extent of increase to fuel consumption, and the range of increase
that made by 35°CA LIVC reached 78.3% at the engine frequency of SHz. Figure 6.15 shows the

comparison of indicated efficiency on each EIVC and LIVC free-piston engine models. Slight larger
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of the early/late intake valve closing angle would causes slight reduction on the indicated efficiency,
and the largest decrease occurs at the engine frequency of SHz as well, indicated efficiency was

reduced 21.62% from the value of 40.77% to 31.95%.
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174



N
a

B S~ R P B
o [ N w B
1 1 1 | I

w
©
|

Indicated efficiency (%)
&
1

37 =
36 L 3L
| c # |5 initial engine cycle
35 e ~O-5EIVC
et e ~A-5IVC
34+ i —7— 10LIVC(turbo-charged)| |
] _— X 15LIVC(turbo-charged)
33 cg | 20LIVC(turbo-charged) |
1 0l 25LIVC(turbo-charged)
—G&— 30LIVC(turbo-charged)
32 4 w —— 35LIVC(turbo-charged)

8 10 12

~
o

Engine frequency (Hz)

Figure 6.15 Indicated efficiency comparison of EIVC and LIVC

6.3.2.1 Emission performance

6.3.2.1.1 Gasoline free-piston engine

Figure 6.16 shows NOx emission comparison of different EIVC and LIVC Miller cycle on the
gasoline free-piston engine. As expected, no matter for EIVC or LIVC, no matter how large the
early/late intake valve closing angle is, Miller cycle could significantly reduce NOx emission, and
the reduction extent increases with the enlargement of the intake valve closing angle. It is worth
mentioning that, though the early intake valve closing angle of EIVC larger than 5°CA would reduce
indicated power to an extremely low level, 5°CA EIVC is still working and its NOx reducing ability
i1s even more remarkable than most of conditions of LIVC, which has reduced 30.9% NOx at the
engine frequency of 11Hz. Figure 6.17 and Figure 6.18 show the comparisons of HC and CO
emission of different EIVC and LIVC Miller cycle on the gasoline free-piston engine. As previously
explained, hydrocarbon emission would be increased by the effect of Miller cycle and decreases

with the increase of engine frequency. EIVC produced the highest amount of HC emission
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(increased 5.5% at 11Hz) even comparing with all types of LIVC while 5°CA LIVC produced the
lowest, which was even lower than the amount produced by initial engine cycle. It is worth noticing
that CO emission produced in the free-piston engine is extremely low comparing with conventional
diesel engine. Generally speaking, the difference between each group of carbon monoxide emission
was relatively small and the amount increases with the increase of engine frequency. 15°CA LIVC

produced the largest amount of emission while 5°CA EIVC produced the smallest.
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Figure 6.16 NOx emission comparison of different EIVC and LIVC
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6.3.2.1.2 Hydrogen free-piston engine

Figure 6.19 illustrated the comparison of NOx emission of different LIVC late intake valve closing
angles on the hydrogen free-piston engine model. It could be concluded from the figure that for this
two-stroke free-piston engine, NOx emission is already at a relatively low level even is run by the
initial engine cycle comparing with gasoline FPE. On the basis of this, Miller cycle has brough
impressive reduction to NOx and made it almost negligible. For all engine frequencies that have
been tested, 30°CA LIVC has constantly presented its remarkable NOx reducing ability and reduced
38.3% NOx emission at the engine frequency of 11Hz. With the late intake valve closing angle
continuously risen up, the amount of NOx appears a phenomenon of increase. Due to the fuel

speciality of hydrogen, no HC or CO emission would be produced in this free-piston engine.
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Figure 6.19 NOx emission comparison of different LIVC angles

6.3.2.1.3 Ethanol free-piston engine

Figure 6.20 shows the comparison of NOx of different early/late intake valve closing angles of
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EIVC or LIVC. The rising regulation is similar with other engines, NOx emission increases with
the increase of engine frequency. However, in this ethanol free-piston engine, 20°CA LIVC
produced the lowest amount of NOx and reduced 27.45% emission comparing with what produced

by initial engine cycle at the engine frequency of 11Hz.
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Figure 6.20 NOx emission comparison of different EIVC and LIVC
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Figure 6.21 and Figure 6.22 illustrated comparisons of HC and CO of different EIVC and LIVC
early/late intake valve closing angles. For both hydrocarbon and carbon monoxide emissions, Miller
cycle would always cause negative effects. For instance, 35°CA LIVC has brought an increase of
29.67% to HC emission at the engine frequency of SHz and 311.72% to CO emission at the engine
frequency of 11Hz. Nothing is given without a disadvantage in it, while the benefit like significant
reduction to NOX is obtained, disadvantages such as slightly lower indicated efficiency, higher fuel
consumption, higher hydrocarbon and carbon monoxide emission would have to accept

simultaneously.

6.4 Summary

A series of Miller cycle engine models including gasoline free-piston engine, hydrogen free-piston
engine and ethanol free-piston engine have been presented in this Chapter, and different Miller cycle
types including early intake valve closure (EIVC) and late intake valve closure (LIVC) have been
tested separately. On the aspect of engine performance, Miller cycle would inevitably cause a
decrease to output power and increase brake specific fuel consumption simultaneously, therefore,
turbocharger, in purpose of increase output power back to the initial level has been applied.

On the two-stroke gasoline free-piston engine, brake specific fuel consumption has been risen 65%
at the late intake valve closing angle of 35°CA. Though the early intake valve closing angle of EIVC
larger than 5°CA would reduce indicated power to an extremely low level, 5°CA EIVC is still
working and its NOx reducing ability is even more remarkable than most of conditions of LIVC,
which has reduced 30.9% NOx at the engine frequency of 11Hz. EIVC produced the highest amount
of HC emission (increased 5.5% at 11Hz) even comparing with all types of LIVC while 5°CA LIVC
produced the lowest, which was even lower than the amount produced by initial engine cycle. 15°CA
LIVC produced the largest amount of emission while 5S°CA EIVC produced the smallest.

On the hydrogen free-piston engine, 29.7% indicated efficiency was reduced at the late intake valve
closing angle of 35°CA. For all engine frequencies that have been tested, 30°CA LIVC has
constantly presented its remarkable NOx reducing ability and reduced 38.3% NOx emission at the
engine frequency of 11Hz. With the late intake valve closing angle continuously risen up, the amount

of NOx appears a phenomenon of increase. Due to the fuel speciality of hydrogen, no HC or CO
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emission would be produced in this free-piston engine.

On the ethanol free-piston engine, both EIVC and LIVC brought a certain extent of increase to fuel
consumption, and the range of increase that made by 35°CA LIVC reached 78.3% at the engine
frequency of SHz. Slight larger of the early/late intake valve closing angle would causes slight
reduction on the indicated efficiency, and the largest decrease occurs at the engine frequency of SHz
as well, indicated efficiency was reduced 21.62% from the value 0f40.77% to 31.95%. 20°CA LIVC
produced the lowest amount of NOx and reduced 27.45% emission comparing with what produced
by initial engine cycle at the engine frequency of 11Hz. 35°CA LIVC has brought an increase of
29.67% to HC emission at the engine frequency of SHz and 311.72% to CO emission at the engine
frequency of 11Hz.

In summary, Miller cycle is only a remarkable tool to reduce NOx emission, but a series of negative
effect such as lower output power, higher fuel consumption and higher carbon emission would
follow. For hydrogen free-piston engine, the advantage of Miller cycle could be enlarged to the best
since there’s no carbon emission but only NOx to concern. For gasoline/ethanol engines, the
advantage of applying Miller cycle is slightly smaller due to its cost. However, if turbocharger and
suitable Miller cycle application could be matched up, Miller cycle is still valuable because of its

incredibly NOx emission reducing ability.
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Chapter 7.Conclusions and future research

This thesis has presented and described different types of free-piston engine model and the effect of
Miller cycle application on these different engine models. In this chapter, the important findings and

contributions will be summarised and relevant recommendations for future work will be discussed.

7.1 Summary of the findings

Chapter 2 covered the findings from researchers on free-piston engine technology in terms of its
parameters, emission performances and challenges as well as the history and application of Miller
cycle. Since investigations on emission is the main purpose of this thesis, categories of common
engine emissions such as NOx, HC and CO have been introduced, and series of effects of the free-

piston engine and Miller cycle on emission performance have been reviewed and integrated.

In Chapter 3, four main simulation models were developed using one-dimensional simulation tools.
Both crankshaft models were validated while the two-stroke crankshaft model was optimised and
tuned for performance before being converted into the two-stroke free-piston engine model. This
was done by using the imposed-piston motion (IPM) sub-model. It was found that, due to different
piston motion profiles, different valves timings are required for this model. Further, it was necessary
to have directional tracking (i.e., towards TDC or away from TDC) due to the lack of crank-angle
degree positioning in free-piston engine. The motion profiles generated from the dynamic equation

were found insufficient to produce optimal resolution for thorough performance investigations.

In Chapter 4, a two-stroke hydrogen free-piston engine has been developed based on the baseline
model described in Chapter 3. This Chapter narrated the whole process of modelling, validation,
implementation and simulation. Two MATLAB models were built for the purpose of heat release
rate and cumulative heat release calculation. The main emission on the hydrogen free-piston engine
is NOx only, therefore, NOx emission performance has been emphasized. It has been found that
from conventional spark-ignition engine to the free-piston engine, under the same engine scale and
operation conditions, NOx emission is hugely reduced by the later and the highest range of 57.37%
occurs at the engine frequency of 6Hz. Taking hydrogen as the fuel of the free-piston engine would

slightly produce more NOx than gasoline, but the increasing range is relatively small especially at
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low engine frequency stage (1.4% at SHz and 10.97% at 11Hz). NOx emission in hydrogen free-
piston engine has been deeply investigated. The relationship between NOx formation and equivalent
ratio was obtained as well: ¢ = 0.5 is the obvious demarcation point of the formation of NOXx;
when ¢ < 0.5, it doesn’t affect NOx much; when 0.5 < ¢ < 0.88, NOx increases with the
increase of ¢ and reaches the highest point at ¢ = 0.88; when 0.88 < ¢ < 1.2, NOx sharply

decreases with the increasing ¢.

In chapter 5, firstly presented essential theories of taking ethanol or ethanol-gasoline blend as fuel
on the free-piston engine, vital factors that affected by ethanol like compression ratio, engine loads,
engine speed and equivalence ratio have been investigated, secondly, series of ethanol-gasoline
blend free-piston engine models have been developed. This Chapter narrated the whole process of
modelling, validation, implementation and simulation. One MATLAB/Simulink model has been
built in order to obtain the piston motion that could be applied into Ricardo WAVE models. In the
end, engine performance along with emission performance on the ethanol-gasoline blend free-piston
engine have been investigated. Comparing with gasoline fuel, pure ethanol (E100) presented
impressive ability in emission reducing: NOx emission was reduced by 28.72% at the engine
frequency of 8Hz, CO emission was significantly reduced by 75.14% at the engine frequency of

11Hz and HC emission was also reduced by 17.89% at the engine frequency of SHz.

In Chapter 6, the conception of Miller cycle and its implementation methods on conventional engine
and the free-piston engine have been presented. Also, huge amount of simulation models has been
built by Ricardo WAVE, and Miller cycle on conventional diesel engine, gasoline free-piston engine,
hydrogen free-piston engine and ethanol free-piston engine has been investigated separately.
Method of applying turbocharger has been described. On the two-stroke gasoline free-piston engine,
brake specific fuel consumption has been risen 65% at the late intake valve closing angle of 35°CA.
Though the early intake valve closing angle of EIVC larger than 5°CA would reduce indicated
power to an extremely low level, 5°CA EIVC is still working and its NOx reducing ability is even
more remarkable than most of conditions of LIVC, which has reduced 30.9% NOx at the engine
frequency of 11Hz. On the hydrogen free-piston engine, 29.7% indicated efficiency was reduced at
the late intake valve closing angle of 35°CA. For all engine frequencies that have been tested, 30°CA

LIVC has constantly presented its remarkable NOx reducing ability and reduced 38.3% NOx
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emission at the engine frequency of 11Hz. On the ethanol free-piston engine, both EIVC and LIVC
brought a certain extent of increase to fuel consumption, and the range of increase that made by
35°CA LIVC reached 78.3% at the engine frequency of SHz. In summary, Miller cycle is only a
remarkable tool to reduce NOx emission, but a series of negative effect such as lower output power,
higher fuel consumption and higher carbon emission would follow. For hydrogen free-piston engine,
the advantage of Miller cycle could be enlarged to the best since there’s no carbon emission but only
NOx to concern. For gasoline/ethanol engines, the advantage of applying Miller cycle is slightly
smaller due to its cost. However, if turbocharger and suitable Miller cycle application could be

matched up, Miller cycle is still valuable because of its incredibly NOx emission reducing ability.

7.2 Significant contributions and findings

Through careful readings on huge number of existing literatures, it has been found though plenty of
researches have been done on the free-piston engine, investigation on the emission performance of
the free-piston engine, investigation on the ethanol free-piston engine is still blank, moreover, Miller
cycle has barely been applied on the free-piston engine. Thus, these specific areas have been
considered as the core focus in this thesis. Through descriptions in Chapter 5 and Chapter 6, engine
performance along with emission performance on the ethanol-gasoline blend free-piston engine and
the effects of Miller cycle have been obtained. Ethanol, because of its fuel specialty, could
significantly reduce NOx and maintain the same engine output simultaneously. And since the valve
timing of each model were pre-set to a relatively most suitable condition, Miller cycle has not
presented much advantages, but if we focus on the NOx emission, Miller cycle could be considered

as the best method of NOx reduction.

7.3 Recommendations for further research

7.3.1 Practice experiment

The whole researches in this thesis were done by computational simulation work, though models
have all been validated by experiments, all conditions have been considered as ideal, real conditions
in experiments and errors might occur are something that can’t be considered in simulation, thus,

results will not as precise as in real experiments.
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7.3.2 Co-simulation

The limitations of using the imposed piston motion sub-model (IPM) were highlighted in Section
5.2.2. Therefore, it is proposed that a co-simulation model is developed by coupling the dynamics
model with the one-dimensional engine model. In this way, the free-piston engine generator motion
trajectory is continuously updated from dynamics model while the cyclic speed and stroke is being
updated in the engine model. The co-simulation will enable the study of motion control, misfire and

knock to be conducted.

7.3.3 Miller cycle valve timing

Methodology on applying Miller cycle in the free-piston engine was to consider the free-piston
engine a conventional crank engine, then convert its early/late valve closing angle to corresponding
time in a free-piston engine cycle. This was due to the limitation of Ricardo WAVE: valve timing

has to been defined as crank angles.
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Appendix

Parameter Value
Bore 40 mm
Stroke 25 mm
Swept volume 314 cc
Geometric compression ratio 9.5:1
Maximum Valve lift 3.2 mm
Intake valve diameter 14.5 mm
Exhaust valve diameter 14.5 mm

Table A-1: The engine specifications of the 31cc version of the Stihl 4MIX engine

Parameter Value
Capacity 65cc

Bore 50mm

Stroke 33mm
Geometric compression ratio 9.5:1

Valve lift 4.0mm

Intake valve diameter 20mm

Exhaust valve diameter 18mm

Max. Power

2.3 kW @ 7200rpm

Table A-2: The 65cc version of the Stihl 4MIX engine selected for the design
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